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NMPEAUCIIOBHE

H3yuenne 3JeKTPOHHBIX IPOLECCOB, MPOTEKAIOIHX Ha
NOBEPXHOCTH MOJYNPOBOAHHKOB, ABJISETCH OAHHM H3 TeX
Y3JIOBBIX MNYHKTOB, T/leé CKDEIHBAIOTCS HHTepechl LeJOro
psaa HanpaB/eHHH COBPeMEHHOH HayKH H TeXHHKH. Ilo-
BEDXHOCTHbIe 3JIEKTPOHHbIE MPOLECCH HMEIOT CYyIlleCTBEHHO®
3HaueHHe s (PH3HKH MOJYNPOBOAHHKOB H JH3JEKTDHKOB,
00 B TOH HJIH HHOH Mepe OHH CKa3biBAIOTCA HA BCeX 3J/eK-
TPOHHBIX NpolLeccaX, NPOTEKAIOIHX B KPHUCTA/lJaX KOHEUHBIX
pa3mepoB. DTH Ke NPOLECCH HTpaloT GOJbIIYI0 POJb B MO-
JYNPOBOJHHKOBOH 3JeKTPOHHKe, OCOGEHHO B TOH ee 4YacTH,
KOTOpasi HMeeT 1eJI0 C MaJIOMOIIHBIMH MHHHATIODHBIMH NOJY-
NPOBOJHHKOBEIMH npHGOpamMH. XapaKTeDHCTHKH 3THX INpH-
60pOB MOYTH LEJHKOM ONpele/sioTCs fIBJEHHSIMH B IPHIO-
BEPXHOCTHBIX CJIOSIX, a, COOTBETCTBEHHO, 3HAaYeHHs] 3THX Xa-
PaKTEepPHCTHK, HX BOCHDOH3BOAMMOCTb H CTAaGHJIBHOCTb BO
BPeMeHH pe3KO 3aBHCAT OT COCTOSIHHS INOBEPXHOCTH IOJY-
IIPOBOJHHKA.

Onpegendoulyio poJb HrpaloT IOBEPXHOCTHbIE 5/1€KTPOH-
Hble MPOLEeCChl B OCHOBHbIX HalpaBJ/eHHSX MOJYNPOBOLHHKO-
BOM MHKDO3IJIEKTPOHHKH: TOHKOIJIEHOYHBIX H HHTErpajbHbIX
cxeMaX, MHOTHX BHIaX (yHKIHOHAJbHHIX ycTpoicTB. B u3-
BEeCTHOM CMBICJe MOXHO CKa3aTb, YTO HCCJIELOBAHHSI TaKHX
NpOLEeCCOB ABJAAIOTCA (PH3NUECKHMH OCHOBAaMH 3THX Hampa-
BJIEHHH MHKPO3JIEKTPOHHKH, NOCKOJbKY MOJ TEePMHHOM IO-
BEPXHOCTb MOApPa3yMeBaeTCs NPHNOBEPXHOCTHBIH CJIOMH, TOJ-
I{HHA KOTOPOro OKa3hiBaeTcsi CPABHHMOH C TOJILHMHOA TOH-
KHX IJIGHOK HJIH 3/JeMeHTOB HHTerpaJsbHbIX CXeM.

B mnocneaHee BpeMs HauMHAIOT MNOSBAATHCA (DYHKLHO-
HaJibHble MOJIYNPOBOJHHKOBblE YCTPOMCTBA, HCHOJAb3YIOUIHE
omnpeje/eHHble NOBEPXHOCTHbIC 3/JEKTPOHHBIE MPOLECCHI.

O6meH 3/71eKTPOHaMH MexJy aacopbeHTOM H ajxcopGa-
TOM SIBJISIETCS] OCHOBHBIM IPOLECCOM B SBJEHHH xeMocop6-
uud. CopG6luoHHBIE NPOLECCH, B CBOIO Ouepelb, fBJSIOTCS
BaXKHEHIIUM 3TanoM B reTeporeHHoM karajuse. Kak H3BecT-
HO, MojaBJsiollee GOJBIIHHCTBO KaTa/lH3aTOPOB XUMHUECKHX
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peakuuii — nosynpoBoaHuku. CyuiecTByeT MHeHHe, YTO Ka-
TaJHTHUeCKasi aKTHBHOCTb M MHOTHX MeTaJ/l1oB 06GycJoBie-
Ha HajJuyieM Ha HX MOBEPXHOCTH TOHKHX OKHCHBIX MHOJY-
MPOBOJAHHKOBBLIX NJeHOK. Takum o6pasoM, njsa psina pasfe-
JIOB ()H3HYeCKON XHMHH NOBEPXHOCTHBIE 3JIeKTPOHHBIE MpO-
Hecchl ONnpeaessiioT MeXaHH3M H3yyaeMbIX sIBJIeHH.

OnHako 3HaueHHe HCCJeJOBAaHHH MOBEPXHOCTHBIX 3JeK-
TPOHHBIX TPOLIECCOB He HCYEPNbLIBAeTCs HX BayKHOH POJIbIO B
pfile caMblX Pas3JIMUHBIX NMPHUKJAALHBIX NPUMEHEeHHH NOaynpo-
BOJAHUMKOB. KoJloccasibHble JOCTHXKEHHS NOCJAeIHHX JIeT B yCO-
BepLIEHCTBOBAHHH 3KCIEPHMCHTAJbHOH TEXHHUKH, B YAaCTHOC-
TH U TEXHHKH CBEDPXBBICOKOTO BaKyyMa, NDHUBEJH K TOMY,
4TO pAj (QyHAaMeHTaJbHbIX (DH3HUECKHX fIBJeHHH ynoGHee
H uejsecoobpa3Hee HCCJAEAOBATb, KOrla OHH MNpPOTEKAlOT Ha
NOBEPXHOCTH, a He B OObeMe KpHCTajsa NOJYNPOBOAHHKA.

B kauecTBe npuMepa MOXHO yKa3aTb Ha 3KCIEPHMEH-
TaJbHble HCCJIelOBAHHSA 3eMeHTapHbBIX aKTOB 3aXBaTa H pe-
KOMOHHALMH HepaBHOBECHbIX HOCHTesel 3apsiaa. MoxHO ay-
MaTh, 4TO, HECMOTPSl Ha HEKOTOPYIO ClellHPHKY NOBEPXHOCT-
HBIX IPOLLECCOB, NPOlecchl 3axBaTa Kak B oObeMe, Tak M Ha
NOBEPXHOCTH MAOJXKHbl ONpefesATbC ONHMMH H TEMH Ke
OCHOBHbIMH 3aKOHOMepHOCTAMH. Mexnay TeMm, B HCCleaO0Ba-
HHAX NOBEPXHOCTHLIX MPOLLECCOB MOXKHO OTHOCHTEJbHO Npo-
CTO M3MEHAIThb NOJ0XKeHHe ypoBHA PepMH Ha NMOBEPXHOCTH
MO OTHOUIeHHIO K YPOBHIO 3axBaTa HWJM peKOMOMHALWH Ha
OJHOM H TOM Ke oOpasue. B cayuae e uccnenosanuit 06b-
€MHBIX NPOLECCOB JJis1 3TOH LeJH HeOOXOAHMO HMETh lieJible
Habopbl 06pasloB, y KOTOpEIX Obl1a Obl OHA U Ta XKe NMpH-
Mechb, ONpefessionas YpOBeHb 3axBaTa HJH peKOMOHHAIHH,
M Da3JHyHOe COMAep:KaHHe APYTHX MpHMecel, ONMpejessiio-
IUX nosioxkeHHe ypoBHa Pepmu B 06beMe.

[ToBepXHOCTHEIE LEHTPHI 10 CAMOMY CBOEMY MOJIOXKEHHIO
Ha TIOBEPXHOCTH KPHCTaJJa Jerko AOCTYNMHBl AJs 3KCIepH-
MEHTOB N0 H3yUYeHHIO BJIHMAHHS NPAMBIX BO3AEHCTBUHA JIO-
KaJbHBIX MOJIefl Ha HX XapaKTepUCTHKH. [as 3Toll uenu
JIOCTATOYHO H3MEHHTb KOJMUYECTBO M COCTaB ancopOupoBaH-
HbIX Ha TMOBEPXHOCTH aTOMOB H MOJIEKY.I.

Takum o6pa3om, Hcc/leJOBAHHSA IPOLECCOB, NMPOTeKaio-
IUMX HA NOBEPXHOCTH NOJIYNPOBOAHHKOB, MOTYT NaTh H Aeil-
CTBHTEJbHO NAlOT BeCbMa LEeHHYI0, a B psAfe C/lyyaeB YHHU-
KaJbHYI0 HH(OPMALHIO O 3aKOHOMEDHOCTSX 3JMEeKTPOHHBLIX
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IpOLEeCCOB B NOJYNPOBOAHMKAX M TBepAOM TeJse BooOllle.
Pa3sBuTHe HCC/efOBaHHH 3JEKTPOHHBIX MNPOLECCOB Ha IO-
BEDXHOCTH NOJYNPOBOAHHUKOB OBIJIO KpaliHe HepaBHOMep-
HbIM Ha MNPOTAXKEHHH HX BechbMa KODOTKOH wuctopud. Elue
B 1932 r. Bo Bpemsa ¢opmMHpOBaHHSA (PH3MKH NOJYNPOBOLHH-
KOB B KaueCTBe CaMOCTOSITEbHOTO HalpaBJeHHs MOSIBHIACh
ocHosonoJarapomas pa6ora M. E. Tamma, B kKoTopo#l 6bi1a
NMoKasaHa BO3MOXHOCTb JIOKaJIM3allMH 3JEKTPOHOB Ha IMO-
BEPDXHOCTH KpHCTaJJja, B OCOObIX 3HepPreTHYeCKHX COCTOS-
HHSIX, Ha3BaHHLIX BIOCJENCTBHH ero uMeHeM. [loHanobu-
JOChb IIOYTH J[ABAALAThb JeT KPOMOTJIHBLIX HCC/IeNOBaHHH,
B KOTOPBIX BBbIJAIOLLYIOCS POJib ChiTpajia Tpymna COBETCKHX
¢usukoB, pykoBoaumeix B. E. Jlamkapéseim u B. M. Jla-
LIeHKO, [Jis TOro, YToObl 3KCIepHMEHTAJbHO MOJATBEPAHTb
peanusauyio 3Tod BO3MOKHOCTH. Ha 3akiaiounTesbHOH cra-
JHU S5THX HCCJeNOBaHWi, CBSI3aHHOH C H3yuyeHHeM HOBOTO
B Te BpeMeHa MarepHaJja — repMaHHs, FPyNnoil aMepHKaH-
ckux ¢(usukoB — B. Illoknu, B. Bparrenom u k. Bapnu-
HOM B 1948 r. 6Bl OTKPBHIT TPaH3UCTOPHBIHA 3¢ DeKT.

XOoTs caMo 3TO OTKpbITHe OBLIO CAENAaHO B XO4e HCCJje-
JIOBAHHUH MOBEPXHOCTHHIX 3JIEKTPOHHBEIX MpOLIECCOB, OHO IO~
HayaJjy He TOJBKO He CIOCOOGCTBOBAJIO PAaCLIMPEHHIO H YCKO-
peHHIO HCeJefOBaHHH, HO Jaxe Ha HEKOTOpoe BpeMf
CyLIeCTBEHHO HX 3aTOPMO3HJO0, TAK KaK Hay4yHble CHJb GBIIH
OTBJIeYeHbl Ha O6oOjiee MepCcleKTHBHblE B TO BpeMs 3ajmauu
11071yIPOBOAHHKOBO! 3/JeKTpoHHKH. B koHue 50-x romos Ha-
MeTHJIOCh HOBOe I[OBLIIIEHHEe HHTepeca K MOBEPXHOCTHHIM
3JIeKTPOHHBIM MpoileccaM, 00yCJ0BJeHHOe HeO6XOXHMOCThIO
cTab6HJN3aUUH XapAaKTePHUCTHUK MOJYNPOBOLHHKOBHIX NpHGO-
pOB U TeHAeHIHed K WX MHHHATOpH3auud. Hakonel, B no-
CJeHHe TOABI 3TOT HHTepec 0COOEHHO BO3POC, B 3HAUUTENb-
HOIl Mepe B CBfI3H C 3ajlauaMH MHKDO3JeKTDOHHKH.

OnbiT Hccaeq0BaHHE MOBEPXHOCTHBIX 3/J€KTPOHHBIX NpO-
11eccoB, na U BooOue HccaenoBaHHH B o6gacTH GHU3NKH
NOJIyIIPOBOAHUKOB, CBHAETENIbCTBYeT O KpaiHeH BaXXHOCTH
XHMHYeCKOH YHCTOTBI U CTPYKTYPHOTO COBepIeHCTBA OGbeK-
TOB HCC/leJOBaHHs /s MOJYyuYeHHs pe3yJbTaTOB, LEHHBIX
B HayyHOM M TEXHHYECKOM OTHOIIeHHH. B oTHoweHuu mo-
BEePXHOCTHBIX fIBJIEHHH 3TO TpeGOBaHHe pacnajnaeTcst Ha JBa.

Bo-nepBbix, upe3BblYafiHO BbICOKHEe TPeGOBAHHS JOJIXKHBI
NpexbABAATECS K YHUCTOTE H COBEPLIEHCTBY CTPYKTypHl ca-
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MOro KpHCTaJJja M[OJyIPOBOJHHKA, OO0BEeMHBIE CBOHCTBA
KOTOPOro AOJIKHBEI GBITH XOPOIIO H3ydeHbl. TOILKO NPH 3TOM
YCJOBHH BO3MOXXHO HajexXHOe BbifeJeHHe H JeTajibHOe HC-
clenoBaHHe (GH3MKH NPOLECCOB, NMPOTEKAIOUIHX Ha MOBepX-
HOCTH TaKOoro KpHCTaJJja.

Bo-BTOphIX, BecbMa BaxKHBIM siBJsieTcsl TpeGOBaHHE XH-
MHYeCKOH OINpejesleHHOCTH H BO3MOXXHOH IPOCTOTHI CTPYK-
Typpl CaMOH MOBEPXHOCTH MNOJNYIPOBOLHHKA HJIH, TOUYHee,
rpaHMUBl pa3jela MexAy NOJYIPOBOJHHKOM H HOKDBIBAIO-
meii ero 3auUTHON nueHkod. ChenaHHoe yTOuHeHHe 0O6y-
C/lIOBJEHO TeM O0OCTOSITeNbCTBOM, 4YTO HCCJeJOBAHHA TakK
Ha3blBaeMOH aTOMapHO-YHCTOH MOBEPXHOCTH MOJYNPOBOLHH-
KOB COCTaBJ/ISIIOT TOJBKO MaJsylo yacTb oOLiefl NpOrpaMMEl
HCC/Ie[JJOBAHUH, Torja Kak, B OCHOBHOM, MNOJ IOBEpPXHOCT-
HEIMH CBOHCTBAMH MOADPA3yMeBaIOTCSl CBOHCTBA IpaHHIL pas-
Jlea MexAy NOJYNPOBOZHMKOM H eCTeCTBEHHO HJIH HCKycC-
CTBEHHO BHIDAlLleHHbIMH Ha HeM IJIeHKaMH H CJOSIMH.

[Teppomy H3 3Tux Tpe6GOBaHMII MOKa yAOBJETBOpPSeET
B 6oJlee MJM MeHee TOJHOH Mepe TOJbKO TepMaHHH H He-
CKOJIbKO MeHee — KpeMHHi. B CBfI3H ¢ 3THM NpakKTHUYEeCKH
Bce, HMeIOlllHe INPHHIMNHAJbHOE 3HaueHHe, HCCJIeJOBaHHSA
MOBEPXHOCTHBIX 3JEKTPOHHBIX IPOLIECCOB BBINOJHEHb Ha
3THX JBYX MaTepHasax, NpHuYeM OCHOBHasi HX 4acTb — Ha
repMaHHH.

Yro KacaeTcss BTOporo Tpe6oBaHHMs, TO J0 €aMOTro IO-
C/Ie[IHEer0 BPEMEHH ero OCYIUeCTBJIEHHIO He YAeJas10Ch JOJXK-
HOTO BHHUMaHHus. MccienoBasuch, no npenmyilectsy, obpas-
Ibl, OpOIIeAlIHe TOT 2Ke LMK/ MOBEPXHOCTHOH 006paboTKH,
KOTOpBIi NPHHAT NpPH NPOM3BOACTBE I0JYyNPOBOAHHKOBBIX
npu6opoB. Kak BEISICHHIOCh B XOfie 3THX HCCAeAOBAHHI, TaK
HasblBaeMas peanbHas NOBEPXHOCTb TOJYNPOBOAHHKA, 00-
pasyiouiasica B pe3y/abTaTe Takodl 0o6pabOTKH, He obJjajnaer
KeJIaTeJIbHOM MPOCTOTON W ONpeJe/eHHOCTbIO XHMHUYECKOTro
CTPOEHHs1 H CTPYKTypbl. B cBsI3n ¢ 3THM B caMoOe moc/eqHee
BpeMsi HHTEHCHBHO pa3pabaThiBalOTCS CHellHaJbHble MeTOMbI
06paGoTKH MOBEPXHOCTH MOJYINPOBOAHHKOB, KOTOphle IOJI-
KHBE 0GecrneydTh BO3MOXKHOCTb NOJyueHHs GoJiee NMpOCTOH
10 CTPOEHHIO, 4, COOTBETCTBEHHO, H GoJsiee cTaGUIBHON pe-
a/bHOH MOBEPXHOCTH MOJYNPOBOAHHKA.

OTMeueHHble OGCTOSITENbCTBA CYILECTBEHHO MOBJIHAIM HA
NpUHUMN OTGOpa MartepHaja, BOLIeAUIero B KHHTy. ABTOp
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HH B Koefi Mepe He crapaJ/icsi OXBAaTHTb BecCb, BecbMa 00-
IWHPHEIA (aKTHUeCcKUi MaTepuan uccienosaHuil. OcHoBHas
3ajaya HacTosillell KHHTH 3aKJoyaercs,, [pexjae BCero,
B NIONbITKe NOCJeJ0BaTeNbHOIO H3JIOXKEHHS NPHHIHNIOB H
MeTOJOB HCCJeJOBAaHHS MOBEPXHOCTHBIX 3/IEKTPOHHHIX HPO-
Ieccos B MOJNYNpPOBOAHUKAX. JlaJjiee, B 3HAUUTEJNBHOH Mepe
B KayecTBe MJIIIOCTPALMH 3THX NPHHLHMIOB U MeTOJO0B NOJA-
poOHO ONMHCAaHBI M NPOAHAJH3HPOBAHLI De3y/bTaTbl HccCle-
JOBaHHs 3THX NPOLECCOB AJs1 Haubosiee H3YUYEHHOTO MNOJY-
[pOBOAHHKA THMa repMmaHus. [1pHBoaATCA TakxkKe OCHOBHble
pe3yJbTaThl HCCEJOBAHHSA NMOBEPXHOCTH KPeMHHs, 0COGEHHO
B Tex CJyyasx, KOrja OHH HMeIOT JOCTAaTOYHO OOILHA xa-
pakTep M BHOCSIT HeYTO HOBOe B IOHHMAaHHe OCHOBHbLIX 3aKO-
HOMEpHOCTeH MOBEPXHOCTHBIX 3/J1eKTPOHHBIX NPOLLECCOB B I0-
JYyNPOBOJHHKAX. DTHX 2Ke INPHHUHUIOB aBTOD NPHIEPKHU-
BAJCSl U NPH LUHTHPOBAHHH OPHTHHAJBHBIX HCCJIeJ0BaHHH.
B cnucok UMTHPOBAHHOM JHTepaTyphl BKJ/IOYeHbl paboTHI,
NOCBSIllleHHble pa3paboTKe NMPHHIHIOB HJH HOBLIX MeETOIOB
HCC/IeOBaHMH, a Takxe cojepxxaliue HauOosee BaxKHbie
pe3ynbTaThl TaKHX HCCJIeLOBAHMH, MMelOlIHe MPHHLUHMIHAJD-
HOe 3HaueHHe JJis CO3[aHHA 0OIell KaPTHHBI ABJIEHHS.
ABTOp He cTpeMHuJ/CS TaKKe K CTPOFOCTH MaTeMaTHuye-
CKOTO aHaJ/Jii3a paccMaTpHUBaeMblX BOHDPOCOB, a BCIOAY, Tie
3T0 ObLLJIO BO3MOXKHO, MpPEANOYHTAJ HCHO/Ib30BATb Kauect-
BeHHble HJIHM TOJyKauyeCTBeHHble (hH3HueCKHe cOOOpaKeHHS.
OnpaBnaHHe Takoro NoAX04a MOXHO BHAETb B COBPEMEH-
HOM ypOBHe caMofi npo6JyeMbl MOBEPXHOCTHLIX 3/1eKTPOHHBIX
MPOLECCOB B MOJYIPOBOAHHKAX, KOTOPbIH MOKA ellle 1aJeK OT
BO3MOXKHOCTH CTPOTO KOJIHUeCTBEHHOrO ONHCAHHUS sIBJEHHH.
ABTOp HNpPHHOCHT CBOIO HCKpDeHHIOI0 6JarogapHocTb
B. I1. )Xyse, B. ®. Kucenery, H. TI'. HeusBectHomy,
0. ®. Hosortoukomy-Baacosy, I'. E. ITukycy, C. B. Ilo-
kposcko#, C. M. Penunckomy, E. C. Pxanoso#, K. K. Csu-
rameBy, A. A. ®paHuy30By 3a TPyA NO NPOYTEHHIO PYKO-
[IMCH HJIH ee OTAeJNbHBIX yYacTed H IleHHble 3aMeYaHHsl U
coBeThl. Oco6yi0 NpH3HATENbHOCTL aBTOP XOTeJ Obl BhIpa-
3uTh E. C. P2xaHoBO! 3a 60/bLIYIO MOMOLLL IPH MOATOTOBKE
PYKOIIHCH K IleyaTH.
A. B. Pianos

1969 r., r. HoBocuGupck.
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®EHOMEHOJIOTHYECKOE OMUCAHHE
MOBEPXHOCTH NOJYNPOBOAHHUKA

§ 1. PeanbHass MOBepPXHOCTb MOJYNPOBOJHHKA
W NOBEPXHOCTHbIe COCTOSIHHSI 3JIeKTPOHOB

MpeanbHylo moBepxXxHOCTb KpHCTaj/ia MOXKHO cebe mpen-
CTaBHTh B BHIe KpHCTaJjorpadHUueckoil MJOCKOCTH, HA KO-
TOPOH aTOMBbl HJIM HOHbl pacloOJIOXKEeHbl Tak e, KaK M Ha
COOTBETCTBYIOLIHX MJOCKOCTAX, JeXallUX BHYTPH KpHCTaJ-
Ja. VI3BecTHO, 4TO JaxKe Takas HAeaJM3HPOBAHHas MOBepX-
HOCTh fBJsAJAch Gbl fedeKToM CTPYKTyphl KpHCTaJja, Ko-
TOPOMY COOTBETCTBOBAJIH GObl JIOKAJH30BaHHble Ha MOBEpX-
HOCTH 3HepreTHueckue cOCTOsIHHSA 3JekTpoHoB. M. E. Tamm
eme B 1932 r. paccmoTpes mnpocTedllyl0 OXHOMEpHYIO
MOAeJb KOHEUHBIX pa3MepoB C MEpPHOAHYECKUM XOJOM IIO-
TeHIMaJa M M[OKasaJj, uTo IPH ONpeleJeHHbIX 3HAUEHHSX
napaMeTpoB 3TOM MOJEJH MOSIBJASIIOTCA NOBEPXHOCTHBIE CO-
CTOSIHHSI [/ 3JIEKTPOHOB, KOTOPbIM COOTBETCTBYIOT 3Hepre-
THYECKHEe YDOBHH, pAacnoJiOXKeHHble B 3anpelleHHON 30He
snepruit [1]*). B nanbHefimeM 5TH pe3yJabTaThbl OblIH 0606-
IeHbl Ha cayuyail Gosee caoxHbIX Mognened. E. Tyasun [2]
paccMoTpes TPeXMepHYIO pellleTKy KOHeUHbIX Pa3MepoB C BH-
JOM I€pPHOJHYECKOr0 MNOTeHIHaja, MNPHOMHKAIOUIUMCH K
peajbHOMY, W 1I0Ka3aJ, YTO B 3TOM C/yyae MOXHO OXHAATb
NOSIBJIEHHs] TNOBEPXHOCTHBIX SHepreTHUYECKHX 30H BOJIH3H

*) Tlpu cocTaBleHHH CHHCKa JHTepaTypel Mbl cOuWJIH GoJee YROG-
HHIM [J1S 4YHTaTelsi NMPHBECTH JBa OTHAeNbHbIX cnHcKa: 1) MoHorpadwuu,
0630pl, TpYAb KoHGepeHuuli, cO6OpHHKM TPYHOB (ob603HauaeM HX
[M ..l]), 2) xypHaabHble cTaTtbu (o6o3HauaeM [...]). Kaxavifi cnucok
HMEeT CaMOCTOSTE/NbHYI0 HYMepauHio.
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KpaeB paspelleHHbIX 30H 6eCKOHEUHOro KpHcTasnsna. Bo3HHk-
HOBeHHE NOBEPXHOCTHBIX COCTOSIHUH 3TOTO THINA, KAK BIOCJEN-
ctBun ycrtadoBua B. Illokau [3], cBsizano ¢ oTsinuuem mo-
TeHlHaja B 3Je€MeHTapHbIX fYeHKax KpHCTaJJa, Jexalluux
HEeMoCcpeACTBEHHO Yy €ro MOBEPXHOCTH, OT MOTeHLHaja BHY-
TPU KpPHCTasjaa, H 0cOOeHHO XapaKTepHO s KpHCTaJJIOB
C WIHPOKOH 3anpelieHHON 30HOH.

[ToBepXHOCTHBIE COCTOSIHHS APYroro THma GblIH BIepBbie
paccmoTpennl A. Mays [4], a 3atem Gousee 10apoGHO
B. llokau [3]. OTu cocTossHHS AAIOT Y3KylO, HAMOJOBHHY
3aNOJIHEHHYIO 3JIEKTPOHAMH NOBEPXHOCTHYIO 30HY, PacrnoJo-
KEHHYI0 B 3alpelleHHOH 30He MeX 1y ABYMs pa3pelleHHbIMH
30HaMH GeCKOHEeYHOro KpHcTasja. Bo3HHKHOBeHHe MOBepx-
HOCTHBIX COCTOSIHHI 3TOTO THIIA CBfI3aHO C B3aHMOJEACTBHEM
BOJIHOBBIX (DYHKLHH, IPHHALJIEXKAUIHX IBYM COCEIHHM 30HaAM
paspelleHHON 3HeprHH 3JeKTpPOHA B OGECKOHEYHOM KpHCTas-
Je. Heo6xomuMo, HO He HOCTATOYHO AJ/51 BO3HHKHOBEHHS
NOBEPXHOCTHBIX COCTOSIHHH 3TOro THNA, YTOGHl BeJHYHMHA
MEXAaTOMHBIX PAacCTOsSIHHE B KpHCTaJse Obljla MeHblle TOH,
NpH KOTOPOH Kpasi COCeIHHX 30H pa3pellleHHOH 3SHepTHH
nepecekaiorcsi. Jlas peanbHOro 06pa3oBaHHs MOBEPXHOCT-
HBIX COCTOSIHHI 3TOr0 THNA BaXHYIO pOJb HIPAlOT CBOM-
CTBa CHMMETDHH BOJIHOBBIX QYHKIHHA B 06eHx 30HaxX H psn
npyrux ¢akropos [5]. ITogpoGHEli 0630p 3TOro LHK/IA pa-
60T MO NOBEepPXHOCTHBIM 3JIEKTPOHHBIM COCTOSIHHUAM omy6uin-
kosaH C. U. Ilekapom [M1].

JlanbHefiee pa3BuTHe (PU3MUECKOH TEOPHH MOBEPXHOCT-
HBIX 3JIEKTPOHHBIX COCTOSIHHH M MaTeMaTHYECKHX MeTOHOB
HccJIeJOBaHUS 3TOTO BONMPOCA [Jisl HIealH3HPOBAHHBIX Tpex-
MEpPHBIX pEIeTOK [0y POBOJHHUKOB B OCHOBHOM CBfI3aHO C
pa6oramu uewmickux Tteopetrukos — M. Koyreukoro, M. To-
maweka U A. Adatonuuka [6—8, M 15]. B atux paGorax 6o-
Jee noapo6Ho 6blI0O NpPOAaHANH3MPOBAHO pa3nHuue (usnye-
CKHX IIpDHYMH [OSIBJEHHS H BO3MOXKHBIX KOHLEHTpaUui
TOBEPXHOCTHEIX cocTosiHMN THna Tamma u Mays — lllokan.
Bblo BbIAICHEHO, B YAaCTHOCTH, YTO NOBEPXHOCTHHIE COCTOA-
HHSl BTOPOTO THIIa MOTYT HHTEpPNpPeTHPOBAaThbCs KaK HeHa-
CBIILleHHble BAaJIEHTHOCTH NOBEPXHOCTHBIX ATOMOB KPHCTaJIa,
a OTIMYMe XOJa MNOTeHLHasna B I[OBEPXHOCTHHIX nuYelKax
KpPHUCTaJ/j1a MOXeT NPHBECTH K HX HCUE3HOBEHHIO WJH CY-
IleCTBEHHOMY YMeHbUIEHHI0 KOHLEHTPalHH MO0 CPaBHEHHIO
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C KOHIeHTpPallWell NOBEPXHOCTHbIX aTOMOB KpucTaJjna. He-
06X0MMO, OHAKO, CHeLHaJbHO NOAYEPKHYTb, YTO TNpPH Ha-
JINUMH CYLIECTBEHHOro nporpecca MMemolledicss B HacToslliee
BpeMsl TEODHH IIOBEPXHOCTHBIX COCTOSIHHH, OHA JIMIIb YKa3bl-
BaeT Ha BO3MOXHOCTb HMX CyllecTBOBaHHA. Bonpoc xe
0 MPAKTHYECKOH peasH3alHMH 3TOH BO3MOXHOCTH B KOHKpeT-
HOM CJy4yae TOTO HJIH MHOTO peajJbHOTO KpPHCTajsa BLIXOJHT
3a paMKH CYLIeCTBylollle#l TeOpHH H, MO KpalHed Mepe B
Oamxaiiem GyayiieM, MOXKeT ObITh, M0-BHIHMOMY, pelleH
TOJIBKO 3KCIIePHMEHTAJbHO.

B nanbHefimieM Mbl pacCMOTPHM MOAPOGHO pe3yJ/bTaThl
JKCNepHMeHTaNbHbIX HCCleOBaHHA MOBepXHOCTed psaaa
M0JIyIIPOBOJAHHKOBEIX KDHCTAJJ10B, HaXOAAIUXCA B COCTOA-
HHH, 6JIM3KOM K aTOMapHO-YHCTOMY, T. €. He COJepKallux
B CKOJIbKO-HHOYAb 3HAUHTE/NbHBIX KOJHYECTBAX UYXKEPOMHBIX
aTOMOB HJIH HOHOB. ODTH 3KCIIePHMEHTBbI MOKa3aJd, 4TO IO-
JIOKeHHe Je/J fa)Ke Ha TaKHX [OBEePXHOCTAX TrepMaHHs,
KPEMHHMS M HEKOTOPHIX MOJYIPOBOAHHKOB rpynnel ANIBV
CYLIeCTBEHHO OTJIMYHO OT paccMaTpHBaBLIerocsi HaeajusH-
pPOBAHHOrO cJyyasi. ATOMBI MOBEpXHOCTHBIX CJIOEB aToMap-
HO-YHMCTOH NOBEPXHOCTH (IO pe3ysabTaTtaM 3THX paboT) cMe-
IIAIOTCSl U3 CBOMX HOPMAJIbHBIX IOJIOXKEHHH B pelleTKe H
neperpynmnHpPOBLIBAIOTCS B HEKOTOPble NOBEPXHOCTHBIE CTPYK-
Typhl C ADPYroil CHMMeTpHell W HHBIMH pa3MepaMH 3JeMeH-
tTapHo#l siuefikH. Tlo-BUEMMOMY, 3TO CBfI3aHO C B3aHMHBIM
HacblllleHHeM CBOOGOAHBIX BaJIeHTHHIX CBsi3ell NMOBePXHOCT-
HbIX aTOMOB KpHCTaJla.

Takum o06pasoM, MHKPOCTPYKTypa MOBEPXHOCTH KpH-
cTajnja, naxe Haxofslleiics B aTOMapHO-YHCTOM COCTOSIHHH,
no KpaiHeill Mepe B psije cayuyaeB MOXeT ObITb BecbMa aa-
JleKa OT CTPYKTYpPH! HAeaJbHOH NMOBEPXHOCTH.

HanoMHHM, YTO moka peub IJJa He O KaKHX-IHGO OT-
JenbHBIX fedeKTax CTPYKTyphbl, a 06 H3MeHeHHSIX peryJsp-
HBIX TOJIOXKEHUI MOBEPXHOCTHLIX aTOMOB pellleTKH N0 cpaB-
HEeHHIO C HX COOTBETCTBYIOLIMMH NOJIOXKEHHAMH B oObeMe.
B To e BpeMs Ha peaJbHOH NOBEPXHOCTH KpHcTaJjna, pa-
3yMeeTcsi, HeH30exHO CyllleCTBOBaHHe KaK MHKDOCKOMHYe-
CKHX, TAK U MAaKPOCKONHYECKHX NedeKTOB CTPYKTYphl. K HUM
OTHOCATCA MyCTble y3Jbl H TPYMNbl MyCTHIX Y3J0B, COOTBET-
CTBYIOILIHE MOBEPXHOCTHBIM Yriy6JeHHSIM aTOMapHbIX pas-
MepoB, H Ha0060pPOT — TaKHM e BBICTYNaM; BBHIXOJbl Ha
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NIOBEPXHOCTb JHCJOKAUHMi, YIJI0B MO3aHYHOCTH, MHKPOG6./10Y-
HOCTH H APYTrHX HedeKTOB 00beMHON CTPYKTYpbl PeasibHOro
KpDHCTaJj1a; MOBEPXHOCTHblE «CTYMEeHbKH» C pa3Mepami,
NPHOIHKAIOUWMMUCSA K MAKPOCKOMHYECKHM, 06pasyeMble Bhl-
X0J0M Ha TOBEpPXHOCTb JBYX 3JeMEHTapHBEIX KPHCTaJ//I0rpa-
(dHYecKUX MOBepxHOCTell; HakoHel, B Gosee ofleM ciay-
yae — 6oJjiee WM MeHee peryJsipHas NMOBePXHOCTHAs CTPYK-
Typa MaKpPOCKOIHYECKHX pa3MepoB, CBA3aHHAsA € TeM, UTO

Puc. 1.1, MukpodortorpadHn mMoBepXHOCTH 06pa3uoB repMaHHs MNOCJEe PA3JHYHBIX
o6pa6orok. Tpasnenue B CP-4, paaMep BuAHMOTO pesbeda Menbine 0,3 MkM (cleBa);
TpaBienne B H:Oz, paamep Buaumoro pesaveda 0,5+ 1 mxn (cnpasa).

pas/HYHBIE YuacTKH oOluell MOBepXHOCTH OrpaHeHHl 3JeMeH-
TapHBIMH TMOBEPXHOCTSIMH pAa3JIHYHBIX KpHCTa/JIorpaduue-
CKHX opueHTauHil. [IpuMepbl MaKPOCKONHYECKOH CTPYKTYpHI
3TOro THIAa MOXHO BHIeTb Ha pHucC. l.1. BceM aTuM moBepx-
HOCTHBIM JeeKTaM CTPYKTyphl COOTBETCTBYIOT JIOKaJbHEIE
MOBEPXHOCTHBIe COCTOSIHMSI HJIH TPYINBl COCTOSIHHA 3JIeKTPO-
HOB, 3HepreTH4YeCKHe YPOBHH KOTOpBIX, KaK IpaBHJIO, HOMa-
JalOT B 3alpelleHHyI0 30HY 001ero 3HepreTHUECKOro CIeK-
Tpa KpHcCTaJjJa.

C npyroii cTOpOHEIl, B OGBIYHBIX YCJIOBHSX MOBEPXHOCTb
KpHCTaJl1a BCeraa MOKPhiTa OJHHUM HJIHM HECKOJBbKHMH MOHO-
CJOSIMH aJCOPOHPOBAHHBIX aTOMOB H MOJIEKYJ, YTO AOJKHO
NPUBOAHTL MO0 K BHIOH3MEHEHHIO 3HEPreTHYeCKOro cek-
Tpa NMOBEPXHOCTHBIX 3J1EKTPOHHBIX COCTOSIHHH, CyLleCTBOBaB-
mHX paHee, JHGO K MOSIBJEHHIO AOMOJNHHTE/IbHBIX MOBepX-
HOCTHbIX COCTOsIHHI. YacTHBIM c/yyaeM H3MEHEHHs CIEKTpa
[OBEPXHOCTHBIX COCTOSIHHH NMPH afcopOUHH MOXKeT OhITbL HC-
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Ye3HOBeHHe COCTOIHHH Onpeje/leHHOr0 3HePreTHYeCKOro Mo-
JIOXKEeHHA.

Teopuu nOBepXHOCTHEIX COCTOSIHMH Mpu axcopOUHH Ha
NOBEPXHOCTH MOJYNPOBOJAHHUKOB H OOYCJOBIEHHBIX HMH 3(-
¢ekros mocaaieHbl pa6orol ®. ®. BoubkeHmTeliHAa H ero
coTpyAHHkoB [M2]. Ancop6upoBaHHas uyacTulla (aTOM HJIH
MOJIeKyJa) TPakKTyeTcsl B 3THX paGoTax B KauecTBe MOBepX-
HOCTHOH «INpHMeCH®», KOTOPOH# COOTBETCTBYIOT IOBEPXHOCT-
Hble JIOKa/ibHBle COCTOsIHMA. YacTHLa MOxKeT OBITH CBs3aHa
C KPHCTaJ/JIOM NOJIYNPOBOAHUKA «C/1a60i» XeMOCOPOLHOHHOM
CBA3bIO, KOTJa OHa OCTaeTcs 3JeKTPHUYeCKH HeATpaJsib-
HOH, a COOTBeTCTByIOLlee MOBEPXHOCTHOE COCTOSIHHEe He3a-
noJHeHHbIM. [lepexon K COCTOSIHHIO «NPOYHOM» XxeMocopG6-
LLHOHHOH CBfI3M O3HayaeT OTJAuy 3JeKTPOHA aacopbupoBaH-
HOM YacTHLeH KpHCTa/aly, HJIH, Ha060pOT, 3aXBaT 3/1E€KTPOHA
KpHcTa/ana yacTHuell. B nepsom cayuae yactina Bezet ce6s
KaK NOBEPXHOCTHBHI/I JOHOP, a BO BTOPOM cCilyyae — Kak IO-
BePXHOCTHBIH akuentop. CreneHb JIOKaJH3alHH 3JMeKTPOHA
HJIH [IBIDKH Ha aJcopOHPOBAHHON 4acTHLE NMPH 3TOM MOXKeET
ObITh pPA3JHYHOH, BKJOUAs B cebs cayuyad CBS3H UHCTO UOH-
HOH, KOBAJIEeHTHOH M npoMexXyTouHo#l. COOTHOLIEHHE MeXIy
cnaboil ¥ NMpoOuHOH ¢popMaMH XeMOCOPOUHMH ONpelenasieTcs,
COMVIACHO DA3BHTHIM B 3THX paboTax MpeacTaB/AeHHSM, IO-
JoKeHHeM ypoBHsi PepMH Ha MOBEPXHOCTH KpHCTaJJIa IO
OTHOLUEHHIO K 3HepreTHYECKHM yPOBHAM MOBEPXHOCTHBIX CO-
crosinuii. COOTBETCTBEHHO, aAcOpOHPOBaHHBIE YaCTHIEI, 06-
Jajalolie CPOACTBOM K 3JIEKTPOHY, T. €. SIBJSIOLUIHECS SIPKO
BbIPpaXKEHHbIMH NOBEPXHOCTHBIMH aKLENTOpaMH, MOTYT ObITh
nu60 HelTpasbHBI, 1H60 OTPHLATEJNbHO 3apsKeHBl. Ancop-
6HpoBaHHble YaCTHLBl CO CPOACTBOM K ABIPKe, T. €. IPKO
Bblpa)<e€HHble NOHODHI, MOTYT ObITb JUGO HeHTpaJabHEl, 1160
NOJIOXKHTEJbHO 3apsiKeHbl. HakoHel, BO3MOXHEI apcop6u-
pOBaHHbBIE YaCTHLBI, KOTOPble CIOCOGHBEI KaK OTZaBaTbh CBOM
3J1eKTPOH KPHCTaJJ1y NOJYNPOBOAHMKA, TAK M 3aXBAaThIBAThb
3JIEKTPOH (MM 3JIEKTPOHB) y mosaynpoBogHHka. Takum
agcopOGHPOBAHHLIM 4YacTHUAaM OyAyT COOTBeTCTBOBATb [Ba
(unu 6osiee) ypoBHell KBAHTOBOH CHCTeMbl KpHCTaJ1— aj-
cop6GHpoBaHHAs YacTHLA.

Ha ocHOBe H3/10)KeHHbIX I@pefCTaBJdeHHH ObIH 006b-
ficHeHbl HaOJIOfABIIHECsT JKCIIePHMEHTANbHO (PAKThl CBA-
31 NpPOBOAHMOCTH ¢  aJAcOPOUHOHHOH  CMOCOGHOCTBIO
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MOJYIPOBOAHHKOB H BJHUSIHUSL afcOpGIHH Ha NMPOBOAMMOCTH
¥ pa6oTy BhIXOAA. Bl npeackasaH uesblil psif HOBHIX 3¢-
(GeKToB, TaKHX KaK 3aBHCHMOCTb aAcOpOUHM OT OCBEIeHHs
H OT BeJIHYHHEI I10MePeYHOro 3JeKTPHYECKOTO NOJs, KOTOphIE,
KaKk Mbl Jajee YBHAHM, HIPAIOT Ba)KHyI0 pPo/ib B I0BEpX-
HOCTHBIX 3JIEKTPOHHBIX IpOLleccax Ha MOJYHPOBOJHHKAX.

CyuiecTBeHHBIM HeJOCTATKOM pAa3BHTOH TeOpHH SIBJs-
JIOCb TO OGCTOSITENBCTBO, YTO OHA He YUHTHIBAJa JOJKHBIM
06pa3oM CTPOeHHs! peaJlbHOH OBEPXHOCTH NOJYNPOBOIHHKA.
B nepByio ouepenb 3TO OTHOCHTCSL K HaJHYUI0O Ha Heli
3HAYMTEJNBHOTO KOJHYeCTBA YNOMHHABLIHXCS BBIIE CTPYK-
TypHEIX AedekroB. KBaHTOBOMeXxaHHUecKasl 3ajaya O XeMo-
cop6uuu Ha JedeKTe MOBEPXHOCTH MOJYIPOBOAHHKA pac-
cmatpuBajack B psafge pa6otr B. JI. Bonu-Bpyesuua [9],
K. Xaydoe [10], a Takxke ®. ®. BosbkeHuiTeilHa U ero co-
TpyaHukoB [11, 12]. HecmoTps Ha Gosbluoe 3HAyeHHe 3THX
MOMNBITOK, CJellyeT BCe e CKa3aTb, UTO COBPeMeHHas 3JieK-
TPOHHAfl TeOPHs AACOPOLHH HA NOBEPXHOCTH MOJYNPOBOA-
HHKOB [a/leKO ellle He YYUThIBAaeT BCeH CJA0XKHOCTH CTPOEHHUS
peaJibHOH MOBEPXHOCTH MOJYNPOBOLHHKOB.

Becpma cyumiecTBeHHbIM (PAKTOPOM CTPOEHHSI peaJsibHOM
NOBEPXHOCTH ABJISIeTCA TO, YTO, KaK MPAaBHJIO, TAKasi NOBEpX-
HOCTb MOKpHITA 6oJiee WM MeHee TOJICTOH MJIeHKOH OKHCHBIX
COoeqHHeHU# BelllecTsa (MJAH BellecTB), 06pa3yIOMUX KpH-
CTaJyl MONyNpOBONHHKA. BO3HMKHOBeHHe TaKOH IJIEHKH
CBSI3aHO, NpeX/Je BCEero, ¢ ONepalUsMH OKHC/IHTEJbHO-pac-
TBODHTE/JBHOrO TPaBJIeHHs,, C MOMOLIbIO KOTOPOro OOBIUYHO
YAAJAAI0TCS MeXaHHYeCKH MNOBpPeXKAeHHble IPH pe3Ke, LIIH-
¢ oBKe, U MOJHPOBKE NMOBEPXHOCTHbIE CJIOH KPHCTAJJIOB NOJY-
npoBoaHHKOB. K HacrosuieMmy BpeMeHH paspa6oTaHO 6OJb-
1I0€ KOJHYECTBO METOLOB XHMHYECKOTO H 3/1eKTPOJHTHUECKO-
ro TpaBJjieHHs KPHCTAJJIOB FepMaHHs, KPEeMHHfA, a TaKxke
HEeKOTOPBIX NOJynpoBoaHHKOB rpynn AIIBY y AIIBVI Ckosb-
KO-HHOYAb noapo6HOe H3/0KeHHe 3THX MeTOAOB He MOXKeT
BXOIHTb B 3ajauy HacTosilllefl KHHTH, MO3TOMY MBI OrpaHH-
yuMcs TOJbKO KPaTKHM YNMOMHHAaHHEM O HauboJiee pacmpo-
CTpPaHEHHbIX MEeTOJaX XUMHUECKOTO TpaBJ/IeHHS repMaHHa H
OTOLIIEM YHTaTejeli, HHTEepPeCyOLIHXCA 3THM BOIPOCOM,
K crelHaJjbHOl Jautepatype [M3, M4].

Becbma mHpoOKo mNpuMeHsieTc TpaBJeHHe TepMaHHA B
KuMslileM BOJHOM pacTBOpe MepeKkHCH BOAOPOJA, 4YacTo ¢
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HeGosblioil 106aBKOii IIesoud. ATOMapHBIl KHCJIOPOA, BbI-
JeJISIOIMICS P pa3J/oXKeHHH MepeKHUCH BOAOPOJa, aKTHB-
HO OKHC/ISIeT NMOBEPXHOCTb repMaHHs, a Boaa (MJAH caabblil
pacTBOp l1esIOYyH) pacTBopsieT 00pasylollylOCs JBYOKHCb
repmaHusi. CKOPOCTb TpPAaBJIeHHS] 3aBHCHT OT TeMIlepaTyphl,
KOHIleHTpaluil NMepeKHUCH BOAOPOLA U IIEJOYH, ONpenesio-
IIIUX CKOPOCTH MPOLleCCOB OKHCJAEHHS U pacTBOpeHHs, GoJiee
Me[IJIeHHBIH H3 KOTOPHIX M OyNET ompenes»Tb OOLIYIO CKO-
poCTb mpoliecca.

ITocne TpaBJjieHHs H CJAeAYIOIIUX 3@ HUM ONepauuil mpo-
MBIBKH M CYLWIKH o6pa3el] OKa3blBaeTCsl NMOKPLITHIM MJIEHKOH
OKHCHBIX ero coeauHeHHil TonmuHo# B 20—50 A, comepxa-
el 3HayuTeJbHOE KOJHUECTBO CBA3aHHOH B HeH BOABI, a
TakKKe NpuMeceil, HMEBUIHXCA B TPaBHTeJe, NPOMBLIBOUHOH
BOJe, CIOHUPTe HUJAH 3(Hpe, NPHMEHSIOLHUXCS IJs [epBUYHOMN
ocywku ero noBepxHocTH. CrnekTpasbHOe HCC/IefO0BaHHe
3TOH NJeHKH mokasaJso [13] HanunuHe B cnekTpe moJioc Mo-
IVIOLIeHHsl, XapaKTepHLIX M/ TreKcaroHaJbHOH JIBYOKHCH
repMaHHs, a Takxe LIHPOKOH MOJIOCH], CBS3aHHOH C MPHCYT-
CTBHEM B Pa3JIHYHBIX COCTOSIHHSIX THIPOKCHJBHBIX TPYIIIL
IIpu BbInepxKKe NPOTPaBJeHHBIX 06pa3lOB Ha BO3AYyXe MpO-
HCXOASIT Npollecchl H3MeHeHHUsl cOCTaBa M CTPYKTYPhI MJIEHKH,
B pe3yJ/ibTaTe KOTOPBIX OHa TepsieT 4acTb BOABI, YNJOTHsSET-
csl M Jlaxke HeCKOJIbKO yMeHbliaeTcsl no toauuHe. CooTsert-
CTBEHHO, BO3pacTaeT CO BPeMeHeM BBIJEPXKKH Ha BO3Ayxe
HHTEHCHBHOCTb MOJIOC MOTJIOLIeHHS, XapaKTePHbIX MJs TeK-
CaroHaJIbHON ABYOKHCH TepMaHHs, H YyMeHbIIaeTcss HHTeH-
CHBHOCTb IIOTJIOLIeHHs, OOYCJIOBJIEHHOTO MNPUCYTCTBHEM TIH-
IpOKCHAbHBIX Tpymnn. ITpollecc TaKOro ecTecTBEHHOTO «CTa-
peHHsI» IJIeHKH, NPHBOAALIMA K HeKOTOPOH cTabu/aH3aluu
NGBEPXHOCTHBIX CBOHCTB repMaHHf, NPOTeKaeT JOBOJLHO
Me[JIEHHO — IOJIHOCTBIO 3aBeplliaeTcsi OH 3a BpeMsl OKOJIO
mecsiia. OHAaKO OH MOXeT ObITh CyLIeCTBEHHO YCKOpeH, H
CPOK CTapeHHs COKpallleH A0 ABYX-TPeX CYTOK MpH NpoBeje-
HHM Tpollecca nofA oTkaukoil. CBOHCTBA TaKoM HCKYCCTBEHHO
cTaGHJIN3UPOBAHHON IMOBEPXHOCTH, Kak OylneT BHAHO B
najbHellleM, BecbMa OJIM3KH K eCTeCTBEHHO COCTapeHHOH,
4TO FOBOPHT O TOM, YTO CaM INPOLECC CTaPEeHHSI B OCHOBHOM
CBAA3aH C MmoTepell MJeHKOH U36BITOYHOH BJIATH.

OcHOBHBIE HMCCJIEIOBAaHHS aBTOpa 3TOH KHHTH H ero co-
TPYAHHKOB, ONHCAHHbIE Ja/iee, OblIH NpoBeeHb Ha 06pasuax
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repMaHusa IocJe TpaBJeHHs HX B pacTBOpax MepeKHCH
BOJOpOJAA H TaKOI'O HCKYCCTBEHHOTO CTapeHHs NOBEPXHOCTH.
HekoTtopeie u3mepeHus A/s cpaBHEHHS NPOBOJLHJHCH HA 06-
pasuax, MoJBepraBIIMXCSl JPYroMy BHAY TpaBJjeHHs, OCO-
GeHHO pacnpocTpaHeHHOMY 3a pyGexoM. Peub uper o Tpas-
JeHHH B pactBopax Tuna CP, OCHOBHLIMH KOMIOHEHTaMH
KOTOPBEIX $IBJsieTCsl KOHIIEHTPUPOBAaHHAs a30THAsl KHCJOTA
B KaueCTBe OKHCJHUTeJNs H IJIaBHKOBas KHCJIOTa B Kaue-
ctee pactBopureas. Tpasutenn CP-4, HanpHmep, COCTOHMT
3 25 ¢m® KOHUEHTPHPOBAHHON a30THOH KHCAOTH, 15 cmd
489% -HO#l NNaBHKOBOM KHCJOTHI, 15 cmd nensiHOl yKCycCHO#M
kucaotel M 0,3 cmd® pacTBopa 6poma. YKCycHas KHc/IOTa
HTpaeT pOJib 3aMedJHTeNsl Ipollecca OKHCJIeHHs, a GpoM
yCKOpsieT pacTBOpeHHe OKHCHOH IJIeHKH.

O6pasyolunecs nocse TpasieHus B pactsopax CP okuc-
Hble MJIEHKH fBJSIOTCA GoJjiee NMJIOTHBIMH H COfepiKaT 3Ha-
YHTEJbHO MEHbIIE BOABI, UTO CJAEAYET U3 Pe3yslbTaTOB CleK-
TpaJbHBIX HccaenosaHuil [13]. B 3ToM cMbiciie oHH G/H3KH
K OKHCHBIM MJIeHKaM, MOJyUYEeHHbIM IIPH TPABJEHHH B Mepe-
KHCH BOJOPOJa, HO TOJIBKO MOCJ€e eCTeCTBEHHOTO HJIH YCKO-
peHHoro crapeHus o6pasuoB. Kak 6yaer BHAHO nanee, npH
3TOM MaJi0 pPas/IMyaloTcs M 3/eKTpodH3HUecKHe XapaKTepH-
CTHKH IIOBEpXHOCTEHl TepMaHHs, IMOJYUeHHbBIX OGOMMH BH-
daMH TpaBJieHUH, BO BCSIKOM ciayyae, Koraa o6pasiibl Haxo-
asatcst B BakyyMe. CylllecTBeHHBIM pa3JiHuHeM ABYX MOBepX-
HOCTell fBJIsIeTCS 3HAUHUTEJbHO GoJiee CHJIbHO BblpaKeHHas
IHAPOGHUIBHOCTb NOBEPXHOCTH TepPMaHHUs, IPOTPABJIEHHOTrO
B NepekHUcH BomopoJaa [14].

Kak 6yner BHAHO H3 JaJjbHelllero, peajbHas TOBepxX-
HOCTh MOJIYNPOBOJHHKOB, MOKPbLITAs MJEHKOH €0 OKHCHBIX
COeJIMHEHHH, pe3KO OTJIHYAeTCs MO CBOMM CBOMCTBAM OT aTo-
MapHO-uucTOil noBepxHocTH. Haubosee BaxcHOe M o6liee
OTJIHYHE peaJbHOH MOBEPXHOCTH MOJYNPOBOAHHKA OT AaTo-
MApPHO-YUCTOH 3aKJIOYaeTCsl B 3HAUUTENbHO MEHbILIHX KOH-
IleHTPAUHAX MOBEPXHOCTHHIX COCTOSIHHH, BO BCSIKOM Cayuae
TeX, KOTOpble MNpOSIBJASIOTCS 3KcnepuMeHTasbHO. CorjacHo
TEOpeTHYECKHM OLleHKaM M pe3ysabTaTaM 3KCNEPUMEHTOB Ha
ATOMapHO-YHUCTBIX NOBEPXHOCTAX, KOHLEHTPAlUHH MOBEPXHO-
CTHBIX COCTOSIHHH MMEIOT B 3TOM CJlyyae BEJNHUHHbI MOpPsAKa
HJIM HEMHOTMM MeHbllUe KOHIeHTpallHi NMOBEepXHOCTHLIX aTo-
moB peuteTkd. Ha peasbHBIX NOBepXHOCTX TepMaHHs H
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KpeMHHsi, NPH XOpOlleM HX IPHIOTOBJEHHH, CyMMapHble
KOHIIEHTpallHH «OHorpaHuecKkux» MNOBEPXHOCTHBIX COCTOS-
HH# MOryT GHITh Ha ABa-TPH Nopsaka MeHblle. K HUM, npas-
da, Heo6xoaumMo NpHOGABHTb aACOPOLMOHHbIE HOBEPXHOCT-
Hble COCTOSIHHMS, KOHLEHTpPAlHH KOTOPhIX NpHO/HKAIOTCA
K KOHLEHTpalHsM NOBePXHOCTHBIX aTOMOB KpucraJanaa. On-
HaKo OHH 006/1afaloT HEKOTOPLIMH OCOOBIMH CBOHCTBAaMH, H,
KpPOMe TOro, OT HX BJIHSIHHSI MOXKHO H36aBHTbCSl NPH NPOBe-
JIeHUH 3KCMepHMEeHTa B OCOOLIX YCJOBHSIX HJH HpH 60JbLIOKH
TOJIILMHE OKHCHOH mNJ/eHKH. Bce 3To mosBossier paccMatpH-
BaTh MOBEPXHOCTHYIO NJIEHKY OKHCHBIX COelHHeHMH B Kaue-
CTBE 3QU{UTb. TOBEPXHOCTH I[OJYNPOBOAHUKA. [lasblle MBI
YBHIHM, YTO 3TO CJIOBO HeJb3s NMOHHMAaTh OyKBaJbHO, TakK
KaK 3al(HTHble CBOHCTBA OOBLIYHBIX OKHCHBIX IJIEHOK AaJeKO
He TakK XOpOWH, KaK Gbl 3TOrO XOTesaocb. B cBsA3H c 3TuM,
KCTaTH, B NOCJeJHHe TOAbl BedyTcs IIMPOKHe HCCJedOBaHHSA
1 paspaboTka MeTOAOB cHHTe3a GoJjiee cTaOHABHBIX BO Bpe-
MeHH M CTOHKHX B XHMHUECKOM OTHOLUEHHH 3alUMTHBIX IHJe-
HOK, B TOM YHCJle H HeOKHCHOH mpHponbl (cyab(HaOB, HH-
TPHIOB, KapOHIOB).

B ocHOBHOM, B MOHsATHe 3aLIUThl NOBEPXHOCTH IOJYHpO-
BOJHHKA AU3JEKTPHUECKOH IJIeHKOH BKJaJAbiBaeTcsl APYroid
CMBICJI, CBfI3aHHBIH € MaccHBauueil CBOGONHBIX BaJIeHTHBIX
cBfi3el [OBEPXHOCTHbIX aToMmoB. HaGuronaeMble skcmepH-
MeHTaJIbHO NOBePXHOCTHBIE COCTOSIHHS HA peaJsibHOH MOBepX-
HOCTH, BUAHMO, He MOTYT OblTb OGYCJOBJIEHBl PeryJisipHbIMH
CBI35IMH MOBEPXHOCTHBIX aTOMOB TepPMAHHS HJIH KPeMHHSs
C KHCJIOPOAOM (B CJyyae OKHCHBIX MJIEHOK), IOTOMY YTO
KOHIEHTPauuH TeX H [APYTHX pa3/jHyaloTCsd Ha HECKOJBbKO
MOPSIAKOB BeJHYHHB. DTO 03HAuaeT, UTO MOBEPXHOCTHEIE CO-
CTOSIHHA, COOTBETCTBYIOIIHE 3THM CBA35IM, OOBIYUHO He MOTYT
Hab/nI08aThCs, a TO, YTO MPOSAB/sSeTCS B IKCIEePUMEHTaX, sB-
JsieTcsl C/eJCTBHEM CYLeCTBOBaHHS ONpeleseHHBIX deghex-
TO8 I'DAHHUILEl pa3fesa NOJYNPOBOAHHK — 3alllUTHAs AH3JeEK-
TpHYeckas IJIeHKa.

OueBHIHO, MOXKHO HpeANiosaraTh CaMylo pasJHuHYIO
npupoay Takux nedekron. Ilpexge Bcero, Kk HX YHCIY cJe-
JYyeT OTHECTH BCe Te CTPYKTypDHEle Ae(eKThbl, O KOTOPBIX rO-
BOpHJIOCH paHee, HOO ycn0BHA 06pa3oBaHHA CBf3ell aTOMOB
MOJYNpOBOJAHHKA, BXOASAUIUX B 3TH HAedeKThl, C aToMaMH
KHCJ0poAa OyAyT 3aMeTHO OTJIHYATbCH OT COOTBETCTBYIOLIUX
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yCJIOBHA  AJs  perynsipHbIX IOBEPXHOCTHBIX  aTOMOB.
MoXHO mpeamnoJsaraTh H HaJuudve CBsi3ed C YyKePOAHBIMH
aToMaMH, 3aXBAaueHHbIMH MOBEPXHOCTbIO B XOjde Mpolecca
TpaBsaenusi. HakoHel, Hapsaay ¢ 3aBenoMo npeo6Jaajgaomum
THIIOM CBsI3€Hl aTOMOB MOJYNPOBOAHHKA C KHCJIOPOJAOM, KO-
TOPOMY He COOTBETCTBYIOT HabJsioLaeMble 3KClepHMeHTaJlb-
HO NOBEPXHOCTHBEIE COCTOSIHHSI, MOTYT CYyLeCTBOBAThb B OMNpe-
JleJIEeHHBIX KOJIMUeCTBaX W [PYyrde THIBI CBfidell, KOTOPBIM
OyAyT COOTBETCTBOBATb MOBEPXHOCTHBIE COCTOSIHHSA, MPOSIB-
JsiolHecss B dKcnepuMeHTe. Hesb3si, B yacTHOCTH, HCKIIO-
YUTh BO3MOXKHOCTb, XOTSl H NPEeACTAaBJSAIOUIYIOCS MaJjoBepo-
AATHOH, uTO cBOOOAHble BAJIEHTHOCTH YAaCTH MOBEPXHOCTHBIX
aTOMOB OCTaHyTCA HeHaChIUeHHbBIMH. B HHUTOXXHO MaJbIX
KOHIIeHTpalHsiX Takhe cBOOOAHbIE BaJIEHTHOCTH, 33XBaTHB-
IIHe H3OLITOUHBIN 3JEKTPOH H3 00bema MOJNYNPOBOAHHKA,
B NMpHHIMIE, BUAUMO, MOIMH Obl CYLIeCTBOBATb.

Takum 06pa3oM, MOXKHO OXHAATH NOCTATOYHO MHOrO H
BecbMa pa3HOOGpa3HbIX NedeKTOB FpaHHUIBI pa3iena MOJY-
NPOBOJHHUK — 3alUTHAsl [AH3JeKTpHueckas IMJeHKa. K HHUM
caenyer npu6aBHTh ellle XMMHYeCKHe IIPUMeCH H aedeKThl
CTPOEHHS CaMOH AU3JeKTPHUECKOH IJIeHKH, OCOGEHHO Te H3
HHMX, KOTOpble PACMOJOXKeHbl B HeMOCPeLCTBEHHOH 6/1H30CTH
OT rpaHuubl pasgena. ITockonbky K 3TUM nedekTaM noJ-
HOCTbIO OTHOCATCS BCe Te pacCyXIeHHs, KOTOpble paHee
NpPHBOAMJIHNCL AJ51 ancOpOHPOBAHHBIX HAa MOBEPXHOCTH dYa-
CTHI, OYEeBHEHO, UYTO YACTb 3THX Ae(deKTOB MOxKeT GbITh 3a-
psaxena. [lpu stoM, B moOJHO! aHAJOrHH CO CKa3aHHBIM
BLILE, MOXHO OXHJAaTb CYLIeCTBOBaHHSI Ne(eKTOB C SIPKO
BbIDAXKCHHBIMH JOHOPHBIMH M aKIENTOPHbIMH CBOMCTBAMHY,
a Takxe Ae(deKTOB, KOTOPbie MOI'YT GbITH OTPHULATENBHO 3a-
psxKeHbl, HelTPaJbHbl HJIH NOJIOXUTEJIbHO 3apsKeHbl B 3a-
BUCUMOCTH OT IOJIOKEHHS YpOBHs DepMH Ha JOBEPXHOCTH
10 OTHOIUEHHIO K COOTBETCTBYIOLUIHM YPOBHAM aedekTa.

CyMmMmapHEIfi 3apsii MOBEPXHOCTHBIX Ae(eKTOB, KOTOPLIH
B JaJibHeHlleM Mbl OyAeM MMeHOBaTb NOBEPXHOCTHLIM 3apsi-
10M, Qmos, NMPHBOOHUT K MOSIBJEHHIO psifia CHelH(PHYCCKHX
CBOHCTB MOJIYNPOBOAHHKA, B H3BECTHOH Mepe YCJIOBHO Ha3bi-
BaeMblX MOBEPXHOCTHBIMH CBOHCTBaMH. AHa/n3y CJeaCTBHI,
BbITEKAIOMIMX U3 (paKTa CYyLleCTBOBAHUSA MOBEPXHOCTHOTO 3a-
pana, OyoyT mNOCBsLleHbl cJaefyiolde mnaparpadul 3Toi
rJaBHL
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B TO e Bpems cyllleCTBOBaHHE NOBEPXHOCTHBIX COCTOSI-
HUH cJelyeT YYHTBIBATh U OoJlee HenoCpeJCTBEHHO, a He
TOJNIBKO KaK MPHYHHY MOSIBJEHHS MOBEPXHOCTHOro 3apsja.
IleficTBUTE/IbHO, 3HepreTHYeCKHe YPOBHH MOBEPXHOCTHHIX
CCCTOSIHHH sIBJAIOTCS 4acTbio oOlleld CHCTeMbl 3HepreTuye-
CKHX YPOBHeH KpHCTaJ/a MOJYNPOBOLHHKA. ITO 3HAUHUT, 4TO
BCE XapaKTEPUCTHKH MOJYNPOBOAHHKA, 3aBHCAILHe OT Xa-
pakTepa 3HEpPreTHUECKOTrO0 CIEKTpa 3JEeKTPOHOB, 3aBHCAT B
TOH WJIH MHOH Mepe H OT NOBEPXHOCTHBIX COCTOSIHHIL.

MoxHO npencTaBUTh ceGe ciyuail, H OH JeHCTBHTENBHO
peaju3yercsi [Js TOHKHX CJIOeB MOJYNPOBOAHHKOB, KOTAa
obliee KOJUUECTBO SHepreTHYECKUX ypoBHeH NMOBePXHOCTHBIX
COCTOSIHHH 3/IEKTPOHOB CPaBHMMO HJH [axe npeobJjanaer
Haj KOJIMUeCTBOM OOBEMHBIX 3HepreTHYecKHX YpOBHeEH.
B aToM ciyuae OCHOBHble XapaKTePHUCTHKU CHCTEMBI, TaKHe,
HanmpHMep, Kak MOJIOKeHHe paBHOBecHOro YpoBHA ®Pepwmy,
6ynyT onpenessTbCsl B 3HAUMTENbHON Mepe HJH Jaxe rJjas-
HBIM 006pa30M MOBEPXHOCTHBIMH COCTOSIHHSIMH.

Ilpn HapyumieHUSX TepMOAMHAMHYECKOIO paBHOBECHS B
NOJNyIIPOBOJHHKE, BBI3BAHHBIX [JIMTENbHBIM [OeHCTBHEM Ka-
KHX-JH00 BHeLIHHX BO30YXXJEHHH, NMOBEPXHOCTHbIE LEHTPbI
pekOMOMHALMM M 3axBaTa, Hapsay ¢ OO0beMHBIMH, GyayT
onpefensiTb KBa3HPaBHOBeCHble KOHUEHTPALHH HOCHTeJsei
3apsja, T. e. MOJIOXKEHHS TaK Ha3biBaeMbIX KBa3HYpOBHeM
®epmu. C npyroft CTOPOHEI, NPH BKJIOYEHHH HJH BHIKJIO-
YeHHMH BHEUIHHX BO30YyKAeHHH, I[1OBEPXHOCTHble LEHTPHI
peKOMOHHALMH U 3axBaTa OYAYyT BMecTe ¢ OGbeMHBIMH yua-
CTBOBaTh B peJaKCALHOHHBIX Ipolleccax YCTAHOBJIEHHsS KBa-
3HPaBHOBECHOI'O COCTOSIHHSI HJIH BO3BpAILEHHS K TepMOJHHA-
MHUYECKOMY paBHOBecHI0. Kak Mbl YBHAHM HHXKe, 3aBeJOMOe
npeobJiajlaHie NOBEPXHOCTHBIX LEHTPOB B 3THX Mpolleccax
Habqionaercs faxe A/ JOBOJBHO TOJCTBIX C/0€B MOJyNpo-
BOAHHKOB, C KOTOPBIMH BeCbMa YacTO NPHXOAHUTCS HMETb
[le10 3KCIepPUMeHTaTopaM H KOHCTPYKTOPaM IO.1yNpOBOAHH-
KOBBIX IPHGOPOB 3/1€KTPOHHUKH.

§ 2. NpunoBepXHOCTHBINA CJOH NMPOCTPAHCTBEHHOro 3apsAaa

O6Gpasel NMOJyNpoBOAHHKA B HOPMaJbHBIX YCJIOBHSX H0JI-
’KeH OBITb 3JMeKTpUYecKH HefiTpasneH. OTcioma cilenyer, uTo
NOBEPXHOCTHBIN 3apsii Quos AOJIKEH GbLITH CKOMIEHCHPOBaH
paBHBIM MO BeJHYHHe H OGPaTHBHIM MO 3HAKY 3apsiioM
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B NPHUNOBEPXHOCTHOM CJIO€ MOJYNPOBOAHHKA. DTOT MOC/en-
HHHi 3apsn, 3KpPaHHUPYIOIHH 00beM MOJNYNPOBOXHHKA OT
NMPOHHKHOBEHHS] B HEro 3JIeKTPHUYECKOro M0Jif, COCTOUT B 06-
IleM CcJyuyae M3 HaXOASIIHUXCA B o6beMe MOJYNpPOBOTHUKA
MOHHN30BAHHBIX OHOPOB H aKLENTOPOB U TMOABHXKHBIX 3J€K-
TPOHOB H AbIPOK. TakuM 06pa3oM, NPHNOBEPXHOCTHBII CA0H
NOJYNPOBOAHUKA SIBJSETCS CAOEM HPOCTPAHCTBEHHOZO 3a-
pada, 3KpaHUPYIOLIMM 00beM HOJYIPOBOAHHKA OT MOJsl HO-
BEePXHOCTHOTO 3apsija, NpHYeM 3Ta 3KPAHHPOBKA OCYLIECTB-
JisleTcsl 3a CYeT TOro, UTO paBHOBeCHble KOHLEHTPaUHH 3JeK-
TPOHOB H ABIPOK B CJIO€ OTJIHYHbI OT OOBEMHBIX.

PacnpeneseHne  3J1eKTPOCTaTHYECKOrO MOTeHIHaJJa B
CJI0e IPOCTPAHCTBEHHOTO 3apsaa onpefenseTcss ypaBHEHHeM
[Tyaccona npu coOTBeTCTBYIOIIHX TPAHMYHBIX YCJAOBHAX. 3a-
Jlaud TAakKOro THMa pellajUChb ellle NpH pa3paboTke MepBhIX
Teopuii soinpaMienus asbipoBbiM [15] u [ortku [16, 17],
OIHAKO NPH 3TOM YUHTBLIBAJCA TOJbKO 3apsSii HECKOMIEHCH-
pPOBaHHbIX JOHOPOB H AKLUENTOPOB M He paccMaTpHBAJICH
HernocpeJCTBeHHBIH BKJaJA NOABHXHBIX HOCHTesNeH 3apsja.
Takoe pelleHHe TONMJIOCH TOJNBKO AJs TaK Ha3biBaeMOro
HCTOLIEHHOTO CJIOSl, COOTBETCTBYIOIIEero OGeiHEHHIO MpPHII0-
BePXHOCTHOTrQ CJ/I0Si MPOCTPAHCTBEHHOrO 3apsiia OCHOBHBIMH
HOCHUTeJISIMH 3apsna.

BoJsiee monHoe u TOYHOe pelleHHe 3aJauH, C YUeTOM MOJI-
BHXHBIX HOCHTeJlell 3apsiia H MO3TOMY MNpPHroJHOEe [Jis
cjyyasi He TOJBKO HCTOLIEHHOTO CJ/0si, HO H cJa0eB obora-
IIeHHss W HHBEPCHH, OLLIO MOJYyYeHO HE3aBHCHMO psIOM
aBTOPOB.

Mb B janbHefileM O6yJeM CJe0BaTb MOJYYHBLIEMY
HauboJsblllee pacnpocTpaHeHHe BAapHAHTY pacuera, H3JO-
xKenHomy B pabore K. Tapperra u B. Bpsrtrena [18].
B srtoit paGore paccmaTtpuBaercs oOulMil cayudail moJymnpo-
BOIHHKA, HaXOAsIIerocs noj AeiCTBHEM KaKOro-HHOYIb mo-
CTOSIHHOTO BO BpeMeHH Bo30y:xpalollero ¢akropa (ocselle-
Hue, NpoHHKalollee H3ayueHue). COOTBETCTBEHHO, TEPMOIH-
HaMHYyeCKOe paBHOBeCHe B TAKOM MOJYNPOBOAHHKE Hapy-
IIeHO U KOHIIEHTPallMH HOCHTeJel 3apsiia: 3JIeKTPOHOB — 1
H IBIPOK — p MPEeBBILAIOT TEPMOAHHAMHUYECKH DaBHOBECHLIE
BEJIHUHHBl Ho H po. B 10600 TOuKe MOJNYNMPOBOAHHKA 3TH
8HAUEHHMs] KOHLEHTpaUHUil NpPH OTCYTCTBHH BHIPOXKAEHHSA
onpenensiioTCs CTaTHCTHKOH bBoJabluMaHa M MOryTt cienyio-
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IiM 06pa3oM ObITh BhIpaKeHbl yepe3 KBa3nypoBHH Pepmu
¢n U Qp H 3JEKTPOCTATHUECKHH MOTEHUHAJ :

p=n.e" @™, n=npeb %) 2.1)
3aech n; — KOHLEHTpaLHsl HOcHTeJell 3apsga B co6GCTBeH-
HOM noJynpoBoiHuke; B = q/kT, rie g — 3apsi 3JeKTpOHa,
k —mocrosingas Bosabumana u T — abconoTHass TeMie-
parypa.

KsasuyposHn ®epmH HMEIOT CBOHCTBA 3JeKTPOXHMHUe-
CKOro moteHuuasa. Ilpy TepMOAHMHAMHUYECKOM paBHOBECHH
(Pp = Qn = o, @ KOHLEHTPALUH HOCHTeJell 3apsiza HMeIOT
[IPH 3TOM paBHOBeCHble 3HAaueHHs MOBCIOAY, B TOM YHCJe H
BO/IM3M MOBEPXHOCTH, XOTS, pa3yMeeTcsi, 3aBHCAT OT KOOp-
JMHaTHI.

DJIeKTPOCTAaTHUYECKH1 TOTEHIHaJa  fABJAseTCA Mepoll mo-
TEHIHAJbHOH 3HEPrHH 3JeKTpPOHAa B CJi0e [POCTPAHCTBEH-
HOTO 3apsila H XapaKTepH3yeT HCKDHBJIEHHe >SHepreTuye-
CKHX 30H KpHcTaJJja B 3ToH obsactH. [ToTeHuHasn BHe npu-
TIOBEPXHOCTHOTO CJIOSI MPOCTPAHCTBEHHOrO 3apsana, IMpu
§ — oo, 0603HaUYHUM uepe3 Yo U BbolbepeM ero 3HaueHHe Ta-
KHM 006pa3oM, 4YTOObl NOTeHLHAJbHAsl 3HEPTHsl 3JeKTPOoHA
BHYTPH KpHCTaJjla ¢y COBMaja €O 3HAUEHHEM 3SHEePTHH
depMH B COGCTBEHHOM NOJYNPOBOAHHKe E;. DTy BeJHuHHY,
KOTOPYIO MBI AJI1 KPAaTKOCTH GyJeM BCIOLY JaJjlee Ha3biBaTh
He BMOJIHE TOYHBIM TEPMHHOM — cepelHHA 3ampelLleHHON
30HBI *), yHOOHO NPHHATb 3a HauaJ0 oTcueTa AJs Bcex
JHepreTHYeCKHX BeJHYHH, OTHOCSAUIUXCA K 3ampelLleHHON
30He B 00beMe M HA MOBEPXHOCTH MOJYNPOBOMHHKA. 3Hade-
HHe 3JIeKTPOCTAaTHYECKOr0 MOTeHIL{HaJla BHYTPH MpPUIOBEpX-
HOCTHOTO CJIOSl MPOCTPAaHCTBEHHOro 3apsiga Gyaer Torga xa-
paKkTepH30BaThcsl BeJHYHHOH ¢ (P — 1), a Ha caMOll Io-
BEPXHOCTH — BeJHUYHHON ¢ (Ps— o), MOKa3aHHLIMM Ha
puc. 2.1. [TonoxkeHne paBHOBecHOro ypoBHsi PepMH B 06beMe
NOJYNpOBOAHMKA OyleT OnpeaenATbCs BEJIHYHHOH @@, =

= q(@o— o), C MOMOIUBIO KOTOPOH MPOCTO BhHIpaAXkaloTCA

*) Ilonoxenne ypoBHs (PepMH B COGCTBEHHOM MOJYMPOBOAHHKE

OTJIHYaeTCd OT CepeAHHBbI aanpemeﬂuoﬁ 30Hbl Ha BE&JIHYHHY, paBHYIO
*

. * *
3/4kT In (mp/mn), rae m, 0 m, — 5QQeKTHBHbIE MACChl ALIPOK H 3JEKTPO-
HOB, COOTBETCTBEHHO,
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o6beMHble pABHOBeCHble KOHIEHTPAUHH JABIPOK H 3JIeK-
TPOHOB:
P —po
p0=nieﬂ 7, ny=mne o7, (2.2)
[lonoxenne ypoBHs PepmMH Ha NOBEPXHOCTH NOJYIPO-
BOJHHKA OMpeneJsieTcsl BeJHYHHON g@s = ¢ (@o — Ps), uepes

KOTOPYIO BBIPaXKalTCA NOBEPXHOCTHbIe KOHILEHTPALHH HOCH-
Tesell 3apsaa:

Pso= nie_ﬁ(ps, flgo= nieﬁq’s. 2.3)

BespasmepHyio BeJqHUYHHY PBos = (g@s/kT) 06bIYHO Ha3bI-
BAIOT NOBEPXHOCTHbIM NOTEHYUAAOM, B OTJIHYHE OT MOBEPX-
HOCTHOTO 3JIeKTPOCTATH- -

or 4eCKOro [NOTeHLHaNa,
pa3MepHoro g (Ps—o),
HJIH 6e3pa3MepHOro

B (Ys — o).
‘ 3HaK 3JeKTpocTaTH-
& YeCKOTO T[OTeHIHa/ja B
e COOTBETCTBHH C COOTHO-

)

WSL;‘.‘“"T" _[q_(fs'%). Fqg, LEHHAMH (2.1) u (2.3)
\\j-fg{ﬁa,___ﬁfz__fl_”” 6yneT OTpHLATENEH, €C/IH
I370  30ubl BOIM3M MOBEpPXHO-
CTH H30THYTHl BBepX, H
k MOJIOXKUTEJ/IEH, €CJH OHH
£,  mu3orHytel BHH3. CooT-

BETCTBEHHO, 3HAaKH II0-
Puc. 2.1. 3oHHas cXeMa NPHIOBEPXHOCTHOTO
CJI0fi MPOCTPaHCTBEHHOrO sapua.p Ha cxeme TEHIHaJ0B P» U @s 6Y'

NMosiCHeHbl 3HaY€HHA OCHOBHBLIX BEJIHYHH. ﬂyT OTpHuaTeJlebI, ecJu
ypoBedb ®PepMH Haxo-

IUTCA B BepxHell MOJIOBHHe 3anpelleHHOH 30HB B 06beMe
WIH B HHMXKHell HAa MNOBEPXHOCTH, U IMOJIOXKHTENbHBI, €CJH
OH B HHXXHeH NOJIOBUHe 3anpelleHHOH 30HBE B o0beMe
MJIM B BepXHeH NoJioBHHe Ha moBepxHocTH. Ha puc. 2.1 mo-

KasaH caydalt, koraa ¢(ps-—o) H g9, oTpuUATENbHHI, a
q@ps TOJOXKHTEJIbHA.

PaccmorpuMm cayuyail mosiy6ecKOHEYHOTO MOJYyNpoBOM-
HHKA; Torna ypaBHeHHe IlyaccoHa mjs Hallei ogHOMepHOHN
3ajgaud OyaeT UMeTb CJAeAYIOIHH NPOCTOH BHA:

2
= e ). 2.4)

dx? )
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3nmech € — NU3JdeKTpHUeCKass NMPOHHIAeMOCTh BelllecTBa MO-
JyNPOBOHHKA, g9 — BakKyyMa, a p(x) — mJIOTHOCTb OGbeM-
HOTO 3apsiia B TOYKe MOJYNPOBOAHHKA, yIaJeHHOH Ha pac-
CTOsIHHE X OT ero MOBEPXHOCTH.

I'paHHUHBIMH YCJOBHAMH 3ajaud sSIBJASIOTCH paBeHCTBA:

'Q’:‘ps npH x=0,

V=19, H %=O npH x —> oo,

(2.5)
B cayuae noJsiHO# HOHH3alMH NpUMecel, pacnpefesneHHe
KOTOpbIX NpHHHUMaeTcss OAHOPOAHBIM 1O 006beMy HOJYNpO-
BOIHHKA, MJOTHOCTb OOBEMHOro 3apsaa B J06G0H TOuke
[OJIYNPOBOAHHKA OYyIeT BbIPAxKaThCsl PABEHCTBOM:

p(X)=qg(WNp—Ny+p—n), (2.6)

rie Np 1 N4 — KOHIEHTpalUWH HOHH30BAHHBEIX NOHOPOB H
aKIeNTOpOB.

[Tocko/bKY YCJ0BHE 3J1eKTpHUeCKOH HelTpaJIbHOCTH BHe
MPHMOBEPXHOCTHOTO CJIOS1 MPOCTPAHCTBEHHOTO 3apsiia 3alH-
ChIBAeTCsi B BHJl€ COOTHOLLEHHS:

Np—=Ng+po—ny=0, 2.7)

Te po ¥ No— paBHOBecHble OG'beMHble KOHIEHTPALHH ABIPOK
H 3/IEKTPOHOB, TO paBeHCcTBO (2.6) MoxeT OniTh mpeobpa-

30BaHO:
0 (¥)=ql(p = po) = (n — no)]. (2.8)

Hakonen, coorHomenust (2.1) — (2.3) nosBoJsitoT npen-
CTaBUThb IJIOTHOCTb 0OBbeMHOro 3apsiia B BHAe (YHKIUH
3J1eKTPOCTAaTHYECKOT0 NOTeHIHAa/1a, YTO NPUBOUT K CJefylo-
mweMy BHAY ypaBHeHus Ilyaccona:

P I8 (9,70 g (BaVo) _ B (9-90) 4 P (%0 %))
2.9)

dx? eep

Ecau npuHsATb, yTO KBasuypoBHH PepMH ¢p H @, He Impe-
TepIeBalOT 3aMeTHBIX H3MeHeHHH ¢ KOODIHMHATON BHYTpH
NPHMOBEPXHOCTHOH 06J1aCTH NMPOCTPAHCTBEHHOrO 3apsaa *),

*) K o6cyxaeHHI0 3TOro MpeAnonoXKeHHss MBI OGPAaTHMCS HECKOJIbKO
nosxe.
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TO ypaBHeHHe (2.9) cOmepKHUT TOJBKO BEJHUYHHY 1V, 3aBHCA-
U1y10 OT KOOpPAHHATHI X.

Jlns uHTerpupoBaHus ypaBHeHHus IlyaccoHa ynoGHO BBe-
CTH 6e3pa3meprolll INEKTPOCTATULECKUL NOTEHYUAN:

Y =B(%— 1) (2.10)

a Takxe 0e3pa3MepHYIO BeJHUHHY A, XapaKTePH3YIOLLYIO
06beMHble CBOMCTBA 06pasiia MoJynpoBOAHHKA:

- (&)‘/2=ﬁ=ﬁ = PO =P (211)
R ny M

M3 cootHoweHuit (2.11) caenyer, uto A paBHa eqHHHIIE
st co6CTBeHHOr0 noJynposoaHuka. OHa TeMm GoJblie enu-
HHLbI, YeM pe3ue Bblpa)keHa [AbIPOYHAs NMPOBOAHMMOCTL B
NaHHOM o6paslle MoJYyIPOBOAHHKA H, CJleN0BaTe/]bHO, UeM
HH)XE pacroJio:KeH paBHOBeCHbIH ypoBeHb depMHu @p Mo OT-
HOUIEHHIO K YPOBHIO NMOTeHUHana Po. OHA TeM MeHblie elH-
HHLBI, YeM pe3ue BbIpaxkeHa 3JEKTPOHHAsi MPOBOLHMOCTh
o6Gpa3siia H, COOTBETCTBEHHO, YeM BhILIE PACIOJIOXKEH PaBHO-
BeCHBII ypoBeHb PepMH MO OTHOLIEHHIO K YPOBHIO MNOTEH-
uaga Yo.

Takum o6pa3oM, BeqHuHHAa A OJHO3HAUHO XapakTepH-
3yeT COOTHOLIeHHe PaBHOBECHBIX KOHLEHTpAUHil HOcHTeJeH
3apsina B o6beMe o6pasla MONYNPOBOAHHKA H GyneT HaMH
LIMPOKO HCMOJIb30BaTbCA B AajbHeHlIeM.

BBenem Takxe Oe3pa3MepHYI0 BeJNHUHHY, XapakTepH-
3YIOLLYIO CTeNeHb OTK/IOHEHHS KOHLEeHTpauHi HOCHTeJeH 3a-
pfila OT UX PABHOBECHBIX 3HayeHH!l B 06beMe MOJYIPOBOA-
Huka. Ecan npoueccel 3axBata H36GBITOUHBIX HOCHTeJeH 3a-
psana B o0beMe MOJYNPOBOAHHKA OTCYTCTBYIOT, @ 3TO Mb
OyneM mpeanoJsaraTth faJjee MOBCIOLY, TO CTeleHb Hapyiie-
HUS TepPMOJHHAMHYECKOTO pPaBHOBeCHs B [MOJYIPOBOAHHKE
MoOXeT OBITh OXapaKTepH30BaHa 06e3pasmepHbim YposHeM
UHBEKYUU, BBOAUMBIM MPH MOMOLIH COOTHOLIEHHS:

—An_Ap (2.12)

3necb An = Ap — u3GbITOUHblE KOHLEHTPAUHH HOCHTEJeH
3apsiia B oObeMe MOJNYNPOBOAHHKA 3a MpelesaMH MNPHIO-
BEPXHOCTHOM 06JlacTH NMPOCTPAHCTBEHHOro 3apsana. B atom
cayyae Y = Yo U ¢ NOMOILbI0 (2.1) JIerko yCTaHOBHTb CBSA3H
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MeX[y YyPOBHEM HHDBEKLUHH 8 M PACCTOSHHSIMH MeXIy KBa-
3uypoBHeM H ypoBHeM DepMH (9p — @o) H (@o— @n):

P (o= %) — sa' 1 =£+1’ ]
Po
2.13
B —gp 41 =204, J @13)
no

HCHOJ]bSYH BBeJICHHbIC 6eapasmepﬂb1e Be€JIHYHHBI, MO2KHO
3anucatb ypaBHeHHe I'Iyaccoua B CJeAYyIolleM BHIE:

dy 4

= I [ e =6+ 27 —(h =27 @.1)
X 27

[lepBblii HHTErpaJj 3TOr0 ypaBHEHHUS JIETKO MOXKET GbITh MOJy-

yeH yMHOxKeHdeM obeux ero uyacrteil Ha 2(dY/dx). Hcnosab-
3ys rpaHuuHoe ycioBHe dY/dx = 0 npu Y = 0, nonyuaem:

X - T"’D F(¥, A, 08), (2.15)
a B YCJIOBHHX TepMOlIHHaMH'—IeCKOFO paBHOBeCHﬂZ
dy 2
rae kT 1/2
Zo=[gmgi| @.17)

FY,h80)==x[0+0)(E " =D+@E+2)E -1+
+-2r]"  (@.18)

F, =5 =D+a" (" = D)+0—-2")r]"
2.19)

npHYeM 3HAKy MHHYC nepejJ CKOOKOH COOTBETCTBYIOT MOJO-
XKMTeJbHbIE, @ 3HAKY IIIOC — OTPHIaTe/bHble 3HaUeHHs Ge3-
pa3sMepHOro 3JeKTPOCTaTHUECKOro noTeHuuasna Y. Bennuuna
& p UMeeT pPa3MepHOCTb JJHHBI H IO CBOeMy (GH3HUeCKOMY
CMbICY aHaJIorHuHa Je0aeBCKOi [IJIMHE SKPAaHUDOBAHHUS B
TEOpHH 3JeKTpoauToB. Beipaxenue (2.17) onpepensier miu-
HY 3KpaHHDOBAHHS MOJS MNOBEPXHOCTHOro 3apsina B co6-
CTBEHHOM [MOJIYNPOBOAHHKE, PaBHYIO, HampuMep, B CJjyuae
repMaHusi Npu KOMHaTHOH Temnepatype 1,4-107% cam.
CootHotenne (2.15) onpenmensier HanpsiKEHHOCTb 3JeK-
TPUUECKOrO MOJIs B JI060H TOUKe NPHIOBEPXHOCTHOM o6/1acTu
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NPOCTPAHCTBEHHOTO 3apsjga B MOJYNPOBOAHHKE, B TOM
yxc/le W Ha ero MOBEPXHOCTH, SIBJAAIOLLEHCS CpaHMIel 3ToH
obnacTH.

C npyroit cTOpoHHI, corjacHo TeopeMe ['aycca — Octpo-
rpajcKoro, 3apsii B MNPHIOBEDXHOCTHOM CJ/10€ MPOCTPaH-
CTBEHHOro 3apsina Qup. zap ONHO3HAYHO CBSi3aH C HaNpsKeH-
HOCTBIO 10JIs1 Ha IpaHHule cjaosi. B o6mem cayuyae sta cBs3b
6yaeT BbIpAXKaThCsl COOTHOILEHHEM:

- Qnoa = an. sap — 880 l =0 = qntQDF (Ys, A, 6)» (220)

a B cJaydae TepMOJlHHaMH'-leCKOFO paBHOBeCHA:
- Qnon = an 3ap — qnigDF (YSv 7") (221)

3nece Ys = B(Ps— o) — 3HAuUeHHe Oc3pasmeprozo 3iek-
TPOCTATUHECKO20 NOTEHYUAAA HA NOBEPXHOCTYU MOJNYIPOBOLI-
HHKa.

B cooTBeTCTBHH C MPHHSATBIM YCJIOBHEM, 3HAKH (YHKIHH
F(Ys, A, 8) u F(Ys, A) COOTBETCTBYIOT 3HAKy 3apsiia B Cjloe
NpPOCTPAHCTBEHHOr0 3apAna Qup. sap. C APYro¥ CTOpOHLI, MO-
BEPXHOCTHHI 3apsill Quos, COCPENLOTOUEHHBIH B MOBEPXHOCT-
HBIX COCTOSIHHSIX, B OTCYTCTBHe BHEILHEro 3JeKTPHUECKOro
NoJsi paBeH IO BeJHYHHe, HO 0OpaTeH MO 3HAKy 3apsny
B CJIOEe MPOCTPAHCTBEHHOTO 3apsja.

Takum o6pasom, cootHoweHus (2.20) u (2.21) ycraunas-
JIMBAIOT NPSMYIO CBA3b MeXJAYy BeJHYHHOH H 3HAKOM CyM-
MapHOro 3apsija B MNPHUIOBEPXHOCTHOH 06JacTH MOJaYyNpo-
BOJHHMKA M BeJHYHHON W 3HAKOM INOBEPXHOCTHOTO 3JIEKTPO-
CTAaTHYECKOTO TOTeHUHana Ygs, ONpelessiollero CTPOEHHE
obJacTH NpocTpaHCcTBeHHOro 3apspa. Ha puc. 2.2 mpuse-
HeHbl TpPHMepPH 3TOH CBA3H AN CJAydas TepMOAMHaMHYe-
ckoro paBHOBecHsi (6 =0) W pa3HbIX 3HAaYeHHN mapa-
MeTpa A.

B saknioueHue 3TOro naparpaga paccCMOTPHM Bonpoc o6
OTpaHHYEHHSIX NPHUMEHHMOCTH HCXOHHBIX COOTHOUIEHHH H
MOJIyYEHHOTO peLleHHU .

OaHO M3 THX OrpaHHYEHHH, OTHOCALIEECS K TepMOAHHA-
MHYEeCKH HepaBHOBECHOMY COCTOSIHHIO MOJIYNPOBOAHHKA, MbI
yxe ynoMmuHaau. OHO CBA3aHO C HpPeANoNOXKeHHeM 06 OT-
CYTCTBUH 3aMeTHBIX TpalHeHTOB KBasHypoeHeil ®epmu B
NPUIIOBEPXHOCTHOA 06JacTH MNPOCTPAaHCTBEHHOrO 3apsjaa.
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HOCKOJ’Ibe, KakK Mbl YBHIAHM B JlaJIbHeﬁLUeM, B IeHCTBUTE/b-
HOCTH TaKHe rpajueHThl BOaK3H MOBEPXHOCTH TMOJYIPOBOXA-
HHKa BCerja BO3HHUKAIOT NMPH HAJHUYHH B o6pa3ue U30bITOY-
HBIX HOCHTeJei 3apsana, pedb MOxKeT HATH TOJNbBKO O TOM,
AOCTATOYHO JIH MaJbl 3TH rpagHEHThl OJs TOrO, uToOBl HX

Onpap 10 mynfon®

Puc. 2,2, 3apsan B c/10e IPOCTPAHCTBEHHOrO 3apsina B3aBHCHMOCTH
OT Yg NpH HeCKOJBKHX 3HauUeHHAX napamerpa A.

B/JAMSHHEM Ha pacrnpejejeHHe HOCHTe/eHl 3apsja B MpPHIO-
BEPXHOCTHOH 06JsacTH MOXHO Oblyo npeHedpeub. Heob6xonu-
MbIM, HO ellle He JOCTATOYHBIM [AJisi 9TOTO SIBJASETCS YCJIOBHE

P, <L, (2.22)

rie AJAHHA 3KpaHupoBauua Lp, a L = )/ Dt, — ANHHA
11 y3HOHHOrO CMelleHUs: H3OBITOUHBIX HOCHTes el 3apsaa
B 00beMe mosynpoBofHHKa. [Tockoabky mocienHssi onpefe-
JisleT BeJHUHHY TpaiHeHTOB KBa3nypoBHell depmH 3a cueT
06beMHOl pekoMOuHauuu (cMm., HanpuMep, [M5]), yciosue
(2.22) obecneynBaeT B803MOXHOCTb NpeHeOpeXeHHS ITHMH
rpagHeHTaMH Ha NPOTSIKeHHH 06JacTH NMpOCTPaHCTBEHHOTO
3apsifa. [lOmoJHHTeNbHBIM YCJOBHEM SIBASieTCA NPH 3TOM
orpaHHYeHHe BeJHYHHBI CKOPOCTH NOBEPXHOCTHOH peKoMOH-



30 GEHOMEHOJIOTUYECKOE OIMHWCAITHE [T 1

Hall{H, KOTopasi, Kak GyneT NoKa3aHo, B psiie cJyuyaeB OKa-
3bIBaeT ONpeflelisiolilee BJIHSHHE Ha BeJHYHHBl TPajHEHTOB
KBa3uypoBHell ®epmMHu BOIH3H NOBEPXHOCTH.

OrpaHHyeHHs1 NPOBELEHHOIO PACCMOTPEHHS [/ TepMo-
AMHAMHYECKH PAaBHOBECHBIX YCJOBHH OOYCJIOBJEHBl IBYMsl
OCHOBHBIMH (PaKTOpaMH:

1) IIpumeHeHHe COOTHOLIEHHH KJACCHYECKOH CTAaTHCTHKH
(2.1), BmIpaxKaiolIUX 3aBHCHMOCTb KOHLeHTpauuii csobon-
HBIX HOCHTeJeH 3apsiia OT 3/eKTPOCTAaTHYECKOro MOTEeHI[H-
ajia \, LONMYCTHMO TOJIbKO NMPH He CAuulKom GuicTpoLx usme-
HeHuax MocJefHero ¢ paccrosiiueM. Kak TObKO U3MeHeHHs
3JeKTPOCTAaTHYECKOrO MOTEHIHaJ/Ja Ha PacCTOSIHHAX MOpsiaKa
IJMHBI BOJIHBI 3JIeKTPOHA IMepecTaHyT OBITb MaAbLHU 110
CpaBHEHHIO ¢ BeJHYHHOH kT/g, MOXKHO OXKHIATh NMPOSIBIEHHS
KBAaHTOBBIX 3¢ (}eKTOB, KOTOpble NMOTPeGYIOT H3MeHeHHs cTa-
THCTHUeckoro anmapata. OueBHAHO, 4TO 3TO OGCTOATE/b-
CTBO HaKJa[blBaeT OrpaHHUYeHHe Ha BeJHUYHMHB A6COAOTHOLIX
3Ha4eHuli MOBEPXHOCTHBIX 3JIEKTPOCTATHYECKHX MOTEHL(Ha-
JIOB, AJIs1 KOTOPBIX OCTAIOTCA CIPaBelJHBBIMH IOJydYeHHbIE
peLleHHs.

2) Hcnoap3oBaHne ycpelHeHHOTO 3HaYeHHSl 1| BMECTO
IefiCTBUTEJbHOTO, H3MEHSAIOIEroCcs1 OT TOYKH K TOUKe BCJes-
CTBHE CTAaTHCTHYeCKHX (JYKTyalHil JOKalbHBIX KOHLEHTpa-
UM npUMecell M NOABHXKHBIX HOCHTeJeil 3apsiloB, TaKxKe
MOKeT BHOCHTb HeKOTOpble MOIPelIHOCTH, TeM G6dJbline,
ueM Bbillie aOCOAOTHbIE 3HAYEHUs TIOBEDXHOCTHOTO 3JIEKTPO-
CTaTHYEeCKOTO MOTeHI[HaJa.

OueHKH OGOMX 3THX OTPAaHHYCHHIl, MPOBeJeHHble B pa-
6ore K. T'appera u B. Bparrena [I8], nokaswiBaior, uto B
cayyae repMaHHUsi H KpeMHHS! OHH He SIBJSIIOTCS CKOJIbKO-HH-
Gyab CylleCTBEHHBIMH BO BCeil NPAKTHUYECKH BaXKHOH o06Ja-
CTH H3MEHEHHS IOBePXHOCTHOI'O 3JIEKTPOCTATHUYECKOrO IO-
TeHLHasa.

§ 3. MoBepxHOCTHBIA NoTeHUHANbHBIH Gapbep
u pa6ota BbIXoaa

CorJyacHO mMoJlydeHHOMY B NpeABIAyLLeM naparpade pe-
3yJ/IbTaTy, HaJHYHe MOBEPXHOCTHOrO 3apsina MPHBOAHUT K MO-
SIBJIEHHIO MOTeHIHaJ/JbHOro Gapbepa B IMPHIOBEPXHOCTHOMH
o6JacTH TOJYNPOBOXHHKA, 0GYyC/aOBIEHHOro 06pa3oBaHHeM
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B Heft 006/1aCTH NMPOCTPAHCTBEHHOrO 3apsaa. Breicota u 3HaK
3TOro NMOTeHLHaJbHOr0 Gapbepa XapaKTepPH3YIOTCS MOBepX-
HOCTHBIM 3JIEKTPOCTATHUECKHM NOTeHUHanoMm Yg, KOTOPHIH
cootHowleHusiMu (2.20) u (2.21) onHO3HauyHO cBfi3aH C Be-
JIHYHHON M 3HAaKOM MOBEPXHOCTHOrO 3apsfa Ha MOJYyNpo-
BOJHHUKeE.

Jlna onpenenenHuss GopMbl MPUNOBEPXHOCTHOTO MOTEHIH-
ajbHoro 6Gapbepa HeOOXOAMMO MOJYYHTh BTOPOI HHTerpasn
ypaBHeHHs [lyaccona.

PaccmoTpum cHavasna cayyail coGCTBEHHOrO MNOJYNPO-
BOJHHKA, KOrja BTOpOI HHTerpaj MoOxeT ObITh NMOJY4YeH B
kBagpartypax. CootHouenue (2.15) m/s cCOGCTBEHHOro IO-
JYIPOBOJHHKA B paBHOBeCHHIX ycjoBuax (A =1, 6 =0) Oy-
JeT UMEeTb BHI:

dY

) _ — 4 Y

HMuterpupoBanve npu rpaHuuiom ycaoBuu x =0, Y = Yg:

f e R (3.2)

aaer
é’; - I @)

HJIH
h(Y/4) = th(Y s/4) exp (— —g%) (3.4)

Xora HalileHHasi 3aBUCHMOCTb H3MeHEHHs 3JIeKTpOCTa-
THJECKOTO MOTEHUHAa C PACCTOSIHHEM OT MOBEPXHOCTH cO0-
CTBEHHOTO [OJyIPOBOJAHHKA HMeeT BecbMa KOMIAKTHEIN
BH[, OMHCHIBAEMYIO MM (OpMYy MPHIOBEPXHOCTHOTO MOTEH-
uuanpHoro 6apbepa npeacTaBUTh cebe He Tak mpocTo. Oue-
BHJHO TOJIBKO, YTO 3J1eKTPOCTATHUYECKHH MOTEeHIHaJJ OTHOCH-
TeJIbHO ObICTPO H3MeHsieTcss B 06JIacTH MaJbIX PacCTOSTHHM
OT MOBEPXHOCTH, NpuYeM TeM ObicTpee, yeM Gouiblle a6co-
JIIOTHAsl BEJHYMHA MOBEPXHOCTHOIO 3/1€KTPOCTATHUECKOTO M10-
TeHUHana Ys ¥ 3HAUHUTEJBHO MelJieHHee B 06JjactH 60Jib-
IIMX  pacCTOsiHHH OT mnoBepxHocTH. [locTpoeHHasi npu
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MOMOLIH COOTHOLIeHHs (3.4) cepusi KPHUBBIX, OMHCHIBAKOLIMX
¢dopMy noreHunasbHOro Gapeepa B COGCTBEHHOM MOJYMpPO-
BOJHHKe, IPH PasHbIX 3HaueHHsiX Yg mpuBeneHa Ha puc. 3.1.
B o6umeM ciayuae MpHMeCHOTO MOJYNPOBOAHHKA BTOPOH
uHTerpas ypasHeHHs [lyaccoHa B paBHOBECHBIX YCJIOBHSX
(6 =0) u npu ToM Xe rpa-

Y. e ATy HHYHOM ycnoBHH x =0, ¥V =
i = Y5 UMeeT BUI:
Y
2x day
Z, f FF({Y,A)° (3.5)
Ys

H B KBaJpaTypax He MOXeT
ObIThb BblpaxKeH. PesynbTaThl
YHCJIEHHOTO HHTErpHpPOBAHHUSA
BhipaxkeHus (3.5) mpuBeneHbl
JJis psla 3HaueHHH mapamer-
pa A Ha puc. 3.2. XoTsa npuse-
JNeHHble  Ha 3TOM pPHCYHKe
KPHUBbIe 1AIOT HCUEPIbIBAIOLLEE
npencraBJjeHde ¢ ¢opMme MNpH-
MOBEPXHOCTHOrO MOTEHIHAMb-
4 4 Horo 6apbepa (BO BCSIKOM CJy-
2z/Ly yae, npu BbIOPAHHBIX 3Haye-
Puc. 3.1. dopma noTeHLHAJbHOTO HHUAX ~ XapaKTEPHIYIOLIHX €ro
6aprepa B cobcrsennoM noaynposon- [1apaMeTpoB) Ge3yCJOBHO, lie-
HiKe TP DIATWMNLX SMMENATX IO 1ecOOGPAIHEIM  ABAACTCA M
noTenuHana. NpUOIHKEHHOe paccMOTpeHHe
pAfa 4acTHBIX C/1yyaeB.

IIpexxpe ueM mepefTH K 3TOMY BOIPOCY, OCTaHOBHMCH
KPaTKO Ha ONpele/eHHH HeKOTOPHIX WIMPOKO pacnpocrpa-
HEHHBIX TEPMHHOB, OTHOCSILHXCS K Pa3J/HUHbIM THNAM OpH-
MOBEPXHOCTHBIX MOTeHUHAbHBIX 6apbepoB (puc. 3.3). Cuay-
yall @) OTHOCHTCS K TAaK Ha3blBaeMbIM CJIOSiM oOoraleHus,
KOTJa KOHLEHTpalus OCHOBHBIX /51 AaHHOro o6pasua Io-
JYNPOBOJAHUKA HOCHTesNeHl 3apsifa B I[PHIOBEPXHOCTHOM
c/J0e MpeBHIIaeT HX KOHIEHTpPaUHIO B 06GbeMe MOJYNpo-
BOnHHMKaA. M3 pHCcyHKa ciemyeT, uTO TakuM c/a0sM B o6pas-
I[aXx 3JeKTPOHHOH NPOBOJHMOCTH COOTBETCTBYIOT OTpH-
mateJbHble, a B o06pasmax ABIPOYHOH NPOBOAMMOCTH —
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Puc. 3.2. dopMa noteHyHaJbHOro 6apbepa B NPHMECHOM NMOJYNPOBONHHKE NPH 3Ha-
yenusx Yg =20 B 3aBHCHMOCTH OT NoJIOXKeHHUst ypoBHs PepMu B o6beMe. 3HaKH Y
COOTBETCTBYIOT OTPHL(ATeJbHBIM 3HAaYeHHAM InA, T. e. 5JeKTPOHHON NPOBOZHMOCTH
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Puc. 3.3. Bce Bo3aMOXHble BHIbl MOTEHUHAJLHbIX 6apbepoB Ha MO BEPXHOCTH
MOJIynpOBOAHHKOB M-THMA M p-Tuma npoBoguMoctH. a) CaoH oGorauieHHs;
6) caoH oGenHeHHs; 8) CJOH HHBEPCHH,

2 A. B. PxaHos
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M0JIOXKHTe/IbHble 3HAueHHs MOBEPXHOCTHOTO 3JEKTPOCTATH-
YecKoro IoTeHlHaJa.

PucyHOK 6) HunIOCTpHDYyeT TakK Ha3biBaeMble CJOH 00el-
HeHHsl, KOTJa KOHLeHTpalHsl OCHOBHEIX HOCHTeJell 3apsna
B NPHIOBEPXHOCTHOM CJI0e MeHbIle HX KOHIEHTpauHuH B
o6beMe MOJyNpOBONHHKA, a8 KOHLEHTPAalHs HEOCHOBHBIX —
X0oTsl U GoJsibllle, HO JQa)e Ha caMOil MOBEPXHOCTH ellle He
npesbiliaeT coOCTBEHHON KOHIEHTpAIMM HOCHTeJsedl 3apspa.
UacTHBIM H NpelesbHEIM ClyyaeM ca0si 0GefHeHHs sABJsIeT-
csi co6CcTBEHHAsT MOBEPXHOCTb, Koraa ypoBeHb depmu Ha mo-
BEPXHOCTH COBMAajaeT C CepeRHHOH 3alpelleHHOH# 30HHI
Cnou ob6enHeHusi 06pasyioTcs MpH 3HaueHUAX Ys, 06paTHHIX
M0 3HaKy cjyyasiM cjoeB 0GOTallleHHs.

HaxoHern, cayuali 8) onucblBaeT TaK Ha3blBaeMble CJIOH
MUHBEPCHM, KOTJAa THN MPOBOAHMOCTH MNPHIOBEPXHOCTHOrO
tj10s1 o6paTeH THOY NPOBOAMMOCTH B o6beMe MOJYNPOBOA-
Huka. asa o6pasoBaHHsl HHBEPCHOHHBLIX C/J0eB BOJIH3U TIL-
BEPXHOCTH MOJYNpPOBOJHHKA HeoO6XoAuMo, 4uTOGbl Yg Obla
TOTO »Ke 3HaKa, 4TO M AJs CJ0eB O00elHEeHHS, T. €. MOJIOKH-
TeJbHBIH AJs1 06pa3uoB p-THNA H OTpPHULATENbHbIH Anas 06-
pasuos n-tuna. OxHako aGCOJIOTHBIE 3HAYEeHHS [TOBepXHOCT-
HEIX 3JIEKTPOCTATHYECKHX [OTEHIIHAJIOB B 3TOM c/Jyyae 3Ha-
YUTEJbHO BbIlle M 3aBHCAT OT MOJOXeHHs ypoBH Depmu
B 06beMe MOJYNPOBOAHHKA. YCJOBHEM 00Pa30BaHHUA CJOeB
HHBEDPCHH siBJIsieTCsl IepeceueHHe ypoBHS Pepmu KpHBOi,
ONHCHIBAIOIEH MOJOXKEHHe CepelHHBbl 3alpelleHHON 30HBI B
MOJIyNPOBOAHHKE, KOTOPOe MOXKeT ObITb BblpaXKeHO HepaBeH-
CTBOM:

Ys> Lot (3.6)

DT0 ycioBHE YUHTBIBAeT He TOJBLKO BEJHUHHY, HO M 3Ha-
KH [OBEPXHOCTHOTO 3JeKTPOCTATHYECKOTO MOTeHLHaJsa, He-
o6xonuMble 1/ 00pa3oBaHHsl cja0eB HHBepcHH. [leficTBH-
TeJIbHO, 110 NPHHSTOMY YCJIOBHIO 3HAKOB, PAa3HOCTb (@o—1o)
noJI0KHTeNbHA B o6pa3nax p-THNa, a B 3TOM cJydae AJs
o6pa3oBaHusi CJ10si HHBEPCHH HYXKEH H IOJOXKHTEeJbHBI Mo-
BEPXHOCTHBIl 3JleKTpocTaTHuYecKHi noTeHuuas. B obpasmax
n-tuna o6e 3TH BeJUYHMHBI OYAYT OTPHIATETbHBIMH.

OueBHHO, UTO B CJyyae pe3KO BhIpaxKeHHBIX cJoeB 060-
raledusi, KOrja nepBblil HJIH BTOPOH UJeHBl B BbIPAXKEHHH
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(2.18), onuceiBaloLe KOHLUEHTPALHIO OCHOBHbIX HOCHTeJeH
3apsiia, CyLeCTBEHHO NPEeBOCXOAST TPEeTHH, HHTEIPUPOBaHHE
ypaBHeHHs1 (3.5) MoxeT GbITb BhINOJHEeHO. B ycioBusix tep-
MOfHHaMHuecKoro paBHoBecHs (8 = 0) nosnyuaem, Hampu-
mep, nJsi obpasia n-THna:

Y
e B e VK
D Yg
HJIH
?{J = e_Y/2 - e_YS/Q. (38)

3aech 3ddekTHBHAS AJHHA 3KPAHHPOBAHHA OMNpeleJsieTes
COOTHOLIEHHEM:

kT 7172
Loss = [gmm| (3.9)

B KOTOpOe BMeCTO cOOCTBEHHOH KOHLEHTPAUHH f; BXORMT
KOHIIEHTPALUs Mo OCHOBHLLX 1A JaHHOrO o6pasna MnoJynpo-
BOJHHUKA HOCHTeJIeH 3apsiia — 3/JeKTPOHOB.

B cnyuae o6pasua ABIPOYHOH NPOBOAHMOCTH JIeTKO IO-
JYUYHTh COOTHOLUEHHS, BIOJHe aHaJorHuHble (3.8) u (3.9).
[Ipu 3TOM y nokasartesefl 3KCIOHeHT OYAyT MOJIOXKHTEJbHbIE
3HaKM (HO caMH 3HAuYeHHsS 3J1eKTPOCTATHYECKOTO MOTeH-
uuaja O6yAyT OTPHLATENbHBIMH), a B 3QGEKTHBHYIO NJIHHY
SKPAHHPOBAHHS BMeCTO OOBEMHOH KOHILEHTpPaLUH 3JeKTpo-
HOB BOMAET KOHLEHTpalUHs [bIPOK.

CoraacHo ypasHeHHIO (3.8), 3/1eKTPOCTATHUECKHH NOTEH-
uuaj B cjaosix oboraileHdsi GLICTPO H3MEHsSIeTC C PaccTos-
HieM B rJy0b NOJYNPOBOAHHMKA, TaK YTO OCHOBHas 4YacTh
3apsiia B MPHIIOBEPXHOCTHOH 06J1acTH cOcpeflOTOYEHA B TOH-
KOM cJIoe, MepOH TOJILIHHBEI KOTOpOro sBjasercs 3¢dexTus-
Hasl IJIHHA 3KPaHHPOBAHHS.

B cayuae cnoes oGefHeHHsi KOHIEHTpAllMH KaK OCHOB-
HbIX, TaK H HEOCHOBHBIX HOCHTeJIell 3apsiia B cJoe MaJbl, H
OCHOBHYI0 pOJ/Ib B KOMIIEHCAallHH HOBEPXHOCTHOTO 3apsija
MrpaeT HEMOABHXKHBIH 3apsii HeCKOMIIEHCHPOBAHHBIX JOHO-
poB Hau akuentopoB. OueBHAHO, UTO B 3TOM Cjyyae H3Me-
HeHHe 3JIeKTPOCTaTHYeCKOro MOTeHIHaja C paccTOsiHHeM
BHYTpPH cyiosi OyAeT OTHOCHTe/JbHO MeNJIEHHBIM, a TOJIIHHA
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CJ10f1 MPOCTPAHCTBEHHOTO 3apsiga OTHOCHTEJbHO OOJbLIOH,
TaK KaK yBeJHueHHe 3apsifia B CJOe MOXKET OCYLIEeCTBJAATLCSA
TOJIbKO 32 CYET PACIpPOCTPAHEHHUs CJOS NMPOCTPAHCTBEHHOrO
3apsajga B ryyOUHY MOJYNPOBOAHHKA,

U3 Buga ¢yHkuun F(Ys, A) ciaemyer, uTO yCJOBHe TOro,
4TO MOXKHO NpeHeGpeub UJEeHOM, NPEACTABMAIONIHM OCHOB-
mble HOCHTEIM 3apsia, MO CPaBHEHHIO C TPeTbHM UJEHOM,
ONMHCBLIBAIOIMM BJHSIHHEe HOHH30BAHHBIX NOHOPOB H aKIlel-
TOpOB, MOXeT ObITb 3allHCAaHO B BHAeE:

e sl <y,
|Ys|>3. (3.10)

OTMeTHM, UTO MOCKOJNBKY B CBA3H ¢ HepaBeHCTBOM (3.6)
CYLIeCTBYIOT OTPpaHHUEHHsA [JId CYLIEeCTBOBAHHA cJ0eB 06en-
HEHHSI H CO CTOPOHBI OOJIBIIHX 3HAUYeHHH MOBEPXHOCTHOI(
NnoTeHUHUana:

v Lot (3.11)

TO JAHama3oH 3HaueHHH# Yg, rie BO3MOXKHO npeHeGpexxeHHE
9KCIIOHEHI[Ha/JbHBIMH YJeHaMH, BeCbMa HEBEJHK, BO BCSIKOM
ciyuae [AJsi CPaBHHTEJNbHO BBLICOKOOMHBIX 06pasloB TMoJy-
nposBoaHHKa. BHyTpH 3TOro aumana3oHa HHTeTPHpOBaHHe
ypaBHeHHs1 (3.5) MoxKeT ObIThb BHIMOJIHEHO H AaeT CJeaylo-
LK pe3yJbTar:

x = — —_— —
Zor =~ (VVs—1-VY—1), (3.12)
e P = [ eeokT ]112 3.13
300 ™ | 9mg® (no + po) 1 * (3.13)

Cooruomenne (3.12) coorBeTcTByeT napaboJHuecKOMY
3aKOHY M3MeHeHHs 3JeKTPOCTaTHUECKOro MoTeHLHana ¢ pac-
CTOSIHMEM K ONHChIBAaeT TaK HaablBaeMblit Oapsep [llorriu,
(GHUrypHpOBaBIIHi B NePBBLIX TEOPHUSAX BBINPAMJIEHHA Ha KOH-
TaKTe MOJIYNPOBOJHHKA C MeTaJJOM.

B cnyuae cinoeB o6efiHeHHS] NPH MeHbLIHX abCOJIOTHBIX
3HaueHHsX Ys, ueM 310 Tpebyercs HepaBeHcTBOM (3.10), uH-
TerpupoBaHue ypaBHeHHs (3.5) B KBaJpaTypax He MOKeT
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ObITb BBINIOJIHEHO, a 6apbep GyAeT COOTBETCTBOBAThL NMpHOJIH-
JKeHHO mapaboJiiuecKoil opme.

B cnyuae xopouio BblpaXKeHHBIX CJIO€B HHBEPCHH B COOT-
HouweHun (2.19) mMoxHO mpeHe6Gpeub BCEMH Y/eHaMH, KpPOMe
3KCMOHEHIHAJIbHOTO, OMHCHIBAIOUIETO BKJAJ HEOCHO8HbIX HO-
curesell 3apsna B GopMHPOBAHHH O/MKaiillled K MOBepXHO-
CTM 4acTH NMPHNOBEPXHOCTHOro cjosi. IIpu 3TOM HHTErpupo-
BaHHe cOooTHcuIeHHs1 (3.5) Takxke He mpejacTaB/sieT TPyAa U
JaeT pe3yJ/bTaT, BIOJHEe aHaJorHYHbIH (3.8):

_X  _plirz _ | Ysl
Zooa e e , (3.14)

rie, oAHaKo, 3¢ GbeKTHBHAsl AJHHA 3KpaHHPOBAHHsS Ompene-
JISIeTCSl HEOCHOBHbIMU I JAHHOTO obpasla [OoJyHpOBOI-
HHKAa HOCHTeJSIMH 3apsifa:

12
Lo =[%] Ans o6pasna A-NPOBOJAHMOCTH,

_ [ eeokT ]1/2 ~
Lo _[—%qzno onas obpasla p-npoBOAHMOCTH. J

i
(3.15)

HHBepcHOHHBIH cJ0¥, M0L06HO cJ0l0 00oralleHHusi, BeCh-
Ma TOHOK, OfIHakO B o6pasuax, AOCTaTOYHO AaJjieKUX OT c0b-
CTBEHHBIX, 32 HHM BCerJa cJjelyeT TOJCTBHIHA cJoi obeqHeHu ],
onuceiBaeMblil ypaBHeHusamu (3.12) u (3.13), rpanuua ko-
TOPOTO OmnpefensieTcst COOTHoueHueM (3.11).

Haxkonel, paccMOTpUM noTeHUHabHbIl 6apbep, COOTBET-
CTBYIOILHI MaJblM abCOJIIOTHBIM 3HAUEHHSIM MOBEPXHOCT-
HOTO 3JIEKTPOCTAaTHYECKOro moTeHuuana |Ys| < 1.

Pasnarasi skcnoHeHThl B BblpaxeHHH (3.15) B psambl u
OTPAHHYHMBAsCh KBAaZAPATHYHBIMH UYJeHaMH pas/oXeHHH, Mo-
JyuyaeMm uHTerpaJa (3.5) B BHue:

av _ 1Y
{7_ i (3.16)
TaK 4YTO
Y=Y :
—Ysexp (- =), (3.17)
e
ie o2 _ egokT 1/2 3.18)
wo =t - @
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Coornourenue (3.17) cBumeTebCTBYeT O TOM, YTO MaJble
U3MeHEeHHS] 3J1eKTPOCTAaTHUYEeCKOro MOTeHIlMasja pacnpocTpa-
HsAlOTCA B Tay6Gb MOJYNpOBOAHHKA, CTPOTO romops, A0 Gec-
KoHeyHocTH. OJHAKO, TMOCKOJbKY CaMH 3STH H3MeHeHHd
MaJlbl 0 cpaBHeHHIO ¢ BenHuuHO#H £T/q, cBoiicTBa 3TOH 06-
JIacTH MpPOCTPAHCTBEHHOrO 3apsiia BeCcbMa MaJO OTJHMYAOT-
Cfl OT CBOMCTB HEBO3MYlIeHHOro 0o6beMa MONYNPOBOAKHKA.

Camc co6oif OuUeBHIHO, YTO pPACCMOTPEHHOH 006/1acThbiO
MaJIblX H3MEeHeHHH 3JIeKTPOCTaTHUeCKOro MOTeHUHasaa 3a-
BepIIAIOTCs U BCe pACCMOTPeHHBble paHee C/ydaH cJloeB 060-
ramieHusi, obenHeHuss U HHBepcuu. He-
_f 06X0HMO NOJYEePKHYTb TaKxKe, UTO, KakK
W 15 cremyer M3 NpoBeleHHHIX NpHOGJHKeH-

7 HBIX pacueToB, AJHHBI Pa3/HYHLIX 06Jja-
B ad CTell NPOCTPaHCTBEHHOTO 3apsia onpefe-
K &g JAs10Tcsl He paebGaeBCKOH AJHHOH 3Kpa-
HUPOBaHHA, a 3((PeKTUBHLIMH 3HAUEHUS-
£, MH QMMH 3KPaHHDPOBAHHA, B KOTODHIX B
3aBHCHMOCTH OT BHJAA 06J1acTH (DHUTYpH-
pyloT oO6beMHble KOHILEHTPAlHH OCHOB-
HBIX HJIH HEOCHOBHBIX HOCHTesel 3apsjia
anbo cyMMma o0O6beMHbIX KOHLEHTpalHi
Puc. 3.4. 3onHas cxeMa o
NPH BLIDOXKIEHHH Ha HOCHTeJIeH 3apdana 000HX THIIOB.
TOBEPXHOCTH, B askcnmepHMeHTe, KaK Mbl YBHAHM B
’ da/bHedlleM, MOXeET BCTPETHTbCS elle
ojJHa o6JacTb NPOCTPAHCTBEHHOrO 3apsjaa, KOoTopas Xapak-
TepH3yeTCsl BBIPOXKAEHHEM 3J1IeKTPOHHOTO HJH [blPOYHOTO
rasa B ee npexenax. OueBHAHO, YTO B CJyuyae He BbIPOXK-
JleHHOro B 0o6beMe MNOJIYNIPOBOJHHKA, KOTOPBI Hac H OyaeT
HHTepecoBaTh, BLIPOXKJEHHe B IPHIOBEPXHOCTHOM CJlOe
MOXKeT BO3HHKHYTb B CJydasiX OCO60 CHJIbHO BbIpaKeHHBIX
cjoeB oboramleHHss H HHBEeDCHH, KOria ypoeHb Pepmu
BO/IM3H MOBEPXHOCTH NONajnaeT B OAHY H3 30H MOJAYNPOBOA-
Huka (puc. 3.4).

ITockonbKy pacnpefesneHHe 3JeKTPOHOB H ABIPOK B 30-
HaxX B CJyyae BBIPOXK/EHHS onpefesseTcs He CTAaTHCTHKOH
Boabumana, a cratuctukoii ®epmu — Jlupaka, BHINOJHEH-
HoOe B NMpeablAylleM naparpade HHTerpHPOBaHHEe ypaBHEHHs
Ilyaccona nas cnyyasi BHIpOXAEHHA He roautcsi. MoxHO,
O/IHAKO, MoKa3aTh [19], uTo, MpH MOJHOfl HOHH3AIHH aTOMOB
npuMeceil B o6beMe, NepBbli HHTerpas ypasHenus [lyac-
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COHa MOKeT OnITb mosyueH B (opMe, aHAJOTHYHOH ypaBHe-
HHio (2.16):

dY 2

T~ Pogy F. (3.19)
3aecb Lopp — 3pPeKTHBHAS AJNHHA SKPAaHUPOBAHHSA, BhIpa-
JKeHHe [JIf KOTODOH COOTBETCTBYeT OJHOMY U3 COOTHOIUEHHUH
(3.9) man (3.15) B 3aBHCHMOCTH OT THMA MPOBOLHUMOCTH MO-
JYINPOBOAHHKA H XapaKTepa BbIPOXKAEHHOro cjos. OyHKuus
F, ognako, 6yner Tenepb HMeTb npyroit Bum. Hanpumep, B
clyyae caosi oborallleHHss B obpasile IbIpOYHOH MPOBOAH-
MOCTH OHa OyZeT B XopoulleM NpHGJHIKEHHH BhIPAXKaTbCsl
cJeLyIOIHM 06pa3oM:

Fvs, W)=Y 5 [4amerom-1vs1-1]", (320
rae

_ r 224z
Q) =d]‘ Trep =1 (3.21)

npencrabasier co6oit ¢yHKIHIO, TabyaupoBaHHy0 B paboTe
[20], a ee aprymeHT
n=(Ys|-W) (3.22)

CBfI3aH C TOJIIHHOHN 06/1aCTH NMPHIOBEPXHOCTHOrO NMPOCTPaAH-
CTBEHHOTO 3apsja, Tie peajH3yIOTCs YCIAOBHS BBIPOXKAEHHS.
W, kak 310 BUAHO U3 puc. 3.4, npeacraBasieT coboil sHepre-
THYeCKoe paccrosiiie (B exuHHUax kT) Mexjay ypoBHeM
depMu U KpaeM 30HBI OCHOBHBIX HOCHTesled 3apsfa B 06b-
eMe [0JyNPOBOJHHKA.

B csayyae HHBepCHOHHOro cjosi B o6paslle AbIPOYHOH
MPOBOAHMOCTH :

Tl 4 exp (eg— W) 112
Fvs oW~ 2l gan 2D o)y 1—1]",

(3.23)
raie @ (n) uMeeT NpexXHHA BHA, HO ee apryMeHT 1 TeNepb
paBeH:

n=(lYs|l—e+W) (3.24)

T. €. 3aBHCHT OT 3HepPreTHYeCKOTOo paccTosiHHs (B eAMHHIAX
kT) mexny ypoBHeM PepMu H KpaeMm 30HBI HEOCHOBHBIX
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HOoCHTeslel 3apsga B obbeMe noaynpoBofHuka (eg— W),
Tle eg— LIMPHHA 3anpelleHHOH 30HB. B cOOTBeTCTBHH ¢
(3.19), ucnonb3ys 3HaueHuss PyHKUHH F, MOXKHO IOACYUHTATD
OOBIUHBIM croco6oM Npu MOMOIUM ypaBHeHHs (2.17) 3apsan
B CJl0e NPOCTPAHCTBEHHOTO 3apsiia, COOTBETCTBYIOLUIHH pas-
JINUHbIM 3HAYeHHAM IOBEPXHOCTHOTO 3/JeKTPOCTAaTHYeCKOro
NoTeHIHaJja.

[Tpu 3ToM nocsie DOCTHXKeHHs YCIOBHH BhIpOXKAeHHsT Oy-
IeT HMeTb MecTo OGosiee MedJleHHOe BO3pacTaHHe 3apsna

0 g
-
i—g AR
il
S A E,
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- —Fa
S ——— El
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Puc. 3.5. BansHHe nNPHNOBEPXHOCTHOTro IOTEH-
IHaJbHOTO 6apbepa Ha paboTy BHIXOAA 3JeKTpPoHa
H3 NOJYNpOBOAHHKA,

B CJl0oe NPOCTPAHCTBEHHOIO 3apfiza C POCTOM IOBEPXHOCT-
HOTO 3/I@KTPOCTaTHUECKOro NOTeHLHaJ/a, CBSI3aHHOe C H3Me-
HEHHeM CTaTHCTHKH pacnpejeseHHs HoOcHTesell 3apsina B
30Hax.

B 3aknawouenne storo maparpada pacCMOTPHM OJHO H3
CJIeACTBHH CYILEeCTBOBAHHSI INPHHNOBEPXHOCTHOIO IOTEHLH-
anbHOro 6apbepa, KOTOpOe AOMycKaeT NMpPAMYIO IKCIEPHMEH-
TaJbHYIO MPOBEPKY.

Peub uger o tak HasdelBaeMoOll pabore goixoda noaynpo-
800HuKa, omNpenensiionei 3aKOHOMEPHOCTH  3/EKTPOHHOl
sMuccHu u3 Hero. Ilo onpepesnenuio, pabora BhHIXOZAa paBHA
pa3HOCTH 31epruil cBOGOAHOIO 3JEKTPOHA BHE KPHCTaJ/1a H
37IeKTPOHA C 3HEpPTHel, COOTBETCTBYIOIeH NOJ0XKEHHIO yPOB-
Ha @epmu B KpucTajasne. [lockonbKy, Kak 3TO Henocpea-
CTBEHHO CJedyeT M3 pHuc. 3.5, 3Ta Pa3HOCTb 3HEPTHH H3Me-
HSIETCSl B IPUCYTCTBUH IPHIOBEPXHOCTHOTO MOTEHIIMAJIbHOTO
6apbepa, Mexay paboToil BbIXOAAa H MOBEPXHOCTHBIM 3JEK-
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TPOCTATHUECKUM MOTEHLHAJOM CYLIECTBYET TMpsiMasi CBSI3b.
Ecin 0603HaunTh yepe3 Yo 3JeKTPOHHOE CPOACTBO, TO pa-
6oTa BhIXOAA B OTCYTCTBHE NMPHNOBEPXHOCTHOTO MOTEHLHA/b-
HOro Gapbepa Oyner yo + !/2E¢ + g ,, a OpH HaJIHYHH ero

X =%+ '[Eg+ qpr — Y skT. (3.25)

[Tpu mosoKHUTENbHBIX 3HAUeHUAX Ygs, COOTBETCTBYIOUIUX H3-
ri6y 30H BHHM3, paGoTa BLIXOAA yMeHbIUAeTCs, a NpPH OTPH-
LaTeJbHBIX €ro 3HAauUeHHAX, COOTBETCTBYIOUIHX H3ruby 30H
BBepX, — BG3pacTaer.

Kak mbl yBuaum pnaJee, coorHouwenue (3.25) nomreep-
JKJaeTcsl, BO BCSIKOM Cjlyyae KauyeCcTBEHHO, Ha ombite. EcTb
OlHO CylleCTBeHHOe 00CTOATEeNbCTBO, KOTOpPOe B GOJbIIHH-
CTBe NPAaKTHYECKH BaXKHBIX CJAYYaeB M He MO3BOJSAET OXKH-
paTtb OoJblliero, yeM KayecTBeHHOe cOOTBeTcTBHe. [leso B
TOM, 4YTO cooTHoueHue (3.25), cTporo roBopsi, NMPUTOLHO
TOJNIbKO /11 aTOMapHO-YHCTbIX MOBEPXHOCTeHl MOJYNpOBOA-
HHKOB. Kak y:e yNOMHHAJOCh, peajibHasi NMOBEPXHOCTb MO-
JIYNPOBONHHKA OObIYHO TMOKDPHITA OKHCHOHM NJIEHKOH H cJloeM
(nnm maxe ca0siMH) ancopGHPOBAHHBIX aTOMOB M MOJIEKYI.
Ckauky M maJeHHs NOTeHUHaJa B 3THX CJOSIX, CyMMapHas
BEJMYHHA KOTODBIX MOXKeT H3MeHATbCS B 3aBHCHMOCTH OT
YCJIOBHI 3KCIIEPUMEHTa, BOMAYT B KauecTBe MAOMNOJHHUTEJb-
HOTO NepeMeHHOro cjaraemMoro B ypaBHeHHe (3.25), Bcien-
CTBHE Yero OHO NOTepsieT CBOIO KOJHYECTBEHHYIO Ompefe-
JIEHHOCTb.

§ 4. EMKoCTh NpHNOBEPXHOCTHOTO CJOS MPOCTPAHCTBEHHOIO
3apsaaa v nosepxHoctHas ¢oro-31C

W3aMmeHeHHe 3apsiia B CJ0e NPOCTPAHCTBEHHOTO 3apsiia
NpH H3MeHEeHHH [OBEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO MO-
TeHUHaa MOXeT GbITb OXapaKTepU30BAHO MYTEM BBELEHHS
Hekoil eMKOCTH. [1ocKO/IbKY CBSI3b MeXAY 3apsifiOM H TOTeH-
[IHaJIOM B MPHIOBEPXHOCTHOM CJloe HeJMHeliHa, HMeeT
CMBICJI TOBOPHTb O OugpepenyuasvHol emKkocTu cA08 npo-
cTpaHcTB8enH020 3apsada, KOTOpas MoxeT ObIThb ONpeesneHa
COOTHOLIEHHEM:!
2an. 3ap

: 4.1
OYS (4.0

Cnp. 3ap = ﬁ
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IMoncraBass B (4.1) Bhipaxenue (2.20) mns 3apsma B caoe
MIPOCTPaHCTBEHHOTO 3apsja, Nojaydyaem:
OF (Y g, My 8) '

o7 (4.2)

Cnp. sap = gnfZp

Haxkonen, BbimosHuB AU epeHUHpPOBAHHE, MNONYydyaeM
OKOHYaTeJbHO:

(A 14+8) e S—(A+8) e FS+(a-a"Y)
SF (T, 1 9) - (4.3)

Cl‘lp. sap = qniﬁgD

CootHoweHne (4.3) ympoliaercsi B OTCYTCTBHe BO36yx-
IeHns, korga 6 =0 H, B 0COOEHHOCTH, AJA COGCTBEHHOrO
MOJYNpPOBOAHHKA, Koraa A = 1:

Y -y
e S _ e S

(s — "5 49)"

1
Cnp. sap = g qniﬁgo . (4'4)

Ananusupys ¢opmyay (4.4), J1erko yCTaHOBHTb, 4TO
duddepeHuHanbHasi eMKOCTb [POCTPAHCTBEHHOTO 3apsna
MHHHMaJ/bHA NpH Yg =0, T. e. IPH OTCYTCTBHH H3rH6a 30H
Ha MOBEPXHOCTH, H MOHOTOHHO PacTeT KakK MPH MOJMOMXKHTeNb-
HBIX, TaK Y [IPH OTPHLATEJNbHBIX 3HAYEHHSX NOBEPXHOCTHOTO
notenuuana. Ilpu Goablux ero a6GCOJIOTHBIX 3HAUYEHHUAX,
KOT/la B YHC/IHTeJe M 3HaMeHaTeJe COOTHOlleHHs (4.4)
ocTaeTcsi NPaKTHYECKH JHIIb 110 OJHOMY cjaraeMomy (T.e.

npu |Yg|> 3), 3TOT pocT mponopuHoHANeH exp (%IYSI).

B cuayuae npuMecHbIXx 06pasinoB 3aBHCHMOCTb Iu(de-
pPeHLHANbHOA €MKOCTH IPHIOBEPXHOCTHOTO ¢J0sl OT VYs
HUMeeT, B 0011eM, aHAJOTHUHBIA XapakTep. OJHAKO OCKOJIb-
Ky MHHHMYyM aH¢depeHUHaTbHON eMKOCTH 6/HM30K K yCJo-
BHIO COOCTBEHHO! MOBEPXHOCTH, TO OUEBHIHO, UTO MOJOXKe-
HHe MHHHMyMa OyaeT CIOBHHYTO AJsi 00pasloB n-THma B
CTOPOHY OTpHLATEJbHBIX, a AJs 06pasuoB p-THIAa — B CTO-
POHY MOJIOXKHTEJbHbIX 3HAYEHHIl NMOBEPXHOCTHOTO 3JIEKTPO-
CTaTHYeCKOTO MOoTeHlHaJsa. Beauunny storo cipura Herpyn-
HO ONpe/le/HTh TeOPeTHYeCKH, eCJH y4yecTb, YTO YCJOBHUIO
cOOCTBEHHO! MOBEPXHOCTH COOTBETCTBYeT BeJHuHHa Vs, pas-
Has 3HePreTHYeCKOMY PaCCTOAHHIO Mexay ypoBHem Pepmu
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M CepelHHON 3amnpelleHHOH 30HE B o0beMe MOJYNPOBOJ-
HHUKA, T. €.
Yg, =Bp, =InA. (4.5)

OT/HuMe BEJHUYMHBI A OT €NUHHIBl, HAPSAAY CO CIBHIOM
MOJIOXKeHHS MHHMMYMa KpHBO#H 3aBHCHUMOCTH Crp sap OT Vg,
NPUBOAHT TaKXKe K acHMMeTpHH ee BeTBeH. [lnsi 06pasuos

cnp.mp ) NP
160

140
20
100

[ 1]
2

-8 -6 -4 -2 0

Puc. 4.1, 3aBucumocts auddepeHLHaNbHON eMKOCTH
CJIOSt IPOCTPAaHCTBEHHOrO 3apAja oT Y g Aas coGeTBeH-

Horo repMaHusi (A =1), n-repmannua (A =0,1) u p-rep-
Manua (A= 10),

p-THNA JeBas BeTBb KPHBOH, COOTBeTCTByMoLas GOJBIIHM
OTpHUATe/IbHBIM 3HaueHHsIM Yg, B ciaydyae paBHOBecHsl OygeT
pactu kak [Aexp |Yg|]”s, T. e. ObicTpee mpaBo#, pactyllelt
kaK [Atexp |Ys|]s. [lns o06pa3uoB n-THma COOTHOLIEHHE
ckopocTell poc1a ofeux BeTBell GyneT OOpaTHBIM, TaK Kak
B 3TOM cayuae A<l, a A1>1. Ha puc. 4.1 npusesenn
rpaUKH TeopeTHUECKHX 3aBHCHMOCTeH NpPUIIOBEPXHOCTHON
nuddepeHHaNbHON eMKOCTH OT Y, MOCTPOEHHbIE HA OCHO-
BaHUH cooTHoweHUs1 (4.4) mas o6pasia coGCTBeHHOM
NPOBOAMMOCTH H cooTHouleHus (4.3), B cjyuae paBHOBe-
cusi (6 = 0) mas THOHYHBIX ABIPOYHOTO H 3JEKTPOHHOTO
06pasios.. .
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Hajsee Mbl YBUAHMM, UTO KpHBble 3aBUCUMOCTH Cpp, zap OT
Ys Moryt ObiThb nOJMyueHbl M 3KCIEPHMEHTAJbHBLIM MyTEM.
Heo6xonnumo, ogHako, HMeTb B BHAY, UTO 3KCHEPHUMEHTAJIb-
Hble KpHBble HMeJH Obl opMy TeOpeTHUECKHX TOJBKO B Cay-
yae OTCYTCTBHSl MOBEPXHOCTHLIX YPOBHeH, Ha KOTOpEIE MOTYT
3aXBaTbIBaTbCs 3JEKTPOHBI H AbIpKH. [TocKONBKY TaKkHe ypoB-
HH NpaKTHYeCKH BCerja IMPHCYTCTBYIOT Ha [OBEPXHOCTH
NOJIyIPOBOJHHKA, H3MeHEHHe B 3aloJHEHHH HX 3JeKTpo-
HaMH OyneT BHOCHTb CBOH BKJ/ajJ B H3MepseMyl0o Ha ONbITe
IHp@epeHIHaNbHYI0 eMKOCTb INPHNOBEPXHOCTHOrO  CJIOA
NpPOCTPAHCTBEHHOTO 3apsiia. DTOT BKJad MoXKeT ObITH pac-
CYNTAH TeOpeTHYeCKH, ecCJH H3BecTHbl KOHLEHTPAalUMH H
3HepreTHYeCKHe MOJIOXKEHHsT OBEPXHOCTHBIX ypPOBHeil.

B npocreiimem ciayyae TUCKPETHBIX TOBEPXHOCTHBIX YPOB-
Hell ¢ 9HepreTHYECKHM MOJIOKEHHeM, OTCUMUTAHHBIM OT ce-
pelUHbl 3anpellleHHOA 30Hb Ha MNOBEPXHOCTH & = E; — Ej,
U KOHIeHTpauue#l N; 3axBaueHHBIl Ha 3TH YPOBHH 3apsin
Oyxer:

gN;

& — 99
l+exp(——-———kT )
3nech (g@s/kT) — NOBepXHOCTHBIA NOTEHIIMAJ, BBeAEHHBIH

HaMu B § 2 u urpatomiuil posb ypoBHs PepMH Ha moBepx-

HOCTH.
M3 (2.1) — (2.3) caenyer oueBHIHOE COOTHOLIEHHE:

QﬂOB = - (46)

9%s 99y

_kT—YS_W_YS InA. (4.7)
Torna nuddepeHuHanbHass eMKOCTb, COOTBETCTBYIOIAs H3-
MEHEeHHI0O 3aXBAUeHHOTO Ha NOBEPXHOCTHble YPOBHH 3apsaja
IpH M3MEHEHHH MOBEPXHOCTHOTO 3JEeKTPOCTaTHYeCKOro Mo-
TeHUHaJ/ a, 6yner:

th exp(_ _q&)
=ﬂ kT
+ exp BT

OueBHAHO, uTO UG GdepeHIHa/lbHble €MKOCTH, COOTBET-
CTBYIOIIHE H3MEHEHHIO 3apsiia B 00/1aCTH NMPOCTPAHCTBEH-
HOro 3apsja, M 3apsjaa, 3aXBayeHHOr0 Ha MOBEPXHOCTHbIX

0Qnos
Caaxs=ﬂl OQYS

(4.8)
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COCTOSIHUAX, CKJaabiBaloTcs. B pesynbraTe mosHas audde-
peHuHuaJ/bHasi OBEPXHOCTHAasi €MKOCTb B Cjyyae, KOrja Ha
II0OBEPXHOCTH HMEETCsl A THIIOB IOBEPXHOCTHLIX LIEHTPOB 3a-
XBaT4 C SHEPTeTHUYECKHMH MOJIOXKEHHAMH YPOBHell €;; H KOH-
ueHTpauuaMu Ny, Oynert:

A7l e VS L (-7 n
oOF (75 %)

[€;—99
N,iexp(—t'T—s—) I

e, —q9.\1?
il ['“"p( T S)] I

[Tpu HenpepeIBHOM pacnpefieleHHH YPOBHEHR B 3ampellieHHON
30He Ha NMOBEPXHOCTH CyMMa B BhipaxeHHH (4.9) moaxHa
6LITh 3aMeHeHa HHTerpaJioM.

Heo6xonumMo nomuepkHyTh, UTO BCe NPOBeNEHHOE BhHIIIE
paccMOTpPeHHe OTHOCHJIOCh K CTAlLlMOHADHBIM H paBHOBeEC-
HbIM YCJIOBHSIM Ha IIOBEPXHOCTH M B NPHUIIOBEPXHOCTHOU 06-
JIaCTH NPOCTPAHCTBEHHOTO 3apsjga. DTO 03HauaeT, 4TO Ka-
JKIOMY MTHOBEHHOMY 3HAaueHHI0 Yg COOTBETCTBYeT paBHO-
BeCHOe WJIH, TOUHee — KBa3HUpaBHOBECHOe paclpejeseHHde HO-
cHuTenell 3apsiga B 06/acTH NPOCTPAHCTBEHHOTO 3apsiia H Ha
[OBEDXHOCTHbIX LeHTpax 3axBata. Kak Mbl yBHIHUM paJjee,
TaKHe YCJOBHS MOTYT OblTb OCYLIECTBJIEHBI, €CJH H3MeHeHHs
MOBEPXHOCTHOTO MOTEHIIMaJa OCYLIeCTBJSIOTCH OTHOCHTENb-
HO MejAJIeHHO, TaK YTO yclieBaeT yCTAHABJHMBATbCsS paBHOBe-
cHe HocHTesell 3apsiia B o6eHX 30HaX M MexXIy 30HaMH U
MOBEPXHOCTHBIMH LeHTpaMHu 3axBata. EcaM ycraHoBjeHHe
3TOr0 PaBHOBeCHS He YyCMeBaeT CJefA0BaTb 3a H3MeHeHHeM
Ys, To nuddepeHiinanbHasi MOBEPXHOCTHAA e€MKOCTb Oyaer
34BHCETb OT YacTOTHl.. B yacTHOCTH, MOXKeT HauaTb He ycIle-
BaTb OCYILIECTBJATbCSH 3aXBaT HOCHTeJled 3apsAja Ha 4yacThb
MOBEPXHOCTHHIX IIEHTPOB 3axBaTa. YacToTHasi 3aBUCHMOCTb
nuddepeHIIHaNbHON TTOBEPXHOCTHOH €eMKOCTH J0CTaTOYHO
CJI0XKHA M OMHCHIBaeTcsl OOBLIYHO NPH NOMOIIH 3KBHBAJIEHT-
HBIX cxeM [21].

[Tonyuennoe Hamu B § 2 pemienne ypaBHenus Ilyaccouna
B NPHIOBEPXHOCTHOH 06/1aCTH NPOCTPAHCTBEHHOro 3apsma
A5 CTalHOHAapHbLIX HepPaBHOBECHBIX YCJOBHH M0O3BOJsAET

q?
Cnon = BT nigD

+ (4.9)
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OMpefe/uTh ellle OAHY BaxKHYyI0 BeJHuHHY. Peub uuer 06 u3-
MEeHEeHHH MOBEPXHOCTHOTO 3J1eKTPOCTATHUECKOro MOTeHIHaJla
B NMPHCYTCTBUHI H3GBITOYHBIX HOCHTeJeH 3apsija B MOJYHpO-
BogHHKe. [Tocko/bKy 3TH H36BITOYHEIE HOCHTENH 3apsia
yale BCEro BBOASTCH 3a cueT ()OTOAKTHBHOTO HOIVIOLIEHHS
cBeTa, paccMaTpHBaeMasi BeJHYHHA M3BECTHA B OTeYeCTBEH-
HO JAMTepaType MOJ Ha3BaHUEM KOHOEHCATOPHOU HJH NO-
gepxuocTroti ¢oro-3/C [22—24], a B 3apybexHoll — o
Ha3BaHHEM U3MEHEHUA KOHTAKTHOL pA3HOCTU NOTEHWUAAO8
npu ocseuwjenuu [25, 26).

CyIIHOCTb fIBJIEHHS 3aKJIYaeTcs B TOM, UYTO YCJOBHSA
pPaBHOBeCHsi HJIH KBa3HDABHOBECHSI MeXJAY MOBEPXHOCTHBIM
3apANOM H 3apsAIOM B NpPHIOBEPXHOCTHOM CJ10€ NpPOCTpaH-
CTBEHHOIO 3apsfia CYLIeCTBEHHO 33aBHUCAT OT KOHIEHTpalHu
HocHTesell 3apsina B ob6pasue. ITosiBneHue u3661704HbIX HO-
cuTesledl 3apsjga 3a cyeT OCBellleHHs ofpasuna npHuBedeT K
H3MeHeHHI0 3THX YCJOBHi, KOTOpble OYLYT XapaKTepH30-
BaThCsl KBA3UPABHOBECHOL  BeJHYHHOH TOBEPXHOCTHOIO
3JIEKTPOCTATHUECKOr'0 MOTEHNHAaa, OTIHYHOH OT BeJHYHHE,
XapaKTepHON A/ HCTHHHOTO TEPMOJHHAMHYECKOr0 paBHO-
BecHsi cucTeMbl. V3 cpaBHeHHs1 cooTHolleHuit (2.20) wu
(2.21) caenyioT nBe BO3MOXKHble NPHUHMHBI H3MeHeHHA Ys
NpH OCBeLIEeHHUH.

ATO, BO-NEPBLIX, er0 H3MeHeHHe, 00yCJaOBIeHHOe MPUCYT-
CTBHEM H3GBITOYHBIX HOCHTeJell 3apsima B NMPHIOBEPXHOCT-
HOM cJ10e NPOCTPAHCTBEHHOTO 3apsna, BC/IeACTBHE Yero pas-
HoBecHast pyHKuus F(Yg, A) 3aMeHsIeTCs ee KBa3HpaBHOBeEC-
HbIM 3HaueHueM F(Yg, A, 8), rie 8§ — ypoBeHb HHBEKUHH B
o6beMe MOJYHPOBOLHHKA.

Bo-BTOpHIX, NpHCYTCTBHe H3OLITOUHBIX HOCHTeJEH 3apsia
B NpDUHIMIE MOXET NPHBECTH M K H3MEHEHHIO BeJHYHHHI
MOBePXHOCTHOrO 3apsina Qumos, 32 CUET 3aXBaTa YacTH He-
paBHOBeCHbIX HOCHTeJsell 3apsiza Ha IMOBEPXHOCTHbIE COCTO-
SIHHSL.

[TepBhlli 3 dekT B NpeanonoKeHHH, YTO MOJHBIH IO-
BEPXHOCTHBIH 3apsij NMpPH OCBElLIeHHH He U3MeHAeTCs, MOXKeT
OLITb paccuHTaH HemocpeAcTBeHHO. [IpupaBHHBas mpashblie
vactn (2.20) u (2.21), noayyaem:

Al — D)+ a7 (@S- 1)+ (A=A Y =
=+8)e S —D+0"+8)E -1+ -2y, 410
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[TonyueHHOe TpaHCLEHAEHTHOE ypaBHEHHE MOXKET OhITh
pellleHO B SIBHOM BHJ€e OTHOCHTEJbHO H3MEHEHHs [OBepX-
HOCTHOTO 3JIEKTPOCTATHUECKOrO MOTeHIHaJa

AY.S':YSO_YS (4.11)

Toabko A5 Ys < 1. Tlpu 3TcM, pasnarasi 3KCHOHEHIHAJb-
Hble uJjieHbl, comepxamue AYs, B pAAbl U OrpaHHUHBAsICh
JIAHEHHBIMH OTHOCHTEJBHO AYs WleHaMH pa3JioKeHHuH, moJay-
yaeMm:

Y -y

e S04 e S0_9

(A1 4+08) "0 (h+8)e T4 (A —2"Y)

AYg=5 . (4.12)

W3 BHma MOJYyYeHHOrO COOTHOLIEHHS CJEAYeT, UTO 3HakK
BesqiHuMHbl AYg coBnafaeT co 3HaKOM paBHOBECHOH BeJHYHHbI
Yso. HHuaue roBopsi, BiIHsHHe H3GBITOUHBIX HOCHTesell 3a-
psiia 3ak/iouyaeTcss B YMEHbLIEHHH MOBEPXHOCTHOIO 3JeK-
TPOCTAaTHUECKOTO MOTEHIHaJja, N0 CPaBHEHHIO C ero paBHO-
BecHOM BenuuuHOH. PH3HYECKYIO NPHYHHY TaKOro Xapak-
Tepa H3MeHeHHs Yg HeTPYNHO MOHATb, €CJH BCIOMHHTD, YTO
CaMO BO3HHKHOBEHHEe 3TOTO MOTeHIlHaJa CBSI3aHO C Heo0Xo-
JAMOCTbIO 3KPaHHPOBKH 00GbeMa MOJYyNPOBOAHHKA OT MPO-
HUKHOBEHHsI B HEro 3JIeKTPHYeCKOro noJs, o6yC/a0BJIEHHOTO
TNOBEPXHOCTHBIM 3apsiaoM. [TocKo/ibKy Takas 3KpaHHPOBKA
OCYILeCTBJSIETCA 3a CYeT IepepaclpelelieHHs] MOABHXKHBIX
HOCHTe/leH 3apsijfa B NPUNOBEPXHOCTHOM CJIO€, TO OYEBHIHO,
4TO OHa GyAeT OCYLIeCTBJAAThCA NPH MeHbllel abCOJIOTHOM
BeJIHUHHe Ys, KOTAa KOHIEHTPAalLHH HOCHTesel 3apsiia BO3-
pacTyT 3a CueT MOMBJEHHs M3OBITOUHBIX HOCHTeNel 3apsna.
HmenHo nosTomy 6e3pa3MepHbll YPOBeHb HHBbEKILHH § CKJia-
neiBaercss ¢ Ge3pa3MepHbIMH PABHOBECHBIMH KOHIEHTpalu-
AMIl HocuTeJell 3apaaa A ¥ A™! B MpaBoH 4acCTH ypaBHeHHsI
(4.10) ¥ B TO Ke BpeMs He BXOAHT B TPeTHH uJieH (pYHKUHH
F, onuceiBaloliuil BK/aaa HOHH30BAHHBIX [NOHOPOB H akKIlel-
TOpoB. MaJible O CpaBHEHHIO ¢ elHHHLEeH 3HAUEHHUS NMOBEPX-
HocTHO# (oto-DAC, Kak Mbl OGyneM fgajiee pagu KPaTKOCTH
MMeHOBaThb BeJHUYHHY AYg, BO3MONHbI TOJNBKO IPH MaJkIX
3HAUeHHUSIX YPOBHS HHDBEKIHH, 0COGEHHO B cJydyae CJIOSB HH-
BEPCHH Ha IOBEPXHOCTH. DTO HEMOCPeACTBEHHO ClefyeT U H3
Buaa cooTHouweHus (4.10).
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PaccmoTpuM, Hanpumep, ofpasel] ABIPOYHON MPOBOAH-
MocTH. [Ipn 6GO/BLIMX MOJIOKHTEJIbHBIX 3HAUEHHAX MOBEpX-
HOCTHOTO 3JIeKTPOCTATHYeCKOrO IMOTeHLHasaa, KOrja BCeMH
claraeMbIMH B 4HCJHTeJe M 3HaMeHaTesJe COOTHOLIEHHS
(4.12) moxHO npeHeGpeub MO CPaBHEHHIO C MEPBLIMH, I10-
Jydyaem: s

Yo ———.
AYs AT +6

(4.13)

OueBHAHO, YTO 3TO NMPHOG/HKEHHOE PABEHCTBO MOXKET COOT-
BEeTCTBOBaTb MaJIOH NO CPaBHEHHIO ¢ enuHHlel Ge3paszMep-
HOH BeJIHYHHe MOBepXHOCTHOH ¢oTo-dJ1C TonbKO IpPH ycio-
BUH A7l > 6, Torma Kak B o6pasue p-THma BejHuuHa A
cama no ceGe MeHblle eIHHHUBb. B cayyae GosblIMX OTPH-
naTeJbHbIX 3HaueHHHl Vgo TpeGOBaHHe MasOCTH YPOBHS HHB-
eKLHH MeHee JKeCTKO, MOCKOJbKY OH A0JXeH GbiTb MaJs Mo
CPaBHEHHIO C BeJHYHHOHN A, KoTOpasi 60/blle eIHHHUILI B 06-
paslax p-Tuna.

M3 cxaszaHHOro BbITEKaeT, KCTaTH, BBIBOA, KOTOPbIA HaM
NOHafoOHTCSl B AajibHellleM, yTO noBepxHocTHAsA poto-DC
NpUGNHXKEHHO NpPONOPUHOHA/NbHA YDPOBHIO HHBEKIHH I[PH
MaJblX ee 3HaUeHHSX B CJyuae XOPOIUIO BblPAaXKEHHBIX C/10€eB
HHBEePCHH MJM oborauieHHsi. B gpyrux caydasdx oHa pacTer
C YPOBHeM HHDBEKLUHH MeJJleHHee 4eM JIMHEHHO.

Pemrenns o6mero ypaBHeHus (4.10) uHCJIeHHBIMH HJ/IH
rpagHyeCKMMH MeTOAAaMH MO3BOJIAIOT HCCJeAO0BaTh MoBeje-
HHe noBepxHOCTHOH ¢oT0-DIIC B cayyae GosbLIMX ee 3Haue-
Huit. Ha puc. 4.2 npuBeneHbl 3aBHCHMOCTH IOBEPXHOCTHOH
¢$010-3J1C 0T ypOBHSI HHBEKLUHH, pACCUHTAHHbIE AJs p-Tep-
maHusa (A = 6) npu ABYyx 3HaueHusx Ys,. Ha puc. 4.3 moka-
3aHBl 3aBHCUMOCTH NoBepxHOCTHOH ¢oto-dJC ot Yso, pac-
CUMTaHHBIe [JI51 TOro Ke 06pa3iia NpH ABYyX 3HaUeHHAX YPOB-
HSl HHBEKLHH.

M3 npuBemeHHbIX KDHBBIX BHIHO, YTO 3aBHCHMOCTH OT
YPOBHSl HHBEKLUHH HMEIOT TEeHAEeHLUHIO K HacblileHHio. Pusnu-
yeckasl IPHpPOAA 3TOH TeHAEHIUH coBeplieHHO scHa. [lo
caMoil cBoefl IpHpOLe 3Ta KOMIOHEHTa NOBEPXHOCTHOH ¢o-
T0-9J1C He MoxeT cTaTb OoJbllle BeJHYHHB Yg. TouHee ro-
BOPS, K 9TOM NocJefHell BeJlHUYHHe B KauecTBe NpejeJsa cTpe-
MHUTCs anrebpanueckas cyMMa TNoBepxHOCTHOI (oT1o-2C u
Tak HaspiBacmoll 3JC [embepa. lon nocaenneil nogpasy-
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MeBaeTcs Pa3HOCTb MOTEHIHAJI0B, 06yC/I0BJIeHHAs] HepaBHO-
MEepHOCTBbIO FeHepalMH HOCHTeJell 3apsina B o6paslie H pas-
JuyHeM HX Kosdh¢uuueHToB auHp(dy3HH. DTa pasHOCTb IMO-
TEHLHAJIOB HMeeT OAHH M TOT e 3HaK, BHE 3aBHCHMOCTH OT
THIIA POBOAHMOCTH 06pasiia U yCJOBHI HA €ro MOBEPXHOCTH,
COOTBETCTBYIOLIHI 3aMeNJIeHHIO ABHKeHHS GoJsiee MOMBHNK-
HbIX H YCKODPEHHIO MeHee MOX-
BHXKHBIX HOCHTeNell 3apsja MpH

ux nauddysun oT ocBellaeMoH 2‘2”5.&2/{7@
NoBepXHOCTH B ray6bp o6pasua. A -
AYs, ed AT/ 15k
d

Y50=7 R
s 10

[
/L 50 wl

4=41
! ( ' I '

| I N U |
”ﬂ.iwl.ii,ﬂajé‘aﬂ 07" 4 & & w

Yoo, €0 KT)g
Puc. 4.2. Mosepxnocrnas ¢oro-31C B 3a- Puc. 4.3. IMosepxuoctuas d¢o-
BUCHMOCTH OT YPOBHS HHBEKUHH. T0-3J1C B 3aBHCHMOCTH OT Y g,

Ec/iu KoHUeHTpalluu HOCHTeslell 3apfiga Ha OCBEILeHHOH
M TeMHOil NOBePXHOCTAX o6pa3ua (HO BHe NMPHIOBEPXHOCT-
HBIX 06JlacTeil MPOCTPAaHCTBEHHOTO 3apsga) 0603HAUNTh de-
pe3 Pcs U Premn, TO NPH BLICOKHX YPOBHsAX HHBbeKUuu D]IC
Jembepa, BolpaxkeHHast B efuHuuax kT/q, Gyaetr B cayuae
TOJICTbIX 06pasuos (d > L):

_ bos—1 Pcs
Yﬂ.eMG = —b06+ 1 In Prewn (414)

rae bos — OTHOLIEHHE MOJBHUKHOCTEH 3JEKTPOHOB H AbIPOK.
Ouesuano, uTo B 06pasilax, TOJILHHA KOTOPbLIX MaJja Mo
CpaBHeHHIO ¢ AJHHOH Au(pPy3HoHHOrO cMemieHud, DJAC dewm-
Gepa MOKeT COCTaBJIAATh TOJbKO MaJjble foau kT/q.
3asucumocth noBepxHocTHOH (0T0-DIC oT Yg Takke
6yner uMeTb HacbllileHHe, 0COOEHHO OTUET/IHBO BLIpaxKeHHOe
NpH He CJAHLIKOM BBICOKHX YPOBHAX HHbeKUHH. B cayuae,
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HanpuMep, GOJbLUINX MOJOKHTeNbHbIX 3HaUeHHl Yo moBepx-
HocTHasl $oTo-DIIC HacbillleHHs GyneT:

AT 48
AYg¢=In Tj— (4.15)

IIpn BBICOKMX YPOBHAIX HHBEKLUHH BCE TPHU CJaraeMblX B
npasoi yacTu ypaBHeHHs (4.10) MOryT ObITb CpaBHHUMBLI 110
BeJHUHHe fAaxKe H NpH OOJBLIMX a6CO/IOTHBIX 3HAUYeHHAX
Y50, uTo He Mo3BOJIsIET BEIPA3HThb MOBEPXHOCTHYIO (oTo-DJIC
B aHaJHTHYECKOM BH]E.

B raaBe Il MBI paccMOTpHM 3KCNEpPHMEHTaJbHYIO MeTO-
IMKYy H3MepeHH#l cTalHOHapHOH moBepxHOCcTHOH ¢oTo-d/1C
M MOKaKkeM, YTO NMpPH ONpejesleHHBIX YCJIOBHAX NpeinosoxKe-
HHe 0 HeH3MEHHOCTH MOJIHOTO MOBEPXHOCTHOTO 3apsifa MpH
OCBellleHHH 06pa3na BLINOJNHAETCH B JOCTaTOYHO XOPOLIEM
NpUONHKEHHH, XOTS U3 TeOopeTHUYeCKHX coobpaKeHHI 3TOro
H TPYAHO OBLIO OXKHAATh.

Jas Toro uto6bl MOHATb CYLIHOCTb BO3HHUKAIOILIHX 3a-
TpyZAHeHHH, HaM mpujeTcss XOTSl OBl B HECKOJbKHX CJ/I0OBax
KOCHYTbCSl BONpPOCAa O KHHETHKe YCTaHOBJIEHHSI CTaunHOHap-
HOTO HepaBHOBECHOTO COCTOSIHHS, KOTOpas moApo6HO Oyaer
paccmatpuBaThesl B § 7 5ToH rsnaBbl. PaHee ykasniBasoch,
YTO caMo IOsIBJeHHe MOBepXHOCTHOH ¢oTo-9C cBsizaHO
C mepepacnpejeneHHeM HOCHTeJseill 3apsafa B IPUNOBEPXHOCT-
HOH 06/1aCTH NPOCTPAHCTBEHHOTO 3apsia, KAK PaBHOBECHBIX,
TaK ¥ H3OLITOUHBIX, MOfIBJEHHe KOTODPbIX BLI3BAHO OCBellle-
HueM. [lajiee Mbl YBHAHM, YTO 3TO NepepacnpeaesneHHe ocCy-
LIeCTBJ/ISIETCST NyTeM [IBYX B3aHMMOCBSI3aHHBIX MPOLECCOB —
IHG Y3 3/71eKTPOHHO-IEIPOYHBIX Map W HX peKoMOHHAIIUH
B o6beMe H Ha MOBEPXHOCTH KpHUCTaJjsa. XapaKTepUCTHYe-
CKHM BpeMeHeM YCTaHOBJIeHHSl KBa3HPaBHOBECHOTO COCTOSI-
HHS sIBJsIeTCSl MJs TOHKHMX 00pa3lloB NOJYNPOBOAHHKA Bpe-
Msi peKOMOHHAIIHOHHOTO TPOLECCa Tpex, KOTOPOE OKa3biBaeT-
cs 6oJiee OJHTeJbHBIM.

Oauako HM3MeHeHHe KOHLEHTpalHil HocHTeseHd 3apsiaa
B6JIH3H TMOBEPXHOCTH MOJYNPOBOAHHKA, BO3HHKAlOLlee B XO-
Je U pe3yJbTaTe 3TOTO IepepacnpefiesieHUs, BLI3bIBAET BO3-
MOKHOCTh NPOTEKAaHHs M elile OJHOTO Ipollecca — 3axBaTa
HOCHTeJIell 3apsila Ha MOBepXHOCTHble cocTosiHusA. [Ipu sTOM
BO3MOXHBI B NIPUHLIMIE [Be pa3JHuHble CHTyalHH. EciH xa-
paKTepHCTHYeCKoe BpeMsi YCTAHOBJEHHS] KBa3HPaBHOBECHO-
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ro 3amnoJ/iHeHHsi MOBEPXHOCTHBIX COCTOSIHMI BEJHKO — 3HAUH-
TeJbHO GOJIbLIE Tpex, — TO 3TOT MPOLECC MOXKHO HCKJIOUHTD,
npoBoas H3MepeHHs noBepXHOcTHOH $oTo-DJ1C yepes Bpems
nocje BKJIOYEHHS OCBEIleHHsl, He HaMHOro MpeBblllalollee
Tpex. ECJIM XKe BpeMsl YCTAHOBJIEHHS KBa3HpaBHOBECHOTO 3a-
OJIHEHUS] NIOBEPXHOCTHBIX COCTOSIHHE MOpSiiKa HJHM MeHbllie
Tpex, TO MPOLECC 3aXBaTa HJIH, KaK ero ellle 4acTo Ha3bIBAIOT,
npuaunanue Hocureaeli 3apada Ha NOBEPXHOCTU UCKIIOUHTB,
pasyMeertcs, Heab3si. B Takoii 6oJjiee obuieft popme, cooTBeT-
CTBYIOLeH YyuyeTy H3MeHEeHHS [OBepXHOCTHOrO 3apsiia 3a
cyer 3axBaTa, 3ajaya 0 MoBepXHOCTHOH ¢0oTo-DJC 6nlna
BrepBble paccmorpeHa B. E. Jlamkapesnim [23].

[Tockosnbky Kakas-au60 ocobasi creuHduka B caMoM fB-
JIEHHH 3aXBaTa Ha MOBEPXHOCTH NOJYNPOBOAHHKA NMPH HoTO-
BO30yKIeHHH H3OBLITOUHBIX HOCHTesell 3apsja OTCYTCTBYeT,
Mbl OTJIOXKHM DacCMOTpeHHe 3TOrO SIBJEHHS A0 CJeAYIOLIHX
naparpagoB: § 6 — B crauuoHapHEIX H § 7 — B HecrauHo-
HapHbIX YCJIOBHfIX. 3/leCb K€ OTPaHHYHMCS TOJBKO OOLiel
TMOCTAHOBKOH CTallMOHApHO! 3aJauyd O MOBEPXHOCTHOH (OTO-
9JC npu H3MeHeHHH TOBEPXHOCTHOIO 3apsifa 3a Cyer
3axBaTa, CYHTasi ero 3aJaHHbIM.

Ec/H NOJHBIA NOBEPXHOCTHBIH 3apsili B PaBHOBECHBIX
yCIOBHSIX 0603HAYHUTb uepe3 Quos, @ €r0 CTALOHAPHYIO He-
PaBHOBECHYI0 BeqHUHHY Qmuos + gAn:, TO MOBEPXHOCTHas
tdoro-3C Oymer:

AYs=Ys—Ys, (4.16)

e BeJMUHHH Yo u Y malorcsi ypaBHeHHAMH!
Quos = g & p F (Y 50, M), (4.17)
Quos + 941, =gn, &, F (Y, A, 0). (4.18)

KBasupaBHOBeCHbIH MOBEPXHOCTHBI! 3/1€KTPOCTATHUECKHI
moteHnuasn Yg OTJHYaeTCs OT DABHOBECHOFO HE TOJbKO
BCJIeCTBHE INPHCYTCTBHSI M3OBITOYHBIX HOCHTeseH 3apsna,
XapaKTepH3yeMblX YPOBHeM HHbEeKUHH 8, HO H BCJENCTBHE
M3MeHeHHsl MOBEePXHOCTHOTO 3apsija Ha BeJHUHHY gAn;. Ecan
XapaKTepHCTHYECKOe BpeMsl YCTAHOBJeHHs CTalMOHapHOM
BeJIMYMHBI NOBePXHOCTHOTO 3apsjpa MHOro GoJblie peKoM-
OHHALMOHHOTO BpEeMEeHH, TO 3TOT 3apsii MOXKHO H3MEPHTb
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HemocpeaCTBeHHO. [Insi 3TOro HeoOOGXOAHMO NPOM3BECTH H3-
MepeHHsi uyepe3 MPOMEXKYTOK BpeMeHH IO0C/e BbIKJIIOUeHHS
OCBeLIeHHs], He HAMHOTO NPEeBLIIIAIOUHHA Tpex. 10rAa NMOBEPX-
HOCTHBIH 3apsij NpaKTHYeCKH He yclneeT H3MEHHTbCH, H CH-
TyallHsi Ha IOBEPXHOCTH 6y11eT ONHCBHIBATLCA ypPaBHEHHEM:

Quos T 90N, =qn,Z F (Y, M. (4.19)
[Tpu stom nosepxHocTHas ¢oto-d1C
AY" =Yg —Ys (4.20)

OyneT onpexensTbCsi TONBKO H3MEHEHHEM MOBEPXHOCTHOIO
3apsja.

O6was nosepxxoctHas ¢oro-9IAC AY§ aBnserca asre-
6paHyecKoil CyMMOH ABYyX KOMIIOHEHT: paHee PacCMOTPEHHOH
BequunHbl AYg U noBepxHocTHOH ¢oT0-DJIC 3a cueT H3Me-

HeHHs NOBEepXHOCTHOTO 3apsma AYs- Cienyer MOAYEPKHYTh,
uTO, B OTJIHYHE OT KOMIOHEHTBl MOBEPXHOCTHOH ¢hoTo-3/1C
AYs, kKoMIoHeHTa AYS MOXeT HMeTb 3Hak, O6paTHblPI Y s,
H MOABJATBbCSA Na)Ke TOrAa, KOTAA MOCJAefHHH Boollie pa-
BeH HYJIIO, NOCKOJIbKY €€ BO3HHKHOBeHHe 00yC/OBJIEHO 3a-
XBATOM Ha MOBEPXHOCTH, a He BJHSIHHEM HepaBHOBECHBIX
HOCHTeJIell 3apsia Ha cTpoeHHe 06J1acTH MPOCTPAHCTBEHHOTD
3apsna.

B ToMm cayuae, ecsii XapakTepHCTHUECKOe BpeMs Tpollec-
ca 3axBaTa CPaBHHMO MJIH MeHbLIE Tpex, NPAMOe 3KCIepH-
MeHTaJbHOe pasfelNeHHe CTAaUHOHApPHOH [OBEPXHOCTHOI
¢o10-3J1C Ha 1Be KOMIOHEHTH! CTAHOBHUTCA BecbMa 3aTpyn-
HuTeJbHbIM. IIpH 3TOM HMeeTcs, OQHAKO, Apyras BO3MOX-
HOCTb B CJyyae CTAlMOHAPHOH METOJHKH HCCJeJOBaHHI —
TeopeTHYecKas OlleHKa ONHON H3 KOMIOHEHT MOBepXHOCTHOH
toto-9C, ocHOBaHHAsE Ha 3KCIepHMEHTAJIbHBIX AAHHBIX,
MOJyYeHHBIX [pPYrHMH MeTonaMu. Bo BTopoil rnase, mnpH
ONMHCAHHH METOJA OmpeJeseHHs] MOBEPXHOCTHOIO 3JIEKTpPO-
CTaTHYeCKOTO MOTeHIHaska C TMOMOLIbI0O H3MepeHH# MoBepx-
HocTHOH (oTo-DJIC, MBI npou3BeieM TaKylo OLEHKY BO3-
MOXKHOTO BJIMSIHUSA 3axBaTa H3GBITOUHBEIX HOCHTeJell 3apsna
Ha Tak Has3blBaeMble GLICTpble MOBEPXHOCTHLIE COCTOSIHHS.

C npyroit cTOpoHBI, pa3felieHHe IBYX KOMIIOHEHT MOBepX-
HocTHO! oT0-D[]C BO3MOXKHO MyTeM H3yUeHHS KHHETHKH ee
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YCTaHOBJIEHHS], BO BCAKOM CJyuae TOr[a, KOrna xapaKTepH-
CTHYeCKHe BpeMeHa pa3HbIX MpPOLECCOB CYLIeCTBEHHO OTJIH-
4alTcs ApPYr OT Apyra. B panbHefilleM Mbl BepHeMCsl K
3TOMY BOMPOCY.

§ 5. MpunoBepxHOCTHBIE U3OBITKM HOCHTeNeH 3apsja
W I0BEPXHOCTHAsl MPOBOAMMOCTD

Kak Mbl BHaeaH, B (GOpMHPOBAHHH IPHIOBEPXHOCTHOIO
CJIOS1 TPOCTPAHCTBEHHOTO 3apsijla BaXXHYI0 POJb HTpaloT Mo-
JBHXKHBIE HOCHTeJH 3apsia — 3JeKTPOHbl H AbIpKH. Lleue-
co06pa3HO BBECTH ClellHaJibHble HHTerpaJ/bHble BeJTHUHHEl —
npunogepxHocTHole u3boitku Hocureneid 3apsada Tn u Tp,
npeacrasJjsoniie co60fl pa3HOCTH KOJHMYECTB 3JIEKTPOHOB
HJIM BIPOK, NPUXOAAIIHXCS HA | cM? NOBEPXHOCTH MOJYIIPO-
BOJHHKA, NpU NaHHOM 3HAUeHHH NOBEPXHOCTHOTO 3JeKTpo-
CTaTHYECKOTO MOTeHLHaNa M ero 3HauyeHHH, PAaBHOM HYJIO
(mpy MJIOCKHX 30HaX).

Takum o06pa3oM, NpHNOBEpPXHOCTHble H3OBITKH Ompene-
JIAIOTCS BBIPAXKEHHUSAMH:

0

* —p*)dY
FP(YS»A:6)=f(P—P)dX= (Lt—i_yl;‘;—x=
0

Ys

0
-Y _
=%ni(x+a)9[,f%dy, (5.1)
Ys

) 0
. —n*)dY
Lu(Vs, b )= [ (n—n)dx= [ LZM
0 Ys

Y Yo

1 - —1
=—2—n,~(7» I+6)9Dy md},’ (5‘2)

S

rape p“ H n* — noJiHble CTallHOHapHble 06 beMHBIE KOHILeHTpa-
LUK HOCHTeJefl 3apsjia B noJqynpoBOJHHKe, KOTOpLIe, B Npen-
NOJIO2KEHHH paBeHCTBa ypOBHeﬁ HHbEKUHH [OJ51 AbIDOK H
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3JIEKTPOHOB M MNOCTOSIHCTBA HX NO BceMy o6pasiy, Bhipa-
KawTca caeayoluM o6pasom:

p = po+Ap=n,exp[B(p,— Po)] =n; (A +9),

. - } (5.3)
n* =ny+An=n,exp[B (b — @.)] =, (A" +9).
HHTterpadnsl, Bxoasmue B BeipaxeHus (5.1) u (5.2), B 06-
1eM BHAe He GepyTcs, OMHAKO HX NPUOGJIHKEHHble 3HAUeHHA
npu GosblIMX a6CO/IOTHBIX 3HAaYeHUAX [OBEPXHOCTHOTO
3/IeKTPOCTAaTHYECKOrO MOTeHLMaJsa, Koraa (yHKuun F cBo-
IATCS TOJNBKO K OAHOMY cJlaraeMoMy, JIerkO MOTYT GbiTb
MOJyYeHHbl.

[Tpu 60/1bLIOM OTPHLATENbHOM 3HAUEHHH MOBEPXHOCTHO-
ro 3JeKTPOCTaTHYeCKOro MoTeHLHaJa:

1
T,(Ys, A, 8) ~ . @p (h+8)2e's? = n, 2" 77 (5.4

lefl 60JbIIOM MOJIOXKHUTEJIbHOM 3HAUEHHH MMOBEPXHOCTHO-
ro 3JeKTPOCTAaTHYECKOT0o MOTEeHUHuaJMa:

1
T, (Y, h8) =~ n,Zp (A" +8) e = n,2 e’ 5%, (55

Pa3HocTb H3OLITKOB ABIPOK M 3/EKTPOHOB MpeACTaBsieT
co60ii MOJHEBIA 3apsii B cJOe NPOCTPAaHCTBEHHOTO 3apsia,
BbIpaXKeHHe JJ/1s KOTOpPOro GblIO MOJNydYeHO HaMH paHee:

q[Fp (YS) }") 6) _Fn (YS’ }"’ 6)] = qnlgDF(YS) }‘4’ 6)' (5'6)

H36bITKH ABIPOK H 3JEKTPOHOB MOTYT ABHTaTbhCs BIOJb
NIOBEPXHOCTH Oo6pasla NpH BO3LEHCTBHH HA HHUX MPOLOJb-
HOTO 3JIEKTPHYECKOrO MOJisl, TaK UYTO HX CyLIeCTBOBaHHE
JOJIKHO TMPOSIBJATLCA B H3MEHEHHH NpPOBOJUMOCTH o6pasia.

OGyc/ioBeHHasi H3GBITKAMH ABIPOK HJIH 3JE€KTPOHOB MPO-
BOJAHMOCThL TMOJyYH/a Ha3BaHHE HOBEPXHOCTHOL Npo8oouU-
MOCTU, KOTOPYIO, TAKUM 00pa3oM, MOXKHO OIpeleNHTh Kak
Pa3HOCTb MOJIHBIX POBOJUMOCTeH 06pasla npH JaHHOM 3Ha-
YeHHH [10BEPXHOCTHOTO 3JEeKTPOCTAaTHUECKOro MOTeHLHaJa
H ero 3HaueHHH, paBHOM Hymo. [Ipu TakoM omnpese/eHHH
pPa3MepHOCTb TMOBEPXHOCTHOH MPOBOAMMOCTH OyAeT MpOCTO
[om=1] ([no0]). ¥Oervuas nosepxrocrnas npogodumocts Gy-
€T UMeTb TY e pa3MepHOCTb, H AJsA TOro yToObl HX pas-
Ju4yaTth, OOBIYHO HCMOJb3yeTcsl YCJ0BHOe 0O6O3HaueHHe
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[#0/0], ykasmiBaiollee, YTO NaHHAs BeJHYHHA OTHOCHTCH K
elMHHIle MJIOIAAH NMOBEPXHOCTH, AJHHA H IUMPHHA KOTOPOIL
paBHBI Mexay co6oil.

B cooTBeTcTBHH C omnpejesieHHeM, YIeJlbHas MOBepPXHO-
CTHas NMPOBOAHMOCTb MOXeT OBLITh BBIpaXKeHa KaK cyMMma
MOBEPXHOCTHBIX H3OBITKOB ABIPOK U 3JIEKTPOHOB, MOMHOXKEH-
HBIX Ha COOTBETCTBYIOIIHE NOABHXHOCTH M BeJNHUYHHY 3Je-
MeHTapHoro 3apsna:

=q [u 2 (Yo Ay 0)+ My p(Ys, A, 6)] (5.7)

TAE Ung H Upg — MOABHXKHOCTH 3JIEKTPOHOB W IBIPOK B cJ0€

[IPOCTPAHCTBEHHOTO 3apsia, KOTOpble MOT'YT GHITb OTJIHYHbI
OT 06'beMHBIX H I03TOMY MOMeUYeHbl HHAEKcOoM S
YunrniBasg cootomenus (5.1) u (5.2), nmonyuaem:

GS (YS’ }‘4; 6) =

1 f (7»+6)(e‘y—l)+bs(7\._l+6)(ey—l)dy

=5 qnh, L F ¥, A 0) » (5.8)

rae bs= uns/ups— OTHOllIeHHe MOABHKHOCTEeH 3JIeKTPOHOB Il
IBIPOK B NPHIOBEPXHOCTHOM cJloe.

HakoHel, B cayyae TepMOAMHAMHYECKOTO paBHOBECHS
(6 = 0) noBepxHOCTHasi NMPOBOJUMOCTb OyHeT HMeTb BHA:

0
A(e_y— 1)+b32." (eY— 1)
Gs(Ys )= 5 qn upSFZD YJ FT.7) dY. (5.9)
s

WnHterpansl, Bxoisuie B cooTHoweHus (5.8) u (5.9),
aHAJIMTHYECKH He OepyTcA W MOJIKHB GBITh PaCCUHTAHBI
ypcieHHo. OQHAaKO H O TMPOBelNeHHS TaKHX pacueToB He-
TPYAHO COCTaBHTb OO6Illee KauecTBEHHOe IpeaCTaBjeHHe
3aBHCHMOCTH [OBEPXHOCTHOH mpoBoauMocTH (g OT moBepx-
HOCTHOTO  3/1eKTPOCTaTHYeCKOro TmoTeHunana Ygs. Bynewm
paccMaTpuBaTh [J15 ONpeNe]eHHOCTH MOJYIPOBOLHHUK C 3J/eK-
TPOHHOH MPOBOAHMOCTBIO H HaYHEM C GOJIbLIHX MOJNOKHTEb-
HbIX 3HaueHH#l Yg, Korja B NPHUIOBEPXHOCTHOM cJoe o6ora-
IleHHs1 UMeeTcsl 6OJIbIIONH H3GBITOK 3J1EKTPOHOB, OMpejessie-
Mblil TIpHOMMKeHHbIM BblpaxenneM (5.5). OueBugHo, uyTQ
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3TOT M3OLITOK 3JIeKTPOHOB M OYleT OnpenensTb MOBEPXHO-
CTHYIO NPOBOAHMMOCTb, KOTOpasi GyneT 3KCIOHEHLHaJbHO 3a-
BHUCEeTb OT II0Ka3aTe/s, PaBHOrO NOJIOBUHE BeJHYHHH Yg.
ITpyu yMeHblIeHHH nocJ/eJHEro cHayasa JOJKHO Hab/i01aThb-
cfl yMeHblLIeHHe NOBEPXHOCTHOH NPOBOAMMOCTH (g no 3TOMy
3akOHY. B ofsacTu MaJgblX NOJOXHTENbHLIX 3HaueHHi Yg
yMmeHblleHne Gs 3aMelsieTcs, TaK Kak B 3apsifie CJOs Mpo-
CTPAHCTBEHHOTO 3apAxa BcCe OOJBUIYIO pOJb HaydHaeT
HrpaTh 3apsil HOHH30BAaHHBIX JOHOPOB.

Ec/n 3/1eKTPOHHBIA THN NPOBOAMMOCTH o6pasua Bblpa-
*KeH J0CTaTOYHO pe3KOo, TO MOBEPXHOCTHAs NMPOBOLUMOCTEL B
OCHOBHOM MMeeT 3JIGKTPOHHbIil XapaKTep faxe H NpH mepe-
MeHe 3HakKa [OBEPXHOCTHOTO 3JIeKTPOCTATHYECKOTO MOTeH-
[[4ajia Ha OTpHUAaTe/NbHBIHl, T. €. NpH 00pa30BaHHH BOGJIH3H
noBepXHOCTH caosl o6eaHenus. OJHAKO MpHU 3TOM BeJHUMHA
MOBEPXHOCTHON mpoBoauMocTH (g OyaeT OTPHUATENbHOH,
TaK Kak [0JHas NpoBOAHMOCTb 06pa3siia co ca10MH 0GefHe-
HUs1 BOJIM3H TOBEPXHOCTH, pasyMeeTcsi, MeHble [POBOAH-
MOCTH o6pa3sua ¢ naockuMu 3oHaMH. [Ipu HekotopoMm oTpu-
maTeJbHOM 3HaueHUH Yg ymeHnblieHHe (s 3a cueT yMeHblile-
HHsI KOHLEHTPAalUH 3JeKTPOHOB B IPHIIOBEPXHOCTHOM CJl0€
OyneT CKOMIEHCHPOBAHO BO3DacTaHHEM ee 33 CYEeT yBeJMYH-
Baiolleficd KOHUEHTPALUHH AbIpoK. DTOMY 3HAauyeHHIO Ys, npu
KOTOPOM BGJ/IM3H MOBEPXHOCTH 06pa3yercsi JOBOJBbHO TOHKHI
HHBEDPCHOHHOH CJ/0H, COOTBETCTBYeT MHHHMYM MOBEPXHOCT-
HOIl NPOBOAHMOCTH.

[Ipu npasnpHeiilleM pocTe OTPHLATENBHBIX 3HAauyeHHil [MO-
BEPXHOCTHOTO 3JIeKTPOCTAaTHYECKOTO NOTeHI[HaJ/la HHBEPCHOH-
HbIl CJI0f pacTeT, a BMeCTe ¢ HHM TOBEPXHOCTHAs MPOBOJIHU-
MOCTb ¥ HpoBoauMocTb o6pa3sua B nenoMm. Korna nocienuss
CTAHOBUTCS PaBHOH MPOBOAUMOCTH 06paslla C MIOCKHMH 30-
HaMM, MOBEPXHOCTHAsA TMPOBOAHMOCTb CHOBA MEPEXOAHT ue-
pe3 HyJb H fAajiee ONATb CTAHOBHUTCA MOJIOXKHTENbHOH, HO
yKe HMeeT IbIpOYHYIO NPHPOAY.

HakoHel,, npu 60/bLINX OTpPHUATENbHBIX 3HAaYeHHAX Yg
U306BITOK NBIPOK B NPHIOBEDPXHOCTHOM CJO€, @ BMECTe C HHM
¥ TOBEPXHOCTHAs MPOBOJUMOCTb PAaCTYT 3KCMOHEHIHAJbHO
C MOBEPXHOCTHBIM 3JIEKTPOCTATHYECKHM MOTEHLHAJIOM B CO-
OTBETCTBHH C MPHOJHKEHHBIM COOTHOLIeHHeM (5.4).

B o6mem nomo6HBIM Xe 06pa3oM H3MeHseTCd NOBepX-
HOCTHaA NpPOBOJAHMOCTb y co6cTBeHHOro o6pasua U o6pas-
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LIOB JbIPOYHON MPOBOAMMOCTH. PasHuua 3akaioyaeTcs JHILIb
B TOM, YTO MHHHMYM NpPOBOAMMOCTH COOCTBEHHOTO 06pa3sua
TOJIbKO H3-3a Pa3JIHUHA B HOABHXKHOCTAX ABIPOK H 3JEKTPO-
HOB HaXOAMTCSl TPH MajoOM OTpHIATENLHOM 3HAayeHHH Y, a
MHHHMYMBbl NPOBOAHMOCTH Yy IBIPOYHBIX 00paslloB MPH TeM
OGOJIBIINX TOJOXHTENbHEIX ero 3HaueHHAX, yeM GOJblle 3HA-
yeHHe nmapamerpa A.

HeTpynHo y6enuTecsi, 4TO 3HaueHHe [10BEPXHOCTHOTO
3JIeKTPOCTAaTHYECKOTr0 MOTEHIHAJa, COOTBETCTBYIOIEE MHHH-
MyMy MOBEPXHOCTHOH NPOBOAHMOCTH, OmpelesasieTcsl YcJo-
BHEM:

% =In 2, (5.10)
S

s)
Gsmln
[Tpu BbIMOJHEHHH 3TOTO YCJNOBHA KOHLEHTpPALHs HEOCHOB-
HBIX HOCHTeJleHl 3apsja Ha NOBEPXHOCTH MNOJYNPOBOJAHHKA
paBHa (c nompaBKOH Ha OTHOIIEHHe MOJABHKHOCTeH) KOHILeH-
TPalMH OCHOBHBIX HOCHTesell 3apsga B o6beme. Tak, Ha-
npuMep, A/ad obpasna JIbIPOYHOH NPOBOAHMOCTH YCJOBHE
(5.10) naert: |
Ys
Ngo = Mge S_Ts- Po- (5.11)

Ha puc. 5.1 nokasaHbl TeopeTHYecKHe KpHBLIE 3aBHCH-
MOCTH TOBEPXHOCTHOH NPOBOAHUMOCTH OT I[OBEPXHOCTHOTO
3JIEKTPOCTATHUECKOTO MOTEHIHAaNa, IOCTPOEHHblE NYTeM YHC-
JICHHOTO HHTerpHpOBAaHHs COOTHoWeHHs (5.9) anas cayuas
repmanusl. CnjowHble KpHBBIE COOTBETCTBYIOT 00bEMHBIM
3HaueHHSM NOABHXHOCTH HOCHTeJell 3apsina, NyHKTHpHbIE —
c/a1ydaro noJHOH ANGd(Y3HOCTH NOBEPXHOCTHOTO paccesiHHs
HocuTesell 3apsina. [lapaMeTpoM KpHBBHIX siBJsieTCSl 3Hade-
HHe BeJIMUHHBI A, KOTOpOe, MO OmnpeleseHHio, 6oJblie eju-
HHUBl A 00pa3LoB ALIPOYHOH M MeHblle eIHHHIH — JJis
0o6pa3LloB 3JMeKTpOHHO! npoBoauMocTd. Kak BHAHO, paccuu-
TaHHble KPHUBbIE, IO CBOEMY XapaKTepy MOJHOCTbIO COOTBET-
CTBYIOT pe3yJbTaTaM Hallero KauyecTBEHHOrO aHaJsHu3a.

Januble puc. 5.1 1aioT BO3MOXKHOCTb COCTAaBHTb HEKOTO-
poe mpeicTaBjieHHe O XapaKTepe TeMMepaTypHOH 3aBHCH-
MOCTH IOBEpXHOCTHOH MNpOBOAMMOCTH. KpHBHe, cOOTBeT-
cTBylOIHe 3HaueHHusM A, paBHbiM 0,14 u 4,5+ 1075, oTHOCATCA
K OJHOMY H TOMY 2Ke 00paslly 3JeKTPOHHOH NpPOBOJHMOCTH
¢ KOHUeHTpauueil goHopoB 2-10% cu—3. Kpusble co 3Haue-
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HHAAMH A, paBHBIMH 7,4 u 2,2-10% cooTBeTcTBYIOT 006pasiam

JABLIDOYHOM NPOBOAHMOCTH C TAaKOH Xe KOHLEHTpalHeH ak-

LenTopoB. BuAHO, uTO BO3pacTaHHe BeJMUYHHBI A HaH A7,
G, mamo/a
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Puc. 5.1. 3aBHCHMOCTb NOBePXHOCTHOH NPOBOJHMOCTH OT MOBEPXHOCTHOTO 3JEKTPO-
CTaTHuYeCKOro MoTeHlHaka AJsd o6pa3uos MA-THNA H P-THNA IPH ABYX DA3HbIX TeMIe-
partypax. a) T =300 °K; 6) T =200 °K.

06yc/oB/IeHHOe B JAaHHOM cJyyae MOHHXKEeHHeM TeMImepary-
pbl (A = po/ni = ni/n,), NPHUBOAHT K CMELIEHHIO MHHHMyMa
MOBEPXHOCTHOH NpPOBOAHMOCTH B CTOPOHY OO/bLIMX 3Haue-
#U# MOBEPXHOCTHOTO 3J1eKTPOCTATHUECKOTO TNOTEeHUHAana H
o6l1eMy pacIIHpeHHIO KPHBBIX.

ToT e oOUIMA pe3yJbTaT, pasyMmeeTcs, AaeT H H3MeHe-
HHe BEJHYHHEI A 33 CuUeT BO3pacTaHHsl KOHLEHTPaLUHH HOHHU-
30BaHHBIX npuMecell. Ha puc. 5.2 mpuBeneHo ceMeHcTBO Teo-
peTHYEeCKHX KDHBBHIX [/ cepHH 00pasloB repMaHHs 3JeK-
TPOHHOH MpPOBOJAMMOCTH C pa3JMYHbIMH 3HaUeHHSIMH napa-
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merpa A mpu 300°K. OrmeTHM, BO H3GekaHHe Henopasy-
MeHH#, UTO BeJHYHHA A BCe Xe He ONpelessieT OMHO3HAYHO
KPHBYIO NOBEPXHOCTHOH NMPOBOAMMOCTH, NMOCKOJBKY MOCJEN-
HSIS 3aBHCHT H OT BEJIHYHH IOJBHXKHOCTH HOCHTesell 3apsi-
1a, 3aBUCAIIHX OT TeMIepa-
Ty pBL. G, mrmo/o

Jlns  npakTHUecKOro Hc- 50
nosb30BaHUs ropasno ynpob-
Hee KpHBble 3aBUCHMOCTH mo- ¥
BEPXHOCTHOII TPOBOAHMOCTH OT
3apsja B cJoe npocTpaHcTed- ¥
Horo 3apana. [TocTpoenune Ta- i\ o\ \oz \a-05

o

KHX KDHBBIX He NpeJcTaBJseT
0cOGHLIX TPyAHOCTeH, NMOCKOJb-

Ky BeJIMYMHA H 3HAK 3apsia B 0

clyyae  NMPOCTPAaHCTBEHHOTO ’

3apsjga OAHO3HAYHO CBf3aHbI

C NOBEPXHOCTHBIM 3J€KTpocTa- /|

THYECKHM MOTEHLHAJOM COOT- amr

Homenuem (2.21) wam (5.6). _,0, |
Hse mnomoGHble KpHBLIE NJ4 “B-B-W-6-6-4-2 02 46
06paslos n-repMaHus MpHBe- Is. 60 kijg

geHbl Ha puc. 5.3. Kpusble,

Puc. 5.2. 3aBHCHMOCTb NOBePXHOCTHOH
pasymMmeeTcs, TOXKe€ HMEIOT MH-  nposomuMoctn oT Yg nas cepuu 06pas-
HUMYMBl, OIHAKO, HECKOJbKO 108 n-repmanus npu T =300 °K.
OT/IMYAIOTCA MO (opMe OT KpH-

BbIX pHC. 5.2 BcaeACTBHE HEeTHHEHHOCTH CBSI3H MeXAY Qup. sap
1 Ys. B uacTHOCTH, npH GOJbIINX H3OBITKAX 3J1€KTPOHOB HJIH
IBIPOK B NPHIOBEPXHOCTHOM CJIO€ CBSI3b MeX/]y IOBEePXHOCT-
HOH nmpoBoauMocTbi0 Gg M 3apsiiOM B C/10€ NPOCTPaHCTBEH-
Horo 3apsna Qup. sap CTAHOBUTCS JIMHEHHOH, MOCKOMBKY U Gg
H Qup.sap ONpelpesloTC BeJHYMHOH H3OGLITKA 3JEKTPOHOB
Had AbpoK. COOTBETCTBEHHO, HAKJIOHBI BeTBeHl KPHBBIX MO-
BEPXHOCTHOH NPOBOXMMOCTH NPH OOJBUIMX €€ 3HAYEHHSX
paBHbl MOABHXXHOCTH 3JIEKTPOHOB /151 OLHON H NOABHXHOCTH
INBIPpOK 1Js Apyroii BeTBH. [Ipu pacueTe KpHBEIX puc. 5.3,
TaK e KaK U pHUC. 5.2, 3HaueHHs NMOJBHIKHOCTeH 3/71€KTPOHOB
H ABIPOK B NMPHIIOBEPXHOCTHOM CJIO€ OBbIIH B3SITHl PaBHBIMU
00'bEMHBIM.

B neficTBUTENLHOCTH, KaK ObLIO OTMEUEHO B CAMOM Haua-
Je 3TOro naparpada, NMOABHKHOCTH HOCHTeJeH 3apsna B
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[PUTIOBEPXHOCTHOM CJIOe MOTYT OTJIHYaTbCA OT COOTBET-
CTBYIOLIMX 3HaueHHH B 06beMe MOJyNnpOBOAHHKA. [IpHunHO#
3TOro siBJIsIeTC TO OOCTOSITENBCTBO, YTO CaMa MOBEPXHOCTb
MOJIYNPOBOAHHKA TpejcTaBJ/seT co60f AOMONHHTENbHBIN HC-
TOUHHK paccesiHHsl HOCHTeJleHl 3apsfa.

[TepBasi moONmbITKa TEOPETHYECKOrO pacueTa BJHMAHHA IO-
BEpPXHOCTHOTrO paccesHusi Oblia BuinojHeHa k. Ulpudde-
poM [27] npH npeAnOJIOKeHUAX 0 NOJHOCTbIO AU dYy3HOM ero

By, mmof o
zj -
S
't/
=25 0 55, J
0/,;0.”/7'/”5’.4”’/”’:
-25t

Puc. 5.3. 3aBHCUMOCTb NOBEPXHOCTHOH NPOBOAH-

MOCTH OT 3apsiia B CJioé NPOCTPAaHCTBEHHOTO 3a-

pAaga Aaas  ABYX oGpan,uOoa n-repMaHusl  NpH
=30

XapakTepe, MOCTOSIHCTBe BpeMeHH peJakcauuu u cdepuu-
HOCTH H303HepreTHUYeCKHX ImoBepxHocTell. Metox pacuera
OBI1 OCHOBAH Ha pacCMOTpPeHHH M36hITOYHOTO TOKa B 06pas-
e, 06YyC/IOBJEHHOr0 Ha/JHYHeM MPHINOBEPXHOCTHHIX H3OHIT-
KOB HOcHTesell 3apsiza. Peaysnbrar pacuera Obla MOJyueH
B BH/J€ NOCTATOYHO CJOKHOTO ABOHHOTO HMHTErpaJsa, KOTOpHIH
He GepeTcsl aHAJHUTHYECKH M JOJ2KEH PacCUMTHIBATHCA YHC-
JgeqHo. IlonyueHHble NpH 3TOM HCIpaBJeHHble 3HauyeRHs
[IOBEPXHOCTHOH MpPOBOJUMOCTH MOKa3aHBl Ha puc. 5.1 myHk-
THpHBIMH JNHHHAMH. Kak ciaefyeT H3 comocraB/ieHHS! KpH-
BbIX, BJIMSIHHE [I0BEPXHOCTHOIO paccesiHusl OTYETJIHBO BHIHO,
ocob6eHHO npH GoJbIIHX aGCOMIOTHBIX 3HAaueHHAX Ys, onHa-
KO He NPUBOJAHT K CKOJIbKO-HHOYIb NMPHHLUUNHAJIbHEIM H3Me-
HeHHsIM Buaa 3aBucumoctell Gg oT Ys. CooTBeTCTBEHHO,
NPUHUMIHANbHBIX H3MeHeHHH He OyJdeT U B 3aBUCHMOCTH OT
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MPHUIIOBEPXHOCTHOTO MPOCTPAHCTBEHHOro 3apsaga (puc.5.3)
Hanee Mbl yBUIMM, UTO OXHH H3 BaXKHeHIIHX MeTONOB
HCCJIeI0BAHUSA SHEPreTHYECKOro CHeKTpa MOBEpXHOCTHBIX CO-
CTOSIHMA OCHOBAH Ha CPaBHEHHH TeOPETHUYECKH pacCyHTaH-
HBIX H 3KCTIEPUMEHTa/JbHO NMOJYyUeHHBbIX KPHBBIX NMOBEPXHOCT-
Ho#t mpoBoauMOcTH. OUeBHAHO, YTO TOYHOCTb H OMNpeaeseH-
HOCTb NOJIyyaeMoll NpH 3TOM HH(MOpPMaLHUH CyLIeCTBEHHO 3a-
BHCAT OT HAJeXHOCTH AAHHBIX O MOJBHKHOCTH HOCHTeJeH
3apsiia B NPHUMNOBEPXHOCTHOH 006/1aCTH, HCMOJb3YyeMBIX MpH
pacueTe TeOpeTHYECKHX KPHMBbIX. B TO e Bpemsi B pacyeTe
Ix. lpuddepa, a TakKe U B NOCAeAyOIHX aHAJOTHUHBIX
pa6oTax, H3 KOTOpHIX HaHOOJiee MOJHOH H MmOC/eNOBaTellb-
HOll sBJsieTca pabota [28], ucmosb3oBasca psx ynpollao-
IMX [pPEeAnoJ/oXeHHH, O6OCHOBAHHOCTb KOTODHIX MOXKeT
GbIThb NOATBEpXKJeHA TOJbKO MPSIMBIM CpaBHEHHEM C 3JKCIle-
puMentoM. Ilpuunna Takoro moJioxKeHHs Jesl 3aKJaiodaeTcs
B CJIOXKHOCTH ¥ HEeJJOCTATOYHOH pa3paGOoTaHHOCTH TEODHH I0-
BEPXHOCTHOTO pacCesiHHA, 4TO ellle ycyry6./serca HemoJHo-
TOM HMEIOIUXCS CBeleHHHl O XapakKTepe ONpeAessIOLIHX ero
(hH3HYECKHX MPOLEeCCOB.

Beuay creuudHyHOCTH 3TOi Npo6JeMbl MbI OrPaHHYHM-
CA B 9TOM pasjiesie KHUTH JHIIb YKa3aHHeM Ha ee BaXKHOCTh
M BHOBb BepHeMcs K Heil B rsaBe IV, rge oxa Gyzaer uaJjo-
JKeHa CcO BCeil BO3MOXKHOII B HacTosllllee BpeMsl [IOJHOTOH.

Heo6xoauMmo ellle pa3 MOAYEPKHYTb B 3aKJIOUEHHe, 4TO
BeipaxeHnne (5.9) Ans NoBepXHOCTHOIl MPOBOAMMOCTH COOT-
BETCTBYeT PABHOBECHBIM HJIH KBa3HPABHOBECHBIM YCJIOBHSAM,
KOrJla H3MeHeHHsl KOHLeNTpauui HocuTe/ell 3apsiia B o6eux
30HaX YCIeBAIOT CJel0BaTh 33 H3MeHEeHUSIMH MOBEpPXHOCT-
HOTO 3JIeKTpocTaTHyecKoro noreHnuasna. CoorHowenue (5.8)
COOTBETCTBYET HEPABHOBECHBIM, HO CTAlHOHapHLIM YCJOBH-
M, KOTJ1a KOHIEHTpalluH HOCHTesell 3apsiia B 30HaX TaKxe.
OHO3HAYHO ONpeJeNsdIOTCs 3HAaueHHEeM MOBepPXHOCTHOTO
3JIEKTPOCTATHUECKOTO MOTeHIHANMa Yg U YPOBHS HHBEKLHY
B o6beMe noJsynpoBoiHHka 8. IIpn 3ToM caMu 3HaueHHs
YPOBHSl MHDBEKIHH NpeAronaraloTcs He 3aBHCAUIMUMH OT Vs.
Kak 6yner BHAHO pnaJjee, HOC/IeiHee YCJOBHe BechbMa He-
MPOCTO OCYIUEeCTBUTb TNpaKTHYeCKH. Bo BCcAKOM cayuae, OHO
OTHIOIb He COOTBETCTBYET MOCTOSIHCTBY CKOPOCTH TeHepalHH
H3OLITOYHEIX HOCHTeJIell 3apsijia, BHe 3aBUCHMOCTH OT 3Haue-
HHII MOBEPXHOCTHOTO 3J€KTPOCTaTHYECKOro noTeHIHaJa.
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§ 6. MMoBepxHOCTHBIN 3aXBAT U PEKOMGUHALHUS
B CTAlMOHAPHBIX YCJOBHAIX

a) [MpeaBapurenbHble 3amedaHud. [lpexie Bcero, oue-
BHIHO, HEOOXOAUMO OMpeieJHTh OCHOBHbIe MOHATHS H COOT-
BeTCTBYIOLI[He HM TepMHHbL. [locienHee 0COGEHHO BaXKHO
[IOTOMY, YTO eJHHasi TepMHHOJIOTHSI B ONHCAHHH pPeKOMGH-
HaAlHOHHBIX MPOLIECCOB He BIOJHE YCTOssach H, 3aya-
CTyIO, OLHM H Te »Xe TePMHHBI MCIIONB3YIOTCS pAa3HEIMU
aBTOpaMH [Jisi 0003HAYeHHs NPHHIHUNHANLHO pPas3IHUYHBIX
SIBJIEHHUH.

[TepBHYHBIM aKTOM B mpoleccax peKoMOGHHALHY H 3aXBa-
Ta MOCPeNCTBOM Ae(eKTOB fBJISAETCS IAEMEHTAPHOLLL aKT 3a-
xeara. OH 3akJjioyaeTc BO B3aHMOJEHCTBHH 3JIeKTpOHA
30HBI IPOBOAMMOCTH HJIM ALIDKH BaJIeHTHOH 30HBI C fedek-
TOM CTPYKTYpBI, B pe3yJibTaTe KOTOPOLO 3JeKTPOH (HJIH AbIp-
Ka) MOKH[IAeT CBOIO 30HY H OKa3blBaeTcd CBSI3aHHBIM Ha
stoM nmedekre. Ilpu ¢QeHoMeHOsIOTHUECKOM OMHMCAHHH HeT
He0GXOAHMOCTH B 0643aTeIbHOM PacCMOTPEHHH CaMOro Me-
XaHH3Ma aKTa 3axBaTa. fIBjeHHe MOXKeT OBbITb MOJHOCTHIO
OMHCAHO NyTeM BBeJeHHs (heHOMEHOJIOTHYECKOH KOHCTaHTHI,
UMeHyeMoll 3gpexTusnoim cewenuem 3axseara. Ilpoussene-
Hue H3 3(PQeKTHBHOrO ceuyeHHs 3axBaTa 3JEKTPOHA Oy
Ha CPelHIOI0 TelJIOBYIO CKOPOCTb 3JIEKTPOHA HaeT 8epoAr-
HOCTb 3aX8ara IAEKTPOHA B €IHHHULY BPEeMEHH MNYCThIM
gepeKToM on,. TOYHO Tak »Ke MNpOU3BedeHHe H3 3bdek-
TUBHOTO CeueHMs 3axBaTa [bIPKH O, Ha CpPeIHIO Tell-
JIOBYIO CKOPOCTb JABIPKH [LaeT 8epOATHOCTb 3axeara Obipku
B eIMHHLY BpeMeHH Ae(eKTOM, 3aHATHIM 3JEKTPOHOM olp.
dBnendem, oO6paTHBIM aKTy 3axBaTa, SIBJsAETCS aKT Tento-
8020 8bl6poca IAeKTpoHa (MMM ABIPKH) H3 nedeKTa B CBOIO
30HY.

[Ton «mpoueccoM 3axBaTa», «NPOLECCOM MPUJIHIIAHHS
HJM MPOCTO «3aXBaTOM» MOJApas3yMeBaeTcs Mpolecc ycTa-
HOBJIEHHS] PABHOBECHO20 UAL KBA3UPABHOBECHO20 3ANOAHE-
HeHus NeeKTOB CTPYKTYpbl 3JeKTPOHAaMH HJH IbIPKaMH
Camu 3TH HedeKThl HUMEHYIOTCA B 3TOM cCJyyae yenTpamu
3axsara, a OTJHYHTENbHOH YepTOH TaKoro mnpolecca fB-
JsleTCsi B3aHMOAEHCTBHe LEHTPOB C HOCHTeJSIMH 3apsija
TOAbKO 00HOU u3 30H. [l OMHMCaHHs INpollecca 3axBaTa
LLeHTpaMH NAHHOTrO THNA, KaK Mbl YBHAMM JaJee, A0CTaTOy-
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HO 3HATb TOJbKO TPH NapaMeTpa LEHTPOB: UX KOHLEHTpa-
uuio N;, 5HepreTHuYecKoe IOJIOKEeHHe COOTBETCTBYIOIHX UM
ypoBHe#l B 3anpelleHHoi 30He E; m ceueHHe 3aXBaTa HOCH-
Tesefl 3apsiia, ¢ KOTOPBIMH B3aHMOAEHCTBYIOT LEHTPHL, T. €.
On L7151 3JIeKTPOHOB 30HBI IPOBOJMMOCTH HJH Op M bl
POK BaJIeHTHOH 30HBL. B COOTBETCTBHH CO CKa3aHHBIM MOX-
HO TOBOPHTb O WEHTPax 3axeara 3AeKTPOHO8 W UYEHTpax
3axeara Obipox (puc. 6.1).

ITpuHnunuanbHOl 0COGEHHOCTBIO Mpolecca peKoMOHHA-
UMM nocpeacTBOM JedeKTOB sABJfAeTC B3aHMoJeHCTBHe

£,
Ko ¢
@ Pr @, \ﬁ”
Ez‘ 3070 \ £
E pen
taazd a,
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Puc. 6.1. OcHoBHble npouecchl, CBA3aHHbIE C 3aXBATOM
M peKoMmG6GHHalHel mocpencTBoM jJedeKToB.

00H020 u TO20 oe Oegpexta ¢ Hocureaamu 3apsada obeux
30H — NPOBOAMMOCTH M BaJeHTHOH. COOTBETCTBEHHO, aKT
pPEeKOMOHHALUHMH CKJaAblBaeTCsi M3 JABYX MOCJe40BaTe/bHO
MPOTEKAIOLIHX aKTOB 3aXBaTa: 3aXxBaTa 3/eKTPOHA H3 30HBI
MPOBOAMMOCTH H 3axBaTa AbIDKH H3 BaJleHTHOH 30HbL [lo-
C/IefIOBATE/NBHOCTh AKTOB 3aXBaTa 3aBHCHT OT HCXOMHOTO
COCTOSIHHSI LleHTpa peKOMOHHALHH, T. €. OT TOrO, 3aHAT Jd
OH 3JIEKTPOHOM HJH cBoGojeH. B mpocreiimeM cayuyae pe-
KOMGMHALIHOHHBI I[EHTP MOXeT HAXOAUTbCS B OJHOM H3
IBYX COCTOSIHHH: HeHTpa/ibHOM HJIH OJHOKPATHO 3apsiKeH-
HoM. IIpH 5TOM ero 3apsioBOe COCTOSIHHE H3MeHsleTcs B
X0Je aKTa peKOMOMHALHUM MO ONHOH H3 CJeLYyIOLIHX YeThl-
pex cxem: 1) 0, —g, 0; 2) —¢q, 0, —q; 3) 0, +aq. 0
4) +g¢, 0, +¢, Bo3Bpamasch K HCXOAHOMY INpH 3aBeplile-
HHH aKTa peKOMOGHHAIIMH.

PekoMOHHALHOHHEIA Ipollecc MOCPEeICTBOM TaKHX IIpoO-
CTBIX LEHTPOB ONHCHIBAETCA YEeTHIPbMS HX [apaMeTpaMu:
KOHIleHTpalliell peKOMOHHALMOHHBIX LeHTpoB N 3Hepre-
THYECKHM [0JI0XKEHHEM COOTBETCTBYIOLIETO MM YpDOBHSI B
3anpelleHHONH 30He €& = E;—E; W [OBYMS CeUYeHUAMH
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3axsara VI 3JEKTPOHOB 30HHI NPOBOAHMOCTH Gp H
JbIPOK BaJIeHTHOH 30HBI Op.

H3BecTHbl HeKOTOpble npumecn (sonoTo, Meab, HHKeJb,
)Keje30), fawolive o0beMHble PeKOMOHHALHOHHbIE LEHTPBI
B repMaHHH M KPeMHHH, KOTOpble MOTYT HaXOAHThCS B He-
CKOJIbKUX 3apALOBBIX COCTOSIHMSIX, Hampumep, ObITb M0JO-
XKHTEJbHO 3apsXKeHHbIMH, HeHTpaJbHbIMHM, OLHOKPATHO H
ABYKPaTHO OTpPHLATeNbHO 3apsKeHHbIMH. TakHM npHMecsiM
COOTBETCTBYeT llesas CHCTeMa 3HepreTHYeCKHX YpoBHeil
B 3anpelleHHOH 30He 3Heprufl KpHCTasJja, BCe HJAH 4acTb
KOTOPbIX MOFYT ObITb pPeKOMOHHALHOHHbIMH. Pa3Hble ypos-
HM TakKHMX LleHTPOB MOrYT B NpHHIHIE OJHOBPeMEHHO, XOTH
U He He3aBHCHMO, NMPHHUMATb yuyacTHe B IIpollecce PeKOM-
6uHauuu. B 3TOM ciyyae akT peKoMOuHAlUMH MOCPELCTBOM
JlaHHOTO YpPOBHSl TaKXKe MOXeT CYHTATbCA 3aBeplIeHHbIM
TOJILKO TOrAa, KOT[a COCTOSIHHe 3aMNoJIHEHHS ero 3JeKTpo-
HOM BepHYJOCHb K HCXOJLHOMY.

Hapsany c pekomOGuHauuell nocpeacTBOM JIOKaJH30BaH-
HbIX Ae(eKToB, B MOJNYNPOBOAHHKAX BCeria HMeeT MecCTo,
a B psile cayyaeB M HrpaeTr ONpele]sIOUlyl0 POJb, MpsiMas
pekoMOHHalHA 30Ha — 30Ha. [lapameTpbl, onucChiBaloUlHe
pekoMOHHALMIO 3TOrO THIA, PA3JjHYHbLl [Jf Pa3HbIX ee Me-
XaHM3MOB, HO, B OT/IHYHe OT peKoMOHHALHUHM MOCPeACTBOM
nedeKToB, CBA3aHBI C OCHOBHBIMH XapaKTepHCTHKaMH KpH-
cTa/ia TOoJynpoBOAHHKA. Mbl He 6yleM OCTaHaBJHBAThCs
Ha pacCMOTPEHHH 3TOro cJaydyas peKOMOHHAUMH, TaK Kak
€ro yuacTHe B INOBEPXHOCTHBIX fIBJIEHHAX 10 CHX I[Op He
J0Ka3aHo.

B ycioBHAX TepMOJHHAMHYECKOTO paBHOBECHS TenA08as
eeHepayus Hocuteaeli 3apada YpasHOG6eULUBAETCA UxX pe-
Kombunayueti, a Tenaosvle 8uibpocet — 3axsaramu. B pe-
3yJbTaTe B 30HaX YCTaHaBJHBAIOTCA PaBHOBECHble KOHIIEHT-
palHu 3JeKTPOHOB Mo H ABIPOK Po, @ YPOBHH 3aXBaTa M pe-
KOMOHHAIHH HMeIOT paBHOBECHYIO CTelleHb 3aloJIHeHHS.
Kak wu3BecTHo, H paBHOBecHble KOHIEHTPAlHH B 30HaXx, H
CTeMeHb 3aMOJIHEHHs JIOKaJbHbIX ypOBHell MOryT ObITh OXa-
pakTepu30BaHbl ONHOH BeJHUYHHOH — NoAOKNCeHuem pasHo-
8ecto20 yposra Pepmu. JTo xKe yTBePKAeHHe MOXKHO cdop-
MyJHpOBaTh H HHaue: NOAONEHUE pPABHOBECHO20 YPOBHSA
cbepmu 8 IJHepeeTuxecKol 30He Kpucraiia onpede/merc;z
8ceil COBOKYNHOCTBLIO IHEP2eTUdecKux yp.oexetl, Kax 8xo0s-
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wux 8 30HbL, TaK U AOKAAbHbIX. [10BEpXHOCTHBIE YPOBHH
[IPH 3TOM OeHCTBYIOT BIOJIHE aHAJOTHYHO OOBEMHBIM.

OueBHHO, YTO NOBEPXHOCTHble YPOBHH KaK peKOMOHHA-
I[HOHHblE, TaK H YPOBHHM 3aXBaTa IIpU ONpefeNeHHBIX YCJ0-
BUAX OyAyT HMrpaTh 3HAUHTe/]bHYIO poJib H B HepasHosec-
HbLX TIpolleccax, MpOTeKaloIHX B MoJaynpoBofHHKe. Ecan
NOJYNPOBOJHHK B TeueHHe [JIHTEJbHOTO BpPEMEHH MOABep-
raercss BO3JeHCTBHIO KaKOro-iu60 HOHH3youlero ¢akropa,
TO OONnOAHUTEAbHGA TeHepals HocuTesnell 3apsaa Oyaer
ypaBHOBeUIMBATbCA U OONOAHUTEAbHOU peKoMOHUHALHUel,
B KOTOPOH OMNpejesieHHYIO pOJb OYyAyT MrpaTh NMOBEPXHOCT-
Hble LeHTPel pekoMOGHHauuU. KBasupaBHOBecHe TOTAa ycTa-
HOBHUTCSI NpPH MNOBBIIIEHHBIX 3HAUEHHSIX KOHIEHTPaUUH HOCH-
Teqell 3apsjga B 30HAX, XapaKTepH3yeMbIX KBa3HYypPOBHSMH
®epMH, a TaKXKe H3MEHHTCl W 3aloJiHeHHe IeHTpPOB 3a-
XBaTa U peKOMOHHAIHM, KaK 00beMHBIX, TaK H NOBEPXHO-
CTHBIX.

HakoHell, noBepXHOCTHblE LeHTPbl peKOMOHHAUHUH H 3a-
XBaTa, Hapsny ¢ 0OGbeMHBIMH, OYAYT OMpenensiTb H pejak-
CallHOHHBble TPOLECChl MpPH YCTAHOBJEHHH KBa3HpaBHO-
BeCHsl BCJIe[CTBHe BKJIIOUEHHS HOHH3ylollero (akropa HJH
BO3BpallleHHs] K pPaBHOBECHOMY COCTOSIHHIO NpDH €ero Bbi-
KJIIOUEHHH.

Camasa rpy6as oOueHKa pOJIH M[OBEPXHOCTHBIX LEHTPOB
peKOMOMHAllHM W 3aXBaTa BO BCeX 3THX INpoleccax MOXeT
OBITH MOJIyueHa MYyTeM COMOCTABJEHHS CyMMapHBIX KOJIH-
yecTB 00'beMHBIX M NMOPEPXHOCTHBIX IeHTPOB B ofpasle.

Tak, HanpHUMep, NPH KOHILEHTpAalLHH 0O0beMHBIX LEHTPOB
pekom6uHauuu mopsinka 10'2 ¢u~3 W MOBEpPXHOCTHBIX — IIO-
paaka 10'° cu~2 cienyer oXumaTh, YTO pPOJb TeX M APYrHX
OGyleT CpaBHHMa NMpPH TOJUMHAX o6pa3ia nopsaka AecAThX
nonei muianuMerpa. OQHaKO Takas OlleHKa, KOHeYHo, siB-
aAsieTcsl BeCbMa NPHOJNU3HUTE/bHOH, XOTA OBl yXKe MNOTOMY,
YTO NpPH [JaHHBIX 3HAauyeHHsX [apaMeTpPOB IOBEPXHOCTHBIX
IIeHTPOB peKOMOHHAUHMHM M 3axBaTa HX 3(P¢eKTHBHOCTb CY-
IIECTBEHHO 3aBHCHT OT H3MEHSIOIHXCS YCJOBHH Ha MOBepX-
HOCTH MOJYNPOBOJHHKA.

Ha mnepBbifl B3ryisgi MoXeT MoKa3aThCs, 4TO NOBEPXHO-
CTHBIe LEHTPbl paboTaldT B OCOOBIX YCJIOBHAX BCJeICTBHE
crelMPUYHOCTH MX JOKanuszauuu. [leHicTBHTeNBHO, B Teo-
pun 06beMHOH pekoMOGHHauUUH IHGPGY3HS HepaBHOBECHBIX

3 A. B, Pxanos
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HOCHTeJeHl 3apsAia K LeHTpaM peKoMOIHAUMH OOGLIYHO He
paccmaTpuBaeTcss B KauecTBe (aKTopa, OrpaHHUYMBAIOILEro
CKOpPOCTb peKOMOHHAIHH, BO BCSIKOM cJyyae, IPH paBHO-
MEpHOH reHepallMH H3OLITOYHBIX HOCHTesell 3apsina. Ilpu
MOBEPXHOCTHOH peKOMOHHAUMH BO3MOXKHBI CJydyaH, KOTaa
MPaKTHYeCKH DeaJsIH3ylollleecss KOJHYECTBO AKTOB PeKOMOGH-
HalHH NOCPeACTBOM [1OBEPXHOCTHEIX LEHTPOB ONpefeJisieTcs
He HX CIOCOGHOCTbIO OCYLIECTBJISITH 3TH aKThl, 8 CKOPOCTbIO
6unonsapHoil AM(GYy3HH nap HepaBHOBECHBIX HOcCHTeJsefl 3a-
psla U3 o6beMa NOJYNPOBOLHHKA K ero INOBEpXHOCTH.

Bonee BHHMaTesbHOe HCC/Ie1OBaHHe BONpOCa MOKa3bl-
BaeT, OJHAaKO, UTO 3TO pasjHuHe He ABJSAETCA CTCOJIb YXK
NpHHUHMNHANBHEIM. Bunonsipuas aud@y3us H3OBITOUHEIX HO-
cHTesel 3apsifa urpaer GOJbLIYIO POJb H B ClIyyae 00BeM-
HOH peKoMOMHALHH, NDH HepaBHOMEepHOH reHepallH H306BI-
TOYHBIX HOCHTesleH 3apsiza B moaynpoBoxHuke. C npyroifi
CTOPOHbBI, OHa MOXeT He HMeTb CKOJIbKO-HHOYAb CyIlleCTBeH-
HOTO 3HayeHHs B cJyyae mnpeo6Jiafl@HHS MOBEPXHOCTHOMH
peKOMOHHALMH, NPH reHepauMH M3GLITOYHBEIX HOCHTeJeH 3a-
psiia Ha TOH XKe MOBEPXHOCTH MOJYNPOBOJHHKA. Takum 06-
pasoM, poab OunoaspHoit AHDGY3HH onpenensieTcss He
CTOJIBKO XapaKTepoOM caMoOro mpoliecca peKOMOGHHAUHH, MO-
BEPXHOCTHOIO HJH OOBEMHOrO, CKOJBKO COOTHOLIEHHEeM
MexAy NPOCTPAHCTBEHHOH JIOKaJH3allMell aKTOB reHepallHH
1 peKOMOGHHALHUH.

B 3akaioueHue 3TOro pasjeja OCTaHOBHMCH Ha ORHOM
BOMpOcCe, BeCbMa CMeUH(GHYHOM [JIsl MOBEPXHOCTH IOJYIPO-
BOJHHKA, HAXOASLIErocs B CTALUHOHAPHLIX HEPaBHOBECHHIX
ycaoBuax. [1pu pelreHuH uesoro psjaa sanay BO3HUKAaeT He-
0GXOMMMOCTh B pasjesieHHH KOHLeHTpaluil HocHTesJeH 3a-
psila Ha paABHOBECHYI0O H HepaBHOBecHyl0 uacTH. Korza
nono6GHass omepauus NPOU3BOAUTCA C OObeMHBIMH KOHLEH-
TpalUsIMH, pPABHOBeCHble YacCTH KOHLEHTPalHi HOCHTeJei
sapsiga, pa3yMeeTrcsi, IPHHHMAIOTCS PAaBHBIMH TeM, KOTOpbie
OblH B IMOJYNPOBOZHHKE B OTCYTCTBHe MOMOJHHTE/IbHOH
reHepalyu, T. €. BeJHYHHAMH, KOTOpble MBI TOBCIOLY B
KHHre o603HauyaeM ng U po. Ilpu 3TOM HX TepMOJHHaMHYe-
CKOe paBHOBeCHe ONpeJe/sieTcss YCJIOBHEM A p, = Hi.

B cayuae MOBepXHOCTHBIX KOHIEHTPALHA AeN0 O06CTOHT
HeckosnbKo cyoxHee. [losHble MOBepXHOCTHBIE KOHIIEHTpa-
LMK MOTyT GbITh, KOHEYHO, pasjiOoKeHbl Ha paBHOBECHbIE H
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HepaBHOBeCHble YacTH (HOpMa/sbHO BIOJHE AHAJOTHYHBIM
crnoco6oM:
ns=ng + Ang, ps=pso+ Aps, (6.1)

— pn2
TaK, utobbl OBUIO g pg = N3, T. €. C06JI04aN0Ch YC/IOBHE

TepMOAHHAMHYeCKOT0 paBHOBecHs. OZHAKO 3TH KOHLEHTpa-
LLHH MOTYT He ObITE PaBHBIMH COOTBETCTBYIOUIHM MOBepXHO-
CTHBIM KOHLEHTpalHUsiM B TePMOAMHAMHUYECKH paBHOBECHBIX
YC/JIOBHAX, T. €. 0 BKJIOUEHHS JONOJHHTEJbHOH reHepalHH.
IIpnunHa 3THX pas3nMYMil 3akjJloyaeTcss B TOM, YTO CaMo
HanH4YHe HepaBHOBECHBIX HOCHTesell 3apsiia B MOJYNPOBOJ-
HHKe NMPHBOAHT K M3MeHEHHIO MOBEPXHOCTHOIO 3J1eKTpOCTa-
THYECKOrO MOTeHUHasa. DTO H3MeHeHHe, YyKe paccMaTpH-
BaBlleecss HaMH B § 4 nns cayuas ¢oroBo36yxaeHHS,
MOXKeT TNPOUCXOAHTb B CHJIY ABYX (PURHUYECKH pPa3JHYHBIX
siBneHHH. Bo-nepBrIX, BCaeACTBHE NMPHUCYTCTBUS HepaBHOBeEC-
HbIX HOCHTe/NeH 3apsiia B NpPUINOBEPXHOCTHOM CJIOe TMpO-
CTPAHCTBEHHOTO 3apsna H, BO-BTOPHIX, BCJEJCTBHEe 3axBaTa
HepaBHOBECHBIX HOCHTeJIell 3apsia Ha NOBEPXHOCTHEIE YPOB-
HH, U CJeJ0BaTeJbHO, H3MeHeHHs] MOBEPXHOCTHOTO 3apsia.

$IBneHNe HepaBHOBECHOTO MOBEPXHOCTHOIO 3axBaTa MBI
nogpo6Ho OyaeM paccMaTpuBaTh B CJelylollleM pa3sjese
ytoro naparpada. OnHako B psifie CAydyaeB 3THM siBJeHHEM
MOMKHO NpeHeOpeyb M CUHTATh, UYTO MOBEPXHOCTHHIH 3apsn
ocTaercsl HEH3MEHHBIM H NIPH MOSIBJIEHHH H3OGBITOYHBIX HOCH-
tesnell 3apana B o6pasue. IIpH 3TOM NMOBepPXHOCTHBHIHA 3JeK-
TPOCTaTHYECKHH MOTeHLUHAJ B MPHCYTCTBHH HU3OLITOUHBIX HO-
cuteneil 3apsfga OyaeT yMeHbLIATbCA MO CPaBHEHHIO CO
CBOHM PaBHOBeCHbIM 3HaueHHEeM:

YS= YSO—AYS. (6.2)

B cayuae maJjblXx ypoBHell MHBEKUHH O, H3MeHeHHE IO-
BEPXHOCTHOT'O 3JIEKTPOCTAaTHYECKOr0 NoTeHIHana OblIO MOJy-
ueHo B § 4 B aHanuTHYecKOM BHIe (4.12):

'S0 4 g 7YS0_g
(A~148) eSO~ (A +8)e S04 (A —2")

Ecay HepaBHOBeCHBIM 3aXBaTOM H3GBITOYHBIX HOCHTeNef
3apsila Ha MOBEPXHOCTHbIE COCTOSIHHSI IpeHeGpeub HeJb3fl,
TO [0 OKa3blBaeTCsi 3HAUHTeJbHO CiaoxHee. [Ipn 3ToM
B NPHHLHIE BO3MOXKHO KaK yMeHblLIeHHe, TAK H BO3pacTaHue

AYg=48 (6.3)

3‘



68 SEHOMEHOJIOTHYECKOE OITUCAHHUE [TJ. 1

Ys no cpaBHeHHi0o ¢ Ygo M Jaxe pasinuHe HX 3HAKOB.
Jlnsi pacuera HepaBHOBECHOH BeJIMUHHBI MMOBEPXHOCTHOIO
3JIeKTPOCTATHYECKOr'0 MOTeHIHaj a Ys Heo6X0AHMO 3HATD Na-
paMeTpbl OBEPXHOCTHHIX LIEHTPOB 3aXBaTa, KOTOpble OGBIU-
#0 3apaHee Hen3BecTHH. OfHAKO, B psifie CiyyaeB 3HaueHHE
Ys MoxeT GBITb ONpeeNeH0 SKCIEePHMEHTANbHBIM MIyTeM.

B cuay ckasaHHOro, pasJjioKeHHe NOJHBIX [OBEpPXHO-
CTHBIX KOHLEHTpPalUM# HocuTeJell 3apsia Ha pPaBHOBECHYIO
M HepaBHOBECHYIO YaCcTH MOKeT ObiTb IPOBEJEHO ABYMs pas-
JIMYHBIMH CrOCOGaMH.

MoXHO onpene/NuTh paBHOBECHBIE MOBEPXHOCTHblE KOH-
LeHTPalUMH NPH MOMOUIM COOTHOILIEHHH, HemnocpeiCTBEHHO
BbITeKalomux u3 (2.1), moacraB/sis B HHX TO 3HaueHWe TO-
BEPXHOCTHOTO 3JIEKTPOCTATHYECKOrO MOTeHIHa/aa, KOTOpoe
(haKTHUYeCKH HMeeT MecTo, T. e. CTallHOHapHOe HepaBHOBeC-
Hoe 3HaueHHe Yg:

”so'—"”oeys’ Pso=Poe—yS~ (6.4)
Takoe onpenenenne 0co6eHHO YAOGHO NpPH HaJHYHH MOBEPX-
HOCTHOTO 3aXBaTa, TakK KaK CTallHOHapHOe 3HaueHHe Yg MO-
XKeT ObITb HCIOJb30BAHO [J ONpeeseHHs mapaMeTpoB
MOBEPXHOCTHBIX LIEHTPOB 3aXBaTa, €C/IM HX 3aNojIHEeHHe W3-
MeHsleTcsl.

BTopas BO3MOXKHOCTb 3aKJI04aeTCsi B TAKOM oOlpenele-
HHH PaBHOBECHBIX MOBEPXHOCTHBIX KOHUEHTpauul, 4toGnl
OHH OLIIH PaBHbI OBEPXHOCTHBIM KOHLEHTpAUHSM B OTCYT-
CTBHe LOMOJHHTEJbHOH reHepaluu:

’ —n elSo R ]
ng=nee 5%  pg=pe . (6.5)
B oTcyTcTBHH HepaBHOBECHOTO MOBEPXHOCTHOrO 3aXBaTa H

IPH MaJsbiX YPOBHAX HHDBEKUHH COOTHolleHHe (6.3) mo3Bo-
JISIeT CBf3aTh 3TH BEJHYHHBI:

Rgo = noeys" (1 el AYs) =
Yso , —Yso
7 _ e +e -2
—nso[ =o A~ le¥S0_ppm¥s0 +( =271 ]’
Pso= P 'S () —AYg)=

(6.6)

'S0 4 o 7YS0_o ]

- ps"[ t+o 276 S0 peTYS0 4 (3 —a71)
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Pasnnuyns B onpenesneHHMH pPaBHOBECHBIX MOBEPXHOCTHBIX
KOHI[EHTpalUHH NpHBEAYT, padyMeeTcs, U K pas3HbIM 3Haue-
HHAAIM H30bITOUHBIX KOHLEHTpAUMH NOBEPXHOCTHBIX HOCHTe-
Jgell 3apsaga Ang U Aps. Mbl B nanbHefilieM Bcoony 6ynem
N0Mb30BaTbCs OMpeJeseHHeM pPaBHOBECHOH YacTH MOBepX-
HOCTHB'X KOHLeHTpAUHH HOCHTesNeH 3apsana NOCPeACTBOM
cooTHoweHH# (6.4), T. e. yepe3 neHCTByIOlllee B JaHHBIX
YCJOBHAX CTallMOHapHOe HepaBHOBECHOE 3HAUeHHe MOBepX-
HOCTHOT'O 3JIEKTPOCTATHYECKOTO NMOTEeHLHaNa.

6) 3axBat HOCHTesell 3apsama Ha YPOBHM NOBEPXHO-
CTHBIX LEHTPOB. B COOTBETCTBHH C TeM, YTO FOBOPHJIOCH pa-
Hee, CJIeyeT pas3/jHuaTh TPH CYLIECTBEHHO Pa3HBbIX CHTyalluH
IIpH 3aXBaTe HOCHTeJlell 3apAjla Ha MOBEPXHOCTHbIE YPOBHH.
[Tpexxne Bcero, MOXeT MATH peub O PABHOBECHOM 3axeare,
T. €. O 3aNOJIHEHHH HEKHX LEHTPOB 3JeKTPOHAaMH B paBHO-
BECHHIX YcJoBHsAX. CneuH@HKa MNOBEPXHOCTHBIX 3JIEKTPOH-
HBIX [IPOLECCOB I03BOJISIET INPH 3ITOM OTJIHYATh Caydai
MCTHHHOTO TepMOJHHAMHYECKOTO paBHOBeCHS BO BceH CH-
cTeMe B IeJOM OT BTOPOrO ciydas — K8a3upagHOB8EcHOe20.
[Tog nocnenuuM Mbl OGyfeM NOApa3yMmMeBaTb TaKylo CHTya-
M0, KOrla HOCHTEJH 3apsla B O0eHX 30HAX HaXoAsATCs
B paBHOBECHH, a 3aloJIHeHHe MOBEPXHOCTHHIX ypOBHeH 3a-
XBaTa WJIH HX YaCTH He HAXoO0uTcs B DPABHOBECHH C KOH-
UeHTpPalUsIMH HOCHTeNell 3apsja B COOTBETCTBYIOLIeH 30He.
Hakonen, TpeTbUM cJayuaeMm $IBASieTCS CTallHOHApHBIN He-
pPaBHOBECHbLL 3aX68aT, T. €. 3aLOJHEHHe JICKaJbHEIX YPOBHeH
3axpaTa NPH HAJHYMH H3OLITOUHBIX HOCHTesel 3apsja B 30-
HaxX, 06yCJIOBJIEHHBIX CTALlMOHADHBIM JeHCTBHeM KaKoH-1H60
BHellHeH reHepaluu (NpH OCBelleHHH (POTOAKTHBHEIM CBe-
TOM, OG/JYUYeHHH YacTHLAMH, HHBEKLHH Yyepe3 p — f-Mepexon
HT. ).

[To cyty pnena, JerupoBaHHe MOJYNPOBOAHHKA IyTEM
BBeJIeHHs1 B HEro AOHOPHBIX H aKLEeNTOPHLIX MpHMeceli Mpea-
cTaBJsieT co6oii He UTO MHOe, KaK H3MeHeHHe ero 06beMHBIX
CBOHCTB 3a CUET pasHosecHozo 3axpaTa. [leficTBHTeNbHO,
BBOAA B OO6pasel cOGCTBEHHOH NPOBOAHMOCTH HEKOTOpOe
KOJIMYECTBO JOHOPHBIX HJIH aKIeNTOPHLIX LEHTPOB, Mbl 06ec-
[ieyuBaeM BO3MOXKHOCTb HM3MeHEeHHs PaBHOBECHBIX KOHLEHT-
pauuil HOCHTesNeHl 3apsaja B 30HaX MyTeM 3aXBaTa HOCHTe-
Jeil 3apsiia U3 HHX Ha YDOBHH LEHTPOB HJIH TENJOBOTO
BEIOPOCa W3 YPOBHel UEHTPOB B 30HH. B xoae ycraHoBACHHS



70 SEHOMEHOJIOTHUECKOE ONUCAHUE [T 1

PaBHOBECHOTO COCTOSIHMS LEHTPHl KaJIOoro THma B3a-
MMOJEHCTBYIOT CO «CBOMMH» 30HaMH (OGBIYHO [TOHOPBI —
C 30HOH MPOBOAHMOCTH, a AaKIENTOPH — C BaJeHTHOH 30-
HOH) BIJIOTb 0O YCTAHOBJIEHHs] AHHAMHYECKOTO PaBHOBECHs
MeXJy aKTaMH 3aXBaTa H3 COOTBETCTBYIOLLeH 30HB Ha ypo-
BeHb LEHTPa M aKTaMH TelIoBOro BhEI6pOCa M3 YPOBHS
B 30Hy. Kpome Toro, ycraHaB/HBaeTcsi paBHOBeCHe MeXAy
HOCHTE/ISIMM 3apsifa B 30HAX, T. €. MEXIY 3JeKTPOHaMH
30HBEI IPOBOJAMMOCTH H ABIPKaMH BaJeHTHOH 30HHL. [Iponecc
yCTaHOBJIEHHS] 3TOrO DaBHOBECHsl 3aKJ/ioYaeTcsl B BbIpAaBHH-
BaHHH KOJIHYECTB AaKTOB TeNJIOBOH TreHepalUMH map 3JeK-
TPOH — ABIPKA H aKTOB PeKOMOHHAIHH 3THX Map B €IHHHIY
BPEMEHH B elHHHLe 06beMa MONYNpPOBOLHHKA.

PaBHOBecHOe COCTOsIHME XapaKTepHayeTcsl OJHOBpeMeH-
HEIM YIOBJIETBOPEHHEM IBYX TpeOOBaHHI: 3JeKTpHUYECKON
HeATpPaJbHOCTH, KOTOPOE 3aMHChIBAaeTCsl B BHIE PaBEHCTBA:

Np—Ng=ny=p,, (6.7)

rie Np 0 N4 — KOHIEHTpAuHH HOHU30BAHHEIX JIOHOPOB H
aKILeNTOpOB; H PaBHOBeCHS MeXIy KOHLEHTPALHSMH HOCH-
TeJlefl 3apsila B 30HAX:

nyp, = n2, (6.8)

IMockonbky Benuuunel n?, Np u N4 CuHTalOTCs M3BeCT-

HBIMH, 3THX IBYX ypaBHeHHH NOCTAaTOYHO [JIs ONpejesleHHs
IBYX HEH3BECTHHIX Mg H po. CTporo roBops, ypasHenue (6.8)
TOJIbKO KOHCTaTHpyeT (GaKT HaJHYhsl TepMOAHHAMHYECKOTO
gasnosecuﬂ MeX1y HOCHTe/JIMH 3apsfia B 00eHX 30HaX.
ajaya MOKeT OBbITb MOJHOCTBIO pelueHa NPH NOMOILH
ypaBHenusi (6.7), ecau Bce BXOAsIIIHE B Hero BeJHYHHBI
BHIpAa3HTb Yepe3 paBHOBeCHOe MOJOXeHHe YpOBHS DepMH,
ABJSIOLIeeCs] B 3TOM CJydyae eIHHCTBEHHBIM HEH3BECTHBIM.
IMonoxeHHe B HM3BECTHOH Mepe aHAMOTMYHO H IJs HO-
BEPXHOCTHBIX LEHTPOB 3aXBaTa, C TeMH TOJbKO pasJ/HYHA-
MH, UYTO PACCMOTPeHHe OTHOCHTCS K 06J1aCTH NPOCTPAHCTBEH-
HOTO 3apsiia M KOHLEHTpalMH HOCHTeJeH 3apsina B Hefl He
NOCTOSIHHBI, @ 3aBHCAT OT KOOPAHMHATHl MO YCTaHOBJEHHEIM
paHee 3aKOHaM.
JleficTBHTENIBHO, KaK 3TO CJef0BaJiO U3 NMPHMEPOB, MpH-
BeleHHbIX B § 3, MoBepXHOCTHbI@ LEHTDH, OTAAKOLIHEe CBOH
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3/eKTPOHEl B 30HY NPOBOAMMOCTH H NpHoGpeTalollive MpH
3TOM MOJIOXKHUTENbHBIH 3apsj, AeACTBYIOT aHAJOTHYHO M0-
HOpaM, BhI3bIBAsl yBeJHYeHHE 3JEeKTPOHHOH TNpPOBOLMMOCTH
B NPHIIOBEPXHOCTHOM CJIOe MOJynpoBojHHKA. [loBepxHOCT-
Hble [eHTpHl, NMpHoOpeTalolllHe OTpHUATE/bHbII 3apsan 3a
CyeT 3axBaTa 3JEKTPOHOB M3 BaJIeHTHON 30HBI, aHAJOTHUYHBI
aKuentopaM, MOCKOJbKY OHH TNPHBOAAT K yBe/JIHYEHHIO
IOEBIPOYHOH MPOBOAMMOCTH B NPHMOBEpXHOCTHOM cioe. Ilpu
IOCTAaTOYHO GOJBIIHX KOHIEHTPAUHAX TaKHX NOBEPXHOCTHBIX
JIOHOPOB HJIH aKUEeNTOPOB HX BJHSHHe, KaK MBI BHAQIH,
MOKeT OBbITb HACTOJbKO BeJHKO, YTO MPOBOAHMOCTb IpH-
MOBEPXHOCTHOTO CJIOSI MOXeT OT/IHYaTbCsl He TOJbKO MO Be-
JIMYMHe, HO U MO THUNY OT MPOBOAHMOCTY 0O6beMa MOJyIpO-
BOJAHHKA — BO/IM3H TOBEPXHOCTH BO3HHKHYT HHBEPCHOHHBIE
CJIOH.

[Tpouecc ycraHOBNeHHS PaBHOBECHOrO COCTOSIHHS, Tak
JKe Kak H B ciaydyae 00beMHBIX 1eHTPOB, BKJIIOuaeT B cefs
B3aHMOJeficTBHe MOBEPXHOCTHBIX LIEHTPOB CO «CBOHMH®» 30-
HaMH H B3aUMOJeHCTBHe HOCHTeJel 3apsana B o6enx 30HAX
OCpPeJCTBOM reHepallUH H peKOMOMHALMH Nap 3JeKTPOH —
neipka. TouHO TaK Xe caMO paBHOBECHOE COCTOSIHHE O0J-
JKHO OJHOBpEMEHHO Y/OBJIETBOPATL ABYM TpeOOBaHHAM:
3JIeKTPHYECKON HeHTPaJIbHOCTH CHCTeMBl H TepMOAHHaMHue-
CKOTO PaBHOBECHsI MeXAY KOHLEHTpaUHsMH HOCHTesdeH 3a-
psina B soHax. OpHaKoO BC/eACTBHe HeOJAHOPOAHOCTH CH-
CcTeMbl, OOYC/JOBJEHHOH HaJHuHeM 3JIeKTPHYECKOro MoJd
B NpPUIOBEPXHOCTHOH 06JACTH MPOCTPAHCTBEHHOTO 3apsia,
o6a 3TH TpeOGOBAHHA MOJYHaIOT cleludpHUecKylo GopMmy.

YcnoBue 3/1eKTpUYECKOH HeATPaJbHOCTH AJs1 IOBEpXHO-
CTH M NPHIOBEPXHOCTHOH 06JIaCTH MOJYNPOBOAHHKA MPHOG-
peraeT HHTerpaJbHbI XapakTep H 3anHCbiBaeTcss B BHIeE
paBeHCTBA CYMMapHOr0 MOBEPXHOCTHOTO 3apsfa B3SAITOMY
c o6paTHBHIM 3HAKOM 3apsily B NPHMNOBEPXHOCTHOH 06./acTH
NMpPOCTPAaHCTBEHHOrO 3apsja:

Quos = Qps — Qas = gL pF (Y 5, A), (6.9)

rie Qps U Qas— 3apsibl HOHH30BAHHBIX MOBEPXHOCTHHIX
JIOHOPOB M aKLENTOPOB.

C napyro#l CTOpPOHBI, Tpe6OBaHHE TepMOAHHAMHYECKOro
pPaBHOBeCHs1 MeXAY KOHIEeHTPaLHsIMH HOCHTesefi 3apsfa
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B 30Hax yuyHTbiBaeT 3aBHCHMOCTb KOHU,eHTpaI.LHﬁ HOCHTeJelt
3apsana BHYTpPH ob6sacTH NNPOCTPAHCTBEHHOro 3apsna oT
3JIEKTPOCTATHYECKOro noreHuuaJga:

ny(Y) py (V)= ni. (6.10)

YactHbiM cayuaem ycaoBusi (6.10) sBasieTcs cOOTHOIIeHHe
IJ151 NOBEPXHOCTHBIX KOHIEHTpaUHH HOCHTesnell 3apspa:

goPso = M. (6.11)

HaxkoHen, TouHo Tak ke, Kak H B cjaydyae oGreMa, ycio-
BHe (6.10) sBasieTcsl MONMOJHHUTENbHBIM H OJHOTO COOTHO-
weHus (6.9) nocraTouHo AJsA ONpelpesNeHUsT €IHHCTBEHHOTO
HEH3BECTHOrO  3aJaYd — PABHOBECHOTO  IOBEPXHOCTHOrO
9JIEKTPOCTATHYECKOTO MOTeHLHAasa, ecJH JeBas 4acTb ypas-
HEeHHs1 BbIpAa)KeHa uepe3 MOBEPXHOCTHBIH 3JIeKTPOCTaTHYe-
CKHH MOTeHIHAaJ/, a NapaMeTpbl NOBEPXHOCTHBIX LIEHTPOB H3-
BECTHBI.

B § 2 ™Mbl BBesH MNOHATHE TOBEPXHOCTOTO NOTeHLMAJa,
onpepnensiiollero nojoxeHdHe ypoBHs PepMH Ha MNoBepx-
HOCTH TMOJIYIPOBOAHHKA, a B § 4 noJyuuaum BblpaxeHHe
U1 NOBEPXHOCTHOTO 3apsiaa, oOYyCJOBJEHHOrO 3amnoJHe-
HHEeM NOBEPXHOCTHbIX aKUEeNTOPHBIX IEeHTPOB 3JeKTPOHAMH
(cM. (4.6)):

gN
et:“_ TR (6.12)
1+exp(—kz-,—)

Jlnsi HOHOPHBIX LEHTPOB, KOTOpble [1PHOGpeTaloT moJo-
MHTEJbHbIA 3apsij, KOTAa OHH He 3alOJIHeHbl 3JIeKTPOHaMH,
BeJIMYHHA IOJIOXKHTEJbHOrO MOBEPXHOCTHOTO 3apsna Aaercs
COOTHOLIEHHEM:

Qas= — thAfs= -

&p = 995
thD exp (_—kT )
&p — 9% ) '
1+ exp (——kT

Ecnu Ha TOBepPXHOCTH HMeeTCs «my COPTOB JOHOPHBIX
M «l» COPTOB aKUENTOPHBIX 1ICHTPOB C JAMCKPETHbHIMH 3Ha-
YeHHSIMH COOTBETCTBYIOILHX HM 3HepreTHYeCKHX YpOBHeH,

Qps=gNip (1 —fs)= (6.13)
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TO cymmapﬂblﬁ paBHOBeCHbIﬁ [IOBEPXHOCTHbIA 3apsn

Eom W’s) ]
e i .
ﬂOB — .

l+exp t'"kchPS) . l+exp(8”k:q)3)]
(6.14)

Ho cux mop Mbl paccMaTpHBaJH 3aXBaT HocHTeJeH 3a-
psiia Ha NMOBEPXHOCTHbI LEHTPbl, COOTBETCTBYIOUIHH paBHO-
BECHOMY 3HAUEHHIO IIOBEPXHOCTHOro moTeHuUMana. B Hepas-
HOBECHBIX YCJOBHAX H3MEHeHHe KOHLeUTpauui HOcHTesel
3apaja B 30HAX NPHBeLeT, Pa3yMeeTcsl, H K U3MEHEHHIO KO-
MHYeCTBA 3aXBaYeHHBIX Ha MOBEPXHOCTH HOCHTeJell 3apsna.
3anoJiHeHHe NOBEPXHOCTHLIX YpPOBHeH 3axBaTa B HepaBHO-
BECHbIX, HO CTAallHOHAPHLIX YCJOBHAX MOKeT OLITb MOJCYH-
TAaHO M3 YCJOBHS paBeHCTBAa CKopocTell 3axBaTa M o6part-
HOTO TelJIOBOrO BhIOpoca HOCHTeJieH 3apsfia B C80/0 30HY.
Hnsa cnyuasi, HanpuMep, 3aXBaTa 3JIeKTPOHOB H3 30HBI NpPO-
BOJMMOCTH 3TO yCJOBHE HMeeT C/elyIOLHH BHA:

0
Sh=auN, (1= ) ng — BN fe = 0. (6.15)

34ech Ny — KOHLIEHTpallhsl 3JEKTPOHOB, 3aXBaueHHBIX [0-
BePXHOCTHbBIMH YPOBHSIMH NaHHOTO THMa, Ng— MOJHas MO-
BEPXHOCTHAsl KOHLEHTPALHUS 3JeKTPOHOB B 30He NpPOBOJH-
MOCTH, f;— HepaBHOBecHas (YHKIHSA 3aNoJHeHHs TOBEpX-
HOCTHBIX YPOBHeH, o, — yCPeJHeHHas IO COCTOSIHHSIM 30HBI
NpOBOJAMMOCTH BEPOSITHOCTh 3aXBaTa 3JeKTPOHa, P, — Be-
POSITHOCTbL €ro TemIoBOro Bhi6poca o6paTHO B 30HY INpo-
BOJHMOCTH.

KoHcTanta Bn, MoKeT OBITh HCKJIOYEHA NPH MOMOLIH
YCJIOBHSI 1€TaJbHOTO PaBHOBECHS:

a,N¢ (1 = f10) nso — BuNef1o =0, (6.16)

rae fio ¥ Ngo— pABHOBeCHble 3HAUeHHS] (PYHKUHH 3anoJiHe-
HHS M TOBEPXHOCTHOH KOHLEHTPALHH 3JeKTPOHOB B 30He.
U3 ypaBHeHus (6.16) caenyert:

Il

f Rgy = QM. (6. 17)
t0

Br=0p——
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BesnuunHa ny paBHa MOBEPXHOCTHOH KOHLEHTPALHMH 3JEKTPO-
HOB B 30HE MpPOBOJHMOCTH B TOM Cjyuyae, KOT[a MOJIOXeHHe
ypoBHsi PepMH Ha NOBEPXHOCTH COBMNAfaeT C MOJOXKEHHeM
YPOBHSI IleHTpa 3axBaTa e;. JleHCTBHTENbHO,

1-f 99 & — 99 e
= s D =n, exp( o )exp (——‘ o SO) = n,exp (-’;—}—) .
(6.18)

[TopcraBass (6.17) B ypaBHenue (6.15), mojyuaeM COOTHO-
lIeHHe M5l OmpejesieHHsl HEPaBHOBECHOH (PYHKUMH 3anoJ-

HEHHsd:
(1=f)ns—fn =0, (6.19)
OTKyIa
g
=—2_, 6.20
f‘ ng+n, ( )

Hakonel, usMeHeHHe MOBEPXHOCTHOTO 3apsiaa, o6yc/ioB-
JIeHHOe 3aXBAaTOM HEPABHOBECHBIX 3JEKTPOHOB HA YPOBHH
ny, Oyger:

s "so
9= g, = i) = gV (5 = ). (6.21)

”s+n1 nso"’"l

[Tpu manblx ypOBHSIX HHBEKLHH, Koria Ang < figg, #; MOJY-
yaeM NPHOJHKEHHO:

g Any ~ gN, (n—so—’:wms. (6.22)

Jlerko y6GeaHuThbCsi, 4TO €CJH BapbHpOBaTh BeJHUHHY Hy,
COXpaHffl BCe OCTaJbHble BeJHYHHBI MOCTOSHHBIMH, CTallHO-
HapHBIA 3aXxBaueHHbIH 3apsij OydeT MMeThb MaKCHMyM MNpH
YCJIOBHH, YTO N = Ngo HJIH, HHaUe, & = gPgo. DTO O3HAYAET,
4TO HaWOOJBLIMA 3axBaT HMeeT MeCTO Ha YyDOBHH, 3Hepre-
THYeCKOe I10JIOKEeHHe KOTOPBIX COBHAajaeT C MOJOXEHHeM
ypoBHsa ®PepMH Ha NMOBEPXHOCTH NoJynpoBofHHKa. IIpH sToMm
Be/JMYHHA 3aXBaUYeHHOro 3apsja

1 An
(9 A)max = Y gN; n_sj . (6.23)

B npeanonoxeHun nocTosiHCTBa KBasuyposHs  Depmu
B IPHIIOBEPXHOCTHOH 06/1aCTH MPOCTPAHCTBEHHOro 3apsia



§ 6] 3AXBAT 1 PEKOMBUHALIUS HA TTOBEPXHOCTH 75

MOXHO HallicaTb Ha OcHOBaHHH (2.1), uTo
ns=ngy+ Ang = (n, + An) e's’, (6.24)

OTKyZa NpH MaJlbiX YpOBHAX HHBbeKUuu, koraa AYg mauo,
clemyer:

$ =——0, 6.25
so "o (6.25)
Torna (6.23) npeoGpasyercs K BHLY:
1 A 1
(9 An)max ~ 5 qNi - =7 GN; 18 (6.26)

H3 coortHowenns: (6.26) caenyer, 4To MpH NMPOYHX PAaBHBIX
YCI0BHSIX MAaKCHMaJbHBIH 3aXBaT 3JEeKTPOHOB B A? pas
6osblie B o6pasue ABIPOYHOH NPOBOAMMOCTH, YeM B 00-
paslle 5JeKTPOHHOH NPOBOAMMOCTH C TOH e KOHLEHTpa-
LMell OCHOBHBIX HOCHTesel 3apsana*). DTo pasauyue Jerko
MOHATh, TaK KakK NpH NAHHOH a0COMIOTHOH KOHIEHTpalHH
H30LITOYHBIX HOCHTesael 3apsigia An OTHOCHTe/JbHBIH ypoO-
BeHb HHDBEKUHH An/ny GyneT CyuleCTBEHHO DPa3JIHYHBIM [0
BeJIHUHHE B 3aBHCHMOCTH OT TOFO, SIBJSIIOTCSI JIH HOCHTEJIH
3apsja 3TOr0 THNa OCHOBHBIMH HJIM HEOCHOBHBIMH B pac-
cmarpuBaeMoM 06paslie MoJyNnpOBOLHHKA.

Ananusnpys obuiee cooTHoweHHe (6.22) nas 3axBaTa
B CTallHOHAPHBIX YCJOBHSX, HETPYAHO BLISICHHTb, YTO M IpH
MPOU3BOJILHOM YpPOBHE HHBEKIMH 3aXBaueHHHIH 3apsix Oyner
MaKcuMaJjeH, KOria 3HepreTHYeckH#l ypoBeHb IleHTpa 3a-
XxBaTa OJIM30K K MOJIOXKeHHIO ypoBHSI PepMH Ha NOBEPXHO-
ctd. ToyHee, B 3TOM cjyuyae ycJI0BHe MaKCHMyMa 3axBaTa
onpenensieTcsi KoMOHHaLMeHdl TpeX BeJHYHH: IOJIOXKEHHH
YDOBHsI 3aXBaTa, YPOBHsl H KBa3HypoBHs PepMu Ha mosepx-
HOCTH:

1
m=nghs WM &=7q(@s— Pgo)- (6.27)

Pasymeercs, 3axBaT HEOCHOBHBIX HOCHTeJeH 3apfaiaa Io-
npexHeMy OyneT 3HauUHTeJbHO 6GoOJiee CHJbHO BblpaXKeH, YeM
3aXBaT OCHOBHBIX, BCJAEJCTBHE TOr0 e pa3JjiMuhsl OTHOCH-
TeJIbHbIX YPOBHEH HHDBEKLHH.

*) HanomuuM, uto A = po/n; = ni/ny, Tak uto B o6pa3ue ABIPOUYHOMR
nposoAuMocTH A > 1, a B ofpaslie 3/aeKTpoHHOK nposoauMocTH A < 1,
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3axsar ABbIPOK LieHTpaMH 3axsaTa AbIPOK B CTauuonap-
HBIX YCJIOBUAIX pacCMaTpHBaeTCA BIOJHE aHAJOTHYHO. Yeno-
BHE paBEHCTBA cxopoc‘reﬁ 3axBaTa M TeMJOBOro Bbl6p003
B BaJIEHTHYIO 30HY IIpDH 3TOM HMeeT CJIQlly'IO].I.lHﬁ BHI:

ap
T,;t:apNtftPs— BN (1 - [)=0, (6.28)

Tlie op — BePOSTHOCTb 3aXBaTa IBIPKH M3 BaJIEHTHOIN 30HHI
Ha ypOBeHb, PBp — BEPOATHOCTb TEIJIOBOTO BbIGpOCA ABIPKH
B BaJIeHTHYIO 30HY, f; — HepaBHOBecHasl (D)YHKUHs 3amoJiHe-
HHsl YpOBHeH, pg— MOJIHAs MOBEPXHOCTHAs KOHLEHTpalHs
IBIPOK B BaJIEHTHO! 30He.

M3 ycioBusi meTanbHOrO paBHOBECHS CJIeLYeT, UTO

f
Bp= apl__tof; Pso = Qpp. (6.29)

3mechb BeJHYMHA p; paBHA [OBEPXHOCTHOH KOHLEHTpalWH
IBIDOK B BaJIEHTHOH 30HE B TOM CJydae, KOTAa MOJIOXKEHHE
ypoBHsi ®epMH Ha NMOBEPXHOCTH COBNALaeT C I10JIOXKeHHeM
YPOBHsI LleHTPa 3aXBaTa [bIPOK &

_ foo ( qq’s) — et_qq’s)_
P1= Pso l_fto =n;exp{ — I3 exp( ET -
&
=n,exp(—ﬁ). (6.30)

IMpousselenne n,p, = nj, 4T0 HaM TMOHAAOOUTCA B Aab-
HellleM.

3HaueHUe HepaBHOBeCHOH (QYHKIHH 3alloNHEeHHS YpOB-
Heil 3axBaTa

_ P
fe= 5 (6.31)

HaxkoHell, uamMeHeHHe MMOBEPXHOCTHOr0 3apdna, 06yCJ10B-
JIEHHO€ 3aXBaTOM HEDABHOBECHbLIX ABIPOK HA YDOBHH g, 6y-
AET BbIpaxKaTbCs COOTHOLUEHHEM:

qApy = qN;(fro— ) = qN; ( psop':'Pn - ”sﬂl"’l)' (6.32)
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[Tpn manbIx ypOBHAX HHBEKUHH, Korma Ap > pso, pi, NpH-
6/HKeHHOe COOTHOLIeHHe GyaeT:

qgAp; =~ qN; (Tso—ilpT Aps. (6.33)

OueBHAHO, YTO BCe COOOpaxeHHs, BBICKA3aHHBIE B CBSA3H
¢ aHanu3oM BbipaxeHuin (6.21) u (6.22), B paBHOI Mepe
OTHOCATCA H K cooTHOWeHHAM (6.32) u (6.33).

B 3akiioueHHe OTMETHM OMHO CYILeCTBeHHoe 06CTos-
TeJIbCTBO, OT/IHYAloOllee CJayyadl 3axBaTa HepaBHOBECHBIX
HOCHTeJIe 3apsiia B CTAlHOHAPHBIX YCJOBHSX [OBEPXHO-
CTHBIMH LEHTpaMH 3axBaTa OT AaHAJOTHYHOTro cJayuas 3a-
xBaTa 00beMHbIMH LeHTpaMH. B mocienHeM ciyuae Tpe-
6oBaHHe COXPaHEHHs 3JIEKTPHUECKOH HeHTpa/JbHOCTH 06pas-
Ila MMeeT JIOKAaJbHHIH XapaKTep H TpH 3axBaTe, HalpuMep,
3J1eKTPOHOB BBbIPaXKaeTcsl YCJIOBHEM:

Ang + An = Ap. (6.34)

3710 03HauaeT, YTO 3JeKTpUUYECKash HEMTPAJLHOCTb KaXKJIOTO
sjleMeHTapHoro ob6beMa MOJYNPOBOJHHKA obecneyHBaeTcs
6sarogapsi HNPUCYTCTBHIO B HeM CBOGOXHBIX H3OBITOYHBIX
OBIPOK Ap’ B KOHIEHTpALUH, PABHOH KOHIEHTpAlLUH 3axBa-
YeHHBIX 3J1eKTPOHOB An;. Ec/iM BpeMs yCTaHOBJIEHHSI paBHO-
BECHOTO 3aloJIHEHHs] LEeHTPOB 3aXBaTa Tsaxs BEJHKO, Ha-
MHOTO GoOsblle pPeKOMOHHALMOHHOTO BPEMEHH Tpex, TO
OYeBHMJHO, YTO yepe3 BpeMsl ! IOCJe BHIKJIIOYEHHS BO36YxK-
JleHHs], OTBeyaollee yC/JI0BHIO:

Tpex<<t<<173axm (635)

B TMOJYNPOBOJHHKE OCTAHETCS] NpPAKTHUECKH HeU3MeHHOM
KOHIIEHTpallusi 3aXBaueHHbIX 3JeKTPOHOB Any, a B BaJIEHTHO#
30He — TOJIbKO HM30BITOYHAs KOHLEHTpauusi NbIpok Ap’ =
= An;. DTo siBJleHHe, U3BeCTHOe MOJ Ha3BaHHeM 3Jdgexra
npuAuUnNaHus, TIPUBOLUT K LeJOMY PAAY OCJOXHEHHH IpH
aHa/JHM3e KaK KHHETHKH, TaK M CTalldOHApHBIX HepaBHOBeC-
HBIX COCTOSIHM# noJaynpoBoiHHKoB. M3 ycaoBus (6.34), Ha-
OpUMep, CleAyeT, YTO KOHLEHTPALMH H3OLITOUHBIX HOCHTE-
Jelt 3apana An v Ap pasjMuHbl, a BCAEJCTBHE 3TOr0 MOSB-
JsieTcsi HeoOXOAMMOCTb BO BBeJ€HHH DAa3/HYHBIX BpeMeH
»KH3HH M3OBITOYHBIX HOCHTeJell 3apsja H, KaK Mbl YBHAUM
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lajee, pa3/HUHbIX 3HayeHHH CKOPOCTed NMOBEPXHOCTHOH pe-
KOMOHHAUMH AJ1S1 3J1€KTPOHOB H [BIPOK.

Hetpyano yGenutbes, 4to, B ciaydyae 3axsaTa H3GBITOY-
HBIX HOCHTeJeHl 3apsiia NOBEDXHOCTHBIMH LEHTpaMH, CH-
Tyalusi, NPH BHEIIHeH CXO0XKeCTH, CYLUIECTBEHHO OTJIHYHA.
YcaoBHe 3/eKTPHYECKOA HeATpalbHOCTH 06pasiia MMeeT B
5TOM CJyyae HHTerpajbHbIl XapakTep H 3alHCbiBaeTcs,
KaK OOLIYHO, B BHIe paBeHCTBA IOJHOTO I0BEpXHOCTHOrO
3apsiga 3apsay B CJ0e IPOCTPAaHCTBEHHOro 3apsifa
(cMm. (2.20)):

Qs T 91, =qn,ZF (Y;, A, 8). (6.36)

CoortHomenne (6.36) o3HayaeT, YTO M3MeHeHHE NOBEPXHO-
CTHOTrO 3apsja 3a cyeT 3axBaTa §An; KoMIEHCHpyeTcs Te-
pepacrpeneseHHeM B CJ0e NMPOCTPAHCTBEHHOTO 3apsiia KaK
U30bITOUHBIX, TAK U PABHOBeCHbLX HocuTeAsel 3apada. DTOo
HOBOE MpPOCTPAHCTBEHHOE paclpejeseHde HOCHTe el 3apsiia
XapaKTepH3yeTcss HOBOH CTallHOHApHOH BeJIIfl'-IH.HOf;I noBepx-
HOCTHOTO 3JIEKTPOCTaTHUYECKOro moTeHIHana Ys» 3aMeHHB-
mell paBHOBeCHOe 3HaueHHE MOBEPXHOCTHOTO 3JEKTPOCTaTH-
YyecKoro noTeHuHagsa Yo

Quos = g, ZpF (Y 50, A). (6.37)

CoOoTBETCTBEHHO, MO MPOIIECTBHH BpeMeHH { mocje BHI-
KJIIOYeHHs1 BO30OYyxKIeHHs, eCJH 3TO BpeMsi OydeT OTBeuYaThb
yciaosuio (6.35), curyauus B MOJYynpoBOLHHKe OyHeT Xxa-
paKTepH30BaTbCsl HaJUM4YHeM TepMOJHHAMHYECKOrO paBHOBe-
CHSl MeXAY KOHLEeHTpalHUsIMH HOCHTeJeH 3apsjna B 30HaX,
IpY HepaBHOBECHOM 3aMoJIHEHHH I[OBEPXHOCTHHIX LEHTPOB
3axBaTa. YcJOBHe 3/JeKTPpHUeCKOH HeHTpPasbHOCTH OyAeT IIpH
3TOM HMeTb CJefYIOUHH BHI:

Quos T A1, =qn,ZLF (Y, A). (6.38)

TloBepXHOCTHEBIN 3J€KTpOCTATHUECKHH MOTeHUHMa]d Oyaer
ok
HMeTb NMPU 3TOM KBa3HpaBHOBECHOe 3HaueHHe Y g, OTIHYHOE
oT Ysp BCJEeNCTBHE H3MEHEHHs MOBEPXHOCTHOTO 3apsfia 3a
*

cueT 3axsaTa, a OT Ygs— BCJeNCTBHe OTCYTCTBHS B 30HaxX
HepaBHOBeCHBIX HOCHTeJseH 3apsjaa, XapakTepH3yeMbIX ypOB-
HeM HHbBeKIHH J.
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du3nuecky OTJIHYHE CHTyalHH, OMHChIBAeMOH# YypaBHe-
HueM (6.38), OT COCTOsIHHS, OINHCHIBAEMOTO YypaBHEHHEM
(6.34), 3akaiouaeTcs B TOM, UTC H3MeHEeHHEe MOBEPXHOCTHOrO
3apsila B NepBOM CJyuyae KOMIIEHCHpYeTCsl Iepepacrnpefe-
JleHHeM TOJIbKO TepMOAHHAMHYECKH paBHOBECHBIX HOCHTe-
Jell 3apsjia B NPHUIOBEPXHOCTHOM 06JACTH NPOCTPAHCTBEH-
HOro 3apsjia, Torja KakK HepaBHOBECHble HOCHTeJH 3apsna
MpPH 3TOM OTCYTCTBYIOT. DTO KBa3HPaBHOBECHOE COCTOSIHUE
OyneT, pa3yMeeTcsl, H3MEeHATbCA CO BpeMeHeM, 110 Mepe TOro,
KaK 3aXBauyeHHble MOBEPXHOCTHBIMH LEHTPAMH 3JIeKTPOHBHI
6yLyT BO3BpAlaThCsl B 30HY NPOBOAMMOCTH; OLHAKO COOT-
HoweHHe (6.35) Mexay BeJHYHHAMH MOCTOSIHHBIX BpEMeHH
Tsaxs H Tpex OOecreuHBaeT BO3MOXKHOCTL YCTAHOBJIEHHs paB-
HOBECHS] MeXAY HOCHTeNsIMH 3apsfia B o6eHX 30HaxX B JIO-
601 MOMEHT BpeMeHH L.

OueBHIHO, YTO M NMpPU HAJUYUH H3OBITOUHBIX HOCHTeJel
3apsiia B 30HaX HX 3aXBaT Ha MOBEPXHOCTHble LEHTPHI He
M3MEHHT KOHIEHTpaluuH H3GBITOYHBIX HOCHTesNeHl 3apsja
B o6beme mnosynpoBonHuKa. Co6CTBEHHO ToBOpsi, 3TO 00-
CTOSITEILCTBO M OTpayKeHo B ypaBHeHuu (6.36), npasas
4yacTb KOTOPOro siBjisiercsi GyHKUHEH eJHHOrO YPOBHA HHD-
€KLHH § A/ NBIPOK M 3JeKTPOHOB.

Takum o6pa3oMm, 3axBaT M3OLITOYHBIX HOCHTesell 3apsana
NOBEPXHOCTHbIMH LEHTPaMH, B OTJIHYHE OT 3aXBaTa 00DbeM-
HBIMH [EHTPaMH, He NPHBOLUT K pPAasJHYHIO H3GBITOYHBIX
KOHLIEHTpauu#i An U Ap B monynpoBOAHHKe (3a HCKJIOYe-
HHeM, pa3yMmeetcsi, 06/1aCTH MPOCTPAHCTBEHHOrO 3apsja, Tae
OHM pasjHYHbBl M B OTCYTCTBHe 3axBaTa*)), a, COOTBeT-
CTBEHHO, He 0O0yc/0B/JIHBaeT HeOOXOAHMOCTH BBeLeHHS
pa3JHYHBIX BPeMeH >KH3HH H 3HaueHHH CKODOCTH NOBEPXHO-
CTHOH peKOMOHMHAILHHU AJsl 3JeKTPOHOB U JBIPOK.

B) IlMosepxHocTHass peKOMOMHALMs B NpPOCTEHWIAX CJay-
yaax. ITon TepMHHOM CKOpOCT6 WU Temn O00BEMHOU pexom-
6uHayuu TPHHATO MOHHMATb KOJHYECTBO AaKTOB DPEKOMGH-
HalM{, MPOUCXOASALIMX B eIHHHIUe o6beMa B eIHHHIY

*) Ewe pas moguepkHeM, Bo H30exaHHe HeLOpasyMeHHH, 4TO mo-
BcloAy B KHufe oGosHauenue O, a takxe Ap, An (Ge3 unuekca S) o6o-
3HAuYal0T OTHOCHTE/NbHble H aGCo/MIOTHbie OO0beMHble YPOBHH HHDBEKUHH.
dTo o3Hauaer, YTO NpHBENEHHOE PacCyXJeHHe OTHOCHTCH K C/yyam Jo-
CTAaTOYHO TOJCTHIX 06pa3uoB (d > &£ p), OCHOBHAsi 4aCTb TOJLIHHBI KO-
TOPHIX XapakTepusyeTcsi OObeMHBIMH CBOACTBAMH,
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BpeMeHH. [1pH 3TOM, ecsi 3TO crieLlHaNbHO He OrOBapHBAETCH,
OObIUHO HMeeTCcsl B BHAY peKOMGHHALHUA uU36bIiTOUHbIX HAO
pasroBecHbIMU HOcuTeAel 3.pA0a, T. e. He IPUHHUMAeTCs BO
BHUMaHHe Ta 4aCTb aKTOB peKOMOHHALMH, KOTOpas ypas-
HOBeIlHBaeT TeNJIOBYIO reHepalHIo.

MoxHO OblIO OBl AyMaTb, YTO MOHSTHE CKOPOCTb HO-
8EPXHOCTHOU pexomOurayuyu NOJNKHO UMETh TOT 2Ke CMBICI,
TOJILKO C 3aMeHOH eNMHHIBl o6beMa Ha eJHHHIY MJOLIALH
floBepxHOCTH o6pasna noJaynpoBogHuKa. K coxaseHuo,
HCTODHYECKH MOJYYHJIOCh TaK, YTO TaKOH CMBICI HMeeT
TOJNILKO TEPMHH Temn NOBEPXHOCTHOL pexkombuxayuu WIu
HHOra ynoTpefaseMoe BBbIpaXKeHHe CKOPOCTb peKombuna-
yuu na nosepxuoctu. TloHsATHE XKe CKOPOCTb NOBEPXHOCTHOU
pekombunayuu ¥MeeT CBOHM aHAJIOrOM BeJHYHHY, o6paT-
HYI0 BpeMeHH »XH3HH HepaBHOBECHBIX HOCHTeseH 3apsna.

[To onpeneneHuto, B CTallHOHAPHBIX YCJOBHAX BpeMs
JKM3HH HEPaBHOBECHBIX 3JIEKTPOHOB T, CJeAYIOLUM obpa-
30M BbIpaxkaercs uepe3 TeMN 06DbeMHOW pekomOuHauuu Uy
U KOHIEHTPALHI0O HepaBHOBECHBIX 3JIEKTPOHOB An:

Up=22 (6.39)
Tn

Ecnu KoHueHTpauMs H3GBITOYHBIX NBIPOK Ap He paBHa
KOHILEHTpAlUUH H3OBITOUHBIX 3JEKTPOHOB An, TO, COOTBeT-
CTBEHHO, OYAyT pasjHuaTbCsl M BpeMeHa HX XKH3HHU:

Uy=2P (6.40)
Tp

CKOpOCTH MOBEDPXHOCTHOM peKOMOMHALUH 3JeKTPOHOB
S» U OBIPOK Sp MOryT ObITb BBeleHbl B CTALLHOHAPHEBIX YCJI0-
BUSIX Yepe3 TeMIl MOBEePXHOCTHOH pekoMOuHauuu Ug u He-
paBHOBeCHble KOHLlEHTPALUH HOCHTeJel 3apsaa An U Ap Ha
noBepXHoCTH (npH x = () CJEAYIOIIHMH COOTHOLIEHHSIMH:

Us=S,Anl_,=S,Ap,_, (6.41)

Ecnu KoHUeHTpalnMH H3OLITOYHBIX HOCHTeJell 3apsja
B MOJIYIPOBOJHHKE paBHbl MexXAy coboil: An = Ap (mpouec-
Chl 3aXBaTa B o06beMe OTCYTCTBYIOT), TO MOXHO TOBOpPHTDb
0 eAMHOM peKOMOHHAllMOHHOM BPeMeHH XH3HH [0 OTHOLIe-
HHIO K 06beMHOH peKOMOHHAIHH T:

Up=22=L2 (6.42)
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H eJHHOH CKOpPOCTH NMOBEPXHOCTHOH peKOMOGHHAIUU:

Us=SApl,_,=SAn| (6.43)

x=0°
OueBHAHO, 4TO BBeJeHHOe TakKHM 00pa3oM IMOHSTHE CKOpO-
CTH IIOBEPXHOCTHOM peKOMOHHALMH COOTBETCTBYeT BecbMa
NPOCTOH KapTHHe «BBITEKaHHA» M3OBITOUHBIX HOCHTesell 3a-
psiia uyepe3 MOBepXHOCTb oGpasna. M36biTouHble HOCHTENH
3apsfa MOTYT «BbITeKaTb» CKBO3b CTEHKH o6pa3ua (pexkoM-
GUHUPOBATb HAa NOBEPXHOCTH) TOJbKO NApaMH 3JIEKTPOH —
AbIpKAa H CKOPOCTb 3TOr'0 NPOHHKHOBEHHs Yepe3 MOBEPXHOCThb
W onpejesseT TeMI MOBePXHOCTHOH pekoMOGHHAauuu. «Brhite-
Kawouue» u3 o6pasua napel H3GBITOYHBIX HOCHTeNell 3apsiia
MOMOJIHAIOTCA 3a cyeT AH(PQY3HH, TaK YTO BOJH3H MOBepX-
HOCTH 06pasla JO/IKHbl YCTAHOBHUTLCH IPajHeHThl KOHIIEHT-
pamuii H3OBITOYHBIX HOCHTesNeH 3apsiia, obecleyHBalollye
nuddy3HoHHbIe HX MOTOKH K MoBepXHoCcTH. Toraa yciaosuem
CTallHOHAPHOCTH Npolecca fBJseTCs paBeHCTBO AyPQy3HOH-
HOrO NOTOKAa Ha rpaHHulle NOJYNDOBOAHHKA TeMIy MOBepX-
HOCTHOH peKOMOHHALHH:

o Ap

—-D ox

(6.44)

x=0’

=Us=SAp|
0

x=

rae D — kKosbduuueHT GunonspHoit AMGpQy3uu.

BosHHKaeT eCTeCTBEHHBIHl BOMPOC, HACKOJbKO NpHHATAf
MOJe/b COOTBETCTBYET peaJjibHON AeHCTBHTEJNBHOCTH, a, cJe-
J0OBATeNIbHO, U HACKOJBbKO YHHBEpCa/JLHO BBeJeHHOE Ha ee
OCHOBE MOHSITHE CKOPOCTH NMOBEPXHOCTHOH PeKOMOHHALHH?

OueBHaHO, uTO HauGoJsiee CYIUECTBEHHBIM HeLOCTATKOM
MOJIeJIH fBJIIETCS HTHOPHPOBaHHe CJ0S NPOCTPAHCTBEHHOrO
3apana BOGJHM3H noBepxHOCTH. IlocKoMbKy cJOf mpocTpas-
CTBEHHOTO 3apfiia XapaKTepH3yeTCs HaJHYHeM TrpaaueHTa
5JIeKTPOCTATHYECKOrO NOTeHIHaJsa, TO, MpexJe BCero, BHY-
TPH 3TOrO CJOA H, B YACTHOCTH, HA MOBEPXHOCTH MOJYNPO-
BOJHHKA KOHLIEHTpauMu H3GBITOYHBIX HOCHTesneH 3apsna
Ang M Aps HUKaK He MOTYT ObiTb PaBHbI MexAy CO0O0H, faxe
ecJIM OHH H paBHbl B o0beMe nosaynpoBoiHHka. OTciona cie-
RyeT HeBO3MOXKHOCThb BBeJeHHs €AHHOH BeJHYHHBI CKOPOCTH
NOBEPXHOCTHOH peKOMOHHAUMH TPH MOMOLUM ypaBHeHHs
(6.43). Kpome Toro, HajuuMe rpajMeHTa 3JIeKTPOCTAaTHYe-
CKOTO MOTEHIIHaJia BHYTPH CJ0S NMPOCTPaHCTBEHHOrO 3apana
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NPUBOAHT K TOMY, YTO MOTOK H3GLITOUHBIX HOCHTenel 3a-
pfAlla K MOBEPXHOCTH He OyAeT UMeTb YHCTO NH(dYy3HOHHOrO
XapakTepa, a, COOTBETCTBEHHO, U ypaBHeHHe (6.44) Takxe
He GyneT CpaBelJHBLIM.

akuMm o6pa3om, BBeflleHHE eHHOH CKOPOCTH MOBEpPXHO-
CTHOH peKOMOHHAUMH NMpPH MOMOLIM cOCTHOIIeHHH (6.43) u
(6.44) siBnsieTcsl HE3aKOHHBEIM, ec/JH BOJH3H [MOBEPXHOCTH
MOJYIPOBOLHHKA HMeeTCss CKOJbKO-HHOYIb CHJIBHO BhIpa-
JKEeHHBIA CJI0H MPOCTPAHCTBEHHOro 3apsna.

Boo6uie roBops, yuer peKoMOHHALUH H3OLITOYHBIX HOCH-
TeJiell 3apsiia Ha MOBEPXHOCTH o6pasia Bceria MoxeT ObITh
nposefeH Ge3 HCMONb30BAHHA MOHATHS «CKOPOCTb MOBEPX-
HOCTHOH pekoMOGHHauuu». Ilpu 3ToM Heo6XOAMMO CTPOro
pewaTh 3ajayy O HaXOXJeHHH CTallHOHAapHOTO pacrpejese-
HHUSl H3GBLITOUHBEIX HOCHTeJeH 3apsja B MOJYNDPOBOAHHKE MPH
3alaHHOM crnocobe HX reHepalMH HJIH HCKaTb 3aKOH ycTa-
HOBJIEHHs] CTAlLlHOHAPHOTO COCTOSIHHS [PH BKJIIOYEHHH HJH
BBIK/IOUEHHH B0O306yXKJalollero reHepauuio dakropa.

IIpu aTom nua pelleHus faxe 6GoJsee NPOCTOH cTaluo-
HapHOH 3ajaud HeoOXOZHMO COBMeCTHO pelaTb CHCTEMY
ypaBHeHHi, BKJIOYAIOLLYI0 ypaBHEHHS HeNpephIBHOCTH,
¢ yueToM crnoco6a reHepallid H36LITOYHBIX HOCHTeJefl 3a-
psna, H ypaBHeHHe IlyaccoHa. 'paHHUHBIMH yC/JOBHAMH 3a-
Haud sBJAOTCA TpeGOBAaHHUA paBeHCTBA MOJHBIX IOTOKOB
3/I€KTPOHOB H IBIPOK K MOBEPXHOCTH TeMIy MX peKoMOHHa-
[HH MOCPENCTBOM IOBEPXHOCTHBIX IEHTPOB peKOMOGHHALHH.
Hanpumep, B ciayyae reHepalun H3ObITOYHBIX HOCHTeJeH
3apsiia 3a cyeT (POTOAKTHBHOIO MOIJVIOLIEHHS CBeTa 3Ta CH-
cTeMa ypaBHeHUH OyaeT HMeTb CJAeAYIIHHA BHA:

divj, + P=Po — yHgxe ",
Tp

n—~no
Tn

divj,+ =vyH ne *%, (6.45)

V= — 2L l(p— p) — (n =),

rne jp H jp — NJIOTHOCTH NOTOKOB ABIPOK H 3JE€KTPOHOB, Tp
H Tn— MX 0ObeMHble BpeMeHa XH3HH, Y — KBaHTOBBIH BbI-
xon, Hg— KoJH4YecTBO KBAHTOB CBeTa, 3a BHIYETOM OTpa-
JKEHHBIX, MaJallluX Ha eJHHHLY MOBePXHOCTH B eAHHHIY
BpeMeHH, % — KO3(Q(HUIHeHT NOrJOLIeHHs CBeTa, N H p—
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TMOJIHBIE, A Mo U Po— PaBHOBeCHble 06beMHble KOHIEHTpaLUHU
HocHTesleft 3apsina. Bce DOHOpH W aKLUENTOPHEl CYHTAIOTCS
MOJIHOCTBIO HOHH30BaHHBIMH.

B npucyTcTBHH noJsi B6IH3U TMOBEPXHOCTH, 06YCIOBIEH-
HOTO H3MeHeHHeM 3JIeKTPOCTaTHYeCKOro MoTeHUHaJsa § B 06-
JIaCTH MNPOCTPAHCTBEHHOrO0 3apsja, MOTOKH 3JEKTPOHOB H
ABIPOK K MOBEPXHOCTH MOTYT ObITb 3amHMcaHbl CJIEAYIOLIHM

obpasom: )
Ins= [l.l.nnV'lIJ + Dn Vn]S’ }
jps = [ - ll-ppV'lIJ + Dp VP]s-

3necb pn H pp— MOABHIKHOCTH 3JIEKTPOHOB H [BIPOK,
a Dp u Dp — ux xo3pduuuentol 1HPpGy3UH, TPUHATHIE OLH-
HaKOBBIMH MOBCIOAY B o6pasiie.

B ciyyae MaJsocTH OTK/JIOHEHHSI OT TepMOAMHAMHYECKOro
paBHOBecHs1 ypaBHeHHs (6.46) MOryT GhiTb JMHeapH30BAaHBI
nyTeM pa3JoxeHHs KOHUeHTpalHUil U MOTeHIHaja Ha paBHO-
BeCHEle ¥ HeDaBHOBECHble YaCTH U NpeHeGpeeHHs] ujeHaMH
BTOPOTO MOPsAJKA MaJOCTH.

I'paHuuHBle yC/IOBHS K 3ajaye 3alHCHIBAIOTCA B BHIE
paBeHCTBA MOTOKOB JbIPOK H 3JEeKTPOHOB K MOBEPXHOCTH
JIpyr ApPYry H TeMIly NMOBepXHOCTHOH peKOMOHHALHUH:

jpS Ix=0 = Jus |x=0’ Jns Ix=0 = Us. (647)

(6.46)

YyeT NOBepXHOCTHON peKOMOGHHALUMH 10 TNpPHBELEHHOM
cxeMe JOCTATOYHO CJIOKEH H IPOMO3JOK, NOCKOJBKY [JI5 €ro
NpOBeleHHs] HeOGXONIHMO pellaTh CHCTEMY YpaBHeHHH THIa
(6.45) mns Kaxaoro KOHKPETHOTO BHJA reHepalHd H30bI-
TOYHBIX HOCHTeNeH 3apsza.

Mexny TeM, mpH BBHINOJHEHHH ONpeNeNeHHOrO YCJIOBHS
MOXKHO BBECTH CKOPOCTb MOBEPXHOCTHOH peKOMOHUHALUH, He
3aBUCAILYI0 OT crnoco6a reHepalyH M30BITOUHBIX HOCHTENEH
3apsiia, T. e., 10 CYTH JleJ1a, TaK XKe, KaK oHa Oblia BBeleHa
cootHoweHuamMu (6.43) u (6.44). 10 ycnoBHe 3akj0uaeTCs
B TOM, YTO HOCHTE/]H 3apsila Ha TNOBEPXHOCTH MOJYNPOBOJ-
HHKa U B ero o06beMe IOJKHBl HAXOLHThCS B paBHOBECHH
ApYyr C APYroM, TaK YTO

ngps == (ngo + Ang) (pso + Aps) = np = (ng + An) (p, + Ap).
(6.48)
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3nech ngy U Pso — PaBHOBECHbIE TIOBEPXHOCTHBIE, a Mg H Po—
o06beMHble KOHUeHTpauuH, Ans, Aps, An U Ap — cooTBert-
CTBYIOILIHe H30BITOYHblE KOHLIEHTPAaLHH.

crioBue (6.48) os3Hauaer, uyto KpasuypoBHH Depmu
MpaKTHYeCKH TMOCTOSIHHH B 06JIaCTH NPOCTPAHCTBEHHOro 3a-
psama, Tak 4TO ero MOXHO 3anucaTb H B JIOO0OM H3 ABYX
C/leAYIOLHX BHIOB:

19— Pn =19 —Pnl (6.49)
HJ/IU
[ Pp =@l =19 —Pol,_p

6.50
| @0 — @nleo=1P0—Ppnl,_yp (6.50)

rae x = [ COOTBETCTBYeT I'DaHHUIle NPHMNOBEPXHOCTHOA o6ua-
CTH MPOCTPAHCTBEHHOTO 3apsja, Kak Mbl ee ONpEeAe/HJIN pa-

Hee (Yx=z<<-k7,T—).

Ycnosusi (6.48) + (6.50) Hesb3si cuMTaTh MaTeMaTHYECKH
TOUHBIMH DaBeHCTBaMH, TaK KaK OTCYTCTBHIO TpajHEHTOB
KBa3uypoBHell PepMH COOTBETCTBYeT U OTCYTCTBHE MOTOKOB
¥30bITOYHBIX HOCHTeJeH 3apsiia K MOBEPXHOCTH MOJyNpo-
BOLHHMKA, &, CJAef0BATeJbHO, H MOJHOE OTCYTCTBHE MOBEpPX-
HOCTHON pekoMOuHauHH. OLHAKO MBI MOXEM CYMTATh 3TH
paBeHCTBa (H3HYECKH TOYHBIMH, T. €. MoJaraTh, YTO TIpa-
IHeHThl KBa3uypOBHEH [NOCTATOYHO MaJbl [Jsl TOro, 4TOGbHI
UX BJHMSHHEM Ha pachnpejejeHHe H3GbITOYHBIX HOCHTeJeH
3apsia MOXHO OblIO npeHe6peyb.

Bosee moapo6HO Bompoc O KPUTEpPHAX CHPaBEIJMBOCTH
nonymenuil (6.48) + (6.50) Oymer paccMOTpeH HECKOJBKO
no3xe, cefivac e OTMETHM, YTO NPH HCHOJb30BAHHH 3THX
YCIOBHH ye HeT HeOOXOMAMMOCTH yUHThIBaThb Xapakrep re-
HepalU¥ H3OBITOUHBIX HOCHTeJell 3apsfa. [eficTBuTenbHO,
TakKoll yueT HeOOXOAHM TOJBKO IOCTOJBKY, MOCKOJBLKY OH
BJHSIET Ha NpPOCTPAHCTBEHHOe pacnpejeneHHe H3GBITOUHBIX
HocHTe el 3apsiia B NPHIOBEPXHOCTHOH ob6sacTH. YciaoBHe
xKe (6.48) =+ (6.50) camo onpenessieT xapakTep pacnpefesne-
HHA HM3GBITOYHBIX HOCHTeJIeH 3apsiia, Kak B 3TOM HeTpyA-
HO yGeauTbCsl, PHUMeHsisg, HanpHMmep, ero B (opme (6.50)
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K OCHOBHBIM COOTHOLIeHHAM (2.1):
p(Y)=neb ") =
= nielEs (Pp=%0) o8 (P0=¥0) B (Yo~ ) — pe_y,
n(Y)=n;e® ("=%) =
= nieﬁ (P0=%n) B (Yo—%0)eB (P —¥o) — 0. J

(6.51)

Pasnaras [NOBEPXHOCTHbIE H o6beMHBIE KOHLIEHTpalUHHU
Ha paBHOBeCHble H HepaBHOBECHble YacCTH, MoJydyaeMm 3a-
KOHbI pacrpene/jeHus M36bITOYHBIX HOCHTeJ el 3apsiia BIpH-
HOBerHOCTHOl:'l 0o6JlaCTH TOYHO B TaKOM XKe BHAE, KaK H
IJ5s1 paBHOBECHBIX!

An(Y)=Ane¥, Ap(Y)=Ape-Y. (6.52)

BripaxkeHne 1Jif TeMNa MOBepXHOCTHOH peKoMOHHAIHH
B CTalHOHAPHBIX YCJOBHAX MOXKET OBbITb MOJYYEHO IyTeM
paccMOTpeHHsT CKopocTefl 3axBaTa 3JIeKTPOHOB H JBIPOK Ha
[IOBEPXHOCTHEIE LIeHTPEl PEKOMOHHALHH, BIIOJHE aHAJIOTHYHO
TOMY, KaK 3T0 Obl10 cienaHo Bnepsrie B. lllokau u B. Pu-
I0M s 06beMHBIX 1eHTpoB [29].

[Tycte Ha NOBEPXHOCTH HMeIOTCS peKOMOGHHAIHOHHBIE
IIeHTPH! ¢ KOHLeHTpauuel N, 3HepreTHUeCKHM IOJIOKEHHEeM
YPOBHSl N0 OTHOILEHHIO K cepelHHe 3ampelleHHON 30HHI Ha
noBepXHOCTH &; = E; — E; M ycpeJHEHHbIMH MO COCTOSIHHSIM
B 30HAX BepOSITHOCTAMH 3aXBaTa 3JeKTPOHA M IBIPKH o, H
ap. CKOpOCTb 3aXxBaTa 3JIeKTPOHOB Ha MycCTble peKOMOHHa-
LIMOHHBIE YPOBHH ONpejenseTcsl ypaBHEHHeM, BIIOJIHE aHAJO0-
THYHBIM YK€ PacCMOTPEHHOMY CJyyalo 3axBaTa Ha LEHTPhI

3axBarTa:
Upns = axNy (1 —f;) ng — BNif4, (6.53)

rfie BCe BEJHUHHBl HMEIOT TOT XKe CMBIC/, YTO W IJsi ypaB-
Henus (6.15).

Hck/i0unB, MPH MOMOIUM YCJIOBHS NETAJbHOI'O paBHOBE-
CH$l, KOHCTAHTY TeIJIOBOro BhIGpoca Br, MoJlyyaeM 3TO ypas-
HeHHe B OKOHYATeJbHOM BHJe:

Ups =a,N [(1 = i) ng — finy]. (6.54)

BnosHe aHaJOTHYHBIM nyTeM noJiyyaeM YpaBHEHHE AJs
CKOpPOCTH 3axBaTa [AbIpOK Ha peKOM6HHaHHOHHble LEHTPHI,
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3aMo/IHEeHHbIE 3JIeKTPOHAMH:
Ups =0a,N; [Fips — (L =T pil. (6.55)

B craunMoHapHBIX YCJIOBHSIX CKOPOCTH 3aXBaTa 3JIEKTpoO-
HOB H [AbIPOK PeKOMOHHAIHOHHBIMH [EHTPAMH JOJIKHBI
ObITb paBHBI APYr APYTY, TaK UYTO CTeNeHb HX 3alOJHEHHS
3JIeKTPOHAMH, OnpejessieMasi HepaBHOBeCHOH (pyHKIHeH 3a-
MOJHEeHHa [;, He JOJKHa HM3MeHATbcsi BO BpeMeHH. Torzaa
CTallMOHApHOe 3HaueHHe QYHKUHH 3aMOJHEHHS MOXKeT ObITh
OfnpelesNieHO H3 YCJOBHsS pDaBeHCTBA CKOPOCTeH 3axBara [bl-
POK H 3JIEKTPOHOB. DTO JaeT:

fe

_ anns+appl
a,(ts+n)+a,(pg+p)’

(6.56)

B orinume ot cootHouweHu# (6.20) u (6.31), ompenensiB-
IUMX 3HAYeHHs] HepaBHOBeCHBIX (YHKUHUH 3aMoJHEeHHs 1EHT-
poOB 3axBaTa, CTallHOHapHoe HepaBHOBeCHOe 3HaueHHe
(GyHKUMHM 3aNo/HEHHs LEeHTPOB DeKOMOHWHALMH 3aBHCHT OT
BEPOSITHOCTeH 3axBaTa 3JeKTPOHAa H IBIPKH n H Op. ITO
pas3nuude BIOJIHE NMOHATHO, TaK KaK B MOCJeJHeM ciaydae
CTeleHb 3aNoJIHEHHsI LEHTPOB 3JIeKTPOHAMH OlNpefnessiercs
npoueccaMH B3aHMOJeHCTBHA ¢ 06eHMH 30HAMH, TOTAA Kak
B C/yyae IIEHTPOB 3aXBaTa — TOJIBKO ¢ KaKo#-muG0 onHOH
M3 HHX.

IMoacraBass crauvoHapHOoe 3HayeHHe (QYHKUHH 3amnoJ-
HeHHUs B Jio6oe H3 ypaBHeHHH AJs cKopocTeli 3axBara (pas-
HBIX MeXAy co06ofl), moJyyaeMm BEIpa)KeHHe AJs TeMMa Io-
BEPXHOCTHOH pPeKOMOMHALMH B BHJE:

N0, (nsps—n,p))

= a,(ng+n)te, (ps"'pl)-. (6.57)

Us

= n2
HOCKOJIbe nlpl = hy, KaKk OoTMeua/JoCb paHee, TEMN MOBEpX-

HOCTHOH pPeKOMOHHALMH OTJIHYEH OT HYJsl TOJBKO B TOM
cayyae, Korja IOBEPXHOCTHble KOHLEHTpalUMH fg H pg OT-
JMYHbl OT PaBHOBECHBIX Ngo M Pso, NPOH3BEJEHHE KOTOPBIX
NgoPso = N3. [loBepXHOCTHbIE KOHUEHTPALUH HOCHTeJeH 3a-

psiZa MOXHO pa3lel]UTb Ha paBHOBeCHble H H3OBITOYHLIE
YacTH, OAHAKO TOCKOJBbKY Ang u Aps, cormacHo (6.52), He
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paBHBl ApPYr APYry [Naxe B OTCYTCTBHE 3aXBaTa, BBECTH
€IHHYI0 CKOPOCTb MOBEPXHOCTHOH PEKOMOWHAIMH IJs 3JeK-
TPOHOB M [IBbIPOK He NMPEeACTaBJSEeTCS BO3MOMXKHBIM.

B orcyTctBHe mpoleccoB 3axBaTta B 06beMe MOJMYNPOBOJ-
HHKa, Koraa Ap = An, ycnosue (6.48) nossossier npeobpa-
30BaTh COOTHOLIeHHe (6.57) K BuAy:

_ N0, (ny+ py+ Ap) Ap
s o, (PgotArg+p))+a, (ng,+Ang+n)

U = SAp ly-1. (6.58)

HaxkoHell, npH MasblX yPOBHSIX HHBEKLHH, KOTA BeJH-
uuHbl Ap, An, Aps u Ang npeHe6pexXHMO MaJibl MO CpaBHe-
HHIO C PAaBHOBECHBIMH Hqg, Do, Mgo, Pso,

_ N 0,0, (1 + po)
@, (Psot+Py) + 0, (nge+ 1)

Us Ap. (6.59)

CnenoBaTesIbHO, NMPH CHPABeAJHBOCTH MPEANOJOXKEHHUS
(6.48) o ToM, 4TO HOCHTeJH 3apsiia Ha IMOBEPXHOCTH H B
o6beMe HaxoAATCA B paBHOBECHM MexXAy co6o#, TeMn mo-
BEPXHOCTHOH peKOMOMHALMH MOXKeT OBITb BbIpaKeH aHaJjo-
THYHO BBeIEeHHOMY paHee cooTHolueHuio (6.43). Onuako,
B OTJIHYHe OT PacCMOTPEHHOTO paHee MpocTedllero ciayuas,
B (6.58) ¢urypHpyoT KOHUEHTpPalUHMH H3OGBITOYHBIX HOCHTE-
Jefi 3apsna An = Ap He Ha INOBeDPXHOCTH, a B rJiy6HuHe
MOJYNpPOBOAHHKA (MpH x =[), TaM rle Ha HX BeJMHYHHAX
He CKa3biBaeTcsl HaJHyHe CJOSl MPOCTPAHCTBEHHOrO 3apsia.

Takum o6pasom, corjacHo cooTHomeHuo (6.58), cko-
pOCTb nogepxrHocTHOU pexombunayuu ciedyer onpedesuts
KQK OTHOUleHue Temna no8epxHOCTHOU peKOMOUHAYUL K KOH-
yenTpayuu u3boiTounbix Hocutesel sapada 66ausu nosepx-
HOCTU, HO 8He 06AACTU NPOCTPAHCTEEHHO20 3apada.

Ato onpeneneHHe O3HAYaeT, YTO peasbHEIN Mpolecc pe-
KOMOHHALMKY MOCPEICTBOM MOBEPXHOCTHLIX IIEHTPOB 3aMe-
HSeTCSl MPOLECCOM «BbITEKAHHA» Map H3GBITOYHBIX HOCHTe-
Jell 3apsiia yepe3 HEKOTOPY10 BOOGpaxaeMylo MOBEPXHOCTb,
OT/E/SIOUYI0O NMPUIOBEPXHOCTHBIA CJIOA MPOCTPAaHCTBEHHOTO
3apsiia oT o6beMa MOJYNPOBOAHHKA.

TTockonbKy 06/1aCTh MPOCTPAHCTBEHHOTO 3apsifia MCKJIO-
YyaeTcsi W3 pAacCMOTPEHHs, TO H HoJjie B Hed He MOXKeT
BIUATP Ha BeJHUYHAHY MOTOKA pPEKOMOUHHPYWOIHX Tap,
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KOTOpBIY, TakHM 006pasoM, SABJAseTCS YHCTO AHGDPY3HOH-
HbIM *). COOTBeTCTBEHHO, rPaHHYHOEe YCJIOBHe AJd Ciayyas
MOBEPXHOCTHOH peKOMGHHALHH MOXeT ObiTb BhIpaXkeHo
ypaBHeHHeM:

. A
]S=_DMx=l=US=SApI (6.60)

x=1

ox

oTanuammuMes ot (6.44) TONBKO TeM, UTO T'PajHEHT KOH-
HeHTpaluu H3GLITOYHBIX HOCHTeJledl 3apsiia M cama 3Ta
KOHLIEHTpAIHsl JOJKHBE 6paThCs He Ha peaJbHOH MOBEPXHO-
CTH TOJYNPOBOAHHKA, a Ha ONpeJe/ieHHOH Bhillle YCJOBHOM
rpaHuue.

HecmoTpss Ha KaxXylylocsi HCKYCCTBEHHOCTb TaKOro
fpelCTaBJ/eHHs], OHO AOCTATOYHO YAOBJIETBOPHUTENBHO OIH-
chiBaeT siBJIeHHe 10 TeX Mmop, Moka ponyiuieHde (6.48) MoxHO
CUHTAThb BBHINOJHEHHBIM. UTO Ke KacaeTcs CIpaBedJHBOCTH
CaMOTO 3TOrO JIOMYILIEeHHS, TO YCJIOBHS ero BBINOJHEHHS MO-
ryT ObITh KauyeCTBEHHO OLleHeHBl H3 caMbIX 00uHX (u3uue-
cKHX cooGpaxenuii. OueBHIHO, UTO BaxKHelilllee H3 3THX yc-
JIOBHH CBSI3aHO C COOTHOLIEHHEM MexXAy HJIHHONH 3KpaHHpO-
BaHusg Zp u JauHo# Nubdy3HOHHOrO cMelleHus L.

Jlauna 1npdy3HOHHOro CMellleHHs N0JXKHa CYLIeCTBEHHO
MPEeBOCXOANTh IJHHY KPDAHHPOBAHHSl IO KpalHeH Mepe 1o
JIBYM COO6paKeHHSIM.

Bo-mepBBIX, TONBKO b 3TOM CJyyae MOXKHO [peHeGpeub
pekoMOuHanue#l nmocpeAcTBOM O0beMHBIX LEHTPOB, HAXOIs-
IIMXCA B CJ0e NPOCTPAHCTBEHHOTO 3apsiia, H CUUTaTh, B CO-
OTBETCTBHH C MPHHATOH MOJEJbIO, YTO Maphbl H3GBITOUHBIX
HOCHTeJlell 3apsja, NpoLIeAllMe Yepe3 YCJIOBHYIO T'DaHHIy
MEXNYy 3THM cjloeM H O06beMOM, PeKOMGHHHUPYIOT TOJIBKO
MOCPeNCTBOM MOBEPXHOCTHBIX IIEHTPOB PEKOMOHHALIHH.

Bo-BTOpHIX, 3TO Ke TpeGoBaHHe oBecneyyBaeT [POCTpaH-
CTBEHHOe pacrnpefesneHHe H3GLITOYHBIX HOCHTeNeH 3apsaoB
B CJI0Oe NPOCTPAHCTBEHHOrO 3apsfa, onpefe/asieMoe COOTHO-
wenusiMu (6.52), BHe 3aBHCHMOCTH OT XapaKTepa reHepainuu

*) 3To yTBepXKAeHHe HMeEeT TOJNbKO TOT CMbICJ, YTO HET HeoOXOmH-
MOCTH B Yy4eTe BJHAHHMSA MO MNPHNOBEPXHOCTHOH 06G/1acTH MNPOCTPaH-
cTBeHHOro 3apsifa. B To ke Bpems B GJH3KOM K COOCTBEHFOMY oGbeMe
NOJyNpOBOJAHHKA PEKOMOHHALHOHHBIN NOTOK He GyAeT 4HCTO AHG}Y3HOH-
HBIM BC/IeJCTBHE BO3HHKHOBEHHSI NeMOepOBCKOH Da3sHOCTH MNOTEHLHAJOB.
D10 06CTOATENbCTBO YUHTbIBaeTcs B COOTHoweHMH (6.60) wucnosb3oBa-
HHeM Ko3¢pdHuuHeHTa OunonspHoit nuddysuun D.
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H30LITOYHBIX Nap HocHTesell 3apsiza. Ecau 3to TpeGoBaHHe
He BRHINIOJIHEHO, TO TeHepalysi H3GLITOYHBIX Map HOCHTeJeH
3apsija BHYTPH CJIOS NMPOCTPAHCTBEHHOTro 3apsiaa Oynaer cy-
I[eCTBEHHO CKa3blBATbCsi HAa HX NPOCTPAHCTBEHHOM pacrpe-
Jle/IeHHH, W BBeJeHHe MOHSITHSI CKOPDOCTH NMOBEPXHOCTHOH pe-
KOMOHHAIMH, He3aBHCHMOIO OT cHoco6a reHepamuH, OKa-
JKeTCsl HeBO3MOKHEIM.

OueBHIHO TaKKe, YTO ONpejeseHHble OrpaHHYeHHs, 06-
YCJOBJIHBAIOLUIHEe  CNpPABeNAJHBOCTh jgonyileHdss  (6.48),
IOJI2KHBl HAKJIa[blBaThCsl HA a6COMIOTHbIE BeJHYHHBI OBepX-
HOCTHOTO 3JIEKTPOCTATHYECKOrO MOTEHIHa/Ja H CKOPOCTH
[I0BEPXHOCTHOH pekoMOHHAUHUH. PU3HUECKYIO NPHPOLY 3ITHX
orpaHHYeHHHl HeTPYAHO MOHAATb. B cjayuae, ecau HampsikKeH-
HOCTb 3JIEKTPHYECKOTO [0Jis1 B CJOe MNPOCTPAHCTBEHHOrO 3a-
psiia OoueHb BeJIHKa, TaK 4TO AJHHA Apefida B mose cylie-
CTBEHHO NPEBOCXOAHT AJHHY JAUG(DY3HOHHOTO CMeLIeHHUsd,
TPYAHO OXHAATb, YTOGHEl 3TO OOCTOATEJNbCTBO He CKa3ajoch
Obl Ha MOTOKe map H3GLITOYHBIX HOCHTesel 3apsiga BHYTDH
06/1acTH TNPOCTPAHCTBEHHOrO0 3apsfa. TOYHO Tak e IpH
ypeaMepHo GosbLIOH abCOMIOTHOH BeJHYHHE CKOPOCTH
NOBEPXHOCTHON peKOMOHHALMH, TOUHee — NPH BBICOKOH KOH-
IlEHTPAllH¥ AKTHBHBIX MOBEPXHOCTHEIX LEHTPOB peKOMOHHa-
UK, TeMNl MOBEePXHOCTHOH pekOMOHHAUHH OyHeT ompele-
JATBC He CTOJBbKO <«HPONYCKHOH CrnocOGHOCTBIO» 3THX
LeHTPOB (T. €. BEJHUYHHOH CKOPOCTH MNOBEPXHOCTHOH pPEKOM-
6HHALMH), CKOJBKO YCJOBHAMH AH(DQY3un H3OBLITOUHBIX ap
HOCHTeJlell 3apsiga U3 06beMa K [OBepXHOCTH.

OueBHaHO, YTO B 060HX THX ClydasX MOHATHEM CKOPOCTH
[IOBePXHOCTHON pPeKOMOHWHAUMH I0/1b30BATbCA HeJb3s, TaK
KaK HMEIOLUIH# MeCTO B AeHCTBHTEJNbHOCTH TeMH HOBEPXHO-
CTHOH pekOMOHWHAUMH He OyneT ONpefessTbCsl COOTHOIIe-
uuem (6.58) uau (6.59).

XoTa ¢u3HyecKH Bce 3TH cooGpaxKeHHs! NOBOJBHO SICHHI,
MaTeMaTHYeCKH CTpPOroe OmnpejeseHHe YCJOBHH NPUMEHHUMO-
CTH TOHSITHSI CKOPOCTH MOBEPXHOCTHOH pPeKOMOMHALMH Npen-
CTaBJsieT CyllecTBeHHble TpyaHocTH. Kak o0ObluHO, 3TH
yC/0BUsI AOJ/KHB ObiTh HaiifleHbl NpPH aHajause obllero pe-
IIeHHs1 3ajlaud, OMHCbIBaeMOil cHCTeMOH ypaBHeHHH (6.45)
H TPAHHYHBIMH YCJIOBHAMH (6.47).

Kputepuii NpHMEHHMOCTH IOHSITHSI CKOPOCTH TOBEpX-
HOCTHOH peKOMOMHALHH K CJIy4Yalo <«TOJCTEIX»  CJIOEB
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oGorallleHHs1 U HCTOLIEHHs, KOrga TOJILHHA CJO0S NPOCTPaH-
CTBEHHOTO 3apsiia CyLIeCTBEHHO MpeBbIIIaeT AJHHY CcBOGOA-
Horo mpoGera HocHTesell 3apsifa, Gewt noayued I'. JI. Bu-
poM [30]. das ob6pa3una 3/JeKTPOHHOH NPOBOAHMOCTH 3TOT
KPUTEpHH HMeeT CJAeAYIOUHHA BHJI:

L ( 14 L,+ )<< 1, (6.61)

)
rae
1 1 L
Ll:%fe Y gx, 2=TLJ vp==2. (6.62)
Py 3 p
3nech [ — paccTosiHHe OT MOBEPXHOCTH MOJYNPOBOJAHHKA, [Aie
Y = Ys, no miockocty, rae Y =1, Lp — aauna nuddysHoH-
HOTO CMeIleHHsl, a Tp — BpeMs XH3HH ABIPOK B obpasiue
3JIeKTPOHHO!N NPOBOAHMMOCTH. BJ/IH3KOoe K 3TOMY BbIpaKeHHe
KpHTepHsl AJsl CJaydasi cJI0eB MHBEPCHH GbIJIO MOJYYeHO B pa-
Gorte [31].

IlyTeM YMCIEHHOTO HHTErPUPOBAHUS MOXKHO MPOBEPUTH
BEIMIOJIHUMOCTh KpuTepus (6.61) mns pasnHuHBIX KOHKpeT-
HBIX YCJIOBHH Ha MOBEPXHOCTH. PesysbTaThl TakHX pacueTos,
npuBefileHHble B paboTe [32], nokasblBalOT, YTO 32 HCKJIOYe-
HHeM HeKOTODHIX CllellHa/bHBIX cJyyaeB HepaBeHCTBO (6.61)
‘BBIMOJIHSIETCS IJ/1S1 TepMaHHs [PH BCeX AOCTYMHBIX B JKCIle-
pHMeHTe 3HAUEHHSIX IMOBEPXHOCTHOTO [MOTeHIHasa. 3HauH-
TeJbHO XYy2Ke M0JIOXKEeHHe JeJ ¢ KpeMHHeM, Ile 3TOT KpHTe-
puil HakJaJblBaeT NOBOJbHO KECTKHe OrpaHHYEHHs] Ha Be-
JIHYMHBI TOBEPXHOCTHOrO MOTEHIHAJIa, IPH KOTOPHIX HUCMOJb-
30BaHHe NOHATHS CKOPOCTH MOBEPXHOCTHOH peKOMOGHHAUWH
0CTaeTcsi 3aKOHHBIM.

[IpuMeHUMOCTb MNOHSITHA CKOPOCTH IOBEPXHOCTHOH pe-
KOMOGHHAIMH S MOXeT ObITb MpOBepeHa U 3KCHEepHMEHTA/Ib-
Ho. [ 3TOf mesNM JQOCTAaTOYHO NMPOBECTH H3MepPEeHHsl 3TOH
BEJIMUHHBI PA3JIHYHBIMH METOJAMH, HCMOJIb3YIOUIUMH pa3HbIe
croco6ul reHepanuu U3OLITOUHBIX HOCHTesdell 3apsina. B cay-
yae NPUMEHHMOCTH 3TOTO TMOHSTHs Pe3yJbTaThl H3MepeHHH S
NpH Pa3HBIX CMOco6ax reHepauntHd AOJNKHBI COBNACTb MeXIy
coGoil. PacxoxaeHHe H3MEPEHHBIX BEJHUYHH CBHIETEJbCTBYET
06 HX 3aBHCHMOCTH OT cnocofa reHepauu, T. €. O HEKOp-
PEKTHOCTH HCMOJb30BAHHSl CaMOTO MOHATHA CKOPOCTH IIO-
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BEePXHOCTHOH pDeKOMOMHAUMH NpPH [aHHOM COCTOSIHHH IIO-
BEPXHOCTH o6pasua.

BosBpamasice K COOTHOIUEHHIO JJIfl CKOPOCTH MOBEPXHO-
CTHON peKOMOGHHAUUH, OTMETHM, YTO ero YAoOHee HCMOJIb30-
BaTb, KOTJla BXOJSIIHE B HETO NOBEPXHOCTHEIE KOHIEHTPALHUH
BbIPakeHbl yYepe3 MOBEPXHOCTHbIH moTeHuuasn. [lpu 3ToM
CTaHOBHTCSl TOpa3fo 6oJjiee HAarJsigHBIM XapaKTep 3aBHCH-
MOCTH CKODOCTH MOBEDXHOCTHOH peKOMOHHAIMH OT mnapa-
METPOB PEeKOMOHHALIHOHHBIX LEHTPOB, TEMNEpPaTypel H I10-
BepxHOCTHOro noreHuuana. Iloacrasassa B (6.59) 3HaueHus
KOHIeHTpaUHui ng U ps (dpopmyanl (2.3)) u ny u p; (¢pop-
myabl (6.18) u (6.30)) u npoBens Hecn0XHble NpeoGpa3oBa-
HH#A, TOJy4YaeM .Jsl cJydass MajblX YPOBHEH HWHBEKIIHH
KOorza BeJHYHHaMH Ap, Aps, Ang MOXHO npeHebpeub Mo
CPaBHEHHIO C BeJHYHHAMH Mg, Do, Ps, Ns H py, Ny:

12 1 -1
¥y (08 (4 27

S= - = (6.63)
ch q(CP:T ) +ch ( etqug )
H 151 caydyast 6OJbIIHX YPOBHeH HHBEKIHH:
- )
Ny (@,9,)" 5 (=27 (14—
S— 2 A+A (6.64)
N hq(<PS—§) h(et—qé) bh(Y _ﬁ)' ’
N M\ TR )OS T

OGo3Hauenuss B (6.63) u (6.64) ObliM B OCHOBHOM BBeJEHHI
paHee. HoBoii siBnisieTcst BeJIMuMHa

g5 _ 1%

AT TG,
XapakTepu3yolasi pa3jdyde BepOSTHOCTeH 3axBaTa IblpPKH
M 3JIeKTPOHa PeKOMOGHHALHOHHBLIM IEHTPOM W BBeJeHHas
B Takoi ¢opme AJ1s yno6ctBa 3anucu ¢opmya (6.63) u
(6.64).

Beipaxkennss (6.63) u (6.64) npuronHml, pasymeercs,
TOJIbKO AJISt CJIyuasi, KOTrjJla Ha MOBEPXHOCTH MMEIOTCS peKOM-
OGuHALHMOHHbIE LEHTPH TONBKO OfHOro Tuna. M3 BuHaa sTHX
COOTHOLIEHHH C OYEBHAHOCTBIO CJELYeT, YTO 3aBHCHMOCTb
CKOPOCTH IIOBEPXHOCTHOH PeKOMOHMHAUMH OT IOBEPXHOCTHOIO
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moTeHuanma B 060HX ciaydasax HMeeT pe3KO BbIpaKeHHbIe

MaKCHMYMBI.
Jns cnyuas MaJjloro ypoOBHS HHBEKUHH YCJIOBHE MaKCH-
MyMa BHIpaXaeTcsl PaBEHCTBOM:

q9g g8 4
(ﬁ‘)smax—k—r nae Y, =<y +Ink,  (6.65)

a BeJIHUHHA S B MaKcHMyMe:
12 1 -1
Ny (o,9,)" 5 (A +27h

)

(6.66)

Smax =

l+ch(

B cayyae GOsbIIMX YPOBHeH HHBEKLUHH, KOrIa MEPBBIM
cjlaraeMblM B 3HaMeHarTeJie BeipaxkeHHs1 (6.64) MoxHO mpe-
HeGpeub MO CPABHEHHIO C TPETbHUM, YCJOBHEM MakKCHMyMa
SABJISETCS:

ys=z_§, (6.67)
a BeJIMUMHA S B MaKCHMYyMe:
1 N, (a,a,)"?
Smax = ) 1 1 nef)_ &N (668)
1+ X ch (—kT )

OcraBnsasi Gosee neranbHBll aHanaus ¢opmyn (6.63) u
(6.64) na manbHeillllee, OTMETHM, UTO NpUBeLeHHble KPHUBHIE
S/Smax = f(Ys) wumeoT Kosokon006pasHyio ¢opmy (cMm.
HixKe puc. 12.1), npuueM NoOJylIHPHHA KPHBHIX OMpeeJsieT-
csl B cJlyuae MaJloro YpPOBHSI HHBEKUHH COOTHOLIEHHEM MeX-
Ly SHEPTeTHUYECKHM [0JI0KeHHeM PeKOMOHHAIMOHHOTO ypPOB-
Ha ¥ BeauuuHOl gE/RT, a ecai OH He MaJl, 3aBHCHUT ellle U OT
YPOBHSI HHBEKLHH.

B 3ak/oueHHe OTMETHM OIHY OCOGEHHOCTb MOBEPXHOCT-
HOIl peKOMOHHALIMH, CYLECTBEHHO OT/IHYAIOMIYIO ee 0T 06b-
eMHOH pekoMOHuHauHH. Kak u3BecTHO [29], Brlpaxenue aas
Temna 06beMHON peKOMOMHAlMH, aHAJOTHYHOEe HalleMy co-
otHoweHnHto (6.57), cnpaBelMBO TOMBKO NMpPH MAJOH KOH-
IEHTPALMH LEHTPOB peKOMOHHANMH, KOTJa H3MeHEeHHe (Te-
JICHH HNX 3anoJijenus MaJo MO CPaBHEHHIO C H30bITOYHBIMH



§ 6] 3AXBAT U PEKOMBHWHALIUS HA NOBEPXHOCTH 93

KOHIIEHTpaLUsIMH HocuTeJsell 3apsana An u Ap. Toabko B 3TOM
c/lydyae MOXHO NpeHeGperaTb 3aXBaTOM H3OBLITOYHBIX HOCH-
TeJell 3apsfa Ha peKOMOGHMHALHWOHHBIE IEHTPhl M CUHUTATD,
4YTO H3OBITOYHbIE KOHLIEHTPALUH HOCHUTeJIell 3apsina An u Ap,
a, COOTBETCTBEHHO, H HX BpeMeHa XXH3HH Tn H Tp PABHH
Apyr npyry.

B cBa3u ¢ coobpaKeHHSMH, BBICKA3aHHBIMH B KOHIE
npeAblAYyLIero pasjesna 3TOro naparpaga, o crnenuGUUHOCTH
3axBaTa M36BITOUHBIX HOCHTesel 3apsila Ha MOBEPXHOCTH,
OUEeBHUJHO, YTO B NMPHHIIUIE U 3aXBaT HAa peKOMOGHHALMOHHLIE
[OBEPXHOCTHBEIE LIEHTPhl TaKXe He MOXKET NMPHBOJUThL K BO3-
HHKHOBEHHIO KaKHX-l1HO0 ocnoxHeHHi. M3aMeHeHHe mnoBepx-
HOCTHOTO 3apsja 3a cueT 3axBaTa Ha MOBEPXHOCTHLI@
pekOMOHHALHOHHEIE LeHTPhl 6y4eT CKOMIEHCHPOBAHO H3Me-
HeHHeM 3apsiia B CJOe NMPOCTPAHCTBEHHOTO 3apsjaa, MyTeM
nepepacnpefie/leHHsl KaK paBHOBEeCHbIX, TaK H H36GLITOUHBIX
HocHTesell 3apsna B HeM. HoBoe ux pacnpepnenenne Oyper
XapaKTepH30BaTbCsl KBAa3HPABHOBECHOH BeJHYHHOH MOBepX-

HOCTHOTO 3JIEKTPOCTAaTHYECKOTO MOTeHIHaJja Ys, KoTopas
3aMEHHT paBHOBeCHOe ero 3HaueHHe Yg.

Takum o6pa3oM, 3axBaT H3GLITOUHBIX HOCHTeJell 3apsana
Ha NOBePXHOCTHble PeKOMOHMHALlMOHHEIE HEHTPbl He MOXKeT
NPHBECTH K BO3HHKHOBEHMIO Da3JIMuHil MeXAy KOHIeHTpa-
IHSMH H3GBITOUHBEIX HOcHTesell 3apsiia An u Ap BHe obuna-
CTH NpOCTpaHcTBeHHOro 3apsina. COOTBETCTBEHHO, faxe NpH
OuYeHb 3HAYMTEJbHOM 3axBaTe Ha I[IOBEPXHOCTHBlE IEHTPHI
pPeKOMOMHAIMH H 3aXBaTa HeT HeOOXOAHUMOCTH BO BBEeLEHHH
IBYX pa3HBIX BeJHYHH CKOPOCTH IOBEDXHOCTHOH peKOMOH-
Hauud S, 1 Sp. OHO cTaHOBUTCA HEOOXOAUMBIM TOJBKO TPH
CYIL[ECTBEHHOH POJIM 3aXxBaTa Ha 0OBEMHBIX LEHTPAX PEKOM-
GUMHALMM W 3aXBaTa, NPUBOMASILErO K PA3JHYHIO U3OBITOUHBIX
06beMHEIX KOHUEHTPaLuid An U Ap H HX O6beMHBIX BpPeMeH
HHU3HU.

TouHO Tak K€ B Cjyuyae NOBEPXHOCTHOH peKOMOHHANUH
He BO3HHK&eT OCJOXHEHHH ¢ HeaAAHTHBHOCTLIO CKOpPOCTei
PeKOMOHHALIMH OT Pa3JIMYHBIX TPYMI IeHTPOB, OTMEUEHHBIX
C. I'. KanawnukoBeiMm [33] nna ciydass o6beMHOR peKOMOH-
aupuu. [TockonbKy ¢pu3nvyeckol NPUYMHOH MOSIBJIEHHS Heal-
OUTHBHOCTH sIBJISIETCSl Pa3jiMuHe KOHIEeHTpPauHi M3GBITOYHBIX
HocHTeJslelt 3apana An u Ap, OTCyTCTBYIOllee B cJyvyae MO-
BEPXHOCTHOH PEKOMOHHALMH, TO W BKJAaAbl OT PasJHYHBIX
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FPYNI MOBEPXHOCTHBIX LIEHTPOB peKoMOGHHAUHH 6yAyT Bceria
aJIUTHBHBI.

r) MosepxHOCTHbI 3axBaT M PeKOMOUHALMA TOCPEACT-
BOM CHCTEM MOBEPXHOCTHBIX LEHTPOB. B 1Byx mpeabloyiux
pasienax Hacrosillero naparpaga paccMaTpHBAJHUCh I10-
BEPXHOCTHEII 3aXBaT W peKOMOGHHALHs, OO6YCJIOBJEHHbIE
NpocTeAIHMH MOBEPXHOCTHEIMH LeHTpaMH. ITpocToTa crpoe-
HHS 5THX ILEeHTPOB 3aKJ/I0YaeTcsi B TOM, UTO WX B3auMoJefi-
CTBHe C HOCHTeJNsIMH 3apsAfla B MOJYNPOBOJAHHKe MOXKeT
OLITb ONMCAHO MyTeM BBeleHHs] OJHOrO THCKPETHOTO SHepre-
THYECKOTO YPOBHS /Il LIEHTPOB JAaHHOTO THMA.

OTMeTHM, UYTO NpeANoJOXKeHHEe O BO3MOMKHOCTH TAaKOTo
ONHCaHHSl MOBEPXHOCTHbIX He(eKTOB CTPYKTYPhl BOBCE He
fBJsieTcsl OueBUAHBIM. [lpexne Bcero, HeOGXOAHUMO yuecTb
BO3MOXXHOCTb B3aHMOJEHCTBHS NMOBEPXHOCTHBIX LEHTPOB O[-
HOTO THMa Jpyr ¢ ApyroM. Eciau KOHUEHTpalus MOBEPXHO-
CTHHIX IIEHTPOB BEJHKA, a DAacCTOsIHHe MEXIy COCeIHHMH
[IeHTpaMH, COOTBETCTBEHHO, MaJlO, TO TaKOe B3aUMOJeHCTBHe
npuBefeT K 06pa3soBaHHIO MOBEPXHOCTHBIX 30H yDOBHeH, mo-
JOGHEIX NPUMECHEIM 30HaM B oObeMe KpHCTaJ/Ja, cofepika-
mero GOJblliHe KOHLEHTPAaLHM HpUMecell WM ADPYTHX [e-
¢ekroB. IllupuHa 3THX NOBEPXHOCTHBIX 30H M XapakTep
pacnpefieJleHHs1 YDOBHEH MO HX 3HEPreTHYeCKOMY IOJIOKe-
HUIO B 30He 3aBHCAT OT MHOTHX (aKTOpOB, 06CYKAaBILUUXCS
KauecTBeHHO B § 1 Hacrosimteét raaBbl. OueBHAHO, UTO BO3-
MOXKHOCTb 00pa3oBaHHs LIMPOKHX 30H, KOTOphle ObLIO GBI
OTHOCHTEJIbHO MPOCTO OTJAHYHTH B IKCIEPHMEHTe OT JIHCK-
PEeTHBIX ypOBHeil, GyleT pea/M30BaThCH TOJbLKO NMPH BeCbMa
60/IbLIIMX KOHLEHTpPALHSAX MOBEPXHOCTHBIX Ne(eKTOB CTPYyK-
TYpbl, He HAMHOTO MEHBbLIMX KOHUEHTPAalHH MOBEPXHOCTHHIX
aTOMOB.

Heo6xonumo, onHakKo, UMeTb B BULY H NIPYrylo BO3MOX-
HOCTb BO3HHKHOBEHHsI HeNpephIBHBIX (HJH, TOUHee, KBasH-
HeNnpephIBHBIX) M0 3HEPTeTHUECKOMY MOJIOXKEHHIO pachpejie-
JIEHH!! MOBEepPXHOCTHHX ypoBHeH. OHa 3akjiouaeTcs B TOM,
YTO OAHOTHIHBIM JNe(deKTaM CTPYKTYpDhl MOBEPXHOCTH MOJY-
MPOBOLHHKA MOTYT COOTBETCTBOBATh pa3JjIMUHble SHEPrHHU 3a-
KpeIUIeHHs] Ha HHX 3JeKTPOHa H B TOM C/ydYae, KOria KOH-
HeHTpauud 3THX JAedekToB HeBesHKH. [IpHYMH ANA BO3HUK-
HOBEHHs] TaKOH CHTYallMH MOXHO NpPHBECTH OYeHb MHOTO.
OT10 MOXKeT GbITb, HaNpUMep, BJHSIHHE MHKPOCKONHYECKOro
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penbeda caMoOfi NMOBEPXHOCTH MOJYNDOBOAHHKA, B Ppes3yiib-
TaTe 4Yero pasJjUuHble [OBEPXHOCTHble ATOMBl HAaXOAATCH
B HECKOJIbKO Pa3HBIX YCJOBHSIX OKpYXKeHHus1. COOTBETCTBEHHO,
OyayT HeCKOJbKO pasviM4aTbCcsl H SHEPTHH CBSI3M 3THX aTo-
MOB C aTOMaMH KHcJopoaa NpH 00pa3oBaHUH 3aLIHTHOH
OKHCHOJl TJIEHKH Ha peasIbHOH NOBEPXHOCTH [OJYyMpPOBOM-
HuKa. [lockosnbky caMa mo cebe 3Ta MJeHKA He fABJAsETCS
MOHOKPHCTA/IJIMYECKOH, TO Das3/HYHsl B YCJIOBHSIX OKpYXKe-
HHsl JaHHOH mapbl aTOMOB MOJYNPOBOAHHK — KHcaopox Oy-
AyT UMeTh MECTO H CO CTOPOHbI OKHCHOM MJeHKH. DTH, a TaK-
Xe U Apyrue BO3MOXKHble Pa3JIMUHs B COCTOSIHHH NOBEPXHO-
CTHBIX LIEHTPOB MAHHOrO THMAa MOryT OBbITb OOBeIHHEHB
OOIHM TMOHATHEM HeYynopadOUeHHOCTU CTPOeHUs TOBEPXHO-
CTH HJIM TPAaHHLBI pasjeJsa MoJyNnpOBOJHUK — AU3JeKTpHUe-
cKasl IJIeHkKa.

M3 Teopun 0OGbEMHBIX HeyMOpsOYeHHBIX CHCTEM H3Be-
cTHO [M6], 4TO MpPH OTHOCHTEJLHO HEOOJIBIIHX CTEIeHsIX He-
yNOPSAAOYEHHOCTH MOcaeHsAA OYNeT MpOsBJAATLCA B BO3HHK-
HOBEHHH B 3alpelleHHOH 30He 3HePruii KBasWHenpephIBHHIX
CHCTEM JIOKAaJbHBIX YDOBHeH, KOHIEHTPALlUH KOTOPBIX 3KC-
NIOHeHIIHAJbHO YMEHbIIAIOTCSA IO Mepe yldaJleHHs] SHepreTH-
4eCKOro MOJIOXKeHHsl YPOBHSI OT Kpas paapellleHHOH B30HHI.
IlepeHoc 3TuXx nNpeACTaB/eHHl Ha CJAy4Yall NOBEPXHOCTHOM
HeYNMopsAJA0YEeHHOCTH M[O03BOJSeT OXHAAaTh BO3HHKHOBEHHA
KBasHHENpPepPLIBHBIX CHCTEM [OBEPXHOCTHBIX YpOBHeH [34].
B KOHILle KHHTHM MBI BO3BPATHMCSl K 3TOMY BOIIPOCY B CBfI3H
¢ ofcyXaeHHeM 3KcmepHMeHTaJbHBIX HNaHHBIX. Iloka e
OrpaHH4YMMcs TOJBKO OOLIMM 3aK/aloueHHeM O MHpPHHLHIH-
a/JbHOI BO3MOXKHOCTH CYLeCTBOBaHHSI KBa3WHelpepHIBHBIX
CHCTeM IOBEpXHOCTHHIX YPOBHeH M pPacCMOTPHM BO3MOXK-
HyI0 poJib TaKHX CHCTeM B SIBJeHHSX 3aXBaTa H PeKOMOH-
HaLlHH.

Bricka3aHHOe BhiLIe cOOGparkeHHe O BePOSATHOCTH 3KCIIO-
HEHIHAJbHOTO pacnpellesIeHHs] MOBEPXHOCTHBHIX YPOBHeH MO
HX 3HEpreTHYeCKOMY IIOJIOKEHHIO B 3anpellleHHOH 30He Ha
[IOBEPXHOCTH He MOXeT, pasyMeeTcs, HMeTb pellalollero
3HauyeHHsi, MMOCKOJIbKY H3JIOXeHHBbIe MpedCTaBJeHHs ABJSIOT-
ca cyry6o KauectBeHHbIMH. OaHako pe3y/IbTaThl IKCIEpH-
MEHTaJbHOrO0 HCC/IeOBAHHS 3aXBaTa HOCHTeJlell 3apsja Ha
MOBEPXHOCTH TOJYNPOBOAHHKOB MO3BOJSAIOT OrPAHHYHTHCA
paccMOTPeHHEM TOJbKO TAKHX CHCTeM, TaK KakK OHH Jyulle
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BCEro COOTBETCTBYIOT HMEIOUIMMCS IKCIePHMEHTaJbHbIM AaH-
HBIM.

IMpenmosoxum [35], 4TO HMelOTCS IBe CUCTeMbl KBa3HHe-
NpEePLIBHO pacnpejie/leHHbIX [0 3HEPreTHYeCKHM MOJIoXKe-
HHAM I[OBEPXHOCTHBIX YDOBHeH: aKIeNTOPHhIX, KOHIeHTpa-
[HsT KOTOPHIX 3KCIOHEHIHAJbHO pacreT ¢ NpHOJHKeHHEM
JHepreTHYeCKOro MOJIOXKKEHHS YPOBHS K OHY 30Hbl NMPOBOMH-
MOCTH HA NOBEPXHOCTH:

e
Nia=Acxp(a ), (6.69)

A NOHOPHBIX, KOHUEHTpauusa KOTOPhIX 3KCIOHEHIHaJbHO pac-
TeT C npuénnmeﬂuem 9HEepPreTHYeCKOro mnoJIo2KeHHs1 YypOBHSA
K BepXy BaJIeHTHOH 30HBI Ha TNMOBEPXHOCTH!

Nip=Bexp(—b22). (6.70)
3nmech & — MO-TpPexKHeMy SHepreTHueckOe MOJIOXKEeHHe ypOB-
HSl, OTCUMTAHHOe OT CepeJMHBbl 3alpellleHHOH 30Hbl Ha MO-
BEPXHOCTH; @, b — uuc/jeHHble KO3 PHIHEHTHI.

PaBHOBecHBII MOBEPXHOCThI 3apsfa, 0G6YC/JIOBJEHHBIH
9THMH CHCTEMaMH YPOBHefl, MOxeT ObITb onpejneseH NyTeM
HHTeTDHPOBAHHSl N0 3HEPreTHYeCKOMY IOJIOKEHHIO YPOBHf
npou3BeJeHHH H3 (YHKIHM paclpeleseHHs YPOBHeH Ha Be-
POSITHOCTb HX 3aIOJHEeHHs 3JIeKTPOHOM HJ/IH Ablpkoi. CooT-
BETCTBYIOLIHEe HHTerpasbl OyAyT HMeTb BHI:

e
¢ exp (a -—kt;,l )

Qsa= AkTq J e, — g9

_gop kT

kT

) d("m), 6.71)

& Eip &p~ 9%
Qsp = BkTq f = Eb+ exp)(e:;(_ qq)’zr) ) a(22), (672
kT

rae € COOTBETCTBYET IHY 30HBI IOPBOAHMOCTH, @ &y— BEpXY
BaJIEHTHOH 30HBI Ha MOBEPXHOCTH.

IIpn BbIOpaHHOM HaMH BuAe OQYHKUHMH pacrnpeieseHus
MOBEPXHOCTHHIX COCTOSIHHH 10 3HEPrHH INpele/bl HHTErpH-
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pOBaHHs MOTYT GbiTb pacnpocTpaHeHbl OT —oo A0 + 0o B
TOM CJjyuae, €CJH Mbl OFPAaHHYMMCH COCTOSIHHSMH MOBEpX-
HOCTH JaJleKHMH OT BBIPOXKJeHHsl. [leHcTBHTeJbHO, B cJy-

. 9%
yae OOJIbLIHX IOJIOXKHTEJbHBIX 3HaueHHH g > “RT akKk-

LIeNTOPHbIE COCTOSIHHSl He AAlOT BKJaja B MOBePXHOCTHBIH
3apsil, MOCKOJNbKY OHH HeHTpaJbHBl, a JOHOPHBIE COCTOfI-
HHSl — IOCKOJIbKY ~HX  KOHLEHTpalHf  3KCIOHeHLHaJbHO
yObiBaeT B BepxHell I0JIOBHHe 3anpemieHHol 30HH. TouHo
TaKk ke, 0OpH OOJBIIMX OTpHIATENbHBIX 3HaUeHHsX

99
g > \k—;l, OOHOpHbBIe COCTOSIHMS He AaloT BKJaja B MO-

BEPXHOCTHBIH 3apsij, Tak Kak B 5TOM cJyyae OHH HeHTpaJb-
HEl, a aKLeNTOpHble — BCJEACTBHE MAaJOCTH HX KOHIEH-
Tpauui.

[Tpu 3ameHe npepesnos uHTerpasnos (6.71) u (6.72) Ha
400 U —o0o 3TH HHTErpajibl MOTYT OBITb B3ATHl MyTeM HC-
N0/b30BAaHUS 3aMKHYTOTO KOHTypa NoAaxoislledl ¢OpMHl B
KOMIJIEKCHOH mJyiocKocTH [36]; Torma

n q9

QSA = — QAkTW exp (a —kITs) ’ (6.73)
n q9

Qsp=qBkT —7 €Xp (— b —kTi) . (6.74)

B nanbHeifilieM Mbl YBHAMM, UYTO BhipaxeHHs (6.73) u
(6.74) xopowo COOTBETCTBYIOT 3KCNepHMeHTaJbHBIM JaH-
HBIM [0 PaBHOBECHOMY 3alOJIHEHHIO MOBEPXHOCTHBIX CO-
CTOSIHHH MpH YCJIOBHH, YTO Ko3duuueHTH a M b Jexar
B aumamnasode 0,1 = 04.

B npuHuMne paccMOTpeHHble KBa3HHeNpepHIBHbIE CH-
CTEeMBl NOBEPXHOCTHHIX YpPOBHefl MOTYT NPHHHMAaTb ydacTHe
B Npollecce MOBEPXHOCTHON pekomOuHanuu. [1na storo Heo6-
XOJHMO NMpPeAnoJOXKHTb, YTO KaXKAblil YPOBeHb 00eHX CHCTeM
MOXeT B3aHMOAeHCTBOBaTh ¢ 06eHMMH 30HAMH, T. €. 4TO Cce-
YeHHSl 3aXBaTa KaK 3/eKTPOHAa, TaK H ABIPKH Ha 3TOT ypo-
BeHb OTJHYHB OT HyJsd. Toraa BKaajx YypOBHA C SHepreTHUe-
CKHMM TIOJIOXKEHHEM €; B CKOPOCTb MOBEPXHOCTHOH pPeKOMOH-
Hauuu 6yner onpenensiThcs BhipaxeHuem supa (6.63), rie,
OJIHAaKO, KOHLEHTPalus 3THX ypoBHei N; OyleT ABJIAThCA
GyHKIHel 3HepreTHYeCKOTo MOJI0XKeHHS YPOBHS.

4 A. B. Pxanos
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Ecnu Mbl NpeAnosio’KMM, 4YTO BEPOSTHOCTH 3aXBaTra Gin
M Op PA3JHYHBl A/ aKUEeNTOPHOH M JOHOPHON CHCTEM ypOB-
Hell, HO He 3aBHCAT OT HX SHEPTeTHUYECKOrO MOJIOXKEeHus, TO
HHTerpHpoBaHHeM BbipaxeHus (6.63) mo Bcell o6GsacTH u3-
MeHEeHHsi 3HepreTHYeCKOTO MOJIOKEeHHS] PeKOMOGHHALHOHHOro
YPOBHSI MOXKHO NOJIYYHTb TeOpeTHUeCKHe COOTHOLIEHHS /s
CKOPOCTH TIOBEPXHOCTHOH peKoMOHHAuuH, 0O6YyCJOBIEHHONR
CHCTeMaMu HeNpepbiBHO paclpefiesNeHHBIX yposHel [36]. U3
BHAa cooTHoueHus (6.63) ciepyer, UTO CKOPOCTb MOBEPXHO-
CTHOH peKOMOGHHAaLUH, 00yCJIOBJIEHHAA THCKDETHLIM YDOBHEM
C 3HepreTHYECKHM MOJOXKeHHeM &;, HMeeT Pe3KHHl MaKCHMyM
NpPH YCJIOBHH, UTO & = gE. YUHTBIBash 3TO, MOXKHO HHTErpH-
poBaTh OT + 00 10 —oo, eClH ToNbKO gE/RT MHOrO MeHblie
NOJIOBHHBI LIHPHHBI 3aNpellleHHOH 30Hbl, BLIPaXKeHHOH B efIu-
Huuax kT, a KOHUEHTpalHsi ypOBHell He pacTeT CJMIIKOM
6BICTPO C M3MeHeHHeM HX 5HepreTHUeCKOTo noJoxeHus. Kak
6yZxeT BHAHO H3 HanbHeilliero, o6a 3TH TpeGoBaHUS OOBIUHO
XOpOLIO yAOBJETBOPAIOTCS BO BCeX, MpPeACTaB/AOLIHX HHTe-
pec, caydasix, BCTpeyalolluXcs Ha NpakKkTHKe.

Torna uHTerpHpoBaHHe MOXKeT OBITH BBIOJHEHO, KaK 3TO
yXKe yKasblBaJoCh [IPH pPacCMOTpPeHHH 3axBaTa, NMyTeM HC-
[0J1b30BaHHSI 3aMKHYTOrO KOHTYpa MNOAXOAsfIled (OpMEI B
KOMIJIEKCHOH MJIOCKOCTH. PesyqbTHpyiolllue Bhipa*keHHs

HMEKT BULI:
1—a [q(‘Ps—gA)ﬂ
S,=AT—"—(A+1Va ( C S T P
AT sin ma p) Sh[q((ps_gA)—, .
kT ]
1~b 9(9s —&p)
a Tsh[b—kT—
Sp=BkT ——=(+17a (a:) — ey (6.76)
Shl79_
rjge

”%%ln(i—:),,, f—ﬁ——ln(:)b~ (6.77)

U3 cootHomenu#t (6.75) u (6.76) caemyet, 4yTO 3Ha4YeHHUs
CKODOCTH MOBEPXHOCTHOH peKoMOGHHALHH, 06yCJIOBIHBaEMble
KaX [0l M3 CHCTEM LEHTPOB, HMEIOT pPe3KHe MaKCHMYMEI, CO-
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OTBETCTBYIOLIlMEe CJeAYIOIHM 3HAaYeHHUAM [OBEPXHOCTHBIX
NMOTeHIHaJ0B:

Camu MaKcHMaJ/bHBle 3HAUeHHs CKOPOCTeil MOBEPXHOCTHOM
pexoMOMHALHH TOJNyYyaloTC pPacKpbITHEM HeoNpeneeHHOo-

cTed B BHJeE:
l1—a

1-a ]
- an | 2
(7» + A ) ( ap )_ll ’ I (6.79)

(A+A-l)an(:—:) ’

CymMapHasi CKOPOCTb IIOBEPXHOCTHOH peKOMOHHAIHH,
obycsnoBnuBaemMass 06eMMH CHCTeMaMH YpPOBHed, sBjseTcH,
pasyMeercs, cyMmoll BeipaxeHuii (6.75) u (6.76).

PaccmoTpenne noBepXHOCTHOH peKOMOHMHAUHMH mHOCpen-
CTBOM HeMpepLIBHO pachpejeneHHBIX MO 3HEePrusiM CHCTeM
YpOBHei MOXeT OBITb MPOBeJEHO U B MpPeANOJIONEHHH 3aBH-
CHMOCTH BepOSITHOCTell 3aXBaTa Gn H Cp OT 3HepreTuue-
CKOro MoJIoKeHUsi ypoBHA. Jlo HacTosillero BpeMeHH, OqHa-
KO, HeT [JOCTaTOYHBIX NAaHHHIX [J5 000CHOBAaHHOTO BhIGOpa
XapakTepa 3THX 3aBHCHMOCTeH, NMO3TOMY 3Ty BO3MOXHOCTb
Mbl OCTaBHM MOKa OTKDPLITOH.

n) IoBepxHOocTHBIN 3aXBaT H peKOMGuHauus nocpen-
CTBOM LEHTPOB CJIOXKHOro cTpoeHus. [lanbHelilllee ycIoxKHe-
HHe CTATHCTHKH sIBJEHHI 3axBaTa M peKOMOHHAIMHU B CTa-
LUHOHAPHBIX YCJAOBHAX MOXeT HATH NO JHHHH YCJOXKHEHHS
CTpPOEHHsl CAaMHX LIEHTPOB 3axBaTa M pekoMOuHauuH. [axe
IpH PacCMOTPEHHH 3THX TPOLECCOB MOCPEACTBOM CHCTEM IO-
BEDPXHOCTHBIX YDOBHeH, MBIl MpeAnoJaraju,uto KaxJIoMy
IIEHTPY COOTBETCTBYeT TOJbKO OJAHH 3HEpreTHueckHil ypo-
BeHb, OMHCHIBAIOIIHN €ro B3aUMOLEHCTBHE C 3JIEKTPOHOM,
HJIH OBIpKOH, Wau TeM W ApyruM. IIpn H3ydyeHHH aHasoruy-
HbIX SIBJEHHH B 00GbeMe NOJYHNPOBOLHHKOB OBIIO yCTaHOB-
JIEHO, YTO CYLIECTBYIOT TaK Ha3blBaeMble MHOTO3apdAlHbIE
LEHTPBl, KOTOpble MOTYT 3aXBaThiBaTb WJIH OTAaBaTh, HJIH H
3aXBaThiBaTb H OTHABaTh HECKOJbKO 3JEKTPOHOB MOCJeN0-
BaTeNbHO.

S 4 max = ART

sin 7a
1—

SD max — BRT ——

sin nb

4‘
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[TpsIMEIX 3KCrepHMEHTaJbHBIX 10Ka3aTeslbCTB CYL1eCcTBO-
BaHHUs MOBEPXHOCTHBIX MHOTO3apsiiHbIX LIEHTPOB NOKa HeT,
H, BHIHMO, HX OyJeT OueHb HeJerko moJayuntb. OgHako psia
KOCBEHHBIX NaHHBIX CBHIETEJbCTBYET, KaK Mbl YBHIHM ja-
Jiee, 0 BO3MOXKHOM CYIeCTBOBAHHH JBYX3apsAHbIX L[EHTpPOB,
KOTOphle KaK OYATO MpOSIBASIIOTCS B MOBEPXHOCTHOM 3a-
XBare.

Crneuuduka TaKuX LEHTPOB 3aKJIOYyaeTcs B TOM, YTO
caMH YDPOBHH JJ1sl 3aXBaTa BTOPOTO 3JIeKTPOHA MOSIBJASIOTCH
TOJIBKO [IOCJIe 3aXBaTa NepBoro. B cBfA3M ¢ 3THM 3apsn, 3a-
XBaUeHHbI} HAa IBYX3apSIAHBIHA LIEHTP, HECKOJIbKO OTJIHYAETCs
OT CyMMapHOro 3apsijia, 3aXBauyeHHOIO MOCPEACTBOM JBYX
He3aBHCHMBIX LEHTpOB.

s BbIBOAA COOTBETCTBYIOIIErO COOTHOLUEHHS HaM He-
06XOHMO MCXOAHTb H3 CTATHCTHKH 3aNOJHEHHA AJS CHCTEM
C HeMOCTOSIHHBIM KOJHMYeCTBOM 3HepreTHYECKHX YPOBHeH,
KOTOpble OIHCBIBAIOTCS 0GOOGILEHHBIM pacnpepneseHHeM ['H6-
6ca. Mbl BOCIIOJIB3yeMCsl TOTOBLIM De3YyJbTaTOM IJIsl Caydasi
MHOTr03apsiIHOTO lleHTpa, OTChl1asi YyHTaTelell, KOTOpHe 3a-
HHTEPEeCYIOTCSl ero BbIBOAOM, K CHeLHaJbHOH JHTepatype
[37]. CorsnacHo 3TOMY pe3y/bTaTy, OTHOLIEHHe KOHIEHTpa-
IHA LEHTPOB, HAXOASIIMXCS B 3apSilOBOM COCTOSIHHH | H
(j — 1), umeer BuA:

M Fo—Ey ]
i =exp [ L], (6.80)
rae 7
Ey=kTIn (%) (6.81)

a B CTaTHCTHYECKHX CyMMax Zj CYMMHDOBaHHe BedeTcsd I10
BCeM m 3HepreTHYeCKHM YpOBHSIM j-I‘O 3apsan0BOTO COCTOsI-
HHUSA:

zy=Y exp (- 2m). (6.82)

Bripaxenue (6.81) uHTepecHo B TOM OTHOIUIEHHH, YTO
M03BOJISIET HAM YTOYHHTb CMBICJ TepMHHa «IHepreTHUecKoe
NoJIOXKeHHe YPOBHsl 3axBaTa». IlycTb 3Heprus LeHTpa 3a-
XBaTa HJH PeKOMOGMHALHH B HEATpAJ/JbHOM COCTOSIHHH paB-
Ha Ey, a cremeHb BRIPOX/JEHHS 3TOTO COCTOSIHHS go. DHep-
THSi LeHTPa, 3aXBaTHBLIEro OAMH 3JeKTPOH, NyCTb Oyxer Ej,
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a cTeneHb BBIPOXKIEHHSI TAKOTO COCTOsSIHHA gy Toraa cra-
THCTHYECKHE CYMMBbl, COOTBETCTBYIOLLHE 3THM [BYM COCTOf-
HuAM, OyayT, corjacHo (6.82):
Eo EI
Zy=goexp (- _kT) H Z;=g exp (— -—kT), (6.83)
a 5HepreTHYeCKOe MOJIOXKEHHe YDOBHSA [J51 3aXBaTa IepBOrO
3/1eKTpOHA

Ey=(E,— E)— kT In ('j%) . (6.84)

Ecau 1eHTp MOXeT 3aXBaTHThb W BTOPOH 3JIeKTPOH, TO
BIIOJIHE aHAJIOTHYHO MOSIBJSETCS] BeJHUYHHA

2o gaexp (- )

H 3HepreTHYecKoe MOJIOKeHHe YPOBHS I/ 3aXBaTa BTOPOTO
3/neKkTpoHa Oyner:

Ep=(Ey—E;)— kT In (gj-) . (6.85)

YuuThiBas, YTO IABYX3apAAHBIA LEHTP MOXKET HAXOAHUThCS
TOJILKO B OJHOM M3 TPeX COCTOSIHHH: HeATpaJbHOM, C OJHHM
H C JABYyMSl 3aXBaueHHBIMH 3JIeKTPOHAMH, TaK YTO I0JHas
KOHIEHTpAIlHs MOBEPXHOCTHHIX IEHTPOB!

Ni= Mo+ M, + My, (6.86)

HeTpyaHO ¢ noMoubio (6.80) noacyuTaTh KOHILEHTPALHH M0-
BEPXHOCTHBIX LEHTPOB Pa3HbIX 3apAA0BEIX COCTOSIHHH.

BBoJAsf MOBEPXHOCTHBIHI NOTEHLUMAN §@Ps H OTCUHTHIBAS
JHepreTHyeckHe MOJIOXKEHHSI ypOBHeH OT cepelMHEI 3amnpe-
IIeHHON 30HBI HAa MOBEPXHOCTH &y =(Ey—E;)) U ep=
= (Eyp — E;), monyuaem:

My = Nt
0= ’
qps—¢e qpo,—¢ qp.—e
1+exp( SkT ”)+exp( SkT tl)exp( SkT t2>
qps —¢€ 6.87
M] —_—Moexp (—-SkT tl), ( )
qps— & 9P — €
M, = Moexp( ‘PskT 4 ) exp( ‘PskT 12 )

U3 coorHowenuit (6.87) ¢ OYeBHAHOCTBIO CJedyeT, YTO
OT/IMYUA B CTATHCTHKE 3alOJIHEHHsl yPOBHEH ABYX3apsALHOTO
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IeHTpa OT 3aloJIHeHHs ABYX He3aBHCHMBIX YpOBHell cyule-
€TBEHHBI TOJIBKO TOT/A, KOTJa YPOBHHU €1 H €12 PACIOJOXKEHbI
CpaBHHTEJ/IbHO G6JH3KO Apyr oT Apyra. JleAcTBHTeNBHO, eC/IH
5HepreTHYecKoe pPacCTOsIHHe &;p — g; NpeBblliaet (3-+4)kT,
a 3HayeHHe NMOBEPXHOCTHOI'O NOTeHlHana GJH3KO K JHepre-
THYECKOMY IOJIOKEHHIO YPOBHA &;, TO 3HaUEHHs KOHIEHTpa-
UHii HeHTpaJbHBIX H OJHOKDPATHO 3apsKEHHBIX LEHTPOB
COBMAfalOT C COOTBETCTBYIOIIHMH COOTHOLIEHUSAMH s
oxHo3apsiaHoro uenrtpa. LleHTpnl ¢ AByMs 3axBaueHHBIMH
3/MIEKTPOHAMH MPH 3TOM NPAKTHUYECKH LENHKOM OTCYTCTBYIOT.
Ecnn Ke 3HaueHHe NOBEePXHOCTHOTO MOTeHIHaJsa GJIH3-
KO K SHepPreTHYeCKOMY TMOJIOXKEHUIO YDPOBHA g€, TO, HA060-
pOT, NMOYTH HAaUeJO OTCYTCTBYIOT LEHTpPbl B HeHTpaJbHOM
COCTOSIHMHM, a KOHLEHTpalHM OJNHOKPATHO M ABYKpPaTHO 3a-
PAXKEHHBIX LIEHTPOB TaKXe OnpelenstoTc OObIYHBIMH (hop-
MyJlaMH [Js1 OZHO3apAAHOro LeHTpa. 3aMeTHHle OTJIHYHSA
cooTHoweHu#t (6.87) or O6BIUHBIX (OPMYJT HMEKT MeCTo
TOJMILKO TMpPH 3HAYeHHSAX JHEPreTHUECKOTO PacCTOAHHS
(et2 — €11), 6au3Kkux K kT, Korja 3amnoJiHeHHe BTOPOTO ypOB-
HS HauyHHaeTCs ellle 1O 3aBepLIEHHS 3alOJHEHHS] YPOBHSA &1
ITosHBI TMOBEPXHOCTHBIH 3apsl, OOYCJOBJIEHHBbIH IBYX-
3apSAHBIM LEHTPOM, GyneT OnpenensThCs BhIpaKeHHeM:

Qnoa =q (Ml + 2]”2) =

gos—¢€ 9Ps—¢ 9os—¢
exp( SkT ¢l )+2exp( SkT i1 )exp( SkT 12)

99,—¢& qps—¢€ qps—¢€
1+exp( SkT “)+exp( Q‘ZT “)exp( ch m)

Cnenyer OTMETHTb, 4TO cOOTHouwleHus (6.87) He u3Me-
HATCS B TOM CJyyae, KOTAa [ABYX3apAOHBIH LEHTP MOXET
OLITh MOJIOXKHTENEH, OTpHllaTesJeH WJIH HeliTpasieH. B 3tom
cayyae M, OyneT COOTBETCTBOBATb KOHIEHTpalMH LEHTPOB
C MOJIOXKHTENbHBIM 3apsAfoM, M; — KOHLEHTPAlHH UEeHTPOR
B HeATpPaJbHOM COCTOSIHHM U M, — KOHIEHTpalUH OTpHLA-
TeJbHO 3apsXKeHHBIX LeHTpoB. Toraa

Qnoa =4q (MO - MQ) =

—e —¢
| = exp ( q(pSkT tl ) exp ( q(pSkT 12 )

99581 ) ( 99584 ) ( 995 8p )
14+exp ( &T +exp BT exp &T

= gN, . (6.88)

. (6.89)

= qN;
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CootHowenne (6.80) maeT BO3MOXKHOCTb MOJNYYHTb BBI-
paxeHuss MAJisi PaBHOBECHOTO 3aloOJIHEHHs] SHepreTHYeCKHX
ypOBHeH ellle OJHOTO LIEHTPA CJI0XKHOTO CTPOEHHs, KOTOpble
noHafo6saTca HaM B paJjbHeHmeM. Peub HaeT o ueHTpe,
HMeIollleM OJHMH OCHOBHOH ypoBeHb E; nJjs 3axBaTa 3JieK-
TPOHA MM NbIPKH H 11Ba BO30YXKJeHHBbIX YPOBHS, HA OJMH H3

KOTODbIX Et MO2KeT 3aXBaTbIBaTbCﬂ £
4

3JIEKTPOH, a Ha Apyroit Ei AbIpKa Coy B
(puc. 6.2). Tlpu 3ToM mnpexmnoJa- £
raeTcs, YTo LEHTp $BJAsieTCA OJHO- r, n
3apsAAHbIM, TaK UYTO 3JEKTPOH MO-
XeT ObIThb 3aXBaueH Ha BO30yxKIeH- - £,

HBIH YpOBE€Hb E: TOJIbKO TOrAa,
KOrzia OCHOBHOH YPOBEHb E; He co-
ACPKHUT 3JIeKTpOHA, a AblpKa MO- Ty /]
KeT ObITh saxaaqua Ha 8036y}KlleH-
HBIH YPOBEHDb Et TOJILKO IpH HaJH-
YHH 3JIEKTPOHA Ha OCHOBHOM YpPOB- \
He E;. W3 ckasaHHOro c oueBHn- Tf |
HOCTBIO CJaedyeT, uUYTO pacCMaTpH- Z
BaeMblil UEHTp ABJIACTCA LEHTPOM Puc. 6.2. dHepreTHyeckue no-
peKOM6HHaLlHPl, MOCKOJIbKY OH B3aH-  J0%)enus ocHoBHOTO (E /) 1 BO3-
MOﬂeﬁCTByeT c 06eMMH 30HAMH MO-  Gyxaenmex (E; Et') ypoB-
CpeACTBOM 3axXBaTa 3JEKTPOHA H3  He# uedrtpa PeKOMGHHAUHH H

ycpelHeHHble BEPOATHOCTH 3a-
30HbI HpOBOlII/IMOCT*l/I Ha BO36y}K- XBaTa, TellJoBOro Bbi6poca H

feHHbli ypoBenb E; ¢ mocaenyio- PP e Sapana. oo

ILHM  BHYTPEHHHM ero Iepexo-
IOM Ha OCHOBHOH YypoBeHb E; wu 3axBaTa JbIDKH H3
BaJIEHTHOH 30HBl Ha BO30yXKJeHHBIN ypoBeHb Ei’, Takxe ¢
nocJieAyIOLMM ee Iepex0ofOM Ha OCHOBHOH ypOBEHb.

PekomM6HHALHOHHYIO CTATHCTHKY MOCPEACTBOM TaKHX
LeHTpOB MEI OyJeM paccMaTpuBaTh NO3XKe, a ceHyac 3al-
MeMCsl BONpPOCOM pacyeTa PaBHOBECHOTO 3aNOJHEHHS ypOB-
He#l 3TOro UeHTpa.

BBeneM cienymouine o603HaueHHs:

n; — KOHUEHTpalMsa LeHTPOB peKOMOWHALMH, colepiKa-
(I{MX 3JeKTPOH HA OCHOBHOM YPOBHE, 1 — KOHIEHTPALUs LieH-
TPOB peKoMOHHaLUH, COAEpHKAIIHX 3/IeKTPOH Ha BO30YXKIeH-

HOM YpOBHe 1Js 3axBaTa SJIeKTpOHa,Nt—' KOHIEeHTpauus
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LOEeHTPOB peKOM6HHauHH colepKauUlUX NBIPKY Ha OCHOBHOM

ypoBHe, N; — KOHIEHTpaLHs LleHTPOB peKOMOGHHALHH, CO-
JepxKallluX AbIPKY Ha B036Yy:KIEHHOM YpOBHe IJIsi 3aXBaTa
IBIPKH.

[TockonbKy 3TH ueTbipe COCTOSIHMSI HCUEPMLIBAIOT BCe
BO3MOXXHbIe COCTOSIHHA LIEHTpa, TO

n,+n, +N;+ N;"=N,, (6.90)

rie N;— nosiHasi KOHLEHTpaUMs LEHTPOB peKOMOUHALUH.
*

Jlerko BHIAETb, YTO COCTOAHHUA UEHTpa My U Ny COOTBET-
CTBy'lOT BaXBaTy OJHOTO 3JIeKTpOHa, TOoraa KaK COCTOAHHUSA

N:i u NY HefiTpaabHel. Toraa, corsacHo (6.80), MoxkHO Ha-

MmucaThb.

g+ 1y F,—E

St Mo ey (0_1) (6.91)
Ny + Ny kT

rle HHIEKC HYy/Jb YKa3blBaeT Ha DaBHOBECHOCTb KOHIIeH-
Tpauuil W nonoxKeHHs YpoBHsT DepMH, a 3HepreTHYecKoe
[oJIOKeHHe OCHOBHOTO YDOBHs B C€OOTBeTcTBHH ¢ (6.81)
Oynet *):
A
E;=kTIn ( Z—') . (6.92)
2

Ecin Mbl 0003HauHM SHEPrHIO LEHTDA, KOrAa OH Heil-
TpaJieH, uepe3 Ey /151 OCHOBHOTO H E| 145 BO36YXKIEHHOTO
COCTOSIHHI1, H, COOTBETCTBEHHO, SHEPTHH LEHTPa C 3aXBayeH-
HBIM 3JeKTpoHOM uepe3 Ep H Ej, TO, CUHTas 5TH COCTOAHHA
HeBBIPOXK I€HHBIMH, NOJyYaeM /151 CTATHCTHYECKHX CyMM:

E, E]
Zy=exp\ = 57) T exp\~ 37)>

Z2=exp( Fs )+exp( Ez).

[To pesyabTaTtaM yxe ynomuHaBlieiics pa6othl [37] mo-
JKHO TakKXe 3amucaTbh CBSI3b MeXJAY KOHIIEHTpalUHsAMH LeH-
TPOB, HAXOASALIUXCA B BO3OYKAEHHOM COCTOSIHMH, H MOJHOH

(6.93)

*) Crporo rosops, coraacHo (6.16), Mbl mo/KHbI ObuTH Gbl 0603Ha-
YHTh HAIUH CTaTHCTHUeCKHe cyMmbl uufjekcaMH O u l. OpHako ypaoGHee
HCMONMb30BaTh HHAeKCH | H 2, Tak Kak uumekc 0 y Hac Bcioay o6o3Ha-
yaeT TepMOAHHAMHYeCKH DaBHOBECHBIE BENHYHHBL,
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KOHUEHTpaluell MPH AaHHOM 3apsiIOBOM COCTOSIHHH:
ok * * *

N ! E iy I E
Tto—w=—- exp (—l> ’ —t.=,— exp (— ——2> . (6.94)
Np+Ny  Z, kT ) nypy+nyg 2y kT
Torzaa, omnpejessii HepreTHUECKHe YPOBHH BO30Y:KAeHHBIX
COCTOSIHHH CJIEAYIOUIHMH ypaBHEHHIMH:

exp (E—:2)
El = —kTIn TkT=E;+kT1nZl.
. (6.95)
exIJ(_ ff_l)
E = len—Z—ﬂ= — E| = kT In 2,

nosyuyaem cooTHoweHusi (6.94) B cienymolleM BHIE:

N&* E _ E' n* E** _ E
—,—t-o—w=eXP< : ‘), £ =exp(;). (6.96)
Nt0 + NfO kT nto + nto kT

Hakowuen, u3 seipaxenusn (6.90), (6.91) u (6.96) moxuo
ONpeie/HTh paBHOBECHBlE KOHLEHTpAIMH LEHTPOB, HaXOMIs-
UMXCS B KaXIOM H3 YeThlpeX BO3MOXKHHIX cOCTOsHHH. Ecnu
npeanoJsaraTh, YTO 3HepreTHYecKHe PacCTOSIHHS OT BO3Gy-
KAEHHBIX YpOBHell [0 OCHOBHOrO MHoOro Gouabie AT, TO
paBHOBeCHble NOBEPXHOCTHble KOHUEHTPALMH BBIpaXKaloTcs
BEChMa MPOCTO:

Ny = Ny »
€, —q9
l+exp( tkT S)
e, —¢,
N,exp( ! T t)
n, =
0 £, — 499 )’
¢ s
'+e"p( kT
e, —qo 6.97
. Nfe"P( T S) &40
0= ’
e, —q
I+exp( tkT(pS)
e, — e, —¢e
. N'e"p( tk;ws)e""( T t)
Vi = -
e,—q9
1+exp( tkT S)
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OTcrona aJ1s1 MOBEpXHOCTHOTO 3apsfia LIEHTPOB TAaKOTo THIIA

noJydaem:
g, —¢&
1 4 exp (—'—kT—t)

P .
1+ exp (—k;l,q)s )

q (4 + 135) = Quop = qN, (6.98)

PaccMoTpeHHble paHee YCJIOXHEHHA CTaTHCTHKH DEKOM-
OGHHALMOHHOrO Mpolecca Ha TMOBEPXHOCTH MNOJYHNPOBOJHHKA
OblJIM CBI3aHBI TOJIBKO C YCJI0XHEHHOCTbIO 3HEPreTHYeCKOTro
CrieKTpa NMOBEepPXHOCTHBIX PeKOMOHHALMOHHBIX LieHTpoB. Pac-
CUHTBIBAsl CKOPOCTH 3aXBaTa, Mbl BCerAa CUHTAJH, UTO LEHTP,
3aXBaTUBLINH, HanpHMep, 3JEKTDOH Ha J[JaHHBII YpPOBEHb,
MOX{eT HeMeJJIeHHO 3aXBaTHTb JBbIPKY, 3aBepILHUB TakHUM 00-
pas3oM akKT peKkoMOHHaLWH. JIeTKO BHIETb, YTO B NpPHHIIHIE
BO3MOJKHB! 60Jlee CJOXKHBbIe CHTYyallMH, KOTJa Mocjae 3aXxBaTa
3/J1eKTpOHA H3 30HBI NPOBOAMMOCTH JOJIKHO NPOHTH HEKOTO-
poe BpeMsi, KOTOpOe Mbl Ha30BeM 8peMeHem 3aKpenfexHus
3/JIeKTPOHA B LIEHTpe, Npexje YeM MocaeiHHH GyAeT roToB K
3axBaTy nblpkH. OYeBHIHO, YTO B TeX CJyuyasiX, KOTAA «Bpe-
Ms 3aKkpenJeHHsi» He OyneT npeHeGpeKHMO MaJlo MO cpas-
HEHHIO ¢ BpeMeHeM 0OpaTHOro TemJOBOTO BhIOpoca 3Jiek-
TPOHA HJIH BpeMeHeM 3axBaTa ABIDKH, €ro CYIleCTBOBaHHe
JOJIKHO CKa3aThCsl Ha CTATHCTHKe PeKOMOMHALHOHHOTO Npo-
ecca.

[Tpexne ueM mepeliTH K pacCMOTPEHHUIO MOCJefHel, ocTa-
HOBHMCSl KOPOTKO Ha (pH3HYECKOM CMbIC/e NOHATHSI «BpeMe-
HH 3aKpelJieHHsl» HocuTeJsl 3apsja B ueHnrpe. Ias storo
HaM InpUAeTcss KOCHYTbCA H (DM3HYECKOTO CMhbICJa BBELEH-
HBIX paHee NOHATHII 3 (eKTHBHBIX CeueHHUHl 3axBarTa.

IIpencrasageTca JOBOJbHO OUEBHAHBLIM, YTO CaMylo Ipy-
Oyio OLIEHKY ceyeHHsl 3aXBaTa 3JeKTPOHA WJH ABIPKH Aedek-
TOM KpHCTaJ//1a MOXHO NOJYuYHTb, MPHHAB, UTO OHO OmNpeje-
JisseTcsl reOMeTpHYeCKHUMHU pa3MepaMHu caMmoro gedekra. s
TOUEYHBIX OOBEMHBIX HJHM TNOBEPXHOCTHBHIX [Ae(eKTOB, KaKO-
BBIMH SIBJIAIIOTCSI aTOMBI NpUMecel, NMyCTHe y3Jbl, aTOMBl B
MeXKJ0Yy3JHAX U T. I., FeOMeTpHYeCKOe CedeHHe 3axBaTa Io-
Jydaercs Torga mopsaaka 1016 cu2

OcnoBHbIM (DaKTOpPOM, 3aTPyAHSIOLIHM 3aXBaT, Jaxe mpil
npsiMOM TONMagaHWK HOCHTessi 3apsiia B AedeKT, sBJsercs
Heo6X0AHMOCTb YAOBJIETBOPEHHA 3aKOHa COXpaHeHUd SHep-
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ruy npu Gesbi3nyuaTesbHOM nepexofe. [1pu 3axsaTe B enu-
HOM akKTe BblJe/fieTcs M JO/KHA ObITb NepefaHa pelleTKe
KpHCTa/lJla PasHOCTb 3HePrHH HOCHTe/A 3apsaa B cBOGOI-
HOM H 3axBaueHHOM COCTOSIHMH. B cayuae riy6oko pacrmo-
NOXEHHbIX YPOBHeHl 3axBaTa MJIH peKOMOWHALIUH 3Ta 3Hep-
rusg G6JH3Ka K NOJOBHHE UIMPUHBI 3anpelleHHOH 30HBI B
MOJIYyNIPOBOAHHKE, T. €. COCTaBJsieT BeJHYHHY, OJNH3KYI0 K
0,3 u 0,5 98 B repMaHUH U KpeMHHH, COOTBeTCTBeHHO. [lo-
CKOJIbKY pelleTKe 3Ta 3HepPrHs MoxKeT OBbITb MepenaHa B
BHAe (DOHOHOB, 2HEPTHA KOTOPBLIX B 1eCATb — [ABaAllaThb pa3
MeHbllle, a BEPOATHOCTb OAHOBPEMEHHOTO H3JyueHHsi GOJib-
IIHX KOJiHuecTB (POHOHOB MaJa, TO 3 ek THBHBIE CeUeHHs 3a-
XBaTa yMeHbIIAITCS N0 BeJHYHHB mopsiaka 10722 cu? [38].

B pa6Gorax H. Motra u P. Tepuu [M7] u ®. 3efiTua [M8]
OBIIM CleNaHbl TepBble NONBITKH KaueCTBEHHOTO pacCcMOTpe-
HHsl 6Ge3bi3JyyaTesJbHOrO 3axBaTa € APYrHX MNO3HLUHUI — JIO-
KaJbHOTO B3aHMO/JefCTBHS 3aXBaThLIBA€MOTO HOCHTeNs 3aps-
Ja c He6oJblION TPYNMNOH HOHOB pelleTKH, KOTOpPhIM NMepBO-
HayalbHO M nepepaercss H3GbITOUHAss 3Heprusa. bBouee
JeTanbHOe H yXKe KOJHYeCTBEHHOe pPa3BHTHE 3THX IpeaCTaB-
JeHHil Obl1o ocylulecTsieHo B paborax d. M. AnupoBuua
{M9]. Ipu atoM 6bLJIO NOKA3aHO, YTO Mepefaya H3GLITOUHOM
SHeprHH 3axXBaThiBAEMOTO HOCHTeNs 3apsiia pelleTKe OCY-
ILECTBJIACTCS yKe B 1leJIofl cepuH OJHO(OHOHHBIX I1POLECCOB
nyTeM NMepexoJ0B MeXAy YPOBHSIMH KBAHTOBOH CHCTEMHI je-
(eKT — 3axBaTbiBaeMbli HoCHTesnb 3apsapa. Heo6xomumo
OTMEeTHTb, OJHAKO, UYTO OCHOBOH MOJe/H, pPacCUHTaHHOMH
3. W. AnupoBuueM, siBIsIeTCS JeKTPHUECKHH ABOMHOM CJ0H,
06pa30BaHHbIH  NOJOXHUTEJIBHBIMH H  OTPHLATEJbHBLIMH
HOHaMH KpHcTaJjna, 6MKallIMMH K paccMaTpHBaeMOMYy fie-
tdekTty. [TostoMy Takoe paccMOTpeHHe HeNPHMEHHUMO K MO-
{I0aTOMHBIM TIOJIYIPOBOJHHKAM, KaKOBBIMH SIBJISIIOTCSI rep-
MaHH# U KpeMHHH.

XoTsi oueBHOHBIE COOOpa)KEHHS O POJIH KYJOHOBCKOTO
B3aHMO/EefCTBUS MeX/y 3apsAKeHHBIM IIeHTPOM H HOCHTeJIeM
3apsila NPOTHBOMOJIOXKHOTO 3HaKa BLICKa3bIBaJHCb MHOTO
paHee, feTa/bHbIH pacueT 3()()eKTHBHOrO CeueHHs 3axBaTa
AJs 3TOrO cayuasi Obly1 BmepBble mposeneH M. JIskcom [39].
OcHoBHas (Gu3Hueckass Hpaes, MOJOXKeHHAash B OCHOBY 3TOro
pacueTa, 3akJiouaeTcsi B cJefyiouleM. Ksantosas cucrema
3apsKeHHbIN LeHTP — 3JeKTPOH, TOMHMO OCHOBHOTO YPOBHA
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3axBarTa, UMeeT LieJblil Ha6op BO30yX/AeHHBIX YpOBHefl, pac-
MOJIOKEeHHBIX B 3anpellleHHOH 30He MeXJy AHOM 30HBI Mpo-
BOJMMOCTH H OCHOBHEIM ypoBHeM 3axBarta. CyllecTBoBaHHe
3TOH cucTeMbl BO36yx/eHHBIX YPOBHeH OTKphIBaeT BO3MOXK-
HOCTb KacKaJHOTrO «Ipolecca 3axBaTa», B KOTODOM 3JeK-
TPOH MepeXOAHT C AAHHOrO BO36YXAEHHOTO YPOBHA Ha Co-
CeHHH C H3JyyeHHEM HJH IOIJIOUeHHEeM TOJbKO OJHOTO
¢oHona. Takum o6Gpa3oM, OCHOBHAasE TPYHLHOCTb Ge3bl3nyya-
TeJbHOTO 3axBaTa — Mepejaya pelleTke H30bITKA 3SHEPTHH
3aXBaTbIBA€MOH YaCTHIIEl, CHAIMAETCS MOJHOCTbIO, €CJIH TOJb-
KO Kackaj BO30yXKIeHHBIX yDOBHeHl CONEPKHT NOCTAaTOYHO
60JIbII0e HX KOJHYECTBO.

Knaccuueckoll aHasorueft KackajHoro npoiiecca 3axBaTta
ABJsIeTCS ABUKeHHe 3JIeKTPOHAa IO CHpaJi BOKPYT LleHTpa
3axBaTa, C NepexoJOM Ha KaxJblfl c/lelylOLHH BHTOK CIH-
paJu 3a cueT aKTOB paccessHHs Ha ONMTHYECKHX H aKycTHYe-
cKux ¢oHoHax. M. JIskcom Gbl10 mokasaHo, uTo Habop BO3-
Oy JeHHbIX ypPOBHeH INPH KYJOHOBCKOM B3aHMOJeHCTBHH
CONEPXKHT AOCTAaTOYHO OOJbLIOE HX KOJHYeCTBO, AJS TOrO
4TOOBI KaCKaJHbI MpOLleCC MepexodoB MO BO36YKIeHHLIM
YPOBHSIM MOT OCYLIECTBJSTbCA NPH KOMHAaTHBIX TeMIiepaTty-
pax 3a cyeT ONTHYeCKHX (POHOHOB H MEKJOJHHHBIX CTOJK-
HOBeHHH, a B 06J1aCTH HHU3KHX TeMIepaTyp 3a CuYeT aKYCTH-
yeckuXx (poHOHOB. TeMnepaTypHasi 3aBUCHMOCTb CeueHHs 3a-
XBaTa, [pejicKa3biBaeMasi 3TOH TeOpHeH, COOTBETCTBYeT
pocTy 3¢ (GeKTHBHBIX CeYeHHH 3aXBaTa NMpPONOPLHOHAIbHO 14
I/s1 KOMHATHBIX TeMmmepaTyp H MpPOMOpLUHOHANAbHO T2 mist
HU3KHX TeMmIllepaTyp.

OueBHAHO, YTO pPAacCMOTpeHHBIA cJaydall KYJOHOBCKOTO
B3aHMOJeHCTBHS LleHTpa 3axBaTa M HOCHTeJs 3apsaa Apy-
roro 3Haka He HCYeplbIBaeT BCeX BO3MOXKHOCTed. B meit-
CTBHTEJILHOCTH HMEIOT MeCTO B3aHMOJeHCTBHA U C HelTpaJb-
HBEIM LEHTPOM M C LIeHTPOM, HMeIOUINM OJHOHMMEeHHBIH 3apsif,
KOrjia KyJOHOBCKOe B3aHMOJelcTBHe OyneT MellaTbh 3a-
XBary.

Oco6eHHO BaxKHBIM sIBJSIETCS clyuyall HeATpaJbHOrO IeH-
Tpa, TaK Kak, NIOMHMO COOCTBEHHO 3aXBaTa, OH MMeeT MpHH-
HHUMHAJbHOE 3HauyeHHe 1J51 TOHMMaHHA 3JeMeHTapHbIX aKTOB
pekoM6uHauuu. [Tycte GosblIoe 3HaueHHe CeyeHHs 3aXBaTa
JJIs1 OHOTO W3 THUIOB HOcHTeJsell 3apsifa O6bACHSETCS KyJo-
HOBCKHM B3auMogeiicTBHeM. Torga Heo6XOAMMO OOBSCHHTDL
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CpPaBHHMYIO BeJHUMHY CeYeHHsd 3axBaTa AJ/s APYroro THMA
HOCHTesNeH 3apsajga, Koraa B3aHMOJAEHCTBHe NPOHCXOAHT C
HeATpaJbHbIM LeHTpoM. B nutuposanHoi pabote M. JIak-
ca [39] naHa nonbITKa MOJYKOJHYECTBEHHOH OLEHKH H 3TOro
cayyasl, MCXOASl M3 INPEANOJIOXKeHHS O NOJSAPH3aLHOHHOM
B3aHMO/EHCTBHHU IleHTPa C HaJeTalOUMM Ha Hero HOCHTeJNeM
3apsana. [Ipu 60/b1u0# NONSIPH3yeMOCTH IleHTpa MOXHO, Ka-
3anoch Obl, 0XHAaTh, YTO HHAYLHpOBaHHas MOJSIpPH3ALUSA
LleHTpa B 3JeKTPHYECKOM [0Jle HaJjleTalollero HOCHTeas 3a-
psaaa ofecrneydT AOCTAaTOYHO CHJIbHOE B3aHMOJEHCTBHE, KO-
TOpOe MOXKeT OOBACHHTh HabJiofaeMble Ha ONbITe BeJHYH-
Hbl 5Q(heKTHBHBIX CeYeHHH 3axBaTa.

BrinosnHeHHble B paJnbHefilieM 6osiee eTajNbHble pacueThl
[40] nokasanu, onHAKO, HeLOCTAaTOYHYI0O OBOCHOBAHHOCTb H
CaMOro npeinoJ/oxeHHss H OCHOBAHHEIX Ha HEM pacyeToB.
Oxkasanocb, 4TO B3aHMOAEHCTBHIO 3a CYeT HHAYLHPOBAHHOH
noJsipH3alyi, B C/lyyae LEHTPOB C IJIy6OKHMH YpOBHSIMH,
THUIIHYHOM AJI1 peKOMOHHALMOHHBIX LEHTPOB, COOTBETCTBYET
BecbMa He0OJblIOE KOJNHYECTBO BO3OYXIeHHBIX YpOBHeH
(omuH-aBa), KOTOpblE He MOTyT 0GecneynTh KacKaaHOro mpo-
Hecca ¢ H3/yuyeHHeM OIUHOYHBIX (DOHOHOB.

[TonyyeHHBIE K TOMY BpeMeHH aBTOPOM C COTPYAHHKaMH
[M10] skcnepHMeHTa/NbHbIE pe3yabTaThl 06 onpepensiollei
pOJIM MOJIAPHON MOJIEKYJBl BOAb B ()OPMHPOBAHHH MOBEPX-
HOCTHOTO lleHTpa peKOMOHHAlWH Ha repMaHHH SIBHJHCH OC-
HOBOH /151 pacueTa [Jpyrofl MoOJeJH peKOMOHHALHOHHOTO
IeHTpa, o6Gsajaiolller0 MOCTOAHHLIM JHIIOJbHBIM MOMeH-
roM. PesyabTaThl pacueToB 3TOHl MOMeJH, BHINOJHeHHbIE
1O. A. Kypckum [40], oxasanuck BecbMa OGHAJeXUBAIOLIH-
MH. BBISICHHJIOCE, UTO NpH TaKOM XapakTepe B3aHMOZeH-
CTBHSl HMeeTCs NMPAKTHUECKH HeNpephLIBHBEIA clnekTp BO36y-
JKJEHHbIX YDOBHe#, a MAHMNOJbHBIH NOTeHLHasn o6GecneyH-
BaeT NaJbHOAEHCTBHE, NOCTaTOYHOe A/ OOGBbSCHEHHs OT-
HOCHTeJIbHO OOJIBIIMX CeueHHil 3axBaTa Ha BO30OYyXJeHHLIe
YPOBHH.

PaccMoTrpeHHble cooOpaKeHHsl SIBASIIOTCS TOJNBKO MepBbl-
MH 11araMH{ TEOPHH 3JeMeHTapHBIX aKTOB 3aXBaTa, KOTOphIe
IajieKko elle He ucyepnbiBaloT npobGiaemy. OJHAaKO Ha HX
OCHOBe JIerKO YBHAETb (PH3HUECKHH CMBIC/ BBEeJE€HHOTO BHILIE
MOHATHA «BPeMeHH 3aKpelJieHHS» 3aXBaUeHHOrO HOCHTeA
3apsAna B leHTpe, KOTOpOe B 3TOM cCJydae pPaBHO BpeMeHH
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npeGLIBaHHA 3aXBayeHHOrO HOCHTeJs 3apsiza Ha Bcex B0o36y-
XJEeHHBIX YypPOBHSIX Kackaja.

[Tocsie 3THX mpelBapHTeJNbHBIX 3aMeYaHHN pPacCMOTPHM
CTaTHCTHKY pPeKOMOHHALMH AJ/15 yXe YNOMHHaBIUeHcs mpo-
cTefilled MOAeNH OJHO3apALHOTO IMOBEPXHOCTHOrO LeHTpa
peKOMOHMHALHH, HMEIOllero, NOMHMO OCHOBHOTO YPOBHS E,,
ABa BO36YXIeHHbIX ypoBHA Ey Ef 107 3axBata siek-
TPOHA M ABIPKH, COOTBeTCTBeHHO [41]. B 3toft Momenun Mul
3aMeHsieM JJIs [IPOCTOTHI BPeMs 3akKpelJleHHsi 3aXBayeHHOTO
HOCHTeJISl 3apfiia B LieHTpe BpeMeHeM ero npeGbBaHHsA Ha
camoM BhcIleM B030OyxAeHHOM ypoBHe. Ha puc. 6.2 (cMm.
Bblllle) NMOKa3aHbl YCpeJHEHHble M0 COCTOSIHHAM B 30He MpO-
BOJAHMOCTH M B BaJIEHTHOH 30He BepOATHOCTH 3aXBaTa 3JeK-
TPOHA W ALIDKH Ha BO30y:KJeHHble YDOBHH H TEelJIOBOTO BHI-
Opoca H3 HHX, a TaKxkKe BEPOSITHOCTH BHYTPEHHHX MepeXoa0B
MeXJy OCHOBHHLIM H BO30YX[IeHHBIMH yDOBHSIMH.

CkopocTb 3axBaTa 3/1EKTPOHOB H3 30HBI NPOBOJAHMOCTH
Ha BO30yXK/leHHble YDOBHH LIEHTPOB DEKOMOHHALMH, He 3a-
XBATHBIIHX 3/1EKTPOH, NpPH 00O3HAUeHHSIX KOHIEHTpalHi,
BBeJleHHbIX B MpeablAylleM pasfesie, OyaeT paBHa:

U,=CNn,—B'n;. (6.99)

Yenosue meranbHOrO paBHOBeCHSs IO3BOJISIET HCKJIIOUHTh

*
KOHCTaHTy TemJoBOro BbiGpoca B, BHpasHB ee uepe3 Be-
posiTHOCTb 3axBaTa Cp Ha BO30YXKIeHHbIH ypPOBeHb:

»

t0 *

Bn—CnnSOT—Cnnl. (6100)
t0

BennuuHna n; BBOJAHUTCA BIIOJIHE aHAJOTHYHO paHee BBEACH-

HO#t cooTHoweHueM (6.18) BenuuuHe n; W mMOKOGHO eft paB-
Ha MOBePXHOCTHOM KOHIEHTpPalMH 3JeKTPOHOB B 30He IIpO-
BOJMMOCTH, KOTJa ypoBeHb ®epMH Ha NOBEPXHOCTH coBMa-

naeTt ¢ Bo36yKAEHHbIM YPOBHEM [Jisl 3aXBaTa 3/1€KTPOHA E:.
HefictButenbHo, us (6.97) caenyet:

. . (et-qfvs) .

. Ng qos\ *P\7 T ) &
m=ng ——=mexp (= o = Mmexp |
? °"P( tth)
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CKOpOCThb Nepexoga 3/MeKTPOHOB H BO36GYXKIEeHHBIX ypOB-
Hell Ha OCHOBHOH ypOBeHb LIeHTpa onpenessieTcsi COOTHOILe-

HHEM:
Ul =rn, —g.n, (6.101)

rae KOHCTaHTy 06paTHle nepexonoB gn OHNATb-TAKH MOXKHO
BbIpA3UTb Yepe3 BEPOATHOCTb MPAMOTO Iepexona rn:

* *
) et — & i
g,,=rn——=r,,exp<-— =r,—. (6.102)
nto kT nl
PesyapTHpyIol1las cKopoCTb H3MeHeHHs 3aroJIHEHHS BO3-
6y:KIeHHBIX YPOBHell IleHTpa mpeacTaBaseT cobol pasHOCTh
cKkopocTel o6OMeHa 3JeKTPOHAMH C 30HOH NMPOBOAHUMOCTH H
OCHOBHLIM ypOBHEM I|eHTpa:
*
dn n
t N S 7 * ot * L
—L=U, = U, =C,(Ning—nin))—r, (nt . p,). (6.103)
B crauuoHapHBIX YCJOBHAX CTeleHb 3anoJiHeHUs Bo306y-
JKJEHHBIX YPOBHeH LIEHTPOB He JOJ/I2KHA H3MEHSIThCS CO Bpe-
MeHeM, M U3 ypaBHeHHMs (6.103) MoxeT GHITH ompenejeHa
CTallMOHAapHAasl KOHLEHTpauus LEeHTPOB, 3aXBaTHBLINX 3JIeK-
TPOH Ha cBOH BO36YX[IEHHBI ypOBeHb:

* ny
CnNtns +rn 7‘ ny

. 1
= (6.104)

[ToacraBnss Ty BenuuuHy B ypaBHeHHe (6.99), onpenensiem
CKOPOCTb YX0Jla 3JIEKTPOHOB H3 30HEI IPOBOJHUMOCTH Ha BO3-
Gy AeHHble YPOBHH LEHTPOB B CJELYIOLIEM BHAe:

*
Nyng —nny
—=_ 7
Coni+r,

U,=C,rn (6.105)

CKOpOCTb 3axBaTa JAbIPDOK H3 BaJIGHTHOH 30HBI Ha B036y-
JKJEHHblE YPDOBHH ILI€HTpA pexomﬁmxauuu OJis1 3axBaTta [Abl-
POK BhIpaxKaeTcsi ypaBHEHHEM:

U,=C,nps— B,N;" (6.106)

paCCManI/IBaﬁ BI1OJIHEe AHAJIOTHYHO CTENeHb 3aNOoJHEeHUA
AbIpKaMH BO36y}KlleHHbIX ypOBHeﬁ UEHTPOB A/ 3aXBaTa
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ABIPOK, NOJydaem BbipaxKeHHe AJisd CKOPOCTH yxOJa AbIpOK
U3 BaJIEHTHOH 30HBI B ciaenyronleM KOHeUHOM BHIE:

*
nps = Nypy
Uy=Cprp——m—1L (6.107)
Cppy +1p
0

rae BeJHW4YHHA p, paBHA HOBerHOCTHOﬁ KOHILleHTpalHuH Ibl-
pPOK B BaJIeHTHO!H 30He, Korja ypoeeHb epMH Ha moBepx-
HOCTH coananae'r C BO36y}KZLeHHbIM YpOBHEeM 1Jis1 3axXBaTa

INBIDKH Er:

Mo
Py = Pgo e N

995 € —q4%g 9;* — &
= n; exp (— =T ) exp (— T ) exp (— 57— )=

*%

=, exp (— %) (6.108)

B crauHoHapHBIX YCJOBHAX CKOPOCTH YXO[a 3JIEKTPOHOB
M3 30HBI MIPOBOAMMOCTH H ABIPOK M3 BaJIeHTHOH 30HBI [OJ-
JXHBI OBITh paBHBI Mexnay coOoi. IlpupaBHHBas BhIpaXkeHus
(6.105) u (6.107), MEI [o/ly4aeM ypaBHeHHe, KOTOpOe CBsi-
apIBaeT BeJUUHHBl N U n;. Jlas onpefesneHuss Kaxaod H3
9THX BeJIHYHH He0OXOLHMO ellle OJHO ypaBHeHHe, B KauecTBe
KOTOPOTO MOXHO HCNOJBb30BaTh cooTuoueHue (6.90), xoro-
poe CyMMHpYeT BCe BO3MOXHble COCTOSIHHA LleHTPOB:

N,=n,+n;+N;+N;.

B 31y ¢QopMyny, MOMHMO mNOAJIEKAUHX ONpereTeHHIO
BEJIHYHH, BXOJAT TOJIbKO y)Ke HalileHHble HAMH H3 YCJIOBHH
CTaLHOHAPHOCTH 3aroJIHeHHs BO3GYXKIEHHBIX YPOBHEll KOH-
uentpaunn n; u N;'. Takum o6pa3om, 3ajaua HaxOXAeHHS

CTaI.lPIOHaprIX KOHLIEHTpalH} pa3/HYHBIX COCTOSIHHH pe-
KOMGHHALHOHHBIX LEHTPOB pellaeTcs A0 KoHua. Beuiy rpo-
MO3/IKOCTH MOJIyYaiOUlHXCA BhipaKeHWd aas n; u Ni, M
HX NMPUBOAUTL He GyJeM H BBINHILEM TOJbKO pe3ysbTaT HX
noACTaHOBKH B ypaBHenus (6.105) uau (6.107). I1pu stoM
Mbl IoJlyyaeM obllee BblpaXkeHHe AJIsl TeMINa N0BePXHOCTHOH
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peKOMﬁl/IHa].lHH B BHJeE:

Nyopa, (ngps—nj)

US = .
1 1
a, (ps+ pi) + oy (g + n)) + apay, (; + ",;) (nsps—ni)
(6.109)
31ech
C,r Cpur
@)=, = (6.110)
Cpp +r, Con +r,

H, KpOMe TOTr0, B COOTBETCTBHH C MPE/NOJOKEHUEM, HCIIOJb-
30BaHHBIM IIPH NOJY4eHHH COOTHOWweHH# (6.97), uTo 3Hepre-
THYeCKHEe DPACCTOAHHS MeXAy KaXKIbiM M3 B036yXKIEeHHBIX
ypOBHe#l H OCHOBHBbIM MHOro 6o./ibuie 2T, Mbl MpHHHUMAJH
n]+n; _ pl+pr ~ 1
* -~ ok ~ 1.
m P
[Tpexae Bcero, ¢opmyaa (6.109) orauuaercs ot ¢op-
Myabl (6.58) 115 npoCThIX peKOMOMHAUHOHHBIX LEHTPOB Ha-
JHYHEeM TpeTbero cJaraeMoro B 3HaMeHaTeJe, KOTOpOe MO-
KeT HMeTb CYL[eCTBeHHOe 3HaueHHe MpH O0JIbIIHX YPOBHSX
HH'BEKIHH.
B canyyae e MaJblX ypOBHell HHBEKLHH H OTCYTCTBHS
3axBaTa Ha 06beMHBIX LeHTpax (Ap = An) (6.109) ympo-
aercs:

r 7
_ Nyapa, (ng+ po) Ap
— 7 ’

@y (Ps+p1) + @y (ns+ny)
TaK 4TO BbIpakeHHe AJs CKOPOCTH NOBEPXHOCTHOH peKoM-
GuHauu npuHoGperaeT BHI, BNOJHe aHAJOrHUHBIA (6.59).
CoOTBETCTBEHHO M BbIpaXKeHHe 115 CKOPOCTH MOBEPXHOCTHOMH

peKoMOHHAUMH KaK (DYHKLUHH MOBEPXHOCTHOTO MOTeHLHaJsa
HMeeT BHJ, MOAOOHBIN (6.63):

N, (anap)'/’ —;— (A +a71

g(pg—¢) et—qs') !
kT kT

=SAp| , (6.111)

x=1

= (6.112)
ch

+ch(

rae
Cprp Con +r,

o ’ 1
ik =—ln(“—’,’>=—1n[ il ] (6.113)
kT 2 a, 2 Cnrn Copy *+1p
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U3 cootHowenu#i (6.110) nerko mosyuyuTh ycjoBHS, TpH
KOTOPBIX BEPOSITHOCTH 3aXBaTa @, M @/ MepecTaloT 3aBH-

ceTb OT BepPOSITHOCTeH BHYTDEHHHX MEepex0JoB:

r,>C,p", r,>Cn. (6.114)

Tak kak «BpeMeHa 3aKpelJeHHs» 3aXBaueHHLIX HOCHTe-
Jeft 3apsiia B LeHTpe peKOMOHHAUHM paBHBI OGDPaTHHIM Be-
POSITHOCTAM TNepexoja ¢ BO30OYXAeHHbIX YDPOBHeH Ha OCHOB-
HO#, TO mpH BhINoJHeHHH HepaseHcTB (6.114) cratucrika
pekoMOHHAIMH TepexOAUT B 6oJiee NpocTylo GopMy, He YuH-
THIBAIOUIYI0 KOHEUHOCTh «BpeMeH 3akpenJeHus». Ecau mpu-
HSITh 1J/151 BepOATHOCTeH 3axBaTa Ha BO30YKAEHHbIE YPOBHH
geHtpa C, u Cp 3Hauenus mnopsigka (1078 + 107°) cm3/cex,
uTO, KaK AaJjblle OGyaeT BHAHO, XOPOLIO COOTBETCTBYET 3KC-
MepuMeHTaJbHbIM JaHHBIM, a IJIsl BeJHYHH A} H p|’, Xapak-

TEPH3YIOLMX 3HepreTHYeCKHe MOJIOXKEHHS BO306YXKAEHHbIX
ypoBHe#, 3HaueHHs mopsinka 108 cu~3, T0 ycnoBus (6.114)
CBOISITCS K TpeGOBAHHUSAM:

o Ty > (10° + 101 cex—!. (6.115)

310 03HAuaeT, YTO BpeMeHaMH 3aKpelJleHHs 3axBaueH-
HBIX HOCHTeJefl 3apsiia B LeHTPe DPeKOMGHHAIHMH MOXHO
npedebperaTb TOTAA, KOrJa OHH 3HAYHTENBHO MeHblile
(109=+10"19) cex. Ecan Xe BpeMeHa 3aKpelieHHs] He CTOJIb
MaJibl, YTO BIIOJIHE BEPOSITHO, TO HX BJIHMSHHE MOXET NPHBO-
IUTh K BeCbMa CcBOeoOpa3HbIM 3aBHCHMOCTSM CKOPOCTH MO-
BEepPXHOCTHOI peKOMOHHALHH OT YPOBHSl HHBEKLHH H TeMIle-
paTypel.

B uacTHOCTH, NOCKOJIbKY BepOSITHOCTH BHYTPEHHHX Mepe-
XOJOB JOJIKHB SKCTIOHEHI[1aJbHO 3aBHCeTb OT TeMIlepaTyphl,
MO2KHO OXKHJaTb, B COOTBETCTBHHU C cOOTHoweHussmMu (6.110),
3KCMOHEHIMaJJbHOH TeMIepaTypHOil 3aBHCUMOCTH 000HX HJIH
OJIHOTO M3 ceueHHH 3axBarTa.

Kak ynoMuHaJoch paHee, TeOpHsl KacKaJHOTO mpolecca
3axBaTa NpelCKa3biBaeT CTENeHHYI0 TeMIepaTypHYIO 3aBH-
CHMOCTb CeuyeHHMH 3axBaTa. B panpdefineM Mbl YBHIHM,
YTO IKCNepHMeHTaJbHble NJaHHble O TeMnepaTypHOH 3aBHCH-
MOCTH CKOPOCTH NOBepXHOCTHOH peKOMOHHAIHMH CBHAETENb-
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CTBYIOT 00 3KCMOHEHIHaJbHOH TeMIepaTypHOH 3aBHCHMOCTH
OTHOILLIEHHSI CeueHHUH 3axBaTa AbIPDKH H 3JIeKTpPOHa, a U3 He-
KOTODHIX JAPYTHX 3KCIEDHMEHTOB CJelyeT TaKas e 3aBH-
CHMOCTb OJIHOTO W3 CeueHHH 3axBaTa.

e) CrauuoHapHas ¢GoTONPOBOAHMOCTb TOHKOW MJAACTHHBI
noJynpoBOAHHKA H noHsiTHEe 3()(EKTUBHOrO BPEMEHH KH3HHU
M30bITOYHBIX HOCHTeJeil 3apana. CraunoHapHash KOHIUEHTpa-
1MA HW3OLITOYHBIX HOCHTeNel 3apsija, NpH OTCYTCTBHH fBJe-
HHH 3axBaTa, OYeBH]HO, MOKeT ObITh NpeAcTaBJeHa B BHIL
NpPOH3BeJleHUsl YHCcsa ap HOCHTeseH 3apsia, TeHepUPYeMbiX
B eJHHHLY BpeMeHH B elHHHLe 00beMa, Ha cpelHee BpeMs
HX CYLIeCTBOBAHHA B MOJIyIPOBOJAHHKe IO PeKOMOHHAIHH.
B o6pasie nojynpoBogHHKa AOCTATOYHO GOJBLUIMX pa3Mme-
poB, Tle peKoMOuHalMell NOCPeACTBOM MOBEPXHOCTHBIX LEH-
TPOB MOXHO TpeHeOpeub, CcTalHOHapHas (OTONPOBOAU-
MOCTb, COOTBETCTBEHHO, [0JKHA OBITb MPONOPLHOHAJbHA
06beMHOMY BpeMeHH MH3HU H3OBITOUHBIX HOCHTeNelH 3apsjia

B. Illokan, koTOpbIil BBENT CaMO MOHSATHE CKOPOCTH II0-
BEPXHOCTHOH peKOMOHHAIIMH, NOKa3aJ, 4TO ero HCIoJb30Ba-
HHe I103BOJIfleT ONPEeNENHUTb HEKOTOPYI0 KOMOMHHPOBAHHYIO
BeJAMUHHY, HIpaollylo poib 3((eKTHBHOrO BpeMeHH JKHM3HH
H36bITOUHBIX HOCHTeJell 3apaga B ofpasuax MOJynpoBOJI-
HHKAa OTHOCHUTEJbHO MaJblXx pasmepoB [MB].

PaccMoTpuM 3ajmauy O pacueTe BeJHUYHHbl CTAllHOHAPHOM
(OTONPOBOAMMOCTH TOHKOH NJIACTHHBI HOJYNPOBOAHHMKA, KO-
Topasi, Kak Mbl YBHAMM B JaJjibHeiilleM, MMeeT /s Hac W
CaMOCTOSTEeNbHBIN HHTepec. BeeleM psax ympoullaomux 3sa-
jgady npeanoJioxkeHui. Bo-mepBhIX, Kak y»XKe 0TMeYaJsoch,
OyzeM npeanoJaraTb, YTO 3aXBaT HOCHTeJled 3apaja OTCyT-
CTBYeT, TaK 4YTO M36LITOUHBlE KOHUEHTpALHUH 3JeKTPOHOB H
IBIDOK B 06beMe paBHBI APYr ApPYTy, a, CJAefOBaTe/]bHO, HX
o6beMHble BpeMeHa XXH3HH paBHbl 00beMHOMY peKoMOHHa-
LIMOHHOMY BPEeMEeHH XH3HH Tos. I1pelNo/oKHM TakxKe, uTO

npu MaJjoil ToJuMHe naacTuHbl, d K L, rae L = VDtos —
anHHa 1AM dy3HOHHOrO cMellleHHs, ABa JAPYTHX pa3Mepa
IJIaCTHHBI JOCTATOYHO BEJIMKH [AJs TOro, 4ToObl 3ajauy Mo-
JKHO OBLIO cuHTaTh ofHOMepHO#. Hakownen, 6yneM npearno-
JaraTh, UTO KO3(pQHIHEeHT MOTJOolLleHUs B036GyXKIaK0Lero
cBeTa BecbMa BeJNHK (x—> 00), TakK UYTO BCe MOTJIOIIeHHe
HMeeT MeCTO HermocpeACTBEHHO Ha OCBelllaeMOH NMOBEPXHOCTH
MOJYNPOBO/JHHKA,
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Ilpu chenaHHBIX MpeaNOJIOXEHHAX, paHee BBeJeHHAs CH-
cremMa ypasHeHuil (6.48), onuceiBalolias Haumy 3ajgady, cy-
1eCTBEHHO ympollaercs.

IIpexxpe Bcero, otnagaer HeoOXOAUMOCTb B HCIIOJb30-
BaHUU ypaBHeHus IlyaccoHa, Tak Kak NMpHMeHeHHe NOHATHSA
CKOPOCTH MOBEPXHOCTHOH peKOMOHHAUMHU TO03BOJISET HaM He
YUHTBIBaTb B SIBHOM BHJe H3MeHeHHe 3JIeKTPOCTaTHUeCKOro
MOTeHIHaJ/1a B PHIIOBEPXHOCTHBIX CJOSX HPOCTPAHCTBEHHOIO
3apsia B NJacTHHe.

Hanee, paBeHCTBO M3GLHITOUHBIX KOHIEHTpALHA HOCHTe-
Jeft 3apsina U UX 06'beMHBIX BpeMeH KH3HH M03BOJAET Orpa-
HHYHTbCA TOJBKO OJHUM ypaBHeHHeM HemnpepbIBHOCTH, KOTO-
poe B OZHOMEpPHOM cJyuae npuobGperaer ciaedyIOLIHH TNPO-
CTOH BHJ: \

da>(Ap) _ Ap _
DT_?E_O’ (6.116)
rie D — xosdpdunvenT 6unonspHoit 1udhysuu.

[pannuHble yc/l10BHS Halllei 3ajayd 3anHChIBAlOTCA B
BHMJe [ABYX COOTHOLUEHHH:

d(Ap)
—-D dx

x=0
=J,— S;Ap(0) Ha ocBelIeHHO# TMOBEPXHOCTH,
D' d(Ap)

(6.117)

x=d
= S, Ap (d) Ha HeOCBelLIEeHHOH MOBEPXHOCTH,

rae Jo— CKOpOCTb reHepallid H3OLITOYHBIX HOCHTeseHd 3a-
pfiia CBETOM.

OTMeTHM, YTO B COOTBETCTBHHU C ONpeje/eHHeM MOHSITHS
CKOPOCTH NOBEPXHOCTHOH peKOMOHHALWH, TPaHHYHBIE YCJO-
Bus (6.117) OTHOCSITCA He K CAMHM FeOMeTPHYECKHM NOBepX-
HOCTSIM TJIACTHHEL, a K BOOOpa)KaeMblM TpaHHLAM IpPHIIO-
BEPXHOCTHEIX 0G6JlacTefi MPOCTPAHCTBEHHOTO 3apsia X =
=04+l u x=d— Iy, oTaensioinM HX OT obbeMa MHOJY-
NpOBOJHHUKA.

Pemwenune ypaBuenus (6.116) umem B dopme:

Ap(x)=Aexp (£ )+Bexp(—- —). (6.118)



§ 6] 3AXBAT U PEKOMBHHALIUS HA MMOBEPXHOCTH 117

Onpepensisi KOHCTaHTHl MHTerpuposanuss A u B u3 rpa-
HHYHBIX YCJIOBHH, M0JyyaeM 3aKOH pacrnpejeeHHs H3OBITOU-
HBIX HOCHTeJsell 3apsijia Mo TOJIIHHe MJACTHHB B CJedylo-

ieM BHAE:
Ap(x)=1T,—= (6.119)
D (l S,S,L? d (S;+S,) L d
+—p5r— )shT+ —p ch

BennunHa craudonapHo#i (otonmpoBogvMOCTH o06pasiia
MOXKeT OHITh OmnpejejeHa MyTeM HHTErPHPOBAHHS H36LITOY-
HOH KOHLEHTpAlMH HOCHTeJeH 3apsjaa Mo TOJIIMHE:

d
AGy=q (ko + 1t,) > f Ap (x) dx. (6.120)
0

3aece b —1mMpHHA M [ — AJHMHA MNJAaCTHHB, KOTOpble IO
YCJIOBHIO 3HAUHTENBHO GOJIbIIE ee TOJIIHHBI d.
[Iposensi HHTerpHpoBaHUs, MOJyyaeM:

AGy= SeL on (2) = 1]+ sh (4)

_ L2
= q(Up+ Kp) 7 JoTos (1+ S'f,i“) h(%)_'_(sl_l_sz)—ch(‘li).

(6.121)

[TonyyenHoe HaMH pellleHHe NOATBepXKiaeT cHOPMYJH-
pOBaHHOe Bbllle YTBepXKJAEHHe, YTO CTalHOHapHas ¢oTo-
NPOBOAMMOCThL IIPOMOPLHOHANbHA HEKOTOpOH KOMOHHH-
pPOBaHHOH Be/IMYHHE Tapgp, 3AMeHsIOLIeH Tos B OOBIUHOM COOT-
HOILEHHH [J/151 CTallHOHApHOH (POTONPOBOAMMOCTH IPH INIpeHe-
6pex<eHHH MOBEPXHOCTHOH peKoMOuHalHel:

b
o= q (ta + 1p) T JoTogg- (6.122)

BripakeHHe LISl Topp MOXKHO CYIIECTBEHHO YIPOCTHTb, €CJIH,
Kak Obl10 MpeanosoxeHO, TOJIIHHA obpasua d cyliecTBeH-
HO MeHbllle MJHHBI AHG(Y3HOHHOrO cMelienus L. Pasmaras
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runep6osinueckHe (GYHKLOHH 10 MaJjoMy aprymeHty d/L u
npeHe6perasi BHICULIHMH Y/Je€HAaMH Da3J/IoXKeHHs, MoJydyaem:

1 d (dS; + 2D
Toop ~ 5 (22420 . (6.123)

S,Sgd+(S| +Sg) D+F d

ITpousBeas neneHHe MHOTrOYJEHOB, MOXHO mpeoGpa3oBaThb
(6.123) k BHAy:

d2

S+, dS, (S;—S,) + DS,—LT

11 +
Topd  Tob d 2Dd + d2S, ’

(6.124)

Tperbe cnaraeMoe B BhipaxeHHH (6.124) siBisiercs Manoi
nonpaBko#, korga Sy =S, =S; masa storo ciyyas COOTHO-
uieHde (6.124) npuoGperaer BUA:

1 28 1 1
~ =t N
Tovd d ' T |+ Sd (6.125)

2D

Bo BceM BO3MOXKHOM AHala30He H3MeHEHHH BeJHYHHBI CKO-
pOCTH 1OBepXHOCTHOH pekoMGuHaunu (0<S < oo) BeIpa-
xkenue (6.125) ¢ TouHocThio N0 1% coBmamaer c Bhpaxe-
uueMm *) [54]:

1 l 28
T (6.126)

ATo mnociaefHee Bblpa)KeHHe OOBIYHO M HCIOJb3yeTCs Ha
NpakTHKe B KauecTBe COOTHOLIEHHA A/ 3(deKTHBHOTO Bpe-
MEHH KH3HH H36BLITOYHBIX HOCHTeJIell 3apsja B TOHKOH mJja-
CTHHE MOJYNpPOBOAHHKA. B cienyromem naparpade Mbl yBu-
UM, YTO C JOCTAaTOYHO XOpolleH CTeneHblo NPHO/IHKEeHHUS
peJjakcauusi H3ObLITOYHOM MPOBOAMMOCTH B TOHKOM MJACTHHE
MOJIyNpOBOAHHKA OmpefeJsieTcss KOHCTAHTOH, coBmajatomeil
c BoipaxenueM (6.126) nna s ¢eKTHBHOrO BpeMeHH KH3HHU.
310 06CTOATENBCTBO CYLIECTBEHHO YBeJHYHMBAeT MpaKTHYe-
CKyI0 IeHHOCTb NOHSITHA 3((deKTHBHOTO BpeMeHH XKH3HH, AB-

*) Ipu  Sd/2D «'1 310 yTBepacHHe CaMOOYEBHAHO; MpH
Sd/2D > | unen ¢ Tos He HrpaeT HHKaKOH POJH B 060HX COOTHOLIEHHSAX;

HakoHell, npu Sd/2D =~ | mnoayuaem 2S/das4%r—l6, OTKYZAa CJefLyeT,
(o]
uyto npH d/L < | uleHOM C Tos TaKXe MOXKHO NpeHeGpeub.
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Jsiolllerocs, TakuM 006pa3oM, yHHBepcaJbHOH peKoMOHHa-
[{HOHHOH KOHCTaHTOH 00paslia MaJbiX pa3MeposB.

OTMeTHM, HaKOHell, YTO MOTPELIHOCTH MaTeMaTHYEeCKHX
npubJIHKEHHH, TOCPEJCTBOM KOTOPBIX MBI NpeoOpasoBajiu
dopmyay (6.123) ans cayyasg TOHKOH NJIACTHHBI MOJYIPO-
BOJAHHMKA K BHAY (6.126), oKa3blBAIOTCS CYUIECTBEHHO MeHb-
IIHMH TOTpellHOCTell SKCIepHMEHTaJIbHOrO OmnpelesieHHus
BXOAALIHX B Hee BeqHuHH. [losToMy ¢ 3KcnepuMeHTaJbHOMH
TOUKH 3peHHsi cooTHolleHHe (6.126) sBasieTcd TOYHBIM.

§ 7. BansiHHEe MOBEPXHOCTHBIX LIEHTPOB
Ha pesaKCaUMOHHbIE NPOLECCH B MOJYNPOBOAHMKAX

a) OG6uiee KauecTBEHHOE paccMOTpeHHe Bompoca. B ca-
MOM o0lleM cJyyae B 3ajaue O peslaKcauUHu KaKoii-1ubo Be-
JIHUHHBI, ONpefesieMOil H3OBLITOYHBLIMH HOCHTENSIMH 3apsjia
B NOJIYNPOBOJHHKe, CIe4yeT YUHTbIBAaTh XapaKTep reHepaluH
M30LITOYHEIX HOCHTeJIell 3apsaja B o6pasle WM 3aKOHOMep-
HOCTb WX HaYaJIbHOTO NPOCTPAHCTBEHHOIO paclnpejesieHus,
pekOMOHHALMIO H3OLITOUHBIX HOCHTeJeH 3apsana B obbeMe
H Ha noBepXHOCTH 0o6pasla M, HaKOHell, UX 3aXBaT mocpel-
cTBOM 00BbEMHbIX M IOBEPXHOCTHBIX LIEHTPOB 3axBaTa.

OueBHJHO, YTO MaTeMaTHUeCKHe TPY/AHOCTH peLleHHUs
TaKoro poja OOLMX 3a4ay upe3BblYaHHO BeJHKH. MoKHO
CKaszaTh, YTO MOKAa, BO BCAKOM cJ/yuae, Takas MOCTAaHOBKA
3ajayd H He HMeeT 0C000ro cMbicja, TaK KakK MOJyuYyeHHOe
pellleHHe cofepxkaJgo 6bl GosblIOe KOJTHYECTBO MapaMeTpos,
X8DaKTePH3YIOIHX MHOTOYHC/IeHHble 00beMHble W IIOBepX-
HOCTHBIE LI€HTPhl, KOTOphIe B 60JbIIHHCTBE CJIyUaeB SIBJSAIOT-
csl HeusBeCTHBIMH. K cuacTbio, penaKcalliOHHble MPOLECCHI,
CBA3aHHBle ¢ peKOoMOHHalMeHd M 3aXBAaTOM, CYILLECTBEHHO
pasJMualoTcd B pAje clyuaeB KaK 10 CBOeH OTHOCHTe/bHOI
pOJIH, TaK M N0 BEJHYHMHAM HX XapaKTEPHCTHUECKHX BpeMeH,
YTO NMO3BOJISIET pacCMaTpHBATh UX He3aBHCHMO APYT OT ApY-
ra. OnHako cama BO3MOXHOCTb TaKOro pasje/]bHOrO pac-
CMOTpeHHd MNpearnoJaraeT fCHOe NMOHUMAHHE POJIH KaxKAOro
npouecca B 0o6llell KapTHHe SIBJEHHS.

B cBfi3u ¢ 3THM MBI HauHeM pacCcMOTpPeHHe POJIH MOBepX-
HOCTHBIX LEHTPOB B peNIaKCALHOHHBIX SIBJACHHUSAX C OOIIero
KayeCTBEHHOro aHaJjii3a BONpOCa, a 3aTeM [1POBELEM KOJIH-
YeCTBEHHBI]l pacueT OT[e/JbHbIX YacTHbIX cJaydaeB. Mbl
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OTPaHHUYHUMCSl DACCMOTPEHHEM BJHAHHSA peJlaKCalHOHHBIX
npoleccos, 06yCIOBJIEHHBIX OBEPXHOCTHBIMH LIEHTpPaMH pe-
KOMOHHALMHK M 3aXBaTa, Ha NMPOBOJUMOCTb TOHKHX 06pa3LoB
MOoJyNPOBOAHHKOB. DTOT BHIOOD BHI3BAH TeM, 4TO O NOCae]-
Hero BPeMeHH peJsiaKcalHusi HWMeHHO IPOBOAHMMOCTH HCCNeNO-
Bajsach HauGoJsee NMOAPOGHO 3KCNepHMeHTanbHO. B TO xe
BpeMs U o0llve pacCyKAeHHs, U Naxe HeKOTOphle U3 M0JYy-
YeHHBIX COOTHOLIEHH{l MOTYT OBITb HCIOJbB30BAHBI IPH H3yUe-
WHH peslaKCallHH APYTHX BeJHYHH, H3MepsieMblX KCIleDHMeH-
TaJlbHO — paboThl BbIXOAA, NOBepXHOCTHOH (poT0-DJIC, eMKo-
CTH CJIOSI MpPUNOBEPXHOCTHOrO NPOCTPAHCTBEHHOTO 3apsna.

PaccMmoTpuM, mpexne Bcero, BJHsIHHe XapakTepa reHe-
pauuu H3GLITOYHBIX HOCHTesed 3apsja, H Ha NMpHMepe Tpex
BecbMa pas3JIMYHBIX CMOCO60B HapylleHHs TepMOAHHaMHYe-
CKOTO paBHOBeCHSl B MOJIyNPOBOJHHKe I[IOKaXKeM, YTO BO3-
BpallleHHe K PaBHOBECHOMY COCTOSIHHIO (HJIH yCTaHOBJeHHe
KBa3MpaBHOBECHs1) B INpPHHIHIE BCerfia BKJlouaeT TpH 3Je-
MEeHTapHEIX Npollecca: yCTaHOBJIEHHe PaBHOBECHSI MeXJy HO-
CHTeJIAIMH 3apfila B 30He H B3aHMOJEHCTBYIOLIMMH C Hefll
YPOBHSIMH 3axBaTa, YCTaHOBJIeHHe AH((Y3HOHHOTO pacmpe-
JeneHus H3OBLITOYHBIX HOCHTeJell 3apajga no obpasuy H
yCTaHOBJIEHHe pPaBHOBECHS MeXJy HOCHTeJIMH 3apsaa B
pa3HbIX 30HaX Ha MOBEPXHOCTH H B 06beMe MOJYNPOBOA-
HHKa.

[Tpocrefilinm cayyaeM HapylleHHs] TepMOAHHAMHYECKOTO
paBHOBecHS B NMOJYNPOBOAHHKE sIBJsIETCS paBHOMepHas 06b-
eMHasi TeHepalusl 3a cyeT, HanpuMmep, OTOAKTHBHOTIO IO-
IJIOlIeHHs] NpOHHKAloLero HanaydyeHus. Byaem cuurats mast
onpenesieHHOCTH, YTO MAJHTEJNbHOCTb Mpollecca TeHepaluH
MHOTO MeHbllle XapaKTepHCTHYECKOr0 BpeMeHH J1060ro H3
TpeX MepeuyHCJ/ICHHBIX IPOLEeCCOB BO3BpalleHHsl K paBHOBeC-
HOMY COCTOsIHHIO. B pamKax npu6/HKeHHs, COOTBETCTBYIO-
Hlero  NpPHMEHEHHIO MOHATHA CKOPOCTH IOBePXHOCTHOH
pPeKOMOHHAIHH, MOXKHO HCKJIOUHTb H3 PacCMOTPEHHS NPHIIO-
BEPXHOCTHBIe 006/1aCTH MPOCTPAHCTBEHHOTO 3apsfa M CuH-
TaTb HayasJbHOe pacnpenegeHHe H3GLITOYHBIX HOCHTeJeH
3apsga B MOMEHT IpeKpallleHHs reHepallid PABHOMEPHBIM.

Hanuune B moaynpoBofHHKe H3OLITOYHBIX HOCHTesell 3a-
pfila 9BJaseTcs CTHMYJOM AJs pPa3BHTHA BCeX TpeX, yKasaH-
HBIX Bblllle, NpOlleccOB pesakcalud. HemenneHHoe BkJiode-
HHe Mpollecca 060beMHOM PeKOMOMHALKH ABJAETCS PH 3TOM
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caMOOYeBHAHbIM. PekoMOHHALHA NOCPENCTBOM [1OBEPXHOCT-
HBIX [[€HTPOB, ONHCbIBaeMas IPOLECCOM BbITEKaHHS H3GHI-
TOYHBIX 3J1eKTPOHHO-ABIPOYHbIX Map uyepe3 rpaHHlLly pasjiena
o6beMa MOJNYNPOBOAHHKAa H 006/1aCTH IPOCTPAHCTBEHHOTO
3apsja, NPHBOAHT K YCTAHOBJIEHHIO T'PaJHEeHTOB KOHIEHTpa-
uMi HocuTenelt 3apsaga B obpasue. CooTBeTcTByIOUlEe AH(D-
(y3HOHHOe pacnpeje/eHHe yCTaHaBJuBaeTcs B obpasie 3a
BpeMs, OnpefensieMoe CKOPOCTbIO OHMNOJAAPHOH AHGDDY3HH.
[Topanok ero Moxer OBITb OlLEeHeH OTHOLIEHHEM TOJIIHHBI
obpasna d k ckopoctd AHDPy3uH vp = L/tpex. st 06pas-
[OB, TOJIIIHHA KOTOPBIX 3HAYMTEJbHO MeHblle IJIHHB AH(-
(y3HOHHOTrO cMellleHHss L, 3TO BpeMmd cocTaBJ/sieT He60Jib-
Y0 A0JI0 peKOMOHHALMOHHOTO BpPeMEHH KH3HH.

HanomuuM, 4To B KpHTepHil NPHMEHHMOCTH MOHATHS CKO-
pOCTH NOBepXHOCTHON pekoMOuHauuu (6.61) BXOAUT OTHO-
IIeHHe CKOpOCTeldl peKOMOHHALMOHHOTO H AHGD(Y3HOHHOTO
noToKoB Sf/vp U B 3¢ eKkTHBHOE BpeMsi XKH3HH H3GBITOUHBIX
HOCHTeslell 3apsia B TOHKOH nsactuHe (6.126) — ee Touu-
Ha d. O6Ga 3Tu 06CTOATENbCTBA OTPAXKaloT HeOOXOAHMOCTb
CaMOCOTJIaCOBAHHUS MPOLECCOB yCTaHOBJEHHS O dY3HOHHO-
ro pacrnpeje/eHdsi H3OBITOUHBIX HOCHTeJell 3apsijia H pe-
KOMGHHAUMH [TOCPEJCTBOM TOBEPXHOCTHBIX LEHTPOB.

Takum o6pa3oM, Mbl IPUXOAHM K BBIBOAY, UTO Xapakre-
pHCTHYeCKasl KOHCTAaHTa I[pollecca BO3BpalleHHs K DaBHO-
BECHIO B 30HaX TOHKOro of6pasua mnoJynpoBoAHHKa OydeT
BKJ/110YaTh B ce6s1 BpeMsl YCTaHOBJeHHA AU(dY3HOHHOTO pac-
npejiejieHusl H36BITOUHBIX HOCHTe/ell 3apsifa H ONpenessaThCs
HeKHM COOTHOLIeHHeM, B KoTopoe OyneT BXOAHTb 06beMHOe
BpeMsl XKH3HH, CKODPOCTb NOBEPXHOCTHOH peKOMOMHALMH H
pa3mephbl o6pasua. ATo cooTHOLIeHHe OyAeT HaMH MOJy4YeHO
B KOHIle JaHHOTO maparpada B IpeaNoJOXKeHHH O TpeHebpe-
JKHMOCTH 3aXBaTOM H3OLITOUHBIX HOCHTeslell 3apsila Kak B
o6beMe, TaK U Ha MOBEPXHOCTH MoJynpoBoaHuKa. Kak Mbl
YBHAMM B JAaJbHefilleM, BO MHOTHX CJy4asX Takoe Mpel-
[0JI0XKeHHe SABJseTCS BIOJHE ONpaBIaHHLIM.

OpnHako B obuleM ciayyae Heo6XOAMMO YYMTBHIBATh, YTO
OLHOBPEMEHHO H, BOOOlLle rOBOps, B3aHMOCBSI3aHHO C IpO-
leccaMHi BO3BpallleHHs] K paBHOBeCHIO B 06GeHX 30HAX HAYT
H TIpolecChl YCTAaHOBJIEHHS DaBHOBeCHs MexXJy KOHILeHTpa-
1Mell HOCHTeJell 3apsiia B Ka)XJOH U3 30H U Ha B3aHMOned-
CTBYIOLIUX C Heil leHTpaX 3axBaTa. B3aHMOCBA3aHHOCTDb STHX
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npoueccos 06ycsoBaeHa TeM, YTO caMa BO3MOXKHOCTb H36bl-
TOYHOro 3axBaTta 06ycJiOBJeHa HaJHYHEN TepMOJHHAMHYECKH
HepaBHOBeCHBbIX HOCHTeJell 3apsijia B 30HAX, KOHLEHTpPALUH
KOTOPBIX B KaKAbli MOMEHT BpeMeHH ONpeje/soTC PEKOM-
6MHALHOHHBIM HPOLIECCOM.

Poab siBaeHuit 3axBaTa Ha NOBEPXHOCTH B 00lleM pesak-
CallHOHHOM npouecce OyaeT, OUeBHUAHO, ONpeaensiTbhC OTHO-
IleHHeM MeXJy KOHLeHTpalHeil IOBEPXHOCTHBIX LIEHTPOB
3axBara H OOLIMM KOJHYeCTBOM H3OLITOYHBIX HOCHTeJeH 3a-
pada B obpaslle, NPHXOAALIHXCH HA €JHHHIYy ero NoBepx-
HOocTH. EcyiH 3TO OTHOLIeHHe /IS aKTHBHBIX LIEHTPOB 3aXBa-
Ta MHOI'O MeHbIlle eJHHHIbl, TO H a6COJIIOTHAA pPOJb 3aXBaTa
6yaer maaa.

BTopbiM BaXKHBIM (DaKTOPOM sIBJISIETCS COOTHOLLEHHe pe-
JIAaKCALIHOHHBIX BpeMeH MNpOLeCcCOB 3axBaTa H pekKOoMOHHa-
auu. B cnyuae, korma penakcalloHHOe BpeMsl Ipolecca 3a-
XBaTa MHOTO MeHbllle peKOMOMHAIlMOHHOTO BpeMeHH, B Ka-
KAbIH JaHHbIE MOMEHT 3aloOJHeHHe ypoBHel 3axBaTa Ovaer
ycrneBaTb H3MEHSITbCS B COOTBETCTBHH C H3OLITOUHOH KOII-
LeHTpauuell HOCHTeJlell 3apsiia B 30He, ONpejeseMoii Npo-
1E€CCOM peKOMOMHAaLMH.

Ecann penakcallmoHHOe BpeMsl 3axBaTa, Ha060pPOT, MHOTO
6osiblle peKOMOHHALMOHHOTO BpeMeHH, MpOLlecChl 3axXBaTa
BOOGIle He OyayT ycleBaTb Da3BMBAThCA B CJydae pesak-
CallMH 1ocJe MIHOBeHHOro Bo30yxaeHHs. OpHaKo 3TH mpo-
Hecckl 6yAyT HMeTb MecTO NPH YCTAaHOBJIEHHH CTalHOHap-
HOTO HepaBHOBECHOTO COCTOSIHMSI NpPH [JIHTeJbHOM BO030y-
XJeHUn, a obpaTHele UM IIPOLECCH TeNJOoBOro BhIGpoca -—
NpH BO3BpalleHHH K DABHOBECHOMY COCTOSIHHIO TOCJe BHI-
KJIIOueHHs1 Takoro Bo30yxaeHus. [Tockoabky B 3THX mocJen-
HUX cJydasix yxe Inpollecc pekoMOHHalLuH Bcerja Oyner
ycreBaTb NPHUBOJAHTh KOHLEHTPALUH HOCHTesell 3apsfa B
o6eux 30HAaX K paBHOBECHIO JIpyr ¢ ApyroM, obilee Xapak-
TepHCTHUECKOe BpeMs pesakcauuu Oyner cosnanaTb C Bpe-
MeHeM YCTAHOBJIEHHl DaBHOBECHOTO HJH CTalMOHAapHOTO
HepaBHOBECHOr0 3anoJ/IHeHHs LIeHTPOB 3aXBaTa.

Haxkonen, TpeTbHM HaHOGOJiee TPYAHBIM /sl TeOpeTHUe-
CKOTO H 3KCHepHMEeHTaJIbHOTO HCC/Aef0BAaHHA CjyyaeM fiB-
Jasercs 6GJH30CTb aGCOJIOTHBIX BeJIHYHH BKJAaJO0B OT IIPOLEC-
COB peKOMOMHALHMH M 3axBaTa NpH GJH30CTH HX XapaKTepH-
CTHYECKHX BpEeMeH.
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B caenyouiem pasgene storo maparpada Mbl paccMmo-
TPUM KHHETHKY IIPOLIeCCOB YCTAHOBJIEHHS DaBHOBECHOTO H
CTallMOHAPHOTO HEPaBHOBECHOTO 3amoJIHeHHs LeHTPOB 3a-
XBaTa M YBUAHM, UTO 3Ta 3ajaya He ABJIAeTCA NPOCTOH Aaxe
npu npeHeGpexeHun pekomOunauuen. Ceiluac ke, B COOT-
BETCTBHH C HaMeUeHHOH MpOrpaMMoil, Mbl paccMOTpHM 006-
IyI0 KapTHHY THpouecca peKOMOHHaLlUH NPH ABYX APYTHX,
CYILIECTBEHHO OTJIHMYHBIX OT pacCMOTPeHHOro, cmoco6ax
HapylleHusi TePMOJHHAMHYECKOTO DaBHOBECHs B IOJYNpPO-
BOJHHKE.

OxHHM M3 TakKHX CHocoGoB sBJAsieTCH B036yscoenue
CUABHO nozaoujaembim C8eTOM, KOTaa 06J1acTh reHepalHH U3-
OLITOUHBIX HOCHTesNeH 3apsna OorpaHHYeHa TOHKHM MOBepX-
HOCTHBIM CJIO€M, TOpsiiKa HJH JaKe MeHbLIHM AJHHBI 3Kpa-
uuposanusi. IlpocTtpaHcTBeHHAass O6JM30CTb NOBEPXHOCTHBIX
LIeHTPOB peKOMOMHALMM ¥ 3axBaTa K 006JacTH TeHepaluH
CTaBHT HX B 0co60e MOJIOXKEHHe, KOTOPOe, Ka3anoch Gbl, 10J1-
HO MPHHIMIHAJIBHO CKa3aThCs Ha MpoOLlecce pesaKcallhH.
BoJsiee BHMMaTe bHBI aHaJW3 NPHUBOAMT HAC, OJHAKO, K 3a-
KJII04eHHI0 06 OTCYTCTBHH TaKHX NPHHLHIHAJIbHBIX OCOOeH-
HOCTeH, pa3yMmeeTcsi, €CJi MOXKHO MOJIb30BAaThCA HOHSITHEM
CKOPOCTH TOBEPXHOCTHOH DPeKOMOHHALHH.

Hesno 3aknaioyaercs B TOM, YTO caMa BO3MOXKHOCTb OCY-
uecTBJeHns U36LITOUHBIX aKTOB peKOMOMHALMK W 3axBaTa
MOBePXHOCTHBIMM ILIEHTPAMH CBfi3aHa C CYILeCTBOBaHHEM
BGJIM3M IIOBEPXHOCTH HeDaBHOBECHBbIX HOCHTesell 3apsiia.
A npu ux Hanuuuu 6yAyT BO3HHKAThb H AH(D(Y3HOHHLIE TO-
TOKH H3GBITOUHBIX HOCHTesNeH 3apsja OT IIOBEPXHOCTH B
06beM NOJYNPOBOAHHKA, UTO MPHBEAET K PacHpOCTPaHEHHIO
o6GJlacTH HapylleHHs TepMOAHHaMHYeCKOrO paBHOBECHS Ha
paccTosiHMe MNopfAAKa JJHHB AHOGY3HOHHOTO CMeLleHHs.
Takum o6pasom, B cayuyae TOHKoro o6pasua (d <L) u
pe3Ko HepaBHOMEDHOH TreHepalHH M0 HCTeYeHHH TOTO xKe
BpeMeHH VCTaHoBJeHHs AH(]Y3HOHHOTO pacnpesneseHus, us-
6LITOUHblE KOHIIEHTpAllHH HOCHTeseH 3apsaa GyLyT pacmpe-
Jesiedbl NpaKTHUYeCKH OJHOPOAHO NO Bcell TOJIIKMHEe o6pas-
na. OueBHAHO, YTO MpPOLECC peJaKCaldH NMPH MPOYHX pab-
HbIX yC/IOBHAX OyaeT NMPOTeKaTb B 3TOM CJydae Tak Xke, Kak
H B IpeAblaylleM,

Cka3zaHHOe He 03HayaeT, pa3yMeeTcs, 4To c/Jy4yad paBHO-
MepHOil 00beMHOH M MOBepXHOCTHOH reHepauuH He OymyTt
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pasaHuaTbcsl KOJHYECTBeHHO. B cienyromel riase Mbl yBH-
IMM, UTO MPH OZUHAKOBBIX CKOPOCTSIX reHepauuu 0ObeMHOMH
redepauuyn OyneT cOOTBeTCTBOBaTh 6oJjiee BhICOKAas CTaLHO-
HapHasi (OTONPOBOAUMOCTb, T. €. OoJsiee BLICOKHH YpPOBEHb
HHDBeKIHH. [TOCKONBKY OT YpOBHSI HHBEKIHH 3aBHCAT NpakK-
THUECKH BCe 3JIEKTPOHHBbIE MpPOLECCH B MOJYNPOBOJHHKAX,
TO U CpaBHEHHE Pa3HbIX CIOCOOOB reHepalUH JOJKHO IpO-
HU3BOAMTBLCSl NMPH OJHHAKOBLIX €ro 3HAUeHHsX.

BropbiM nmpuMepoM pe3KO HEOJHOPOAHOH IeHepallUH W3-
OBITOYHBIX HOCHTeJlell 3apsiga, HMeIOUHM, KpoMe TOTO, H PAL
ApYrux cnenuduueckux ocoGeHHOCTeH, sBJseTcA cayuail
8030€licT8UA INEKTPUUECKUM NOAEM, HOPMAAbHBIM K NOBEPX-
HOCTU NOAYNPOBOOHUKA. DTOT METOJ, NOJNYYHBILHI Ha3BaHHE
apppexTa noas, WHPOKO NpPHUMEHsIeTCS B HCCJeA0BaHUAX MO-
BEPXHOCTHBIX CBONCTB MOJIYNPOBOAHHKOB H TNO3TOMY Ipei-
cTaBJsieT AJs Hac ocoOeHHuI uHTepec [43, 44].

CyuiHoctb Merona 3¢ dekra nosas CBOAUTCA K caeayiole-
My. Ecan Kk KoHOeHcaTopy, ONHOH H3 0OKJaJOK KOTOPOTO
sBasieTcs oOpasell MOJYIPOBOAHHKA, NPHJOXKHTb HEKOTO-
pPYIO pa3sHOCTb OTEHLHAJOB, TO B 06pasell OyaeT HHAYLUHPO-
BaH 3apsili, PaBHbIH NpPOH3BeNEHHIO 3TOH pa3HOCTH MOTEH-
II1aJI0B Ha €MKOCTb KOHAeHcaTopa. 3HaK HHAYLHPOBAHHOTO
3apsga MoxeT ObITb, pa3yMeeTcs, Pa3/iHUHBIM, HO uepe3
OMHYeCKHH# KOHTAaKT K o06pasiy pe3KO BbIpaxKeHHOTO THIA
NPOBOJHMOCTH MOTYT NPOTEKaTb MPAKTHYECKH TOJbKO OCHOB-
Hble AJ1s1 JaHHOro o6pa3ia HocuTesH 3apsja *). DTo 3HAuHT,
UTO WHAYKIHS OTPHIlaTeJbHOrO 3apsjga B o6pasell, HampH-
MeD, 3JIeKTPOHHO POBOJHMOCTH OCYILECTBJSIETCS BBeleHHEM
B Hero M3OLITOYHBIX 3JIEKTPOHOB, a HHAYKLHS MOJOXKHTEJb-
HOrO 3apsjia— BhiBeJleHHEM H3 Hero 4YacTH paBHOBeCHBIX
3JIeKTPOHOB. IHAylIHPOBaHHbBI} 3apsif 32 BpeMsi MaKCBeJJI0B-
CKOMl peslaKCallHH OKaxeTcs COCPefOTOYEeHHBIM BOJH3H MO-
BePXHOCTH MOJIyNPOBOJHHKA, SKpAHHPYs ero o6beM OT Hpo-
HUKHOBEHHs] B HErO BHEIIHEro 3JeKTPHYeCKOro MoJd.

Takum 06pa3om, ONHCAHHBIHA cayyail HapyUIEHHA TepMo-
JHHAMHUECKOTO DaBHOBeCHs B IMOJYNPOBOJAHHKE HMeeT, Ha
nepBblfl B3MVISA, ABe CYLleCTBEHHble OCOOEHHOCTH: BO-Mep-

*) TouHee rosops, mpH JMI060M 3HaKe HHAYLHDPOBAHHOrO 3apsifia B
o6pasel BBOASITCS WM BBIBOASITCS HOCHTeNH 3apsifia 0OOHX THIOB B OT-
HOLUEHHH, COOTBETCTBYIOLIEM OTHOLIEHHIO PaBHOBECHBIX KOMIOHEHT TOKa
B o6pasiie Walo/lpPo.
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BBIX, OTKJOHEHHe OT paBHOBeCHS BO3HHKAaeT MNpaKTHYeCKH
TOJILKO B 30He OCHOBHBIX A/l AaHHOTO MOJYIPOBOAHHKA HO-
cuTeJelt 3apsaa; BO-BTOPBIX, OHO OTpaHHYeHO 06J/1acThiO MPO-
CTPaHCTBEHHOTO 3apfija, B NpejejaXx KOTOPOH JIOKaJH3yerT-
csl HHAYLUUPOBAHHBIH 3apsanA. Jlerko yGenuThbesi, OIHAKO, UTO
¥ TaKOH crieu@uuecKuil cnocob HapyIleHHss TepMOAHHAMH-
4eCKOTO pPaBHOBECHsI He BHOCHT 0CO00 NMpPHHUHIHAJIbHBIX H3-
MeHeHHH B XapaKTep peJlaKCalMOHHOrO Ipollecca yCTaHOB-
JIeHHs] KBA3HPaBHOBECHOTO COCTOsIHUSA B o6pasue *) B ofuiem
cjlyuae, KOTJa B peJaKcalMd y4YacTBYIOT IPOLECCH PEKOM-
O6HHALlMH M 3axBaTa.
OueBHaHO, UTO B peslaKCallUH MOTYT IPHHHMATh yyacTHe
- TOJILKO TaKHe TpOLECCH, KOTOphble He HapylaloT YCJIOBHUS
9KpaHUPOBKH 0O0beMa MOJYNpOBOAHHKA OT TPOHHKHOBEHHS
B HEro BHELIHEro 3JeKTPHYeCKOro MoJs.

PaccMOoTpUM 3TH mpollecchl cHayaJa fAJjs cayyasi BBele-
HHSI H3OBLITOYHBIX 3JEKTPOHOB B o6pasell.

IlepBeIM H3 HHMX SBJSETCS 3aXBaT H36BITOYUHBIX 3JeK-
TPOHOB Ha NMOBEPXHOCTHblE YPOBHH 3aXBaTa, KOTOpHIi Ge3yc-
JIOBHO He HapyllaeT YCJOBHSI 3KpaHHUDPOBKH.

BropbiM mpolieccoM, BeAyIHM K YCTaHOBJIEHHIO KBa3H-
PaBHOBECHOTO COCTOSIHHSI H He M3MEHSIOIHM YCJIOBHS 3Kpa-
HHPOBKH, fIBJISIeTCS DPEeKOMOHMHAIMA MOCPeACTBOM MOBepX-
HOCTHBIX 1[€HTpOB pekoMOuHauuu. Ecau MBI nmpuMeMm AJs
MPOCTOTH, YTO BCe BBeleHHble B o6pa3el] H3OLITOYHbIE 3JIEK-
TPOHBI HAXOAATCA HENoCcpeJCTBEHHO Ha ero NnoBepXHOCTH, TO,
corsacHo (6.57), TeMn MOBepXHOCTHOH peKOMOHHANMH, AAI0-
IHH npeo6JagaHHe KOJHYeCTBA aKTOB PeKOMOHHALMH Hajl
KOJIHUECTBOM AaKTOB TelJOBOI reHepanud, OyaeT npomnop-
[IMOHAJIeH pa3HOCTH

[(nso + An) pgy — 1] > 0.
3nech
An= QHHD. =C_k‘£
q q

*) Tlox KBa3HpaBHOBECHHIM COCTOSIHHEM 3[eChb NOJpa3yMeBaeTcs
COCTOAIHHE C NPOMOJIKAIOILHMCH [AeHCTBHEM BHelHero nois. B ornnune
OT NpefbIAYLIHX CayyaeB, 37eCb He HMeeT CMbICJa paccMaTpHBaThb Kpart-
KOBpeMeHHOoe (MO CPaBHEHHIO C pesaKcalHedl 3/M1eKTPOHHBIX MPOLECCOB)
nelictBHe BO3GYX/JeHHs, TaK Kak BBeJeHHBI HHAyKUHell 3apsn Oyner
BhiBefleH M3 o0pasiia MpH BBIK/IIOYEHHH MOJS C TEM XKe BPeMeHeM Makc-
BEJUIOBCKOH pesakcauud. B ciyuyae repMmaHus, HampHMep, OHO B 3aBH-
CHMOCTH OT YCJOBHi JexXHuT B mpeaenax 1077 =+~ 1079 cex.
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— KOJIHYeCTBO HHAYLHMPOBAaHHBIX B o06pasell 3J/eKTPOHOB,
NPUXOIAIINXCS HA eIHHHUIYy er0 NOBEPXHOCTH, a Hgy H Pso —
paBHOBeCcHble MOBEPXHOCTHbIE KOHIEHTPALUH 3JIeKTPOHOB H
JABIPOK N0 BKJIOUEHHs MONEePeYHOro 3JeKTpuyeckoro mouas V.

IIpeo6nananve pekoMOHHAUMH HaJ TeNJOBOH reHepa-
uHeil 6yaeT NPOLOMKATECA [0 TeX NOP, NOKA HAa MOBEPXHOCTH
He YCTAHOBSITCS HOBble KBa3HpPaBHOBECHble KOHLEHTpa-
UHH st = Ny U psi < Pso TaKHe, 4TO (Mg pg, —n?))=0. Or-
METHM, YTO HOBas KBa3HpaBHOBecHas BeJHYHHA IOBEPXHO-
CTHOTO 3J/IeKTPOCTAaTHYECKOTO MOTeHUHasna Ygi, onpenelsio-
1asi MOBEPXHOCTHblE KOHLUEHTpPALHH Hg; H Psi, MOXeT OBITh
HaliieHa B INpeANOJOXKeHHH 00 OTCYTCTBHH 3axBaTa MNpH
noMomH ypasHeHHs (2.21) H3 yc/J0OBHf, YTO H3MeHeHHe
3apsiia B CJ0e NPOCTPAHCTBEHHOTO 3apsiia PaBHO 3apsany,
UHAyLHpPOBaHHOMY B ofpa3ell.

HaxkoHen, TpetbuM mpoueccoM, cnocoGCTBYIOILHM ycTa-
HOBJIEHHIO KBa3MPaBHOBECHOTO COCTOSIHHS, ABJAAETCH GHIO-
asipHas JUGQY3Ha 3MeKTPOHHO-ABIPOUHBIX AP M3 NPHIO-
BEPXHOCTHO! 006/1acTH NPOCTPAHCTBEHHOrO 3apsaa B o0beM
NoJIyNpOBOAHUHKA. DTOT NPOLECC TaKkKe He HapyllaeT ycjo-
BHH 5KPAaHHPOBKH, TAK KaK HOCHTEJH 3apsila yXOAAT U3 006-
JIaCTH MNPOCTPAHCTBEHHOro 3apsja MmapaMH, M HPHUBOIUT
K pacnpocTpaHeHH0 06JacTH HapylleHnHs TepMOLHHaMHuYe-
CKOrO paBHOBecHs1 B IMyOb MOJYNPOBOAHHKA HAa pacCTOsHHe
nopsaaka AJHHB AHGQY3HOHHOTO CMELlEeHHS.

B nocratouHo TOHKOM o6pasile H3GLITOUHBIE Mapbl HOCH-
TeJlell 3apsiia 3a BpeMs ycTaHOBJeHHs Aub(y3HOHHOro pac-
npefeseHHs pacnpoCTpaHATCA 1O BceMy o0beMy oGpasua.
CoOTBETCTBEHHO, BONPEKH MepBOHAYAJIbHOMY MpEANoJOKe-
HHIO B peKOMOHHAllUOHHOM IHpolecce OGyAyT NpPHHUMAThb
yuacTHe KaK [OBEDXHOCTHble, Tak H 0ObeMHble peKOMGHHA-
IIMOHHBIE LEHTPbl, 4 peKoMOHMHAlMOHHasA KOHCTaHTa Oynxer
OnpefessiThCs TEM 3Ke, UTO H paHblile, COOTHOLIEHHEM, BKIIIO-
yaloluM B cebs1 06 beMHOe BpeMs XKH3HH, CKOPOCTb NOBepX-
HOCTHOH peKOMOMHALMH M pa3Mmepbl obpasiia.

O6uwas kKapTHHa SIBJeHHS OCTAaeTCsl TOH »Ke caMoil H
B c/lyyae 06paTHOroO 3HaKa HHAYLUHDPOBAHHOTO 3apfjia, CoOT-
BETCTBYIOILETO BbIBEJEHHIO OCHOBIIBIX HOCHTesde# 3apsja W3
o6pasua. [Ipu sToM 3a BpeMsA MaKCBeJJOBCKOH pesaKkcallHH
NpHHoBepXHOCTHAA o6JjacTb 6yaeT o6efHeHAa OCHOBHLIMH HO-
CHTeJIIMH 3apsjia, M dKPaHHPOBKA OyAeT OCYIUeCTBJASATLCH



§ 7 PEJIAKCALUMOHHBIE MPOUECCHI HA TTOBEPXHOCTH 127

HEeCKOMINEeHCHPOBAaHHBIMH JIOHOpaMH (M/H aKlUenTopaMu B 00-
pasue AabipouHoiit nposonumoctu). [lotom GynyT pasBuBaTh-
¢l BCe TPH PacCMOTPEHHbLIX Bblllle NMpoLEecca, TONbKO B 06-
patHblx HampasieHHsiXx. HaxoasiliMecs Ha ypoBHe 3axBaTa
3JIEKTPOHbl Telepb He OyAyT HaXOLHTbCS B paBHOBECHH
C YMeHblIeHHOH KOHIeHTpallhell 3/1eKTPOHOB B 30He IpPOBO-
IHUMOCTH. B pesysabrare akTel TemoBoro BeiGpoca OyayT
npeo6/iajaTb HajJ akTaMH 3aXBaTa, IOACTABJAsAS 3JE€KTPOHEI
B 30Hy. YC/I0BHe IeHepallHOHHO-PeKOMOHHAIIMOHHOTO PaBHO-
BeCHsl TaK»Ke OKa3blBaeTcsl HapylIeHHbIM, H aKThl TeMJOBOH
reHepaluuu OyAyT mpeoGaanaTbh Hal aKTaMH DeKOMOHHALHUH
B COOTBETCTBHHM C H3MEeHHBUIHMCS 3HAKOM Pa3HOCTH

[(ngo — An) pgy— n3] <0.

Takoe moJsioxeHue Belllell GymeT MpOLOJKATLCS A0 TeX IOP,
MoKa Ha NOBEPXHOCTH He YCTAHOBSTCS HOBble KBa3HPaBHO-
BeCcHble KOHLEHTpPaUUH fsy << Mgy U Psi = Psp TAKHe, UTO

[nSIpSl - nf] =0.

Haxkonen, 3a cuer 6unoasipHofi nuddysuu, Ha 3TOT pas
13 o6beMa K NOBEPXHOCTH, 06/1aCTh HapylleHUs TepMOAHHA-
MHUECKOTO pPaBHOBeCHs (B 3TOM CJyuae Tak Ha3blBaeMOH
IKCcTpakuuu) OyaeT pacnpocTpaHAThCA B I1y6b o6pasua, 3a-
XBaThlBasl €ro LeJHKOM, ec/H ero ToamuHa d < L.

Takum o6pasoM, NpOBeJeHHBle PacCyKIEHHS MOKa3bl-
BAIOT, YTO B paMKax HpPHOJIHKeHHs, COOTBETCTBYIOIIErO HC-
N0/Ib30BAHUIO TOHATHS CKOPOCTH NOBEPXHOCTHOH DeKOMOGH-
HallM{, XapakTep HapylleHHs TepMOAHHAMHYECKOTO paBHO-
BecHs1 B TOHKOM 0O0paslle NMOJYNPOBOJHHKA He OKa3biBaeT
onpefessIOIero BJHSHUA Ha MOCJeLYIOUWHA mpolecc penak-
cauud. KoHeuHo, 3TO yTBepKJAeHHe OCTaeTcsl ClpaBelJHBEIM
TOJILKO MpPH COMOCTAaBHMEIX YCJIOBHAX HapylLleHHs paBHOBe-
cHsA, T. €. B [EpPBYIO ouepelb NPH OJHHAKOBBIX 3HAUEHHAX
pe3yJIbTHPYIOLIEro YPOBHSI HHBEKIMH B 06beMe MOJNYyNnpoBOA-
HHKa.

Jlerko, Hanpumep, BHIEeTb, 4TO, B CJydyae HHAYKLHH
3JeKTPOHOB mMoJieM B 00pasel] 3JeKTPOHHOH MPOBOAHUMOCTH
C pe3Ko BHIpAXKeHHBIM cJloeM o6oraileHHss Ha NOBEPXHOCTH,
peKkOoMOHHALHOHHBEIA npouecc BooOLle He MOXKeT HrpaTh
CKOJIbKO-HHOY b 3ameTHOH posu. Ilpu 3TOM ycTaHOBJEHHIO
KBa3HPaBHOBECHOIO COCTOSIHHSI COOTBETCTBYeT HCuesalolle
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MaJiblil YpOBeHb HHbBEKIHH, NOCKOJbKY pPaBHOBECHOE KOJIH-
4eCTBO [JbIPOK B CJOe NPOCTPAHCTBEHHOTO 3apsfia ObliIo
BeCbMa MaJjio IO BKJIIOYEHHs I1OJis1, a cJefoBaTesNbHO, 6yneT
MaJablM M abCcoJIIOTHOe ero H3MeHeHHe B XOJe pesaKCalHH.
B 5ToM cJayuyae npHIOBEPXHOCTHBIH CJIOH NPOCTPAHCTBEH-
HOr'O 3apsila 9KBHUBAJIEHTEH IMOJIYNPOBOAHHKY TOJbBKO C O[-
HUM THIIOM HOCHTeJell 3apsiia, rlle reHepalHoHHO-PeKoMOH-
HallHOHHBIE MPOLleCCHl He UIPalOT 3aMeTHOH pOJIH.

OueBHJHO, UTO YeM sipue BBIPAXE€H THI TPOBOLHMOCTH
o6pasua B o6beMe, T. €. UeM Bbillle CTeNeHb €ro JerHposa-
HHS, YeM HHXKe TeMIlepaTypa NpOBedeHHsT 3KCIepPHMeHTa H
yeM LIHpe 3amnpellleHHass 30HAa B MOJYIPOBOAHHKE, TeM
B MeHblllell Mepe HeOGXOAHUM cCJOH oborallleHHsi Ha MOBepXx-
HOCTH, A/1s1 TOTO 4TO6Bl NpeHe6peub pOJIbI peKOMOHHALHOH-
Horo npouecca. Hacto Takoe npeHeGpeKeHHe BIOJHe 3a-
KOHHO M B cJyyae cjoeB 0Oe[HeHHss Ha NOBEPXHOCTH, MO-
CKOJIBKY Y TNPH 3TOM pe3yJbTHPYIOLIHH ypOBeHb HHBEKIHH
H30OLITOUHEIX HOCHTesell 3apsaa B o6paslle OKas3biBaeTcs
BeCbMa MaJbIM.

OpnHako H NpH ONHCAHHBIX YCJIOBHSIX Ha MOBEPXHOCTH, HO
NpUH BHIBeIEHHH H3 006pasua 3/JeKTPOHOB B KOJIHYECTBE,
CPaBHUMOM C UX OOILHM KOJHYECTBOM, HapylIeHHe TepMO-
OHHAMHYECKOTO pAaBHOBeCHs (YPOBeHb 3KCTPaKUHH) Oyner
JOCTaTOYHO GOJIbIIHM H BCe MPHUBEJEHHbIE Bbillle pacCyKie-
HHSI OCTAIOTCS B CHJIE.

6) KuneTHKa mnpoueccoB B3aUMOAEHCTBMSI NMOBEPXHOCT-
HBIX LEHTPOB 3aXBaTa C HOCHTEJNSIMH 3apsila OJHOH U3 30H
noaynpoBoiHuka. HenocpencrBenHoe HabaioaeHue penakca-
[HOHHBIX MPOIECCOB, O6YCJOBJ/IEHHbIX 3aXBaTOM Ha MOBEpX-
HOCTHBIE COCTOSIHHSI, BO3MOXHO, B COOTBETCTBHH CO CKa3aH-
HBIM BBIIIE, B ABYX CYLIECTBEHHO Pa3JIHUHBLIX CJIyYasix.

Bo-mepBBIX, 3TO caydalf, Korja XapaKTepHCTHYECKOe
BpeMs Ipolecca 3axBara CYLIeCTBEHHO MNpeBbIIIAeT PeKOM-
O6UHAIIHOHHOE BpeMsl KH3HH H3OGLITOUHBIX HOCHTesell 3apsiaa
B o6pasie. Ilpu 3ToM HOcHTenH 3apsia B 30HaX HaXoAsTCA
B PaBHOBECHH ADPYT ¢ ApYyrom, a HaGJiomaeMbifi pesakcalli-
OHHBII TpoOIecC CB3aH C YCTAHOBJEHHEM pAaBHOBECHS HJIH
KBAa3HpaBHOBECHS MeXJy MOBEPXHOCTHHIMH YPOBHSMH 3a-
XBAaTa M HOCHTE/SIMH 3apsfa B ONHOH U3 30H. YCTAHOBJIEHHIO
CTALlHOHAPDHOTO HEePaBHOBECHOTO COCTOSIHHS COOTBETCTBYyeT
peslaKCallHOHHBIA Mpollecc, HMEIOMHHA MeCTO MPH BKJIOYEHHH
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H MOCJeAyIoleM [efCTBHH NOMOJHHTEJNbHOr0 BO36YKIeHHS,
HanpuMmep 3a cueT (OTOAKTHBHOI'O MOTJIOLIeHHs cBera. [lpu
3TOM 60Jiee GBICTPLI peKOMOMHAIIMOHHBIHA [IPOLECC yCleBaeT
NPHBOANTL KOHIIEHTPALlMH HOCHTeJell 3apsiia B 30HaX B paB-
HOBecHe ApYr ¢ APYrom Ha /o060 cTajuH mpolecca 3axBa-
Ta, TAK 4TO, NPH OTCYTCTBHU 3axBaTa B o06beMe, 00beMHbIE
M30LITOUHbIE KOHLEHTPAllMh BCerAa paBHBl APYr APyry
(An = Ap). YcraHOB/JeHHe HMCTHHHOTO pAaBHOBeCHS HMeeT
MECTO IPH BBIKJIIOYEHHH AOTOJHHTEJNbHOH TeHepalHH, KOraa
HOCHTeJ/IM 3apsiia B 30Hax Kak B o6beMe, TaK U Ha MOBEpX-
HOCTH OBICTPO NPHBOAATCS PeKOMOMHAIHOHHBIM IMPOLECCOM
K PaBHOBECHIO APYT € APYroM (fgPg = N3), TOrAa KaK3anoJ-
HeHHe MOBEePXHOCTHBHIX IIEHTPOB 3aXBaTa He HAaXOLHUTCS ellle
B PaBHOBECHH C TNOBEPXHOCTHOH KOHIlEHTpPAalUeH HOCHTeJ el
3apsiia B OfHOH M3 30H.

© DTOH Ke CHTYalUUH COOTBETCTBYET H CJyuail BKJIOYEHHS
WM BBIKJIOUEHHS] NONEpPEeYHOTo 3JIeKTPHUECKOro TMOoJsl MNpH
y4acTHH B Mpollecce TeHepalHOHHO-PeKOMOGHHALIHOHHOIO Me-
XxaHHu3Ma, GoJiee GLICTPOTO, UeM yCTaHOBJIEHHEe PaBHOBECHOTO
WM KBa3HPaBHOBECHOTO 3aMOJIHEHHSI MOBEPXHOCTHBIX IEHT-
poB 3axBarta. IIpH 3TOM Take HOCHTeJH 3apsifia B 30HAX
B 06beMe U Ha NMOBEPXHOCTH YCHEeBAlOT NPUXOAHTb B PaBHO-
BecHe IPYT C APYTOM 3HAUHTeJbHO OLICTpee, ueM AOCTHraeT-
Csl paBHOBeCHe MEXJy OJHOM H3 30H H MNOBEPXHOCTHBIMH
[leHTpaMH 3axBara.

BrophiM, (GH3HUYECKH OTJIHYHBIM CjydaeM sBJseTCS ONHU-
CaHHBIH B KOHLle NpefbIAYLIero pasfena caydail, korga
poJibi0 pPeKOMOMHALIMOHHOTO Mpolecca MOXHO NpeHeGpeuyb.
B 3TOM cayuae COOTHOLIeHHe MeXAYy XapaKTepPHCTHUECKHMH
BpeMeHaMH OGOHX NPOLECCOB MOXKeT OLITh, pasyMeeTcs, JiO-
6bIM, a caMa BO3MOXHOCTb 3KCIlepHMeHTaJbHOro HabJione-
HHS mpollecca 3axBaTa 0o0yc/oBJeHa crelddHYECKHM Hapy-
[IeHHeM TepMOLMHAMHYEeCKOr0 PaBHOBECHS, 3aTParuBaloOLUIUM
MPAKTHYECKH TOJIbKO OIHY 30HY.

[lepsriil ciyuall xapakTepeH AJs NOJYNPOBOAHHKOB C OH-
MOJISIpHO#l NPOBOAHMMOCTBI), a BTOPOH — C MOHOINOJISIPHOH
MPOBOJHMOCTBIO HMJIH CHelH(pHUECKHMH TOBEPXHOCTHBIMH
YCJIOBHSIMH, NpPH KOTOPBIX 06/1aCTh IPOCTPAHCTBEHHOTO 3a-
psila 5KBHBaJeHTHA MOHOMOJSAPHOMY MOJYNPOBONHHKY.

HecMoTpsi Ha cyllecTBeHHOe pa3JjiHuHe (H3HUECKHX YyC-
JIOBHH, COOTBETCTBYIOLIHX OGOUM CJy4asiM BO3MOXKHOCTH

b A. B, Pxauos
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HabJl0[leHus Npollecca 3axBaTa, MaTeMaTHYecKoe OMHCaHHe
KHHETHKH 3TOTO Mnpolecca A0JKHO ObiTb B OCHOBHBIX YepTax
9KBHBAJIEHTHbIM HJIH, BO BCSKOM CJydae, OueHb OJIM3KHUM,
MOCKOJIbKY OHO 3aTparuBaeT B3aHMOJEHCTBHe LEHTPOB 3a-
XBaTa TOJbKO ¢ ofHof u3 30H. O6ulee ypaBHeHHe, OMHCEHI-
Balollee 3axBaT, HamnpHMep, 3JEKTPOHOB I[1OBEPXHOCTHBIMH
HEeHTpaMH C KOHUeHTpauueill N 3HepreTHUeCKHM IOJOXKe-
HHUeM ypOBHA & = E;— E; 1 BepOSITHOCTBIO 3aXBaTa Cln, yXKe
NPUBOJHJIOCH HAMH B npefbinyuiem naparpacde. OHo MoxeT
6LITb 3alUCAaHO B JABYX CJAENYIOUIHMX 3KBHBAJEHTHHIX BHAAX:
dnt

5 = oalVe[ng (1 — fe) — mifl =0, [ns Ne—n) — ). (7.1)

Peulenne 3Toro ypaBHeHHsi COBMECTHO C COOTBETCTBYIO-
WMMH HAaYaJbHBIMH YCJOBHSAMH IOJHOCTBIO OIHCHIB3eT
KHHETHKY MpoleccoB 3axBaTa. PaccMmorpenune obuiero cay-
yas mnpeAcTaBiasieT GosblllHe MaTeMaTHuYeCKHe TpPYAHOCTH,
fl03TOMY MBI OTPaHHYHMCSI TOJBKO YACTHBIMH CJYyYasiMH Ma-
JBIX H OOJBIIMX HayaJbHBIX OTKJIOHEHHH OT TepMOJHHAMH-
4eCKOro paBHOBecHsl. [l1s1 onpenesneHHOCTH OyaeM NPOBOAUTh
pelleHusl OJs1 c/lydyasi DPe3KOTO pas3jMuHsi XapaKTepHCTHYe-
CKHX BpeMeH IPOIleccOB 3aXBaTa H PeKOMOHHALHUH.

HauanbHoe ycnoBue, KOTOpoe Mbl NpHMeM AJs OmpeJe-
JIEHHOCTH 3a4auH, 3aKJ0YaeTcsl B TOM, YTO MOBEPXHOCTHAs
KOHLEHTPALHsl 3JIeKTPOHOB B 30He NMPOBOAHMOCTH fg MpEBHI-
11aeT PaBHOBECHYIO H, COOTBETCTBEHHO, He HaXOAHTCA B paB-
HOBECHH C KOJIHUECTBOM 3J1eKTPOHOB r;, JIOKAJH30BaHHBIX Ha
ypoBHsx 3axBata. [lockosabKy, ¢ ADPyrofi CTOpPOHbBI, HOCHTEJH
3apana B 0o6eHx 30Hax OLICTPO yclneBalOT NPHXOJAHThL K paB-
HOBECHIO IPYr C APYrom 3a cueT peKOMOHHALHOHHOTO HPO-
mecca, MOBEPXHOCTHAs [POBOAUMOCTb ABJISIETCS OJHO3HAY-
HOH (yHKUMell KBa3HPABHOBECHOrO 3HAYeHHS NOBEPXHOCTHO-
ro 3JeKTPOCTaTHYECKOrQ MoTeHUHana Yg, B CBOIO Ouepelb
onpeaesasieMOro MOBEPXHOCTHBIM 3apsiloM. DTO yCJOBHe CO-
OTBETCTBYeT, TaKHM 06pa3oM, BKJIOUEHHIO BO30OyXKAaloulero
CcBeTa HJIM MOIIePeYHOro 3JIeKTPHUECKOro moJst, oborauiaio-
Iero MOBEPXHOCTb I[OJYNPOBOAHHKA TEeMH HOCHTeJasIMH
3apsiga, KOTOpble B3aMMOAEHCTBYIOT C [10BEPXHOCTHLIMH
LleHTpaMH 3axBara.

1. Maroe oTkAOHeHUe OT TepmOOUHAMUYECKU pPABHO-
8ecHbLx Yycao8uli Ha nosepxuocTu. Jlas onpefe/]eHHOCTH 3a-



§7 PEJIAKCALIMOHHBIE MPOLECCH! HA MOBEPXHOCTH 131

nauyn GyaeMm paccMaTpHBATh Cyyail BK/IIOYEHHS MONepPeyHoro
10Jisl, T. €. CUHTATh, YTO B pe3yJbTaTe pesJaKcallHOHHOrO Mpo-
lecca CHCTeMa NPHXOIHT K TEPMOIHHAMHUECKH paBHOBeC-
HOMY COCTOSIHHIO. _
MrHoBeHHble 3HAUEHHUS] KOHLEHTPAUUM A; H Hs Mbl MO-
JKeM BBIPA3HTh uepe3 TepMOAHHAMHUYECKH PaBHOBECHEIE Be-
JHYHHBI Ny U NS0, KOTOPBlE YCTAHOBAITCS MOCJE 3aBepIIeHHS
peJlakCcallHOHHOTrO mpoiecca *), cOOTHOWeHUsIMHU [45]:

Ny =Ny — An,, Rg = Ng + Ans. (72)

3nech An; U Ang ABJAAIOTCS MaJIbIMH BeJHYHHAMH, TaK 4YTO
HX MOXKHO NpPeACTaBUTb NEPBLIMH UJEeHAMH Pa3JIOKEHHH CO-
otHowenu#t (2.3) u (2.20) nmo mMajoMy H3MeHEHHIO TOBepX-
HOCTHOTO 3/IEKTPOCTATHYECKOro MoTeHUHaJa:

dF (Y M)

Ant = nigo dYS

d
AYs, Ans=7ﬁfl AYs. (7.3)

H3MeHeHHe NOBEPXHOCTHON MPOBOAMMOCTH MOKHO MpejcTa-
BHTb aHaJIOTHYHBIM 06pa3oM:

da
S
AGS = dys

AYs, (7.4)

H C MOMOILbIO COOTHOUIeHHs (7.4) BHIPA3UTh BEJHYHMHBI A
1 Ang uepe3 AGs:

dF dng
av. ar.
Ant—_-nigDTGZ_m AGs, Ans= #‘gm AGs. (7.5)
dYS o dYS )

[Toacrasass BeipaxeHnue (7.2) B ypaBHeHue (7.1) u Hcrmosb-
3ysi npHu 3ToM (7.5) M OueBHAHOE COOTHOILIEHHe /s CJyyas
TepMOJHHAMHUECKOrO PaBHOBECHS:

dnt .

dt

=0y [n’Soo (Nf — hy oo) -y oo] = O’ (7’6)

*) B cayyae penakcanuH CHCTEMBl K CTalMOHAPHOMY HepaBHOBEC-
HOMY COCTOSIHHIO MOC/I€ BKJ/IOYeHHs CBeTa, CTallMOHapHble KOHLEHTPAaLHH
Niw U Ng  He ABIAIOTCS PaBHOBECHBIMH, a (yHKUHS F U noBepXHOCTHASA

mposBoguMocTh Gs 3aBUCAT elle 4 OT ypOBHA HHbekuud O,

50
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nonayuaem, npeHe6pe1‘aH YJE€HOM BTOPOro nopsaaka MaJvgocCTH
AnsAnt,

d(AG N,—n n
—(dt S) = —a, ( tg too) ;;o T +nsm+nl AGs. (7.7)

D _—
"arg |

HlHTerpupoBaHne 3TOr0 ypaBHEHHs JaeT 3KCIOHEHLHAJbHOE
3aTyXaHHe W3MeHEHHsl MOBEPXHOCTHOH MpPOBOAUMOCTH CO
BpeMeHeM:

AGg=AGgye 'eaxs, (7.8)

rne AGgo— Havya/jbHOe H3MeHeHHe MNPOBOAMMOCTH (IO OTHO-
[IeHHI0 K KOHEYHOH ee Be/JIMYMHE), a XapaKTepUCTHYeCKas
KOHCTaHTa peJaKCallHOHHOTO Mpollecca

1
Taaxs = . 7.9)
saxe a (Nt - ntoo) nSoo +n +n (
n g’D dF S oo 1
"y |

W3 o6iuero BeipaxeHus (7.9) Jierko NoJy4uTb YacTHBIE Bbl-
paxKeHHsl, COOTBETCTBYIOIlHE pPasJHUYHBIM YCJIOBHAM Ha MO-
BEPXHOCTH MOJIyIIPOBOJIHHKA.

IIpn GOMBLIMX NOJMOXKHTENbHBIX 3HAUEHHAX MOBEPXHOCT-
HOTO 3JIeKTPOCTATHYECKOTQ NOTeHLHasla, COOTBETCTBYIOILIHX
cJ0i0 oGOorallleHHs1 Ha MOBEPXHOCTH paccMaTpHBaeMoro oG-
pasua 3JeKTPOHHOH NMPOBOAUMOCTH *):

dF n -
L [a=t Ys]R
ni7},— = 7[7\, e S] P= Vn,nSm . (710)
S loo
Ecau crenenp o6GorauieHHsi TOBEPXHOCTH 3JEKTPOHAMHU
OueHb BeJIMKa, TO peslakCallMOHHAas KOHCTaHTa OyneT BecbMa
MaJIofl BeJHUYMHOH, GJIH3KOHN K

Taaxn & —— . (7.11)

q'n S

*) B ciyuae ycTaHOB/EHHSI CTAUHOHAapPHOrO HEPaBHOBECHOTO COCTOSI-
HHs TOC/e BK/IOUYeHHs BO30GYXAaloLlero cBera 3jech BMECTO A-1Heo6x0-
MO NOJCTAaBUTL CyMMy Tl b),
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Hpﬂ MeHbllel cTeneHH oboralleHdss H HaJHYHHM Ha 10-
BEPXHOCTH 60JIBIIOT0 KOJIHYECTBA He3aNoJHEeHHBIX ypOBHeﬁ,
OHa MO2KeT HMETb 3Ha4yeHHe:

1

Taa =~
xe Nt"”t n
o © 9 S oo
" n
D i

[Tpu orpuuatenbHbiXx Ys, COOTBETCTBYIOLIHX 06pPasoOBaHUIO
CJIOS1 UCTOLLEHHS,

. (7.12)

dF n
(s~ 1y Y
mars |~ - (A7'r )", (7.13)
oo
a peJsiakcallHOHHAasA KOHCTAHTa
1
Taaxs =~ N,—n, ng - . (7.14)
00 0o -1
an Zz, 2 n, VA’ Y

HaKOHeH, NpH 60/bUIHX OTpHLaTEeJIbHBIX 3HAUEHHUAX Ys,
COOTBETCTBYIOLIUX CJ/IOI0 HHBEPCHH Ha NOBEPXHOCTH!:

dF n v A
mgro | =5 e V=5 Vanso,  (@.15)

oo

H peslakCalliOHHAs KOHCTAHTa
1
. (7.16)

Taaxs =~ —
o (Nt_nloo)i nSoa +n +n
n gD A n, Soo 1

[TocKOJIbLKY BeNHYHHA Mg B 3TOM CJydYae OYeHb MaJja, TO
npeo6aafaoliUM claraeMelM B 3HaMeHaTtese (7.16) moxer
cTaTb BeJHYHHA 14, TAK UTO
1
Taaxs ~ 5, - (717)

QAptty

Takum 06pa3om, B 3aBHCHMOCTH OT KOHKPETHBIX YCJIOBHHA
Ha TOBEPXHOCTH TOJYNPOBOAHUKA, peJlaKCalOHHAsh KOH-
CTaHTa npolecca 3axBaTa MOXKeT U3MeHATbCSl B BeCbMa IIH-
POKOM JIHana3oHe 3HaYeHHH, COCTAB/AIOLIEM HECKOJbKO MOo-
PSLKOB BeJHYHHHI.

Brnonne aHajloru4eH XOJ pelleHHs] peNaKCalHOHHOH 3a-
AdYH B Caydae Majoro OTKJIOHEHHS OT PABHOBECHS H NpH
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IpPYTHX HayaJbHBIX ycaoBHAX. Tak, HanpHMep, B ciayyae BbI-
KJoueHHss BO30YyXKJalollero CBeTa HJH MOMNEpPeyHOro 3Jek-
TPHUECKOr'0 MOJisi COOTHOWweHHs: (7.2) NpHHHMAIOT BHA:

nt=n,m+An,, ns=nsoo—AnS (7.18)

M OTPaxKaioT TOT (akKT, YTO B HAYaJbHEII MOMEHT BpeMeHH
KOHLleHTpauus n; OOJbIie DaBHOBECHOH BEJHYHHBI My, @
KOHI[eHTpallUsl Ng MeHblle PAaBHOBECHOH Msw. PesakcaluoH-
HBIfl NIpOllecC B ITOM CJyuae COCTOHT B YMEHbLUEHHH CTe-
MeHy 3aNoJIHEHHs NOBEPXHOCTHBIX LEHTPOB 3JEKTPOHAMH
MyTeM HX TeIJIOBOro BhIGpOCa B 30HYy HPOBOLMMOCTH Ha 110-
BEPXHOCTH.

dopMasbHO aHAJIOTHYEH XOJ pellleHHs 3ajay H NpH Tpe-
HeGpEKHUMOCTH pOJIbI0O PeKOMOHHAIIMOHHOrO mnpouecca [45].
HauanbHoe ycnoBHe B 3TOM ciyvyae COOTBETCTBYeT MOsiBJe-
HHMIO B MOMEHT BpeMeHH ! = (0 B 30He NMPOBOAHMOCTH B INpH-
MOBEPXHOCTHOM cJI0e HPOCTPAHCTBEHHOTO 3apsifa H3GLITOY-
HO¥ KOHIIeHTPAIlMH 3JIEKTPOHOB 7 *). B xone pesnakcanuon-
HOTO MpoLecca NPOHCXOLHT 3aXBAT ITHX 3JE€KTPOHOB HJIH HX
YaCTH MOBEPXHOCTHBIMH LIEHTPaMH, TaK 4To B Ji06GOH Mo-
MEHT BpeMeHH HMeeT MeCTO PaBeHCTBO

An’+An;=0 npu =0, (7.19)

I'Ipu 3TOM MTIHOBE€HHble 3HaUYeHHAd KOHHeHTpaHHﬁ MOTyT
OBbITh BBIDAXKEHbI Uepe3 KOHEUHble 3HAUCHUA

p Ng=ng  +Ang, n'=nl +An'. (7.20)

KoHleHTpauun HOcHTeJiell 3apsiia B 06s1aCTH NpOCTpaH-
CTBEHHOr0 3apsja B pacCMaTpPHBAeMOM CJlyuae He sIBJSIOTCA
paBHOBECHBIMH HJIH KBAa3HPABHOBECHHIMH, M MNO3TOMY IIO-
BePXHOCTHAsi NPOBOJHMOCTb He sIBJsieTCA QYHKIHEH NOBEpX-
HOCTHOTO 3JIeKTPOCTAaTHYeCKOro noTeHuuana. [loatomy Mh
He MOXeM BBLIDa3HTb yepe3 ee MpHpalleHHe BCe NepeMeH-
Hble 3afauH, NOAOGHO TOMy, KaK 3TO OblJIO CAesaHO paHee.
OnHako mpupaieHde Ang W An; MOXHO BHIPAa3HTb uepe3
npHpalleHdss [OBEPXOCTHOTO  3JeKTpPOCTaTHYECKOTo  I10-
TeHLHaJa:

dn
Ans = 'Ziy—i AYS, Ant n,g

n=n,,—AMn, n

R dY _AYs, (721)

4
*) OTMeTHM, 4TO Ny UMeeT Pa3MepHOCTb 1/ca?,
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a coordoueHne (7.19) nossoJsisieT 3aMeHHTh MPHpalleHHs
Any npupamlenuem An’. B pesysnbTaTe mosyuaercss ypaBHe-
HHue ana An’ B Bume:
d (An') Ny—n, ) ng
T T % ‘?D 4F + s + 0| AR, (722)
n 4
i are |,

BIOJIHE AHAJOTHYHOM YypaBHeHuio (7.7). AHanu3 pellieHHd
ypaBHeHHs1 (7.22) npuHBOLUT, pasyMeeTcsi, K TeM e BbIpa-
KeHHAM [ PeaKCallHOHHOH KOHCTAHThl NPH Pa3/HUYHBIX
COCTOSIHMAIX NOBEPXHOCTH MOJYNPOBOJHHKA, 3a TeM HCKJIO-
yeHHeM, YTO cJaydail cJOosi HHBEPCHH He MOXKET paccMaTpH-
BaTbCsl NMPH 3TOH NMOCTAHOBKe 3aJauH, TaK KaK B 3TOM CJy-
yae peKOMOHHAILIHOHHBIM MpOIleCCOM IpeHeGperath Hesb3fl.

2. Cayuaii 6046020 OTKAOHEHUS OT TEPMOOUHAMUYECKU
PABHOBECHbIX YCA08uUli HA nosepxHocTu. Becbma mpocto mo-
et ObITb MPOBeNeH aHAJIM3 HauaJbHOH CTalHH pesaKca-
[HOHHOTO TMpoliecca B cJydae, KOT/a NOBEPXHOCTHbIE LEHTpHI
3anoJIHeHbl B COCTOSIHHM PaBHOBECHS], a 3aTeM NpPaKTHUeCKH
Halles]0 OMyCTOLIAIOTCS B XOJEe pesaKCalOHHOrO mpoiecca.
AToT cayyail, npoaHaJH3upoBaHHbN B paBoTte [46], cooTBeT-
CTByeT BBLIBEJEHHIO OCHOBHBEIX HOCHTeJell H3 o6pasiua B pe-
3yJbTaTe NPHJOXKEHHsi HMIyJbca IOHEPEYHOro 3JeKTpHye-
ckoro noJasi 6o/bwoO# aMnauTyabl. ITockoJbKy npu 3ToM
B HauaJbHOH CTaiHH peslaKCallHOHHOTO Ipollecca Kak Ho-
Basi TOBEDXHOCTHAsl KOHLIEHTpaUHsl 3JeKTPOHOB Hg, TaK H
KOHIIEHTPAlLUsl He3aNOJHEHHBIX MOBEPXHOCTHBIX YpPOBHeH
(Nt — n¢) MmaJbl, TO MepBLHIM 4JeHOM B npasoit wactd (7.1)
MOXKHO npeHeGpeyb MO CPaBHEHHIO CO BTOPHIM.

Torna ypaBHeHHe KHHETHKH AJ1s HayaJIbHOH CTaaHH Tpo-
mecca OMYCTOLIEHHsi NOBEPXHOCTHBIX LEHTPOB 3axBaTa MpH-
oGperaeT OYeHb NPOCTOH BHA:

dn,
= =~ Gatifly. (7.23)
HurterpupoBanie 3TOr0 ypaBHEHHs AaeT 3KCIOHEHTY ¢ Mo-

CTOSIHHOH BpeMeHH
1

T= anhy
KOoTOpas H onpepefaser HaqaﬂbHle CTaaHuIo rnporecca pe—
JIJaKCalHuu.

(7.24)
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BesuunHa n; HemocpeJCTBEHHO CBs3aHa C 3IHepreTHue-
CKHM TMOJIOXKeHHeM YPOBHs 3axBaTa cooTHoluleHHeM (6.18)
HJIM 5KBHBAJIEHTHBIM €My COOTHOLICHHEM:

n,=n;exp ('E'%_Tﬂ) = Ncexp[—— L%?T—EQ—] , (7.25)

rae No— 3¢ eKkTHBHASA MJIOTHOCTb COCTOSIHHH B 30He IIPOBO-
IuMocTH H E.— sHepreTHueckoe MOJIOXKeHHe JHA 30HH! IIPO-
BOJAHMOCTH Ha NOBEPXHOCTH.
Ecan yuects cnabyio TeMmepaTypHYIO 3aBHCHMOCTb 3¢-
(eKTHBHOH TJIOTHOCTH COCTOSIHHI
(Qnm;kT )3/2
Ne=2\—7%—

H HM3BECTHYIO TeMIePaTypHYIO 3aBHCHMOCTb CpelHel TemJo-
BOl CKODOCTH 3JIeKTPOHAa ¥r, BXOJsIEeH B BePOSITHOCThL 3a-
XBaTa Oy, TO 33BHCHMOCTb mnpoussefeduss tiNcor ot 1/T
JOJI)KHA MpEeNCTaBJSATbCS B [OJAYyJ0rapudMHUecKOM Mac-
wrabe NpsAMOH ¢ HakJOHOM, paBHbIM (E.— Ey)/k.

[Ipu sTOM npepnnosaraetcs, 4TO ceyeHHe 3aXBaTa Gp OT
TeMNnepaTyphl He 3aBHCHT. V3 NpPHHATOro MNpeANoOXKeHHs
0 NpAaKTHYECKH MOJHOM 3aMOJHEHHH MOBEPXHOCTHEIX IIEHT-
pOB B HayaJbHBII MOMeHT pejakcauuu (N; = ny,) caenyer,
YTO HauaJ/IbHBIA HAKJIOH 3aBHCHMOCTH 1;(f) Bblpaxkaercs CO-
OTHOLLIEHHEM

(7.26)

dnt
|, = — e (7.27)

TAK 4YTO TeMIepaTypHasa 3aBUCHMOCTb 3TOH BEJHYHHbI TaKXKe
NOo3BOJISAET ONpPene/JUTb 3HepreTHYeCKOe IOJIOXKEHHE YyPOBHA
3axBara.

Haxoneu, KOHIEHTpAalHA I1EeHTPOB 3axBaTa MNOACUHTHI-
BaeTCA HENOCPEACTBEHHO MPHU NMOMOLUU COOTHOILIEHHS:

dn
An, lao = _th‘ 0 T = A/t. (7.28)

ITopsinox BeauuHHbl An;, HoayyaeMofl B 3KCIepHMeEHTe,
MO3BOJISIET OLEHHTh, HACKOJbKO MOJIHO OCYIUECTBJIEHBl yCJI0-
BHs Nepexofa OT TOYHOro ypasHeHHs (7.1) K nmpuOaHKeH-
HoMy (7.23). [leficTBHTe/bHO, €C/H, HAallpHMep, CTeNneHb 3a-
MOJIHeHHsI NMOBePXHOCTHLIX LEHTPOB B pe3yabTaTe AeHCTBHSA
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HMmyJbca ﬂOHepe‘lHOFO noas yMeHbU.IHJIaCb He3HAaYHTEeJbHO,
3TO 03HAyaeT, YTO KBasuypoBeHb PepMH, TaK XKe Kak H ypo-
BEHb d)epMH, JIC2KHT CyHleCTBeHHO BhILIE 3HepreTH‘{eCKOrO
ypOBHH I.leHTpOB 3axBara. HpH 3TOM MOBEPXHOCTHAA KOHLIEH-
Tpaunﬂ ns>>n1 H MOCTOsIHHAasAa BPEMCEHH peJ'IaKcaHHOHHOFO
npoiecca

T~ ——, (7.29)

Gplts

a HavaJbHBIH HaKJOH peslaKCallHOHHOM KPHBOH

dnt
—dT o = - anN,n,. (7.30)
Torpa BenuuHHa
Any | = Ny - < N, (7.31)
S

Takum o6pa3oM, penakcallMOHHBLI CHTHaa B 3TOM CJy-
yae GyJeT MHOTO MeHbllle, YeM B MPeAbIAyLIeM, YTO H NMO3BO-
JsieT OTJIHYHTL MX APYT OT Apyra.

B sakJiouene OTMETHM, YTO MPH OGPATHON CHTyallWH Ha
WOBEPXHOCTH, T. €. IPH HAJHYHH NPAKTHYECKH NYCTHIX MO-
BEPXHOCTHBIX LEHTPOB, KOTOPbie 3aMOJHSIOTCS B pe3yJbTaTe
BO3MEHCTBUA HMMYJbCOM MOMEPEUHOro MoJsl, ypaBHeHHEe KH-
HeTHKH /Il HauaJbHOH cTaguu npolecca GymeT:

dn, .
-‘F = annsol‘vt. (7.32)

Pellenye 5TOTO ypaBHeHHs He JdaeT 3KcmoHeHTy. OnHaxo,
eC/JIH BeJHYHHA HMMyJbca AOCTAaTOYHA MAJs Toro, 4tobGhHl 3a-
NOJIHHTE [MOBEPXHOCTHblEe WEHTPEl, TaK UTO aMIUIUTyHa pe-
JlaKCallMOHHOTO CHTHala Ane, = Ny, TO MOXHO BBeCTH pe-
JAKCAllHOHHYI0O KOHCTAaHTy HavaJbHOH CTajHH mpolecca
COOTHOILIEHHEM:

Any N, 1 (7.33)

Thay = ~ = ’ .
dn, e ngoly  @,ng
dt |;_o

rae Mgo— MOJIHAsA KOHLEHTPAUHsa 3J€KTPOHOB B 30He IPOBO-
JUMOCTH Ha TOBEpPXHOCTH B HepBbIﬁ MOMEHT MOCJ€e MpPHJO-
¥WEeHHsT HMIyJbCa [MOMNEPEYHOro moJis. STOMy npoueccy
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[O/2KHO COOTBETCTBOBATb yMeHbIlIeHHe NPOBOAHMOCTH 00-
paslla B XOJle peJlaKCallMH, B OTJHYHe OT PaHee PacCMOTPeH-
HBIX CJyuyaeB, IJle MPOBOAHMOCTb BO3pacTaeT cO BpeMeHeM
BCJIEICTBHE ONYCTOLIEHHsI MOBEPXHOCTHBIX. [EHTPOB.

PaccMOTpeHHBIe YacTHBIE CJAyYyau KHHETHKH IPOLlecCOoB
B3aMMOMEACTBHsI NOBEPXHOCTHBLIX IEHTPOB 3axXBaTa C HOCH-
TeJNsSIMH 3apsila OLHOH U3 30H MOJYNPOBOAHHKA MOTLYT ObITb
HCMOJIb30BaHbl [JIfl ONpeJle/ieHdsi nmapaMeTpoB LIEHTPOB 3a-
XBaTa.

Ilpu 3TOM HenmocpenCTBEHHO H3MepsIeMOH B 3KCIEpPHMeH-
Te B@JHUHHOH MOXKeT OLITb, pa3yMmeeTcs, He TOJbKO HPOBO-
JUMOcCTh 06pasia, Ho U Ja106as apyrasi ero xapakTepHCTHKA,
3aBHcAIlass OT COOTHOLIEHHS] MEXJAy KOJHYeCTBOM CBOGO-
HBIX W 3aXBaYeHHBIX Ha MOBEPXHOCTHble COCTOSIHHS HOCHTe-
Jedl 3apsna. B uacTHocTH, 3TO MOryT OBITH €MKOCTb TIPHIIO-
BEPXHOCTHOTO CJIOSl IPOCTPAHCTBEHHOrO 3apsijia HJIH NOBepX-
uwoctHasi ¢oro-dJIC, Hcciel0BaHHS KHHETHKH H3MeHEeHHs
KOTOPBIX MOTYT ObITb 6oJiee yAOOGHBEI B 3KCHEPHMEHTAJIbHOM
OTHOLLUEHHH, YeM HCCJAe[OBAHHS MPOBOJHMOCTH.

B 3akJioueHHe Heo6XOAHMO cAesnaTh OJHO obulee 3ame-
YaHHe OTHOCHTENbHO HHTepHpeTallHH 3KcMepHMEeHTaJbHBIX
JNaHHBIX, CBA3aHHBIX C HCCJIeAOBaHHEM KHHETHKH MPOLECCOB
3axBaTa HJH TemJoBoro Bei6poca. Heo6xonumMo umets B BH-
Iy, YTO pacCMOTpeHHble Bblllle TeOpeTHUYEeCKHe NpejcTaBJle-
HHMS HCXOJSAT U3 KpafiHe YNpPOILEHHOH MOJeJH MOBEPXHOCTH
MOJyNPOBOAHHKA. ¥3Ke H3 caMbIX OGLIMX, alPHOPHBIX COOG-
paxeHHH O MpPHPOAe peaJbHOH MNOBEPXHOCTH MOJYNPOBOA-
HHMKa CJIelyeT, YTO HCIO/b30BaBlIeecsl B 3TOM pasjeJe npen-
M0JIOXKeHHe O CYILIeCTBOBAHMH Ha MOBEPXHOCTH LEHTPOB 3a-
XBaTa OJHOTO THMA C €IWHCTBEHHBIM AHCKPETHBIM SHEpreTH-
yeCKHM ypOBHeM BecbMa MaJ/lOBepPOSITHO. B TO e Bpems
crnelHpHKOH KHHeTHUECKHX HCCJIeAOBaHHH sBJsAeTCA TO 06-
CTOATENBCTBO, YTO H3MepsieMble NPH 3TOM pesaKcalHOHHbIe
BpeMeHa 3aBHCAT He TOJbKO OT 3HePTeTHUYECKOTO MO0JIOXKeHHs
YPOBHsl, HO H OT BePOSITHOCTeH 3axBaTa HOCHTesieH 3apsja
Ha 1ero. 9To 0O3HauaeT, YTO B peJjakCallMOHHBIH mpolecc, BO
BCAKOM CJyuyae Ha ero Haya/bHBIX CTaAMfX, MOTYT OBITb
BOBJIEUEHBI TOBEPXHOCTHLIE YPOBHH, PACHOJOXKEeHHble BeChMa
NaJeko OT YPOBHSI HJH KBa3uypoBHs PepMH HA NOBePXHO-
ctH, HO obnaznaioude GOJbIINMH CeyeHUsiMH 3axBarta. B To
e BpeMs B 3aK/IOUHTEJIbHOH CTaJHH pesaKCalHOHHOTO
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npouecca, 06e3yC/JOBHO, ONPEAENSIOMIYI0 pPOJb [OJIXKHbI
HrpaTh I[IOBEPXHOCTHble YPOBHH, pacloJ/OXKeHHble BOJU3H
yPOBHS uJIH KBa3HypoBHs Pepmu Ha mnoBepxHOCTH. BBuay
CKa3aHHOTrO, TIIATeJbHOCTh M CTPOTOCTb aHaju3a 3KcHepH-
MEHTaJbHBIX NAHHBIX KHHETHUECKHX HCCJIeJO0BaHHH HMeeT
oco60 Gousblioe 3HaueHHe. Kak Mbl yBHAHM B JajbHefLleM,
Jlaxe SKCIIEpUMEHTAJbHO YCTAHOBJIEHHOE 3KCINOHEHIHAJNbHOe
H3MeHeHHe peslaKCalHOHHOH KOHCTaHTBI ¢ TeMIepaTypoi Ha
NPOTSAXKEHHH HECKOJbKHX MOPSAJKOB ee BEJHUHHBI, NpejcKa-
3piBaeMoe COOTHoIueHHeM (7.24), He sBaseTcs rapaHTHei
ydacTHsi B Ipoliecce OLHOTO AHCKPETHOTO YDOBHSI.

B) Pesakcauus H30bITOUHON NPOBOAMMOCTH B TOHKOM
o6pa3sle noaynpoBOAHHWKA MPU NpeHeOpeIKeHHH SIBJIEHHSIMH
3axBata. B stom paspmene GyneT paccMOTpeHa pesakcalus
H36GBITOYHOH NMPOBOJMMOCTH B TOHKOM 0o6paslle MoJaynpoBOA-
HHMKAa, KOrJa OHa ILeJHKOM OInpejenseTcs peKoMOHHalLHed
3JIeKTPOHHO-ABIPOYHBIX Nap, a fIBJEHHUSIMH 3aXBaTa MOXKHO
npeHe6peub. B cooTBeTCTBHH C pe3y/bTaTaMH o6llero Kaue-
CTBEHHOrO AaHaJ/{i3a peJlaKCallHOHHBIX MpOLEccCOB B 0o6pas-
1ax MOJYINPOBOJHHKOB KOHEUHbIX pa3sMepoOB, MOXKHO olle-
HUTb YCJOBHSI HONMYCTHMOCTH Takoro npeHebpexenus. Kak
OTMEeYa/JoCh B Hayaje mnaparpada, OHO AONYCTHMO JHGO
NpH MaJoH KOHLEHTPAaLMH aKTHBHLIX LEHTPOB 3axBaTa II0
CPaBHEHHIO C KOHIleHTpauuell H3OLITOYHBIX 3JEKTPOHHO-/bl-
pPOUYHBIX Hap, NH60 NPH Pe3KOM pPa3/JHYMM peslaKCcalMOHHbIX
XapaKTepHUCTHK MpoleccoB peKOMOGHHALMM M 3axBara. Ecuu
XapaKTepUCTHUeCKOe BpeMs mpolecca MHOro GoJsblie peKoM-
OHHALIMOHHOIO BPEeMEeHH XKH3HH H3OLITOUHBIX HOCHTeseHd 3a-
psiia, TO MpOLecC 3axBaTa BCerfia MOXHO HCKJIOUHTb CIle-
[HaJbHOA IMOCTAHOBKOH 3KClepHMeHTa, BLIOpaB AJHTE/Nb-
HOCTh IMepHOAa BO30YXKAeHHs, KOTOpasi 6oJbllle BpeMeHH
’KH3HH, HO MHOTO MeHbllle XapaKTePHUCTHUYECKOTO BpeMeHH
npouecca 3axsara. IIpomecc 3axBaTa, pasyMeercsi, Bceraa
GyneT HMeTb MeCTO NMPH OGPAaTHOM COOTHOIUEHHH XapakTe-
PHUCTHYECKHX BpEMeH, OJHAKO IpH 3ToM HabJiozaemas Ha
ombiTe pesnakcauus 6yler onpeaensThcsi Gosiee MeJIEHHBIM
npoleccoM, B JaHHOM cjyyae — peKOMOHHaLHOHHBIM. Bosee
TOrO, KaK y2Ke 0TMeuaJsoch paHee,3aXBaT HOCHTeJsell 3apsiaa
[OBEPXHOCTHBIMH LIEHTPAMH, B OTJHYHe OT OOBEMHBHIX, He
MOXEeT NPHBECTH H K Da3JIMYHIO MEXIy KOHUEHTpalHaAMU
H30LITOUHBIX HOCHTeJell 3apsfa B o6pasue. Hckiaiouennem
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AIBJIAIOTCS NPHIOBEPXHOCTHEIE 06/1aCTH NMPOCTPAHCTBEHHOro
3apsifia, rae KOHUEHTpaUWH H3OBITOUHBIX HOCHTeseH, pasy-
MeeTCsl, Pas3JHUHBEI M NpPH OTCYTCTBHH 3axBaTa. Mx pacmpe-
JleJIeHHe MOXHO ONpefeJUTb B NMPeNNOJIOKEHHH O MOCTOSIH-
cTBe KBasuypoBHeil PepMu cooTHolleHHaMH (6.52).

Ha peanbpHOi nOBepXHOCTH MHOTHX I10J1yNPOBOAHHKOB,
B YaCTHOCTH, KaK Mbl YBUAMM B JajbHeHIIeM — repMaHHs H
KPEeMHHsI, UMeIOTCs JBe TPYNNbl LEHTPOB 3axBaTa, pe3KO
passiuyarouiuecss BeJHUYHHAMH XapaKTEPHCTHUECKHX BpeMeH
NpPOLleCCOB B3aUMOJAEHCTBHA C HOCHTeJNSMH 3apsiia B 30HaX
IPOBOAMMOCTH H BaJIeHTHOH. DTO — TaK Ha3blBaeMble 0OblCT-
Dble NOBEPXHOCTHblE COCTOARUS, XapaKTepHUCTHYeCKHe Bpe-
MeHa KOTOPBIX, 0 KpalfiHeli Mepe NMPH KOMHATHHIX TeMIepa-
Typax, oObIUHO BeCbMa MaJlbl, H mMe0AeHHble NOBEPXHOCTHbLE
COCTOAKUA C OTHOCHTEJBHO BeCcbMa OOJIBIIMMH XapaKTepH-
CTHYeCKUMH BpeMeHaMH Inpolecca 3axBaTa. CBsisb MexIy
XapaKTepHCTHYeCKHMH BpPeMeHaMH 3axBaTa Ha 3TH [Be TpyIll-
Mbl NOBEPXHOCTHBIX COCTOSIHHH M peKoMOHHALlMOHHBIM Bpe-
MeHeM, pH OnpefeseHHbIX BUaX OBEPXHOCTHON 06paboTKH
KPHCTAJJIOB repMaHHsl ¥ KpeMHHs, MOXKeT ObITb ONHCaHa
CJ1elyIOIHM HepaBeHCTBOM:

THELA > D> TSueTP, (7.34)

3axB peK 3axB

IMox tpex 3mech mojapasymeBaeTcsi 3((deKTHBHAss pPeKOMOH-
HalHOHHAs KOHCTaHTa B 00paslle KOHEYHLIX pa3MepoB, 3a-
BHCsAIAA OT 00BEMHOr0 BPeMeHH XH3HH, CKODOCTH MOBepX-
HOCTHOH peKoMOGHHAUMU U pa3MepoB obpasua. Popmyna ais
Hee OyJeT NoJyyeHa HHXKe.

Ecnu cucreMa noBepXHOCTHEIX LEHTPOB oGecneuuBaeT
BHINOJIHEHHe HepaBeHcTBa (7.34), a oGbeMHBle LEHTpHI 3a-
XBaTa OTCYTCTBYIOT, TO NPH BHINOJHEHHH AOINOJHHTEJIbHOTO
yCJI0BHSl, OTPaHHYHBAIOLIETO MJHTEJbHOCTb MepHOAa BO3-
6y eHHs:

Toamn =2 taos6 = Tpexr (7.35)

3axB

peslakcanus M36bITOYHOH NMPOBOAMMOCTH OYIEeT OnpefensiTh-
¢fl TOJMIbKO peKOMOHHAIIHOHHBIM NPOIECCOM.

Hns Toro 4To6bl MOJYYHTb COOTHOLIEHHE sl 3¢ (eKTHB-
HOH peKOMOHMHALlMOHHOH KOHCTaHThI B 00pasile NOJynpOBOJ-
HHKa KOHEeYHbIX pPa3MepOB, PACCMOTPHM HPOCTEHIUHH c/aydait
8aTyXaHHs H30bITOYHOH MPOBOJAHMOCTH B TOHKOH IJIacTHHE
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MOJyNPOBOJHHKA NDH DAaBHOMEPHOM HayaJbHOM pachpefe-
JIEHUH H3OBITOYHON KOHIIEHTPALHH 3JEKTPOHHO-IBIPOYHBIX
nap [47]. Mcnonb3oBaHHe MOHATHS CKOPOCTH MOBEPXHOCTHOMH
peKOMOGHHALMH NO3BOJSIET YINPOCTHTh 3a1a4y, UCKJIOUHB H3
paccMOTpeHHs] MpPHIOBEPXHOCTHBle 0GJAacTH MPOCTPAaHCTBEH-
HOrO 3apsja.

Cuntasi 3ajauy 0JHOMepPHOHN, MOXHO BHIPA3UTh peJjakca-
M0 U30BITOYHOH KOHIEHTPAlLHH HOCHTeJeH 3apsjia ypasHe-
HHeM:

9 (Ap) 0%(Ap) _ Ap
ot =D g ~ e’ (7.36)

rae D — xospduunesT 6unonsipHoit nupdysu, a o6 — 00b-
€MHOe BpeMs XKH3HH.

['paHHYHBIMH YCJIOBHSIMH 3aJauu SIBJsETCS DPaBEHCTBO
11 Py3HOHHBIX MOTOKOB K MOBEPXHOCTH TeMHY NMOBEPXHOCT-
HOU peKOMOMHAIMH, KOTOPHIH BhIpakaeTcsl B BHJe NPOH3Be-
JeHHS] CKOPOCTH MOBEPXHOCTHOM peKOMOGHHAIUH S HAa H36bI-
TOYHYI0 KOHIEHTPallHi0 HOCHUTesell 3apsanaa B o6GbeMme mJja-
ctuHbl. IloMemmas Hauano KOOpAHHAT B LEHTPe MJIACTHHB
NOJIyNpOBOAHHKA TOJIHHOA d, mosyvyaem:

d (Ap) _
-D ox = S Ap. (7.37)
X=t—
2
Pemenne ypaBHeHusi (7.36), nosyuyeHHOe MeTOLOM pas-
JIOXKeHHs] H3OBITOUHOH KOHIIEHTpallMH HOCHTeJseHd 3apsiia Mo
COGCTBEHHBIM (YHKUHUAM, YIOBJETBOPSIOU[HM TIpPaHHYHBIM

ycaosusm (7.37 ,6yneT:

Ap(x, )=4Ape ° Z g,:i (g, 2)
1

Sll'l 11
= )

2 ‘ZD
Xexp(— nd§2, t) cos (g,%), (7.38)

rie coOCTBeHHBIE 3HAYeHHS gi SIBJISIIOTCA MOJIO2KHTEJ/IbHBIMH
KOPDHAMH XapaKTepHCTHUYECKOrO ypaBHEHHS!

ctg (g %) - §nD =0, (7.39)
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U36biTouHast yaenbHass NPOBOAMMOCTb IJIACTHHBEI MOJY-
MPOBOJAHHKA B HANpaBJeHHH, NMePNeHAHKYJAPHOM K ee TOJ-
mHHe, OyfeT paBHa:

d
+_.

aG (= L f Ap(x, f)dx =8(8py) q(1 +b)p, X

2

sin? | § 282
foo 2 En(gn-l(-:mQ() 7)) exP[_ ndg;D t]' (7.40)

rle Mp— MOABHKHOCTb IbIPOK, a b = pn/pp — OTHOLIEHHE
MOABHKHOCTEH 5/€KTPOHOB H IbIPOK.

CornacHo ypapHenuio (7.40), 3aTyxaHue H3GLITOUHOM
MPOBOAHMMOCTH OMpefesieTcsd CyMMOH UJleHOB, SiBJASIOUIHXCS
(QYHKIHMSIMH COGCTBEHHBIX 3HaueHHUH E;, KOTOpble 3aBHCAT OT
S u d, B cootBeTcTBHU ¢ ypaBHeHueM (7.39). Herpyano y6e-
JIMTbCS, YTO NPH JI0OO0N BeHYHHE CKOPOCTH NOBEPXHOCTHOM
peKOMOHMHALHH y BCeX BBICHIHX YJEHOB CyMMbl B peLIeHHH
(7.40) 3HaueHuss aMIJIMTYIHBIX MHOXKHTeJeH CYyUIeCTBEHHO
MeHbIlle, a MOKa3aTesJH 3KCIOHEHT — GoJibllle, YeM COOTBeT-
CTBYIOHIHe BeJHUHHBI y NePBOro uJjeHa cyMMbl. BeiencTsue
5TOr0, Yepe3 OTHOCHTENbHO KOPOTKOE BpeMsl IOCJe BHIKJ/IO-
YeHHsi HCTOUYHHKA BO30OYXKAEHHS, BeJHUYHHbBl BCEX YJIEHOB
CYMMBl CTaHYT InpeHe6peXHMO MAaJLIMH MO CpPaBHEHHIO
¢ nepBbiM useHOM. Ilpu sToM 3aTyxamve u3ObLITOYHOH mpo-
BOJAMMOCTH CTaHeT 3KCHNOHeHLHAaJbHbIM ¢ 3¢ (PeKTUBHOH KOH-
CTAHTOH peJlaKCalLluu:

1 1 &
+ . (7.41)

Tadd T Tos

Pemasi ypasHenHe (7.39) OTHOCHTEJbHO &y H TOACTaBJIsAS
peayabTatr B (7.41), MOXHO MOJIYUYHTb BblpaxKeHHe AJS Topg
B TOHKOH NJIaCTHHE NOJYNPOBOIHHKA.

EciH cKOpPOCTb NOBEpPXHOCTHO! pekOMOHHALMHM MaJa,
COOTBETCTBYS YCJIOBHIO:

s<22, (7.42)
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To ypaBHeHHe (7.39) MoxKeT GHITh YIOBJETBOPEHO TOJBKO
npu co6cTBeHHOM 3Hauenuu &y < 1. Ilpu stom ctg (g, 12)

MOKHO Pa3JIOXKHTb B PAJ M OTPAHHUHUTLCS IEPBLHIM UJEHOM
pasnoxenus. [Toxcrasasis nosyueHHoe Takum o6pasom co6-
CTBEHHOe 3HaueHHe E; B ypasHenue (7.41), nosyuaem:

L1 28

=~

Topd To6 d ’

(7.43)

[TonyueHHoe BhIpa)KeHHe COBMAjaeT C BhIPAXKeHHeM A
3¢ eKTHBHOrO BpeMeHH XXH3HH H3OGLITOYHBIX HOCHTeJeH 3a-
psiia B TOHKOM IJacTHHe noJynpoBoinuka (6.126), mouay-
YeHHBIM TPH PAaCCMOTPEHHH CTalHOHAapPHOH GOTONPOBOAHUMO-
cti. Heo6x0n1HMO OTMeTHTb, OIHAKO, YTO €CJIH B CTalHOHap-
HOM cJlyyae BblpaKeHHe s 3¢(eKTHBHOTO BpeMeHH KU3HH
MOXKeT GBITh C XOpOILeH CTeNeHbI0 TOYHOCTH MPeLCTaBJeHO
B Takoil ¢opme mpu J0ObIXx S, TO pesaKkcalHOHHAsi KOH-
CTaHTa HMeeT BHHA, ONpenesnsieMblil cooTHoulenueM (7.43)
TOJIbKO MPH MaJblXx S, OrpaHHUeHHBIX HepaBeHCTBOM (7.42).

B cayuae 60JbIIHX 3HAYeHHH CKOPOCTH MOBEPXHOCTHOH
pPeKOMOHHAIHH, COOTBETCTBYIOUINX YCIOBHIO

s>, (7.44)

ypaBHeHHe (7.39) MoXeT GbiTb yJNOBJIETBOPEHO MPH COGCT-
BEHHOM 3HauyeHHH i, 61M3KoM K enunuue. [1pu stom sddek-
THBHasi KOHCTAHTa pesjaKCalUHu NepecTaeT 3aBHCETh OT CKO-
POCTH NOBEPXHOCTHOH peKOMOHHAIHMHU:

1 n?D

1
Tovd = 'a-i- d—z. (745)

®u3vyecKHil CMBICJ TAKOTO pe3y/abTaTa Mbl yxKe 006Cyx-
panu pasee. Ou o3Hauaer, uTO (aKTHUECKH OCYLIECTBJISIIO-
leecss KOJHYECTBO AaKTOB PeKOMOGHHAIMM Ha eIHHHUIle I0-
BEPXHOCTH ONpedensieTcss He <«MPOMYyCKHOH CHOCOGHOCTBIO»
[OBEPXHOCTHBIX LIEHTPOB PeKOMOWHALUH, a CKOPOCTbIO NHG-
¢y3un H3GLITOYHBIX Nap HOCHTesded 3apsina M3 of6bema mo-
JIYPOBOJHHKA K ero MOBePXHOCTH.

MoxHo aymMarThb, 4TO B c/ydYasix, KOrja CKOpPOCTb MOBEpX-
HOCTHO! PeKOMOMHALMH HMeeT BeJHUYHHY, NPOMEXYTOYHYIO
MeXJy 3HAYeHHSMH, Omnpelle/leHHbIMH YCJOBHAMH (7.42) H
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(7.44), BHOCHMBIIl €10 BKJaJ B 3Q(GEeKTHBHYIO pesNaKCalHOH-
HYI0 KOHCTaHTy OyJeT JexXaTb MeXAy OOOHMH NOJyYeHHbI-
MH 3HayeHHSIMH.

CootHowenusi (7.43) u (7.45) Obliu mosMyyeHb HAMH LS
TOHKHMX MNJaCTHH, He OrpPaHHUYEHHBIX [0 JPYTHM CBOHM pas-
mepaM. BoJsiee cTporoe paccMoTpeHHe BOMpOca NMOKAa3biBAeT,
YTO 3TH COOTHOIUEHHS SIBJSIOTCH XOPOUIHM HpPHOJHXKeHHEM
yKe B CJyuae, KOrjia TOJLUIHHA MeHblle MIHPHHBI H AJHHLI
IJIaCTHHBl B 4—5 pas.

OxHako vacTo NPHUXOAUTCS HMeTh [eJo ¢ oGpasiuamu
THNa GPYCKOB HJIM HUTel, Y KOTOPHIX 1O KpaliHeli Mepe aBa
pasmepa, a HHOrAa H BCe TPH OJH3KH Mexny co6oit. [das
onpefeneHuss 5(p¢GeKTHBHOH penaKCAllHOHHOH KOHCTAHTHI
B 3TOM Cjyyae HeoOXOAMMO pellaTbh TPeXMepHyi0 3ajgauy
C COOTBETCTBYIOLIMMH T'DAHHUYHBIMH YCJOBHSIMH Ha BceX rpa-
Hsx o6pasna. Pellenne ypaBHeHHS

d(Ap) 92 (Ap) |, 0%*(Ap) , 3%(Ap) Ap
ot _D[ ox2 + ayz + 922 ]—m (7'46)

MOKeT GBITh NpPeACTaBJEHO B BUJe IPOU3BEEHHsT TpPeX CYyMM
TOrO >Ke BMIa, YTO M cooTHouueHue (7.38). HMcmonbays Tte
e cO06parkeHHsi OTHOCHTENbHO KPATKOCTH MEPBOrO HeJKc-
MOHEHIHAJIbHOTO TepHOJa pesaKcalluH, NMPUXOAHM K 0606-
IeHHOMY BBIPaXKeHHIO ISl 3¢ (eKTHBHON KOHCTAHTHI peJiak-
CallMH CJIeNYIONero BUAA:
1 1 g 0 e?)
~ epl2t o M "L
To0d ~m+nD(d2+b2+12 . (7.47)

CobcTBeHHbIe 3HAUEHHS Ey, My U & CBA3aHbI C pasMepamu
obpasua d, b u I, 3Hauenusimu S, Sp, S3 cKopocTeil nosepx-
HOCTHOH DeKOMOHMHALMH Ha PAa3JIMYHBIX TPAaHAX H KO3hPHu-
LHeHTOM OHNoJApHONH AH(PQY3HH CAeNYIOIHMH XapaKTepH-
CTHYECKHMH yPaBHeHHSIMH:

Ctg(§| %—) =E %}Dj> ctg(m %) =" gg,—»
ctg (e, %) =g, 2—3. (7.48)

Kak u paHblle, MOXHO HamHcaTb BblpaxkeHHe AA5 |/Tope
B NpAMOYroJbHOM Opycke MNpH MajblX 3H3ueHHAX S B
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ClefyIOIEM BHIE:
1
Tacbcb "706

23, 232

+ B4 By 2 (7.49)

Yame Bcero BcTpeyaercs c/lyyail JJHHHOrO, HO TOHKOTO
6pycKa, y KOTOPOro CKOPOCTH IOBEPXHOCTHOH peKOMGHHA-
UMM Ha OOJbIIMX T'PaHAX OJHHAKOBEl, a peKOMOHHauHell Ha
MaJblX MOXHO npeHe6Gpeub. Torma sgdexTuBHas peJakca-
[MOHHAsl KOHCTaHTa Gyler:

~ 128 (%+%) (7.50)

B cayuae 6o/bLIMX 3HAUEHHH CKOPOCTH MOBEPXHOCTHOM
peKOMOHHAIHH

NT‘{' Dz(d2+bz+[2) (7.51)

rle nocJedlHM cjaaraeMblM B cKOGKe TaK:Ke MOXKHO 0OBIUHO
npeHe6peub.

B sakiioueHHe OTMETHM, UTO 3HaKH NPUONHKEHHBIX pa-
BEHCTB B BbIpaxeHHSIX AJS peJaKCallHOHHbIX KOHCTAHT, OI-
pelesfilOUIMX peKOMOMHALMOHHOM mpouecc B TOHKHX IJa-
CTHHAX HJuM OGpyckax IOJYNPOBOLHHKA, OTPAKAIOT TOJBKO
(akKT M3BECTHON HECTPOTOCTH MaTeMaTHYecKOro pelleHHs
Hamell 3agaud. OpHako 60gbLIasi MaremaTHyeckas CTPoO-
roctb Obljia Obl H3JHLIHER AJ51 MPAaKTHYeCKUX 3a4ay, XOTs
Obl yxKe BCJeACTBHe NPHOJIHXKEHHOCTH CaMOro TOHSITHS CKO-
pocTH noBepxHOCTHOH pekomGuHauuu. CienyeT HMeTh B BULY
TaKKe W OrPaHHYEHHYI0 TOYHOCTb SKCIEPHUMEHTAJbHBIX Me-
TOLOB H3MepeHHs peJaKCAallHOHHBIX KOHCTAHT, IOTpPellHOCTH
KOTOPBIX 3HAUHTENbHO IIPEBOCXOMAAT MNOIPELIHOCTH HCIOJb30-
BaHHBIX HAMH MaTeMaTHYeCKHUX YNPOILEHHH.

3akaoueHue

Martepuas nepBoil IJ1aBbl NpeACTaB/sieT cOO60H MOMBITKY
CBeleHHs] BOEIHHO OCHOBHBIX (DEHOMEHOJIOTHYECKHX IMpef-
CTaBJIEHHH O MPHPOJIe 3JEeKTPOHHBIX MPOLECCOB Ha MOBEpX-
HOCTH NOJIYNPOBOJAHHKOB. XOTsl cOGpaHHLIH B Hell mMaTepHal
fiBJIsieTcsi HeOOXOMMMBIM TEOPEeTHUECKHM BBeJleHHeM B pac-
cMatpuBaeMyio Mpo6JieMy, OH, CTPOro roBoOpsi, HEe MOXKeT
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MpeTeHJ0BaTh HAa HAa3BaHHe TEOPHH MOBEPXHOCTHHIX 3JIEK-
TPOHHBIX MpoleccoB. B syulllem clyuae MOXKHO CKas3aThb, UTO
Ha TMyTH CO3JaHHA TAKOH TEOPHH cJeJaHbl TOJbKO caMble
nepBele wwaru., JleficTBHTeNIbHO, KaK OTMeyaJoch B Hauale
rJ1aBhl, COBpEMeHHasi TeOpHsl NMO3BOJsIeT NMpelcKa3aTb TOJbKO
BO3MOXHOCTb CYIleCTBOBAHHS MOBEPXHOCTHHIX 3JIeKTPOHHEIX
COCTOSIHMH NpH BHIIOJIHEHHH ONpeJesleHHbIX YCJIOBHH, HO He
JaeT BIOJIHe OMNpeJeJeHHOrO OTBeTa Ha BONPOC O XapaKTepe
HX JSHepreTHYeckoro cmekrtpa. [laJek ellle OT OKOHYaTeJsb-
HOTO peLIeHHsl BONPOC O BJHSIHUH (PH3MKO-XHMHUYECKOH MpH-
pOIbl MOBEPXHOCTH KPHCTaJ/a Ha MNOBEPXHOCTHble COCTOS-
Husa. Kak BkpaTile ynoMHHaJoCh Bhillle, a Gosee noapo6HO
6yner paccMoTpeHo B raase IV, clenaHbl TOMBKO NepBEIE
MOMBLITKH NOCTPOEHHsST MHKDOCKONHYECKOH TEOPHH MPOLEeCcCOoB
paccessHHsl HOCHTeJeHl 3apsfa MOBePXHOCTbIO KpHCTaJJa.
CyuiecTByollHe pacyeThl MOABHXKHOCTH HOCHTeJled 3apsna
B NIPHIIOBEPXHOCTHOM CJIOe HCXOAAT M3 NPeAcTaBJ/eHHH O moJ-
HOCTBIO IHG(PY3HOM XapaKTepe pacCessHHs HJIH XKe HCIOJb-
3yoT (¢GeHOMEHOJIOTHUeCKHI NapaMeTp, XapaKTepH3YIOLIUH
creneHb JH(Q(PY3HOCTH paccesiHdsl OT MOBEPXHOCTH.

Haxkonel, TOJbKO ellle HallyMbIBAIOTCA MYTH pelIeHHsS
Jlaxke 4acTHBIX 3a7lay TEOPHH 3JleMeHTapHbIX aKTOB 3axBaTa
HOCHTeJlell 3apsaja JedekTaMu KpHCTaJa, SBJSAIOUIHMHCA
[lEeHTPaMH 3aXBaTa H PeKOMOHHALHH.

Heo6xoauM0 0TMETHTD, UTO 3TH TPYAHOCTH B 3HAUHTEJIb-
HOH Mepe sIBJIAIOTCS OOIHMH /151 BceH COBpeMeHHO! hHSHKH
n0J1ynpoBOXHHKOB. TeopHs JIOKaJbHBIX 0GBEMHBIX COCTOSIHU
JOCTaTOYHO XOpOWIO pa3paboTaHa TOJNbKO Sl LEHTPOB C
MeJKHMH yPOBHSIMH, HO OTCYTCTBYeT A/l ry6okux. Teopus
MpOLEeCcCOB paccesiHMsl HOCHTesell 3apaina B o6beMe moJy-
MpPOBOJAHHKOB [03BOJIfET OODBACHHTb 3KCIepHMeHTaJbHbIE
NaHHble MO MOABHXKHOCTH HOCHTeJlell 3apfiia B OTHOCHTE/b-
HO NPOCTHIX H COBEPIIEHHbIX KPHCTaJlJaaX, HO B clydyae KpH-
CTaJ/IIOB CJO0XKHOH KpHcTaJJorpadHyeckoil HJIH 3HepreTH-
YyeCKOH CTPYKTYpHI, HJIH Xe HecOBepLIeHHbIX, 3aYacTyio OKa-
3bIBaeTCsl HEAOCTAaTOYHOH.

Uro kacaercsi TpeTbell mpobseMbl, TO, KaK OTMeYaJoch
paHee, 6oJiee LIMPOKHe SKClePHMEHTAJ/bHble BO3MOXKHOCTH
HCCJIeIOBaHHSA MOBEPXHOCTHBIX LIEHTPOB 3aXBaTa H peKOMOH-
HalM{ TO3BOJIMJM YCTAHOBHTb HEKOTOPBIE MPHHIHIHANBLHO
BaXXHble OCOOEHHOCTH CTPOEHHSI 3THX LEHTPOB, CO3/aB, Ta-
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KiM 06pa3oM, NpeAnOChUIKH [JIsl pPa3BUTHA TEOPHH 3JeMeH-
TapHBIX aKTOB 3aXBaTa.

OTMmeuast Bce TPYAHOCTH COBPEMEHHOTO MOJIOXKEeHHs Jell
Cc TeopHeil MOBEPXHOCTHLIX 3/IEKTPOHHBIX MPOLeccoB, Heo6Xo-
IUMO B TO e BpeMsl [OJYepKHYTb, YTO (peHOMEHOJOTHue-
CKOe OIHCaHHe 3THX IMPOLEccOB Jajiek0 NPOJABHHYTO, He-
CMOTpPS Ha OYeHb KOPOTKOe BpeMs CyLleCTBOBaHHA caMOH
npo6J/eMbl.

Kak BHAHO M3 MaTepHas OB NepBOH IVIaBhl, B HacTosllee
BpeMs yxe HMeeTcsl BO3MOXXHOCTb JaTh MocJ/eAoBaTesNbHOe
H, C HEKOTOPLIMH OTOBOPKaMH, JOCTAaTOYHO MOJIHOE ONHCAaHHe
IHPOKOTO Kpyra siBJleHHH, NpPeACTaBJSIOUMX 60/bLIOH HH-
Tepec B CBf3H C MPAKTHYECKHMH 3ajJayaMu IOJyNPOBOAHH-
KOBOH 3JIEKTPOHHKH H MHKDPO3JIeKTPOHHKH.
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3KCNEPUMEHTAJIbHBIE
METOAbl UCCJIENOBAHMUI
NOBEPXHOCTHbBIX 3JIEKTPOHHbBIX NMPOLLECCOB

§ 8. BBenenue

M3 pesyabTaToB nepBOil I/aBbl CAenyeT, YTO pasJauy-
Hble 3JIeKTPOHHBIE NpOllecChkl, KOTOphle HEecKOJbKO YCJIOBHO
MOryT ObITh 06beAHHeHbl Ha3BaHHEM NOBEPXHOCTHLIX, B 3Ha-
YHTeIbHOH Mepe CBSI3aHbl C HaJMYMEM IMPHIOBEPXHOCTHOI'O
CJ1051 IPOCTpaHCTBeHHOro 3apsanaa. CoficTBa 3TOro cjaos AJs
IaHHOro o6pasia noJynpoBoAHHKA OAHO3HAYHO XapaKTepH-
3YIOTCSl OBEPXHOCTHBIM 3JIEKTPOCTATHUYECKHM IMOTEHIIHAJIOM.
OTcioma cienyer, 4TO BO3MOXKHOCTH MCCJEJOBAHHA H ympa-
BJIEHHS [IOBEPXHOCTHBIMH 3JIEKTPOHHBIMH MpOLECCaMH B 3HA-
YHTeIbHOH Mepe onpeaensioTcss pa3paboTaHHOCTbIO METOJOB
ynpaBJ/leHHs] BeJIMUHHON M 3HAKOM MOBEPXHOCTHOTO 3/1EKTPO-
CTaTHYECKOTO MoTeHIHaJsa. B nepBoil riiaBe Mbl yXXe BCTpe-
YaJuch ¢ 06OMMH NPHMEHSIOUMMHUCA Ha NPaKTHKe MeTodaMH
H3MeHeHHs] NOBEPXHOCTHOIO 3JIeKTPOCTAaTHUECKOTo TMOTeH-
uMasa.

TlepBBIit H3 HHX COCTOHT B H3MEHEHHH NOBEPXHOCTHOTO
3apsifia JOKaJH30BAaHHOTO B JM3JIEKTPHYECKOH MJeHKe OKHC-
HBIX HJIH HHBIX COEJHHEHHH, OKphIBalollell B OOBIYHBIX ycJI0-
BHAX I[OBEPXHOCTb OOpasua noJynpoBonHuka. Ilpu stom
YCJI0BHE 3/1eKTDHYECKOH HeHTPaJbHOCTH BCEH CHCTEMbl, CO-
crosiule#l U3 o6pa3la M MJeHKH, NDUBOAHT K COQTBETCTBYIO-
1leMY M3MeHEHHIO 3apajia B cJloe MPOCTPaHCTBEHHOTO 3aps-
1A, a, CcJeloBATeJbHO, H MOBEDPXHOCTHOTQ 3JIeKTPOCTaTHYe-
CKOro noteHuuaJja. KispMeHeHue JOBEPXHOCTHOIO 3apsaa oCy-
llecTBJAAETCA TyTeM ajAcopOIHMH _HEKOTODbIX aTOMOB_HJH

MOJIEKVJI, oggagyxoy_mx XGMOCO[ZKEHOHHYIO CBA3b C 0Tgaqe}“1

HJH 3aXBaTOM 3JIEKTpOHa H3 o6beMa MnoJIynpoBOJAHHKaA.
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B. Bparrenom u JIx. Bapausom [25] 6mi1 paspaboran
ra3oBbifl IIHKJ, KOTOPBIA M03BOJAJ] MOJYy4aTh BOCIIPOH3BOAH-
Mble M3MeHEeHHsl MOBEPXHOCTHOTO 3JeKTPOCTATHYECKOro IMo-
TeHIMa/ta y 00pa3LoB repMaHHsl H KpPeMHHsl B MNpejesax
oxousio 0,5 6. TIpu 3tom HauboJbllIHe OTPUIlaTeNbHbIe 3HAYe-
HHsl MMOBEPXHOCTHOTO 3JIEKTPOCTATHYECKOro MoTeHuHana Okbl-
JIM MOJIyueHbl B aTMocdepe 030HHPOBAaHHOrO KHCJOpOAaA, a
HauboJibllle I10JI0XHTeJbHble — B aTMocdepe BJAXKHOTO
azota. OueBHJHO, YTO MepBble CBSi3aHbl ¢ ajacop6uuell arto-
MapHOro KHcJa0poxa, o6pasylolierocs npH pacnaje MoJeKyJ
030Ha, a BTOpble — ¢ afpcopOuMell MoJieKysn Boabl. B manb-
HelilleM OBIIO YCTaHOBJIEHO, YTO OTpHIATE/bHBIH MOBepX-
HOCTHBIH 3apsi, H MOBEPXHOCTHBIH 3JeKTpocTaTHYeCKHH MO-
TeHLHaJ/l COOTBETCTBYIOT afCcOPOLUH HAa reDMaHHH H KpeMHHH
HO/a, OKHCH M 3aKHCH a30Ta, CEPHHCTOTO aHTHApHAA, a MO-
JIOXKHTeJIbHble BeJHYHHBl — afcOpOLUH 3THJIOBOTO CIHPTA,
alleTOHA, OKHCH yIJepona, MHUPHAMHA H pAja APYrHX Be-
IL[eCTB.

CootHowenne (2.20) no3BoJifieT OLEHHTb H3MEHEHHE Be-
JHYHHBI 3(()EeKTHBHOTO MOBEPXHOCTHOTO 3apfja B pe3yllb-
TaTe 3aMeHbl aTMOC(epbl COOTBETCTBYIOLIEH HPOMeXyTOd-
HBIM 3HAUYeHHAM MOBEPXHOCTHOTO 3JeKTpOCTaTHYecKoro mno-
TeHlUHa/sa (CyXoifl KHCJIOPOA HJIM a30T), Ha aTMocdepy, Aaio-
I1y10 OJJHO U3 KpaHHHX 3HaueHHil MOBepXHOCTHOTO NMOTEHIIHa-
Ja (0O30HHPOBAHHBIA KHCJIOPOJ WJM BJaXKHBIH a3oT). Takue
OLIEHKH NAlOT BeJHYHHBI mopsaka 1078 xya/cm? DTo 03Ha-
4aeT, YTO B pe3y/abTaTe afcOpOLHUH 3apsKeHHbIMH OKas3bl-
BaloTcA ToJbKo nopsinka 10!! aTomMoB Ha KBaJpaTHOM caH-
THMeTpe NOBepPXHOCTH obpasiia MM OKOJIO THICAYHOH MOJH
MOHOC/I0fl aJCOPOHPOBAaHHBIX aTOMOB HJH MOJIEKYJ.

Meton azcop6UHH sIBASIETCS] OTHOCHTE/BHO NMPOCTBHIM H
3¢ ()eKTHBHBLIM CPeACTBOM H3MEHEHHsI I10BEPXHOCTHOTO 3J/eK-
TpOCTaTHYeCcKOro noTeHuuansa. OnHako 3TOT MeTOA HMeeT H
OYeHb CyIIeCTBEHHBIH [IPHHIMIHAJbLHLIN HelocTaToK. B pane
HCCleOoBaHUA aBTOpa € coTpyaHukamu [48—50, MI0], B
JaJpHelillleM MOATBEpXKAEeHHBIX APYrHMH paboTaMmu, OblIo
yCTaHOBJ/IEHO, YTO aAcOpOUHOHHO-NecOPOIHOHHbBIE TPOLECCHI
OJHOBPEMEeHHO C M3MeHeHHeM II0BepXHOCTHOrO 3apsija MNpH-
BOJAT K CyILIeCTBEHHbIM H3MEHEeHHSIM B CHCTeMe II0BepXHO-
CTHBIX YpPOBHell peKOMOHWHALMH M 3axBaTa. DTOT pe3yJbTaT
JIETKO OOBbACHSETCA C TOYKH 3PeHHsl pPa3BHBaBLIMXCS BHILIE
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npeJCcTaBJeHHil, cOrJ1acHO KOTOpPBIM caMa afcopbuusi (Bo
BCSKOM ciyyae xeMocop6Ouusa) mpeicraBJasieT co60i B3aHMO-
JeficTBHe MOBEpPXHOCTHBIX YPOBHeH KpHCTaJJa ¢ aAcopOu-
pPYeMBIMH aTOMaMH HJH MOJIEKYJaMH.

M3 ckasanHOTO ciaenyeT, 4TO MeTOA aACOpOUUH, CTPOro
roBOps, HeMpUMeHHM, HanpHuMep, A/ HCCJIeLOBAHHS 3aBUCH-
MOCTH CKOPOCTH IOBEpPXHOCTHO! DeKOMOHHALHH OT NOBepX-
HOCTHOTO 3JIeKTPOCTaTHYECKOTO MNoTeHuHasna. Kak Mbl yBH-
IUM B JaJbHefilleM, BJHSHHe H3MeHeHHH aTMocdepbl Ha
KOHLIEHTpPALMI0 NOBEPXHOCTHBIX peKOMOHHAIMOHHBIX LIeH-
TPOB MOXeT BbI3BaTb HM3MeHEHHS CKOPOCTH [OBEpPXHOCTHOMl
pekoMOHHALMH, CpaBHHMBIe H JaxKe IMpeBLILAIOLIHe BJHA-
HHe H3MeHeHUH MOBepXHOCTHOTO 3JeKTPOCTaTHUYeCKOro Io-
TeHIHaJa.

Bropo#i meron BO34eHCTBHSI Ha TMOBEPXHOCTHBIH 3JeK-

TPOCTaTHYECKH}| [OTEHIHa  MOJYNDPOBOJHHKA 3aKI0udeTcs

B HenocpeACTBEHHOM IIDHJIQKEHHH BHEIIHErQ 3J'IBKTEH'-ICCKO-

ro _noJisi, HOpMAaJIbHOrO K ero IOoBEeDXHOCTH. IT1OT MeToJa, nmo-
ﬂyqu%ummuww», ObL1
HHaMH B OOWIHX YepTax ONHCaAH B KOHIe nepBoﬁ rJasbl,
B CBsI3H C pacCMOTpPeHHeM IIpOLleCCOB peJiaKCalluH. Tam
YKasbniBaJOCh Ha CyliecTBoBaHHe JABYX IIpHHLHNHAJBHO
pa3/IHYHBIX M€XaHH3MOB 3KpaHHPOBKH ob6bema noJiynpo-
BOJAHHKA OT INPOHHUKHOBEHHS1 B HEro BHEIUIHErO IMONepeyHOoro
noJid.

IlepBeIil U3 HUX 3aKJalo4aercl B 3axBaTe MHAYLHPOBaH-
HOro B IMOJIYNPOBOAHHUK 3apsjia NOBEPXHOCTHBIMH COCTOA-
HHUAMH. OquHlIHO, UTO €CJH BeJHKa MNJOTHOCTb IIOBEpPXHO-
CTHBIX COCTOHHHﬁ, SHepreTuYeCckne YpOBHH KOTOpbIX HaxXo-
nsitcst B6/iu3n ypoBHss PepMH Ha MOBEPXHOCTH, TO BeCh HH-
LyUMpOBaHHBII B oOpasell 3apsji MoxeT OBLITb 3axBaueH
3THMH COCTOSIHUAAMH 6e3 3aMeTHOTO H3MeHeHHSI MOJIOXKEeHHS
ypoBHss ®epMu. DTo 03HayaeT, YTO MO 3aBepLIeHHH pesa-
Kcaluu, o6ycaoB/JeHHOH NPOLecCOM 3axBaTa, IOBePXHOCTHLIH
9JIEKTPOCTATHYECKHI MOTeHlHas] obpasna OyneT MOYTH TeM
XKe caMbIM, UTO H OO NPUJOKEHHUSA MOMNEepeuHOro 3JeKTpH-
YeCKOro mnoJs.

BTOpOﬁ MeXaHH3M 3KpDAaHHUDOBKH CBfi3aH C H3MEHEHHEM
3apspa B CJjoe IIpOCTpAHCTBEHHOr'0 3apsna H, cjaeagoBaTteib-
HO, C H3MeHeHHeM MOBEPXHOCTHOTO 3J1eKTPOCTAaTHYECKOIO IO-
TeHuHasa. PejaKcalHOHHBII mpouecc, COOTBETCTBYIOUIHM
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3TOMY MeXaHH3My, 3aK/AI04aeTcsl B YCTAHOBJEHHH KBasH-
paBHOBeCHS MeXJAy HOCHTeJAMH 3apsila B 30HAX 3a CueT
npeo6jajaHus peKkoMOHHALMH HaJ TelJOBOH TreHepaluen
HJIH Hao6opoT.

Bo3M0XKHOCTb BO3A€HCTBHS MOMNepeyHLEIM BHELIHHM IO-
JeM Ha TMOBEpPXHOCTHBIH 3/1eKTPOCTAaTHYECKHH MOTeHIHaJl
onpejeJasercs, TakiM 06pa3oM, AByMs (pakKTOpaMH: COOTHO-
IIeHHeM MeXAy BeJHYHMHOH HHIYLHPOBAaHHOro B obpasen
3apsila U KOHIleHTpalluell NMOBEepXHOCTHBIX COCTOSIHHiI, C OA-
HOH CTOPOHEI, H COOTHOILIEHHEeM MeXJy BpeMeHaMH peJsakca-
IIWM [pOLECCOB 3axBaTa H peKOMOHHALMHM (MM reHepa-
[HH) — C APYroM.

Ecnv n/oTHOCTE NOBEPXHOCTHBIX COCTOIHMH HeBeJHKa,
TaK YTO BeCcb HHAYLHDOBAHHBI# 3apsi He MOXeT ObITb Ha
HHX 3aXBaueH, TO YacCTb ero A0J:KHa OyAeT OCTaThCA B cJlOe
POCTPAHCTBEHHOTO 3apsAja. PekoM6HHAaLHOHHO-TeHepalHOH-
HbIM MeXaHH3MOM 3Ta ocTaBLlascs yacTb OyleT pacmpeje-
JleHa MexX/y 30HaMH B 06/1acTH NpOCTPaHCTBEHHOro 3apsija
U YyCTaHOBHBLIeeCs HOBOe paBHOBECHOe 3HaueHHe MOBepX-
HOCTHOTO MNOTeHIHaJa OyAeT cCOXpaHATbCS BCe BpeMs, MOKa
OyneT NPHJOXKEHO BHellHee MONepeyHoe MoJle.

MoxHo npexncraBuTh cebe W apyroél cJaydaft, Koraa
IUVIOTHOCTb MOBEPXHOCTHBIX COCTOSIHHH BeJHKa, HO peJak-
calldoHHOe BpeMs 3axBaTa Ha HHX 3HayHTesJbHO GoOJblie
NOCTOSIHHOH  BpeMeHH peKOMOHHAIHOHHO-TeHepalHOHHOH
penakcauuu. Torna cpaBHHTeNbHO GBICTPO GyneT yCcTaHaBIH-
BaTbCsl HeKOe KBa3HpaBHOBECHOe COCTOfIHHe, XapakTepH3ye-
MOe KBa3sHPaBHOBECHbIM 3HaueHHeM II0BEPXHOCTHOIO 3JeK-
TPOCTaTHYECKOTO MNOTeHIHaJja, KoTopoe pnajee Oymer Mel-
JIEHHO H3MEHSITbCA C MOCTOSIHHOH BpPeMeHH npollecca 3axBarTa.

Ha Bomnpoc, kakoBo OyaeT HefCTBHTeJbHOe MOJIOXKEHHE
e MpH TOA UM MHOH 06paboTKe MOBEPXHOCTH HOJYMPO-
BOAHHKA, MOXeT OTBeTHTb ToAbKo onelT. IIpu 3tom no
pesyJsbTaTaMm ONblTa 3(deKra noJs, B COOTBETCTBHH CO CKa-
3aHHBIM BEIIIE, CPa3y MOXKHO CAeNaTb KaueCTBEHHbIe 3aKJlO-
YeHHs O MJIOTHOCTH MOBEPXHOCTHBIX COCTOSIHHH H O Xapak-
TEPUCTHYECKHX BPEMeHaX peJlakKCallHOHHBIX IIPOLeCCOB.
B nasnbHeiiieM MBI HeOJHOKpaTHO OyaeM ofpauiaTbes K
pPaccMOTPEHHIO Pe3y/IbTaTOB TaKHX ONLITOB, cefyac e orpa-
HHYHMCSl TOJIbKO KPATKHM HM3J/I0)KeHHEeM JaHHbIX, OTHOCSAILHX-
Csl K BONPOCY O BO3MOXKHOCTAX BO3JEHCTBHSA IONEPeYHbIM
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9JIeKTPHUECKHM II0JIeM Ha BeJHYHHY [OBEPXHOCTHOTO 3JeK-
TPOCTATHYECKOTO MOTeHLHa/a.

[Tpu Bo3zeficTBHH MONepeyHbIM moJieM Ha rpy6o o6pabo-
TaHHYI0O MOBEPXHOCTb 00pas3lLOB repMaHHs HJIH KpeMHHs
(mnudoBaHHBIX, 06pa6oTaHHBIX MeCKOCTPYHHBIMH ammnapa-
TaMH H T. 1.), BO3HHKIIAS 3a cueT MHAYKUUH H36GBITOUHAA
MPOBOAHMOCTL peslaKCHPYeT MpakTHYeCKH HaleJo 3a OueHb
KOPOTKHe BpeMeHa MOPAAKA MHKDPOCEKYHI. DTO CBHIETE/b-
CTBYeT 0 GOJbLIOH MJIOTHOCTH MOBEPXHOCTHBIX COCTOSIHHH Ha
TaKHX MOBEPXHOCTSX, HMEIOIHX K TOMY e MaJble BpeMeHa
penakcauud. OueBHAHO, YTO, NMPH 3THX YCJNOBHUSX, BO3JeH-
CTBHE TMONMEpeYHbIM 3/eKTPHUECKHM II0JIeM He MOXKeT siB-
JISITbCSI METOJOM YyIpaBJleHHsl TOBEPXHOCTHBIM 3JIeKTpoCTa-
THYECKHM MOTeHLHAJNOM.

Ecau xe moBepxHocTh o6pasia ob6paGoTaHa NMpH MOMO-
IIH XHMHYECKOTO HJIH 3JIeKTPOJHTHUYECKOTO TpaBJieHHs, KO-
TOpOe yaansieT MeXaHHYeCKH OBPeXKAeHHbI NOBEPXHOCTHHIN
CJ0ft, TO pe3yJbTaThl 3KcmepHMeHTa 3¢¢eKTa MoJs oKasbl-
BAIOTCS 3HAUMTEJIBHO GoJlee CJO0XKHBIMH.

OG6BIuHO yaaeTcs Jerko pasfesuTb [ABa 3Talla peJakca-
MK HU36BLITOYHOH MPOBOJHMOCTH, HaBeJeHHOH NpH BKJioYe-
HHUH MONEPevyHOro noJjf: GbICTPHIN peJakCallHOHHBI MpoLece
C TOCTOSIHHOH BpeMeHH MNOpsAAKa [ecATKOB MHKDOCEKYHI,
MPUBOJSIIKH TOJbKO K YaCTHYHOH 3KPAaHHPOBKe BHeELIHEro
3JIEKTPHUECKOro MoJsl, H 3HauuTe]bHO 6oJiee MelJEeHHBIH pe-
JIaKCAlMOHHBIN Tpoliecc, 3aBeplIalolluiics, B 3aBHCHMOCTH
OT cOCTaBa OKpyxKaiolleil aTMochepbl H OT TeMIepaTyphl, 3a
BpeMeHa, Jiexalllie B HHTepBaJje OT JoJefl CeKyHAH 10 He-
CKOJIBKHX 4acoB, HO NPHUBOAALIMN K TOJHOH 3KpaHHPOBKe
ob6pasua. Ipaduxu oboux mnpoleccoB NpeAcTaBdeHH Ha
puc. 8.1 u 8.2, mpuueM, BCIeACTBHe pa3/iMuHA MacliTaboB
BpeMeHH, KBa3HpaBHOBeCHasi H3OLITOUHAs MPOBOAHMMOCTE,
yCTaHOBHBLIASICA TOCJe 3aBeplleHHsl MepBOTO 3Tama pesa-
kKcauuu (puc. 8.1), Kaxercs He 3aBHCslell OT BpeMeHH, a
Ha BTOPOM TpadHKe HEBO3MOXHO BbIAGNHTb MepBBIA 3Tamn
peslaKcalHuH.

[TpuBeneHHble THNHYHbIE pPe3yJ/bTaTbl HHTEPNpPeTHPYIOTCS
cnenyloliuMm o6pasom. Ha xopomo o6paGoTaHHON HOBepx-
HOCTH 06pasia HMeloTcsl JBe OCHOBHble TPYMNIMHbl MOBEPXHO-
CTHBIX COCTOSIHHH. Bo-mepBhIX, Tak Ha3biBaeMble «ObICTpble»
IOBEPXHOCTHbIE COCTOSIHHS, PaBHOBECHOE 3AMOQJHEHHE KOTO-
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pBIX YycTaHaBJINBaeTCd MPH KOMHaTHBIX TeMmiepaTypax 3a
BecbMa MaJble BpeMeHa, MeHbllIHe MHKPOCEKYHAbI. K ux uuc-
Jy ciaeayer OTHeCTH H peKOM6I/lHaU,HOHHbIe NMOBEPXHOCTHbLIE
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Puc. 8.1. Kpusas 6oictpoll penakcaunu B abdekre
noJis.

COCTOSIHHS, TAK UTO MepBBIfi 3TaN peJaKcallMOHHOIrO Mpolec-
ca ompenejsieTci COBMECTHbIM JHefCTBHeM TeX H JpYTHX.
[Tpu KOMHATHBIX TeMflepaTypax 06bluHO Gosiee AMHTENbHBIM

§ 8 8 §

S
¥

46, npousbensieie eduriy

0 Y AN
t, muy

Puc, 8.2. KpuBas MepneHHOH penakcauud B 3¢-
dekTe moas,

AIBJISieTCS. pPeKOMOMHAIHOHHO-TeHepallMOHHBIN Mpolece, Tak
uyTo HabsloflaeMasi Ha OMbITe MOCTOSIHHAsi BpeMEHH MEepBOTO
aTana pesnakcauuH 6Jau3Ka K 30 (HeKTHBHOMY BpeMeHH XKH3HU
HocHuTeslefl 3apsina B oOpasue. [TJOTHOCTL «GBICTPEIX» I10-
BEPXHOCTHBIX COCTOSIHH{ NpPH COOTBeTCTBYIoLlell 06paboTke
MOBEPXHOCTH MOJYNPOBOAHHKA, OTHOCHTE/NBHO HeBEJNHKa,
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TaK 4TO KBAa3HPaBHOBECHOEe 3HauyeHHe MOBEPXHOCTHOTO MO-
TeHLHaJIa, YCTAHABJHBAWIlleecs MOC/Ie 3aBeplIeHHsl NepBOro
jTana pesakcaniu, TeM OoJblie OTJIHYAETCs OT HCXOMAHOTrO,
YyeM BLIlIe HaNpsXKEHHOCTb NMPHJIOXKEHHOT0 BHEIIHEro 3JekK-
TPHYECKOTO MOJIA.

Bropas rpynna noBepXHOCTHBIX COCTOSIHUI NOJYyYHJIa Ha-
3BaHHe «MeJJIeHHBIX» BCJEICTBHEe 3HAUHTEJbHO O6oJblied
IJIMTeNLHOCTH Ipollecca UX paBHOBeCHOro 3amnoJiHeHusi. Kak
YyIIOMHHAJIOCh, BpeMsi PaBHOBECHOTO HX 3alOJHEHH: Ccylle-
CTBEHHO 3aBHCHT He TOJIbKO OT TeMIepaTyphl, HO H OT aTMO-
cdepsnl, oKpyxalolleii o6pasen. [TJIOTHOCTb 3THX COCTOSIHHU
MoxeT OBITb OYeHb BeJ/HKA, YTO H obOecreyHBaeT BO3MOXK-
HOCTb NMOJIHOH 3KpaHHPOBKH 06beMa o0pasla OT [NPOHHKHO-
BeHHs BHelIHero s/jeKTpHueckoro noas. CyliecTBeHHOe pas-
JHYHe XapaKTepUCTHUeCKHX BpeMeH O6OHX 3TamoB peJja-
KCallHOHHOTO [poliecca pefocTaBisieT BO3MOXKHOCTh NPHMe-
HeHHs1 MeTona 3¢dekra moas Ans H3MeHeHHs NOBEPXHOCTHO-
ro 3JeKTpocTaTHyeckoro noreHunuansa. Heo6xoauMo TOJBKO
HMeTb B BHAY, YTO H3MEHEHHOe KBa3HpaBHOBECHOE 3HAUeHHe
MOBEPXHOCTHOrO 3J/1eKTPOCTAaTHYECKOrO MNOTeHIHaJJa MOXKHO
CUMTATh IOCTOSIHHBIM TOJBKO B TeueHHe HHTEPBAJOB Bpe-
MeHH, MaJblX 10 CPaBHEHHIO CO BPeMeHeM BTOPOTO, MefJeH-
HOTO 3Tama pesakCallUH.

B saksioueHHe OTMeTHM, UTO Mpejaesibl W3MeHEeHHS Mo-
BEPXHOCTHOTO 3JEKTPOCTAaTHYECKOTO MOTeHIHaJ/Ja B ONbITax
sddexra moss onpeneafoTcss NpoGUBHON NMPOYHOCTHIO M-
5JIeKTpUKa, HCIOJNb3YyeMOro B KOHJeHcaTope, OAHOI H3 006-
KJ1aJ0K KOTOpOro fIBASIETCS HCCJeLyeMBIHl MOJYNpPOBOLHHK.
Xors npoGuBHAsl HANPSXKEHHOCTh BO3AYLIHOTO HJIH BAKyyM-
HOrO MNpPOMEXYTKa JYYLIIHX COPTOB CJIOABI H HEKOTODHIX
CHHTETHYECKHX IH3JEeKTPHKOB npesbliiaer 108 8/cm, 0GbIuHO
He ylaeTcsl UCMOJIb30BAaTh BHELIHHE 3JEeKTpHYeCKHe MOoJs ¢
HanpsiKeHHOCThIO Bhille 5+ 105 8/cm. D10 IHKTYyeTcst HeobXo-
JHMOCTBIO HMeTb HEKOTODBIA 3amac 3JeKTpHuecKOoH Npou-
HOCTH, a TaKxe H36exaTb MOSIBJEHHUS MOBEPXHOCTHBIX pas-
PANOB W KOpOHBHL. BosgeficTBHIO mNomepeyHoro moJs Ta-
KO Hanps:KeHHOCTH COOTBETCTBYeT HHAYKUHA TNOpsAKa
101t snexTpor/cm® Ha moBepxHOCTH o6Gpasua, T. €. MpHMep-
HO TO Ke, YTO AaeT ajacop6uus B MeToje Ta30BOr0 LHUKJIA.
CoOTBETCTBEHHO H npefe/bl H3MeHEHHS [10BEpXHOCTHOTO
3JIeKTPOCTAaTHUECKOr0 MNOTeHlLHasa HOMXKHH ObiThb OJIHM3KH
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Mexay coboit miasi o6oux MetonoB. O6bIYHO B MeToxe 3¢-
(dekta noas onu HemHoro yxe (0,3 + 0,4 98) 15 repmaHus,
Mo-BHAMMOMY, 3a CYeT TaK Ha3biBaeMoro «3(¢eKra Hakol-
JIEHUSI», KOTOPbIfl Oy1eT OnHcaH HHXe.

§ 9. U3mepeHne noBepXHOCTHOrO
3JIeKTPOCTATHYECKOr0 NOTEeHuHaJa

Panee yxe ynoOMHHAJIOCh, YTO NepBble AaHHbIE O BJIHSIHHH
ajcopOuyu Ha M[OBEPXHOCTHBIH 3JIEKTPOCTATHUYECKUH mo-
TEeHLHaJ [OJYNPOBOJHHKOB ObIIH MOJYYeHbl H3 H3MepeHHi
paGoThl BHIXOJAA HJH, TOYHee, KOHTAKTHOH Pa3HOCTH NOTEH-
11MaJI0B, BO3HHKAIOLIel MeX1y NOJyNpPOBOAHHKOM H 3TaJIOH-
HbIM MeTaJl/IHYeCKHM 3JeKTpoaos. [lono6Hble H3MepeHHs
ChI'paJi BeCbMa 3aMeTHYIO POJib B HCC/ENOBAaHHAX MOBEpPX-
HOCTHBIX CBOMCTB mosynpoBoanukos [M2, MI11]. OueBunso,
OIHAaKoO, UTO H3MepeHHs1 paboThl BBIXOAA H3 MOJYNPOBOIHH-
Ka, WIH KOHTAKTHOA pa3HOCTH MOTEHLHAJIOB MEXAY MOJy-
MPOBOAHHKOM H MeTa/uIOM C H3BecTHOH paloToH BEIXOJA,
He MOTYT paccMaTpUBaTbcs B KauecTBe MeTONA M3MepeHHs
a6GCOMIOTHBIX 3HAUeHHH MOBEPXHOCTHOTO 3JIeKTpOCTaTHue-
ckoro moreHnuaJja. Ilpexnae Bcero, coriacHo COOTHOLIEHHIO
(3.19), mnOBepXHOCTHHIi 3JIeKTPOCTATHUYECKHH MOTEHIHAJ
onpefessieTcsl Kak pa3HOCTb H3MepeHHOH paboThl BBIXOZAA ¥
1 paGoThl BLIXOAA MPH OTCYTCTBHH CJIOSl IPOCTPAHCTBEHHOTO
sapsna. [TocsenHiolo Xe BeJHYHMHY BecbMa TPYILHO OMpefe-
JUTh SKCMEPUMEHTANbHO HJH pACCYHTATh TEOPETHUECKH.
Haunee, kak ykasniBajochk B § 3, cootHowenue (3.19) cnpa-
BEJJIMBO TOJIbKO AJIs1 aTOMapHO-YHUCTOH MoBepXHOCTH. B 06-
L[eM e CJyuae CYyLUIeCTBOBaHHSl cloeB ancopGHpPOBaHHBIX
aTOMOB HJIH MOJIEKYJ M OKHCHBIX WJIH HHBIX MJIE€HOK Heo6X0-
JAMMO YUYHTHIBAaTb HaJHYHe CKAUKOB MOTEeHIHasNa B HHX, YTO
eule 6oJiee ocjoxHsieT mpobaemy. [Ipu stoM Heo6xomumo
HMeTb B BHIy, YTO CKAUKH NOTeHI(HaJa, 06YCJIOBIEHHbIE CY-
1leCTBOBAHHEM cJloeB aAcOpOHPOBAHHBIX aTOMOB HJIH MoJe-
KyJl, H NajeHHe MOTeHIHaNa B MOBEPXHOCTHHIX MJEHKaX Mo-
TyT CyLIeCTBEHHO H3MEHATbCA INpPH H3MeHEHHH BHEIIHHX
ycnoBH#. Bce 3TO mpHBOAHT K TOMY, YUTO H3MepeHHs pabo-
THI BbIXO/a HJIH KOHTAKTHOH Pa3HOCTH MOTEHIHAJIOB HCIIOJb-
3yIoTCsl IVIaBHBIM 00pa3oM [J/1s ONpefe/eHHsl HampaBJ/eHHS
M3MEHEeHH]I 1I0BEPXHOCTHOTO 3JIEKTPOCTATHUECKOrO TMOTEH-
nuana BCJAeACTBHE KaKHX-JHO0 BHEIUHHX BO3JeHCTBHM.
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a) Merox mosepxHocTHoOi ¢oto-dJ C. Ecnu cama Kou-
TaKTHas pPa3HOCTb MNOTEHIHAJIOB, KakK MpPaBHJO, He MOXKeT
OBITb TNpHMeHeHa .Js abCONIOTHBIX H3MepeHHH MOBepXHO-
CTHOTO 3JIEKTPOCTAaTHYECKOro MOTeHLHaja, TO ee H3MeHeHUe
MpH OCBElleHHH — TaK HasblBaeMas KOHOEHCATOPHAA HJIH
nogepxrocthas $oro-dC MoXKeT HCNO/Ab30BATLCS AJs STOH
ueau. M3 pesysabratoB § 4 ciaenyer, uTo nmpH obecleyeHHH
MOCTOSIHCTBA TOBEPXHOCTHOTQ 3apsijfa NoBepXHOCTHAs (HOTo-
D1C saBasercs OXHO3HAU-
HO! (yHKIMeHl paBHOBECHO-
l l l l l rO MOBEPXHOCTHOTO 3JeK-

TPOCTATHUECKOTO MOTeHIHA-
Ja U 06BbEeMHOro YpOBHSA
UHBEKIHU. [l TOHKOro
(26pa3ua NOJIyIIPOBOHHKA
4TO 31€eCh M BCIOAY naJjee
e—— { ——>] B 3TOH KHHre 6yne¥r 03Ha-
Puc. 9.1. Paamepnl o6pasua, HanpasJeHHus 4YaTb TOJILLIUHY 06pa3ua,

NajleHHsT HA Hero cBeTa H NpPOTeKaHHs
Yyepes HEro ToKa. P MEHPLIYIO AJHHBI ILHCbey'

3HOHHOTO CMelleHHs H3G6bl-
TOUHBIX HOCHTeJe#l 3apsila, HO MHOro OOJBIIYIO [JIHHBI
9KDAHHPOBAHHS) YPOBeHb HHBEKLHH JIeTKO MOXeT OBhITb
onpeneJsieH 3KCIepHMeHTaJabHO.

Ecnn npeHeGpeyb H3MeHeHHeM NMOBEPXHOCTHOH MpPOBOMAM-
MOCTH NPH OCBellleHHH (BO3MOXHOCTb M Ipelesbl NOMYyCTH-
MocTH yero 6ynyTr o6ocHoBaHhl B § 12), To nJis ToHKOro 06-
paslia ypoBeHb HHBbEKLHH C XOPOLIMM mpHbJHKeHHeM OymeT
BbIPaKaThCsl COOTHOLIEHHEM:

o= __G=0Go
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(9.1)

3necb G u Gy — npoBOAUMOCTH 06pa3ila NMPH OCBEILEHHH ©
B TEMHOTe, H3MepeHHble B HaNpaBJ/eHHH MepreHIHKYJ/IAPHOM
K ero HauMeHblleMy ceueHuio (puc. 9.1).

M3mepuB nosepxHocTHyio $oT0-9J1C H ypoBeHb HHDBEK-
10U U 3Hasi oGbeMHble cBoiicTBa 06pasia, MOXKHO ompefe-
JIHTb PaBHOBECHOE 3HayeHHe NMOBEPXHOCTHOTO 3JIEKTPOCTATH-
4eCKOro MOTeHIHana B TeMHOTe, €CHH TOJBKO BBHITIOJHEHO
Tpe6OBaHHe HEM3MEHHOCTH MOJHOrO NMOBEPXHOCTHOrO 3apsiaa.
Kak ormeuaJioch H paHee, OTHOCHTEJIbHO NMPOCTO O6ecnedynThb
BBIIOJIHEHMe 3TOro TpeOOBaHHS B OTHOIUGHUH 33pFA3 Mel-
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JICHHBIX NMOBEPXHOCTHBIX cocrosHui. das atoro H606X011HMO
NpOBOAUTL H3MEpEHHsI BO BpeMsd OTHOCHTE/JbHO KODOTKHX
HMNYJbCOB OCBEILUEHHA, NIHUTECJbHOCTb KOTOPbIX MHOTO MEHb-
lje peaakKCalHOHHOrO BpeMeHH Ipolecca 3arnoJIHeHHsA Men-
JICHHBIX MOBEPXHOCTHBIX COCTOSIHHH.

L6em
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Puec. 9.2. Cxema nJs u3MepeHHS NOBepXHocTHOH ¢oTo-3C

npH 60JbIIHX YPOBHAX OcBellleHHs, | — MOLYIATOP, 2 — KOHIeH-

carop, 8 —mnpo3pauyHbit 3jekTpol, 4¢-—o0pasen, §—3kpaH,

T'KH — renepatop KaJuGpOBOYHBIX HMNybCOB, Bblx. | — K H3-

MepuTea0 (GOTONPOBOAHMOCTH, Bolx. 2—K H3IMepHTEJIO
doro-30C.

[TocKoNbKY M3MeHEeHHsl B 3alOJIHEHHH OBICTPBHIX MOBEpX-
HOCTHBIX COCTOSIHHEI IIpH 3TOM H306exXaTb He YAaeTcs, 3TOT
Borpoc TpebyeT crelHabHOTO HCCAeJOBaHHA. B yxXe LHTH-
poBaBiueiics pabote E. O. IlxxoHcoHa [26] Takoe uccieno-
BaHKe GbIIO OCYILECTBJEHO 3KCIepHMeHTalbHO Ha o6pasuax
repMaHus, NpoOLIeAINX OOLIYHYIO MOBEPXHOCTHYIO 06paboT-
Ky. V3MepeHHs] npOBOAHJHCH NPH MOMOIIH cXeMbl, H306pa-
JKeHHOH Ha puc. 9.2, NpH yacToTe NpephIBaHUS CBeTa, paB-
woil 60 ey. MeTonHMKa H3MepeHHIl CBORMJIACK K CJeAYIOUEMY.
[ToBepXHOCTHEI 3/1eKTPOCTATHUECKH I MOTEHIMAJ 3a/laBaJcs
rasoBbIM OKpy:KeHHeM ofpa3ua (030HHPOBAHHBIA KHCJIOPOX,
cyxofi U BNaxKHBIA a30T). [IpH KaxKAOM COCTOSIHUH OKpYIKe-
HHA U3MepsIAach 3aBHCHMOCTH NoBepxHocTHOH PoTo-dC or
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YpOBHSi HHDBEKIHH, 3alaBaeMOr0 HHTEHCHBHOCTbIO OCBellle-
aus. [TonyueHHble 9KCTepUMEHTAJAbHO 3aBHCHMOCTH COMNOCTa-
BJASJIMCh C TeOpPeTHUeCKHMMH 3aBHCHMOCTSIMH, pacCUHTaHHHI-
MH MyTeM YHCJeHHOTo pelleHHs ypasHeHus (4.10). HaGop
COOTBETCTBYIOLIUX TeOpeTHYeCKHX KPHBEIX, TapaMeTpoOM KO-
TOpBIX SABJ/IAETCA paBHOBeCHOe 3HaueHHe MOBEPXHOCTHOTO
nolleHllHana B TeMHOTe, npuBedeH Ha puc. 9.3. Kak caenyer
u3 puc. 9.3, B 6OJbLUIMHCTBE c/yyaeB SKCMepPHMEHTAJbHbIE
TOYKH AOCTATOYHO GJH3KH K KaKOH-JHOO M3 TeopeTHUeCKHX
KpusblXx. CylllecTBeHHOe DAacXOXJeHHe MeXAy XOLOM Teope-
THYECKOH M 3KCNepHMeHTaJbHOH 3aBHCHMOCTEHl MOJYYeHO
TOJMBKO B TeX cJyuasX, KOrja paBHOBecHble 3HAUEHHs MO-
BEPXHOCTHOTO 3JIGKTPOCTATHYECKOro MOTeHIHasna 3afaBa-
JIUCh BJaxHOH aTMocdepoii. Kak Mbl yBHAHM npaJsee, BpeMe-
Ha peJaKcalUH MeJJIeHHBIX MOBePXHOCTHEIX COCTOSIHHH pe3-
KO YMeHbIIAIOTCH B YCJOBHAX MOBHILIEHHO! BaaxHOCTH. [lo-
9TOMY HMEIOTCSl BCe OCHOBAHHS OODBSICHATb pPacXoXKIeHHS
MeX/y SKCIepHMEeHTOM H TeOpHell B 3TOM cJjyuyae H3MeHe-
HUEM [OBEPXHOCTHOTIO 3apsna MelJ/eHHBIX COCTOSIHUA C YPOB-
HeM HHBEKLHH.

BrnoJiHe yI0BJIETBOPHTE/bHOE COIJIacHe SKCIepHMeHTa lb-
HBIX M TeOpeTHYecKHMX 3aBHCHMOCTeH B ADYrHX YCJOBHSX
rasoBOro OKpY:KeHHsl NO3BOJISIET yTBep:KHaTb, YTO H3MeHe-
HHe 3apsAna ObICTPBIX MOBEPXHOCTHBIX COCTOSIHHH HeBeJHKO
M He CKa3biBAaeTCs CYL[eCTBEHHO Ha pe3yJbTaTax. OTO MOXKeT
GLITh CJeICTBHEM ABYX 0OCTOsITe]bCTB. Bo-mepBhIX, camu
KOHIEHTPALMH OBICTPHIX NOBEPXHOCTHBIX COCTOSIHHH Ha rep-
MaHHH, 0COGEHHO B cpelHell YacTH 3amnpelleHHOH 30HBI, OT-
HOCHTE/JIbHO HeBeJHKH. Bo-BTOpBIX, OKa3biBaercs, 4To (Qak-
TOpbl, ONpefleNslolllHe H3MeHeHHe 3aloJIHeHHS I0BEpXHO-
CTHBIX I[€eHTPOB 3aXBaTa [pU OCBEIEHHH, B HauGoJ/ee Bax-
HBIX CJyyasix OeHcTBYIOT B pa3HbIX HanpaBgaeHusix. na
TOro uTo6bl y6emHTbCS B 3TOM, PacCMOTPHM MNpOCTEeHIIHUN
clyyall 3axBaTa 3JeKTPOHOB Ha INOBEpPXHOCTHEIE LEHTPHI C
KOHIleHTpauue#t N; ¥ 3HepreTHYecKHM MOJIOXKEHHEM YpOB-
Hs e;. CTanMOHapHOe H3MeHeHHe BeJHYHHBI 3apsija, 3axBa-
YeHHOTO 3THMH IIeHTPAMH NpPH OCBellleHHH, OnpejensieTcs, B
COOTBETCTBHH C pesyJbTaTaMu § 6, pasHocTblo:

— s so
9 b= th("s"'”l B "so"‘”l)' ©-2)
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Puc. 9.3. TeopeTHuyecKHe KpHBble 3aBHCHMOCTH NMOBEPXHOCTHOR

¢o10-31C oT ypoBHA HHbLEKUHH NDH Pa3HbIX 3HayYeHsaAX Ygq

H 3KcNepuMeHTaJbHble faHHble E, O, IxxoHcoHa [26], a) p-rep-

MaHuit; A = 10. Cj0H o6eHEeHHS H HHBePCHH; 6) n-repMaHHi;
A=0,1. Cron 06efHEeHHSA H HHBEPCHH,
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Bripaxkasi HepaBHOBECHYIO Ng H DaBHOBECHYIO gy MOBEPX-
HOCTHble KOHL@HTPALHH 3JeKTPOHOB Yepe3 COOTBETCTBYIOLIHe
MOBEPXHOCTHbIE MOTEHIHAMNB! Psn H Pso, @ BEJIHUHHY My — Ue-
pe3 3HepreTHYeckoe MOJIOXKeHHe YPOBHS g, NOJyYaeM:

[ 1 1
q Ant = th e — — . (93)
t— 9%sn ~99s0
_I+exp T 1+exp—kT—
CoorHowenust (9.3) MOXKHO MpEeACTABUTb B BHJE:
i 1

q Any=gN;

—q9 7 (Pg0— @ -
l+exp( = so)exp[ (%(}eT Sn)]

1
e, —qQ )
t S0
1+ exp | 2—-50
+exp ( kT )
OTC}OIla cnenyeT, 4yTO l/I36bITO’~!Hbll':I 3axBart onpenenﬂercsi
paSHOCTbEO HOBerHOCTHbIX MNOoTeHluaJoOB B paBHOBeCHbe H
HepaBHOBECHBIX YCJIOBHSX, KOTOpasi mnpencrasiseT cobof
pPa3HOCTb M0JOXKEeHHH YpOoBHA M KBa3uypoBHs ®PepMu Ha no-
BerHOCTPI. STa paSHOCTb, B CBOIO oqepenb, MOXET 6bITb
Hpe,ILCTaBJIeHa B BHJIE:

(9.4)

q (950~ Pg, q9 9,9
LW~ on) [y gy 900] - [rg— L] = av+ Lt
9.5

rie BTOPOH 4jieH nmpeacTasJiseT co60i pasHOCTb MeXAy KBa-
3uypoBHeM H ypoBHem PepMH B oOGbeMe NOJyNPOBOAHHKA
BHe 06JIaCTH MPOCTPAHCTBEHHOrO 3apsifa. B cayyae HHDBeK-
MY M36GBITOUHBIX HOCHTeJeH 3apsga pasHOCTb KBa3HypOBHf
1 ypoBHsi PepMu 115 3/1€KTPOHOB oTpHuaTenbHa. Porto-31C
MOXKeT OBITh, pa3yMeeTcsl, KaK MNOJIOXKHTeJbHOH, TaK H OT-
pHIIaTe/IbHOH, B 3aBHCHMOCTH OT 3HaKa paBHOBeCHOro Io-
BEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO MOTeHIHaNa.

OnHaKo C TOUKM 3peHHsl 3aXBaTa 3JeKTPOHOB IOBEPXHO-
CTHBEIMH LIeHTpPaMH HauboJjiee CyllecTBeHHB! I0JIOXKHTe/bHbIE
3HaueHHs] PaBHOBECHOTrO MOBEPXHOCTHOrO MOTeHLHaJa, a,Co-
oTBeTcTBEHHO, H $oT10-I/C. B 3TOM ciyuae ypoBeHb U KBa-
suypoBeHb Pepmu HaxoAATCs B BepXHeH 4acTH 3ampelleH-
HO! 30HBI Ha HOBEPXHOCTH, rie, Kak OyAeT BHAHO jalee,
pacnojioXkeHa OCHOBHAs J0Js1 MNOBEPXHOCTHEIX YPOBHef,
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B3aHMO/elfiCTBYIOIUUX C 3JeKTPOHAMH 30Hbl MPOBOAHMOCTH.
[Tpu moJioxHUTebHBIX 3HAYEHHSX MOBePXHOCTHOH (oTo-DC
HMeeT MeCTO B3aHMHAas KOMIIeHCAlHsl ee BJHMSAHUS H pa3HO-
CTH KBa3HypoBHA H ypoBHA PepMH Ha 3aXBaT 3JeKTPOHOB.

Jlerko y6enuTbCs C NOMOIIbIO COOTHOIIeHUH § 4, uTO Ta-
Kasi KomneHcauus OyAeT NpPaKTHYeCKH TOYHOH NMPH MaJbIX
YPOBHSIX MHBEKLHH, KOraa o6e BeJHUYHHB B paccMaTpHBae-
MbIX YCJOBHMAX OyAyT paBHBEI NpoH3BeleHHIO AS. B cayuae
60/IbIIKX yPOBHell HHBEKUHUH OHA He GyNeT TOYHOH, HO NMpH-
BeJeT K pe3koMy ocsabJeHHI0 BJIHSHHSI 3axBaTa Ha ObICT-
pble MOBePXHOCTHble cocrosiHus. HakoHel, npu oTpuLlaTe/b-
HbIX 3HadeHuax ¢oT1o-dJC KommneHcauuu He GyreT BOBce, H
o6a csiaraeMblx npaBofl yactd ypasHeHus (9.5) 6yayT umeTthb
OJMHAKOBble 3HAaKH. B aToM ciyuae, oqiHaKO, IpaKTHUECKH OT-
CYTCTBYIOT MOBEPXHOCTHble YDOBHH /1151 3aXBaTa 3J1eKTPOHOB.

B cnyuae 3axBarta ABIPOK moJsioKeHHe GyneT oOpaTHHIM.
PasHocte Mexnay kBasuypoBHeM W ypoBHeM Pepmu Oyner
TI0JI0KHTeNbHA, HO 3HAUeHHs] PABHOBECHOTO MOBEPXHOCTHOIO
3JIEKTPOCTAaTHUYECKOTO NOTeHIHaJa, KOrAa 3aXxBaT AbIPOK MO-
KeT ObIThb CYLIeCTBEH — OTPHIATeNbHHI.

Oco6bifi cyuyail npeAcTaBJAIOT cO60H HeHTPhl peKoMOu-
HAllMH, 3aN0JIHeHHe KOTOPhIX B HEPDaBHOBECHBIX CTaLlHOHAp-
HbIX YCJOBHSIX ONpejeJsieTcss He TOJNbKO IOJIOXKEHHEeM HX
ypoBHefl, HO H OTHOlIeHHeM 3(p(deKTHBHLIX ceuYeHHH 3axBara.
B o6JjacTH KOMHATHBEIX TeMIepaTyp BeJHYHMHA 3TOr0 OTHO-
IIeHUs1 HeBeJHKa, TaK UTO 3aXBAaT Ha LEHTPhl peKOMGHHa-
[MH NPOMCXOAHT NPAaKTHUYECKH TaK Ke, KaK H HA LEHTPHI
3axBaTa. JKCIepHMeHTa/bHble J[aHHBE CBHAETENbCTBYIOT,
OHAKO, O Pe3KOM pOCTe OTHOIUEHHs CeyeHHil 3axBaTa ilo-
BEPXHOCTHBIX PEKOMOHHAIMOHHBIX LIEHTPOB Ha repMaHHH H
KpEeMHHH NpH NOHMXKEHHH TeMmepaTyphl. B pesysabrate us-
MeHeHHe MOBEPXHOCTHOTO 3apsna NpH OCBelLleHHH, 06yCc/I0B-
JIeHHOe 3aXBaTOM HA MOBEPXHOCTHble DPeKOMOGHHALHOHHbIE
IEeHTPE, MOXeT ObITb BeCbMa 3HAYyHMTeJbHbIM MpPH MOHH-
»KeHHHIX TeMmmepatypax. JdToT 3¢ddeKT, 06bIYHO HMeHyeMbli
B JUTepaType 3p@eKTom npusunauus, MNPensiTCTBYyeT HC-
[0J1b30BaHHIO MOBepxHOCTHOH (PoT1o-dJC nnsi onpenesneHus
MOBEPXHOCTHOTO 3JEKTPOCTAaTHYECKOro NMOTeHIHasaa MpH Mo-
HHXKEHHBIX TeMIlepaTypax.

[MorpeimHocTs OnpefesNeHHss MOBEPXHOCTHOTO 3JIEKTPO-
CTATHUECKOro [MOTeHIHaja pacCMOTPeHHbIM MeTOAOM B

6 A. B. Pxanos
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OCHOBHOM CBSI3aHa C IMOTPEHIHOCTBIO ONpeaeseHds YPOBHSA
HHBEKIHH, KOTOpas NpPH BBICOKHX ero 3HAaYeHHAX MOXer
poxonute 10 509%. Bosabiuasi BemHunHa norpemHocTd obyc-
JoBJeHa NOGOYHBIMH 3 (eKTaMH Ha KOHTAaKTaX — HX Heo-
MHYHOCTbIO, BBITITHBAHHEM H3OBLITOUHBIX HOCHTesel uepe3
KOHTaKTH H T. n. [TorpemHocts uamepenust ¢poro-dJC 3Ha-
YHTeNbHO MeHbllle H 06GbIuHO ne mnpeBbiaer 10%. O6uwasn
MOTPEIIHOCTb ONpefieieHHs] paBHOBECHO! BeJHYHHBI NOBEPX-
HOCTHOTO 3JIEKTPOCTATHUECKOro MNOTEHLHAaJsa JIeXHT B Ipe-
neaax ot 0,5 no 1 k7T/q.

Kak cnenyer u3 puc. 9.3, TeopeTHueCcKHe KDHBble 3aBH-
cumoctd (poTo-DJC 0oT ypoBHA HHBEKLHH COMHKAIOTCH IpPH
BO3pacTaHUHM 3HAaueHHHl PaBHOBECHOI'O NOBEPXHOCTHOTO 3JeK-
TPOCTATHUYECKOTO MOTEHIHasa. DTO HaKJaablBaeT CylIeCTBEeH-
HOe OrpaHHYeHHe Ha AHAMA30H H3MepsSeMBIX 3THM METOJOM
BeJHYHH. IlpH KOMHATHEIX TemilepaTypax 3TOT AHANasoH
AJs1 06pa3noB repMaHus AbIPOYHON NPOBOAUMOCTH ¢ A = 10
orpaHHYUBaeTcs BeJHYHHAMH Yg = —2 u +8, a aada o6pas-
LOB 3JIEKTPOHHOH NpPOBOAHMOCTH ¢ A = 107! — BeMYHHAMH
Yso =—6Hu -|-4

JlnanaszoH BO3MOXKHBIX [Jif M3MepeHHs BeJHYHH pacTer
C pOCTOM 3HauyeHHH A AJas 06paslOB AbIPOYHOH H yMeHble-
HHeM 3TOH BeJHYHUHB! AJ51 06pa3l0B 3/J1eKTPOHHOH NPOBOAH-
MOCTH. ITa 0cO6eHHOCTb MeTOja sIBJfeTcs BechMa IleHHO,
TaK KaK B MeTOJaX, HCIOJ/b3YIOIHX NOBEPXHOCTHYIO MPOBO-
JHUMOCTb, 3aTPyNHEHHS BO3HHUKAIOT HUMEHHO MpPH 3THX YcJo-
BHAIX, COOTBETCTBYIOLUMX BO3pacTaHUIO [IBIPOYHON HJH
3JIeKTPOHHO! TPOBOAMMOCTH 00pa3lLOB NOJYNPOBOJHHUKA.

6) Meron noBepxHocTHOH nposoaumoctd. B § 5 . 1
OblJla YCTaHOBJEHA CBfI3b MeXIy MOBEPXHOCTHOIN NPOBOAH-
MOCTbIO W MOBEPXHOCTHHIM 3JIEKTPOCTATHUECKHUM IOTeHIHa-
JgoM. XOTsl 3Ta CBsI3b He BIIOJIHE OJHO3HAYHA B TOM CMBbICIE,
UTO OJHO M TO Xe 3HaueHHe MOBEPXHOCTHOH MPOBOAHMOCTH
COOTBETCTBYeT [BYM pa3J/IMUHBIM, OOBLIYHO 10 BEeJHUHHE H
3HaKy, 3HAUEHHSM [OBEPXHOCTHOTO 3JeKTPOCTATHYECKOrO
NOTeHLHaJ/a, OYeBUAHO, UTO 3Ta CBAI3b MOXKET GbITb HCMOJIb-
30BaHa AJs OnpefdeseHHs IMOCJAefHero. JTa BO3MOXHOCTb
o06ycJioBJIeHa HeCKOJbKHMH 00CTOATEbCTBAMH.

[Ipexxne Bcero, 3aBHCHMOCTb NOJIHON POBOAUMOCTH 06-
pasia OT NOBEPXHOCTHOrO 3JIEKTPOCTATHUECKOTO NOTEHIHa-
Jla UMeeT BecbMa ClelH(pHYECKYy0 TOYKY MHHHMYMa MOJIHOM
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MPOBOAMMOCTH, I'le 3Ta CBfI3b BMOJHe OonHO3HauHa. [loBepx-
HOCTHBIH 3JIeKTPOCTAaTHUeCKHH NOTeHHaJl, COOTBETCTBY IOLIHH
3TOMY MHHHMYMY, 3aBHCHT TOJIbKO OT OOBbeMHBIX CBOHCTB
o6pasla moJynpoBOAHHKA *) W onpefessieTcsi NPOCTHIM CO-
OTHOLLEHHEeM: 12
(Ys)o,,, =In (b—) . (9.6)
S/

HesasucumocTh 3HaueHHs1 MOBEPXHOCTHOTO 3JIEKTPOCTA-
THYECKOTr0 HOTeHIlyaJsa, COOTBETCTBYIOILEr0 MHHUMYMYy HOJ-
HOH MpoBOAHMOCTH o6pasua, OT HaJH4YHA HJIH OTCYTCTBHSA
MOBEPXHOCTHBIX IIEHTPOB 3axBaTa BecbMa BaxHa elle U MO-
TOMY, YTO ofecrneyHBaeT HaM eCTeCTBEHHOe HaAuaJo OTcYeTa
NOBEPXHOCTHO# MPOBOAUMOCTH, He 3aBHcslllee OT Hayajb-
HOTO COCTOsSIHMAl NOBepPXHOCTH o6pasua. TeopeTHueckH, Ha-
4yaJoM OTcYeTa MOBEPXHOCTHOH NPOBOAHMOCTH N[O CaMOMY
ee ONpelesieHHIo, NpuBefeHHOMY B § 5 mepsoil riashl, sB-
JseTcsl MoJiHasi MPOBOAHMOCTb 06pa3la NMpH MJIOCKHX 30HaXx
BOJIM3H [OBEPXHOCTH, T. €. NPH 3HAYEHHUH MOBEPXHOCTHOrO
3JIeKTPOCTATHYECKOTO TOTeHIHana, paBHOM Hymio. OueBHAHO,
4yTO 3THM HayaJoM OTCYeTa MOBEPXHOCTHOH NPOBOAHMOCTH
TIPAaKTHYEeCKH BOCIOJIb30BATbCA HEBO3MOXKHO, TaK KakK TakKoe
COCTOSIHHE [OBEpXHOCTH o6paslla B peasbHBIX YCJAOBUAX
SKCIepUMEHTa MOXET UMeTb MeCTO JIMLIb CJAy4YalHO, NpHueM
y Hac HeT BO3MOXHOCTH YJAOCTOBEPHTbCA B €r0 peaJsiH3alHH.
O6bIYHO Ke MOBEPXHOCTb oGpa3lia Bceria MMeeT HeKOTOPLIH
3apsl B MOBEPXHOCTHHIX LIEHTPAX 3axBaTa, a, COOTBETCTBeH-
HO, OTJIHYHOEe OT HYJs 3HauYeHHe IOBEPXHOCTHOrO 3JeKTpOo-
CTAaTHUECKOro NMOTeHLHaJa.

MUHHMYM [OJHOH TPOBOAUMOCTH 06pasna, KOTOpOMY
COOTBETCTBYET BIIOJIHE OMNpefeseHHOe H 3apaHee H3BeCTHOe
3HayeHHe MOBEPXHOCTHOrO 3JeKTPOCTATHUECKOro MOTeHLHa-
Jla, MOxKeT ObiTb NPaKTHYeCKH HCMOAb30BAaH B KayecTBe Ha-
yasa OTCYETa MOBEPXHOCTHON MPOEOAHMOCTH, NOCKOJBKY

*) Crporo rosops, 3TO YTBepXIeHHe He BIOJHe TOYHO, TaK Kak B
(9.6) BxomuT oTHouleHHe 3(D(EKTHBHBIX MOABHXXHOCTEH HOCHTesnel 3a-
pfilla B NPHIIOBEPXHOCTHOM CJI0€ NPOCTPAaHCTBEHHOro 3apsina bs. B mpuH-
LHIle Heab3s HCKJIIOUaTb JOMNyIIeHHe, 4YTO KOHUEHTPaUHsA H 3apsjoBoe
COCTOSIHHE MOBEPXIIOCTHBIX IEHTPOB 3aXBaTa MOXeT CKa3bBaThcs Ha
[OBEPXHOCTHOM paccesiHHH H, c/leJoBaTelbHO, BeauuuHe bs. Oanako
NpaKTHYECKH NOBEPXHOCTHOe paccesiHHe csabo CKa3biBaeTcss B 06JacTH
MHHHMYMa NOBEPXHOCTHOMH IPOBOAHMOCTH.

6*
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BeJIMYMHA MOBEPXHOCTHOH NMPOBOAHMMOCTH, COOTBETCTBYIOIHAA
MHHHMYMY MOJIHOHl NPOBOAMMOCTH 0Gpaslla, H3BeCTHa H3
TEOpHH.

Takum o6pasom, ecau ajas ob6paslia H3BECTHHIX 00beM-
HBIX CBOHCTB H3MepeHa MHHHMAaJbHas MOJHAas MPOBOAH-
MOCTh M IIOJHasg [POBOJHMOCTb MNPH IPYroM COCTOSIHHH
MIOBEPXHOCTH, TO MO Pa3HOCTH 3THX NPOBOAUMOCTeH B NpPHH-
[HIe MOXXHO OMNpeNeJHTb 3HAUeHHe IOBEPXHOCTHOIO 3JeK-
TPOCTATHUECKOTO IOTeHIHaNa, COOTBETCTBYIOIlee 3TOMY
BTOPOMY COCTOSIHMIO mOBepXHOCTH. s 3TOrO0 HeoGxoAuMO,
BO-TIePBBIX, YTOOLI HM3MepeHHasi Pa3HOCTb INOJIHbIX MPOBOAH-
MOCTell fIBJIsJlach PAa3HOCTbIO €ro MOBEPXHOCTHLIX MPOBOAH-
MocTel, T. e. uTOOb OOGBbeMHass NPOBOAHUMOCTb OCTaBanachb
MOCTOSIHHOH. ITO HaKJaAblBaeT AOBOJbHO KeCTKHe Tpebo-
BaHHS Ha NOCTOSIHCTBO TeMIlepaTyphl B XOJ€e H3MepeHHil, 0co-
6eHHO B cJyyae BBICOKOOMHBIX 06pasllioB C NPOBOJAHMOCTBIO,
6/1H3KON K co6¢cTBeHHOM. CyllecTBEHHBIMH fIBJSAIOTCS TaKKe
U TpeGOBAHHSI OMMYHOCTH H MAJIOr0 CONPOTHBJIEHHSI KOHTaK-
TOB, TaK KaK HHBEKLHs uepe3 KOHTAKT NPUBEAET K Hapylle-
HHIO YCJIOBHH TEPMOJMHAMHYECKOrO paBHOBECHs B YacTH
ob6pasna, a 6GoJbliHe CONMPOTHBJEHHS KOHTAKTOB CKaXKyTCs
Ha YyBCTBHUTEJbHOCTH METOJaA.

Haxkonen, n/is conocrasneHus noJyueHHON Pa3HOCTH TI0-
BEPXHOCTHBIX POBOJHUMOCTEH C TeOpeTHYECKH PaCCUHUTAHHOH
B § 5 BenHuuHO#, siBasA0OWIedics GYHKUHEH [0OBepXIIOCT-
HOTO 3/1eKTPOCTATHUYECKOro MOTeHIIHAaJa, He06X0JHMO NepBYI0
NpeBPAaTHTb B YAEJbHYIO BeJHUYHHY, OTHOCALLYIOCH K KBaj-
party MOBEePXHOCTH. DTO AesaeTcsi NpPH MOMOLIH OYEBHAHOTO
COOTHOLLEHHS, CBA3bIBAIOLIEr0 MOJNHYIO MOBEPXHOCTHYIO MPO-
Bé)}llflMOCTb Gs ¥ ynenbHY10 MOBEPXHOCTHYIO MPOBOAHMOCTD

so’

Gs=Gsa~. (9.7)

3nech b — wupuua u [ — pauna o6pasua.

Ianee, st OJHO3HAYHOrO ONpeAeJieHHsl MOBEPXHOCTHO-
r0 3JeKTPOCTATHYECKOrO MOTEHIHAaMa [0 Pa3HOCTH NMPOBOAH-
MocTeill HeOGXOIAHMO 3HATb, KAKOM BETBH 3TOH 3aBHCHMOCTH
COOTBETCTBYeT BTOpOe COCTOsiHHe NOBepxHocTH. Mmaue ro-
BOpsi, HEOGXOAHMO YCTAHOBHTb THN HOCHTeJeEH 3apsijia, Tpe-
o6/1ajlaloHX B 3TOM Cjyyae B IPUIIOBEPXHOCTHOM cJ/IO€ I1po-
CTPAHCTBEHHOrO 3apsja.
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Ecan cocTosiHMe NOBEpXHOCTH HcclenyeMoro o6pasua
MOJIYIPOBOJHHKA 3ajaeTcsl U3MeHeHHeM aTMOoc(Gephl B H3Be-
CTHOM Tra3oBOM LIHKJe, TO 3TO BO3MOXHO H 6Ge3 [OMOJIHH-
TeJbHbIX 3KCNepuMeHTOB. Tak, Hanpumep, B caydyae repma-
HHA M KpeMHHs B ras3oBoM uukJje [lxk. Bapnuua u B. Bpart-
TeHa, nepexof K 6oJsiee BJAXKHOH aTMOC(epe COOTBETCTBYET,
KaK YKa3blBaJoCb, BO3PAaCTaHHIO MOJIOXKHTEJbHOTO MOBEPX-
HOCTHOTO 3apsjia H, CJel0BaTe/JbHO, YBeJHUEHHIO 3JIeKTPOH-
HOfl KOMMOHEHThl MOBePXHOCTHOI mnpoBoaumocTH. Hao6o-
POT, NepexoA K O30HHPOBAHHOMY KHCJIOPOAY COOTBETCTBYET
BO3DACTaHHIO OTPHLATEJbHOTO II0BeDXHOCTHOro 3apsjaa H
yBeJHUEHHIO IbIPOUYHOH KOMIOHEHTHI MOBEPXHOCTHOH NpOBO-
OHUMOCTH. DTH coobpaKeHHs,, padymeeTcsl, TPHUTOAHbBl TOJIbKO
JJIs1 H3YUEeHHBbIX MAaTepHaJIOB H LHKJOB, TaK KakK ancopOuus
TOH »Ke BOIBl Ha APYTHX MOJYNPOBOAHHKAX MOXKeT NMPHBECTH
H K HHOMY pe3yabTaty. B ciyuae ke ancop6LHOHHO-Iecop6-
[HOHHBIX HJIH HHBIX BO34eHCTBHUH, pe3yJ/bTaT KOTOPbHIX 3apa-
Hee HeHW3BecTeH, HeoOXOAHMO CcIlellHaJbHOe OnpejeseHHe
THIIA HOCHUTeJeH 3apsiia, nmpeobJyajalolHX B NMOBEPXHOCTHOI
NPOBOAUMOCTH.

B kauecTBe TAaKOro AOMOJHHTENbHOTO 3KCIEPHMeHTa MO-
KeT ObITb HCIOJb30BAHO M3MePeHHe KOHTAaKTHOH Pa3HOCTH
NOTEHIIHAJIOB, €CJIH €CTb OCHOBAHHUA NpennoJaraTb, 4TO B pe-
3yJbTaTe IPUMeHsAeMbIX BO3AEHCTBHH He H3MeHseTcs paboTa
BHIXOJZA 3TAJOHHOTO 3JeKTpoja M najeHHe NOTeHUHaJsa Ha
nJieHKe OKHCHBIX MJIM MHBIX CO€JHHEeHMH, NMOKpbIBAloOlleld 00-
paser. Toraa TeHAeHLUHs H3MEHEHHS KOHTAKTHOH pa3HOCTH
NOTEHIIHAJIOB, BBLI3BAHHOrQ MAHHBIM BO3AeHCTBHEM, YyKa3sbl-
BaeT, Kak YNOMHHAJOCh Bblllle, HA HanpaBJjieHHe H3MeHeHHS
NOBEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO MNOTeHIHaja B pe-
3yJbTaTe 3TOTO BO3eHCTBHS.

Donee yno6HBIM M MNO3TOMY yalle MNpHMeHfeMBIM Ha
NpakTHKe $SIBAfIeTCS 3KCIeDHMEeHT IO onpejeseHHI0 3HaKa
M3MeHeHHs] MPOBOAHUMOCTH B UMMYJbCHOM 3(pdeKkTe noss.

OueBHIHO, UTO €CJIM TPH NMPHJOXKEHUH HUMIyJbca Hampsi-
KeHHsi B o6paslle, HanpuMmep, AblPOYHOH NPOBOJAUMOCTH HH-
LyUHPYIOTCSl ABIPKH, a KBasHpaBHOBeCHasd I[POBOAHMOCTD
npH 5TOM BO3pacraeT, TO 3TO CBH/AeTe]bCTBYyeT O npeob.a-
NaHHH AbIPOYHOH MPOBOAHMOCTH B NPUMOBEPXHOCTHOM CJIOe.
[1pu 3TOM BO3pacTaHHe NOBEPXHOCTHOH NPOBOAHUMOCTH Oy-
IeT, pasyMmeercs, Tem GoJblle, yeM OoJsblle aMMJIHTYAA
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MMIYyJbca 3TOH noaspHocTH. [IpH H3MeHeHHH MOJISAPHOCTH
BO3JefICTBYIOILIEI0 HMIyJ/bCa HANpPSXKEHHUS], COOTBETCTBYIO-
Ilero Tenepb BbiBeJEHHIO AblPOK H3 o6pasla, NpoBOAMMOCTD
ero 6yjeTr yMeHbLIaTbCA MPH MaJblX aMIUIHTYy/lax HMOyJbca
¥ HayHeT BO3pacTaTb TOJNbKO NpH GoJbLIHX, yTO OyaeT co-
OTBETCTBOBATb 06pPa30BaHHI0 KBA3UPaBHOBECHOTO HHBEPCH-
OHHOro cJosi B6sH3Ku nosepxHocTH. [lono6HbIM ke 06pasom
MOTYT ObITh NPOAHAJH3HPOBAHBl HA OCHOBAHHH OOLIHX CO-
o6paxeHHil, n3n0xeHHbXx B § 7 ramasbl I, U Apyrue BO3MOX-
Hble cHTyauuu. Pasymeercs, npu 310M Heo6x0auMoO Habuaio-
NaTh UMEHHO KBa3HPABHOBECHYIO NMOBEPXHOCTHYIO NPOBOIH-
MOCTb, KOTOpasi, COTJIACHO pacCMOTPeHHIO, NpPOBeleHHOMY
B § 7, ycraHaBiauBaeTcs IPH KOMHATHBIX TeMIepaTypax Mo
NPOLIECTBHU BpPeMEeHH, NPEBLIIIAIOUIETO Tpex C MOMEHTA MpH-
JIOXKEHHS MMIyJbca HaNpsKeHHS.

Haxkonen, TpeTbuM U, noxkanyi, HauboJiee yacTo Hc-
MOJIb3yeMbIM Ha NPAKTHKe MONOJIHHTEJIbHBIM 3KCNEePHMEHTOM
SIBJSIETCS. SKCIEPHMEHT 110 ONpeJeJeHHI0 3HAaKa TaK Hashl-
BaeMoil nodsuscHocTu 3ggexkra noarsa. B manbHedfmeM Mbl
6oJsiee 104pOGHO PACCMOTPHM (PH3HUECKHH CMBICJ 3TOrO IMo-
HAITHSI, NOKA Ke OTPAHHUMMCSl YKa3aHHEM, 4TO MOJ MOJBHXK-
HocTbio 3(dekra moas mnoApasymenaercs AudQepeHIHANb-
Has BeJIHYHHA, ONpejessieMast COOTHOLLIEHHEM:

aG g
Wy n = aQHlL’I . (98)

W3 storo onpenesneHus ciaenyer, 4TO MNOABHIKHOCTbL 3(-
¢ekTa moJIsi paBHAa HAKJIOHY KPHBOH 3aBHCHMOCTH IOBEpX-
HOCTHOH MNPOBOJAHMMOCTH OT HH/JAYLUHDOBAHHOrO 3apsia H
HMeeT MOJIOXKHTeNbHBIH 3HaK HAa BeTBH 3TOH KPHBOH, Koria
npeo6JafiaeT AbIPOYHAs KOMIOHEHTa NMOBEPXHOCTHOH MPOBO-
AMMOCTH, H OTpHLATEJNbHbIN — NPH NpeobaagaHHH 3/1eKTPOH-
HOl KOMIOHEeHTHl. B TOYke MHHHMyMa NOJIHOH MPOBOAHMO-
ctd o6pasiia NMoABHXKHOCTE 3(pdeKTa MoJjsl paBHa, OUEBHIHO,
HYJIIO.

IToxBukHOCTL 3 ekTa NoJsi U3MepsieTCss HA MaJIOM CH-
HyCOHJAJbHOM CHTHaJjle, BeJHYHMHA KOTOpOro, BooOlle ro-
BOPS [OJIXKHA ObITb TeM MeHbllle, UeM Bhillle CTeleHb HEeJH-
HefHOCTH yuyacTKa HcCJelyeMOH 3aBHCHMOCTH.

B 3akaioueHHe HECKOJIbKO 3aMeYaHHH O UYBCTBHTEJIbHO-
CTH H TOYHOCTH H3MEDEHHA MOBEPXHOCTHOrO 3J/1eKTPOCTaTH-
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YyecKkoro MoTeHLHasa MEeTOJOM IMOBEPXHOCTHON MPOBOAHMO-
ctH. [TockonbKy pH 3TOM H3MepsieTCs MOJHAs NPOBOAHMOCTh
o6pasua u ero o6beMHas NPpOBOAUMOCTb LIYHTHPYeT HHTepe-
CYIOLLy10 Hac MOBEPXHOCTHYIO MPOBOAUMOCTb, TO, QUEBHAHO,
YTO YyBCTBHTEJNbHOCTb MeToXa OyHeT TeM BHILIe, YeM MeHbllle
BeJHYHHAa O00BbeMHOH NPOBOAMUMOCTH. [Ins1 yMeHblleHHs1 no-
cJelHel KeJaTeJbHbl BO3MOXKHO MEHbLIAsi TOJIIIHHA HCCJae-
AyeMoro o6paslla ¥ BO3MOXKHO MeHbllasi BeJHUYHHA yJeJb-
HOH NMPOBOJMMOCTH MaTepHasa NOJNyNpPOBOAHHKA. lnsi opu-
EeHTHPOBKH YKa)eMm, 4TO, Hampumep, B cJjydyae o06pasuos
repMaHHsi ¢ yAeabHbIM conpoTuBieHHem B 20—30 om:cm u
TOMIUHHON OKoso 0,5 MM, MakcHMaJbHBIH JOCTHXHMBbIH
B SKCIlepPHMeHTe JHana3oH H3MeHeHHsl MOBEPXHOCTHOH Mpo-
BOAUMOCTH INpPH KOMHATHBIX TeMIepaTypax COCTaBJseT
(2—3) % ot mosiHO# npoBOAUMOCTH 06paslia.

Boicokasi BeJIHUHHA Y[IE€JbHOTO CONPOTHUBJEHHS 06pasia
BaXHa H ¢ APYrodl TOukH 3penus. Kak Gblio BoisicHeHO B §5
rnaBsbl I, TeopeTHueckas KpuBas 3aBHCHMOCTH MOBEPXHOCT-
HOl NMPOBOAMMOCTH OT 3apsila B CJOe NPOCTPAHCTBEHHOTO
3apsiia MMeeT TeM OoJiee XOpOLIO BBIPAXKEHHBII MHHHMYM,
uyeM OJIHKe BeJIHUHHA A K eIHHHIE, T. €. UeM GJHxKe 06beM-
Hasl NPOBOJHMMOCTb O6pasuna K cOGCTBEHHOH MPOBOAHMOCTH
IJ1s JAaHHOTO THNa MartepuaJja. B To ke BpeMs H3 Bcero
CKa3aHHOTO Bbllle BBITEKAET, UTO TOYHOCTb ONpejeseHHs
3HaueHHH MOBEPXHOCTHOTrO 3JEKTPOCTATHUECKOro MOTeHI[Ha-
Jla MeTOAO0M IOBEPXHOCTHOH NPOBOJHMMOCTH Pe3KO 3aBHCHUT
OT ONpee/IeHHOCTH MOJIOXKEeHHST MHHHMYyMa IOJIHOH NpOBO-
IUMOCTH, KOTODHIH $SIBsieTCs eJUHCTBEHHBIM NpPaKTHYECKH
JOCTYNHBIM Haya/JoM OTCYeTa 3HAaueHUH MOBEPXHOCTHOM
[IPOBOJHMOCTH, @, COOTBETCTBEHHO, U NOBEPXHOCTHOTO 3JIeK-
‘TPOCTaTHYECKOro MoTeHHaJsa. [TosToMy H3MepeHHs MOBepXx-
HOCTHOrO 3J1€KTPOCTATHYECKOrO MOTeHILHajJa MeTOAOM IO-
BEPXHOCTHOH NPOBOAMMOCTH TpebGyioT TeM OoJiee BBICOKOH
YYBCTBUTEJIbHOCTH amnapaTypbl M HMeIT TeM OGOJbIIYIO
MOTPEelLIHOCTb, YeM JaJblie 00beMHass MPOBOAHUMOCTb 00-
pasua oT co6CcTBeHHONH. DTO OGCTOSITEILCTBO SBASACTCS CePb-
e3HbIM TPENnsTCTBUEM NPH HCCJIeL0BAaHHAX MOJYNPOBOJHHKO-
BbIX MaTEPHaJIOB C OTHOCHTENbHO 6OJIbILOH IIMPHHOH 3ampe-
lLleHHO} 30HbBI, 1aXKe TaKHX, KAK KpeMHHUH M apCeHH] raJjus,
noKa eule BeCbMa JaJieKHX OT cOOCTBEHHOH NPOBOAMMOCTH.
[Tomo6GHoOro Ke poja TPYAHOCTH BO3HHKAIOT M C repMaHHeM
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IpH HU3KHX TeMmeparypax, NpHOJHKaIOIIHXCS K TeMllepa-
Type XHAKOTO asora. B 1o Ke BpeMs NpH KOMHATHbIX
TeMlepaTypax I[OrPelIHOCTb H3MepeHHS] MNOBEPXHOCTHOTO
3MeKTPOCTATHYECKOr0 MOTeHLHasa MeTOLOM MOBepPXHOCTHOH
NPOBOAUMOCTH 006pa3loB repMaHUs ¢ yAeJbHbIM COINPOTHB-
jgenveM B 20—30 om-cy He npesbiwaer (0,2+0,3) «7/q,
eC/JM He BKJ/IOYAaTb B Hee BO3MOXKHYIO IOTPEUIHOCThL 3a cyeT
Heonpefe/eHHOCTH XapaKTepa I[OBEPXHOCTHOrO paccesHHUs
HOCHTeJlel 3apsija.

B) Meroa xBasupaBHoBecHoro 3ddekra mnoas. Cymr-
HOCTb MeToZa 3¢ ¢dexTa moss, Kak 3TO Bbille yIOMHHAJOCh,
COCTOHT B H3MEHEHMH 3apsija B NPUIOBEPXHOCTHO!N 06/acTH
NPOCTPAHCTBEHHOrO 3apsia NMyTeM BO3LeHCTBHA 3JEKTpHUe-
CKHM [0JIeM, HOpMaJbHbIM K MOBepxHOcTH o6Gpasua. Ecau
TOJIbKO NpH 3TOM yZAaeTcsi AOCTHYb YCJOBHH, COOTBETCTBYIO-
IIMX MHHUMYMY [OBEPXHOCTHOH MPOBOAMMOCTH, TO 3HaUeHHe
MOBEPXHOCTHOTO 3JIEKTPOCTATHUECKOr0 MOTeHlHaJsa, OTBe-
gaioulee a0060My APYyroMy 3HAUEHHIO [OBEPXHOCTHOH npo-
BOJAMMOCTH, MOKeT OBITb HafJeHO MO pPAa3HOCTAM MOJHBIX
npoBoguMoOcTell o6pa3a B 3THX TOYKAaX.

CyuiecTBeHHbLIM NpPeHMYIIECTBOM MeToAa 3¢dekTa noss
[0 CpaBHEHHIO C aACOPOIHOHHO-AeCOPOUHOHHLIM SABJSETCA
BO3MOXKHOCTb NpPaKTHYECKH HeNpepbiBHEIX H3MEHeHHH [o-
BEDXHOCTHOH NPOBOAMUMOCTH BOJIM3H MHHHMYyMa, eciH, KO-
HEeYyHO, OH 3KCIIepHUMeHTaJbHO NOCTHXKHM, H, C/J1el0BaTe/bHO,
64JblIass TOYHOCTb B OMNpelfeseHdH TMOJHOH MHHHMAaJbHOH
npoBOAMMOCTH o6pa3sua. IIpu ucnosb3oBaHUM aAcOpOUHOH-
HO-JecCOpOIHOHHBIX NPOLIECCOB AJS1 U3MeHEHUs MOBEePXHOCT-
HOTO 3JIEKTPOCTATHYECKOro MOTeHLHAJa, BecbMa 3aTPyAHH-
TeJbHO CO34aTh TOYHYI0 MHHHMAJbHYIO NPOBOAMMOCTb 06-
pasiia U NPHXOAUTCSl AOBOJbLCTBOBAThCS B KauecTBe HauaJa
oTcyeTa 3HauyeHHEM NPOBOAMMOCTH, Gosiee HIH MeHee GJU3-
KHM K MHHHMaJIbHOMY.

Hapsiny ¢ 3THM, a TakkKe M HEKOTOPBIMH IPYTHMH Mpe-
HMYILlleCTBaMH, MeTOA 3¢ deKTa noss HMeeT U CyLIeCTBeHHbIe
0COBGEeHHOCTH, KOTOpble COBepLIeHHO HeOGXOAHUMO YUYHTBIBATh
IpH ero NPakTHYEeCKOM HCNOJb30BAHHU. [leso B TOM, uTO
B Clydyae H3MEeHeHHs MOBEPXHOCTHOTO INOTeHIHasa MyTeMm
alcop6IHOHHO-1eCOPGIHOHHEIX TMPOIECCOB COCTOSIHHE MO-
BEPXHOCTH IIOJIyIPOBOAHHKA NPH KaXKJAOM H3MEDPEHHH I10-
BEPXHOCTHOH NPOBOAHMOCTH SIBSIETCS] PABHOBECHBIM, BO BCA-
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KOM CJyyae MO OTHOIIEHHIO K 3JEKTPOHHBIM MpoueccaM Ha
MoBepXHOCTH. B ciyyae Ke Hcrnosab3oBaHHs 3pdekTa monas
I/ H3MEeHeHHs MOBEepPXHOCTHOTO MOTeHIHaja B MOAABJsIO-
weM OGOJIBIIHHCTBE CJydyaeB MOBEPXHOCTb MOJYIPOBOAHHKA
He HAXOAHTCA B PaBHOBECHHIX YCJOBUAX. [loaromy merod
dppexTa noas npumenum TOALKO 8 TOM CAay4dae, Ko20a
yoaercsa obecnedurs ycaos8us K8a3upasHoBecus Ha nosepx-
HOCTU nOAYnpPosoOHuKa. DTO KBa3HPaBHOBEeCHOEe COCTOSIHHE
MOBEPXHOCTH XapakTepu3yeTcs TeM, UTO HOCHTeJH 3apsia
B 30HaX NMPOBOAMMOCTH H BaJIEHTHOH HAaXOASTCS B PaBHOBe-
CHH H MeXay co6oil (IOCKOJbKY peKOMOHHAIMOHHO-reHepa-
IIHOHHBle TIPOLeCChl YCIeNH 3aBepUIMThbCA), H ¢ OBICTPBHIMH
MOBEPXHOCTHBIMH COCTOAHHAMHM (TaK KaK 3aBeplinaach H
pejakcallusi, CBSI3aHHAsl C 3amoJIHEHHeM 3THX COCTOSIHHH
3JIeKTPOHAMH HJM AbipkaMHu). Ilpy 3TOM 1OBEpXHOCTHBIE
KOHLIEHTPALlHH HOCHTeJell 3apsiia B 30HaX, a TaKXe H CTe-
[eHb 3aH0JIHeHHs1 OBLICTPbIX MOBEPXHOCTHBIX COCTOSIHHH OM-
pelessIloTCs eUHbBIM KBAa3HPABHOBECHLIM 3HAaUeHHEM YPOBHS
Q®epMH Ha NMOBEPXHOCTH, T. €. TAK HA3bIBaeMbIM IOBEPXHO-
CTHBIM MOTEHLHAJIOM.

B cBs3H ¢ TeM, YTO 3anoJiHeHHe ObICTPBIX IIOBEPXHOCT-
HbIX COCTOSIHMH NpH YKa3aHHBIX YCJOBUSIX H3MepEHHs MO
Metony 3¢¢eKkTa NoJsi sBIsieTCs] PAaBHOBECHBIM MO OTHOLIe-
HHIO K H3MepsieMOi BeJHYMHEe TOBEPXHOCTHOrO MOTEHIHAana,
3TOT METOJ TMpPeAOCTaBJsieT NONOJHUTENbHYIO BO3MOXKHOCTDb
HCCJeIOBAHHSl CAMUX IOBEPXHOCTHBHIX cocTosiHuM. [eiicTBH-
TeJIbHO, 3Hasl 3HAUEHHs PA3HOCTH MOTEHIHAJIOB, NPHKJAMLBI-
BaeMOl K KOHJEHCaTopy, cocTosilieMy W3 o6pasua u moJe-
BOTO 3JIEKTPOJa, H H3MepPHB €MKOCTb 3TOT0 KOHIeHcaTopa,
JIETKO OINpefesNHTb BeJIHYHHY 3apsija, HHIYUHPOBAHHOTO
B obGpasell, NpH BO3AEHCTBHH BHELIHErO MOMNEPEYHOro MOJS:

Qmul = CKV (9,9)

WNupyunpoBaHublil B o6pasel 3apsii 1acThlo HIET HA H3-
MeHeHHe 3apsiia B 006JaCTH MNpPOCTPAHCTBEHHOrO 3apsna,
npuBoAsilee K H3MEHEHHIO NMOBEPXHOCTHOTO NMOTEHNHana OT
ero paBHOBECHOro (B OTCYTCTBHe M0J/51) K KBa3HpaBHOBec-
HOMY (NpH JAeHCTBHH MOJII) 3HAUEHHIO, a YAaCTHYHO 3axBa-
TBIBAeTCA Ha GbICTPble NOBEPXHOCTHbIE COCTOSIHUSA:

Quin = AQup. sap + AQuaxa. (_9. 10)
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Bropas uyacTb GbLICTpPO#l peJakcaliH, CBA3aHHas C pe-
KOMOHHAIlHOHHO-TeHepallHOHHbIMH TpOLeCCaMH, K H3MeHe-
HHIO 3apsila He MPHBOAUT, MOTOMY YTO HOCHTEJH 3apsja
PeKOMOHHHPYIOT W TeHEepUPYIOTCS MNapaMH AblpKa — 3JeK-
TPOH.

Tak kax H3MeHeHHe 3apsfa B CJOe MPOCTPAHCTBEHHOTO
3apana AQmp. sap, COOTBETCTBYIOLlee NAHHOMY H3MEHEHHIO
II0BEPXHOCTHOrO TOTEHIIHAJ/a, OLHO3HAYHO OMpejeJsieTcs co-
otHowenneM (2.20), To cootHoweHue (9.10) mo3sBoasier
HafTH 3apsifl, 3aXBayeHHEIH GLICTPEIMH NOBEPXHOCTHEIMH CO-
CTOSIHHSIMH, NPH M3MEHEeHMH MOBEPXHOCTHOTLO 3JIEeKTPOCTATH-
YecKOro MOTEHI[HaJa OT PaBHOBECHO!N BeJHUHHB Ygo HO He-
KOTOpOil KBasupaBHOBecHO! Yg:

AQaaxa = Qaaxa (YS) - Qsaxn (YSO) = Qan - Aan. 3ap* (91 l)

Takum o6pasom, 3KkCnepHMeHT MO MeTOAY 3(dekTa noas
NO3BOJISIET He TOJNbKO M3MEHSIThb B HEKOTOPbIX NpejeJnax Be-
JIMUHHY NOBEPXHOCTHOTO 3JIeKTPOCTAaTHYECKOro MOTeHLHaJsa
¥ onpellesigTh NOJydyalollHecs NMPH 3TOM ero 3HaueHHs, HO H
OJHOBPEMEHHO MOJyuaTb 3KCIePHMeHTaJbHble JaliHble O 3a-
psje, 3axBaueHHOM ObICTPBIMH MOBEPXHOCTHBIMH COCTOf-
HUSIMH B 3aBUCHMOCTH OT BeJIHUMHbI H 3HAaKa NMOBEPXHOCTHOTO
3JIEKTPOCTAaTHYECKOTO noTeHLHana. Kak Mbl yBHAMM B Aajb-
HelilleM, HccCJeJOBaHHs 3aBHCHMOCTH 3aXBauyeHHOro Ha Io-
BEPXHOCTH 3apsiia OT MOBEPXHOCTHOTO NOTeHIHaja Mnpen-
cTaBJfloT GOJbIIOH HHTepec, TaK Kak IMO03BOJAIOT CAENATb
HeKOTOpble 3aKJ/IOYeHHsl O XapaKTepe 3HepreTH4ecKoro
criekTpa ObICTPBIX MOBEPXHOCTHBIX COCTOSTHHH.

[Mpexae ueM nepexoJHUTb K ONHCAHHIO Pa3JHYHBLIX Ba-
pPHAHTOB TeXHHYECKOTO OCYLIeCTBJEHHS SKCIepUMeHTa 3¢-
¢dexTa noJs, NOABITOXKHM BCe CKa3aHHOe O MeTOJHKe oOpa-
O0TKH INOJyYaeMblX 3THM MeTOAOM 3KCIHepPUMeHTaJbHBIX
naHHbix. Jlas 6oJbluell HarJsiAHOCTH Mbl IPOBejeM BCe pac-
CYXKIeHHsl, aHA/JIH3HPYys TPadHKH COOTBETCTBYIOLIUX 3aBH-
cuUMOCTel, XOTs, BooOlLle roBops, Bcsl o6paboTKa 3Kchepu-
MEHTAaJIbHBIX JaHHBIX MOXKeT ObITb BbINOJHEHA H YHCTO aHa-
JHUTHYECKHUM NyTeM.

DKcnepHMeHTaJbHble [aHHBle, MpeACTaBAsIOLIHEe OGO
BeJIMUHHEI H3MEHEHH} MOJHOH NPOBOAMMOCTH 06pasua mpu
pa3HbIX 3HAUEHHAX MPUJOKEHHOH K KoHAeHcaTopy 3sddexTa
noJs BHeLIHEeH Pa3HOCTH NOTEHLHAaN0B, HEOGXOAHMO, IPeXK e
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BCEro, MNpPeACTaBMTb C  [OMOIUbIO  cooTHoweHusi (9.7)
B BHJ€ V/eJbHbIX BEJHUYNH, OTHECEHHBIX K KBaJpaTy MOBepX-
HocTH o6paslia, Ha KOTOPYIO [eHCTBYeT BHellHee MOTNepey-
Hoe noJe. Ilpu aToM, pa3yMmeercsi, U3MeHEHHUs MOJNHOH Npo-
BOAMMOCTH 006pa3la OTCUHTBIBAIOTCS OT BEJHUYMHbI €ro Ipo-
BOJHMOCTH B OTCYTCTBHe BHEILIHEro MONepeyHoro noJs. AT
yleJbHble BeJHYMHBI HCIONb3YIOTCH [/l MOCTPOEHHs rpa-
(hHka 3aBUCHMOCTH H3MEHEeHHs NMPOBOAMMOCTH OT BeJHUYHHbI
¥ 3HaKa MHAyUHpOBaHHOro B o6pasel 3apsiia, NPHXOAAILe-
rocsi Ha KBaJpaTHbll CAaHTHMETpP ero MOBEPXHOCTH, MOABEp-
rawuefica Bo34eACTBHIO BHELIHETO MOJIS.

Ecan nonyyeHHas TakuM 0o6pa3oM 3aBHCHMOCTb HMeeT
TOUKY MHHHMYyMa, TO BO3MOXHa ee fanbHelmasa o6paboTka,
NyTeM CpaBHEHHs C TeOpPETHUYeCKON KPHBOH 3aBHCHMOCTH IO-
BEPXHOCTHOH NPOBOJMUMOCTH OT BEJMYHMHB U 3HAKa 3apsia
B CJIO€ MPOCTPAHCTBEHHOro 3apsiga. HanomHuuM, 4TO 3Ta no-
clleiHsia MOXeT ObiTb IIOCTPOeHA MyTeM pacyeTa TepMOJIH-
HaMHUYeCKH PaBHOBECHBIX 3HAUeHHI MOBEPXHOCTHOH MNpPOBO-
JUMOCTH MpH TIOMOUIH COOTHoweHHsa (5.9) u 3HaueHud 3a-
psla B CJ10e MPOCTPAHCTBEHHOTO 3apsja— IOCPeACTBOM
cootnomiedns (2.20), oTHOCAILIMXCS K OLHOMY H TOMY Xe
3HaueHH10 (Mo BeJHYHHe W 3HAKY) MOBEPXHOCTHOTO 3JeK-
TpocTaTHYecKoro mnorteHnuana Ys. OObeMHble XapaKTepH-
cTHKH o6Gpasla, TeMnepaTypa W XapakTep paccesHHs HOCH-
TeJleli 3apsiia Ha TOBEPXHOCTH YUYHUTHIBAIOTCA NPH 3TOM
3HaueHHAMH A, ni, £Lp, Wpg U lng, BXOAAUIUMH B COOTHO-

wenus (5.9) u (2.20). Teoperuueckass KpHBasg CTPOHTCS Ha
TOM e rpaduke, rie U SKCIepHMeHTa/JbHash KPHBas H3Me-
HEeHHs YAeJbHOM NPOBOAHMOCTH, OJHAKO MO OCAM B 3TOM
c/llyyae OTKJ/AaAblBAIOTC [OBEPXHOCTHAs MNPOBOJHMOCTb H
3apsid B CJOe NMPOCTpaHCTBeHHOro 3apsaa. [danbuefimas 3a-
nada 3akJwouaercss B TOM, UYTOObl YCTAHOBHTb COOTBETCTBHE
MeXJAy BeJHYUHHAMH, OTJIOXEHHbBIMH MO OCAM, AJs O6eHx
KPHUBLIX. 13 CKa3aHHOro paHee cJedyeT, 4TO B OTHOLIGHHH
OCH OPIHHAT JAeJIO 3aKJlouaeTcs TOJIbKO B DA3JHYMH HayaJ
orcueTa, TpHYEM JJs1 YCTPaHEHHs 3TOro pasyHudsl AOCTa-
TOYHO TIepeMeCTHTb 3KCHepPHMEeHTaJbHYI0O KPHBYIO mapaJ-
JeJbHO caMoii ceGe BAOJb 3TOH OCH Tak, YToObl COBMAaJH
MHHHMYMbl o6enx KpHBbiX. Ilocse coBepuieHns 3To# mpore-
Aypbl 3KCIePHMEeHTa/bHO TOJyueHHble yJesibHble 3HaYeHHs
H3MeHEeHHs1 MPOBOAMMOCTH MO OTHOLIEHHIO K HayaJjy OTcuera
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IO OCH OPAHHAT NpeAcTaBaAAOT coO0f 3HAYEHHsI NOBEPXHO-
CTHOH NPOBOJHMOCTH, OmNpefessieMble cOOTHoLIeHHeM (5.9).
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Puc. 9.4. a) TeopeTuyeckasi KpUBasg NOBEPXHOCTHOH NPOBOAHMOCTH B

3aBHCHMOCTH OT 3apsifia B cJioe NPOCTPaHCTBEHHOTo 3apsia (I) u 3kc-

nepHMeHTaslbHasg KPHBasi H3MeHeHHA NOJHOR NpoBOAHMOCTH obpasia

B 3aBHCHMOCTH OT HHAYWWPOBAHHOTO B Hero 3apaga (2). 6) Te xe
KpHBble N0OcJe COBMELIeHH HX MHHHMYMOB.

Ha puc. 9,4,a,6 nokasanol o6a 3Tama MOCTpPOeHHsl Trpa-
(pHKOB.

ITockonbky Ha puc. 9.4, 6 0Ge KpHUBLIE NPEACTABJAIOT CO-
60l 3HaueHHs MOBEPXHOCTHOH MPOBOAHMMOCTH, TO CaMO CO-
6ol pa3yMeeTcsi, YTO OJHHAKOBbLIM 3HAauYeHHSM OpAMHAT O1-
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HUX U Tex »c BeTBell 00eHX KPHUBbIX COOTBETCTBYIOT OJHH
U Te e 3HaueHHs MOBEPXHOCTHOTO 3JIEKTPOCTATHUECKOro
noTeHlHa a, KOTOphle, TaKUM 06pa3oM, MOryT ObITb Ompe-
JeJieHbl NPOCThIM MEPeHOCOM 3THX BeJHYMH C BETBH Teope-
THYECKON KPHBOH HAa COOTBETCTBYIOLLYIO BE€TBb JKCIIEpHMEH-
TaJbHON KpUBOH. Ha pHCyHKe NMOKa3aHO HECKOJIbKO MpHUMe-
pOB TakKux I[EeDEeHOCOB, B TOM UHCJe H AJA ONpelaeseHHs
NOBEPXHOCTHOTO 3JE€KTPOCTATHYECKOrO NOTeHLHaMa Yo, COOT-
BETCTBYIOILIEr0 OTCYTCTBHIO BHELIHEro MOMePeyHOro 3JeKTpH-
YeCcKOro MmoJis.

YcTaHoBJIeHHe COOTBETCTBHSI MeXAY abCluccaMH KPHBHIX
I u 2 Gasupyercsi Ha NPUBENEHHOM BbIllle COOTHOILLEHHH
(9.10), cpssbiBawUleM HHAYLHPOBAHHBIH B o6Gpasel 3apsin
C H3MEeHeHHsIMH 3apsila B CJOe NPOCTPAaHCTBEHHOro 3apsia
W 3apsifia, 3aXBaueHHOrO Ha MOBEPXHOCTHBIX COCTOSHHSX.

PaccMoTpum, HampuMep, U3 4Yero CKJAaAbiBaeTCss H3MeHe-
HHe MHAYUHPOBAaHHOTrO 3apsiaa AQuuz, Heo6XxoauMOe s H3-
MeHeHHs] NOBePXHOCTHOTO 3JIeKTPOCTATHYECKOTO MOTeHLHAJa
OT BeJIMUHHBI Ygi, Tle TeopeTHUeCKass H KCIepHMeHTaJbHAs
KPUBBIEe MNepecekaloTcs, N0 BeJHuYHHBl Ys. Kak BHAHO u3
puc. 9.4, 6, usMeHeHHe NpocTpaHCTBeHHOTrO 3apsaAa AQup. sap,
COOTBETCTBYIOIlee 3TOMY H3MEHEHHIO NOBEPXHOCTHOIO 3JleK-
TPOCTATHUECKOr0 IMOTEHIHaJa N[O TeOpeTHYeCKOH KPHBOIL,
3HAauYUTEJbHO MeHblle AQuuy, a PasHOCTb 3THX JABYX 3Haue-
HUIl npefctaBaser coOol 3apsi, 3axBaueHHblH Ha MOBepX-
HOcTHble COCTOSIHHA AQpaxs NMPH TAKOM H3MEHEHHH MOBEpX-
HOCTHOrO mnoTeHuuaJsa. Touka Ha KPHBBIX CO 3HaueHHeM
[I0BEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO MOTeHUHana Yg; Gbina
Hamy BbOpaHa B KauecTBe HauaJa OTcueTa BeJIMUUHBI
AQaaxs, pasymeetcs, TOJbKO HJsa yno6cTBa rpaguueckoro
npeacrasJeHns cooTHowernus (9.10).

Ha npaktuke 0OBIYHO B KauecTBe TaKOH HayaJbHOH
TOYKH, OT KOTOPO# OTCUMTHIBAeTCs M3MeHeHHe 3apsijga, 3a-
XBAaUEHHOT0 Ha GbICTPHIX MOBEPXHOCTHBIX COCTOSIHHSIX, BBIOH-
paeTcs M0G0 ToOYKa C MOTEHUHAJOM, COOTBETCTBYIOIIHM
nnockuM 30HaM (Ys = 0), au6o TOUKa ¢ PaBHOBECHBIM 3Ha-
yeHHeM [OBEPXHOCTHOTQ 3JIEKTPOCTAaTHUECKOTO IIOTEeHIHaJa
Yso. CuMras 3apsig OGbICTPbIX MOBEPXHOCTHBIX COCTOSIHHH
B BbIOpAaHHON HauyaJbHOH TOYKe PaBHEIM HYJIO, OMHCAHHBIM
METOIOM MO2KHO MOJIYUHTb 3HAUEHHs 3aXBAUeHHOTO GhiCT-
pPbIMH NOBEPXHOCTHBIMH COCTOSIHMAMH 3apsila B (YHKIHH OT
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MOBEPXHOCTHOIrO 3J/IeKTPOCTAaTHYECKOro NMOTeHiiHa/jia BO BCeM
NHana3oHe MHOCTUTHYTHIX B 3KCIeDHMEHTe 3HAYeHHH nocjen-
Hero.

To 06cTOATEILCTBO, UTO 3HAUYEHHS 3apsilld, 3aXBaYEeHHOr0
OBICTPBIMH [OBEPXHOCTHBIMH COCTOSIHHIMH, ONpeae/sloTcs
IIPH 3TOM C TOYHOCTbIO 1O TPOH3BOJbLHOH KOHCTAHTHI, HMeeT
BIIOJIHE OuYeBHAHBIA (pU3HuUecKHit cMblca. Bo-mepBolx, B 3Ty
KOHCTAHTy BXOJIHT 3apsij MeJJIeHHbIX MOBEPXHOCTHBIX CO-
CTOSIHHH, KOTOPbIf HMeJsicsl Ha IOBEPXHOCTH o6paslia B OT-
CyTCTBHe BHeIIHero NOMepeyHoro 3/JeKTPHYECKOro mnoJs, H,
Kak NpejnoJaraercs, OCTaBaJjCsi IOCTOSHHbIM MpPH MOJyde-
HHH BCeX TOYEK HKCIepHMeHTaJbHOH kpusoi puc. 9.4. Bo-
BTODPBIX, B IPOU3BOJIbHYIO KOHCTAHTY [0JI2KeH BXOAHTb 3apsn
H Tex ObICTPBIX NMOBEPXHOCTHBIX COCTOSIHMH, 3aMOJIHEHHE KO-
TODBIX He H3MEHSJIOCh [IPH BCeX 3HAUEHHSIX NOBEPXHOCTHOrO
3/JEKTPOCTAaTHYECKOTO IMOTeHIlHaJsa, NPAaKTHYeCKH peasH3o-
BaHHBIX B 3KcnepuMeHTe. OueBHAHO, UTO K YHCJY 3THX HO-
BEDXHOCTHBIX COCTOSIHUH OTHOCSITCS BCE Te, SHepreTHUeCKHe
YPOBHH KOTODHIX JieXKaT AO0CTATOYHO AAJeKo OT AHanas3oHa
U3MeHeHHs ypoBHsi PepMH Ha NOBEPXHOCTH, T. €. pacnoJo-
»KeHbl BGJIH3H KpaeB 30H NPOBOAMMOCTH M BaJjeHTHo#. Ha-
NOMHHM, 4YTO OOBIYHO B ONbiTax mno 3QpdekTy mojs He yraer-
CcA JOCTHTHYTb J[HManasoHa H3MeHeHHs MOJIOXKEeHHS YPOBHSA
®epMu Ha noBepXHOCTH, npesBnimawpoumero 0,3—0,4 8, T. e.
COCTaBJIAIOLIEr0 TPHMEPHO NMOJIOBHHY LIMPHHBI 3anpelleHHOH
30HBI B FepMaHHH.

[Mpocteiiiuinm BapuautoM Meroma 3ddexTa moas, B KO-
TOPOM O0COGeHHO HAarAsiJHO KOHTPOJIHPYeTCSl BBIMOJHEHHE
yCTI0BHS KBa3HpaBHOBeCHs, SBJfeTCS MeTOA MOAYJSLHH
NpOBOAUMOCTH O6pasna NnpH BO3AeHCTBHH IPSAMOYTOJbHEIMH
NonepeyHbIMH HMIyJbCaMU HanpsiKeHus. [IpuHUUMNMANbHAS
cxeMa H3MepeHHH 10 3TOMYy MeToAy H3o00paxeHa Ha puc. 9.5.
BaxxHoii uepTo#i M3MepHTENbHOHU CXeMbl SIBJASIETCS BO3MOXK-
HOCTb 6a/laHCHPOBKH Mapa3sHTHOTO €MKOCTHOrO CHTHaJsa npu
MOMOLIY MOCTA, BKJIOUEHHOTO MexXAy 06pa3loM H yCHJHTe-
jgeM. Moxer mokasaTtbcs, 4TO HEOOGXOAHMOCTb B Takoil Ga-
JIAHCHPOBKEe B 3TOM CJlyyae He CTOJb YK BEJNHKA, TaK Kak
napasHTHble €MKOCTHble CHTHAJbl MOTYT MOSBHTbLCS TOJBKO
BO BpeMs NepeXOAHbIX MPOLleccOB, COOTBETCTBYIOUIUX Tepe-
HeMy H 3aj]HeMy (POHTAM HMIyJbca MOMEPEYHOro HaAMps-
XKenusa. Ecau OLleHHMBaTb XapaKTepPHCTHUECKOE BpeMsi 3THX
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npolieccoB npousBeneHneM RoppCy, TO JIETKO yGeauThCs, 4TO
3TO BpeMs MHOTO Kopoue 35(p(}eKTHBHOTO BPeMeHH XH3HH,
onpefessoLlero penakcallMOHHBIH Opouecc B caMoM oGpas-
ne. OnHako B AeHCTBUTENBHOCTH NepeXofHble MpPOLEeCCh B
HU3MepHTeJbHOH CXeMe B LeJJOM OKa3blBAlOTCA 3HAUUTEJbHO
6oJiee CIOXKHBIMH H MOTYT HMeTb BeCbMa JAJIHTEJbHBlE KOM-
MOHEHTBl, KOTOpBble CKaXyTCs Ha pe3y/JbTaTax H3MepeHHi.

| —
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CUNZPORUSAYUA

Puc. 9.5. 3ddekT nosas Ha HMNYJIbCHOM HamNpsXKEHHH.

T'KH — reHepartop KaJNH6pOBOYHbLIX HMIY IbCOB,

1Y — LIHPOKONOJOCHbIA ycHAHTeNb, IO — 3JeKTPOH-
HbIA ocuuanorpad.

BanaHcHpoBKa mapasHTHOTO CHCHaJla NPOHU3BOAHMTCA MPH
OTCYTCTBHM TSIHYLIEro nocTOssHHOro Toka [ uepe3 obpasel,
a MpH BKJIIOUEHHH TOKAa Ha 3KpaHe ocuumiaorpada Habuaio-
JaeTcsi YCHJeHHbIH MOJIe3HbIH CHTHAaJ, XapakTep KOTOPOro
nokasan Ha puc. 9.6. Tlocse nepBoHauanbHOrO BCIJIECKA,
COOTBETCTBYIOLIEr0 MHAYKLUHH HOCHTeseH 3apsaa B ob6pasel
nornepeyHeIM NoJeM, ClelyeT pesakCallMOHHBIH Npolecc ycTa-
HOBJIEHHS] DABHOBECHS MeXJy HOCHTe/lsIMH 3apsjia B obeux
30HaxX, a TOPHU3OHTAJbHBIH Y4acTOK COOTBETCTBYEeT KBa3H-
pPaBHOBECHOMY COCTOSIHHIO C HOBbIM 3HAaueHHeM TOBEPXHOCT-
HOTO 3JIEKTPOCTATHUECKOTO NMoTeHHana Ys. I1pun oGecneuenuu
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pexxuMa reHepatopa Toka B lend o6pasna (R; + Rx>
> Ro6p), H3MEeHeHHe TNafleHHsi HanpsikeHHss Ha Hem AV,
H3MepsieMoe OCIHJI0rpacoM, NPONOPLUHOHANLHO H3MEHEHHIO
ero npooiuMocTH AG M CBA3aHO C MOCJEAHHM MHPOCTHIM

COOTHOIUEHHEM:

AG=L_2
b IR,

X (9.12)

3necy ! — nauHa obpasua, a b —ero mwupHHa, Tak 4YTO H3-
MeHeHHe MpoBoauMocTH AG moJyyaeTcs yKe OTHECEHHBIM K
e[HHHLe MOBEPXHOCTH o6paslia, Ha KOTOpYIO AefcTByeT MO-
nepeuHoe mnoje. Ecau oHO
NPHKIAAbIBAeTC K 06eHM
6osbLINM TpaHsiM o6pa3sia,
TO B 3HaMeHaTeJb JOJ-
XKeH OLITb BBelleH K03 dH-
uueHT 2. Camu H3MepeHHs
BbIXOJHOTO CHTHana yno6-
G 4o  NpOM3BOAMTH  NyTeM
Puc. 9.6. Curnan npu usmepennsx mero- CPABHEHHs C CHTHAJOM OT
noM 3bdexTa Noas Ha NPAMOYTOJAbHBIX reHepaTopa KaJIH6pOBO'~l-

HMIyJabcax. ONylleHbl KCHePHMEHTalbHO
HeHa6Ji0JaeMble CHTHAJbBI, COOTBETCTBYIO- HbIX HMIIyJIbCOB (FKI/]) , o-

mie 3apRAKe K DA Ak Smnn "O°P laBaeMBIM HeNOCpexCTBEH-
HO Ha BXOJA YCHJIHTEJIA.

BoszefictByss Ha o6pasel HMNyJbCaMH MONEPEYHOTO Ha-
NpsKeHUs1 Pa3HOH BeJHUYMHBI M MOJSPHOCTH, MOXHO MOJY-
YHTh 110 TOYKAM BCIO KPHBYIO H3MEHEHHS NPOBOAMMOCTH B
3aBHCHMOCTH OT BeJIHVHHBI HHAYLHPOBAHHOTrO B 06pasel 3a-
paga, AanbHedas o6pabGoTKa KOTOpOH Obl1a yKe HaMmu
onucaHa.

Cienyer nomyepkHyTh, YTO B ONHCBIBAEMOM BapHaHTe
MeToAa 3(deKTa noJs 3KCNepHMeHTAJJbHbIH KOHTPOJb OCY-
1IecTBJ/eHHsl TPpeOOBaHHS KBAa3HPaBHOBECHOCTH MOBEPXHOCTH
BecbMa npocT H HarasgeH. OH CBOAHTCA K KOHTPOJIIO TOPH-
30HTAJbHOCTH «IOJKH» Ha IPOTAXKEHHH NPOMeXyTKa Bpe-
MeHH, TpPHMepHO Ha INOpPSAOK IMpeBLIIAIOUEr0 BpeMs Ha-
YaJIbHOTO peJlakCallMOHHOTO npouecca. B cayuae repmanus,
HalnpuMep, IJIs 3TOrO JOCTATOYHA YYBCTBHTEJBHOCTb H3Me-
PUTEJNILHON CXeMBbl MO IepeMeHHOMY HaNpfXXeHHIO MOopsiKa
100 mxs, 4TO mMpenBABASAET He CAMLIKOM BbICOKHe TpeGOBa-
HHSl K YPOBHIO COGCTBEHHbIX LIYMOB LIHPOKOMOJIOCHOTO YCH-

Hamenenve npolbodumociy
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JauTensi. B npHHLHMNe BO3MOXHA TaKXe [pOBepKa GJIM30CTH
XapaKTepHCTHUeCKOTO BpeMeHH penaKCallHOHHOro mpoiiecca
¥ He3aBHCHMO H3MepeHHOrO NPH TOM 2Ke COCTOSIHHH NOBepX-
HOCTH O6pasna 3¢ (PeKTHBHOTO BpeMeHH »KH3HH H3OBITOUHBIX
HocHTesel 3apaga. Takasa nmpoBepKa, OAHAKO, PeAKO MPOBO-
JHUTCA Ha NpaKTHKe, Tak KaK AJs Hee HeoOXoJHMa BecbMa
coBeplleHHasi cHcTeMa 6aJlaHCHPOBKH IePeXOAHBIX MNpollec-
coB, 6oJiee 3¢ peKTHBHASA, UeM 3TO TpebyeTcs A1 BrioJHe 106-
pOKaueCcTBEHHbIX H3MePeHHH MOBePXHOCTHOH NMPOBOAHMOCTH.

OrmeruM, HakoHel, 4To B psafe pabot [61, 52] addekr
noJ/sfl Ha MMIYJbCHOM Hanpsi>KeHHH HCMOJIb30BaJCH I/ HC-
C/leJOBaHHUSA 3aXBaTa Ha MelJleHHble MOBEPXHOCTHEIE COCTOS-
Husa. [Ipn 3TOM H3MepeHHs MOBEPXHOCTHOH MPOBOJMMOCTH
TIPOHU3BOAMJIMCE TIOC/e BKJIOUEHHS HaNpsXKeHUs uyepe3 ompe-
IeJleHHBle IPOMEXYTKH BpeMeHH A0CTaTOYHO 6oJbliHe, UTO-
Obl yacTb MHAYLHMPOBAHHOIO 3apfia oKasajach Obl 3axBa-
YeHHOH W Ha Me/JleHHble MOBepXHOCTHble cocrosHusA. Como-
CTaBJASl TOJNYYeHHYI0 TaKMM 00pa3oM KpHBYIO H3MeHeHHS
NPOBOJUMOCTH C KPHBOH, KOra 3axBaT MPOHCXOAHJ TOJbKO
Ha OBICTpble NOBEPXHOCTHble COCTOSIHHSI, MOXHO OGBIYHBLIM
cnoco60M BbIAEIHTb 3apsill, 3aXBaueHHbIH HAa Me/JIeHHbIe CO-
crosHusl. Heo6xoquMo mOLYepKHYTb, OAHAKO, YTO HeT HHU-
KaKHX OCHOBAHHH CYHTaTb PaBHOBECHBIM HJU KBa3HpaBHO-
BECHBIM 3TOT 3apsi, KOIAa ero BeJHYHHAa OJHO3HAYHO
onpejensieTcsl 3HauyeHHeM NOBEPXHOCTHOro norenunuana. Co-
OTBETCTBEHHO, HeOGOCHOBAHHBIM SIBJISIETCS H ONpelesieHHe
KOHLIEHTpalUU# KW 3HepreTHYECKHX IOJIOXKEHHH YDOBHell Mej-
JIEHHBIX OBEPXHOCTHBIX COCTOSIHHH OOBIYHBIMH MeTOJaMH
HHTepNpeTalMH MOJYYeHHBIX TaKHM CIOCOOOM 3SKCIepuMeH-
TaJbHBIX NaHHBIX.

B psine oTHouleHH! 6oJlee YAOOHBIM MeTOJOM ONpexee-
HHSI MOBEPXHOCTHOI'O 3JIEKTPOCTATHYECKOrO NOTeHIHaJja $iB-
Jsietcsi 3 deKT nmoast Ha GOJBLIMX CHHYCOHLAJbHBIX CHIHA-
aax [53]. TlpunuMnuajbHAsi cXeMa H3MepeHUHl MO 3TOMy
BapHaHTy MeToja H3o6paxeHa Ha puc. 9.7. OcHOBHOe ee
OTJIHYHe 3aKJII0YaeTcss B TOM, YTO BMECTO MNPSMOYTOJIBbHBIX
MMIIy/IbCOB Hanpsi)KeHHs Ha KOHAeHcaTop 3ddekTa noas no-
naetcst OOJIBLION CHHYCOMJAJbHBIA CHTHAJ, NMepHoJ KOTo-
poro Trep AOJIXKeH YNOBJIETBOPATH CJAELYyOlIeMY YCJOBHIO:

TﬁbICTD T < T K gMean (913)

3axB ' pek nep 3axsB °*
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OueBHAHO, YTO BHIIOJHEHHE 3TOTO YCJIOBHA O6ecrneunBaer
KBa3UPABHOBECHOCTb COCTOSIHHSl MOBEPXHOCTH IOJIYNPOBOJ-
HHKa B JI000H MOMEHT BpeMeHH, IOCKOJbKY paBHOBeCHOe
3aroJiHeHHe OBbICTPBIX MOBEPXHOCTHBIX COCTOSIHHI H YCTaHO-
BJE€HHe DaBHOBeCHS MeXJy HOCHTeJSAMH 3apsla B 30HaX
NpakTHYeCKH OGe3blHePIHOHHO CJEeAYIOT 3a H3MeHeHHAMH
MTHOBEHHbIX 3HAYeHHH MONEPEeYHOro 3JEKTPHUYECKOTO MNoJs,

Puc. 9.7. IpunuunuaibHag cxema H3MepeHH#t no Metomy sbdekra moss Ha cuny-

connaJbHOM HanpskeHuHu. JIB — AaMnoBbl BoJAbTMeTp, 30 — 3/eKTPOiHbIH OCLHJI-

sorpad, 3I' — 3ByKoBoO# reseparop, ¥ — ycuaureab, ¢B — dasoBpauratenas, 'KH — re-
HepaTop KaJH6POBOYHBIX HMNYJbCOB, [T — o6pasel, NOJYINPOBOLHHKA.

a mpolecc 3axBaTa HAa MeJJIeHHble MOBEPXHOCTHBIE COCTOSI-
HHs1 BOOOllle He yCneBaeT pa3BUBAThCS.

Ilpu u3MepeHHAX Ha OOJBIIOM CHHYCOMAAJBHOM Hamps-
KeHHH OasnaHCHUpOBKA Napa3HTHOIO CMKOCTHOTO CHTHaJja
HUMeeT NepBOCTeNeHHOe 3HaueHHe, H I05TOMY Mbl OCTAHOBHM-
csl Ha 3TOM BOINpOCe HecKoJbKo noapobHee [54]. C momouibio
nepeMeHHBIX CONPOTHBJeHHH R; u Rs, o6pasyoliux BMecTe
C pacnpefesleHHOH eMKOCTbIO 3J/1eKTpod— obpasell MoCTO-
BYIO CXeMy, Napa3HTHbIN CHIHAJ MOXKeT ObITb cOaNaHCHPOBAH
TaKUM 00pa3oM, UTO OH CTaHeT OAMHAKOBLEIM MO aMIIHTYAE
u ¢ase Ha o6oux KoHuax ob6pasua. [Ipu 3ToM, ecTecTBeHHO,
HHU OJHH M3 KOHLOB o6paslia He MOXKeT 3a3eMJIATbCS, a CHI-
HaJbl ¢ 060UX KOHLOB o6pasua AOJKHbI ObITh MOJAHB Ha
CeTKYy M KaToJA BBIUHTAIOUEH JaMObl [Js HX B3aHMHOTO
yHHUuTOKeHHsA. UTo6bl He wyHTHpOBaTh o6pasell MaJjbiM Ka-
TOAHBIM CONPOTHBJiEHHeM 3TOjj JaMmObl, B CXeMy BBOLHTCS
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KaTO/HbIH [IOBTOPUTeNb, a AJs CHMMeTPH3allMH BXOoAa H
CHTHAJ Ha CeTKY BbIUMTAIOUlEH JaMObl Takxke MOAaeTcs ye-
pe3 KaToJAHbI MOBTOPHTE/b C MOTEHLHOMETPOM Ha BBHIXOME
A5 TouyHoro GanaHnca. [Tose3Hble cUrHaJbl ¢ KOHLOB 06pas-
11a, BO3HHKalolUIHe NPH MPOTEeKaHHH Yepe3 Hero H3MepHTeNb:
HOTO MOCTOSIHHOTO TOKa [, MPHUXOAAT Ha CeTKy H KaTOJ BhI-
yhTalollell JaMnel B TpoTHBO(ase H CKJAaAbIBAIOTCA Ha
aHoje.

Curnaj ¢ aHoja BBIYHTAIOLIEHl JaMIbl NOfaeTcss Ha YCH-
JauTeNb ¥ ¢ moJocoil mpomyckKaHus oT 2 ey no 2 Mey u xo-
s duunenTom ycuaeHHsa nopsagka 100, uto oxkasbiBaercs Jo-
CTaTOYHbIM, BO BCAKOM cJydyae AJSl HCCledoBaHUA 3P dekTa
noJis Ha o6pasnax repMaHusa C yAeJbHBIM CONPOTHBJEHHEM
B 20 + 30 om- cm npu KOMHaTHBEIX Temnepatypax. C ycumau-
Te/sl CHTHAJ MOCTyMNaeT Ha BepTHKAJbHbIH BXOA OCLHJJIO-
rpada, Torga Kak Ha ero rOpH3OHTaJbHBIN BXOA MoAaeTcs
HanpsKeHHe cO 3BYKOBOro reHepartopa 3/, coeqHHEHHOTO
C 3JeKTpPoAOM KOHAeHcaTtopa 3ddekra mnoad. [lockosabky
(asa cvrsaJja, npHXoAsllero Ha BepTHKaJbHbIA BXOJ OCIHJI-
Jorpacda, MoxKeT OTJIHUATbCA OT (ha3bl HaNpsKeHUS, Bo3ael-
cTBYlOILero Ha ofpasell, B liellb pa3BepTHIBAIOLUIEr0 Hamps-
JKeHHs BBOAUTCS (pasoBpauiatenr PB. BenuunHa usMepsie-
MOro CHTHaJia KanubpyeTcsl mojaveil MMIYJbCOB H3BECTHOMH
aMIJIMTY[bl OT reHepaTopa KaJuOpOBOUHBIX UMNYJAbcOB 'K
HenocpeACTBEHHO Ha BXOJA YCHJIHTENS H C NOMOLLbIO COOTHO-
wenusi (9.12) nepecunThiBaeTcsi Ha H3MeHeHHe NPOBOAH-
mMocTtH obpasua.

Ecau  cooTHOLIeHHe XapaKTepHUCTHK peslaKCalHOHHBIX
npolleccoB B o6paslie U MepHoia H3MeHeHHs BHeELIHEro Ha-
NpsikeHHsi COOTBeTCTByeT ycnaoBHio (9.13), a cxema mosxk-
HbIM 06pa3oM OTperyJHpoBaHa, TO Ha 3KpaHe ocluaaorpada
JO/KHa HabmlofaTtbCsl KpuBass 6e3 MeTesb, NpeNCTaBIsiIO-
mas co6oii 3aBHCHMOCTb NPOBOAMMOCTH o6paslia OT MTHO-
BeHHOH BeJHYMHBI HaNPSXKeHHOCTH MOIepPeuyHOro 3JeKTpHue-
ckoro noast (puc. 9.8). Hannuve MuHHMYyMa Ha 3TOH KpHBOI,
KOTOPYIO Mbl AJ11 KPaTKOCTH OyldeM B AajbHeillleM Ha3bl-
BaTb Kpusol 3ggexra noas, no3BossieT NPOBeCTH ee obpa-
60TKy, Kak 3TO OnHcaHo Bbille. B cxeMy OGBLIYHO BBOIHUTCS
6atapes b, BK/IIOUEHHe KOTOPOH IM03BOJIsieT CMelllaTb BCIO
KpHUBYIO 3¢bdeKkTa nosis B Ty HJAH HHYIO CTOPOHY 3a CUET H3-
MEHEeHH BeJHYHHBl IOBEPXHOCTHOTO 3JEKTPOCTATHUECKOTO
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noreHuuasna Ygs, COOTBETCTBYIOLIEHl MOMEHTY paBeHCTBa
HYJI0 HaNPsXKeHHOCTH llePeMeHHOrO 3JeKTPHUYECKOTO MOJIS.

OueBuaHBIM yno6cTBOM MeToAa 3¢ ¢eKTa noas Ha 60Jb-
IIHX CHHYCOHAAJbHEIX CHTHAJaxX fBJAETCH ero 3KCIpecc-
HOCTb, IIOCKOJIbKY KpHBas 3¢@ekTa noJs H3Mepsercs
31eCb He MO TOYKaM, a cpasy — (ororpadupoBaHHeM ee
¢ 3KpaHa ocuuasnorpada. Heo6xoa1MMo NOAYEPKHY Th, UTO 3TO

Puc. 9.8. OcuunnorpamMa KpuBol addexrta noas.

pas/iuyde SBJASIETCS BONPOCOM He TOJbKO H Jaxe He CTOJMb-
KO yH06CTBa, CKOJIbKO BO3MOXHOCTH M36G€rHyTb CyLIECTBEH-
HBIX OIIMOOK NPH MOJNYyUeHHH H HHTepIpeTalHH SKCNepUMeH-
TaJbHBIX AaHHbIX. [leslo B TOM, YTO paccMOTpeHHasl Bhillle
3aBHCHMOCTb 3aXBaU€HHOTO OLICTPLIMH MOBEPXHOCTHBIMH CO-
CTOSIHUAMH 3apsiia OT [IOBEPXHOCTHOTO 3JIeKTPOCTATHUECKOTO
NoTeHLHaJa M aHaJOTHYHaAst el 3aBHCHMOCTb CKOPOCTH IIO-
BEPXHOCTHOH peKOMOMHALHH HUMeIOT LEeHHOCTb TOJNbKO B TOM
ciyuae, eclH KOHIIEHTPAlHH LeHTPOB 3axBaTa H PeKOMOHUHaA-
IIMH He H3MEHSIOTCS B XOJAe MOJIyUYeHHs] COOTBeTCTBYIOILHX
3aBucuMocTe#l. B npoTHBHOM ciyuae 3axBaueHHBbIH 3apsn
HJIH CKOPOCTb TOBEPXHOCTHOH peKOMOHHALHUH fBJAAIOTCA
(yHKIHell IBYX TNepeMeHHbIX, H3 KOTOPbIX OJHAa HeHW3BeCTHa
U He NOJJAIOTCA TeopeTHYeCKOH oGpaboTke.
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B TO e BpeMm$, nNpH MOCTPOEHHH COOTBETCTBYIOIIHX 3a-
BHCHUMOCTEH MO TOYKaM, KOT/[a MNOJyueHHe Bcell KPUBOH Tpe-
Oyer 3HAUHTENILHOTO BpPeMeHH, MOTYT NPOHCXOAHTBH M, Kak
noKasaJl ONbIT, AEeHCTBUTENbHO MNPOHUCXOAAT 3HAUMTEJbHBIE
U3MEHEHHA B KOHLEHTpPaUMSAX W 3HAUYeHHSAX NapaMeTpoB Gbl-
CTpHIX (B TOM uHC/Je M peKOMOHWHALHOHHBIX) NOBEPXHOCT-
HbIX COCTOSIHHH 3a BpeMs IOJYyYeHHS TaKHX 3aBHCHMOCTeH.
O6 oxHOI M3 NMPHUYHMH TakUX H3MEHEHHH yXKe TOBOPHJIOCH
paHee B CBfI3H C ONHCaHHeM MeToxa raszoBoro uukJa. OHa
(BA3aHa C M3MeHeHHeM Tra30BOr0 OKpyxeHHa obpaslua, a,
COOTBETCTBEHHO, H PaBHOBECHOTO AaACOPOLHOHHOTO MOKPHI-
tus. IlonoGHble e H3MeHEHHsT MOTYT HMeTb MeCTO, Kak
0Ka3asloCb, H NPH IOCTOSHCTBE COCTaBa ra3oBOH cpefbl, H
Jaxe B BaKyyMe, 3a CueT H3MeHeHHH B agcopOUHOHHON cro-
co6HOCTH caMoro o6pasua NpH BO3JeHCTBHH Ha €ro moBepXx-
HOCTb NOMNEepeyHbIX 3/JeKTPHYeCKHX MoJell WiH NpH MOorJole-
HUM uM cBera. IlepBbli U3 3THX 3¢ (deKTOB, NOJYUHBUIHH
Ha3BaHHe «3h(deKT HakomJaeHHdA», HabJionajacid Kak MNpH
JAEHCTBHH HMNYJAbCHBIX, TaK H CHHYCOHAAJbHBIX 3JEKTDH-
yeckux noneil [49, 50]. BoJsee noapo6Ho or OyxeT paccMo-
TpeH faJjbllle, IOKA XKe OrpaHHYHMCS yKa3aHHeM, UTO OH 3a-
knwoyajcs B 60Jlee MM MeHee 3aMeTHOM H3MeHeHUH 3apsjia
MejlJIeHHbIX TOBEPXHOCTHBIX COCTOAIHHH H KOHLEHTpauHH
OLICTPBIX M PEKOMOWHAIMOHHBIX MOBEPXHOCTHBIX COCTOSIHHI
B 3QBHCHMOCTH OT aMILIUTY[Abl HMIYJbCHOTO HJIM CHHYCOH-
JaJbHOTO HaNpsi)KeHHs, BO3AeHCTBYIOILEro Ha I110BEDXHOCTh
o6pasua. OyeBHAHO, YTO NPH HANHYHH CYLIECTBEHHOTO «3¢-
(eKTa HAKONJIEHHA» HCCJAeOBaHHe 3axBaTa HJH MOBepx-
HOCTHON PEeKOMOHHAIIHH B 3aBHCHMOCTH OT IOBePXHOCTHOTC
3/IEKTPOCTATHYECKOr0 MOTeHlHanla He MOXeT ObITb KOPpPeKT-
HO BBHIIOJIHEHO NPH H3MepeHHsIX MO ToukKaM. B cayuae HcH
MOJIb30BaHHUSI ONUCAHHOTO BapHaHTa MeTona OOJBIIHX CHHY-
COHAAJbHBIX CHTHAJOB «3(Q(}eKT HaKOIJIeHHSI» He MOXeT
UrpaTth CYIIECTBEHHOH pOJIH, TNOCKOJbKY BpeMeHeM IOJY-
yeHHsl Bceil KpUBOH 3(Pp¢eKTa noss sABASAETCS B 3TOM cJayuae
BpeMs ¢ororpadupoBanusa ouuanorpaMmmbl. [IpH uyBCTBH-
TeJIbHOH MJIeHKe 3TO MOTYT ObITb JecsiThle H [aKe COThle
NIOJIM CEeKYHAB! (ecsy, KOHe4YHO, NepHOJ H3MeHEHHs Molepey-
HOTO 3JIEKTPHYECKOTO IOJIsl ellle HEeCKOJNbKO MeHble), TakK
410, MPOBOAA TOCJeA0BaTe/bHble (OTOrpadHpPOBaHHSA, MOXK-
HG Jaxe H3yuaTb caMy KHHeTHKY 3(deKTa HaKOIJIeHHA.
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B03M0KHOCTD HEKOHTDPOJINPpYeMbIX OLHGOK 3a cueT 3¢-
(ekTa HakOnJIeHHsi BO3HHKAeT, pasyMeeTcs, He TOJAbKO
B HMIIYyJbCHOM BapuaHTe 3(()eKTa Nojs, HO H B €ro CHHy-
COHAANbHBIX BapHaHTaX, B KOTODbIX MOJyyeHHe KDHUBOH 3¢-
(ekTa nosisi MPOH3BOAHUTCS 110 TOYKAM.

OnHuM M3 TaKMX BapHAHTOB METOJa fIBJSETCS MOCTOBaf
cxema A. Msuu [55], wupoko ucnoanb3dyemass B paborax

{
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Puc. 9.9. CxeMa nBo/NOro MocTa JAJa H3MepeHHH MOBEPXHOCTHON

NPOBOIHMOCTH Ha CHHYCOHAAJbHOM HanpsxkeHHH u 3bdexkTus-

HOTO BpPeMeHH XH3HH H30bITOYIBIX HOCHTEJel 3apsjia HAa MaJiblX

HHBEKTHPYIOIHX UMITYJbcax. ¥ u O — yCHJIMTe b K ocuH0orpad,

&B — dasospamarens, M —uMmny/ascHblii renepatop, IT — ob6pa-
3el, MOJYNmPOBOAHHKA.

BO3IVIABJAsIeMOl WM rpynnbl HcciaepoBatenteit [M12]. Cxema,
npuBeleHHas Ha puc. 9.9, aBasgeTcs ABOHHBIM MeCTOM, Aal0-
IIHM BO3MOXKHOCTb OLHOBDEMEHHOrO H3MepeHHS MOBEPXHO-
CTHOH NPOBOAHMOCTH H 5P PEKTHBHOIO BpeMeHH XXH3HH H3-
OBITOUHBIX HOcHTesdell 3apsina. Ko BTopo#l ee (YHKUHMH Mbl
BepHeMCsl HeCKOJIbKO TO03XKe, NOKa e OTMeTHM, 4TO H3Me-
peHHs TOBEPXHOCTHOH NPOBOAHMMOCTH OCYLIECTBJAIOTCS B
9TOH CXeMe B MOMEHTH MAaKCHMYMOB CHHYCOHAA/IbHOTO
HaTpsxKEeHHs!, BO3LEHCTBYIOUIEr0 Ha MOBEPXHOCTb obpasia.
Ilas monyuenusi nmoJHOoH KpuBo# 3ddekTa moss HeoGXOAHMO
MPOBOAHTb M3MepeHHs NpPH Pa3HbiX 3HAYeHHSX AMILIHTY bl
MOTepeyHoro 3/1eKTPHYECKOro MoJis, KOTopasi 3alaeT KBasH-
paBHOBECHble 3HAaUeHHsl IOBEPXHOCTHOrO MoTeHuuasna. [le-
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TaJibHOE OnucaHue paboyei cCxeMbl TAKOTO MOCTa NpPHBEIEHO
B cTaTbe [56].

B skcrmepuMeHTa/bHBIX HCCJAENOBAHHAX MO METOAY 3¢-
(hekTa noJs NPHMEHSJIHCb MHOTOUHC/eHHble BHAOM3MEeHeHH s
OMHCAHHBIX BBIIIE OCHOBHLIX cxeM. HauGosee npHHIHIHAB-
HHIM H3 HHX SIBJISIeTCA HCIOJb30BaHHe IePEeMEeHHOro Hs3-
MEPHTEJIbHOrO HAMpSDKEHHs1 C TMOCAeAYIOUlell YaCTOTHOR
¢dbunbTpalKei cUrHaja Aasi yCTpaHeHHsl mapas3uTHbIX €MKOCT-
HbIX CHTHasoB. HekoTopble H3 TakKHX CXeM OIIHCAHBI B
KHure [M11].

§ 10. HUccanenoBanne 3axBaTa HocuTeseil 3apsaa
Ha MOBEPXHOCTH METOJIO0M MOBEPXHOCTHOH eMKOCTH

[Ipu onucaHun MeToAuKH 3(p¢eKTa noas HaMuH OGblio
CleslaHO BecbMa CYILeCTBEHHOe MJs 3TOr0 MeToaa Ipe.ro-
JIOXKEHHe, YTO BeJHUYHHA HHAYLHpYyeMoro B o6pasel 3apsaa
CBfi3aHa TMPOCTbIM COOTHOLIEHHEM C MIHOBEHHBIM 3HaueHHeM
NPUJIOXKEHHO! Pa3HOCTH MOTEHIHAJIOB:

Quﬂazch, (10.1)

rie eMKOCTb KOHAeHcaTopa 3¢ ¢dekta moaa C, He 3aBHCHT OT
HanpsmxeHHsa. Mexay TeM OYeBHAHO, UYTO KOHLEHCATOp 3¢-
(beKTa no.s BKAlouaeT B ceGs IBe NOC/JeL0BaTENbHO COeLH-
HeHHble eMKOCTH: TeOMeTpHYeCKYl0 eMKOCTb 3a30pa MexXIy
MeTaJl/IH4eCKHM 3JIeKTPOAOM H IIOBEPXHOCTbIO IOJYNPOBOJ-
HHKa Cy U NMOBEPXHOCTHYIO eMKOCTb, COCTOSIIIYIO H3 €MKOCTH
MPHIIOBEPXHOCTHOTO €J10f NPOCTPaHCTBeHHOro 3apsiaa Cup. sap
H eMKOCTH, COOTBETCTBYIOLLei{l 3aXBaTy Ha IOBEpPXHOCTHBIE
COCTOSIHHS.

[ToBepxHOCTHast eMKOCTb, Kak OBlJIO MOAPOGHO paccMo-
TpeHo B § 4, 3aBHCHT OT BHewlHe#l Pa3HOCTH MOTEHIHAJIOB,
4TO CTAaBMT NOJ COMHEHHe CaMy BO3MOKHOCTb HCIOJb30Ba-
Hus cootnomenHsa (10.1). OgHako NOCKOJbKY 3TH €MKOCTH
COeliMHeHbl MOCJe0BaTeNbHO, MOJHAs €MKOCTb KOHjeHca-
Topa addekra nona 6yner:

C = -ExCrnon
Cx+ Cros

OTCIOlIa BbITeKaeT YCJOBHE CHpaBeAJUBOCTH YpaBHEHUSH

(10.1):
Cyon > Cyy (10.3)

(10.2)
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NpHU BBHIIOJHEHHH KOTOPOrO eMKOCTb KOHAeHcaTopa 3¢dekTa
nojss C Xopollefl TOYHOCTbIO paBHA €ro reOMEeTPHYECKOH
emkoctH. OGBIYHO B 5KcIepHMeHTax 3¢ ¢deKTa noss ycjoBHe
(10.3) ocyuiecTBasieTcsl 3@ CUeT OTHOCHTEJBHO GOJBIION TOJI-
IMHBl BO3JYLIHOTO 3a30pa HMJIH IH3JeKTPHYECKON NpoKJal-
KH KOHJeHcaTopa M MpOBepsieTCs N0 He3aBUCHMMOCTH H3Me-
psieMOll BeJHUYHHBI €MKOCTH KOHJeHCcaTopa OT aMIJIHTYIbl
nepeMeHHOTO HamNpsiKeHHs1 ¥ HajJaraeMoro Ha Hero mocro-
siHHOro cMemleHHsa. C Apyroil cTOpoHbl, MpH 06paTHOM co-
OTHOLLIEHHH MeXJy BeJHYHHAMH 00eHX eMKocTeil:

Ci> Cuos (10.4)

€MKOCTb KOHAeHcaTopa 3d¢ekTa nons 6yneT paBHa MOBEpX-
HOCTHO! eMKOCTH, 3aBHCHMOCTb KOTODOH OT HaNpsI:KeHHOCTH
MOIepeyHoro N0Js1 MOXHO H3ydyaTb HemocpeacTBeHHO. [Ipak-
THUecku ycsoBHe (10.4) MoxkeT GBITh OCYLIECTBJIEHO OJHHM
U3 IBYX cnoco6oB: 1160 HaHeceHHeM MeTaJsJIHuecKOTO 3JieK-
TpOJa HenoCpeJCTBEHHO HAa TOHKYIO AH3JEKTPHUYECKYIO MJIeH-
Ky OKHCHBIX HJH HHBIX COeJHHEHHI BellecTBa MOJYNPOBOJ-
HHMKa, MOKPBIBAIOILYIO ero MOBEPXHOCThb, JHOO NPOBeeHHEM
H3MepeHHil ¢ 06pa3loM, IOTPYKEHHBIM B 3J1€KTPOJIHT.

B nepBom cayuae GoJsbluas BeJHYHHA TeOMeTpPHYECKOH
€MKOCTH JOCTHraeTcsl 3a CYeT MaJIOH TOJIIIHHBI «eCTeCTBEH-
HOM» [IH3JeKTPHUYECKOH IJIeHKH, KOTODPYI0 3a4acTylo aaxe
MPUXOIUTCA HEeCKOJbKO YTOJILAaTh HCKYCCTBEHHBIM IyTeM
IJIsT JOCTHXKEeHHUs1 HeO6XOAHUMOH 3/JeKTPHUYeCKOH NPOYHOCTH H
yMeHbllIeHHs1 TOKOB yTeukKH. OOBIYHO AJS1 3TOTO MCMOJb-
3yeTcsi MeTOJ KAaTONHOro HaMblIEHHS AH3JIEeKTPHKA, 4acTo
C peakiHef.

Bo BTOpoM cJayuae reoMeTpHYeCcKas eMKOCTb MOXKeT GbiTh
cresaHna eule 6cJabliell myTeM aHOAHOTO pacTBOPEHHS «ecTe-
CTBEHHO#» [IH3JEeKTPHYECKON IJIeHKH B 3JeKTpoJuTe (Tak
HasbiBaeMas aHOAHAas naccusauusi). Torga B Hee BXOAMT
TOJIKO €MKOCTb cJ1051 'esbMroJiblia, BO3HHKAIOILEro Ha rpa-
HHIle MOJYNPOBOAHHK — 3J'eKTPOJIHT, BeJHUHHA KOTOPOH MO-
*KeT JOCTHraTh OuYeHb GOMbLIMX 3HaueHHI: 10 100 mxgh/cm?.
ITpu stom ycnosue (10.4) okasbiBaercsi BLIMOJHEHHBIM BO
BCeM MNpaKTHYeCKH [OCTYMHOM JAMaNa3oHe H3MeHeHHsl [O-
BEPXHOCTHOIl eMKOCTH Crop, OAHAKO NMPHUXOAHTCA CUHTATHCA
C HaJ/IHiHeM TOKa, TeKYIero yepes rpaHully pasjesa.
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[Tpu Boinonuenun ycnosus (10.4) B skcnepuMeHTe MOXeT
GbiTh HENOCpeACTBEHHO H3MepeHa AHGGepeHUHabHAs I10-
BEPXHOCTHAsl eMKOCTb, KOTOpasi, B COOTBETCTBUH C pe3ylb-
rataMu § 4, npexcrasasier cobofl cyMMy ABYX NapaJJefb-
HO BKJIOYEHHBIX eMKOCTeH:

Cnon = Cﬂp. 3ap + Caaxa- (105)

ITockosbKy 3aBHCHMOCTb €MKOCTH IPOCTPaHCTBEHHOTO
3apsana Cup, sap OT IOBEPXHOCTHOTO NMOTeHLHAJa MOXeT ObITb
BHIYHC/IEHA TeOpeTHUeCKH, IKClIepHMeHTaJbHble NaHHble MO
COOTBETCTBYIOIEH 3aBHCHMOCTH NOJIHOH NOBEPXHOCTHOH eM-
KOCTH MOTYT OBbITh HCIIOJb30BAaHBI AJISl H3YyueHHs fIBJIeHHS
3axBara.

B coorBercTBHHM C OmpejeseHHeM NOBEPXHOCTHOH eMKO-
CTH KaK BeJWYHHBl AuG@epeHIHANbHOH, OHA AOJKHA H3Me-
PATBCS HA MaJlOM [lepeMeHHOM CHTHaJle, TOTAA KAaK 3HAueHHs
NIOBEPXHOCTHOTO MNOTeHLHaJa, ee ONpedessioliHe, MOJKHbI
3aJaBaThCAd BeJHYHHOH M 3HAKOM TNOCTOSIHHOTO NOTeHLHana
CMellleHHUs], Hall0XKeHHOro Ha KoHJaeHcatop. CoOTBeTCTBEHHO
JKIepHMeHTa/lbHble NaHHble O6yAyT NpeAcTaBasiTb co60# 3a-
BUCHMOCTb AH(]depeHIHaNbHOH N0OBePXHOCTHOH €MKOCTH OT
noreHuHana cmeuledusa. Ecau 6bl B KOHAeHcaTOpe OTCYT-
CTBOBAJIM TOKH YTeUKH, a Ha NOBEPXHOCTH MOJYNPOBOAHHKA
He OBbLIO TOBEPXHOCTHBIX IIEHTPOB 3axBaTa, TOrJa IpHJO-
JKeHHOe M3BHe HaNpsKeHHe CMellleHHsl najnano Obl LeJHKOM
B IIPHIIOBEPXHOCTHOH 06/1aCTH NMPOCTPAHCTBEHHOTO 3apsijia.
VHauye rosops, H3MeHeHHe MOBEPXHOCTHOrO 3J1eKTPOCTaTH-
yeckoro MoTeHIHaJa NpPH HaJ0XeHHH BHELIHero cMelleHHs
66110 Obl TOYHO paBHO MNOTeHUHaJy cMelleHus. Ilpu sTom
IS npeo6pa3oBaHUs WIKaJbl IOTEHLHAJ0B CMeEILeHHs
B LIKaJy MOBEPXHOCTHBHIX 3JeKTPOCTaTHYECKHX MOTeHIHaJoB
HeoOX0J4MMa TOJbKO OJHA TOYKAa CpaBHEHHs, KOTOpOH, ecTe-
CTBEHHO, MOXeT CJAyXHTb MHHHMYM €eMKOCTH CJOsl Npo-
CTpaHCTBeHHOro 3apfja. HanmomHuM, 4YTO 3HaueHHe IIO-
BEDXHOCTHOTO 3JeKTPOCTAaTHUeCKOro MOTeHIHaJ/Ja, COOTBeT-
CTBYIOLlee MHHHMYMY €MKOCTH CJIOS MPOCTPaHCTBEHHOTO
3apfaa, onpejeJsiercsi 06beMHBIMH CBOHCTBaMH o6pasua H
MOXeT ObITb PacCYHTAHO TeOpeTHUEeCKH.

Takum o6pasoM, u3MepeHHs aAHGGbepeHUHATbHONH MNO-
BePXHOCTHOH €eMKOCTH B HjAeaJbHOM cJyyae KOHJeHca-
Topa 6e3 yTeuek M IOBEPXHOCTH MOJYNPOBOLHHKA G6e3
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MOBEPXHOCTHBIX LIEHTPOB 3aXBaTa MOLYT CJYXKHTb AJs ONpe-
JeJleHUs] 3HayeHHH IMOBEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO
MoTeHIHAa/a, COOTBETCTBYIOIIHX Pa3JiHUHbIM BeJIMMHHAM MO-
TEHIHAJO0B CMeLleHHS.

3HAYHTEJbHO CJIOXKHee feJo OGCTOHT B peasibHBbIX Cay-
yasix. Hanuuue yreuek, oco6eHHO 6OJIbIINX NPH TpOBefe-
HHH 3KCIEPHMEHTa B 3JIeKTPOJHTAX, MPHUBOAUT K TOMY, UTO
YyacTb MOTeHLHaJja CcMelleHHsl, NpHYeM, KOHeyHO, 3aBHUCH-
mias OT BeJHUYMHBl H 3HAKa CMellleHHs, majaeT Ha COMNpoO-
THBJIEHHH yTeukKH. DKpaHHPOBKA MPHIOBEPXHOCTHOH o0GJa-
CTH NpPOCTPAaHCTBEHHOTO 3apsjia H3MeHeHHeM 3apsajaa, 3a-
XBaueHHOTO Ha MOBEPXHOCTHBIX COCTOSIHHAX, elle O6oJiee
YCJIOXKHSIET CBA3b MeX/Jy NOTEHIHAaJOM CMeLleHHS H H3Me-
HeHHeM NOBEPXHOCTHOIO 3JIeKTPOCTAaTHUECKOro MOoTeHLHaJa.
EnvHCTBEHHBIM BBIXOJAOM H3 IOJIOXKEHHs SIBJISIeTCS yCTaHo-
BJE€HHe TaKOH CBfI3H [OMNOJHHTENbHBIM 3KCIEeDHMEHTOM IO
H3MepeHHIO MOBEPXHOCTHOTO 3JeKTPOCTAaTHUECKOTO MOTeH-
HaJjJa ONHHM H3 ONHCAaHHBIX B MNpedplayuleM naparpade
MeTO#OB. Toraa B pe3ysabTaTe 3THX ABYX IKCMEePHMEHTOB —
HaMepenus AuddepeHIHaNbHON TOBEPXHOCTHOH eMKOCTH
B 3aBHCHMOCTH OT IOTeHIlHaJa CMelleHHsl ¥ H3MepeHHd
3HayeHHH MOBEPXHOCTHOrO 3JIEKTPOCTATHUECKOTO TOTEeHLHa-
Jla, COOTBETCTBYIOIIUX Pa3/IMYHBIM NOTeHLHanaM CMelleHHs,
MoxeT OBbIThb [OJyueHa HCKOMas 3aBHCHMOCTb I[IOBEPXHO-
CTHOH €eMKOCTH OT TOBepXHOCTHoro noteHuuana. Comno-
CTaBJeHHe SKCNepHMEHTaNbHOH KpPHBOH ¢ TeOpeTHYEeCKH
pacCYHTAaHHOH 3aBHCHMOCTbIO I/l €MKOCTH CJIOSl NPOCTPaH-
CTBEHHOTO 3apffa MNO3BOJSET BhIIEJIUTb A4 NOoCaenyolleh
TeOpeTH4eCKOH HHTeprnpeTauny AuddepeHlHaNbHYO EMKOCTD,
COOTBETCTBYIOILYI0O 3aXBAaTy Ha NOBEPXHOCTHHIE COCTOSIHHS.

CoBepilleHHO OYEBHAHO, YTO MNpOBeJeHHe MOAOGHBIX HC-
c/JelOBAHHH Ha pAa3J/IMUHBIX YacTOTaXx MaJloro nepeMeHHOTO
CUTHaJla TO03BOJISIeT CYLLeCTBEHHO PacLIHpPUTb BO3MOXKHOCTH
meTona. M3amepeHusa B 06J1aCTH AOCTATOYHO HHU3KHX YACTOT,
rle 3aXBaT HOCHTeJej 3apsiia Ha GbICTpble MOBEPXHOCTHHIE
COCTOSIHMSI 3aBeOMO YycCHeBaeT CJeIHTb 3a H3MeHeHHeM
MTHOBEHHBIX 3HAUeHHH HanpsKeHHsA MaJoro mnepeMeHHOro
CHrHaJa, NalT HUHGQOpPMALHIO TOJMLKO O KBa3HPaBHOBECHOM
saxBaTe. V3 3THX H3MepeHH#, MOAOOHO cayualo Hcclelo-
BaHUS KBA3MPAaBHOBECHOH MOBEPXHOCTHOH NPOBOAHMMOCTH
B 0GbluHOM 3QdeKTe nossi, MOryT ObITb MOJy4YeHbl JaHHble
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0 KOHLEHTPalUHAX NOBEPXHOCTHLIX LEHTPOB 3axBaTa M pac-
npeaesNieHHH COOTBETCTBYIOUHX MM YPOBHe[l MO MX 3Hepre-
THYECKOMY I0JIOXKEeHHIO B 3allpellleHHOH 30He 3SHepruil Ha
nosepxHocTH. [lpn npoBeneHHH HccnefoBaHH#A B o6JacTH
6o/1ee BHICOKHX YacCTOT, KOTJa 4acTOTa MaJoro nepeMeH-
HOrO CHTHaJ/Jla HayHHaeT CTAaHOBHTCA CPAaBHUMOH C BeJHUYH-
HOH, 0OpaTHON BpeMeHH peJlakcalluM Npollecca 3axBaTa Ha
HEeKOTOpble TPYIbl NMOBEPXHOCTHHIX LEHTPOB, Oyner HabJio-
nartbcs JAUcnepcHs H3Mepsiemoro curHazaa. Ilo xapakrepy
3TOH JUCMEepPCHH MOXHO CYAUTb O BpeMeHax pesakcaluH
npoliecca 3axBaTa, a, C/J1efloBaTeJbHO, U O CeueHHAX 3axBa-
Ta HOCHTeJleli 3apfja NOBePXHOCTHbIMH LleHTpaMHu. B astom
ciyuae (M3HKa fIBJE€HHS TaKXKe BIOJHEe aHaJOruyHa Ccjy-
yal HcCJelOBaHHA HepaBHOBECHOH MNOBEPXHOCTHOH HpOBO-
JUMOCTH B OObIYHOM 3(eKTe MoJs, 3a TeM HCKJIOUEeHHEM,
YTO MOBEPXHOCTHAs eMKOCTb CBfi3aHa C 3aXBaThlBaeMOi
YacTbl0 HHAYUHPOBAHHBIX MOJeM HOCHTeJdel 3apfja, a Mpo-
BOJHMOCTb — C OCTalolMMHcs cBoboaHbiMH. B § 13 Ha-
CTOsILleAl TJIaBbl HeCcKOJNbKO GoJiee nogpoGHo Gyrer oGcey-
XKJeH BoOmpoc 06 HCCAeJOBAHHAX YaCTOTHOH 3aBHCHMOCTH
spdexTa noaA Ha CHHYCOMAANbHOM HaNpPSAXKeHHH H 3ddek-
Ta NOJf Ha INPSIMOYroNbHbIX HMNYJbCaX HaNpsKeHHS.
OcHoBHBIe pe3yJbTaThl 3TOTO maparpada, Kacamoouigecs H3-
MepeHHH Ha MaJ/blX CHTHaJax, Jerko MOTyT ObiThb NepeHece-
HBl M Ha CJyuail HCc/leJOBaHHSl MOBEPXHOCTHOH eMKOCTH.

§ 11. U3mepeHne CKOPOCTM MOBEPXHOCTHOH pPeKOMOHHAUMUM

a) Meroabl, ocHoBaHHble Ha H3MepeHHU 3¢ddeKTHBHOrO
BPEMEHH XKH3HM HU3GLITOYHBIX HOCHTesel 3apana B oGpasue
nosynposogHuka. 3 pesyapratos raasbl | crnenyer, uro
KOr[a MNpollecchl MpUJAUNaHus B 00beMe MOJYNPOBOJHHKA
OTCYTCTBYIOT, a 00beMHOe BpeMs KH3HH H36GBLITOYHEIX HO-
CHTeJIel 3apsjfa H3BEeCTHO, CKOPOCTb IIOBEDPXHOCTHOH pPeKOM-
O6HHaUHMH MoXeT ObITb onpedeseHa NyTeM H3MepeHHs 3¢-
(heKTHBHOTO BPeMeHH XH3HH H3OBITOUHBIX HOCHTeseH 3aps-
na B obpasue noaxonsuiet ¢opmel. B mpocrefiinem cayuae
TOHKOH NpPAMOYTONbHOA MJIACTHHBI TOJLIMHB d COOTHOLIe-
HHe MeXJIy 3THMH BeJHUYHHAMH HMeeT CJeyIOUIHil BHAI:

I
Topd

1 28
=t (11.1)
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[TockonbKy H3MepeHHS 3(h(EKTHBHOTO BPEeMeHH XKH3HH, 3a
HCKJIIOUeHHeM HHbIX TpeGOBaHHi K pasmMepam o6pasioB, HH-
YeM He OTJHYAlOTCA OT H3MepeHHH 0OBEMHOrO BpeMeHH
JKH3HM H3OBITOYHBIX HOCHTeJledl 3apsfa, TO AJs HHUX MpH-
TOAHBl MPaKTHYECKH BCe BeCbMa MHOTOUYHCJIEHHBIE METO.bl
H3MepeHHsl MocjaejHero. DTH MeTOAbl NOAPOGHO OMHCaHH,
HanpuMep, B MoHorpaduu [M14], u nostoMy Mbl orpaHu-
YMMCS JIMIIb NepeyHCJeHHeM OCHOBHBIX (DH3MUECKHX fBJie-
HHMH, MOJIOXKEHHBIX B HX OCHOBY, H HEKOTOpPbIMH 3aMeua-
HHUSIMH, ClielHM(PHYECKHMH AJIS H3MepeHHS! CKODOCTH MOBepX-
HOCTHO# peKOMOHHALWH.

1. Hamepenue crayuonapHotl u36uiTo4HOL nposodu-
moctu. HanbGosee MIMPOKO HcCNOJIb3yeTcst BHYTPEHHH{ (OTO-
st deKT B6JIH3H AJHHHOBOJHOBOTO Kpasi MoJOCh (yHAaMeH-
TaJIbHOTO MOTIJIOLLeHHs CBeTa BelLleCTBOM [0JYNPOBOJHHKA.
B psane ciyuaes npuMeHsieTcsl M MOHH3allMs KBaHTaMH 60-
Jiee BBICOKHX 3SHepPrH#l, a TaKiKe HOHHM3ALHUs 4YaCTHIAMH.
Ilpy NOIJIOIIEHHH pPEHTreHOBCKHX M Y-KBAHTOB, a TaKkKe
HOHH3aLHMH 3JeKTPOHAMH HJM ADYTHMH 4YacTHHAMH, NpO-
[lecChl CYIIeCTBEHHO YCAOXHAIOTCA 3a CueT yIApHON HOHH-
3allid, KOMNTOH-3((eKTa M HHAYUHPOBAHHOTO PEHTreHOB-
ckoro H3jaydeHus. OLHAaKO Bce 3TH MPOLECCHl MPOTEKAIOT
OTHOCHTE/IbHO ObICTPO (MO CPaBHEHMIO C BpeMeHeM pPeKOM-
OHHAllMH) M, B KOHEYHOM CcueTe, MPUBOAAT JHLIb K YBeJH-
YeHHIO 3((eKTHBHOIO KBaHTOBOTO BBLIXOAA JO 3HauyeHHli,
CYUIECTBEHHO NpEeBLIIAIOUHX eAUHHIY.

CrauuoHapHass M30bLITOYHAs NPOBOAHUMOCTb, KaK ObLIO
paHee INOKa3aHO, BblpaKaeTcs CJeAYIOUIMM MPOCThIM CO-
OTHOLUEHHEM:

Go=q(n+1p)BJITs00 (11.2)

rie P —>¢¢dekTUBHbIH KBaHTOBBIH BbIXOHA, a J— KoJauue-
CTBO KBAHTOB M3JIyUeHHs HJIM YacTHL, NafaloUluX Ha KBa-
NpaTHBIH CaHTHMETD NOBEPXHOCTH o06paslla 3a BLIYETOM
OTpa*eHHBIX HJH TNpoleAlIHX CKBO3b Hero.

XoTs1 usMepeHuss 3)PEeKTHBHOrO BpPeMeHH JKH3HH H30hI-
TOYHBIX HOCHTeJlell 3apsfa no H306BLITOYHOH MPOBOAHMOCTH
ype3BbIYaflHO NMPOCTHl B NPHHIHIE, NMPAKTHUECKH OHH Ipef-
CTaBJSAIOT 3HauHTe/]bHble TPyAHOCTH. [daxe B Haubosee
IpocTOM cJayyae cOOCTBEHHOH (OTONPOBOAHMOCTH, KOriaa
BeJHYHHA KBAHTOBOTO BBbIXOAAa OJH3Ka K eAHHHIle, abco-
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JIOTHble H3MepeHHs] KOJIHYeCTBa MOTJIOUIEHHBIX KBaHTORB
tBeTa SMBJSAIOTCS MOCTATOYHO CJOXKHOH 3anaueit. Iloatomy
TaKoll MeToJ, NMpaKTHUeCKH He IpHMeHseTcsl B KauecTBe ab-
COJIIOTHOTO MeTOJA H3MepeHHs BpeMeHH xu3HH. OpnHako,
KaK Mbl YBHAHM B JaJjibHeHIlleM, OH BeCbMa 4YacTO HCMOJb-
3yeTcsl IJIfl OTHOCHTEJbHBIX H3MepeHHji H3MeHeHHH 3ddek-
THUBHOI'O BpEMEHH XH3HH, OOYCJIOBJEHHBIX H3MeHEeHHAMH
CKOPOCTH IIOBEPXHOCTHON peKoMOHHaAUMH. B stoM cayuae
cooTHoileHHe (11.2) MoxeT OBITH 3amucaHO B BHIe

Co = Koo (11.3)

1 KoHcTaHTa K onpenessieTcss nmyTeM IpPaiyHpOBOYHOTO M3-
MepeHHsl OJHOTO 3HAYeHHS Topp KAKMUM-THOO APYrHM Me-
TOAOM.

2. Hsmepenus KuneTuxu u366iTO4HOU npo8OOUMOCTU.
SToT MeTOA MOJYYMJ BecbMa IUHPOKOe pacHpOCTpaHeHHe
B CaMbIX Pa3JIHYHBIX BAPHAHTAaX.

Onuu u3 HaubGosee pacHpOCTpaHEHHBIX 3akKJjiouaercs B
uamepenuu 3aTyxanus ¢oronposodumoctu, Bo3OyKaaeMOi
[IpSIMOYTOJBHBIMH HMIyJbcaMu cBerta. [lpu anurtenbHocTH
3agHero (poHTa CBETOBOTO HMIYJbCa OT AECATHIX JoJel
J0 eIMHHUL, MHKDOCEKYH[, YTO JIerKO OCYyLIeCTBJASeTCs C MO-
MOLIbIO JaMII-BCNBILIEK, MOXHO HaJeXKHO H3MepATb 3ddek-
THBHble BpeMeHa XH3HH C HHXKHHMM [pellelOM OT eIHHHL
[0 NecATKa MHKDOCeKyHI. DTo, B CBOIO ouepedb, obecneun-
BaeT BO3MOXHOCTb H3MepeHHs BCeX 3HaueHHH CKOPOCTH
[IOBEpXHOCTHON DEKOMOHHALMH B repMaHHH, Hanpumep, OT-
BeualolHuXx ycaoBHo S < 2D/d, npu BBINOJHEHHH KOTOPOro
s deKTHBHAS KOHCTAHTa peJaKcalUd MoxkeT OBITb BhbIpa-
JKeHa B BHJe COOTHolleHus (7.43).

Hapsany ¢ H3MepeHHeM 3aTyXaHHs (hDOTONMPOBOAMMOCTH,
IIHPOKOe NpHMeHeHHe HaXOIAT TakxkKe MeTOIbl U3MEPEHUSs
phekTUBHO20 BpeMeHu HU3HU TO YAaCTOTHOH 3aBHCHMOCTH
(¢OoTONPOBOAMMOCTH H TO CABHTY (a3 MexAdy ¢OoTonposo-
IHMOCTbIO M Bo36yxkaatomuM cBetoM [58].

OmHo BpeMs HeKOTOpOe paclpoCTpaHeHHe MOJYYHJIH
MeTOAbl H3MepeliH 00beMHOr0o M 3G (eKTHBHOTO BpeMeHH
KH3HH N0 KHHEeTHKe H30OBLITOYHOH NPOBOAMMOCTH, 006ycJo-
BJEHHOH HHbeKUHeldl HOCHTeJeHl 3apsjga dvepe3 HeOMHYe-
CKMH KOHTaKT. B pasHbIXx BapHaHTax 3TOrO MeTOAa HccJe-
A0Ba10Ch JH60 3aTyxaHHe H3OLITOYHOH INPOBOAUMOCTH
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nocje npekpalleHus AeHCTBHA HHBEKTHDPYIOILErO0 HMIYyJbCa,
aun60 ee HapacTaHHe BO BpeMsl AeHCTBHA TaKOrO HMITyJib-
ca [55]. Xors »TH MeTOABI HMMEIOT psij NPEHMyLIeCTs,
[03BOJISIT  [IOCTPOHUTb  CPABHHUTEJNBHO  TNPOCTHIE, YHCTO
3MIeKTPOHHBIE CXeMbl A/l H3MePeHHH, Y HUX eCTb W CyLIecT-
BEHHbII HeIOCTATOK, CBA3aHHbIH ¢ HEOGXOAUMOCTBIO CO3aHUSA
K obpasuam crhelnuaJbHbIX KOHTAKTOB, o6Jajalolux cnado
HHBEKTHPYIOLUIMMH cBoficTBaMH. Pelentypa M TeXHOJOrHS
M3TOTOBJIEHHS! TAKHX KOHTAKTOB He CJHIIKOM CJOXKHBI (AJ5
repMaHus OOBIYHO TPHMeHsieTcsl BIJIaBJeHHe 0JI0Ba ¢ J0O-
6aBKaMH JIETHPYIOLIMX NpHUMecell THIA, MPOTHBOMOJNONKHOIO
npeobaanatomuM B obpaslle), HO Bce xe TpPeOYIOT 6OJb-
IIero TPyAa M AaKKypaTHOCTH, YeM H3rOTOBJEHHe OMHuUe-
CKHX KoHTakToB. KpoMe Toro, Kak mpaBujo, ciabo HHbEK-
THpYyIOLIHe KOHTAKThl MPUTOAHBI AJ151 paGOThl B 3HAUHTE/b-
HO Gosiee y3KOH 06JilacTH TeMIllepaTyp, ueM OMHueckue. Bce
3TH 06CTOATeJNbCTBA NMPHBEJY K TOMY, UTO H3MepeHHs Bpe-
MEHH JKH3HH, HCMOJb3YIOIIHe HHDBEKUHIO H3OGBITOYUHBIX HO-
cuTeseil 3apsfiia yepe3 HEOMHMUECKHI KOHTaKT, 0co00 UIH-
POKOTO pacnpoCTpaHeHHs He MOJYUYHJIH.

3. Hamepenus apdexrusnol Oaunbr Ougpysuornoeo
cmeujenusn usboiTounblx Hocutesed 3apsda. Tlpu He caui-
KOM GOJIBLIMX 3HAUYEHHSX CKOPOCTH MOBEPXHOCTHOH DEKOM-
6MHAlNH, OTBEYAIOLIUX yKe YOMHHABIIEMYCS paHee YCJo-
BHI0O S <K 2D/d, pacnpeneneHne H3GBITOYHBIX HOCHTeJe
3apsiaa Boosb o6pa3na OT MecTa WX reHepallMu npu x =0
MOXKeT OBbITb BBIPA)KEHO OGBIYHBIM COOTHOLIEHHEM:

). (11.4)

3necb 3bh@ekTHBHAA AJHHA JUGOQPY3HOHHOTO CMeLleHHs
Lsgp = V' DTopg CBA3aHA CO CKOPOCTBIO NMOBEPXHOCTHOI pe-

KOMOHHALMH COOTHOLIEHHEM, HeNOCPeJCTBeHHO BLITEKAIO-
UMM U3 ypaBHeHus (7.43):

-1 43 (11.5)
so0 Los 4D

An = const exp ( -1 :cb
El

Ha ucnonb3oBaHHM 3TOrO COOTHOUIEHHsi Oas3upyloTcs Me-
TOABl OHNpeJe/eHHsl CKOPDOCTH NOBEPXHOCTHOH peKkOMOHHa-
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IMH M3 H3MepeHUH [AJHHb JU(PY3HOHHOrO CMellleHHd,
TaKxKe [OCTaTOYHO TNOAPOOGHO oONHcaHHBle B JHUTepa-
Type [M14].

B cayuae, Korga cKOpoCTb NOBEPXHOCTHOH peKOMOHHa-
IIMM He Maja M 3HayeHHs ee Ha 00eux OOJBIIHX TpaHsX
o6pa3na pasJjHyHbl, COOTHOLIEHHEe OCTaeTcs CIpaBeaJIUBhIM,
0IHaKo BTopoe cnaraeMoe B (11.5) nosmkHO GBITH 3aMeHeHO
BEeJIMUHHON 2, CBAI3AHHOH CO 3HAUEHHWSMH CKOPOCTH IO-
BEPXHOCTHOH  peKOMOHHa-
unn S; u S cienyoumuMm b, omt &7
ypasHenuem [57]: 0

(Da - %) tg (ad) =
=S5,+S, (11.6) &
6) Merton, ocHOBaHHBIH

Ha HCCJEIOBAHHUM CHEKT-
paabHoit 3aBucumocTH ¢o-

/8 POV W T S W N T I H N B B
Tonposoaumoctu. l3Becrt- a8 10 12 14 16 18 2
CTHO, 4YTO ClleKTpaJabHasa 3a- A, meM
BUCHUMOCTb  (DOTOTMPOBOAH-  Pyuc. 11.1. CnekTpaibias 3aBHCHMOCTS

MOCTH  TOAYMPOBORHHKOB ~$oronposeumiocrs oy ocpasios repua:
BOJIH3H JJIHHHOBOJIHOBOTO NOBEPXHOCTHOH peKOMGHHALHH.
Kpast 10J1oChl (QyHAaMeH-
Ta/lbHOTO TIOTJIOLUIEHUS CBeTa HMeeT BecbMa CBOeOOpasHBIN
xapakrep (puc. 11.1). STy 3aBHCHMOCTb ynasnoch O6GbIACHHTD
NpHBJeKas MNpeACTaBJieHHs O peKOMOMHAUUH H3OLITOUHBIX
HOCHTeJlell 3apfja Ha NOBEPXHOCTH MOJYNPOBOJHHKA H H3-
MeHeHHH XxapakTepa TreHepalldM MH3OBLITOUHBIX HOCHTeJsel
C H3MeHeHHeM AJHHBI BOJNHEI BO3Oy:xkaawmero cseta [30, 59].
W3 npeacrabnendoft Ha puc. 11.2 3aBucuMocTH KO3 puLHeH-
Ta TOIJOLIeHHs CBETa OT ero MJHHbI BOJIHBI CJEAYeT, u4TO
C yMeHbllleHHeM [JIHHBl BOJIHBI Bce OOsbllas [0/ aKTOB
reHepal¥u NPUXOLHUTCS HA MPHUMOBEPXHOCTHLIH CJIOH MOJy-
nposogHHKa. COOTBETCTBEHHO H PeKOMGHHAIMSA TOCPELCTBOM
[OBEPXHOCTHBIX LIEHTPOB AOJ2KHA MMeTh Bce Bo3pacTalolllee
3HayeHHe, YTO U OMNpenessieT xapakrep kpusoi puc. 11.1.
Ha nepBbift B3risin MOXKeT MOKa3aTbCs, YTO NPHBEIeH-
HOe O6GbACHeHHe NPOTHBOPEYHT OCHOBHOMY YCJOBHIO BO3-
MOXKHOCTH BBeJ€HHSl MOHATHA CKODOCTH IIOBEPXHOCTHOH
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pekOMOHHALMH — ee He3aBHCHMOCTH OT YCJOBHH reHepauuH
H306LITOUHBIX HOCHTesedl 3apsiaa. Ha camom gmese 3to, pasy-
MeeTcCs, He TaK, H60 OT yC/IOBUH reHepalHH 3aBHCHT He CKO-

poCTb, a TeMI NMOBEPXHOCTHON peKOMGH-
x, oM HallMH, T. e. KOJHYECTBO aKTOB pPeKOMOH-
HalUUH B eJMHHULY BpeMeHH. DTO 3HAUHT,
4TO OT YCJIOBHIl reHepauuu OyneT 3aBH-
CeTb pe3yJbTHPYIOUIUH ypOBEHb HHBEK-
IIMH, KOTOPHIA H onpefensieT ¢OTONPOBO-
OHUMOCTb.

B paGorax [69, 60] 6el1n paspabo-
TaHbl OTHOCHTEJbHO MPOCTble METOAbl HC-
04y NOJIb30BAHUA XapakTepa CHEKTPaJbHOH
3aBHCHUMOCTH (OTONPOBOAUMOCTH  [1J14
onpeneJeHUdss CKOPOCTH I[1OBEPXHOCTHOH
pexom6uHauuu. [Ipu BeIBOme B § 6 co-
OTHOLUEHHA AJSl CTallMOHApHOH (oTonpo-
'L . . BOAMMOCTH o6pasuna moJyNnpoBOAHHKA,

116 ’:’71 , MBl C CaMOTO Hauaja MpeANOJOXKHIN

"™ 4HCTO MOBEPXHOCTHYIO reHepaluio, BCJen-
Puc. 11.2, Crextpans-  CTBHE Yero KO3((GHLUHEHT MOIJOlIeHUs
Has 3aBHCHMOCTb K03¢d-
dbHLHEeHTa NOTJOUeHHA CBeTa He BOLUeJ B IOJYyYE€HHOE COOT-
ST M wan.  HOIIeHue. Ecan pemats Gosee o6uyio 3a-
TasbHOrO MornomerHd. a4y, TO B 06JACTH CHJBHOTrO HOIJIOLLe-
Husg (xL > 1 u xd > 1) MoxHO noay-
YMTb BbIpaKeHHe J[Jfl CTAIlMOHAPHOH (DOTONMPOBOAHMOCTH
B CJelylollleM BHJE:

Go= Al (1 +5 %) (11.7)

wr

rae Jo— uHC/I0 KBAaHTOB, MajaiollMX Ha eIHHHIY IOBepX-
HOCTH MOJYNPOBOZHHKA B eIHHHLY BpeMeHH, a Ko3(pPu-
IHEHT A 3aBHCHT OT MapaMeTpPOB BellleCTBA MOJYHNPOBOJHH-
Ka, HO He 3aBHCHT OT Ko3(dHLHeHTa MOIJIOlIEeHHs CBeTa X.
[Ipennonaraercd, uTo BXOAsu{He B Ko3ddpHuueHT A Besu-
YHHBI KBAHTOBOT'O BHIXOJA M KO3(GHLUHEHTA OTpaKeHHs CBe-
Ta He 3aBHCAT OT IJHHLEI BOJHBEI B 06/1aCTH CHJbHOTO NOTIJIO-
uienus csera. M3 (11.7) HenmocpexcTBeHHO cJiedyeT, YTO OT-
pe3oK, OTceKaeMbll npomo/KeHHeM npsimoit Gy = f(1/x) ot
ocu a6cuuce, a = —D/S npu aw6om 3HaueHun A. 1o 03Ha-
yaeT, YTO MO OCH OpPAHMHAT MOXKHO OTKJaJbiBaTh JOOble Be-
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JIMYHHBI, TPONOPLIHOHAJbHEIE (POTONPOBOAHMOCTH, HallpHUMep,
BeJIMYHHY (OTOTOKA.

Ha puc. 11.3 npuBefens nogoGHble NpsiMble, NOCTPOEH-
Hble 110 9KCMepHMeHTa bHBIM AaHHBIM pHc. 11.1 u 11.2. TIpo-
JOJKeHHe 3THX NpPSIMBIX 10 HX NepecedyeHHs ¢ ocbio aBcuuce
ZaeT BO3MOXXHOCTb ONpee/IUTh 3HaUeHHsl CKopocTell nmoBepx-
HOCTHOH peKOMOHMHALMH, COOTBETCTBYIOIHe O6OMM BHAAM
NOBePXHOCTHO! 06paGoTku. OHM oKasanuck paBHbIMH 220

Gy, omi.e8
190

/i 1 1 1 ! 1
0% eu? sw? swi S0t

1/, cm
Puc. 11.3. 3aBucumocTh (OTONPOBOAHMOCTH

OT BeJHYHHbI, 0o6paTHOR KO3ddHLUHEHTy no-
rJaoweHnss cBeTa TrepMaHHeM (N0 AaHHBLIM
puc. 11.1 1 11.2).

n 1200 cm/cex, npuuem H3MepeHHS NIPYTMMH MeETONAMH
Hajny BecbMa OJIM3KHe pe3yJbTaThl.

ITockonbKy mnpHBeleHHble 3KCIEpHMEHTAJIbHEIE [aHHBbIE
MOATBEPKAAIOT CIpaBeJJHBOCTh OCHOBHHIX (DH3HUECKHX
NpefNockIOK MeTOAa, BO BCAKOM cjayuae [Jis repMaHus *),
OH MOXerT OBITb ellle ynpouleH. M3MepeHus: $hoTONpoBOIH-
MOCTH HJH (POTOTOKA MOTYT ObITb BBINOJHEHBl TOJBLKO FIpH
IBYX IJHHAX BOJIH, OTHOCSIIIUXCA K 0GJIACTH CHJIBHOrQ TO-
IVIOLEeHHs, T'le CIpaBelJHBO cooTHoweHue (11.7).

*) B camoe mnocneqHee BpeMsi BLISICHHJIHMCh HEKOTOPble OGCTOSITENb-
CTBa, OCJIOXHSIOUIHEe BO3MOXHOCTb NPHMEHEHHs! MeTOAa, BO BCSKOM Cay-
yae TMpPH TOHHXeHHbIX TeMnepatypax. J[leso B ToM, YTO paccesHHe
cBeTa BHYTPH o0pasua MOXeT NMPHUBECTH K H3MEHEHHIO YC/IOBHH Ha KOH-
TaKTax, Aaxe npu GoJbLIOM HX yAaleHHH OT of1acTH ocselueHus [270].
ITpu sToM ¢oTonpoBOAHMOCTb OyAeT ONpefeNsiTbCS HE TOJIbKO 3aBHCH-
MOCTBIO OT KO3(Q(HIHEHTa NOIJIOUIEH!S, HO H YCJAOBHAMH Ha KOHTAaKTaXx,
TaK¥ke H3MeHSIOUHMHCA C AJHHON BOJIHB CBeTa.

7 A. B, Pxasos
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Torpa
S=Dny 2=, (11.8)
1
I —a—
X2
roe o= fﬁ _ o OTHoWeHHe (POTONPOBOAUMOCTEH HJIH
GC])Z [d)g p

BeJHYUH (HOTOTOKA, & %4 H Xp — COOTBETCTBYIOLHE 3HAUEHHS
Ko3¢d¢duuHeHTa NOrJoleHHss. B cayuyae repmaHHs, o6/1acTb
JUIMH BOJIH, Tle LeJecooGpa3HO NPOBOJUTbL 3TH H3MepeHHs,
aexut Mexay 1,3 u 1,8 mxm.

B) Meroa, wucnossdywomuii ¢ororasbBaHOMarHHTHbIHA
apdekr. PortorasbBaHoMarduTHeill 3ddekt (OPTM-3dpdexr),
BHepBble 0OHapyxeHHbl M. K. Kukonneim 1 M. M. Hocko-
BbIM [61], mHpOKO HCHOJb3yeTcsl /sl HCCIeLOBaHHSA PEKOM-
OGMHAIHOHHBIX MPOLECCOB B NOJynpoBogHHKax. [1o cyTu fena,
OH mnpefcTaBjaser coGoil pasHOBHAHOCTb 3(pdexra XoJna,
B KOTOPOH TOK CKBO3b of6pasel] 3aMeHeH AH(( Y3HOHHBIM MO-
TOKOM HM30BITOUHBIX HOCHTeJell 3apsAna OT OCBelllaeMOil Iio-
BEPXHOCTH B Iy6b o6pasna noaynpoBoaHuka. Mul He Gyaem
3nech paccmatpuBath Teopuio ®I'M-sddekra, npuBeneHHyl0
B psile yueGHBIX mocoGuit U MoHorpaduii (cMm., HampHUMep,
[M14]), a KOPOTKO OCTaHOBHMCSI HA OMHCAHHH TOJBKO O-
HOTO, TaK Ha3blBA€MOI'0 KOMIEHCAllHOHHOI'O0 MeToda H3Mepe-
auil [62]. Mnoes sToro Metoma cocToMT B KomneHcauud D1C
OI'M-s3¢Perra U3MeHeHHeM NaJeHUs HaNpsKeHHs Ha 06-
pasie 3a cueT (pOTONPOBOAHMOCTH, BHI3BAHHON TeM Ke OCBe-
meHueM o6pasua, yto H PI'M-sdpdexr. Ecau obpasen noay-
NPOBOJHUKA, NOMEILEeHHbII B MarHUTHOe TMOJie, OCBeIIATh
MOJYJHPOBAHHBIM CBETOM, TO MeXJYy ero TOPLAaMH BO3HHK-
Her nepemeHHas J[C PI'M-s¢pdekra. IlpoBoaumocts 06-
pasia Takxe OyaeT H3MeHATbCS BO BpPeMeHH C 4acCTOTOH
moayasiiuM cBeTa. Ecau yepe3 o6pasel, BKJ/IOYEHHBIH MO
cxeMe TreHepaTopa TOKa, NPONYCKaTh HEKHH MNOCTOSIHHBIH
TOK, TO, IPH NPaBHJIbHOM NoAGOpe ero BeJHUYHHBl M Hampa-
BJIEHHS, BCerfia MOXXHO AOGHTbCA B3aHMHOIl KOMIIEHCAIHH
mexay AC ®I'M-adpdexkra ¥ nmameHHeM HanpspKeHUs 3a
cuet (GOTONpPOBOAUMOCTH. IIpH 3TOM ycHIHTENb NepeMeH-
HOro TOKa, BKJ/IOYEHHBI B Lenb obpasua, 3aperdcTpupyer
OTCYTCTBHE MOAYJHDPOBAHHOI'O CHrHaja B LeNH, a 1O BeJH-
yHHe MOCTOSIHHOrO TOKA, COOTBETCTBYIOLIEH YCJOBHIO KOM-
NeHCalHH, MOXKHO CYAHTb O PeKOMOGHHAIIHOHHBIX XapaKTepH-
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cTHKax o6pasua. IIpuHunHNHanbHas cXeMa H3MepeHHH MO
3TOMYy MeTOAy H306paxkeHa Ha pHc. 11.4. OcHOBHEIM mnpe-
MMYIIECTBOM MeTO/[a, [0 CPABHEHHIO C HeNmoCpe/CTBEHHLIM
uamepeieM DJC ®I'M-3ddekra, saBasercs OTCyTCTBHE He-
06X0MMOCTH 3HATh CKOPOCTh eHepallHH H3GBITOYHBIX HOCH-
Tesell 3apsina, KOTopas BblllafaeT H3 OKOHYaTe/JbHOTO ypas-
HeHusi. OOuiee Bulpaxenue aiasg IJAC DPIM-spdexkra ans
NpsIMOYroJbHOro o6Gpasiia NoJyNpOBOAHHKA AJNHHHL [, TOJ-

=

7 3 E
K n g M= =
A =

Puc. 11.4. MMpunpunuansiaa cxema u3aMmMepenuit ®I'M-sdpdexkta KoMNnencaHOHHBIM

MeronoM. JI — HCTOYHHK cBeTa, K, O — KonjaeHcopnl, M — MoayasTtop, @ — buabTp,

JI — anadparMa, IT —o6pasel nosynpoBoAHHKA, V — KOMNEHCHpPYOLLee Ha IPSIKEHHE,
¥ — ycuaurens, 3B — 3JIeKTPOHHBIA BOJBTMETP.

mHHA d K WHPHHHL b, B caydyae cjabGblX MarHHTHBIX HoJed

(uH/c <« 1) ¥ TpH YCJOBHHM NOCTATOYHOTO CHJALHOTO TMOTJIO-

menuss (kL > 1 u »xd > 1), uMeer CJaeAYIOIWIUH BHA:
AlB

V¢FM=W, (11.9)

rie Koadduuuentst A U B BrRIpaxkaloTcs COOTHOLIEHHSIMH:
b (chd l)+sh£

A=p YD LS,; fi —L, (1o
Dz D (S; +8y)
Bl __ o s\ (1+ t s Tt LSSz'_ h -
T L g(untup) D d )
nTEp sy h +ch—~—1
(11.11)

3aech Go— yJeslbHas 3JeKTPONpPOBOJHOCTb MOJYNPOBOLHHU-
Ka, y — KO3((GHUHEHT NOPAAKA eAHHUIbl, 3aBUCALIHHA OT Me-
XaHH3Ma paccesiHHusl, a f§, —KakK OObIYHO, KBAHTOBBI!l BHIXOJ.

7‘
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OcraJbHele 0003HAaUeHHs TOxkKe OObLIUHBIE, NMpHYeM S; OTHO-
CHTCSl K OCBellaeMoi, a S; — K HeocBellaeMO# MOBEPXHOCTH.
B cayuae AOCTaTOYHO BBICOKHX YPOBHeH BO30Y:KAEHHS,
korga BJo> B, Verm= A, u npencrasasieTcs Takum o6pa-
30M BO3MOXKHOCTb NPSAMBIX H3MepeHHH, He HCNOJb3Yysl MeToa
KoMmneHcauuu. IJosaras B

IR, (11.10) d < L, moayuaem:
/ﬂ" 4/8- vH
= v Vorm=bY1 S, (11.12)
N
g’lﬂ / DKcnepHMeHTadbHBIM
8 / KPHTEPHEM [10CTATOYHOCTH
e ypoBHsI BO30YyXKIeHHS fB-

0% wt g7 pf  p¥ JeTCs [OCTHXKEeHHe Hachl-
7, Kzm-an 2 cen”? gxﬁrgm o II?M ;:s{)aqxiucnmocm
-3¢ Pexra oT
T o o TanoasHobm ocselis.  MHTEHCHBHOCTH OCBEIIEHHS
U, (puc. 11.5). Kak BuaHO H3
pHCYHKa, 06/1aCTH Hachille-
HHsSI COOTBETCTBYIOT [OBOJBHO BBICOKHE HHTEHCHBHOCTH
OCBelLeHHsl, YTO 3aTpPynHsIeT IMpaKTHUeCKOe MNpHMeHeHHe
3TOro MeToja.

B o6sacTH HH3KMX YpPOBHell BO30yxXIeHHs, KoOraa

B > BJ,, dopmyna (11.9) npuBomgHuTcs K BHUALY:

p— AJO .
Vorm=—5 =
D d d
_ YD qntuy) 25 (1) 4 g "
U d do D? d , D(S;+Sy) , a0
S'(l+—L28,S )sh i3 +—LS,SZ chz-
(11.13)
u B cayuae d K L
v _byH D q(un+ up) BJo
PMTIL T a (1+ D? )i+o(s,+s,) :
! L°S,S;) T LSS,

(11.14)

HakoHel, ec/n 3HaueHHsI CKOPOCTH NMOBEPXHOCTHOH peKOMOH-
HaLMH Ha 06eHX rpaHsaX paBHbl MexXJy COO0H M He CAHLIKOM
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BeJIMKH, TaK YTO BBIMOJHseTcs HepaBeHcTBO SL/D < 1, 10

YH q(un+up) DS
Vorm= b~ ——s———Bl. (11.15)

C npyrofi CTOPOHBI, NpH NPOXOXKIEHHH Yepe3 obOpasell
IIOCTOSIHHOTO TOKa [o, MajieHHe HaNpsiXKeHHUs B HEM 3a CUeT
MOAYJISILLHK NPOBOAMMOCTH O6pasla cBeTOM Oymet:

Vo=1I4AR =~ [,R;Gy. (11.16)

3nech Ry— conpoTuBjieHHe o6pasua, AR K Ry — H3MeHeHHe
ero B pe3yJbTaTe ocBelleHHsi H (g — [OJHOEe H3MEHeHHe
IPOBOJAMMOCTH 06paslia NpH OCBELleHHH, T. e. ero GoTomnpo-
BOJIMMOCTb, MOACUHTAHHAs HaMHU B § 6.

B cayuae ToHKoro obpasua (d/L < 1) ¥ OJHHAKOBBIX
3HAUYEHHH CKOPOCTH MOBEPXHOCTHOH pPeKOMOGHHALMH Ha 06eHx
rpaHsXx:

b
Vo =I1oR2q (s + 1) 7 BloTspo- (11.17)

[MpupasuuBasi cootHowenus (11.15) u (11.17), moaysaem
B [PENMNOJIOKEHHH, UTO [OBEPXHOCTHAs peKOMGHHAlMs [0-
MHHHDYET B Todd, TAK UTO Topp =~ d/2S:

2
$* = Eo g5 v (11.18)
rie E¢ = [4Ro/l — HanpsizkeHHOCTb MOCTOSIHHOTO 3JIeKTpHYe-
cKore noJss B o6paslie.

r) Meroa, Mcnoab3ylolmnii MarHUTOKOHUEHTPALHOHHBIH
adpdexr. [lpu ompeneseHHBIX YCAOBHSIX BO3JeHCTBHe Mar-
HHTHOTO I110J1S1 Ha NOTOKH HOCHTesell 3apsifia B o6pasie Io-
JIy[IPOBOJHHKA MOXET NPHBOAMTb K OTKJOHEHHSIM KOHIeH-
Tpauuil HOCcHTeJell 3apsifia OT UX TepPMOAHHAMHUYECKH PaBHO-
BecHhix 3HaueHu#. Kak mnokazaHo B pabote [63], atumu
YCJIOBHSIMH SIBJISIIOTCSI: OTHOCHTEJNbHO MaJsasi TOJLUIMHA 006-
pasla, cpaBHMMas ¢ JJHHOI AH(GIY3HOHHOTO CMEIIEHHsT H3-
OGBITOUHBIX HOCHTeJeH 3apsaa, H pa3JjHuHe 3HAYeHHH CKOpO-
CTH NMOBEPXHOCTHOH peKOMOMHALMH Ha 06eHx GOJBLIMX rpa-
Hsx obpasua. [Tpu s3ToM H3MeHeHHe CONPOTHBJEeHHs] o6pasua
B MAaTrHHTHOM TI0Jle COLEPIKHT, MOMHMO OGBHIUHOrO 4JeHa,
MpPONOPIHOHANbHOrO 2, BTOPOH uJ/leH, JIHHEHHO 3aBHCSAILHH
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OT HANPpAXKEHHOCTH MArHHTHOTIO I0JIs H. Teope'mqecxoe BbI-
paxeHHe OJd BTOPOro u4jeHa HMeeT c.nenyxoumﬁ BHI:

Sz

A Sy —
On =2AEH—-‘——d—,

’ Si+Sp+—

(11.19)

rae E — HanpsixkeHHOCTb 3J1€KTPHYECKOro moJsi, a Ko3h¢u-
nueHT A HMeeT ciefylolllee 3HaUeHHe:
Loqupx npy  (L+bx)* d

A=T ckT ny+py (bxn0+p0) T (1120)

31ech ppx — XOJJIOBCKAsi NMOABHXKHOCTb ABIPOK, by — OTHO-
LIeHHe XOJJOBCKHX MOABHXHOCTEH, Ny MU po— PaBHOBeCHbIe
o6beMHble KOHIeHTpauuu. [lasa oTAeneHHss 3TOf cocTaBJsio-
mel Apg OT H3MEHEHHs CONpPOTHBJIEHHS, MNPOIOPLHOHAJb-
HOro H? W He 3aBHCALIETO OT TOKa, ObLIO MNpPeAJIOKEHO
[64, 65] nponyckaTth yepe3 oGpasell HepeMeHHRBIl TOK YacTo-
Thl ® H H3MepATh BO3HHKalolyio Ha o6pasue DAC yacToThl
2w uau nocrosinnyio DJC. Ons onpeneneHuss KoHcTaHTbl A
CTABHTCS CIelHaJbHBIA ONBIT, AJS KOTOPOTO OAHA M3 MO-
BepxHocTell o6pa3ua o6pabaTbiBaeTcsl Tak, YyTo S; HaMHOro
IPEeBOCXOAHUT 3HaueHHe S;. OTMETHM, KCTaTH, YTO U3 BBIpa-
JKEeHHUs I 3TOH KOHCTAHTHl CjlelyeT pe3Kas 3aBHCHMOCTb
BeJIMUUHBI 3¢ deKTa OT yAeJbHOrO CONPOTHBJEHHA o6pa3sia.
Jlns 06pasuoB, najnekHXx OT COOCTBEHHO!N NPOBOJHMOCTH, 3¢-
¢ekT OyZeT OYeHb MaJl, YTO CYIIECTBEHHO YyMeHbllaeT BO3-
MOKHOCTH er0 MpaKTHYeCKOro HCNoNb30BaHUA. B TO e Bpe-
Ms 1Js 06pasioB, GJIH3KHX K COOCTBEHHOH NPOBOAHMOCTH,
3¢ ekt npencrabaser 60JbLIOH HHTepeC, NOCKOJNbKY OH Jer-
KO coueTaeTcsi ¢ MeTomuko# 3¢pdexra noasa. [asa 3Toro He-
o6xoanuMo o6paboTaTh OIMHAKOBO 06e NMOBEPXHOCTH obpasna
M Ha OfHY H3 HHMX BO3[elCTBOBATb IONePeYHEIM 3JeKTPHYe-
ckum noseM. Torna usmepenne dJC ynBoeHHO! 4acTOTHl He-
MOCPEJCTBEHHO [AaeT H3MeHeHHe CKOPOCTH IIOBEePXHOCTHOH
pPeKOMOHHAIHH MOJ BJHMSHHeM MNOMNEPeYHOro 3JIeKTPHYECKOTOo
noJas. Ha puc. 11.6 nana 6yok-cxema A/ TaKHX H3MepeHHH.
OueBH/HO, YTO TONEpPEUHOe 3JeKTPHUeCcKoe MoJie MOXKeT ObiTh
¥ IlepeMeHHBIM, KaK 3TO H npejycMaTpHBaercs 6J10K-CXeMoOi,
NPH YCJOBHH, YTO €ro YacCTOTa COOTBETCTBYET TPeGOBaHHIO
KBa3HPaBHOBECHOCTH COCTORHMA [OBEPXHOCTH B JIIOGOH MQ-
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MEHT BpEMEeHH, a YaCTOThI NIONEPEYHOr0 H TAHYLIEero 3JeKTpH-
yecKHX NoJiefl He KpaTHbl Apyr Apyry. B To Xe Bpems 3Ta
caMasi cxeMa, HO TOJIbKO 06e3 MarHuTa H NpH 3aMeHe GJIOKOB
I ¥ 2 UCTOYHHKOM MOCTOSIHHOTO TAHYILEro MoJs MOXKeT HC-
M0Jb30BaThCs [JIsi M3MEpPeHHil Mo MeToay 3ddexTa mnoJs.
CoBMecTHast 06pa6oTKa AaHHBIX 060MX KCIEPHMEHTOB IO3-
BOJIIET II0JIyUHTh 3aBHCHMOCTb CKOPOCTH I[10BEPXHOCTHOH

J
Il 2 g & @
| = — — 7
o
——
8 g
Puc. 11.6. Baok-cxeMa AaJs1 H3MepeHHH MATHHMTOKOH-

meHTpamHoiHoro 3ddekra. I —3ByKoBolff reHeparop

MJIH HCTOYHHK NOCTOSTHHOTO HanpsiKeHus, 2 — GduabTp,

3 — MarHur, 4— obpasel, 5 — KaTOIHbilli IOBTOPHTEb,

6 — nuddeperuHaabHbI yeHaUTeNb, 7 — ocuutorpad,
8 — 3ByKOBO# reHeparop, 9 — ¢asoBpauiarteb.

peKOMOGHHAIHH OT MOBEPXHOCTHOT'O 3JIEKTPOCTATHYECKOTO IMO-
TeHuuana. as 3Toro HeO6XOAHMO TOJILKO HE3aBHCHMOE H3-
MepeHHe BeJHUYHHBl CKOPOCTH NMOBEPXHOCTHOH peKOMOHHALHH
S; Ha BTOpPO! NOBePXHOCTH 06paslia B yCJOBHSIX 3KCHepH-
MeHTa.

§ 12. HccnenoBanunsi CKOPOCTH MOBEPXHOCTHOM peKOMOGHHALHH
B 3aBHCHMOCTH OT MOBEPXHOCTHOTO
3JIeKTPOCTATHYECKOTO NOTeHUHaJ a

a) BBoanble 3aMeyanus. B nepBoi ryiaBe ynomHHAJOCh,
YTO PeKOMOHHALHOHHBIE LEHTPhl, B TOM YHCJ€e H MOBEPXHO-
CTHBle, MOTYT OBITb NOJIHOCTBIO OXapaKTepH30BaHbl 3Haue-
HHSIMH YeTbipex (eHOMEeHOJIOTHYeCKHX NapaMeTpPOB: MX KOH-
ueHTpauuH Ny, 5HepreTHUeCKHM I10JI0OXKEHHEM COOTBETCTBYIO-
ero HM JHCKPeTHOro YpoBHA g = E;— E;, 3¢ (deKTHBHEIM
CeueHHeM 3aXBaTa 3JIEKTPOHA On U 3((PEeKTHBHHEIM CeueHHeM
3axBara ABIPKH Op. DKCIepHMeHTaJIbHOe OrnpefeseHue BeJu-
YUH 3THX NapaMeTPOB U H3yuyeHHe HX 3aBHCHMOCTEl OT pas-
JIMYHBIX ~ BHEWIHHX (AKTOpPOB JOJIKHO CIOCOGCTBOBATH
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yCTAHOBJIEHHIO (PH3HKO-XHMHYECKOH INpPHPOAbI MOBEPXHOCT-
HBIX IeHTPOB PeKOMOHHAIMHM, a Takxke NOCTPOEHHIO TEOPUH
3/JeMeHTapHBEIX aKTOB 3aXBaTa AbIPKH U 3JeKTPOHA LieHTpa-
MH peKOMOMHALHH. YXKe YINOMHHABIIUMCS MPEHUMYILIECTBOM
UCCJelOBaHHA NOBEPXHOCTHOA peKOMOHMHALMH N0 CPaBHEHHIO
co cayuyaeM 06beMHON peKOMGHHALMH SIBJISIETCA OTHOCHTEJb-
Has MPOCTOTA MOJIyueHHs SKCIepHMeHTaJbHBIX JAHHHIX O3a-
BHCHMOCTH CKOPOCTH PeKOMOGHHALHH OT CTeNeHH 3aNOoJHeHHs
IeHTPOB 3JeKTPOHA, T. €. OT OTHOCHTEJNbHOIO MOJOXeHHd
ypoBHsi ®epMH H 3HepreTHYeCcKOro ypOBHS IeHTpa.

Ilpexne ueM mepedTH K ONMCAHUIO NMyTel NMPAKTHYECKOTO
OCyILleCTBJEHHS MOJOGHOrO 3KCNepHUMEHTa, pacCMOTPHM BO-
Mpoc 0 TOM, KaKOro poja HHhopMalusi MOxeT ObITb U3 HETO
noJiy4eHa.

BriBeneHHOe Hamu B § 6 TeopeTHUecKOe BEIpAXKeHHe s
CKOPOCTH NMOBEPXHOCTHOH PEeKOMGHHALUHHK MOCPENACTBOM LIEHT-
POB OJTHOTO SHEPTeTHYECKOTO MOJIOXKeHHs] HMeeT CJcAYIOUIHI
BHA:

1 -1
Nt (anay)'? = (1 +277)

q(95—8) et~q§>‘
kT kT

(12.1)
ch

+ch(

Orciofa HemoCpeACTBEHHO BBITEKaeT YCJOBHE MaKCHMyMa
CKOPOCTH IOBEPXHOCTHOH peKOMOHHALHH:

99 B q8 _ 1 (ap
Y Smax-—k——flﬂ 'a—n') (12.2)
HJiH
a
a—: = eXP[2(Y spae — INA)]- (12.3)

Takum o6pasom, BeJHYHHA NOBEPXHOCTHOTO 3J1€KTPOCTATH-
YeCKOro IOTeHIHaJja, COOTBETCTBYIOILAs MAaKCHMaJabHOMY
3HAYEHHIO CKOPOCTH IOBEPXHOCTHOM peKOMOGHHAUMH Ysmax,
HENOCPeACTBEHHO OMNpelessieT OTHOLIEeHHe BepOATHOCTEH 3a-
XBaTa, a 3HAUYUT — H 3Q(PeKTUBHBIX CeyeHUH 3axBaTa, KOTO-
phle, OyAyYd NOMHOMEHBl Ha CpellHHe TelJOBble CKOPOCTH
3JIEKTPOHA H IbIPKH, H HAIOT BEPOSITHOCTH 3axBaTa (op =
= Oplp U Gn = On¥n).
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Hanee, us (12.1) caenyer oueBHIHOe BEIpAXKeHHe IJisi
NpUBeJeHHON PeKOMOHHALMOHHOH KPHBOH:

S(—?Ti) B 1+ch (ik—r—qé)
Smax N q(wle—E) +Ch(%> . (12.4)

[Tockonbky BenuunHa gE/RT Ham yxe H3BeCTHA, eHHCTBEH-
HBEIM OCTaBILIMMCSI ApaMeTPOM 3TOFO COOTHOILIEHH SIBJISETCA
3HepreTHYECKOe MOJIOXKEeHHe PEKOMOUHAIMOHHOTO YPOBHS €.

/5 moz
100 -

6 -4

Puc. 12.1. IlpuBenenHbie KpHBble 3aBHCHMOCTH CKOPOCTH NOBepX-
HOCTHOM PeKOMGHHALHH OT IOBEPXHOCTHOTO 3J1€KTPOCTATHYECKOTO
MOTeHIIHAa NPH Pa3HbIX 3HAYEHHSAX €.

BuausiHMe 3TOTO mapaMeTpa Ha NOJYLIMPHHY peKOMOHMHAIH-
OHHOHM KPHBOH (T. €. LIMPHHY Ha YPOBHEe MOJIOBHHBI BbICOTHI)
BHAHO U3 pHuc.12.1, rme npuBegeHa cHcTeMa TeOpeTHUYECKHX
KPHBBIX, COOTBEeTCTBYIOLHX ypaBHeHHo (12.4). Kpuselie pas-
JIUYAIOTCSl HEPTeTHUECKUM [OJI0KEeHHeEM pPeKOMOHHAIHOH-
HOTO YPOBHS e, a BenuuuHa g&/kT npuHsaTa pasHo# 1,4, uto
COOTBETCTBYET OTHOLUEHHIO BEPOSTHOCTeH 3aXBaTa ILIPKH H
9JIeKTPOHA PeKOMOHHAUUOHHBIM LeHTpoM, 6au3Komy K 16.
Haxkonen, o6beMHble cBOHcTBa o6paslla XapakTepH3YIOTCs
BesivunHO# A =5 (InA = 1,6), uto cooTBeTcTBYyeT 06pasuy
repMaHHsl JbIPOYHO NPOBOJUMOCTH, ypoBeHb ®PepMH B 00Db-
eMe KOoToporo JexHT Ha 0,04 38 HHUXKe cepelHHBI 3ampellleH-
HOH 30HHI,
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OTMeTHM TpH CYILecCTBEHHBIX 0O6CTOSITeJbCTBAa, OTHOCS-
IHXCSA K I0Ka3aHHBIM HAa DUCYHKe MpHBeJEHHBIM TeOpeTHYe-
CKHM KPHBBIM.

Bo-nmepBhiX, camasi y3kasi H3 KDHBHIX COOTBETCTBYeT ycC-

JIOBHIO
ch (ftk;rﬁ) =1

4 o6nanaer, TakuM 006pa3oM, HaHMeHblLIe#l BO3MOXKHOH Io-
JYIIHDHHOH, B cJyyae [AHCKPETHOrO peKOMOHHAILMOHHOTO
YPOBHA NpH NPHHATHIX 0O0beMHBIX cBoficTBax o6pasua u
BeJHUYHHe OTHOLIEHHSl CeyeHHH 3axBaTa.

Bo-BTOpHIX, NOKa3aHHble Ha PHCYHKe NpHBELEHHBIE KPH-
Bble, eCTeCTBEHHO, He OTpaxaloT 3aBHCHMOCTb MaKCHMaJlb-
HbIX 3HAY€HHH CKOPOCTH IIOBEPXHOCTHOH# peKOMOHHAUUM OT
3HEPreTHYECKOrO MOJIOXKEHHS PEeKOMOHHAIHOHHOTO YDPOBHS.
Ecin xe o6paTHTbc K HCXOLHOMY cooTHouleHuio (12.1),
TO JIeTKO BHAETb, YTO MaKCHMAaJIbHble 3HAUeHHs CKOPOCTH
NIOBEDXHOCTHOH  peKOMOHMHAalUMH  BecbMa  pe3ko (mpH
| (et — q&)/kT|> 1 npakTHYeCKH 3KCHOHEHLHAJNbHO) YMeHb-
IAIOTCs ¢ pOcTOM abCO/IIOTHOTO 3HAUeHHs 3TOH BeJIHUHHBL
Has uaocTpalud 3TOTO MOJIOXKEHHs1 YKaxKeM, YTO MAaKCH-
MaJIbHble 3HAUeHHs] CKOPOCTH [OBEPXHOCTHOH peKOMOHHAIHH
OyLyT NOCTOSIHHBIMH IPH HU3MEHEHHH SHepreTHYecKoro noJo-
MKEHHsl YPOBHS1 B YKa3aHHBIX Bblllle Npefienax, €CJAH KOHIEeH-
TpalMH{ LEHTPOB BO3pacTaioT B oTHoweHuu 1 : 3, 9:25:1358.

HaxkoHen, B-TpeTbHX, HeOGXOAMMO OTMEeTHTb pasJiHuHe
B XapakTepe mpsMoH M o6paTHOH 3amay. Ecau BeanuuHa e,
BIIOJIHE OJHO3HAYHO ONpefeJisieT NOJYLIHPHHY TeOpeTHUYeCKOH
peKOMOHHAIMOHHON KPHBOH, TO 3HaYeHHe 3TOH MOJYIIHPHHLI
OJHO3HAYHO omnpeje/sieT JHUIb BedHuuHy chl(e;— ¢&)/kT).
B cuay nBy3HauHOCTH THMep6OIHYECKOrO KOCHHyca, AJs Of-
HO3HAYHOr'0 ONpejeJieHHsi HePreTHYeCKOro ypoBHSI HeoOXo-
AUMO IpHBJEYb JOMNOJHHTeJNbHble 3KCHEPHMEHTaJ/bHble
NaHHbIE.

Taxum o6pasom, ABe xapakTepHCTHUECKHEe BEeJHYHHBI pe-
KOMGHHAlIlUOHHOH KDHBOH — NOJIOXKeHHe ee MaKCHMyMa H
MOJIyLIHPHHA — NO3BOJIAIOT ONpefesUTb OTHOLUEHHe BepOAT-
HOCTe#l 3axBaTa H, C OTMeUYeHHOH OrOBOPKOH, — 3HepreTHye-
CKOe I0JI0)KeHHe peKOMOGHHALHOIHOro YpPOBHSI. 3HaueHue
CKOPOCTH [OBEPXHOCTHOH pekoMOHHALIMH B MaKCHMyMe JaeT
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TpeTbe ypaBleHHe, I03BOJsAIOlIee ONpefe/JHTh NPOU3BeIeHHE
KOHIIEHTPALHH NOBEPXHOCTHbIX LEHTPOB PEKOMGHHAIMH HA
BeJHUHHY (onap)’2. Hakonen, B § 10 yxaswmiBasnoch, uTO
KOHIIEHTPALUsi MOBEPXHOCTHHIX LEHTPOB peKoMOHHAUMUH,
a Takxke H BeJHYHHA & MOTYT ObITh ONpeje/ieHbl B NpHH-
IHMIe He3aBHCHMO, M3 TaK HasblBaeMo#l kpusoi 3axsara,
T. €. KPHBOH, OMNHCbIBaloUle#l 3anoJiHeHHe [10BepXHOCTHBIX
PeKOMOGHHALMOHHBIX LEHTPOB MPH H3MEHEHHH NOBEPXHOCT-
HOTO 3JIEKTPOCTaTHYECKOro MOTeHIHaNa.

OTMeTHM, YTO NOJYyYeHHe KDHBOW 3axBata He TpebyeT
MOCTAHOBKH AOTOJIHHTENbHOIO 3KCIIePHMEHTA, TaK KaK COOT-
BETCTBYIOLHE HaHHble MOJYYAIOTCS U3 TOTO e JKCIepHMeH-
Ta, UTO U 3HAUYEHHS] MOBEPXHOCTHOTO MOTEHLHaJa, HeOOXOaH-
MBI 1Jis1 OCTPOEHHs] SKCIEePHMEHTAJbHOH peKOMOGHHAIHOH-
HOH KPUBOH.

CaenosaTenbHO, KOMOMHAIUs 3KcrmepuMeHTa 3ddexTa
noJsisi ¢ KaKMM-IH60 MEeTO40M HM3MepeHHs CKOPOCTH [OBepX-
HOCTHOH penOMOMHALMH, MPH Pa3/MUHBIX MTHOBEHHBIX 3Ha-
YEHHSX IONEepevyHOro 3JeKTPHYeCKOro moJs, a, COOTBeT-
CTBEHHO, H OBEPXHOCTHOIO MOTeHLHaJ/a, JaeT ABe 3KCIepH-
meHTanabHbie Kpusbie S = f(Vs) u Qss = ¢(Ys), nossoasio-
Ide B MPHHUMNE ONpeleNHTb BCEe YeThipe NapaMeTrpa Io-
BEPXHOCTHBIX PEeKOMGHHALHMOHHBIX LeHTPOB:

Ny a,=0,0,, @,=0,0, H &.

[Tpu aToM Heo6X0AHMO, UTOOLI MOBEPXHOCTHYIO peKOMOHHa-
IHI0 ONpeAessiIH UeHTPhl ¢ JUCKPETHHIMH YPOBHAMH OIHOTO
SHEPreTHYECKOT'0 MOJIOXKEeHHUsl & M uTOObl BOJIH3H peKOMOH-
HALMOHHBIX YPOBHeH He OblJIO ypPOBHeH 3axBaTa, 3alOJIHEHHe
KOTOPHIX MOTrJI0 Obl HCKA3UTb XapakTep KDHBOH 3axBaTa MpH
3HAYeHHAX [IOBEPXHOCTHOrO MOTeHIHaJa BOJH3H TOUKH
g@s = &;. Heob6xoaumo, pasymeeTcsl, TakKe IPOBeCTH H3Me-
peHHss B [AOCTATOYHO HIMPOKOM J[Hamna3oHe H3MeHEHHsS MO-
BEPXHOCTHOrO [MOTeHLHasna, obecneuHBalolleM I[OJyYeHHe
OCHOBHOM YacTH pPeKOMOMHAUMOHHOH KPUBOH U KPHBOH 3a-
XBaTa.

6) Metoabl H3MepeHHS CKOPOCTH NOBEPXHOCTHOI PEKOM-
fMHAUMM B 3aBUCHMOCTH OT MOBEPXHOCTHOrO MOTEHLHaJa.
OueBHJHO, YTO JaJIeKO He BCe METOJbl H3MepeHHs] CKOPOCTH
NOBEPXHOCTHOH peKOoMOHHALMH, onHcaHHble B § 11, moryr
ObITh COBMellleHbl C MeTOROM 3¢ ¢dekTa moas, au6o 1no NpuH-
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IHMHAJbHBIM cCOO6pakeHUsAM, JUO0 BCJAeACTBHE TeXHHYECKHX
TPYAHOCTEH.

OnucaHHble B JHTepaType KOMOGHHHPOBAaHHBIE MeETOMbI
MOKHO pa30UTb Ha TPH OCHOBHBIE TPYIMHI.

[lepas rpynma Takux MeTOROB MpeacTaBjasieT coboi
KoMGHHauHu0 3¢p¢deKTa NOJs Ha HMMIYJAbCHOM HJH CHHYCO-
HIAJbHOM HaNpsi2KeHUH C H3MepeHHAMH 3(pGheKTHBHOrO Bpe-
MEHH KHM3HH M3OBITOYHBIX HOCHTesell 3apsija B obpasie Mo
MeTONy 3aTyxaHusa (oronpoBogumocTtu [66—68] nau mo me-
TOAY HHBEKUHH U3ObITOYHBIX HOCHTeJsell 3apaia dyepe3 caabo
HHBEKTHPYIOIHH KOHTAKT [55, 56, 69, 49].

Ilpu HCIONB30BAHUH HMIYJABCHOTO 3¢ (dekTa mosas H3aMe-
peHde 3¢ (PeKTHBHOrO BpPeMeHH XH3HH NPOHU3BOAUTCA HOC/e
NOCTHXKEHHS] KBA3HPAaBHOBECHOI'O COCTOSIHHSI MOBEPXHOCTH,
T. €. I0cJle 3aBeplieHHs ObICTPOH YacTH pesakcalMu 3¢ dekra
noJsi. [TockosbKy Takoe KBa3HpaBHOBECHOe COCTOSIHHE IIO-
BeDXHOCTH IPH HaAJeKaleHd MOBEPXHOCTHON 06paboTke,
obGecrneuynBalollleil 6oJbllioe pasjuuhe BpeMeH OLICTPOH H
MeAJIeHHOH peJlaKCalMH, peslakCHpyeT AOCTATOYHO MeJIeH-
HO, H3MepeHHe 5(G(PeKTHBHOrO BPEMEHH XXH3HH, He MpEBH-
LIaIOLIero COTeH MHKDOCEKYH[, He NpejcTaB/sieT NPHHIUIH-
aJbHBIX TpynHOcTell. V3MeHsis BeJHUMHY W 3HAK NPHKJIAAbI-
BaeMblX HMMMOYJbCOB MONEPEYHOro HAMPSKEHHS H H3Mepss
COOTBETCTBYIOLIHE MM 3HaueHHs1 NPOBOAHMOCTH o06pasua,
MOXKHO MOCTPOHTb KPHBYIO 3aBHCHMOCTH HPOBOJAHMOCTH OT
MHAYLHPOBAHHOIO 3apsAja W Mo onHcaHHOMY B § 9 mertony
MOJIYYUTh KBa3HpPaBHOBECHBIE 3HAYEHHS NOBEPXHOCTHOrO IO-
TeHIHaJla, COOTBETCTBYIOLIHE KaXKAOMY 3HaueHHIO Momnepey-
Horo noJsi. OnHOBpeMEHHO MPH 3TOM MOJYy4aeTcs H KpUBas
3axsara. Hakounen, namepenus apeKTHBHOIO BpeMeHH XKH3-
HH [IPH Pa3JIMYHBIX 3HAYEHHAX MONEPEYHOro MoJisl Mo3BOJISIOT
paccuUTaTh BEJHUHHBI CKOPOCTH NMOBEPXHOCTHOH peKoMOHHa-
[HH, COOTBETCTBYIOLIHE Pa3HBIM 3HAYEHHSM MOBEPXHOCTHOTO
NnoTeHLHaa.

IIpu ucnosb30BaHMH CHHYCOMAJbHOTO MOMNEPEYHOro Io-
Jisl, NepHoJ KOTOPOro MHOro 60Jbllle XapaKTepHCTHYECKOro
BpeMeHH GbICTPOH pesqaKCalliH, HO MHOI'O MeHbIlle XapaKTe-
PHCTHYECKOTO BpEeMeHH Me[NJIeHHOH peJakcalHH, Kaxaoe
MT'HOBEHHOe 3HaudeHHe MNPOBOAHMOCTH SIBJISIETCS KBasHpas-
HOBecHbIM. Jlasee HMeIOTCsS JBe BO3MOXKHOCTH: JHGO H3Me-
HATb AMILVIMTYLy [ONMEpPeyHOro MoJisi, CHHXPOHH30BAB HM-
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MyJbChHl CBETa HJIH HHBEKTHPYIOLUIHEe HMIYJbCH AJA H3Mepe-
Husi 3((}EKTHBHOTO BpPeMEHH XH3HH C MAaKCHMaJbHBIMH
MTHOBEHHBIMH 3HAYEHHSIMH Homnepeudoro moas [55], nu6o uc-
[0/1b30BaTh MOMEpeyHoe TMoJe OAHOM NOCTATOYHO G6OJbLIOH
aMIUIMTYABl, a H3MepeHHs1 3((PEKTHBHOrO BpPeMeHH KH3HH
NPOBOAHTb IIPH Pa3JHYHBIX MFHOBEHHBIX 3HAauYeHHsX MOIle-
peuHoro roJs [66].

Caenyer OTMeTHTb, YTO BCe TPH DacCMOTPeHHBIX BapH-
aHTa KOMIJIEKCHBIX H3MepeHHH He CBOGOJIHEI OT CYLIECTBEH-
HBIX HEJOCTAaTKOB.

IlepBLie ABa, T. €. HCHOJb30BAHHE HMMYJbCHOTO HJIH CH-
HYCOUAAJbHOrO MOJSI COBMECTHO C H3MepeHHAMH BpeMeHH
JKH3HH TNPH MaKCHMAaJbHBIX MIHOBEHHBIX 3HAUeHHSIX moIe-
pPe4yHoro noJs, ABASIIOTCH, 1O CYyTH Aeja, H3MEPEHHSIMH MO
TOYKaM, NpHueM TpeGYIOUIHMH NOBOJILHO JHTENbHOTO Bpe-
MeHH [Jis NOJyueHHsl NoJHbIX KpUBBIX S = f(Ys) u Qss =
= ¢(Ys). B koHue § 9 6nl1a noxgpo6HO 06CyxKeHAa BO3MOXK-
HOCTb OIIHOOK B MHTEPIpPETAllHH TAKUX 3aBHCHMOCTEH B TOM
clydyae, Korja HMeeTCsl BO3MOXHOCTb H3MEHEHHs1 KOHIIeH-
TpalMH M XapaKTEePHCTHK CAMHX MOBEPXHOCTHBIX COCTOSIHHH
3a BpeMs, He06XOAHUMOe AJIsI MOJYyueHHs Bcell IKCMepHMeH-
TaJbHOH KPHBOH.

Tperu#i onucaHHbIA BapHAHT KOMIJIEKCHOH MeETONHKH
cB06GOEH OT 3TOr0 HEJOCTaTKa, TaAK KaK HCHOJb30BaHHE MO-
NepeyHoro moJsi ORHOH aMIJIUTYAH oOecrneynBaeT OTCYT-
CTBHe H3MEHEeHHH B CHCTeMe IIOBEPXHOCTHBIX COCTOSIHMH 3a
cueT neficTBHs camoro noss. OXHAKO M B 3TOM cJyuyae H3-
MmepeHHs Tpe6GyIOT 3HAUYHTEIbHOTO BpPeMeHH, TaK 4YTo Tpebo-
BaHHe aJCOPOLIMOHHOIO PAaBHOBECHS NMOBEPXHOCTH TMOJYIIPO-
BOJHHKA C ra30BOH cpefol ocTaeTcs B CHJE.

[ToMHMO 3THX HemOCTaTKUB, pa3yMeeTcs, HMeOT MecTO
TPYZHOCTH H OrPAaHHYEHHs HCNOJb3YyeMEIX METOLOB H3Mepe-
HHSI CKOPOCTH IOBEDXHOCTHOH peKOMGHHAUHH, O KOTOPHIX
rOBOPHJIOCH paHee. B MeTone 3aTyxaHusi OTONPOBOXMMOCTH
HauboJiee CyLIeCTBEHHbIM SIBJIeTCS OUDAaHHYEHHEe 110 MAKCH-
MaJIbHBIM 3HaUYeHHAM CKOPOCTH MOBEPXHOCTHOH peKoMGHHa-
uun (S < 2D/d), npu KOTOpbIX KOHCTAHTAa 3aTyXaHHs H3-
ObITOYHOH NPOBOAMMOCTH COBMAjaeT C BeJHYHHON 3ddek-
THBHOIO BPeMeHH XXH3HH H3OBITOUHEIX HOCHTeJeH 3apsna
B TOHKOH MJacTHHe NOJYNpOBOAHHKa. [Ipu TosiiuHe nJja-
ctiHbl d << 0,5 mm 1 3HAUEHHSIX KO3 dHIHeHTa GHNONSAPHOM
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Au¢pdy3dn npy KOMHATHOH TeMmepaType MJs TepMaHHf
(45 + 90) cm?/cex w pasi kpemHus (16 <+ 35) cm?/cex moay-
yaeM, YTO MAaKCHMaJibHble 3HaYeHHUs] CKOPOCTH [OBEPXHOCT-
HOH peKOMOGHHALMH, U3MepsieMble 5THM METOAOM, BO BCSKOM
c/lydae MHOJIKHBI OBITb CYILECTBEHHO MeHblle BeJHYHH MO-
psaaka 1000 cum/cex. D10 orpaHHueHHe, HANpPHMep AJS KpeM-
HUsl, SIBJISIETCS HACTOJbKO CYLIECTBEHHBIM, UTO CTaBHT MOX
COMHEHHe CaMy BO3MOXHOCTb TpHMeHEHHs 3TOr0 MeToAa, B
cayyae HeJOCTAaTOYHO KauyecTBeHHON o6pabOTKH ero nosepx-
HOCTH.

IIpu u3mepeHuu 3(pGheKTHBHOrO BpPeMeHH XH3HH NO Me-
TONLY MHBEKLUHH H3OBITOUHBIX HOCHTeJell 3apsaja yepe3 c/a1abo
HHDEKTHPYIOUUA KOHTAKT, OTPaHHYEHHS N0 MAaKCHMaJbHOM
JNOMyCTUMOH BeJHYHHe CKOPOCTH MOBEPXHOCTHOH peKOMOH-
HallH¥ He SBJSIIOTCA CTOJb XKECTKUMH M, MO CYTH feJa,
COBMAJaOT C MpefeNaMH NPHMEHHMOCTH CaMOro MOHATHSA
CKODOCTH MOBEPXHOCTHOH pekoMGuHAauMH. OgHAKO B 3TOM
c/yuyae, KaK Bblllle OTMEYaJ0oCh, HMEIOTCS YHCTO TeXHHYeCKHe
TPYLHOCTH CO3aHHs c1a060 HHBEKTHPYIOLIEr0 KOHTAKTa, 0CO-
GeHHO CylLleCTBEHHble NMPH NPOBeJEHHH HCCIeNOBaHHUN B He-
KOTOPOM [Mana3oHe Temnepatyp. [IpuHnMnuasabHasi cxema
IBOMHOTO MOCTa AJ5l H3MePeHHH 3THM MeTOAOM Oblia NpH-
BelleHa paHee Ha puc. 9.9. [lockoJbKY AJHTENbHOCTh HHbBEK-
THPYIOLIEr0 HMIyJbca, B X0Je KOTOPOTrO NPOH3BOAUTCS H3-
MepeHHe 3(p(eKTHBHOIO BpeMeHH XKH3HH H3OBLITOUHBIX HOCH-
Tesell 3apsifia, COCTaBJseT HECKOJNbKO COT€H MHKDOCEKYHI,
a nepuHoj HM3MeHEeHHs MONEPeYyHOro 3JEeKTPHUECKOTo MoJis
npeBblllaeT ee B COTHH pa3, 3HauyeHHe I[10BEPXHOCTHOrO
3JIEKTPOCTATHUECKOT'O MOTEHIHAJJa MOXKHO CUHTaTb NPH 3TOM
MPaKTHYECKH MOCTOSIHHBIM. OTO OTHOCHTCS KaK K CJydaio
COBMELIEHHS] HHBEKTHPYIOHIEr0o HMIyJbca C MaKCHMYMOM
CHHYCOMZBI MomnepeyHoro noas [55], Tak H K cayyaio nome-
[IeHHs1 3TOr0 MMIyJbca B Jio6ble APyrHe TOYKH CHHYCOHAHI
[66]. Camo u3MepeHHe 3P GHEKTHBHOTO BpPEMEHH XKH3HH OCY-
IIeCTBJSIETC NMyTeM CIPSIMJeHHs] peJaKCalHOHHOH KpPUBOH
136bITOYHO IPOBOAMMOCTH 3a CYeT HCHOJb30BAHHS 3KCIO-
HEHIHaJbHOH pa3BepTKH. DTOT METOM, MpelJOXKeHHbIH BIep-
soie H. A. Toacreim u I1. I1. ®deodpunosrim, Gbi1 Haspau
uMH MmeTodom Taymerpa [70].

Bropoii npHHUMNHAJbHO OTJHUHbIH METOJ, KPaTKO OMH-
CaHHbIl B TNpenbAyllem MNaparpacde, ceBMemiaer 3¢pdexT
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10/11 Ha GOJBIIHX CHHYCOHJAJ/JbHbBIX CHTHAJaX C H3MepeHHs-
MH CKODPOCTH NOBEPXHOCTHOI peKOMOHMHAIHH TNPH MOMOLILH
MAarHUTOKOHIIEHTPALHOHHOTO 3¢ dekTa.

B Tperbell rpynme coueraeTcss MeTOn 3(deKkTa moJas Ha
GOJIbIIHX CHHYCOHJAJbHBIX CHTHAJaXx C HM3MePeHHAMH CTa-
mHoHapHo# (oronposoaumocTy o6pasua. Ias 3tofi uedau
JOCTAaTOYHO OAHOBPEMEHHO ¢ BO3JeHCTBHEM MOMEepPEeYHOrao

Puc. 12.2. OcuuanorpaMMa KpHBbIX 3¢dekra nond,
BepxHsst KpHBasl COOTBETCTBYeT MOMEHTaM OCBelUEeHHS
o6pa3na, HHXHSASA — TEeMHOTe.

9JIEKTPHUECKOT0 MOJIs OCBelllaTh o6pasel CKBO3b MOJYMpO-
3payHBIl 3JeKTPOA MNPAMOYTOJbHBIMH HMIyJbCaMH CBeTa.
Torma B mpoMexKyTKax MeXIy HMIyJbcaMH cBeTa OyneT
H3MepsSITbCS TeMHOBasi NMPOBOJHMOCTb 06pasna, MOAyJHpYye-
Masi NOMNepeyHbIM 3JeKTPHUYECKHM IMOJIeM, a BO BpeMs gefi-
CTBHs1 HMIyJIbCOB CBeTa — IIPOBOAHMOCTb 06pa3iia Ha CBeTy.

Ecan uyacrora NOBTOpeHHsi UMNyJbca cBeTa He Gyner
paBHAa HJH KpaTHa 4YacTOTe I[ONEePEeYHOr0 3JEKTPHUECKOro
noJisi, TO Ha 3KpaHe ocuMJjorpada, sIBISIOUIErOCS H3MepH-
TeJbHbBIM NpuOGOpOM B MeTode 3(pdeKTa moss, ofe KpHUBbIE
U3MEeHeHHs] TNPOBOJAHMOCTH ¢ IONEPeYHBIM 3JeKTPHUECKHM
nojeM OyAyT Hab6JIOAaTbCs OAHOBPEMEHHO, KaK 3TO IOKa-
3aHO Ha ocLMJJIOoTpaMMe (puc. 12.2).

Ha nepsuifi B3rasiAi MOXKeT NOKAa3aThesl, YTO PA3HOCTD
OpAHHAT O0OeHX KpPHBbLIX MpeAcTaBasieT coboili HCKOMYIO
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¢doronpoBogumoctb. Ha camom gene 3To He coBceM Tak, Of-
Hako, Kak OyJeT MOKa3aHO HUXe, HOTONPOBOAUMOCTL OOBIU-
HO fIBJIsIeTCSl OCHOBHON KOMIIOHEHTOH 3TOH DPas3HOCTH.

Jast Toro yToGbl 3Ta (HOTONMPOBOLAHMOCTb HMeJa CTalHo-
HapHOe 3HauyeHHe, HeOOXOAMMO, UTOObI  JJIMTEJNbHOCTb
HMIyJbCOB CBeTa Obila Obl MHOro GoJsblle 3¢ (deKTHBHOIO
BpeMeHH XKH3HH H30BLITOUHBLIX HOCHTeJell 3apsina B obpaslie.
ITockonbKy nepHox H3MeHEHHsi IIOTIEPEYHOrO [OJSI TaKxkKe
MHOro GoJblie 3(¢eKTHBHOrO BpeMeHH XH3HH, 3TO O3Ha-
yaeT, YTO PeKOMOHHALMOHHBIA MpOIecc 3aBellOMO yCleBaert
CJelHTh 32 H3MEeHEeHHSIMH COCTOSIHHSI TOBEPXHOCTH, TaK UTO
KaXXJIOMy MTHOBEHHOMY 3HAUeHHIO HANpsSIXKeHHOCTH Momnepey-
HOTO IO0Jisi COOTBETCTBYeT CTallOHapHas (TOYHee — KBa3H-
CTallOHApPHAs) BeJMYHHA (HOTONPOBOLUMOCTH.

C npyro#t CTOPOHEBI, COrJIaCHO OOIEMY YCJIOBHIO MpHMe-
HUMOCTH 3¢¢eKTa noJjsg Ha GOJBLIHX CHHYCOHAAJbHBIX CHI-
HajaxX, Heo6XoaUMO, 4TOObl 3apsn Me[JIeHHBIX [OBEPXHOCT-
HEIX COCTOSIHHH He yCIleBaJs HU3MEeHHUTbCs 3a BpeMs [elCTBHS
MMIYyJbCa CBeTa TOYHO TaK »Ke, Kak H 3a NepPHOJ H3MeHEeHHs
nornepevyHoro aJexTpuyeckoro noJas. Orciopa cienyer, uTo
JUIHTEJbHOCTh HMIyJbCa CBeTa [OJKHA ObITh MaJod 1o
CpPaBHEHHIO C XAapaKTepUCTHYECKHM BpeMeHeM peJslaKCaluH
Me[JIeHHbIX [OBEPXHOCTHBIX COCTOsSIHUA. HapyuieHue storo
ycnoBHs1 OyZlleT NMPOSIBJAATbCS B BO3HHKHOBEHHH THCTepe3HC-
HbIX NeTeJb Ha KPHUBHIX 3¢ (deKkTa noJs, KaK TeMHOBHIX, Tak
¥ MPH OCBELIeHHH, YTO U O3HayaeT M3MeHEeHHe MOBEPXHOCT-
HOro 3apsila ¢ HeKOTODbIM 3ama3JblBaHHEM MO OTHOILEHHIO
K H3MeHeHHssM MTHOBEHHbIX 3HAaueHHH HANpPSIKEHHOCTH [O-
nepeyHoro noJs.

B § 7 6n10 mokasaHo, YTO cTallHOHapHAasi (OTONPOBOAH-
MOCTb TOHKHX IIJIJACTHH MOJYIPOBOLHHKA NPONOpPIHOHAJbLHA
3¢ (peKTHBHOMY BPeMeHH *XH3HH H3OBLITOUHBIX HOCHTesell 3a-
psiia B HHX, KOTOpOe, B CBOIO Ouepelb, OGLIYHLEIM COOTHOLIe-
HHEM

1 1 28
=t (12.5)

CBSI3aHO CO CKOPOCTbIO NMOBEPXHOCTHO! pekoMOGUHAUMH S Ha
ux OoJbuinx rpaHsx. Orciofa c/aelyeT, 4TO 3IKCIEpPHMEH-
TaJbHO MOJIyu€HHass 3aBUCHMOCTb CTallHOHApHOH (oTonmpo-
BOJHMOCTH B o6pa3lie OT NOBePXHOCTHOIO NOTeHIIHAJa Ha ero
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6OJILIIUX TPaHAX JIErKO MOXeT ObITb IepecyHTaHa HA COOT-
BeTCTBYIOLIYI0O 3aBHCHMOCTb [JI CKOPOCTH MOBEPXHOCTHOMH
pekoM6uHauuu. [lasi 3TOro HeO6XOAMMO TOJNLKO 3HATHb TOJI-
U[MHY MJIACTHHBEI d W ONpelesHTb KO3(pGhHUHEHT NPONOPLHO-
HaJbHOCTH B 3aBHCHMOCTH Gg = Ktapge (cMm. (11.3)).

3HaueHHe 3TOro Ko pHIHEHTa MOXKeT GLITh ONpefieseHo
3KCIIePUMEHTAJbHO, NYyTeM He3aBHCHMbIX H3MepeHHH o06eHx
BEJIHUHH NPH KAKOM-HHOYAb ONHOM 3HAUEHHH TOBEPXHOCT-
HOro MoTeHLMaJsa, HallpHMep, COOTBETCTBYIOLEM OTCYTCTBHIO
[IOIePeYHOTO 3JeKTpHUecKoro noJss. Dd@eKkTHBHOe BpeMs
JKH3HH MOXKeT OBITb H3MepeHo J106bIM H3 ONMHCAHHLIX BhILIE
MeTOAOB, H3 KOTODBIX, [IPH He CJHIIKOM MaJlblX ero 3Haue-
HHAX, H2HOOJee YNOOHBIM fIBJsIETCS MeTOJ 3aTyXaHus ¢o-
tTonposofuMocTH. [lognep:xuBas majee HHTEHCHBHOCTb CBe-
Ta, Najaioulero Ha o6pa3sell, NOCTOSHHON, MOXKHO IO0JIb30-
BaTbCsl MOJYYEHHBIM TaKHM CHOCO60M KO3(dHUIHEeHTOM
nponopiHoHaJbHocTH K 10 Tex HOp, MOKAa MOXKHO CUMTAThb
HEeH3MEHHBIM KO3(p(HLHEHT OTpaKeHHs CBeTa OT MOBEPXHO-
ctu o6pasua. Eciu ckopocTh NOBEpXHOCTHOH peKOMOHHALHUH
B XOje 3KCIIepHMeHTa pe3KO BO3pacTaeT Nocje KaKHX-JHGO
BO3MeifICTBHHA, TO MHTEHCHBHOCTb CBeTa MOXKeT ObITb yBeJH-
YeHa B HYXKHOe KOJIMYeCTBO pas3, a Ko3((HUUHEHT nponop-
[[HOHAJIbHOCTH K NOMHOXKeH Ha TO e YHCIO.

10T KOMGUHUPOBAHHBIM MeTOJ H3MepeHHH GhlIJ MpHMe-
HeH BnepBble B pabote [36], a 3aTeM pa3BHUT H ycOBepLIeH-
cTBOBaH B pafoTax aBTopa ¢ cOoTpynHHKamMu [42, 71, 54,
MI10, M27].

Heo6xonuMO OTMeTHTb, UYTO pacCMaTpPHBaeMBIi MeTO[
cBo6GodeH OT 1eJOTo psifia NPHHLUUIHAJNbHBIX HENOCTaTKOB,
OTMeUaBILIHUXCS B CBSI3H C pacCMOTpPeHHeM APYTHX KOMGH-
HHPOBaHHBIX MeToJ0B. Tak, B § 6 OblsI0 MOKa3aHo, 4TO, NpH
paBeHCTBe CKOpOCTefl MOBEPXHOCTHOH peKOMOHMHAUMH Ha
oGeux rpaHsx o6pasia, cBsidb CTallMOHApPHOH (HOTONPOBOMAH-
MOCTH H CKOPOCTH NOBEDXHOCTHOH peKoMOHHALHu coxpa-
HsieTcs Toft XKe caMo#l BO BceM BO3MOXKHOM JHana3oHe H3Me-
HEeHHI CKOPOCTH NOBEPXHOCTHOH peKoMG6GuHauuu. Takum 06-
pasoMm, B OTJIHYHe OT METONOB, HCHOJb3YIOLUIHX 3aTyXaHHe
(GOTONPOBOAUMOCTH, 3€Ch OTCYTCTBYIOT OTPaHHYEHHA MO Be-
JHUHHe CKOPOCTH IIOBEDXHOCTHOH peKOMOGHHALIUH, KpOMe,
pasyMeeTcsl, TeX, KOTOpble CBfiI3aHbl C NPHMEHHMOCTBIO ca-
MOTO 3TOrO IOHATHS.
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HaJnee, ucnosb3oBante 3¢pdexra nojs Ha GOJNbIUHX CHT-
HaJlax MO3BOJISIET B MNPHHIMIE HCKJIOUHTh BCe BO3MOXKHBIE
MOTPEUIHOCTH 33 cyYeT U3MeHeHHH caMoro cnekrtpa OBICTPBIX
MOBEPXHOCTHBIX COCTOSIHHH B XOJe H3MepeHHH, eClH TOJbKO
BpeMeHa peJlaKCallii MeJJIEHHBIX COCTOSIHHH, 0O0yCJIOBJH-
BaloIHX «3(hdeKT HaAKOMIeHHA», «3(hdeKT NpUIAHNAHHSA» H
nonoGHeie 3G (eKTh, 3HauMTeJbHO 6OJblle NepHoia More-
peuHoro cHHycoupanpHoro noss. Hakowel, ucnosb3oBanue
JIBYCTOPOHHero 3¢ @eKTa noJsl yCTpaHseT BCAKYIO Heollpefe-
JIEHHOCTb B H3MEHEHHSIX COCTOSIHHSl H 3HAaYeHHAX XapaKTepu-
CTHK BTOpOH 60JbLIOH MOBepXHOCTH o6pasua.

Hapsiny ¢ 3THMH NOJOXKHUTENbHBIMH KauecTBaMH MeTO-
IHKH, OHa oGJiafiaeT HEKOTOPBIMH CYyIIECTBEHHBIMH, XOTH H
He MPHHUHMHANBHBIMH TPYAHOCTAMH.

IIpexnpe Bcero, cioga OTHOCATCS BecbMa BHICOKHe Tpe6o-
BAHMS K KauecTBY NMOATOTOBKH 06Pa3lloB K H3MEpeHHUsM, 3Ha-
YyHTeJbHAs YacTb KOTOPBIX CBfi3aHa C HCNOJb30BaHHEM [BY-
croponHero 3¢ dekra noas. ns obecneyeHnss OAHHAKOBOCTH
COCTOSIHHSI NOBepXHOCTH 06eHx OoJsbluMX rpaHell o6pasua
HeoOXOIHMa TIAaTeJbHas CTaHAApTH3alUs BceX BHAOB 06-
pa6oOTOK MOBEPXHOCTH, T. €. obecrneyeHHe OJHHAKOBOCTH
yCIOBUH 1JAHGOBKU U NMOJHPOBKH, TPaBJIeHHsS H MPOMLIBOK,
CYIIKH H yCTaHOBKH 06paslia B AepxKaTe/lb.

Bropo#t onepanueii, Tpe6yiollefl 3KCHePHMEHTAJIbHOTO
MacTepcTBa H TepHeHHs, sABJsSeTCS H3rOTOBJEHHEe TOPLEBBIX
OMHUYECKHX KOHTakKTOB. IlOCKOJbKY MOJIeBble 3JIeKTPOIb!
JOJI2KHbI MOKPBIBATh IOBEPXHOCTH GOJBLIMNX TpaHell LeJsHu-
KOM H Jlaxe, BO U36exXaHHe KpaeBbIX 5((eKTOB, BEICTYNAaThb
3a MX MpefeJsbl, pa3Mepbl TOPLEBbIX KOHTAKTOB He JOJIKHBI
NpeBbIlaTh TOJIIHHBI o6pasua. ITocienHsass oGBIYHO JIEXKHT
B npeneaax 0,1 + 0,5 mm, yTO fesaeT 3agauy M3rOTOBJIEHHS
OMHYeCKHX KOHTAKTOB BecbMa HenpocTod. [lisi H3MepeHH#
B MHTepBaJle TeMlepaTyp BOJH3H KOMHATHBIX OGLIYHO yaaeT-
Csl IOCTHYb YJOBJIETBODUTEJbLHBIX Pe3yJ/bTATOB C IOMOLIbLIO
9JIEKTPOJIMTHUECKH HAHECEHHHIX MOJIOCOK MeXH HJIH POjHf,
K KOTOpPHIM MNPHNAHBAIOTCSl 3a/yKeHHble MeIHble HJH HH-
KeJsieBble MNPOBOJNOYKH. OTKJIOHEHHSI OT OMHYHOCTH TakKHX
KOHTAaKTOB [MPH TOHHXEHHBIX TeMIepaTypax sfBJAseTCH
YacToi MNPHYHHOH OrpaHHYeHHH TeMIepaTypHOrO HHTEp-
Bajla H3MepeHu,



§ 12] KOMBUHUPOBAHHbBIE METOIbl U3MEPEHHH 211

BceaenctBie 1neo6xoauMocTH ocBeuiaTh o6pasell CKBO3b
noJsieBble 3JEKTPOABI, MHOCAeNHHEe AOJKHBI OBITh MOJYNpPO-
3payHBbIMH.

BecbMa ynoOGHBIMH H OTHOCHTENbHO NPOCTBIMH B H3rO-
TOBJIEHHH SIBJSIIOTCS 3J1EKTPOLbl H3 CJIOST OKHCH 0JI0Ba C H3-
OGBHITKOM 0JI0Ba, KOTOpble XOpPOLIO Jep:KaTcsi Ha CIHIofte,
CTeKJie MJIM KBaplie, U [IPH OCTATOYHO MaJIOM 3J1EKTPHUECKOM
COMpOTHBJEHHH norjowaior Toabko 10—159% mnapmaromero

} 20 >
|= 18 ~

N+
4 495
N

Puc. 12.3. a) Co6pannbift koHneHcaTop 9ddekra nmoas; I — cTeKJAAHHbBIE
HJM KBapleBble NJAaCTHHbl AepXaTess, 2 — H30JALHOHHble NDPOKJaxKH,
8 — o6pasel. 6)— THMHYHble pa3Mepnl H dopma obpasna,

ceera. TakHe 3J1eKTPOAbLI H3rOTABJHMBAIOTCS MyTeM HCHape-
HHA B BO34yXe Ge3BOJHOrO XJOPHCTOrO 0JI0BA NPH TeMmmepa-
Type okoJo 400° C.

OO6uuit BHA H3MEpPHTEJbHOrO KOHJeHcaTopa MpHBeleH
Ha puc. 12.3. Kak BHAHO, OH COCTOHT M3 CTArHBaeMbix 60.1-
THKaMH CTeKJSHHBIX HJIH KBapleBblX IJIACTHH, Ha BHyTpeH-
HHe MOBEPXHOCTH KOTOPHLIX HaHEeCEeHh MOJyNpO3pauHble 3JjekK-
TPOABI, H30JHPYIOLIUX JHCTOUYKOB CJIIOABI H 3a2KATOTO MeXIy
uumu obpasua. [Ipu c60pke H3MepUTEJBHON CHCTEMBl BeChb-
Ma BaXHbIM Tpe6OBaHHeM siBJsieTCs IIJIOCKONAapaJJesbHOCTb
KaXIO0ro H3 KOHAEHCATOPOB, 06pa3yeMbiX MOBEPXHOCThHIO
ofpasia W BHELIHHM 3JIeKTPOJAOM, a TaKxkKe PaBeHCTBO HX
emkocTell. Ilpu TwatenbHo#t 06paboTKe MOBepXxHOCTeH 06-
pa3lla M CTeK/JAHHBIX HJIH KBapLeBbIX IJACTHH, a TaKXKe
KOHTpPOJIe NOCTOSIHCTBA TOJILIHHBI CJIONBI, yhaaeTcs obecme-
YUTb pPAaBEHCTBO €MKOCTell OGOHX KOHIEHCAaTOPOB ¢ TO4-
HOCTbIO 10 2 + 3%. [1pu 3TOM cpaBHeHHe €MKOCTH KaxJ0ro
M3 NOJIyYeHHBIX KOHIEHCAaTOPOB C pacueTHOH eMKOCThIO, HC-
XOAsl M3 TOJIIMHBL H JHU5JEKTPHYECKON MNPOHHIAEMOCTH
CJII0[bl, HO3BOJISIET NIPOU3BECTH OLIEHKY TOJILHHB 3¢ ¢eKTUB-
HOro BO3AYUIHOTO 3a30pa MexXJy CJaoAofi H o6pasiom
H, COOTBeTCTBEHHO, OLEHHTb TJyOHHYy pedbeda Ha ero
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nosepxHoctdH. O6paboTKy MOBEPXHOCTH 06pas3ia MOKHO CYH-
TaTh YAOBJIETBOPHTEJBHOMN, a c6OPKY KOHIeHcatopa yemell-
HOH, ecau 3(p¢peKTHBHAS TOJILHHA BO3yLIHOTO 3a30pa B KOH-
neHcarope He npesbimaer | = 0,6 mxm.

[IpuMeHeHHe NpO3payHbLIX 3J1EKTPOLOB IO3BOJISET BBe-
CTH JONOJIHHTEJNbHbII KOHTPOJb MJOCKOINApPaJJeJ]bHOCTH
KOHJIeHcaTopa 110 XapakTepy HHTep(epeHIMOHHOH KapTHHHI,
06GycJIOBIEHHOH HaJH4YHeM 3TOro BO3AyLIHOro 3asopa. Ha-
6aronasi 3a H3MeHeHHeM (DOpPMBI 1O0JOC HHTepdepeHlHH
B X04e COOpPKH KOHIEHCATopa, Jerko OOHAapyXHTb AedeKTnl
B MOBepXHOCTHOH 06pa6oTKe o6Gpasna (MakpoCKOMHYECKHE
BBICTYIbl, BIaJHHBI, «3aBaJbl» BOJH3H KpaeB), a TaKxe Ha-
pylleHHs IMJOCKOMNapaJJeabHocTH npu cbopke. Ilocaennue,
MPH HEKOTOPOM HaBbiKe, OTHOCHTENbHO NPOCTO BHINPABJAIOT-
csl TPaBUJBHBHIM uYepefoOBaHHEM NOAXKAaTHA GOJTHKOB B Xole
cO6OpKH "-KOHJleHCcaTopa.

B) OGocHOBaHMe W onpejeseHHe rPaHUL, NPHMEHHMOCTH
KoMOuHupoBaHHoro merona addekra nojsa Ha GORbUIMX CH-
HyCcOMJaJibHBIX CHTHaJaXx M KBa3ucTauuoHapHoii doTonpo-
BOAMMOCTH. [IpH ONHCAaHWM 3TOTO BapHaHTa KOMOGUHHPOBAH-
HOH METOJHKH HCCJIeJOBaHHS TOBEPXHOCTHEIX 3JIEKTPOHHBIX
npoueccoB OblJIO OTMEYEHO, YTO Pa3HOCTb OPAHHAT KPHUBBIX
s¢ekTa nojs Ha CBeTy H B TEMHOTe He paBHa, BOoOlle ro-
BOpsi, 00beMHO#N GOTONPOBOAUMOCTH o6pasua. M3 pesyabra-
TOB § 4 MBI 3HaeM, UTO B Hee BXOASAT H3MeHEHHs MOBEPXHO-
CTHOH MPOBOAMMOCTH, O6YCJ/OBJEHHblE IBYMSl Pa3HbIMH 3¢-
tdexkTaMu: nosiBJeHHeM H3OGBITOUHBIX HOCHTeJell 3apsana
B IIPHIIOBEPXHOCTHOH 06JACTH H H3MEHeHHEM MOBEpPXHOCT-
Horo 3apsaa. Takum o6pa3oM, YCJOBHeM HPHMEHHMOCTH
KOMOGHHHPOBAHHOH METOJHKH SIBJISIETCS BO3MOXKHOCTh IIpe-
HeGpeub 060MMH YKa3aHHBIMH H3MEHEHHSIMH MOBEPXHOCTHOH
IIPOBOAMMOCTH 10 CpaBHeHHIO ¢ 00beMHOH (DOTONPOBOIH-
MocTbIO o6pasnua.

OTMeTHM cpasy, YTO HEH3MEHHOCTb 3apsfla MeLJIeHHBIX
MOBEPXHOCTHBIX COCTOSIHH{ sBJISIeTCs1 06s3aTe/IbHbIM YyCJIO-
BHeM MNPUMEHHMOCTH caMoro Mertozxa s¢pdexra mojas H mno-
5TOMY He HaKJaAbiBaeT [OMNOJHHTENbHBIX TpeGOBaHHE HJH
OorpaHHYeHH# Ha KOMOHHHpOBaHHYI0 MeToAuKy. C mpyroi
CTODOHBI, H3MeHeHHe 3apsfia OLICTPEIX IOBEPXHOCTHHIX CO-
CTOSIHUH He CKa3blBaeTCs 3aMEeTHO Ha MOBEPXHOCTHOH (oTO-
3MC, kak 370 6bl710 moka3ano B § 9. XoTs npUBeseHHble TaM
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JlaHHble OTHOCHJIUCh K CJyyalo repMaHHs, OYeBHJHO, UTO
aHaJOTHYHAsl CHTyalHus B OTHOLUEHHH ILEeHTPOB 3axBaTa
JOJI2KHa ObITh U B CJyvyae KPeMHHsl, BO BCAKOM cJjyudae, OpH
JIOCTaTOuHO Xopouleii o6pa6oTke ero nosepxHoctd. Ocraercs
TOJIbKO BO3MOXKHOCTb H3MeHEeHHs I0BeDXHOCTHOrO 3apsja
LIEHTPOB PeKOMOHMHALHH, KOTOPYIO HEBO3MOXKHO OLEHHTb 3a-
paHee, He 3Has KOHLEHTPAalUMH M ceyeHHH 3axBarta IAbIPOK H
3/JI€KTPOHOB 3THMH lIeHTPaMH. DKcnepHUMeHTaJbHble JaHHbIE
paGoThl [26] cBHIETEJLCTBYIOT O G6J/1aronoJlyYHH B 3TOM
¢MbICJIe B cJydyae repMaHHs NPH KOMHATHBEIX TeMIlepaTypax.
K ouenke cuTyauHuu B cayuyae KpeMHHsSI H OOOHX 3THX MOJY-
[IPOBOJHUKOB MpPH MNOHUKEHHBIX TeMIEepaTypax Mbl BepHeMcs
B KOHIle 3TOTO pasjeJa.

Ha ocnoBanuu pesyabratoB §§ 4 u 5 (cm. (5.8), (5.9))
HeTPyJHO HalHcaTh BhIDAXKeHHe MAJsI M3MeHeHHs MOBepXHO-
CTHOH MPOBOAHMMOCTH B pe3yJbTaTe OCBElIeHUS NPH YCJIOBHH
MOCTOSIHCTBA NOBEPXHOCTHOrO 3apsja:

0

(A+8) (™Y +1)+b5 (A7 +8) (¥ —1) p

1
AGg= 9 qupstp I F2 (¥, 2, 8) "
Ys
0
AV +1)+6A7 " +1)
— f F2(y, 3) i (129

Ys0

AunanusupoBath cootHouwenue (12.6) B obuem Buae mocTa-
TOYHO CJI0XKHO, H60 BXOAfALIHE B HEro HHTerpaJibl aHaJH-
THYeCKH He OepyTcs. Ilo3TOMy MBI OrpaHHYHMCH JIMIIb
KauyeCTBEHHBIM pacCMOTpeHHeM H3MEHEeHHH [0BePXHOCTHOM
NPOBOAHMOCTH MpPH OCBEIlleHHH, a 3aTeM NpHOJHKEHHO pac-
cuHTaeM caydail HauGosbuiero oxumaemoro spdekra [42].
Bo-nepBbiX, OUEBHAHO, YTO H3MeHEHHS MNOBEPXHOCTHOH
MPOBOAMMOCTH NPH OCBeLleHHH JOJKHBI CTPEMHTbCH K HYJIO
npu GOJBIIMX aGCOJMIOTHBIX 3HAUEHHSIX MOBEPXHOCTHOTO MO-
TeHIlHaJa, KOTaa 3apsii B CJOe MPOCTPAaHCTBEHHOTO 3apsjia
06yc/10BNIeH NPAaKTHYECKH LEJHKOM I[OABHKHBIMH HOCHTe-
JSIMH 3apsila OLHOTO M3 THIOB (3JEKTPOHAMH WJH IbIp-
KaMH), KaK B TeMHOTe, TaK M IPH OCBellleHHH. B 3Tux cay-
yasiX B NOBEPXHOCTHOH MPOBOAHMOCTH YUacTBYeT TOT e ca-
MBI U3OBITOK ABIPOK HJIH 3JIeKTPOHOB BOJIM3H MOBEPXHOCTH,
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KOTOPbIfi H CO3[aeT 3apsif B CJOe NPOCTPAHCTBEHHOTO 3a-
psana. Tlockonbky mocsnenHuil 10 NMPHHATOMY YCJOBHIO NpH
OCBelLIleHHH He H3MeHseTcs, TO He [O0JI)KHa H3MeHATbCA H
MOBEPXHOCTHAsI MPOBOAUMOCTb.

C npyro#i CTOPOHEI, MPH He CJAHILIKOM GOJBIIMX 3Haye-
HHUSIX MOBEPXHOCTHOI'O MOTEeHLHAaJa, KOrAa BKJAAbI MNOIABHXK-
HbIX HOCHTe/lell 3apsila U MOHM30BAHHBIX AOHOPOB HJH aK-
LeNTOPOB B 3apsiA CJOsS NPOCTPAHCTBEHHOTO 3apsijia Cpas-
HHMbI 110 BeJIMYMHE, MOXHO OXHAATb 3aMeTHBIX H3MeHEeHHH
MOBEPXHOCTHOH MPOBOAMMOCTH INpH oOcBelleHuH. [leficTBu-
TeJIbHO, B 9TOM CJIyyae JOJs y4acTHS MNOJBHIKHBIX HOCHTeJ el
3apsifia B 3apsiie CJ0s NPOCTPAHCTBEHHOrO 3apsiia [MpH
ocBeuleHHd Oylder Bo3pacraTbh, a, COOTBETCTBEHHO, Gymaer
pacTd ¥ MOBePXHOCTHAs NMPOBOAMMOCTb. CorsacHo ypasHe-
uuo (12.6), stor addekt GyneT umerb HauGoJblilee 3Haye-
HHe INpPH HaJHYHH Ha I[OBEPXHOCTH He CJHIIKOM CHJIbHO
BbIpaxKeHHBIX cj10eB MHBepcuHd. Hanpumep, B cayuyae HHBep-
CHOHHOTO CJlofl 3JIeKTPOHHOH TPOBOAHMOCTH Ha obpasie
IbIDOYHOI TPOBOAHUMOCTH, BKJaAbl H36GBITKA 3JEKTPOHOB H
HECKOMMEeHCHPOBAHHBIX MOHH30BAHHbIX aKIENTOPOB B NPHUINO-
BEPXHOCTHBIH [POCTPAHCTBEHHBIH 3apsj B TeMHOTe MOTYT
O6bITb CpaBHUMBI 110 BesquuHHe. [Ipu ocBelleHHH H3rH6 30H
YMEHbIUUTCA U POJb aKIeNTOPOB BCJAEACTBHE KOMIIEHCAIMH
HX 3apsifia AbIpKAMH CYIHIECTBEHHO YMEHBLIUTCH.

O6a npuBeleHHBIX BhILE cOOOpaKeHHsI OTHOCATCA K CJIy-
4alo He CJHUIIKOM GOJIbLIMX YPOBHEH HHBEKIHH, KOTAa H3Me-
HeHHe NOBEPXHOCTHOTrO MOTeHLHasNa NMPH OCBElleHHH COCTaB-
JIfieT CPaBHUTEJNbHO HeGOMBLIYIO A0JI0 CaMOH BeJHYMHEB! IO-
BEPXHOCTHOTO MOTeHIHasa B TeMHOTe. OueBHAHO, YTO HMEHHO
5TOT CJyyYaill Hac M MOXeT HHTepecoBaTb. [leficTBUTEJBHO,
H3MeHeHHe IOBEPXHOCTHON NPOBOAMMOCTH NPH OCBEIIEHHH
He MOXKeT MpeBBILIATh BeJHYHHY CaMOil IOBEPXHOCTHOMH mpo-
BoguMocTH B TemHoTe *). TlocaenHss: xe, NpH OOGbIYHO MPH-
MEHSIEMBIX B 3KCIEPHMEeHTe TOJILHHAaX 00pa3loB MOpsaKa
COTeH MHKpPOH, He MpeBBILIAeT HeCKOJbKHX NMPOLIEHTOB OT 06-
el TeMHOBOH npoBoguMOcTH o6pasna. B To ke Bpems
¢ OTONpPOBOAMUMOCTb, pacTyllas JHHEHHO C yPOBHEM HHDBeK-
IIHH, MOXKeT MpH GOJIBIIHX €ro 3HaYeHUSX CYILeCTBEHHO Ipe-

*) HanoMHHM, uTO MBI paccMaTpHBaeM cCJydyall HeM3MEHHOCTH Io-
BEPXHOCTHOro 3apsifia, Koraa 30HBl MOTyT TOJBKO pa3rHbaTbcsi NpH
OCBelleHHH.
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BHILIATH TEMHOBYIO NPOBOAMMOCTbL 06pasla, Tak 4TO [O-
rPEIIHOCTh H3MepeHHs (POTONPOBOAMMOCTH 3a CUET H3MeHe-
HHSl TOBEDXHOCTHOH NPOBOAHMOCTH B cJydae GOJIbIUIHX
yPOBHell HHbeKLHU GyleT BecbMa MaJja.

Takum o6pa3oM, HaM HaAJIeKHT OLUEHHTh U3MEHEHHs Mo-
BEPXHOCTHOH IPOBOAHMOCTH NpPH OCBELIeHHH B cJydyae He
CULIKOM CHJIBHO BBIPAXK€HHBIX CJIOEB MHBEPCHH H HeGOJb-
LIHX yPOBHeH HHBEKUHMH.

Hns onpeneneHHoctH OyleM paccMaTpHBaTh o6paser
IbIPOYHON NMPOBOAHMOCTH H, B COOTBETCTBHH CO CKa3aHHEIM
BhIILIC, OTPAHHYMMCH 06J1aCTbIO MOJIOXKHUTEJIbHBIX 3HaueHHH
MOBEPXHOCTHOTO MOTeHLHaJa. YpaBHeHHe (12.6) npu 3TOM
nocJie HeCJOXKHBIX Npeo6pa3oBaHHUi MOXKeT GBITh 3alHCAaHO
CJeayIOLHM o6pasoM:

! 7 F, % 8) = S (A +9)
AGS*—"” nstZp J F2(v,, 6§ -
lys
0 ;—Y?(y,x)—l:ﬁx
-—_ N = -
YJ‘ o ay qunst€p X
S0
e - 1+6 .
x{ F®(Ys, &, 8) = F*(Yso, )+ —52O(Ys, A, 6)}, (12.7)
S
rae
0 0
. _ A+3d _ f A
@ (Ys, A, 8)= J gy Y o) dy, (12.8)
YS S0

¥ BOJIHMCTasi 4yepra Hal ¢yHKUHAMH F o3Hauaer mpeHeGpe-
XKeHHe 3KCNOHEHLHAJ/bHEIM YJEeHOM C OTPHLATe/JbHBIM MOKa-
3ateseM B 3KcHoHeHTe. PasHocTb ABYX NepBHIX WIeHOB
B ypaBHeHHH (12.7) TOX[ecCTBEHHO paBHa HyJ/IO B COOTBeT-
CTBHH C yCJIOBHEM IIOCTOSIHCTBA IOBEPXHOCTHOTO 3apsiia:

Quos = — g LpF"* (Y59, M) = — g, @ pF" (Y5, A, 8) = const.
(12.9)
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@Oyuknuss @ Moxer OBIThH pasjiokeHa 10 MaJoOMy napa-
meTpy AYs B psil, nepBhIi WieH KOTOPOTO

* A
O(Ys, A, §)=—=————AY,. 12,10
( Sy Ny ) Fl/z(yso’ l,) S ( )
[TpeHe6perkeHre BBHICIIHMH UYJEeHaMH pasJ/OXKeHHsl COOTBeT-
CTByeT, HanpuMep, npu A =6 u ypoBHe HHBeKuuH 8§ = 0,1
NIOrPeLIHOCTH MeHee TpeX MPOLIeHTOB.
Torpa oTHOLIEHHe H3MEHEHHs NOBEPXHOCTHOH NPOBOIHU-
MOCTH NPH OCBeELIeHHH
1 1+b A
AGS=—qu,,S—Sn,-5€D~——AY (12.11)
1/2 N .
2 bs F2 (¥ g 3)
K (OTONMPOBOAHMOCTH

Gy = qu, (1 +bos) dn,d, (12.12)

rae d—rtommuuHa o6pasna, bos — OTHOIIEHHe O06BbeMHBIX
noJABHXKHOCTeH, 6yeT paBHO:
AG I p l+bs &, A AY
G, "1 Tis. a5 Frg_m (219
® bp T+byg Yso M)

B cBsi3u ¢ cootHouenunem (12.13), koTopoe TakuM obpa-
30M XapaKTepPH3yeT OTHOCHTEeJbHYIO MOrPeLIHOCTb ONpefede-
HHs. POTONPOBOJUMOCTH 3a CUET HU3MEHEHHS MOBEPXHOCTHOMH
[POBOAUMOCTH NPH OCBEIlleHHH, ClelyeT OTMEeTHTb [IBa CY-
HlecTBeHHBIX 06cTOsITesbCTBA. [lpexae Bcero, HeOGXOMMMO
NOMHHTb, YTO B 006J1aCTH He CJHLIKOM OOJbIIHX 3HAYEHHH
YPOBHS HHBEKLHH H3MeHeHHe IOBEPXHOCTHOTO MOTeHIHaJa
AYs mponmopuuMoHaJbHO YDOBHIO MHBeKUMH & (cMm. (4.12)),
a, cJaefloBaTe/IbHO, MOrPelIHOCTb onpejeseHuss (OTONPOBOLH-
MOCTH B 3TOl 06/1aCTH 3HAYeHH! ypPOBHS HHBEKUHH OT €ero
BeJHYHHBEI He 3aBHCHUT. Kak oTMmeuasoch Bhille, B 00JacTh
60/bIIHX 3HAUEHHH YPOBHsI HHBbeKUMH, rae AYg nocturaer
HaCBILIEeHHs, NOrpellHOCTb yOhiBaeT 06paTHO MPOMOPIHO-
HaJbHO 3HAUEHHIO YPOBHS HHbeKUHH. [lajee, Kak H cjeno-
BaJ0O OXHAATh H3 caMbIX OOHX cooOpakeHHi, morpel-
HOCTh 1O MOPSAAKY BeJHUHHbl paBHA OTHOLUEHHIO [JHHBI
He6as Zp x ToauuHe o6pasua d, T. e., HANpUMep, AJf
repMaHus MpH KOMHATHBEIX TeMOepaTypax H TOJLIHHAX o0f-
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pasiia nopsiika COTeH MHKDOH OHa [JOJ2KHA ObITb Mopsifka
NPOLEHTOB.

Hns OGosee TOYHOH OIEHKH BeJNHYHHBI IOTPELIHOCTH,
a Takxe BbIICHEHHs1 06/1aCTH 3HAYeHHH MOBEPXHOCTHHIX NO-
TeHI[HAJIOB, T/le OHa MaKCHMaJ/bHa, MOKHO BOCIIOJIb30BaTbCA
TeM 0OCTOATENbCTBOM, YTO, COrJacHO pHC. 4.3, H3MeHeHHe
MOBEPXHOCTHOTO norteHnuana AYs B uHTepecylolleil Hac 06-
JIaCTH ero 3HaueHHH mpUOGJIHKEHHO MPOMOPIHOHAJILHO BeJH-
yyHe NMOBEPXHOCTHOro moTeHnuasja B TeMHoTe. [loacraBass
3Ty 3aBHcHMoOCTb B ¢opmyay (12.13), naxoaum, 4To B CJay-
yae repmMaHus ¢ A = 6 MakcuMaJbHas NOTPELIHOCTb ONpene-
JieHHs1 (OTOMPOBOAHMOCTH GYIET COOTBETCTBOBATh BEJHUHHE
Yso = 4,2 u paBuatbes 0,6%; npu A = 30 — cooTBETCTBOBATh
Yso = 7,2 u paBusitbea 3,5%; npu A = 150 — cooTBeTcTBO-
BaTb Ygo &~ 10,2 u paBHsATbCA 14Y%.

®usnyeckHl CMEIC] BO3pacTaHHsl 3HAaYeHHs NOBEPXHOCT-
HOTQ IOTeHIIHaJla, COOTBETCTBYIOLUlEro MAaKCHMaJIbHOH MO-
TPEeLIHOCTH OmnpefeseHHss (OTONPOBOAMMOCTH, H CaMOH ee
BEJHYHHEI ¢ POCTOM A (JJsi 06pasnoB OBIPOYHOH MPOBOIH-
MOCTH) oueBHeH. [leficCTBUTENbHO, C POCTOM A CBSI3aHO YBe-
JMYeHHe DOJIM HOHH30BaHHBIX aKIeNTOPOB B 3apsle cJos
[POCTPAHCTBEHHOrO 3apsaa, a, Kak OTMeYaJioch BhHILIE, CaMO
H3MeHeHHe MOBEDXHOCTHOH NPOBOAMMOCTH IIPH OCBELIEHHH,
B cjlyyae IMOCTOSIHCTBA BEJHYHHBI IPOCTPAHCTBEHHOrO 3apsa,
o6ycJ/oBJeHo mnepepacnpefiejleHHeM [0JeHd y4acTHsl B HeM
MOABHKHBIX H HEMOJBHXKHBIX 3apsloB. B cBfI3H C 3THM
MOXHO OTMETHTh, YTO MeTOAHKA 3¢ @eKTa MoJsi TakkKe naer
TeM MeHblllHe MOTPEINHOCTH B OMNpeJeJieHHH 3HauyeHHi mo-
BEPXHOCTHOTO NOTeHLHAJsa, yeM Oauxke o6pasel K cOGCTBEH-
nomy. IlosToMy nJs1 mpoBeleHHs] TOYHBIX H3MepeHHIH HeoG-
XOIHMOCTb OrpaHHuYHBaTbcsd 06paslamMu co 3HAUEHHAMH A,
He CJHIUKOM JlaJeKMMH OT eHHHILbl, cOTJiacyeTcsl KaK ¢ TOUY-
KH 3peHHs] OMHCAHHOTO MeTOoxa OmnpelesieHHss (OTONPOBOMH-
MOCTH, TaK U C TOYKH 3peHHsI CaMOH MeTOAUKH 3(deKTa noJs.

BaxHbIM CcJAeACTBHEM  NPOBeAEHHOIO pPacCMOTPeHHs
SIBJIieTCH 3aK/lo4eHHe 06 yMeHbIUeHHH NOTPEIIHOCTH B Oll-
peneneHuu ¢HOTONPOBOJUMOCTH, 2, COOTBETCTBEHHO, H CKOPO-
CTH MOBEPXHOCTHON PeKOMOGHHAIMH, IPH BO3PACTAHHHU yPOBHS
HHbeKUMH. FIaMepeHNs npH NOBHILIEHHBIX YPOBHSIX HHBEKIUH
npencTaBJsioT 60JbIIOH HHTepeC KaK AJs TEOPHH 3J1eKTPOH-
HBIX TPOUECCOB Ha TMOBEPXHOCTH MOJYNPOBOAHHKOB, TaK H
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C NpaKTHYeCKOH TOUKH 3peHHs, a HX peasH3allHs BecbMa
3aTpyAHHTeNbHA.

B cBsi3n ¢ BO3MOXXHOCTbIO TAKHX H3MepeHHHl paccMaTpH-
BaeMEIM MeTOAOM HeOGXOAHMMO OCTAHOBHTbCS Ha MeTOAMKe
OTpefesieHHs] 3HAUYeHH TNOBEPXHOCTHBIX MOTEHUHAJNOB IpH
OCBelL[eHHH MOBEPXHOCTH.

[Tpu manbix 3HAueHHSIX YPOBHS HMHBEKUHH MOBEPXHOCT-
Has ¢oTto-d[1C, cornacHo ypaBHeHHIo (4.12), mana, Tak uTo
IJISl IOCTPOEHHST 3aBUCHMOCTel CKOPOCTH NMOBEPXHOCTHOH pe-
KOMOHHAIIUH OT MOBEPXHOCTHOTO 3JIEKTPOCTATHUECKOTO I10-
TeHIHaJja MOTYT ObIThb HCIIOJIb30BAHbl 3HAUEHHs MOCJENHEro,
noJiydeHHEle N0 KpHBOH 3ddekTa monss B TemHore. C BO3-
pacTaHHeM YpOBHs HHDBEKUHH npeHeGpexKeHHe IOBEPXHOCT-
HO#l ¢0T0-DJIC CTaHOBHTCA HENOMYCTHMBIM H HCTHHHblE
3HauyeHHs] MOBEPXHOCTHOTO MNOTeHUHAasaa AOJKHBI PacCUHTHI-
BAaThCSl C yUeTOM H3MEeHEeHHs TMOCJeIHero MpH OCBEIleHHH.
Hansi ToHkux o6pasuoB nosaynpoBoiHHka (d <« L) atu ua-
MeHeHHs1 GyAyT, padyMeeTcsi, OlMHAKOBLIMH Ha OOeHux, OcBe-
IleHHO# W HeOcCBelleHHOM, cTopoHax o6pasna. Cam pacuer
MpPOU3BOAUTCA NpPU NMOMOMIH o6ulero cooTHoueHHs (4.10) u
He BbI3BIBAeT HHKAKHX NDHHUMNHAJbHBIX OCJOMXHEHHH, MO-
CKOJIbKY HeOGXOAuMble /151 HEro 3HaueHHsl YPOBHSI HHBEKIUH
onpenesitoTcs npu nomouu Gopmyaet (12.12) no pasHoctam
OpJAMHAT KPHBBHIX 3()(exTa MoJg Ha CBETYy U B TEMHOTe.

B 3akJloueHHe BHOBb BepHeMCA K BONPOCY O BO3MOXKHOM
BJHSIHUH 3aXBaTa HM36GBLITOYUHBIX HOCHTeJefl 3apsja Ha mo-
BEPXHOCTHEle PeKOMOHHALHOHHble LEHTPH. M3 cKaszaHHOro
B § 9 ciaeayer, UTO HCKaKalowlero pe3ysabTaThl BJIHSIHHA
3TOro 3¢p¢deKTa MOXKHO OXHAATb NpU OGOJBIIHX PasIHUUIX
CeYeHHil 3axBaTa ABIPKH H 3JeKTpPOHAa peKOMOGHHALMOHHBIM
meHTpoM. Kak MBI yBHAHM [aJjlee, OTHOLIeHUe ceueHHi 3a-
XBaTa IBIPKH M 3JIEKTPOHA NMOBEPXHOCTHBIMH LEHTPaMH pe-
KOMOGHHAUUH HAa repMaHHU HeBeJHKO B 06J1aCTH KOMHATHHIX
TeMmepaTyp ¥ He CJIHIIKOM OBICTPO pacTeT NMPH MOHHXKEHHH
TeMnepaTtyphl. VIMeHHO 3THM 06GCTOATENbCTBOM OGBSCHSETCS
OTCYTCTBHe HCKaXKalUIHUX BJHAHHI ynoMsaHyTOoro 3sgdexra
B JAaHHOM cJy4ae.

B cinyuae kpeMHHSI CHTyalHss MOXeT ObITH CYILIECTBEHHO
OTJHMYHOH, TaK KaK H3BeCTHble NAHHble CBHIETEJbCTBYIOT
O pe3KOM pa3JHYHMH CeyeHHH 3axBaTa pPeKOMOMHALMOHHBIX
IIleHTPOB Jla)Ke INPH KOMHAaTHEIX TeMmeparypax. I[loatomy
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MpOCTOe pacnpocTpaHeHHe ONHCAHHOH MeTOJHKH Ha ciyyai
KPeMHHUsi, 0COOEHHO NPH 3HAYHTEJbHBIX KOHLEHTpAIHAX MO-
BEPXHOCTHBIX DEKOMOHHALMOHHBIX LEHTPOB, MOXKET MpHBe-
CTH K OOJIBIIHM MOTPelIHOCTAM H3MepeHHH. OTMeTHM, KCTa-
TH, YTO TaKHe MOTpelIHOCTH (0cOGEHHO B 06J1aCTH HH3KHX
TeMnepaTyp, rle BpeMeHa yCTaHOBJIEHHS KBa3HPABHOBECHBIX
3aMOJIHEHH 3THX LEeHTPOB MOTyT OBbITb Be/JHKH) cJjelyeT
02KHJATb HE TOJNbKO AJs1 KOMOMHHPOBAHHOH MeTOAHKH, HO H
IJs MeToAHKH 5 dexTa noas Ha GOJbLIMX cHTHagaax. B akc-
nepUMeHTe NPH 3TOM OyAyT BO3HHKATb IeTJH Ha KPHUBBHIX
s¢dexra noJs B TeMHOTe H Ha CBeTy, KOTODble He CBS3aHbI
CO CXeMHbIMH 3((eKTaMH U He MOTYT ObITb yCTpaHEeHH! NOf-
6opoM MOJIOXKeHHs (asoBpallaTess, BXOASLIEro B H3MepH-
TesnbHyl0 cxeMy. [TosiBneHHe Takux neTeJb CBHIETe/bCTBYeT
06 OTCYTCTBHH KBa3HPaBHOBECHsS] Ha IIOBEPXHOCTH, T. €. O Cy-
LIeCTBOBAHHH Ha HeH B 3aMeTHBbIX KOHLEHTpaUHsIX NOBepX-
HOCTHBIX COCTOSIHHH, 3amoJiHeHHe KOTOpPhIX IIpOTeKaeT ¢
BpeMeHaMH pesaKcallid, CPaBHMMBIMH C BpeMeHaMH BHell-
HHX BO3[eHACTBHH (momepeuHOe 3JleKTPHYECKOe MOJie H OCBe-
lIeHHe) .

Kak HeOnHOKpPaTHO NOAYEPKHBAJOCH, HCCJEJOBaHHE MO-
BEPXHOCTHHIX INPOLIECCOB KBAa3HCTALlHOHADHBIMH METONAMH,
a TaKKe H HeCTallHOHADHBIMH - CTAHOBHUTCS B 3TOM CJyuae
BecbMa 3aTpy/JHHTe/JbHEIM. B psine ciyyaeB 3TH TPyRHOCTU
MOXHO MpeofoJeTh, NPOABHHYB HCCCJAeAOBaHHe B 06/1acCTb
6o/iee HU3KHX TeMIlepaTyp, KOr[a B3aUMOMIeHCcTBHE C OLHOMH
Y3 30H NpPaKTHYECKH MpeKpalllaeTcs.

§ 13. HccanenoBanus npoueccoB 3axBaTta
W MOBEPXHOCTHOH pPeKOMOMHALUM MeTolaMu
YacTOTHOH 3aBHCHMOCTH H pPeJlaKCalHH
MOBEPXHOCTHOH NPOBOAHMOCTH H (OTONPOBOAMMOCTH

a) Yacrornas 3aeucumoctb 3ddeKkra mnojs Ha CHHY-
coupajbHoM Hanpsixenun. [Tono6HO TOMY, Kak mepexoa OT
3deKkra nojas Ha NOCTOSHHOM HANpPSXKeHUH K HH3KMM 4a-
CTOTaM I[03BOJfIeT HCKJIOUHTh 3aXBaT Ha MelJieHHBIe IO-
BEPXHOCTHbIE COCTOSIHHS, TOYHO TaK e Nepexoi OT HH3KHX
YacTOT K BBICOKMM AOJIKEH MO3BOJHTb UCKJIIOUHThL PAL APY-
I'HX OTHOCHTENLHO MeJJIEeHHBIX MpoleccoB. TakuM mnyTeM,
npexjae BCEro, MOXHO OTHeNHTb MNpOLlecC YCTaHOBJeEHH:
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paBHOBeCHs MeXJ1y HOCHTeJIAIMH 3apsjia B 30HaX MPOBOJHU-
MOCTH H BaJIeHTHOH OT mpollecca 3axBaTa Ha OBICTpBle MO-
BEPXHOCTHBIE COCTOSIHHSA.

Crporo rosopsi, 06a 3TH nporecca Bcerfia HMeOT MeCTO
[IPH TPHJOXKEHHH MOINepeyHOro 3JeKTpHYeckoro moJs, u6o
COOTHOIIEHHE MeXAYy BBeJeHHbIMH H BbIBEJE€HHBIMH IpH
3TOM HOCHTeJNSIMH 3apsfia onpefenasercd o6GbeMHBIMH CBOIl-
cTBaMH o6pasla, a U3MeHeHHs] KBa3HPaBHOBECHBIX KOHIIEH-
Tpauuii B 06/1aCTH NPOCTPAHCTBEHHOTO 3apsia — YCJIOBHAMH
Ha ero noBepXHOCTH. Bamanc Mexny OGOMMH 3THMH H3-
MeHEHHSIMH OCYILLeCTBJsIeTCsl 3a cueT TreHepalMOHHO-PEeKOM-
6MHALlHOHHOTO MeXaHH3Ma, MOAPOGHO O6CYKIEHHOTO HAaMH
B§ 7.

OueBHJHO, YTO TeHepalHOHHO-PeKOMOWHALMOHHBIH MpPO-
necc O6yneT UrpaTb 0cob0 Ba)KHYIO poOJb B Clydae CHJBHO
BBIpaXKEHHOT0 CJIOSI HHBepCHH Ha NoBepxHOCTH. Ilpu 3tom
BBejlleHHe (MJM BBIBeJeHHe) OCHOBHBIX HOCHTeJeH 3apsja
yepe3 OMHYECKHI KOHTAaKT K 00paslly MOJXKHO NMpaKTHYECKH
Hanesno ObITb 3aMeHeHO Ha yObiBaHHe (MJIM BO3pacTaHue)
KBa3UpaBHOBECHBIX KOHIIEHTpAlUMH HEeOCHOBHEIX HOCHTeJefi
3apana, AOMHHHDYIONIHMX B NDHUIOBEPXHOCTHOM cJjoe. Xa-
paKTepHCTHUYECKHM BpeMeHeM TleHepaLHOHHO-peKOMOHHa-
IIMIOHHOTO Tpollecca, Kak OTMeyaJoch paHee, SBJASETCA
3(¢heKTHBHOe BpeMs XH3HM HOCHTesell 3apana B obpasie.
CoOTBETCTBEHHO, NpPH MpOBeJeHHH 3KCHepHMEHTOB MO0 Ya-
CTOTHOH 3aBHCHMOCTH 3d¢dekTa moas Ha ob6pasiax c HHBep-
CHOHHBIM CJI0eM CJelyeT OXHAaTh AMCIEPCHH MOABHXKHOCTH
s¢¢dekta noas B 06/1aCTH 4acCTOT ® ~ 27/Tapp, TAE TeHe-
palMOHHO-PeKOMOHHALMOHHBEI MeXaHH3M MepecTaHeT yclle-
BaTb CJEIUTh 33 H3MeHeHHeM MOMEepeyHOro 3JeKTPHUECKOro
noJs.

Jas onHcaHHA OXHAAaeMON OHCNEpPCHH BecbMa YO06HO
onpeneNuTb NONBHKHOCTE 3¢ @deKTa 1nosas B BHIEe BEKTOpA
B KOMIIJIEKCHOH IJIOCKOCTH, IJIHHA KOTOPOTO paBHa OTHoIle-
HHMIO aMIUIMTYJAbl H3MeHEeHHs NpPOBOAMMOCTH K HHIYLHPO-
BAaHHOMY 3apfily, a yroJl MeXAy HHM U AeHCTBHUTENbHON
ocbio paBeH yray ¢asosoro casura 0. Ilpu stom neficTBu-
TeJbHAA YacTb MOABUKHOCTH 3¢ dekTa nons

AG
L -Qﬂ_ljl cos 0. (13.1)
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[Toka uyacToTa NpHJI0XKEHHOTO NONEPEYHOro MOJs MHOrO
MeHbllle BeJHYHHEl, 06paTHON 3¢)()EeKTHBHOMY BpeMeHH XKH3-
HH, [eHCTBHTeJbHasi 4acTb MOABHXHOCTH 3¢¢eKkTa mnoss
B CJlyyae CJ10sl HHBePCHH HAXOAHTCS B (ase ¢ HaNpsiXKeHHEM
H B obpaslle, HanpHMep, 3/J1eKTPOHHOH NPOBOJHMOCTH paB-
Ha MOBePXHOCTHOH MOJABHXKHOCTH IBIPOK (B3ATOH C o6pat-
HbIM 3HAaKOM), NOHHXKEHHOH 3a CyeT 3axBaTa Ha MOBepX-
HocTH. 3aTeM, KaK 3TO MOKa3aHo Ha puc. 13,1, oHa HauuHaeT
YMEeHbIIAThCA BCJIeNl-

CTBHe OTCTABAHMS N0 Ba-  (Hondeicms M908

3e HW3MeHeHHs TpoBoau- W —

MOCTH OT IPHJIOXKEHHOT0 T N

Hanpsi:KeHUsi 4 TIPH yal10- 4l J/ A ()=

BUH o = 27/tsp4 PaBHA /

HYJTIO. / s
Ilanee oHa usmensier W[} 7

3HaK ¥ NpH 6osiee BbICO- ]

KHX 4acToTax MOCTHraer gl !

HacbIlleHHus, COOTBeT- //

CTBYIOLETO nonHomy g . ' ' ‘

HCKJIOUEHHIO resepa- T R T R R R

IIHOHHO-PeKOMOHHAIHOH- w,

HOroO Me€XaHH3Ma H3 HT- Puc. 13.1. OxupaeMas 3aBHCHMOCTb lielACTBH-
PBI. I’]pu UCKJIIOUEHUH  TenbHOH YacTH NOABHXKHOCTH 3ddexTa noJs

OT yacToTul B o6paslie 3JIeKTPOHHOH NPOBOAH-
3axBarTa NOABHU2KHOCTDb  mocrti. CnjomHas JHHUA — cJoft oGoralieHHs
3¢(peKTa noJisi B 3aBH- Ha NOBEPXHOCTH, HyHKTHi)—CJlOﬁ HHBEpCHH.
CHMOCTH OT KOHLEHTpa-

09487 6bICprIX IIOBEPXHOCTHBIX COCTOSIHHH [OJI2KHA JexaTb
MeXJ1y BeJHUYHHOH, GIH3KON K CyMMe OObeMHBIX MOJBHXK-
HOCTeH

. (b + o),
H BE€JHUYHHOH

[, + (1p — Bps)]-

[Tepsoe 3HaueHHe COOTBETCTBYeT CJy4Yalo KOMIEHCaLHH
06BEMHOTO 3apsila 3JeKTPOHOB, HHAYILHPOBAHHBIX BHeLl-
HUM 1nosieM B ofpasel, 3a cueT mepexoja B o0beM ABIPOK,
paHee HaXOAHMBIUHXCA HAa NOBEPXHOCTHHIX COCTOsIHHAX. BTo-
poe 3HaueHHe IOJyyaeTcs, KOTJa TaKasi KOMIeHcalHs ocy-
I[eCTBJISIETCS TOJbKO 3a CueT Nepexoja AbIPOK B 00beM H3
CJIOSl MPOCTPAHCTBEHHOTO 3apsaja.
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OueBuaHO, 4TO B 06pasnax co CJI0SIMH OOOrauleHHsl Ha
MOBEPXHOCTH reHepallHOHHO-peKOMOHHALMOHHBI TpoLecce He
OyneT urpaTh 3aMeTHOH pPOJIH, H, COOTBETCTBEHHO, AHCHep-
CHs B YaCTOTHOH 3aBUCHUMOCTH MOABHKHOCTH 3¢ ¢dekrTa noas
B 9TO# 06sacTH yactoT GyneT BblpaxKeHa BecbMa ca1abo MM
BooOlLle He OyneT 3aMeTHa.

Ilpu emre GoJsiee BHICOKHX YACTOTaxX AOJKHBI Ha0a104aTh-
ca obnacTH aucnepcud, oOCyc/JOBJeHHble OTCTaBaHHEM IO
(ase mpolleccoB 3axBaTa Ha OBICTpble NOBEPXHOCTHble CO-

CTOSIHUSl WJIH TEeNJIOBOTO Bbl-

Y ‘ 6poca M3 3THX COCTOAHHH

B 30Hy. [lo 3HaueHusim ua-

CTOT, COOTBETCTBYIOLIUM

3THM 006/1aCTAM, MOXHO

OLIEHHTb XapaKTepHCTHYe-

CKHe BpeMeHa 3axBara, a,

CJef0BaTeqbHO, U BepoAT-

1 HOCTH 3axBaTa Ha NOBepX-

HocTHBle cocTosiHusl. Ecun

D A5 e TIATSaR CXeu UMe  GbI B 9KCTIEPHMEHTE Y1410k

Tax MeTOAOM ABOHHOM MOAYJALHH. JAOHTH 10 CTOJIb BBICOKHX

4acToT, KOTrZia Npolecchl 3a-

XBaTa U TeMJIOBOro BrI6poca ynasnoch Obl MOJHOCTBIO HCK-

JIIOYUTh, TO HOABHXHOCTbL 3¢ @deKkTa mnosas Oblia 6Gbl paBHa
BeJIHYHIHE

Byt (Mp — Bps),

B CJyuae CJI0Sl MHBEDCHH Ha MOBEPXHOCTH, H MOBEPXHOCTHOM
MOJBHXHOCTH 3JIEKTPOHOB B CJlydae cJOs oBoramieHus.

DKCMepHMeHThl MO BBICOKOYACTOTHOMY 3QdekTy mouas
6b1y BhimosHeHbl . MoHtromepu [72] u A. E. KOHoBHuem
[73]. B o6oux ciayuyasix HCIOJb30BaJCs METOA ABOHHOH MO-
LyNSILHY C BbleJeHHEeM MOCTOSHHOA COCTaBJSAIONEH ToKa
yepe3 oOpasell. [IpHHIUNHANBHAA CXeMa 3KCIIepHMeEHTa Io-
KasaHa Ha puc. 13.2. TlepeMenHOe HanmpsXKeHHE AMILIUTY b
|Vo| m uyacTOTHl @ TNPHJIONKEHO K TMOJNeBOMY 3JEKTPOLY H
yacth ero Vr mapaer Ha obpasue. [lockoabky o6a curHana
HeBeJIHKH, 3(¢eKT MmoJsi MOYTH TOYHO CHHYCOMZAAJeH H H3-
MeHeHHe NPOBOAMMOCTH oOpa3la BCJeNCTBHE BO3IEHCTBHSA
NON&pPEyHoro noJs Oyner:

0Gg=AGg cos (ot — 6). (13.2)
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Toxk, Tekymuil yepe3 obpaser, BolpaxaeTcs ¢GopMyJoi
i=V;Gcoswt=V,G,cos af + % Vi AG [cos 8+ cos (20t —0)]

(13.3)
H HMeeT HOCTOHHHY]O COCTaBJIAIOIYIO:

Iy= V7 AG cos. (13.4)

Tak kak HHAyuHpoBaHHBIA B o6paseu 3apan Qumg = CxVo,
rie Cx— eMKOCTb KOHJeHcaTopa Ha eJHHHIly TOBEPXHOCTH
o6pa3sia, To AeHcTBUHTeNbHAS YacTb NOJABHXKHOCTH 3(ddekra
noJisl GyfeT BbIpaxKaThCS COOTHOLUEHHEM:

21!
(“s. n)nencn = W;VT . (135)
K

3nech | — pauHa, a b —mmpuHa obpasua.

OueBuAHO, YTO BO3MOXKHOCTb DaCHpOCTPAHEHHS H3Mepe-
HHH B 00/1aCTb BBICOKHX YacCTOT OTPAHUUYHMBAETCH YCJIOBHEM,
YTO YacTOTa [ONEPEeYHOro NO0Js AOJKHA OCTaBaThCsl MHOTO
MeHblell BeJUYHHBEI, 06PAaTHOH BpeMeHH peslaKCalliu CHCTe-
Mul o 3apsany. [TocienHee MOXKHO MpPUONHKEHHO OUEHHTD,
cyuMTas, yTO Hallla CHCTeMa COCTOHT H3 MOCJ/eJ0BaTeNbHO
BKJIIOUEHHBIX €MKOCTH M compoTuBJjieHHs. IlocKOJBKY reo-
MeTpHuecKasi eMKOCTb KoHaeHcatopa Cy MHOTO MeHblle CO-
eIMHEHHOH Noc/e0BaTeJbHO C Hell eMKOCTH NpOCTPaHCTBEH-
Horo 3apana Crp sap, TO NPH OLlEHKEe BpPeMeHH peJlaKCallWH
CHCTEMbl TOJIKHA YUHTBHIBATHCH TOJIbKO reoMeTpHuecKasl eM-
KocTh Cyx. YuuTHIBasl XapakKrep BKJIoYeHHs1 oOpasua B cxeMmy,
Koraa o6a ero KOHUA 3a3eMJIeHbl O BBICOKOH 4acToTe, Mpo-
BOAMMOCTb 00pasua npHONHKEHHO MOXeT OBITb Mpencra-
BJeHa NapaJuJie/bHbIM BKJIOYEHHEM ABYX I[OJOBHH o6Gpasiua.
Torna BpeMsl pesakcalMd CHCTeMbl MPHOJHNKEHHO NOJIKHO
6biTh paBHO Cy/4G.

OO6BLIYHO B 3KCNepHMeHTax 1Mo MeTtony 3ddexra nosas Ha
repMaHHd TreoMeTpHyecKas eMKOCTb KOHJeHcaTopa HMeeT
nopanok 100—200 u¢, a npoBoaHMOCTb 06pa3ua — HecKoJlb-
KO OECATHTBICSUHBIX MO, UTO JaeT [Js BpeMeHH peJakca-
UMK BenHuUHY B Auanasoue 107 + 10-8 cex. Ilpu sTom Ha-
JIeXKHble S5KCTIepUMEHTHI 10 YaCTOTHO! 3aBUCUMOCTH 3 dekTa
noJisi MOXKHO BECTH [0 YacToThl mopsiaka | Mey. ¥YwmeHbiie-
HHe eMKOCTH KOHIeHcaTopa, IIPH OLHOBPEMEHHOM YBeJH-
YeHHH 4YyBCTBHUTEJBHOCTH H3MEPHUTEJNbHON CHCTEMEl, H
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yBeJlHueHHe NMPOBOAMMOCTH o6pasua 3a cueT COKpAaUIeHHs
ero AJuHbl no3BojHau . MoHTroMepH pacIIMpHUTL 4acTOT-
HbIfi npenen H3Mmepenuit no 50 Mey, roe mucnepcus 3a cuer
3axBaTa Ha OBICTpbie NOBEPXHOCTHbIE COCTOSIHMSI TOJBKO Ha-
YHHAeT CKa3bIBaThCsl IPH KOMHATHBIX TeMIlepaTypax.

6) PeaakcaumoHHble npouecchl npu addekte nodd Ha
NPAMOYToJibHBIX HMOyJbcax Hanpskenusi. Hccaenosanue
KMHETHKH peJaKCalMOHHBEIX IIPOLECCOB TpPH BKJIOUEHHH U
BLIK/JIOUEHHH HMIYyJbCOB HaNpsixKeHus B 3ddekte mnosas
AAal0T, KaK 3TO GblIO MOKAa3aHO B § 7, NMPHHUHNHAJbLHYIO BO3-
MOXXHOCTb 39KCHEpDHMEHTaJbHOro OIpeje/eHHs] LIHPOKOro
Kpyra napaMeTpOB II0BEPXHOCTHBIX 3JIeKTPOHHBIX MPOLECCOB.
Tam 6bl10 MOKa3aHO, UTO NPH ONpEeJeNeHHBIX YCJIOBHAX Ha
MOBEPXHOCTH, B YaCTHOCTH NpPH HAJHUYUH PE3KO BBIP aXKeHHOTO
NPHUIIOBEPXHOCTHOIO ¢JIOSi HHBEDPCHH, peslaKCcallHOHHOe BPeMsl
yCTaHOBJIEHHS] KBa3HCTAIlUOHAPHOTO COCTOSIHUA GyneT ompe-
neasThcs: 3QQeKTHBHbIM BpeMeHeM MH3HH HOCHTejed 3a-
pfla B TOHKOH NJIACTHHE MOJYNPOBOAHHMKA, KOTOpPOE TaKHM
06pa3oM MoXeT ObITb HemocpeACTBeHHO ompeneteHo. Ha-
o6opoTt, npH npeobaafarlieM BJAHSHHH NPOLECCOB 3aXBarta
HAH o6paTHBIX MM I[POLECCOB TemJOBOro BhiGpoca H3 mo-
BEDXHOCTHBIX COCTOSIHHH, pesllaKCallUOHHOe BpeMs Olpeje-
JisleTcsl mapaMeTpaMH LeHTPOB 3aXBaTa.

B pa3pesne 6) § 7 npHBeaeHbEl TeOpeTHUECKHe COOTHOLIe-
HHS [JIs TOCTOSIHHBIX BpeMeHH peJaKcalil B HEKOTOPBIX
NpPOCTEeHUINX caAydyasik, H3 KOTOPhIX CJlelyeT NpHHUUNHAJbHAS
BO3MOXKHOCTb 3KCIIEPHMEHTAJIbHOrO OnpeJesieHHsl He TOJ/bKO
3HepreTHYeCKOTO MOJIOXEHHsl YPOBHell 3aXBaTa & H HX KOH-
neHTpauuu N;, HO M BepOSITHOCTH 3aXBaTa HA HUX 3JEKTPO-
Ha an HWJIH [JBIPKH ap. HekoTopble 3KclnepuUMeHTaJbHbIE
paboThl, HCIOJBL3YIOIIHE 3Ty METOAMKY, OYyLyT OMHCaHbI
B JdanabHelimeM. Cefiuac »Ke, NOCKOJbKY HacTosdllas ryaBa
NOCBsIlIleHa METOAaM HCCJeNOBAHUS MOBEDPXHOCTHBIX 3JIEKT-
POHHBIX MpPOLECCOB, OCTAHOBHMCSI HECKOJIbKO NMOApPOOHee Ha
aHaJH3e HCMOJb3yeMbIX NMPH 3TOM AONYLIEHHH W CPaBHEHHH
JOCTOHHCTB M HeNOCTAaTKOB MeTonoB 3¢ dekTa mons Ha cH-
HYCOMJaJbHOM M HMIYJbCHOM HamnmpsiXKeHHAX.

IIpexne Bcero, ellle pa3 noxgyepkHeM (cM. § 7), uTo cama
BO3MOXHOCTh pasjejieHHsi TreHepalHOHHO-PeKOMOHHAIHOH-
HOTO IMpollecca M MpPOHECCOB 3axBaTa cyllecTByeT TOJIbKO
JH60 NPH 3aBeJOMOM npeobJafaHHH OJHOTO H3 HHX B pesak-
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Cal[HOHHOM Mpollecce yCTaHOBJIEHHSI KBa3HPABHOBECHOIO CO-
CTOSIHHSl HJIH HMCTHHHOIO Te€PMOJAHHAMHUECKOTO paBHOBECHS
Ha NOBEPXHOCTH, NHOO0 IPH CyLIeCTBEHHOM KOJHYECTBEHHOM
pasjMYHH COOTBETCTBYIOLUMX TOCTOSIHHBIX BpeMeHH. Ilo-
CKOJIbKY COOTHOLIEHHe MeXJy TNOCTOSIHHBIMH BpeMeHH pe-
JIaKCaLHOHHBIX MPOLIECCOB B 3THX ABYX CJydYasix 3aBHCHT OT
COCTOfIHHSI [OBEPXHOCTH, B TOM YHCJIe H OT MOAJexallhX
onpejeseHHIO 3HaueHHH NapaMeTPOB I[OBEPXHOCTHHIX LEH-
TPOB peKOMOHHALMH H 3aXBaTa, TO caMo no cebGe ycTaHoBJe-
HHe npeo6J/aJaiollero B 3KCIepHMeHTe mpolecca sBJaseTcs
HenpocToil 3ajauefi, TpeOyiolllefl crelHaJbHBIX HCCIeL0Ba-
Huft. Hanbosee yacTo Ha npakTHKe HCIOJNb3YyeTcsl HCCAENO0-
BaHHe TeMIepaTypHOH 3aBHCHMOCTH IIOCTOSSHHOH BpeMeHH
peslaKCaLlMOHHOTO Tpoliecca, KOTopasi yMeHblIaeTcsl NpH Mo-
HHXKEHHH TeMIlepaTyphl B clyyae reHepallHOHHO-peKOMOUHA-
IIHOHHOTO Mpolecca H, HAo00pOT, pacTeT C HOHHXKeHHeM
TeMnepaTyphk B CjJydae MpOLleccoB 3axBaTa.
HeficTButensHo, 3¢¢heKkTHBHOe BpeMsl KHU3HH H3O6HITOU-
HBIX HOCHTeJleji 3apfifa, KOTOpOe ompejensieT peJaKcalHOH-
Hoe BpeMs peKOMOHHALMOHHO-reHepaliOHHOrO Ipolecca,
IDO/XKHO yMeHbLIaTbCsl NMPH NOHHXKEHHH TeMMepaTyphbl Kak
BCJIeCTBHe XOPOILO U3BECTHOTO YMeHbIlIeHHs NMPH 3TOM 06b-
€MHOro BpeMeHH XKH3HHM, TaK M POCTa CKOPOCTH NOBEPXHO-
CTHOH pexkoMO6uHauuu. IMocaenHuit apdekT ¢ OUeBHIHOCTHIO
clelyeT H3 TeOPeTHUECKOTO BhIpameHHA [AJs CKOPOCTH MO-
BEepPXHOCTHOH pekomGuHanuu (6.63), rae HauboOJBILYIO TEM-
nepaTypHy10 3aBHCHMOCTb JO/I)KeH HMeTb COMHOXKHTeJb

(A1) =Lotlo
"y

DKCIOHEHIIHANbHOEe yMeHbIlleHHe C MOHHXEHHeM TeMIle-
paTyphl BeJHUHHBl f; JOJXKHO NPUBOAUTDL (H, KAK Mbl faJjlee
YBHIHM, 0efCTBHTEJbHO MPUBOANUT) K PE3KOMY BO3pacTaHHIO
CKODOCTH IIOBEPXHOCTHOH pekomOHHauuH. B TO ke Bpems
peslakcalliOHHAash KOHCTAHTa Mpollecca 3axBaTa B IpOCTeH-
meM M HaubGosiee YacTo BCTpevaloleMcsi B 3KCIepHMEHTe

clyuyae Bblpaxkaercs cooTHolueHHeM (7.17) uau (7.24)
exp (————E"_Et\)
~—l = T 13.6)

Taaxs =~ anfly - anN, ( .

H 3KCIOHEHUHAJbHO pacTeT C NMOHH>KEHHEM TeMIepaTyphl.

8 A B. Pxanos
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dusnueckas NpUYHHA TAKOTO pa3/HYHfA BIOJHe fCHA.
YMeHbLIEHHe BEPOSITHOCTH TEIJIOBOTO BHIGPOCA 3/1€KTPOHOB
H3 TOBEPXHOCTHBIX COCTOSIHHH B 30HYy NPOBOLMMOCTH (HJIH
NBIPOK B BaJIGHTHYIO 30HY) MpPH NOHHXXEHHH TeMIepaTyphl,
MpUBOAslLlee K BO3PACTaHHIO peJaKCalHOHHOTO BpeMeHH
YCTAHOBJIEHHs] PaBHOBECHOTO HJH KBa3HPaBHOBECHOIO 3a-
MOJIHEeHHsI YpOBHell, cHOCOOCTBYeT B TO Ke BpeMsl yObICTpe-
HUIO npolecca peKoMOHHALHH.

OueBuaHO, YTO HaJeXHOe oOmNpejeleHHe MNapaMeTpPOB
[IEHTPOB 3axBaTa [0 peJaKCalHOHHBIM XapaKTepHCTHKaM
BO3MOXHO TOJBKO B TOM cCJydaé, ecliM B mpolecce yua-
CTBYIOT (HJIM, BO BCSIKOM Cliyuae, 3aBeJOMO npeo6./analor)
MOBEPXHOCTHbIE LEHTPHl 3aXxBaTa TOJbKO OfHOro tHna. bBo-
Jlee TOTO, TeOpeTHUECKH NMpOAaHAJH3HPOBaHBI TOJLKO CJyuau
penakcauui, o6ycioB/JeHHON 3aXBaTOM (MJH TeNJIOBBIM BHI-
6pocoM) Ha AHCKpeTHble 3HepreTHUeCKHe YDOBHH MOBepX-
HOCTHBIX LIeHTPOB 3aXBarTa.

B To xXe BpeMsi Ha MNOBEPXHOCTH MOJyIPOBOAHHKOB,
COrJ1aCHO y»Ke YNOMHHABIUHMMCS pe3yJbTaTaM 3KCIepHMeH-
TaJbHLEIX MCCIeJOBaHUM, N0-BHANMOMY, Npeo6/afaloT CucTe-
MBI YpOBHEH, HempephlBHO pachpejesieHHbIX MO HX 3Hepre-
THYECKHM TI0JIOXKEeHHsIM B 3anpelleHHOH 30He 3HepTHii, a
JUCKpEeTHbIe YPOBHH, NPOSIBJAAIOLIHECT B pAle 3KCIepHMeH-
TOB, TaKXe pacnajalorcs Ha ueablfi paj rpynn. Mmes B
BUIY 3TO 06CTOATENbCTBO, HEOOXOAHUMO NOAYEPKHYTb, UTO
HHTeprpeTalus peJaKCAallMOHHBIX XapaKTepHUCTHK, MoJyuae-
MBIX B ONMBITaX MMNYyJbcHOro s dekra noJas, Tpebyer 60Jb-
woi ocTopoxkHocTH. [IpumeHeHHe ¢opmyn paszzena 6) u3
§ 7 uaM nogoOHBIX MM JPYTrHX COOTHOLIEHHH, HCXOMSILIHX
M3 MpeAnoJioXkeHHss 06 OAHOTHIHOCTH YYacCTBYIOUIHX B pe-
JIAKCAaLlHOHHOM Ipoliecce MOBEepXHOCTHBIX IeHTPOB 3axBarTa,
MOXHO CYHTaTb OGOCHOBAaHHBIM TOJIbBKO NPH HOC/elyioliei
cepbe3HOM H Pa3HOCTOPOHHeH NpOBepKe COOTBETCTBHs MOJY-
YeHHBIX MAHHBIX HMCXOAHOMY mnpeanoJsioxeHuio. [lpu atom
He00X0AHMO HMETb B BHAY, YTO TMOJyuYeHHE IKCIOHEHIIHAJb-
HOTO 3aKOHAa H3MEHeHHs KaKOi-1HOO BeJHUHHBI MOXKeET CJy-
JKHTb yOeIHTeJbHbIM 10Ka3aTe/bCTBOM CHPABEMJHBOCTH HH-
TeprnpeTallid TOJNbKO B TOM CJyuyae, eCJIH 3aKOH NpPOC/Iexey
B J0CTAaTOYHO LIMPOKOM AHana3oHe H3MeHEHHs 3TOH BeJsu-
YHHBI, NpeBblnalomeM 1—2 nopsaka.
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[1pu uccnefoBaHuAX pesaKCalMOHHBLIX MMPOIECCOB 3aXBa-
Ta METOJOM HMIYJbCHOTO 3¢@eKTa MoJis 4YacTo MAesaaercs
COBepIIeHHO HeONpaBJaHHOe NMpEANOJOXKeHHe O TOM, YTO B
3TOM Mpollecce AOJKHBI y4yacTBOBAaTb TOJbKO YPOBHH, pac-
noJIoXKeHHble BOJNH3H PaBHOBECHOTO TIOJIOXKEHHS YpOBHSA
depMu Ha mNOBepXHOCTH, TOYHee — HAXOAfIIHeCH MeXIy
paBHOBECHBbIM YDOBHEM H KBa3HypoBHeM ®epmu Ha mosepx-
nocTH. Mcxoast H3 3TOTO MpeanoJOKeHHs, CUUTaeTCs, YTO HC-
Nno/b30BaHHE MaJbIX HMIYJbCOB MNPHJOXKEHHOTr0 Hampsixe-
HuA ofecneunBaeT BOBJIeYeHHe B pe/laKCaLlHOHHBIH Mpoiiecc
TOJIBKO OJHO! TPyNINbl MOBEPXHOCTHBIX IIEHTPOB. JIErko BH-
JeTh, 4TO TAKOTO poja NMPeanooKeHHs SBJASIOTCS 3aBeJIOMO
owHGOYHBIMH, HOO OHH OTHOCATCA TOJbLKO K CJyyaio 3axBa-
Ta B CTallHOHApHBIX YCJOBHSX, paccMOTpeHHOMY B § 6. Pe-
JIaKCallHOHHEIE K€ XapaKTepUCTHKH ONpefesdloTcss Hapfanay
C 3SHepreTHYeCKHM IO0JIOXKeHHeM YPOBHsS H BepOSITHOCTAMH
3axBaTa, TaK UTO CHCTeMbl YPOBHeH, Pacio/N0XeHHbIX 1aJ€K0
OT MOJIOXKeHHs1 YpoBHA PepMH Ha NOBEpPXHOCTH, HO KOTO-
PbIM COOTBETCTBYIOT GOJIbLIIHE ceyeHHs 3axBaTa, 6yayT BHO-
CUTb CYLIECTBEHHEIA BKJaj B OOIIMI peslaKCallHOHHLIA mpo-
uecc, npuoGpeTaloluil Npy 3TOM CJAOXKHBIH xapakrtep. Eule
OuyeBHAHell CnpaBedJ/JMBOCTb 3TOrO 3aMeyaHHsl B CJyyae MO-
BEPXHOCTHON DeKOMGHHALMKW, MAaKCHMa/lbHOe 3HAueHHE CKO-
pOCTH KOTOpOH, KaK H3BecTHO, ONpefeAeTcs TOJbKO OTHO-
IIeHHeM BepOsITHOCTeH 3axBara.

B 3aksi0ueHHe KOPOTKO OCTAHOBMMCSl Ha CPaBHEHHH BO3-
MOXKHOCTeH, JOCTOMHCTB H HeJOCTaTKOB MeToAOB 3(deKkTa
noJsi Ha CHHYCOMAAJbHOM H HMIYJbCHOM HanpaXKeHHAX.
Ilpexne Bcero, cjelyeT OTMeTHTb, YTO y OOOHX BapHAHTOB
MeToa HMeeTcsl oblilee OrpaHHUeHHe BO3MOXKHOCTEl HccJe-
JIOBaHHUs OBLICTPBIX 3JIEKTPOHHBIX MPOLECCOB, BpeMeHa KOTO-
pPBIX CPaBHHMBI HJIH MeHbllle BpeMeHH peJaKcalud 3apsaia B
KOHJeHcaTope 3d¢ekra noas. TouHo Tak ke oGUIMM AR
o6oux BapHaHTOB MeToja fABJsieTcsl TpeGoBaHHe CyLIeCTBEH-
HbIX Da3JIMuHil pesNaKCallMOHHbIX BpeMeH reHepalHOHHO-pe-
KOMGHHALHOHHOTO Npolecca H NpPoleccoB paBHOBECHOroO 3a-
MOJIHEHHSI DA3/IMYHBIX TPYNN MOBEPXHOCTHBIX IEHTPOB 3a-
xBata. IIpu HeBHINOJHEHHH 3TOro TpedoBaHusa Oyner
HEBO3MOXKHO pa3/leJMTh pa3JjMyHble SKCIIOHEHHaJbHble NPO-
leccnl MPH H3yuyeHHUH peJaKCAlLlMOHHBIX XapaKTepHCTHK, a
obnacty JOHCMEPCHH MNOABHXKHOCTH 3bdeKkTa moas npH

8*
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Hcc/1eJOBAHHH 4YacTOTHOH ee 3aBHCHMOCTH GyoyT NepeKphl-
BaTbCS APYT C APYTOM.

B annmapaTypHOM OTHOLIEHHH HCCJAeJOBAHHS YACTOTHOM
3aBHCHUMOCTH 3¢ deKTa NoJ/si Ha CHHYCOHAAJ/JbHOM Hampsixe-
HUH B 00/1aCTH OTHOCHTEJbHO BBICOKHX 4acTOT Hpolle OcCy-
ILeCTBJAIOTCSA, YeM COOTBETCTBYIOLIHE HCCIEL0BAaHUA pesak-
CallHOHHBIX XapaKTepPHCTHK, NMOCKOJbKY B NEPBOM cjyuae
Jlerue ycTpaHHTb napasuTHble cxeMHble 3¢dekTr. HaoGopor,
Hcc/leJOBaHHE OTHOCHTENbHO MeJlJIeHHBIX MPOLeCCOB, C Bpe-
MeHaMH NOpsiiKa [ecAITKOB MHJIIMCEKYHA H GoJee, Jerue
OCYILEeCTBHTb B CJyvyae MMIYyJbcHOro ad¢ekra noas. Coort-
BETCTBEHHO, 3TOT MOCJeJHHH MeTOA IUHPOKO HpHUMeHseTcs
MpH M3yYeHHH 3axXBaTa Ha MeJJIeHHble MOBEPXHOCTHBIE CO-
CTOsIHMSL B 06JacTH KOMHATHBIX TeMIOepaTyp, a Takxe
U JJs HCCIelOBAHHS 3axBaTa Ha GLICTPEIE MOBEPXHOCTHbIE
COCTOSIHHSI NPH MNOHHXKEeHHBIX TeMIlepaTypax, KOTAa penak-
calllOHHble BpeMeHa Ipollecca 3axBaTa pe3Ko BO3pa-
CTaIoT.

B) Penakcauuss n3GbITOMHOH NMPOBOAMMOCTH npu ¢oTo-
B030yxaeHun. B § 7 oTmeuasioch, uTO mpolecchl peJakca-
IIHH HU36BITOYHOH NPOBOAUMOCTH NpH (POTOBO3OYKIEHHH B
oflieM ciayyae He HMEIOT NPUHUUNHANBbHBIX OTJIHYHH OT
cayvyass HapyuleHHsl TepMOAHHAaMHYeCKOTO paBHOBECHS B Me-
Toze 3¢dekra noas. B oboux cayuasax pesnakcalus onpefe-
JsieTcsl, BOOOllle rOBOpPS,, COBMECTHBEIM JeficTBHEM IBYX pas-
JIHYHBIX IPOIECCOB: PeKOMOHHALMOHHOrO, MPHUBOASLIETO K
YCTAaHOBJIEHHIO DaBHOBECHS MeXAy HOCHTe/MH 3apsiia B
30HaX, U Mpolecca 3axsaTa, oGeclneynBaiollero ycTaHOBJe-
HHe paBHOBecHs (MM KBa3HPaBHOBeCHS) MEXJAY HOCHTeNs-
MH 3apsija, JOKaJH30BAHHBIMH Ha MOBEPXHOCTHHIX YpPOBHAX
3axBaTa, H B3aHMOJelcTBYIOIell ¢ HAMH OAHOH U3 30H. Tam
Ke OTMeyaJoch, YTO HapsLy C 3THM OOLIMM BO3MOXHbI H
yacTHBIE cJyuaH, Korma HaGJiofnaeMasi Ha ONBITe peJsakca-
1151 H3OLITOYHO; MPOBOAMMOCTH TJ1aBHbIM 06pa3oM onpeje-
JISleTCs TOJbKO OJHUM H3 YKAa3aHHBIX IPOLECCOB.

OTMeTHM, YTO Ja)<e MPH MOHOMOJNAPHOM (OTOBO3GY-
KAeHUH H3OBITOYHBIX HOCHTeJell 3apsia, 3a cyeT (POTOHOHHU-
3allM¥ MOBEPXHOCTHBIX LEHTPOB 3aXBAaTa, B peJjlaKcallHOHHBIX
npoieccax B obuieM cjayyae GUIONSIPHOrO NOJYNPOBOAHHKA
6yayT HMeTh MeCTO KaK [MpollecC 3axsaTa, TakK H pe-
KOMOHWHALHMOHHBIA MpOlLiecC BMOJHE aHAJOTHYHO CAydyalo Ha-
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pylleHHsl TepMOJMHAaMHYeCKOro paBHOBecHi B 3(deKTe
noJss.

B cBfi3M cO CcKa3aHHBIM OUYEBHJHO, YTO BCe paHee H3JO-
JKeHHble coo6pakeHHs1 00 HcC/lelOBaHHAX pesNaKCalHOHHBIX
npoLeccoB MeToAoM 3¢ddekTa noJs Ha NPAMOYroJbHBIX HM-
MmyJbcax OTHOCATCS M K caydalo BO36YXAeHHS NMPSAMOYToJb-
HBIMH HMIyJabcaMH cBeTa. EnuHcTBeHHOe 06CTOATENBCTBO,
KOTOpOe HeoO6XOJHMO HMeTb B BHAY, 3TO BO3MOXKHOe Cylle-
CTBEHHOE pa3/iHuHe B 3HaueHHAX YPOBHeH HHDBEKIHH, KOTO-
pele B caydyae (oToBO36YXKAeHHS MOryT GbITb H 3HAYHTeJb-
HOo GoJblile, ueM B 3(dekTe o, H ropa3no 6ojee He3aBH-
CHMBI OT YCJIOBHH Ha NOBepXHOCTH ofpasia.

B skcnepumeHTa/bHOH NpakTHKe penakcauus ¢OTOmnpo-
BOJAHUMOCTH DU KOMHATHBIX M OJIH3KHX K HHUM TeMIiepaTypax
IIHPOKO IpHMeHseTcs AJas H3MepeHHs 3¢ (eKTHBHOTO Bpe-
MeHH XKH3HH. B 4acTHOCTH, Kak yxe yNoMHHaJ0OCh, Fpaiyu-
pOBKa CTallHOHApHOH (OTONPOBOAHMOCTH B KOMOHHHPOBaH-
HOM MeTone ¢ 3(pdeKTOM Mmossl Ha 6OMbIIHX CHHYCOUAMbHBIX
curtajax OGbLIYHO OCYLIeCTBJIeTCS MyTeM H3MepPeHHs pesak-
cauun ¢oronposoauMoctd. [Ipu 3Tom, pasymeercs, Heo6xo-
JHMa yBepeHHOCTb B TOM, UTO M caMa CTalHoHapHasi ¢oTo-
IpOBOAMMOCTb H HabJsiofaeMasi pesakcalHs (QOTONpPOBO-
JUMOCTH OINpeaensiioTcsl PeKOMGHHALHOHHBIM MPOLECCOM,
Toraa Kak INpollecC 3axBaTa Ha IOBEPXHOCTH He CKasbl-
BaeTCs HA pe3yJbTaTax H3MepeHHH.

B oGaacTH MOHHXKEHHBIX TeMMepaTyp, a TaKxe MPH Bhl-
COKHX KOHIIEHTpaLMAX MOBEPXHOCTHLIX LeHTPOB 3axBaTa C
IIHPOKHM CIEeKTPOM peJlaKCallHOHHBIX BpeMeH NpOollecChl 3a-
XBaTa MOTYT HTpaTh BechbMa CYLIECTBEHHYIO H JaKe onpeje-
JSIOLLYI0 poJb B HabsionaeMol Ha onbiTe pejakcauuu ¢GoTo-
nposoaumoctd. Kak Bcerna B momoGHBIX CHTyalHsX, cayyai
CPaBHHMBIX aMIUVIHTYd H peJaKCalHOHHbIX BpeMeH 060HX
MpOLECCOB NMPAKTHYECKH HeNAOCTyNeH [Js SKCIepHMeHTalb-
HOTO HCCJeJOBaHHf, TOrJa Kak ciayuyall 3aBeAOMOTro npeol-
JaJaHdsi mpollecca 3anoJHeHHs (WM ONYCTOLIEHHS) IleH-
TPOB 3aXBaTa O/JHOTO THIAa MOXET AaTb BecbMa lIEHHYIO HH-
¢dopmalyio 0 mapameTpax 3THX LEeHTPOB.



rJTABA Tl

HEKOTOPbIE CNEUHAJIbHBIE METO/ bl
HCCJIEJOBAHUA CTPOEHHS NMOBEPXHOCTH
noJiynPOBOAHUKOB U NMOBEPXHOCTHbLIX

3JEKTPOHHbBIX MPOLECCOB

§ 14. MeToabl HCCielOBAaHHSI CTPOEHHS! MOBEPXHOCTH
noJiynpoBOAHHKOB

Kak HeoqHOKpaTHO OTMeYaJioCh paHee, NOBEPXHOCTb IO-
JIYIPOBOJHHKA, B OCOGEHHOCTH peaJ/ibHas MOBEePXHOCTb, fAB-
JsieTC BecbMa CJIOXKHbIM OObEKTOM HccJenoBaHusa. B cssA3n
C 3THM BIOJIHEe NOHSATHO HHTEHCHBHOE pa3BHTHe B MOC/JEIHHE
rojibl LEJOTO psifia 3KCIePHMEHTAJbHBIX METOAOB H3yueHHs
(HU3HKO-XHMHUYECKOTO CTPOeHHsi 3Toil nosepxHocTH. O6uias
HaNpaBJIeHHOCTb HACTOSAIled KHHTH He M03BOJIsSeT HAM CKOJb-
KO-HHOYIb NOAPOGHO OCTAHAB/JIHBATbCA HA OMHCAHHH 3THX
MeTOIOB, TeM G6oJiee, YTo B OOJIbIIHHCTBE CBOEM OHH Je-
TaJbHO H3JI0XKEHbl B CleLHabHOH JHTepaType, a UX MpuMe-
HEHHe K HCCJeOBAHHSM MOBEPXHOCTH IOJMYNPOBOAHHKOB He
HMeeT 0060 MPHHUHMHAJBIBIX OTAHYUI.

Ilpexne Bcero, HeOOXOAMMO YMOMSIHYTb MACC-CHeKTpoO-
MmeTpudecKue MeToObl HCCJEeJ0BAHHS COCTaBa M KOJHYECTB
afcop6HPOBAHHBIX Ha [OBEPXHOCTH AaTOMOB H MOJIEKY,
a TaKXe M COCTAaBa MOKpHIBAloUlell [ONYNPOBOAHHK AH3JEK-
TPHYeCKOH 3alMHTHON nuenkH. [lyTem nMnysabcHoro narpesa
o6pa3ua uny 60M6apAHPOBKH ero MOBEPXHOCTH MOTOKAMH
3JIEKTPOHOB HJIH HOHOB HHEPTHBLIX ['a308 OCYILECTBJsIETCA Je-
copOLHA 3THX ATOMOB H MOJIEKYJ H HX HAeHTH(UKALUA Me-
TOJAMH Macc-ClieKTpOMeTpHH. B 3aBucHMOCTH OT Xapakrepa
3ajlay NPHMEHSIOTCA CaMble PAa3/HMYHBle MacC-CNIEKTPOMETPHI,
HayuHasi OT OMeraTpPOHOB H 10 BPeMSIMPOJIETHBIX Macc-CreKT-
POMETpPOB, CMOCOGHBIX MOYYBCTBOBATh HHUTOXKHbBIE HOJH MO-
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HOCJIOf aTOMOB H MOJIeKYJI, IoKpbiBaiouiero o6pasaipsl. I1pak-
THYECKH YYBCTBHTEJNbHOCTb OTrPAHHYHMBAETCS NMPHMEPHO ThI-
CSIYHOH [OJell MOHOCJION H3-3a NMOGOYHHIX 3¢ (deKTOB Jecopl-
IIHH C 3JIEMEHTOB JepxKaTens 06pasia, ero KOHTaKTOB, CTEHOK
BAKyyMHOTO o6beMa H T. M.

MeTtonamu Macc-CieKTPOMeTpHH GhIJIO YCTAHOBJEHO YIIO-
MHHaBuleecss B § | npHCyTCTBHe B 3aILHTHBIX OKUCHBLIX IJIEH-
Kax Ha MOBEPXHOCTH MOJIYNPOBOJHHKOB GOJIBIIHX KOJHYECTB
BOJbI, YaCTb KOTOPO# BecbMa NPOYHO CBSI3aHAa H yHaJjsieTcs
TOJIbKO NPH OTHOCHTEJbHO BEICOKOTEMIEpPAaTypPHBIX HarpeBax
(okono 400° C nyist repMaHusi). DTH Ke METONL! CHITPAJIH 3a-
MEeTHYI0 POJIb IpH pa3paboTKe HEKOTOPHIX HanpaBJeHHH OUH-
CTKM IOBEPXHOCTH MOJYNPOBOAHHKOB OO aTOMapHO-YHCTOTO
cocrosinusi [M11]. B uacTHOCTH, GBIJIO YCTAHOBJEHO, YTO yIa-
JieHHe KHCJOPOAa C NOBEPXHOCTH repMaHHs B OCHOBHOM HpoO-
HCXOAMT MyTeM HCMapeHHs JieTyued MOHOOKHCH TFepMaHHs.

K coxanenuio, 1o nocnenHero BpeMeHH MaJjio BHHUMaHHSA
YAeNANOCh JeTaJbHBIM KOMIJIEKCHBIM HCCJeIOBAHHAM, B KO-
TOPEIX MacCC-CIHEeKTPOMETPHUEeCKHe MeTOAbl COYeTaJjHch Obl
C HCCJeJOBAaHHSIMH H3MeHeHHH 3J1eKTpoQHU3HYeCKUX Xapak-
TEPUCTHK NOBEPXHOCTH IOJYNPOBOAHHKOB. MOXHO XyMaTh,
4TO TakHe HCCJelO0BaHHs, 0cOGeHHO B 00/1aCTH MaJjblXx 3a-
MOJIHEHUH MMOBEPXHOCTH MOJYIPOBOIHHKOB ancopOHpOBaH-
HBIMH M XHMHYeCKH CBSI3aHIBIMH aTOMaMuy M MOJEKYJaMH,
CYILEeCTBEHHO MOMOTYT I[OHUMAHHIO (PU3HKO-XHMHUECKOTO
CTPOEHHsI peajlbHbIX NOBePXHOCTeHl MOJIYNPOBOLHHKOB.

Hns u3yyeHHs CTPYKTYpPhl aTOMapHO-YHCTOH MOBEPXHO-
CTH NOJYNPOBOAHHKOB 0Cc060e 3HaueHHE HMeN0 pa3BHTHE H
yCOBepLIEHCTBOBaHUe MeTo0a Ouppakyuu meONeHHbLX FAeK-
TpoHo8. K OMHCaHHIO OCHOBHBIX pe3yJbTaTOB, MOJYUeHHBIX
3THM MeTOJOM, Mbl BepHeMcsi B raase V. Tam xe 6yayr
M3JI0KEeHEl BaXKHeHllIHe U3 MOKA ellle OYeHb HEMHOTQYHCJIEH-
HBIX paboT MO H3yYEHHIO CTPOEHHs] NMOBEPXHOCTH MOJYMpO-
BOAHMKOB MeTONOM 3JIEKTPOHHOIO MapaMarHHUTHOTO pe3o-
HaHca. MOXHO paccUMTHIBAThb, YTO JAaJjbHefllllee yCOBepUIEH-
CTBOBAHHE 3TOT0 MeTOAA, H B MEPBYIO Ouepelb MNOBHIIIEHHE
€ro YyBCTBHUTEJNLHOCTH, NPHUBELET K CYIUEeCTBEeHHO GoJee MIH-
POKOMY €ro MpHMEHEeHHIO AJs H3YyYeHHs 3JeKTPOHHOro
CTPOEHHS] MOBEPXHOCTH.

Be3yc/n0BHEII HHTepeC NPEACTABJAAIOT HCC/Ael0BaHHSA
371eKTPOHHOTO CTPOeHHs [OBEPXHOCTH IOJYIPOBOAHHKOB
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metodamu HoTOIMUCCUL W IMUCCHHU TIOJ BO3AEHCTBHEM CH/Ib-
HOTO 3JeKTpHueckoro noJs. B oboux meTogax B MPHHLHUOE
MOXHO HCCJ/1e0BaTb 3MHCCHIO 3JIEKTPOHOB H3 IOBEPXHOCT-
HBIX COCTOSIHHH, a TakXKe H BJIMSIHHE MOBEPXHOCTHOTO 3JeK-
TPOCTATHYECKOTO MOTEHIHaJa Ha XapPaKTePHCTHKH 3MHCCHH.
Teopus BHewHero ¢oTo3ddekTa U3 NOJYIPOBOLHHKOB C yue-
TOM MOBEPXHOCTHBIX COCTOSIHHH pa3BHTa B paborte [74],a paa
ee BbIBOJOB MOJIYYHJ] 3KCIepHMEHTasJbHOE MOATBEpPXKAEHHE
Mpu HCC/IeJOBaHHH peasbHOM MOBEPXHOCTH repMaHus [75].
IlenHble cBefleHHss 00 3JIEKTPOHHOM CTPOEHHH IOBEPXHOCTH
0Ka3aJloch BO3MOXKHBIM MOJYYHTb 3THM METOJOM, KaK MEI
Jlanee yBHAMM, B cJyyae aTOMapHO-YHCTOH MOBEPXHOCTH MO-
JYTNPOBOJHHKOB. DMHCCHSl 3JEeKTPOHOB IMOA BO3JefCTBHEM
CHJIBHOTO 3JIeKTPHYECKOTO MO0JIsl, YCIelllHO HCHoJb3yeMasi MpH
H3y4YeHHH aACOPOIHOHHO-AecOpOIHOHHBIX MNPOLECCOB HA MO-
BEPXHOCTH HEKOTODHIX MeTaJJoB [76], noka eile MaJo npH-
MeHsiJlach 1J1s1 M3yueHHsl aHaJOTHYHBIX NPOLECCOB Ha MHOJY-
NpoBOAHHKAX. MOXHO AyMaTb, ONHAKO, YTO MO Mepe yco-
BepIIEHCTBOBAHHS METOLOB CO3JaHHSI OTHOCHTEJbHO NMPOCTHIX
H XHMHYeCKH OllpeJeJIeHHbIX COCTOSIHHH peaJslbHOH MOBepX-
HOCTH NOJYNPOBOAHHUKOB, 3TOT METOJ MOJYYHT pacmnpocTrpa-
HeHue.

BecbMa MHTepecHBIM H NEPCNEKTHBHEIM AJs HCClef0Ba-
HHSI NOBEPXHOCTH MOJIyNPOBOJHHKOB MpPeACTABJAAETCS MeTOX
TaK HasbiBaeMoro 3ggexra Ooce. CyulHOCTb MeTOAA 3aKJIO-
yaeTcss B HeHTpaJH3allHH 3JEKTPOHOM MOJIYPOBOAHHKA
MeAJIeHHOro HOHa HHEpPTHOro rasa, B Xoje KOTOPOH HpOHC-
XOAUT 3MHUCCHsI BTODOTO 3J/1eKTPOHA, yHOCSLIero H3O6LITOK
sHeprud. OueBHAHO, YTO 3HEpreTHYECKOe pacnpeneseHHe
SMUTTHPOBAHHBIX 3JIEKTPOHOB, a TakKxXe H HX KOJHYeCTBO,
npuxojsileecss Ha OJAMH, B3aUMOJAEHCTBYIOUIHH C MNOBepX-
HOCTBIO HOH C JaHHOH KHHETHYeCKOH 3>Hepruef, MOJKHH 3a-
BHCETb OT COCTOSIHHSA NOBEPXHOCTH NoJynposoiHHKa. Teope-
THUECKOMY OOOCHOBAHHIO M INPaKTHYeCKOH pa3paboTKe Me-
TOLA MOCBsillleH GoJsblioi uuka pa6or I'. Xsrcrpsma u ero
corpynuukop [77, 78]. HekoTtopble pesyJbTaThl uccaenoBa-
HHII aTOMapHO-YHCTHIX MOBEPXHOCTEH MOJYNMPOBOAHHKA 3THM
MeTofioM GYymyT npHBeldeHbl B riase V.

Heo6xo11M0 OTMETHTH, UTO, 1O CYTH AeJa, BCE Mepeyuc-
JIEHHble METOJbl HCCJefL0BaHUsA (DH3HKO-XHMHUYECKOTO H 3JeK-
TPOHHOTO CTPOEHHs MOBEPXHOCTH NOJYNPOBOAHHKOB Haxo-
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ISTCs Ha CTaAMM pa3paGOTKH HJIHM CaMbIX MepPBBHIX HCCJAeMO-
BaHHil. ENMHCTBEHHBIM HCKJ/IOUEHHEM SIBJSIETCs, MOXKaJyi,
MeTon OU(pAaKIUH Me/JeHHbIX 3JeKTPOHOB, KOTOPBIH HMeeT
yXe OTHOCHTE/NbHO MJIHHHYIO HCTODHIO Pa3BHTHSI M C IO-
MOILIbIO KOTOPOTO NOJIyueHbl, Kak fgajee GyaeT BHAHO, lEH-
Hble JaHHble O CTPOEHHH aTOMapHO-YHUCTOH MOBEPXHOCTH.
B cBfi3H ¢ 3THM MBI OrpaHHYHUMCS NPHBeJEHHBIM TepeuyHcJe-
HHeM 3THX METO/OB, HMesl B BHAY, YTO OHO MOMeT GbITh I0-
JIE3HO YHTaTe/io NPH MJIAaHHPOBAaHHH AAJbHEHIIHX HCCaeno-
BAaHHH MOBEPXHOCTHBIX NPOLECCOB Ha MOJYNPOBOAHHKAX.

§ 15. OnTHyeckHe MeTOIbl MCCJIENOBAHUS

W3 uncaa crnendajbHBIX METOJOB HCCJeOBAHHS TOBEpX-
HOCTH MNOJIYIIPOBOAHHKOB HAaHGOJIbLIETO Pa3BUTHS HOCTHIJIH
METOIbl, CBfI3aHHBIE C H3yYeHHEM OTpPaXKeHHUs cBeTa H IO-
[JIOLEHHS1 ero B MPHIOBEPXHOCTHOM cCJOe MpPOCTPaHCTBEH-
HOro 3apsjna, Ha caMOf NOBEPXHOCTH M BHYTPH 3aIIHTHON
IM3JeKTPHUECKO! MJIEHKH Ha MOJYNpPOBOLHHKe. DTO 06CTOs-
TeJbCTBO ONMpaBIblBaeT Bbleselide H HeCKOJbKo 6oJiee MOA-
po6HOe OMHCaHHe 3TOTO Kpyra BOINPOCOB.

Ilpexxnge Bcero, KpaTKO OCTAHOBHMCSl Ha MeTONAX OITH-
YeCKOHN CHEeKTPOCKOMUHU 3AIIUTHBIX AHIJEKTPHUECKHX IJIEHOK,
HEKOTOpble pe3yJbTaThl HCCNEJOBAaHHS KOTOPBLIX YyXKe yIo-
MHHanuch B § | B cBfI3M ¢ ONMHCAHHEM CTPOEHHSI OKHCHBIX
IVIEHOK Ha IOBEPXHOCTH repMaHHsl U KpeMHHA. Posb Takoro
poma HccaefOBaHHHA 0cOGEHHO BO3poOcja B IOCJAeJHee BpeMs
B CBfI3H C OTMeYaBLIHMHUCS paHee TEHIEHLUHUAMH K 3aMeHe
OKHCHBIX 3allHTHBIX IJIEHOK Ha HCKYCCTBEHHO CHHTE3Hpye-
Mble IJIeHKH HEOKHCHOH mnpupoabl. XHMHUeCKHH cocTaB H
CTPOEHHe TaKHX MJIEHOK HMEIOT NepPBOCTEeleHHYIO BaX<HOCTb
ISl MOBEPXHOCTHBIX 3J€KTPOHHBIX MPOLECCOB, a UX MaJjas
TOJILMHA H BecbMa BepPOsITHAsh HEOLHOPOAHOCThL COCTaBa MO
TOJILIIHHe NPHBOAHMT K TOMY, YTO ONTHYECKHe MeTOIbl KOH-
TpoJIsl SIBJISAIOTCA HanboJlee YyBCTBHTEIbHBIMH.

[TomuMo cHATHS OOBLIUHBIX HH(PAKPACHBIX CIIEKTPOB MpO-
MyCKaHHs TaKHX IJEHOK, B MOC/AeJHee BPeMs BCe IUHpe MpH-
MEHSIIOTCSI METOJbl 3JIJIMIICOMETPHH U MHOrCOKpAaTHOTO IOJI-
HOTO BHYTPEHHEro OTpax<eHHs CBeTa B NOJYNPOBOAHHKe [79].

[Tepsoiit MeTO, KOTOPHIH Aasee OyAeT aHAaJIH3HPOBATHCSA
Gosee MOAPOGHO, obecrneurBaer CyllecTBeHHOe YyBeJHYeHHe
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YYBCTBHUTEJNbHOCTH 32 cYET MHOTOKDATHOTO OTpaKeHHs cBeTa
MOBEPXHOCTHIO MOJYyNPOBOLHHKA BHYTph o6pasua. CseT npu
KaXIOM OTpa*KeHHH BBIXOAHT 3a Mpeflesibl CaMOro MoJay-
NpPOBOJHHKA Ha paccTosiHHe, GJH3KOe K MOJOBHHE [JIHHBI
BOJIHBI, [IpH 3TOM MPOMCXOAHT MHOTOKpATilOe ero MorJoie-
HHe Ha TPaHHLe pasjena MOJYNPOBOAHHK — IIJIeHKa H BHYTPH
3alIUTHOM IJIEHKH Ha TMOJYyNpPOBOAHHKEe HMEIOILHMHCA TaM
XMMHYeCKUMH 06pa30BAHHAMH.

AdaauncomeTpus OTHOCUTCSA K UMCJy AABHO paspaboTal-
HBIX, HO IO TOCJIe[lHEr0 BPeMeHH MaJo NMPHMEHSIBIIHXCH OIl-
THYeCKHX MeTomoB HcciaenoBanus [80]. CyurHocTh MeToza
SaKJiouaeTcss B TOM, YTO JHHeHHO MNOJIIPH30BAHHBIH CBeT,
OTpaxKeHHBI OT NPO3payHOM [Js HEro IJIEeHKH BeLIeCcTBa,
npHo6GpeTaeT 3JJHNTHYECKYIO MOJISAPH3ALMIO, XapaKTePHCTH-
KM KOTOpPOI 3aBHCAT OT TOJIIHHBEI MJIEHKH H OT ee ONTHYe-
cKHx KoHcTaHT. Teopus MeToja AOBOJIBHO TPOMO3JKa, HO
npeACTaB/asieT YHHKAJbHYI0O BO3MOXKHOCTb JOCTAaTOYHO TOY-
HOrO M3MEepeHHs 3THX BaXKHEHIIHX NMapaMeTPOB 3aUIMTHBIX
JIH3JIEKTPHUYECKUX MJEHOK.,

HccnenoBadue oTpaXKeHHsl CBETa OT CaMOH MOBEPXHOCTH
MOJIyNMpOBOAHHKA MNpefocTaBiaseT (N0 pesyJabratam pabot
[81—86]) BecbMa 1IHPOKHE BO3MOXKHOCTH AJA H3YyUeHHs MO-
BEPXHOCTHBIX 3JIeKTPOHHHIX npoueccoB. CyTb siBJieHHs 3a-
KJAouaeTcs B ciaenyiouieM. XOpoIIO H3BECTHO sIBJEHHE CIBH-
ra Kpas MoJoChl MOIJIOLIEHHS] CBeTAa B CHJbHOM 3JEeKTpHYe-
CKOM II0Jie, TaK HasbiBaeMhulll Igpdext Ppanya — Keaoviua
[87, 88]. dtoT 3ddekT ¢ ycnmexoM Obl1 HCNONb30BAH JIJs
H3yUYeHHs CTPOEHHS SHEPTeTHYeCKHX 30H MOJYIPOBOAHHKA,
npuyem IJaBHBIM 06pa3om MyTeM HCC/eLOBAaHHs TPaHHIBI
pasjesia MoJyHNpOBOAHHKA ¢ 3JeKTpoauToM. CyliecTBOBaHHE
CHJIBHOTO 3JIeKTPHUECKOTO M0Jsl B NMPUIOBEPXHOCTHOM 06/1a-
CTH NPOCTPAHCTBEHHOrO 3apsila He MOXET He CKasaTbCsd Ha
NpOSIBJEHUSAX 3TOro (QekTa npH COOTBETCTBYIOIIEH MocTa-
HOBKe 3KCliepUMeHTa. B UHTHPOBaHHLIX Bbille paGoTax
6bl710 NMOKa3aHO, YTO 3JeKTpHUYeckoe noJie 06JacTH MpOCT-
PaHCTBEHHOTO 3apsiia BeCbhMa CHJIbHO BJHSIET HA IOJIOXKEeHHe
H BeJHYHHY XapaKTepHBIX NHKOB OTpaXKeHHs CBeTa OT I0-
BEPXHOCTH TOJYNPOBOAHHKA.

OnuH M3 BapHaHTOB 3KCIepHMEHTAJbHOH MeTOAHKH CBO-
outess K caenyiouwemy [83]. OG6pasen nosaynposonHHKa,
CMOHTHPOBAHHHI B KOHAeHcaTope 3ddexTa mo.s, onuca-
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HoM B § 12, ocBelllaeTcsi uepe3 MOJNyMpPO3PauHbINl 3JEKTPOJ
MOHOXPOMAaTHYeCKHM CBeTOM B 00J1aCTH OLHOTO H3 MHKOB
OTpa)KeHHsi, 00yCJOBJIEHHOrO CTPYKTYpPO#l 30H NAaHHOTO I0-
JynpoBoaHuka. [IpunoxeHHe K KOHAEHCATOPY MepeMEHHOTO
NONePeYHoro 3/JeKTPHYEeCKOr0 IMO0Jsi AOCTATOYHO O6OJbIIOH
aMIIMTYyAbL OfeclneuynBaeT MOAYJALHIO OTPA’KEHHOro Myuyka
cBeTa. DTOT CBeT BOCHPHHHMAaeTcsl QOTOYMHOXKHTeseM, a Io-
JYYeHHbIl CHTHAJ YCHJIHMBaeTCsl YCHJHTeJeM € (pa304yBCTBH-
TeJbHBIM AETEKTOPOM, ONOPHHIM HaNpsKeHHeM [Js KOTO-
poro CJyXKHT CHFHaJl reHepaTopa MOTeEpPeuHOro 3JeKTpHue-
ckoro noJs. AMIJIHTy1a NeTeKTHPOBAHHOrO CHTHaja Ipo-
nopuvoHaJbHa ray6uHe MOLYJAALNH OTpaXKeHHd, a 3HakK
CBHJETE/NbCTBYeT O COBNAJEHHH HJIH NPOTHBOMNOJONKHOCTH
a3 curuana orpaxeHus u moayaupywouero noas. Ilocnen-
Hee OOCTOAITEJbCTBO MO3BOJAET CYAHTh O TOM, BO3pacTaer
WIN yMeHblllaeTcsi H3MeHeHHe OTpaxkeHHs AR c¢ Bo3pacTa-
HHeM HAaNpsXKeHHOCTH TO0JIsi JaHHOTO 3HAKa.

HanoxxeHne Ha KoHgeHcaTop 3¢deKTa moJsA MOCTOsH-
HOrO MOTeHIHaJla CMeLleHHs OJHOBPEMEHHO C IepeMeHHLIM
3JIeKTPHUECKHM I10J1eM MO3BOJISIeT CMellaTb 06/1acTh MOAYJIS-
MM MOBEPXHOCTHOrO 3JIEKTPOCTATHUECKOr0 IOTeHLHaJja.
OmnbiT NOKa3biBaeT, YTO [PH 3TOM CMellaeTcsl MOJOXKeHHe
XapakKTepHbIX MHKOB OTPakeHHsl MO HIKaJie SHepTHil (OTOHA,
a TakKe M3MeHseTCsl H BeJIHUHHA 3THX THKOB.

XoTs KOJMYeCTBeHHas TeOpHs TakuxXx 3(P(deKTOB OTCyT-
CTBYeT, KQueCTBEHHO 3TOT pe3ysbTaT Jerko o6bscHHM. Ecau
paBHOBeCHOe 3HauyeHHe MOBEPXHOCTHOTO 3JIeKTpPOCTaTHue-
CKOro IIOTeHIHa/ja COOTBETCTBYeT, HamnpHMep, cJjoio 06o-
rauleHusi, T0O U3MeHeHHe OTpaxKeHHs OyaeT BeJHKO NpPH OX-
HOH M3 NOJYBOJIH MNONepPeyHOro 3JeKTPHYeCKOro HoJjs, Tak
KaK OHa COOTBETCTBYET BO3PACTAHHUIO HAMPSXKEHHOCTH MOJA
B 06JacTH NpocTpaHcTBeHHOro 3apsifa. Ilpu nmepemeriennn
paGoueit Touku B 06J1aCTb HHBEPCHH, CHTHaAJ MOJYJHPOBaH-
HOTO OTpaKeHHsl TakxKe OyAeT BeJHK, HO A0JKeH ObTh Apy-
FOro 3HaKa, TaK KakK BO3PAaCTaHUIO HANPAXKEHHOCTH M0Js
6yneT COOTBETCTBOBATb APYyras I0JyBOJHA MOMEPEYHOro
noasi. Haxkonen, B o6Jjactd BOJM3H NJOCKHX 30H Ha NOBepX-
HOCTH CHrHaJ A0JiKeH ObIThb MaJ, a B caMOH 3TOH TOYKe pa-
BEH HYJIIO, €CJH CYHTaTb, YTO M3MeHEHHe OTpaXKeHHs JH-
HellHO 3aBHCHT OT HAMpSIXKEHHOCTH MnoJisg B 06/1aCTH MpoCT-
paHCTBEHHOTO 3apsja.
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Ha puc. 15.1 npuBemeHbl 3KcmepHMeHTaAbHble HAHHBIE
06 M3MeHEHHH BeJHUHHBl M 3HaKa OTHOCHTEJbHOro K03Gh¢H-
nueHTa oTtpaxeHHs AR/R B 06JlacTH OAHOrO M3 XapakTep-
HBIX MHKOB OTPae€HHsl OT MOBEPXHOCTH KPEMHHS JbIPOUYHOMH
npoBoAUMOCTH (p = 100 om«cmM) B 3aBHCHMOCTH OT IIOCTO-
SIHHOTO MOTeHIHaJ/a CMelleHHs IPH TPexX PasJHuHbLIX TeMIe-
parypax [83]. Touku nepeceueHusi ocH aGCeuuce MOJIMKHH CO-
OTBETCTBOBATb YCJOBHIO NJIOCKHX 30H Ha MOBEPXHOCTH, TaK
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Puc. 15.1. M3Menenusn KoshdHUHEHTA OTPAXKEHHSA
OT IIOBEPXHOCTH KpeMHHS B 38BHCHMOCTH OT IO-
CTOSHHOT'O NOTEHLHAJa CMeleHHS.

4TO BeJHYHHA H 3HAK NOTEHLHAJOB CMeIleHHs B 3THX TOH-
Kax OnpefieJsiloT 3HayeHHe H 3HAK IMOBEPXHOCTHOTO 3JleK-
TPOCTAaTHYECKOTO MOTeHLHaJa B PaBHOBECHBIX YCJIOBHSX.
Takum 06pa3oM, ONHCaHHBI MeTOX SIBJSE€TCS YUCTO Of-
THYECKHM MeTOJOM ONpejeseHHs HOBEPXHOCTHOTO 3JEKTPO-
cratHyeckoro notexHuvasna. Ilomo6HO ¢OTOI/MEKTpHUECKOMY
MeTOAy MoBepXHOCTHOH ($oT0-DJC, 0H HMeeT cyllleCTBeHHbIE
npeHMyllecTBa Nepea MeTOJOM NOBEPXHOCTHOH MPOBOLHMO-
CTH, HOCKOJIbKY B OOOHX cJ1yYasiXx XapaKTepHUCTHYECKOH Tou-
KOH, N0 OTHOLIEHHIO K KOTOPOH MPOHM3BOJAHUTCS OMpejeseHHe,
AIBJISIeTCS YCJIOBHE MJOCKHX 30H Ha NMOBEPXHOCTH, a He ycCJo-
BHe MHHHMMyMa MOBEPXHOCTHOH npoBoauMoctH. l3BecTHo,
4TO B CJyuae NPOBOAHHMKOB ¢ GoJsiee LIMPOKOH 3anpelieHHOMH
30HOH, YeM y TepMaHHs, NMPH BLICOKHX YPOBHAX JIerHpoBa-
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HHUSl ¥ DK M3MEPEeHHsiX B 06/1aCTH NMOHMXKEHHBIX TeMnepaTyp
BO MHOTHX CJyuyasiX ropasjio Jierye OCylUleCTBHTb IpaKTHue-
CKH YCJIOBHE MJIOCKHX 30H Ha NMOBEPXHOCTH, ueM no6paTtbes
IO MHHHMYMa NMPOBOAMMOCTH. DTO 0GCTOATENbCTBO, KCTATH,
caMo no cebe CBHIeTeNbCTBYET O TOM, UTO MOBEPXHOCTHBIE
YDOBHH pacnpefeseHbl B OCHOBHOM G6oJiee HJH MeHee CHM-
METPUYHO MO OTHOILIEHHIO K TOYKe, KOTOPYIO MBI AJs1 KpaT-
KOCTH HasBaJ/li CepeflHHOl 3amnpelleHHOH 30HB Ha MNOBEpX-
HOCTH *).

XoTsl ONTHYECKHN MeTOoJ HMeeT TO Ke NMPHHLHUNHAJIbHOE
OrpaHHYeHHe, YTO H (OTO3/J1eKTPHUECKHI, a HMEHHO — Tpe-
6oBaHHe TOCTOAHCTBA NOBEPXHOCTHOTO 3apsija BO BpeMd
H3MepeHHuil (a OH MOXKEeT H3MEHSITbCsA BCJEACTBHE 3axBaTa
HOCHTeJlell 3apsiia Ha MOBEPXHOCTH), y ONTHYECKOIO MeTOAA
HUMEIOTCSl HEKOTOpble MpeuMYyLlecTBa NO CpPpaBHeHHIO ¢ (OTO-
ajexkTpuueckuM. Ilpexnae Bcero, 370 MaJjblit 3¢d(eKTUBHBIH
ypPOBeHb HHEEKIHH, 06YyCJ/0BJICHHBIH MOAYJAslHel MOBepPXHO-
CTHOTO 3JIEKTPOCTATHUECKOTO MOTeHLHasna, TOoraa Kak B Me-
toge ¢oto-dJ1C oH B MpHHIHNE NOJKeH ObITh NOCTATOYHO
6o/bIiHM. COOTBETCTBEHHO, CJeAyeT OXHAAThb W ropasjo
MeHblllero BJAMSAHUS 3axBaTa BooOlle, a 3aXBaTa HEOCHOBHBIX
J1Jf NAaHHOTO MOJIYyIPOBOJHHKA HOCHTeJsell 3apsiia— B 0CO-
6ennoctu. Cama npolleaypa H3MepeHHH B ONTHYECKOM Me-
TOJe 3aHHMAaeT ropas/io MeHbllle BpeMeHH, a LJs NOJy4YeHHS
pesyJabTaTa TpebyeTcsi TOJbKO NOMOJHHTE/NbHOE H3MepeHHe
e€MKOCTH KOHJleHcaTopa [Jisg pacueTa BeJHUYHHB MHAYLHPO-
BAHHOTO 3apsiia, HeoOGXOAMMOTO IJIsi BHINPSIMJEHHS 30H
B6.M34 nosepxHoctd. HakoHel, mo-BHIHMOMY, 3HAYHTEJbHO
BhILIe JOJ/IKHA OblThb TOUHOCTb ONpe/eJieHHs [OBEPXHOCTHOTO
3JIeKTPOCTATHUECKOTO NOTeHIHaaa, Tak Kak HPH NPHHATHIX
NPeANONIOKeHHAX OHA OMpeAesIAeTcs JHIbL TOYHOCTBIO U3-
MepeHHl HHIYLUHPOBaHHOro B 0o6pasell 3apsja, KOTOpas Mo-
XKeT ObITh BeCbMa BeJHKa.

Caenyer OTMeTHTb, OJHAKO, YTO BOMNPOC O CIpaBefIHBO-
CTH HCXOAHOTrO MpPEeANOJOMXEeHHs O COOTBETCTBHHM TOYKH Ie-
peMeHbl 3HaKa H3MeHeHHs KO3((HIHeHTa OTpPaXKeHHs ycJo-
BHIO NJIOCKHX 30H TpebyeT 6oJlee 1eTaJbHOIO TeOPeTHUYEeCKOTO
H 3KCIepUMeHTaJbHOro o6ocHOBaHHsA. [leso B TOM, 4TO aM-
MJHTYJAa MepeMeHHOro MONepeyHoro 3JeKTPUYECKOro moJs,

*) Cm. mpuMeyaHde K cTp. 23.
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NP KOTOpOH IMOJyuYeHbl KpuBele puc. 15.1, 6bl1a paBHa
400 8, T. e. HAMHOrO NpeBOCXOJAMJA 3HAYEHHUA MOCTOSIHHOTO
CMellleHHsl B TOYKax crnpsiMyeHHs 30H. [Ipu 3ToM naxe He-
3HaYMTe/lbHAs HeJMHEHHOCTb MOAYJAUHH Ko3(pdHUHEeHTa
oTpaxkeHus, oOyc/oBJeHHasi LeJblM pAAOM (HaKTOPOB Kak
NPUHIHNNHANBHO (PH3UYECKOTO, TaK H CXEMHOTO NPOHCXOX-
JeHHsI, MOXKeT HMeTb CYylleCTBellHOe 3HauyeHHe. K mnepBbiM
OTHOCHTCS, HAIIPUMEP, CJOXKHbIII XapaKTep B3aHMOJAEHCTBHS
OTpaXKaeMoro CBeTa, 3SKCHOHEHLHAJbHO 3aTyXalollero mo
ray6HHe, ¢ NPHIOBEPXHOCTHOH 06JACTbI0O CHJbLHOTO 10JA
B nosynposoauuke. [lociennssi, kak oTMeuajocb B § 3,
pas/jH4yHa no CBOEMYy CTPOEHHIO B CJlyyae cj0eB 06orauieHHs
1 HcTolleHusi. Bosee neranbHOro aHanusa Tpe6yeT M BOMPOC
0 XapakTepe CaMOro HCcJlelyeMOro CHrHaJja, moJyuyaemoro
nocje JeTeKTHPOBaHHsA (a30BbIM AeTeKTOpoM. B atom cur-
HaJjle HeO6XOAUMO Yy4YecTb HEJHHEAHOCTb CBS3M MTHOBEHHOH
PA3HOCTH NOTEHLHAJOB H MOJA B NPHIOBEPXHOCTHOH ob.ja-
CTH, a TaKxe W HeJHHEHHOCTb H3MeHeHHS Ko3bduuHeHTA
OTpaKeHHsi B 3aBHCHMOCTH OT HANpPSIXKEHHOCTH 3JIeKTpHue-
CKOTO HOoJsl.

HcropHuecku nepBbiMH paGoTaMH, HCIOJb3YIOIIHMH OI-
THYeCKHe MeTOAbl [Jsi HCC/eJOBAaHUSI NMOBEPXHOCTHBIX 3JIeK-
TPOHHBIX mpoueccos, 6ulin pabotet H. Xappuxa [89], B ko-
TOPBIX BIepBble OBIIH peasH30BaHbl MAEH H MHOTOKPAaTHOrO
[OJIHOTO BHYTPEHHEro OTPaXKeHHsl CBeTa, H MOAYJSLUHH Myy-
Ka cBeTa [ONepeyHbIM 3JeKTPHYECKHM MO0JieM, BO3aeHCTBYIo-
LM Ha MOBEPXHOCTb NOJYNpoBoAHHKA. Llenrio paGoTr saBas-
JIOCH H3ydYeHHe MOIJIOLIEHHS CcBeTa B MNPHUNOBEPXHOCTHOH
06GJlacTH NPOCTPAHCTBEHHOro 3apsija W Ha caMOH MOBepPXHO-
CTH NoJynpoBoAHHKa. [IpuHLMNHAJNbHAss cXeMa 3SKCIEpH-
MeHTa npHBefleHa Ha pHC. 15.2. MHOrOKpaTHOCTb OTpaKeHHH
(okosmo 50) M HcCHOb30BaHHE YCHJAHTeNs € ()a30uyBCTBH-
TeJbHbIM JeTeKTOPOM MO3BOJHJH HaJeXHO (HKCHPOBATH
BecbMa MaJlblil CHTHAJl MOAYJIHPOBAHHOTO MOTJIOLIEHHS CBETa.

OcHOBHO# TPYLHOCTbIO MeTOZA siBJsieTCS TO OGCTOSTEb-
CTBO, YTO 3TOT CHTHAaJ COJEPXHT JABe KOMMOHEHTHl pasJiHu-
Hoii npupoan. [TepBas u3 HuX 06ycJOBJeHA IMOrJOLIEHHEM
CBOGOJHBIMH HOCHTENSIMH 3apsiia B NPHIOBEPXHOCTHOH 06-
JJaCTH NPOCTPAHCTBEHHOro 3apsifia. [1ocko/bKy KOHIeHTpa-
UMM 3THX HOCHTesell 3apsja MOJYJHPYIOTCS MNOTMEpPEeYHbIM
3JEKTPHUECKHM T0JeM, TO MOAYJHPOBAHHBIM OKa3biBaeTcs
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u 06yc/OBJeHHOe HMH mOrJolleHHe. BTopasi koMmoHeHTa
npeacraBJsieT cO60N MOTJIOILEHHe CBeTa NMPH ONTHYECKH HH-
IOyUHPOBAHHBIX NEePeXofax HOCHTeJeH 3apsifia U3 BaJleHTHOH
30Hbl Ha TOBEPXHOCTHBIE COCTOSIHHSI M H3 I[10BEPXHOCTHHIX
COCTOSIHHH B 30HY NMPOBOAHMOCTH. DTa KOMIIOHEHTa MOTJIO-
mweHus Gyner, pa3yMeercs, ToKe MOAYJHDPOBAHA, TIOCKOJIbKY
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Puc. 15.2. CxeMa 3KcHEepHMeHTA 110 HCCJIeNOBaHHIO MOJlyJHPOBAHHOI'O MONepPeyHbIM
3JIeKTPHYECKHM I0JIeM MOJIHOTO BUYTDEHHEro OTpakeHHs cBeTa B o6pasue noJympo-
BoAHHKA. I — o6paser, noJaynpoBoaHHKA, 2, 6 — 3JeKTPHYECKHEe KOHTaKTHl K o6pa3ny,
3 — AH3JeKTpHYecKas mnpocioiika, 4— BHemHu# sJjektpons addexkra noas, 55— cre-
KJAHHAA NJacTHHKa, I’ — 3ByKOBOH reHepaToOp H MCTOYHHK MOCTOSHHOrO CMELIeHHS,

KBa3HPaBHOBECHOe 3aMOJHeHHe MOBEPXHOCTHBIX COCTOSIHHH
MOJyJIHPYeTCsl MONepPedyHBIM 3JeKTPHYecKHM noJem. Tpya-
HOCTH B pasjesieHUH 3THX ABYX 3D(eKTOB, H3 KOTOPBIX mep-
BLIH 110 OLlEHKAaM IOJ:KeH ObITb 3HAUMTEJbHO CHJIbHee, MPH-
BeJM K TOMY, YTO aBTOp MeTojAa MpHILe] K OLIMGOUHBIM,
Jaxe B KaueCTBEHHOM OTHOLUEHHH, 3aKJ/IOUEHHSIM O Xapak-
Tepe SHEPreTHYECKOro CleKTpa MOBEPXHOCTHBIX COCTOSIHHIL.

B nasbHefiliem MNOrJONIeHHe CBeTa MPH ONTHUECKHX He-
peXo/lax C yyacTHeM MOBEPXHOCTHLIX COCTOSIHMH HCCJ/ef0Ba-
Joch B MBYX LHMKJax pa6or. B pa6orax rpynnel HTajbsiH-
ckux Hccnenosateneil [90, 91] ormeueHHass TpyaHOCTb 06X0-
JHnachk TeM, YTO aBTOPbl OTKa3aJHCb OT MeTOHA MOJIHOTO
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BHYTPEHHEr0 OTPaKeHHs W HCNOJb30BaNH CBeT, MalalolHi
Ha BHEIUHIOI MOBEPXHOCTb MNOJYNPOBOAHHKA; ero MOrJo-
[leHHe MOAYJHPOBAJOCh MONEPEeYHEIM 3JIeKTPHYECKHM IIO-
JIeM.
B pa6orax aBtopa u M. Il. CuniokoBa [92] ucno.sb30-
BaJicsi MeTOJ] INOJHOTO BHYTDEHHero OTpaxKeHHs, a Bblaese-
HHe KOMIIOHEHTbl CHrHaJja, oO6yCJIOBJIEHHOH MOTJOUleHHeM
C yyacTHeM MOBEDXHOCTHBIX COCTOSIHHH, AOCTHraJoCh MyTeM
M3MEeHEeHHs] KOHIUEHTPalMii CAMHX 3THX COCTOsSIHHHA. B o6omux
cJlyyasix HM3BeCTHYI0 TPYAHOCTb MpPEACTABJAJO NOAABJEHHe
napasHTHOro 3¢¢ekTa, CBSI3aHHOrO C MOIYJALHEH HHTeH-
CHBHOCTH MNyuKa CBeTa 3a CyYeT MeXaHMYecKHX KoJeOaHHi
OM3JeKTPHYEeCKOH MpOCJOHKH B KOHAeHcaTope 3ddekTa
nons. ATH Kosnebauus, 00ycJOBIEeHHbIE TOHAEPOMOTOPHBIMH
CHJIAMH B KOHJEHCAaTOpe, HMEIOT YacTOTy NONEePevyHOro 3Jek-
TPHYECKOrO HOJISI U MOTYT NDHUBECTH K CYLIECTBEHHBIM 3KC-
nepHMeHTaJbHbIM OLIHOKAM.

Ha puc. 15.3,a nokasaHbl CHeKTPbl [OJHOTO BHYTpEH-
Hero OTpa)KeHHs, H3MepeHHble NMPH Pa3HBIX YaCTOTaX MOAY-
JSILHH TIONEPEeYHbIM 3JIEKTPHUYECKHM MOJIeM H NpHUBeleHNble
K MOCTOSIHHOMY KOJIHYeCTBY KBAHTOB Majatoulero ceera. Bupg
3THX CIEKTPOB H XapakKTep HX 3aBHCHMOCTH OT YacTOTHI
CBHETENbCTBYIOT O TOM, YTO 3aBeAOMO Mpeo6JiaJalomUM
npoueccoM siBJseTCs MOTJIOLleHHe cBeTa CBOOOAHBIMH HOCH-
TeJSIMH 3apsjfa, NPeUMYLIeCTBEHHO AbIPKAMH, MOTJIOLIeHHE
KOTOPBIMH 3HAUHTEJbHO MPEBOCXOAUT MOrJOIleHHe cBOGOA-
HBEIMH 3JIeKTPOHAMH.

YactoTHasi 3aBHCHMOCTb IIPH 3TOM OOYCJOBJIEHA BJIHS-
HHeM 3aXBaTa YacTH HHAYUHMPOBAHHEIX B o6pasel HOCHTe-
Jefi 3apsia Ha OTHOCHTEJNbHO MeJJIeHHble MOBEPXHOCTHBIE
cocTosiHusA. UeM Bhllle Gbljla yacToTa MOIYJSLHH NOMepey-
HBIM 3JIEKTPHYECKHM IOJIeM, TeM MeHbIlasi yacTh JBIPOK 3a-
XBaTbiBaJach Ha MOBEPXHOCTHBbIE COCTOSIHHSA, a, COOTBETCT-
BEHHO, BO3pacTaJ/j CHrHaJ, O0OYCJOBJEHHBI! MNOrJIOLIeHHEM
JbIpKaMH, OCTaBLIMMHCA B 06/1acTH NPOCTPAHCTBEHHOTO 3a-
psna.

DTOT CHTHaAJ OKa3blBaeTCs OTPHLATEJbHBIM, UTO O3Ha-
yaeT HecoBIajeHHe (a3 ONTHYECKOTO MOIVIOUIEHHSI W TOIe-
peuHoro sJjexkTpHuyeckoro nous. [1pu yBenHueHHH aMIVIHTY Ibl
MONepeyHoro MoJs CHrHaJ, OoOYC/IOBJEHHBIH TMOIJOUeHHEM
¢BeTa, Bo3pacran 110 BCeMY CIEKTPY, NpHYeM BeJHYHIIA ero
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Puc, 15.3. IlpuBeneHuble K NMOCTOSHHOMY KOJHYECTBY NAajalolUlHX KBAaHTOB cBeTa
CMeKTPbl MOJIHOTO BHyTpeHnero orpaxenis. T =300 °K. YacTtoTbl MOAYJAALHH Holle-
peunoro noJas: I —30 ey, 2—300 2y, 3 —700 2y, 4— 1300 &y, 5 — 2000 2y; a) Ge3 npen-
BapHTeJblOT0 mporpesa oGpasua; 6) noc/e nporpesa o6pasua B Bakyyme npu 500° K,
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ompefe/sijack MaKCHMAaJlbHbIM OTpHLATeNbHBIM MIHOBEH-
HBIM 3HaueHHeM MOBEpPXHOCTHOTO MOTeHIHaJa, T. €. MaKCH-
MaJbHOH MIHOBEHHOH KOHUeHTpalHeHd JBLIPOK BOJH3H TO-
BEepPXHOCTH o6pasua. IlpH nocTosIHCTBe aMIIUTY[Bl MOIe-
PEYHOro 3/1eKTPHUUECKOTO [MOJA CHTHAJ MNOTJVIOLIEHHS Pe3Ko
3aBHCesl OT PaBHOBECHOH BeJHYHHBI NOBEPXHOCTHOIO MOTEH-
uuaga. I1pu cMelleHHH ero B CTOpOHY Bce 6oJjiee sipKO BhI-
paXXeHHOH 3/1eKTPOHHOH NPOBOAMMOCTH Ha MOBEPXHOCTH,
CHTHAJ TIOIVIOLIEeHHs] CHayaJja yMeHbllaJjcs, a 3aTeM CTaHo-
BHJICSI TIOJIOXKHTeJIbHBIM, YTO H OXHJajocb NPH npeobiaana-
HHH MOIVIOIeHHs1 CBOOGONHBIMH 3J1eKTPOHAMH.

Takum o06pa3oM, 3THMH 3SKCHepHMeHTaMH ObLIO ycTa-
HOBJIEHO, 4TO Ha6JiofaeMblli CHIHAJ fIBJIAETCS Pa3HOCThIO
CHUTHAJI0B, 00YCJ/IOBJIEHHBIX, B OCHOBHOM, MOTJIOLIEHHEM ABIp-
KaMH H 3JIeKTPOHaMH, NMpHYeM, NMPH PaBHbIX HX MaKCHMaJb-
HbIX KOHLEHTPAaLHUSAX Ha NOBePXHOCTH, MEPBBI CUTHAJ
NpUMepPHO Ha MOPANOK NpeBbillaeT BTOPoi. s noaTBepx-
JeHHsl 9TOro 3aKJ/i0ueHHs OblI NOCTaBJIeH ClleLHaJ/bHBIH MO-
NeJIbHBIA 3KCIEepPHMEHT, B KOTOPOM MOAYJAUMA KOHLEHTpa-
U HOcHTesNeH 3apsda OCYlLIeCTBJAs/aChb He IOMNEepPeYHLIM
nojieM, a OCBellleHHeM MOBePXHOCTH o6pasiia MOLYJHPOBaH-
HbeIM cBeTOM. CHrHaJbl, 06yCJIOBJeHHBIe B 3TOM CJydae MO-
rJOoLIeHHeM MO Bcell TOJIHHe o6pasia, GblM OTpHUATE/b-
HBIMH, & CaM BH[ CIIEKTpa M JaxKe BEJHUYHHbI CHTHAJOB GblIH
6/IM3KH K NpHUBeJeHHEIM Ha puc. 15.3 mpu Tex Ke aMIJIHUTY-
JfaxX u3MeHeHHs OOLIero KOJHUecTBa NOTJVIOLLAMOIIHX ABIPOK.

BrigeneHne KOMIOHEHTHl MNOTJIOLIEHHS, OO0YC/I0BJEHHOM
yuacTHeM MOBEPXHOCTHBIX COCTOSIHHE, OBIJIO OCYLLECTBJIEHO
MyTeM YyBeJHYeHHs KOHLEHTpalHu# 3THX cocTofHH#. B ria-
Be VI 6ynyT moapoGHO ONMHCAHBI 3KCMEPUMEHThI MO YBEJH-
YeHHIO KOHLEHTpAIil MOBEPXHOCTHLIX COCTOAHHI Ha rep™ma-
HHUH nyTeM nporpesa o6pa3uoB B BakyyMe. TakHe mporpesbl
npu temneparypax 200—250°C npuBOAAT K BO3pacTaHHIO
KOHLIeHTPALMH TOBEPXHOCTHLIX COCTOSAHHI NPUMEpPHO Ha Mo-
panok. Ha puc. 15.3,6 npuBeieHbl CnekTphl MOJHOTO BHY-
TpPeHHero OTpakeHHs, NOJyUYeHHbIe NPH TeX Ke aMIVIMTyAax
M 4aCTOTaXx NOMepevyHoro 3JIeKTPHUeCKOro 1oJs, 4To H clek-
Tphel puc. 15.3,a, HO mocgae mporpesa o6pasuna B BaKyyMe.

O6pamaer Ha ceGs BHHMaHHe yBeJHueHHe 0OLiero Ha-
KJIOHa KPHBHIX, COOTBETCTBYIOLLee YMeHbLIEHHIO CHTHala B
KOPOTKOBOJIHOBOH 4aCTH CMeKTpa, a TaKike IOsIBJEHHE OT-
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YeTIHBOM 0COGEHHOCTH B 06J1aCTH MOTJIOLEHHS MOJEKyJaMHu
Boabl (2,5 + 2,8 mkm). K obcyxaeHHIO 3TO OCOGEHHOCTH
Mbl BepHeMCsl HECKOJIbKO MO3Ke, a M0Ka orpaHHuyHMcsi 06-
CyX/[eHHeM H3MeHeHHs o6llero xapakrepa cnekrtpa. Heko-
TOpOe NpeAcTaBJeHHe O XapakTepe 3TOr0 H3MEHEHHs MOXKHO
MOJIYYHTh M3 comnocTasjeHusl puc. 15.3,a u 6, Xxora Auana-
30Hbl H3MEeHEeHUsl MOBEPXHOCTHOrO NOTeHIHaJsa B 060HX CJy-
yasix ObLIM He COBceM OJHHAKOBHI BCJIe[CTBHE BO3PacTaHHs

¥ | o4 045 080 485 060 hn38
E“w— i §§H‘
§ { bpst
l i
8, Jud it
35 lll ! b7/ ll a5 30/1,»7’/«/4

Puc. 15.4. Pa3socTHbift CI€KTp, cooTBeTCTBYIOWHA puc. 15.3, a u 6.

pOJIM 3axBaTa Ha MOBEPXHOCTHBIE COCTOSIHMS TOCJ€ MpOTpe-
Ba o6pasla.

[IpumeHeHne MeToAMKH 5(Q¢eKTa Mo/ NMO3BOJHJIO KOH-
TPONHPOBATh BeJHYHMHBI 3THX [IHANa30HOB M nomo6paThb yc-
JIOBUS MX MPHOJIH3HTENbHOH OQMHAKOBOCTH 10 W MOC/E Mpo-
rpeBa. Ha puc. 15.4 npuBeseHa pa3HOCTb CMEKTPOB IOTJIO-
IIeHHs], CHATBIX MOCJe U IO mporpeBa obpasua nmpu yacrore
MOIYJALMH MoJeM, paBHOH 32 ey, U MpaKTHYeCKH OJHHAKO-
BOM [yana3oHe MOALYJSILHH IOBEPXHOCTHOTO MOTEHUHAJa
¢s 0T —4 10 +6 kT/q. DTOT pa3HOCTHBIH CNEKTP HMeeT IO-
JIOXKHTeJbHEIH 3HaK CHTHAJOB, YTO CBHIETEJBbCTBYeT O IO-
IVIOLIeHUH, 06YCJNOBJIEHHOM MepeXoJaMH 3JeKTPOHOB C MO-
BEPXHOCTHBIX COCTOSIHHH B 30HY MpPOBOJHMOCTH.

CnekTpanbHasi 3aBHCHMOCTb BeJHYHHBI IOTJOLIEHHsT B
MpUHIMIEe MOXeT AaThb MHGOpMauHI0 O XapaKTepe pacnpe-
JlelIeHHsl IOBePXHOCTHEIX COCTOsIHHUI Mo 3Heprusm. lelcTBHu-
TeJIbHO, MPUHHMATh y4yacTHe B MOIVIOUIEHHH MOTYT TOJbKO Te
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MOBEPXHOCTHBIE COCTOSIHHS, 3allONIHEHHe KOTOPBbIX H3MeHseT-
cfl OTepeYHbIM 3J/1eKTpHUeckKHM noseM. B To ke BpeMs dak-
THYECKH TMOTJOlLeHHe cBeTa OyAeT IPOHCXOAHTb TOJIBKO
TOrza, Korga BeJHYMHA KBAaHTA CBeTa JOCTATOYHA [J1s Mepe-
X0Ja 3JeKTpPOHA C JaHHOTO MOBEPXHOCTHOTO YPOBHfl B 30HY
NPOBOAMMOCTH. ¥YMeHblleHHe CHTHa/la MOIVIOLIeHHs C BO3-
pacTaHHeM [IJ/HHbl BOJIHBI, NOJYYeHHOe B chekTpe puc. 15.4,
H OTpaKaeT 3TO OOCTOATENBCTBO.

K coxanenuio, uckaxeHue 06J1acTH crmajna curiaja ro-
IJIOLIeHHsl, BHOCHMOe IOTJIOLleHHeM MOJIeKyJaMH BOJBI, a
Takxe JOBOJIBHO 3HauHTesJbHas oOllas MOrpeLIHOCTb H3Me-
peHuil HesaioT Hellenecoo6pa3HbIM JeTaJsbHEIl KOJIHYeCTBEH-
HBIl aHAJH3 cHeKTpa noraouleHHs. MOXHO TOJbKO OTMe-
THTb, YTO MpPHBeJeHHble AaHHble, a TaKxe pe3yJ/bTaThl
9KCIIEDHMEHTOB N0 CMelleHHIO JHana3oHa, B KOTOPOM NPOHU3-
BOJIHUTCA MOJYJsALHUA 3aNOJHEHHs NOBEPXHOCTHBHIX YpOBHeH,
CBHJETENFCTBYIOT B MOJIb3Y HelpepbIBHOIO CHEKTpa MOBEpX-
HOCTHBIX COCTOSIHMH, C POCTOM HX KOHLEHTpauUHH N0 Mepe
npuGJIHKEeHHs K IHY 30HbB TpoBoauMocTH. K ToMy Ke 3ak/1io-
UeHHIO NPHLLIH U aBTOPHI yIOMHHABIIKMXCA pabor [90, 91].

VHTepecHble pe3yJbTaThl ObIJIM [OJYYeHB! MPH NPOBeJe-
HUH AHAJIOTHYHBIX H3MepeHHH NpH MOHHKEHHBIX TeMmmepa-
TypaX. XOpOLIO H3BECTHO MO pe3yJabTaTaM HCCIe0BaHHS
06'beMHOTO TOTIJIOLIEHHSI CBeTa, YTO [PH MOHHKEHHH TeMIle-
paTypel MPOHCXOLHT yMeHblleHHe MOrJIoLlelHs] ¢cBOGOHbIMHU
abipkamu [93]. D10 06CTOATENBCTBO MO3BOJHJO MOJNYYHTH
B SIBHOM BHJe MOJIOXKHTEJbHBbIH CHTHAJ NOTJOLEeHHs, 06yc-
JIOBJIEHHBIH y4aCTHEM MOBEPXHOCTHBIX COCTOIHHH, yXe NpH
tremnepaTtype 230° K. Ha puc. 15.5 noka3aHbl COOTBETCTBYIO-
IIHe CNEKTPHl, CHAThle NPH HECKOJbKHX yacToTax Ha obpas-
e 0 W nocjae nporpeBa ero B BakyyMe. OnHOBpeMeHHble
H3MepeHHs Mo MeToAy 3¢dexTa Moss MOKas3aaH, YTO Mak-
cMMaJibHasi MTHOBeHHasi KOHIIEHTDPAlHsA 3JeKTPOHOB Mocje
nporpesa o6pasia B BakyyMe Obll1a, KaK U C/1€10BaJO 0XKH-
1aTh, HECKOJIBKO MeHbllle, YeM [0 nporpesa. DTO 03HAyaer,
YTO MOJIOXKHUTEJIbHBIH CHTHAJ MOTJIOLIeHHsl B KOPOTKOBOJIHO-
BOH YaCTH CIeKTpa He MOXeT ObITb OTHeCEeH 3a CyeT MOrJo-
eHHsl CBOGOIHBIMH 3JIeKTPOHAMH, a fIBAAETCH pe3yJbTaToM
MOIJIOLIEHHS] C yJyacTHeM MOBEPXHOCTHBIX COCTOSIHHH.

ConocraBJieHHe MOJNyYeHHOH BEJHYHMHBI CHTHAJA C CHIHA-
JIOM B IJHHHOBOJIHOBOH 4acTH CnekTpa, riae oH o6ycJ/oBieH
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norJiolieHueM cBOOOJHBIMHU AbIpKaMH, MO3BOJIsSIET OLUEHHTHb
3(1)(1)6KTHBHO€ CeyeHHe TIIOIJIOLIeHHsT KBaHTa CBeTa M[O0BepX-
HOCTHBIM COCTOAHHEM. KOHIJ,BHTPa].lI/lH NOBEPXHOCTHLIX
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Puc. 15.5. TpuBenelinbie CNeKTpbl NMOJHOTO BHYTpEH-
Hero oTpaxeHus. T =230°K. UYacToTbl MOAYNALHH
nonepeyHoro noas: 1 —30 ey, 2—300 2y, 3—700 ey.
ITyHKTHpDOM MoOKasaH CcHeKTp, 3aNHCcaHHbli 0OpH
T =300°K; a) 6e3 npeasapurtebHOro Nporpesa; 6) no-
cae mporpeBa o6pa3sna B BakyyMe npu 500°K.

COCTOSIHMH, MO [aHHBIM 3(¢eKTa noJs, COCTaBJAsieT BeJH-
yuHy nopsinka 10'' cm~2, a MakcuMa/ibHas BeJHYHHA H3-
6bITKa ABIPOK — 0Koso 2-10'° cx~2, DddeKTHBHOE CedeHHe
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3axBaTa KBaHTa cBeTa CBOOOLHO!N ABIPKOH B 3TOH oGJjacTi
crnekTpa 6/aHM3KO No naHHbIM pabotel [93] k 10718 cu?. Ecau
y4YecCTb, YTO MOJIOXKHTEJbHBEIN CHTHAJ TMOIVIOMIEHHST MOXKeT
ObITb HECKOJIbKO OcJ1abJsieH MOr/oleHHeM CBOGOAHBIMH [bIp-
KaMH, TO 3¢ ¢eKTHBHOe ceueHHe IOIJIOIIEHHS KBaHTa CBeTa
MOBEPXHOCTHBIMH COCTOSIHHSIMH LOJIKHO GbITb He MeHee, ueM
21017 cm2,

PasHocTb cnektpoB puc. 15.5,a u 6 B KOPOTKOBOJHOBOI
HX 4YacTH OyneT, KaK 3TO HeNOCPeACTBEHHO BHIHO, 3HAUH-
TeJbHO 0Osblile 1O BeJHYHHE, YeM COOTBETCTBYylOlUIas pas-
HOCTb INpPH KOMHATHOH TeMmepaType, H3o6pa)keHHasi Ha

<——.-/1 ,t//w
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Puc. 15.6. CnekTphl NOJHOrO BHYTPeHHEro OTpa)KeHHs, CHATble A0 (KpHBas a)
M nocJje (kpHBas 6) NPHJOXEHHHA H BBIKJIOYEHHS NMOCTOAHHOM Pa3HOCTH MOTEH-
uuaJjoB (—200 8) K KonaeHcatopy 3bdekra moas.

puc. 15.4. 10T pesyabTaT ABASAETCH AONOJHHTENbHBIM apry-
MEHTOM B I0JIb3Y MpeANOJIOXKEHHS O HellpepbIBHOM XapakTe-
pe CIeKTpa NMOBEPXHOCTHHIX cocTosHui. [leso 3ak/iouaercs
B TOM, YTO JHana3oH MOAYJSILUH MOBEPXHOCTHOIO MOTEH-
nvana npu 230° K oxasajcsi pacnojioxeHHBIM OJHXe KO
JIHY 30HBI TPOBOJHUMOCTH, I'ie KOHLEHTPALUH IOBEPXHOCTHBIX
COCTOSIHHH, B COOTBETCTBUH C HpeANoJoXeHHeM O XapakTe-
pe pacrnpeleseHHsl, 3HaUUTEJIbHO BBILIE.

Panee ormeuanocs, 4yTo B pe3y/nbTaTe nporpesa o6pasuos
B BaKyyMe Ha CIeKTpax MOIJVIOIeHHs] OGLIYHO MOsBJSETCS
pe3Ko BbIpaKeHHass 0COOGEHHOCTb B 06J/1aCTH IOTJIOLLEHHS
cBeTa MoJekyjgaMu Boabl (puc. 15.3,6). Bosee nerasnbHoe
HCCJel0BaHHe 3TOrO BOIpOCa MOKasano, 4To o6pasoBaHHe
3TOM 0COGEHHOCTH B BHJE SIPKO BbIPAXKEHHOTO MHKa CBA3aHO
¢ BO3AEHCTBHEM MOCTOSTHHOTO 3JIEKTPHYECKOro MO0Js, YacTo
NpPUMEHSIBIIETOCS B 3KCNMeDHMEHTe [/l H3MeHeHHs Hayallb-
HOTO 3HAueHHsl TMOBEPXHOCTHOrO MOTEHIHAlA. Bousee Toro,
BBIICHHJIOCH, YTO TaKoH MUK, 06pa30oBaBLIMACA B pe3y/bTaTe
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BO3JeHCTBHA OTPHIATENBHOIO MOCTOSIHHOTO MOTeHUHaJ/J a Ha
3/1eKTPOjJe, He Hcue3aeT IOC/e BHIKJIOUEHHs MOCTOSHHOIO
noas. Ha puc. 15.6 mokasaHbl gBa crieKTpa, HenocpeaCTBeHHO
3alMCcaHHble CAaMONHCLEM W He TMpHBEIEHHble K MOCTOSIH-
HOMY [MOTOKY NaJalolHX KBAHTOB CBeTa, OTJHYAIOLLHecs
TOJIbKO TeM, UTO CIIEKTp a
3anucaH A0 NPUJIOKEHHs

MOCTOSIHHOH ~ Pa3HOCTH “r 250
noreHuuanos (—200 s), 200
a chnektp 6 —mocje ee 150
BhIKJIOUeHHsl. M3  1pH- Zr

100

BeJleHHOH Ha pHCyHKe
CHEeKTPaJbHOH ILUIHDPHHBEI
wenan A\ caepyer, 4TO
BO3MOXHAs CTPYKTypa
nHKa He MOrJa ObITh pas-
pewena. [lpuaoxenue
NOCTOSIHHOTO MOJfl ApY-
rof MNOJSIPHOCTH He H3-
MeHseT BHAa 3TOTO MHKA
Jaxe B TOM cJayyae, ecllu
U3MeHsleTCsl 3HaK CIek- 6

Tpa B uenoM (puc. 15.7). \/\
B 1o ke Bpema muK uc- /\/\—wﬂ

Hamenenue nocOUERUR , oMK €0

yezaeT MNpH ancopOuuu -8+
BOABl Ha [OBEPXHOCTH
repMaHus.

[Tuk MOIVIOLUIEHHUS, Puc. 15.7. HaMmenenus xapaktepa cneKktpa

& _ B o6JjacTi NHKa NpH NPHJOXKEHHH K KOHIEH-
oueHb OJNM3KHH K OnH catopy 3dbdekTa noas NOCTOAHHON Pa3HOCTH

caHHOMY (npH 2,8 MKM), noTeHUHa7OB Pa3IUHON BeJHUHHEI H 3HaKa,
HabJionancs U B paborte

[91]. Becbma 6aH3KHMH SABJASIOTCS H ONMCAHHble B 3TOH
pa6oTe 0cO6EHHOCTH ero MmoBeJeHHs, 32 HCKJIOYEHHEM POJIH
MOCTOSIHHOTO MOJIsi, KOTOpasi CIeLHaJbHO He TMOoAYepPKHBa-
Jacb. ABTOphI 3TOi paGOTH MPEANONATAIOT, YTO MUK MOTVIO-
LIeHHA CBAI3aH C MAMCKPETHbIM NOBEPXHOCTHBIM YDOBHEM,
pacnonoxeHHelM Ha 0,05 38 Bbllle cepefHHBI 3anpelleHHOH
30Hbl Ha TOBepxHOCTH. Kak OyneT BHAHO W3 manbHelllero,
CylLIecTBOBaHHe JHUCKPETHOTO YpOBHSI OGJH3KOro MOJIOXKe-
HHS CJleldyeT M3 JAAaHHBIX [0 IOBEPXHOCTHOI peKoMOH-
HAUWM, TPHUYEM HEKOTOpble OCOOeHHOCTH MOBeNeHHS 3TOTO
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YPOBHS BecbMa MMOXOXH Ha OTMeueHHble [/l paccMaTpHBae-
MOTO MHKa.

Hmerorcs, ofHaKO, HEKOTOPble 0GCTOATENbCTBA, KOTOPhIe
3aCTaBJSAIOT CYHTaTh OOJlee BEPOSTHBIM IIpelNOJIOKeHHe
0 CBSI3M MHKa ¢ HeNOCPeACTBEHHBIM I[IOTJIOLIEHHEM CBeTa
ancop6upOBaHHBIMH MoJieKyJamu BoAbl. Ilpu stom npuxo-
IUTCA TNPHHATH, YTO TaKoe MOIJIOLUeHHe BO3MOXKHO TOJbKO
IOpH OINpefieJIeHHBIX YCJOBHAX 3aKPelJieHHs H OKDYXKeHHd
3THX MOJIeKyJ. B uyacTHOCTH, morsouleHHe OTCYTCTBYeT NpPH
60/1bLIOM KOJHYecTBe (H3HYECKH aAcOpOHPOBAHHOH BOAHI
Ha noBepxHocTH Tepmanus. OHO BO3HHKAeT, Korga Ha Io-
BEPXHOCTH OCTaeTcsi BeCbMa HeGOJIbllOe KOJHUECTBO MoJle-
KyJ, NPOYHO CBSI3aHHBIX Ha KAaKHX-TO JAe(deKTaX, NpHueM
OPHEHTHPOBAHHBIX BIIOJIHE OINpejeJeHHEIM 00pas3oM — aTo-
MOM KHCJOpOZA K [OBEPXHOCTH. Torma poJsib NOCTOSTHHOTO
noJsisi ONpefleJleHHOTO HanpaBJeHHs B (OPMHDOBAHHHM MHKA
TMOTJIOLIEHHS 3aKJ/I04aeTcsl B MlepeOpHEHTALMH XeMOcopOUpo-
BaHHBLIX MOJIeKYJl. DHeprusi cBs3H TAKHX NPOYHO CBA3AHHBIX
MOJIEKYJl BOJAbl C MOBEPXHOCTbIO TepMaHHA OlLEHHBaeTcs IO
pesyJbTaTaM aAcopOUMOHHBIX H3MepeHHH B 18 xkxas/moas
[94]. Haxe ecau cuutaTh, YTo paboTa mepeopHeHTALUH CO-
CTaBJ/isieT 3aMeTHYIO JOJII0 3TOH SHePrHH, Takas lepeopHeH-
Talus B [10J1€ HANPSIXKEHHOCTbIO 0Koso 5+ 10° 8/cm we mpen-
cTaBJsieTcsl HeBePOSTHOH.

B 3akJ/ioueHHe He06XOAHMO OTMETHTb, YTO IIPHBEeJEHHbIe
pe3yJbTaThl SIBJAIOTCSA TOJILKO MEePBHIMH MONBITKAMH HCCJle-
JOBaHHs1 TOBEPXHOCTHHIX 3JIEKTPOHHBIX UPOLIECCOB OMNTHUe-
cKUMH MeTofamu. MMeloTcst Bce OCHOBAHHMs CYHTATb, 4TO
9TH MeToIbl OyLyT C yCnexXoM pa3BHBAaThbCA.



FrMTABA IV

MOBEPXHOCTHOE PACCESSHHE
HOCHTEJIEN 3APSIJA

§ 16. InddysHoe u 3epkajbHoe paccesiHHe
HOCHTeNeH 3apsa NMOBEPXHOCTHIO MOJYNPOBOJAHHKA
H MNOBEPXHOCTHAA MNOABHIXKHOCTb

Bonpoc 0 paccesiHHH HocHTeJeHl 3apsifa NMPH HX CTOJK-
HOBEHHH C IIOBEPXHOCTbIO HOJYNPOBOJAHHMKA YKe 3aTparu-
BaJIcsl HaMH B § 5 B cBSI3H ¢ paccMOTpeHHEM MOBEPXHOCTHOMH
nposoauMocTH. Tam ke OblJIH NpHBeJeHbl TeOpeTHYecKHe
KDUBbIe MOBEPXHOCTHOH NPOBOAHMOCTH, MOCTPOEHHLIE C yye-
TOM [ONPaBOK Ha MOJHOCTbIO AH(Gy3HOe paccesiHHe HOCH-
Teslefl 3apsina NOBePXHOCThIO NoaynposogHuKa. OcTaHoBUMCA
nojpo6Hee HAa (PH3HYECKOM CMEIC/IE 3TOTO TePMHHA.

Hocutenn 3apspga, npu HX CTOJKHOBEHHAX C MOBepX-
HOCTbIO, MOTYT BCTynaTb B caMble pa3JjiMyHble MPOLECCHl
B3auMOAeHcTBUSL ¢ Helo. I/ NMOCTPOeHHsT MHKPOCKOMHYe-
CKOH TEOPHH 3THX NPOLleCCOB Heo6X0AHMMO YeTKOe MpeacTas-
JeHHe O CTPYKType caMoil [OBEPXHOCTH, KOTOpOe J[aJeKo
elle He 3aBepllleHO. B To xe BpeMs HMeeTCss BO3MOXHOCTb
0XapaKTepH30BaTb BCIO COBOKYHHOCTb MPOHMCXOASILIMX INPO-
IeccoB B3aHMOJeHCTBHA /5 IABYX KpaHHHX caydyaeB cJa-
60r0 M CHJbHOTO BJIHSIHHSI Ha NOABHXKHOCTb HOCATesel 3a-
PANOB IIpH HX Apefipe napaJienbHO MOBepXHOCTH. B mepBom
cly4yae TakK Ha3bIBAeMOTO 3epKAAbH020 paccesHus Npemrno-
Jlaraercsl, 4TO 3TO B3aHMOJeHCTBHe CBOJAUTCS TOJNBKO K H3-
MEHEeHHIO 3HaKa HOPMAaJbHOH K MOBEPXHOCTH KOMIIOHEHTHI
CKOPOCTH HOCHTessi 3apsina. TaHreHIHa/JbHAasi KOMIOHEHTa
IIPH 3TOM He H3MeHseTCf, a COOTBETCTBEHHO, He JOJIKHA H3-
MEHATbCS. H MOJABHXKHOCTb HOCHTeJel 3apsia. Bo Btopom
ciyuae nOAHOCTbIO Oughghyanozo paccesarus TaHTeHUHANbHas
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KOMIIOHEHTa CKOPOCTH H3MEHSeTCsl, a caMa CKOPOCTb NMPHOG-
petaer Ji060e HanpaBJeHHe B Npefenax noaycgepnbl, ONH-
palolleficss Ha NOBEPXHOCTb NMOJNYnpoBoaHHKA. OUeBHIHO, YTO
NOJIHOCTbIO AUQ(PY3HOE paccesiHHe OMHCHIBAeT MAKCHMAJbHO
BO3MOXKHOe BJIMSIHHE TOBEPXHOCTH HAa NOABHXXHOCTb B3aH-
MOJEeHCTBYIOUIUX C Hell HOCHTeJell 3apsjaa, ecsd, padyMmeer-
cs, He HMeTb B BHAY 3(deKTOB 3axBaTa Ha MOBEPXHOCTH.

Ouenka Bausinus n1uQQy3HOTO paccesHHs HOCHTeJeH 3a-
psilla Ha MX NOABHXXHOCTb BOJIH3H MOBEPXHOCTH MOXKeT OLITh
ClleslaHa OTHOCHTENbHO NMPOCTO. 3aMeHUM [J1s1 TAKOH OLEHKH
AeliCTBHTebHBIA XOJ MOTeHIHaJa B cJoe oborallleHHs Ha
MOBEPXHOCTH MPAMOYTOJIbHOH MOTeHUHaAbHOH siMoi. Bossb-
MeM BBICOTY 3TOH SIMBI PAaBHOH MOBEPXHOCTHOMY 3JIEKTpO-
CTAaTHYECKOMY MOTeHUHany Yg, a IUMPHHY OMpelesuM TOJI-
IIMHON MJIOCKOrO KOHIEHCaTopa, eMKOCTb KOTOPOTO paBHa
€MKOCTH NpPOCTPaHCTBEHHOTO 3apsiia:

Cnp. 3ap — kT YS 2nx0 . (16.1)

IlIupuHa MOTEeHLHAJbHOH fIMBI TOrAa OyneT ONpenessiTbCs
thopmyJI0i:

seY kT LYo
T Ingtn Z F(Yg Ay  2F(Yg )

*o (16.2)

[Mpennonarasi, 4TO BEPOSITHOCTH pacCesiHHs BCJeJCTBHe
CTOJIKHOBEHHSI C MOBEPXHOCTBbIO H 32 CUET MeXaHH3Ma, Ompe-
IeJsIolero paccesiiie B 06beMe MOJYNPOBOAHHKA, He3aBH-
CHMBI, TI0JIy4yaeM CpEeIHIOI BeJHYHHY OOpaTHOrO BpeMeHH
MeXKJy CTOJNKHOBEHHSMH:

1 1 1
=t (16.3)

T | Ty

31ech T» CBA3aHO C JJIHHONH cBoGomHoro npobera [y U HOp-
MaJIbHOM K MOBEPXHOCTH KOMMOHEHTHOH TeNJOBOH CKOPOCTH
OGBLIYHBIM COOTHOUIEHHEM:

10 = Tyvx. (16.4)

Ecau Mbl GyleM CYHTaTh, YTO paccessHHe CTEHKOH Io-
TeHUHANbHON sIMbl SIBASIETCSl 3epKaJbHBIM, TO CpefiHee
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BpeMd N0 CTOJTKHOBEHHSA C MOBEPXHOCTbHIO

2x
Tg = ,0 . (16.5)
Uy
311er U;—Cpeﬂﬂﬂﬂ BeJHUHHA KOMHOHeHT_bI CKOpDOCTH IpH

JBHIKEHHH HOCHTeJA 3apdafa Mo HOPMaJIH K MOBEPXHOCTH.
Heo6xoanmo yuecTb, UTO 3Ta KOMIIOHEHTA CKOpPOCTH 3a-
BHCHT OT MoJisi B 00J1aCTH NMPOCTPAHCTBEHHOTO 3apsjaa. an-
MeM, 4YTO CpefHee moJe, neﬂCTBy}omee Ha HOCHTeJIb 3apsfiaa,
onpenpeasieTcs NOJIOBHUHOH BeJHYHHbBI MOBEPXHOCTHOrO 3J1€K-
TPOCTATHUECKOro NnOoTeHLHaJa. Torna xommnouenTa CKOPOCTH

’ RT Vv
0=V s V1+7s, (16.6)

rae m* — s¢pdekTHBHAsA Macca HOCHTeJd 3apsfa, a nepBbId
COMHOXKHTeJ/b NpPeLCTaBJAseT cO60H COOTBETCTBYIOILYIO KOM-
MOHEHTY TeMJOBOH CKOPOCTH vUx. CpeiaHee BpeMsi IO CTOJK-
HOBEHHsl C MOBEPXHOCTbIO TOTAa OyeT:

QD ys

Tg = — —
1/kr F(Yg h) Y1+7Yy
2m*

a cpeaHee BpeMs MexNy CTOJKHOBEHHSIMH, BEAYUIHMH K I1O-
Tepe 3HEPruy, HAaKOTJIEHHON HOCHTeJeM 3apsania B 3JIEKTpH-
YyeCKOM I10J1€ NPH €ro ABH2KEHHH BIAOJb NOBEPXHOCTH:

1

(16.7)

(16.8)

T=Ty

10

l+——F(Yg
D

OrnpenenHM NOBEPXHOCTHYIO MOJABHXKHOCTb HOCHTeJell 3a-

panxa, T. e. HX NMOJABHXKHOCTb MPH JBHKEHHH 3 NOTEHIHAJb-
10N siMe BJOJb MOBEPXHOCTH, OOBIYHBIM COOTHOLUEHHEM:

Vit+rg '
W)y

T

ps = 2. (16.9)

Torna, Bbipa3uB AauHY cBoGoAaHOro mpobera B (16.8) uepes
06beMHYI0O MOABHKHOCTb HOCHTesefl 3apsila Wy, MOJydYaem:

by . (16.10)

s = am®n; Y1+7Yg
. Y TS Frg a)

eg, Y s




252 MOBEPXHOCTHOE PACCESIHHE HOCHTEJIE¥ 3APSOA [IJI. IV

HaxoHer, ecnu MBI npeanoJsoxHuM, 4TO He Bce coynape-
HHSl C [IOBEPXHOCTBIO CONMPOBOXKAAIOTCSA AHGGY3HEIM pacces-
HHeM, a TOJbKO HX k-s 4acTb, TO, OUEBHIHO, UTO CpejiHee
BpeMsl 10 CTOJIKHOBEHHS C MOBEPXHOCTbIO, MPHUBOASAILETO
K noTepe HakKOIIEHHOH B IOJle SHEPrHH, BO3pacTeT:

Xo
=, 16.11
Ts Ko, ( )

a, COOTBETCTBEHHO, BO3pacTeT MW NOBEPXHOCTHAd MNOABHXK-
HOCThb:

g = . (16.12)

1+Kp,,]/ ', V1+YSF(Y A)
S

Her Heo6xomuMocTH ellle pa3 nojgyepKHBaTh, YTO MpHBe-
JeHHbII pacyeT HMeeT cyry0o OIEHOYHBIH XapakTep, B CHJY
[[eJIOr0 psiia BecbMa IPOH3BOJIbHBIX JONYLIEHHH, HCHOJb30-
BAaHHBIX NPH €r0 NMPOBeJEeHHH.

IToMuMO OueBHAHOH HealeKBATHOCTH NeHCTBHTENbHOCTH
B annpoKCHMAallMH NMOBEPXHOCTHOrO MOTeHIHAJbHOrO Gaphe-
pa, HauGoJIblIHe BO3paXKeHHs MOXeT BBI3BATh MpPe.INOJOXKe-
HHE O CaMOH BO3MOXHOCTH YueTa pOJIH MOBEPXHOCTHOrO
paccesiHUsl NyTeM BBeJeHHA DeJaKCallHOHHOTO BpPEMEHH Tg
JJIS1 3TOTO npoliecca.

Kak yxe ynomuHanocs B § 5, mepBasi momeiTKa 60-
Jee CTPOTOTO pacCMOTpeHHs 3ajnaud Obl1a mnpeanpHHATA
Ix. Hlpuddepom [27]. Xon ee pelleHHS cBOAHJCH K CJe-
pyolulemy., B npeanoJioxeHHH cepHUYHOCTH NOBEPXHOCTEH
NOCTOSIHHOH 3HepPruH, a, cJef0BaTeJbHO, TMOCTOSIHHON CcKa-
JAsIpHOH 3(pekTHBHOH MacCbl HOcHTe/ed 3apsiia, HHTErpH-
poBasoch KHHeTHueckoe ypaBHeHHe DBosbuMaHa W HaXomH-
Jacb HepaBHOBecHas A006aBKa K (PYHKUHH pacrnpefeieHHs
HocuTeJell 3apsAfa IO CKOPOCTAM M KoopauHataM. Pouab mno-
BEDXHOCTHOTO paccesiHHsl YYHTHIBA/Jacb T'PAHHYHBIM YCJO-
BHEM, HaKJaJblBaeMblM Ha 3Ty HePaBHOBECHYI0 J00aBKy
K OQYHKIHH pacnpejejeHds, B BHIAe, CHOPMYJIHPOBAHHOM
paHee 1.1 MeTaJsanueckux niaeHok K. ®ykcom [95]. Onpene-
JleHHe BeJHYHHbl HepaBHOBECHOH N06aBKH K (YHKIUH pac-
npefie/ieHHsl MO3BOJIAJO PACCUMTATh BeJHYHHY TOKAa, TeKy-
ulero BAOJb 06pasia u 06yCJOBJIEHHOrO NPHINOBEPXHOCTHBIM
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n36LITKOM HOCHTesell 3apsfa. Hakomel, OTHOLIeHHe 3TOTO
TOKa K BeJIMUMHe H30BITKA HOCHTesedl 3apsja H HalpsXeH-
HOCTH H3MEPHTEJbHOrO WJIH TAHYLIEro 3JeKTPHYeCKOro MoJs
naer 3GQeKTHBHYIO NOBEPXHOCTHYIO NOABHXXHOCTb HOCHTe-
Jell 3apsiia, BXOASIUX B TMPHIOBEDXHOCTHBIA H3GBITOK.

[Ipu npoBefeHWH 3TOro pacyera, Ha MaTeMaTHUYECKOM
CTOPOHe KOTOPOro Mbl He OyJeM OCTaHaBJHBaTbCA, GhIIO
clleJaHO [Ba APYTHX YNPOILAIOIIHMX INpeAnoJoxeHus. Bo-
nepBhIX, TPeLN0Jarajoch, YTo peJakcallHOHHOe BpeMs, T. €.
cpelnHee BpeMsl MeXAY CTOJKHOBEHHAMH, ABJAsSETCS KOHCTaH-
TOH, He 3aBHUcsille#l OT HeprHH. Bo-BTOpHIX, paccMaTpuBa-
JIUCh TOJILKO Te HOCHTENH 3apsja, A5 KOTOPbIX MOBEPXHOCT-
Hast o6JiacTh NMPOCTPAHCTBEHHOro 3apsjaa sBJsNach MOTEH-
MaJ/JbHOM SIMOH, T. €. OCHOBHble HOCHTe/]H 3apsfia B CJ0SX
oGoraleHust H HEOCHOBHbIE B CJ10SX HHBEPCHH.

B psge nocaepyiouiux pa6ot [28, 96—100] 6bliik BHeceHbI
HEKOTOpble YCOBEpILIEHCTBOBAHHA B pacyeT, NPH COXPaHeHHH
OCTaJ/IbHBIX OCHOBHBIX YIIPOIIAIOMIUX MPEANOJOXKEeHHA TeOpHH
HIpuddepa. B pabore [28] Gblnu yTOUHEHB IPaHHUYHBIE YC-
gosuss Pykca nyreMm pacnpocTpaHeHHss HX W Ha 006sacThb
NOBEPXHOCTHEIX MOTEHILHAJIOB, B KOTOPOH HOCHTEJH 3apsina
OTTAJIKHBAIOTCS OT IIOBEPXHOCTH, a He TOJIbKO [IPHTATHBAIOT-
cq, Kak 310 Ob1o y Llpuddepa. Pesyabrath 3toro ytou-
HeHHOro pacueTa (KOTOpbI, TOMHMO OPHIHHAJbLHOH pPaboTH,
nofapoGHO H3JI0KEH M NpOAaHaJH3UPOBAH B MOHOTrpadHu
[M13]) He cauMmIKOM CHIbHO OT/IHualTCa oT pacyera Ilpud-
¢depa. B o6nacti 60/bUIHX a6COMIOTHBIX 3HAYeHHH MOBepX-
HOCTHOTO 3JIEKTPOCTATHUECKOTO MOTeHIHaJa, rae 3¢ ¢eKTus-
Hasi NOBEPXHOCTHAsh MOJABHMXKHOCTb CHJBHO OTJIHYAEeTCs OT
o6bemHOll, 06a MeTOoLa pacyeTa AalOT COBMajalollive 3Haye-
uus. Pasnnune MexX1y HHMH NOABJsAETCA TOJIbKO NPH MaJibX
a6COJIIOTHBIX 3HAUEHHAX MOBEPXHOCTHOTO 3JEeKTpPOCTaTHue-
CKOro norteHuuana, rie no pacuery lllpucddepa ymennienus
MOBEPXHOCTHOH MOJBHXKHOCTH BOOOLIEe He [HOJKHO ObITb,
a 10 YTOYHEHHOMY OHO HMeeTCsl, XOTSl U HeBeJIHKO.

Pesynbratel  pacuera Ilpuddepa O6buin  nosnyyeHsl
B BHJe BeCbMa CJOXHBIX, HEHHTeIDHpyeMbIX aHAJHTHUYECKH
(yHKIHH, KOTOpble NOCJe YHCAEeHHOrO HHTerpHpOBaHHUSA OBIIH
npesfcTaBJeHb B BHJAE 3aBHCHMOCTedl OT ABYyXx Ge3apasmep-
HBEIX MapaMeTpOB, 3aBHCANIHX OT MOBEPXHOCTHOTO [OTEH-
nuasna H o0bEMHEIX CBOHCTB NOJYNPOBOAHHKA. PesynbTaThl
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pacuetoB, MpoBeleHHbIX B [28], OblnH BbIpakeHbl B BHIE
¢byHkuu# ot Tpex 6oJsiee (HU3HUECKH NPO3PayHLIX MapaMert-
pOB: MosIoKeHHH ypoBHs PepMH B 06beMe H Ha MOBEPXHOCTH
MOJyNPOBOAHHKA H OTHOLIEHHS AJHHBI CBOGOAHOro mpobera
K IJIMHe 3KPaHHPOBaHHS.

| —
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Puc. 16.1. TeopeTiiueckas 3aBHCHMOCTb OTHOIWeHHA 3ddeKTHBHOR NMoBepxHO-
CTHO! M 06beMHOM MONBHXKHOCTEl OCHOBHBIX HOCHTeJeH 3apsja oT Yg npu

PA3JHYHBIX 3HAYeHHAX NMapamerpa r. CIJOWHBe JHHHH COOTBETCTBYIOT 3HA-
yeHusmM |InA|>2, a uyHkTHpHbIE — cO6CTBEHHOll NPOBOANMOCTH LOJYNpO-
BOJHHKA.

B pa6orax [99, 100] nocjeanuit nmapaMerp, pe3KO 3aBH-
CALIMI OT TeMnepaTyphl, 3aMeHeH Ha 6oJiee yn0OHbINH — OT-
HOILlIeHHe NJHHBI cBOOGOAHOro npobera k 3 ¢eKTUBHON NJIHHE
skpauupoBauus (ypasHenue (3.13)):

r=g = [Pt (16.13)

3 D ee,

JIlBa nepBhIX MapameTpa BBICTYNAlOT B KOMOHHALHSX,
pas/MYHBIX NPH pacueTe MOBEPXHOCTHOH NOABHKHOCTH OC-
HOBHEIX M HEOCHOBHBIX HOCHTeJell 3apsja. B ciyuae ocHOB-
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HBIX HOCHTeseil 3apsja, T. e. paccessHHs B cJosAX oborallle-
Huag ¥ OGelHeHHsi, KOMOMHAUUS STHX NapaMeTPOB MPOCTO
COOTBeTCTBYET IOBEPXHOCTHOMY 3JeKTPOCTATHUYECKOMY T10-
teHuuany Ys. Ha puc. 16.1 npuseneHrl pe3y/bTaThl pacueTa
OTHOUIEHHS] NOBEPXHOCTHO!N MOJBHKHOCTH K O6GbEeMHOH B 3a-
BHUCHMOCTH OT NMOBEPXHOCTHOT'O 3J1€KTPOCTAaTHUECKOTO MOTEeH-
nuana. [lpusenennsie Ha puc. 16.1 3Haku Yg cooTBeTCTBYIOT
C1yyaio 3JEKTPOHOB B KaueCcTBe OCHOBHBEIX HOcHTeJel 3a-
psaa B obpasie. B ciyyae ABIPOK, SBASIOMIHXCS OCHOBHBIMH
HOCHTEJIIMH 3apsifa, 3HAKH N0 OCH abCLHUCC NOJKHbI OBITb
3aMeHeHbl HAa 0GpaTHbIe.

YauBuTebHONH OCOOEHHOCTbIO NPHUBENEHHEIX TIpa(HKOB
ABJISIeTCS] aHOMAJIMS XOJa KPHUBBLIX BOJIH3U HYJ51 NOBEPXHOCT-
HOTO 3JIEKTPOCTATHYECKOTr0 MOTeHIHaJsa, 0cO6eHHO CHJIBHO
BblpakeHHasi y HH3KOOMHBIX 00pa3noB. IIpHUMHBEI moOsiBJe-
HHfI 3TOH aHOMAaJ/JIMH BhI3BaJH MHCKyccuio B meuatu [101,
102], a oTHOCHTE/JbHO NOCTOBEPHOCTH €€ CYILeCTBOBAHHS [0
CHX MOp HEeT eJHHOTO MHEeHHS.

Ha puc. 16.2 npuseneHa 3aBHCHMOCTb Ug/py OT BeJH-
ypHbl (Ys—2In L), T. e. OT MOBEPXHOCTHOTO 3JIEKTPOCTATH-
YyecKOro MoTeHIHaJsa, YMeHbIIEHHOr0 Ha yJIBOeHHOe 3Hepre-
THUECKOe paccTosiHHe OT ypoBHsI PepMH 10 cepelHHBI 3a-
npeuleHHOR 30HBl B 06beMe. HanmoMHHM, YTO Takoil yMeHb-
IIEHHOH BeJHYHHe [OBEPXHOCTHOrO 3J1eKTPOCTAaTHUECKOTrO
MOTEHIIHaJjla COOTBETCTBYeT MHHHMYM MOBEPXHOCTHOH Mpo-
BOAHMMOCTH, TaK 4TO 3HAaYeHHAM, OTJIOXKEHHBIM 1O abcuucce
rpa¢duka, OTBeualoT yCJOBHSA NpeobJafaHHs HEOCHOBHEIX HO-
cuTejiedl 3apsAga B MPOBOAHMOCTH HHBEPCHOHHOTO CJIOf.
3HakH BeJIHUHH YMEHbLIEHHOrO MOBEPXHOCTHOIO 3J1eKTpOCTa-
THYECKOrO MOTEeHIHajJa COOTBETCTBYIOT AbipKaM B KauyecTBe
HEOCHOBHHIX HOCHTeJledl 3apsifa U NOJKHBEI ObITh 3aMeHEHE!
Ha obpaTHble B cjayuyae paccesiHHsl 3JeKTPOHOB B CJO€ HH-
BepcHH Ha o6pa3slle AbIPOYHOH MPOBOAMMOCTH.

HHTepecHO OTMeTHTb, YTO Pe3yJbTAaThl MOACUETOB 3Haye-
HHil 3(()EeKTHBHOH MNOBEPXHOCTHOH NOABHXXHOCTH MNpPH [O-
Mol npubanxkeHHoro paseHcTBa (16.12) oxkasmiBaloTes
B CJy4yae MoJHOCTbIO AH((Y3HOrO paccesiHHsI BecbMa GJiM3-
KHMH K DacCYMTaHHBIM MPH NMOMOLIH 60Jiee CTPOTHX TeOpHI.

B sakJiouenHe 3Toro maparpaga KOPOTKO OCTaHOBHMCS
Ha BOMNpOCe O TpexX MPHHLUHNHAJBHBIX AOMYyLUIEHHSIX PACCMOT-
PeHHBIX TEOPHH MOBEPXHOCTHOTO pacCestHHs.
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ITpennonoxeHne o cepHYHOCTH NOBEPXHOCTEH MOCTOSH-
HOH 5HepPTHH HJIH, UTO TO 2Ke caMoe, O Napabo/JHYHOCTH
CTPYKTYpPBI 30H COOTBETCTBYeT, KaK OTMeuaJsoch BHILIe, [Ipefi-
TMOJIOKEHHIO O NMOCTOAHHBIX CKalspHBIX 3(QQeKTHBHBIX Mac-
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Puc. 16.2. To ke A1 HEOCHOBHbIX HOCHTeJ el 3apana.

B Kaxmoﬁ rpynne KpHBbIX Bexxﬂﬂﬂ COOTBETCTBYET

lInA]=2, c.ne,u,ylomaﬂ Iln |=10 wu Hikuas
Iln

cax HocHTesell 3apsana. HechepruHOCTb M309HepreTHYeCKHX
noBepxHOCTell NPHBOAMT, KaK NokasaHo B pabortax [103,
104], K yMeHbIIEHHIO MOJBHXKHOCTH JHaxe B cJjayudae 3ep-
KaJbHOTO pacCessHHsl HocHuTeJell 3apsifa Ha IOBEPXHOCTH.
XoTs (HU3HYECKH 3TO OYEeBHAHO, TAK KaK H3-3a aHM3OTPOIHH
3¢ (eKTHBHOH MacChl MOCTOSTHCTBO KOMIOHEHTbl HMIIYJbCa
He OyZfeT GoJiblile 03HAYaTh MOCTOAHCTBA KOMITOHEHTH CKO-
pOCTH, MaTeMaTHYeCKasi CTOPOHA MpOGJeMEl OUeHb CJ0XKHA.
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[TpuGauxenHole OUEHKH AJs 3JJIHUNTHYECKHX H303HEPTETH-
YeCKHX MOBEPXHOCTeH, XapaKTepHbIX O/ FepPMaHHsS H KpeM-
HHSl, IPUBOASIT, MO HaHHBIM paboThl [104], Kk MosBJIEHHIO MO-
NPaBOYHOIO MHOXKHTeNsT K OTHOLIEHHIO us/ur. B cayuae
JHHEHHOro Xojia NOTeHLHaJsa B NPHIOBEPXHOCTHOH 06JjacTu
BeJIHYMHA 3TOTO MHOXHTeJs HJs1 repmavus pasHa 0,75 s
KpHcTannorpaduyeckoit nmockocru [001] u 1,85 pasa mio-
ckoctd [111]. OpHako aHajgu3 KOPPEKTHOCTH MPHGIHNKe-
HHH HMCNO/Ib30BAHHBIX B LUTHpYyeMo#l paboTe, MpHBeJ aBTO-
poB paGothl [105] K cOMHeHHIO B IPUMEHHMOCTH 3THX Pe3yJib-
TaToB.

Bonpoc o BO3MOKHOM BJIHSIHHH 33BHCHMOCTH peJlaKca-
IMOHHOTO BpPeMEeHH OT 3HEePrMH HOCHTesell 3apsfa Ha 3¢-
(DeKTHBHYIO NMOBEPXHOCTHYIO HOJBHKHOCTb He HCCJeO0BaJICA
CKOJIbKO-HHOYyAb mnoapo6Ho. [lo-BHaMMOMY, 3TO BJHUsHHE
JOJKHO GBITh HEBEJHMKO, XOTS MOXKeT CYyIIeCTBEHHO MpOsiB-
JAThCA B rajibBaHOMArHUTHLIX sfiBJaeHHsAX [106].

Hakonel, skcnepuMeHTa/bHble JaHHble, KAK Mbl YBHIHM
najee, CBHAETEJBbCTBYIOT O HENOJHOCTbIO AHGGDY3HOM Xa-
pakTepe paccesiHHsi Ha NOBEPXHOCTH B psiie cjayuyaeB. B To
e BpeMsi, COIVacwo pe3yJbTaTaM TEOPeTHYeCKOrO aHaJ/H3a
[107, 108], 310 06cTOSITENBCTBO He MOXKeT GBITh CTPOTO yu-
TEHO MyTeM BBeleHHs Ko3hdHuHeHTa AHDPY3HOCTH paccesi-
HUsi B rpaHuuHoe ycjosue Dykca, KOTOpbIl, TaKHM oGpa-
30M, JOJI2KEH paccMaTpuBaTbCs B KauecTBe UHCTO (eHOMe-
HOJIOTHUecKoro napamerpa. Pemenne sTux npo6Jem, BUZUMO,
cleayeT HCKaTb Ha NYyTH pa3pabOTKH MHKPOCKOMHYECKHX
TeOpHUN NOBEPXHOCTHOrO paccesHus. Iloka B 5TOM Harpas-
JIEHHH M3BECTHA TOJbKO oiHa paGora [109], o paccesnuu no-
BEPXHOCTHBIMH HOHH30BAHHBIMH LEHTPaMl, K KOTOPOH Ml
06paTHMCS HECKOJIbKO M03XKe.

§ 17. PoJib MOBEpPXHOCTHLIX 3JIEKTPOHHBIX NMPOLECCOB
B rajibBAaHOMAarHUTHbLIX SABJEHHAX

OrMmeuasluvecss Bbllle TPYAHOCTH MOCTPOEHHSI CTPOrOH
TEOPHH MOBEPXHOCTHOT'O paccesiHHsl UTpaloT elle 6oJiee BaXK-
HYI0 DOJIb B TEOPHH Tra/lbBAHOMArHHTHBIX SIBJIEHHH, BBHLY
Pe3KOH HX YYBCTBHTEJbHOCTH K MeXaHH3MYy paccesiHus H
JeTaNsiM CTPOeHHsl IJHepreTHueckKux 30H. [lostoMy mo-
MbITKH  pellleHHsl KHHeTHYeCKOro ypaBHeHHs1 Boabumana

9 A. B. PxaHoB
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B INPUCYTCTBHM MAarHUTHOTO IOJSI HeHW30eKHO COHPOBOX-
JNaloTcs IIPHHIMIHAJNBHO BaXXHbIMH yNPOLIAIOUIMMH AONyLIe-
HusimMu [110, 111], Bo3MOxKHOe BJHSIHHE KOTOPbIX HAa OKOHYa-
TeJbHBIA pe3yabTaT caMo no cebe HeAOCTATOYHO SCHO.

BBuay 3TOro Mbl orpaHHMYHMMCSl KPATKHM PaccMOTpPeHHeM
TOJIbKO OJHOTO MOAXOAAa K npobBaeme, 0CO6EHHO BaXKHOro
C 3KCIepDUMEHTAJbHON TOYKH 3PEHHs, NOCKOJbKY OH HCHOJb-
3yeT BBelleHHOe paHee MpeAcTaBleHHe 006 3¢ddpeKTHBHOH
MOBEPXHOCTHOH MOABHKHOCTH [112].

CyTb 3TOro NOAXOZLA 3aKJIUYaeTcss B TOM, YTO rajibBaHoO-
MarHuTHele 3¢ @ekTol B o6paslle KOHeUHBIX Pa3MepoB pac-
CMaTpPHBAIOTCS TakK e, Kak U B OeCKOHeUHOM obpasile,
a CyIleCTBOBaHHEe MNDHIOBEPXHOCTHOH 06JacTH NpocTpaH-
CTBEHHOTO 3apfAjfa YUHTHIBAeTCS BBEIEHHEM CJIOS NOJynpo-
BOJHHKA C M3MEHEHHbIMH CpPeJIHHMH 3HAUeHHUAMH MmapameT-
poB. KoHueHTpauuu HOcHTesell 3apsiia HOpU 3TOM MNpPHUHH-
MalTCcsl paBHbBIMH HX H30BITKAM, JIeJeHHbIM Ha TOJILIHHY
3TOTO CJIOS], a MOJBHXKHOCTb — PaBHOH 5 (PeKTHBHOH NOBepX-
HOCTHOH mnonBHxHOcTH. CaMa TOJILHHA CJIOSl C H3MeHeH-
HbIMM 3HAQUEHHSIMH NapaMeTPOB OKa3biBaeTcs ONpejeseHHON
NpY 3TOM MOJXO4e He OuYeHb YeTKO M OOBLIYHO NMPHHHUMAaeTcs,
Kak W B OpelabiayimeM mnaparpade, paBHOH 3(deKTHBHOH
JUIHHE 3KpaHHPOBAHHSL.

PaccmoTpum obpasen ToauHHOM 2d, K KOTOPOMY B Ha-
npaBJeHHH X MOpHJIOXKeHo cjaaboe MarHHTHoe noJe. Buaro-
Mapsi Hanuuuio 06GJacTH NMPOCTPAHCTBEHHOrO 3apsifia, KOH-
[eHTpAalHU HOCHTeJeHl 3apsfia ¥ HX MOABHXXHOCTH 3aBHCAT
OT KOOpAHHAThbl X. IIpH 3TOM KOMIOHEHTH MJOTHOCTH TOKa
B HanpasJleHHAX Y H 2 OYAYT ABJATbCA GYHKLUHAMH KOODIH-
HaThl X:

i =N E WD BEL )
Iz (9) = gn (. (9) E, + gn (0 (1)) BLE,, '

ITpu 3TOM cpellHee U cpellHee KBAaApaTHYHOE OT MOJABHKHO-
CTH 03HAualoT yCpeAHEeHHbIE B NMPOCTPAHCTBE CKOPOCTeH Be-
JIMYMHBl, KOTOpBIe SIBJAAIOTCA (GYHKUHUSMH DacCTOSIHHS OT
NoBepXHOCTH o06pasua x. VIHTerpHpys 3TH KOMIOHEHTHI
MJOTHOCTH TOKa 0 KOOPAHHATe X B 06JIaCTH NMPOCTPAHCTBEH-
HOro 3apsfa, MOXHO MOJYUYHTb BHIpAXKEHHS [Jifl [IO/HOH
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MPOBOAMMOCTH o6pa3sua u Koadpouuuenra Xoaaa:
2d

G=—r f n{u(x)) dx, (17.2)
0

“od
[ 7w ) ax
R=—24 28 . (17.3)

q 2d 2
[f 7 (p (%) dx]

0

BeereM moHsiTHe cpenHell (n-HOM CTeNeHH) TMOABHXKHOCTH
B ¢J10e TNPOCTPAHCTBEHHOrO 3apsifia U cpefHell KOppensilHoH-
HOH MOJABHXKHOCTH COOTHOIIEHHSIMH:

d
(B8 =(3) +% f (un (1)) — (uey)dx,  (17.4)
0

L,y = [ [(1—n) = 2] o ) = s ax, (17.9)

rae ls— addekTuBHAs TOJIIMHA CJI0SI NPOCTPAHCTBEHHOrO
sapsafa, 'y — H36GHITOK 3JIeKTPOHOB B CJlOe, ONpefeseHHbIH
BHpaxeHuem (5.2), a HHIEKC 7’ OTHOCHTCS, KakK OGLIUHO,
K oO0bemy. Torna BbipaxKeHHsi AJIss U3MEHEHHH MPOBOAHUMO-
cti H Kosdoduunrenra XoJa, 06ycaI0BAEHHBIX NPHUCYTCTBHEM
MPHMOBEPXHOCTHEIX O6JacTed NPOCTPAHCTBEHHOrO 3apsija,
OyayT HMeTb CJelyIOLN#A BHA:

2(G=G) =T, ((us) = (W) — s (W) = (s)),  (17.6)
— 2 (RG* = R,G2) =T, ((u2) = (1)) = ol ((83) — (3
(17.7)

rie o6beMHble 3HaYeHHs IPOBOAMMOCTH H KO3(duuueHTa
Xoana onpenesitorcst OGLIYHBIMH COOTHOIUEHHSIMH:

G, =qn,(n,), (17.8)
— RG%, = qn, (p2). (17.9)

9‘
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IanbHeiilee ynpouieHune cooTHoileHud (17.6) u (17.7)
3aKJIouaetcs, NpexJae Bcero, B NpeHeGpexkeHHH BTOPLIMH
cjaraeMbIMH B HX mpaBblx yacTax. ellcTBHTeIbHO, H3OLITOK
HOcHTeJselt 3apsijia JaHHOTO COPTa B CKOJIbKO-HHOYAb CHJBHO
BEIPaXKeHHBIX CJOAX oborauieHus H HHBEPCHH HAaMHOTO IIpe-
BhIlIaeT OGBEMHYI0O HX KOHIEHTpPaLHIO, NMOMHOXKEHHYI0O Ha
3¢ (eKTHBHYIO TOJILIHHY CJOsi NPOCTPAHCTBEHHOro 3apsja.
C npyroft CTOpOHB, B PaMKax HCIOJb30BAHHBIX MpeACTaB-
JIEHH# MOXKHO NpeHe6peub KOPPENSAIHOHHON MOABHAKHOCTBIO,
TaK Kak, Ipd 3aMeHe CJOsl NPOCTPAHCTBEHHOro 3apsjaa of-
HOPOJHBIM CJIOEM MOJYNPOBOAHHKA, BbIPaXKeHHe B KBajpar-
HBIX CKOOKax moja uHTerpajom (17.5) paBHO Hy.IoO.

ITpu aTux npeHeGpeKeHUsAX CpeAHss] MOJBHXKHOCTD B NIpH-
MOBEPXHOCTHOM cJioe (us) coBmajaer, coraacHo (17.6),
¢ 3(¢eKTHBHOH NOBEPXHOCTHOH NOABHXKHOCTBIO [Lg, a Cpel-
Hsisl KBaJpaTHYHAs MOJBHXKHOCTb B IIPHIOBEPXHOCTHOM CJIO€
mMoxeT OBITh NPHONHXKEHHO 3aMeHeHa KBajapaToM 3ddexk-
THBHO! MOBEPXHOCTHOH MOJABHIKHOCTH:

d
4 (G-G,)=T,us (17.10)
~ L (RG*— R,G3) ~T 3. (17.11)

B ToM cayuae, xorma B 06J1aCTH MPOCTPAHCTBEHHOTO 3apsiia
uMeloTcsl H3OBLITKH HOCHTeJlell 3apsja pa3HOro THNa, npaBas
yacTh BhIPaxKaercsi ajre6paHyeckoii CyMMOH aHaJIOTHUHBIX
YJIEHOB.

Xotsa npH BeiBoAe ypaBHeHus (17.11) 6biio caenaHo He-
CKOJIbKO MpPOH3BOJIbHBIX AOMylLIeHuiH, Gosiee CTPOrHHl aHaJH3
[0Ka3biBaeT, YTO CaMO 3TO COOTHOLIEHHe MO CTeleHH MpH-
6/1MKEHHOCTH He OTJHMYAeTCA CYLIECTBEHHO OT MpPHGJIMNKEeH-
HOCTH NMOHATHS 3()(PEeKTHBHOH NMOBEPXHOCTHOH MOABHKHOCTH.

AnanoruysbiM 06pa3oM MOKeT GbITb pacCMOTPEHO BJIHS-
HHe IOBEPXHOCTH Ha 3(GheKT H3MeHEeHHS CONPOTHBJIEHHS
B MarHuTHOM noJsie [M12, M13].

Bropoii BOnpoc, Ha KOTOPOM MBI KPaTKO OCTaHOBHMCH,
3aKJIIOYaeTCsl BO BJIHSHHH NOBEPXHOCTHOH peKOMOHHALIMH Ha
naMeperus s¢dekra Xosana. [Ipupona storo BAHSHHA BNOJ-
e OYeBH]HA, TAK KaK HaJIOXKeHHe MATHHTHOTO NOoJs NPHBO-
IOWT K Mepepacnpeje/ieHHI0 HOCHTeNel 3apsiaa B obpasue H,
CJIEI0OBATENbHO, K JIOKAJbHEIM HapYILIEHHAM TePMOJHHAMH-
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uyeckoro paBHOBecHfl. DdQeKT npH npeHeGpPeKeHHH BJIHSA-
HHEM NPHIOBEPXHOCTHOTO CJIOSi NMPOCTPAHCTBEHHOrO 3apsijia
6bl1 paccmorped B paGorte [113], rme Gwlio mokasaHo, 4TO
NMPH KOHEYHOCTH CKOPOCTH IIOBEPXHOCTHON peKOMGHHALHH
B BHIPaXKeHHH AJsa Ko3¢pdHuiueHTa XoJsja NOsIBASETCS MO-
NPaBOYHBIHA YJIEH:

R=R +ER,, (17.12)
rae
U (mpy ) po—bosbyng
R, _7( Hp ) (bosno + po)? ? (17.13)
1 l"'px (b06_1)(bx+l)
— | Ipx ) 17.14
R, q ( Up ) (bosho+ Po)z(”o_l +py l) ( )

H, B cayuae 6OJIBIIOTO 0GbEMHOrO BpeMEHH KH3HH H MaJoil
CKOPOCTH TOBEPXHOCTHOH peKOMOHHALMH:

e~ +%’—]—l. (17.15)

B npuBefeHHHIX Bbillle COOTHOLIEHHAX bog— OTHOIIEHHE
06beMHBIX MOJABHKHOCTE!l 3/1€KTPOHOB H AbIPOK, a by — OT-
HOILLIEHHEe HX XOJIJIOBCKHX NOABHXKHOCTeH, D — K03 dHuIHeHT
6unoasipuoit auddysun, 26 — wHpuna obpasua MoJaynpo-
BOAHHKA (paccTosiHHe MeXKAy XOJIJIOBCKHMH KOHTaKTaMH).
Pacuetsl u skcnepuments [l114, 115] nokaseiBaioT, 4TO
[ONPABOYHBIN YJIeH NPAaKTHUECKH CYLIeCTBEH TOJbKO B CJy-
yae cOGCTBEHHOH MPOBOAHMOCTH 00paslOB U BecbMa MaJlblX
3HAaueHHH CKOPOCTH MOBEPXHOCTHOH peKOMOHHALMH.

§ 18. PeaysnbTaThl 2KCNePHMEHTAJbHBIX HCCJEN0BaAHHH
2 dekTHBHONH NOBEPXHOCTHOH MOABUIKHOCTH
HoCUTeJied 3apsjaa

Hekotopoe mnpexncraBienHe O BeauuuHe 3(QeKTUBHOM
NOABHXKHOCTH HOCHTeJeH 3apsila MOXHO MOJNYYHTb M3 pe-
3yJIbTATOB 3KCNePHMeHTOB No Metody 3ddekra noas. Uumy-
[MPOBAHHKIH [IPH NPHJIOKEHHU NONEPEYHOro 3JIeKTPUUECKOTO
nmosisi 3apsii 4acTbl0 HAXOAHUTCA B CBOGOZHOM COCTOSIHHM
B 00/1aCTH NpPOCTPAaHCTBEHHOTO 3apsifa, a YaCTbl0 3aXBaThl-
BaeTCsl NOBEPXHOCTHLIMH COCTOSIHHSIMU. Ec/iv KOHUeHTpauus
noc/JeHUX HeBelMHKA TO 3(P¢eKT HeLOCTATOUHOTO yMeHblile-
HUA MOJBHXKHOCTH HHAYLUHPOBAHHBIX HOCHTE/]eH 3apsaa mno
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CPaBHEHHIO C OXKHJAAaeMLIM NpPH NOJHOCTbIO AHGPY3HOM pac-
CesTHHM Ha MOBEPXHOCTH MOxXer ObITh 3aMedeH. K Takomy
BBIBOZYy O HAaJHYHM YaCTHUHOH 3€PKaJbHOCTH pAaCCesHHS
NPULIH aBTOPbl pabOT, B KOTOPbIX MeTOAOM 3(dexTa noJs
HCc/leoBaJlach NPOTpPaBJeHHas NMOBEPXHOCTb repMaHHs MNpH

65, Mmo/o P
200 T
// M
w /8] e
/ <
pi <
Z NS
-100
-em
7

w0
- -600 -5 -H0 - -0 -0 0
Ve

Puc. 18.1, H3ameHeHne npoBoguMocTH o6pasua,
nepecYHTaHHOM Ha KBajapaT ero IOBEPXHOCTH,
B NepBbifi MOMEHT MNocJe NPHJOXKEHHs GOJbLIHX
OTpHLATEJbHBIX (BbIBOAAIIHX OCHOBHbIe HOCHTEJH
3apsAna — 31eKTPOHbl) MoMNepeYHbIX HMMYJabCOB
Hanpsixkenus. Hayajo oTcuera no ocH opauHAT
COBMelLleHO ¢ omnpejeJ/IeHHON He3aBHCHMBIM H3Me-
peHHeM MPOBOAHMOCTBIO NJOCKHX 30H (YS-O),

Temnepartypa uaMepenut 80° K.

300° K u okcHEHpOBaHHasi MOBePXHOCTb KpeMHHs npH 400° K
[116], a TakKe OKCHAMPOBAHHAsSI MOBEPXHOCTb FepMaHHUs MPH
300°K [117].

Po/ib NMOBEPXHOCTHBIX COCTOSIHHI MOXKeT OBITb CyLIecT-
BEHHO CHHMXeHa INpH [PYrodl [OCTAaHOBKE 3KCINEPHMEHTAa,
KOrjla MollepeyHoe MOJle BLIBOAUT OCHOBHbIE HOCHTEJNH 3a-
psla u3 o6pasua, a MOHHKEHHasi TeMIepaTypa H3MepeHHII
NpensTCTByeT GLICTPOMY TEMJIOBOMY BHIGPOCY HX H3 MOBEpX-
HOCTHBIX COCTOSIHHH B 30HY. DTHM METOAOM OblJ BBIMOJHEH
psAl u3MepeHui Ha obpasuax repManus B paGorax [118, 119,
M12]. TIpakTHuecKyi0 pea/H3alUI0O METOAA JIETKO MOHSAThb MO
JaHHBIM Takoro sKcrmepumeHta [118], npuBeneHHbIM Ha
puc. 18.1. Hccaenosanoch H3MeHeHHe NPOBOAHMOCTH 06-
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pasua repMaHusi 3J€KTPOHHON NPOBOJHMOCTH, HMeBIIEro
B DaBHOBECHBbIX YCJOBHAX Pe3KO BbIpa*KeHHbIH cJ0i obora-
LIeHHs1, IPY BO3JEHCTBHH Ha ero MOBEPXHOCTb HMIYJbCaMH
HamnpsAXeHHs, BHIBOAALIMMY 3JEeKTPOHBl M3 o6pasua. Mawme-
pexusi npoBoauauch npu 80° K, uto obecneunBaso BO3MOXK-
HOCTb (PHKCHPOBATb H3MeHeHHe NMPOBOAHMOCTH A0 TOTO, KakK
HayHeTCs 3aMeTHbIl BHIGPOC 3J€KTPOHOB M3 MOBEPXHOCTHBIX
COCTOSIHHH.

YMmeHblleHHe NPOBOAUMOCTH B 06JaCTH GOJbLIMX aMIJIH-
Tyl TOINepPeYyHOro 3JeKTPHYeCKOro IO0Jsl HMeeT JHHeHHbIi
yyacToOK, HaKJOH KOTOPOro COBMajaeT ¢ HaKJIOHOM, PacCy-
TaHHBIM 10 BeJHYIIHAM €MKOCTH KOHAeHcaTopa 3¢dekra
nojis 4 O6beMHOH MOABHXKHOCTH 3JeKTPOHOB. DTO 06CTOSI-
TeJbCTBO I103BOJIleT 4BTOPAM YTBEDPXKAaTh, YTO MMOBEPXHO-
CTHble COCTOSIHHSl C MaJblMH BpeMeHaMH OCBOGOXKIEHHS
3JIEKTPOHOB He NPOSBJAIOTCA B HUX 3KkcnepumeHte. HesaBu-
CHMOe OlpejeseHde MHHHUMyMa MPOBOLMMOCTH MO3BOJIHJIO
ompejfesdTb TOUKY IIOCKHX 30H Ha KDHBOH H3MeHeHHs
NPOBOAHMMOCTH, KOTOpasi MPakKTHYeCKH COBNaJa C KOHIOM
JIMHEHOTO yJacTka 3TOH KpHBOH. XOTSi 3HAUYeHHUS TPOBOAH-
MOCTH, MOJIy4eHHble OINIUCaHHBIM METOJO0M, He ABJSIOTCS paB-
HOBECHBbIMH, /51 y4acTKa KPHUBOH MexX1y 3TOH TOYKOH U pas-
HOBECHOH TPOBOAUMOCTbBIO, COOTBETCTBYIOLIell KpaiHeH mpa-
BOM TOUYKE KPUBOM, 3TO He HMeeT 3HAUYEHHS, TaK Kak BKJabl
JIbIPOYHON KOMMIOHEHThl NPOBOAMMOCTH B CJyyae CJOeB
o6oratieHusi HUYTOXKHO MaJbl npu 80° K.

Xon 3aBHCHMOCTH B 3TOH 006J/1acTH CYILECTBEHHO OTKJO-
HfieTcsl OT JIMHEHHOro, YTO W HHTeplnpeTHpyeTcsl aBTOpPaMHu
paccMaTpHBaeMblXx pabOT KakK MpOsBJeHHe YMeHbLIEeHHS
TMOABHIKHOCTH 3JIeKTDOHOB 3a CYeT MOBEPXHOCTHOrO pacces-
Hua. OTHOWeEHHe OPAMHAT, OTCYUTAHHBIX OT TOYKH IJIOCKHX
30H [0 HEKOTOPOH TOUKH HAa 3CKNEePHMEHTa/JbHOH KPHBOH H
COOTBETCTBYIOUIEH el TOYKM Ha MNPOJOJKEHHH JIHHEHHOro
yyacTKa 3aBHCHMOCTH, JaeT HeroCPeJCTBEHHO BEeJHUHHY OT-
HoweHHs: 3¢ (PeKTHUBHOH MNOBEPXHOCTHOH H OOGBEMHOH mOA-
BHKHOCTEH 3JeKTPOHOB NPH [JaHHOM 3HAaUeHHH MOBEPXHOCT-
HOTO 3/eKTPOCTaTHYEeCKOro MoTeHuHasa. HakoHel, 3HaueHHe
nocJeHero Moxet GbITb PacCUMTAHO, HCXOAS M3 M3BECTHOH
MJIOTHOCTH 3JIEKTPOHOB, BbIBEJEHHBLIX MOJeM M3 cjaosi obora-
uienrss AN, u onpeneneHHoH 3¢¢deKTHUBHON MNOBepXHOCTHOMH
MOABHXKHOCTH. PaccuHTaHHble TakuM C€rnoco60OM 3HauYeHHs
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MOBEPXHOCTHOTO 3JIEKTPOCTATHUECKOTO MNOTeHLHasa MOoKa3a-
HBel uMpaMu Ha KpuBoil Ha puc. 18.1.

* HMaMepeHHsi Takoro tuna Gbl1M BHINOJIHEHbl HAa o6pasnax
3JIeKTPOHHOH M ABLIPOYHON MPOBOAHMOCTH NPH HECKOJIbKHX
TeMIepaTypax W Pa3IHUHBIX BHAAX TPaBJIeHHS NOBEPXHOCTH
(cM. puc. 18.2). Tam ke npusegeHbl TEOPETHUYECKHE KPHBLIE

As/ty . Hsliey
10 10
25 p-mun s
a6 -146
04 -104
42+ 142
7 TS N T S N | P S N 7
98 76 -5 43223 4 5 67 89

a) % 6) s

Puc. 18.2. 3aBucUMOCTb OTHOLIeHHS 3¢ deKTHBHOH MOBEPXHOCTHOMH

K o6beMHON NoasuxHocTH oT Yg. T =185°K. a) [las o6pasuos

p-tuna (Ng—Np)= 1-10" cx~% 6) ann 06pasuoB n-THNa
(Np—Na)=32:10" cn™3,

NpU TPENNOJIOXKEHHH TMOMHOCTbIO AHGOY3HOrO paccesHHs.
ITpu pacuere AbIPOYHO[I TMOABHXXHOCTH Obl] YYTeH BKJax
JeTKHX AbIPOK, NMpeArnoJiaraBUIMACA TAaKUM e, KakK H [Js
06'beMHOH MOJBHKHOCTH.

3ameTHOe B/IMAHHE BHJAA TPaBJEHHS CBHAETEJbLCTBYET
O TOM, 4TO IOJIHOCTbIO H36eXaTb yYacTHs NOBEPXHOCTHBIX
COCTOSIHMIl He YZHAJoCb, TaK 4YTO SKCHeDHMeHTaJbHble AaH-
HBle CJeflyeT pacCMaTpHBaTb B KauecTBe HHXKHEro Mpefesb-
HOTrO 3HaueHHs AEHCTBHTEJNbHOH BeJHUHHBbI 3((eKTHBHOH no-
BEPXHOCTHOM MOJABMIKHOCTH HOcHTejeHl 3apsja. Ecaun 3to
Tak, TO NpHBeleHHble HA pHC. 18.2, a Takke W PAX APyrux
NOJyYeHHBIX B paccMaTpPHBaeMbix pabGoTax NaHHLIX CBHje-
TeJIbCTBYIOT O YAaCTHUYHOH 3ePKaJbHOCTH paccesiHUs.
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Heo6xonuMo oTMeTHTb, OZHAKO, YTO TOUHOE OIlpefeJe-
HHEe NPOBOJHMOCTH, COOTBETCTBYIOLIeH MOTEHLUHANy MJIOCKHX
30H, fIBJsEeTCS TPYAHOH 3ajauyell B 00JaCTH MOHHXKEHHBIX
TEMIIEPaTyp KAk B 3KCIEPHUMEHTaJbHOM OTHOLIEHHH, TaK H
B CMblcjle O0OCHOBAHHOCTH MNpeJNO0J0XKeHHH, KOTOphle MpH-
XOAMTCS NPHHMUMaTb NPH NPOBeleHHH HeOOXONHMEBIX pacue-
toB. Tak, mo-BHAMMOMY, aBTOPBI NOJI2KHbI OBIJIH HCXOMMTb
13 0OBEMHbIX 3HAUeHHH MOJBHXKHOCTH 3J€KTPOHOB H IBIPOK
NPH pacueTe MOBEPXHOCTHOH MPOBOAMMOCTH, COOTBETCTBYIO-
ulel MHHHMyMYy MNOJIHOH NpoBoAHMOcTH o6pasua. Ecau 1o
naHHbIM pHc. 18.1 3TO cnpaBeANHBO MO OTHOUIEHHIO K 3JIeK-
tponam npu 80°K, To OTHOCHTeNbHO OBIPOK CKa3aTh 4TO-
au6o tpyauo. Ilpn apyrux o6paboTkax H TemmepaTrypax
JIMHEHHBIA yuyacTOK H3MeHeHHs MPOBOAHMOCTH OCHOBHBIX HO-
cuTesiell 3apsiia MOXKeT He JOXOAHTb A0 TOUKH IJIOCKHX 30H,
TaK UTO H BeJHUHHA NMOJBHXXHOCTH OCHOBHbBIX HOCHTEJEH 3a-
psila Ha 3TOM ydyacTke HyleT HeonpejeseHHOM.

Bosee HenocpeACTBEHHBIM METOAOM IOJYUYEHHS HAHHBIX
06 3¢ (deKTUBHOH TNOBEPXHOCTHON NOABHKHOCTH HOCHTeJell
3apsja siBJseTCs COBMellleHHe H3MeDeHHH MOBepPXHOCTHOM
POBOJMMOCTH C HCCJIEJOBAHHAMH TajlbBAaHOMAarHHTHBIX 3¢-
tdekroB. Ilepoe Takoe Hccael0oBaHHe, OMMpalouleecs Ha
M3JIOKEHHYI0 B MpeAblAyllleM naparpage npHGIHKEHHYIO
TeopHio, Obiio nposeneno WM. H. 3umenem u P. JI. [lerpur-
meM [120] na touknx (30—40 mxm) obGpasuax p-repMaHus
48 om-cm. TloBepxHOCTHBII MOTeHIHa] 3amaBaJjicsi COCTa-
BOM rasoBoil cpelsl B LHKJe BapauHa — BparreHa. Pesyin-
TaThl H3MepeHH Ko3ddHuHeHTa Xo0/a/1a B 3aBUCUMOCTH OT
M3MEeHeHUs] TPOBOAMMOCTH MO OTHOILUEHHIO K ee MHHHMaJlb-
HOMY 3HaueHHIO NpuBefdeHbl Ha puc. 18.3. CnyowHoO# NHHHEN
NoKa3aHa TeopeTHueckasi 3aBHCHMOCTb B IPEANOJOXKEHHH
NOJIHOCTbIO AHPGHY3HOTO paccesHHsi, a NYHKTHPHOH — I
cjayuas 3epKaJbHOro paccesiHus. [laHHEIe CBHIETENLCTBYIOT
0 6au3ocTH paccesaHHs K AUG(Y3HOMY, BO BCAKOM cCJjyuae
s Oblpok. Banskue pesynabTaTul ObIM MOJNyYeHBl B paboTe
[121]. B pa6orax [120] u [122] TakKe npoBCAHNUCL H3Mepe-
HHSl MarHeTOCONPOTHBJIEHHS; Pe3yJ/bTaThl YJIOBJETBOPHUTENb-
HO COIJIaCOBAJHCh C MDeACTABJEHHAMH O NOJHOCTbIO AH(D-
(y3HOM XapaKTepe paccesiHHsl NMPH KOMHATHBIX TeMIepary-
pax, NpH KOTOPbIX MPOBOAMJHCH ONHCAHHbIE BHILIE H3Me-
peHus.
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3HauuTe bHOE KOJHYEeCTBO paboT MOCBSILIEHO HCC/Eq0Ba-
HHIO paccesiHdsi Ha CIeLHaJbHO OKHCJIEHHBIX o06pasnax
KpeMHus. B paGore [123] 6b110 HafiieHO, YTO NOBEPXHOCTHASA
MOABHKHOCTL HOCHTeNell 3apsiia Ha Takux obpasuax I[pH
KOMHAaTHOH TeMIlepaType COOTBeTcTBYyeT npumepHo 20% sep-
‘KaJbHOCTH paccesiHus. B To ke Bpemsi B paGore [124] mnsa
TaKHM e 00pa3oM MoJyuYeHHbIX 06pPa3LlOB HECKOJNbKO MEeHb-
HIero yAeJbHOTO CONPOTHBJIEHHs OLIIH MOJyuYeHbl 3HAUEHHA
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Puc, 18.3. 3aBHcHMOcTb Ko3dupHuHeHTa X0/ana OT 07-

HOCHTEJIbHOTO H3MEHEeHHS [0BepXHOCTe NPOBONH-
MOCTH IO OTHOIUEHHIO K ee MHHHMYMy. T =298°K.

MOBEPXHOCTHLIX ITOJBHXKHOCTEH 3JIEKTPOHOB W IbIPOK, paB-
Hble NPHUMEPHO IMOJOBHHe HX OODbeMHBIX 3HAuYeHHWH, MOUTH
BHe 3aBHCHMOCTH OT HAMNpPSKEHHOCTH [ONEPEUYHOTO 3JEKTPH-
YeCcKOro noJis. 3HauHTeJAbHOE CHH)KEHHE MOBEPXHOCTHOH MO-
JBHXKHOCTH 110 CPaBHeHHIO ¢ 06beMHOH HalileHO TaKXe B pa-
6orax [125, 126].

Henosnora, a B HEKOTOpHIOK Mepe H MPOTHBOPEUHBOCTb
pe3yJbTaTOB MCCAeAOBAHHI GblJa B 3HAYHTENbHON Mepe
o6ycJoB/leHa HEBO3MOXKHOCTbIO DAacnpOCTPAHHTb HX Ha
CKOJIbKO-HHOYb 3HAUYHUTEJNbHBII TeMIepaTypHbIN AHANa30H.
JocTHKeHHs1 NMOCTeAHEr0 BpPeMeHH B MOJY4YeHHH 0co6o uu-
CTbIX 06pa3loB repMaHHsa, MUHHMYM NPOBOIHUMOCTH B KOTO-
pbiIX MOr ObIThb MOCTHTHYT W NMpPH MOHHKEHHBIX TeMIeparTy-
pax, MO3BOJIMJIH NPEO0JeTh 5TH TPyAHOCTH. B paGote [128]
HCCJAeJOBaJUCh 06pasibl repMaHUsi  TOJLIMHON  OKOJIO
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100 m&M, KOHIEHTpPALUs OCTATOYHBIX AaKUENTOPHBIX NpHMe-
ceii B KOTOpHIX 6bi1a MeHbiue yem 1012 cu=3 (cm. [127]).
OTu 06pasibl GblNM XapaKTePHbI ellle B TOM OTHOLIEHHH,
yTo MX 6OJblliHe TPaHH Pe3KO OTJIHYAJHCh N0 CTeNeHH HX
rmagkoctd. OnHa rpaHb
npeacTasJsnia cobolt  g.15m em” R 1078 cmngn
3epKaJbHO TJ1ajKylo mo- Jff
BEPXHOCTh €CTeCTBEHHO-
o pocTa KPHCTajlIa, CO- g
BHAZAIOULyl0 C KpHCTaJ-
Jorpauyeckoil IJOCKO-
croio [111].  Hukakux &8
NpU3HAKOB pesabeda Ha
Heill Hesb3fl ObLIO 3aMe- 24
THTb METOAAMH OINTHYe-
CKOM M 3JeKTPOHHOH
MHKPOCKOIMHH, XOTS Me-
TOA PpemIHK [nocjenHen
MMeJ UYYBCTBHTEJIBHOCTb 27
nopsiika paecsiTka aHr-
crpeM. Bropas Goabuias
rpadb o6pas3noB NojaBep-
rajace o6GbIYHOA o6pa-
60TKke WIIHQPOBKOH u 46
TpaBJeHHeM B  llepe-

ol

KHCH BOJOpOAA H HMeJla 4 L L ! 2
peared mnopsgka 0,2+ - -& g X 100
+ 0,3 MKEM. Guns 03 rynfen?

W3mepeHus nposoau- Puc. 184, 1 .
He. 18.4. MaMeHeHHss npoBOoaHMOCTH 06pasna
MOCTH H 9(1)(1)61{’1‘3 Xoa- (xpuBble /) 1 kKosdhduuHeHnTa XoJa (KpuBble 2)
Jla mpH BOBI[eﬁCTBHH no- B 3aBHCHMOCTH OT HHAYLHpPOBaHHOro B o6pa-

3el 3apsga. Temmepatypa uaMepeHuit 150° K,
CTOfIHHBIM  [OMepPeyHBIM
3/JeKTPHUYECKHM  TOJIeM
TNPOBOAM/INCL B BaKyyMe, Jyuilem uyeM 1077 Top, uro mnpu
temnepatype 273°K wu HuxKe o6ecrmeunBajo NPaKTHYECKH
[0JIHOe YyCTpaHeHHe Me[JIeHHHIX peJlaKCalHMOHHBIX Mpouec-
cos. [ToJse Bo3zelicTBOBa/O TONIBKO Ha OAHY I'paHb o6pasua,
TOrla KakK 3JIeKTPOA y APYroft TpaHH 3a3eMJsijcs, a H3Me-
pPeHHs NpPOBOJAH/HCH TOJbLKO MOCHe NOCTHXKEHHS KBa3HcTa-
IIHOHAPHOTO COCTOSIHMA MPH KaXXAOM 3HaYeHHH MOCTOSIHHOTO
MONEePevyHOro MnoJs. ‘
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Ha puc. 18.4 nokasaubl u3Melieldsi NPOBOAHMOCTH 006-
pasua H kospduiuenta Xoajsa B 3aBHCHMOCTH OT HHAYILH-
poBanHOrO B o0pasel 3apsja, NoJytueHHble NPH TeMIepaType
150° K. CBeTsible TOYKH COOTBETCTBYIOT BO3AEHCTBHIO MOIe-
PEUHOTO MOJIsl Ha eCTeCTBEHHYIO MOBEPXHOCTb pPOCTa, a TeM-
Hble — Ha o6paboTaHHyio moBepXxHOcTb. [logo6GHbie HaGOPHI
KPUBBIX GbIJIM MOJyuYeHbl [AJif Pas3HbIX TeMNepaTyp B JAHama-
3one ot 273 po 100° K. [Nocnenyrouas ux o6paborka npo-
BOJAMJIACh B COOTBETCTBHH C H3J0XKeHHOH B § 17 Teopueit
P. Tlerputua [112]. 3Hauenuss 06bEMHOH NPOBOAUMOCTH H
ko3 dunrerta XoJsna, COOTBETCTBYIOLUIHE YCAOBHIO MJIOCKHX
30H Ha MOBEPXHOCTH, ONMpenessiNCh MO TeOpeTHUeCKH pac-
CUHUTAHHBIM 3HAaYeHHSIM OBEPXHOCTHOH NMPOBOAMMOCTH B TOU-
Kax MHHHMyMa MOJIHOH NPOBOAHMOCTH o6pasla.

ITpu 5TOM NOABHAKHOCTH HOCHTEJIEH 3apsAfia NPHHUMAJHCD
paBHBIMH OO6beMHBIM, UTO [JISl 3HaUeHHH NOBEPXHOCTHHIX MO-
TEHIIHAJIOB, COOTBETCTBYIOLIHX MHHMMyMaM HPOBOXHMOCTH,
0Ka3aJ/0cb ONpaBAaHHbIM NMpPH Bcex TeMmnepatypax. Ocranb-
Hble YNpOILalollHe NMPeANoJIOKeHHs] ObliM aHaJOTMYHBI pa-
Hee YINOMHHABLIMMCSAl, @ HMEHHO: KOppeJslHOHHbIe MNOABHXK-
HOCTH He YYHTBIBAJIUCb; BKJAJ JIETKHX ABIPOK B 3(¢eKTHB-
HYI0O MOBEPXHOCTHYIO MOABHXXHOCTb AbIPOK MPHHUMAJICSA
TaKHM e, Kak B X 06'beMHYIO NOJABHKXHOCTb; BKJaJ OCHOB-
HBIX HOcuTeJell (ZBIPOK) npu pacuere 3b(eKTHBHOH NOA-
BHXKHOCTH 3JIEKTPOHOB B HHBEPCHOHHOM CJI0€ BbIYHCJIAJCS
B MNPeANOJOXEHHH O DaBeHCTBe TOJLIHHBI CJOSI NPOCTpPaH-
CTBEHHOTO 3apafa 3¢(}eKTHBHOA AJHHe 3KPAHHPOBAHUS.

Bhlunc/ieHHble B 3THX MNPeANOJIOXKEHHSX 3HAUYeHHs XO0JI-
JIOBCKHX  3(Q(eKTUBHBIX I[OBEPXHOCTHLIX MOABHKHOCTEH
MpeACTaBJsAIOT co60H yObiBaloliHe HYHKIHMH NMOBEPXHOCTHOMH
MPOBOAHMOCTH. DTH AaHHBle GbIIM HCNOJNb30BAHH IJs OI-
pelnesieHHs 3HayeHUH 5(p¢peKTHBHOH NOBEPXHOCTHOH MOABHXK-
HOCTH B 3aBHCHMOCTH OT MOBEDXHOCTHOTO 3JeKTpOCTaTHYe-
CKOro noreHuuaJa. IIpy 3TOM HCIOJNB30BAJIHCL Pe3yJbTaTh
pa6oTe [110], cornacHo KOTOpPBHIM OTHOLIEHHs MOBEPXHOCT-
HOl U OOBbEeMHOH XOJJOBCKHX MNOABHXXHOCTEHl H MOJABHKHO-
cTeldl MPOBOAUMOCTH COBMAAAIOT IPH He OYeHb GOJbIIHX H3-
ru6ax 30H Ha nosepxHocTH. Cam pacueT Obl TpoBejeH
METOJ0M MOCJef0BaTeNbHbIX NPHGJMKEHHH, HCXOAA H3 TeOo-
pEeTHUYeCKH pacCYMTaHHbIX BEJHYHH H3OBITKOB HOCHTeJel
3apsia B NPHIOBEPXHOCTHLIX 06/1aCTAX.
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PesyabraTel Takoll 06pa6oTKH 3KCIepHMEHTaJbHBIX AaH-
HBIX NpHBeleHbl Ha puc. 18.5 B BUIe 3aBHCHMMOCTH OTHOLIe-
HUS [is/lly OT NOBEPXHOCTHOTO 3J1EKTPOCTATHYECKOTO MOTEH-
uuaJna. [Ise cepun KpuBbIX AJA cJI0eB o6OrauleHHs COOTBeT-
CTBYIOT pasJHYHbLIM COCTOSIHUSIM NOBEPXHOCTH obpasua:
eCTeCTBEHHOH MOBEPXHOCTH pocTa H 06paboTaHHOH MNOBepX-
HOCTH. B cayuae cioes uHBepcuu 3HaueHHs 3(PQeKTHBHBIX
NOBEPXHOCTHLIX MOJABHMIKHOCTEH TpPH OOGOHX COCTOSHHSX MO-
BEPXHOCTH XOPOLIO JIOXKATCA HAa OAHH M Te XKe KPHBHIe, CO-
OTBETCTBYIOlIHe JaHHOH TeMmepaType H3MepeHHH.

[Ipu cambix HM3KHX TeMIlepaTypax H3MepeHHIl nauana-
30HLI 3HAYeHH{ MOBEPXHOCTHOrQ 3JEeKTPOCTAaTHUECKOTo [O-
TeHLHana, COOTBETCTBYIOUIME SPKO BblPaKeHHBIM CJOAM
oGorauleHusa (M, B OCOOGEHHOCTH, HHBEPCHH), OKa3aJHCh
CJIMILKOM Y3KHMH, a pe3yJbTaThl pacuetoB 3¢ ¢heKTHBHOMU
MOBEPXHOCTHOH MOABHXKHOCTH HELOCTATOYHO HadeXHBIMH.
[TosToMy 5TH HaHHble He NpuBeAeHb Ha puc. 18.5 xorsa ka-
YeCTBEHHO OHM corJacylotcs ¢ ofllell TeHAeHUHeH Temmepa-
TYPHBIX H3MeHEeHHH.

DKkcliepUMeHTaJlbHble JaHHBIE COMOCTaBJSIUCL C Teope-
THYECKHMH 3aBHCHMOCTSIMH, paccMOTpeHHbIMH B § 16, pas-
auuHbiMu cnoco6amu. Ilpu 3ToM okasanoch, YTO B cjydae
C/10eB HHBEPCHH 3KCHNepPHMeHTaJlbHble JaHHBle 10 3¢ (deKTUB-
HO# TIOBEPXHOCTHOM MOJBUMKHOCTH 3JI€KTPOHOB (HEOCHOBHBIX
HOCHTeJled 3apsifia) BIOJIHE yAOBJETBOPHTENbHO COTJacyloT-
Csi ¢ MpUBeJeHHBIMH Ha pHC. 16.2 pe3yjbTaTaMu YHCJIEHHOTO
HHTeTPUPOBaHHs, BHIOJHEHHOro B paborte [99]. B To ke
BpeMsl, KaK 3TO yNOMHHAJOCb paHee, caMH pe3y/bTaThl YHC-
JIEHHOTO HHTErpUpOBaHHs BecbMa OJM3KM K pe3yJ/bTaTam
pacueTa no npuGJH)KeHHOMY cooTHowenuo (16.10), moay-
YyeHHOMY B NpPeNOJOXeHHH INOJHOCTbIO AH(Qy3HOro pac-
cesiHUsl HOCHTeJslell 3apAja HA IIOBEPXHOCTH.

DKcnepuMeHTa/lbHble JaHHble MO MHOABHXKHOCTH IBIPOK
(oCHOBHBEIX HOCHTeJeH 3apsifia) B CJa0sIX OGOTalleHUsl COOT-
BeTCTBYIOT 3aMeTHO 60Jiee BLICOKMM 3HAaueHHAM 3(¢eKTUs-
HOIl MOBEPXHOCTHOH TMOABHKHOCTH, YeM 3TO NMpeAcKasbiBaeT-
csl pe3ysabTaTaMH YHCJEHHOTO HHTerDHPOBAHHUS, NpHBENeH-
HeiMU Ha puc. 16.1. Ilpu stoM, Kak 3To caenyer us puc. 18.5,
3HaueHHa 3(PGdeKTHBHON NOABHXKHOCTH IbIPOK CYLIECTBEHHO
3aBHCAT OT penbeta noBepxHocTH o6pasua. Ilpu Goab-
mux Hu3rub6ax 30H 3¢p@QeKTHBHAA MNONBHXKHOCTb AbIPOK
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Puc. 18.6. OtHomenne 3dbeKTHBHOA NOBePXHOCTHOM MOINBHXHOCTH K 06beMHOR
NOABHXHOCTH B 3aBHCHMOCTH OT NIOBEPXHOCTHOTO 9JIEKTPOCTATHYECKOTO noTeHuua.na.

TemnepaTypbl H3Mepenuit: I —273° K, 2—24[° K, 3—217°K, ¢—199°K,
a) LbIpKH B cJioe oforallleHus; 6) SJ1eKTPOHBl B cJjoe nHBepcuu.
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Ha [paKTHUECKH TIJIaJKOM IOBEPXHOCTH pOCTa KpHCTAaJIA
okasbiBaercsi Ha 26—30Y% sbile, ueM Ha 06paboTaHHON MO-
BEPXHOCTH.

YuuTeiBas Bce CKa3aHHOE, eCTECTBEHHO Obl10 Nonpo6oBaTh
annpoKCHMHPOBAThb 3KCepUMeHTalbHble KpHBble puc. 18.5
NPUONHKEHHBIM TeOpeTHUeCKHM cooTHolleHHeM (16.12),
B KOTOpOe BBeleH KO3((HUMeHT AHGD(Y3HOCTH paccesiHHs
Hocuteneit 3apsiga K. Okasasioch, 4TO Takasi anmnpokcuma-
[Hsl JaeT BIOJIHE Y/JOBJIETBOPHTeJbHble DPe3yJbTaThl IpH
nox6ope omHoro 3HaueHuss K [jsi KaxKmol KpHBOH, He 3aBH-
CAIETr0 TAKHM 06pa30M OT BeJHUHHBI MOBEPXHOCTHOTO 3JEK-
TPOCTATHUYECKOTrO MOTEHIIHaJa.

Ha puc. 18.5 npeacraBneH pe3yibTaT TaKHX aNIpPOKCH-
Maluii, a nogo6paHHble NPH TOM 3HAYeHHs 3TOro Koaddu-
[lMeHTa NMpHBeleHHl B TabJaule 18.1.

Tab6auma 18.1

3HaueHHss K03bGDHUIHEHTOB AHDODY3HOCTH
paccesiHHS B 3aBHCHMOCTH OT TeMIlepaTyphl
H COCTOSIHHSI MOBEPXHOCTH

CJIOH MHBEPCHH Caou o6oraieHus
T, °K
Kecreers = KoGpaG Kecrecrs KoépaG
273 0,3 0,1 0,3
241 0,7 0,2 0,5
217 0,9 0,2 —
198 1,0 — 0,5 -
150 - 0,2 0,5

ITpumeuanue. 3HaueHHsA KoaddULHEH-
TOB JH}Y3HOCTH, NpHBeAeHHHE B OpH-
ruHajbHOR paGote [128), oTsHualoTCH wHe-
JIEHHBIM MHOXHTeJIeM BCJEJACTBHE AONYy-
1eHHOH omHOKH B pacueTe.

Kaxk yxe oTmeuasnoch paHee, GJM3KMMH K e€IMHHIE 3Ha-
yeHuss KoaduuHeHTa [HGGDY3HOCTH 0KasajHCh TOJbKO
B CJly4asXx paccesiHHs 3JIEKTPOHOB (CJIOM HHBEPCHHM) TMpH
06oHX COCTOSHHSAX MOBEPXHOCTH. 3aMeTHO MEHbILUAs BeJH-
ypHa npu Temnepartype 273° K koppennpyeTr ¢ 3aHHXKeH-
HbIMH €ro SHAYeHHAMH NpPH 3TOH TeMnepaType M B APYTHX
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cayuasx. BeposaTHo, 310 06yc/OB/€HO HELOCTATOYHOH TOY-
HOCThIO yuYeTa BKJaja B IPOBOJUMOCTb HOCHTesefl 3apsana
npyroro 3Haka. IlonHocTbio nuddy3HbIll xapakTep pacces-
HHUS 3JIEKTPOHOB Ha 3€PKaJIbHO-IJIAJKOH TOBEPXHOCTH ecTe-
CTBEHHOTO pOCTa KpHCTajja OOBACHSAET He3aBHCHMOCTD
3HaueHH# 3G (PeKTUBHOH MNOBEPXHOCTHON TMOABHXKHOCTH OT
Xapakrepa pesabeda NOBePXHOCTH.

B cayuasx paccessHust Abipok (cJiou o6orauieHus) xo3g-
¢(uHeHThl AHPOY3HOCTH paccesiHHs 3HAUUTENbHO MeHblile
eIMHHIBI H, 3a HcKaloueHHeM T = 273°K, 6au3ku k 0,2 nas
eCTeCTBeHHON NOBepXHOCTH pocTa u K 0,5 nas oGpaboraH-
HOIl TOBEpPXHOCTH. 3/ecb yxKe pOoJb peabeda MNOBEPXHOCTH
B Mpoleccax paccesiHHsl HOCHTesell 3apsja OTYETJHBO 3a-
MeTHa.

[TonyueHHble NaHHBIEe MO3BOJSIOT CHIEeNaTh HEKOTOPLIE Ka-
YyeCcTBeHHble 38KJIOUYEHHs O MPHPOJAE MPOLECCOB paccesHHus
HOCHTeJlell 3apsifia Ha MOBEPXHOCTH repMaHHsl.

Pasnnuns B xapakTepe paccestHHSI 3JIeKTPOHOB H IBIPOK H
OTCYTCTBHe TeMIlepaTypPHOH 3aBHCHMOCTH KO3(¢HIHeHTa
Ind¢ysHOCTH paccesiHMsi IbIPOK Ha eCcTeCTBEHHOH MoBepX-
HOCTH pOCTa KpHCTaJjja MO3BOJISIOT, HO-BUIAHMOMY, HCKJIIO-
UYHTb paccesiHHe Ha pesleeBCKHX ()OHOHAX B KauecTBe OIpe-
JleJISIOIIero npolecca.

Hesasucumocte koadpduuverTos auddy3HocTH paccesiHus
OT MOBEPXHOCTHOTO 3JIeKTPOCTAaTHYECKOro MOTeHlHana Mpo-
THBOPEYHUT MPEANOJONKEHHIO O mnpeobiajaHUH paccesiHUs
Ha HOHH30BaHHBIX MOBEpPXHOCTHRIX LeHTpax. CoraacHo
pesyJbTaraM yxKe ynoMHHasllefics paGoTsl [109], sToT Mexa-
HU3M MOXKeT NPHUBECTH K [OJHOH NHGGY3HOCTH paccesiHUs
NPH KOHLEHTPALHsX HOHH30BAHHBLIX LEHTPOB MOPSAAKA HIH
Gosee 10'2cu~2. 113 nosyyeHHbIX B ONMHCBIBAEMEIX 3KCIEPH-
MeHTax [aHHbIX O 3axBaTe, KOTOpble OyayT o6CyxaaTbCsi
B § 22, cnenyer, uTO H3MeHEHHIO KOHIEHTpaUHi HOHH30-
BaHHBIX TOBEPXHOCTHBIX LEHTPOB Ha BeJHUYHHY TaAKOro Io-
psiiKka COOTBETCTBYET BeChb OCYLIECTBJEHHBIH B 3KCHepH-
MeHTe [Hana3oH H3MeHeHHsl MOBEPXHOCTHOTO MOTeHUHasa.
B To Ke BpeMms mnpeanosnoxeHHe 06 ompenessiomed poJu
HOHH30BAHHBIX IIOBEPXHOCTHBIX ILIEHTPOB, KOHIEHTpalHs
KOTOPBIX He H3MeHsIeTCsl C TOBEPXHOCTHBIM TOTEHIHAJIOM,
He TO03BOJIAeT OOBSCHHTL HANUZEHHOrO pe3KOro pasjuyHs
Ko3ppuuueHToB AHGGY3HOCTH paccesiHHs 3JEKTPOHOB H
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IBIPOK Ha ecTeCTBEHHO! NMOBEPXHOCTH POCTa KpHCTaJia rep-
MaHHA.

Pasnnuue B Ko3dduuueHtax AHPOY3HOCTH paccesiHHS
3JIEKTPOHOB M JBbIPOK MOKeT ObIThb 0ObSICHEHO B NpernoJo-
JKEHHH, UTO pa3HbIl XapaKTep paccesiHHsl onpefensieTcsl He
CTOILKO pAa3/HYMAMH YCJNOBHI Ha MNOBEPXHOCTH B cJjydae
cnoeB 060TallleHUs] U HHBEPCHH, CKOJBbKO Pa3HOH MpHpoao#
caMux HocHTeseit 3apsaga. Tak B pa6ore [105] Bricka3bIBa-
JIOCb NpeAnoJoxeHre o 60JbIIOH 3(QGheKTHBHOCTH MeXJ0-
JHHHOTO pacCesiHUsl Ha TMOBepXHOCTH. EcauM HCXOAHTb H3
aHaJoTHH ¢ npoueccaMH 006beMHOrO paccesiHHsl, TO INpef-
CTaBJIsseTCA BO3MOXHBIM B NPHHIMNE OGBACHUTL Habaiona-
Bllleecs] pa3jiHyHe B CTeneHH AMQPOY3HOCTH paccesHHSA 3JieK-
TPOHOB H JBIPOK B NMpeANoJoxeHHH o npeobJajaouiell posu
paccesiHusl Ha HeHTpaJ/bHBIX [OBEPXHOCTHBIX JedeKTax.
KoHueHTpauusa Takux Ae(deKTOB AOCTAaTOYHO BeJHKa, a 3a-
BUCHMOCTb CeueHHs paccesiHHsl OT 3(¢peKTHBHOH Macchl HO-
cuTeNs 3apsajfa MOXeT NPHBECTH K MeHbllefi AHGDGY3HOCTH
paccesiHMsl TsXKeJbIX [bIPOK IO CPaBHEHHIO C 3JeKTpO-
HaMH.

HakoHen, Bo BcAKOM c/iyyae B HpPHHIHMIE, Heab3sl HC-
KJII0YaTh BO3MOXXHOCTb PE30HAHCHOI'O paccesHHsl HAa MOBepX-
HOCTHBIX COCTOSIHHSIX, SHepreTHYecKHe YPOBHH KOTODBIX Je-
»KaT BHe 3alpelleHHOH 30HB BOJH3H [AHA 30HBI POBOIH-
MOCTH H N10TOJIKa BaJIeHTHOH 30HBI, HO He HAXOAATCS B 3JIeK-
TpPHYECKOM KOHTakKTe C 3THMH 30HaMH. PeanbHoe cyuiectBo-
BaHHE TAaKHX YpOBHeHl ¢ GOJNBLIHMH KOHUEHTPAUHAMHU ObLIO
o6HApYyXeHO 3KCHepPHMEeHTaJbHO KaK Ha aTOMapHO-YHCTOH,
TaK M peasbHOl MOBepXHOCTH repmanus [129, 130]. Pasau-
uyhde B cTeneHH AH(G(Y3HOCTH paccesiHHsl 3JeKTPOHOB H AbI-
POK [pH 3TOM MeXaHH3Me MOXeT OBITh CBI3aHO C pa3JHYHeM
KOHIEHTPALH{l OBEPXHOCTHBIX COCTOSAHHHA 00OMX THMOB HJIH
C pasHoil cTeneHblo 6JHM30CTH K ycaoBusiM pesoHaHca. Cie-
JAyeT OTMETHTb TaKkKe, 4TO NpeinoJoxeHune 06 onpenensio-
weil posn penbeda B AM(DPY3HOCTH paccesiHHA 3JeKTPOHOB
M OBIpOK Ha 06pab0OTaHHON MOBEPXHOCTH FepMaHHs BOBCe He
sBasieTcs: o6s3atenbHbIM. Ecau mpeo6sajaiomuM npotec-
cOM fABJsIeTCsl KaKOH-MM00 BHA paccesHUsl Ha IOBEPXHOCT-
HBIX LleHTpax, TO pa3/Hyhs B HX KOHIEHTpalHsX Ha obpa-
0OTaHHOH M eCTECTBEHHOH NOBEPXHOCTAX F€PMAaHHS MOXET
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06bACHUTL HabJiofaBlleecsl pas3JjHuHe B BeJHYHHAX Ko3d-
¢uuueHTOB I1HPGY3HOCTH paccesHUs IbIPOK.

B 3akstoueHue cjelyeT OTMeTHTb, YTO IPOLECCH NOBEPX-
HOCTHOTOQ paccesiHUsl HOCHTeJeil 3apsna 6e3ycl0BHO TpeGyioT
NajibHeHlIero TeopeTHYeCKOro M 3JKCIepHMEeHTaJbHOTO H3y-
yegus. Ocob6erHHo 60Jibliasg HeOOXOAHMOCTb B MOHUMAHHHU HUX
MPUPOABl U BO3MOXKHOCTH yNpaBJieHHS] HMH CBsI3aHa cO BCe
BO3pacTalollHM HHTepecoM HccJefoBaTesNell U HHXKeHepOB-
pa3pabOTYHKOB K CBOHCTBAM TOHKHX IJIEHOK NMOJYNPOBORHH-
KOB M INOJIEBBIX MOJYNPOBOAHHKOBBIX MPHOOPOB.



FrTABA V

ATOMAPHO-YUCTASS MOBEPXHOCTb
noJynPOBOAHHUKOB

Xopolo H3BeCTHO, YTO MpOrpecc B MOHHMAHHH 3aKOHO-
MepHOCTell, onpeae/sionX 00beMHble 3/eKTpodH3HUecKHe,
ONMTHYECKHEe H [pYrHe CBOKCTBA IMOJYNPOBOAHHKOB, Pe3KO
YCKOpHJICSA, KOrja TeXHoJorHs obecrneuynsa BO3MOXHOCTb
MOJNyyeHHsl 3THX MaTepHAaJOB B BHAe MOCTATOUYHO YHCTHIX
H COBEpLIeHHBIX MOHOKpPHCTaJ/JIO0B. [IpH 3TOM cTasi0 BO3MOXK-
HEIM CO3HaTeJqbHOe H KOHTPOJIHpYeMoe BBeleHHe pasJiny-
HBIX TpHMecedl U CTPYKTYPHBIX Ne(eKTOB B H3yyaeMBbli Ma-
TepHaJ M HCCIefOBaHHe OOYCJIOBJEHHBIX HMH H3MeHEeHHH
ero cBoO#cTB. BecbMa cylllecTBEeHHBIM OOCTOSATENBCTBOM HpU
TAaKOi MOCTAHOBKE BONpoOca SBJISETCH OYeBHJIHAsS 3apaHee
6/1M30CTb (XOTS1 M He HAEHTHYHOCTh) MOHSATHH aTOMapHOH
YHCTOTHl W COBeplleHCTBA KpHcraJsa. Ecau TONBKO CTPYK-
TypHble NedeKTbl He BBOASTCSA CHelHaJbHO, TO KPHCTaJLI
Oyzer TeM O/HKe K COBEpLIEHCTBY, YeM oH uulle. Hakonern,
MOKHO OBbLJIO 0XKHJATh, H ONBIT 3TO MOATBEPAHJ, YTO BBeje-
HHe, BO BCAKOM cJlyuae HEKOTOPBIX, IpHMeceil B He CJAHIIKOM
GO/IbLIMX KOHLEHTpaUHAX He [0JKHO NMPHBOAUTb K 0cOGeH-
HO 60JIBLIMM HCKaXKEHHAM CTPYKTYphl KpHCTaJlia.

[Tpu nomo6HOM Ke moAaxoJe K HCC/IeJOBAHHSIM TOBEpX-
HOCTHBIX CBOHCTB NOJIyPOBOAHHKOB CHTYyallusi OKa3blBAeTCs
KopeHHBEIM 06pa3oM oTauyHO#. IlocKoJbKYy moBepXHOCTH ca-
Ma mo cebe sABJAseTcs BecbMa KDYMHbBIM HedeKTOM CTpYK-
TYpbl KpHCTaJjla, MOHATHA aTOMAapHO-YUCTON H COBepIlEeH-
HOH TNOBEpPXHOCTH KpHCTa/aJa B NpHHIMNE SBJSIOTCS MOHS-
THSIMH pa3auyHbiMH. Ecau, HanmpuMep, moj COBepIIEHCTBOM
MOBEPXHOCTH MOJPa3yMeBaTb PeryJasipHOCTb pPAacClOJOXKeHH
4TOMOB B COOTBeTCTBYIOLIeH eff IJOCKOCTH, TaKyl0 IKe
KaK B AaHA/JOTHYHBIX [JIOCKOCTfIX BHYTPH KpHCTa/1aa, TO
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aTOMapHO-YHCTasl IOBEPXHOCTb 3aBeAOMO He MOxKeT OBhiTh
coBepuleHHOH. CKOpee y:Ke MOXHO OXKHAAaThb TaKOrO COBEp-
LUIEHCTBA B TOM CJyuae, KOrfa IOBEPXHOCTb MpEACTaBJISET
cobofi rpaHuuy ABYX (a3 ¢ OQHHAKOBBIMH MapaMeTpaMu
pelleTOK H GJH3KHMH CHJIaMH CBA3H.

Takum o06pasoM, BcleACTBHe HNPHHUUIHAJNBHBIX pasiiu-
y{i B CaMO# CYLIHOCTH HpOGJeMBl pOJib aTOMapHOH YHCTOTH
NOBEPXHOCTH B KayecTBe OTHPABHOTO MYHKTA HCCJeN0BaHHH
NOBEPXHOCTHBIX 3JIEKTPOHHBLIX MPOLECCOB He MOXeT GOBITb
CTOJIb BeJIHKA, KAK HDH COOTBETCTBYIOUIMX HCC/eN0BaHHSX
o6beMHBIX fiBJeHHH. [leso ellle OC/0XKHSIETCS YHCTO TEXHH-
YeCKHMH TpPYAHOCTAMH. Jlerko yGeiMTbCs, 4TO [HaxKe ecju
6bl aTOMapHO-YHCTYIO MOBEPXHOCTh YAAJOCh MHOJYYHTb, ee
COoXpaHeHHe B TeueHHe HeKOTOPOro BpeMeHH, HeoOXOJHMOro
1151 TpPOBeleHUsl KeJlaeMbIX H3MepeHHl, TpebyeT 0cOGBIX
ycaoBuil. B Bakyyme nopsinka 10-6 Top, KoTophlil coBceM He-
JaBHO CYHTaJcsl BecbMa HpPHJHYHBIM BAaKyyMOM, Takas [o-
BEpPXHOCTb Oblla Obl NMOKPBITA MOHOCJOEM aTOMOB KHCJO-
poda 3a OYeHb KOPOTKOe BpeMsl, NOPAAKAa MHHYT WM Aaxe
CeKYHI.

ITostoMy mosyueHHe M HcC/eJOBaHHe aTOMAapHO-YHCTHIX
IIOBEPXHOCTeH NOJyNpPOBOAHHKOB CTaJ0 BO3MOXHBEIM TOJBKO
nocJie NPOH3OLIeALIero 3a Noc/JefHHe HECKOJbKO JeT Kade-
CTBEHHOTO CKauKa B TeXHHKe IOJyYeHHsl CBepXBBICOKOTO H
«4HCTOro» BakyyMa. IIpu BBemeHHH MNocJleHero TepMHHA,
KOTOPBIA [JIf HeclelHaJHCTOB MOXeT MNOoKa3aTbCsl CTpaH-
HBIM, [I0Jpa3yMeBaeTcs, 4To caMa no cebe ray6HHa BakyyMa
He sIBJIfieTCS JOCTaTOYHBIM KpuTepueM. Ecan oHa obecneun-
BaeTCs 3a CueT BLICOKOH CKOPOCTH OTKAauYKH H He rapaHTHpPyeT
OTCYTCTBHe B CHCTeMe HaHOoJiee aKTHBHBIX B aACOPGIHOH-
HOM CMbIC/le KOMIIOHEHT ra3oBOH Cpelbl, TO CKOJbKO-HHOYAb
IJIMTeNbHOTO COXPaHeHHs aTOMapHOH YHCTOTHl MOBEPXHOCTH
0XKHAATb HE MPHXOAMUTCA.

HecMoTps Ha Bce oTMeueHHble OTpaHHUYEHHs, HCCeL0Ba-
HHSI AaTOMAapHO-YHCThIX MNOBEPXHOCTeH MOJYNPOBOAHHKOB
npeacrasJsior, 6e3yciaoBHO, oueHb 60.bl10i HHTepec. OcobeH-
HO B&XHbBIMH SIBASIIOTCSL pe3y/bTaThl HCCNeJOBaHHH peak-
1M aTOMapHO-UHCTBIX NMOBEPXHOCTeH C AKTHBHBIMH Ta3aMu
B 06/1aCTH MaJblX 3aNOJIHEHH{] NIOBEPXHOCTH H NpH 06paso-
BaHUU NEPBLIX MOHOCJ/0€eB MOBEPXHOCTHLIX cOelHHeHHH. Pe-
3y/bTaThl TAKMX HCCAeNOBaHHH, Kak OyneT BHAHO HaJee,
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0Ka3blBAalOTCS BecbMa MOJe3HbIMH KaK AJs MOHUMaHUs 06-
el CTPYKTYpbl TMOBEPXHOCTH MOJYNPOBOJHHKOB M TPaHHUI
UX pasjesna ¢ ApDYTHMH ¢as3aMu, Tak H AJs BhIsICHeHHS ¢H-
3MKO-XMMHYECKOH NMPHPOAbl AedeKTOB 5TOH CTPYKTypHL.

§ 19. MeToabl noJiydeHusi aTOMapHO-YUCTOM
NOBEPXHOCTH NOJYNPOBOAHHKOB

B npuHuMne MOXHO npeAcTaBHTh cebe Mo KpaliHeji Mepe
yeTbipe pa3J/IMYHBIX croco6a MOJMydYyeHHS aTOMapHO-UuHCTON
MOBEPXHOCTH: HcIapeHHe INOBEPXHOCTHBIX IJIEHOK M 3arpss-
HeHHH BBICOKOTEMIEPATyPHBIM NPOTPEBOM B CBEPXBBICOKOM
BaKyyMe, BOCCTAHOBJEeHHe TNJIEHOK OKHCHBIX COeIHHEeHHH,
OfomMb6apaupoBKa NMOBEPXHOCTH HOHaMH 6J1arOPOAHBIX ras3oB;
packoJsl KpucTaJana.

[TepBriil MeTon, Xopowo ceGst 3apeKOMeH0BABIUHHA NpH
OUHCTKe TYrOMJIABKHX MeTaJ/JIoB, HampuMep BoJbdpama,
MaJIONpHUIojeH AJjs 6OJbLIMHCTBA MOJYNPOBOAHHKOB. B cay-
yae repMaHHs yNnpyrocTb NMapoB He TOJBKO [IBYOKHCH rep-
MaHHs, HO Jaxe JeTydeil MOHOOKHCH CTOJIb MaJsa, YTO HeoO-
XONMM HarpeB [0 TeMIlepaTyp, CyLIeCTBEHHO NpPEeBLIIIAONIHK
TOYKY NJaBJeHUS repMaHus, AJs TOTO YTOObI MOXHO OBLIO
paccuMTbIBaTb Ha MOJydyeHHe uHcroil mnosepxHocTH [131].
B cayuae Gonee TyronnaBkoro Kpemuus (1410°C) mporpes
npu temneparypax (1200—1300°C) mnpuBOAMT K cocCTOSI-
HHIO NOBEPXHOCTH, KOTOpas mo paay HabawojgaeMmblx 3¢pdek-
ToB GJHM3Ka K aToMapHOi uuctoTe [132].

Boccranosnenne noeepxsHoctd B Bomoponme [131, 133] u
OKHcH yrieposa [134] MoxeT GBITH MpOBeAEHO MPHU HECKOJb-
Ko 0Ooslee HH3KHX TeMIepaTypax, OAHAKO HMeeT psg Cy-
LIECTBEHHbIX HelocTaTKOB. Haubojsee BaXKHBIMH H3 HHX
AIBJAIOTCA PacTBOPeHHe BOJOPOAA H, BO3MOXKHO, OKHCH yTJle-
poia B KpHcCTaJ/J/e NOJNYNpPOBOAHHKA, a TaKXe TO 06CTOf-
Te/IbCTBO, YTO HEKOTOphble M3 NpHMecell OKHCHBEIX CJIOEB MO-
TyT OCTaBaTbCH HA TOBEPXHOCTH MOJYNPOBOLHHKA H Haxe
BCTyNaThb C HHM B peakUHH WU AHGOQPYHAMPOBATL B HEro.
B cBs3W ¢ 3THM, BHAMMO, Lieslecoo6pa3HO KOMGHHHPOBAThH
nepBblii M BTOPOH MeTONbI, NPOBOAS CTYyMeHYATble MHOTO-
KpaTHble NPOTPeBbl B BaKyyMe H BOCCTAaHOBHTENBbHOH cpe-
ne [135].

OuncTKa NOBEPXHOCTH MOJYNPOBOAHHKOB METOJOM HOH-
HOH 60MOapaHpOBKH, NpeaoXeHHas M paspaGoTaHHas
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I'. ®apucBopcoM Hu ero coTpyanukamu [136, M21], asasercs
B HacTosilllee BpeMsl HauGoJsee LIMPOKO NPHMEHSIOUIUMCA H
HanbGoJlee MpPOBepeHHbIM MeTOAOM. B 3TOM Merone moBepx-
HOCTh KpHCTa/sa noasepraercs 6GomMOapaHpOBKE HOHaMH
aproHa c 3Heprueji B HecKOJIbKO coTeH 36. [Ipu njoTHocTH
ToKa okoJo 0,1 ma.cm2, c nmoBepXHOCTH ypnaJsercss 3a ce-
KYHIY [0 OJHOTO MOHOC/OSl aTOMOB OKHCHbIX COeJHHEHHH, a
3aTeM W caMOTro BelllecTBa MOJYNpoBojHHKA. YUepenys Takue
6oM6apAHPOBKH C OTxKHIaMu o6Gpasua B CBEPXBHICOKOM
BaKyyMe, HeoOXOZMMBIMH [Js1 yAajieHHs aTOMOB AaproHa,
BHe[PEHHLIX B DelIeTKYy, H 3a/leYHBaHUs BbI3BaHHbIX 6oMGap-
NHUPOBKOH Je¢eKTOB, MOXKHO IMOJYyYHTb aTOMapHO-UMUCTYIO
NIOBEPXHOCTb NOJYNpPOBOAHUKA. [1/151 TOTO YTOGBI CHATHIE GOM-
6apAHpOBKOIl aTOMBI MOBEPXHOCTHLIX CJI0€B He MOTJIH BHOBb
monacTb Ha NMOBEPXHOCTb KpHcranna, 6oM6apAHpoOBKa Mpo-
BOJAUTCS NpPH OTHOCHTE/JbHO HH3KOM [aBJIeHHM aproHa —
nopsaka 10~ rop, obecneunBaiouieM AOCTATOYHO O6OJIbIIYIO
JJIMHY cBoGonHOro npobera 3THX aTOMOB U 3aXBaT HX OTKa-
yuBawmel cucremMon. OTxHUr 06pasnoB OCYLIECTBJSAETCS
B BeCbMa BBICOKOM BaKyyMe — nopsinka 1071° rop, nas Toro
4yTOoGBl FapaHTHPOBATb MAJYIO pPOJb afcopOLHH OCTATOUHBIX
rasos, H [Ip4 JOCTAaTOYHO BLICOKOH TeMmmepaTtype, obecreu-
BawoUledl HeoOXOAMMYIO MOIBHXKHOCTb aTOMOB pelIeTKH.
B xome anHTeNbHBIX HCCJefOBaHHA ObLIO yCTAHOBJEHO, 4TO
15—20 uuksi0B 60MOapAMpPOBKA — OTXKUT [O3BOJSIOT MOJY-
YHTh MOBEPXHOCTb MOJNYNPOBOAHHKA, KOTOpas MOMXKeT OBbIThb
Ha3BaHa aTOMapHO-YUCTOH. BEIIO BHISICHEHO TaK»kKe, UTO BO
BpeMs OTXKHIOB B CBEPXBBICOKOM BaKyyMe HIYT MPOIECCH
0cBOGOXKIEHHS KpHCTaJla MOJyNpOBOJAHHKA OT PacTBOpPEH-
HBIX B HeM HEKOTOpBIX Ta30B, a Takxe npouecchl nuddy-
3HH K MOBEPXHOCTH psifa Jerko AuGGYHAHPYIOUIMX aTOMOB.
Hakonel, cieflyeT OTMETHTh, YTO Ha NMEepPBbIX CTAAHSX pas3-
paboOTKH MeTONMKH 3KCIepHMeHTaTopaM AOCTaBHJIH MHOTO
XJIONIOT 3arps3HeHHs] MOBEPXHOCTH 00pasiia, MOCTyMalollxe
U3 JlepxaTessl H CTEHOK cocyna mpH 6oMGapAHPOBKe, H OCO-
6eHHO — 3arpsi3HeHHs] MOBEPXHOCTH 60pPOM H3 GOPOCHIHKAT-
HOTO CTeKsa (mHpeKca) MpPH BBICOKOTEMMEPaTypHBIX OTKH-
rax [137].

OnucaHHBIM MeTOROM ObLJIH TOJYYEHEl aTOMapHO-YHCTHIE
MOBEPXHOCTH KPHCTAJJIOB TFepMaHH M KPEeMHHS, MHOTHX
coequHenuit rpynnel AIIBY — ayTHUMOHMIOB HHAMS W raJ-
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ausn [138], apcenunos uuaus u ranaus [139]. B to ke Bpems
HOMbITKH MOJIyYEeHHsT aTOMapHO-YHCTON TMOBEPXHOCTH ajaMasa
TakuM crnocoboM HOTepmeJH Heyaauy.

UerBepThlil U mocaeqHHH crnoco6 MoJydyeHHsT aTOMapHO-
YHCTOH MOBEPXHOCTH OCHOBAH Ha PAa3JIHUHH CHJ CLeNJeHHs
[0 pasHbBIM KpHCTaJJlorpaHyecKHM HanpaBJleHHSIM B KpH-
crajje. BeaeacTsue 3THX passiMuMit mpouecc CKaJbIBaHHA
KpHCTaJlja BHOJb OJHOTO H3 3THX HanpaBJeHH# OOBIYHO
IpoTeKaeT MHOTO Jerdye, 4eM BJOJb JIPYTHX, a caMa ILIO-
CKOCTb CKOJla OKa3blBaeTcsi BeCbMa UYETKO BbIpa*KeHHOH.
B cayuae repmaHus, HanpuMep, MJIOCKOCTbIO Haubosiee Jer-
KOTO CKaJIbIBaHUSA fIBJAseTCS nJockocTh [111].

Bonpekn kaxyllefics NpoCTOTe MeTOAa, ero npakTHue-
CKOe OCylecTBJeHHe NOTpe6GOBa/O 3HAYHTENbHBIX YCHIHHA H
BpeMeHH. BblaH Hcnpo6oBaHbl pasjiHuHbEle MYTH MOATOTOBKH
06pa3ioB AJA pacKajblBaHUS B CBEPXBBICOKOM BaKyyMe.
B oaHo#t u3 nepsblx Takux paGor [141] ata noaroroska 3a-
KJI0uajacb B HaHeCeHHH LApalHH aJMa3HbiM KapaHIalloM
BHYTPH BaKyyMHOH CHCTeMbl NOCJe NpoBedeHHs] HeOoOXOmH-
MOro oTxKura o6pasna v camoil cucrembl. Ecau Takue unapa-
MUHBl HAHOCHJHCb A0 OTXKHIA, TO OHH «3a/euyHBaJUCh» H
cKkoJl He moayuaJjcs. CaM CKOJM [pH 3TOM OCYIIECTBJISICS
nyTeM nsruba o6paslia B HapaBJieHHH, MapaJsiiel]bHOM MJIO-
CKOCTH CKosa. B nanbHefimieM Gbi1 HailgeH GoJsee 3adpdek-
THBHbIA CMOco6 ckoJa Npu NOMOWM YyAapa KJAHHbSIMH B
3apaHee clesJaHHble NPAMOYTOJbHble BbIpe3bl B KPHCTAJIE.
B paGore [142] 6Gbl1 npemsiokeH BecbMa OpPHTHHAJbHBIM
MeTOJ MOJYy4YeHHs CKOJOTOH MOBEPXHOCTH, HCIOJb3YIOUIHH
pasinyne Ko3((PHLHEHTOB TeMmJIOBOTO paciiupeHusa. [Ipu
3TOM Ha MOBEPXHOCTb KPHCTaJlJa HalmauBaJcs TOJNCTHIH cJ0M
0J10Ba, KOTOPbIf MPH Pe3KOM OXJIaxK[IeHHH 06pa3ia OTphIBaJI
NPHMOBEPXHOCTHLIH cJI0f caMoro KpucraJna. Cienyer oTMe-
THTb, 4TO JJfA MOJyYeHHs COBePLIEHHOH CKOJIOTOH MOBepX-
HOCTH OJHOH KpHCTaJJorpaguueckoil OpHeHTALHUH He0oOXO-
JMMa OYeHb BbICOKAs TOUHOCTb OpPHEHTAlMH LapamnHH, Bbi-
pe30B HJIH MOBEPXHOCTH, ONpeNeNsiOIIHX MJIOCKOCTh CKOJia.
B psge pa6or oTMeuaeTcs, UTO B pe3yJbTaTe CKOJa JaBiie-
HHe ra3oB B cHCTeMe TMOBHIIAeTCs NPHMEPHO Ha MOPSAOK
[143—145].

CoBepLIEHCTBO CKOJIOTOH MOBEPXHOCTH OLIEHHBAETCS [0-
pasHoMy aBTOpaMH pasHbix pabor, ojJHakKO o6pa3oBaHHe
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AedeKTOB CTPYKTyphl NPHIOBEPXHOCTHOTO CJOf BO BpeMsi
CKOJIa, B YaCTHOCTH — CTYHeHeK, MOXHO, MO-BUIHUMOMY, CUHU-
TaTh JOCTAaTOYHO HaAeXHO YCTaHOBJeHHHIM [146].

Paspa6oTka MeTOROB MoJydeHHs aTOMapHO-YHCTHIX MO-
BepXHOCTel NOJYyNPOBOIAHHKOB norpeboBana, pasymeercs, H
M3bICKaHUSl CHOCOOOB KOHTPOJISl CTeNeHH YUCTOTHl H CTPYK-
TYPHOTO COBepLIeHCTBA TaKHX MOBepxHocTeil. B cBaA3M co
CKa3aHHBbIM BO BBeJleHHHM K HacTOSILell I1aBe OYeBUAHO, YTO
3Ta npo6JeMa Booblle BecbMa TpyJHa, a KpOMe TOTO, Npak-
THUECKH He MOxKeT OBbITb pa3jesieHa Ha [Be He3aBHUCHMble
3aJjayd: KOHTPOJSl YHCTOTHl H KOHTpPOJSI CTPYKTYPHOTO CO-
BeplLUEeHCTBA.

Haun6osee 5(¢peKTHBHEIM M HIMPOKO NpPHMEHSIEMbIM Me-
TOJIOM H3yYeHHsi CTPOeHHsl [OBEPXHOCTH MOJIYIPOBOAHH-
KOB siBsieTcsl pa3paboTaHHblil [. PapHCcBOpCOM ¢ cOTpyAHHU-
KaMH MeTOA HH(pPAKLUHKH MeAJeHHBIX 3JeKTpoHoB [136, M8,
M21]. Tlpu [OCTAaTOYHO MaJbIX SHEPTHSX 3JEKTPOHOB, OT
10 mo 200 38, ux paccessHHe IPOHCXOJHT NPAaKTHYECKH MOJ-
HOCTBIO OT NEePBBIX JBYX CJ10eB I0BEDPXHOCTHBIX aTOMOB, TaK
uTo AM(PAaKLUHOHHble KapTHHbI MO3BOJSAIOT CYAHTb O pac-
MOJIOXKEHHH MOBEPXHOCTHBIX aToMoB. Ecau B mepsbix paGo-
tax I'. ®apHcBOpca ¢ cOaBTOpPaMH MOJyYeHHe TaKHX Kap-
THH TpeGOBaJO KpPONOTJHMBBIX H3MepPeHHH C MOMOILBIO
GapaneeBCKOro UHJIHMHAPA, TO B JAaJbHeHlleM 3/]€KTPOHbI
AM(PAKUHOHHOA KapTHHBEI YCKOPSJIUCh Pa3HOCTbIO MOTEH-
IIHaJI0B B HECKOJIBKO KHJIOBOJIbT, TAK YTO BCA KapTHHA MOTIJia
1IenocpeACTBEHHO HabyiofaTbcs Ha (JYOPCCUEHTHOM 3Kpa-
He [147, 148].

Hau6onee o6uiuM pe3ysbTaTOM MHOTOYMCAEHHBIX HCCJIe-
JOBaHHUI aTOMapHO-YHCTBIX IOBEPXHOCTEeH repMaHHs, KpeM-
HHS ¥ coefuHeHuil rpynnsl AMIBV gpasnoch HabaioneHue,
MOMHMO MaKCHMYMOB, COOTBETCTBYIOIIHX TaHHOH pelleTKe,
JOMOJNHHUTENbHBIX AHPPAKIHOHHBIX MAKCHMYMOB, MOJYLEbIX
[136] u npyrux npo6Hbix mopsiaxkos [149]. TlosiBneHue Takux
JONOJIHUTENbHBIX MAKCHMYMGB CBHIETEJNbCTByeT 00 HHOM,
X0Ts M o6sajamiouieM ONpeje/eHHOH CHMMeTpHeH, B3aHM-
HOM pAaclOJIOXKeHHH MOBEPXHOCTHbIX aTOMOB HAa aTOMapHO-
YHCTHIX TOBEPXHOCTAX MOJYNPOBOIHHKOB, YeM Ha COOTBET-
CTBYIOLLMX KpHCTAJIOrpaHuecKHX MJIOCKOCTAX BHYTPH KpH-
crajJa. BrosiHe ofxHO3HauHas HHTepnpeTauys IHOPaKIHOH-
HbIX KapTHH fBJsieTC AeJOM BecbMa CJOXHBIM, eCld Ba-
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ob1le BO3MOXKHBIM MPHHIUHMIHAJIBHO, TaK KaK pas/MYHbIE
BapHAaHTbl B3aHMHBIX PACMOJIOKEHHH aTOMOB MOTYT IpPHBO-
JUTb K OJMHAaKOBEIM HJ/HM BecbMa OJIM3KHM AH(PPAKIHOHHBIM
KapTHHaM.

B nepBoHaua/nbHON TpPakTOBKe OTHOCHTEJNBHO MPOCTHIX
KapTHH C MOJYLeJbIMH pedJieKcaMu NpeAnosaraljich Mo-
napHble CMelleHHs aTOMOB IpPYT K OpYry, KOTOpble ecre-
CTBEHHO OODBACHANINCH TeHAeHUHeil K B3aHMMHOMY Hachl:
weHno csoboaHbix BajeHTHOcTeld [150]. Bosee cuioxHble
I pakKIHOHHblE KapTHHbI, MOJyYeHHble MOCJEe yCOBepLIeH-
CTBOBAaHHf 3KCIEPHMEHTAJbHOH TeXHHKH, a TaKXe aHaJ/u3
HHTEHCUBHOCTH pedieKCOB MpPHUBEJM K 3aKJIOUEHHIO O 3Ha-
YHTENbHO GoJiee CI0KHBIX 3aKOHOMEPHOCTSAX PAacroJoXKeHHs
aTOMOB MOBEPXHOCTHBIX cJjoeB. HekoTopbie npumephl npej-
nojiaraeMbiX pacroJioxKeHu#t OyAyT NpHBeLeHBl HHIKe.

HeoGxonuMo OTMETHTh BeCbMa CylleCTBeHHbIe H3MEHeHH s
B xapakTepe -AH(QPaKUHOHHBIX KapTHH B pe3yJbTaTe OTXKH-
ros o6pasuoB B BakyyMe. [lHdpakUHOHHble KapTHHBEI Ha
o6pasliax, NOABEPrHYThHIX GOMOGapAHpOBKe HOHAMH aproHa
H HeJIO0CTaTOYHO XOPOlLlo OTOXKKEHHBIX, BOOOIle He HMEIOT
YETKOfi CTPYKTYpBI, KOTOpas MOsIBJseTCS TOJbKO MOCJe Hal-
Jgexaulero orxura. OTKHCH 0OpH pa3HbIX TeMIepaTypax
NPUBOAAT K CYLIECTBEHHHIM H3MeHEeHHAM XapakTepa HH-
(bpakuHOHHbLIX KapTuH [151].

CucremMaTHuecKoe HccJeLOBaHHe 3TOTO BOINpoca MpHBe-
JI0 K MpPEeACTaBJeHHIO O CYILeCTBOBAHHH leNoro Habopa mo-
BEePXHOCTHBIX CTPYKTYp, YCTOHUHBBIX TMOCJ€ pPa3jHUHBIX
o6paborok oGpasuos. [lo maHHbIM pa6oThl [152] cBexecko-
JIOTBIM TOBEPXHOCTSIM TepMaHHsl H KPEeMHHSl OpHEHTALMH
[L11] cooTBeTCTBYET CTPYKTypa, KOTOpasi aBTOPAMH CHMBOJIHU-

yeckn o6o3Hauaetcsi kak Si(111)—1 X V3. D10 o3Hauaer,
4TO OHAa COCTOMT M3 3JeMEHTapHHIX siueekK, B KOTOPHIX OIUH

pasMep fABJIfeTCA HOPMAJbHbIM, a APYroil ysenuyen B J/ 3pas.
JToMeHEBI, COCTOAILIME H3 TaKHX s4eekK, MOryT ObITb OpHeH-
THPOBaHbl B TPeX Da3JIMYHBIX HaNpaBJeHHsAX c yraamu 120°
MeX1y Ppa3HbIMH OpHEeHTalMsMH, NOCKOJIbKY I0JYydYeHHas
nudpakUHOHHAA KapTHHAa HMesla OCb CHMMETDHH TpeThero
nopsiaka. Takas KapTuHa XapakTepHa /s obJacTell CKOJO-
TOHM MOBEPXHOCTH, OJIM3KHX K «HAeaJIbHBIM», H MOXeT Ccylle-
CTBEHHO HMCKaxKaTbCfl, 0COOEHHO B MecCTaX, OJM3KHX K KpasM
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MIOBEPXHOCTH, 3a cueT 00pa30BaHHA CTyNeHeK U APYTUX Ie-
¢exToB. IlocnenHre MOTyT OBITH OTBeTCTBEHHbI 33 MJIOXYIO
BOCIIPOH3BOAHMOCTb 3/1eKTPO(PH3NUECKHX H (DHIHKO-XHMHYe-
CKHX CBOHCTB CKOJIOTOH MOBEPXHOCTH.

OTmxur 06pasuoB repMaHHs NMpH TeMIepaTypax, GIH3KHX
k 300°C, u kpeMHuss — npu 700°C npuBOAHT K H3MEHEHHIO
MOBEPXHOCTHOHA CTPYKTypbl. CaMa BO3MOXKHOCTb 3THX H3Me-
HeHHH Tpe6yeT MMIpalMH MOJABHXKHBIX AedeKTOB Ha 60Jib-
IIHe DPacCCTOSIHHs, 4YTO, BMAHMO, OCYIIECTBUMO HAa OTHOCH-
TeJbHO COBepIIEHHBIX YydyacTKax mnoBepxHocTH. O6aacTu
C CHJIbHO HCKaXKeHHOH CTPYKTYpPOH OCTalOTCA TAaKHMH XKe H
nocae mnporpeBoB. Xapakrep H3MeHEHHH MOBEpPXHOCTHOH
CTPYKTYpPB! CKOJIOTBIX KDHCTAJJIOB B pe3yJbTaTe NPOTpeBOB
MOXKeT OBbITb ONHCAH CJeLyIolleld CXeMOil:

8i(111)— V3 x 1 -5 Si(111) — 7 28> 8i(111) - 5,
Ge(111)— V3 x 1 255 Ge (111) — 12 ZZE5 Ge(111) 8.

IBe nocjeqHue CTPYKTypbl 0GpPaTHMO MEPeXOAST OjfHA
B APYTYi0O B pe3yJbTaTe AJHTENbHOIO OTXKHIA NPH COOTBET-
CTBYIOLIMX TeMIepaTypaxX. BosBpauleHHs K nepBOH CTpPyK-
Type HHMKOrza He Ha6./104aJ/0Ch, YTO, BHAHNMO, CBHJIETeNb-
cTByeT 0 OO0sbluefl cTaGHABHOCTH ABYX APYTHX CTPYKTYp
NpH HU3KOH TeMIepaType.

Heo6x0auM0 OTMeTHTb, YTO AJA APYTHX KpHCTaJJIorpa-
¢uueckux mniockoctedl Obln  o6Hapyxkenbl [151] nppyrue
cTpyktyphl, HanpuMep Ge(100)—4 u Si(100)— 4. Uto ka-
caeTcsi CaMOTO CTPOeHHs MPUIIOBEPXHOCTHBLIX CJOEB aTOMOB,
KOTOpble CHMBOJIHYeCKH 0603HaueHbl cTpyKrypamu Si(111)—7
M T. 1., TO OHM ONpeJeseHbl He BIOJIHE OAHO3HAyHO. B pa-
6ote [152] npenmosnaraercsi, 4YTO HMX OCHOBHBEIM 6a30BbIM
3JIeMEHTOM SBJfIeTCA «IOKOpOGJeHHOoe» 6GeH3o0s0noq006H0e
KOJIbIIO, BKJIOyaiollee B ce6s 4TOMbl ABYX BePXHHMX CJIOEB.
PasnuuHble KOMOGHHAUMM TNOAOOHBIX KOJell, COeqHHEHHbIX
pasHbIM 06pa3oM Mexmy co6oii H MOCPeACTBOM pPasHOTo
KOJIHUeCTBa cBfizel—c aroMamu oObeMa KpHCTaaJa,
o6pa3yioT Bce MepeuHc/JeHHble Bbllle CTPYKTyph. Ha
puc. 19.1 npexacrasieHa onpefesfomian guedka CTPYKTYpHI
Ge(111)—12, a nyHKTHpPOM BblieJeHa Takas syedKa CTPYyK-
typnl Si(111) —7.
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OnuHako eue paHee Gbl1a npejJoXeHa Apyrasi MOZeJb,
KoTopasi 00bsiCHH/IA MOsABJIeHHe pedJeKCOB OJOBHHHOTO MO-

panka, a mpu HeGoJsblIOH MoOAHdHKA-
uud [150] MoxeT 06GbACHHUTL M ped-
Jgekchl mopsigka 1/8. OHa HCXOZHT U3
NpPEeANoONOKEeHHs] O HeGOJBUIHX CMe-
IEHHsIX YaCTH aTOMOB BepXHero CJjos
BBEpPX, 4 YaCTH — BHH3, H TOPH3OHTaJIb-
HBIX CMeLleHUsIX YacTH aTOMOB BTO-
poro cnaos. dieMeHTapHasl fuefika Io-
BepXHOCTHO#N cTpyKTypel Ge(111)—8
nokasaHa JJsi 3TOH MOJeJH Ha
puc. 19.2. Takas cTpykTypa COOTBeT-
CTBYeT MeHBbUIHM HCKaXK€HHSIM Ha No-
BEPXHOCTH, UeM MepBasi, M Jyulle cO-
riacyercsi, no gaHHbiM pa6othl [153],
¢ HabmofaeMbIMH H3MeHeHHAMH AHG-
PaKLHMOHHON KapTHHbI NpHU ancopOLHH
aTOMOB HaTpus Ha nosepxHocTH. Ha-

Puc. 19.1. Ba3oBasn syefika
NOBEPXHOCTHON CTPYKTYpPHI

Ge (111)—=12. ITynkrHpom
BbigeseHa 6a3oBas sueHka
Si (111)—7.

KoHell, B pa6ore [154] mpeanosoxeHa lenHas CTPYKTypa
CBAI3H TMOBEPXHOCTHbIX aTOMOB APYT C APYTOM H C aTOMaMH

HHXeJexXalux CJA0eB.
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Puc. 19.2, BasoBas syeitka NOBepXHOCTHON CTPYKTYpH Ge (111) -8,

] — NpHIOAHATHIE aTOMbl BEPXHEro cJjod, 2 — onyleHHble aTOMbI Bepx-
Hero cJiosi, 3 — aToMbl BTOPOTO CJIOH. CTpeJlKaMH YKa3aHbl HallpaBJe-
HHA CMelleHHA aTOMOB BTOPOrO CJIOSA.

Crtpykrypa pedJekcoB OT MNOBEPXHOCTH KPHCTAJJIOB,
OUMLIEHHOH MeTOAOM HOHHOH O60oMOGapIHpOBKH, B 0O6lieM
6/M3Ka K TAKOBOH J/151 CKOJIOTBIX NIOBEPXHOCTEM, XOTS MOKHO
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OTMETHTb H pSiJ pa3jHYHii B onyOJMKOBAHHBIX HaHHBIX. Kak
yKe OTMeyaJioCh, CTPYKTypa MOBEPXHOCTH HEOTOXKKEHHBIX
KpHCTaJ/JI0B BooOlle He HalJ/iomaercs.

B nepBoHaua/bHBIX pab0oTax OTHOCHTENLHO HH3KOTEM-
nepaTypHble OTXKHTH NPHBOAMJH K COBEPLIEHHO OTJHYHEIM
IHGpaKUHOHHBIM KapTHHaM. M3 psana coobpaKeHU: MOXKHO
ObLJIO 3aKJIOYHTb, YTO NOBEPXHOCTHAs CTPYKTypa XapakTe-
puH3yeTcss B 3TOM caydae 06a30BOH siYeHKOH, B KOTOPOIl
HMeeTCsl TOJIbKO TPH YeTBEPTH OT YHCJa aTOMOB NapaJJeb-
HBIX TJOckocTell B o6beMme. Bosiee BhICOKOTeMNepaTypHbie
nporpe.bl, o6ecneuynBamoLIMe JOCTATOYHYIO MOABHXKHOCTD 110-
BEDXHOCTHBIX aTOMOB, IIPHBeJH K OOpa3s0BaHHIO TeX XKe Mo-
BEPXHOCTHBIX CTPYKTYp, 4YTO OblJM HaileHbl Ha OTOXMKEH-
HBIX CKOJIOTHIX NOBepPXHOCTAX. Tak, mo gaHHbIM paGoT [153,
155] crpykrypa Ge(l11)—8 naGmiomanach Ha aToMapHO-
YHCTOH MOBEPXHOCTH TepMaHHA, MOJYyYeHHOH HOHHOH OOM-
6apaMpOBKON H OTXKHIOM NpH TeMmmepaTypax okoso 300°C.

Kak yxe ynoMHHanOCh, CylIeCTBEHHYIO MOMOLLb B NOHH-
MaHHH TPHUMH 00pa3oBaHHA M B pacliH(dpoBKe NMOBEPXHO-
CTHBIX CTPYKTYp AalOT ONBITHI C aAcopOuHell yyXKepoOmHBIX
aTOMOB HAa aTOMapHO-YHCTYIO MOBEPXHOCTb KPHCTAJJIA. ¥YKe
AaBHO OBLINO yCTAHOBJIEHO, UTO pedJeKchl MoJyLeablX H 6oJee
BBICOKHX MOPSNKOB HCYU€3al0T NpPH B3aUMOAEHCTBHH aTo-
MapHO-YHCTBIX NOBepXxHOcTell ¢ kucaoponom [M18, 151]. Tlo-
JNOOHble Xe HN3MeHeHHs OBEPXHOCTHOH CTPYKTYPBI, KOppesu-
pylolllHe ¢ H3MeHeHHeM pabGOTbl BLIXOAA, 6bIJIH O6HAPYKEHBI
B CJydyae OCaJeHHs aTOMOB HATPHS Ha aTOMapHO-
YHCTON MOBepXHOCTH repManus [153] npu roMHaTHOH TeM-
neparype. Ilocaenylomuit nporpes o6pas3ua BO3Bpallaer
CTPYKTYpY €ro MOBEPXHOCTH Yepe3 NMPOMEKYTOUHYIO CTPYK-
Typy, KoTopas B JaHHOM cJyyae Obl1a oOnpeneseHa Kak
Ge(111)—1X 3— Na K KOHEUHON CTPYKType YHCTOH TO-
BepxHoctH Ge(111)—8. DTu u3MeHeHHA TakXe KoppeJu-
poBaJid C H3MeHeHHAMH pPaGoThl BbIx0oAa. 13MeHeHHe paBoTL!
BBIXO/la B 3aBHCHMOCTH OT TOKPBITHS aTOMapHO-YHUCTHIX IO-
BEepXHOCTeH MLIeJOUHBIMH MeTajlaMu OblJ0 [JeTa/lbHO H3y-
yeHo B paGorte [156]. Oxasanocb, 4TO COOTBETCTBYIOLLAA
KpuBas, NOCTPOEHHasl B MoJyJsaorapHpmuuyeckoM Mmacurabe,
COCTOHT M3 JIHHEHHBbIX YYaCTKOB, C YeTKHMH H3/I0MaMH MeX-
Ay HAMH. Mecta nepesomoB kKpaTHbl |/8 MoHocs09 417 MO-
BepxHoctH Ge(ll1) u 1/7 maa mosepxHoctd Si(ll1), uTo
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MOATBEPXKAAeT peasibHOE CYLIeCTBOBAHHE COOTBETCTBYIOLIUX
MOBEPXHOCTHBIX CTPYKTYP.

Bosbimas cepusi pabor ObJa MOCBALleHA H3YYEHHIO
aTOMapHO-YHCTBIX MOBEPXHOCTEl MeTOJAOM 5MHCCHH BTOPHY-
HBIX 3JIEKTPOHOB, BO3HHKAIOLUIMX B OXe-Npollecce NpH Hell-
TpasusalMH aacopOupyioierocs uoHa [77—78]. B atux pa-
6oTax ObIJIO MOKa3aHO YTO 3MHCCHOHHBIE CNEKTPH BechbMa
YYBCTBUTENbHE K HeGOJIBIUHM AOJNSIM MOHOCJOS YYyXepo.-
HBIX aTOMOB Ha aTOMapHO-YHCTOH noBepxHoctH [157]. B To
e BpeMs, KaK 3TO HU CTPAHHO Ha NepBHIA B3IVsA, MOBepX-
HOCTH repMaHus ¢ opuentauueit [100] u [111], o6aanatomiue
pasJIMuHON NOBEPXHOCTHOH CTPYKTYpPOH, HMEIOT OJHHAaKOBHIE
o6Guwunil BHIXOA M pacnpejeseHHe BTOPHUHBIX 0Xe-3JEKTPO-
HOB no 3HeprusaM [158]. OXHHAKOBBIMH TaKxkKe SIBJASIOTCSA Xa-
pPAKTepUCTHKH OXe-3JIeKTPOHOB JJIfi INOBepXHOCTell, moJy-
yeHHbIX GoMOapAupoOBKOil 6e3 OTKHFA H C MNOCAEIYIOUHM
OTXHIOM.

Tak Kak CTPpyKTyphl TaKHX NOBEPXHOCTEll CYlleCTBEHHO
pasJIMYHBl, TO, OYEBHIHO, BBIXOX H paclpe/iesleHHe OxKe-3JeK-
TPOHOB 1O 3HEPTHAM HEUYBCTBHTEJNbHBI K MOBEPXHOCTHOMH
CTPYKType KpHCTaJJa.

§ 20. daexktpoduauyeckue xapaKTepHUCTHKH
aTOMapPHO-YHUCTBIX MOBEPXHOCTEH MOJYNPOBOJHHKOB
W BJIMSIHHE HA HUX ancopOUMM aTOMOB M MOJIEKYJ

XoTs Hccael0BaHHAM 3JeKTpO(H3UYECKHX XapaKTepH-
CTHK aTOMapHO-YUCTEIX MOBEPXHOCTeH TMOJYHPOBOJHHKOB
NOCBsILIeHO 60J1blIOe KOJNHYEeCTBO paboT, pe3yJbTaThl 3HA-
YHTe/JbHOH HX YaCTH TPYAHO CONMOCTAaBHMEI APYT C APYTOM H,
0 CyTH [es]a, HMeIOT TOJbKO KauecTBEHHbIi XapakTep
B cBA3d ¢ 3THM MBI He OyleM CKOJbKO-HHOYAb MOAPOGHO
Ha HHX OCTaHaBJIMBATbCA, TeM (oJiee, YTO OHH H3JI0XKEHHI
B 0630pe [M20] H cooTBeTCTBYIOIUEH IVIaBE KHHIH, Bhille[-
el nox penakiuueir npod. B. Y. JIswenko [M11].

OOuiue BBHIBOAB 3TOrO NEpPBOTO 3Tala HCCJEeJOBAHHR
MOTYT OBHITh c(HOpMYJHpPOBaHE! cieiylolluM o6pasom. Kak
MpaBHJIO, aTOMapHO-YHCTAasl MOBEPXHOCTb repMaHus obJa-
JaeT pe3Ko BbIpaKeHHOH [bIPOYHOH NPOBOAHMMOCTLIO, BHE
3aBHCHMOCTH OT THIa NPOBOAMMOCTH OObeMa, Jexallei
B npefdesnax ot eausun [141] u necatkos mxnmo/0 [159] no
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coren mxmo/0] [160]. B mocsemHeM ciayyae MpPOBOAMMOCTDb
COOTBETCTBYEeT BBLIPOXKIEHHIO MOBEPXHOCTH, 3a4acTylo BeCh-
Ma CHJIbHO BBIpaXKEHHOMY.

[TpoBonuBIIHECS B psje ClyyaeB OJHOBPEMEHHbiE H3Me-
peuusi 3pdekra Xosana [161, 162], npusenn K BennunHam
3¢ (eKTHBHOM  NOABHXKHOCTH  JBIPOK  mnopsagka  500—
600 cm2/g-ceK, UTO CBHAETEJbCTBYET o CHJIABHOM BJIHSIHHH
M0OBEPXHOCTHOTO paccesiHus. [IoBepXHOCTb XapaKTepH3yeTcs
BecbMa BBICOKHMH KOHIEHTPALHSAMH OBICTPHIX TMOBEPXHOCT-
HbIX COCTOSIHHH, YTO cjelyeT H3 Ge3yCMellHOCTH MOMbITOK
MpUMeHeHHs] MeTOAHKH 3¢deKTa noJs aas H3MeHeHHs Mo-
JoxeHusi ypoBHs ®epmu Ha noBepxHocTH. [IpsiMble H3Me-
peHHsl MOABHKHOCTH 3¢ dexra moas [143, 159, 160] naBasn
OueHb MaJible ee BeJHUHHEBI, mopsnaka 100 cm?/s-cek, T. e.
TaK)e CBHIETEeJbCTBOBAJH O BHICOKMX KOHLEHTpauusx Obl-
CTPBIX MOBEPXHOCTHBIX COCTOSIHHH.

OueHb BeqHK pa3bpoc MOJyUYeHHBIX pasHBIMU HCCJe0Ba-
tenaMu [141, 159] 3HaueHHA CKODOCTH NOBEPXHOCTHOH pe-
koMGuHaluu Ha repMaHud — ot 100 u po 1400 cm/cek, uto
MoxeT ObiTh 0O0YC/JI0BJAEHO BBICOKOH UYyBCTBHUTENBHOCTHIO
3TOM XapaKTePHCTHKH K COCTOSIHHIO, MIOBEPXHOCTH, a TaKxKe,
BO3MOXKHO, H HEKOPDPEKTHOCTbIO HCIIOJb30BaHHSI CAMOTO MO-
HSITHSL CKOPOCTH MOBEPXHOCTHOH pPeKOMOHHALHMH MpH 0COo-
6eHHO GOJBLIMX 3HAUEHHSIX TOBEPXHOCTHOrO MOTEeHIMaJa.

BciencTBie HeBO3MOXHOCTH  NOCTHXKEHHsST MHHHMyMa
MPOBOAUMOCTH 06pasla Ha aTOMapHO-YHCTOH MOBEPXHOCTH
B psize paboT NPHBOAATCA JaHHble H3MEHEeHHH NpPOBOAH-
MOCTH I10 OTHOIIEHHIO K HEKOHl HeM3BeCTHOH BeJHuHHe, CO-
OTBETCTBYIOIIEH COCTOSIHHIO IIOBEPXHOCTH Cpa3y MOC/e CKO-
Ja uau 6oM6apaupoBKH U OTxUra. Bo H3bexxaHHe BO3MOXK-
HBEIX HelopasyMeHHH Mbl 6yleM HMEHOBATb TaKHe BeJHYHHBI
MPOBOAUMOCTbIO 06pa3sla, XoTA HX H3MeHeHHs H 06ycJoBJe-
HEl H3MEHEHHEeM TOJIbKO MOBEPXHOCTHOH NPOBOAHMOCTH.

s noayueHusi NaHHBIX 06 HMCTHHHOM TOBEPXHOCTHOM
MPOBOJMMOCTH, OTCUHTHIBAEMOH OT COCTOSIHHSA IJIOCKHX 30H
Ha NOBEPXHOCTH, pa3paboTaH H LIHPOKO HCMOJb3yeTcs cie-
LyIOWHA MeTO..

Kak ™Mbl yBUAMM B faJjbHefillleM, aacopGuusi KHCJI0poaa
Ha aTOMAapHO-YHCTYI0 NOBEPXHOCTb NO3BOJSIET LOCTHTHYThb
MHHHMYMa NpoBoxuMOcTH o6pa3ua. Toraa uaMepenus abco-
JIIOTHBIX BeJHYHH MPOBOJMMOCTH ofpaslia ¢ aTOMapHO-YH-
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CTO!i MOBEPXHOCTbIO M aAcopOHpOBaBIlell KHC/IOPOJ MO3BO-
JISIIOT BbIAENHTh NOBEPXHOCTHYIO MPOBOAMMOCTb, XOTSl H Tpe-
6yloT, pasymeercs,, 60JIbIIOH TOYHOCTH B NOJAEPXKAHHUH MO-
CTOSIHCTBA TeMIepaTyphl H3MEPeHHH H MOCTOSHCTBA CBOHCTB
KOHTAKTOB.

B pa6ore [163] npuse- Ge(r1)-1¥F  Gelt11)-6  Ge(in)-12
IeHBl pe3yabTaThl HCCIEAO- gc‘\
BaHUS M3MeHEHHH HeKOTO-  § N .
pBIX  3JIEKTPOQHU3HYECKUX § A\\
XapaKTepHCTHK aTOMapHo-  § :A\:—P—
YHCTOH MI0OBEPXHOCTH repMa- 100 a
HHA, o6yc/OBJIeHHble KpaT- a
KoBpeMeHHBIMH (1 mun) S §
NporpeBaMH CKOJIOTHIX 00- 51/”0# /
pasuoB repMaHHsl B CBepX- S Tt
BbICOKOM BakyyMe. Hccae- Xy rK
noBaBluMecs 00pasipbl uHMe- Ty ¥

] ——t
JU  [ABIPOYHYIO MPOBOAH- m?:* By
MOCTb H BeJHYHHY yAedb- & IN®
HOTO COMpPOTHBJEHHSl NPH  § N .
KOMHAaTHOH  TeMmepaType = s A\g
20 om-cm. CKOJl NPOBOAKJI- /
o 00 00 a

csl BAOJIb KpHCTaJIorpadu:
yeckoit mjockoctd [111],
a_OCTanbHas NOBEPXHOCTb  bic, 201, Hauenenus npososuocri non
06paauoa 3auyiiaJgaach Ha- NOBEPXHOCTHBIX COCTOSIHHA B 3aBHCHMOCTH
NELVIEHHOH M/eHKOf SiQ, °F TeMUePATYPH nporpena oopasua mocie
uTo of6ecneynBasO0 mnpak-

THYECKYI0O HEH3MEHHOCTb CBOHCTB HECKOJIOTOH MOBEPXHOCTH
npu nporpese *). Ha puc. 20.1 npuBeneHbl 3KcmepuMeH-
TaJbHble JaHHbBlE H3MeHeHHsl NMPOBOAMMOCTH o6pasla u mo-
IBHXXHOCTH 3((dekTa noss, a TakKe pacCUHTaHHble AAHHBIE
H3MEHEHHA MJIOTHOCTH MOBEPXHOCTHBIX COCTOSIHMH B 3aBH-
CMMOCTH OT TeMHOepaTypbl nporpeBoB. B BepxHell uyacTu
PHCYHKa TOMeYeHbl CTPYKTYDhl NOBEPXHOCTHOTO CJOSI rep-
MaHHs, HalijeHHble B pabore [152] MmeTonoM nudpakuuy Mes-
JIEHHBIX 3JIEKTPOHOB MOCJe MPOrpeBOB INpPH COOTBETCTBYIO-
IMIMX TeMmepaTtypax.

*) Xorsi aBTOpHI paccMaTpHBaeMoi paGoTHl MPEANOJAraioT, YTO CO-
CTaB 3alUHTHOM IVIEHKH COOTBETCTBYeT MOHOOKHCH, [O-BHAHMOMY, Gojee
BEPOATHO, 4TO 3TO IUIEHKAa ABYOKHCH KPEMHHS,
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[ToBepxHOCTHAsA NMPOBOJHUMOCTb, KaK W B paHee OIHCaH-
HBIX CJydYasiX, ONpejfessjach N0 OTHOLIEHHIO K MHHHMMaJb-
HO# IpOBOAUMOCTH 06pa3ia, H3MepeHHOH NpH mocaeayome
agcopbunu Kucaopona npu nasiaenun 1072 Top. B pabote
OTMeuaeTcsl, YTO MOSIBJEHHIO 4YeTKOr0 MHHHMYMa MPOBOAH-
MOCTH COOTBETCTBOBaJO OoJjiee BLICOKOE JaBJjieHHe KHCJO-
poaa, OLHAKO NPH 3TOM

4610'm Ha6J1101a/10Ch H3MEHeHHe

5 MPOBOAHMOCTH H HECKO-

PR JIOTBIX MOBepXHOCTel 06-

, Ve pasua, —  3allHLIEHHbIX
Ty naexkoit SiO.

v \ HM3meHeHHe MPOBOAH-

-3 R MOCTEH CKOJIOTOH H CKO-

.17 /M/\K JOTOH H OTOXIKEHHOH B

-1 =< — BaKyyMe [0BEpPXHOCTel

l/ad \ﬁ — CO BpeMeHeM  Iocie

Y %mop0, BIlyCKa KHCJOPOAA MOKa-

0 0 Z”tm/// 3aHo Ha puc. 20.2. Ha

06eHx KpUBHIX HabJjoma-
Puc. 20.2. MsMeHeHHS NPOBOAHMOCTH o6pasia

cO BpeMeHeM IocJe BINyCKa KHcCJ0poJa MpH I0TCs1 y4aCTKH TOHHXKe-

pa3nblX AaBJjeHHAX. BepxHsisa kpuBaa a coort- HUA M BO3pacTaHusd Npo-
BeTCTBYET CKOJIOTOH, a HHXHASI 6 — CKOJOTOH

H OTOXXEHHOH B BaKyyMe I0BEPXhOCTH. BOJAHMOCTH B o6JacTu
Ludpbl Ha xpuBuxB ggg.a'-lalo'r nasaenne O, OTHOCHTEJIbHO MaJiblX ero

JaBJeHuH. KoHeuntble
BeJHYHHBI [IPOBOLAMMOCTH COBMAZAIOT B Npelejax TOUHOCTH
IKCIIlepHMEHTa H NPHHHMAIOTCA 3@ MUHHMYM IIPOBOJAHMOCTH
IpU pacyeTre NOBEPXHOCTHOH MPOBOJHMOCTH.

3Hak NOABHXHOCTH 3¢¢eKTa moas BO BceX CJaydasix,
KpOMe YIOMSIHYTOTrO BhIllle BIYCKa KUCJ0POJAa NPH JaBJAEHHH
Briie yeM 1072 TOp, COOTBETCTBOBAJ CYLIECTBOBAHHIO Ha
[IOBEPXHOCTH cJI0sl oboralleHHus p-THna.

Has pacueta NMJOTHOCTH NMOBEPXHOCTHBIX COCTOSIHHHA He-
06X0AHMBl ObIH 3HAaueHHss 35(Q@PEKTHBHOH MOABHXKHOCTH
HOCHTeJNell 3apsiia B NPHNOBEPXHOCTHO!H ob6aacTtu. TeopeTu-
YeCKHe 3HauUeHHs1 3TOH BeJHYHHBl, paccuMTaHHbBle MpH MO-
mouid coortHomenus Hlpuddepa [27], GblaH HenpuroaHHI,
TaKk KaK TMoJyuyeHHass 3KClepHMeHTalbHO I[10BepXHOCTHas
NpPOBOAMMOCTb IIpeBhIlIasa pACCUUTAHHYIO MNPH TOMOLIH
3TOro COOTHOILIEHHS, la)Ke NPH ee HACBILlEHHH B YCJOBHSAX
BBIDOXK/JEHHsI Ha NOBEPXHOCTH. ATO CBHAETEIbCTBOBAJIO O Ha-
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JINUHH HEKOTOPOH AOJH 3epKaJbHOCTH paccesiHUsl HOCHTeJs el
3apsana Ha nosepxHocTH. [lostomy mnpu pacuere mnoBepx-
HOCTHON MPOBOJHMOCTH HCIOJIb30BaJHCh 3HaueHHA 3 dekK-
THBHOM INOABHXKHOCTH, HafieHHble 3SKCIEPHMEHTAJbHO B
pa6ore [164] mo maHHBIM raJbBaHOMArHHTHBIX H3MepeHHH
Ha 60MO6apAMpOBAHHOH H OTOXKXKEHHOH NOBEPXHOCTH rep-
manus. ConocTaB/ieHHe PaCcCUHTAHHBIX H H3MepPEHHBIX 3KC-
NepUMeHTaJbHO 3HAYeHHH IMOBEPXHOCTHOH NPOBOJHMOCTH
MpUBEJO aBTOpa paccMaTpHBaeMoil paboThl K 3aKJIOUEHHIO
0 Be/JHYHHAX [I0BEPXHOCTHOTO 3JeKTPOCTaTHYECKOTO IO-
TeHUMaJsa, paBHbix —9 £T/g cpasy mocae ckonaa u —6kT/q
nocje cKoJa H OTXKHra npu Temmepartypax Bbeime 200°C.

[loxasannble Ha puc. 20.1 KOHUEHTpAUHUH MOBEPXHOCT-
HBIX COCTOSIHHII pacCUMTBIBAJIHCh B MNpeANOJIOXKEHHH O He-
NpepLIBHOM M paBHOMEPHOM pachpejie/eHHH COOTBeTCTBYIO-
IIMX MM YPOBHe#l MO MX 3HepreTHYeCKOMY MOJIOXKEHHIO B
3anpelleHHOH 30He Ha moBepXHocTH. ITocse Bmycka KHCJO-
poia KOHLUEHTpalMM [OBEPXHOCTHBIX COCTOSIHUH MOHH3H-
JUCh 10 BeJHUYHH, MeHbiuuX 1013 cm-2.3871

Ananus panubix puc. 20.1 mo3BoJus aBTOpPY paccMaTpH-
BaeMo#l paboOTHl BEICKA3aTb HEKOTOPble IPeANOJIOXKEHHS O
[pUpOJie MOBEPXHOCTHBIX COCTOSIHHH Ha UHCTOH TOBepX-
HocTH repmanusi. Ilo ero MHeHHIO, AMCJOKAUHH, CTYyNeHbKH
¥ [JjacTHueckHe AepopMallUH MOTryT ObIThb HCKJIOUEHBI H3
yhcJa NPHUYHH BO3HHKHOBEHHS OCHOBHOH 4YacTH MOBEpXHO-
CTHBIX COCTOSIHHH, NMOCKOJBbKY KOHIEHTPallHH 3THX JedeK-
TOB He JOJKHBl H3MEHATbCS B XOJ€e NPUMEHSBILIUXCA TeNJo-
BoIx o6pa6oTok. CureayeT HCKJIOUHTb M3 pacCcMOTpeHHA
TaKKe M TpaHHIlbl MeXJy pas3JjIMYHO OpPHEHTHPOBAHHBIMH
NOMeHaMH TMOBEPXHOCTHO{ CTPYKTypbl. M3 daHHBIX MO IH-
¢dpakunMy MeJJIEHHBIX 3JIEKTPOHOB CJeLyeT, 4TO B 00./1acTH
CTPYKTYPHBIX IEpPeXOJ0B CTeNeHb pa3ynopsA0Ye€HHOCTH
MOBEPXHOCTH pe3ko Bo3pacrtaeT. Ecim Obl rpaHuiusl aoMe-
HOB HTpaJH CYIUECTBEHHYIO pOJb, ClIel0Bano Obl 0XKHIATh
NOsIBJIEHHS] MAaKCHMYyMOB KOHIEHTpalHH NOBEPXHOCTHBIX
COCTOSIHMH MOcJe MpOrpeBOB MPH TeMiepaTypax, COOTBET-
CTBYIOIIMX H3MeHEeHHSIM CTPYKTYpbl NOBepXHOCTH. MoHo-
TOHHOe yMeHbIlleHHe IVIOTHOCTH MOBEPXHOCTHBIX COCTOSHHI
C pOCTOM TeMIepaTyphl IMpPOTPeBOB SIBASETCH apryMeH-
TOM, O MHeHHIO aBTOpa paloThl, B MOJb3y NMPeANO0KeHHs
06 onpefensiiomledl poJiM CHENHAJTbHOTO PacnojoxKeHHs

10 A. B. Pxanos
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NIOBEDXHOCTHBIX aTOMOB B BO3HHKHOBEHHH MNOBEPXHOCTHBIX
COCTOSIHHH.

B pa6ore [129] unccienoBanace (oTonpoBoaguMocTh 06-
pas3uoB repMaHHs C ATOMAapHO-YHUCTOH TOBEPXHOCTHIO IpH
TeMmepaType XKHAKOTO a30Ta. IDTH HCCAeOBAHUS ObliH
npoBefeHbl Ha o6pasuax, JerHpOBaHHbIX NPUMeCAMH, Aaio-
IMMMH TJyOOKHe JIOBYIIKH (30J10TO, HHKeab). Ilpu Temre-
paType XHIKOro a3oTa 06beMHOe CONMPOTHBJIEHHE XOPOLIO

G /W, omn.ed
4

3 \
2 B
'/ N

— /
A
mwo 1200 140 800 800
A, MKH

Puc. 20.3. CnexkTpasbHasi 3aBHCHMOCTb cHrHana ¢oro-
NPOBOAUMOCTH, NIPHBEJEHHOTO K NOCTOSHHOM 3HEPrHH
uanydyenuss W. Kpusble I, 2 — cKoJIOThie NOBEPXHOCTH

B BakKyyMe IO_° Top. KpuBas 3 — OKHCJeHHas no-
BepPXHOCTb.

KOMIMEHCHPOBAHHBIX KPHCTAJJIOB ObIJIO Ype3BLIYANHO BeJH-
KO, TaK YTO W NOBEPXHOCTHAs NPOBOAMMOCTb, H (OTONPO-
BOJMMOCTb MOIJIH H3MepsATbcs  HemocpeAcTBeHHo. Ha
puc. 20.3 npeacTaBJeHbl cHeKTpaJibHble 3aBHCHMOCTH (HOTO-
MPOBOJHMOCTH [JIs1 aTOMAapHO-YMCTOH MOBEPXHOCTH H IO-
BEPXHOCTH, MOABEPrHYTOH NocaeaylollleMy OKHC/IEHHIO, H3Me-
peHHble Ha NlepeMeHHOM CHrHaJje. Kak BHAHO, clieKTpaJbHas
3aBHCHMOCTb  (OTONMPOBOAHMOCTH AJNA OKHCJIEHHOH mo-
BEpXHOCTH BecbMa O6JH3Ka K O06GbIYHO HabJaiogaemoil ans
ecTeCTBEHHO! NOBEPXHOCTH repmaHus. B cayuae xe aTomap-
HO-UHCTOH IOBEPXHOCTH XapaKTep CIeKTPaJbHOH 3aBH-
CHMOCTH CYLIeCTBEHHO HHOH.

OnHOBpeMeHHO NpOBeIeHHOe HCCJelOBaHHe NOBePXHOCT-
HOH npoBOAMMOCTH M 3bdekTa XoaJa MNO3BOJNHIO aBTOpaM
0GHApYKHTb CHJIbHOE BBHIPOXKJEHHe B IPHINOBEPXHOCTHOM
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cnoe. CornacHo pacueraM, ypoBeHb Pepmu ux o6pasuos
pacnonoxked Ha (5 <+ 9) AT HuKe Kpaa BaJIeHTHOH 30HBI
Ha noBepxHocTH. IlpH 3THX ycnoBHAX peKkOMOMHALHUS Ha
MOBEPXHOCTH OyNeT CHJABHO 3aTpyAHeHa, a MOHATHE CKO-
POCTH TOBEPXHOCTHOH pekOMOHHALHH BoOOlle He MOXKeT
npuMeHsThCA.  ITO 06CTOSA-

TeNbCTBO OGDBACHAET OTCYT-  Gp/M, amm.éd

cTBHe cnaga (poToToKa B 006- \
NaCTH KODOTKHX IJMH BOaH, ¢ N
KOTOpHIH, KaK OTMeyanocb B \

§ 11, o6yc/oB/aeH NOBEPXHOCT-
HOIl peKoMOUHallHei. ' 7N
\
[P0,
g0 1000 1200 A

JIpyras npuuyvHa ornpeje-
JsieT yMeHblleHHe (OTONPO-
BOLMMOCTH AaTOMapHO-YHCTOH g
NOBEPXHOCTH 1O CPaBHEHHIO C
OKHCJIeHHOH B obsacTtu BOJH-

34 TpaHHUBbl (yHAAMeHTalb- -/
HOTO TOTIJIOUIeHHSI CBeTa rep-
maHueM. B 3TOli o06aacTu
CreKTpa Ha6JIOfAJNUCh BeCbMa -2
crneudduueckrne MNepexonHble

MPOLECCH  TOCHE BK/IOUEHHS  curans dornposonimoctn.. onse.
CBETa, KOTOPble MOXKHO Oblno  Aeuoro k NOCTOTHHOR SHeprin uaty:
HHTEpPNpeTHpOBaATbL KaK pe- Bas I—repManul, JerupoBaHHbH 30~
3yJIbTaT HaJOXKeHHs ABYX pas- JIOTOM, KpHBasi 2 — HHKeJeM.
HBIX MPOLECCOB — YyCTaHOBJIE-

HHS MOJIOXKHTEIbHOH H OTpHLATeNBHOH (OTONPOBOLHUMOCTH
C pa3HbIMH XapaKTepPUCTHYECKHMH BpeMeHaMH peJjak-
calluH.

[Tocnenyiomee 6oJiee netadbHOe HCCAEAOBAHHWE CIEK-
TpaJIbHOH KpPHBOH (POTONMPOBOLHMOCTH, MpeACTaBJAEHHON Ha
puc. 20.4, moxasaso, YTO CHrHaJ B ee KOPOTKOBOJIHOBOH
yacTH MoXeT ObITb Kak B (ase, Tak U B HpoTHBO(da3e mo
OTHOLUEHHIO K CHTHa/ly AJHHHOBOJHOBOH uacTH. MHaue ro-
BOpf, 3TO O3HauaeT, YTO B 3aBUCHMOCTH OT HHTEHCHUBHOCTH
OCBelIeHUs] KOPOTKOBOJIHOBBI CHTHAJ MOXET COOTBETCTBO-
BaTb H MOJOXHTEJNbHOH, H OTpHLaTesqbHOH (DOTONPOBOIH-
MOCTH Y, HaKOHell, B cjlyuyae MX B3aHMHOH KOMIeHCALHH —
orcyTcTBHIO (oronpoBoauMoctd. Ha puc. 20.4 mpuBeneHnl
KpHBble, H3MepeHHble B YCJIOBHAX, ONTHMAaJbHbLIX AJf

e

MMEH

10*
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NpOSiBJIEHHs] OTPHUATeNbHOH (POTONPOBOAHMOCTH (HH3KHeE
YPOBHH BO30yKA€HHS), H NOCTPOEHHbIE C yUeTOM pasJjiHuHA
(a3l curHajsa B pasHbBIX ero CHeKTpasbHBIX ob6aactsax. [To-
CKOJIbKY MAaKCHMYMBI CIeKTpaJbHOH 3aBHCHMOCTH COBMa-
JalT ApPYr C JApYroM, BO3HHKHOBEHHe OTpHIIATeJbHOH MO-
BEPXHOCTHOH (POTONPOBOJHMOCTH Hesb3sl CBSI3bIBATb C BJIHS-
HHeM JlerHpyoued npHuMecH.

BennuHHa oTpHIaTeNbHOH MOBEPXHOCTHOM (OTONPOBO-
AUMOCTH BecbMa BeJIHKAa, OHA IpeBbILIAeT MOJIOXKHTENbHYIO
(OTONPOBOJHMOCTb [JISI OKHCIEHHON MOBEPXHOCTH HA OfMH-
ABa mnopsaka. XapakTepHO, UTO OTpHIlaTe/]bHas TOBepX-
HOCTHas ()OTONpPOBOAHMOCTE MOXKeT ObITb pPe3Ko YyMeHblle-
Ha M Jaxe MpeBpallleHa B [OJNOXHTEJbHYIO BBeIeHHEM
CTalliOHapHO! IMOACBETKH BO3pacTalolliefi HHTEHCHBHOCTH.
Haxkonern, 6bl10 ycTaHOBJIEHO, YTO BEJHYHHBl OTpHIATEJb-
HOH 1OBepXHOCTHOH (DOTONPOBOJUMOCTH M TEMHOBOH IO-
BEPXHOCTHO!N TNPOBOJHUMOCTH H3MEHAIOTCA O/ pasHBIX 00-
pa3uoB MOUYTH NPOMOPLUHOHAJBLHO.

Bce 3T0 majo ocHOBaHHe aBTOpaM HHTEpIpPETHPOBATh
OTpPHLATEJbHYIO MOBEPXHOCTHYIO (OTONPOBOAMMOCTb Kak
H3MeHeHHe MOBEPXHOCTHOH MPOBOAUMOCTH, O6YCJOBJIEHHOE
M3MeHeHHeM MOBEPXHOCTHOTO 3apfia 3a cyeT (OTOMOHM3A-
IIMH T[OBEPXHOCTHHIX cOcTOSHHH. To 06cTOATENBCTBO, HYTO
MaKCHMyM OTpHIIAaTeJbHOH MOBEpPXHOCTHOH (OTONPOBOIH-
MOCTH COOTBETCTBYeT JAJIMHEe BOJIHBI cBeTa, paBHoi 1400 mak,
O03HayaeT, YTO 3TH MOBEPXHOCTHble COCTOSIHHA JieXaT BHe
NpeesoB 3anpelleHHOl 30Hbl Ha TNoBepxHocTH. CorjacHo
NpPeANoJIOXKEeHHIO aBTOPOB paccMaTpHBaeMoil pabOThI, OHH
pacnosiokeHbl npumepHo Ha 0,02—0,03 38 HukKe NOTOMKA
BaJIEHTHO!M 30HBI HA NMOBEPXHOCTH, HO He HAXOAATCH B 3JeK-
TPHUECKOM KOHTaKTe C Helo. DTH COCTOAHHA NOJKHBI GBITh
HeHTpasbHbl, KOTJa OHH 3aMoJiHeHbl 3JIeKTPOHaMH, a BO3-
HHKAIOIIHA NOpH HMX HOHH3AUMH MOJOXHTeJNbHBIH TOBepX-
HOCTHBIH 3apsiJ MPUBOJUT K CYLIeCTBEHHOMY YMEHbIIEHHIO
MIOBEPXHOCTHON TNpoBoAMMOCTH. CBHIETEJNbCTBA CYILECTBO-
BaHMs TMOAOGHBIX COCTOSIHHH TOJYYEHB H APYTHM MeTo-
noMm [165]. MHTepecHO OTMeTHTb, YTO IOBEPXHOCTHHIE CO-
CTOSIHHA C 3SHepruedl HHXKe MOTOJKA BaJeHTHOH 30HBI Ha
[IOBEPXHOCTH, KaK MBI YBHAHM Jajee, oOHapyKeHH H Ha
peanbHOH NOBEPXHOCTH TepMaHUA, HQ TaM OHH, BHIUMO,
UMeIoT APYTyl0 NMPUPOAY.
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B paGore [165] ckonoTas nmoBepxHOCTb psina 06pasioB
repMaHUsl C OpHeHTalldell MOBEPXHOCTH BAOJb MJOCKOCTH
[111] uccaenoBanach MeronaMu (OTO3/EKTPOHHOH 3MHCCHH
u paboTh BHIXOAA. BHIJIO O6HApyXeHO, UTO BHe 3aBHCHMO-
CTH OT noJoxeHHs ypoBHa @Pepmu B ob6beMe 06pasios
repmManus nopor (oroajekTpHueckoi SMHccun @ paBeH

X,P,30
a0 o [lapoe @omosTERTIPOnKOT SMUCEUY
49k o3 Padoma Osizodn
&y ... ,4:70 p-ﬂ-/qu.mdz--
48

47
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Puc. 20.5. 3aBHcHMOCTb nopora cboroanex-rpounoﬁ
smMuccHi @ u pa6oThl BbIXOAA % CKOJOTbIX MOBEpPX-
HOCTe#t OT mNOJOXKeHHA YypoBHA (PepMH (Fo_Et)

B o6beMe 06pa3unoB repMaHuA. Y/ COOTBETCTBYeET
pa6oTe BLIXOAA MPH OTCYTCTBHH IOBEPXHOCTHBIX
COCTOAHHHA.

4,80 = 0,5 8. droll Ke BeJHUMHEe paBHA H He3aBUCHMO H3-
MepeHHasi pab6oTa BmIXoJa 3/1eKTpoHOB ¥. CBoaka moJyueH-
HBIX B LUUTHpyeMoOil pab6oTe NaHHBEIX MpHBedeHa Ha puc. 20.5,
rie TOUKaMH INOKa3aHbl pe3yJbTaThl H3MepeHHlI 06pasioB
C PpasjuuyHbIM TMoJoXeHHeM ypoBHi @epmu B oObeMe.
CTpenkaMH MOKa3aHbl pe3yJbTaThl H3MepeHHH paboTbl BbI-
Xola Ha nN- M p-4acCTAX pPacKOJOThIX o6pa311013 C 3apaHee
H3TOTOBJIEHHBIM p — n-MepexoJoM, a NpAMOH ¢ HaKJIOHOM
45° — oxHaaeMoe H3MeHeHHe pa60Tbl BbIXOZA ¥ TpH OT-
CYTCTBHH NMOBEPXHOCTHBIX COCTOSAHHH

Cosnanenne (hoTO3/eKTpHYECKOro nopora ¥ pa6GoTHl Bbl-
X0Ja CBHIETeJbCTBYeT JH60 0 HPOTOIMHUCCHH HENoCpenCTBeH-
HO ¢ MOBEPXHOCTHBIX COCTOSIHHH, JHOO O TOM, YTO ypOBEeHb
GdepMH Ha NMOBEPXHOCTH C TOYHOCTBIO O MOTrPEMINOCTH H3-
MepeHHii COBNajaeT ¢ BepxOM BaJIeHTHOH 30HH. BTopas
BO3MOXKHOCTb aBTOpaM LHTHPYeMO# pabGoTbl mpelcTaBJsieTcs
6osiee BeposaTHOU. CoOOTBETCTBEHHO, HauboJlee BepOSITHbIM
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CIEeKTP MOBEPXHOCTHBIX YPOBHeH COCTOMT H3 JABYX [IpyI,
OlHa W3 KOTOPBHIX pAcCNOJIOXKeHa HeCKOJbKO Bbillle Bepxa
BaJIeHTHOH 30HbI Ha MOBEPXHOCTH, a Apyras — HUxXe ee. [Tep-
Bas TpyHmna COCTOAHHI npHoGpeTaeT OTpHUATe/bHBIH 3apsaji
[pH 3amnoJHEHHM HX 3JEeKTPOHAMH, a BTOpas HeHTpaJbHa,
Korja 3amoJiHeHa. O61uas MJOTHOCTb COCTOSIHHH KaxKa0# H3
rpynn Gosbiue 4em 103 cu~2, a sHepreTHUeckoe PacCTOsiHHe
MeX1y YpOBHsIMM 06eHx Tpynm BecbMa MaJjo— NOPsijiKa
kT, uro u obecrneynHBaeT HeU3MEHHOCTb MOJIOXKEHHs YPOBHs
®epmu Ha nosepxHoctd. CiefyeT OTMETHTb, YTO HPH 3TOM
HeT HeOOXOOHMOCTH MpennoJaraTb AUCKPETHOCTb 3HEPreTH-
YeCKHX YPOBHeHl IOBEPXHOCTHBIX COCTOAHHH. Pesyabrathl
OyAyT NpPaKTHYECKH TEMH XKe CaMbIMH H B c/lyyae NMOBEPXHO-
CTHBIX 30H, H NPH HeMpepbIBHBIX pacnpefeseHUsIX COCTOSHHMH
10 3HEPTHsAM, €ClH TOJbKO CKOPOCTb HAapacTaHHS HX KOH-
IeHTpalUH NpPH yAaJeHHH OT LeHTpPa CHMMETPHH pacnpele-
JieHHsl 6yneT AOCTAaTOYHO BesHKa.

B pa6ore nosyueHbl CBHIAETENbCTBA YMEHbIIEHHS KOH-
UeHTpalUH IOBEPXHOCTHBLIX COCTOSIHHA B pe3yJsbTaTe Mpo-
rpeBa B BaKyyMe, YTO COOTBETCTBYET yxKe PacCMOTPEHHBIM
HaMu 6oJjiee NMO3JAHUM NAHHBIM.

B psanme npyrux pa6ort [160, 166—168] Takxe Grliu clhe-
JlaHbl TNOMNBITKH MOCTPOEHHs MOJeJsiell SHepreTHYecKoro pac-
npejeseHHs NMOBEPXHOCTHBIX YPOBHeH B 3alpelleHHOH 30He
Ha I[OBEPXHOCTH, KOTOpble MOTJNH Obl OOBACHUTb NOJYYeH-
Hble aBTOPaMH Pe3yJbTATHl H3MepeHHH NOBePXHOCTHOMH Npo-
BOXUMOCTH W MOABHXKHOCTH 3 dekra nons. Bece ath momenu
HCXOASIT U3 NMPEeINOJOXKEeHHs O BBICOKOH KOHILEHTpalHH, Mno-
psiaka 1013 cm~2, NMOBEPXHOCTHBIX COCTOSIHHE, YPOBHH KOTO-
PbIX pacnosoxeHel BOJHM3M INOTOJKAa BAaJIEHTHOH 30HH Ha
nosepxHocrd. Kak npasuio, BBOASATCA ABe IPYNMbl MOBEPX-
HOCTHBIX COCTOSIHHH, HOHOPHOTO H AaKLENTOPHOTO THMA,
¢ IOCTAaTOYHO GJM3KHM B3aHMHBIM PacloJOXKEeHHEM YpOBHeH
o6eux rpynm, 4To AOJKHO OGBACHHTb NMPAKTHYECKH MOJHYIO
HEH3MEHHOCTb PAcloJIOKeHHsl ypoBHA PepMH Ha MOBEpPXHO-
cri. TOUHOe NOJIOXKeHHe HeHTpa CHMMeTPHH paclpefeseHHs
JIBYX Tpynn MOBePXHOCTHBEIX COCTOSIHHH HECKOJIbKO KOJie6-
JeTcs B Pa3HbIX MOJeJsiX, B 3aBUCHMOCTH OT TOTO, HaG6JI0-
JaJIOCh JIH BBIPOXKIeHHEe Ha MOBEPXHOCTH, H KaK BEJHKO OHO
6b1710, ecan HabJawonanoch. TOuHO Tak XKe KoJaebaOTCa H
OLUEHKH KOHUEHTDAlUi MOBEPXHOCTHBIX COCTOSIHHM.



§ 20} HNCCNEAOBAHHUSA ATOMAPHO-UHCTOM MOBEPXHOCTH 295

B cBsiau ¢ paccMOTpPeHHBIMH paHee H3MEHEHHSIMH CTPYK-
TYp NOBEPXHOCTH B 3aBHCHMOCTH OT TeMIepaTyphl OTXKHra
nocje MOHHOH 60MOGapAUPOBKH HJIH CKOJa H COOTBETCTBYIO-
ILMMH UM H3MeHeHHSIMH 3J1eKTPOQH3HUECKUX XapaKTepHCTHK
5TH CPABHHTEJbHO HebO/bllIHe pa3JHUYHs MOJeJiell CTAHOBAT-
Cs BIIOJIHE MOHATHBIMH. MOJXHO OTMETHTb TakKxKe, YTO, KakK
6yder BHIHO JaJjee, HMeIOTCS HEKOTOpPhle OGIIHe YepThl
B XapakTepe pachpeje/ieHHss NOBEPXHOCTHLIX YPOBHeH Ha
aTOMapHO-YHCTOH H eCTeCTBEHHOH IOBEPXHOCTSAX TepMaHHs.
B o6oux cnyuasx HabawonaeTcs Mo ABe TPYMNbl COCTOSHHH —
JIOHOPHOTO H AKIUENTOPHOTO THIA C €IHHBIM IEHTPOM CHM-
METPHH B3aMMHOTO pPAachoJIOXeHHs YpOBHeH o6Geux Tpymi.
CyuiecTBeHHble KOJHUYECTBEHHble pa3/iMYHsl KOHIUEHTpalui
MOBEPXHOCTHBIX COCTOSIHMH NMPH JIBYX paccMaTpHUBAeMBIX CO-
CTOAIHHSIX MOBEPXHOCTH FepMaHHsl NPHUBOASIT K TOMY, YTO Ha
aTOMapHO-YHCTON MOBEPXHOCTH ypoBeHb PepMHu Bceria oka-
3pIBaeTcsi (PHKCHPOBAHHBLIM BOJIH3H LileHTpa CUMMETpPHH pac-
npeaeseHHsi, a Ha ecTeCTBEHHOH MOBEPXHOCTH MOXeT ObITb
H CMellleH B Ty HJHM HHYIO CTOPOHY, XOTSl B PaBHOBECHBIX
ycaoBusiXx GOJbIIeld 4yacTbiO NPAaKTHYECKH COBMAAaeT C LEHT-
pOM CHMMETPHH paclpejesieHHsl MOBEPXHOCTHLIX COCTOSIHHI.
BropbiM CyllleCTBeHHBIM, XOTS W He NPUHIHMMHAJbHBEIM, pa3-
JIMYHEeM [BYX COCTOSIHHH MOBEPXHOCTH repMaHHsA sIBJIseTCS
pa3/iMuHe MOJIOXKEeHH IeHTpa CHMMeTPHH pacnpeleseHHi
[OBEPXHOCTHHIX ypoBHell. Ha aTomapHO-uHCTOA NOBEPXHOCTH
OH pacrnoJioxkeH BOGJH3H MOTOJKA BaJIeHTHOH 30HBI, a Ha
eCTeCTBEHHOH MOBEePXHOCTH — BOGJH3H cepelHHbl 3alpeLleH-
HOH 30HBI HA MOBEPXHOCTH.

B ciyuae aTOMapHO-YHCTOH MOBEPXHOCTH KPeMHHs MO-
BEPXHOCTHAas NPOBOAMMOCTb, KaK MpaBHJO, OKa3blBaeTcs
cpaBHHUTeNbHO HeGoubioi [169—173] 1 MoxKeT CoOoTBETCTBO-
BaTb H3ru6y 30H Kak BBepX, Tak U BHH3. O BBICOKOH KOH-
LeHTPAallHi TIOBEPXHOCTHEIX COCTOSIHHII CBHETEJbCTBYIOT He-
6oJiblliHe 3HAUEHHs MOABHXKHOCTH 3ddeKkTa MoJs, Jexauiue
(mo pesyabratam psina pa6or [143, 159, 174, 175]) B nuana-
3oHe oT 50 10 200 cm?/8-cex. BeqHMYHHBI CKOPOCTH MOBEPXHO-
cTHO! pekoMmOuHauuu [169, 177] paBubr (1 <+ 4) - 103 cu/cex.

Ha aTomapHO-uHCTOH# MOBePXHOCTH KPeMHHA GBbIIH MNpoO-
BeJleHbl, XOTA M B MeHbleM KOJHYecTBe paboT, Hcc/enosa-
HHsl 3JeKTPO(PH3HUECKHX XapaKTepPHCTHK MNOBEPXHOCTH, aHa-
JIOTHYHBIE PACCMOTPEHHOMY CJyYalo repMaHus.



206 ATOMAPHO-UHUCTASl TMOBEPXHOCTb TMOJIYITPOBOAHUKOB [IJ. V

Tak, B paGote [172] 6bliu HcclenoBaHbl 3aBUCHMOCTH
nopora (OTO3/J1eKTPOHHOH 3MHMCCHH H paboThl BhiXOAa OT
noJioxxeHusi ypoBHs Pepmu B o6beMe obpasua. B orinune
OT HCCJIeIOBAHHOTO TeMH Ke aBTopamu [165] cayuas repma-
HHSl, B KPEMHHUY 3TH BeJIHUMHBI UMeJH Da3Hble 3HAUEHHS, KaK
3TO NoKasaHo Ha puc. 20.6.
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Puc. 20.6. To xe, 4To H Ha pHc. 20.5, Aas cayyas
CKOJIOThIX MOBepXHOCTe# KpeMHHA.

STOT pe3yJbTaT TaK Xe, KAK U OTMeuyeHHble Bblllle AaH-
Hble O BeJHYHHAX IOBEPXHOCTHOH NPOBOAMMOCTH, CBHJIe-
TeJbCTBYET O IOJIOKEHHH LeHTPa CHMMETPHUH 3SHepreTHue-
CKOTO pacnpefieieHHs1 YpOBHell IOBEPXHOCTHBIX COCTOSIHH
BOJIM3Y CepeMHbI 3amnpellleHHO# 30Hbl Ha MOBepXHOCTH. [aH-
Hble puc. 20.6 MO3BOJIHIH OLIEHHTh KOJIMYECTBEHHO OCHOBHBIE
XapaKTEePHCTHKH TPeX BO3MOXKHBIX pacnpejesieHHHl MOBepX-
HOCTHBIX COCTOSIHHH MO 3HEepPruH, cXeMaTHUeCKH H306paKeH-
HbIX Ha puc. 20.7. Ha sHepreTHueckoil likaJje B JeBOii ua-
CTH 3TOTO PHUCYHKa IOKa3aHbl cepeiHHa 3ampelieHHOH 30HHI
Ha TOBEPXHOCTH KpeMHHs E;, LeHTp CHMMeTpHHM pacmpe-
JdeJeHHH TOBEpPXHOCTHBIX YpoBHel L, M Bepx BaJsleHTHOM
30Hb! Ey.

B cnyuae mOBepXHOCTHBIX 30H, Kpasi KOTODBIX YyAaJeHbl
OT LeHTpa CHMMeTPHM pachpelle/leHHHl 1ia SHepreTHYeCKHe
paccrosiuust AEy = Ey—E, u AE; = Eo— E;, nauayuuee
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COOTBETCTBHE 3KCIEPpUMeHTaJ/JlbHbIM JMaHHBIM 6y11e'r npu yc-
JIOBHH:

nyexp(— AEJkT) = nyexp(— AEy/kT) ~ 4,9 - 10% cu™2 - 587",
(20.1)

D ¢eKTHBHBIE NJIOTHOCTH COCTOSTHHH B 30HAX n; H Hy 3a-
BHCST OT BEJHYMH SHepreTHUecKHX pacctosiunii AE; u AE; u
9KCMOHEHIHAJbHO PAacTyT ¢ HX yBeJHYeHHeM, UTO TMOKa3aHo
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Puc. 20.7. Tpu BO3MOXHBIE MOJe/H HePreTHUYECKOro pac-

npeneneHHsl ypoBHeH Ha aTOMapHO-YHCTOH NOBEPXHOCTH

KpeMHuf. a) [ToBepXHOCTHBIE 30HbI; §) AHCKPETHbie YDOBHH;
8) KBa3HHeNnpepbLIBHOE pacnpelesenne.

Ha puc. 20.7 NyHKTHDHBIMM mnpsiMoyroJpHHkamu. [lo naw-
HeiM puc. 20.6 aTH sHepPreTHYeCcKHe pacCTOSHHS He MOTYT
6T MeHblle 0,1 38, Tak Kak HaHOGOJBLIMH CABUT YpPOBHf
®epmu Ha noepxHocTH 6bl1 paBeH 0,1 s6. [Ipurnmas Be-
auuude AEy = AE, = 0,138, noayuaeM ny=n;>=2,6 X
X 1015 ¢u2-967'. Ecniu HCXOAHTL H3 YCJOBHUS, 4TO AJs aJ-
Ma80TOLOGHEIX CTPYKTYp He MOXKeT OniTb GOJblie OJHOTO
COCTOSIHHSI HA TOBEPXHOCTHHIH aToM [3, 7], TO MOBEPXHOCTHLIE
30HBI pacnpocTpaHeHnl He Gosee yeM Ha 0,16 38 oT ux Kpaes
E, u E,. B kaxmoil 3oHe uMeetrcs 4-10% cm~2 cocTrosiHuil,
TaK KaK IJOTHOCTb NOBEPXHOCTHBIX aTOMOB Ha rpanu [111]
KpeMHHs paBHa 8- 10% cu2,
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B cayuae auMCKpeTHBIX NMOBEDXHOCTHBIX YPOBHell HX KOH-
unentpauun Ny= N; = 1,8-10% cm~2 COOTBETCTBYIOT Hau-
60JIbIlIMe yJdaJIeHHs1 WX SHePreTHYecKUX [OJIOXKEHHH OT
unentpa cumMmerpuu Ey — Ey u Eo— E,, pasubie 0,15 2s.

Haxkonen, 3kcnepuMeHTaNbHbIM JaHHBIM YIOBJETBOPSET
Y KBasuHeNpephIBHOe pacnpejesieHHe BHAA:

n,=9,76 - 1013ch( E‘-—I—97)cm‘2 s6=1. (20.2)

MuHUMabHasl MJIOTHOCTb NMOBEPXHOCTHLIX COCTOSIHMU B J1Ha-
nasoHe *=0,1 38 ot E, paBHa 1,3- 10! cu~2, a Bce pacnpene-
JeHHe orpaHuueHo npegenamu *=0,13 ag ot E,.

K Becbma 61HM3KMM pe3y/abTaTaM MpHLIJIH aBTOPHl pa-
G6otel [178], B KOTOpO# HCC/JAEAOBAJIHCH CBOMCTBA CKOJIOTOH
B CBEPXBLICOKOM BaKyyMe TNOBEPXHOCTH 00pa3llOB KpeMHHS,
JIETHPOBAHHBIX IPHMeCSIMH, AalolUMu aub6o Menakue (6op),
au6o ray6oko Jexalide (30JI0TO) aKUeNnTOpHble YpPOBHH.
ITonoxeuuss ypoBHs PepMH Ha NOBEPXHOCTH OKa3ajHCh
B 06oux cayuasix BecbMa Gausakumu: 0,29 s8 B cayuae 30-
aora v 0,27 38 B cayyae 6opa Han MOTOJNKOM BaJIeHTHOMH
30HBl. MHUHHMa/bHAsA NJIOTHOCTb MOBEPXHOCTHBLIX COCTOSIHMH
He Huxe 101 em~2. 3871

HluTepecHa B MeTONHYECKOM OTHOIUEHHH M MO TMOJy-
YeHHBIM pe3yJabTaTaM cepusi pa6or bB. JI. Hecreperko u
O. B. Cuutko [173], nocBsilleHHass HCC/I€IOBAHHIO MOBEpPX-
HOCTH KPeMHHsi, OUHLIEHHO! HOHHO 60MO6apAHpOBKOH ¢ mo-
caenyiomum OT:KMroM. I[loMHMO OOGBIYHBIX HCCJeI0BAHHUM
MOBEPXHOCTHOH MPOBOAHMOCTH, aBTOPHI H3yuaJH MPOLECCH
pejakcamuu B HMIyJbcHOM 3¢dekTe noaa. Mmu obuapy-
KeHo, uTo B o6aactu Temneparyp ot 300 zo 180°K u B wmu-
pPOKOM [Hana3oHe aMILIMTYJ HMIYJ/bCOB MONEPEYHOro MoJs
peslaKCalHOHHBIN npolecc OJH30K K 3KCNOHEHIHAJbHOMY.
3aBHCHMOCTb PE/aKCAllMOHHOTO BpEeMEHH OT TeMIepaTyphl
UMeeT BecbMa THNOHMYHBIA B TaKHX CJyyasx Xapakrep
(puc. 20.8). Murepnperanus INOJYYEeHHBIX 3aBHCHMOCTEH
JaHa Ha OCHOBe NpeiacTaBleHHH, pa3BuThiXx . Pymnpextom
[46] u yrtounenHbix B RaabHefimeM A. E. IOnoBHuem [73,
M19].

B cayuae, Hampumep, cjos HCTOLleHHss Ha obGpasue p-
THMAa M HHIYUHPOBAHHOrO NOJEeM OTPHHATEJbLHOro 3apsiia
B obpasell COOTHOLIEHHe /A BPeMeHHM pejiakcauuu OyneT
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MUMeTb CJeAYIOIHH BHA:

1 P
— =P, (1 +—|-A§°—pl) . (20.3)

31ech, KaK 00bLIUHO:

pi=Nyexp|[ — E-E,

Pto — paBHOBeCHasi KOHIEHTPalHs [bIPOK, 3aXBaueHHHIX Ha
ypoBHe, |ATl'p| — HHAYLNHPOBaHHOe NOJEM H3MeHeHHe H3-
6nITKa ObIPOK B 06pasiie.
Vpasuenue (20.3) uc- 7, o
nosb3yeTcs B paGoTe, Npex- "
Je Bcero, AJsl oONpepeJe-
HUsSL  TOJIOXKEHHS YpOBHSA
saxsarta E;. B ciyuae 60ib- it
IIHX BEeJMYHH H3MeHeHHd
KOHIIEHTPAllHH [JbIPOK 3a
CueT MHAYUMPOBaHHOro nmo-  n't
aem 3apsaga |ATp|> pio
(20.3) cBoautcsi K 0O6bIU-
HoMy ypaBHenuto . Pymn-  27%f
pexta. Toraa mno Hak/oHY
npaMoit puc. 20.8 moxeT 5
6bITh onpefeneHo noaoxe- VU
HHe yPOBHA 3axBaTa Ha Io-
BepxHocTH E,. B pabore
[173] monyueHo 3HepreTu- 6
yecKoe MOJIOXKEeHHe YDPOBHS, w3
nponanmomerocuﬂ Ha 0G- Puc. 20.8. TemnepatypHas 3aBHCHMOCTb
pasie AbIpOYHOHU NPOBOAH- peJsakCallHOHHOTO BPeMeHH mpouecca Tef-
MOCTH (Etp i Ev) — 0’50 i JIOBOT'O Bbl6p0€a 3JIeKTPOHOB H3 BaJIeHTHOH

30HBI B MNOBEPXHOCTHbIE COCTOAHWHA aToO-
=003 96 n Ha obpasue yapuowicron noseruiocrs xpeunin be
3JIEKTPOHHOH MPOBOLHMOC- 2-400 g: 3— 1000 6.
TH (Ec— En)= 0,50 =
+0,05 s6. MHTepecHO OTMETHTb, UTO NpPAKTHYECKH COBMa-
JalollHe 3HaYeHHs 3HepreTHUECKHX MOJIOXKeHHH ypOBHeil no-
aydenbl . Pynnmpexrtom [180], ucnosb3oBaBIIHM Ty XKe Me-
TOAMKY, HA eCTEeCTBEHHOH NMOBEPXHOCTH KpeMHHs (cM. § 27).
3HaueHHs ceueHHH 3aXBaTa ABIPOK M 3JEKTPOHOB Ha aTo-

MapHO-YMCTOA MOBEPXHOCTH, MO JAaHHbiM pabotel [173],

vt J7 .
J K
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OKa3bIBAIOTCS OJJHOTO MOPAAKA Op = On =~ 10712 cu2. Onu cy-
LIeCTBEHHO OTJIHYAlOTCAd OT 3HaueHHH, NOJNYYEeHHbIX A/
peasbHON MOBEPXHOCTH: 0p = 2+ 10" cm2u on = 3. 10716 cm2,
OG6cyxaeHre BO3MOXKHBIX NMPHYHH MOJYYEHHbIX COBMAAEHHIT
NpH ONpele/leHHH ONHHUX M PACXOXAEHHH MpPH ONpeleseHHH
IpYTUX 3HAaYeHHH nmapaMeTPOB Mbl OTJOXHM A0 CJleldyioliell
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Puc. 20.9. TeMmnepaTypHafi 3aBHCHMOCTb 3aMoJiHe-
HHS NOBEPXHOCTHBIX COCTOSIHHA aTOMAapHO-YHCTOH
NOBEePXHOCTH KpeMHHSH.

rsaBbl, rae 6ydeT paccMOTpPeHa BO3MOXKHOCTb NpPHHIMIH-
aJbHO WHOH TPAKTOBKH 3KClepHMEHTa HMMOYJbCHOTO 3¢-
(pexTa noJs.

Cootnomenne (20.3) Hcnosb3yeTcss B LHTHPyeMO# pa-
6ote [173] u nns onpenesneHusi noJoxeHus ypoBHs Depmu
Ha [OBEPXHOCTH 06pa3loB NPH MEeHBIUIMX 3HAUEHUSX HHAY-
[IHPOBaHHOrO B o6pasel 3apsfa. B 3ToM cayuae BTOPHIM YJle-
Hom B (20.3) npeHeGperaTh y:Ke Hesb3fl, a MOJIyUeHHbIE pa-
Hee pe3yJbTaThl H3MepeHHH BpeMeHH pesakKcallHH B 06/1acTH
GOJIbIIHX BeJMYHMH HHAYLHPOBAHHOTO 3apsfa MO3BOJSAIOT
paccudTaTtbh TeMliepaTypHYyIO 3aBUCHMOCTb PaBHOBeCHOH KOH-
[IeHTpAallMd ABIPOK P, HAXOAALIUXCH HA IOBEPXHOCTHOM
ypoBHe E;p. Ha puc. 20.9 npuBeaeHsl pe3ysnbTaThl COOTBET-
CTBYIOLIEro pacuyera, KOTOpble MO3BOJSAIOT OLEHHTb M KOH-
LHeHTpPaLUI0 MOBEPXHOCTHBIX YypOBHeH, paBHylo (6 % 2) X
X 1013 cm~2, u nosoxenue ypoBHsi PepMu HaA NMOBEPXHOCTH
0o OTHOLIEHHIO K YPOBHIO 3axBarta, pasHoe (0,12 = 0,02) 3s,
Hcxonsl u3 obllero Ajs Bcell paboOThHl NpeANoNoKeHHs O He-
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3aBHCHMOCTH 3THX BeJHMYHH OT TeMnepatypsl. Ilepecuer no-
cleHell BeJMUYHHBEI HAa 3HaueHHe MOBEPXHOCTHOrO 3JEKTPO-
CTAaTHYECKOTO IMOTeHIHaJa AaeT nJas obpasna ¢ p = 1,5 X
X 10% om-cm 3nauenne Ys= (6 = 3)kT/q npu KOMHATHOH
TeMnepaType, YTO MOYTH TOYHO CQOTBETCTBYET COCTOSIHHIO
NOBEPXHOCTH ¢ cOGCTBEHHOH NMPOBOJHMOCTHIO.

O61uee 3akJlOueHHe aBTOPOB LHUTHPYeMO# paboOTHl CBO-
JUTCA K TNpPelNOJIOXKEHHIO O CYLIeCTBOBAHHH HAa aTOMAapHO-
YUCTOH MNOBEPXHOCTH KPEMHHSI OBYX HHCKPETHBIX YpDOBHeH,
pacnoJIoKeHHbIX Ha paccTostHUsAX okoJo 0,1 38 oT nosoxe-
HUsl ypoBHa PepMH Ha MOBEPXHOCTH, WJH JBYX MOBEPXHO-
CTHBIX 30H, C TEMH Xe.MOJIOXKEHHSAMH HX KpPaeB M BeLyLIHX
ce6s1 BNOJIHe aHAJOTHMYHO INHCKPeTHBIM ypoBHAM. [las mo-
cJefiHero cJy4asi, KOTOPbldi aBTOpaM mpejicTaBJaseTcs Gogee
BEPOSITHBIM, OHH HAXOHAAT, YTO 3¢ (deKTHBHAS Macca AbIPOK
B NOBEPXHOCTHOH 30He NpPH MaJOM ee 3alOJIHEHUH NPHOJH-
3UTEeJIbHO PaBHA NSAITH MaccaM CBOOOLHOrO 3JEKTPOHa.

H3smeHnenne npoBoauMocTH 06Gpa3lOB repMaHus ¢ aro-
MapHO-UHCTOA MOBEPXHOCTbIO NMPH B3aUMOJEHCTBHH TOCJeN-
Hell ¢ KHCJOPOJOM YKe OTMeuaJioch Bhlllle B CBSI3H C NMpo6-
JIeMOil OTnpefiesleHHs] UCTHHHOH IOBEPXHOCTHOH MPOBOAMMO-
cti. OcTaHOBHMCS Ha 3TOM Bompoce noapo6Hee. B pa6ore
[160] 6bl10 ycTaHOBJEHO, UTO NMPH MAJBIX AaBJEHUSAX KHCJIO-
pona, nopsiaka 1077:10°% rop, crneuucuyeckuit xapakrep
M3MeHEeHHs] IPOBOAHMOCTH CO BPeMeHEeM BBIAEDIKKH B KHCJO-
pone (cM. puc. 20.2) sBasieTcs BecbMa XapakTepHbIM. Brlio
Hail[leHO, YTO COOTHOLIEHHe MeXAy BO3pacTaHHEM IPOBOIH-
MOCTM B HayaJ/bHBII MOMEHT H IMOCJelyIOUIHM ee CIaioM
XOpOoLO BOCIPOU3BOAUTCS KOJHYECTBEHHO NPH HAEHTHYHOH
OYHCTKE MOBEPXHOCTH H MOXKET SIBAATLCS MepOH ee UHCTOTHI.
B 10 ke Bpems B paGoTe [184] Gbian mosyueHsl LaHHBIE, [10-
3BOJIfIIOILME NyMaTb, UTO XapaKTePHbIA MAKCHMYM [POBOMIH-
MOCTH CBSI3aH C BJHSHHEM HHUTOXKHO MaJlblX MpHMeceil BOJbI
B Jaxe XOpOIlo OuYHIUeHHOM Kucjopone. I[Ipu Bnycke oco6o
TIIATENbHO OCYIIEHHOrO KHCJOPOZAa NOBEPXHOCTHAs MPOBO-
IMMOCTb 06GpasuoB repmMaHus He H3MeHsJach BIUJIOTb A0
nasjenuil nopsaka 102rop. He 6n1i10 3aMeTHO U ajncop6uun
KHCJIOPOZla aTOMapHO-YHCTOH NMOBEPXHOCTbIO repMmaHus. Pe-
3y/bTaThl 3TOrO HCCJEJOBAHHS YKa3blBalOT, M0 MHEHHIO aB-
TOPOB, Ha LEMHOH MeXaHH3M OKHCJEeHHs, B KOTOPOM BOja
sIBJISIeTCS] HHHULHUPYIOIHM (aKTOpOM.
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OcHoBHOe M3MeHeHHe NPOBONHMOCTH MpH MaJblX AaBJe-
HHUAX KHCJIOPOAA MPOTEKAET OTHOCHTEJbHO GLICTDPO H MOXeT
ObITh OXapaKTEePH30BAHO BEeJHYHHOH MPOWU3BeJeHHs naBJe-
HHs Ha BpeMms mnopsaka (107 < 107%) Top-mun. Ilanbheil-
uIrHe H3MeHeHHsl OYeHb HEBEJMKH N0 BeJHYHHE H MPOTeKaioT

46-105om™" Moo oen

P -

0 00
0T

0

-1 \\ o

-2 ey [ 2]
MD/Q o q 5\

-3 Sy o

-4 e

- [o]

7
a9 0 & & 9w L & 0 &0 W
t, muy

Puc. 20.10. M3MeHeHHe NPOBOAMMOCTH 06pa3una repMaHHs
9JIEKTPOHHON NPOBOAHMOCTH CO CKOJIOTOH B BakyyMe Mo-
BepxHOcThio (111) (kpuBasm I) H NOABHXKHOCTH 3ddekTa
noas (KpHBas 2) co BpeMeHeM HaXOXJeHHA B KHcJopojae

NpH JaBJieHHH 10—5 TOPp.

sBecbMa MefJjeHHo. OGIIMIl XOA npolecca yMeHbLIeHHs] Mpo-
BOAHMOCTH CO BpeMeHeM B XOpOlleM NPHUOJHKEeHHH OMHCHI-
BaeTcsi Jorapupmuyeckim 3akoHoM. ORHOBpEeMeHHO ¢ H3-
MeHeHHeM INPOBOJHMOCTH HM3MeHSeTCs H MOJBHXKHOCTb 3¢-
tdekTa noJsi, KaK 3TO MOKaszaHo (10 AaHHLIM pa6oThl [143])
Ha puc. 20.10. ITomo6Hble H3MeHEHHS TMPOBOJUMOCTH H ADY-
FUX 3JeKTPOGHU3HUYECKHX XapaKTEePUCTHK OOHApYXKeHBl U NPH
B3aHMOJEHCTBMH aTOMAapHO-YHCTONH MOBEPXHOCTH KPEMHHUS
¢ kucaopomoM. B pa6orax [178, 181] uaiimenn cyuiecTseH-
Hble H3MEeHeHHs1 IIPOBOJMMOCTH- 06pa3lOB KPEMHHS C aTo-
MapHO-YHCTOH NOBEPXHOCThIO, 00yCJIOBJIEHHbIE BO3AeHCTBHEM
KHcaopoda npu AasjeHud mopsapka 10~° rop. Ouu cootset-
CTBYIOT H3rH0y 30H Ha moBepXHocTH BHHM3 Ha 0,2—0,4 238.
B paGorax [172, 187] oGHapyKeHO Bo3pacTaHHe paGOTH
Boixoma Ha 0,5 98 3a cuer B3aMMOIENCTBHA KHCJOPOMA
C aTOMapHO-YHCTOH NOBepxXHOCTbi0 KpeMHHs. CyilecTBeHHO
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yMeHbLIaeTcs NPH 3TOM KOHUEHTPallUsl IOBEPXHOCTHHIX CO-
CTOSTHHH.

[To nanubiM psiza paGor [M19, MI18] caenyer, uto onH-
CaHHble H3MEHeHHsl NOBEPXHOCTH IeDPMaHHs H KPEMHHsS CO-
OTBETCTBYIOT XeMOCOPOIHH NepBOr0 MOHOCJOS aTOMOB KHC-
Jopoaa Ha MOBEPXHOCTH B CO-

OTHOLIGHWH: aTOM KHcaopoga 464

Ha ONHH aTOM HOBEPXHOCTH IO-

aynposoannka. Temnota ap- 4 /\
COpOIMH KHCJIOpPOAa MpH 3TOM ///
BeJHKa W [AJs CJayyas repma- /’

HHfl, HamnpHMmep,  COCTaBJser

122 kkaa/moarb, a NisA KpeMHHA &5
218 kkaa/moav. \

JaneHefilnee  yMeHblIeHHe \\
NPOBOAMMOCTH 00pasuoB repma- ,, i
HHS MOXeT ObITb JOCTHTHYTO, *l\_:\ N\
KaK OTMeyaJioch paHee, B Pe3yJb- S :\\
TaTe aAcoOpOUHH KHCJIGPOAA MPH SN
Gosiee BBICOKOM pnaBieHudH. Ha 49 \\
puc. 20. 11 nokasaHo H3MeHeHHe dpana -\
NPOBOAMMOCTH ofpasla repma- 7 _J' _/: _3' =2
HHS OpH MOBLILIEHHH [aBJeHHA in A mup
kKuciaopona go 101 rop m an-
copbuun aMMHaKa MO [aHHbIM  Puc. 201l Hsmeneuns mposoxn-

pa3na n-repMaHus B 3a
pa6OTbI [183] BHAHO, YTO MH- BsucumocTn ot Aasienns O, n NHj,
HAMYM NDOBOLHMOCTH He JOCTH-  faaice® i ix nocieayouen or
raercsi U NpPH HaUBHICIIEM [aB- nyuxTHpHas — NHs. T = 20°C,
JIEHHH  KHCJIoponaa, XOTd, [o-
BHIUMOMY, OH H gocTaToyHo 6au30K. [Tociaenymoouas oTkau-
Ka KHucjopopa, nokasanHas Ha puc. 20.11 cTpenkoit, Hanpas-
JIEHHO#l HaJieBo, He NMPHBOAUT K BO3PaCTaHHIO IPOBOAHMOCTH
B CJyuae KHCJOpOJA, XOTsl COOTBETCTBYeT HEKOTOPOMY ee
BO3pacTaHHIO B clyyae ammuaka. [lo nanHelM pa6orthl [143],
npu AaBJEeHHH KHCI0poaa okosno 10 Top MHHHMYM NPOBOAH-
MOCTH JOCTHra/icsi MIpHMepPHO yepe3 yac MOCJe ero BIYCKa,
a JajibHelIias XeMOCOpPOLHMSI MPHBOAMWJIA K BO3PacTaHHIO
MPOBOZAHMOCTH, COOTBETCTBYIOLleMy OOpa30BaHHIO MPHIO-
BEPXHOCTHOTO CJIOSI 3JIEKTPOHHO!N MPOBOAHMMOCTH, UTO KOHT-
POJIHPOBAJIOCh MO BeJHYHHE H 3HAKY NOABHKHOCTH 3ddexTa

3(e2)6: 8
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B pa6ote [185] 610 ycTaHOBJEHO, UTO AEHCTBHE NapoB
BOAbl NPH AaBjeHHH OkoJO 107% 70p Ha aTOMapHO-YHCTYIO
NOBePXHOCTb TepMaHHsi B 0OLIeM 3KBHBAJEHTHO IeHCTBHIO
KHCJI0pOAa NMpPH TOM 2Ke AABJEHHH, XOTS [/ 3aBepLIeHHS
npouecca HeOGXOANMO MPHMEPHO B 1ecATb pa3 GoJblle Bpe-

mend. Ilpu 3TOM Hemocpen-
46, mmo/ o CTBEHHO Hab6/104al0Ch H HC-
544 = cJeloBaJsoCh KOJHUECTBEHHO
BblIeJeHHe BOLOPOJA, OCBO-
6oxparouierocss B Xoie B3aH-
MOefCTBHS MOJIEKYJ BOABI C
NnoBepxXHOCThIO repmanus. [1o-
no6HO cJaydalo B3auMogel-
CTBHS C KHCJIOPOAOM OblJIH
oGHapy»KeHbl 1Be CTagHHU IPO-
llecca OKHCJeHHs — OblcTpas
U MejAJleHHas, M3 KOTOPHIX
Vo=t OnicTpas xapakTepHa ans 06-
JaCTH HHU3KHX, a MelJeH-
Has — BBICOKHMX JaBJIeHHH ma-
A POB BOABI.
: — IlpakTHueckH Te 2Ke pe-
~0 0~ 3yJbTaThl GbIIM IMOJYYEHb H
%™ 1pu B3auMoOeficTBHH aToMap-
Puc. 20.12. UsMenenns mposogumoctn  HO-UHCTOH IOBEDXHOCTH Trep-
Bpsals repualus © WUCINGETH 0T MaWH7 ¢ TADAMH MeTHIOBOTO
KpHBO/t IOKa3aHbl 3HayeHHs Yg B en. cn]/]p‘ra' Ho MHEHHIO aBTOPOB
kT/q. 3TOr0 HCCJelOBaHus, Nepsas
CTajus Mpolecca OKHCJEHHS
[OBEPXHOCTH, NPOTeKAloLWas NPH NaBJeHHAX KHCJIOpOAa He
Buimie 1075 rop, 3aBepuiaercsi o0OpasoBaHHEM MOCTHKOB
tuna Ge—O—Ge Ha noBepXxHOCTH. [lns ee 3aBeplLieHHs
Heo6XONHMO HEKOTOpoe MHHHMaJbHOe jaBjeHHe MOopsAgKa
10-8 rop, Torma kKak B NPOTHBHOM cJayuae o6pasylouiuecst
ces3u Ge—O O6ynyTr He crabuabHbl. B x0ne BTOpo#l cTaguu
OKHCJIeHHsI B MpOLlecC BOBJIEKAIOTCS aTOMbI FepMaHHs HHXKe-
Jlexkalero ¢josi 4 ob6pasylorcsi IBOHHbEe MOCTHKH Ge—O—
—O—G@Ge. Ilpu OKHCJEHHH NapaMH BOAbl HJIH METHJOBOTO
CIHPTAa MOTYT BO3HHKATb IPOMEXKYTOUYHble 06Pa30BaHUs TH-
na Ge—OH, ¢ nocaenyomum o6bejHHEHHEM ABYX TaKHX
Tpynn B ABOHHO MOCTHK H BhIe/IeHHEM MOJIeKyJibl BOLOPOAA.
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Cremnyduka NOBEPXHOCTHBIX MPOLECCOB, MPOHCXOASLIHX
B 006J1aCTH OYeHb MaJblX [aBJeHHH BOASHBIX [apoOB, Kak
6yaTo Obl NOATBepKAAeTCs H OCOGEHHOCTSIMH H3MeHeHHS
IIPOBOJAUMOCTH B 3TOM cayuae. Ha puc. 20.12 nokasann co-
OTBETCTBYIOLIHe pe3yJbTaThl MO JaHHBIM paGoth [164], oco-
GEeHHOCTbIO KOTOPBIX MO CPABHEHHIO CO CJyyaeM B3aHMOMEH-
CTBHSI aTOMAapHO-UHCTOH IOBEPXHOCTH T€PMaHHUSI C KHCJOPO-
IOM  sBJsSeTCA  pe3Koe
yMeHblIleHHe NPOBOAHMOC- ’;‘g//""
TH Ha HauaJbHbIX CTAMHAX ol
ancop6uun. OTaenpHol Tou- 7
KO BHHM3Y cJleBa I0Ka3aHo Z‘;'
3HaueHHe  NPOBOAHMMOCTH
o6pasna 10 ouHcTKH ero 46
NOBEPXHOCTH. 45

Ha puc. 20.12 npuse- 4
JeHbl 3HaueHus nosepxHo- 49
CTHHIX 3/eKTpocTaTHueckux %

NOTeHLHaJIOB, COOTBeT- ”'é' ' ' ' . .
CTBYIOWLMX PasiMUHBIM CO- "7 @3 9 1w 1 2 13
CTOAHHUAM [I0OBEPXHOCTH. ¥y, E04Tfg

Onu GblIH onpeneseHsl My-

Puc. 20.13, Ornowenne 3ddekTuBHON mNO-
TeM pacyeTOB H3MEHEHHS]  pepxuocTHOH _ MOABHXKHOCTH  TAXKEbIX
NPOBOAHMOCTH TIO OTHOUIE- AMPOK M uX oGhemuol HoKKocTH B air
HHIO K NOJYYEHHOMY B Clie- CTaTHYeCKOoro NOTeHIHAAa.
IHaJIbHOM OMNbITe MHHHMY-
My NPOBOAMMOCTH H NPH HCIOJb30BAHHH 3KCIIePHMEHTAJbHO
HalfieHHbIX 3HauyeHUH 3¢ (eKTHBHOH NOABHXKHOCTH HOCHTe-
Jelt 3apsiia B NPUIIOBEPXHOCTHOM CJIOe.

[Tonyuennass B paGoTe 3aBUCHMOCTD ps/U» OT Ys mpuse-
geda Ha puc. 20.13. Kpammﬂ npaBasi TOYKA COOTBET-
CTByeT aTOMapHO-yHcTO# noBepxHocTH [111] o6pasia rep-
MaHHsl ¢ yAe/JbHBEIM conportuBieHHeM 30 om-cm, B obnactu
[IPOCTPAHCTBEHHOrO 3apsiia KOTOPOro HMeeTcsi H3OBITOK
TSDKeNBbIX ObIPOK, paBHbil 7,9-10!! cu~2, ¢ MOABHKHOCTBIO
714 cm?/6-cex n oueHb MaJjas po6aBka (0,8-10729%) serkux
IBIPOK C MOABIXKHOCTBIO 0Koso 65000 cm?/8-cexk.

s noHuMaHus (PU3HKO-XHMHYeCKOH TPHPOABI MOBepX-
HOCTHBIX COCTOSIHHII 0O0JbllIOe 3HAyeHHE HMeEIOT HCCJe-
JOBaHHs SIBJEHHS 3JeKTPOHHOIO MapaMarHHTHOTO pe3o-
HaHca (DI1P). Ilocko/bKy KOHIEHTPAaUMH MOBEPXHOCTHBIX
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COCTOSIHHH Ha aTOMapHO-YHCTOH MOBEPXHOCTH CYyLIECTBEHHO
BbILle, YeM Ha eCTEeCTBEHHOH, a YyBCTBHTEJbHOCTb METOAA
orpaHHyeHa, BIIOJIHE NOHATHO, YTO ONyGJHKOBAHHbBIE K Ha-
CTOsIlleMy BpeMeHH paGOTEl NOCBSALIEHbl HCCIEL0BAHHUIO aTO-
MapHO-UHCTHIX MCBEPXHOCTEeH MOJIYNPOBOIHHKOB U H3MeHe-
HHIO HX COCTOSIHMSI NMpH OTXKHrax o6pasloB M BO3eHCTBHH
pa3JHYHBIMU rasaMu.

st nosy4yeHHs] LOCTaTOYHOrO M0 BeJIHUHHE CHIHAJa B pa-
6ore [186] uccaeroBaHHs BeJMCb Ha pa3apoG6JieHHBIX B CBEPX-
BLICOKOM BaKyyMe MOHOKPHCTaJJIHUeCKHX 00pasiax KpeM-
HHsI, CO CPeJHHMMH pa3MepaMH yacTHL OkoJo 5 mxm. Ha-
6J10AaBILKMHCA CHUTHAJ COOTBETCTBOBAJ BeJHUHHe ¢akKTopa
g = 2,0055 npu mupuHe nMUHHK 7 3 (%=1 Ana pa3Hbix o6pas-
uos). ITonoGHble BeJHYHHbI Ha6/1104aJHCh U paHee MPH U3-
MEpPEHHsIX Ha NMOPOIIKaX KPEeMHHS, MOJNYYeHHBIX ApoOJieHHeM
Ha Bosayxe [187]. Bmyck MoseKy/nsipHOrO BOZOpOAAa MNpH
naBaeHun 10-2 Top NpHBOAMJ K YyBEJHYEHHIO CHrHajla OT
MOpOLIKa, NMOJNYyYeHHOro ApOoGJeHHeM B BaKyyMe, NMPHMepHO
Ha 60%, xoTs M3MepeHHAs BeJHUHHA aJACOPOUHOHHOrO IO-
KPBITHSI MOJIEKYJSIDHbIM BOAODPOAOM Gblna MeHblle 3% Mmo-
Hocnosi. [locsenyromuii Boyck KOMHATHOrO BO3J1yXa B CH-
cTeMy MNpPHBOAMJ K YMEHbLIEHHIO CHTHa/la, HO TOJbKO Ha
30—35%, Tak uTO OH He [JOCTHTaJ [epBOHAYaJbHOH BeJH-
gyuHbl. [locienyiomiye pe2y/abTaThl AaiOT OCHOBaHHe MOJia-
rath, UTO H B 3TOM cJyyae yMeHblIeHHe CHTHaJa OblIO CBfl-
3aHO C BJIMSIHHEM NAapOB BOABI.

Bnyck kucjaopona npH AasiaeHuu 1072 T7op TakxKe mnpuso-
IMJ K YBeJHYEHHIO CHTHaJa, HEeCKOJbKO 6O0JblieMy, ueMm
B CJydae BOAOpOJAa, TOraa Kak aproH, KPHITOH, a30T H
CMeCb MOHO- H JBYOKHCH yI/epOja He BJHMAJNH Ha BeJHUHHY
curHana. Bnyck BOASIHBIX NapoB BHI3BIBAJ YMeHbllEHHe,
a mocsejyolilee BO3JefCTBHe BO3AyXa AaBaJjo GdJbliee no
BeJHUYHHe YyBeJHYeHHe cHrHasa. Mccnenosauus BJHAHHA
TeMMepaTypbl OTXKHULA TMOPOLIKA Ha BeJHYHHY curHaja I[P
[I03BOJISI/IM ONpeNeNIHTb JBe XapaKTepHble TeMIepaTypHuIe
tTouku. [lepBasg — 310 Temneparypa otrxura 380—400° C, ko-
Topasi OTAeJsieT 06/1acTb OTCYTCTBHSI KAKOTrO-aH60 BJHAHHS
orxkura ot obgactu, rae curdan DIIP pesko y6uiBasa ¢ poc-
TOM TeMIepaTyphl OTXHra. Bropas —3To Temnepatypa ot-
xura okoso 610°C, oraensiomas o61acTb, B KOTOPOii 1o-
caeflyiouias aAcopOlus KHCIOPOAa MPHBOAMJA K YBeJHue-
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nuio curdagaa JIIP, ot Gosee BhicOKOTeMMNepaTypHOH o6Jaa-
CTH MPOTPEBOB, Ile TakKas aAcopOLuUs NPHBOAMNA K yMeHb-
IIEHHIO CHTHaJa. YuuTblBasi, YTO B 3TOH paboTe MpUMEHs-
JIUCb OTXKHTH AJHTEJbHOCTbIO B | uac, MOXKHO CYMTATbh, UTO
XapakTepHble TeMIIePaTyPHEIE TOUKH HEMJIOXO COOTBETCTBYIOT
XapaKTepHbIM TeMIIepaTypaM OTMKUIoB, OGHapyKeHHBIM pa-
Hee B HCCJAENOBAHHAX N0 MeTOAy AU(PAKUUH MeJJIeHHBbIX
3JIEKTPOHOB. DTH TeMIIepaTyphl NMPH KPaTKOBPEMEHHBIX OT-
Kurax ObliM OleHeHbl Kak Omauskue k 500 u sbiue 600° C.
Ilpu 500°C HauuHalOT HCue3aThb MAKCHUMYMbl MOJIOBHH-
HOrO MOpfANKa, a NpH TeMmiepaTtypax oTxkura Bbime 600°C
HauHHaeT OOGHApYXHBaTbCs MNOBEPXHOCTHasi CTPYKTypa
Si(111)—7.

OcHOBHblE pe3ysabTaThl 3TOr0 HCcaedOBaHHs OBIIM NOA-
TBepxKIeHbl Bo BTopo#l paGore JI. Xefinemana [188], rae
u3MepeHusi curaajoB DIIP 6bliu BHIMOJHEHE HA CKOJIOTOMH
noBepxHocTH KpeMuusi, OlleHeHHasi Mo pe3y/bTaTaM 3TOTO
HCCJIeJOBaHHSl NOBEPXHOCTHAs KOHLEHTpAlMs LEeHTPOB Ha
aTOMapHO-UNCTOH NOBEPXHOCTH, OTBETCTBEHHBIX 3a HabJio-
naeMblii pe3oHaHc, Obia pasHa 81013 cnuxos/cm? B mpe-
Jpiaymiein pab6ore Ha [Apo6GJeHOM B BaKyyMe KpHCTaJlle,
C CyMMapHOi NOBEPXHOCTbIO NPHMEPHO B CTO pa3 GoJb-
e, NOBEPXHOCTHAsi KOHIEHTpallUs OKasajacbh paBHON
20-10'® cnunos/cm?®. TlonyueHHOe passiHuMe KOHLEHTpAUHUi
He MpeBbIlIaeT MOTPELIHOCTH B ONpelesieHHH OTHOLIEHHS
nomagei aToMapHO-YHCTHIX MOBEPXHOCTEH U  siBJsieTCH
BaXKHBIM CBHJETEJbCTBOM MOBEPXHOCTHOH NPHPOABI Habulo-
[aBIIerocsi pe30HAHCHOrO CHTHaja. BTOpEIM TakHM cBHze-
TeJbCTBOM SIBJISJIOCH chellidHuecKoe BJHMSIHHE aAcopGUHH
rasoB, B 0COGeHHOCTH KHcaopona. PaHee ynomHHazloch, 4TO
Bo3zelicTBHe Kucaopoxa nopsiaka 1075 rop-mun npusoguio
K BecbMa 3HAUHTEJbHHIM H3MEHEHHSM NOBEPXHOCTHOH MpO-
BOAMMOCTH M paGoThl BeIXOZA. B TO Xe BpeMsl Takue BO3-
JefCTBHA He W3MEHAJH BeJMYHHBl CHTHAJa M KOHUEHTpalHuu
cnuHoB. Tosbko ropasno 6oJsiee CHJbHbie BO3JEHCTBHS IIO-
pagka (102 107) Top-mun (NpH [aBJEeHUSX TMOPSAKA
1078 + 102 Top) nNpPUBOAMIH K BO3PACTAHHIO BeJHYHHbI CHT-
Haja npumepHO Ha 45% M KOHLUEHTPAIHHU CTHHOB N0 KpakHe#
Mepe Ha 209%. dta cneuucuka CBHAETEABCTBYET O TOM, 4TO
HCTOUHHKOM curHasa OIIP He Morau ObiTb M LEHTPHI, pac-
NnoJioXeHHble B NPHIOBEPXHOCTHOM CJIO€ MPOCTPAHCTBEHHOTO
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3apsajia, 3JeKTPOHHOE COCTOSIHHE KOTOPBIX 3aBHCHT OT
NOBEPXHOCTHOTrO noreHuuasna. Ocraercsi elHHCTBEHHAsl BO3-
MOXXHOCTb CBfi3aTh HaGuionaemble curHaan IIIP ¢ ueHrt-
paMH, HaXOASIUIMMHUCH HEMOCPEACTBEHHO Ha MOBEPXHOCTH
KpHCTaJJja, T. €. Ha PacCTOSHHSIX B HECKOJIbKO aHICTPeM OT
afcopOHPYIOLIHXC aTOMOB KHCJIOPOAA.

Uro kKacaeTcs onpefeseHHsi NMPUPOALI 3THX LEHTPOB, TO
B 5TOM OTHOLIEHHH CHTyallus OcTaeTcs TOpa3fo MeHee fic-
HO#l. Kak u3BecTHO, OCHOBHble U HauboJsiee HHTEpPECHblE [aH-
Hble O CTPOEHHHM H MPHPOAe LEHTPOB AAIOT OCOGEHHOCTH
CBEPXTOHKOH CTPYKTYphl pe30HaHCHbIX cnekTtpoB. Takas
CTPYKTypa npu oborauieHdd kKpeMHHs H3oTonoM Si?® B Ko-
auuectBe 10 4,79 He Oblna HabGJuiogedHa. CoBMecTHLIM aHa-
JIU3 3TOrO ¢paKra, HabJaionaBleficss IWHPHHEI IMHHH H MaJloi
aHH30TPONUHU g-(paKTopa MpHBeJ aBTOpPa K 3aKJIOUEHHIO, YTO
MCTOYHHKOM curHanoB DIIP gB/slOTCA 3J1eKTPOHBI, YaCTHYHO
JIOKa/Iu30BaHHble Ha noBepXHOCTH. [lo MHeHHIO aBTOpa, 3TO
3JeKTPOHbl IOBEPXHOCTHLIX 30H IPOBOJUMOCTH, MAJIOE BJIHS-
HHEe KOTODBIX Ha MOBEPXHOCTHYIO IPOBOAHMOCTb 06YCI0BJIEHO
BecbMa MaJlofl HX MOABHKHOCTbIO (~2-107% cm?/8-cex) wu,
COOTBeTCTBEHHO, 6OJbLIOH 3¢ dekTHBHON Mmaccoil. [Ipenno-
JlaraeTcss CyIIeCTBOBaHHe [BYX TaKHX 30H, pasjieJleHHBIX
JHepreTHYECKHM 3a30pOM, UTO XOPOLIO COTJIAacyeTcsl C paHee
ONHCAHHBLIMH TpeACTaBJeHHSIMH, HCIOJNb30BaBIIUMHUCA A4
00BbSICHEHHSI pe3y/bTaTOB H3MepeHHsl MNOBEPXHOCTHOH MNpo-
BOAMMOCTH, pabGOThl BBIXOJA H peJjakcauuu 3todexkra noJs.
HakoHel, no MHeHHIO aBTOpa LHUTHpyeMO#l paGoThl, MOJy-
YyeHHble AaHHBlE MO3BOJAIOT OTAATb NpEANOYTEHHE OAHOH U3
[IOBEPXHOCTHLIX CTPYKTYp, KOTOPble OblJIH MpeLJoXKeHbl IpPH
HHTEpIpEeTalUy AAHHBIX N0 AHMPAKUUU MeLJNeHHBIX 3JIeK-
TpoHOB. Takoil 60/ee BepOSATHOH CTPYKTYpPOH SBJAETCS POM-
6oBHaHas 3JeMeHTapHas siuefika (23X 1) c moouepenHo
NPUNOAHATHIMH U ONYILIEHHBIMH MO OTHOLIEHHIO K CBOUM HOP-
MajbHbIM TOJIOKEHHSIM psAJaMH aTOMOB MOBEPXHOCTHOrO
CJI0f M CMEU[eHHBIMH H3 CBOMX IOJIOXKEHHH aToMaMH BTO-
poro cjosi. dta cTpyKTypa usobpakeHa Ha puc. 19.2 u 06-
cy:KjaaJjach B NpeibliyllleM naparpade 3Tod IJiaBbl.



Fr'TABA VI

PEAJIbHASL MOBEPXHOCTb
noJqynpOBOAHHUKOB

Elle HeCKOJBKO J1eT TOMY Hasaj NOHSTHe peaJbHOH IO-
BEPXHOCTH FepMaHHsA U KPeMHHA OLLJIO BIOJHE OLHO3HAUHbIM.
IIpu 3TOM nmoapasymeBasacb HOBEPXHOCTb 3THX KPHCTaJJIOB,
npouweamasi OOBIUHBIA IHKJI MeXaHHYeckoil 06pabOTKH —
IWIHGOBKH, a 3a4acTyi0 H MOJHPOBKH, H XHMHUYECKOro HIH
3J1eKTPOJNIUTHYeCcKOro TpasJeHHd. [locieniHne uMesn Leablo
ylajleHHe MeXaHHYeCKH MOBPeXIeHHOr0 MOBePXHOCTHOTrO
C/101 H, MOCKOJbKY NPUMEHSBLINECS BHAbl TPABJEHUS HOCH-
JH OKHCJHUTEJbHO-PACTBOPHTE/NbHBI XapakTep, CO3JaHHe
NepPBUYHON IJIEHKH OKHUCHBbIX COeJMHEHHH BELIecTBa MoJy-
NPOBOAHHKA, CJAYKHBILEl ero BHellHel 3auluTtoil. Hanuuuem
TaKOH €eCTeCTBEHHOH 3aUIHTHOH NOBEPXHOCTHOMH IJIEHKH pe-
ajbHasi NOBEPXHOCTb MOJYNPOBOJAHHKA OTJHuYaJacb OT aTo-
MapHO-UHCTOH, KOTOpasi noJjydajgacbh H MOrJa HeKOTopoe
BpeMsl CyILleCTBOBaTb TOJbKO B BecbMa crelu(HUYeCKHX YcC-
JIOBHSIX CBEPXBLICOKOTO BaKyyMa.

Yke nepBble HCCJAEJOBaHHsl peaslbHbIX IOBEPXHOCTEM
repMaHus U KPEMHHs NOKasaJld, 4TO eCTeCTBeHHAas 3alluT-
Hasi TJIeHKA OKHCHBIX COeJIHHEeHHH NOoJynpoBOAHHKA, o6pa-
3ylomascs B X0Je CaMOro TpaBJeHHA M MOCJAeLyIOIIUX Ole-
pauuil MPOMBIBKH U CYIIKH 06pa3lOB UJIH NPHGOPOB, OTHIOAD
He siBjisieTcss cTabuibHOH. B cBA3M ¢ 3THM HccienoBaTenu
0oObIYHO OTMeua/ H ABA PA3JHUYHBIX COCTOSIHHA peaJsibHOH NO-
BEPXHOCTH IOJIYIPOBOJHHKA — CBeXeNpOTpaBJIeHHYI0 IO-
BEPXHOCTb H NOBEPXHOCTb, CTAGHJIH3HPOBAHHYIO GoOJsiee HJIH
MeHee IJHTeJbHOH BhAepXKOH Ha Bo3nyxe. [Tockosbky mpo-
LleCChl POCTa TOJILHIMHBI OKHCHOH MJIEHKH, a TaKxKe MpPOLEeCcCh
M3MeHEHHs COCTaBa M CTPYKTYypbl 3TOH IJIEHKH B KOMHaT-
HbIX YCJOBHSIX NPOTEKAlOT AO0CTATOYHO MeJJIEHHO, pa3JjHuHe
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COCTOSIHHH CBeXe I1POTPaBJEHHON U CTaGHJIH3MPOBAHHOH
CTapeHHeM IMOBEPXHOCTEd MOJYNPOBOJHHKA OOLIYHO IPOAB-
JisieTcsl JOCTaTOUHO YeTKO.

B nocsenHHe roanl NoJioxKeHHe Aesl CyLIeCTBEHHO H3Me-
HHJIOCh BCJIe[CTBHe MOSIBJI€HHS psiia HOBLIX BHAOB MOBepX-
HOCTHHIX 006pa6oTOK moaynpoBoAHUKOB. (OCHOBaHHBIE Ha
MPUHIHIHAJbHO HHBIX XMMHYECKHX peaKUHAX, 3TH BHAb 06-
paboTok, ri1aBHBIM 06pa3oM B rasax M napax, MO3BOJSIOT
noslyyaTh HHBIE 10 CBOEMY COCTaBYy 3allHTHBIE MJeHKH. Pas-
paboTaHbl METO/Jbl TMOJYYEHHS 3aLUHTHLIX MJEHOK CyJbdHAa
repMaHHsi Ha TepMaHHU, HHTPHIAOB TepPMaHHsl H KPeMHHA #
repMaHuil- U KpeMHHHODraHHYeCKHX COeJHHeHHWHl Ha repma-
HUH M KPeMHHH, KapOuaa KpeMHHS Ha KpeMHHH U T. 0. MHo-
rHe W3 HHX CYLIeCTBEHHO MpPEBOCXOAAT IJIEHKH OKHCHBIX
COeJMHeHHH# mno cBoell CTaGH/ILHOCTH H 3alUHUTHBIM CBOHCT-
BaM. OIHAKO 3JIeKTPOHHOE CTpOeHHe TpaHHLbl pasjesa Io-
JYNPOBOJHHK — 3aLIMTHAs IJIeHKa OKa3blBAeTCcs MOKa 4YTO
HauboJiee NPOCTHIM B CJydae OKHCHBIX 3aIIHTHHIX MJIEHOK.
KpoMe TOro, peasibHble NOBEPXHOCTH repMaHUsl U KpeMHHUs,
3alMILeHHble IIJIeHKaMH OKHCHBIX COeIHHEeHHH, KOHeYHO, ro-
pasmo GoJiee mompoOHO uccaenoBaHbl. [losTomy B Hacros-
el r1aBe B OCHOBHOM peub OyJleT HATH HMEHHO O TaKHX
peaJibHBIX NOBEPXHOCTSX.

B T0 xe BpeMs maxe npeaBapHTeJbHblE pe3y/bTaThl UC-
CJEeNOBAHHH peaJbHbIX MOBEPXHOCTEHl C 3aUHTHBIMH MJIEH-
KaMH HEOKHCHOH NPHPOABI MpencTaB/siioT Ge3YCJOBHBIH HH-
Tepec, XOTsl Obl ¢ TOUKH 3peHHsI OOLIHOCTH CKJaJbiBaIOLIHXCS
npeAcTaBJeHHH 06 3JeKTPOHHOH CTPYKType peaJsibHO# [0-
BePXHOCTH NOJYHNPOBOJHHUKOB.

§ 21. MoBepxHoOCTHBIN 3apaj,
W MeJJIeHHble MOBEPXHOCTHbIE COCTOSHMS

Kak HeoZHOKPAaTHO OTMeuaJsocb paHee, MOJIHbIA MOBEpX-
HOCTHBI 3apsAf B 06LleM cJjydae siBJseTCS CYMMOH 3apsifioB
OBLICTPBIX M MeJJIeHHbIX NOBEePXHOCTHBIX cocTosiHui. CooT-
HOIlEHHe MeXJy cJlaraeMBIMH 3TOH CYMMbl ONpejeJsieTcs
()U3HKO-XMMHUYECKHM COCTOSIHHEM IOBEPXHOCTH MOJYIPOBOA-
HHKA, T. €. XHMHYeCKHM COCTAaBOM H CTPYKTYPO# NMOKpHIBalO-
el ero 3aulMTHOH IJIEHKH, a TakxkKe COCTAaBOM M MapLHalb-
HBIMH [aBJIEHHIMH KOMIIOHEHT ra3oBOil aTMoc(deprl, OKpy-
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xaomeld obpasen. PesynbTaTel caMblXx MEpBHIX HCCJe0Ba-
HHUi, NpUBeIUIMX K paspaborTke omucaHHoro B § 8 rasosoro
uukaa bapauHa — BpsTTeHa, cBHAeTeNbCTBOBAJM O Npeo6-
JajaiolleM BJHSIHHH aTMocdepbl Ha NOBEPXHOCTHHIA 3apsj,
BO BCSIKOM CJyuae, KOTla OH BeJHK 10 aOCOJIOTHOH BeJH-
YHHe.

HccnenoBanus peakCallHOHHBIX TPOLIECCOB H3MEHEeHHs
MOBEPXHOCTHOIO 3apsifa INpPH BO3AHCTBHH IONEPEYHBIM
3JIeKTPHUECKUM T0JIeM, KPAaTKOBPeMEHHOM OCBEIleHHH HJIH
npu ObICTPOM H3MeHeHUH TeMIepaTyphbl oGpasua MokasaJjid,
4YTO B OCHOBHOM 3TOT 3apfij IBJsETCS 3apsAOM MeJJeHHbIX
[OBEPXHOCTHBIX COCTOSIHHH. 3aBHCHMOCTb 3HaKa MOBEPXHO-
CTHOTO 3apsiia OT COCTaBa ra30BOT0 OKPYXKEeHHSl H BeJHUHHbI
3apfjia — OT NapuHaJbHOrO AAaBJEHHSI aKTHBHOH KOMMIOHEH-
THl cpelbl Kak OyATo OBl IBHO CBH/ETEJbCTBOBAJMH 06 an-
COpOLHOHHOA NPHPOJEe OCHOBHOH 4acTH MeJJeHHBIX MOBEpX-
HOCTHBIX COCTOSIHHH.

B nanbHefilieM 3TO MpeANoJOKeHHe MOJNYUYHJO NOMOJHH-
TeJlbHOe MOATBEPXKJeHHe, KOTAA B LeJoM psjge paboT Gblio
YCTAHOBJIEHO OTCYTCTBHe Me[JIeHHBIX COCTOSIHHH Ha aToMmap-
HO-YHCTOH IOBepXHOCTH 06pasuoB, a Takke oOpasiax,
Haxoaslluxcs B Bakyyme nopsigka 10-9+10-10 7op.

DJleKTPOHHAA TeOopHs aACOpPOIHH ra30B Ha MOBEPXHOCTH
1I0JyIPOBOJHHKOB AaKTHBHO pa3pabaThiBajach I[OCJAeIHee
BpeMs rjaBHbIM 006pa3oM B CBfI3H C HCCJAeJOBAHHSIMHU B 06-
JIaCTH KaTaJHusa.

dusnueckie npencraB/eHHs 5TOH TEOPHUH H OCHOBAHHBIE
Ha HHUX KOJIHYeCTBEeHHble pacyeThl MOAPOGHO H3JI0XKEHH
B Mmonorpabun ¢. ®. BosbkeHuitefiHa [M2]— ogHoro us
OCHOBHBIX cO37aTesell 31Ol TeopuH. IlockoabKy npeacras-
JIeHHsi M pacueThl, OTHOCALIHECS K HHTePecylolueMy Hac
clyyal 3apsnKu MeIJeHHbIX TOBEPXHOCTHBIX COCTOSIHHH,
noApo6GHO H3J102KeHbl B 3TOH MOHOrpacduH, Mbl OrpaHHUHMCS
JHlUIb KPATKHM H3JI0KE€HHEeM OCHOBHHIX pe3yJbTaTOB TEOPHH
¥ ajpecyeM uHTaTeJieHl, HHTepecylOHUXCcs HX 060CHOBaHHEM,
K MEePBOMCTOYHHKY.

CorsiacHO MNpeacTaBJ/eHHSIM COBPEMEHHOHN 3JeKTPOHHOM
TeOpHH aAcopOIHH, OCHOBHAs 4acTb aACcOPOHPOBAHHHIX Ha
MOBEPXHOCTH YacTHL (2TOMOB HJIH MOJIEKYJ]) YIepKHBaeTcs
Ha Hel CHJIaMH Tak Ha3piBaeMOH «caaboil» xeMocopOuuH.
IIpuposa M MIOTHOCTH 3TOrO aACOPOLHOHHOTO MOKPHITHSA
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3aBHCAT, pa3yMeeTcsl, OT COCTaBa ra30BOfl cpeabl ¥ map-
IHaJbHOTO [aBJIeHHsl ee KOMIIOHEHT, a TaKie, B H3BECTHOMN
Mepe, OT XapaKTepa MOBEPXHOCTHOI 06pabOTKH, Onpese/siio-
e cOCTaB M CTPYKTYpPy 3alHTHOH NJeHKH HAa MOBEPXHOCTH
ob6pasua. 3a cuer 3JeKTPOHHBIX NPOLECCOB B3aHMOJEACTBHA
YyacTH aACOpOHPOBAHHBLIX YACTHI[ ¢ 3J€KTPOHAMH HJH IBIp-
KaMH KDHCTaJ/JHYeCKOH pelleTKM M[OJYNPOBOJHHKA XeMO-
COpPOLMOHHAS CBS3b CTAHOBHTCS <«IIPOYHOM», a 3TH YACTHIHI
npuo6GpeTaloT OTPHLATENbHBIH HJH MOJOMXHTEJbHBIA 3apsn,
KOTODHIAl B Hallel TPAKTOBKe W JOJKEH paccCMaTpPHBAThCA
B KayecTBe 3apsiia MeJJIeHHbIX MOBEPXHOCTHBIX COCTOSIHHE.
OGuree KOJIHMYECTBO IMOBEPXHOCTHBIX COCTOSIHHH, KOTOpBIE
B PaBHOBECHBIX YCJOBHAX OKaXyTCs 3apsKeHHBIMH, T. €.,
HHave TOBOPS, MNOJHBIA MNOBEPXHOCTHHIH 3apsA MelJeHHBIX
COCTOSIHHH HOJI>KeH 3aBHCeTh, PasyMeeTcsl, U OT NOJOXKEHHS
ypoBHsi PepMH Kak B o6beMe, TaK H Ha NMOBEPXHOCTH MOJY-
NpoBoJAHHKA. Pasnnune ux nonoxeHuil B o6beMe H Ha HO-
BEDXHOCTH IO OTHOLIEHHIO, HalpHUMep, K BePXy BaJjleHTHOMH
30HBl U COOTBETCTBYIOllee Pa3JjiHuHe NMOBEPXHOCTHHIX U 00b-
eMHbIX KOHLIeHTpalUHil HOCHUTesJell 3apsia SBJSIOTCA TeM
(haKTOPOM, KOTOPbI [AOJXKeH NPHBOAHTL K OrpPaHHUEHHIO
pocTa NMOBEPXHOCTHOTO 3apfja AAaHHOrO 3HakKa. DTO yTBep-
XKJeHHe C OYEBHIHOCTbIO cjelyeT H3 MPHUBENEHHOrO0 HaMH
B §§ 2 u 3 pemenus ypasHenus Ilya:coHa B npunosepx-
HOCTHOH# 06J1aCTH TPOCTPAHCTBEHHOTrO 3apsijaa, pe3yJb-
TaTOM KOTOPOro ObiI0 BO3HHKHOBEHHe IPHIOBEPXHOCT-
HOro noTeHUHa/JbHOro OGapbepa IJs HocUTesneHl 3apsna
TOTO 3HaKa, KOTOpble CBfI3bIBAIOTCSI HAa MOBEPXHOCTHHIX CO-
CTOSIHUSAX.

OueBH/HO, YTO NpefesbHBIH MOBEPXHOCTHBIH 3apsn, co-
OTBETCTBYIOLUIMA [AHHOMY COCTOSIHHIO Ta30BOH cpenbl, Mo-
»KeT GbITh pacCUHTaH, HCXOJs U3 YCJIOBHS PaBeHCTBA IOTOKa
371eKTPOHOB (MJM ABIPOK) H3 06beMa MOJYNPOBOLHHKA Ha
NOBEPXHOCTHEIE COCTOSSHHA [; M OoOpaTHOro NOTOKA M3 [O-
BEPXHOCTHEIX COCTOSIHMH B NOJYyNpOBOAHHK [ (puc. 21.1).
BesnuuvHa MepBOro MOTOKA peryJHpyeTcsi MPHUIOBEPXHOCT-
HbIM NOTeHIHaJbHbIM GapbepoM, T. €. eTO BBICOTOH H IIHpH-
HOM, KOTOpble MO H3BECTHbIM (OpMyJiaM ONpefensioT Be-
posiTHOCTH HanGapbepHOTO NPOXOXKIAEHHA HOCHTe/ell 3apsiia
HJIM TYHHEJHPOBaHMs CKBO3b Gapbep. Kakofi 6bl u3 3THX
JNBYX MeXaHH3MOB IlepexoJa HOCHTeseH 3apsjfa Ha MOBepX-
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HOCTb He mpeo6JjajaJ, MOTOK HOCHUTesdell 3apsima [y Gyner
YMEeHbIIATbCAA C POCTOM IOBEPXHOCTHOTO 3apsija, T. €. KOH-
UEeHTPAlluK 3aMOJHEeHHEIX 3JeKTPOHAMH (WJM AbIpKaMH) MO-
BEPXHOCTHHIX cocTostHHH. O6GpaTHbIl NOTOK /5, Hao6opoT, Gy-
JleT pacTH C POCTOM [OBEPXHOCTHOrO 3apsiia, TaK KaK OH
NpONOpIHOHaJNeH KOHIeHTPAalUH 3aroJHEeHHBIX OBEPXHOCT-
HBIX COCTOSIHMH H, KPOMe Hee, 3aBHCHT TOJIbKO OT Xapakrepa
pacnpejesneHusl 5HepreTHYeCKHX yPOBHeH NOBEPXHOCTHBIX CO-
CTOSIHMH, HO He OT Mapa-
MeTPOB  NOTEHLHaJNbHOTO T
G6apbepa B NPHNOBEPXHOCT- \_L
Hoft 06JiacTH MOJNYMNpPOBOA-

HHKa. L1 \ T
B JNeACTBUTEJNbHOCTH ’ £,

pacyeT paBHOBECHOIO 32pfl- — 0
Ja MelJIeHHbIX MOBepXHOCT- | BN YA __ ____ £
HbIX COCTOSIHHH OCJIOXKHSAeT- L !

cq eule PAAOM CyllleCTBEH- N_
Hblx (akropoB. Haubosee \
BAaXXHbIMH H3 HHX ABJAIOTCSA
Clellylome:  BaanMHoe  Br Bl Gxews nosepucriors noen
BJHSAHHE aJZlCOpﬁl/IpOBaHHbIX HHA TOKOB 3apSiAKH H PaspAiKH MeaJeH-
o HbIX MOBEPXHOCTHBIX COCTOSIHHH.

YacTHL, pPa3JUYHOH NpHPO-
Ibl, BCJELCTBHe Yero pocT
KOHIIEHTPAllMH 3apfXKeHHbIX YacTHIl ¢ OJHHM 3HAaKOM 3a-
psiia CTHMyJHpYyeT 3apsiKy 4YacTHIl ¢ OOGpaTHbIM 3HAKOM
3apsja; BJHsSIHHe MOBEPXHOCTHBIX COCTOSIHHI HeaacopOLHOH-
HOH NPHPOABI Ha 3apAAKYy aACOPOLHOHHBIX NOBEPXHOCTHBIX
COCTOfIHMH; M, HaKOHell, BeCbMa CyllleCTBeHHOe BJIHSHHE Ha
X0l BCEero npollecca 3apsiikH ajacopOHPOBAHHBLIX YaCTHLL
JIOJIXKHO OKasbiBaTbhb TO OOCTOATENbCTBO, YTO NMOCJELHHEe Ha-
XOAATCA He Ha CcaMOH MOBEPXHOCTH [IOJYNPOBOJHHKA,
a Ha BHeILIHeH HOBePXHOCTH HJH BHYTPH MOKpbIBalouiei
NoJyNpPOBOJHHK 3auUUTHOH MmjeHKH. KoppekTHBIA yueT Bcex
3THX (aKTOPOB CHJIBHO OCJOXHSIeT pacdyeT aGCOJIOTHOH
BEJUUUHB 3apffa MeJLJeHHbIX MOBEPXHOCTHBIX COCTOSIHHH,
KOTOpas,, COrJacHO 3THM MpeAcTaBJeHHAM, [0JKHaA fB-
JATbcA ajre6paHueckoil CyMMOH 3apsJ0B NOBEPXHOCTHBIX
COCTOSIHMH pasHOro Tuma.

Bo/ibuiof uHTepec ¥ NpPaKTHUECKYI0 BAaXKHOCTb HMeeT
BONPOC O penakcallMH 3apsija MeIJeHHbIX COCTOSHHH B
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pesysnbTaTe H3MeHeHHS, TeM HJH HHBIM CIOCOOOM, KOHIEH-
TpalMH HOCHTeJel 3apsAfa B NPHUIOBEPXHOCTHOM CJIO€ MOJY-
NpoBOJAHHKA. Brille yxXe ynoMHHAJOCh 06 3KCIepHMEHTalb-
HOM ¢akTe HabaioJeHHs Me[JeHHOH peslaKCallMH NOBEpX-
HOCTHOTO 3apfja NpH BO3JEHCTBHH MOHEePeYHbIM 3JeKTPH-
YeCKHM T[0JIeM, OCBELIeHHH HJIH H3MeHeHHH TeMMepaTypbl
ob6pasua.

C ToukM 3peHHMS H3JIOXKEHHBIX Bbllle MpeACTaBJeHUN
0 mpollecce 3apsANKH aJCOPOLHOHHBIX MOBEPXHOCTHEIX CO-
CTOsIHUH sicHa o6luasi npupoxa BceX 3THX aABjeHu#l. OHa 3a-
KJIo4aeTcsl B M3MeHeHHH KOHIeHTpalluH HOocHTesell 3apsana
(2/1€KTPOHOB H JBIPOK) B IIPHIOBEPXHOCTHOH 06/1acTH MmOJy-
NpPOBOAHHKA M OOYC/NOBJEHHbLIM 3THM H3MeHeHHeM Ipolec-
ce MOMOJNHHUTENbHOH 3apsaAkH HJH pas3paAKH aAcopOIHOH-
HBIX TOBEPXHOCTHBIX COCTOSIHHH. OYeBHAHO, YTO [eTaJjbHEI}
pacueT 3TOr0 peJaKCallHOHHOrO npouecca B of6uieM cayudae
npeacTaB/sieT ouyeHb 60JblIHe TPYAHOCTH.

MaremaTuyeckasi CJAO0XHOCTb 3afayd O KHHETHKe Mpo-
llecca 3axBaTa HOCHTesJeH 3apsifia Ha NOBEPXHOCTHBIE CO-
CTOIHHA, OTMeuaBluiascad B § 7, ycyrybasieTcs 3nech Chel-
UKot aacopOLHOHHOH NPHUPOALl MeAJIeHHBIX NOBEepPXHOCT-
HbIX COCTOSIHMH. DTO O3HayaeT, UTO BO BHHMaHHE JOJIKHBI
ObITh TNPHUHATH H TakHe YNOMHHAaBIIMecs Bhille (DAKTOPHI,
KaK HeNnoCTOSIHCTBO KOHLEHTpalHUH aAcopOLHOHHBIX COCTOS-
HUH B X0Je HX 3apsfiKH, BJHSIHHEe HeaJCOPOLHOHHBEIX IO-
BEPXHOCTHBEIX COCTOSIHHH Ha mpolecc 3apsikH H, HaKOHell,
cnenndHuKa pacnosoxeHuss aacOpOLHOHHBIX COCTOSIHHH Ha
NOBEPXHOCTH HJIM BHYTPH 3aLUTHOH IJIEHKH, @ He Ha caMoOH
MOBEPXHOCTH TMOJYIPOBOJHHKA.

Caenyer OTMETHTb, YTO B psje pabOT MedJeHHOCTb pe-
JaKcallud Hpolecca 3apsijJKH aACOPOLHOHHBIX MNOBEpPXHO-
CTHBEIX COCTOSIHMH HeNoCpeJCTBEHHO CBf3blBaJach C 0CO-
6eHHOCTBIO MX pAaclO/OXKeHHs, H HapsaLy C TeDMHHOM «Mej-
JIEHHbIe» COCTOSIHMSI HCMO0J/b30BaJCl TePMHH «BHeLIHHEe»
[IOBEPXHOCTHble COCTOSIHHSI, B OTJHYHe OT «ObLICTPHIX» HJH
«BHYTPEHHHX» NOBEPXHOCTHHIX COCTOSHHH. PesyjbraTe sKc-
nepuMeHTOB, onucaHHeix B § 20, nokasbiBalOT, uyTO CY-
[leCTBOBAHHE MeAJIeHHbIX MOBEPXHOCTHBIX COCTOAHMH JeH-
CTBHTE/NIbHO CBA3aHO C HaJHYHeM 3allMTHOH AH3JeKTpHue-
CKOWl NJIEHKH M NpPH ajncopOLHH, HanpuMep, KHCI0DOJa Ha
aTOMapHO-YHCTYI0 IOBEPXHOCTh TepMaHHs MeJJIeHHble CO-
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CTOSIHHSI CHAayaJja OTCYTCTBYIOT M BO3HHKAIOT TOJBKO MOCHE
o6pasoBaHus Gojiee ueM OJHOrO MOHOCJOSl ancopOHpOBaH-
Horo Kucjopopaa. Mccnenosanus npouecca pejiakcalld NpH
HAJIMUHUH OTHOCHTEJBHO TOJICTHIX IJIEHOK [OKa3aJjH, uTo
BpeMsl pejlaKCallud pacTeT C POCTOM TOJIIHMHBEI OKHCHOH
mieHku [189].

[TepBHle pacueThl peslaKCalMOHHOrO Ipouecca 3apfikH
MeJJIeHHBIX COCTOSIHUE HCXOAAIT H3 ABYX Pa3/IMUHBLIX MOJE/eH.

B nepsoil u3 HuX, paspaborannoit C. Moppucoxom [190,
M21], npeanosaranocb, YTO NOBEPXHOCTb SABJAETCS OLHO-
pomHoii, a B KauecTBe (akTopa, OMpelessiollero BpeMs
peJsiakcallWy, MpHHHMaJach 3aBHCHMOCTb NPHIOBEPXHOCTHO-
ro MoTeHUHa bHOrO 6apbepa OT H3MEHEHHS OBEPXHOCTHOTO
sapsana. Ecau B oOpasie, sHepretHueckas cxeMma MOBepX-
HOCTH KoToporo Oblia u3obpaxeHa Ha puc. 21.1, uHAyuUH-
pOBaTh HEKOTOPOE KOJHMYECTBO 3JIeKTPOHOB An, TO MNpHIO-
BEDXHOCTHBI MOTEHUHANbHEII Oapbhep Yso H3MeHHTCA Ha
BeanuMHy AYs. COOTBeTCTBEHHO [OJIXKEH H3MEHHTbCS H
NOTOK 3JIEKTPOHOB /; Ha MOBEPXHOCTHble cocTostHUA. O6part-
HBIH TMOTOK [, He M3MEHHTCS, TaK KaK He M3MEHHJCS OIlpe-
neasiomuil ero 6apbep E, I1pu MasbIx BeJHUHHaxX HHIYLH-
POBAHHOTO 3apsla MOXKHO CYHTAThb B NEPBOM MPHOJIMKEHHH,
YTO H3MeHeHHe BBICOTHI MOTeHIHaJbHOTO 6Gapbepa AYg
MpOMOpPLUHOHANBHO HHAYUHPOBAaHHOMY 3apafy ¢An. Toraa

d (A
() —1,(1 — evsn), @21.1)

3aech noToK [ mponopuuoHaned exp(—E; + E;), a aAn =
= AYs, npuueM o mpepcTtaBiaseT coboH BeJHuuHY, 06paTHO
[IPONOPUHOHALHYI0O €MKOCTH HOBEPXHOCTHBIX COCTOSTHUH.
Takum o6pasoM, BTOPOH uNeH MNpeAcTaBasieT cCOOGOH MOTOK
3JIeKTPOHOB /4, MepexodAl(HNX Ha NMOBEPXHOCTHbIE COCTOSIHHA
3 oObeMa TNOJNyNpoBOAHHKA. VIHTerpHpoBaHHe ypaBHeHH$

(21.1) naer:
1 —e~%an= A, (21.2)

rae v = al, — nocTofHHas cnaja.

M3 nosnyueHHOro peuieHus cJelLyeT, YTO TOJNBKO IpH
aAn<&1 penakcauus O6yneT HMeTb 3KCIOHeHUHAaJbHbIA Xxa-
paktep. Ilpu Goabuiux 3HaueHHAX aAn cnaf GyleT HesKc-
MOHEHUHAJbHEIM, PHYeM KPHBbe pesakcalud OyayT pe3kq
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aCHMMETpHUYHBI B 3aBHCHMOCTH OT 3HaKa An. O6a mocJjaen-
HHUX 3aKJ/I0UYeHHUS1 TEOPDHH KaUeCTBEHHO COOTBETCTBYIOT 3KC-
NNepUMeHTaJbHbIM ¢)axTaM, TOraa KakK IpeackKasbiBaeMas

A8, npousd. ed.
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Puc. 21.2. MeaJeHnas pejlakcallHss IOBePXHOCTHON mpo-
BOAHMOCTH TOCJie BKJIOYeHHA (KpPHBble C KPYXOYKaMu)
HJH BHIKJIOYEHHA (KPHBble ¢ KPeCTHKaMH) NMONepeyHoro
NOJIAi Pa3JHYHOM HAaNpPSKEHHOCTH, COOTBETCTBYIOLLETO
HHAYKLUHUH OTPHLATeJbHOrO 3apsaa B oGpaseu repMaHus
3JeKTpOHHOR mnpoBogHMocTH (13 om-cm). Uudpbl Ha
KPHBBIX YyKa3biBalOT HANPSXKEHHOCTb NOJsA, TeMmepaTypa
KOMHaTHas.

OpH MaJblx BO3MYILIEHHAX 3KCIOHEHIHAalbHas peJjakcauus
He Bcerga HaGJiofaeTcs /s MeNJIEHHBIX COCTOSIHHA. DTO
BHAHO, HanpuMep, U3 AaHHeIXx C. MoppucoHna [190], npuse-
JIEeHHBIX Ha pHc. 21.2, rie nokasaHa pesakcalysi H3MeHeHHUs
NPOBOAMMOCTH, BBI3BaHHAs BO3jefcTBHEM MOCTOSHHOIO MO-
Jisl pa3/IMuHON HANpsXKEHHOCTH HA NMOBEPXHOCTb C PE3KO BEI-
paxKeHHbIM cJoeM oforalleHnsi Ha o0Opasle 3JeKTPOHHOH
IIPOBOAHMOCTH. XOpOILO BHAHA aCHMMETPHs PeaaKCal(HOH-
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HbIX KPHBBIX BKJIIOUEHHSI H BBHIKJIIOYEHHd, TeM OOabluas,
yeM Bblllle HANPsSKEHHOCTb TOJf, a, CIEeLOBATEJbHO, H KOH-
LeHTpalUs MHAYLIHPOBAHHOTO 3apfAja. XapakTep BCeX KpH-
BHIX $IBHO HE€ COOTBETCTBYeT 3KCIOHEHIHaJbHOMY 3aKOHY
penakcaunu. Ha puc. 21.3 npuBeneHbl, B3AThe H3 TOH Ke

A6/6, omn.ed

] | | | | | l
05w B W B W # W
Bpems, mur

Puc. 21.3. MensiedHass peJiaKcauus TMOBePXHOCTHOM
NpOBOAHMOCTH NPH Da3HbIX TeMNepaTypax.

paborsl (190], TunuUHBlE peslaKcallHOHHBIE KpHBBIE NMPH T0-
HHXKEHHBEIX TeMIllepaTypax. SICHO BHIHO pe3koe 3aMelJieHHe
pesaKCallMOHHOTO mpoliecca MPH MOHHKEHHH TeMIepaTypbl.
ConocTaBisii 3THM KPHBLIM TeOpeTHUecKOe BBIpaXieHHe
(21.2), MoppHCOH mNoKa3aJ, yTO MOCTOSIHHAs clajga y Mo-

E
JKeT OHITb BblpaxKeHa B BHIeE Bexp(— w7 ) The E nopsia-

ka 0,5 98 U HMeeT (PU3HYECKHH CMBICJ BLICOTHI MOTEHIHAb-
Horo 6apbepa [0 OTHOLIEHHIO K YpoBHIO PepMu.

YpasHenus (21.1) u (21.2)xopolio onucHBAIOT, agaxe
B KOJIMUeCTBEHHOM OTHOLIEHHH, aCHMMETPHIO KPHBLIX 3a-
pSOKH M paspankH, nokasaHnyio Ha puc. 21.2. Ilpu Gousb-
IIHX  OTpHuaTedbHbIX An, corjaacHo (21.1), umeem
d(An)/dt = I, B HauanbHBII mepHod cmama, W I Moxer
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ObITh OMpefeleHo MO KPHBBIM «MeIJEeHHOro» cmajga (mpH
BHIK/IIOYeHHH HanpsiokeHusi) npu ¢ =0. Ecau An Benuko
U TO0JOXKHUTeNbHO, TO d(An)/dt =~ [,e®" u cnag [OMKeH
OBITh OTHOCHTEJNBHO OBICTPHIM.

B momenT BpeMmeHu f{ =0 ypaBHeHue (21.2) naer:

[ —e-adm = A, (21.3)

H TaK KakK Afy BeJIHKO M MNOJOXHTeabHO, TO Ay =~ 1.

B o6sactu 6osblinX BpeMeH An CTaHOBHTCA OCTaTOU-
HO MaJIbIM [1Js1 TOro, uToOnl oAn 6blI0O 6Bl MHOTO MeHbLe
eIMHUIB], U TpU 3TOM (f— co) KpuBasi «GLICTPOro» crnana
NpPHHHMAaeT NpOCTOH BHI :

@ An= eV (21.4)

BHe 3aBHCHMOCTH OT HauaJ/bHON BeJHYHHB Aflg. DTO H Ha-
6/iofaeTcsl Ha KPUBBIX «ObICTPOTO» clafa NpH HaMpsKeH-
HOCTSIX moJisi, npeBbimakouux 10° e/cm. [Ipu 3TOM KpHBbIE
«GBICTPOrO» craja B 00JacTH GOJIBIIHX BpeMeH CTAHOBATCA
NpaKTHUYECKH JHHEHHbIMM M OJHM3KUMH ApYT K ApYry Tak,
YTO HX SKCTpPamoJsliisl K MOMeHTy BpeMeHH f =0 paer
OJIHH M TOT e OTPe30K Ha OCH OpJAHHAT, PaBHBIH, COTJACHO
ypaBHeHuio (21.4), Benuunde 1/o. HakoHen, BeiuunHa vy
MoOXeT ObiTb omnpefeneHa [0 NOCTOAHHOH BpeMeHH IpH
ycioBun aAn < I, T. e. B 061acTH GOJBLIHX BpeMeH, AJA
J1060f1 KPUBOW, 3a HCKJIOUEHHEeM KDHBbIX CNajga, COOTBET-
CTBYIOLIUX BBIKJIIOUEHHIO N0/ NPH OOJBLUIMX HaNpsiKEeHHSAX.
Ucnonb3ysi 3TH MeTOHB! /51 OIleHOK BeJaHuuH o, o H ¥,
C. MoppHcoH HalleJ, YTO B INPOM3BOJbHBIX eIUHHIAX
puc. 21.2 onu coorBercTBeHHO paBHBl [; = 0,22, a = 0,033
u y =0,005. CornacHo TeopuH, y = al, YTO XOpOLIO CO-
ryacyercsi ¢ 3KCIEPHMEHTaJbHO HafileHHbIMM 3HAUEHHSIMH.
Hecmotps Ha Takoil ycmex TeopuH, Gasupyolleiics Ha
MOJe/JH OJHOPOAHOM MOBEPXHOCTH M NpEeIMNoJoKeHHH 00
onpefensioulell poJd NOTeHUHaJbHOro Oapbepa B mepe-
XOJle HOCHTeNell 3apsaja Ha MejJleHHble [IOBEPXHOCTHBIE CO-
CTOSIHHSA, He0OXOAHMMO OTMETHTb, UTO TeOpHs HMeeT BechMa
MHOTOUHCJ/IEHHble M NpPUHUUNHAJbHbIE OI'pAHHUYEHHS.
ITpexxne Bcero, HCIoJMb30BaHHAst B TEOPHH JIHHEHHOCThb
CBSI3H MeX]y H3MeHeHHeM 3apfla MelJeHHbIX MOBEPXHO-
CTHBIX COCTOSIHME H H3MeHeHHeM INpOBOAMMOCTH oO6pasua,
¢akTHueckn HabJI0JaeMbiM B JKCIEpHMEHTe, peasu3yercd
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TOJIbKO TpPH BIOJIHE ONpeNeJeHHBIX COCTOSIHHSIX MOBEPXHO-
CTH, HajleKHX OT 0o0JlacTH MHHHMyMa [OBEPXHOCTHOH Ipo-
BOAHMOCTH. B6/M3K mocJiefiHero sTa cBsi3b MMeeT pe3Ko He-
JHHedHBI xapakTtep (cM. § D), 4TO CyUIeCTBEHHO YCJOKHHT
MaTeMaTHYeCcKyl0 CTOPOHY TeopHH. B  3KcmepuMeHTax
C. MoppucoHa Heo6xoJuMOe COCTOSIHHE OBEPXHOCTH C BBI-
COKOHl 3JIEKTPOHHOM NPOBOAHMOCTBIO AOCTHraJjocCh MpejBa-
pUTEeJbHBIM €e OKHC/JEeHHEM H NOMellleHHeM o6pasia B aTMO-
chepy renusi ¢ 50%-HO{i OTHOCHTEJBHOH BJIaXKHOCTBIO.

[anee, KaK 3TO cJef0BaJO H3 CONOCTaBJIEHHS TEOPHH C
JKCIEePHMEHTOM, KOJHYECTBEHHOe corjache Ha6J/101a/10Ch
TOJIBKO MpH OOJIbIIHX OTKJOHEHHSIX OT paBHOBeCHA, T. €.
npu GO/bIINX BeJHYHHAX HHAyUHpOBaHHOro 3apsaa. Ilpu
MaJiblX ero BeJHYHHAX TeOpUs MpecKa3biBaeT 3KCHOHEH-
IMaJbHBIH 3aKOH pesaKcalliH, KOTOpDbIH BeCcbMa peaKo Ha-
6/101a€TCS1 Ha OMBITE.

B MHoOrouHc/enHbIX 3KCIepHMeHTax psAAOM aBTOPOB Obl-
JIM TOJIyUYeHbl KPHBBIE peJlaKcalluH, KOTophle 6oJsiee MU Me-
Hee HaleXXHO MOXHO OBIIO pa3jie/IMTh Ha [Ba, TPH U GoJee
9KCIIOHEHIHAJbHBIX yyacTKa. DTH pe3y/bTaThl HABOAU/IH Ha
MBICJb O TeTeporeHHOCTH mnoBepxHoctu [191], BcaencTsue
KOTOPOil pejlakCcallHOHHble MPOLeCcChl Ha PasHBIX yuacTKax
MOBEPXHOCTH HAYT C Pa3JHYHOH- CKOPOCTbIO. DTO IPENO0J0-
)KeHHe M03BOJIUI0 00BACHUTL He TOJbKO He3KCIOHEeHIHaJb-
HOCTb crnaja npu J1o0bX BeJMYHHAX BO3MYLIEHHS, HO H
OTCYTCTBHE TapDMOHHK B BBIXOJHOM CHTHaJle NDH NPHJIOKe-
HMH CHHYCOHAAJbHOFO HH3KOYACTOTHOTO TMOMEPEeYyHOro MoJs.

[Tocnennee o6cTOATENbCTBO GBLIO TPYAHO OOGBSCHHTH €
TOUKH 3peHHs NMepBOfi TeOpHH, YUHUTLIBAS HE3KCIOHEHLHAb-
HBIl XapaKTep penakcauud. Ecinm »Ke npeamosaratb, 4TO
[10BEPXHOCTb COCTOHT H3 PA3JIHYHBIX YYacCTKOB, A/ KaxJ10-
ro M3 KOTOphIX peJjlakcalHs HMeeT 3SKCIHOHeHIHaJbHBIA Xa-
pakTep, HO CO CBOeil MOCTOSIHHOH BpeMeHH, TO 3aXBaueHHHIIl
Ha 3TOM ydacTke 3apsan OyleT U3MeHATbCA CHHYCOMJAJbHO
IpH CHHYCOMJAJbHOM TONEpeyHOM Mnose. PacueThl aBTOpOB
reTeporeHHol Teopuu mosepxHoctH P. Kuurcrona u A. Mak-
sopTepa [191] mpuBesin K 3aK/IOYEHHIO, 4TO 3IKCMEPHMEH-
TanbHO HabJaioaeMoe pacrnpejesjeHHe MNOCTOAHHBIX chana
g (t) mponopuUHOHaNbHO T~! B HHTepBaJle 3HauYeHWi BpeMeH
cnaga t ot 0,02 no 20 cex. DToT pe3yabTaT XOpOLIO COraa-
coBasicsi ¢ HaO/IOEHHSIMH CIeKTpa COOCTBEHHBLIX LIYMOB
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06pa3uoB repMaHus, KOTOPHIi B 9TOil 06J1aCTH YaCcTOT HMeeT
pacnpefiejeHde, o6paTHO NpONOpLHOHAJbHOe yacroTe. Ta-
KHM 00pa3oM, co6CcTBeHHBIe IIYMbl MOIVIM OBl ObITh CBSI3aHB
C 3aXBaTOM HOCHTeJell 3apfiia Ha MeJJleHHble I[OBEPXHO-
CTHbIE COCTOSIHHUS.

[losiBneHHe pacnpejesieHHsl OCTOSIHHBIX BpeMeHH 3a-
XBaTa MOrJI0 ObiTb NPHUIHCAHO BapHAlLMAM TOJIUMHBI CJIOS
AHU5/IeKTPHYeCKOH IJIeHKH, OTAensollel MeJ1eHHOe NOBepX-
HOCTHOEe COCTOfIHHe OT CaMOH NOBEPXHOCTH MOJYNpPOBOJHH-
ka. Ecau mpeanosaraTb, 4YTO Nepexon 4Yepe3 3Ty IJIEHKY
OCyLIecTBJsSeTC TYHHeJbHBIM MeXaHH3MOM, TO JIeTKO BH-
IeTh, YTO [AHanasoH H3MeHeHHH NOCTOSHHBIX BpeMeHH MoO-
XKeT ObIThb BeCbMa INMPOK. B cayyae ToMCTBIX H ZOCTAaTOYHO
CIUIOWIHBIX MJIEHOK, TYyHHeJHWpOBaHHe yepe3 KOTOphle CTa-
HOBHTCSI HEBO3MOXHBIM, pa36poc TOCTOSIHHbIX BpeMeHH
MOxeT ObITb CBSi3aH C BapHAaUHMSAMH BHICOTH Gapbepa, 06y-
CJIOBJIEHHBIMH JHCKPETHOCTBIO NI0BEPXHOCTHOrO 3apsaa. Bax-
HbIM apTyMeHTOM B NOJIb3Y NpenrnoJioxeHHs o6 onpenensio-
el POJIH reTepOreHHOCTH [OBEPXHOCTH SIBASETCS, HAaKOHell,
pe3kass 3aBHCHMOCTh peJlaKCALHOHHBIX XapaKTEPHUCTHK OT
cocTaBa rasoBOil aTmMoc(ephnl, OKpyxamwueid obpasell.

HapnexxHo ycTaHOBJ/IEHO, 4TO peJsaKCallHOHHBIA mpoilecc
[IpOTEeKaeT CPaBHUTEJbHO Me[JeHHO B BaKyyMe HJ/H B CYXHX
ra3oBBIX Cpelax M pe3Ko yObIcTpsieTcsl MNpPH IOBLILIEHHH
BJIAXKHOCTH. Y MeHbllleHHe BPeMeHH peJlaKCalMu NpH H3Me-
HEHHSIX cocTaBa ra30BOM cpedbl B TeOPHH OJHOPOLHOU mMO-
BEDXHOCTH MOXeT OBITb CBSI3aHO TOJBKO C H3MeHeHHeM
NpUpOAbl aAcOpPOHPOBAHHBLIX YaCTHL, T. €. C H3MeHeHHeM
3HepreTHYeCKOro MoJoxKeHus ypoBHs E; M, BO3MOXKHO, KOH-
[leHTpalMH MOBEPXHOCTHBIX COCTOSIHMH, BXOJAILIUX B MOCTO-
sIHHY10 (TOYHee — cJ1a60 3aBHCALLYI0O OT HHAYLHPOBAHHOTO
3apsna) BeJHUHHY /.

IIpu pasyMHBIX NpeANOJIOXKEHHSIX O Npejesax H3MeHe-
HHIl yKa3aHHBIX (AKTOPOB HeJ/b3sl OOGBACHHTL HabJwogae-
Mble Ha ONbITe H3MeHeHHsl IOCTOSHHBIX BPeMEHH peJakca-
LMK HAa HeCKOJIbKO MOPSJAKOB BeJHYHHBL. B TO Xe BpeMms B
TEOPHH TeTepOreHHOH [OBEPXHOCTH TaKoe pe3Koe H3MeHe-
HHe 3HaYeHHH BpPeMeHH peslaKcalllH JIerKo 0GBACHHMO, ecily
yuecTb, 4TO aJcopOHpOBaHHas BJjara crnoco0Ha pacTBOPAThb
[J1eHKy OKHCHBIX COeJHHEHHH TrepMaHHsi, YTO MOJXKeT IpH-
BeCTH K Pe3KOMY YMEHbLIeHHIO TOJLHH 3TOH AH3IJeKTpHue-
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CKOH MJIEHKH BIIOTb A0 TaKHX, Korja HaaGapbepHbll me-
pexol HocHuTesdeli 3apsjna 3aMeHSeTCs TYHHEJHDPOBaHHEM
CKBO3b IJIEHKY.

Hcxoass M3 mnpeicTaBleHHHl O TeTEPOreHHOCTH MOBEpX-
HOCTH, TPAaKTyIOT CBOH 3KCIepHMEeHTaJbHble pe3yJ/bTaThl
M. C. Kocman u M. M. AGkeBHY, KOTOpble HCCJeI0BaNH
penakcalio KOHTAKTHOTO MOTeHIMaja TepMaHHs U KpeM-
HUs nocne ocsellleHus [140]. OxHako no HX mnpencrasJie-
HHSIM TeTepOTeHHOCTb MOBEPXHOCTH 3akKJiouaeTcss B pasJ-
YMH BeJHYHH [OBEPXHOCTHOrO 3apsja, a, CJeJ0BaTesbHO,
M NOBEPXHOCTHOTO MOTeHIHaJ/Ja pa3/JHYHBLIX YYacTKOB [IO-
BEPXHOCTH IOJyNPOBOAHHKA. B 3TuX HccienoBaHUsiX GBIIH
MoJyyeHbl JaHHBlE, MPOTHBOpevalllie INPEANOJOXKEHHIO O
MPOCTPAHCTBEHHOM paclpeleseHHd MeLJeHHbIX 1IeHTPOB 3a-
XBaTa MO TOJIIMHe OKHCHOJ NJIEeHKH.

BaxHbIll BKIaA B HMCC/IeJOBAHHs MPOLECCOB MeAJeHHOMH
peJakcallMd Ha TepPMaHHM H IIPH YMEepeHHBIX HaNpsiKeHHO-
CTSIX TONEePeYyHOro 3JEeKTPHYECKOro MOoJsi BHeCJH paboTbl
C. Koua. B psane pa6or [192] emy ynanoch nokasaTb, U4TO
HabJio1aeMasi Ipy ONpefeJeHHbIX YCJIOBHSIX ONBITA MelJeH-
Hasl pesakcalys NPOBOAHMOCTH XODOIIO aNlPOKCUMHPYyeTCA
IMNHpHIEcKO# (GopMyJsiof cienyloliero BHAA:

0,6
AG=AGyexp(— £) . (21.5)
3necb AGo— HauasJbHOEe H3MeHeHHe NMPOBOAHMOCTH, a T He
3aBUCHT OT BeJHUHMHBI M NOJSPHOCTH BHeLIHero noJjs. JKc-
nepHMeHTHl POBOAHINCE Ha 06pasiax ¢ IpKO Bblpax<eHHOH
3JIeKTPOHHO} MPOBOAHMOCTbIO Ha MOBEPXHOCTH M NMpH 3Ha-
YeHHMsIX Hanps2KeHHOCTH MONepevyHoro 3JeKTpHYecKoro nods,
HCKJIIOYalolHX HeoOXOAHMOCTb yueTa HeJHHeHHOCTH CBSI3H
MeX1y HHAYUHMPOBAHHBIM 3apsfOM H MOBEPXHOCTHOH MNpoO-
sBogumocThio. Ha puc. 21.4 npuBegeHbl 3KcNepHMeHTalbHbIe
JaHHble, MOATBEpPKIAOllUe TPUMEHHMOCTb COOTHOIUEHUS
(21.5) B wMpokoM HHTepBaje BpeMeH HalJawoaeHus. Ilo-
CTOSIHHAs BPeMeHH T SKCIIOHeHLHAaJbHO 3aBHCHT OT TeMIle-
paTypbl, KaK 3TO CJelyeT W3 HaHHBIX pHuc. 21.5, u Moxer
OBITb MpeACTaBJeHa COOTHOLIEHHEM:

T = Ty exp (2—?) . (21.6)

11 A. B. Pxanos
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ITpensKcnoHeHIHaNbHbIH MHOXHTENb ¥ 3Heprus aKTH-
BaluH B (21.6) pe3ko 3aBHCAT OT MapuHaJbHOrO JaBJIeHHS
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Puc, 21.4. U3aMenenue noBepXHOCTHOH NMpoBOAH-
MOCTH B 33aBHCHMOCTH OT BPeMeHH B CEKYHIAX
B cTeneHu 0,6 mocJje BKJIOYEHHA MONepeyHOro
noJst HanpsiKeHHOCTH oKoJso 104 8/cex. Opmno fe-
JieHHe no ocH a6Gcuuce coorBetcTByeT 18 cex. Ilo-
CTOIHHAA BpeMeHH T=129 cex.

napos Boxel. Ha puc. 21.6 u 21.7 noxasaHbl 3aBHCHMOCTH
3THX BEJIHYHH OT AaBJIeHHA BO3/1yXa, OTHOCHTe/bHas BJax-
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Puc. 21.5. 3aBucuMocTp Jorapudma
BpeMeHH peJiakcallHd oT o6GpaTHOH

TeMIepaTyphbl.

HOCTb KOTOPOTO IIpH AaTMO-
cepHOM mdaBJieHHH COOTBET-
CTBOBA/Ja  HACBILIEHHIO MpH
20° C. CorsacHO 3THM JaH-
HbIM, SHEpPrus  aKTHBALMH
6a1u3ka k 0,79 38 npu masnom
JlaBJeHHU M yMeHbIIaercsi C
pPOCTOM J[aBJIEHHA BJIAXKHOTO
BO31yXa, AOXOMs IPAKTHUECKH
p0 nyasa npu 300—400 Top.

X0Ta npeasKCNOHEHLHAb-
HLII MHOXHTEJb pe3Ko pa-
CTeT C TMOBBIIIEHHEM Maplu-
aJbHOTO J1aBJeHHs apoB BO-
Ibl, BJHHHE YyMeHbUICHHS
3HEPTHH aKTHBAllHH OKa3blBa-

eTcsl onpenessiiomiuM. B pe3ysnbTaTe BpeMmsi penakcanuu
YMeHbINAeTC C pPOCTOM MapLHAaNbHOrO [aBJEHHs MapoB
BOJIbI, YTO OTMeYaJoch H paHee.

Cam BHI sMnupHYeckoro cootHoiwlenus (21.5) cauge-
TeJbCTBYeT O BaXXHOH poan AH(PY3HOHHOrO mpolecca B
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SIBI€HHH MelJIeHHOH peJakcauHuu. ﬂeﬁCTBHTeJIbHO, pasJo-
XeHHe 3KCIMOHEHThl B pAA AaeT MJs MadiblX 3HaYeHHH apry-
MEHTa 3aKOH peJlaKCauHu B BHAE:

¢ 0,6
AG=AGO[1 —(7) ] 21.7)
BecbMa O/H3KOM K AUG(DY3HOHHOMY:
Dokt 0.5
AG=AGo |1 —(252)" ), (21.8)
rae x — TOJIUIMHA OKHCHOH MJeHKH, a Dox — 3¢ eKTHBHBIN

KoapduuredT A1ndPy3HH HOCHTeNell 3apsia B MJIEHKe OKHC-
HBIX COeJHHEHMH Ha noBepXHOCTH repMmaHus. dopmynaa xe
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Puc. 21.6. 3aBHCHMOCTb Npen-
SKCMOHEHIHAJbIOIO  MHOXH-
Tesf To OT AaBJIEHHS BJIAXKHOIO

Puc. 21.7, 3aBHCHMOCTb 3Hep-
MM AKTHBAllHH OT JaBJIEHHs
BJIaXKHOT'O BO3ayXa,

BO3ayXa.

(21.8) HemocpeACTBeHHO cJleAyeT H3 MNpPeAllOJNIOXKEeHHs, UTO
HOCHTeI 3apsafa IUGQPYHAHPYIOT H3 MOJYNPOBOAHHKA B
c/10ji OKHCHBIX COelHHeHHH.

IIpennonoxenne o6 omnpeaeasiollel ponn AHPDYy3HH
HOCHTese#l 3apsiia B OKHCHOM cJoe [192] mo3BoasieT Kaue-
CTBEHHO MOHATb XapakKTep 3aBHCHMOCTeH peJlaKCalMOHHOTO
BpeMeHH OT HccjenoBaBLIuXca (akTopoB. Tak, SKCIOHeH-
IHanbHass TeMNepaTypHas 3aBHCHMOCTb BpeMeHH peJslakca-
MK [OpefcTaBiasieT co0Of TeMnepaTypHYIO 3aBHCHMOCThb
BEeJHYMHB, o06paTHOH Ko3abduuuenty aucd¢ysun. Pes-
Kasi 3aBHCHMOCTb MNpPeA3KCNOHEeHIHAJbHOTO MHOXHTE/IA B
(21.6) or yBeaHueHHA BJIaXKHOCTH aTMocdepsl OMNHCHIBAeT
POCT KOHLEHTpalUMH MeJJIeHHBIX IOBEPXHOCTHLIX COCTOSIHH,

n*



924 PEAJIbBHASI TIOBEPXHOCTb MOJIYITPOBOJHWKOB [TJ. VI

06ycJOBJIeHHbI!t aAcopOuuvell MOJeKy/J BOAbl OKHCHBIM
cioeM. Hakonel, yMeHbllleHUe 5Hepruu akTusauuu B (21.6)
C pOCTOM BJIaXXHOCTH aTMocdepbl CBA3aHO C MOCTOSIHHBIM
yMeHblIeHHeM pOJIH Au(dYy3HOHHOTO MexaHH3Ma, Korja Bce
GoJiblllee KOJNHYECTBO MOJIEKYJl BOJBI OKa3bIBAeTCsl afcop-
OMpPOBAHHBIM BHYTPH OKHCHOTO CJIOSl, B HeNOCpeACTBEHHOM
6.1M30CTH OT caMofi MOBepPXHOCTH NoJynpoBoaHuKa. Ilpu
9TOM B HFpy MOTYT BCTynmaThb ApDyTHe MeXaHH3Mbl IlepeHoca
3apsija, TakHe Kak Jpefid HOcHTeJiefi 3apfAia MHOA BJHA-
HHEM TM0JI1 B OKHCHOM CJIO€ H TYHHeJbHble Mepexoibl.

B paGote I'. Hopaw! [193] npoananusupoBaHa BCcs COBO-
KyNHOCTb 3THX MPOLIECCOB H MOKa3aHO, 4TO B cJjyudae rep-
MaHHUsl 3KCIepHMeHTaJIbHble pe3yJbTaThl MOTYT ObIThb Y[I0-
BJIETBOPHTE/IbHO OOGbsICHEHHl B MpPe/ANOJOXKeHHH npeobJaja-
Hus JUQGhY3MOHHOTO MexaHH3Ma IpH MaJjofl BJ1aXKHOCTH
aTMocdeprl H mnpeobsanaHHs TYHHeJIbHOTO MeXaHH3Ma B
c/lyyae TOHKHX OKHCHBIX CJI0€B H BBICOKOH BJIaXKHOCTH aTMO-
cdepbl. OueHka BeJHUYMHBI Ko3(pdHUHeHTa AHDPy3nn siek-
TPOHOB B OKHCHOM cCJIOe JaeT NPH KOMHATHOH TeMIeparype
aHaueHne nopsaaka 10717 cm?/cex.

AHasorHuHbIl aHaMM3 AAs caydas kpeMmHHs [194] cBu-
JeTeJbCTBYET, 10 MHEHHIO aBTOPOB, 00 onpeje/stouell poau
B 3TOM CJlyyae TPEThero MeXxaHH3Ma MepeHoca — Apeiida non
BJIHSIHHEM 3JEKTPHUECKOro moJjis B OKHCHOM cjoe. OCHOB-
HBIMH apTyMeHTaMH B MOJIb3y 3TOTO 3aKJIOUeHHS fABIAIOTCA
OTCYTCTBHE TeMIlepaTypHOH 3aBHCHMOCTH BPEMeHH peJlak-
callid M CyllecTBeHHAs er0 3aBHCHMOCTb OT HAalNpPsAXKeHHO-
CTH MOMNepeyHoro 3JekTpuueckoro noJs. Cam mnepeHoc Ho-
cuTesiel 3apsiia NOA BO3JeHCTBHEM 3JIeKTPHUYECKOTO I[0JA
TPaKTyeTcsl KakK MOCJAe0BATEeNbHOCTh NMEPECKOKOB 3JIEKTPO-
HOB M€Yy PaBHOMepDHO pacipejlefleHHbIMH N0 06beMy cJ0s
OKHCJ1a JIOKAQJbHBIMH COCTOSIHHSIMH. OlleHKa NpOBOAMMOCTH
OKHCHOTO CJIOSi Ha KPEeMHHH JAaeT NPH KOMHAaTHOH TeMmnepa-
Type BeJHuuHy mopsinka 10717 om!-cm™! BO BJIAXKHON aTMoO-
ctepe ¥ IPHMEPHO Ha MOPSAJOK HHXKE B CYXOH.

C cyuiecTBeHHO HHBIX MO3HLHUH TPAKTyeTcs BONPOC O MpH-
pole MelJeHHOi pesakcauuu B pabGorax O. Entma [195].
CorJlacHO ero npejicTaBJeHHSM, MelAJIeHHEIMH [OBEPXHOCT-
HBIMH COCTOSIHHSIMH Ha TIOBEPXHOCTH KPeMHHs1 SBJISIOTCA
XxeMOocopOHpOBaHHble MOJIEKYJbl BOJBl, CBfI3aHHBIE KOOPIH-
HAIlHOHHOH CBs3b}0 C NMOBEPXHOCTHBIMH aTOMaMH KPeMHHS.



§ 211 MEQJIEHHBIE TIOBEPXHOCTHBIE COCTOSIHUS 325

Bonbuive BpeMeHa pesakcallHOHHBIX NPOIECCOB H3MeHe-
HHs 3apfila TaKUX COCTOAHHHA 0O0YCJIOBJIEHbl MeLJeHHOCThIO
npoTeKaHHs peaklHil, 06yCIOBJEHHbIX NPUCYTCTBHEM MOJie-
KyJ BOJAbl Ha peasbHOH NOBEpXHOCTH KpeMHHsl. K aTum pe-
akLUHaAM OTHOCATCSA: (u3HYyeckas ancopOuusi BOAbLI CJOEM
OKHCHBIX coeldHHeHHH; AUdGY3Hs MOJeKyJ BOAbl BHYTPH
3TOTO CJIOSl H HX aAcopOlHs HAa aKTHUBHbIX LleHTpPax, B Kaue-
CTBe KOTODBLIX B AaHHOH pabGoTe paccMaTpPUBAKOTCA ATOMDI
KpeMHHs B o6pa3oBaHusix tHna =Si—O—Si==; 3akpenJe-
HHe MOJIeKyJ BOJbl Ha 3THX aKTHBHBIX lleHTPaX KOOpAHHA-
LIHOHHOM! CBSI3bI0 C BO3MOXKHOH ee HOHU3allHel nyTeM OTAAuYH
3JEeKTpOHa 3aKpemyieHHOl MOJieKyJ/bl BOAbl pelleTKe KpeM-
HHs; HaKoHell, 00pa3oBaHHe TaK HasblBaeMbIX CH/JIAHOJBHBIX
rpynn = Si— O —H, KOTOpBIM COOTBETCTBYOT I1OBEpX-
HOCTHBIE YPOBHHM, JexKalllhe BHe IpelesOB 3alpelLleHHOH
30HBEI Ha OBEpPXHOCTH [6].

CooTHOlIeHHe MeXAY KOJHYeCTBOM CHJIAHOJBLHBIX TPYII
1 o6pasoBaHuit = Si— O — Si = MoXeT H3MeHsIThCS B 3a-
BHCHMCCTH OT CTelleHH BJIaXXHOCTH aTMocdeph H TeMmepa-
TypHOil 06pabGOTKH MOBEPXHOCTH. YCTAaHOBJIEHHE PaBHOBECHS
MeXJAYy KOHLEeHTpaUHsAMH 35THX ABYX 0Opas3oBaHHH cOOT-
BeTCTByeT HauOboJjiee MeIJIEHHOMY peJIaKCallHOHHOMY Mpo-
Heccy ¢ NOCTOSIHHON BpeMeHH, 6au3koi K 6,4 yaca. Pacuer
KUHETHKH OCTa/IbHblX MOBEPXHOCTHBIX peaKUHH C yuacTHeM
MOJIeKV/1 BOJbl I03BOJfAET BHIAEJNHTH TPH APYTHe NOCTOSIH-
Hble BpeMeHH, Oauskue K 70, 5 u 1 mun. DTH mnociaenHue
OnpeAensiloT pesaKCaUMOHHbIA Mpolecc H3MeHeHHs MOBepX-
HOCTHOTO 3apsifia, NOCKOJbKY OHH CBfI3aHbl C KHHETHKOI1
npouecos (GH3HYECKOH aacopOuUHH BOABI NJEHKOH OKHCJa H
aKTHBHBIMH LIEHTPaMH, a TaKXe C KHHeTHKOH o6Gpa3oBaHHs
KOODAUHAUMOHHO 3aKpenJeHHbIX MOJIEKyJ BONbl H ee Je-
cop6uuH. KvHeTHKa HOHM3auUMH CBSI3H KOOPAMHAIMOHHO 3a-
KpenJleHHbIX MOJIEKYJ BOABI He pacCMaTPHBAETCS, TIOCKOJIbLKY
9TOT MPOLleCC CYUHTAETCH BecbMa OLICTPBIM.

M3 cka3aHHOTO ACHO, YTO, B OT/JIHYHE OT paHee H3JI0XKEH-
HBIX TNpeACTaBJIeHHH, B 3THX pa6oTax NpearnoJiaraercs, YTo
Me/lJIeHHble MOBEPXHOCTHblE €OCTOSIHHSI PACHOJIOXKEHbI Hemo-
CPeICTBEHHO Ha IpaHHIe pasfena MONYNPOBOLHHKA U CJIOS
OKHCHBIX coefHHeHHH. B KauecTBe OCHOBHOTO aprymeHra
B noJb3y 3Toro npeanosoxenuss O. EHTII BeIABHTaer 3a-
MEUeHHYI0 MM M JPyTHMH HcciaegoBateasiMy [196, 197]
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CrocoGHOCTb MOJIOXKHTEJNbHOIO IOBEPXHOCTHOTO 3apsiaa aApei-
¢oBaThb B 3JIEKTPHUUECKOM I[I0JIe, NPHJIOKEHHOM BJOJb IO-
BEPXHOCTH MOJIYNPOBOAHHKA. DTO O3HAuyaeT, YTO 3apsiKeH-
HOEe TMOJIOXKHTENbHO MeJJeHHOe MOBEPXHOCTHOE COCTOSIHHE
Ee MOKeT ObITb pacho/ioXeHO Ha BHelllHell MOBEPXHOCTH
CJIOSl OKHCHBIX COEIMHEHHH WJIM BHYTDH CJIOS, TAK KaK B 3TOM
clyyae 3a cyeT KYJOHOBCKOrO B3aHMOJEHCTBHS C 3JIEKTPO-
HOM pelleTKH UMeJ Obl MecTO Ape#id MeaJeHHOTO COCTGSHHS
K TIOBEPXHOCTH NOJYNPOBOAHHKA.

[IpeanonoxeHHe O TOM, UTO MeJJIEHHbIEe IIOBEPXHOCTHBIE
COCTOSIHHSI PACIIOJNIOKEHbl HENOCPeICTBEHHO Ha TpaHHLe
pasjmena MOJNYNPOBOLHHK — CJ10H OKHCHBIX COeIHHEHHH, Bbl-
CKa3blBaJOCh M paHee aBTOPOM HacTosllell MOHOTrpaduu
[198] Ha OCHOBaHMM aHaJU3a [PYTHX SKCIEPUMEHTAaJbHBIX
¢$akTOB, K 0OCYXKIEeHHIO KOTOPEIX Mbl 06paTHMCSl B CJeaylo-
ueM rnaparpage. OTMeTHM, YTO 3TO MNpPeATNOJIOKEHHe He
NPOTHBOPEUHT YNOMHHaBlIeMycsl paHee (haKTy OTCYTCTBHSA
MeJJIEHHbIX MOBEPXHOCTHBIX COCTOSIHUH Ha aTOMapHO-YHCTOH
MOBEPXHOCTH IOJYIPOBOAHHKA, €CJH NPHHATb, UTO MX CIie-
uHGHUUHOCTE OOYCJIOBJIEHa MaJIbiMH 3HaueHHUsIMH 3¢ deKkTHB-
HBIX CeueHHH 3aXBaTa, a He YNaJeHHOCTbIO OT MOBEPXHOCTH
caMoro noJynpoBOAHHKA.

dra -TOuKa 3peHHsl MOoJyuyMJa B JaJjbHefilleM psia mnps-
MBIX 3KCIIEPHMEHTAJbHBIX MOATBep:KAeHHH. OXHHM M3 HHX
SABJsIETCS OTMeueHHbIH B riase V GakT BO3HHKHOBEHHS Mef-
JIGHHBIX COCTOSIHHA NPH (HOPMHPOBAHHH MEePBBIX MOHOCJIOEB
afcop6UpPOBAHHOIO KHCJOPOLA HA aTOMAapHO-YUCTOM [o-
BEPXHOCTH repMaHus. [lpyroe mnoATBep:KIeHHe 35TOH HieH
6n110 nosnyuero B pabore C. H. Kossosa u B. ®. Kucenesa
[176]. Dtu aBTOpbl OGHAPYXHJH, YTO 3SMIHpPHUYecKasi op-
myna (21.5) xopowo onuchIBaeT MeAJIEHHYIO peJaKcalluio
B 3QdeKkTe MoJA He TOJBLKO HAa OKHCJEHHBIX obpasuax rep-
MaHH$fl, HO H Ha MOHOKDHCTaJJaX 3aKHCH MelH, Ha 10BepX-
HOCTH KOTOPBIX He CYLLeCTByeT OKHCHOTO CJIOSl B BHAe OT-
neabHo#l ¢aspl. [lockonbky B 0060MX ciyuasx anacop6uus
BOAbl NMPHBOAMJNA K pe3KoMy YOLICTPEHHIO MeNJeHHOH pe-
JlaKCalliH, MOXXHO GblJI0 AyMaTh, 4YTO ancOpOHpPOBaHHbIE MO-
JIEKYJIBl BOAbI MOTYT HENOCPeACTBEHHO BJHSATb HAa BEJHYHHBI
3 eKTHBHBIX ceueHHI 3aXBaTa MelJIeHHBIX NMOBepPXHOCTHRIX
cocrosinuil. K Bompocy o0 mpeamnoJaraeMoM MeXaHH3ME Ta-
KOTO BJIMSIHHSI Mbl OOPATHMCS HECKOJBKO I03XKe.
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OTmeTHM, u4TO B MOCJEeJHHX H3 DacCMOTPeHHBIX paGoT
cnpejesonlas poJb B MeJEeHHBIX peslaKcalHOHHBIX MpO-
meccax MpHAOHUCHIBAaeTCs aAcOPOLUMH H BO3MOXKHOH AH(PGY3HH
MOJIEKYJl BOAbI B OKHCHOM CJIO€ Ha MOBEPXHOCTH INOJYINpO-
BOJHHKA.

B camoe nocaenHee Bpemsi lO. B. ®depoposBuuem n
B. A. dorenewm [179] 6b11a npeanpuHsTa LONBITKA PaccMOT-
peHUsi MOBEPXHOCTHBIX COCTOSIHHH Kak pe3ysbTaTa NposiBJe-
HHUSl eIHHOTO IIpOLlecca YCTAHOBJIEHHSI 3JIEKTPOHHO-HOHHOTO
paBHOBECHSI B CHCTeMe TMOJYNPOBOJHHK — CJIOH OKHCHBIX
coennHeHHH — atMocepa. Ilpu 3TOM caMm ciofi OKHCHBIX
COelMHEHHH paccMaTpHBaercss B KauecTBe KOJJIOHAA C pas-
BHTOH MOPHUCTON CTPYKTYpPOH, BHYTPH KOTOPOro HaxXOAATCH
aJicop6HpoBaHHble MOJIEKYJbl H HOHBL. YCJ/J0BHe TepMOAHHa-
MHYeCKOrO DPaBHOBECHs BCcell CHCTeMbl B LeJOM onpejenser
cTeneHb JHCCOLMALMU HAXOASALIUXCS B OKHCJE MOJIeKyJ H
COOTHOLIEHHS] MeXJy KOHIEHTPAaUHUAMH 3apsKeHHBIX H Hell-
TpaJibHbIX YacTull, B nepBywo ouepenr H*, OH-, H, OH, O,
u HpO. IlporoHHas U THAPOKCHJIbHAS CHCTEMBl CIIOCOOHBI
nepe3apsKaTbCsi 3a CUeT 3JeKTPOHHOro o6MeHa C MOJYNpo-
BOJIHMKOM, YTO NPHUBOAHT K HapyLIEHHIO 3JeKTPHUECKOH Heil-
TPaJIbHOCTH OKHCJa. M3OGLITOUHBIN 3apsii B OKHCJE Tpak-
TyeTCsl B 3TOH MOJe/JH B KaueCcTBe [OBEPXHOCTHOTO 3apfna
N0JIYPOBOJHHKA.

Pewasi cucremMy ypaBHeHHH, ONHCHIBAaIOWIMX oOpaTHMble
npoLecchl Ha TpaHHlLe pasjela OKHCesa — IOJNYTNPOBOJHHK,
BHYTPH OKHCJIa H Ha TPaHHIE OKHCeJ — OKpyXKalollas aTMo-
chepa, MOXKHO NOJYYHTh CBSI3b MeXJy [OBEPXHOCTHBIM
NOTeHLHAJOM NOJYNPOBOJHHKA H TepMOAHHAMHYECKHMH na-
paMeTpaMH OCHOBHBIX KOMIIOHEHTOB OKHCJA H aTMOC(dephl.
Takum o6pasoM, 3ajlaua O MOBEPXHOCTHOM MOTeHLHajle H
06yCJIOBJIHBAIOLEM €O IOBEPXHOCTHOM 3apsje peliaercs 10
KOHIa, BO BCIKOM cJyuyae, B mpHHLume. ABTopam paccma-
TpuBaeMoil pabOTBl yAaJoch MOKa3aTb, YTO BLIBOABI H3 Ta-
KOTO pAacCMOTPeHHs MO3BOJSAIT OOBACHHUTL Ta30BBIA IHKJ
Bapnuna — BpsTTeHa M HaxoAATcsa B XOPOIUEM COTlJIacHH
¢ IPyrHMH, ONHCAHHBIMH Bblllle, 3KCIepHMEHTAJbHBIMH Ha-
6/1101eHUAMH.

KnHeTHKa ycTaHOBJNEHHS DaBHOBeCHs B Pa3/MYHLIX KOH-
KPeTHBIX YCJOBHSIX OIHChIBaeT peslaKCalHOHHble NPOLEecChl
Ha TOBEPXHOCTH H, B MEPBYIO OYepelb, Mpouecchl MeAJeHHOH



328 PEAJIbBHASI TTIOBEPXHOCTb TMOJIYITPOBOAHHWKOB [T VI

penakcauuu. OJHAKO JJIsl KOJHUYECTBEHHOTO DellleHHsl TaKHuX
3aJay HeoOXOMMMbI NOCTOBEDHEIE CBEAEHHS] O KOHKDETHOH
npupoje, TepMOAHHAMHUECKHX XapaKTepHCTHKaX M KHHe-
THKe pacCMaTpHBaeMbIX peaKIHH, KOTOpble B GOJbIIHHCTBE
C/yYyaeB OTCYTCTBYIOT B HacTosililee BpeMs.

PesioMHupysi, clelyeT cKa3aTh, YTO OCHOBHasi LEHHOCTb
paccMOTpeHHOH paGoThl 3aK/0YaeTcst B TOM, YTO e€e pe3yJib-
TaThl MO2BOJISIOT ONHCATb C €IHHOH TOUKH 3peHHus1 HanboJee
ofliKe U XxapaKTepHble 3aKOHOMEPHOCTH, YIpaBJsloOLlHe MO-
BEPXHOCTHBIM 3apSIIOM H ero H3MeHeHHAMH B pe3yJ/bTaTe
pa3NHuYHBIX BHeUIHHX Bo3nefictBHil. [lanbHeiimias paspa-
60TKa H3JIOKEHHbIX IIpeJCTaBJeHHil NpHBexeT, I[0-BHIH-
MOMY, K BO3MOKHOCTH [eTaJbHBIX KOJHYECTBEHHBIX pacue-
TOB paccMaTpHBaeMbIX B Hell fBIEHHH.

Bce u3/0xeHHble paGOThl HCHOJb30BAJH KHHETHUECKHE
MeTO[bl M3yueHHs MeJJeHHbIX I[10BEPXHOCTHBIX COCTOSIHHH,
rJIaBHBIM 06pa30M peJlaKCalHIO OBEPXHOCTHOH NPOBOAHMO-
CTH. DTH H NOHATHO, HOO, KaK OTMeyaJoch paHee, KOHIeH-
TpaUHMH MeJJIeHHbIX MOBEPXHOCTHBIX COCTOSIHHH BecbMa
BeJIHKH, TAaK 4TO Jae INpPH BO3AeHCTBHH MaKCHMAaJbHO
6O/IbLIMX MONEpPeYHbIX 3JeKTPHUECKHX MoJiell OGbIYHO HMeeT
MeCTO TNpaKTHUECKH MOJIHAsi 3KPAaHHPOBKA 06beMa MoJaynpo-
BOJAHHKA 3apsiiOM MeJJeHHbIX MOBEPXHOCTHBIX COCTOSHH.
B Tex »xe yc/J0BHfIX, KOIla 3aXBaT Ha MeJJIeHHbIe NOBepX-
HOCTHble COCTOSIHHSI MpaKTHUeCKH He mposBasercs (raybo-
KHH BaKyyM, NMOHHXKEHHble TeMIepaTyphl), HX, pasyMeeTcH,
HeJb3d M HCCJIeJ0BaTh.

B cB3H cO cKa3aHHBIM HeJb3sl He OTMETHTb OLIHOOY-
HOCTb psifia pa6ot [54, 52]; pe3ynbTaThl HX BOLIJIM H B KHHTY
[M11], B KOTOpBIX Ompemessiicsi 3IHepreTHUYeCKHH CHeKTp
Me[JIeHHBIX MOBEPXHOCTHBIX COCTOSIHHE, HCXOAs W3 Mpen-
MOJIOJKEHHST O KBa3HPAaBHOBECHOCTH HX 3anoJHeHus. CyTb
MeTOJHKH, KaK OHa ONHcaHa B paccMaTpHBaeMblX paboTax
H KHHTe, CBOAHUTCA K cjenyioileMy. IIpu Bo3meficTBuH mpsi-
MOYTOJIbHBIMM HMIYJbCAaMH [ONEPEYHOTO 3JIEKTPHYECKOTO
noJisi GUKCHPYIOTCS He TOJbKO KBa3HpaBHOBEeCHble 3HaueHHs!
MOBEPXHOCTHOH MPOBOAHMOCTH, COOTBETCTBYIOILHE 3aBeplie-
HHIO OBICTPOrO peslaKCallHOHHOrO mpolecca, HO H, MO CYTH
Jlena, HepaBHOBeCHble 3HAueHHs I0BePXHOCTHOH MPOBOAMMO-
CTH Ha OMNpejeJIeHHOM 3Tame mpollecca MelJeHHOH pesakca-
uuH (Hanpumep, yepe3 20—30 cex nocje BKJIOYEHHS MOJS).
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B nagbHefilleM 3THM NOCJHeIHHM NPHUAAeTCS CMBICJ KBa3H-
PABHOBECHBIX 3HAUeHHH MOBEPXHOCTHOH MpPOBOAMMOCTH, CO-
OTBETCTBYIOLIEH 3aXBaTy HOCHTeJeH 3apsia Ha 4YacTb Mel-
JIEHHBIX TOBEPXHOCTHHIX COCTGSIHHH, H OOBIYHBIMH MeTOLaMHu
06paboTKU onpefesnsieTcss HX 3HePreTHYECKHH CHeKTp.

Taxasi npouenypa 6bl1a 66l B KaKOH-TO Mepe 3aKOHHA,
ecnd OblI KpHBBIE MeJJIEHHOH peslaKCalMH MMeJad 4eTKO BhI-
paKeHHble YYaCTKH KBa3HPaBHOBECHOCTH, T. €. HHauye FOBO-
ps, ecau Obl MNOCTOSIHHble BPeMeHH pa3HBIX SKCIIOHEHT, Ha
KOTOpble B Psifie CJy4yaeB yAaeTcsl Pas3jOXKHTb KPHUBBIE Mel-
JIEHHOIT peslakCallHH{, OTJIHYAJIHCh APYT OT APYra no Mmopsaky
BesqMuHHBl. KaK HeOQHOKPaTHO OTMeyaJoch BbIle, CYlle-
CTBOBaHHe TaKHX Pa3/IMYHil B 3HaUYeHHAX NOCTOSHHBLIX Bpe-
MeHH OBbICTPOl H MeNJIEHHOH pesaKcallHd TMO3BOJsEeT Ha-
HDeXHC OTAeNATb HUX APYT OT Apyra. DKclIepUMeHTaJbHEIE
e KpHBble MedJIeHHOH pejakcauuu Jaubo BooGuie He me-
JIATCSl Ha pa3Hble yYyacTKH, JH6O Ke HMeloT OJH3KHe 3Haye-
HHA TOCTOSIHHBIX BPEMeHH, 4TO caMo mo cebe TOBOPUT 06
YCJIOBHOCTH TaKOTO pa3feseHHs oOlleli KpHBOH.

[TogBoasa HTOrH BCeMy CKa3aHHOMY O I[10BEPXHOCTHOM
3apaje MeNJIeHHBIX COTOAHHH, HeOOXOAMMO TMOAYEPKHYTh
ele pas CJA0XKHOCTb NMPOUCXOAALIMX TMPH UX YYACTHH 3JI€K-
TPOHHBIX TpolleccoB. B 3HauHTeNbHON Mepe 3Ta CJOXKHOCTb
00yCJIOB/IeHA CTPYKTYPHbIM HECOBEPIIEHCTBOM H HEIOCTOSH-
CTBOM XHMHYECKOI'0 COCTaBa AH3JeKTPHUECKHX 3allHTHBIX
NJEeHOK OKHCHOH mnpupoabl. MOXHO AaymaTh, 4TO IO Mepe
YCOBepLIEHCTBOBAHHA MOBEPXHOCTHBIX 00pabOTOK MoJympo-
BOJHHKOB, COOTBETCTBYIOLIUX 06pa3oBaHHIO 6oJee COBepLIeH-
HBIX JH3JIEKTPHUECKHX 3aLIUTHLIX CJOEB M TPAHHIl HX pa3s-
Jeja ¢ MoJynpoBONHHKOM, POJIb MeJJIeHHBIX NOBEPXHOCTHBIX
COCTOSIHHE MOKeT GbITh YMeHbllleHa H JaKe, BO3MOXKHO, BO-
o6uie cBefeHa K HYJIO.

B 3akJjmoueHHe 3T0ro naparpada KOPOTKO OCTaHOBHMCS
Ha nByXx cneuHduueckux 3¢¢eKTax, CBA3AHHBIX C MOBEPX-
HOCTHLIMH COCTOSIHHSIMH, HMEIOIMMH 3HayeHHs BpeMeH pe-
JlaKCcallMyu, NMPOMEXKYTOUHble MeX1y BpeMeHaMH OBbICTPHIX H
Me/JIeHHBIX cocTosiHHi. B o6sacTu KOMHATHBIX TeMIlepaTyp
5TO COOTBETCTBYeT AHMaMa3oHy BpPeMeH OT eIMHHIl IO COTeH
MuaaucekyHa. Panee, oco6enHo B raase II npu obcyxnenun
MeTOAHK HCCJIeJOBAHUS MOBEPXHOCTHBIX MPOLECCOB, HEOAHO-
KpaTHO 110[4epPKHBAJIOCh, UYTO HAJHYHe peaKCalHOHHBIX
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[pOIlecCOB C XapaKTePHCTHYECKMMH BpeMeHaMH, JeKalluMH
B 3TOM JAHanasoHe, MPAKTHUECKH HCK/JIOYAEeT BO3MOKHOCTb
HCMOJIb30BAaHUSl BCeX KBa3UCTallHOHApPHBIX METOJOB H3Mepe-
HUH U NPeACTaBJAseT CepPbe3HyI0 TPYAHOCTb MpPH HHTepIrpe-
TalMl pe3y/]bTAaTOB HCCAENOBAaHHUSA peJaKCaLHOHHBIX I1po-
neccoB. [losyueHHe M[OCTATOYHO HAAEXKHbIX SKCIEpHMeEH-
TaJIbHBIX [JAaHHBIX O IMOBEPXHOCTHBIX COTOSTHHAX O0OKa3aJjoch
BO3MOXKHBEIM GJsiarogapsi TOMY, uTO ObliM pa3paboTaHbl Me-
TOMAB! CO3JAHHUS W BbISIBJEHbl YCJOBHSI MCCJEeNOBAHHI peaib-
HOIf MOBEPXHOCTH MOJYNPOBOAHHKOB, B IepBYI0 oOuYepelb
repMaHHs H B TOC/IeJHee BpeMs — KPeMHHs, NPH KOTOPHIX
AMIJIUTYbl TAKHX peslaKCalHCHHBIX NMPOLECOB Y1aa0Ch cle-
JaTb IOCTaTOYHO ManabiMH. OLHAaKO OHM BCe-TakH, KaK Ipa-
BHJIO, NPHCYTCTBYIOT Ha peasbHOH MOBEPXHOCTH, MPHBOAS
K MOSIBJEHHIO YNOMHHABLIMXCA B MNpeAbIAyUHX TaaBax 3¢-
(heKTOB «HAKOMJEHHSI» H «NpUIMMaHHA». PH3nueckas npu-
pora o6GoMX 3THX 3(deKTOB, Mo CyTH Aeja, OAHHAKOBA H
3akKJ/loyaeTcs B 3aXBaTe Ha MOBEPXHOCTH H3OGLITOUHLIX HO-
cuTesell 3apsna, MHAyLHDYeMBbIX B o0pasel, MONMEpeyHbIM
noJieM NpPH «HAKOMJIEHHUH®» HJIM CBETOM B CJyuae «IpHJHNA-
Husi». B pesysnbraTe Takoro 3axsaTta HWJH, Hao60poT, BHI-
6poca B 30HY NPOBOAMMOCTH HJIH BAJIEHTHYIO 30Hy H3Me-
HsieTcsl TOJIHBbIfI MOBEPXHOCTHBIN 3apsaf, YTO U NPHBOAUT K
HabniogaeMbiM B 3KCIepHMEHTe H3MeHeHHSIM MOBepPXHOCT-
Hoi npoBoAUMOCTH. CrnelH(HYHOCTb Ke ITHX SIBJIEHHH, KO-
Topasd ¥ 00yc/aoB/HBaeT HeOOXOAUMOCTb HX CIeHHaJbHOTO
paccMOTpeHHs], 3aKJ/JiouaeTcsl TOJbKO B BeJHYHHAX BpeMeH
pesakcallii mpollecca 3axBaTa, CPaBHHMBIX C BpeMeHaMH
BHEIIHUX BO3AEHCTBHI.

Ha puc. 21.8 nokasano nposiBiende s dekTa Hakomie-
HHSI TIPH H3MepeHHsX Ha HMIYJbCHOM HaNpsKeHHH B 3aBH-
CHMOCTH OT BJaXXHOCTH aTtMocdepsl [49]. BuaHo, uTo B OTHO-
CHTEJIbHO CYXoi atMmocdepe (kpHBas /) HPOHCXOOUT HAKOM-
JieHHe I10JIOXHTeJbHOrO INOBEePXHOCTHOTO 3apsjaa, NPHBOASA-
miee K HCKaXXeHHIO KpalHe#l yacTH npaBON BeTBH KPHBOM
st dekra nons. IlosgBneHHe JIOXKHOTO MakcHMyMa Ha KpHBOM
s¢¢exkTa nosas 06yC/JI0BJIEHO TeM, YTO NpPH -BO3AEHCTBHH
HMNY/bCAMH MOMNEePEeYHOro MOJIsl, COOTBETCTBYIOLUMH G60JIb-
IIMM TOJIOXKHUTEJNbHBIM 3HaYeHHSM HHAYLHPYEMOTro 3apsija,
HAKOIMJIEHHBIH «NPOMEXYTOYHBIMH» IMOBEPXHOCTHBIMH COCTO-
IHHSIMH 3apsil He yclleBaeT paccocaTbCs 3a BpeMsl CKBa-
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JKHMHEI, YTO CBSI3aHO C OTMedyaBllelicA Bbillle acHMMeTpHelt
peJaKCalHOHHLIX TMpPOLECCOB 3apAAKH H pPaspsaKH MOBepX-
HOCTHBIX COCTOAHHH. MHOroO cH/bHee 3G (deKT HaKomIeHHs
BLIpaxkeH B 6oJiee BJaxKHOI aTMochepe (kpusas 2), rae us-
3a ero BAMSIHUA BoOOUIe He
yraeTcs AOCTHYb MHHHMyMa 46, mmg/o
NPOBOJHMOCTH. 0
Ha puc. 21.9 BugHo mpo-
siBJieHHe 3(p(deKTa HaKOINIeHHUA
Ha CHHYCOHZAJbHOM Hamps-
JKEHUH BCJIeNCTBHe TOH XKe
acUMMeTpHH [pOlLleccOB 3a-
PAAKH H Pa3psiiKH «IIPOMEXKY-
TOYHBIX» COCTOSIHHH 3a Bpe-
MeHa TMOJIOXKUTeJIbHOTO H OT-
pHLLATEJBHOTO MOJyIepPHOAOB H—
nonepeuyHoro mnoJas [50]. ITo-
CKOJIbKY KpuBble s3¢dekTa mno-
Js CHHMAaJHCh 3JeChb He IO
TOYKaM, a Ha OOJbIIMX CHHY-
COMJAJIbHBIX CHI'HaJax nocJje
OTHOCHTEJILHO [JIMTEJBHOTO H
HENpEpLIBHOrO X BO3AER- Puc. 21.8. Buansuue HaxonJjenus mno-
CTBHI, 3¢)q)eKT «HAKOIJICHUSI»  pepxnocTHoro 3apasa Ha H3Mepennus
JIOCTPII‘aJI KB&BI/IpaBHOBeCHOﬂ ﬂOBerHOcTHOﬁ NpOBOAHMOCTH MO TOYe

KaM 0Opd JeHCTBHH HMMOYJbCHBIM Mo-
BesquuHHbl. COOTBETCTBEHHO, MepeunniM HanpsmkenneM. Kpuan [ —

H3MepeHHsI B CYXOM a3oTe, KpHBaf 2—

OH NpOABJAJNCA B H3IMEHEHHH B KOMHaTHOM Bo3jayxe.
[NOJIHOTrO MOBEPXHOCTHOrO 3a-
pdaga npH HyJeBOM MIHOBEHHOM 3HaY€HHH IONepedyHoro
noJiss B 3aBUCHMOCTH OT aMIVIMTYAbl NIOCJE€AHEro.

Hs PHCYHKOB BHAHO, YTO B aTM0c¢)epe OCYLIEHHOr'o aso-
Ta NPOUCXOJUT HAKOMJeHHe A0BOJBbHO 3HAUHTEJBHOIO M0JI0-
JKHUTEJIbHOTO NMOBEPXHOCTHOrO 3apsanaa. Bcnencraue 3TOro MH-
HHUMYM KDHBBIX, CHATBIX MPH 6OJIbIINX 3HAUYEHHAX AMIVINTY [
nepeMeHHOro IoJisg, CMelleH BIIpABO IO OTHOLUEHHIO K ero
MOJIOZKEHHIO NPDH MEHbUIHUX 3HAUYEHHAX aMIJIMTYIbI. B BakKy-
yMe nocJie nporpesa, COOTBETCTBYIOLIEro necopéunu 4yacTH
MOJIeKYJ1 BOIbI, CBA3aHHOH HA NMOBEPXHOCTH o6pa3ua, HabJro-
JAeTCd ropasnao MeHbllee HaKOIlJIEHHe OTPHUATEeNbHOro mno-
BEPXHOCTHOro 3apsna. tH JaHHble TOBOPAT O CBA3H «NIpoMe-
2KYTOUHBIX» ITOBEPXHOCTHbBIX COCTOSIHHH C aJICOp6HPOBaHHbIMH

0 20
Gyp» Ryprfcm?
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Ha MOBEPXHOCTH o6pasua MOJeKyJaMH BoAbl. Bo3MoxHO,
4YTO H MeXaHH3M HaKOMJIeHHs OTPHIATEeNbHOTO TMOBEPXHOCT-
HOTO 3apsja 3akjloyaercs B NPUHYAHTEJbHOH HecopOuuH
OCTAaTOYHOH BOAbI MOJ BJIHSHHEM MOMEPEYHOro 3JEKTpHYe-
CKOro noJis.
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Puc. 21.9. IposBaecuue sddexkra nakonselis npH H3IMepPeHHH
NOBEPXHOCTHON NMPOBOJHMOCTH 11a CHHYCOHAAJbIOM IONepeutioMm
HanpsixxeHud, MaMepeuust B cyxoM asoTe (KpHBbie I) H B BaKyyMme
nocJie nporpeBa (KpHBble 2). AMIJITYAA llONlePEYHOTO HANpPAXKe-
nusi 10 8 (cnyownuble KpHBble) H 25 8 (NYUKTHDPHble KPHBbIE),

d¢ddekT HaKonaeHHss noApoOHO H3yuyasacs B paborax
[200]. Tam ke GblMa pa3BHTa TeOpHsl 3TOTO 3(ddeKTa, OCHO-
BaHHAsl Ha NpEeJNOJNOXKeHHH 06 mnepeGpoce 3J1eKTPOHOB 3J€K-
TPHYECKHM [OJIeM M3 MeJJIeHHbIX NOBEPXHOCTHBIX COCTOSIHHH
B 30HY NPOBOAHMOCTH NOJYNPOBOAHHKA, 03BOJIAIOAsT yIO-
BJIETBOPHTENLHO OOBACHHTb 3KCNepPHMEHTa/bHble AaHHbIe
N0 HAKOMJIEHHIO MOJIOKHTEJbHOTO MOBEPXHOCTHOrO 3apsja.

Y sbdexra HaKomJIeHHs eCTb OfHA CylleCTBeHHasl 0CO-
6eHHOCTb, KOTOpas HMeeT ocoboe 3HaueHHe NPH H3yUYeHHU
MOBEPXHOCTHLIX COCTOAHHH MeToaoM >3¢dekra noas. Kaxk
okasanoch [50], HakonJeHHe 3apsaa B Me[JIEHHBIX H «IpoO-
MEXYTOUHbIX» NOBEPXHOCTHBIX COCTOSIHHAX NPHBOAHMT K 3a-
MEeTHbIM H3MeHeHHSIM KOHLeHTpPalHuil ObICTPbIX, B TOM 4YHCJe,
H peKOMOHHALHOHHBIX NMOBEPXHOCTHBIX COCTOSIHHH. DTOT pe-
3yJbTaT Mbl B JajbHefilleM O6GCYAHM MOAPOGHO, NMOITOMY
NoKa OrPAaHHYHMCSl yKa3aHHeM Ha ero CyllleCTBOBaHHe.
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Brnonne anajornueH paccMOTpeHHOMY H 3(dexT «npu-
JUNaHUAY, 3aKJIOYalOIHACA B 3axBaTe MeJJEHHBIMH HJIH
«IPOMEXYTOUHBIMH» NOBEPXHOCTHBHIMH COCTOAHHAMH H3O6bI-
TOYHBIX HOCHTeJell 3apsma, Bo30YXKAeHHbIX (DOTOAKTHBHBIM
norJyollieHHeM ceera. bosee noapo6Ho o nposABeHHAX «3(-
(eKTa MpUIHMNAHHUA» W pe3yJabTaTaX ero HccjefoBaHHsa Oy-
JeT ckasaHo AaJblie B § 24, mocBsllleHHOM (HOTO3JEKTPH-
YeCKHM TOBEPXHOCTHBIM 3(deKTaM B NOJyNnpOBOAHHKAX.

§ 22. dHepreTuueckuii cnekTp
GLICTPBIX MOBEPXHOCTHBIX COCTOSIHMIA

Haubonee o6wnpHas u nojHas uHbopMalusi O Xapak-
Tepe SHepreTHYECKOrO CHeKTpPa MOBEPXHOCTHBIX COCTOSIHHH
noJiyueHa K HAacTOsIIeMY BpPeMeHH MeTOOOM K8a3upasHo-
gecHoeo 3pexra noas. Kak oTMeuasnoch paHee, 3THM Me-
TOLOM MOMKeT H3yuyaThCfl pacrnpejesleHHe MOBePXHOCTHBIX
COCTOSIHMH B cpelHedl uYacTH 3amnpelleHHOH 30HBl, COCTaB-
Jdiollell NpPUMepHO NOJIOBHHY ee LIMPHHBI ISl TepMaHus H
KpeMHHs. DKcnepuMeHTaJbHble AaHHble O KBa3HpaBHOBeEC-
HOM 3axBaTe HOCHTeseH 3apfia Ha MOBEPXHOCTHBbIE COCTOS-
HHs1 00/1aJal0T BBICOKOH CTeNeHbl0 HAAeXHOCTH, TaK Kak,
0 CyTH fAesa, €AHHCTBEHHBIM AONYLIEHHEM, HCMONb3yeMbIM
NPU UX MOJYUeHHH, ABJASETCS NpeANoJoXkKeHHe O BeJHUYHHAX
NOJABHXKHOCTH HOCHTeseH 3apsifia B NPHIOBEDXHOCTHOM CJloe
NPOCTPAHCTBEHHOTrO 3apsifa.

Kak 0bl10 moka3aHo B raase 1V, npeanosoxenue o guo-
¢y3HOM XxapakTepe paccesHHMsl HOCHTeJell 3apsjga Ha no-
BEPXHOCTH AOCTAaTOYHO XOpOLIO ONpaBiblBaeTcs 3KCIEpH-
MeHTaJIbHO, 10 KpaliHell Mepe AJs1 peasibHOH NOBEPXHOCTH
repManua. Kpome Toro, B cilyyae He CJAHIIKOM OOJIBLIHX
aOCOJIIOTHbIX 3HaYeHHWH [OBEpPXHOCTHOTrO 3JeKTpocTaTHue-
CKOro MOTeHIlHaJ/ja, Pa3NHUusl 3KCIePpUMEHTAJJbHO MOJYyYeH-
HbIX 3HAUEHHWH MOABHMXKHOCTH HOCHTeJ]eH 3apsga B MpHIO-
BEPXHOCTHOM cJloe H B 00ObeMe MOJYNPOBOLHHKA He CTOJb
yx Beaukd. OTciona ciaenyer, 4To JAaxKe ecJd BooOlle He
BBOJAHTh MOMPABOK Ha IOBEPXHOCTHOE paccesHHe, KaK 3TO
JeJ1aJ10Ch B HEKOTOPbIX DAHHHX HCCJefOBaHHSAX, BHOCHMble
[pH 5TOM B 3KCIleDHMeHTaJsbHble JaHHble O 3aXBaTe HCKaxe-
HHusl He O6yAyT UMeTb 0000 NPHHIMNHAJIBHOTO 3HAaueHHs, BO
BCSIKOM cC/ydae, [OKAa 3aXBaT He CAHUIKOM Mall.
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TunuuHble KpHBLle 3axBaTa NpHBefleHbl Ha puc. 22.1.
Kak BMAHO M3 pHCYHKa, 3TH KpHBble HMeIOT BecbMa MaJlo
obiero c sJjeMeHTapHOH KpHBOH 3amosHeHusa Pepmu aad
JAUCKPETHOTO MOBEPXHOCTHOTO YPOBHS, KOTOpasi paccMaTpH-
Bajsach HaMu B § 6. B TO Xe BpeMs 3TH KpHBBIE MOTYT
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Puc. 22.1. 3aBHCHMOCTb 3apsja, 3aXBayelHOro GnicT-
PbHIMH NOBEPXHOCTHBLIMH COCTOSHHAMH, oT Yg. Ilpuse-

eHbl JaHHble AJA TpPexX PasHbiX 06pa3uoB NMpH OLH-
HaKOBBIX YCJIOBHAX 06PaSOTKH HX II0BEpPXHOCTH (Tpa-
Baelne B H,04).

ObITb BIOJIHE YAOBJETBOPHTEJNBHO ANNPOKCHMHPOBAHB B
NpefNoJOKeHHH O HelNpepblBHOM CHEKTpe M0BePXHOCTHBIX
COCTOSIHHH.

CootHouwenus (6.73) u (6.71), monyueHHble /151 3aXBaTa
Ha MOBEPXHOCTHble COCTOSIHHS, KOHLEHTPALlHH KOTOPBIX 3KC-
MOHEHIIHAJ/JbHO PACTYT MO Mepe MpHOJIHMKEHHSA HX SHepreTH-
4eCKOro MoJIOXKeHHsl K KpasiM BaJIeHTHOH 30HbI U 30HBI MpO-
BOJHMOCTH, AAIOT TeOpeTHYeckHe KpHBble, XOpOLIO cOIJa-
CYIOLllHecs] C 3KCIepHMeHTaJbHbIMH JaHHbIMH.

XoTsl 370 06CTOATENBCTBO GLIIO BIEPBLIE OTMEUYEHO elle
B OJHOH H3 mepBHIX pabOT MO HCCAEJOBAHHIO MOBEPXHOCT-
HbIX 3JIeKTPOHHBIX mpoueccoB [36], eMy Ha NpOTAXKEHHH
MHOTI'HX JIET He MPHAABAJOCh AOJXKHOrO 3HaueHus. Kak Gy-
JeT BHAHO H3 JaJsbHefilero, faHHble O MOBEPXHOCTHOH pe-
KOMOHHALMH, a TaKxKe pe3yJbTaThl HCCAELOBAHUA pejakca-
UMH NPOBOAMMOCTH NPH BO3JeHCTBHH NPSAMOYTOJbHHIX
HMIYJIbCOB MOMNepPeYyHOro HampsiXKeHHsl Kak OyATO OBl OfHO-
3HAaYHO CBHAETeNbCTBOBAJM 00 yyacTHH B 3THX Ipolleccax
JOHCKPETHBIX MOBepXHOCTHRIX ypoBHeH. [las coriacoBaHus
3THX Pe3yJbTATOB C JaHHBIMK KBa3HpaBHOBeCHOro 3ddekra
1o/l Heo6X0AUMO OblIO MPeNIIONOXKHTb, YTO H B KBa3HpaB-
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HOBECHBIX KDHBBIX 3aXBaTa HMEIOTCSl y4YacTKH, CBsi3aHHbIe
C 3aXBaTOM Ha JUCKpeTHple MOoBepXHOCTHBle YpOBHH. OCHOB-
HOM TPYMHOCTbIO MpPH BBIAEJIEHHH 3THX YYacCTKOB SBJSIOCH
OTCYTCTBHe OCOOeHHOCTell Ha 3KCMepHMEHTaJbHbIX KDHBBIX
3axBaTa, TOra Kak 3jeMeHTapHas KpuBas 3aloJHEeHHs IH-
CKDETHOTO YPOBHSI HMMeeT TOUKYy meperH6a npH 3HaueHHH
MOBEPXHOCTHOTO MOTeHLHana ¢s = er/q (cM. § 6). IlpakTu-
YeCKH BO Bcex paboTax, BBINOJHEHHBIX A0 NOCJeIHEero Bpe-
menn (cm. [M11, M12, MI13]), sty TpyaHOCTb OGXOAMJIH,
npeanoJiarasi, yTo ToYka mneperu6a Ha KpHBOH 3axBaTa
MAaCKHpPYeTCsl «XBOCTOM» KPHBOI 3amloJHeHUsi APYyroro IH-
CKPEeTHOTO YpPOBHf, a TOuKa meperu6a OT 3TOTO BTOPOTO
YPOBHSl — «XBOCTOM» KDHBOH 3aIlOJIHEHHS CJeNYIOLIEero
u 1. A VHaue rosops, mpeamosarajsoch, UYTO KpHBas 3a-
XBaTa TNpeacTaBaseT co6OH pe3yJabTaT CJIO0XKEHHS HECKOJb-
KHX 3JIeMeHTapHBIX KPHBBIX 3aMOJHEHHS AJS AUCKPeTHRIX
MOBEPXHOCTHLIX YPOBHeH, pacrnoJ/iOXKeHHbIX Ha OTHOCHTEIbHO
HeGOJIBLINX 3IHEepPreTHYeCKHX pacCTOSHHUAX ADYr OT Apyra
(He 6onee 3—4 «T npu KOMHaTHOH TeMmepaType), TakK UTO
cocelHHe KpUBbIe MepeKphIBAIOTCH.

Ilpu ucnonb30BaHUH 3TOTO MPeANONOKeHHS NOCTATOUYHO
GbLIO 3HATh 3HEpreTHYECKOe IMOJIOKEHHe OJHOr0 AMCKperT-
HOrO ypOBHS, IJ151 TOrO YTOOBI MOAGOPOM OMpefeNuTb 3Hep-
reTHYecKHe MOJIOKEHHsI H KOHIleHTpallMH BceX APYTHX, CY-
LIeCTBOBAHHE KOTOPHIX HEOGXOAHMO [Js annpoOKCHMalHH
Bcell aKCIepHUMeHTaJJbHOH KpHBOH 3axBaTa. IlockosbKy mpH
3TOM moAGope MOKHO ObLIO BapbHPOBATh TOJNBLKO JBa Mapa-
MeTpa KaXXIOH Trpynmbl YpOBHell — MX KOHLEHTPAaUHIO H
3HepreTHYecKoe MOJI0KeHHe, TO, IPH Pe3KOM pas3JIHYHH BHIA
3ieMeHTapHOA ¢QyHKUHH PepMH U IKCHepUMeHTaNbHOH KpH-
BOo# 3axBata, moA6GOp OCyllecTBJsJcs OoJee HJIH MeHee
onHo3HayHO. Heo6xonuMo, mpaBaa, OTMeTHTb, YTO 3Ta OA-
HO3HAYHOCTb IOCTHraJ/jach 3a CYeT HCMOJb30BAHUA IBYX AO-
MOJIHUTENbHBIX MPeANOJIOKEeHHH: 0 MHHHMAJIBHOCTH KOJIHYe-
cTBa JHCKPETHBIX YpDOBHeH, MO3BOJsOHIell aNNpPOKCHMHPO-
BaTh 3KCMEPHUMEHTAJbHYIO KPHBYIO, H O GJH30CTH HaKJIOHA
5KCIIePHMEHTAJNbHOH KPHBOH B TOUKe (s = &;; K ![4qN,;.

[TocnenHee mpelanmoJsioxKeHHe O3HAauyaeT, YTO BJHSIHHE CO-
CelHMX 3JeMEeHTADHBIX KPHBBIX 3alOJIHEHHA MNpefrnoJara-
JIOCh AOCTaTOYHBIM JJ51 0GBbACHEHHS OTCYTCTBHS TOUEK mepe-
ru6a Ha 3KCIepHMEHTAaJ/bHOH KPHBOH, HO HE HCKaXKaIlOLHM
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3aMeTHO HAakKJOH KpPHBOH B TOYKE (@s = &;;. IHEPreTH-
yecKoe MOJI0KEeHHe [ePBOro AUCKPETHOTO YPOBHS, C KOTOPOTro
HayHHaJachb alnpoKCHMalHusA KpHBOH 3axBaTa, onpeiess-
JIOCh H3 OZHOBpPEMEHHO MOJyuyeHHOH H3 3KCllepHMeHTaJbHOH
KPUBOH 3aBHCHMOCTH CKODOCTH IOBEpXHOCTHOH peKOMOHHA-
IIMM OT NOBEPXHOCTHOro roreHuHana. [IpeanosozxeHue, uto
COOTBETCTBYIOIIHHA y4acTOK KDHBOH 3axBaTa LeJUKOM OIpe-
JensieTcss 3aXBaTOM Ha peKOMOMHAllHOHHble NOBEPXHOCTHEHIE
YPOBHH, MO3BOJISJIO ONpeNeNHTb KOHUEHTPALHIO NOCJeLHHX
U NOCTPOUTH NEPBYIO 3JeMEHTAapHYI0 KPHUBYIO, KOTOpas na-
BaJla OTNPaBHYIO TOYKY 1/ AajbHefllero noa6opa.

O6paGoTka 3KkcHepHMeHTaJbHbIX KPHBBIX 3aXBara OIH-
CaHHbIM CNOco60M JaBasna AOBOJBHO OJH3KHE pe3y/bTaThl
Jlake NP pasHbIX BHAAX 00pabGOTKH NOBEPXHOCTH repMa-
HUA. DTO CXOACTBO Pe3yJbTAaTOB CBHAETEIbCTBOBAJO O GJH-
30cTH (GopMbl 3KCHepUMeHTaNbHBIX KDHBBIX 3aXBaTa, MOJY-
UeHHbIX Pa3HbBIMH HCCJAENOBATEIAMH M, KpOMe TOro, OblIo
o6ycyioBJIeHO Xopoulefl NOBTOPSIEMOCTbIO 3HepreTHUYECKOro
N0/10XKeHHUsT peKOMOHHallHOHHOTO ypoBHs. CaMu mo cebe
pe3yJbTaTbl CBOAMJHCH K BbleJeHHIO YeTblpex TpYynn IH-
CKpeTHBIX YpOBHelf, ¢ KOHUeHTpauusiMH nopsaaka 1010 —
10'! ¢m~2, mpuueM KOHIEHTpAlLMKM TPynnm ypoBHeH, GoJee
yha/neHHbIX OT CepeJMHbl 3allpellleHHOH 30HBl Ha MOBEPXHO-
CTH, OKa3bIBaJHCh NPHMEPHO Ha NOPANOK Bhllle. B kauectse
npuMepa B Tabauue 22.1 npuBefeHbl pe3yJabTaThl TaKof
06pa6GOTKH 3KCHEpHMEHTAaNbHBIX JAaHHBIX [/l OLHOTO H3 TH-
MHYHBIX 06pasloB repMaHus, H3 KOTOPBIX CJeLyeT, YTO OfHA
M Ta xKe 3hdekTHBHAs cHcTeMa H3 YeThlpeX ypOBHel mpH-
roiHa [JJisg WHTepHpeTalliH KPUBLIX 3aXBaTa, H3MepeHHbIX
NpH pasHBIX TeMmepaTypax H [BYX pa3HBIX COCTOSHHSIX
noBepxHocTH ob6pasua. MisMeHeHHe COCTOSIHHSI MOBEPXHOCTH
OCYLIeCTBJSIOCh porpeBoM o6pasiia B BakyyMe. [1pu sTom
¥3MEHSIOTCS TOJbKO KOHLEHTpPAlHUH YpOBHeH 3(p¢deKTHUBHOH
CHCTEMBI, NpHYeM OCOOGeHHO 3HAUHTEIbHO H3MEeHEHHS COOT-
BETCTBYIOT BJIMSIHMIO MporpeBa ofpaslla B BaKyyMe.

M3 cxaszaHHOTO paHee OYeBHAHO, YTO HeCMOTpS Ha [0-
Ka3aHHYIO 3THMH 3KCNeDHMEeHTaMH yHHBepCaJ/bHOCTb MOJy-
UeHHOH CHCTeMBbl YPOBHel, ee HYXKHO paccCMaTpPHUBATh TOJIBLKO
B KauecTBe 3(Q(QeKTHBHOH CHCTeMEl, MO3BOJSIOILEH yLOBJE-
TBOPUTEJNbHO aNNpPOKCHMHPOBAThb 3KCIIEDHMeHTaJbHblE pe-
3yabTaThl. DoJiblIOe KOJIHYECTBO anpPHOPHEIX, OTHIOLb He
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Tab6auya 22.1

TeMnepaTypHasi 3aBHCHMOCTb KOHUEHTPAauKH MOBEPXHOCTHHIX
ueHTpoB 3G (EKTHBHON cHCTeMbl. DHEPreTHYECKHE MON0XKEeHHS
yPOBHEl CHCTEMBIL:

g =—0,025 38, €1, = +0,09 38, €43=—0,13 38, €74 = +0,21 38

Jlo nporpesa ITocne nporpesa B BakyyMe npu 150° C

Gl B B B BRI B T R Bk

23| =3 =238 |23 | =28 | =8| =38
250 2,1 2,9 8,4 11,5 4,5 9 14 46,3
257 2,8 3,1 9,8 29,4 8,3 8 13,9 81
263 2,8 3,4 11,5 31,6 4,8 7 14,3 73
274 3 4,7 13,7 45 4,5 12,4 15,5 -
286 3,9 7,5 14,3 35 5,9 14 15,5 —
300 4 7,5 18 43 7.2 15 25 —
315 2,5 8,8 20 — 7,7 18 35 -
328 3,5 10,7 | 36,5 - 6 21 40 -

OYEeBHAHLIX MPEANOJIOXKEHUH, HCIONb30BAHHBIX NPH MOJYyYe-
HHH 3TOH cHCTeMbl, 6€3yCJOBHO, HYX/AaI0TCA B 3KCIIepPUMEH-
TaJbHOH NpoBepKe, 6e3 KOTOpPOH He/Jb3sl YTBepKAaTb, UTO
JHUCKPETHblEe MOBEPXHOCTHbIE YPOBHH CYIIECTBYIOT B 1eHCTBU-
TeJIbHOCTH.

Caenyer OTMETHTBb, UTO B pfijle OPHUTHHAJNbHBIX CTaTef,
0630poB H naxe KHHr [M11, M12] ato o6CcTOSATENBCTBO He
nofuepKHBaeTcs AOJKHBIM 06pa3oM, TaK YTO MPHBOJHMEIE
B HHX HaHHble 00 3HepreTHUYEeCKHX TMOJIOXKEHHAX H KOHLeH-
TpalUAX AHCKPETHBIX MOBEPXHOCTHLIX yPOBHeH MOTYT BOC-
[IpUHUMATBCS YHTaTeJeM B KaueCTBe HaleXKHO yCTaHOBJIEH-
HBIX peaJibHblX BEJHUHH.

OfHHUM 13 METOAOB IPOBEPKH HCIOJNb30BAaHHBIX MpeAlNo-
JIOXKEHHH MOXKeT fIBJIATbCA HCCJAefOBaHHe TeMmepaTypHOH
3aBHcUMOCTH 3axBata. [lpexie Bcero, MOXHO MPOBEpPHTb
BHYTPEHHIOIO HEIIPOTHBOPEUHBOCTh NPEANONOXKEeHHH, HCIOJb-
30BaHHbIX NPU MOJyUeHHUH, HAalIpUMep, NaHHBIX Tabauipl 22.1.
B ocHOBY MeTOAa MOJyuyeHHS] 3THX AaHHBIX GBIIO MOJIOXKEHO
npeanosioxeHHe 06 OTCYTCTBHH TeMIlepaTypHO# 3aBHCHMO-
CTH 3HepTeTHYECKHX NOJIOKEHHH ypOBHell CHCTEMEL. DTO NMpej-
[0J102KeHHe MOzKeT ObITb NPpOBEpPEeHO NyTeM aHaJH3a TeMile-
paTypHO# 3aBHCHMOCTH BeJHUMHBI 3apsifia, 3aXBaYeHHOTO
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Ha Kax/AOM ypOBHe. [leficTBHTE/NbHO, MPU JaHHOM 3HAaYeHHH
SHEpPreTHYeCKOro IMOJIOXKEHHS YPOBHS &;, MOXHO BbIOpaTh
Takoe 3HayeHHe MOBEPXHOCTHOrO MOTeHIHaJa:

qos = kT (Ys—In1),

OZIHHAKOBOE NpH BCeX TeMIepaTypax, NPH KOTOPOM 3amoJ-
HeHHe JAHHOTO YpOBHA OyleT onpepeasThcsi (yHKIHEH
Boabimana, T. e. OyfeT 5KCIOHEH-

In §s 1{HaJbHO 3aBHCETb OT TEMIEpPaTypHL.

30r Has 3toro HeoOXOAMMO, YTOGHI

28}° aprymeHT  (yHKUHMH 3anoJHeHHs

[ 9 depmu
i Qgs = —— 2t 22.1)
24 s et"‘qq)s )
I+ exp (_k—T—)

a2F

20r oTBeuan ycaosuio (e — qos/kT) >
> 2,3, Tak 4to npeHe6pexeHHe

18 eJlUHHIle# B 3HaMeHaTesJe COOTBET-

J CTByeT OlHOKe, He IMpeBhIAIIeH

1 1 1 1
6:100 a2 88 3% .’/40(7 109%.
w1 ITockoabky ypoBHH 3¢ deKTHB-
Puc. 22.2. TeMnmeparypuas 3a- HOM CHCTEMBl PAacllOJIOKEHbl Ha
BHCHMOCTb 3aNoJIHEHHA JAHC-
KpeTHOro nosepxHocthoro  AOCTATOUHO GOJBIIMX 3HepTeTHYe-
ypoBHS 3Q$eKTHBHON CHCTEMBL.  oppy pacCTOsiHMAX APYr OT ApyTa,
MOKHO BBIGpPaTbh TaKOe 3HayeHHe
[I0BePXHOCTHOTO MNOTeHUHana qg@g/kT, KOTOpOe, yIOBJIETBO-
psisi 3TOMY YCJOBHIO, OLHOBPEMEHHO COOTBETCTBOBAJO G6bl
NPAKTHYECKOH HEH3MEHHOCTH 3amoJIHeHHs JIPYTHX ypOBHeM
NpyH H3MeHeHHH TeMnepatyphl. Torna u3aMeHeHHs BeJHUHHbI
MOJIHOrO MOBEPXHOCTHOTrO 3apsjfa ¢ TeMmmepaTypoll GymyT
CKJIaJbIBATbCA TOJBKO H3 H3MEHEHHs 3aloJIHeHHS AaHHOro
YpOBHS H BO3MOXHOTO H3MeHeHHs 3apsiia MeNJeHHBbIX Mo-
BePXHOCTHBIX COCTOSIHHH. DTO noc/lefiHee MOXKHO ONMpeNe T
HeIOCPeJACTBEHHO YXe OINHCaHHBIM B MpeAblAylleM mapa-
rpade MeTONOM MO H3MEHEeHHIO IOJHOTO IOBEPXHOCTHOTO
3apsifia MPH HYJeBhIX MIHOBEHHBIX 3HAYEHHSX MOMEPeYHOro
3/JIeKTpHUecKOoro moJs. PaccyuTaHHble TaKHM cnoco6oM Be-
JIHUHHbI TIOBEPXHOCTHOTO 3apfija, 3aXBaUYeHHOrO Ha NAHHOM
ypOBHe, H3BeCTHble C TOYHOCTbIO O NpPOH3BOJIBHOH KOH-
CTaHTHl, OAMHAKOBOH MNpH BCeX TeMIepaTypax, MOJNKHbI
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9KCMOHEHLHaJbHO 3aBHCETb OT TeMIepaTyphl, ecld caMo
3HepreTHUYECKOe MOJIOXKEHHe YPOBHSI OT TeMIepaTyphl He
3aBucur. Ha puc. 22.2 npuBegeHa taxkas Temmeparyp-
Hasi 3aBHCHMOCThb 3apsija, 3aXBaueHHOTO Ha ypOBEHb g =
= 40,09 58. BuaHO, YTO TOYKH BIOJIHE YIOBJIETBOPHTEJbLHO
JIOXKATCS Ha MPAMYI0, HAKJIOH KOTOPOH XOpOLIO corjacyeTcs
C 3HepreTHYecKHM MOJOXKeHHeM 3Toro ypoBHA. IlomoGHble
JKe pe3yJbTaThl ObLIM INOJYYEeHBl U JJA YPOBHA & =
= — 0,025 38, HO B 3TOM clyuyae HakJOH NpPsIMOil MAaBaJ
HEeCKOJIbKO 60JiblIYyI0 BeJHUHHy, paBHylo —0,04 ss.
CrefyeT NMORUYEPKHYTh, UTO pe3yJabTaThl 3THX pacueToB
MOJATBEPKAAIOT HMCXOLHOe MNpeanosoxeHHe 06 OTCYTCTBHH
TeMNepaTypHOH 3aBHCHUMOCTH 3HEpreTHUYeCKHX MOJIOXKeHHH
[OBEPXHOCTHBIX YPOBHeH, HO He MOTYT pacCMaTpHUBAThCH
B KaueCTBe J0Ka3aTeJbCTBA HX AMCKPETHOCTH. Takoe noka-
3aTeNbCTBO MOXKHO ObIIO OBl pacCUMTHIBATh MOJYYHTH, IIPO-
BOJSl HeNOCpeJCTBeHHbIH aHajJu3 (OPMBI KPHBLIX 3aXBara,
MOJIyyeHHbIX NMPH OTHOCHTENBHO HH3KHX TeMIiepaTypax.
Heno B TOM, 4TO AHANa30H OCHOBHOTO HM3MeHeHHs (yHK-
KK 3anoyHeHHss PepMH, KaK 3TO HENOCPeACTBEHHO CaeyeT
u3 BbIpaxeHus (22.1), omnpenmensieTcsl KOJIHUYECTBOM €IHHHUIL
kT u, cnenoBaTe/bHO, JHHEHHO yMeHbIIaeTcs ¢ TeMIepa-
tTypoil. COOTBEeTCTBEHHO, pa3pellleHHe OTAeJNbHBEIX 3JeMeH-
TapHBIX KPHUBBHIX 3amMOJIHEHHS, M3 KOTOPBIX CKJaiblBaercs,
COIrJIaCHO paccMaTpUBaeMOMY TMpeNOJIOXKEHUIO, 3KCHepH-
MeHTa/JbHasl KpHUBass 3axBaTa, [OJNXKHO CYLIECTBEHHO
BO3pacTaTh IIpH MOHHKeHHH TeMnepatypbel. Ha puc. 22.3
NpHBeleHa YacTb 3KCMePHMEHTANbHBIX KPHUBBIX, 10yYeHHbIX
Ha o6paslle mocJe nporpesa B BaKyyMe, 06pa6oTKa KOTOPBIX
MpOBOAH/IACE [Js1 NMONYyueHHs AaHHEIX Tabauuer 22.1. Kak
BHUAHO, HHKAaKHX JOMOJHHTENbHBIX TOYeK mHeperuba, Kpome
MOCTOSIHHO HMelolleficsl B LieHTpe CHMMeTDUH KPHBOH, He
Habarogaercs naxke MPU caMoil HU3KOH TeMmepaType 3KC-
nepumeHnTa, paBHoit 249° K. Brnocnencrsuu, kak 6yaer omu-
caHO jJaJiee, YAAJ0Chb AOCTHTHYTH ellle 6oJiee HH3KHX TeM-
nepatyp, ONHAKO H 3Jecb, KPHBble 3aXBaTa Ha repMaHHH
ocTaBaJHCh TIJIaAKHMH, G6e3 UeTKO BBHIpAXKEHHBIX TOYeK
neperu6a. DTOT pe3ysabTaT fABJSETCA MepBHIM CePbe3HbIM
CBHIETENbCTBOM HeaJeKBAaTHOCTH AeHCTBHTENbHOCTH MOJENH
yeTblpex TPYNN AHUCKPETHbIX MOBEPXHOCTHbIX ypoBHeH. [leil-
CTBUTENbHO, HETPYJAHO YyOeluTbCs, YTO NpU AOKA3AHHOM
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paHee OTCYTCTBHH TeMHepaTypHoﬁ 3aBHCHMOCTH 3HepreTH-
YeCKHX MOJIOXKEeHHUH ypOBHBl’l, HX CHCTeMa J0JKHa 6bl JocTa-

Oss 105 myrjou?
20

]
\
&
Q
LY
1

15

Puc. 22.3. Kpuble 3axsaTa, H3MepeH-
Hble NMPH Pa3HbIX TeMINlepaTypax.

X9 K ®

TOYHO YETKO paspeliaThes
npy HauGoJjiee HH3KHX TeMIle-
paTypax H3MepeHHUH.
3HayuTeNbHO 6oJ1bL1yI0
YYBCTBHTENbHOCTb K XapakTe-
py 3HepreTHYeckoro cnekrtpa
LEeHTPOB 3axBaTa JOJXHbl
HMeTb H3MepeHHSl BeJHUYHHBI,
no cytd jJena, Avddepen-
LIHAJbHOI 10 OTHOLIEHHIO K
pacCMOTPEHHbIM KpHBBIM 3a-
XBaTa — Tak Ha3biBaeMOH I0-
IBHXKHOCTH  3¢¢dekTa noas.
Kak ykasbiBasoch paHee, 3Ta
BeJHYHMHA, IO Olpeie/eHuIo,
ecTb MpPOH3BOJHAs OT NOBEpX-
HOCTHOH  TMPOBOAMMOCTH IO
HHJyLLUPOBAHHOMY 3apany
Us. m = aGS/anm, uamepse-
Masag MetrogoM 3¢gekra noas
Ha MaJloM CHUrHaJze B paboueii
TOYKe, 3ajaBaeMOH MOCTOSfH-
HbIM TONEepeyHbiM 3JeKTpHue-
CKUM noseM. B ortcytcTBHE
3axBaTa OHa Obl1a 6bl paBHa
NOBEPXHOCTHOA MNOXBH2KHOCTH
HOCHTeJleHl 3apspa, a INpH ero
HaJIM4YHY — TeM MeHbllle 3ToH
nocjefHel, yeM CHJbHee BHI-

paxKeH 3axBaT HOCHTesell 3apsifa NpPH JaHHOM 3HAUYEHHH
MOBEPXHOCTHOTO mNOTeHuHana. Kak u Bcsikasa auddeped-
UHa/JbHas BeJHYHHA, MOABHXHOCTbL 3(deKTa moss LoJKHA
ObITh BecbMa UYyBCTBHTe/NbHA K OCOGBIM TOYKaM HHTerpaJb-
HO¥M KpHMBOH, T. e. KpUBOH 3axBarTa.

B paGote [205] npensox<eH MeTOA NOCTPOEHHS TaKHX
I depeHIHaNbHBIX KPUBbIX 3aXBaTa [0 H3MepEeHHOH BeJH-
YHHe [, ;. IIpHUBefeHHBIe B 3TOf paGoTe W BOCIHPOH3BeNEH-
Hble B KHure [M11] pe3aynbraTsl Takoil 06paGoTKH 3KcIepH-
MeHTa/NbHHX INAaHHBIX [OKa3aHbl TakHM 06pasoM, 4TO OHHU
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SKOOBl CBHAETENbCTBYIOT O HaJHYHU Caa60 BbIpaKeHHBIX
ocobGeHHOCTell Ha AU(p¢epeHLHaNbHBIX KPUBBIX (pHc. 22.4,
BOCIIPOM3BOAALINHA B HalWHX 0603HauyeHUAX pHC. 6.16 KHHUTH
[M11]). Ha camom pnene, jierko BHAETb, YTO AJS IpOBefe-
HHSl pe3yJbTHDYIOLIHX KDHBBIX TaK, KaK 3TO CAeJaHO Ha
puc. 22.4, HeT oco6blX ocHOBaHHiH. [leAcTBHTEeIbHEIE KPUBbIE

J
Vs, €0hT/g

Puc. 22.4. JduddepenunanbHble KpHBble 3axBaTa IpH
pasHbIX TeMmeparypax, NECTpoelilible MO pe3yJbTaTaM
H3MepeHHS NMOABHXKHOCTH 3ddexTa noJs.

SIBJIAIIOTCA TJIaJKHMH, UTO CTAHOBHUTCS COBCEM OUYEBH/HBIM,
€c/H ydyecTb NOTpelHOCTH H3MepeHHH. Cuelyer OTMETHT,
4TO TaKOH Ke IPOHM3BOJ B NOJYePKHBAaHHM 3HAYHMOCTH OJ-
HHX 3KClepMMeHTaJbHbIX TOYeK, NPH HIHOPDHPOBAHHH IpPY-
r'ux,, Hepeiko HabglogaeTcsi M NpPH HHTepNnpeTallHd HHTe-
rpajbHbIX KpUBbHIX 3axBaTa. IIpuMepoM MOXKeT CJYXHTb
puc. 22.5, BOCIPOH3BOAAINHA HHTepPNpeTalHtIo TaKOH KPHBOH
B pa6oTe [202].

B TO »Ke BpeMsl Ha KPHBBHIX 3aXBaTa B cjydyae KpPeMHHS
Kak OyaATOo Obl defCTBHTeJbHO Ha6/104al0Tcsi 0COGEHHOCTH,
npeBblllalolye MOTPeMIHOCTH H3MepeHHH, 0cOo6eHHO aud-
(epeHuHasbHbIM MeToAOM. O HAKO pe3y/IbTaTOB AeTaJsbHbIX
HCC/IeOBAHHA TaKHX OCOOGeHHOCTell, B YAacTHOCTH CTeleHH
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3aKOHOMEpPHOCTH HX IOBeJeHHs NpH H3MeHeHHH Temmepa-
TYpbl M APYTHX BHEIUHHMX YCJIOBHH, N0 CHX NOp B JIHTepa-
Type He oImy6/JHKOBAHO.

CrenxaJabHOr0 YNOMHHAHHSA 3aC/lyKHBAIOT pe3yJ/bTaThl
HccJe0BaHHS XxapaKTepa SHePreTHUeCKOTO CIIeKTpa MoBepX-
HOCTHBIX COCTOSINHMH, NpOBeJleHHble Ha 0c060 4HCThix 00pas-

nax repmanus [128]. dtu uc-

Gss/g, o™ cjgef0oBaHuA, Yyxke YyIOMHHa-

20" BuiMecs HamMu B rjase [V,
16 = ' MHTepecCHbl C ABYX TOYeK 3pe-
12— HHA.

Bo-nepBhix, HU3MepeHHus
63z NOBEPXHOCTHOH NPOBOAHUMOCTH
41— \g& B 3aBHCHMOCTH OT MONepeyHo-
0 e T ro 3JeKTPHUYECKOTO 10Js Npo-

N A BOAMJHCH B HHX BMeCTe C H3-

-4 oo}
MepeHusiMH 3¢pdekra Xoana,
4 3\ 4TO NaBaJjo BO3MOXHOCTb He-
/3 | IOCpeACTBEHHOro ompejeJe-
15 N\ Hud ":-)q)(pexmsﬂoﬁ NOBEPXHO-
-2p-10% I CTHOH noaBHKHOCTH, CoOTBeT-

-6 -4-2 0 2 4 6 & cTBeHHO, npuH 06pabGoTKe 3KC-
m,/ﬁl’ NnepuMeHTaJJbHbIX JIAHHBIX,
KpHBBIE 3axBaTa MNOJy4YaJjHCh
Puc, 22.5. HUHrerpasbHas KpuBas 3a-

XBaTa M ee HHTepNperauus 3JeMeH- C HCHOJ’IbSOB&EIHeM 3KCNepH-
TapILIMIL KPUBMMIL 300810 U2 AUC  MCHTANDHO HAltICHHBIX Haue-
HUH NOBEpPXHOCTHOH TOABHXK-
HOCTH, UTO MOJIHOCTBIO YCTPAHSJIO BO3MOXHOCTb HCKaXeHHi
JaHHBIX O 3axXBaTe 3a CUeT HeoNpeNesleHHOCTH 3HAUeHHH IMo-

JBHXXHOCTH HOCHTeJIeHl 3apsifa y NOBEPXHOCTH.

Bo-BTOpBIX, Hapsily C peasbHON MOBEPXHOCThIO, MOJMY-
YeHHOH OOGBLIYHBIMH MEeTOAaMH MeXaHHYeCKOH 06paGoTKH H
TpaBJeHUs, B 3TOfl paboTe HccaenoBaJjlach ecTeCTBeHHas
MOBEPXHOCTb pPOCTAa KpHCTaasJa H3 rasoBoil ¢asnl. Takas
MOBEPXHOCTh TOXe, pa3yMeeTcs, SBJSeTCS peajbHOH, Tak
Kak [ocJe npeKpalleHHs npoliecca pocTa U CONPHKOCHOBe-
HHUSA KpHcTaJia ¢ aTMoc(epoil NPOHCXOAHJIO0 OKHCJIEHHE ero
NOBEPXHOCTH ¢ OOpa3oBaHHeM 3alUUTHOH MJIEHKH OKHCHBIX
coenuHeHu#i. OTHAKO MOXKHO ObLJIO PACCUUTBHIBATB, H OIBIT
3TO MOJIHOCTbIO IOATBEPAMJ, UTO Takas peasibHasi NOBepx-
HOCTb fiBJsieTcsl GoJsiee coBepuleHHod. Ha Hell, B uacTHOCTH,
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HY MeTOLaMH ONTHYEeCKOH, HH 3JeKTPOHHOH MHKPOCKOMHH
He YAaBaJloch 3aMeTHTb HHKaKOro pesabeda, XOTs paspelle-
HHe nocJjenHero Mmerona Geuwio ~ 10 A. Ha puc. 22.6 csert-
JILIMH KPYXKKaMH NOKa3aHbl 3KCIeDHMEHTaJIbHble NaHHbIE [0
3aXBaTy HOcHTeJeH 3apsdfa MOBEPXHOCTHBIMH COCTOSIHUSIMH
Ha ecTeCTBEHHOH MOBEPXHOCTH pOCTa KpHCTaJljla MpH pas-
JUYHBIX TeMIepaTypax H aNMpPOKCHMHDYIOIIHE HX TeOpeTH-
yeckue KpuBble. [locsenHue Gbliu NMOCTPOEHBl, HCXOAs H3
paccMOTPeHHOTO HaMH B § 6 mpeanoJioxKeHHs O HenpephlB-
HOM pacrpefieleHHH MOBepXHOCTHBIX COCTOSIHHH MO HX 3Hep-
reTHYeCKOMY pachoJIOKEeHHI0O B 3alpelleHHOH 30He Ha IO-
BEPXHOCTH.

CyTb 3TOro NpeAmoJIOXKeHHsl 3akKJjioyaeTcs B TOM, 4TO
B 3alpellleHHOH 30He SHepTHH HA MOBEPXHOCTH HMeIOTCS JBe
HerlpepbIBHble CHCTEMbl YPOBHeH 3axBaTa, KOHIeHTpalluH
KOTOPBIX 3KCIIOHEHIHaJbHO pacTyT MO Mepe NpHOJHKeHH:
9HepreTHYeCKOTO MOJIOXKEeHHs YPOBHEH K KpasfM 30HH Mpo-
BOJMMOCTH U BaJIEeHTHOH 30Hbl, COOTBETCTBEHHO:

N,A=Aexp(a%-), N,=B8B exp(—- b %) (22.2)

3necb A u B, a Takxe a H b — uHc/JeHHble KO3 DHIHEHTHI,
XapaKTepH3yIolllHe 3aKOHbI pacnpejeseHHs], a &;, Kak oObly-
HO, — SHepreTHYecKkoe IOJIOKeHHe YPOBHS, OTCUHThHIBaeMoe
OT CepefHHB! 3ampelleHHOH 30Hbl Ha MOBEPXHOCTH.

3aBHCHMOCTb 3apfja, 3aXBaueHHOTO KaxJAOH U3 CHCTeM,
OT I0BEpXHOCTHOrO MOTeHLHasa AaeTcsl CJelyOIHMH COOT-
HOLIECHHAMH:

n q9
Qssa= — qAkT sinma CXP (a k_;) ? 22.3)
m q9 :
Qs = 9BAT oy exp = 6 3%

[Toc/eIHHMH BBIpAXKEHHSIMH H aNNPOKCHMHPOBAJIMCh 3KC-
nepHMeHTaJbHO NOJy4YeHHble KpHBBIe 3aXBaTa puc. 22.6 my-
TeM noabopa Ko3(@HLHEHTOB pacrnpefesNeHHs AN KaxKAOH
u3 BerTBell kpuBoit. Kak cienyer u3 puc. 22.6, Bce mosyueH-
Hble 3KCIIEPHMEHTAJbHO KpDHBLIE 3aXBaTa Ha ecTecTBEHHOH
MOBEPXHOCTH pOCTA KPHCTaJJa yAaeTcs alNlpPOKCHMHPOBATh
¢ BLICOKOH TOUYHOCTBIO CYMMaMH BbipaxeHu#l (22.3) Bo BceM
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Puc. 22.6. Kpusble 3axBaTa Ha ecTeCTBEHHON NMOBEPXHOCTH POCTA (CBETJble KDYKKH)
M Ha 06paGoTaHHOM NOBEPXHOCTH (TeMHble KPYMKKH) KpHCTanna repMmalns. Temme-
paTypnl u3Mepenunit: @) 295° K; 6) 198° K; @) 150° K; &) 123° K,
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AMana3oHe M3MeHeHHH MOBepXHOCTHOro nortenuuana. Omnpe-
JleJleHHble TIpH 3TOM 3HaueHHs Ko3(PGhHIUHEHTOB pacnpeje-
JeHHsl MokasaHbl Ha pHc. 22.7 u 22.8. [lpu aHanHu3e 3THX
JaHHBIX HeOOGXOJHMO HMeTb B BHAY caefdyiolllee 06CTOSITeNb-
crBo. IlpencraBnenne 3akoHa pacrnpenesieHHsl NOBEPXHOCT-
HbIX COCTOSIHME 1O 3HepTHsAM B BHAe COOTHOIeHHH (22.2),

ab
094

43
a
a1
vd . 1 1 1
7 7 20 0
. Tk

Puc, 22.7. TemnepaTypHasi 3aBHCHMOCTb NOKa3aTeJei
3KcnoHenT GyHkuui pacnpepenelHs NMOBEPXHOCTHLIX
COCTOSIHHH no 3HeprusM. CeeT/ible 3HAYKH COOTBET-
CTBYIOT €CTeCTBEHHOH MOBEePXHOCTH pOCTa, TeMible —
o6pa6oTaHHON noBepXHoCTH. KpuBble I H 2 — 3HaYeHHA
KoadduuueHra b, kpuBble 3 H 4—kKo3dduuHeHTa Q.

pasyMeeTcsi, He O3HauaeT, YTO MhbI MNpejnoJaraeM omnpeje-
JIEHHYIO TeMIepaTypHYI0O 3aBUCHMOCTb CaMHX 3THX paclpe-
nenenuit. Ecnu Takas 3aBHCHMOCTb AeHCTBHTENbHO HMeeT
MeCTO, OHa AOJKHA 3aKJIuaThCcsl B TeMIepaTypHOH 3aBH-
cuMocTH KoadduuueHToB pacnpenenenuit A, B u a, b. Or-
CYTCTBHIO TeMIlepaTypHOH 3aBHCHMOCTH paclpefeseHHH co-
CTOSIHHH [OJI2KHO COOTBETCTBOBATb MOCTOSHCTBO KO3(pdu-
uueHToB A W B W nuHeliHas TeMnepaTypHasi 3aBHCHMOCTb
ko3¢ duuredtoB a U b. Kak BuaHO u3 puc. 22.7, HMeHHO
3TOT MOCJeNHHUH pe3yJbTaT H MOJY4YeH C BIOJHE YAOBJIETBO-
PHTENBbHOH TOYHOCTBIO NMPH 06paboOTKe 3KCIepHMEHTAJJIbHBIX
JaHHBIX MO 3aXBaTy HocUTesneH 3apsina NMpH OGOHX COCTOS-
HHAX NOBEPXHOCTH pOCTa KpHCTaJJa repMaHus.
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DTOT pe3y/bTaT coracyeTcsl ¢ yIOMHHABIIMMHCS paHee
JaHHBIMH 06 06pa60oTKe 3KCMepHMEHTaJbHBLIX KPHBBEIX 3a-
XBaTa B MPeAMNOJIOXKEHHH O JHCKDeTHBIX II0BEPXHOCTHBIX
YPOBHSIX, a TakKxe COOTBeTCTBYeT OOLIMM TeopeTHUeCKHM
npeAcTaBeHHsIM 06 SHepreTHYeCKHX IOJNOXKEeHHSIX ypOBHell,
Kak co6cTBeHHbIX 3HaueHu#l ypaBHeHHsa [lIpenunrepa, ko-
TOpble He JOJIXKHbI 3aBHCeTb OT TeMIepaTypbl. [lodBsenue
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Puc. 22.8. TeMnepartypHasi 3aBHCHMOCTb IpeJ3IKCMNO-
HeHIHaJbHbIX MHOXHTeJeH dyukunit pacnpenenenus,
1 1 2—xoabbuuneursl B, 3 U 4 — Koabdbuuueutsl A.

TaKOW TeMmepaTypHOH 3aBHCHMOCTH BO3MOXHO TOJbKO 3a
CYeT BJHMSIHHSA BTODHYHBIX (DAKTOPOB.

JanHble puc. 22.8 CBHAETEJbCTBYIOT O HE3aBHCHMOCTH
OT TeMmepaTyphl MpeA3KCIOHeHIIHANbHbIX MHOXHUTeNeH B 3a-
KOHAX pacrpefieseHUs NIOBEpXHOCTHBIX COCTOSIHHH Ha ecTe-
CTBEHHOH MMOBEPXHOCTH pOCTa KpHcTaJla.

Ha puc. 22.6 npuBefeHBl TakKxe 3KCIepHMeHTAJbHblE
NaHHble O 3axBaTe HOCHTeJell 3apsna Ha IOBEPXHOCTH 06-
pasuoB, MoiBepraBulefics MexaHHYeckKOH 06pabGOTKe M MmO-
cJefyIollleMy TpaBJIeHHIO, KOTopas, TaKHM o6pasoM, He OT-
JHyaercsi OT OOBIYHO HCCJAefyeMOH MOBEpXHOCTH repMaHHS.

EnHHCTBEHHBIM OT/IHUYHEM I[pHBelAEeHHBIX Ha pHc. 22.6
JaHHbIX OT THIHYHBIX, MOKa3aHHbBIX HAa pHc. 22.2, sBaseTCS
OTMeuaBllleecsl Bbillle HCIOJIb30BaHHE IKCIEPHMEHTANBHO MO-
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JIyueHHBbIX 3HayeHH# 3¢ (PeKTHBHOH MOABHXKHOCTH HOCHTeseH
3apsjfa B IIPHIOBEPXHOCTHOM CJloe NMPOCTPaHCTBEHHOro 3a-
psia, a TaKXe pacnpocTpaHeHHe WX B obJjacTb 6ojiee HH3-
KHX TemnepaTyp. M3 comocraBieHHs OOLLero BHAA KPHUBBIX
saxBaTa Ha 06paGOTaHHOH H eCTeCTBEHHOH MOBepPXHOCTAX
cleqyeT, UTO XapaKTep 3aKOHOB pachpejeseHHs MNOBepX-
HOCTHBIX COCTOSIHHH NO 3HeprHAM B OOOHMX cJayyasix OAMHA-
koB. KosuuecTBeHHasi HHTeprnperalus KPUBHIX 3axBaTa Ha
o6paGoTalfHO/ NMOBEPXHOCTH JaeT B 3aKOHAX paclpeleleHHs
MOBEPXHOCTHBIX COCTOSIHHH 110 3HepPrUaAM 3HaueHHs Mapa-
MeTpoB, BecbMa OJH3KHe K COOTBETCTBYIOIIHM BeJHYHHAM
I/ eCTeCTBEHHOH IOBEPXHOCTH, O0COGEHHO MNpH He CaMBIX
HH3KUX K3 00C/elOBAHHBIX TeMIepaTyp. ITO O3HauaeT, YTO
06paboTKa TOBEPXHOCTH U 0O6YCJOBJEHHOe el MOsSBJIeHHE
pejbeda, KOTOpPHIHA, Kak OTMeuaJoch paHee, HMeeT Xapak-
TEepPUCTHUECKHe pa3Mepbl MOpPAAKAa foJell MHKDOHa, He
CKa3blBaeTCs CYyIIeCTBEHHO Ha CHEeKTpe MOBEPXHOCTHBIX CO-
CTOSIHHI NpPU He CJAMLIKOM HH3KHX TeMIepaTrypax.

OnHako, Kak cJefyeT M3 CONOCTaBJEHHS KPHUBHIX
3axBarta, nojydedunix npu 150 u 120° K, o6paGorauHoi no-
BEPXHOCTH IepMaHHS COOTBETCTBYeT MOSIBJeHHE HEKOTOpHIX
ocoOGeHHOCTeH NPH 3THX TeMIlepaTypax.

Bo-nepBblix, 3TO MOSIBJIeHHe XapaKTepHOro «mjaeya» B 00-
JacTH OOJIbIIHX TOJIOXKUTEJNbHBIX 3HAaUeHHH MOBEPXHOCTHOTO
3JIEKTPOCTATHYECKOTO TMOTeHLHasaa, KaKue-1MO0 HaMeKH Ha
KOTOpOe OTCYTCTBOBAJIM NpH 60Jlee BLICOKHX TeMIepaTypax.

Bropoii oco6eHHOCTbIO 06paGOTaHHON MOBEPXHOCTH $IB-
JsieTcs] MOHOTOHHOe BO3pacTaHHe C MOHH)KeHHeM TeMmepa-
Typbl PeA3KCIIOHEHIIMANbHOIO MHOXHTeAs A B 3aKoHe pac-
npeneneHdsl NOBEPXHOCTHBIX YPOBHeH B BepXHell NOJIOBHHE
sanpelleHHo# 30HBL Ilpu Temmeparypax no 150° K nasi Bbi-
qHCJIEHMS] 3TOH BeJHUYHHbI HCIOJb30Bajach BCS HHXKHAA
noJoBHHa KpuBo#, a mpu 150 u 123° K — ToabKO yactu KpH-
Boil n0 oOpasoBanus «mnieya». Kak BHAHO u3 puc. 22.8,
3HaueHus1 mapameTpoB A u B 1,11 ecTeCTBEHHOH MOBEpPXHO-
CTH, a TakKe napaMerpa B nys o6paGoTaHHO!N NpaKTHUeCKH
He 3aBHCAT OT TeMIiepaTyphl, Torga Kak napamerp A majs
o6paboTaHHOH MOBEPXHOCTH MOHOTOHHO pAacTeT C TOHHKe-
HHeM TeMnepaTyphl. [To-BHAHMOMY, 3TOT pe3yJbTaT CleayeT
CBsI3aTh C TeMIepaTypHOH 3aBHCHMOCTbIO ancopOuuH. XoTs
H3MepeHHs TMPOBOAMJHCH B BakKyyMe mopsaka 1077 rop,
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azcopbuus KHCJOpoaa, a, BO3MOXKHO, U MApoOB BOABI MOTJa
HMeTb MeCTO H, KaK H3BeCTHO H3 pe3yJ/bTaTOB HCCJeNOBa-
HHSl aTOMAapHO-YHUCTOH MOBEPXHOCTH IepMaHHs, MOrJa MpH-
BOJAUTb K CYLIECTBEHHBIM H3MEHEHHUSIM CIIEKTPA MOBEPXHOCT-
HbIX coctosiHui. O6a mpollecca: M NMPUBOASAIIMH K MOSIBJIe-
HHIO «IJleuas, H OTBETCTBEHHbIA 3a BO3pacTaHHe mapaMerpa
A — saBas0TCS 06PAaTHMBIMH, TaK Kak NOCJaeAylollee MOBbI-
LleHHe TeMNepaTypbl NPHUBOAHT K MOJHOH BOCIPOH3BOIH-
MOCTH BHIA KDHBBIX 3aXBaTa, H3MepeHHbIX MpH TeMIepa-
Type Bhille 150° K.

Ilns o6bsicHeHHsI MPUYHH BO3HHKHOBEHHS XapaKTepHOTo
«IJ1eya» Ha KPHUBBIX 3aXBaTa IIPH MOHHIKEHHBIX TeMIeparty-
pax CyllecTBEHHBIM sBJIseTcs] TO 0OCTOSITEJbCTBO, 4TO B 00-
JMacTH GOJIBIUHX MOJIOXKHTENbHbIX 3HaYeHHH NOBEPXHOCTHOrO
NoTeHIMasla KpHBbLIe, NOJYy4YeHHble 1Js 06paboTaHHO# no-
BEPXHOCTH, MDPUOJHKAIOTCA K KPHBBIM [J51 eCTeCTBeHHOH
MOBEPXHOCTH pOCTa. JTO CBHIETENbCTBYeT O TOM, UTO [O-
MOJIHUTE/IbHBIE IIeHTPhl 3aXBaTa, 06YCJOBJAHBAIOIIHE Pe3Koe
pasJuuHe XOfa KPHBBIX 3axBaTa AJs 0o6paboTaHHOH H ecTe-
CTBEHHOHl MOBEPXHOCTeH B WX CpeljHeH yacTH, JHGO HMeIOT
YPOBHH, pAacmosioxKeHHble TOJIbKO B CpeflHeH yacTH 3amnpe-
LIeHHON 30HBl HAa MOBEPXHOCTH, JMO0 YaCTHYHO HeHTpaJH-
3yloTcsi B 006J1aCTH INOHHXKeHHHIX TeMnepatyp. JlaHHBIe
puc. 22.6 He mpoTHBOpeYaT HH OJHOMY H3 3THX HpeANoJo-
KeHHu#, TaKk Kak 3HaueHHs MOBEPXHOCTHBIX IOTEHLHAJIOB,
COOTBETCTBYIOIIHe 06JIACTH «MJjleya» MPH MOHHUKEHHBIX TeM-
nepaTtypax, He OBbIIH JLOCTHTHYTBHl NPH TeMIepaTypax Bhille
150° K. CaMa BO3MOKHOCTb HeHTpasu3aluH MOBepXHOCTHRIX
IeHTPOB 3aXBaTa ONpeJe/eHHOro THna Oblia OGHapyKeHa
U B JPYTHX 3KCHepHMeHTaXx H 6yneT nmoApo6HO o6CyKAAThCs
B § 27.

[MoxBonst oGliHe UTOTH pe3y/abTaTaM HCCJAeNOBaHHH Xxa-
paKTepa 3HepPreTHYeCKOTO CIIeKTpa MOBEPXHOCTHHIX COCTOSI-
HHH, C/lefyeT MOAYEPKHYTb, YTO JaHHblE KBA3HPABHOBECHOTO
3(¢eKTa noss CBUAETENLCTBYIOT O 3aBeIOMOM mpeolbiaza-
HHH ypOBHell, NpHHAJAJeXallUX K HeNpephIBHLIM  (HJH,
TOYHee, KBa3HHENPEPLIBHLIM) pacrnpee/eHHsM B 3anpelleH-
HOil 30He 3HepTHH Ha MOBEPXHOCTH.

B cnyuae repMaHHs HH HCCJeJOBaHHsl OPH OTHOCHTEJNLHO
HH3KHX TeMIllepaTypaX, HH IpHBJeueHHe AH(depeHIHaNb-
HO# MeTOAMKH MOABHMXKHOCTH 3¢ (deKTa noas He Lajay Ha-



§ 22] BBICTPLIE MOBEPXHOCTHBIE COCTOSIHHS 349

JIEXHbIX CBUAETEJBbCTB CYLIECTBOBAHWA JHCKPETHBIX MOBEpX-
HOCTHBIX YPOBHEH C KOHIEHTpalUsMH, COOCTABUMBIMH C CO-
OTBETCTBYIOUIMMH KOHIlEHTPALUSMH HeNpepBIBHLIX pacrmpe-
nenennit. HaGumopalouivecs HHorga oco6eHHOCTH KpPHBBIX
3aXBaTa HJH COOTBETCTBYIOUIHX UM AH(depeHIHaNbHBIX
KPHUBBIX, KaK NPaBHJ/IO, He NPEBHIIAIOT MOrpelHocTell 3Kc-
nepuUMeHTa.

B cayuae KpeMHHA TNOJOXKeHHe Aesa B o6llleM OJH3KOe,
XOTSl IPH 3TOM KaK OyATo OBl MOXHO C yBepPeHHOCTbIO
FOBOPHTb O PeasibHOM CYIUEeCTBOBAHHH HECKOJNBKHX HHCKpET-
HBIX TPYINI yPOBHEH, C KOHIEHTpALUSMHU, XOTS U MeHbILIHMH,
HO CONOCTABHMBIMH C KOHLEHTPalUHAMH YpOBHell Hempe-
PBIBHBIX pacrpefeneHHil NMPH TeX Ke SHEPTeTHUECKHX MOJIO-
KEHHUSIX.

CoOTBeTCTBEHHO, OCHOBHAsl 4acTh 3HepPreTHUeCKOro
crieKTpa OBICTPBIX NMOBEPXHOCTHBIX COCTOSIHMH MOXeT ObITh
npeacTaBjeHa B BHIe ABYX CHCTeM YPOBHeH, KOHIleHTpalHuH
KOTOPbIX 3KCINIOHEHIHAaJbHO PACTYT MO Mepe yJdajeHHs OT
cepelHHbl 3ampellleHHON 30HH Ha noBepxHocTH. Ha puc. 22.9
CIVIOLIHBIMH JTHHHAMH NpeJCcTaBJeHa 3KCIepHMeHTalbHO 06-
cleloBaHHas yacTb 3TOTO CNEKTpa, NoJydYeHHasl MO AAHHBIM
0 3axBaTe Ha ecCTeCTBEHHOH NOBEPXHOCTH pocTa KpHcTaJia
repMaHusl. TaM e OYHKTHPOM M IUTPHX-NYHKTHPOM TMOKa-
3aHbl CMEKTPbl TOBEPXHOCTHBIX COCTOSIHUH Ha o6paboTaHHOM
MOBEPXHOCTH TepMaHHs, COOTBETCTBYIOILHE TeMIepaTypam
295 u 123° K. )

B nanbHefimieM Mbl YBHAHM, YTO H3MEHEHHUAM COCTOSIHHA
MOBEPXHOCTH TepMaHHs, OOYC/JOBJEHHBIM  pa3jHYHBIMH
BHEIIHUMH BO3/[efCTBHSIMH, TAKHMH KaK IPOTrpeBbl, aacop6-
[Ms Pa3JHYHBIX MOJIEKYyJ M T. M., COOTBETCTBYIOT CYllle-
CTBEHHble H3MeHeHHsl BeJHUYMH [1apaMeTPOB B 3aKOHAaX pac-
npeneieHds ypoBHelt no sHeprusaM A, B, a u b. Onnako
o6IIMH XapaKTep pacnpefeseHusi ocraercsi npexHuM. He-
KoTopble o6uIHe coo6paxKeHHs] O BOSMOXKHBIX NPHUHHAX BO3-
HUKHOBEHHSI KBa3WHEMPEPLIBHLIX CHEKTPOB MOBEPXHOCTHBIX
coCTOsIHUI OYAYT BbICKa3aHbl B MOCJefHeM naparpade 3Toi
raasbl. CiefiyeT OTMeTHTb, YTO 3aK/JIOUeHHe O HelpephiB-
HOCTH CNeKTpa NOBEPXHOCTHHIX COCTOSIHHH NOATBEpKaaercs
H pe3ysnbTaTaMH HcCC/AeJOBAHUH HEKOTOPLIMH NPHHIHIIHAJb-
HO OTJIMYHbIMH MeTOJAaMH, a UMEeHHO, H3yYeHHeM NPUMeCHOH
NOBEPXHOCTHOH NPOBOAHMOCTH (cM. § 24) u morsowesus
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CBeTa MOBEPXHOCTHHIMH cocTosiHHAMH (cM. § 15). B to Xe
BpeMs 3TOT BBIBOJ HaXOAHUTCS B pPe3KOM NPOTHBOPEUHH C pe-
3yJbTaTaMH HCCIeNOBaHMH GBICTPbIX pesakCallHOHHBIX MpO-
1eCCOB, OMpefeJseMblX MOBEDPXHOCTHBIMH COCTOSIHHSIMH, H

& b

K, 10" 307 cm -

0 l/.l 1 1 1 1 1 1 1 1 i) 1 1 L 1
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-420

Puc. 22.9. PacnpenesieHHe MNOBePXHOCTHBIX COCTOSIHHN

B cpenHell YacTH 3alpelleHHOR 30HB Ha ecTeCTBEHHOM

NMOBEPXHOCTH pocTa KPHCTaJJja (cnJomHble JHHHH) H 06-

pa6oraHHoft moBepxHocTH npH 295° K (myHKTHP) H 123° K
(WTPHX-NYHKTHP).

MOBEPXHOCTHOH PeKOMOGHHAIMH, K aHA/JIH3y KOTOPHIX MBI 06-
patuMcsl B caelylolmHx naparpadax. Tam ke Mbl nocra-
paeMmcsi nokasaTb, KaK MOXHO CHATb 3TO IPOTHBOPeuHe.

§ 23. Onpenenenne 3cdbdeKTHBHBIX CeyeHMIl
3axBaTa HOCHTeJiel 3apsiia MOBEPXHOCTHBLIMM
COCTOSIHHSIMH M3 JaHHBIX N0 3aXBaTy

CoraacHo pesyjgbTaTaM TEOpDETHYECKOro aHaJ/Jiu3a no-
BEDXHOCTHBIX 3J/IEKTPOHHBIX TMpOLECCOB H pAaCCMOTPEHHs
3KCIIEpHMEHTaJNbHbIX METOAHK HX HCC/JI€IOBaHHA, NaHHbIE
O CeueHHsX 3axBaTa HocHTeged 3apsijia NOBEPXHOCTHbIMH
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COCTOSIHHSIMH MOTYT OBbITb MOJYy4YeHBl B 3SKCIIepUMeHTax Mo
YaCcTOTHOH 3aBHUCHMOCTH 3(¢ekra noJs, pejJaKCalMOHHEIM
npoueccaM NpH HMMIYJAbCHOM BO3JAeHCTBHH NONepeYHHIM
3JIeKTPHYECKHM IOJEM HJIM HMIOYJbCHOM (POTOBO3OYX-
JEHWH,

PaccmoTpuM pe3yJbTaThl HCCleJOBaHHH MepPBLIMH ABYMSA
MeTOJaMH, He OCTaHABJIWBAsCh CKOJBKO-HHOYNb MOAPOGHO

Aan, M/ 6-cen
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Puc. 23.1, YacToTHas 3aBHCHMOCTb MNoABHXKHOCTH 9Sbdekra mnonas nnas

o6pasua ALPOYHOH npoBogHMOCTH (20 om-cm). KpuBas I — H3MepeHHS

BO BJIAXXHOM BO3JyXe, KPHBast 2 — B CYXOM KHCJOpPOAE, KpHBasi 3 — B 030-
HHPOBAaHHOM KHCJOpPOAeE.

~

Ha HX TeOpeTHYeCKOM OOGOCHOBAHHM M ONMHCAHHHM 3SKCIEPH-
MEHTaJbHbHIX MEeTONOB, NMOAPOOHO H3JOXKEHHBIX B rJjaBax I
u I

a) YacrorHas 3aBucumocTb 3ddexra moss Ha MajaoM
cuHyconaa/fbHOM Hanpsikenun. Ha puc. 23.1 u 23.2 mpen-
CTaBJIEHBl 3KCNEPHMEHTAaJbHble KPHBBIE YacTOTHOH 3aBHCH-
MOCTH MOABHXKHOCTH 3((eKTa MoJs, MONyuyeHHble NMPH KOM-
HatHo#l TeMnepatype . Monrtromepu [72] u A. IOHoBHUEeM
[73], coorBercrBeHHO. OOWMHA BHI KPHUBBIX HACTOJBKO
6JIM3KO COOTBETCTBYET TEOpPEeTHUECKH OXHIaeMOMY, MoApo6-
HO TpoaHanH3HpoBaHHOMY B § 6, uro Ham HeT Heo6xo-
IMMOCTH BHOBbL BO3BpallaTbCcsi K 3TOMy Bomnpocy. OTMeTHM
TOJILKO PSii 0COGEHHOCTEH SKCIepHMeHTaNbHBIX KPHBBIX, MO-
3BOJISIIOLIMX CHENATh HEKOTOpble NpeJBapHTe/bHblE OLEHKH.
Jucnepcusi NOABUKHOCTH 3 deKTa noia B 06JaCTH 4acTOT
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103 + 10° ey ans obpasua p-THHa B aTMocdepe BJAXKHOTO
BO3JlyXa M n-THNA B aTMoc(depe cyXoro KHCJ0poAa, KOTAa
B 060HX cJyyasix Ha MOBEPXHOCTH HMEIOTCSl CJOH MHBEPCHH,
06bsicHsIeTCs, KaK OTMeyaJsoch paHee, reHepallHOHHO-PEKOM-
O6MHAIlUOHHBIM IIpOLlecCOM YCTaHOBJIEHHS paBHOBECHsS Me-

KAy KOHUEHTPaUHAMH HO-

Man - 0¥/ 6-cen cuteseil 3apsga B obeux
ooy ;A 30Hax.
i 7 dra  pgucnepcHs, 0CO-

i 0eHHO TOAPOBGHO HcCaeno-
BadHas A. IOHoBuueM, onu-
- CBIBA€TC  TeOpeTHUeCKOH
3aBUCHMOCTbIO BHAA:
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+ TpelIHOCTell SKCnepHuMeHTa
b4 coBMajaeT C HE3aBUCHMO
Lo U3MepeHHbBIM  3(QdeKTHB-
b i 4 4y 4 444, HBIM BpEMEHeM XKH3HH HO-
461 2 46w 2 46 ¥ CUTelel 3apsna B obpasle.
ey OnHako HaJ/IHYHe OJHOTrO

BPeMEHH peJlaKCalluH B 5TOH

e %, Bponia MO 1 06aacTH AMCTIepCHH _ellie
TepMAHHS  IJIEKTPOLHOK TNPOBOAMMOCTH  He (Q3HadaeT, Kak OBLIO

(23 om+cm). KpuBass I — H3MepeHHHA B Cy- -
XOM KucJlopoje, KpuBas 2—Bo BraxuoM YCTAHOBJIEHO B ILIHUTHpYye-
asore. Mol paboTe, TOBEPXHOCTHOMH
peKkOMOHHAIIHH nocpen-
CTBOM LIEHTPOB C OJHUM 3HepreTHYeCKHM YpDOBHeM. JKcle-
pHMEHTa/IbHble Pe3yJbTAaThl MOTJIH ObIThb HHTEPNPETHPOBAHbI
TOJIbKO B TMPEAMNOJOXKEeHHH 006 OJHOBPEMEHHOM [eHCTBHH
HeCKOJIbKHX TaKHX LIeHTpPOB.
3HauHTeNbHO cnabee BhIpa)KeHHasi, HO BCe XKe 3aMeTHas
AHcnepcHss B TOH »xe o6sacTu yacTtoT B aTMocdepe cyxoro
KHcaopoda AJas obpasua p-THIa M BO BJaXXHOH aTMocdepe
s obpaslia n-THIIA CBHAETENbCTBYET O CYLIeCTBEHHO!H PoJiH
reHepallHOHHO-pPeKOMOGHHALMOHHOIO Mpollecca, H B 3THX
caydasix, XOTsl CKOJbKO-HHOYb pe3KO BblpaxKeHHbIX, MPHIO-
BEPXHOCTHbIX CJIOEB HHBePCHH 3lechb He HOJIKHO OBITh.
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HaxkoHel,, B 030HHPOBaHHOM KHCJOPOJe, COOTBETCTBYIO-
meM 0o6pa3oBaHHIO XOPOIIO BBIPAXKEHHOTO cjaosi oboratie-
HUA Ha o6paslle p-THIa, AMCMEepPCHA B 3TOH 06/1aCTH YacToT
orcyrctByer. Cienyer, ofHaKO, 3aMeTHTb, YTO H 3Ta KpH-
B&Sl MMeeT, XOTSl M OueHb He3HAUHTeJbHbIH, HO Bce Xe 3a-
MeTHbIi MOHOTOHHBIH NOABEM BO BCEM JHana3oHe 4YacToT
BsoTh Ao 10% ey. DrtoT moabem ropasno spue BbIpaxeH
Ha CBeXenpoTpaBJIeHHbIX H He CTaOHJIH3HDOBAHHBIX MJIH-
TeJIbHOH BBLIEPXKKOH Ha Bo3ayxe obpasnax. Ero Hamuuue
CBHIETeJbCTBYET O CYL[eCTBOBAHHH MOBEPXHOCTHBIX COCTOS-
HUH C LIHDOKHM CIIEKTPOM BpeMeH peslaKcalliH, KOHIeHTpa-
IIMH KOTOPBIX, OJAHAKO, BeCbMa HeBEeJHKH M De3KO 3aBUCAT
OT COCTOSIHHA NOBEPXHOCTH.

Haxkownel, B o6n1actu yactor 107—108 ey nameuaercs o6-
JaCThb Pe3KO BblpaxKeHHOH AMcrepcHH, 06ycloB/eHHOH pe-
Jakcallueil mpolleccoB 3axBaTa 3JeKTPOHOB, B aTMocdepe
BJIAXXHOTO BO3[yXa M IBIPOK B O30He OCHOBHOH 4acTbio Obl-
CTPBIX MOBEPXHOCTHBIX COCTOAHHH. TeXHHYecKHe TPYAHOCTH
HCCeOBAaHUA B 3TOH 06J1acTH 4acToT, 06Cyx<eHHble pa-
Hee, 3aTPYAHSIOT AeTasJbHOe H3yyeHHe 3TOH peslaKCalHH.

CorsiacHO TeopeTHYecKHM I[pPeACTaBJEHHSM, BpeMs pe-
JIaKcallHM [pouecca 3axBaTa MAOJIKHO 3KCIOHEHIHaJlbHO
BO3pacTaTh NpH MOHUKEeHHH TeMmepatypel. Ortcioga cie-
oyeT, YTO HCCJeJOBAHHSA 4YacTOTHOM 3aBHCHMOCTH 3¢ dekTa
noss Lenecoo6pa3sHO NPOBOAHTb NPH MOHHXKEHHbIX TeMIie-
paTypax, rae o6JacTb AMCIepCHH, CBSI3aHHOH C 3aXBaToM,
LDOJXKHA MepeMecTHTbcsl B 6ojiee YNOOHBIH C TeXHHUYECKOH
TOYKH 3peHHs] HHTepBaJ YacTorT.

B pa6ote [204] Grita HcciemoBaHa 4acTOTHAsi 3aBHCH-
MOCTb MOABHXKHOCTH 3¢ ¢eKTa noJs Ha obpasuax repMaHus
n-THna co caoeM oOOraujeHHss WJIH cJ1a60ro HCTOIIEHHS Ha
nmoBepxHocTH 1npu Temnepatrype 220° K. Kak cienyer us
puc. 23.3, o6sacTh AMCIEPCHH CMeCTHJach NMPH 3TOH TeMile-
paType B HHTepBaJs uacToT oT 102 mo 10* ey. Ha pucyuke
npuBefeHa TeopeTHYecKas AHMCIEepCHOHHAs KpHBas NJs1 OX-
HOH NOCTOSTHHOH BpEMeHH, KOTOPOH COOTBETCTBYeT Xapak-
TepucTHYecKaa yacTtoTa 6-10% ey. OTKIOHEHHS SKCIepHMeEH-
TaJbHbIX TOYeK OT 3TOH KPHBOH CBHIETEJbCTBYIOT O HaJlH-
YHM HECKOJbKHX peJlaKCallHOHHBIX BpeMeH, BIIpOUYeM, He
CJUILKOM CHJIBHO Da3/IHYaloLIuXcs APYr OT JPYra, Tak uTo
NpUOJNHKEHHO MOXKHO MO0Jb30BAaThCA OAHHM Haubosee

12 A, B, Pxanon
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6/1H3KHM BpeMeHeM peJakcanuu. AGcoMIOTHAS BeJHUHHA 110-
NBHKHOCTH 3(dekTa moasi, 6auskass B 06JACTH BHICOKHX
YacTOT K 00beMHOH MOABHXKHOCTH 3JeKTPOHOB MpH 3TOH
temnepartype (6,2-10% cu?/g-cex), siBasieTcsi NpPSIMBIM J0Ka-
3aTeJbCTBOM CBf3M Hab6J/101aeMOH IUCMEPCHH C 3aXBaTOM
5JIeKTPOHOB Ha ObICTpble [OBEPXHOCTHble COCTOSIHHS.
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Puc, 23.3. UacroTHass 3aBHCHMOCTb TNOABHXHOCTH
adbdekta noas nmpu 220° K.

Jlono/HHTEeNbHBIM apryMeHTOM B [MOJIb3Y 3TOrO yTBep-
XKIeHHUsl ABJseTCs NpHBeleHHas Ha pHc. 23.4 TeMnepaTtyp-
Hasi 3aBUCHMOCTb H3MepseMOro Ha ONbITe BpeMeHH pesak-
canud. BpeMs pesnakcaluH, COOTBeTCTBYIOLlee JAHCIEPCHH
npu 220° K, nexur Ha npaBofl BeTBH KPHBOH, XapakTepH-
3ymoulelics POCTOM BpeMeHH peJaKcallud M[PH HNOHHXKEeHHH
TeMIlepaTyphl, YTO THIIHYHO IJIsl Mpollecca 3axBaTa. JKcTpa-
noasALMa K 3TOH TeMnepaType JieBOH BeTBH KDHBOil, cOOT-
BeTCTBYIOLLeH reHepallMOHHO-PeKOMOHHALMOHHOMY Ipolec-
cy, Aajna OBl XapakTepHCTHUeCKOe BpeMsl 3TOro Ipolecca,
6auskoe Kk (7—8) 105 cex. V3 mpuBefeHHBIX Ha TOM XKe
puc. 23.4 maHHBIX Ans oOpasllia AbIPOYHOH MPOBOJHUMOCTH
cJelyeT, UTO peJlaKCallHOHHBIe BpeMeHa Ipollecca 3axsaTa
IbIPOK CYLIeCTBEHHO MeHblle COOTBETCTBYIOIIHX BeJHUYHH
s 3jeKkTpoHoB. OJHAKO HemocpeiCTBeHHOe CcpaBHeHHe
3THX BEJHUHH, KOTJa B KaxXJOM cJyyae He H3BeCTHH TOY-
Hble 3HAaueHHs NOBEPXHOCTHOrO NOTEeHIHaJla, He HMeeT CMbl-
cna. lanHble puc. 23.5 NMOJHOCTbIO NMOATBEPKAAIOT 3TO CO-
ob6paxenue. Ha HuUX npuBefieHbl 3aBHCHMOCTH NOJABHXHOCTH
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s¢dekTa noJjs OT MOBEPXHOCTHOrO MOTEHIMaJja, H3MepeH-
Hble [PH MOHHXKEHHBIX TeMIepaTypax M AJas ABYX 4YacTOT
B KaxJoM cayuae. [1pH HU3KHX YacTOTax MOABHKHOCTb 3(-
tdekTa moas Aasi 060HX 00pasloB OCTaeTcss MaJoH NpH Bcex
3HayeHHsX TOBEpPXHOCTHOro moTeHuuana. Ilpu wacrorax go-
CTAaTOYHO BBICOKHX, TAKHX YTO BeJHUHHA OOGPATHOM YacCTOThI
6oJibllle peJakCallHOHHOIO BpPeMeHM Ipollecca 3axBaTa MpH
MaJbiX abGCoONIOTHBIX 3HAUeHHsIX MOBEPXHOCTHOTO MOTEHIIHA-
Jla, NOABHXHOCTE 3¢ (QeKTa 0/ NOYTH COBIALAEeT C COOT-
BEeTCTBYIOLIe!l 060beMHOH MOJABHXKHOCTBIO HOCHTeJled 3apsija.
CiosiM HHBepCHMH B OGOHX CJyYasix COOTBETCTBYeT pe3KHi
pOCT MOABHXHOCTH 3¢ deKTa noasi, KOTOPHIH, KaK oTMeua-
JOCh paHee, OXKHIAETCH H3 TeOpeTHUeCKHX cOoOBpakeHHH,
MOCKOJIBKY IIpH 5TOM B Ipollecce YYyacTBYIOT HOCHTe/M 3a-
psina 0GOMX THIOB, NMOJBHXXHOCTH KOTODHIX CKJaJBIBAIOTCS.

B c/iyuae xopouo BeIpa)KeHHBIX CJlI0eB OOOTalleHHs MO-
JIBIXHOCTH 3(pdeKTa nojs 3aMeTHO Najgaior. DTO MOXKeT
6HITh CBSI3aHO KaK C YMeHblLIeHHEM BpeMeH peJjlakcaliu
MPOLECCOB 3aXBaTa B 3THX YCJOBHSX, TAK H C NOHHXeHHEM
MOBEPXHOCTHOH MOJABHXKHOCTH HOCHTeJNeli 3apsana. 3aciyxH-
BaeT BHHMaHHs OTMeueHHoe aBTopaMu paGothl [204] oTcyT-
CTBHE KaKOH-AHGO pesakcallid 3axBaTa B CHJIbHO BhIpa-
JKEeHHBIX CJI0siX oGorauleHHs MPH TeMIepaTypax BIVIOTH 10
100° K u uacrorax go 10%ey. DTo o3Hauaer, Mo-BHAHMOMY,
4YTO BpeMeHa 3aXBaTa Ha IIOBePXHOCTHBIE COCTOSIHHS, paciio-
JIOXKeHHEle BOJIM3U KpaeB 3anpellleHHOH 30Hbl, MHOTO MeHblle
npH 3THX TeMnepaTypax, yem 1078 cex.

[TonyueHHEIe B 3THX HCCAeNOBAaHHAX JaHHble He MOTYT
6bITh HHTEPIPETHPOBAHEI B NPeANON0XKeHHH 0 npeobaanato-
1ef poJiM OLHOTO AHCKPETHOrOo ypoBHA. B 3ToM cMbicae oHu
COrJacyloTcsl ¢ JaHHBIMH O KBa3MpaBHOBECHOM 3axBaTe, HH-
TeplpeTalHs KOTOPHIX Takxe TpeOyeT MpelAnoJoxKeHHi
0 psiie AHMCKPeTHbIX YPOBHed H/IHM IBYX CHCTeMax Hempe-
PLIBHO pacrpeieseHHbIX VpOBHed. B cBsisM ¢ 3THM 3HaMe-
HaTeJbHbIM SIBJseTCS yNOMHHAaHHe aBTOPOB paboTHl O TOM,
YTO MpOBeJeHHOe B HX J1a00pPaTOPHH HCCJeN0BaHHe KPHBHIX
KBa3UpaBHOBECHOTO 3axBaTa NpH TeMnepaTtypax ao 170° K
He M03BOJIWJIO0 OGHAPYXKHUTb KAKUX-JTHOO NPHU3HAKOB MOsBJeE-
HHSl CTPYKTYpPbl KPHBBIX, CBA3aHHOH C JHCKPETHBLIMH COCTOS-
HHUSIMH.
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6) Pesakcauusi npoBOLMMOCTH NPH BO3AEHCTBHH MaJbIX
HMMYJbCHBIX NMOMEPEYHbIX 3JEKTPHYECKHX mnoJeil. Pe3yib-
TaTbl MHOTOYHCJIEHHBIX HCCJAENOBAHHH, BBIIOJHEHHBIX 3THM
MeTOAOM, HaXOASITCA B XOPOIIEM COTJIACHH C BHIBOJAMH Ka-
YyeCTBEHHOTO aHa/JH3a oOfllero ciayyasi peJaKCallHOHHBIX
NpolLleccoB B MOJYNPOBOAHHKAX, mpoBemgeHHoro B § 7. B to
JKe BpeMsl OUEBHIHO, YTO BCJEACTBHE CJOXKHOCTH 3THX MPO-
1eccoB, 0co6eHHO B o0LIeM cJyyae CPpaBHHMOTO YydyacTHs
HocuTeJell 3apsAfa o60MX THNOB, TPYAHO PacCUUTHIBATh Ha
roJlyyeHHe HaJeXXHbIX KOJHYEeCTBEHHBIX JaHHBIX O MapaMer-
pax NOBepXHOCTHHIX cocrosiHui. IToatoMy Takue penakca-
I[MOHHbIe "3KCIIePHMEeHThl ynoOHee BCErOo HWHTEpPNpPETHPOBATD
B TepMHHaX [AeHCTBHUTEJbHOH YacCTH NMOJABHKHOCTH 3¢dekra
noJisi, MOLOGHO paHee pacCMOTPEHHbLIM 3KCIepHMeHTaM Ha
MaJIblX CHHYCOHAAJIbHBIX HANpSIKEeHUSX.

B 5THX 3kcmepuMeHTax OBLIO TakKKe YCTAaHOBJEHO, 4TO
IpH HaJHUYHU CJ10S MHBEPCHH HA NMOBEPXHOCTH KBa3HPaBHO-
BeCHOE COCTOsSIHHe OOBIYHO YycTaHaBJHMBaeTCs 3a BpeMd,
6mH3Koe K 3Q(DEeKTHBHOMY BpeMeHH KH3HH H3OBITOUHBIX
HOocHTeJiell 3apsina B o6pasue [68, 205, 206]. KsasupaBHoBec-
Has M36bITOYHAs NMPOBOAMMOCTL NMPONOPLHOHANbHA MOLBHXK-
HOCTH, NpeBhbILAIONe!l O6OBEMHYI0 NOABHKHOCTb OCHOBHBIX
HOcHTesNell 3apsga, HO MeHblUel, yeM CyMMa MOABHXK-
HocTell HocHTesedl 3apsifia oGeux THNOB [52]. drtoT mocsien-
HUIl pe3yJbTaT O3HayaeT, YTO JHO6O CyLIeCTBYIOT MNOBepX-
HOCTHBIE IIEHTPEI3aXBaTa C BpeMeHaMH 3aXBaTa TOMCTP Tpey,

au6o cyllecTBEHHYI0 POJib HrpaeT IOBepXHOCTHOe pacces-
HHe, 1160, HakoHell, o6a (akTopa NeHCTBYIOT OJHOBpPEMeH-
Ho. Cienyer NOAYEPKHYTb, YTO KOJHYECTBEHHOTO COBMaje-
HHSl BPEMEHH peslaKCallMd B HMIYJbCHOM 3(dekTe moJas H
3¢ PeKTUBHOTO BPEMEHH XKH3HH CJelyeT OXHAaTb TOJbKO
TOrAa, KOorja BO3MOXKHO BBelleHHe YHHBEpCaJbHOH CKOpO-
CTH IIOBEPXHOCTHOH pekoMO6uHauuu (cMm. § 6). B rtex cay-
yasx, Korja Takoe MOHSITHe BBECTH Hesab3s (repMaHU#l H,
B 0COGEHHOCTH, KpeMHHH NMpU HU3KHX TeMOepaTtypax H 60Jb-
KX 3HAYeHHsSIX TOBEPXHOCTHOrO NOTeHlHaJ/ja), PeKoMOH-
HalUA B MPUIOBEPXHOCTHON 06JacTH MNPOCTPAHCTBEHHOTO
3apsila MOXeT BHOCHTb BecbMa CyLlecTBeHHBIH BKJaj, a Be-
JuuHHa 3¢(dEeKTUBHOTO BPeMEHH XH3HH HAuYHHAeT 3aBHUCeTb
OT MeToJa ero H3MepeHHd.
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B nocnenHel M3 UMTHPOBaHHBIX paboT ynomMHHalOTCA
CJydyaH, KOTAa yCTaHOBJIEHHe KBa3HPaBHOBECHOTO COCTOA-
HHS IPOHUCXOAHUJIO CO BpeMeHeM T K Tpes, @ HabJll0OfaBIIAACA
IpH 35TOM TMOABHIKHOCTb HOCHTesell 3apsga Obl1a MHOTO
MeHbllle 06beMHOH MOABHXKHOCTH OCHOBHbIX HOCHTeJeH 3a-
psiia. B cnyuae HH3KOOMHbIX 06Gpa3slOB U HHU3KHUX TeMmepa-
Typ BpeMs peslaKcalldd YCTaHOBJIEHHS KBA3HPaBHOBECHOrO
COCTOSIHHSI TaK»Ke He COBMNAaJajo C Tpex, HO OBbLIO 3HAYH-
TeJbHO GOJbllle ero M PoCjO C MOHHXKEHHeM TeMMepaTyphl
[201]. 10 03Hauano, 4TO, HECMOTPSI Ha HaJHUHE UHBEPCHOH-
HOro CJ1I0sl Ha MOBEPXHOCTH, YCTAHOBJIEHHe KBa3HpaBHOBeC-
HOTO COCTOSIHMSI ONpejessieTcsl He reHepalMOHHO-peKoMOH-
HallHOHHBIM MeXaHH3MOM, a B3aHMOJEHCTBHEM MOBEpPXHOCT-
HbIX IIeHTPOB 3axBaTa C OLHOH W3 30H MOJYNPOBOJHHKA.

10T 3ddekT 06ycaoBjaeH MaJOCTbio abCOMIOTHOH CKO-
pOCTH reHepallud NpPH NOHHXKEHHBIX TeMIepaTypax, BCJend-
CTBHE UYero reHepallHOHHO-PeKOMOHWHAIIHOHHBI MeXxaHH3M
JaeT MaJblii O aMILIMTYJAe BKJAA B MpPOLECC YCTAHOBJIEHHS
KBa3HpaBHOBeCHs, XOTA sBJseTcs U OoJjiee GbicTpbiM. Emge
6oJiee CyllleCTBEHHOe BJIMSIHHE 3aJepKKH B TeHepaluH 3JjeK-
TPOHHO-ALIPOYHBIX Map HpPOABJASeTCA B cJjydyae OONbLIMX
NoNepeyHLIX 3JeKTPHYeCKHX TMoJell M OyAeT OMHCAHO
naJnee.

B cayuae cinoeB o6GoOramleHHsi CHTyallusi, Kak IIpPaBHJIO,
OKa3blBaeTcsl 3HauUTeNbHO GoJsee mpocrofi. YacTe uHAyNH-
POB&HHBIX MOJIeM OCHOBHBIX HOCHTesel 3apsifa 3a BpeMs

nglxc;p < TpeK

OKa3blBaeTCsl 3aXBayeHHOH Ha TOBEPXHOCTHbIX COCTOSHHSIX
[207]. CooTBeTCTBEHHO, BeJHUMHA KBA3HPaBHOBECHOH H30bI-
TOYHOM MPOBOAMMOCTH OyAeT COOTBETCTBOBATb TMOABHXKHO-
CTH MeHbluel, yeM oGbeMHas MOABHXHOCTb OCHOBHBIX HO-
cutesnell 3apsna. IlpaBna, u B 3TOM ciydyae ocTaercsi He
BIIOJIHE SICHBIM COOTHOLIeHHe MeXAYy 3aXBaTOM H TOBepX-
HOCTHBIM paccessHHeM B Hab/ai00aeMOM YMeHbllIeHHH 10-
JBHXKHOCTH.

B pane cnyuaes, korga o6beMHas npoBOJHMOCTb 06pas-
0a He CJIHLIKOM JaJjieka OT COGCTBEHHOH, peKOMOHHALHOH-
HO-TeHepallHOHHBIH TIpOIlecC HrpaeT CYIIECTBEHHYIO poJb U
npH cJoax o6GoralleHHS Ha NMOBepXHOCTH. COOTBETCTBEHHO,
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penakcallHOHNIBIH TPOLeCC YCTAHOBJIEHHSI KBa3HpaBHOBeC-
HOT'O COCTOSIHHs1 OyAeT XapaKkTepH30BaThCs BpeMeHeM, GJIH3-
KHM K BpeMeHH KH3HHU U3OBITOUHBIX HOCHTeJeH 3apsiaa, Kak
3TO0 W Halaiopajock B paGotax [68, 201]. ABTopel paccmo-
TPeHHbIX paloT HHTEPIPETHPOBAJH CBOU Pe3yJbTaThl B Tep-
MHHaX JIUCKPETHbIX MOBEPXHOCTHBIX yPOBHeH, MOmYepKHBad
BCIOAY, TZie 3TO TOJbKO OBIJIO MOXKHO, UTO NMOJIyYeHHble HMH
IDaHHble AABJNAIOTCA JTOMOJHHTENbHBIMH apryMeHTaMH B N0Jb-
3y 3TOro npeanoJoxeHus. Takas yBJeueHHOCTb ONHOH TH-
noresoif He crnocoGcTBOBaJa, OAHAKO, HEOOXOOHMOHR 00BeK-
THBHOCTH B OLIEHKe 3KCIepUMeHTaJbHbIX pe3yJbTaToB, Kak
3TO BUIHO, HAlpUMep, N0 yxKe YNOMHHAaBIIeHCs B Npeablay-
meM naparpade HHTepNpeTallUH 3SKCIEPHMEHTAJbLHBIX pe-
3yJbTaToOB pHC. 22.4, NOJyUEeHHBIX B PAcCCMOTPEHHOM LIHKJe
pa6or [562].

B) Pesakcauus npoBOAMMOCTH NpH BO3JeilcTBHH 60Jb-
IIMX UMMYJbCHBIX MOMEPEeYHbIX 3jeKTpHUYeckux moged. [1pe-
MMYLIEeCcTBAa HCCJeLOBaHHS I[POLECCOB 3aXBaTa NPH MOHH-
JKeHHBIX TeMIepaTypax OBIM C YCIOeXOM HCIOJNb30BaHbI
B paGoTax ¢ NpHMeHeHHeM GOJIBLIHX HMMYJbCHBIX MoNepey-
HBIX 3JIeKTpHYeCcKHX noJell. Minesa sTux uccnenoBanuii, Mero-
NHKa KOTOphIX Obla H3JoxeHa B § 13, HemocpencTBeHHO
cjedyeT U3 pacCMOTpPeHHOH B § 7 KHHETHKH IpOLlecCOB
B3aHMOJEHCTBHS NMOBEPXHOCTHBIX LEHTPOB 3aXBAaTa C OCHOB-
HBIMH HOCHTe/IsIMH 3apsiia B o6pasue. B npeanosoxenuu
JNUCKPETHOCTH 3SHepTeTHUeCKHX YpOBHell LEHTPOB 3axBaTa
GblIJIO MOJIYYEeHO NPOCTOe BblpaKeHHe /151 BpeMeHH pesak-
callui mpollecca TeNJIOBOro BbhIGpOca 3/J1eKTPOHOB C YpOBHeH
3axBaTa B 30HY:

T l=a,n =a,N, exp[— %ﬂ] (23.1)

[TosyyeHHOe BhIpa)<eHHe COOTBETCTBYeT BO3AEHCTBHIO GOJb-
IIOFO MMMOYJBCHOTO MOJSl TAKOT'O, YTO MEepBOHAYAJbHO MOJI-
HOCTbIO 3alOJIHEHHBIH YPOBeHb B XOJe pelaKCallHOHHOTO
mpollecca NPaKTHYECKH MOJHOCTbIO omycroiuiaercs. B sToM
XKe TPelNoNoXKeHHH OblJIO MOJyYyeHO BBIpaxKeHHe M AJs Ha-
yaJIbHOTO HAKJIOHA peslaKCallHOHHOM KpHBOIi:

d E,—E
Do | = — ey = — NN exp[ — EeEL] . (23.2)
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HaKOHeLl, NpousBeeHHe o0eHX BeJHUHH JaeT OUYeBHIHOE
COOTHOILLUEHHE O OonpeAesICHUs KOHLEHTpAlUlHH NMOBEPXHOCT-
HBIX HEHTPOB:

Any="4nt T=N,. (23.3)

DKCrnepUMeHTAbHBIMU HcclefoBanuAMH [46, 180, 208,
209] Ovl1a MeHCTBUTENBHO MOATBepXKIAEHa SKCIOHEeHLIHAJIb-
Hasi 3aBHCHMOCTb OT o6par-

%, e . HOMl TemmepaTyphl Kak Bpe-
ne MEHH peJaKcaluu, TaK H
HauyaJbHOrO HaKJIOHAa pe-

\ JlaKcallHOHHO! KpHBoi. Ha

w3 D ) puc. 23.6 u 23.7 npusene-

Hel B HoJyJorapupmuue-
CKOM MacuTabe npHMepb
3THX 3aBHCHUMOCTeH A5 06-
W pasuoB repmanusa. Hakio-
HBl NpPSIMBIX, KOTOpHIE, CO-

rmacHo  (23.1) u (23.2),
JOJMIXKHBI TPAaKTOBAThCsl B

N KayecTBe 3HepreTHUeCKHX
\ MOJNIOXKEHHH  JTHCKPEeTHBIX
2 yPOBHell 3axBaTa, XOpOLIO
_ ] COTJIacyloTCsi ApYyr ¢ Jpy-
8 7 6 g roM. B ra6auue 23.1 npu-
1000/t BeJeHbl 3HauyeHHsl 3SHepre-

Puc. 23.6. TemnepaTylea)ﬂ3:;2ucnurv;?ﬂ: THYECKHX M0JIOKEHHH YPOB-
2gg¥:elfr’<(:TBl;'elg1a‘Kpcaaalill:1Hﬁ pea.rm'-mHaMpnone~ Hell, ceueHHl 3axBaTa Ha

PEeYHOro HMIyJibCa HallpAXKEHHA. HUX lIprOK HJIHU SJIeKTpOHOB

M KOHLEHTpauUMH  3THX
ypOBHefi, onpene/eHHbie B paborax [48, 208], a Takxe sHep-
reTHUYECKHX MOJIOXKeHHH YPOBHA M CeueHHil 3aXBaTa 3JeK-
TPOHa, onpejejeHHbIX B paboTe [209].

K coxaJnenuto, B nepBrix ABYX paboTax He IPOHU3BOLM-
JIOCh HCC/elOBaHHe KBa3HpaBHOBecHOro s dexkTa noas Ha
Tex e obpasLax repMaHHus, a B TpeTbell paGoTe — He u3-
MepsJIHCh HauajibHble YIJbl HaKJOHA peJaKCallHOHHBIX KpH-
BBIX, YTO [03BOJHJIO Obl ONpefeNHThb KOHLEHTPALMH [AH-
CKpeTHHIX YpOBHe#l 3axBaTa. BcienacTBHe 3TOro moxka Hesb-
351 MPOBECTH HeINoCPeACTBEHHOTO CPaBHEHHA KOHIEHTPalui
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JHCKDeTHLIX YpOBHeH 3axBaTa, onpejejeHHbIX METOAOM HM-
NMyJbCHOTO 3()(eKTa NOJSA, H MO KBAa3HPABHOBECHBIM KpH-
BbIM 3axBaTa, H3MePeHHHIM Ha ONHOM H ToM XKe obpasile
repmanus. ComnocTaB/leHHe e pe3y/bTaTOB OMNpelesIeHHs
KOHLIeHTpauH# 6LICTPBIX
MOBEPXHOCTHBIX COCTOSTHMIl (@n:/d%),
5THMH IBYMsi MeToiaMu Ha ©7]
pa3Heix o6pasnax MNpHBO-
JUT K OUEBHIHOMY MpOTH- /
BOPEUHIO. wt

B npenwinymeM napa-
rpade Ha puc. 22.5 Gnlia
NpUBefleHA THIHYHAS KpH-
Bas  KBa3HPABHOBECHOIO
3axBaTa, H3MepeHHas Ha
ob6pasie repMaHus, mpo- A
mlefmeM Ty e mnosepx- "
HOCTHYI0 06paboTKy (Tpas-
gesne B CP-4). Kak /
ClelyeT M3 3THX [AHHBIX, g8 /ﬁ“
No/sIHOe H3MeHeHHe 3axBa- A
YEeHHOro Ha [OBepPXHOCTH
sapiia MPH MOMOKHTENb:
HBIX 3HAUYEHHU X noBsepx- 0 9 8 7
HOCTHOrO NOTeHLIHasaa He 1w/t
npeBhblliaeT pu 9TOM Puc. 23.7. TeMnepaTypHas 3aBHCHMOCTh
32.107° Ky/l/CM2. 3TO COOT-  nauamsnoro Hax.'lonay peJlaKCcalHOHHBIX
BETCTBYeT H3MEHEHHI0 B KpHBRIX.
3anosHeHun  20-101°  co-
CTOSIHHUH Ha CM2, T. €. MOJIHOM KOHIIEHTPalHH NOBEPXHOCTHbBIX
COCTOSIHHH, BCero MPHMEepPHO BTpOe NpeBhIlalolledl KOHIeH-
TPalHIO NHCKPeTHbIX YPOBHeH, ONMpefesNeHHYI0 M0 MeTOJHKe
HMIyJbCcHOTO 3¢¢ekra noas. To Xe COOTHOLIeHHe HMeeT
MeCTO U [J1fi COCTOSIHHI, PAcCIOJIOXKEHHBIX B HHUXKHe#l yacTH
3anpelieHHOH 30HHI.

HerpynHo yGenutbcst HemocpeACTBEHHBIM pacyeToOM, yTo
B MpEeINOJOXEeHHH O HaJIOXKeHHH AHCKPETHBhIX MOBepXHOCT-
HBIX ypOBHeH Ha HemnpepbIBHHIH CHEKTP pe3yJbTHpylOL[as
KpHuBasi KBa3HpaBHOBECHOTO 3axBaTa AOJIXKHa Oblia Obl 06-
AagaTh OCOGEHHOCTAAMH INPH TaKHX COOTHOLUEHHSIX MEXIy
KOHI[EHTPAUUAMH COCTOSIHMH o6Goux TumoB, CTpykTypa

AN

Y/ii 5
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Ta6auma 23.1

DHepreTHyeckHe IMO0JOXEHHS YyPOBHeH, HX KOHUEHTPAlLHH H CEeueHHS
3aXBaTa Ha HUX HOCHTeJell 3apsja B MePMaHHH H3 JaHHBIX
uMnyabcHoro sddekra noJs Ha GOJBIIMX CHI'HAJaX

LleHTpbl 3axBaTa 3JIeKTPOHOB LleHTpbI 3aXxBaTa ABIPOK
(Ec—Ep) O, Ny (B¢~ Ey), Op Ny
38 cn? cn? 28 cn? cecn?
0,24 43-107"° | 8.10" 0,17 2.107" | 6.10"
0,32 1071 - 0,32 6-107"° -
0,19 10~ - 0,29 10718 -
0,16 10°% - 0,13 1072 -

KPHBBIX KBasHPABHOBECHOIO 3axBaTa JOJKHa Oblna Obl Ha-
6n100aThCsl NPH MOHMKEHHBIX TeMNepaTypax H HalmeHHbLIX
3HayeHHAX KOHLlEHTpalWi AHMCKDeTHOrO YpDOBHSl 3axBaTa H
B TOM CJlyyae, KOTAa KDUBble 3aXBaTa NPeACTaBJAIT cOOOM
CYMMBbI 3J1eMeHTapHBIX KPHBBIX OT HECKOJbKHX AHCKPETHBIX
ypOBHeql.

OTMeueHHOE HECOOTBETCTBHE HeJb3 OOBACHHTH MOrpell-
HOCTSIMH OTpe/ieseHHs] KOHIleHTpalui ypOoBHel 3axBaTa pas-
HBIMH MeTonaMH. KpHuBble KBa3HpaBHOBECHOTO 3aXBaTa,
noJyyeHHble ¢ MpHMeHeHHeM MOMPaBOK Ha AM((y3HOe pac-
cesiHHe HOCHTeJeH 3apsifla OT NIOBEPXHOCTH, MOTYT COOTBET-
CTBOBaTb TOJIbKO 3aBBILIEHHIO NOJYYeHHBIX KOHIEHTpauuh
ypoBHell 3axBaTa, eC/IH B AeHCTBHUTENLHOCTH paccesHHe OT
NOBEPXHOCTH YAaCTHYHO 3epKajJbHOoe. B To ke BpeMs 0co-
GeHHOCTH 3KCIIeDHMEeHTaJbHOH METOAHKH HMIYJbCHOrO 3¢-
(eKkTa NoJA TAKOBLI, YTO INOTPEIIHOCTH OHpeJeseHHs KOH-
LleHTpaLlHH NMOBEPXHOCTHbIX yPOBHeH 3axBaTa MOTYT NpPHBO-
IHTb TOJBKO K 3aHHMXKeHHIO 3ToH BesHuHHbL [locienHee mo-
)KeT GBbITh CBSI3aHO KaK C HeMoJHOTOH 3amoJIHeHHS ypPOBHS
B PaBHOBECHBIX YCJOBHAX, TaK M C OLIMOKOH ompejeseHHst
HayaJbHOrO HAaKJOHA peNaKCallMOHHOH KDHBOH.

B cBfA3M c OTMeueHHbHIMH O6CTOSITEbCTBAMH 06€3yCJOB-
Hbli HHTepec MpeAcCTaB/]sieT pAacCMOTPeHHe BO3MOXKHOCTH
NPUHIUIKHANBHO HHOH MHTepNpeTalHH 3KCIepUMEHTOB MO
UMIYyJNbCHOMY 3G @eKTy mosas Ha Goabluux curHagnax. Ecru
MCXOJUTh H3 Onpefessiiolled pPo/H KBasHHeNpPepbIBHLIX CH-
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CTeM MOBGPXHOCTHBIX YPOBHeHl B paccMaTpHB&aeMOM NpoO-
mecce pesakcaldH, TO ero KHHeTHKa OyneTr OnpenessTbCA
HHTerpo-nH(pdepeHIHaNbHBIM YPOBHEM BHIA:

 max
2B )] == [ e N = e Dlns (@) de +
€ min
€t max
+ [ BeIN )P (en e (23.4)
€t min

3necb I'n(q@s/kRT) — u36GLITOK 3JeKTPOHOB B MNpPHIOBEpPX-
HOCTHOH 06J1aCTH NPOCTPAHCTBEHHOTrO 3apsaa, sBJAAIOLIHIACA
(yHKIMell MTHOBEHHOTO 3HaueHHA *) MOBEpPXHOCTHOTO MO-
TeHUuana qos/kT; o (e;) — BepOATHOCTb 3aXBaTa 3JeKTPOHA
M3 30HBI NPOBOAMMOCTH Ha MOBEPXHOCTHBI! ypOBeHb C 3Hep-
reTHUeCKHM TO0JI0XKeHHeM &;; P (&) — BepOSATHOETb TemJo-
BOTO BbIGpOCa 3/€KTPOHAa B 30HY NMpOBOAMMOCTH; N,(g/) —
(QyHKLUHA pacnpejesieHHsi NOBEPXHOCTHBEIX YDOBHeH MO HX
3HepreTHYECKOMY [OJIOXKEHHIO B  3ampellleHHOH  30He;
f(e:, t) — MrHOBeHHOe 3HAueHHe BEPOSTHOCTH 3aMOJHEHHs
NOBEPXHOCTHOTO YPOBHfl C 3HEPreTHYECKHUM I10JIOXKEHHEM &;.

Kak 06bluHO, BEDOATHOCTH 3aXBaTa M TENJOBOro BhIGPO-
ca ycpeiHeHbl M0 COCTOSIHHAM B 30He NPOBOJHMOCTH, a 3(-
(eKTHBHAs MJIOTHOCTb COCTOSIHHA B 30He NPOBOAMMOCTH
npeanosaraercsi 3HaYMTeNbHO MNpeBbllIaloOllell KOHIeHTpa-
IIMI0 MMeIOLIUXCA B HeHl 3JekTpoHoB. Ilpemensl HHTerpupo-
BaliHA N0 3HepPreTHYECKOMY MOJIOXKEHHIO MOBEPXHOCTHBIX
YpOBHEH OT &t min AO €&t max O3HAYAIOT, YTO AOJKHbB OBITH
yuUTeHBl BCe Te YPOBHH, KOTOpble MOTYT MPHHHMAaTb yyacTHe
B Npollecce peJakcallhH.

Ecan Mbl npeanosnoxuM (Kak U paHee B cayuyae JUCKpeT-
HBIX TOBEPXHOCTHbIX YDOBHeH), YTO 3HaK HMIyJabca nome-
PEeYHOro 3JeKTPHYECKOTO MOJsl COOTBETCTBYeT BhIBeJEHHIO
3/IeKTPOHOB M3 30Hbl NMPOBOJHUMOCTH H YTO [0 NPHJIOKEHHS

*) HamoMHHM, YTO 1O YC/NOBHSIX SKCMepHMeHTa pPeKoMGHHAaLHOHHOE
BpeMs Tpex <K Taaxs, TAK UTO Mbl BIpaBe XapaKTepH30BaTb KOHLEHTpa-
UHH HOCHTesell 3apsla B 30He KBa3HPaBHOBECHBIM MOBEPXHOCTHBIM MO-
TeHLHAIOM ¢@S.
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MMIy/JbCca B3aMMOJEHCTBYIOLUIHE C 30HOH MOBEPXHOCTHblE
YPOBHH OBIIH B 3HAUMTEJNBHOH Mepe 3alOJHEHBl 3J€KTpO-
HaMH, TO NepBLIM u/JeHOM ypaBHeHHsl (23.4) MOKHO mNpeHe-
6peub B HauaJbHOH CTajHM mpollecca peJakcalyy O CpaB-
HEHHMIO CO BTOPHIM. DTO mpeHeGpexKeHHe O3HAyaeT, YyTo caM
npouecc pesakcallid Ha 3TOH CTafHH 3aKJI0YaeTcs TOJbKO
B TelJOBOM BbIGpOCe 3/1eKTPOHOB C NOBEPXHOCTHBHIX YPOB-
Hell B 30HY NIPOBOLHMOCTH.
Toraa ypaBHenue (23.4) npHBOLHMTCS K BHAY:

€t max

T:t—[rn (%)] = f Bes) Ny(e) f (8t’ %) de;,  (23.5)

€¢ min

pellleHHeM KOTOpPOro OyjJeT 3KCMOHeHIHaJbHOe H3MeHeHHe
u36bITKa 3JaeKTpoHOB I'n(g@s/kT) co BpeMmeHeM, ecaH Be-
POSITHOCTb TemsaoBOro BeiGpoca B(e;) He 3aBHCHT OT 3HeEp-
FeTHYEeCKOr0 MOJIOXKEHHS] YDOBHS &;, MJIH 3aBHCHT OT Hero
JOCTaTO4YHO cJjabo.

JelictBUTENbHO, MPH 3TOM MPEANONOXKEHHH BeJHUHHA P
MoOxkeT ObITb BhIHECEHA M3-IIOJ 3HAaKa HHTerpaJa, a ocraio-
IIMIACS HHTErpaj ecTb He UTO MHOE, KaK KOJHYECTBO 3JeK-
TPOHOB, 3aMOJHSIOUIMNX MOBEPXHOCTHBIE YPOBHH, paBHOE B3sl-
TOMY ¢ OGpaTHBIM 3HAaKOM H3MeHEHHI0 H36BbITKa 3J1eKTpo-
HOB B 30He MPOBOJUMOCTH:

€f max
99 q¢
AT, () o = [ Ny F(en 225 e, =
€ min
= AT, exp(— tm), (23.6)
rae
L_—Bey).

T3axs

3amena B pemeHuu (23.6) H36BITKA 3J€KTPOHOB Ha H3-
MeHeHHe H36GbITKA YYMTBIBaeT TOT (GaKT, UTO NepBas BeJH-
Yy{Ha 3aBHCHT W OT MOBEPXHOCTHOrO 3apsja MeAJeHHBIX H
GLICTPBIX COCTOSIHHI, 3aMO/IHEHHe KOTOPbIX He H3MeHseTcs
BO BpeMsi Mpollecca pesaKCallHH.
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W3 ycnoBusi paBHOBecHs:

8¢ max
Nt (e) [1 - (Gt. E:—IS.—O)] dey
P (e)) = a(er) nso -t mi‘; p— . (23.7)
Moo (e, 2350) ey
¢ min

WHTerpadel, BXoasuiue B cooTHouleHne (23.7), Moryt GuITh
B3AThHl, €CJH B HHX MOACTABUTb 3KCIOHEHIHAJbHBIH 3aKOH
pacnpeneseHUs MOBEPXHOCTHBIX YPOBHeH MO HX 3HepreTHue-
CKOMY MOJIOXKEHHIO B 3amnpellleHHOH 30He M 3aMeHHTh Mpe-
JeJbl HHTeTDUPOBAHUS /151 HHTErpaJoB, cOlep KalluX (yHK-
uuio depmu, Ha +o0 U —oo. Takas 3ameHa, Kak oGcy-
)Kaamocb B § 6, BMoJHe ONpaBiaHa, MOCKOJbLKY I[IPH & =
= —o00 HeT YPOBHeH, a NpH g = + co OHH MycTH. B pesyib-
TaTe HHTETPUPOBAHUSA MO 3aMKHYTOMY KOHTYPY B KOMILJIEKC-
HOH NJIOCKOCTH MoJlydyaeM:

exp (a2£m20) _ oxp (o P00
1 (wso P\C—%T P\@%T
= o (g;) ny exp r
e"p(“ k78~0)

- (1-2a) (i—qmso)]
~ a(e) 2 (ZaT)" (mym,) " exp | - 2z .

(23j8)

T3axs

B nocienHem nmpeo6pa3soBaHHH Mbl NpPHPABHAJIH BeJIHUYHHY
€t max NOJOBHHE LIHDHHBI 3anpelleHHOH 30Hb E; W nNpeHe-
Gperau BTOPHLIM YJEHOM B UHCJAHTeJe MO CpPaBHEHHIO
C MepBhIM.

Yca0BHS, IPU KOTOPHIX 3aKOH pesaKcallid OKasblBaeTcs
3KCMOHEeHLIHaJbHbIM, OUeBHIHBl U3 X0Ja MPOBEIeHHbIX BHIIIE
paccyx/aeHHH.

3TO0, BO-NEPBBIX, OTCYTCTBHE HJIH Cl1a6OCTh 3aBHCHMOCTH
BEPOSTHOCTH 3aXBaTa OT 3HepPreTHYeCKOro MOJIOXKEeHHS YpOB-
Hf 3axBaTa. B cayuae cyllecTBoBaHMS TaKo# ca1aGoi 3aBH-
CHMMOCTH OHa 6yJeT NpOsIBAATLCA B MPeA3KCIOHEHIHAJIbHOM
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MHOXHTesde cooTHolweHus (23.6), HO He HOJXKHA CKasbl-
BaTbhCSl Ha NOKa3aTeJe 3KCIOHEHThI.

Bo-BTOpbLIX, OnpefeseHHble yCAOBHSI MOJKHbl HAaKJIaibl-
BaTbCAd Ha HayajbHOe PaBHOBeCHOe 3HayeHHe MOBEPXHOCT-
Horo moTteHuUHana (qgso/kT). B paccmarpuBaemom cayuyae
B3aUMOJLeHCTBHUSA 30HLI MPOBOAMMOCTH C LIEHTPAMH 3axBaTa

Koales)
N (&4) : N
L ke ) fa
I — T ’\T'—'"—“;J
IPs0 X ,--=""""7" £ Seo—me—— &
Y__¥%
/——Ev ;[o
1)
a) )

Puc. 23.8. K HHTepnpeTauHH 3KCnepPHMEHTOB HMIyJbcHoro 3ddexra noas ua 60Jb-

WHX CHrHaJjaX. a) PaBlioBecHOe COCTOSIHHE NMOBEPXHOCTH A0 NMPHJIOXKEHHS HMIyJabca

NonepeyHoro JjexkTpHueckoro noJss. IITpHXOBKOH NMOKa3aHbl 3aMoJiHEHHbIE MOBepX-

HOCTIiblé YPOBHH CHCTeMBbl, B3aUMoaeHcTByOIel ¢ 30HON MPoBOAHMOCTH. 6) KBaau-

paBHOBeCHOe COCTOSIHMEe MNOBEPXHOCTH IOCJe NpPHJIOXKEHHA HMIYJabca NoNepeyHoro

3JIeKTpHuecKoro MoJif, HO A0 HayaJa OnycTOleHHS MOBEPXHOCTHLIX ypoBleH 3a-
XBara.

3JIEKTPOHOB MOBEPXHOCTHBIA MOTEHIHAJ LOJXKeH GbiTh IO-
JOXKHTEJNEH H JOCTAaTOYHO BEJHK MO aGCOJIIOTHOH BeJHUMHE.
ATO yCNOBHE COOTBETCTBYeT paBHOBECHOMY 3amMOJIHEHHIO
3.JaUUTeJbHOTO YHCJa HOBEPXHOCTHBIX yDOBHeH aKLlenTop-
HOH CHCTeMBl, pacloJ/IOKeHHBIX B BepXHell NOJIOBHHe 3ampe-
IleHHOH 30HbI Ha NIOBEPXHOCTH, H OJHOBPEMEHHO HCKJIIOYaeT
BO3MOXKHOCTb Yy4YacTHf B Hpollecce peJaKcallid YypOBHed,
pacno/ioXKeHHbIX B HHKHeH ee MOJOBHHe W B3auMojeii-
CTBYIOIUMX C BaJeHTHOH 30HOH. HaxkoHen, ycnoBue mpume-
HHMOCTH NpOBeJeHHOH 3aMeHBl MpefeJOB HHTErpHPOBaHHUS
COOTBETCTBYET HAua/IbHbIM 3HAUEHHAM MOBEPXHOCTHOrO MO-
TeHLHaJa, AOCTATOYHO HajJeKHMM OT AHA 30HBl NPOBOAHMO-
cTH Ha mnoBepxHocTH. Ha puc. 23.8 npuBefeHH 30HHBIE
CXeMbl, COOTBETCTBYIOLIHe pDaBHOBECHOMY COCTOSIHHIO IIO-
BEPXHOCTH H ee KBa3HMPaBHOBECHOMY COCTOSIHHIO B HayaJhb-
HBIi MOMEHT paccMaTpHBaeMOro peJlaKCallHOHHOTO Mpoliec-
ca, HO MOCJe 3aBepLIeHHs TIeHepalLHOHHO-peKOMOHHALHOH-
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HOTO Mpollecca YCTAHOBJIEHHsS KBa3HpPaBHOBECHS MeXAY HO-
cuTe]sIMH 3apsina B o6Geux 3oHax. IIpH sToM KBa3upaBHO-
BeCHOe 3HaueHWe MOBEPXHOCTHOTO noreHuuana (qgesi/kT)
OMUChIBaeT COCTOsIHHe 0OGeHX 30H, HO 3anoJHeHHe IOBepX-
HOCTHBIX ypOBHeH ONMHUCbIBaeTcsl ellle CTapblM 3HauyeHHeM Io-
BEPXHOCTHOTO moTeHUHana (qoso/kT).

B cBsi3M cO cKa3aHHbBIM HeOGXOAUMO CIeJaTb OJHY, BECh-
Ma CYyLIeCTBEHHYIO OroBOpKY. B0O3MoXHOCTb ycTaHOBJIEHHS
KBa3HpaBHOBECHsI MexXJy HOCHTeJsIMH 3apsiia B o6eHx 30-
Hax ompejeJsseTcs B pacCMaTpHBaeMOM caydyae nmpeobmaana-
HHEM TeNJ/oBOH TeHepallHH 30Ha — 30Ha Hajx peKoMOUHa-
nuedl. [TockOJMBKY CKOpPOCTb TeNJIOBOHM TeHepallUd AJSl NaH-
HOrO NOJYNPOBOAHHKA 3aBHCHT TOJbKO OT TeMIepaTyphl, TO
OUYeBHJIHO, YTO NPH NMOHHKEHHH TeMNepaTypbl OyAeT HOCTHUT-
HYTO TaKoe MOJIOXKeHHe BellleH, KOra BpeMsl yCTaHOBJIEHHS!
KBa3UpaBHOBeCHs B 30HaX NepecTaHeT OLITb MaJjbiM, a CTa-
HeT CpaBHHMBIM CO BpeMeHeM 3axBaTa WM faxe Oyner npe-
BHILIATh NocjaenHee. [Ipu 3ToM KBasHpaBHOBeCHEe MEXAY
30HaMH B XOJe Tpollecca TemaoBOro BhiGpoca Oymer OTCyT-
CTBOBaTb U H300paxkeHHas Ha puc. 23.8 kBasupaBHOBecHas
30HHas cxeMa 6yneT HeBepHa. OTMeTHM, OJHaKo, YTO B 00-
JIaCTH TMOHH2KEeHHBIX TeMIlepaTyp HCCJ/elOBaBLIMECs paccMma-
TPHBAEMBIM MeTOAOM 00paslel TrepMaHHs M KpPeMHHd
CTAHOBATCA, MO CYTH feJla, MOHOMNOJSIPHBIMH MOJYNpPOBOMI-
HMKaMH, TaK KakK BKJaJ 30Hbl HEOCHOBHbIX HOCHTeJeH
B INPOBOAHUMOCTb HPH BCeX I1PaKTHUECKH peasH3yIoLHXCs
o6cTosATeJbCTBAX OCTaeTcsl MNpeHeGpexuMo MaabiM. [lpu
3TOM He06XOAHMOCTb YCTaHOBJIEHHS] KBa3HPABHOBECHS MeiK-
Jly 30HaMH TepsieT CBOH CMBIC/ U HHXKHAS [OJOBHHA 30HHOM
cXeMbl MOXeT ObITb MPOCTO OMYIIEHA.

U3 ckasaHHOro sicHa 3aBHCHMOCTb aMIIUTYAB! peJjakca-
IMOHHOTO0 CHrHAaja OT BEJHYHWHBl HMIYJbCa I[ONEpPEeYyHOro
3JeKTPHUYECKOTO IMOJISI U PaBHOBECHOrO 3HAaUeHHsl MOBepX-
HOCTHOTO MoTeHUHaNa (g@so/kT). AMNIUTYNa pesakcalUOH-
HOrO CHTHaJa AOJXKHA B paccMaTpuBaeMoll MOmeNH HMeTb
HacbllleHHe, COOTBETCTBYIOLee IOJHOMY  OMYCTOLIEHHIO
B3aUMOJeACTBYIOIle C 30HOH CHCTeMbl MOBEPXHOCTHBIX
ypoBHe#l. BennuuHa cHrHasa nmpH HacblleHHH JOJXKHA 3KC-
MOHEHIHaJbHO 38BUCETh OT PABRHOBECHOTO 3HAUeHHs! MOBepX-
HOCTHOTO noTeHuHana (qg@so/kT). OTMETHM, 4TO 3KCIhe-
puMeHTanbHOoe OOHapykeHHe TaKOH 3KCIOHEHLHAJbHOM
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3aBHCHMOCTH BeJHYHHBI CHTHAJa HaChILIEHUS NPH COXpaHe-
HHH HaKJOHA TeMIlepaTypHO! 3aBHCHMOCTH BPeMeHH pesak-
CalMH SBHIOCh Obl OJHO3HAUHBIM [0Ka3aTelbCTBOM CIipa-
BeJJIMBOCTH pacCMaTpHUBaeMOH MOJEJH.

OueHuM BeJHYMHBEI HAaKJIOHA TeMMepaTypHON 3aBHCH-
MOCTH BpeMeHH peslakcalluH, NpeacKa3biBaeMble [J1s1 repMa-
HHA cooTHouleHHeM (23.8). 3HaueHHs KOHCTAHTBl «a» MO
JNaHHBIM Npenbiayuiero naparpada smexar npu 200° K (cpen-
Hssl TeMIlepaTypa B paccMaTpHMBaeMblX OMNBITaxXx) B AHana-
sone 0,1 = 0,25. Ecau npuHsith 3HaueHHe (q@go/kT) =
= (5 + 8) npu To# :Ke TeMmepaType, TO 3HaueHHe HAKJOHA
Oyner sexate B auanasoHe (0,16+0,24) 38, T. e. moa-
HOCTBIO IepeKpoeT [AHana3oH 3HAUeHHWH, MOJyuYeHHbIX 3KC-
nepuMeHTaJbHO B paborax [48, 208, 209]. OTMeruM, Hako-
Hell, YyTO cJjafble MOHOTOHHble TeMIepaTypHble H3MeHeHHS
BeJqHYHH a, Eg U ggso He NMPHBEAYT K 3aMEeTHHIM OTKJIOHe-
HHSIM OT 3KCIIOHEHLHAJbHOCTH TeMIlepaTypHOH 3aBHCHMOCTH
BpeMeHH peJaKcalliH, NoA06HO TOMY, KakK HaJ/JHuuyHe TeMIle-
paTypHOH 3aBHCHMOCTH Eg He cKa3biBaeTcsl 3aMeTHO Ha TeM-
nepaTypHO# 3aBHCHMOCTH COOGCTBEHHBIX KOHLEeHTpauui. B o
JKe BpeMsl pe3Koe H3MeHeHHe NOBEPXHOCTHOTO MOTeHIlHaJsa
qgso C TeMnepaTypo#, o0yc/0OBJeHHOe, HanpHMep, ancop6-
uHell KaKuX-1H60 MoJieKyJ, OyaeT NposB/AATbCA B HOSABJe-
HHH M3JI0Ma Ha KPHBBIX TeMIlepaTypHOH 3aBHCHMOCTH Bpe-
MeHH pesjakcallid B moJayJorapupmuueckom macurate. Ta-
KHe H3JIOMBI B 006/1aCTH HU3KHX TeMnepaTyp ObIJIH OTMeueHbl
B paccMaTpHBaeMblX paboTax.

B 3akJ/ioueHHe KOPOTKO OCTaHOBHUMCSl Ha BOMpOCE O Ha-

o . d
yaJbHOM HAaKJIOHe pesNaKCallHOHHONH KpHBOM 'Et'Apn . U3

ypaBHeHHs1 (23.5) BMAHO, 4TO, NMPH HE3aBHCHMOCTH KO03(-
(GuIHeHTa TemJoBOro BriGpoca f OT 3HepreTHYeCKOro MoJo-
JKeHHsl YPOBHsI, HauyaJIbHbIi HAKJOH paBeH MNPOH3BENEHHIO
3TOI BeJHYHHBI Ha MOJHYIO KOHUEHTDPALHIO 3aHATBIX 3JeK-
TPOHAMH MOBEPXHOCTHLIX YPOBHeH NaHHOro Tuma. B ciyuae
XKe maxe caabofi 3aBHCHMOCTH f(e;) HayaJbHBI HaKJOH
GyneT HMeTb CYILIeCTBEHHO HHOe 3HaueHHe.

OTMeTHM, YTO CTeNeHb YYBCTBHTEJNBHOCTH HayaJjbHOTO
HaKJOHA pesaKCallMOHHOH KDPHBOH M BPEMEHH peJlaKcaluu
K XapakTepy 3aBHCHMOCTH BeJNHUYHHBI [} OT € CYLIECTBEHHO
pasnnuHa. [lpu pocratoyno cnaboit 3aBucHMOCTH f(g;), ee
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pob MoKeT ObITh CBeleHa K H3MeHeHHIO MNpeJ3KCIOHeH-
IMaJIbHOTO MHOXHTEJS H, CJelOBaTeNbHO, CPaBHHUTENBHO
MaJI0 CKa3hiBaThCSl Ha BeJHUYHMHE BPEeMEHH peJaKCcallluH H ee
TeMIepaTypHOH 3aBHCHMOCTH. B TO ke BpeMs 3aBHCHMOCTb
B(e;) meNHKOM BXOOHT B H3MepsieMYI0 3KCIepHMeHTaJbHO

d
BeJIHUHHY Wl"n lp TaKk 4TO OT/IHYHe f OT KOHCTAHThl MO-
JKeT NPHBeCTH K OWHOKe TOTO e MOPsJKA, YTO H caM pe-
d
3yJabraT. Torga npousseneHHe —d—t—l"n lo Tsaxs H€ OydeT paBHO

CYyMMapHOH KOHLEHTPallWH 3aMOJIHEHHBIX ypOBHel, 4TO MO-
*KeT GhITb 0GHApYKEHO N0 HeCOOTBETCTBHIO 3TOTO NMPOU3Be-
JeHHsl U BeJHYHHbl aMIIMTY[Ibl peslaKCallHOHHOTO CHTHaJa
IIpH ero HachilleHHH. BO3MOKHO, 4TO ¢ OGHApYKEHHEM 3TO-
r0 HECOOTBETCTBHS U CBS3aHO TO 0OCTOATENbCTBO, YTO OMpe-
IeJleHHe KOHIeHTPalMH YYacTBYIOUIHX B INpolLlecce NOBepX-
HOCTHBIX YPOBHel NMPOM3BOAMJOCH NMPH IOMOLIH MpOH3Bene-

d .
HHUA TJTF" loTsaxs TOJBKO B mepBoil pa6ore I'. Pynmpexra

[46], HO 3TOT MeTOn, Ge3ympeuHBId AJMS AHCKPETHBIX COCTOS-
HHE, He HCMOJb30BaJjcs HH B yXe yNOMHHaBlleficsi paGore
[209], uu B nocaenyromux paborax camoro I. Pynmpexra
[180, 208].

W3noxeHHble cooOpaKeHHs1 MOTYT HMeTb OTHOIUEHHE H
K cayyaio KpeMHHs. B paGorax [180, 208] meTomom Temme-
paTypHOH 3aBHCHMOCTH HMIYJbCHOrO 3¢¢eKTa mnoJs Ha
GOJIBIINX CHTHasnaxX OBblIH HCCIefoBaHB 06Gpasibl KpeMHHS
3JeKTPOHHOTO U ABIPOYHOTO THMA NpoBoauMOCTH. OGpasitbl
n-THna MpOBOAHMOCTH HCCJeNOBAJHCh B BaKyyMe MOPSAKa
1076 Top ¥ B O30HHPOBAaHHOM KHCJIOpOJe, a p-THNMA — B Ba-
KyyMe H CyXOM aMMHake. PesysnbraTel H3MepeHHil HHTep-
PeTHPOBAJIHCh B NPEANOJOXKEHHH, YTO Ha MOBEPXHOCTH 06-
pasuoB OOGOHX THIOB NPOBOAHMOCTH HMEIOTCSl MO ABa IH-
CKDETHBLIX NOBEPXHOCTHBIX YPOBHS, PaclOJIOXKEHHBIX BOIU3H
cepelMHbl 3anpellleHHOH 30HBI HAa MOBEpPXHOCTH. AkuenTop-
HbIl ypOBeHb pacnoJ/oxkeH Ha paccrosHuu 0,52 38 oT AHa
30HbH HpoBoaMMocTH H Ha 0,72 38 oT Bepxa BaJIeHTHOH
soubl. CeueHHe 3axBaTa [bIPKH Ha 3TOT YPOBeHb 04 =

=4-10""2cM2, a saeKkTpoHa o4 = 3-10716 cm2, JLoHOpHBIH
ypoBeHb pacnosnoxeH Ha 0,54 38 Bbllle Bepxa BaJieHT-
Hoi 30Hbl W Ha 0,63 98 HHKe AHA 30HBI MPOBOJHMOCTH.
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CeueHne 3axBaTa »3JIeKTPOHAa Ha 3TOT YpOBeHb paBHO
1-10713 cm?, a nbipku — 2-10-16 cu2.

B BakyyMe nmo naHHbIM aBTOpa MPOSIBJIAETCH aKLenTop-
Hbli ypoBeHb B o0pa3slle n-THIA U AOHOPHBIH — B o6paslie
p-tuna. Idas toro uro6el paGoTasj NOHOPHEIH ypoBeHb B 06-
pasle n-tTHna, Heo6xo0aHUMo 6oJbllIOe OTPHIATEbHOE 3Haye+
HHe MOBEPXHOCTHOrO NOTeHIHaJa, KOTOpoe AOCTHTaeTcs NpH
noMeuieHHH o6pasiia B O30HHPOBAHHBIN KHCJOPOA. AkIen-
TOPHBIHI ypOBeHb B 06Gpaslle p-THNA NpOsBJIsfeTcS B aTMO-
cepe aMMHaKa, Korja NOBEPXHOCTHHIH MOTeHLHAJ BeJIHK
H MOJIOKHTEJIEH.

PesynbraThl 3TOrO HCC/efOBaHHS BRINIAAAT BecbMa ybe-
JUTeNbHBIMHM KaK BCJe[CTBHe OOJIbLIMX AHANa3oHOB 3KCIO-
HeHLHaJbHOTO H3MeHeHHSl BPeMeHH pejaKCcallid ¢ TeMrepa-
tTypoit (puc. 23.9), Tak u Gnaromapsi xopoluled BHYTpeHHeH
HX CaMOCOIJIaCOBAHHOCTH. B To ke BpeMsi corjacoBaHHe
HX C pe3yJbTaTaMH HCCJefOBAHHA IOBEPXHOCTH KDEMHHSA
APYrMMH MeTONaMH BCTpeuaeT cepbe3Hble TpyAaHOCTH. [lpe-
XJe BCero, 3TO OTHOCHTCA K OLIeHKe KOHILEeHTpPauHH Io-
BEPXHOCTHBIX LEHTPOB, YYaCTBYIOUIHX B H3yuaeMOM pesak-
CallHOHHOM mnpouecce. Kak yxe ynoMHHA/OCh, IJs 3TOH
OLleHKH He HCHOJIb30BaJics MeTOJ H3MepeHHs HauyaJbHOro
HAKJOHA peJlaKCallMOHHBIX KPHBLIX, a OHa NMPOBOAHJACHL MO
3pdeKkTy HaCHIleHHs aMIVIHTYyAbl CHFHAJa B 3aBHCHMOCTH
OT BeJHYHMHBl HMIyJabca nomnepeydHoro noas. IlonyuenHas
BeJMuuHa HMeeT nopsaaok 103 cu™2, Toraa Kak no JaHHBIM
KBa3HpaBHOBeCHOro 3(¢¢eKTa moJjs NOoJHAs KOHLEeHTpaluHs
[OBEDXHOCTHBIX YPOBHell BOJHM3H CcepeiHHBl 3alpeLieHHOH
30HEl B KDEeMHHMH He mnpeBblaer o6biuHo 102 cm~2. Tlpu
5TOM HabJjIofaBLlascs CTPYKTypa KBa3sHDaBHOBECHBIX KpH-
BBIX 3axXBaTa CBHUAETEJbCTBYeT O TOM, 4YTO TOJBbKO YacThb
CyMMAapHO! KOHLEHTpPalHH TMOBEPXHOCTHEIX YPOBHell MoOxer
OhITh OTHeCeHAa K AMCKpPeTHbIM YPOBHAM. Takum o6pasoM,
HaJHIO pacxoxAeHHe B OLEHKaX KOHLEHTPalUA IHCKpeT-
HBIX YpOBHefi 6oJiee yeM Ha NOPSALOK.

Hanee, no pesyjbTaTaM paccMaTpHBaeMoil paGoThbl pe-
JlaKcallHOHHBIH npoliecc 06ycJOBJeH NOBEPXHOCTHBIMH 1€HT-
paMH peKOMOHHALHM C OTHOLIGHHeM CeyeHHMH 3axBaTa JbIp-
KH M JeKTpOHa [/ aKLeNTOPHBEIX LEeHTPOB nopsigka 104
a JoHOpHbIX — nopsnka 1072, XoTs NOBEPXHOCTHble LEHTPHI
pekoMOuHALKH C GJIH3KHMH 3HePreTHYECKHMH I0JI0KeHHAMH
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ypoBHeit Habawopanuch, B page pa6Gor [MI1, 206, 210,
211] npu wuccienoBaHUAX MOBEPXHOCTHOH peKOMOHWHaUWH H
3¢ ¢deKTa NpUIMNAHHSA, NOJYYeHHble IIPH 3TOM abCONIOTHbIE
3HaueHHs CeyeHW{ 3axBaTa, a 3ayacTyl0 H OTHOLIeHHe

(1/eh,v;), em?
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Puc. 23.9. 3aBHCHMOCTb OGDAaTHOrO BLEeM@HH peJaKcalHH, TOMHOXeHEOoro Ha

3¢ PEKTUBHYIO MJOTHOCTh COCTOAHHH B 30He H TeMNJOBYIO CKOPOCTb, OT TeMIepaTyphl.

a) Ona psyx o6pa3noB KPEeMHHS 9JIEKTPOHHOH NPOBOXMMOCTH; 6) mnsA 06pasioB
KPeMHHUA IBIPOYHOH NMPOBOXHMOCTH,

CeueHHH OT/MYAJMCh Ha HECKOJbKO nopsakoB. HakoHen, B
pabotax [66, 211, 212] Gbin moMydYeHBI CBHAETEJNLCTBA 3KC-
MOHEHLHAJbHOH TeMIepaTypHOH 3aBHCHMOCTH HEKOTOPHIX
ceueHH#l 3axBaTa, Torma Kak o6paboTKa 3KClepHMeHTaJb-
HHIX JaHHBIX paccMaTpHBaeMod pabOThl HCXOOHJIA H3 OT-
CYTCTBHS CKOJIbBKO-HHUOYIb CYLIECTBEHHOH TeMmepaTypHOH
3aBHCHMOCTH CeueHHH 3axBara.

Bce ckazaHHOoe cBHAeTelbCTBYeT O He0GXOXHMOCTH
[lONOJIHUTE/IbHbIX HCCJeJOBaHHH peNakCalHOHHbIX Ipolec-
COB TeIJIOBOro BhIOpPOCA C IMOBEPXHOCTHBIX COCTOSIHHH
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B BO3MOXHO 60Jiee IIHPOKOM KOMILIeKce C MCC/el0BaHHAMHU
IpYyruMH MeTomaMu. [Ipu 3TOM crHeuHaJbHOe BHHMaHHE
JMOJIXKHO OBITH YAesJeHO 3KCHepHMMeHTaJbHOH NPOBEpKe BO-
npoca o TOM, Y4acTBYIOT JIM B Npollecce pesnaKcallMH JHCK-
peTHble MM KBa3HHENPEPBHIBHO paclpejesieHHble MOBEpX-
HOCTHEIE yPOBHH.

B 3akaiouenue 3TOro pasjesa OCTAaHOBHMCSl HECKOJbKO
6oJiee moapoOHO Ha 3(PdekTe 3aMelJeHHON TENJOBOH reHe-
paLMH HOcHTesell 3apsiia MpPH HHU3KHX TeMmepaTrypax, KOTo-
phIfl yxKe ABaXkAbl ynoMHHaJjcsi HaMH paHee. CyTb siBJeHUS
CBOAMTCA K caedyiomeMy. B poctaTouHo TOHKHX oGpasiax
repMaHus H, B O0COOEHHOCTH, KPeMHHA, AajJleKHX OT c00-
CTBEHHOH NMPOBOAMMOCTH NPH HH3KOH TeMmepaType, AOCTYII-
Hble 3KCNEepPHMEHTaNbHO IONepeuyHble 3/JeKTPHUeckHe MoJs
MOTYT BbI3B2Tb NPAKTHYECKH TMO0JHOE BHITATHBAHHE OCHOB-
HBIX HocHTeselt 3apsina. Ilpu sToM, kak HabJjionaJock B pa-
6otax [214], npogosabHbBIE TOK B o6pasie MOJYNPOBOLHHKA
ynaaeT A0 upe3BblYalHO Masofi BeaHuHHbl. [lockosbky
yCTaHOBJIEHHe KBa3HPaBHOBECHOT'O COCTOSIHHSA OMpefensieTcs
B 3TOM cjydae aOCONIOTHbIMH BEeJHUYHHAMH CKOPOCTeH Ten-
JIOBOrO BbIOpOCA M3 MOBEPXHOCTHBLIX COCTOSIHHH H TenJoBOH
reHepallul HOCHTeJeH 3apsiia, a OHH NMPH HU3KHX TeMmnepa-
Typax AOCTAaTOYHO MaJibl, TO TakKoe <«3ameptoe» [Jf IMpo-
JOJILHOTO TOKa COCTOSIHMe o0pasla MOXeT MpPOA0JKAThCs
nocratoydo foaro. Ha TakoM npHHUHme Moryt OHITh MO-
CTpOeHBl (PYHKUHOHAJbHbBIE 3JeMeHTBbl I0J1yNpOBOAHUKOBON
3JIeKTPOHHKH, XapaKTepDHCTHKH KOTOPBIX MOTYT peryJHpo-
BaTbCl HAYa/JbHBIM 3HauyeHHeM I[OBEPXHOCTHOIO HOTeHIHa-
Jla, OnpefensiiOUIMM paBHOBECHOe 3aMoOJIHEHHe MOBEpPXHOCT-
HBIX LIeHTPOB 3aXBarTa.

§ 24. UccrnenoBaHnsi NOBEPXHOCTHBIX COCTOSIHHH
($0TO3/1eKTPHYECKHMH METOAAMH

K uncay ¢orosnekTpuyeckux 3¢deKToB, B KOTOPBIX Mpo-
fiBJIeTCs CyllecTBOBAHHe NMOBEPXHOCTHBIX COCTOSIHHH W MpH-
NOBEpPXHOCTHOH 00JacTH NPOCTPAHCTBEHHOTO 3apsija, cle-
JyeT OTHeCTH CJelylollHe:

a) H3MeHeHHs NMOBepXHOCTHOH NpPOBOAMMOCTH MpPH OCBe-
HIEHHH;

6) (oTO371eKTPOABHKYIIHE CHJBI MeXAY [NOBEPXHOCTHIO
H 06beMOM MOJIYNPOBOAHHKA;
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B) H3MeHeHHe €MKOCTH MNPHIIOBEPXHOCTHOrO cJOSl Npo-
CTPAHCTBEHHOTO 3apsi/ia MPH OCBEIleHHH.

Mi3meHeHHe MOBEpPXHOCTHOH MPOBOAHMMOCTH MPH OCBellle-
HHMH, KaK OTMeyasaoch B § 12, 6bl0 BrepBble yuTeHO B pa-
6ote [60] B cBSI3H ¢ 060CHOBaHHEM KOMIMJIEKCHOH METOLHKH
HCCJeNOBAaHHA CKOPOCTH MOBEPXHOCTHOH pekOMOGHHALHUH
B 3aBHCHMOCTH OT [IOBEDPXHOCTHOrO noTteHuHasa. [IpH sToM
paccmaTpHBaJjcs cayyall HeH3MeHHOCTH 3apfja MelJeHHbIX
NOBEPXHOCTHBIX COCTOSIHMH IPH OCBELIeHHH H CTallHOHAp-
HOT'O HepaBHOBECHOTO 3aMOJHeHHs GLICTPHIX MOBEPXHOCTHBIX
COCTOSIHHH B MpPEANOJOXKEeHHH INOCTOSHCTBA KBa3HypoOBHeH
GepMH B MPHUMOBEPXHOCTHOH 06JacTH MOJYNPOBOAHLKA.
B paGorax [201, 215, 216] 6bL10 OGHapyxkeHO, a 3aTeM B
psime pa6or [217, 218, MI1] noapo6GHO Hcciea0BaHO H3Me-
HeHHe NOBEpPXHOCTHOH NMPOBOAHMOCTH NMPH OCBELIEHHH MOJY-
MpOBOAHHKA, 00yc/lOBJeHHOe APYroil NpHYMHOH — 3aXBATOM
HepaBHOBECHBIX HOCHTeJleH 3apsiia Ha IOBepXHOCTHblE CO-
cTosiHusl. Kak yxke paHee 0TMeuaJoch, 3TO SBJEHHe, MO
aHaJIOTHH C COOTBETCTBYIOLUIHUM sIBJIeHHeM B oGbeMe TMOJY-
MpOBOAHHKA, OblIO HAa3BaHO aBTOpAaMH «3((eKTOM NPHJIH-
naHHs Ha MOBEPXHOCTH», a OOYCJOBJIEHHOe UM H3MeHeHHe
[I0BEpXHOCTHOH NpPOBOJHMOCTH TPAaKTOBAJOCh KaK MOHOIMNO-
JsipHas HOTONPOBOAHMOCTD.

O npHHUUNMAJBLHOM OTJHYHH 3(QGEeKTOB NpHJIHNAHHSA
B o6beMe W Ha MOBEPXHOCTH NOCTAaTOYHO NOAPOGHO TOBOPH-
Jock B § 6, 1 HaM HeT HeOOXOJAHUMOCTH BHOBb BO3BpalllaThCs
K 3ToMy Bomnpocy. OTMeTHM TOJBKO, YTO Heym0OCTBO Bbi-
6paHHOH aBTOpaMH TePMHHOJIOTHH, MIOMHMO psijaa OWHOOK H
HeTOYHOCTeH B MepBBIX cTaTbsix [215, 216], npuBeso u kK oue-
BHAHBIM Hecoob6pasHocTsaM B KHure [MI11], noasomsiei
utoru GoJibiioro LukJa HccaenoBanuid. Tak, B raase VIII
KHUTH MPHBOAATCSA CJAEAYIOIIHe [BAa ONpejesieHHs MOHOIIO-
JIAPHOH NMOBEPXHOCTHOH (POTONPOBOAHMOCTH:

1 1 !
AGyou = qu,p J. Any (x) dx = qu, f Ap(x)dx — f An(x)dx|.
0 0 0

(24.1)

[Tepoe omnpefesienHe BHIMVISAHT BOOOGIIE Ype3BBIYANHO
CTPaHHO, €CJH YYecTb, UTO An; mpefcraBiaseT co0OH KOH-
IEeHTPALHKI0 H36LITOUHBIX HOCHTeJeH 3apsja, 3aXxBaueHHBIX
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Ha TMOBEPXHOCTHBIX LlEHTpax mpuaunaHusa. UTo ke xacaercs
BTOPOTrO OTpejeneHus, TO TPyAHO NPUMHPUTHL yTBEpKAEHHE
O MOHOMNOJIIPHOCTH 3TOH KOMIOHEHTH (HOTONPOBOAHUMOCTH
C yuacTHeM B Hell (XOTSl H C pa3HbBIMH 3HaKaMH) BKJIafOB OT
060HX THMOB HOCHTeJed 3apsifa.

Beuny ckaszaHHoro Mbl 6ynem paJjiee HCIIOJb30BaTb He-
CKOJIbKO GoJiee MJHHHBIH, HO OoJsiee agekBaTHbIH AeHCTBH-
TeJbHOCTH TePMHH «H3MeHeHHe TMOBEPXHOCTHOH NPOBOLUMO-
CTH NpH OCBelLleHHH», KOTOPOMY COOTBETCTBYeT cJlejyiollee
onpeneseHue:

AGg(Yy, Yoo A 8)= Gg (Y, A, 8)— Gg (Yo A). (24.2)

S0°

3nech A = po/n; = n;/ny — xapakTepHCTHKA 06 beMHBIX
cBofictB o6pasua, § = An/n; = Ap/n; — ypoBeHb HHDBEKLHH
B 06beMe MOJIYNPOBOAHHKA (MPH YCJIOBHHH OTCYTCTBHSI 00b-
€MHOro NpHJHNaHus), Yg— paBHOBecHOe 3HAaueHHe NMOBEPX-

HOCTHOT'O 3JIEKTPOCTATHYECKOIro noTeHuuaJ/sa B TEMHOTE, Y;—
KBa3HpPaBHOBECHOE€ 3HAYCHHE NOBEPXHOCTHOIO 3JIEKTPOCTATH-
UYeCKOr'o noreHuuaJsa npH OCBEUIEHHH.

HNameHeHHe [NOBEPXHOCTHOrO MOTeHLHa a NPH OCBElIeHHH

AYs= Y:g— Yso xak oTMeuasoch paHee B § 4, 06yC/OBJIEHO
IBYMSl pa3/IMYHBIMH NPHYHHAMHU: BO-NEPBHIX, MNOSIBJIEHHEM
H36LITOUHBIX HOCHTeJeH 3apsila B NMPHIIOBEPXHOCTHOH o06Ja-
CTH NMPOCTPAHCTBEHHOIO 3apsja, U, BO-BTOPLIX, 3aXBAaTOM H3-
OLITOUHBIX HOCHTeJsell 3apsila HAa NOBEPXHOCTHEIE COCTOSIHHS,
U cJenoBaTe/bHO, H3MEeHeHHeM MOBEPXHOCTHOrO 3apsja.

B pa6orax [215—218] 6blI0 YyCTAaHOBJEHO, YTO H3MEHe-
HHe NMOBEePXHOCTHOH MpPOBOAMMOCTH NPH OCBeLleHUH obJ/anaer
HeJbiM pPsAOM OCOGeHHOCTeH, OTJIHYAIOUIMX €r0 OT MCTHHHOM
6unonsipHofi ¢otonpoBogHMocTH. [lpexpe Bcero, 6b110 06-
HapyXeHo, 4YTO MpPH ONpefeseHHbIX YCJIOBHSX €ro MOXKHO
OblJIO OTAENIHTb OT 6HNOJSAPHON (POTONPOBOAMMOCTH, HCMOJb-
3ysi TO 06CTOSATENbCTBO, YTO €MY COOTBETCTBYET 3HAUHTENbHO
GoJsiee MeNJIeHHBI IpoLlecC YCTAHOBJEHHA CTalHOHAapPHOTO
HepaBHOBECHOTO COCTOSIHHSI HJIH, HAao60pOT, HCUE3HOBEHHSI
U36BITOUHON NPOBOAMMOCTH IOCJE BBLIK/IIOUEHHS] OCBeLleHHS.
COOTBETCTBEHHO, MOXXHO TOBOPHTb O KOPOTKOBpeMeHHOH
KOMIIOHEeHTe (POTOTOKA, 06YCJOBJAEHHONH HCTHHHOH GuUMOJAp-
HOI ¢OTONPOBONUMOCTBIO, U AJHHHOBPEMEHHOH ero KoMmo-
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HeHTe, 00yCJIOBJeHHO! H3MeHeHHeM MNOBEePXHOCTHOH INpOBO-
JUMOCTH IIPH OCBEHIEHHH.

OTMeTHM, YTO OpPH 3TOM B [JJHHHOBPEMEHHYIO KOMIIO-
HeHTy (OTOTOKa NMoMafeT TOJbKO Ta 4acTb H3MEHEHHs MO-
BEPXHOCTHOH MPOBOAMMOCTH NPH OCBelleHHH, KoTopas o6yc-
JIOBJleHa H3MeHeHHeM T[OBEPXHOCTHOIO 3apsfa 3a cyeT
3axBaTa HepaBHOBECHBIX HOCHTeJsell 3apa-
1a Ha MOBEPXHOCTHble COCTOSHHA. BTO- o muoer
pas ke ee yacTb, CBf3aHHas C HaJH-
ydeM H3OBITOUHBIX HOCHTeNleH 3apsaga B
[IPUTIOBEPXHOCTHOM CJl0e IPOCTPAHCTBEH- w}f
HOTO 3apsina, OyHeT YyCTaHaBJIHBAThCA
HJIH 3aTyxaTb C TeM Xe 3((eKTHBHLIM |
BpEeMEeHeM KH3HH MH3OBITOUHBIX HOCHTe-
Jeil 3apspga, uto W OunonsipHasi oro-
NPOBOJHMOCTD. ) 10 -

B uuTupyeMbix pa6oTax O6blIO TMO-
Ka3aHO, YTO TaKHM YCJOBHEM YeTKOro
pa3neneHus ob6uiero ¢OTOTOKa Ha JaBe \
KOMIIOHEHTBI fIBJIIeTCS, MpeXKJe BCEero, Tk
NOHHKEeHHAad TeMIlepaTypa H3MepeHHH, S
rae 5 QeKT «NpHIHNAHUSA» TPOSABASETCSA J ‘ /”77{”
HauBosee sipko. [IpH TOHHIKEHHH TeM- ’
nepaTypbl IJHHHOBDEMEHHAS KOMIOHEH-  pyuc. 24.1. Temnepatyp-
Ta (1)0'[‘0:1‘91(3, B OTJIHYHE OT KOPOTKO- :g:paeﬂ’;‘::%°°;bk‘$‘;::
BpeMeHHOH, BO3pacTaeT MO BeJHYHHE, KoBpeMenndii Koo
a TakXe PACTeT H COOTBETCTBYIOLlee el HeHT dorToToa.
BpeMsi peslaKcallii, YTO XapaKTepHO
IJIs mpollecca 3axBaTa, Toraa Kak 3¢QeKkTHBHOe BpeMs
JKH3HHM NPH 5TOM pe3ko mapaet (puc. 24.1). JInuHHOBpeMeH-
HAs KOMIIOHeHTa (POTOTOKA MorJa ObITb YHHUTOXEHAa HJIH
3HauHTe/JbHO OcJ/JabJjieHa CTallMOHApHOHN NOACBETKOH obpas-
na. Ha Hee He BJuMsina BeJHUYMHA MPOJOJBLHOrO (TAHYLIEro
WJIH M3MEPHTEJIbHOT0) 3JeKTpuHueckoro noss. MHaue roBopsi,
Ha Hell He ckasblBajcs 3(G(eKT BLITATHBAHHS H3GBITOUHBIX
nap HocHTeJell 3apsija uepe3 TOPLeBOH 3JeKTpod. B 1o ke
BpeMsl MONepeyHoe 3JEKTPHYecKoe MOJle 0Ka3blBaJo cylle-
CTBEHHOE BJIHSIHHE KaK Ha BeJHUHHY, TaK U BpeMs pesakca-
LHA 5TON KOMIIOHEHTB! (POTOTOKA.

[Ipn onpeneneHHbIX YCNOBHAX JJUHHOBPEMEHHAS KOM-
NOHeHTa  (OTOTOKA COOTBETCTBOBAJA  OTPHLATEJbHOMY
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H3MEHEHHI0 NMOBEPXHOCTHON MPOBOAMMOCTH MPH OCBeEILEHHH,
BO3MOXHOCTb Y€ro HernocpelACTBEHHO BhITeKaeT U3 onpenee-
HHSl 3TOH BeJHUYHHBl NOCPEACTBOM COOTHOUIeHHS (24.2). Oue-
BHUIHO, UTO TAKOH pe3ynbTaT OyAeT HMeTb MeCTO NpPH H3Me-
HeHHH NOBEPXHOCTHOTO MOTeHIHana OT TeMHOBLIX 3HaueHHH,
COOTBETCTBYIOIIUX CJN0AM 06OrauieHHs UJIH HHBEPCHH Ha IO-
BEPXHOCTH [0 BeJHYHH INPH OCBeLIeHHH, KOTOPbIM COOTBET-
CTBYIOT NPHIIOBEPXHOCTHBIE CJIOH HCTOLIEHUS.

HakoHen, cooTHomeHHe BeJHYHH 06eHX KOMIOHEHT ¢o-
TOTOKA pe3KO 3aBHCeJ0 OT TOJWHHBI o6pasua. Bce 3tu
¢dakTel A0CTAaTOUHO YyOeAUTEeNbHO MAO0Ka3blBaJH MOBEPXHOCT-
Hyl0 npupoay Habawofaslllerocss 3¢¢dekra. B To xe Bpems
BCE OHH MOTYT GbITb JIETKO HCTOJKOBAHbI C MOMOLIBIO OGIHX
NpefCTaBJEeHHH O POJIM NPOLECCOB peKOMOHHALMH H 3axBaTa
B peJaKCALlHOHHBIX fABJEHHAX, MOAPOGHO pacCMOTPEHHBIX
B§ 7.

B o6Jgactu TemmepaTyp, COOTBETCTBYIOUIHX HauboJee
SIPKOMY MpOsiBJIeHHIO 3¢ ¢eKTa Npu/iaHnaHus, sddekTHBHOE
BpeMsi KH3HH HM3OBITOUHBIX HOCHTeJeH 3apsja, COBIajfao-
lee C BpeMeHeM peJaKcallid KOPOTKOBPeMeHHOH KoMIio-
HeHTbl (OTOTOKA, 3HAUHTENbHO MeHbIle peJaKCalHOHHOTO
BpeMeHH [JMHHOBPeMeHHOH KOMMOHeHTH ¢orotoka. [lpu
3TOM peJaKCallHOHHBIH TpOLlecC YCTAHOBJIEHHSI PaBHOBECHS
(v CcTallMOHAPHOTO HePaBHOBECHOTO COCTOSIHHsI MpPH [el-
CTBHH OCBellleHHs1) MeXIy HOCHTeJNsIMH 3apsiia B 06eHx 30-
Hax ycrneBaeT CJeJOBaTb 3a H3MEeHEHHEM NOBEePXHOCTHOIO
3apsna B J000fi MOMEHT INpPOTeKaHH JUIHHHOBPEMEHHOro
npouecca. JTO XKe, B CBOIO Ouepelb, 03HAYaeT, UTO, BONPEKH
yTBepKAeHHI0 aBTopoB pabor [215, 216], spdekT npuanna-
HHSl He HapyllaeT ycJOBHS paBeHCTBA H3OLITOUHBIX KOHIIEH-
Tpauuil HocuTeJell 3apsina B obpasue (Ap = An) Bo BpeMs
ocBellleHHs: (3a MCKJ/IIOUeHHeM 06J1aCTH NPOCTPAHCTBEHHOTO
3apsjia, rie OHH He DaBHEI ADPYTr Apyry H 6e3 NpHIHNAHus).
C npyroii CTOPOHEHI, KOHLEHTPalUU{ H3OLITOUHBEIX HOCHTeEJel
3apsiia B o6beMe 06pasia paBHhL HYJIO MOc/e OpeKpalleHus
OCBellleHHsi M 3aBepllleHHs] PeKOMOMHALHOHHOrO [pollecca,
XOTSl IIpd 3TOM B 0Opasle U HabJrofaeTcs AJHHOBPEMEHHAS
KOMIOHeHTa ()OTOTOKA, CBI3aHHAsl C MPOIECCOM peslaKCallHH
NIOBEPXHOCTHOTO 3apsiia U 00yCJOBJEHHBIM 3THM MPOLECCOM
H3MeHeHHeM pPAaBHOBECHOH IOBEPXHOCTHOH NPOBOAUMOCTH.
B of6nactu Temmnepatyp, rje NOCTOSiHHble BpeMeHH O6OHX
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npoueccos OJM3KH APYyr K APYry (M, ciefoBaTesNbHO, HX
HeJb35l U pasjensiTb Ha KOPOTKOBpEMeHHOI H IJIHHHOBpe-
MeHHOH), pesnakcallus HMeeT CJOXKHbLIA XapakTep H, Kak pa-
Hee OTMeyaJjioCb, BeCbMa 3aTPyAHHTesNbHA [Js TeopeTHYe-
CKOTO H 3KCIIEPUMEHTAJNbHOTO HCCJeL0BaHHUI.

Caenyer OTMETHTb TaKXe H Jpyroe cyulecTBeHHoe 006-
CTOSITe/IbCTBO. B ynoMHHaBmuxcs paboTax moguepKHyTO, YTO
camMo oGHapyxeHHe 3¢ deKTa NPHJIHNAHHS H H3ydyeHHe ero
0cob6eHHOCTell OblJIO BO3MOXKHO TOJNbKO 6GJarofgapsi HUCHOJb-
30BaHHI0 KHHETHYECKHX METOIOB HCCJeNOBaHHSl. DTO yTBep-
XKJeHHe ClpaBelIHBO B M3BECTHOH Mepe TOJbKO B OTHOLIe-
HUH GoJsibliell JerkocTH oOHapyxeHHUs1 3¢ deKTa, NOCKOJAbKY
nosiBjleHHe [JIMHOBPEMEeHHOH KOMIOHEHThl 3aTyXaHHs ¢o-
TOTOKa Cpa3y CBHAETeJbCTBOBAJO O BKJ/JIIOUEHHH B HIpPYy
3¢pdekra 3axBaTa HocuTesel 3apsga. Uro ke KacaeTcs uc-
cneaoBaHus 3¢ ¢deKTa, TO 3[1ech [OJOKEHHe [esl HECKOJbKO
HHoe. OTmeuaBwasics B § 7 CJI0XHOCTb peJlaKCALHOHHBIX
MpPOLECCOB B NOJHOH Mepe OTHOCHTCS, pasyMeeTcs, H K CJIy-
yao s3¢pdekra npununaHus. MiMeHHoO 3TO 06CTOATENLCTBO H
noMelano onpefesNeHHI0 NapaMeTPOB LIEHTPOB 3axBaTa Me-
TOAAMH H3yYeHHs KMHETHKU AJHHHOBPEMEHHOH KOMIOHEHTHI
¢dorotoka. B 10 ke Bpems, Kak Gbl10 MoKasaHo B § 6, kBa-
3HCTallHOHAPHbIe METOAB! HccJefoBaHHA 3(dexkTa npuauna-
HHfl, TIPH COOTBETCTBYIOLIeHl [OCTAHOBKEe 3KCIEPHMEHTA,
MOTJIH Obl GbITb C YCIIEXOM HCIIOJb30BaHLI AJ51 ONpe/eseHHs
KOHIIEHTPalUHi H 3HepreTHYeCKHX MOJIOKeHHH YpOBHeH mpH-
aunaHuil. MsyuenHe e XapakTepa pesakcallMH MOBePXHO-
CTHOTO 3JIeKTPOCTATHYECKOro NOTeHIlHaJja KBas3upaBHOBec-
HbIMH MeTOJaMM, TNPHIOAHLIMH, €C/IH BpeMsl [OJYUYeHHs
KBa3sHpaBHOBECHOH KDHBOH >5¢¢eKTa nojs MHOTO MeHbllle
TIOCTOSIHHOH BpeMeHH AJHHHOBDEMEHHOro mpoliecca, MOTJIO
6bl naTh HHGOpMALHMIO M O CeYeHHAX 3axBaTa HOCHTesel
3apsija Ha LEeHTpbl NPHJIHNAHHUSA.

CnpaBelJMBOCTL OTMeUYEHHOro 006cTosATeJbCTBA Oblaa
HeloCpeJCTBEHHO IMOATBepxKAeHa B APYroM IHKJIe palor,
NOCBSILLIEHHBIX H3yYeHHIO 3¢ (@eKTa NpHAHNAHHS, TAe B Ka-
yeCTBe H3MepsieMOll BeJHYHHBI HCIOJNb30Bajach MNOBEPXHO-
ctHas ¢oro-2]J1C, HenocpeACTBEHHO CBS3aHHAsl C NMOBEPXHO-
cTHeIM 3apsigom [206, 211]. B 3tom cayuae oxasasoch
BO3MOXKHBIM IOJlyueHHe HEKOTOPbIX KOJHYECTBEHHBIX OaH-
HbIX O TOBEPXHOCTHHIX LEHTpPax MNpH/IHNAHHSA, TaK Kak
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TeOpeTHUeCKHe COOTHOLIEHHs [JIsi KBa3ucTalHOHapHOH ¢o-
10-9J1C B psime cayuaeB OKa3aJuch JOCTATOUHO MPOCTHIMH.

B § 4 ormeuanoch, 4TO, NOAOGHO H3MEHEHHIO MOBEPXHO-
CTHOH NPOBOJHMOCTH IPH OCBEIlleHHH, OBEPXHOCTHas (oTo-
3 C rakxe HMeeT ABe KOMNOHeHTHl. [lepBas u3 HHUX, Bmep-
Bble DAaCCUHTaHHAsi TeOPETHUECKH W HCCJelOBaHHAs 3KCIe-
pumeHTanbHO B paborte JlxoHcOHa [26], o6ycnoBneHa
nosiBJleHHeM H30bITOUHBIX HOCHTeseil 3apsiia B NpPHIOBepX-
HOCTHOM CJlI0e IIPOCTPaHCTBEHHOro 3apsna. Pacuer 3To#l KoMm-
MOHEHTHl BeJICS B NPEANOJOXKEHHH HEU3MEeHHOCTH TMOBepX-
HOCTHOro 3apsna. Bropas koMnoHeHTa, o6yciosieHHas 3¢-
(eKTOM MpHJHIAHHSA, NpeACcTaB/sieT CO00H H3MeHeHHe IO-
BEPXHOCTHOTO 3J1eKTPOCTATHYECKOTO MOTEHIHANa 38 CYET U3-
MeHeHHsl NOBEepPXHOCTHOro 3apsina. [lepBas KOMIOHEHTa B
NPHHLHNE MOXKeT NOSABJASTbCS TOJbKO TOTAA, KOTHA MoBepx-
HOCTHBIH TOTEHIHaJ B TEMHOTE OTJHUEH OT HYJ/51 H He MOXeT
NpeBLIIIATh €ro MO BeJHYHMHe. BTOpas KOMNOHEHTa MOBEpX-
HOCTHOH ¢0T0-3JJC MoxKeT BO3HHKATh M INIPH paBEHCTBE
HYJII0 OBEPXHOCTHOTO 3JIeKTPOCTAaTHYeCKOro MoTeHIHala B
TeMHOTe H BOOOIle CBASAHA C MOCJEIHHM TOJbKO NOCTOJBKY,
MOCKOJIbKY OT Hero 3aBHCHT PaBHOBeCHOe 3aMoJIHeHHe Mo-
BEPXHOCTHBIX LI@HTPOB 3aXBara.

B pa6orte [211] Gbinn BbIMOJIHEHBl TeOpeTHUeCKHe pacuye-
Thl 3TOH BTOPOH KOMMOHEHTHI NOoBepXHOCTHOH (oTo-D[C, KO-
TOpBIE NO3BOJIWJIM CBSI3aTh ee KBa3HCTAlHOHAPHYIO BeJHUHHY
C ceucWHeM 3axBaTa HOCHTeJell 3apsia NOBEPXHOCTHEIMH
IeHTPaMH NPHJHMNAHHUS HJIH C OTHOIIEHHeM CeuyeHHH 3axBaTa
B CJyuae LEHTPOB peKOMOHHALHH. DKCHepHMCHTaJ/bHblE
HCe/IeJOBAHUSI OKAa3aJH, UTO NOJyueHHble JaHHbIE [10 TeMIie-
paTypHO#l 3aBHCHMOCTH noBepxHocTHOH (oro-dIC, 3aBucu-
MOCTH €€ OT IOBEPXHOCTHOI0 NOTEHNIHaJsa H yPOBHA HHBEKIIHH
HaxoAATC B YAOBJETBODHTENbHOM COIVIaCHH C TEOpPETH-
YeCKHMH Npefcka3aHusiMH. BoJjiee Toro, 6b110 noxasaHo, uTo
o pe3ysnbTaTaM H3MepeHHH ceyeHHH 3axBaTa MAbIPOK IIO-
BEPXHOCTHBIMH LEHTPAMH B KPEMHHH, BLITIOJIHEHHBIX MeTO-
AaMu (OoTOnpoBOAMMOCTH u 3¢ddekra noas [206], moxHO
B pfje CJydyaeB C YJOBJETBOPHTE/bLHOH TOYHOCTbIO PacCuH-
TaTh MoBepxHocTHy0 ¢0T10-DJIC u ee TemnepaTypHylo 3a-
BUCHMOCTb. DTOT Pe3yJbTaT fBJAETCH JHIIHUM NOATBEpXKIe-
HHeM OOGLIHOCTH MOBEPXHOCTHBIX MPOLECCOB, He 3aBHCALIHX
OT XapaKTepa HapylleHHs TepMOAHHAMHUYECKOro paBHOBe-
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CHfl, eC/H, KOHe4YHO, obecrnevyeHa HAEHTHUHOCTb YCJOBHUH HX
nposiBneHult (GJH30CTh BeJHYHH YPOBHSI WHDBEKIIHH, paBHO-
BECHOr0 IOBEPXHOCTHOIO MNOTEHIIHAJa, COCTOSIHHA MOBepX-
HOCTH H 00beMHbIX CBOHCTB o6pasua).

O6uiuM pe3yabTaToM Hcc/eNOBaHHsA 3ddeKTa NMpuaHna-
HUSl ABHJIOCH 3aKJIOueHHe, UTO, B OCHOBHOM, 3a HabJionae-
Mble NPOsIBJIEHHsI 3TOro 3¢ dekTa OTBETCTBEHHbLI MOBEPXHOCT-
Hble LEHTPbl, KOTOPble aBTOPHl Ha3BaJH YeHTpamu 3ameo-
aennol pexombunayuu [MI11]. BseneHuem 3TOoro TepMHHa
aBTOPbl NMOJYEPKHBAIOT 311auMTeJbHOE pas3/jHuHe B BeJHYH-
Hax 3(Q¢eKTHBHBIX CeueHHi 3axBaTa [ALIDKH M 3JEKTpPOHA
3THMH LleHTPaMH, BCIeJCTBHE Yero NPH OIpeeseHHBIX yCo-
BHSIX 11a YDOBHAX TaKHUX LEHTPOB MOXET HaKaMIUBaTbCA
JOBOJIbHO 3HAYHTEJbHBIE 3apsjJ 3aXBaueHHbIX H3GbITOUHBIX
HOCHTeJIell 3apsna. -

Kak yxe oTMeuaJioch paHee, OCHOBHbIM yCJOBHEM IpO-
siBleHHs 3(QeKTa NpUIHUNAHHA ABJASETCA NMOHHXKEHHAas TeM-
nepatypa u3Mepenui. [lajbiie Mbpl YBUIHM, YTO AJs OGbIY-
HbIX LIEHTPOB MOBEPXHOCTHOH PeKOMOHHALHH B repMaHHH H
KPeMHHH XapaKTePHO 9KCTOHEHIHabHOe BO3pacTaHHe OTHO-
IIeHHS CeyeHHH 3aXBaTa NpPJ MNOHUIKEHHH TeMIepaTyphl. ITO
JlaeT OCHOBaHWe BBLIABHHYTb NpeEAII0J0KeHHe, YTO OAHOH H3
BaXKHEHIIHUX TPYNN LEeHTPOB NPHJHIAHHA, NPOSABJSIONINXCS
pH TOHIXKEHHLIX TeMIepaTypax, fIBJASIOTC OObIYHBIE I10-
BEPXHOCTHble LEHTPbl peKoMOHHaLMH. Hekortopnle pesysb-
TaThl HCCJAeJOBaHWi 3(deKkTa NpUAHNAHUSA [AIT BeCKHE
apryMeHTbl B M0JIb3y 3TOro npennoJoxenus. Tak, B pa6o-
tax [217, 219] 610 06HApPYKEHO CHJIbHOE BJIHSIHHE MPOTpe-
BoB npu Temneparypax 200—300° C B BakyyMe H HEKOTOPHIX
rasopbix Cpellax Ha KOHIIEHTPALHUIO LEHTPOB MNPHJHMAHHS.
OTu pe3yJbTaThl BO MHOIMX OTHOLIEHHSAX NOAOOHBI H3YyYeH-
HOMY paHee BJHAHHIO aHAJOTHUHBIX NPOrPeBOB HA KOHILEHT-
pallHi0 MOBEPXHOCTHBIX LEHTPOB PeKOMOHMHAUHMH Ha repMa-
HHH, KoTopoe GyneT moapo6HO onucaHo B § 26.

CoBepleHHO aHAJOrNUYHbLIM, Kak GyleT BHAHO H3 [aJb-
Hefilero, sBJSETCSI H OCHOBHOH BBIBOJ M3 3THX 3KCNEPHMEH-
TOB, YTO OMpeleNsioWHM GakTopOoM B (GOPMHPOBAHHH LIEHT-
poB TpPHJHMAHHs ABJAETCS HaJHUYHe 3aKPeNJeHHbIX l1a Mo-
BEDXHOCTH MOJIEKYJ BOALL. DoJblIoil HHTEpec NnpeicTaBJSIOT
nosyyerHble B 3THX paboTax OLIEHKH KOHUEHTpAalHH
MOBEPXHOCTHBIX LI€HTPOB NPUIHNAHHSA, KOTODhIe JIeKaT B Mpe-
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neaax ot 108 cm™2 B ycJ0OBHAX, KOrja HX MaJo, A0 MakcH-
MaJbHOH KOHIeHTpauuu nopsinka 10° — 101 cu-2. M abco-
JIIOTHble 3HaYeHHs KOHLEHTPALMi, # Npefebl HX H3MeHeHHH
XOpOLIO COOTBETCTBYIOT OLleHKaM /15l KOHIEHTPaLHii OBepX-
HOCTHBIX IIeHTPOB PeKOMOHHALHH B aHAJOTHYHBIX YCJIOBHSX.
OTMeTHM, KCTaTH, YTO e€C/1M Halle MpeanoyoXxXeHHe 06 HIeH-
THYHOCTH OCHOBHOH 4ac-
Bponan’ v 6w '1:2’2’” TH TNOBEPXHOCTHbIX LEeH-
T T : : TPOB  NpHJHNAHHA H
OObIYHBIX ~ NTOBEPXHOCT-
HbIX PeKOMOGHHAILHOHHBIX
IIEHTPOB  CIIpaBelJIHBO,
To ab6cCcoJIloTHble 3Haue-
HHsl TOJIyYeHHBIX KOH-
HeHTpauMi  Hemocpen-
CTBEHHO YyKa3blBalOT Ha
HEBO3MOXKHOCTb HX OI-
peneseHusl MO HAKJIOHY
KBa3HPaBHOBECHBIX KpH-
BBIX 3aXBaTa, IOCKOJbKY
noc/ae]HHe ONpenessior-
cA MpHUMepHO Ha Nops-
O S Y S JOK OOJNBLINMH KOHLEH-
wowo49 48 47 45/77’3%5 TpauMsAMH LEHTPOB 3a-
XBara.
Puc. 24.2. CrekTpasbHasi 3aBHCHMOCTb (oTO- Oco6biit HHTepeC
poROZALGCTI, TONKIX 0pa30D ICEMINA  [ipenCTABSOT HCCIENO-
2-105, 3—128, 4—410, 5—831, 6—780 mxm. BAHUSA npumecaoﬁ no-
BEDXHOCTHOH ¢oTonpo-
BOAMMOCTH, B030y)KJaeMOH KBaHTaMH CBeTa C 3HeprHei,
MeHblllefi LIMPHHBI 3aMlpelleHHOH 30HBI [OJYNPOBOAHHKA.
ITepBoe HccnenoBaHHe Takoro poga ObLIO  BHINOJHEHO
B. Cnupowm [220] Ha ToHKHX o6pa3sliax repMaHHs NPH TeMIle-
patype 80° K. On Ha6aonan GoTONpPOBOAHMOCTb 3a mnpeje-
JaMu (pyHIaMeHTaJbHO! MO0JOCH MOTJIOILeHHs CBeTa repMa-
HHeM, HMEIOUIYI0 BHA XapaKTepPHOTO «Ijeua» B gHanasome
snepruit ¢oronos ot 0,70 xo 0,60—0,55 28, koropoe 3aTem
cMeHsJIoch obsacThio Gosee peskoro cnana (puc. 24.2). Be-
JHuYHHA (HOTONPOBOAMMOCTH B 00/1aCTH «MJeya» CHJBHO 3a-
BHceJla OT TOJILUMHBI 06pa3lia, BO3pacTas C ee yMeHbllIeHHEM,
OT XapakTepa 06paGOTKH MOBePXHOCTH 06pa3lOB H OT 06Jy-
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4yeHHs 06pas3ioB 3JeKTPOHAMH MaJblX 3Hepruil, KOTOphle He
BBI3BIBAIOT NOAIBJEHHA 00beMHBIX Ae(eKkToB CTPYKTyphl. Bee
5TH (akKTEl MO3BOJIAJNU yTBEpKAaTb, UTO HabJw0AaBLIASCH
(oTONpoBOAUMOCTbL 00YyCJIOBJIEHA MOBEPXHOCTHBIMH 3JI€K-
TPOHHBIMH NpoLleccaMH. Bpemsi ycTaHOBJeHHS HJu 3aTyxa-
HHMsS 5TOH (POTONPOBOLHMMOCTH Jiexasao AJsl pasHbix obpas-
OB B npefenax ot 3 g0 20 cek, uTO NpHUBesO aBTOpa pa-
60Thl K 3akjaloueHHio 006 onpepensiiollell pPoJH MeaJeHHbIX
noBepXHOCTHBIX cocrosiHuii. CooTBeTCTBEHHO, HaGJI0OxaB-
11asicss NpUMeCHass NOBEPXHOCTHAsi (OTONPOBOIHUMOCTL HH-
TeprnpeTHpPOBajach KaK pe3y/abTaT Nepexoia 3JeKTPOHOB M3
BAaJIEHTHOH 30HBl B MeJ[JIeHHble MOBEPXHOCTHLIE COCTOSIHUS,
pacnoJioxkeHHble B HUHTepBaJe 3Hepruél 0,6—0,7 38 ot Bepxa
BAJIEHTHOH 30HHI.

B paGore [221] uccaienoBaHHSA NPHMeCHOH MOBEPXHOCTHOM
(GOTONPOBOAHMOCTH TOHKHX 06Pa3LOB repMaHHs NPH TeMile-
patype okoso 100° K npoBoaH/Hch NPH YacTOTe NpepbiBaHHsA
cBeTa, paBHo#l 9 2y. Pa3smeneHHe MOBEPXHOCTHOTO H 0ObeM-
Horo 3¢dexros OblI0 OCYLIECTBJEHO B 3THX ONBITAX He-
CKOJMIBKO HHHIM nyTeM. Kak yxe ynomuHazaoch H faJjee Oy-
getr noapo6GHO ONHCAHO, aBTOPY MOHOrpadHH COBMECTHO
¢ TPYNIOH ero COTPYAHHKOB yJAa/ocb pa3paboTaTb HalexX-
Hble H BIIOJIHE BOCNPOM3BOAHMBIE MeTOAbl M3MeHEeHHs KOH-
LleHTpalnil MOBEPXHOCTHLIX COCTOSIHMH Ha TepMaHMH NyTeM
nporpesos 06pa3loB B BaKyyMe NpPH CPaBHHTENbHO HH3KHX
remnepatypax (400—700°K) wuanm Bo3melicTBHEM O030HHPO-
BaHHEIM KHciaoponoM. Ilpu stom o6bemHBble cBoiicTBA 06-
pasuoB He TpeTeprneBa/H HHKAKHX H3MeHeHHH, Tak 4TO BCe
HW3MeHeHHsl CBOHCTB 06pasuoB B pe3dy/jbTaTe TaKUX BO3Jei-
CTBHH CJ1e[J0BAJIO NPHIHCHIBATH H3MEHEHHS M KOHIeHTpPalHil
[IOBEPXHOCTHBIX COCTOSIHHH.

Ha puc. 24.3 noxasaHbl, npuBefieHHble K NOCTOSIHHOMY
[IOTOKY KBaHTOB CBeTa, CNeKTpaJ/bHble KPHBHIE (POTONPOBO-
JHMOCTH BHe (yHAAaMeHTaJbHOH MOJOCH MNOrJOLIEHHSI Tep-
MaHHsi, COOTBETCTBYIOILHE pAa3JHYHbIM [IPEABAPUTE/bHBIM
BO3JeicTBUAM Ha oOpaseu. Kak BHAHO, mpuMecHas ¢oTo-
MpOBOAMUMOCTb 006paslia, He IOJABepraBllerocsi MNpeBapH-
TeJIbHBIM mporpeBaM (kpuBasi /), secbma MaJa. [Tocae mpo-
rpesoB npu 400, 500 u 600° K oHa cyuiecTBeHHO pacTerT,
npuueM nocjae mnporpeBa npu 600° K Bo3HHKaeT «mieyo»
B HIHamnasoHe 3Hepruii kBaHToB 0,70—0,55 98, mnomoGuoe
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na6mionasiiemycs B pabore [220]. Ectb ocHOBaHus mpexmno-
JaraTb, 4TO COBMaJeHHe pesyJbTAaTOB TOJBKO MOCJE Mpo-
rpeBa npu 600° K He siBasiercs cayuaiinsiM. [Iporpess B Ba-
KyyMe 0OpH TaKHX CPaBHHTEJbHO HH3KHX TeMIlepaTtypax,
B OCHOBHOM, NMPHBOAAT K Hecopbuuu caabo cBsi3aHHOH Ha
MOBEPXHOCTH repMaHusi BoAbl. OGpaslbl, HCCaef0BaBLIHECS
B paccmaTtpuBaeMofi pa6oTe, GbIJIH NPOTPaBJEHH B IEPEKUCH
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71819 a1 23 25 47 31

T T T T T T T T T 7T TTTrTTr1
200 +

K

g/ﬁﬂ—
&
60 |

am G065 460 655 4% G045 040
h, 36

Puc. 24.3. CnekTpaJbHas 3aBUCHMOCTb (OTONPOBOJH-
MocTH ofpa3ua repMaHHs Ipu TeMnepatype 100° K.
Kpusas [ — no nporpesa o6pa3ua, KpuBbie 2, 8, 4 —
nocJle NpeaBapHTeJbHbIX NporpeBoB mnpH 400, 500 u
600° K, K )uBas 5 — nocJie BulAepXKu o6pa3ua B o3olie.

BOZOPOJA, YTO JaeT 3HauUHTeJbHO GoJiee THAPODHIbHYIO MO-
BEPXHOCTb, 4eM TgaBJleHue B TpaButese CP-4, npumensis-
mweecs B pabore [220]. CooTBeTCTBEHHO, COCTOSIHHE MOBEPX-
HOocTH 006pasloB, nporpasieHHbix B HyOp W nmporpereix npu
600° K, MoxeT ObITb HanGosee GIH3KO K COCTOSHHIO 06pas-
110B, npoTpaBneHHbX B CP-4.

[Tpu snepruu ¢ortoHoB okosno 0,4 36 Gblna ob6HapyKeHa
xapakTepHas OCOGEHHOCTb Ha KPHUBEIX (DOTONPOBOLHMOCTH,
[OSIBJSIONIASCS NOCJe IPOTPEeBOB B BaKyyMe IpH TeMmmepa-
typax 400 u 500°K u ocoGeHHO CHJIBHO 3aMeTHasi nocJae
BO3/efICTBHS 030Ha *).. Bo3HUKHOBeHHe 3TOH 0COGEHHOCTH

*) B mocnenywoueit pabore [222] sta ocoGeHHOCTDb Gblia HailieHa 3Ha-
YHTEeNbHO cJabee BbipaKeHHON, XOTA W oGHapyXKHBa/iach B NOJYYEHHOM
CHEKTPe MOBEPXHOCTHbIX COCTOSHMA BO3MOXKIO, 4TO 3TO OGCTOATENLCTBO
CBSI3aHO C HEKOTOPHIMH DPA3JHUYHSMH B COCTOSIHHH NOBEPXHOCTH 0OPas3IloB.
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MOrJ0 OBITH CBsI3aHO C BO3pacTaHHeM 3a CYeT MPOTrPeBOB
HJIM BO3AEHCTBHSI 030HA KOHLIEHTPALUH NOBEPXHOCTHBIX LIEH-
TPOB PeKOMOMHALUH, YPOBHH KOTOPBIX, O JAaHHBIM PEKOM-
6HMHALMOHHBIX HCCJeN0BaHui, pacioJsoxensl Ha 0,04 98 HuxKe
cepelMHbl 3aMpelleHHOH 30HbI HA noBepxHOocTH. Heo6xomumo
OTMETHTb, YTO TaKas HHTeprnperauus 3TOH 0COGEHHOCTH
TpebyeT MpennoJsioxKeHusi 0 OOJIBIIOH MOJOXKHUTEJIbHON BeJH-
YHHe [OBEPXHOCTHOTO 3/1eKTPOCTATHUECKOro MNOTeHIHaJ/1a
(~0,1 8), cooTBeTcTBY!IOLLEH 06PA30BAHMIO CJIOSI HCTOLLEHHS
Ha HCCJefoBaBlIHXCsy oOpasllax ALIPOYHOH [1POBOJHMOCTH.
Takue cjou xapakTepHbl AJs 3THX 06pas3llOB NPH KOMHAT-
HBIX TeMIlepaTypax, HO OGBIYHO MepeXOAsiT B CJOH oboraiie-
HHsA TPH HU3KHUX TeMmnepartypax. CienyeT, OJHAKO, yuyecCTh
cnenyduyeckoe COCTOsIHHe MOBEPXHOCTH H3yuyaBLIHXcs 06-
pasuos, 06ycJOBJeHHOe NpeAlleCTBYIOIIUM NPOrpeBOM B Ba-
KyyMe HJIH BJHMSHHEM O30HA.

B nanbzefilem 6osee nmoapo6HOe HccaeL0BaHHe NpUMec-
HOH TNOBEPXHOCTHON (POTONPOBOAUMOCTH OBIJIO NPOBENEHO
B pabore [222]. I1pu 3TOM 6BLTO OGpauleHO oco6oe BHHMA-
HHe Ha yCTpaHeHHe BO3MOKHBIX MOTPELIHOCTEH 3KcrepHMeH-
Ta 3a cyeT BJHMAHHS PaccessHHOTO CBeTa, M0JOC MOTJOLIeHHd
aTMOc(epHOil BJIarH, YTIJIEKHCJIOTO ra3a i OpraHHYeCKHX COo-
e[MHeHHH, BXOASALUIHX B COCTaB BaKyyMHOTO Mac/aa H CMas3sok.

Bbinia BHOBb H3MepeHa H KOJIMYeCTBEHHO MpOaHaJH3HpO-
BaHa 3aBHCUMOCTb HabJslonaeMo#l nmpuMecHOi ¢GOTONPOBOAH-
MOCTH OT TOJILMHE O6pa3sua. b0 nokasaHo, 4TO yBeJnue-
HHe TOJIMHBl 06pasla OPHBOAHT K Pe3KOMYy yMeHbUIEHHIO
CHTHajla [pHMeCHOH (DOTONPOBOAHMOCTH — HAa  MOPSAOK
6osbllle, YyeM 3TO MpeAcKasblBaeTcsl pacueToM B cJyuae
06'beMHOH (HOTONPOBOJHUMOCTH.

CrelaJ/ibHO OBIT HCC/I€0BAaH BONPOC 06 HHEPLHOHHOCTH
NpHMECHO!N MOBePXHOCTHOH ¢oTonpoBoguMocTH. Brino ycra-
HOBJIEHO, YTO [IPH YaCcTOTaX MOAYJSIHH cBeTa Bbillle 100 ey
curta/j (GOTONPOBOAHMOCTH XOPOLIO OINHCHIBA@TCSl H3BECT-
HBIM BhIpaxkeHHeM:

- Vo
V=it (24.9)

rae Vo— curHas, H3MepeHHBIHi MPH MOCTOSIHHOM CBETOBOM
notoke, Vy— cHUruaJj, H3MepeHHbIl NPH YacTOTe MOAYJSLHH
cpera f.
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Ilpu Gosee HHM3KHX uacTtoTax HaO6JIORAIOTCA 3aMeTHbIe
OTKJIOHEHHs1 H3MEPEeHHOro CHrHajla OT ONHChIBAeMOTO COOT-
HoueHHeM (24.3), CBHAETeJbCTBYIOLUIHE O BJHMSAHHH OoJee
Me[lJIEHHOTO mpouecca.

HccnenoBanus npu HMIyJbCHOM BO30YXKIeHHH (POTONPO-
BONHMOCTH TOKa3aJii, YTO Hapsily C yyacTKaMH OBICTPOro
HapacTaHua M cmnaga ¢oTomnpo-
BOLHMOCTH, C [AJHTEJbHOCTBIO

100y nopAnaka MHJJIHCEKYHIbl, HMEIOT-
Cd ydyaCTKH MeEOJICHHOTO Hapa-
279 mm /

Neg . omn &4

CTaHHWA M cHajga, ¢ OJuTeNb-
\azemem # o

Y HOCTbIO nopsanka Hab.ionaBlueil-

190+ c panee B. Cmupom [220]. ITo-
{H,0+C0,) CTOSIHHAsl BDeMeHH T OBICTPOTro

npolecca Jexasaa B MNpeaenax
(1 = 10) mcex, 3ameTHO mapas
wh C pOCTOM YpDOBHfl HHDBEKUHH H
yBeJHYeHHEeM OJHHB BO30YX-
JalolLlero CBeTa.

Cp 3,68 mim
400) Bce 3T pgaHHble CBHETE/Ib-
Pl . . ., CTBOBaJH O A0CTAaTOYHO CJIOXKHOH
a5 04 45 a4 [pHpOJe 3JeKTPOHHBIX MpoLec-
hv,a6 COB, CBfI3AHHBIX C TNPHMeECHOM

Puc. 24.4, Pacnpefesienne noBepx- I'lOBerHOCTHOﬂ qJOTOHPOBOIIH-
HOCTHEIX COCTOSIHHH 1O HX SHepre-

THUecKHM nodowennsM B sampe- ~MOCTBIO  T€PMaHHs, B KOTOPBIX
WenHol 3oHe na MoBepXHoCTH no  [PHHHUMAIOT YYyaCTHe [OBepXHO-

é‘:;'?fo'ﬁrﬁ’?aep‘%}éﬁgnﬂ;ﬂgﬁﬁﬁ’&?ﬁ: CTHBble COCTOSIHMSI C Pas3JIHUYHBIMH

BpeMeHaMH peslaKcallH H, BUIH-
MO, pa3iM4yHOH npupoxbl. OCHOBHble NaHHBIE O CIEKTPaJsibd
HOI 3aBHCHMOCTH INPHMECHOH IMOBEPXHOCTHOH (OTOMPOBO-
JUMOCTH ObLIM TOJY4YeHbl B paccMaTphuBaeMoll paboTe mnpu
4acTOTe MOJAYJSILLMH CBETOBOTO MOTOKAa, paBHON 440 ey, T. e.
OTHOCHJIHCb TOJIbKO K HaHMeHee HHePLHOHHOH uacTH doTo-
nposoaumMocTH. Ha puc. 24.4 npusejieH pe3yJbTaT epecyera
HabJl01aeMOT0 ClieKTpa NPHMECHOH NOBEPXHOCTHOH (HOTO-
MPOBOJHMOCTH K BeJIHUHHE, IPONOPLHOHAIbHON OTHOCHTE/b-
HON KOHLIEHTpalMH NOBEPXHOCTHHIX YPOBHeH JaHHOTO 3Hep-
reTHYECKOro MoJIOKeHHUs B 3anpellleHHOH 30He. [lo ocu a6c-
IlMce OTJIOKEHA 3HepTHA (OTOHA, COOTBETCTBYIOLIAs 3Hepre-
THYECKOMY DacCTOSIHHIO OT Bepxa BaJIeHTHOH 30HH A0 MO-
BEDXHOCTHBIX YPOBHeH HJIH OT MOBEePXHOCTHBIX YDOBHeH 10
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AHa 30Hbl NPOBOAMMOCTH Ha NoBepxHOcTH. Heo6xonHMo OT-
METUTh [Ba CYLIECTBEHHbIX 00CTOSATENbCTBA.

Bo-nepBhix, Macumitab no ocu OpAHHAT Jorapugmuue-
CKHH, TaK UTO JIMHEHHOCTb paccMaTpuBaeMOH 3aBHCHMOCTH
COOTBETCTBOBAJA Gbl 3KCNOHEHIIHAJbHOMY POCTY KOHIEHTpa-
I[MH NOBEPXHOCTHBEIX YPOBHeH MO Mepe yJnaJleHHsl UX 3Hepre-
THYECKOTO MOJIOXKEeHHsS OT CepelHHbl 3anpelleHHON 30HbI HA
MOBEPXHOCTH.

Bo-BTOpHIX, OTCYTCTBHe AAHHBIX O BeJHYHHe MOBEPXHO-
CTHOTO 3J1eKTPOCTAaTHYECKOr0 MOTeHllHaJsla H BeCbMa BepOsiT-
HBIX €ro H3MeHEeHHI NpH OCBelLleHHWH 3aTpPYyIHAeT BO3MOXK-
HOCTb NOJIyYeHHsI OJHO3HAYHOTO OTBeTa Ha BOMPOC, CBS3aHA
Ju Habaonaemass (GOTONPOBOAMMOCTb C MepexOofaMH 3JeK-
TPOHOB M3 BaJIeHTHOH 30HBI Ha MOBEPXHOCTHbIE COCTOSIHHS,
WJIH C UX NepexOfaMH C IOBEPXHOCTHBEIX COCTOSIHHH B 30HY
NPOBOAHMOCTH.

Ecau ucxonute u3 ¢akra ob6HapyxxeHHs B psne pabor
[204, 128] npunoBepXHOCTHOro cJ0s1 oborallleHHss Ha repMa-
HHH  p-THIA [NPH  paccMaTpHBaeMbIX  TeMIepaTypax
(~100° K), To 6ojiee BepOSITHBIM IMpeACTaBJASETCS MepPBbIil
npouece, T. e. Nepexoj] 3/JeKTPOHOB H3 BaJIeHTHOH 30HHl Ha
noBepxHocTHble ypoBHHU. Ilpu stom nuk B ob6aactu 0,33 28
(3,79 mxm) kak OyLTO TOBODHUT O NMpOSIBJIEHHH paHee o6Ha-
PY?KEHHOT0 AUCKDPETHOrO YPOBHS C SHepreTHUeCKHM IIOJIOXKe-
nuem 0,04 38 HHUXe cepeqUHBl 3alpelleHHOH 30HEI Ha IO-
BepxHOCTH. OAHAKO NpH OGOJBIIHX 3HEPTHSAX KBAHTOB MOTYT
BCTYIHTb B UTPY M MePEXO/bl 3JEKTPOHOB C NOBEPXHOCTHBIX
ypOBHell B 30HY HPOBOAMMOCTH. DTO npuseso Obl K HCKa-
JKEHHI0 NOJIYUEeHHOT'O pachnpejeseHHss NOBEPXHOCTHBIX YDOB-
HeHl M0 MX SHepPTreTHUECKHM IIOJIOXKEHHSIM B CTOPOHY 3aHH-
JKeHUsi OTHOCHTEJbHBIX KOHUEHTPalUMH YDOBHeH, mepexonbl
Ha KOTOpHIEe COOTBETCTBYIOT GOJBLIHM 35HeprusM ¢GOTOHOB.
B03MOKHO, UTO OTKJIOHEHHE OT 3KCHOHEHLHAJbHOCTH (PYHK-
(IMH pachpefiesieHUs] MOBEPXHOCTHHIX COCTOSIHHH 110 S3HepPrusm
H HEKOTOpble 0COGEHHOCTH Ha 4acTH KPHBOH, COOTBETCTBYIO-
ueii 66MbIINM 3HePTHsIM (OTOHOB, CBSI3aHbl C OTMEUYEHHBIM
06CTOATEIbCTBOM.

B pa6ortax [130] uccienoBasock rauenne noBepXHOCTHOMH
NpUMeCHOH, a TaKxe H COGCTBEeHHOH (DOTOMPOBOAHMOCTH
CTAalMOHAPHOH TMOACBETKOH pPa3J/MUHOro CHeKTPaJbHOro Co-
cTaBa. DBmiio ycraHOB/MeHO, YTO rauieHHe MOBEPXHOCTHOH

13 A. B. PxaHos
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($OTONpPOBOAUMOCTH CTALlHOHAPHOM MOACBETKON MAaKCHMaJ/b-
HO, KOrja racsiilee H3JyueHHe OJHM3KO MO CBOeMYy CIi€K-
TPaJbHOMY COCTaBY K H3J1yUEHHIO, BHI3bIBAIOIlEMY OCHOBHOMH
CHTHaJ (OTONPOBOAMMOCTH. Bblno 06HapykeHO Takxke ra-
leHHe cCOGCTBEHHOH (POTONPOBOAMMOCTH NPH CTAlHOHAPHOH
noJcBeTKe (GOTOHAMH C 3Heprhefl MeHbllle LIMPUHBI 3ampe-
IIEHHON 30HBI repMaHuda. [Ipu 3TOM chekTphl raulleHHs 1O
cBoell (popMe BecbMa OJIM3KH K CIEKTPy IPHMeCHOH MoBepx-
HOCTHO! ¢ortonposBoaumMoctd. O6a 3T dakra cayxKar LomoJs
HHTEJbHBIM MOATBEpXKAeHHeM 3aK/IOYeHHIO O TOM, 4TO MpH-
MecHasl moBepXHOCTHAsA (POTONPOBOAUMOCTD ABJAAETCA pe3yJlb-
TATOM HOHH3AUMH MOBEPXHOCTHbIX [EHTPOB M 06YyCIOBJAEH-
HOTO 3TOM HOHMW3alHeH H3MeHEeHWsi MOBEPXHOCTHOro 3apsaja.

BecbMa HHTepeCHbHIM fBJISIETCS YCTAHOBJIEHHBIH B 3THX
pa6oTax (DaKT CyILeCTBOBAHHS XOPOILO BbIPaXXeHHOTo MHKa
MOBEPXHOCTHOH (DOTONPOBOAHMOCTH, OTCYTCTBYIOLIEro Ha
ToJIcTBHIX OGpasnax, mpd sHepruu kBaHta 0,76 38 (nauHa
BOJMHbl 1,64 mKm), T. e. HEMHOTHM MNpeBbILIAIOIIEN LIMPHHY
3anpellleHHON 30HbI B TePMaHHH NIPH TeMIepaType Hccaeno-
panuii (77° K). IlosiBneHHe 3TOro MHKa KakK Ha caMoil Cliek-
TpaJbHO# KPHBOH (POTONMPOBOAMMOCTH, TdK H B CNEKTpe ra-
IIeHHs] ABJASIETCS [NOCTAaTOYHO YGeAuTeNbHBIM [JOKasaTesb-
CTBOM CYILleCTBOBAHHSl MOBEPXHOCTHBIX LEHTPOB 3axBara,
YPOBHH KOTOPBIX PacClOJIOXKeHbl BHe Mpe/ie/10B 3aNpelleHHOMH
30HbI, BhIllle JIHA 30HBl NMPOBOJUMOCTH H HHXKe MOTOJIKA Ba-
JIEHTHO! 30HBI Ha NOBEPXHOCTH.

Hakonen, B paGote [224] uccnenoBanack HOTOMPOBOIH-
MocTh coBMecTHO ¢ GoTo-DJC Xosna ToHKHX 06pa3uoB rep-
MaHHsl NpH HU3KHX TeMnepaTypax. [TokasaHo, uto ¢oromnpo-
BOJAMMOCTb, BO3HHKAIOLLAsl NPH OCBELIEHHH CBETOM B 06/1aCT4
coGCTBEHHOTO TMOrJOLleHHs, o6Gyca0B/JeHa H3MeHeHHeM Io-
BEPXHOCTHOH NPOBOAHMMOCTH B pe3y/ibTaTe NMpeHMYILeCTBeH-
HOrO 3axBaTa HEOCHOBHbIX HepaBHOBECHBIX HOCHTeJeHl 3a-
psilla Ha YPOBHH MOBEPXHOCTHBIX Ae(hEeKTOB.

§ 25. PesyabTaThl HCC/€0BaHNI NOBEPXHOCTHOM
peKoMOHHALMM B FepMaHUHU H KPEeMHHH

SKcnepuMeHTaanme AaHHble O 3aBHCHMOCTH CKOPOCTH
HOBCPXHOCTHOf/’I peKOM6HHaIlPlH Ha FepMaHHH OT MOBEPXHO-
CTHOro 3JIEKTPOCTATHYECKOI0 MOTeHIlHaJa OBLIH MOJIY4YeHB!
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B Oo4eHb GosbLIOM KosauuecTBe pabot [M10, M11, M12]. Ha-
HboJiee OGIIMM HX pe3yabTaTOM SIBJASETCSl MOJYdYeHHe 3TOH
3aBHCHMOCTH B BHJe KOJIOKOJNI006Pa3HEIX KPUBLIX, IPHBEAEH-
HBIX Ha pHc. 2bB.1 u 25.2, Gosee 5/s
HIH MeHee GJH3KHX K OXHpaae- 0 mx
MBIM H3 TeOpeTHYeCKHX coobpa- ’
KeHHH. B psge ciayuaeB 3kche-
pHMeHTa/JlbHble KpHBble C JIO-
BOJIbHO GOJIBILOM CTeNeHbl0 0JHO-
3HAaYHOCTH MOryT ObITb Ipef-
CTaBJeHBl CYMMOH ABYX Teope-
THYECKHX KPHUBBIX (pHc. 25.3).
[TapameTpbl peKOMOHHALHOH-
HBIX KDHBBIX, TOJyYeHHBIX pas-
HbIMH HCCJefoBaTe/IIMH B pas-
JIMYHBIX J1a60pPaTOPHAX, HECKOJb- gL
KO OTJIMUAlOTCA APYT OT Apyra H 40
3aBHCAT OT XapaKTepa [OBepX-

4 8
gps[AT

Puc. 25.1. 3aBHCHMOCTb CKOPOCTH

HOCTHOH 06paboTKH H YCJOBHH
npoBefeHUsl 3KcnepumeHTa. B o
Ke BpeMsl OBLIO YCTaHOBJEHO,
uTO, NpH obecrieueHHH Heo6GXO-
JUMO¥ CTaHAApPTH3alUH TOBEpX-

NOBepXHOCTHON pekoMOGuHAUUH OT
NOBePXHOCTHOrO MNOTEHLHANa AJA
o6pa3ia repMaHusi, NpOTpPaBJeH-
Horo B CP-4. TeMnepaTyph usme-
peHu#t: nas Kpusoh [ —289° K, nas
Kpuso#t 2 — 264° K. TeopeTHueckue
KpHBble TNOCTPOEHB NpH CJlenyio-

HOCTHOH 06pAaGOTKH M BOCHPO- IliHX = 3HAYEHHAX NapaMeTpos:
qE/RT, =11 &y kT | =4.38;
M3BOAMMBIX H XOPOLIO KOHTPO- op, 4T, = 5.4

JIUpyeMBIX ~ YCJOBHH Ta30BOro
OKpYKeHHsl, peKOMOHHAIlHOHHble KPHBBIE BOCIPOH3BOAATCS
¢ J0CTaTOYHO XopoluleH TouHocThio [M10].

CorsacHo pesyJbTaTaM TeOpPeTHYECKOrO aHaJu3a, HaH-
6osee KOCTOBEPHOMN BeJIMYMHOM, KOTOpasi MOXKeT ObITb MOJy-
yeHa H3 3aBHCHMOCTH CKOPOCTH MOBEPXHOCTHOH peKoMOHHa-
MM OT MOBEPXHOCTHOTO NOTeHIHAaJa, ABJsSETCS OTHOIIeHHE
CeueHHi 3axBaTa HOCHTesell 3apsija peKOMOHHAUHOHHBIM
ueHtpoM. [TosoKeHHe MakcMMyMa peKOMOMHAUHOHHOH KpH-
BO onpefeJisieTcsl YCIOBHEM:

( q(ps) _ 4
kT /8 max kT
rjie KOHCTaHThl 3aXBaTa Op U On NMPEACTaBJAIT cO00# mpo-
H3BeJleHHsl CeUeHHH 3aXBaTa Ha CpeJHHE TellJIOBEIE CKOPOCTH

JOBIPKH H 3JIEKTPOHA.

~in(3),

(25.1)

13*
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CooTHolenne (25.1) crnpaBeAJHBO [AJis MOBEPXHOCTHBIX
pPeKOMOUHAIMOHHBIX HEHTPOB C AHCKPETHBIM HepreTHYeCKUM
YpPOBHEM H CHCTeM HeNpepBIBHO paclipejesieHHLIX TOBepXHO-
CTHBIX YPOBHEH B c/yyae, eC/lH CeYeHHs 3aXBaTa 3JeEeKTPOHA

M IbIPKH Ha HHX He 3aBH-

S/ Smaz CAT OT 3HEPreTHUECKOro 10-
‘t JIOXKeHHusl ypoBHell. B Ta6-
e x auue 25.1 npuBeneHs!, Hal-
p [leHHble 3KCIlepHMeHTaJbHO
\,
a8+ /" \ ‘5/‘5;7)03
x ,'0_ .
s a6 .
x|
4 .
04+ .
92 7
\
| ] ! 74 1 1 1 [T \ S W |
-2 g 2 4 -6-4-2 0 2 4 6 8
q;:s//rf
Puc. 25.2. 3aBHCHMOCTh CKODOCTH NOBepX- Puc. 25.3. CKOpocThb NOBEpXHOCTHOR

AOCTHO! peKOMGHHALHH OT NOBEPXHOCT-  pPeKOMGHHAUMH B 3aBHCHMOCTH OT MO-
HOTO 9JIEKTPOCTATHYECKOr0 MNOTeHIHaJa BEDXHOCTHOI'O MNOTeHIHaJa MpH CcO-
AJs 06pasLoB repMaHHs, NPOTPaBJEHHOTO BMECTHOM OeACTBHH NBYX LIEHTPOB pe-
B H,0,. INapaMerpbl TeopeTHYeCKOH KpH- KOMOHHALHHU,

Boft: q&/kT =1,3; &,/kT =4,9.

M0 MNOJIOXKEHHI0 Spax, 3HaueHHs1 OTHOLUEHHMH CeuyeHHH 3a-
XBaTa [JIs FepMaHHs NMpPH KOMHATHBEIX TeMmnepatypax. [lpu
3TOM NPEANOJNAranoch, Kak 3T0 OOBIYHO AesaeTcsl, YTO Cpell-
HHe TeIJIOBble CKOPOCTH 3JIEKTPOHA W IBIPKH PaBHEI MeXIY
co6oii. BuaHo, uTO pe3y.bTaThl JOCTAaTOYHO GJIH3KH ADYT
K ApYry, OCOGEHHO eC/H yuyecTb 3KCIIOHEHLHAJbHYIO CBS3b
MeXAY BeJMUYMHOH OTHOIIEHHS CeUeHHI H SKCIIepHMEHTANbHO
onpenenseMblM 3HaueHHeM (§@s/kT) s max-

BropeiM XxapakTepUCTHUECKHM NapamMeTpoM peKOMGHHA-
UMOHHOH KPHBOH fBJSETCA ee NOJYLIMPHHA, T. €. IIUPUHA
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Ha repManuu T =~ 300°K

389

Ta6auma 25.1

Be/IHUHHH. OTHOLIEHHS CeuyeHHH 3axBara, MOJYLHHDHHHI
pexoMGHHAHOHHON KPHBOH H 3HepPreTHYECKOTO MOJIOXKEHHS ypPOBHSH
[0 pe3yJbTaTaM H3MePeHHS CKODOCTH NOBEPXHOCTHOH PeKOMGHHAauHH

Bua noBepXHOCTHOH g ﬂonym:- 3
Ne " oGpa%onm o_p IIJ(!:)’:«%IEH. e n.l;cT Hcrounux
n KPHBOH

1 | CP-4 ceex. 10 - 4 [201]

2 | CP-4 cocrapens. 4+25| ~7 3+6 [202]

3 | H;O, cocrapens. 40 ~8 3 [60]

4 | HyO, cocrapenn. |1,56+ 6 57 3+45 [65]

5 | CP-4 cocrapenn. | 20 =+ 80 ~6 4,7 [205]

6 | CP-4 cocrapenH. 100 - 3,2 [213, M11]
7 | CP-4 cocrapesH. 20 ~T7 2,5 [203]

8 | CP-4 cocrapend. | 30 + 40 ~8 45+ 6 [237]

9 | H,O, cocrapeHH. 10 8+9 3 +4,5] [238, M10]
10 | HF + H,0, 10 + 6 5+6 3+4 [218]

Ha YpOBHe IOJIOBHHEI BHICOTH.. Kak ciaeayer u3 Tabauubl
25.1, mosyyeHHble PAa3HBIMH aBTOPAaMH 3Ha4YeHHs] 3TOH BeJsH-
YHHBl TaKXKe pPas3/]HYyaloTCsl He CJAHIIKOM CHJbHO H JexXar
B npefenax ot 6 mo 8 emuuuu kT. AGcosmioTHas BeJHUYHHA
HOJYUIHPHHBl PEeKOMOMHAIMOHHOH KDUBOH MO3BOJISET CAe-
JaTh BbIGOp MeXIy YKAa3aHHBIMH Bblllle ABYMSI BO3MOKHO-
CTAMH: peKOMOGHHAIMeH NOCPeNCTBOM AHCKPETHBbIX [OBEpX-
HOCTHBIX YPOBHe# M MOCPeACTBOM CHCTeMhbl YpOBHel, Helpe-
PBIBHO pachpefesieHHBIX 110 HX SHepreTHUeCKOMY MOJIOXKEHHIO
B 3aMpellleHHON 30He Ha NMOBEPXHOCTH. B mociaenHem ciyuae,
KaK 3TO CleflyeT H3 TeOpeTHYeCKOro paccMoTpeHuss § 6,
noJylipyHa PeKOMOHHALHOHHOM KPHBOH HOJIXKHA onpene-
JISITbCS1 YPaBHEHHEM:

sh [a ( 9 (Psy, ;;Ps max) )]

h [ 9 (9sy, ;‘ ?s max) ]

(25.2)

a
5

3nech (G@smax/kRT)— BeMHUHHA TOBEPXHOCTHOTO MOTEHLHA-
Jla, COOTBETCTBYIOIlas MaKCHMaJibHOMY 3HAaueHHIO CKOPOCTH
TIOBEPXHOCTHOH pekoMOuHauud, a (gesy/kT) — BeanunHa
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MOBEPXHOCTHOTO MOTeHIIHaJ/a, COOTBETCTBYIOLlasi MOJIOBHHE
ee MaKCHMaJbHOrO 3HAaYeHHs, @— napaMeTp, BXOISLIHH
B MOKa3aTe/b (QYHKIMH paclpejiesieHHsl YPOBHeH MO HX 3Hep-
reTHYeCKOMY TOJIOKEHHIO B 3aNpellleHHOH 30He.

BenununHb napamerpa «a» IO AAaHHBIM O 3axBaTe, pac-
CMOTpDeHHBbIM B NpelblaylleM naparpade, JexaT B lipenenax
ot 0,1 10 0,4. I1pH TakuX MaJbIX 3HAYEHHsIX STOTO MapameTpa
pelleHHss ypaBHeHHs (25.2) paioT 3HaYeHHs MOJYLIHPHHbI
peKoMOMHAIHOHHON KpPUBOH, Jexalllue B AHana3oHe ot 4,4
10 4,9 enunun AT, DTo 3HAYMTEJbHO MeHbIUE KCIIEPHMEH-
TasbHO Habulofaembix BeduuuH. [IpaBpa, Takasi peKOMGH:
HalMOHHAasi KpHBas COOTBETCTBOBAJa Obl TOJNBKO OOHOM
CHCTeMe HelpephIBHO paclpeje/ieHHbIX TOBEPXHOCTHBIX YPOB-
HeH, TOra KaK 3THX CHCTeM B AeHCTBHTEJbHOCTH ABe. Mox-
HO M0Kas3aTh, YTO CyMMa [BYX TeOpeTHYecKHX peKOMOHHa-
[IHOHHBEIX KPUBBIX MaJoil MOJYIIHPHHBI H C HECKOJIbKO pas-
HBIMH TOJIOXKEHHSIMM MaKCHMYMOB BecbMa MaJso OTJIHYaeTcsl
OT TeOopeTHYeCKOH peKOMOHHALHOHHOH KPHBOH, MOJYIIHPHHA
KOTOPOH JIeXKHT MeXJy MOJyTopa W ABYMS MOJNYLIHPHHAMH
cocTaBasiiolUX ee KpUBBIX. OIHAKO TakOe NpenroJioxKeHHe
NpeACTaBJseTCss AOBOJIbHO HCKYCCTBEHHBIM, NOCKOJIbKY OT-
HOLUEHHUs ceueHHH 3axBaTa 006eUX CHCTeM ypOBHeH AOJIKHBI
NpH 3TOM pa3jHyaThCs BeCbMa HEe3HAUUTeJbHO, a MAaKCH-
MaJibHble 3HaYeHHUsi CKOPOCTell MOBEPXHOCTHOH peKOMOHHA-
MY JOJIXKHBI TPaKTHYECKH cOBMajfaTb Mexnay coboit. Ilpu
HEeBBLIMOJIHEHHH 3THX YCJOBHI CyMMapHasi KpuBas umena Gbl
npoBaJl nocepefinHe U Gblaa O6bl pe3KO acHMMeTpHYHOH. Pe-
MIAIOIIUM K€ apryMeHTOM IPOTHB 3TOTO MPEeANONOXEeHHs
AIBJSIeTCS. OTCYTCTBHE KODpEeJSHH MeXAy H3MeHEeHHAMH
MaKCHMaJbHbIX 3HaueHHH CKOPOCTH NOBEPXHOCTHOH peKOM-
6HHAUMH W KOHLEHTpPAalLUAMH MOBEPXHOCTHBIX YypPOBHel,
onpefieNsieMblX M3 JAHHBIX MO 3aXBaTy, KoTopoe OyaeT 06-
CyIaThCsl B CilelyolleM naparpade.

YuuThiBasi Bce 3TH COOOpakeHHsi, MOXHO YTBEpPXKIATh,
yto HaGJaiomaeMble B 3KClepHMeHTe peKOMOHHALHOHHEIE
KPHBBIe He MOTYT GbITh OOBSICHEHBl B IIPeAINOJOXKEHHH O pe-
KOMOHHALUH MOCPEACTBOM CHCTEM NOBEPXHOCTHHIX yPOBHeH,
HeNmpepLHIBHO pachpelie/leHHbIX MO HX 3SHepreTHYeCKOMy [O-
JIOXKEHHIO B 3amlpellleHHOH 30He. B TO Xe BpeMms OHM Bcerza
MoryT ObITh 6oJlee /M MeHee YHOBJETBOPHTENLHO aMMpOK-
CHMHPOBAHBI TEOPETHYECKHM COOTHOIUEHHEM, BHIBEJEHHBIM
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IJ1s1 JHCKPETHBIX MOBEPXHOCTHBIX ypOBHefi:
1 -
Nt (0p0n) 5 (A +2 1)

9 (9s—8) 6,—45) ’
kT kT

Ha puc. 25.1 u 25.2, Hapslly c 3KcnmepuMeHTaJbHBIMU
TOYKAMH, MOKA3aHbl CIVIOUIHBIMH JHHHAMH anMnpoOKCHMUPYIO-
IHe HX TeOPeTHYECKHe KDHBble, COOTBETCTBYIOLIHE 3TOMY
cooTHouleHH0. Boobie
roBOpsi, Ha IMpaKTHKe S, cnfeen
BCTpevaioTcsi TPH pas-
JMHYHBIX cyyast. [lepBbri, P
mokasaHHbIH Ha puc. 25.1 /

H 252, COOTBETCTByeT / \
YIOBJIETBOPHTENBHO M Y a0t {
COBNAfeHHI0O  SKCMepH- /
MEHTaJIbHbIX 3HAaUeHHH U ,50_/
X
/

S= (25.3)

ch +ch(

TeOpeTHUYeCKOH  KpUBOH
6e3 Kakux-1u60 AOmoJ- J
HUTEJbHbIX  MpeanoJo- ! X
Kenuit. Bropoii, uzo6pa- ‘,[ \
KeHHBII Ha pHc. 25.4, /b \
COOTBETCTBYeT TAaKOMy ————f——————————
COTJIACHIO  TOJIBKO IpH L L4
NpeANOJIOXKEHHH O cyle- -4 -2 0 2 4 § ]
CTBOBAHHHM [0TMOJHHTENb- Ve, €0 kTly
Horo peKOMﬁHHaHHOHHO- Puc. 25.4. CKOpPOCTb NIOBEPXHOCTHOH PEKOMGH-
ro nmnpouecca, XapaKTe-  uwauunm (aGcomoTHble 3HaUeHHS) B 3aBHCHMOCTH
PH3YIOIErocsi  OTCYTCT- or Yg. ITapameTpni TeopeTHYecKOH KpHBoH:
Q/RT = 1,3; &, /RT =4,
BHEM  CKOJbKO-HHOYIb
BLIpAXKEHHOH 3aBHCH-
MOCTH CKODOCTH MOBEPXHOCTHOI peKOMOHHALUH OT MOBEepX-
HOCTHOrO MoTeHIHasna. ITOCKONbKY BeJHUYHHBI CKOPOCTH MO-
BEDXHOCTHOH peKOMOHWHAIMH, XapaKTepHble IJs 3TOro Mpo-
Lecca, OOBIYHO HeBeJHKH, TO Ha)e eCJU H He BBbIAENATb
3Ty KOMIIOHEHTY B 3KCHEepDHMEHTAJbHOH peKOMOHHALHOHHOH
KPHUBOH, ee MCKaxKarolllee BJHSHHE He O4eHb BeJuKo. Teope-
THYecKasi KpUBas Ha puc. 25.4 mocTpoeHa B MPEATOJIOXKEHHH
CYLIeCTBOBAHHA KOMIIOHEHTBI, He 3aBHCAILEH OT NOBEpPXHO-
CTHOrO nmoTteHuHuana. HakoHen, Tpetuil ciyuail COOTBETCTBYyeT

100
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BO3MOXHOCTH Npou3BecTH 6osee WM MeHee OJHO3HAUHOE
passioXeHHe SKCMePUMEHTA/bHON pPeKOMOHHAIHOHHOH KpH-
BOH Ha COCTaBJSIIOLIHE e€e 3JleMeHTapHble TeOpeTHUYeCKHE
KpuBble, DTOT, BCTPeYalOIMACS MHOro pexe, cayyadl npen-
cTaBJjieH puc. 25.3, rie CNJOLIHON JHHHel MOKa3aHa cyMMap-
Has TeopeTHuecKasi KpHBasi, a COCTaBJ/AIOUIHe ee 3JeMeH:
TapHble — MYHKTHPOM.

IIpn pekoMOGHHALMH TNOCPEICTBOM AHUCKPETHBIX MOBEpX-
HOCTHHIX YPOBHe# MOJyIIHPHHA PEeKOMOHHAUMOHHOH KPHBOH
oTpeseNsieTcss SHEPTeTHYECKHM MOJIOXKEHHEM YPOBHS B COOT-
BeTCTBHH C ypaBHeHHeM:

1+ch (_e,;qu )
= , (25.4)
h ‘7((Psl/z—§) +ch (et—qg)
NTRT N\TET

L
2

rle @gy, MPeACTaBJAIOT cCO60H 3HaUYeHHs] MOBEPXHOCTHOTO MO-
TEHIIH&JIa, COOTBETCTBYIOIIMe 3HAYeHHSIM CKOPOCTH TMOBepX-
HOCTHOH peKOMOMHAIUH, PABHLIM NOJOBHHE OT MaKCHMaJb-
Horo. Tak kak
q'ps max _ qg
kKT~ kT

10 mepBbiii runep6oIMYeCcKuil KOCHHYC B 3HaMeHarese (25.4)
MOKeT ObITb 3alHCaH U B HHOH (opme:

q(‘pS max — P8y, ]

EnvHCcTBeHHBIM HEM3BECTHbiM ypaBHeHus (25.4) saBasercs
>HepreTHYeCKoe MoJloXKeHue YpoBHSA &:;/kT, MOCKOJIbKY BesH-
unHa gE/kT onpefesieHa paHee MO MOJOXKEHHIO MaKCHMyMa
pekoMGHHaHOHHON KpuBOH. OnHAKO, B CHJY IBY3HAUHOCTH
runep6oJIMYECKOro KOCHHyca, eMy OyAyT YAOBJIETBOPSTL 1Ba
3uaueHHs &, M3 KOTOPHIX TOJBKO ONHO HMeeT (HU3HUeCKHil
CMBICJI.

Bri6op 3TOro AefcTBHTEJbLHOrO 3HauyeHHs] AOJXKeH OBITh
NpOH3BeNeH Ha OCHOBAHHM KAKHX-JAHGO HOMOJHHTE/bHBIX
JNaHHbIX. B npuHUMNE BO3MOXHBI TPYU THIA IKCIEPHMEHTAJIb-
HBbIX JaHHBIX TPH MOMOLLH KOTOPLIX MOXKeT GhITh NPOU3BEJeH
3TOT BbLIGOP.

Bo-nepsbix, 3To Morsno 6sl GbITh COBNAajfieHHEM OAHOH M3
MOJIyUeHHBIX BeJHYHMH SHEPreTHYECKOrO I0JI0XKEHHS ypPOBHs
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¢ TI0JIOXKeHHeM TOUKH nepern6a Ha OJHOBDPeMEHHO H3MepeH-
HO#l KpHBOI 3axBaTa. Kak orMmeuaJoch Bhllle, TaKHE TOYKH
neperu6a He OGHApYXHBAIOTCS B 3KCMePHMeHTe, TaK UTO 3Ta
BO3MOXKHOCTb IPAKTHYECKH He peaJiH3yeTcs.

Bo-BTOpbIX, 3HepreTHueckoe MOJOXKeHHe peKOMOHHAIM-
OHHOTO YPOBHsi MOXeT ObITb HE3aBHCHMO OIIpefleJieHo MO
TeMIlepaTypHOH 3aBUCHMOCTH BPeMeHH peJslakcalli npolecca
H3MEHEHHUs] ero 3arnoJiIHeHHs B pe3yJabTaTe BO3[efICTBHA HM-
MyJbCHOTO MonepeyHoro noJgs. [IpumeHeHne 3Toro Merona
IJIs] He3aBHCHMOTO oOlpejesieHHs] 3HePreTHUYeCKOro MOJOXKe-
HHsI DPEKOMOHMHALlHOHHOTO YpPOBHSI O3HayaeT HCMOJb30BaHHE
CJAeAYIOIIUX ABYX AONylLIeHHH: 1) npeAnosioKeHHS O TOM,
YTO B SKCMNEPHMEHTAX C BO3JAeHCTBHeM HMMNYJAbCHOro 3¢ ¢ek-
Ta MOJsSI NPOUCXOAUT H3MeHeHHe 3aNOJIHeHHsl HUMEeHHO MAHC-
KPETHBIX PEeKOMOHHALlHOHHBIX YDPOBHe#, 2) NpennoJsoxkKeHHd
0 TOM, 4YTO MO KaKOH-TO NMPHYHHE H3MeHEeHHEe B 3aMOJHEeHHH
BCEX OCTaJbHbIX YPOBHeH 3axBaTa, HabjaioJaeMBIX B KBa3H-
paBHOBECHOM 3(¢(deKTe NoJs, He CKa3blBaeTCsl Ha pe3ynabTa-
Tax HCCJAeJOBaHHs MeTOJAOM HMIYJAbCHOro 3¢@eKkra mnoJsl.
B mpuHiyne MOXHO, pasyMeeTcs, NPHUAyMaTb MOJeNlb IMO-
BEPXHOCTH, OTBeYalOllyl0 O60UM 3THM AONYILIEHHSM, OAHAKO
Bonpoc 06 aJeKBAaTHOCTH TaKOH MOIENH AeHCTBHTENbHOCTH
ocTaeTcsi OTKPBITHIM, OCOGEHHO B CBSI3W C MNpeNJI0XKEeHHOH
B § 23 uHONl HHTepnpeTauHell pe3yJbTaTOB 3KCHEPHMEHTOB
[0 MeTOLy MMIYJAbCHOTO 3¢ deKTa mnoss.

B pa6ote [209] mMeTon uMny.abcHOrO 3ddekta moJs Gbll
NpUMeHeH COBMECTHO C M3MEepEeHHSAMH CKOPOCTH MOBEPXHO-
cTHOH pekoMOuHauuu. B Tabauue 25.2 mpuBefeHbl NAaHHBIE
06 3HepreTHUeCKHX IIOJIOKEHHAX YPOBHeH, MOJyYeHHBIX H3
060HX THIIOB H3MepeHHH, H3 KOTODbIX BHAHO, YTO OJHO H3
3gaueHHH, HalJeHHbIX W3 PeKOMOWHALUOHHBIX AaHHBIX, Ha-
XOJUTCS B YJAOBJETBODHUTEJBLHOM COTJIACHH C LAHHBIMH HM-
nyJbcHOro 3¢ ¢exra noJs.

HakoHel, TpeTHHl BO3MOXKHBI MeTOJ OCHOBAaH Ha Hcclle-
JIOBAHUM TeMNepaTypHOH 3aBHCHMOCTH MaKCHMAaJbHOrO 3Ha-
yeHHs] CKODOCTH MOBePXHOCTHOH pekomOuHauud. Herpyauo
y6eAuTbCSA, UTO B MPEANOJNOKEHHH O He3aBHCHMOCTH CeueHHi
3axBaTa OT TeMIepaTypbl U MPH THIOHYHLIX JJs1 PeKOMOGHHa-
LIHOHHBIX KPUBBIX 3HAUEHUAX BEJHUHHBI

(etk—TQE ) >1,
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TaG6auma 25.2

DuepreTHuecKoe MOJOXKEHHE PeKOMOHHAIHOHHOTO YDPOBHS H CEYeHHs
3aXBaTa Ha HEro 9JeKTPOHa, OnpejeJieHHble H3 PEeKOMGHHAILMOHHEIX
H3MepeHUH H JaHHHIX HMIyJabcHOro sddekra moas

PeKOMGHHaLlHOHHble H3MepeHHA -~ HMHYJIbCHbXﬂ Sde)eKT
&, en. kT noJas

2%301:53. g no temnepa-

v Mo MOJNYWH- | pypyol 3a- e, g,

R bl e S
1 6.107"° 6,4 6,3 7,1 1-107"
1 4.107% 0,9 - 1,5 3.107 "
2 2.107"° 8 7,2 7,3 2.107"
2 - 1,2 1,3 - -
3 1.107" -1,7 -2 -2 2.107 "
4 5.107"% 5,8 6 5 1-107"
4 2.107" —928 - -3 1-107 "

BbIpaXKeHHe [JIi MaKCHMAaJbHOTO 3HAUeHHs CKOPOCTH II0-
BEPXHOCTHOH PeKOMOHHAUUH MPUBOLUTCS K BHAY:

I
- Eg—Er
kT )

(25.5)

rae '/2E;— nonoBHHA WHPHHBI 3anpellleHHOH S30HbI, HJH,
TOYHee, 5HePreTHUYECKOe PACCTOSIHHE OT JHA 30HBbI MPOBOIH-
MOCTH 1O MO0JIOXKeHHs ypoBHsI ®epMH B COGCTBEHHOM HOJY-
MPOBOJHHKE.

Ha puc. 25.5 npuBeneHbl NMpuMephl SKCNepHMEHTANbHBIX
pe3y/abTaTOB HCCJAeNOBAHHA TeMMepaTypHOH 3aBHCHMOCTH
MaKCHMaJbHOrO 3HaYeHHs] CKOPOCTH MOBEPXHOCTHOH peKoM-
6uHauuu, a B Tabaune 25.2 naHHble 00 3HEPreTHYECKHX IMO-
JOXeHHAX DeKOMOHHAILMOHHEIX YPOBHeH, ONpeae]eHHbIX
TakuM cnoco6om. Heo6xogumMo OTMeTHTb, 4TO AJ5 06OHX
Moc/JelHIX METOAOB BeCbMa CYLIECTBEHHBIM fBJsieTcsl obec-
neieHHe MOCTOSIHCTBA KOHUEHTpAaUUi pekOMOHHAILHMOHHBIX
EeHTPOB B XOAe TeMIepaTypHbix uaMmepenuil. Kak 6yaer no-
KasaHo AaJnee, 3T0 TpebyeT Ju60 Xopouwed cTaGHIH3aALHH

Smax = const T_l exp (_E.C_k_._ffi) = const T—I exp
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COCTOSIHMSI MOBEPXHOCTH 006pasloB 3a CYeT [JHTeNbHOH Bbl-
JIEePXKH HX Ha BO3[AyXe I[OCJAe TpaBJjeHHs, Ju6O OUeHb
BLICOKOTO BaKyyMa IpDH H3MepeHHsX.

TpeTbeill BeJMUHHON, KOTOPYIO HAM JaeT peKOMGHHALHOH-
Hasi KpUBas, fIBJSETCS CaMO MAaKCHMaJbHOe 3HayeHHe CKO-
POCTH NOBEPXHOCTHOH DeKOMOHHALHH, OmpefessieMOe COOT-
HOLLIeHHeM:

Ny (‘Ipan)l/2 'é— (7" + l_l)
1+4ch (—e’;qu ) .
(25.6)

B kauecTBe XapaKTepHBIX

3HaueHHH MaKCHMaJIbHOH BeJH-
YHHBl CKOPOCTH IOBEPXHOCTHOH
pekOMOGHHALUM [Js TepMaHHsA |
MOxKHO HasBaTbh 250—350 cm/cex 33 &5 &7 39 41 43
nocje TIATeJIbHOTO TPaBJEHHS wyr
B CMecsAX C NJIABHKOBOH KHCJO-  pyu. 955 gasncumocts SmaxT oT
TOH (CP'4 H T. H-) H OT HeCHAT-  o6patoit Temnepartypsl nJs oG-
koB n0 100 cm/cex B pacTBOpax pasua puc. 25.1.
MepeKHCH BOLOPOJA CO LIeJIOYBIO.
OTK/IOHEeHHS OT ONTHMAaJIbHBIX DEXHMOB TpaBJieHHs, MpH-
CYTCTBHe HOHOB TSXKEJEIX METaJJOB B COCTaBe TpaBHTeNel
HJIM IPOMBIBOYHOH BOJE, a TaKxke pas/HuHble MOCAeAyIOLIHE
BO3/EHCTBHSl OKDY2Kalollell cpefbl MOTYT IPHUBOIHMTH, KakK
OyaeT noKasaHo JjaJjee, K CyLIeCTBEHHOMY BO3pacTaHHIO
MaKCHMaJbHbIX 3HAUeHWNl CKOPOCTH NOBEPXHOCTHOH DEKOM-
6HHALHH.

U3 Smax MOXeT OHITh NOJyYeHa BeJUYHHA MPOU3BeLEHHS
N¢(otp, 0tn)'", U IOCKONBKY OTHOLIEHHE KOHCTAHT 3aXBaTa H3-
BECTHO, A/l Pa3eJbHOr0 OMpejesieHHs] BCeX TPeX BXONSLINX
B 3TO MpPOH3BeJleHHe BeJHYHH HeOOGXOXMMO TOJBKO elle OHO
ypaBHeHHe.

O Heo6OCHOBAHHOCTH, a KaK faJiee 6yIeT BUIHO, H HEKOD-
PEKTHOCTH OnpefeseHHsi KOHLEHTPalUU PeKOMOUHAIMOHHBIX
11eHTpoB N M0 HAKJOHY COOTBETCTBYIOLIETO Y4acTKa KPHBOM
3axBaTa JIOCTaTOYHO NOAPOGHO rOBOPHJIOCH paHee. B cBsism
C 3THM NPHXOJAUTCS KOHCTATHPOBAThb, UTO OTpefe/ieHHble Ta-
KHM cnoco60oM B 60JbLIOM KOJHYeCTBe paGoT U NpPHBEAEHHbIE

Smax =

| W T .}
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B tabauuax KHur [M11, M12] 3HaueHHs KOHUEHTpauUHuil mo-
BEPXHOCTHBIX LIEHTPOB pekoMOHHauuun ~ 1019+10' cu~2 Ha
repMaHHH He MOTYT paccMaTpHBaTbCsd B KauyecTBe MHOCTO-
BepHbIX. COOTBETCTBEHHO, HEe MOTYT IpeTeHJ0BaTh Ha 0e3-
YCJOBHYIO [OCTOBEDHOCTb HaHAeHHblE C HCIOJb30BaHHEM
3THX 3HAUeHHH KOHLEHTpalUHil 1eHTPOB BeJHUHHBl 3(pdek-
THBHBIX CeUeHHH 3axBara ABIPKH ~ 1071410715 cm? u s7ek-
tpoHa 10715+10-%¢u% Ecau peficTBHTe/NbHblE 3HauYeHHS
KOHLIEHTPAIH [OBEDPXHOCTHbIX peKOMOHWHALMOHHBIX LeH-
TPOB CYILIECTBEHHO MeHblle, KaK 3TO MOXHO OXHAaTb H3
aHajqM3a [OaHHBIX [0 KBa3HPaBHOBECHOMY 3axBaTy, TO
BeJHYHHBI CeYyeHHI 3axBaTa JOJXKHB OBbITb, COOTBETCTBEH-
HO, GoJbLIe.

B yxe ynomuuHasuiefica pa6ote [209] nccnenoBaHus mo-
BEPXHOCTHON peKOMOHHAIMH H KBa3HPAaBHOBECHOTO 3aXBaTa
6Ll COBMEILleHbl C HCC/IeOBAHHAMU peJlaKCalliH MUMMYJbC-
Horo s¢¢exra moas npu Gosabwux curHanax. [Ipennosaras,
YTO BCE€ TPH BeJHYHHBI OOYCJOBJEHBl MNpOLEeccaMH nocpel-
CTBOM OJIHUX M TeX e AUCKPETHBIX NOBEPXHOCTHBIX YpOBHeH
(kpoMe KBa3HpaBHOBECHOTO 3axBaTa, AJs HHTeplpeTanHH
KOTOPOro HeoGXOAMMO BBeleHHe MOMOJHHTEJNbHBIX TIpynn
ypOBHefl), MOXHO Obl0 Gbl NPOBEPUTb COBMECTHOCTb pe-
3yJbTaTOB 3THX 3KCIEDHMEHTOB. ABTOp LHMTHPOBAaHHOH pa-
60THl He CTaBHJ, OAHAKO, Mepel co60H Tako#l 3amauu, orpa-
HUYMBIIHChH HCIIOJb30BAHUEM [AOMOJHHTEJIbHOH HH(POPMALHH
M3 JAHHBIX HMIYJbCHOrO 3(¢eKTa NoJjs JHIIL A5 6oJee
060CHOBaHHOrO BBI6OpA OAHOTrO M3 ABYX BO3MOXHBLIX 3Hauye-
HHUH SHEPreTHYECKOro MOJIOXKeHUs1 PeKOMOHHAIMOHHOTO YPOB-
Ha. Kak y»e oTMeuaJsoch Bblllle, OLleHKA KOHLEHTPALHH STHX
yPOBHe#i MpPOHM3BOAHJIACH TOJbBKO MO JaHHbBIM KBa3HpaBHO-
BECHOTO 3aXBaTa, C NPHCYIIHMH 3TOMYy crnocofy Heompefe-
JIEHHOCTbIO W TPOHU3BOJIOM B BHIGOpe OMpejesieMOH BesH-
yhHbl. BeoencTBre 3T0ro nokaszaHHasi B paGoTe BO3MOXKHOCTb
MOJYYHTh YAOBJIETBOPHTENbHOE COOTBETCTBHE pe3yJbTaTOB
Hcc/leJOBaHHS NMOBEPXHOCTHOH PeKOMOHMHAUMK U peslaKCaluH
NpH UMNYJAbLCHOM 3¢ (deKTe MOJA CylLleCTBEHHO TepsieT B CBOeH
y6enutenbHoCTH. I1pH 93TOM HeOGXOLHMO OTMETHTD, UTO CAMH
noJiydeHHble BeJIMUHHBEI B pfifle ClyyaeB CYLIeCTBEHHO OTJIH-
YalOTCsl OT 3HAaueHUH, nNpUBeNeHHLIX B Tabauuax 23.1 u 25.1.

B psane pa6ort [66, 212] uccaenoBaHus TemmnepaTypHOH 3a-
BHCHUMOCTH CKODOCTH MOBEPXHOCTHOH peKOMOHHALUH OBIJIH
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BBINIOJIHEHBl B HECKOJIBKO 0OJiee IIMPOKOM TeMmepaTypHOM
MHTepBaJse, YeM 3TO YNOMHHAJOCH Bhillle, 0COGEHHO B CTOPO-
Hy Oosee Hu3kux Temnepatyp. Ha puc. 25.6 npusenenst
pe3y bTaThl TaKMX HCCJAENOBAaHHH AJs ABYX pas/HYHbLIX CO-
CTOsIHME MOBepXHOCTH ofpasua [66]. DTu pesyabTaThl Haxo-
AsiTcs1 B 06lleM KaueCTBEHHOM COTJIaCHH C TeOpeTHYeCKHMH

S, cmfcen
2500+ S, m/cg

2000

1500

AN
S R R R
a)

Puc. 25.6. PexoM6GHHALHOHHbIE KDHBHIEe A5 o6pasua, nporpaBaexsoro H;0;. Temne-
paTyphl H3MepeHHHA: 1 —249°K, 2—274°K, 3 —300°K, ¢4 —328°K. a) Bea npeaBapu-
TEJILHOTO mporpeBa; 6) To Xe mocJe nporpeBa o6pa3ua B BakyyMe mpu 150° C,

1 1 1 [
/. =555 0255 7510
}g,ei/rij ﬁ) '3-,6’[?-/(7/9

1

npelicKa3aHHsIMH M NAHHBIMH HCCJlelOBaHHA B 6oJlee y3KHX
TeMnepaTypHeix AvanaszoHax. OQHAKO HX KOJHUYECTBEHHOE
COOTBETCTBHE MpeJCKAa3aHHSIM TEOPHH 3HAUHUTEJbHO XYIKe.
Ha puc. 25.7 nokasaHbl KpuBble 3aBHCHMOCTH Spax! 0T 06-
paTHO#l TeMmepaTyphl, COOTBETCTBYIOLHe JaHHHIM pHc. 25.6,

BuaHo, uYTO 3KcnepHMeHTaJibHble TOUKH JIOXKATCS Ha
npsiMble TOJIBKO B CPABHHTENbLHO y3KOM TeMIlepaTypPHOM HH-
TepBaJie, 3a NpeleNaMH KOTOPOro Hab6./110[aloTCsl 3aMeTHble
OTKJIOHEHHSI OT JIHHeHHO# 3aBHCHMOCTH. BO3MOXKHO, UTO OHH
cBs3aHBl C H3MEHEHHAMH KOHLEHTpalHil peKOMOGHHALHOHHBIX
LIEHTPOB NPH H3MEHEeHHSIX TeMIlepaTyphl.
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O6pamaer Ha ce6s BHHMaHHe 3aMeTHOe H3MeHEeHHe Io-
JIOXKEHHS] MAKCHMYMOB PeKOMOHHALHOHHBIX KPHBbHIX NPH H3-
MEeHeHUsIX TemmepaTypel. B pa6ote [212], rae usmepeHus
GbliM TpOBeleHH Npu GOJlee HHU3KUX TeMmmepaTtypax, 3TH
CIBUTH ellle GoJablue. ABTOPH 06eHXx paGoT mepBoHaua/bHO

HHTEPIPETHPOBAJM CBOH pe3ysbTa-

0 (SpgzT) Thl B KauecTBe HeNoCpeJCTBEHHOro
15} JO0Ka3aTelbCTBA  CYILleCTBOBAHHA

TeMIepaTypHOH 3aBHCHMOCTH OTHO-
IIeHHs] ceueHHH 3axpaTa. B panb-

uh é HelieM B kHure [M12] 6bu1a crpa-
BeJJIHBO OTMeuyeHa HeKOPPEKTHOCTb
o TAaKOH HMHTepNpeTalluid  3KClepH-

) B\V A MEHTaJbHbIX JaHHbIX.

Hdeno 3akmaouaercs B TOM, YTO
CABHTH MAaKCHMyMOB peKOMGHHa-
[[HOHHBIX KPHBBIX HHTEPIPETHDPOBA-

JIUChb TpPH TOMOIUH COOTHOLIEHHS
. (25.3), mnpurogHoro mJs MaJgblx
P YPOBHell ~ HHBEKUHH. Bcenencrsue
30 az5 a5 4% 40 pe3Koil TeMIepaTypHOH 3aBHCHMOC-
vy TH COGCTBEHHOH KOHLEHTPalUHH HO-
cuTesel 3apsfa n; YCJIOBHS BO3-
Puc. 26.7. 3aBHCHMOCTb smaxT 6},){{11‘5“_"“1Y COOTBETCTBYIOIIHE Ma-
oT o6paTHO TeMmepaTypbl no
JMaHHbIM pHc, 25.6,a) (kpuBas I) JIbIM 3HAYEeHUAM YDPOBHSI HHDBEKIHH
1 25.6,0) (kpusas 2). NIpH  KOMHAaTHBIX  TeMmepaTypax
(6 = An/n; = 0,03 + 0,1), cooTser-
CTBYIOT BBICOKHM YDOBHSIM HHBEKUHH [PH I[TOHHMKEHHBIX
Temnepatypax. Tak, Hampumep, npu Temmepatype 250°K,
daxe C y4eTOM YMeHblIeHHs BeJHYHHB An TIPHMEPHO Ha
HOpSII0K, 3a CuUeT pOCTa CKOPOCTH MOBEPXHOCTHOH peKoM-
6uHauuu (cM. puc. 25.6) ypoBeHb HHBEKLUHH BO3pacTeT [0
eIHHUL, T. €. CTaHeT AOCTATOYHO GosblIUM. [Ipu 3TOM He-
06X0QMMO 1O0J1b30BAaThCH YKe OOLIMM COOTHOLIEHHEM [J151
Mo0bIx ypoBHe# uHbeKUUH (6.64). [IpH BHICOKHX 3HAUEHHAX
YPOBHSI HHBEKLHH MOJIOKEeHHe MaKCHMyMa PeKOMOHHaLHMOH-
HOi KpHBOH Oy/[eT CMeLleHO Ha BeJHUHHY, paBHyIO In A, u
onpeaensieTcsi yCAOBHEM:

/4

pos

Vs max = =5 In (2. (25.7)

Qn
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Kpome OTMeueHHOH, HMeeTcsl H ellle OJHA BO3MOKHOCTb
HEKODPEKTHOCTH B HHTEpIpeTalMH SKCIepHMEeHTAJbHBIX
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Puc. 25.8. PeKOMOGHHALlHOHHbIE KPHBble H KPHBbIE 3a-

xBata Ass o6pasua, nporpasJjeHHoro B CP-4. a) Tem-

nepatypbsl HaMepeHu#t: 1—282° K, 2—246° K, 3—220° K;
6) TeMnepaTtypa usMepeHuit 120° K.

IAaHHBIX, CBAI3aHHAsA C 3((eKTOM NPUIHNAHHSI HOCHTeNel
3apsiga Ha OObeMHBIX LEHTPAaxX MPHJIHNAHHS, KOTOPHIK MO-
JKeT CTaTb CYLIECTBEHHbIM NMPH MOHMMKEHHbIX TeMIlepaTypax.
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Aror 3¢dekT NMPHBOAUT K HapyIIEHHIO ycJoBHSA Ap = An B
o6beMe MOJNYNPOBOAHHKA, BCJAEACTBHE Uero BBeJeHHE eJHHON
CKOPOCTH NMOBEPXHOCTHOH peKOMOHHAIHHY CTAHOBUTCA HEBO3-
MOKHEIM (cM. § 6). [TocnenHee 06CTOATENBCTBO Kak GyATO
He HMeJI0O MeCTa B paccMaTpHBaeMhbiX 3KCepUMEHTaXx, Tak
KaK HCMOJb30OBABLIMACS NP HX NpPOBeJeHHH TrepMaHHUi Obla
BecbMa YHCTBIM, a MNOJyueHHble NMPH pa3HbIX TeMOepaTypax

pPEeKOMOHHAIIHOHHBIE  KPHBBIE

\n @/ MOTYT GbITh YAOBJIETBOPHTE b-
wt HO aNnnpoKCHMHPOBAHBI MPH
: OIHOM H TOM e MOJIOXKEeHHH

1 PeKOMOHHALIHOHHOTO YPOBHS
Sy et = 5,5 kT (npu 300° K). B 1o
2 ’Ke BpeMs JgaHHble puc. 25.6

2 Hn 25.8 CBHIETeJbCTBYIOT Kak
OyATO O HaJH4YUH TeMiepa-

ol ,// TYpPHOH 3aBHCHMOCTH OTHOILIE-
J HHSl CeyeHHH 3axBara, TOU-

P Hee — KOHCTAHT 3aXBaTa, eCJ
§ 4 7 & NPH TMOHWXKEHHBIX TeMIepa-
wir Typax 3Ty BeJHUYHHY ompeje-

Puc. 25.9. Temneparypuas sasucu- JIAATb 110 COOTHOLICHHIO [Jis

MOCTh OTHOIIEHHSI KOHCTAHT 3axBaTa, >
paccyuTaHHass ¢ YYeTOM BeJIHUYHHbI BBICOKHX ypOBHeH HH‘beKuH"

yPOBHS ’g“e"[‘{%,“' Kpnnax; — no faH- (25.7) .
HBIM paboThl , kpuBas 2-—mno AaH-
P00 eI paGoTH [212], Ha puc. 25.9 npusenens

OlleHeHHble M0 NAHHBIM paGoT
[66, 212] sHaueHHs JorapupMa OTHOIIEHHH KOHCTAHT 3a-
XBaTa B 3aBUCHMOCTH OT 06paTHOl TeMnepaTyphl. XOTs JKc-
NMepUMeHTaJbHBIX TOYeK CJAHIIKOM MaJjo, AJs TOro YToGhl
CUHTATb [OJYYEHHYIO JHHEHHYI0 3aBHCHMOCTh HAaJeXKHO
YyCTAaHOBJIEHHOH, HAKJIOHbl OTPE3KOB NMPSMEIX COBIIAJAIOT JI0-
CTAaTOYHO Xopowo. JTO TeM GoJiee YAUBHUTEJNbHO, Y4TO ABA
OTpe3Ka MNPAMBIX COOTBETCTBYIOT pe3y/bTaTaM H3MepeHHH
06pa3loB Pa3HOro THMa NPOBOAHMOCTH C Pa3/MuHO# o6pa-
6OTKOH MOBEPXHOCTH W IIPHU NPOBEJEeHHH H3MepeHHH pasHbI-
MH MeTOJAaMH. 3aKjioueHHe 00 3KCNOHEeHIHAJbHOH 3aBHCH-
MOCTH OTHOUIEHHSl CeYeHHsl 3aXBaTa MJIH, YTO SKBHBAJIEHTHO,
OJTHOTO M3 ceueHHil 3aXBaTa OT TeMIepaTyphl GBIJIO clesaHo
Takxke B paGorax [206, 211] Ha ocHOBaHHM aHa/NH3a HAHHBLIX
O TOBEPXHOCTHO! PeKOMOGHHALUH M KHHeTHKe (OTONMPOBOIH-
MOCTH 4 3¢ PekTa noJs.
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HccnenoBanus noBepXHOCTHON peKOMOGHHAUHMU NPH MOBHI-
IIEHHBIX YPOBHSIX HHBEKUHH MPOBOAMJNCH B psiie pabor[226,
228] B o6s1acTH KOMHaTHEIX TeMnepatyp. OCHOBHBIM pesyiib-
TATOM 3THX HCCAEIOBAaHUH SIBJISIETCS HENOCPeICTBEHHOE MOJ-
TBEDXKJEHHEe CMelleHHs] MaKCUMyMa pPeKOMOHHAIMOHHOH
KPHBOi#l Ha BeJMYHHY, paBHYyIO In A, NpH mepexonxe OT MaJbIxX
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Puc. 25.10. PekoM6GHHALHOHHbIEe KpHBLIE, H3MepeHHble NMPH PAa3HBIX

YpOBHSAX HHBEKUHH. a) O6pasen AbIPOYHON NPOBOAMMOCTH A =5;

1-6=0,1, 2-0=43 6) ob6pa3sell S5JeKTPOHHOH NPOBOJHMOCTH
A=0,375; 1 —6=0,09, 2—6=1,85.

K Gosblinm ypoBHsMm HHBekuud. Ha puc. 25,10, a mokasano
nono6GHOe cMellleHHe BJeBO A5 o6paslla AbPOYHOH IPOBO-
nuMoctd [226], Torna kak a5 06pas3nos 3J1eKTPOHHON MPOBO-
JMMOCTH HabJI0fa/0Ch aHAJOTHYHOe CMellleHHe peKOMOGHHa-
LIMOHHOH KPHBOH BNPABO, B COOTBETCTBHHU C OTPHULATEbHBIM
3HaueHHeM BeJHYHHBI In A B 3TOM cayuae (puc. 25.10, 6).

Bce ckasaHHOe [0 CHX NOP OTHOCHJIOCH K MOBEPXHOCTH
repMaHusi, MOKPBITOH MJIEHKOH ero OKHCHBIX COeJHHEeHHH, BO3-
HHKAWlle# B X0le OObIYHOTO OKHCJHTEJNbHO-PacTBODPHUTEJb-
HOTO TpaBJIeHHS.

B pa6orax [225, 229] 6blna cHenaHa MOMBITKA MOJYYeHHs
[IOBEPXHOCTH repMaHHs, MOKPLITOH NJEHKAaMH HHOH XHMHue-
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CKOI TPHPOABI, ONHAKO TaKHe NOBEPXHOCTH OKa3bIBaJHCh
BecbMa Je(eKTHeIMH. [lepBbiM, MpenCcTaB/sIOLIAM H3BeCT-
HbIi HHTepec, ONBITOM MOXHO, MO-BHAHMOMY, CUHTATh pas-
paboTKy MeToAa Cy/1bQHIHPOBAHHS MOBEPXHOCTH repMaHHS
MOCPeJCTBOM peaKIluH ¢ razoo6pasHbiM cepoBonopoaom [230].
Aror MeTox obeclneuHBaeT NOJyYeHHe OTHOCHTEJNLHO MaJjo
dedeKTHOH peasbHOH MOBEPXHOCTH TepPMaHHsl, IOCKOJBKY
CepOBOIOPOJ, pearupyer ¢ OKHCJaMU repMaHus, Tak YTO NpHU
OIHOM H TOM Ke peareHTe H B OIHOM peaKTope MOXKHO OblLJIO
COBMECTHTb TpaBJeHHe MNOBEPXHOCTH H MNOC/eAylollee Bbl-
pallvBaHHe NJEHKH Cyab¢uma repmanus. JludppakrorpaMmel
06pasloB C TAKHMH MJIeHKaMH N0Ka3aJH, 4YTO MJIeHKH HMeloT
KPHCTAJIJIMYECKYIO CTPYKTYPY, COOTBETCTBYIOIIYIO MOHOCYJIb-
(¢uLy repMaHus.

HccaenoBaHus noBepXHOCTH FepMaHHs, NOKPHITOR TaKoi
MJIeHKOH, ObLIM MpoBelleHBl MO MeTOAY 3(¢eKkrTa moJas Ha
CHHYCOMJa/JbHOM HaNpsXKeHHH, COBMELIEHHOMY C H3Mepe-
HHeM CTallHOHAapHOH ¢oTONpPoBOAUMOCTH. B pesysabraTte
6BLI0 YCTAHOBJIEHO, YTO NMOBEPXHOCTb 06PA3LOB HMeeT CHJlb-
HO BRIPAXKEHHYIO 3JIEKTPOHHYIO NPOBOJHMOCTb, NMpHYEM Be-
JUYHHA MOBEPXHOCTHOTO 3JEKTPOCTAaTHUECKOTo MOTeHIHaJla
de uuxe +7 kT/q npu xoMHaTHO# Temnepatype. [lonBux-
HOCTb 3 deKTa 1noJs JeXHUT B npelenax 750—850 cm?/s - cex,
YTO CBHIETEJBLCTBYET O JAOBOJbLHO 3HAUHTE/bHBIX KOHLEHTpA-
[[HSIX TOBEPXHOCTHEIX LEeHTPOB 3axBata. [lo sTolt npuuuHe
B MeTole 3(dekTa mo/as He yAaBaJoCh JOCTHUYb MHHHMYyMa
NPOBONMMOCTH NPH BO3AeHCTBHH MOCTOSHHEIM MONEPeYHBIM
3JIEKTPHUECKHM TI0JIeM C HANPSAKEHHOCTbIO, 6JIM3KOH K Mpo-
OMBHON HampsiKeHHOCTH ciofbl. CKOPOCTb NMOBEPXHOCTHOM
peKkoMOMHAIMKU Ha TakHX obpaslax JexaJja B Hpefesaax OT
80 no 110 cm/cex n mpakTHYeCKU COBEpIIEHHO He 2aBHcesa
OT MOBEPXHOCTHOTO MOTeHIMaJa B TOM OTHOCHTENbHO HeGOoMb-
IIOM aMana3oHe ero H3MeHeHHH, KOTOPHIf yaaBaJoch peasu-
30BaTh Ha omnbite. Ha ocuunnorpamme puc. 25.11 ara oco-
GeHHOCTDb IPOSIBJASETCS B NapaJJeJbHOCTH KPHUBHIX 3(dekTa
[oJis1 B TEMHOTE U Ha CBeTY.

3aMeuaTeJbHONH OCOGEHHOCTBIO MOJIyYeHHbIX 06pasioB
ABJISIeTCS Upe3BbluafiHas cTaGHJIBHOCTb UX CBOHCTB MPH pas-
JIHUHBIX BHENIHMX BO3JefCTBUAX. B OT/NHYHe OT repmaHus,
MOKPBLITOr0 MJEeHKaMH OKHCHBIX COeJHHeHHH, Bce MepeuHc-
JIeHHble XaPaKTePHCTHKH CYJb(QHAHPOBAHHOH MOBEPXHOCTH
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NpakTHYECKH He H3MEHsJUChb B pe3yJabTaTe NPOTrPeBOB NPH
650°K u npu AaMTeNbHBIX BBIAEPIKKAX BO BJAaXHOH aTMO-
chepe. M3MeHeHHsi MOBEPXHOCTHBIX CBOHCTB HAauHHAIOTCSA
B pe3yJbTaTe mnporpeeos npu 675—700° K, nmpu kKoTOphIX
MIET BO3TOHKA MJIEHKH MOHocyabdHAa repmaHus. [Ipu stom
CKOPOCTh  I[IOBEPXHOCTHOH  peKOMOHHAlLMHM  pacrteT IO
700 cm/cex, a TOABHIKHOCTB 3(-
(bekTa moss mnagaeT nNpakTH-
4ecKH 10 HyJs.

[To cBoeit cTaGUIBHOCTH MO-
BEPXHOCTb TepMaHHs, MOKPHITas
IJIEHKO# MoHocy/ bdHAa, YyCTy-
naetT TOJbKO TOBEPXHOCTH, IO-
KPbITOH MJIEHKOH TeTparoHaJb-
HOH JAByoKHcH repManus [231].
O6e MOBEpXHOCTH CXOAHBI TaK-
)Ke B OTHOIIeHHH ab6Co/I0THOH
BeJIHYHHBI CKOPOCTH MOBEPXHOCT-
HOH peKOMOHMHALHUH H ee He3aBH-
CHUMOCTH OT NOBEPXHOCTHOTO HO-
TeHiMana. [locienHdas mnosepx-
HOCTb HMeeT, OLHAaKO, OAHO Cy- Eﬁg;ﬁs&lk(ﬁpfs%eu93%’3&?3,;‘,??2’;
IECTBEHHOE I[PEHMYLIECTBO II€-  o6pasua repmanHs, NOKPLITOro
pel T[OBepPXHOCTbIO TIepMaHuf, nneHkol cyabpHAa repManus.
NOKPLITOA MJIEHKOH MOHOCYJIb-
¢una. I'pannie pasgena repMaHuil — TeTparoHaJjbHas ¢op-
Ma [BYOKHCH TepMaHHsl COOTBETCTBYIOT 3HAUHMTEJbHO MeHb-
IIHe KOHIEHTPAlHH ObICTPHIX LIEHTPOB 3axBaTa.

JlaHHble O CKOPOCTH MOBEPXHOCTHON peKOMOWHAILHH Ha
KPeMHHH OTJHYalOTC 3HAUYHMTEIbHO MEHbLUIMM eIHHOOGpa-
3HeM M OIpelesIeHHOCTbIO. DTO OTHOCHTCS, NpexXIe BCero,
K BeJHYHMHAM MaKCHMAaJbHEIX 3HaueHHH CKOPOCTH MOBEpX-
HOCTHOH DeKOMOHHALUH, KOTOPble N0 NAaHHBIM pPAa3HBIX HC-
ciefoBatenein Jexatr B npegenax ot 100—200 cm/cex no
1000—2000 cm/cex. He MeHbllee pa3HooGpa3ue HMeeTcs U
B BHJe HaHJeHHbIX 3KCIEePHUMEHTAJbHO 3aBHCHMOCTEH CKO-
pOCTH NOBEDXHOCTHOH pPEKOMOMHALHH OT I[0BEPXHOCTHOTO
noreHuuasa. Heo6xoaHMo noguepKHyThb, UTO MOJIyYeHHe MO-
CleIHHX B JOCTATOYHO IUHPOKOM [HanasoHe H3MeHeHHS
NOBEDXHOCTHOTO  IOTEHLHasJa BCTpPeyaeT 3HAUHTEJbHbIe
TPYAHOCTH BCJlefCcTBHe 0oJiee BHICOKHX KOHIEHTpaIUi
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TIOBEPXHOCTHHIX LIEHTPOB 3aXBaTa Ha KPeMHHHU [0 CpaBHe-
HHIO CO cJlyyaeM repMaHHS.

B pa6orte [232] u3aMeHeHHe NOBEPXHOCTHOTO MOTeHIHAJA
JOCTHTaJIOCh 3a CYeT H3MeHEeHHMs Ta30BOr0 OKDYyXKeHHS H
npeJBapHTEJbHON XHMHUYeCKOH 06paGOTKH NMOBEPXHOCTH 06-
pasuoB. Kak 6ylaer BHAHO u3 AaJjbHefllero, Takod MeTOJ
MOXeT INPUBOAMUTb K H3MEHEeHHIO KOHLEHTpalHH, a HHOraa

Jlaxke U NPUPOAbl peKoMGHHA-
S, omfeer LIMOHHBIX LEHTPOB, OINpefe-
JAIOUIMX MOBEPXHOCTHYIO pe-
KOMOHHALHIO  NPH pPasHbIX
3HAayeHUsX  MOBEPXHOCTHOTO
noteHunana. B paGorax [67,
206, 223, 233, 234, 235] no-
BEDXHOCTHBI/I MNOTEHIHAJ H3-
MeHslJicsl B JOBOJILHO 3HAayH-
TeJbHBIX IIpegesax 3a cuyeT
3 s¢pdexta noas. IlonyuenHele
CJ0XKHBIe KPUBble 3aBHCHMOC-
ts 04l TH S=f(Y2) MHTEPIIPeTHpO-
Puc, 25.12. 3aBHCHMOCTb CKOPOCTH BaJIUCh B npe;mono;xeﬂnﬂ
NOBEePXHOCTHON peKOMOGHHALHH OT No-
BepXHOcTHOTO  sJektpoctatHueckoro O JABYX HJIM OaxKe Tpex OHC-

TOTEHUHANA HA KPEMHHH. KPeTHBIX peKOMOHHALlMOHHbBIX

ypoBHsix. Ilpumep Takoi 3a-
BUCHMOCTH H ee HHTepIpeTaUHH HECKOJbLKHUMH 3JeMeHTap-
HbIMH KDHBBIMH MNpHBeneH Ha puc. 25.12. OueBHAHO, uTO
Takas WHHTeplpeTalHds OTHIOAb He MOXKeT paccMaTpPHBAThCS
B KayecCTBe JOCTAaTOYHO OJHO3HAYHOH.

Mo2xHo nymaTh, UTO OCHOBHLEIE 3aKOHOMEDHOCTH IIOBEpPX-
HOCTHBIX 3JIEKTPOHHBIX NPOLIECCOB Ha KpeMHUH B o6liem
TaKHe Ke, Kak AJasa repManus. OQHAKO HX HCC/el0BaHHe
CHJIBHO OCJOXHseTcs OO0JblIHM pa3HooO6pas3ueM [nedeKTOB
rpaHUllbl pasfesna KpeMHHUH — NJIeHKAa OKHCHBIX €r0 COelMHe-
HHH, a TakXe U OCOGEHHOCTSIMH HepreTHYeCKOH CTPYKTYpHI
caMoro KpeMHHs (GoJsiee lIMpOKasi 3anpelieHHas 30Ha, 6o-
Jee rayOOKHe MpHMecHHe YpOBHH B oOGbeMe). B cBsasn
C 3THM [IOJlyYeHHe HaJeXHbIX U BOCIPOU3BOAHMBIX AAHHBIX
0 NMOBEPXHOCTHBIX 3JEKTPOHHLIX Mpoleccax Ha KPpeMHUH cTa-
HeT, BHAHMMO, BO3MOXHBIM INpH HCcJaegOBaHHAX OoJjiee UH-
CTBIX KDHMCTAJIJIOB KPeMHHs W nocje pa3paboTku 6oJee co-
BepLIEHHBIX METOAOB HX IIOBEPXHOCTHOH 06paboOTKH.

-0 =5
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§ 26. U3MeHeHHS 3JeKTPOHHOH CTPYKTYpbI
NOBEPXHOCTH repMaHus NpPH HEKOTOPLIX
BHELIHUX BO3JeHCTBHAX

[lo-BunuMoMy, NepBEIM MOSIBUBIIUMCS B JIMTepaType yka-
3aHHEM Ha BO3MOXKHOCTb H3MeHeHHsI KOHLleHTpalH# noBepx-
HOCTHBIX LEeHTPOB peKOMOHHAUMH TNyTeM HEKHX BHELIHHX
BO3IEeHCTBHI siBIsieTcsi cTaThs [48] aBTOopa Hacrosieit Mo-
Horpaduu. B sToii paGoTe 0oTMeuaJoCh BecbMa 3HAUHTeNbHOE
BO3pacTaHHe CKOPOCTH NMOBePXHOCTHOH peKOMOGHHAIHU B pe-
3yJbTaTe MPOrpeBoB 06paslOB repMaHHsl NMPU TeMIepaType
okosno 100°C B BakyyMe, CyXOM KHCJIOPOJe HJIH BO3AYXe.
I1porpeBrl BO B/1a)KHOM BO3IyXe INPHUBOIUJIN K He3HAUHUTENb-
HbIM H3MeHeHHsIM, a BO3BpallleHHe CKODOCTH NMOBEePXHOCTHOMH
peKOMOHHALlUK NOCJe BO3[efCTBHS TNporpeBa K ee HCXOX-
HOMY 3HaueHHIO OblIO OTHOCHTENbHO MeJJeHHbIM (HecsiTKH
4yacoB) B CyXolff aTMocdepe H OueHb OGBICTPHIM ([ECATKH MH-
HYT) BO BJIaXKHOH aTMocdepe. Bckope aBTOpOM ¢ COTpPYIHH-
KaMHu [49] 6Bl10 ycTaHOBJEHO aHAJOTHYHOE BJHSIHHE O30HH-
POBAHHOTO KHCJOpOJAa HAa KOHLEHTPALHIO 1IeHTPOB MOBepX-
HOCTHOH peKOMOMHAalMH, KOTOpas, KakK 1 B c/lyuyae pOrpeBOB,
3aMeTHO BoO3pacTaJjla BCJEACTBHe [EHCTBHS 030HA, 3aTeM
TeM ObICTpee BO3Bpallajach K HCXOAHOH, yeM BhIlle Obljia
BJIAXXHOCTb OKpyXKamolleit arMocgepbl. TH NaHHBIE, TaK Xe
KaK H Noc/elylolllHe pe3yJbTaThl CHCTEMaTHYECKOTO HccJe-
JIOBAHHS1 BJHSIHHA MPOTPEBOB B BaKyyMe, ObLIM MOJyUYeHBl Ha
o6pa3lax npoTpaBjeHHbIX B NepeKHCH BOLOPOAA CO HIeJO0YbIO.

HccnenoBaHne BIMAHHMA O30HA M BJAXKHOH aTMocdephl
Ha KOHLIEHTPAUHH MOBEPXHOCTHBHIX LEHTPOB 06pasloB rep-
MaHHsl Cpasy mocJie UX TpaBjeHHs B pactBopax tuna CP-4
6ns10 BRIMOJHEHO B pabore [201]. B aroit pabore mocae
KPATKOBPEMEHHOTO BO3JeHCTBHA 030HAa 06Gpasnbl HAXOIH-
JIUCb B CYXOM KHCJIOpOJe, a 3aTeM — BO BJIaXKHOM a30Te H
CHOBa B CyXOM KHcJaopojde. M3amepeHHs] NOBEPXHOCTHOTO MO-
TeHllMaJa, KPUBBIX KBa3sHPaBHOBeCHOro 3axmaTta, (oTompo-
BOAMMOCTH H 3(deKTa 1nojs npH OCBellleHHH NPOU3BOIHJIHChH
B aTMocdepe CyXOro KHcJ0pOoAa Mocje MpeAllecTBYIOUIHX
BO3JeHCTBHH 030Ha uaM BJjard. FlHrepnperupys csou
pesv.ibTaTbl B MPEAMNOJOXKEHHH O 4YeThlpeX TIpynmax mauc-
KDeTHBIX YPOBHeH, aBTOpbl MNPUUIIH K 3aKJIOYEHHIO, UTO
KOHUEHTPallMH [OBYX H3 HHX, paclOJOXEeHHbIX BOJH3H
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CepefMHBl 3aNpelleHHOl 30HBI, BO3pAaCTalOT MOCJe BO3fel-
CTBHSl KaK 030HA, TaK W BJIaXXHOU aTMocgepHl.

IlocnenHuil BEIBOJL HAXOAUTCS B Pe3KOM MPOTHBOPEUHH C
ONMCAHHBIM BBIIE H YACTHYHO OOYCJIOBJEeH HeLOpa3yMeHHEM,
a YaCTHYHO CBfI3aH C HHOH NOCTAHOBKOH 3KCMepHMeHTa, B
KOTOPOM HCCJIe[JOBaJIUCh He pa30Bble BO3AeHCTBHS [aHHOH
atMoc(epbl, a H3MeHEHHS COCTOSIHHS [OBEPXHOCTH HpH
NepHOJHYECKOM I[IOBTOPEHHH Tra3oBoro UWKaa bapauHa —
Bpastrena, nocie TOro Kak 3TH H3MeHeHHs CTaJH AOCTATOYHO
XOpOIIO BOCAPOH3BOAUThCsA. OTCyTCTBHE TaKO#l BOCIPOH3BO-
IHMOCTH IOCJe BO3AeHCTBHSI COOTBETCTBYIOLLEH aTMocgepsl
B IepPBBIX LHMKJAaX OTMEYAIOT M CaMH aBTOPHl IHTHPYeMOM
pa6oThl. B nanbHefiliem AaHHBle 3TO# pabOThl OBIIM TIPO-
aHaJu3HpoBaHbl B pa6ore [236], roe ObinM BHISICHEHH MPH-
YMHBl TOJy4YeHHs OlIKHGOYHOro BEIBoja. (Okasajoch, YTO
yacTb AaHHbIX pa6otel [201], Tak ke Kak u aApyro#l paGorhl
[237], HeBepHO HHTepnpeTHpOBaJach aBTOPAMHM, TOTJa Kak
NPy NPaBHJbHOH HHTEPNpETalHH OHU CBHAETENLCTBYIOT 06
yMeHbLIEHHH KOHLEHTPAlUUu peKOMOUHAIHOHHBIX IIEHTPOB
npu agcop6bumu Boabl. C ApPYro#l CTOPOHBI, HEKOTOpPHIE AaH-
Hble pa6oThl [201] geficCTBHTENBHO COOTBETCTBYIOT aHOMAJlb-
HOMY [eHCTBHIO BOJbl, HO 00YCJOBJIEHB HeCTaGHIbHOCTHIO
CJ10s1 OKHCHBIX COeIHHEHHI Ha CBeXeNpoTpaBJeHHOH Io-
BEePXHOCTH IepMaHHs, IePHOAHUYECKH NOJBepraeMoil Bo3jeii-
CTBHIO a30Ta BBICOKOH CTeNeHH BJIaXKHOCTH.

OO6Hapy:KeHHble H3MEHEHHSI COCTOSIHHSI TIOBEPXHOCTH 06-
paslOB repMaHus B pe3y/bTaTe HH3KOTEMMeEPAaTyPHHX Mpo-
rpeBOB, BO3JeHCTBHA O30HA W BJIaTH OTKPbUIH TNYyTh [Js
pa3paboOTKH MeTOL0B KOHTPOJHPYEMOro H3MeHeHHs] KOHLEH-
TpPalMH NOBEPXHOCTHBIX cocTosiHMi. Pa3paboTka ke Takux
MeTOIOB, ecjH Obl OHa 0Ka3asjacb OCYILEeCTBHMOM, mpef-
CTaBJANach BeCbMa MePCHEeKTHBHON 1151 U3y4eHHsl IPHPOJIBI
MMOBEPXHOCTHBIX COCTOSIHHI. M0XKHO OBLIO pacCUUTHIBATDH TaK-
e, YTO MOCTAHOBKA 3KCIEePHMEHTOB C KOHTPOJHpPyeMbIM
H3MeHeHHeM KOHLEHTpAaIluii MOBEPXHOCTHBIX COCTOSIHHH pas-
HOrO THNa MO3BOJHT BHISIBUTb LEJBII PSJ HESICHBIX BOMpO-
COB, TAKHX KaK AHCKDPETHOCTh HJIH HENpPEPLIBHOCTb pacrpe-
JleJIeHUH MOBEPXHOCTHBIX YDOBHEH H T. M.

Takass nporpamMMa Obla pa3paboTaHa M BHIIOJHS1aCh
Ha NPOTAXKEeHHH pAfa JeT aBTOPOM MOHOrpaduH W rpynnoi
€ro COTPYAHHKOB. [lepBbIM NMyHKTOM 3TOHl NpPOrpaMMBbl, no-
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TpeGOBaBLIMM MHOTO BPEMEHH M CHJ, fIBJsJAaCh CTaHAAPTH-
3aIHs MOBEPXHOCTHOH 06pabOTKH 06pa3lloB repMaHHsl U Ha-
YyaNbHBIX YCJOBHH COCTOSIHUSI Ta30BOrO OKPYXeHHs, € TeM
yTOObl NOOUTbCS LOCTATOYHO XOPOILleH BOCIPOHU3BOAHMOCTH
pe3yJbTaTOB H3MepeHHH. BaXKHOCTb OCyllleCTBJEHHS 3TOTO
aTana ¢ OYeBHJHOCTbIO BhITEKAeT M3 pe3yJ/bTaTOB NpeNbIy-
mwux naparpagos, r'ie OTMeYaJHCh He TOJNbKO KOJIMYECTBEH-
Hble, HO JaXKe KaueCTBEHHble DA3JIHUHs COCTOSIHHS MOBEpX-
HOCTH 06pasioB B pa3HbIX 3KCNepuMeHTax. [{/1d LOCTHKEHUS
[OCTaBJIeHHOA LeJH ObIIH BO3MOXHO 06oJiee TOYHO OMpe-
JeJIeHbl YCJOBHSI BCEX ONepauuii MoBepXHOCTHOH 06paboTKu
06pa3noB — UX WJIHGOBKH H NOJHPOBKH, TpaBJ/eHHs, Npo-
MBIBKH M cywku. [Ipu 3TOM GblNM BHIGpPAHBl TaKHe YCJIOBHS
[OBEPXHOCTHOH 06paboTKH, KOTOpHle, Hapsily C YXOBJETBO-
pUTe/bHOH BOCIPOH3BOIHMOCTbIO IOBEPXHOCTHBIX CBOKCTB,
obecneunBany Obl BBINOJHEeHHe TpeGoBaHHH, 0053aTebHBIX
[J1s1 NPOBeleHUs1 SKCIIePHMEHTOB NO MeToAy 3ddeKTa moJs
(o6U1asi MJIOCKOMapaJJeJbHOCTh TpaHell H OTCYTCTBHE MakK-
popeabeda nosepxHoctu). Hanbosee yno6uniM BuiOM Tpab-
JIeHHsl, B UaCTHOCTH, 0Ka3aJloch TPaBJIeHHe B KHMsIeHd KOH-
LIleHTPUPOBAHHOI NepPeKHCH BOAOPOAAa C KOHTPOJHDPyeMOH
He6oJbIIOK H06aBKOK 11e]0YH, KOTOPOMY B YCJOBHSIX KOM-
HaTHOTO BO3/lyXa COOTBETCTBOBAJH BecbMa MaJjble Hauajb-
Hble 3HAQUEHHs1 CKOPOCTH MOBEPXHOCTHON peKOMOMHAUMH —
nopsiika AecATKOB cM/cex. XapaKTepPHCTHYECKHe pa3Mephl
peabeda MOBEPXHOCTH 00pas3lOB He NpeBbILIAIH TP 3TOM
0,5—1 mxm.

B KauecTBe OCHOBHOTO MeTOJa HCCJIeNOBAaHHI GblI H3-
6pan ABYCTOPOHHHH 3¢ (eKT Mnojs Ha GOJbIUHX CHHYCOH-
JaJbHBIX CHTHaJax B KOMOWHAIMH C H3MEDEHHSIMH CTallHO-
HapHoit ¢oTonposoaumocTH (cM. § 12). CneunanbHele Hc-
c/leJ0OBaHHs NOKa3aslH, 4To HaHObOJee NOJHO Tpe6OBaHHIO
BOCIIPOM3BOAHMOCTH COCTOSIHHSI MOBEPXHOCTH 0GPas3lOB OT-
seyaeT BakyyMm nopsinka 1-107¢ Top. Ilockonbky B TO XKe
BpeMsl CTaHAAaPTHOCTb TAKOH cpelbl JIeTKO KOHTPOJIMPYeTC,
OHa W Oblja NMPUHSATA OTIPABHOH TOYKOH BCEX OMHUChHIBAEMBIX
HHXKe HcclenoBaHui. CreneHb BOCNPOM3BOAMMOCTH COCTOS-
HHS NMOBEPXHOCTH HCCJeAYyeMbIX 06pa3loB MOXKeT ObITh 0Xa-
pakTepu3oBaHa pHc. 26.1, rie nmpuBemeHbl SKCNEPHMEHTAJb-
Hble JaHHble 3aBHCHMOCTH CKODOCTH I[OBEPXHOCTHOH pe-
KOMOHHAUUK OT MOBEPXHOCTHOTrO MOTeHUHasa JJas ABYX
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pasnuuHbeIX 06pasloB, MpOIIeALIHX CTAHAAPTHYIO 06paboTKy.
[Tpu pasnMyu¥ MakKCUMaJbHBIX 3HAUEHHH CKOPOCTH MOBepX-
HOCTHOH pekoMOGuHanuu Ha 15—209, oTHOCHTeJbHbIE
3HaueHHs] S/Smax, @ TaKxKe MOJOKEHHUsS] MAKCHMYMOB PEKOM-
O6MHALMOHHBIX KPHUBBIX M 3HAUEHHS HX NMOJYLIHPHH JeXaJ/d

S/Smaz
100+

Puc. 26.1. Bocnpou3soAMMOCTb pe3yJbTaTOB H3Mepe-
HHH CKODOCTH NOBEPXHOCTHOH PeKOMOGHHALHMH Ha rep-
MAaHHH NPH CTAHAAPTH3HPOBAHHON NOBEPXHOCTHOH 06-

pa6orke (rpaBnenne B H;0;). Bakyywm 1-10~6 T0PD.
Smax1-260 cm/cex (0603H. KpyxkkKamu), S

‘max 2™
=290 cm/cex (0603H. KpeCTHKAMH).

B IMpefejax MOTPeLIHOCTH ONpefeJeHHss MOBEPXHOCTHOrO
3JIeKTPOCTaTHYECKOTO MOTeHIHaJja, He NpeBBIAIONIeH A/
uccaenoBaHubix obpasnoB *+0,3 £T/g. To ke MOXKHO cka-
3aThb O KDHBBIX KBA3HpPAaBHOBeCHOro 3axsaTa (pHC. 26.2) u
0 PaBHOBECHbIX 3HAYEHHAX MOBEPXHOCTHOTO 3JE€KTPOCTATH-
YeCKOT0 NMOTEHIHaJa B OTCYTCTBHe MONepeyHOro 3JeKTpHue-
ckoro moas (ta6a. 26.1).

CneflyeT OTMETHUTb, YTO MOJy4YaBLIHeCS B 3THX HcCCJeno-
BaHHUAX peKOMOGHHAIMOHHbie KpHBble 1O cBoeil ¢opme He
TIO/IHOCTbIO COOTBETCTBYIOT TE€OPETHYECKOH KPHUBOH AJs AH-
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CKPeTHOro PeKOMGHHALMOHHOrO ypPOBHS. DTO pasijHuHe, Of-
HAaKo, CPABHUTEIbHO HEBEJHKO H MOXeT ObITb NPAaKTHYECKH

G {ﬂfﬂyﬂ/cﬂ’
J

0=
\?\;\g
[ER R Ty, 3N (/J DA WSO TN A MR O R S
-4 J =2 - 2*@2_2% 6 7}3'; ”/.9;
-nk &x\g\z\

-af .

=30k

Puc. 26.2. BocnpoH3BooHMOCTh JaHHBIX MO 3aXBaTy.

IOJIHOCTBIO YCTPAHEHO, eC/IH NPHHATb, YTO IKCIePHMEHTANb-
Hasi peKOMOMHAaLMOHHAs KpHBAs fBJSETCS Pe3y/JbTaTOM
CJIOXKEeHHs] TeOopeTHYeCKOH KOJNIOKOJOOOpa3sHOH KpPHBOH H

Ta6aunma 26.1

Bocnpon3BogHMOCTb 3HaUYe€HHH paBHOBECHOro
[OBEPXHOCTHOTO 3JIeKTPOCTaTHYECKOrO
MOTEHIMaNa U [IOJIHOTO MOBEPXHOCTHOrO

sapsja AaA oOpasuoB repMaHHs
¢ oaMHaKOBOM MOBepXHOCTHOA 06paGoTKOM.
Bakyym (1 + 2)-107% rop, T=300°K,
TpaBienne B H,0,

f,’;;{& Yo en. kT/q Quoan-10% Kyalew?
3 2,6 1,7
5 2,4 1,4
13 2,0 1,1
28 2,4 1,3
46 2,2 1,6
52 2,5 1,8
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HeKOTOpo#l 106aBKH, He 3aBHCALLe#d OT MOBEPXHOCTHOTO 3J1€K-
TPOCTATHYECKOTO MOTeHLHaJ a. Beanunna 31oit 106aBKH, NpH
TOM COCTOSIHHH NOBEPXHOCTH o6pa3sia, KoTopoe ObLIO OXa-
PaKTepH30BaHO BhIlle B KaueCTBe HCXOAHOrO, He MpeBhIllala
o6eiuno  10—15% ot
S, cmfcen S0 Smax- Kak Gymer BHAHO
ot najiee, J0Js CKOPOCTH
NIOBEPDXHOCTHOH  peKOM-
6uHauuy, TpaKTHYECKH
He 3aBHCsillell OT IOBEPX-
HOCTHOTO  I[OTeHIHaJja,
CYLIeCTBEHHO 3aBHCHT OT
COCTOSIHHSI TOBEPXHOCTH
06pasioB W MNpH Ompe-
JeJleHHBIX YCJOBHSIX MO-
KeT poxolutb xo 1009,.
K Bompocy o mnpupoze
COOTBETCTBYIOILIHX ei pe-
KOMOHHAIlMOHHBIX  IIPO-
meccoB Mbl obpaTHMcCH
HEeCKOJIbKO [MO03XKe.
Camo paccmaTtpuBae-
MOe HCClIefOBaHHE CO-
CTOSIO M3 [ABYX, B 3Ha-
YHTeJbHOH Mepe He3aBH-
g'az”}’q CHMBIX JPYr OT Apyra,
yacTefl — H3YyuYeHHUST H3-

Puc, 26.3. BansiHte KpaTKOBpeMeHHBIX (5 Mun) MeHeHHH B SJIeKTpOHHOﬁ

nporpeBoB B BaKyyMe Ha CKOPOCTb MOBepXx-
HOCT}II’OVI pEKOMﬁﬂﬂaaol.égPll{ H3MepeHHYI0 INpH CTPYKTyp€ MOBEPXHOCTH

repMaHus, 0G6YCJOBJEH-

HbIX NpOrpeBaMH B Ba-
kyyme [71, 198, 228, 238, 239, 240, 241, 242] u usyueHus
BJIMSIHHS O30HHPOBaHHOro kucjaopona [49, 50, 239, 242, 243].
[IporpeBrnl B BakyyMe H HEKOTOPBIX APYTHX Ta30OBEIX aTMO-
chepax NPOBONHJIMCH NMPH TeMIepaTypax, He MpeBblUIAIO-
mux 750° K. Kak H3BeCcTHO, NpOrpeBEl NpPH TeMIepaTypax
auxe 500°C He NpPUBOAAT K CYLIECTBEHHBIM H3MEHEHHAM
06beMHBIX CBOHCTB repMaHHs, 0cOOEHHO, eCJIH NOBEPXHOCTb
06pas3ioB He COLEPIKHT CKOJBbKO-HHOYAb 3HAuHTeJbHBIX 3a-
rpAI3HEHHA aTOMaMH Me[IH, HHKeJsl H HEeKOTOPBIX APYTHX
MeTaanoB. [lJs KOHTPOJS OTCYTCTBHSI TaKHX H3MeHeHHH

1750
1500

1250

750

4

L
%
S
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o6pasipl, MOABepraBlIvecs BO3[efCTBHIO NpPOrpeBOB, Mepe-
TPaBJIMUBAJIHCh, 1OCJEe Yero MOBTOPHO H3MepSJIHCh HX 00%b-
eMHble cBoficTBa. MaJsasi CKOpOCTb MOBEPXHOCTHOH peKOoMOH-
Haluu cpasy nocJje TpasieHus B HyO, nosposusna 6u1 3ame-
THTb Jaxe BecbMa He0oJbllHe H3MeHeHHS OGBEMHOro
BpeMeHH XKH3HH, MPAaKTHUECKH COBNAJAIOIIEro B 3TOM CJy-
yae ¢ 3(p¢eKTHBHLIM BpeMeHeM XH3HH 00pasloB.

Buausinie KpaTKOBpeMeHHBIX (5 MHUHYT) NpOTpeBOB B Ba-
KyyMe, OpH TeMnepatypax mnporpesoB no 650°K, Ha cko-
pOCTb NOBEePXHOCTHOH peKOMOHHALMH M KBa3HPaBHOBECHHI
3axBaT, U3MepeHHble npu Temnepatype 300° K, nmokasaHul Ha
puc. 26.3 u 26.4. BuaHo, yTO CyIUecTBYIOT fBe 06JacTH TeM-
nepatyp nporpesos — a0 500°K wu BhIllle, ¢ KaueCTBEHHO
pas3/HUHbBIM XapaKTepoMm NPOHUCXOAALINX H3MeHeHHH. B pe-
ayjbTaTe nporpeBoB Ao 500° K makcumasnbHOe 3HaueHHe
CKOPOCTH MOBEPXHOCTHO! pPEKOMOMHAUMM H OOLIHi HaKJOH
KPHBBIX 3aXBaTa MOHOTOHHO Bo3pacTaloT. [IpH 3TOM pekom-
6MHALHOHHblEe KpHBBle COXPaHSAIOT CBOW (GOPMYy, TakK UTO
KpuBble S/Smax = f(Ys) MpakTHUeCKH COENaganu Gl ApYyr ¢
apyrom. ITporpesr! npu GoJsiee BHICOKHX TeMIlepaTypax MpH-
BOMAT K YMEHBIIEHHIO Smax H H3MeHeHHIO (QOpPMBI KPHBOH,
KOTOpOe 3aKJi04yaercsl B YBeJHYEHHH JOJNH CKOPOCTH NOBepX-
HOCTHOH peKOMOHHALMH, TOYTH He 3aBHUCALIEN OT MOBEpX-
HocTHOro moTeHuuana. IlporpeBn npu 700—750° K mnpu-
BOAAAT K HCUE3HOBEHHIO KOJIOKOJ00Opa3HOH KOMIIOHEHTHI
CKOPOCTH NOBEPXHOCTHOH PeKOMOMHALHH, HO NpPH 3TOM BO3-
pacTaer ee J[0Js, MaJo 3aBHCALlas OT MNOBEPXHOCTHOIO
notenuuaJga (puc. 26.5,a). O6uuil HaKJIOH KPUBBIX 3aXBaTa
nocJje KpaTKoBpeMeHHbIX mporpesos npu 600—650° K nu6o
HeMHOTO YMeHbIIAeTcsi N0 CPaBHEHHIO C HAKJIOHOM [OcCHe
nporpeBa npu 500° K, kak 310 cnenyer u3 puc. 26.4, au6o
npakTHueckd He H3MeHsieTcsi. [Tocsie nmporpesoB mpu 700—
750°K HakJOH KpHUBBIX 3axBaTa BHOBb BO3pacraer
(puc. 26.5,06).

PaccMoTpuM pe3yJ/bTaThl 3KCIEDHMEHTOB B KaXXJIOi H3
o6JiacTeil TeMnepaTyp nporpesoB 6oJiee MOAPOGHO.

[Tockosnbky ¢opMa peKOMOHHALHMOHHBIX KPHUBHIX MOCJe
nporpesoB 10 500° K He H3MeHseTcsi, a DOJb MOCTOSIHHOMN
106aBKM MaJja, MOXKHO CYHTaTh, YTO NOJyueHHble MaKCH-
MaJjibHble 3HAueHHs CKOPOCTH MOBEPXHOCTHON peKOMOGH-
HalMH TNPONOPLHOHAJbHEl KOHLEHTpaUMAM JAeHCTBYIOIIUX
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pekoMOHHAIMOHHBIX 1eHTpoB. Ha puc. 26.6 npusenexa 3a-
BHCHMOCTb Jorapudma Smax OT o0O6paTHOH TeMmepaTyphl

Qs 10° nyafom?

00

Puc. 26.4. BiusHue KpPATKOBpEMeHHLIX NPOrpeBOB B BaKyyMe
Ha 3aXBaT GHICTPHIMH MOBEPXHOCTHLIMH COCTOSIHHSIMH.

nporpesa. JKCNepHMeHTaJbHble TOYKH XOPOLIO JOXKATCA Ha
npsiMble GIM3KHX HAK/IOHOB, OTKyJa CJeAyeT, 4TO Mpolecc
BO3paCTaHUsl KOHIEHTPAalUHH PeKOMOMHAUHOHHBIX LEHTPOB
HMeeT AKTHBALHMOHHBIA xapakTep. DHeprus akTHBAIMH, ONpe-
JleJIeHHasi 10 HAaKJOHAaM NpAMBIX, 6au3ka K 0,2 38. IIpsamele
3KCINEPHMEHThl 10 NpHBeleHHI0 06pa3uoB, NMPOTPeThIX MpH
TeMmnepaTtypax 500° K MM HHXe, B KOHTAKT ¢ BJaXXHOH
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Puc. 26.5. Buusnue nporpeBoB B BaKyyMe INpH NOBHIIIEHHBIX TeMnepaTypax Ha:
a) CKOpoCTb NMOBEPXHOCTHOA PeKOMOGHHALHH; 6) 3aXBAT GLICTPHIMA MOBEPXHOCTHBIMH
cocronHuaMH. KpuBas [ — 10 nporpeBa, KpHBas 2—mnocJje nporpeBa npH 500°K,
KpHBas 3 — mocJje 5-MHHYTHOro nmporpeBa mpu 750°K, 4— mocJsie yacoBoro ngorpeaa
npR 750° K, kpHBas 5 — agcop6uus MapoB BoAh MocJe nporpesa npu 750° K.
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i
6t v

5 .
10 15 a0 a0
1000/

Puc. 26,6, 3aBucumocTs S, . OT o6paTHOi TeMmmepa-
TYpH nporpesa.
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aTMocGepoii NOKasa/ju MOJHYI0 OGPaTUMOCTb BbI3BaHHHIX
nporpesoM usMeHeHHH. Takum 06pa3oM, MOXKHO yTBEepPK1aTh,
4YTO BO3pacCTaHHe KOHIEHTPAalUWUH peKOMOHHAIMOHHBIX LIEH-
TPOB B pe3yJ/bTaTe NPOrpeBOB HpH TeMneparypax a0 500° K
o6ycnoBneHo aecopOuHell BOAbI C NOBEPXHOCTH TrepMaHHs.
Ha6nopaemblii OfHOBpeMEHHO pOCT HAK/IOHA KPHUBBIX 3a-
XBaTa B pe3yJbTaTe IIPOTPeBOB NpH TeMIepatypax xo 500° K
CBHETENLCTBYET 00 00lIeM BO3pacTaHUM KOHIEHTpalHil no-
BEDXHOCTHBIX COCTOSIHHH C yPOBHSIMH, PacloOJIOXKEHHBIMH BO
BCeH JOCTYNHOH B 3KCIIEPHMEHTEe YacTH 3alpellleHHOH 30HEBI
Ha NOBEPXHOCTH.

Heo6x0aHMO, 0QHAKO, OTMETHTb, OTCYTCTBHE NDPOMOPLH-
OHAJIbHOCTH M3MeHeHHH MaKCHMaJsbHBIX 3HaUeHHH CKOPOCTH
MOBEPXHOCTHON peKOMGHHALHM H HAKJOHA KPHBHIX 3aXBaTa
npu Tex 3HAUEHHAX MOBEPXHOCTHOTO 3JE€KTPOCTAaTHYECKOrO
NOTeHNHaJa, e AOJKeH Obll Obl NMPOABJATbCA 3axBaT Ha
JNUCKPeTHBIl peKOMOHHAUHOHHBIH ypoBeHb (Ys = 6kT/q).
Tak, OTHOLIEHHS MAaKCHMAJbHBIX 3HaYeHHH CKOPOCTH IIO-
BEPXHOCTHO! peKOMOHHauuu nocje mnporpesos npu 400 u
500° K K Smax 0e3 nporpesa paBHbl, COOTBETCTBEHHO, 4 u 10.
CooTBeTCTBYIOIIHE K€ HM OTHOIIEHHS HAaKJIOHOB KDHBBIX
3axsara paBHH 2,4 u 7,2. 3ameTuM cpasy, uto GoJjiee BLICO-
KOTeMIlepaTypHble NpPOTpPeBbl NPHUBOAAT K ellle Gosee pasu-
TeJbHBIM HecooTBeTcTBHAM. [lporpes mpu 600°K paer se-
JHYAHY Smax, BABOE MeHbLIyI0 YeM [OCJAe MpOrpesa MpH
500°K, a Hak/IOH KpHBOH 3axBaTa H3MeHseTCs BecCbMa
He3HauuTeJbHO, a B HEKOTOPBIX CJaydYasiX He U3MEHSIETCS BO-
Bce. PexomMOHHaLHOHHBIE KPHBEIE mOcae nporpeos npH 400
1 600° K npakTHUeCKH mapaJjesbHBl IPYr APYry, YTO COOT-
BETCTBYeT JIHIIb HeGO/bIIOMY Pa3/M4YHIO B BeJHYHHE KOMIIO-
HEHTBl CKOPOCTH IOBEPXHOCTHOH peKOMOHHALUM, He 3aBHCS-
ulefi OT HOBEPXHOCTHOrO NOTeHuHaJa. B To e BpeMs Ha-
KJIOHbl COOTBETCTBYIOUIMX KpPHBBIX 3axBaTa pasJ/HyaloTCs
MOYTH BABOe MPH BCeX 3HAaUEHHSX MOBEPXHOCTHOTrO MOTEH-
uuana, Haxkonen, nocne nporpesos npu 700—750° K xodo-
K0J1006pa3Hasi yacTh peKOMOHHALHOHHON KPHBOH Hcuesaer,
a HAaKJIOH KPHBBHIX 3aXBaTa De3KO BO3pacTaer.

Bce 3TH ¢akThl CBHAETeJbLCTBYIOT O TOM, UTO 3aXBaT Ha
peKOMOHHALMOHHEIA YpOBeHb, OTBETCTBEHHBIH 3a KOJIOKOJIO-
o6pa3Hyl0 peKOMOMHALHOHHYI0 KDHBYIO, He TPOSIBJsETCS
B KPHBEIX KBa3HpaBHOBeCHOro 3axmara. IlocneuHe ompepne-
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JAI0TCS YPOBHSIMH 3aXBaTa, HeNpephHIBHO paclpeliesleHHBIMH
B 3amnpellleHHOH 30He HAa IOBEPXHOCTH, TOTAA KaK KOHIEeH-
TpanuH peKOMOHHAIMOHHBIX YPOBHEH NOJIKHBI GbITH I10 Kpa-
Hel Mepe Ha MOPSJAOK HHUXKe KOHLeHTpalHi ypOBHelH 3axBaTa
TOr'0 e HepPreTHYECKOTO MOJIOKEHHS.

ITockobKY KOHUEHTpauusi PeKOMOHHALMOHHBIX IIEHTPOB
pacrer BCJeACTBHe NecOPOLIMH MOJIEKYJ BOIBEI B XOHAe MpO-
rpeBoB 10 500° K u BHOBb BO3BpallaeTcss K CBOeH HCXOXHOM
BeJIHUHHe 1OcJe HX aacopOuuH, ancop6HpOBaHHBIE MOJEKY-
Jbl BOABl JOJI2KHbl KaKHM-TO o6pa3oM HeHTpa/jH30BaThb
pPeKOMOHHALMOHHbIE 1€HTPbl HAa M[OBEPXHOCTH TrepMaHHs.
MoxXHO B npHHUMIE NpPelJOKHTh HECKOJNbKO Mopenel mo-
BeDXHOCTHBIX DPeKOMOHHAIMOHHBIX IIEHTPOB, COBMECTHMBIX
¢ HabmonaeMblM 3((peKTOM HUX aKTHBALMH NPH yoaJeHHH
BOJABl 4 HeHTpaJH3alMy NPH ee MOBTOPHOH aACOPGLHH.

OnHa M3 HHX HCXOAMT H3 NpPEANOJIOXKeHHs, 4To obpaso-
BaHHe LEHTpa peKOMOMHAUUK 06YyCJOBJEHO OTIIeNJeHHeM
MOJIEKYJIbI BOJbl OT ABYX THJPOKCHJIOB, CBS3aHHBIX Ha Ka-
KOM-J11060 nedeKTe MOBEPXHOCTH, a HeHTpa/au3allUs IeHTpa
o6yc/oBjeHa OGpPaTHbBIM NpPOLECCOM NpPH aACcOPOUHH MOJe-
KyJul BOXbl. Boo6lie roBopsi, 3T0 INpennosoKeHHe KaxKeTcs
NOBOJIBHO MaJIOBepPOSTHLIM, HOO NpH HeM mpollecc o6paso-
BaHUS M HeHTpaJH3allHH MOBEPXHOCTHBIX peKOMGUHAIHOH-
HBIX LIeHTPOB N0JIKeH 6bl OBl GbITh OCOGEHHO CHJIBHO BBHI-
paxeH B 00/1aCTH MaJIbIX 3aMOJIHEHHH NOBEPXHOCTH repMma-
HHUS1 BONOH. B neficTBUTEbHOCTH e OH mposBjasieTcs B 06-
jgactu OOJBIUHMX 3aMOJHEHHH, TAe MO NaHHBIM axcOpOUHOH-
ubix [131] 1 Macc-cnekTpoMeTpHuecKnx H3MepeHuil [245] Ha
[OBEPXHOCTH TrepMaHHs CBSI3aHO HECKOJbKO MOHOCJIOEB
BoIbl. XOTsl MOCJefHee YTBepXKJeHHe MOJHOCTbIO OTHOCHTCS
H K oOpaslaM, HaXoAsIIUMCsl B BaKyyMe, 3Q(deKT akKTHBALUH
NOBEPXHOCTHBIX DPEKOMOHMHALMOHHBIX LEHTPOB ObJ CHeuH-
a/JbHO TIPOBEPEeH B YCJOBHSIX, KOTJa Ha MOBEPXHOCTH HaXo-
auTCa oco6eHHO MHOro Boxwl [236, 246, 247]. Ha puc. 26.7
[OKa3aHo TOcJel0BaTeqbHOe H3MeHeHHe BHAA pPeKOMOHHA-
IIMOHHBIX KPHBBIX MO Mepe AecOpOLMH BOJABI CO CBexKemnpo-
TpPaBJIeHHOH H IIPOMBLITOH TIOBEPXHOCTH TepMaHHsl MOCJE
OOGLIYHO# OCYIIKHM CIHPTOM. BHIHO, YTO TAKOMY COCTOSIHHIO
MOBEPXHOCTH COOTBETCTBYeT peKOMOHHAIMOHHAsA KpHBaf,
B KOTOpPOH NpPAKTHYECKH OTCYTCTBYeT KOJOK0J006pasHas
KkoMmnoHeHTa. I1pH BeIMOpaXKuBaHHH BOJB! JIOBYLIKOH ¢ XKHJ-
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KHM a30TOM H JaJjiee, 10 Mepe OTKAuKH, K0OJIOKOJ006pasHas
KOMMNOHEHTa CKOPOCTH MOBEPXHOCTHO!N peKOMOGHHAUHM pac-
TEeT, YTO CBH/IETe/IbCTBYeT 00 AKTHBAIMH I[10BEPXHOCTHBIX
[[EHTPOB PeKOMOGHHAUMH Aaxke H INPH OTHOCHTEJbHO 0O0Jb-
IIMX KOJHYeCTBAaX BOJABI, afcOpPOHPOBAHHOH Ha MOBEPXHOCTH
repmanus. [locnenyiomas ancop6uus BOAB H3 aTMOC(hepHl
npu 100% oTHOCHTENLHON BJIaXKHOCTH [AaxKe NPH MHOroda-
COBBIX BBIIepKKax He
BO3BpallaeT peKOMOHHA-
LIMOHHYIO KpPHBYIO K ee
MUCXOHOMYy  BHAY, a
06BIYHO MNOJyyaeTcs OA-
Ha M3 HPOMEXYTOYHRIX
KDHBLIX C MAKCHMAJIbHOH
BEJIHUUHON CKOPOCTH IO-
BEPDXHOCTHOH peKOMOH-
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a00

[

il e, B
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~

/e , RS Hauuu, pasHOH 150—
/ | poosoosooaoa,, oo 200 cm/cek.
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S2A 01234567890
J2-1 0123438 9 Gorax [236, 247], rme
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Puc. 26,7. HaMeHeHue BHAa pPeKOMOHHaLHOH-
HbIX KDHBbIX Ha DaHHHX CTAJHAX OGe3BOMH-
BaHHA TOBEPXHOCTH CBEeXeNpOTPaBJeHHOTo
B H;0: o6pasua repmauus. Kpupas I —KOom-
HaTHBI BO3AYX, KpHBas 2— BaKyyMHas cH-
cTeMa OpH aTMocdepHOM [AaBJEHHH, B Jo-
BYWKY 3aJHT XUAKHA a30T, KpHBag 3 — Aa-

H3yyaJjoch BJIMSIHHE H3-
MeHeHHH BJIaXKHOCTH OT
05% a0 70% mHa mo-
BEDXHOCTHYIO peKoMOu-
Hauuo. Becbma HHTepec-

paenne 2-102 TOp, KpHBas 4-5.10"5 TOPD,

HO, 4YTO NOKAa3aHHbIM HAa
kpuBas 5—2-107% rop.

puc. 26.7 u3MeHeHHsIM
peKoMOHHALMOHHON KpH-
BOHl B XOfle y/JaJjleHUsl C [IOBEPXHOCTH repMaHusa cjaabo cBs-
3aHHOH BOJABI He COOTBETCTBYeT HHKAKHX CKOJIbKO-HHGYMb
3aMeTHBIX M3MeHEHHH KDHBBIX 3axBaTa. [locienHHe Bce Bpe-
Ms OCTalOTCsl TaKHMH 2Ke, KaK MNOKa3aHHble Ha pHc. 26.2
nan nonporpeBHble KpHBble (300°K) Ha puc. 26.4, 26.5, 6.
CiiellyeT OTMETHTb, YTO XapaKTep H3MeHEHHH CKOPOCTH
NOBePXHOCTHOH DEKOMOHHAIMM H KPHBLIX 3axBaTa B 3TOM
ONbITe NMPAKTHYECKH COBMAaJaeT C COOTBETCTBYIOLUIUMH H3Me-
HeHMSIMH PeKOMOHHALHOHHOH KDHBOH B XOJ€e eCTeCTBEHHOro
mpolecca «CTapeHHsi» HJH, KakK ero ellle 4acTo Ha3bIBaIoT,
«CTabUIM3auuu» MOBEPXHOCTH IPH BhIAepKKe obpasua Ha
BO3JyXxe. ¥YXKe nocJ/ie HeCKOJbKUX JHell TaKOH BBHIZEPXKKH pe-
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KOMOHHALHOHHAs KpHBasi NpHOGpeTaeT KOJO0K0J000pa3Hblil
XapakTep W OKOHYaTe/JbHO CTabHIM3UpyeTcs B BHOe, O/H3-
KoM K HcxonHo#t (300°K) xpusoit puc. 26.3, 26.5, a, nocie
NpHMEPHO MecsuHO#l BhIAepXKKH. M3 ckaszaHHOro caenyer,
YTO Npollecc CTapeHUsl UK cTabHIH3aLUH IOBEPXHOCTH 00Y-
cjoBJIeH ee 06e3BOXKHBAHHEM H CBA3aHHBIMH C 3THM CTPYK-
TYPHBIMH H3MEHEHHAMH B NOBEDXHOCTHOIH IJIEHKE OKHCHBIX
coennHeduit. C Apyrofi CTOPOHBI, NOCKOJNbKY HCXOZHOE CO-
CTOSIHHe IIOBEPXHOCTH TepMaHHs B OMNbLITaX [O NpOrpeBam
B BaKyyMe W BO31efCTBHIO 030Ha MPaKTHYECKH COBHAaJ/o
C COCTOSIHHEM COCTapeHHOH MNOBEPXHOCTH, TO H BCe OCHOBHBIE
pe3yJbTaThl 3THX ONBITOB OTHOCATCS B DaBHOH Mepe H K ec-
TECTBEHHO COCTapEeHHOI NMOBEPXHOCTH.

[TpoTuB rumoreasl 0 XHMHYECKOH MPHPOLE MPOLECCOB
aKTHBalMH M HeHTpa/M3alMd PeKOMOHHALHOHHHIX LEHTPOB
Ha MOBePXHOCTH TOBOPHT, Ka3aJaoch Obl, OTCYTCTBHE 3aMerT-
HOH 3HepPrHH aKTHBALMH 3THX LEHTPOB B OMNbITE C 06€3BOXKHU-
BaHHeM IIOBEPXHOCTH H MaJsiasi S3HeprHs aKTHBAUHWH, 6JH3KasS
K 0,2 38, npu nporpepax. [laxe u 3Ta noc/eqHss BeJUYHHA
SIBHO He COOTBETCTBYeT HEPrHH Pa3phiBa BaJIEHTHhIX CBsi3eil.

DpdexT HeATPaJH3aUHH DPeKOMOHMHAIHOHHBIX LEHTPOB
MOXKEeT HMeTb M 3JIeKTPOCTaTHUEeCKYIO NpPHPOIY, CBSI3aHHYIO
C HajsuuheM G6OJBLIOTO MAHIOJNBLHOTO MOMEHTAa y MoJeKyJ
Bojbl. MOxXHO ce6e mpeiacTaBHTh, YTO aAcOPOUHUA GOJBIIOTO
KOJIMYeCTBA MOJIAPHBIX MOJeKyJ BOJH3H peKoMOHHAUMOH-
HOro LIeHTpa TpHBeJeT K H3MeHeHHIO JIOKA/JIbHOTO 3JeKTpH-
4eCKOro IoJsl leHTpa, a, COOTBETCTBEHHO, H K H3MEHEeHHIO
KaKHX-JHBO H3 ero napaMeTpOB — HePreTHUECKOTO MOJIOKe-
HHUSI YPOBHS, OJHOTO HJIH 0060OHMX ceueHHH 3axBaTa. B paGore
[236] GBl10 ycTaHOBJAEHO pa3/jHYHe KHHETHK MPOLEccoB aj-
COpOLHH MOJIEKYJl BOJbl M H3MEHEHHSl KOHLEHTpalHH MeH-
CTBYIOLIHX [OBEPXHOCTHbIX PeKOMOHHAIHOHHBIX LEHTPOB.
D710 pasauuHe OblJIO HHTEPNPETHPOBAHO B NPEANOJOXKEHHUH
CylLIecTBOBaHHs mpolecca AH(( Y3HH MOJIEKyJ BOABI uepe3
MJIeHKY OKHCHBEIX COefHHeHHH ¢ Koadduuuentom auddysuu,
npuMepHO paBHbIM (10715 + 10-1%) cm?/cex. Dtu pesyabraThl
COTJIacyIOTCsl C MpeAcTaB/JleHHSIMH O HEMOCPEACTBEHHOM B3aH-
MOZEHCTBHH MOJIEKYJbl BOABI C peKOMOHHAIHOHHLIM LIEHTPOM
npH 3dexTe HeATpaTHIAUHH.

BriGop Mexay AByMs NpeNJOXKEHHLIMH THIIOTe€3aMH AJs
06bsicHeHHsT 3 ¢eKTa HedTpajau3allUH MoxXKeT ObITb CAeJaH

14 A. B. Pxanos
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Ha OCHOBAHHH Pe3yJbTATOB NPAMBIX 3KCIEPHUMEHTOB MO 3a-
MeHe 1ecopGHPYMOH C MOBEpXHOCTH BOAbl KAKUMH-IH60 Apy-
riMH MoJekynaMH. Ecau sddekt HefiTpanusauuu HMmeer
XHMHYECKYIO NPHPOIY, TO APYTHE MOJSPHbIE MOJIEKYJILI JTHGO
He OyayT AeficTBOBaTL NOJOGHO BOAE BOBCe, JHOO 6yayT
aHaJIOTHYHH edl TOJILKO B TeX CJyyasiX, KOrZa OHH cofepiKar
rufapokcua. Ecam xe npupoma sddexra snexTpocraTHye-
CKasi, TO AJIs Hero BaXHbl JHWb BeJHYMHA JUNOJbHOTO MO-
MEHTa W pasMep MOJIEKYJ/bl, a He ee XMMHUECKOe CTPOeHHe.

B cootseTcTBylolINX 3KcnepuMeHTax [248] moBepxHOCTb
ofpasuos nporpeBajach B Bakyyme npu 500°K, a 3atem
pabounii 06beM 3amoJHAJACA NapamMH TIAaTelbHO OYHUIEH-
HBIX U 00e3BOXKeHHBIX xHAKocTell. Has Toro yrobel ycrpa-
HHTb BO3MOXKHOCTb MONAJaHHsl CJel0B NapoB BOAH, Lleseco-
o6pa3Ho 6bl10 BLIOPATL XKHUAKOCTH, YNIPYTOCTb MapoB KOTO-
pPbIX MpU KOMHATHOH TeMmepaType Oblia Obl HHXKe YIIPYroCTH
napoB Bofael. I[Ipu 3TOM AJIMTeJbHAasi OTKauKa KoJOB ¢ HC-
NBITYyeMOR KHAKOCTBIO, A0 MOACOeJHHEeHHs ee K o6beMy
¢ 06pasioM, TOMKHA NPHBECTH K MOJHOMY YAAJIeHHIO BOAHI.

Ta6auma 26.2

OcHoBHbBIE CBOHACTBA XHAKOCTEH, NMPUMEHSABLIHXCSH
B 9KCNIeDHMEHTaX M0 MCCJEJ0BaHHIO NPHPoAb 3 deKTOoB
HeHTpa/IM3alHH NMOBEPXHOCTHBIX LEHTPOB PeKOMOHHAIHH
H 3axBaTa

Xumnye- | OunoneHelt [ ¥Ynpyrocrs
BewecTso ckas ¢op- | MoMeHT-10'8, [ mapos npu
MyJsa abe. 3. cr.ed.| 300° K, Top

Amunopniit cnupr . . | CsH;;OH 1,6 3
Hsoamunosnit cnupr | CsH,,OH 1,8 4
Xaop6ensoan . . . . |CgHsCl 1,6 15
Hurpo6enson. . . . [ CsHzNO, 3,9 0,3
Arunosnifi apup . . | (C.H;5), O 1,2 550
Benson . . . .. .|CgHg 0 100
Boga ... ... .|H,O 1,8 30

B ra6auue 26.2 npuBefeHbl HEKOTOpLlE CBOHCTBA KHAKO-
cTell, HCTNIO/L30BAHHBIX B 3THX 3KCNepHMeHTax. BeH3on yrmo-
TpebJaAaca AJAS KOHTPOJBHOrO 3KcnepuMeHTa no sdgekTus-
HOCTH BaKyyMHOIO MeTOAa OYHCTKH XHAKOCTeH OT CJefoB
BOJbl, IIOCKOJNILKY YCJIOBHSi €ro OYHCTKM HauMeHee OGJaro-
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MPUATHEL MO CPaBHEHHIO €O BCeMH APYTHMH XKHAKOCTSMH,
3a HCKJIIOYEHHEM 3THJI0BOro sdupa.

PesyabTaThl 5KCNEePHMEHTOB CO BCEMH MOJSIPHBIMH XKH]I-
KOCTSIMH OBbIJIM KauyecTBEHHO OAMHAKOBBLIMH. Ancop6uus no-
JSIPHBIX MOJIeKyJl IPHBOJAKJA K HEHTPaJH3auHH [OBEPXHOCT-
HBIX PEeKOMOGHHALHOHHLIX LEHTPOB, BBENEHHBIX 1IPOrPEeBOM
obpasua npu 500°K, Tak ke Kak H aacopOUHs MOJIEKYJ
BoAbl. Pa3nnuusa 3akiioyasHch TOJAbKO BO BpeMeHH, He06XO-
JHMOM AJsl 3aBeplUIeHHsA TakoH HeHrpaJaudauuu. OHo OBLIO
TeM Kopoue, UeM BbIlLe YIIPYrocTb NAapoB HCCAEAYeMON XKH-
KOCTH IIpH KoMHaTHOH Temmnepatype. Ecau nas o6Goux cmup-
TOB H xJop0OeH3oja OblJIO [AOCTAaTOYHO OJHOrO 4aca AJs
MpaKTHUYECKH MOJIHOA HeHTpaJM3allMH LEeHTPOB, TO B ciydae
napoB HUTpoOeH3oJia Obla HeoGXxoAHMMa BhIAEpXKKa OKOJO
20 yacoB. HenonHasa HefiTpanusaius 1eHTpOB HabJromanach
B C/lydae 3THJIOBOUO 3(Hpa, a)ke U NpPH OUeHb MJIHTEJbHBIX
BHIIEpKKAX, @ B cJyyae Heno/sipHoro 6eHsona 3a 30 MHHYT
nocje BOycKa MapoB Smax ynaso Bcero Ha 109, a uepes
IBO€ CYTOK — pUMepHO B ABa pasa. [locmegHuii pe3yabrat
CBH/ETEJBbCTBYET O BeCbMa MaJoM 3ddeKTe OCTaTOUHBIX CJe-
JIOB BOJbl B 3THX 3KCIepHMeHTax.

Ha puc. 26.8 n 26.9 noxasana kHHeTHKa H3MeHeHHs pe-
KOMOMHAIIHOHHOA KPHUBOHM M KPHBOH 3axBaTa B CJayuae cpaB-
HUTEJIBHO MeIJIeHHO JefcTBylollero HHTpoGen3osa. O6pa-
iaer Ha ce6s BHHMaHHe pasiHuHe CKODOCTeH H3MeHeHHs
COOTBETCTBYIOIIMX KPHUBBIX. Tak, uepe3 2 MHHYTHI MHOC/Ie
BNycKa [apoB HHUTpoOeH30Jla MaKCHMaJbHOE 3HaUYeHHe CKO-
POCTH NOBEPXHOCTHOH peKkOMOMHAUMH ynaJo MOYTH BABOe,
a KpHBasl 3axBaTa He npeTepresja HHKaKHX H3MeHeHuil. Ye-
pe3 7 MHHYT mocJse BNycKa Smax YNaJ0 NPHMEPHO A0 OJXHOH
TPEeTH HayaJbHOTO 3HAYeHHs, H TOJNBKO TOrla HAKJIOH KPH-
BOi 3axBata IpH Ys= 6kT/q yMeHbIUIWICS MeHee ueM
BABoe. DTO pasjHuHe KHHETHK, Tax Xe Kak M paHee OTMe-
yeHHble (aKThl, FOBOPHT O TOM, YTO peKOMOHHAIlHOHHBIE
YPOBHH NpaKTHYECKH He NPOSBJSAIOTCA B KPUBBIX KBa3HpasB-
HOBECHOTO 3aXBarTa.

DKcnepHMeHTHl 110 3aMeHe aJcopOHPOBAHHOH Ha NMOBepX-
HOCTH TepMaHMs BOAbl APYTHMH MOJeKyJaMH OblIH NpoBe-
JEeHBl M JIPYruM crnocoGoM, myTeM MNOrpyxeHHd 006pasioB
B HUCCJIELyeMYI0 XHIKOCTb M HNpOrpeBa HX TOKOM Hemocpes-
CTBeHHO B XHAKOCTH [249]. BcnencTBue orpaHuueHHi mno

14*
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yIoeJNbHOMY COMPOTHBJIEHHIO XKHAKOCTH TakHe SKCIePHMeHTHI
MOTJIH OBbITb NOCTaBJEHbl TOJbKO C TLIATEJbHO OYMILEHHBIMH
HemoJIpHEIM 6eH30/10M M cl1ab0 MOJNSIPHBIM 3THJIOBBIM 3(hH-
poM. Pe3yJbTaThl 3KCNepHMEHTOB 10 MNporpeBy oG6GpasloB
B GeH3oJie mpuBefeHbl Ha pHuc. 26.10. Kak BumHo, mpotecc
aKTHBALUUH TOBEPXHOCTHBIX pEKOMOMHALlMOHHBIX LEHTPOB
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Puc. 26.8. MaMeHeHHS CKOPOCTH MOBepX- Puc. 26.9. M3Menenne KPHBBIX 3axBaTa
HOCTHOH peKoMGHHalluH Ha o6pasnax, nocJje BOycKa mnapoB HHTpPoGeH3o.sa.

nporpeThix B Bakyyme npu 500° K mocJe
BycKa B CHCTeMY MapoB HHTpoGeH30Ja.
Llndpbl Ha KPHBBIX INOKa3blBalOT BpeMs
HaxoxpaeHusd o6pasua B mapax 40 H3Me-
peHHs.

npu nporpese 06pasyoB B GeH30Jle NPOTEKaeT MPaKTHUECKH
TaK ke, KaK NPH nporpeee B BakyyMe. ENHHCTBEHHBIM OTJIH-
uheM KpHUBHIX pHC. 26.10 OT aHAJIOTMYHBIX KPHBBIX I[IPH H3-
MepeHHsIX B BAKyyMe fIBJIsleTCsl OTCYTCTBHE KOJIOKOJI006pas-
HOH KOMIIOHEHTBhl CKOPOCTH TOBEPXHOCTHOH peKoMOGHHALHH
Ha JONpOrpeBHOH KPHBOH. DTOT pe3yJbTaT, BIpPOYEM, SIB-
JISIeTCsl BIIOJIHE eCTeCTBEHHBbIM, TaK KaK H3MepeHHs NPOU3BO-
JIMJIHCh HA CBEXeNpOTpaBJ/ieHbIX 06pa3sliax, MOBEPXHOCTb KO-
TOPbIX MPaKTHYECKH He 006e3BOXKHBAJacChb [0 MOTPYKEHHs
B GeH30J1, H, TaKUM 06pa3oM, B YCJIOBHSIX NOLOGHBIX HHXKHeil
KpHBOH Ha pHC. 26.7 NpH H3MepeHHUsIX Ha BO3IYXe.

Hccnenosanus o6pasnoB, MNOTPYXKEHHBIX B 3THJIOBHIH
3¢up, AaJH pe3yabTaThl, B 00lleM NOAOOHbIE MPeAbIIYLIHM,
3a TeM HCKJIOYeHHeM, YTO MaKCUMYM peKOMOHHALlMOHHOM
KPHUBOH OKa3blBaJCA CABHHYTHIM B 006JacTh Gojiee MOJOXKH-
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TeJbHBIX 3HaueHHH NOBepXHOCTHOro moreHuuaJa. [locnenyio-
Iee 6osiee MOAPOGHOe HCCIeNOBaHHE 3TOTO sBJeHHs [242]
MOKa3aJlo, YTO OHO, BUAHMO, CBSI3aHO C BO3HHKHOBEHHEM pe3-
KOH reTepOTeHHOCTH IOBEPXHOCTH IepMaHHs, Haxonsuefics
B XH/JIKOM 3THJIOBOM 3(upe. BO3M0OXKHO, UTO nosB/AEHHE 3TOM
reTepOreHHOCTH  CBSI3aHO C

pasJuuMeM TOJUIMH pa3HBIX S, amcen
yUYacCTKOB IJIEHKH OKHCHBIX CO-

elMHEHHH Ha IOBEPXHOCTH Uy
repMaHus.

Takum oGpasom, pesy.b-
TaTbl 3KCIEPUMEHTOB IO- 3a-
MeHe ajacop6HPOBAHHOH Ha
MOBEPXHOCTH repMaHHsl BOAHI
JNPYTHMH NOJISIPHEIMH MOJIeKY-
JaMH CBHJAETeJbCTBYIOT 00
3J1eKTPOCTaTHYECKOH NpHpOAae

spdekra HeliTpasu3alHUH IO- /N
BEPXHOCTHBIX  peKOMOHHALH- !

-?—_,_o—*m%:
OHHBIX UEHTPOB. JIHNONbHbE | =B=0 G mens
MOJIEKYJIbI, ajfcopbHpysAcb -6 -4 -2 0 2 4 6 7 0
BOJIM3UM TOBEPXHOCTHOIO pe- ¥, e hTfy

KOM6HHaU‘HOHHOFO LenTpa, Puc. 26.10. BausHHe mnporpesoB oG-
NPHBOAAT, BHE 3aBHCHMOCTH pa3ua  TrepMaKhsi,  NOTPYKEHHOTO
OT CBOEl XHMHUECKOH TPHPO-  pepxnoction peronGnnanmn: Kpie
Nb, K ONHOMY H TOMy e Ikldcoomsercrayer reunepsrypan
pe3yJbTaTy — LIEHTp nepe-

cTaeT (PyHKUHOHHPOBATb Kak

HeHTp pekomOHHAUUH. OQHOBpPEMEeHHO, XOTS U C IPYrod KH-
HeTHKOMH, NPOHCXOAMT H HeHTpasnH3alUsl YacTH LEHTPOB
saxBaTta. [lecopOuus MOJISPHBIX MOJEKY/] NPHBOLUT K BO3-
BpallleHHIO NOBEPXHOCTH B ee HCXOAHOEe COCTOsIHHeE.

B npuHuHne takas HeHTpaJM3alusi MOXeT ObITH CBsi3a-
Ha, KaK OTMeyYaJjoch BhILIE, JHG0 ¢ H3MeHeHHeM 3HepreTHue-
CKOTO MOJIOXKeHHs peKOMOHHALMOHHOTO YPOBHs, JH6O ¢ pe3s-
KHM yMeHbLIeHHeM OJHOro HJH 060MX CedyeHHH 3axBara.
Hanee 6yner nokasaHo, 4YTO U3 TeOpeTHUECKHUX cOOGpaXKeHHUH
HanboJsee BepOSATHHIM fiBJIsieTcA NPeANOJOXKeHHe 00 pe3koM
yMeHbIIEHUH OJHOTO U3 CeueHHll 3aXBaTa, B pe3ysbTaTe Yero
peKoMOHHALIHOHHBIH 1leHTP npeBpalllaeTcsl B OOBIYHBIN LEHTP
3aapaTa, a ObICTpbIl LEHTp 3axBaTa — B MeJJeHHbf. Jljs
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LIEHTPOB 3aXBaTa HeJb3s HCKJIIOYaTh U BO3MOXHOCTh H3Me-
HEHHS] 3HepreTHUeCKOro MOJIOXKeHHs ypOBHel.

Cnenyer OTMeTHTb, YTO NpeNNOJOXeHHe 06 H3MeHeHHH
OHOTO M3 ceYeHHi 3axBaTa IIPH H3MEHEHHSX aacopGIHOH-
HOTO MOKPBITHA HMeeT H HEKOTOpble 3KCIlepHMeHTaJlbHble
noareepxjenus. Tak, B paGore {202] 6bl10 nmOKasaHo, UTO
Bechb AMana3oH HaGJIOAABIIMXCSA PAa3HBIMH HCCJIe0BaTENSIMU
MOJIOXKEHUH MaKCHMyMa pDeKOMOHHALlHOHHOH KPHBOH MOXKeT
OLITh NMOJNYYEH HA OJHOM ofOpasile repMaHHUsl NIpPH H3MEHEHHAX
ero ras3oBoro okpyxeHHs. [locKONbKY MOJOXKEHHe MaKCH-
MyMa peKOMOHHAILHOHHOH KDHBOH oOmpene/sieTcsi OTHOLLe-
HHEeM ceyeHHMH 3axBaTa LEHTPOM [BIDKH H 3JIEKTPOHA, 3TO
03HayaeT, YTO MO KpafiHell Mepe ONHO M3 ceueHHH 3axBaTa
M3MeHseTcd MNpH H3MEeHeHHUsIX ancOpOLMOHHBIX MOKPBITHH.
B paccMarpuBaeMBIX ONBITaX 3TH CMellleHHS GBIIH OTHOCH-
TeJbHO HeBequkH (npuMepHo 1,5 «7/g), HO H H3MeHeHHS
COCTaBa Ta30BOTO OKPYXKEHHS TaKxKe He SIBJISJIUCL CKOJIbKO-
HUOYIb paaHKaJbHBIMH (BaKyyM, CyXO# a30oT H KHCJOpPOX).

Mo:xkHO fymMaThb, UTO B 3TOM C/yyae CPaBHHTENbHO MaJioe
H3MeHeHHe JIOKAJbHOrO 3J1eKTPHYECKOro noJs, o6YyC/OBJICH-
HOe H3MeHeHHeM cOCTaBa M KOJIMUeCTBa aJcopOHPOBAaHHBIX
MOJIEKYJl, MPHBOJAMJIO K CPaBHHUTE/JbHO HeGOJbLIOMY H3Me-
HEHHIO OJHOTO0 H3 CeyeHHH 3axBaTa PEKOMOGHHALHOHHOTO
ueHtpa. B cayuae xe aacop6uun 60JBLIOrO KOJHYECTBA MO-
JSPHBIX MOJIEKYJ MPOHCXOAHMT pe3Koe H3MeHeHHe JOoKaJlb-
HOTO 3JIEKTpHYeCKOro noJs BOJIH3H peKOMOGHHALHOHHOrO
IIeHTpa H, COOTBETCTBEHHO, OYeHb 60JblLlIOe H3MEeHeHHe OfHO-
ro M3 ero ceueHHi 3axmaTa.

IlepefineM Tenmepr K OGCYXAEHHIO pe3ynbTaToB GoJee
BbICOKOTEMMepaTypHEIX mporpeBoB (Bbiwe 500° K) u Baus-
HHIO 030Ha Ha H3MeHeHHe KOHLeHTpauui NOBEPXHOCTHLIX
LIEHTPOB, KOTOpble MO3BOJIHJH ONpeeNUTh NPHUPOLY LIEHTPOB
peKOMGHHALlHK H 3aXBaTa Ha MOBEPXHOCTH repMaHHS.

Kak cnenyer us puc. 26.3 u 26.5, a, nporpeBhl IIpH TaKHX
TeMrepaTypax MPHBOLAT K YMEHbIICHHIO KOHIEHTpalHH mno-
BEPXHOCTHBIX PeKOMOHHALHOHHBLIX IEHTPOB, OTBETCTBEHHBIX
3a KOJIOKOJIOOGpa3HY0 KOMIIOHEHTY CKOPOCTH MOBepXHOCT-
HO# peKOMGHHAUWH, BIJIOTH A0 €€ MOJHOTO HCUe3HOBEHHA
B pesyabTaTe mporpeBoB npH 700—750° K. B nasbHefimem
6blJ10 HalileHo, YTO HCUe3HOBEHHe KOJ0K0J006pasHo#i KoM-
UQHEHTBL CKOPOCTH MOBEPXHOCTHOH DPEKOMOMHAUHH MOXKeT
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ObITh JOCTHFHYTO W NpH AJHTeJbHOM (2—3 uaca) mporpese
nipu 650° K [241].

HapnexHoe onpefeneHne 5Hepruy akTHBALMH 3TOTO MPO-
mecca siBJsieTcsl AOCTATOYHO 3aTpPyAHHTEJbHBIM, TaK Kak
O/IHOBpEMEHHO C YMeHbIleHHeM KO0JI0K0J006pa3HOH KOMIMO-
HeHThl pacTeT KOMIIOHEHTa CKOPOCTH MOBEPXHOCTHOH peKOM-
6uHanuy, cnaGo 3aBHCALLas OT NOBEPXHOCTHOrO NOTEHIHAJa,
KoTopas B 3Tol o6sacTu TeMmepaTyp MporpeBa yxe OTHIOIb
He siBasieTcs MaJjofl [o6aBKoi. M0OXHO TONbKO cKa3aTb, UTO
JHeprus aKTHBAIMH Mpollecca YHHUTOXKEHHS peKoMOHHA-
LMOHHbIX LEHTPOB 3aBeJoMO GoJibllle 3HeprHH AaKTHBALUH
mpolecca BO3pacTaHWsl MX KOHUEHTpalHM NpH INporperax
no 500° K, xoTs M He npesblllaeT MOCJAEAHIO MO NOPAAKY
BEJIHUHHBI.

BosHukaeT Bompoc, ¢ AecopOuvedl KaKHX MOJEKYJ HJIH
c nepecTpoiKoll KaKUX MOBEPXHOCTHBIX Je(eKTOB CTPYKTVPhI
MOxeT ObITb CBSI3aHO HabJglofaeMoe yMeHblLIeHHe KOHIeH-
TpauuH peKkoOMOHHAIHOHHBIX LeHTpoB? [loguepkHeM elle pas,
YTO peuyb MOXKET HATH TOJNbKO O AedeKTax CTPYKTYphl HJIH
MoJIeKyJax, aicopOHpOBaHHBIX Ha HeKHX AedeKTax. [Tocaen-
Hee C OUEBHIHOCTbIO BbITEKAeT H3 OLleHOK HX KOHIleHTpalui,
KOTOpbl€e, KaK Bbllle HEOJAHOKPATHO 0TMeuasoch, o KpakHed
Mepe Ha NOPSAOK HHXKe KOHIleHTpalluH, OleHeHHbIX M3 KBa-
3HpaBHOBECHBIX KpHBHIX 3axsata (101°°+ 101 cm~2). Onu-
CaHHble BbIllle pe3y/abTaTbl BO3AeHCTBHSA 030HA, KOTOpOE NpH-
BOAHJIO K pOCTYy KOHILEHTpalHi peKOMOHHALlHOHHBLIX IleH-
TPOB, HaBOAW/IH HA MbIC/]b, YTO TAKUMH LEHTPAMH MOTYT
O6bITb AedeKTbl CBA3H repMaHHi — KHCJIOPOJ, C OTHOCHTEJIb-
HO He60J1bINoi 5Hepruell cBA3H. [IpennosoKeHUs1 3TOro pona
BbICKa3biBaJUCh B LejoM page pabor [71, 238, 250, Ml11,
MI12]. Bbind, onHakKo, cepbe3Hble OCHOBAHHfi COMHEBAThCS
B CNpaBeAJIHBOCTH 3THX NMpPeLNoJOXKeHHH, ri1aBHbIM 06pa3oM
BCJIeCTBHEe aHOMAaJIbHO HH3KOH 3HepPruH pa3pyllleHus npea-
10J1araeMoro LeHTpa peKOMOHHALHH.

B B3 ¢ 3THM nOpeacraBasjgo 06e3ycnOBHbI HHTepec
6oJiee feTasibHOe HCCJIelOBAHHE BJAHAHHA O30HA HA H3MeHe-
HHe KOHLEHTpPallHA MNOBEPXHOCTHbIX pPeKOMOHHALMOHHEIX
uedTpoB. B xome 3toro HccieloBaHHfi GblI0 YCTaHOBJEHO
[239, 242], uTo BJHMAHHE 030HA OKa3blBAeTCH Pa3JHUHbIM B
3aBHCHMOCTH OT COCTOSIHHS TOBEPXHOCTH repmaHus. Ecau
030H BO3/IelCTBYeT Ha HeNmporpeTyr MOBEPXHOCTb FepMaHHs,
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TO KOHLEHTPAllHA MOBEPXHOCTHBIX LIEHTPOB pPeKOMGHHAIHH
pacrer, Kak 3T0 H OblJIO ycTaHOBJeHO paHee (puc. 26.11,a).
Ecan, onHako, Bo3zeficTBOBaTh 030HOM Ha IOBEPXHOCTh rep-
MaHHs, NMpeJBapHTe/bHO NPOTPETyI0 B BaAKyyMe WJIH KHCJIO-
pore npu 500°K, TO KOHUeHTpalHs peKOMGHHAILHOHHBIX
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Puc. 26.11. Bausnue Bo3JeficTBHA 030HA B COYETAHHH C NPOI'PEBOM Ha CKOPOCTh

noBepxHOCTHON pekoMOHHauuu. a) KpuBas I — Henporpethiit o6pasen, (300°K), kpu-

Basi 2 — nocJie BO3feficTBHA 030HA, KpHBasg 38— nocnenglom,uﬁ nporpeB o6pa3ua g0

500°K; 6) I — HenporpeTbit o6pasey (B |O:| npu 300°K), 2—nporpes npu 500° K

¢ mocaeaywoue#t 20-MHHYTHO! BblAepxKo#t B o3one, 8 — nporpeB mpH 500° K Ge3 Bo3-
AeACTBHA 030HA.

LEeHTPOB MocJe BO3AefiCTBUSI 030HOM yMEHbIIAeTcs, KaK 3TO
nokasaHo Ha puc. 26.11, 6.

Takum o6pasom, HabJalofaeTcs NMOJNHAs aHAJOTHS B pe-
3yJbTatax AeHCTBHS O30Ha M OporpeBa B BaKyyMe, KoTopas
CBHAeTeNbCcTBYeT 06 OOGIIHOCTH NPOUCXOASAIUHX NPH 3TOM
npolueccos. B ciyuyae nporpeBoB B BakyyMe 3THM KOH@UHLIM
pe3yJabTaToM fBJseTCS, OYeBHAHO, yMeHbLIeHhe KOJHYeCTBa
CBSI3aHHbIX Ha [OBEPXHOCTH FepMaHHA MOJIeKYJ BOAbl 3a
cueT mpolecca gecopbunu. B cayuae o3oHa TOT Ke pesyib-
TaT NOCTHraeTcsl 33 CuYeT peaklLHH aTOMapHOro KHc/aopoja
1 ancop6GUpPOBaHHON MOJeKyJbl BOAbl ¢ o6pa3oBaluHeM Mo-
JIEKYJIbl NMEePeKHCH BOAOPOAA HJIHM ABYX THAPOKcHioB. Ilpsa-
MO€ [0Ka3aTelbCTBO CINOCOGHOCTH KHCJIOpoAda YAaJafiTb MO-
JIeKYJibl BOAbI C OBEPXHOCTH repMaHusl OblJIO NMOJYYEHO NpH



§ 26) M3MEHEHMS SJEKTPOHHOM CTPYKTYPHI 495

HCCIeI0BAHHM AaTOMAapHO-YMCTOH I[OBEPXHOCTH TrepMaHHs
[185].

HHTepecHO OTMeTHThb, YTO BO3MelicTBUE 030HA Ha IMpel-
BapuTeJbHO nporperyio npH 500° K nosepxHocTb, NPHUBOASA-
Iee X BeCbMa 3HAUHTE/JbHOMY yMEeHbIIEHHIO KOJIOK0J006pas-
HOH KOMIOHEHTHl CKOPOCTH INOBEPXHOCTHOH peKOMOHHAUUH
(puc. 26.11, 6), He BHI3BIBANO HH-

KaKHUX H3MeHeHWH B OLHOBpe- Gy 10° tynfan?

MEHHO H3MepSBIIHXCS KPHBBIX

3axsata (puc. 26.12). 3ot ar
pe3yJ/ibTaT BHOBbL yKa3blBaeT Ha sk
TOT (aKT, YTO H3MeHeHHe KOH- P
J

HeHTpalHil peKOMOHHALHOHHBIX
LEeHTPOB, KaK IpaBuJO, He
nposiBisieTcss B KPUBHIX  3a-
XBara.

Heob6xonuMo o6paTUTh BHH-
MaHHe ellle Ha OHO 0GCTOSATENb-
creo. CoBMecTHOe BJIHSIHHE TpO-
rpesa npu 500° K u Bo3aeiicTBUs
030HOM Ha MHOBEPXHOCTb repMa-
HHSl, BHe 3aBHCHMOCTH OT IIO-
CJ1e0BaTeJbHOCTH 3THX BO3jeil-
CTBHH, NPHBOAHT K MAaKCHMa/b-
HOH BeJHUHHE CKODPOCTH MOBepX-
HOCTHOH peKOMOHHALMH B 2-—  Puc.26.12. Hamenenne KpHBLIX 3a-
2,5 pasa MeHblIel, yeM TMOCJHE  woern "ggaﬁzgc”r(;uﬁomffooafe"Hbé

b ) ’

onHoro mnporpesa npu 500° K. puc. 26.11, 6.

310 O03Hayaer, YTO XOTsl TpH

onpefeJleHHbIX YCJAOBHAX [eficTBHe O30HA MPHBOAHUT K yBe-
JIMUeHHIO KOHIIEHTPalHH AeHCTBYIOUIHX PEKOMOHHAIMOHHbIX
LIeHTPOB, MpefeJbHO BO3MOXKHAasi MX KOHLEHTpAlus Mociae
BO3/1€fICTBHAl 030HOM CYLIECTBEHHO yMeHbLIaeTcs.

ITonyueHHble pe3ysnbTaThbl 3aCTaBUJU NOJOHTH K BONPOCY
0 NMPUpPOJAE NOBEPXHOCTHBLIX PEeKOMOHHALMOHHBIX LIEHTPOB Ha
repMaHud ¢ Apyrux mosuuuit. Crano sicHO, YTO HEMOHOTOH-
HOe H3MeHeHHe KOHLEHTpallUH NeHCTBYIOUIHX HAa MOBEPXHO-
CTH peKOMOGHHALHOHHBIX LleHTPOB 06YyCJOBIEHO eHHBIM IIPO-
116CCOM YMeHbLIEHHS] KOHLEHTPALlHH MOJIeKYJ BOJbl, CBA3aH-
HBIX Ha MOBEPXHOCTH repMaHusi. Torma HeMOHOTOHHOCTb
HaOJMofaeMblX H3MeHeHHH MOXeT ObITh 06y CJ0BJ/JIeHa TOJbKO
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pas/jHuYHeM pOJiH, KOTOPYIO HIpaloT CBs3aHHble Ha [OBEpX-
HOCTH TepMaHHMA MOJEKYJdbl BOAbI NMPH Pa3HbIX HX KOHIEH-
Tpauusax. Ina npoBepkH 3TOro yTBep:KAeHHs GbIIH MOCTa-
BJIEHBl 3KCIEPHMEHTbl M0 aACOpPOLHH He6OJbUINX KOJHUYECTB
BOJIbl HA MOBEPXHOCTb T€DMaHHs, NIPOTPeTyIoO B BaKyyMe NpH
750° K, mocsie yero, kak OBIIO MOKAa3aHO paHee, KOJOKOJO-
o6pa3Has KOMNOHEHTAa CKOPOCTH [OBEPXHOCTHOH peKoMOH-
HaIHH BooGUle OTCYTCTBYeT. Pe3ysbTaThl 3TOro 3KcnepuMeH-
ta [239, 241] noka3aHbl Ha puc. 26.5. BuaHo, uto anpcop6ius
HeGO/bIIHX KOJIMYECTB BOABI Ha TaKYyl0 MOBEPXHOCTb MpH-
BeJa K MOfIBJIEHHIO BecbMa 3HAUHTEJBHOH KOJIOKOJ00Gpas-
HOMl KOMIOHEHTBl CKOPOCTH NMOBEPXHOCTHOH peKoMOWHalluH,
T.€. K BO3HHKHOBEHHIO COOTBETCTBYIOIIUX PEKOMOHMHALMOH-
HBIX LLeHTPOB B GOJIBLIMX KOHLEHTpaLHUaX.

Cnenyer OTMETHTb, YTO HHMKAaKHX H3MEHEHUH B KBa3H-
paBHOBECHON KPHBOH 3axBaTa NpH 3TOM He HabJI0AAJOCh,
TaK e KaK M BO MHOTHX ADYTHX paHee OTMeUaBIIUXCA CJy-
yasix (puc. 26.5,6). Belnu nocTaBieHbl 3KCMepHMeHTHl [241],
B KOTOpHIX, aHAJOTHYHO 3 (PeKTy HeHTpasu3alHuu, HCCaeao-
BaJlach BO3MOXKHOCTb 3aMeHbl MOJIEKYJbl BOJAbl APYTHMH I0-
JSpHbBIMH MoJiekyJaMH. TakHe 3KCepHMeHThl ¢ HHTPOGeH-
30J10M JaJii OTpHIaTe/ibHble pe3yJabTaThbl, YTO, BO3MOXKHO,
CBH/IETEJNbCTBYET O CNelH()PHYHOCTH MOJIEKY/Ibl BOABl [J
o6pasoBaHyisl PeKOMOHHAILlMOHHOTO LEHTpa Ha NOBEPXHOCTH
repMaHHs.

Takum o6pa3oM, aHa/JH3 BCeX MOJyYEeHHBIX KCIepHMeH-
TaJbHBIX JAHHBIX MPHBOAMT K OAHO3HAUHOMY BBLIBOAY, UTO
peKOMGHHALMOHHBLIA E@HTP Ha MOBEPXHOCTH repMaHHus npes-
craBasier co60fi KOMOHUHAIHIO Hekoero gedeKkTa CTPYKTYpH
¢ 3aKpemJieHHO#l Ha HeM MoJekyJo#i BoAbl. Ilpu necop6uunu
3TOH MOJIEKYJIBl B XOJAe BBICOKOTeMIepaTypHBbIX NpPOrpeBOB
B BaKyyMe HJIH NPH BO3JAeHCTBHH 030Ha PeKOMOHHALHOHHbIH
LleHTp MpeBpallaeTcs B LEeHTP 3axBaTa. Bompoc o BO3MOX-
HOM 0ObsicHeHMH O0GHapy»KeHHOro nmpeBpauleHus 6yner pac-
CMOTpeH B cjefdylollleM naparpade.

B 3akJjioueHue HeEOOXOAMMO enle YIOMAHYTb 00 3KclepHu-
MeHTaX, KOTOpble N03BOJIHJHN ONpee]HTh NPHPOAY TOTO HC-
xoaHoro aedekTa, KOTOpbii B KOMOGHHAUHH CO CBSI3aHHOH
Ha HeM MOJIeKyJoil BOAB oOpa3yeT LEeHTpP PeKOMOHHALHH.
PaHee yxe YNOMHMHAJOCb O TOM, UTO BO3/eHCTBHe 030HA
NPHUBOANIO K YMEHBILEHHIO MNpefesbHO AOCTHXKHMBIX KOH-
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LeHTpaluil LEeHTPOB pekOMOGHHALHH. DTO [AJO OCHOBaHHE
MOCTaBUTb IKCNEPHMEHTHI MO BJIHSHHIO BHICOKOTEMIOEpaTyp-
HHX (700—750° K) mporpeBoB B KHc/a0opoge H 030He [242,
231]. B pesy.ibTaTe TakHX INPOrpeBOB KOJIOKOJIOOGpa3Has
KOMIIOHEHTa CKODOCTH [OBEpXHOCTHON peKOMGHHAIMH HCue-
3aja, HO, B OT/JIMYHe OT CJayyas NOAOOHBEIX NpPOrPEBOB B Ba-
KyyMe, KDHBble 3aXBaTa CTaHOBH/IUCH GJH3KHMH K COOTBeET-
CTBYIOILMM JONPOTpeBHbIM KPUBLIM. TakuM oGpasoM, mompo6-
Hble NPOrpeBbl NPHBOJH/IH K HCUE3HOBEHHIO IOBEPXHOCTHBIX
UEHTPOB PEeKOMOMHAUHH H Pe3KOMY YyMEeHbIIEeHHI0 KOHLEeH-
Tpauui LEeHTPOB 3aXBaTa [0 BCeH 3ampelleHHOH 30He Ha
noBepxHOcTH. [locse Takux mporpeBoB, 0OCOGEHHO B 030He,
NMOBEPXHOCTb TepMaHHs CTaHOBMJAach BecbMa cTaGHJbHOM,
TaK 4TO HH CKOPOCTb [OBEPXHOCTHOH peKOoMOMHAIHH, HU 3a-
XBaT He H3MeHSJHChb NPH aAcopOIHH BOASHBIX MApPOB HJIH
Jaxe IPH BbIAEPXKHBaHMH o6pa3lla B XKHUAKOH BOJe.

Bce BhILIeCKa3aHHOE OTHOCHTCSI TOJBKO K LeHTpaM, 06y-
CJIOBJIMBAIOIHM KOJIOKOJ1006Pa3HYl0 KOMIIOHEHTY CKOPOCTH
MOBEPXHOCTHON peKOMOHHALMH, TOTLA KaK NPYryio ee KOM-
MOHeHTY — c1a60 3aBHCALLYIO OT OBEPXHOCTHOrO MOTEHIIHA-
Ja, Mbl oKa BooOIue He paccMaTpuBaaH. Kak yxe ynomu-
HaJIOCb paHee M KaK BHIHO, HalpHMep, H3 HHIKHHX KPHBBIX
Ha pHc. 26.7, B ciyyae CBeXeNnpoTpaB/JeHHOH NOBEPXHOCTH
NpakTHYECKH BCS H3MepseMasi HAa OMbITe CKOPOCTb MOBEpPX-
HOCTHO¥ peKOMOHHAlMH NpeACcTaBAseTCs 3TOH KOMIIOHEHTOH.
[Tockonbky B psfie cayyaeB Ha Hell HaMeualoTcs cjabo BEI-
paxKeHHble MaKCHMYMEBI, B pPaHHHX paGoTax TakHe KpDHBHIE
OGBIYHO HHTEPHpPeTHPOBAJHCh KaK pe3y/bTaT COBMECTHOro
HeACTBHS psifa AHCKPEeTHbIX PeKOMOHHALHOHHBIX ypOBHef
[50, 201]. Takas xe WHTepnpeTanHs NMOLOOHBIX KPHUBLIX IpPHU-
BOAMUTCS M B OTHOCHTEJbHO HelaBHO MOSIBUBIIENCS KHHre
[MI11].

Ona HaM 1pejacTaBJasieTcsi BecbMa HenpaBrononoGHOM
KaK [Js c1yyasi repMaHus, Tak, NO-BHAHMOMY, H KpeMHHUS.
Ecau ocraHOBUTBCA TOKa Ha cjydyae repMaHus, TO NPOTHB
Hee MOXKHO BBIABHHYTb LieJIblH psaj BO3paxKeHHH. Bo-nepBuix,
BUJ MOJIyYaloOUUXCA IJIs CBeXXENpOTpaBJeHHOH MOBEPXHOCTH
PEKOMOHHAIHOHHBIX KPHBBIX BecbMa pa3HooGpaseH, Tak 4TO
Hapsily ¢ KPUBBIMU THIa H306paxkeHHBIX Ha pHC. 26.7 BeCh-
Ma 4acTO BCTPEYAIOTCs U COBCEM IJ1aJKHe KpPHBbIE THIA HUXK-
Heil kpuBo# Ha puc. 26.10. Eciu gna xpusoii puc. 26.7
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NeHCTBHTENbHO MOXKHO OblJ10 GBI Npeano/arath HajJuuHe He-
KOTOpPOTO BKJ/ala OT AUCKPeTHBIX LEeHTPOB, TO JJs KPHUBOM
pHuc. 26.10 npu TakoM OGBSICHEHHH HeOGXOQHMO MpennoJa-
raTb BecbMa HeBepOSITHOe COlJlaCOBAaHHE 3JIeMeHTapHBIX
KPHBLIX MO BeJIHYHHAM H NOJOXEHHSM HX MaKCHMYMOB.

Bo-BTOpHIX, TakHe e TIJaJKue, a 3auacTyld BechbMa
6/1M3KkHe K JIMHeHHBIM peKOMOHHaLlMOHHble KpHBbIe MOJyya-
I0TCSl U NIPH COBCEM JPYTHX YCJIOBHAX: NPH M3MepeHHAX 00-
pasuoB, HaAXOAALIHMXCS B KHAKOM O6eH3oje W 3dHpe; HA
o6pasuax, 06e3BOXKEHHbIX NMPOrpeBOM B BaKyyMe MpH TeM-
neparypax 700—750° K; HaKonel, Ha o6pasiax, NOKPHITbIX
nJeHKaMH cyabduaa repmanusi. OueBHIHO, YTO CTENeHbL He-
BEePOSATHOCTH cOXpaHeHHs Habopa peKOMOHHALIMOHHBIX YPOB-
He#l, KOTOPBIA M03BOMAJ Obl NOJYYaTh U3 KOJOKOJO0Opa3HBIX
KPUBBLIX HeNJOXHe NpsiMble, BecbMa BO3pacTaeT IpH TakoH
IUHPOTe H3MEHEeHHsI COCTOSHHE NMOBEPXHOCTH FepMaHHs.

Haxonen, B-TpeThbux, cnaGo 3aBHcAIIAsi OT MOBEPXHOCT-
HOro NOoTeHIHaJla KOMIOHeHTa CKOPOCTH NMOBEPXHOCTHOI pe-
KOMOHHALMH SIBHO NPOSABJSAETCS DU HEKOTOPBIX COCTOSAHHSX
NOBEPXHOCTH 06pasloB repMaHuss H B TeX cJyuyasx, Koraa
cyMMapHas peKOMOMHALlMOHHAast KPHUBasi MMeeT sSIBHO BhIpa-
JKeHHBIH MaKCHMYM. Bnepsele cymiecTBoBaHHe TakKoli Kommo-
HeHTBl OblJIO NpefmnoJoxeHo B pabore [65] nas ycrpaHeHus
pPacCXOoXIeHHH MeXAy 3KCIepHMeHTaJbHOH M TeopeTHUecKoH
pexoMOHHAlLlHOHHBIMH KPUBBHIMH. Kak oTMeuaJsioch Bhllle, TO
e NpeanoJoxKeHHe ObIIO CAeNaHO HAa OCHOBaHHH aHalM3a
Oo6LINPHOTO 3KCINepUMEHTaJbHOTO MaTepuala H B paborte
[M10].

Bce ckasaHHOe 3acTaBH/IO cle/aTb TNPeANOJIOKEHHe O
pasJyyHH MeXaHH3MOB PeKOMOHHAIMOHHBLIX MPOLleccoB, OT-
BETCTBEHHBIX 33 KOJIOK0J006pa3Hylo M c1abo 3aBHCALLYIO
OT MOBEPXHOCTHOTrO MOTeHIHaJla KOMIIOHEHTh CKOPOCTH MO-
BEepPXHOCTHOH peKoMOHMHauuu. B npuHLHNEe BTOpPYyIO KOMIIO-
HEHTY CKOPOCTH NOBEPXHOCTHOH peKOMOHHALlMH MOXHO Mbl-
TaTbCl CBAI3aTh C HECKOJbKHMH pa3JIHUHbIMH SIBJE€HHSIMH.
Ato MorJa Gpl GBITh H3JyyaTeqbHast peKOMOHHAUUA 30HA —
30Ha HJIM 30Ha — NMOBEPXHOCTHBIEe ypoBHH. Bo3aMoxHO mpexn-
[OJIOXKeHHe 0 peKoMOGHHALHH MOCPeACTBOM HempephlBHO pac-
npejesieHHEIX [0 SHEPrHsM B 3alpellleHHOH 30He Ha noBepXx-
HOCTH CHCTEM VpPOBHEH, CyllecTBOBaHHe KOTOPHIX He BbI3bI-
BaeT coMHeHul. Hakowen, Heknii BkJajg B 06IIYI0 CKOPOCTb
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peKOMOHHALHH, KOTOpHIH BHellHe OyAeT MpOSIBJAATLCS B BHAE
3¢ (eKTUBHONH TOBEPXHOCTHOH pekOMOHMHAauUuH, OYyAyT BHO-
CHUTb O0O0beMHbie peKOMOHMHAllHOHHBIE WEHTPhl, MNONAaBLIHEe
B MNPHUIOBEPXHOCTHYIO 06/1acThb NPOCTPAHCTBEHHOTO 3a-
paza.

[TonbiTkKM OGHApYKEHHS U HCCIETOBAHUSA MOBEPXHOCTHOM
KOMIIOHEHTHl H3JyuaTe/bHOH peKOMOHHAalHH GblMH CHesaHbl
B pa6orax [251, 252, 253]. ABTOp nepBoii U3 3THX paGoOT BO-
ob1uie He 0OGHApyXHJ BJAHAHHUS MOBEPXHOCTH Ha H3JydaTesb-
Hylo pekoMGuHanuio. B pabGote [252] Takoe BaHsHHe OblIO
HalileHO, HO N0 JaHHBIM aBTOpa CBOJHJOCH K KOHKYDEHIHH
Mexay 6e3nsnyuaTenbHoil 06beMHON M NOBEDPXHOCTHOH pe-
KOMOHHANHell W H3jyuaTenbHOH o6beMHOH. B pesyabrarte
pPOCT CKOpPOCTH NOBEDPXHOCTHOH peKOMOHWHAIMH NPHBOAUI
K YMeHbLIeHHI0O HHT@HCHBHOCTH PeKOMOGHHAIlMOHHOTO H3Jy-
4eHHs1 H Hao6opoT. HakoHew, B TpeTbell paGote [253] Gbla
MNOATBEPXKAEH 3TOT NOCAeAHHH BBIBOA OTHOCHTEJBHO CyM-
MapHO# HMHTEHCHBHOCTH BbIXOAfLlEro H3 o6pasua peKoMOH-
HAllHOHHOTO H3J1yUYeHHs H B TO Ke BpeMsl Oblja BblJeseHa
KOMIIOHEHTa MOCJeJHero, H3MeHAIoasacsa ¢ NMOBEPXHOCTHBIM
[OTEHLHAJIOM TaK Ke, KaK H KOJOK0J0oOpa3Hash KOMIIOHeH-
Ta CKOPOCTH MOBEPXHOCTHON peKOMOGHHALMH. DTOT pe3yJlb-
TaT 03HAYaeT, UTO 4aCTb aKTOB peKOMOUHAIMH HOCPeJCTBOM
NOBEPXHOCTHBIX L€HTPOB MPOHCXOAMT c H3nyuyeHHeM. Huka-
KHX CBHETEJbCTB CYLIeCTBOBAHHS H3JyYaTesNbHOH peKOoMGH-
HalliM, COOTBeTCTByOLIe cnabo 3aBHCALIEH OT NOBEPXHOCT-
HOT'O MOTeHI[HaJla KOMIIOHEHTe CKODOCTH NOBEPXHOCTHOH pe-
KOMOGHHALIMH, B 3TOH paboTe mosnyuyeHo He OBbLIO.

BeposTHOCTb MpeANosoXeHHs O peKOMOHHALHH Iocpen-
CTBOM HeNpephbIBHLIX CHCTEM ypOBHell NOKa 3KCriepHMeHTaJlb-
HO He [poBepsJach, XOTd B NpHHIHIe Takas NpOBepka H
ABJsIETCA BO3MOXHOM.

DBosee Toro, umeeTcs onpejeseHHass KOppeaslius Mexay
H3MEeHeHHsIMH OOIiell MJOTHOCTH YPOBHeH B HeNpephIBHO
pacnpelesyieHHbIX CHCTeMax M BeJHYHHOH KOMIOHEHTBH CKO-
pPOCTH NOBEPXHOCTHOH peKOMOHHaLHH, cnabo 3aBHCAILEl OT
MOBEPXHOCTHOTO noTeHUHaJsa. Tak, HanpHuMep, 06e 3TH Be-
JUYMHB MHHHMMaJbHBl Ha CBeXeTpaBJeHHbIX o6Gpaslax, 3a-
MEeTHO BhILIe NMPH H3MepeHHAX B GeH30J/e, pe3Ko BO3pacTaioT
nocie nporpeBoB npu 700—750° K, a Takke OTHOCHTENbHO
BeJHKH Ha oO6paslax repMaHHs, [OKDPHITHIX IIJIEHKOM
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cyabduiaa repmanus. [103TOMy MOXKHO AyMaTb, UTO CHCTEMBI
HeNpephIBHO pacrnpejeeHHbIX yPOBHEHl MOIYT BHOCHTb CBOH
BKJAaJ B [IOBEPXHOCTHYIO PeKOMOHHALHIO.

C TOUKH 3peHHsi TEOpHH IPEeACTaBJISEeT H3BECTHYIO TPYI-
HOCTb 00bsCHeHHe cjaboil 3aBHCHMOCTH 3TOH KOMIIOHEHTH
CKOPOCTH NOBEPXHOCTHOH PeKOMOHHALMH OT NOBEPXHOCTHOTO
norexnyana. CooTBeTCTBYIOIHI pacueT, NPOBeaeHHEIH B § 6,
' MOKasaJ, 4To, B NMPEANOoJOKEeHHH O He3aBUCHMOCTH CeuyeHHui
3axBaTa OT 3HepreTHUEeCKOTO IMOJIOXKEHHs YPOBHS, cHCTeMa
HemnpepLIBHO pachpefieleHHblX YpPOBHeH AOJI)KHA AaTh Bech-
Ma y3Kyl0o KOJoKoJoo6pa3Hyio kKpHuBylo. [las Toro 4ro6bl
NOJAYYHTh cJabylo 3aBHCHMOCTb CKOPOCTH IOBEPXHOCTHOH
peKkoMOWHAlMH OT MOBEPXHOCTHOTO MOTEHIlHaJ/ja, HeOOXOAH-
MO MpeANoJIOKHTh 3KCIIOHEHLHAJbHYI0 3aBHCHMOCTbL ceue-
HHi 3axBaTa OT 3HepreTHYeCKOro MOJOXKEHHs YpOBHS,
npuyeM BO3pacTaloLlyl0 0 Mepe ypaJjeHHsl YPOBHSI OT B3a-
HMojelicTByouell ¢ HHM 30HOH. [IpH coBpemeHHBIX npencra-
BJIEeHUSIX O NPHPOZe 3JeMeHTapHbIX aKTOB 3axBaTa, KCTaTH,
OueHb MaJi0 pa3pabOoTaHHBIX, TaKoe MpeNNOJIOXKeHHe Ka-
JKeTC MaJIoBepOSITHBIM.

Hakonen, peasnbHoe cyliecTBoBaHHe TpeTbero M3 OTMe-
YEeHHBIX BHILle MPOLIECCOB — PeKOMOHHALHH MNOCPEACTBOM
00beMHBIX [eHTPOB, HAXOASLIHUXCSA B NPHIIOBEPXHOCTHOH 06-
JIAaCTH NPOCTPAHCTBEHHOrO 3apsifia, B NPHHIHIE He BbI3HI-
BaeT HHKAaKHX coOMHeHuil. Bonee Toro, HeTpyaHo yOenurhcs,
UTO MPHU OMNpeflesIeHHBIX YCJAOBHAX 3TOMY Mpolieccy LO0JXKHA
COOTBETCTBOBaTh 3(p¢eKTHBHAsA CKOPOCTh peKOMOHHALUH,
c1a60 3aBHCsLlasi OT NMOBEPXHOCTHOrO MOTeHIHaja B HEKO-
TOPOH 006/1aCTH €ro M3MeHeHHs.

Paso6bem 06sacTh MPOCTPAHCTBEHHOrO 3apsijia Ha paf
JOCTaTOYHO TOHKHX CJIOEB, TaKHX, YTOOBl BHYTPH KaK[IOro
H3 CJI0eB MOXKHO Oblj1o Obl nmpeHe6peyb H3MEHEHHEM 3JeK-
TPOCTATHYECKOTO MOTeHLHaJa. Toraa yc/aoBHA 1Js1 PeKOM-
GUHALIHH BHYTPH KaXKAOTO M3 cJoeB OYAYT pPas3JHuYHEL, a [Js
OJIHOTO M3 CJI0EB ONTHMAJIbHbl, B COOTBETCTBHH C COOTHOIlle-
HHeM AJis1 00beMHOT0 BPEMEHH KH3HH, KOTOpOe Mbl 3aNHlIeM
B NPUBBIYHON A/151 Hac Qopme:

Ny (@pon)' 5 (= A7)
- (26.1)

1
T ch(Fol:TqE)+ch(et;Tq§) ’

W—_—
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rae Fo— nonoxeHue yposHss PepMu BHYTpH caosi. MuHH-
MaJbHOCTb BpeMeHH XH3HH B cJloe GyleT COOTBETCTBOBATHh
ycnoBuio Fy = gE, uTo (DH3HUECKH O3HAYAEeT, YTO MOTOKH JbI-
POK H 3JIeKTPOHOB Ha PeKOMOHHAIlHOHHBIE YPOBHH MaKCH-
MaJibHbl NIPH BBIIOJHEHHH 3TOro ycjous. Ecau e, mado,
T. €. peKOMOHHALHOHHBIH YpOBEHb pacHoJ/ioxeH BOJIH3H cepe-
JHHBl 3a0pelleHHOH 30Hbl, TO pa3/HuHe MeXAy CKOPOCTSIMH
pekOoMOHHAIMKH B COCEIHHX CNOSIX OyaeT BecbMa 3HAUHTeJb-
HbBIM H OCHOBHOH BKJaj B OOLIYIO CKOPOCTb peKOMOGHHAIHH
6yneT AaBaTb TOJIbKO CPaBHHTeJNbHO MaJjas 4yacTh CJOS MPO-
CTpaHCTBEHHOro 3apsfa. [IpH H3MeHeHHSIX NMOBEpXHOCTHOTO
3JIeKTPOCTAaTHYECKOTO MOTeHLHaNa 3Ta 4acTb GYAeT MpOCTO
nepeiBHraThcsl IO CJOI0 MPOCTPAHCTBEHHOTO 3apsiaa, TakK
YTO B TOM JHala3oHe H3MeHeHHH NOTeHlHaJ/a, rle OHa BCe
JKe OcTaeTcsl BHYTPH CJ10s, 3aBHCHMOCTb CKOPOCTH peKOMOH-
Halli¥ OT NMOBEpPXHOCTHOTO M0TeHLlHaJa A0JKHA ObITh BecbMa
He3HauuTeJbHOH. B o6pasuax AblpoyHOH NMPOBOAMMOCTH OHA
JOJKHA cn1abo Bo3pacraTh B CTOPOHY NOJOXKHTE/bHBIX 3HA-
uyeHHH MOTEHIlMaJa, TaK KaK NpH 3TOM 3a CUeT pacllHpeHus
06J1aCTH MPOCTPAHCTBEHHOTO 3apAia B Hee MONajaloT HOBble
CJI0H, peKOMOHHALlHOHHBIE LEHTPBl KOTOpbIX 6yAYyT NaBaTh
HEKOTOpPYIO MaJyio 406aBKy B O6IIYI0 CKOPOCTb peKOMOHHaA-
uud. nsg o6pasuoB 3/J€KTPOHHOH NPOBOAHMOCTH CJlefyeT
0XHJaTb pPOCTa CKOPOCTH peKOMOMHALMUH B CTOPOHY OTPH-
TaTe/bHBIX 3HaUEHHH NOTEHIHaNa, BO BCAKOM Cjayuae, ec/H
peub HAeT O peKOMOGHHALMOHHBIX HEeHTpax C OJH3KHMH OT-
HOILIIEHHSIMH CeYeHHH.

M3noxeHHble KauyecTBeHHBle coo6paKeHHsl ObliM Mpo-
CYHTAHBl M CMOJeNHpOBaHbl B pabote [254]. Ina storo B
NPHUNOBEPXHOCTHBIH c/0fi 06pa3loB TrepMaHHs MeTOAOM
KpaTKOBpeMeHHOH AH(GY3HH BBOAUNACh MeAb. Bo3HuKa-
BlIAs [IPH 3TOM JOMOJHHTe/NbHasi KOMIOHeHTa 3P deKTHBHOMH
CKOPOCTH NOBEPXHOCTHOH pekoMOHHALUH 3aBHCesa OT KOJH-
yecTBa BBENEHHON MeIH, a XapaKTep ee H3MeHEHHs C [O-
BEDXHOCTHBIM MOTEHIIHAJIOM J[OCTAaTOYHO XOPOIUO COOTBET-
cTBOBaJ HaGJiofaBllelics paHee ca1a6Gofl 3aBHCHMOCTH CKO-
POCTH MOBEPXHOCTHOH peKOMOGHHALHHM OT MOBePXHOCTHOrO
noteniHaja. Ha puc. 26.13 npupeneHs peKOMOHHaLlHOHHbIE
KpHBBle NPH CYLUIECTBEHHO DAa3JIHUHBIX COCTOSIHHSIX TOBepX-
HOCTH repMaHusi. | U 2 — noBepxHOCTH, aacopGupoBaBlIHe
3HauMTeJIbHBle KOJHYecTBa BOAb; 3 W 4 — OKHC/IEeHHBbIE
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BeICOKOTeMIepaTypHbiM ( ~ 700° K) nporpeBoM B 030He; 5 1
6 — cyabbuaupoBaHHble B cepoBopopone; 7, 8, 9— conep-
’allde B NPUIOBEPXHOCTHOM CJ10€ BO3pacralolliHe KosaHye-
ctBa nponud@ysauposasmefi meau. CXOACTBO Bcex 3THX
PEKOMOHHALHOHHBIX KPHBBIX CBHAETEJbCTBYET O POJACTBEHHO-

CTH ONpeje/sIOIHX HX MpO-
9  ueccoB. Cuenyer OTMeTHTb,

600 4TO BO BCeX YMOMHHABLIHXCSA

paHee cJayuasx, KOrja »3Ta
10t KOMIOHEHTa CKOPOCTH I0BepX-
L M‘w"/ HOCTHOH peKOMOHHAlLMH HMe-
Jla CKOJIbKO-HHOYyIb GoJbliine

§ w} aBCcoJIOTHbIE 3HAYeHHs, ee M0-
g AIBJIEHHIO TNpeJlllecTBOBaJa OT-
é#ﬂﬂ - HOCHTEJIbHO BBICOKOTEMIepa-
9

m OCTaTOYHbIE [TIOBEDXHOCTHEIE

"M .3arpsisHeHHsi 06pasloB MOIJIH

" And@yHaupoBaTh B IPHIO-

W BEPXHOCTHYI0 006JacTb Mmpo-
1 1 1t 1 oAl

21 0123456789 CTPAHCTBEHHOrO 3apsAa.
Ve, 60AT/g HakoHnel, Heo6xonuMo cae-
JaTb elle OAHO 3aMeyaHHe
Puc. 26.13. 3aBucHuMOCTH 3ddeKTHUBHON MPpUHIHNHAJIBHOTO Xapakxre-
CKOPOCTH I10BEDXHOCTHOH peKoMOHHa-
uu# ot Yg npH mekoropux cnemndn-  Pa. HPH O6Cy}KIleHl/Il/I B § 6
YEeCKHX COCTOSIHHAX NMOBEpXHOCTH rep- BOBMOX{HOCTH - BBeﬂeH"ﬂ CKO-
i POCTH MOBEPXHOCTHOH PEKOM-
6HHa].lPIH, He 3aBHCﬂmeﬁ oT
XapakTepa B030y»KAeHHsI H3GbITOUHBIX HOCHTeJel 3apsaa,
YKa3blBaaoCb, 4YTO AJS 3TOTO HeO6XOJlI/lM0, YTOOHI peKOM6H-
Hauus B ob6aacTtu NPpOCTPAHCTBEHHOro 3apdana Gnlia aA0cCTa-
TOYHO MauJa.

Ecan caa6o 3aBHcsAllasg OT MOBEPXHOCTHOIO MOTEHIlHaJa
KOMIIOHEHTa CKOPOCTH IOBEPXHOCTHOH peKoMGHHAUuH 06Yy-
CJIOBJI€eHA LEJHKOM, HJH gaxXKe B 3HAYHTeJbHOHU 4yacCTH, pe-
KOM6HHaHHeﬁ B CJiO€ MNPOCTPpAHCTBEHHOro 3apsna, TO H
KOJIOKOJIOO6pa3Haﬂ KOMIIOHEeHTa, Korija OHH CpPaBHHMBHI MO
BeJIHUHHE, He MpeCcTaBJsieT CoG0 YHHBEPCAJIbHYIO CKOPOCTh
MOBEPXHOCTHOM pekoMOGuHauuu. Torpa ciaemyer o0XKuaathb,
KaK 3TO OTMeuaJoCb paHee, pa3JHUHsl H3MEPEHHbIX BEJHYHH

(]
7
6
L 5 TypHas (700—750° K) o6pa-
LWWM"/ / 6orka o6pasuos. [lpu stom
-
J
2
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NpH pasHHIX MeTOJax BO3OYKJEHHS HepaBHOBECHBIX HOCH-
Teslelt 3apsiaa.

ITpoBepka 3TOro npeamnoJioXKeHHs Oblla OCYyLIeCTBJEHA
nyTeM H3MepeHHs 3((PEeKTHBHOrO BPeMEeHH XKH3HH Ha o6pas-
11aX, KPaTKOBPEMEHHO NPOrpeThiX B BaKyyMe MPH TeMiepa-
tTypax 600—650° K. Kak caenyer us puc. 26.3, K0J0KOJO-
o6pasHas M He 3aBHCAllas OT MOBEPXHOCTHOTrO MNOTEHLHAJa
KOMIIOHEHTbl CKOPOCTH NOBEPXHOCTHOH peKOMGHHAUHH INpH
3TOM CpaBHHMBI N0 BesJHuHHe. M3MepeHHs 3ddeKTHBHOTO
BPEMEHH XKH3HH N0 METOAY 3aTyXaHHs (OTONPOBOXHMOCTH,
B036yx/AaeMOfl HMIYJ/1bCAMH CBETA CYLIECTBEHHO Pa3JIHYHBIX
IUIHH BOJIH, AeHCTBUTE/JbHO AaJU NPH 3TOM 3(deKkTHBHBIE
3HAUEHHUS] CKOPOCTH MOBEPXHOCTHOH peKOMGUHALMH, 3aMETHO
pasJHyaloulecss Apyr oT Apyra.

XoTs1 OCHOBHOe BHHMaHHe B NpelblAyllleM pacCMOTPEHHH
OblIO yHesNeHO H3MEeHeHHAM CKOPOCTH MOBEPXHOCTHON pe-
KOMOWHAUHH B pe3yJbTaTe pa3jiHuUHbIX BO3AeHCTBHH, OLHO-
BpeMeHHO, Kak IMpaBHJ/IO, PacCMaTPHBA/JHCh H H3MeHeHHs
KpHUBBEIX 3axBara. [1o3TOMy Mbl OorpaHHuUMMCS O6CYyXIeHHEM
TOJIbKO HEKOTOPbIX OOIUMX BbIBOJOB OTHOCHTEJBHO H3MeHe-
HUA KPHBBIX 3aXBaTa, BBITEKAIOUIHX H3 NPHBOAMBIIHXCSA pa-
Hee 5KCIepUMEHTAaJbHBIX AaHHBIX.

[Tpexnae Bcero, H3 HEOJHOKPATHO OTMeYaBIUErocs OTCYT-
CTBHSI MPOMOPLHOHANBHOCTH MeXAy H3MeHeHHSIMH Smax H
HaK/JOHA KPHUBBIX 3axBaTa (B /060f TouKe KPHBOH) cie-
JyeT, 4TO 3aXBaT Ha PeKOMOHHallMOHHbIE YPOBHH, KaK npa-
BUJIO, HE NPOfBJSETCA B 3KCMEPHMEHTa/bHO HabJ/104aeMbIX
kpHBbIX 3axBaTa. HaGalonaswuiica B psine ciayuaes napad-
Jeausm (HO He mpsMasi NPONOPUHOHAJIBHOCTL!) H3MeHeHHUM
BeJMUHH Smax U 0Qss/0Ys cBHAeTeabcTBYeT 0 6JM30CTH, a
BO3MOXKHO, H OOIIHOCTH MNPUPOABI MPOLECCOB H3MEHeHUH
MOBEPXHOCTHBIX PeKOMOGHHAIHOHHbIX LIEHTPOB U IIEHTPOB 3a-
XBaTa B pe3yJbTaTe HEKOTODbIX BHeWIHHX Bo3deHcTBufi. Ta-
KHMH, T0-BUAUMOMY, GJIH3KHMH NPOLECCaMH SBJSIOTCA: NPO-
lecchl aKTHBAallUM 1LIEHTPOB peKOMOHHAUMH M 3axBaTa IpH
necopOLUHH MOJIeKyJ/ BOJABl M HX HeHTpaJH3alHH NMPH mocie-
ayioleil aacopOLUUH BOAbl HJH APYTHX MOJAPHBIX MOJEKYJ,
[IpoLleCC Pe3KOro BO3pacTaHHs KOHIEHTPalUH LeHTPOB 06oHx
THIOB NPH BBICOKOTEMIEPATyPHHIX NpOTPeBax B BaKy-
yMe; Ipolecc «3aJeyHBAaHHUA» I[OBEPXHOCTHBIX 1e¢eKTOB,
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COOTBeTCTBYIOIUX LIEHTPAM OGOMX THIOB, NPH BHICOKOTEM-
nepaTypHBIX NPOTpeBax B KHCJIOPOJeE HJH O30HE.

B TO Xe BpeMs Le bl psi APYrHX BHEILIHHX BO3AeHCTBHIA
CYLIECTBEHHO PAa3JIMUHO BJIHSET HAa LEHTPbl peKoMOGHHALHH
1 3axBaTta. Tak, BO BpeMsi eCTeCTBEHHOro cTapeHus o6pas-
1I0B repMaHHs HA BO3JyXe HJH B XOJe OTKAauKH HaKJOH KpH-
BLIX 3aXBaTa MpaKTHYECKH He H3MEHSeTCs, XOTsl NMpPH 3TOM
NOsIBJsIeTCS] ¥ MOHOTOHHO BO3pacTaeT KoOJIOKOJ0oOpa3Has
KOMIIOHEHTa CKOPOCTH MOBEepXHOCTHOH pekoMOGuHauuu. Hao-
60poT, B pe3yJbTaTe KpaTKOBpeMeHHbIX nporpesoB npu 600
n 650°K oHa pe3ko yMeHbllaercs, a [OC/Ae [JUTENBLHOrO
nporpeBa npH 650° K ucuesaer BoBce, XOTsl NPH TOM Ha-
KJOH KPHBBIX 3aXBaTa YMeHblLIaeTcsl OYeHb He3HauHTelNb-
HO, a 3auacTyilo BooOule He H3MeHseTcs. [lporpeBnl npu
700—750° K Takke MpPHUBOAAT K HCUE3HOBEHHIO KOJIOKOJIO-
06pa3HO¥ KOMIIOHEHTHl CKOPOCTH NOBEPXHOCTHOH peKoMOH-
HaIlH{, HO COOTBETCTBYIOT Pe3KOMY BO3PacTaHHIO HAKJOHOB
KpuBbIX 3axsaTta. HakoHneu, agcop6uus Mosiekysa BOAbl Ha
NpPOTPETYI0 NMPH BLICOKHX TeMHepaTypax MOBEPXHOCTb NpH-
BOJAHMT K IOfIBJIEHHIO 6OJIbIIOH MO BeJHYHHE KOJIOKOJ1000pas-
HOM KOMIIOHEHTBI CKOPOCTH MOBEpXHOCTHOH pekoMOHHAIHH,
HO HHKaK He BJIHSIeT Ha KpHBHIe 3aXBarTa.

Bce 5TH QakThl CBHAETEJBbCTBYIOT O TOM, UTO UEHTPHl 3a-
XBaTa H LeHTPhl peKOMOHHaIUH NpeAcTaBJAAOT coboi pas-
JIMYHBbIE MO CBOeH npHpode Ae(eKTbl MOBEPXHOCTH, NPHUEM
MepBbIX, KaK NMPaBHJIO, 3HAUHTeNbHO 00Jiblie, YeM BTOPbIX.
ENMHCTBEHHBIM HCKJIOYeHHEeM, NO-BHAHUMOMY, SIBJISIETCS CO-
CTOSIHHE MOBEPXHOCTH repMaHHUs MocJe NPOTrpPeBOB B BaKy-
yMe npu Temneparypax 700—750°K, rae ux KoHUeHTpalUHH
CpaBHHMbl MexAy cOG6Oi.

CrnelHaJbHOTO pacCMOTpPeHHS 3ac/ayKHMBaeT BOHpPOC 00
H3MEeHEeHHsIX MOJIHOTO IOBEPXHOCTHOrO 3apfja B Xone Mpo-
rpeBoB B BakyyMe [198]. IlockosbKy mporpeBbl Aa’ke mpH
CPaBHMTEJbHO HeBLICOKMX TemmepaTypax mao 500—650° K
IPHBOJAT K J0BOJIbHO 3HAUMTEJNbHbIM H3MEHEHHSM KOHIEeH-
Tpauuil GBICTPBIX MOBEPXHOCTHBIX COCTOSIHHH, MOXKHO OblIO
66l 0XXHMAATh CYLIeCTBEHHbIX H3MEHEHHH MOJIHOrO MOBepx-
HOCTHOTO 3apsiia Qpop MU COOTBETCTBYIOLIHX HM 3Ha4eHHH
PaBHOBECHOTO TOBEPXHOCTHOTO 3/1€KTPOCTATHUECKOTO [OTEH-
1Hana B OTCYTCTBHe BiiellHero noas Yso. DTH noc.aenHue
BeJHUMHBl MOT'YT OBbITh HENnoCpeACTBEHHO ONpejesieHbl Mo
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KpuBbIM 3¢ dexkTa noJasd, Kak 310 Obl10 omucaHo B § 10.
Ctporo roBopsi, NPH 3TOM ONpeReJSIOTCS BeJHUHHBI Qpop
H Y50, COOTBETCTBYIOLIHE MTHOBEHHbIM 3HAU€HHSIM BHELIHEro
noJsi, paBHbIM HyJio. Kak paHee oTMeuaJsoch, MOJHBIH 1O-
BEPXHOCTHBIH 3apsl NpPH TakoMm crnocobe ero omnpefeleHHs
MOXKET OT/IHYAThCA OT €ro BeJHUHHbl B OTCYTCTBHe BHeLI-
Hero noJisi BcjaeAcTBHe 3ddekrta HakonseHus. OQHAKO, NpH
AJHTeNbHOM o6e3ra)KMBaHHH o6paslla H BaKyyMHOH cHCTe-
Mbl, 3((heKT HaKOmJeHHs1 B Bakyyme He xyxe 1-1076 rop
MOXKeT ObITb NMPAaKTHYECKH CBelEH K HYJIO.

TaG6nuuma 263

H3MeHeHHs] PABHOBECHOI'O MOBEPXHOCTHOTO 3JIEKTPOCTATHUECKOrO
NOTEeHIHAa, NOJHOrO NOBePXHOCTHOTO 3apsia
H 3apsija GbICTPbIX MOBEPXHOCTHBIX COCTOSHHMA
npH nporpesax 06pasloB B BaKyyMe

© o 55{ - "é KOHLeHTpalHA COCTOAHHHA .
ad EE«‘ g =3 10710, 1/cm? 3%
= «< s o - I o ns
28 | 288 | LB% | S3 | Na [ Ve | Ve | Nu | &3

300 2,6 1,7 3 2 9 8 0,3

3 500 -0,2 —-0,2 11 18 31 41 15,3

650 3,1 3,7 6 10 18 13 0
300 2,4 1,3 3 4 20 21 0,2
28 500 1,4 1,0 23 26 62 73 11,6
650 4,2 2,8 12 18 46 47 —4,1
300 2,2 1,6 7 5 14 13 1,8
46 500 0,5 0,4 26 24 45 48 15,4
650 4,5 3,1 13 14 38 40 -3,8

B tab6auue 26.3 npuBeneHbl 3HaUeHHs1 paBHOBECHOTO I10-
BEPXHOCTHOTO 3JIEKTPOCTATHYECKOTO MOTeHIlHaJa H BeJHYH-
Hbl MOJIHOTO TOBEPXHOCTHOrO 3apsija, COOTBETCTBYIOLIHE
pa3JHYHBIM COCTOSIHHUSIM HOBEPXHOCTH psaa obpasunos. Kak
crenyeT M3 Tabuuubl, o6e 3TH BeJHUHHBl H3MEHSIOTCH B
pe3ysabTaTe paccMaTpHBAaeMbIX NMPOTPeBOB BechMa He3HauH-
teabpHO. [Ipoucxoasine npu 3THX Mporpesax H3MeHeHHs 3a-
psiza OBICTPbIX TOBEPXHOCTHBIX COCTOSIHHH JIerKO MOTryT
ObITh MOACYHMTAHBI, TOCKOJBbKY MBI 3HaeM H3MeHeHHs ca-
MHX KOHIEHTpauUMA OBbICTPbIX MOBEPXHOCTHBIX COCTOSHHIH
M paBHOBeCHble 3HaueHHsl MOBEPXHOCTHBIX MOTEHIIHAJIOB,



436 PEAJIbHASl MOBEPXHOCTb MOJIYITPOBOAHHKOB [rJ1. V1

onpenfesfIOIIUX 3aNOJHEHHe NOBEPXHOCTHBIX ypoBHeidl. Ilpu
BbINOJIHEHHH 3THX PACyeTOB HaM HeoOGXOAMMO TOJbKO cle-
JaTh ABa YTOUHSAIOUIHX NPeNNONOXKEHHS, CBA3AHHbBIX C TeM,
4TO 3apsii ObICTPBIX MOBEPXHOCTHBIX COCTOSIHHI onpene-
JseTcss no MeTony 3¢¢exTa Nojs ¢ TOUHOCTbIO OO MPOHU3-
BOJIbHOA KOHCTAHTHI, a AJ5 HALIHX Lesell Hy:XHbl abGCcoJIoT-
Hble BeJTHYMHBl 3apsfa.

ITepBoe npennoJioxeHHe cBSI3aHO ¢ yTOYHEHHeM 3HAKa
3apsana GBICTPBIX MOBEPXHOCTHBIX cocTosiHHiH. OueBHAHO, UTO
BCe 3TH COCTOSIHHA He MOTYT ObIThb JIHOO TOJbKO JOHOpaMH,
Jin60 TOJMbKO akuenTopaMmH, T.e. o6jafaTbh B HOHH30BAHHOM
COCTOSIHHH JIHGO TOJIBKO MOJIOXKHTENbHBIM, JHGO TOJNBKO OT-
pHLaTeJbHBIM 3apsfoM. DTO yTBepXKAEHHE cledyeT XOoTs Ol
U3 yKe OTMeueHHOro (akTa MaJlOCTH H3MeHEeHHH MOJIHOTO
NIOBEPXHOCTHOrO 3apsfa npu nporperax. Ecay 6ol Bce BHOBb
of6pasylomHuecss NpH MNporpeBax OBICTPble MOBEPXHOCTHbIE
COCTOSIHHSI MMeJH Obl OLHY NPHPOAY, H3MEHEeHHs IIOJHOrO
NIOBEPXHOCTHOTO 3apfja B pe3yJbTaTe MPOrpeBoB OLiN Gbl
orpoMHbiMU. Lenbli psag coobpakeHu#t NPUBOAHT K 3aKJIo-
YeHHI0, YTO I[I0BEPXHOCTHhIe COCTOSIHHS, YPOBHH KOTOPBIX
pacnoJIoxKeHsl B BepXHell MOJIOBHHE 3anpellleHHON 30Hbl, 10J1-
KHbl OBITh aKUENTOpaMH, a Te, KOTOPbIM COOTBETCTBYIOT
YPOBHH, pacroJioKeHHble B HHXXHeH NMOoJIOBHHe 3anpelleHHOH
30Hbl Ha IOBEPXHOCTH, — AOHOpaMH. [ToMumo coobpaxeHuii
TEOpeTHYECKOro MOpsiKa, KOoTophle OyAYT 06CYXKAaTbCA B
clenyioleM naparpade, MOXXHO NpUBECTH, HANpHUMep, TaKHe
apryMmeHTbl. Xopouio H3BecTHa TeHAeHLUHs ypoBHs Pepmu
Ha peasbHOH MOBEPXHOCTH repMaHHs 3aHMMAaThb IOJIOXeHHe
BOJIM3H CepelUHbl 3ampellieHHOH 30Hbl BHE 3aBHUCHMOCTH OT
ero noJioXKeHuss B o6beMe KpHcTassa [14] Drta TeHaeHuus,
NpH TBEPAO yCTAHOBJIEHHOM (pakTe GLICTPOTO pOCTa KOHIIEH-
TpauHil NOBepPXHOCTHBIX YPOBHeH IO Mepe yjaaJjleHHs HX dHep-
reTHYeCKOro MHOJIOKEHHS] OT CepelMHbl 3alipellleHHOH 30HHI
Ha MOBEPXHOCTH, COOTBETCTBYeT OTHOCHTEeJbHO HeGOJIbIIOMY
3apsfy GbICTPBEIX MOBEPXHOCTHBIX cocTOosiHUHA. I1pH o6paTHOM
NpenoJoXKeHHH 3TOT 3apsij Obli1 Gbl OUeHb BeJHK, €CJIH TOJIb-
KO pacrnpejejieHHe MOBEPXHOCTHBIX YPOBHell B 06eux moJio-
BHHaX 3alpelleHHON 30HBI Ha NOBEPXHOCTH XOTA Obl HEMHOTO
-OTKJIOHAJIOCH OT CTPOrofi cHMMeTpHH. [laxKe ecau cuuTath,
4TO Pa3sHOCTb OOJbLIMX KOHLEHTPAlUHH# HOHHU30BAHHEIX MO-
BEDXHOCTHBIX AOHOPOB H AaKILeNTOPOB KOMMEHCHPYeTCs
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B OOBbIYHBIX YCJIOBUSIX 3apfA/OM MeNJEeHHBIX MOBEPXHOCTHHIX
COCTOSIHHH, TO MOCTOSIHHOE OCYIUeCTBJeHHe NOLOGHON xe
KOMIIEHCAIIMY T0CJle Pa3JIMYHBIX [IPOrPeBOB SIBUJIOCH GBI CO-
BepLUIEHHO HEEEPOSATHBIM.

Pasgenenne ObICTPLIX MOBEPXHOCTHBIX COCTOSIHMH HA ABe
rpynnsl [aeT OJHOBPEMEHHO M eCTeCTBEHHOe HayaJso OoTcyeTa
IJIs1 ompesiesleHHs1 aBGCOJIIOTHBIX BEJIHUWH 3apsafa Ka) o Hu3
rpynn. DTo, OYeBHAHO, JO/KHA GBITh TOYKa Neperuba KpH-
BBIX 3aXBaTa, OTYETJIUBO HabJiofaeMas Ha BCeX KPUBEIX 3a-
xBaTa BOGJIH3H CepelMHBbl 3aNpelIeHHOH 30HH Ha MOBEPXHO-
CTH (cM., HanpuMep, pHc. 26.4, uMest B BULY, uTO (q@s/kT) =
= Ys—InA, rae InA = 1,5 (kT/q) nas wcciemoBaBLIKXCS
06Gpasios).

Takum o6pasom, 3apaa HOHH30BAHHBEIX GBICTPBIX MOBEpPX-
HOCTHBIX COCTOSIHHH, COOTBETCTBYIOILUMA uacTH KpHBOH 3a-
XBaTa HHXKe TOYKH meperu6a, JO/KeH CUHTATbCs OTpHLA-
TeJIbHBIM, a BBILIE ee — MOJIOKHTENbHBIM.

Cam pacuer 3apsia GbICTPBIX MOBEPXHOCTHBIX COCTOSIHHI
MpU pa3/JHYHBIX COCTOSHHSX MOBEPXHOCTH Gbl1 THpOBejeH
B ynoMmsiHyToit pabore [198], ucxons u3 spdekTuBHOIM cHCTe-
MBI YeThipeXx AMCKDETHEIX NMOBEPXHOCTHBIX ypoBHeH. OueBu-
HO, YTO TaKOH Ke pe3yJibTaT AaeT H pacueT, HCXOASLIUA U3
IBYX CHCTeM HeNpephLiBHO pacnpejesNeHHbIX YpPOBHeH, eciau
TOJIBKO NPH O6GOUX MOAXOAAX YAaercs OAMHAKOBO XOPOMWIO
anmnpoOKCHMHPOBATb 3KCNEePHMEHTAJIbHO MOJyUeHHble KPHBhIE
3axBata. PeayjbTaThl pacuyeTa npHBeleHbl B INOCJAeNHEM
cTonbue Tabauinl 26.3. BugHo, uTO paccuuTaHHble H3MeHe-
HHSl 3apsiia GEHICTPBIX NMOBEPXHOCTHBIX COCTOSIHHH MOUTH Ha
MOPsLOK MpeBBIIAIOT HabJ/I0faeMble SKCIepHMEHTaNbHO H3-
MeHEHHs] MOJHOrO MOBEPXHOCTHOTO 3apaja NMpPH Nporpesax.
EnnHcTBeHHAs BO3MOXHOCTb OODBACHEHHS TAaKOTO HeCOOTBeET-
CTBHSl 3aKJII0YaeTCs B NPeANoN0XKeHHH 06 OJHOBPEMEHHO Mpo-
MCXOASIIUX IOYTH PaBHBIX N0 BeJHUHHe H 06PATHEIX 0 3HAKY
H3MEHeHHsAX 3apsiia MelJIeHHbIX IMOBEDPXHOCTHBIX COCTOSTHHH.

OueBHAHO, UTO MNOC/JeHHE H3MEHEHHS HeJb3sl IEeJHKOM
MPUMKCHIBATb HE3aBHCHMO NPOHUCXOASILINM H3MEeHEeHHSIM B
af1copOLHOHHOM MOKPEITHH NMOBEPXHOCTH, C KOTOPBIM OOBIYHO
CBfI3bIBAIOT Me[JIEHHbIe MOBEPXHOCTHBIE COCTOSIHUA. DTO BHJ-
HO XOTs OBl U3 TOro ¢akra, YTO TaKHe H3MEHEHHS HOJXKHBI
O6bITh MOHOTOHHBIMH B paccMaTpHBaeMOM MAHAaNa3oHe TeM-
nepatyp nporpeBoB. B Tabnuue 26.3 cnenxanbno nogo6paHsl
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clyyaH, KOrjla KOHIEHTpPalHH GLICTPhIX MOBEPXHOCTHHIX CO-
CTOSIHUH H COOTBETCTBYIOUIHIl HM 3apsil YMeHbIIAJdHCh MOcCe
nporpesa npu 650° K. Kak cnenyer u3 tab.auisl, B3auMHasi
KOMIeHcallsl H3MeHeHHH 3apsfa OLICTPBIX H MeIJeHHBIX
MOBEPXHOCTHEIX COCTOSIHHH COXpaHsieTcs W B 3THX CJayuasix.

Torma ocraeTcss eIHHCTBEHHAash BO3MOXHOCTb OObsicHe-
HHS MOJIYYEHHBIX Pe3yJbTaToB, 3aKJioyaiollascs B Ipeano-
JIOXKEHHH O B3AUMHbLY npespaujerusx OulcTpbix u medaeH-
HbLX COCTOAHUI Npu nporpeBax B Bakyyme. [IpH npuHATHH
3TOTO NpEeNIOJIOXKEHHS MaJible H3MeHEeHHsl MOJHOro MoBepX-
HOCTHOTO 3apfiia MOJy4yaloT ecTecTBEHHOe HCTOJKOBaHHe
KaK pe3yJbTaT OTHOCHTEJbHO HeGOMBbIINX H3MeHeHHl 3apsaja
Me[JIeHHEIX COCTOSIHHH, NPOHCXOASILIHX BCJENCTBHE H3Me-
HEeHHUsl afcOpOLHOHHBIX MOKPBITHH HJH CTPYKTYPHBIX H3Me-
HEeHUIl B NJIeHKe OKHCHBIX coeiHHeHHH repmanusa. Oxugae-
MBIX K€ H3MeHEeHHI NOBEPXHOCTHOTO 3apsja 3a cueT H3Me-
HeHHH KOHLEHTpAUHH OBICTPEIX IOBEPXHOCTHBIX COCTOSIHHH
He MPOHCXOJHT, MNOCKOJNbKY COOTBETCTBYIOLWIMH HM 3apsf
IPUCYTCTBOBAaJ Ha MIOBEPXHOCTH U paHee B BH/e 3apsiaa Me[l-
JIEHHBIX MOBEPXHOCTHBIX COCTOSIHMI, 4aCTb H3 KOTOPEIX B pe- _
aysabrate nporpeBa mpu 500° K mpespaTusnach B OblcTpble
noBepxHoCcTHble coctosiHusa. [Iporpes mpu 650° K coorser-
CTByeT B psfle cJayuaeB OOGDAaTHOMY IpeBpalleHHIO YacTH
OBICTPBIX NOBEPXHOCTHBIX COCTOSiHUH B MejJeHHble. Kak Gy-
JeT MOoKa3aHo B CJeAYIOUIeM naparpade, Takue npespalleHust
03HAyalOT CYLIeCTBEHHble H3MEHEHHs CeyeHHs 3aXBaTa LieH-
Tpa AJisi B3aHMOJEHCTBYIOLIEro ¢ HHM HOCHTessl 3apsifia, [pH
COXPaHEHHH 3HepreTHYECKOro IOJI0XeHHs YPOBHs LeHTpa.

B pa6orax [255, 199] onucaHHble 5(QdeKkTh OblJIH MOA-
BeprHyThl HajibHefilleMy NOAPOGHOMY H TINATEJbHOMY HC-
cnegoanuio. Ha puc. 26.14 npuBefeHbl ycpelHEeHHble MO
6o/bLIOMY KOJIHYECTBY HcCc/elOBaHHEIX 006pasloB JdaHHble
1N U3MepPEeHHBbIX BeJHUHH Yso, Smax, Qss (npu Ys = 6&T/q)
M KoaHuecTBa ajncopOHpoBaHHOH BOAbl (H3MepeHHOro Ha
aHaJOrHYyHO 06paGOTAaHHOM IOpOLIKe repMaHHs) Mocjae npo-
rpeBOB B BaKyyMe NpH pa3JHYHBIX TeMmnepatypax. Buuwo,
YTO 3TH YCpeIHEHHble [aHHble MOJHOCTbIO BOCIPOM3BOIST
o6CyXaaBLIHeCs paHee H3MeHEHHsl BCeX MePeYHC/IeHHbIX Be-
JHUHH. M3 HHUX cjeayeT Takxe, YTo 00/1aCTb B3aHMHBIX
npespaiieHuil GLICTPHIX H MeIJIeHHbIX MOBEPXHOCTHBIX LEHT-
pOB 3axBaTa OrpaHHYeHa TeMIlepaTypodl NporpeBa HHXKe
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700° K. I[Ipu GoJsee BLICOKMX TeMIepaTypax Mporpesa IMpo-
MCXOMASAT CyLIeCTBEHHble H3MEHEHHS COCTOSIHHS MOBePXHOCTH
repMaHHsi, B pe3yJbTaTe KOTOPBIX PaBHOBECHBI NOBEPXHOCT-
HbIl 3JIEKTPOCTATHYECKHH INOTeHIHAJ De3KO H3MeHsleTcs B
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Puc. 26.14. Hamenenne Yo, Smaxe QSS (np" ys=e_’?q£.)

M KOJHYecTBa afcOPGHPOBAHHOA BOJAbH B 3aBHCHMOCTH OT TeM-
nepaTyphl nporpesa o6pa3l0B repMaHus B BaKyyMe.

CTOPOHY OTpHLATEJ/JbHBIX 3HaueHU#H, a KOHI€EHTpAallHH GbICT-
pBIX MOBEPXHOCTHBIX COCTOSIHHH BHOBb HAUHHAIOT pacru.

§ 27. CtpoeHne peaJibHOH MOBEPXHOCTH repMaHus
1 (GH3UKO-XHMHYECKas NMPHPOAA MOBEPXHOCTHBIX COCTOSTHMM

SKcnepuMeHTaJbHble pe3y/bTaThl, ONHCaHHbIe B MPe/bl-
Iyux naparpadax, 1alT 40CTaTOUHO MaTepHaJa Js MOMbI-
TOK YCTaHOBJIEHHS CBfI3H MeXAy OCOOEHHOCTAMH CTPOeHHS
peasibHOA TNOBEPXHOCTH TepMaHHsA d CBOHCTBAMH MOBepX-
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HOCTHEIX 3JIEKTPOHHBIX COCTOSIHMEH. B OCHOBHOM, pa3symeercs,
6yaeT MATH peyb O peasibHOH MOBEPXHOCTH, MPeACTaBJAIO-
el co6of rpaHHLly pasjena repMaHdsl C NOKPBIBAIOLIEH
ero NJeHKOH OKHCHBIX COeIMHEHHH, KOTOpas HccjeqoBaHa
HauboJsiee noapobHoO. .

PesyabraTthl npeabiaymiero naparpaca mno3BoOJISIOT JO-
CTaTOYHO yBEPEHHO YTBepX1aThb, UTO PeKOMOGHHALMOHHBIMH
IeHTpaMH Ha peasbHOH MOBEPXHOCTH TepMaHHsS B OMUCAH-
HBIX ONBbITaX SABJSMHUCh HeKHe Ae(eKThl 3TOH NOBEpPXHOCTH,
KOTIa Ha HHX 3aKpemseHbl MoJIeKyJbl Boabl. [lecop6uus
3THX MOJIeKYyJ NPHBOAHT K HCUE3HOBEHHIO PeKOMGHHAIIMOH-
HBIX LIEHTPOB, OTBETCTBEHHBIX 3a KOJIOKOJOOOpPa3HYI0 KOM-
NOHEHTY CKOPOCTH TMOBEPXHOCTHOH peKOMOHHALMH.

ComnocTaB/ieHHe 3TOTO pe3y/bTaTa ¢ OOUHMH coobpaxe-
HUSIMH OTHOCHTEJNBbHO BeJHYHH 3(p(PeKTUBHBIX ceueHUH 3a-
XBaTa pPeKOMOUHAaLlHOHHBIM LEHTPOM [bIPKH M 3JeKTpOHa
yxKe o6cyxaajoch BkpaTlle paHee (cMm. § 6). Tam 6bli0 OT-
MeueHo, yTo ecju GoJsbluas BelHuHHA 3((GeKTHBHOTO ceue-
HHsl 3aXBaTa O/JHOTO M3 HOCHTes]eHd 3apsaaa MOxeT ObITbh
o6bsiCHEHa KYJOHOBCKMM B3aUMOJeHCTBHEM, TO CpaBHHMas
BeJIHUMHA 3 (dEeKTHBHOrO ceyeHHs 3aXBaTa HOCUTeJs 3apsija
JApYyroro THma Mozket OLITb MOJydeHa 3a CUeT ero B3aHMO-
NEeACTBHA C MOCTOSIHHBIM JHIIOJbHBIM MOMEHTOM peKoMOHu-
HAllHOHHOTO LleHTpa.

PaccMoTtpuM mozapoGHee, HAaCKOJBKO 3TO MpeAnoJsoxe-
HHe, BBeJleHHOe BIepBhle B CBSI3H C HCCJAEJOBAHHSIMHU MOBEpPX-
HOCTHOM pekoMGuHauuu [MI10], HaxoAHTC B COOTBETCTBHH
C 3KCIepHMEHTaJbHbIMH JaHHBIMH.

[Ipexge Bcero, npUHATAs MOJAe/]b MOBEPXHOCTHOrO
peKOMOHHAHOHHOTO LEeHTPAa, COCTOSLLEr0 U3 HEKOTOPOro jae-
(¢ekTa CTPYKTYpBl Ha rpaHHlle pa3jesja repMaHHH — OKHC-
Hasl IJIeHKa M 3akpenJjieHHOH Ha JAedeKTe NOJNSAPHOH MoJe-
KyJbl BOJBI, NO3BOJISIET JIETKO NOHATh MeXaHH3M HeHTpaJsH-
3alHH PEeKOMOHHALMOHHBIX LEeHTPOB. [leficTBHTe/bHO, ecaH
GoJibllIOe 3HAUEHHEe OJHOTO H3 ceueHHH 3axBaTa 06ycJjoBJe-
HO HaJIHUHeM JIOKaJIbHOrO MoJd IHNoJAs BOJHM3H LeHTpa, TO
npu afcopGUHH BOKPYT TaKOro LIEHTPAa 3HAUYHMTENBHOrO KO-
JHYeCTBa [PYrHX MNOJSPHBLIX MOJeKyJ, He ToBopsl yxe 006
06pa30oBaHUH CIJIOLUIHOTO MOHOCJOS, J0KaJbHOE [0Jie IHIO-
Jsl McyesaeT. 3aMeHSAIOUIMH ero JBOHHOM CJOH INOJAPHBIX
MoJieKyJ GoJsiee MM MeHee 3HAUHTEJbHOH MNPOTAXKEHHOCTH
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HCKJ/IO4aeT BO3MOXKHOCTb 0Opa3oBaHHS Kackaja Bo030Yy-
XKJeHHBIX YPOBHeH LleHTpa, BCJEeACTBHe Yero OQHO H3 ceue-
HH{l 3axBaTa yMeHblIaeTCsl N0 BecbMa MaJiOH BeJHYHMHBI
H peKOMOHMHALHOHHEIA LEeHTp NpeBpaujaeTcs B LEHTP 3a-
XBara.

HanoxeHnHrle cooGpakeHHs MO3BOJSIOT MOHATH HaGJio-
JaBuieecsi OTCYTCTBHe KOJIOKOJIOOGpa3HON KOMIIOHEHTHI CKO-
POCTH MOBEPXHOCTHOI peKkOMOHHALlMH NpH NBYX, Ha NMepBBIH
B3I/ BecbMa pa3HbIX, CHTyallHX HAa NMOBEPXHOCTH repma-
HUdA. B ciyuae moBepXHOCTH, cofepakallelt 6oJibiioe Koauue-
CTBO aJcopO6HpPOBAHIiON BOABI HJIH APYTHX MOJSIPHBIX MoJe-
KyJ, peKOMOHHALlMOHHbIe LIeHTPBl HMEITCS, HO OHH HeHTpa-
JU30BaHbl. B ciayuae 06e3BOXKEHHOH NOBEPXHOCTH MOC/e
IJIMTeJbHOTO mporpeBa B Bakyyme npH 650° K unu kpatko-
BpeMeHHBIX nporpeBoB npu 700—750° K, pexomGHHALHOH-
Hble LIEHTPbl OTCYTCTBYIOT, TaK KaK OTCYTCTBYIOT HX MpHH-
LIUIHAJBbHO BAaXHble KOMIOHEHTHI — MOJISipHble MOJIEKYJbI
BOJbI.

[MpunsATas Monesb NOBEPXHOCTHOIO PpeKOMOHHAIHOHHOTO
LeHTpa XOopolo OObACHAET U HEMOHOTOHHOE H3MeHeHHe
KOHIIEHTpallUH JeHCTBYIOUMX NOBEPXHOCTHBIX peKoMOHHa-
ILUOHHBIX LEHTPOB 3a CUeT MOCTeneHHOH necopBLHH MOJeKYJ
BOJbLl B XOJie NPOTPeBOB IPH BO3pacTalOUINX TeMIepaTypax.

Hakoneln, caMo 3To H3MeHeHHe HAaXOAHMTCS B XOpolleM
COOTBETCTBHH C JAHHBIMH ajcopOUHOHHBIX H3MepeHHH, co-
IJIaCHO KOTOPbIM TelaoTa aacopOuud nmpu GOJBLIMX 3amod-
HEeHHsIX MaJja, Toria Kak B o6JacTh MaJjblX 3amnojHeHH# M0-
BEDXHOCTH OHa BeJHKa M pasHa 17 + 18 kxaa/moas [256].
ATo o3HayaeT, YTO NPH MaJbIX 3anoJIHEHHSIX [OBEPXHOCTH
repMaHusl aacopOGHpOBaHHOH BOAOH HMeeT MeCTO NPOYHOe
ee 3aKperJieHHe Ha HeKOTOPHIX JedeKTaXx NOBEPXHOCTH, KO-
TOpOe H COOTBETCTBYeT 06pa3oBaHMIO PEKOMOHHALHOHHOTO
LeHTpa.

CoraacHo npeanonoxenuio B. @. Kucenesa [257], mexa-
HM3M 3TOTO 3aKpelJIeHHs MOXeT 3aKJ/104aThCsl B 06pa3oBaHuU
JOHOPHO-aKLENTOPHOH CBA3H C KOODAHMHALMOHHO HeHacChl-
IleHHBIMH aTOMaMH TepMaHHs, 06/1a4al0lUMH CBOGOAHBLIMH
4d-op6utanamu. IlpH Takoll CBSI3H 3JeKTPOHHAs IJIOT-
HOCTb HENOJEJEHHOH Mapbl 3JEeKTPOHOB KHCJAOpOAa MoJe-
KyJbl BOJBl OKashiBaeTCsi 3aTAHYTOH HAa aTOM TrepMaHHs,
KOTOphIA nmpHoGperaeT 5 (eKTHBHBIH OTPUIATENbHBI 3apsa],
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TOrJa KaK BOJAa OKAa3blBaeTCsl 3apsKeHHOH MOJIOKHTENbHO.
O6pasoBaBuuniics AMNOJb HMeeT KBAHTOBO-MeXaHHYecKoe
NPOHCXOXKJeHHe H MOXeT BO MHOTO pa3 NPeBOCXOAHTb AH-
NOJbHBIA MOMEHT MOJIeKYJbl BOABL.

AHanu3 sKcmepHMeHTAJbHBIX AAHHBIX MpeAbIAYHIero mna-
parpaga nossoJisieT BLIABHHYTb NpPeNNOJIOXKEeHHE O NMPHPOIE
nepBHYHOrO fedeKTa TpAHHULLI pa3jesna repMaHuil — MJCHKA
OKHCHBIX COeJHHEHUH, KOTOpBIH SIBJsieTCSl OCHOBO# MOBEpX-
HOCTHOTO peKOMOHHanHoOHHOTO LeHTpa. HauGoJsee BepoAT-
HO, YTO TaKHM [I€PBHYHBEIM Je(}eKTOM SBJsETCS MOBEPXHOCT-
HBEII aTOM C HeHaChILUIEHHO# BAaJeHTHOCTBbIO HJIH e aToM
repMaHHsi, HaxXOAAIIMACA B HHOM BaJeHTHOM COCTOSIHHH.
[TIpexne Bcero, oueBHIHO, YTO OO6pa3oBaHHEe TAaKHX Hedek-
TOB B XOA€ OKHCJHTENbHO-PAaCTBOPHTEJNLHOrO TpaBJeHHS
BIIOJIHE BO3MOXKHO, XOTSl HX KOHLEHTpAaLHs H HOJKHA ObITh
OTHOCHTEJIBHO BecbMa HeBesHKa. [laJjee, JIerko BHI@Th, 4TO
npeanoJioXKeHHe O TaKoH NMpPUpOJe HCXOLHOTO JedeKTa mos-
BOJISleT OOBSCHHUTE Bce 06e3 HCKJ/OUeHHs HabJiofaBLivecs
B 3KCIepHMeHTe 3aBHUCHMOCTH.

Tak, Hampumep, noJyyaeT ecTecTBeHHOe OObscHeHHE
yCTaHOBJIEHHBIH 3KCIepHMeHTaJdbHO (PaKT, UTO KpaTKOBpe-
MeHHble Tporpesbl mpu Temmepatypax 600 u 650° K sepyt
K HeoOGpaTHMOMY YMeHbIIEHHIO KOHIIeHTpallHuH peKoMOHHa-
[[HOHHBIX LEHTPOB, KOTOpas He BOCCTaHaBJHBAeTCs NpH IO-
cienyioueit agcop6uud BoAbl. DTO OOBACHAETCA OKHCJH-
TeJbHBIM JeHCTBHEM BOJABI NPH 3THX TeMIepaTypax C Bbije-
JleHHeM BOJOpPOAa, KOTOpOe HemocpeACTBeHHO HabJaionaercs
Ha onbiTe [185]:

Ge + x HyO = GeO x + xH,.

C npyrofi cTOpOHbl, NOHATEH H OOpaTHBIN pesyabTar
Pe3KOro pocTa KOHIEHTpalHH MOTeHLHANbHbIX (BbIsiBJse-
MBIX Tochenvioulell ancopGuueli BOABI) peKOMOHHAILHOH-
HbIX LIEHTPOB B pe3yJbTaTe MIJHTEJbHOrO HpOrpeBa IpH
650° K unu KpaTKOBpeMeHHBIX [POTPeBOB INpH TeMIlepaTy-
pax 700—750° K.

Kak usBecTHo [M26], UMeHHO 3TOMY TeMIepaTypHOMY
HHTEpBaJly COOTBETCTBYeT MNpOLECC MOCTeNeHHOTo INpeBpa-
[IeHUs] TeKcaroHa/JbHOH MOAH(HKALUHH H oOvyeHb OJH3KOH
K Hell 1O CTPYKType CTeKJ00O6pa3HOH [BYOKHCH repMa-
HMS B TeTparoHa/lbHyl0 MoaHM(uKauuwo. [ekcaroHanbHasi
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MoxH(HKalUUs HMeeT MJOTHOCTb 4,280 e-cm™3 M mapamerphl
siueliki: a = 4,987 A u ¢ = 5,652 A. CreknooGpasnasi amop -
Hasi JABYOKHCb OJH3Ka K HeH 1O MJOTHOCTH, paBHOMH
3,667 e-cm™3, H pacnoNOXKEHHI0 aTOMOB, KOTOpoe GJH3KO
K TreKcaroHaJ/ibHOH suelike, HO ¢ HapyIieHHOH MNepHOAHY-
HocThlo perieTkH. HepacTBopumas B Boje TeTparoHaJjbHas
MOAH(HKALHUs ABYOKHCH HMeeT 3HaUHTeJbHO 6OJbIIYIO NI0T-
HOCTb, paBHyl0 6,277 e-cm™3, U HHBle TMapaMeTphl siUEHKH:
a=439%A u ¢c=2860A.

XoTsl B X0Zle OMHCAHHBIX B MpelblayIIeM naparpage 3kc-
[IePHMEHTOB [0 BLICOKOTEMIMEpPATypHbIM NpOTpeBaM B Ba-
KyyMe IpeBpallleHHe NepBHYHOH CTeKJOOOpa3HoOH TMJeHKH
IBYOKHCH B TeTparoHaJbHYI MOJHKPHUCTAJNJIHYECKYIO MNJeH-
Ky, BUIMMO, He 3aBepllajoch B GOJBIIMHCTBE CJAYyuaeB, TEM
He MeHee 00pasoBaHHe OT[e/JbHBIX MHKDPOKPHCTAJJIHKOB
nocsnenHeli, 6e3ycJOBHO, HMeJo MecTo. Bcnenactsue 60Jib-
IIOrO PasJiHYMsg B BeJHYHHAX IJIOTHOCTH H IapaMeTpoB
3JleMeHTapHOH siuefikM 060UX BHAOB IBYOKHCH IIPH 5TOM He-
U36eXHO O6blI0 TOsIBIeHHe MHKPOYYacTKOB OOHAaXKeHHOH
MOBEPXHOCTH TlepMaHHsi C HeHAaCHIUeHHBIMH BaJIeHTHEIMH
CBSI3SIMH HJIH MHBIMHM BaJE€HTHOCTSIMH NOBEPXHOCTHHIX aTo-
MOB, T. €. TeX CaMblX Ae(eKTOB, KOTOpPble NPHHATH HAMH
B KauecTBe OCHOBbHI pPeKOMOMHAalHOHHOTO IleHTpa.

HakoHel,, NO/MHOCTBIO COOTBeTCTBYIOT  BBIABHHYTOMY
MPeANoOKEeHHI0 M  pe3yJbTaThl BBICOKOTEMMEpaTypPHBIX
MporpeBOB B KHcJaopoae M 030He. Ilpu stom npoucxomur
OKHc/ieHHe OGHaXKaloUUXCsd MHKPOYYacTKOB IOBEPXHOCTH
repMaHHusi, oco6eHHO HHTEHCHBHOe B cJyuae O030Ha, KOTO-
pBIi pacmajaeTcsi C BblAeJ]eHHeM aTOMapHOTO KHCJOpOAa.
B pesysabTate noJyuyaercsl MOBEPXHOCTb C «3aJje€UYEHHbIMHU»
KaK CTapbIMH, TaK H BHOBb 0Opa3oBaHHBIMH Je(eKTaMH, Ha
KOTOPOH OTCYTCTBYeT KOJIOKOJIoOOOpa3Hasi KOMIIOHEHTa CKO-
pPOCTH MOBEpPXHOCTHOH peKOMOHHALUMH. B orTiHune oT cay-
yasi BBICOKOTeMIIepaTypHbIX NPOrPeBOB B BaKyyMe, Ha Ta-
KO IOBEpPXHOCTH 3Ta KOMIOHEHTa He MOXET MOSIBUThCA H
B pesyJrTaTe nocjaeayiouled aacopOuHH MOJEKYJ BOABI, YTO
U Habaogaercs Ha onbiTe. Bricokas cTaOHJABHOCTL TaKoii
MOBEPXHOCTH M HEHW3MEeHHOCTb ee 3JeKTPOodH3HUeCKHX
CBOCTB [Aaxke I[OC/e MOTPyXKeHHA B KHIKYIO BOIy MOJ-
TBEPXKAAIOT NeHCTBHTENbHOE CYyllecTBOBaHHe Ipollecca mpe-
BpAllleHHs MJEeHKH JBYOKHCH FepMaHH B HepacTBOPHMYIO



444 PEAJIbHASl TTOBEPXHOCTb IMOJYITPOBOOHUKOB [TJ1. VI

TeTparoHaibHylo MoAuduKauuio. B 3toM cayuae Takoi
npouecc, BHAMMO, NPaKTHUYECKH MNPOXOAMJ 10 KOHIA.

B 3ak.aiouenHe Heo6XOZMMO OTMETHTh, UTO PEeKOMOGHHaA-
LHOHHBIe LEHTPbl PaCCMOTPEHHOTO THNA fABJASAIOTCS HauGoJee
THIIHYHBEIMH, HO He eJHHCTBEHHbIMH pPeKOMGUHAIIHOHHBIMH
UeHTpaMH Ha NMOBePXHOCTH repMaHHs.

Crops MKD
0

Css, MEQ
L g’j
! 04

a1
008 \\
I 006 v
; \
| \
- 004 \
a07 1 1 1 1 1 1 403 |
-8 -6 -4 -2 0 ¢ 4 6 88 -6 -4 =2 7 2 4
9Ps/HT qps/AT
Puc. 27.1. 3aBucuMocTb AnddepeHHanb. Puc. 27.2. HOuddepeHunanbHas eM-
HOM MOBEPXHOCTHOH €MKOCTH OT NMOBepX- KOCTb MOBEPXHOCTHbIX COCTOAHHHA H
HOCTHGIO MOTeHLHAaJia NJif TPaHHUbl rep-  alNPOKCHMHPYIOUIHE ee TeopeTHUeCKUe
MaHH#-31eKTpoauT. KpuBasg [ — uucThilt KpuBble ¢ at-=2.2 kT (kpuBas I) u
SJIEKTPOJIHT, KPHBLIE 2, 3, 4 — 3JIEKTPOJIHT Bl e;=12 kT (kpuBasn 2).

€ HOHaAMH Me€IH B pa3HblX KOHUEeHTPpauHAX.

B pa6orax B. Bpatrena u I1. Bonau [258] 6blnn ocyuie-
CTBJIEHE YCJIOBHSI, KOTJa TpaHHUa pasiena repMaHuil —
3JIEKTPOJIMT Besla ce6sl, cyldsl MO H3MepPeHHSM MOBepPXHOCT-
HOH eMKOCTH H noBepXHOCTHO# ¢oro-dC, Kak He HMelo-
11asi OBEPXHOCTHBIX COCTOSIHHH ¢ KOHLIEHTPALHAMH GOJblie
yem 3-10° cu~2. T[locnemyiomee BBefeHHEe B 3JEKTPOJHT
HOHOB psiga MeTasJoB (MeaH, cepebpa, 30J0Ta) NpHBO-
IHJI0 K BO3HHKHOBEHHIO NOBEPXHOCTHBIX COCTOSIHHH, B TOM
yhcJe H UeHTpoB pekoMOuHauuu [259, 260]. MameHenue
IuddepeHHaNbHOA MOBEPXHOCTHOH eMKOCTH, 00yCJIOBJ/IeH-
HOe MOsIBJIEHHEM 3THX COCTOSIHMH, moka3aHo Ha puc. 27.1
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U I0CJie BbIYHTAHHS €MKOCTH CJ0s NMPOCTPAaHCTBEHHOro 3a-
psina — Ha puc. 27.2. BHAHO, YTO eMKOCTb NOBEPXHOCTHBIX

COCTOSIHHH XOpOILIO aNMNpPOKCHMHpYeT-
cq CyMMOH [IBYX TeOpeTHYeCKHX KpH-
BHIX /151 JUCKPeTHbIX yPOBHeH.

Ha puc. 27.3 nokaszaHa 3aBHCH-
MOCTb CKOPOCTH TOBEPXHOCTHOH pe-
KOMOUHAUMKH OT IMOBEPXHOCTHOrO IIo-
TeHIMa/a, KOTopas BO3HHKaJja MocJje
BBeleHHS] HOHOB MeIH B 3JIeKTDOJHT
i Obl1a onpefeneHa Mo 3(Q¢eKTHB-
HOMY BpEeMEHH >XH3HH. ANNPOKCHMH-
pyioliasi 5KCMepHMeHTa/bHble 1aHHble
TeopeTHuecKasd KpHBas HMeeT NOJY-
IIHPHHY, XOPOLIO cOTJacyiollyca ¢
SHepreTHYeCKHM TI0JIOKeHHeM OJHOro
U3 YpOBHel, oOnNpefeJeHHbIX H3 eM-
KOCTHBIX H3MepeHHH. PesynbraTbl B
cnyyasax ¢ jJo6aBleHHeM B 3JeKTpPO-
JUT HMOHOB 30J10Ta U cepebpa OblLin
B o0ueM nONOOHBIMH, XOTSl Mnapa-
MEeTphl MOBEPXHOCTHBIX COCTOSIHHI 3a-
METHO pa3J/IHYajHCh, KaK 3TO CledyeT
U3 naHHbIX Tabauubl 27.1. Manble
KOHIIEHTPALHH  PeKOMOHHALHOHHBIX

5/Smaz
LW

w-

T

a6

Q4

gzr

6 4
gps/HT

Puc. 27.3. CxopocTb mo-
BEPXHOCTHON peKoMOHHA-
UHH Ha TpaHHle pa3fiena
repMaHus ¢ 3JIeKTPOJIHTOM,
collepXalllHM MeJb B pas-
HBIX  KOHI[eHTpPAaUHAX, H
annpoKCHMHUpyouas ee
TeopeTHYecKas KpHBas
(84 =12 kT; qB/kT =3).

MOBEPXHOCTHLIX COCTOSIHUH OCTaBaJUChb U B TOM cayuae,
Koraga Ha TMOBEPXHOCTH BbICAXHBAJOCh 6oJibllIoe KOJiHYe-
CTBO 4TOMOB MeTaJJjaa, o6pa3yxomero B 3TOM cCJyuyae cIe-

uuduyeckHe kaactepsl [261].

Ta6auna 27.1

ITapamerphl MOBEPXHOCTHHIX LEHTPOB, 06pasyiouHXCs
Ha repMaHHeBOM 3JieKTpone B 3JekTponnte K,SO,
NpH BBeJEHHU B Hero HOHOB MenaH, cepe6pa u 30./0Ta

e N e N o o

)41 e e _t2 12’ P n

on kT cen™2 kT cn—? cu? cu?
cutt | —1,9] 1,0-10" L2 | 1,9-10"° [6,0-107"*|1,5-107"¢
Ag™ —4,1 | 1,9-10" | —0,55| 1,0-10" |20-107"|7,4-10""
Auttt| —09 | 1,8-10" | 25 | 45-10"° {41-107"°(1,4.107"¢
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Bo3pacraHne CKOpPOCTH NOBEPXHOCTHOH peKOMGHHAIHU
GbIJIO MOJYYEeHO MpU HaHeceHHH Menu [262] u 3oa0Ta [263]
Ha peaJsibHYI0 NMOBEPXHOCTb B Ipollecce TPaBJEHHS HJM MO-
caepyomux o6pa6oTok. B To xe Bpems HeiicTBHe HpYyrux
meranaos (In, Sb, Cd, Fe, Zn) ropasgo MeHee omnpene-
JIeHHO, a cepe6po cnocoGHO naxe HeATpaJiM30BaTh H3G6bl-
TOYHble LEHTPhl PeKOMOWHALMH, BBEJEHHbIE NPH AeHCTBHH
3os10Ta [264, 265]. B psge uccaemoBaHuil [261, 262, 266]
OBIIO BHISIBJIEHO BJIHSIHHE YCJIOBHI Oca{[eHHsl MeTaJja Ha
MOBEDXHOCTH MOJYNPOBOAHHKA (KHCJIOTHOCTH pacTBopa,
OCBELIEHHS H T. N.), CBUIETEJbCTBYIOILEE O BaXKHOH pOJH
XapakTepa ero cBfidefl ¢ NOBEPXHOCTbIO B H3MEHEHHH 3Hep-
reTHYECKOr0 CMeKTpa MOBEPXHOCTHBIX COCTOSHHIA.

Bce ckasaHHOe nosBosisieT caenaTh o0llee 3akKJ/IOueHHe,
YTO cJyyall aKTHBAIlMH MOBEPXHOCTHBIX IEHTPOB PEKOMOH-
HallMH aTOMaMH MeTaJ/lJIOB NPHHIUNHAJLHO He OTJHuaercs
OT paccMaTpHBAaBIUErocs paHee cjyuasi aKTHBAlHH HX MO-
JeKyJaMu BoAbl. B o6oux ciayyasx onpenesioimlyio poJib
HrpaloT MepBOHAYaJbHO MNPHCYTCTBylomIHe fAedeKThl HO-
BEePXHOCTH [10JIyIPOBOJZHHKOB, Ha KOTOPBIX H INPOUCXOLUT
3aKpenJieHHe 4YyKepOLHBIX MOJIeKYyJ HJIH aTOMOB, aKTHBH-
PYIOIIHX 3TH AedeKThl B KauecTBe LeHTPOB PeKOMOHHALHH.
Crtpoenne 006pasyIOlIUXCS MOBEPXHOCTHBIX KOMIJIEKCOB
B Cjyyae aKTHBAallHH aTOMaMH MeTaJ/l;10B, MO-BHIMMOMY,
6ojiee CJIOKHO, UYTO OCJIOXKHSIET pacliH(POBKY BJHAHHA
XapaKTepHCTHK KOMIJeKca (ero 3apsiioBOTO COCTOSIHHS, Be-
JIMUHH AMIIOJBHOTO WJIHM KBaJPYIOJbHOrO MOMEHTA) Ha map:-
MeTphl [OBEPXHOCTHBIX LEHTPOB peKOMOHHAUHH. ITO XKe
06CTOATENbCTBO MPHBOAHT K Pa3/IHYMIO 3JEKTPOHHEIX mapa-
MeTPOB MOBEPXHOCTHBIX LeHTPOB PeKOMOHHALHH; B OTJHYHe
OT PeKOMOGHHALHOHHBIX LEHTPOB, aKTHBHPOBAHHBIX MOJIEKY-
JIOH BOJIBI, KOT/a Ha6J/1I01a/0Ch 1P aKTHYECKH NOJHOE MOCTOSIH-
CTBO 3THX NapaMeTpOB.

DKcnepUMeHTaJbHble JaHHbIE [0 3aXBaTy MO3BOJSIOT rO-
BOPHTb O TPeX Pas3JHYHLIX THMAX LIEHTPOB 3axBaTa, NpOSB-
JSAIOUIKUXCA NpPH PasJHYHBIX COCTOSIHHSIX NOBEPXHOCTH rep-
MaHHusl.

[Tpexpe Bcero, 3TO Te LEHTPhl 3aXBaTa, KOTOpbie Ha6-
JIOAAIOTCA Ha CBEeXEeTpPaBJIeHHOH MOBEPXHOCTH repMaHHsl H
OCTAIOTCSl MPAKTHYECKH HEeM3MeHHbIMH B INpOLlecce ecTecT-
BEeHHOrO CTapeHHs MJH NMpPH YCKOPeHHOH cTaOH/IH3aLUH IO-
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BEPXHOCTH 32 CUeT OTKAauyKH B BaKyyMe [0 OCTaTOYHOTO 1aB-
Jaenust nopsaxka 108 rop.

[TockonbKy pesyabTHpylolllass KpHBas 3axBaTa MOCHe
BBICOKOTEMIepaTypHbIX NPOrpeBOB B KHCJOPOAE HJIH 030HE
BechMa OJM3Ka K KDHBOH, COOTBETCTBYIOLLEeH Takoi «cra-
OUIH3HPOBAHHON» MOBEPXHOCTH, MMEIOTCH BeCKHe OCHOBa-
HHS MpejanoJarath, YTo OHa 0OycJoBJeHAa 3aXBaTOM Ha Te
»Ke caMble LleHTpbl 3axBarta. TakuM oGpa3om, MOXKHO BbiJe-
JIUTh TEPBYIO TPYNNYy LEHTPOB 3axXBaTa, KOHIEHTpallUH KO-
TOPbIX He M3MEeHSIOTCA HH NpH ynajeHHH ocobo cnabo cBs-
3aHHOH BOJbl C MOBEPXHOCTH TepMaHHsl, HH B pe3yJbTaTe
JIOOKHCJIeHHSt 3TOil NOBEPXHOCTH INIPH BBICOKOTEMIeparyp-
HBIX OporpeBax B O30He. PacnpeneneHHe MNOBEpXHOCTHBIX
YpOBHeH, COOTBETCTBYIOUIHX 3THM LEeHTpaM, MO HX 3Hepre-
THYECKOMY TIOJIOXKEHHIO XOPOLIO aNNPOKCHMHDYeTCs ABYMs
akcnoHedTaMH. [TapameTpbl 3THX SKCIIOHEHT, T. €. NMpeN3KC-
NOHEeHIHa/ibHble MHOXKHUTeAM A U B U KoshhHIHEHTH B HX
nokasartessix @ U b, cyluiecTBeHHO 3aBHCAT OT KayecTBa Me-
xaHuueckol (u1udoBKa, NOJHPOBKA) M XUMHueckoil (TpaB-
JneHue) o6paGoOTKH MOBEPXHOCTH repMaHHsl M 3aMeTHO pas-
JIMYaTcA 1J5 pa3Hblx 006paslioB, NPOLIEAMIHX Ja)e ORHO-
THNHYI0 00paBoTKy, HO Ge3 CTpOroil cTaHZapTH3aLHH ee
YCJOBHH.

Cnenyer OTMeTHTb CBOeOOpa3HYIO KOppeJsAlHi0 MeXIy
obuiefi KOHIEHTpallMeH NOBEPXHOCTHLIX YpOBHeH, COOTBeET-
CTBYIOLUIMX LeHTpaM 3axBaTa 3TOH TPYMNNbl, H CTeNeHbIO
CHMMETPHH HX PachoJIOXKeHHUS N0 OTHOLIEHHIO K LIeHTpY 3a-
MpelleHHONl 30Hb Ha NOBepXHOCTH. UeMm Bbllle KauyecTBO
MIOBEPXHOCTHO! 06palGOTKH H, COOTBETCTBEHHO, MeHblle 06-
miasi KOHLIEHTPallHs MOBEPXHOCTHBIX ypoBHeH, Tem OoJee
CMMMETPHUHBIM sIBJsieTcss HX pacnpefenende. OTMmeueHHas
KoppeJsiliusl Morsaa Hab6J/104aTbCsl, KOHEYHO, B OTpaHHYeH-
HOM [Mana3oHe H3MeHeHHWs KOHLEHTpalLU#l NMOBePXHOCTHBIX
ypoBHel, Tak Kak NpH mJoxofi o0paGoTKe MOBEPXHOCTH
MpaKTHYECKH OCYIIEeCTBHMBbIH AHana3oH H3MeHeHHsl MOBepx-
HOCTHOr'0 MOTEeHIHaJla CTAHOBHUTCS BecbMa MaJbIM.

TUNHYHBIMM 3HaueHHAMH NapaMeTpOB pacnpeaeseHHH
ypOBHell MO HX 3HepreTHYECKOMY paCHOJIOXKEHHIO B 3ampe-
IIleHHOfi 30He Ha MOBEPXHOCTH repMaHHs, B caydasix AocTa-
TOYHO XOpouled NOBepXHOCTHOH 06pabOTKH repMaHHs, $sB-
asorea caepyiomue: A, B ~ 10" ¢u2-2871, a,b ~ 0,1+0,2.
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OTHM 3HayeHHAM MapaMeTPOB paclpeleseHHHl COOTBETCT-
BYIOT KOHILIEHTPALMH NOBEDXHOCTHBIX YDOBHEH B cepeaHHe
3alpellleHHON 30HBI, TaM TJle OHH MHHHMAaJibHbI, JiexallHe
B npegenax (0,56 + 1)-101 cu-2. CymMapHasi KOHUEHTpaLHUA
MOBEPXHOCTHBIX ypOBHeH INO Bcelfl 3KcmepHMeHTaJNbHO JO-
CTHXKHMOH MeTonOM 3(dekTa TNOJs1 wacTH 3alpeuleHHOl
30Hbl Ha MOBEPXHOCTH JexXHT B npepenax (1 + 3)-10' ca-2,
OTHUM TOBEPXHOCTHBIM YPOBHSAM JOJKHH COOTBETCTBO-
BaTb BecbMa ycToHuMBBIe Ne(eKTbl TpaHHIbl pa3fena rep-
MaHHH — cJOH OKHCHBIX coelHHeHHH. [TOCKOJbBKY KOHLEHT-
panus 3THX AedeKToB, K TOMY e, 3aBHCHT OT Xapakrepa
NOBePXHOCTHON 06pabOTKH, TO eCTeCTBEHHO NpPeANOoJOXKHTh,
YTO OHH OOYCJ/OBJEHB CTPYKTYPHBIMH JedeKTaMH CTPOeHHS
MOBePXHOCTH CaMOTo repMaHUsi M BJHSIHHEM [pHMecel
B TpaBHTesJe H NMPOMBIBOYHOH BoAe. K HX 4Hcay MoOryr oT-
HOCHTbCSI NYCThle Y3Jbl HJIH TOBEPXHOCTHLbIE YriyGJceHHA
MHKDPOCKONHYECKHX pa3MepoB M TaKHe Ke BBbICTYIHI; BHI-
XOIbl Ha MOBEPXHOCTb [AMCJOKAaLHH, TPaHHIl MO3aHYHOCTH
U MHKPOGJOYHOCTH peasibHOTO KPHCTaJJa; MHKpPOCKONHYe-
CKHe IOBEPXHOCTHBIE «CTyNeHbKH», 0O0YCJOBJEHHble BbIXO-
JIOM Ha MOBEPXHOCThb [BYX 3JeMeHTapHBIX KpHcTasnorpadH-
YeCKHX IJIoCKocTe# M T .A. M T. n. K HX uucay, HakoHeln,
c/lellyeT OTHECTH M MaKDOCKOMHUYECKHe Hepery/asipHOCTH IOo-
BEPXHOCTHON CTPYKTypbl (penbed MNOBEPXHOCTH), 00ycCi0B-
JIeHHble caMOi MeXaHHYeCKOoH o6paboTKOH M noc/erylOLHM
TpaBJleHHEM, XapaKTepUCTHYeCKHe pa3Mepbl KOTOPHIX, B 3a-
BUCHMOCTH OT KayeCTBa MOBEPXHOCTHOH 06pabGOTKH, Jexar
B Npelesax OT MHKpOHa N0 coTeH aHrcrpeM. OTMeTHM, 4TO
MOBEPXHOCTHAsl KOHLEHTpALUs «0CcOObIX TOUEK» TAKOTO pelib-
eta, T. e. BBICTYNIOB H BMNaJHH, IPH €ro XapakTepHUCTHUECKUX
pasMepax Nopsifika COTeH aHICTPeM HeMI0X0 COOTBETCTBYET
CYMMapHO! KOHLEHTpallWH NOBePXHOCTHLIX LIEHTPOB 3aXBaTa
paccMaTpuBaemoro tHna. IIpuaaBaTh ocofoe 3HaueHHe
3TOMY COBNAJEHHIO elBa JIH liejecoo6pasHo, BBHUAY 60Jb-
WIOr0 KOJHYECTBA BO3MOXKHBIX NMPHUHH 06pa3oBaHHA CTPYK-
TYpPHBIX H XHMHYECKHX Ne(eKTOB IOBePXHOCTH, OLHAKO CaMO
no ce6e oHO siBAsieTcs, 6e3yCJOBHO, HHTePECHbBIM.
Caenyiwouiasi rpynma LeHTPOB 3aXBaTa M[pOsIBJseTCs
B ONbITaxX MO NMpOrpeBaM B BaKyyMe HJH CyXHX Tasax, 10-
CTHrasi MaKCHMaJlbHOM KOHIIEHTpalMH, IIOYTH Ha MNOPALOK
npeBblLaomell HCXOAHYIO, B pe3yabTaTe Mporpesa IpH
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500° K. Or.1MuHTe/bHON OCOGEHHOCTbIO 3TOH TpyNIbl LIEHT-
pOB 3axBaTa sIBJAETCS] HX CIHOCOGHOCTb BIOJIHE BOCHPOHS3-
BOAMMO HEATPaJH30BaTbCsl NPH Moc/elylollell ancopOUHH
BOJbl MJH APYTHX MOJMAPHBIX MOJIeKYJ. J1Js BHISICHEHHs HX
(H3HKO-XHMHUECKOH NpPHPOAbLI BecbMa BaXKHHl TaKkxkKe JBe
Opyrue ocOGEHHOCTH HX MOBeJeHHA: 1) B XoJae MpOTpeBOB
B Bakyyme npu 600 + 650°K oHH TepsiloT cmocoGHOCTD
K HeHTpaJH3allMH H TeM [OJIHee, YeM BHIIIe TeMmepaTypa
H OoJiblie AJHTeNbHOCTb Nporpesa; 2) B pe3yabTaTe BbICO-
KOTeMIepaTYPHbIX NPOTPeBOB B KHCJIOPOAE HJIH O30HE OHHU
Heo6paTHMO HCYe3aloT.

Han6oJsice ecTecTBEHHO NPeNNONOKHUTh, UTO 3(P(PEKT Heil-
TpaJH3allH LIeHTPOB 3aXBaTa HMMeEeT Ty K€ NPHUPOAY, UTO
K pacCMOTpeHHbll paHee 3(@eKT HeHTpaJH3alUHH MOBEPX-
HOCTHBIX peKOMOMHAaLMOHHBIX LeHTpoB. OTMeTHM, uTO
B 060HX cJyyasix HaM HeT HeoOXOLHMOCTH TpeGOBaTh, UTOOBI
B pe3y/bTaTe HeHTpasH3alMH OLHO H3 cedyeHHH 3axBaTa
IleHTpa peKOMOHHAUHMH HJH eNHHCTBEHHOe, OTJHYHOE OT
HyJd, ceyeHHe 3axBaTa CTAHOBHJHCh OBl PaBHBIMH HYJIIO.
B o6oux cayyadx BHOJIHE AOCTATOYHO, YTOObl OHH YMeHb-
IIHAHCh Ha HEeCKOJBKO MOPSAAKOB BeJHUYHHBl, TaK KaK IpH
3TOM 3((PEeKTHBHOCTL LEHTPOB peKOMOMHAUHH pe3Ko yima-
IeT, U OHH MNepecTaHyT MNpPOSABIATLCS B HCCIeJ0BaBLIHXCH
3ddekTax, a UeHTPH 3axBaTa NepefiiyT M3 paspsga ObICT-
PbIX MOBEPXHOCTHHIX COCTOSIHMH B MelJIeHHbIE.

[TocnenHee o3HauaeT, 4TO XOTA 3axXBaT TaKHMH LeHT-
pamMuH GynerT mo-mpexHeMy MNpPOABAATHLCA B PaBHOBECHBIX
YCJIOBHSIX, B c/lyyae KBasHpaBHOBecHoro s¢dekra moJs, u3-
MepsieMOro Ha onpejie/eHHOH uacToTe, 3TH LEHTPLI 3aXBaTa
MOT'YT BBIMACTb 4.3 HI'PHl, TaK KaK 3aXBaT Ha HHX He OyneT
ycresaTh 3a H3MeHeHHeM I0JIOKeHHs ypoBHA Pepmu Ha
noBepxHOCTH. FIMEHHO TakKoBO MOJIOXKeHHe Je] ¢ paccMmar-
puBaeMoil rpynnoi NoBepXHOCTHBHIX LENTPOB 3axBaTa.

B mpenbiayimiem maparpade oTMeuaJoch, UTO H3MeHEHHs
[I0JIHOTO MOBEPXHOCTHOTO 3apsna B XO[e NpPOrpeBOB B Ba-
KyyMe BecbMa HeBeJMKH, NMPHMEDPHO Ha NOPSAOK MeHblle
Ha6/10[aBIINXCA H3MEHEHHH KOHIeHTpauui ObICTPEIX [MO-
BEPXHOCTHBIX cocTosiHHH. TaMm e OblI0O BbICKa3aHO Mpea-
T10JI0K€HHe, 4TO HauboJiee eCTeCTBEHHO 3TOT pe3yJbTaT MO-
#eT G6bITh 06bACHEH MpeBpalleHHeM MeJJelHbIX COCTOSHHM
B ObICTpBle B pe3yabTaTe MPOrpeBOB B BakyyMe H

15 A. B. Pxasos
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06paTHbIM NpeBpalleHHeM NPH aacoPpOUHH BOABl HJH IAPY-
THX NOJISIPHBIX MOJIEeKYy.I.

Tak kak npu HeATpanuM3aUUH HcYe3aloT cpasy obe cH-
CTEeMbl ypOBHeH, pacHOJIOKeHHbIX B HHXKHeli W B BepxHe#
MOJIOBUHAX 3alpelleHHOH 30HBI, TO 3TOT pe3yJbTaT Jerue
BCETO MOHATh B MPEANOJOXEHHH, YTo 06e CHCTeMbl YpOB-
Hell MpHHaNJ/exKaT OAHUM M TeM e LleHTpaM, KOTopkhle, Ta-
KHM 00pa3oM, JOJXKHbBl OBITh IBy3apsiiHbIMH. [IpakTHueckH
OoJIHasi CHMMETDHs KPHUBHIX 3axBaTa, BO BCAKOM CcJyuae,
He TMpOTHBOPEYHT 3TOMYy MpeAanosoxeHHio. Ilockonbky,
C Apyroii cTopoHHl, 3(¢eKT HeHTpaJH3aLUH LIEHTPOB MOJSp-
HEIMH MOJIeKyJaMH MOXKeT HMeTb MeCTO TOJbKO MO OTHolle-
HHIO K HeATpaJibHBIM LEHTpaM, 3TO O3HayaeT, YTO 3axBaT
KaK JIbIpKH, TaK H 3JeKTPOHA NMPOUCXOAHT NMPH HeHTpaJibHOM
COCTOSIHMH LeHTpa. ViHaue roBops, ypOBHH, pacrnosOxKeHHbIE
B HHXXHeH MOJIOBHHe 3ampelleHHOH 30HbI Ha MOBEPXHOCTH,
COOTBETCTBYIOT 3aXBaTy [bIPKH HeHTpaJIbHEIM LEHTPOM.
Ecau cudTaTh OCHOBHBIM MNPH3HAKOM [OHOpa HeHTpaJb-
HOCTb LIEHTpPa, KOrja OH 3aroJiHeH 3JEKTPOHOM, H MOJOHH-
TeJbHBI ero 3apsf, KOria OH HYyCT, TO HHXHSIS cHCTeMa
ypOBHell MoxeT ObITb HazBaHa noHopHoH. Heo6xoaumo, on-
HaKo, IOMHHUTb, YTO 3Ta CHCTeMa YpOBHeH B3aHMojaeHcCTBYyeT
C BaJIeHTHOH 30HOH, TaK UTO NPHHSTOe ompeneJeHue He Oy-
JeT YZOBJETBOPATb APYrOMY, 4acTO HCMOJb3yeMOMY (XOTH
M HeJOCTaTOYHO CTPOroMy) OmpejeseHHIO MAOHOpa, Kak
ypOBHsl, KOTOpBHIH NOCTAaBJsSeT 3JEKTPOHbl B 30HY I[POBO-
JHUMOCTH.

B cOOTBeTCTBHH C OCHOBHBIM CBOACTBOM [BY3apsiAHBIX
LEeHTPOB, BEPXHAs CHCTeMa YpOBHel BooGlle OTCYTCTBYET,
KOTJa YDOBHH HMXKHeH CHCTeMbl He 3allOJIHEHbl 3JeKTpo-
HaMH (T. e. 3aNOJIHEHbl ObIPKAMH M3 BaJEHTHOH 30HHI).
B ToM Xxe ciyuae, KOorja ypoBHH HHXXHeH CHCTeMBbl 3amo.l-
HeHbl 3/JeKTPOHAMH, a LeHTPhl, TAKHM 06pa3oM, HefiTpaJb-
HBI, HMeeTcsl BTopasli CHCTeMa YypOBHeH, DacCHOJIOXeHHBIX
B BepXHell MOJIOBHHE 3anpelieHHON 30Hbl H CIOCOOHBIX 3a-
XBaThIBaTh 3JEKTPOHBl H3 30HbI NMPOBOAHMOCTH. 3JTa CH-
cTeMa MOxeT ObITb Ha3BaHa akleNTOPHOMH, OAHAKO, TOXe
TOJILKO B TOM CMEIC/Ie, KaK H INpeablayuias — AOHOPHO.
HIMeHHO 3TH ypOBHH ABJSAIOTCS aKUENTOPaMH MOCTOJBKY, MO-
CKOJIbKY OHHM COOTBETCTBYIOT HeHTpPa/JbHOMY COCTOSIHHIO
LEeHTPOB, KOTIa OHH He 3aNlOJIHeHbl 3JeKTPOHAMH, H OTpHIA-
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TeJIbHOMY 3apsAy LEeHTPOB, KOrja OHH 3ano/HATCS 3JjeK-
TPOHAMH U3 30HBI [IPOBOAHMOCTH.

OG6e cucTemMbl YpOBHeHl BBOJAATCS B MepBYIO Ouepeib
B KauecTBe ypOBHeH 3axBaTa, T. e. CeueHHe 3aXBaTa 3JeK-
TPOHA H3 30HEI IPOBOAMMOCTH HAa YPOBHH HHXKHeH CHCTEMbI
npexpnoJiaraeTcss paBHBLIM HYJIO HJH MO KpaiiHeidl Mepe Ha
MHOTO NOpSAKOB BeJHUHMHBI MEHbIIMM CeueHHeM 3aXBaTa
JbIDKH W3 BaJIeHTHOH 30HBl, a AJs1 BepXHeH CHCTeMbl YPOB-
Hel, HA060POT, CeyeHHe 3aXBaTa JIbIPKH — MHOTO MEHbLIIHM
CeueHHs 3axBaTa 3/eKTPOHA. IDTH INPeANOJIOXKEHHs He fiB-
JSIOTCs, OAHAKO, 06s3aTesbHbIMH. MOXKHO mnpeamoJsiararts,
Kak 3T0 00CyXJaanocb paHee, YTO 06G€ CHCTEMBI ypOBHe
BHOCAIT CBOH BKJaJX H B NMOBEPXHOCTHYIO PeKOMOHHAaLHIO,
XOTSl MPH 3TOM IMPHXOAMTCS HaKJaJAblBaTb BecbMa CHellH-
aJbHble OTpaHHUYEHHs Ha COOTHOILEHHs CceyeHH#l 3axBara
IOBIDKH H 3JIEKTPOHA YPOBHSIMH KaxKJOH M3 cHCTeM H 00eHx
CHCTEM MO OTHOIUEHMIO APYr K APYTY, IJsl TOro 4TOGBl yNOB-
JIETBOPUTb 3KCNEPHMEHTA/NbHEIM [aHHBIM.

[loteps paccMaTpuBaeMbIMH LIEHTPAMH CHOCOGHOCTH
K HeliTpa/iu3alud B pe3y/]bTaTe [JHTEJbHbIX NPOrPEeBOB
B BaKyyMe NpH TeMmmepartype okoso 650°K kaxercs, Ha
nepBHIfl B3rJsiA, BecbMa 3arajouHoi. OgHako, Ha caMoMm
Jeje, UMEHHO 3Ta OCOGEHHOCTb MX NOBeJeHHs [1aeT HeKHH
KJIOY K BBISICHEHHIO HX (pU3HKO-XMMHYecKOH mpupoasl. Oue-
BHIHO, YTO B pe3yJibTaTe TaKMX NPOrpeBOB paccMaTpHBae-
MBIl gedeKT CTPyKTypbl J[OJXKeH pacnajzaTbCsi Ha [Ba
HEe3aBHCHMBIX, ONHH H3 KOTOPBIX AOJKeH 06jamaTh HOHOP-
HbLIMH, a Jpyro#l akuenTopHbIMM cBoiicTBaMH. 3 usBecT-
HbIX J1e(eKTOB CTPYKTyphl TDAaHMLbl pa3fesa repMaHHus H
MJIeHKH OKHCHBIX COeJHHeHHH KaK OyATO HauboJiee MOJHO
oTBedaer 3ToMy TpeboBaHHIO MocTHK=Ge—O—Ge=. [Ipu
nporpese B BaKyyMme NpejcTaBJ/seTcs BIOJHE BO3MOXKHBIM
pas3pbiB 3TOrO MOCTHKa M 06pa3oBaHue IBYX [Ae(eKTOB:
=Ge—O0" u =Ge', U3 KOTOPLIX NepBLI ABJAsSETCS JOHOPOM
B OOGBIYHOM CMBICJIE 3TOTO CJ10Ba (T. €. H NOCTABIIHKOM 3JleK-
TPOHOB B 30HY NPOBOAMMOCTH H MOJIOMKHTEJbHO 3apsieH-
HbIM ILIEHTPOM, KOTZAa OH OTAaJ CBOH 3JIEKTPOH), a BTO-
pOit — aKLEenTopoM, TakKxe yIOBJETBOPSIOMM 000HM Orpe-
JeIeHHsIM TaKoro AedekTa.

EcrecTBeHHO, uTO0 006a HOBBIX 0OOpa3oBaHHS YyXe He
crnocoOHbl K HeHTpa/au3alld, TaK KaK He HyXJaaloTcd

15*
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B HaJIHYMHU JIOKAJbHOTO NOJISA JHNOJA LJs YBeJHUeHHs COOT-
BeTCTBYIOLINX ceueHHH 3axBaTa. Kpome TOro, KoHIeHTpalus
nedeKTOB Ka)K[AOro THMa paBHA KOHIEHTPAlIlHH HCXOAHBIX
IeeKToB, TaK YTO B pe3y/bTaTe IJHTEJIbHOTO NPOrpeBa
B BakyyMe mnpH 650°K mnpOHCXOAHMT TOJbKO H3MEHEHHe
CBOHACTB 1IeHTPOB, HO He MX KOHIEHTPAlMH, KaK 3TO U ObLIO
HaiigeHo B pabore [241]. DHeprus aKTHBaLlHH, COOTBETCT-
Bylomas paspaiBy cBsidh Ge—O B paccMaTpHBaeMOM MOC-
THKe, N0 JaHHBIM paGotbl [195] xopowio coOTBeTCTBYeT He-
06X0QMMOH [J51 TAKOro mpouecca TeMmmepaType IporpeBa.
Haxkonen, npeanaraemast mMonenb Xe(eKTOB [OJHOCTBIO
OTBeuaeT M nocjegHel, HalileHHOH 3KCIepHMEHTaJ/bHO, 0CO-
OEeHHOCTH HX MOBEeIEHHS: B pe3y/bTaTe BBICOKOTeMIEpaTyp-
HbIX (650—750° K) nporpeBOB B KHCIOpOAE HJIH O030HE 5TH
nedekTel Heo6paTHMO Hcue3ator. OueBHIHO, UTO TakHe Npo-
rpeBEl COOTBETCTBYIOT NOOKHCJIEHHIO paccMaTpHBaeMbIX fe-
(exTOB 10 BHAA ABOHHBIX MOCTHKOB =Ge—O0—0—Ge=,
KOTOpble fIBJISIIOTCS OCHOBHBIMH 006pa3oBaHHSIMH Ha rpa-
HHIe pasjiejla TepMaHHUH — MJEeHKa OKHCHBIX COeJHHEHHH H
KOTOPBLIM He COOTBETCTBYIOT KakHe-JHMG0 YPOBHH B cpenHeil
I0OJIOBHHE 3alpellleHHOH 30Hbl repMaHHs Ha MOBEPXHOCTH.
Tperba rpynma LeHTpoB 3axBaTa npeofsajaer Ha mo-
BEPXHOCTH FepMaHHs NOC/e NPOrpeBOB B BaKyyMe IIPH TeM-
nepatypax 700—750° K. Kak oTMeuaJsocb, TakHe MpOrpeBbl
COOTBETCTBYIOT Pe3KOMY BO3DacTaHHIO KOHLEHTpAalHi LleHT-
poOB 3axBaTa, a TakKxe H NMOTEHIHaJbHBIX LIEHTPOB NOBEpX-
HOCTHOH# peKOMGHHALMH, KOTOpble NPOSBASIOTCA MOCJ]E af-
cOpOLMH MOJIEKYJl BOAbl Ha MOBePXHOCTH repmaHusi. Takue
e MporpeBel B aTMocdepe KHCJIOPOAa HJM O30HA, Halpo-
THB, NIPHBOAAT K CTAaGH/IHM3aLlHK MOBEPXHOCTH, MOJHOMY HC-
Ye3HOBEHHI0 KOJOK0J006pa3HOH KOMIOHEHTHI CKOPOCTH IO-
BEPXHOCTHO! pekoMOHHAUHH, KOTOpas He NOABJAETCS AaxKe
M mocjae aAcopGUHH MOJEKYsa BOJbl, H Pe3KOMY YMeHbIle-
HHIO KOHIEeHTpaluH LIeHTpPOB 3axBaTa. Bce 3TH ¢akThl Xo-
pOLIO COTJIACYIOTCSl € NpPeANoJoKeHHeM, YTO BHOBL BO3HH-
Kalou[ue LeHTPhl NpeACTaBAA0T cob0H yiKe paccMOTpeHHble
o6pasosanus tHna =Ge—0O" u =Gqe-.
BricokoTeMnepaTypHble NPOrpeBbl B BAKyyMe MOTYT NpH-
BOLHTb K pPE3KOMY pOCTY KOHILEHTpalUH TaKkHX obpasoBa-
HUI 3a cueT ueJsoro psxa npouecco. Cpeau HUX HaHuGoJee
CYIIeCTBEHHBIMH SIBJISIOTCA, [0-BHIUMOMY, CJeLyIOllHe: pac-
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CMOTPeHHOe Bblllle pa3pylleHHe MOCTHKOB =Ge—O—Ge=;
npeBpallleHHe reKCaroHajJbHOH ()OPMBbI ABYOKHCH repMaHHs
B TeTpParoHaJbHYyl0 ¢ OOHaXXeHHeM MHKDPOYYaCTKOB «YH-
CTOM» IMOBEPXHOCTH TIepMaHHsl; YaCTHYHOe pa3pylLieHHe
repmadobHeiX rpynn =Ge—OH c¢ BnigeneHveM opHoi
MOJIEKYJIbl BOJABI Ha KaxJble 1Be TaKHe TIpPynnel U o6pa-
30BaHHeM Inap BCe Tex e JedekToB BHaa =Ge—Or
n =QGe.

Bospacranne koHuentpauufi gedextos TtHma ==Ge
B XOJEe BLICOKOTEMIepaTypHEIX NPOTPEBOB B BaKyyMe 00b-
SICHSIeT Pe3KHil  POCT KOJIOKOJ0OGpasHOM KOMIIOHEHTHI
CKOPOCTH I0BEPXHOCTHOH pPeKOMOHHAIHH NPH Mocjenyomnei
ancop6GUHA MOJIeKyJ BOJbl, MOCKOJbKY Takue HedeKThl siB-
JIAIOTCS OCHOBOA MOBEPXHOCTHBIX LEHTPOB PeKOMOHHAIHH.
BaxXHEIM apryMeHTOM B NOJIb3Y paccMaTpUBaeMoil MOIeau
BJIsieTCsl OTMeueHHoe B paGoTe [231] cooTBeTcTBHe Mexnay
H3MEHEeHHSIMH 3HaueHH# Smax W HAKJOHOB KPHBBIX 3aXBaTa
nocje TaKHX MPOTPEBOB, KOTOpPOEe TOJMBKO B 3TOM cJyuae
H BCTpeuaercss B AeficTBHTesbHOCTH. HakoHeu, BhlcOKOTEM-
nepaTypHbie NPOrpeBbl B KHCJIOPOJE HJIH 030He BEAYT K CTa-
OuIH3alHH MOBEPXHOCTH M HeOGpPaTHMOMY HCUE3HOBEHHIO
paccMaTpHBaeMblX 1LEeHTPOB peKOMOMHAUMH M 3axBaTa 3a
CyeT JOOKHCJTeHHs MNOBEPXHOCTH ¢ 00pasoBaHHEM MOCTH-
KoB =Ge—0—0—Ges=s.

Jas Toro yTo6Gbl 3aBepIUIHTh OMHCaHHe AedeKTOB rpa-
HHIIBI pasjesla TepMaHWH — MJIEHKA OKHCHBIX COEINMHEeHHI,
cienyeT, BHAMMO, YHNOMSIHYTb O [OBEPXHOCTHBIX YPOBHSAX
3aXBaTa, PACIOJIOXKEHHBIX HHXKe IOTOJNKAa BaJIeHTHOW 30HEI
Ha noBepXHOCTH. Takne YpPOBHH NPOSIBJSJIMCH B ONHCAHHBIX
BHIIIE ONBITAX MO MOBEPXHOCTHOH (DOTOMPOBOAHMOCTH rep-
maHusi (cM. § 15). CoraacHo pacueram Koyteukoro [6], um
MOTYT COOTBETCTBOBATb YNOMHHaBLIHeCs Bblllle TepMaHOJb-
uble rpynnel =Ge—OH, onHako 3ToT Bompoc Tpebyer n0-
MOIHHTENIbHEIX HcclefoBaHHHA. B uwacTHocTH, He BmOJIHe
siceH BOmpoc 06 HX BO3HHKHOBEHHH Ha aTOMapHO-YHCTOMH
MOBEPXHOCTH, MOJYUYeHHOH CKOJIOM B CBEPXBHICOKOM BaKy-
yMe, Te OHH OblIM BHepBble OOHApyXeHbl 3KCNepPHMeH-
TaabHo [129].

H3n0KeHHBIM TNpencTaB/eHHSIM O (DH3HKO-XHMHYECKOH
npupone AedekTOB TpaHHUIBl pasfesna repMaHuil — IJeHKa
OKHCHBIX €ro COefHHeHHH, BO BCSIKOM cJdyyae, He
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[IPOTHBOpEYAT H3BeCTHble JaHHble O CBOHCTBAX I'paHHIl pas-
JleJla TepMaHHus C MJEeHKAMH HEOKHCHBIX €ro coelHHeHHI.

HauGoJsiee u3yueHbl cBOMCTBA TAKOH TPaHUIbl TepMaHHA
¢ MJeHKOH cyabduna repmanus [230]. Takasi moBepxHOCTBh
fiBJIsieTcsl BecbMa CTaGHJBHOH, He HMeeT KOJOK0J006pas3-
HOHl KOMIIOHEHTBI CKODOCTH MOBEPXHOCTHOH peKoMOGHHAIIHH,
a 3axBaT HOCHTeJel 3apsia Ha Hell, XOTS M JOCTaTOYHO
CHJBHO BhIDaXK€H, He NpeTepleBaeT H3MEHeHMil NpH INpo-
rpeBax H H3MeHEeHHSIX Ta30BOTO OKPYXXEHHS CKOJbKO-HHOYAb
NOJ06HbIX ONMCAHHBIM AJ151 NOBEPXHOCTH, NOKPHITOH MJEHKOH
OKHCHBIX coefHHeHHH. CBOMCTBA TaKOH MOBEPXHOCTH OJHKe
BCEro K CBOHCTBAaM MOBEPXHOCTH repMaHHs, [OJYUeHHON BhI-
COKOTeMIlepaTypPHbIM IPOrpeBOM B 030He, 3a HCKJIOUeHHeM
3HayHTesNbHO O6OJiee CHJIBHO BbIpa)KeHHOTO 3axBaTa. ITOT
pes3yJbTaT, O4eBHIHO, He cjayyaeH. OTHOCHTeNbHO BbICOKafl
TeMmepaTtypa mpolecca Cy/lbGHAH3aLHH MOBEPXHOCTH rep-
manua (~700°K) oGecreunBaeT [0CTATOYHO IOJIHOE 3a-
BepllieHHe peaKIHH, B pe3yJabTaTe yero NnoBepXHOCTHBIX aTo-
MOB C HEHAaCblIIeHHbIMH CBSI3IMH, MO-BHIUMOMY, MpPaKTH-
yeckH He ocrtaercsl. EciM Ke OHH B KaKOM-TO KOJIHYeCTBe
H HMeloTcs, To o6pa3oBaHHe NOCTAaTOYHO MJOTHOH H Hepac-
TBOpMMO# B BoJe (1M0A06HO TeTparoHa/bHoi ¢opme IABY-
OKHCH TepMaHHs) TJIeHKH cyab(HAa NOpensATCTByeT Mpo-
HHKHOBEHHIO MOJIeKYyJ BoAbl K 3THM Aedektam. [lo Toil xe
NpHUYHHE MPAKTHYECKH He H3MeHsieTcsl ¢ H3MeHeHHeM BHell-
HHX YCJOBHH H KOHLEHTpallus 1e(eKTOB, KOTOphie COOTBeT-
CTBYIOT LIEHTpaM 3axBara.

B o6iiem G6aH3KHMH CBOHCTBaMH o6Jsafaer M TpaHHIla
pasneja TepMaHHsf C HHTPHAOM TepMaHHsl, KOHLEHTpauus
IIeHTPOB 3aXBaTa HAa KOTOPbIH MOXKeT ObITh NOJyyeHa cpas-
HHUTeJbHO He6OoJblIOM, BO BCAKOM cJyyae, NMPH onpeje/eH-
HBIX YCJIOBHSIX CHHTe3a 3TOM TPaHHIBL.

IMocae UM BOIPOCOM, KOTOPBIH HaAJeXHT OBCYAHTh,
ABJIAETCS BONPOC O HENPephiBHOCTH CIEKTPOB MOBEPXHOCT-
HBIX YpOBHeHl 3axBaTa, KoTopas C JOCTaTOYHO OGOJbIIOH
y6eIUTeNbHOCTBIO CJeAyeT H3 3KCIePHUMEHTaJbHbIX JaHHbIX.
U3 o6iux TeopeTHuYecKHX cOoOpaKeHHH HenpephIBHblE
CMEKTpbl MOBEDPXHOCTHbIX YPOBHeH H Jaxe MOBEPXHOCTHble
30HB JOJIXKHBI OXHJAThCsl B TeX CJAyyasX, KOrAa KOHIIeHT-
paluy TaKHX YpPOBHeH [A0OCTAaTOUHO BEJIHKH, NOpPSAKA KOH-
UEHTPALHUH MOBEPXHOCTHBIX aTOMOB. PaccMoOTpeHHble Bblle
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9KCIEPHMEHTa/bHble 1aHHble B OCHOBHOM OTHOCSATCSl K CJY-
Yalo OTHOCHTE/NbHO MaJblX CyMMapHbIX MO BCeil 3ampelleH-
HO# 30He KOHLEHTPAalHi NMOBEPXHOCTHBIX LEHTPOB, MOPAAKA
TBICIYHBIX MJIH COTBIX HoJsiel (MOcjie OTHOCHTENbHO CHJBHBIX
BO3/1efICTBHI) KOHIEHTPAlHH MOBEPXHOCTHBIX aTOMOB, YTO
M JajJio HaM [paBO ¢ caMOro Hauaja paccCMaTpHUBaTh HX
B KauecTBe Je(deKTOB TpaHHLBbl pas3fena repmMaHuii — 3a-
LIUTHAsA MJeHKa.

B stux cayuasx kasaJjoch Gbl €CTECTBEHHBIM OXHAATb
NosABJEHHs AHCKPeTHBIX MOBEPXHOCTHBIX yPOBHeH, TaK Kak
B3aUMOAEHCTBHE Ae(eKToB, IO0CTaTOYHO AaJeKO, B CPEJHEM,
pacnoNoXeHHbIX APYT OT ApYra, AOMXKHO GbITh MaJio H He
MOXKeT NPHBOAHMTH K paclliefnyieHHI0 YPOBHeH B 30HbI HJIH
KBa3HHeNpephbIBHO pachpeje/ieHHble CHCTEMBI.

KniouoM k mnocTaB/eHHOH mnpoGJjeMe MOXKeT SIBUThbCH,
KaK HaM IpejcraBJ/seTcs, OOGUIHOCTb XapaKTepa pacmpe-
JleleHHs NOBEPXHOCTHBIX YPOBHell 3axBaTa N0 WX 3Hepre-
THUECKOMY MOJIOKEeHHIO B 3alpellleHHOH 30He MpH H3MeHe-
HHSIX MPHPOAbI caMHX nedekToB. [lefACTBUTENbHO, HaUHHAS
OT HCXOAHBIX KpDHBBIX 3aXBaTa, MOJYYEHHbIX Ha CBexe-
TpaBJIeHOH MOBEPXHOCTH FepMaHHsl, H NpPH BCeX MNOCIenyio-
IHX BO3[eACTBUAX HA 3Ty MOBEPXHOCThb, NPHBOASAUIHX K BO3-
pacTaHHIO HAKJOHA KPHBBIX 3aXBaTa B JII0OOA HX TOYKe Ha
OJHH, a TO U ABa MOpPSJAKAa BEJHUHHLI, XapaKTep pacnpefe-
JIeHHs] ypOBHeH ocCTaeTcsl HeH3MeHHbIM. TOT e XapakTep
pacrnpeneJ/ieHHs] MOBEPXHOCTHBIX COCTOSIHHHA OCTaeTcss W MpH
NONBITKAX JIETHPOBAHHSl peaslbHOH MOBEPXHOCTH IOJYNpO-
BOJHHMKA INpHMeCSIMH MeTaanoB [263, 264, 265]. Bwmecro
OXHAABIIErocsl IOSBJEHHS [JOMOJHHTEJbHBIX JIHCKPETHBIX
ypOBHeH, KaK 3TO OblJ0 HalAeHO Ha IpaHHlle repMaHHH —
3JeKTpoauT [259, 260], Ha peaJbHOH MOBEPXHOCTH IOBHI-
maercsi obulas KOHIEHTpalHsl NOBEPXHOCTHHIX COCTOSIHHH
10 BCeMy HX CIeKTPY, IPH CPaBHHTENbHO HeGOJIbIUHX HCKA-
KEeHHSX XapakTepa camoro cnekrtpa. TouHo Tak e Bo3pa-
craer o0llas KOHIEHTPALUsl MOBEPXHOCTHLIX COCTOSIHHE MO
BCEMY CNeKTpy npH GoM6apaHpOBKe MOBEPXHOCTH MOJYIIPO-
BONHHKOB 3JjekTpoHamu [220], a Takxke uonamu [181] uiau
JNpPYTHMH 4acTHIAMH, ec/H TOJIbKO HX SHeprHs H 403a 06.y-
YeHHs He CTOJb BeJHKH, YTOOBI IPHBECTH K NOJIHOH aMopdHu-
3auuu noBepxHoctH. C Apyroit cTOPOHEI, CHJIAHHpOBaHHe
MOBEPXHOCTH MNPHBOAUT K TeM OoJjblleMy YyMeHbIUEHHIO
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KOHLEHTPAIHUH OBEPXHOCTHLIX COCTOSIHHH, TaKxKe [0 BCEMY
HX CIeKTpY, ueM 6oJiblllee KOJHYECTBO a KTHBHBIX NOBEPXHOCT-
HBIX Tpynn 3ameiaercss cBA3AMH =Ge—O—Si= [271], He-
NocpedCTBEHHO (QHKCHPYEeMBIMH MeTOAOM HHdpaKpacHo#
CNEeKTPOCKOIMHUH.

Bo Bcex 3TuX ciyyasix 3HepreTHUeCKHH CeKTp GbICTPBIX
MOBEPXHOCTHBIX COCTOSIHHH MOKeT ObITh OMHCAaH JABYyMSl CH-
cTeMaMH YypOBHeH C KOHLEHTpPAIUSIMH, 3KCINOHEHIHAJbHO
BO3pAacTaloOUIUMH [0 Mepe NPHOJHKEHHS 3HepreTHUecKHX
MOJIOXKEHUH YPOBHA K KpasMm 30HBI NPOBOAUMOCTH H Ba-
JgeHTHoH. Ecau yuecTh, uTO ¢H3HKO-XHMMHUEcKasi NpPHPOAA
NOBEPXHOCTHEIX Jle(eKTOB Ha TpaHHlle M[OJYNPOBOAHHKA
C 3alllHTHOH NJIEHKOH BO BCeX 3THX cjayyasix AOJkKHa OBITb
CYLUIECTBEHHO pAa3JIHUHOH, TO HeH3MeHHOCTb XapakTepa
9HEPTeTHYeCKOTO CHeKTpa MOBEPXHOCTHBIX COCTOSIHHHA mpej-
CTaBJACTCS BeCbMa YIHMBHTENbHOM.

ITonuepkHem elne pa3, 4TO 3Ta HEH3MEHHOCTb Xapak-
Tepa clekTpa caMa no cefe sBAAJacCb CePbe3HHIM apry-
MEHTOM IPOTHB THNOTE3bl O JHCKPETHOCTH CIEKTpa Mo-
BEPXHOCTHBIX COCTOSIHHH, Kak 3TO OblJIO OTMeyeHo B paboTe
apropa [MI10]. Ilocnenylouie pesyabTaThl HCCASAOBAHHH
NpH NOHHXKEeHHBIX TemnepaTypax [203, 204], naHHble O BAHS-
HHY TOBEPXHOCTHOTO JIErMpOBAaHUS H, HaKOHell, MOKa elle
HEMHOTOUHUCJEHHbIE, HO JOCTAaTOYHO YOeaHTe/bHblE HTOTH
MCCJeOBAHHH 3aIUTHBIX NMJEHOK HEOKHCHOH NPHPOAbI MO3-
BOJISIIOT MOJHOCTBIO OTKasaTbcsl OT THTOMNeE3bl O Npeobaa-
JIAHHH CHCTEeM JHCKPeTHBIX IOBEPXHOCTHBIX YPOBHeH.

Bosee TOro, COBOKYMHOCTb 3THX pe3yJbTaTOB 3acTaB-
JseT HCKaTb KakHe-TO oOulMe H JOCTATOYHO (yHHAaMeH-
TaJlbHble MPHYHHBI NOABJEHHS XapaKTepHBIX HeNpepbIBHBIX
CMeKTPOB NMOBEPXHOCTHBIX COCTOSIHHH, BHJ KOTODBIX OCTaeTcst
NpaKTHYECKH TeM e caMblM NpPH pa3/iHYHOH NpHUpOAe TO-
BEPXHOCTHBEIX AedeKToB. B HacTosilllee BpeMs H3BeCTHbl ABe
NMONBITKH OGBACHEHHS XapakTepa CIeKTpa MOBePXHOCTHBIX
cocTosiHHM, GasHpylollHecss Ha [OCTAaTOYHO OOUIHX TNpen-
MOJIOKEHHAX O CTPOEHHH peasbHOH MOBEPXHOCTH INOJYIIPO-
BOJHHKA.

OcHoBHO!l HIeell mepBOH MONBITKH sIBJSETCS MPEANOJO-
XeHHe 06 omnpefensolled poaH peabeda NOBEPXHOCTH
nonynposonHuka [267, 268]. dTa runotesa onupaercs Ha 06-
HapyxeHHOe B psge pa6or [72, 205, 206] pas3nHuHe BpeMeH
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penakcalMd ObICTPHIX MOBEPXHOCTHBLIX COCTOSIHHH, KOTOpOe
I03BOJISIET HX pa3feJMTh Ha JBe TPYMNMbl: YMepPeHHO OhICT-
prix u cBepxObicTpbix. K mepBofl rpymnne oTHOCHTCA cpaBs-
HHUTEJbHO HeOOJIbIOe KOJHYECTBO IOBEPXHOCTHLIX COCTOS-
HHUi, NPEHMYILIECTBEHHO PAaCIOJNOXKEHHbIX B CpeaHell 4acTH
3anpelleHHol 30Hb. [Ipemnmosaraercsi, YTo 3TH MOBepXHO-
CTHBIE COCTOSIHHS 00YCJ/I0BJIeHBl IOBEPXHOCTHLIMH AedeKTaMHu
H peajbHO CyLIeCTBYIOT B JeHcTBHTenbHocTH. Caepx-
ObIcTpbie COCTOSIHHSI ONpeAessiloT OCHOBHYIO uYacTb Hab6JIo-
JlaeMOro B 3KCIIePUMeHTe 3axBaTa M, B NepBYIO Ouepeib,
Ty €ro yacTb, KOTOpasi COOTBETCTBYET 3KCMNOHEHLHaJbHOMY
BO3PACTaHHIO KOHLEHTpAlHl MOBEPXHOCTHBIX COCTOSIHHH IO
Mepe ynaJjeHHs ypoBHs depMH Ha NOBEPXHOCTH OT cepe-
IMHBEl 3alpelleHHoH 30Hbl. [lo MHEHHIO aBTOPOB THIOTE3H,
3Ta YacTh 3axBaTa, a, COOTBETCTBEHHO, M CaMH CBepXObl-
CTpble MOBEPXHOCTHBIE COCTOSIHHA SABJSAIOTCS KaKYUIHMHCS
" o6ycioByeHbl YMeHblleHHeM 3¢ (})eKTHBHOM MOABHIKHOCTH
HOCHTeNell 3apsafia 3a cueT peabeda NMOBEPXHOCTH MOJY-
MPOBOJHHKA.

B kauecTBe OCHOBHOrO aprymMeHTa B NOJb3Yy 3TOTO Mpej-
MOJIOXKEHHS] aBTOPBI BBIABHMraloT GJM30CTh BHAA 3IKCIEPH-
MEHTaJbHBIX KPHBBIX 3aXBaTa M TeOpeTHYeCKHX KPHBBHIX 3a-
psijla B IPUIOBEPXHOCTHOM CJloe MPOCTPAaHCTBEHHOro 3apsaa
B 3aBHCHMOCTH OT IOBEPXHOCTHOTro MoTeHlHana. [lapanse-
JM3M B H3MEHEHHH BHELIHer0 BMJ(@ 3THX ABYX KPHUBHIX NpH
H3MEHEeHHSIX TEeMIepaTyphl, IPHMECHOT0 COAEp:KaHUs U LIH-
PHHBI 3aNMpelleHHOH 30HBI MOJNYNPOBOJAHHKA NOCTATOYHO Ha-
[JISIAHO, XOTSl M He BCeraa BIOJHe KOPPEKTHO NOKasaH
B paccmaTpuBaeMblx paborax. Hakownel, B KauecTBe KOHT-
pOJIbHOTO 3KcnepHMeHTa B pabote [268] npusoasrtcs pe-
3yJIbTATbl COMOCTaBJIEHHS SKCIEPHMEHTaJbHO H3MepeHHOH
M TeOpeTHUeCKH paccuHTaHHOH AnddepeHlHa bHON MpHUIIO-
BEPXHOCTHOH €MKOCTH B 3aBHCHMOCTH OT MOBEPXHOCTHOTO
noTeHiHana. CyllecTBEeHHOE PacXoxK/JeHHe 5THX KPHBBIX HH-
TepnpeTHpyeTcss aBTOPaMH KakK JOKa3aTeNbCTBO OTCYTCTBHS
B JeACTBHUTENbHOCTH CBEPXOBICTPBIX COCTOSIHHH, MOCKOJBKY
M3MepeHHs1 MPOBOAHJMCH Ha TaKOH 4acTOTe, KOrja 3axBaT
Ha 3TH COCTOSIHHA MOJKeH Obl1 Obl BHOCHTb CBOH BKJaf
B TIPHIOBEPXHOCTHYIO €MKOCTbD.

Tepexoaa x 0OCYXKAEHHIO H3JIOXKEHHBIX MpeAcTaBIeHHH,
HeoO0X0HMO, Npexje Bcero, OTMeTHTb, YTO Ha BO3MOXKHOE
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BJHUsIHHe penabeda MOBEPXHOCTH Ha pe3yabTaThl 3JKCHepH-
MEeHTOB MO MeToAy 3(deKTa mons [OaBHO YKa3blBaJoCh
B pabore B. E. JlamkapeBa [271], a B 6oJiee HenaBHee
BpeMsl 3TO BJIHSIHMe paccuHThiBasoch B paGote [269]. [Tpu
3TOM, TakK e Kak H B 006cyxpaaeMblX paboTax, peub LA
0 BJIHSIHHH penbeda Ha 3G (PeKTHBHYIO MOABHUKHOCTb HOCH-
TeJedl 3apsna, B pe3yabTaTe KOTOPOro (pakTHUECKH HMeElo-
IlHe MeCTO 3HaueHHs 3((PeKTHUBHBIX NOJBHXKHOCTEH MOTYT
0Ka3aThCsl 3HAYHTEJIbHO MEHBIIHMH TEOpETHUECKHX 3HAUEHHH,
paccuutanieix no Illpuddepy uam Ha ocHoBaHHH GoJee
no3nuux paéot [28].

Torpa pelaloliHM 3KcmepUMeHTOM [Jis paccMaTpHBae-
MOH THIOTe3bl sBJsETCA MOJNyuyeHHe 3KCIepPHMEHTaJbHBIX
KPHBEIX 3aXBaTa MpPH HCMNOJb30BAHUH SKCIIEDHMEHTANbHO XKe
H3MepeHHbIX 3HaueHHH 3(¢eKTHBHOH NOBEPXHOCTHOH IO-
JBHXKHOCTH HOcHTesnedl 3apsina. B yxe paccMmorpenHoit
pabore [128] onucaHbl pe3y/bTaTbl TaKHX H3MepeHHH B
JIOBOJILHO 3HAaYHTeJbHOM J[Hana3oHe TeMmIepaTtyp, NpHueM
NOJIyyeHHble KpPHBBbIE 3aXBaTa SIBJASIOTCS BeCbMa THIHYHBIMH.
HHbiMH C€JI0BaMH — HCNOJIb30BAHHE H3MEPEHHBIX 3JKCIEpH-
MEHTAJIbHO 3HAUYeHHH MOJBHXKHOCTH He CKa3aJocCh CYIEeCT-
BeHHO Ha BHJe KDHBBIX 3aXBaTa, XOTf M NpPHBEJO K He-
KOTOpPbIM KOJIMYeCTBEHHBIM H3MeHeHUsIM HX. VIHTepecHo oOT-
METHUTb, UTO XapakTep paclpeneseHHs] MOBEPXHOCTHBIX CO-
CTOSIHHH OKasaJiCsi ONHHM H TeM Xe IpPH BeCbMa pe3KHX
pasiHuyHsX B IIy6uHe pejbeda Ha [ABYX pPa3HbLIX IOBepX-
HOCTSIX FepMaHHsl, TOrAAa Kak 3HauyeHHsl 3¢(eKTHBHOH mo-
IBHXXHOCTH JBIDOK Ha HHX JAeHCTBHTENbHO CYIIECTBEHHO
pa3HYyaNuCh.

IToMHMO 3TOTO OCHOBHOTO apTyMeHTa, MPOTHB paccMmar-
pHBaeMOll THIOTe3bl MOTYT OBbIThb BbIABHHYTH H HEKOTOpbIE
ApyrHe, HaNnpHMep, 3HAUHTEJ]bHOE H B ompejeseHHOH obJa-
CTH BOCIPOHM3BOJHMOE H3MeHeHHe KPHBBIX 3aXxBaTa IpH OIH-
CaHHBIX BBIlIe MpOrpeBax B BaKyyMe, Korja TPYAHO Npen-
noJaraTh H3MeHeHHd pesbeda MOBEPXHOCTH. B To xe BpeMs
OTMeueHHasi aBTOPaMH paccMaTpUBaeMOH THNOTe3h GJIH-
30CTh KPHBBIX 3aXBaTa H 3apsifia B cJl0e NPOCTPAHCTBEHHOrO
3apsga BOBce He sIBJIsseTC YAHMBHMTEJNbHOH, eClH TOJIbKO He
MCXOIUTb M3 MPEANOJOXKeHHs O JHCKPETHOCTH MOBEPXHOCT-
HBIX cocTosiHHH. B ciyyae axcnoHeHIMalbHOTO 3aKOHa pac-
npeje/ieHHs] MOBEPXHOCTHBIX COCTOSIHHH 11O 3HEPrHH o6e KpH-
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Bble NO/KHbI HMeTb SKCIIOHEHIHAJbHBI XapakTep ¢ G/u3-
KHMH 3HaueHHAMH KO03((HIHEHTOB B MOKa3aTeJsX 3KCIO-
HeHT. HakoHell, BHUMaTe/bHOE PAacCCMOTPEHHE NPHBOLHUMEIX
B paGore [268] maHHBIX MO H3MEPEHHIO MpPHNOBEPXHOCTHOM
eMKOCTH MOKa3blBaeT, YTO HX CONMOCTaBJeHHe C TeopeTHye-
CKOH KDHBOH NpOBefeHO HEKOPDPEKTHO H Ha CaMoM JeJe
OHH BOBCe He CBHJETeJbCTBYIOT 00 OTCYTCTBHH CBepXGHI-
CTpPBbIX MOBEPXHOCTHBIX COCTOSIHHI HAa peaJsibHOH MOBEPXHOCTH
repmanusi. Takum o6pa3omM, cieayer NpU3HATh, YTO MOMBITKA
OOBbsACHEHHS] XapaKTepa CleKTPa MOBEPXHOCTHBIX COCTOSHHUH
onpeje/slOIIHM BJHSIHHEeM peJbeda NMOBEPXHOCTH MOJYHpO-
BOJHHKA He BblJepKHBAET KPHUTHKH.

Bropas nonbiTka HHTepnpeTalMH BHAA CHEKTPOB
[OBEPXHOCTHbIX COCTOAHHE 6asupyercss Ha rumortese 00
ompejeJsiomlell poJH pasynopsIOYeHHOCTH peasbHOH Mo-
BEPXHOCTH NoJynpoBoxHHKa [34]. Hamuuue rakoit pasymo-
PSAIOYEHHOCTH KaK OYATO He BbI3blBaeT HUKAKHX COMHEHHI.
IeficTBUTeNIbHO, H3 caMBIX OOLMX cOOGpaKeHHH cJjenyer,
YTO TPaHHUIy pa3fiena Mex1y MOJYHNPOBOZHHKOM H MOKpBI-
BawUled ero 3alUTHOH AH3NEeKTPHUYECKOH NJEHKOH, MpH CO-
BpEMeHHBIX MeTOJaX ee MOJyueHHs, HeJb3sl MPeACTaBJAATb
cebe B BHIE CKOJBKO-HHOYb COBEPILEHHOTO reTeponepexona.

BhicOKHE CKOPOCTH Tpollecca OKHC/IEHHS KaK MpH KHA-
KOCTHBIX BHJAax TpaBJIeHHs, TaK H NPH TEPMHUECKOH OKCH-
Jallik HeH30eXXHO AOJIKHBEI MPUBECTH K 06pa30BaHHIO Mepe-
XOLHOTO CJIOSl MEXJy CaMHM MOJYNPOBOAHHKOM H IJEHKOH
OKHCHBIX €ro COeLHHeHHH, BHYTDH KOTOPOrO aTOMbl KpH-
cTajijla TMOJNyNpOBOAHHKA 3aBeJOMO 3aHHMAlOT HeperyJsp-
Hble M0J10XKeHHs. DTa HeperyaspHOCTb 06ycC/0BJIeHa BHepe-
HMeM AaTOMOB KHCJIOpPOJa B [PHUIOBEDXHOCTHHIH CJOMH
MoJIyNpoOBOJHHKA, YXOAOM 4YacTH aTOMOB MOJYNPOBOJHHKA
B OKHCHBIH C/JOH M, HaKOHel, MHOroo6pasHeM XHMHUYECKHX
H ajncopOLHOHHBIX CBfA3edl aTOMOB MOJYNPOBOAHHKA C aTo-
MaMM KHCI0pOAA, MOJIeKyJaMH BOAbl, THAPOKCHJIbHGLIMH
rpynnami U APYTHMH YYXXEPOJHHIMH aTOMaMH, MOJIEKYJIaMH
¥ pajHKaJaMH, NPHCYTCTBYIOIUHMH Ha peajbHOM MNOBepX-
HOCTH. KauecTBEHHO Ta e CHTyalHs [OJIKHA HMeTb MeCTo
npH 06pa30oBaHMM IJIEHOK HEOKHCHOH TNpPHPOIbBL: CyabGu-
0B, HATPUAOB, KapOUAOB H T. I

YnoMuHaBumuecs B TrJaaBe V pe3yabTaThl HCCJel0Ba-
HHIl CTPYKTYPBl MOBEPXHOCTH HOJYHPOBOANIHKOB METOAOM
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AH(PaKUUH Me[JIeHHbIX 3/JeKTPOHOB SBJSIOTCS NPSMBIM MO~
TBepK/eHHEeM H3JI0XKeHHBIX coofpakeHul. CorjlacHO MHO-
rOYHC/IeHHbIM JaHHBIM TAaKHX HCCeNOBaHHH, H3MeHeHHe [0-
BEDPXHOCTHOH CTPYKTYpBl IIpH aAcOpOLHMH MEepBOr0 MOHO-
C710f Ha aTOMapHO-YMCTOH NOBEPXHOCTH MOJYNPOBOAHUKA
CMeHseTcsl NpH AaJbHeflleM OKHCJIEHUH MOJHBIM HCYe3HO-
BeHUeM AM(PpPaKLUHOHHOH KapTHHbL. DTOT pe3y/bTaT HHTe-
peceH [1Js Hac B JBYX OTHOIUIEHHsAX. Bo-mepBhbIX, OH MOA-
TBepKJaeT MNpeANosoXKeHHe O HeYNOpSJOYEeHHOCTH CTPYK-
Typbl OKHCHOH IJIEHKH NpH TOJILIHHe ee y¥XKe B JBa-TPH
MOHocJ04. Bo-BTOphIX, OH yKa3blBaeT Ha TO, YTO, NpH 00-
pa3oBaHUM CBfi3edl aTOMOB MOJYNPOBOAHHKA C aTOMaMH
KHCJIOpOJa B Npefeax MepBOro MOHOC/O0S MOCJ/eLHero, cie-
uudHyeckass NOBEPXHOCTHAas CTPYKTypa AaTOMapHO-UHCTOH
[OBEPXHOCTH 3aMeHsieTcsl Ha OObIUHYIO, T. €. IOBePXHOCTHHIE
aTOMBl MOJIYNPOBOJHMKA BO3BpAallaloTCs B CBOH HOPMaJb-
Hble TOJIOXKeHHs B peluetke. Ec/H mepeHecTH 3TOT mocaen-
HUHl pe3yabTaT Ha ciydyali peaJbHOH MOBEPXHOCTH, TO, BH-
JIUMO, MOXHO OXKHMJaTh, UTO NPH H3MeHeHHUsIX XapaKTepa XH-
MHYECKHX © a[AcopOLHOHHBIX CBsi3ell B nepexOAHOM cJoe
peaJbHOH MOBEPXHOCTH NMOJYNPOBOJHHKA MOXKET H3MEHAThCS
K CTeleHb HEeyNnopsiloYeHHOCTH CTPOEHHS 3TOTO Mepexoj-
HOTO CJI0Sl.

IlpencraBieHde O HeyNopsIOYEHHOCTH CTPOeHHs mepe-
XOJHOTO CJIOSl XOpOLIO COrJlacyeTcsi M ¢ pe3yJabTaTaMH HC-
cJlefloBaHMs ancopOUHH psina rasoB H NapoB Ha pealbHOM
MI0OBEPXHOCTH MOJynpoBOAHUKOB. Tak, mo AaHHbIM paGoT
[94, 131], Tensora ajmcop6OUHH MOJEKYJ BOABI Ila TOBEpX-
HOCTH TrepMaHusi H3MeHsieTcss oT 20—25 Kkas/moab npu
MaJblX 3aNOJHEHHSIX MOBEPXHOCTH L0 BeJHYMH, OJH3KHX
K 4 KkKkaa/moab npu GONBLUIMX 3aMOJIHEHHSIX MOBEPXHOCTH
afcopGUPOBAaHHEIMH MoJieKynaMH Bojabl. OXHO H3 BO3MOX-
HBIX OODBSICHEHHH [OCTENeHHOro H3MeHeHHs TeNJoTH ak-
copOLUHH B TaKHX LIHPOKHX NpefeJax MOXKeT OCHOBBIBAThCA
Ha NpeACTaBJEHHH, YTO aAcopOLHs HauMHaAeTCs Ha MoBepX-
HOCTHBIX fueliKax KpHcTanna c HauboJjee CHJIBHBIMH HCKa-
JKeHHSIMH JIOKaJbHOTO I[OTeHLHasja, a 3aTeM IOCTeneHHO
3aXBaThiBaeT M BCe MeHee HCKarKeHHble sueHKH.

[To-BuauMOMYy, ecTecTBeHHO OyaeT MNPEANONOXKHThb, UYTO
CaMH HCKaX<eHHMs MOTeHllHaJja B pe3yJbTaTe ancopOuuH,
B OCOGEHHOCTH, MOJISIPHBIX MOJIeKy/J1 OyAyT YMeHbLIAThCA.
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HakoHell, coBepuieHHO OY€BHIHO, YTO CTeNeHb HEYNOPSA0-
YEHHOCTH MOBEPXHOCTH, MOHHMas MOJ 3THM Kak obliee KO-
JIMYECTBO MOBEPXHOCTHBIX aTOMOB KPHCTaJ1j1a, HaXOAsHXCS
B HeperyJspHbIX MOJOMXKEHHSIX, TAK H CTEeNeHb HCKaXKeHHs
MOTeHI[HaJla B COOTBETCTBYIOLIUX suefKax, MOXeT Ccylle-
CTBEHHO M3MEHAThCA B pe3y/bTaTe OTHOCHTEJNbHO CHJIb-
HbIX BO3MEHCTBHH, NPHUBOASIIMX K CYIIECTBEHHBIM H3Me-
HEHHSIM CTPOeHHs MNEepPexXOoAHOro CJ0si H CaMOH 3allUTHOMH
MJIeHKH.

HsnokeHHble coo6GpaKeHHs [alOT, KaK MOXKHO AYMarTh,
NOCTaTOYHO HaJexXHylo 6a3y AJs NONbLITKH 00bsiCHEHHs ca-
MOr'O XapakTepa CIIeKTpa MOBEPXHOCTHBIX COCTOSIHHE H €ro
M3MEHeHHl MNpH pa3/jHuUHbIX BHEIMIHHX Bo3AeHcTBuax. U3
TEOPHH Pa3ymopAAOUEHHBIX CHCTEM H3BECTHO, YTO, IIPH He
CJHIIKOM GOJbLIOH CTeNeHH pa3ynopsiiOUeHHOCTH, MocJjen-
HAASL NPOSIBJSETCS B BO3HHKHOBEHHH «XBOCTOB» IJIOTHOCTH
COCTOSIHUH, MPOHHMKAWOUIUX B 3alpelleHHYI0 30HYy 3HepTHH
[M6]. Vunthizas Bee paccMOTpeHHble BBIllIe NPHUMHBI BO3-
HUKHOBEHHsI pPa3ynopsilOueHHOCTH peaJibHOH MOBEepXHOCTH
NOJIyIPOBOAHHKA, BKJIOUasi Cloga H BO3MOX(HOe BJIHAHHE
reoMeTpHuecKoro pesaneda, MOXKHO AYyMaTb, UYTO MX CO-
BMeCTHOE JefCTBHe NPUBOLUT K NMPAKTHUECKH CJayuaHHOMY
pacrpefeNeHHIO 3HAUYeHHH J0KaJbHOIO MOTEHIlHaja MNPHIIO-
BEPXHOCTHBIX siueeK nosynposoaHHka. CiayuyalHOMY e MoO-
TEHIHaJy C TayCCOBCKHM 3aKOHOM pachnpejlejeHHs cooT-
BETCTBYeT, KaK MOKa3aHO AJs ABYMepHBIX pelIeTOK B pa-
6ote {272], skcrmoHeHIHaJbpHOe paclnpefejeHHe MJOTHOCTH
COCTOSIHHII B «XBOCTaX» C MOKa3aTesjeM 3SKCIIOHEHTHI, MpO-
MOPIIHOHAJBHEIM ~ 3HEPreTHYECKOMY MOJIOXKEeHHK)  YPOBHS
B 3amnpelieHHo# 30He. XOTs1 pacCMOTPEHHBIH B LUTHPOBAH-
noil paGoTe ciyyalf He TMOJHOCTbIO COOTBETCTBYET CHTya-
MM Ha peasibHOM NOBEPXHOCTH, OH H He HACTOJbKO AaJeK
OT Hee, uTOGbl COOTBETCTBHE SKCIEPHMEHTalbHO HafjeH-
HOMY 3aKOHYy pacrnpeje/eHHs NOBEPXHOCTHBIX COCTOSTHHi
Morno Obl paccMaTpHBaThCs B KauecTBe cJyyaHHOro co-
BriaJeHHs.

B COOTBETCTBHH C TE€M, YTO TFOBOPHJIOCH BbIlle, 3aKOH
pacnpeesieHHsi MOBEPXHOCTHBIX COCTOSIHWI mo SHepruu Oy-
€T OCTaBaThCs ONHHM H TeM Ke, BHe 3aBHCHMOCTH OT TOrO,
KaKHM CIIOCOGOM TMoJiyueHa pas3ynopsiioueHHasi MoBepX-
HOCTb, ecJHd TOJbKO Xapakrep pachpeje/eHHsl JOKaJbHOro
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MoTeHIMaJ/la NPHIIOBEPXHOCTHBIX sYeeK OCTaHeTcs cJyuaid-
HbIM. OflHaKo 3HaueHHsi MapaMeTpoOB B 3aKOHax pacmpeje-
JIGHHS: HpPeJdKCIIOHEHIHaJbHbBIX MHOXHTededl A u B wu
K03 (HUIHEeHTOB B NOKa3aTeJasiX SKCIIOHEHT a U b Mmoryr, pa-
3yMeeTcsl, H3MeHATbCSI B 3aBHCHMOCTH OT CTeMeHH pasyIo-
pAnOYeHHOCTH noBepxHOCTH. [losyueHHble B HalIHX HCCJe-
JOBaHUSIX pe3yJbTaThl pa3J/HUHBIX BHEIIHUX BO3AeHCTBHI,
a TaKxXe YNOMHHaBLIMeCs Bbille pe3yjabTaTel paboT Io
CHJIaHHPOBAHHIO NOBEPXHOCTH, €e MOBEPXHOCTHOMY JIeTHDPO-
BaHMIO, O6oMGapaHpOBKe MOBEPXHOCTH MOJYyNPOBOAHHKOB
3/JeKTPOHAMH H O6oJiee TsKeJbIMH YacTHIAMH MOTYT ObIThb
006bsICHEHBl Ha OCHOBE 3THX COOOpaXKeHHHl.

OcraHoBuMcs, HANpHMep, Ha YTOUHEHHAX, KOTOpbe NO3-
BOJISIIOT BHECTH H3JI0XKeHHble c000paKeHHs B ONHMCAHHYIO
paHee KapTHHY HM3MeHeHHs MNPHPOAbl LIEHTPOB 3axBaTa Ha
NIOBEpXHOCTH TepMaHHUsl B pes3y/bTaTe NPOrpeBOB NPH pas-
JUUYHBIX TeMnepaTtypax. Eciu He BBOAMTH HpeacCTaBJleHHs O
pOJIH pa3ynopsiAOUYEHHOCTH peasnbHOM MOBEPXHOCTH, TO H3-
JIOXKEHHble BbIlle NPeANoNOoXKeHHsT 00 H3MeHeHHH NpHPOXHI
npeo6yafaloUUX Ha TOBEPXHOCTH [e(eKTOB CBfI3H repma-
HHI — KHCJ0pOJ, NOJKHBI OblIM OGbl COOTBETCTBOBATb H3Me-
HeHHSIM 3HepreTHYeCKHX MOJOXKEHHH W KOHLEeHTpalHi auc-
KDETHBEIX MOBEpXHOCTHBIX YpPOBHeld. DBBITE MOXKeT, TOJBKO
B pesy/JbTaTe HauOoJiee BbICOKOTeMNepPaTypPHBIX IPOTPEBOB
B BaKyyMe, KOrja KOHLEHTpaluH nedeKTOB CTaHOBATCH O-
CTaTOYHO BeJHKH [Jg HX BO3MOXHOrO B3aHMOAelicTBHA,
MOXHO Obl10 Obl OXHIaTh PAa3MBITHS AHCKPETHBIX YPOBHell
B [OBEPXHOCTHbIE 30HHI.

[Ipu yuere poJM pasynopsiOYeHHOCTH NPHIIOBEPXHOCT-
HbIX CJIOEB, M3MeHeHHe NPHPOABI H KOHLeHTpalUHuii npeob-
Jafalouux ne(eKToB CBA3H BeleT K HM3MEHEHHIO CTeleHH
pa3ynopsA04YeHHOCTH, KOTOpas NMpOABJASAeTCA B H3MeHeHHAX
rnapamMeTpoB pacnpejejJeHHss 3HAUeHHH JOKaJbHOTO IOTEH-
1HajJa MPUIOBEPXHOCTHBIX syeeK KpHCTaJa, a, COOTBeT-
CTBEHHO, M B BeJHYHHAaX I[apaMeTpPOB, ONHCHIBAIOILHX
pacnpejeneHHs IJIOTHOCTH COCTOSIHHH B «XBOCTaX», BHIXOMS-
IIMX B 3anpelleHHylo 30HY. JloMoJHHTe/bHOE OKHC/eHHe
MOBEPXHOCTH B XOJ€ BbLICOKOTEMNEPATYPHBIX NPOI'PEeBOB B
030He BejleT, HampuMep, K BO3pPacTAHHIO CTelleHH yNOpPsao-
UYeHHOCTH TOBepXHocTH. IIpH s5TOM Hcue3awT aedeKTH
c HauboJsiee KpaHHUMH 3HaYEHHSAMH JIOKaJbHOTO NOTeH[HaJa,
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YTO COOTBETCTBYeT yMeHblleHHIO AHAaNa3oHa ero pacupeje-
JIeHHS H yMeHbLIeHHIO IJIOTHOCTH COCTOSIHHH B YaaJieHHBIX
OT TPaHHL 06bEMHBIX 30H 4acTAX «XBOCTOB». [lo-BHAHMOMY,
TaK Ke CJefyeT OODbACHATb H BJHSIHHE CHIAHHUPOBAHHS IO-
BEPXHOCTH.

C npyrofi CTOpOHBI, BBICOKOTeMIlepaTypHblE NPOrpPeBHl
B BaKyyMe, a TaKxe [OBEPXHOCTHOe JIeTHPOBaHHe H GOM-
6apAMpPOBKH MPHBOAAT K YBeJHUYEHHIO CTeNeHH pasymnops-
JNIOYEHHOCTH KaK Mo oO6lieldl KOHUEeHTpalUHH AedeKTOB, Tak
M [0 [HanasoHy pacnpefejleHHs JOKaJbHOrO MNOTeHLHaJa,
a, COOTBETCTBEHHO, M OOIEeMYy YBeJHUEHHIO TJIOTHOCTH
cocTOsiHMH B «xBocTax». IIpm oueHn Go.blioll pasymops-
JOYEHHOCTH IIOBEDPXHOCTH, BO3HHKawoLlell B pe3yJbTare,
HanpuMep, WJAHQPOBKH HAH 60M6GapIHPOBKH OOJBLUIMMH J0-
3aMH TSKeJNblX YacTHL, MOXKeT, BUAMMO, H3MEHUTbCS H Xa-
paKkTep 3aKOHOB pachpejesieHHs COCTOSHHH B «XBOCTax».
2t1oT cayua#i, OfHaKo, AOJKeH paccMaTpHBAaTbCs HHaue
Jlaxke U B KaueCTBEHHOM OTHOLIEHHH, MOCKOJBLKY NMpHBeNeH-
HOe pacCMOTpeHHe OTHOCHJOCh K MaJblM CTeleHsM pas-
yNOpsL04YEeHHOCTH MOBEPXHOCTH.

[ToMumMo xapakTepa pacrnpefie/ieHHsI NMOBEPXHOCTHBIX CO-
CTOSIHMIl MO 3HepruH, pa3BHBaeMble MPEACTABJEHUs MO3BO-
JSI0T KauecTBEHHO INOHATb H PsAN APYrHX 0cCOGeHHOCTeH,
XapaKTepHBIX [JIs NOBEPXHOCTHBIX COCTOSIHMHA Ha peaJibHOH
noBepXHOCTH. [TOCKO/IBKY CTeleHb ee pa3ynopsiLOUeHHOCTH
npejnoJyaraeTcsi OTHOCHTe/IbHO He6GOJIbILIOH, MOXKHO AyMaTh,
UTO JIOKAJIbHBIA MOTEHIHAJ W SHepreTHYeCKHe YPOBHHU 3JIeK-
TPOHOB OOJILLIMHCTBA MOBEPXHOCTHBIX aTOMOB MaJjlo OTJIH-
yaloTcsl OT 06beMHbIX 3HaueHHH. COOTBETCTBEHHO, 3TH MO-
BEeDXHOCTHbBlE yPOBHH HMeIOT 3HeprdH, OJH3KHe K YPOBHSIM
06'beMHBEIX 30H, a Bonpoc 06 HX B3aHMOAEHCTBHH C HHMH
onpenensieTcss XapakTepoM COOTBETCTBYIOUIHX BOJHOBBIX
¢yHKUMA. DTO coo6pakeHHe MO3BOJACT NMOHATh, MOYeMy HH-
TerpajbHasl KOHLEHTpallus MOBEPXHOCTHBIX COCTOSIHHH 1O
BCell LIMpHHe 3aNpelieHHO!H 30HBl Ha XOpol1o 06paGoTaHHBIX
peasbHBIX TNOBEPXHOCTAX NPHMEPHO Ha JBa-TPH MOpsjAKa
HHXKe KOHIeHTpallMH MOBepXHOCTHBIX artoMoB. OnHoBpe-
MEHHO OHO MpOJIHBAaeT HEKOTOpPHIA CBeT Ha BOMpPOC O BO3-
MOXXHOM IPOHCXOXIEHHH OOHApYyXXeHHBIX 9KCIepHUMeH-
TaJbHO MOBEPXHOCTHBIX yPOBHeH ¢ HepreTHUeCKHMH MOJIO-
JKEHHAMH, COOTBETCTBYIOUIHMH OGBHEMHBIM 30HAM,
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Pe3yabTHpYyIOIHI CNEKTP NOBEPXHOCTHHIX COCTOSIHHM
onpepensieTcsl, COTJIACHO pa3BHBAeMblM MpeLCTaBICHHAM,
He TOJNBKO IPOCTPAHCTBEHHOH pa3ynopsJ0YeHHOCTbIO aTo-
MOB pellleTKH, Kak B Cjayyae 06beMHO Pa3ynopsiioyeHHOro
KpHCTaJJa, HO M Pa3JMYHbIM XapaKTepOM XHMHYECKHX H
aJcOpOUHOHHBIX CBs3ell MOBEPXHOCTHBIX ATOMOB KpHCTaJ/a
C HHOPOAHBIMH aTOMaMH, MOJIeKyJaMH H paJHKajaMH.
MoxHo aAymaTh, UTO 3TO OGCTOATENLCTBO OTKPLIBAeT MYTh
JJUIsl TIOHMMAaHHs pasjiMyvil BO BpeMeHax peJlakCallHM B3au-
MOAeHCTBHS MOBEPXHOCTHBIX COCTOSIHMH C COOTBETCTBYIO-
mHUMH 06beMHBIMH 30HaMH. B0O3MOXKHO, YTO Ha 5TOM NyTH
yaacTcss OOBACHHTb JesleHHe MOBEPXHOCTHBIX COCTOSIHHHA Ha
pe3Ko pasauyaloliecs Mo BPeMeHaM peJakcallid TpyIbl
OBICTPBIX M CBepXOBICTPLIX COCTOSIHMH pasiHuHeM XHMHKO-
ancopOLHOHHOrO XapaKTepa cBsA3eil, a 0OHapyKeHHOe 3KC-
[epUMeHTalbHO pa3MbITHE 3THX BpeMeH BHYTPH KaXK[AoH
TPYIIbl — NPOCTPAHCTBEHHOH pa3ynopsfioYeHHOCTbIO COOT-
BETCTBYIOUIUX LEHTPOB. DTo coobpaKeHHe Oaszupyercs Ha
TOM, YTO XapakKTep B3aMMOAEHCTBHS IOBEPXHOCTHBIX CO-
CTOSIHMH ¢ 06beMHBIMH 30HaMH OMNpejpensieTcsl BUIOM BOJI-
HOBHBIX (YHKLHMH, KOTOpHIf JoJKeH ObiThb 6GoJee UyBCTBH-
TeJeH K INpHpoje CBf3ell MOBEPXHOCTHBIX aTOMOB, ueM
JHepreTHYeCcKoe I0JIOXKEeHHe YDPOBHA.

B 3akawoueHHe HeOOXOAHUMO OCTAHOBHTbCH Ha BO3MOXK-
HOCTH CYLLeCTBOBAHHSA B DPaMKax pa3BHBaeMOil MOJAEJH pe-
aJbHOH MOBEPXHOCTH AHCKPETHbIX MOBEPXHOCTHBIX YPOBHeH.
DToT BoOnpoc npeacrasJsieTcss 6e3yC/I0BHO BaXKHbIM, TaK Kak
3KCIlepHMEeHTa/bHble pe3yabTaThl CBHAETENbCTBYIOT O IHC-
KPETHOCTH TIOBEPXHOCTHHEIX PeKOMOHHAIlHOHHBIX YPOBHell Ha
repMaHHH H KPDEMHHH, a TaKxke H O BO3MOXKHOM CYyLIECTBO-
BaHUHM JHCKPETHbIX MOBEPXHOCTHBIX YDOBHeH 3axBaTa Ha
KpPeMHHH.

MoOXHO nyMaThb, UTO BO3HHKHOBEHHe TaKHX AHCKDeTHLIX
IOBEPXHOCTHBIX ypOBHell CBA3aHO ¢ 0oGpa3oBaHHeM OTHOCH-
TeJbHO NpPOYHBIX KOMIJIEKCOB, SIBJSIOLIMXCS aCCOLHALHAMH
uesofl rpynnbl MOHOATOMHBIX JedekToB. Ecau, Hampuwmep,
OCHOBOH II0BEPXHOCTHOTO peKOMOMHALlHOHHOTO LEHTpa Ha
repMaHHH CYHTaTh, KaK 3TO 06GCYyXKJajoCh paHee, NOBEpX-
HOCTHBIA aTOM TepMaHHMd C HeHacCbllIeHHOH BaJIeHTHOMH
CBSI3bl0, TO BecbMa BepOfATHO, UTO Takol aToM obpasyer
NPOYHbIH KOMIJIEKC CO CBOUMH G/IHXKAHIIHMHU COCEASIMH, UTO,
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KCTaTH, AO/KHO pe3KO MOBBICHTb BePOSTHOCTb CYLIEeCTBO-
BaHHsS CaMOTO aTOMa B TaKOM COCTOSIHHH. [IpOYHOCTb CBSI3H
B KOMILJeKce oIpefesisieT HeUyBCTBHTENbHOCTh 3HepreTHue-
CKOTO MOJIOXKEeHHs pPeKOMOHHAIIMOHHOTO YpPOBHS K OoJee
LaJbHEMY OKDYKEHHIO, a, COOTBETCTBEHHO, H K CTeNeHH pas-
yIOPANOUEHHOCTH NOBEPXHOCTH KpHCTaJla, 4To WU HabJio-
naetcss Ha onbiTe. B To XKe BpeMsi TOJBKO NpHCOeIHHEHHE
K KOMIUJIEKCY MOJIeKyJbl BOAbI ObGecreydBaeT ero peKoMGH-
HallHOHHYI0O aKTHBHOCTb, TOTAa Kak 0e3 TaKo# MOJIEKYJIbl
OH fABJseTCs LIEHTPOM 3aXBaTa, KaK 3TO 00CyXJ1aJoch pa-
Hee. HakoHel, onpenesneHHble 06paGOTKH MOBEPXHOCTH Tep-
MaHHs — BbICOKOTEMIIEpaTypHbIA NpOrpeB B 030HE, CHJAHH-
poBaHHe WJH CyJb(HANPOBAHHE MNOBEPXHOCTH, obecHeuu-
BAIOT OTCYTCTBHE TaKHX KOMILIEKCOB, a, COOTBETCTBEHHO,
H cTaGU/bHOE OTCYTCTBHE MOBEPXHOCTHBIX PeKOMOWHAILMOH-
HbIX LEHTPOB OOBIYHOTO THMA MNpH BCEX YCJIOBHAX OKPY-
JKEHHS.

CyMMHpYsl BCe CKa3aHHOe B CBfI3H CO BTOPOH NONBITKOH
HHTepTpeTall 5KCIepUMEHTaNbHBEIX pPe3y/JbTaTOB HCCJeN0-
BaHHS NOBEPXHOCTHBIX COCTOSIHHH, MOXKHO yTBep:KAaThb, YTO
OHa MokKa He BCTpeuaeT 0c060 cepbe3HbIX MPHHLHIHAJBHBIX
BO3paxKeHH! H MO3BOJSIeT KayeCTBEHHO OOBSACHHTbL C eaH-
HOM TOUKH 3PEHHUs] LIHPOKHH KPYT 3KCIepUMEHTAJbHBIX HaH-
uoix. CrielyeT, Of4HaKo, ellle pa3 NOAYEPKHYTb, YTO MNpOBe-
JeHHOe paccMOTpeHHe T[OKa, BO BCSAKOM Ciyuyae, MoOXeT
ObITh MPHHAITO TOJBKO B KauyecTBe THMOTe3bl, HYKAalo-
meficas B JeTajbHOM TeopeTHueckoM o6ocHOBaHHH. Crellu-
aJbHOTO pacCMOTPeHHs 3ac/JyXXHBaeT, HanpHMep, BONPOC
0 BO3MOXKHOCTH €JHHOrO MNpeJcTaBJeHHsl SHepreTHUeCKOoro
CMeKTpa [OBEPXHOCTHBIX COCTOSIHHH MpH HaJHYHH <«IBOH-
EOH» HeyNnopsAA0YeHHOCTH 10 B3aHMHOMY PaclOJ/IOAEHHIO MO-
BEPXHOCTHbIX aTOMOB H pa3JIMYHIO HX XHMHYeCKHX H al-
copOLHOHHbIX CBsI3eil, YTO OTJHYaeT [NaHHLIA cayyadl oT He-
yNOpsiA0YEHHOCTH B OGbeMe KDHCTAJJIOB H B OZHOPOAHBIX
IBYMepHBEIX pelleTkaX. Eme OGosee cioxHOi npo6aemoil
ABJSIETCS HCCJeOBaHHe XapakTepa BOJIHOBHIX (GYHKUHMH
NIOBEPXHOCTHBIX COCTOSIHHH, ONpefensilOUUX HX B3aHMOAeH-
cTBHe ¢ 06beMHbIMH 30HAMH.

K coxaneHuio, 3TH npoGjeMbl 4pe3BblY4aHO CJIOKHBI
IJIs1 CTPOrOro TeOpeTHUeCKOro pacCMOTPeHHs, Tak YTO €ABa
JIH MOXHO PacCUHTLIBaTb Ha CKOJMbKO-HHOYIb ObICTpoe HX
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peuwienne. He mMeHee CJOXHBIM fABJIsieTCS M 3KCIEpHMEH-
TaJbHBIA MyTh NMPOBEPKH H3JIOXKEHHOH THNOTe3bl, KOTOpHIH
3aKJIlouyaeTcss B CO3JaHHM COBepLIEHHOrO TreTeponepexona
MOJIyIPOBOAHHKA — AH3JEKTPHK, KOTJ4a MOBePXHOCTHble CO-
CTOSIHHA PacCMOTPEHHOTO THMA MOJIKHBI OBIIH Gbl OTCYTCT-
BOBaTh. B TO Xe BpeMsi CO3laHHe TaKHX reTepornepexojoB
UMeso Obl BecbMa O6oJblIOe MpakTHYeCKOoe 3HauyeHHe sl
pPa3BHTHSA NOJYNPOBOAHHKOBON MHUKPO3JEKTPOHHKH, obecre-
uyHBasi BO3MOXXHOCTb IOCTPOEHHS He TOJBKO MNJOCKHX, HO
H 0GBbEMHBIX HHTErpaJIbHEIX CXeM, a TaKkKe CJOXHBIX (YHK-
[[HOHA/NbHBIX YCTPOHCTB. B cBf3H ¢ 3THM [aJjbHeHllee Hc-
cleOBaHMe CBOMCTB TpaHHL pasjfena MOJYNPOBOAHHK —
IM3JeKTPHUK M CHCTeMaTHueckas paboTa B HanpaBJleHHH
yMeHblIeHHs1 Ae(eKTHOCTH 3THX TpaHHIl SIBJASIOTCA upes-
BhIUA#HO aKTyaJbHbLIMH.
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CMMUCOK OCHOBHbIX OBO3HAYEHHUH

E. — sHepreTHuecKkoe MOJOXeHHe AHA 30HBI NPOBOAHMOCTH;

E, — 10 Xe AJ5 Bepxa BajJeHTHOH 30HHI;

E; — 10 Xe ana ypoBHs ®epMu B o6beMe COOCTBEHHOro MOJYNPOBOA-
HUKa (cepefuHa 3ampelleHHON 30HHI);

E; — To Xe AJS AUCKPETHOrO MOBEPXHOCTHOTO YPOBHS;

E:, E:* — TO XKe JJs1 BO30YXKAEeHHbIX YDOBHeH IJIfi 3aXBaTa 3JEKTPOHA
H IBIPKH;

eg = E.— E, — mMpuHa 3anpeieHHoH 30HbI;

e+ = E; — E; — sHepreTHueckoe moJoXKeHHe NOBEDPXHOCTHOTO YPOBHS IO
OTHOLIEHHIO K CepelHHe 3ampelleHHOH 30HBI Ha MOBEPXHOCTH;

) — yCpPeAHEHHBI 3JIeKTPOCTaTHUECKHIl NOTeHIHaT;

Yo — MEKTPOCTATHUECKHA MOTEHIHal B o0beMe MOJYNPOBOAHHKA BHe
C/Osl MPOCTPAHCTBEHHOrO 3apfifid, COOTBETCTBYIOLIHH IOJIOXKEHHIO
ypoBHsi ®epMH B cOGCTBEHHOM NOJYNPOBOAHHKE;

Ps — 3/1€eKTPOCTaTHUECKHH MOTeHUHa]l Ha NMOBEPXHOCTH NOJNYNPOBOLHHKA;

(o — MOTEHLHAJ, COOTBETCTBYIOIHF IONOXKEHHIO TepMOAHHAMHYECKH
paBHOBeCHOro ypoBHs {depMH B MO/NYNPOBORHHKE;

@n, @p — NOTEHUHAJbl, COOTBETCTBYIOUIHE MOJOXKEHHSM KBa3HypOBHeH
QepMHu 415 31EKTPOHOB H ABIPOK;

@, = Qo — Yo — Pa3HOCTb NOTEHLHAJIOB, XapaKTePH3YIOIUIAs MOJOKEeHHe
paBHoBecHoro ypoBH @PepMH B oObeMe MAaHHONO IOJYNPOBOJA-
HHKa 1O OTHOIUEHHI0 K ero TOJIOXEHHI0O B oGbeMe COGCTBEHHOro
NOJIyNPOBOAHHKA;

@s = (o — s — NOBEPXHOCTHLI/i MOTeHIHaJ, XapaKTepH3YIOLIHH MO0J0-
XeHHe YpoBHs (PepMH IO OTHOIIEHHIO K CepPefHHe 3amnpelieHHON
30HBI Ha MOBEPXHOCTH MOJYNPOBOAHHKA;

q — 3apsn 3/1eKTPOHa;

k — KoHcTaHTa bBonbuMaHa;

T — aGconoTHas TeMmepaTypa;

B = q/kT;

Y = (¢ — o) — 6e3pa3MepHEIil 31€KTPOCTATHUECKUS NOTEHLHAM;

Ys = B(Ps — o) — Ge3pa3aMepHbIii MOBEPXHOCTHBI 3/1EKTPOCTAaTHUECKHIl
NoTeHLHA;

Yso— TO Xe B YC/IOBHAX TePMOJHHAMHUYECKOTO PaBHOBEeCHS;

Yrems — Ge3pasmepHbill 1eMGEPOBCKUI MOTEHIIHAT;

n, p— nojHbie 00beMHble KOHUEHTPAUHH 3JeKTPOHOB M [ALIPOK;

Ny, po— TO Xe B YCJIOBHAX TePMOJHHAMHUYECKOTO DABHOBECHS,

n; — paBHOBECHble KOHUEHTpPAalUHH HOCHTeNell 3apsiia B COGCTBEHHOM IO-
JIyIPOBOJIHUKE;

ns, Pg— NOJIHblE NOBEPXHOCTHbie KOHLEHTPAUHH 3/1EKTPOHOB M MBIPOK;

Nsg, Pso— TO e B YC/JIOBHAX TePMOAHHAMHUECKOTO DaBHOBECHS;

An, Ap — u3bniTounble OGbeMHble KOHIEHTPALlHH 5/]€KTPOHOB H ABIPOK;
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Ang, Aps — u3CGbITOUHblE NOBEPXHOCTHble KOHILEHTPAUHH 3M1eKTPOHOB H
IBIPOK;

n¢, p: — KOHUEHTPALHH 31EeKTPOHOB H [BIPOK, 3axXBaueHHble Ha NOBepX-
HOCTHOE COCTOSIHHE;

4o, Pto— TO K€ B YCJOBHAX TEPMOAHHAMHUECKOTO DaBHOBECHS;

ny, Ap; — U3ObITOUHblE KOHLEHTPALHH 3aXBAUEHHBIX 3JIEKTPOHOB H
JIBIPOK;

1y, py — NOBEPXHOCTHblE KOHUEHTPALHH 3/EKTPOHOB B 30He NPOBOAHMO-
CTH M AbIPOK B BAJIEHTHOH 30He, Korja ypoBeHb (®epMH coBNa-
LaeT ¢ MOJOXKEHHeM IHCKPETHOro MOBepXHOCTHOro ypoeHs Ei;

-
n; — NOBEPXHOCTHAS KOHUEHTDPAUWA 3MeKTPOHOB, KOrfa yposedb Depmu

*
coBmafiaeT ¢ MOJOXeHHeM Bo3GyxaeHHoro ypoBus E, mns 3a-
XBaTa 3/1eKTPOHOB;

-*
p; — TIOBEPXHOCTHaf KOHLEHTpauMs JABIPOK, Korga yposenb ®@epmu

COBMaflaeT C MOJOXKEeHHeM BO3GYXKIEHHOr0 YpPOBHS E," anst 3a-
XBaTa ABIPOK;
= = 2

A = po/ni = ni/ng = [po/ny]) *— GespasMmepHasi BeJHUHHA, XapaKTepH3Yio-
wasi o6beMHble CBoficTBa o6pasila mnonympoBOAHHKA;

6 = An/n; = Ap/n; — oTHOCHTENIbHBIE ypOBEHb HHDBEKUHH B OTCYTCTBHE
NPH/IHNAHHA H3OBITOUHBIX HOCHTeNell 3apsfia B oGbeMe mOAympo-
BOJHHKA;

p(x) — BennunHa 00beMHOro 3apsfla Ha PACCTOSHHH X OT NOBEPXHOCTH
NONyNpOBOAHHKA

€ — OTHOCHTe/IbHasl AH3/MeKTpHYecKasi NMPOHHILAEMOCTD;

€0, — AH3EKTPHUECKAS NIPOHHILAEMOCTb BAKyyMa;

m,, m,— 5peKTHBHbIE MaCcChl SM€KTPOHA H MBIPKH;

&, = £-eokT )12 Gaes a ;
D prrEry nebGaeBckast AJHHA S5KPaHHPOBaHHSA,
Prpp — 3pdeKTHBHAA AIHHA SKPaHHPOBaAHHS,

F(Ygo, \) — dyHKIHs, ONHCHIBAlOllast CTPOEHHE MPHNOBEPXHOCTHOH 06-
JaCTH TMPOCTPAaHCTBEHHOro 3apsfia B YCJIOBHAX TepMOAHHaMHue-
CKOTO PaBHOBECHS;

F(Ys,4,8) —Ta xe oyHKUHS B TepMOAHHAMHUECKH HEPaBHOBECHBIX
YCJIOBHSX;

X — paboTa BbIXOAa aTOMAapHO-YHCTOH MNOBEPXHOCTH MOJNYNPOBOAHHKA;

%o — 3JIEKTPOHHOE CPOJICTBO BelUeCTBA MOJYNPOBOLHHKA;

D — koapouunent amGunonspHoit Auddysun 31eKTPOHHO-AbIPOYHLIX Nap;

Tos — OGBEMHOE BPeMsl XKH3HH 3/1eKTPOHHO-AbIPOYHBIX MNap;

Topd — 9PdeKTHBHOE BpeMs MKH3HH 3JEKTPOHHO-ABIPOUHBIX Map IpH
COBMECTHOM Y4YaCTHH OO0heMHOH H INOBEPXHOCTHOH pPeKOMGHHALHIl;

L = (D746) " — pnnna NHPQYSHOHHOTO CMELUEHHS  3/1eKTPOHHO-AbIPOY-
HbIX map Npu npeHeOpeXKeHHH NMOBEPXHOCTHON pekoMOUHauuel;

Lopp — TO Ke mpH ydyeTe MOBEPXHOCTHOH DEKOMOHHALUH;

Tn, Tp — BpeMeHa XKH3HH 3/M€KTPOHOB H ABIPOK NPH Pa3/IHYHH HX H30bI-
TOYHBIX O6'bEMHBIX KOHLEHTpPaLHil;

Tpex — PeJIaAKCaIHOHHOe BpeMsi peKOMOHHALHOHHOrO mpollecca;

Taaxs — PeAAKCAIHOHHOE BPeMs Npolecca 3axBaTaj
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T — peNaKCauHOHHOE BPeMsi MpOLecca paccesHHs HOCHTenel 3apsna;
T, — TO Xe /s NPOLECCOB 0GbEMHOr0 paccesHHs;

T, — TO XKe [JIsl TMPOLECCOB paccesiHHs HAa NMOBEPXHOCTH;

Wn, UWp — OGBEMHBIE TIOABHXKHOCTH 3/1€KTPOHOB H IbIPOK;

Rns, Wps — 3(deKTHBHBIE NMOBEPXHOCTHBlE MOABHIXHOCTH 3JMEKTPOHOB H
ZBIPOK;

Wa. x — NMOJABHXHOCTb 3ddekra noJs;

W — KOppeNsilHOHHAs MOABHMHOCTD;

bos = Wn/Wp — OTHOLIEHHe O0ODbeMHbIX MOABHXXHOCTEH 3JEKTPOHOB H
JBIPOK;

bs — orTHouenHe 3((PeKTHBHBIX NOBEPXHOCTHBIX MNOMABIKHOCTEH;

bx — OTHOLlIEHHE XOJUIOBCKHX MOABHIKHOCTEIl;

T'n(Yso,A), T'n(Yso, A) — npHnoBepXHOCTHbIE H3OBITKH B8JEKTPOHOB H
JAbLIPOK B TNPHMNOBEPXHOCTHOM CJO€ NPOCTPAHCTBEHHOro 3apsia
B PaBHOBECHbLIX YCJ/IOBHAX;

I'n(Ys, A\ 0), I'p(Ys, A\, 0) —TO e B TepMOAHHAMHUECKH HepaBHOBeC-
HBIX YCJIOBHSAX;

Gs(Yso, A) — paBHOBeCHasi MOBEPXHOCTHAsl MPOBOLHMOCTD;

Gs(Ys, A, 8) —To e B TepMOAMHAMHUYECKH HEPaBHOBECHBIX YC/IOBHSX;

Quos — MOMHBI MOBEPXHOCTHLIA 3apsK;

Qps, Qas—3apAx HOHH30OBAHHBLIX MOBEPXHOCTHBIX JOHOPOB H aKlen-
TOpPOB;

Qup. sap — 3apsifi B NPHIOBEPXHOCTHOM CJI0€ MPOCTPAHCTBEHHOrO 3apsifa;

ss, Qaaxn — 3apsifl, 3axBaueHHbIi Ha ObicTpble MOBEPXHOCTHHIE CO-

CTOSIHHS;

Queg — 3apAf HHAYLHPOBaHHBIA B 0O6pasell MOMEPeuHbIM 3JEeKTpHue-
CKHM TIOJIEM;

Cup. 3ap — AH(GGepeHIHalbHAS €MKOCTb CJIOSi MNPOCTPAHCTBEHHOro 3a-
pana; .

Ciaxs — A depennHanbias €MKOCTb TNOBEDXHOCTHBIX COCTOSIHHIl;

mos — MOJIHASL TOBepXHOCTHas AH(depeHLHaIbHAs €MKOCTb;

Cx — reoMeTpHueckasi eMKOCTb KOHAeHcaTopa 3ddexra moas;

Np, N4 — KOHUEHTpalUHH NOHOPOB H aKLeNTOpoB B oGbeMe MOMYNpo-
BOJHHKA;

Nps, Nas— TO e Ha NMOBePXHOCTH NMOJNYNPOBOAHHKA;

A, B — mpeanbIKCNOHeHUHAIbHEIE MHOXHTENH B (GYHKUHAX KBa3HHeNpe-
PHIBHBIX pacnpefe/icHHil NOBEPXHOCTHBIX COCTOSHHMIl MO 3HEprHH;

a,b — uncnedHble Ko3Q@QHUHEHTH! B NoKasaTensx ¢yHKuuil pacnpe-
JeJIeH Hs;

U, — TeMI pPeKOMOHHAUMH H3GbLITOUHBIX 3JMEeKTPOHHO-ABIPOYHBIX MNap B
o6beMe MOJYNPOBOJAHHKA;

Us — TO XK€ Ha NMOBEPXHOCTH MOJYNPOBOLHHKA;

S — CcKOpOCTb MOBEPXHOCTHOH peKOMOHHALHH NpPH paBeHCTBE OOGBEMHBIX
H3ObITOYHBIX KOHLEHTpalHi HocuTenell 3apsaga (An = Ap);

Sa, Sp —CKOPOCTH MOBEPXHOCTHOM pPeKOMGHHAUHH TNPH HePaBeHCTBe
00beMHBIX H3GBITOUHBIX KOHUEHTpaUHil;

S4, Sp— CKOPOCTH NMOBEPXHOCTHOIl peKoMGHHAuUWH, 0GYC/NOB/NEHHbIE aK-
LenTOpHOH M MOHOPHOH CHCTEMaMH KBa3HHENPephHBHO pacmpene-
JIEHHbIX TNOBEPXHOCTHBIX YPOBHefl;

N; — KOHUEeHTpauus MAHCKPETHBIX NOBEPXHOCTHBIX YPOBHefl;
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n — YCPEAHEHHOE 1O COCTOSHHSIM B 30HEe NPOBOAUMOCTH 3(P(EKTHB-
HOe CeyeHHe 3aXBaTa 3/JIEKTPOHA MOBEPXHOCTHBIM LEHTPOM,;

» — YCPe/lHeHHOe MO COCTOSIHHSIM B BaJIeHTHOH 30He 3(deKTHBHOE ce-
yeHHe 3aXBaTa JABIPKH NMOBEPXHOCTHHIM LIEHTPOM;

On, Op— BEPOSATHOCTH 3aXBaTa 3JeKTPOHA H IbIDKH MNOBEPXHOCTHHIM

LIEHTPOM;
Br, PBp— BEpOATHOCTH TEMIOBOrO BbLIGPOCA 3JEKTPOHA M [BIPKH H3
NOBEPXHOCTHOTO LEHTPa B CBOIO 30HY;
Cn, Bn,—BeposTHOCTH 3axBaTa H remnosoro BhiGpoca 3.1eKTpOHA H3

BO30Y2KAEHHOT'O YPOBHS E, peKOMGHHaLHOHHOrO LeHTpa;

Cp, Bp — BEPOATHOCTH 3aXBATa H TEINIOBOTO BLIOPOCA NLIPKH H3 BO3-
GYXKIEHHOro YpPOBHS E peKoMOHHALHOHHOrO LEHTpa;

rn, &n — BEPOSTHOCTH npﬂmoro H Oo6paTHOrO NepexoloB 3JeKTPoHa
MeXAy YPOBHSMH E, u Ey;

T», §p — BEPOATHOCTH MPAMOrO H o6paTHOro NEpexXofoB AbIPKH MeXAy
YPOBHAMH Et u Eg;

q§/kT=—;—ln (ap/0;) —Mepa pasqMuHs BEPOSITHOCTEH 3axBaTa MbIDKH

H 3/1eKTPOHA PeKOMOHHAIHOHHBIM LEHTPOM;

Un, Up — CpellliHe TEIVIOBblE CKOPOCTH 3J1eKTPOHA H JAbIPKH;

fio — TepMoAHHaMHUecKH paBHOBecHas (YHKUHS 3amoOJHEHHs MOBepX-
HOCTHOTO YPOBHS;

ft — TO XKe B TepPMOZHHAMHYECKH HepaBHOBECHBIX YC/IOBHAX;

N¢, N, — sbdeKkTHBHLIE MJIOTHOCTH COCTOSHHH B 30HE NPOBOAHMOCTH
H B BaJIeHTHOH 30HE;

M; — KOHUEHTPAUHsI MHOrO3apsAHBIX LEHTPOB, HAXOMALIHXCA B j-TOM
3apsilOBOM COCTOSIHHH;

Zj — CTaTHCTHYeCKass CyMMa j-TOro 3apsiioBOr0 COCTOSIHHSI LEHTpa;

gi — cTeneHb BHIPOXAEHHS j-TOrO 3apsilOBOr0 COCTOSIHHS;

lp— nnuHa cBoGogHoro mpobera;

r = lo/%»9p — NapaMeTp, XapaKTepPH3YIOUHA POJb MOBEPXHOCTHOTO pac-
CesiHHS;

Rxoxn — Ko3bduunesT Xouna,

Ro6p — OMHUECKOe CONPOTHBJ/IeHHe o6pasia;

Iy — BeMHUHHA H3MEPHTEJbHOrO (TEKYLIero) MOCTOSIHHOIO TOKa;

jn, jp — MJIOTHOCTH TMOTOKOB 3/IEKTPOHOB H JbIPOK;

Jns, jps — TO Xe K NOBEPXHOCTH NOJYNPOBOAHHKA;

ip — aMIIMTYJa NepeMeHHOro Toka B oOpasle;

J — HHTEHCHBHOCTb CBeTa;

Vd)[‘M — 3JC ¢dororanbBaHOMarHuTHoro sddexra;

V p — PasHOCTb NOTEHUHANOB, 00YCIOBIeHHas (POTONPOBOXUMOCTHIO;
0, — yllelbHasi o6beMHasi NPOBOAHMOCTb;

| — pnuHa obpasua;

b — wupHHa obpa3sua;

d — ToJilHHa o6pa3ia;

K — nocrosuubifi K03 dHuHEHT.










