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IIpencraBieHa MmareMaTuieckass Moaeslb (POpMUPOBaHUS KOH(MOOPMAIIMOHHOM CTPYKTYpPHl 3BEHbEB 1IeTH
TTOJIUDJIEKTPOJINTA, allCOPOMPOBAHHOTO Ha CIIIOCHYTOM IMPOBOISIIEM 3apssKeHHOM HaHoCchepoue, Mmo-
JITPUBYIOIIEMCSI BO BHEIITHEM TapMOHUYECKM M3MEHSIOIIEMCS 3JIEKTPUUYECKOM T0JIe C YaCTOTOM MHOTO
MEHBIIIeH MIa3MEeHHOI YacTOTHl MeTajs1a. MeToI0M MOJIEKYJISIPHOM JTUHAMUKM MCCIIeTOBaHa IepecTpoii-
Ka KOH()OPMALIMOHHO# CTPYKTYPbl OMHOPOMHO 3apsKeHHBIX MOJUMENITUIOB, afCOPOMPOBAHHBIX Ha MO-
BEPXHOCTU MTPOTUBOMOJIOXKHO 3apsSKEHHOM CIUTIOCHYTOM ceponaaibHOM 30JI0TOM HAaHOYACTUIIbI, HAX0-
Isieiicst BO BHEITHEM TIEPEMEHHOM 2JIEKTPUYECKOM T0JIe, BEKTOP HAMPSIXKEHHOCTU KOTOPOTO U3MEHSLIICS
BIOJIb OCH BpallleHUsI HAaHOYaCcTHIIBL. [ToCTpOeHBI 3aBUCUMOCTH OMHOMEPHOM BAOJb OCU BpallleHUSI, a TaK-
K€ paguagbHON MJIOTHOCTU aTOMOB TOJUMENTUIOB, aICOPOMPOBAHHBIX Ha TOBEPXHOCTU HaHOChepouna.
ITpu HU3KOI TeMITepaType B 9KBaTOPHATLHOM 00JIaCTH CIUTIOCHYTOTO METAJUTMYECKOTO HaHOCchepouna 06-
pa3oBBIBaACh y3Kasl KOJIbIIeoOpa3Has IMOJIUAJIEKTPOJIUTHAS OIyIIKa, INIOTHOCTh KOTOPOIi YBETUUMBAIaCh
IIPY YBEJIMYEHUM TTOJTHOTO 3apsifa HaHocheponaa U KOJIMYeCTBa 3apsKeHHBIX 3BeHbeB B Makpolenu. [1pu
BBICOKOI TeMrepaType MPOMCXOIWIN NEPUOANYECKe CMEIIEHUsT 00pa30BaBIIErocsl y3KOro MakpoMoJie-
KYJISIPHOTO KOJIblIa BOOJIb OCH BpallleHUsI HaHOC(hepouIa OKOJIO KBaTopa BCJIel 3a U3MeHEHUEM HallpaB-
JIEHVSI BEKTOPa MOJISIPU3YIOIIETO JIEKTPUUECKOTro TOJIs1, a aMIUTUTYyIa TaKUX KoJiebaHUii ObUla TeM BBIIIIE,
YeM MeHbIIIe ObLT MTOJTHBIN 3apsia HAHOYACTHUIILI M GOJIBIIIE OIS 3apSIKeHHBIX 3BEHbEB B ITOJTUAJIEKTPOJIUTE.
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1. BBEAEHUE

B Hacrosiee BpemMsi B 0MOMETUIIMHCKUX UCCIIe-
JIOBaHUSIX, B CEHCOPaxX Ha OCHOBE 3(h(heKTOB TMTaHT-
CKOTO KOMOMHAIIMOHHOTO pacCesHUSI WU IOBEPX-
HOCTHOTO IUIa3MOHHOI'O PE30HaHca, a TAaKXKe B 3JIe-
MEHTaX psifa YCTPOMCTB HAHOJIEKTPOHUKY HAXOMST
IIMPOKOE MPUMEHEHHWE 30JI0Thie HAaHOYACTHUIILI, HA
MMOBEPXHOCTU KOTOPBIX aacOpOMpPOBAHBI MaKpPOMOJIE-
KyJisipHble 1ienu [ 1—12]. ITpu aToM Wit moydeHust Ha-
HOCHCTEM C YIIPaBISIEMbIMU IOJI BO3ICHICTBEM BHEIII-
HETo 3JIEKTPUYECKOIO OIS XapaKTepUCTUKaMU B Ka-
YeCcTBE TaKUX aJCOPOMPOBAHHBIX MaKpoliereil MOTryT
OBITH MCHOJIb30BaHbI MAaKPOMOJIEKYJIBI TTOIU3JICKTPO-
JuTOoB. BMecTe ¢ TeM, 0COOBII MHTEpPEC BHI3LIBACT MC-
MOJIb30BaHUE HE TOJBKO 30JI0ThIX HAHOYACTHUIL Che-
pHUYECKOil (DOPMBI WY LWIMHAPUIECKIX HAHOCTEPK-
Heill, HO W HaHOYacTUll B (opMe BBITIHYTBIX U
CIUTIOCHYTBIX C(hepOoraOB 151 MOJyYeHUSI HAHOCUCTEM
C HacTpaMBaeMBIMU ILIA3MOHHBIMM XapaKTepUCTU-
Kamu [13—16].
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Kak ObLTO TOKa3aHO aBTOpaMM B psiie paHee
OIyOJIMKOBaHHBIX pabor [17—26], KoHhOpMaTUOH-
Hasl CTPYKTypa aacopOMpPOBaHHBIX Ha MOBEPXHOCTHU
30JI0ThIX HAHOYACTUIl MAaKpPOMOJIEKYJI, COlepKallnX
B CBOE IIeTTH 3apsKeHHBIC 3BEHbST, 3HAUNTEIIBHO M3-
MEHSIETCS O] BO3IECTBUEM KaK CTaTUYECKOTO, TaK
U MEePEeMEHHOIo BHEIIHEro 3JIEKTPUYECKOTo ITOJIsl.
IIpu s3TOM hopMa 30JI0TOTO HAHOOOBEKTA U, COOT-
BETCTBEHHO, Pa3IMYHOE paclipeaeeHre 3apsiaoB Ha
€ro TMOBEePXHOCTHU, OKa3blBaJIu OOJIbIIOE BIUSIHUE Ha
KOH(OPMAIIMOHHYIO CTPYKTYpY aIcopOMpOBaHHOM
Makpouemnu [17—26].

B pa6orax [20, 26] 61K UccliemOBaHBI KOHGOpP-
MallMOHHbIE W3MEHEHHUSI OOHOPOIHO 3apsKEHHBIX
MOJIUAJIEKTPOJIUTOB, aCOPOMPOBAHHBIX Ha MOBEPX-
HOCTHU NPOTUBOIOJIOXKHO 3apsKeHHOM 30JI0TOI Ha-
HovacTUIIbl cheprdeckoii [20] M BEITTHYTOM cde-
pounaabHoi Gopmel [26]. IIpu 3TOM HampapieHUe
MOJIIpU3alu HAaHOYACTUIIBI U3MEHSIJIOCH C BEICOKOIM
4acTOTOI, COOTBETCTBYIOLIEH CBEPXBBICOKOYACTOTHO-
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MY 2JIEKTpUYECKOMY IT010. BBIOOP IIPOTUBOIIOIOKHO
3apsKEHHEBIX TTOJIMIIECTITUAOB 110 OTHOIIEHUIO K 3apsI-
>KEHHOM 30JI0TOM HaHOYACTUILIE OB OOYCIIOBJIEH BO3-
MOXHOCTBIO U3MEHSITh CHJIY B3aMOICHCTBHUS MaKpO-
MOJIEKYJIbI C HAHOYACTHUIICH Yepe3 M3MEHEHE BeJINIM -
HBI €€ TTOJTHOTO 3apsiia. DTO OKa3bIBAJIO 3HAUYUTEIbHOE
BIMSIHME HA KOH(OPMAIIMOHHYIO CTPYKTYPY aiacop-
OMpOBaHHOIT MaKpoLeNHU IToJIMaaeKTpoauTa. Kpome
TOT'O, U3-3a B3AUMHOTO OTTaJIKMBaHU s 3BEHbBEB CUJIb-
HO 3apsKEeHHBINM MOJMAIESKTPOJIUT 001amaeT OoJb-
moit xecTkocthio. IloaToMy mpu agcopOLIMM Ha MO-
BEPXHOCTU HEWUTPAJILHOM HAHOYACTHULIbI, JIMHEWHbIE
pa3Mepbl KOTOPOIA HAMHOIO MEHbIlI€ KOHTYPHOM JJI1-
HBI MAKPOLIETIH, TTOJIN3IEKTPOJIMT YaCTUIHO OOBUBAET
HaHOYacTUILy, a OoJblliasi YacTh 3B€HbEB HE aIdCcop-
oupyercs. B ciydae xe agcopOuuy Ha IIPOTHUBOIIO-
JIOKHO 3apsKeHHOM HAHOYACTHUIE ITOJIUIIESKTPOIUT
3a CUET BJIEKTPOCTATUUYECKUX CUJI TIPUTSITUBACTCS K
IMMOBEPXHOCTU TEM CUJIbHEE, YEM BbIIIEe 3HAYEHUE T10J1-
HOTO 3apsiIa HAHOYACTUIIBI 1 BBIIIIE TOJISI 3apsSKEHHBIX
3BEHbEB Ha CAVMHMILY JUIMHEI Makpolenu. [Toaromy ripu
YBEJIMYEHUU TIOJTHOTO 3apsiia HAHOYACTHUIIbI BCS MaK-
pPOMOJIEKyJIa MOIMAJIEKTPOJINTA aICOpOMpPyeTCs Ha 10~
BEPXHOCTH, a B CJlydae HAHOYACTHULILI HEOOIbIINX pa3-
MEPOB MOJIMAJIEKTPOIUT IJIOTHO OOBOJIAaKUBAET €€.

B cnydae momMenieHus Takoil rMOpUIHON HAHOCU -
CTEMBI BO BHEITHEE JIEKTPUYECKOE TTOJIE HA TIOBEPXHO-
CTU METAJUIMYECKON HAHOYACTUIIbI BCJIEACTBUE HaBE-
JICHHOM TOJISIpU3alliu UHIYLMPYIOTCS JIEKTPUYECKIE
3apsbl U pACTIpENETIEHNE TOBEPXHOCTHOM TIIOTHOCTUA
3apsiioB M3MeHuTcs. CrenoBareibHO, U3MEHUTCS U
KOH(opMallMOHHAsl CTPYKTypa aJcopOMpOBaHHOTO
Ha TIOBEPXHOCTU METAJUIMYECKOM HAHOYACTULIBI MTO-
JIM3NEKTPOINUTA, KOTOpasi OyIET 3aBUCETh OT COOTHO-
LIEHUS MEXAY 3HAYCHUSIMU IIOJHOIrO 3apsja HaHO-
YACTULIBI, KOJIMYECTBA 3aPSKEHHBIX 3BEHBEB HA €1 -
HUIYy [IUIMHBI MAaKpOLIENHU, a TAKXKe HAMPSKEHHOCTHU
BHEIIHETO TIOJISPUYIOLIETO JIEKTPUYECKOTO ITOJIS.
B ciyyae Bo3aeiicTBUS IEPEMEHHOTO JIEKTPUYECKO-
ro TOJSI pAacHpelesIcHUE 3apsiioB HA TIOBEPXHOCTHU
METAJUTMYECKOU HAaHOYACTULIbI OYAET MEPUOANYECKH
U3MEHSTBHCS, YTO TIPUBENET K U3MEHEHUIO KOHMOp-
MAaIlMOHHOW CTPYKTYPHI aACOPOUPOBAHHOTO Ha TO-
BEPXHOCTW HAHOYACTUIIBI TOJUAJIEKTpoauTa. Pac-
MpEeIeJICHUE 3apsiiOB Ha TIOBEPXHOCTHU CILUTIOCHYTOTO
METaJUIMUeCKOTo HaHochepouraa, HaXoAsIIerocsi BO
BHEIITHEM 3JIEKTPUYECKOM MOJI€, 3HAYUTEILHO OTJIV-
YaeTcsl OT PACCMOTPEHHBIX PaHEEe METAUIMYECKUX
HaHOoYaCTH1l c(pepruUIecKoit, IWIMHIPUIECKOMN U BBITS-
HyTOI cepormanbHO dopMsl [17—24, 26]. [ToaTomy
KOH(OpMalIMOHHAsT CTPYKTypa MOJUAIEKTPOIUTHON
MaKpolIeTnr, KoTopasi aicopOrpoBaHa Ha MOBEPXHOCTH
MPOTUBOTIOJIOXHO 3aPSKEHHOTO CITIOCHYTOTO METAJT-
JIMYEeCKOro HaHocdepouaa, HaxXoISIIErocsi BO BHEIlI -
HEM TEPEMEHHOM 3JIEKTPUYECKOM TOJie, Takxke Oy-
JIET OTJINYATBhCI OT CIYy4YaeB aacopOIMU HA TIOBEPX-
HOCTHU C(HepuUUIeCKOU 1 BBITSIHYTOU cdhepoungaribHON
HaHoyacTtulsl [20, 26].

Ha 3BeHBSIX 1Ieny MOJIMAJIEKTPOINTA MOTYT OBITh
3aKperieHbl (PYHKIMOHAJIBHBIE MOJIEKYJIbI, HAIIPpU-
Mep, OPTaHNYECKUX JIOMUHOMOPOB, BEIIOTHSIIOIINX
pOJIb CeHCOpa CO CBETOBOM MHAMKALIMEH, IIpuieM B
CuUJly OJM3KOTO PacIojoXeHMs IIeHTpa CBEYEHUST K
MOBEPXHOCTHU TVIa3MOHHOM HAHOYACTUIIBI, €I0 paau-
allMOHHBIE M KHUHETUIECKNE XapaKTePUCTUKU OYIyT
WMETh CUJIBHYIO 3aBUCHUMOCTb OT PACCTOSTHUSI 10 MO~
BEPXHOCTHU. DTO PACCTOSIHUE MOXET ObITh U3MEHEHO
IIPOM3BOJILHBIM 00pa30M 2JEKTPUUECKUM ITI0JIEM 3a-
PS>KEHHOM WU TTOJISIPU30BAaHHOM HAHOYACTHULIBI.

AncopOupoBaHHBIIT HAaHOYACTULICH OITYIICUHBINA
CJIOIT MAaKpOMOJIEKYJIbI CO31aeT OXBATHIBAIOIIYIO Ya-
CTULLY PHIXJIYIO O0OJIOUKY C PETYJIMPYEMOI TOIIIMHOMN
1 TUIOTHOCTBIO aTOMOB. JIM3eKTpUYecKre CBOMCTBA
TaKOM 000JIOUKH CYIIECTBEHHO U3MEHSIIOT XapaKTepr-
CTUKH TIOJISIPU3YEMOCTN HAaHOCHUCTEMBI ““SIpPO—CIIoin”,
a BO3MOXHOCTb I10JIEBOII MOIYJISILIMM T€OMETPUM CJIOST
IMO3BOJISIET pacCMaTpUBATh €€ KaK (pakTop ymnpasiie-
HUS IIJIa3MOHHBIMU CBOMCTBAMM HaHoarperara.

Takum o6pa3om, 1IebI0 JaHHOM pabOTHI SIBISIET-
csl uccienoBaHue KOH(GOPMALMOHHBIX W3MEHEHUM
OOHOPOOHO 3apsSKEHHBIX IIOJIMAJICKTPOIUTOB, ai-
COpOMPOBAaHHBIX Ha ITOBEPXHOCTH IIPOTUBOMNOJIOKHO
3apSIKEHHOM CIUIIOCHYTOM 30710TOM HAHOYACTULIbI, MO,
BO3ICHCTBMEM BHEIIHETO IEPEMEHHOIO 3SJIEKTpUYe-
CKOTO MOJisi, BEKTOP HAIPSDKEHHOCTU KOTOPOTO Ha-
MpaBJICH BIOJb OCHU BpallleH!sI HAHOYACTHUIIbI.

2. MATEMATHUYECKASA MOAEJb
OINIYIIEYHOTI'O CJIOA
B HU3KOYACTOTHOM IIOJIE

Dopmuposanue KOHGOPMAUUOHHOI CIPYKMYPbL 36EHbEE
uenu nOAUINEKMpoauUma, adcopouposanHoo
Ha corcamom npogoodsiemM 3apsaiceHHoM HaHocgepoude,
noOAAPUBYIOUEMCS B0 BHEUUHeM 2APMOHUYECKU
UBMEHSIOUWeMCSL INEKMPUHECKOM NoAe C YACIOMOIL
CyujecmeeHHo MeHbulell NAA3MEeHHOU Yacmomol Memanna

OmyireyHasi IIPUIOBEPXHOCTHASI CTPYKTypa af-
COpOMPOBAHHOM TTOJIMAJICKTPOJIMTHOM MaKpOLIETIM Ha
MOBEPXHOCTU HAHOYACTULIBI MOXET pacCMaTpUBaThCsI
KakK rayccoBa 1IeTlb, B3aUMOICHICTBYIOIIAS C CUJIOBBI-
MU TIOJSIMU YacTUIBI-aacopoenTa [18, 21, 25]. OnHo
M3 HUX — 3TO MOoJIe BaHAepBaaabCcoOBa TUIIA ITOBEPX-
HOCTHU HEUTPAJIbHOM HAHOYACTUIIBI, 2 BTOPOE — IOJIe
3apsSKEHHON U TIOJISIPU30BAaHHOM HAHOYACTUIIBI BO
BHEIIIHEM 2JIeKTPUYECKOM MOJIE.

DHTPOIMIHEIN (pakTop hopMUpOBaHUSI KOH(POP-
MaInuit MaKpOMOJIEKYJIBI MOXKET OBITH paccUMTaH Ha
OCHOBE KOHPOPMALMOHHOMN QPYHKIIMU Y(T), 3aBUCH -
1LIei OT paguyc-BeKTopa r 3BeHa Lienu [27], 4To ObLIo
cIeJIaHo IJIs ClIydasl aacopOMpPYIOIIEro moJjsk KOpoT-
KOTO pagnyca AeicTBuA B psiae pador [ 18, 25]. B ciry-
yae NepeMEHHOI0 BHEIIHEro 3JICKTPUUYECKOTO I10JIs
FE, exp(—imt), IpU TOCTaTOYHO MENJIEHHOM, rapMoO-
HUYECKOM €r0 U3MEHEHUM C XapaKTepHOI 4acTOTOM
®, MOXET OBITh MCITOJIb30BAaHO KBa3MCTAallMOHAPHOE
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MIPpUOIIDKEHIE, €CJIM YacToTa (O OyIeT MeHbIIIe HEKO-
TOPOI1 XapaKTEepHOM 4YaCTOThbl ABMXKEHUSI MaKpOLIENH,
TaK Ha3bIBaeMoil pay30Boii Moabl. I1py 3TOM HomycTu-
MO pacCMOTpeHMEe KBa3MpaBHOBECHBIX KOH(oOpma-
LU ancopOrpOBaHHOM MOJMMEPHOI MOJICKYIIHI.

B ympommeHnHoii Momenu Makpouenu 6e3 oobeM-
HBIX B3aMOJEHCTBUM (CBOOOIHO-COUYJIEHEHHO 11e-
1), B ONMCAHWM NPOCTPAHCTBEHHOM CTPYKTYpPHI
ONYIIKM aACOpOMPOBAHHON MaKpOMOJIEKYJIbI BBIIE-

JISIETCSI SHTPOIMUIHBIN (haKTOp \|12 (r), a mampHEWIIUIA
y4JeT B3aMMOECTBUS 3BEHbEB C MOJIEM 3apsKEHHOUN 1
nonsspu3oBanHoii HY cBomuTcs K BBEICHMIO OOJIBII-
MaHoOBcCKoro ¢akropa W18, 24, 25].

st omrcaHus TOJISl 3apsKeHHBIX W/ WJTW OIS -
PU30BaHHBIX JJIJIUIICOUIOB BpalleHUs (MOJIyocu
a = b # ¢) ucnoab3yroT chepouraibHble KOOpAMHA-

2 2 2 2
5 E=(r+n)/4-a,n=H—-n)/4-a", ¢ [28],
HEKOTOPOIi TOYKH, TAE #, ¥, — MUHUMATbHOE U MaK-
CHMAaJIbHOE PACCTOSAHMS OT 3TOM TOYKH IO OKPYKHO-

[ 2
cTH paguyca Va~ — ¢~ B TUIOCKOCTHU Xy, d — HanbOoIb-
U pagnuyCc OKPY>KHOCTU Ha MOBEPXHOCTU CILIIOC-
HYTOTO 3JUIUIICOMAA BpalleHUsI. DKCUEHTPUCUTET

Takoro cdepouna e = \/az/c2 —1. dnsa Todek mo-
BepxHOCTH cheponmna norydaem & = 0. Yroa ¢ — mo-
JIIPHBINA, KOTOPBIIf U3MEHSIETCS B IUIOCKOCTHU, MEp-
MeHINKYJISIpHOI ocu chepouna ¢ € [0,2r). B onHo-
pPOIHOM TI0JIe, HaNpaBJIeHHOM BIOJb OCU BpallEHMS
cepona XxapakTEpUCTUKU MOJISL OT YIJIa () HE 3aBUCHT.
ITpu noMeneHun cheporaabHON HAHOUYACTULIBI
B OIHOPOAHOE djieKTpuueckoe mosie E, Bo3HUKaeT
JIOTIOJTHUTEIBHOE T10JIe MOJISIPU30BAHHON YacCTUIIbI.
B cnyyae opuentauuu Bektopa E, HanpsokeHHOCTU
BIOJb MaJjloii ocu ¢ chepousa IIOTeHIIUA (I)(ﬁ,n)
BHelIHero nosst Egr BMecTe ¢ noteHuunanamu @y (&) u
@p(E,M) MoNA 3apsSIKEHHOTO W TOJISIPU30BAHHOTO
chepoua MOXET ObITh 3aITicaH B Buae [26]

DEM) = —Egr + 0y(E) + 0p(E,). (1)

B TIIEPEMECHHOM 3JIEKTPUIYECKOM II0JIE, TapMOHM -
YEeCKH U3MEHSIOLIEMCS ¢ JOCTaTOYHO BBICOKOM 4Ya-
CTOTOM M, METAJLI, U3 KOTOpOro COCTonT HaHo4YacTuv1a,
XapaKTEpU3yeTCA ,I[I/IBJICKI’pH‘{eCKOﬁ IIPOHULIACMOCTBIO

&(). Toraa notenuman @ (€M) = —E,r + ¢»(E 1) pe-
3YJILTUPYIOIIETO TOJIsI BHE MPOBOIAILETO HE3apsi-
JKEHHOTO cdepounna, Mosipu30BaHHOTO B nepemen-
HOM BHEIHEM OIHOPOIHOM TIOJie, MapajlielbHOM
€ro OCH CUMMETPUU Z, MOXKET ObITh 3aITUCAH B CJIEMLY-
rouieM Buze (hasoBblil MHOXUTENb exXp(—i®f) omyc-
Kaetcs) [26]

¢ EM) = ¢yEM) X
[e(0) — £9)a%c T ' (2)
{e(‘” +[e(w) — E(E)]n“)} 2 (& c2)3/2 (&+a’) '

Ne 1

X<1-
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2
n® =1 +3e (e —arctge),
e
s sz )
@ (&M = —Epz = —E, [%} '

3nech, B (2), 9 — He 3aBUCSIIAS OT YaCTOThI AU-
3JIEKTpUYECKask IPOHULIAEMOCTb OKPYXKalollIeil cpe-
IIbl (PaCTBOPUTEJIS).

IMoTeHLIAT TTOJII BAAIU OT ITOBEPXHOCTH HE3apsi-
>KeHHOro cepouna

0“r) = —Egr + o (@)Egr/r, 4

e oY )(u)) — IUMNOJbHAS IMHAMUYeCKasl IOJISIpU3ye-
MOCTh cepouna, IIpeacTaBisionias coboii TeH30p
BTOPOTO paHTa 1 B CUCTEME IJIaBHBIX OCEil IPUHUMA-
I0o11as TMaroHaabHYI0 (opMy

2 (e)
0 ac g(w)—¢ .
* (0))=? © 4 le(@) -9 |0V’ J=xyz 5
€ ':8 W) —¢ }n
[MocrosiHuble MHOXUTETH 1" — Ko3hpumeH-
THI IETIOJIIPU3alIuNA cheponna, npudem

n® =W = %[l - n(Z)]. YacToTHast 3aBUCUMOCTbD -

3JIEKTPUYECKOI MMPOHULIAEMOCTH €(()) MaTepuasa Ha-
HOYACTUIIbI MpeAcTaBieHa OO0OOILIEHHOI MOOEJIbIO
Hpyne—JlopeHua [29]

2

d®=&—7ﬁLn (6)
o +ioy

rae (Dp, Y — IU1a3BME€HHadA YacToTa 1 4aCToTa CTOJIKHO-

BEHUI1 2JICKTPOHOB MeTajlla; €, — MOCTOSIHHAsI BbI-
COKOYACTOTHAs YacTh IURJIEKTPUUYECKON MPOHUIIAe-
MOCTH METaJlJIa, BBOOUMASI B CBSI3U C HEOOXOIUMOCTBIO
ydeTa MeXX30HHBIX IiepexonoB B MeTayie. OmHakKo npu
YacToTax CyIECTBEHHO HUXKE IUIa3MEHHOHN ®, dak-
TOp TIOJISIPU3YEMOCTH

[e(w) — £“9a’c
{8(6) + [8((,0) _ 8(6)]’1(2)}’

(7)

GUTYpUpYIOLIVIA TTIepel MHTETPaJIOM B IIPaBOii YacTu
BeIpaXkeHMs (2), M mMpaKTUIeCKU coBItamaroiuii ¢ (7),
dakTUYeCKU yTpauyuBaeT 3aBUCUMOCTb OT YaCTOTEHL.
s 6oltee eTaTbHOTO aHAJIM3A 3TOM 3aBUCUMOCTHU B
obnactn “kKoH@OpPMaIIMOHHOTO pe30HaHca”, T.e. Ja-
ctotr nopanka 10°—10'° T, Bocrionb3yeMces popMy-
JIOl TpeaesbHOro IMepexoga OT AUBJIEKTPUYECKOMA
MPOHUIIAEMOCTH MeTajlia (6) K BEIpaXXeHHUIO, COIep-
XKaleMy yaeJdbHYIO IIPOBOAMMOCTh G = const MeTaj-
J1a 6e3 yyeTta ee aucriepcuu [28]

e(w) — i3TO (8)
(O]

<O,
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Cohepuueckasn nanowacmuuya
g qUITOIBbHOM TTOIPU3YEMOCTU ITPOBOASIIEH
cepmueckoit HaHOYaCTUIHI pagnyca R Kosadpdunn-

€HTBI ACTIOSIpU3aALIAUA n = 1/3 ns Bcex Tpex 3Hauve-
HUI j, U TOTOA U1 YaCTOT M << ®, nojxyyaem

. (e)
4o — W R 9)

(o) — e 1%
i4mo + 20

ts() = &(w) + 26

Torma meicTBUTENbHAS M MHMMAasl YacTU JUITOJbHOM
TIOJISIPU3YEMOCTH (g (W) MOTYT OBITh 3aMCaHbI B BUE

_ (4mo)’ — 20°e"”
@éno)’ +40’e”

o5 () (10)

(o)
12ncme - 3 (11)

a" (Q)) —
s (4no6)” + 4o’e

J71s1 4acTOThHI (), MEPEeKITI0YeHNsT 3HaKa MoJisIpu3a-
nuy HaHodacTunbl 13 (10) momygaem

W, = (2\/§1t/£(e))0.

OtmeTuM, uTo BeipaxkeHus (9) u (10)—(11) moryT
OBITH TIOJIYIeHBI HE TOJIPKO Ha OCHOBE MCIIOIb30Ba-
HUS MpenesibHOro mnepexona (8), Ho U IyTeM pelle-
HUS ypaBHEHUH IS TOJIS BHYTPU U CHAPYXU TIPO-
BOIAIIEHl HAHOYACTHUIIBI, C MOCIEIYIOIIe CITUB-
KOI MOJIydeHHBIX pElLIeHUI Ha rpaHWYHOU cdepe
pamnyca R.HeTpymHo mmoka3aTb, 4TO B ITpeesic OUeHb
HU3kux yactotr ® — 0 u3 (10) u (11) monyyaem

2 ()2
lim ot} () = {1 - 6(’3—8} R, (12)

0 (4nc)’
(e)
lim o)(e) = &P R, (13)
=0 4o

M3 (10) ciemyer, 4TO BCe BO3MOXHBIC 3HAYCHMS

' 3 N
0 g(®W)/R° NeCTBUTENBHOM YaCTU MOJSIPU3YEMOCTHU
MMpuHaajiexar oTpesky [—1/2, 1]. MHuMas 4acTh

MOJIIPU3YEMOCTH  (lg(®) OIPEAETSIET HE TOJIBKO
JNYCCUITAlIMIO SHEPTUU BHEILIHETO 3JI€KTPOMAarHmT -
HOTIO I10JISI B HAHOYACTUIIE, HO U aMILJIUTYAYy KoJe-
0aHMI1 YaCTH HABEICHHOIO IUIOJbHOIO MOMEHTAa

og (W) E, exp(—imt + iT/2) 1 KoneGaHusi COOTBETCTBY-
IOLIEH TUTOJIbHOM COCTaBISIONIE MOJIs1, CABUHYTbIE
o ¢aze Ha BEJIMYMHY Tt/2 OTHOCUTEIbHO KOJIeOaHU i
BHelHero noias £, exp(—i®r). CuHba3HbIMU C 3a-
TPaBOYHBIM MoJIeEM OyIyT KoJaeOaHUsI YaCTU TOJISIpU-

3yeMoCTH OLg(0)E|, exp(—i®f) U COOTBETCTBYIOLIUE €
KoJie0aHUsI BTOPUYHOTO, T.€. HABEAEHHOTO TOJIs.

Cohepoudanvnas nanouacmuuya
B ciiyyae ccheponganbHoit HAaHOYACTUIIBI AJ1sI AUa-

FOHATBHBIX KOMITOHEHT 0. '(®) TeH30pa MoJsIpU3ye-
moctu u3 (5) u (8) mmomyyaem

(e)

4G — W
© , [

2
Dy _adC
o (w) = . ©1.0°
3 we +|idno —we |n

(14)

J =X,z
Torma nns coorBercTBYIOMMX (14) NelCTBUTEIBLHOMN
Y MHUMOI yacTei TeH30pa MOoJIsIpu3yeMOCTH chepo-
naa MOXeM 3aIlicaTh
" 2o 4oy’ n? — e’ [1 - n(j)]
* ((D):T 2 (e)2 "k 0HP (15)
we [l—n’] +|:4TC6}1!]

) 2 ()
a.,(f)(w) _ % Ao e (16)

2 N2
wzg(e)2 [1 _ n(/):l + [411:6}1(])]

J7s yacToThl (), MEpPeKIIOYeHUsT 3HaKa MOoJsipu3a-
U1 B 3TOM cirydae u3 (15) ciemyer

o = 4o | nY
= " Al )
8(e) 1— n(])

A7)

OTKyZa Iipu Y = 1/3 BbITEKaeT 3HaAYEHUE YACTOThI

W, = (2x/§1t/£(")) O [T apa.

o o ' 3
ITpocToii oLleHOYHBIIT pacyeT BEIUYUH O g(M)/R

u Oc'(Z)((D)/(azc) B obJylactu yactotr “koHdopmanu-
OHHOTro pe3oHaHca”, T.e. ~ 10°—10'° T'u, BeImOJ-
HEHHBII Ha oCHOBe BhIpaxxeHuit (10) mam (15) nis
chepuyeckux Uian cepougarbHBIX HAHOYACTHUIL
W3 METAJJIOB C BBICOKOM TIPOBOAMMOCTBIO THITa Ag

uiu Au (4 ~ 10°-10" ¢~!) mokasa, 4yTo BeaUYU-

' 3 ' 2
HBI Og(W)/R 1 o (Z)((D)/(a ¢) otaunyarorcs ot 1 auiib
B IIIeCTOM 3HakKe. [103ToMy YacToTHasT 3aBUCUMOCTD

TIOJISIPU3YEMOCTEN OLg (M) U o (w) Gyzer mposIBISTHCS
0oJiee 3aMeTHO B CITyyae HAHOYACTHIL C HU3KOU YIIeb-
HOI TIPOBOAUMOCTBIO, MOpsiaKa 4mG ~ 10°-10" L.
I[TpoBOAMMOCTh TAaKOTO MOPSIAKA BEIUYUHBI UMEIOT
YUCThIE WU CIa00JIeTUPOBAHHBIE TTOYTTPOBOTHUKHI
tuna Ge.

Hnst cromocHyTOTO chepounma, Hecylero Ha cebe
U30BITOYHBIN 3apsin ) BO3HUKAET MOMOTHUTENbHBIN

BJIEKTPOCTATUYECKU I MOTESHLIMA TI0JIsl BHE C(hepou-
ma(a=>b >c)[28]

(18)

Q
06 = =—=—
¢ 02 —6‘2

DHeprus B3auMOACHCTBUS CYMMAapPHOTO 3JIEKTPU-
YECKOTO TIOJIS C TPYIITOi 3BEHbEB MOJIUIJICKTPOINTA
C XapaKTePHBIM 3JIEKTPUUYECKUM 3apSIIOM ¢' OTIEb-
Ne 1 2023

KOJUIOUOHBIN XYPHAJTT  Tom 85
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HOTO cerMeHTa (eAMHUYHOTO 3BE€HA WJIU IPYIINbI 3BE-
HbEB) IPUHUMAET BUJL;

Vi &) = ' 9o€) + ¢' 0V, m). (19)

BonbimanoBekuii haktop W (E,1), onpenesiionuii
BEPOSITHOCTh OOHAapy>KeHMs MOJIUMEPHOIo 3BEHa B
TOYKE ¢ KoopauHatamu &,1 B paBHOBECHOM KOHbU-
rypalyy ONyIIeYHO! CUCTEMBI, B CIydae MaKpolle-
el MOJNAJIEKTPOJINTA MOJIy4yaeM Ha OCHOBE ITOTEH-
uuana V,,(€,m), onpenenennoro dhopmynoii (19) npu
TEeTUIOBOI aHeprum kT’

WEN) = exp {—:—T[%(é) + q><”(&,n>]}. (20)

Ero ponb B hopMupoBaHUr KOH(MOPMaALIUiA MaKpo-
LIETIU TIPU €€ aACOPOLIMU Ha MOJISIPU30OBAHHOI BBITS -
HyTOM cheponganbHO HaHOYACTHUIIE, B paMKaxX MO-
JIeJIV HECBSI3aHHBIX 3BEHbEB BO BHEIITHEM MOJIe ObLIa
nccienoBaHa B [21, 24]. B pamkax Takoii Momenu
BKJIaJ KBa3ucTallMoHapHoTo noJjs (19) B nosiBieHue
PaBHOBECHBIX KOH(OPMAaLIii MAKPOMOJIEKYJIbI YUU-
THIBAJICSI HUCKIIOUUTEIbHO ITOCPENCTBOM BBEIEHUS
3TOro PaKkTOpa C SHEPTrUeit B3aMMOACHCTBIS 3BEHbCB
C 3TUM TMOJIEM, a KOPOTKOIECUCTBYIOLIMI BaHIEP-
BaaJIbCOB TOTEHIMAT CIYKWJ JUIIb JIJIs1 3aKperie-
HUS Ha HaHoyacTulle (¢parMeHTOB MOJIMMEpPA, KOH-
TaKTUPYIOIIUX C €€ TTIOBEPXHOCTHIO.

MTorosoe pamuajbHO-YTJIOBOE pacrpenecieHue
wiotHocTH A(E, M) 3BEHBEB MAKPOLICMU MOJUJCK-
TpOJINTA, aICOPOMPOBAHHON CIJIIOCHYTHIM TOJISIpU-
30BaHHBIM HaHOC(HEepouIoM B MPUOJIUKEHUN HE3a-
BUCUMOTO JEUCTBUSI DHTPOMUNUHOIO W CUJIOBOTO
daxkTopoB [18, 25] mpuHUMaeT CIeayIOIIiA BUI

n&m) = y'Emn)exp [— %?ﬂ)} _

Takum o6pa3oM, paBHOBECHOE pacIlpeaeiieHue
TUIOTHOCTH CETMEHTOB HeNu (POPMUPYETCS IBYMS

(21)

dakTopamu B (21). DHTpoNUTHBINA hakTOp \|12(§, n)
YYUTBIBAET HE TOJBLKO JIMHEHHYIO MTaMsITh MaKpolle-
M1, HO U JIeTaJIM KPMBU3HBI TTOBEPXHOCTU acOpOU-
pyloleit HaHOYaCTULIbl M TTIOTEHLIMaIa aACOPOLIMU C
KOPOTKMM paauycom paeiictBus [18, 25]. bonbuma-
HOBcKuit pakTop (20) B MOmenu He3aBUCUMBIX 3Be-
HbEB COASPKUT B ceOe BCIO MH(GPOPMAILIMIO O B3aUMO-
JIeicTBUM TToJIuMepa C 2JIeKTpUIecKuM rojiem. KoH-

2
dopmarmonnsie GyHKmu Y (E,1) Ha TOBEPXHOCTH
CIUTIOCHYTOTO cdepouna MOTYT ObITh BBIYMCJICHBI,
HampHuMep, KaK 3TO OBLIO caelaHo B padorax [18, 25].

KoHdopMmaLlioHHEIE U pellakCcallMOHHBIE CBOI-
CTBa MakKpoliereil OyayT IpeTepIieBaTh U3MEHEHUS B
MPUIIOBEPXHOCTHOM CJIOE aICOPOUPYIOLINX TBEPABIX
noBepxHocTei. OCOOEHHO 3aMETHBIM OYIET BIUSTHUE
Mmojis agcopbeHTa B cilydae IUIOTHOM CTPYKTYpPBI
OITYIIKU B CJIO€ TOCTATOYHO MaJION TOIIIMHBI. OfHAa-
KO, B XOPOIIIEM pacTBOpUTEJIE, MPU JOCTATOYHO KO-
POTKOM paauyce NPUTSKeHUSI TOBEPXHOCTU, aCOpP-

KOJUTOWIHBIN XKYPHAII Ne 1

TOM 85 2023

OGUpPOBaThCS Ha Heil OyIeT JIUIIb OTHOCUTENIEHO Majast
4YaCTb 3BC€HbLEB 1ICIIN. Toma Ka4y€CTBECHHasA KapTHHAa,
oTpaxarolasi KOH(GOpMallMOHHbBIE CBOMCTBA OMyIIey-
HOI CTPYKTYpPHI, OyAeT O0JIbIlle HATOMUHATDL CTPYKTYPY
rayccoBa KJIyOKa, Hexeu 0oJjiee TUIOTHOTO 00pa3oBa-
HUSI, C PYTUMU XapaKTEPUCTUKAMU CTPOECHUST U MO-
IBIDKHOCTU. B mcnonb3yeMoii aHaIMTUYEeCKOM MO-
eI pPaguyc MPUTSKEHUS MOBEPXHOCTU HE MPOCTO
Majl, elle U O4eHb Maiylo (menbTa-(yHKIIMOHAIb-
HYIO) TIPOTSDKEHHOCTh MMEEeT CBSI3aHHAsI C HUM I10-
TeHLMaIbHAs siMa.

Kak u3BecTHO, IpM KOMHATHBIX TeMIlepaTypax
4acTOTa Y CTOJIKHOBEHUI! 3JIEKTPOHOB ¢ (GOHOHAMU B
pa3HBIX METalaX U IMOJYyIIPOBOIHUKAX NPUHUMAET

3Hayenus ~ 10710 ¢ B cJiydae, KOrja JjIiHa CBO-
0GOomHOrOo Ipobera JIEKTPOHOB MOXKET 0Ka3aThCsI CpaB-
HUMOM C pa3MepaMHM CaMOM YaCTUIIBI, paccesTHhe
3JIEKTPOHOB IIPOBOANMOCTH Ha €€ MOBEPXHOCTU Oy-
JIET IIPUBOAMUTH K YMEHBIICHUIO BpEMEHM pejlaKcaluu
HUMITYJIbCA, T.€. YBEJIMUESHUIO YaCTOThI CTOJIKHOBEHUIA.

Oco0eHHO BaxKHBIM 3TOT 3((EKT CTAHOBUTCS IJIsI
HAHOYaCTUIl, C UX BBICOKUM OTHOIIEHUEM ILIOILIANAN
MTOBEPXHOCTU K 00bEMY. DTO YBEJIMUEHUE YACTOTHI Y.,
BbI3BaHHOE IEMCTBUEM MTOBEPXHOCTH,, TPOTTOPLIMO-

HanbHO ckopoctu Pepmu vi: ¥, = Avp/R, THe R —
23 GeKTUBHBINA pagnyc HAHOYACTULIBI, A — ITapaMeTp,
OIUCBIBAIOIIMIA CTENIEHb MOTEPU KOTEPEHTHOCTU TPU
paccestHUM 3JIeKTpOHa Ha TMoBepxHocTU. YactoTa ¥
CYMMAapHOTO paccesiHUsI JIEKTPOHOB B ClTyyae HaHOYa-
CTHII MOXET OBITh ITPEICTaBIICHA SMIIUPUYECKOI pop-
myJioii [30]:

y = Ybulk + Yscs (22)

B KOTOPOH 7Y, ONpeneseHa MPpOoLecCaMu CTOIKHO-
BEHUS 2JIEKTPOHOB B 00BEeMHOM 00pa3liie MeTaJa.
3HaueHue mapameTpa A s cepedpa 1 30JI0Ta Jie-
xuT B ipenenax 0.1 <A4 < 0.7 u vy = 1.4 um/dbc nis
Au u Ag [31]. 3aBUCUMOCTb YaCTOTbI CTOJIKHOBEHUSI
2JIEKTPOHOB OT pamuyca R u temmepatypbl 1 MeTall-
JIMYECKOM HaHOYaCTUIIBI TakKoBa, 4YTO, HaIlpUMeEp,
IUJIsI 30JI0TOM HaHOYACTUILIBI paauyca 70 HM, 4acToTa
CTOJIKHOBEHUI, IIPY KOTOPOI paccessHUE Ha IOBEPX-
HOCTU CTAaHOBUTCS 00JIEE CYILIIECTBEHHBIM, UYEM DJIEK-
TpOoH-(POHOHHOE paccessHue mpu Temneparype 1 =

=35 K, u cocraBnster Yy = 2 X 107 ¢ [32]. s ga-
cTull paguycomM MeHee 70 HM HEOOXOOUMO YUUTHI-
BaTh paccessHue 3JIeKTPOHOB IIOBEPXHOCTHIO YaCcTH-
Lbl. YMEHBLIEHNE YACTOThI Y IPUBOAUT K HOBBILLIEHUIO
pa3pelieHus] JIMHUKN ONTUYEeCKOro CIIEKTpa MOIJIOoIIe-
HUS HaHO4YacTULIaMU. Tak, yMEHbIIEHNE paanyca Ha-
HOYACTULIBI 0 3HaYeHU R < 10—15 nm npuBoauT K

PE3KOMY YBEJIMUYECHUIO YaCTOTbL Y, Ha IMOPAOOK

(y~ 1013sec_l), YTO AeJIaeT TeMIIEpaTypHBIIA METOM
YBEJIUYEHUSI BpEeMEHM peJlaKcallui 3JIEKTPOHOB B
METaJUTMUECKUX TejaaxX MajbIX pa3mMepoB Hed(ddek-
TUBHBIM. {1 TIpOBeIeHUST CIEKTPAIbHBIX ONTHYE-
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CKUX U3MEPEHUI1 C BBICOKMM pa3pelleHUeM IS CU-
CTEM, COAEPIKAIIMX MPOBOISIINE HAHOYACTUIIBI, HE00-
XOIMMa COBMECTHAsI ONTUMM3ALVSI TeOMETPUUECKIX U
TePMOAUHAMUYECKIUX TTapaMeTpoB. DaKTUUECKU KPU-
TUYECKUM 3HAYeHUEM paiyca HaHOYACTHULIBI IIPU KO-
TOPOM paccessHUE 3JISKTPOHOB MOBEPXHOCTHIO HACT
BKJIaJl, CPABHUMBII C 3JIEKTPOH-(QOHOHHBIM pacces-
HueM 11pu teMriepatype 7 = 35 K, aBnsercsa panguyc
okosio 70 um [32].

s gacTOoT NepeMeHHOTO IIoJIsI B 00JIacTu
“KoH(pOpMaIIMOHHOTO pe30HaHca”, T.e. IopsiaKa
10°—10'° ', ausnekTpUYecKasl IPOHULIAEMOCTb Me-
TaJlJla BbIpaXaeTcsl yepe3 yAeJAbHYIO MPOBOIUMOCTD
o = const MeTaJijia 6e3 yuyeTa ee nucrnepcuu [28]

gw) > i —47“5,
0]

(1)<<(0,,
2 2 ]

(23)
i e(®) =i—-L =i ®

P

OY Yy + Avp/R) ’

rae ®, — MIasMeHHas Jactora Metaia. Takum 06-
paszoM, IS MaJibIX YacTUIl, U B Cllydae HU3KMX 4a-
ctoT, nopsaaka 10°—10'° 'y, kak u B [32], 11 4acToT
nopsiika IIa3MEHHbBIX, 3(PpGEKT paccestHUSI IEKTPO-
HOB Ha IMMOBEPXHOCTY HAHOYACTHULIBI OyIET 3aMETHBIM.

Ha ocHoBe n310XeHHOI MOAeIN OBIJIN paccunTa-
HbI TIPOCTPAHCTBEHHBIE pacIpeieieHUs TUIOTHOCTU
3BE€HBEB MOJIMAJIEKTPOJIMTA Ha ITOBEPXHOCTU METaJI-
JINYECKOM HAHOYACTULIbI, COCTABJIEHHOM U3 IBYX OOU-
HaKOBBbIX C(EpUUECKUX CETMEHTOB pamuyca R, mpu
pa3IUYHO BEINYMHE aMILIUTYIbl HAIPSSKEHHOCTU
BHELIHETO 3/IeKTpUuYeckoro noms £,: 10° u 107 B/cm,
C HampajieHueM BekTopa E, Bnoab ocu z. [1pu atom
HMCIOJIb30BAIMCH CICIYIOIINEe 3HAUSHMS ITapaMeTPOB
MOJIEJN: 3apsi 3BeHa ¢' = —2|g,|; Gonbiiue mosyocu
CILTIOCHYTOrO cpepouna a = b = 5 HM; Maasl IOy~
ochb cpepounna ¢ = 3 HM; pagnyc cepnl, 13 KOTOPOit
BbIpe3aHbl chepruyecKre CerMeHThI, R = 5.7 HM; Ieb-
Ta-(pyHKIIMOHAJIbHAsS IIOTCHIIMaIbHAs sIMa pacIlojia-
rajjachb Ha paccTosHUM r, = R + 0.5 HM, TTapameTp
DIYOMHBI MOTEHIMAIbHON SIMbI NMPUHUMAJICS pPaB-
HbIM 0. = 5 X 1073 3B HM; Temnepatypa T = 300 K;
pa3mep 3BeHa a = 0.5 HM.

Hab6monanock, 94To Tpy YBETMYSHUN aMILIATYIBI
HAIPsSDKEHHOCTH 2JIEKTPUYECKOTO TI0JIST, 3a TIOJIOBU-
Hy Mepuoja ero KojaebaHusl, IPOUCXOIUIIO CMelle-
HHE 3BEHBbEB MaKpPOIIE MOJINAJIEKTPOINTA B OITpe-
JIeJICHHYIO (BEPXHIOIO I HUXKHIOIO) MOJOXKUTEIBHO
3apsiKEHHYIO TMOJIOBUHY TTOBEPXHOCTU cepouaaib-
HO#t HaHOYACTHUIIBL. TO €CTh BOZHMKAJIA aCCUMETPHY-
Has medopManms TTOMMAIEKTPOIMTHON OITyIIIKA TTOM
BO3MICMCTBMEM BHEIIHETO 3JIeKTpUUecKoro noJis. [1pu
MaJIbIX 3HAYCHUSIX aMILTATYIBI HAPSDKEHHOCTH 2JTeK-
TPUUECKOTO TTOJIST MAKPOMOJIEKYJIa TTOJTUIIEKTPOJIH -
Ta MPakKTUYECKU OJHOPOAHO OOBOJIAKMBAET HAHOYA-
CTHILY, a C POCTOM aMITIUTYIBI OOJIbIIAs YacTh INTOTHO-
CTHU 3BEHBEB TOJIMAJIEKTPOJINTA COCPETOTOYCHA OKOJIO

COOTBCTCTBYIOIICIO Ha TaHHBIN ITIOJIYIICPpU O ITOJIO-
KHUTECJIBbHO 3apsa’K€HHOTIO ITO0JII0Ca HOHﬂpI/I3OBaHHOI7I
HaHO4YaCTUIIbI.

3. MOJIEKVJIAPHO-IMHAMMNYECKOE
MOIEINPOBAHUE

MonexynsgpHo-aguHamudeckoe (M) Mmonmenupo-
BaHME OJHOPOIHO 3aPSKEHHBIX MOJUIICTITUIOB Ha
IMOBEPXHOCTH CILTIOCHYTOM C(peponaaabHOI 30JI0TOM
HaHOYaCTUIIbl ObLJIO MPOU3BEIECHO C UCTIOIb30BaHU -
eM mporpamMMHoro komiuiekca NAMD 2.14 [33].
Monenb CTIIIOCHYTOTO 30JI0TOr0 HaHOchepouaa Obl-
Jia TIoJlydyeHa IMyTeM BbIpe3aHus U3 KpUCTalljia 30J10Ta
chepousa ¢ OOJIBIIMMU MOTYOCIMU IJUHON 3 HM U
MaJloii OJIyOChIo IUIMHOI 1.5 HM, a ero aTOMbI B TPO-
necce M/l -MonempoBaHNs OCTaBAIMCH 3a(pUKCHUPO-
BaHHBIMU.

Briy paccMOTpeHbI OTUMIENTHABI C OTHOPOIHBIM
pacnpeneyieHueM OTPULIATEILHO 3apSKEHHBIX 3BEHbEB
Asp (D, 3apsin —1|g,|) o Makpouenu, cocTosmeil u3
HelTpalbHBIX 3BeHbeB Ala (A). Bruto paccMoTpeHo
TpU IoJimnenTuaa ¢ obdmei nmruHoi 400 aMUHOKUC-
JIOTHBIX OCTaTKOB:

1) momunientun P1 (cyMMapHBIit 3apsin MaKpOLer
—20lq,)), cocrosiumii u3 380 3BeHbEB Ala ¢ paBHOMEPHO
pacnpeneneHHbIMU 20 3BeHbIMU ASpP — (A ;9DAg)40;

2) nonunenTtun P2 (cymmapHBbIii 3apsii MaKpoLienu
—401g.)), cocrosttmii 3 360 3BeHbEB Ala ¢ pABHOMEPHO
pacnpeneneHHbIMU 40 3BeHbsIMU ASp — (AsDAY) 40

3) nmomunentun P3 (cymMmMapHBblii 3apsia MaKpoLenu
—80g,)), cocrosiumii u3 320 3BeHbeB Ala ¢ paBHOMEPHO
pacnpeneneHHbIMU 80 3BeHbIMU Asp — (A;DA,)g.

J1st momnenTraoB ObLIO UCIIOIb30BaHO CUIOBOE
nosie CHARMM36 [34, 35]. HekoBajieHTHbIE B3aMO-
JIEUCTBUS C 30JIOTHIM CIUTIOCHYTBHIM HaHOC(eponaoM
OIMMCHIBAIVCh NOoTeHImaaoM JlenHapn—/>koHca, ma-
paMeTpU30BaHHBIM B pabdote [36]: miyOMHa MOTEH-
LIMAJIbHOM SIMBI JIJISI aTOMa 30J10Ta 3aJaBajlach PaBHO
—5.29 kkan/mMonb, a MUHIMYM ITOTEHIIMAIa HAaXOIUJICS
Ha paccTosiHuu 2.951 A. JlaHHBI MOTEHLIMAT HAXOLUT
HIMpOKoe MpuMeHeHue Iipu MJI-mMomennupoBaHUM
MENTUIOB HA MOBEPXHOCTSIX 30JI0THIX HAHOOOBEKTOB
paznnuHoit ¢popmbl [37—42]. I[Torernman Ban-mep-
Baanbca obpe3asicst Ha pacCTOSTHUU 1.2 HM € TIOMOLIIBIO
dbyHkumu criaxvBanust mexay 1.0 u 1.2 uM. DaekTpo-
CTaTMYECKIE B3aUMOACIHCTBIS PaCCUNTHIBAINCH HETIO-
CPEICTBEHHO Ha paccTossHuM 1.2 HM, a Ha OOJIbIIEM
PaCCTOSTHUM MCIIOIBb30BaJICST METOH, “‘dacThIla—CceTKa”
Opanbaa (PME) [43] ¢ mmarom cetku 0.11 aM. Bes Ha-
HocHucTeMa Oblia IoMellleHa B Ky0 ¢ pedOpaMu 22 HM,
3aIl0JIHEHHBIN MoJieKyiaamu Boabl TIP3P [44].

Ha mepBoMm 3Tamne ObUIM TMOJIy4EHBI TaKUE KOH-
dopMaii OMHOPOTHO 3aPSKEHHBIX MOJUMNEIITUIOB,
IPU KOTOPBIX OHU ITOJTHOCTBIO OOBOJIAKMBAIN CILIIOC-
HyTbII HaHOC(hepous. It 3Toro GbLUTO IIPOU3BEICHO
MJI-MonmenmmpoBaHNe OTPULIATENIFHO 3apsDKEHHBIX M0~
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ynenTtunoB P1—P3 Ha moBepXHOCTH CIUTIOCHYTOTO 30-
JIOTOTO HAaHOC(EpOUIa, TTOJIOXKUTEIILHO 3apSKEHHOTO
¢ nosnHbIM 3apsiiom Q = 187|q,|. Ha moBepxHOCTH 3a-
PSIKEHHOTO CIUTIOCHYTOTO METaJNIMYECKOro HaHO-
cdhepouma pacnpeaeaeHue MTOBEPXHOCTHOM TTIOTHO-

CTH 3apsJIOB G, ONKUChIBaeTcs popmyJioii [28]:

oo = Q , (24)
+y 2
4ma’c Tt
a C

I1ae a — AJMHa OOJbIIMX TToJyoceil, a ¢ — JJIMHA Ma-
JIOM MoJlyocH, HammpaBJeHHO BIOJb OCU Z, KOTOpas
COBITIaJIaeT ¢ Oocbhlo BpauieHus chepouna. [Ipu atom
MOBEPXHOCTHAs MJIOTHOCTh B 3KBaTOpUAJIbHOM 00J1a-
CTH BO CTOJIBKO XK€ pa3 OoJIbIlE TIOBEPXHOCTHOM TIOT-
HOCTH Ha MOJIF0CaX CIUTIOCHYTOTO 3apsKEHHOT'O MeTaJl-
Jinyeckoro cepousia, BO CKOJILKO €T0 JJIMHA 00Jb-
IO} MOJIyoCcH 0OJIblile IIMHBI Masioit monyocu. [1pu
TaKOM 3HAYEHUM MOJIHOTO 3apsina () CIUTIOCHYTOTO
HaHocdepouaa aToMbI, KOTOPbIE OBLIM PaCITOJIOXKE-
HbI Ha TMTOBEPXHOCTH Ha eTo IoJlocax, UM Napiiu-
anbHble 3apsinbl [45], paBHbie +0.125|g,|, a Ha aKBaTO-
pe HaHochepouraa 3apsiibl aTOMOB ObLIM B JBa pasa
oosnbie: +0.25|g,|. st KomIeHcamu U30bITOYHOTO
3apsa BCeil MOJIEKYJISIPHOM CUCTEMBI 1OOaBISIJIMCH
WOHBI HATPUS WJIM XJIOpa, KOTOPbIE ObLIN pacnpene-
JICHBI CJTydyaiftHBIM 00pa30M MO BCe siueiike Moaesu-
poBaHus. [TonyyeHHbIe KOH(GOPMAIIMOHHBIE CTPYK-
TYpbI ISl KaXKJ0T0 PaCCMOTPEHHOTO MOJUMENTUAA
ObLIIM UCITOJIb30BaHbI B KAUECTBE CTAPTOBBIX KOH(PU-
rypauuii npu M/I-moaenrMpoBaHUU Ha TIOBEPXHOCTU
3apsiKEHHOTO CIUTIOCHYTOTO 30JI0TOTO HaHOC(hepou-
Jla, HaXOISIIIIErocsl BO BHEIITHEM MMEPEMEHHOM 3JIeK-
TPUYECKOM TIOJIE.

Hanee ObUIO Mpou3BencHo MJI-MonenrnpoBaHue
MpY TIOCTOSTHHBIX TeMmepaTypax (tepMocraT be-
pexacena) 300 u 600 K m1st Kaskqoro pacCMOTPEHHO-
T'O OMHOPOIHO 3aPSLKEHHOTO TMOJTUTICTITHIA Ha TIOBEPX-
HOCTHU TPOTUBOITIOJIOXKHO 3apSLKEHHOTO CIUTIOCHYTOTO
30JIOTOr0 HaHocdepouaa ¢ MepUoOINIECKIM HU3MEHe-
HHEM BO BPEMEHU €T0 TTOISIPHOCTH C TIEPUOIOM KOJIe-
Ganuit T = 2.4 Hc (dacTtoTa KoyebaHuii 416.7 MIr).
[lar maTerprpoBanmsa ObLT paBeH 1 dc. beum pac-
CMOTpPEHBI HAHOCGEPOUITBI, 3aPSTKEHHBIE C PA3TAIHBIM
TIOJTHBIM TOJIOKUTENBHBIM 3apsimoM Q, = 37.5|g,|, O, =
~ 75|q.Jn Q5 = 150|g,|. [Tpu1 TakMX 3HAYEHUSIX [TOJTHOTO
3apsiia CIUTIOCHYTOro HaHocdepouaa aTOMbI, KOTO-
pBle OBUTH PACIIOIOXKEeHBI Ha ITOBEPXHOCTH Ha €T0 IO~
JIIOcax, UMeJIM TaplaibHbIe 3apsiabl, paBHBIE COOT-
BercTtBeHHO +0.025|g,|, +0.05|g,| 1 +0.1|g,|.

Ha nmoBepxHOCTH MOJISIPU30BAHHOTO BO BHEIITHEM
OIHOPOIHOM BJIEKTPUYECKOM ITOJIE BIOJIb OCHU Bpa-
IIEHUS CIUTIOCHYTOTO 30JI0TOTO HaHOochepouaa Imo-
BEPXHOCTHAsI MIJIOTHOCTh MHIYLIMPOBAHHBIX 3apsII0OB

G, pacrnipezienieHa 1o popmyie [28]:
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Gp — - max‘z2 > , (25)
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¢ 4 4
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[O€ O = 7 — 3HAYCHUC HOBCpXHOCTHOﬁ IIJIOTHO-

CTH 3apsiia Ha MOJII0CE BBITIHYTOTO ITOJIIPU30BaAHHO-
ro cepouna, p, — OUINOJIbHBIN MOMEHT cdhepounna,
V — o0beM chepouna.

JlokanbHOE 37eKTpUYecKoe ToJie 3a1aBajoch ye-
pe3 nepuoandecKoe N3MEHEHME BEJIMYMHEI 3apsaoB
aTOMOB Ha MOBEPXHOCTHU CILIIOCHYTOTO HaHOC(hEPO-
nna. [1pu 5ToM 3apsiabl Ha €ro MOBEPXHOCTU U3MEHSI-
JIV TakK, KaK eCcIn OBl 3apssKeHHBIN HaHOochepon I ObIT
ObI TOMEILIEH BO BHEIITHEe IIepeMEHHOE JIEKTPUIECKOE
nojie. [lapimanabHble 3apsiabl HA TTOBEPXHOCTU 3apsi-
KEHHOTO 30JI0TOTO HaHochepouaa, pacrpencieHHbIe
no ¢opmyine (24), B gaabHEHNIIIEeM CYMMHUPOBAIMCH C
napuyaJbHbIMUA 3apsigaMy, WHIYLIMPOBAaHHBIMUA Ha-
MpaBJICHHBIM BIOJb OCH BpallleHNSI BHEITHUM 3JIeK-
TPUUYECKUM MOJIeM, paclipeaeeHHbIMU 10 (hopMyIie
(25). bbl11 paccMOTpEeHBI ClieAyolIre MMKOBbIE 3Haue-
HUYSI MHIYIIMPOBAHHOTO TUITOJILHOTO MOMEHTA CIUTIOC-
HyToro HaHocdepouaa: p, = 7.7 u p, = 15.4 1. Ilpu
9TUX 3HAYEHUSIX TUTIOJILHOTO MOMEHTA CILIFOCHYTOTO
HaHocdepouIa aTOMbI Ha IIOBEPXHOCTH €TI0 ITOJIOXKHM -
TEJILHO 3apsIKeHHOTO IMOJII0ca UMENU TapliajlbHbIe
sapsiabl: +0.25|g,| u +0.5|g,| coorBeTcTBeHHO. [T10T-
HOCTH 3TUX 3aps10B B IIPOLIECCE MOAEIUPOBAHUS TE-
PUOANYECKY U3MEHSIINCh BO BPEMEHHM MO 3aKOHY CH-
Hyca ¢ repuoaom KojiebaHuit 7= 2.4 HC B TeUCHUE
3—4 mepuonoB Konebanuii. I1pyu 3TOM Kaxknplii me-
puon KojiebaHus ObLT pa30UT Ha 8 paBHBIX BpeMEH-
HBIX oTpe3KoB 1o 0.3 HC, B TeUeHUE KOTOPHIX IOJIe HE
M3MEHSUIOCH, a 3Ha4YeHME OTUITOJILHOIO MOMEHTA Ha-
Hocdepoua Ha BLIOpaHHOM OTpEe3Ke 3a1aBajloCh ITy-
TeM €ro yCpemHeHUsI Mo Bceil miMHe oTpe3ka. Jlu-
MOJBHBIIIT MOMEHT cdeponaalbHOl HaHOYACTUIIBI
W3MEHSICS B CJIEAYIONICH ITOCIeI0BaTeIbHOCTH, Ha-
yyHasi CO CTapTOBOM KOH(OpMAalIMM TMOJUIMECITUIAA
(p — TMKOBOE 3HAYCHME IUMOJBHOTO MOMEHTA):
+0.69p (cpemHee 3HaUYCHNE HA yIacTKe KOJIeOaHU OT
1t/8 mo 3w/8 ), +0.97p (ot 31/8 mo 5m/8), +0.69p (ot
51/8 mo 7m/8 ), 0 (ot 71/8 mo 91/8), —0.69p (ot 91/8
no 11m/8), —0.97p (ot 11m/8 mo 13w/8), —0.69p (ot
13nt/8 no 15m/8), 0 (ot 157t/8 no 177/8). I1pu cymmu-
pOBaHUM NapUMAJIbHBIX 3apSIIOB aTOMOB HA MOBEPX-
HOCTH CIUIIOCHYTOro HaHOc(hepouaa, pacipeneiieH-
HBbIX CODJIACHO BbIpaxeHUsIM (24) u (25), aTombl,
pacIIOJIOXKEHHEIE B palioHe 3KBaTOpa, IIpy NEPUOIIEC -
CKOIi mepenoiasspru3alii HAHOYaCTUIIEI BCeTaa OCTa-
BaJIMCh MTOJIOXKUTEILHO 3apsSis)KeHHBIMMU.

I[To pe3yabraTaM MOOEIMPOBAHUS PaCCUUTHIBA-
JIUCh pacripeneieHus JMHEHHOM TJIOTHOCTU aTOMOB
MOJIMIETITUIOB BIOJb OCU BpallleHUSsI CILJIIOCHYTOIO
HaHocdepouaa, a Takke paguajbHbIC pacIipeaeiie-
HUS IIJIOTHOCTY aTOMOB ITOJIUIIETITUIOB.
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4. PESYJIbTATDI

Ha puc. 1a u 16 [46] nzo6pakeHa ctaproBast KOH-
dopMals OMHOPOMTHO 3aPSKEHHOIO IOIUIIEIITHUIA
P3, xoTopasg On1a moirydyeHa B pe3ynbrate MJI-mo-
JIeTMPOBaHUsI Ha IIOBEPXHOCTU IIPOTUBOIIOJIOXHO
3apSIKEHHOUN CIUIIOCHYTOM 30JI0TOM HAaHOYAaCTULIBI.
BugHo, yTO moMmMITENTHI ITOTHOCTBIO OOBOJAKMBAET
CILTIOCHYTBIN HaHocdepoua. Cxoxue cTapTOBbIe KOH-
¢dopMallMOHHbBIE CTPYKTYPhI ObLIN IOJIYyYEeHbI TAaKKE
U UISI IPYTUX PAaCCMOTPEHHBIX MOAUIleNITUIOB Pl 1
P2. Ha puc. 2 (kpuBbie /) u3obpaxkeHsnl pacripeaese-
HUSI TUHEHOI IUIOTHOCTH aTOMOB ITOJIMIIEHTUIOB
P1 (puc. 2a) u P3 (puc. 20) Booap HaIlIlpaBiICHUS OCHU
BpallleHUsI CIUIIOCHYTOTO HaHocdepouia B CTapTo-
BOM KoH(popMmauuu. BumHo, 4To Ha pacCTOSHUU
OKOJIO 2 HM OT IIeHTpa HaHocheponaa HadIIogaroTCs
MUKW JJUHEMHON MJOTHOCTA aTOMOB IOJMMENTUIA,
MOSIBJIEHIE KOTOPHIX CBSI3aHO C ITONagaHueM B pac-
YETHBIN CJIOM NTMHEMHON! MJIOTHOCTHU B IIPUNOJISIPHOM
00J1acTU ¢ MaJIo KPUBU3HOI 0O0JIBIIIET0 KOJIMYeCTBa
atomoB noaunentuaa. Ha puc. 3 (kpusblie /) nuzoopa-
KEHBI paguajbHbIC 3aBUCUMOCTHY INIOTHOCTH aTOMOB
nonunentugos P1 (puc. 3a) u P3 (puc. 30) B ctapTo-
BO KOH(OpMalny, Ha KOTOPBIX BUAHO, YTO ITMKO-
BbI€ 3HAYEHUS INIOTHOCTH HAaXOISITCSI HA paCCTOSTHUN
IIPUMEPHO 3 HM OT OCHU BpallleHUsI [IPOTUBOIOJI0XKHO
3apsLKEHHOTO HaHocdepouaa, TO €CTh B €ro 3KBaTO-
pyanbHOM 00JIacTM ¢ HamboJiee BBICOKOIT TOBEpPX-
HOCTHOM TJIOTHOCTBIO 3JIEKTPUYECKOTO 3apsiia. DTo
0COOEHHO XOPOIIIO BBhIPAXXEHO I mojmnentuaa P3
(puc. 30) c HamOoJIbIIIeiH ToJIeit 3apsSKEHHBIX 3BeHLEB
Ha eIUHUILY JJIWMHBI MAaKpOLIEITX 1 CBSI3aHO C YBEJIM-
YeHUEM CHJI DJIEKTPOCTAaTUYECKOTO MPUTSKEHUS 3a-
PSDKEHHOIT MaKpOIIeIIM K ITOBEPXHOCTHU IIPOTUBOIIO-
JIOXKHO 3apsi’KEeHHOM HAaHOYACTHUIIBI.

B pesynbTaTe MonenupoBaHusl ¢ IEPUOANUYECKAM
M3MEHEHMEM TOJSIPHOCTU 3apsi’)KeHHOTO CILIIOCHY-
TOTO 30JI0TOro HaHochepouaa npu Temrepatype 300
K nmpoucxonuio cmelieHue 3BeHbEB OMHOPOIHO 3a-
PSDKEHHOI MakKpollely TOJUIIENTUAA B 9KBAaTOPU-
aJibHy10 oOysiacTh HaHoyacTulibl. [1pu a3TOM B Cilydae
MOJIEJIMPOBAHUS C MUKOBbIM 3HAYEHWEM UHIYLIMPO-
BaHHOTO IUITOJIBHOTO MOMEHTA HaHOChepoua p, B K-
BaTOPUATTBHOI 00JTACTU CIUTIOCHYTOU cheponnaIbHOM
HaHOYaCTUILIbl 00pa30BbIBAIACH MAaKPOMOJIEKYJISIpHAsI
OITyIlIKa B BMJI€ y3KOro KoJjblia (puc. 16—1e), mior-
HOCTb aTOMOB B KOTOPOU U3MEHsIJIach MpU U3MEHe-
HUM TIOJIHOTO 3apsifa HaHovacTtuliel. [Ipu yBenuue-
HUU MOJIHOTO 3apsijia HaHodyacTUlibl OT @, 10 Qs
yBeJMUYMBAJIach CUJIa TIPUTSIKEHUST MPOTUBOIIO-
JIOXKHO 3apsKeHHOTO MOJIMAJIEKTPOIUTA K MOBEPX-
HocTH HaHOocdepouna. [TosTomy mpm caMoM MajoM
pPaccMOTPEeHHOM 3apsiie HaHocGhepouaa, PacoIOXKeH-
Hasi OKOJIO 3KBaTopa MOJIM3IEKTPOJIUTHASI OMYIIIKA ObI-
J1a 6onee perxiast (puc. 18m 11). [1pu yBemmueHUM moJi-
HOI'o 3apsiia CIUTIOCHYTOTO HaHocdepouaa Omnosi-
ChIBaIllee MOJUMENTUAHOE KOJIBIIO CKUMAOCh U
CTAaHOBUJIOCH OoJiee TIOTHHIM (puc. It u le). Ilpu

3TOM, 4eM OoJibIlle Oblia J0JIs OMMHAKOBO 3apsiKeH-
HBIX 3BEHbEB B MaKpOLIENU, TEM MaKpPOMOJIEKYJIsIp-
Hasl onyl1lika Obu1a TIoTHee (puc. 1o u le).

Kaxk 65110 TTIOKa3aHo B pabdorax [20, 26], o6paszo-
BaHUeE OTOSIChIBAIOILIEH MOIMINIEKTPOIUTHOMN OIMyIII-
KU B DKBAaTOPUAJIbHOU 0O0JaCTU TMPOTUBOIOJIOXHO
3apsikeHHON cdhepudeckoi [20] uaM BBITSIHYTOM
cheponmabHONM HAHOYACTULIBI [26] CBSI3aHO C TeM,
YTO NPU NEPUOIUYECKOM UBMEHEHUHU MOJIIPHOCTU Ha-
HOYACTHULIbl 3apsLKeHHasi MaKpoLlelb HAYMHAeT CMe-
1LIaThCsl B 9KBATOPUATBHYIO 00JIaCTh C OTHOUMEHHO 3a-
PSDKEHHOTO TI0JTI0Ca, Te JIeKTPUIYECKOEe MOJIe TOCTHU -
raeT MaKCMMaJIbHO BO3MOXHBIX 3HaUeHuii. [1pu aToM B
9KBATOPUAJIBHOI 00JIaCTM HaHOYACTUIIbI HaIlpsSLKEH-
HOCTb BJIEKTPUYECKOIO TMOJISI CO CTOPOHBI MOJIIOCOB
HaunOoJjee ciiabasi, a B paiiloHe 3KBaTOpa Ha MOBEPX-
HOCTU HaxoJsITCS aTOMbI MeTajljia, KOTOPbIE OCTalOT-
Csl TIOJIOKUTEIbHO 3apsXeHHbIMU B T€YEHUE BCETO
nepuona KoaedaHuii. [loaToMy 3BeHbsSI OTpULIATE I b-
HO 3apsIKeHHOM MaKpOMOJIEKYJIbl, CMEIasiCh C OTPHY-
LIATEJIBHO 3apSI>)KEHHOTO T0J1I0ca HAHOYACTULIbI, MO-
MajgaloT B MOJOXUTEBHO 3apsKEHHYIO SKBAaTOpUAJIb-
Hyl0 00J1acTh U ocTatoTcsl TaM. Ha BTOpoii mosioBuUHe
rnepuoja KojaebaHuii, Korjaa Ha Apyrom IoJjitoce HaHO-
YaCTULILI UHAYLUPYETCS OTpULIATEIbHBIN 3apsii, 3Be-
HbS TTOJUARJIEKTPOJIUTA CMELLAIOTCS B 3KBAaTOPUAJIb-
HyI0 00JIaCTbh YK€ C IPYyTroro MnoJjitoca HaHOYacCTUIIbI.
Takum obpa3zoM, Bcs 3apsKeHHas MaKpolleIlb OKa-
3bIBA€TCSl COCPEIOTOUCHHOI B 3KBAaTOPUAJIbHOM 00-
JIaCTU HAHOYACTUIIbI.

Ha noBepXHOCTH CILTIOCHYTOTO MOJIOXUTENIBHO 3a-
psDKEHHOTO HaHocdepouraa, IOMEIIEHHOIO BO BHEIII-
Hee MmepeMeHHOoe 3JIeKTpUYecKoe ToJjie, BEKTOp Ha-
MPSKEHHOCTU KOTOPOTO U3MEHSIETCS BIOJIb OCU Bpa-
1eHus: cdepousa, Mosic U3 aTOMOB MeTalila B
9KBATOPUAIbLHOU 00JIacTU, KOTOPbIE OCTAIOTCS T0-
JIOXKUTEJIbHO 3apsi’KeHHBIMU B T€UEHUE BCETO MEPUO-
Ia KonebaHWi, B OTIMYME OT cirydas chepryecKoit
[20] u BBITSIHYTOI# C(heponTaTEHOM HAHOYACTHLIBI [26],
oueHb y3kuii. Kpome Toro, B paifoHe aKBaTOpa CILUTIOC-
HyTOro HaHocdepouaa MOBEPXHOCTHAS TMJIOTHOCTb
2JIEKTPUYECKOIO 3apsiga comiacHo (24) Haubonee
BBICOKasI, a COIIacHO (25) mpu CMEILIEHUN OT LIeHTpa
chepouia BIoiIb OCU BpallleHUs TOBEPXHOCTHAS T1JI0T-
HOCTh 3apsifia U3MEHSIETCSI Pe3K0, JOCTUrasl 3HaYeHU i
0JIM3KMX K MaKCHMMaJIbHbIM Ha HEOOJIBILIOM PacCTOSsI-
HHUU OT 3KBaTopa. TakuM o0pa3oM, MOJIUIICKTPOIUT
MpU Nepenosspru3alny CIUTIOCHYTOTo HaHochepou-
Jla cMelllaeTcsl U3 OOIIUPHBIX MPUITOJSIPHBIX 00Jia-
CTeli, TOXOISIINX COTIacHO (25) MpaKTUYECKU 10 K-
BaTopa, B Y3KYI0 3KBaTOpUaJbHYyIO 00JacTh, 0Opa3ys
Y3KYI0 KOJIbLIEOOPAa3HYO MOJUAJIEKTPOJUTHYIO OTTYIII-
Ky, YIEPKUBAEMYIO IPUTSIKEHUEM CUJIBHO 3apsiKeH-
HBIX aTOMOB, PacCMOJOXEHHBIX B 3KBAaTOPUAIbHOI
obnactu. Ilpu M3MeHeHUU MOJHOTO 3apsiga HaHO-
cheponna IIOTHOCTL 3BEHBEB aICOPOMPOBAHHON B
palioHe 3KBaTopa IPOTUBOIOJOXHO 3apsKeHHO
Makpouenu MeHsercda. [1lpu atom obpaszyercs 1160
PBIXJIOE MaKPOMOJIEKYJISIPHOE KOJbLIO MPU HEOOJb-
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(m)

Puc. 1. KongopmMarimoHHble CTPYKTYpbI MoauTienTuaoB npu M/I-monenupoBanum rpu temnepatype 300 K c mepuonmueckum
U3MEHEHUEM TOJISIPHOCTHU CIUTIOCHYTO# cdepounaabHON 30JI0TOM HAHOYACTHUIIBI BIOJb OCU BpallleHus: a) U 0) CTapTOBble
KoHdopMarus noaunentuaa P3 (a — Bua c60Ky, 6 — BIOJb OCU BpallleH!s ), B) KOHeYHast KoH(opMaius noaunentuaa P1 npu
TI0JIHOM 3apsizie HaHocdeponaa QO U MMKOBOM 3HaY€HUU MHAYHUPOBAaHHOTO TUIOJILHOTO MOMEHTa HaHOchepounaa p,, T) KO-
HevHasi KoHdopmauus noaunentuaa Pl npu Qs u p,, 1) KoHeuHas KoHdopmauus noaunentruaa P3 npu O u p,, €) KoHeuHas
KoHdopManust nonunentuna P3 npu Qs u p, (cunsisi Ipy6ka — 3BeHbst Ala, KpaCHBIM LIBETOM M300paXKeHbI 3BEHbsI ASp).

IIIOM 3apsiic HAaHOYACTULIBI U TIPU HU3KOM KOJIMYe- IIIupuHa oGpa3oBaBiIeiics KOJblieOOpa3HO
CTBE€ 3apsDKeHHBIX 3BEHbEB B Makpolienu (puc. 1B), OIyIIKM MeHSETcs cjiabo, B OTIMYME OT CIydyaeB
OO ITUIOTHO OOBOJIAKMBAIOIIWI ITOJIMAIEKTPOIUT-  cdepudeckoii [20] u, o0coOeHHO, BHITSIHYTOI chepo-
HBII TTOsIC TIpX OOJIBIIIOM 3apsiic HAHOYACTULIBI M MAAJIBLHOM HAHOYACTHUILBI [26], rme mmprHa o6pa3o-
0OJIBIIIOM KOJIMYECTBE 3apsiKeHHBIX 3BEHbEB B MaK-  BaBIIIErOCsI MAaKPOMOJIEKYJISIPHOTO Mosica MOIJIa 13-
poMouekyne (puc. le). MEHSITBCS B IIMPOKUX TIpeaenax IIpyu N3MEHESHUU Be-
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Puc. 2. PacnpenenieHust TMHEHHON TUIOTHOCTA aTOMOB
nonunentuaoB Pl (a) u P2 (6) Bnoab HampaBeHUs OCU
BpallleHUsI CIUTIOCHYTOM cheponaaabHOM 30JI0TOM HAaHO-
4YacTULbI, TOJIyYeHHbIE IO OKOHYaHUI0 M/I-Monenupo-
BaHwus 1ipu TemItepatype 300 K ¢ nepronnyeckum usme-
HEHUEeM TOJIIPHOCTU HaHocdepou1a BIOJIb OCH Bpaiiie-
Hus (1 — B cTapTOBOI KOH(OpMaIIMK, 2 — P MOJHOM
3apsiie HaHoyacTULbl O] ¥ MTMKOBOM 3HAaY€HUM MHAYLIU-
POBaHHOTO AUTIOJIBHOTO MOMEHTA HaHOC(hepouaa p,, 3 —

npu Q3 U p,, 4 —npu Qyup;, 5 —npu Q3 u p;).

JIMYMH TOJIHOTO 3apsiia HAaHOYACTUIIBI, aMILJIUTYIbI
HAMPSDKEHHOCTH BHEIITHETO MEPEMEHHOIO 3JIeKTpUYe-
CKOTO TIOJISI, @ TAKXKe KOJTMYECTBA 3apSLKEHHBIX 3BEHbEB
B Makpouenu. [llvpuHa onosickiBaroleii MaKpomoJie-
KYJISIDHOM OITYLIKJA PacCYMUTHIBAJIAaCh KakK TOJIIIMHA
CJIOST MaKpOLIEITM BOJIN3M MOBEPXHOCTU HAHOYACTHU-
LBl BOOJb OCH BpallleHUsI HaHocdepouaa (BIOJb KO-
TOPOi1 U3MEHSIICSI BEKTOP BHEIITHETO JIEKTPUUIECKO-
ro moist). Ilpu mepenonasspuzaliii MOJOXUTEIBHO
3apsKeHHOTo HaHOchepou1a, 3apsi aTOMOB, PacIio-
JIOXKEHHBIX Ha eT0 ITOBEPXHOCTU B ITPUITOJISIPHBIX 00-
JIACTSX, TIEPUOINYECKH U3MEHSIET 3HAK, a B 9KBaTO-
pHaIbHOM 0071aCTH 00pa3yeTcs MOSIC M3 HAXOOSI X~

p, ka/um’ (a)

)
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Puc. 3. PaguanbpHble 3aBUCUMOCTU TUIOTHOCTHM aTOMOB
nosmnentunoB Pl (a) u P2 (6) Ha MOBEpXHOCTHU CILIIOC-
HyTOIl chepOonIaTbHOM 30J0TOM HAHOYACTHUIIBI, IMOJIY-
YeHHbIE 110 OKOHYaHWI0 M/I-MonenrpoBaHus MPU TeM-
neparype 300 K ¢ mepponnyeckum M3MeHEHUEM ITOJIsIp-
HOCTM HaHocdepouma BOOAb ocu BpaiueHus (1 — B
CTapTOBO# KOH(popMaLyK, 2 — IIPU MOJTHOM 3apsiie Ha-
HOYaCTULBI O U TMKOBOM 3HAYE€HUU MHIYLMPOBAHHOIO
JIUITOJIBHOTO MOMEHTa HaHocdheponaa p,, 3 — npu Q3 1
Py, 4—npu Oy upy,S—npu Q3 upp).

¢ Ha TIOBEPXHOCTH aTOMOB MeTajllla, KOTOpEIe He
M3MEHSIOT 3HAK 3apsma MpH MePUOTNIECKOM U3Me-
HEHUM TOJIIPHOCTU HaHocdhepouaa U Bcerma ocTa-
IOTCSI TIOJIOXKUTEJIBHO 3apsiKeHHBbIMU. YeM BBIIIIE 11071~
HBIH 3apsiI HAHOYACTUIIB T MEHBIIIe aMILTATYIAa BHEIII-
HEro MepeMEHHOTO D3JeKTPUYECKOTO TIOJs, TeM
OoJTBITIE IMIMPUHA DTOTO T10sIca, KOTOPAsT OTIpeAeIIsieT-
Cs1 TIO pe3yJibTaTaM CyMMUPOBAHUS MapIUATbHBIX 3a-
pSIIOB aTOMOB Ha TOBEPXHOCTU CILIIOCHYTOTO HaHO-
cheponna, pacpenesIeHHBIX COTIACHO BBIPAXKEHHUSIM
(24) n (25). B tanHOM NosIce 3apsKeHHBIX aTOMOB Ha
TMOBEPXHOCTH HAHOYACTHUIIHI aACOPOMPYIOTCS 3apsi-

KOJUTOUOHBIN >XYPHAJT Ne 1
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KEHHBIE 3B€HbSI MAKPOMOJIEKYJIbI IOJIUAJIEKTPOJIMTA.
IToaToMy HIMpHHA OIOSICHIBAIOIIEH ITOJIMIIEKTPO-
JIMTHOI OITYIIKY TeM OOJIbIIIE, TeM OOJIBIIIE 3TOTO MO~
siCa Ha ITOBEPXHOCTH HAHOYACTHUIIBL. Y CIIIOCHYTOTO
chepouna Mpu U3MEHEHUM MOJIHOIO 3apsiia U Ju-
IMOJILHOIO IIMPUHA TaKOIo Iosica MEHsIach Cl1abo
cornacHo ¢opmynam (24) u (25), a cam nosic OBLI CO-
CPEedOTOUYEH OKOJIO 3KBaTOpa Ha Kpar HaHochepou-
Jla, €CIM CMOTPETh Ha HEro BIOJIb OCU BpalllecHMUSI.
I[TosToMy M TONIIMHA MOJUBJIEKTPOJUTHOIO CJIOS
JUIST pacCMOTpPEHHOro HaHocdepouma BOIU3U TTO-
BepXHOCTHU ObLIa okoJjio 1 HM. Ha moBepxHoCcTH che-
prdecKoii HaHodacTrbl pagmyca 1.5 um [20], KoTo-
pblii paBeH IJIMHE MAJIOU MOJYyOCU PACCMOTPEHHOIO
CIIIOCHYTOr0 HaHOoc(epouraa, TOJMIIUHA TTOJIUIJICK-
TPOJIUTHOTO CJIOSI JOCTUTAJIa 3HAYEHUIT Oojiee 2 HM.
Ho Haubosee CUIBHO TOJIIMHA TOAUAIIEKTPOIUTHO -
ro CJ0os M3MEHsSUIach Ha ITOBEPXHOCTH BBITSIHYTOTO
HaHocdepouaa [26] ¢ 60JbIIOHI ITOJIYOCHIO IJIMHONI 6
HM 1 MaJILIMU TTOJIyOCSIMU JUTMHOM 1.5 HM. B manHOM
cilydae ero IIMpHUHA U3MEHsUIach ot 1.5 1o 6 HMm.

I1pu MonepoBaHUM TIPU pa3IUIHBIX KOMOMHA-
LIUSIX TTOJTHOTO MOJIOXKUTEILHOIO 3apsiaa HaHOCGhEepOo-
WA OTPUIATEIBLHO 3apsKeHHBIX MOIUIIEIITUIOB J10-
6aBIIsLIOCH OT 3 10 167 MOHOB TOTO WJIM MHOTO 3HaKa.
Taxk Kak naHHBIE MOHBI ObLUIN pacIIpeaeIeHbI CITydaii-
HO MO BCeil sgueiike MOAeJIMpOBaHusI, TO Ha TIOBEPX-
HOCTH 3apsIKEHHOTO HaHOChepouia MU MaKpoLeTu
MMOIUAJICKTPOJINTA aACOPOUPOBAIUCH JIUIITh HEKOTO-
pble U3 HUX. bonblias 4yacTh MOHOB XaOTUYECKU Me-
peMeliajgach Ha 3HAUUTEJIbHOM PACCTOSIHUM OT Ha-
Hocdeponna ¢ agcopOMpOBaHHBLIM Ha HEM IIOJIH-
MeTTUAOM. DTO IIPOUCXOANIIO IIOTOMY, YTO 3apPSIabl
MaKpolIlelu 1 HaHocdepoura YaCTUYHO KOMIIEHCH-
poBajIu OpyT Apyra, a TakKe M3-3a TOro, 4YTO C YBEJIU-
YeHHEeM PACCTOSTHUS OT HaHOC(depou1a B BOAE dJIEK-
TpUYECKOE I10JIe TMOPUIHOW HAHOCUCTEMBbI 3HAUYU-
TEJIbHO CHIKAJIOCh, OKa3bIBas 3HAYMMOE BJIMSHUE
TOJBKO Ha OJIM3KO pacroJIoXXeHHBIC MOHEIL. [1pn m3-
MEHECHUU OUITOJIBHOI'O MOMEHTA HaHO4YaCTULIbl HE-
KOTOPBIC 13 OOIIIETO YKCJIa MOHOB aAcopOMpPOBaIUCh
B IPOTMBOMNOJIOXKHO 3apsIK€HHOM B JaHHBIII MOMEHT
BpeMeHHU 00JIaCTH CILUTIOCHYTOTO HaHocdepouaa, To
€CTb OT/C/IbHBIE MOHBI IEPUOANYSCKNA CMEIAJINCh OT
OIHOTO MOJIIoca K Apyromy. B 11eJ10M mpoTUBOMOHBI
HE€ OKa3bIBaJIU 3HAYUMOTI'O BIIUSIHUSA Ha ancop6umo
MaKpoLeN U ee KOH(pOpMalIMOHHbIE NU3MEHEHMSI.

Ha puc. 2 (xpuBble 2—3) u puc. 3 (KpuBbie 2—23)
M300pakeHbl paclpeacaeHUs TMHEHON MIIOTHOCTU
aromoB noaurnentuaoB P1 (puc. 2a) u P2 (puc. 206)
BIOJIb HAIpaBJICHUsI OCHU BpalllcHUSI CILIIOCHYTOTO
HaHocdepouma U paguajibHble 3aBUCUMOCTU IILIOT-
HOCTHU aTOMOB 3THX K€ MoJIMNenTuaoB (puc. 3), mo-
JIydeHHBIE TT0 OKOHYaHUIO MOACIMPOBAHUS TIPU TEM-
nepatype 300 K ¢ neprogmyeckuM M3MEHEHUEM I10-
JIIPHOCTU HAHOYACTMIIBI NPU MUKOBOM 3HAYE€HUU
WHIYLIUPOBAHHOTO AUMOJBHOIO MOMEHTa HaHOC(he-
pouna p,. BugHo, 4To npu yBeJIUYeHUU TTOJTHOTO 3a-
psiZa HAHOYACTHMIIBI MPOGUIb paclpeacaeHUs JIr-
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HEWHOM NMJI0THOCTU aToMoB nosunenTtuaa P1 mocre-
TIEHHO cyxaeTcs (puc. 2a) K LIEHTpY HAaHOYACTULIbI, a
Mnpoduyib paauajbHOro pacHpeneieHusl MIOTHOCTU
aromoB noymnentuna P1 (puc. 3a) mpu 3ToM cxkuma-
eTcs K Kparo HaHocdepouaa, eciid CMOTPETh Ha Ha-
Hocepoua BIOJAb OCH BpallleHUsl. DTO TOBOPUT O
TOM, YTO MPHU YBEJIUYEHNUU MMOJHOTO 3apsiia HaHOYa-
CTULIBI MAaKPOMOJIEKYJISIPHOE KOJIBLIO CYXaeTcs U CTa-
HOBUTCS OoJiee TUIOTHBIM. [Tpu MakcuMaaIbHOM 3Have-
HUU MOJIHOTO 3apsina (O, HaOI0AaeTCs CaMblil BHICOKUIA
MUK JIMHEWHON TJIOTHOCTH aToOMOB nosunentuaa Pl
BOJIM3M Hayaja KoopauHat (puc. 2a, Kpusas 3), 4TO
COBETYET 00pa3zoBaHUIO Y3KOTO U TJIOTHOTO MaKpoO-
MOJIEKYJIIPHOTO KOJIblia B 9KBAaTOPUATIbHOI 00J1aCTH.

st monunienituaa P3 mpu yBenmyeHUM MOJIHOTO
3apsga HaHocgepouaa U IIPU IIMKOBOM 3HA4YeHUU
WHIYLIUPOBAHHOTO AUMOJBHOIO MOMEHTa HaHOC(he-
powuna p, HabaomaeTcst CXOXU i XxapakTep U3MEeHEeHU
JmHeitHoro (puc. 20) 1 pamuanabHOro (purc. 30) pacrpe-
JIeJIEeHVI TUIOTHOCTHM aTOMOB MaKpOLIeTId 1, COOTBET-
CTBEHHO, MEPECTPOMKI KOH(MOPMALIMOHHOM CTPYKTY-
pPBI OIMOSICHIBAIOIIEH MOJMUAICKTPOIUTHOMN OITyIII-
ku. OnHako, Ha KpuBoil 2 (puc. 20) BUIHO, 4YTO
MpodUIIb TMHEHHOIO pacipeacaeHsI INIOTHOCTU aTo-
MOB MaKpOMOJIEKYJIbl HEMHOTO CMeEIleH B 00J1acTh
OTpHULIATEJILHBIX 3HAYSHU I 110 OCcU abc1rcc. DTO CBSI-
3aHO C TeM, YTO M3-3a 0oJjiee BHICOKOIO II0 CpaBHE-
HUIO C APYTUMU IOJIUIIETITUIAMH KOJIMIECTBA 3apsi-
>KEHHBIX 3B€HbeB B nojunentuae P3 mpu nepenossi-
pu3anuy HAHOYACTULIBI MPOUCXOIUT CMEIIeHUE
00pa3oBaBIIETOCS MOJHUAJEKTPOIUTHOIO KOJbla
BIOJIb OCU BpallleHUsI HaHocdepouga. DTo BUIHO
Ha puc. 4a u 40, rae n3o06pakeHbl KOHGOPMAITUOH-
HBIE CTPYKTYphl nojmnentuaa P3 Ha moBepxHOCTH
CIUTIOCHYTOI chepounaabHON 30710TOM HAHOYACTU-
LBl Ha TTOC/ICAHEM epUOAe MOACIUPOBAHUS C IIEPU-
OONYECKMM M3MEHEHNEM MOJISIPHOCTH IIPU TEMIIEpa-
type 300 K B MOMEHTBI BpEMEHHU, KOIJa €€ AUIO0JIb-
HBIII MOMEHT HMMeEeT MaKCUMaJIbHOe 3HaueHue U
HampasJIeH B pa3HbIe CTOPOHBIL.

I1pu yBean4eHUM IIOJIHOTO 3apsiga HAHOYACTUIIBI
TaKMe KoyiebaHusl BOOIb OCH BpallleH!sI HaHOC(epo-
Waa CTAaHOBUJIMCH BCe MeHbIIe (puc. 4B). ITO XOpPO-
III0 BUIHO Ha pUC. 5a, e n300paxKeHbl pacIipeaeiie-
HUS JIMHEIHOM TUIOTHOCTHY aTOMOB ItouItentuaa P3
BIIOJIb HAIIpaBJIECHMsI OCHU BpallleHUs CILUTIOCHYTOM
cheporIaIbHOM HAHOYACTUIIEI Ha TOCJIEIHEM ITepy-
oJle MOIEIMPOBAHUSI C TIEPUOANIECKIM U3MEHEHEM
ee noJisipHocTu Ipu TeMItepatype 300 K u mpu muko-
BOM 3HAYEHUU WHAYLIUPOBAHHOTO AUIIOJBHOTO MO-
MEeHTa p,. BunHo, yTo npodunu pacnpenaeaeHuit -
HEeWHO MJIOTHOCTY aTOMOB MOJUIIENTHIA ITPU pa3Iny-
HBIX HaIlpaBJIEHUSIX TUTOJBHOTO MOMEHTA CMEIICHDI
OTHOCHUTEJILHO Hayajla KOOpAWHAT TeM CUWIbHEe, YeM
MEHbIIIe MOJIHBIN 3apsia HaHOYacTUlIbI (puc. 5a). Ta-
KOl XapakTep CMELIECHUS TTOJIMAJICKTPOJIUTHOM OITylII-
KU BIOJIb OCU BpateHus mpu TemmepaTtype 300 K Ha-
Oromajicsl TOJBKO IS mojmnentuaa P3 u cBsizaH ¢
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(6)

Puc. 4. KoHndopmauoHHbIe CTPYKTYpbl IMOJUIIENTHAA
P3 Ha moOBepXHOCTH CILTIOCHYTOM C(heporaaibHOIT 3010~
TOI HAHOYACTHUIIBI Ha TTociIeqHeM repuoae M/ -monenu-
poOBaHUS C MEPUOIUYECKUM M3MEHEHUEM MOJSIPHOCTU
npu Temiiepatype 300 K B MOMeHT BpeMeHH, KOTIa ee I1-
TMOJIbHBIM MOMEHT UMEET MaKCUMaJIbHOE 3HaYeHue (BUL
CcOOKY): a) AMIOJIbHBIA MOMEHT HaHOYACTULIbl HAIpaB-
JIEH CHU3Y — BBepX IIpu Q] U p;, 6) JUIOJIbHBIA MOMEHT
HaHOYACTULIbI HAaMpaBJeH CBEpXy-BHU3 1pu O U p;, B)
JIUMOJIBHBIM MOMEHT HaHOYACTUIIbI HAINpaBJIeH CBEPXY-
BHU3 IpU 03 U p, (CUHAA TpyOKa — 3BeHbd Ala, KpaCHBIM
IIBETOM U300pakeHbI 3BEHbsI ASp).

TE€M, YTO CWJIbI, AEMCTBYIOIIIME HA HETO CO CTOPOHBI
3apsKEHHBIX BCJIEACTBUE MOJSIpU3allUd TIPUITOJISIp-
HbIX objacTeii, HanboJiee 3HaUUTeNbHbIE. Takue xe
CMEIIEHMS KOJIbIIeOOPa3HOM OIYyIIKHN HAOJIOIaINCh
Takke 1151 moaunentuaoB Pl (puc. 5B) u P2 ipu Tem-
neparype MonemmpoBaHus 600 K, a misg mommmnenTuaa
P3 npu temmiepatype 600 K oHM ObLIH €111e SIpY€e BbI-
paxkeHBbI (puc. 50), Tak KaK Ipu 00Jiee BLICOKOI TEM-
neparype u3-3a 0oJjee JErkoro npeoaoaeHus MOTeH-
LAaIbHBIX OapbepOB KOH(OPMAILIMOHHAS CTPYKTypa
MaKpolenu Moj BO3AEUCTBUEM MEPEMEHHOIO 3JIeK-
TPUYECKOTO ITOJISI U3BMEHSLIACh JIETUeE.

B ciiygae monenupoBanus ripu Temrrepatype 300 K ¢
MUKOBBIM 3HAUYeHUEM MHAYLIMPOBAHHOIO TUTTOJIBHO-
ro MOMEHTA CILUTIOCHYTOTO 30JI0TOr0 HaHOoC(epouaa

P, Tiepectpoiika KOH(MOPMallMOHHOM CTPYKTYpbl aji-
COpOMPOBAHHOM MaKpPOMOJIEKYJIbI CO CMEILIEHUEM 3BE-
HbEB B 3KBaTOpMaJbHYIO 00JacThb ObLIa BhIpaxkeHa
cimabo. M3-3a ManbIXx 3HaYeHWIA HaBEASHHOIO V-
IMOJIBHOTO MOMEHTa HaHochepouaa Cujl, 1eiicTByIO-
IIUX CO CTOPOHBI MHAYLIMPOBAHHBIX B TTPUIIOJISIPHBIX
00JIaCTSIX 3apsiI0B Ha MAKpOLENb, OBLIIO HEIOCTATOU-
HO JIJIs1 TPeonoJieHs BaHAepBaaIbCcoBa U JIEKTPOCTA-
TUYECKOTO, OOYCIIOBJIEHHOTO TTOJTHBIM 3apsiIoM HAaHO-
YaCTULIBI, IIPUTSDKEHUSI MAaKPOMOJIEKYJTBI K TTIOBEPXHO-
ctu. IToaToMy M3MEeHEeHMs Ha KPUBBIX JJUHEWHBIX (pHC.
2, KpUBBIE 4—5) U pagualibHBIX (pUC. 3, KpUBbIe 4—.5)
pacrpeneaeHni He TaKue SIpKUe, KakK B cJlydae MoJie-
JIMPOBaHUSI TIPU MTMKOBOM 3HAaUY€HUM MHIYLIUPOBAH-
HOTO IUTMOJILHOTO MOMEHTa HaHocdepouaa p,. Ilpu
STOM JIMHEMHbIE W pagralbHbIe 3aBUCUMOCTH IIJIOT-
HOCTM aTOMOB MAakKpOLIENW H3MEHSIOTCS CHIbHEE
rpu 60Jiee HU3KOM 3HAUYeHMH TIOJIHOTO 3apsiia HAaHO-
yactulbl (puc. 2 u 3, KpuBkle 4—5). Ha rpaduke au-
HEMHBIX pacnpeaeeHU TIIOTHOCTU aTOMOB MOJIU-
nentuaa P3 (puc. 26, KpuBble 4—5) BUITHO TOSIBIE-
HHME TIMKa B pailoHe 3KBaTopa, YTO TOBOPUT 00
oOpa3zoBaHUM KOJjiblicoOpa3Hoi omymku. [Ipu sToM
Takou 3(h(EeKT y MOJUNENTUAOB ¢ 0oJiee HU3KUM YUC-
JIOM 3apsDKEHHBIX 3BEHBEB BEIPAXKEH 3HAYUTEIBHO Clla-
Oee (puc. 2a, KpuBble 4—5). Ha rpacduke panuaibHbIX
pacripefieJIEeHUii aTOMOB TTOJIUMEINTUIOB (pUcC. 3, KpU-
BBIe 4—5) HaOIogaeTCs YaCTUIHOE CMEIeHUEe 3Be-
HBEB MaKPOILIEIH K 9KBaTOPy, HO IIPU 3TOM, B OTJINYNE
OT clly4yasi MOJEJIMPOBaHUS TIpU MUKOBOM 3HAYECHUU
VHIYIAPOBAHHOTO JUIIOJIBHOIO MOMEHTa HaHOC(epo-
una p, (puc. 3, kpusble 2—3) B MPUITOISIPHBIX 0OJIACTSX
OCTaeTcsl JOCTAaTOYHO OOJIbIIIOE KOJMYECTBO aTOMOB
aIcOpOMPOBAHHBIX ITOJIMIICITUIOB.

B cayyae M/I-MonenrpoBaHUs IIpU TeMIepaType
600 K ¢ TMKOBBIM 3HaY€HUEM UHAYLIMPOBAHHOIO A1~
MMOJIBHOTO MOMEHTA CIUIIOCHYTOTO 30JIOTOrO HaHO-
chepousia p, NMOIUIIEKTPOJUTHASL OIyIIKA COBEp-
mIaja repuoandeckKre KojaeOaHs BIOIb OCH Bpalie-
HYSI, HO OHM, B OTJIMYME OT MOACIUPOBAHUS IIpU
MUKOBOM JUIMOJIBHOM MOMEHTE p,, HE MPUBOIWIU K
3HAYUTEJIbHOMY CMEIIEHHUIO BCEll MaKpolleln. Tak,
Ha pUC. 5T BUTHO, YTO IPU U3MEHEHUH HAIIpaBJICHUS
JIUIIOJIBHOIO MOMEHTA CIUIIOCHYTOro HaHoc(depou-
Ia HaOJIomaeTcs yBeIWYeHUE JIMHEHHOM MJIOTHO-
CTH aTOMOB TIOJIMTIETITHAA TO Ha OTHOI, TO IPYTOM IO~
JIOBUHE HaHOc(depouaa, pa3aeJeHHON 3KBaTOPOM.
I1pu 3TOoM B 1eoM NpodMiib IMHEMHOTO pacIipeae-
JICHUSI aTOMOB ITOJUAJIEKTPOJIUTA HE CMeIlajcsd, B
OTJIMYKE OT CJIy4dasi MOACIMPOBAHUS IIPU IMUKOBOM
3HAYEHUM WHAYIWPOBAHHOTO IUIIOJIBHOIO MOMEHTA
HaHocdepouaa p, (puc. 5a—58).

Takum 06pa3oM, B Cllydae METAIMYECKUX HAHO-
yactull (Ag, Au), paccMaTpuBaeMbIX Hike B M/JI-mo-
JIeJIMPOBaHUM, IJIsI pacdeTa IepeMeHHbBIX MoJIei B 1ya-
na3oHe yactoT nopsiaka 10°—10' 11 MOXHO UCTIONB30-

BaTh CTATUUECKHe ToJsipusyemoctn o )((n) — oY (0)
HAHOYaCTUII KaK cpeponIaabHON, TaK U J1000it Ipy-
KOJUIOMIHBIN XYPHAJ

TOM 85 Ne 1 2023
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Puc. 5. Pacnipenenenust TuHetHOM M10THOCTU aToMOB nosunentuna P3 (awm 6) u P1 (B, T) Bnosib HarpaBjieHUsI OCU BpallleHUsI
CIUTIOCHYTOM chepounaabHOil 30J0TOI HAHOYACTHULIBI Ha MocaeaHeM nepuoae M/I-MoneMpoBaHus ¢ NEPUOAUYECKUM U3Me-
HeHueM ee nossipHocTu ripu Temmepatype 300 K (a) u 600 K (6, B, T) mpu TMKOBOM 3HAYEHUN MHAYLUPOBAHHOTO JUIIOJIBHOIO
MOMEeHTa HaHocdhepouaa p; (a, 6, B) u py (r). Hudpamn 0603HaYeHBI pacnpenesieHUs TUHENHO TUIOTHOCTH aTOMOB IO OKOH -
YaHUIO BpeMeHHOro otpe3ka M/JI-mozaenrposanus ¢ mapamerpamu: 1) +0.97pu 0y, 2) —0.97p u Qy,. 3) +0.97pu 0,, 4) —0.97p

u Q,,5)+0.97pu 03, 6) —0.97p u Q5.

roii popmel. [Ipu 3TOM TOUHOE BBIpaxkeHUE IJIS TI0-
TeHILIMAaJIa I10JIs1 BHe He3apsikeHHoro (Q = 0) npoBo-
ISIIEer0 CIJIIOCHYTOTO 3JUJIMIICOMIAa BpallleHUs,
CIIpaBeIJIMBOE U BOJIM3U IMOBEPXHOCTU YACTUIIbI,
HaxomsIelcs: B MOCTOSTHHOM BHEIIIHEM OIHOPOIHOM
noJje £, napajuieJIbHOM OCU Z MpUHUMAET BUL, [28]

a-c a-c
3 —arctg, [—
e c + c +
¢ €M) = ~Eye|1-LCEE i)
a a
\/—2 -1- arctg\/—2 -1
c c

Torna nmoreHuMAan qf‘”(&,n; f) COOTBETCTBYIOIETO
MEPEMEHHOTO NOoJis BHE cheporsia MOXHO 3anucaThb

KOMJIOVAHBIM JKYPHATT  TomM 85 Nel 2023

kak 0”& 1) = ¢ n)exp(—iwr). Bramu or mo-
BEPXHOCTHM He3apsLKeHHOTo cdepouma, B COOTBET-
ctBuu ¢ (4) momydaeMm

09(r,1) = [—Eor + oc(j)(O)EOr/r3] exp(—ior).

Kak yxe oTMeuanock B pa3aene 2, YaCTOTHBIE 3a-
BUCHMMOCTU JUITOJBHBIX TMOJSIPU3YEMOCTEN Olg(W) U

o’ (®) CTAHOBSITCSI CYILIECTBEHHBIMU B CIIy4ae HAHO-
YaCTHIL C OTHOCHUTEIIFHO HU3KOM 3JIEKTPOIPOBOIHO-

cbio 6, opsznka 10°—10" ¢!, [IpoBoxMMOCTb TaKO-
o MOPSIAKA TUMTMYHA UISl YUCTBIX UM C1ab0JIerupo-
BaHHBbIX Ge MOJympoOBOLHUKOB. [Ipu agcop6uuu
MOJIMMEPOB Ha ¢1a60JIeTMPOBAHHBIX MOJYIIPOBOI -
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HUKOBBIX HAHOYACTHIIAX TOSIBIISIETCSI BO3MOXHOCTD
OoJiee TMOKOTO BO3ASHCTBUS HA KOH(MOPMAIIMOHHBIC
repexoabl B MaKpOILEITHOM OITylIKe IepeMEHHBIM
SIIEKTPUUYECKUM MOJIEM U3MEHSIEMOIT YaCTOTHI B TUa-

nazone 10°-10" It

B pesyabrate M]I-mMomenupoBaHUsS OTHOPOIHO
3apsKEHHBIX MOJIUMENTUIOB Ha TIOBEPXHOCTU MPOTU-
BOIIOJIOKHO 3apsiKEHHOM CIUTIOCHYTOM cdhepounaib-
HOI 30JI0TOM HAHOYACTHUIIbI B IEPEMEHHOM BJIEKTPU-
YECKOM T10JI€ TIPOUCXOAUIN 3HAYNUTETbHbIE U3MEHEHMS
KOH(pOPMAIIMOHHOM CTPYKTYPHI agcoOpOMpPOBaAHHOMN
MaKpoLIeTd MOJIUBJIEKTPOINTA, KOTOPhIE 3aBUCEIN OT
aMIUTUTYIbI BEKTOPa HAMPSIKEHHOCTU BHEIIIHETO TIepe-
MEHHOTO 2JIEKTPUUECKOTO MOJIs1, BEIMYMHBI TTOJTHOTO
3apsiia HaHochepouia, a TakKKe OT YKCa 3apsiKeH-
HBIX 3B€HbEB Ha €AVMHUILY JIJIMHBI MAKpOIIETH.

I1pu Hu3koit Temriepatype M -MoneanpoBaHus
1 BBICOKOM ITMKOBOM 3HAY€HUM WHIYLMPOBAHHOIO
JUTIOJIbHOTO MOMEHTA CILUTIOCHYTOTO METAJIINYECKO-
ro HaHocdepouIa B €ro 3KBaTOPUAILHOI 06JacTu
0o0pa3oBbBIBaIaCch y3Kasl KOablieoOpa3Hasl MoJIM3JIeK-
TPOJUTHAs OITylIKa. [TJIOTHOCTh aTOMOB MaKpoOLenu
B DTOM ONYIIKE YBEIWYMBANach IMPU YBEIUYECHUU
MOJIHOTO 3apsiaa HaHOC(epouaa U KOJIMIecTBa 3aps-
JKEHHBIX 3BeHbEB HA AUHUILY JJIMHBI TTOJIUBJIEKTPO-
smta. [1pu yMeHbIIIeHUH IO 3apsSKEHHBIX 3BEHbEB
B MOJU3JEKTPOJIUTE U MOJHOIO 3apsiia HAHOYACTH-
LIbI OTTOSICBIBAIOIIIAST KOJIbLIEOOpa3Hast MaKpOMOJIEKY-
JISIpHAas OITyIIKa CTAHOBWJIACH GOJIee PHIXJION.

IIpu BBICOKOIT Temmepatype MJI-mMomeanpoBa-
HUSI U1 BBICOKOM TTMKOBOM 3HAaYe€HUW WHAYLIUPOBAH-
HOTO JUMOJILHOTO MOMEHTa HaHoCchepouraa AJIsl BCexX
pPaccMOTPEHHBIX ITOJIUIIECTITUAOB, a IJIs [IOIUIICIITUAA
C HaMOOJIBIIMM KOJIMYECTBOM 3apsKeHHBIX 3BEHHEB
1 MIpU HU3KOI TeMmrieparype, HaGloaaJIuch Nepuo-
JNYECKUe CMellleHUsT 00pa30BaBIIErocsl y3KOro Mak-
POMOJIEKYJISIPHOTO KOJblla BIOJb OCH BpallleHUS
CILUTIOCHYTOTO 30JIOTOrO HaHOC(hepouIa BCJIe 3a N3Me-
HEHMEM HarpaBJICHUST BEKTOPA TTOJISIPU3YIOLIETO 3JIeK-
TPUYECKOTO TOJIsI. AMIUIMTYda Takux KojiebaHuM
KOJIbIIeOOPa3HOil MMOMU3IEKTPOIUTHOM OITYIIKA ObI-
JIa TEM BBIIIE, YeM MEHbIIE ObLI ITOJIHBIIA 3apsia Ha-
HOYACTUIIbI U OOJIbIIE A0S 3apsS>KeHHBIX 3BEHHEB B
MaKpOLIETIH.

B ciyyae M/I-monenupoBaHusl MpU HU3KOM TTU-
KOBOM 3HAY€HUW UHIYLIMPOBAHHOIO AUTIOILHOIO MO-
MeHTa HaHoC(hepOomnIa U HU3KOM TeMriepaType Tporc-
XOIWJIO YaCTUYHOE CMEIIeHNEe 3BEHBEB ITOJIMIJICK-
TPOJIUTA U3 MPUITOJSIPHBIX 00JacTeil CIUTIOCHYTOIO
HaHoc(epouaa B ero 3KBaTopuajbHy10 00J1acTb, KO-
TOpOE OBLIO TEM CHJIbHEE, YeM ObLT MEHBIIIE TIOJTHBII
3apsaa HaHodacTUIlbl. [1py yBelmueHn TeMITepaTyphl
MPOUCXOAWIN TIEPUOANYECKUE M3MEHEHUsI KOH(POp-
MallMOHHOU CTPYKTYpbl aJICOPOMPOBAHHOIO MOJIM-
3JIEKTPOJIUTA, MPUBOASIINE K YACTUUHOMY CMEIIEHUIO
3BEHBEB U3 OIHOM MOJIOBUHBI HAHOC(hEpOHIa B IPYTYIO.

5. BAKJIIOYEHUE

B nmanHoOli paboTe aHamM3MpoOBajach KOHEYHas
KoHdOopMaLus noaunenTyuaa. Beineauts sHTponuii-
HEBII1 (haKTOp caM I10 cede IMpHu BhIIToIHeHur M /I-mo-
JIeTMPOBaHUSI CI0XHO, TTOCKOJbKY B X0 IIPOBEae-
HUSI TAKOTO MOAEIUPOBAHUSI TIOMUMO y4eTa B3auMO-
JIEeMCTBUS 3apsIoB LM C MOJeM MOJISIpU30BaHHOMN
HaHOYACTUIIbI YYUTHIBAIUCh U OOBEMHBIE B3aMMO-
NIeCTBUS 3BEHbEB APYT ¢ ApyroM. MJI-MonenvpoBa-
HUE JaeT pe3yJIbTUPYIOIIYI0 KapTUHY 0e3 pas3jloxe-
HUSI Ha OTAEIbHBIE COCTaBJISIONINE, CBSI3aHHbIE C 9H-
TPONMUIHBIM, JMOO  CWJIOBBIMU  (paKkTOpaMu.
OueBUIHO, YTO HAOJMIOOAaeMOE CMEIIEHIE 3BEHbEB B
HEKOTOPYIO 00J1acTh (pparMeHTa IMOBEPXHOCTH HAHO-
chepoura oTpaxkaeT M pesysibTaT ASHCTBUSI SHTPO-
MUitHOTO (paKkTOpa, MPEISITCTBYIONIETO OMHOCTOPOH-
HEeMY CMEIIIEHUIO CeTMEHTOB MaKpollenu B IoJe. To
€CThb IIPpU BOOOpakaeMOM “OTKIIOUEHUN’ SHTPOIUI-
HOTro (pbakTopa yKa3aHHbIE CMEIIeHHs 3BEHbeB ObLIN
OBl elie 0osee SIPKO BhIpaXXKeHHBIMU. B mpenioxeH-
HOU aHATMTUYECKON MOJEIN SHTPOINMUIHBIN (haKTop
¢dopMuUpyeTCs Ha OCHOBE aHajn3a KOH(MOPMAaLIOH-
HOI CTaTUCTUKHU TayCCOBOH I1IeNH, T.€. B IIpeHeOpe-
KEeHUU OO0beMHBIMU B3ammoneiictBusiMmu. Ilo aToii
MIpUYMHEe, TPeacKa3aHUs aHaJIUTUYSCKON MOIenun
clienyeT paccMaTpuBaTh KaK HOCSIIHNE KadeCTBEH-
HBII, MWJTIOCTPATUBHBINI XapakTep. OHU OyIyT COOT-
BETCTBOBAaTh PEAJIbHOM CHUTyallud TeM B OOJIbLIEH
CTeNeHM, YeM 0oJiee IIprueMIIEMO OyIeT CTAHOBUTh-
csl MOZAEIb raycCoOBOM Ilienu (XOpOIIWA pacTBOPHU-
TeJIb, MaJIble, WM CKOMIIEHCUPOBAaHHBIE OObEMHBIE
B3aMMOJICKCTBUS 3BEHBEB).

Takue kKoH(pOpMALIMOHHBIE U3MEHEHUS 3apsDKeH-
HBIX TOJW3JIEKTPOJINTOB, aICOPOMPOBAHHBIX Ha ITO-
BEPXHOCTU MPOTHUBOIIOJIOXHO 3aPSIPKEHHOMN CILIIOCHY -
TOM METAJUIMYECKOM HAHOYACTHUIbI, MOI BO3OEli-
CTBHEM BHEIIIHETO NMEePEMEHHOI0 3JIEKTPUYECKOIO
MOJSI UKW 3JIEKTPOMATrHUTHOTO M3JYYEHUS MOTYT
HaWTU NpUMEHEHNE MPU CO3MAaHUU U YIYJLICHUU
XapaKTepUCTUK CEHCOPOB M HAHO30HIOB, paboTa
KOTOPBIX OCHOBaHa Ha 3((eKTe TMraHTCKOro KoOMOU-
HaAIlMOHHOTIO pacCesiHUsI, a TaKxKe B OPYTUX YCTPOIi-
CTBaxX HAHORJIEKTPOHUKMU.

OPNHAHCUPOBAHUE PABOThHI

HNccnenoBanue BBITOIHEHO IpU (MHAHCOBOI IIOMI-
nepxxke MUHHUCTepCcTBa HayKU 1 BBICILIETO 00pa30BaHUS
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