Jlexuis 8.

MeToa cepeaHBOr0 MOJISA B TE€OPIl MPOCTOPOBO-NEPIOTUUYHHUX CTPYKTYP
3apsi/sKeHNX YACTHHOK HA/l MOBEPXHEK PIAKHUX JlieJIeKTPUKIB

Yacruna 1. Moaear Tomaca-®epmi B Teopii cucreM 3apsizKeHUX YACTHHOK HAJI
NMOBEPXHEI0 PIAKMX JIieJIEKTPUKIB

Ax nmobpe Bimomo (muB. y 1bOMY 3B's3Ky, Hampukiam, [1-4]), y cucremi, mio
CKJIaJIa€ThCA 3 €JIEKTPOHIB HAJl OBEPXHEIO PIJIKOTO Iellifo, B IEBHUX YMOBAaX BUHHUKAIOThH
IPOCTOPOBO-MIEPIOANYHI CTPYKTYPH THUIY JBOBUMIPHUX €JIEKTPOHHUX KPHUCTANIB UM TaK
3BaHUX JIYHKOBHUX KpHCTadiB. TeopeTHuHi MiaXoau 0 OMKUCY TAKUX CTPYKTYP BUXOISTH 3
YSIBIICHHS TIPO TaK 3BaHI «IEBITYrOUi» eleKTpoHu [5]. [IepBUHHUM MOHATTSM MPU TAKOMY
PO3TJISiAI € OMUC EHEPreTUYHOTO CIHEKTpa BIAOKPEMJICHOTO 3apsAay HaJl IMOBEPXHEIO
nienexkTpuka. BimokpemiieHuid 3apsn Haja TOBEPXHEIO JieNleKTpUKa pa3oM 3 Horo
eJIEKTPOCTATUYHUM 300paKEHHSIM Y A1eNIEKTPHUIIl TPAKTYEThCA K OAHOMIPHHUI BOIHEBUI
CTaH 3 BIAMOBIIHUM EHEPreTHYHUM CHEKTpoM. BomHeBoiomnoaiOHa CTPYKTypa CHEKTPY
nepeadayae JIOKaIi3allilo TaKOrO0 KBAaHTOBOMEXAHIYHOrO 00'€KTa B OCHOBHOMY CTaH1 Ha
JesIKiil BiJICTaHi Bijl MOBEPXHI JienekTpuka (mepmuii «0opiBchKuil paaiyc»). Lle, 30kpema,
N03BOJIsIE 3€OUBIIOr0 HE BPAaxXOBYBaTH BIUIMBY HEOIHODPITHOCTEH MOBEpXHI Ha CTaH
BIZIOKpEMJIEHOTO 3apsay. AJie CUCTeMa 3apsiB Ha/l MOBEPXHEIO JII€JIEKTPUKA € CUCTEMOIO
0araTbOX YaCTMHOK. 3 IIl€l MNPUYMHU 4Yepe3 MaNeKOCSKHICTh KYJIOHIBCBKHX CHII
KOPEKTHICTh PO3TJISILY 3apsdiB sSIK BIIOKPEMJICHHX HAaJ TOBEPXHEI0 JIeJeKTPUKA CTa€e
CYMHIBHOIO HaBITh y pa3l Maiaux ryctuH. OcraHHsS oOcTaBUHa pOOUTH MPAKTUYHO
HEMOXJIMBUM 1 PO3paXyHOK €HEPreTHYHOTO CIIEKTPY 3apsiB Ha/ JIEJIEKTPUKOM Y MexXax
METOAY €NIeKTPOCTAaTUYHHUX 300pakeHb. [lyig BUXOAy 3 Wi€l cuTyalii 1O TEHepilIHbOTo
yacy B ONHCI TaKOro pOJAYy CHUCTEM BHKOPUCTOBYETHCS MajiaTUBHUM MiAXiA. 30Kpema,
BBAXKAJOCS, IO BIAOKPEMJICHUH 3apsia  (SNEKTPOH) 3HAXOMUTHCS Yy 30BHIIIHBOMY
MOJIEIbHOMY TOTeHIiam. JlaHuii moTeHIian €, Mo CyTi, KyJOHIBCBKUM ITOTEHI[IAJIOM,
MOAM(IKOBaHMM 3a JOTOMOTOI JIBOX IMMJATOHOYHUX KOHCTaHT. [li KoHCTaHTH
MOB'SI3YIOThCS 3 KIHIIEBUM 3HAYEHHSM IMOBEPXHEBOTO MOTEHIIIHHOTO 0ap'epy Ta KiHIIEBUM
3HA4YeHHSIM IOTEHIlIAy Ha TIOBEPXHi mienekTpuka (nuB., Hanpukiay, [6-8]). Kpim Toro,

TEOPETUYHI poOOTH, TOB'SI3aHI 3 BHUBYECHHSAM Y (PEHOMEHOJOTIYHUX MiAXOAaX



BITHEPIBCHKOI KpHUCTAI3allil €JIeKTPOHIB HaJl MOBEPXHEI0 PIIKOro TeNilo, MepPeBaXKHO
PO3TISAAIOTh CUCTEMY OaraThbOX 3apsAHKEHHX YaCTHMHOK IOOJM3Yy MOBEPXHI PIIKOTrO
JieIeKTpUKa caMme SIK JBOBUMIPHY CTPYKTYpy (muB., Hanpukian, [1, 3, 4]). Buxonsuu 3
BUKJIQJICHOTO BHUIIE CTA€ 3pO3YMLIO, IO MOBHHUM OMUC CUCTEMU 3apsiB HaJl MOBEPXHEIO
TlieIeKTpUKa Ma€ BpaxOBYBaTH iXHiH MPOCTOPOBUI PO3MOALT Y BaKyyMi. SICHO TakoX, 110
eJIEKTPOCTATUYHHI MOTEHITIAN Y CUCTEMI, IO PO3TIISIIAETHCS, € BEIMYUHOIO, Y3TOIKEHOO
3 PO3MOLIOM 3apsIiB HAJl TIOBEPXHEIO JIICICKTPHUKa (CaMOY3ToJDKEHUM I10JIeM). [HImuMu
CJIOBaMH, B TOCJIJIOBHIM Teopii, sKa HEe MICTUTh NapaMeTpiB MiATOHKH, IIed MOTEHIIIal
MOBUHEH 3HAXOJUTUCSA OJTHOYACHO 3 (DYHKIIEIO PO3MOITY 3apsKCHUX YaCTHUHOK Haj
NOBEepxHer0 aienekTpuka. OJHUM 13 METOIIB Teopili CaMOy3rO/DKEHOTO MOJs € METO[
Tomaca-®epMi, po3poOaeHUi I OUCy 0araToeIeKTPOHHUX aTOMIB B OCHOBHOMY CTaHI
(muB., Hanpukianm, [9]). Lleit meron, sk Bijomo, OGa3yeThes Ha piBHsHHI [lyaccoHa, 1o
MOB'SI3y€ €JIEKTPOCTATUYHUI MOTEHINa] 13 PO3MOIIOM €IEKTPOHIB B aToOM1. BaiuBUM y
iii Mojenm aroma OyJio TakoXK YSIBJICHHS IMPO MO3WTHUBHO 3aps/KEHE SIpO aToMa, II0
BPIBHOB@)XYE KYJIOHIBCBKI CHJIM BIJIITOBXYBAaHHA MK €JEKTpOHaMH. Y 3aaayi mpo
PO3IOILI 3apsIiB 1 MOJIB Y CUCTEMI 3apsi/iiB HaJl MOBEPXHEIO JieNeKTprKa (pakTopom, 110
BPIBHOB@)XYE CHJIM BIAIITOBXYBaHHS MK OJHONMEHHO 3apsA/KCHHUMH YaCTUHKAMU, €
MOJIIPU3AIliiHI CHJIM Ta 30BHIIIHE MPUTIATYBAIbHE €NEKTpUUHE ToJie. Take 30BHIIIHE
CIIEKTPUYHE TI0JIe, M0 MPHUTATYE 3apsAau 0 MOBEPXHI 1 BIUIMBAE Ha 1X MPOCTOPOBHIM
pO3MOJi, BUKOPUCTOBYETHCA B EKCIEPUMEHTAaX 31 CIOCTEPEKEHHS BITHEPIBCHKOI
KpHUCTaIi3alii HaJ moBepxHero piakoro refito [3, 4]. OcranHs oOcTaBUHA TPU3BOAUTH JI0
TYMKH TPO OMHUC PO3MOJLTY 3apsiB Ta MOJNIB Yy CHCTeMI 3apsAliB HaJ IOBEPXHEIO
JieNeKTpuKa B pamkax Merony Tomaca-depmi, MOAM(PIKOBAHOTO HA BHIAJO0K TaKHX
cucteMm. Takuii miaxig OyB peanizoBaHuii aBTopamu podotu [10]. V wiii poboti Oyio
pO3B’si3aHE 3aBAAaHHS MPO PIBHOBAXKHUM CTaH 3apsiB HaJ MOBEPXHEI TBEPAOrO
TeNeKTPUKa, K Y MPUCYTHICTh 30BHIITHBOTO €IEKTPUIHOTO TOJIs, SIKE MPUTUCKAE 3apsiin
JI0 TIOBEPXH1, TaK 1 3a HOTO BIACYTHOCTI. 3HAMAEHO MPOCTOPOBI PO3MOJILIN 3apsiiB Ta
MOJTIB Y TaKiil CUCTEMI, SIK Y BUIAJIKY 1/IeaIbHO IMUIOCKO1 MTOBEPXHI, TaK 1 MOPCTKOI, Y TOMY
9HUCIi 3 MPOCTOPOBO TMEPIOAUYHUMH CTPYKTypamMu Manoi amrmunityad. Llg  mjexris

MPUCBSYEHA JEMOHCTpAIlli MOMXJIMBOCTI MOOYMOBH TMIIXOMy MO OMHCY PO3MOJLIIB



OJTHOMMEHHO 3aps/KEHUX YaCTHMHOK 1 MOJIIB HaJ TOBEPXHEIO PIIKOTO MdieNEeKTPHKa B
pamMKax CyTTe€BO y3arambHeHOi mojeni Tomaca-®epmi. B ocHOBI y3araapbHeHHS JaHOI
MOJIeNIl 3aKJIaJeHO BaplallliHUK MpUHIUI, MOAUGIKOBAHUM Ha BUIAJIO0K CHUCTEMH, IO
BUBYaETHCs. Lleil BapiamiiiHuii IpUHIUI JO3BOJISE 3100YTH PIBHSHHS CaMOY3TOKEHHS,

110 3B'SI3YIOTh MAPAMETPHU OMUCY TAKOi CUCTEMH.

1. OcHoBHI 3acagu BapualiiHOr0 NPUHIMIIA
ITepm Hix mnepeiith 1m0 GOpPMYNIIOBaHb BapilalliifHOTO MPHUHIUMITY, BU3HAYMMO

TeOMETPII0 CHUCTEMHM Ta OCHOBHI ii XapaKTepUCTHKHU. PO3rIsHEMO CHUCTEMY TOTOXHHMX

2

YaCTHUHOK 13 3apsjioM Q, Macolw m, CIIiHOM SQ, IMIlyJIbCOM P Ta €HEPIi€K &, =P

2m
3aps/pKeHI YacTUHKMA PO3TAlllOBaHI Yy BakyyMi HaJ TOBEPXHEIO IUTBKU PIIKOTO
JieeKTprKa 3aBTOBIIKK O, 110 Ma€ JieIeKTpUYHY MPOHHMKHICTh £ . BBakaTumMemo, 110
TUTIBKA PIKOTO JIEIEKTPUKA 3HAXOAUTHCS HA TIOCKIA TBEPAIH MIeNEeKTPUYHIN T AKIaIIi

3 J1eJIEKTPUYHOIO IPOHUKHICTIO £, > £ .

E(e) < Ege) " E(e) = Ege) "

[Ipodine moOBepxHI TIUIIBKM PIAKOTO MAI€JIEKTPUKAa OMUCYBATUMEMO (YHKIIIEIO
f(p=E(XY), ne ,oE{X, y} - paaiyc-BekTop y TwiomuHi Z=0 nexkapToBOi CHUCTEMHU
koopauHat {z X Y . IloBepxHi po3giny oOnacteit «1» - «3»y HampsMi KOOPAHHAT
pE{X, y} BBa)XKaTUMEMO  HeoOMmexkeHumu. [1Ilo0  yHMKHYTH  OUTaHb  MIOZO

«PO3IITOBXYBAHHS» OJHONMEHHO 3apsPKEHMX YaCTHHOK B3O0BXK, OyJeMO BBa)aTH, IO



CHUCTeMa 3HAaXOJOUThCS B MOCYAMHI 31 CTIHKaMH mpu O — oo. L{i cTiHKM 3a00pOHSIOTH
3apsaM 3aUIIaTH CHCTEMY.

Hexali Ha yaCTUHKH Ji€ 30BHIIIHE MPUTATYBAJIbHE €ICKTpUYHE Tosie E , HampaBiieHe
y3JI0BXK OCl Z. byaeMo Tako)X BBakaTH, 110 1ICHy€ TOTEHIIHHMI Oap'ep, sIKUil 3a00pOHSIE
NPOHUKHEHHS 3apsi/iiB BHYTPIIIHBO TUIIBKH PIAKOTO AleNEeKTpUKa. Y cl (i3udyHI BETUYHHH,
o Haimexarb g0 mpocropy Z>¢E( 0, OymemMo mo3HayaTH iHAEKCOM «1», (izuyHi
BEJIMYMHH, 10 BIAHOCATHCA 10 AienekTpuaHoi piakoi mwieku (&(p) >z>—d) — ingekcom
«2», Ta (Pi3UYHI BETUYWHU, IO BIIHOCATHCA M0 MICICKTPUYHOT TBEPAOi ITiIKJIATKH
(z<-d) - ingexcom «3».

BBeaemo mami mapaMeTpu ONMUCY CHUCTEMH, IO PO3TIsmaeThcs. B oOmacti «1»

CHCTeMa IIOBHICTIO ONHCYEThCsl (QYyHKIi€ro posmoaimry wactuHOK f,(r), moTeHmianom
exexkTpuyHoro moms ¢ (r), IMO YTBOPIOETbCS CHUCTEMOIO 3apsDKEHHX YaCTUHOK,
MOTEHI{iaJIOM 30BHIIIHBOTO MPUTATYIOUOTO elieKTpocTaTindHoro noist ¢ (r) Ta npodinem
noBepxHi piakoro nienekTpuka ¢( . B oOmacti «2» XapaKkTepUCTHKAMH CHCTEMH
BBAKAIOTHCA Mpodinb MOBepXHi piakoro mienekrpuka (0 1 cyMapHHH IMOTSHINA
enektpuyHoro mnons Ilix  «cymapHHUM»  pO3yMI€EThCS  MOTEHIia]l  30BHILIHBOTO
SJIEKTPUYHOTO TOJIS PIAKOY JIENEKTPUKY 1 MOJIsl, HABEACHOTO 3apsHKCHIMHU YaCTUHKAMH,
mo y ob0macti «l». O6macte «3» XapaKTepU3ye€TbCs CyMapHUM TOTEHINIAIOM
SJIEKTPUYHOTO TIOJISI Y TBEPALH MiAKIa/IIII.

B ocHoBI BapiallifHOr0 MPUHIMIY JISKUTh MOHATTS TEPMOJAMHAMIYHOTO MOTEHIIATY

Q
Q=-S+Y,E+YP+Y,N, (1.1)

7e S - DETPOITisSt CUCTEMH

s=-—9_ [drdp (Z—Zl)sfp(r)ln (ﬂ)sfp(r) [q-(22)

(2m)
(2m) g g b =200 ) (1)

P - CyMapHUM IMITyJIbC YaCTUHOK

R = [drdpf, () p, (1.3)

N - cymMapHO YHCJIO YaCTHHOK y CHCTEMI



N :J'drdpfp (r) (1.4)

1 g MaeTbcs BUPA30M
g=(28, +1). (1.5)
3a3nHauumo, mo 3 HammcaHHi Qopmymu (1.2) mis eHTpomii Ay BHU3HAYEHOCTI
3apsKeH1 YaCTUHKY nepeadadanvcs pepmMioHaMH.
Tepmomunamiuni  mapamerpu  Y,,Y,Y,, mo Bxomare g0 (1.1), mow’sizani 3

TEMIEPATYPOIO T , CEPEIHBOIO MIBUAKICTIO V, Ta XIMIYHUM MOTEHIATIOM 4 (opMyliaMu

TYi ; éu (1.6)
3ayBa)XUMO, IO IIBUAKICTh y Pa3i HEPYXOMOI SIK [JIOT CUCTEMH JOPIBHIOE HYIIO (Hamasi
MU PO3MISIATAMEMO caMe BUIAJIOK V. =0).

Enepriro cucremn E=E(f,¢,¢), ska QYyHKIIOHAIBHO 3aJISKHUTh BiJl IIEpepaxOBaHUX

BUIIIE TAPAMETPIB OMKUCY CUCTEMH, 3aMUIIEMO Y BUTJIISIL:

E=E+E,+E,+E,, (1.7)
ne E, E,, E, - 10AaHKH, 1[I0 BU3HAYAIOTh €HEPTil0 CUCTEMH Yy BCIX BHUIIE MEPEPaXOBaAHUX
obnactsx «1» - «3»ra E, - eHepris 30ypeHOro piIkoro aielekTpuka. Y Bupasi ans E, i3

(1.7),

ﬁIIdp]g dz[ dpf, (r)¢, +depj dz[ dpg” (r) f, (r) + (1.8)

£(p) ¢(p)
+depj dzjdp¢<e> +—jdpj dz(D0g® (r ))
£(e) £(p)
NEepIniA 1 IpYrud JOJAHKH BIAMOBIAHO € KIHETHYHOIO C€HEPTi€I0 CUCTEMHU 3apsKEHUX
YaCTHHOK 1 €Hepriro iX KyJIOHIBCbKOi B3aemomii. Tpetiii gomaHok y Bupasi (1.8) e
CHEpri€l0 3apsA/UKEeHUX YaCTHHOK Yy 30BHIIIHBOMY TIOJIl, YETBEPTE — CEHEPri€l0

30BHILIHBOTO TIOJISL y MPOCTOPI Haj PiaKuM aienexTpukoM (Beanumuu ¢ (r) i ¢9(r) B

(1.8) Bu3HaueHi BUIIE).

Bupaz ans E, (muB. (1.7)) BU3HAUa€ €HEPril0 CyMapHOIO CJIEKTPUYHOTO TOJS B

TUTIBII P1IKOTO Ji€JIEKTPUKa



&(p
E, :§Tjdp J-

—-d

(a0, S=e04eY. (L9
a Bupa3 i E,,
E =gt dedZ(D¢3(r))2, s = 9% +¢. (1.10)

- eHepriro CyMapHOTo eleKTPUYHOTO Mo y TBepAilt migxiaaui. ITix senuunnamu @S i
¢ B (1.9), (1.10MaroThes Ha yBa3i OTEHIIANM eIEeKTPHYHOTO MO B 00J1ACTAX «2»Ta

«3»,HaBeJICHI 3apsaaaMHu, 10 3HaX0AAThCs B 00acTi «1».3a J0IMOMOTor0 ¢£e) 1 ¢§e) y IUX
e ¢opmysiax Mo3Ha4eH1 MOTEHIaau 30BHINIHBOTO €IEKTPOCTATUYHOIO TOJISI B 00J1aCTsIX
«2» ta «3» BianmoBimHo. EHepris E, 30ypeHoro pimkoro mienextpuka (1.7) maerbcs

BHPa3OM

Ef=%de{(Dp§(p))2+Kzfz(p)}, ds=d’p1+(0,¢(p))’,  0,=d/0p  (1.11)

ne y mepuriid ¢opMmyni meprimii 13 IBOX MOJAHKIB SIBIAE COOOI0 €HEpriio 00ypeHoi
IOBEPXHI, a Jpyre — eHeprito o0'eMy JieIeKTpMKa B MO 30BHIMIHIX CcHI (IuB.,
Hanpukian, [Jlangay, ['apoaunamikal). Jlo 30BHINTHIX CHUI, IO JIFOTh HA TUTIBKY PiKOTO
TlieIeKTpUKa 3aBTOBIIKH d , BITHOCATHCS CHJIa TSDKIHHS, a Takok cuiid Ban nep Baanbca 3

OOKy TBep[0i MIAKIAIKU 3 J1eIEeKTPUYHOI MPOHUKHICTIO &, >> £. BiAnoBiAHO 10 1BOTO

(muB., Hanpukian, [3]) koncranTa B (1.11)BH3HadaeThCst BUPa3oM
K2:§(Q+f), (1.12)

€ g - NPUCKOPHHSA CWJIM TSDKIHHS, @ - KOE(QILIEHT MOBEPXHEBOI'O0 HATATY PIAKOIO
TieneKTpuka, p - HWoro ryctuHa, a f ~d™ - koHcranta Ban nep Baambca, sikoio B
BUIIAJKy MaCHBHOTO piakoro nieiektpuka (d — o) MOXKHA 3HEXTYBAaTH IMOPIBHSIHO 3 ¢ .
VY BumaAKy TOHKOI IUIIBKHU JAi€NeKTPHKa, HABIAKW, TpaBiTallis, 110 /1€ HA aTOMHU P1IKOTO
TieeKTprKa, MOKE CTaTH He3HAYHOIO MOPIBHSIHO 3 cujlaMu Ban nep Baanbca.

Tyt noTpiOHO 3poOUTH HACTYIHE 3ayBa)KeHHs. B 00yacTi BEJIMKOI I'YCTHHHM 3apsiJliB
mozaenb Tomaca-depmi moBMHHA OyTH JOTMOBHEHA €HEPri€l0 OOMIHHOI B3aeMOMii MiX
OJIHAKOBHUMH 3apsAKCHUMH YaCTUHKaMHU. Y BHPOJDKECHOMY Ta3i 3apsKEHUX YaCTUHOK

Taka B3a€EMOJIS MOXeE BIAIrpaBaTH 3HAuHy poib. OgHAK y LIA CTAaTTI MU MaTUMEMO



CIIpaBy 3 HEBUPOHKCHUM Ta30M YaCTHMHOK HAJl TOBEPXHEIO MIeTEKTPUKA. 3 Ii€]l MPUIUHA
y popmynax (1.8) - (1.10)oOmiHHA B3aEMO/Iisl MiXK YaCTHHKAMHU HE BPAXOBYETHCS.

Bigznaunmo Takok HacTynHy o6cTtaBuHy. Cepen (QI3MUHMX XapaKTEPUCTHUK
CHUCTEMH, IO PO3TISAAETHCS, 3apaayd JOCATHEHHS MaKCUMaJIbHO MOXKJIMBOI 3arajbHOCTI
npoOsieMH, IO BUPIMIYETHCS, YMOBa KBa3iHEUTPAIBHOCTI HE BKIIOYAETHCA. CTOCOBHO
CUCTEMH, IO PO3TJISIIAETHCS, TaKa BUMOTa MpPUITyCKana OW, M0 MaKCUMalIbHA KiJIbKICTh
3apsAIiB  HAJ TIOBEPXHEIO JIEJICKTPUKAa BU3HAYAETHCS I1HTEHCUBHICTIO 30BHIIIHHOTO
CJIEKTPUYHOTO Mo B obOsacti "1". V Benuwkiil KUIBKOCTI poOIT Ha IO TEMYy CTaH
KBa31HEHTPATBLHOCTI BBAXKAETHCSI He3aMiHHMM (IuB., Hanpukian, [3.4]). Jlo nmuranHsg mipo
KBa31HEHUTPAIBHICTh TOCII)KYBaHOT CHCTEMU MU TIOBEPHEMOCS TPOXH HUXKYE.

B ocHOBI  BapiamifHOro MPUHIMIA JIGKUTh  3HAXO/KEHHS  MIHIMyMa
tepMmoauHamigHoro noteianana Q (muB. (1.1)).11o cTocyeThecst cucTEMU i PO3TIISAIOM,
MIHIMyM  TE€PMOAMHAMIYHOTO  TOTEHINady TOBHHEH 3HAaXOJAUTHUCh 32  YMOBH

crpaBeuMBOCTI piBHSHHS [lyaccona,

AgY (r) +4mQ dpf, (r)

0, (1.13)

B obmacti «1» (z>&(p)). B obmactsax «2» m «3» 3apsiid BiICYTHi, OTXKe, IS LHMX

obnacreii piBHsHHA (1.13)meperBoproeTbest Ha Bigome piBHAHHS Jlamiaca
AP (r)=0, Ap{(r)=0. (1.14)
3a3HauUMO TaKOK, IO MOTEHIliaJ]l 30BHINIHBOTO MPUTATYBAJIBHOTO €IEKTPUYHOTO MOJIS
3aJI0BOJIbHSIE OJHAKOBE PIBHSIHHS Y BCIX TPHOX 00IACTAX
AG(r)=0, APO(r)=0, DL (r)=0. (1.15)
Omnepatop A B piBasiHHAX (1.13) — (1.15§ onepaTopom Jlarmmaca:

2

o) .9 0
op) ox2 oay?

62
E-'-Ap’ Ap E(Dp)z =

A (1.16)

TakuM yuMHOM, 3aBJaHHS 3HANTH OE3yMOBHUN MIHIMYM TEPMOJIMHAMIYHOTO MOTEHIIATY
Q 3BOJUTHCS 10 TOIIYKY MOTO YMOBHOTO MiHIMyMY. BimoBiIHO 10 3arajibHUX MpaBuI,
JUIS LBOTO JI0 TEePMOJMHAMIYHOro moTeHmiany Q, BusHadeHoro ¢opmynorw (1.1),

HEOOX1/IHO T10AaTH HACTYITHUN JOJaHOK



Q'=[arA(r)}{ag(r) +4mQ[ apf, (r)} (1.17)
ne A(r) - muoxuuk Jlarpamxka. Kpim toro, y Bapianiiiniii 3aga4i ciij BpaxoByBaTH TOM

¢akT, 110 3a BIICYTHOCTI 3apsA/KEHUX YACTMHOK BHIIE TUTIBKU PIIKOTO JIEIEKTPHUKA HOTO

MoBepXHEBUM Npodiis HE MOke OyTU TpaHCPOPMOBaAaHUM

é(a|,_, =0. (1.18)

N=0

3 wi€i NPUYMHU MM TaKOXK J0JaMO HACTYITHMI 4JIeH 0 TEPMOAMHAMIYHOIO TOTEHIiay
Q"= J‘dp/]g (p)f(p)‘Nzo , (1.19)

ne A, (p) - BigmoBinuuii MHOXKHUK Jlarpamka.

TyT mnoTpiOHO 3pOOMTH HACTYyNHE 3ayBaKCHHS. JSIKIIO iCNIEKTpUYHA TUTIBKA
YTBOPIOETHCS HECTUCIUBOKO PIIUHOK, TO jAedopmallis MOBEPXHI i€l IJIIBKM MOBHHHA
BIIOyBaTUCSA TaKUM YHHOM, HI00 30epertv TMOBHUM 00'€eM pIIUHU JIENEeKTPHUKA.
BignoBizHO [0 11bOTO, O TEPMOJMHAMIYHOTO MOTeHIany Q ciuijx Oysno Ou J1oAaTH YjieH

Q" , sKui 1 3a0e3meuyBaB Ou YMOBY 30epeKeHHsI 00’ eMy J1eIeKTpUKa:
£(p)
Q"=A|[dp [ dz-V |, (1.20)
-d

ne V - o0'eM IUIIBKM 3 HE30ypeHOIO TMOBEpXHEI, A - MEBHUA MHOXHHK Jlarpanxa.
OnHaK, K BIJOMO 3 €KCIIEPUMEHTIB (TUB. y 1IboMy TuIaHi [3, 4]) B3aeMolis IEKTPOHIB 3
IUTIBKOIO  PIJIKOTO  JIeJIEKTpUKAa B IPUCYTHOCTI 30BHIINIHBOTO MPUTATYBAIHHOTO
eJIEKTPUYHOTO MOJI MPU3BOAUTH /10 MPOCIAAHHA MJIOCKOI MOBEPXHI 1i€l MIiBKU. binmble
TOTO, THO I[LOTO MPOCIIaHHA 3AIUIIAETHCS TIOCKUM JIO0 MEBHOTO KPUTUYHOTO 3HAUYEHHS
30BHIITHBOTO TPUTATYBAIBHOTO ToJisA. Ha mepmmii mormsi, ms oOCTaBWHA CYNEpPEYHTh
YMOB1 HECTHCIMBOCTI piauHu. OAHAaK, Take MPOTUPIYYA Mallo OM Miclle Y BUIAAKY

peasibHOI HEOOMEXEHOI CUCTeMH L0 — © (nuB. BUIE). Y peabHUX EKCIIePHUMEHTaX

BKJIFOUEHHS 30BHINTHHOTO €JIEKTPUYHOTO TOJS AJIs MPUTATAHHS €JICKTPOHIB JOCITAETHCS
MiBEICHHSM 710 TTIOBEPXHI Teliio 3 00Ky piaKoi (a3 MO3UTUBHO 3aPSAKEHOI IIACTUHKH
IJIOCKOTO KOHjeHcaTopa. JIiHIMHI po3Mipy 00acTi OCIaHHS TIJIOCKO1 MOBEPXHI B IIHUX
pealbHUX EKCIIepUMEHTaX TMOPIBHAHHI 3 JIHIWHUMH pPO3MIpaMH TUIACTHHU ILIOCKOTO
kKoHaeHcaropa [3, 4]. JliniiiHi po3Mipy MOBEpXHI T'ellif0, 3BHYAHO, MEHIII, HDK JIHIAHI

PO3MIpH KOHAEHCATOPHOI TUIACTUHU. TakuM YMHOM, 3MEHIIEHHS 00'€eMy PIAKOro refito



HaJ KOHJIEHCATOPHOIO IUIACTMHOIO Yepe3 MPOCINaHHA TMOBEPXHI IUIIBKH i BIUIMBOM
CJICKTPOHIB Ta 30BHINIHBOTO EJICKTPUYHOTO TIOJISI TMOBHHHHE KOMIICHCYBATHCS
30UTBbIICHHSIM 00'€eMYy TeJliI0 M03a MJIACTUHOK. MU MpHUIyCKAaeMO, 10 MOJ10Ha CUTYyaIlis
peami3yeThcs 1 Il CUCTEMH, IO PO3MIAIAEThCA B Ik Jiekilii. HeoOmexeHicTh Hamoi
CUCTEMH TIpU O — 00 (IUB. MOYATOK IBOTO PO3ILTY) CIiJI PO3YMITH SIK il OOMEXKCHHS MPH
p - L — . Take mnpumymieHHs 103BOJsiEe Ham BigmoBuThcs Big ymoBu (1.18) y
BapialliiHii 3a1a4i.

BigmosigHo no dopmyn (1.13) - (1,19)papianiiina 3aga4a 3BOIUTHCS J0 MOIIYKY
MiHIMYMY TEPMOIMHAMIUHOIO MOTEHIiany Q

Q=0+Q'+Q", (1.21)

Bu3HaueHoro Bupaszamu (1.1), (1,17), (1,19)Heo0OxiqgHOr0 yMOBOI iCHYBaHHS TaKOTO
MIHIMYMY € PIBHICTb HYJIS TIEPIIUX BapilalliifHUX MOX1THUX:

xQ xQ
— =0 , ﬁ
Jf gr’¢(i) 5¢

-0, L2l p— (1.22)
.8 23

g0

[lepma ymoBa B (1.22) mae piBHSAHHS CaMOY3rOKEHHS Ui (GYHKIIT PO3MOILTY

3aps/AiB HaJl TOBEPXHEIO M1eNeKTPUKA

f (r):H(z—f(P))(z—sh){H ex;{YO%H(ipi +Y4N , (1.23)

ne 6(z) - onuunuHa QyHkiis Xepiaiiga. TepmonunaMiuHi mapamerpu Y,,Y,,Y,, 10
BX0oATh 10 (1.21)110B’ A3aHi 3 TeMIiepatyporo T , CEPeIHbOIO MIBUAKICTIO V, Ta XIMIYHUM
norenuiagom ¢ Gopmymnamu (1.6). Haragaemo, 1o B mojganpimiomMy OyaeMO pO3IIIsaaTh
BUIIAJOK Vv, =0 a, oTke, Y, =0.

Hpyruit 3 ymoB (1,22) npu3BoauTh 10 PIBHSHHS A8 MHOKHUKA Jlarpamka A(r)

(muB. (1.17))
AA(r)+%YOdepfp (r)=0. (1.24)

y mepiii 00J1acTi Ta PiIBHSIHHS

A(r)=0 (1.25)



B IHIIKUX ABOX 0OsacTsx. JIerko 3po3ymiTH, MmO SKIIO BUOpPATH MHOKHHK JarpaHka y
bopmi

A(r):%, (1.26)

to piBusuHsa (1,24), (1,25)0yayTh chnpaBeUIMBUMH Yy BCiX TpbOX 00JacTsX. 3 Mi€i
NPUYMHA MU W TIPUIyCTHMO, IO MHOXHHUK Jlarpamxka A(r) BapiauiiHidi 3agaui
Bu3HA4YaeThCs Gopmynoro (1.26). BpaxoByroun 1o obcrasuny, Bupas (1.23) mms f (r)

MOXe OyTH 3alliUCaHO B BUTJISIIL:

f,(r)=6(z-¢(0) (27?h)3{1+ expY, (&, —,u+Q¢)}_l (1.27)

33a3Ha4MMO TaKoX, 10 BuOip koedimienta Jlarpamka y dopmi (1.26) 3abe3neuye
HOro HemepepBHICTh Ha BCIX T'PAHUIIX TPbOX FEOMETPHUYHUX 00JIacTEll cHCTEMHU uepe3
Oe3mepepBHICTh Ha IIUX MEKaxX MOTEHINAIIB eIEKTPUIHOTO TIOJIS.

Hapemti, 3 TpeThoi ymoBH (1.22) OTpUMYy€eEMO PIBHSHHS CaMOY3TOJKCHHS IS

&(p):

_ 9 _(2my)’ _1 2 (4 40)2
o] <gfecer-oay) -
2 3 5
egerton
val ke f1+(0,6) -0, e 2 2 (p)- (1.28)

J1+(0,8)

Jnst Toro, mo6 Bu3Ha4YnTH KoedinieHT Jlarpamxka A, (p) (qus. (1.19)),mo BXomuts 10

piBasHHS (1.28), 110 IbOTO PIBHAHHSA CIIiJT 3acTOCOBYBaTH yMOBY (1.18),T00TO, TIOKITaCcTH
oxHo4acHO ¢( 9 =01 f (r)=0. Toni:

Ae(p) = —Biﬂ(s(wée’)z —(D¢£e’)z) - (1.29)

z=¢(p)
Sx pe3ynbTaT, MH NMPUKAAEMO 10 KIHIIEBOTO THITY CaMOY3TO/KEHUX PIBHSIHB, IO
NOEHYIOTh MapaMeTpyd OIUCY JOCHIKYBaHOi CUCTEMHU. PIBHSHHA TOTEHLIAJIB
CJICKTPUYHOTO TIOJIs, SIK 30BHIIIHIX, TaK 1 1HAYKOBAaHUX 3apsgaMu y BCiX TPbOX 00JACTAX

CUCTEMH, MaIOTh (hopMy:



ApY(r)+4mQ[dpf,(r) =0,  Ag(r)=0, ApP(r)=0, (1.30)

AgP(r)=0, AgP(r)=0, A (r)=0.
PiBusiHs camocornacoBanust (1.28) st &(p) 3 ypaxysanusm dopmyn (1.29) nHaOysae

BUTIJAOAY

-2 (a0 -(0820))

z=¢(p)

ﬁjdmn{l— (27;h)3 fp(r)]

6001+ €0)+ (060 |
+(0,60)

+ad KE(p)\1+(0,6(0))° -,

o (1.31)

a GpyHkuis posnoainy f (r), mo BXomuTh 10 X HOPMYJI, TA€THCS BUPA3OM

f,(r)=6(z-¢(0) (2;)3{% epro(gp —,u+Q¢)}_1, Y,=T7, g=25,+1. (1.32)

Sk nerko mobauntH, 3700yTa cucTtemMa piBHIHBL camoy3romkenns (1.30) - (1.32)k
3aMKHeHO0. OJiHaK BOHAa TMOBHHHA OYTH JOMOBHEHOI) T'PAaHWYHMMH YMOBAMH JIJIS

MIOTEHIiaJIiB €IEKTPUYHHX TIOJIB Ta IX HaIpyXeHocTel Ha Mexax z=¢&(p) 1 z=-d.

2. OcHOBHI piBHSIHHSI MapaMeTPiB ONKMCY CUCTEMH B HeCUMeTPUYHii da3i
3actocyeMo Temep 3400yTi PIBHSHHS [JIsl OMHUCY MPOCTOPOBO-MEPIOAMYHOT (ha3u
3apsAiB 1 MOMIB HaJ TMOBEPXHEIO PIIKOTO IEIEKTPUKY, KA BUHUKAE 3a MEBHUX YMOB
yHaC10K (pa30BOro nmepeTBOPEHHS.
Y Bumaaky, KOJM CHUCTEMa 3HAXOAWUTHCA Yy 3O0BHIMIHBOMY TMOCTIMHOMY Ta

OJTHOPITHOMY €JIEKTPUYHOMY NOJi, MoTeHmianu @,, @, 1 @, y BCiX TpbOX 00macTIx

MOXHa IIpECACTABUTH Y BI/II‘JI}II[i

9, =9y +o a=12,% (2.1)

a !

['paHnuHi yMOBM Ul NMOTEHIaniB @, Ha rpaHuusx z=£&(p) i z=-d 3amumemo B

a

BUTJISAL.



¢.(z, 0

z=¢ = ¢2(Z1 ,O)

7= ¢2(Z’ p)‘z:—d = ¢3(Z1 to)‘z:—d ! (22)

09,(z, 09,(z, _
(n(am){ep,(z A=,z o}),, =0, {f P 2 p)}z__d‘o’

09z 0|, =02 0| e, 8@ 0|0 =02 9],

(e) (e)
((n( p) DD){€¢£E)(Z’ ,O) B ¢£e) (Z, p)})zzf - O’ {EW B gd w}z-—d ] 0’

JIOTIOBHIOIOUH iX yMOBaMH OOMEKEHOCTI MOJI1B Ha HECKIHYEHHOCTI]

—a¢1(E) (zp) < 400 —a¢§6) (zp) < 400 (2.3)
oz | ’ oz | ’
‘M <+ ‘M <40
0z |, .. ooz |,

SIk nerko OauuTH, TpaHWYHI yMOBH (2.2) 3alHCYIOTBCS IS BHIAAKY, KOJM HA MeEXax
po3auTy 00J1acTei HeMa€e TOBEPXHEBUX 3apSAiB.
Y popmynax (2.2) N(p) - OMMHUYHBINA BEKTOp HOpMAJIi 10 MIOBEPXHI B TOYIIL P ,
n( 9 ={cosi ,cog ,cog}, (2.4)
JIe HAMpaBJIAOYl KOCHHYCH, 1[0 BU3HAYAIOTh MPOCKI(l BekTopa N(p) Ha HANPSIMKH Oceil

KOOPAMHAT Z, X, Y BIJIMOBIIHO, JAIOThCS BUPA3aMU

cosV = ! =, cosA =-— 0¢( 910X =, (2.5)
J1+(06(9)10 9 J1+(06(910 9
Cosy = - 0¢(A /% =
J1+(06( 019 9

Cuenapiii pa3zoBoro mepexomay, IO MPU3BOIUTE 10 TpaHchopmallii MOBEpXHi IUTIBKU

pIAKOTO MieNeKTpUKa, MOBMHEH OyTH HACTymHUM. SIK yKe 3rajyBajocs, 30BHIIIHE



CJICKTPUYHE TI0JI€, IO MPUTATYE 3apsad 0 TOBEPXHI, MPU3BOIUTH N0 MPOCIIaHHS
IUIOCKOT TIOBEPXHI IUTIBKM PIIKOTO JAieNeKTpuKa B o0jacTi [ii nporo mojis. binbiie Toro,
JTHO 1IOTO TPOCITIaHHS 3aJMIIAETHCS IIOCKUM. Tomy aedopmallis MOBEPXHI PIAKOTO

TIENIeKTpUKa, sKa 3ajJullla€ TUIOCKMM JHO OO0OJIacTi TMpOCIAaHHS, MOXe OyTh
XapakTepu3oBaHa €IUHUM MmapameTpoM ¢ (MIrOMHON mpocigaHHs). SIKIIO IUTocKa

NOBEPXHS HeAe(OPMOBAHOTO PIAKOTO Ji€JIEKTpUKA OMUCYETHCS IUIOMMHOK Zz=0, TO

BevunHa ¢ ToBMHHA OyTtu  Bim' emHoro, ¢ <0. [3 momanpmmM 30UTBIICHHSIM

HANPYKEHICTh 30BHINIHBOTO €IEKTPUYHOTO OIS, TMOMHA ¢ 301UIBIIYETHCS 1 MOBEPXHS

nHa nedopMalii 3aJUIIaeThCsl TIOCKOI0 10 MEBHOTO KPUTHYHOTO 3HAUEHHS CyMapHOTO
€JIEKTPUYHOIO NoJIs1 E, Ha MOBEPXHI A1€JIEKTPHUKA,

e =[9%(zp) (2.6)
0z |.;

3ayBa)xMMO, 110 B TOW K€ 4ac, 3BUYaHO, TOBUHHA JOTPUMYBATUCI YMOBA ‘E ‘ <d y romy

BUMAJIKY, SIKIIO PIAKUMA JTIEIEKTPHUK - 1€ TIJIIBKA TOBIIMHKU d Ha TBEPAIM IiIKIIaIII].

[3 momanbpmuM 30UTBIICHHSIM HAMpY>KEHOCT1 MPUTATYBAJIBHOTO €IEKTPHUYHOTO OIS
npodiab MOBEPXHI JHA, 110 BUHUKAE B pe3ysbTaTi, MOXe aedopmyBaThCS 1 HaOyTH
NEePIOANYHOT CTPYKTYpH. 3BiJICM BWIUTMBAE, MmO (a30BUH TNepexig 0 MPOCTOPOBO
NEePIOUYHUX CTPYKTYp Y JOCHIKyBaHIA cucTeMi BiIOyBaeThCa Ha Tl TIJIOCKOL
CTPYKTYPH PIIKOTO JiEIEKTPUKA.

Crig TakoX 3a3HAYUTH, IO YIPABISIIOYUM TTapaMETPOM TaKuM (Pa30BUM MEPEX0IOM
MOKe OyTH HE JIMIIEe 30BHIIIHE EIEKTPUYHE IOJe, aje W Temieparypa abo TycTHHa
3aps/AiB HaJ MOBEPXHEI0 PIAKOro JiefleKTpuKa. binble Toro, sk Oyae BHAHO HUXKYE, Ii
TpH TapamMeTpH (30BHIIIHE EIEKTPUYHE IOJIE, TEMIIEpaTypa Ta TyCTUHA 3apsAiB) 3'€THaHI
B KPUTHYHIN TOYIlI OJHUM pPIiBHSHHSM, IO OMHCYE IBOBUMIPHY IMOBEPXHIO. Y I[HOMY
CEHCl MOBa HACTIPaB/Il H/Ie HE MPO TOYKY (ha30BOT0 MEPEXOy, a PO KPUTHUHY TTOBEPXHIO
¢dazoBoro nepexomy.

BianoBigHo 10 BUIE3a3HAYEHOIO ClieHapito pazoBoro mepexoay, npodiib MoBEpXHi
piakoro mieiekTpuka y a3l 3 MEHIIOI CHUMETpPi€l0 MOXe OyTH TNpeACTaBICHUN Y

HACTYITHIN dopmi:



E(9=E+E&(0, (2.7)

ne dyepe3 ¢(p) MO3HAYEHO MPOCTOPOBO HEOTHOPLIHHMMA NPOQiah MOBEPXHI, MO0 BUHUKAE

BHACHIIOK (pa3oBoro mepexony Ha (OHI IUIOCKOT MOBEPXHI z=¢ [HA OMHCAHOI BHIIE
oxHoponHo#i medopmarii. TakuM smHOM, npodims moBepxHi &(p) € mapamerpoM
NopsAAKY AaHOTO (pa3oBoro nepexoay. ¥ cumMeTpudHii (a3l 1 BeTMYrHa JOPIBHIOE HYJIIO,
B HECHMETPUYHOMY - BOHA IMOBHHHA OMHCYBAaTH MPOCTOPOBO MEPIOJUYHY CTPYKTYPY

NOBEpXHi. 3BIACH BUIUIMBAE, 110 MOOIN3Y KPUTUYHOI TOUKU 3 OOKY HECUMETPUYHOI (a3u
MOBUHHA BUKOHYBAaTHCh HEPIBHICTh

HEHOR (28)
Haragaemo, mo B Teopii (a30BUX MEPexXOMdiB MiJ «ACUMETPUYHOIO (Pa30i0» 3BUYHO
po3yMiTu a3y, yTBOPEHY B pe3yibTari (ha30BOTO MEPEXOAy, CUMETpPIS SIKOI HUKYE
cUMeTpii opuriHanbHO (a3, sika B JTaHOMY BHIIaJKy HA3UBAETHCSI CUMETPUYHOIO.

JUiss BU3HAYCHHS BeqHuuH &, & (p), a TakoX pO3MOAUTYy 3apsliB Ta MOJIB Yy
JOCTIKYBaHI CHUCTEMI, IO BHHUKIJIA BHACHIOK (Pa3oBOro mepexomy, BHKOPUCTAEMO
piBusuus (1,30) - (1,32)10n0BHEHI rpaHndHKME yMoBamH (2.2) - (2,5).

[lepmn Hixk mepeiTu 10 po3B’ 13Ky piBHsHG (1,30) - (1.32)po3risHeMO, SIK TPaHUYHI
yMOBH (2.2) CIpOIIyIOThCSI, KO MPO(LTh MOBEPXHI Majo BiAPI3HAETHCS BiJl MIIOCKOI. Y
IIbOMY BUNAJKY, 3BUYaiHO, B)XK€ TOBOPUMO MpO ePEeKTHBHI TpaHUYHI yMOBH. [3 BupasiB
(1.11) (2.2) - (2.5ppo3ymisio, 110 TOBEPXHS MO BiPi3HIETHCS BiJl IUIOCKOI y BUITAIKY,
KOJIM Mpo(1JT TOBEPXHI MOBUIHHO 3MIHIOETHCS 3 KOOPJAUHATAMH, TOOTO KOJIM BUKOHYETHCS
HEPIBHICTb:

0&(p)/ox| <1, |0&(p)/ay|<1. (2.9)

I3 (2.7) - (2.8)ButumBae, Mo OOIPYHTOBAHICTH IIMX HEPIBHOCTEH 3a0€3MEIYETHCS B IILOMY

BHITAIKY YMOBaAMH

0&(p)/ox <1, |0&(p)/dy|<1. (2.10)
| <1 | |

Hampagisrodi sk kocuHycu (2.5) ¢3 TOYHICTIO IO WICHIB, KBaAPATUIHHUX IT0 0 (p)/op,
Ha0yBalOTh BUTJISIY:

cov=1 cosh=-d& )X, cosy=-0& p)dy. (2.11)



B ymoBax cnpaBemmBocti popmyn (2.8) - (2.11)moxxHa ouikyBaTH, M0 PO3MOALT
3aps/AiB Ta MOJIB y CHCTeMi Oye Maso BiIPI3HATUCS BiJ PO3MOALIIB, 1[0 BUHUKAIOTH Y
BHIIA/IKY IUIOCKOI MOBEpXHi mienextpuka z=¢ . Toxi morenuianu nonst @,(z,p),a =1,2,%
(muB. (2.1))MOXyTh OYTH HpPEACTABICHI B BUIJISIL

0.,(2p)=9,(2)+8,(z.p), (2.12)
ne @,(2),a=1,2,% - noTeHIiaan CyMapHOTO €JIEKTPUYHOTO IOJISl B YCIX ONMMCAHUX BHIIE

obmactsix cuctemu (ane HE Ha IX MOBEPXHAX po3moniry!) y BUMAIKy, KOJIH TOBEPXHS

piakoro mienektpuka miocka z=¢& . IloreHmianamu @, (Z,p) ONUCYIOThCS HEBEJHKI
CIIOTBOPEHHS MOJIsI y BCIX IIUX OOJACTAX Yepe3 HEOIHOPIAHY IMOBEPXHIO 3 MpodijieM
g(p). Cenc ysenenux mnoreHmiamiB @,(z), @,(z,p) crane 3pO3yMULTIIINM MiCIsA
orpuMaHHs piBHSAHB IlyaccoHa Ta epeKTHBHUX TPAaHUYHHUX YMOB ISl HUX. 3a3HAYMMO
TaKOX, IO TpeAcTaBicHHS, aHaioriyHe (2.12) OymeMo BBakaTW CHPaBEIJIMBHM IS
MOTEHII1AJIB 30BHIIITHBOTO €JIEKTPUYHOIO MOJISl Y BCIX TPHOX 007IaCTAX
PO (2,0) =7 (2)+ 9 (2p). (2.12a)
BignoBimHo 10 3poOJIEeHOrO0 TMPHUIIYIIEHHSM TMPO Mayli CIIOTBOPEHHS  IOJs

XBUJISICTOIO TTOBEPXHEIO MAalOTh MICIIE HEPIBHOCTI
7. >80, [ 2]>]60 (zp)). (2.13)

[Mpumyckatumemo naii, mo npodine nmoBepxHi &(p), nedhopMoBaHmii i3 MIOCKOTO B

pe3ynbTaTi (a3oBOro Mepexoay, € MpoCTOPOBO MEPIOTUIHUM

&(p) = [d*aé(a)exp(iap), &(a) = (zilT 5 [d?oé(p)exp(-iap), (2.14)
ne £(q) mae Bursin
&(9) =¢(d)3(a-as). (2.15)

Bextop (, - xapakrepuszye oOepHEHY IPaTKy JBOBHMIPHOI NEpPIOAWYHOI CTPYKTYypHU
BCEpEIMHI ii eJNeMEHTAapHOI YapyHKU (,a=277, A€ a - BEKTOp MpsSIMOi IpaTKH
JBBOBUMIPHOI MEP10JUIHOT CTPYKTYPH.

Ilepiomuuna ctpykTypa (QyHKIii &(Q) HO3BOISE MIYKATH MOTEHIHANH @.(z,p) (cm.

(2.12))y Burmsui:



1
(2n)

#.(zp)=[d*ap,(z.q)exp(iap), #,(2.0) =——=[d’pd, (z.p)exp(-iap). (2.16)

V TakoMy K BUIVIAMI IIyKaTuMeMo i noTeHmianu ¢ (z,p) 30BHIIIHBOTO €TEKTPHUHOTO
MOJISl y BCIX TPHhOX 00JaCTSIX.

Crtix 3a3Ha4uTH, WO 3aBAsSKK dopmynam (2.14), (2.16kemmuunn & B (2.7)i @,(2) B
(2.12) moxyTe TpakTyBaTHCs SIK 3Ha4eHHS BenmuuH ¢(p)  ¢,(z,p), ycepeaneHi mo
eJIeMEHTapHIN YapyHIll JBOBUMIPHOT IEPIOAMYHOI CTPYKTYPH:

5,(2)=(p,(zp)), . € =(£p)), . (2.17)
(my>xxm <...>q0 1 03HAYAIOTh TaKe YCePEAHCHHS).

Hanaumi BignoBigao 10 dpopmyi (2.8) — (2.11ependadaeThcsi pO3BHTOK Teopii 00ypeHb
sa Maumu Bigxunenssmu €(p), §,(z.p), 8 (z,p) semunn £(p), 4,(z.p), 91 (2.p)
BNl iX He36ypenux 3Hauens & , @, (2), (2), cm. (2.7), (2.12)pu noGynosi Takoi
Teopii 30ypeHb OyayTh BpaxoBaHi AOJAHKH 10 MEPIUIOTO MOPAIKY 33 MAIUMU
BIIXUJICHHSIMU BKJIIOYHO. TyT, OHAK, HEOOX1HO 3pOOUTH Take 3ayBaK€HHS. Y
3araJlbHOMY BUIIJIKy IBOBUMIpHA MEPIOAMYHA CTPYKTYpa MOBEPXHI PLAKOTO 1EIEKTPUKA

MOBMHHA XapaKTepU3yBaTUCh ABOMA HEKOJJIIHEAPHUMHU BEKTOpaMU 0OEPHEHOT IPATKH -

Qo 1 0y, - BIAMOBIIHO 10 IBOTO BETHMYUHY £(q) crix 6u IIYKaTH B HACTYITHOMY BUTJISIL

E(9) =6(00)0(A=001) +€(A6)0(A 0 o) +€(20 )I(A =20 o)+ & (A o0 (a— 2y )+

+§%(q01+q02)5(q —(0q,.7Q 02) +§%(q o 9 0)5((:] —q 01+q 0)+"'
L{s popmysia mOBMHHA BUKOPHCTOBYBATHCS SIK 0a3MCHA Y PO3BUTKY 3ralaHol BHIIE TEOPIi

30ypenb. [IpoTe B pesymbTaTi MpOBENCHUX OOUYMCIEHh MU O TEPEKOHAIWCS, IO IS
sHaxomwkenns penane E(doy), (0, €(200), €(205), (o= oa)s €(Gos+ o)
JOBOJUTHCSI BPaxOBYBaTH HEINIHIWHI WiIEHH Teopii 30ypeHb axk 0 KyOluHUX £ (Ao1) »
3 (q,,) (muB. y 3B'3ky 3 num [11], ne nOKIagHO PO3MIITHYTa cxoXka mpobdiema). OctaHHA

0o0CTaBUHA MPU3BOJIUTH 1O TOrO, IO CHUCTEMa HENIHIMHUX Ju(epeHIliaIbHUX PIBHSIHb

JPYTroro MopsiKy B CHIIy CBO€I CKJIAJHOCTI HE MOKe OyTH po3B’si3aHa aHAIITUYHO. Taka



cama CHUTYyallisl CIOCTEPIra€ThCsl HABITH Yy TOMY BHMAJKY, KOJIU (, =—q,,=0,. JaHui

BUIAJO0K BIANOBIaB OM BUHUKHEHHIO MPOCTOPOBO MNEPIOAMYHOI CTPYKTYpU 3 OJHUM

nepioioM, HaMpUKIa, y3a0Bxk oci 0x. MoxHa OyJio TakoX MEPEeKOHATHCS, M0 B OKOJI

¢dazoBoro mepexoay aOCOJIOTHI 3HAYEHHS BEIUYUH g (A1) » g (q,,) Habararo Oinmbrri

aBCONIOTHUX 3HAYCHb BemuunH ¢ (20 1) 3 (29,,), 3 (o1 —900) s £(q o1 T d,,) , HAIPUKIIAT,

st & (29,,), £(q o1 — o) » CTIPaBEATNBI criBBiAHOIIEHHS [11]:

‘g(zqoz)‘ - ‘g(q oz)‘zs ‘E(QOl _CIoz)‘ - ‘g(q Ol)Hg(q 02)‘ :
Take cTaHOBHIIIE 3MYIIY€ 3BEPHYTHCS HacaMIiepe]] 0 JIHIHHOTO HAOMMKEHHs 3rajaHoi
BUIIIE Teopii 30ypeHb. Y JHIHHOMY HaOJIMKEHHI Teopli 30ypeHb PIBHAHHS IS BEJIUYUH
£ (o) 5 g (dy,) cmiBmamaroTh. [IpudomMy B bOMY BHIIAJKy JOBOAWUTHCSA BBAXKATH, IO
\qm\ =\q01\ =0, Onnak niHiliHE HaOMMKeHHS Teopii 30ypeHb HE NO3BOJISE BU3HAYUTHU

HaIIpsAMOK BCKTOpiB Jo1 1 Qo - He JO3BOJII€E BOHO TAKOXK BH3HAYUTHU caml 3HAYCHHS

ammomityn €(0,,), €(d,,) - JliniliHe HAOMMKEHHS Ja€ MOXKIIMBICTh BU3HAUUTH 3aJICKHICTD
MOJIyJs (|,, CIUIBHOTO Il BEKTOPIB (g, 0o, , B (PI3MYHUX MapaMeTpiB CUCTEMH, a TAKOK

3HAWTH 3HAYCHHS JJIS [IUX TapaMeTpiB y Toulli (a30BOro nepexoay (KpUTUYHI 3HAUCHHS).

PiBHSHHS K, IO BU3HAYAIOTh BENUYMHY (), 1 KPUTUYHI IMapaMeTpH, BUXOIATh TaKUMH,
HIOM 3 caMOro MoYaTKy Majiacs Ha yBasi crmpaBemnuBicTh ¢opmynu (2.15). HaBenewni
BHILIE apPIyMEHTH € 00IPYHTYBaHHsM 300pakeHHs Beauuuan &(q) y Burisiai (2.15).

[ToBepHeMocst Temep a0 BHUXIAHUX piBHAHB. [ligcrasasroun (2.7), (2.12) 3
ypaxyBaHHsM ¢opmyi (2.9) — (2.11), (2.13)i0 piBusap (1.30) — (1.32)ra 36epiraroun
wiend, niniiai mo &(p), @.(z,p), mpuiizeMo 10 PiBHSHB, IO OMHCYIOTH MPOCTOPOBY
CTPYKTYPY MOBEPXHI PIAKOTO JIIEICKTPUKA, PO3MOLTY 3aps/IiB Ta MOJIB Y HECUMETPUUHIN
da3i mobmm3y KpPUTHYHOI TOBEpXHI (IMB. 3ayBakeHHs BHINE). B aHamoriuHomy
HaOMVDKEHHI BUXOASMYM 3 BHUpasziB (2.2) MOXyTh OyTH OTpUMaHi T'paHWUYHI YMOBH JJIs
HoTeHIialiB @,(Z,p) Ta HaIPYKEHOCTEH eIEKTPUIHUX MOIIB E,(z,p) =-04,(zp).

VY ronoBHOMY HAOIMKEHHI TIO £ (p), §,(z,p) piBHAHHS OMHUCYIOTH PO3MOILI 3aPSIIB i

MOJIB Yy paszl MPOCTOPOBO OJHOPIAHOI TUIOCKOT IOBEPXHI PIAKOTO [I€JIEKTpUKA 31



3HIDKEHMM piBHEM z=¢& . HaBenemMo crodaTtky piBHSHHS, IO OIKCYIOTh CHCTEMY HaJl

HOBEPXHEIO PIAKOI IUIBKH JieJeKTpuKa z=¢ , T00TO, B 00macti «1»:

%¢1(2)=4ﬂen(2)9(z—§?), n(z):Jd3pfp(Z)’ (2.18)
f,(2) :—(Zsh)s{expﬁ[ap —(eZﬁl (z)+,u)]+ ]}-1’ :, =2p_m1 ﬁ:%.

VY ronoBHOMY kX HaOMMKEHHI 3a BKa3aHUMH [apaMeTpaMu OTPUMYEMO 1 PIBHSHHS AJIs

BU3HAYEHHS & |

m jdpln[l— (2’;’1)3 , (z)J

VY 1mux piBHSHHSX Ta Y BCIX BUKJIQJIKaX HUKYE JIJII BUSHAYEHOCTI1 BBAXKAETHCS, 110 3apsIu

8T 0z 0z
z=¢ z=¥

e (aasz(z)f_(aasée)(z)f caE. (2.19)

HaJ MOBEPXHEI0 PIIKOrO JieNIEKTPUKA € €IEKTPOHAMH, Y 3B'A3KY 3 UMM Yy BIJIMOBIIHHUX
dbopMynax 3apsii YaCTUHOK Q BBAKAETHCS PIBHHUM 3apsly €JIeKTpOoHa, Q = —e.
B obnactax «2»Ta «3»3apsaM BiACYTHI, Yepe3 10 PiBHAHHSA U NOTeHIialiB @,(2) i

@,(2) MaroTh BUIIIAA:

02 _ 0’ _
—7.(2)=0, -7 7:(2=0. (2.20)

Haragaemo, 1m0 moTeHmianyd 30BHINIHIX MOMIB Zﬁ((f)(z) y BCIX TpBhOX 001acCTIX

3a10BOJIBHAOTH TAKUM CaMHUM piBH}IHH}IM (piBH}IHH}IM HaHJIaca)
62
E%é,e)(Z) =0. (221)

Cymapni norenuiamu @,(Z), a TakoX MOTEHIIaJH 30BHIIIHBOTO EIEKTPUYHOTO MOJIS
#'9(2) nos'a3ani Ha Mexkax TPHOX 0OMACTEN TPAHMYHUMH YMOBAMH
Pre = Py Pog =Py » 5@5 = ﬂp EPDsg = EDry
BO=0Y,  BY=09. B =0T, el =epl. 222)

Y 1mux ¢opMmynax 3a JOIMOMOTOK CHMBOJY <«IITPUX» IIO3HAYCHA IIOXiJHA IEPIIOro

MOPSIZIKY TI0 Z, a TAKOXK yBEACHI TaKi MO3HAYEHHS



3,(8)=0.  B.(-d)=0,. BO(8)=8Y 7(-d)=7. (2.23)

Dyp’e-06pasu £(q), @,(z,q) semmann E(p), 6, (zp) (ms. (2.7), (2.12), (2.14),

(2.16))3a10BOIBHAIOTH PIBHIHHAM

0°@,(z.9) _ Q °9,(29) _
7 {q +47? }4751( a), P 0°@,(z,9), (2.24)
00D - 44,20,

a(’(z+q2)5(Q){m(@(mﬁwm)ﬂ +

=

0z 0z 0z 0z

£ [afﬁz(z) 06,(2.9) 399 (2) a¢<;><z,q)J -0.
a4
z={
®yp'e-00pa3u MOTEHLIATIB 30BHIIIHBOTO €JIEKTPUYHOTO TIOJIS ¢C(,e)(z,q) y BCIX 00JacTsx

CUCTCMHU OIIUCYIOTBHCA piBHHHHHMI/I

0 ¢a (22 ) - 26(2q), a=12.3. (2.25)
PiBuastaus (2.24), (2.25)1010BHIOIOTHCS TPAHUYHUMH YMOBaMHU
{(7:(2)-91(2)) é@) + oz 0) - pi(z )} _ =0, (2.26)

{acﬁl(z,q) _£6¢2(2,q)}

0z 0z =0, {¢2(Z,q)_¢3(z’q)}z=—d =

=&

{gd 09,(2.0) _ga@(z,q)} o,
0z 0z —d

(7 @-2 @)@+ za)-07 @) =0



09 (za) _ 09Y@a)| _ . . _
{ oz oz ) =0, {¢§)(Z,Q)‘¢£)(z,q)}zz_d_o,

&

L 000@a)_ 0|
© oz oz |

SIKi BUXOZATB 3 IpaHMYHUX yMOB (2.2)y niniliHOMy HabikeHHI Teopii 30ypens 3a &(p),

(e) 3 . . .
@.(z,p), §,7(z,p). 3a3Ha9NMO, 110 I1i MOTESHIIAJIM TOBUHHI TAKOX 33/I0BOJIBHATH YMOBH

00MEKEHOCTI HAIPY>KEHOCTI eIEKTPUYHHUX OB Ha HECKIHUEeHHOCTI, AuB. (2.3).
Bumnucani piBasHHsS (2.18) — (2.26) 103BOJIAIOTH BHPIIIMTHA IOCTABJICHE BHILE
3aBJaHHS PO Omuc (pa3oBOro Mmepexoy, MOB'S3aHOTO 3 YTBOPEHHSIM IPOCTOPOBO
NepIOANYHUX CTPYKTYp Ha TOBEPXHI IUIIBKK PIAKOrO JieJIeKTpUKa B CHUCTEMI, IO
TOCTIKYEThCs. SIK JIeTko OayuTH, PO3B'SI3aHHS I[HOTO 3aBJAaHHS Ma€ TOYUHATHCS 3
PO3B'sI3aHHS PIBHSAHBb roJIOBHOTO HabOmmxkeHHs (2.18) - (2.21)3 rpaHUYHUMH yMOBaMU
(2.22), (2.23).Tum camum Oyjie BU3HAYEHO PO3MOILT 3apsAIiB Ta MOJIB Y CHCTEMI y pasi

IUIOCKOT MMOBEPXHI PiIKOrO JieJeKTpUKa, sKa 3aJa€ThCs PIBHAHHAM z=¢ . I3 piBHAHHSA
(2.19) Mmoxxe OyTH 3HaiijieHa cama BeJIMYMHA &, BU3HAYAIbHA 3HUKEHHS PIBHS IUIOCKOT

TIOBEPXHI 3 JJONIOMOTOFO Ha [0 TIOBEPXHIO PO3TAIIOBAHUX HAJ| HEIO 3apsijiiB (CJICKTPOHIB).
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