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TIpOBOAUTBCS TEOPETUYHE AOCIIIKEHHS OJHOCICKTPOHHUX e(EKTIB B CTPYKTYpi 3 ABOX MOCIIJOBHO 3’€IHAHHX
TYHEJIPHUX NIEPEXOJiB 3 BpaXyBaHHSAM AMCKPETHOCTI CHEKTpa LEHTPAIbHOIO Kiactepa-enekrpona. OOroBoproeThes
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I. Bcryn

HikaBuM 00’ekTOM  (Qi3UKH  HU3BKOPO3MIPHHUX
CHUCTEM € MeTaleBi TpaHylH, 3B’s3aHI CIIAOKUMH
TyHEIBbHUMH B3aemomisimu (amB. ormagm [1,2] i

MOCWJIaHHS B HUX). EJIEKTpOH B pe3yibTaTi mepexony Ha
TpaHyJly CBOIM IIOJIEM MOJE MEPEIIKOKATH IMEPEeXOLy
HACTYITHUX EJIEKTPOHIB, CTBOPIOIOYHM  “KYJIOHIBCBKY
O50Kaay”, 1 TAaKMM YHHOM KODEJIOIOYH OJHOEIEKTPOHHE

TyHENIIOBaHHs. DIOKyBaHHs CTpyMy BHpaXKa€TbCsi B
TOMYy, @O Ha BOJBT-aMIICPHI  XapaKTEPUCTHIII
CTPYKTYpPH  BHHHKAIOTH  CTYNEHI  ~KYJIOHiBCBKOI
cxomuakn” [3,4,5,6,7,8].

Ha mepmmii mormsg 3aBOsSKH HAsSBHOCTI MiXK
eIeKTPOJaMH TpaHylIH, WMOBIPHICTb TyHEIIOBaHHS
eIEeKTPOHIB, a OTXKE€ 1 CTPyM, MOBHHHI OyTH 3HAYHO
BUILlE, HDK Yy BuMIanky ii BiacytHocti. OpjHak B
eKCIIepUMEHTax 3 KJIacTepaMH Maibke chepudHol

[9,11,12,13] i muckomonionoi dopmu [14,15] nmobiusy
HyJIbOBOI ~ Halmpyru ax J0  JEAKOro  IHOpory
CIIOCTEpIraeThCsi 3BOpOTHA KaptuHa: BAX MicTHTH
IUIATO, HA SIKOMY CTPYM MPAaKTUYHO BifICyTHil (CTpyMOBa
IUTHHA).

KoHeTpyKiis 3 JABOX TYHENBHHX IEPEXO/iB B
poborax [11,12,13] sBmsma coboro mmiBky Au (111) 3
HaHECEHUM JlieJIEKTPUYHUM [apoM ToBIIMHOK ~ 10 A i
TENeKTPUYHOI0 CTalol K =3, Ha fAKii (opmyBammcs
30J10TI  KiacTepu  Maibke — cdepuunoi  dopmu.
BousbpamoBa rojika TYHEIBHOTO MiKpockomna (3 Major
KPMBH3HOIO TIOBEPXHi) IOKpHBajacs IUIBKOIO Au
toBmuHOW npubmmso 10° A. Takum umHOM MOXHA
BBQXXATH, 1110 BCi TPH €IEKTPOIH (ZIBa 3 HHUX 3 IJIOCKOIO
MIOBEPXHEIO) BUTOTOBJICHI i3 30J10Ta. 3
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I(V),
BUKOPHCTOBYIOUHM CXEMOTEXHIYHMH miaxin podortu [7],
ABTOPH SKCIICPHMEHTIB BH3HAYMIA €MHOCTI TYHEJBHUX
” (npoOoBwmii) 3apsa

CKCHepI/IMCHTaJ'ILHO.l' 3aJI€5KHOCTI

MEPEeXOiB, iX OMOPH i ’3aNUIIKOBUN
Qo rpaHyIH.

BuwmiproBanHs moai0HI 10 IKUX MPOBOAUIIUCS TaKOX
B pobotax [14,15]. BigmiHHi prcH IUX €KCIIEPUMEHTIB
HACTYIHI: 00 €KTOM JOCTI[DKEHHS Oynu KiacTepH
JMCKONoAi0HOT (GopMH OJHOATOMHOI BHCOTH; TOBIIUHA
IieNeKTpuyHOi IoTBKH ~ 1,4 nm, 1 k=2,7; BicTpa
MIKpOCKOITy BUKOHYBanocs 3 Pt/Ir.

Y3aranpHIOIOYA ~ CKCIIEPHUMEHTANBHI  3aJIe)KHOCTI
I(V), MOoXHa BUIUIMTH HACTYIHI XapakTepHI pHCH B

noBeiHI miaro BAX:

1. IllupuHa cTpyMOBOI MIIJIMHU OOEPHEHO MPONOpLiiiHa
paniycy nucka (puc. 4 B po6ori [14]), mo He no3BosE
OJHO3HAYHO BHU3HAUYMTH 1I KBAHTOBE UM KJIAaCUYHE
IMOXOKEHHS. AHanoriuay 3aJIEKHICTD MOYKHA
MIPOCTEKUTH 1 B CTPYKTYpax Ha CHEpUIHHUX KIacTepax
[11,12,13]. 3 iamoro 6oky, kpim mato BAX ms quckiB
nmiamerpoM 2,5 1 3,5 nm 4WiTKO BHIHA TOHKAa CTPYKTypa
KBaHTOBHX CXOAWHOK (muB puc. 3 B [14] i puc. 1 B [15]).
2. Ilupuna mmato BAX TyHenbHOI CTpyKTYpH (AMCK
niamerpa 3,5 nm) HEMOHOTOHHO 3MIHIOETHCS 31 3MiHOIO
¢bpakuii Hanpyru MK KJIACTEpPOM 1 eJeKTpoaamu (JuB.
puc. 3 y [15]).

Meroro naHoi poOOTH € pO3paxyHOK CTPYMOBOi
IIIJIMHA  BOJIBT-aMIIEPHOI XapaKTEPUCTHKH, a TaKOX
iHTepmpeTaliss 1l eKCIepUMEHTaIbHOI IOBEIIHKHA B
TPUEJIEKTPOJHIH CTPYKTYpi, HEHTPAIbHUM EJIEKTPOIOM
SIKOi € c(hepUIHHUI MeTalIeBHUil Ki1acTep.
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II. Ionmepenniit anaJmi3 i MOCTaHOBKA
3ajavi

Posrissnemo cdepuyni kimactepu Au 3 pajiycamu
R~10+30 a,, R=N}’r, = N, =36+10°, 1,=3,01 q,
— cepelHs BIICTaHb MIXK €JIEKTPOHAMH, d,— OOpiBCHKUM
paniyc.
E.=¢’/C, ne C - enextpnmuna emuicts. Tomi

E. =3+0,9¢eV. Temneparypa cucremu T=30K —

0,0026 eV. Po3paxyHOK BEIWYHHU JHCKPETHOCTI
CIIEKTpa 32 METOIIOM, 3alpOINOHOBaHUM B [21], mae mus
30JI0TOTO KJIacTepa—KybOa Takux xe 00’eMiB (mpu T =10
M06IM3y BEPXHBOrO 3aiiHAToro pisHs E'°) 3HaueHHs
Ag, =1+0,1 eV. Hanani 6ynemo kopucTyBaTucs OinbLi

VYBeneMo XapakTepHy 3apsoBy — CHEpTito

peaJiCTHYHUM CHEKTPOM, PO3pPAaXxOBaHUM I chepudHO
CHMETPUYHOTO KJacrepa. Takum YHHOM,
exkciepuMmentam [11,12,13] mnsg Bchoro miamaszoHy R
BIJIIIOBi/Ia€ PEeXUM

%EC ~ Ag, >>k,T. )
OcraHHsS HEpIBHICTH TOBOPUTH MPO HEOOXiTHICTH
BpaxoOBYBaTH KBaHTYBaHHsI PIBHIB y KJIacTepi.

OueBumHO, B yMoOBax ekcriepumeHTiB [14,13] Ha
BAX, cmiBicCHYIOTh MBI TOHKI CTPYKTypH: eQeKTH
KYJIOHIBCBKOi ~ ONOKamy 1 KBAaHTYBaHHS  CIIEKTpa.
TeopeTndyHO BOJIBT-aMIlEpHA XapaKTEPUCTHKA IOBHUHHA
SIBIAITH  COOOI0  CYNEPIO3UII0 KBAHMOBUX CXOHIB 3
KpOKOM~ Ag /e 1 Kracuunux KyJOHIBCHKHX CXOAIB

€JIEKTPOCTATUYHOT TIPUPOJIH 3 KPOKOM o
Hanpy3i~E./e.

JliBuit i mpaBuil enekTpoau (eMiTep 1 KOJCKTOP)
SIBJIISIIOTH [ ) pe3epByapu CJIEKTPOHIB 3
KOHTHHYQJTbHIMH CHEPreTUIHUMHU CIICKTpaMH,
3affHATAMH BIAMOBIAHO 10 (epMieBChKOI  (YHKIIi

po3Tominy:
fe)={ T+expl (= +We)/kT 1), (@

me Wy>0 — poboTa BHXOLY CICKTPOHIB 3
HariBHECKIHYEHHOTO MeTaly. B ycix Bumamkax eHepril
€ <0 BIIpaxoBYIOThCS BiJl BAKYYMHOT'O PiBH, TOOTO Bil
MOTEHLIABHOT eHeprii eJeKTPOHa, BiaJIeHOT0 Bifl yci€el
TPUENIEKTPOJHOT CTPYKTYPH, JI€ TIOJIE BiZICYTHE.

B kBaHTOBOMY BHUNAAKy XIMIYHMH MOTEHIiaI
eNEKTPOHIB  KJacTepa |, 3HAXOOUTHCS 3 YMOBHU
HOPMYBaHHs i3 ypaxyBaHHSM JBOPa30BOrO CIiHOBOIO
BUPO/KCHHS CTaHIB:

o0

D g,/ (e,)=N, 3)

p=l
ae g, — GakTop BUPOIKEHHs CTaHiB, N — [TOBHE YMCIIO
TEePMaTi30BaHUX EIIEKTPOHIB MPOBITHOCTI B TpaHyImi (3
ypaxyBaHHSIM Ha/ITHIITKOBUX a00 BIiICYTHIX) 1

-1

f(g,)={ 1+expl (g, —1,)/kyT 1} . 4)

VYci piBHI HyMEpYyIOTBCS B TOPSAKY 3POCTaHHS €HEpTii
Pp=123..).

Mix KjacTepoM i eJIeKTpoJaMHi BUHUKAE KOHTAKTHA
PI3HUIIA TOTEHITIAIB
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V, = (W, +p,)/e. )
PiBHOBara Oyme JocsAraTtucs IUIIXOM —3apsKCHHS
KJlacTepa, OCKUIBKM HMOro €MHICTH €  KIHIICBOIO

BEIMYMHOIO. fIKIIO | pp| < W, , TO KJIacTep 3apAIKacThCs

nosutuBHO 3 3apsimom Q, =—e(N'—N;)>0, me N’
BHU3HAYAETHCSA PO3B'SI3KOM piBHAHHSA (3) 3 3aMiHOIO
p, >-W, 1 chmektpom g, , 3CyHYyTHM Ha —€V,

p? ¢

BIAMOBITHO 10 Teopemu KynMmeHca (IuB. KOMEHTapi 10
¢dopmyinu (38) y [23]). Takum 4uHOM 0ZIEPKUMO

Q, =CV.. (6)
Busnauenns Q, B IbOMY BHpa3i BiIPi3HAETHCA Big Horo
BU3HAYCHHS B OPTOJOKCANBHIM Teopii (muB. Bupas (29 b)

y [6]).

VY KBa3ikIacCHYHOMY HaOIMKEHHI MOXKHA 3aIlUcaTh
(muB., mampukmax, [21]): W,+p, =p /R, p, =19
eV xaq,, oTxe i Beix MeTaniB MaeMo Q, = +0,07e. Y
KBaHTOBOMY BHUMaaky npu T =0 Bapro 3pobHTH
3aMiHy [, —¢"% _ enepris HaBUIIOTO 3alHATOrO CTaHYy.
Q,(R) Oyne

MNPpOTUWJICKKHOMY BUIIAJIKY, KOJIHN |},lp| >W0, KJ1acTep

3a1eXHICTh OCLIMIIIOIOUOI0. Y

3apA/DKAETBCSA  HEraTUBHO (L, -V, " — enepria
HIDKHBOTO HE3afHSITOTO CTaHy).
3nauenHs Q, =+0,5¢  kpame BCiX iHIHX

BiAmoBinae excrepumeHty [9] (muB. puc. 2B B [9]), B
skoMy BuMipsitacsi BAX TpuenekTpoAHoi CTPYKTYpH,
copmoBanoi 3i cmiaBiB Pb i rpanymu In paniycom
R =100 nm, po3mineHnX OKMCHUMH IUTiBKaMu. LlikaBo
ouinuTy BenmumuuHy Q, 1o (6). Ockiibku poOOTa BUXOLY

CIUIaBy HEBiZIOMa, BHUKOPHCTOBYEMO BIiNMOBiMHO 4 i
3,8eV mia Pb i In, onepkumMo BenmuuuHy, sSIKa 3HAYHO
Bigpi3HAeTbeA: Q, = +13,6e . OmHak, SKIIO MPUHHATH

HNpaBUIBHOIO BennyuHy Q, =~ +0,5¢, MOXXHa pO3B'A3aTH

3BOPOTHY 337ady 1 3HaWTH poOOTy BHXOMy CIUIABY
CBHHIIO, SKHH BHKOPHCTOBYBAaBCS B EKCIICPUMEHTI:
3,8012 eV (3amictb 4 eV mis Pb).

Po3B'si3yr0un OKpeMO eJeKTPOCTaTHYHY 3a1ady A
CTPYKTYpPH, KOIM MDK TpaHyJo 1 eMiTepoMm
3HAXOIUTHCS IIap JiereKkTpuka ToBmuHolod, (puc. 1),
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Puc. 1. Cxematnune 300paxeHHs CTPYKTypu Au/Augy/Au
IO TIOJTAaHHS HATIPYTH.



[Tpo cTpyMOBY LIIIMHY BOJIBT-aMIIEPHOT XapaKTEPUCTHKH ...

tak mod —d, =d, + R, o ¢paxuii Hanpyru Mmaemo
_ I+x R/d
e (@4 1)
Bupaz juisi  eHeprii 3apsUDKEHOr0 1N €JIeKTpOHAMHU

KJacTepa B 30BHIIIHHOMY €JIEKTPUYHOMY TIOJI Mae
BUIIISAL;

O]

E
E=E, +un—ennV +(—en)’ TC’

®

ne E, - eHepris HelTpanbHOrO Kiactepa y BiICYTHOCTI

TOJIA.

Ciig BII3HAQUWTH, IO HABITH 3HUKAKOYE Malle
30BHIILIHE €JIEKTPUYHE oJie MPUBOIUTH Jit)
HecTablIbHOCTI KJacrepa 4yepes MOXIIMBICTh

TYHEJIIOBaHHS €JIEKTPOHIB y BakyyM. bynemMo BBaxkaTH,
IO KJIacTep pellakcye y MeracTaOilbHUH CTaH 3a yac,

Ha0arato MEHIIMH, HDK TIPOMDKKM MDK aKTaMHu
TyHeNmoBaHHs  [24]. B pesynpraTi  3apspKeHHS
BUHUKAIOTh BHYTPIIIHI MEXaHIYHI HAMPYTH, SKi MOXYThH
TIPUBOIUTH 1o KYJIOHIBCBKOI1 HEeCTaOLIBHOCTI

(xynmoHiBchKOTO BHOYXY). [ BimokpemIieHOTO KacTepa
y BiJCyTHOCTI mmojsi s 3ajgada BupimieHa B [21].

V3arajgpHIOIOYM LI  pe3yibTaTH, MaeMo, Lo Y
KBa3iKJIACUYHOMY HaONMKEHHI MaKCHMallbHUH
CNICKTPOHHUI 200 1OHHMH  HAUIMIIKOBHHA  3apsij
JIOPIBHIOE
R e
+{ (—ue’i+|enV|)€+E . 9)

Hast MO3UTHBHOT riTku BOJIbT-aMIIEPHOT
xapaktepuctukd (V>0) B wmexax (0, 2V) Tpeba
po3riagaaT ABa BUTTAAKU:

a) Bunagok G, >> G, 1A NpoBiTHOCTEH Mepexois,
T00TO M <<1. Ilepexomu enexTpOHIB MiX eMmiTepoM i
KJIaCTEPOM BiIOYBAIOTHCS YacTillle, HK MK KJIacTepoM 1
KOJIEKTOPOM, TOMY Ha KJacTepi HaKOIHYYOThCS
ENEKTPOHU. Y IOMY PEKHMI MaKCHMAaIbHO MOXIIHBE
nopienioe:  n_ ~W.R/e*+1/2, e
W, =W, -n,/Rin, =+2,5+46,5.

iXHE YHUCIIO

AE =§°(—8N) +¢,(+3N) +

Lleii Bupa3 3amucaHuii B pe3ysbTari HUKIY: CyMa eHepril
10HI3aii eJleKTpoHa 3 PiBHA €° Ha emitepi (eIeKTpUYIHA
€MHICTh SIKOTO JIOPIBHIOE HYJIIO) 1 €Hepril NpHIIMIaHHS
#oro Ha piBeHb €, B rpayii 3 emuictio C, Ha sKil Bxke

3HAXOJAThCA 1
Ma€eEMo:

eJIeKTpoHIB. g 1mporo mepexomy

& =g, +E.(n+1/2)—enV,
Crpinkoro  3Bepxy  IO3HAYAIOTHCS
3HaXOMAThCS B Pe3yJbTari
3TiIHO puc. 1.

SIKIIo X eNeKTPOH MEePEexXOIuTh i3 TPaHyIH B eMiTep,
TO B pe3ynpTaTi IOHI3amii 7 -TO HATUIIKOBOTO
€JIeKTPOHA 3 TPaHyNIH i MPHWINIAHHA HOTro J0 emitepa,
MaeMo

(11)
eHeprii, 1o
BIMOBITHUX IEPEXOIiB

(—e

2C

)2
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[(n+8N)> —eSNnV]=0.

6) Bumanok G, <<G,, Tob6ro mn=1. Ilepexoau

€JIEKTPOHIB MK KJIACTEPOM 1 KOJIEKTOPOM BiI0YBarOTHCS
yacTime, HDK MDK KJIacTepoM 1 eMiTepoMm, TOMYy Ha
KJIacTepi crocTepiraeTbcs Hecrada enekTpoHiB. lle
YHUCIIO 3HAXOAMThCA uepe3 poOoTy BHUXOAY 1OHIB!

n,, =—(W, +[enV)R/e*=1/2, ie W, =W, —p, /R i
n,. ~-4+-11.

AHaJNOriYyHO ISl HEraTHBHOI TJIKK BOJILT-aMIIEPHOT
xapaktepucTtuku ( V < 0) B mexax (0, -2V):

a) Bunagok G, >>G,, 1o6to m<<1. Ha knacrepi
criocTepiraeTbes Hecraya
n, =-WR/e*-1/2=-3,8+-10,6.

6) Bumagok G, <<G,, T00TO mM=1, BixnOBimaE

€JIEKTPOHIB!

HaJIUIIKY eJ‘IeKTpOHiB .
.. ~ (W, +| enV)R/e* +1/2 ~ +3++8.
Y pospaxyHKax 3HaueHHi n, 1 n,, HEOOXiIHO

OOMEXHTH LIJIMMHU YUCIaMi (HAJIMIIKOBUX 1 BIACYTHIX
eJIEKTPOHIB). BpaxyBaHHS KBaHTYBaHHS pIBHIB MOXe
3MIHUTH II 4YHKcia He OUIbIN HiK Ha +1 BiAOOBIZHO IO
nepiuoi HepiBHOCTI B (1) (auB. Takox [21]).

I11. OcHoOBHI eHepreTHYHi i KiHeTHYHI
CHiBBiTHOIICHHSA

BcraHoBUMO 3B’S130K MK E€HEPTi€l0 EJIEKTPOHIB Y
Kiacrepi, mo Oyne Qirypysaru B mpoiiecax InepeHocy, i
CHEPri€0 B OJHOMY 3 €JEeKTPO/iB. 3a MOYaTKOBHII CTaH
cucTeMHd BHOEpPEeMO TOW, NpU SKOMy Ha Kiacrepi
3HAXOJMUTHCSI N HAUIMIIKOBHX EJEKTPOHIB. bymemo
BBa)KaTH, IO IPU TYHEJIIOBAHHI 706HA EHEpPris BCIX

TPBOX CIEKTPONiB E He 3MiHIOETBCSL. BukopucToByroun
(8), mnsa mepexomy ON eNEeKTPOHIB 3 eMiTepy Ha TpaHyIy
(0N =1) maemo:

(10)

& =¢g,+Ec(n—1/2)—enV. (12)

AHanoriyHo 1 A TepexoiiB IpaHylia—KOJEKTop 1
KOJICKTOp—TpaHyJIa:

& =g, +E.(n-1/2)+e(1-M)V, (13)
£ =¢,+E.(n+1/2)+e(1-M)V, (14)
BIAIIOBiAHO. He3zanexno BiJ BEJINYMHHA n

JIOTPUMYIOTHCS CITiBBITHOIIICHHS
—e e - <c  =c
€ —-e"=E.=¢"-¢,
SKi 1 TIATBEpDKYIOTh HASBHICTh IMKIIB iOHI3amii i
MPUIKIAHHS, 110 aHAIOTI{ 3 BIZOMHM CITiBBiJHOILIECHHSM
IP-EA = E_. nns xnacrepiB (auB., Hanpukiazg, [21]).
TyHe/nOBaHHS OKPEMOTO eJIEKTpOHa dYepe3 Oap’ep
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3aBXIH € BHUIAAKOBOIO TMOJIE0, IO MPOTIKAE 3 IMEBHOO
wBHAKICTIO [T — HMOBIPHICTIO B OAMHHIIO Yacy. byiemo
BBa)KATH, 1110 TYHEJbHI IIBUAKOCTI MaJi, TOOTO

hC(e") << min{Ae . E, |. (15)
Sxmo ymoBa (15) BHKOHyeTbCS 1 Temmeparypa € He
3aHanTo Hu3bkowo, kT >>#Al=a(l° +T°), nunamika
TYHEIIIOBaHHSI  OIUCYETHCS  KEPYIOUUM  PIBHSIHHSM.

VYBenemMo NMOBHY IIBHJIKICTb TYHENIOBAaHHS (3 OJHOTO i3
CJICKTPO/IIB):

Au-ﬂl

3mina P, BU3HAUA€TBCA TPUPOCTOM 1 YOYBaHHIM
TYCTHHM  HMOBIDHOCTI.  YMOBa  CTalliOHapHOCTI
oP /ot=0 MIPUBOJUTH JI0 PEKYpEHTHOTO
CITIBBIHOIIEHHS

Pn+1 = ann /(Dn+1' (19)

[ocriitHuit  cTpym, 10 TpOTIKAE uepes
rpanyny (3 oOMexeHHsM Ha ii
BU3HAYA€THCA K

KBaHTOBY
HecTikkicTs  (9)),

¢ =Y g TE™)FE™)1-1(g,)], (16)
p
Au,,
0
€, g
¢ 1h (22) ’
3s5(2)
2.2 2d (10) =
— H
s T—'8®  |——
e L—1%ne Y
oo
2 Lf (14)
L
6.6 25(2)
1d (10)
88 F Ip (6)
1s (2)
U
=10.7 L

[=I°=1°, (20)
Npax >0
I =xe Y P (& -a&), (21)
N, <0
Au“lh
2f 2m (34)
£ = Ir (46) 3h (22)
P 55 (2)
1h (22) 4d(10) 21G9)
35 (2) - 3g(18) 14(42)
2d (10) Ll B (26)
“ In (38) 4p (6)
1g (18 b
v_—1'8(9) = 2h {5,?2} Im (34)
2p (6) == %ahb;
2¢ (18
1f(14 11(30
o 6 1k (26)
25 (2) = 2f(14) 7
14 (10) ;:‘iﬁ)m 1h (22)
%§ (&
Ip (6) - 5 ((,l’-f}
512
s (2) 15 (6)
U” 1s(2)

Puc. 2. EHepreTHUHU# CIIEKTP HEMATi4HOTO AUsg I MaridHUX Auygi Aujge Ki1acTepiB chepuaroi Gpopmu.

@5 = > g, TE)-FE)If (e,). a7
P
3 ypaxyBaHHSM TPHUKIAACHOI HANPYTH CIEKTPH (IUB.
(11) — (14)) aBTOMATHYHO 3CYBAIOTHCA B pO3Moniiax (2) i

B (4): ma —eV g xonekropa i Ha —enV s
rpanymu; f 1 (1-f) — iimoBipHOCTI TOro, WO CTaH
3alHsITHIT YU BUIbHUN. BiANMOBiHO 3CyBatOThCs 1 XiMivHI
noTeHuiany. Y  [epuoMy — HaOIMKeHHI  Teopil
30yproBanHs [23] (mpu Manux V) p, Oyne BU3HAYaThCs
He nuire (OpMaNbHUM 3CYBOM TJIHOWHH SIMH, ajie i
BIJIIOBITHO IO YHCJA €IIEKTPOHIB MPOBITHOCTI B TaHOMY
cTaHi (N =Njp+n). Buxopucranas XIMIYHHX
MOTEHILIIAIIB  CIPaBEAJMBO B  KBa3ipiBHOBRKHOMY
(MeTacTabuibHOMY) CTaHi, TOOTO B HPOMDKKaX MiX
aKTaMHU TYHEIIOBaHHS, KOJIM Yac pellakcaiii rpaHysiu
HabaraTo MEHIIMH IIUX TPOMIXKKIB.

[lo3HauuMO  MIBHAKOCTI  MEPEXOmiB 3
€JIEKTPOJIIB SIK:

000x
- - C -~ C s —C ~—C

O, =0 +0, ®, =0 +O.

Beenmemo iimoBipHicTE P, mepeOyBaHHS n HaITUIIKOBUX
€JIEKTPOHIB Ha OcTpiBUi. BOHA 3HAXOMUTHCA 3 PIllICHHA
piBasiHHst [laynmi gns marpuni ryctunm  [25]  abo
Kepylo4oro piBHsIHHS (master equation) [3, 4]:

oP /ot=0,,,P, +0, P —(0,+d,)P,. (18)

n+17 n+l
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1 c”, BIAMOBIIHO.

Posrassaemo BHUITaJOK CHJIBHOT'O KBaHTYBaHHs

EJIEKTPOHHOTO CIIeKTpa B rpanyii, Ag, >>E. [6]. Takuii

PEKUM JOCSATAETHCS, HAIPUKIIA, 30LIBIICHHSIM €MHOCTI
KJacTepa 3a yMoBH 30epexeHHs ioro o0’emy (dhopmy

KjacTepa  HEOOXiMHO  3MIHMUTH HA  TOJKO-  YH
quckornoniony) [21] (ouB. TakoX eKCHEPUMEHTH 3
IUIOCKUMH  30J0THMH  Kkinactepamu  [14]).  Hdusa

cepryHOTO KiacTepa BHIAJOK NEepeBard KBaHTYyBaHHS
HaJl KYJIOHIBCBKOIO OJIOKaJ0I0 MOJXKHAa OpraHi3yBaTH
JIOCSITHEHHSIM YMOBU T >1/2, ToOTO KONIM Ha Kilactepi

HE HaKOMWYyIOThCs enektpoHu. Tomi B (11) — (14)
uyneHaMu ~ E. MoxHa 3HeXTyBaTH 1 CTpUIKy s

OJIHOYACTUHKOBHX eHeprii CTaBUTU HeMae

g =g, +e(l-mV. V
LBOMY BHIAJIKY PH HU3bKUX TEMIIEPATypax TEOPETUYHA
BOJIbT-aMIIEpHA XapaKTEPUCTHKA SIBISE COOOK CTYIEHi
KBAHTOBHUX CXOIIIB.

[pumyctiMo, 1O  TYHENbHI  IIBHAKOCTI €
(ikcoBanumMu nipu eHeprii Depmi eNeKTPOHIB B eMmiTepi,
II0 € CIpaBeVIMBUM Yy BHIIAJKy HEBEIMKUX HAIpYT,
NPUKIaJeHUX [0 CTPYKTypH. BuKopucTOByrouM Bupa3s

HeoOximHocT: €° = g,—env,
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_4_1 T T T T

=
(R ]

B
od
T

energy (eV)

1
=

T T T T T _4.6
_______ 4-4.62
4-4.64
-4.66
P(Au_w ) -4.68
1 1 1 1 1 —4'?
400 560 720
T (K)

Puc. 3. TemmeparypHa 3aleXHICTh XIMIYHOTO TTOTEHITIATy KIACTEPiB PI3HOTO pO3Mipy.

(11)—(17) i (4), 3HaiimemMo pi3HMIII

@ —@; =T* |:Zng(Se)—Ni|,
p

(22)

o -0 =T {N -> gpf(8°)}, (23)

ge N=N,+n. IlincraBumo ui Bupasu B (21),
BUKOpHCTOBYI04H (20) 1 HOpMyBaHHS

>P =1, (24)
Ma€eMo

1
PN=——) P ef(e®)+If(e)] =
2EN = = 2R 2 [THE) + T
=N, +(n). (25)

3amimsroun Ny (22) mHa No+ <n>, a TOTIM

MOBEpTarOUUCh 10 (21), onepkumo

I =15 g [f(e°) - f(e)],

ne Iy =el* T /(T +I°). IIpu T—0 Bupas (26) 3py4Ho

MIPEJCTaBUTH Y BUTIIAII KOMOIHAIT CXiq9acTHX QYyHKITi:

F/T > gl 8, —enV) -0, +e(1-n)V) 1, (27)
p

(26)

ne 0(x)={,x<0; 0,x>0} iBBeIcHE HOBE MO3HAYCHHS
€, =€, + W, Ui IEPEHOPMOBAHOTO CIIEKTPA.

VY 3zaranpHOMy BHmaaky s oGumcienHs BAX (21)
HEOOXigHO 3HaTH WMOBIpHOCTI P,. Ixme crarmcruane
BU3HAYEHHS € CKJIaJHOK0 3amavero. Y poOoti [26] mis
chepryHAX KIacTepiB BenmmunHU Py 1 Py, po3paxoBani B
NPUIYIIEHHI BEJIMKOr0 KAaHOHIYHOTO 1 KaHOHIYHOTO
ancamOmiB. [lpu HuU3BKMX Temmeparypax oOuaBa
MIIX0/IM 1aBaiik OJM3bKI Pe3yJIbTaTH.

IV.Pe3yabTraTtu 004HC/I€Hb TA iX
00roBOpeHHA

Cnovarky po3B's3yBanHsM piBHsHHs Llpexminrepa i
piBHsSHHEA (3) OOYHMCIEHO CIEKTp 1 XIMIYHHAN MOTEHITiAT
HEUTpaNbHUX COEpUIHUX KiacTepiB Auy. [mmbuHa simm
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3a/]1aBajacs MOJIOKEHHSIM JIHA 30HU MPOBIIHOCTI B MeTai
[21]. Ha pniarpamax puc.2 NpeACTaBICHO CHEKTPH 1
posranryBanHs eHeprii @epmi B kimactepax Auzg, Auy i
Aujge. s aHamizy MPOBEJCHI aHAIOTIYHI OOYHCIICHHS
Ui kiactepiB Hatpito. Enepris ®depmi HemariuHux
KJacTepiB 30iraeTbcsi 3 peajlbHUM pIBHEM Y KIJIAcTepi.
Jlist MaridHUX — BOHA PO3TAIIOBYETHCS B 3a00POHEHUX
NPOMDKKax MDK TepMaMmH. TemmeparypHa 3alieKHICTh
eneprii @epmi, Sk 1 odikyBayocs, € crabkoro (puc. 3) i
IMIKOM  BHU3HAYA€ThCA  CHCTEMATHKOIO  PIBHIB Y
cheprnIHOMY TOTEHIIaNi, a TaKOXXK YHCIOM EJEKTPOHIB.
OpHak TeMneparypHUM IpaJieHT XIMIYHOTO MOTEHIany
IpY OEAKUX TeMIepaTypax MOXe 3MIHIOBATH 3HAaK, LI0
Y3TOIKY€ETHCS 3 BUCHOBKaMH B [27], 1€ caMOy3roKEeHO
po3paxoByBajacs I 3aJIEKHICTh I MaridHuX
knacrepiB  Nay. Ilpy  kiMHaTHUX — TeMmeparypax
sanmexHicTh W(R,T) Moke momiTHO BIMBaTH Ha BAX
TYHEJIBHOI CTPYKTYpH.

PosrisiHemo mpoGiiemy acumertpii maro BAX
OJIHOEJIEKTPOHHHUX TpaH3UCTOpiB. Ha mepmmii morisn
BOHA BHU3HAYAETHCS KOHTAKTHOIO PI3HUIICIO MOTEHIIAIB
V. (5) i dpaxmiero HanpyrH M, a came: cTpyMm | depes

CTPYKTYpPY MpPaKTUYHO JOPIBHIOE HYIIO B MeXax,
3maBaocs 0, HACTYITHUX TPaHUYHUX HAIpyT:
0<V<V, =1V, 0>V>V_=—(1-1n)V..

Hacnpasni 3HaweHns V,, 1 V,  MoxyTth 30iratucs 3

BUILEHABEJACHNUMHU JIMIIE BHUNAAKOBO. [l mosicCHeHHs
LBOrO 3py4YyHO ckopucratucs ¢opmynowo (27) i
nmiarpamaMu Ha puc. 4. Ha giarpamax mepeTHHaHHS JTiHIHA
enV i e(1-M)V 3 TepMamm BKa3ye Ha Ti XapaKTepHi

3HAQUEHHS HANpyT, IpH SKUX BHHUKAIOTH CTPYMOBI
CXOJIMHKH.

Ho npuxmageHHs 1oyl KiacTtep  3apspKEHUN
MO3UTHBHO. 3 MONEPEHbOT0 aHaji3y HEBAXKKO 3POOHTH
BHUCHOBOK, IO TPH MiIBUIIEHHI PI3HUII NOTEHI(ATIB Y
Mexxax miato BAX  BigOyBaeThCs  TIOBEpHEHHS
CJIGKTPOHHOIO 3apsijy Ha Kiactep, Tak M0 BiH 7y
cepenHboMy” € HeUTpabHUM. TOMY Ha BEJIMUMHY IUIATO
KyJIOHIBCbKa OJIOKaJa BIUIMBAaE He IyXe cyTTeBo. Ha
Kparo IIaTo Il yMOBa IOPYUIyeThes 1 1i rpaHuns (s
MariqHux KJIacTepis) BU3HAYAETHCA HE
BUILE3AISTAIOUNM, a HIKYE3aJSIralouiM pPIBHEM MO0
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XIMIYHOTO TIOTeHIiamy, TOOTO XapaKTepoM CIEKTpa B
rpanyni. ObuaBa nomaHku y (27) € KOHKYpPYIOUHMH.
Oco01MBO 15l KOHKYpEHILIiSl T[OMITHAa JUIs MariuHux
KJIacTepiB uepe3 TMOJIOKEHHsI XIMIYHOTO TMOTEHIHaTy
CJICKTPOHIB TpaHyJid, [0 1 BH3HAYAE HEOYCBHHHIA
xapakTep Kpato riato BAX.

Ha puc.5 mnpencrasieni BAX crpykTyp Ha
HemarivHoMy Au/ Auzg/Au i marigHomy Au/ Auyy/Au
Kiacrepax, pospaxosani 3a (25) mit T =30K. Poswmip
IJIaTO XapaKTEPUCTUKU AVg =V,, —V,_ 3HaxomuTsCs B

1 =0

Zanexnocti (V) oOumcneni mist n=0,3, 0,5 0,7.
HesBaxkaroun Ha Te, mo y ¢opmyni (26) ¢irypyrorh
TUIBKW PO3MOJUIM B e€MiTepi i KOJIEKTOpi, IIaTO HESBHO
BU3HAYAETHCSI HASABHICTIO BUIBHUX CTaHIB y KIacTepi,
yepe3 SIKi €JNEKTPOHHM IMEepeMilaloThCs 3 eMiTepy B
konekrop. llluprHa CXOAWHOK 3aIeXHUTH BiX BiICTaHi
MK PpiBHAMH 1 ¢pakmii Hampyrw, ajie 3pemiToro
BHU3HAYAETHCSI KOHKYPEHIIIEI0 MK 000Ma MOJaHKAMH B
(26) Ha KOXHIH 3 T'JIOK HAIPYT.

TakuM YMHOM, UIMPUHA CTPYMOBOI  LIUTHHU
HEMOHOTOHHO 3aJIe)KUTh BiJ (pakuii Hampyrd, Mo
Y3TOJUKYETBCS 3 CKCIIePUMEHTATIbHUMHU

5 n=07
' S30.31....34
11 &m0

/ [ _ / ‘t:m_w,zo
Lt -an.lq 17

1 ém

h-nieV

éﬁ.ﬁ.?,x.‘}

1 &-)3._‘-.4

'E.u

MOBHIM  BIMNOBiAHOCTI 3 JiarpamMamMu Ha puc. 4.
n=03
2
enV _\‘:”\.'
S0
\_G_)_, =n eV
wp
-2
-4
Z 0 22 0

2 3 0 2

Mpuknagena Hanpyra (V)

Puc. 4 Jliarpamu, 10 AE€MOHCTPYIOTb BHHUKHEHHS CTPYMOBOI LIUJIMHM 1 KBAHTOBHX CXOJIMHOK Ha BOJIBT-
aMIIepHUX XapakTeprcTHKax (Auyg), po3paxoBaHuX 3a ¢popmMyioro (27).

30 T T T T T T
15 Au 19 l_._._. ...... =
® i
Py £
=0 :
h“‘ ———————
{ e M=03
-15F | T n=05 1
’ =07
-30 \ ; ) . \ !
=3 -1 0 1 2
40 T T T T T T

_____ n=0.3
T e n= 0.5 7
E n=0.7
-40 -.: L 1 1 1 L |
-2 -1 0 1 2
Bias voltage (V)
Puc.5 BombT-ammepHi  XapaKTEPHCTHKH  JIBOX

CTPYKTYp 3 LEHTPAIBHUM ENEeKTPOIOM — Auzg 1 Auyg
TIpH Pi3HUX 3HAYCHHAX (QpaKIlii HAIPYTH 1) .
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criocTepexkeHHAMH. [i BeuumMHa TpubausHo y 1,5 pasu
MIEpEeBHILYE EKCIIEPUMEHTaIbHI 3HAUEHHS, 10 CBIIYHUTH
PO BIUIMB KYJIOHIBCHKOT OJIOKaIH.

301MbIIMMO  HAIpyTry, HANpUKIad, Ha IO3UTHUBHIN

rimi BAX, crapryioun Bin V,, 10 V,, <E./e, komn B

1+ =
KIacTepi B CEpeIHBOMY  3HAXOAUTHCS
HaJUTUIIKOBUN €JIEKTPOH. Jnst 1IOTO
HEeHYyJIbOBUMH € UMOBIpHOCTI Py i Pi.. 3amaroun I'™° i
BuKkopucToBytouH (19) i (24), MoxHa po3paxyBaTh CTpyM
Ha Lid AUISHOI. AHAJOTIYHO, Y HACTYIIHOMY iHTepBasi

OJIVH
erary

Hanpyr V,, -V, <EC/ ¢, Jie BIAIMIHHUMH BiJ HYJIS €

1+ =
nmoBipHOCTI Py, Py 1 Py, Ockinbku Py 1 Py, 3HalineHi Ha
MOTIePEeTHHOMY eTari, P,; BU3HAYAETHCSA 3a JIOTIOMOTOIO
(19). Takmm cmnocoboM MoOXXKHA TIOOYAyBaTH BCHO
MO3UTUBHY TiTKy BAX.
Ha  HerarusHil ITHKOO

T  TepIIoro

KyJOHiBChKOT Gnokamm €: 'V, >V >V, =E_/e. Ha uiit
JUISHI HeHYJbOBUMH € iiMoBipHOCTI Py 1 Py . Jlami Best
rinka (V <0) Oyayerbes 3a TUM K€ HPUHLUIIOM, IO i
g V> 0.

HesBaxkarouu Ha Te, 1110 eMiTep 1 KOJIEKTOp 3polIIeHi
3 OJJHOTO Marepiaily, XiMi4Hi IMOTEHLIalN €JIEKTPOHIB Y
X €JEeKTPOJaX He PiBHI OJAWH OTHOMY: €MiTep YSBIISE
coboro ToBcry mimiBky Au (111), a xonekrop -
TOITiKpUCTaT Au, 0OTXKe poOOTH BUXOMY Y HUX pi3Hi [28].
PoGota ’x BHXOOYy HH3BKOPO3MIPHHX CTPYKTYp (i
KJIacTEepiB y TOMY YHCIi), OYEBHIHO, IIiIKOPSETHCS
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HepiBHOCTI W<W, [23]. [Jlo TOro >, emirep
MOKPHUBAETHCS IAPOM JIIENIEKTPHUKA, L0 TAKOX BILIMBAE
Ha poOOTy BUXOJy EIIEKTPOHIB 3 emiTepa.

O6roBoprUMO BILTUB HAaBKOJIUIITHHOT'O
JUCIIEKTPUYHOTO  CEPeIOBUIA HA POOOTYy  BHUXO.IY
CJIEKTPOHIB 3 emirepy. Buxomsuum 3 HenpsaMux

eKCIIepUMEHTAIbHUX BUMIpIOBaHb [29], pobora BUxOmy
3MEHILYETHCS 3 POCTOM JlieNIeKTpHYHOI cTanoi K . B [30]
obuncneni pobotu Buxomy W, E€IEKTPOHIB IS
MWIHAPUYHUX  HAHOAPOTUKIB  JYXKHHX  METAIiB,
3aHYpEHUX B HieNEKTpUK: Wy 3MEHIIYETHCS MPHOIN3HO
Ha 20% mpm 30impmeHHi Kk Bim 1 mo 4. OcHOBHUIA

BHECOK IIpH FOMY MOJKHA BiTHECTH JO 3MiHU BEeIHIUHH
€JIEKTPOCTATHYHOTO JUIIOJIBHOTO 0ap’epa, BHECOK SIKOTO
B PoOOTY BHXOIy CHUCTEMH 30J0TO—BaKyyM CKIIQJa€ 0
30% [28]. Otxe, st mudpa i ckIagae BEPXHIO TPAHUIIO
3MiHH POOOTH BUXOQY Wy CHCTEMH METall-IiCIeKTPHK-
BakyyM. Bnacmigoxk W <W,, NpPHHIXUIOBO, MOXJIHBE
JIOCSTHEHHS 3BOPOTHOI HepiBHOCTI W >W,, 110 mpuBee
JI0 3aps/PKEHHS! KilacTepa HEeTraTUBHHUM 3apsioM IIe 10
MPUKIIAJACHHS 30BHIIIHBOTO MMOJisA. HenaBHO BUSIBIICHUIA
[31] mepexin MeTan—miesIeKTPUK JUIS 30JI0TUX KJIAcTepiB
MEBHOTO  PO3MIpy TaKoXK MOXXE BIDIMHYTH Ha
€HEepPreTUYHY Jliarpamy CTPYKTypH.
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We have carried out a theoretical investigation of single-electron effects in the structure consisting of two
coupled tunnel junctions. A quantization of spectra of the central electrode was taking into account. We discussed an
origin of the zero conductance gap, calculated its value and voltage asymmetry.
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