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HepaBHOBeCHBII TPAHCHOPT JIEKTPOHOB
yepe3 OTKPbIThle KBAHTOBbIE CHCTEMbI

B Hacrosimee Bpemst HCCIIEIOBaHUE TPAHCIIOPTA HIIEK-
TPOHOB Uepe3 HAaHOPa3MEPHbIE KBAHTOBBIE CUCTEMBI (MOJIe-
KyJIbl, YIJIEPOJHbIE HAHOTPYOKH, KBAHTOBBIE TOUKH U T.].)
ABJISICTCA ONHOW M3 Hambonee OBICTPO Pa3BHUBAIOIIMXCA U
MIEPCIIEKTUBHBIX oOnactelt (U3MKM KOHAEHCHPOBAHHOTO
cocTosiHus. IHTEpecC K ATON TeMaTHKe CBSA3aH, IPEXK/IE BCe-
TO, C MPOIOJDKAIOIEHCS MUHUATIOPH3AIUEH IeKTPOHHBIX
YCTPOMCTB M C BO3MOXXHOCTBIO CO3/1aHMsI 0A30BbIX JIEMEH-
TOB HAHODJIEKTPOHUKHU (AMOIOB, TPAH3UCTOPOB) HA OCHO-
BE OTJEJIbHBIX MOJIEKY]I WM MX aHcamOuei. Tpancmopt
JIEKTPOHOB, TIOMUMO TPHKJIIATHOTO, TPECTABISCT U 3HA-
YUTENBHBI TEOPETHYECKUH MHTEpEC, TaK Kak SIBISICTCS
MPUMEPOM HEPaBHOBECHOIO KBAHTOBOTO Tpolecca, s
OITMCAHUSI KOTOPOTO HEOOXOANMO MPUMEHSTHh METOBI He-
PaBHOBECHOM CTAaTUCTUYECKOM MEXaHUKH.

[IpencraBnennas Ha puc. | obmas cxemarnueckasi Mo-
JIellb DJIEKTPOHHOTO TPAHCIIOPTa COCTOMUT M3 KOPPEIHPO-
BAaHHOHM KBaHTOBOW CHCTEeMBbI (LIEHTpajIbHAas 007acTh), CBA-
3aHHOM TYHHCJIbHBIM B3aHMO}1€ﬁCTBHeM C IBYMs Makpo-
CKOITMYECCKNMHU HeB3aHMOﬂeﬁCTByIOL[IPIMH QJICKTpOJdaMU
(IpaBBIM UM JIEBBIM), KOTOPBIE MIPAIOT POJIb OECKOHEUHBIX
9NIEKTPOHHBIX pe3epByapoB. Bes cuctema npuBoauTes B He-
PaBHOBECHOE COCTOSTHHE MPH TIOMOIIY BHEIIIHETO HAIPshKe-
HUSI, KOTOPOE C/IBUTACT XMMHUUCCKHUE TOTCHIIHAIIBI AIIEKTPO-
JIOB OTHOCHUTEIHHO JPYT JApyTa ¥ MOAICPKUBACT TPAHCTIOPT
(TOK) DIIEKTPOHOB Yepe3 IICHTPaTbHYI0 00JacTh. 3a1ada 3a-
KITFOYAeTCsl B BEIYUCIICHUH TOKA KaK (PYHKITMH TPUIOKEH-
HOTO HampspKeHUs. IIpn OTCYyTCTBHHM KOppENAnil BHYTpH
CHUCTEMBI, T.€. NPH OTCYTCTBHH HEYIPYTOTO PACCESHHUS,
orBeT naercs teopued Jlannayspa. Koppensiuuu BHYTpH
CHCTEMBbI, OO0YCJIOBIICHHBIC 3JIEKTPOH-3JICKTPOHHBIM HJIH
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Nonequilibrium Electron Transport
through Open Quantum Systems

Nowadays, study of the electron transport through
nanoscale quantum systems (molecule, carbon nanotubes,
quantum dots, etc.) is one of the most active and perspec-
tive areas of condensed matter physics. The attention to
this subject is primarily due to miniaturization of electronic
devices and the prospects of developing basic nanoelec-
tronic devices (diodes, transistors) using single molecules
or their ensembles. Electron transport is also a problem of
great theoretical interest because it provides an example of
a nonequilibrium quantum process whose description re-
quires the application of nonequilibrium statistical mechan-
ics methods.

The general schematic model for the electron transport
problem (Fig. 1) consists of a correlated quantum system
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(central region) connected by the tunneling interaction to
a couple of noninteracting macroscopic electrodes, left and
right, serving as infinite electron reservoirs. The whole sys-
tem is brought into a nonequilibrium state by applying the
external voltage, which shifts relative chemical potential
of the electrodes and supports electron transport (current)
through the central region. The problem is to determine the
current as a function of the applied voltage. In the absence
of correlations in the system, i.e., when there is no inelas-
tic scattering, the problem can be solved by the Landauer
theory. Correlations caused by the electron—electron or
electron—phonon interaction make it necessary to deal with
many-body nonequilibrium problem.




B IABOPATOPUAX NHCTUTYTA

AT THE LABORATORIES OF JINR

AEKTPOH-(POHOHHBIM B3aMMOJICHCTBUEM, TPUBOAIT K HE-
00XOTMMOCTH PENICHUsS] MHOTOYACTUYHON HEpaBHOBECHOM
3a/a4qu.

B Hacrosiiiee BpeMsi OCHOBHBIM T€OPETUYECKUM MO~
XOIIOM, HCHONB3YIOIIUMCS TPH H3Y4YeHHH TpPaHCIOpTa
QIIEKTPOHOB dYepe3 HAHOCUCTEMBI, SIBISICTCS METOI He-
paBHOBECHBIX (YHKIUI [prHa U ero oObeUHEHHE C Me-
TomoM (yHKIHOHANA IIoTHOCTH. HecMmoTpst Ha cBom 1o-
CTOMHCTBA, MeTox (pyHKIMi [ prHa Ype3BBIYAHO 3aTpaTeH
C TOUKH 3PEHHsI BRIYUCIUTEIBHBIX PECYPCOB IIPU MIPOBE/IE-
HUU CaMOCOTJIACOBAHHBIX PAcYeTOB, TAPAHTUPYIOMINX BbI-
MTOJTHCHHE 3aKOHOB coxpaHeHus. Kpome Toro, komOuHaIms
HepaBHOBECHBIX (yHKIHMI [puHa ¢ MeTooM (QyHKIMOHAIA
IUIOTHOCTH MPEACKa3bIBaeT 3HAYCHHS TOKA, TPOTEKAIOIIETO
yepe3 MOJIEKYITY, Ha MOPSI0OK MPEBBIIAIONINE IKCIEPUMEH-
TajbHbIC 3HaucHUs. B padorax [1—4] pa3paboran anbrep-
HATHBHBINA MTOJXOA K TEOPETHUECKOMY U3yUCHHIO HEPABHO-
BECHOI'O TPAHCIIOPTA AJIEKTPOHOB.

Puc. 1. O6mias cxematiueckasi MOJeb JEKTPOHHOTO TPaHCIIOpTa

Central region Right electrode

Left electrode

Reservoir
Reservoir

Embedded quantum system

Fig.1. A general schematic model for the electron transport
problem

Today the main theoretical tool for studying the elec-
tron transport through nonosystems is the method of non-
equilibrium Green’s functions and its combination with the
density functional theory. Computationally, despite its ad-
vantages, the nonequilibrium Green’s functions method is
extremely demanding when performing self-consistent cal-
culations which implement conservation laws. Moreover,
the nonequilibrium Green’s function method combined
with the density functional theory predicts current through
a molecule which is systematically an order of magnitude
larger than the experimental one. An alternative theoreti-
cal approach to treat nonequilibrium electron transport was
developed in papers [1-4].

The main idea of the approach consists in replacing the
infinite system in Fig.1 by a finite open quantum system.
To this end, each electrode is partitioned into two parts: the
macroscopically large reservoir and the finite buffer zone
between the central region and the reservoir. Taken togeth-
er, the central region and the buffer zones form a so-called
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OcHOBHast MJiesl 3TOTO MOAX0/Ia COCTOMT B 3aMeHe Oec-
KOHEYHOM CHCTeMBI, N300pakKeHHOH Ha puc. |, Ha KoHEU-
HYIO OTKPBITYIO KBaHTOBYIO cHCTeMy. JIJIsl 9TOro KaxIblit
SNEKTPOA JEIUTCA Ha JBE YacTH: MaKpPOCKOIIMYECKUH pe-
3epByap M KOHEUHYIO Oy(hepHYI0 30Hy MEK/1y IIEHTPAILHOM
o0macTeio 1 pe3epByapoM. LlenTpanpHas 001acTh BMECTE €
TIpaBoii u jieBoii Oy(hepHoit 30HaMH 00pa3yroT Tak Ha3bIBae-
MYIO BJIO>KCHHYIO KBAaHTOBYIO CHCTEMY. DTa CHCTeMa SIBJISI-
€Tcsl OTKPBITOH, TaK KaK B3aUMOJICHCTBYET C pe3epByapoM.
Jst onMcaHus TpaHCIIOpTa Yepe3 OTKPBITYIO CUCTEMY MBI
HCIIONB3yeM ypaBHeHue JInHaoaana At MaTpuibl II0THO-
cti O (1) BIOXKEHHON CUCTEMBI:
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ot

3nece H — 5TO raMHJIBTOHHAH BJIOXKEHHOH CHCTEMBI, a
[To(f) — uespmuroB muccumarop. [lomyueHHOe ypaBHe-
HHE OIMCBHIBACT BPEMEHHYIO JBOJIOLMIO OTKPBITOH KBaH-
TOBOM cucteMbl. OTKPBITHIE TPAHIYHBIE YCIIOBHS 3aJaf0TCS
quccunaropom I1o(¢), KOTOpBII 3aBUCHT OT TEMIIEPATYPhl
1 XMMHYECKUX MTOTEHIINAJIOB IIPaBOTO U JIEBOTO pe3epBya-
poB. YpaBHenue JInHa0Ia1a CTAaHOBUTCS TOYHBIM B CTaIlH-
OHAPOM PEKHUME, [ — 0o, U MPH JAOCTATOUHO OONBIINX Oy-
(epHbIx 30Hax. Hanuuue Gonpiimx Oy(hepHbIX 30H HE00XO0-

=[H, o]+ llo®.

embedded system. The embedded system is an open system
which exchanges electrons with the reservoirs. To describe
electron transport through the open quantum system the
Lindblad master equation for the density matrix o (f) of the
embedded system is applied,

3%—5” = [H, 0] + TTo(1).

Here H is the Hamiltonian of the embedded system, and
[To(¢) is the non-Hermitian dissipator. The Lindblad mas-
ter equation describes the time evolution of an open quan-
tum system. Open boundary conditions are taken into ac-
count by the non-Hermitian dissipative part, ITo(z), which
depends on the temperature and the chemical potentials in
the left and right reservoirs. We have demonstrated that
the Lindblad master equation is exact in the steady-state
regime, ¢ — oo, provided the buffer zones are large enough
to cure the deficiencies of the Born—Markov approximation
for treating the interface between the reservoirs and the em-
bedded system.

To find the solution of the Lindblad master equation,
we employ the formalism of superoperators in the Liou-
ville-Fock space. In the Liouville-Fock space the density
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JIIMO JUTS BBIITOJTHEHUsI OOPH-MapKOBCKOTO IPUOJIMKEHNS,
HCIIONB30BABIIETOCS TIPH BBIBOJIC ypaBHEHMs JInHa0maa.
Jlist HaxokzeHWs pelieHus: ypaBHeHusi JInnnOnana
MBI HCIIONB3yeM (OpMaIN3M CyIEeporepaTopoB B IIPO-
crpadctee JInyBumis—®@oka. B sToM mpocTpaHcTBE Ma-
TpHLA IJIOTHOCTU SIBIIIETCSI BEKTOPOM, & CAMO ypaBHEHHE
Jlmanbnama mpuoOperaer Bua ypaBHenus lllpemmnrepa.
Marpuna nioTHOCTH HEPaBHOBECHOT'O CTALIMOHAPHOTO CO-
CTOSIHMS sABJIAETCS pelleHueM ypasHenus L| o) = 0. 3nech
L — 3T0 HEe3pMUTOB Cymeponeparop (JIMyBWIIHAH), KO-
TOPBIA BBIpaXKaeTcs 4epe3 (epMHUOHHBIE CYNEepOoIepaTophbl
POXKJICHHUS M YHHUTOKEHHS. 3Has peIIeHHe ITOT0 ypaBHe-

HUs, TOK 4Y€PE3 OTKPBITYIO KBAHTOBYIO CUCTEMY MOKHO BbI-

pasmb B BUC ManI/I‘{HOFO DJICMCHTAa
J={l7lp).

3necs J — cymepomneparop Toka, a Bektop (I | coorser-
CTBYET OOBIYHOMY €IMHUYHOMY OTIepaTopy.

Jlnst IpUOIMKEHHOTO pelleHus ypapHeHus L| o) = 0
MOKHO HPUMEHSTH CTaH/IApTHBIE METO/bI KBAHTOBOH TEO-
PHM MHOTHX TeJl, TAKUE KaK METOJ| CPEJIHETO IOJIsI, TEOPHs
BO3MYIIeHHI 1 ap. OIHAKO HEIPMUTOBOCTH CyINeporepa-
TOpa L ¥ HEpaBHOBECHBII XapakTep 3aJa4i BHOCST CBOIO

criermuuKy B €€ pelieHre NepeurcIeHHBIMA METOTAMH.

03Fy=10 U V=10

0.2

Puc. 2. Pe3ynbpraThl pacuera Toka yepes Mo-
JISJIGHYIO CHCTEMY, OIMCBHIBAIOUIYIO OJIHO-
YAaCTUYHBII YPOBEHb C DHEPIUEH &€ W napa-
METPOM KyJIOHOBCKOTO B3ammojeicTaust U
L (Monens AHepcoHa)

Current
()

Fig.2. The current through the model
system which describes an electronic level
with energy ¢ and the Coulomb interaction
parameter U (the so-called Anderson
model)
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matrix is a vector, and the Lindblad master equation takes
a Schrodinger-like form. The nonequilibrium steady-state
density matrix obeys the equation L|0) = 0. Here L is the
non-Hermitian superoperator (Liouvillian) expressed in
terms of fermionic creation and annihilation superopera-
tors. Once the solution of this equation is found, the steady-
state current through the open quantum system can be com-
puted as the following matrix element:

J=lJlo),

where J is the current superoperator, and the vector ([ |
correspond the ordinary unit operator.

To find an approximate solution of the equation
Llo) =0, we can apply methods of quantum many-body
theory such as the mean-field approximation, the pertur-
bation theory, etc. However, the nonhermiticity of the
Liouvillian and the nonequilibrium character of the prob-
lem introduce some special features when applying many-
body methods.

0.0
e+0.5U

14

2.0 4.0

An example of application of the approach is given by
calculation of the current through the model system (Fig. 2)
which describes an electronic level with energy ¢ and the
Coulomb interaction parameter U (the so-called Anderson
model). The current was calculated within the mean-field
approximation and within the second-order perturbation
theory which takes into account the nonequilibrium corre-
lations in the system. As it follows from our calculations,
nonequilibrium correlations are most significant in the reso-
nance regime, i.e., when the electron level is close to the
chemical potentials of electrodes. Moreover, it is evident
from the figure that nonequilibrium correlations diminish
with decreasing the applied voltage V.

For the further development of the suggested approach
and its subsequent application to real physical systems, it is
essential to combine it with the powerful many-body meth-
ods used in quantum chemistry such as, for example, the
configuration interaction and coupled cluster methods. The
first step in this direction was done in recent paper [5].




Kak mnpumep mnpuMeHEHHs IIpeio-
JKEHHOTO TOJXO/1a MPHUBEIECM PE3YNIbTaThI
pacdera TOKa 4epe3 MOJEIbHYIO CHCTEMY
(puc.2), OIMCHIBAIOIIYIO OJHOYACTHY-
HbIl ypOBEHb C YHEPrU€il U IapaMeTpoM
KyJIOHOBCKOTO B3aMMOAEHCTBUS (MOAENb
Amnpnepcona). Tok ObLT paccunTaH B IpH-
OJIMKEHUH CPEIHETO T0JIsl, @ TAK)KE BO BTO-
POM HOpPAIKE TEOPHH BO3MYIIECHHH, ydIH-
TBHIBAIOIICH HEPABHOBECHBIE AJICKTPOHHBIE
xoppenauuu B cucreme. Kak ciemyer us
HaIllUX PacueToOB, HEPABHOBECHBIE KOppE-
JSIIUY HanOoJiee CHIIBHO TIPOSIBIISIIOT ce0s
B PE30HAHCHOM pPEKUME, KOTna IOJIoXKe-
HHE JIEKTPOHHOTO YPOBHS OJTU3KO K XHUMHU-
YEeCKHMM ITOTEHIaIaM JIeKTpoaoB. Kpome
TOTO, KaK BUJTHO U3 PUCYHKA, YMEHBIIICHHUE
HanpspKeHUs! V' MPUBOANT K YMEHBIIECHHIO
POJM HEPABHOBECHBIX KOPPEIISAIINH.

JlanpHeilee pa3BuTUe MpeiaraeMo-
TO TIOJIX0/]a CBSA3AaHO C €ro OObeANHECHHEM
C METO/IaMH KBAaHTOBOH XUMHH (METOIOM
B3aNMOJICHCTBYIOIINX KOH(UTypanui,
METOJIOM CBSI3aHHBIX KJIACTEPOB) U MPHMeE-
HEHHEM 3TOTO IoAXoja K (M3MKE TpaHC-
TOpTa AEKTPOHOB B PEANIbHBIX CHCTEMaX.
IlepBbiii mIar B 3TOM HampaBiI€HUU Mpea-
MIPHUHAT B padore [5].
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