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Haqua AKTHBHOCT KaHIAUJdaTa

Ob6mact uctpaxkuBama Mwioma [[paxkunha je ¢us3nke KOHACH30BAaHOT CTama, a
MOCeOHO 00JIaCT KBAaHTHOT EJIEKTPOHCKOT TPAHCIOPTa KPO3 HAHOCTPYKTYypE H
MOJICKYJIC/KBaHTHE Tadyke. Y paay KOPHCTH METOJC aHAJIMTHYKOT U HYMEPHUYKOT
omrica KBAaHTHOT TPAHCIOPTAa KPO3 MOJIEKYJ KOJH j€ TIOCTaBJbeH u3Mehy aBe
IPOBOJHE  €JIEKTpojie, Kopuctehu dbopmanuzam  ['puHOBHX  (yHKIH]A
nepuHUcaHnX Ha KenmuImoBoj KOHTYPH Kao M TEOpHjy (YHKIMOHAJa TyCTHHE
(DFT-density functional theory).

Tema pocamamimber HCTpakMBamka j€  HUCIHUTHUBAKE YTHUIAja BPEMEHCKHU
IPOMEHJPMBOI HAIlOHA Maje aMIUIUTYy/I€ Ha TPAHCHOPTHE OCOOMHE MPOU3BOJHHOT
MOJIEKYJIa KOjH je mocTaBjbeH u3mel)y ase 1o0po nposoaHe enekrpoze. [loctymak
KOjU ce yBOAM jecTe Aa ce mo3Hatu u epukacHu DFT Meromu kopucre 3a
paduyHambe BPEMEHCKM XOMOTeHUX ['pHHOBUX (YHKIHMja Ka0 M  CTalMOHAPHOT
HNOTEHIMjala y MOJIEKYIY.

[IpBa menmHa Aocajallllber paja ce OJHOCWIAa Ha oapehuBame AMHAMHUYKE
KOPEKIIMje BPEMEHCKM XOMOTeHMX ['pMHOBHX (QYHKIMja U CTallMOHApHOT
noTeHIjana Mosekyina y Xapmpu-Dokogoj anpokcumayuju y Opmo2oHATHOM
oazucy. DOKOB 4UjlaH HE YHOCHU JOJATHY I'PELIKY YCJeJl CAaMOMHTEpaKIje, MUMO
OHEe KOjy mpakTuyHa yrorpeba DFT-a mpoms3Bomu. YBelneHa je caoycariaiieHa
cxeMa KOjOM c€ JWHAaMUYKe KOpeKiuje no0ujajy y GYHKIHJU BPEMEHCKU
xoMoreHux ['puHOBUX (yHKIMja, CTaMOHApPHOI MOTEHIMjajda W BPEMEHCKU
3aBUCHUX IMOTEHIM]aja y eJIeKTpoiama.

Hpyra uenuHa ce OaBu ojapehuBameM JIMHAMHYKE KOPEKIHjE€ BPEMEHCKHU
xoMoreHnx I'puHOBUX (yHKIHMja M CTallMOHAPHOT TOTEHIHMjana y Xapmpujesoj
anpokcumayuju y Heopmo2oHaiHom odaszucy. JloOujeHa Be3a uzmel)y BpeMEHCKH
xoMoreHux ['puHOBUX (yHKIMja W BHUXOBUX TUHAMHYKHX KOpPEKIHja OTBapa
MOTYhHOCT HYMEpUYKOT padyHama BpPEMEHCKH IPOMEHJbUBUX TPAHCIOPTHUX
ocobuna y3 nmomoh DFT-a, rzme cy KOJOBU CTaHAAapAHO Oa3upaHu HA Kopullhewy
HEOPTOTOHATHUX 0a3MCHUX CKymoBa . l30eraBameM OpTOTOHAIM3AIMOHUX CXeMa,
KapaKTepUCTUYHUX 3a TocTojehe KOJI0BE KOjU Ce€ KOPUCTE Yy OINKCY BPEMEHCKHU
3aBUCHOT TpaHCHOpTa, JOOMJEHHM pE3yNTarT IOCTaje MOroJlaH 3a pavyyHapCKy
MIPUMEHY.
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Abstract

A microscopic theory of nonequilibrium electronic transport under time-dependent bias through a
molecule (or quantum dot) embedded between two semi-infinite metallic electrodes is developed
in a nonorthogonal single-particle basis set using an ab initio formalism of Green’s functions. The
equilibrium zeroth order electron Green’s function and self-energy are corrected by the corre-
sponding time-inhomogeneous dynamical contributions derived in the Hartree approximation in a
steady-state linear-response regime. Nonorthogonality contributes to dynamical response by intro-
ducing terms related to the central region-electrode interface, which appears only in the time-
dependent case. The expression for current is also derived, where a nonorthogonality-induced
dynamical correction gives an additional current that is not present in the orthogonal description.
It is shown that the obtained expression for current is gauge-invariant and demonstrated that the

omission of the additional current violates charge conservation. The additional current term van-

KEYWORDS

1 | INTRODUCTION

Numerical codes for the calculation of electronic transport are based
on theories derived for orthogonal basis sets, but their implementation
is realized using a nonorthogonal basis."»? Numerical calculations of
electronic transport under time-independent bias (i.e., steady state cur-
rent) are invariant with respect to the choice of an orthogonal basis
set. In the time-dependent (TD) case, a number of studies have demon-
strated that the exact treatment of nonorthogonality (i.e., the use of a
nonorthogonal basis without any transformations) in electronic trans-
port is necessary for reliable results.®1Y Since the early days of molec-
ular orbital theory, there was a strong and prominent advocacy that
nonorthogonality is not just a mathematical convenience.*>"*"! The
nonorthogonality of atomic orbital basis sets in electronic transport

theories is typically handled via Léwdin[®

or lead-device orthogonali-
zation.[*”??! However, Léwdin orthogonalization should be applied
with care in the case of electronic transport of small open-shell systems
since orthogonal functions have wider spatial extents than nonorthog-
onal functions.?*~2% Working directly with a nonorthogonal set is a
natural alternative. In the present work, we develop a theory of TD

nonequilibrium electronic transport through a molecule in a two-probe

ishes in an orthogonal basis set.

time-dependent nonequilibrium electron transport

geometry formulated in a nonorthogonal basis set. The derived theory
shows that new terms appear in the nonorthogonal case that are pres-
ent in neither the orthogonal nor the time-independent case. The origin
of these terms is in the displacement current, as will be shown in detail.

Atomic orbitals appear to be a natural basis for a theoretical
description of atoms and molecules, but because of the nonorthogonal-
ity of single-electron states, a number of conceptual difficulties arise:
discrepancy in the description of the chemical bonds strengths and the

[12-15]

resonance molecular energies, sensitivity of bond orders and

[16]

charge densities in heteromolecules to the value of the overlap,'*® and

dependence of the description of atomic force attraction of mole-
cules.”! Additionally, nonorthogonality is strongly involved in the pop-

[24-28] £irther, it leads to various possible

ulation analysis problem.
Hamiltonian projections where the appearance of ambiguity in the
obtained eigenvalues, local density of states and partial charges is

caused by nonorthogonality between complementary subspaces.’?*3%

In a recent series of papers,31-3%

many-body nonorthogonal theory
was developed and applied to valence bond theory, giving the
enhanced Wick’s theorem.

In electronic transport theories, nonorthogonality has also been

the subject of research, and Prange!® considered it an elementary

Int. J. Quantum Chem. 2017; 117: 57-73

http://q-chem.org

© 2016 Wiley Periodicals, Inc. 57



DRAZIC ET AL

58 | A
WILEY QUANTUM

problem of thin-barrier tunneling of electrons, showing that conceptual
difficulties with the transfer Hamiltonian can be overcome if one
includes nonorthogonality between the states left and right of the bar-
rier. In addition, nonorthogonality has been proposed as a solution to
the problem of transferability appearing in orthogonal basis
sets. 2134351 | his papers, Stuchebrukhovi*~®! developed a method for
calculating the tunneling currents in electron transfer reactions.
Because of the overlap of the atomic orbitals, the currents between
atoms are nonuniquely defined. However, the balance equation dem-
onstrated that the Mulliken population gives a well-defined theory.
Important insights concerning the nonorthogonality related appearance
of anti-resonances and its effects on a diminishing of electron transfer
are achieved by introducing a revised Hilbert space by Emberly,”:®!
where new orthogonal states appears and the Hamiltonian matrix ele-
ments associated with noninteracting electrodes become energy-
dependent. The anti-resonances can be reproduced within the tight
binding scheme. This scheme has highlighted the equivalence between
the nonorthogonal description with nearest neighbor hopping and the
orthogonal description with second neighbor hopping.!”! Such a conclu-
sion is known from earlier studies.’*®! Additionally, the theoretical stud-
ies showed an asymmetric band structure and an effective mass
decrease/increase at the band top/bottom. The asymmetry of the
transmission curves relative to the band center was obtained using a ten-
sorial approach,'® which showed an energy dependence of the overlap
effect. The nonorthogonality effects were examined on the T-junction
structure®”! indicating that anti-resonance increases inside the band and
at the band edges. Fransson** studied weak coupling of a dot and elec-
trode in a nonorthogonal case for an extended Anderson Hamiltonian
with a large Coulomb intra-dot repulsion by analyzing one-particle Hamil-
tonian of a single-barrier tunneling structure. In that case, transformation
of the tunneling coefficient decreased the coupling strength. Thyge-
sen?? used the contravariant states of the central region and achieved
mutual orthogonality of the electrode’s and central region’s subspaces,
also known as electrode-central region orthogonalization. This result rep-

resents a generalization of Meir—WingrenBS}

in the steady state case for
an arbitrary type of interaction in the central region. Within the TD den-
sity functional theory (TDDFT) scheme, based on the hierarchical equa-
tions of motion, the problem of electrode-central region overlap is solved
by embedding the overlap in the self-energy (SE). This transformation
has been shown to be equivalent to electrode-central region orthogonali-
zation.!*”! The electrode’s time dependency can be treated as a perturba-
tion. In orthogonal formalism this dependence is removed by using a
proper unitary transformation, giving a phase factor that is acquired in
hopping between the electrodes and the central region. The nonorthogo-
nal extension is developed™® to approximate the exact noninteracting
result’® and has been shown to be applicable after the Hamiltonian
orthogonalization. In strongly correlated electronic systems, Haldane
used the nonorthogonality of localized states to construct an extensive
Hilbert space of topological states of the quantum Hall effect, leading to
a generalization of the Pauli Principle.l*”!

This work studies quantum electronic transport in a standard two-

probe geometry when the entire system is decomposed into three

parts: the left and right electrodes and a molecule placed between
them. In this case, the Hamiltonian and the overlap matrices have a
block form induced by the system partition, where the central region
Green's function (GF), electrode (surface) GF, and junction (interface)
SE are obtained from the matrix equations within the formalism of
nonequilibrium GFs, leading to computational applications in which the
numerical codes rely on coupling with DFT to treat the
interaction.[*?%1=%] | this context, nonorthogonality was also shown
to be a solution to the lack of transferability of orthogonal basis sets
and instrumental to developing order-N methods.?223*4 The main
advance made by this work is that the nonequilibrium theory of TD
electronic transport is formulated starting from a nonorthogonal single-
particle basis set. Our approach does not rely on electrode-central

(19201 ¢ on unitary transformation.® Instead,

region orthogonalization
working directly with a nonorthogonal set, we obtained dynamical cor-
rections of the GFs, the SE, and the current. The dynamical corrections
of the GFs and SEs we will call the time-inhomogeneous (TIH). The
effects of the displacement current are accounted for in a self-
consistent manner. Our primary goal was to obtain linear dynamical
corrections and responses accordingly. Additionally, our method can be
perturbatively expanded to include nonlinearities. Since the TD contri-
butions of the GFs and the SEs are obtained in terms of time transla-
tional invariant quantities, which we will call the time-homogeneous
(TH) quantities, this method is suitable for use in combination with
DFT. From a theoretical point of view, it is shown that nonorthogonal-
ity introduces a nontrivial contribution to the current caused by its cou-

pling to the electrodes.

2 | METHODOLOGY

The formalism of GFs is the main method used to describe electronic
transport through mesoscopic and nano-structures, particularly in systems

of molecule/interface/dot between two metallic electrodes.[384243:45-5¢]

I-—I'[1’2'41‘43] and

Such systems have been successfully coupled with both D
TDDFT.1?57-¢01 The significance of GFs in the description of quantum
transport is that they provide both microscopic and phenomenological
theories of the time-evolutions of many particle systems through their
particle and current densities, momentums and energies. In the micro-
scopic case considered here, a general form of the one-particle GF is
defined through the field operators given in the Heisenberg picture.[6+¢?
From the equation of motion (EOM) of a one-particle GF, and in addition
to the one-particle kinetic energy and external potential, there are two-
body contributions caused by the Coulomb interaction, which is
expressed by a two-particle GF, which indicate a BBGKY hierarchy.61-¢%
In this work, interaction is treated at the level of the mean-field Hartree

(62651 and is expressed in terms of characteristic

approximation
potentials.[43'66’68] To obtain a closed-form GF equation, SE is introduced,
which in its exact form can be perturbatively expanded to obtain approxi-
mations that conserve current, momentum and energy.[éz'és] In the case
of electronic transport, in addition to the particle-interaction related SE,
there is an additional contribution associated with the coupling of the cen-

tral region and the electrode: the junction (i.e., interface) SE.
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Defined through the field operators, the GF depends on two time-
position variables. The representation of the GF in a set of one-particle
creation/annihilation operators requires an expansion of the field oper-
ators of the many-particle state over a basis of single-particle states.
DFT based numerical calculations of electronic transport for time-
independent bias expand wavefunctions in nonorthogonal basis

sets,[1:241.69)

which raises a question regarding the nature of the crea-
tion and annihilation operators; that is, what are the states created
(annihilated) by these operators and how are related to the field expan-
sion coefficients (functions).

When expanding an electronic wavefunction in a given nonorthog-
onal basis set, the relations between this set and the one created by
the operators given in the field operator expansion concern the prob-
lem of the existence of a biorthonormal basis, where creation (annihila-
tion) operators create (annihilate) the given nonorthogonal basis set
state, leading to the conclusion (Riesz lemma) that the expansion func-
tions are isomorphic to the space of linear functionals (the dual

[70]

space), and biorthonormalization is related to the inversion of the

overlap matrix of the given basis.”*~7#! There is a nonunique resolution

[29,75]

of identity, which provides Hermitian projectors only in the

Lowdin case 141

2.1 | Hamiltonian

The Hamiltonian of Coulomb-interacting electrons in the second quan-

tization formalism is

1
r—r'|

+

~ ~ 2 ~ ~ ~ ~
H= [V b mdre 5 [ 9700 @) b, ()

where the electron field operators satisfy the fermionic anti-

commutation relations

Q0,0 )y =300—r), 100, 4 ()}=0, (' 0,4 (")1=0, ()

and time dependency is introduced through one-particle contributions
arising from TD external perturbation. For simplicity, spin indices are
omitted and h=1.

The system naturally decomposes into three coupled subsystems
of left- and right-lead and the central region, with respective single-
particle basis sets of {{j; (r),a=L,R,iy=1,...} and {y,(r),n=1,...}.
The standard assumption is taken that there is no interaction between
the leads. The central region consists of the molecule with the elec-

trode termini (which will be defined more precisely in a later section).

2.2 | Nonorthogonal basis set field operator expansion

The completeness relations (i.e., resolution of identity) in a nonorthogo-

nal single-particle basis set {|\;)} is given by!”®!

1= (S (3)
ij
where S is the overlap matrix, S;=({;|\);), of the corresponding two
states.
In the system studied here S has a 3 X 3 block form that is natu-
rally induced by the system decomposition into left-lead/dot/right-

ii |
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lead, where the blocks are matrices S.g, Sac, Sca, Sc With matrix ele-

ments equal to the overlaps of the lead-lead (S;,;,), lead-dot (S s, Sp;.)

i
and dot-dot (S,,,,) basis vectors.

To simplify the notation, the overlap matrix and its inverse can be
presented as a covariant and contravariant tensor, respectively, where
the tensor element S¥ equals the matrix element (S‘l)ij. The property
5715=]| gives the connection between the upper and lower indices
SiS =3}, where the Einstein summation convention is used.

The introduction of $7 now induces the contravariant basis-set,

) =S 5), (4)
and the completeness identity in Equation 3 can now be written as
1= 1) " (0= 1) (U [ = 1) (Wi (5)

or equivalently, the orthogonality of the covariant and contravariant

states,

(W) = (W) =¥ (6)

which provides an interpretation of {\\l/i)} as a biorthogonal basis.

Any operator O now has contravariant (O, covariant (05), and
mixed (Oj':) representations, which are connected through the metric
tensors S;; and S” in the standard fashion. In particular, Equation 3 gives

expansions!’®! for the electron field creation operator

W =cisi; (=

and annihilation operator,
Y(n)=v;(nSlej=ci(r) (8)

where the operators ¢/t (c') create (annihilate) the corresponding one-

M (n) )

particle state [\;)=\;(r), with anti-commutators
{ciT,cj}={c}L,ci}=8} 9)
{c,¢}={cj,c'}=0, (10)

and the operators ¢; (c,.T) create (annihilate) the state [\/')=S7]\y;), with
the remaining anti-commutators

{c,d}=5i {c,d1={ct dt}=0, (11)
{Cia C}r}:sijv {Civ C}'}:{C‘TC}—}:O. (12)

The assumption of no-overlap between the leads can be simply
stated as S j, =0, a # B. However, nonorthogonality implies that Sl

does not necessarily vanish, since it is determined by the inverse of S.

2.3 | Green’s functions in a nonorthogonal basis
GFs of the electronic system are defined as

—iTU )l (), (13)

where T, represents time-ordering on the Keldysh contour,/¢*7¢%! with

G(rt;r't)=

the equations of motion (EOM)

i0:G(rt; Pt )=3(t—t)d(r—r')+h(rt)G(rt; r't')

) (14)
+J drij dt12mt(l‘t; rit1)G(rity;r't'),
C



DRAZIC ET AL

60 | A
WILEY QUANTUM

i0pG(rt; r't')=—38(t—t")d(r—r')—h(r't')G(rt;r't")

nt (15)
—JdnJ dfiG(I‘t; r1t1)2m (r1t1; r’t’),
C
where =™ is the Coulomb interaction SE and the time integration is
along the Keldysh contour.
We proceed by using a contravariant representation of GF,

G(rt. ') =y (r) G (t, ')V (1), (16)

which is also used in numerical implementations in a time-independent
regime.“‘zl This approach has the advantage that the Hamiltonian is
represented in the given nonorthogonal basis; consequently, the
screening in the dot region, where the interaction plays an important
role, has an intuitive description.

The replacement of Equation 16 into the EOM Equations 14 and
15 gives

i5,0:G (¢, ') =3 (t—t')8 +Hy (£) G* t, t’)+J dty St t1)GK (1, )
C
17
—idp Gl(t, t’)S,»k=8(t—t’)8‘k+G”(t,t’)ij(t’)+I dty GI(t, t1) Sty 1),
Jc
(18)

To emphasize the dot-leads structure Equation 17 can be written
in block-form, standardly written as

St Sic O G- G¢ GWR
Se. Sc Scr |id¢| G GE GR| (t,t)=
0 Sgc Sr GRt GR¢ GR
_3;{ 0 0 [H Hc O G- G GWR

d(t—t)| 0 ® O |+|Ha He Her| (B)]GL GE GR| (tt)
0O O 8;2 L 0 Hre Hr GRL GRC GR
r zi_r\t zinéc 0 Gt G GlR

+J dty | xint zint st (tt1) | GE GE GR| (ta,t),
c

L 0 =ikt =it GRL GRC GR

(19)
where each letter in subscript/superscript of a matrix refers to a block
formed by the covariant/contravariant indices of the subsystem
marked by the letter and the zero block-matrices of H and X arise from
the assumption of no interaction between different electrodes.242
The similar block-matrix expression for GF EOM in t’ (i.e., Equation 15)
is straightforward to write, which we omit for brevity.
satisfy the trace property,
JdrG(rt,rt")=TrG(t,t'), in which the nonorthogonal basis adopts ten-
sor notation for the subsystems,

Projections of GF

[ dr GoB(rt; rt')=S;,;, Gl (t, 1)
dr GC(rt; rt') =Sy, G="(t, t')
(20)
=5;.nGMe (t, 1)

dr G (rt; rt’)

’ dr GE(rt; rt')
J )=SamG™ (£, ),

where the l.h.s. are defined as Equation 16 over the set of basis vectors
given by indices.
Electronic transport is described by the continuity equation

den(rt)+Vj(rt)=0, (21)

where electron density and electron current are given, respectively, as

n(rt)= —iG(rt,rt™), (22)
()= 5 (V=) (~iG(t, /). (23)
[61]

where t" implies the value of G obtained on the Keldysh contour.

2.4 | Time-dependent external potential

The special case of great interest that is studied here concerns electrodes
with good screening properties.'*® In this case, TD potentials are spatially
constant in the electrodes because of screening, giving an overall shift of
their energy levels. This is satisfied for metallic leads in a periodic external
driving field of frequency below the leads plasma frequency.[*®!

Near the molecule, the constant potential shift is violated and the
TD potential profile along the transport direction changes depending
on the injected and the induced TD charge. This defines the central
region as the molecule together with parts of the electrodes where the
screening occurs, and outside of which the TD potentials of the elec-
trodes are unperturbed.

The induced charge generation restores the charge neutrality
within the central region whose boundaries are determined by parts of
the leads near the physical molecule where the potential begins to
deviate from the bulk.”7-7 Time dependency in the central region
and at its interface with the rest of the electrodes then arise from the
dynamical contributions of the interaction SEs, Zi"* and Z‘é‘é(uc), respec-
tively, whereas the time dependency in the electrodes is integrated
into their one-particle Hamiltonian.

The mean-field approximation for the interaction SE,

TNt t) ~ ZM(E, )3 (t—t), (24)
introduces time-homogeneity of SEs, giving

He(t)=Ha+Sava(t), (25)

where a spatially uniform TD potential is introduced through the sec-
ond term. The TD bias arises from the sum of an external field and the
dynamical (TIH) contribution of the electrode’s interaction SE. Further-
more, the mean-field approximation allows the inclusion of the interac-
tion TH SE, 22“, into the one-particle Hamiltonian Equation 25,
HEP () =Ho + =M+ S, v, (). (26)
The isolated electrode GFs, G, has matrix elements defined as
GOlelu (t, /)= —i(Tc%% (t)c%T ('), (27)
with operators
e =Glueg; |

Vot = Cit Si;x]a i (28)

where the time evolution is governed by the evolution operator of

Hamiltonian Equation 26,
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c% (£)=Ujio (t. to)c% Upg . to). (29)
with EOM,
i0¢Upo (t, to) =H2 (t)Upo (t, to)

H (6 =P TH ()], €%

(30)

At present, the steady-state regime is considered; therefore, the
EOM of lead GFs, Equation 27, become
(Sq i0; — HIPH (1)) GO (t, ') =128 (t—t')
_ (31)
GO (t,t')(i0 Se+HPH(t))=—I28(t—t"),
which gives the following system of GF EOM for the whole system,
which are decomposed into contributions from the subsystems,

GB(t,t') =GO (t, t')dp

+] ] G0t Vae(ts, 1) (G k2, )28+ GP(t2, (155 lsd
cJc

(32)

GO (t, ) =J GE(t, t1)V cu (b1, £2) GO (£, £ )dtadlt (33)
c

GC(t, t’):j GO (t, t1)V o (t1, t2)GE (to, t')dt 1 dlt (34)
c

ScidsGE(t,t')=IE3(t, t' ) +HCGE (¢, )+ [ (St t) + SR, 1)) GE (b1, V) dt

Jc

(35)

L )= szund (t.t)= ZJ [ Vea(t, t1)G® (t1, t2)Vac(ta, t)dt1dts,
(36)
where
Vac(t, t)=8(t,t') (Hac —Saci®; ) + =M (t, )
Vot t')=8(t,t') (Hoa —Scaile) +ER (t, 1),
Similarly, the derivative over the time argument t’ gives
GoP(t,t')=8,5GO(t, t')
+J J GoC(t, 1) (V calty, t2)GO (t2, t)3E+V cp(ty, t2) GO (t2, ') (105 )dt1dt,

(38)

G (t,t)= | [ GE(t,t1)V calts, t2)GO(to, t')dtdt, (39)
Jc

Jc

G (t, ) =J J GO (£, t1)V ac(ts, £2)G (b, V)dtadt,  (40)
C

C
0y G (t,t')Sc=—1S8(t—t')— GE(t,t')Hc — [ GE(t, t1) (S0 (£, ) + T by, t'))dlty
Jc

(41)

TR, )= S )= j J V calt, t1)G% (t1, t2)V oc(tz, t)dt1dts,
cJc

< P o
where
V ac(t,t))=(Hac+ide Sac)d(t,t)+Z(t,t)) )
V ca(t,t')=(Hea+ide Sca)d(t, t')+ZRE(t, ).
[48-50]

Despite a similarity to the orthogonal states description,

there are some important differences. In addition to the use of a
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biorthogonal basis set, where the Hamiltonian and GFs are represented
in dual basis sets, the hopping matrices now contain two additional
terms: the mixed overlap matrices with time-derivative operators and
the interaction SE projected onto the interface Equations 37 and 43.
The appearance of the mixed overlap matrices is the result primarily
known from steady state transport in the energy domain."?42 The
interface interaction SEs affect the form of the junction SEs, Equations
36 and 42. The TD component of these interface interaction SEs,
Zca(ac), CONtributes to the total induced potential within the region
where charge neutrality is conserved. These dynamical corrections,
originating in the dot-leads hopping terms (Equations 37 and 43) also
affect the TD contributions of the junction SE (Equations 36 and 42)
by making them different from the same quantities described in an

orthogonal set.

2.5 | Coulomb interaction

In GFs formalism, the interaction SE represents the Coulomb (two-par-
ticle) interaction. The EOM (we take only the first time argument deriv-
ative since the second time argument derivative leads to the same
result) of GF Equation 13 of the system described with Hamiltonian

Equation 1 isl¢*¢Z

i0:G(rt; Pt)=3(t—t')3(r—F) +h(rt)G(rt; F't')

) (44)
ﬂJ W([r—r1|)Ga(rt, rit; F't', rit " )drq,

where W is the Coulomb interaction and the two particle GF is

Ga(rt, rat; P rats) = (=) (T (W(rt)Y(rit )W (rat) W T (FE))).  (45)

The time argument t* in Equation 44 equals t+8 on the Keldysh
contour for an infinitesimal 6. The interaction SE represents the Cou-

lomb interaction via

J J Zi"t(rt; rit1)G(rity; r't')dridt; = ﬂ'j W(|r—r1)Go(rt, rit; Pt' ret ™ )drq,
c
(46)

The form of the SE depends on the procedure to acquire the two-
particle GF expansion over the one-particle GFs. We consider the Har-
tree approximation, which is mean-field and leads to the following

expansion of two-particle GF in terms of single-particle GFsl¢?

Gg(rt, r1t1; I"ffl7 r2t2)=G(rt; I’lfl)G(I’ltﬁ I’zfz), (47)
giving

it (rt; rt =—iJ.W r—ry|)G<(ryt; rt)dry,
b (rtrt) ([r=ra)G=(ret; rat)dry, “8)

G<(r1t; r1t)=G(r1t; r1t+).

Finally, we consider the linear-response regime of the molecule to
the external bias, that is, that the dynamical corrections of equilibrium
quantities will be small, and GF and SE can be separated,“34%>°]

G(t,t")=G(t—t')+g(t,t
(t,t)=G(t—t') +g(t,t') 49)
(t, t)=3(t—t') +o(t, 1),

into the TH quantities and additional TIH corrections represented by

the first and second terms on the r.h.s., respectively.
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This splits the system of the EOM Equations 31-37 into functions
that consider TH and TIH contributions.

3 | RESULTS

The following subsections are devoted to a derivation for a closed sys-
tem of equations of the entire system. The results are presented in the
energy domain by Fourier transforms of the results obtained by appli-

cation of Langreth rules, 638 (501

where to simplify notation,”™" we drop
explicitly writing the energy dependence; the bar over a quantity repre-
sents its dependence on E+®. The TIH quantities g and ¢ have (E+ o,
E) dependence, and v,, i, in the energy domain indicate v, (®), i, (®),
respectively. The indices o, ff, and p enumerate electrodes and are not
tensor quantities; thus, there is no implicit summation when the same
index is repeated. Finally, the index 7 is often used in superscript to

denote a type of GF, either retarded (R), lesser (<), or advanced (A).

3.1 | Time-homogeneous contributions

The TH contributions of the dot-leads interaction, Equations 36 and
37, are
Vac=Hac+ZME—ES,c
VC[x = HCo( +cht( - EsC(x (50)
Sy § T S GO y=R A, <,

and equations for the TH EOM of GY, y=R, A, follow from Equations
33-35,

GSY= (ESc—Hc—xiM -z =1, (51)

GE¥= GV G™ (52)

G*Y= GO, G (53)

G*BY= GOVBE + GV, (GEVBE +GPY(1-3))) (54)

= G788 +G* (Vo G288 + Vg G (1-87)) (55)

and the lesser GF,

G =GRE"“G™ (KeldyshEq.) (56)

GCa< — GCRVCHG0u<+GC< VcaGOO‘A (57)

GC< = GORY, GE<+ GOV, GCA (58)

GoP< = GO +GORV,,c (GE<3f +GP=(1-55)) 59)
+ GOV (GEASE +GEPA(1-57))

= GO<88 +G R (Vy GO*<8f +Vep G (1-53)) )

+GC (Ve GOABE + Vg GoPA(1-55) ).

In Equation 80, retarded, advanced, and lesser TH GFs are simply
the EOM of an isolated electrode, Equation 31,
(SuE—Hq —ZiM)GORA) =,
(SuE—Ha—Z(")G* =0, o

with solutions

GOR=(Sy (E+id)—Ho—XM) "
GOA = [GO[XR]T (62)
GOo<<:f(GOo<A_GODLR)7
where f is the Fermi distribution.
The standard result Equation 62, which uses the regularity of

the retarded (advanced) GFs in the upper (lower) half-plane, is
obtained.

3.2 | Time-inhomogeneous contribution of electrodes

Linearization, Equation 49, of the EOM of the electrodes GF for the
TIH part Equation 31 gives

(Sai®; —He —ZM) GO (t—t') =123 (t—t') (63)

GO (t—t')(idy So+Ho+EM)=—128(t—t") (64)
(Saidt —Ho = Zi)g% (£, ') =Sava () G™ (1), (65)
G (t, ) (i0y So+Ho+EM)=—v, ()G (t—t)S, (66)

where the last two Equations represent TIH contributions.
Equation 66 provides the connection between the TH and TIH

quantities

9o (t, t’)=J At GO (t— t1)S Ve (1) G (t1—t). (67)

C

This can be further simplified by making the transformation
Lt
GO« (t, t/)'_)e*l X va(T)dtGOu (t, t/),
which gives

— St Lt
(Saidy —HOH(£))e e Ve GOx ¢ ) =5 (¢, )10 + v (t)e o OB G0t ).
(68)

Alternatively, from the EOM of the leads, Equation 31, follows
R i .t
e e OGO (1 ) =GO (. )+ J GO (t, t1)SuVa (tr)e e GO (1 ¢ty
Jc
(69)

which, after linearization, gives

—i[t drvu(t)Go"‘(t—t’)=[ Aty GO (t—t1)So Ve (t1)GO (t1—t)),  (70)

C

Therefore, the expression for the TIH portion of the GFs of the
leads follows from Equations 67 and 70,

go"(t,t’)=—ir drv (1) (t—t). (71)

1

The above procedure produces a dynamical correction that is sim-
ply linear in the TD potentials. However, this result can be easily

extended to obtain the full dynamical response
et
g2 (t,t)=(e Tk O —1)G%(t—t).

In the energy domain, Equations 70 and 71 become
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g0a<: \;_OL(GO(x<7CO°‘<) VOL(GOOLRS GOa< +GO"‘<5&GO(}<A) (72)
g%= ?“(GO‘” G%)=v,G*75,G%, y=R A, (73)

These equations express the TIH GF contribution of the electrodes
in terms of the TH GF. These expressions will be useful later when the
dynamical corrections of the junction SEs and the GFs are rearranged
in a way that is suitable for comparison with the orthogonal results and

in proving gauge-invariance.

3.3 | Interaction time-inhomogeneous contributions

In the Hartree case, Bittiker connects'®® the potential induced in the
central caused by an external bias (i.e., TIH interaction SE) and the

external potential via characteristic potentials, al®! (r),

o™ (rt; rt) =V (rt) = a® (r)va(t), (74)

with the property that, in the case of well-screening electrodes o, the
TIH SE in the bulk of o must match v, (t), that is, al®l(r) changes from 0
to 1 on going from a bulk of B # « to a bulk of «. The gauge invariance
condition requires that

> all(n=1. (75)

We generalize these expressions for the nonorthogonal case by

considering the following normalization conditions
STaf'=5c.> agi=Spc, > a&i=5cp. > _ag'=8.45s.  (76)

and explicitly prove the gauge-invariance of the obtained theory.

The only remaining TIH quantity related to the interaction is the
TIH contribution of the junction SE, Equation 36, crj“”“(t7 t'), which is
related to the TIH GFs of the isolated electrodes and, in the nonorthog-
onal case, to TIH hopping, Equation 37. The latter is nothing but the

TIH contribution of the interaction SE projected onto the interface.

3.4 | Time-inhomogeneous contributions to GF

The TIH correction of the central region GF, which is obtained after
substituting Equation 49 into the GF (Equations 35 and 41), are given
in the energy domain as

9€=G"(Uc+clh)GE, (77)

where the form of Uc is given in Equation 84. Derivation of an expres-
sion for g<, the most important quantity in the formalism related to
electron transport, as well as g*/A are quite involved, and the details
are given in the Appendix. The result can be expressed rather suc-
cinctly in coordinate-free expressions,

g<=va G

Ga"G<+G alGh)

(78)
= %(G<—G<)+(vB—vu)(GRa[B]G<+C<a“5]GA)
gY :Z Vo (Cya[“] GV)
; " 79

(GY=G")+(vg—vq)(G aP'GY), y=R A.
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These contributions are via Equations 32-34 and 38-40 con-

nected with the GFs of the isolated electrodes,

O(xR

gOo<<:v ( GOa< +GO"‘< GOaA)

= (G 6",
. (80)
go"‘“’=v G S, GOy

Yo (GO —G%Y) y=R, A.

(0]
where the second row in each case is obtained from Equation 70. The
corrections resemble the orthogonal ones,*>*”! where the only differ-
ence is that both the TH and TIH GFs are represented in a contravar-
iant basis.

Linearization of Zjé‘:d, Equation 36, in the energy domain, «,

O =V, G2 M U GO MWV +V g WVae, (81
contains g% which is transformed using Equation 80 to obtain

e Ve et <oy on
o= (Z=E ) +V G (Uae = VuSuc) + (Uow —VaSca) G MVac,

(82)

where y=R, A, < and with a first term that is equal to the orthogonal
case. 3% The difference being the energy dependent junction SE
caused by the overlap, Equation 50, whereas the last two terms are
obtained from Tt Equations 36 and 42, in the energy domain, and
transformed via Equation 70. The TIH contribution of the dot SE from
the junction with lead «, Equation 82, introduces new terms recognized
in explicit dependence of the characteristic potential projections onto
the interfaces, Equation 83. In the wide-band limit,® the difference
TS vanishes.“®! Therefore, the TIH SE also vanishes in the
orthogonal case because of the junction, whereas the second and the
third terms in Equation 82 remain nonvanishing in the nonorthogonal
case.

Finally, dynamically induced TIH potentials in the nonorthogonal
case have a dot and junction contribution, both of which are expressed

through characteristic potentials,

Ucu(ac)= [085 «c)dE= Z acq «0) V! (83)

Ue= J ol dE= Zac . (84)

This closes the GF EOM where all the TIH quantities are repre-
sented through TH quantities. What remains is to determine the spatial

shape of the characteristic potentials.

3.5 | Time-inhomogeneous contributions in the space
domain

Characteristic potentials are present in a self-consistent relation with
g~, which means that their spatial dependence is obtained as a solution

of the Poisson equation,
AVy(rt)=—4me? dn(rt), (85)

dn(rt)=n(rt)—neq(r), (86)
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where both the Hartree potential, Vi, and the electron density fluctua-
tions caused by the TD bias, dn, are related to al*). The former is given
by definition, Equation 74, and the latter is given through g<, Equation
78.

However, the nonorthogonality introduces a complication when
determining the electron densities of the subsystems. In the orthogonal
case, the particle number operator for the electrodes is N, = Eiu c,tc,-u,
and for the dot, it is Ne=>", cIcn. However, the trace of the corre-
sponding lesser GF provides the formal framework for the particle
number and current calculation. In the nonorthogonal case, the total
number of particles operator, N, can be expressed as a scalar Hermitian

operator in two manifestly basis-independent ways,

N=ctg=c"e,+Y e, (87)
—c d= cTc -FZ:CT =N, (88)

which, again, express the decomposition of the total number of elec-
trons across the subsystems but in two ways as N=N¢+ > N, and
N:NT:NZ-% > NZ, where

Ne=clc", N(X:c,{c“", (89)

represent the operators of the number of electrons in the correspond-
ing subsystem. It is straightforward to verify that both of these opera-
tors are non-Hermitian, with the consequence that every linear
combination of the form

XNc+(1—X)NZ, 0<x<1

provides a possible number operator of the dot (and is similarly true for
Na). Among those, however, there is a unique x when both operators
are Hermitian, x = 1/2, when N¢ and N, can be obtained as eigenval-

ues of Hermitian operators,

1,0 ot 1 o &
O 5 (Na+ ), (90)
respectively. Therefore, x = 1/2 is used in the following calculations.
Accordingly, the deviation of the particle number near the equilib-
rium value, 3N(®)=N(w)—N, can be determined for each subsystem,

N ()= JTr( 9°)dE— JTr(Sach‘K +Scag"C<)dE

2
(91)

3Nc(w)=— i J Tr(Scg®<)dE— ﬁ > JTr(S.xch“< +5¢48°C<)dE

After expressing GF in the space domain, Equations 16 and 20,
projections of the Poisson equation on the central region gives

Z Aal(r)

with the boundary conditions set by the requirement of charge

Vo =2ie Jg,,<+ 22 By gBC)\dE,  (92)

neutrality,

JZ Aal® (r)vedr=0

JTr(chC< + % > (Spcg“P= +Scpg® <))dE. (93)
B

Using the obtained expression for g<, Equation 78, to express the

TIH contribution in terms of G, the charge neutrality condition decou-

ples into independent equations for each component of the character-

istic potential,
Ad(r)= 2ie? U U (P)(GRAG< +GallGA )™y (r)dE
1 i i -
+ 5| (06 a6 G a6 (e 94)
+ %J\p,ﬁ( )(GRaIG= +G=a™GA) ™y, (r\dE .

Since the results are obtained in the Hartree approximation which
is charge-conserving,*? summing both sides over o must equal zero. In
particular, because of the characteristic potential normalization, Equa-

tion 76, the sum of the r.h.s. gives,
ZAa = 2ie? U W(N)(GRSG<+G=SGA)™: (r)dE

+% (J Un(1)(G"SG=+G G (r)dE+J U, (1)(GTSG=+G“SGA)e "y (r )dE)}
(95)

Transforming this expression is performed using a result derived in
the Appendix, Equation A21, which, in essence, expresses the GSG
terms as differences G<—G "~ to obtain

ie2
TU(G&—G?)dE%ZﬁGﬁ“ G Gh - G“ﬂdE}
B

The integrals in the last expression vanish because all their differ-
ences are of the form f (F—F)dE, which equals 0, thereby proving
the charge-neutrality condition of the Poisson equation. This also
proves that >~ Aa*(r)=0.

The total dynamical charge density within the central region is
contained in the r.h.s. of the Poisson Equation 92, which contains con-
tributions from both the injected and the induced charge densities.
Contributions from the former occur via the terms with characteristic
potentials projected onto the electrodes (giving 8,3Sg), whereas contri-
butions from the latter occur via the terms with characteristic poten-
tials projected onto the interfaces and the dot.

With each of the characteristic potentials obtained, Equation 94

can be formulated in the form of the Lindhard equation(43%®!

dn(r, )
dE

Aal)(r)=4ne? <— +JH(r, r, m)a["](r’)dr'>, (96)

where we obtain the following for the injectivity of lead « (i.e., its den-
sity of states)

dn(r,a i CoR gy =Ca "
el 2n”[6"” GEC<+ G (1) G

(97)

n %Z<GC(XRG0('Y< +GSX<GOWA GYﬂRGuC< +G:f:‘<GuCA)} dEdr’.
3

The polarization, TI(r,r,®), has dot-dot (rc), dot-lead (n,) and

lead-lead (m.g) contributions,

er.o)= | de (nc(r, P+l 0)+ 2 D map(r r’,m>>,
b [ ofp
98)

where
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ne(r,r, 0)= Grr, GC<+G", G&h
o (r, ¥, )= %(Gw Gl +Gpy GEA Gy "G +Gpy “GEp)
+G GEE<+G o G+ G R GEs + G < GEA

rr’ rr' rr’

CR C CaR C
Tap (1, P, @)= G, GO +G . GPA+G "GP +G v~ GEPA

' rr

+GERGRC 4 GuC GRA 4 GLoR

e GE G GER.
With the Lindhard Equation 96 determining the characteristic
potentials design, the theory is closed. We now proceed to derive the

expression for the TD current through the molecule.

3.6 | Time dependent current

The electronic current is driven by the external TD potentials v, (t), a=
L,R. To provide the current conservation, the displacement current,
which is caused by charge accumulation in the central region, must be
considered.®! A self-consistent treatment of the response potential
incorporates the effects of the Coulomb interaction, thus creating a
feedback. That is, the induced charge density screens the charge
injected from the electrodes, giving a zero net charge. Consequently,
integration of the continuity equation over the volume of the central
region provides a conserved current. Inclusion of the Coulomb interac-
tion in the particle current expression ensures that the displacement
current effects are not neglected,[éa'm] so the total current can be
obtained as a time derivative of the particle current where the displace-
ment current contribution arises from its explicit dependence on the
induced potential constituents (i.e., the characteristic potentials). A
time derivative over the dynamical contribution of charge density in
electrode o will give the corresponding TD current density plus the TD
current after integration over the region of interest. Using a nonorthog-
onal basis set, this approach imposes the question regarding lead popu-
lation, which was addressed in the previous section, giving the

following result for the TD current from 3N,,
. . 1 Ca< 1 c<
io(t)= 2ei[Tr(S,0:8%(t, t))+ ETr(Smcatg “S(t, )+ ETr(SCHGtg‘“‘ (t,t)]

= 26i[Tr(Se (0¢+0¢+ )g* (t, t+))+ %Tr(sac(aﬁat‘ g% (t,th)

1
+5 Tr(Sca (0t +0t)g*C (¢, t7))]
= 2€Tr|(Hoc+ =Mt —Socidr)g% (£, t ) + oMt (t, 1) GE (t—tT)
—g°C(t,t ") (Hea +Z +i0 Suc) —GoC (t—t ot (£, t)
(99)

i
+ 5 (Sac(@+0e )™ () +Sca (G0 )g* (6, t7))],  (100)

where the leading coefficient 2 arises from the spin. In the energy-

domain,

I.a = — I TI’[ uc+2'”t (E+w)5uc)gca<+UuCGC"<

—g°C< (Heo + 20 —ESc,) — G U, dE (101)

+m£JTr(gC“<SuC+SCug"C<)dE‘
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After some algebra involving expressions for the TIH contribution g~
from the dot and leads, Equations 78 and 80, and the TIH contribution
o from the junction to the dot SE, Equation 82, we obtain

. _ € ~CR _junct< | ~C< _junctA | _CRsjunct< , _C<sojunctA
J,Xf;JTr(G or T THG Tog g REE T gt my!

— GRGE< — glunct< GEA g gl SNt gCA) gE (102)

—o— j Tr(g%< Suc+Scag"c<)dE,
2n

Together with equations that express the TIH quantities over the
TH quantities, Equations 78-80 and 82, these equations constitute the
main results of this article. The first integral of Equation 102 formally
contains the same terms as in the orthogonal case, only with contravar-

jant GFs (i.e., represented in a dual basis“®>%)

. The second integral of
Equation 102, which is absent in the orthogonal case, arises from the
TD charge at the interfaces because of the nonorthogonality of the dot

and leads states, which are introduced by nonzero S.c, Sca.

4 | DISCUSSION

Since the results are obtained in the Hartree approximation, which is

[62]

one of a few known conserving approximations,”®~ we next explicitly

verify the current conservation and gauge invariance of the result and
then discuss the importance of the second integral, which relates to
the nonorthogonality by considering both the orthogonal case and the
limit of vanishing nonorthogonality.

4.1 | Current conservation and gauge invariance

The sum of the lead currents, Equation 99,
D ia(t)=—2€> " Tr((Hea+ 8 —i0Sca)g"C (£, t+) +ollt (t7, ) GoC (t—t)

—gC(t, t+) (Hoc + ZME+i0;= Soc) — G (t—tF) o (£, t)

i
+ E(SaC(at+at* )8 (t, ") +Sca (B +8¢+ )°C (£, 7)),

(103)

can be transformed by rewriting the first two rows using the GF EOM

Equation 19, to obtain

Z:a (t)=—2eiTr[Sc (8; +0¢+)g (t,t ™)
+Z Sac (00 )85 (£, ) +Sca (3 +0r )8 (£, 7)),

which in the energy domain becomes
H e [ € [ o o
zu: (@)=~ Ew'l Tr(Scg®<)dE~ ﬂm;J Tr(Sucg™< +§°C< Sy )dE,
(104)
where the first term is simply (negative) current through the central
region. The charge neutrality condition in Equation 93 ensures that
> o ia(®)=0. To verify gauge invariance, the potentials are shifted by a

constant, v,—Vv,+K, and the resulting i, are calculated. The shift
changes the TIH quantities, Equations 78, 79, and 82,
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gV'—>g’/+K(GSG)"—gV+ (G" G, yv=<,AR;
(105)
dEQHCtV’_’ jSumncty + g (Zandy—ijg:cw),

where the normalization property of the characteristic potentials, Equa-

tion 76, has been used, whereas the equality

1

(656)'==(6"~G"),

is proved in the Appendix. By recalling the results for the TIH contribu-

tions g< and ", Equation 105, the current changes as
o+ % ‘ Tr(GCR<2jg:|ct< _ijéJ:ct<)+GC<(chu:cm_ija?cm)+(GCR_GCR>2E?ct<
+ (GC< _ GC< )Xjéj;ctA _ (ZjéjunctR _2qu:CtR)GC<
_ (zjcuunct< 72¥:Ct< )GCA*EJ‘CU:HR(GC< *GC< ) 72jcuanct< (GCA*GCA))dE
— % ‘ TI’((GC“‘< _Gch< )Suc+Sca (GuC< _Gac<))dE,
(106)

where only terms of the form ffcoo(F—F')dE=O appear under both inte-
grals, thereby proving that iy —i,.

4.2 | Importance of dot-interface projections

To demonstrate that the gauge invariance would have been violated if
the interface SE projections Equation 83 were not included, we calcu-
late dynamical corrections that neglect the interface projections when
only a[c"] remains in a self-consistent manner. The hopping and junction

quantities, Equations 50 and 82, then become
= Hea(ac) ~ESca(ac)

VC(x GOO{‘Y Vth

Vea(ao)

juncty _
Zc& =
junct \/
GJ(_‘“ Y= VCagou'VVaQ
whereas the TIH contributions become

. Vo i =i 7 ~Oa,
oc = (22“3‘“—21&”“”)—% (ScaG*MWoc +VeuG*S,c), v=R,A, <

8 —ZVB

R0 +54)G%)+ (G (af!+55)GH))

g'=Y vsG'(af'+55)G".
B
(107)

To verify the gauge invariance of the obtained current, we again
make a shift of v, by K and calculate the resulting current change.
Quantities in Equation 107 change after the shift as

. . K _. . o

O G . (Zhnety — S (S GO MVoe +V e G ™S
i< i< K i< _ A<

g gh+ 2 (GG

iC<

Z(G,CRS Gp!<+G:pRS GC1<+G S, panA+Gip<spCGCjA)

P
g g+ g (GM=G™) =KD (G 'S¢, GM+G™'S,cGT), y=R, A,
P
(108)

For comparison, the shift changes the same quantities in the full
description, Equations 78, 79, and 82, as

ghrogh | (GM-G"), y=< AR
(109)
GjanctyH oJE:Ct“’ + g (chuﬂncty _ijancty)

i

which reveals that all three TIH quantities after the potential shift
acquire additional terms with respect to the full description scenario.
This difference arises from neglecting Uc,, Uqc in cr"C“:d“’, Equation 81,
which consequently influences all other TIH quantities through Equa-
tions 78, 79, and 82. The current changes after the shift again by

acquiring two additional contributions,

. e s
Iai—da—K I+KOJ—I

o (110)

where
=JTr {GC‘KSQC ~50aG < +G RS GOV + G S GOV, ¢

~VaGH S, cGE V0, G ™S, GA
+3 (G5 cpGRR+G PRy GOR)wenct<
B

_ ijgunck Z(GCASCBGBCA + GCBASBCGCA)
B

+3 (G SGRC= + G 5cp GRA+G PRy 6P +G P55 GPA)
B

(zpeneth— iic”&"“'{)} dE
(111)

and

frlge

B

K Sac G +G RS 0p GPa< +G P S GoA + G 5 GRaA)S ¢

aCR aC<

+Sca Y (G PS5 GE= +G TS GEC= +G P53 GA+G "5, GEA) | dE,

B
(112)
neither of which are zero. Therefore, omitting the interface-induced
potentials in the dot, Uc, and U,c, in the nonorthogonal case gives a

nongauge-invariant theory.

4.3 | From nonorthogonal to orthogonal basis

If the overlap matrix S is the unit matrix, the known results for the

1.[43]

orthogonal case of Wei et al.”™* are recovered. The TIH GF contribu-

tions g derived here, Equations 78, 79, and 82, depend on the dot-

H P int
leads interaction electron SEs ¢, .c)-

In the previous section it is
explicitly shown that they cannot be neglected in the nonorthogonal
case if the theory is to be gauge-invariant. In the orthogonal case, the
gauge-breaking currents, Equations 111 and 112, equal O when the
basis-set overlap matrices between the central region and electrodes,
S«c, Sca, €qual 0. However, this only demonstrates that neglecting the
dot-leads SE in the orthogonal case does not violate gauge-invariance.
We now derive the expression for current in the orthogonal case when
the central-region-electrodes SE are not neglected. The result for the
current Equation 102 in the orthogonal case, using Equations 78, 79,
and 82 with S,c=5¢. =0, becomes
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oo = (v —v) & JTr(GCu B G+ GRal GOV, +GEal GOV,

Ca~a
—VCuG a G< VcaG aacGA
+(C a[ ]GR) Junct< Ejunct<(G a[ ]GA)
+(G aBlG<+G* a[B]GA)C(ZJgunctA_ijcuﬂnctR))dE
(113)

where all the indices are written in subscript since the covariant and
contravariant formulations are identical because of the trivial metric S
=5"1=| of the orthogonal single-particle basis. Because of the zero
overlap of the basis states in the dot and leads, the hopping matrices
Vea(«c), Equation 50, are now energy independent. The current again
can be split into the particle, i?, dot-dot, tfi dot-leads, i¢", and displace-

ment current contributions,
jortho — oy jd' 1 jd"

where the first two terms,

P =(vp—Va) = [Tr[GCBGRCzJU"ct< S GG
+(GepGic+GpGhc) (SEneth — 1),

9= (Vg —ve) % JTr[CEa[CB] GRelnet< s Rt GlalGa+
+(Geal!Gg +GeaflGR) (T AT,

1431 and both currents are

correspond to the standard orthogonal result
clearly gauge-invariant. Clearly, the additional dot-lead interface contri-

bution to the total current,
9= (Vg —va) = ITr[G aP GOV, +Geal GV, Ve Gl Gg — Ve, 6 allGa
+3 (G, GR+GRalGR) skt — SR N " (GE,a

P P

=R =R = = j SjunctR
Gl o+ Glof GG Gl (S

]GA+GCa[ﬁ]GA )

+Ge, th_aCuG< JdE,
(114)

is also gauge-invariant. It consists solely of terms containing character-

istic potentials a?i, ([fé which, in turn, are determined self-
consistently. The normalization condition on the characteristic poten-

tials, Equation 76, in the orthogonal case becomes
Z a Z alfl= (115)

which, notably, does not rigorously guarantee that each summand is
zero. Indeed, although each a goes from O to a positive value <1
when going from one electrode through the central region to the other
electrode, it is at present not known whether they are also, for exam-
ple, strictly non-negative, which would be a sufficient condition for
their vanishing under the orthogonal case condition, Equation 115. To
estimate the value of these potentials, we use the block-form of S,
Equation 19, which is decomposed via the identity!®? $=55+Sq into
its block-diagonal, Sp, and block-off-diagonal, So, parts,

ii e
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= % (So(I+5550)+(I1+50551)Sp),

SL 0 0 0 SLC 0
Sp=| 0 S¢c O [,So=|Sa O Scr
0 0 S 0 Src O

Using the condition of ag“] =0 in electrode B # «a, a[é‘é and ag’é can

be written, after some algebra, as

o 1
“[c]_z(a[c]sciJFBus)SCs

(116)
[a]*_sﬁc( BJrscl [O‘])

which shows that in the limit of vanishing nonorthogonality, when
So — 0, they are expected to also go to zero. Therefore, the additional

current i4" — O recovers the orthogonal case result.

4.4 | The model and numerical results

Regarding the numerical aspects of our work, the central quantities
that have to be determined are the characteristic potentials. As we
show, every other time inhomogeneous contribution depends directly
on the characteristic potentials and the TH GFs. The Lindhard equation
must be solved with charge neutrality as a boundary condition. DFT is
suitable for determining/establishing the TH GFs, including the central
region GF, the mixed GF and the GF of the isolated electrodes. The lat-
ter, also called the surface GF, can be determined by a separate calcula-
tion, which is possible because of the screening approximation. Within
this separate calculation, the junction SEs are determined as well.
Although the components necessary to solve the Lindhard equation
are provided, in principle, the involvement of the polarization kernel
can be computationally cumbersome. The first step toward simplifica-
tion would be to localize the polarization kernel, that is, to adopt the
Thomas-Fermi approximation. As a quasi-static approximation, it is
expected that this framework will omit some effects, such as Friedel
oscillations. Nevertheless, the Thomas-Fermi approximation can be a
good choice for an acceptable range of frequencies. Furthermore, the
quasi-neutrality condition can be imposed. Another huge simplification
would be to neglect the energy dependence of the electrodes-central
region couplings (wide band limit,-WBL), which can be justified as long
as the width of the conduction band significantly exceeds the values of
the bias amplitudes and the width of the resonances. Still, the calcula-
tion within the microscopic theory remains highly demanding even
with all these approximations because it must be performed at every
real space point. It is much easier to begin with the phenomenological
approach where the explicit dynamical response is neglected; thus, the
displacement current partition is determined by the gauge invariance
requirement. The advantage of the phenomenological theory is a low
computational cost since the calculation must be performed in the
orbital space. We have developed a toy model in the nonorthogonal
basis to test our theory using the phenomenological approach. In this
subsection, we present the toy model to consist of an interacting sys-
tem connected to noninteracting one-dimensional tight-binding chains.

The interacting system consists of two sites C- and C*. We consider
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that their states are |C!) and |CR) in the orthogonal description, sin km ]
whereas the chain sites are denoted with |i), where i goes from —oo to M+1
—1 and from 1 to oo for the left and the right chains, respectively. The sin 2kn
nonorthogonality is introduced through linear combinations!”! k)= i I\_/Hl (121)
|CLy=sin ¢sin 6] —1) +cos 6|C*) +cos ¢sin 6|CR); 117) M+t ’
|CRY=sin ¢sin 6]1) +cos ¢sin 6|C-) +cos 0|CR). .
. Mkn
It is easy to see that Riyveey
(—1n|CLY=(1n|CR)=sin ¢sin bcos a=5; (118) with eigenvalues
(CL|CRy=sin 20cos ¢=S, -
gx=e—2tcos M1

represent the overlap between the central region and the chains, s, as
well as the overlap within the central region, S. We adopted the follow-

ing for the Hamiltonian matrix elements, given in an orthogonal

basis, %%

Hcii :hcfi +Vij; hcﬁ =8ij—1; V,'j=1.5+0.75(1—8,'j),
h,ch :th,l =h1CR :hck1 = _E: _0.57
—t=hjirg=-2.

Above, Hc denotes the Hamiltonian in the central region, where
the one-particle contribution hc, and the Coulomb contribution vj are
presented. Additionally, the dot-electrodes hopping t and the next
neighbor hopping in wires t are introduced. The on-site energy € equals
the Fermi energy. In the nonorthogonal description, the hopping matrix
elements are

VC,M:(C§|th\1>:(C,ﬁ|th\71):Vch,,1:§(st)ffcos 0;
Ve 2=(Chlh—E|2)=(Ci|h—E[=2) =V ,=—t5;
VC“:(CthEH):(Cﬁ|h7E\71>VC5>_1szsin 6cos .

From the above, it is straightforward to find the junction SEs

ZESA) =) VG MV,c,
[¢3

where the isolated electrode GFs are obtained from the half-infinite

matrix
e -t 0 0 O
; -t ¢ -t 0O O O... (119
0 -t ¢ -t O o ol
where
1
G (E) =PV Un = (UT)
k
Finy  Ud(E—ex)(UT) (120)
k

GI?< (E) :if(E)ZTcZ Uika(E*Sk)(UT)kp
K

and the matrix Uj=sin ,ﬂl diagonalizes the Hamiltonian. The eigen-

value problem
hik)=gxlk),

gives

Releasing the infinite sum in Equation 120 to a continuum, is
obtained using contour integration

_ N2
-2 (%:,- 1-(%) )@)(zt—f—sm

_ _ 2
+%(E_t€ (%) 1) (1-0(2t—|E—¢|))

E- 1
A S

(122)

12 21

GE.’< =f(E)(G§}?A—GfJ?R).
To determine the central region GF, we derived the Hamiltonian

(HC)C,’;.Ch = (HC)CE,C,’f =52¢—25tcos 0+ (1*52) (he,, +vi11) +S(hcu +vi2)

(HC)C,’,*.Ck = (HC)C#C"R =—25tsin 6cos b+ (1_52)(%12 +V12) +S(hc11 +v11).

-B A

(123)
Knowing that
(ES—Hc, —2c,)Ge, =,
where
A E=(Hc)eum —ziéf,}f_qw,
=(1-5%)(E~(hc)yy—va1—g3; " £1)=S((hc) 1o +vaz),
B ES—(Ho)wm 00 ~Zeim o
=S(E~(hc)1y—vi1 =835 E)=(1=5?)((hc) 1o +v12),
we obtain
Gc"—(AZ—BZ)‘l{ g _B}. (124)

Here, we adopted the phenomenological theory.®® This method is
equivalent to a microscopic self-consistent model in the quasi-
neutrality approximation where the charge polarization in the central
region is neglected. Since the dynamically induced charge is not consid-
ered, the total displacement current is partitioned into each electrode,

giving for the conductance

2, Gl
GaB:G‘; -Gl =y
B BZVGEI{

where
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FIGURE 1 The conductance, G, of a two state central region coupled with two semi-infinite leads. (a) Real and (b) imaginary parts of G in
an orthogonal basis for different frequencies (eV) as functions of the Fermi energy E; (c) Real and (d) imaginary parts of G in a nonorthogo-
nal basis for different frequencies (eV) as functions of the Fermi energy E; (e) Real and (f) imaginary parts of G for E;= 1.29 eV as functions

of frequency in nonorthogonal and orthogonal cases. To describe nonorthogonality we choose (0, ¢) = (n/6, 1/8)

2 _ _ _ 1 1
Grp= %Tr[dE((GIBG)Lan +1/2(GSc,36) s, +1/2(GSpc,G)ic) <vcnf %‘”SCHQ all,= 5 apSc,p: ase = 5 58, D (126)
h _ _ _
*(Vacn*70)Sacn)((GIBG)EN+1/2<65anG)§na+1/2(GSBCHG)EX) This is the reason for the coefficient 1/2 in front of the interface
2 _ terms in Equation 125. In our model Sgc, =Sc.g=5; Sc,=S. In the left
+1/23a62iTrJdE(G§c Scua=5ac, GE ) q TR R “
h " " panel of Figure 1, the real and imaginary parts of the conductance (G)
2 ~ . . .
Gg=*hw%TrZ I[Sucn((G’BG)EN*1/2(GSCnBG)§W*1/2(GSBCHG)§"(X) obtained in the orthogonal and nonorthogonal description are plotted.
B ) “ ) B ) Even a phenomenological theory applied to a simple model exhibits
+((GlgG)¢ ,+1/2(GS¢,6G)c +1/2(GSpc, G Sc,o X .
(« Bz>c”“ /2(GS6pG)uc, *1/2(G300,Guc, )56 clear differences between an orthogonal and nonorthogonal descrip-
2 = = = . s . .
7hm%Tr[SC"((GIBG)a+1/2(GSC”BG)§n+1/2(GS[3<;"G)E"), tion. Nonorthogonality introduces an asymmetric response relative to
(125) the minimum between the two peaks. This result is consistent with ear-

Gyp and GgB are the particle and the displacement current related
conductance, respectively. The above expressions for conductance are
derived from our microscopic theory. Using the expressions (78 and

79), the current can be expanded over the voltages
ia=Y_ GopVp.
B

The voltage is V,=—V, /e, where v, is the external potential. Since
the dynamical self-consistent response is neglected, charge neutrality
does not hold any more. This is the reason for partitioning the term
from the right side of Equation 104, to separate contributions of the
left and the right electrode. This leads to interface projections of the

characteristic potentials Equation 116,

lier studies.®®®”! The behavior of the real part of the conductance
around the resonance energies where inductive responses occur is

expected®”

and can be understood through a classical explanation
where the current lags the voltage because of electron inertia.>%! Addi-
tionally, the increasing frequency causes the imaginary part to become
more pronounced. On the right side of Figure 1, the frequency response
for the orthogonal and nonorthogonal case is represented for a fixed
Fermi energy of 1.29 eV. The imaginary part of the conductance in the
orthogonal description is always positive, which is a hallmark of induc-
tive behavior. However, in the nonorthogonal description, there is a
range of frequencies where the imaginary part is negative, meaning that
the capacitive response dominates. Compared with the orthogonal

case, the nonorthogonal description gives rise to an additional
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displacement current (i.e., the charging capacitor current). With a fur-
ther increase in the frequency, the inductive behavior becomes more
pronounced in the nonorthogonal description, which could be related
to an increase of the electron effective mass. The above figure clearly
demonstrates that the orthogonal and nonorthogonal descriptions do
not produce the same result for dynamical currents in linear response

theory.

5 | CONCLUSIONS

We have derived expressions for current in the bounds of a micro-
scopic theory of nonequilibrium time-dependent electronic transport
through a molecule using a nonorthogonal basis. The first-order
response of the central region to external potential of well-screening
electrodes was determined within the Hartree approximation. A nontri-
vial current contribution is generated using a nonorthogonal basis for
the case of a time-dependent bias. If these terms are omitted from the
expression for current, the gauge invariance is violated. Their physical
meaning can be related to the fraction of displacement current through
the electrode-central region interfaces. The orthogonal case result is
recovered for both zero and the limit of vanishingly small overlap. The
presented theory is suitable for coupling with density functional theory
in the standard way, which would make it practical to describe time-
dependent electronic transport through atoms, molecules and junctions

for a wide variety of systems.
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APPENDIX

Obtaining the expression for the TIH GFs, Equations 78 and 79
requires a rather long derivation and, as a first step, we derive an auxil-

iary result,

g'=) va(Ga"G)%; y=R,A <. (A1)

The derivation was done for the TIH GFs projection on the elec-
trode « (i.e., g*7), because this step is the most demanding of all neces-
sary projections. The derivation will also give the expression for g&®
whereas the remaining projections may be obtained in a similar way.

The superscript y will be omitted in the following presentation in
order to simplify the notation, since the following expressions are valid
for all three types (i.e., R, A and <) of the GFs individually. The product
(Gal*lG)" was expanded and expressed according to the Langreth rules
in the energy-domain via the Fourier transformation. The GFs and the
SEs, contained in the EOM of G*¥, Equation 32, were separated into
the TH and TIH parts according to Equation 49. This leads to the TIH
contribution

g% =8% 4+ GV g% + G Uy c GE + g0V, G, (A2)
The above expression contains the TIH contributions g%
g% Ugc, and each of them must be found. The TIH GF of the isolated
electrode « is obtained from Equation 67 in energy domain

9=y, G5, GO, (A3)

The TIH part of the mixed GF is obtained from Equation 33
8% =G Vg% +G Ugo G® +8 Vo G, (Ad)
which together with Equation A3 transforms the first two terms on the

r.h.s. of Equation A4 into

VoG8, G% + 3 vy Galfl G, (A5)
B

where U is expressed through characteristic potentials. The third term,
3%V, GO, is more difficult to transform due to the presence of g,
Equation 77. Starting from Equations 52, 54, 55, 82, and 84, for the
third term on the r.h.s. of Equation A4 the following is obtained

G UCGE +G a6 = (v G alf G +G P Upc G
B (A6)
+G Ugp (GP* 85 G%) +v,G PS5 (GP* —35 GOF)).

Collecting terms from Equations A5 and Aé, gives

9= "va(GalG)™, (A7)
B

proving the Equation A1 for g¢®
We proceed with derivation in order to prove Equation Al for the
expression g*¥ with y=R, A, <. The sum of the first and fourth term

on the r.h.s of Equation A2, which we denote with X, is
X=g% + g0V, GCe
=, G** 5, GO +v, G*S, (G2 —G%) (A8)
=v,G*s,Ge,

the third term, expressed through characteristic potentials and denoted
with Y, is

Y=6"Uuc G =" vy 66, (A9)
B

and, by using Equation A7, for the second term (denoted with Z) it is
obtained

z=c°‘*\7ch@—zvgc‘*c aflG Cu+zvﬁz
=D (G (@PG) "+ 306" (aP6)) =6 (P 6y
B P B

=Y vs(GaPIG)* —X~Y.
B

P —84pG ") (aBIG)™

(A10)

Summary of these terms, X+Y+Z=g*, is valid for the index
v=R, A, <, which proves Equation Al.

What remains is to prove expressions given in the second row in
Equations 78 and 79 and for this purpose it is considered the case of
lesser TIH GF. By tranforming Equation A1 using the property

-, a=S, it is obtained
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9=V (GSG)*~ +(vy—Vp)(Ga¥G)*~ (A11)

In the following procedure we will use explicit denoting of terms
obtained after the Langreth rules. The next necessary step it to calcu-
late (GSG)*~, which will be done by analyzing its contributions, one by
one. The first one (denoted with A),

:(CD‘CSCGCO()<,
after the Langreth expansion contains terms GO 'ScGERA)
GCRSCGK, and GE“ScGA. Referring expressions for R/A GFs, Equa-
tion 51, the following is obtained

1_[GCR(A>]—1=w5C+ngnctR<A) _ijcunctR(A). (A12)

—~CR(A),—
[

After multiplying it with G*® from the left and with GSR®) from
the right the following is gained

~CR(A) junctR(A) < junctR(A)
GCR<A> ScGERA) = GRAN -G _GCR(A> Zjémc *zjcunc GCRA)
® ®
(A13)
By multiplying the obtained expression with G© E’”nCK from the

left, in the case of advanced GF, and with ZJCL'”d<GCA from the right, in
the case of retarded GF, and by referring to the Keldysh Equation 56,

the following is obtained

GC<— GCREjCLIHCt< GCA R ZjunctR _ iiunct.R

GRscGe<= -G SEES
CR & junct iy C tAm junctA (A14)
~ < Junct< ~L< ji < Junc
G5 G — G "G -G < RS GoA.

() (O]

Equations A13 and A14 were used to transform the TH expres-
sions for G¢, G*C, Equations 52, 53, 57, and 58 and the following was
found

aCR

A= GRS GC< +G*“5.GCeA

_ GOerV (GCRSCGCR)VCQGOO‘< +GO&R\7(XC(GCRSCGC<)V&XGOO¢A

+ GOV L (GETScGAW o G%A + GV (G S GA YWy GO

_ 1 “oaRy

(G aCR

Ve G +G2 V¢ GEA = G RV, G0 — G V¢, GOA

i GuCR (ijcunctR _ Zqu"CtR)GCK +GO‘CR (ijgnCK — EjémCK)GcaA
+C—;o<C< (ijcunctA_ngnctA)GCaA)‘
(A15)

The second characteristic contribution (denoted with A») resulting
from (GSG)*~ is

apR

Ap= Z GRS GP< +G S cpGPA + G PR S GO +G P 5y GoA

=Z G RS0 (G088 + GOV GEe) < + G S (GO8E + GOP VG )A

(G VG® +G™88)R S G + (G Vs G +G™*58) <Spc GEA,

(A16)

which is obtained by using Equations 54 and 59 for GP*A and GPe<,
aBR and GOLB<
respectively. After the multiplication and the application of Langreth

respectively, and by applying Equations 55 and 60 for G

rules, the above expression was transformed into

HEMISTRY

aCR S GCu<+GO(x<S CGC‘XA

Ar=G RS, GO + G5, GO*A+GR

+ %Z(GaCR((DSCBGOBRVBC+\7¢BGOBROJSBC)GC°‘<
B

+G R (0ScpGP<Vye +V oGP 0Spc) GEA
+G (ScpGOPAV e +V GO wSpc) GEA).
(A17)
The only remaining contribution (denoted with Ag),
A3=> (G5 GPe< +G ¥ 5, GPA), (A18)

B

is transformed in the same way as Ao, giving

A3 =G"Rs,G0< +G*<5,GoA+G RS, GORY,  GCo<
OaR

+(GOR 5, GO + G5, GOV, G

aC< aCR

+G NV, G*S, G0+ G
+3 16"V G5 GOPRVGEe< + GV 0 G ™5, GOPAV G
B

Ve (G™RS5, GO+ G275, GoA)

+G RV (G™R 5GP +G %<5, GOPA)Vc GEA.

(A19)

The sum A;+A, can be simplified via Equation 50 for the TH
Ejunct
c

0BR 0B< _ ~0p<
Ar+hy = [G"CRV 376 O e 16" Ry, O Py, geon
B
_ EOBA_ ~opA
B 2 VArec)
(0]
1[G‘*CRV GO GV 0, GO = GORY, GO — G2V, GO,
(A20)

The importance of Equations 72 and 73 becomes obvious because
they show that the corresponding terms in the sums over B of As,
Equation A19, and B of A;+Aj,, Equation A20, sum up to zero. The
remaining terms of A;+A,+Ags, via Equations 54, 55, 59, and 60,
together with Equations 72 and 73 give simply the following:

(G*<=G"") /. To summarize,

r . Go< *Gu<
(G"SG<)*+(G~SGM)*=A1 +Ay+Az= (A21)
By applying the above equation to Equation A11, it is confirmed
that
a< _ Fa< B B
8 =v, GrG mG +(Vp—va) (GRaPIG=+GalPIGA)",

which is just sought Equation 78. Using the similar derivation it is

somewhat easier to prove Equation 79.
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The expression for current, induced by finite bias with addi-
tional time-dependent (TD) external perturbation, through a
molecule/dot is derived using the non-equilibrium Green’s
function (GF) formalism in the standard two-probe geome-
try. The GFs as well as self energies (SEs) are split into
time-homogeneous (TH) and time-inhomogeneous (TIH) con-
tributions, where the former are obtained as a result of
zeroth-order expansion of the full, two-time corresponding
quantities and the latter we find as linear corrections. The TD
charge in the dot consists of a charge that is injected from the
electrodes and the charge that is induced in the dot. The TD
potential, induced in the dot due to dot TD charge, was treated
self consistently at Hartree—Fock (HF) level as a TIH part of
Coulomb interaction related SE. It is assumed that TH quanti-
ties are solved either exactly or approximately, i.e., using density
functional theory (DFT). The theory is charge conserving and
its gauge invariance is explicitly shown. The contribution of TD

1 Introduction One of the main challenges of the
microscopic description of current flow through a quan-
tum system is how to treat Coulomb interaction. Since the
pioneering work of Landauer [1], the scattering formal-
ism was used to formulate the theory of transport through
quantum-coherent systems coupled to electronic reservoirs.
In the equilibrium case, the transport is described using the
concept of conducting channels, directly related to the con-
ductance of the system [2, 3]. In the non-equilibrium case,
the approach was extended to the non-equilibrium quantum-
coherent case in the mesoscopic regime using the scattering
formalism in the presence of a time-dependent (TD) poten-
tial of small frequency for quantum dots, which intra-dot

Wiley Online Library

HF potential to the total Coulomb interaction energy vanishes in
the case of one-electron existence, i.e., the self-interaction error
(SIE), beyond the one associated with the DFT, was not intro-
duced. Known results in a special case of time homogeneity are
recovered and extended to TIH transport. The issues of current
partitioning and the displacement current are resolved naturally,
without any additional assumptions about any of quantities, due
to explicit inclusion of dot potential. The special cases of wide-
band limit, zero bias, and zero-bias wide-band limit are also
considered and in each case the corresponding expression for
the TD current is derived. The theory is particularly suitable for
use in connection with DFT when it provides a first-principle
microscopic linear-response description of the non-equilibrium
TIH quantum transport useful for calculation of TD current
through quantum dots, molecules, junctions, or devices at the
nano-scale.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

interaction is treated at the Hartree (random phase approx-
imation, RPA) level [4], leading to the recent experimental
finding of the quantization of conductance in the alternat-
ing current regime [5]. The quantum mesoscopic system
in the presence of the incoherent scattering was studied as
well, extending results to the case of dephasing processes,
using the formalism of non-equilibrium Green’s functions
(NEGFs) [6], which was also used to formulate a current-
conserving gauge-invariant theory without explicit treatment
of TD potential induced by TD injected charge [7]. The
connection between the scattering and NEGF results for elec-
tronic current in the Hartree case has been established as
well [8].

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The treatment of non-equilibrium transport in the finite-
bias stationary state by combining NEGFs and density
functional theory (DFT) has also been used to numerically
compute conductance and direct current [9-11], by express-
ing electronic density through NEGFs and treating Coulomb
interaction at the DFT level, through Hartree and (semi-)local
exchange-correlation (XC) functionals.

The DFT can be used so that GFs are associated directly
with the effective one-particle, Kohn—Sham (KS) Hamilto-
nian. From the equations of motion of the GFs, the treatment
of interaction also includes an expansion of the two-particle
GF to obtain the interaction self energy (SE) [12], while
the conservation relations [13, 14] provide a specific form of
the SE. All higher orders of the two-particle GF expansion
beyond the Hartree contribution lead to the spatially non-
local SE, which is furthermore time non-local beyond the
Fock contribution [15]. Our approach is to make a connection
between time-homogeneous (TH) and time-inhomogeneous
(TIH) parts of GFs and consequently TH and TIH parts of
all relevant quantities derived from GFs using the Keldysh
technique [15, 16] applied to the Kadanoff-Baym (KB) for-
malism [12—14]. Assuming that the ratio between amplitude
of the TD voltage and frequency is much smaller than //e,
where f is Planck’s constant and e elementary charge, it is
possible to neglect the voltage-nonlinear contribution to the
current [6, 17]. We adopted the picture in Ref. [18], where
it was assumed that due to good screening properties of the
electrodes, a time-varying field causes a spatially homoge-
neous shift of energy levels in the electrodes. This picture
is spoiled when the driving frequency exceeds the metallic
plasma frequency. For this reason, the sudden application
of the TD voltage cannot be described properly within our
approach. The TD voltage rise time has to be slower than the
plasma frequency period. The coupling of DFT and NEGFs
is achieved through the DFT treatment of the TH contribution
of the GFs, while the KB/NEGF approach provides the TIH
part of the interaction SE, which is just the TD potential in
the dot, calculated self consistently at the Hartree—Fock (HF)
level. The starting point is the standard partitioning scheme
where the Hamiltonian of the whole system is represented
by separate Hamiltonians of electrode, dot, and junction
regions [18, 19].

It is not necessary to consider the equation of motion
of GFs in order to describe the steady-state regime, where
it is possible to work directly with the matrix equation in
the energy domain. The GF of the whole system is the
resolvent of the total Hamiltonian; the connection between
block matrices, associated with subsystems and contained
in the equation, provides relevant equations for the dot,
electrode, and junction regions; and, the junction SE is
obtained as a function of surface (isolated electrode) GF,
hopping, and mixed overlap matrices [9, 11]. In the non-
steady regime working with the equation of motion is very
useful because it facilitates computations with two-particle
GFs [12, 15], and for this reason we use creation/annihilation
operators of orthogonal states in the second quantiza-
tion [6, 7, 18].

www.pss-b.com

Working with two-particle GFs allows us to trivially
demonstrate the current conservation, i.e., validity of the
continuity equation, using the GF equation of motion. In
order to satisfy the request of current conservation (as well as
momentum and energy conservation), the approximate SE,
stemming from two-particle GF expansion, has to take par-
ticular forms [13, 14]. Therefore, some basic physics was
preserved, and the need for current-conserving theory was the
motive for introducing the DFT, coupled with NEGFs, in our
description. Namely, combining the two methods, treating
the steady state in one way (DFT) and the TD contribution in
another way, i.e., using HF expansion of the two-particle GFs
and keeping its TIH part, provides the current conservation,
as we will demonstrate explicitly. In addition to being current
conserving, our approach is advantageous compared with
Hartree self-consistent treatment of the TD internal potential,
because the HF potential does not introduce a self-interaction
error (SIE). Namely, the energy of the Coulomb interaction,
within the linear-response description of TD systems, con-
sists of contributions associated with time-independent and
TD charge density that interact via TH, Coulomb interaction
related, SE and contributions due to time-independent charge
density that interact via TIH, Coulomb interaction related,
SE. Within the proposed scheme, TH GFs are treated in the
DFT manner, while the linear TIH corrections are adopted
from perturbation expansion in the HF approximation. The
consequences of such approximation are a replacement of
TH SE by the Hartree plus exchange-correlation (H + XC)
part of the KS Hamiltonian. In the one-electron case, the first
two contributions are not zero (constant), which is the intrin-
sic DFT property, i.e., SIE, but the third term goes to zero,
due to cancelation of Hartree and Fock contributions. The
need for the current-conserving description, as well as the
possibility of self-interaction-free TD transport theory, was
a motivation for us to propose this hybrid approach.

The rest of the paper is organized as follows: in Sec-
tion 2, the model and notation are introduced; the equation
of motion of GFs in the presence of an external TD potential
is discussed; in Section 3, the connections between TIH and
TH quantities are established and a set of equations for their
determination is derived, while the use of DFT to calculate
TH quantities is discussed in Section 3.1; in Section 3.2,
we point out the SIE problem as well as the benefit of
our method associated with SIE reduction; in Section 4,
expressions for both direct (Section 4.1) and alternating
(Sections 4.2 and 4.3) currents are derived, and the solution
to the current-partitioning problem within the theory is also
given; gauge invariance of the obtained expressions is shown
in Section 4.3; special cases of wide-band limit (WBL),
zero bias, and zero-bias WBL are considered in Section 5,
where corresponding expressions for TD current in each of
the three cases are derived; and, Section 6 summarizes the
main results of the paper.

2 Hamiltonian The standard model of two probes
with TD energy levels coupled to a quantum dot (molecule),

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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described by the Hamiltonian
H = H, + Hip + Hp + Hrp + Hg, (D

is considered, where H;  are Hamiltonians of the left/right
lead, Hy, is the dot Hamiltonian, and H, p/rp are Hamiltonians
describing the interaction of the left/right lead and the dot,
which in the second quantization take the following forms:

Ha = Z eka(t)CZacka’ (2)
kot
' 1 -
Hp = zm: &y, + 5 m;‘] Wi dldldd,, 3)
HuD - Z (Vka.nCszdn + hC) ’ (4)

ka,n

where k is a wave vector such that ko counts eigenstates of the
probe @ = L, R; the index n labels basis vectors of the dot,
the Hamiltonian Hp, is assumed to be Hermitian, represented
in a basis {¢,(r)}, with particles interacting via two-particle
interaction described by the matrix W, while the spin indices
are not written since it is assumed that the system is non-
magnetic. Creation and annihilation operators in the dot, d,,(¢)
and di(t), respectively, as well as creation and annihilation
operators in the leads, ¢;,(#) and cZa(t), respectively, all sat-
isfy fermionic commutation relations, while operators of the
dot and leads anti-commute, i.e., {cza(t), dj,(t)} = 0. We set
h = 1 hereafter to simplify notation without loss of general-
ity. One-particle, kinetic with additional external potential,
energy matrix elements are

1
Eam = /dr ¢f§(l‘)(—%A, + u(r)) ¢, (1) &)

and the Coulomb repulsion of electrons is represented via
matrix elements of W as

Wy = / dr [ar ¢>,’;(r)¢2(1‘/)¢>k(r)¢>1(l‘/).

Ir—r'|
It is furthermore adopted that the standard assumption is
that the two probes do not interact one with another and that
the only interaction between the probes and the dot is through
the coupling V,,.,, typically representing tunneling ampli-
tudes across the junction between lead o and the molecule
D.

(©)

3 Time dependence An externally applied voltage in
the lead «, V,(f), induces time dependence of probe energy
levels €, = €,(t), thus making H time dependent as well.
As a consequence, the first concern is how this introduces
TD potential in the dot, and it is analyzed by using Dyson’s
equation. The GF of Hp is

Gnm(ts t/) = _l< TC dn(l)djn(t/)>v (7)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

where d, (d;(t/)) is an annihilation (creation) operator in
the Heisenberg picture, and the time ordering 7 is on the
Keldysh contour C, where also lie time arguments [15, 16].
The equation of motion of d,, is

id,(t) = [d,(1), H{®)]. (8)

The evaluation of the commutator is simplified because
[d.(t), H,] =0 due to {d,(t), ci.(t)} = 0. The commutator
[d,(t), H,p(t)] gives a contribution to the SE of the junction,
while [d,(t), Hp(t)] gives SE coming from the interaction
part of Hp (the second sum of Eq. (3)). The junction SE,

¢ comes from its surface GF [18],
8ot 1) = —i{ Te (i (1)) 9)

where operators are in the Heisenberg picture according to
the electrode Hamiltonian H,(f), while the dot-interaction
SE time dependence comes from the two-particle GF [12]

Gy(nt, mt', nity, m\t})

= (—)* (T d,(0d, (" )d}, (1)) (1)) . (10)

The last GF can be in principle represented as a one-
particle GF multiplying the dot-interaction SE X™ that is
generally difficult to calculate. The standard assumption of
non-interacting electrons in the leads is used, while the dot
interaction remains Coulomb. Therefore, TD potential will
exist in the dot due to potentials in electrodes coupled to
the dot, which can be in principle found knowing X™. It is
important to emphasize that, due to the coupling of the dot and
probes, the TD potential introduced in the probes will make
the dot-interaction GF and the SE time dependent. Therefore,
the problem is approached by decomposing all quantities into
TH and TIH parts [6], expanding the two-particle GF up to
the Hartree—Fock level [12], and then treating the TH parts
of the obtained expressions using a different theory, in this
case DFT [20-22], which solves, in principle exactly or in
practice approximately, ground-state properties of interact-
ing electrons in the dot through KS single-particle solutions.
In other words, a perturbative technique is used to find the
TD potential in the dot (related to TIH X™), while DFT deals
with the Coulomb interaction in the dot (related to TH X™).

The TH part of X™ can be taken into account by
decomposing it into the HF local part and the non-local
remainder [15]:

Zin[(t, t/) — Eim'HF([, t')S(t _ t/) + Eim'>(t, t')9(t _ t/)
+ X", 0 — 1), (1)

obtained from the expansion of the two-particle GF, where
the lowest-order term gives the HF part, and the remain-
ing two terms contain the contribution from the two-particle
interaction.

The concern is with the linear-response regime, where
Dyson’s equation for the TIH partis derived assuming that the
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TIH contribution is small and depends on time-varying volt-
age up to the linear term [6, 8], giving the following equation
of motion of the GF, written in matrix form as

0G(t, 1)
1

o = §(t—1)I+¢e G(t, t/)+/dt12(t, )Gy, 1),

C

(12)
where [ is the unity matrix, and X is the total SE, which can be

split into the interaction and junction parts, X = X" 4 Xinc,
with the following equations for each contribution:

Z/dtl 2:3‘(t7 tl)G/m(t]a t/)
I C

=iy WGkt It;mt', jt*),

jkl

Ejm(t tl) - Z kotngkoz(t’ tl)Vkot,m’

13)

(14)

where Eq. (13) describes the intra-dot Coulomb interaction of
electrons, Eq. (14) describes the coupling between the dot and
leads, and g is the surface GF, Eq. (9). The time argument 7+
means ¢ + 6 for infinitesimal § > 0, and the time integration
is along the Keldysh contour C. Similarly, both G and X are
decomposed into TH and TIH parts:

Gt t)=G"t—
Xt t)= X"t —

)+ G'(t,1),
)Y+ o, t).

5)
(16)

Equation (15) allows separation of the equation of motion
of the GF, Eq. (12), into two equations, for TH and TIH parts,

OGNt —1) ) N ,
i—— =8t — ) +eG"(t—1)
ot
+/dt12h(t—t1)Gh(t1 —1), (17)
C
8G t,t .
G 1) ) e G'(t, t)+/dt.2h(t—t1)G‘(t.,t’)
+ / dno(t, 1)G*(t, — 1) (1)
C
with the following particular solution for the TIH part:
Gt 1t) = /dtl/ dt, G"(t — t)o(t,, L)G"(t; — ).
C C
(19)

The TIH SE of the junction, o™(z, ¢'), directly follows
from Eq. (14),

U:::s(t’ t,) - Z ket,m g}ca(t’ t/)vka,n’ (20)

www.pss-b.com

where the TIH part is now contained in the surface GF. Evo-
lution of g in the Heisenberg picture of H, is given by

10, 1) = 00 = 1))yl e "0 S o0e0)

10— el o (owo-r [ aneao)
(21)

with retarded, advanced, and lesser GFs given by

gr(t, 1) = —if(t — t')e "=

oo
—if(t — e~ N "

n=1

S / tdrvam)",

) —i€a(t—t")

got, 1) =0 — e

sio — et '>Z( U [amvie)
0. = i{clyci e )

00
e*ifka(fff') E
n=1

+ i<CI]:acka>

(_Tlv)( / td‘L’Va(‘L'))

(22)

Within the linear-response regime, we keep only the first
term (n = 1) of each series, which gives the TIH part of SE,
Eq. (14), expressed through the TH part

)=~y / ’ ATV, ()Xt — 1), (23)

where y stands for R, A, or <. Furthermore, assuming that
the leads contain non-interacting fermions, we can associate
a Fermi distribution with the average number of electrons in
a single-particle state ka:

fa(eka) (24’)

Ckot Ckct

Now that TIH junction SEs are expressed in the
linear-response approximation, attention is paid to X™. As
announced, it will be treated in the HF approximation [12],

Go(kt, lt;mt’, jt*) ~ G, (1, 1)Gy(t, t7)

— Gyt )G, (1, 1), (25)

where two terms on the right-hand side represent, respec-
tively, the Hartree and the Fock terms. Inserting this
approximate expression into Eq. (13), we get the interaction
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SE in the HF approximation
) = 80— 1) Y (2Wan — W) (dl(0d (1))
Jk
(26)

The result is time local, as expected within the HF
approximation, and can be conveniently expressed as

Ejl?t(t’ 1) =—i Z(zwnjlk - Wn_/'kl) G,;-(t, 1).

Jk

27)

Prior to the further derivation, a remark about Eq. (19)
will be made. It is a linear TD correction to the zeroth-order
TH GF due to external TD perturbation '™ and induced field
o™, and the total TD SE can be recognized as the effective
field in the dot. This is analogous to the random phase approx-
imation (RPA) [23], the difference being that the explicit
external potential influences the dot through the junction TIH
SE, Eq. (23), and that the induced field is TD HF while in
the RPA it is TD Hartree potential. The induced field can be
understood as a shielding potential that screens the particle
interaction [23]. Then, non-inclusion of short-range effects
in RPA leads to the overestimation of the screening.

Our aim is to find the TIH part of the HF SE, using
the decomposition G=(t, ') = G"(t — t') + G=i(z, t'). Obvi-
ously, the TIH part of the interaction SE is related to the TIH
lesser GF through

om(t. 1) =—i Y (2Wymi — W) G(2. 1),

Jk

(28)

while another connection is provided by applying Langreth
rules [16] on Eq. (19), leading to

(F%Jﬁ:[/mdawma—anthF%5—0

+GM(t — 1)~ (1), )G (1, — 1)
+ Gt — 1)o™ (11, )G (1, — 1)]

+ / dr, [GR'(t — )™ (11, 1)G™"(ty — 1)

+ Gt — 1)™ (1, )Gt — 1], (29)

The first term can be interpreted as the contribution to the
TD charge density in the dot due to charge injection, as a con-
sequence of the external TD potentials, while the second term
is the charge density induced as a response, which depends on
the internal, screening HF potential. Finally, lesser TH GFs
are expressed through the Keldysh equation [16, 18], valid
for a non-interacting system

G<0——ﬂ)=t[/dnd@GR0—4oZ“a.—tgGAaz—ﬂ)

(30)
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From the expressions derived so far, it is possible to
formulate a self-consistent scheme for deriving the dot poten-
tial, Eq. (28): what is needed is the TIH part of the lesser
GF, Eq. (29), which depends on TH retarded, advanced, and
lesser GFs, TIH retarded, advanced, and lesser junction SEs
as well as TIH interaction SE, i.e., the TD dot potential. This
brings us back to Eq. (28) as the new input for Eq. (29).
The TH expression for SE, Eq. (23), as a consequence of
the linear-response approximation, provides the TIH junc-
tion SE, contained in Eq. (29), and the TH lesser GF, also
included in Eq. (29), is through Eq. (30) described in terms
of TH retarded and advanced GFs, and TH lesser junction
SE.

3.1 Time-homogeneous quantities of the dot
The set of equations derived in the previous section forms the
basis for alternating current calculation, where TTH quantities
are reduced to TH quantities. Now the TH quantities, that is,
TH dot’s GF and TH isolated electrode’s GF, are addressed,
where the latter will provide the TH junction SE.

Fourier transformation (FT) of the equation of motion of
the TH GF, Eq. (17), gives the well-known result

GE)= (E—¢— 3™ - x™) " (31)

At this point, DFT can be used to provide an effective
single-electron Hamiltonian, the so-called KS Hamiltonian,
of the system in the ground state, by mapping an interacting
to an effective non-interacting, KS electronic system. This
system is influenced by a (semi-)local potential generated
from the electron density. The potential consists of external,
Hartree, and exchange-correlation (XC) contributions. The
key point here is that the GF related to H. and the GF related
to the KS Hamiltonian provide densities that are equal. This
feature has a benefit as it allows the use of the GF related to
the KS Hamiltonian to find the density, Eq. (55). At the same
time, a determinantal (Slater) shape of the many-electron
function can be used due to an effectively non-interacting
description.

The KS states, which build the Slater determinant, are
solutions of the following eigenproblem [20]:

(=5 Al + gl + el 8150 = €561,

(32)

where n is the electron density n(r) = )", |¢§S(r)|2, with
corresponding GF

1

G=(E—-¢¥—3") . (33)
The KS matrix elements in the dot basis are
1
xS = [ Argnm (=5 A,k vt ) o)
(34)
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KS orbitals can be expanded in an orthonormal basis {¢,(r)}
of the dot,

P = Cupu(r), (39)

where orthonormality provides the constraint that expansion
coefficients in Eq. (35) have to satisfy [24]:

Z C:ﬂgfri Cmo( = 8558045’ Z C:ﬁcna = (Saﬁ‘ (36)

nm

What remains is to find a description of the junction SE,
which depends on the isolated electrode’s GF. In practice,
this is the first step in obtaining the dot GF [25]. The iterative
procedure developed in Ref. [9] then finds the initial electron
density from the electric field between the electrodes at the
Hartree level, providing the initial KS Hamiltonian matrix,
Eq. (32). The matrix and junction SE determine the initial
GF, Eq. (33), which is then used to calculate the density
matrix D and from it the electron density n = Tr D. The
process is then iteratively repeated until the convergence of
n. The scheme remains valid in the present theory as well,
insofar as it solves the Hartree part of the problem and with
it the associated direct current, to which we will return in
Section 4.1.

3.2 Self interaction The reducing of SIE will be
demonstrated. It is necessary to find the Coulomb interac-
tion related potential energy. By observing Eqs. (17) and
(18), it is possible to find the total energy by taking the trace
of the time derivative of lesser GFs over the first time argu-
ment, repeating the same procedure with the time derivative
over the second time argument, and finding the difference of
the obtained derivatives [12]. The total energy will include
kinetic, lead—dot interaction, and Coulomb interaction ener-
gies. For the last, it can be found that

Ei(t) ~ Tr/dt’[(Z‘"“(t, G, 1)~

+(G(t, HZ™(E, 1)7]. (37)

Decomposing both G and X™ into TH and TIH parts,
Egs. (15) and (16), adopting the DFT description of TH GF
and SE, and treating the TIH SE at the HF approximation, it
can be observed that Eq. (37) consists of the following parts:
(7) a contribution due to stationary (obtained from lesser TH
GF) charge interacting via effective H + XC potential

Tr[(e8° + e53)G ],

(it) a contribution due to dynamic (obtained from lesser TIH
GF) charge interacting via effective H + XC potential

Trl(e)® + ex0)G='(1, 1)],
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(iii) a contribution due to stationary charge interacting via
internal HF time-dependent potential

Tr[o™(t, )G <].

Taking the existence of one electron only, it is, recall-
ing Eq. (28), possible to straightforwardly see that the third
contribution is zero (the prefactor 2 at the Hartree term came
because of spin summation, but in the single-electron case
this summation does not exist). The problem of SIE remains
due to the fact that in DFT, moving of a single electron is
influenced by the external potential, i.e., the junction SE, but
also to a certain extent by H + XC potential. This is in contrast
to the physical picture, in which this potential would have to
be constant (there should be no Coulomb force acting on the
single electron), namely,

V() = vy(r) + vx(r) + v (r);
vu(r) + vx(r) = const.;

ve(r) = 0. (38)

If this were satisfied, then the first two contributions to
the interaction energy would be

const. Z 8,mG=(t, 1),,, = const.,

n,m

(39)

where the unity value of the trace of the total lesser GF was
taken, according to the existence of one electron only. In order
to avoid the problem of SIE, the DFT SIC scheme [26, 27]
(SIC — self-interaction correction) has to be adopted. In that
case, the first and the second contributions could be zero
(constant), and this is what knowing the exact functionals
guarantees. However, it is important to point out that even
in the case of DFT that is free of SIE, the linear-response,
time-dependent theory would be free of SIE only within the
proposed HF treatment of the time-dependent internal poten-
tial. Throughout the rest of the paper the symbol for SE (TH,
TIH, or total) means junction SE, unless otherwise noted.

4 Current Electrical current originates in the leads that
are kept at a finite potential difference, the externally con-
trolled bias V, where additionally the potential V, of lead o
changes in time. The standard adopted assumption is of non-
interacting Fermi-distributed electrons in the leads when the
difference in chemical potentials between the left and the
right electrodes is due to the bias, i.e., u, — uz =eV. At
some time, assumed to be in the remote past, reservoirs pro-
viding electrons to the leads are exposed to the influence
of time-dependent potential. The total electron flow through
the system then is the sum of the time-independent currents
due to the finite bias and the time-dependent currents due
to the varying potential, which were each determined sepa-
rately, starting from the definition of the electrical current in
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the lead «:

d
1(1) = —ea<Na(t)> = —ie([H(1), N(D)]), (40)

where N,(tH) =>",, cla(t)cka(t) is the total number of elec-
trons in the lead «. The evaluation of the commutator in
Eq. (40) gives

L) = i€y (Vian(chDd, () — Vi, (di (D).

kn

(41)

The last sum can be expressed with the lesser form of
the mixed GF, which involves analytical continuation on the
real-time axis [16], transforming Eq. (41) into

t
L) = ze/ de'Tr[GR(t, ) E(, ) +G= (1, 1) T2, 1)

o0

= IR, G (1) — T, )G, ], (42)

Double counting, due to spin summation, is included in
the above equation. Partitioning of GFs and SEs into TH and
TIH parts done in Section 3 gives two contributions to the
total current /,(¢), namely a time-independent direct current
(DC) 1, and a time-dependent alternating current (AC) i,(?),
respectively, as follows:

L) = 1, +i,(1), (43)
I, = 2e / dr' Tr[GR(r — 1) Z; (1 — 1)
+G (@t —1)Z —1)— ZX(t — )G~ (' — 1)
— I3 -GN - 1)), (44)
i,(t) = 2e / dr' Tr [GR(t, XS =) +GR—1)o (1, 1)
+G (@t —1)olt, 1)+ G, ) ZXN — 1)
— XXt -G (1, 1) — o, )G (1 — 1)
— Xt —1)GNI 1) — o (1, )G — 1)),
(45)

where the index « denotes the contribution from the lead «.
Langreth rules [16] provide the retarded and advanced forms
of the TIH contribution of the dot GF, Eq. (19), as

G"(t, 1) = //dtldtz Gt —1)[o" (11, 1)
+ 0™ (ty, )8(1; — )| G (1, — 1), (46)
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where y stands for R or A. Note that in this expression all one-
and two-time quantities correspond to TH and TIH terms,
respectively, which remains true for all the expressions in
the rest of the paper, and thus explicit writing of ‘h” and ‘1’
hereafter is omitted.

4.1 Direct current After FT of the expression for DC,
Eq. (44), it is obtained that

e

1, /Tr[GRE; + G X} — ZXG™ — XZ;G"| dE,

T
(47)

where, to simplify the notation, explicit dependence of quan-
tities under the integral on E is omitted. From Eq. (20), it
follows that

Xr=ViigV,, y=RA < (48)
and, from Eqgs. (22) and (24), SE matrices describing the
influence of electrodes are obtained as follows:

Ty - =il (49)

= =if, I, (50)
where the bandwidth I" is defined as

(5D

r=>"r; IL(E)=2VLA(E)V,,

and A,(E) is the density of states matrix of the isolated
electrode «.
From Eq. (49), it follows that
I (E) = —2Im ZX(E) (52)

and, recalling Egs. (33) and (49), it is straightforward to show
that

[GR]—I _ [GA]—I — EA _ ER,

i(G* — G*) = G*I'G*, (53)
which, together with the TH part of the Keldysh equa-
tion (30), gives the expression for DC, Eq. (47), in the
well-known Caroli form [19]

I, = g/dE(fa — [T GR LG, a# B (54)

This equation was obtained before using the scattering
formalism of Biittiker [28, 29], where particle interaction in
the dot was treated up to the elastic one-particle interaction
level, the connection between S-matrix and GF was estab-
lished viathe Fisher—Lee relation [3], and the transmission
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recognized in the term Tr[/, GRIG*]. Beyond elastic
mean-field potential scattering, however, equality between
this expression and the transmission coefficient does not
hold any longer.

The expressions for the TH lesser GF, Eq. (30), and the
lesser SE, Eq. (50), together with Eq. (53), determine the
electron density matrix as

D=—iG(t—1t") = zi /dE G<(E). (55)

i

The Fourier-transformed Keldysh equation (30), together
with Eq. (49), expresses the lesser TH GF as

G= = Grz<G*
= G* > if[,G*
B

= ifyG*IG* +i(f, — f3)G*T,G". (56)

It is assumed here that u, > ug for definiteness, two
terms of the TH lesser GF, respectively, are the equilibrium
density matrix associated with lead states k8 up to s and
the non-equilibrium part with the energy values between
chemical potentials. Due to Eq. (53), the equilibrium part
is simply

if,GRIG* = =2if,ImGR®, (57)
which is analytical in the complex upper half-plane except at
poles of the Fermi distribution at the imaginary axis, and the
integral can be calculated by contour integration [9, 10]. The
non-equilibrium part of the density matrix is not analytical
due to the presence of both retarded and advanced GFs, so
the integration is done along the real axis [9-11].

The DC is conserved, which can be demonstrated by tak-
ing the sum over left and right current contributions, Eq. (47),
to obtain

Sn=2 / TH(G® — GY)Z* + (5" — TG 1dE.
T

a=R,L

(58)

The first rows of Eqs. (53) and (56) then trivially lead to
the DC conservation.

4.2 Alternating current The expression for the alter-
nating current, Eq. (45), can be transformed recalling
Egs. (29), (28), (23), and (46), to obtain an expression involv-
ing only TH quantities. To this end, first the double FT is
applied to all two-times quantities, which transforms the
expression for AC, Eq. (45), into a sum of four contributions

@) = £ [AETfi) i i+ ],
T
i? = [GM(E,) — GME)lo; (E,, E),

www.pss-b.com
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iy = [Z(E)— ZHEDIG(Ey, E),
i = GN(E,, E)¥;(E) — ¥;(E,)GE,, E),
i = GX(E)oMNE., E) = 0 (Ey, E)G™(E),  (59)

where E stands for E 4+ o (notation adopted from Ref. [6]).
The first three terms agree with the results previously
obtained by Anantram and Datta (see Eq. (22) of Ref. [6]),
who provided also their interpretation — the first term, (",
corresponds to the correlated injection of electrons from elec-
trode « at energies E and E ., , while the second, iff’, describes
the correlated injection of the electrons in the other direction,
from the dot into the lead; the third term, i®®, corresponds to
the injection of the electron from one energy from the leads
to the changing density of states in the dot.

The fourth term, i, also presented in Refs. [7, 8], can
be interpreted by tracing back its origin to the expression
for the TIH junction SE, Eq. (60) — if, for the sake of sim-
plicity, X (E) changes linearly with E, then o,(E,, E) =
(—0X,(E)/OE)V,, i.e., TIH SE is produced by the change
of the TH junction SE with energy. The change of the real
part is associated with the shifting of energy levels in the dot,
while the change of the imaginary part with the change of
width of dot levels. Since these changes originate in the leads,
the fourth term describes the process that is the third process
reversed, namely an injection of the electron from the dot into
the lead due to the altering density of states in the leads. This
term gives the contribution beyond the WBL approximation,
which is discussed later (Section 5.1) considering it a special
case of the general expression (59).

Subsequently, the four contributions to the current can be
grouped into two types of processes: i + i® corresponds to
the transfer of the electron from the leads into the dot, while
i® 4+ i corresponds to the transfer of the electron from the
dot into the leads.

4.3 Expression for current Now, what follows is the
derivation of the final expression for the dynamical current
starting with the FT of Eq. (23):

Vo
o(Ey, E) = L(uw) [ZT(E) — X2(EL], (60)
where y stands for A, R, or <. The FT of Eq. (46) is
G"(E, E) = G'(E)U(w) + 0" (E,, E)IGV(E),
(61)

where y stands for A or R, and U is the time-dependent
potential at the HF level

1 .
U, (@) = % /dE o™ (E,, E), (62)
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determined self consistently. The FT of the TIH contribution
of the lesser GF of the dot, Eq. (29), is

G~(E,, E) = GXE,)o"(E,, E)G~(E)
+GYE )0~ (E,, E)YG*(E)
+ G (E)0™(E,, E)G*(E)
+ GME)U(w)G™(E)

+ G~ (E)U(w)G*(E). (63)

The self-consistent set of equations now involves the use
of Egs. (60), (62), and (63) to express TIH quantities through
TH ones, resulting in the expression for the current where all
the quantities are functions of either E or E + w. For this rea-
son, to simplify notation, the writing of explicit dependence
on E is dropped, while the explicit dependence on E + w is
indicated by the subscript 4+, while V and U depend on w
only, which is also not explicitly written. Using this notation,
the derivation of the expression for dynamical current at the
frequency w is given in the Appendix, with the following
result:

at T+«

(@) = /dETr(GifngRz; — I, GYUAGh)
b

+< /dETr{[zgj — SR IGRURG*
T

<717 ‘//S - VO‘ < <
+GIUG* + G* — (% - 250G,
(64)
~ Ve =V,
Ul =—"—"(Z} - Z5)+U-Vsy y=RA;B#q,
(65)

where U, can be perceived as an effective potential that
includes TIH self energy as well as the induced dot potential,
all shifted by the potential of the corresponding lead.

The first integral of Eq. (64) contains the AC contri-
bution from leads-to-dot processes i{'®. Presence of the
in-scattering rate X' in the integral shows that the described
process is not only due to external potentials but also due
to internal ones [30]. The second integral of Eq. (64), corre-
sponding to the contribution of dot-to-leads processes i%¥,
is due to the presence of the dissipative term G~ [30].

The gauge-invariant current theory is the one where
simultaneous shift of all potentials by the same amount has
no observable effect on current, i.e., the current depends
only on voltage differences [4,7,8,28,31]. Both of these
contributions to the total AC show that the current depends
on potential differences, which is the hallmark of gauge
invariance, and clearly point out the necessity of the explicit
introduction of internal potential in order to preserve gauge
invariance.

4.3.1 Admittance Although expressions for AC and
DC have been derived and the scheme for the calculation

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of all relevant quantities developed, no connection to the
conductance has been made so far. Biittiker established a
connection between time-dependent Hartree potential and
electrode potentials via conductance using the formalism of
characteristic potentials [4], and proved the gauge invariance
with respect to constant potential shifts of V. To better under-
stand the obtained result, Eq. (64), especially the role of the
displacement current, the expression can be formally rewrit-
ten in terms of the transport coefficient, the particle current
associated admittance GP(w), and the displacement current
i as

(@) = Ghy(@)Vy(@) + i) (66)
ap
or, in matrix form, as
. GP GP V .d
H= o { L}+m, (67)
IR Gro Gy Vk I

where corresponding components of the admittance matrix
can be easily extracted from Eq. (64). The obtained
expression appears non-homogeneous in V, due to the
displacement-current term ig(a)), equal to the contribution
of the first four terms in Eq. (64) containing all the contribu-
tions of the TD potential in the molecule U(w). This potential,
however, is determined self consistently and therefore also
indirectly depends on V,. This can be seen by considering
first the limit of vanishing amplitudes of electrode potentials
V... In this case, for small frequencies the response of the dot
to the external field will also be small, and expansion of U in
V., would provide a constant term in the lowest order, which
can be removed by choosing a suitable gauge, and terms lin-
ear in V, as the largest non-trivial corrections, thus making
the displacement current also linearly dependent on V,,

i5=> G4V
B

Therefore, the main effect of the displacement current is
the renormalization of the total admittance of the molecule,

(@) =Y Gup(@)Va(@), G)=G"w)+ G w).
! (68)

In this limit of vanishing V,(w), the current will be van-
ishing as well so long as w is smaller than the molecular
gap. When the two energies are comparable, however, there
is a possibility of forming transient excited states, which are
not well described in the formalism of linear response [16].
This sets the upper limit for the frequency of the driving field
to about the (effective) level spacing near the Fermi energy
of the dot or, alternatively, the HOMO-LUMO gap of the
molecule.

In general, if V(w) is non-vanishing, U(w) does not
have to be linear in V,(w) even when all TIH quantities are,
where the source of nonlinearities is the intra-dot Coulomb
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interaction. Then, due to TH contributions of U nonlinear
in V,, a simple relation (68) is only an approximation and
would acquire additional nonlinearity in V,, terms, which are
taken into account with the presented formalism and already
included in the expression for dynamical current, Eq. (64).

4.3.2 Current partition When talking about the elec-
tron injection between the dot and the lead, it should be stated
that the four terms in Eq. (59) include not only the particle
current, but also the current due to charge accumulation in
the dot induced by the external potential, the displacement
current i4. This is due to the fact that the system of equations
developed in Section 3 includes also the intra-dot interaction,
whose TIH contribution is exactly the TD potential in the dot.
The left and right AC contributions to Eq. (59) are

(@) = iL(®) + ir(®). (69)

Taking the GFs in a Kohn—Sham form, Eq. (33), the above
sum is

3 i) = —2 /dETr [GRo™(E., E)G*

a=R,L T
+ G;o™E,, E)G* + G8o®(E,, E)G™|

—eZ /dE Tr[GU(0)G* +GR U(0)G ],
b

(70)

where U is the HF time-dependent potential, Eq. (62). The
above result is easy to obtain if the sum of left and right
contributions of the second term of Eq. (59) is transformed:

(Z* = G (E,, E)

= —wG~(Ey, E) + (G117 = [G*]T)G(E., E).

(71)

Using Eq. (63), in the second term on the right-hand side,
it can be found that this term is canceled by the left and right
sums of the first, third, and fourth terms of Eq. (59), giving
Eq. (70). The right-hand side of Eq. (70) also equals

0
—2eih—Tr G=(1, t).
ot

Equation (70) consists of two contributions: the current
associated with injected charge where the external poten-
tial was recognized in the TIH junction SE, and the current
associated with induced charge with corresponding internal
potential, Eq. (62). The displacement current density is the
divergence of the time derivative of the electric field gener-
ated by charge density. This charge density is composed from
injected and induced charge densities in the dot.

The molecule-lead coupling affects both the molecule
and the leads. For metallic leads, effects of this coupling are
expected to be screened at the depth of the Thomas—Fermi
length, which is at most a few lattice constants, with bulk-
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like properties deeper in the conductor, which in the case of
finite bias means the uniform electro-chemical potentials in
the bulk. This is then used to impose the correct boundary
conditions: the system is divided into the central region, the
so-called extended molecule (EM), containing the molecule
and parts of the electrodes, with the requirements that its
potential and non-equilibrium distribution match with those
in both electrodes. Due to the screening of field lines, the
charge neutrality is maintained in the central region if suffi-
ciently large parts of the leads are included [9, 11, 32].

This approach is extended to the TD transport in Hartree
approximation by the introduction of characteristic poten-
tials [4,8,17,31].

At the HF level studied in this research, inclusion of
the internal potential U into the system of equations deter-
mining the current does not require use of characteristic
potentials and, since inclusion of the exchange through the
Fock term results in the reduced interaction of half of the
electrons [33,34], the screening is expected to be slightly
weakened compared to the Hartree case. As a consequence,
the size of the central region, where charge neutrality is main-
tained, should be larger than in the RPA description. As far
as our model is concerned, the exchange contribution to the
internal potential is localized within the EM. With this in
mind, the proper boundary conditions thus should include:
matching of the TD Hartree potential, vanishing TD Fock
contribution, and imposing the EM charge-neutrality condi-
tion, Tr[G<i(¢, £)] = 0.

It can be stated that the right-hand side of Eq. (70) is
a time derivative of the volume integral of the TD charge
density, which is, due to EM charge neutrality, zero. In other
words [4, 17,31], field lines, stemming from the charge den-
sity, do not penetrate the surface which encloses the EM.
The charge neutrality of the central region, besides provid-
ing boundary conditions, means that the voltages of contacts
are well defined [35]. Therefore, Eq. (70) represents the
current conservation as well as the current partition on left
and right terms. The effects of the displacement current are
self-consistently included during the determination of the
time-dependent dot potential via implicit inclusion of the
Coulomb interaction (which is responsible for the displace-
ment current [4, 8, 17,31] in the first place).

5 Wide-band limit and zero bias Generally, when-
ever the leads are connected to the electronic reservoir and
good featureless conductors, one may expect fast screening of
the external electric field by a large electronic density of states
at the leads’ surface, effectively creating a capacitor-like sys-
tem with the dot/molecule in the middle and approximately
constant density of states at the surface. In this case one
expects the wide-band-limit approximation to be adequate,
simplifying the derived expressions. Another interesting case
is that of voltage without any bias, corresponding to a time-
dependent-only driving voltage on the leads. We therefore
consider these cases separately and derive the appropriate
expressions for i,.
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5.1 Current in the WBL As discussed earlier (Sec-
tion. 4.2), the fourth contribution i of the dynamical current,
Eq. (5§9), corresponds to the charge injection from the dot into
the changing density of states in the leads.

The WBL consists then in the assumption that there is no
such density change, so, in this case, the alternating current is
Eq. (§9) without the fourth term, which leads to the result as
in Ref. [6], with a caveat that the here derived expression for
the current is more general due to the self-consistent inclusion
of dot interaction. To derive the expression for AC in WBL,
we start with the TH self energy, Eq. (14), which after FT
can be written in matrix form as

SVE)=VIgl(E)V, y=RA.

The k index labelling the wave vector, can be expressed
via the density of states, with explicitly separated real and
imaginary parts of the above equation,

IUE) = / de A (e)V/(e)[Re gl(E, €)
+1Im g/(E, €)] V. (e),

where W is the band half-width. After finding of separate
contributions to the SE from the real and imaginary parts of
the isolated electrode TH retarded GF, Eq. (9), and using the
standard principal value (PV) representation of the Fourier-
transformed GF

1
RIACE —
& E =T 5
1
=PV () Find(E — ¢€),
E—¢
we obtain

IRAE) = FinVI(E)A (E)VI(E)

w
+PV / de A (e)Vi(e) ! V.(e). (72)

E—¢

The imaginary part is associated with the dot bandwidth,
Eq. (51), assumed within WBL to be energy independent
throughout the band, thus giving

1
SRAE) = (—m
2

(73)

W_E|l T2

W+ E| |
+‘t)ra

When it is furthermore assumed that the electrode band-
width is much larger than any other relevant energy scale,
such as amplitudes of time-dependent potentials and the dot
bandwidth I', the real part of SE goes to zero.

As mentioned in the introduction, the TIH SE acts as
a TD external perturbation. By its construction, Eq. (14),
the junction SE is expected to vanish in leads away from
the molecule. In general, the evolution of the EM is non-
unitary due to interaction and junction self energies. The
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continuity equation for closed systems is preserved by the
current-conservation condition. In the case of the open sys-
tem, this condition affects only the interaction SE, while
the presence of junction SE breaks the continuity equation
as a consequence of boundaries where particles emerge or
disappear.

The WBL approximation significantly overestimates
the electrode density of states and consequently screening
effects, which leads to the neglect of the external perturb-
ing potential, i.e., changes of the TIH junction SE. Besides
the vanishing i, WBL reduces the changes of the density
of states within the EM (without self-consistent potential
inclusion, there would be no changes at all), and affects
the correlated electron injection from the dot to the leads
by removing the effects of external potentials on the elec-
tron correlation function G <. The expression for AC in the
WBL again consists of two contributions, due to the particle
current, associated with terms containing external potentials
only, and the displacement current containing the internal
potential only,

i(w) = ;/dETr{ifaGE(U — V,)G®

—if (. GYU=V,)G*= > GEf,(U—V,)G T

y=L,R
+ f,+1,GY(U = V)IGAT,

Ve —V,
—(fy — fﬁ+>ﬁTG$FﬂGAFa}.

Once again, it can be observed that the inclusion of dis-
placement current through the self-consistent introduction of
the internal field preserves the gauge invariance. The Fermi
distributions come from Eq. (50). The first two terms under
the integral are due to charge-correlated charge injection
as well as injection with corresponding changing density
of states within the dot, i.e., the EM, while the remaining
terms correspond to correlated charge injections into the
leads without changing their density of states. To the best of
our knowledge, this expression has not been derived before.

5.2 Current in the zero-bias regime Another
important special case is that of the zero bias, when the
molecule is exposed to the AC only. In this case chemi-
cal potentials of the leads are equal and Fermi distributions
therefore unshifted, leading to the zero direct current and sim-
plifying the expression for the dynamical current, Eq. (64),
to obtain

. e T7 T7
i = ;/dETr [(f UR — fLUNGHZ2 — ZR)HGR
+ £ UAGAEA— 52 )GA— f URGR(ZR— 3R )GR

V
L

- sz . .
- GR(ifTy —if Tp)GA(ZE — ZR)|.

(74)
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To the best of our knowledge, this result has also not been
obtained yet.

5.3 Current in the zero-bias WBL Finally, we con-
sider the case of applied AC only in the WBL, which greatly
further simplifies the current expression, Eq. (64), to obtain

(@) = / dETH((f — fOL,GR

V.=V,
w

x {i(U— V) + ;| G*). (75)

To compare the obtained expression with the zero-bias
result, Eq. (27) of Ref. [6], it is convenient to work in a gauge
corresponding to the experimental setup from the reference
(which s in our case possible due to the gauge invariance), by
setting V,, = V, — Vz and V; — 0, i.e., by shifting external
potentials of both electrodes by V;. In this gauge, and by
neglecting the TD potential in the dot, U, the two expressions
agree.

6 Conclusions In conclusion, we have derived a set
of equations describing non-equilibrium charge-conserving
gauge-invariant transport through a quantum dot/molecule,
including the time-dependent dot potential and with it the
associated displacement current, at the Hartree—Fock level,
and derived the expression for the frequency dependence of
the dynamical current. The gauge invariance of the theory
was explicitly shown and special cases of the wide-band
limit, zero bias, as well as the zero-bias wide-band limit
considered and corresponding expressions for the current
derived. The theory is particularly suitable for use with the
DFT, where the latter can provide the time-homogeneous
contribution of the Coulomb interaction to the dot potential,
thus providing a theoretical basis for the first-principle micro-
scopic description of the non-equilibrium quantum transport
in linear response and calculation of electronic current in
molecules, dots, junctions, or nano-scale devices beyond the
time homogeneity. Coupled with SIC DFT, the theory is free
of a self-interaction error and suitable for the time-dependent
transport description in the cases where the single-charge
effects, for example in the regime of weak coupling between
electrodes and the molecule, could be of interest. The cur-
rent conservation based on the DFT coupling with GFs relies
on the fact that the time-dependent internal potential was
approximated at the mean-field level. Therefore, within our
scheme, the possible systematic expansion of TIH interac-
tion SE, with the aim to include time non-local contributions,
would not provide current conservation. However, it does not
mean that the description based on time local potentials was
exhausted. Itis our opinion that the mean-field approximation
introduced in Ref. [34] leaves room for further progress.

Appendix In this appendix we will derive the expres-
sion for the dynamical current. We start with its expression,
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Eq. (59), and separately consider two contributions: the first
one describing the charge injection,

. e
= dETr(iV) + i 76
= (i +2) (76)

and the second one related to charge emission,

. e
= — [dETr (i +i"). 77
=g [T ) )

Equation (76) is transformed using Egs. (59), (60), (61),
and (63) to obtain

lmJ = f/dET [(GR GA)(E< z3)
—i—Gi(TRGRZ1< 2;+G?_ AGH
L GRUGRE — z;cf;uaf\] 78)

Since the integration is over all energies, we can trans-
form the first-term contribution on the right-hand side:

/ dETI[(GR — GM(ZF — Z2)]
= /dE Tr[(GR — GRS — £5.(G — GM]. (79)

The expressions

Gi - G}/, Y= A’ R’ (80)
can be transformed by recalling the definition of the KS GF,
out of which directly follows

(¢7)" = (G) =0+ -3, (81)
which, after multiplying with G from the left and with G¥
from the right, gives

G" — G = wGG"+ GI(X = XT)G". (82)
Finally, recalling Eq. (60), we obtain

V., Vo

G - G = —Gg(va tor + —oﬁ)GV, (83)
w Vﬁ

where o # . This result is inserted on the right-hand side of
Eq. (79) and the obtained expression is added to the rest of
Eq. (78) to obtain

5 GAUAGH),

ot T+ T«

i = —/dETr GRURGR2<

(84)
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where U is the effective potential, Eq. (65). A similar proce-
dure applied to Eq. (77) gives

emi

e
™=
* 2

+GRo"G™ + G;0"G* + G;0°G?)
+Giol — G=at].

/ dETr[(Z? — Zf )GRUG™ + G=UG*

(85)

The contribution from the last line is transformed as was
done with Eq. (79),

/dE TH[GZ(Z* — £2) — G=(=F — =%)]

= /dE Tr[(G — G)(Z2 — ZX)1. (86)

In order to find a suitable expression for lesser GFs, we
use the Keldysh equation (30). In the case of G7, Eq. (82),
where y stands for advanced functions, will be useful. Taking
the product of both sides of this equation with V,,/w and then
with GEEi acting from the left, we obtain

Vo ..V - - Ve
—Gi= ZGEZ‘JrGA — G (Vo4 ot + vﬁgg)GA.

87)

‘We follow the same route for G <, with those differences
that in Eq. (82), y stands for retarded functions, and that we
take the both sides product with X <G* acting from the right.
This leads to

Va < Vot < VO( <
—G = ;GEE G*+GY(Vu+ot + vcr,g*)G :

#
(88)

The insertion of Egs. (87) and (88) into the right-hand
side of (86), and the obtained result into Eq. (85), leads to

: e
= — [ dETr{[2* — Z®
la 27_[/ {[ o u+]
x [GRURG* + GUG*

PINEID I
+GR(V, — V) —L—E G, (89)
w

Taking the sum of Eqgs. (84) and (89), we arrive at
Eq. (64).
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