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Using nonequilibrium Green’s functions, we derive a formula for the electron current through a lead-molecule-
lead nanojunction where the interactions are not restricted to the central region, but are spread throughout the
system, including the leads and the lead-molecule interfaces. The current expression consists of two sets of
terms. The first set corresponds to a generalized Meir and Wingreen expression where the leads’ self-energies
are renormalized by the interactions crossing at the molecule-lead contacts. The second set corresponds to
inelastic scattering events in the leads arising from any arbitrary interaction, including electron-electron and
electron-phonon coupling, treated beyond mean-field approximations. Using different levels of approximation,
we are able to recover well-known expressions for the current. We also analyze how practical calculations can
be performed with our formalism by using the new concept of generalized embedding potentials.
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I. CONTEXT

Developing a theory for the nonequilibrium electronic
quantum transport through nanoscale junctions is a challeng-
ing task, especially when thinking in terms of applications
for nanoscale electronics. Electronic transport through nano-
junctions (single-molecule junctions, for example) exhibits
many important new features in comparison with conduction
through macroscopic systems. This leads to promising new
applications in single-molecule electronics. In particular, in-
teractions such as Coulomb interactions between the electrons
and scattering from localized atomic vibrations are critically
important.

Having a simple expression for the current (or the con-
ductance) of a nanoscale object connected to terminals is
most useful. This is provided by the Landauer formula' which
describes the current in terms of local properties (transmission
coefficients) of a finite central region C and the distribution
functions of the electron reservoirs connected to this region
C. However, the original Landauer formulation deals only
with noninteracting electrons. It has been used with success
in conjunction with density-functional theory calculations for
realistic nanoscale systems>® since DFT maps the many-
electron interacting system onto an effective single-particle
problem. However there are many cases when such a single-
particle approach becomes questionable.”® The Landauer
formula has been built upon by Meir and Wingreen® to
extend the formalism to a central scattering region containing
interactions by using the nonequilibrium Green’s functions
formalism. Other generalizations of Landauer-like approaches
to include interactions and inelastic scattering in the region
C have been developed.'”!* However, in real systems the
interaction is not confined to the central region but exists
throughout the system. Accounting for the interaction along
the whole system is vital.”»!%1

In this paper, we provide a complete description which
generalizes the Meir and Wingreen formalism to systems
where interactions exist throughout the system, as well as at
the interfaces between the central region and the electrodes.
Since the choice of the location of these interfaces is purely
arbitrary, and since the interactions exist everywhere, our
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approach is formally identical to a partition-free scheme.'*!°

While keeping the approach of the original work of Meir
and Wingreen,” we derive the most general expression of the
current for the fully interacting system. From this, we recover
all previously derived transport expressions or corrections
when introducing the appropriate level of approximation for
the interaction. Our formalism also leads to the generalization
of the concept of embedding potentials when the interaction
crosses at the boundaries. It therefore provides an alternative
way of introducing open boundary conditions with interaction
in finite-size systems.

The paper is organized as follows. In Sec. II, we provide
the generalized current formula for fully interacting systems.
We describe our model in Sec. I A and derive the current
expression in Sec. II B, with full details of the calculations
provided in Appendix C. The connections between more
conventional results—the current at equilibrium, the current
formula of Meir and Wingreen, and others—are given in
Secs. IIC to ITF. In Sec. I G we describe how to apply our
formalism in a specific case of interaction crossing at the
contacts. Finally, we conclude and discuss extension of our
work in Sec. III.

II. NONEQUILIBRIUM QUANTUM TRANSPORT
A. The model

The system consists of two electrodes, left L and right R,
which connect a central region C via coupling matrix elements.
The interaction, which we specifically leave undefined (e.g.,
electron-electron or electron-phonon), is spread over the entire
system and crosses at the interfaces between the L(R) and C
regions. We use different labels for the quantum states on
each side of these interfaces: {A,A'},{n,m},{p,p’} are used to
represent the complete and orthogonal set of states for the L,C,
and R regions, respectively. We also use a compact notation
for the matrix elements M of Green’s functions (g,G), the
self-energies (X¥), and coupling to the leads (V), where M¢
represents the matrix elements M, in the region C, M ¢ for
My, Mcy, for My;,, Mgc for My, Mcr for M,,, M; for
M, and My for M, .
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FIG. 1. (Color online) Schematic representation of a central
scattering region C connected to the left L and right R electrodes,
with respective quantum-state labels {1},{n},{p} for the three L,C,R
subspaces. Interactions are given by the coupling of the region C to the
L (R)electrode Vic/c1 (Vre/cr), and by the many-body effects MP
within all regions as well as across the LC and CR interfaces. Top:
Interfaces are arbitrarily placed at the contact between the scatterer
(a molecule) and the leads. They cannot be considered as being at
equilibrium, being each in a region of strong spatial variation of the
current and potential drop. Bottom: Interfaces are now well inside the
L, R regions (C region is now the so-called extended molecule) and
are at local quasiequilibrium.

The complete derivation of the current expressions for the
fully interacting lead—central region—lead junctions relies on
only two assumptions: the many-body effects of the interacting
particles are well described by self-energies XMP in the one-
particle Green’s functions G, and there is no direct coupling
or interaction between the states of the L and R regions: The
only interaction between the leads is mediated by the region
C. There is no direct coupling; i.e., )¢, = 0."

B. The nonequilibrium current

The location of the interfaces LC and CR is arbitrary
(Fig. 1) and chosen purely for mathematical convenience, as
the interaction spreads throughout the system. We include such
interfaces to make the connection between our results and other
previously derived expressions within the partitioning scheme.

From the continuity equation V j + 9;n = 0, we write the
current through the interface between the L and C regions.
The current flowing at the LC interface is given by I (f) =
—ed, (N, (1)), where (N (¢)) is the number of electrons in the L
region and is related to the lesser Green’s function as (Np(1)) =
>, —iG5(t,1). From the equations of motion'®!? obeyed by
the Green’s functions on the Keldysh time-loop contour Ck,
we obtain the current /; as

IL(1) = gTrx[(EGf(tJ)—(G2)<(t,t)]- ey

From the rules of analytical continuation on Cg (see Ap-
pendix B), we find that
(ZG)< — ZMB,<Ga +(VLC + EMB,I‘)G<,
2
(GE)< — G<(VCL + EMB,E) + GrEMB’<.

There are no lesser (greater) components for V; ¢ since its time
dependence is local V¢ (t,t") = Vic(®)d(t — t').
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In the steady state, all double-time quantities X (¢,#’) depend
only on the time difference X (¢ — t’). The steady-state current
is given after Fourier transform by using (XG)~(t,t) —
f dw/27n X (w)G(w). To obtain the current, we need to cal-
culate the following trace:

Tol.. 1= ) VG (@) — G5 (@)Va

Any
- zi“f “(@)GY, (@) + 2 ()G, ()
G5, (@) (@) — G (@) (@),  (3)

where y runs only on the L and C regions, since X}1° =0
(there is no direct coupling between the L and R reglons) We
then need to evaluate the Green’s functions matrix elements
G;,.G5,,G%, G}, and G,/ by using the Dyson equation
Gj‘j = gfj + [gEG]j‘j (with x = r,a, <, and {i, j} the indices
for the corresponding matrix elements) and the rules of
analytical continuation for the products (see Appendices B
and C for details).

We find the following general expression for the current 17,
flowing through the left interface:

d . -
=} [ S2T0lG T+ G (The) +68 (Tie—Tl,)
+Tr [ TG = T "Gl @)
where

?LC = ZaL gi ZZC’
1) Lc=2¢ 81 Zres @)
Tic= =%5.(81 — 81)%1c + Z¢L &f Zic

By definition X, c(w) = Vi + Z (a)) and similarly for the
CL components. g;“(w) are the Green s functions of the
region L renormalized by the interaction inside that region:
(~r/ a1 (gr/ B MB’V/ “ where all quantities are defined
only in the subspace L.

There are two contributions to I;: The first trace is a
generalization of the Meir and Wingreen expression’ to the
cases where the interactions exist within the three L,C,R
regions as well as in between the regions. The different
quantities Yy ¢ are related to the generalized embedding
potentials (i.e., lead self-energies) with interaction crossing
at the LC and CR interfaces (see end of Appendix C). The
second trace in Eq. (4) is related to inelastic effects involving a
sum over the states of the L region. Although the L region
is semi-infinite by definition, an appropriate choice of the
location of the LC interface reduces the summation. For a
closed system at equilibrium, the trace Tr[X"G= — X=G~]
is zero simply because the system obeys the detailed balance
equation: ¥~ G = = X <G~ . For all other conditions, if the LC
interface is located deep enough in the L electrode, the system
is locally at quasiequilibrium, and hence the trace vanishes
(see below).

An expression similar to Eq. (4) can be obtained for the
current /; flowing at the right CR interface by swapping the
index L <> R and using the current conservation condition
Iy + 1z =0.
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1. Different Green’s functions
Finally we need to know, for practical calculations, the
different Green’s functions in all three regions. To evaluate
the currents I; g, we need the Green’s functions G“/ ne=
Gu/) <
L.R -
We find for G, = (n|G"|m)

and

MB r Gr + gC LR G)
22 (w) — HR(w)] (©6)

Ge(w)=gc+gc =
= [[gc(a))]

where Y 1+ is the sum of the generalized leads’ self-energies
Y! (¢ = L,R) defined as ¥ = (ZcafoZac)
We find for G, = (p|G"|p’) that
G gpp + gpm C plva;zp” N
where . ¢ is the embedding potential arising from the central
region C. It is defined in the right region R as follows:

Yo (@) =20 (@) §y(@) T, (@), ®)

with X = Vec + Spe” (similarly for $7,). & is a
retarded Green’s function of the region C renormalized by the
interaction inside the central region C and by the embedding
potential of the left region L only:

B A ©)

The form of these equations holds for the Green’s function
G as well as for the advanced Green’s functions G .
We finally get for G5 = (n|G~|m)

gc = [[gc(@)]

G: =GL (B¥%~ + V5, )GE, (10

with Y7 p(0) = Za:L,R(ECag’aEaCV- The rules of an-
alytical continuation need to be applied to the products
[Eeo(@)go(@)Eqc(@)]="" to get the full expansion of the
generalized embedding potentials.

C. The current at equilibrium

One of the obvious checks to perform is that there is
no net current at the LC and CR interfaces at equilibrium.
Considering the equation for I; given by Eq. (4), we have
already shown that the trace Tr,[...] vanishes at equilibrium
because of the detailed balance principle. Now we have
to prove the same for the trace Tr,[...] in Eq. (4). For
this we use the procedure which consists of introducing
nonequilibrium distribution functions (see Sec. IIF below).
Since at equilibrium all distributions are equal to the Fermi
distribution f°4, we end up, after long but trivial manipulation
of Eq.(4), with

T = T [ G S, (798, — 8.5) S

= Geze, (f80 — gL ) Tic),  aD
which after further manipulation (using complex-conjugate
relations between Green’s functions and self-energies) can be

shown to be equal to zero. Hence, as expected, the current /I,
from Eq. (4) vanishes at equilibrium.
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D. Recovering the Meir and Wingreen current formula

For systems where there are interactions only within C,
we have ZMB £ 0 and ELC/CL = Vic/cr-Then & = g, and

Yic =Ver 8% Vie, Yo =Ver g7 Vie = —(Yio)T, and
Eq. (4) can be recast as

dw
IL:—

) 2 Trn [fL (Gr

GLTL+Ger], (12)

with ifLFL = Ve g; Vic and iI'y = VCL(gi — gZ)VLC
Hence we recover the result of Meir and Wingreen.

Going one step further, we consider interaction within the
L and R regions as well. The current I; in Eq. (4) takes then
the form of the Meir and Wingreen expression Eq. (12), with
renormalized escape rates [riie, il = Ver (8¢ — 85) Vice
and TLC = szFL(a)) Ver &7 Vic. The interactions within
the leads renormalize the coupling at the contacts I'; . Note that
we have allowed for a renormalized distribution function f; in
the definition of Y ... The distribution of the left lead 77 has the
same form as the Fermi distribution function, but depending
on the approximation chosen for the interaction E?AB, the
corresponding Fermi level may also need renormalization.

E. Transport with interaction on the (TD)DFT level

We consider cases where the interaction is spread through-
out the entire system, and are treated at the level of density-
functional theory (DFT). The exchange and correlation effects
for interacting electrons are given by an effective potential
vyc(r,t) obtained from an xc action functional of the electron
density. To this potential corresponds an effective self-energy,
local in both space and time.”-'* This forms a class of self-
energies, where EMB(z,7") = £MB(1)§(r — t’) cannot have
lesser or greater components, since the times t and " must be
on the same time-loop branch. With no lesser and greater
components for “MB, the trace Tr,[...] in Eq. (4) simply
vanishes. We are thus left with

d
I = 5/ 2‘” Tr,[GL The + G2 (The)'

+GE(Tee = Tle)], (13)

where Y1 = Zcr &7 o (Yo = =S¢ 85 Zre, Yo =
Ycr 87 Xrc,and ¥ =V + vy (V has only V,c/co compo-
nents, and v, has local static or dynamic components vy (). 1, p}
for DFT or time-dependent DFT calculations, respectively).*
Hence we recover a Meir-and-Wingreen-like expression for
the current with renormalized I, . The potential v, is spread
throughout the system and inside the leads.”'* Hence Eq. (13)
formally confirms the necessity of including the potential drop
due to v, in the linear-response regime.?!

One should note that our formalism includes all other cases
with other kinds of interactions (electron-phonon) confined
only in the central region.?>?’ It also includes other kinds
of electron-hole excitations which can be present in the
leads?® and provides a way to treat systems with electron-hole
excitations crossing at the contacts between the central region
and the leads.
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F. The current in terms of distribution functions
and spectral densities

We now discuss when the second trace in Eq. (4) vanishes.
We introduce the nonequilibrium distributions f =(w) obtained
from the generalized Kadanoff-Baym ansatz” X<(w) =
(@) X*(w) — X"(w) f=~(w) for a Green’s function or a self-
energy X. We define

~< _ r0<xa ~r r0<
8L = JL 8L —8LJL
< __ <ra r o<
GC_fCGC GCfC’ (14)
< _ gpint<ya _ vy int<
2:LC — JL 2:LC 2:LC c >
< _ gpint<ya _ I int<
ECL — JC 2:CL ECL L

(with f£< the Fermi distribution f; of the L region). We
rewrite Eq. (4) as follows:

e dw = or r
I = - f > T [8GE ¢, (87 — 81) Tl c]

h 27
+ T [(SLeGee, — S1cGESEL)d31 |
+ Q)T [8f7 A ()AY ()], (15)

with g7 = 817~ & — &1 8/~ 0G5 =85 G& — G 8f¢.
The differences of distributions are §fy~ = f{= — fint<,
Sfrc=Jtc— L‘“‘g, and the spectral functions are AX =
(X4 — X!)/2mi.

At equilibrium all distributions are equal to the Fermi dis-
tribution, all f = 0 and I;, = 0 as expected. For interactions
localized in C only, we again recover Eq. (12) by noticing
that Ez/cr(cm = Viccry A =0, and g, = g, Furthermore,
when the LC interface is located well inside the L region,
the states A on the left side of the interface are at their
local equilibrium. Hence the corresponding distributions are
equal to the local Fermi distribution and §)< = §f,;~ = 0, and
therefore the traces Try[...] in Eq. (15) and in Eq. (4) vanish
(QED).

The current expression reduces then to

e da) ~a S r
=5 [ S2T[sGE Bt (8 - )] (16)

which is just another way to express the Tr,[...] in Eq. (4).

G. An example of crossing interaction

We now give a brief description of how to implement our
formalism for a specific case. We consider a single-molecule
junction in the presence of electron-vibron interaction inside
the central region and crossing at one of the contacts. We use
the following Hamiltonian for the central region:

He = eod'd + woa'a + po(a' + a)d'd, 17)

where one electronic level gy and one vibration mode of energy
wp are coupled together via the coupling constant j;. The
central region is coupled to the noninteracting L and R regions
via hopping integrals #(:

Vic+Ver= Y toalchd +d'cy). (18)

a=L,R
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We also consider that the hopping of an electron from the C
to the L region (and vice versa) can excite another vibration
mode of energy w, via the coupling constant y4:

Hic = yab' +b)(cld +dicr) + wab'b. (19)

This model can be understood as a lowest order expansion
of the hopping integral 7o (X) =t +t,, X between the
C and L regions in terms of the relative position X =
VR]@2mswa)(b' + b) of the region C with respect to the
region L. The Hamiltonian Hj ¢ represents in this model the
interaction crossing at the LC interface. The corresponding
nonequilibrium Green’s functions and self-energies can be cal-
culated at different orders of the interaction using conventional
nonequilibrium techniques.?6%”

Since there is no other interaction inside the L and
R regions, the current expression is given by the first
line of Eq. (4). We consider a mean-field approach to
treat the crossing interaction. This model leads to the
Hartree-like expressions for the self-energies at the LC
interface:

r/a 2 . dw <

sMBr/a —20”)—121 / - Gic@) (20)
.. MB,r/a <

[similarly for =5, « [doGZ;(w)].

The closed expression for G}~ Green’s function matrix ele-
ments are calculated from the corresponding Dyson equations
Grc = [gXG]; . There are no lesser and greater components
for the self-energy =M? at the mean-field level, as we have
explained in Sec. II E. Hence Eq. (5) reduces to

Yic = ¢, 87 Zic

TZC = X1 81 Zic @n
?ILC =X¢1 81 Zics

(T = —%¢, 8 =i

with 27/ =10, + Ty

One can see that the interaction crossing at the L C interface
induces a static (however bias-dependent) renormalization
of the nominal coupling 7o, between the L and C regions.
This nonequilibrium renormalization induces bias-dependent
modifications of the broadening of the spectral features of
the C region. It can also lead to new physical nonequilibrium
effects in the current.*

The effects of the crossing interaction can also be
treated beyond the mean-field level by considering a
Fock-like dynamical self-energy.?®?’ In general the ef-
fects of other interaction (electron-electron) crossing at
the LC and/or CL interfaces can be treated in a similar
manner.

III. DISCUSSION AND CONCLUSION

We have derived an exact expression for the current through
systems with interaction both within the L,C, R regions and at
the LC and CR interfaces. Our result, Eq. (4), is general,
assuming that there are no direct interactions between the
leads—a condition that is physically sound, especially for
single-molecule junctions where the spatial gap between the
two electrodes is large enough. The location of the LC and
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C R interfaces with respect to the physical realistic scatterer is
arbitrary but, in practice, should be chosen conveniently for nu-
merical calculations. When local quasiequilibria are reached at
the interfaces, a simpler expression for the current is obtained,
since the local nonequilibrium distribution functions are equal
to the corresponding Fermi distributions. The deviations 8 %<
and §f < represent a quantitative tool to determine how far
inside the leads the LC/ RC interfaces need to be to reach local
equilibrium. Our formalism provides a formal justification of
the concept of the extended molecule that is commonly used
with the conventional partitioned scheme.’! It also provides
the correction terms needed to deal with interaction crossing
at the contacts and when the contacts are not in their respective
local (quasi)equilibrium.

In practice, the calculations should be performed self-
consistently since the various self-energies B in the three
regions and at the interfaces are functionals of the all Green’s
functions in all the system. This offers extra degrees of
freedom to perform non-fully-self-consistent calculations, and
test different levels of approximations for the interaction.
We have given an example of how such calculations can
be performed for a specific case in Sec. IIG. We have
also found that the current conservation conditions lead
to an important result for a fully interacting system: a
condition that the many-body self-energies TMB should
satisfying in order to keep the conservation I; + Iz = 0 (see
Appendix D).

In a broader context, our formalism introduces in a formal
manner the concept of generalized embedding potentials to
interacting cases. Embedding methods provide the correct
boundary conditions for solving the Schrodinger equation in
a limited region of space, region I, automatically matching
the solution on to the wave function in the rest of the system,
region II, via the use of the embedding potential.> In the
quantum transport community, the embedding potentials usu-
ally arise from the left and right leads to which the scatterer of
interest is connected, and are commonly referred to as the lead
self-energies. In conventional noninteracting approaches, they
are given by X, (w) = Vg ga(®)Vyc. In our formalism, when
the interactions cross the LC/C R interfaces, we obtain a gen-
eralization of the embedding potentials, defined as ¥ (w) =
[Eco @)@y (@)Eqc(w)]*. These generalized embedding poten-
tials contain a double nonlocality, in the sense that the many-
body part of ¥, ¢ has a spatial extent different from that of the
coupling matrix elements V. Hence Y, defines a buffer zone,
contained between two surfaces whose separation is related to
the characteristic spatial range of the interaction self-energy
TMB = ¥MB(|x, — x,|). The generalized embedding potential
provides a new alternative for introducing open boundary
conditions with interaction within many-body finite-size
systems.

In summary, therefore, we have introduced a complete
formalism for an accurate expression for the electron current in
fully interacting systems. The expression is general and takes
into account the fact that the interaction is crossing through the
interface on which the current-density is integrated. Numerical
implementations of our formalism will enable us to study cases
in which the long-range Coulomb interaction is not sufficiently
screened between the central region and the electrodes to
be neglected or approximated, or cases in which vibration
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excitations at the contacts play an important role in the
transport properties.

APPENDIX A: RELATIONSHIP AND SYMMETRY ON THE
KELDYSH CONTOUR

The relations between the different components of the
Green’s functions and self-energies on the Keldysh time-loop
contour Ck are given by

X =XtT Xt~ =X""T-_X"",

X=Xt -—X"T=Xx"-Xx"",
XX T =X 4 X1,
X—+ _ X+— - X" = Xu’

(AD)

with X""2(12) = G™""(12) or X™""™(12), and where (i = 1,2)
is the composite index for space-time location (X;,#;) and 7;
is the index of the Keldysh time-loop contour Cx branch (+
forward time arrow, — backward time arrow) on which the
time #; is located. The usual lesser and greater projections are
defined respectively as X< = X~ and X~ = X%, and the
usual time-ordered (anti-time-ordered) as X' = X+ (X' =
X ).

By definition, complex conjugation of the different Green’s
functions follows the rules

G(1,2) =[G"2, DI,
G2(1,2) = —[GZ(2,1)]*.

Similar expressions hold for the self-energies £*(1,2).

APPENDIX B: RULES FOR ANALYTICAL CONTINUATION

The rules for analytical continuation from Ck to normal
real time make that the following products Pg)(z,t’) on the
time-loop contour,

P(z) = / AB,
Ck

P(3)=f ABC,
Ck

Py = / AlAy. Ay,
Ck

B

have the following components P(;(z,) on the real-time axis
x=ra, >, <)

P5 = /A’BE + AZBC,

t

P3 = /A%B“c“ + A"B2C*+ A'B'CZ,  (B2)

t

= /A;AQ...A;, = /A7A§...Ag.
t t

APPENDIX C: DERIVATION OF THE CURRENT I;,

In this Appendix, we provide the details of the derivation
of the main results of this paper, mainly Eq. (4) and Eq. (5). In
the following, we choose to use the symbol » . for summations
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in order to have a better graphical distinction between the sum
signs and the self-energies X.

From Eq. (1) and Eq. (3), we need to calculate the following
traces:

Tn[(26)7]

=Z [(Vin + =B
A,n

)G ]™ +>_ (ZMPGi)™ (€D

PWY
and similarly
T [(GE)7]
=Z [Gin(ZNP + V)] +Z (G Z)P)™  (C2)
A PWY

since E}:’/[)B =0and E%B =0.
We first consider the sums», ;:

> (EMPGi)T D (G )

AN e

MB, < a MB r <
=Z NG, + 2N G

_ MB< a
E X0 G“—

MB, MB,
— G5, EMBa_gr, sMB<

Giu) + (B0 = 207) G

AN

_E Ei\/)[? < _ G>)A’A + (EMB‘> _ EMB,<)AA,G;A
A A

=» =N7GH, - DTG,

=T [2)"7G; — 2)"~G7 ] (C3)

In the first line of Eq. (C3), we used the rules of analytical
continuation. In the second, we have used the equivalent of
cyclic permutation in the calculation of a trace, i.e., swapping
the index A and A’ in the last two terms. This is possible
here since the sums and all matrix elements are defined in
the single subspace of the L electrode. The final result looks
like the collision terms usually obtained in the derivation of a
generalized Boltzmann equation from quantum kinetic theory.
They correspond to the particle production (scattering-in)
and absorption or hole production (scattering-out) related to
inelastic processes (i.e., nondiagonal elements of the self-
energy on the time-loop contour X <) occurring in the left
electrode.

P AZcln) (l(Ge Ser §L)7IA) —
An

+ (AZ)YE<In) (n|(Ge Zcr §1)°1A) —
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Now we consider the sums Em in Eq. (C1) and Eq. (C2).
We find that

> L. =Z [5G — G5,
in

+EMB<Ga _ Gr EMB<]. (C4)

We now need to calculate the following different Green’s
functions matrix elements G,;,G;,.G5,, and G%,. For this
we use the Dyson-like equation defined for the nondiagonal
elements: Gy, = (n|(GXg)*|1) and G3,, = (A|[(GXg)"|n).

We concentrate on one matrix element (n|(GXg)<|\) to
show the mechanism of the derivation:

G = (nl(GZg)"[A)=(n|G"E7g"+ G~ X" +G"E"g~[A)

_E Gn)q E)f])\z g;z)n + G}r’l E;}»z g;fz)»

)\.] )\.2 m
+Gn,\1 Efl,\z gxzx + G, mez gxzx
+an1 2;11\2 gm + G, mez gAzw (C5)

with £ = V,, + =Y and £=, = sM5-< and, as ex-
plained above, we have used the condition E;x = 0. The same
principle holds for the derivation of the other Green’s functions
matrix elements.

The interesting point is that the terms in E/\ 5, can be
factorized out and included within the renormalization of the
left lead Green’s functions gil/ », as follows:

EMB,aga -

gl — Ing = &, (Co)

Therefore the matrix G, = (n|(GXg)~|A) can be recast
as G, = (n|(Ge Zcr &.)°IA), or similarly with an explicit
summation:

< _§ : r r =<
GnA - Gnm Em)J 8w

m,\

+ G EMB S8+ G T, &l (CT)
We also find that

Gy, = (M@ Zrc Ge)~n),

Gy, = (nl(Ge Zcr g)°IA), (C8)

G, = (M@ Zpe Go)'|n).

Using the rules of analytical continuation for products of
three quantities, we find that Eq. (C4) becomes

(M@ Zec Go)TIn) (n|ZE,|2)

(M@ Zic G In) (n|ZEP=IA)
=E<”|(Gé TeL 8L+ Ge X5, 81 +Ge Xy g’L<)220|”> +

(n|Ge 2¢p 81 Zrc — Zic &1 Z1c Geln)

+<n|EaCL(gZ EicGe+ 8L Eic Ge+ 81 i Gc)|”)

Tict+Zc & i

=» (nlGp(z&, &
n

+GE(ZEL 81 Bhc — Zic &1 Zic)n)

- EEL éZ 2:ZC) + G%(ZE’L gi 2 ECL EZC

=T, [GLThe + GL(The) + GE (T — Tio)]-

- ZZ“L 5’2 EZC)

(€9
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In the second equality of Eq. (C9), the matrix elements have
been swapped to get a trace only over the central region
subspace {n}. The final two equalities are just exactly the Tr,
entering the definition of the current /; given by Eq. (4) with
the definitions of Y . and T,c (and their adjoints) given by

Tie=2(8 - 81)%ic + 26 & Tic

= (Eg)& EZC - Eé[, (gz);,c’ (C10)
Tic = oL 8L Ties
and
(Tio)' = B¢, (81 — 81)Bic — B¢, & Zic
= (Eg)aCL EL<C - EéL (gZ)ZC’
Tie =3¢, & Sic. (C11)

(QED). Equations (C3), (C9), (C10), and (C11) are the main
results of this paper.

Now we can follow the same mechanism of derivation
to obtain an expression similar to Eq. (4) for the current I
flowing at the right CR interface. Concretely, the expression for
I is given by Eq. (4) by swapping the index L <> R and with
a minus sign because of the current conservation condition
I +1g =0.

Finally, one should note that because of the following three
conditions, (i) the very existence of the interaction crossing
at the contact, (ii) the fact that in the most general cases
Ylajac F Bcajacs I opposition with the non-interaction
case where V¢, JaC = Vi JaC = Veajac, and (iii) the rules
of analytical continuation for triple products P(3), the usual
cyclic permutation performed in the calculation of the trace
Tr, [(2G)= — (GX)=] cannot be used to transform the initial
trace over {1} onto a trace over {n}. Therefore the current /; at
the LC contact is not given by a straightforward generalization
of the Meir and Wingreen formula of the type

e da) < > > <
I # o | 5 TalY[Ge = Y7 GE]

+Tr, [EMB>G; — =MB<G7], (C12)

where Y} is the generalized (interacting) embedding potential
of the L electrode.

This is another very important result of our work which has
strong implication in the expression of the current itself, and
also in the conditions of current conservation.

APPENDIX D: CURRENT CONSERVATION CONDITION

First we consider the general definition of the lesser and
greater Green’s functions:

GZ=(1+G" )21+ 2G4+ G £=<G* (DI

The first term represents the initial conditions g=<.

For the central region, we have chosen the initial condition
such as (n|g=|m) = 0 [see Eq. (10)]. We could have chosen
another initial condition. Such choices have no effects on
the steady-state regime when a steady current flows through
the central region; however, the initial conditions play an
important role in the transient behavior of the current.33-36

For the definition of the lesser left and right Green’s
functions, it is however not possible to neglect the initial

PHYSICAL REVIEW B 84, 235428 (2011)

conditions (before full interactions and coupling to the region
central are taken into account). This is because it would not be
physical to ignore the presence of the left and right Fermi seas,
obtained as the thermodynamical limit of the two semi-infinite
leads which act as electron emitter and collector in our model
device.

One can however recast Eq. (D1) as follows:

G< — Gr ((gl‘)71g<(ga)71 + E<) Gu — Gr Gu, (D2)

with 2< =<4+ y< and y< = (g")'g<(g®) !, and simi-
larly for G>. Hence y< —y> = (g*)"' = (¢")~' and < —
2‘:> — (Ga)—l _ (Gr)—l.

From these properties, it can be easily shown that

Tr311[2<G> — 2>G<] =0 (D3)

for each w. The trace runs over all indexes in the system
(all = {A,n,p}) and the interaction X are spread over the whole
L,C,R regions. This is the starting point to find the conditions
for current conservation.

Because the trace runs over all three subspaces, we can
apply the usual cyclic permutation and recast Eq. (D3) as
follows:

—Trail(EG)= = (GX)“1+ Trally~G™ —y~G=1=0

(D4)

or equivalently

/dw Tral(SG)* — (G)<] + Trally” G~ — y<G>] = 0.
(DS)

Expanding the trace in the first term over each subspace
Tryp[...] = Trp[..] + Tr,[...] + Tr,[...], one can identify the
definition of the currents /7, and Iy from Tr,[...] and Tr,[...],
respectively.

Hence the condition of current conservation I; + Ip =0
leads to

/dw Tel(2G)™ = (GE) 1+ Trally "G~ —y~G71=0.
(Do)

After further manipulation, lengthy but trivial in the light
of Appendix C, we find that the current conservation leads to
the following condition:

/da) Tro—r,c.r[Z0" Gy — ZYP~G;]+ Cre + Ccr =0
(D7)
with
Cre(w) =Tr,[(Y] + Tic — ﬂc —T1c)GE
— (P = T1e)Ge + (The + (T1e)h6] 08)
and Ccg = Crc[{L < R}

The first trace in Eq. (D7) corresponds to the sum over the
three regions L,C, R of the integrated collision term. The two
other traces Cy¢ and Ccy arise from the interactions crossing
at the LC and CR interfaces. But, globally, Eq. (D7) still
implies that the total integrated collision terms must vanish.
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