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Electron transport properties of nanoelectronics can be significantly influenced by the inevitable and randomly
distributed impurities/defects. For theoretical simulation of disordered nanoscale electronics, one is interested
in both the configurationally averaged transport property and its statistical fluctuation that tells device-to-device
variability induced by disorder. However, due to the lack of an effective method to do disorder averaging under
the nonequilibrium condition, the important effects of disorders on electron transport remain largely unexplored
or poorly understood. In this work, we report a general formalism of Green’s function based nonequilibrium
effective medium theory to calculate the disordered nanoelectronics. In this method, based on a generalized
coherent potential approximation for the Keldysh nonequilibrium Green’s function, we developed a generalized
nonequilibrium vertex correction method to calculate the average of a two-Keldysh-Green’s-function correlator.
We obtain nine nonequilibrium vertex correction terms, as a complete family, to express the average of any
two-Green’s-function correlator and find they can be solved by a set of linear equations. As an important
result, the averaged nonequilibrium density matrix, averaged current, disorder-induced current fluctuation, and
averaged shot noise, which involve different two-Green’s-function correlators, can all be derived and computed
in an effective and unified way. To test the general applicability of this method, we applied it to compute the
transmission coefficient and its fluctuation with a square-lattice tight-binding model and compared with the
exact results and other previously proposed approximations. Our results show very good agreement with the
exact results for a wide range of disorder concentrations and energies. In addition, to incorporate with density
functional theory to realize first-principles quantum transport simulation, we have also derived a general form of

conditionally averaged nonequilibrium Green’s function for multicomponent disorders.
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I. INTRODUCTION

Due to experimental imperfections or doping for special
functionality, disordered impurities/defects are inevitable in
realistic nanoelectronic devices. The disorders can signifi-
cantly influence or even completely determine the quantum
transport properties of the device [1-3] and give rise to
large device-to-device variability on the nanometer scale [4,5].
Thus, thorough understanding of the effects of disorders
is critically important for both modern device technology
and fundamental transport physics. However, quantum trans-
port simulation of disordered nanoelectronics faces several
difficulties: (i) since electron transport in current flow is
an intrinsically nonequilibrium process, the nonequilibrium
quantum statistics must be correctly treated in the simulation;
(ii) the strong coupling of transport properties to the atomic,
chemical, and materials details at the nanoscale requires
accurate atomic-level simulation without using any empirical
parameter; (iii) the absence of translational invariance in
disordered devices renders many well established state-of-
the-art computational methods useless; (iv) the theoretical
transport property, such as current, must be averaged over
a large ensemble of disorder configurations to be physically
meaningful; (v) for the nanoscale device, the device-to-device
variability induced by disorders is a general and important
phenomenon and it is thus important to calculate the statistical
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fluctuation of the transport property. Since these difficulties
involve different areas of physics, one must combine different
theoretical algorithms together to realize the simulation of
disordered nanoelectronics. As far as we know, the above
five difficulties have only been partially solved; no general
algorithm has been reported to calculate disordered nano-
electronics. To solve the first two difficulties, the present
workhorse for simulation of nanoelectronics combines the
nonequilibrium (NE) Green’s function (GF) method [6-8]
with density functional theory (DFT) [9-11] to account for
nonequilibrium statistics from first principles. (Implementa-
tion examples are Refs. [12-21].) However, the applicability
of the NEGF-DFT method is limited to perfect or ordered
nanoelectronics. The remaining three difficulties are basically
related to how to do disorder averaging to obtain averaged
nonequilibrium electronic structure, transport property, and
its fluctuation. Recently, considerable efforts have been de-
voted to addressing the disorder averaging problem in the
NEGF framework and incorporating with the DFT method to
simulate disordered nanoelectronics. In Ref. [22], one of the
authors (Y.K.) and his coworkers have applied a conventional
coherent potential approximation (CPA) [23,24] to construct
a translational invariant effective medium to compute the
averaged retarded/advanced GF G®/4 and then developed
a nonequilibrium vertex correction (NVC) method to ob-
tain the averaged NEGF (G<) = (GRZ<G4) = (GF) (=< +
Qnve)(GA) (where X< is the lesser self-energy of electrodes
and Quvyc is the NVC). In this method, the NVC accounts for
not only effects of the multiple impurity scattering, but also the
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nonequilibrium quantum statistics, for which it is named. In
combination with the NEGF-DFT quantum transport method,
the CPA-NVC has seen important applications in simulating
nanoelectronics with atomic disorders [22,25-34]. Besides, an
alternative approach called nonequilibrium CPA (NECPA) has
been reported independently in Refs. [35,36]. In this method,
the CPA is generalized to treat the configurational average
of the contour-ordered Green’s function to obtain the (G <)
by introducing a nonequilibrium coherent potential. Although
NECPA provides a different derivation of (G=), Ref. [36]
proves that the nonequilibrium coherent potential in NECPA
and the NVC are the same quantity within the single-site
approximation in the CPA. Because the CPA-NVC or NECPA
developed so far can only calculate the average of a single
NEGEF, namely (G <), the present available methods only allow
the calculation of nonequilibrium electronic structure and
averaged electron current. However, other properties require
the average of the two-NEGF correlator; for example, the
disorder-induced current fluctuation and averaged quantum
shot noise contain (G=CG~) as we will show in Sec. II, rep-
resenting a great challenge for the present available methods.
By rewriting (GSCG~<) = (GRZ<GACGRE<G*), several
different approximations have been proposed to compute the
average of this quantity which involves the complex four-
Green’s-function correlator. For example, Ref. [37] reported a
perturbation expansion method and Ref. [5] reported a low
concentration limit approximation and a Green’s function
based diagrammatic technique. However, these approximate
methods [5,37] are not generally applicable. In particular,
the perturbation expansion [37] and low concentration limit
approximation [5] may only be valid for the case of low
concentration and weak scattering, and the diagrammatic
technique as reported [5] can give large errors and even
generate unphysical results. Therefore, we can see there is
no general algorithm that allows the computation of both the
(G=) and (G=CG~), and the simulation of disorder effects in
nanoelectronics still requires further significant development
in quantum transport theory.

In this paper, we report a generalized CPA-NVC algorithm
to calculate the (G<) and (G=CG<) in a unified and
effective way, so that various transport properties of disordered
nanoelectronics can be simulated. In this method, based on a
generalized CPA for the Keldysh GF, the generalized NVC
algorithm is developed to calculate the average of any two-
Green’s-function correlator, such as (GRCG4), (G=CG~),
and other pairwise combinations of various Green’s functions.
We obtained nine generalized NVCs, which can be solved by a
set of linear equations, to account for the effects of multiple im-
purity scattering under the nonequilibrium condition. With the
nine generalized NVCs, the disorder-averaged nonequilibrium
density matrix and various important transport properties, in-
cluding averaged current, disorder-induced current fluctuation,
and the averaged shot noise, can all be effectively computed.
To test the general applicability of this method, we applied it to
calculate the transmission coefficient and its fluctuation with a
tight-binding model on a square lattice, and compared with the
exact results and other previously proposed approximations
[5]. Our calculations agree very well with the exact results
for a wide range of disorder concentrations and energies,
while other methods do not. In addition, to combine with
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the DFT, a general form of the conditionally averaged NEGF
(G=9) is derived for multicomponent disorders (beyond the
binary case reported in the previous CPA-NVC paper [22]) to
do first-principles simulation of disordered nanoelectronics.
The generalized CPA-NVC provides a unified, effective, and
general method for simulation of electron transport properties
of disordered nanoelectronics.

The rest of the paper is organized as follows. In Sec. II, we
review the GF-based quantum transport method and we show
that various disorder-averaged quantum transport properties
can all be expressed in terms of two-GF correlators for
disordered nanoelectronics. Section III reviews the various
types of NEGFs and their relations, and the associated
perturbation expansion technique. Section IV describes a
generalized coherent medium theory to compute the average
of the Keldysh GF. Section V formulates the generalized NVC
method to calculate any two-GF correlator. In Sec. VI, we
applied the generalized CPA-NVC method to calculate the
averaged transmission and its fluctuation using a tight-binding
model and compared our results with the exact calculations and
other approximations. Section VII derives the general form of
conditionally averaged NEGFs for multicomponent disorders
to combine with DFT to realize first-principles simulations.
Finally, we conclude in Sec. VIII and provide additional details
in Appendices A, B, C, D, and E.

II. QUANTUM TRANSPORT PROPERTIES OF A
DISORDERED DEVICE

In this section, we briefly review the NEGF-based quantum
transport theory. We only consider a two-probe device as
shown in Fig. 1(a).

The central scattering region containing the disordered
impurities is sandwiched by two semi-infinite ideal leads.
Under a finite bias, electrons flow from one lead to the other
with scattering events happening on the disordered impurities.
The electron-photon, electron-phonon interactions are not
considered in this paper, but in principle, they can be taken into
account in the NEGF formalism [8,38]. Since the two-probe
device shown in Fig. 1(a) is infinite and nonperiodic in the
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FIG. 1. Physical model for a two-probe nanoelectronic device
with disorders. (a) The central device region with disorders is
sandwiched by two semi-infinite leads. (b) The effects of the leads are
turned into the self-energies so that the central device region becomes
calculable.
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transport direction, it cannot be calculated directly. We usually
turn the effects of the two semi-infinite leads into the lead
self-energies X;;, as shown in Fig. 1(b), so that the central
device region becomes calculable.

For simplicity, we here only give some important results
for quantum transport properties within the NEGF theory, and
more details can be found in the related literature [7,39]. The
retarded GF, GR, is directly associated with the Hamiltonian
of the central device region H through

GR=[E-H-3F]",

ey
where £f = £F + ©F is the retarded self-energy due to the
left and right leads. The advanced GF and self-energy are
conjugate with the retarded ones, namely G* = [GX]" and
T/ = [ZR]1. Since we assume the leads will not be affected
by the scattering region, ¥, is a constant, independent of the
disorder in the central device region. For the device shown
in Fig. 1, the averaged nonequilibrium electron density of the
central region is given by

C(dE _._
(o(m) = —l/—(G (r,r; E))p—,

7 (€]

where (G =) is the averaged lesser Green’s function that can
be calculated by the Keldysh formula

(G™) = (GFz3GY). 3)
Here, X is the lesser self-energy of the leads. It should be
mentioned that we have dropped the boundary term in Eq. (3),
which accounts for the contribution of bound states [40] and
can be generally neglected for devices in the steady state that
we are focusing on here [7]. Since the leads are in equilibrium
states, we can get

Zg =ilfL(E)I'L + fr(E)TR], )

where fr,r(E) are the Fermi-Dirac distribution of the left
and right leads. I'y /g in Eq. (4) are called linewidth functions
defined as 'y g = i[Ef/R - Ef/R], describing the coupling
between the scattering region and the leads. If we assume
fL(E) =1 and fr(E) = 0 at nonequilibrium, then Eq. (4) is
reduced to

&)

where ' (E) is constant, independently of the disordered
central region. From the Landauer-Biittiker formula [7], the
averaged current through the device can be written as

T(E) =iT(E),

dE
(I) = f E(T(E))[fL(E)_ Tr(ED], (6)
where (T (E)) is the averaged transmission coefficient
(T(E)) = Tr(GRT . G*TR). @)

The current fluctuation §/ under low bias can be approximated
by [5]
dE
81 ~ EW(E)[JQ(E)— Tr(E)], ®)

where the transmission fluctuation is defined as 67 =
(T?) — (T)2, which requires the average of 72. By writing
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(T?) explicitly, we have
(T?) = (Tr[GRT L GATRITH{GRT LG Tx])

B < )
= —(Tr[G=TgITr[G=TR]),

where we have used Eqs. (3) and (5). This equation requires
us to average a product of two traces, which is inconvenient
in calculation. To go further, we make a decomposition[40]
Cr =", IW;){W;|, where |W;) is the normalized eigenvector
of I'g. By putting this decomposed I'g into Eq. (9) and using
the cyclic invariance property of the trace, we obtain

(1% = =) > Tr(G=S;G=S],). (10)
i

where S;; = |W;)(W;] is independent of disorders. Addition-
ally, the quantum shot noise [41,42] given as

dE n
(S) = f ETWDAO ~ S+ fal = o)

+ / d7ETr[<T> — (TH(fr = fr)? (an
where T = GRI',G*T; called transmission operator, also
involves the product of two lesser GFs.

At this point, we have seen that many physical quantities
in electron transport, including the averaged nonequilibrium
electron density, averaged current, current fluctuation, and shot
noise, can all be expressed in terms of two-GF correlators,
such as Egs. (3), (7), and (10). In the following sections, we
will discuss how to calculate the average of these two-GF
correlators to realize the nonequilibrium transport simulation
of disordered devices.

III. THE NONEQUILIBRIUM GREEN’S FUNCTION
THEORY

We have introduced several kinds of GFs to express
the quantum transport properties of nanoelectronics. In this
section, we will briefly introduce the relations between various
GFs and the different quantity representations in the NEGF
theory and discuss the associated perturbation expansion
technique.

A. Quantity representation in NEGF theory

The central quantity in the NEGF theory is the contour-
ordered GF which is defined as [8]

G(r.t:x ') = —i (| Te [V (.Y (X .1)]| Do), (12)

where ¥y is the field operator defined in the Heisenberg
picture, and wL is its conjugate. |®() refers to the normalized
ground state of the system. 7¢ is the contour-ordering operator
that arranges the time-dependent operators according to their
order on the time contour, which starts from remote past, passes
through ¢ and ¢/, and finally returns to the remote past again, as
shown in Fig. 2(a). The reason why the contour looks this way
is because we are considering the nonequilibrium process, in
which we cannot predict the system when ¢ — +-00.

The same as the contour-ordered GF, in the NEGF theory,
many other physical quantities, such as the Hamiltonian H,
self-energy X, potential V, and T matrix 7 introduced in next
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(a) Time contour (b) Four real time cases

C1 D D}

FIG. 2. (a) The time contour starts from —oo, passes through ¢
and ¢, and finally returns to —oo. (b) Four possible combinations of
t and ¢’ on the time contour.

section, denoted as Q, can be defined on the time contour. For
these contour-ordered quantities, the two time labels can lie
on either of the two branches C; and C, on the contour as
shown in Fig. 2(b). As a result, each contour-ordered quantity
contains four different possibilities given as follows:

Q't,t) teCt eC,

n_ ] OStt) teCt eCy,
QU =101 teCureq, a3)

Q'(t,t) teCyt €y,

which are called time-ordered, lesser, greater, and anti-time-
ordered real-time quantities, respectively. One can check that
these four real-time quantities are not linearly independent
since they satisfy Q' + Q" = Q< + Q~ [38]. Conventionally,
one can define another three real-time quantities [43]:

Of=0Q' - Q<=0 -0, (14)
=0 - Q> =0 -0, (15)
0" =0'+0"=0"+0". (16)

These three terms are called retarded, advanced, and Keldysh
quantities and have the relations Qf =[Q4]" and QX =
—[QX]. If Q is Hermitian, then QX = 0 and QF = Q4.
With the help of these real-time quantities, the contour-
ordered quantity can be alternatively represented by using
a 2 x 2 real-time matrix defined in the following form, as

suggested by Craig [44]:
_Q), (17)

Qt
Q:(Q> —0

which contains the same amount of information as the
time-contour representation. Since the four elements in the
above matrix are not linearly independent, to eliminate this
redundance, one can apply the Keldysh linear transformation
Q' = R~' QR to the Craig matrix, where R = %2(_{ D [6].
After the transformation, we get the Keldysh 2 x 2 matrix [6]

40
o~ (o o) ®
where the relations in Egs. (14), (15), and (16) are used. Note
that the Keldysh matrix features a lower triangular matrix;
the matrix addition, multiplication, and inverse operations on
Keldysh matrices do not change the mathematical structure.
Moreover, the zero element in Eq. (18) can greatly simplify the
matrix operations. For these reasons, it is convenient to work in
the Keldysh representation, and then make the transformation
to the Craig matrix to obtain all the real-time GFs in Eq. (17).
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As shown in Appendix A, one can assert the equivalence of
using different representations of contour-ordered quantity in
applications, including Craig/Keldysh real-time matrix and
time-contour representations.

B. Perturbation expansion of the Green’s function

The most appreciated feature of the NEGF theory is
its perturbation expansion [8] technique for treating many
different kinds of complex interactions, such as interaction
with electrodes, random impurity scattering, and electron-
phonon/photon/electron interactions. In particular, an un-
known GF of a system can be expanded to an infinite series
with definite calculable quantities. In the presence of some
complex interaction, one divides the system Hamiltonian H
into two parts

H=H,+ X, (19)

where H, refers to an unperturbed Hamiltonian of which the
GF can be calculated exactly, and X is the self-energy due to
the complex interaction in the system. A very important result
by using the perturbation expansion is that

G=Go+Go2Gy+ GoXGyxGo+:---, (20)

where the GF of the realistic system, G, is expanded as an
infinite series in terms of Gy (the GF of the unperturbed
Hamiltonian Hp) and X. Equation (20) can be rewritten in
a more compact form, namely the Dyson equation

G =Go+GoXG = G+ GXGy, 21

which is satisfied by many GFs, including the re-
tarded/advanced GFs and different representations of the
contour-ordered GF [6,8,44]. By replacing quantities with the
2 x 2 real-time matrices, the relations between various real-
time GFs in the presence of interaction X can be derived from
simple matrix multiplication, such as the Keldysh formula
[38] in Eq. (3). Equation (21) provides an important basis to
treat various complex problems in the NEGF theory, such as
the disorder-averaging problem that we want to solve in this

paper.

IV. GENERALIZED COHERENT POTENTIAL
APPROXIMATION

The conventional CPA formulation [23,24] of the averaged
retarded/advanced GFs (G®/4) is based on the Dyson equation
for GR/A, namely Eq. (21). Because of the fact that the contour-
ordered GF takes the same form of the perturbation expansion
as the retarded/advanced GFs, it is straightforward to extend
the conventional CPA formulation to a general case (G) which
satisfies Eq. (21). In this section, we present a generalized CPA
to calculate the disorder average of various GFs introduced in
the NEGF theory.

A. Theory of generalized CPA

For the system as shown in Fig. 1(b), because of the
unintentional impurities, the potential of the system V is
random. V can be written as the contribution from each cell
centered on the atomic nucleus, namely V = Zn v,, Where
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v, is the on-site random potential. The Hamiltonian of this
system can be divided into

H=Hy+X;+V, (22)

where Hj is a perfect system Hamiltonian and X%;; is the
self-energy due to the leads. The central idea of CPA is to
construct a coherent effective medium whose GF G is equal
to the disorder-averaged GF (G) of the system, namely

G = (G). (23)

To physically describe this effective medium, one can in-
troduce a self-energy due to disorders %, = Zn Simons
which contains contributions from each site, and rewrite the
disordered system Hamiltonian as

H = (H() + E) + (V - Eim)a (24)

where ¥ = X;; + X;,, contains the contributions from both
the leads and effective medium. The term in the first set of
parentheses in Eq. (24) can be regarded as the Hamiltonian of
the effective medium and the second set of parentheses contain
the deviation of the random potential from X;,, which can be
rewritten as

V=i =Y (Un = Zuim)- (25)

With the perturbation expansion technique of the GF, one can
obtain the following two Dyson equations:

G=G+GV —%,)G=0CG+GV —%,,)G, (26)

G = Go—i—GoEG =GQ+GEGO, 27)

where G, G, and G, are the GFs corresponding to the
Hamiltonians H, Hy + X, and H), respectively. Here, Eq. (26)
can be rewritten in another form,

G=G+GTG, (28)
where T is called the T matrix defined as
T=V-=%u)+V=2)GV —Z,)+ -
(29)

=V =X )I+GT)=I+TG)V — ;).

From Eq. (28), we can see that the T matrix contains all the
complexities of a disordered device. By taking the average on
both sides of Eq. (28) and comparing with Eq. (23), one finds
an important equation,

(30)

namely the CPA condition for the effective medium X;,
[23,24]. In principle, the above equation in combination with
Eq. (27) provides a closed set of self-consistent equations
to solve X;,, and G of the effective medium. However, to
evaluate (7') in Eq. (30), one needs to enumerate all possible
configurations of the disorders, which is computationally
prohibitive. Therefore, further approximation to the average
of the T matrix is required to enable CPA self-consistent
calculation.
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B. Single-site approximation
In order to make Eq. (30) practically useful, the single-site
approximation (SSA) [45] was introduced to decouple all the
disorder scattering events contained in the 7. To formulate
SSA, one can insert Eq. (25) into Eq. (29) and get

T=Y W —Zumd +GT)=Y Q. (D)

where O, = (v, — Zy.im) + GT) can be solved to obtain

Qn=1ts| I+G ) Ou|. (32)
m#n
th =1 — (v, — 2:n,im)G:rl(vn - z:n,im)- (33)

Here, 1, describes the scattering event on the single site n
(t, = O atthe site without random occupations). By recursively
substituting Eq. (32) into Eq. (31), we get the multiple
scattering equation:

T:Zt,,+ZZt,,Gtm+-~-.

n#m m

(34)

From this equation, we can see that the overall disorder
scattering effects during electron transport are regarded as
successive multiple scattering processes from one site to
another. For example, the first two terms in Eq. (34) are
contributed by the respective one-time and two-time scattering
processes. From Eq. (34), we can also see that the process in
which an electron is successively scattered twice on the same
site is prohibited. Averaging Eq. (34) gives

(T) =) () + ) (1Gt) + -+

n n#m

(35)

At this point, all the formulations are exact. To introduce the
SSA, we take the disorder average on Eq. (32) and rewrite it
as

(Qu) = () [ 1+G D (0w) +<r,.GZ<Qm—<Qm>)>,
m#n m##n

where the first term describes the averaged wave scattered by
the individual atom on site R, and the second term contains
fluctuations away from the average wave. Neglecting the
second term yields the SSA, namely

(Qn) =(t) | T+G Y (Om) | (36)

m#n

which means that the successive scattering events are in-
dependent of each other. Since the probability is small for
scattering off multiple impurities at the same time, the SSA is
a good approximation and becomes accurate at low impurity
concentration.

After applying SSA, we can rewrite Eq. (35) in the
following form:

(T) =D () =Y (ta)+ D _(t)Gtw) + -

n n#m

(37
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As an immediate result, the CPA self-consistent condition
(T) = 01is simplified to

=> 2?2 =0, (38)
Qo

where c? is the concentration of the Q element on the site
n. Combining the above single-site equation and Eq. (27), the
on-site self-energy X%, ;, can be self-consistently solved for
each site of the system. In such a way, the effective medium
described by %;,, = Zn %,.im can be efficiently obtained.

C. Application to the Keldysh representation

The quantities we defined so far in the generalized CPA with
SSA (such as G, £, V, T and their single-site counterparts)
are all defined for a general case of GF. If we substitute with
the retarded/advanced quantities, we obtain the conventional
CPA formalism. Here, we apply the generalized CPA to the
Keldysh real-time matrix representation of contour-ordered
GF, aiming to obtain the disorder average of all the real-time
GFs introduced in Sec. III. To do this, we need to rewrite the
quantities G, ¥, V, T and their single-site counterparts in the
form of the Keldysh matrix in Eq. (18). For example, ¥ =

zA 0 T4 0 yA 0 v
():K ):R),T = (TK TR), and V = (VK VR) — (0
the potential is Hermitian. Replacing the quantities in Eq. (27)

with Keldysh matrices leads to the following equations (see
more details in Appendix B):

0 .
v) since

1

G&(1 - 2RGE) ™, (39a)
—GO( - 4647, (39b)
G* = GR*EXGA + (1 + GRER™GEUT + =4GY), (39¢)

where ¥ = ¥;; + X;,,. Equations (39a) and (39b) for
retarded and advanced GFs are the same as the conventional
CPA. Equation (39c¢) is usually called the Keldysh formula for
GX which relates GX to G®/4 and different components of
3. From the above equation, we can see the three components
of G, namely G®/4/K are not independent of each other: G
is the conjugate of G®, and thus GX is given by GR through
the Keldysh formula. Thus G® provides sufficient knowledge
to compute NEGFs, provided the self-energy . This fact
forms the important physical foundation for the CPA-NVC
method [22] in which the conventional CPA is carried out
only for G®/4. Actually, the similar relations between the
retarded/advanced and the Keldysh quantities can also be
found for other quantities, such as T and #,, as we show in
the following.

To obtain the CPA equations, we apply the Keldysh matrices
to Eq. (29), and find

=[1=(v=-2§)6" (v - =), (40a)
=z (V - 2,)G TNV - 24, (40b)
T8 = TRGX T4 — (1 + TRG®EK (1 + GAT?).  (40c)
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Similarly, applying the Keldysh matrices to Eq. (33) directly
leads to

- 2:rllelm)GR]_l( Eflm)

=1

(41a)

A =1 = (vo—22,)G"] (v —=2,),  @1b)
1 =18G it — (T +1FGR)SK, (1 +GY). (41o)

The quantity X in Eqs. (40c) and (41c) is called the
nonequilibrium coherent potential in the literature of NECPA
[35,36]. We provide a simple proof that £% is generally equal
to the NVC [22] in Appendix E. Here Eqgs. (40c) and (41c) can
be called the Keldysh formula for 7 and ¢,. Similarly to G, we
find that the retarded, advanced, and Keldysh components of
T or t, are also not independent. After applying to the Keldysh
representation, by combining Eqs. (39) and (41) with the
CPA condition (t, RiAl K) 01in SSA, we can self-consistently
compute the self-energy E/*/X and GR/A/K 1o obtain
the effective medium. As an important result, according to
the relations in Appendix C, the average of all other real-time
GFs can be easily obtained with the linear combination of the
averaged GR/A/K

V. GENERALIZED NONEQUILIBRIUM VERTEX
CORRECTION

The generalized CPA only provides an effective way to
average a single GF. However, many physical quantities
contain the product of two GFs, such as all the quantum
transport properties mentioned in Sec. II. Because the two GFs
describing the same disordered system are internally correlated
by the multiple disorder scattering, (G C G) is not simply equal
to (G)C(G) where C is an arbitrary constant. In this section,
the generalized NVC is formulated to compute (G C G), so that
the disorder average of any two-GF correlator can be obtained,
such as (G=CGT~).

A. Theory of generalized nonequilibrium vertex correction

Here, we consider a two-GF correlator
K = (G(z1)CG(22)), (42)

where C is an arbitrary constant. In Eq. (42), the GFs can be
at two different energies. For simplicity, these energy indices
will be suppressed in the rest of the derivation. To evaluate K,
we insert Eq. (28) into Eq. (42) and apply the CPA condition
(T) = 0, and then obtain

(GCG) = G(C + Q)G, 43)
where

Q= (TGCGT) (44)

is the generalized NVC, containing all the effects of disorders
on the two-GF correlator.

In order to compute €2, one can substitute the 7 with
Eq. (31) and then obtain

Q= ZZ 0,GCGO (45)
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D DR

[2)
FIG. 3. Diagrammatic representation of (GCG). The thick line
and thin line represent G and G, respectively. The dashed line

represents the interaction with the disorders (red dots). The blue
dot represents a vertex C.

For terms with n # m, by applying SSA, we can obtain
(0,.GCG Q) = 0. Consequently, Eq. (45) is simplified to

Q:Zszn,

where we have defined 2, = (0,GCGQ,). To proceed
further, we relzlace the Q,, O, with the relation in~ Eq. (32),
0, =t,(1+G Zp#n Q,) and its counterpart Q, = (I +

Zq;én Qqé)tn» and get

Q, = <z,, (1 +GY QP>GCG(I + Qq(_;)tn>.

pF#n q#n

(46)

(47)

Expanding the products in (- - - ), one gets four terms, among
which, after applying SSA, two terms involving the single
Q vanish, and the term involving the product of two Qs is
simplified to (1,G }_ ., 2,G1,). Therefore, Eq. (47) finally
becomes

Q, = <tnGCth> + Z(tnGQthn)’
pFn

(48)

which forms a closed set of linear equations for the unknown
Q,. In Eq. (48), the average is over pairs of scattering events
on the same site. In other words the scattering from different
sites is regarded as statistically uncorrelated and the motion of
two particles, represented by the two GFs, in the medium is
correlated only if they both scatter from the same site. Solving
Eq. (48) leads to 2, for each disordered site, and thus the
averaged two-GF correlator in Eq. (42) can be obtained. The
procedure to average the two-GF correlator from Eq. (43) to
Eq. (48) can be represented by the Feynman diagrams as shown
in Fig. 3 [46]. The first line in Fig. 3 expresses the two-GF
correlator with an infinite series of ladder diagrams that refers
to the direct expansion of the GFs in SSA, and the second
line reduces the infinite ladder series to a single NVC. With
this simple Feynman diagram, the various two-GF correlators,
such as G=CG=, can be calculated in a much more effective
way than the diagrammatic technique reported in Ref. [5].

B. Application to the Keldysh representation

Similar to the generalized CPA, the generalized NVC
formalism can also be applied to the Keldysh representation.
To do so, we first consider the arbitrary constant C matrix for

PHYSICAL REVIEW B 94, 045424 (2016)

the following four different cases:

cC 0 0 C
(1) 2 _
¢ = (0 0)’ o= (0 O)’
0 0 0 O
3) — 4 _
¢ (C O)’ ¢ (0 C)'

By applying these four C%s to Eq. (44), we obtain four
different Q@s as follows,

QAR

QKR)?

QAA O QAK
Qb = <QKA 0>, QP = (QKK

0 0 0 0
9(3) = <QRA 0>7 9(4) = <QRK QRR)'

Applying these Q) and the corresponding C¥) to Eq. (43)
leads to nine different pairwise combinations of G¥, G4, and
GX:

(GRCGRy = GR(C + QFF)GE, (49)
(GRCG™Y = GR(C + QFfHGA, (50)
(GACGRy = GA(C + QAB)GE, (51)
(GACG?) = GA(C + QMGA, (52)
(GRCGEy = GRQREGA + GR(C + QfGE, (53)
(GACGKY = GAQAKGA + GA(C + Q4BYGK, (54)
(GECGRy = GRQERGR + GK(C + QA®GE, (55)
(GKCGYy = GRQKAGA + GK(C + Q4NHGA, (56)

<GKCGK> — GRQKKGA + GKQAKGA
+ GRQERGK + GX(C + QA"GK. (57)

With the linear combination of these nine quantities, one can
obtain the average of any two-GF correlators (see Appendix C
for more details). For example:

(G=cG~) = 1(GRcGk) — (GRcG*) — (GRcGK)
—(G*CG®™y + (G CGM + (GACGK)
—(GKcGRy + (GKcG?y + (GKeGEy.
(58)

The remaining task is to find the nine generalized NVC
quantities defined in the four Q@s. By inserting the Keldysh
matrices into Eq. (48), we obtain nine linear equations with
details provided in Appendix D. From Appendix D, by solving
the nine equations from top to bottom, we can obtain the
nine generalized NVCs to account for the multiple impurity
scattering under the nonequilibrium condition. Consequently,
with the generalized NVC, the averaged physical proper-
ties which contain two-Green’s-function correlators, such as
averaged nonequilibrium electron density, averaged current,
current fluctuation, and averaged shot noise (see Sec. II), can
all be computed in a unified way. The nine NVCs are the major
results of this work.
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0124 (b)x=0.01 —"—LCAinRef[5]
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FIG. 4. Numerical results of a nanoribbon with a lattice tight-binding model containing 3 x 3 disordered sites as shown in inset of

(a). The left column—(a), (c), (e), and (g)—and the right column—(b), (d), (f), and (h)—show the averaged transmission coefficients and the
corresponding fluctuations with disorder concentrations x = 0.01,0.1,0.3,0.5, respectively.
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VI. NUMERICAL RESULTS AND DISCUSSION

To validate the generalized CPA-NVC formalism, we use
the same square-lattice tight-binding model as in Ref. [5] to
calculate the averaged transmission (7') and its fluctuation §7 .
As shown in the inset of Fig. 4(a), the central scattering region
contains disordered 3 x 3 lattice sites (red color), of which
each is occupied by the host atom whose on-site energies
v = 0 with probability 1 — x, or occupied by the impurity
atom whose on-site energy v;,, = 0.5 with probability x.
The two semi-infinite leads are assumed to be perfect with
the on-site energies equal to 0. The electron hopping only
happens between the first-nearest neighbors with the strength
t = 1. The exact solution was calculated by enumerating
every possible configuration, namely 2° = 512 cases, and then
weighted by the probabilities.

The left column of Fig. 4, namely panels (a), (c), (e), and
(g), shows the averaged transmission of the model for different
concentrations of impurities. Theoretically, in a perfect system,
the transmission is a steplike curve with the value equal to the
number of modes at that energy. As the impurity concentration
increases, the transmission curve becomes smooth because of
the interchannel scattering by disordered impurities as shown
in Fig. 4. We can see the averaged transmissions calculated
by our generalized NVC for all concentrations are all very
close to the exact results, providing a good validation to
our NVC formalism for calculating (G<) = (GRZ<G4). To
further test the generalized NVCs, the right column of Fig. 4,
namely panels (b), (d), (f), and (h), shows the transmission
fluctuation for different concentrations of disorder. Besides
the exact results and our generalized NVC calculations, we
also plot the results of the low concentration limit (LCA) and
CPA based diagrammatic techniques reported in Ref. [5] for
comparison. We can see in the low impurity concentration,
e.g., x = 0.01, all three approximate methods perform quite
well in comparison with the exact results. However, when the
disorder concentration increases, both LCA and CPA based
diagrammatic techniques [5] become less and less accurate.
In particular, one can find the large errors in LCA results in
Figs. 4(d), 4(f), and 4(h), and at the same time the diagrammatic
technique even produces unphysical results at some energy
regions (87 is a negative value and has been set to zero
in the plots). However, the generalized NVC calculations
agree very well with the exact results for all the disorder
concentrations, even at x = 0.5. This agreement provides an
important test of the general applicability of the generalized
CPA-NVC method. Thus we believe the generalized CPA-
NVC formalism provides an effective way for simulating
disordered nanoelectronics.

VII. CONDITIONALLY AVERAGED GREEN’S FUNCTION

In previous sections, we have introduced the generalized
CPA-NVC algorithm to treat the disorder effects in quantum
transport. In this section, we will discuss how to combine the
generalized CPA-NVC with the NEGF-DFT method to calcu-
late the electronic structure of the disordered nanoelectronics
from first principles.

The central quantity for realizing DFT self-consistent cal-
culation is the conditionally averaged lesser Green’s function

PHYSICAL REVIEW B 94, 045424 (2016)

(a) Disorder average

000
000
000
000
000 = 000
000 000

FIG. 5. (a) A fully disorder averaged system. (b) A conditionally
averaged system. (c¢) Schematic illustration of CPA with SSA.

(b) Conditional average

000
000
000

000

G=2, which gives the p2 to update v€ in each DFT iteration.
In general, the conditionally averaged GF G is associated
with the system in which the nth site is occupied by the fixed
Q element, and the disorder average is carried out for the rest
of the disordered sites. Thus, G2 corresponds to the effective
medium with the Q element occupying the site n, as shown in
Fig. 5(b).

In order to calculate G2, we expand it with reference to G
shown in Fig. 5(a) by using Eq. (28), and obtain

GO =G+ Gi2G, (59)
where
th = [[ — (UnQ — Zn‘im)(_;]_l(vnQ - 2n,im)~ (60)

Note that we have used 7 =€ since there is only one
scattering center. One can check that

> elGl =G 61)

by applying the single-site CPA condition (f,) = 0in Eq. (59).
Figure 5(c) provides a schematic illustration of the above
equation. By substituting with Keldysh matrices in Eq. (59),
we obtain

G*C =GR+ GRi e GF, (62a)
G"C =G+ Gt} eGh, (62b)

GKe =G* +G"f 26!
+GX 110G + GR R OGK, (62¢)

where the matrices tf /4K are defined in Eq. (41). With
the above three conditionally averaged GFs, G=¢ can be
calculated by the relation

G0 = L(=GRC 4+ G104+ GKO), (63)

The conditionally averaged G <€ provides the nonequilibrium
density matrix 5¢ for each disordered element in the system.
In combination with DFT, the potential v¢ can be computed
from the electron density in a self-consistent way. As a result,
the effects of disorders on the quantum transport properties
can be simulated from first principles.
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VIII. CONCLUSIONS

We have developed a generalized CPA-NVC formalism
to realize quantum transport simulation of disordered nano-
electronic devices at nonequilibrium states. The generalized
CPA-NVC formalism provides an effective way to compute
the disorder average of any two-GF correlator. We obtain
nine NVCs to account for the effects of the multiple impurity
scattering under nonequilibrium conditions. As an important
result, various nonequilibrium quantum transport properties,
including the averaged nonequilibrium density matrix, aver-
aged current, current fluctuation, and averaged shot noise, can
all be effectively derived and computed with the nine NVCs.
To test the general applicability of the generalized CPA-NVC
method, we have applied it to calculate the transmission
coefficient and its fluctuation with a tight-binding model and
found our calculations agree well with the exact results for
a wide range of disorder concentrations and energies. In
addition, the general form of the conditionally averaged NEGF
is also derived to combine with DFT to enable first-principles
simulation of disordered nanoelectronics. As a summary, the
generalized CPA-NVC method provides a unified, effective,
and general approach for simulating nonequilibrium quantum
transport through disordered nanoelectronics.
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APPENDIX A: RELATIONS BETWEEN ANALYTICAL
CONTINUATION WITH THE LANGRETH THEOREM AND
THE MATRIX REPRESENTATION

The operation on contour-ordered quantities requires in-
tegration along the time contour, which can be transformed
into integration along the real-time axis by using the Langreth
theorem [8]. For example, suppose A, B, and D are three
quantities defined on the contour and have the relation

D = AB. (A1)

According to the Langreth theorem, their real-time counter-
parts have the relations

D= = ARB=< 4+ A<BA4, (A2)

DR = ARBR. (A3)

These two identities can be derived by deforming the time
contour as indicated in Fig. 4.4 in Ref. [8]. An alternative way
to apply the Langreth theorem is by using the Craig or Keldysh
2 x 2 real-time matrix representation of the contour-ordered
quantities. For example, by substituting the matrix notation
defined in (17) into (A1), we obtain

D' —D= A'B'— A<B> —A'B<+ A~B'

D> _Dt_ - A>Bt_At_B> _A>B<+At_Bt_ :

PHYSICAL REVIEW B 94, 045424 (2016)

From this expression, we directly recover (A2),
D< =AIB<_A<B[_
=(A' = AS)B= 4+ A<(B= — B") = ARB= 4+ A=A".

Similarly, substituting Eq. (18) into Eq. (A1) leads to Eq. (A3).
Therefore, we can regard these 2 x 2 matrices as inherently
incorporating the Langreth theorem and they are preferred in
practical applications in this paper.

APPENDIX B: DERIVATION OF EQUATION (39)
We first rewrite Eq. (27) for G
G =Gyl -Gy~ (B1)

By replacing with the Keldysh representation defined in
Eq. (18), we obtain

G* 0 GY 0\/A 0\
_ _ )= ., (B2)
G* Gk G§ GEJ\K R
where we have defined
R=1-32"GE, (B3)
A=1-3XGy, (B4)
K = -3fG¢ — =RGE. (BS)

Using the identity

A 0 “_ Al 0 56)
K R " \=R'kA! R)

then we can get

GR = GER™' = GE[1 - =*GE] ™, (B7a)
G' =GiA =Gi[1-=GE] (B7b)
GK =GfA' -~ GER 'K A™!
=Gr=XGA + (1 + GREhGE Gy GA
=GrEKGA + (1 + GRERGEU + 24G?). (BTo)

APPENDIX C: EXPRESSING VARIOUS REAL-TIME
QUANTITIES IN TERMS OF QF, 04, AND QX

This appendix provides a convenient way to express the
various real-time quantities in terms of the linear combinations
of QR, 04, and Q¥ by using the Keldysh linear transformation
shown as follows:

Qo' —-0- 1/1 1\/04 0\ /1 -1
0> —-0') 2\-1 1J\o¥ oFfJ\u 1
1<QR+QA+QK QR—QA—QK)
2\0F - 0"+ 0% 0Ff+ 0% -0%)
Furthermore, if we want to express the various pair-
wise combinations of real-time quantities, for example
Q=C Q=, wecan just substitute 0= = (—QF + 04 + 0%)/2

into O<CQ< and expand it into nine terms involving
QR/A/KCQR/A/K.
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APPENDIX D: NINE EQUATIONS FOR THE GENERALIZED NVCs

The following nine equations are obtained from Eq. (48) in the Keldysh representation with four cases of C® and Q®

(i =1,2,3,4):
QFF = (1RGRCGR1f) + > (tRGRQRRGR+F), (D1)

Qf = (tRGRc G} +[§t KGRQIAGALY), (D2)

Qi = (PG CG 1) + [g(tf‘GAQ;‘RGRtf), (D3)

QM = (PG cGMl) + [g(thAQzA(_}At,f), (D4)

QN = (1RGRCG 1) + (1RGP CG )+ [(thRngKnGAr;‘) + (LRGRQRRG 1K) + (1R GRQRRG 1Y), (D5)

QK = (tAGACGRtK) + (1A GA Rt +[§ [(LAGAQIN Gt + (1 GAARG K ) + (1 GA QA GX )], (D6)
QKR = (1XG*CG*t R)+(rf(;’<cGRt,f)+pin[(szRQ;fRGRan)+(r,{<GAQ;jRGsz)+(r,fGKQQRGRz,f)], (D7)
QA = (tKGACcGMt) + (1R GX Gt +1§ [(LXGRQEAG M) + (1K G o G t) + (1R GR Qi G )], (DB)

pF#n

QKK = ((KGACGRK) + (1K GACGX 1) + (1RGK CGRK) 4 [1RGK CGX 1)

+ 3 [HRGRQERGALA) + 1K GAQAK GALY) + (1RGK QAKX GALY) + (1RGRQERGH K

p#n

+ 1K GAQARGRK) + (tRGK QARGRK) +

APPENDIX E: RELATION BETWEEN NECPA AND
CPA-NVC

In this appendix, we will see that the nonequilibrium
coherent potential defined in the NECPA [35,36], namely Ei’fn
inEq. (41c), equals the NVC in Ref. [22] or the Q%4 in Eq. (D2)
in this paper. To do so, we first consider the Keldysh formula
in Eq. (39¢), and it can be simplified as follows for a device in
steady state:

GK = GR=KGA, (E1)

because the second term in Eq. (39¢) equals zero in the
steady-state condition [7,47]. By substituting Eq. (E1) into

((RGRQERGH 1) 4

(X GAQRGK 1Y) + (1R GR Q"G it)]. (DY)

(

(40c) and using the CPA condition of Eq. (30), we obtain the
nonequilibrium coherent potential in the following form:

xh = (TRGR*2fGAT), (E2)
which is exactly the same as the NVC in Eq. (44). Applying
the SSA still does not change the conclusion. In particular,
applying (1X) = 0 to Eq. (41c¢) results in
S = (1XGE TGt + Y (1RGREX G,
m##n
which is the same as the NVC formula [22,48] or Eq. (D2).

Therefore, we conclude that the method NECPA [35,36] is
generally equivalent to the CPA-NVC [22] approach.
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