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Abstract

Inhomogeneous dynamical mean-field theory is employed to calculate the vertex-corrected elec-
tronic charge transport for multilayered devices composed of semi-infinite metallic lead layers cou-
pled through a strongly correlated material barrier region. The barrier region can be tuned from
a metal to a Mott insulator through adjusting the interaction strength and the particle filling. We
use the Falicov-Kimball model to describe the barrier region because an exact expression for the
vertex corrections is known, allowing us to determine their effect on transport. The dc conductiv-
ity is calculated and we find the effects of the vertex corrections are relatively small, manifesting
themselves in a small reduction in the resistance-area product. This reduction saturates in absolute
magnitude as the barrier layer becomes thick, as expected due to the vanishing nature of the ver-
tex corrections in bulk. The vertex corrections have a larger relative effect on the resistance-area

product for more metallic and thinner devices.



I. INTRODUCTION

As the characteristic length scales of electronic devices reach further into the nanometer
regime, quantum-mechanical effects give rise to novel properties and new devices. The
field of strongly correlated materials makes possible the calculation of various properties of
nanostructures. These calculations are motivated by the significant experimental activity in
multilayered nano-heterostructures! . New physical phenomena have been seen to emerge
in these heterostructures that are absent in the bulk materials they are composed from, like
the appearance of two-dimensional electron gases at the interfaces between band and Mott
insulators! and their low temperature superconductivity?.

In our work, we construct strongly correlated electron nanostructures, with carefully
controlled quantum confinement effects. These theoretical nanostructure devices, are con-
structed from semi-infinite ballistic-metal leads that are coupled together through a barrier
region of strongly correlated material. We investigate the effect that the barrier region inho-
mogeneity has on the longitudinal charge transport through the multilayered nanostructures.
Unlike previous work?, that neglected the vertex corrections due to their vanishing nature in
the bulk®, we investigate the effects of including the vertex corrections in charge transport.
The vertex corrections vanish in the bulk due to the odd parity of the velocity operator
in momentum space and the even parity of the local irreducible vertex®. The arrangement
of the multilayers breaks the homogeneity of the system meaning this parity argument no
longer holds for longitudinal transport. Momentum is no longer a good quantum number
in the longitudinal direction, so one cannot change the sign of the momentum and classify
states according to their parity. Of course, for transport parallel to the planes, we have full
translational invariance, so the vertex corrections do vanish in dynamical mean field theory.
Recently, using different methods from our work, the importance of the vertex corrections in
the optical conductivity calculations of the single-band Hubbard model using the dynamical
cluster approximation has been investigated®, showing that as frequency and doping levels
increase, the vertex corrections play an increasingly important role. Their technique does
not require explicit calculation of the irreducible charge vertex, but instead they directly
calculate the optical conductivity. Additional work by V. Janis and V. Pokorny’ investi-
gated general properties of the vertex corrections to the electrical conductivity of electrons

scattered on random impurities. They found that the sign of the vertex corrections to the



Drude conductivity is negative, which disagrees in sign, with the results presented in this
paper, although the system they investigate is different from ours. Our work is concerned
with the DC limit and investigates the effect the barrier thickness has on the vertex correc-
tions. Due to the vanishing nature of the vertex corrections in the bulk, when the barrier
is thick enough, it becomes bulk-like, so the vertex corrections stop having an effect, hence
the maximal impact of the vertex corrections will be localized to the interface regions.

The theoretical framework for this work is based on dynamical mean-field theory (DMFT)
which allows for self-consistent calculations of the properties of strongly correlated materials.
The DMFT formalism® incorporates all forms of transport (except localization effects from
weak disorder), therefore we don’t have to make any a priori assumptions about the type of
transport in the device. We do make the assumption that the self energy is local within each
plane, but can vary from plane to plane. For the interaction, we use the Falicov-Kimball
model® and employ the Potthoff-Nolting® technique of a mixed basis for the Green’s functions
in solving the inhomogeneous DMFT. This involves stacking two dimensional homogeneous
x — y planes in a longitudinal z-direction (see Fig. 1), with hopping allowed only between
neighboring planes in the z-direction. We allow for inhomogeneity in the z-direction, but
preserve the translational invariance within each plane. This implies we can use momentum
in the x and y directions, but we must solve the problem in real space in the z-direction.

To begin, Fourier transform the = and y coordinates to wavevectors k, and k,, respec-
tively, but keep the z coordinate in real space. In our formalism, we represent the z co-
ordinate, which indicates the plane numbers, with Greek letters (o, (3, 7,...). The Green’s
function then depends only on momentum through the two-dimensional band energy, so for
each two-dimensional band energy, we solve a quasi-one-dimensional problem that is repre-
sented tridiagonally in real space and can be solved with the quantum zipper algorithm®.
We iterate our many-body equations to achieve a self-consistent solution.

In the remainder of this paper, we will work through the mathematical formalism in Sec.
I1. Section II also uses a Kubo formula for the electronic change transport including vertex
corrections in DMFT to find the dec conductivity matrix. We initially express the polar-
izability matrix on the imaginary-time axis, then we Fourier transform to the Matsubara
frequencies, we take the analytic continuation to the real axis, and finally take the limit of
the frequency as it goes to zero to find the dc-conductivity matrix and the resistance. In

Sec. III, we present our numerical results for various Falicov-Kimball interaction strengths
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FIG. 1. Schematic representation of the model, showing the stacking of homogeneous 2D layers
forming a 3D multilayer nanostructure. The figure shows a metal-barrier-metal junction with only
five metal layers on each side of the junction, although we can vary both the barrier and lead
thicknesses. In the work presented here, the actual number of metal lead planes is 30 on each side

and the number of barrier planes varies from one to fifty.

and barrier layer thicknesses. Finally, in Sec. IV we give our conclusions and remark on

possible future directions of research.

II. FORMALISM

To calculate the full electronic transport along the longitudinal direction (perpendicular

to the planes), we use a Kubo-Greenwood-based linear-response formalism!%1!

. We operate
in the steady state for current flow, with the charge density fixed as a function of time. A
constant charge density implies that the charge current is conserved throughout the device
because of the continuity equation. We also assume that temperature is a constant through-
out the device and there is no electronic charge reconstruction'? in our system, which is
realistic when both the leads and the barrier are at half-filling and their chemical potentials

match. The Kubo-Greenwood formula is based on the current-current correlation function

of the charge current operator. The charge current operator for the ath plane is the sum of
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all the current flowing longitudinally from the ath plane to the o + 1st plane,

slong __ 2 : t T ~
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where .41 is the hopping between the ath and a4+ 1st plane and cjm- and c,; are the creation
and annihilation operators, respectively, for a conduction electron at lattice site ¢ on plane
a. Note that the index 7 denotes the lattice site on each plane, a square lattice for this work,
and the planes are all aligned in registry so the longitudinal hopping is straight across each
plane from one equivalent site to the next equivalent site, i.e. the lattice sites are those of
a simple cubic lattice. The totally current operator is then j' = Y jlona,

We consider a Hamiltonian that involves a hopping term for the electrons and an in-
teraction term for the sites within the barrier region. For the interaction in our numerical
calculations, we employ the Falicov-Kimball model® which involves an interaction between
spinless conduction electrons and spinless localized electrons. When the conduction electron
hops onto a site occupied by the localized electrons it feel a Coulomb repulsion. When this
correlation strength is large enough, it has a Mott-like metal-insulator transition. In the

second quantization formalism, the spinless Falicov-Kimball Hamiltonian® is,
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where ?,,; is the intraplane hopping between nearest neighbor sites on plane «, U, represents
the interaction strength on plane «, and w,; is a classical variable that equals one if there
is a localized particle at site ¢ on plane o and zero if there is no localized particle at site
i on plane « (a chemical potential p is employed to adjust the total conduction-electron
concentration).

It is important to note that the following derivation does not depend on the Hamiltonian
used and can be thought of as a general result, until we explicitly state otherwise. We add

the perturbation,

ZJW Ad( (3)

to the Hamiltonian, to introduce the effect of the electric field. A(t) is the vector po-

tential, with the electric field written in the gauge where the scalar potential vanishes,



E, = —0;A,(t) and units chosen so ¢ = 1 (we also choose i = 1). The electric field, vector
potential, and charge current all are vectors in the longitudinal (z) direction only.

To calculate the charge transport, we must start by evaluating correlation functions in
imaginary time. To do so, we need to determine the Wick rotation for H'(t) — H'(1).
Since the vector potential couples to the charge current, we take the vector potential on the
imaginary time axis to be periodic in § = 1/T, so it can be expressed as a Fourier series
in the bonsonic Matsubara frequencies A, (1) = T, expliv7| Ay with iy, = 2inT1. The

current-current correlation function for the multilayer nanostructure is defined to be

R
Mas(in) = [ dre™ (T31m(r)1700)), @

with « and [ being planar indices (not to be confused with the  in the integration
limit which is the inverse temperature) and 7, denotes time ordering of operators. The
notation (X) denotes the trace, Tr exp(—fH)X divided by the partition function Z=
Tr exp(—(BH), and the operators are expressed in the Heisenberg representation X (7) =
exp(TH) X exp(—7H), all with respect to the equilibrium Hamiltonian H.

We calculate the current-current correlation function by taking the functional derivative
of the appropriate expectation value with respect to the vector potential. We will use Green’s
functions to express our results. Because we need to know the dependence of the Green’s
function on A, we need to define a two-time Green’s function in the presence of H + H'(7).

The Green’s function, in real space, is defined by
Gosii (1,73 A) = —{ Tycoi(1: A)el (775 A) Y | 5
Bij Bj

for imaginary time 7 and 7/. The extra notation “; A” is used to remind us that the
operators ¢, and c;ﬂ evolve according to the full Hamiltonian H + H'(7) via O(7; A) =
Ut(r,0) O U(r,0) with U(r,0) being the evolution operator with respect to H + H'(7); i.e.
0;U(1,0) = [H+H'(7)|U(7,0). To properly express the Green’s functions for the Matsubara

frequencies we use a double Fourier transformation
B B A o,
Gop(iwn, iwn; A) = T/ dT/ dr' e Gop(T, 7' A)e T, (6)
0 0

We do this because the perturbation j - A(7) causes the Green’s function to lose its time-
translational invariance. Note that after taking all relevant derivatives and algebraic manip-

ulations, we can express the Green’s functions in zero field, where Gos(iwy, iwm; A) X dpm,
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and we write G,5(iw,,) because the limiting form of the Green’s function in Eq. (5) depends
only on 7 — 7’ in equilibrium as A(7) — 0.

To build our model, we need to solve for the local Green’s function on each plane,
which we do by employing the quantum “zipper” algorithm?*, based on the Potthoff-Nolting
formalism®. When solving for the local Green’s functions, we use the symbol Z to represent
a general variable in the complex plane. Typically Z takes the form of the fermionic Mat-
subara frequencies, Z = iw, or the analytic continuation to the real axis with iw, — w=107.

We start with the unperturbed equation of motion (EOM), for equilibrium, where A, = 0,
Z Gho(Z; k”) [(Z = EZH) Oya + (ta-1a0ya—1 + tat+1a0ra+1) — EQ(Z)(SW] = dag, (7)
gl

where the two-dimensional band structure is €}y, = —2t, [cosk, + cosk,], kll = (ks ky,0)
is the transverse momentum, d,s is the Kronecker delta function, and ¥,(Z) is the local
self-energy on plane a. Note that from this point on we will use the simplification that the
hopping matrix elements are equal to ¢ for all nearest neighbors (interplane and intraplane),
tatia = ta—1a = tai; = t and vanish otherwise. Since the EOM has a tridiagonal form
with respect to the spatial component, it can be solved with the so-called renormalized

perturbation expansion'®. We solve the equation directly, for the 8 = a case via

1
GoalZ:K!) = : (8)
[e70% ) Ga—la ,k” Gaa 1 ka
Z+p—3a(Z) = o + Gaa(é;ZkH))t + Ga:(é;ZkH))t
We create left and right recursion relations,
t2
La_n(Z,kH) :Z"‘N_Ea—n(z)_ek\l +L 1(ZkH)7 (9)
and
t2

Ra+n(Z; kH) =Z+ = Ea-{-n(z) — €l T

Royni1(Z; k”) (10)

respectively. We start these relationships with the bulk values (n — +00), which give us

o Z+,u’_zfoo(Z)

L wo(Z; k) s T Z) — e AP (1)
and
Ru(Z:Kly = 201 E;m — K 7+ = S (Z) — ]2 — 42 (12)

The signs in the previous two equations are chosen to yield an imaginary part less than zero

for Z lying in the upper half plane, and vice versa for Z lying in the lower half plane. The
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self-energies (31.,) vanish for the ballistic metal leads used here. Employing these recursive

relationships, we can solve the diagonal, « = 3, and off-diagonal terms, (o # [3), using the

relations H
Goa-nt1(Z; KNt
~ Z k:” _ aa—n+1 ) 1
and |
1(Z: k
Corasal 2: Kl = Comen R0 (1)

Rown(Z:ElN)
which are defined for n > 0. In addition, one needs to note that the following identity holds:
Gop(Z; Kll) = Gso(Z; Ell), by interchanging planar subscripts in the EOM, solving for the
new recursion relationships, and showing they are the same as the above.

We need to express the current-current correlation function in a form where we can use
the local Green’s functions for each plane. We begin by using Green’s functions to evaluate

the expectation value of the current-current correlation function in Eq. (4),

0Gpp41 (iwm, iwn; ks A) G115 (iwm, iwn; kl'; A)
aﬁ ZUZ ZZZCL t 514&77[ _ 5Aa’7l ’ (15)

mn  fll

where ¢ denotes a functional derivative. After employing the identity

Gop(iwn, iwy,; A) = Z Z Glony 1wy, 1wy A)G;;l(iwm/,iwn/; A)Gsp(iwn, twm; A), (16)

m'n’ ~§
we have

zwm/,zwn/ Ell: A)

IIap zful Z ZZmet 514&,71

mnm/n' Ell - ~6

[Gﬁ'y (iwm; k:”) Gspt1 (iwn; k”)
—Gngl,y (iwm; k)”) Ggg (iwn; k”)] (5mm/(5,m/. (17)

Note that we replaced Green’s functions that have no derivative with respect to the vector
potential by their zero field values as is done in the Kubo-Greenwood formula.

Calculating the functional derivative of the inverse of the Green’s function is easier then
calculating the functional derivative of the Green’s function itself. We find the inverse of the
Green’s function by examining the EOM for the Green’s function in a field, a generalization

of Eq. (6) to include two-time dependence and the vector potential, yielding
Z Z Glys (1w , 1wy E!l: A) [(iwm +pu— EZH) Sy Omm + (tdya—1 + t0yat1) Oy
—Ea(z’wm, iwm/)&w + iaetTAa7157a+15m/m+l —iaetTAa_L_lém_l5m/m+l] == 6a5, (18)
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with G™!(iwy,, iwn; kll; A) being the terms inside the brackets. Taking the functional deriva-
tive of G (iwy,, iwny; k!l; A) with respect to Aa,—1, only three terms have nonzero derivative;

resulting in

0G5 (iwnm,iwn; K A) B 0% (1wt iwnr; A) 0Gary (i, iy A)
5140[’,1 vy (SG,W (iwm//, iwnu; A) (SA‘il
+iaeT (t557+15a'y — t(557,15a+17) (Sm/+l7n/. (19)

Evaluating the Green’s functions in zero field [G (iwn/,iwn;k”) X Opm] and noting that
any Green’s function that does not have a derivative acting on it can be replaced by it’s

(diagonal) zero-field value, the current-current correlation function becomes

I,s(iv) = a262t2TZ Z [Gﬁa (iwm; kH) Gat1p+41 (iwm+l; k”)

m  kll
+Gpiast (1wmi k) Gap (1w k') = Gpasr (1w k) Gagir (i k)
_Gﬁ+1a (iwm; k”) Ga+1ﬁ (imerl; k”)]

+iaet Z Z Z (G, (iwpm; k“) Gt (iwy; k:”)
mnm/'n'" Ell 0
05 (1w, 1wy; A) G (twpyr, iwpr; A)

—Gpr1y (iwm; kH) Gop (iw”; kH)] 0G oy (1w, i A) 0Aa,-1

(20)

The second term on the right hand side is the vertex correction which disappears in the bulk
due to parity arguments, but here is nonzero. The functional derivative of > with respect
to GG is proportional to the irreducible charge vertex.

It is worth nothing again that up until this point we have not made use of the Falicov-
Kimball model. Hence, the formalism is independent of the model used (periodic Anderson,
Falicov-Kimball, Hubbard, etc.). The Falicov-Kimball model is now explicitly used because

the result for the irreducible charge vertex I' is known to be'4,

S 1 0%, (iwn, iwy; A) 1 3 (iwm) — 2 (iwy,)
r =__7 et =7 T - 21
v (i) = o Ciomars i A) T Gy (i) = Gy (i) O (2)

in the limit of vanishing field. The delta functions on the frequencies are specific to the
Falicov-Kimball model, other models will have more complicated formulas than what we

develop below.



Substituting this expression and Eq. (19) into Eq. (20) we are left with the full equation

for the current-current correlation function on the imaginary frequency axis:

Haﬁ(ivl =e€ a2t TZ {Z Gﬂa Zwm; kH) Ga+15+1 (iwm+l; k”)

kll
+Gﬂ+1a+1 (iwm; kH) Gaﬂ (iwm—l-l; k”) - Gﬁa—H (iwm; kll) Gaﬁ—&-l (iwm—i-l; kH)

_GﬁJrloz (iwm; k”) GaJrlﬁ (imerl; kH)}

+ Z (Z G,B'y Zwma H) Gvﬂ—&-l (iwm—i-l; k”) - Gﬁ—&-lﬁ/ (iwm; k”) G'y,B (iwm+l; k”)]

m

'y§ Ell
(Zwm) - (Zwm—kl)
G (twm) — G (iwptr)

-1

_ i ol s (iwn ) — X (iwnr1) Al
[”‘5 2 ot ) T = Gl O ’”]

’H . =l . =l . =l
Z [Gaa wn; k) Gar1(iwmii; k) — Gsas1(iwm; k) Gas(iwm-; K )] , (22)

x'u

=1 7l . . . .
where kll k!l k" are all transverse momenta in two-dimensions and the inverse denotes a

matrix inversion with respect to the planar indices 7, d of the matrix defined in the brackets.

To calculate the electronic charge transport we need the real-axis response. This is
found by performing an analytic continuation from the imaginary to the real frequency
axis!®. We rewrite the Matsubara summations using contour integrations in the standard
way that encircles all the simple poles corresponding to the Matsubara frequencies. The
contour integrals have contributions at the poles of the Fermi-Dirac distribution [f(w) =
1/(1 + exp(fBw))] which lie at the fermionic Matsubara frequencies, iw, = inT(2n + 1)
(the residue of the pole is —T'). The contours are then deformed to lines parallel to the
real axis and the Green’s functions are evaluated with either retarded or advanced functions
depending on the argument and the regions of analyticity (since the functions are all analytic,
there are no additional poles). We then set the Fermi-Dirac function at w — iv; equal to
f(w) before analytical continuing the iv; frequency to the real axis. Finally, we continue iv,
to v+ 10 and shift the w +v — w in relevant integrals to obtain the real axis current-current

correlation function.

To find the dc conductivity, we need to take the limit as the frequency v goes to zero of
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the polarization,

043(0) = lim ReM.

v—0 v

(23)

The final result is obtained after a lengthy algebraic manipulation focused on rearranging

the o and [ labels and explicitly writing out the real and imaginary parts, Re(Z) = %

and Im(Z) = Z_Q—iz*, and expanding the paired terms. We also use the fact that G5 = G,

to arrive at our final expression for the dc-conductivity,

oual0) = “25 [ o (=2 {57 (G i K G 1)

s
Ell

+ImGa 1041 (w; KNIMG op(w; k) — TmG o 11 (w; NIMG o541 (w; k1)

—ImG 10 (w; KNIMG oy 15(w; k”)]
+ > Im [G, (w; KNG (w; K]

Kl
—1
ImE (w) Im¥s(w) -
220/ Ll
ImG (w) 026 ZG wi K7) G(g(w)GM(w’k )]
Ell ~8
x> I G (wi k) Garislwi k)] b (24)
Al

In numerical calculations, since the k dependence is always through €3¢, we replace all
momentum summations by integrals over the 2-d DOS. Note that one can also arrive at
Eq. (24) by using the general analytic continuation formulas in Ref. 16.

Given the conductivity matrix, we can extract the resistance of the multilayer nanos-
tructure. This is done by relating the electric field and the expectation value of the planar
current density in linear response and utilizing Ohm’s law, giving the resistance-area per

unit cell product of the nanostructure

Raa® = [0(0)] - (25)

ap
Note that it is the resistance R, that is extracted from these calculations, not the resistivity.
Since the system is inhomogeneous, we do not have the appropriate geometrical factors to
convert resistance into the resistivity as one can do in a homogeneous system.
The full algorithm for our work using dynamical mean-field theory can now be summa-
rized. We start with the self-consistent iterative algorithm outlined in Ref. 4 to calculate

the self-energies and diagonal Green’s function on all planes (G,,). We use a similar parallel
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approach exploiting the fact that the frequencies are completely independent of each other,
to calculate the Green’s functions at different frequencies on different processors. After cal-
culating the diagonal Green’s functions, we use Eqs. (13) and (14) to calculate all of the
off-diagonal Green’s functions. Once all of the Green’s functions have been calculated we
can use them in Eq. (24), noting that at half filling, the temperature dependence only enters
into the Fermi factor derivative, allowing for us to calculate the temperature dependence
of 0,5(0) without having to recalculate the Green’s functions, though all numerical results

presented here will be at one temperature.
III. RESULTS

We perform our calculations at half-filling (1 = 0, (c/¢;) = 1/2, and wy = (w;) = 1/2).
This has a number of advantages. First, because the chemical potential is the same for
the metallic leads and the barrier, the filling remains homogeneous throughout the system
and there is no electronic charge reconstruction. Second, the chemical potential is fixed as
a function of temperature (u = 0), so we don’t have to recalculate the chemical potential
as the temperature is changed. We carry out our calculations on a simple cubic lattice
allowing for nearest neighbor hopping only (interplane and intraplane hopping are equal).
This allows us to reduce the number of parameters that we vary for our calculations and
focus on the physical properties. In our calculations, we also include 30 self-consistent planes
in the metallic leads both to right and left of the barrier, which we vary in thickness between
1 and 50 planes.

We vary the Falicov-Kimball interaction strength (U) through its metal-insulator transi-
tion, which for our simple cubic lattice occurs at U = 2v/6 ~ 4.92. We plot the resistance-
area product versus thickness for four different U values (Fig. 2): U = 1 and U = 2, in
the diffusive metal regime; U = 4, a strongly scattering, anomalous metal; U = 6, a Mott
insulator with a small correlation-induced gap. These plots are both for vertex-corrected
and non vertex-corrected expressions for the conductivity matrices. The plots in Fig. 2
show the expected behavior; for U = 1, U = 2, and U = 4, all show an Ohm’s law lin-
ear scaling of resistance with thickness, characteristic of diffusive metals, with a nonzero
intercept denoting the non-vanishing contact resistance associated with the metallic leads.
Additionally, the resistance-area product for the Mott insulator, U = 6 grows exponentially

with thickness due to its tunneling behavior. Note that the vertex corrections hardly have
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FIG. 2. (Color online) Resistance-area product for nanostructures with U = 1,2,4, and 6, and
various thicknesses. Panel (a) is a semilogarithmic plot, while panel (b) is a linear plot. The
temperature is 7' = 0.01 in both panels. Note how the correlated insulator (U = 6) has an
exponential growth with thickness as expected? for a tunneling process at low enough temperature,
while the metallic cases (U = 1,2, and 4) have nearly perfect linear scaling. The values with

(symbols) and without (lines) the vertex correction are indistinguishable on the scale of the graphs.

any effect on the behavior in either regime.

There are a number of numerical details that need to be discussed. We need to ensure
that at low energies the properties of the nanostructures are accurately determined, which
becomes increasingly difficult as we examine thicker Mott insulators and therefore requires
more computational power. Due to these limitations, we limit our thickness for various
interaction strengths, U = 1 up to 50 layers, U = 2 up to 30 layers, U = 4 up to 20 layers,
and U = 6 up to 15 layers. To accurately calculate the sharp frequency dependence of
the self-energy, we use a step size as fine as 0.001 for the frequency grid and up to half a
million points for the integration over the two-dimensional DOS. The combination of the
exponential growth of the resistance-area product when U = 6 and the inherent numerical
accuracy we achieve makes it difficult to extract the difference between vertex corrected and

non vertex corrected results for thicker barriers.

In Fig. 3, we plot the difference between the vertex-corrected and non vertex-corrected
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FIG. 3. (Color online) Difference between vertex-corrected and non vertex-corrected resistance val-
ues as a function of barrier thickness. Panel (a) shows the difference between values of the resistance
for various interaction strengths, U, showing that the difference grows with an increase in barrier
width until it plateaus at a saturation value that decreases as the interaction strengths increases
towards the metal-insulator transition value. Panel (b) shows the percentage difference between
vertex-corrected and non vertex-corrected resistance values [(Rno verter — Rvertex )/ Rno vertex % 100].
Note how the lower the interaction strength is, the thicker the barrier must be before the saturation

is reached, indicated by the flat region in panel (a).

terms to examine the effects of vertex corrections on various thicknesses. As expected the
vertex corrections are relatively small and as the thickness increases the vertex corrections
saturate in magnitude. This saturation is because as the thickness increases the barrier
approaches the bulk limit, and in the bulk the vertex corrections vanish. Therefore the
effect of vertex corrections lies primarily in the interface region and they disappear as you
move away from interface and into the “bulk”, part of the barrier, which dominates for

thicker barriers.

IV. CONCLUSIONS

In this work, we used inhomogeneous DMFT to calculate the electronic dc charge trans-

port, including the effect of vertex corrections in the Falicov-Kimball model. We used a
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Kubo-Greenwood formula to derive the dc conductivity matrix, using the exact expression
for the vertex corrections, known for the Falicov-Kimball model. Although we only applied
the vertex corrections to the Falicov-Kimball model, the results up to Eq. (20) hold for any
general model. Therefore, the theory can be extended to other models if the corresponding
irreducible vertex can be found. We can easily modify the model by adding mean-field-
like interactions such as Zeeman splitting for magnetic systems, and use whatever impurity

solver is desired to calculate the local Green’s functions on each plane.

In addition to changing the general model, there are a number of transport effects and
model modifications that could yield interesting results beyond what is presented in this
paper. We showed that vertex corrections play a small role in dec conductivity but did
not investigate transport outside the dc limit. We also neglected charge reconstruction'”'®
at the interface and by performing the calculations off of half-filling one could introduce
temperature dependence to the chemical potential. Finally, by breaking the particle-hole
symmetry one could investigate the effect of vertex-corrections in thermal transport. But in

all cases, we expect the vertex corrections to be small for the same reasons they are small

here.

By varying the barrier thickness, we see the effects the vertex corrections play as we go
from the single barrier layer limit to the bulk limit. In Figure 3, we see that the vertex
corrections make a small relative change to the dc conductivity saturates as the barrier
thickness increases towards the bulk. We also see that vertex corrections become relatively
smaller as the Falicov-Kimball interaction strength increases. Hence, the effect of the vertex
corrections are small enough that they probably do not need to be included in an inhomo-
geneous DMFT calculation for longitudinal transport. Since the thermal transport arises
from the Jonson-Mahan Theorem'® vertex corrections also should not affect the thermal

transport much.
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