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Understanding electronic transport properties is important for designing devices for applications.
Many studies rely on the semi-classical Boltzmann approach within the relaxation time approxima-
tion. This method delivers a graphic physical picture of the scattering process, but in some cases it
lacks full quantum-mechanical effects. Here, we use a non-equilibrium Green’s function Korringa-
Kohn-Rostoker (KKR) method with phase-breaking scattering via virtual Biittiker terminals as a
fully quantum mechanical approach to transport phenomena. With this, we assess the validity of
the relation of the self-energy ¥ to the scattering time 7, often used in literature in the case of
constant relaxation time approximation. We argue that the scattering time does not affect the
thermopower in the Boltzmann approach and thus should take no effect either on the thermopower
calculated via the Keldysh approach. We find a nearly linear relation for the transmission function
Ts(Er,X) of free electrons and Cu with respect to —. However, we find that this is not the case for
Pd. We attribute this to neighboring states contributing due to the additional broadening via the
self-energy 3. These findings suggest that a simple identification of scattering time and self-energy
is not sufficient. Finally, we discuss the benefits and limits of the application of the virtual terminal

approach.

I. INTRODUCTION 55
56

57

In the past years, electronic devices have become sig- s
nificantly smaller. Further shrinking the sizes, leads to 5
quantum mechanical effects, that dominate the transport e
properties’ ™. There are several approaches from classi- &
cal to fully quantum mechanical to characterize trans- e
port quantities. Scattering can be accounted for in each 63
of these approaches and of course, the type of scattering ¢
has huge influences on the transport properties. While 65
there are full quantum mechanical formalisms like the s
Kubo formalism®® or the steady-state Keldysh'® 12 for-
malism, often semi-classical approaches are used to de- e
scribe transport properties. The physical picture in these e
semi-classical approaches, mainly the Boltzmann formal- 7
ism' 17 is quite intricate since it enables an intuitive 7
understanding in terms of scattering processes. One of 7
the principal quantities for understanding this scattering 73
picture is the scattering or relaxation time 7, which gives 7
the mean time between two scattering events. s
Often, first-principle methods rely on the averaging over 7
many configurations of lattice distortions or impuri- 77
ties to obtain semi-classical like features'®19. How- 7
ever, room-temperature like features can also be estab- 7
lished by introducing a dephasing mechanism by means 8
of Biittiker probes (or virtual terminals)??:2!. In our &
purely quantum-mechanical Keldysh approach including
dephasing virtual terminals, it is not the scattering time,
which is the primary determining quantity, but a broad-
ening of the states given by the negative imaginary part

¥ of the complex self-energy 3, which is often directly
related to the scattering time in angle-resolved photoe-
mission spectroscopy (ARPES) experiments??22. In such
scenarios the scattering time is often identified with the
lifetime of the state, Tscat = Tiife = %24. For ARPES
experiments it was discussed that the single-particle life-
time can be related to the self-energy in this way, but that
this single-particle lifetime differs from the lifetime of an
excited photoelectron population?®. The discrepancies
were supported by experimental findings?6-2%. Hence, a
simple identification of scattering time and self-energy
seems non-trivial. However, even in a single particle de-
scription, this simple relationship between lifetime and
self-energy might fail.

In this work, we test the relation of the scattering time
and the scattering self-energy in a single particle de-
scription but for real materials. We give an example
where such a direct identification is questionable, even
for simple, pure metals. This is shown by comparing the
theory of the Boltzmann approach with results from a
Keldysh non-equilibrium Green’s function approach!!:2°
in the framework of a Korringa-Kohn-Rostoker (KKR)3°
density functional theory (DFT), in which we use virtual
terminals (also known as Bttiker probes) to describe inco-
herent elastic scattering!®. We discuss the limit of appli-
cability of virtual terminals by comparing the results of
the KKR implementation with a simple finite differences
method (FDM) for the case of free electrons?’.
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Figure 1. Schematic depiction of the contributing transmis-"*
sion functions: contact transmission 7.(Er) (dashed, black),
contributions due to scattering T's(Er,X) (blue), and result-
ing effective transmission Teg(Er, X) (red) via Eq. (7).

II. THEORY

In order to evaluate transport properties, the following
moments L,, are used3!
) T(E, k),

/dE/dkH (E—p) (
(1)

where h is Planck’s constant, E is the energy, u is the
chemical potential, § the temperature, f(E,u,0) is the
Fermi-Dirac distribution and T'(E, EH) the E” = (kg, ku)
dependent transmission function. Normally, these mo-
ments are written as tensors. Here, since we are look-
ing at cubic systems only, we restrict ourselves to the
L, = L, .. component of the full tensor L,,. From these
moments, the conductivity o, thermopower S, and heat
conduct1v1ty of the electrons k. can be calculated as?

Of (B, p,0)
OE

119

o = ¢e’Ly, (2120
121
122
1 L1 123
S=—— 3
el LO’ ( )124
and 125
126
1 L2 127
Re = 5 <L2 - L_O) (4>128
129
where e is the electron charge. 130

131
132
A. Keldysh formalism 133
134
In the Keldysh formalism, the general transmissioniss

function T(E) = Teg(E;X) is an effective transmissioniss

function, which results from contributions of different ori-
gins. The system is divided into three parts, left, center,
and right, where the left and right sides serve as semi-
infinite leads and the center region serves as scattering
region. Certain scattering events can be realized in the
Keldysh formalism by placing virtual terminals, which
are also known as Biittiker probes®3, in the scattering re-
gion. The virtual terminals absorb and reemit electrons
with different phases, thus simulating a phase-breaking
scattering event.2%33 Further details of the implementa-
tion are documented in our previous work!?. The neces-
sary transmission functions are calculated for every pos-
sible terminal configuration via a coherent approach at
each in-plane EH point as

Txy(E, k) =Tr |:£Y(E7 k)G(E, k)L (B, k)G (E, k)

(5)
where X,Y € SA{L, R} are virtual terminals or the con-
tacting left (L) and right (R) terminals. S is the set of
all virtual terminals in the scattering region. The matrix
L, = i(ia(E)la —iZ(E)lQ) = —2Im%,I, = 22,1,
is the broadening function due to self-energy X, at site
a. The matrix I, is 1 only for one site-index a and 0
elsewhere. For a € S, ¥, is the broadening due to scat-
tering. However, ¥, and ¥ describe the contact to the
semi-infinite leads and are solely given by the lead mate-
rial. The partial transmissions Txy (E, IZH) are integrated
over the in-plane Brillouin zone to obtain Txy (F). From
this EH integrated partial transmissions between the ter-
minals, the resulting effective transmission function T,g
through the whole system can be calculated as

Tog(E) = Tir(E) + )  —F ot TL“ E)
a€ES
a#p
Tra(E)Tap(E)Tpr(E)
*%;S NGIEAT R
(6)
Here, So = Tro(E) + Tor(E) + Zgzg 3(E), a € S

is the renormalisation sum of the probablhty measure.
Note that all Txy (F) also depend on all ¥, (a € S),

because the Green’s function G(E, EH) depends on all X,
(aw € S). Thus, Txy (E) will change even when a ¥, with
a # X,Y will change. In the following we assume that
Yo = X Va € S. Consequently, we will write the effective
transmission as a function of E and ¥, that is Teg(E; X).

One has to be careful since, in the Keldysh formalism,
the resistance arises not only from scattering but also
from the system’s contacts to the leads. This contact
resistance R, is due to the contact of an ideal lead to a
scattering region, where only a limited number of trans-
port modes per area exist and contribute to the transport
of an electron. The scattering part of the resistance Rg is
due to scattering alone. While Rg naturally depends on
the length of the system and on 3, R, does not. R, solely
depends on the type of the contact. Since the two types
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of resistances form a series circuit and since R oc T~ 11

the full transmission can be split up as 189
1 1 1 190

= —+ . 7)1t

Teff(Ev Z) TC(E) Ts(E, E) ( )192

193
Here, the contact transmission T¢.(E) is the transmission,

of a system without virtual terminals, and Ts(E;X) is
the contribution due to scattering. 7. is a transmission

5

function that contributes either 0 or 1 at each k- point for o7
each band and thus is a measure for the number of trans-
port modes. The contribution due to scattering Ts is a
probability measure to what extent an electron can tra-
verse the scattering region without being scattered. Thus,
it is not bounded between 0 and 1. Tg, therefore, can_
rise to infinity, if no scattering occurs, that is T — oo
if 7 — o0, as it takes infinitely long to scatter. In the
Keldysh formalism, the additional contact resistance en-
sures that the effectlve transmission function does not
rise to infinity.
As depicted schematically in Fig. 1, the influence of the
contact resistance is the main contribution for small scat-2*
tering self-energies ¥ (large 1/X). The contact resistance®®
limits the transmission function to a constant value. The?”
scattering contribution is rising to infinity as one would®®
expect for decreasing scattering. Increasing the scatter-2°
ing self-energy (reducing 1/%), Ts(E;Y) and Teg(E; X)%°
start to overlap and this leads to a decreasing contribu-2*
tion of the contact resistance in the reciprocal addition??
of Eq. (7). Thus in the limit of a very long scattering re->3
gion or strong scattering, the behavior is of only Ohmic?*
nature and the contact resistance does not contribute sig-2°
nificantly. We use the term contact resistance for the re-?'
sistance which is due to the contact of semi-infinite leads®’
that serve as an electronic reservoir in equilibrium to a?®
scattering region. Here, we consider no contact resistance??
from surface roughness, etc., like it would be the case in®®
experiments. Unless stated otherwise, we consider only?*
the contribution due to scattering Ts(E;X) in the fol-*2
lowing as this is the quantity making contact with the??
Boltzmann approach. 24
225

199

203

226

B. Boltzmann formalism 227

228

The Boltzmann transmission function contains con-zs

tributions due to scattering only and no contributionss

from the contact resistance. The transmission functionas
in the Boltzmann approach corresponds to T'(E, k) =
Ts(E, k;1) = v2(k)mp0(E — €(k)), where v, is the group

velocity in transport direction, 7; the k dependent scat-22

e(k)) is the Dirac delta distribution,

and €(k) is the electronic energy dispersion.

In the case of free electronb mapping this transmis->*

sion function onto the k“ -plane, which in accordance to

Keldysh is equivalent to integrating the k, components

237
one arrives at TS(E,k'”; = 2IT \/E (k2 + k2) .55

tering time, §(E —
_' 233

35

236

Here, we consider the isotropic relaxation time approxi-
mation, where 7 is independent of 3438, Thus, the mo-
ments L,, after Eq. (1) are proportional to 7 and there-
fore S is independent of 7. That is % = 0, as seen by
Eq. (3). Therefore, scattering has no effect on the ther-
mopower in the Boltzmann approach. Consequently, the
thermopower can be used as a theoretical test system of
the relation between ¥ and 7. Furthermore, if there is a
direct relation such as 7 o< 1/%, the thermopower should
be independent of a EH—independent self-energy within
the Keldysh formalism. In other words, as long as the re-
lation ¥ o 1/7 holds, the transmission function Ts(F; X)
within the Keldysh approach should linearly depend on
1/%, because in the Boltzmann-approach the transmis-
sion function Ts(F;7) is proportional to the relaxation
time.

C. Finite differences method

To compare the results obtained with our KKR-
Keldysh formalism, we use a three-dimensional finite dif-
ferences method (FDM) for the system of free electrons.
Thereby, we can exclude possible numerical shortcom-
ings in our implementation and more importantly, we can
check the applicability of the virtual terminals in KKR,
as we are limited to one virtual terminal at each atom
at maximum. In contrast, in FDM the number of virtual
terminals is unbound.

For one dimension, the finite differences method (FDM)
is described in Ref. 29. We expand on this description
to describe free electrons in three dimensions in an, in-
principle, exact manner. The Schrodinger equation for
free electrons can be separated for each spatial dimen-
sion. The Hamiltonian is discretized in transport direc-
tion and Fourier transformed in the in-plane direction.
The Fourier transformation yields corrections for the in-
plane directions converting the three dimensional prob-
lem to an effective one dimensional problem via an ef-
fective energy in z direction (transport direction), that
is B, = F— - (k:2 + k7). The Greens function is cal-
culated for the eﬂectlve one-dimensional problem at the
effective energy for each in-plane E” point in the circle

described by % (k‘g + k'g) < FE and integrated over all k
points. The transmission out of this range is zero. Fur-

ther details calculating the transmission can be found in
Ref. 10.

III. COMPUTATIONAL DETAILS

For evaluation, we consider three different systems.
The first system are free electrons serving as a simple
model system. The transport parameters of the free
electrons are calculated with the DFT-KKR-Keldysh for-
malism and compared to FDM-Keldysh formalism. As a
second system we consider Cu within KKR, because the
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Fermi surface is very similar to that of free electrons. Fi-2s
nally, as a third system we consider Pd with a rathero
complex Fermi surface also in KKR. 201
The potential for the transport calculation in case ofze
free electrons (fe) is a constant potential set to 0. The
potentials for Cu and Pd are self-consistently calculated
as bulk systems and then used in the transport geometry.2os
Each system is calculated as fcc lattice, where the trans-
port direction is the [001] direction. For the lattice con-,,
stants we use afe = acy = 6.8311736ap, apq = 7.3524ap.,,
Unless stated otherwise, each system has an effective,,
length of d = 25a;4¢, which means that 50 virtual ter-,,
minals are placed inside the scattering region. Within,,
the KKR method, the transport calculations are done,,
with 400 x 400 EH—points, lmax = 3 and an energy broad-;,
ening of 0.054 meV to ensure convergence of Ts(E; ) t0,y
be better than 1%. In FDM we use 2000 lattice points,,,
and 400 x 400 EH—points for the free electrons to ensure a,y,

convergence of Ts(E;Y) better than 1% 304
305

306

IV. RESULTS AND DISCUSSION 307

308

A. KKR results 309

310

First in Fig. 2, we compare the thermopower of three®

different systems with increasing complexity of the Fermi™
surface, namely free electrons, Copper (Cu), and Palla-**

2

dium (Pd). We assume a k independent scattering timez5

7 and thus use a k independent self-energy ¥ for the,
Keldysh formalism with virtual terminals. In this sim-_.
ple case of a constant scattering time approximation, the,
thermopower generally should show no dependence on 7,
following the direct linear scaling of the moments Lg and,,
L with respect to 7 when considering the Boltzmann_,
theory. If the identification 7 oc 1/¥ is true, it should,),
also give an independence of the thermopower on ¥ cal-,,
culated within the KKR-Keldysh formalism.

324
325
326
1. KKR Thermopower 37

328

For free electrons, the thermopower, as a function ofs2»
temperature 6 at an arbitrarily chosen value of Ep =33
E; = 0.75 Ry, shows exactly this behavior, at least forss
¥ roughly below 8 x 1072 Ry (see Fig. 2 (a)). For higherss
values of ¥, it starts to deviate (shown in red). 333
For Cu, shown in Fig. 2 (b), the behavior of the ther-s.
mopower is qualitatively the same as for free electrons.sss
However, the deviation from the expected behavior isss
already stronger at smaller self-energies ¥ compared toss
free electrons. For Pd, shown in Fig. 2 (c), the ther-ss
mopower shows a distinct temperature dependence forss
each self-energy, which clearly deviates from the expec-so
tation within the relaxation time approximation. Thissa
result suggests, that a simple identification of 7 oc 1/3 isse
not suitable. To get a better understanding, we comparesss

the transmission function for these systems in terms of
the self-energy. After the comparison of the transmis-
sion function, we also check the free electrons against the
FDM and discuss the limits of the model in Sec. IV C.

2. KKR Transmission function

In Fig. 3 (a) we show the IZH integrated, energy-
dependent transmission function Ts(E;X) for different
scattering self-energies Y at the Fermi energy for free
electrons. At Fr = E; = 0.75 Ry we find a good linear
behavior, especially for high values of 1/%, i.e. in the low
scattering regime. This result suggests, that for free elec-
trons, the identification of 7 with the energy broadening
self-energy ¥ via 7 = % is correct at least for small ¥ up
to around 10~! Ry. But even for free electrons Ts(E;Y)
shows deviations from the linear behavior for small values
of 1/%, i.e. in the case of strong scattering.

This deviation from the linear behavior for large X
directly relates to the deviation of the thermopower in
Fig. 2 (a). We attribute the deviation in Ts(E;X) to an
insufficient discretization of the scattering events. This
will be discussed further in Section IV C by means of the
FDM.

The same behavior of Ts(Ep;X) can be observed for
Cu in Fig. 3 (b). Here, compared to Ts(Er;X) of free
electrons, the deviation from the linear behavior starts
at smaller self-energies already. Again, this deviation is
in accordance with the deviation of the thermopower of
Cu discussed before.

When considering Pd in Fig. 3 (c¢). with a more com-
plicated electronic structure and complex Fermi surface,
the linear fitting of Ts(EF, X) in Fig. 3 (¢) becomes un-
tenable suggesting, that the relationship 7 &< 1/% does
not hold at all. Again, the complete deviation from the
linear behavior is in accordance with the distinct behav-
ior of the thermopower for each self-energy.

So far, we have used the constant scattering time ap-
proximation to assess the validity of the identification of
Y= % For free electrons and Cu, this identification
holds true if ¥ is small enough, but it is clearly not valid
in the case of Pd. The fact that even for simple, pure
metals in combination with the simple approximation
of a constant scattering time?® the identification of the
single-particle scattering time 7 and self-energy X fails,
suggests that for systems with a more complex topology
of the Fermi surface and a k-dependent scattering time
7, the identification of ¥ and 7 becomes even more diffi-
cult. The main ingredient to the KKR-Keldysh approach
is the retarded Green’s function defined in the upper half
of the complex plane in the limit of real energies. At
the real energy axis it possesses poles at the eigenener-
gies of the eigenstates and each eigenstate is represented
by a d-distribution on the real energy axis. Adding an
imaginary part to the real energy causes these states to
broaden into a Lorentzian shape. If we consider, as it is
the case throughout this work here, a purely imaginary
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Figure 2. Thermopower S(6) as function of temperature 6 for (a) free electrons, (b) Cu, and (c) Pd at different ¥ calculated
with KKR. Note, that in (a) and (b) the blue coloured lines overlap.
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Figure 3. Ts(Er,X) vs. 1/% for (a) free electrons, (b) Cu, (¢) Pd in KKR with linear fits.

self-energy of the same value at each atomic site, the realsa
energy and the imaginary self-energy can be seen as a

new complex energy, which causes the broadening of the

states. This broadening of states, however, causes contri-**
butions from neighboring states (neighbors with respect®”
to energy) to an existing state at one particular energy®
due to the overlap. Also for the transmission at one par-**
ticular energy, the broadening can cause contributions®®
from neighboring electronic states. 7
In the Boltzmann theory, the transport properties atsgs
one particular energy are determined solely by the band,,
structure properties of the considered state, and no addi-,,,
tional broadening of states is considered. This may cause,,
inaccuracies when translating one quantity into the other,,,
and vice versa. Consequently, we attribute the deviations,,,
from the linear behavior of Pd to effects caused by the,,

energy broadening. 375

B. FDM results

In order to test the numerical implementation of the
KKR method, we compare it to the thermopower calcu-
lated via the FDM method in Fig. 4. We see a similar
trend for the deviation of thermopower, namely a devi-
ation of the thermopower for high self-energies. We will
explain this deviation for high self-energies in Sec. IV C.

In the Boltzmann approach, considering free electrons,
the E—integrated Ts(E;7) can be shown to be propor-
tional to 7E3/2. The proportionality to E3/2 holds true
to some extent for the Keldysh version of Ts(F;X). For
comparison, Ts(F; X)) for free electrons is shown in Fig. 5
calculated with FDM and KKR. The transmission func-
tions between the two methods match quite well. In
Fig. 6 the EII integrated transmission Ts(FEp; X) is shown
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413

for the FDM method for different scattering self-energies*#
Y. Comparing Fig. 6 with Fig. 3 (a) we find for both*s
methods, KKR and FDM, a good linear behavior, espe-
cially for high values of 1/X, i.e. less scattering events.
The deviation from the linear behavior appears at smaller+®
self-energies for a lower energy of Ey = 0.01 Ry. While
both methods give results that deviate from linear be-ar
havior in the strong scattering regime, the precise formuas
is different (cf. Fig. 2 (a) and Fig. 3 (a)). We discussao
this in Sec. IV C. The different characteristic of the de-so0
viating thermopower in Fig. 2 (a) and Fig. 4 are a directsa
consequence of different deviations of Ts(F;X) in Fig. 3s
(a) and Fig. 6 in the strong scattering regime. 23
In the strong scattering regime, both methods overesti-a2
mate Ts(F; X) relative to the linear fit. We attribute thises
to low-energy contributions at the edge of the broadenedaz
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10! 104

Figure 6. Ts(F;, %), i = 1,2, as function of 1/% for free
electrons in FDM with linear fits at Fy = 0.01 Ry and Fy =
0.75 Ry.

Ig—dependent transmission. Such a transmission is shown
in Fig. 7. In Fig. 7 (a) the contact transmission is shown
for the first Brillouin zone. The values of T.(Ep, IZH) are
restricted to 1 inside the circle defined by the Fermi en-
ergy and 0 outside this circle. The overlapping occurs due
to back folding to the Brillouin zone. In Fig. 7 (b), the
scattering part of the transmission function Ts(Er, EH)
is shown. The smearing due to scattering at the edges is
visible. In Fig. 8, Ts(E2;Y) at E2 = 0.25 Ry is shown
for different integration radii in I_C’H—space. Ts(Fy; X)) is
normalized to the result for ¥ = 10~* Ry, as the overall
area changes for each curve.

At the I point, the transmission function shows linear
behavior. Integrating only 10% of the radius determined
by VE, the behavior stays mostly linear. Integration up
to 90% or more shows the deviation from the linear be-
havior. We attribute this deviation to edge parts of the
transmission, where the effective energy for transport in
z-direction becomes very small such that the discretiza-
tion of scattering events through the virtual terminals is
not sufficient. We elaborate more on this topic in the
next section.

C. Limits of the model

Since there are apparent deviations of Ts(E;X) (see
Fig. 3 (a) and Fig. 6) from the linear behavior, we inves-
tigate this problem in terms of the number and placement
of virtual terminals. For this we use the FDM model since
it provides more freedom to test the placement of virtual
terminals compared to the KKR method. In contrast
to the continuous FDM or Boltzmann theory, within the
KKR framework, the highest possible number of virtual
terminals that can be placed in the scattering region is
the number of atoms in the cell as the virtual terminals
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Figure 8. Normalized  transmission  function

Ts(FE2;%)/Ts(E2;107* Ry) of free electrons calculated
with FDM at F2 = 0.25 Ry. T's(E2,Y) shows linear behavior
at the I point (blue). Integrating up to 80%, 90%, and 100%
(warm colors) of the radius of the broadened transmission
circle EII space shows overestimations from the expected
linear behavior.

are placed at the atomic positions. 439

In the FDM model, the space in z-direction is dis-*°
cretized. The corresponding discretization parameter
a = d,/(n—1) can be chosen arbitrarily small in principle*?
and must be chosen reasonably small to achieve conver-*?
gence for the effective transmission. On each of these n*
discretized lattice points, it is possible to place a virtual*®
terminal. a6

Fig. 9 shows ATg/Ts for Ey = 0.01 Ry and E; =
0.75 Ry (blue, red), respectively, for different values ofas
3. Starting from 2000 lattice points, a virtual terminalaso
is located at every lattice point. To test the discretizationaso

6 T A T T
Eo=0.01 Ry, ==1x10"* Ry
4x10™* Ry
4 8x104 Ry —%—

1x10°8 Ry —o—
2x108 Ry —8—

ATg/Ts (%)
o

E4=0.75 Ry, ==1x10"* Ry -
4x10 Ry
8x10™ Ry

-4 | 1x108 Ry —o— -
2x108 Ry —&—
4x10°8 Ry —o—
-6 Ll | P |
1 10 100 1000

# of virtual terminals

Figure 9. Relative deviation of Ts(F;, X) vs. number of vir-
tual terminals for free electrons. As the number of virtual
terminals inside the constant scattering region decreases, the
distance between the virtual terminals increases. The sin-
gle 3; has to be scaled accordingly, to meet the condition
> ies Bi = const.

of the scattering events, we reduce the number of virtual
terminals. The placement is uniform, such that a virtual
terminal is added to every i-th lattice point. To achieve
the same total amount of scattering, the self-energy X3;
of the i-th individual virtual terminal is scaled so that
the sum ), g ¥; stays constant. The actual number of
virtual terminals is shown on the z-axis.

With this test, it is possible to show that for a certain
number of virtual terminals at a certain self-energy 3, the
obtained result for Ts(E;;Y) deviates significantly from
the value of T's(E;; ¥) when it is discretized to the max-
imum at 2000 lattice points. The deviation increases as
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the number of virtual terminals decreases, going beyond*”®
1% for less than about 10 terminals for F = 0.01 Ry.”®
We attribute this to multiple-scattering effects with a*”
very high number of scattering events that cannot be ac->*
counted for due to the lack of the necessary number of*”
virtual terminals. Thus, the discretization to describe all**
scattering events is insufficient.

For larger ¥ or smaller E this starts to happen for’
a higher number of virtual terminals, i.e. a finer dis-""
cretization, as the number of scattering events, that™
should occur is anti-proportional to the mean free path

511

515

516
A=vT = \/%%. Transferring this result to the KKR,,,

method implies that at very high self-energies, the dis-sis

cretization of the scattering events is not sufficient any-
more. Thus, interatomic positions for virtual terminals
would have to be utilized to overcome this deficiency.

To test whether this effect is related to the actual dis-
tance of virtual terminals, we randomly placed 20 virtual
terminals in the transport cell. Fig. 10 shows ATs/Tg for
different random distributions of virtual terminals. For
larger self-energies, some distributions show larger devi-
ations. The results suggest that, virtual terminals can
actually be placed randomly but yield the same result
within 1% deviation as long as the self-energy is small
enough for the scattering events to be accounted for. This
means, the effective strength of the scattering region is
not determined by the region covered with virtual ter-
minals but only by the overall strength of self-energies
> ics Xi- The distance between the virtual terminals is
not crucial since the transmission between two terminals
T,p is calculated coherently. With these restrictions in
mind, a description of a macroscopic experimental thin
film should be possible. The practical route is to calcu-
late a microscopic, down-sized version of the thin film.
In order to account for the same scattering strength, the
self-energies have to be scaled according to the length of
the scattering region. Here it is crucial to introduce a
sufficient number of virtual terminals to account for all
necessary multiple-scattering events.

Finally, let us explain the observed deviation of
Ts(Er,X) for large self-energies in the KKR approach.
In Fig. 11, Ts(EF,X) for the KKR method, where a
virtual terminal is attributed to each atomic position is
compared to the FDM method with a changing number
of virtual terminals. The FDM method for 2000 virtual
terminals is considered as the exact converged result. De-
pending on the number of virtual terminals, Ts(Ep;X)
over- or underestimates the correct result in the strong
scattering regime. Additionally, since the KKR uses dif-
ferent approximations than the FDM, e.g. atomic sphere
potentials and expansion of functions in spherical har-
monics with ¢ cut-offs, deviations are expected to occur,
while not necessarily with the same numerical value.

V. CONCLUSION

We calculated the thermopower S(f) and the trans-
mission function Ts(E;X) for free electrons, Cu, and
Pd with scattering events realized by virtual terminals.
The thermopower S(0) for the free electrons and Cu
shows no dependence on the self-energy ¥, if it is be-
low a specific value of ¥. This is directly related to
the linear scaling of Ts(E;X) with 1/¥ in that regime
for the two systems. For free electrons, we can explain
the deviations from the linear behavior in terms of in-
sufficient discretization of scattering events. Further, we
show that the distance between virtual terminals plays
no role, as long as enough scattering events are consid-
ered. For Pd, however, we find a non-linear behavior in
Ts(FE; ) even for small self-energies 3 and a distinct be-
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havior of the thermopower S(6) for each self-energy 3.sa
This result suggests that 7 may not be easily identifiedss
with %/(2X) for more complex Fermi surfaces. We con-ss
clude that even in the simple constant relaxation timesss
approximation with E—independent 7 the identificationss
of the scattering time with the lifetime associated withsss
/Z—independent 3 is not true in general. For the case®

of a k dependent 7 or the energy-dependent self-energy
function X (FE) obtained from rigorous many-body treat-
ment, this identification would become even more prob-
lematic. We have shown possible errors in the KKR. ap-

proach when using virtual terminals to describe scatter-’

ing, namely using too large self-energies, and low-energy

4

548

9

contributions at the edge of the Fermi surface. These er-sso
rors however, are very small when considering practicalss:
self-energies for Cu and Pd. For Cu, values for ¥ rang-ss
ing from 7 x 107% — 3.7 x 1073 Ry were calculated?® insss
good agreement with the referenced experiment therein.ss
For Pd, values ranging from 3.7 x 10™% — 1.1 x 1072 Rysss
were calculated depending on temperature and surfacesss

state

4041 - Considering the limits of the virtual terminalsss

approach, it should be possible to calculate macroscopicsss

thin films, which opens up the way to describe real ex-
perimental structures. As we have shown in an earlier
work?? that it is possible to calculate the spin accumula-
tion in clean systems within the Keldysh formalism, ex-
tending it to scattering via virtual terminals could make
it possible to also calculate the spin diffusion length for
such systems or to consider additional contributions to
the accumulation.
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