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ABSTRACT

Violation of the Wiedemann-Franz law in a 2D topological insulator due to Majorana bound states is studied via the Lorenz ratio in the
single-particle picture. We study the scaling of the Lorenz ratio in the presence and absence of Majorana bound states with inelastic scatter-

ing modeled using a Buttiker voltage-temperature probe. We compare our results with those seen in a quantum dot junction in the ~
Luttinger liquid picture operating in the topological Kondo regime. We explore the scaling of the Lorentz ratio in our setup when either §
phase and momentum relaxation or phase relaxation is present. This scaling differs from that predicted by the Luttinger liquid picture for g
both uncoupled and coupled Majorana cases. N
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I. INTRODUCTION semiconductor-superconductor heterostructures,” MBS are shown

to occur. There have been numerous attempts to experimentally
detect Majorana fermions,'’™"” but irrefutable evidence for their
existence remains elusive. In Ref. 10, Majorana zero modes were
initially reported based on the observation of a zero-bias conduc-
tance peak (ZBCP) quantized at 2¢?/h in a semiconductor nano-
wire coupled with an s-wave superconductor. However, this claim

wave superconductor as initially explained by Kitaev.! Moreover, was later retracted. Similarly, Ref. 11 claimed the detection of
their presence has been anticipated in 2D topological insulators Majorana zero modes in a hybrid semiconductor-superconductor
interfaced with s-wave superconductors and separated by a ferro- interface by studying the Aharonov-Bohm effect and weak antiloc-
magnet.”’ Numerous promising theoretical proposals have been alizatiogl,’ but this claim was also retracted. Other experimental
suggested for the detection of Majorana bound states (MBSs). By works'”"" have also focused on ZBCPs as potential indicators of
examining the conductance, distinctions between topological and Majorana fermions, although these peaks alone may not definitively

Majorana fermions are a particular class of fermions with the
unique property of being their antiparticles. Majorana fermions
have intrinsic topological protection from disorder. This property
renders Majorana fermions immune to decoherence, making
Majorana fermions an ideal candidate for quantum computation.
These particles manifest as a zero-energy mode in the p. + ip,

trivial superconductors can be made, aiding in MBS detection.>”  confirm the presence of Majorana bound states (MBSs). In a recent
Hanbury-Brown and Twiss (HBT) non-local shot noise-like corre- study,'* a signature of crossed Andreev reflection was observed in a
lations,” along with non-local conductance,” have proven effective magnetic topological insulator that hosts the quantum anomalous
in distinguishing between topological and trivial superconductors, ~ Hall effect when in proximity to an s-wave superconductor such as
offering a reliable method for detecting MBS. Similarly, a niobium. This signature of crossed Andreev reflection holds con-
Josephson junction modeled by superconductor-topological insula- siderable significance for ongoing studies on Majorana bound
tor-superconductor can exhibit a 47 periodic current-phase rela- states. There are some theoretical proposals on the connection
tionship instead of 27, attributed to MBS.” Further, in between Majorana fermions and quantum metrology too."”
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© Author(s) 2024


https://doi.org/10.1063/5.0236520
https://doi.org/10.1063/5.0236520
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0236520
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0236520&domain=pdf&date_stamp=2024-12-12
https://orcid.org/0009-0007-5584-8665
https://orcid.org/0000-0001-9794-243X
mailto:sachiraj.mishra@niser.ac.in
mailto:ritesh.das@niser.ac.in
mailto:colin.nano@gmail.com
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1063/5.0236520
https://pubs.aip.org/aip/jap

Journal of

Applied Physics

There have been proposals to detect Majorana fermions using
violations in the Wiedemann-Franz law'® by studying the scaling
of the Lorenz ratio. The Wiedemann-Franz (WF) law states that
the ratio of effective thermal conductance to effective electrical con-
ductance is proportional to the temperature of the system. In our
case, the system is an Aharonov-Bohm ring composed of a topo-
logical insulator. We define this ratio as the Lorentz ratio.
Reference 16 studies the violation of the Wiedemann-Franz law in
a quantum dot junction in the topological Kondo regime'” hosting
localized Majorana bound states (MBSs). The WF law states that
the ratio of the electrical conductance to the thermal conductance
is inversely proportional to the temperature. The constant of pro-
portionality, also known as the Lorenz ratio, is a constant for all
conductors. Majorana fermions are also known to break particle-
hole symmetry (PHS) and induce violations of Wiedemann-Franz
(WF) law."® In the presence of MBS, the Lorenz ratio has been
shown to scale inversely with respect to the Luttinger parameter.'®
The setup in Ref. 16 is considered in the many body regime and
shows that the Lorenz ratio shows power-law decay as a function of
the Luttinger parameter in the setup.

In this paper, we discuss the violation of the WF law and
the scaling of the Lorenz ratio in the presence of Majorana fer-
mions using a Buttiker voltage temperature (BVT) probe,'*™*
which induces inelastic scattering. We consider two kinds of
inelastic scattering in our setup: phase and momentum relaxa-
tion'®*” and with only phase relaxation."” We study the scaling
of the Lorenz ratio with respect to the strength of inelastic scat-
tering and compare the scaling of the Lorenz ratio with the
Luttinger parameter in the many-body setup considered in
Ref. 16. In our setup, we study three cases: (i) when MBS are
absent, (ii) when MBS are present and uncoupled, and (iii)
when MBS are coupled. In a single-electron setup, the Lorenz
ratio scales differently with inelastic scattering when both phase
and momentum relaxation occur and when only phase relaxa-
tion occurs. For individual MBS, the WF law is not violated
without inelastic scattering.

The rest of the paper is organized as follows: In Sec. II, we
describe the motivation and importance of this work. Section III
describes scattering and transmission in our setup using Landauer-
Buttiker scattering formalism.”"?** In Sec. IV, we first calculate the
thermoelectric coefficients like the Seebeck, Peltier, and thermal
conductance in our setup using the Onsager relations. We then
define the Lorenz ratio and introduce inelastic scattering via a BVT
probe.”” In Sec. V, we present an analysis of our results and
compare the scaling of the Lorenz ratio with the strength of inelas-
tic scattering and compare it with the scaling seen in Ref. 16. We
end with the conclusions in Sec. V1.

Il. MOTIVATION

The primary motivation of our work is indeed to detect
Majorana-bound states through the observation of a power-law
scaling in the violation of the Wiedemann-Franz law. However,
our study also aims to explore whether this power-law scaling, pre-
viously observed in the Luttinger liquid regime, is also seen using a
phenomenological model of the BVT probe with edge mode trans-
port in the Landauer-Buttiker scattering theory. This investigation
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is crucial because the many-body effects that are fundamental in
the Luttinger liquid are phenomenologically incorporated into the
scattering framework via the BVT probe. Our results demonstrate
that while the nature of the violation of the Wiedemann-Franz law
with respect to the inelastic scattering parameter in a single-particle
picture remains similar between the two regimes, the power-law
scaling differs. Notably, this work represents the only study where a
violation of the Wiedemann-Franz law adheres to a specific scaling
law within the Landauer-Buttiker scattering framework, offering a
detailed comparison with the Luttinger liquid regime.'®

Reference 16 studies a quantum dot junction capable of
hosting an even number of Majorana fermions to study the setup
in the topological Kondo regime.'” In special cases, the electrons in
the quantum dot can couple with twofold degenerate states. The
regular Kondo effect™ is a consequence of the coupling of mobile
electrons in a confined region to spin-degenerate states. Further, an
even number of Majorana fermions can couple non-locally, giving
rise to twofold degenerate states that can couple with electrons in
the quantum dot."” It is known as the topological Kondo effect.'”
The setup is studied in the Luttinger liquid model, which uses
many-body formalism and considers inelastic scattering due to
electron—electron interaction. The electron-electron interaction is
parameterized by the Luttinger parameter (g), with g =1 corre-
sponding to the absence of interaction, g <1 corresponding to
attractive interaction, and g > 1 corresponding to repulsive interac-
tion. The authors of Ref. 16 show that the Lorenz ratio (W)
depends on the Luttinger parameter as W(g) = é. When the setup

in Ref. 16 is in the topological Kondo regime, the Majorana-
induced boundary conditions and scattering via a splitting junction
leads to the “splitting” of a charged particle into a transmitted par-
ticle of charge £ and a backscattered hole of charge £ The coeffi-
cient 2 is the unique and universal signature of Majorana bound
states in a quantum dot junction operating in the topological
regime according to Ref. 16.

Our setup introduces inelastic scattering phenomenologically
using the Buttiker voltage probe.''” The Buttiker probe is an addi-
tional probe that induces inelastic scattering in the setup such that
the total charge and heat current flowing into the Buttiker probe is
zero. Unlike Luttinger liquid theory, the Buttiker voltage probe is
based on single-particle scattering theory, making it more adaptable
to setups studied using scattering theory. Further, using the
Buttiker voltage probe, we can study inelastic scattering with phase
and momentum relaxation'® and inelastic scattering with only
phase relaxation.'” In our work, we look at both electric conduc-
tance and thermal conductance. Therefore, we modify the Buttiker
voltage probe into a BVT probe, as was also done recently in
Ref. 20. The comparison between the Luttinger parameter and
inelastic scattering due to the BVT probe®® has not been studied
before. We study the scaling of the Lorenz ratio (W) with respect
to the coupling strength of the BVT probe in our setup. A BVT
probe is added to the setup, such that the total charge and heat cur-
rents going into the probe vanish but induce inelastic scattering via
both phase and momentum relaxation'® or only phase relaxation."’
Any electron/hole entering the Buttiker probe loses its phase
memory and is reinjected with a completely different phase,
leading to phase relaxation.'®” For the case of both phase and
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momentum relaxation,'® the electrons injected into the probe from
the setup are reinjected with equal probabilities of going toward the
left or the right. Thus, the reinjection also causes the phase and the
initial momentum to be lost. To preserve the momentum while
inducing phase relaxation, one can use a pair of unidirectional
probes such that when the electrons initially traveling to the left or
the right are injected into the Buttiker probe, they are reinjected
back with the same momentum, see Ref. 19. We seek to probe MBS
using two different kinds of BVT probes, note the difference in these
results, and compare our results with the results seen in Ref. 16,
which is studied in the many body picture. Generally, in mesoscopic
devices, noise and environmental effects’” are modeled phenomeno-
logically via the BVT probe in the setup with both phase and
momentum relaxation and phase relaxation. This distinguishing
behavior of MBS as a function of inelastic scattering in the BVT
probe”” is revealed through the Lorenz ratio. The signatures distin-
guish MBS’s existence and nature (coupled or individual).

V1 ° Vz

Ic 0, I;=0

(c)
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I1l. DESCRIPTION OF THE MODEL
A. Hamiltonian

In Fig. 1, we show our proposed model. Our proposed
Majorana Aharonov-Bohm interferometer (ABI) is based on
helical edge modes generated via the quantum spin Hall effect in
topological insulators (TIs). We mold a 2D TI into an Aharonov—
Bohm ring wherein spin-orbit coupling generates protected 1D
edge modes. The ring is pierced by an Aharonov-Bohm flux ¢.
The Dirac equation for electrons and holes in the ring is given as

A
[vprzaz + (—Ep + %) 14 v =Ey. (1)

where ¥ = (W, W, Wi)» th)T is a four-component spinor,
p= —iha% is the momentum operator, Er is the Fermi energy, E is
the incident electron energy, vr is the Fermi velocity, and A is the

FIG. 1. (a) The three-terminal Majorana Aharonov-Bohm interferometer with a BVT probe, which entails both phase and momentum relaxation.’® A 2D topological insula-
tor ring with helical edge modes flowing in the outer and inner edges. The ring is coupled with two regular topological insulator leads via couplers J1 and J2 (shown in
orange). The leads connect the AB ring to the reservoirs. A third coupler connects the ring to an inelastic scatterer acting as a BVT probe,”” such that the total charge and
heat current flowing in the third terminal is zero. The ring is pierced by an Aharonov-Bohm flux. Ferromagnetic (shown in red) and superconducting (shown in cyan) corre-
lations are induced in the top arm of the ring via the proximity effect. (b) The Majorana Aharonov-Bohm interferometer with a BVT probe, which entails only phase relaxa-
tion,"® the BVT probe consists of two unidirectional probes attached to the bottom via a coupler such that the total charge and heat currents into each probe terminal is
zero. The electrons injected into each probe terminal are reinjected back into the setup via the other probe, preserving the momentum. (c) The superconductor—topological
insulator—ferromagnet junction. Majorana bound states (shown as white ellipses) occurs at the interface of the ferromagnetic (shown in red) and superconducting (shown in
cyan) layers. (d) Scattering of the edge modes at the left coupler J1. The solid and dashed lines represent the electron and hole edge modes. The black and white lines
represent the spin-up and spin-down edge modes. The double-headed arrows represent the outer edge modes, and the single-headed arrows represent the inner edge

modes, respectively.
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magnetic vector potential. MBS (shown in white) occurs in the
upper half of the ring at the junction between the superconducting
and ferromagnetic layer in the TI, which we refer to as
superconductor—topological insulator—ferromagnet junction (STIM
junction). (see Fig. 1).”*~*" The Hamiltonian for the MBS is’*"'

Hy = —oyEum, (2)

with Ej; denoting coupling strength between individual MBS. The
STIM junction is connected to the left and right arms of the ring
with coupling strengths I'; and T, respectively. In Subsection I1IB,
we outline the scattering via edge modes in the setup and calculate
the transmission probability 7.

B. Transport in the system via edge modes

In a 2D quantum Hall ring with an Aharonov-Bohm flux,
localized flux-sensitive edge modes develop near the hole, while in
the leads (shown in pink in Fig. 1), edge modes are insensitive to
flux. To tune the device via an Aharonov-Bohm flux, we need to
couple the edge modes in the leads and the edge modes in the ring
so that the net conductance is flux-sensitive. It can be achieved via
couplers (shown in orange in Fig. 1) in the system that couples the
inner and outer edge modes via inter-edge scattering and backscat-
tering. There are three leads in the setup coupled to the ring. The
left and right couplers are connected to reservoirs at voltage V; on
the left, V, on the right and temperatures T; and T, at the left and
right reservoirs. A pair of MBS occur in the STIM junction on the
top of the ring and act as a backscatter, mixing the electron and
hole edge modes. Considering the electron and hole edge modes of
spins up and down, we get 8 edge modes with 4 edge modes circu-
lating on the outer edge and 4 edge modes circulating on the inner
edge. Since spin-flip scattering does not occur in our setup, we can
significantly simplify the calculation by dividing the edge modes
into two sets of edge modes of opposite spin that scatter as mirror
images of each other. It allows us to calculate the transmission prob-
abilities for a single set and double it to get the net conductance.

The first set consists of the spin-up electron and spin-up hole
edge modes, and the second set consists of counterpropagating
spin-down electron and spin-down hole edge modes. The STIM
junction couples the incoming and outgoing edge modes of each
set. Among the spin-up electron and spin-down hole edge modes,

incoming edge modes into the STIM junction are given by Iyps

= (elT,L, e,TR, hﬁL, hilR) and the outgoing edge modes are given by

Owms1 = (elg, el ki, hLy) [see Fig. 1(b)]. Similarly, among the
spin-down electron and spin-up hole edge modes, the incoming
edge modes are Iyps; = (elg, el b, hlp), while the outgoing edge
modes are Oyps, = (€}, ek, B!, hl). 0 and i stand for the outer
and inner edge modes, respectively, whereas L and R stand for the
left and right terminals. The scattering in each case is the exact
mirror image of the other. We can relate the incoming and
outgoing edge modes using a 4 x4 scattering matrix Syps
such that Oppsi = SmssImssi> i € {1, 2}, where Syps is given by

ARTICLE pubs.aip.org/aip/jap

(Refs. 30 and 31)

1+ix -y ix -y
_ ¥ 1+ix ix’
Smps = i —y l4ix -y | (3a)
¥ ix’ ¥ 1+ix
where
(_TELIT)  T(E+ )
z V4 (3b)

_ EM\/FIFZ
=T

z=Ey — (E+iT1)(E + i)
and I'; and I'; are the strengths of the couplers coupling the MBS
to the left and right arms of the upper ring.

The couplers [see Fig. 1(d)] couple the inner and outer edge
modes via backscattering and the ring to the leads. In the left
coupler, the incoming edge modes for spin-up electron and spin-
down hole are given by I, = (e}, k!, ely, hls, ek, hL), and the
corresponding  outgoing edge modes are given by
0y = (e}, b\, el hig, els, his). Similarly, the incoming edge modes
for spin-down electron and spin-up hole are given by
L= (eill, h}l, eg, h,g, ebs, hls), and the corresponding outgoing
spin-down edge modes are O, = (e, h) , el hl,, eils, h}s). The

scattering matrix for the couplers is a 6 x 6 matrix S such that
O; = SI;, i € {1, 2} is given by Ref. 18
—(V1—2a)I val Vel
S= Val IWV1=2a-1)I {(V1-2a-1)I |,
Val IW1=2a+1)I i(VI-2a-1)I
(4)

where I is the 2 x 2 identity matrix. In our calculation, we take
a =1, however to analyze the plots of elastic scattering at couplers
in Analysis section, we also consider a :% too in Eq. (4). While
traversing the ring, the spin-up electrons and holes in the edge
modes acquire a propagating phase’’ as follows: in the upper arm,
left of the STIM junction

. —idl . il
ely = e el ehy = €l et e 5
”m ©)

. il .
hi = el eThy, by = el e b

for the upper arm, right of STIM junction,

—idh

1
! el e

T ik 22 _
eos—efeL eaR, e,-R—e

; —idly : iy
hié = b eThiR, hilR = el eThilsr

ikely

(6)

such that I; + L, =1, i.e., the length of the upper arm of the ring.
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For the lower arm of the ring, left of the BVT probe,

p 4 wop 2%
domeiete, dmeietd,
h£3 = ¢knh g1 hf,4, h,-l4 = ¢kl o7 h,%,
for the lower arm of the ring, right of the BVT probe,
0 ikr 1 1 ikt 22
€y = €N ET €y, € =€ e ey, ®)

ot r
Lo ikl —2p | Lo ikl 2]
hyy =™ e T hy, hg=e“heThy,

such that [{ 4+ I, = I, i.e,, the length of the bottom arm of the ring.
The total length of the ring L is given by L=1,+1; k.
= (E+ Ef)/hvp and ky = (E — Ef)/hvr are electron and hole wave
vectors in the 2D TI. ¢ is the Aharonov-Bohm flux taken in units
of the flux quantum ¢, = hc/e. One can similarly find the phase
acquired by the spin-down electrons and holes, which is the exact
mirror image of spin-up electrons and holes. In Sec. IV, we
describe thermoelectric transport in multi-terminal mesoscopic
systems and introduce inelastic scattering by adding a BVT
probe'“" to the Majorana ABI.

IV. INELASTIC SCATTERING AND THE BUTTIKER
VOLTAGE TEMPERATURE PROBE

We explain the thermoelectric transport in our setup shown
in Fig. 1 using Onsager relations and the Landauer-Buttiker scat-
tering theory.”"”>’>*> We denote the charge and heat currents
in the i terminal by current vector I = (I, Lps
I =I* 4 I3 is the total charge current, and L,=1I;+ If;ih the
total heat current with spin s € { T, | } electrons and holes. The
T
), with k € {e, h} being related to

force vector F;; = (V;, AT,-J-)T (where V; is the voltage at the jth ter-
minal, and ATy =T;—Tiis the temperature difference across the

where

current vector I = (I3, If‘;k

i™ and the j% terminals) by the Onsager matrix ijr;kl such that

k=3 LF

24,25
i Lij Fijs where

Lkt h

L, Lk, 1
Lgk _ ( ijic ijic > _ _J dE(ﬁij _ Tfjs;kk(E, EF) +T£js;lk(E> Ep))
isqV  ijqT -

x E(E, Ep)Lo(E, Er), with r # sandl # k
9)

with Lo(E, Er) = Gy ( (E _IEF) Je (I(EE__E?)’%ZTJ (10)

where J; is the Dirac Delta function, f(E, Er) being the Fermi
function (f(E, Ep) = m), with &(E, Ep) = —af(ai, Er) T,

and T) + ATy are the temperatures of the left and right reservoirs.
In contrast, Ty + AT is the temperature of the BVT probe, kg is the
Boltzmann constant, Gy = (¢?/k) is the conductance quantum, E is
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particle energy, Er is Fermi energy, and h is PlancK’s constant. The
Onsager matrix elements describe the thermal and electrical

response to the voltage and temperature bias. ijkcv is the electrical
sk
ijicT

is the thermal response to the voltage difference, and

conductance, L} is the electrical response to the temperature dif-

ference, Lf}f;v
ijf;’;T is the thermal response generated due to the temperature dif-
ference due to a spin s electron or hole (s € { T, | }) being trans-
mitted from the j terminal into the i terminal as a spin s
electron or hole (k € {e, h}). Tjj’kk is the transmission probability
for a particle of type k € {e, h} with spin s € { T, |} to transmit
from terminal j to terminal i as the same particle type k and same
spin s. Similarly, Tf.j"lk is the transmission probability for a particle
of type k € {e, h} with spins € { T, | } to transmit from terminal
j to terminal i as the particle type | # k and spin r # s. MBS is a
superposition of electrons and holes of the same spin; thus, the
scattering due to MBS can cause electron-electron scattering with
same spin or electron-hole scattering between particles of the
opposite spin. Since the opposite spin edge modes are mirror
images of each other and there is no spin-flip scattering in
our system (see Fig. 1), we can write T]jT;kk = Tiljl‘kk, and

‘7’%},“”< = T;,l;kl :Tjj;lkk = T;;lkk = 0. From Eq. (9), we can write

I;c’e = j Lsz;;iVVj +2 j LiTj;;iTATij and

(11a)
=, T
Iilc,e => j L%j;;ivvj +2° j Lilj;;iTATij and
(11b)
g = X5 Ly Vi 52, Lar AT,
h sh sh
IiTc = Zj LlTj;cVVJ' + Zj LiTj;CTATiJ' and
(11c¢)
h sh sh
IiTq =2 Lt‘TJ;qVVJ' + ZJ'LI‘TJ':qTAT"f’
h sh sh
Iilc = Zj Llj"j;cVV]' + Zj Lilj;CTAT’j and
(11d)

Lh Lih Lih
qu = Zj Lij;qVVj + Zj Lij;qTATij'

This section will introduce inelastic scattering in our system using
a BVT probe.” In the setup shown in Fig. 1, an additional lead
is connected to the ABI via a coupler that connects the ABI to a
BVT probe such that the total charge current and the total heat
current flowing into terminal 3 are zero. The S-matrices for the
left and right couplers are described in Eq. (4), and they scatter
electrons/holes elastically. The BVT probe induces inelastic scat-
tering by setting the total charge and heat current passing
through itself to zero. It ensures that no net current flows out of
the setup into the probe (in Sec. VI, Analysis, we will look at the
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scaling of the Lorenz ratio with respect to the strength of inelastic
scattering in the single-particle picture). We study two types of
inelastic scattering in our setup, with only phase relaxation'’ and
with both phase relaxation and momentum relaxation.'® We
compare and contrast our result with that obtained using the
Luttinger formalism.'®

A. Inelastic scattering with both phase and
momentum relaxation

In the first model [see Fig. 1(a)], we use an inelastic scatterer
with both phase and momentum relaxation.'” The S-matrix for the
inelastic scatterer with both phase and momentum relaxation is
given below:

—p+@l Vel el
S=| e pr g |, (12)
Vel gl pI

where p=1(vV1—-2e—1) and p=1(V1I—-2e+1), see also
Ref. 18. When € = 0, then complete backscattering occurs and the
Aharanov-Bohm ring is disconnected from the Buttiker probe. It
means no electron has entered into the Buttiker probe from
Aharanov-Bohm ring, which indicates zero inelastic scattering. The
BVT probe is a phenomenological method used to incorporate the
effects of inelastic scattering in mesoscopic samples. Its primary
role is to provide a theoretical foundation, using the single-electron
transport-based Landauer-Buttiker model, to explain experimental
results where electron-electron and electron-phonon scattering
occur. This approach addresses the question of whether one can
gain insight into how inelastic effects influence electron transport
without performing an exact many-body calculation. This was the
motivation behind Buttiker’s introduction of the voltage probe
model, as discussed in Refs. 18 and 19. In this model, it is ensured
that the charge current vanishes at the voltage probe. Electrons lose
their phase memory upon entering the voltage probe and are
re-injected back into the sample with the same probability. Later,
Kilgour and Segal extended this concept by introducing the BVT
probe, as detailed in Refs. 20-22. This generalization of the
Buttiker voltage probe to thermoelectric transport ensures that both
charge and heat currents vanish at the BVT probe. Experimentally,
a voltage probe can be implemented by ensuring a purely coherent
system. Additionally, the system must be tuned to the linear
response regime (i.e., near equilibrium), which involves applying
small bias voltages (on the order of millivolts) and small tempera-
ture biases (around 1K). Experimentally, one can also vary the
inelastic scattering parameter € in a BVT as has been performed in
Ref. 34.

We can calculate the charge and heat currents for the
S-matrix given in Eq. (12) by using the respective S-matrix for the
BVT probe™ after solving for the transmission probabilities 75
and T:js;”‘, see, Appendix A. The total charge current in the BVT
probe is thus given by

h h
Le =L+ I + I + I (13)
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and the total heat current is given by

Ly=IL¢+ 1)+ L+ 1) (14)
In order to introduce inelastic scattering via the BVT probe, we
should have L3 (V, T + AT) = I34(V, T + AT) = 0. In our setup,
we measure the charge and heat currents in the second terminal.
The total charge current in the second terminal is given by

h h
Le =L+ L) + L + I, (15)

and the total heat current is given by
Ly =1+ 1) + ¢ + 1. (16)

In order to find the thermoelectric coefficients and, subsequently, the
Lorenz ratio, we write I; and I in terms of V' and AT by eliminat-
ing V3 and AT from Egs. (A5)-(A8). We use the condition of the
BVT probe (I3(V, T+ AT) = I34(V, T + AT) = 0) in order to
write all the voltages and temperatures in terms of V and AT. Thus,
Ic and I, can now be written solely in terms of V and AT as

IZc = LLVV + LICTATR and Izq = L;VV + L;TATR, (17)

where Ly, Lyy, Ly, Ly are the effective Onsager coefficients for
conduction in the second terminal and are functions of G(T;?k(E)),
S(TSHE)), L(THE)) as defined in Eqs. (A9)~(Al1). L, is the
effective electrical conductance in the second terminal given as,

L.y, = %|,7_o- L.y is the electrical response to the temperature dif-
ference and is given by L., = A%‘R |y—o- Similarly, the thermal
response to the voltage difference L}, is given by Ly, = Izvq | ATe—00
and the thermal response to the temperature difference is given by
Ly = f—; |y —o- The effective Onsager coefficients are then given as
/ [ sk K (s gk Ky sk K (cskesk _ cskosk
=3 ot + oo (st - othaah) - stk - otks) |
sk -
(18)
[k k(oskysk _ skpsk k(cskrsk _ pskesk
=Y [sth+ o( b sust - shash) - st - il |
skt
(19)
[ok K (skesk _ oskpsk k(oskesk _ sk ook
Ly = 30 [t o(s (st - cstust) - nab otk - cths)) |
skt
(20)
/ [ k K (gskysk k7 sk K ((skysk Wk s,k
I‘qT = Z LSzz + 5<S§3 (3333L532 - 55321‘333) - L$23 (G333L532 - %23533)”
sk -
@n

where § = ] The effective electrical conductance is

1
PN GRS
the total charge current generated due to the voltage difference and
is given by o’ = L/,,. The effective thermal conductance™ is the
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heat current generated by a unit temperature bias without any
charge current. The effective thermal conductance of the setup
with Eq. (12) is then given by

! !/ ! !
LcVLqT LcTLqV

K ’
LcV

I
/ 2‘1 |I,c (22)

Wiedemann-Franz (WF) law states that the ratio of the effective
thermal conductance (k') to the effective electric conductance (¢”)
is proportional to the temperature®® of TI (T). We define the
Lorenz ratio W as

W=—. (23)

o-l

When the WEF law is preserved, W = W,, with W, =

Gy = f and kg = 7*k}T/3h, where T is temperature of the reser-
voirs 1 and 2. The WF law is derived from the fact that in con-
densed matter systems, both charge and heat are carried by the
quasiparticles in the conductor, namely, the electrons and holes.
Quasiparticles in conductors generally follow particle-hole symme-
try (PHS), i.e., the electron energy levels are symmetric to the hole
energy levels. When PHS is preserved in the system, the WF law is
preserved, and the Lorenz ratio is not violated.”>” The breakdown
of PHS causes violations of the WF law. In Subsection IV B, we
include inelastic scattering with the help of the BVT probe but with

%, where
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B. Inelastic scattering with only phase relaxation

Figure 1(b) shows the MBS ABI with only phase relaxation."’
The third terminal, i.e., the BVT probe, is divided into two termi-
nals that are connected to reservoirs at voltage V3 and temperature
T + AT such that the total charge current and heat current flowing
in each terminal is zero. The inelastic scatterers are connected via a
coupler described by a 4 x 4 scattering matrix given by (Ref. 19)

0 V1 —el 0 —\el
g _ | Vi—el 0 —/el 0 (24)
P Vel 0 V1—el 0 ’
0 Vel 0 V1 —el

where € € [0, 1] and I is the 2 x 2 scattering matrix. € =1
denotes maximal coupling, while € — 0 denotes no coupling.'’
Similar to the derivation of the Onsager matrix elements for the
inelastic scatterer with both phase and momentum relaxation, one
can find the Onsager matrix elements for the inelastic scatterer
with only phase relaxation, see Appendix B. First, we write charge
and heat current in Eqgs. (B5)-(B8) in terms of V, and ATy only by
using the condition of the BVT probe (I3(V, T+ AT)
=Lg(V, T+ AT) = I4«(V, T+ AT) = Liz(V, T + AT) = 0). This
allows us to write I, and I4 in terms of V and AT only as

Le =L, V+LATg and Dbgy= L;’VV + L’q’TATR. (25)

In Eq. (25), LY, L, L:Z/V, L;’T are the effective Onsager matrix ele-
ments for the setup with phase relaxation only [see Fig. 1(b)] and

phase relaxation only. are given by 2
i)
g
<
LS
5
Iy = Y[t 4 16+ G+ 55+ st st + s - (G4 G+ 1+ 1+ 1) :
— 3 (53 + SD(Gy + G + G + GRSy + S3) — (G + G + S5 + 83 + Si’f:)} : (26)
Lh=>_ [s;;‘ 1 (G + G + S5+ S SEDE + 1) — (S35 S + L3 + L + L))
s,k
1
=1 (S + SIDWGy + G + Gy + G + L) — (S5 + S5 + S5 + S + Sf;i‘)], (27)
1
Ly =) [S%i‘ + (855 + SIS + 83 + S + SIS + 839 — (G + G5 + L + L + L5))
s,k
1
— L+ LG + Gif + Gy + GI(SH + S35 — (G + GRS + S5 + 5 +5; )], (28)
Ly = 30t o+ S 5t st + 13— 5k s+ k1 )
- Z(L3'§ + LGS + G3i + Gl + G5 +Lg) — (S3 + Si(S55 + 851 + S + 44)] (29)
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where A=37,, [(Gy: + Gy + Gy + Gi)(Lss + L3 + L + L)
2
—(S3 + S5+ Si + Su) ).

The effective Onsager matrix elements can find all the
thermoelectric coefficients. For the setup with the BVT probe
with phase relaxation only, the thermal conductance is given by
(Refs. 38 and 39)

L - UL,

I;:=0 L/c/V

//:IZ_q
AT

(30)

The Lorenz ratio for the setup with the BVT probe with phase
relaxation only is then given by

1

K
W= i where 6" = L,,. (31)

The MaTHEMATICA codes are available in GitHub.*’

V. RESULTS

In Fig. 2, we plot the Lorenz ratio vs the strength of inelastic
scattering for the setup with both phase and momentum relaxa-
tion,'® and the setup with only phase relaxation'” in the presence
of coupled MBS, individual MBS, and the absence of MBS. We use
the parameters, Fermi energy Ep = 10ueV, and flux ¢ = ¢, ¢,
being the flux quantum hc/e. In the absence of MBS, the WF law is
preserved in all three cases, i.e., W =1 for the case of both phase
and momentum relaxation [Fig. 2(a)], and for case of only phase
relaxation [Fig. 2(b)] regardless of inelastic scattering €. For the
presence of MBS, we consider two cases: individual MBS and
coupled MBS. In our setup, we consider the MBS coupling strength
Ej = 10 eV when considering coupled MBS. The violation in the
Wiedemann-Franz law is the highest when Ep is close to Ey. Thus,
to distinguish between individual MBS (Ep = 0), and coupled
MBS (Ep; = 0.3ueV), we take Ep = 10ueV.

For € — 0, the BVT probe is completely disconnected, and
there is no inelastic scattering in the setup for both cases. When MBS
are uncoupled or individual (Ey = 0), the Lorenz ratio (W) is one at
the limit of no inelastic scattering and decays with increasing strength
of inelastic scattering (€). For the Luttinger liquid setup with individ-
ual MBS studied in Ref. 16, the Lorenz ratio W passes through one at
g =1, i.e, in the absence of inelastic scattering. Thus, our results for
individual MBS corroborate the findings of the Luttinger liquid
model studied in Ref. 16. For case with both phase and momentum
relaxation, ® the Lorenz ratio scales with inelastic scattering (€) as
W = %7 Finally, for case with phase relaxation,'” the Lorenz ratio
scales with € as W = 271 Thus, for individual Majorana, the Lorenz
ratio W is inversely proportional to the strength of inelastic scattering
€ for inelastic scattering with both phase and momentum relaxation
with factor 1/4. Similarly, the Lorenz ratio scales inversely with €'/4
for inelastic scattering with phase relaxation only.

For coupled MBS, Ey = 0.3ueV # 0, we see that the Lorenz
ratio is greater than one in the absence of inelastic scattering for all
three cases, i.e, W >1 for € — 0 for case of both phase and
momentum relaxation,'® and € — 0 for the case of only phase
relaxation. In the presence of coupled MBS, PHS is broken such
that the majority of electrons and holes travel in the same direction.

ARTICLE pubs.aip.org/aip/jap

It leads to a reduction in the net charge current and a commensu-
rate increase in the heat current. Thus, in the presence of coupled
MBS, the WF law is violated even in the limit of zero inelastic scat-
tering. The Lorenz ratio decays with increasing € universally in the
presence of MBS, regardless of whether they are coupled or uncou-
pled. Thus, in the presence of coupled MBS, inelastic scattering can
recover the WF law at a particular €. From Fig. 2, we find that the
Lorenz ratio W scaling with respect to inelastic scattering € also
follows the power-law for coupled MBS. For case of both phase and
momentum relaxation'® [Fig. 2(a)], the Lorenz ratio scales with
inelastic scattering (e) as W = 2‘17/‘5‘. For the case of only phase
relaxation,'” the Lorenz ratio scales with € as W = %22 Thus, t};e
1/5

el/st
Lorenz ratio for coupled MBS is inversely proportional to €

when both phase and momentum relaxation are present. In the
presence of inelastic scattering with phase relaxation only, the
Lorenz ratio is again inversely proportional to €!/°.

VI. ANALYSIS

A. Comparison with the work of Buccheri et al.'®

We compare our results with the Luttinger liquid model
studied in Ref. 16 in Table I. The setup in Ref. 16 considers a
quantum dot junction hosting MBS in the topological Kondo
regime using the many-body formalism. The Luttinger parameter g
describes electron-electron interaction in the many-body picture
with ¢ = 1 corresponding to no interaction. The authors in Ref. 16
report that weakly coupled MBS (Ey ~ 0) violate the WF law. The
authors show that the Lorenz ratio scales as W = %, ie., the
Lorenz ratio is inversely proportional to the Luttinger parameter in
the presence of uncoupled MBS. In contrast in our setup, the
Lorentz ratio is inversely proportional to €'/* for elastic scattering
with both phase and momentum relaxation. Similarly, for only
phase relaxation case, the Lorentz ratio is inversely proportional to
€'/4. Table T shows the power law scaling in our setup, either with
phase and momentum relaxation or with only phase relaxation. In
either case, one identical distinct power law violations for uncou-
pled and coupled MBS. This provides another unique method to
detect MBS in mesoscopic superconducting junctions.

From Table I, we can see that the scaling of the Lorenz ratio
changes when both phase and momentum relaxation are present in
the setup and when only phase relaxation is present in the setup.
In our setup, the major violations in the WF law arise due to the
breaking of PHS by the MBS in the upper arm. In the upper arm,
MBS causes electron-hole mixing and backscattering.”’ For both
phase and momentum relaxation, the electrons and holes in the
lower arm are transmitted, and backscattered.”' This backscattering
can counteract the breaking of PHS by MBS and lead to a weaker
violation. Similar effects have been observed in Ref. 42 wherein the
authors observe the restoration of the WF law due to inelastic scat-
tering. When only phase relaxation is present, the electrons and
holes continue to travel in the same direction they initially traveled.
Thus, they do not strongly counteract the breaking of PHS by the
MBS. It can explain why the scatterer affects the violations more
strongly with only phase relaxation. Thus, we see that the scaling
changes in the presence of only phase relaxation. The unique
scaling of the Lorenz ratio in the presence of MBS with only phase
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—— Uncoupled Majorana (Ey=0)
—— Coupled Majorana (Ey+0)

FIG. 2. Lorentz ratio (W) vs the cou-
pling strength (€) of the BVT probe for

(@) with both phase and momentum
relaxation (b) with phase relaxation.
Parameters are Er = 10ueV,

Enw=03ueV, T =1ueV, ¢ = d,,
and elastic scattering at junction J;, J,

2.4 2.4
—— Majorana Absent
—— Uncoupled Majorana (Ey=0)
1.7 —— Coupled Majorana (Ey+0) 1.7
w w
1.0 1.0
%00 0.25 0.50 %80
€
(@)

TABLE |. Comg)aring the violation of the WF law in our setup with the topological
Kondo model.”® The authors of Ref. 16 only study individual MBS. We study both
individual and coupled MBS. In all cases, we see power law dependence of the
Lorenz ratio on inelastic scattering; the power law factors are different for inelastic
scattering with both phase and momentum relaxation and with only phase
relaxation.

1.0 where ¢ = hc/e and o :% and rep-
€ resents elastic scattering at J1 and J2.

relaxation and with both phase and momentum relaxation can be
used as a signature for MBS.

B. Effect of elastic scattering at three way junctions J1
and J2

We look for the effects of elastic scattering on the power law

Coupled Individual scaling. In our calculations until now, we have considered strength of
Setup MBS MBS elastic scattering at the three way junctions J1 and J2 to be a = 1, see
Topological Kondo model'® N/A W = 0.66 Eq. (4). We can also study the power law scaling for a different value
MBS ABI with both phase and ¢ of elastic scattering o at junctions J1 and J2. We only have elastic
momentum relaxation, see Eq. (12) scattering, as phase of electron is preserved in the scattering and ter-
and Ref. 18 W % W A % minals 1 and 2 are current probes. .In Fig. 3, we consider o = § and
MBS ABI with only phase relaxation, we observe that the power law scaling does not change. The reason o
see Eq. (24) and Ref. 19 W2 WA oL for using this S-matrix as in Eq. (4) is that it corresponds exactly to a .
waveguide result, see Ref. 43. We observe that for the uncoupled 2
D
5
I
2.6 2.6 o
—— Majorana Absent — Majorana Absent . . %
— Uncoupled Majorana (Ey=0) ——Uncoupled Majorana (Ey=0) FIG. 3 I.Eﬁed of Chi?"ge in_elastic &
1.8 Coupled Majorana (Ey+0) 1.8 —— Coupled Majorana (Ey+0) scaﬂgrlng. Lorentz ratio (W) vs the
W wo coupling strength (€) of the BVT probe
for (a) with both phase and momentum
relaxation (b) with phase relaxation.
1.0 1.0 Parameters are Er = 10ueV,
Ey =03ueV, T =1ueV, ¢ = ¢y,
0,6 and elastic scattering at junction Jy, Ja,
0.00 0.25 0.50 0.0 0.5 1.0 where ¢ — hc/e and o =4 and rep-
€ € resents elastic scattering at J1 and J2.
(2) (b)
3.0 3.0
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——Uncoupled Majorana (Ey=0) —— Uncoupled Majorana (Ejy=0) FIG. 4'. Effect of M.ajorana bound state
—— Coupled Majorana (Ey+0) —— Coupled Majorana (Ey+0) er?ergy' Lorentz ratio (W) vs the cou-
w2.0 w2.0 pling strength (€) of the BVT probe for
(@) with both phase and momentum
relaxation (b) with phase relaxation.
Parameters are Er = 10ueV,
1.0 1.0 Ey = 255ueV, T = 1ueV, ¢ = ¢,
and elastic scattering at junction J, J,
0.00 0.25 0.50 0.0 0.5 1.0 where ¢ — hc/e and a =} and rep-
€ € resents elastic scattering at J1 and J2.
(@ (b)
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MBS case, the Lorentz ratio with both phase and momentum relaxa-
tion follows a power law %8, while only for phase relaxation, it
follows a power law 0340, see Fig. 3. Similarly, for the coupled MBS
case, the Lorentz ratio for both phase and momentum relaxation fol-
lowed a power law of 28, where as for phase relaxation, it is 27, see
Fig. 3. We observe that the presence of elastic scattering does affect
the prefactor to some extent but the power law in the violation of
the Wiedemann-Franz law remains the same.

C. Effect of Majorana bound state energy

In Fig. 2, we observe that the coupled MBS has weaker viola-
tion compared to the uncoupled MBS. However, this is not always
the case. In Fig. 2, we had considered the Majorana bound state
energy Ey = 0.3ueV for the coupled MBS. However, if we con-
sider Ey = 2.55ueV, then the coupled MBS can have stronger vio-
lation than uncoupled MBS (Ey = 0), see, Fig. 4. We observe that
while the Lorentz ratio for the phase and momentum relaxation
follows a power law of 27¢, while only for phase relaxation follows a
power law of &7 for the uncoupled MBS. For coupled MBS, the
Lorentz ratlo with phase and momentum relaxation follows a
power law L3, where as for only phase relaxation follows a power
law L35, Herein also although the power law remains unchanged,
the numerical prefactor undergoes a significant change due to
change in the Ej; value.

VIil. CONCLUSION

We studied the violation of Wiedemann-Franz law in the
presence and absence of MBS and the scaling of the Lorenz ratio
concerning the strength of inelastic scattering induced by a BVT
probe. We find that the WF law is only violated in the presence of
MBS. We studied the scaling of the Lorenz ratio in the presence of
inelastic scattering with both phase and momentum relaxation and
with only phase relaxation and compared our results with those of
the Luttinger liquid model studied in Ref. 16. We showed that the
Lorenz ratio decays with increasing strength of inelastic scattering
when MBS are present, irrespective of whether they are individual
or coupled. The Luttinger liquid model predicts that the Lorenz
ratio is inversely proportional to the Luttinger parameter with
W(g) = 2 . In the presence of individual MBS with both phase and
momentum relaxatlon, the Lorenz ratio scales with inelastic scatter-
ing () as W = , /4, whereas for phase relaxation only, the Lorenz
ratio scales with € as W = 27;. When MBS are coupled, the scaling
is similar with W =& ,7/;* for phase and momentum relaxation, and
W= 2‘% with phase relaxation only.'” We also observe that the
presence of elastic scattering at J1 and J2 and Majorana bound
states energy does not have any impact on the power law, but the
numerical prefactor significantly changes. The results show that the
electron—electron interaction in the Luttinger liquid model is
similar to the inelastic scattering induced phenomenologically by
the BVT probe™ with both phase and momentum relaxation.'®*’
Further, we show that for coupled MBS, the Lorenz ratio is greater
than one when inelastic scattering is absent and decays with
increasing €. For individual MBS, the Lorenz ratio is conserved
without inelastic scattering and decays when inelastic scattering is
introduced. This distinct behavior of the Lorenz ratio in the scaling
can be used to detect MBS.
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There can be several ways of implementing this work experi-
mentally. References 44 and 45 show the experimental realization of
proximity-induced superconductivity in topological insulators, which
is a key component of our setup. The superconductor-ferromagnet
junction has also been experimentally realized before,” on the ques-
tion on the effect of the magnetic field. The magnetic field is shielded
such that it does not influence the magnetization of the ferromagnet.
This is similar to the Aharonov-Bohm effect seen in normal metal
rings and semiconductors. As such, magnetization in the ferromag-
nets will be finite. Our setup may be realized in a HgTe quantum
well, see Ref. 30. The couplers in our study can represent either elastic
scattering at J1, J2 or inelastic scattering at the BVT probe. In our
approach, the use of a BVT probe plays a critical role. Experimentally,
significant progress has already been made in deriving such BVT
probes with the realization of small Ohmic contacts that function as
voltage probes, as demonstrated in a pioneering study.”* A voltage
probe is a device through which no net charge current flows, achieved
by applying a specific voltage bias. However, our proposal requires a
BVT probe, which is slightly more advanced, wherein both the net
charge and heat currents are zero. Similarly, the couplers J1 and J2
allow elastic scattering through them. The net charge and heat cur-
rents via these couplers are non-zero, in contrast to the other coupler
through which the net charge and heat currents are zero. These cou-
plers can also be modeled as a three-way junction, similar to the
coupler used for inelastic scattering. These advancements in experi-
mental realizations underscore the feasibility and importance of the
BVT probe in understanding fundamental quantum transport phe-
nomena in mesoscopic systems, which are important for considering
many-body effects in mesoscopic samples phenomenologically.”’~**
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APPENDIX A: EXPRESSION FOR CHARGE AND HEAT
CURRENT AND ONSAGER COEFFICIENTS WITH PHASE
AND MOMENTUM RELAXATION

Using the Landauer-Buttiker scattering theory, we can find
the charge and heat currents in each terminal of the setup

8¥:05:50 620z Arenuer Lz

J. Appl. Phys. 136, 224304 (2024); doi: 10.1063/5.0236520
© Author(s) 2024

136, 224304-10


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

described in Fig. 1(a). In our work, the left and right terminals are
at voltages V; = 0 and V, =V, respectively. Similarly, the temper-
atures of the left and right terminals are T} and Ty + ATy, respec-
tively. The BVT probe is at temperature T + AT and voltage V.
From Eq. (11), we can write the charge and heat currents for our
setup in terms of the Onsager elements as

ARTICLE
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terminal due to spin-up electrons and holes are given by

Ts Ts Ts Tse
IlT s Lo Lisey L12e;cT Lizer
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The corresponding heat currents due to spin-up electrons and
holes are given by

T’e ;€ H4 N4 ;e

ha TSTY) IS(T) LTS LT

1k sh Tsh Tsh 5h

1 TS(TE) 18T LT LT |, v

i _| sy 1Ty wTly wT | [ v (A6
b S(TEY 18Ty LTy LTl AAT;}

1 TS(TE) TS(TE) LTE) LTE)

1 TS(TH) TS(TY) LT LT

q

Similarly, for the spin-down electrons and holes, the charge cur-
rents are given as

LS\ (GTE) GTE) ST STH) 5
i GTE) GTH) STH) ST | / v 5
gt | | GTE) GTE) ST ST || vs 5
l h - l'h l‘h l'h l'h AT (A7) o
e GTE) GTYE) STE) ST R g
s GTYE) G(TE) ST S(TH) 5
I GTEY GTY"y STty s

and the corresponding heat currents due to spin-down electrons
and holes are given by

l’e ;€ H4 N4 ;e

L TS(TE) TS(TH) LT LTl

b L Lih L Lih

iq TS(TE) TS(TH) LTEY LT | /v

By | | 1S 1T 1T M [ v e
Ly TS(TS) TS(TH) LTH) LTS AAT;}

1 TS(TE) TS(TE) LTY) LT

i TSN TS(TH Ly L

We are solving Eqs. (3)-(8) and using Eq. (12) for the S-matrix
of the BVT probe, one can find the transmission probabilities Tffkk
and T;js;lk in the setup. Plugging the transmission probabilities in
Egs. (A1)-(A4), along with Egs. (9) and (10), allows us to calculate
the charge and heat currents in each terminal. We represent the
charge and heat currents in terms of the voltage and temperature
biases in a matrix notation below. The charge currents in each

where G(X) is the electrical conductance for particles with trans-
mission probability X, S(X) is the Seebeck coefficient for particles
with transmission probability X, and L(X) is the thermal conduc-
tance for particles with transmission probability X. We can calcu-
late the charge and heat currents for phase and momentum
relaxation given in Eq. (9) by using the respective S-matrix for t}g(:
SS3)

BVT probe’’ when solving for the transmission probabilities T35
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and 7% In Eqs. (A5)-(A8), the electrical conductance G(T(E , Te e Tie e Te Tie
s lze-gb q ( ) ( ) u (T’J( )) Ique LlZ;qV L13;qV L14;qV LlZ;qT L13;qT 14,9T
& Y [l plh gl gk gTho T T
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I4q L42;qV L43;qV L44;qV L42;qT L43;qT 44;qT
Toh T5h T5h 15h T5h T5h T5h
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the Seebeck coefficient S(Tf}k (E)) is given by
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The thermal conductance L(Tf]’-k(E)) is given by e Le Le Le Le ple  rle AT
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APPENDIX B: EXPRESSION FOR CHARGE AND HEAT L Loy Lvay Litav Livar Livgr Lisgr || vs &
CURRENT AND ONSAGER COEFFICIENTS WITH PHASE phe | T pbe ple ple phe ple e AT | (B4)
3q 32,qV 733,qV T34qV 32T T33;qT 34T
RELAXATION Lh I Lhe lhe Lk Lk Lk AT
I DECN F C M F VIR # A SO 5 34
Similar to the phase and momentum relaxation case, we can afe ize,qV fe’qv itqv j_ze’qT i:qT i:’ﬂ AT
relate the charge and heat currents to the voltage and temperature Iy Lypgv Lisgy Liagv Lingr Lusgr Laggr
difference using the Landauer-Buttiker scattering theory. We set Ii’h pbh gk gLk oLk pLho Lk
the voltage of the left terminal at zero and the temperature at Tj, 1 45qV. TAnqV. TakqV T4zl Ta3qT ekt
while the right terminal is at voltage V and temperature T; + ATg.
Using Egs. (9) and (10), we relate the charge and heat currents to Finding the transmission probabilities T?;kk and T?;lk from
the voltage and temperature biases in the matrix form as Egs. (3)-(8) and using Eq. (24) for the S-matrix of the inelastic

scatterer, we can find the charge current in each terminal of the
setup in Fig. 1(b), i.e., with only phase relaxation as
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