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The unambiguous identification of Majorana zero modes (MZMs) is one of the most outstanding problems
of condensed matter physics. Thermal transport provides a detection tool that is sensitive to these chargeless
quasiparticles. We study thermoelectric transport between metallic leads transverse to a Josephson junction.
The central double quantum dot hosts conventional or topological Andreev states that depend on the phase
difference ¢. We show that the presence of MZMs can be identified by a significant amplification of both the
electrical and thermal conductance at ¢ ~ 7 as well as the Seebeck coefficient at ¢ ~ 0. In addition, we show
that the Wiedemann-Franz law is strongly violated in the presence of MZMs around ¢ ~ 7 when compared to
the conventional case. We further investigate the robustness of our results against Cooper pair splitting processes.
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I. INTRODUCTION

Josephson junctions (JJs) have been extensively studied
in numerous works, driven by their wide range of applica-
tions, from metrology [1,2] and quantum simulation [3] to
quantum computation [4—6]. Recently, topological JJs gained
significant attention as they provide robust platforms hosting
Majorana zero modes (MZMs) [7-10]. In particular, similar
quantum-dot-based setups have demonstrated promising po-
tential as platforms for flying qubits [11,12], as these systems
feature well-established quantum interferometers [13—15].

Even though the unequivocal detection of MZMs remains
an open problem, several approaches have been proposed to
investigate the topological nature of JJs, such as analyzing the
current-phase relation [16-21]. While the quantized electrical
conductance was initially considered an exclusive feature of
topological materials, it was later realized that it can arise
from any zero-energy mode [22-25].

Since the establishment of standard thermoelectric mea-
surement techniques in the early 1990s [26,27], they have
advanced to promising tools to detect chargeless MZMs,
with their signatures manifested in the thermal conductance
[28,29], voltage thermopower [30-32], or the violation of the
Wiedemann-Franz law [33-35]. In quantum-dot-based multi-
terminal setups, it was reported that a possible smoking gun
to detect MZMs is an opposite sign behavior of the Seebeck
coefficient as a function of the energy level of the quantum dot
(QD) compared to a conventional superconductor [36—41].

In this paper, we study the multiterminal system depicted
in Fig. 1(a), which also represents a generalization of Cooper
pair splitting (CPS) setups [42—45]. The central region con-
sists of two coupled QDs, each of them connected to one
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metallic lead and both are connected to two superconducting
leads. We restrict our analysis to the noninteracting limit since
it has already been shown that the low-energy behavior and
the conductance is dominated by the effects of MZMs even in
the Kondo regime [46,47]. In contrast to previous discussions
aforementioned, we find that the presence of a MZM does not
generally result in the sign change of the Seebeck coefficient.
Therefore, alternative methods are required for their definitive
identification. For this purpose, we propose a measurement of
the transverse thermoelectric transport coefficients as a func-
tion of the phase difference ¢ = pp — ¢ between the bottom
(B) and top (T) superconductors. In particular, we show that
the linear-response signals of both the electrical and thermal
conductance around ¢ & 7 as well as the Seebeck coefficient
around ¢ ~ 0 show a huge amplification in the presence of
MZMs. We also show that MZMs lead to a strong violation of
the Wiedemann-Franz law around phase differences ¢ ~ .

II. DOUBLE-QUANTUM-DOT MODEL

We consider the four-terminal junction shown in Fig. 1(a)
with a central spin-degenerate, noninteracting double QD.
The central Hamiltonian reads Hop = Za’a £ado‘:0 dy., where
do((l,) annihilates (creates) an electron of spin o € {1, |} at the
on-site energy &, € R of QD « € {L, R} and the interdot cou-
pling of strength w > 01is given by Vop = —w Y (d;  drs +
d;,adw). The full model including the leads is represented
by the Hamiltonian H = Hqgp + Vop + Hicads + Hiunnel, Where
Heags describes the four terminals modeled by semi-infinite
chains [48,49], with details provided in Appendixes A
and B. The dot-to-leads coupling is described by Hyppel,
characterized by the parameter I'y g for normal and supercon-
ducting leads, respectively. To study the effect of topological
superconductivity on transverse thermoelectric transport,
the superconductors are either of conventional s-wave or

©2024 American Physical Society
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FIG. 1. (a) Two QDs (green) with energy levels ¢, x and interdot
coupling w. The left (L) (right (R)) normal-metal terminal (yellow)
at temperature 77 (7x) and chemical potential wu; (ug) is coupled
to the left (right) QD with coupling I'y. The top (T) and bottom
(B) superconductors (cyan) with phases ¢r g are equally coupled to
both dots with strengths I's. (b) CPS is controlled with the nonlocal
coupling ['cps. If I'cps = 0, each QD is coupled to a copy of the
superconductor with identical phase ¢.

<Teps<I's

topological p-wave type. For simplicity, the latter case is
modeled by semi-infinite spinless Kitaev chains in the deep
topological regime [49,50], which are members of symmetry
class BDI [51]. More realistic models based of a semiconduct-
ing nanowires with strong spin-orbit coupling in a magnetic
field, which belong to symmetry class D [52], should yield
the same results in the fully spin-polarized (i.e., effectively
spinless) regime, in which Majorana end states appear.

As sketched in Fig. 1(b), the parameter I'cps describes the
nonlocal splitting of Cooper pairs into two electrons, each
being transferred to a different QD. In general, I'cps depends
on the geometry of the contact and the coherence length of the
Cooper pairs [53] and allows the modeling of more realistic
situations.

III. TRANSMISSION FUNCTIONS AND BAND INVERSION

We study the transmission functions between the two
normal-metal electrodes as an effective two-terminal setup.
Due to the connection to the superconductors, the center
hosts Andreev bound states (ABS) that mediate the transverse
thermoelectric transport. As shown in Appendix C, the trans-
mission functions between the terminals £;, £, € {L, R} in the
spinless p-wave case read

7.’17.’2( )_ 41—~2

a
014y 5111 (2T7(8)G€2'[2,(1T1(8)’ (1)

where G"¢ is the dressed retarded/advanced Green’s function
of the center and 7y, 7, € {e, h} are the electron-hole compo-
nents. For two s-wave terminals, all Green’s functions are spin
symmetric due to the absence of spin-flip terms, which results
in an additional factor of 2 in the transmission functions in
Eq. (1). Due to particle-hole symmetry, the transmission func-
tions satisfy Tmz(e) = ’77”2( e)withT =h,eif T =e, h.
This allows us fo focus on electron cotunneling (EC) 747,
local Andreev reﬂectlon (LAR) Tg#, and crossed Andreev
reflection (CAR) T, which determine the transverse ther-
moelectric properties of the junction [cf. Egs. (2)-(4) below].
The main differences between conventional s-wave and
topological p-wave terminals are best observed in the EC
transmission function 74/ and the local density of states
(LDOS) of the central region defined as Tr[Im(G”)], where
the trace runs over site and particle-hole degrees of freedom.
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FIG. 2. (a) LDOS on the double QD coupled to either two s-wave
(top row) or two p—wave (bottom row) superconductors with I'y = 0.
(b) EC transmission 7z with I'y = A/5 for two s-wave (top row) or
p-wave (bottom row) superconductor%. Parameters: I's = A, I'cps =
Fs, & = Ep = —A/2

We first show in Fig. 2(a) the LDOS as a function of the
phase difference ¢ for strong CPS (I'cps = I's) and symmetric
dot levels (¢, = eg). For both conventional and topological
leads, we find a single pair of nondispersive states and a
single pair of ABS at energies |¢| < A, where A is the order
parameter of the two superconductors. While the ABS are
changing with ¢, the constant states are fixed at energies
& A~ E(€4g + w) due to the strong interference enabled by
Ieps = I's, where g4y, = (61 + 6r)/2 is the average energy
level of the double QD. Generally, the ABS in the s-wave case
are gapped around ¢ = m, while there is always a protected
MZM at ¢ = 7 for p-wave terminals.

In Fig. 2(b), we show the EC transmission function 7Tgy.
In both cases, the electronic constant resonant state shows
a strong transmission at &€ & g,y¢ + w and increasing w > 0
leads to a shift of the constant resonant line toward positive en-
ergies. Pushing these states further to energies |¢| > A reveals
the resonant behavior of the dispersing ABS. While there is
strong electron transmission for the ABS at negative energy in
the s-wave case, the p-wave configuration shows a dominant
electron transmission at positive energies. This relative inverse
behavior is a strong signature of band inversion in topological
p-wave superconductors. However, the overall behavior in
both cases is not fixed to be particlelike or holelike and can
be changed by changing the QD energies. In the symmetric
case &, = &g, the inversion point follows the simple condition
W = |€ayg|, as shown in Fig. 6 in Appendix D.

For asymmetric values, ¢, # ¢g, the constant energy states
hybridize with the dispersing ABS. However, as shown in
Fig. 7 in Appendix D, the transmission function is then still
dominated by a resonant line at energies & X g, + w. This
neither changes the qualitative behavior nor our previous dis-
cussion. Finally, smaller ['cps < ['s, as being of relevance in
CPS experiments [42—-44], will lead to the appearance of a
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second pair of dispersing ABS, while the formerly constant
energy states start to merge with the continuum |¢| > A. In
that sense, this parameter interpolates between double-dot and
effective (multilevel) single-dot behavior, the latter defined by
I'cps = 0 [cf. Fig. 1(b)].

IV. THERMOELECTRIC RESPONSE

We are interested in the thermoelectric charge and heat cur-
rents, Ig and Jg, respectively, in the right contact within linear
response at the Fermi energy u = 0. We consider the small
voltage and temperature bias, 6V and 7, respectively, to be
applied to the right terminal, which implies 7, = T, u, = 0,
Tk =T + 6T, and ug = eSV. Then, starting from Egs. (C8)
and (C9) in Appendix C, the linear response Onsager relations

read [54]
( Ir/e ) 1 L1 L <e8V) &
Jr/ksT)) — h\La1 L] \kgdT)’

where £ = (L,,)m.n=12 is the Onsager matrix with

00 e m+n—2 8f
Lom = f_ § (kB—T> me)(—%)ds. 3)

Here, f(g) = (1 + ¢/*7))~1 i5 the equilibrium Fermi func-
tion and T, kg,e,h >0 are the temperature, Boltzmann
constant, elementary charge, and Planck constant, respec-
tively. Using Eq. (1) and particle-hole symmetry, the total
transmission functions read

T =T =Tgt + Tal + 2Tz (4a)
Tio =T = Tgf + Tip- (4b)

The linear electrical conductance and the Peltier coeffi-
cient, measured at thermal equilibrium 67 = 0, read G =
GoLy, and I1 = kgT Ly1/(eLy1), respectively, where Gy =
% /h is the electrical conductance quantum. The linear thermal
conductance and Seebeck coefficient, measured at Ir = 0,
read K = 3K0det(£)/(n2/311) and S = kgL2/(eL), respec-
tively, where Ky = rrzklz;T/ (3h) is the thermal conductance
quantum [54]. Since electrons and holes from the same termi-
nal see the same QD, 7% will always be a symmetric function
of energy ¢ resulting in £, = £, and [T = T'S.

Note that the Wiedemann-Franz law [55], K o G, which
would imply Lo o Ly if L5 < L) at low temperature, is
generally violated due to LAR contributions to I if the volt-
age bias is applied to the right terminal [54,56]. In contrast, a
temperature gradient does not generate LAR contributions to
the thermal current J.

For completeness, we show this violation in Fig. 3 for
different phase differences ¢ in the s- and p-wave case. In
the s-wave case, shown in Fig. 3(a), this violation is always
present at phases ¢ # m and becomes largest at ¢ = 0. At
¢ = m, the Wiedemann-Franz law is satisfied due to the sym-
metric choice of all couplings to the superconductors, which
results in vanishing CAR and LAR transmission functions.
Furthermore, the qualitative behavior of the violation does not
change between weak or strong CPS controlled by I'cps. In
contrast, the p-wave case [Fig. 3(b)] shows a strong violation
for all phases (except some isolated points where L = L), and

) (a) s-wave
3
~
)
0 T
0 1 2
¢/m

FIG. 3. Violation of the Wiedemann-Franz law as a function
of the phase difference ¢ for several values 0 < I'cps < I's. We
plot L := K/(GT) = 3 Lodet(£)/(n*L3)), where Ly = n%k%/(3€?)
is the Lorenz number. The Wiedemann-Franz law is satisfied for
L =Ly (dotted line). Parameters: w = 3A, ¢, = —A/2, e =0,
kBT - 1072A, FN == A/S, FS == A

in particular for ¢ & m, as long as I'cps < [s. In the strong
CPS case I'cps = I's, the violation is only appearing around
the phase difference ¢ ~ 1, i.e., the region close to the MZM.
From this violation it can be concluded that the MZM leads to
finite LAR contributions at low energy.

A. Seebeck coefficient

The Seebeck coefficient S is a measure of whether the
thermoelectric transport through a system is particle or hole
dominated. In Fig. 4, we first discuss the influence of band in-
version on § for both the s- and p-wave case (solid and dashed
curves, respectively). To understand the effect of the MZM in
the p-wave case, we turn our attention to the two characteristic
phase differences ¢ = 0 and ¢ = 7z, for which § is largest as
a function of &;. To distinguish between Majorana-mediated
physics and nonlocal effects, we also consider several values
of the nonlocal Cooper pair splitting I"cps.

In the absence of pair-breaking effects (I'cps = 0),
the Seebeck coefficient in the p-wave case [black dashed
curve in Fig. 4(b)] is inverted compared to the corresponding
s-wave case [black solid curve in Fig. 4(a)]; an effect solely

A Teps/T's
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a =N\ — 10 \
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FIG. 4. Seebeck coefficient S for varying &, at different I'cps.
(a) s-wave at ¢ = (solid) and p-wave at ¢ = O (dashed). The
orange and black dashed lines are scaled down by a factor 0.1.
(b) s-wave at ¢ = 0 (solid) and p-wave at ¢ = 7 (dashed). The blue
dashed line is scaled down by a factor 0.1. Parameters: w = 3A,
FN = A/S, FS = A, ER = OA, kBT = IO*ZA.
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caused by the presence of MZMs and band inversion in the
topological junction.

On a qualitative level, increasing I'cps does not change
too much the general behavior of S in the s-wave case, while
there is a strong dependence for two p-wave terminals. In the
latter case for strong I'cps (dashed blue lines in Fig. 4), the
magnitude of the Seebeck coefficient is the same regardless of
the phase difference and the region in which the sign change
appears is very narrow. This robust behavior can be explained
with the presence of the resonant nondispersing level that
appears at the energy & ~ &,y; + w. The only qualitative dif-
ference between the dashed blue lines in Fig. 4 is the presence
of the MZM at ¢ = m [Fig. 4(b)] with a large conductance
G, which leads to a suppression of S o« G~! everywhere else.
When I'cps < T'g, the p-wave case can be well distinguished
from the s-wave case with the aid of the phase difference
¢. Due to the small conductance, the Seebeck coefficient at
¢ = m in the s-wave case is one order of magnitude larger
[orange and black solid curves in Fig. 4(a)] than the similar
topological case [orange and black dashed curves in Fig. 4(b)].
At ¢ = 0 the topological case shows a huge Seebeck response
[orange and black dashed curves in Fig. 4(a)] for the same
reason, while the corresponding conventional case is one or-
der of magnitude smaller [orange and black solid curves in
Fig. 4(b)].

Note that S in Fig. 4(a) is solely determined by the EC
transmission function 77, as LAR and CAR are absent for
these phase differences at the symmetric choice of the direct
couplings to the superconductors [cf. Fig. 1] and remain negli-
gible for small asymmetries. However, LAR is not negligible
in the conductance at other phases [i.e., Fig. 4(b)] and it is
dominant in the p-wave case due to the MZM, as discussed in
detail in Appendix E.

B. Effect of the phase difference and CPS

As we now show, measuring the thermoelectric coeffi-
cients in combination with tuning the applied phase difference
across the JJ allows us to identify the presence of MZMs. For
this purpose, we show in Fig. 5 the electrical conductance
G, the Seebeck coefficient S, and the thermal conductance
K for different JJs. As a first observation in the s-wave case
[Fig. 5(a)], G, S, and K show only an overall weak signal that
is largest at ¢ = ;. While both G and K do not significantly
change on a qualitative level for different I'cps, S shows a
sign change around ¢ & 7 as I'cpg is increased. In contrast,
the magnitude of the signals in the p-wave case [Fig. 5(b)]
are much larger compared to the s-wave case. In particu-
lar, G shows the expected quantized conductance peak from
LAR at the MZM at ¢ = 7 with G = 2Gy [49] that is also
robust against increasing ['cps, which is shown in Fig. 8(a)
in Appendix E. At I'cps = I's, G is generally not quantized,
but drops to G = Gy in the case of symmetric couplings and
equal dot levels ¢, = eg. Furthermore, K only shows a sig-
nificant signal around phase differences close to ¢ ~ m for
a large range of I'cps = 0.3 I's that increases for increasing
[cps. This behavior is a consequence of the violation of the
Wiedemann-Franz law due to the presence of LAR; see Eq. (4)
and Fig. 3. Although K is zero at exactly ¢ = 7 for a large
range of I'cps, it increases to the quantized value of K = Kj/2

(a) s-wave (b) p-wave
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FIG. 5. Electrical conductance G, Seebeck coefficient S, and
thermal conductance K for varying ¢ and ['cps. (a) s-wave case.
(b) p-wave case. |S| in (b) is plotted on a logarithmic scale and is in
the range (eS/kg) € [—5.27, 0.03]. Parameters: w = 3A, 'y = A/S,
Is=A,e, =eg = —A/2, kgT = 1073A.

in the case of symmetric coupling and equal dot energy, as
shown in Fig. 8(b) in Appendix E, which was also reported
in Ref. [29] for a continuous setup. In addition, S takes large
values for small I'cps at ¢ =~ 0 due to the vanishingly small
electrical conductance. This region [dark red area for S in
Fig. 5(b)] also extends to larger phase differences at large
Feps S Ts.

V. CONCLUSION

In the four-terminal setup shown in Fig. 1, we have investi-
gated how ABS mediate the thermoelectric transport between
two normal-metal contacts transverse to a Josephson junction.
In contrast to previous claims [36—41], we have shown that an
inverted Seebeck coefficient is not a unique feature of MZMs
and that ABS coexisting with resonant states [Fig. 2] or the
strength of CPS in multidot systems also induce sign changes
even in conventional JJs [Figs. 4 and 5(a)].

Moreover, we have compared the linear thermoelectric
transport coefficients between conventional and topological
JJs [Fig. 5]. In general, the signals in the conventional case
are expected to be one to three orders of magnitude smaller
than for the topological case. In particular, both the electrical
and thermal conductance are strongly amplified at ¢ ~ 7 in
the presence of MZMs, while the Seebeck coefficient is large
around ¢ ~ 0 due to the vanishingly small conductance. In
addition, we have shown that the Wiedemann-Franz law is
always strongly violated in the p-wave case around ¢ ~ 7,
while it is always satisfied in the s-wave case. This should
represent a phase-sensitive and robust detection criterion for
MZMs in such devices. As Cooper pair splitter experiments
have been successfully performed and transverse geometries
are in experimental reach in multiterminal setups, we believe
that our theoretical proposal is ready to be implemented with
current state of the art technology.

There are still numerous open questions in these types
of systems, e.g., how these results connect to larger-scale
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continuous junctions or how the ABS in a mixed s- and
p-wave situation influence the thermoelectric properties.
Furthermore, it will be interesting to investigate whether
quasi-Majorana zero modes and the resulting Andreev bound
states in nanowire-based Josephson junctions in the trivial
regime can be distinguished from real MZMs in the topo-
logical regime with the help of transverse phase-dependent
thermoelectric transport [57-59].
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APPENDIX A: BOUNDARY GREEN’S FUNCTIONS
OF THE FOUR TERMINALS

The left (L), right (R), top (T), and bottom (B) leads
in the four-terminal junction that is sketched in Fig. 1(a) of
the main text are all modeled by semi-infinite tight-binding
chains, generally described by the set of Hamiltonians

Hleads — H[(,n) + HI(Qn) +H7("A/p) + H](;/P). (Al)
We assume that the left and right terminals are normal metallic
electrodes (superscript n), while the top and bottom leads are
superconductors of either conventional s-wave or topological
p-wave type (superscript s or p). The Hamiltonian He(s for
the conventional s-wave superconductors is given by the tight-
binding chain

H;S) = Z |:—t Z(CZJ-’GCLH—I,J + CZ,jJrl.oCW*") + Ae”"*’czmczj’¢ + Ae""‘cz,j,¢c£,j,{|

J o

- ; C
=Y (e} 1o k) (=2t cos(k)Ts + A6'@”%1)(;@’/(’T )
K

(A2)
0, —k,|

where ¢;j, = Y, Coroe V¥//N annihilates and Cz/',a =Y it 1,€7/v/N creates an electron of spin o € {1, |} on site j
in terminal ¢ = T, B. Furthermore, ¢ > 0 is the hopping parameter that is related to the lattice spacing defining the effective
bandwidth in the model, the number of sites is N — oo, A > 0 is the superconducting order parameter, and ¢y is its phase. We
also introduced a set of Pauli matrices i, 7, and 73 in Nambu space, with 7y being the identity.

If the top and bottom superconducting terminals are of topological p-wave type, we describe them by spinless Kitaev chains
(at zero on-site potential) with the Hamiltonian [49,50]

1 . . .
() _ = o T ' i ot —igy
H,"” = 7 E [ t(cz,jck,j-i,-] + ce’che,_,) + Ae ‘c“cl,ﬁrl + Ae (ce,j-&-lcl.j]
J

1 .
= 5 D _(Chpo ct (=1 cos(k)Ts + Asin(k)e ™ n)(ccf’k ) (A3)
X ' t—k

Note that the topological p-wave terminal is considered to be
spinless and, hence, c?]). does not depend on spin. In both the

s-wave and p-wave case, the normal-metal Hamiltonian He(”)
(¢ = L, R) follows from HE(S) for A =0.

Following standard Green’s function techniques
[48,49,62,63], we obtain the bare matrix boundary Green’s
functions [in their respective basis defined in Egs. (A2) and
(A3)] for the semi-infinite terminals as

i
@) = —sgnm@)n,  L=L.R, (Ada)
_ Aeiwmf )
O = “&0t 1 (=T.B (Adb)
8 VAL — 72
/A2 _ 2 A iQeT3
¢V ) = < TOIJF T gL T.B, (Ad)
Z

(

where z = ¢ + in, with energy ¢ € R and a small Dynes pa-
rameter 7 — 0% [64]. In our numerical calculations we used
[n] = 1073 A for Figs. 2—4 and |n| = 1073 A for Fig. 5 in the
main text. The retarded and advanced Green’s functions are
defined for n > 0 and n < 0, respectively. We further assumed
that the band parameter ¢, which also plays the role of the
inverse normal-metal density of states at the Fermi energy,
is the largest energy scale in the total system (wide-band
approximation) [48]. Finally, note that the order parameter in
the topological case reads Ay = A and Agp = —A due to the
p-wave nature of the superconducting pairing [49].

In the wide-band limit, the normal-metal Green’s function
g%")(z) in Eq. (A4a) is constant in energy, while the conven-
tional superconductor described by g?)(z) in Eq. (A4b) shows
the characteristic BCS singularities at the energies ¢ = =A.In
contrast, the topological superconductor described by g(f )(2)
in Eq. (A4c) hosts a single Majorana state at ¢ = 0.
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APPENDIX B: DRESSED CENTRAL DOUBLE-QUANTUM DOT AND COUPLINGS

As explained in the main text, the central quantum-dot system is described by an interconnected double-quantum dot. In the
spinful (i.e., s-wave) case, the two quantum dots are considered to be spin degenerate and noninteracting, as described by the
Hamiltonian

dLT
, : : - dy
: T t t er w
Hp =Y tadyodas — w Y _(dfydro + djdrs) = (] dry. diy. dr)) [(_w o ) ® rg} i | ®D
Hop dl'u

where dé’f} annihilates (creates) an electron of spin o € {?, |} at the on-site energy &, € R of QD « € {L, R} and w > 0 is the
coupling strength between the two quantum dots. For the spinless p-wave case, we get the similar result

dr
. 1 R i

Hely = 3 eadyda — w(didp + didy) = 5] dp. di d)Hop | - (B2)
dy

As sketched in Fig. 1(a) in the main text, the left (right) normal-metal terminal is only coupled to the left (right) quantum dot,
while the top and bottom superconducting terminals are each coupled to both quantum dots simultaneously. The full coupling
Hamiltonian between the terminals and the central quantum dot system reads

Hgma = > Hip. (B3)
(=L.R,T.B
where in the s-wave case
s T CKkT
HY) = Z(—tgdzaceka +Hec)= Z ((dZT, de) Vi (J ) + Hc) ¢=L,R, (B4a)
ko X 0=k}
s Cek
Hip) = 3" ) (~tiadjycus +He) = ((d(IT, oy WVia (CT ! ) + Hc) ¢=T,B, (B4b)
a=LR ko k bk
and in the p-wave case
1 Cek
(p) _ T _ T —
HP = Xk:(—ndz co+He) = zk: ((de ,do)V, (CZ_) + Hc) ¢=L,R, (BSa)
& 1 c
HPY = 3" (~trgdjcy +He) = 3 >N ((di, da)Vm< o ) + Hc) ¢=T,B. (B5b)
a=L.R k a=L,R &k Co.—k
We also defined the coupling matrices V;, = —#,t3 and Vy, = —#4,73, Where #;, t,, > 0. We use the Dyson equation G =

g+ g2 G to calculate the dressed retarded and advanced Green’s function Ge¢ of the central system as

G (z) Grr(@)

Cecl@) = <GRL(z) Grr(2)

) =[z14 — Hop — S, (B6)

where 14 is a 4 x 4 unit matrix, z = & + in [cf. Eq. (A4)], and the self-energy matrix is given by

o (Z@)  Zpr(2)
E(Z)_(ERL@ ERR(z)>’ (B7)

where

T (@) = 8u Vel Ve + Y Vot (@)WVar (BS)
a=T,B
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and §,¢ is the Kronecker 8, which simplifies to

7 —tetpe (2Tg — AT T))
T (z) = —zéezr7sgn[lm(z)]to+ﬁ;B R (s-wave), (B9a)
17 tgotge (VAL — 2219 — Age¥rtr
Bi() = —ide—sgnlim(@)leo + ) - pel o D (pwave). (BOb)

B=T.B

In Eq. (B9), the origin of the first term is the coupling of the left (right) quantum dot to the left (right) normal-metal terminal,
while the second term arises due to the coupling of both dots to both top and bottom superconducting leads. In addition, the
coupling of both dots to a single superconductor adds nonlocal terms X;z(z) and Xg; (z) that lead Cooper pair splitting (CPS)
into two electrons.

As introduced in the main text, the normal-metal terminals are coupled to the double quantum dot with the effective couplings
Iy =1}/t > 0 (¢ = L, R), while the superconducting terminals are locally coupled to the double quantum dot with the effective
couplings I'g , = té, ¢/t 20 (B =T,B). In addition, the nonlocal couplings I'g Nt = #5113/t = 0 control the CPS. Since in
general experimental situations we have I'g ni. < /I'g,.I" g, We consider I'g N1 as an independent parameter in our theory. In
the main text, we choose symmetric couplings for simplicity: I'y :=1'y =g, I's ;=17 =T'rpr =I'pr = I'pg, and I'cps :=
Frne =TpNL-

Note that for the symmetric choice of couplings and the assumption of equal magnitude of the pairings, the self-energies
simplify to

2
Isels o

t . .
oo (z) = —i(Swfsgn[Im(z)]ro — W(ZZTO — AT 4 €977 1) (s-wave). (B10a)
-z
12 tsots e . ,
Yo (z) = —ifSH’ILSgH[Im(Z)]To + %(2\/ A% — 2279 — A[e¥TT — Y5 ]1y) (p-wave). (B10b)

Hence, there is no effect of superconductivity at a phase difference ¢ = ¢ — @7 = 7 in the s-wave case, while the same effect
happens at a phase difference ¢ = ¢ — ¢r = 0 in the p-wave case, which leads to the absence of both local and crossed Andreev
reflection at these phase differences.

(

APPENDIX C: TRANSMISSION FUNCTIONS
FOR CHARGE AND HEAT CURRENTS

In the following, we focus on the electric current Iz and
the heat current Ji in the right normal-metal contact that are
generated by applying a voltage or thermal bias to the right
contact. Since we do not consider a voltage bias between the
superconducting terminals, these currents will be stationary
(i.e., time independent). Hence, by starting from the defi-
nition of the currents Izp = —e(dNg/dt) and Jgr = (d(Hg —
WrNg)/dt), with the elementary charge e > 0 and Ng, Hg, and
Ur being the particle number operator, the Hamiltonian, and
the chemical potential in the right contact, respectively, and
by using a Fourier transformation to energy space, we get

[R 1 /00 eT3
= — Tr
Jr 2h ) €T0 — URT3

X [Vre GGgrle) — G;C(e)VCR]] de. (C1)

Note that the trace is taken over the particle-hole (Nambu) de-
grees of freedom. Furthermore, 4 is Planck’s constant, G- (¢)
and GGg(¢) are lesser dressed Green’s functions, and Ve =
Vee = —t,73 are hoppings between the central quantum dot
and the terminals. We use the Dyson equations for the lesser
Green’s function [48],

Gcr = GoeVergy + GeeVergr
Gre = 8xVreGee + 8rVreGee

(C2a)
(C2b)

where the superscripts r and a are for the retarded and
advanced Green’s functions, respectively. Using the general
relation G — G = G — G" that holds for both dressed and
bare Green'’s functions [48], Eq. (C1) becomes

I _ i /Oo Tr et3
Jr)  2h J_o £Tp — URT3

x [VeGgcVergr — VRCGECVCRg;]} de. (C3)

Finally, we use the symmetric version of the Dyson equa-
tion for the dressed lesser and greater Green’s function [48]

Gor = ) GeeVeugy ™ VaeGle (C4)
¢=L,R

to arrive at

I — i Z /OO Tr €73
Jr)  2h A~ ) ET) — RT3

x VreGreVee|87 VecGecVergr
— 80 VecGécVergr ] } de. (C5)

Note that we neglect the current contributions from and into
the superconductors in Eq. (C4) since we are only interested
in linear response around zero energy. The uncoupled normal
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Eavg = A Eavg = 3A

o/7r

Eavg = DA

T —

20 1
¢/m

@/T

Eavg ~ 3.6A Eavg = DA

ot

FIG. 6. EC transmission function to show the inversion between electron or hole-dominated transport. The inversion is always happening
in both systems when the gap is closed in the s-wave case. Definition: &,y,/airr = (&1 £ €r)/2. (a) For gqiiy = 0, the crossover takes place at
gavg = W. (b) For g4t = 2A, the crossover takes place at £,y ~ 3.6A. Common parameters: w = 3A, n = 1073A, kgT = 1072A, Ty = A/S,

I's = A, Leps = Ts.

terminals are in equilibrium, in which the bare lesser and greater Green’s function is given by

. ¢ 0\ (Ada) 2i
g=@-a(f )2

0
1= f

1 — fe
g=-@-a( "

)(Aﬁa) g(l—ff 0 )
)T\ o 1= g)

(C6a)

)
o f)

(C6b)

Here, f, Z’h(E) = 1/[1 + ¢®FrI/&sT)] i5 the Fermi function for electrons and holes, respectively, of the left and right terminals,
which are at chemical potential i, and temperature 7;, and kg is Boltzmann’s constant. Substituting Eq. (C6) into Eq. (C5) and

taking the trace over particle-hole space, we finally get

(1R> _ L/“’ ( [T (fs — 1) + T (s —
JR 2h —00 (8 - I’LR)[ RgLe(flg - f{) + 7—;{'(]{; — th)] + (g + I’LR)[’]—R!f(f]? _ fLe)

L e(Tix + Tik)
+ 5 h h
2h (6 — ur)Tgg — (& + ur) Ty

where we defined the transmission functions
721222 (e) = 4F51 Iy, G Km 2 (¢) Géztv 2% (€). (C8)

The special case for I'y = I'r = 'y is presented in Eq. (1)
of the main text. Using particle-hole symmetry, which states
fie)=1— ff(—¢)and TT'TZ(S) ’T"’Z( e)withT =e, h
if T = h, e, we can further 51mp11fy Eq. (C7) to obtain

() =5 [ (o o=

Tl (fe — f1) + Tee(fe — fa)]de. (C9)

As explained in the main text, we consider a small voltage
8V and thermal bias 67 applied at the right normal-metal
terminal, i.e.: eV < kgT and 6T < T, respectively. Hence,
we choose T;, =T, up =0, Tgx =T + 6T, and ugr = eéV.
By expanding the integrand in Eq. (C9) to linear order in 6T
and 8V, we arrive at the linear Onsager relations presented in
Egs. (2)-(4) in the main text.

II) = Tae(fh = f2) — T (e — 1]

hh ( fR

fé')])dg

) (fi — f2) de. (C7)

APPENDIX D: COMPLEMENTARY FIGURES

Figure 6 shows the transition between the hole- and
electron-dominated transport regimes by means of the EC
transmission function 7. In general, the crossover between
these two regimes takes place whenever the gap in the s-wave
case is closed at ¢ = m (top row in Fig. 6). This also happens
at the same parameter set in the p-wave case, although the
gap is always closed due to its topological protection and the
presence of a Majorana zero mode (MZM) at ¢ = m. Note
that the EC transmission function is symmetric in energy ¢ at
the crossover point and does not contribute to the off-diagonal
Onsager coefficients £, and £;;. For a symmetric choice of
QD energies ¢, = eg [Fig. 6(a)], the crossover takes place at
€avg = w. The same closing of the gap happens also in the
asymmetric case &, # &g shown in Fig. 6(b), which, however,
shifts the crossover point to a different value of &,y,.

Figure 7 shows the complementary cases to Fig. 2 that were
briefly mentioned in the main text. In particular, in Figs. 7(a)
and 7(b) we show the LDOS and EC transmission function for
small asymmetric values of the quantum dot energies, &; #
eg. Again, for I'cps = I'y, we observe the constant resonant
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p-wave

w = A

—< LDOS —

RL

ce

[e=]

1
o/ o/ o/

=< LDOS ~—

o ce
7—Ii’L

1 20 1 20 1
Y o/ o/

FIG. 7. Complementary figures to Fig. 2 of the main text of the LDOS and the EC transmission function. (a), (b) Asymmetric quantum dot
energies &, = —A/2, eg = 0 and maximal CPS I'cps = I's. (¢), (d) Symmetric quantum dot energies &, = g = —A/2 and no CPS ['cps = 0.

Common parameters: n = 1073A, kgT = 1072A, Ty = A/5,Ts = A.

line in the EC transmission function, which we also see in
the symmetric case, although now the states are hybridized.
Furthermore, as shown in Figs. 7(c) and 7(d), the constant
resonant line disappears for weak CPS and a second pair of
Andreev states emerges.

APPENDIX E: LINEAR RESPONSE ELECTRICAL AND
THERMAL CONDUCTANCE AT LOW TEMPERATURE

The general elements of the Onsager matrix £ are given
in Eq. (3) in the main text. Their low-temperature behavior
is obtained by means of a Sommerfeld expansion of L,
resulting in [54]

L1 ~ T11(0), (Ela)
2
0
Lo~ Zar T2l (E1b)
3 e |,—
2
0
Lo~ ke O (Elc)
3 e |,
2
i
Ly ~ ?Tzz(o), (E1d)

where the general transmission functions 7, are defined in
Eq. (4) in the main text. Note that, although 75, # 7, due
to local Andreev reflection, we still have £, = £,; since
the corresponding transmission function 7% is symmetric in

energy and its derivative at zero energy is zero. From these
equations, we get the low-temperature behavior of the electri-
cal and thermal conductance as

G
— = L1 = T11(0), (E2a)
Gy
K 3 det(L)
Ky n Ly
72 (kgT)* 071> 0721
~ T, (0) — — , (E2b
2(0) 3 Th© 96 |y 9e | (E2b)

resulting in K ~ K T,(0) at low temperature as long as the
second term remains negligible. Since in general 7;; # T
due to LAR, Eq. (E2) shows the violation of the WF law that
is illustrated in Fig. 3.

The low-temperature limit allows us to get analytical
results for both conventional and topological Josephson junc-
tions, since we only have to determine the retarded and
advanced Green’s functions at zero energy by replacing z =
+in. Keeping in mind that n — 0" in the end, we also per-
form an expansion for small 5. To keep the analysis simple, we
use I's :=I'rp =I'rg =I'pr = I'pr and focus on the two
cases I'cps = 0 and 'cps = I'y for phases ¢ = 7 and ¢ # 7.

For a topological Josephson junction, evaluating the trans-
mission functions in the presence of a MZM requires special
care, since the result changes drastically for ¢ = w. The
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transverse transmission functions become

o™, ¢#m and Tcps=0
0(772)7 ¢ =T and FCPS =0
r(0) = T ey T OO, ¢#m and Dcps =Ty (E3a)
[y Dr(T2 (e +w)? ) (T3 +(er+w)?) . .
[T (T3+H(ertw? )+ Tr(Ti+(er+w)?) | +0G), ¢=m and Teps=Ts
0, ¢ =
0(7/6)a ¢#0,7r and T'cps =0
. o), p=m and D[cps =0
Ter )=y o), ¢#0,m and Teps =Ty (E3b)
T Tr(T7+(er+w)? ) (T3 +(er+w)?) _ _
[T (T2 +(er+w) ) +Te (T3 t+w)?) | +Om, ¢=x and - Tcps =T's
0, ¢=0
0(772)’ ¢ 75 0, T and FCPS =0
" 1+ 0(’7)’ ¢ =T and FCPS =0
KR(O) = 0(1’]2), ¢ 75 O, T and FCPS = FS s (ESC)
F;;(F%+(5L+w)2)2 _ .
[ (2 r )+ n(rireroyp T O ¢=mand Ters =Ts
which results in the transmissions [cf. Eq. (4) in the main text]
o™, ¢=0 and Tcps =0
24 0(77)’ ¢ =T and Fcps =0
on?), ¢#0,7 and Tcps=0
Ti(0) = . , (E4a)
Tt e tenzwy T O, ¢#m  and Teps =Ty
20 (T +(sL+w)*) _ —
P (e ) e (o) T O, =7 and  T'cps =T's
0(7]4)’ ¢ =0 and FCPS =0
0(772)a ¢o=m and T'cps =0
0(774)a ¢ Eé 0, T and Fcps =0
T22(0) = o ) (E4b)
Tt ey T O, p#m and I'cps =T
20 Tr(T7+(ep+w)? ) (T3 +(er+w)?) _ .
MMt eeror) et o) T O, ¢ =7 and Teps =T

We see that the electrical conductance is negligible at
¢ #m for 'cps =0 and it is quantized with G = 2G, at
¢ = m, similar to the result in Ref. [49] for a topological
superconductor-normal metal junction. Furthermore, we see
that G is completely determined by pure local Andreev reflec-
tion at the MZM. As presented in Fig. 8(a), this conductance
quantization is very robust for a wide range of 0 < ['cps <
['s, with a suppression only for strong I'cps — ['s.

For I'cps = Iy, the electrical conductance at ¢ # m fol-
lows the standard Lorentzian result for electron cotunneling

(

through a resonant level at the energy ep + ep + 2w [48].
Hence, it is completely dominated by electron cotunneling
through the resonant level that is visible in Fig. 2 in the main
text. At ¢ = m, the general electrical conductance is a mix-
ture of all tunneling processes. However, for the symmetric
choice of parameters ¢; = ¢g and I'; = I'g, the conductance
is G = Gy, which is also shown in Fig. 8(a).

On the other hand, as shown in Fig. 8(b), the thermal
conductance at ¢ = m is negligible at weak CPS. This is due
to the absence of LAR processes in the thermal conductance.
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1
=
t

— ' =Trer=cp
=== 3y =Tg,er=c¢p

] |

\1 - I'y=Dpe,=—ep
G)

(a) (b)

K/K,

-

T
0 Teps/Ts 1 0 Teps/Ts

FIG. 8. Robustness of the (a) electrical and (b) thermal conduc-
tance quantization in topological Josephson junctions for increasing
CPS. Parameters: w = 3A, 8, = —A/2, 7 = 107 A, kgT = 1073A,
I'=A/5Ts=A,¢p=m.

Similar to G at I'cps = Iy, the precise value is not quantized
and it is generally a mixture of EC and CAR contributions.
However, for the symmetric choice of parameters &, = g and
I'; = I'g, the thermal conductance is K = K;/2, which is also
shown in Fig. 8(b).

In contrast to the topological case, the transverse trans-
mission functions for a conventional Josephson junction are
smooth functions of the phase difference ¢. We will not
present the similar results for the s-wave case since the general
results are (i) too cumbersome and (ii) not particularly insight-
ful. However, it is worth noting that, similar to the topological
Josephson junction at ¢ = 0, LAR and CAR are zeroat¢p = 7
for conventional Josephson junctions due to the symmetric
choice of the couplings to the superconductors.

[1] V. Fatemi, A. R. Akhmerov, and L. Bretheau, Weyl Josephson
circuits, Phys. Rev. Res. 3, 013288 (2021).

[2] A. Belcher, J. Williams, J. Ireland, R. Iuzzolino, M. E.
Bierzychudek, R. Dekker, J. Herick, R. Behr, and K.
Schaapman, Towards a metrology class ADC based on Joseph-
son junction devices, J. Phys.: Conf. Ser. 1065, 052044 (2018).

[3] E. Manousakis, A quantum-dot array as model for copper-oxide
superconductors: A dedicated quantum simulator for the many-
fermion problem, J. Low Temp. Phys. 126, 1501 (2002).

[4] K. Flensberg, Non-Abelian operations on Majorana fermions
via single-charge control, Phys. Rev. Lett. 106, 090503 (2011).

[5] A. Stern and N. H. Lindner, Topological quantum
computation—from basic concepts to first experiments,
Science 339, 1179 (2013).

[6] S. Das Sarma, M. Freedman, and C. Nayak, Majorana zero
modes and topological quantum computation, npj Quantum Inf.
1, 15001 (2015).

[7] F. de Juan, R. Ilan, and J. H. Bardarson, Robust transport signa-
tures of topological superconductivity in topological insulator
nanowires, Phys. Rev. Lett. 113, 107003 (2014).

[8] M. Sato and Y. Ando, Topological superconductors: A review,
Rep. Prog. Phys. 80, 076501 (2017).

[9] H. Ren, F. Pientka, S. Hart, A. T. Pierce, M. Kosowsky, L.
Lunczer, R. Schlereth, B. Scharf, E. M. Hankiewicz, L. W.
Molenkamp, B. I. Halperin, and A. Yacoby, Topological super-
conductivity in a phase-controlled Josephson junction, Nature
(London) 569, 93 (2019).

[10] A. Fornieri, A. M. Whiticar, F. Setiawan, E. Portolés, A. C. C.
Drachmann, A. Keselman, S. Gronin, C. Thomas, T. Wang, R.
Kallaher, G. C. Gardner, E. Berg, M. J. Manfra, A. Stern, C. M.
Marcus, and F. Nichele, Evidence of topological superconduc-
tivity in planar Josephson junctions, Nature (London) 569, 89
(2019).

[11] B. Rossignol, T. Kloss, P. Armagnat, and X. Waintal, Toward
flying qubit spectroscopy, Phys. Rev. B 98, 205302 (2018).

[12] B. Lian, X.-Q. Sun, A. Vaezi, X.-L. Qi, and S.-C. Zhang,
Topological quantum computation based on chiral Majorana
fermions, Proc. Natl. Acad. Sci. USA 115, 10938 (2018).

[13] R. Schuster, E. Buks, M. Heiblum, D. Mahalu, V. Umansky,
and H. Shtrikman, Phase measurement in a quantum dot via a

double-slit interference experiment, Nature (London) 385, 417
(1997).

[14] J.-P. Cleuziou, W. Wernsdorfer, V. Bouchiat, T. Ondarguhu,
and M. Monthioux, Carbon nanotube superconducting quantum
interference device, Nature Nanotechnol. 1, 53 (2006).

[15] M. Veldhorst, C. Molenaar, X. Wang, H. Hilgenkamp, and A.
Brinkman, Experimental realization of superconducting quan-
tum interference devices with topological insulator junctions,
Appl. Phys. Lett. 100, 072602 (2012).

[16] G. F. R. Ruiz, M. A. Rampp, A. A. Aligia, J. Schmalian,
and L. Arrachea, Josephson junctions of two-dimensional
time-reversal invariant superconductors: Signatures of the topo-
logical phase, Phys. Rev. B 106, 195415 (2022).

[17] L. Peralta Gavensky, G. Usaj, and C. A. Balseiro, Topological
phase diagram of a three-terminal Josephson junction: From the
conventional to the Majorana regime, Phys. Rev. B 100, 014514
(2019).

[18] E. Vecino, A. Martin-Rodero, and A. Levy Yeyati, Joseph-
son current through a correlated quantum level: Andreev
states and 7 junction behavior, Phys. Rev. B 68, 035105
(2003).

[19] J. Pic6-Cortés, F. Dominguez, and G. Platero, Signatures of
a 4mr-periodic supercurrent in the voltage response of capac-
itively shunted topological Josephson junctions, Phys. Rev. B
96, 125438 (2017).

[20] L. Arrachea, A. Camjayi, A. A. Aligia, and L. Gruiieiro, Catalog
of Andreev spectra and Josephson effects in structures with
time-reversal-invariant topological superconductor wires, Phys.
Rev. B 99, 085431 (2019).

[21] C. Ren, Y. Wu, M. Sun, S. Wang, and H. Tian, Measuring the
nonlocality of different types of Majorana bound states in a
topological superconducting wire, J. Phys.: Condens. Matter 31,
045501 (2019).

[22] J. Alicea, New directions in the pursuit of Majorana
fermions in solid state systems, Rep. Prog. Phys. 75, 076501
(2012).

[23] A. R. Akhmerov, J. P. Dahlhaus, F. Hassler, M. Wimmer, and
C. W. J. Beenakker, Quantized conductance at the Majorana
phase transition in a disordered superconducting wire, Phys.
Rev. Lett. 106, 057001 (2011).

064517-11


https://doi.org/10.1103/PhysRevResearch.3.013288
https://doi.org/10.1088/1742-6596/1065/5/052044
https://doi.org/10.1023/A:1014295416763
https://doi.org/10.1103/PhysRevLett.106.090503
https://doi.org/10.1126/science.1231473
https://doi.org/10.1038/npjqi.2015.1
https://doi.org/10.1103/PhysRevLett.113.107003
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1038/s41586-019-1148-9
https://doi.org/10.1038/s41586-019-1068-8
https://doi.org/10.1103/PhysRevB.98.205302
https://doi.org/10.1073/pnas.1810003115
https://doi.org/10.1038/385417a0
https://doi.org/10.1038/nnano.2006.54
https://doi.org/10.1063/1.3686150
https://doi.org/10.1103/PhysRevB.106.195415
https://doi.org/10.1103/PhysRevB.100.014514
https://doi.org/10.1103/PhysRevB.68.035105
https://doi.org/10.1103/PhysRevB.96.125438
https://doi.org/10.1103/PhysRevB.99.085431
https://doi.org/10.1088/1361-648X/aaf149
https://doi.org/10.1088/0034-4885/75/7/076501
https://doi.org/10.1103/PhysRevLett.106.057001

RAFFAEL L. KLEES et al.

PHYSICAL REVIEW B 110, 064517 (2024)

[24] P. Yu, J. Chen, M. Gomanko, G. Badawy, E. P. A. M. Bakkers,
K. Zuo, V. Mourik, and S. M. Frolov, Non-Majorana states
yield nearly quantized conductance in proximatized nanowires,
Nat. Phys. 17, 482 (2021).

[25] K. Sengupta, I. Zutic’, H. J. Kwon, V. M. Yakovenko, and S. Das
Sarma, Midgap edge states and pairing symmetry of quasi-one-
dimensional organic superconductors, Phys. Rev. B 63, 144531
(2001).

[26] L. W. Molenkamp, T. Gravier, H. van Houten, O. J. A. Buijk,
M. A. A. Mabesoone, and C. T. Foxon, Peltier coefficient and
thermal conductance of a quantum point contact, Phys. Rev.
Lett. 68, 3765 (1992).

[27] H. van Houten, L. W. Molenkamp, C. W. J. Beenakker, and C. T.
Foxon, Thermo-electric properties of quantum point contacts,
Semicond. Sci. Technol. 7, B215 (1992).

[28] L. Fu and C. L. Kane, Superconducting proximity effect and
Majorana fermions at the surface of a topological insulator,
Phys. Rev. Lett. 100, 096407 (2008).

[29] A. G. Bauer, B. Scharf, L. W. Molenkamp, E. M. Hankiewicz,
and B. Sothmann, Quantized phase-coherent heat transport
of counterpropagating Majorana modes, Phys. Rev. B 104,
L201410 (2021).

[30] P. E. Dolgirev, M. S. Kalenkov, and A. D. Zaikin, Topology-
controlled thermopower oscillations in multiterminal An-
dreev interferometers, Phys. Status Solidi RRL 13, 1800252
(2019).

[31] C.-Y. Hou, K. Shtengel, and G. Refael, Thermopower and Mott
formula for a Majorana edge state, Phys. Rev. B 88, 075304
(2013).

[32] E. Sela, Y. Oreg, S. Plugge, N. Hartman, S. Liischer, and J.
Folk, Detecting the universal fractional entropy of Majorana
zero modes, Phys. Rev. Lett. 123, 147702 (2019).

[33] D. Giuliano, A. Nava, R. Egger, P. Sodano, and F. Buccheri,
Multiparticle scattering and breakdown of the Wiedemann-
Franz law at a junction of n interacting quantum wires, Phys.
Rev. B 105, 035419 (2022).

[34] F. Buccheri, A. Nava, R. Egger, P. Sodano, and D. Giuliano,
Violation of the Wiedemann-franz law in the topological Kondo
model, Phys. Rev. B 105, L081403 (2022).

[35] R. Das and C. Benjamin, Probing Majorana bound states
via thermoelectric transport, Europhys. Lett. 146, 16006
(2024).

[36] R. Lépez, M. Lee, L. Serra, and J. S. Lim, Thermoelectri-
cal detection of Majorana states, Phys. Rev. B 89, 205418
(2014).

[37] 1. Weymann, Spin Seebeck effect in quantum dot side-coupled
to topological superconductor, J. Phys.: Condens. Matter 29,
095301 (2017).

[38] J. P. Ramos-Andrade, O. Avalos—Ovando, P. A. Orellana, and
S. E. Ulloa, Thermoelectric transport through Majorana bound
states and violation of Wiedemann-Franz law, Phys. Rev. B 94,
155436 (2016).

[39] L. S. Ricco, F. A. Dessotti, I. A. Shelykh, M. S. Figueira,
and A. C. Seridonio, Tuning of heat and charge transport by
Majorana fermions, Sci. Rep. 8, 2790 (2018).

[40] L.-L. Sun and F. Chi, Detecting spin heat accumulation by
sign reversion of thermopower in a quantum dot side-coupled
to Majorana bound states, J. Low Temp. Phys. 203, 381
(2021).

[41] S. Valentini, R. Fazio, V. Giovannetti, and F. Taddei, Ther-
mopower of three-terminal topological superconducting sys-
tems, Phys. Rev. B 91, 045430 (2015).

[42] L. Hofstetter, S. Csonka, J. Nygard, and C. Schonenberger,
Cooper pair splitter realized in a two-quantum-dot Y-junction,
Nature (London) 461, 960 (2009).

[43] L. G. Herrmann, F. Portier, P. Roche, A. L. Yeyati, T. Kontos,
and C. Strunk, Carbon nanotubes as cooper-pair beam splitters,
Phys. Rev. Lett. 104, 026801 (2010).

[44] J. Schindele, A. Baumgartner, and C. Schonenberger, Near-
unity Cooper pair splitting efficiency, Phys. Rev. Lett. 109,
157002 (2012).

[45] Z. Cao, T.-F. Fang, L. Li, and H.-G. Luo, Thermoelectric-
induced unitary Cooper pair splitting efficiency, Appl. Phys.
Lett. 107, 212601 (2015).

[46] P. Majek, G. Gorski, T. Domariski, and I. Weymann, Hallmarks
of Majorana mode leaking into a hybrid double quantum dot,
Phys. Rev. B 106, 155123 (2022).

[47] G. Lara, J. Ramos-Andrade, D. Zambrano, and P. Orellana,
Kondo effect in a quantum dot embedded between topological
superconductors, Phys. E 152, 115743 (2023).

[48] J. C. Cuevas and E. Scheer, Molecular Electronics, 2nd ed.
(World Scientific, Singapore, 2017).

[49] A. Zazunov, R. Egger, and A. Levy Yeyati, Low-energy the-
ory of transport in Majorana wire junctions, Phys. Rev. B 94,
014502 (2016).

[50] A. Y. Kitaev, Unpaired Majorana fermions in quantum wires,
Phys. Usp. 44, 131 (2001).

[51] A. Bespalov, Majorana edge states in Kitaev chains of the BDI
symmetry class, SciPost Phys. Core 6, 080 (2023).

[52] C.-K. Chiu, J. C. Y. Teo, A. P. Schnyder, and S. Ryu, Classifica-
tion of topological quantum matter with symmetries, Rev. Mod.
Phys. 88, 035005 (2016).

[53] P. Recher, E. V. Sukhorukov, and D. Loss, Andreev tunneling,
Coulomb blockade, and resonant transport of nonlocal spin-
entangled electrons, Phys. Rev. B 63, 165314 (2001).

[54] G. Benenti, G. Casati, K. Saito, and R. S. Whitney, Fundamen-
tal aspects of steady-state conversion of heat to work at the
nanoscale, Phys. Rep. 694, 1 (2017).

[55] R. Franz and G. Wiedemann, Ueber die Wirme-
Leitungsfahigkeit der Metalle, Ann. Phys. (NY) 165, 497
(1853).

[56] R. Ghanbari and G. Rashedi, The Wiedemann-Franz law in
a normal metal-superconductor junction, Chin. Phys. B 20,
127401 (2011).

[57] G. Kells, D. Meidan, and P. W. Brouwer, Near-zero-energy end
states in topologically trivial spin-orbit coupled superconduct-
ing nanowires with a smooth confinement, Phys. Rev. B 86,
100503(R) (2012).

[58] C. Moore, T. D. Stanescu, and S. Tewari, Two-terminal
charge tunneling: Disentangling Majorana zero modes from
partially separated Andreev bound states in semiconductor-
superconductor heterostructures, Phys. Rev. B 97, 165302
(2018).

[59] C. Zeng, G. Sharma, S. Tewari, and T. Stanescu, Partially sep-
arated Majorana modes in a disordered medium, Phys. Rev. B
105, 205122 (2022).

[60] www.gauss-centre.eu

[61] www.lrz.de

064517-12


https://doi.org/10.1038/s41567-020-01107-w
https://doi.org/10.1103/PhysRevB.63.144531
https://doi.org/10.1103/PhysRevLett.68.3765
https://doi.org/10.1088/0268-1242/7/3B/052
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevB.104.L201410
https://doi.org/10.1002/pssr.201800252
https://doi.org/10.1103/PhysRevB.88.075304
https://doi.org/10.1103/PhysRevLett.123.147702
https://doi.org/10.1103/PhysRevB.105.035419
https://doi.org/10.1103/PhysRevB.105.L081403
https://doi.org/10.1209/0295-5075/ad3051
https://doi.org/10.1103/PhysRevB.89.205418
https://doi.org/10.1088/1361-648X/aa5526
https://doi.org/10.1103/PhysRevB.94.155436
https://doi.org/10.1038/s41598-018-21180-9
https://doi.org/10.1007/s10909-021-02593-9
https://doi.org/10.1103/PhysRevB.91.045430
https://doi.org/10.1038/nature08432
https://doi.org/10.1103/PhysRevLett.104.026801
https://doi.org/10.1103/PhysRevLett.109.157002
https://doi.org/10.1063/1.4936380
https://doi.org/10.1103/PhysRevB.106.155123
https://doi.org/10.1016/j.physe.2023.115743
https://doi.org/10.1103/PhysRevB.94.014502
https://doi.org/10.1070/1063-7869/44/10S/S29
https://doi.org/10.21468/SciPostPhysCore.6.4.080
https://doi.org/10.1103/RevModPhys.88.035005
https://doi.org/10.1103/PhysRevB.63.165314
https://doi.org/10.1016/j.physrep.2017.05.008
https://doi.org/10.1002/andp.18531650802
https://doi.org/10.1088/1674-1056/20/12/127401
https://doi.org/10.1103/PhysRevB.86.100503
https://doi.org/10.1103/PhysRevB.97.165302
https://doi.org/10.1103/PhysRevB.105.205122
http://www.gauss-centre.eu
https://www.lrz.de

MAJORANA-MEDIATED THERMOELECTRIC TRANSPORT IN ...

PHYSICAL REVIEW B 110, 064517 (2024)

[62] J. C. Cuevas, A. Martin-Rodero, and A. Levy Yeyati, Hamil-
tonian approach to the transport properties of superconducting
quantum point contacts, Phys. Rev. B 54, 7366 (1996).

[63] M. Alvarado, A. Iks, A. Zazunov, R. Egger, and A. L. Yeyati,
Boundary Green’s function approach for spinful single-channel

and multichannel Majorana nanowires, Phys. Rev. B 101,
094511 (2020).

[64] R. C. Dynes, V. Narayanamurti, and J. P. Garno, Direct
measurement of quasiparticle-lifetime broadening in a strong-
coupled superconductor, Phys. Rev. Lett. 41, 1509 (1978).

064517-13


https://doi.org/10.1103/PhysRevB.54.7366
https://doi.org/10.1103/PhysRevB.101.094511
https://doi.org/10.1103/PhysRevLett.41.1509

