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Thermoelectrical properties are frequently used to characterize materials and endow the free energy from
wasted heat with useful purposes. Here, we show that linear thermoelectric effects in tunnel junctions with
Fe-based superconductors not only address the dominance between particle and hole states but also even provide
information about the superconducting order-parameter symmetry. In particular, we observe that nodal order
parameters present a maximal thermoelectric effect at lower temperatures than for nodeless cases. Furthermore,
we show also that superconducting tunnel junctions between Fe-based and BCS superconductors could pro-
vide a thermoelectric efficiency ZT exceeding 6 with a linear Seebeck coefficient around S ≈ 800 µV/K at
a few kelvins. These results pave the way to developing novel thermoelectric machines based on multiband
superconductors.
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Introduction. Physical systems based on hybrid supercon-
ducting junctions have demonstrated a great potential for
energy management issues [1–4]. Recently, they have also
attracted interest for their unexpectedly good thermoelectric
(TE) performance [5–12], finding also a role in different
quantum technology applications [13–15]. In a two-terminal
system, a necessary condition for thermoelectricity in the lin-
ear regime, i.e., for a small voltage δV and a small temperature
bias δT , is breaking of the particle-hole (PH) symmetry. A siz-
able linear TE effect, much larger than that commonly found
in metallic structures, has been recently reported in supercon-
ductor (SC)–ferromagnet tunnel junctions (TJs) [5,6,16], due
to the spin-dependent effective breaking of PH symmetry.

Here, we show a robust linear TE effect in hybrid su-
perconducting junctions with a multiband SC, namely, an
Fe-based SC (FeSC). Our results, beyond proving a linear
TE effect with unconventional SCs, establish TE phenomena
as a potential probe of the superconducting order-parameter
symmetries. In fact, one of the central problems for uncon-
ventional SCs is the nature of the pairing mechanism, which is
tightly connected to the order-parameter symmetries [17–20].
Pairing symmetry is known to be d wave in cuprates but is
still unresolved for the FeSCs. They are unique among uncon-
ventional SCs, since different ordering phenomena are present
in a multiorbital scenario [21–23]. It was first theoretically
predicted that FeAs-based high-temperature SCs have a sign
change of the order parameter on the Fermi surface [21].
Experimental evidence for FeSCs seems to be favorable to
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s± pairing, implying that the electronlike and holelike bands
both develop an s-wave superconducting state with opposite
sign of the order parameter [21,24]. Point contact Andreev
reflection spectroscopy has also been applied to FeSCs to
probe the order-parameter symmetry [25,26]. However, the
results of these studies are not completely conclusive due to
the complexity of the Andreev reflection spectra of a normal-
metal/multiband-SC interface. Notably, bulk thermoelectrical
measurements of FeSCs have been reported for the normal
state [27], although the analysis is quite intricate due to the
competition of different mechanisms, such as phonon-drag
[28] and magnon-drag phenomena [29], in a multiband set-
ting. The linear TE properties of a TJ between an FeSC
and a normal metal allow the strong intrinsic PH asymme-
try in the FeSC density of states (DoS) to be identified in
a quite direct way, also for the superconducting phase. We
will also potentially discriminate between different order-
parameter symmetries. Furthermore, if the normal metal is
replaced by a Bardeen-Cooper-Schrieffer (BCS) SC, we ob-
serve also astounding TE figures of merit, which may be
relevant for energy-harvesting applications and quantum tech-
nologies [14,15,30,31].

Thermoelectrical transport. In order to address the physics
of the FeSC, we focus on the linear TE properties of a TJ
between an FeSC and a normal metal (or a SC); see Fig. 1(a).
The linear response coefficients of charge (I) and heat (Q̇)
currents can be expressed in terms of the Onsager matrix [32]

(
I
Q̇

)
=

(
σ α

α κT

)(
δV

δT/T

)
, (1)

where we assumed that time-reversal symmetry is satisfied
and that there is a small voltage (temperature) bias δV (δT ).
Here, α is the TE coefficient, while σ and κ are the electric
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FIG. 1. (a) Cartoon of the thermally biased TJ formed by
an FeSC and a normal or s-wave superconducting electrode.
(b) Electronlike (+, blue curve) and holelike (−, red curve) band
contributions to the DoS, N±

FeSC(ε); see Eq. (4). The hopping parame-
ters, in units of |t1|, are (t1, t2, t3, t4) = (−1, 1.3, −0.85, −0.85). The
chemical potential is taken at half filling μ = 1.54, and the gap size
is assumed to be �FeSC

0 = 0.1. The inset shows a magnification of the
total DoS, NFeSC(ε), in the energy range |ε| � 2�FeSC

0 .

and thermal conductances, respectively. At the lowest order
of tunneling, it is easy to express those linear coefficients as

⎛
⎝σ
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4kBT cosh2(ε/2kBT )
(2)

in terms of the lead DoS, N j (ε) with j = L, R, where GT

is the normal-state conductance of the junction, −e is the
electron charge, and kB is the Boltzmann constant. In our
analysis, we take into account two different cases, i.e., a
junction formed by an FeSC tunnel coupled with a normal
lead, i.e., with NR(ε) = 1 being the energy-independent nor-
malized DoS in Eq. (2), or alternatively with an s-wave SC,
with NR(ε) = |Re[ ε+i	√

(ε+i	)2−�2(T )
]|, where 	 = γ�0 is the

phenomenological Dynes parameter [33], �0 = 1.764kBTc,
and Tc is the critical temperature of the BCS SC. In this case, it
is also implicitly assumed that the Josephson coupling [34,35]
between the two superconducting leads is strongly suppressed
[36]. However, let us point out that most of the results shown
in the following, particularly those in which we will look at the
effect of the order-parameter symmetry on the TE response,
are obtained by considering an FeSC-I-N junction, where the
Josephson effect is not even present.

To calculate the DoS of an FeSC, we rely on the two-
orbital, four-band tight-binding approach given by Raghu
et al. [37], which is the minimal model [38]. The diago-
nalization of this tight-binding Hamiltonian model leads to
eigenvalues that can be written in a compact form as

εd
k± =

√(
ε0

k±
)2 + | �dk,g|2. (3)

Here, ε0
k± = ξk+ − μ ±

√
ξ 2

kxy + ξ 2
k−, μ is the chemi-

cal potential, and �dk,g = (0, 0, sx2y2 ), where sx2y2 ≡ s± =
�FeSC

0 cos kx cos ky, �FeSC
0 is the gap size, and | �dk|2 represents

the effective amplitude of the pairing interactions [39]. For the
explicit expressions of ξk± and ξkxy we refer the reader to the
Supplemental Material [40]. We adopted the s±-wave state,
which is the mostly accepted FeSC pairing state [41,42]. How-
ever, the multiband character of FeSCs also offers chances
for more exotic pairing states [39,42], and thus we will also
discuss TE properties with other order-parameter symmetries
in the following. Hereinafter, we take the interorbital hopping
parameter |t1| as a standard unit of energy, and temperature
is measured in units of |t1|/kB [43]. Finally, the FeSC total
DoS turns out to be the sum of an electronlike [+, blue curve
in Fig. 1(b)] and a holelike [−, red curve in Fig. 1(b)] band
contribution [44], NFeSC(ε) = N+

FeSC(ε) + N−
FeSC(ε), where

N±
FeSC(ε)=

∑
k

ε + ε0
k±

2εd
k±

{
δ
[
εd

k± − ε
] − δ

[
εd

k± + ε
]}

. (4)

Note also that the superconducting instability opens the gap
symmetrically around the chemical potential, as illustrated
in the inset of Fig. 1(b) (see also the Supplemental Material
[40]).

Figures of merit. In order to quantify the TE performance, it
is usual to consider the Seebeck coefficient S = −α/(σT ) and
thermodynamic efficiency with the dimensionless figure of
merit ZT = S2σT/[κ − α2/(σT )] [45]. A large value of ZT
means better thermodynamic efficiency, and if it tends to in-
finity, the efficiency of the device tends to the Carnot limit. In
the following, we show how S and ZT of an FeSC–insulator–
normal-metal (FeSC-I-N) junction depend on the temperature,
considering possible different values of �FeSC

0 [46] and chang-
ing the doping level, μ [47].

Figures 2(a) and 2(b) collect the S(T,�FeSC
0 ) and

ZT(T,�FeSC
0 ) maps at the half-filling condition μ = 1.54.

For a given �FeSC
0 , both the Seebeck coefficient and the TE

efficiency behave nonmonotonically, with a clear maximum
that shifts towards gradually higher temperatures as �FeSC

0
increases. Indeed, �FeSC

0 is the energy scale that mainly influ-
ences the optimal temperature that maximizes the TE effect.
Furthermore, by increasing �FeSC

0 the subgap states reduce,
correspondingly requiring higher energies to achieve the same
TE effect. The use of FeSCs is a further advantage over
conventional SC configurations, since it allows operation at
higher temperatures that provide a larger Seebeck coefficient.

Figures 2(c) and 2(d) show what happens when chang-
ing the doping level, keeping fixed �FeSC

0 = 0.1 [48]. The
FeSC DoS dependence on μ is illustrated in the Supplemental
Material [40]. The S(T, μ) map still reveals single-peaked
profiles, but modifying the doping we observe the inversion of
the Seebeck coefficient sign around μ ∼ 0.75, below (above)
which S > 0 (S < 0) for the hole (electron) DoS contribution
dominates. We note that the point at which the Seebeck coeffi-
cient changes sign differs from the half-filling condition. The
reason for this is the lack of symmetry between particlelike
and holelike bands for an FeSC in the energy window deter-
mined by the working temperatures.
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FIG. 2. FeSC-I-N junction: (a) and (b) Seebeck coefficient, S(T, �FeSC
0 ), and figure of merit, ZT(T,�FeSC

0 ) at μ = 1.54. (c) and (d) S(T, μ)
and ZT(T, μ), at �FeSC

0 = 0.1. The legends in (c) and (d) refer also to (a) and (b), respectively, and the red dashed line marks the condition
(�FeSC

0 , μ) = (0.1, 1.54). FeSC-I-S junction: (e) and (f) S(T, �0 ) and ZT(T, �0), at μ = 1.54, �FeSC
0 = 0.1, and γ = 10−4. The dashed lines

in (c) and (f) mark the values �th
0 = 1.764T . A cartoon in the top-right corner of each panel helps the reader to recognize the type of junction

considered at a glance.

In the cases discussed so far, we achieve Seebeck coeffi-
cients up to |S| ∼ 150 µV/K reaching also TE efficiencies of
ZT ∼ 0.5. In the case of an undoped FeSC, μ = 1.54, with
�FeSC

0 = 0.1, i.e., the red dashed lines in Figs. 2(a)–2(d), the
highest TE efficiency is reached at T � 1.6 × 10−3, which
may be a temperature around 2.8 K.

We remark that the maximum Seebeck coefficient we ob-
tain is several orders of magnitude larger than that usually
found in metallic structures at the same temperatures. How-
ever, in terms of the thermoelectricity, the FeSC-I-N junction
outperforms magnetic TJs [49] and is quite well comparable
to hybrid SC-ferromagnet TJs [50,51] and quantum-dot setups
[52].

It is noteworthy to show that if we replace the normal metal
with a BCS SC with a gap �0, the linear thermoelectricity can
be further enhanced. This effect can be ascribed to the addi-
tional contribution of the conventional DoS peaks intertwined
with the multiband character of the FeSC. Thus, in Figs. 2(e)
and 2(f), we present the S(T,�0) and ZT(T,�0) maps of an
FeSC-insulator-SC (FeSC-I-S) TJ. In this case, we assume a
specific FeSC with a given gap �FeSC

0 = 0.1, and we explore
the TE response at different values of the BCS superconduct-
ing gap �0. A region of the (T,�0) parameter space emerges
in which both the Seebeck coefficient and the TE efficiency in-
crease significantly, even reaching the values |S| ∼ 870 µV/K
and ZT ∼ 6.5 at (T,�0)max � (0.63, 5.3) × 10−3. In natural

units, these quantities correspond to T � 1.8 K for a BCS SC
with Tc � 5.2 K [53].

Order-parameter symmetry detection. We show here that
TE figures of merit are also a powerful tool for addressing
order-parameter symmetry (OPS). We compare the tempera-
ture dependence of S and ZT of an FeSC-I-N TJ, with μ =
1.54 and �FeSC

0 = 0.1, taking into account different OPSs:
We cover the three possible s-wave symmetries, i.e., the
constant-gap case s0, sx2y2 = �FeSC

0 cos kx cos ky, and sx2+y2 =
�FeSC

0 (cos kx + cos ky)/2, and the two d-wave symmetries,
i.e., dxy = �FeSC

0 sin kx sin ky and dx2−y2 = �FeSC
0 (cos kx −

cos ky)/2 [54]. Since it will be useful later on, we recall that
the dx2−y2 , dxy, and sx2+y2 OPSs are nodal, while the others are
nodeless [39,55].

Figure 3 demonstrates that the TE figures of merit can
provide valuable clues for determining the OPS of the sys-
tem. Figure 3(a) takes a closer look at the different DoSs
in play, with the inset serving to highlight the low-energy
region. Figures 3(b) and 3(c) illustrate the Seebeck coef-
ficient S(T ) and the TE efficiency ZT(T ), both showing,
on a semilog scale, bell-shaped, single-peaked profiles for
each symmetry considered. It immediately stands out that
the “position” of these peaks depends strongly on the OPS:
Indeed, for the s0 and sx2y2 cases, both S and ZT are peaked
roughly around T peak ∼ 10−3, while the other symmetries
give S and ZT peaks centered on temperatures an order of
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FIG. 3. FeSC-I-N junction: (a) DoS, NFeSC(ε); (b) Seebeck coef-
ficient, S(T ); and (c) figure of merit, ZT(T ), for different symmetries
of the order parameter, at μ = 1.54 and �FeSC

0 = 0.1. The inset in
(a) illustrates the low-energy behavior of the DoSs. The legend in
(b) refers to all panels.

magnitude lower. To give realistic numbers (here the subscript
distinguishes symmetries), the S peaks for nodeless OPSs are
located at T peak

x2y2 � 3.3 K (blue) and T peak
0 � 1.4 K (violet),

whereas for nodal cases one finds T peak
xy � 0.13 K (yellow),

T peak
x2+y2 � 0.12 K (green), and T peak

x2−y2 � 0.10 K (red). To grasp
this result, we recall that the energy window relevant for
calculating the TE coefficients scales with temperature, i.e.,
|ε| ∼ T [40]. For instance, the energies considered in the inset
of Fig. 3(a) are essentially those where one should focus if
T ∼ 10−4. Here, it is evident that only the dxy, sx2+y2 , and
dx2−y2 DoSs (i.e., those showing ZTs peaked at these tem-
peratures) are clearly nonzero. We see that nodeless FeSC
pairings present maximal thermoelectricity (absolute value
of the Seebeck coefficient) at relatively high temperatures.
Instead, for the nodal cases, due to the presence of low-energy
states in the gap, the maximal thermoelectricity is observed at
much lower temperature regimes. This result is quite robust
in the presence of variations in the gap amplitude, hopping

parameter, and chemical potential values [40]. Furthermore,
we also see that the first two DoSs, i.e., the yellow and green
curves, are unbalanced toward the hole side (ε < 0), unlike
the third DoS, i.e., the red curve, which appears to be slightly
unbalanced toward the particle side (ε > 0). This is directly
reflected in the sign of S, which immediately tells us the PH
asymmetry of the FeSC DoS, and therefore S > 0 (S < 0)
in the former (latter) case. This is clearly confirmed also by
looking at the PH asymmetry of the DoSs on the larger energy
scale considered in Fig. 3(a). It is evident, for instance, that the
s0 and sx2y2 OPSs, i.e., the violet and blue curves, respectively,
are unbalanced to the right, i.e., the particle contribution dom-
inates, thereby making S negative.

We emphasize that in principle, the measurement of the
PH asymmetry could be addressed by directly measuring the
tunneling differential conductance. However, a systematic ex-
perimental asymmetry in the bias polarization of the junction
cannot be easily excluded thus loosing sensitivity for small
PH asymmetry. The linear thermoelectricity much more safely
returns this information in an independent way. Yet we stress
that the thermoelectrical signatures discussed in this Research
Letter, being associated with the quasiparticle tunneling in
the junction, are not affected by any phonon- or magnon-drag
effects, which instead usually influence the bulk TE properties
in the normal phase [27].

Conclusions. To summarize, we have demonstrated that
an FeSC TJ can show sizable TE efficiency and that both
the TE figure of merit and the Seebeck coefficient are found
to be nonmonotonic, single-peaked functions of temperature.
Moreover, they can provide details of the underlying sym-
metry of the order parameter addressing the PH asymmetry
of the DoS. In particular, we demonstrated in an FeSC-I-N
junction that the position of both the ZT and S peaks allows
us to clearly distinguish nodal from nodeless symmetries. Fur-
thermore, the sign of S provides further information about the
PH asymmetry, distinguishing cases where the TE efficiency
is not discriminating, such as for the two d-wave symmetries.
Our results also establish the relevance of multiband SCs
forthe generation of novel TE devices.

As a closing remark, we observe that the proposed ap-
proach may be used for studying other quantum materials
[42]. Multiorbital pairing approaches have been widely used
also to shed light on other multiband SCs, such as ruthenates
and nickelates, and to provide insights into Hund metals.
Therefore the TE-based investigation of tunnel junctions
presented in this Research Letter complements the actual ex-
perimental techniques, providing fertile ground for the study
of novel quantum materials.
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