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Materials where flattened electronic dispersions arise from destructive phase interference, rather than
localized orbitals, have emerged as promising platforms for studying emergent quantum phenomena.
Crucial next steps involve tuning such flat bands to the Fermi level, where they can be studied at low energy
scales, and assessing their potential for practical applications. Here, we show that the interplay of highly
dispersive and ultraflat bands inherent to these systems can lead to extreme interband scattering-induced
electron-hole asymmetry, which can be harnessed in thermoelectrics. Our comprehensive theoretical and
experimental investigation of Ni3In1−xSnx kagome metals supports this concept, showing that it could lead
to thermoelectric performance on par with state-of-the-art semiconductors such as Bi2Te3. In Ni3In,
scattering-induced electron-hole asymmetry is, however, subdued by an exotic conduction mechanism
arising from quantum tunneling of charge carriers between Dirac bands, unrelated to the flat band itself. We
outline strategies to selectively switch off this tunneling transport through negative chemical pressure or
strain. Our study proposes a new direction to explore in topological flat-band systems and vice versa
introduces a novel tuning knob for thermoelectric materials.
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I. INTRODUCTION

Topological flat-band (TFB) materials are of immense
current interest, as they promise a rich tapestry of emergent
correlation phenomena and novel physics to be discovered
[1,2]. Certain frustrated geometries such as the dice, Lieb,

or kagome lattices are theoretically predicted to support
completely flat electronic bands, that is, a quasi-infinitely
degenerate set of quantum states arising from internal
symmetries or local topology [3–5]. For instance, within
a single-orbital tight-binding model for the kagome
lattice—a corner-sharing network of triangles—destructive
interference among electronic hopping pathways leads to
perfectly flat bands in two dimensions [Fig. 1(a)]. The
pyrochlore lattice, a corner-sharing network of tetrahedra,
extends this notion to the third dimension [Fig. 1(b)]. Such
lattice-borne TFBs have emerged as promising platforms
for designing novel quantum phases of matter on demand,
as the electron-electron interaction becomes decisive com-
pared to the quenched kinetic energy [6,7]. While various
TFB candidates have been proposed in recent years [8–10],
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and there are now even catalogs and databases listing
thousands of such materials [11,12], an outstanding chal-
lenge and crucial question is how TFBs manifest in the
physical properties of the hosting materials and whether
their unique electronic structures can be harnessed for
practical applications [13].
Here, we recognize the remarkable prospect of TFBs—

given that they can be properly tuned around the Fermi
level—for thermoelectric (TE) materials. Thermoelectricity
refers to the ability of solids to seamlessly interconvert
thermal and electrical energy, which is attractive for various
power generation and cooling applications [15]. An effi-
cient TE material requires a large power factor PF ¼ S2σ
(S being the Seebeck coefficient and σ the electrical
conductivity) and a low thermal conductivity κ, summa-
rized in the dimensionless figure of merit zT ¼ S2σκ−1T,
where T is the absolute temperature.
Traditionally, only selected semiconductors have been

considered to be viable TEs ever since Ioffe proposed them
in themid-20th century [16]. This preference is rooted in the
fact that the bandgap in semiconductors inherently separates
the contributions of low- and high-energy charge carriers
(holes and electrons), prerequisite for achieving large S [17].
However, the rather poor σ of semiconductors, even in their
heavily doped forms, results in rather low PF and neces-
sitates the use of materials with ultralow lattice thermal
conductivity κl. To inhibit heat transport via the lattice, TE
semiconductors are usually complex alloys comprising
multiple elements and a high degree of structural and

chemical bonding intricacy [18]. As a downside, crystallo-
graphic and chemical features yielding ultralow κl often go
hand in hand with poor mechanical and thermal stability,
limiting the applicability of these materials [19]. Thus, it is
crucial to identify materials that display competitive zT
arising from large PF rather than from low κl [20].
Unfortunately, electronic tuning is hindered by intrinsic
trade-offs between σ and S, despite dedicated efforts in the
past aimed at overcoming these challenges [21–23].

A. “The best thermoelectric” revisited

What electronic structure provides the highest TE
performance? In their seminal work, Mahan and Sofo
attempted to answer this simple yet fundamental question
by mathematical derivation, establishing conditions for the
best thermoelectric [24]. They found that the energy-
dependent conductivity of charge carriers, characterized
by a unique transport distribution function σðEÞ, must vary
rapidly and ideally be shaped like a delta distribution. In
other words, charge carriers should contribute only in an
infinitely narrow energy interval. Recent theoretical
studies [25–29] suggest that a (rectangular) boxcar-shaped
transport function of finite width would be optimal and
superior to the delta function. In such a scenario, electronic
transport is bounded to a finite energy window with σðEÞ
instantaneously dropping to zero outside that interval.
In real materials, however, σðEÞ neither is bounded to
an infinitely narrow energy interval nor displays an
infinitely steep edge. Instead, σðEÞ increases linearly with

Kagome
Pyrochlore

Γ Γ W Γ L UWKM

En
er

gy
 (a

rb
. u

.)

σ0σσ

σmin

FB

DB

Γ X K L KX

Dispersionless in 2D Dispersionless in 3D
TFB TFB

EEF

Eg

E

0

D
(E((

)
E

m
ef

fff3/
2

0

σ(
E((

)
E

m
ef

fff-1

0

σ(
E((

)
E

FB

DB

Semiconductors Metals

EF

μW 

μW 

D
(E((

)
E

0

Weighted mobility

(a) (c) (d)(b)

FIG. 1. Topological flat bands for thermoelectric materials design. (a) Frustrated kagome and (b) pyrochlore lattices with compact
localized states (red-yellow) arising from destructive interference (Ø) of nearest-neighbor hopping paths. This yields topological flat
bands in two and three dimensions, respectively. (c) Energy-dependent density of states DðEÞ and transport distribution function σðEÞ
for a dispersive and for a flat band, separated by an energy gap. The slope of σðEÞ, the weighted mobility μW, determines the electronic
quality of TE semiconductors, in the regime near the band edge, where the single-parabolic band approximation holds [14].
(d) DðEÞ and σðEÞ for a metal, where dispersive (DB) and flat bands (FBs) overlap and interband scattering creates a very
steep edge in σðEÞ.
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a finite slope near the band edge [Fig. 1(c)] and becomes
weakly energy dependent in the center of a band. In a
single-parabolic band model, σðEÞ ∼DðEÞv2ðEÞτðEÞ, with
DðEÞ being the density of states, vðEÞ the velocity, and
τðEÞ the relaxation time of charge carriers [17]. In semi-
conductors, which can often be reasonably well described
by a single-parabolic band model, S depends on only the
distance of the Fermi level EF from the band edge and is a
direct measure of doping. The electrical conductivity σ and,
hence, PF, however, depend on the absolute value of σðEÞ
around EF. This yields a trade-off, since S decreases as EF
is shifted further into the band whereas σ increases. The
slope of σðEÞ, commonly referred to as the weighted
mobility μW, determines, in the single-parabolic band
regime, the electronic quality of a TE material, that is,
the highest achievable performance at an optimized posi-
tion of EF [14]. Enhancing μW is not as straightforward as
reducing κl. It is often wrongly assumed that a flat band
with a steep DðEÞ would also result in a steep σðEÞ.
However, while DðEÞ ∝ m3=2

eff , σðEÞ scales inversely
with the effective mass m−1

eff due to v2ðEÞ ∝ m−1
eff and

τðEÞ ∝ m−3=2
eff . Hence, charge transport via flat bands with

exceptionally steep DðEÞ cannot be directly exploited. In
fact, the best thermoelectric semiconductors, such as
Bi2Te3 and PbTe, usually display very dispersive bands
(DBs) around EF [30,31]. This inevitably means, however,
that semiconducting thermoelectrics with dispersive
(broad) bands cannot realize a narrow boxcar-shaped or
delta-distribution-shaped transport distribution.
Here, we present a materials design principle in which

the exceptionally steep band edge of flat bands can actually
be exploited to generate a steep edge in σðEÞ [Fig. 1(d)]. In
metals, where FBs overlap with DBs, carriers from the DB
can scatter into the FB, locally suppressing σðEÞ. These
interband transitions and, hence, the edge occurring in σðEÞ
are directly determined by DðEÞ of the FB, as shown later.
Through this paradigm, we tuned interband scattering of
mobile s-like carriers into more localized Ni-3d states and,
this way, realized in binary NixAu1−x alloys the highest PF
ever reported in a bulk material above room temperature,
PF ¼ 34 mWm−1 K−2 at 560 K, and the highest zT ever
reported for a metal, zT ≈ 0.3 (0.5) at 300 (1100) K [32].
A similar interband scattering scenario is at work also in
certain semimetals like CoSi [33,34]—yielding high PF ≈
6 mWm−1K−2 but modest zT ≈ 0.1—and has theoretically
been proposed for others [35]. Recently, Graziosi et al.
derived materials design criteria for metallic thermoelec-
trics employing a two-parabolic band model [36], and the
potential of extreme band asymmetry has even been
recognized for narrow-gap semiconductors and topological
semimetals [37–39].
While the malleable and ductile nature of metals makes

them especially attractive for designing new and innovative
TE device structures, e.g., for flexible and wearable

electronics [40,41], in the case of NixAu1−x, the high cost
of Au poses constraints for practical use and the obvious
question arises whether the TE performance could be
improved even further up to zT ≈ 1 near room temperature,
competitive with commercial Bi2Te3 systems [18,42]. To
achieve such a leap of TE performance, an important issue
to address is how to further flatten the bands compared to
the situation in binary NixCu1−x and NixAu1−x, where
alloying and disorder substantially smear the band edges.
We argue that metallic TFB systems appear to be near-
perfect candidates in this regard, not only because their
dispersion is significantly more flattened by geometrical
frustration, but also because their band flatness is topo-
logically robust and immune to alloying and chemical
disorder.
Additionally, we discover a quantum tunneling mecha-

nism for charge carriers between dispersive bands, unrelated
to the flat band, that needs to be taken into consideration
when designing scattering-tuned metallic thermoelectrics.
Given the importance of this tunneling mechanism, in
particular, for linear band crossings near the Fermi level,
which are essential band structure features for realizing an
optimal boxcar-shaped transport distribution [28], we stress
the crucial need for theoretical work reconsideringwhat kind
of electronic structure produces the best thermoelectric.

II. RESULTS

A. Extreme interband scattering in Ni3In

We implemented the above described concept in a
comprehensive experimental and theoretical investigation
of a particular promising candidate: the kagome metal
Ni3In. This system has recently been predicted to feature
almost dispersionless TFBs in conjunction with two highly
dispersive Dirac-like bands in its electronic structure,
exactly at EF [43]. Figure 2(a) shows the crystal unit cell
alongside a top view of the AB stacked kagome layers
formed by Ni atoms. The alternating sign pattern of the Ni-
3dxz orbital texture results in destructive phase interference
among inter- and intralayer hopping paths and spatially
localized electronic states around the triangular Ni pla-
quettes [red shaded area in Fig. 2(a)]. This yields ultraflat
bands exactly at EF as shown in Fig. 2(b). These FBs
produce an extremely steep edge inDðEÞ [Fig. 2(c)], whose
position with respect to EF can be tuned exceptionally well
via aliovalent Sn substitution at the In site in Ni3In1−xSnx
[Fig. 2(d)]. Since Ni3Sn exists as an isostructural variant, a
full solid solution is possible, as confirmed experimentally
[inset in Fig. 2(c)].
For a quantitative comparison, we compare in Fig. 3(a)

DðEÞ of Ni3In1−xSnx with those of binary transition metal
alloys like NixCu1−x and NixAu1−x. It is evident that, owing
to the hopping frustration-induced flattening of the Ni-3dxz
bands, the DðEÞ edge is much steeper for the former.
Because of the rapid variation ofDðEÞ, the scattering phase
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space for charge carriers from the underlying DBs exhibits
a strong energy dependence as well. By direct application
of Fermi’s golden rule, it follows that τ−1ðEÞ ∼DðEÞ. In
the following, we refer to it as the D−1ðEÞ model. At this
point, we also note that the analytic formula for electron-
phonon scattering in deformation potential theory yields
τðEÞ ∼D−1ðEÞ, which, for parabolic bands, results in the
well-known τðEÞ ∼ E−1=2 dependence of the relaxation
time. Figure 3(b) displays σðEÞ, normalized to its values
at E − EF ¼ 0.2 eV, to highlight and compare the drop in
σðEÞ around EF. It can be seen that while in the binary
alloys, with mundane Ni-3d bands, σðEÞ reduces to about
50% of its value 0.2 eVabove EF, the kagome metal shows
a remarkable drop to less than 10%, while the conductivity
remains high at E > EF in either case. This scattering-
induced energy filtering creates pronounced electron-hole
asymmetry and results in a very large Seebeck coefficient
S ≈ −136 μVK−1 at 300 K, well above those predicted
theoretically and achieved experimentally in both NixCu1−x
and NixAu1−x [Fig. 3(c)] or any other metal known to date.
As shown in Fig. 3(d), the high S coupled with the good
metallic nature of Ni3In1−xSnx would result in an out-
standing zT ≈ S2=L ≈ 1.1 at 300 K, rivaling or even
surpassing those of today’s best semiconductors [42].
We note that zT ≈ S2=L is a very good approximation
in highly metallic systems, such as Ni3In1−xSnx and

NixAu1−x, especially at high temperatures [32]. Indeed,
thermal conductivity measurements (Fig. S1 [44]) confirm
that electrons dominate thermal transport and that lattice-
driven heat transport is insignificant in Ni3In1−xSnx,
resulting in zT ¼ S2=L. Thus, only the Seebeck coefficient
S and the Lorenz number L determine the performance.
Energy filtering of charge carriers right next to either side
of EF enhances electron-hole asymmetry and thereby S. On
the other hand, selectively filtering charge carriers at higher
energies (approximately 3kBT above EF) to create a
boxcar-shaped transport distribution function σðEÞ can
strongly reduce L relative to the Sommerfeld value, further
boosting zT in metallic TEs [45]. Achieving such a
scenario via flat-band-induced energy filtering would
require different flat bands, one right next to EF and
another slightly above or below EF, depending on the
position of the first, which could be achieved, e.g., by
substituting transition metal atoms with localized non-
hybridizing impurity bands [46].
The theoretical estimates by the BTE-D−1ðEÞ model,

predicting a large Seebeck effect in metallic Ni3In1−xSnx,
motivated us to experimentally study the TE properties of
these compounds. Since large samples are an essential
requirement for conducting high-temperature TE measure-
ments, we prepared phase-pure polycrystalline samples in
the entire composition range from x ¼ 0 to 1 [experimental
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lattice parameters in the inset in Fig. 2(c)]. Figure S12 [44]
shows SðTÞ of three representative samples (x ¼ 0, 0.5, 1)
measured in a very broad temperature range 4–860 K. It can
be immediately seen that there is a large disparity between
experimental results and theoretical calculations using the
BTE-D−1ðEÞmodel [see also Fig. 3(c)], which is surprising
considering that usually very consistent agreement is
obtained, e.g., in binary transition metal alloys [32] or in
semimetallic CoSi [47]. It should also be pointed out that,
while Ni3Sn reveals near-perfect agreement, the disparity
becomes greater toward x ¼ 0. This raises concerns
whether the D−1ðEÞ model fails to accurately estimate
the energy-dependent scattering in Ni3In.
Therefore, in a second step of more advanced theoretical

assessment, we performed ab initio calculations of the
electron-phonon scattering rates in the relaxation time
approximation (RTA) using the PHOEBE code [48].
Figure 3(e) displays the energy-dependent carrier lifetimes
for electron-phonon scattering in Ni3In from RTA calcu-
lations at 300 K and the D−1ðEÞ model. It is evident that
both frameworks predict an abrupt decrease of τðEÞ,
starting about 0.1 eVabove EF, which is exactly the energy
range where the TFB states of Ni3In overlap with the more
dispersive bands; the inset shows a projection of the RTA

scattering rates onto the band structure in the relevant
energy range. These puzzling findings pose questions as to
why the steep edge in τðEÞ does not manifest itself
experimentally in a large Seebeck coefficient.

B. Zener quantum tunneling in Ni3In

To probe the unusual charge transport behavior of Ni3In,
we leveraged the PHOEBE code to perform calculations
within the Wigner transport formalism, a general theoreti-
cal framework that extends beyond semiclassical
Boltzmann transport theory, capturing additional quantum
mechanical transport effects by considering the spectral
nature of electronic structure. Through these calculations,
we demonstrate that extreme interband scattering is indeed
at play in this material but is shrouded by an exotic
conduction mechanism due to quantum tunneling between
Dirac-like bands, unrelated to the FB itself. Finally, we
outline strategies to overcome this challenge in Ni3In and
ways to avoid it in other TFB compounds.
The quantum nature of electrons and their interactions

with other quasiparticles such as phonons results in spectral
broadening of the electronic band structure. This spectral
quality allows them to undergo spontaneous vertical
transitions from one band into another, creating an
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additional contribution to σðEÞ [Fig. 4(d)] due to the Zener
tunneling mechanism [49]. Modern computational theory
can predict this effect by means of the Wigner transport
formalism, which has been well established in thermal
transport [50,51], though only a few studies have consid-
ered it in a charge transport context [52–54]. Utilizing the
Wigner transport equation (WTE), we calculated SðTÞ and
obtain near-perfect agreement with our experimental data
[Fig. 4(b)]. Here, electron-phonon scattering is calculated
from first principles in the RTA, and Zener tunneling is
accounted for as an additional additive transport contribu-
tion by the Wigner formalism, from now on referred to
as WTE-RTA. The additional conductivity from Zener
tunneling derived in the framework of the WTE can be
written as

σWigner ¼
gse2

VNk

X

k;ν;ν0;ν≠ν0

f0ν0 ðkÞ − f0νðkÞ
ϵν0 ðkÞ − ϵνðkÞ
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; ð1Þ

where gs ¼ 2 stands for the spin degeneracy and V for the
crystal unit cell volume and Nk represents the number of
wave vectors used to integrate the Brillouin zone.
Additionally, ν and ν0 represent band indices and v and
ϵ the electronic band velocities and energies, respectively,
and f0ðkÞ is the Fermi-Dirac distribution function. The
electron-phonon scattering rates Γ are obtained at the RTA
level. It can be seen that σWigner becomes large when

(a) (b)

(e) (f)

Ni3In

0 200 400 600 800
-150

-100

-50

0

BTE-D-1(E(( )E BTE-RTATT

WTE-RTA

(c)

S
 (μ

V 
K-1

)

(d)

Wave vector

c
ab

2

1

T (K)

EF
0

σ (
E((

)
E

C
R

TA

D
-1

(E
)

BT
E-

R
TA

W
TE

-R
TA

Ac
cu

ra
cy

Semiclassical 

E

σmin BTE-
RTA

+ Zener

BTE-CRTATT

-0.1

0.1

0.0

E
 −

 μ
 (e

V)

-0.2

0.0

-0.1

E
 −

 μ
 (e

V)

c < 0
εab > 0

0 1

0 1

K1 K2

K1 K2 σWigner 

0

Max

Ni3In
pristine

Strained
and doped

600 K

600 K

FB

FB

Most 
transitions

ε  = 5 %, n  = 0.8 f.u.

0

Max

σWigner
k,�

Quantum

σWigner
k,�

FIG. 4. Zener quantum tunneling transport in Ni3In. (a) The CRTA framework is the least accurate, as it entirely dismisses any energy
dependence of τðEÞ. While the latter is approximated within the D−1ðEÞ model and fully included within the RTA framework, the
Wigner formalism also takes into account “vertical” interband transitions due to Zener quantum tunneling, as sketched in (d). (b) The
experimental data of the Seebeck coefficient SðTÞ of Ni3In are compared to various levels of theoretical calculations: BTE-CRTA clearly
underestimates S at high T, whereas the BTE-D−1ðEÞ and BTE-RTA results overestimate it. The WTE-RTA formalism yields excellent
agreement with experiment. (c) Zener tunneling contribution to electronic transport coming from each high-symmetry band path, as in
Eq. (1), without the summation over k and ν, showing that only the Dirac-like bands in Ni3In with mixed orbital character and strong
linewidth overlap around their crossing are relevant. On the right, the associated contribution σWigner is plotted (in arbitrary units) for
different band fillings. (d) The Wigner term from vertical transitions adds up to the energy-dependent conductivity, yielding a
significantly larger σmin compared to the small (suppressed by interband scattering) RTA value and a reduced S compared to the BTE-
RTA result. (e),(f) Shifting apart the Dirac crossing from the FB upon strain tuning of Ni3In enables to switch off the Zener tunneling
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former is shifted toward higher energies. This allows switching off Zener tunneling while keeping electron-hole asymmetry, when EF is
adjusted to the FB and away from the Dirac crossing by doping accordingly. For the unstrained and strained plots, the k point ranges are
K1 ¼ ½0.05833; 0.05833; 0�, K2 ¼ ½0.10833; 0.10833; 0� and K1 ¼ ½0.04167; 0.04167; 0�, K2 ¼ ½0.08333; 0.08333; 0� in reciprocal
lattice coordinates, respectively.
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spectral broadening increases (large Γ) compared to the
separation of energy bands and when band velocities are
high (dispersive bands).
We observe a significant Zener tunneling transport

contribution, σWigner, which we note does not exhibit
pronounced energy dependence around EF [see Fig. 4(c)
right]. In the case of Ni3In, the additional conductivity
decreases the electron-hole transport asymmetry, as indi-
cated in Fig. 4(d), and, thus, reduces SðTÞ. Typically,
σWigner is much smaller than the conductivity of conven-
tional transport processes taken into account in the
Boltzmann transport equation (BTE). However, when
several conditions are met—specifically, for bands with
large group velocities, small band energy separation, and
overlapping linewidths—these transitions can become
more pronounced, and in Ni3In, the Dirac-like bands
crossing EF satisfy all these conditions. As shown in
Fig. 4(c), Zener tunneling is linked to the Dirac band
crossing around EF in Ni3In.
A natural question arises: How can we overcome this

challenge in Ni3In to realize the high SðTÞ predicted by the
BTE-D−1ðEÞ and BTE-RTA frameworks, and how can we
avoid a parasitic contribution σWigner in other candidate
materials? In Ni3In1−xSnx, this could be realized by
decoupling the FB from the Dirac bands. The Dirac
crossing point has to be pushed above or below EF to
restrict the phase space for Zener tunneling. However, this
cannot be achieved by mere doping, as the FB needs to be
close to EF to provide the necessary interband scattering for
a high S. Figures 4(e) and 4(f) show that biaxial strain
tuning of the kagome planes can effectively move the FB to
higher energy, while the Dirac bands remain completely
insensitive, providing the required decoupling. Note that
our results agree well with the recent band-structure
calculations on strain-tuned Ni3Sn [55]. Given that the
Ni3In structure type exhibits the capability to accommodate
a diverse range of elements and compositions, one can
anticipate a considerable level of adjustability in the flat-
band states without the need to apply mechanical strain. For
example, we suggest that chemical substitution with
heavier Pb/Bi atoms instead of In/Sn or substituting Pd/
Pt instead of Ni could expand the kagome planes, recov-
ering a high SðTÞ when the flat bands are decoupled from
the Dirac crossing points.
Lastly, we emphasize that, upon evaluating new TE

candidate materials, it is probably advisable to avoid Dirac-
or Weyl-like crossing points intersecting with the FB, and a
slight offset between the two is recommended. Any future
study considering the promise of topological TEs should
take care to consider this effect, which has also been found
theoretically in the topological insulator Bi2Se3 [52].
However, Zener tunneling does not necessarily have to
be significant. For instance, charge transport in CoSi, where
a Dirac point also intersects with a slightly flattened band
exactly at EF, can be accurately described using the

standard BTE [34,47]. Thus, multiple specific conditions
must be met for Zener tunneling to occur, making it a
critical, yet ideally rare, obstacle to the design of topo-
logical TE materials, in general. In certain band configu-
rations, σWigner may even be asymmetric around EF and
provide a beneficial effect.

III. CONCLUSION

Frustrated lattice geometries have received enormous
attention for hosting exotic correlation phenomena, such as
spin-liquid and fractional quantum Hall states. Moreover,
destructive interference among electronic hopping paths in
such systems can give rise to topological flat bands, which
are robust to alloying and disorder. In this study, we
unveiled the potential of their electronic structures to drive
a large TE effect and experimentally achieved high power
factors up to 5 mWm−1 K−2 at room temperature in
Ni3In0.5Sn0.5, although an even greater hidden potential
is found. Apart from the obvious choice of engineering
electronic materials based on the dispersion and bandwidth
inherent to the atomic orbitals (s and p orbitals being less
localized than d and f orbitals), our work underscores
frustrated lattice geometry as another pivotal tuning knob
and sheds new light on charge transport in kagome and
other flat-band hosting materials. A crucial next step for
these intriguing topological and correlated material plat-
forms involves tuning their FBs to EF and understanding
their low-energy excitations. Our work uncovers an impor-
tant new transport mechanism (Zener quantum tunneling),
which has previously not been considered in the analyses of
these systems. The study of thermoelectricity in TFB
compounds comes at the perfect time for several reasons.
First, relevant databases and catalogs of FB materials
[11,12] have recently been compiled, making it easier than
ever to identify the most promising candidates for design-
ing functional materials, such as TEs. Second, the TE field
has made substantial progress in modern theoretical cal-
culations of transport properties beyond the constant
relaxation time approximation [48,56,57]. These advance-
ments make it more feasible now to study materials with
complex carrier scattering, as proposed here.

IV. METHODS

A. Materials synthesis and characterization

High-quality polycrystalline Ni3In1−xSnx samples were
synthesized and investigated in two different batches in
different laboratories at the National Institute for Materials
Science (NIMS) in Tsukuba, Japan and at the TU Wien in
Vienna, Austria to confirm the validity and reproducibility
of our results. The first batch of Ni3In1−xSnx with x ¼ 0,
0.5, 1 was synthesized in a two-step procedure at NIMS:
arc melting and consecutive spark plasma sintering. The
second batch of samples with x ¼ 0, 0.2, 0.4, 0.6, 0.8, 1
was synthesized at TUWien by first reacting high-purity Ni
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and In/Sn bulk metals inside an evacuated quartz tube,
followed by induction melting in a water-cooled copper
coldboat. Since these compounds do not melt congruently,
the resulting ingots were then annealed at 873 K for seven
days to obtain phase-pure Ni3In1−xSnx. The purity of the
used raw elements was 99.99% for Ni and 99.999% for
In and Sn. Figure S2 [44] shows that there is excellent
reproducibility and agreement between both batches
obtained in different laboratories via different techniques.
The structural properties of Ni3In1−xSnx were investi-

gated via x-ray powder diffraction using Cu K-α radiation,
which confirmed phase-pure samples and a full solid
solution between Ni3In and Ni3Sn. Rietveld refinements
on the obtained powder diffraction patterns were performed
using the programs FULLPROF and POWDERCELL.

B. Property measurements

The electrical resistivity and Seebeck coefficient were
measured in the temperature range 300–860 K, using a
commercially available setup (ZEM3 by ULVAC/Advance
Riko) at TU Wien and at NIMS. Additionally, the low-
temperature resistivity of Ni3In was measured from 4 to
300 K at TU Wien. For this purpose, thin gold wires were
spot-welded onto the sample surface and the sample was
mounted on a homemade sample probe that was then
immersed in a liquid He bath cryostat. Measurements were
conducted into the longitudinal direction of the sample (the
same direction has been measured at high temperatures)
making use of a four-probe method and along the cross
section of the sample making use of the van der Pauw
method. A comparison between these data is shown in
Fig. S3 [44], ruling out any anisotropy in our polycrystal-
line samples.
The thermal conductivity (see Fig. S1 [44]) was mea-

sured at NIMS using a laser flash diffusivity setup by
Netzsch. Here, the diffusivity is determined experimentally,
and the specific heat is measured simultaneously using a
reference sample. The thermal conductivity is then obtained
from κ ¼ αcpρm with α being the thermal diffusivity, cp the
specific heat, and dm the material density. The results of
these measurements confirm that electrons dominate ther-
mal transport and that lattice-driven heat transport is
insignificant in these metals.

C. Electronic structure calculations

Density functional theory (DFT) calculations of the
electronic band structure of pristine Ni3In [Fig. 2(b)] were
performed using QUANTUM ESPRESSO v. 7.1 [58,59],
employing optimized norm-conserving Vanderbilt pseudo-
potentials [60] with a cutoff of 80 Ry on the plane wave
expansion and the Perdew-Burke-Ernzerhof exchange-cor-
relation functional [61]. To obtain the ground-state charge
density, a uniform 12 × 12 × 12 mesh was employed for
integration over the Brillouin zone, with a Methfessel-
Paxton smearing of 0.02 Ry. Phonon calculations were

performed using density functional perturbation theory [62]
on a uniform 4 × 4 × 4 q mesh, and electron-phonon
matrix elements were integrated over a 24 × 24 × 24 grid
with a Gaussian smearing of 0.015 Ry for the double-delta
approximation. Phonon dispersions and density of states
were obtained by Fourier interpolation.
Alloy-averaged densities of states of Ni3In1−xSnx

[Figs. 2(c) and 2(d)] were calculated by using bulk
Green-function methods within the framework of the
Kohn-Korringa-Rostoker formalism and the coherent
potential approximation (KKR-CPA). This theoretical
framework accounts for the disorder due to the alloying
or substitution of Sn atoms at the In site.

D. Electronic transport calculations

For transport calculations, DFT calculations were per-
formed using QUANTUM ESPRESSO v. 7.2 [58,59] with the
Garrity-Bennett-Rabe-Vanderbilt pseudopotentials [63] par-
ametrized for the Perdew-Burke-Ernzerhof exchange-corre-
lation functional [61] and using a 140 Ry plane-wave
coefficient energy cutoff. A 6 × 6 × 8 kmesh and a 3 × 3 ×
4 q mesh were used for the initial coarse-grid density
functional perturbation theory calculation of the electron-
phonon matrix elements. All subsequent transport calcula-
tions were performed using the PHOEBE code [48], an open-
source package for Boltzmann transport equation solutions.
These calculations used the relaxation time approximation
(RTA) with the addition of the Wigner transport correction,
as well as the constant relaxation time approximation
(CRTA) with a 10 fs electron-phonon lifetime as a point
of comparison. The BTE-D−1ðEÞ framework utilized the
group velocities calculated from the DFT band structures.
Instead of multiplication by a constant τ, the energy-
dependent relaxation time τðEÞ ∼D−1ðEÞ was multiplied.
The Wigner transport formalism for electrons was

calculated as in Ref. [52] using the scattering linewidths
determined at the RTA level, where we compute the
additive contributions to the Onsager coefficients related
to conductivity, σ ¼ LEE and the Seebeck coefficient,
S ¼ −½LEE�−1LET :

ΔLEE ¼ gse2

VNk

X

k;ν;ν0;ν≠ν0

f0ν0 ðkÞ − f0νðkÞ
ϵν0 ðkÞ − ϵνðkÞ

×
viν;ν0 ðkÞvj�ν0;νðkÞ½ΓνðkÞ þ Γν0 ðkÞ�

4½ϵν0 ðkÞ − ϵνðkÞ�2 þ ½ΓνðkÞ þ Γν0 ðkÞ�2
; ð2Þ

ΔLET ¼−
gse2

VNk

×
X

k;ν;ν0;ν≠ν0

viν;ν0 ðkÞvj�ν0;νðkÞ½dfνdT þ df0ν
dT �½ΓνðkÞþΓν0 ðkÞ�

4½ϵν0 ðkÞ− ϵνðkÞ�2þ½ΓνðkÞþΓν0 ðkÞ�2
;

ð3Þ
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where ν is a band index, Γ is an electron-phonon scattering
rate calculated at the RTA level (see Ref. [48] for details), v
and ϵ are electronic band velocities and energies, respec-
tively, f is the Fermi-Dirac function, gs is a spin degeneracy
factor, and V is a unit cell volume.
The RTA and Wigner calculations were performed by

interpolating the electron and phonon band structures, as
well as the electron-phonon matrix elements, to 55 × 55 ×
75 k and q meshes. Adaptive Gaussian smearing was used
to broaden the delta functions found in the electron-phonon
scattering rate expression. To appropriately compare to the
polycrystalline sample used in the experimental work, the
transport coefficients and the images of the Zener tunneling
contribution to transport on bands were plotted as an
average over Cartesian directions of the transport tensors.
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