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ABSTRACT
The thermal transport properties of Bi2Te2Se topological insulators show a range of complex features. Large bulk resistivities coexisting with
prominent Shubnikov–de Haas quantum oscillations and proximity to metallic states mark this p-band system as an unconventional topolog-
ical quantum material. Here, using the density functional plus dynamical mean-field theory method, we show how localization–delocalization
transition underpins the T-dependence of thermoelectric responses from room down to low temperatures. We present the implications of
our many-particle analysis to resistivity, Seebeck coefficient, thermal conductivity, and Lorenz number and propose that related broadband
systems close to electronic transitions could be of use in thermoelectrics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0173308

High performance thermoelectric devices are essential to meet
the requirements of global sustainable energy solution1 due to their
potential application for various power generation and refrigeration,
which may involve novel green technologies.2 Generally speaking,
thermoelectric materials are a class of solid-state systems that can
convert thermal energy into electricity for cooling or heating or
recover waste heat and convert it into electrical power.3 In these sys-
tems, a voltage drop can be induced in response to a temperature
(T) gradient. Since the T-gradient usually affects both electronic
and lattice degrees of freedom, optimizing thermoelectrics involves
the fine-tuning of Seebeck coefficient (S) and the electrical (σdc)
and thermal (κ) conductivities. In practice, what is needed for
the application of thermoelectric devices is to produce materials
with large conversion efficiency. This is usually quantified by the
so-called figure of merit ZT = σdcS2

κ T, where κ = κel + κph, with κel
and κph being, respectively, the electronic and phononic (or lat-
tice) contributions to the thermal conductivity. From ZT above,
it is clear that a higher figure of merit is obtained by (indepen-
dently) increasing the numerator or by decreasing the denominator;

the former is called thermoelectric power factor, ZPF . The chal-
lenge problem for thermoelectric applications is to search for real
materials,4 where ZT approaches or exceeds unity at room tem-
peratures. This can be done, for example, by controlling the trans-
port of phonons and electrons in superlattices made up of two
topological insulators Bi2Te3/Bi2Te2.83Se0.17,5 where ZT ≈ 1.4 is
achieved at 300 K or by decreasing κ(T) as in nanocrystalline arrays
of BixSb2−x,6 where similar ZT values were achieved at 373 K.
Another promising direction is to search for off-stoichiometric
Bi2Te2Se compounds, such as Bi2Te2.4Se0.6

7 and Bi2Te1.95Se1.05,8
which, respectively, show a peak ZT of 0.94 at 423 K and 0.76
at 523 K. An additional interesting pathway is to maximize ZPF
employing complex bulk materials with strongly correlated electrons
to enhance thermopower.9–11 In this exciting perspective, an exam-
ple is FeSb2, which achieves a colossal Seebeck coefficient of 45 mV
K−1 at low T.12 In this work, we explore the role of electronic cor-
relations on thermoelectrics by focusing on both Kondo and Mott
regimes13 of a bulk Bi2Te2Se topological insulator (TI). We argue
that Mottness14 is the key step in understanding the problem of
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FIG. 1. Crystal structure of the bulk Bi2Te2Se topological insulator: Bi (small gray),
Te (large cyan), and Se (medium purple).

maximizing the electronic contribution to the thermoelectric power
factor.

Theoretically, three-dimensional (3D) TIs are predicted to be
bulk bandgap insulators characterized by a metallic surface state
consisting of Dirac-like linear band dispersion.15 Experimentally,
however, most of the presently available TIs are conducting in
the bulk. An exception, which is of interest here, is Bi2Te2Se (see
Fig. 1), where large bulk resistivities16–19 coexist with Shubnikov–de
Haas (SdH) quantum oscillations16,17,20 from surface states. The T-
dependence and magnitude of dc-resistivity (ρdc = 1/σdc) in this TI
appear to be sample16,17 or carrier18,19 dependent, showing varia-
tions between insulating and strange metal regimes. In insulating
samples, the resistivity shows a semiconducting-like behavior above
a characteristic temperature T⋆ ≈ 50 K16,17 and becomes approxi-
mately constant below it. This saturated low-T regime18 suggests
the coexistence of spin–orbit-induced weak antilocalization and
local-moment fluctuations in bulk Bi2Te2Se.

In an earlier study, we provided a many-particle description
for the correlated electronic structure and dc transport of bulk
Bi2Te2Se.13 Our results, derived from reconstructed spectral func-
tions in the bulk, are consistent with both photoemission and
inverse-photoemission spectroscopy21 as well as with resistivity

data,16 showing that bulk Bi2Te2Se gives way to broadband Mott
localization.22 As in Ref. 23, here, we use a multi-channel, multi-
orbital modeling (see the supplementary material for additional
information) to unveil that Bi2Te2Se provides a rare opportunity to
explore the role of correlated electronic excitations in tuning ther-
moelectric transport properties. To our best knowledge, this is a
first attempt to uncover such complex features for a real topological
p-band system. Finally, we show how the itinerant-localized dual-
ity (Mottness) makes for a sizable thermoelectric power factor in
such a system and highlight the important role played by many-
body electron–electron interactions effects13,23 for thermoelectric
materials.

Since the basic density functional plus dynamical mean-field
theory (DFT+DMFT) formulation of coupled SO plus multi-orbital
(MO) interactions has been introduced and used for real TI sys-
tems with good semiquantitative success,13,26 we do not present it
here but directly describe the correlated electronic structure and
transport properties of bulk Bi2Te2Se. The abrupt electronic recon-
struction across the Kondo–Mott electronic phase transition13 is
shown in Fig. 2. The atom-resolved, local-density-approximation
plus dynamical mean-field theory (DFT+DMFT)24 density-of-states
(DOS) shows large-scale changes in the spectral weight transfer
(SWT) at the critical phase boundary, 10.3 eV <Uc < 10.4 eV.27

As a consequence of Mottness, where the carriers have a dualistic
itinerant-localized duality, the Kondo metal found for U ≤ 10.3 eV
is disrupted in insulating Bi2Te2Se, leaving us with a relative large
range of pure linear DOS within the Se, Te-channels at U = 10.4 eV.
Our results in Fig. 2 thus show that linear spectral functions near
the Fermi energy (EF) can be tuned by electronic interactions in the
bulk. This is theoretical evidence that Coulomb repulsion28 is a natu-
ral way to approach intrinsic topological Mott insulating regimes.14

More importantly, only residual Bi valence band states span EF in
the channel-selective Kondo–Mott phase transition.25 According to
our theory, these residual Bi states are the microscopic origin of SdH
quantum oscillations in the Bi2Te2Se TI,16 while a large bulk resis-
tivity is mostly due to effectively Mott-localized Te, Se-electronic
channels.

The Seebeck coefficient, like the resistivity and thermal con-
ductivity, can be computed within DMFT using the fully renor-
malized DFT+DMFT propagators.29 Henceforth, we work in the
orbital basis, which diagonalizes the one-particle density matrix
in DFT.30 This allows us to generalize the DMFT result31 to the
multi-channel, multi-orbital (MO) case relevant for Bi2Te2Se.13

The general expressions used here for the Seebeck coefficient and
electronic–thermal conductivity,31 which, respectively, measure the
mixed electrical–thermal correlations [S(T)] and the heat–current
correlations [kel(T)] at finite T, are

S(T) = 1
T

A1(T)
A0(T)

and

kel(T) =
1
T
(A2(T) −

A2
1(T)

A0(T)
).
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FIG. 2. Atom-resolved DFT+DMFT density-of-states (DOS) of Bi2Te2Se across the first-order localization–delocalization transition. Clear energy gap stabilization with
increasing U goes hand-in-hand with a large-scale spectral weight transfer. Particularly interesting are the V-shaped spectral functions within the chalcogenide (Te, Se)
electronic channels, with Dirac point-like minima at the Fermi energy, ω = EF = 0.

In our formalism,

An(T) = ζn∑
α,a
∫ dϵρ(0)α,a (ϵ)∫ dωρ2

α,a(ϵ, ω)[− f ′(ω)](ω − μ)n,

where ζn = e2

en h̵v
2 and a = x, y, z label the (diagonalized in

the orbital basis) p bands of each atomic channel α [α
= (1, 2, 3) corresponds, respectively, to (Bi, Te, Se)]. ρα,a(ϵ, ω)
= − 1

π Im[ω − Σα,a(ω) − ϵα,a]−1 are the DFT+DMFT spectral func-
tions, ρ(0)α,a (ϵ) is the bare DOS, which encodes the details of the
actual one-electron [Local Density Approximation (LDA)] band
structure, and Σα,a(ω) are the self-energies of all active p-channels.
Finally, μ is the chemical potential and f (ω) is the Fermi function.
As in Refs. 13, 26, and 32, the only approximation made here is
to ignore the k-dependence of electron’s velocity v. Given the
complexity in Bi2Te2Se with three p bands on each atomic channel,
this is an attractive scheme to compute thermoelectric transport
properties of bulk TIs.

We now describe our transport results. In Fig. 3, we show
the dc-resistivity, ρdc(T) ≡ 1/A0(T), of Bi2Te2Se for various U val-
ues. A T-dependent crossover from a high-T insulator to a low-T
bad metal is seen for U ≤ 10.2 eV. Clearly, this crossover scale is
marked by the maximum of ρdc(T). Our results show that 10.2 eV
≤U < Uc yields a metallic behavior, in good qualitative agreement
with Refs. 18, 19, and 33. In addition, in Fig. 2, the small spectral
line shape for the Bi states shows power-law falloffs in the range
−0.2 eV <ω < 0 with a small residual DOS at EF . Hence, at small but
finite T < T⋆, the saturated regime18 is expected to be totally inco-
herent in insulating samples. The drop of resistivity below T⋆ can
be taken as a direct consequence of an increased mobility of residual
electronic carriers that do not participate in the Mott state despite
the increasing number of heavier carriers. Our theory thus suggests
that the disappearance of the pseudogapped Bi valence band edge
states by Fermi level tuning will eventually drive metallic Bi2Te2Se18

into a maximally localized Mott state with a large bulk resistivity
at low-T. Comprehensive semiquantitative accord with photoemis-
sion, inverse-photoemission, and dc resistivity (see Ref. 13) provides
support to our view of tunable Kondo–Mott physics in the Bi2Te2Se
TI. This gives us the confidence to use the DFT+DMFT spectral

FIG. 3. dc-resistivities [ρdc(T)] vs temperature for metallic and insulating phases
of Bi2Te2Se, showing their evolution with increasing U. Notice the resistivity upturn
for U = 10.0 eV at low T , a characteristic akin to Kondo systems.32,34

functions to explore room temperature thermoelectric responses of
bulk Bi2Te2Se.

The T-dependence of the thermoelectric power S(T) depicted
in Fig. 4 shows clear fingerprints of electronic modification across
the Kondo–Mott transition point. The fact that S(T) changes the
sign from positive (Kondo regime) to negative (Mott phase) is a
signature of the multi-band character of transport linked to strong
reorganization of MO electronic states at low energies.13 Our results
suggest a correlation-induced switching of electronic carriers in
undoped Bi2Te2Se. As seen, the system spontaneously undergoes a
charge reconstruction transition from a p- to n-type material when
going from a Kondo metal to a Mott insulator. Remarkable as well
is the appearance of isosbestic (crossing) points, a feature char-
acteristic of correlated electron systems.35 In the Mott phase, S is
negative with a broad minimum at T = 100 K. However, in the
Kondo regime, S changes sign from positive to negative at temper-
atures close to 100 K. This, in turn, suggests dramatically different
emergent charge carrier localization near the Kondo–Mott phase
transition. The smearing of low-T structures (which is a clear peak
at U = 10 eV) in the Seebeck coefficient when approaching the first-
order transition point is also noteworthy. A similar sign change and
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FIG. 4. Seebeck coefficient (left panel), thermal conductivity (center), and thermoelectric power factor (right panel) of Bi2Te2Se obtained using DFT+DMFT. Notice the change
in sign in S(T) across the correlation driven metal–insulator transition. Also interesting is the T-dependence of the thermoelectric power factor, ZPF , showing high values at
T close to 200 K. The inset of the right panel shows our theory–experiment between our DFT+DMF(MO-IPT) results and the power factor of another potentially interesting
thermoelectric system, Bi2−xCaxSe3,37 showing good qualitative agreement. The experimental curves have been rescaled to coincide with theory.

anomalous low-T peaks have been reported for doped Mott insula-
tors36 and observed in both n- and p-type Bi2Se3 TIs,37 which might
be a fingerprint common to correlated electron systems. While our
results are not expected to reproduce all the main features seen in
thermal transport experiments of bulk Bi2Se3 TI, our estimation of
the crossing point in S(T) for the parent compound Bi2Te2Se TI lies
at a somewhat higher T than that found in Bi2Se3. This is caused
by a stronger tendency to localization in Bi2Te2Se13 compared to
Bi2Se3.26

The electronic carriers generated from the thermal activa-
tion of low-energy excitations have a less pronounced effect in the
electronic contribution to thermal conductivity, κel. As shown in
Fig. 4, κel increases with temperature.31,38,39 Below 100 K, the T-
dependence of κel is surprisingly small, but the overall thermal
conductivity we find for the Bi2Te2Se TI is comparable to the val-
ues measured in the normal state of iron-based superconductors.39

Interestingly, while κph usually displays a power-law T-dependence
(κph ≈ T−β, 0.75 < β < 0.95),40 κel for the Bi2Te2Se bulk crystal
remains almost unaffected across the localization–delocalization
transition, suggesting that its T-dependence is largely determined
by a modest flow of thermal current due to MO, multi-channel-
asymmetric quantum fluctuations of charge (particle/hole) carriers.
Moving to the other transport properties, in the right panel of Fig. 4,
we display the T-dependence of the thermoelectric power factor,
ZPF = S2/ρdc.

37 As discussed for systems with SO coupling,9 ZPF is
maximized in the vicinity of the insulator–metal transition. Here,
we show in addition that this quantity for Bi2Te2Se increases with
increasing U in the Mott phase at temperatures above 100 K. Mean-
while, within the Kondo regime, at temperatures above 100 K, ZPF is
almost independent of U, showing only a broad maximum at 300 K,
consistent with the T-dependence of ZPF found for Bi2−xPbxTe2Se
(0 ≤ x ≤ 0.03).41 It is worth noting that, in this metallic phase,
ZPF displays in addition an anomalous low-T peak similar to that
reported for Bi2Se3 TI,37 and in our picture, this feature arises from
weak antilocalization42 induced by a strong SO interaction in the
Bi-channel of Bi2Te2Se TI.13

As a final remark, historically, it is known that the electronic
part of the thermal conductivity is related to carriers mobility

FIG. 5. Lorenz number L of Bi2Te2Se as a function of temperature for different
values of on-site Coulomb repulsion, U. Notice the nonuniversal crossover region
that approaches L0 = 2.44 × 10−8 WΩ K−2 with increasing U.

through the Wiedemann–Franz relation: kel(T) = Lσdc(T)T, where
L is the Lorenz number.29 Although L is usually assumed to take a
constant value L0 = 2.44 × 10−8 WΩ K−2, it, in fact, has significant
temperature and material dependences.43 Since this is true for TIs
with strong spin–orbit (SO) coupling, in Fig. 5, we display its T-
dependence for the Bi2Te2Se TI, showing that electronic interactions
can push L [≡ kel/(σdcT)] to values very close to L0 in the Mott-
localized regime, U ≥ 10.4 eV. As shown in Fig. 5, L(T) exhibits a
remarkable nonuniversal11 crossover region that approaches L0 with
increasing U up to the first-order transition point. Future experi-
mental observation of T-dependent crossover in L(T) would lend
strong support to our theoretical work.

In summary, we have studied the role of
localization–delocalization transition on the thermoelectric
responses of the bulk Bi2Te2Se topological insulator. The anoma-
lous character of the transport properties is interpreted in terms of
atom- or channel-selective, multi-particle excitations. These arise
from strong low-energy scatterings having its origin in the compe-
tition between selective-Mott localization and spin–orbit-induced
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weak antilocalization in DFT+DMFT. Good semiquantitative
agreement with spectroscopy and transport [ρdc(T)] data above 70
K16 in Ref. 13 as well as with a power factor of Ca-doped Bi2Se3

37

puts our mechanism for thermoelectrics on solid ground. Based on
our results, we propose that related bismuth chalcogenide p-band
systems with compelling experimental44 and theoretical23 evidence
of intrinsic many-body effects would show up similar thermal
transport features as found in this work. Taken together, our results
provide a microscopic way to distinguish the correlated topological
insulator from other possible bulk-metallic and bulk-insulating
systems, which might be important for the potential applications of
Bi-chalcogenide topological insulators not only for thermoelectric
but also for charge–spin conversion devices.45

SUPPLEMENTARY MATERIAL

Detailed information regarding the Bi2Te2Se crystal struc-
ture, DFT calculations, total and projected DOS of Bi, Te and
Se p-band states, DFT+DMFT calculations, multi-band, multi-
orbital Hubbard model plus spin–orbit (SO) interaction Hamilto-
nian, and MO-IPT impurity solver is shown in the supplementary
material.
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