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Simultaneous enhancement in electrical conductivity and
Seebeck coefficient by single- to double-valley transition
in a Dirac-like band
Yu Dai 1, Wenjiang Zhou1, Hyun-Jung Kim2, Qichen Song3, Xin Qian1, Te-Huan Liu 1✉ and Ronggui Yang1✉

SnTe possesses a single- to double-valley transition in the conduction band minimum when a compressive strain is applied.
Through a tight-binding analysis, it is shown that the variation of the band structure is attributed to the strain-induced
delocalization of both the Sn-5s orbitals and Te-5p orbitals with different angular momenta. This effect can largely increase the
electron density of states near the band edge and thus keep the Fermi level of the compressed SnTe closer to it, where the
electrons have lower scattering rates. The strain-induced double valleys lead to simultaneous increases in the electrical conductivity
and the Seebeck coefficient and thereby nearly four times the enhancement of the power factor at the doping concentration of
5×1019 cm–3. This work suggests a feasible concept that can be employed to promote the power factor of a Dirac semiconductor via
manipulating the valley degeneracy in the conduction band minimum.

npj Computational Materials           (2022) 8:234 ; https://doi.org/10.1038/s41524-022-00927-z

INTRODUCTION
In the past few decades, many great strides have been made in
thermoelectric materials and technology to improve the capability
to convert waste heat into electric power or to arrive at high-
performance solid-state refrigeration1–7. To evaluate the conver-
sion efficiency of thermoelectric materials, a dimensionless figure
of merit, zT ¼ σS2T=ðκph þ κeÞ, has been employed, in which σ is
the electrical conductivity, S is the Seebeck coefficient, κph and κe
are the phonon and electronic thermal conductivities, respec-
tively, and T is the absolute temperature. A good thermoelectric
material is expected to have a high power factor as well as a low
thermal conductivity. In practice, the material properties (σ, S, and
κph+κe) need to be balanced against each other, and sophisti-
cated techniques regarding material design must be involved8,
such as nanostructured materials5,9–11, all-scale hierarchical
architectures12,13, band engineering14,15, resonant impurity dop-
ing and alloying16–19, and strain engineering20. Other heuristic
methods have been discussed in previous reviews21–23.
In recent years, SnTe rises to a prominent position among

semiconductors not only because it is a topological crystalline
insulator24,25 but also because it has great potential for use in low-
cost, non-toxic thermoelectric devices22. The incorporation of
heavy elements with strong spin-orbit coupling (SOC) profoundly
affects the band structure of GeTe, SnTe, and PbTe26. The
presence of s-p hybridization at the L point in rock-salt crystals
can elevate the anion’s p orbital to form a conduction band,
leading to so-called band inversion26. Among the three group-IV
tellurides, the inverted bands are found only in SnTe, which is,
therefore, a topological crystalline insulator, while the other
group-IV tellurides are normal semiconductors. This feature
differentiates SnTe as it has a Dirac-like band near the edges
and a continuously tunable bandgap with strain27, pressure28, and
alloying29. The quasi-linear dispersion is particularly beneficial
for nanostructuring degenerate semiconductors because the long-

mean-free-path (MFP) carriers that are detrimental to the total
Seebeck coefficient would suffer stronger boundary scattering
than the short-MFP carriers30. A recent experiment29 showed that
multiple valleys appeared in both the conduction and valence
band edges after alloying 25% GeTe and 25% PbTe into SnTe,
which induced a ~0.7% internal strain in the crystal and led to the
band inversion. These studies revealed the possibility of obtaining
higher power factors for SnTe in terms of manipulating the Dirac-
like band electronic characteristics.
Many studies have shown that p-type SnTe has an enormous

enhancement in the power factor through manipulating the
electron band structure, which utilizes its iconic tunable bandgap
and band inversion as mentioned24,27. The intrinsic bandgap at
the L point can be expanded by alloying with Cd, Mn, Mg, or other
metallic atoms31–33 and semiconductor compounds34, leading to
the convergence of the first and second valence bands and the
resulting improvement of the hole Seebeck coefficient. Using two
resonant dopants—for example, co-doping with Bi-In35 and Bi-
Zn36 is also a common strategy to enhance the power factor of
SnTe. These methods usually bring about a changed effective
mass, band crossing, and additional channels for phonon
scattering, and the synergistic effects can further enhance the
peak zT to 1.85 at 823 K37. In addition to controlling the electron
transport, the introduction of crystal imperfections38,39 and the
inducement of soft modes40 in SnTe can result in poor thermal
conductivity. To date, there have been relatively few studies on
n-type SnTe. A previous density-functional theory (DFT) study
predicted that n-type SnTe would be a good thermoelectric
material41. Recently, the Sn0.6Pb0.4Te0.98I0.02 compound (with Pb
alloying to reduce Sn vacancies and I dopant to increase carrier
concentration) has been experimentally found to have a good
mid-temperature zT of ~0.8 at 573 K42. Furthermore, with Pb
alloying leading to a topological phase transition, an n-type
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SnTe-Pb-Br crystal can have an average zT of up to ~0.58 from
room temperature to 823 K43.
In bulk SnTe, a double-valley structure in the conduction band

due to a reduced lattice constant has been reported27,44.
Intuitively, the transition of the single valley to double valleys
affects electron transport; and it is desired to have a quantitative
study with mode-by-mode analysis based on ab initio calculations
for this effect. Herein, we investigate the origins of the strain-
induced double-valley band-structure transition as well as its
effect on the electron transport using a tight-binding analysis and
ab initio calculations. The compressive strain increases the
overlapping of wavefunctions of the 5s electrons between each
adjacent Sn site and of the 5p electrons with different orbital
angular momenta between each adjacent Te site, which leads to
the transition of the conduction band minimum (CBM) from single
valley to double valleys. In compressed SnTe, the electron density
of states (DOSs) near the band edge is correspondingly increased,
thus simultaneously enhancing the electrical conductivity and the
Seebeck coefficient compared to the unstrained crystal. It renders
the n-type SnTe a high-efficiency thermoelectric material with a
room-temperature power factor of up to 13.7 μW cm–1 K–2 at the
doping concentration of 5 × 1019 cm–3 after a 3% compression.

RESULTS AND DISCUSSION
Figure 1 shows the changes in the electron band structures
around the band extrema of the three group-IV telluride
compounds GeTe, SnTe, and PbTe when a 3% compressive strain
is applied. The evolution of the bandgap with changing lattice
constants is provided in Supplementary Fig. 1 in the Supplemen-
tary Material. In PbTe, the CBM remains a single valley even if a 3%
compressive strain is applied. A slight change in bandgap in GeTe
can be observed after the occurrence of topological insulator
transition (the energy offset of L�6 � Lþ6 equals zero), which is quite
different from those of SnTe and PbTe. In the 3% compressed
GeTe, a tiny gap of less than 0.003 eV is reopened where the CBM
is majorly contributed by the Ge-4p electrons while the valence
band maximum is by Te-5p electrons. This feature shows the
compressed GeTe as a semimetal, which could be attributed to
the weak p-p couplings that refrain from the formation of a
significant forbidden zone. On the other hand, the cubic structure
is present in the high-temperature phase of GeTe when the
temperature is higher than 720 K45. In a semimetal at elevated
temperatures, electron-hole pairs can transport energy equal to

the sum of the electron and hole’s energies46. Therefore, bipolar
diffusion could bring about a non-negligible contribution to the
electronic thermal conductivity in the compressed GeTe in
addition to the diffusion of the electrons and holes themselves,
which is unfavorable for thermoelectric applications. A distinct
change can be observed in the SnTe—the strain increases the
bandgap and induces a double-valley splitting near the conduc-
tion band edge, forming two new conduction valleys denoted as
Q and Λ (right panel of Fig. 1). A more detailed band shape
evolution for SnTe with different strains and the corresponding
pressure on the crystal are provided in Supplementary Fig. 2 in the
Supplementary Material. In the group-IV tellurides, the lone-pair s
band of cations is allowed to couple with the valence p band of
the Te atom at the L point while the process is forbidden at the
Brillouin zone center26. The s-p coupling is particularly strong in
the SnTe, pushing the Te-5p electrons to participate in the
formation of the lowest unoccupied state. The bandgap will be
increased with increasing pressure when the lattice constant is
smaller than the topological phase transition point. Furthermore,
this effect can be enhanced by applying hydraulic pressure or
compressive strains on the crystal, which increases the bandgap
and makes the topological state more robust24,28. The shape of
the CBM is sensitive to the varying lattice constant, which
drastically changes the contribution of the “inverted” 5p electrons
at the Lþ6 point44. In practice, this can be achieved by applying
strain or pressure to SnTe crystals27,28 or alloying with other
semiconductor compounds29.
To clarify the origins of double-valley transition, the electronic

eigenstates of the three characteristic points (Lþ6 , Q, and Λ) are
projected onto the (100) plane, and the charge density profiles are
displayed in Fig. 2a. Our calculations show that at the Lþ6 point, the
contribution of the Te-5p electrons decreases from 58% to 45%
after a 3% compression. This leads to the increase of the Sn-5s
electrons, which is also reflected by the variation of the charge
density around the Sn atoms. The constitutions of the orbitals at
the Q and Λ points are more complex, but the contributions of the
Sn-5s and Te-5p electrons are both increased as the compressive
strain is applied. We perform a tight-binding analysis to further
investigate the band structures and atomic orbital contribution.
The differences in each matrix element of the crystal Hamiltonian
arising from the compression are shown in Fig. 2b. This plot
reflects the fact that the Sn-5s electrons become more delocalized
(colored with red), which enhances the overlapping of the
wavefunctions of the periodic replicas. On the other hand, the

Fig. 1 Evolution of band structures due to different compressive strains. The left plots show the ab initio electron band structures of GeTe
(red), SnTe (blue), and PbTe (green). The solid and dashed lines represent the crystal with and without a 3% compressive strain, respectively.
The right plot schematically illustrates the transition of the band structure of SnTe after compression. The bottoms of the two new-formed
conduction valleys in SnTe are denoted as Q (located at 0.4831b1 + 0.5169b2 + 0.5000b3 in the direction from the L to W point) and Λ (located
at 0.4575b1 + 0.4575b2 + 0.4575b3 in the direction from the L to Г point), where b is the reciprocal lattice vector.
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same phenomena happen in Te-5p electrons with different orbital
angular momenta. Although the overlapping of the respective 5px,
5py, and 5pz wavefunctions between each two nearest Te are
decreased (colored with blue), our calculations of the atomic
orbital components indicate that this effect might not be so
significant as the mentioned delocalization of the Te-5p orbitals
with different angular momenta. Through the tight-binding
calculations, these Hamiltonians can be used to reproduce the
band structures of SnTe with and without compression (see
Supplementary Fig. 3 in the Supplementary Material).
The distinct change of the band structure inevitably changes

the electron DOSs and the scattering channels of the electron-
phonon (e-ph) interactions, and hence the transport properties.
Figure 3 shows the electron scattering rates due to the e-ph
interaction of SnTe with different compressive strains. Some
interesting results can be observed. The scattering rates near the
CBM are initially enhanced and then decrease as the strain
increases, which differs from the behavior of the iconic
semiconductor, silicon, whose scattering rate and band struc-
ture change monotonically with a varying lattice constant
(see Supplementary Method 2 and Supplementary Fig. 4 in the

Supplementary Material). Theoretical analysis has elucidated the
fact that the profile of the e-ph scattering rate in the low-energy
region is mainly determined by the DOS as long as the
predominant phonons have small energy, i.e., the long-
wavelength acoustic mode47. Around the CBM of SnTe, the
constant energy surface forms an ellipsoid shape in the Brillouin
zone. The surface in the vicinity of the Q point is asymmetrically
forming a more oblate ellipsoid as the formation of the double
valleys, which is also shown in the previous theoretical study48.
This feature renders the compressed SnTe the larger electron DOS
near the band edge. One can obtain the relation of τ�1

nk � ε2 by
assuming that the electron transport is dominated by acoustic-
deformation-potential scattering, for which the index of 2 stems
from the DOS of a linear band49. We show that the CBM of SnTe is
sensitive to the strain, and therefore the DOS is correspondingly
altered, as plotted with the solid black lines in Fig. 3. It can be seen
that the profile of the electron scattering rate is similar to that of
the DOS. Therefore, the non-monotonic variation of the scattering
rate with the increasing strain can be attributed to the change of
the DOS arising from the single- to double-valley transition.

Fig. 2 Orbital contribution to the electron band and tight-binding analysis. a The Wave function squares of Lþ6 , Q, and Λ points projected
onto the (100) plane of the unstrained and 3% compressed SnTe. The numbers below the corresponding figures show the atomic orbital
components in terms of percentages. b Differences in matrix elements of Hamiltonian at Lþ6 , Q, and Λ points between the unstrained and 3%
compressed SnTe. The blue and red areas represent the decreases and increases of the Hamiltonian, respectively. It should be noted that
although the results are expressed with color gradient maps, only the results displayed on the black points are meaningful.
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This feature suggests a feasible route to non-monotonically
modulating the e-ph scattering channels by applying strain.
The ε2 trend fails to describe the energy dependence of the

electron scattering rate of n-type SnTe. Interestingly, the departure
of the index from 2 becomes smaller when the compressive strain
is applied. The fitted indices of the unstrained, 1% compressed,
and 3% compressed SnTe are 0.70, 0.94, and 1.41, respectively.
The unstrained crystal shows the largest deviation while it is closer

to the typical ε0.5 law given by a parabolic band compared to
the compressed crystals. Using the Kane band model,
εð1þ δεÞ ¼ �h2jkj2=2meff

50, the fitted effective mass and band
non-parabolicity along the W→ L→ Г direction are meff = 0.102
and δ = 2.97 eV–1, respectively. The CBM moves from the L to the
Q point when the compressive strain increases. The electron
scattering rate in the Q valley changes faster with rising energy,
which indicates that the band shape becomes more and more
linear by increasing compressive strain. As is known, a Kane band
with an enormous non-parabolicity factor is asymptotically
equivalent to a Dirac band. For the case of the 3% compressed
SnTe, the fitted effective mass and band non-parabolicity of the Q
valley are, respectively, 0.041 and 27.63 eV–1. On the other hand,
the presence of the electron intervalley transition causes the
scattering rates to be more dispersive when the electron energy is
beyond 0.08 eV, which is the bottom of the Λ valley. This indicates
that once the strain-induced intervalley transitions between the
first (Q) and second (Λ) valleys are allowed, the e-ph interaction
shows stronger momentum dependency. Similar effects can be
found in other materials that have a second valley for conducting
electrons, such as the high-temperature phase SnSe51.
Figures 4a and b show the electron scattering rates due to

each phonon mode without a strain and with 3% compression,
respectively. The Fröhlich phonons, namely, the longitudinal-
optical (LO) phonons at the long-wavelength limit, can induce a
finite electron scattering rate at the band edge. As the electron
energy increases, the total scattering rate is soon taken over by
the longitudinal-acoustic phonons. The main reason for this is the
fact that the electron scattering arising from acoustic phonons has
the trend of scaling as DOS that is high deep in the bands47. In
addition, the strong dielectric screening in SnTe (the static and

Fig. 3 Ab initio e-ph scattering rates of n-type SnTe at 300 K with
a doping concentration of 1020 cm−3. The red, green, and blue dots
represent the crystal at 0%, 1%, and 3% compression, respectively,
and the vertical dashed lines with the same colors show the Fermi
energies at this doping concentration. The black lines next to the
dots are the corresponding electron DOSs. The dashed gray line
shows the τ�1

nk � ε2 law of the e-ph scattering rate.

Fig. 4 Ab initio electron scattering rates due to each phonon mode at 300 K with a doping concentration of 1020 cm–3. a The unstrained
and b 3% compressed SnTe. The dashed black lines show the Fermi levels. Magnitudes of the coupling matrix elements between an electron
at the CBM and the phonons in the ΓW and ΓL directions of the c unstrained and d 3% compressed SnTe. The black arrows indicate the
enhancement in the matrix elements arising from a 3% compressive strain.
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high-frequency dielectric coefficients are ϵs = 1770 and ϵ∞ = 45,
respectively52) can effectively suppress the phonon-induced
dipoles, and consequently, only the atomic vibrations carrying
almost opposite phases are strong enough to resist the electron
transport near the band edge. One can see the magnitudes of the
e-ph matrix elements plotted in Fig. 4c and d. The “cores” induced
by the Fröhlich interaction in the vicinity of the Γ point are very
narrow compared to those of GaAs, a typically strongly polar
semiconductor53. As the strain increases, the scattering rates due
to LO phonons do not change significantly in addition to the more
dispersive distribution, as previously explained. In contrast,
comparing Fig. 4b to a, the scattering rates due to the acoustic
phonons near the band edge are enhanced by about one order of
magnitude. Figure 4d illustrates the fact that the magnitudes of
the matrix elements between the electrons and acoustic phonons
with small momentums are increased (emphasized with black
arrows), which reflects the fact that in a compressed crystal, the
long-wavelength lattice waves give rise to larger disturbances in
the potential energy and stronger e-ph interactions in conse-
quence. In general, electron scattering rates should be low when a
material is expected to be a good electrical conductor. However,
as indicated by the dashed black lines in Fig. 4a and b, the Fermi
level of the compressed SnTe is closer to the CBM than that of the
unstrained SnTe with the same doping concentration of 1020 cm–3.
The positions of the Fermi levels with other doping concentrations
are plotted in Fig. 5a. This feature, in turn, favors the electrical
conduction of high doping concentrations, as discussed below.
Figure 5b shows the ab initio electron mobility and electrical

conductivity. The intrinsic mobility of the unstrained SnTe is
174.5 cm2 V–1 s–1, which is in agreement with the previous model
prediction (μ ~ 170 cm2 V–1 s–1 when nc < 1018 cm–3 42). Recent
measurement results of electron mobility range from 100 to
600 cm2 V–1 s–1, depending on how many Br or I dopants are
introduced into the Sn0.6Pb0.4Te alloys42,43. The electron mobility

decreases to 75.2 cm2 V–1 s–1 when a 3% compressive strain is
applied to the crystal, and the electrical conductivity also shows a
significant reduction. The degradation of the electron transport is
due to the larger electron-acoustic-phonon scattering near the
conduction band edge, as illustrated in Fig. 4b. Surprisingly, with
the increasing carrier concentration, both the electron mobility
and the electrical conductivity of the two crystals become closer,
and then the mobility and the conductivity of the 3% compressed
SnTe exceed the values for the untrained SnTe at the doping
concentration of 7 × 1019 cm–3. This is because the presence of the
double-valley structure greatly enhances the DOSs near the CBM,
which tends to retain the Fermi level in the low-energy region
with increasing doping concentration. In the unstrained SnTe, the
total scattering rates of the dominant electrons are approximately
100 THz (see red dots and dashed line in Fig. 3). For the case of the
compressed SnTe, the Fermi level is only 0.04 eV higher than
the CBM, which indicates that the electrons near the CBM whose
scattering rates are from 0 to 100 THz (see blue dots and dashed
line in Fig. 3) have the probability of contributing to electrical
conduction with less resistance. This explains why the compressed
SnTe has better electrical performance than the untrained SnTe at
high carrier concentrations.
Figure 5c shows the room-temperature Seebeck coefficients

with different doping concentrations. The calculated Seebeck
coefficients are inversely proportional to the carrier density,
which is in accordance with the prediction of the Pisarenko
relation42. At low doping concentrations, the compressed SnTe
has the higher Seebeck coefficient because of its larger electron
DOS (as shown in the solid black lines in Fig. 3) due to the
double-valley structure. At high doping concentrations, since the
Fermi level is inside the conduction band, an electron can yield
either a positive or negative Seebeck coefficient depending on its
relative energy with respect to the position of the Fermi level. A
large electron DOS near the CBM imposes the encumbrance of

Fig. 5 Thermoelectric transport properties of n-type SnTe at 300 K with different doping concentrations. a The Fermi level, b electron
mobility and electrical conductivity, c Seebeck coefficient, and d power factor of n-type SnTe for different doping concentrations at 300 K. The
red and blue circles represent the crystal at 0% and 3% compression, respectively. The solid circles in c illustrate the experimental results42.
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the thermoelectric conversion rate since more electrons are
providing the positive Seebeck coefficient. Fortunately, the
double-valley band structure also prevents the Fermi level from
going deep inside the conduction band. As previously men-
tioned, for the case of the compressed SnTe at the doping
concentration of 1020 cm–3, the Fermi level is located approxi-
mately at the center between the Q and Λ points. Therefore, even
at such a high doping concentration, the Seebeck coefficient of
the compressed SnTe (–127.2 μV K–1) is still roughly about double
that of the unstrained SnTe (–71.7 μV K–1). As a result, the
simultaneously enhanced electrical conductivity and the
Seebeck coefficient lead to a remarkable increase in the power
factor of the doping concentrations from 1018 to 1020 cm–3, which
is of great interest in thermoelectric applications, as shown
by the shaded region in Fig. 5d. In our calculations, the largest
power factor of the compressed SnTe (13.7 μW cm–1 K–2) occurs
at the doping concentration of 5 × 1019 cm–3, and this power
factor is 3.9 times larger than that of the unstrained SnTe
(3.5 μW cm–1 K–2).
In summary, we theoretically examined the room-temperature

electron transport properties of n-type SnTe with different
compressive strains and doping concentrations. The compressive
strain induced a single- to double-valley transition in the lowest
conduction band. The tight-binding analysis demonstrated that
the variation of the band shape originated from the strain-induced
delocalization of both the Sn-5s electrons and the Te-5p electrons
with different orbital angular momenta. The ab initio calculations
show that the 3% compressed SnTe has a larger electrical
conductivity and Seebeck coefficient than those of the unstrained
SnTe at high doping concentrations. In the region of doping
concentration from 1019 to 1020 cm–3, the thermoelectric power
factor can be significantly improved up to 3.9 times by a 3%
compression, and the peak value occurs at the doping concentra-
tion of 5 × 1019 cm–3. The main cause leading to the enhancement
is the presence of the strain-induced double-valley band structure.
The increasing electron DOS directly contributes to the Seebeck
coefficient. It also tends to retain the position of the Fermi level
close to the CBM as the doping level increases, which benefits the
electrical conductivity due to the much lower e-ph scattering rates
around the band edge. Very recently, n-type SnTe has proven to
be a good candidate for thermoelectric material. Our results
further revealed the origin of the single- to double-valley
transition of the Dirac-like band, and provided the theoretical
basis for understanding the enhancement of the power factor in
n-type SnTe with strain engineering. Additionally, the results
presented a possible degree of freedom for manipulating the
thermoelectric properties of semiconductors possessing Dirac-
like bands.

METHODS
Ab initio calculations
The e-ph coupling matrix elements should be determined to study
the electron scattering rates and transport properties. At finite
temperature, a traveling electron can interact with the variation of
the crystal potential due to atomic vibrations, and the process is
known as the e-ph scattering. The matrix elements are used to
describe the scattering events that fulfill energy and momentum
conservation, which are given by54

Mmkþq
nk; pq ¼ �h

2m0ωpq

� �1=2

mk þ q δVpqðrÞ
�� ��nk� �

: (1)

In the expression, nk and pq denote the band index and the
momenta for electrons and phonons, respectively; m0 is a
reference mass, and ωpq is the phonon frequency. The operator
δVpqðrÞ is the variation of the self-consistent potential energy
caused by a lattice wave corresponding to a phonon with the

state pq (sometimes called the phonon perturbed potential).
Using Fermi’s golden rule and the relaxation time approximation,
the scattering rate of an electron with the state nk due to the e-ph
interaction is written as54

1
τnk

¼ 2π
�h

X
m;p

Z
dq
ΩBZ

Mmkþq
nk; pq

��� ���2 fmkþq þ npq
� �

δ εnk � εmkþq þ �hωpq
� �

þ 1� fmkþq þ npq
� �

δ εnk � εmkþq � �hωpq
� �

" #
;

(2)

where ΩBZ is the volume of the first Brillouin zone, εnk is the
electron energy, and fnk and npq are the Fermi-Dirac and Bose-
Einstein distribution functions, respectively. The first term in the
bracket represents the phase space of a phonon-absorption
scattering event, and the second term is for the phonon-emission
scattering event. With the scattering rates, the tensors of the
electrical conductivity and the Seebeck coefficient are, respec-
tively, calculated with

σαβ ¼ e2

ΩNk

X
nk

vnk;αvnk;βτnk
∂fnk
∂εnk

; (3)

Sαβ ¼ � 1
eT

X
nk

vnk;αvnk;βτnk
∂fnk
∂εnk

" #�1X
nk

εnk � εFð Þvnk;αvnk;βτnk ∂fnk
∂εnk

;

(4)

where Ω is the volume of the studied crystal cell, Nk is the
number of grid points in the k-mesh, εF is the Fermi energy, and
vnk,α is the α component of electron group velocity. The electron
mobility tensor at a given carrier concentration, nc, is calculated
with μαβ = (enc)–1σαβ.
The electron and phonon band structures are studied by DFT

using the Quantum ESPRESSO package55. A fully relativistic norm-
conserving pseudopotential with Becke-Perdew exchange-corre-
lation functional including generalized gradient approximation is
used in this study. The self-consistent field calculations are
performed on a 20 × 20 × 20 k-mesh, and the electronic
Hamiltonians and energies are extracted from a 12 × 12 × 12 k-
mesh after carrying out the non-self-consistent field calculations.
The cutoff energy of the plane wave is 90 Ry, and the
convergence threshold is set to be 10−12 Ry. The optimized cell
parameter is aopt = 6.410 Å, which is in good agreement with
previous study56 but is larger than the experimental value (aexp =
6.327 Å57). The calculated bandgap is 0.086 eV, and we shift the
gap to the experimental value (0.180 eV58) using rigid band
approximation to obtain a more precisely determined Fermi level.
The phonon perturbed potentials are computed on a 6 × 6 × 6 q-
mesh using a convergence threshold of 10−19 Ry. It should be
noted that in the calculations below, the dynamical matrices
are replaced by the results calculated using a pseudopotential
with the Perdew-Zunger exchange-correlation functional, includ-
ing the local density approximation because this can provide a
more accurate phonon band, as discussed in a previous study30.
Our in-house modified EPW package59 is employed to calculate
the e-ph scattering rates on a 200 × 200 × 200 k-mesh and the
electron transport properties at 300 K with different doping
concentrations and compressive strains. The delta functions in
Eq. (2) are computed using the parameter-free tetrahedron
technique60. The scattering rate of each electron eigenstate is
calculated by interacting with the phonon eigenstates on a 100 ×
100 × 100 q-mesh.

Tight-binding analysis
The band energies can be computed by diagonalizing the
electronic Hamiltonians associated with a given crystal structure.
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The full Hamiltonian matrix including the SOC is written as

H kð Þ ¼

h0
aa kð Þ þ hSO

a ""ð Þ
h0
ca kð Þ

hSO
a #"ð Þ
0

h0
ac kð Þ

h0
cc kð Þ þ hSO

c ""ð Þ
0

hSO
c #"ð Þ

hSO
a "#ð Þ
0

h0
aa kð Þ þ hSO

a ##ð Þ
h0
ca kð Þ

0

hSO
c "#ð Þ
h0
ac kð Þ

h0
cc kð Þ þ hSO

c ##ð Þ

2
6664

3
7775;

(5)

where the subscripts a and c represent the cation (Sn) and anion
(Te in this study), respectively, the superscripts ‘0’ and ‘SO’ denote
the component of the unperturbed crystal Hamiltonian, h0, and
the SOC Hamiltonian, hSO, respectively, and the arrows indicate
the spin polarization. Each element in Eq. (5) corresponds to a 4 ×
4 matrix. For example, the elements including the SOC have

hSO
ν ""ð Þ ¼ hSO

ν ##ð Þ	 
�¼
0

0

0

0

0

0

iλν
0

0

�iλν
0

0

0

0

0

0

2
6664

3
7775; (6)

hSO
ν "#ð Þ ¼ hSO

ν #"ð Þ	 
y¼
0

0

0

0

0

0

0

�λν

0

0

0

iλν

0

λν

�iλν
0

2
6664

3
7775; (7)

where ν can be a or c. λν reflects the strength of the SOC in the
band structure. The processes of fitting the Slater-Koster
parameters are performed on the TBFIT code61. See Supplemen-
tary Method 1 for the details of the tight-binding calculations.

DATA AVAILABILITY
The data that supports this work can be found in the Manuscript and Supplemental
Material. Additional data will be available from the corresponding author upon
reasonable request.
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