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Anisotropic optical conductivity accompanied by a small energy gap in the one-dimensional
thermoelectric telluride Ta,SiTe,
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We investigated the optical properties of single crystals of one-dimensional van der Waals crystal Ta,SiTey,
which exhibited high thermoelectric performance below room temperature. Optical conductivity estimated from
reflectivity spectra indicates the presence of a small energy gap of 0.1-0.15 eV at the Fermi energy. At the lowest
energy, optical conductivity along the TaySiTe, chain is an order of magnitude higher than that perpendicular to
this direction, reflecting anisotropic electron conduction in TasSiTe,. These results suggest that the coexistence
of a small band gap and moderate anisotropy in electron conduction is a promising strategy for developing
high-performance thermoelectric materials for low-temperature applications.
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There are great expectations for thermoelectric energy con-
version between thermal and electrical energies, which can
be used for energy harvesting and local cooling. Currently,
thermoelectric energy conversion has been practically used
in Peltier cooling at around room temperature using Bi,Tes-
based materials, and in radioisotope thermoelectric generators
using PbTe- or SiGe-based materials. A new material that
exhibits much higher performance at room temperature would
open an avenue for the utility of energy harvesting, which
obtains electrical energy from the surrounding temperature
differences. In addition, a new material that exhibits high
performance below —100 °C, where Bi,Tes-based materials
cannot be used, would lead to Peltier cooling and precision
temperature control at low temperatures. Recently, the devel-
opment of new materials for high-temperature applications
has been remarkable. PbTe with hierarchical architectures,
AgPb,,SbTe,.,,, and SnSe have been reported to exhibit con-
siderably low thermal conductivity «, resulting in a large
dimensionless figure of merit ZT = S?T/pk exceeding 2 at
high temperatures, where S, p, and T are Seebeck coefficient,
electrical resistivity, and temperature, respectively [1-4]. In
contrast, there were few candidate materials, such as Bi;_,Sb,
and CsBisTeg, for low-temperature applications [5-7].
Thus, at low temperatures, a reduction in x alone is not
sufficient to achieve high thermoelectric performance, but an
increase in S and a reduction in p are also essential.

Recently, one-dimensional van der Waals crystal Ta,SiTey
and its chemically substituted samples were reported to ex-
hibit a significantly large |S| with sufficiently small p for
thermoelectric materials over wide temperatures from 50 K
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to room temperature [8]. TaySiTe, has a strongly one-
dimensional crystal structure consisting of TasSiTe, chains
loosely bonded by van der Waals interactions between Te
atoms, as shown in Fig. 1(a) [9,10]. This crystal structure
has the orthorhombic Pbam symmetry, but is almost isotropic
within the ab plane. The TasSiTe4 chains are parallel to the
¢ axis, forming an almost perfect triangular lattice in the ab
plane, where the distances between neighboring chains differ
by only 0.1%. Whisker crystals with a length of several mil-
limeters and a maximum thickness of 10 um were synthesized
by the crystal growth in the vapor phase, and p and S along
the whisker, //c, were measured [8]. Furthermore, 0.1-0.2%
Mo-doped whiskers exhibited a large negative Seebeck co-
efficient of |S] ~ 300 uWK~! and a small p = 1 mQ cm
at 220-280 K, resulting in a huge power factor P = S%/p
of 170 uW cm~! K~2. This P is more than four times the
room-temperature value for Bi, Tes-based practical materials.
Since the above report, research on this system as a
thermoelectric material has increased. The whisker crys-
tals of chemically doped Nb,SiTes, which is a 4d analog
of TaySiTey4, and the solid solution between TasSiTes and
NbySiTe, also showed a large P exceeding those of prac-
tical materials [11,12]. Moreover, p-type whisker crystals
were obtained by Ti doping at Ta sites [13]. The power
factor of the p-type whiskers reached a maximum value of
60 uW cm~! K~2 and exceeded the practical level between
100 K and room temperature. Furthermore, the thermoelectric
properties of sintered TasSiTe4 samples prepared by the cold-
press method and a flexible composite of Ta,SiTe, whiskers
and an organic conductor were investigated [14,15].
However, the physical background behind the realization
of a huge P below room temperature in this system has not
yet been clarified experimentally. First-principles calculations
showed that Ta;SiTe4 and Nb,SiTe4 have a one-dimensional
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FIG. 1. (a) Crystal structure of Ta,SiTe,. The orthorhombic unit
cell is indicated by solid lines. (b) A single crystal of TasSiTes.
(c) A typical crystal surface used in optical reflectivity measure-
ments. (d) Seebeck coefficient and electrical resistivity of a Ta,SiTe,
single crystal.

band structure, in which a small band gap opens at the Dirac
point owing to strong spin-orbit coupling [8,10,16]. Naturally,
this characteristic band structure plays an important role in
achieving huge P at low temperatures. However, there have
been few experimental studies on the electronic state and
the correlation between the electronic state and thermoelec-
tric properties of this system. Only the magnetoresistance
measured along the chain direction and magnetic suscepti-
bility of a nonoriented sample have been reported thus far
[17-19]. The whisker morphology of the synthesized sam-
ples hampered the experimental studies. In this Letter, we
report the reflectivity spectra of TasSiTe, single crystals mea-
sured over a wide energy range using linearly polarized light
oscillating either parallel or perpendicular to the TasSiTey
chains, which enables us to obtain information on the one-
dimensional electronic anisotropy. The optical conductivity
o(w) estimated from the reflectivity data showed two char-
acteristic features that are closely related to the thermoelectric
properties of TasSiTe4. One is a small energy gap of 0.1-0.15
eV-opening at the Fermi energy Er. The other is an anisotropy
in the low-energy region, where o (w) parallel to the TasSiTey
chains is an order of magnitude higher than that perpendicular
to them.

Single crystals of TasSiTes were synthesized by crystal
growth in the vapor phase. A mixture with a 2:1:2 molar ratio
of Ta (Rare Metallic, 99.9%), Si (Kojundo Chemical Labora-
tory, 2299.9%), and Te (Rare Metallic, 99.999%) powders was
sealed in an evacuated quartz tube with 10-20 mg of TeCly
powder. The tube was heated to and kept at 873 K for 24 h and

1423 K for 96 h, and then furnace cooled to room temperature.
We fabricated several hundred tubes to obtain single crystals
for the reflectivity measurements, because the single crystals
large enough were rarely obtained. Single crystals with a
maximum width of 100 um or more and a length of several
millimeters were used for the reflectivity measurements de-
scribed below. A typical example is presented in Fig. 1(b). The
obtained single crystals exhibited almost the same Seebeck
coefficient and slightly higher electrical resistivity as those in
the whisker crystals reported in a previous study [8], as shown
in Fig. 1(d).

Normal incident reflectivity measurements were performed
on the as-grown shiny surface at room temperature, us-
ing Fourier-type interferometers (0.02-0.06 eV, DA-8, ABB
Bomen and 0.05-2.2 eV, FT/IR6600 IRT-5200) and a grating
spectrometer (2—4 eV, MSV-5200) [20]. A typical surface
used for the measurements is shown in Fig. 1(c). The re-
flectivity spectra were measured using linearly polarized light
oscillating parallel or perpendicular to the TasSiTe4 chains,
that is, along the ¢ axis. A TasSiTe4 single crystal can eas-
ily bend and break under stress, reflecting the nature of the
one-dimensional van der Waals crystals. This study used sin-
gle crystals that were immediately after taken out from an
evacuated quartz tube, which were confirmed to be free of
cleavage and twisting. The crystal size was sufficient for op-
tical measurements using microscopes designed for infrared
and visible-ultraviolet spectrometers [20]. An evaporated Au
or Ag film on a glass plate was used as a reference mirror.
Reflectivity measurements in the visible- to visible-ultraviolet
region were performed using synchrotron radiation at the
BL3B beamline of the ultraviolet synchrotron orbital radia-
tion facility (UVSOR), Institute for Molecular Science, Aichi,
Japan. The spectrum was confirmed to be independent of its
location within the spatial resolution. For quantitative dis-
cussion, the optical conductivity o(w) was deduced from
the reflectivity R(w) by the Kramers-Kronig transformation.
This transformation requires appropriate extrapolation. An
extrapolation below 0.02 eV was made according to the
Hagen-Rubens equation and one above 30 eV assuming R
w™*. Parameters in the Hagen-Rubens extrapolations o (0)yg
were 180 and 38 ! cm™! for the R(w) spectra taken parallel
and perpendicular to the c axis, respectively.

First-principles density-functional calculations were per-
formed on TasSiTes using the QUANTUM ESPRESSO code
[21,22]. The calculations used norm-conserving pseudopo-
tentials from the optimized norm-conserving Vanderbilt
pseudopotential library [23] sourced from PSEUDODOJO [24].
The exchange-correlation function was treated within the
generalized gradient approximation in the Perdew-Burke-
Ernzerhof formalism [25]. The plane-wave energy cutoff
for the wave functions was set to 92 Ry. Brillouin-zone
integration was performed using a 4 x 2 x 9k-point mesh.
Electronic occupations were smeared with a Gaussian width
of 0.002 Ry. In these calculations, the spin-orbit coupling was
explicitly considered. The results of the density-functional
calculations were used to calculate the optical conductivity
spectra using the RESPACK code [26,27]. In RESPACK, the op-
tical conductivity is derived from a dielectric function based
on a random-phase approximation. The energy cutoff of the
dielectric function was set to 3 Ry. The integral over the
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FIG. 2. Optical reflectivity spectra of a TasSiTe,s single crystal
for polarization parallel and perpendicular to the ¢ axis measured
at room temperature. The inset shows the enlarged spectra below
0.15 eV. The dotted lines are extrapolations using the Hagen-Rubens
formula.

Brillouin zone was calculated using the generalized tetrahe-
dron technique with a smearing of 0.01 eV.

Figure 2 shows the reflectivity spectra of a TaySiTe, single
crystal measured at room temperature using linearly polarized
light oscillating parallel to the ¢ axis (the electric field E is
parallel to the ¢ axis, i.e., E//c) and perpendicularly to the ¢
axis (E_Lc). The reflectivity for E//c, R;/(w), shows a peak
at approximately 1.4 eV and a strong increase below 0.7 eV.
The latter increase most likely corresponds to the plasma edge
of the metals. However, R,/(w) is considerably suppressed
and decreased below 0.3 and 0.17 eV, respectively, in the
midinfrared region, followed by a sharp increase below 0.03
eV. This complex spectral shape below the edge at 0.4 eV
suggests that Ta,SiTe, is not a simple metal with Fermi sur-
faces, but has a complex structure in its band structure near E,
as will be discussed later. The E Lc reflectivity, R (), also
showed a decrease below 0.17 eV and a sharp increase below
0.03 eV, similarly to R//(w). However, the R (w) values are
lower than R,,(w) in the whole energies, and the increase in
Ry (w) below 0.4 eV is significantly weaker than thatin R, /()
below 0.7 eV, probably reflecting an anisotropy in electrical
conduction.

The optical conductivity spectra of TasSiTes at room
temperature obtained by performing the Kramers-Kronig
transformation of the extrapolated reflectivity spectra are
shown in Fig. 3(a). The optical conductivity for Ef/c, o/,(w),
exhibits peaks at 2.5, 1.9, 1.3, and 0.2 eV. The first three peaks
in the near-infrared to visible region most likely correspond to
the interband transitions. The last peak at 0.2 eV corresponds
to the band gap at Er, which will be discussed in detail below.
In contrast, the optical conductivity for E_Lc, o, (w), also has
a small peak at approximately 0.2 eV, but does not show a
clear peak owing to the interband transition. These behav-
iors are good agreement with the theoretical result shown in
Fig. 3(b). The theoretical spectrum for E//c has four prominent
peaks at 2.5, 2.0, 1.4, and 0.4 eV, which correspond to those
observed in the experimental spectrum shown in Fig. 3(a).
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FIG. 3. (a) Optical conductivity spectra of a Ta,SiTe, single
crystal parallel and perpendicular to the ¢ axis at room temperature.
The inset shows the effective number of electrons per formula unit.
(b) Calculated optical conductivity spectra of Ta,SiTe4 parallel to
the a-, b-, and c axes.

The theoretical spectra of E//a and E//b are also consistent
with the experimental o, (w). The theoretical spectra of E//a
and E//b are almost identical, which is natural considering
the almost isotropic crystal structure within the ab plane, as
discussed above, and have no significant structure other than
a strong decrease below 0.2-0.4 eV. The experimental o (w)
of TasSiTe, also satisfies the summation rule. The inset of
Fig. 3(a) shows the effective electron number per formula
unit, Ner, which is calculated as Nep = 2297 [¢ o ()d o',
where mg and V are the bare electron mass and the volume
per formula unit, respectively. At sufficiently high energies,
Negr values for both E//c and E Lc converge to 48, which is the
number of valence electrons in the formula unit of TasSiTey.
These results indicate that the spectral analysis performed in
this study, including extrapolation, is appropriate.
Subsequently, the low-energy o (w) of TaySiTey4, which is
closely related to its thermoelectric properties, is discussed.
As shown in Fig. 4(a), o//(w) strongly increases from
low values above 0.1 eV with increasing w. The o) (w)
also increases above 0.15 eV, even though the change
is weaker than that for E//c. The direct-independent
increases of o(w) above 0.1-0.15 eV indicate the
presence of a small energy gap of 0.1-0.15 eV at Ef.
The presence of such a small energy gap was implied
by the Arrhenius plot of the electrical conductivity of
the Ti-doped whiskers, where the carrier density was
reduced by Ti doping [13]. A small band gap was also
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FIG. 4. Low-energy optical conductivity spectra of a TasSiTe,
single crystal parallel and perpendicular to the ¢ axis at room tem-
perature. (a) and (b) show the optical conductivity spectra below 0.5
and 0.2 eV, respectively.

noted in first-principles calculations [8,16]. First-principles
calculations without spin-orbit coupling showed that
Ta,SiTes is a Dirac semimetal with band-crossing points
at Ep. When spin-orbit coupling is switched on, a small band
gap of ~0.1 eV opens at Ep. The strong increase in o(w)
above 0.1-0.15 eV is a direct observation of a spin-orbit gap
opening at Er in TaySiTey.

In the topological semimetals with Dirac-like band disper-
sion in the vicinity of the Ef, a flat region often appears in
the wide midinfrared energy region of the optical conduc-
tivity spectra [28,29]. They also show a Drude peak with a
significantly narrow energy width owing to the presence of
extremely light carriers. In contrast, a flat region does not
exist in the optical conductivity spectra of TasSiTeq4, probably
because such a flat region is masked by the spin-orbit gap
of 0.1-0.15-eV opening at Er. The narrow Drude peak may
correspond to a sharp increase in the optical conductivity in
the lowest-energy region, which will be discussed later, but
even lower-energy and lower-temperature measurements are
needed to confirm it.

The existence of a small energy gap at E is closely related
to the high thermoelectric performance at low temperatures
of TaySiTey. According to the 10 kgT rule for thermoelectric
materials, a relationship A ~ 10kgT},x exists between the
size of the band gap A and the optimum temperature for a
thermoelectric material 7;,,5 in semiconductor thermoelectric
materials [30]. In fact, Bi,Te;, PbTe, and SiGe, with band
gaps of 0.3, 0.5, and 0.7 eV have T;,,x of approximately 300,
500-700, and 1000 K, respectively [21]. The observed A ~
0.1 eV in Ta,SiTe, suggests high thermoelectric performance
at approximately 100 K in this material. However, it is difficult
for a material to have such a significantly small A at Eg, which
is one of the reasons why thermoelectric conversion has not
been utilized at low temperatures. For example, CsBisTeg,
which exhibits optimum performance at approximately 200 K,
has a small A due to the sparse existence of Bi—Bi bonds in its
crystal structure [31]. In TasSiTe4, a spin-orbit gap opening
at the Dirac point results in a small A. The realization of
a significantly small band gap can serve as a guideline for

finding a promising material for low-temperature applications
that is yet to be utilized. This discussion indicates that the
spin-orbit gap is a promising approach.

Below 0.05 eV, o(w) of TaySiTe,4 for both E//c and E Lc
gradually increases toward the lowest energy, as shown in
Fig. 4(b), which is probably the Drude peak associated with
the itinerant electrons. As a result, o;,(w) at the lowest energy
of 0.02 eV is equal to 160 Q! cm~!, which is approximately
one-sixth of the dc electrical conductivity of 1000 Q' cm™!
measured using a whisker crystal [8]. Although the origin of
this discrepancy is not fully understood, o (w) may continue
to increase below 0.02 eV toward hiw = 0, resulting in a
smaller discrepancy between o(0) and the dc conductivity.
In this case, the increase in o(w) toward hw = 0 indicates
the presence of a small amount of strongly light-conducting
carriers.

Although the quantitative estimate of the lowest-energy
o(w) remains ambiguous, as discussed above, o, (w) =
20 @ 'em™! at fiw = 0.02 eV is one-eighth of o/,(w), as
shown in Fig. 4(b), suggesting the presence of an anisotropy
of one order of magnitude in the electrical conduction of
TasSiTe4. Although this anisotropy appears weak, consider-
ing that TaySiTe, is a one-dimensional van der Waals crystal,
this result demonstrates the presence of anisotropic electron
conduction in TasSiTey.

The observed weak one-dimensional anisotropy, i.e., one
order of magnitude higher o/, than o,, may play an im-
portant role in realizing high thermoelectric performance in
TaySiTe,. Hicks and Dresselhaus theoretically indicated that
systems with one-dimensional electron conduction can ex-
hibit considerably higher thermoelectric performance than
three-dimensional systems by considering the confinement
of electrons in nanosized quantum wires [32]. This ef-
fect is expected to work similarly for bulk materials with
one-dimensional anisotropy of electron conduction, as dis-
cussed for CsBisTeg [6,7,31]. However, one-dimensional
electron conduction is weak against disorder. External fac-
tors such as lattice defects have a significant negative effect
on one-dimensional electron conduction due to Anderson
localization. In contrast, electron conduction in TasSiTey
is robust against disorder. For example, the whisker sam-
ples of TaySiTes-NbySiTey solid solution show similar or
smaller p than that of the end members [12]. The moderate
one-dimensional anisotropy in TasSiTes plays an important
role in realizing the robustness of electron conduction in
Ta,SiTe,, which results in high thermoelectric performance
in this system. Recently, materials with one-dimensional
crystal structure were found to exhibit high thermoelectric
performance below room temperature [33-36], implying the
importance of anisotropic electrical conduction.

In conclusion, we measured the reflectivity of synthesized
single crystals of a one-dimensional van der Waals crystal
TaySiTe, that show high thermoelectric performance at low
temperatures over a wide energy range. The optical conduc-
tivity data estimated from the reflectivity spectra indicated the
presence of a small band gap of 0.1-0.15 eV at Ef, corre-
sponding to the spin-orbit gap predicted in the first-principles
calculations. At the lowest measured energy, o,,(w) is one or-
der of magnitude higher than o (), indicating the presence of
moderate anisotropy in the electrical conduction of TasSiTes.
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This significantly small band gap and the weak but robust
one-dimensional anisotropy in electrical conduction play key
roles in the high thermoelectric performance, particularly the
observed gigantic power factor in TaySiTe4 below room tem-
perature. The coexistence of these two factors in a material
is a promising strategy for developing practical materials for
low-temperature applications.
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