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Here we report on Landau level spectroscopy of an epitaxially grown thin film of the topological
insulator SbaTes, complemented by ellipsometry and magneto-transport measurements. The ob-
served response suggests that SbaTes is a direct-gap semiconductor with the fundamental band gap
located at the I" point, or along the trigonal axis, and its width reaches E4 = (190 4+ 10) meV at low
temperatures. Our data also indicate the presence of other low-energy extrema with a higher multi-
plicity in both the conduction and valence bands. The conclusions based on our experimental data
are confronted with and to a great extent corroborated by the electronic band structure calculated

using the GW method.

I. INTRODUCTION

The family of materials based on pnictogen and chalco-
gen atoms comprises a number of appealing topological
systems [1, 2]. Among others, it also includes narrow-gap
semiconductors BisSes, BisTes and SboTes which were
proposed [3] and confirmed as three-dimensional topo-
logical insulators at very early a stage of the topological
epoch [1-6]. Nowadays they belong to the best-known
examples of systems with a non-trivial topology of the
electronic band structure.

Lately emerged interest in topological aspects of mat-
ter, together with a huge progress in experimentation of
surface-sensitive techniques (ARPES and STM/STS, in
particular) caused, that our understanding of bulk elec-
tronic band structure of these materials often lags be-
hind their intriguing surface states. Only recent results
of Landau-level (LL) spectroscopy measurements [7, 8],
combined with data from early magneto-transport exper-
iments [9-11], clarified that BizSes and BizTes are both
direct-gap semiconductors, the latter with a multiple val-
ley degeneracy (N = 6).

As compared to BisSez and BiyTes, the bulk band
structure of SboTes remains to a great extent uncovered.
The quantum oscillations experiments have so far been
performed only on bulk p-type samples with rather high
hole concentrations (above 10% cm~2). The interpreta-
tion suggested six-fold [12-16] or twelve-fold [17] valley
degeneracy, but also a more complex structure of the va-
lence band, with six- and non-degenerated valleys com-
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FIG. 1. Schematic view of the first BZ of Sb>Tes with the
mirror planes (gray planes) and trigonal, bisectrix as well as
binary axes indicated.

bined [18]. While the single-valley degeneracy is con-
nected with the center of the Brillouin zone (BZ) only,
the sixfold degenerated band extrema may be located
along the binary axes, or in the mirror planes, see Fig. 1.

The band structure of SboTes has been also several
times addressed theoretically [3, 19-23]. The results of
various ab-initio approaches are not fully consistent, but
at least indicate that the band extrema should be pri-
marily located at the I point, along the Z —T' — Z line or
in the mirror planes. Notably, the calculated energies of
different conduction or valence band extrema often differ
only by several tens of meV. This is likely beyond the
precision of theoretical methods and calls for a detailed
experimental inspection that may allow us to determine
the location, width and type of the fundamental band
gap of SbhyTes.


mailto:milan.orlita@lncmi.cnrs.fr

ul

IS

Relative magneto-transmission Ts/Tg
W

300 400
Energy (meV)

600

550

500

450
z .
E 400 01
ey g
ey . e e
¢ 350 A
S Jy«nw@i@’ 2ol
300
162
250
0«1
200l
1500 10 20 30
B (T)

FIG. 2. Magneto-optical response of SboTes in the mid-infrared spectral range at T' = 4.2 K. (a) Relative magneto-transmission
spectra, T /7o, plotted at selected values of the applied magnetic field B. (b) A false-color plot of relative magneto-absorbance
Ap = —In[Tp/To]. (c) Extracted positions of interband inter-LL resonances in the lower (blue) and upper (red) series. The
light-red color is used for the satellite line discussed in the main text. The solid and dashed lines are fits using a simple two-band

(massive Dirac-type) model, see the main text for a description.

In this paper, we present a combined experimental and
theoretical study of bulk electronic states in the SbyTeg
topological insulator. Using magneto-optical, optical and
magneto-transport methods, we find that SboTeg is a ma-
terial with a direct energy band gap. This gap reaches
E, = (190£10) meV and it is located in the center of the
BZ or along the trigonal axis. Nevertheless, the valence
and conduction bands display also other local extrema at
low energies, most likely in the mirror planes, and there-
fore, with a six-fold degeneracy.

II. SAMPLE PREPARATION, EXPERIMENTAL
AND COMPUTATIONAL DETAILS

The studied SboTes epilayer with a nominal thickness
of 300 nm (ellipsometry value: 276 + 2 nm) was grown
using molecular beam epitaxy on a l-mm-thick (111)-
oriented cleaved BaF5 substrate. Compound SbyTes and
elemental Te sources were used for the control of the sto-
ichiometry and composition. The deposition was car-
ried out at a sample temperature of 290°C at which a
high-quality 2D growth mode occurs as evidenced by re-
flection high energy electron diffraction and atomic force
microscopy. The grown SbyTes layer has the trigonal axis
oriented perpendicular to the substrate.

The prepared epilayer was characterized using x-ray
diffraction measurements in the temperature range of
T =77-300 K. At room temperature, the deduced lat-

tice constants, a = (0.4257 £ 0.0002) nm and ¢ =
(3.049 + 0.002) nm, compare well to values reported in
literature [24]: a = 0.4264 nm and ¢ = 3.0458 nm, re-
spectively. This suggests that the epilayer is well relaxed.
The experiments also show that, when cooling down, a
weak tensile stress (around 0.05%) appears as a result of
different thermal contractions in BaF; and SbyTes.

To measure infrared magneto-transmission, radiation
from a globar or a mercury lamp was analyzed by a com-
mercial Bruker Vertex 80v Fourier-transform spectrome-
ter. The radiation was then delivered via light-pipe op-
tics to the sample kept in the helium exchange gas at
the temperature T' = 2 or 4.2 K and placed in a super-
conducting solenoid, or in the resistive high-field magnet
(below or above 16 T, respectively), both at the LNCMI
in Grenoble.

Infrared radiation transmitted through the sample was
detected by a composite bolometer, placed below the
sample. The studied sample was probed in both Fara-
day and Voigt configurations, with the wave vector prop-
agating along and perpendicular to the applied magnetic
field, respectively. In the latter case, a linear polarizer
was used to select the electric polarization oriented per-
pendicularly to the applied magnetic field. The measured
transmission spectra, Tz, were normalized by the zero-
field transmission, T, and plotted in the form of relative
magneto-transmission, T /Ty, or alternatively, as rela-
tive magneto-absorbance, Ag = — In[Ts/Ty].

The optical response at B = 0 was deduced by the



0.30 (a)
0.25 _16 T
c 0.20} I
2 127 |
v
£ 015} ‘-
c
o
l_
0.10
0.05+
0.00; 5 10 15 20
Energy (meV)
0.000 0.040 0.080
e
20 '
(b)
<
]
£
>
2
()
c
L
% 4 8 12 16
B (T)
FIG. 3. Magneto-optical response of SboTes in the far in-

frared spectral range at T = 4.2 K. (a) Magneto-transmission
spectra, Tz, normalized by the transmission of a bare BaF-
substrate, are plotted for selected values of B. The same data
in the form of a false-color plot are presented in (b). In both
panels, pronounced coupling of the CR mode with the phonon
mode at 7 meV is observed (E, mode [25]).

ellipsometry technique, with a commercial Woollam IR-
VASE ellipsometer coupled to a closed He-cycle cryo-
stat, for details see Ref. 26. Complementary magneto-
transport measurements were realized using the standard
lock-in technique on a sample with electrical contacts in
the Hall-bar configuration, placed in the variable tem-
perature insert in a superconducting coil (up to 16 T).

The first-principles calculations were carried out with
density functional theory (DFT) and the GW approxi-
mation, as implemented in the codes FLEUR [27] and
SPEX [28] within the FLAPW formalism (Full Potential

Linearized Augmented Plane Waves). We used the same
lattice parameters of Ref. [23]. The DFT calculations
were performed using the exchange-correlation functional
GGA-PBE [29]. We used an angular momentum cut-off
lmaz=10 and a plane-wave cutoff of 4.5 bohr~'. The BZ
was sampled using an 8 x 8 x 8 k-point mesh, both in the
DFT and the GW calculations.

A mixed product basis was used for the GW calcula-
tions, with an angular momentum cut-off of 5 and linear
momentum cutoff of 2.9 bohr~!. The number of bands
was set to 500 for the calculation of the Green function
and the polarization function. The spin-orbit coupling
(SOC) effect was incorporated with the method of Refs.
[30, 31], which ensured that the SOC effects were fully
included in the Green function, the screened Coulomb
potential, and the self-energy.

The k-mesh used in the DFT and GW calculations
ensures [23] that accurate Maximally Localized Wannier
Functions (MLWFSs) [32] can be constructed. This was
done with the help of the WANNIER90 library [33]. Us-
ing the Wannier-interpolation technique as discussed in
Ref. [23], one can obtain (interpolated) energy eigenval-
ues (DFT or GW) in a denser mesh. We have used it to
interpolate the GW eigenvalues in a 28 x 28 x 28 mesh
needed to converge the dielectric function. The latter
was calculated from the RPA (Random Phase Approxi-
mation) polarizability [28] taking the macroscopic aver-
age including local-field effects.

III. RESULTS AND DISCUSSION
A. Magneto-optics

The magneto-optical data collected on the explored
SbyTes epilayer at low temperatures in the mid-infrared
spectral range are presented in Fig. 2a and 2b as a
stacked-plot of relative magneto-transmission spectra,
Tg/Ty, and as a false-color plot of relative magneto-
absorbance, Ap, respectively. The data are dominated
by two series of resonances — by the upper and lower
set — that may be directly associated with excitations
bringing electrons across the band gap, between Landau-
quantized valence bands. In the following, we analyze
these magneto-optical data, and compare them with re-
sults of complementary techniques, in order to associate
the two sets with particular locations in the BZ. In our
magneto-optical data, we did not identify any contribu-
tion directly attributable to surface states [6, 34-30].

Let us now analyze the observed transitions in terms of
their position, B-dependence and intensity, in a greater
detail. The transitions in both series follow a weakly
sub-linear in B dependence and extrapolate to a finite
photon energy in the limit of a vanishing magnetic field.
Such behaviour is typical of narrow-gap semiconductors
and can be, in this particular case, well reproduced us-
ing a simple two-band Hamiltonian often referred to as
the model of massive Dirac electrons. In this simple
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FIG. 4. Magneto-optical response of SboTes in the mid-infrared spectral range at T'= 4.2 K in the Faraday and Voigt (both
B 1 E) configurations. Relative magneto-transmission spectra, Tg /Ty, collected in the Faraday and Voigt configurations are
plotted in a form of false-color plots and stacked plots in (a,c) and (b,d), respectively.

model, with two material parameters only, the conduc-
tion (+) and valence (-) bands display hyperbolic profiles:
E = +vA? + h2v2k?, where v is the velocity parame-
ter and 2A represents the width of the band gap. The
magnetic field strong enough transforms these bands in
dispersive one-dimensional Landau bands, with the band
edge energies of E,, = +./A? + 2v2hn|eB|, for n > 0.

Taking the corresponding selection rules for electric-
dipole excitations for massive Dirac electrons [7, 37, 38]:
n — n + 1, the model reproduces the experimentally de-
termined positions of interband inter-LL excitations very
well, see Fig. 2c. For the lower set, the parameters read:
2A7 = (190 £ 10) meV and vy, = (4.1 +0.2) x 10° m/s.
For the upper set, we obtained: 2Ay = (340 £ 10) meV
and vy = (7.5 £ 0.5) x 10° m/s. The extracted param-
eters allow us to get estimates of the band-edge masses,
my = Ar/v? = (0.10 £ 0.01)mg and my = Ay /vF =
(0.055 + 0.005)mg, assuming that the electron-hole sym-
metry is preserved. myg stands for the bare electron mass.

Let us note that the successful application of the sim-
plified, massive Dirac, model is to a certain extent sur-
prising. Clearly, we deal with a topological insulator, and
the lower series of inter-LL excitation is — as justified a
posteriori in the paper — associated with the center of
the BZ where the band structure is clearly inverted. In
such a case, it is common to expand the Hamiltonian,
to include a diagonal dispersive term Mk? which effec-
tively describes the extension of the band inversion in
the reciprocal space, see, e.g., Refs. [37-40]. This term
impacts the LL spectrum mainly at high energies, i.e.,
well above the band gap. There, the LLs gain a linear
in B dependence, see Ref. [7] that contrasts with the
V/B dependence typical of Dirac electrons (with M = 0).
In the case of SbyTes, we were only able to set the up-

per limit for the inversion parameter: |M| < 10eV - A%
For higher values, the theoretical B-dependence of inter-
LL excitations starts to deviate visibly from the experi-
mental data. Another deviation from the simple massive
Dirac model appears for the upper set in high magnetic
fields. A satellite transition emerges at B > 15 T below
the 0 <> 1 line, which disperses approximately with the
same slope (light red full circles in Fig. 2¢). This ad-
ditional line may correspond to an excitation from/to a
shallow impurity state.

Other relevant pieces of information can be extracted
from the intensity of the observed inter-LL excitations.
Individual inter-LL transitions in the lower set emerge
with increasing B one by one, thus indicating a pro-
nounced occupation effect. The quantum limit, with the
Fermi energy in the lowest LL, is only achieved above
20 T when the transition 0 <+ 1 appears in the response
(hw =~ 200 meV, see Fig. 2b). In fact, this is a well-
known Moss-Burstein shift [411, 42], but with the onset of
interband absorption driven by the B-dependent Fermi
energy. This implies that the lower set of transitions
comes from a particular location in the BZ with a non-
negligible density of free charge carriers. In contrast, no
occupation effect is visibly manifested in the upper set.
This indicates a lower, or even negligible, carrier density
in the concerned bands.

Magneto-optical experiments at lower photon energies,
below the reststrahlenband of the BaFy substrate, were
performed as well, see Fig. 3. As expected, the trans-
mission of the sample is low, due to absorption on free
charge carriers (Drude-type absorption). This takes a
form of cyclotron resonance (CR) absorption when the
magnetic field is applied. Unfortunately, the precise read-
out of the CR energy and the extraction of the effective
mass is not straightforward due to strong coupling, pri-
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FIG. 5. Magneto-transport experiments. (a) Temperature dependence of background-removed Shubnikov-de Haas oscillations
in SboTes with B applied along the trigonal axis. The inset shows the corresponding Hall resistance at 17" = 1.36 K, showing
linear in B dependence. (b) Frequency spectra of 1/B-periodic Shubnikov-de Haas oscillations at selected temperatures. (c)
False-color plot: frequency spectra of 1/B-periodic Shubnikov-de Haas oscillations as a function of the angle 6 between the
trigonal axis and magnetic field. To visualize the angle dependence, individual experimental traces were normalised by their
maximum. The angle-dependence of the oscillations’ amplitude is plotted in the inset.

marily due to a dielectric effect, between a pronounced
phonon mode (E, ~ 7 meV, see Ref. [25]) and free charge
carriers. Nevertheless, a rough estimate of the effective
mass m. ~ 0.08mg from the B-dependent minimum in
the transmission response approaches the Dirac mass my,
deduced for the lower set of interband excitations.

To probe the anisotropy of the magneto-optical re-
sponse, a complementary magneto-optical experiment
was carried out with B oriented perpendicular to the trig-
onal axis of ShoTes (B L ¢). In the case of a thin layer,
such an experiment is only possible in the Voigt configu-
ration. To follow transitions active within the same set of
selection rules as in the Faraday configuration, we used
a linear polarizer and selected radiation with the elec-
tric field component perpendicular to the magnetic field
(B L E). The data collected in the Faraday and Voigt
configuration are compared in Fig. 4.

Interestingly, the lower set of inter-LL excitations van-
ishes completely in the Voigt configuration (B L ¢). This
suggests a pronounced anisotropy of the band structure
at the related location in the BZ, with the bands too
flat along the ¢ direction to enter the Landau-quantized
regime at magnetic fields applied. In contrast, the up-
per series of transitions shows nearly isotropic behaviour.
Again, the observed response (i.e., the upper set) can be
well reproduced using the model of massive Dirac elec-
trons, with an identical band gap 2Ay, but with the ve-
locity parameter slightly lowered, vy = (6.0 £ 0.5) m/s.
Let us note that two independent experiments were re-
alized in the Voigt configuration, with the sample ro-
tated by 90 deg around the trigonal axis to probe the in-
plane anisotropy. These measurements provide us with
nearly identical results, consistent with a fairly low in-

plane anisotropy (weak trigonal warping).

To sum up, the magneto-optical response of SboTes
at low photon energies is surprisingly complex. It is
dominated by two, or when the expected multiplicity
of the band extrema is considered, more than two dis-
tinct locations in the BZ. These differ considerably in
the extracted band gap, by the characteristic anisotropy
of the local band structure, but also by the density of
free charge carriers at the local band extrema. The ob-
served magneto-optical response suggests that SboTes is
a direct-gap semiconductor with the band gap reaching
E; = (190 £ 10) meV.

B. Magneto-transport

To complement our magneto-optical experiments, we
performed a series of magneto-transport measurements
on the same sample. Both transversal and longitudinal
components of the magneto-resistivity tensor — with B
applied along the trigonal axis of ShyTes — were recorded,
the latter also as a function of temperature, see Fig. 5a.
The Hall signal was linear in the applied magnetic field
and the sign indicated p-type conductivity typical of
SboTes [12-16]. The slope corresponds to the total hole
density of pyr = (1.4 £0.1) x 10*® cm~3. The presence of
this non-negligible hole concentration in single crystalline
bulk or epitaxial layers of SboTes may be caused by the
rather similar cation and anion electronegativities [43]
in this compound. During crystal growth, this leads to a
large number of negatively charged antisite defects which
result from the occupation of some Te sites in the SbyTes
lattice by Sb and which produce one hole for one antisite



defect | ], and furthermore also to the formation of
Sb vacancies [45].

The longitudinal component of magneto-resistance ex-
hibited well-visible Shubnikov-de Haas oscillations. Our
analysis based the fast Fourier transformation indicated
two oscillation periods, having frequencies of F; = (45 +
5) T and F; = (15 £5) T, see Fig. 5b. This indi-
cates the existence of two types of hole Fermi surfaces
in our sample. Below, we refer to them as larger and
smaller ones, respectively. Interestingly, no signs of split-
ting due to spin was observed. This may be surprising
in a material with a particularly strong spin-orbit in-
teraction. Nevertheless, in the sister material BisSes,
the same effect is present as well and explained as due
to spin splitting that matches multiples of the cyclotron
energy [46]. The Lifshitz-Kosevitch-like analysis of os-
cillations’ damping with temperature was only possible
for the dominant oscillations, corresponding to the larger
Fermi surface. It provided us with the effective mass of
my = (0.11 £ 0.02)mg. When the approximation of a
strictly parabolic band is used, this gives us an estimate
of the Fermi energy around 40-50 meV.

To explore the anisotropy of the Fermi surfaces, we
have also traced the Shubnikov-de Haas oscillations as
a function of the angle 6 between the trigonal axis and
the direction of the applied magnetic field (6 = 0 equiv.
B 1 ¢). In our experiment, the magnetic field was ori-
ented randomly with respect to the in-plane (a-b) crys-
tallographic axes. The result of the frequency analysis is
plotted in a form of a false-color plot in Fig. 5c.

Interestingly, the angle dependence is distinctively dif-
ferent for the two identified oscillation periods. The fre-
quency Fi, belonging to the larger Fermi surface, in-
creases monotonically with the angle and reaches roughly
4x its original value at § = 90 deg. This excludes the
possibility that we observe the response of electrons in the
surface states, recently reported on even thinner SbyTeg
layers [47]. The amplitude of oscillations drops signifi-
cantly, see the inset of Fig. 5c, becoming very weak at
angles around # = 90 deg. The larger Fermi surface is
thus greatly elongated in the direction of the trigonal
axis. The frequency F5 — corresponding to the smaller
Fermi surface — remains constant as a function of  within
the experimental accuracy, and hence, this Fermi surface
is approximately spherical.

Let us note that a different angle dependence was ob-
served in early magneto-transport studies of SboTes. The
observed oscillation period did not evolve monotonically
with 6 [12] and even signs of splitting appeared when B
was not parallel with the trigonal axis [17]. Such behav-
ior was interpreted as due to the multiple-valley structure
of the topmost valence band (with the valley degener-
acy N = 6 or 12). It is important to stress, however,
that those studies were performed on crystals with al-
most an order of magnitude larger hole density (around
10%% cm—3).

Having quantified the anisotropy of the larger Fermi
surface, we may estimate the related per-valley density

of holes. Let us assume that the band, even though pro-
foundly anisotropic, has still a strictly parabolic profile
at the concerned energies. The observed angle depen-
dence of F implies a relatively large difference — by a
factor of 16 — between the effective masses perpendicular
to and along the trigonal axis: mi = (0.11 £ 0.02)mg

and m! = (1.8 £ 0.3)my, respectively. This allows
us to estimate, taking the frequency F; = 45 T at
0 = 0, the corresponding hole density per valley: p; =
(ml /mi)V2(2eFy /)32 /(372) = 7 x 1018 cm =3,

The extracted per-valley hole density p; represents a
half of the total hole density py estimated in the Hall
experiments. Even though there exists some uncertainty
in the Hall read-out of the carrier density in systems with
two types of charge carriers, this suggests that the larger
hole pocket might be located at the I' point (N = 1).
Alternatively, the double valley degeneracy, N = 2, with
two larger hole pockets located along the trigonal axis
(along the Z — T" — Z line) is also possible. A higher
valley degeneracy, N = 6 or even N = 12, is not consis-
tent with our findings since N - p; > py. Independently
of the number of valleys concluded, each one is always
considered to be twice degenerate due to spin.

The extracted properties of the larger hole pocket, i.e.,
the anisotropy, effective mass, and the Fermi energy, re-
markably resemble the analogous parameters deduced for
the lower set of interband inter-LL transitions in Fig. 2.
Hence, it is plausible to assume that they have their ori-
gin in the very same location of the BZ. This implies that
the fundamental direct band gap of SboTes is located at
the ' point (N = 1) or alternatively along the Z —T'— Z
line (N = 2), cf. Fig. 1.

Assigning the larger Fermi surface, observed in
magneto-transport experiments, to the center of the BZ,
one may speculate about the location(s) of the smaller
one(s). It is plausible to assume that they may be posi-
tioned away from the trigonal axis — on the binary axis,
in the mirror place (both N = 6) or in a general lo-
cation lacking any higher symmetry (N = 12). Most
likely, those were the hole pockets which dominated the
response in early quantum oscillation experiments per-
formed on bulk samples with a significantly higher hole
density [12, 17].

C. Ellipsometry measurements

Let us now confront our conclusions so far with the
result of the ellipsometry experiments. These were per-
formed at B = 0 and at varying 7: from room tem-
perature down to 7 K. The deduced real part of optical
conductivity, the optical constant most relevant for this
work, is plotted in Fig. 6. It has a double-step onset at
low photon energies, which smears out with the increas-
ing temperature. To estimate the positions of these two
onsets, we used the critical point model [48] and searched
for zero-points in the second derivative of the imaginary
part of the dielectric function (plotted in the top part
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FIG. 6. Real part of optical conductivity of SbaTes deduced
using ellipsometry at T'= 7,100, 200 and 300 K. The vertical
dashed lines mark the position of two inflection points (at 7' =
7 K) in the imaginary part of the dielectric function, found as
zero-points of the second derivative, see the upper part. They
are associated with two onsets of interband absorption in the
data. The gray curves for BizSes and BixTes are re-plotted
from Refs. [20] and [3], respectively.

of Fig. 6). The positions of onsets are marked by two
vertical dashed lines at 277 and 329 meV in Fig. 6.

The lower inflection point matches well the expected
onset of interband absorption at the I" point (or along the
trigonal axis), corresponding to the fundamental band
gap enhanced by twice the Fermi energy at the larger
hole pocket: 2(Ar, + Er). This is due to the above men-
tioned Moss-Burstein shift [411, 12] typical of degenerate
semiconductors with a low electron-hole asymmetry. The
upper inflection point corresponds well to the onset of in-
terband absorption at the energy of the local band gap
2Ay. It is worth noting that, apart from smearing clearly
visible in the spectra, the basic character of the zero-field
optical response does not change with an increasing tem-
perature. This implies that the band structure is robust
against small temperature-induced strain/stress observed
in the z-ray diffraction experiments.

It is instructive to compare the zero-field optical re-
sponse of SboTes with sibling materials: BisSes and
BiyTes, in which the valley degeneracy of the fundamen-
tal band gap is consensually established: N = 1 and
N = 6, respectively. Interestingly, the profile of inter-

band absorption in BisSes resembles — by its shape and
amplitude — the first step in the absorption of SbhyTes,
just shifted towards higher energies. On the other hand,
at higher photon energies, the optical conductivity of
BisTes has the profile and overall strength similar to
SboTes, only shifted towards lower energies.

The above considerations are qualitative only, but they
are in line with the above concluded single, or at most,
double valley degeneracy of the fundamental direct band
gap of 2A; = 190 meV in SbyTes. In addition, they
point towards the sixfold valley degeneracy of the upper
(local) band gap of 2A; = 340 meV. We suggest that this
local band gap can be associated with the smaller hole
pocket (the frequency F5) observed in magneto-transport
experiments.

D. Comparison with output of GW calculations

Let us now compare our inferences — made so far solely
via the analysis of the collected experimental data —
with the electronic band structure calculated using the
GW approach. The band structure obtained theoreti-
cally along the selected directions of the BZ is plotted
in Fig. 7a. A series of band structure cuts was also de-
picted in Fig. 7b. These were made for selected values of
k. along particular directions in the reciprocal space, see
Fig. 7c, and finally, projected to the surface (2D) BZ.

In the big picture, the calculated band structure is in a
very good agreement with our conclusions based solely on
the experimental data. The extrema of electronic bands
relevant for low-energy excitations targeted in our ex-
periments are indeed located at the I' point, along the
7 —T'— Z line and in the mirror planes. The calculations
suggest the existence of two nearly degenerate maxima
of the topmost valence band. This is consistent with the
appearance of two series of interband inter-LL transitions
in the magneto-optical response (Fig. 2) as well as two
onsets in the zero-field optical conductivity (Fig. 6). The
vertical double arrows in Fig. 7b indicate corresponding
locations in the BZ. The predicted band gap is slightly
below 200 meV, a value perfectly in line with our op-
tical and magneto-optical data (2A). The calculations
also suggest fairly large anisotropy (in the direction along
versus perpendicular to the trigonal axis) of the global
valence band maximum at the I' point. In addition, the
calculated step-like nature of the joint density of states
(Fig. 7d) compares rather well with the onset of inter-
band absorption visualized by ellipsometry experiments
(Fig. 6).

Having said this, let us compare the experimental find-
ings with theoretical predictions in a greater detail, to
identify the existing differences. While our transport ex-
periments on the p-type sample conclude at most a dou-
ble degeneracy of the global valence-band maximum, a
sixfold degeneracy is suggested by calculations (Fig. 7b).
This discrepancy is also related to another difference:
The calculations imply an indirect type of the band gap,
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FIG. 7. Band structure of SboTes calculated using the GW method along different paths of the BZ: (a) Standard high-

symmetry path of the bulk BZ. (b) Bulk bands projected on the surface (2D) BZ. Each line, corresponds to a path in the bulk
BZ that projects onto the path M —I' — K in the surface BZ. The color of the bands represents the k. component of the path.
The paths and the corresponding colors are indicated in panel (c¢). Panel (d) shows the calculated joint density of states at low
photon energies. Panel (e): bands along the Z—F path of the bulk (blue) and three paths slightly shifted with a fixed k.. This
shows that the maximum and minimum are indeed located along the Z—F line and have therefore six-fold degeneracy (N = 6.
The paths and colors corresponding to (e) are shown in panel (f).

while the experimental data are rather consistent with a
direct one. Both discrepancies have the same origin: the
theoretical prediction of the two maxima in the valence
band with similar energies. The highest one (the absolute
valence band maximum) lies on the mirror plane (degen-
eracy N = 6). To confirm this, Figs. 7e and f show the
band structure for three other off-symmetry lines in the
BZ parallel to the Z—F line (i.e., parallel to the mirror
plane). All paths have the same k, component and devi-
ate from each other by 0.01 Bohr~! in-plane. The bands
show that the VBM lies indeed along the Z—F line, and
is thus six-fold degenerate (N = 6). The second one,
approximately 40 meV below, is at the I' point (degen-
eracy N = 1). However, as we discussed in Ref. [22], the
relative energy between these two maxima is extremely
sensitive to the details of the calculations. For example, a
different set of lattice parameters used in the calculation

can shift the valence band maximum from one position to
the other (see Fig. 2 of Ref. [22]). Therefore, in this case,
the band structure calculations cannot give a definitive
answer about which of the two is the absolute maximum.

It is interesting to compare these findings to the band
structure of the sister compound BisTes. There, a con-
sensus exists in literature, both in experimental stud-
ies [8, 10] and in theoretical calculations, that the valence
band is characterized by six pronounced global max-
ima located in the mirror planes (N = 6). The results
of GW calculations performed for the mixed compound
(Sb;_,Bi;)2Tes show such a trend when the Sb-to-Bi ra-
tio increases. This is shown in Fig. 8 in the Appendix,
where we also discuss the role of the spin-orbit interaction
in this cross over (Fig. 9). Namely, the gradual increase
in the bismuth concentration suppresses the valence band
maximum at the I' point and enhances the maxima in the



mirror planes (Z-F direction). These latter maxima be-
come the global ones for = > 0.6. This picture is also con-
sistent with conclusions of early quantum-oscillation ex-
periments performed on the mixed (Sby_,Bi,)2Tes crys-
tals [13]. The comparison of band structure parameters
deduced in this work for SheTes with those for BiyTes [¢]
is made in Tab. I.

Finally, we have experimentally shown that, besides
the fundamental band gap in the centre of the BZ, the
band structure comprises also additional, local energy
band gaps, located most likely in the mirror planes and
with fairly high, in their vicinity, isotropic bands. How-
ever, these additional band gaps are not clearly identified
in our calculations. Even though, such a maximum of the
calculated topmost valence band can be found in the mir-
ror plane, the shape of rather shallow counterpart in the
conduction band would not allow to form a well-defined
Landau quantization at the scale seen in our experimen-
tal data.

IV. CONCLUSIONS

We conclude that antimony telluride is a semiconduc-
tor with a direct energy band gap of E, = (190+10) meV
at low temperatures, which is located at the center of
the BZ, or alternatively, along the trigonal axis. In the
observed response, we do also identify additional local
maxima of the valence band, nearly degenerate with the
global one, which form additional (local) direct gaps with
the width of (340 & 10) meV and displaying the six-fold
valley degeneracy (mirror planes). Our findings are in
fairly good agreement with the electronic band structure
calculated using the GW method, thus demonstrating
high predictive power of this advanced theoretical tech-
nique.
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Appendix: Electronic band structure of
(Sbl_zBiz)gTe3

Following the approach described in Ref. [23], we
can use the GW calculations to construct tight-binding
Hamiltonians for the parent compounds SboTez and
BigTes, that will allow us to simulate alloys with inter-
mediate Sb and Bi concentrations. These tight-binding
Hamiltonians are expressed in a basis of Wannier func-
tions and there are no adjustable parameters: the Hamil-
tonian matrix elements are fully determined by the GW
calculation of these two compounds. We used a 6x6x6
k-point mesh for these calculations. A doping was simu-
lated for the parent compounds by fitting the calculated
band extrema to the ARPES results from [19]. To simu-
late the band structures of the alloys in Fig. 8, the tight-
binding parameters are smoothly varied between those of
the parent compounds using the virtual crystal approxi-
mation (VCA).

It is worth to note that the qualitative change of the
Sby_,Bi,;)2Tes band structure, from one to six maxima
in the valence band, when Sb is gradually replaced by
Bi, can be explained in terms of the increasing strength
of the spin-orbit interaction that is significantly stronger
for the latter element. To elucidate this, we present in
Fig. 9 DFT calculations of BisTes in which we artifi-
cially reduced the spin-orbit strength from 100% down
to 54% corresponding to the point of a topological phase
transition. For lower spin-orbit interaction strengths,
the system becomes topologically trivial. The results
of this analysis are shown in Fig. 9 and suggests that
the existence of the two competing valence band maxima
in SboTes are indeed a consequence of the lower SOC
strength in SboTes with respect to BisTes.
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