PHYSICAL REVIEW B 109, 165205 (2024)

Editors’ Suggestion

Electronic band structure of Sb,Te;

I. Mohelsky,! J. Wyzula,':? F. Le Mardelé,' F. Abadizaman,® O. Caha,® A. Dubroka,® X. D. Sun,! C. W. Cho®,' B. A. Piot®,!
M. F. Tanzim ®,* I. Aguilera®,* G. Bauer,”> G. Springholz®,’> and M. Orlita®"%"
! Laboratoire National des Champs Magnétiques Intenses, LNCMI-EMFL, CNRS UPR3228, Univ. Grenoble Alpes, Univ. Toulouse,
Univ. Toulouse 3, INSA-T, Grenoble 38340, France
2Scientific Computing, Theory and Data Division, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland
3Department of Condensed Matter Physics, Masaryk University, Kotlarskd 2, 611 37 Brno, Czech Republic
*Institute for Theoretical Physics Amsterdam, University of Amsterdam, and European Theoretical Spectroscopy Facility (ETSF),
1090 GL Amsterdam, The Netherlands
3Institut fiir Halbleiter- und Festkorperphysik, Johannes Kepler Universitdt, Altenbergerstrasse 69, 4040 Linz, Austria

SFaculty of Mathematics and Physics, Charles University, Ke Karlovu 5, Prague 121 16, Czech Republic

®  (Received 12 December 2023; accepted 15 March 2024; published 18 April 2024)

We report on Landau-level spectroscopy of an epitaxially grown thin film of the topological insulator Sb,Tes,
complemented by ellipsometry and magnetotransport measurements. The observed response suggests that
Sb,Te; is a direct-gap semiconductor with the fundamental band gap located at the I point or along the trigonal
axis, and its width reaches E, = (190 £ 10) meV at low temperatures. Our data also indicate the presence of
other low-energy extrema with a higher multiplicity 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.
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I. INTRODUCTION

The family of materials based on pnictogen and chalcogen
atoms comprises a number of appealing topological systems
[1,2]. Among others, it includes narrow-gap semiconductors
Bi,Se;, Bi,Tes;, and Sb,Tes, which were proposed [3] and
confirmed as three-dimensional topological insulators at a
very early stage of the topological epoch [4-6]. Nowadays,
they belong to the best-known examples of systems with a
nontrivial topology of the electronic band structure.

Lately, the emerged interest in topological aspects
of matter, together with huge progress in the exper-
imentation of surface-sensitive techniques angle-resolved
emission spectroscopy (ARPES) and scanning tunneling
microscopy/scanning tunneling spectroscopy, in particular,
has caused our understanding of the bulk electronic band
structure of these materials to often lag behind their intriguing
surface states. Recent results of Landau-level (LL) spec-
troscopy measurements [7,8], combined with data from early
magnetotransport experiments [9-11], clarified that Bi,Se;
and Bi, Te; are both direct-gap semiconductors, the latter with
a multiple-valley degeneracy (N = 6).

As compared to Bi,Se; and Bi,Tes, the bulk band struc-
ture of Sb,Tes; remains, to a great extent, uncovered. The
quantum oscillations experiments have so far been performed
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only on bulk p-type samples with rather high hole concentra-
tions (above 10%° cm~3). The interpretation suggested sixfold
[12-16] or 12-fold [17] valley degeneracy, but also a more
complex structure of the valence band, with sixfold and non-
degenerated valleys combined [18]. While the single-valley
degeneracy is connected with the center of the Brillouin zone
(BZ) only, the sixfold degenerated band extrema may be lo-
cated along the binary axes or in the mirror planes; see Fig. 1.

The band structure of Sb,Tes has also been theoretically
addressed several times [3,19-23]. The results of various ab
initio approaches are not fully consistent, but at least indi-
cate that the band extrema should be primarily 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 Sb,Tes.

In this paper, we present a combined experimental and
theoretical study of bulk electronic states in the Sb,Tes
topological insulator. Using magneto-optical, optical, and
magnetotransport methods, we find that Sb,Te; is a material
with a direct-energy band gap. This gap reaches E, = (190 &+
10) meV and is located in the center of the BZ or along the
trigonal axis. Nevertheless, the valence and conduction bands
also display other local extrema at low energies, most likely
in the mirror planes, and therefore with a sixfold degeneracy.

II. SAMPLE PREPARATION, EXPERIMENTAL
AND COMPUTATIONAL DETAILS

The studied Sb,Te; epilayer with a nominal thickness
of 300 nm (ellipsometry value 276 =2 nm) was grown
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using molecular beam epitaxy on a I-mm-thick (111)-oriented
cleaved BaF, substrate. Compound Sb,Te; and elemental Te
sources were used for the control of the stoichiometry and
composition. The deposition was carried out at a sample tem-
perature of 290 °C at which a high-quality two-dimensional
(2D) growth mode occurs as evidenced by reflection high-
energy electron diffraction and atomic force microscopy. The
grown Sb,Tes layer has the trigonal axis oriented perpendicu-
lar to the substrate.

The prepared epilayer was characterized using x-ray
diffraction measurements in the temperature range of 7 =
77-300 K. At room temperature, the deduced lattice con-
stants, a = (0.4257 £ 0.0002) nm and ¢ = (3.049 + 0.002)
nm, compare well to the values reported in the literature [24]:
a = 0.4264 nm and ¢ = 3.0458 nm, respectively. This sug-
gests 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 Sb,Tes.

To measure infrared magnetotransmission, radiation from
a globar or a mercury lamp was analyzed by a commercial
Bruker Vertex 80v Fourier-transform spectrometer. The radia-
tion was then delivered via light-pipe optics to the sample kept
in the helium exchange gas at the temperature 7 = 2 or 4.2 K
and placed in a superconducting 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 de-
tected by a composite bolometer, placed below the sample.
The studied sample was probed in both Faraday and Voigt
configurations, with the wave vector propagating along and
perpendicular to the applied magnetic field, respectively. In
the latter case, a linear polarizer was used to select the electric
polarization oriented perpendicularly to the applied magnetic
field. The measured transmission spectra Tz were normalized
by the zero-field transmission 7y and plotted in the form of rel-
ative magnetotransmission 75/Tp or, alternatively, as relative
magneto-absorbance, Ag = — In[7p/Tp].

The optical response at B = 0 was deduced by the ellip-
sometry technique, with a commercial Woollam IR-VASE
ellipsometer coupled to a closed He-cycle cryostat; for details,
see Ref. [25]. Complementary magnetotransport measure-
ments were realized using the standard lock-in technique on a
sample with electrical contacts in the Hall-bar configuration,
placed in the variable-temperature insert in a superconducting
coil (up to 16 T).

The first-principles calculations were carried out with den-
sity functional theory (DFT) and the GW approximation, as
implemented in the codes FLEUR [26] and SPEX [27] within
the full potential linearized augmented plane waves (FLAPW)
formalism. We used the same lattice parameters of Ref. [23].
The DFT calculations were performed using the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) [28] for the exchange-correlation functional. We used
an angular momentum cutoff /;;,,, =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 calculations,
with an angular momentum cutoff of 5 and linear momentum
cutoff of 2.9 bohr~!. The number of bands was set to 500

Trigonal

Binary Bisectrix

FIG. 1. Schematic view of the first BZ of Sb,Te; with the mirror
planes (gray planes) and trigonal, bisectrix, as well as binary axes
indicated.

for the calculation of the Green function and the polarization
function. The spin-orbit-coupling (SOC) effect was incorpo-
rated with the method of Refs. [29,30], 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
(MLWEFs) [31] can be constructed. This was done with the
help of the WANNIER90 library [32]. Using the Wannier-
interpolation technique as discussed in Ref. [23], one can
obtain (interpolated) energy eigenvalues (DFT or GW) in a
denser mesh. We have used it to interpolate the GW eigenval-
ues in a 28 x 28 x 28 mesh needed to converge the dielectric
function. The latter was calculated from the random phase ap-
proximation (RPA) polarizability [27] taking the macroscopic
average including local-field effects.

III. RESULTS AND DISCUSSION
A. Magneto-optics

The magneto-optical data collected on the explored Sb,Tes
epilayer at low temperatures in the midinfrared spectral range
are presented in Figs. 2(a) and 2(b) as a stacked plot of
relative magnetotransmission spectra Tg/Ty and as a false-
color plot of relative magneto-absorbance Ag, 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
this magneto-optical data and compare it with the results 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 contribution directly attributable
to surface states [6,33-35].

Let us now analyze the observed transitions in terms of
their position, B dependence, and intensity in greater detail.
The transitions in both series follow a weakly sublinear-in-B
dependence and extrapolate to a finite photon energy in the
limit of a vanishing magnetic field. Such behavior is typical
of narrow-gap semiconductors and can be, in this particular
case, well reproduced using a simple two-band Hamiltonian
often referred to as the model of massive Dirac electrons. In
this simple model, with only two material parameters, the
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FIG. 2. Magneto-optical response of Sb,Te; in the midinfrared spectral range at T = 4.2 K. (a) Relative magnetotransmission spectra
T3/ Ty, plotted at selected values of the applied magnetic field B. (b) A false-color plot of relative magneto-absorbance Ag = — In[73/Tp].
(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.

conduction (4) and valence (—) bands display hyperbolic
profiles: E = ++/A% 4+ i*v?k?, where v is the velocity pa-
rameter and 2A represents the width of the band gap. The
strong enough magnetic field transforms these bands in dis-
persive one-dimensional Landau bands, with the band edge
energies of E, = v A” 4 2v%fin|eB|, for n > 0.

Taking the corresponding selection rules for electric-dipole
excitations for massive Dirac electrons [7,36,37], i.e., n —
n £ 1, the model reproduces the experimentally determined
positions of interband inter-LL excitations very well; see
Fig. 2(c). For the lower set, the parameters read 2A; =
(190 £ 10) meV and v; = (4.1 £0.2) x 10° m/s. For the
upper set, we obtained 2Ay = (340 £ 10) meV and vy =
(7.540.5) x 10° m/s. The extracted parameters allow us
to get estimates of the band-edge masses, m; = AL/vf =
(0.10 £0.01)my and my = Ay /vy = (0.055 £ 0.005)my,
assuming that the electron-hole symmetry is preserved. Here,
my stands for the bare electron mass.

Let us note that the successful application of the simplified,
massive Dirac model is, to a certain extent, surprising. 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
effectively describes the extension of the band inversion in the
reciprocal space; see, e.g., Refs. [36-39]. 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 ~/B dependence typical of

Dirac electrons (with M = 0). In the case of Sb,Te;, we were
only able to set the upper limit for the inversion parameter:
M| < 10eV?. For higher values, the theoretical B depen-
dence of inter-LL excitations starts to visibly deviate from the
experimental data. Another deviation from the simple mas-
sive 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(c)]. This additional 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 pronounced 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 [fiw ~ 200 meV; see Fig. 2(b)]. In fact, thisis a
well-known Moss-Burstein shift [40,41], 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 BaF, substrate, were per-
formed as well; see Fig. 3. As expected, the transmission of
the sample is low due to absorption on free charge carriers
(Drude-type absorption). This takes a form of cyclotron res-
onance (CR) absorption when the magnetic field is applied.
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FIG. 3. Magneto-optical response of Sb,Tes in the far-infrared
spectral range at 7 = 4.2 K. (a) Magnetotransmission spectra Tp,
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 (£, mode
[42]).

Unfortunately, the precise readout of the CR energy and the
extraction of the effective mass is not straightforward due to
strong coupling, primarily due to a dielectric effect, between
a pronounced phonon mode (E, & 7 meV; see Ref. [42]) and
free charge carriers. Nevertheless, a rough estimate of the
effective mass m. ~ 0.08my 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 response,
a complementary magneto-optical experiment was carried out
with B oriented perpendicular to the trigonal axis of Sb,Tes
(B L ¢). In the case of a thin layer, such an experiment is
only possible in the Voigt configuration. To follow transi-
tions active within the same set of selection rules as in the

Faraday configuration, we used a linear polarizer and selected
radiation with the electric 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 vanishes
completely in the Voigt configuration (B L c). 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 applied magnetic
fields. In contrast, the upper series of transitions shows nearly
isotropic behavior. Again, the observed response (i.e., the
upper set) can be well reproduced using the model of massive
Dirac electrons, with an identical band gap 2A, but with the
velocity parameter slightly lowered, vy = (6.0 £0.5) m/s.
Let us note that two independent experiments were realized
in the Voigt configuration, with the sample rotated by 90 de-
grees 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 Sb,Te; 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 distinct 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 observed magneto-optical response suggests that Sb,Tes
is a direct-gap semiconductor with the band gap reaching
E, = (190 & 10) meV.

B. Magnetotransport

To complement our magneto-optical experiments, we per-
formed a series of magnetotransport measurements on the
same sample. Both transversal and longitudinal components
of the magnetoresistivity tensor—with B applied along the
trigonal axis of Sb,Te;—were recorded, with the latter also
as a function of temperature; see Fig. 5(a). The Hall signal
was linear in the applied magnetic field and the sign in-
dicated p-type conductivity typical of Sb,Te; [12-16]. The
slope corresponds to the total hole density of py = (1.4 £+
0.1) x 10" cm™3. The presence of this non-negligible hole
concentration in single-crystalline bulk or epitaxial layers of
Sb,Te; may be caused by the rather similar cation and an-
ion 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 Sb,Te; lattice by Sb and which produce one hole
for one antisite defect [43—45], and furthermore also leads to
the formation of Sb vacancies [45].

The longitudinal component of magnetoresistance ex-
hibited well-visible Shubnikov—de Haas oscillations. Our
analysis based on the fast Fourier transformation indicated
two oscillation periods having frequencies of F; = (45 £5) T
and F, = (15 5) T; see Fig. 5(b). This indicates the ex-
istence of two types of hole Fermi surfaces in our sample.
Below, we refer to them as larger and smaller ones, respec-
tively. Interestingly, no signs of splitting due to spin were
observed. This may be surprising in a material with a par-
ticularly strong spin-orbit interaction. Nevertheless, in the
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FIG. 4. Magneto-optical response of Sb,Te; in the midinfrared spectral range at 7 = 4.2 K in the Faraday and Voigt (both B L E)
configurations. Relative magnetotransmission spectra 73/7p, collected in the Faraday and Voigt configurations, are plotted in a form of (a),
(c) false-color plots and (b), (d) stacked plots, respectively.

sister material BiySes, the same effect is present as well and  the applied magnetic field (6§ = O equivalent to B|c). In our
explained as due to spin splitting that matches multiples of =~ experiment, the magnetic field was oriented randomly with
the cyclotron energy [46]. The Lifshitz-Kosevitch-like anal- respect to the in-plane (a-b) crystallographic axes. The result
ysis of the oscillations’ damping with temperature was only  of the frequency analysis is plotted in the form of a false-color
possible for the dominant oscillations, corresponding to the  plot in Fig. 5(c).
larger Fermi surface. It provided us with the effective mass of Interestingly, the angle dependence is distinctively differ-
my = (0.11 £ 0.02)my. When the approximation of a strictly ent for the two identified oscillation periods. The frequency
parabolic band is used, this gives us an estimate of the Fermi ~ Fj, belonging to the larger Fermi surface, increases mono-
energy around 40-50 meV. tonically with the angle and reaches roughly 4 x its original
To explore the anisotropy of the Fermi surfaces, we have  value at & = 90 degrees. This excludes the possibility that we
also traced the Shubnikov—de Haas oscillations as a function observe the response of electrons in the surface states, recently
of the angle 0 between the trigonal axis and the direction of  reported on even thinner Sb,Te; layers [47]. The amplitude
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FIG. 5. Magneto-transport experiments. (a) Temperature dependence of background-removed Shubnikov—de Haas oscillations in Sb,Tes
with B applied along the trigonal axis. Inset: The corresponding Hall resistance at T = 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 normalized by their maximum. Inset: The angle dependence of the oscillations’ amplitude.
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of oscillations drops significantly [see the inset of Fig. 5(c)],
becoming very weak at angles around 6 = 90 degrees. The
larger Fermi surface is thus greatly elongated in the direction
of the trigonal axis. The frequency F,—corresponding to the
smaller Fermi surface—remains constant as a function of
within the experimental accuracy, and hence this Fermi sur-
face is approximately spherical.

Let us note that a different angle dependence was observed
in early magnetotransport studies of Sb,Te;. 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 behavior was interpreted as
due to the multiple-valley structure of the topmost valence
band (with the valley degeneracy N = 6 or 12). It is important
to stress, however, that those studies were performed on crys-
tals with almost an order-of-magnitude-larger hole density
(around 10%° cm—3).

Having quantified the anisotropy of the larger Fermi sur-
face, we may estimate the related per-valley density of
holes. Let us assume that the band, even though profoundly
anisotropic, still has a strictly parabolic profile at the con-
cerned energies. The observed angle dependence of F} implies
a relatively large difference—by a factor of 16—between
the effective masses perpendicular to and along the trig-
onal axis: mi- = (0.11 £ 0.02)mg and m! = (1.8 4 0.3)my,
respectively. This allows us to estimate, taking the frequency
F1 = 45T at6 = 0, the corresponding hole density per valley:
p1= (mﬂ/mll)l/z(%F] /132 /(B3r%) =7 x 108 em ™3,

The extracted per-valley hole density p; represents one-
half of the total hole density py estimated in the Hall
experiments. Even though there exists some uncertainty in the
Hall readout 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 —I' — Z line),
is also possible. A higher valley degeneracy, N = 6 or even
N = 12, is not consistent with our findings since Np; > py.
Independently of the number of valleys that is 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 Fermi energy, remarkably re-
semble 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 origin in the very same location
of the BZ. This implies that the fundamental direct band gap
of Sb,Tes is located at the I' point (N = 1) or, alternatively,
along the Z — I' — Z line (N = 2); cf. Fig. 1.

Assigning the larger Fermi surface, observed in magne-
totransport 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 positioned away from
the trigonal axis—on the binary axis, in the mirror place
(both N = 6), or in a general location lacking any higher
symmetry (N = 12). Most likely, those were the hole pockets
which dominated the response in early quantum oscillation
experiments performed on bulk samples with a significantly
higher hole density [12,17].
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C. Ellipsometry measurements

Let us now confront our conclusions so far with the re-
sult of the ellipsometry experiments. These were performed
at B=0 and at varying T: from room temperature down
to 7 K. The deduced real part of optical conductivity, i.e.,
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 increasing temperature. To esti-
mate 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 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 with the ex-
pected 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(Ap + Er). This is due to the above-mentioned
Moss-Burstein shift [40,41] that is typical of degenerate
semiconductors with a low electron-hole asymmetry. The
upper inflection point corresponds well to the onset of inter-
band absorption at the energy of the local band gap 2Ay.
It is worth noting that apart from smearing that is clearly
visible in the spectra, the basic character of the zero-field
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FIG. 7. Band structure of Sb,Te; 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 (c). (d) The calculated joint density of states at low photon energies. (¢) 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 therefore have
sixfold degeneracy (N = 6). The paths and colors corresponding to (e) are shown in (f).

optical response does not change with an increasing temper-
ature. This implies that the band structure is robust against
small temperature-induced strain/stress observed in the x-ray
diffraction experiments.

It is instructive to compare the zero-field optical response
of Sb,Tes; with sibling materials, i.e., Bi;Ses; and Bi,Tes, in
which the valley degeneracy of the fundamental band gap
is consensually established: N = 1 and N = 6, respectively.
Interestingly, the profile of interband absorption in Bi,Ses
resembles—by its shape and amplitude—the first step in the
absorption of Sb,Tes, just shifted towards higher energies. On
the other hand, at higher photon energies, the optical conduc-
tivity of Bi,Tes has the profile and overall strength similar to
Sb,Tes, 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 Sb,Tes. In addition, they point towards
the sixfold valley degeneracy of the upper (local) band gap
of 2Ay = 340 meV. We suggest that this local band gap can
be associated with the smaller hole pocket (the frequency F,)
observed in magnetotransport 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 theoretically along the selected
directions of the BZ is plotted in Fig. 7(a). A series of band
structure cuts is also depicted in Fig. 7(b). These were made
for selected values of k, along particular directions in the
reciprocal space [see Fig. 7(c)] and, finally, projected to the
surface (2D) BZ.

In the big picture, the calculated band structure is in very
good agreement with our conclusions based solely on the ex-
perimental data. The extrema of electronic bands relevant for
low-energy excitations targeted in our experiments are indeed
located at the I point, along the Z — I" — 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. 7(b) indicate the
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FIG. 8. The electronic band structure of (Sb,_,Bi,),Tes calculated using the GW tight-binding method [23] along selected directions for

the bismuth content: x = 0, 0.2, 0.4, 0.6, 0.8, and 1.

corresponding locations in the BZ. The predicted band gap
is slightly below 200 meV, a value perfectly in line with our
optical 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 steplike
nature of the joint density of states [Fig. 7(d)] compares rather
well with the onset of interband absorption visualized by
ellipsometry experiments (Fig. 6).

Having said this, let us compare the experimental findings
with theoretical predictions in greater detail to identify the
existing differences. While our transport experiments on the
p-type sample conclude, at most, a double degeneracy of
the global valence-band maximum, a sixfold degeneracy is
suggested by the calculations [Fig. 7(b)]. This discrepancy
is also related to another difference: The calculations imply
an indirect type of band gap, 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 (VBM)] lies on the mirror
plane (degeneracy N = 6). To confirm this, Figs. 7(e) and 7(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 deviate
from each other by 0.01 Bohr~! in-plane. The bands show that
the VBM indeed lies along the Z — F line and is thus sixfold
degenerate (N = 6). The second one, approximately 40 meV
below, is at the I" point (degeneracy N = 1). However, as we
discussed in Ref. [22], the relative energy between these two
maxima is extremely sensitive to the details of the calcula-
tions. 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 Bi,Te;. There, a consensus
exists in the literature, both in experimental studies [8,10]
and in theoretical calculations, that the valence band is char-
acterized by six pronounced global maxima located in the
mirror planes (N = 6). The results of the GW calculations per-
formed for the mixed compound (Sb;_,Bi,),Te; show such
a trend when the Sb-to-Bi ratio increases. This is shown in
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FIG. 9. DFT calculations in the generalized gradient approxima-
tion (GGA) of Bi, Te; performed with the FLAPW code FLEUR [26].
The SOC strength is reduced from 100% to 54%. After that, the
system undergoes a topological phase transition and becomes trivial.

Fig. 8 in the Appendix, where we also discuss the role of
the spin-orbit interaction in this crossover (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 become the global ones for x > 0.6. This picture is
also consistent with conclusions of early quantum-oscillation
experiments performed on the mixed (Sb;_,Bi, ), Te; crystals
[13]. The comparison of band structure parameters deduced
in this work for Sb,Tes with those for Bi,Tes [8] is made in
Table I .

Finally, we have experimentally shown that besides the
fundamental band gap in the center of the BZ, the band
structure also comprises additional, local energy band gaps,
located most likely in the mirror planes and with fairly high,
in their vicinity, isotropic bands. However, 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 mirror plane, the shape of the rather
shallow counterpart in the conduction band would not allow
one to form a well-defined Landau quantization at the scale
seen in our experimental data.

IV. CONCLUSIONS

We conclude that antimony telluride is a semiconductor
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 also do identify additional local maxima of the valence
band, nearly degenerate with the global one, which form ad-
ditional (local) direct gaps with the width of (340 & 10) meV
and display the sixfold valley degeneracy (mirror planes). Our
findings are in fairly good agreement with the electronic band
structure calculated using the GW method, thus demonstrating
the high predictive power of this advanced theoretical tech-
nique.
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APPENDIX: ELECTRONIC BAND
STRUCTURE OF (Sb;_,Bi,),Te;

Following the approach described in Ref. [23], we can use
the GW calculations to construct tight-binding Hamiltonians
for the parent compounds Sb,Te; and Bi,Te;, which will
allow us to simulate alloys with intermediate Sb and Bi con-
centrations. These tight-binding Hamiltonians are expressed
in a basis of Wannier functions and there are no adjustable
parameters: the Hamiltonian matrix elements are fully de-
termined by the GW calculation of these two compounds.
We used a 6 x 6 x 6 k-point mesh for these calculations. A
doping was simulated for the parent compounds by fitting
the calculated band extrema to the ARPES results from [49].
To simulate the band structures of the alloys in Fig. 8, the

TABLE I. Summary of band structure parameters deduced for Sb,Tes in this work compared to those of Bi, Te; taken from Ref. [8]. The
reported band-edge mass corresponds to both electrons and holes, thus completely neglecting a possible electron-hole asymmetry.

Direct band Location in Valley Effective band-edge
Material gap (meV) Brillouin zone degeneracy mass (719)
Sb,Te; 190 £ 10 F(orZ-T-2) 1 (or2) a — bplane: 0.11 £ 0.02
caxis: 1.8 £0.3
340 + 10 Mirror planes 6 0.055 £ 0.005
Bi, Tes [8] 175 £ 10 Mirror planes 6 0.070 £ 0.005
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tight-binding parameters are smoothly varied between those
of the parent compounds using the virtual crystal approxima-
tion (VCA).

It is worthwhile to note that the qualitative change of
the (Sb;_,Bi,),Te; band structure, from one to six max-
ima 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,

the DFT calculations of Bi,Tes; in which we artificially re-
duced 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 be-
comes topologically trivial. The results of this analysis are
shown in Fig. 9 and suggest that the existence of the two
competing valence-band maxima in Sb,Te; is indeed a con-
sequence of the lower SOC strength in Sb,Te; with respect
to BizTe3.
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