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ABSTRACT. The structural, magneto-optical and magneto-transport properties as well as the electronic band
structure of the bulk crystalline topological insulator (TI) Sb,Te,Se, grown by the vertical Bridgman technique, were
studied. The high structural quality of the grown crystals was established by X-ray diffraction and Raman
spectroscopy. Angular Resolved Photoelectron Spectroscopy revealed a single Dirac cone with the Dirac point,
away from the valence as well as conduction bands, 0.22 eV above the Fermi level. The magneto-transport data
exhibited a distinct single frequency Shubnikov-de Haas oscillation in magnetic fields above B = 10 T. Lifshitz-
Kosevich analysis of the data suggests that this oscillation originates from the Dirac-type states. A sharp
fundamental absorption edge in the mid-infrared transmission spectra measured at 4.2 K demonstrated a direct

bandgap of 0.377 eV located at a momentum of 0.1 A" along the /=K directions of the Brillouin zone. A two-band
model developed for massive Dirac electrons in the bulk of topological insulators with the direct bandgap at a non-I"
point suggests hyperbolic dispersion relations for the conduction and valence bands displaying the full electron-hole
symmetry. Equal magnitude of the electron and hole effective masses m. ~ m;, = 0.21my and g factors g. ~ g; = 10

were estimated.

I. INTRODUCTION.

Due to their exotic electronic properties, high potential
for low power spintronics [1] and ultralow dissipation
electronics [2] topological insulators (TIs) have
sparked significant interest of the world research
community. Strong spin-orbital coupling induces in
TIs topologically protected surface states (TSS) with a
single zero bandgap Dirac-type dispersion cone
whereas in the bulk TIs remain insulator-like [3]. The
Dirac fermion-based charge carrier transport,
associated with TSS, is topologically protected from
back-scattering and localization resulting in an
ultralow dissipation. One of the requirements for the
realisation of such a transport is the energy position of
the Dirac point, which should be away from the bulk
valence and conduction bands [4]. However, in the
binary tetradymites Bi,Ses, BirTes and SbyTes, long
known as thermoelectric materials, considered to be
model examples of TIs, the electronic properties are
not suitable for straight forward applications due to the
proximity of their Dirac point to the bulk conduction
and valence bands influencing the transport properties
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[5]. Another requirement for the ultralow dissipation
transport is the position of the bulk Fermi level (Er)
which should be at the Dirac point [4,6].

Alloying the model binary TIs into multinary solid
solutions was proposed for tuning the Dirac point
position [6-11]. One of such solid solutions, the
ternary compound Sb;Te;Se, was theoretically
predicted and confirmed experimentally, (using
angular resolved photoelectron  spectroscopy,
ARPES)), to be a topological insulator with the Dirac
point separated from the bulk bands [12,13].

Amongst a considerable number of studies on
multinary solid solutions, derived from the model
binary TIs by alloying, Sb,Te;Se has so far received a
surprisingly low level of attention although this
compound demonstrates a remarkable stability of its
TSS and the doping level against air exposure [13].
The photoemission spectra of SboTe,Se revealed no
oxidation signal after the room temperature deposition
of oxygen whereas the TSS band dispersion relations
remained unchanged suggesting their stability to
atmospheric contamination of the surface. These make
SbyTe,Se a very attractive material for atmospheric
applications.



The stability of TSS in Sb,Te;Se against extrinsic
doping has been demonstrated using Shubnikov—de
Haas oscillations (SdH) [14]. After doping with Sn,
changing the bulk conductivity from #n- to p-type, the
Berry phase value (an important parameter to identify
the topological nature of materials) remained non-
trivial, which demonstrates that the bulk doping does
not damage TSS in Sb,Te;Se and can be used as an
effective method for tuning Er with respect to the
Dirac point. Such a position is often determined using
ARPES [12,13]. However, this method is surface
sensitive and therefore can be affected by a band
bending due to the surface charge collection making
ARPES not quite reliable for measurements of the
bulk Er [15]. An alternative technique, which can be
used to examine the position of Er in TIs, is SAH [5].
This technique also provides an opportunity to
determine a wide range of transport parameters of the
bulk as well as of TSS. The observation of SdH
oscillations in SbyTe;Se has been published in several
reports [16-18]. The Berry phase, determined from the
data, demonstrated that such oscillations originate
from TSS.

Despite the stability of TSS in SbyTe,Se against air
exposure and  extrinsic  doping, individual
measurements on different samples by different
techniques often do not achieve consistency. For
example, values for the Fermi wave vector kr = 0.065
A~" and Fermi velocity vg = 5.5-10° m/s [13] obtained
by ARPES are significantly different from the SdH
values of kp=0.08 A! and vg=6.7-10°m/s [17],
kr=0.08 A and v¢=7.9-10° m/s [18]. The reason
may be different methods and conditions of crystal
growth (the resistance-heated floating zone furnace
[13] and the Bridgman [17,18] methods). To the best
of our knowledge no comparison of the results of SdAH
analysis with ARPES measurements, carried out on
the same sample of Sb,Te,Se, has been reported as yet.

Topological insulators have mostly been examined
with respect to their surface states. However, recent
publications reveal novel unconventional phenomena
related to thermoelectric effects mostly related to the
electronic band structure in the bulk in general and the
nature and position of the bandgap in the Brillouin
zone in particular [ 19]. The band structure of SboTe,Se
has been examined theoretically, using ab initio
approaches [6,12]. The bulk dispersion relations at the
I" point in these reports propose a “camel-back” shape
for both the bulk valence and conduction bands. Due
to the p-type conductivity of the examined samples
such a shape was verified experimentally (using
ARPES) only for the valence band [13]. To the best of
our knowledge the reported studies revealed neither
the shape of the dispersion relations for the bulk
conduction band, the bandgap width (E,) nor its nature
(if the bandgap is direct or indirect). An alternative
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technique to examine the electronic band structure is
the optical spectroscopy [20]. This technique has been
successfully used to identify the nature of the bandgap
and to measure its magnitude in the three model binary
TIs: BixSe; [21], BizTe; [22] and SbyTes [23].

Experimental estimates of E, determined from
optical transmission spectra of Sb,TexSe, are scattered
from 0.37 eV [24] to 0.42 eV [13] at low temperatures
whereas for 296 K the bandgap was estimated to be of
0.34 eV [13]. It still remains unclear whether Sb,Te,Se
is a direct or indirect bandgap material and where in
the Brillouin zone the bandgap can be located.

In this report we present a comprehensive study of
the bulk crystalline sample of the topological insulator
Sb,Te,Se, grown by the vertical Bridgman technique.
The elemental composition, structural, optical and
magneto-optical properties as well as the electronic
structure of the same sample were examined by
energy-dispersive X-ray spectroscopy (EDX), powder
X-ray Diffraction (XRD), Raman, mid-infrared (MIR)
optical magneto-transmission, ARPES and SdH
techniques, respectively.

II. METHODS

A flat 3x3 mm? free standing sample with a thickness
of 3 mm was cut perpendicular to the c-axis and along
the hexagonal planes (0001) from the middle part of a
bulk crystalline ingot grown in a sealed carbon coated
quartz ampoule by the vertical Bridgman technique
from a mix of the 4 N or 5 N purity elements Sb, Te
and Se [25].

The elemental composition of the sample was
measured by EDX analysis carried out using an
Inspect F (FEI) scanning electron microscope. The
component homogeneity was examined by EDX
measurements at several points across the surface of
the sample.

Phase purity and crystal structure of the grown
material were examined XRD measurements at room
temperature employing a Shimadzu XRD-7000
Maxima diffractometer (Cu Ka radiation, graphite
monochromator, with the 20 range from 5° to 95°,
0.02° step and a counting time of 12 s per step).

Polarisation resolved Raman measurements were
performed in the backscattering geometry from the
crystal basal plane using a RM1000 Renishaw micro-
Raman spectrometer equipped with 532 nm solid-state
and 633 nm helium-neon lasers. The “parallel”
polarisation geometry (with the polarisation of the
scattered light parallel to that of the incident light, XX)
and the perpendicular one (with the polarization of
scattered light perpendicular to the polarization of
incident light, XY) were both used. The laser power
density was held below 1 mW/cm? to avoid heating the



sample. A set of three volume Bragg gratings was used
to analyze scattered light at near-zero frequencies.
MIR optical transmission and magneto-
transmission measurements were carried out with light
propagating along the ¢ axis from 0.1 to 0.5 eV at 4.2
and 300 K using a Bruker IFS 66v/S Fourier transform
spectrometer with a globar light source, light-pipe
optics and a silicon composite bolometer as the
detector. Magnetic fields up to 11 T, generated by a
superconducting magnet and applied in the Faraday
configuration with B perpendicular to the (0001)
plane, were used to carry out the MIR magneto-
transmission measurements at the Laboratoire
National des Champs Magnétiques Intenses in
Grenoble, France. For the transmission measurements
films with a thickness of 10 um were exfoliated from
the surface of the Sb,Te,Se bulk crystal then placed on
copper foils with 1x1 mm? holes cut at the center.
ARPES measurements were performed along the

I'=M and I'-K directions of the Brillouin zone at
about 80 K and pressure below 107! mbar using a
SPECS ProvenX-ARPES system equipped with a UV-
300 duoplasmatron type discharge UV light source (hv
= 21.22 eV) and ASTRAIOS 190 hemispherical
electron energy analyzer at the Rzhanov Institute of
Semiconductor Physics in Novosibirsk. The sample
was cleaved under vacuum at room temperature. Low
energy electron diffraction was used to characterize
the long-range crystalline order as well as to determine
high symmetry directions.

Magneto-transport measurements were carried out
at the Atomic Institute of the Vienna University of
Technology (TU Wien, Austria) using a 17 T
superconducting magnet. Six contacts were soldered
along the perimeter of a 0.28 mm thick rectangular
plate, cleaved from the bulk crystal perpendicular to
the ¢ axis, to form a Hall bar structure. The
longitudinal px. and Hall resistivity px, were measured
using the conventional dc method (see e.g [26]) in
magnetic fields B applied perpendicular to the (0001)
hexagonal plane.

III. RESULTS

A. Energy dispersive X-ray microanalysis

The elemental composition 41.2 + (.8 at% of Sb, 39.2
+ 0.8 at% of Te and 19.6 &+ 0.4 at% of Se, taken as the
average of EDX measurements in 12 different points,
suggested the chemical formula Sb.osTe1.96S€0.0s With
a near stoichiometric selenium to tellurium ratio of
[Se)/[Te] = 0.50 = 0.02, and a 5% deficiency of the
anions [Se + Te] over the cations [Sb].

B. X-ray diffraction
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The experimentally measured powder XRD pattern for
the grown crystals of SbyTe,Se, a Rietveld refinement
fit and the difference between the pattern and the fit as
well as a standard set of Bragg reflections
corresponding to the tetradymite structure are
presented in Fig. 1. The GSAS-II package [27] was
used for the crystal structure refinement by the
Rietveld method.
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FIG 1. XRD pattern for Sb2Tez2Se (blue circles), Rietveld fit
(red line) and the difference between them (black line).
Standard Bragg reflections for the tetradymite structure are
shown by vertical red strokes.

C. Raman spectroscopy
Raman spectra of the pure 4;; (XX-XY geometry) and

E, (XY geometry) symmetries, measured at 300 K, are
shown in Fig. 2(a).
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FIG 2. (a) Raman spectra taken at 300 K for the 4;¢ and Eg
symmetries. (b) Raman susceptibility for the 47, symmetry
spectrum decomposed into excitation components.



Each spectrum demonstrates two sharp lines at 37 cm-
"'and 108 cm™! as well as 64 cm™ and 162 cm™ for the
A and E; symmetries, respectively. The spectra also
contain broad background features (continuum). To
determine the Raman susceptibility y”(®) the A4,
spectrum was normalised by the Bose factor [ 1—exp(-
hao/kT)] ! as shown in Fig. 2(b).

D. Optical transmission spectroscopy

The bandgap region of the MIR optical transmission
spectra, measured at4.2 and 300 K, is displayed in Fig.
3(a).
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FIG 3. (a) Zero field MIR optical transmission spectra
measured at 4.2 and 300 K. (b) The effect of magnetic fields
on the transmission spectrum at 4.2 K.
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The spectra show a sharp absorption band edge at 0.37
eV for the 4.2 K spectrum and 0.27 eV for the 300 K
one estimated at the middle of the absorption edge.
Both spectra reveal a significant intensity of Fabry-
Perot (FP) oscillations showing that top and bottom
surfaces of the sample are parallel. The effect of
magnetic fields on the transmission spectra is shown
in Fig. 3(b). The magnetic fields introduce no
significant changes in the shape and spectral position
of the absorption edge. However, the fields modify the
FP oscillations attenuating their intensity.

E. Angle-resolved photoelectron spectroscopy
ARPES spectra of the Sb,Te;Se (0001) surface
measured at 80 K are shown in Fig.4. Fig. 4(a) displays

the band dispersions along the /=M and [ —-K
directions of the Brillouin zone. At about 75 meV
below Er the bulk valence band reveals maxima at

ky~0.1 A and at k; = 0.44 A 'in the I'-M direction
whereas in the 7' —K direction a maximum of the
valence band can also be seen at kj=0.1 A

indicating a p-type conductivity of the sample surface.
The topological surface states are clearly visible in the

I' - K direction. Linear dispersions of the Dirac cone
in this direction, shown in Fig. 4(a) by dashed lines,
appear from a binding energy of 0.35 eV and extend to
Er at kr = 0.083 A7, Fig. 4(b) shows 2D constant
energy maps at Er and 75 as well as 150 meV below
this level.
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FIG 4. ARPES spectra of Sb2Te2Se at 80 K. (a) Band dispersions along the 7™ and ' - K directions. (b) Constant energy maps

at the Fermi level, 75 and 150 meV (hv =21.22 eV).
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At the Fermi surface one can see only a cross section
of the Dirac cone. The bulk component of the band
dispersions, appearing at 75 and 150 meV below in

both the /' =M and I' — K directions, demonstrates a
three-fold symmetry. A significant hexagonal warping
due to the interference of the bulk bands with TSS can
be seen in the constant energy maps.

F. Magneto-transport measurements

To complement the magneto-optical and ARPES
experiments, magneto-transport measurements on the
same sample have been carried out. Both transversal
Hall (py,) and longitudinal (p.) components of the
magneto-resistivity with magnetic field along the
trigonal axis were measured.
The temperature dependence of the longitudinal
component has also been examined. Fig. 5(a) shows
px as a function of temperature. The resistivity
decreases with decreasing temperature revealing a
typical metallic behaviour. At temperatures below
18 K, the resistivity slightly increases. A similar low
temperature resistance upturn has been observed in
thin film and bulk topological insulators [28-32] with
the temperature of the resistance minimum varying
from 8 K [28] to 30 K [30]. In non-magnetic
topological insulators the upturn has been assigned to
the two-dimensional effects of weak localization and
electron-electron interaction (EEI) [28, 29, 32] as well
as to increasing bulk resistivity due to localisation of
bulk carriers on defects [32, 33]. To clarify the origin
of the upturn we plotted the low temperature part of px
as a function of 77, since a ' dependence has been
associated with three-dimensional disorder-enhanced
EEI [34-36]. The inset of Fig. 5(a), shows a clear linear
behaviour, which leads us to infer that EEI is the
dominant effect. Further support for this comes from
the observation that the hole concentration increases
slightly as the temperature reduces from 20 K to 4 K.
The magnetic field dependence of the longitudinal
resistivity p.. and Hall resistivity p., measured at 4.2 K
are shown in Fig. 5(b). The Hall resistivity shows an
almost linear behaviour in magnetic fields up to 10 T
with a positive slope indicating the p-type conductivity
of the samples, which is consistent with our ARPES
data. The nonlinearity is attributed to the presence of
several transport channels: at the surface and in the
bulk [4]. The p,, dependencies, measured at positive
and negative directions of the magnetic field are near
identical. The Hall coefficient measurements at B =5
T revealed a hole concentration of n, = 4.9-10" ¢m™
and a mobility of u = 913 ¢cm?/(V-s). Noticeable SdH
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oscillations can be seen in Fig.5 (b) at fields above 10
T.
IV. DISCUSSION

The 5% deficiency of [Se + Te] over [Sb] induces the
formation of Te and Se vacancies (Vr. and Vs.),
interstitials of Sb (Sbi) as well as antisite defect
complexes because the cations and anions in SbyTe;Se
have a similar electronegativity [37].
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FIG 5(a). The temperature dependence of the longitudinal
resistivity pw. The inset shows the low temperature
dependence pu(7T'?) and the best fitted straight line. (b)
Magnetic field dependences of the longitudinal resistivity pxx
and Hall resistivity pxy measured at 4.2 K.

Although the p-type conductivity of the sample some
of these defects can be acceptors whereas others can
be donors resulting in a degree of compensation. The
Fermi level position and charge carrier concentration
can be controlled by self-doping: changing the cation
to anion ratio.

All the reflections in the experimental XRD pattern
in Fig. 1, correspond only to the tetradymite structure
[38, 39] revealing no signs of secondary phases. This
manifests a high structural quality of the crystal
whereas high intensity and small full width at half
maximum of the main peaks of 0.1° in this pattern
confirms the homogeneity of the material. The crystal
structure corresponds to the space group R3m [40]
with the unit cell parameters a =4.1854(3) A, ¢ =
29.924(1) A and refined atomic positions: Sb (3m, 0 0
0.39422(4)), Te (3m, 0 0 0.78522(3)), Se (3 m, 0 0 0)
with the discrepancy factors R, =2.43%, Rp = 4.42%
and the goodness of the fit 3> = 5.06.

The symmetry group analysis of the R3m space
group of Sb,Te;Se gives the following irreducible
representation:

I =2A15 + 2E; + 342, +3E,, (1)



where A, and E are Raman-active modes whereas the
A and E, modes are infrared-active ones. The Raman
tensors of optical phonons for the tetradymite structure
allow the observation of both 4,, and E; phonons in
the XX geometry, while £, phonons can only be
observed in the XY geometry. Thus, measurements in
these two geometries make it possible to determine the
spectra of both the pure 4;, and E; symmetries shown
in Fig. 2(a). According to the selection rules the 24,
(at 64 and 168 cm™) and 2E, (at 36 and 108 cm™)
modes can be seen in these spectra under excitation by
both laser lines. These results are consistent with
earlier observations [41]. However, our spectra reveal
a better signal-noise ratio providing more details in the
spectra. It can be seen that the line shape of the high-
frequency modes A;° and E,° is asymmetric,
suggesting interference of these modes with the
continuum [42]. To improve the accuracy of
interpretation  of the experimental Raman
susceptibility y ”(w) the phonon lines were fitted with
Lorentzian (4;') and Breit-Wigner-Fano profiles
(A;?) and then superimposed with the broad
asymmetric peak as shown in Fig. 2(b) [42]. This
fitting helped to estimate the spectral position of the
continuum peak maximum of 180 cm™ and the
asymmetry parameter for the A;,° line Q = - 8. A
similar decomposition of the E; spectrum gives a
lower energy of the continuum maximum of 130 ¢cm’!
and the opposite sign of the asymmetry parameter Q =
12 for the E;’ line. The probable origin of such a
continuum can be a high concentration of charge
carriers resulting in electron-phonon scattering. In the
case of a collisionless mechanism (at low
temperatures), the energy of the continuum maximum
can be estimated by the value of gvr, where ¢ is the
probed wave vector whereas vr is the Fermi surface
electron velocity [43]. A probed wave vector of
5:10° cm™!, for the visible range of light, and
vp~4-107 cm/s result in gvr ~ 105 cm!. This estimate
is smaller to the observed here energy of the
continuum maximum. Spectra of electronic
excitations with such energies have been reported for
metals [44]. At room temperature the energy of
electron-phonon scattering effects can be comparable
with gqvr leading to an increase in the energy of the
electron continuum. If these effects dominate, then the
continuum energy is determined by the temperature-
dependent carrier relaxation frequency. A better
understanding of the nature of the observed scattering
requires detailed measurements at low temperatures.
The E,’ and A;,°> modes in the Raman spectra of
SboTe,Se are shifted to higher frequencies in
comparison with BiTe,Se because Sb atoms are
lighter than Bi ones. A similar shift was also observed
after Bi atoms in Bi,Te,S were substituted with Sb
converting this compound to Sb,Te;S [41]. In general,
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the observed phonon features additionally confirm the
phase purity and the tetradymite structure of the
examined material.

An accurate measurement of the bandgap E; and
establishing its character can be achieved by using the
Tauc method [45]. The dependence of the absorption
coefficient o on the photon energy Av for a direct
bandgap transition can be expressed by the following
equation [46]:

ahv=C(hv- Ep)" )

where C is a constant. At the bandgap photon energies
absorption can be estimated by absorbance normalised
by the thickness of the sample a ~ - In(T)/d [47]. The
(ahv)? dependence on hv is plotted in Fig.3(b) for both
4.2 K and 300 K assuming the direct and allowed
nature of the transition. Both dependencies reveal
clear linear regions. Such a linearity can be taken as an
evidence that the bandgap is indeed direct. Straight
lines were fitted into these linear regions as shown in
Fig.6. The bandgap width of 0.377 + 0.008 eV at 4.2
K and 0.242 + 0.005 eV at 300 K were determined by
extrapolating the lines to the photon energy axis.

1 g
0.377 eV
1 "

0.25 0.30 0.35 0.40
Photon energy (eV)

FIG 6. Linear parts of the (ahv)?> dependence on photon
energy for transmission spectra measured at 4.2 K and 300
K with straight lines, fitted into the experimental data,
extrapolated to the photon energy axis to determine the
bandgap.

The observed red shift of the absorption edge as the
temperature of the sample increases to 300 K follows
the general semiconductor trend. According to first-
principles calculations [48] such a bandgap reduction
for the Bi>Se; family of topological insulators can be
attributed equally to thermal expansion and electron-
phonon coupling. We can estimate the rate of
shrinking of the band gap at increasing temperature
assuming a linear dependence of E, on temperature Eg
~0.377 — 0.44-10* T, eV, which is similar to that for
BixTes [22]. Assuming the 0.377 eV bandgap the
energy position of the Dirac point at 0.22 eV above Er
was determined by extrapolating the dispersion lines



of TSS above the Er in the /"= K branch as shown by
dashed lines in Fig. 4(a). Thus, this point is located
above Er and is well away from the valence and
conduction bands, fulfilling one of the necessary
conditions for an application of topological insulators.
The corresponding Fermi velocity was determined to
be v =4.0-10° m/s.

The ARPES band dispersions in Fig. 4(a) suggest
that the fundamental direct bandgap in Sb,Te,Se is not
located at the zero-wave vector I point of the Brillouin
zone. However, an alignment of the valence and
conduction bands can be expected at a point close to
I: at k=~ 0.1 A! along either the 7-M or I —K
directions. According to the theoretical study [6] such
an alignment should be along the I' — K directions of
the Brillouin zone providing a theoretical estimate for
the bandgap of 0.52 eV, which is comparable with our
experimental value of 0.377 eV. Also, the theory
predicts an indirect gap of 0.47 eV along the I'—M
direction. The predicted in [6] band inversion region
around the Dirac point includes the bandgap region.

Fig. 7(a) shows quantum oscillations of the
longitudinal conductivity 4o obtained by subtracting
a smooth polynomial background from g, calculated
using the formula oy = pu/(px’ + py’) from the
longitudinal p,. and Hall p,, resistivities.

The oscillations of Aoy, are clear and periodic in
1/B, suggesting the existence in SboTe;Se of a well-
defined Fermi surface. Fig. 7(b) displays a single
frequency of quantum oscillations at F = 225 T,
obtained by taking a fast Fourier transform (FFT) of
the quantum oscillations.

A Fermi wave vector of kr= 8.3x10° cm ™' was
determined using the Onsager relation F = hks/(2e)
assuming circular Fermi surface cross-sections. The
Lifshitz-Kosevich (LK) equation [49] was used to fit
the SdH oscillations:

F 1
Ao, =4 pran) exp(—/lD)cos{Zir(B + 5 —ﬂﬂ
A= 27k, Tm, s 27k, Tym,
heB P heB | 3)

where, Ay is a constant, F' is the frequency of the
oscillations, B is the external magnetic field, f is the
phase factor equal to the Berry phase divided by 2z, T
is the sample temperature, Tp is the Dingle
temperature and m. is the effective (cyclotron) mass.

To determine the origin of the quantum oscillations,
we find the phase factor § from the Landau level (LL)
fan diagram as shown in Fig. 8. For Dirac fermions
with the linear energy dispersions the phase factor
should be g = 0.5 whereas for trivial fermions with
parabolic energy dispersions = 0 [50]. To construct
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the LL fan diagram shown in Fig. 8 inverse field
positions of minima (1/Bi,) and maxima (1/Bya) of
Ao, were assigned to integer and half integer values,
respectively. It can be seen from Eq. (3) that the N
minimum of the oscillation occurs at the cosine
arguments equals to m(2N—1). The slope of the N vs
1/B straight line corresponds to the oscillation
frequency F whereas the intercept of this line
extrapolated to the N-index axis gives the phase factor
f, calculated as f = 1 — intercept. When fixing the
slope at the frequency F, derived from the FFT
analysis, f = 0.22 is obtained.
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FIG 7. The oscillatory part of conductivity 4o plotted as a
function of the inverse magnetic field 1/B (open circles) and
the Lifshitz-Kosevich fit (solid line). The minima positions
are assigned as integer Landau level indices. The inset
displays fast Fourier transform of 4ox..

Deviations of f from 0.5 have been reported earlier
and were attributed to a non-ideal shape of the Dirac
cone and the Zeeman effect [51]. A Zeeman term,
determining the spin coupling with the magnetic field,
added to the Hamiltonian for non-ideal Dirac
Fermions in TIs for magnetic fields perpendicular to
the hexagonal plane (0001), accounts for a bending of
the straight-line shape of the N on 1/B dependence at
high B [52, 53]. The strength of the magnet used in our
magneto-transport measurements was not sufficient to
observe a possible non-linearity. On the other hand,
the observed part of the Dirac cone, shown in Fig. 4(a),
also does not provide an opportunity to evaluate the
ideality of its shape. Never the less, we attribute the
observed deviation of S to a non-ideal shape of the
Dirac cone in our sample.

The LK fit to the SdH oscillations using the Eq. (3)
is shown in Fig. 7(a) by the red solid line. In order to
reduce the total number of free parameters in this
equation, the frequency and phase factor were fixed at
the values obtained from FFT analysis and LL fan
diagram. With such a simplification we estimated a
cyclotron effective mass of m. = 0.23my (my is the free
electron mass) and Dingle temperature 7p= 14.3 K.



The reported earlier effective masses scatter from
0.17my [16] to 0.1my [17,18]. Our estimate is larger
than those reported earlier. This can be attributed to
the simplification used to fit LK equation into the
oscillatory part of conductivity Aoy, plotted as a
function of 1/B and/or to a non-ideal shape of the Dirac
cone.
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FIG 8. The Landau level (LL) fan diagram. The positions of
minima and maxima in conductivity Acxx are shown by
circles and squares, respectively. The solid line is the linear
extrapolation of the linear fit to the data.

The Dingle temperature of 14.3 K is lower that
reported in [17] and [18] but close to those reported in
[16] and [14]. Knowing m. and kr we can calculate a
Fermi velocity of vr=4.2:10> m/s by using the
formula vg = hiks/m.. A Fermi energy (relative to the
Dirac point) of Er = 226 meV, calculated as Er= m.vr?
assuming the case of Dirac fermions. The obtained
values of kr, vr and EFr are in a good agreement with
those determined from our ARPES data suggesting
that the observed quantum oscillations indeed
originate from the Dirac states and thus provide with a
2D surface carrier density np of 5.4-10"2 cm™
calculated as n2p = nk#/(2m)>. The good consistency
with the ARPES values also suggests that our ARPES
measurements were not affected by band bending due
to rather high charge carrier density. To check further
the self-consistency of the determined parameters the
Dingle temperature was also found from the magnetic
field dependence of the oscillation amplitude. The
slope of the straight line, fitted in the semilogarithmic
plot of Aoy B-sinh/(T) vs 1/B, shown in Fig. 9, resulted
in a Tp value of 14.4 K which is almost identical to that
determined by the fitting the LK equation.

The surface carrier life time t = 4/27ksTp, mobility
1 = et/m. and the mean free path / = vyt are estimated
tobet=8.5x10""s, u =648 cm?(V's) and [ = 35 nm
respectively. These parameters are quite close to those
reported previously [17] and [18].

A simple two-band model, recently proposed to
describe massive Dirac electrons in the bulk of
topological insulators with a direct bandgap located at
a non-I' point of the Brillouin zone, was used to
determine parameters of the electronic band structure

*Contact author: yulya.khatchenko@mail.ru

of the bulk [22]. The Hamiltonian, developed in this
model, was derived using the first-order k-p theory for
non-zero but small momentum points in the Brillouin
zone.
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FIG 9. Dingle plot with the best linear fitting yielding the
alternative value of the Dingle temperature.

Resulting dispersion relations for the conduction
and valence bands are characteristic relativistic-like

and  hyperbolic F(k) = + ’(Eg /2)* +n*v2k* . The

dispersion relations display the full electron-hole
symmetry whereas the bands are separated by a
bandgap E,. According to this model the electron and
hole effective masses are equal to the Dirac mass
which can be calculated using just two parameters (v
and Ey) as mp = m. = my;, = Eo/(2v¢*). Assuming a Fermi
velocity of ve = 4-10° m/s, determined in our ARPES
measurements, the corresponding Dirac as well as the
electron and hole masses were calculated mp = m. =
my, = 0.21my. This value is close to the mass of 0.23my
determined for the Dirac fermions from our SdH
experiments. However, according to the model [15]
this bulk mass value is valid only at the very band edge
whereas away from the band extrema the masses
increase linearly with the momentum distance from
the band edge E(k) = hivek. According to the model, the
magnitude of g factors for the valence and conduction
bands are also equal and can be estimated as |g.| = |24
= 2mo/mp = 10. This value is greater than |g| = 6
experimentally measured in Sb,Te;Se using scanning
tunnelling microscopy [51]. However, both g-factor
values are significantly smaller than g, =28.5,
determined in Bi>Ses [54]. Such a large g-factor results
in a visible splitting of the absorption edge which was
observed in the Bi>Se; transmission spectra under the
influence of magnetic fields [55] and provided an
opportunity to experimentally estimate the magnitude
of the g-factor in Bi,Ses;. However, our transmission
spectra, shown in Fig. 3(b), do not reveal any visible
splitting under magnetic fields up to 11 T which
supports the relatively moderate values of the g-factor
magnitudes in SboTe>Se estimated from the above
model.



V. CONCLUSIONS

A comprehensive study of the structural, magneto-
optical and magneto-transport properties as well as the
electronic band structure of the same sample of a p-
conductivity type Sb,Te>Se bulk crystal, grown by the
vertical Bridgman technique, was carried out.

The XRD and Raman spectroscopy showed a high
structural quality and free from secondary phases

tetradymite lattice structure with the R3m space
group symmetry and  lattice = parameters
a=4.1854(3) A, ¢ = 29.924(1) A. The asymmetric
shape of the phonon lines and the presence of
electronic light scattering demonstrate a significant
electron-phonon interaction in the studied material.

MIR optical transmission spectra, measured at 4.2
K and 300 K, showed a sharp fundamental absorption
edge. A bandgap of 0.377 eV at4.2 K and 0.267 eV at
300 K was determined. The direct character of the
bandgap was demonstrated. The shrinking of the gap
with the temperature increase was attributed to the
thermal expansion of the lattice and electron-phonon
coupling.

ARPES measurements revealed a single Dirac
cone confirming the topological insulator nature of the
examined material. The Dirac point was found to be at
0.22 eV above Er, within the bandgap and well away
from the valence and conduction bands. The bandgap
is likely to be not in the I" point but at k= 0.1 A" along
the I"— K directions of the Brillouin zone.

Magneto-transport measurements revealed a
metallic behaviour of bulk charge carriers along with
the presence of single frequency SdH oscillations
associated with the Dirac state. The non-trivial origin
of the oscillations was demonstrated by a non-zero
phase factor of f=0.22.

All the measurements were carried out on the same
sample. The consistency of SdH and ARPES results
allowed us to overcome inconsistencies in earlier
reports on this material using these techniques on
different samples. In our work, the strong agreement
the ARPES- and SdH-determined parameters of the
electronic structure (kr, vr, EF) is direct evidence that
the observed SdH quantum oscillations indeed
originate from the Dirac states, while the phase factor
[ deviates from 0.5 probably due to the non-ideal
Dirac dispersion.

The combination of the direct bandgap nature,
demonstrated by optical transmission data, with the
non-I' bandgap location, determined in ARPES,
allowed us to apply a simple two-band model to
calculate equal electron and hole effective masses m.
~my = 0.21my and g factors g. ~ g = 10.
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