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The tetradymite compound BiSbTeSes is one of the most bulk-insulating three-dimensional topo-
logical insulators, which makes it important in the topological insulator research. It is a member
of the solid-solution system Biz_,Sb,Tes_,Se,, for which the local crystal structure, such as the
occupation probabilities of each atomic site, is not well understood. We have investigated the tem-
perature and polarization dependent spontaneous Raman scattering in BiSbTeSes, revealing a much
higher number of lattice vibrational modes than predicted by group theoretical considerations for
the space group R3m corresponding to an ideally random solid-solution situation. The density func-
tional calculations of phonon frequencies show a very good agreement with experimental data for
parent material BioTes, where no disorder effects were found. In comparison to BisTes the stacking
disorder in BiSbTeSes causes a discrepancy between theory and experiment. Combined analysis
of experimental Raman spectra and DFT calculated phonon spectra for different types of atomic
orders showed coexistence of different sequences of layers in the material and that those with Se in

the center and a local order of Se-Bi-Se-Sb-Te, are the most favored.

I. INTRODUCTION

Three-dimensional (3D) topological insulators (TIs)
attract a great deal of interest mainly due to their
topologically-protected metallic surface states in which
the spin is locked to the momentum [I} 2]. Such a spin-
momentum locking provides opportunities for realizing
various useful functionalities, such as the control of spin
polarization for spintronics or the creation of Majorana
zero modes for topological quantum computation. To
take advantage of the peculiar surface state properties,
it is useful to realize the situation that the current flows
only through the surface states; this requires that the
bulk of a 3D TI should be insulating. In this regard, some
of the tetradymite compounds, such as BisSes, BisTes,
and ShyTes, are prototypical 3D TIs [3] and they have
been intensively studied in recent years, but these binary
tetradymite compounds are not really insulating in the
bulk.

The first bulk-insulating 3D TI material, BisTesSe,
was discovered in 2010 and it is an ordered ternary
tetradymite coumpound [4]. Its ordered nature, with the
Se layer conceiled in the middle of the Te-Bi-Se-Bi-Te
quintuple-layer (QL) unit, is the key to its bulk-insulating
property. To further improve the bulk-insulating prop-
erty, Ren et al. have employed the concept of compensa-
tion and synthesized a series of solid-solution tetradymite
compounds, whose compositions are generally written
as Bis_;Sb,Tes_,Se, (BSTS), that are bulk-insulating
Bl [6]. In such BSTS compounds, the concealment of
the Se layer in the middle of the QL unit is kept intact,
but an appropriate mixing in the occupancy of the an-
ion layers as well as the outer chalcogen layers makes
it possible to achieve a high level of compensation be-

tween residual electron- and hole-doping. In particular,
the nominal composition of BiSbTeSes (BSTS2), which
corresponds to (z,y) = (1,2) variant of the BSTS solid
solution, was found to achive a particularly high level of
bulk-insulation [5, [7, [§]. Since BSTS2 is currently the
most bulk-insulating 3D TI material available as a bulk
single crystal, it is widely used in various experiments
aiming at studying the surface transport properties [9-
13]. Despite the importance of BSTS2 in the research of
3D TIs, little is know about its local crystal structure.
For example, the extent of randomness in the Bi/Sb sites
and the outer Te/Se sites in the QL layers has not been
studied. If there is some correlations between the oc-
cupancies of these nominally random sites, it may lead
to a local inversion-symmetry breaking, which might af-
fect /limit the topological properties of this compound. In
this respect, the high-frequency phonon modes detected
in Raman scattering are sensitive to local symmetry of
the crystal lattice, and hence they are expected to pro-
vide useful information on the local crystal structure of
BSTS2.

In the present paper, we report combined experimen-
tal (Raman) and theoretical (density functional the-
ory - DFT) study of BiSbTeSes solid solution, which
allowed us to obtain insights into the local structure
of BiSbTeSe,. The temperature- and polarization-
dependent Raman spectra show the existence of an unex-
pectedly high number of Raman active modes, which are
forbidden in the group-theoretical considerations of the
global symmetry of BSTS2 (R3m [14]), signaling a high
degree of local symmetry-breaking disorder. To under-
stand their origin, we performed DFT calculations with
different combinations of atomic layers in the unit cell.
This analysis points to the conclusion that the occupancy
of the upper and lower sides of a QL unit is likely to
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Figure 1: Displacement patterns of the ions, Te (green),
Se (red), Bi and Sb (either black or white), in
BiSbTeSes across the quintuple-layered unit cell, which
generate Raman active modes. Low and high refers to
the frequency.
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be correlated to prefer the local structure of Se-Bi-Se-
Sb-Te or Te-Sb-Se-Bi-Se, which breaks inversion symme-
try. Moreover, we suggest the peak at ~120 cm™! in the
Raman spectra corresponding to the £, phonon can be
potentially used as a marker to estimate the degree of
this local inversion symmetry breaking.

II. EXPERIMENTAL DETAILS

The single crystals of BiSbTeSe, used in the present
study were grown from high-purity elements by using
a modified Bridgman method in a sealed quartz glass
tube.[5] Before the measurement, the crystals surface was
cleaved along the (001) plane for a clean shiny surface.
For the spontaneous Raman measurements a continuous
wave DPSS laser of 532 nm wavelength and a Krypton
gas laser of 647.1 nm wavelength were used. The sam-
ples were mounted in an Oxford Instruments Microstat
cryostat, cooled by liquid Helium. Raman spectra were
collected using a triple grating spectrometer operating
in subtractive mode equipped with a LNs cooled CCD
camera.

III. RESULTS
A. Raman spectroscopy

Assuming the same primitive unit cell for BiSbTeSes
as for BisTes, BisSes, and SbyTes, five atoms are decisive
for the group theoretical considerations of the vibrational
modes. Therefore, in accordance with the chemical for-
mula there are 3N — 3 = 12 optical lattice dynamical
modes at q = 0. These modes are exclusively Raman-
or infrared-active according to inversion symmetry and
consequently to their selection rules [15]. If BiSbTeSes;
is a ideally random solid solution, the global symmetry

of R3m might be kept as for the parent compounds and
then the irreducible representation of the Raman active
modes is given by

Fyiv = 2414 + 2E,, (1)

where F, and A;, denote in-plane and out-of-plane vi-
brational modes, see Fig. [[] Locally, this statement does
not necessarily hold anymore. Inversion symmetry auto-
matically breaks when the QL are not symmetrically oc-
cupied by the same atoms. Thus, the originally assumed
global space group of R3m for BiSbTeSey turns locally
into R3m with the following irreducible representation:

iy = 44; + AE. 2)

Parallel and cross polarizations, i.e. c(aa)c and c(ab)c in
Porto notation, probe the diagonal and off-diagonal ele-
ments of the Raman tensor, respectively. Thus, E modes
are observable in both c(aa)c and c(ab)c geometry, while
A; are only visible in c(aa)c geometry. In the following,
we use this more general representation to describe our
results. Fig. [2h shows the polarization dependent Raman
measurements of BiSbTeSes on the (001)- surface at 5 K.
The excitation wavelength of the laser was 647.1 nm and
all measured samples were freshly cleaved before mea-
surements along the c- direction. Two distinct modes (~
40 ecm~! and ~ 120 em™!) appear in both polarizations,
which are associated with the doubly-degenerate in-plane
vibrational £ modes. This is line with the number of re-
ported E; modes for the binary parent compounds, listed
together with our fit results in Table[[] Consequently, the
remaining modes are assumed to correspond to the out
of plane vibrational A; modes, which exceed the number
given by the group theoretical considerations. A couple
of vibrational energies, reported for similar compounds,
are visible in BiSbTeSe; too, see Table [ Notably, the
modes of BisSes, BisTesSe , and SbyTesSe correspond
very well to the energies of the most distinct peaks 7,
11, 12, 13, and 14, respectively, leading to the assump-
tion that the configuration with the Selenium layer in the
middle of the QL is indeed the most favoured one and
that the compound is highly mixed. In this sense, the
obtained Raman spectrum is a superposition of locally
differing sequences of ions.

To shed more light on this, we performed temperature
dependent Raman measurements, presented in Fig. [2b.
These spectra were measured from 280 K down to 6 K
and each spectrum was normalized by the total spectral
weight (SW), which decreases as expected by the Bose
factor. The temperature dependent measurements were
done with a laser excitation wavelength of 532 nm. Com-
pared to the laser excitation wavelength of 647.1 nm, no
differences, in terms of energy shifts or line widths of
the modes, were observed. Numbered arrows depict the
central positions of fitted oscillators. It was suggested
that electron-phonon coupling could play a role in this
class of compounds [16], revealed by possible asymmetric
Fano line shapes. In BiSbTeSes, the most likely mode for
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Figure 2: (a) Normalized Raman spectra of BiSbTeSes at 5K in c(aa)c and c(ab)c geometry, in black and red,
respectively. (b) Temperature dependent Raman spectra of BiSbTeSes, measured in c(aa)c. Arrows denote the

positions of the fitted oscillators, see Table El

showing this interaction is no. 14, which shows a strong
deviation from a pure Lorentzian line shape, especially
below 80 K. However, according to the high number of
phonon modes, it is not possible to make consistent as-
sumptions about the underlying continuum. Therefore,
we cannot confirm a Fano-like resonance behaviour with
our data. The best fitting results were achieved by apply-
ing a Pseudo-Voigt-function, which reflects usually the
instrumental limitation in the case of a very sharp mode.
Fig. [3]shows the temperature dependencies of the Raman
shifts and full width at half maximums (FWHM) for the
strongest modes no. 7, 11, and 14. They all show an-
harmonic phonon decaying behaviour. For the mode no.
14, this effect is more pronounced, which implies stronger
anharmonic coupling to the lattice. Below ~ 40 K the
observed variations with temperature saturate. This co-
incides with the reported temperature of charge puddle
formation [I7].

B. Density functional calculations of phonon modes

To investigate the possible origins of the observed vi-
brational modes, DFT calculations of lattice dynamics
were performed. First we calculated the well investigated
parent compound BisTes and found a rather good agree-
ment of phonon frequencies with the experimental results
(see Table. Maximal deviation between theoretical and
experimental frequencies does not exceed 3.3 cm™!.

The binary compound lattice parameters and atomic
positions were taken from literature.[20] The rhombo-
hedral axes for BiSbTeSey; are a = 10.09326 A and
a = 23.7852° [5]. As the sequence of atomic layers in
BiSbTeSe, is unknown and, as it was mentioned above,
one would expect a stacking disorder, we arranged atoms
in the unit cell in three different ways: Se(1)-Sh-Se(2)-Bi-
Te, Se(1)-Bi-Se(2)-Sb-Te and Se(1)-Sb-Te-Bi-Se(2). Pre-
viously equivalent atomic positions are now occupied by

different sorts of atoms, breaking the inversion symme-
try. Resulting structure for BiSbTeSe; and the unit cell
used in the calculations are shown in Fig[]

We used the frozen-phonon method [2I] and density
functional theory (DFT) to calculate phonon frequencies.
The exchange-correlation functional was chosen to be in
the form proposed by Perdew et al. [22, 23]. Since the
spin-orbit coupling (SOC) was shown to be important
in the formation of topologically protected states in the
parent compounds BisTes and BiySes [3]24], we included
this interaction in the calculation scheme. The calcula-
tions were performed using the Vienna ab initio simula-
tion package (VASP) [25H2§]. A plane-wave cutoff energy
was set to 500 eV. We found that the k-mesh consider-
ably affects the results of the calculations. Present results
were obtained with the 8 x 8 x 8 k-mesh. The structure
was geometrically optimized until the energy difference
between two ionic iterations reached 10~° eV /atom. To
calculate the Hessian matrix only symmetry inequivalent
displacements were considered within finite differences
method.

In the present calculations for BiSbTeSey, the three
atomic arrangements mentioned above were considered.
According to the electronic structure calculations the
most favorable sequence is Se(1)-Bi-Se(2)-Sb-Te. Its to-
tal energy is lower by 68 meV/fu. than for Se(1)-Sh-
Se(2)-Bi-Te, and lower by approximately 100 meV /f.u.
than for Se(1)-Bi-Te-Sb-Se(2). Keeping the same rela-
tive order of layers but choosing quintuple layer (QL)
unit in another way (e.g. see Fig[d] blue dashed bracket)
we got very similar results. However, the sequence with
Selenium in the middle of the "real” QL unit still has
the lowest total energy. Thus, from the theoretical point
of view the most favoured stacking sequence is Se(1)-Bi-
Se(2)-Sb-Te.

The calculation results for BisTes are listed in Table[[]
and for different sequences of atomic layers in BiSbTeSe,
in Table [[l The mode assignment was done using the
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Figure 3: Temperature dependent energy shifts and FWHM of (a) mode no. 7 (b) no. 11 (¢) no. 14. Dotted lines

are guides for the eyes.

BiSbTeSeg BizTe:g BigTeQSe szTeQSe Bizse:; SbQTe:;

No. Exp. FWHM Exp. Mode  Exp. Cal. Exp. Exp. Exp. Exp.
1 285 28 25

2 393 46 E 358 (Eg) 39.1 (Ey) 41.1 (Ey)

3 444 59 Ay

4 503 24 Aq

5 5835 3.0 Ay 60.3 (E.)

6 614 1.7 Ay 62.5 (A1g) 63.6 (A1g)

7 736 6.9 Ay 67.7 (A1g) 72 (A1g) 69 (A1g)
8 847 9.1 Ay 94.8 (E,) 82.2 (A1)

9 933 53 Aq 99.3 (A1u)

10 108.5 2.1 Ay 103 (E4) 103.2 (Eg) 110.7 (Eg) 112 (Ey)
11 120.0 6 E 125.0 (A1u) 117.5 (Eg) 121 ( Eg)

12 135.2 12 Ay 134 (A1g) 136.1 (A1y) 142 138.3 (EX)

13 161.8 20 Ay 157.7 (A1g) 165 (A1g)
14 186.6 4.6 Ay 188.9 (A1g) 174.5 (A1g)

Table I: Fitted Raman shifts and FWHM in cm™! for BiSbTeSe, at 5K, with experimental mode assignments,

concluded from polarization measurements.

The Raman shifts are compared to similar compounds with their mode assignments (in brackets), given from the literature
for BizTeoSe [16} (18], SbeTe2Se [19], BiaSes [15], SboTes [15]. EX denotes a local mode, claimed by the others of Ref. [19].
For BizTes the calculated values are given, too.

analysis of the eigenvectors of the obtained dynamical
matrix. The atomic displacements for a given frequency
are in good agreement with the group theory considera-
tion. As has been mentioned above, the calculated fre-
quencies for BisTes show a good agreement with the ex-
periment and lead to the conclusion that DFT should
work for BiSbTeSes, too. Since there are too many A;
modes due to disorder and it is nearly impossible to make
a correspondence between calculated and experimental
frequencies, we compare F phonons. These lines were
clearly identified in the polarization measurements.

In Table II, one can see that the low frequency E line
is found in all three possible structural stackings. In
contrast, the observed F mode at 120 cm™! fits only
with the calculated E' mode of Se(1)-Bi-Se(2)-Sh-Te se-
quence. Thus, this analysis suggests that locally our sam-
ples mostly have Se(1)-Bi-Se(2)-Sb-Te order. The conclu-
sion that the stacking order is mostly Se(1)-Bi-Se(2)-Sh-
Te also agrees with the DFT total energy calculations
presented above.

IV. DISCUSSION

The DFT calculations of BiyTes reproduce very well
the experimentally found phonon energies and symme-
tries at 5 K, confirming the group theoretical assumption
for the space group R3m. This consideration can, how-
ever, hardly be directly converted to BiSbTeSes since in
that case the inversion symmetry is necessarily broken.
In this regard, the irreducible representations for the re-
duced symmetry R3m show an equal number of optical
A1 and E modes, see Eq. [2| and this prediction still does
not agree with the experiment, which shows that at least
14 phonon modes are active in BiSbTeSes. It is useful
to note that, in contrast to Eq. 2, there are many more
A; modes than E modes (we only identify mode No. 2
and No. 11 to be phonons in E symmetry), which is puz-
zling. Probably, the high number of A; phonon modes
is due to the superposition of many different atomic se-
quences, which change locally in the layered structure of
BiSbTeSes.



Mode assignment Se-Bi-Se-Sb-Te Se-Sb-Se-Bi-Te Se-Sb-Te-Se-Bi Se-Bi-Te-Se-Sb Te-Sb-Se-Se-Bi

A 180.0 176.1 180.0 175.9 178.8
A4 158.1 150.8 157.9 150.6 159.0
A 133.8 138.0 133.7 137.7 117.3
E 128.0 129.7 127.8 129.5 131.9
E 119.6 109.8 119.7 109.7 109.4
E 82.1 74.3 82.1 74.1 68.9
Ay 70.3 69.2 70.5 69.0 74.2
E 42.2 42.9 42.1 42.6 45.6
Total energy 0 68.1 16.6 117.6 240.0

Table II: Calculated phonon frequencies in cm™! and relative values of total energy in meV for different sequences of

atomic layers in BiSbTeSe,.
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Figure 4: Crystal structure of BiSbTeSey in R3m with
(a) thombohedral and (b) hexagonal unit cells.

It is useful to note that in BisTesSe or BisTe;_,Se,, for
0.2 < x < 0.9, some peculiar modes which have neither
A; nor E symmetry have been observed by Tian et al.
[18] and Richer et al. [15]. These authors called them
local modes, which were proposed to result from Se/Te
antisite point defects and vibrate at their own frequency
with a broad line width. In view of the work, these local
modes may actually be related to the local inversion-
symmetry breaking due to antisite defects.

By comparing the phonon energies of the strong modes
in the Raman spectra in Fig. 2 to the calculated phonon
energies for various local structures, one notices that the
sequences where Selenium is in the middle of the quintu-
ple gives the strongest contributions to the phonon spec-
trum, meaning that in a major portion of the samples,
Selenium is sitting in the middle of the quintuple layer.
This is in line with our DFT calculations, which show
that the sequence Se(1)-Bi-Se(2)-Sb-Te has the lowest
total energy.

V. SUMMARY

We have performed polarization dependent sponta-
neous Raman scattering in a temperature range from 6
K to room temperature and observed an unexpectedly
high number of Raman active modes, which contradicts
the group theoretical considerations for the global sym-
metry and points to the significance of local inversion
symmetry breaking. Our DFT calculations, which ex-
plain the Raman spectra of BisTes very well, help us to
identify the most prominent local structure realized in
BiSbTeSeq, which turned out to be the Se(1)-Bi-Se(2)-
Sb-Te sequence.
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