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A B S T R A C T

Exotic phases of matter such as topological insulators are a captivating class of advanced functional materials. Key
to understanding the behavior of topological insulators is elucidating their structure, but this can be challenging.
For example, Bi2–xSbxTe3–ySey crystals have been extensively grown and studied, yet there is still ambiguity in the
literature concerning the crystal structure due to the availability of multiple competing candidate structures and
inconsistent use of crystallographic terminology, specifically with respect to structures in the trigonal and hex-
agonal crystal systems. In this work, we investigate the Bi2–xSbxTe3–ySey structure using a variety of techniques
including single-crystal and powder X-ray diffraction, electron microscopy, X-ray photoelectron spectroscopy, and
X-ray fluorescence. Structure refinement of diffraction data suggests that Bi2–xSbxTe3–ySey belongs to the trigonal
crystal system having R3m symmetry. X-ray photoelectron spectroscopy analysis supports the refined atomic site
occupancies. We present two reasons for the misattribution of Bi2–xSbxTe3–ySey to hexagonal symmetry in former
literature. First, improper use or misinterpretation of crystallographic terminology has led to crystal symmetry
being incorrectly confused with lattice system, crystal family, or unit cell choice. Second, the presence of defects
can produce easily misinterpreted diffraction patterns, and we propose that twinning is the primary source of
confusion between trigonal and hexagonal symmetry for BSTS.
1. Introduction

Single crystals have played a major role in the development of
different applications such as lasers, electronic devices, and semi-
conductors [1]. This is in part because single crystals tend to have
excellent corrosion resistance and electron mobility in addition to
conveying control over crystal orientation [2]. The desire to produce
single crystals and capitalize on their advantages has inspired numerous
innovations in the semiconductor industry, including recent advances in
producing organic semiconducting single crystals [3,4]. Such advance-
ments over time have led to better computers in physical size, memory
size, operations speed, and overall performance [5]. However, as elec-
tronic devices become nanoscaled, a tunneling effect emerges that re-
quires alternate approaches [6]. This has led to the development of
quantum materials such as topological insulating materials (TIs) [7,8],
which are enabling a new generation of computers (quantum computers)
[9].

TIs have attracted the interest of researchers worldwide because of
their exotic properties [10–12]. There are a growing number of TIs that
have been synthesized and studied. For example, TaAs2 has a
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two-dimensional (2D) topology somewhat like graphene while Bi1-xSbx
has a three-dimensional (3D) topology [13]. 3D TIs tend to exhibit
excellent electronic transport properties and tunability [14]making them
ideal candidates for quantum computing components. However, it has
been challenging to make 3D TIs with high-quality crystals and
high-performance efficiency until recently. Within the last decade,
Bi2-xSbxTe3-ySey (BSTS) was identified and has yielded promising results
[15,16]. Ever since, BSTS has been among the most studied TIs synthe-
sized and analyzed primarily because it shows excellent electron trans-
port measurements while being relatively easy to synthesize and convert
to devices compared with other TIs [17]. For example, Han et al. did a
comparative study of BSTS growth methods including melting, Bridg-
man, and a combined approach that led to high quality crystals [18].

Unfortunately, there are a number of seemingly contradictory reports
for the structure of BSTS. Consider, for example, this statement by Ko
et al. which states “… the crystal structure of BSTS: a hexagonal crystal
structure with a rhombohedral unit cell …” [19] Consider another
example from Lohani et al. “… shows the primitive unit cell of BiSbTeSe2
which has a rhombohedral symmetry. This structure can also be depicted
as a hexagonal unit cell as shown …” [20] Ren et al. stated “All
sity of Utah, Salt Lake City, UT, 84112, USA.
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diffraction peaks can be indexed based on the rhombohedral structure
with the R3m space group” [21] and Han et al. in our previous work
stated it was a “… rhombohedral structure in the R3m space group.” [18]
Among these four examples, we see that BSTS is reported to have either a
rhombohedral or hexagonal crystal structure with either a hexagonal or
rhombohedral unit cell.

The confusion in nomenclature extends beyond just scientific litera-
ture and can also be seen in scientific software such as CALPHAD
(Computer Coupling of Phase Diagrams and Thermochemistry) provided
by ThermoCalc. When this software is used to generate a pseudo-binary
phase diagram in the Bi-Sb-Te-Se system, the generated phase diagrams
suggest the possibility of two different phases corresponding to the BSTS
stoichiometry, “hexagonal_A8” and “rhombohedral_A7” [22]. These
names do not correspond to International Union of Crystallagrophy
(IUCr) nomenclature for space group number and symmetry, but likely
instead refer to Strukturbericht designation which is an older nomen-
clature originally developed by Zeitschrift für Kristallographie [23]. In
modern IUCr nomenclature, the A7 Strukturbericht designation corre-
sponds to space group 166 with R3m symmetry and A8 Strukturbericht
corresponds to space group 152 with P3121 symmetry [24], and both of
these space groups are within the trigonal crystal system.

It isworthnoting thatCALPHADpredicts that theP3121phase is about 3
timesmore stable than theR3m phasewithGibbs free energies of formation
of GP3121;f ;300C ¼ �600 kJ=mol and GR3m;f ;300C ¼ � 150 kJ= mol, respec-

tively. This thermodyanamic prediction of the P3121 phase being stable
over theR3m phase runs contrary to experimental observations byRenet al.
[21] and Han et al. [18] who both observed the R3m phase.

In this work, we set out to unambiguously determine the structure of
BSTS single crystals grown via the Bridgmanmethod using single crystal X-
ray diffraction followed by powder diffraction and site-specific composi-
tional analysis via X-ray photoelectron spectroscopy. Based on our find-
ings, we present two reasons for the confusion on Bi2–xSbxTe3–ySey
symmetry in former literature. First, improper use or interpretation of
crystallographic terminology has led crystal symmetry to be incorrectly
confused with lattice system, crystal family, or unit cell choice. Second, in
light of observed X-ray and electron diffraction patterns, we suggest
twinning as the primary source of confusion between trigonal and hex-
agonal symmetry.

2. Methods

2.1. Materials and synthesis

Elemental Bi, Sb, Te, and Se were ordered from Sigma-Aldrich Co.
with a purity of 5 N grade. The raw materials were mixed in a glovebox
with a ratio of 1 : 1: 1 : 2 Bi: Sb: Te: Se. Using a mortar and pestle, the
materials were crushed and ground together for 30 min, producing a fine
powder with a total weight of 3 g. To facilitate crystal growth, the
powder was then sealed in a low pressure, oxygen-free environment in-
side a carbon-coated quartz tube. The quartz tube was obtained from
Technical Glass Products Inc. and had an outer diameter of 14 mm, an
inner diameter of 12 mm, and a wall thickness of 2 mm. Prior to loading
the powder, we coated the tube with carbon by burning acetone inside it.
Excess carbon was gently wiped clean. Once the fine BSTS powder was
loaded into the carbon-coated quartz tube, the tube was hooked to an
ampoule sealing station where it was subjected to a vacuum pressure of
10�6 torr and four-flushing cycles with argon gas in order to prevent any
oxidation reaction during crystal growth. The final ampoule was 6–8 cm
in length. BSTS crystals were then grown using a melt growth method by
ramping at 22.9 �C/hr to 550 �C and then holding for two weeks before
cooling at a rate of 11.4 �C/min to room temperature.
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2.2. Sample characterization

Single crystal XRD. Several BSTS crystals were harvested under oil in
ambient conditions and screened before an extremely thin plate (8 μm �
130 μm x 271 μm) was found that appeared to be a single crystal. The
width and breadth of the crystal were much longer than ideal, but we did
not attempt the cut the plate as cutting tended to shatter or crack the
crystals. The plate was placed at the tip of a polyimide loop. Low-
temperature (100 K) X-ray diffraction data comprising φ- and ω-scans
were collected using a Bruker D8 Venture with a kappa goniometer, dual
Cu and Mo diamond microfocus X-ray sources, a Bruker Photon-III de-
tector, and an Oxford 800þ low-temperature device. Mo Kα radiation
(λ ¼ 0.71073 Å) was used for this experiment. The Bruker APEX3 suite
was used to process the data; reflection intensities were integrated using
SAINT, and SADABSwas used to apply an absorption correction and scale
the data [25]. A numerical absorption correction for strong absorbers was
used with a relatively large μ *r value (2.10) derived from the absorption
coefficient calculated for the solved structure (57.58) with 0.041 as the
equivalent radius. The structure was solved using SHELXT and refined
against F2 on all data by full-matrix least-squares with SHELXL-2014
using established refinement strategies [26–28]. The structure was
deposited in the ICSD under CSD 2110541.

Powder XRD. BSTS powder was loaded into a standard cylindrical
sample holder (27 mm diameter x 2 mm depth). Room-temperature
powder X-ray diffraction data were collected between 8 and 120� 2θ
with a step size of 0.008�/step in reflection geometry using a PANalytical
X'Pert Pro MPD with a Cu sealed tube X-ray source, a Ge monochromator
selecting the Cu Kα1 wavelength (λ ¼ 1.540598 Å), and an X'Celerator
detector. Rietveld refinement was performed in Highscore Plus using the
single-crystal structure determined previously (CSD 2110541) as the
starting structure. Parameters varied during the fit include the scale
factor, polynomial background parameters (9), zero shift, specimen
displacement, unit cell parameters, z positions for the Bi/Sb and Te1/Se1
atom pairs, Biso for all pairs of atoms, relative occupancies for all pairs of
atoms, spherical harmonic parameters (12) to model preferred orienta-
tion, and asymmetric profile variables (U, V, W, S/L, D/L, with two peak
shape parameters).

Transmission Electron Microscopy. Images of our BSTS material were
acquired using a transmission electron microscope (JEOL 2800). The
sample was prepared using a focused ion beam (FIB) (FEI HELIOS
NANOLAB 650 DUAL BEAM FIB and SEM). The crystal prepared by FIB
was coated with Pt and then cut by a laser, producing a nano-size layer of
material with a thickness of about 80 nm. TEM-EDS confirmed that the
measured area still showed the proper element mix and was represen-
tative of the whole sample.

X-ray Photoelectron Spectroscopy. The composition of the sample sur-
face was analyzed using X-ray photoelectron spectrometry (XPS) with a
KRATOS AXIS ULTRA DLD instrument, NanoFab, surface analysis and
imaging lab, University of Utah. The sample was characterized before
and after sputtering for 60 s by Arþ ion gun.

X-ray fluorescence. The composition of the bulk was analyzed using X-
ray fluorescence (XRF) with an Eagle III Microspot instrument. The
sample was gently cleaved producing a large BSTS layer cross section that
was tested under ambient conditions. The sample was cleaved and tested
immediately to avoid oxide formation.

3. Results and discussion

3.1. Single-crystal XRD

Our initial approach for understanding the crystal structure of BSTS
was single-crystal X-ray diffraction (XRD). The structure refined well (R1
¼ 1.8%, wR2 ¼ 4.3%) in the trigonal crystal system in the rhombohedral



Fig. 1. Crystal structure visualization. (a) Three views of our rhombohedral BSTS crystal structure illustrated using VESTA. (b) Illustration of hexagonal and
rhombohedral (obverse) unit cell axes for the R3m m space group. Lattice points within the unit cells are shown in dark blue.
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space group R3m (see CSD 2110541in the ICSD database or the full .cif
file in supplemental material). Our crystal structure is illustrated in
Fig. 1(a).

This agrees with previous work done by Ren et al. [21] and Han et al.
[18]whichalsoplacedBSTS in theR3m spacegroup.With several structural
analyses pointing towards rhombohedral R3m symmetry, we began inves-
tigating reports of hexagonal symmetry. Our survey of the literature sug-
gests that at least part of the confusion is rooted in improper use or
interpretation of crystallographic terminology. Before we discuss the
problems, we first briefly describe some terms related to crystal structure.

A fully defined crystal structure includes information about the lattice
and the basis. The lattice defines the lengths and angles between identical
points (“lattice points”) in the repeating structure alongwith the symmetry
elements that relate them. This information is conveyed through unit cell
dimensions and space group symmetry. The basis defines the atoms,
atomic positions, occupancies, and atomic displacement parameters upon
which the symmetry elements operate. Together, the basis, unit cell di-
mensions, and space group symmetry define a specific crystal structure.

Crystal structure types are also commonly used to describe atomic
structure. A crystal structure type encompasses materials having the
Table 1
The seven crystal systems in crystallography with the point symmetry elements that
within each crystal system are provided, along with the unit cell settings possible fo
system of classification as well as the crystal families indicated.

Crystal
System

Point symmetry element(s) Point
Groups

Space
Groups

Un

Cubic four 3-fold axes of rotation 5 36 a

Hexagonal one 6-fold axis of rotation 7 27 a

Trigonal one 3-fold axis of rotation 5 18 a

7 a¼
or

Tetragonal one 4-fold axis of rotation 7 68 a

Orthorhombic three perpendicular 2-fold axes of
rotation or inversion

3 59 a

Monoclinic one 2-fold axis of rotation
or one mirror plane

3 13 a

Triclinic none 2 2 a

32 total 230 total

3

same space group symmetry but different compositions. For example,
NaCl and AgF both belong to the rock salt crystal structure type with
Fm3m symmetry and atoms at ð0;0; 0Þ and �

1
2;

1
2;

1
2

�
.

Crystal systems are large groups of space groups whose point groups
have one or more point symmetry elements in common. There are seven
crystal systems in crystallography into which the 32 point groups and
230 space groups can be partitioned (see Table 1) [29]. The crystal sys-
tems have characteristic unit cell settings (also described in Table 1) that
are a result of the required point symmetry and the need to form unit cells
that stack without overlaps or gaps. Based on these characteristic unit cell
shapes, crystals can also be partitioned into seven different lattice systems
or six different crystal families.

Several possible sources of confusion between hexagonal and rhom-
bohedral symmetry are readily apparent from Table 1. First, note that
there is not a rhombohedral crystal system; the rhombohedral lattice
system is a subset of the trigonal crystal system. The trigonal and hex-
agonal crystal systems are differentiated by whether a 3-fold or 6-fold
axis of symmetry is present, respectively (see Table 1 and the space
group diagrams in Fig. 2). Despite this difference, the unit cells of all
crystals in both the trigonal and hexagonal systems can have the settings
define them [29]. The number of point groups and corresponding space groups
r each crystal system. The characteristic unit cell settings give rise to the lattice

it Cell Settings Lattice System Crystal
Family

¼ b ¼ c, α ¼ β ¼ γ ¼ 90� Cubic Cubic

¼ b ≠ c, α ¼ β ¼ 90�, γ ¼ 120� Hexagonal Hexagonal

¼ b ≠ c, α ¼ β ¼ 90�, γ ¼ 120� Hexagonal Hexagonal

b≠ c, α¼ β ¼ 90�, γ ¼ 120�
“hexagonal axes”

a¼ b¼ c, α¼ β¼ γ ≠ 90�
“rhombohedral axes”

Rhombohedral Hexagonal

¼ b 6¼ c, α ¼ β ¼ γ ¼ 90� Tetragonal Tetragonal

6¼ b 6¼ c, α ¼ β ¼ γ ¼ 90� Orthorhombic Orthorhombic

6¼ b 6¼ c, α ¼ γ ¼ 90�, β ¼ free Monoclinic Monoclinic

6¼ b 6¼ c, α 6¼ β 6¼ γ Triclinic Triclinic



Fig. 2. Space group diagrams for a) the hexagonal space group P6mm, b) the trigonal space group P3m1, and c) the trigonal space group R3m.
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a ¼ b 6¼ c, α ¼ β ¼ 90�, and γ ¼ 120�. These are referred to as “hexagonal
axes” [24] because when packed into a crystal, they produce a hexago-
nally shaped repeating pattern (see Fig. 1(b)). For this reason, both the
trigonal and hexagonal crystal systems are sometimes collectively
referred to as the hexagonal crystal family.

Incorrectly interchanging the terms crystal structure with either
crystal system and/or crystal family is a major source of confusion. A
prime example is the statement by Ko et al. saying “… the crystal
structure of BSTS: a hexagonal crystal structure with a rhombohedral unit
cell …” [19] It is probable the authors meant that BSTS is in the hex-
agonal crystal family, but the term actually employed was hexagonal
crystal structure. This is problematic because the phrase “hexagonal
crystal structure” implies that BSTS must have hexagonal space group
symmetry, which cannot be true if BSTS has a rhombohedral unit cell and
is therefore in the trigonal crystal system. An alternate interpretation is
that the authors were using the phrase “hexagonal crystal structure” as a
crystal structure type. However, this is also problematic because there is
no structure type named hexagonal; with 27 different space groups in the
hexagonal crystal system, “hexagonal” is too broad to define a structure
type. This is an example of how improper use of crystallographic termi-
nology conveys incorrect meaning.

A further complication is that the trigonal crystal system can be
subdivided into two groups. For the first group consisting of 18 space
groups, the unit cell setting of a ¼ b 6¼ c, α ¼ β ¼ 90�, and γ ¼ 120� is the
only valid unit cell (for example see Fig. 2(b)). That is why these 18 space
groups are classified as part of the hexagonal lattice system. However, for
the second group consisting of 7 space groups, the unit cell can be defined
either with hexagonal axes a ¼ b 6¼ c, α ¼ β ¼ 90�, and γ ¼ 120� or with
“rhombohedral axes” a¼ b¼ c, α¼ β ¼ γ 6¼ 90� (see Fig. 2(c)), which are
so termed because they define a traditional rhombohedron [24]. These 7
space groups are given their own lattice system: rhombohedral. Thus, the
trigonal crystal system contains 25 space groups all with a 3-fold axis of
symmetry, but 18 of these space groups are classified under the hexag-
onal lattice system and 7 space groups are classified under the rhombo-
hedral lattice system.

The reason for subdividing the trigonal crystal system into two
Table 2
Trigonal vs hexagonal crystal systems with space groups listed.

Crystal
System

Point symmetry
element(s)

Point
Groups

Space Groups

Hexagonal one 6-fold axis 7 27 P6, P61, P65, P62, P64, P63, P6,
P6322, P6mm, P6cc, P63cm, P63
P63/mcm, P63/mmc

Trigonal one 3-fold axis 5 18 P3, P31, P32, P 3, P312, P321, P
P31c, P31m, P31c, P3m1, P3c1

7 R3, R3, R32, R3m, R3c, R3m, R
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different lattice systems is the presence of two additional lattice points.
The 18 trigonal space groups in the hexagonal lattice system have lattice
points only at (0,0,0), or in other words, only at the corners of the unit
cell. This makes them “primitive” unit cells, which is why all 18 of these
space groups begin with the letter “P” (see Table 2). Set in their hexag-
onal axes, the 7 remaining trigonal space groups have two additional
lattice points inside the unit cell either at the obverse setting of (2/3, 1/3,
1/3) and (1/3, 2/3, 2/3) or at the reverse setting of (2/3, 1/3, 2/3) and
(1/3, 2/3, 1/3). They are thus “centered” lattices, or unit cells with lattice
points in locations other than the corners. The rhombohedral unit cell is
produced by using the origin (0, 0, 0) and the two interior lattice points
as the corners of the (now primitive) unit cell (see Fig. 1(b)). Because the
unit cell of these 7 trigonal space groups can either be a primitive
rhombohedron or have “rhombohedrally centered” hexagonal axes, their
space group symbols all begin with the letter “R” (see Table 2).

The ability of the 7 rhombohedral space groups to interchange be-
tween unit cells with primitive rhombohedral axes and rhombohedrally
centered hexagonal axes is the origin of the statement by Lohani et al.
that “… shows the primitive unit cell of BiSbTeSe2 which has a rhom-
bohedral symmetry. This structure can also be depicted as a hexagonal
unit cell as shown …” [20] This statement is perfectly clear and correct,
given the in-depth knowledge of crystal systems and lattice systems just
outlined. However, this level of familiarity with crystallographic termi-
nology is uncommon due to the cursory (or complete lack of) crystallo-
graphic training in higher education today. Thus, when phrases such as
“hexagonal unit cell” are used, many investigators innocently but
incorrectly assume hexagonal space group symmetry is implied. Misin-
terpretation of crystallographic terminology is thus also a large problem,
either when the terms are used essentially correctly as in Lohani et al.
[20] or incorrectly as in Ko et al. [19].

Another prime example of how crystallographic terminology can be
easily misinterpreted comes from the scientific software CALPHAD
(Computer Coupling of Phase Diagrams and Thermochemistry) provided
by the ThermoCalc. As discussed in the introduction, the phase diagram
generated for the BSTS stoichiometry suggests the possibility of two
different phases, “hexagonal_A8” and “rhombohedral_A7” [23]. The A8
Lattice System Crystal
Family

P6/m, P63/m, P622, P6122, P6522, P6222, P6422,
mc, P6m2, P6c2, P62 m, P62c, P6/mmm, P6/mcc,

Hexagonal Hexagonal

3112, P3121, P3212, P3221, P3m1, P31 m, P3c1, Hexagonal Hexagonal

3c Rhombohedral Hexagonal



Fig. 3. Our BSTS powder XRD pattern (orange) with the Rietveld refinement
(black) compared to the trigonal telluronevskite (Bi3Se2Te) space group P3m1,
trigonal antimony selenium telluride (Sb2SeTe2) space group R3m, and trigonal
Kawazuite (Bi2Te2Se) space group R3m.
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and A7 labels are Strukturbericht designations originally developed by
Zeitschrift für Kristallographie [24] and which have passed out of usage.
Thus, users of the software rely primarily on the first part of the label
(hexagonal or rhombohedral) to differentiate the two options and may
erroneously assume either hexagonal or rhombohedral space group
symmetry is implied. Only those determined users who do the work to tie
these labels to modern IUCr nomenclature find that both structures are in
the trigonal crystal system; the A7 Strukturbericht designation corre-
sponds to space group 166 with R3m symmetry and A8 Strukturbericht
corresponds to space group 152 with P3121 symmetry. It is problematic
that CALPHAD labels these phases with outdated nomenclature because
users could unintentionally misinterpret what must be a lattice system
label as an indication of space group symmetry.

One final source of misinterpretation is the convention to use hex-
agonal axes for the rhombohedral space groups. Due to the ease of
calculation afforded by right angles, modern software almost exclusively
uses hexagonal axes for all trigonal space groups (for example, see our
current rhombohedral structure). Perhaps because of the “hexagonal”
label and certainly because of cursory crystallographic training, hexag-
onal axes a ¼ b 6¼ c, α ¼ β ¼ 90�, and γ ¼ 120� are only associated with
hexagonal symmetry for a majority of the scientific population. Thus,
when indexing algorithms for X-ray or electron diffraction data provide a
unit cell with hexagonal axes, a vast majority of users may assume hex-
agonal (or 6-fold) symmetry is implied, when in reality either 6-fold
(hexagonal) or 3-fold (trigonal) symmetry is possible.

To summarize, miscommunication is a significant source of confusion
for the symmetry of BSTS. Either improper use of crystallographic ter-
minology or misinterpretation of it has led to crystal symmetry being
confused with lattice system, crystal family, and unit cell axes. As Table 1
shows, the overlap between these various classification systems can be
easily confusing; however, the root of the problem lies in inadequate
crystallographic training. This exemplifies why training in fundamental
concepts and terminology of solid state science is still essential for
modern materials scientists.

3.2. Powder XRD

Recall that CALPHAD predicts the P3121 phase to be 3 times more
stable than the R3m phase with Gibbs free energies of formation of
GP3121;f ;300C ¼ �600 kJ=mol and GR3m;f ;300C ¼ � 150 kJ=mol, respec-

tively. This runs contrary to our own experimental observations as well as
those by Ren et al. [21] and Han et al. [18] which show R3m symmetry as
the primary symmetry for BSTS. However, one crystal may not be
representative of the entire batch; it is possible that a mixture of phases
was present.

To determine how representative the R3m single crystal was of our
entire batch of BSTS, powder XRD data were collected and compared to
representative trigonal P3m1 and rhombohedral R3m phases through
phase matching and Rietveld refinement (Fig. 3). (The trigonal space
group P3m1 was selected instead of P3121 because no compound was
found in the database with BSTS stoichiometry in space group P3121. In
addition, no hexagonal BSTS structures could be tested via Rietveld
refinement because none of the reported hexagonal structures contain
atom positions.) As Fig. 3 shows, the R3m structures adequately explain
the positions of all peaks in the powder XRD data whereas the P3m1
structure does not.

3.3. Atom occupancies

An interesting aspect of the BSTS material is its variable stoi-
chiometery: Bi2–xSbxTe3–ySey. In our sample, the raw materials were
mixed with a ratio of 1 : 1: 1 : 2 Bi: Sb: Te: Se, but the ratios actually
achieved in the final BSTS material must be experimentally determined.
In our single crystal XRD analysis, it was assumed that Bi and Sb sub-
stitute for one another in the lattice and that Te and Se substitute for one
5

another in the lattice. These assumptions were based on chemical con-
siderations and are in agreement with Han et al.’s previous analysis (CSD
1864200). The asymmetric unit contained three unique atom sites. Each
site was modeled as a mixture of two atoms: either a Te/Se mixture or a
Bi/Sb mixture. Two of the unique positions in the asymmetric unit cor-
responded to Te/Se mixtures, and one corresponded to Bi/Sb. Each pair
of atoms were constrained to have equal coordinates (EXYZ) and equal
anisotropic displacement parameters (EADP). The occupancies of the
atoms in each pair were allowed to refine with the constraint that
together they add to constitute a fully occupied site. Three different
starting ratios of the occupancies were used in different refinements to
test the reliability of the occupancies: (1) the ratios reported in Han
et al.’s study which were Bi¼ 0.56/Sb¼ 0.44, Te¼ 0.65/Se¼ 0.35, Te¼
0.06/Se¼ 0.94; (2) ratios in which the minor component of each site was
set to zero, namely Bi ¼ 1/Sb ¼ 0, Te ¼ 1/Se¼ 0, Te ¼ 0/Se ¼ 1; and (3)
equal occupancies (0.5) for all atom types. The opposite of option (2) was
also attempted but was unstable. Despite the different starting points, the
occupancies of all refinements converged to the ratios reported in the
current structure: Bi ¼ 0.620 (3)/Sb ¼ 0.380 (3); Te ¼ 0.590 (3)/Se ¼
0.410 (3); Te ¼ 0.082 (3)/Se ¼ 0.918 (3). These ratios are thus unam-
biguously the best description of the occupancies for the single crystal
used in this experiment, leading to a chemical formula of Bi1.24Sb0.76-
Te1.26Se1.74 and a density of 7.38 g/cm3.

As Table 3 shows, the unit cell parameters and atom positions
remained similar in both the single crystal and powder refinements.
However, the peak height ratios predicted by the single crystal structure
were significantly different than the peak height ratios observed in the
powder data, leading us to refine the occupancy ratios of the atom pairs
in the three unique sites (Bi/Sb, Te1/Se1, Te2/Se2). This still did not
adequately model the peak height ratios, and upon inspection, preferred
orientation in the (003) family was apparent in the data, with several
peaks being severely under-fit by the initial structure: (003) at ~9� 2θ,
(006) at ~18� 2θ, (0015) at 46� 2θ, and (0018) at ~56� 2θ. Modeling this



Table 3
Comparison of crystal structure parameters derived from Han et al. (CSD
1864200), our single-crystal (SC-XRD) analysis (CSD 2110541), and our powder
(P-XRD) Rietveld refinement. In addition to the lattice parameters and densities,
the variable z coordinates for the two 6c sites and the site occupancy factor (s.o.f)
ratios for all three unique atom sites are shown.

Han (1864200) SC-XRD (2110541) P-XRD

Temperature 273 K 100 K 295 K
a(Å) 4.187 (2) 4.1512 (9) 4.168
b(Å) 4.187 (2) 4.1512 (9) 4.168
c(Å) 29.648 (16) 29.390 (9) 29.515
α 90� 90� 90�

β 90� 90� 90�

γ 120� 120� 120�

Site 1: 6c (z) 0.39654 (4) 0.39692 (2) 0.3980
Site 2: 6c (z) 0.21296 (7) 0.21260 (3) 0.2109
Site 1 Bi/Sb s.o.f 0.56(6)/0.44(6) 0.620(3)/0.380(3) 0.62/0.38
Site 2 Te/Se s.o.f 0.65(8)/0.35(8) 0.590(3)/0.410(3) 0.59/0.41
Site 3 Te/Se s.o.f 0.06(8)/0.94(8) 0.082(3)/0.918(3) 0.08/0.92
Density (g/cm3) 6.822 7.381 7.29
Space Group R3m R3m R3m
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preferred orientation using spherical harmonics significantly improved
the fit, particularly for the (003) and (006) peaks. However, the occu-
pancy parameters were highly correlated with the parameters correcting
for the preferred orientation, so the occupancies were fixed to those
determined in the single crystal analysis. Several other models were
attempted to see if the predicted peak height ratios could be improved.
Metallic Bi and Sb phases were added to the BSTS phase in mixed-phase
refinements, but the phase fraction of these additional phases refined to
zero each time. Similarly, two rhombohedral BSTS phases with differing
element ratios were attempted in a mixed-phase refinement, but the fit
was not improved over the single-phase refinement, and the refinement
was greatly destabilized. Since the experiment was conducted in air over
several hours, one other possibility that could not be effectively modeled
is oxygen or water contamination of the sample.

The single-phase structural model in the R3m space group shown in
Fig. 3 thus proved the best model for the powder XRD data. The model is
not perfect, but the imperfections all lie in the predicted peak height
ratios, which we attribute to difficulties modeling preferred orientation
simultaneously with site occupancies or possibly to deterioration/
contamination of the sample in air. The peak positions are all correctly
predicted by the rhombohedral phase, so our single crystal structure with
R3m space group symmetry seems reasonably representative of our entire
batch of BSTS. We therefore conclude that our synthetic conditions
produce essentially phase pure BSTS with R3m symmetry.
Fig. 4. Electron diffraction images of BSTS at (a) low magnification and (b) high mag
the topmost rendering, points related by the 3-fold symmetry are highlighted in red. I
be related by a 6-fold axis if two domains with 3-fold axes rotated by 180� were pr
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Comparing all three detailed XRD analyses of BSTS available, it ap-
pears that while the rhombohedral character of BSTS is consistent, there
are some small variations in unit cell parameters, atom site occupancy
factors, and therefore density from crystal to crystal and batch to batch.
As Table 3 highlights, the two single crystal models share similar Bi/Sb
ratios, but the densities differ due to a constriction in the unit cell pa-
rameters in our single crystals. This constriction could be attributed in
part to the low temperature (100 K) of our analysis compared to that of
Han et al. (273 K), but our powder analyses at 295 K show that even at
temperatures above Han et al.’s, our BSTS sample appears to have smaller
unit cell parameters and thus a higher density. Such variations between
crystals and/or batches are not unexpected, but they could be an
important source of performance variation from batch to batch for the
BSTS material.
3.4. TEM

Electron diffraction in TEM is commonly used to index materials, so
electron diffraction was conducted as a secondary means of verifying our
single crystal structure. The TEM images of our own BSTS (Fig. 4)
highlight what we believe is the largest source of the confusion sur-
rounding the BSTS crystal structure: twinning. At the low magnification
shown in Fig. 4(a), the spot pattern appears hexagonal. However, upon
closer investigation at higher magnification as shown in Fig. 4(b), nearly
every reflection is clearly a doublet. Such non-overlapping spots are
characteristic of non-merohedral twinning, in which two crystallites with
different and unrelated orientations grow in close proximity and even-
tually fuse into one particle that nevertheless gives two distinct diffrac-
tion patterns. Twinning is common in the trigonal crystal system with
R3m space group [30], but the twinning in BSTS is particularly pernicious
because it verges on merohedral twinning in which the two spot patterns
overlap essentially exactly and in a way that mimics a higher symmetry:
hexagonal.

The twinning observed in the TEM images was also observed in the
XRD analyses; several twinned crystals were screened and rejected before
finding a thin fragment (�8 μm thick) that was single crystalline. Once
we realized how ubiquitously twinning was observed in BSTS, we sought
to identify the twin law (or the mathematical relationship between the
unit cells of the different domains). For, if twinning is observed so
consistently, then the twin law is probably also consistent. We returned
our attention to a small set of preliminary XRD data collected for a crystal
that was rejected during the single crystal XRD analysis. Using the 738
reflections harvested from the 60 preliminary images, we identified
multiple potential secondary domains using CELL_NOW, each of which
nification. (c) Renderings of the R3m BSTS structure viewed down the c-axis. In
n the bottom rendering, points highlighted in red are those that would appear to
esent.
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was related to the primary domain by nearly 180� rotation about
approximately the c-axis (or [001] direction): for example, a 179.8�

rotation about the [0.124, 0.110, 1.0000] real axis or a 179.9� rotation
about the [�0.008, 0.099, 1.000] real axis.

Recall from the discussion of Table 1 that the primary difference
between trigonal and hexagonal crystal systems is whether a 3-fold or 6-
fold axis of symmetry lies parallel to the c-axis (of the unit cell with
hexagonal axes), as illustrated in Fig. 2. If the 3-fold axes of two fused
domains are collinear but one domain is rotated 180� around that axis
relative to the other domain, then, as illustrated in Fig. 4(c), the two 3-
fold axes will mimic one 6-fold axis. In the case of our BSTS in which
each domain has 3m symmetry, the two overlapping diffraction patterns
would look like one pattern with 6/mmm symmetry, thereby appearing
deceptively hexagonal.
Fig. 5. (a) TEM sample cut by FIB. (b) TEM-EDS elem
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The slight imperfection of the 2-fold rotation relating the domains in
our BSTS crystal (i.e., 179� instead of exactly 180�) was fortuitous in that
the multiple diffraction patterns did not perfectly overlap, enabling us to
observe and identify the twinning effect. Others may not have been so
fortunate; BSTS crystals with more perfect twinning would be decep-
tively hexagonal and extremely difficult to parse into the true trigonal
components.

There are actually two possible twin laws for BSTS. Because the R3m
space group is centrosymmetric (has a center of inversion), a 2-fold
rotation about the c-axis is equivalent to a reflection across the ab
plane, as the matrices for these twin laws are related by inversion [31].
Thus, the twin law(s) for BSTS crystals could be either0

@
�1 0 0
0 �1 0
0 0 1

1
A in the case of 2-fold rotation about the c-axis,
ental mapping. (c) SEM-EDS elemental mapping.
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or

0
@

1 0 0
0 1 0
0 0 �1

1
A for a reflection across the ab plane.

Our analysis has focused on the 2-fold rotation twin law since this
was the law determined for our crystal by CELL_NOW. This is not
definitive proof, however, since this program searches exclusively for
twinning by rotation. In fact, distinguishing these twin laws is not
possible from diffraction data alone; the two can only be differentiated
by examining the atomic structure itself [31]. Considering the packing
that would be produced by each twin law at the interface of the two
domains, we did not see a significant advantage for one twin law over
the other and conclude that both are possible/plausible.

We therefore propose that the primary source of confusion behind the
BSTS crystal structure stems from nearly merohedral twinning by 2-fold
rotation about the c-axis and/or by reflection across the ab plane. Such
twinning causes the true trigonal 3m symmetry of the individual domains
to appear (incorrectly) as hexagonal 6/mmm symmetry. While this
twinning does not seem to inhibit material performance (indeed, it may
enhance or be necessary for performance), it complicates structural
analysis. In diffraction experiments, such twinning may go unnoticed
during the determination of the lattice parameters; investigators may not
become aware of the issue until later when a suitable space group cannot
be found or reasonable atom positions cannot be found. This could be
why no atom positions have been reported for any hexagonal BSTS
structures.
3.5. TEM-EDS

In addition to the electron diffraction data discussed above, TEM-EDS
data were collected to ensure that the material had retained its elemental
composition. Preparing a BSTS sample thin enough for TEM was chal-
lenging because BSTS consists of low-melting-temperature materials. The
BSTS crystal prepared by FIB was coated with Pt and then cut by a laser,
producing a layer of material with a thickness of about 80 nm, as shown
in Fig. 5(a). Fig. 5(b) confirms that Bi, Sb, Te, and Se are present and
dispersed throughout the crystal as expected. However, significant
amounts of oxygen and carbon were detected as well. Futher in-
vestigations using SEM-EDS on the elemental compostion over a larger
range of the sample (Fig. 5(c)) confirmed the presence of C and O, though
SEM showed more oxygen than carbon.
Fig. 6. (a) Full range of XPS data for BSTS before and after sputtering with t
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3.6. XPS

XPS was employed to further investigate the presence of oxygen and
carbon on our BSTS TEM sample. Fig. 6 shows the full range of XPS data
collected on our BSTS sample before and after sputtering along with the
relative quantities of elements present. As the pie charts in 6(b) and 6(c)
show, sputtering reduced the oxygen content by ~2/3 and the carbon
content by ~1/3. This shows that the oxygen at least is primarily
adsorbed at the surface.

To investigate where the oxygen is adsorbing, the bonding envi-
ronment of each element was scrutinized before and after sputtering.
XPS detects electron binding energies of elements at the surface of a
sample, so changes in these binding energies indicate changes in the
bonding environments of the element. As Fig. 7 shows, the oxygen was
primarily associated with Bi and Sb. No oxygen was associated with Se,
and the small amount that was associated with Te was completely
removed by sputtering. Bi and Sb thus appear to have similar chemical
affinity towards oxygen while Te and Se have a similar disinclination
towards oxygen. This provides some validation for our assumption in
the XRD analyses that Bi and Sb would display similar chemical
behavior and so substitute for one another in the lattice while Te and Se
would display similar chemical behavior and substitute for one another
in the lattice.

While Bi and Sb both adsorbed oxygen initially, sputtering had
different effects on the oxygen adsorption of these two elements. Sput-
tering decreased the amount of oxygen associated with Sb by nearly half
while it had a minimal (almost negligible) effect on Bi. Bi thus appears to
have the greatest affinity for oxygen in BSTS, so surface Bi sites are the
most likely sources of oxygen contamination in BSTS.

The element quantifications afforded by the XPS anlayses also pro-
vide some confirmation for the Bi/Sb and Te/Se ratios determined in
the single crystal XRD analysis. From Fig. 7(b) and (c), the Bi/Sb ratios
before and after sputtering were 0.63/0.37 and 0.61/0.39, respectively,
which are precisely in line with the 0.62/0.38 ratio determined in the
SC-XRD analyses. The Te/Se ratios from the XPS analyses (0.33/0.67
before and 0.30/0.70 after sputtering) varied more from the ratios
determined in the XRD analyses (0.42/0.58), though all agree that Te is
present in smaller quantities than Se, as we anticipated from the syn-
thetic conditions.
he relative quantities of each element before (b) and after (c) sputtering.



Fig. 7. XPS data before and after sputtering for the (a) Bi 4f, (b) Sb 3d, (c) Te 3d, and (d) Se 3d regions. Overlaid with the data are the fits used to deduce the relative
quantities of bonding environments that are shown in the accompanying pie charts.

Fig. 8. XRF BSTS analysis. (a) BSTS grown crystal sample, (b) sample cross-
section diagram, (c) XRF scan image, and (d) elemental distribution pie chart.
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3.7. XRF

The XPS data left some ambiguity as to whether all or only some of the
O and C content was adsorbed at the surface. While a majority (~2/3) of
the oxygen content could be attributed to surface adsorption at primarily
Bi and Sb sites, ~1/3 of the oxygen content and ~2/3 of the carbon
content was not removed by sputtering. To investigate the possibility that
these elements had been incorporated into the lattice during crystal
growth, we used XRF to quantify the elements present in a BSTS bulk
sample. We gently cleaved a cross-section from the middle of a solid BSTS
sample as illustrated in Fig. 8, then examined the elemental composition
over a large area. As Fig. 8 shows, the XRF bulk scan did not detect any O
or C. This confirms that all of the O and C detected via TEM-EDS, SEM-
EDS, and XPS analyses was due to surface adsorption during FIB pro-
cessing. As with the XPS data, the XRF element ratios (Bi/Sb¼ 0.62/0.38,
Te/Se ¼ 0.27/0.73) confirm the Bi/Sb ratios determined via XRD (0.62/
0.38).

4. Conclusions

BSTS crystals have been investigated using multiple techniques to
determine the BSTS crystal structure and understand the origin of con-
flicting reports of both hexagonal and rhombohedral symmetry. Single
crystal XRD analysis of our own BSTS produced an excellent structure
(R1 ¼ 1.8%, wR2 ¼ 4.3%) in the trigonal crystal system with a rhom-
bohedral lattice defined by space group R3m (CSD 2110541). However,
we encountered pernicious non-merohedral twinning in both our XRD
and electron diffraction experiments that verged on merohedral twin-
ning, mimicking a hexagonal lattice. We therefore propose that the
9

primary source of confusion for the symmetry of BSTS stems from
ubiquitous twinning in which the twin law (either a 2-fold rotation about
the c-axis and/or a reflection across the ab plane) causes the true trigonal

3m symmetry of the individual domains to appear (incorrectly) as



H.F. Alnaser et al. Journal of Solid State Chemistry 320 (2023) 123868
hexagonal 6/mmm symmetry. A secondary source of confusion is the
improper use or misinterpretation of crystallographic terminology,
which has led to crystal symmetry being incorrectly confused with lattice
system, crystal family, or unit cell choice.

Powder XRD analyses confirmed that our BSTS was phase pure and
best described as rhombohedral. Comparing all three rhombohedral XRD
analyses available, there are small variations in unit cell parameters,
atom site occupancy factors, and therefore density from crystal to crystal
and batch to batch. Such variations are not unexpected, but they could be
an important source of performance variation from batch to batch for the
BSTS material.

TEM-EDS, XPS, and XRF analyses revealed that even though our BSTS
is phase pure, the surface has a tendency to adsorb oxygen and carbon.
XPS analysis showed that the oxygen is primarily adsorbed by Bi and Sb.
Sputtering can decrease the oxygen adsorbed by Sb, but Bi retains nearly
all of its adsorbed oxygen even after sputtering. Surface Bi sites are thus
the most likely sources of oxygen contamination in BSTS.
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