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High-Pressure Phase Transitions in Ordered and
Disordered Bi;Te,Se

M. B. Nielsen,” P. Parisiades,” S. R. Madsen® and M. Bremholm®

We report studies of pressure-induced phase transitions of ordered and disordered ternary
tetradymite-like Bi,Te,Se by synchrotron powder x-ray diffraction (PXRD) in diamond anvil cells
(DACs) for pressures up to 59 and 49 GPa, respectively. The first sample (SB) was prepared
from a single crystal with ordered Se/Te sites while the second sample (Q) was prepared from a
quenched melt resulting in disordered Se/Te. This allows for an investigation of the effect of
disorder on the phase transitions and the equation of states (EoS) of the tetradymite-like a
phase. Fitting of a third order Birch-Murnaghan EoS to the a phases yielded bulk moduli K, of
34.5(10) and 38.3(17) GPa and K of 6.2(3) and 5.0(5) for the SB and Q samples, respectively.
An electronic topological transition (ETT) was identified in both samples at pressures of 4.4 and
3.1 GPa, respectively. This was followed by a transition near 11 GPa to a phase that is
isostructural with the B phase of Bi,Te;. The Se/Te ordering only affects the transition pressure
to a small extent. A cubic phase that resembles the & phase observed in high-pressure studies of
Bi,Te; appears at 17-20 GPa, but the ternary composition leads to a more complex structure.
The presence of a low angle diffraction peak in the & phase demonstrates that the true structure
is not simply body-centred cubic. In this way the samples resemble Bi,Se; where Bi and Se show
a high degree of ordering, but the proposed structure of 5-Bi,Se; also does not fully describe the

data for 0-Bi,Te,Se.

1. Introduction

Bi,Se; and Bi,Te; have the same crystal structure and form a
solid-solution Bi,Se;_,Te, (0 < x < 3). The end members and the
ternaries have been studied intensely for decades owing to their
excellent thermoelectric properties.' More recently, the interest
has been further invigorated as these compounds were predicted
and confirmed to be topological insulators.” The link between
thermoelectricity and the topologically protected surface states
has been established very recently for Bi,Te; and Bi,Te,Se (x =
1).3 Stoichiometric Bi,Se; is an intrinsic n-type semiconductor
due to Se vacancies (Vg. ) while stoichiometric Bi,Te; is a p-
type semiconductor due to antisite defects (i.e. Bi 1o).* Bi,Te,Se
is a particularly interesting stoichiometry because for x = 1 the
two primary defect types are compensated and a p-n transition
is observed. It follows that very low carrier concentrations can
be obtained in this region.’ Furthermore, x = 1 is also a special
case as Bi,Te,Se is the only composition where the layers that
only have Bi as closest neighbors are fully occupied by Se
while Te caps the quintuple layers (Fig. la) resulting in the
tetradymite structure type. However, the ordering requires very
stable growth conditions as the energies required to form both
Tes, and Teg; antisite defects are very low.>* ® This means that
a crystal with disordered Se and Te can be obtained by

This journal is © The Royal Society of Chemistry 2013

quenching Bi,Te,Se from the melt. The space group for the
tetradymite structure is R3m (Z = 3) and for the ordered case of
Bi,Te,Se the Se is located on the 3a site.

For the end members a number of interesting phase
transitions appear at high pressure. Prior to any structural
transition an electronic topological transition (ETT) is observed
in the o phase.” This is followed by three phase transitions in
the case of Bi,Te;. Although the pressure-induced phase
transitions were first observed in Bi,Te; several decades ago,8 it
was only recently that structures of these were actually solved.
The first pressure-induced phase transition results in a
monoclinic phase (space group C2/m, referred to as the § phase,
shown in Fig. 1b). The structure was solved relatively recently’
and is similar to the a phase with the exception that Te-Te
distances from neighboring layers are now so short that Te is
coordinated to Bi in both quintuple layers. In the same paper,
theoretical calculations predicted an additional monoclinic y
phase and the PXRD data matched this phase in a narrow
pressure range (14-15 GPa).”'* At the highest pressure Bi,Te;
undergoes one more phase transition to a cubic & phase (space
group Im3m), where it forms a solid solution substitutional
alloy with no apparent ordering of Bi and Te.”'® The
coordination of Bi and Te is eight-fold and this structure
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persists to the highest pressures that have been investigated.
The unit cell is shown in Figure lc.

Substitutional alloys can form when atoms are
approximately the same size and have nearly the same
electronegativity as described by the Hume-Rothery rules.''
Therefore it may at first appear surprising that Bi,Te; should
form such an alloy at high pressure since at ambient conditions
the ionic radius of Bi** is 117 pm while Te* is 207 pm."
However, when high pressure is applied the situation changes
drastically, and the sizes of the two ions are observed to
become similar above approx. 20 GPa due to charge transfer
from Te to Bi.”

The full high-pressure phase behavior of Bi,Se; is still a
matter of debate, with some reports that the high-pressure
phases follow the sequence R3m — C2/m — I4/mmm with
pressure,® while others report the sequence R3m — €2/m —
C2/c - C2/m" and yet others suggest R3m — C2/m —
C2/c — Im3m, here noting that the last phase is inferred only
from a lack of active Raman modes which should be present in
a monoclinic cell.'® That Bi,Se; might be less willing to form a
substitutional alloy with respect to Bi,Te; can be recognized
from the fact that while the electronegativities of Bi and Te are
quite similar (2.02 and 2.10 on the Pauling scale'®), while that
of Se is significantly higher at 2.55.

In the present study we investigate the high-pressure
structural changes in two different samples of approximate
Bi,Te,Se composition, the first highly ordered in Se/Te while
the second sample has completely disordered Se/Te. This
allows for an investigation of the effect of disorder on the first
phase transition and the equation of state (EoS) of the
tetradymite o phase. We also report the EoS of the high-
pressure phases of Bi,Te,Se and comment on the still uncertain

nature of the § phase.

2. Experimental

OBi
QTe
OSe

230800

Figure 1. a) The a-Bi,Te,Se unit cell with six-fold Bi
coordination. b) The B-Bi,Te; structure displaying seven- and
eight-fold Bi coordination. This structure is basically the o-
phase with Bi-Te bonding reaching through the Te-layers. c)
The 3-Bi,Te; structure where Bi and Te are completely
disordered over the sites. The coordination for both is eight-
fold.
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2.1 Sample synthesis

Large single crystals with a nominal composition of Bi,Te,Se
were prepared by the Stockbarger-Bridgman method as
described in detail elsewhere.” A fine powder was obtained by
using a diamond file at a point where the composition was
Bi,Te; ;5S¢ 19, coinciding with the p-n transition where the
sample conductivity is lowest. This sample is referred to as the
Stockbarger-Bridgman (SB) sample.

A sample of composition Bi,Te,Se was made by sealing
stoichiometric amounts of the elements in an evacuated quartz
ampule, heating to above the melting point and rapidly
quenching in ice water. A fine powder was obtained by using a
diamond file on the large polycrystal. This sample is referred to
as the quenched (Q) sample.

In both cases the fine powder was dispersed in ethanol and
allowed to settle briefly before the remaining suspended
particles were transferred to a new vial. This process was
repeated several times in order to obtain only very small grains
of the samples. The ethanol was then evaporated at 60 °C.
Following this floating procedure, small amounts of powder
were pressed into foils of 10-15 pum thickness by placing the
powders between the faces of two 600 um diamond anvils and
pressing them together by hand. The foils were then
subsequently transferred to the diamond anvil cell sample
chambers.

2.2 High pressure diamond anvil experiments

Powder x-ray diffraction (PXRD) as a function of pressure was
carried out at ID27 at the European Synchrotron Radiation
Facility (ESRF)', using a wavelength of 0.3738(2) A. The
samples were loaded in membrane driven diamond anvil cells
(DACs) with 300 pm culets. The pressure-transmitting medium
was neon loaded using a gas-loading system (Sanchez
Technologies GLS1500). A 250 um thick Re gasket was pre-
indented to an initial thickness of about 40 pm after which a
circular hole was laser-cut in the center of the indentation with
a diameter of approximately 3/5 the culet size. A small foil of
pressed Cu powder was loaded together with a ruby crystal as
the pressure standards. The pressures were calculated using the
Cu EoS by Dewaele ef al.'® (Vinet EoS, K, = 132.4(14) GPa,
Ky = 5.32(6)) with our V= 47.405(2) A? (unit cell volume).

2.3 Calibration and refinements

The PXRD setup was calibrated using a LaBg4 standard (NIST
SRM 660b). The 2D data obtained from the detector were all
treated using the program MAUD' following the guidelines by
Lutterotti et al.?* and Wenk et al.*!

The sample 2D data sets were sectioned in 10 degree
azimuthal slices, allowing the refinement of anisotropic strain
parameters as well as texture. The arbitrary texture setting in
MAUD is the 2D equivalent of a Le Bail refinement™ and was
in most cases used to account for intensity variation of the
Debye-Scherrer rings along the azimuth as this allows a more
accurate determination of the unit cell parameters than a full
Rietveld refinement.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 8



Page 3 of 8

The refined parameters were: Incident intensity, vertical and
unit cell parameters,
crystallite size and root mean square micro-strain (using the
Delft model in MAUD?).

The SB sample comes into contact with both diamond

horizontal beam center correction,

anvils at a pressure of approx. 20 GPa. This is typically referred
to as bridging and is inferred from the sudden onset of strong
anisotropic strain that is only present in the sample (2D data
clearly showing this is shown in the Supporting Information,
Fig. S1) but not in the Ne pressure medium or in the Cu
calibrant. The anisotropic strain was modelled using three off-
diagonal macro-stress parameters using the Moment Pole Stress
model®” in MAUD with a 0.5 Voigt-Reuss weight and the
BulkPathGeo This
anisotropic deformation of the sample. To get a quantitative

formulation.? model accounts for
interpretation of the macro-stress parameters one would need to
know the elasticity tensor of the sample. Since these constants
are not available for the &-phase of Bi,Te,Se this was not
attempted and the (arbitrary) default values of MAUD were
used to simply describe the observed strains.

Full Rietveld refinements were carried out in the & phase
using an isotropic B-value that was constrained to be identical

for all atoms.

2.4 Equation of state fitting

The volume versus pressure data obtained from the refinements
in MAUD were fitted to their respective EoS using EoSFit7.%*
The third order Birch-Murnaghan (BM3) EoS (equation 1) was
used where possible, while the second order (BM2) (K} = 4)
was used if the BM3 did not significantly improve the fit.

Dalton Transactions

For the high pressure phases a reference bulk modulus and first
derivate, K and Kj were used instead of K, and K. The bulk
modulus and its pressure derivative obtained from fitting the
EoS with a reference pressure thus refer to the values where the
phase is first observed, rather than the hypothetical zero
pressure values. By using K and Kj large uncertainties
resulting from extrapolation to zero pressure are thus avoided.
Identical reference pressures were chosen for the 3 phases (11.8
GPa) and § phases (19.5 GPa) for the two samples in order to
facilitate comparison.

3. Results and discussion

3.1 Phase transitions

The low angle region of the integrated data sets from the SB
and Q samples displaced with increasing pressure can be seen
in Fig. 2. The full data extend to 30° in 20, while most
refinements have been carried out using data to 24°. Large plots
of all datasets in the full angular range are supplied in the
Supporting Information, Fig. S2 and S3.

The samples investigated both undergo at least two
structural phase transitions as pressure is increased, as is clear
from Fig. 2a and 2b. The observed pattern after the first
transition resembles that of the Bi,Te; B phase and can be
indexed using the same symmetry (C2/m unit cell). The first
transition, from o to B (R3m to C2/m), is first observed at 11.4
and 10.9 GPa in the SB and Q samples respectively, with the
monoclinic B phase being phase-pure at 14.4 and 12.6 GPa. The
second transition observed is from the B phase to a cubic &
phase (discussed further in section 3.4) and has its onset at 19.6
and 16.7 GPa, with completion at 21.2 and 22.0 GPa for the

3 gt . . . .
P(V) = 3Ky fp(1 + 2f)%/?(1 + 5 Ko =D fe) (D two samples. Weak diffraction near 9° 20 in the Q sample (Fig.
2b) matches the C2/c phase which has been reported in
where  fp = ((Vo/V)¥? —1)/2 Bi,Se;'*!° and Bi,Tes,” '™ 2° but the data quality precluded
stable refinements of this phase. In the SB sample, strong Re
q) T T L) 1 1 q.)
s51d s b
v 7
S * @
a * o
4 A
21 2T
EH= T
A—
T T T J 1 5 I
4 6 12 14 4

8 10
20 (degrees)

Figure 2. a) Integrated angular diffraction data on the SB sample displaced with increasing pressure (not to scale). For
clarity and due to the high number of datasets, only every second dataset is plotted here. The first phase transition at 11.4
GPa is marked with 1, while 2 marks the second onset at 19.6 GPa. b) Integrated angular diffraction data on the Q sample
with increasing pressure (not to scale). The first phase transition at 10.9 GPa is marked with 1, while 2 marks the second

onset at 16.7 GPa. The square in (b) marks the position of a cluster of peaks that fit the y Bi,Te; type structure. The diamond
marks diffraction from rhenium while asterisks mark Ne. The final pressure in (a) is 58.7(5) and 48.9(4) GPa in (b).

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Comparison of the ranges of stability from
experiments reported in literature for Bi,Te;, this work and
Bi,Se;. In each case, the upper limit shows the maximum

reported pressure in that study, not necessarily the upper
stability limit.

scattering is present, with one major reflection overlapping in
position with the positions of the y phase. This prevents us from
making definite statements of its presence in this sample. As in
other studies that report this phase it is not observed pure at any
pressure (it always coexists with the B or & phase). It should
also be mentioned that some studies on Bi,Se; do not observe it
at all."?

The reported pressure ranges for the various transitions in
the two end members also vary somewhat in literature, as can
be seen in Fig. 3. Our observed transition pressures are closest
to those reported for Bi,Ses, both for the o — [ transition and
(presence of a C2/c phase or not) for the range where the last
phase appears (termed the B — § transition here).

3.2 Refinement results

Unit cell volumes of the three phases normalized to one
formula unit are plotted in Fig. 4a and 4b for the SB and Q
samples respectively. These volumes were all extracted using
the arbitrary texture setting in MAUD, i.e. 2D Le Bail fitting.
This method leads to satisfactory fits as long as the amount of
peak overlap is not too large. The reported volumes are all from
data sets that gave stable refinements. The refined unit cell
parameters at the various pressures are given in the Supporting
Information, Table ST1.

The evolutions of the c/a ratios in the a phase versus
pressure for the two samples are plotted in Fig. 5. The a- and c-
axis lengths were extracted using the arbitrary texture setting of
MAUD. The ratio drops relatively quickly during the first few
GPa indicating that the c-direction is more easily compressed.
Near 3 GPa the trend reverses and a slow increase in the ratio is
seen, indicating that the ab-plane
compressed than the c-direction.

From these changes it is inferred that both samples undergo
an isostructural pressure-induced electronic topological
transition (ETT) at pressures of about 3.1 GPa for the Q sample
and about 4.4 GPa for the SB sample. This transition in the a
phase is also observed at similar pressures for Sb,Te;, Bi,Se;
and Bi,Te; (see Fig. 2 of ref. 7). This second order isostructural
transition appears because the compressibility along the c-axis
suddenly drops by a large amount. From a band-structure point
of view, the isostructural transition is a symptom of a large
rearrangement of the electronic density of states at the Fermi
energy. The rearrangement occurs when a Van Hove singularity
crosses the Fermi energy.” ** A more general chemical
viewpoint would be to infer covalent bond-formation between
the Te atoms of the adjacent quintuple layers since the Te-Te
distances now become so short that they no longer only interact
via van der Waals forces.

Rietveld refinements of the 3 phase of both samples did not
enable us to conclude if Se shows a preference for any
particular of the three chalcogenide sites in the monoclinic cell.

is now more -easily

3.3 Equations of state

1 ) ) ) ) ) ) ) ) ) )
160 [ : T )

y a) SB sample, Bi,Te . Se b) Q sample, Bi,Te,Se _
¢ 140 : ]
3 \ AV(11.8 GPa) = -3.1 % 1
émo b ] ]
E & g-phase | “-5 GPa)= 4.8 % s a-phase o Wl !
> 400 L © B-phase L = p-phase _

v 8-phase v 8-phase
0O 10 20 30 40 50 0 10 20 30 40 50

Pressure (GPa)

Pressure (GPa)

Figure 4. Symbols: Experimental volume per formula unit versus pressure. Solid lines: Fitted equation of state for each

respective phase. Pressure and volume error bars are smaller than the symbols. Note that the pressure scales are different

while the volume axes are identical. a) SB sample results. b) Q sample results.
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Figure 5. c/a ratio of the a-phase unit cell versus pressure.
Triangles mark the SB sample while squares mark the Q
sample. Error bars are smaller than the symbols.

The results of fitting a BM3 EoS to the a and § phases, along
with a fit of a BM2 EoS to the B phase are shown in Fig. 6, as
30 confidence ellipses in K and K’ for the BM3 fits and as 1o
error bars at K’ = 4 for the BM2 fit.>’ The pressure value R
refers to the reference pressure of each EoS fit, chosen as the
first pressure where the phase in question appears. A full list of
Vi, K, K’r and changes in V and K at the transition points is
supplied in Table 1. Literature values of BM2 and BM3 fits to
experimental data on a-Bi,Se; and 0-Bi,Te; are included in Fig.
6 as symbols.'”* ' ?® No error bar means that the reported
uncertainty in that parameter is less than the size of the symbol.

The EoS parameters were obtained by least-square fitting to
the weighted P,V data. When two phases coexist, only the
majority phase from stable refinements was used. The bulk
modulus of the a phase, being identical within the uncertainty
for the SB and Q samples, does not seem to depend on
stoichiometry or initial ordering of the Se/Te atoms, indicating
that both the intra- and interlayer interactions do not depend on
the Se/Te order initially. When comparing to experimental
results reported in literature on the pure compounds it is seen
that there is no significant difference between the obtained EoS
values of the two samples and those reported for pure Bi,Tes;,®
while the values reported by others for Bi,Se;
significantly higher values of K,.'> "

The changes in volume and bulk modulus at each reference
transition point are shown in Table 1. The volume drop at each
transition is larger for the SB sample with its higher Se content,
but overall the two samples show quite similar behavior.

If the volume of the SB sample in the [ phase is

show
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Figure 6. The results of fitting BM3 equations of state to the a-
and 8-phases (ellipses) and a BM2 to the B-phase (horizontal
error bars) along with reported experimental results on the end
members in the o phase. R refers to the reference pressure of
each EoS fit. Black solid lines represent the SB sample; red
dashed lines the Q sample.

extrapolated to zero pressure it yields V, = 164(3) A’ (Q
sample extrapolation is too uncertain to provide meaningful
results). When compared to the reported extrapolations for
Bi,Se; (Vo = 132.3(5) A’, fit of experiment)'® and Bi,Te; (Vo =
161.99 A3, fit of theory)® it corroborates several reports of
deviations from Vegard’s rule in these systems at both ambient
and high pressure. ' *

It is interesting that the & phases show significant
differences in EoS parameters in spite of similar stoichiometry.
The structural properties at these pressures clearly depend
strongly on the Se content and it is perhaps not surprising that
Se must be the dominant factor since Bi and Te behave
sufficiently alike to form a disordered alloy in the pure
telluride. That the bulk modulus of the SB sample is higher
shows that the interactions of Se with its local environment
must be stronger than those of Te (since they resist compression
more).

3.4 The nature of the 6 phase

While Bi,Te; forms a disordered bee alloy there are differing
reports about the structure Bi,Se; at the highest pressures.'>™'
Fig. 7a shows a dataset from the Q sample at 47.7(4) GPa,
along with a Rietveld refinement using an Im3m cell with a
random distribution of the three elements, like that observed for
Bi,;Tes. The peak observed at 6.4° 20 is forbidden by the space
group. The SB sample at 48.8(4) GPa shows the same low

Table 1. Equation of state model parameters for all three phases of the SB and Q samples. Volumes unit is A%, pressure and K unit is GPa, K’ is unitless.

SB sample, Bi;Te; 7sSe1.10 Q sample, Bi,Te,Se
Vr(or) = 158.92(18) Pr(o) = 0 Vr(or) = 160.6(2) Pr(o) = 0
Kr(o) = 34.5(10) K'r(o) = 6.2(3) Kr(o) = 38.3(17) K'r(o) = 5.0(5)
AVr(a/B) = -4.0(2) AKr(o/B) = -20(3) AVr(a/B) = -3.1(8) AKr(o/B) = -23(7)
Vr(B) = 127.3(2) Pr(B) = 11.8 Vr(B) = 129.6(8) Pr(B) = 11.8
Kr(B) = 77(3) Kr(B) = 4 (fixed) Kr(B) = 68(7) Kr(B) = 4 (fixed)
AVe(B/3) = -5.6(2) AKR(B/6) = 39(3) AVRB/S) = -3.14) AKR(B/6) = 40(8)
Vr(8) = 111.42(6) Pr(8) = 19.5 Vr(8) = 114.9(1) Pr(8) = 19.5
Kr(%) = 146(3) K’r(0) = 4.002) Kr(%) = 137(5) K’r(8) = 4.04)

This journal is © The Royal Society of Chemistry 2012

J. Name., 2012, 00, 1-3 | 5



Dalton Transactions

=
o))

~
;O 4 1 A : Icalc
=

M,;_AVWJ_N\V'

i ﬁ n ,\ —— Residual
| | | | | ‘

10 15 20
26 (degrees)

0.8f *0.20] ,
—~ b) 018
Saal 0 A splee e
<06 lo.1pr—e e -
204
% —;:Sidual
20.2 \ ‘/\ , /\
(O]
L=

10 15
26 (degrees)

Figure 7. Rietveld refinement of a) the Q sample and b) the SB sample, both in the 5-phase. Red dots are data, black line is
the fit, blue line is the difference, green bars (top row) indicate Bragg positions of the bcc cell, pink bars (second row)
indicate Bragg positions of Ne and blue bar (third row) indicates Bragg position of Re. Insets: Zoom on the low angle data.
Black bar indicates where the (100) peak would be located if it was allowed.

angle peak in the 6 phase with even greater relative intensity,
Fig. 7b. The peak nearly coincides with the forbidden {100} but
is both shifted to a higher angle and is significantly broadened.

The difference between the unit cell obtained by a bcc
model and a hypothetical unit cell length a,q obtained from a
single peak fitting does not depend significantly on pressure for
the SB sample while the Q sample displays a significant
negative slope with pressure (the peak moves towards the cubic
value).

The low angle peak is also much wider than what would be
expected from a simple symmetry breaking from bcc to a
primitive cubic cell and the width of the low angle peak
increases with pressure compared to the main & phase peak
widths. At the same time the intensity of the low angle peak
normalized to the (110) peak intensity (the main bcc peak) as a
function of pressure does not seem to depend on pressure when
the uncertainties are taken into consideration.

The unexplained peak shows strain identical to the & phase
peaks when observed in the 2D data (see Supporting
Information, Fig. S1). As the elastic tensor of a material and
thus its response to macro stress is a product of structure and
chemical identity, this indicates that the unexplained peak is not
caused by an impurity, but originates from the d phase.

An exhaustive search for a model that predicts the (100)
peak and no further reflections has not been successful. The
main reason for this is that the low angle peak is the only
additional peak observed. A number of models have been
attempted, including the /4/mmm cell proposed by Zhao et al.
for Bi,Ses, but none provide a satisfactory explanation of the
data. We can therefore only conclude that the 3 phase of
Bi,Te,Se is more complex than 3-Bi,Te; but also different from
5-Bi;Se;. The models and their fits are given in the Supporting
Information, Figures $4-6."

4 Conclusion

6 | J. Name., 2012, 00, 1-3

The topological insulator Bi,Te,Se with two slightly different
compositions has been investigated up to a pressure of 59 GPa.
Both samples show indications of an electronic topological
phase transition at 3-4 GPa in the a phase, followed by two
structural phase transitions near 11 and 19 GPa into the 8 and &
phases. The B phase was found to have the same structure as
that observed for Bi,Se; and Bi,Tes, though whether Se and Te
are disordered over the available sites in the monoclinic cell
proved to be beyond the data to resolve. Hints of the
intermediate monoclinic y phase were observed in the Q
sample, but it was not possible to refine this structure.

EoS parameters for the a, B and & phases were reported for
both samples. The values of the o phase parameters are
identical with those reported in the literature for Bi,Te;. At high
pressure the EoS parameters show significant dependence on
the Se-content of the sample.

The structure of the & phase is close to body-centered cubic,
but the presence of a low angle peak violates the symmetry of
this simple model. Exhaustive attempts at building a simple
model that predicts only the very wide low angle peak and no
further reflections were unsuccessful. It would be interesting to
see if a Monte Carlo simulation of a large unit cell at these high
pressures could provide some insight into the short-range
ordering of Se/Te. We consider it likely that Bi/Te atoms are
(almost) completely disordered in the structure, while Se (being
the anion with largest negative charge) probably disfavors like
neighbors and might also prefer Bi over Te as closest neighbor
due to the (small) positive charge on the former. This would
also be a relevant question for a theoretical study. Overall, the
behavior of Bi,Te,Se (in the & phase) is dominated by the
presence of Se, both in the structural transition pressures, EoS
parameters in the  phase and in the structure of the & phase
itself. The reason for this dominance is probably that Se is both
the largest ion and has the greatest (negative) charge at the
pressures where this phase dominates, while Bi and Te seem to
behave almost identically at these pressures.

This journal is © The Royal Society of Chemistry 2012
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Bi2Te2Se appears to undergo an electronic transition
near 3 GPa, then becomes a monoclinic near 10 GPa
followed by a structural analogue of the cubic alloy of
Bi2Tes but low-angle diffraction demonstrates lower
symmetry.
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