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ABSTRACT: A new type of disordered substitution alloy
of Sb and Te at above 15.1 GPa was discovered by
performing in situ high-pressure angle-dispersive X-ray
diffraction experiments on antimony telluride (Sb,Te;), a
topological insulator and thermoelectric material, at room
temperature. In this disordered substitution alloy, Sb,Te;
crystallizes into a monoclinic structure with the space
group C2/m, which is different from the corresponding
high-pressure phase of the similar isostructural compound
Bi,Te;. Above 19.8 GPa, Sb,Te; adopts a body-centered-
cubic structure with the disordered atomic array in the
crystal lattice. The in situ high-pressure experiments down
to about 13 K show that Sb,Te; undergoes the same
phase-transition sequence with increasing pressure at low
temperature, with almost the same phase-transition
pressures.

ecently, topological insulators have become a hot topic in

he material research field. The A,B;-type compounds
Bi,Te;, Sb,Te;, and Bi,Se;, composed from group V and VI
elements, are the simplest three-dimensional topological
insulators." Bi,Te; and Sb,Te; also exhibit excellent thermo-
electric properties.” At ambient pressure, these compounds
crystallize in space group R3m,” which is denoted as phase L
The high-pressure behavior of Bi,Te; has been investigated,”*
and a sequence of three structural phase transitions has been
reported in the pressure range of 0—52.1 GPa. Bi,Te;
transforms from its ambient rhombohedral structure to a
monoclinic structure (phase II, space group C2/m) at about 8.2
GPa and further to a second monoclinic structure (phase III,
space group C2/c) at about 13.4 GPa.* At pressures larger than
144 GPa, Bi,Te; transforms to a body-centered-cubic (bcc)
structure (phase IV) with a disordered array of Bi and Te
atoms.* Interestingly, pressure can tune Bi,Te; to a topological
superconductor with a highest T. of 9.5 K at about 13.6 GPa.®
Therefore, pressure plays a very important role in the
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researches of topological materials, which will significantly
improve our understanding for the fundamental relationship
between the structure and property, as well as the mechanism
of superconductivity.

On the basis of the similarity of the crystal structure and
chemical composition with Bi,Te;, Sb,Te; is expected to
undergo similar structure and physical property transformation
under high pressure. Previous high-pressure investigations of
the crystal structure and electrical properties of Sb,Te; were
performed.® Sb,Te, transforms to a high-pressure phase at
about 9 GPa at room temperature.”® However, crystalline
structures of the high-pressure phases for Sb,Te; have not been
solved over last 3 decades. For A,B;-type topological insulators,
the systematic structural evolution information under pressure
is lacking as well. In this Communication, we present the
discovery of pressure-induced structural transitions in Sb,Te;
by using a diamond anvil cell (DAC) technique combined with
the in situ angle-dispersive synchrotron X-ray diffraction (AD-
XRD) experimental technique and discovered a new type of
disordered substitution alloy of Sb and Te atoms with a
monoclinic structure at above 15.1 GPa, which is a high-
pressure phase different from the corresponding phase in
Bi,Te,.

Figure 1 shows the selected XRD patterns of Sb,Te; up to
38.6 GPa at room temperature with a wavelength of 0.04067
nm. Three structural phase transitions were found in the
experimental pressure range. Sb,Te; recovers to the original
rhombohedral structure at pressure release. At about 9.3 GPa,
Sb,Te; starts the transformation from the original thombohe-
dral structure (phase I) to a monoclinic structure (phase II)
with space group C2/m. The transition to phase II is completed
at 12.3 GPa. At pressure greater than about 15.1 GPa, the array
of Sb and Te atoms in Sb,Te; becomes disordered, which
induces the emergence of another monoclinic structure (phase
I11, space group C2/m). This phase is a new type of disordered
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Figure 1. AD-XRD patterns of Sb,Te; at room temperature up to 38.6
GPa (A = 0.04067 nm).

substitution alloy of Sb and Te atoms and is stable only at high-
pressure conditions. At about 18.9 GPa, Sb,Te; completely
transforms to phase III. After this, it remains its disorder
characters and transforms to a bcc structure (phase IV, space
group Im3m) at about 19.8 GPa. Above 29.7 GPa, the
transformation of phase III to phase IV is complete, and phase
IV remains the stable phase up to the maximum pressure of
38.6 GPa in this investigation.

The typical Rietveld refinements results for the four phases
were shown in Figure 2, in which the experimental (cross) and
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Figure 2. Experimental (cross) and fitted (line) XRD patterns for
Sb,Te; (4 = 0.04067 nm).

fitted (line) XRD patterns for Sb,Te; were plotted for the cases
of pressure at 1.96, 12.3, 18.9, and 29.7 GPa, respectively. The
schematic views of the crystal structures of the four phases of
Sb,Te; at various pressure conditions are shown in Figure S2 of
the Supporting Information. The atomic parameters of these
four phases, obtained from the refinement results in Figure 2,
are shown in Table S1 of the Supporting Information. The
discussions about the disordered structures of phases III and IV
of Sb,Te; are in the annotations of Table S1 of the Supporting

Information. The main bond distances of phases I and II for
Sb,Te; are listed in Table S2 of the Supporting Information.
The unit cell parameters of Sb,Te; at 0—38.6 GPa are
derived from Le Bail refinements. The volume per Sb,Te;
chemical formula unit (V/Sb,Te;) is equal to '/;, '/, /15, and
/o4 of the unit cell for phases I-IV, respectively. The
relationship of V/Sb,Te; versus pressure is shown in Figure 3.
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Figure 3. Pressure dependence of the volume per Sb,Te; chemical
formula (V/Sb,Te;). The solid lines are the fitting results according to
the second-order Birch EoS.

There are four main regions in Figure 3, corresponding to the
four phases of Sb,Te; under high pressure. With increasing
pressure, the volume is decreasing for the four phases of
Sb,Te;. The volume (V/Sb,Te;) collapse is about 3.3%, 2.8%,
and 3.8% for the phase transitions of I-1II, II-III, and III-1V,
respectively. The solid lines are the fitting results for the four
phases of Sb,Te; using the second-order Birch equation of state
(EoS).” With B/, fixed as 4, the ambient pressure isothermal
bulk modulus By is estimated as 45(2), 62(3), 69(4), and 72(2)
GPa for phases I-1V, respectively.

The radii of the Bi, Sb, and Te atoms are 0.160, 0.145, and
0.140 nm at ambient conditions, respectively.® Both Bi,Te, and
Sb,Te; transform to a 7-fold monoclinic structure (phase II)
from the original rhombohedral structure (phase 1).* The
phase-transition pressure of 9.3 GPa for Sb,Te; is larger than
that of Bi,Te; (8.2 GPa), which is due to the smaller atomic
radii of the Sb to Bi atoms. The transition from phase II to III
occurs at about 15.1 and 134 GPa for Sb,Te; and Bi,Te;,
respectively. Although Sb,Te; adopts ambient and first high-
pressure forms (phases I and II) similar to those of Bi,Te;, the
experimental XRD patterns of phase III for Sb,Te; could not be
fitted using the corresponding structure model of the 8-fold
monoclinic structures of Bi,Te; (phase III, space group C2/c),
as proposed in ref 4a. Sb,Te; adopts a disordered monoclinic
structure with space group C2/m in phase III. Compared with
the atomic radius of the Bi atom at ambient conditions,® the
atomic radius of the Sb atom is close to that of the Te atom,
which indicates that disordered substitution between the Sb
and Te atoms is relatively easier than that between the Bi and
Te atoms. Upon compression, the potential charge transferring
from Sb to Te will make the effective atomic radius of these two
atoms closer. So, the disordered solution of the Sb and Te
atoms begins from phase III in Sb,Te;, which is different from
that in Bi,Te;. Under further compression, both Bi,Te; and
Sb,Te; eventually adopt the disordered bcc structure, with
phase-transition pressures of 14.4 and 19.8 GPa, respectively.*
Although it is easier for the Sb and Te atoms to form a
disordered array, the phase-transition pressure of Sb,Te; is
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larger than that of Bi,Te; because of the emergence of the
disordered monoclinic structure of Sb,Te; (phase III) from
about 15.1 GPa.

The pressure-induced bcc structure is a common phase in Sb,
Te, and Bi elementary substances, with phase-transition
pressures of 28, 27, and 7.7 GPa, respectively.”'® For binary
compounds, Bi,Te; reaches a bec structure at 14.4 GPa, which
is in the middle of these phase-transition pressures for the bcc
structures of Bi and Te.*'*" However, the phase-transition
pressure for the bec structure in Sb,Te; in this report is 19.8
GPa, which is smaller than the transitions in the individual
elements of Sb and Te”'°" This lower phase-transition
pressure for the bcc structure in Sb,Te; could be partially
caused by the disordered atom array beginning from its high-
pressure phase III, and this disordered phase III makes the
transition to phase IV of the bcc structure relatively easier
because of the common disordered character.

The effect of low temperature on the structural evolution for
A,B;-type topological insulators is critical for the high-pressure
property study. Therefore, in situ high-pressure XRD experi-
ments for Sb,Te; were performed at about 13 K. At low
temperature, three pressure-induced first-order phase tran-
sitions were observed, which follow the same sequence as those
at room temperature. These phase-transition pressures were
observed to delay by about 2 GPa compared to the case at
room temperature. This phase diagram in the pressure—
temperature domain indicates that we could indeed explain the
pressure-induced physical property change at low temperature
by referring to the structural evolution with pressure at room
temperature for these types of topological insulators.

In summary, three crystal structural phase transitions in
topological insulator Sb,Te; under high pressure within 38.6
GPa were discovered in this Communication. Because of the
similar crystal structural evolution behavior under high pressure
between Sb,Te; and Bi,Te; a similar pressure-induced
topological superconducting transition on Sb,Te; can be
naturally expected. Thus, the structural evolution information
under pressure in Sb,Te; will provide the essential guideline for
the next pressure-tuned physical property evolution study. A
new disordered substitution alloy of the Sb and Te atoms was
found at above 15.1 GPa. The formation of atomic disordered
substitution under high pressure will provide a method to
obtain different types of alloys between these two elements.
These pressure-induced structural transition behavior studies
will improve our understanding for the universal structural
evolution pattern for this A,B; type of topological insulator
material upon compression.
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Experimental details, ruby fluorescence R1 and R2 peaks at 26.9
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