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SnTe is a narrow band-gap topological crystalline insulator (TCI), whereas SnSe is a normal semiconductor.
We report Raman study of SnTe and SnSe as a function of pressure at room temperature along with first-
principles density functional theory calculations. Under pressure, isostructural transition is observed in SnTe,
as revealed by the anomalous softening of the strongest Raman mode up to 1.5 GPa, accompanied by an increase
in the linewidth. Our first-principles calculations show that the mirror Chern number of SnTe does not change
and the TCI phase remains unaffected by pressure. Raman signatures of its phase transition at 1.5 GPa are
associated with phonon instability at the � point and inversion of the lowest-energy conduction bands. An
anomaly in the electron-phonon coupling results in anomalous behavior of the Raman modes at this pressure.
Further, SnTe undergoes structural transitions at ∼5.8, ∼12, and ∼18.3 GPa. The 5.8-GPa transition is associated
with a structural transition from the ambient cubic (Fm3̄m) to orthorhombic (Pnma) phase, which is no longer a
topological insulator, resulting in a topological phase transition. Above the transition pressure of 12 GPa, another
orthorhombic Pnma[GeS] phase is stabilized, coexisting with the Pnma phase. The reduction in the number
of observed Raman modes above ∼18.3 GPa and enthalpy calculations show a transition from orthorhombic
(Pnma) to a more symmetric cubic (Pm3̄m) structure. Our high-pressure study of SnSe, on the other hand,
reveals that it undergoes two phase transitions: one from the orthorhombic (Pnma) structure to the orthorhombic
(Cmcm) structure at ∼6.2 GPa and the other at ∼12.9 GPa, in which the Cmcm phase undergoes a semimetal to
metal transition. Density functional theory calculations capture the contrast in the pressure-dependent behavior
of the topological crystalline insulator SnTe and the normal semiconductor SnSe.

DOI: 10.1103/PhysRevB.101.155202

I. INTRODUCTION

Being a topological crystalline insulator (TCI), SnTe, a
narrow-gap, group IV-VI semiconductor with a direct band
gap of ∼0.3 eV at room temperature [1], has stimulated in-
tense research [2]. Its metallic surface states are protected by
the mirror symmetry of the crystal similar to the surface states
of Z2 topological insulators (TIs) protected by time-reversal
symmetry [3]. TCIs have multiple surface states associated
with particular crystal surfaces, with an even number of Dirac
cones in its surface electronic structure and band inversions,
in contrast to a Z2 TI exhibiting an odd number of band inver-
sions. Angle-resolved photoemission spectra have confirmed
that SnTe has four Dirac cones in the electronic structure of
{100}, {111}, and {110} surfaces in the first surface Brillouin
zone [2,4]. TCIs are characterized by a nonzero mirror Chern
number, with individual Chern numbers C+i and C−i defined
on a mirror-invariant plane. The mirror Chern number [5,6],
defined as nM = (C+i − C−i )/2, is the topological invariant
of a TCI. SnTe is also a “negative band gap” material with
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ordering of its conduction and valence bands near the Fermi
energy inverted compared to normal semiconductors like
PbTe [7–10]. Such band inversion takes place near the L
points in the Brillouin zone where the valence band maximum
has L−

6 symmetry and the conduction band minimum has L+
6

symmetry. A low-temperature Raman study revealed a phase
transition at Tc ∼ 105 K from an ambient cubic paraelec-
tric (Fm3̄m) structure to ferroelectric rhombohedral structure
(space group R3̄m) which is accompanied by the softening
of a phonon mode [11,12] caused by strong coupling between
interband electronic transitions mediated by transverse optical
phonons.

SnTe exhibits interesting behavior as a function of pres-
sure. A resistivity study showed that its resistance gradually
decreases with increasing pressure but at 1.8 GPa increases
by ∼200%, followed by a gradual decrease with a further
increase in pressure [13]. This transition is also accompa-
nied by a first-order structural phase transition from cubic
Fm3̄m to the orthorhombic crystal structure (space group
Pnma) as revealed by x-ray diffraction [13]. First-principles
calculations [14] showed that the direct band gap reduces
to zero at 1.5 GPa and then gradually opens up at higher
pressures. However, angle dispersive x-ray studies along with
first-principles structural calculations later [15] did not report
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a transition at 1.5 GPa and showed that a phase transition from
cubic Fm3̄m to the intermediate structures (Pnma, Cmcm, and
GeS type structures) occurs at 4.1 GPa and the transition to the
cubic Pm3̄m phase occurs at 18.1 GPa. Further, first-principles
calculations showed that the high pressure cubic Pm3̄m phase
is superconducting, having a critical temperature of ∼7.5 K,
which reduces with pressure [16].

SnSe is a p-type IV-VI semiconductor with an indirect
band gap of ∼0.9 eV and a direct band gap of ∼1.3 eV
[17]. At ambient conditions it has a layered orthorhombic
structure with the Pnma space group which can be viewed
as a distorted NaCl structure. Similar to other IV-VI binary
semiconductors like GeSe, SnS, and GeS, SnSe has covalent
interaction between the atoms (three neighbors) within the
layers. Each layer consists of zigzag double-layer planes of tin
and selenium atoms, and these layers are separated by weak
van der Waals forces. The center of inversion lies at a point
between the double layers [18]. An earlier x-ray diffraction
study showed that SnSe does not undergo any structural phase
transition up to 34 GPa. There are, however, no results for
SnTe in Ref. [19]. Electrical resistivity measurements showed
that its electrical resistance decreased at 6.5 GPa, indicating
a change in the energy gap of the material [20]. Recent first-
principles calculations showed that SnSe transforms from the
orthorhombic (Pnma) to orthorhombic (Cmcm) structure at
∼7 GPa and remains in a semiconducting state in the Cmcm
phase [21]. On the other hand, a synchrotron x-ray study
showed that SnSe has an orthorhombic structure with Pbnm
symmetry [22] at pressures above 10.5 GPa. Another study
based on x-ray diffraction, electrical transport measurements,
and first-principles calculations showed that SnSe undergoes
an electronic transition from a semiconducting to semimetal-
lic state around 12.6 GPa, accompanied by an orthorhombic
to monoclinic structural transition [23].

It is evident that the effects of pressure on the structural
and electrical properties of SnTe and SnSe have not been
clearly established so far, and our aim in this paper is to
investigate the pressure-induced phase transitions of these two
semiconductors with different topological signatures using
Raman scattering and first-principles calculations.

Our main results reveal a (1) change in isosurfaces of
charge densities and band inversion between the two lowest-
energy conduction bands of SnTe at 1.5 GPa and (2) a topo-
logical phase transition at 5.8 GPa as a result of a change in
structural symmetry. (3) Two other phase transitions with a
change in crystal and electronic band structures of SnTe are
observed at P = 12 and 18.3 GPa. In comparison, SnSe does
not exhibit any low-pressure transition or any changes in the
topological order. It undergoes a structural transition at P =
6.2 GPa and a semimetal to metal transition at P = 12.9 GPa.
A phase diagram in Fig. 1 summarizes the phase transitions in
SnTe and SnSe as a function of pressure.

II. EXPERIMENTAL DETAILS

Tin (Alfa Aesar 99.99%+) and tellurium (Alfa Aesar
99.999%+) were used in the synthesis of SnTe crystals
without further purification. An ingot (∼7 g) of SnTe was
synthesized by mixing the appropriate ratios of high-purity
elemental Sn and Te in a quartz tube. The tube was sealed

FIG. 1. Phase diagram of SnTe and SnSe at high pressure.

under vacuum (10−5 Torr) and slowly heated to 723 K over
12 h, then heated up to 1173 K over 5 h, annealed for 10 h,
and slowly cooled down to room temperature over a period of
15 h. The sample was characterized as described in Ref. [24]
and confirmed to be in a cubic NaCl structure.

SnSe single crystals were grown using a direct vapor
transport technique. Stoichiometric quantities of Sn (shot,
99.999%+, metal basis, Sigma Aldrich) and Se (shot,
99.999%+, metal basis, Alfa Aesar) were loaded in a pre-
heated quartz ampoule inside the glove box. The quartz am-
poule, approximately 180 mm in length with a 20-mm inner
diameter, containing 8 g of precursors, was sealed under vac-
uum (10−5 Torr) and placed in a horizontal tube furnace under
a temperature gradient of −60◦C between the extremities. The
ampoule was slowly heated to 500 ◦C, kept there for 10 h, and
then heated further to 950 ◦C, where it was kept for 24 h and
then slowly cooled down to 700 ◦C at a rate of 1.5 ◦C/h. The
ampoule was kept at this temperature for 10 h and then slowly
cooled down to room temperature.

High-pressure Raman studies were performed up to 25 GPa
at room temperature using a diamond anvil cell (DAC). A very
small piece from the bulk crystals (∼50 μm) and a very small
ruby chip (∼10 μm) were placed inside a hole in a stainless-
steel gasket kept between the two diamonds of a Mao-Bell-
type DAC, using a mixture of methanol and ethanol (4:1 ratio)
as a pressure-transmitting medium. The ruby fluorescence
method [25] was used for pressure calibration. Raman spectra
were recorded in a LabRam spectrometer (M/s Horiba) in
backscattering geometry, using a 50× objective and laser
excitation of 532 nm from a diode-pumped solid-state laser.

III. COMPUTATIONAL METHODS

Our first-principles calculations are within density func-
tional theory (DFT) employing the QUANTUM ESPRESSO (QE)
[26] code. To treat the exchange and correlation energy
of electrons, we used a generalized gradient approximation
(GGA) [27] with a functional parametrized by Perdew, Burke,
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and Ernzerhof [28]. The projector augmented wave (PAW)
potentials [29] with valence configurations 4d10 5s2 5p2,
4d10 5s2 5p4, and 3d10 4s2 4p4 were adopted for Sn, Te, and
Se respectively.

The expansion of wave functions and charge density in
the plane wave basis set was truncated with energy cutoffs
of 50 and 500 Ry, respectively. The discontinuity in occu-
pation numbers of the electronic states at the Fermi level
was smeared with an energy width of kBT = 0.005 Ry in
the Fermi-Dirac distribution function. Face-centered cubic
(Fm3̄m), orthorhombic (Pnma, Pnma[GeS] type, and Cmcm),
and cubic (Pm3̄m) structures of SnTe were theoretically an-
alyzed to understand the experimentally observed pressure-
dependent phase transitions. In calculations of the cubic
(Fm3̄m) structure of SnTe, Brillouin zone (BZ) integrations
were sampled with a uniform mesh of 16 × 16 × 16 k points,
while for orthorhombic (Pnma and Cmcm) and cubic (Pm3̄m)
unit cells, Brillouin zone (BZ) integrations were sampled
with a uniform mesh of 8 × 8 × 8 and 8 × 10 × 10 k points,
respectively.

To study the pressure-induced phase transitions in SnSe,
its orthorhombic Pnma and Cmcm structures were analyzed.
For Pnma structure, wave functions and charge density were
represented in plane wave basis sets truncated by cutoff
energies of 45 and 400 Ry, respectively, and fixed at 45 and
360 Ry for the Cmcm phase. The discontinuity in occupation
numbers of electronic states was smeared using a Fermi-
Dirac distribution function with broadening of kBT = 0.003
Ry. BZ integrations were sampled on uniform meshes with
8 × 10 × 10 and 10 × 8 × 10 k points in the Brillouin zones
of meshes with Pnma and Cmcm structures, respectively.

To determine the pressure-dependent structure and phonon
spectra we used scalar-relativistic PAW potentials to optimize
the structure with respect to lattice constants and atomic
coordinates through minimization of enthalpy H = E + PV
at a given pressure. Lattice dynamical properties were cal-
culated using self-consistent linear response theory within
DFT (known as density functional perturbation theory [30])
as implemented in the QE distribution [26].

To obtain phonon dispersion of the Fm3̄m phase of SnTe
and of the Cmcm phase of SnSe, interatomic force constant
matrices were obtained at q vectors on 4 × 4 × 4 and 2 × 1 ×
1 meshes, respectively, and dynamical matrices at an arbitrary
q vector were obtained using Fourier interpolation. The effects
of spin-orbit coupling were included in our calculations of
electronic structure through the use of fully relativistic [31]
pseudopotentials.

To assess the electronic topology of SnTe, we used the
Z2PACK code [32] to determine the Z2 topological invari-
ant and the mirror Chern number nM . This involves the
use of hybrid Wannier functions [33,34] and employs the
idea of time-reversal polarization in calculations of the Z2

invariants.

IV. RESULTS AND DISCUSSION

A. Experiments

At ambient conditions SnTe crystallizes in the cubic struc-
ture (space group Fm3̄m), with a lattice constant of 6.3 Å.

FIG. 2. Raman spectra of SnTe at a few typical pressures in the
increasing pressure run. Black solid circles are the experimental data.
The solid red lines are the Lorentzian fit to the experimental data
points. The blue solid lines are individual fits of the Raman modes.
The appearance of new modes is indicated by arrows.

At room temperature, there are no symmetry-allowed, zone-
center first-order Raman modes. However, the Raman spec-
trum at zero pressure inside the DAC (see the bottom panel
of Fig. 2) displays four modes at 89.1, 100.8, 126.5, and
144.5 cm−1, marked as M1, M2, M3, and M4, in agreement
with an earlier report [11]. We note that in contrast to our
results and Ref. [11], Brillson et al. [12] did not report these
modes at room temperature. We use calculated phonon dis-
persion see Fig. 7(a) below and one-phonon and two-phonon
densities of states [see Fig. 7(b), which will be discussed
later] to assign these Raman bands. The first three peaks
are disorder-induced first-order Raman modes associated with
Brillouin zone optical edge phonons [shown in Fig. 7(a)] at the
W (mode M1 and M2) and L points (mode M3), and the broad
peak M4 is associated with the two-phonon Raman process
[shown in Fig. 7(b)] as supported by theoretical calculations.
Figure 2 shows Raman spectra measured at a few typical
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FIG. 3. The Raman shift of SnTe is plotted against applied pres-
sure. Error bars are obtained from the fitting procedure. The solid red
lines are the linear fits to the frequencies of the Raman modes. The
dashed lines indicate the pressures at which transitions occur. The
numbers are the pressure coefficients given by slope S = dω/dP (in
cm−1/GPa) obtained from linear fits. The inset shows the variation
of the FWHM of mode M3 as a function of applied pressure.

pressures in the increasing pressure run at room temperature,
and changes in Raman spectra are marked by arrows in the
panel showing spectra at 1.8 and 12.6 GPa. The peak positions
and full width at half maximum (FWHM) are determined by
fitting Lorentzian line shapes after appropriate background
corrections. Here the red line represents the composite fit,
whereas the blue lines are Lorentzian fits to individual Raman
modes. Figure 3 shows the pressure dependence of the mode
frequencies of SnTe. Solid lines are linear fits to the data
using ωP = ω0 + (dω/dP)P, and the values of the slope S =
dω/dP are given in Fig. 3 as well as listed in Table 1 of
the Supplemental Material Ref. [35] along with ω0 and the
corresponding errors. The change in S and appearance of
new modes or disappearance of modes with varying pressure
indicate possible transitions. Accordingly, the dashed lines
mark the phase transitions taking place at ∼1.5, 5.8, 12, and
18.3 GPa.

We observe the following from Fig. 3: (1) Modes M3
and M4 soften until 1.5 GPa (end of phase I), and then the
sign of their pressure coefficients changes. (2) The FWHM

of M3 (inset) shows a sudden increase at 1.5 GPa. (3)
Two new modes marked as M5 and M6 appear at 54.5 and
125.6 cm−1, respectively, at the same pressure. (4) In addition,
|S| of both M1 and M2 modes show a change at 1.5 GPa.
Our first-principles calculations show that such anomalous
behavior of the Raman modes is associated with an optical
phonon instability at the � point of the Brillouin zone and
the anomalous evolution of the electron-phonon coupling
through this pressure range. This will be discussed in detail
later. (5) The intensity of the strongest mode M3 decreases
with increasing pressure, and around 5.8 GPa (end of phase
II) it vanishes. Modes M1, M2, and M6 show a change in
slope at 5.8 GPa. Enthalpy calculations show that a structural
transition from the cubic (Fm3̄m) to orthorhombic (Pnma)
phase takes place at 5.8 GPa. This results in breaking of the
mirror symmetry, and the system does not remain a TCI. Our
present work is focused on the first two pressure-dependent
transitions. We further observe two more phase transitions, as
shown in Fig. 3. The change in Raman modes observed at
∼12.0 GPa is associated with the coexistence of orthorhombic
Pnma and Pnma(GeS) structures (which will be discussed
later). The anomalies observed at P ∼ 18 GPa are associated
with a structural transition from the orthorhombic (Pnma) to
cubic (Pm3̄m) structure, in agreement with x-ray diffraction
results [15], also supported by our enthalpy analysis. Raman
spectra were recorded at a few typical pressures in the reverse
pressure cycle (see Fig. S1 of the Supplemental Material
Ref. [35]), and the pressure dependence of all the Raman
modes (see Fig. S2 of the Supplemental Material Ref. [35])
shows that all four transitions (occurring at 17.2, 12.4, 7.2,
and 1.9 GPa) are reversible and phase I is recovered at P ∼
1.9 GPa. The Raman spectrum at zero pressure shows that
peak positions are shifted from their starting values, showing
that transitions are reversible but exhibit a weak hysteresis.

In contrast to SnTe, SnSe has a layered orthorhombic
crystal structure at ambient pressure with eight atoms per
unit cell and lattice parameters a = 11.49 Å, b = 4.15 Å, and
c = 4.44 Å [36]. Sn and Se atoms are in 4c Wyckoff posi-
tions (x, 1/4, z). Among the 21 zone center optical phonons,
only 12 modes are Raman active (4Ag + 2B1g + 4B2g + 2B3g)
[18,37].

Figure 4 shows Raman spectra at a few typical pressures in
the increasing pressure run at room temperature. The spectrum
at zero pressure inside the DAC (see the bottom panel of
Fig. 4) displays seven modes: 34.7 cm−1 (M1), 72.8 cm−1

(M2), 109.2 cm−1 (M3), 131.3 cm−1 (M4), 153.7 cm−1 (M5),
232.1 cm−1 (M6), and 291.7 cm−1 (M7). Modes M1, M2,
M4, and M5 are Ag modes, and M3 is a B3g mode, as shown
by previous studies [18,38]. Broad peaks of the M6 and
M7 modes can be assigned as second-order Raman modes.
Another very weak mode at 188.1 cm−1 (M′) observed until
2.5 GPa corresponds to the impurity phase of the SnSe2 phase.
Changes in Raman spectra with pressure are clearly seen in
Fig. 4, where the arrows mark the appearance of new Raman
modes. Figure 5 shows the pressure dependence of the mode
frequencies, where solid lines are the linear fit to the data and
the pressure coefficients are given in Fig. 5 and listed in Table
2 of the Supplemental Material Ref. [35] along with ω0 and
the corresponding errors. The dashed lines in Fig. 5 mark the
transitions taking place at ∼6.2 and 12.9 GPa.
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FIG. 4. Raman spectra of SnSe at a few typical pressures in
the increasing pressure run. The solid blue lines are the Lorentzian
fit to the experimental data given by the black line. The red solid
lines are individual fits of the Raman modes. The arrows indicate
the appearance of new modes owing to pressure-induced phase
transitions.

We make the following observations in Fig. 5: (1) The
pressure dependence of the frequencies of modes M1, M3,
and M4 are anomalous; that is, frequency decreases with
increasing pressure to 6.2 GPa. (2) M4 disappears, and the fre-
quency of M1 softens below the low-frequency cutoff of our
Raman spectrometer. (3) The slope S of mode M3 changes its
sign. (4) The pressure coefficients of both modes M6 and M7
change significantly. (5) In addition to all these changes, two
new modes marked as M8 and M9 at 81.2 and 144.6 cm−1,
respectively, appear in the Raman spectra at P ∼ 6.2 GPa
and are observed up to the maximum pressure (21 GPa).
This phase transition at 6.2 GPa can be associated with a
structural phase transition from the ambient orthorhombic
Pnma structure to another orthorhombic Cmcm structure as
deduced from the first-principles calculations [21]. (6) Raman
modes M3 and M6 disappear at 12.9 GPa. (7) A new mode,
M10, appears at 35.6 cm−1 at P ∼ 12.9 GPa, and also the

FIG. 5. The Raman shift of SnSe is plotted against applied pres-
sure. The error bars are obtained from the fitting procedure. The solid
red lines are the linear fits to the frequencies of the Raman modes.
The black dashed lines indicate the pressure where the transitions
are taking place. The numbers are the value of the slope dω/dP (in
cm−1/GPa) obtained from linear fits.

pressure coefficient |S| of mode M5 decreases significantly.
(8) Modes M2 and M7 show a change in the slope S at
∼12.9 GPa. The nature of the second phase transition ob-
served at P ∼ 12.9 GPa will be discussed later. Raman spectra
were recorded in the decreasing pressure cycle (see Fig. S3
of the Supplemental Material Ref. [35]), and the pressure
dependence of all the Raman modes (see Fig. S4 of the
Supplemental Material Ref. [35]) reveals the two transitions
at 12 and 7 GPa, showing the reversible nature.

B. Theoretical calculations

We now present a theoretical analysis to understand the
observed pressure-dependent transitions in the TCI SnTe. Our
estimate of the optimized lattice constant of the cubic (Fm3̄m)
phase of SnTe is a = 6.37 Å, which is within the typical errors
of the GGA calculations relative to its experimental value
(a = 6.32 Å).

The electronic structure of SnTe calculated with the spin-
orbit interaction at the optimized lattice constants gives a
direct band gap at the L point of 0.15 eV, compared to its
experimental value [1] of 0.3 eV; such underestimation of
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FIG. 6. Electronic structure of the cubic (Fm3̄m) phase of SnTe
calculated with spin-orbit coupling at (a) 0 GPa, (b) 2 GPa, and
(c) 4 GPa and (d) the variation in the VBM and CBM with pressure at
the L point of the Brillouin zone. (e) Isosurfaces of charge densities
associated with electronic states at the VBM, CBM, and second
conduction band minimum at the L point below (a) and above (b), the
critical pressure revealing the inversion of the lowest two conduction
bands at this transition.

the band gaps is typical of DFT. With increasing hydrostatic
pressure, the conduction band minimum (CBM) and valence
band maximum (VBM) at the L point move away from each
other, and the band gap increases [Figs. 6(a) to 6(c)]. The
band gap at the L point increases from 0.15 eV at 0 GPa
to 0.4 eV at 5 GPa [Fig. 6(d)]. A close examination of the
electronic structure near the L point [Fig. 6(a) and 6(b)]
reveals a crossing of the two conduction bands as pressure
changes from 0 to 2 GPa. The inversion of bands at the CBM
and second CBM at L is evident from the isosurfaces of charge
densities [Fig. 6(e)] associated with these conduction bands.
Such band inversion is often an indicator of the electronic
topological transition (ETT) in materials and hence motivates
us to check the bulk electronic topology of SnTe. Symme-
try analysis shows that the parities of the electronic wave
functions at the CBM and second CBM are L+

6 and L−
6 . To

proceed with the symmetry-based arguments, we determined
the Z2 topological index using a robust and more definitive
method as implemented in the Z2PACK code. The calculated
Z2 topological invariant ν0 of SnTe remains zero before and
after the band inversion, confirming no change in its electronic
topology and establishing the trivial band topology of SnTe

FIG. 7. (a) Calculated phonon dispersion of the cubic (Fm3̄m)
structure of SnTe at pressures ranging from 0 to 5 GPa, exhibiting
imaginary phonon frequencies depicting the instability of cubic
structure at P = 0 GPa. (b) One- and two-phonon densities of states
of cubic SnTe at 0 GPa. (c) Calculated frequency ω of the optical
phonon (�15) at the � point as a function of pressure, showing
an anomaly at low pressures, and (d) its electron-phonon coupling.
Evolution of (e) the one-phonon DOS and (f) two-phonon DOS with
hydrostatic pressure changing from 0 to 3 GPa.

with respect to Z2. In SnTe, there could be a change in
electronic topology with respect to the TCI nature, as SnTe
is a topological crystalline insulator at ambient conditions.
We study the evolution of the mirror Chern numbers nM as
a function of pressure. The mirror Chern numbers nM of SnTe
calculated at 0 and 2 GPa are nM = 2, confirming the robust
nontrivial TCI phase of SnTe at 2 GPa.

To probe this further, we monitored the effects of hydro-
static pressure on zone center (� point) optical phonons. A
compression of the unit cell leads to hardening of all the three
degenerate optical �15 modes [Fig. 7(a)], which is evident in
the phonon density of states [Fig. 7(b)]. Upon application of
hydrostatic pressure, the � point instability at ω ∼ 43i cm−1

vanishes, and a stable structure is obtained at P � 1 GPa
that exhibits a � point optical mode frequency of 40 cm −1.
The anomalous behavior of these optical phonon modes with
pressure from 0 to 2 GPa [Fig. 7(c)] corroborates the exper-
imentally observed changes in Raman spectra at 1.5 GPa.
The concurrent anomalous evolution of the electron-phonon
coupling of this optical phonon (�15) with pressure across
the critical pressure [see Fig. 7(d)] further validates the subtle
Raman changes observed at low pressure.

To investigate the pressure-dependent structural phase
transition from the cubic (Fm3̄m) to orthorhombic [Pnma,
Pnma (GeS type), Cmcm] phases, we estimated the changes
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FIG. 8. Pressure-dependent enthalpy �H of cubic Fm3̄m, or-
thorhombic Pnma (GeS), Cmcm, and cubic Pm3̄m phases of SnTe
relative to the orthorhombic Pnma phase.

in enthalpy �H of these structures. Figure 8 shows that
�H of the cubic structure with respect to the orthorhombic
(Pnma) phase increases monotonically with pressure and
attains a positive value at ∼5.8 GPa, confirming a cubic
(Fm3̄m) to orthorhombic (Pnma) structural phase transi-
tion and thus correlating with the experimentally observed
Raman changes at 5.8 GPa. Further, we find that the or-
thorhombic Pnma structure of SnTe remains stable up to
21 GPa.

To explore the possibility of the experimentally observed
12-GPa phase transition, electronic structures of orthorhom-
bic Pnma and Pnma (GeS type) phases have been calcu-
lated. Here, we examine the electronic properties of these
polymorphs of SnTe in the intermediate-pressure range (see
Figs. S5 and S6 in the Supplemental Material Ref. [35]).
At 6 GPa, the electronic structure shows that the overlap
between the conduction and valence bands makes the Pnma
(GeS type) structure metallic [see Fig. S6(a) in the Supple-
mental Material Ref. [35]], while Pnma is a zero-band-gap
semiconductor [see Fig. S5(a) in the Supplemental Material
Ref. [35]]. With increasing hydrostatic pressure the valence
bands and conduction bands of the Pnma phase cross the
Fermi level, and at P = 8 GPa [Fig. 9(a)] the metallization
of the Pnma phase is achieved, through an indirect band gap
closure along the X -�-Z directions. In addition, the VBM at
the T point crosses the Fermi level at a pressure of ∼11 GPa
[Fig. 9(b)]. Figure 9(c) shows the first Brillouin zone along
with the high-symmetry points used in our calculations. With
increasing hydrostatic pressure the enhanced metallic behav-
ior of the Pnma phase is also evident from the increased
density of states at the Fermi level. Although the Pnma
(GeS type) phase remains metallic throughout the range of
intermediate pressures [see Figs. S6(a) to S6(d) in the Sup-
plemental Material Ref. [35]], it shows an enhanced density
of states at the Fermi level with increasing pressures. This
is attributed to the additional contribution of valence bands
along the UX direction near EF and additional valence bands
crossing the Fermi level along the XS direction at ∼13 GPa
[see Fig. S6(e) in the Supplemental Material Ref. [35]].

FIG. 9. Electronic structures of the orthorhombic (Pnma) struc-
ture of SnTe at (a) P = 8 GPa and (b) 11 GPa are calculated with the
inclusion of the effects of the spin-orbit coupling and corresponding
electronic density of states, showing enhanced metallicity with in-
creasing pressure. (c) The first Brillouin zones with high-symmetry
points used in calculations. The red shaded region within the square
indicates the metallization of the Pnma phase at 8 GPa. The shaded
region within the red circle indicates the Fermi energy crossing of
the VBM at the T point at 11 GPa. The electronic structure at 6, 12,
13, and 16 GPa is given in the Supplemental Material Ref. [35].

However, these electronic structure calculations are not
sufficient to support the experimentally observed phase tran-
sition at ∼12 GPa.

To explore this phase transition further, we analyze � point
phonons of orthorhombic Pnma and Pnma (GeS) structures.
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FIG. 10. Frequencies of the zone center (�) point phonons of the
Pnma and Pnma (GeS type) phases are plotted. The x axis depicts
the mode number, and the y axis depicts the respective frequencies.
At 16 GPa the optical phonon modes of the Pnma (GeS) phase are
notably softer in comparison to the Pnma phase.

At the � point there are 3 acoustic and 21 optical (8 atoms in
the unit cell) phonon modes. All 24 � mode frequencies are
plotted in Fig. 10. At 16 GPa, the Pnma (GeS) phase exhibits
� point phonon modes softer than those of the Pnma phase
(Fig. 10). The observed evolution of Raman modes across
the transition pressure of ∼12 GPa also points to a similar
trend (see Table 1 of the Supplemental Material Ref. [35]).
We therefore attribute the experimentally observed Raman
changes in SnTe at 12 GPa to the coexistence of orthorhombic
Pnma (GeS) and Pnma structures. The presence of the Pnma
(GeS) phase above 12-GPa pressure thus results in lower-
frequency phonon modes. The difference in enthalpy of the
Pnma and Pnma (GeS) phases (Fig. 8) decreases from ∼13
to ∼7 meV on moving from 8 to 16 GPa, hinting within the
computational errors at the possibility of their coexistence at
P > 12 GPa, correlating with experimentally observed Raman
changes. To analyze the pressure-dependent phase transition
from the Pnma to cubic (Pm3̄m) phase, we obtained the
changes in enthalpy of these structures and found a phase tran-
sition from the orthorhombic Pnma phase to the cubic phase
at 21 GPa (Fig. 8), which correlates with the experimental Pc

of 18.3 GPa.
We now discuss our theoretical results on SnSe, revealing

phase transitions at 6.2 and 12.9 GPa. At ambient conditions
SnSe has a layered orthorhombic crystal structure with the
Pnma space group having eight atoms per unit cell, and exper-
imental lattice parameters are a = 11.50 Å, b = 4.15 Å, and
c = 4.44 Å, in agreement with an earlier report [36]. In com-
parison, our calculated values are a = 11.77 Å, b = 4.22 Å,
and c = 4.53 Å and are close to the experimental values. To
investigate the pressure-dependent structural phase transition
to the orthorhombic (Cmcm) phase, we estimated changes in
enthalpies �H of the orthorhombic Cmcm and Pnma phases
of SnSe. �H of the Pnma structure increases with pressure
and attains a positive value at ∼6.3 GPa (Fig. 11), establishing
a structural phase transition from the Pnma to Cmcm structure
correlating with the observed Raman anomalies at 6.2 GPa.

FIG. 11. Pressure-dependent enthalpy �H of the orthorhombic
Pnma phase of SnSe relative to the orthorhombic Cmcm phase,
demonstrating a structural phase transition from the Pnma to Cmcm
phase at P = 6.3 GPa.

The electronic structure of orthorhombic Pnma SnSe
calculated while including the spin-orbit interaction at the
optimized lattice constant reveals an indirect band gap of
0.7 eV. Our estimate of its band gap is slightly lower than the
experimental band gap of ∼0.9 eV [17]. Under compression,
both VBM and CBM gradually move towards the Fermi level,
and the energy band gap reduces from 0.7 to ∼0.1 eV at 6 GPa
[Figs. 12(a) and 12(b)]. A detailed electronic structure along
the full path and all pressures are given in the Supplemental
Material (see Fig. S7, Ref. [35]). Our calculated lattice pa-
rameters of the Cmcm structure of SnSe are a = b = 4.29 Å
and c = 11.93 Å, which compare well with experiments [39]
(Cmcm: a, c = 4.31 Å, b = 11.70 Å). With increasing hydro-
static pressure (starting from 7 GPa), the electronic structure
evolves to a semimetallic Cmcm phase of SnSe, with the
crossing of the VBM and CBMs occurring at P = 7 GPa [see
Fig. S8(a) in the Supplemental Material Ref. [35]]. To probe
the experimentally observed transition at 13 GPa, we examine
the band structure and phonons for Cmcm phases [as shown
in Figs. 13(a) to 13(c)]. Figure 13(d) shows the first Brillouin

FIG. 12. Electronic structure of the orthorhombic (Pnma) struc-
ture of SnSe at (a) P = 0 GPa and (d) 6 GPa calculated with the
inclusion of effects of the spin-orbit coupling and corresponding
electronic density of states, showing an enhanced density of states
at the Fermi level with increasing pressure. The electronic structure
along the full path and at intermediate pressures is given in the
Supplemental Material Ref. [35].
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FIG. 13. Electronic structure and corresponding electronic den-
sity of states of the orthorhombic (Cmcm) structure of SnSe at
(a) 9 GPa, (b) 12 GPa, and (c) 13 GPa calculated with the inclusion of
spin-orbit coupling. (d) The first Brillouin zones with high-symmetry
points used in the calculations. The shaded region within the red
circle indicates the Fermi level crossing of valence bands at ∼12 GPa
along the �X direction. The electronic structure along the full path
and at various other pressures is given in Supplemental Material
Ref. [35].

zone marked by the high-symmetry points used in our calcula-
tions. The Cmcm phase shows an enhanced electronic density
of states at the Fermi level with increasing pressure. This is
attributed to the additional contribution of conduction bands
at the Fermi level with increasing hydrostatic pressure and
valence bands along the �X direction crossing the Fermi level
at ∼12 GPa [Fig. 13(b)].

Consequently, the Cmcm phase of SnSe undergoes a
semimetal to metal transition at P ∼ 12 GPa. Phonons of the
Cmcm phase along the �X direction reveal an instability at
9 GPa (see Fig. S9 in the Supplemental Material Ref. [35]).
On compression, the instability reduces, and a stable structure
exhibiting no imaginary frequencies is obtained at 16 GPa (see
Fig. S9 in the Supplemental Material Ref. [35]). The transition
observed at ∼12.9 GPa in experiment is thus identified as a

semimetal to metal transition (occurring at 12 GPa in our
calculations).

V. CONCLUSIONS

In summary, combining Raman measurements and first-
principles density functional theoretical calculations for the
TCI SnTe reveals that at ∼1.5 GPa, a band inversion takes
place among the lowest-energy conduction bands, although
there is no change in the mirror Chern number in the system,
confirming the robust nontrivial TCI phase of SnTe. The
observed transition at 5.8 GPa is associated with the cubic
(Fm3̄m) to orthorhombic (Pnma) structural phase transition,
which results in breaking the mirror symmetry and a topolog-
ical phase transition. The ∼12-GPa transition is marked as the
onset of the coexistence of the orthorhombic Pnma and Pnma
(GeS) phases. Another structural transition observed at P ∼
18.3 GPa transforms SnTe to a more symmetric cubic (Pm3̄m)
structure. On the other hand, SnSe, a normal semiconductor,
does not show the low-pressure transition at 1.5 GPa but
undergoes a pressure-induced structural phase transition at
P ∼ 6.2 GPa, marked by the disappearance of Raman modes,
transforming SnSe from an orthorhombic Pnma structure
to another more symmetric orthorhombic Cmcm structure,
in agreement with our theoretical analysis. Another phase
transition at P ∼ 12.9 GPa is correlated with the semimetal to
metal transition of the Cmcm phase. We hope that our results
will motivate studies for discovering materials which are TCIs
as a result of doping (like in Pb1−xSnxTe) or internal chemical
pressure.
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