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ABSTRACT
SnTe, an archetypical topological crystalline insulator, often shows a transition from a highly symmetric cubic phase to a rhombohedral
structure at low temperatures. In order to achieve the cubic phase at low temperatures, we have grown SnTe employing the modiﬁed
Bridgman method and studied its properties in detail. Analysis of the crystal structure using Laue diffraction and rocking curve
measurements shows a high degree of single crystallinity and mosaicity of the sample. The magnetic susceptibility shows diamagnetic
behavior, and the speciﬁc heat data match phonon contributions typical of a bulk insulator. Resistivity data exhibit metallic conduction
similar to two-dimensional systems, and the signature of the structural transition has not been observed down to the lowest temperature
studied. Detailed powder x-ray diffraction measurements show a cubic structure in the entire temperature range studied. This is supported
by the angle-resolved photoemission data at low temperatures exhibiting a Dirac cone typical of a topological material. These results demonstrate that the ground state structure of SnTe can be stabilized in the cubic phase, providing a promising platform for quantum applications.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086644

Topological insulators are a class of bulk-insulators that contain
symmetry-protected metallic states at the surface.1,2 These states
behave like Dirac Fermions and have linear band dispersions. Strong
spin–orbit coupling (SOC) breaks the spin-degeneracy of these surface
bands, forcing surface currents to be spin-polarized. This effect ﬁnds
many applications in the development of next-generation spintronics
and quantum computers.3 Some materials behave like topological
insulators only in their crystalline forms.4 Tin telluride (SnTe) is one
such topological crystalline insulator5–7 that has attracted much interest. SnTe crystallizes in a NaCl structure with the space group Fm3 m
at room temperature. In this structure, tin atoms occupy FCC lattice
sites and tellurium atoms occupying their octahedral voids, as shown
in Fig. 1(a). Previous studies have shown structural transitions to a
relatively low symmetric structure at low temperatures or high pressures.8–11 Under atmospheric pressure, SnTe exhibits a rhombohedral
distortion at low temperatures where the transition temperature is
reported to depend on the charge carrier concentration.9–11 The bulk
properties of SnTe are insulating and have also been extensively studied for applications in efﬁcient, eco-friendly thermoelectrics.12
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The topological behavior in SnTe arises from its non-magnetic
nature and NaCl-like cubic crystal structure consisting of several mirror planes that satisfy various symmetry protections. Some of the mirror symmetries will be broken due to the transition to a less symmetric
rhombohedral structure. Therefore, the topological states will not survive on some of the surfaces at low temperatures. This has signiﬁcant
implications in its electrical transport behavior. In particular, the structural transition could be tracked by a kink in the transport data.9,13 So
far, the speciﬁc heat is studied only in the low-temperature regime
(below 60 K).14 The defects in the pristine compound (loss of Sn during sample preparation) and chemical disorder make the system more
complex. In this study, we have grown high-quality single crystals of
SnTe with a reduced degree of disorder and defects. We investigated
the crystal structure, magnetic susceptibility, speciﬁc heat, and electrical transport in the temperature range 2–300 K. Our results show typical insulating bulk behavior and the survival of the cubic symmetry
down to the lowest temperature studied.
SnTe single crystal was grown using the modiﬁed Bridgman
growth technique. A precisely weighed stoichiometric mixture of
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FIG. 1. (a) Rock salt cubic crystal structure of SnTe. (b) The temperature proﬁle used in our modiﬁed Bridgman growth. (c) Laue diffraction patterns of our sample in its (i)
h200i and (ii) h220i orientations. (d) Rocking curve of the (220) Bragg reﬂection (open circles) and its Voigt ﬁt (line). (e) Powder XRD pattern at 300 K (symbols) along with its
Rietveld ﬁt (red line) and residue (blue line). (f) Hall resistivity qxy of our sample in its h200i orientation as a function of the applied magnetic ﬁeld. The inset shows a planar
piece of our sample with surface normal to the h200i direction.

99.999% pure elemental tin and tellurium was taken in a point-bottom
quartz tube and sealed in a high vacuum of about 106 mbar. The
sealed ampoule was placed in a box-type resistive heating furnace and
heated to 1050  C at 50  C/h, where it was homogenized for 24 h. Then,
it was fast-cooled at a rate of 100  C/h down to 850  C. This point was
chosen well above the melting temperature of SnTe to avoid premature
solidiﬁcation due to thermal inhomogeneities arising from fast cooling.
After a brief rest, the furnace was cooled down to 650  C, well below
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the melting point of SnTe, at a very slow cooling rate of 1  C/h. The
point bottom quartz ampoule helped in the nucleation of the crystal,
which further grew into a large boule during the slow cooling process.
Finally, the sample was cooled down to room temperature at a moderate cooling rate of 30  C/hr in order to avoid thermal shock to the
grown crystal. The employed temperature proﬁle is shown in Fig. 1(b).
The phase purity of our single crystals was conﬁrmed through
powder x-ray diffraction (XRD) measurements conducted in
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Bragg–Brentano geometry with a ﬁltered Cu-Ka x-ray source using a
PANalytical x-ray diffractometer. Further powder XRD measurements
were carried out at selected temperatures in the range 4–300 K using a
Rigaku SmartLab machine equipped with a low-temperature attachment. The crystal structure was evaluated through a Rietveld reﬁnement15 of the data, carried out using the FULLPROF software suite.
Laue diffraction measurements were performed in the backreﬂection
geometry to examine the single crystalline nature and orient the crystal
along its h200i and h220i crystallographic directions. The aligned crystal was cut into suitable pieces, of size around 3  3  0.5 mm3, for
low-temperature magneto-transport measurements using a spark erosion cutting machine. The crystal quality was examined through rocking curves measured in a Rigaku SmartLab machine. The Hall
resistivity of our sample was measured with a PPMS from Quantum
Design to estimate the hole carrier concentration of our sample. The
temperature dependence of the physical properties like heat capacity,
electrical resistivity, and magnetic susceptibility was measured using
PPMS, MPMS, and SQUID magnetometer devices from Quantum
Design. The reproducibility of the data has been conﬁrmed through
measurements on different sample pieces.
The Laue diffraction patterns corresponding to the h200i and
h220i orientations of the sample are shown in Fig. 1(c). We observe
sharp and well-deﬁned circular spots exhibiting the diffraction patterns for an FCC lattice. The high quality of the crystals is evident
from these data. The rocking curve for the h220i reﬂection is shown in
Fig. 1(d). The very sharp peak with a full width at half maximum of
about 0:012 conﬁrms the high degree of crystallinity and mosaicity.
The powder XRD pattern, shown in Fig. 1(e), exhibits sharp peaks at
diffraction angles (2h) matching the NaCl-like cubic structure with a
lattice constant of 6.316 Å. There are no traces of any discernible
impurity peaks suggesting a highly phase-pure sample. The Hall data
shown in Fig. 1(f) reveal a hole concentration of 5  1019 cm3, one
order of magnitude lower in comparison to the previous angleresolved photoemission (ARPES) studies. This implies that the concentration of Sn vacancy defects in our sample is correspondingly
small,6 again reﬂecting the high quality of our sample. A planar slice of
the sample, normal to its h200i direction, is shown in the inset of Fig.
1(f) to demonstrate the size of our grown crystal.
The structural transition in SnTe, which is generally tracked
through a kink in the resistivity data, usually produces a peak-like feature in its temperature derivative.11 In Fig. 2(a), we show the resistivity
as a function of temperature. The experimental data exhibit a metallic
temperature dependence consistent with earlier observations.9,13 Since
the material is expected to be insulating in the bulk, the metallic conduction and its temperature dependence may be attributed to the
topologically ordered surface states as supported by angle-resolved
photoemission (ARPES) measurements.5–7 We model the data following the analysis used for the topological insulator, Bi2Te3.16 The low
temperature T4 term is extended to higher temperatures using the
Bloch–Gr€
uneisen relation for two dimensional (2D) metals17
 4 ð H=T 4 x
T
x e dx
qðTÞ ¼ qd þ qep
þ qee T 2 ;
(1)
x  1Þ2
H
ðe
0
where H is the characteristic temperature. The ﬁrst term qd corresponds to the contribution from bulk conduction and contact resistance if there is any. The second term accounts for electron–phonon
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FIG. 2. (a) Left axis: Electrical resistivity q data and ﬁt along h200i and h220i
directions of our sample. Right axis: Temperature derivative of resistivity along the
h200i direction. (b) Speciﬁc heat C data as a function of temperature and its ﬁts
with the Debye, Einstein, and combination models. The inset shows the low temperature ﬁt quality.

scattering effects described by the Bloch–Gr€
uneisen relation for 2D
metals with qep as a scaling constant. The last term represents the
effect of Umklapp scattering processes in a low-temperature regime
with qee as a scaling factor. Figure 2 shows the resulting best ﬁts. The
model shows a good agreement with the experimental data, and an
estimate of the Bloch–Gr€
uneisen temperature, H is found to be 144 K
for both the orientations.
The speciﬁc heat, C of the sample measured as a function of temperature is shown in Fig. 2(b). C increases with the increase in temperature to about 50 J=mol K above 100 K and then gradually saturates at
higher temperatures. The data do not show any features in the whole
temperature range studied that could be associated with a structural
transition in the crystal. The high-temperature value agrees well with
the prediction from the Dulong–Petit law; 3nR ¼ 49:9 J=mol K. Here,
R is the ideal gas constant and n is the atoms per formula unit (n ¼ 2
for SnTe). The experimental heat capacity data can be simulated reasonably well within the Debye and Einstein models of phonon speciﬁc
heat described in Eqs. (2) and (3), respectively,
 3 ð HD =T 4 x
T
x e dx
;
(2)
CDeb ðT; HD Þ ¼ 9nR
HD
ðex  1Þ2
0
 2
HE
eHE =T
;
(3)
CEin ðT; HE Þ ¼ 3nR
T
ðeHE =T  1Þ2
where HD and HE are the respective Debye and Einstein temperatures.
The estimated values of HD and HE are 120 and 90 K, respectively.
The simulated values do not match the experimental data well at low
temperatures. The results within the Debye model are somewhat larger
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than the experimental values, and the data from the Einstein model go
below the experimental values as shown in the inset of Fig. 2(b). To
achieve a better description, we ﬁt the speciﬁc heat with a linear combination of the two models
CCom ðTÞ ¼ aCDeb ðT; HD Þ þ ð1  aÞCEin ðT; HE Þ:

(4)

This model provides a good description of the experimental data for
HD ¼ HE ¼ 100 K and a ¼ 35:4%. The Debye model captures the
low energy phonon contributions, whereas the Einstein model predicts
the behavior when all phonon modes are active. The analysis in the
present case suggests that both the contributions are signiﬁcant at
moderately low temperatures, which are also reﬂected by the low characteristic Debye/Einstein temperature. Evidently, the heat capacity of
this material could be captured well using the phonon contributions as
expected from an insulating bulk sample.
The isothermal magnetization, M as a function of the applied
magnetic ﬁeld, H measured at different temperatures is shown in Fig.
3(a). The behavior is linear in the entire ﬁeld range (0–70 kOe) with
small anisotropy implying that the magnetic susceptibility is independent of the applied ﬁeld. The magnetization as a function of temperature at a ﬁeld of 5 kOe is shown in Fig. 3(b). The negative susceptibility
observed in Fig. 3 indicates diamagnetic behavior arising essentially
from the closed-shell electronic conﬁgurations (Larmor diamagnetism). There may be some contributions from the conduction electrons (Landau diamagnetism). The susceptibility remains diamagnetic
in the entire temperature range studied. The magnitude of susceptibility gradually enhances on cooling and exhibits an upturn below about
50 K. The origin of such behavior is not clear at present. There is some
anisotropy in the magnetization that changes with the temperature.
The temperature dependence of the powder XRD pattern is
shown in Fig. 4(a). We observe intense sharp peaks corresponding to
the cubic structure of the sample in the whole temperature range.
Usually, the lowering of symmetry leads to a splitting of diffraction
patterns. We did not observe any such effects down to 4 K studied.
Moreover, the observed XRD pattern could not be derived using a

FIG. 3. (a) Magnetization, M measured with the magnetic ﬁeld, H applied along
h200i and h220i directions at different temperatures. (b) Magnetic susceptibility, v
as a function of temperatures measured in a magnetic ﬁeld H ¼ 5 kOe in h200i and
h220i orientations.
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FIG. 4. (a) Powder XRD patterns of our sample (circles) measured at selected temperatures along with their Rietveld ﬁts (lines). (b) (200) Bragg peak in an expanded
angle scale to demonstrate the thermal effects. (c) Thermal evolution of the lattice
constant. (d) ARPES data collected at 22 K showing a Dirac cone due to the surface
states. Dashed lines represent the peak positions in each branch of the Dirac cone.

rhombohedral structure. This suggests that there is no rhombohedral
distortion in the temperature range 4–300 K, consistent with the resistivity and speciﬁc heat data discussed above. There is a slight decrease
in the Bragg angle with raising of temperature, as demonstrated in Fig.
4(b), with similar trends in all the reﬂections. The Rietveld ﬁts are
shown as solid lines superimposed over the experimental data points
in Figs. 4(a) and 4(b), matching the cubic crystal structure excellently.
Clearly, the temperature variation primarily reﬂects thermal expansion
without any change in the crystal structure type. Figure 4(c) presents
the extracted lattice constants as a function of measured temperatures.
As we cool the sample from 300 K, the lattice parameter decreases
almost linearly with temperature until about 50 K, reﬂecting a constant
coefﬁcient of thermal expansion of about 17.4 6 0.1 ppm/K. Below
50 K, the behavior is somewhat different. The peak shift shown in Fig.
4(b) reﬂects a similar trend.
In order to verify the survival of topological states at the surface
at low temperatures, the energy band structure is probed by angleresolved photoemission spectroscopy (ARPES). The experiments were
done using a DA30L analyzer at 22 K on the (001) surface of the same
sample cleaved in ultrahigh vacuum (1011 Torr).7 The experimental
results are shown in Fig. 4(d), exhibiting an intense Dirac cone due to
the surface states within the energy gap of the bulk bands; these results
are consistent with the results at higher temperatures.5,6 These results
establish that the topologically ordered surface states survive down to
the lowest temperatures studied so far. The presence of cubic symmetry at low temperatures is evident in all of our measurements. Unlike
the previous studies where similar behavior was achieved by addition
of physical5 or chemical18 defects to the compound, our study
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establishes this low-temperature symmetry protection in a highquality sample of pure SnTe. Our employment of a modiﬁed
Bridgman procedure with a very slow cooling rate over an extended
temperature range is what allowed the growth of this high-quality
crystal of pure SnTe in comparison to the ﬂux-growth methods
employed in previous studies.11
In conclusion, we have studied the growth and characterization
of a high-quality single crystal of SnTe. To stabilize the highly symmetric cubic structure down to low temperatures and improve crystal
quality, we have employed the modiﬁed Bridgman method in a specially designed quartz ampule to grow our sample. The rocking curve
analysis and Laue diffraction pattern show a high degree of single crystallinity and mosaicity of the sample. The temperature dependence of
the speciﬁc heat could be captured well within the combined Debye
and Einstein models manifesting essentially phonon contributions to
the heat capacity of this material as expected in a bulk semiconducting
material. The magnetic susceptibility data show diamagnetic behavior
and corroborate well with the conclusions from the speciﬁc heat data.
The electrical resistivity shows metallic temperature dependence; the
temperature evolution of resistivity does not show any signature of the
structural transition. The detailed analysis of the XRD patterns shows
the cubic rock salt structure in the entire temperature range studied
down to 2 K. All these results establish that the ground state structure
of SnTe can be stabilized with its cubic symmetry, allowing access to
the low-temperature regime available for quantum behavior of this
material, which is essential for engineering quantum devices.
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