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ABSTRACT: Indium telluride (In,Te;) is a typical layered material among II-IV . . . PGP 5 9 1

families that are extremely sensitive to pressure and strain. Here, we use a combination of ' 3 =T e e

high-pressure electric transport, Raman, XRD, and first-principles calculations to study the [ oo | -3 w7

electronic properties and structural evolution characteristics of In,Te; under high R o %2

pressure. Our results reveal the evidence of isostructure electronic transitions. First- 99- :o:// : _ §

principle calculations demonstrate that the evolution of phonon modes is associated with = | _=° IR 128

the transition from semiconductor to metal due to the increase in the density of states  °[ PO 3

near the Fermi level. The pressure-induced metalization as a precursor monitors the | Jv’,o:a,/ Ram e

structural phase transition, and then the superconductivity is produced. Further, in €3

decompression, T slightly increased and remained at 3.0 GPa, and then the disorder is o[ BEC i i o
P (GPa)

present and the superconductivity is suppressed. Our work not only perfects the

superconducting phase of the In—Te system under pressure but also provides a reference

for further superconducting research and applications.

G roup II2—VI3 semiconductors have drawn intense
attention due to their excellent surface properties. For

example, the polar a-In,Se;, one of the models of 2D

piezoelectrics and ferroelectrics with simple crystal structures,

shows its §reat potential in electronic and photonic

applications.” In the case of indium telluride/selenium, people structural similarity with In,Se;, investigating In,Te; might
have been investigating this material since 1970 for sustainable

L . . . . also lead to other interesting high-pressure propertles.ls’
apphcatlons in sensors, strain gauges, optoelectromc devices, . .

L o1 .27 Here, we have systematically studied the pressure-dependent
radiation detectors, switching, and memory devices.

Especially, In,Te; shows a higher absorption coeflicient over behavior of In,Te; through Raman scattering measurement
a wide absorption range (500—2500 nm) and possesses the
smallest direct bandgap of approximate value 1.1 eV in III2—
VI3 compounds®” whereas the monoclinic semiconductor

from the ZnS-type to NaCl-type structure above 12 GPa.'* In
comparison, high-pressure studies on the isostructural In,Se;
led to interesting phenomena, such as pressure-induced
metalization and superconductivity (SC) together with the
enhancement of T. during decompression.'” Given the

and first-principle calculations of In,Te; as well as high-
pressure XRD measurement up to 36.5 GPa. It can be seen
from the experimental and calculated results that in the

GeAs has a bandgap of around 1 V. It also has higher
radiation stability than traditional semiconductors such as Si,
Ge, and GaAs."

High pressure is a clean way of tuning the structure and
electronic properties of materials. Related to the semi-
conducting compounds, one particular interest is to investigate
the possible occurrence of metalization and superconductivity
under pressure. Moreover, it has also been recently reported
that pressure is a powerful method to drive the system into a
new exotic quantum state via to&)ological phase transition, as
reported in Bi,Se;'> and Sb,Te,. >

Despite the promising technological applications, few works
have been reported on the behavior of III2—VI3 semi-
conductors such as Ga,Te; and In,Te; at extreme conditions,
in particular high pressure. Previous studies reported the
occurrence of the pressure-induced phase transition in In,Te;
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unusual Raman modes (A;; and E,), the electron—phonon
coupling has a structure electronic transition of 4.1 GPa, which
is related to metalization. Interestingly, we found pressure-
induced SC with the phase transition in In,Te; above 8 GPa
with T, = 3.2 K, T, increases under compression reaching the
maximum value of 5.7 K at 27.8 GPa, during decompression
the superconductivity state could be preserved down to 3 GPa,
below which it disappears.
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Figure 1. Temperature dependence of the resistivity of In,Te; at various pressures: (a) compression; (b) decompression. The inset in (b) shows
the R—T curves from 1.8 to 300 K at 1.9 and 3.0 GPa. (c)—(f) Upper critical field H, and temperature dependence of the upper critical field H, of
In,Te; at 22.1 GPa (c, d) and 45.8 GPa (e, f). The superconducting transition of the In,Te; at these pressures is given for several magnetic fields.
The lines are from the GL formula to fit the data, which points to H,(0) ~ 3.33 and 3.28 T.

To investigate the electronic properties of In,Te; under
pressure, we performed high-pressure transport measurements.
Figure la shows the temperature-dependent resistivity of
In,Te; at various pressures from 1.5 to 47.7 GPa. At 8.1 GPa,
the resistivity shows a sudden drop at low temperature
signaling the possible pressure-induced superconductivity.
Indeed, zero resistivity is observed when the sample is
compressed at a higher pressure of 16.6 GPa. The super-
conducting transition T is 4.3 K at 16.6 GPa, which tends to
increase with increasing pressure. T, reaches its maximum
value of 5.7 K at around 27.8 GPa, above which it remains
almost constant with further compression.

Pressure often has a reversible modulation effect on the
semiconducting states, where the evolution of T, during the
decompression process is usually similar to the compression
process. In such cases, the pressure-induced superconductivity
often disappears during decompression or pressure release. In
the case of In,Te;, we found that T, could be preserved and
slightly increases during compression. Moreover, T, can be
preserved to even as low as 3.0 GPa in the pressure release, as
shown in Figure 1b. Similar behavior was also reported in the
isostructural In,Ses;'> however, T. was found to disappear
below 10 GPa which is higher than In,Te; where the
superconducting state can be preserved down to ~3 GPa. In
order to better observe the superconductivity at low pressure,
we drew the R—T curve over the entire temperature range
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under pressures of 1.9 and 3.0 GPa (as shown in Figure 1b). It
can be found that there is no apparent superconductivity at 1.9
GPa. It is speculated that the superconducting behavior still
exists at 3.0 GPa. Then, the reason the superconducting
phenomenon becomes insignificant after below 3 GPa is due to
the disorder, which inhibits superconductivity.'”

The field dependence of resistivity at several pressure points
was then measured to confirm the pressure-induced super-
conductivity in In,Te; as shown in Figure Ilce. As the
magnetic field increases, the resistivity drop is lifted. The onset
of T, is gradually shifted to a lower temperature, and T is fully
suppressed above 4 T. Figure 1 panels d and f depict the
temperature dependence of H,. Under the limitation of the
temperature range we measure, we can see the obvious linear
temperature dependence of H,. By using the Ginzburg—
Landau (GL) equation to fit the data, we estimated H.(T) =
H.(0)[1 — (T/T.)?] ~ 3.33 and 3.28 T at 22.1 and 45.8 GPa.
The critical fields determined using the Werthamer—Helfand—
Hohenberg formula are H%’(0) = 0.72TId(H,,)/dTl;_; =

3.53 and 3.88 T,"® which are much lower than Pauli limit field
H,(0) = 1.84T, = 9.02 and 9.94 T."”* This shows that the
Pauli combination did not break. Recently, the similar linear
temperature dependence of H., has been observed in the
pressurized topological superconductor (TSC) candidate
materials Bi,Se; and Cu,Bi,Se;, the natural TSC candidate
Au,Pb, the noncentrosymmetric superconductor YPtBi, and

https://doi.org/10.1021/acs.jpclett.1c04124
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Figure 2. Raman spectra of In,Te; from ambient pressure up to 32.0 GPa at room temperature (a). Pressure dependence of Raman shift of (b) A,,
and (c) E; modes. FWHM of (d) Ajgand (e) E; modes. The normalized intensity of (f) Ajgand (g) E, modes. The red dashed lines in (a) and (b)
represent the linear equation fit. The red dashed lines in (c)—(f) represent a guide to an eye. The vertical dashed line at ~4.1 GPa represents the

isostructural electronic transition in In,Te;.

three-dimensional topological Dirac semimetal Cd;As,; this is
considered to be an indicator of an unconventional super-
conducting state under ambient pressure and high pres-
sure.”' 7%

The Raman spectra were obtained from the powder In,Te;
under a 532 nm excitation laser and revealed several Raman
modes between 50 and 200 cm™! from 0.9 to 32.0 GPa and
decompression to 0.9 GPa, as shown in Fi§ure 2a, which is
consistent with previous measurements.”*"*" In compression,
all Raman peaks shift to the higher frequency, with the
strongest Raman mode at about 110 cm™" being first enhanced
from 0.9 to 2.0 GPa, above which the intensities are then
weakened from 2.7 to 8.1 GPa. According to the theoretical
calculation, strong odd-order lines of the zinc-blende sublattice
(111) and (311) weakened appreciably at P > 2.7 GPa and
disappeared at 3.8 GPa, respectively. Therefore, the phase
transition for In,Te; may begin at P = 2.0 GPa, because the
precision of the cubic cell determination is decreased at this
pressure and it achieves the value +0.2 A at P > 2.7 GPa."*
Since In,Te; is based on defect zinc blende, the structure is the
same as InTe, and the Raman mode is similar to that of InTe
and shows 24 zone-center phonon modes at the I' point:*

I' = Ay, + 2A,, + By, + 2B,, + 3E, + B, + 3A,,
+ 4E,
On the basis of the previous work,”® the observed phonon

modes at ~105 and ~115 cm™" are assigned to Ay and E,
symmetry, respectively. Lattice dynamics are very important,
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especially in the electronics of materials.’’ > Therefore, it is
very important to understand the behavior of the phonon
modes by the influence of pressure on the electronic and
topological properties. The pressure-induced phonon frequen-
cies for A, and E, modes are shown in Figure 2b,c. A, and E,
increase monotonically to 8.1 GPa, and the slope changes
slightly at 4.1 GPa. By fitting equations for two different
pressure regions (0—4.1 and 4.1-8.1 GPa), the nonlinear
pressure dependence of the Aj, mode is analyzed; the slopes in
Ayg and E, mode we obtained are 3.05, 1.25 and 3.66, 1.74
cm™'/GPa, respectively. The Gruneisen parameters y are

B ow
o E)’ where B
represents the isothermal bulk modulus (B = 17.60 GPa). So
we can get the Gruneisen parameters as 0.52, 0.19 and 0.56,
0.24, and it can be observed that the pressure coeflicient of the
Aj; mode is smaller than that of the E; mode. Due to the layer
being composed of covalent bonds of Te*”—In**—Te* —In**
atoms, the layers are separated by the weak electrostatic
interaction between the negatively charged In’* and Te,*”
tetrahedrons. Therefore, this is also consistent with our
experimental results that the pressure coefficient of E, mode
will be greater than the A}, mode.

Line width also provides important information in Raman
spectroscopy, especially in relation to electronic transitions of
the isostructure. The full width at half-maximum (FWHM) is
inversely proportional to the phonon lifetime in the crystal
system. The pressure-induced line width behaviors of the A,
and E, phonon modes are shown in Figure 2d,e. It can be

calculated by using the relation (

https://doi.org/10.1021/acs.jpclett.1c04124
J. Phys. Chem. Lett. 2022, 13, 1226—1233
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Figure 3. (a) Evolution of the X-ray diffraction (4 = 0.7160 A) pattern with increasing and decreasing pressure. * is the Tungsten peak. There has a
phase transition from I4mm to R3m at around 8.3 GPa. (b) Experimental lattice parameter volume as a function of applied hydrostatic pressure. (c,
d) Rietveld refinement result of the X-ray diffraction pattern for 1.5 GPa (1 = 0.7160 A) and 9.1 GPa (4 = 0.6199 A). For a clearer comparison, the

unified wavelength is 4 = 0.7160 A

found that the line width of the A;, and E, modes first
increases and then decreases below 4.1 GPa, and the change is
relatively slow, but after this pressure is exceeded, the line
width increases suddenly and rapidly. Under normal circum-
stances, the half-height width will increase with pressure. But
the line width observed here has an abnormal behavior before
4.1 GPa, indicating that the electron—phonon coupling
changes under pressure. The same phenomenon also occurs
in Figure 2f,g. The intensities of A}, and E, decrease with
increasing pressure, and their slopes abruptly change at 4.1
GPa. The pressure evolution results of A;, and E, are very
similar, indicating that the phonon mode has a strong
interaction with the electronic state modulated by a pressure
exceeding 4.1 GPa. Since we found that all the Raman modes
disappeared and phase transitions occurred after 8.1 GPa, we
found that the abnormal phenomenon of the phonon can
clearly indicate the existence of isostructure electronic
transitions. This is also mutually corroborated by previous
reports.14

To further characterize the metallic phase’s crystal structure
after the SC transition, the separate high-pressure powder X-
ray diffraction (XRD) experiment in In,Te; at 300 K was
performed as shown in Figure 3a. During the compression and
decompression, it is easy to see three peaks disappear
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apparently after 5.3 GPa (300 K, circled by quadrilaterals) to
evidence the emergence of the structural transition. Through
the third-order Birch—Murnaghan equation of state (BM
EOS) fitting of the volume parameter, we can clearly explain its
compression characteristics. The fitted parameters are B, =
17.6, V, = 648.7, and Bj = 3.7, which can be better mutually
confirmed with the previous reports.' >’ The experimental
pressure volume is fitted with the third-order BM EOS, and the
formula fitting is shown in Figure 3b.”’

3B V. 7/3 V. 5/3
w=3v) -

30 VO)“
x4+ 2By - d||=2] -1
g - )|

where V,, By, and By, respectively, represent the volume at
room temperature, the isothermal body modulus, and its
derivative. Next, Figure 3 panels ¢ and d show the XRD pattern
collected at 1.5 and 9.1 GPa, in which all Bragg peaks can be
indexed to I4mm and R3m structures, consistent with previous
reports.”™*> So the structural phase changes affect super-
conductivity. In decompression, the high-pressure phase can

https://doi.org/10.1021/acs.jpclett.1c04124
J. Phys. Chem. Lett. 2022, 13, 1226—1233
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also be better maintained, which also provides support for the
decompression to maintain superconductivity.

On the basis of high-pressure resistivity, Raman, and XRD
results, the pressure—temperature phase diagram of In,Te; can
be constructed as shown in Figure 4. Pressure-induced

15
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Figure 4. Phase diagram of In,Te; at high pressure. The red circles
represent compression; green circles represent decompression. The
inset in the figure is the curve of the change of carrier concentration
with pressure.

superconductivity occurs above 8 GPa. T, slightly increases
with pressure, reaching a maximum at around 28 GPa. The
value of T, remains relatively constant at higher pressure, up to
~50 GPa. On the other hand, T. is slightly enhanced during
decompression and remains relatively constant at ~6 K before
decreasing during decompression below 20 GPa. T, could be
preserved down to 3 GPa but then disappears on fully releasing
pressure. The superconducting state was found to occur in the
R3m structure.

In order to study the electronic density of states of the Fermi
surface, N(Eg), and the electron—phonon coupling of In,Te; in
the pressure cycle, we conducted Hall effect experiments at 10
K at various pressures. As shown in Figure 4, with the increase
of pressure, the carrier concentration of In,Te; increased
significantly at 8.1 GPa, and then the change tended to be flat
until it ushered in a significant increase at 36.0 GPa. At the
same time, T, increases with pressure. During the decom-
pression process, the carrier concentration ushered in a
significant increase and then gradually decreased.

To better understand the mechanism of the superconducting
phase transition more clearly, we obtained the band structure
and electronic density of states of In,Te; under ambient
pressure, 10 GPa, and 20 GPa through first-principles
calculations. We found that in the process of a pressurized
superconducting transition, it has not undergone a structural
phase change and has always been maintained in the I4mm
phase. In,Te; exhibits semiconductor characteristics under
ambient pressure, with a bandgap of approximately 0.22 eV,
and then it transforms into metal as the pressure increases. In
order to obtain the mechanism of superconductivity after
pressurization, we compared the electronic band structure and
projected electronic density of states (DOS) at ambient
pressure and at 9 GPa, as shown in Figure 5. Several bands
passing through the Fermi level confirmed the semiconductor
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state and metallic properties of these two states. The electronic
densities of states of the two states have significant similarity.

According to the BCS and Mcmillan—Allen—Dynes
theory,*®*” when the electron—phonon coupling (1) is strong
enough to overcome the Coulomb repulsion (y), the electrons
form a “Cooper pair”, leading to the emergence of super-
conductivity. Coulomb repulsion is not material-sensitive,’®
but the electron—phonon coupling may vary with the material
or structure as

A = N(Eg)D*/Mw,,’

T

C

% exp[—1.04(1 + 1)/(PA — p*(1 + 0.624))]

where N(Eg) is the electron density of state at the Fermi level,
D is the deformation potential, M and w,, are the effective
atomic mass and phonon frequency, y* is using 0.1, and Debye
O is used for the characteristic phonon frequency. respectively.
An increase in the electron density of states on the Fermi
surface usually enhances electron—phonon coupling, thereby
enhancing T.. In contrast, stress-induced phonon enhancement
can suppress T,, such as in the case of MgB,.”” In In,Te;, from
8.1 to 27.8 GPa, a slight enhancement of T is accompanied by
the increasing carrier concentration in the compression,
indicating their correlation. When it is further compressed
above 27.8 GPa, the carrier concentration increases signifi-
cantly, and other factors such as phonon stiffening have an
impact on the evolution of T.. It seems that these two opposite
mechanisms (carrier concentration and phonon intensity)
determine the change of T, in pressurized In,Te;.

Our results indicate that the In,Te; shows the maximum T,
above 5.7 K at 27.8 GPa, which is the highest transition
temperature in this type of material. It is well-known that the
phase diagrams of In,Te; and Ga,Te; sesquitellurides are
almost identical, except that the @ — f transition of In,Te;
occurs at lower pressure.'***> However, besides a similar
phase transition sequence, we observed pressure-induced
superconductivity above 8 GPa, which has never been reported
previously and thus could enrich the high-pressure phase
diagram of the In—Te system.”” Compared with results for
other isostructural compounds, the superconductivity in In, Te;
appears at a higher pressure. For example, in Bi,Te; the
superconductivity occurs without structural phase transition T,
of 3 K between 3 and 6 GPa.'’ Another isostructural
compound Sb,Te; becomes superconductivity with T. ~ 6 K
at around 7.6 GPa."!

In summary, we have explored the lattice dynamics and
superconductivity of In,Te; under S0 GPa compression. Our
Raman spectroscopy experiment revealed the pressure-induced
structural transformation of In,Te;, which is consistent with
the XRD experiments. Further, at a relatively low pressure of
4.1 GPa, an isostructure electronic transition can be seen from
the anomaly of the FWHM of the phonon mode (Alg and Eg).
DEFT calculations show that the observed anomaly is related to
the pressure-induced metalization near 4.1 GPa. With the
phase transition, In,Te; produces superconductivity and the
maximum T, is up to 5.7 K, which is the highest T, reported in
this type of material at lower pressures. More interestingly,
during the decompression process, T, increases and the
superconductivity remains within 3.0 GPa. Our results limit
the high-pressure phase diagram and superconductivity of this
binary In,Te; material. More importantly, we also observed an
increase in pressure-induced superconductivity, further dem-
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Figure S. Band structure of the tetragonal phase I4mm (a) and R3m (c). Calculated density of electronic states at ambient pressure (b) and at 10
GPa and 20 GPa (d), where black represents the total, red and blue represent the s and p orbit of the In atom, and green and purple represent the s
and p orbit of the Te atom. The common vertical axis (energy) is used to more intuitively show the relationship between the energy band structure
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onstrating the possibility of maintaining pressure-induced
superconductivity at lower or even higher T, environmental
pressures. This material can maintain a higher electron—
phonon coupling carrier concentration under lower reduced
pressure and can also exhibit a significantly reduced pressure-
induced superconductivity enhancement. This research
provides the possibility to explore the practical application of
pressure-induced superconductors.

B EXPERIMENT METHODS

Sample Preparation and Characterization at Ambient
Pressure. Sample Preparation and Characterization. The high-
purity samples of In,Te; were brought from Aladdin (https://
www.aladdin-e.com). The a-In,Te; sample was characterized
by PANalytical Empyrean X-ray diffraction with a wavelength
of 1.5406 A. Powder diffraction patterns were well-indexed
using the previously reported crystal structural data."*

Pressure-Dependent Electrical Transport Measure-
ments. The van der Pauw conductivity method was used to
research the electron transport characteristics of the CuBe
alloy symmetrical diamond anvil (DAC) at high pressure and
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low temperature. The pressure was generated by a pair of
diamonds with a diameter of 300 pm. The gasket made of
CuBe was pressed tightly, and a hole with the diameter of a
diamond drill was drilled in the center of the gasket. The cubic
boron nitride (cBN) epoxy insulating layer was prepared to
protect the electrode leads from the metal gasket. Finally, a
hole with a diameter of 120 ym was drilled in the center of the
c-BN gasket. Silicone oil was used as the pressure transmission
medium. Four platinum bars were in contact with the sample
in the cavity. The temperature-dependent resistivity was
obtained from the warming up progress in a homemade
multifunctional measurement system (1.8—300 K, 0—9 T,
Cryomagnetics Inc.).

Pressure-Dependent Raman Spectroscopic Measure-
ments. A micro-Raman system (Renishaw, UK) with a 532
nm laser excitation was applied to obtain the sample’s Raman
spectra. The DAC had a pair of 300 ym diamonds with a 300
pum culet size with a T301 steel gasket. Silicone oil was used as
a pressure transmission medium.

Pressure-Dependent Structural Characterization.
High-pressure X-ray powder diffraction measurements were
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carried out on GTS up to 36 GPa at room temperature using
the Bruker D8 Quest diffractometer equipped with Mo Ka (4
= 0.7160 A) radiation for most data. For some data, the
synchrotron radiation X-ray diffraction (SR-XRD) experiments
with a wavelength of 0.6199 A were performed at beamline
15U1, Shanghai Synchrotron Radiation Facility (SSRF),
China. Data were collected with an Sb-type cell with an X-
ray window opening of 20°. The data refinements were
conducted with the program GSAS. Powder diffraction
patterns were well-indexed using the previously reported
crystal structural data.'**’

Density Functional Theory Calculations. All the density
functional theory (DFT) computations were conducted by
adopting the Vienna Ab initio Simulation Package (VASP).*
The interactions of ion-electron were depicted using the
projector augmented wave approach,"”** and the general
gradient approximation in the Perdew—Burke—Ernzerhof
(PBE)* form was applied. The convergence criteria were set
to 0.001 eV A~ and 107 eV for the residual force and energy
during structure relaxation. The plane-wave cutoff energy was
set as 400 eV, and 2 X 2 X 2 k-points served as samples of the
Brillouin region.*’
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