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Element doping and pressure compression may change material properties for improved performance in
applications. We report pressure-induced metallization in the semiconductor Cd0.90 Zn0.1 Te. Transport measurements showed an overall resistivity drop of 11 orders of magnitude under compression up to 12 GPa, which is
indicative of a metallization transition. X-ray diffraction measurements revealed that the sample underwent a
structural transition from a cubic-F 43̄m phase (zinc blende) to a cubic-F m3̄m phase (rock salt) at about 5.5 GPa,
followed by another transition to an orthorhombic Cmcm structure at 13 GPa. A huge volume collapse of about
18% was observed during the first phase transition, suggesting a first-order phase transition. The disappearance
or weakening of Raman modes, temperature-dependent resistivity, and ab initio calculation results depict the
metallic nature of both the rock-salt and Cmcm phases. The band structure changes and increased carrier density
(especially at the first structural transition) are likely a consequence of the structural transition.
DOI: 10.1103/PhysRevB.99.094109
I. INTRODUCTION

Binary and ternary semiconductor alloys (TSAs), consisting of II-VI elements, exhibit excellent optical, thermodynamic, and electronic properties with a wide range of
applications in optoelectronic detectors, phase change memory devices, and thermoelectric generators [1–3]. Among
these systems, CdTe is one of the most popular binary chalcogenides with diverse technological applications including
medical imaging, environmental monitoring, as well as x-ray
and gamma-ray detectors [4–6]. Structural stability and transformation processes are critical to the development of the
materials for various applications. Moreover, the broad applications of the materials demand a way to tune their electronic
properties over a wide range. For example, for the materials
to be applied in optoelectronic applications, it is necessary
to tune their band gaps and carrier mobility. Most of the
binary and ternary chalcogenides II-VI semiconductors, such
as CdTe, Cd1-x Mnx Te, Cd1-x Znx Te, HgTe, Zn1-x Mnx Se, and
ZnTe, are known to exhibit polymorphic behavior under extreme conditions [7–10]. Doping can dramatically enhance the
electrical and magnetic properties of Cd-based chalcogenides
for their efficient use in various applications. Recently, Lukas
et al. reported that the efficiency of solar cells could be
enhanced by controlling Cu doping in CdTe [11]. Ebrahim
and co-workers revealed that for cobalt-doped CdTe, the
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presence of the Co2+ ion might create some defects or vacancy
sites that play an important factor in varying the optical and
magnetic properties of CdTe, which is useful for spintronics
applications [12].
Cd1-x Znx Te, the alloy of CdTe in ZnTe, has shown novel
effects on the electronic properties compared with those of
the parent compounds CdTe and ZnTe. Cd1-x Znx Te nuclear
detectors, for instance, exhibit superior performance. It has
a sensitivity advantage over conventional ones (e.g., HgI2
detectors) of between two and three orders of magnitude,
providing a cost-efficient alternative for the conventional
semiconductor x-ray detectors. Moreover, gamma-ray cameras based on Cd1-x Znx Te are now an essential part of the new
generation of nuclear medicine. Unlike both CdTe and ZnTe,
the Cd1-x Znx Te compound exhibits ferroelectricity. Weil et al.
reported for the first time that the origin of ferroelectricity in
Cd1-x Znx Te is due to the differences in their cationic size [13].
Although the ionic radius of Zn2+ (0.74 Å) is smaller than
that of Cd2+ (0.95 Å), Zn ions can replace Cd ions, thereby
reducing their electric anisotropy, and control the structural
stability. Other than doping effects, the electronic properties,
in particular the band gap of TSAs, can be tuned by changing
the chemical composition, temperature, and pressure [14]. In
the past, several attempts have been made to tune the band
gap of TSAs by controlling the particle’s size, varying the
amount of constituents and temperature [15,16]. While these
methods can be used to tune the properties of these materials,
they are shown to be ineffective and possess a number of
disadvantages, one of which is the lack of ability to tune the
electronic properties reversibly [17].
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A high-pressure investigation for the parent compound
CdTe has been previously documented [7,18]. A direct zincblende to rock-salt (ZB-RS) transition was initially reported
at about 3.5 GPa by Mariano et al. [19]; however, it was later
found that the transition occurred via an intermediate cinnabar
phase in a small region of pressure (2.7 to 3.5 GPa) [20].
However, Gilliland et al. do not report any discontinuity in the
energy gap in the narrow pressure range where this phase can
be present [21]. The most widely accepted pressure sequence
today in CdTe is from the ZB phase to cinnabar and then to
the RS phase, and a further transition to the Cmcm phase was
reported by Nelmes et al. [7].
Solid alloys (such as Cd0.90 Zn0.1 Te) do not always behave
similarly to any of the end members, as generally assumed.
The difference in behavior can already be inferred from
the observation of ferroelectricity in Cd1-x Znx Te, but not in
CdTe and ZnTe [13]. Hence, the high-pressure behaviors in
Cd0.9 Zn0.1 Te might be expected to be different. However, the
absence of any high-pressure studies renders our understanding of whether the Zn-doped CdTe will possess different or
similar high-pressure properties than the parent compound
CdTe. Our particular aim is to elucidate the phase stability
and changes in electronic properties in response to both the
cation substitution and application of pressure in CdTe. In the
current study, we investigated the combined effect of pressure
and composition on the properties of CdTe.
We found two phase transformation pressure points at
nearly 5 and 13 GPa. High-pressure studies on the undoped
CdTe revealed a five-order resistivity drop in previous studies
[22,23]. However, in our case, there is an overall nine-order
resistivity drop from ambient to 5.5 GPa where a six-order
sharp drop was seen at the first phase transition. This huge
resistivity decrease was associated with a semiconductorto-metal phase transition. A second phase transition at
13 GPa was a metal-to-metal phase transition. Importantly, the
phase transitions are reversible, as confirmed by experimental
and theoretical high-pressure (HP) x-ray diffraction (XRD)
and HP Raman results. Comparing with the high-pressure
properties of CdTe, the structural and electronic transition
pressures of Cd0.9 Zn0.1 Te seem to be higher, whereas the
magnitude of the resistivity drops is much higher than that of
the parent compounds CdTe, which indicates that the cationic
substitutions lead to improved stability of the crystal structure
that facilitates the transition at relatively higher pressure.
II. EXPERIMENT

The sample Cd0.9 Zn0.1 Te was prepared by the well-known
Bridgman method [24]. We used the powder sample for all our
experiments. The in situ high-pressure electrical resistivity
of Cd0.9 Zn0.1 Te was measured by the standard four-probe
technique in a diamond-anvil cell (DAC) up to 40 GPa. The
sample resistivity can be calculated according to the van der
Pauw formula [25]. The thickness of the sample under high
pressure was determined using a micrometer with a precision
of 0.5 μm. A mixture of epoxy and cubic boron nitride was
utilized as the coating on the steel gaskets to ensure electrical
insulation between different electrodes. Four platinum electrodes and copper wires were set up to contact the sample
in the chamber. No pressure medium was used for the HP

electrical resistance measurement. The data was obtained
using a 4050 Keithley precise source measuring unit at room
temperature (RT). In the rest of the experiments, the pressure
was generated with a symmetric DAC using a steel gasket and
silicone oil as the pressure transmitting medium. The ruby
fluorescence method was employed for pressure calibration
[26]. At room temperature, HP XRD experiments of the samples were measured at the Advanced Light Source (ALS) (BL
12.2.2 beam line), Lawrence Berkeley National Lab (LBNL),
with an x-ray wavelength of 0.4959 Å. The two-dimensional
x-ray diffraction images were collected by a charge coupled
device (CCD) detector. These two-dimensional ring-type images were integrated using FIT2D software and the structure
was evaluated by FULLPROF software [27]. The Raman
spectra were collected by a Renishaw InVia Spectrometer
system with laser wavelengths of 532 nm and 785 nm with
gratings of 2400 and 1200 grooves/cm, respectively. The
wave numbers of the Raman peaks were determined with an
accuracy of 1 cm−1 .
Ab initio calculation. Structural and band structure firstprinciples simulations were performed using the density
functional theory (DFT) [28], as implemented in ABINIT
[29]. We used the virtual crystal approximation to describe Cd0.9 Zn0.1 Te. Nonlocal norm-conserving pseudopotentials [30] with a plane-wave basis set of 60 Hartree
were employed. The exchange-correlation energy was included in the generalized gradient approximation, with the
Perdew-Burke-Ernzerhof (PBE) [31] prescription. Brillouin
zone (BZ) integrations were carried out with 4 × 4 × 4(8 ×
8 × 8) Monkhorst-Pack [32] grids in the zinc-blende and
rock-salt (Cmcm) structure. The achieved convergence in the
total energy was 1 meV per formula unit, and the forces on the
atoms were < 0.001 eV/Å. The direct method was employed
using the PHONON program to study the phonon modes at
the  point [33].

III. RESULTS
A. Electrical resistivity under high pressure

The pressure dependence of Cd0.9 Zn0.1 Te resistivity was
obtained up to 40 GPa. It is a semiconductor with a band
gap of 1.55 eV at ambient conditions [34]. We not only
observed the evolution of resistivity (ρ) with pressure (P) in
Cd0.9 Zn0.1 Te, but also extensively studied the linear, nonlinear, and switching phenomena simultaneously by recording
the dc current voltage (I-V), as shown in Fig. S3 of the
Supplemental Material [35]. We observed that the electrical
current increased linearly by increasing the voltage for all
pressures (∼ 0 − 40 GPa). Figure 1(a) depicts the electrical
resistivity (ρ) of Cd0.9 Zn0.1 Te as a function of P at RT. The
ρ of the cubic phase Cd0.9 Zn0.1 Te at RT is ∼ 108  cm, which
is one order of magnitude greater than that of CdTe due to
its larger band gap because Zn partially replaces Cd. For P 
1.3 GPa, in region AO, ρ increased with increasing pressure.
A slight decrease in mobility can account for this initial rise
in resistivity. This is consistent with our calculation based
on the k·p model. It is known that the band gap opens up
under compression for the zinc-blende (ZB) structure [21] (a
fact also confirmed by our calculations), which according to
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FIG. 1. (a) The variation of resistivity as a function of pressure for Cd0.9 Zn0.1 Te. Closed symbols represent compression data, while open
symbols are for decompression data. (b) The isobaric temperature-dependent resistance of the sample at a few representative pressure values.

the k·p model will cause an increase of the effective mass,
lowering the mobility [22].
In region OB (1–5 GPa), ρ decreased almost linearly with
slope dln(ρ)/dP ∼ − 0.291 ± 0.008 GPa−1 and reached its
lower value of 3.5 × 106  cm. This is consistent with a
change in the nature of the extrinsic levels under compression even though the band gap is increasing. Also, in the
low-pressure region, we cannot ignore the extrinsic effect
of initially high contact resistance between the grains of the
sample. Normally, Cd0.9 Zn0.1 Te possesses deep levels that
are not compensated and become sharper under pressure.
This is a typical phenomenon that leads to the reduced selfcompensation and provides carriers to the valence and conduction band. Thus, the carrier concentration will increase and
will ultimately reduce the resistivity [36], as we observed.
For P > 5 GPa, ρ decreased sharply in the BC region.
The ZB and rock-salt (RS) phases coexist, which accounts
for the further decrease of resistivity between 4.5 < P <
7.5 GPa. The overall change in the first high-pressure region
(HP-1) was about nine orders of magnitude. The pressure
dependence of ρ in the BC region was dln(ρ)/dP ∼ −
0.634 ± 0.011 GPa−1 . The value of resistivity at 12 GPa
reached 5.2 × 10−3  cm and then became almost P independent at above 12 GPa in region CD. Hence, the pressure
has very little effect on the conductivity of the second highpressure region HP-2. The sudden decrease in resistivity after
∼ 5 GPa could be associated with structural changes, which
have also been suggested by various theoretical and experimental studies [21,37,38].
In the CD region, there were minor changes in resistivity,
which is indicative of a stable metallic state. We estimated
the charge density as nc ∼ 1011 cm−3 by assuming electronic
mobility of μ ∼ 102 cm2 /V s, confirming the semiconducting
behavior of the material at ambient phase [22,39]. However,
for HP-2 in the CD region, the charge density nc was estimated
to be 1022 /cm3 , which is ten orders of magnitude larger
than in the ambient phase, by assuming that μ lies in the
range 1 − 10 cm2 /V s [22]. Such an enhanced carrier density
is a clear indication of metallization. In the decompression
cycle, ρ was completely recovered with little hysteresis to
∼ 5.5 × 108  cm. Such reversibility in the pressure tuning of
the electric properties of this material has strong potential for
wider practical applications.

To better understand the nature of the sample’s conductivity, we measured resistivity as a function of temperature at a
few fixed pressures, and the results are shown in Fig. 1(b).
The slope of the temperature-dependent resistivity is negative, dρ/dT < 0 for P < 7.5 GPa, a typical characteristic of
the material since it is a semiconductor. The slope of the
temperature-dependent resistivity is positive, dρ/dT  0 for
16 GPa, a clear indication of metallization in our sample
[40]. For pressures around 8 GPa, the dρ/dT is essentially
temperature independent, suggesting that in our sample, there
is a mixture of metal and semiconductor phases coexisting,
as observed previously in other II-VI semiconductors [41].
Notice that this conclusion is consistent with Raman and XRD
experiments which found a phase coexistence in the same
pressure range.
In addition to the experiments, we performed ab initio
calculations on the electronic structure of Cd0.9 Zn0.1 Te at
representative pressures to better understand the possible
mechanism responsible for its highly tunable optical and
electrical transport properties. At ambient pressure, the band
gap Eg of Cd0.9 Zn0.1 Te is direct with a value of 0.55 eV at
the  point, as shown in Fig. 2(a). This value underestimates
the experimental value by 1 eV, as the experimental value is
1.55 eV [34]. The underestimation of the calculated Eg is
commonly observed in various DFT calculations. However,
it usually gives a similar trend in the pressure dependence
[42]. As shown in Fig. 2(d), Eg increases with pressure in the
low-pressure region. On the other hand, the two HP phases of
Cd0.9 Zn0.1 Te are found to be metallic, as shown in Figs. 2(b)
and 2(c). The metallization occurs at the ZB-RS transition
through the closing of an indirect band gap. In the HP phases,
we observed an increase in the width of the valence band and
conduction band due to compression.
B. Pressure-induced structural changes from x-ray diffraction

High-pressure x-ray diffraction patterns were recorded up
to 40 GPa. Structural changes are shown in Fig. 3(a) for a
few representative pressures points, and the index (hkl ) of the
Bragg peaks is marked for the ambient pressure phase. This
phase has a cubic ZB structure that belongs to space group
F 43̄m. This space group is specified by the two interpenetrating face-centered-cubic (fcc) lattices offset from each other
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FIG. 2. Calculated band structure of Cd0.9 Zn0.1 Te at (a) 0 GPa, (b) 7 GPa, and (c) 14 GPa for the ZB, RS, and Cmcm structure, respectively.
(d) Pressure dependence of the band gap in the LP region.

FIG. 3. (a) Angle-dispersive XRD patterns for Cd0.9 Zn0.1 Te at selected pressures at room temperature (λ = 0.4959 Å). Arrows indicate the
appearance of new peaks. (b) Pressure-dependent enthalpies of all three phases computed by first-principles calculations.
094109-4
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FIG. 4. (a) Rietveld refinements for the ambient pressure and new HP-1 and HP-2 phases at 7.0 and 17 GPa, respectively (λ = 0.4959 Å).
(b) A comparison between the cubic-F 43̄m, cubic-F m3̄m, and orthorhombic-Cmcm crystal structures.

by one-quarter of a unit cell body diagonal. This structure has
tetrahedral coordination, such that each atom is surrounded
by four close neighbor atoms belonging to the other fcc
sublattice. Covalent bonding is established as a result of the
sharing of four valence electrons by every atom with four
neighboring atoms. The sample particle size obtained from
scanning electron microscopy (SEM) agrees well with the calculated XRD data and is shown in Fig. S1 of the Supplemental
Material [35]. Rietveld analysis provided the initial values
of the cell parameters of the cubic structure, as illustrated
in Fig. 4(a)(a-1) and Table I. The Cd0.9 Zn0.1 Te retains the
cubic F 43̄m structure up to 5.5 GPa, and the conductivity of
the sample in this phase shows a linear increase. Between
0 to 5 GPa, no major change was found in the structure
except a gradual shift of the Bragg peaks towards higher
angles and small broadening for the specific high 2θ Bragg
peaks after 2.5 GPa. The Braggs peaks shifted toward high
angles due to the decrease of the unit-cell parameter, and peak
broadening might be due to the nonhydrostatic conditions,
cationic inversion, or a microstructural transition [43,44].

Above 5.5 GPa, five new diffraction peaks started to evolve
at about 9.6°, 13.6°, 16.6°, 19.3°, and 21.6° (corresponding
to d spacing 2.95 Å, 2.09 Å, 1.71 Å, 1.47 Å, 1.31 Å), which
indicate the appearance of a cubic F m3̄m. We conclude that
the low-pressure (LP) cubic-F 43̄m and HP-1 cubic-F m3̄m
phases coexist between 5 < P < 7 GPa, as shown in Fig. 3. At
7.5 GPa, cubic F 43̄m completely transforms to cubic F m3̄m
with a lattice parameter a = 6.051 Å.
A huge volume collapse of about 18% is observed at
this phase transition (see Fig. 5). Such a huge volume drop
indicates the first-order nature of the phase transition. Our
transport measurement results showed a sharp decrease in
resistivity at the onset of this phase. The cubic-F m3̄m phase is
also known as the RS phase, and it is stable up to 13 GPa. The
crystal structure is shown in Fig. 4(b) and structural information is given in Table I. Upon slight compression, shoulders
started to appear on the right side of the main diffraction
peaks ((111) and (220)). These shoulders developed into
visible peaks together with some other tiny peaks that grew
in intensity with increasing pressure and, at about 13.5 GPa,

TABLE I. Lattice parameters and profile matching parameters of the cubic and high-pressure phases.
Lattice constant parameters
Phase
Cubic-F 43̄m
Cubic-F m3̄m
Ortho-Cmcm

Profile matching parameters

P

A

B

C

Z No.

Rp

Rw p

χ2

0.5 GPa
7.0 GPa
17 GPa

6.40(1) Å
6.05 (2) Å
5.67(3) Å

6.40(1) Å
6.05(2) Å
5.85(2) Å

6.40(1) Å
6.05(2) Å
5.65(3) Å

4
4
4

1.18%
1.41%
1.80%

1.41%
1.78%
1.93%

0.97
1.62
1.89
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and orthorhombic-Cmcm phases decreases continuously as a
function of pressure. The pressure-volume data were fitted
with the third-order Birch-Murnaghan equation of state (BMEOS) [46] to determine the elastic parameters:
P = 23 K0 [(V0 /V )7/3 − (V0 /V )5/3 ]
× {1 − (3/4)(4 − K0 )[(V0 /V )2/3 − 1]},

FIG. 5. Unit-cell volume as a function of pressure for cubicF 43̄m, cubic-F m3̄m, and orthorhombic-Cmcm phase.

the onset of a new phase became apparent as the contribution
of these additional peaks become more pronounced in the
HP-XRD patterns.
Rietveld profile fittings of the patterns collected at both the
ambient and HP phases are shown in Fig. 4. We tried to fit the
HP-2 diffraction pattern of the new phase by employing different orthorhombic- and tetragonal-based subgroup considerations and preliminary models. We achieved reasonable fittings
with orthorhombic (Pnma) and tetragonal (Imm2). However,
the best agreement between the experimentally obtained pattern and the fitted profile was achieved when considering the
subsequent refinements by the orthorhombic (Cmcm) space
group as shown in Fig. 4(a)(a-3). More convincingly, the HP-2
phase is in good agreement with previous theoretical and
experimental predictions [7,45]. The new diffraction peaks
at 10.9° and 14.7° (corresponding to d spacing 2.6 Å and
1.93 Å) belong to an orthorhombic-Cmcm structure, as illustrated in Fig. 3(a). Thus, the anticipated pressure for the HP-2
phase is P ∼ 13 GPa (±2 GPa). The most dominant factor for
this phase change is the site ordering, as supported by a previous study [7]. The distortion of the Cmcm phase completed
up to 26 GPa, as shown in Fig. 3. This orthorhombic-Cmcm
(HP-2) phase exhibits metallic behavior, as shown in Fig. 1
and Fig. 2. Hence, we have a self-consistent explanation of
the high electrical conductivity of the HP-2 phase.
The profile matching parameters and lattice constant parameters of both high-pressure phases (HP-1, HP-2) obtained from the full-profile Rietveld refinements are given
in Figs. 4(a)(a-2), 4(a)(a-3), and Table I. This pressureinduced cubic-F m3̄m to orthorhombic-Cmcm phase transition
involves an increase of the material density by approximately
2% as a result of the volume change. The volume discontinuity can be seen in Fig. 5.
From ambient pressure to nearly 40 GPa, the unit cell
undergoes a decrease in volume of nearly 40%. With the
decrease of the unit-cell size, valence electrons of neighboring
atoms are getting closer and closer, leading to enhanced
overlap of electron wave functions. As a result, previously
localized electronic states become delocalized and electric
conductivity increases. At phase transformation pressures
near 5 and 13 GPa, the wave-function overlap undergoes
a sudden enhancement due to the abrupt volume decrease.
The unit-cell volume for the cubic- F 43̄m, cubic- F m3̄m,

(1)

where P and V are the measured pressure and unit-cell volume, respectively. K0 is the bulk modulus, K  0 is the first
pressure derivative of the bulk modulus, and V0 is the unitcell volume at ambient conditions. Calculations give K0 =
3
46(4) GPa, K 0 = 4.2(5), V0 = 270(5) Å for the LP cubic
3
phase, K0 = 59(5) GPa, K 0 = 4.2(4), V0 = 262(6) Å for the
HP-1 cubic phase, and K0 = 61(5) GPa, K 0 = 4.2(4), V0 =
3
236(6) Å for the HP-2 orthorhombic phase. These values
illustrate that both phases (HP-1 and HP-2) have similar
compressibility. The bulk modulus and its pressure derivative
for Cd0.9 Zn0.1 Te determined in this study are also consistent
with a previous study of similar compounds, shown in Table
S2 of the Supplemental Material [35]. We note that the decompression process leads to the appearance of the initial F 43̄m
structure, as shown in Fig. 3. The variation of experimentally
determined lattice parameters of Cd0.9 Zn0.1 Te with P at RT
for all diffraction patterns is summarized in Table I.
Ab initio calculations were carried out to understand the
phase transformation of Cd0.9 Zn0.1 Te under pressure. The
computed enthalpy curves based on first-principles calculations are shown in Fig. 3(b). We found the cubic ZB phase
was the most stable at ambient conditions, and the cubic RS
became the most stable phase at 5.5 GPa [see Fig. 3(b)].
This is in agreement with the structural sequence found in
the experiments. The calculated unit-cell parameter of the ZB
phase at 0 GPa is a = 6.4827 Å. Our RS phase obtained at
5.5 GPa has a = 6.0943 Å. The second transition to the Cmcm
phase is found at 13 GPa. These transition points are in good
agreement with the experimentally observed pressure values.
The lattice parameters of our predicted HP-2 phase obtained at
13 GPa are a = 5.5730 Å, b = 5.9603 Å, and c = 5.5840 Å.
The agreement between the calculated and measured structures gives reliability to the proposed structural sequence.
C. Pressure-dependent Raman spectroscopy

In order to study the lattice dynamics of Cd0.9 Zn0.1 Te under
pressure, we recorded Raman spectra as a function of P in
the range of 100 − 400 cm−1 , as shown in Fig. 6(a). The
ideal cubic Cd0.9 Zn0.1 Te has three active modes: A1 (Te), TO
(CdTe), and LO (CdTe), labeled as M1, M2, and M3, respectively. Our calculations also predicted M2 and M3 modes and
the results agree with previous results [47]. The presence of
defects, interstitial cations, and vacancies may result in the
activation of other phonon modes that are not predicted by
group theory. The lowest-frequency mode M1 is the phonon
with A1 symmetry of Te inclusions in Cd1-x Znx Te, while the
other two modes are due to the presence of CdTe. The M3
mode is the lower intensity mode that was not clearly observed in ambient spectra. The spectrum recorded at 0.5 GPa
is deconvoluted into three independent Lorentzian peaks, as
shown in Fig. 6(b). We observed the M3 mode clearly along
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FIG. 6. (a) Raman spectra of Cd0.9 Zn0.1 Te from 0 to 40 GPa
showing Raman modes disappearing at the first phase transition
(HP-1) and reappearing modes at the second phase transition (HP-2).
(b) Deconvoluted spectra with Lorentzian fitting for the Raman
modes at 0.5 GPa. (c) Pressure dependence of the Raman modes at
different pressures from 0 and 40 GPa, where solid lines show the
linear fits corresponding to the specific modes.

with a photoluminescence peak (at 183 cm−1 ) by using a
785 nm laser excitation. Details of the HP Raman spectra
using the 785 nm laser excitation are discussed in the Supplemental Material [35].
The Raman modes of the Cd0.9 Zn0.1 Te for the F 43̄m phase
do not show normal behavior during pressure increase. In the
present study, we observed the following: (i) softening and
hardening of M1, M2, and M3, respectively, with an increase
of pressure; (ii) complete disappearance of the Raman modes
beyond 5 GPa; and (iii) appearance of new Raman modes M4,
M5, and M6 beyond 13 GPa.
Mode softening is found for the peak M1 with a lower
frequency, whereas the Raman shift increases with pressure
for the higher-frequency components M2 and M3. The sign of
the pressure dependence of the phonon frequencies in tetrahedral semiconductors depends on a balance between central
and noncentral elastic forces associated with the stretching
and bending of bonds. For the shear-type zone-boundary TA
modes, the angular forces tend to make the mode stiffer
under pressure, but central elastic forces act oppositely, resulting in a mode softening [48]. Mode softening observed in
tetrahedrally coordinated compounds has been speculated to
be responsible for driving the phase transition [49]. Further

compression leads to the disappearance of all Raman modes
after 5 GPa. The disappearance of Raman signals is usually
associated with some structural transition and/or conductivity
changes. We attribute this change to the structural transition
from the ZB to the RS phase. For the RS phase, first-order
Raman scattering is forbidden by the selection rules and,
hence, the phase transition is accompanied by the vanishing
Raman modes. Our DFT calculations give similar frequencies
and pressure coefficients as observed in experiments (see
Table S1 of the Supplemental Material) [35].
At P  13 GPa in the vicinity of a cubic-orthorhombic
phase transition, new Raman modes M4 and M5 reappeared
at 146 and 195 cm−1 , respectively. The M6 mode was clearly
visible beyond 25 GPa. In light of the XRD results, at the first
transition, the system transformed into a higher-symmetry
structure that involved the disappearance of all Raman modes
in this region. However, for the second transition to the
orthorhombic phase, which has lower symmetry than the
cubic phase, we observed the appearance of new Raman
modes. All new Raman modes shifted to a higher wave number with increasing pressure. Notice that calculations predict
the existence of six Raman-active modes in this structure.
However, since the nature of the orthorhombic Cmcm has
been concluded to be metallic, the Raman signal should be
extremely weak [22], as found in our studies. In particular, in
this orthorhombic metallic phase, definite Raman modes are
discerned, in comparison to the preceding RS metallic phase
where no Raman modes are observed. Based on calculations,
we have confirmed that three Raman modes (M4, M5, and
M6) belong to the orthorhombic phase of Cd0.9 Zn0.1 Te. The
rest of the modes were not detected because they are expected
at lower frequencies than those measured with our setup. After
the release of P, some of the Raman modes return to ambient
conditions, indicating that the phase transition is reversible.
The pressure dependence of Raman frequency shifts is
plotted in Fig. 6(c), where considerable changes of dω/dP
have been marked by the dotted lines at 5 and 13 GPa.
The detailed analysis shows that with increasing pressure,
all phonon modes shift to higher frequencies linearly for the
LP, HP-1, and HP-2 phases, except the M1 modes where
dω/dP < 0. The Grüneisen parameter of the low-pressure
region and high-pressure regions is calculated and shown in
Table II.
Using the bulk modulus (K0 ) determined from the x-ray
diffraction data, the mode-Grüneisen parameters (γ ) were
obtained from the following equation: γ = K0 /ω0 (dω/dP)
where ω0 , P, and dω/dP are the frequency of the Raman
shift observed at 1 atm, the applied pressure, and pressuredependent frequency shift of Raman modes, respectively. The
assignment of all Raman modes in Cd0.9 Zn0.1 Te is listed in
Table II along with a summary of the frequencies ω0 , pressure
coefficient, and Grüneisen parameter γ of the different modes.
The values of the Grüneisen parameters for the cubic LP and
HP orthorhombic phases range from −0.72 to 0.28 and from
0.59 to 0.24, respectively, and are consistent with previous
work [50]. The obtained mode Grüneisen parameters can be
used to determine the heat capacities and vibrational entropies
using the Kieffer model [51].
We also calculated the vibrational phonon frequencies of
the predicted HP-2 Cmcm phase by theoretical analysis. A
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TABLE II. Observed Raman modes, pressure coefficients (dω/dP), and calculated Grüneisen parameters of Cd0.9 Zn0.1 Te.
Low-pressure cubic phase
Raman modes ω
(cm−1 )
115
137
158

High-pressure orthorhombic phase

dω/dP
(cm−1 /GPa)

γ

Mode

Observed modes ωo
(cm−1 )

dω/dP
(cm−1 /GPa)

γ

−1.83
0.85
0.852

−0.72
0.28
0.284

M1
M2
M3

131.9
175.6
102.6

1.06
1.47
0.41

0.49
0.59
0.24

good agreement was found in the theoretical and calculated
values for the mode frequencies. The details of this analysis
and a comparison of the experimental and calculated values
are provided in the Supplemental Material [35].
IV. DISCUSSION

Our XRD experiment illustrates a cubic- F 43̄m (ZB)
to cubic- F m3̄m (RS) phase transition for Cd0.9 Zn0.1 Te at
5.5 GPa, while a second transition to an orthorhombic-Cmcm
phase was observed at 13 GPa. The reliability of the occurrence of such polymorphic behavior under pressure is consistent with previous and present experimental as well as theoretical studies of various tetrahedral coordinated (IIB-VIA)
compounds [8,52,53]. Our observed XRD spectra also did not
reveal any discontinuity before the ZB-RS phase transition as
found for the parent compound in previous studies [19,20].
This could be due to the nanoparticle size of the sample
used [54].
Other similar materials such as SnTe and ZnSe are transformed directly from a ZB to a RS phase and are further
transformed to an orthorhombic structure at higher pressures
[55,56]. Our first phase transition involved an abrupt volume
collapse of about 18%. Similar large volume collapses have
been reported in other tetrahedral coordinated compounds; for
example, Yao et al. and Strassner et al. reported a similarly
large volume collapse in chalcogenide compounds due to a
ZB-RS phase transition [56,57].
Our observed phase transition from RS to Cmcm at
13 GPa agrees with the HP phase reported in many
compounds. Nelmes et al. reported in their diverse studies that
orthorhombic-type low-symmetry structures are dominant
at high pressure for various group II-VI compounds [53].
Our XRD result reveals a transition from RS to the Cmcm
phase with a relatively smaller volume change of about
2%, similar to the reported transition for CdTe [7]. Our
transport measurement reveals an overall drop of 11 orders of
magnitude of resistivity, of which a sharp six-order drop was
seen at the first transition point. Such a large drop in resistivity
is associated with a phase transition to the RS phase. He et al.
measured the resistivity of bulk CdTe under HP and attributed
the anomalous decrease in the resistivity of five orders to
the structural phase transitions to RS and Cmcm structures,
respectively [23]. Such drastic changes in resistivity for
semiconducting Cd0.9 Zn0.1 Te can be related to the carrier
concentrations as we have calculated against both the ambient
LP and HP-2 phases, respectively. Since Cd0.9 Zn0.1 Te is an
extrinsic semiconductor, our observed resistivity changes can
be considered to be the direct consequence of variations in
carrier concentration. We can also refer to the Hall effect

measurement results for single-crystal CdTe by Errandonea
et al. for a deeper interpretation of our resistivity changes
[22]. Hence a dominant effect producing the decrease in
resistivity at the onset of the ZB-RS phase is an increase
in the carrier concentration, in addition to the changes in
the band structure. A carrier density of 1022 cm−3 seen
after a phase transition is considered to be extrinsic in
origin [22]. Further resistivity change was observed at
the Cmcm phase. Our temperature-dependent resistivity
data confirmed the metallic behavior of both the RS and
Cmcm phase. The dρ/dT is independent of temperature
for pressures 8 GPa, while dρ/dT becomes positive at
16 GPa. The conducting nature of the Cmcm phase in
the parent compound is proved to be metallic in various
reports based on experimental and theoretical measurements.
However, in our present study, metallic behavior started at
lower pressure in the HP-1 phases. Guder et al. calculated
the electronic structures of CdTe at different pressures and
showed that at 10 GPa, the shrinking and disappearance
of the transparency region occurred as a result of a phase
transition to the metallic Cmcm phase [38]. Based on the Hall
effect measurements, Errandonea et al. confirmed the metallic
nature of the Cmcm phase for the parent CdTe compound
[22]. However, our current study suggests an efficient way of
getting a large conductivity increase at about 8.5 GPa. Our
Raman spectra revealed the disappearance of Raman modes
related to a phase transition above 5.5 GPa, while some
Raman signals reappeared beyond 12 GPa. Such reappearance
of Raman modes has not been reported in earlier studies of
similar compounds. We consider the vanishing Raman signals
to be the effect of a phase transition to the RS phase. Arora
et al. reported the disappearance of Raman modes at the phase
transition from the ZB phase to RS phase in a mixed crystal
of Cd1-x Mnx Te [58]. HP Raman spectra of ZnTe do not show
Raman signals disappearing where the transition sequence
for ZnTe involves the direct transition from a Cinnabar phase
to a Cmcm phase without passing through RS [59]. The
transition pressure for the Cd0.90 Zn0·10 Te samples seen in
our study is higher than the respective onset phase transition
pressures for the parent compound CdTe [7,18], but our
resistivity drop is at a lower pressure than previous studies
of the parent compound. Most importantly, the 11-order drop
of resistivity has not been observed in a similar class of
compound. For mixed crystals, the influence of substitution
on the transition pressure has been discussed in various
reports [60]. A HP study by Alain et al. suggested an increase
in transition pressure by increasing the amount of constituent,
for Znx Cd1-x S alloys [61]. Enhanced transition pressure can
be attributed to the improved stability of the Cd0.9 Zn0.1 Te
crystal [62]. The dislocation energies in semiconductors
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are proportional to the reciprocal of the ninth power of the
nearest-neighbor bond length. This explains the reason for
a greater strength of the Cd1-x Znx Te crystal where a small
percentage of Zn atoms is added to Cd atoms in the parent
compound CdTe to reduce the dislocation density. Findings
of this work may stimulate further exploration of this material
for new applications in industries.

13 GPa. Beyond this pressure, the resistivity became constant
with a further decrease in resistivity. Metallic behavior was
determined for both the HP-1 and HP-2 phases through the
temperature-dependent resistivity and ab initio calculations.
The phase transitions were associated with large crystal volume shrinkage. The enhanced conductivity was attributed to
the band structure changes as well as the rapid increase in
carrier concentration.

V. CONCLUSION
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