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Structural Phase Transitions of ZnTe under High Pressure Using Experiments
and Calculations *
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The pressure-induced structural transitions of ZnTe are investigated at pressures up to 59.2 GPa in a diamond anvil
cell by using synchrotron powder x-ray diffraction method. A phase transition from the initial zinc blende (ZB,
Zn'Te-I) structure to a cinnabar phase (ZnTe-II) is observed at 9.6 GPa, followed by a high pressure orthorhombic
phase (ZnTe-IT) with Cmem symmetry at 12.1 GPa. The ZB, cinnabar (space group P3:121), Cmcm, P3; and rock
salt structures of ZnTe are investigated by using density functional theory calculations. Based on the experiments
and calculations, the ZnTe-II phase is determined to have a cinnabar structure rather than a P3; symmetry.

PACS: 61.50.—f, 61.50.Ks, 81.30.Hd

In the last few decades, the structural and elec-
tronic behaviors of ZnX (X=0, S, Se and Te) have
been extensively investigated due to their outstanding
optical properties, such as visual displays, high den-
sity optical memories, transparent conductors, solid-
state laser devices, photodetectors and solar cells.!"
However, the high pressure structures of ZnTe are a
point of the ongoing debate. Experiments and cal-
culations show that ZnTe exhibits more complicated
structural behaviors under pressures than the other
zinc chalcogenides (ZnS and ZnSe), which transform
directly from zinc blende (ZB) or wurtzite to rock salt
(RS) structure,” "I and the other tellurides (CdTe
and HgTe), which transform from ZB to the cinnabar
structure and then to RS structure.l%]

Samara et al. found that there were three sharp
changes in electrical resistivity for ZnTe below
15 GPa.l®! However, diffraction experiments showed
that only two of the resistivity changes observed
by Samara et al. correspond to structural phase
transitions.[’) Combined x-ray-diffraction and elec-
tric resistivity measurements, Ohtani et al. found
that there are two structural transitions at ap-
proximately 8.5 GPa (to nonmetallic ZnTe-T) and
13.0GPa (to metallic ZnTe-).[l However, their x-
ray diffraction data are insufficient to determine the
high pressure structures. Subsequently, a combi-
nation of x-ray-absorption spectroscopy and x-ray
diffraction studies showed that the crystallographic
transition pressures are 9.5£0.5 and 1240.5 GPa,
and proposed the cinnabar structure for ZnTe-IL.['"]
Nelmes et al. confirmed the cinnabar structure for
the ZnTe-II phase and determined the ZnTe-II phase
as the orthorhombic structure with Cmem symme-
try using angle-dispersive powder-diffraction tech-
niques with an image-plate area-detector and syn-
chrotron radiation.["' ~'?] However, Kusaba et al. pro-
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posed a space group P3; rather than P3,2; for
ZnTe-T at 11.5 GPa based on the energy dispersive
x-ray powder diffraction patterns.') With the ad-
vances in ab initio methods, it has become possible
to compute the structural,l'” 2"l mechanical,!*0~ 2"
electronicl'® 2?3l and optical properties!'® 92123 of
ZnTe with a great accuracy. Therefore, numerous
studies aiming to develop microscopic understanding
of pressure induced phase behavior of ZnTe have been
performed in the past few decades. Despite the grow-
ing interest in the physical properties of ZnTe at high
pressure, the structure of the ZnTe-II phase is always
controversial. The persuasive compression behaviors
of the two high-pressure phases of ZnTe have been
unavailable.

In this Letter, the phase transitions of ZnTe are
investigated using the synchrotron x-ray diffraction
method (XRD) at pressures up to 59 GPa under hy-
drostatic conditions. The hydrostatic environment is
useful for obtaining high-resolution diffraction pat-
terns. The phase transition from the ZB to the
cinnabar phase is observed above 9.6Pa, followed
by another phase transition to the C'mcm phase at
12.1 GPa, which is in agreement with previous re-
ports. Based on our results, it is believed that the
ZnTe-T phase actually possesses a cinnabar symme-
try, rather than a P3; structure. In addition, refined
patterns of the three phases are obtained. The results
are confirmed by density functional theory (DFT) cal-
culations. Moreover, we derive the equation-of-state
(EOS) parameters of the high-pressure phase of ZnTe.

High-pressure experiments were performed in a
symmetric diamond anvil cell (DAC) with a pair of
diamond anvils with a culet diameter of 300 um. The
sample was ground into powder, pressed into a thin
slice, and then placed in a 150-um-diameter hole
in a pre-indented stainless steel gasket with 40 um
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thickness. Ne served as the pressure transmitting
medium to provide the quasi-hydrostatic environment
in our experiment using a BSRF-4W2 compressed
gas loading system up to 59.2GPa. In the experi-
ment, ruby chips were used for the pressure calibra-
tion by measuring the fluorescence shift as a func-
tion of pressures.l”’l In situ high-pressure XRD exper-
iments were conducted at the 4W2 beamline of the
Beijing Synchrotron Radiation Facility (BSRF) using
the angle-dispersive diffraction method with the beam
wavelength of 0.6199 A. An x-ray beam was focused in
the horizontal and vertical directions to a 34 x 13 pmz
spot by using Kirkpatrick-Baez mirrors. The pow-
der diffraction patterns were collected with a Pilatus
image plate and integrated with the FIT2D software
package.[””! The diffraction data were then analyzed
by using the GSAS program.[*’]
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Fig. 1.

The x-ray diffraction patterns of ZnTe plotted
against pressure with Ne as the pressure transmitting
medium.
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Fig. 2. Rietveld refinement patterns of the ZB, cinnabar,
and Cmem phases of ZnTe. (a) Rietveld refinement pat-
tern of the ZB phase under ambient conditions. (b)
Rietveld refinement pattern of the cinnabar phase at
10.2 GPa. (c) Rietveld refinement pattern of the Cmecm
phase at 15.7 GPa.

DFT calculations were performed by us-
ing the plane-wave method with ultra-soft
pseudopotentials.l’’] Here we used the generalized

gradient approximation (GGA)P®! and local density
approximation (LDA)PY) to calculate the exchange
and correlation energies. All structural optimiza-
tions under high pressures were performed with the
Broyden-Fletcher Goldfarb-Shanno algorithm."]

The crystal structures examined for the ZnTe here
are as follows: (1) In the ZB structure (F' —43m), the
Zn atom is at the position of (0, 0, 0) and the Te atom
is at the position of (0.25, 0.25, 0.25) in the primitive
unit cell; (2) cinnabar structure (P3;21), the Zn atom
is at the position of (0.542, 0, 0.3333) while the Te
atom is at the position of (0.506, 0, 0.8333)'” in the
primitive unit cell; (3) in the RS structure (Fm3m),
the Zn atom is at the position of (0, 0, 0) and the
Te atom is located at the position of (0.5, 0.5, 0.5) in
the primitive unit cell;l*' (4) for Cmem, the Zn atom
is at the position of (0, 0.640, 0.25) and the Te atom
is located at the position of (0, 0.190, 0.25)['"] in the
primitive unit cell; and (5) for P3;, the Zn atom is
at the position of (0.35, 0.2, 0) and the Te atom is
located at the position of (0.49, 0.49, 0.47)!'] in the
primitive unit cell.

The cut-off energy was set to 1000eV and the k
points were set to 4 x 4 x 4 for the ZB phase, 4 x 4 x 2
for the cinnabar phase, 5 x 4 x 5 for the C'mem phase,
4 x 4 x 4 for the RS phase, and 4 x 4 x 2 for the P3;
phase. Convergence conditions were set to ultra-fine
and the pressure ranges were set to 0-50 GPa in inter-
vals of 5 GPa.

Figure 1 shows the diffraction patterns of ZnTe at
various pressures with Ne as the pressure transmitting
medium. The standard diffraction pattern of the ZB
phase is shown at 0 GPa in Fig.1(a). There are six
diffraction peaks observed for the ZB phase of ZnTe.
Figure 2(a) shows the Rietveld refinement pattern of
the ZB phase at 0 GPa from which we obtain the lat-
tice parameter a = 6.1056(1) A. The ZB phase of ZnTe
is stable up to 8.7 GPa in Fig. 1(a). At ~9.6 GPa, the
appearance of six new diffraction peaks (denoted with
black rhombus) indicates the onset of the first phase
transition. Upon further compression, the phase is
stable up to about 12 GPa, which is in agreement with
the previous reports.[’~ 117133371 When the pressure
reaches 12.1 GPa, five new diffraction peaks (denoted
with asterisks) can be observed in Fig.1(b), which
indicates another phase transition. The new high-
pressure phase is stable up to at least 59.2 GPa. The
diffraction patterns at 10.2 GPa and 15.7 GPa in the
experiment have been indexed into a cinnabar struc-
ture and an orthorhombic structure with a Cmem
space group, respectively. The diffraction patterns
have been refined by using the Rietveld method in
the GSAS program. Figure 2 shows the Rietveld re-
finement patterns of the three phases of ZnTe: the ZB,
cinnabar and Cmcm phases. The lattice parameters
for the cinnabar structure are a = b = 4.054(2) A,
and ¢ = 9.425(4)A at 10.2GPa, and that of the
Cmem phase is a = 5.339(4) A, b = 5.869(2) A, and
¢ =5.016(1) A at 15.7GPa, and these are consistent
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with those obtained by Nelmes et al.l''~'*]

However, the ZnTe-II phase between the ZB and
Cmem phases for ZnTe is controversial in different
studies.l'" "] To confirm the structure of the ZnTe-II
phase, the calculated patterns of the cinnabar and P3;
structures of ZnTe and the experimental patterns are
compared in the present study. Furthermore, we give
the calculated pattern of the SC16 phase, which is sug-
gested to be more stable than the cinnabar phase by
Biering et al.l*”] through calculation. Figure 3 shows
the calculated patterns of the cinnabar (Fig.3(b)),
P3; (Fig.3(c)), SC16 (Fig.3(d)) structures and the
diffraction patterns of the ZnTe-II phase in our exper-
iment (Fig.3(a)). As shown in Fig.3, the calculated
pattern of the SC16 structure is completely different
from the experimental pattern in two aspects of the
intensity and positions of diffraction peaks. The cal-
culated pattern of the P3; phase is slightly similar to
the experimental pattern, while the intensity of some
reflections (denoted with asterisk) are quite different
from those of the experimental patterns. Contrary to
SC16 and P3; structures, the calculated pattern of
the cinnabar phase is more consistent with the exper-
iments. This indicates that the ZnTe-II phase does
not possess the P3; structure, while it has a cinnabar
structure.
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Fig. 3. Diffraction pattern of ZnTe in the present exper-
iment (a). Calculated patterns of the cinnabar (b), P3;
(c¢) and SC16 (d) structures of ZnTe.

To confirm the results of the experiments, the rela-
tionships between the energy and volume (E-V') are
calculated for five structures, i.e., the ZB, cinnabar,
P31, Cmem, and RS phases, by using the GGA
(Fig.4(a)) and the LDA (Fig.4(b)). The stable phase
for a given volume is the one with the lowest total
energy in terms of the thermodynamic stability. As
shown in Fig.4, the initial stable phase of ZnTe is
the ZB phase. With decreasing the volume, the ZB
phase becomes unstable and a transition from the ZB
to cinnabar phase occurs. The ZnTe-II phase between
the ZB and C'mem phases of ZnTe has been proposed
for some time by Nelmes et al['' "% and Kusaba et
al.,l'"! respectively. However, there is no comprehen-
sive comparison between the cinnabar and P3; phases.
Through our calculations shown in Fig.4, it can be

found that the cinnabar phase has the lowest energy in
the five structures in the volume ranges of 41-45.5 A3
(Fig. 4(a)) and 45-47.5 A3 (Fig.4(b)). This is consis-
tent with the previously experimental and computa-
tional results. With further decreasing volume, the
energy of the C'mem phase drops to the lowest, and it
has a stable structure. Over the whole pressure range,
the RS form does not occur in the transition process of
ZnTe according to our calculations and experiments.
In conclusion, calculated results are consistent with
our experimental crystal structural transformation se-
quence of ZB to cinnabar to Cmem.
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Fig. 4. Calculated total energy versus volume for the ZB,
cinnabar, P31, Cmcm, and RS phases of ZnTe. (a) Using
the GGA and (b) using the LDA.
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Fig. 5. Unit cell volume of the ZB, cinnabar, and Cmcm
phases of ZnTe plotted against pressure.

The pressure-volume (P-V') relationships of the
ZB, cinnabar, and C'mcm phases are shown in Fig. 5.
The changes in volume from the ZB to cinnabar and
cinnabar to Cmecm phases are 8.81% and 7.59%, re-
spectively. These P-V data were fitted into the third-
order Birch—-Murnaghan equation of state to obtain
the bulk modulus By and its pressure derivative B
of each phase of ZnTe. Table 1 summarizes the
equilibrium volumes V, bulk modulus By, and pres-
sure derivatives, under different experimental condi-
tions. The experimental By of the ZB phase (By =
50.6(6) GPa with Vy = 56.91(2) A% and B}, = 3.7(1)) is
consistent with previously reported results!!'?:32-%5 0]
and our calculated results using the GGA (B, =
44.8(7) GPa with Vy = 59.04(8) A% and B} = 4.57(4))
and LDA (By = 56.7(2) GPa with V; = 53.64(1) A3
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and B = 4.57(1)), while are much smaller than
the experimental values obtained by Onodera et al.
(By = 76.4GPa with B)) = 3.0).!] Unfortunately,
due to the very narrow existing pressure range of the

cinnabar phase, only two pressure points, at which the
cinnabar phase is dominated, have been obtained and
cannot be fitted to the equation of state.

Table 1. Equilibrium volume Vo, volume modulus By, its pressure derivative B} and phase transition pressures in different

experiments and calculations.

ZnTe-1

ZnTe-1

ZnTe-II

Vo (A%) B, (GPa) B Vo(A3) Bo(GPa) B, Vo(A®) Bo(GPa) B | cerences
Experiment
56.91(2) 50.6(6)  3.7(1) 46.30(2) 62.9(3) 4.75(1)  Present
50.5 5 [10]
51(3)  3.6(0.8) [35]
76.4 3.0 91.3 0.8 134 2.4 [31]
50.8(7)  5.08 [38]
48.0 47 [39]
18.8 3.7 [40]
Calculation
59.04(8) 44.8(7T) 457(4)  53AT(4) AT.6(4) 4.66(2)  48.8(2) 44.9(9) 4.8(1) Present(GGA)
53.64(1) 56.7(2) 457(1)  48.46(1) 61.8(2) 4.60(1) 44.47(3) 60.2(6) 4.78(5) Present(LDA)
58.39 47.7 4.7 52.96 51.4 4.5 46.75 62.2 4.7 [17]
58.73 4525  4.26 52.66 4970 4.45 ATT4 B8T9 5.09 [18]
55.21 4.60 [21]
41.6 4.87 46.68 4.69 54.07 4.7 [22]
14.35 [43]

The bulk modulus By of the C'mem phase of
ZnTe in our experiment (B, = 62.9(3) GPa with
Vo = 46.30(2) A% and B}, = 4.75(1)) is in agree-
ment with our calculated results by using the LDA
(By = 60.2(6) GPa with Vy = 44.47(3) A® and B} =
4.78(5)) and the results in Ref.[17] (By = 62.2GPa
with Vo = 46.75 A3 and B}, = 4.7). However, the bulk
modulus By of the C'mem phase of our calculated re-
sults by using the GGA and LDA are smaller than
those of the cinnabar phase calculated by using the
GGA (By = 47.6(4) GPa with Vy = 53.47(4) A3 and
B, = 4.66(2)) and the LDA (B, = 61.8(2) GPa with
Vo = 48.46(1) A% and B}, = 4.60(1)), and are differ-
ent from the previously works,'"'%??] where the bulk
modulus By of the C'mem phase are obviously larger
than those of the cinnabar phase. We consider that
the C'mem phase of ZnTe as a metal phase which have
proved by electrical resistance measurements!®?* is
more compressible than the semi-conductive cinnabar
phase.

In summary, based on synchrotron XRD and DFT
calculations, the phase transitions of ZnTe have been
investigated under high pressure. In high-pressure
experiments, a phase transition from the ZB to the
cinnabar phases was observed at 9.6 GPa, followed by
another phase transition from the cinnabar to Cmem
phases at 12.1 GPa, which is consistent with previ-
ously published results. Especially, some candidates
of the ZnTe-II phase, such as the cinnabar and P3;
symmetry and SC16 structures, have been compared
in detail, and we confirm that the ZnTe-II phase has
a cinnabar structure. The diffraction patterns of the
three phases have been refined by using the Rietveld
method in the GSAS program. The relationships of

energy versus volume and enthalpy versus pressure of
the ZB, cinnabar, P3;, RS and Cmcm phases were
investigated by DFT calculations, and the results con-
firmed the results of the experiments.
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