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Understanding phase evolutions and the underlying mechanism under external stimuli is of fundamental
importance for novel material discovery. Herein, combining angular dispersive X-ray diffraction and first-
principles pathway sampling, we found that the ZnTe alloy undergoes a quasi-reconstructive transition
to a metastable rocksalt phase under deviatoric stress. The rocksalt ZnTe has reconstructed chemical
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bonds and dendrite crystal morphology. It also suffers more severe thermodynamic hysteresis compared
with the same experiments under hydrostatic pressure. However, the phase transition towards the rock-salt
phase is still described by relatively small atomic displacements and is slightly first order; thus, it is neither
fully displacive nor fully reconstructive. The quasi-reconstructive transition in ZnTe narrows its electronic
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Introduction

Phase transition alters the chemical, mechanical and electronic
properties of materials. In chemistry and crystallography, first-
order phase transitions are typically categorized into displacive
transformation, which keeps the integrity of original chemical
bonds, and reconstructive transformation, which is signified by the
chemical bond destruction of initial structures."™ Reconstructive
phase transformations constitute the most widespread type of first
order phase transitions in nature, and they usually come with
significant displacements of the atoms, large latent heat, sluggish
transition hysteresis and evolution of crystal morphology.’> Despite
being well-defined for most cases with proper thermodynamic
controls e.g. external stress, two types of phase transitions can
sometimes occur on the same material system.®” Intriguingly, it
is possible to undergo a phase transition that owns the features
of both types, thus uncovering a previously undefined “grey zone”
transition between the displacive and reconstructive transition.
Herein, we name this as the quasi-reconstructive transition.

In this study, we introduced zinc telluride (ZnTe) as an
example of the quasi-reconstructive transition that is neither
fully displacive nor reconstructive. ZnTe is a wide band gap
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bandgap and may provide insights into the semiconductor—metal transition in 11-VI alloys in general.

semiconductor which belongs to group II-VI semiconductors.®
It adopts the tetrahedral-coordinated (ZnTe,) zinc blende structure
(ZnTe-1, F43m, no. 216) at ambient conditions.” Upon compression,
it reconstructs into the cinnabar phase (ZnTe-II, P3,21, no. 152),'
and then directly proceeds to the Cmcm phase (ZnTe-III, Cmcm, no.
63)."" The structures of both ZnTe-II and ZnTe-Ill are regarded as
distorted NaCl structures and the transformation from ZnTe-II to
ZnTe-III could be classified as a first order transformation.'* The
change of bond angle and symmetry from ZnTe-II to ZnTe-III is
small. Therefore, the ZnTe-II to ZnTe-III transition is regarded as a
conventional displacive transformation. Under quasi-hydrostatic
pressure, the five-coordinated ZnTe-IIl phase is stable up to
76 GPa."' The phase transition sequence of ZnTe is different from
that of other zinc chalcogenides or tellurides, all of which transit
via a six-coordinated rocksalt phase before proceeding to the Crmcm-
type phase at high pressures.”*™"” For ZnTe, the rocksalt-type was
absent in previous high-pressure experiments.'®"" However, first-
principles simulations predicted that rocksalt-ZnTe is metastable in
the same pressure range with ZnTe-IIL"” All the evidences indicate
that the forbidden rocksalt-ZnTe phase may occur as a metastable
phase under particular external stimuli.

In the following section, we show the results of compressed
ZnTe using X-ray diffraction, Raman spectroscopy and first-
principles simulations. By using non-hydrostatic pressure, we
found that the alloy fell into a transition pathway towards the
metastable rocksalt-phase, instead of its established transition
sequence. We characterized the transition pathway on the free
energy landscape and revealed the nature of its phase transitions.
The non-hydrostatic environment created by deviatoric stress may
enforce the transition into the quasi-reconstructive type, as we
defined previously.
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Experimental

High purity ZnTe sample is commercially available through
Alfa-Aesar (99.99% purity, CAS # 1315-11-3). In a symmetric
diamond-anvil cell (DAC) with a pair of 300 um anvil culets, we
compressed a small piece of ZnTe up to 29 GPa to investigate its
structural transition sequence. Without pressure media, non-
hydrostatic conditions were used for the first set of experiments
by maximizing the deviatoric stress along the compression
direction. Results were compared with the same DAC setup,
but a mixture of 4:1 methanol ethanol (ME) was used for
pseudo-hydrostatic conditions. We collected X-ray diffraction
patterns (XRD) at 13BM-C of GeoSoilEnviroCARS (GSECARS),
Argonne National Laboratory (APS) to probe the structural
properties.

Results and discussion

Under deviatoric stress, the phase transition from ZnTe-I to
ZnTe-1I occurred between the pressure range of 10.6-14.7 GPa
and proceeded to the ZnTe-III phase above 14.7 GPa (Fig. 1a).
The phase transition pressures were generally in the range of
2-4 GPa prior to those under quasi-hydrostatic conditions."®"°
The shifting of the transition pressure was previously recog-
nized as a routine effect of deviatoric stress.”® However, the
volumes of ZnTe-III in our experiments under non-hydrostatic
conditions were surprisingly 4.7-6.5% greater than those under
quasi-hydrostatic conditions (Fig. 2a). Such great volume changes
are beyond the uncertainty of pressures (Fig. S1, ESIt).

We extracted the lattice parameters from the two sets of
experiments. Compared to the lattice parameters under hydro-
static pressure, the lattice distortion induced by deviatoric stress
exhibits a significant mechanical anisotropy. As shown in Fig. 2b,
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Fig. 1 Selected X-ray diffraction patterns of ZnTe under (a) non-hydrostatic
(4 = 04340 A and extrapolated to 0.6199 A for clarity) and (b) quasi-
hydrostatic conditions (1 = 0.6199 A). Patterns of non-hydrostatic experiments
include diffraction from the stainless steel gasket. The lowermost patterns in
both panels were taken at ambient conditions (1 atmosphere, 293 K) outside
DAC. Abbreviations: PM, pressure medium; D, decompression.
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Fig. 2 (a) The volume change of ZnTe with pressure. (b) The evolution of

ZnTe-lll lattice parameters under non-hydrostatic (circle) and quasi-hydrostatic
conditions (square), respectively. Rietveld refinement analyses of ZnTe collected
at (c) 22.8 GPa under non-hydrostatic conditions (R; = 0.042 and R, =
0.089, 1 = 0.4340 A) and (d) 28.6 GPa under quasi-hydrostatic conditions
(R; = 0.055and R, = 0.072, 4 = 0.6199 A). Abbreviations: RS, rocksalt phase.

we have refined their lattice parameters and found that the
volume differences were largely contributed by the stiffening
of a and b axes, particularly along b. The distorted lattice may
promote the displacement of atoms. The distortion may form new
bonds and change atomic coordination. Due to these potential
effects of lattice distortion, we were motivated to carefully track the
structural changes by refining the atomic positions.

We resolved the powder diffraction patterns and extracted
the atomic positions of ZnTe-III by the General Structure
Analysis System (GSAS) (Fig. 2c and d).*' The patterns under
hydrostatic conditions were readily refined as the pure ZnTe-I1I
phase, while those under the non-hydrostatic pressure pre-
ferred the coexistence of ZnTe-III and rocksalt-ZnTe. The rock-
salt phase is commonly known in II-VI semiconductors.
However, in our experiments, by mixing ~14.8% of rocksalt-
ZnTe, the refinement factor significantly improved. The refined
atomic positions are summarized in Table S1 (ESI{), where the
Zn and Te atoms apparently moved towards the b axis under
non-hydrostatic conditions. As a result, the b axis is elongated
by 3.7% (at 22.8 GPa). In rocksalt-ZnTe, the sets of (111), (200),
(311), (222) and (400) diffractions appeared with similar d-spacings
as in ZnTe-III, indicating that these specific lattice planes of both
phases are highly related. Such a structural feature was absent in
the hydrostatically compressed ZnTe (Fig. 2d).

The phase transition pathway, particularly the atomistic
relations among ZnTe polymorphs were also characterized by
first-principles simulations (details in ESIT). Stochastic surface
walking algorithm was employed to search the nearest minima
structures of ZnTe and the energetically favourable transition
pathways.?*** This method was successfully used to reveal the
atomistic transition mechanisms of binary compounds like
TiO, and Fe0,.**** At 15 GPa, rocksalt-ZnTe appeared to be
metastable, and it featured a six-fold Zn-Te coordination. We
then calculated the energy barriers through the solid-state

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Phase transition kinetics in ZnTe at 10 GPa. (a) Calculated energy
barrier from ZnTe-Ito Il, ZnTe-ll to Il and ZnTe-Il to rocksalt ZnTe. Hollow
sphere represents the evolution of coordination numbers on the transition
pathway. (b) Charge density map showing the reconstruction of atomic
bonding in ZnTe-Ill and rocksalt ZnTe. Anisotropic compression along the
b axis of ZnTe-IIl and the subsequent relaxation along a and c axes leads to
the formation of 6-coordinated rocksalt ZnTe.

nudged elastic band method from 5-15 GPa (Table S2, ESI).>®
As shown in Fig. 3, although the enthalpy of rocksalt-ZnTe at
10 GPa is 0.018 eV f.u.”' higher than that of ZnTe-III, the
height of its kinetic barrier is slightly lower (24 compared to
32 meV f.u.”"). This indicates that under controlled conditions,
for instance, on applying deviatoric stress along the kinetically
favoured direction, rocksalt-ZnTe is likely to occur as a transition
intermediate.

The transition pathway from rocksalt-ZnTe to ZnTe-III is
shown in Fig. S2 (ESIt), which is almost barrierless. Although
rocksalt-ZnTe and ZnTe-III have different coordination numbers,
the transition is achieved by the homogenous movements of Zn
atoms along the b axis, thus signifying a first-order martensitic-
type phase transition (Fig. 3b). Judging from the atomic displace-
ment, the transformation to rocksalt-ZnTe is similar to the
transition from ZnTe-II to ZnTe-III and therefore, is displacive-
like. The applied deviatoric stress enforces the elongation of the
b axis and steers the transition into the metastable rocksalt-ZnTe.
Unlike ZnTe-III, the atomic environment in rocksalt ZnTe is well
defined as six-coordinated (Fig. 3b). Based on the observation,
the pressure medium might play an important role in the
structural transitions. We therefore follow this track to conduct
decompression and Raman spectroscopy experiments to study
the bonding changes.

Upon releasing the pressure to ambient conditions, the
sample in the hydrostatic environment completely reverted to
ZnTe-1.>” In stark contrast, the phase transitions under non-
hydrostatic conditions were only partially reversible. Signature
diffraction peaks of the high-pressure polymorph, including
(002), (220) and (022) peaks of ZnTe-III, were still visible after
the pressure was totally removed (Fig. 1, spectra at the top).
Although the three diffraction peaks could not indicate the
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reconstruction of the preserved ZnTe-III structure, they clearly
indicated large structural hysteresis. The orthorhombic ZnTe-III
lattice cell is unlikely to sustain on decreasing the pressure to the
ambient pressure. However, the decompressed structure may
have retained a portion of the chemical bonding of ZnTe-III.

Raman spectroscopy is more sensitive to atomic bonding
and coordination.”® Upon illuminating a 532 nm green laser,
the Raman peaks of the ZnTe-1II phase were retained when the
pressure was decreased to 11.2 GPa (Fig. 4a). When the pressure
was further released to 4.3 GPa, the characteristic peaks of the
ZnTe-11I phase (labelled as the 1, 3, 4 peaks in Fig. 4a) were still
clearly visible, accompanied by a weak peak at around 225 cm ™
(asterisk in Fig. 4a). At ambient pressure, Raman peaks were
greatly broadened but could be generally ascribed to the coexistence
of ZnTe-I and ZnTe-II. The remaining ZnTe-III peaks suggest that
the sample managed to retain a portion of its bonding signatures
from the high-pressure ZnTe-III under non-hydrostatic conditions.
As a result, we observed that the metallic state of ZnTe-II was
sustained down to 2.5 GPa (Fig. S3, ESIT). Such irreversibility was
not observed in the hydrostatic experiments (Fig. 4b).

Raman spectroscopy measurements were repeated using silicone
oil and 16:3:1 methanol-ethanol-water (MEW) as the pressure
medium (Fig. S4, ESIt). Various pressure media were used to study
the phase transition under different degrees of hydrostaticity.
Depending on the solidification pressure*® (Fig. S1, ESIT), their
hydrostaticity descended from MEW to ME and then to silicone oil.
By tracing the signature of Raman peaks, the shifts in the critical
transition pressure were within 1 GPa and the reversibility of the
phase transition was similar to that in ME. Therefore, the choice of
the liquid pressure medium may impose minor effects on the phase
transition pressure and irreversibility of ZnTe.

Structure reconstruction also influences the sample surface
morphology,®® which can be examined by a Scanning Electric
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Fig. 4 Raman spectra of ZnTe under (a) non-hydrostatic and (b) quasi-
hydrostatic conditions. The typical exposure time was 500 seconds for each
spectrum. Intensities were properly scaled for clarity. The peak positions were
read by fitting the spectra with a Lorentzian curve after removing a linear
baseline. Characteristic modes of ZnTe-Il and ZnTe-lll are labelled in the order
of increasing frequency.
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Fig. 5 (a) The SEM image of the initial sample. (b) ZnTe recovered from
25.9 GPa at non-hydrostatic conditions. (c) ZnTe recovered from 25.5 GPa
at quasi-hydrostatic conditions.

Microscope (SEM). As shown in Fig. 5a, the morphology of the
initial sample powder was identified as globular shaped with
the average grain size of 200 nanometers (nm). Upon deviatoric
stress, the decompressed sample turned into a dendritic nano-
structure (Fig. 5b). The change from globular to dendritic micro-
structure indicates that the sample experienced a recrystallization
process similar to the solidification of an eutectic alloy,*' which is
often regarded as a temperature effect. Herein, applying an
external pressure also reconstructed the crystal structure. On
the other hand, under hydrostatic pressure, the sample fully
recovered to the original ZnTe-I phase and retained the micro-
scopic globular grain shape (Fig. 5¢). The phase transition was
fully reversible, and its morphology was also intact under hydro-
static compression.

Conclusions

In summary, we observed that ZnTe experienced anomalous
compression behaviors under deviatoric stress and ZnTe evolved
into a six-coordinated rocksalt structure at high pressure. Deviatoric
stress pushed ZnTe to enter an alternative phase transition pathway
with a lower kinetic barrier. As a result, properties belonging to the
high-pressure phase became quenchable following the non-
hydrostatic transition pathway. It also reconstructed the structure
such that the sample was recrystallized in the compression-
decompression cycle. While the small atomic displacement and
the minor volume collapse are the signatures of displacive
transition, the five- to six-coordination transformation, large
decompression hysteresis and the recrystallized surface are
ascribed to the reconstructive transition. Overall, we observed
a quasi-reconstructive transformation in ZnTe under the non-
hydrostatic condition. Deviatoric stress may open up opportunities
to explore a modified free-energy landscape and shed new light on
the transition kinetics of a wider range of materials.
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