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with a structural phase transition in arsenic telluride

Lidong Dai® *, Yukai Zhuang®™, Heping Li°, Lei Wu®, Haiying HU®, Kaixiang Liu®®, Linfei Yang®™ and

The structural, vibrational and electronic properties of a-As,Te; under different pressure environments were investigated

using a diamond-anvil cell (DAC) in conjunction with AC impedance spectroscopy, Raman spectroscopy, atomic force

microscopy and high-resolution transmission electron microscopy up to ~25 GPa. Under non-hydrostatic conditions, a-

As,Te; endured a structural phase transition at ~6 GPa, and a ~2 GPa delay in the transition point was observed under

hydrostatic conditions. With increasing pressure, amorphization and metallization simultaneously appeared at ~11 GPa, as

characterized by the Raman spectra and temperature-dependent conductivity results. We found that both amorphization

and metallization were irreversible after decompression under non-hydrostatic conditions. However, under hydrostatic

conditions, both amorphization and metallization were reversible. The unique properties displayed by a-As,Te; under

different pressure environments may be attributed to the effects of deviatoric stresses and the interlayer interaction

constrained by the pressure medium.

Introduction

Since its discovery in ice (H,0), pressure-induced amorphization
(PIA) has been widely accepted as an important condensed matter
phenomenon.l'2 The thermodynamic and disorder basis for PIA
greatly differs from the thermally induced rapid quenching.l’3 In
some cases, PIA is a useful means to reveal new amorphous states
for practical industrial applications, which has been observed in
many materials, such as ice,4 SiOZ,5 and anGeO‘;.6 However, the
underlying mechanism of PIA still remains a very controversial issue,
among which “thermodynamic melting” 7 and “negative thermal
expansion” (NTE) may possess possible connections with PIA®
Furthermore, a recent study showed that previously reported PIAs
may be strongly correlated with the pressurization environments.®
As a quasi-layered structural A,Bs;-type compound, a-As,Te; is a
monoclinic phase (space group C2/m) linked by weak van der Waals
(vdW) interlayer forces, possessing an indirect band gap of 0.48 eV
at ambient conditions.”* Due to a relatively narrow band gap semi-
conductor for a-As,Tes, it is possible to exhibit one unusual
electronic behaviour at higher pressures. Pressure has served as a
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powerful tool to induce the metallization of many layered
materials’*** and has given rise to many novel physical phenomena
BB por example, MoS, was recently
shown to undergo a pressure-induced permanent semiconductor-
to-metal transition under non-hydrostatic compression, which may
be attributed to deviatoric stresses and a reduction of the interlayer
interaction.” Therefore, the pressurization environment may be a
key factor for the final layered material after decompression. Thus
far, reversible amorphization has been achieved in some main
group compounds, such as Snl,, LiKSO,, Ca(OH),, clathrasils and
berlinite AIPO,, by annealing,ls'20 in which only the lattice
participates in the intriguing structure transformation. The study of
pressurization environments involved in PIA and permanent
metallization could provide a more comprehensive understanding
of layered structured materials under the function of deviatoric
stresses.

In this work, we reported a structural phase transition, a
crystalline-to-amorphous transformation and metallization, under
both non-hydrostatic and hydrostatic conditions up to ~25 GPa
using a diamond-anvil cell (DAC) in conjunction with impedance
spectroscopy, Raman spectroscopy, atomic force microscopy (AFM)
and high-resolution transmission electron microscopy (HRTEM). The
selected-area electron diffraction patterns by HRTEM analysis are
performed for the recovered crystalline phases after
decompression in order to further disclose whether they are
isostructural with the initial a-As,Te; phase. In addition, the
amorphization and metallization of the arsenic telluride were
irreversible under non-hydrostatic conditions but reversible under
hydrostatic conditions.

under various conditions.

J. Name., 2013, 00,1-3 | 1
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Experimental

A commercially available 99.999% a-As,Te; powder sample was
purchased from Alfa-Aesar. The high-pressure electrical studies
were performed using a DAC with an anvil culet size of 300 um. T-
301 stainless steel was used as the gasket and pre-indented to a
thickness of 40 um, then a 180 um hole was drilled in the centre
with a laser. The mixed powder of boron nitride and epoxy was
then compressed into the hole, and another 100 pm hole was
drilled into the centre as the insulating sample chamber. The
pressure was calibrated with the displacement of the crt
fluorescence peak of a ruby sphere.21 The electrical conductivities
of the sample were measured using a Solartron-1260 impedance
spectroscopy analyser at frequencies of 10-10" Hz. Experimental
methods and the measurement process have been previously
described in detail.”** The deformation of the diamond anvils was
fully considered during the measurements.”*

Raman spectra were acquired using a Renishaw 2000 Micro-
Confocal Raman spectrometer (TCS SP8, Leica) equipped with an
Olympus CCD camera. The spectra were collected in the quasi-
backscattering geometry using an argon ion laser (Spectra Physics;
514.5 nm, power <1 mW) in the range of 300-550 cm™ with a
spectral resolution of 1.0 ecm™. The mixture of methanol and
ethanol at a 4:1 volume ratio was adopted as a pressure medium to
provide hydrostatic conditions, and no pressure medium was used
for non-hydrostatic conditions. The collection time for the Raman
spectra was 600 seconds at each pressure point. To avoid pressure
oscillation, the DAC pressure equilibration time was 1 h at each
pressure point before the spectral acquisition. Raman spectra were
fitted using the PeakFit software. A linear baseline calibration was
applied with a fitting using the Lorenztian curve. All observations
from the AFM and TEM images were obtained via a Multimode 8
mass spectrometer (Bruker) and Tecnai G2 F20 S-TWIN TMP,
respectively.

Results and discussion

To study the high-pressure structural behaviour of a-As,Te;, Raman
spectroscopy was performed under non-hydrostatic and hydrostatic
conditions. The Raman spectra and corresponding experimental
results during compression and decompression are shown in Fig. 1
and Table 1. In the present work, we observed the Raman-active
modes in a-As,Te; at peak positions of 120 em® (AgA) and another
two high-frequency modes between 170 and 200 em? (Ag9 and Agw),
which are consistent with previously reported theoretical
calculation results.”

From Fig. 1b and 1c, the changes of both the Raman shift and
the full-width at half-maximum (FWHM) for the three modes with
increasing pressure had two critical points (~6 and ~11 GPa) under
non-hydrostatic conditions. At ~6 GPa, the Ag9 and Ag10 modes
disappeared, and the trend of the Ag4 mode changed, which may be
owed to a phase transition from the a phase to 8 phase.g‘ %
Generally, a pressure-induced phase transition is accompanied by a
considerable change of the FWHM in certain materials.”” %
Moreover, the Ag4 mode also disappeared at ~11 GPa, indicating the
occurrence of a crystalline-to-amorphous transformation (Fig. 1a).
In fact, similar crystalline-to-amorphous transformations have been

2| J. Name., 2012, 00, 1-3
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discovered in many solid-state materials. With increasing

pressure, the degree of lattice distortion becomes more intense,
and the original crystalline sample may be compressed far beyond
the limit of its thermodynamic stability at some critical pressure
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point. Furthermore, enduring a non-equilibrium and kinetically

hindered process may be possible, which will restrain the formation
of the stable crystalline phase by kinetic effects.’ In other words,
the crystal structure of a-As,Te; became unstable and transformed

Fig. 1 Raman spectroscopic results of a-As,Te; at high pressures. (a)
and (d) Raman spectra at representative pressure points under non-
hydrostatic and hydrostatic conditions, respectively. Inset: the
positive correlation property between the deviatoric stress and
pressure. (b) and (c) The Raman shift and FWHM of the selected
modes with increasing pressure under non-hydrostatic conditions,
respectively. The straight lines serve as visual guides. (e) and (f) The
Raman shift and FWHM of the selected modes with increasing
pressure under hydrostatic conditions, respectively. The straight
lines serve as visual guides. PM: pressure medium.

to an amorphous state above ~11 GPa.

In addition, as described in Fig. 1e and 1f, the Raman shift and
FWHM results clearly show that the pressure-induced change point
of the structural phase transition under hydrostatic conditions at ~8
GPa was delayed by ~2 GPa as compared to that under non-
hydrostatic conditions, which is possibly related to a discrepancy in
the pressure environments. Under non-hydrostatic conditions, a
relatively strong deviatoric stress facilitates interlayer slide,
resulting in the structural phase transition. Interestingly, the
amorphous transformation point also occurred at ~11 GPa under
hydrostatic conditions, which these are usually no longer
hydrostatic above 10 GPa, although comparatively it will still be
more hydrostatic than omission of a pressure transmitting
medium.*? Under hydrostatic conditions, the Raman modes of a-
As,Te; were reversible (Fig. 1d). However, under non-hydrostatic

This journal is © The Royal Society of Chemistry 20xx
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conditions, these modes were reversible upon decompression from
12.5 GPa and irreversible upon decompression from 25.3 GPa (Fig.
1a). This phenomenon may be attributed to the following two
aspects: (1) a sufficient pressure is crucial to break the
thermodynamic stability of the lattice structure, which restrains the
recovery of the stable crystalline phase and results in the formation

of irreversible PIA; (2) deviatoric stress driven under non-

hydrostatic conditions facilitates the transformation of the long-
range order of the lattice to long-range correlated disorder (as
shown in the inset of Fig. 1a, the deviatoric stresses reach ~2 and 8
GPa, while the centre pressures are 12 and 25 GPa, respectively).
The irreversible amorphization has also occurred in another
material under non-hydrostatic conditions due to irreversible lattice
distortion.®

Table 1 Summary of experiments

Phase transition ~ Amorphization

Decompression from ~16 GPa

Decompression from ~25 GPa

No PM ~6 GPa ~11 GPa Reversible Irreversible
With PM ~8 GPa ~11 GPa - Reversible
The representative Nyquist plots from impedance provide a clue that this transformation was irreversible before and

spectroscopy at different pressures are shown under
hydrostatic conditions in Fig. 2 to understand the electrical
properties of a-As,Te;. The semi-circular arc gradually decreased,
and the grain interior resistance disappeared at approximately ~2
GPa. In addition, the impedance spectroscopy in the high-pressure
region (>2 GPa) only displayed in the fourth quadrant (Fig. 2a, inset).
This phenomenon indicates that the electronic crystal structure of
a-As,Te; greatly changed in this interval, demonstrating pressure-
induced electronic polarization.34

non-

) N

oo 200 "xiu & ”,,i . §‘§ - i = §E §

Log 0 (Sem )

&

1600 ) 5 10 15 20
Pressure(GPa)

1400 1500

z(Q)

Fig. 2 (a) Nyquist plots from the impedance spectra of a-As,Te;at
different pressures. (b) Pressure-dependent electrical conductivity
of a-As,Te;.

From Fig. 2b, the electrical conductivity abruptly increased up
to a pressure of ~6 GPa and gradually increased between 6~11 GPa
under non-hydrostatic conditions. We attribute the inflection point
to the phase transition, which coincides with the Raman data. We
also observed a step point at ~11 GPa. When the pressure is higher
than ~11 GPa, the conductivity was stable. The pressure derivative
of the electrical conductivity changes displayed a changed value at
this point, confirming that the sample may be metallized. Therefore,
we believe that the subtle variation of the crystal structure is
consistent with the transformed dielectric properties. As displayed
in Fig. 2b, the conductivity variation with increasing pressure can be
separated into three distinct regions: (i) a completely
semiconductor (SC) area up to ~6 GPa, (ii) an intermediate state (IS)
of a semiconductor and metal between ~6 and ~11 GPa, and (iii) a
metal zone above ~11 GPa, which is similar to previous results.®®
The presence of the intermediate region may be due to phonon
softening.36 The pressure-induced interaction between electrons
and phonons, which causes electron transfer between layers and
deforms the structure, can destroy the symmetry of the crystal. In
fact, some semiconductor materials also exhibit an IS in the process
of metallization™ or under pressure37 because of phonon softening.
Interestingly, the conductivity of a-As,Te; after decompression
remained higher than 1 S em? (Fig. 2b). These conductivity results

This journal is © The Royal Society of Chemistry 20xx

after compression, which is also consistent with our previously
reported results on molybdenum disulfide with a similar layered
structure.” Furthermore, the temperature-dependent conductivity
measurements were also performed in a DAC to mutually verify
these results.

As shown in Fig. 3a, under pressure of 0-11 GPa, the
conductivity of a-As,Te; increases with an increasing temperature
under non-hydrostatic conditions, which is a typical
characterization of a semiconductor. In contrast, after the phase
transition, the conductivity decreases with an increasing
temperature above 11 GPa, displaying typical behaviour of a metal
(Fig. 3b). Furthermore, we found that the metallicity retains after
decompression (Fig. 3d). However, after metallization (Fig. 3c) and
decompression under hydrostatic conditions, the conductivity of
the sample increases with an increasing temperature, proving that
the metallization is reversible under hydrostatic conditions (Fig. 3e).
Therefore, metallization in a-As,Te; was observed at a high
pressure, which was clearly reversible and irreversible under
hydrostatic and non-hydrostatic conditions, respectively.

} 17
e o)

o  10.5GPa 15
NoPM

aSem )
a
2
a(Sem™ ")

L 201 GPa
With PM

[ 0.8GPa
W' NopPm

With l’\lj
J

10° 0.3 .
100 150 200 250 300 150 200 250 300 150 200 250 300
T(K) I(K) I(K)

Meanwhile, this metallization is consistent with the
amorphization of the sample at this pressure point. In fact, previous
studies have shown that amorphous states exhibit better
conductivities than crystalline phases.ag'39 Due to the open
structure of glasses, the conductivity of the amorphous state is
generally higher than that of the crystal phase. The electron and ion
mobilities will be enhanced when the long-range order of the lattice

Fig. 3 The temperature-dependent measurements of a-As,Tes. (a)
a-As,Te; in the semiconducting state under non-hydrostatic
conditions. (b) The metallic state of a-As,Te; under non-hydrostatic
conditions. (c) The metallization of a-As,Te; under hydrostatic
conditions. (d) The metallic state of a-As,Te; after decompression
under non-hydrostatic conditions. (e) The semiconducting state of
a-As,Te; after decompression under hydrostatic conditions.

changes to long-range correlated disorder, as the transformation

J. Name., 2013, 00, 1-3 | 3
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will introduce local impurity energy levels into the forbidden band.
Thus, the electrical conductivity of the sample will increase after
amorphization. On the other hand, as indicated by Zhuang et al,,
the variation of the pressure environment plays a crucial effect on
the electrical properties of metallic sulphides with layered
structures.” In the present study, a hydrostatic methanol and
ethanol mixture was used as a pressure medium to alleviate the
interlayer interactions due to the entry of this medium into the
interlayer space at high pressure. In addition, the layer distance will
recover with the pressure medium molecules escape after
decompression.40 In contrast, a stronger interaction will be

NoPM

Fig. 4 (a), (b) AFM images of the pressure-induced morphologies of
decompressed a-As,Te; from 24.8 GPa under non-hydrostatic
conditions and 24.5 GPa under hydrostatic conditions, respectively.
(c), (d) HRTEM images of decompressed a-As,Te; from 25.1 GPa
under non-hydrostatic conditions and 24.9 GPa under hydrostatic
conditions, respectively. Inset: HRTEM image of the initial sample.
Scale bar, 10 nm.

generated in the interlayer of a-As,Te; without the protection of
pressure medium molecules under non-hydrostatic conditions,
which may result in an irreversible reduction of the interlayer

L4142
spacing.

To reveal the morphology and structural change of a-As,Te;
after amorphization and metallization, AFM and HRTEM were
applied to the recovered samples (Fig. 4). From Fig. 4a, the surface-
layered morphology of a-As,Te; was destroyed after
decompression from 24.8 GPa under non-hydrostatic conditions.
However, as for hydrostatic conditions from 24.5 GPa, the surface-
layered morphology of the sample was well preserved and could be
clearly discriminated after decompression (Fig. 4b). According to
the AFM images of hydrostatic conditions, we can roughly estimate,
via the height and the number of layers, an interlayer spacing of
~0.41 nm. In addition, the HRTEM analysis indicated that the
original interlayer spacing of a-As,Te;was ~0.61 nm (Fig. 4c, inset).
After decompression from 25.1 GPa, most of the sample
transformed to an amorphous state with an ~0.17 nm interlayer
spacing in the residual layered structure under non-hydrostatic
conditions (Fig. 4c). However, the layered structure of a-As,Te; was
perfectly preserved upon decompression from 24.9 GPa under
hydrostatic conditions (Fig. 4d). At the same time, to disclose the

4| J. Name., 2012, 00, 1-3
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existence of phase state for the recovered sample, a series of
representative cross-sectional selected-area electron diffraction
patterns by HRTEM were also conducted for starting material and
its corresponding high-pressure phases (Fig. 5). As displayed by Fig.
5a and 5b, the irreversible amorphous phase of As,Te; after

Fig. 5 Representative cross-sectional selected-area electron
diffraction patterns by HRTEM for starting As,Te; and its
corresponding high-pressure phases. (a) Starting material. (b) The
irreversible amorphous phase of As,Te; after decompression from
24.8 GPa under non-hydrostatic pressure. (c) The reversible
recovered crystalline phase after decompression from 12.5 GPa
under non-hydrostatic pressure (d) The reversible recovered
crystalline phase after decompression from 24.5 GPa under
hydrostatic pressure.

decompression from 24.8 GPa was confirmed again under non-
hydrostatic pressure. However, for two recovered crystalline phases
after decompression from 12.5 GPa under non-hydrostatic pressure
and from 24.5 GPa under hydrostatic pressure, both of them are
reversible (Fig. 5¢c and 5d).

In addition, the interlayer spacing by HRTEM was ~0.42 nm,
which is in good agreement with the AFM results. These results
clearly  demonstrate  that the crystalline-to-amorphous
transformation and the reduced interlayer spacing were irreversible
under non-hydrostatic conditions. Furthermore, the metallization of
a-As,Te; was induced by the overlap of the conduction band and
valence band, which resulted from the decreased interlayer
spacing.‘B'44 Therefore, the AFM and HRTEM images provide good
evidence that these irreversible phenomena were owing to the
effect of the pressure medium. The molecular diameters of
methanol and ethanol in the pressure medium are ~0.27 nm and
~0.34 nm, respectively.45 Therefore, the pressure medium can enter
the interlayer space to weaken the interlayer interactions, protect
the layered structure of a-As,Te; and allow the changed interlayer
spacing to be reversible under hydrostatic conditions. However, we

This journal is © The Royal Society of Chemistry 20xx



http://dx.doi.org/10.1039/c7tc03309e

Page 5 of 7

Published on 07 November 2017. Downloaded by University of Michigan Library on 07/11/2017 13:31:50.

Journal-of-Materials-Chemistry C

also confirmed that a-As,Te; endured an irreversible PIA and
metallization under non-hydrostatic conditions.

Conclusions

We systematically investigated the structural, vibrational and
electronic properties of a-As,Te; at high pressure and room
temperature using a series of experiments, including impedance
spectroscopy, temperature-dependent conductivity measurements,
high-pressure Raman spectroscopy, AFM and HRTEM. In this study,
a-As,Te; transformed into the B6-As,Te; structural phase at
approximately 6 GPa under non-hydrostatic conditions. In addition,
a crystalline-to-amorphous  transformation  occurred at
approximately 11 GPa, accompanied by a transition from a
semiconductor to a metal. Interestingly, the amorphization and
metallization of a-As,Te; were irreversible under non-hydrostatic
conditions. However, under hydrostatic conditions, the structural
phase transition of a-As,Te; was delayed by approximately 2 GPa,
and the amorphization and metallization were reversible. In this
regard, we emphasize that the pressure medium serves as the
critical factor to reduce the deviatoric stresses and mitigate the
interlayer interactions. These high-pressure behaviours displayed
for a-As,Te; will help us understand universal crystal structure
evolution and electrical property patterns for these A,Bs-type
compounds, which may have potential applications in opto-
electronics devices.
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