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Abstract—High-precision studies of the volume and the electrical resistivity of g-As,Te; glasses at a high
hydrostatic pressure up to 8.5 GPa at room temperature are performed. The glasses exhibit elastic behavior in
compression only at a pressure up to 1 GPa, and a diffuse structural transformation and inelastic density
relaxation (logarithmic in time) begin at higher pressures. When the pressure increases further, the relaxation
rate passes through a sharp maximum at 2.5 GPa, which is accompanied by softening the relaxing bulk mod-
ulus, and then decreases, being noticeable up to the maximum pressure. When pressure is relieved, an unusual
inflection point is observed in the baric dependence of the bulk modulus near 4 GPa. The polyamorphic
transformation is only partly reversible and the residual densification after pressure release is 2%. In compres-
sion, the electrical resistivity of the g-As,Te; glasses decreases exponentially with increasing pressure
(at a pressure up to 2 GPa); then, it decreases faster by almost three orders of magnitude in the pressure range
2—3.5 GPa. At a pressure of 5 GPa, the electrical resistivity reaches 10~ Q cm, which is characteristic of a
metallic state; this resistivity continues to decrease with increasing pressure and reaches 1.7 x 10~* Q cm at
8.1 GPa. The reverse metal—semiconductor transition occurs at a pressure of 3 GPa when pressure is relieved.
When the pressure is decreased to atmospheric pressure, the electrical resistivity of the glasses is below the
initial pressure by two—three orders of magnitude. Under normal conditions, both the volume and the
electrical resistivity relax to quasi-equilibrium values in several months. Comparative structural and
Raman spectroscopy investigations demonstrate that the glasses subjected to high pressure have the max-
imum chemical order. The glasses with a higher order have a lower electrical resistivity. The polyamor-
phism in the As,Te; glasses is caused by both structural changes and chemical ordering. The g-As,Te; com-
pound is the first example of glasses, where the reversible metallization under pressure has been studied

under hydrostatic conditions.

DOI: 10.1134/S1063776117080155

1. INTRODUCTION

Tellurium-based chalcogenide glasses are import-
ant technological materials and are widely used for
memory elements and in infrared photonics [1].
Binary As—Te glasses serve as model objects. How-
ever, the structures of the short- and intermediate-
range orders even in these binary glasses are still
incompletely clear, which hinders an analysis of their
characteristics using a structure—property correlation
[2—15]. The g-As,Te; glasses are intermediate com-
pounds between conventional easily vitrifying chalco-
genide glasses and metallic glasses, which require
ultrafast cooling for their formation. Similarly to the
Te melt, the As,Te; melt is a metal at a small overheat-
ing above the melting temperature [16, 17], and its
crystallization upon cooling can only be avoided at a
cooling rate higher than 100 K/s. It was considered in

early works that the structure of g-As,Te; is analogous
to the structure of the classic ideal random network,
which is similar to the As,S; glass network based on
corner-sharing trigonal AsX;, pyramids [2]. However,
it was found later [3—12] that the short-range order of
the g-As,Te; glass differs strongly from that of the cor-
responding crystalline phase and is characterized by a
very strong chemical disorder (30—60%), in contrast
to the “classic” g-As,S;, where the chemical disorder
does not exceed 3—5% (i.e., it is lower by an order of
magnitude). The chemical disorder is determined as
the ratio of the number of homopolar As—As bonds to
the total number of bonds. Moreover, the structure
and properties of g-As,Te; glasses depend strongly on
the melt temperature and the quenching rate, which
also hinders their investigation [8, 15]. Unfortunately,
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an adequate model of the structures of the short- and
intermediate-range orders in the g-As,Te; glass is still
absent.

The g-As,Te, glasses have a small optical semicon-
ductor gap (about 0.8 eV) and a low activation energy
(about 0.4 eV) in transport measurements, which
makes this system attractive for studying glass metalli-
zation during compression (in particular, glasses are
not shunted by the pressure-transmitting medium in
measurements). Among the stoichiometric chalco-
genide glasses, only the g-As,Te; glasses undergo met-
allization at a pressure lower than 10 GPa, which
makes it possible to study bulk samples under purely
hydrostatic conditions [18]. Nevertheless, g-As,Te;
was studied under pressure in a few works. The depo-
sition of thin amorphous a-As,Te, films, the proper-
ties of which can differ substantially from those of the
bulk glass, has been mainly investigated. The metalli-
zation of a-As,Te; films was detected at a pressure of
10 GPa: the metallization in [19] was accompanied by
crystallization, and the metallization in occurs with a
retained amorphous state [20]. The metallic phase of
amorphous a-As,Te; films exhibited superconductiv-
ity, which was studied in a number of works (see, e.g.,
[21]). The electrical resistivity of bulk g-As,Te; glasses
was investigated at a pressure up to 6.5 GPa only in
[22]. All investigations of the electrical resistivity of
a-As,Te; and g-As,Te; at a pressure higher than 1 GPa
were carried out under nonhydrostatic conditions [19,
20, 22]. The electrical resistivity of g-As,Te; glasses
under hydrostatic conditions was only studied in [23]
but to a pressure of 0.9 GPa. It is interesting that
g-As,Te, is a rare example of the glasses the glass tran-
sition temperature and the crystallization temperature
of which decrease rapidly (2—3 K/kbar) with increas-
ing pressure [24].

The structure and other properties of the g-As,Te;
glasses, including their compressibility (which is a
fundamental characteristic), have not been studied
earlier due to many factors, including the difficulty of
fabrication of unstrained pore-free glass samples.
Since the structure of the g-As,Te; glasses differs
strongly from a simple ideal network of the g-As,S;
type, nontrivial behavior of compressibility and other
characteristics during compression can be expected.

The purpose of this work is to study the compress-
ibility, the relaxation processes, and the electrical
resistivity of g-As,Te; glasses at a high accuracy, a
pressure up to 8.5 GPa, and room temperature under
ideal hydrostatic conditions and to estimate the struc-
ture and the dynamics of the glasses under normal
conditions.

2. EXPERIMENTAL

The initial glasses were prepared from elementary
As (99.9999%) and Te (99.997%) (Aldirch Chemical
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Ltd.). The substances were placed in preliminarily
cleaned quartz tubes with an inside diameter of 8 mm,
which were pumped out and hermetically sealed. The
melts were held and stirred at 600°C for 6 h and were
then water quenched. The initial ingots had pores sev-
eral tens of microns in size; they made it impossible to
measure the compressibility if additional measures
were not taken, since microcracks appeared in samples
at a pressure of 0.7—1.2 GPa. Therefore, the glass sam-
ples had to be subjected to additional treatment to heal
pores and to remove a heterogeneous chemical order.

A strong dependence of the structure and the
chemical order on the annealing temperature in glassy
arsenic telluride was demonstrated in [8, 15]. The stoi-
chiometric As,Te, glass is characterized by a high sus-
ceptibility to crystallization. It was found that the soft-
ening and crystallization of the glass occurred in a very
narrow temperature range: noticeable softening (glass
could be formed by hot pressing) began at 130—135°C,
and intense crystallization upon heating at a rate of
1 K/min began at 145°C with a heat release peak at
165.5°C. We experimentally found the following ther-
mobaric treatment conditions to fabricate pore-free
samples with crystalline phase impurities. Initial glass
samples in an ampule with a quasi-hydrostatic
medium were placed in a mold preliminarily heated to
141.9°C, the pressure was then rapidly increased to
0.2 GPa, the mold was cooled with water, and the
pressure was relieved. The samples were heated to
135—136°C under pressure, and the total time of hold-
ing the samples at above 130°C was about 3 min. To
illustrate the required accuracy of parameters, we note
that about 0.5% crystalline phase formed in a sample
at 138°C.

Comparative structural and Raman studies were
performed for the following three groups of glasses
under normal conditions: the quenched glasses are the
initial glasses after melt quenching, the hot-pressed
glasses are the samples after thermobaric treatment at
136°C and 0.2 GPa, and the glasses after high pressure
are the samples subjected to experiments at a maxi-
mum pressure of 8.2—8.4 GPa.

Neutron diffraction experiments were carried out
on the SANDALS diffractometer of the ISIS Pulsed
Neutron Source at the Rutherford—Appleton Labora-
tory (United Kingdom) [25]. The low-energy neutron
resonances at Te limited the available region of scat-
tering vectors Q = 4msin(6/A), where 20 is the scatter-
ing angle for neutron wavelength A, to 25 A~!. Diffrac-
tion data were corrected for the scattering of the dif-
fractometer with a container, self-absorption, multiple
scattering, and inelastic scattering [26]. As a result,
total neutron structure factor Sy(Q) was obtained.

Experiments on high-energy X-ray diffraction were
performed on the 6-1D-D station of the Advanced
Photon Source (Argonne National Laboratory,
United States) [27]. The X-ray photon energy was
100.329 keV, which ensured the available region of
Vol. 125
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scattering vectors Q up to 30 A~!. A two-dimensional
PerkinElmer model 1621 detector was used to record
X-ray diffraction patterns of samples. X-ray diffrac-
tion (XRD) data were analyzed with the Fit2D soft-
ware package [28]. To obtain full X-ray structure fac-
tor SY(Q), we used standard procedures, which
included the subtraction of the background spectrum
of the detector and corrections for the detector geom-
etry, different efficiencies of the detector elements,
self-absorption, and Compton scattering [29, 30].

Raman spectra were measured on a LabRam HR
(Horiba Jobin Yvon) Raman microscope—spectrome-
ter using coherent radiation at a wavelength of 785 nm.
Since the glassy compound As, Te;, is easily melted and
crystallized under a laser beam [8], the solid-state laser
diode power was limited to 200—300 uW. A chosen
region on the sample surface was controlled before
and after Raman measurements and no changes were
observed. The measurements were performed at
three—four sites to achieve reliable results.

The fabricated pore-free glass samples had a den-
sity of 5.55 g/cm3. All glass samples, namely, the
quenched glasses, the hot-pressed glasses, and the
glasses after high-pressure experiments had the typical
structure of glass and did not contain crystalline phase
impurities (Fig. 1). The samples for measurements
under pressure were parallelepipeds with faceted
edges. Samples 3 x 2 x 1.5 mm? in size were used for
compressibility measurements, and samples 2.5 X 1 X
0.7 mm? in size were used for electrical resistivity mea-
surements.

High-pressure experiments were carried out a
Toroid-type apparatus with a central pip diameter of
15 mm [31]. The volume of a glass sample under
hydrostatic pressure conditions was measured using
the tensometric technique from [32]. The absolute
accuracy of measuring the volume by this technique is
0.2% and its sensitivity is 1073%. The important
advantage of this technique is a very short measure-
ment time (0.2 s). As a result, comprehensive informa-
tion on the behavior of sample volume under pressure
can be obtained. Moreover, this technique can be used
to study the kinetics of the pressure-induced change in
the sample volume in a wide time range of 10—107 s.
Another important advantage of the technique is the
fact that the baric dependences of the sample volume
can be obtained when pressure increases and decreases
under purely hydrostatic conditions. This technique
was successfully applied earlier to study both oxide and
chalcogenide glasses (see, e.g., [33, 34]).

As the pressure-transmitting medium, we used a
methanol—ethanol (4 : 1) mixture with a hydrostatic
limit of about 10 GPa. The pressure was measured by
a manganin transducer calibrated against the transi-
tions in bismuth (2.54 and 7.7 GPa). The reproduc-
ibility of the pressure scale in all experiments (possi-
bility of comparing the results of different experiments
at the same pressure) was 3 MPa.
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Fig. 1. (Color online) (a) X-ray (Sy(Q)) and neutron
(SM(0)) structure factors at low scattering vectors Q < 5 Al
and (b) reduced structure factors Q[S{(Q) — 1], where i =
NorX,at Q<25 A for glassy As,Tes. The neutron struc-

ture factor is given for the quenched glass, and the X-ray
structure factor is given for the glass subjected to a high

hydrostatic pressure of 8.3 GPa.

‘When the glass densification kinetics was studied at
a fixed pressure, it was maintained at a certain level
accurate to =2 MPa.

The electrical resistances of glasses were measured
by the four-probe method. Contacts were soldered
using an experimental low-melting-point solder,
namely, the three-component In—Bi—Sn eutectic
(3:1 : 1 in atomic fractions). As was found later,
Field’s alloy has a close composition. The soldering
iron tip was made of a eutectic Ag—Cu alloy (72 at %
Ag). Soldering was carried out at a temperature of
about 70°C. Moreover, a saturated (at room tempera-
ture) solution of indium in gallium was used as a solder
to measure the electrical resistances of relaxed samples
after pressure release. Soldering was performed at
room temperature and measurements were conducted
using liquid contacts. The electrical resistivity was
obtained by dividing the electrical resistance by the
initial sample sizes. The possible error of calculating
the electrical resistivity was controlled by the inaccu-
racy of determining the geometric factor of the sample
and was estimated at £10%.

3. RESULTS

The sample volume was measured when the pres-
sure was continuously increased at a rate of 0.07—
0.12 GPa/min or continuously decreased at a rate of
0.03—0.05 GPa/min. To plot baric dependences, we
took the points obtained at a pressure step of
0.025 GPa, which allowed us to plot an almost contin-
uous curve without interpolation. Figure 2 shows the
Vol. 125
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Fig. 2. (Color online) Baric dependences of the volume of
the hot-pressed g-As,Te; glass for (solid symbols) increas-

ing and (open symbols) decreasing pressure. The results of
three experiments are shown. In one of the experiments,
we studied the glass densification Kinetics at a fixed pres-
sure at the points indicated by arrows. The solid line was
plotted by fitting the initial segments (0—1.2 GPa) of the
V(P) dependence by the Murnaghan equation (By = 15.8 =

0.15, dB/dP = 6.1 £ 0.2). (inset) Enlarged region near the
maximum pressure, where the densification kinetics was

studied on one sample.

baric dependences of the glass g-As,Te; volume for
three samples. The compression curves are seen not to
be approximated by a simple general equation of state,
and elastic behavior is only observed to a pressure of
1 GPa. In the pressure range 2—3.5 GPa, the decrease
in the volume is anomalous, and the additional
increase in the density as compared to the continua-
tion of the compression curve at the same modulus is
approximately 2% during this diffuse transformation.
The pressure hysteresis between the compression and
unloading curves as compared to other chalcogenide
glasses is small, the residual densification does not
exceed 2%, and the volume relaxes to the initial value
in several months under normal conditions. To
demonstrate the measurement accuracy, we present
segments of the baric dependences of the glass volume
near the maximum pressure in the inset to Fig. 2.
Relaxation measurements were conduced on one of
the samples at several fixed pressures. It is seen that
the baric dependences of all three samples coincide
with each other at a high accuracy (about 0.1%) and
that, after isobaric relaxation, the compression curve
during the subsequent increase in the pressure merges
asymptotically with the compression curve where
relaxation measurements were absent.
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Fig. 3. Relaxation of the g-As,Te; glass volume at a fixed

pressure. The numerals at the curves correspond to the
pressure in gigapascals. (inset) Relaxation rate vs. pressure,
which was determined as v = —d(V/V;)/d(log?) in the lin-

ear segment of the time dependences (solid symbols).

At pressures above 1 GPa, the volume of the
g-As,Te; glass depends substantially on time at a fixed
pressure (relaxation), and the change in the volume at
long times is proportional to the logarithm of time
(Fig. 3). The deviation from a logarithmic dependence
in the initial segment is related to a finite rate of
increase of pressure in the experiment, and the pro-
cesses with a relaxation time shorter than 100—300 s
are partly or fully completed at the stage of increase of
pressure before holding. The relaxation rate has a
sharp maximum at 2.5 GPa (inset to Fig. 3), and the
absolute value of the maximum relaxation intensity is
close to the corresponding maximum values for GeSe,
glasses, which exhibit a change in the type of connec-
tion of structural tetrahedra from edge-sharing con-
nection to corner-sharing connection and a transition
to an easily compressible network in a narrow pressure
range [34].

The high sensitivity of the tensometric technique
makes it possible to find the effective bulk compres-
sion moduli of glasses by direct point-by-point differ-
entiation without additional processing. Figure 4
shows the pressure dependences of the bulk moduli of
the g-As,Te; glasses. These moduli are seen to grow
linearly with pressure up to 1 GPa. In the initial sec-
tion, the bulk modulus is B = 15.8 = 0.15 GPa and its
derivative with respect to pressure is dB/dP = 6.1 =
0.2. The bulk modulus of the g-As,Te; glass has not
been measured earlier. The following values are avail-
able for other arsenic-based chalcogenide glasses:
Vol. 125
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B =14.5 GPa for g-As,Se; glasses and B = 13.3 GPa
for g-As,S; glasses [18]. When the pressure increases
further, derivative dB/dP decreases and becomes neg-
ative (softening of the modulus). This is accompanied
by intense volume relaxation up to the highest pres-
sure. The bulk modulus in this range corresponds to
relaxing values. The difference between the relaxing
and relaxed bulk moduli indicate the presence of acti-
vation processes and diffuse transformations in the
glasses [33—35]. The softening of the relaxing modulus
is maximal at 2.5 GPa, i.e., at the pressure of the max-
imum relaxation rate. After long-term isobaric relax-
ation, the effective bulk modulus during a further
increase in the pressure first corresponds to high
relaxed values and, then, decreases to the effective
relaxing values corresponding to the curve for a con-
stant rate of loading (modulus “forgets” the history;
see Fig. 4). The small irregularities in the relaxing
modulus reproduce the variations of the rate of change
of pressure in the relaxation range. At a pressure above
4.5 GPa, the slope of the baric dependence of the
effective bulk modulus decreases in compression
(additional softening of the modulus), which is likely
to be due to the appearance of new relaxation pro-
cesses. The rate of relaxation levels off during isobaric
measurements after the rapid decrease in the pressure
range from 2.5 to 3.6 GPa.

When pressure is relieved, the glasses behave elasti-
cally up to 1.5 GPa and the bulk modulus corresponds
to relaxed values. At lower pressures, the effective bulk
modulus decreases more intensely, which is related to
the relaxation processes that occur during the reverse
transformation (which is not completed down to
atmospheric pressure). It is interesting that, when the
pressure decreases, the baric dependence of the
relaxed bulk modulus has an inflection point at 4 GPa
and dB/dP decreases from 8 to 5.5. This behavior of
the relaxed bulk modulus during a decrease in the
pressure has not been detected for other glasses. When
the pressure is decreased, the bulk moduli of the g-
As,Te; glasses are close to the moduli after isobaric
relaxation at the stage of increasing pressure, which
points to the same structure of the short-range order
in these glasses at the stages of increasing and decreas-
ing pressure (see Fig. 4). When the structures of the
short-range order in glasses at the same pressure do
not coincide at the stages of increasing and decreas-
ing pressure, it is evident that their relaxed moduli do
not coincide with each other (see the discussion in
[34, 35]).

Figure 5 shows the effective bulk moduli of the
g-As,Te; glasses as a function of density. The following
unexpected effect has been revealed: the bulk moduli
are almost coincident at the stages of increasing and
decreasing pressure in the density range 6.55—
6.7 g/cm?, and these moduli diverge at lower and
higher densities. This confluence of bulk modulus
curves has not been observed earlier for other glasses.
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Fig. 4. (Color online) Apparent bulk moduli of the g-
As,Tej; glass that were obtained from the initial V(P) data
as B = —W(dP/dV)y for (solid symbols) increasing and
(open symbols) decreasing pressure. The solid curves
emphasize the inflection point in the baric dependence of
the bulk modulus when pressure decreases. The colors and
symbols used to present the results of different experiments
correspond to the designations in the V(P) curves in Fig. 2.
The vertical arrows indicate the points at which the time
dependences of the volume were measured in one experi-

ment.

The curves in Fig. 5 exhibit several clear relaxation
stages (apparently, relaxation channels) in the
g-As,Te; glass at high pressures.

Figure 6 depicts the baric dependences of the elec-
trical resistivities of the glasses. Both the quenched and
hot-pressed samples were studied. The initial electrical
resistivities (at 7= 25°C) of the hot-pressed glasses
1.25 x 103 Q cm) are an order of magnitude lower than
those of the quenched glasses (1 x 10* Q cm). The elec-
trical resistivities of the glasses decrease exponentially
when the pressure increases to 1.5—2 GPa. At P <
0.4 GPa, the shunting of a sample by the pressure-
transmitting medium in the quenched glass becomes
important (Fig. 6, dashed curve). Above 2 GPa, the
rate of decrease of the electrical resistivity increases
sharply: it decreases by almost three orders of magni-
tude in the narrow pressure range 2—3.5 GPa (where
the most pronounced volume changes were observed).
At a pressure above 3 GPa, the baric dependences of
the electrical conductivities of different types of glasses
merge into one dependence. The difference between
the absolute values of the electrical resistivities of var-
ious samples with different histories does not exceed
10% at the maximum pressure, which corresponds to
the absolute accuracy of measurements. We can con-
clude that a transition into the metallic state takes
Vol. 125
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Fig. 5. (Color online) Apparent bulk moduli of the
g-As,Te; glass for (solid symbols) increasing and (open
symbols) decreasing pressure for two experiments, which
were calculated from the initial data as functions of the
sample density. The colors and symbols of different exper-
iments correspond to the designations in Figs. 2 and 4.

place at a pressure of 5 GPa with allowance for the fact
that the characteristic electrical resistivities for the
minimum metallic conductivity of chalcogenide
glasses are (1—2) x 10~3 Q cm (Mott criterion) [36].

Apart from the Mott criterion of the minimum
conductivity, the data from [20] also point to the
metallic state. Based on the temperature dependences
of the electrical resistivity at various pressures, the
authors of [20] concluded that the semiconductor gap
decreased almost linearly to zero at high pressures.
However, those measurements were performed at a
very high error and the pressure of metallization was
overestimated almost twofold. The baric dependences
of the electrical resistivity and the volume are abso-
lutely smooth; therefore, we can assume that metalli-
zation is smooth and crystallization does not occur.
A single noticeable effect in this pressure range is the
inflection point in the baric dependence of the relax-
ing modulus (see Fig. 4). Metallization is assumed to
accelerate structural relaxation due to a decrease in the
potential barriers to atomic jumps between various
local configurations. During further compression, the
electrical resistivity continues to decrease slowly and
becomes 1.7 X 10~* Q cm at 8.1 GPa. As in the case of
volume, the electrical resistivity exhibits time-loga-
rithmic relaxation up to the maximum pressure (see
the inset to Fig. 6). A 1% change in the volume in the
relaxation dependences at the maximum pressure cor-
responds to an approximately twofold increase in the
electrical conductivity. The reverse metal—insulator
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Fig. 6. (Color online) Baric dependences of the electrical
resistivity of glassy g-As,Te; for (solid symbols) increasing
and (open symbols) decreasing pressure. The results of
three experiments are shown. Experiments / and 2 were
performed on the initial quenched glass samples, and
experiment 3, on the hot-pressed sample. In experiment 2,
two short stops were made at 1.5 and 3.5 GPa (indicated by
arrows) to estimate the kinetics. (inset) Kinetics of chang-
ing the electrical resistivity at the maximum pressure
(steady-state conditions are indicated by solid symbols).
The curves were obtained by projecting experimental
points onto line P = 8 GPa along the slope measured in

decreasing pressure (d(logp)/dP = —0.0555).

transition takes place at 3 GPa when the pressure is
relieved. After pressure release, the electrical resistivi-
ties of the samples were lower than those of the initial
hot-pressed and quenched samples by two and three
orders of magnitude, respectively, in spite of the fact
the residual densification was only 2% (Fig. 6).

For comparison, Fig. 7 shows the reported data
obtained for g-As,Te; amorphous films and bulk g-
As,Te, glasses under nonhydrostatic conditions along
with the data obtained for one of the quenched sam-
ples. It is seen that the earlier measurements were per-
formed at a high error, which is likely to be related to
both the influence of strong shear stresses and the
problems of forming reliable contacts (most measure-
ments in [22] were carried out using the two-probe
scheme). The baric dependences on decreasing pres-
sure were also measured at a very high error in [20],
which can be related to both nonhydrostatic condi-
tions and bad calibration of the chamber in the reverse
run.

Long-term holding after pressure release under
normal conditions is accompanied by an increase in
the electrical resistivity by 1.5—2 (!) orders of magni-
tude, which results in the values that are characteristic
Vol. 125
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Fig. 7. (Color online) Reported data for the electrical
resistivity of the g-As,Te; glass, (triangles) data from [22]
and (circles) data from [20] for (solid symbols) increasing
and (open symbols) decreasing pressure, in comparison
with our results (solid lines). The gray dashed line indi-

cates a resistivity level of 102 Q cm, which corresponds to
the Mott criterion of metallization.

of the relaxed hot-pressed samples. Figure 8 shows the
time dependences of the volume and the electrical
resistivity of the samples under normal conditions. It
is interesting that the logarithmic relaxation of both
density and electrical resistivity is observed over a wide
time range with a possible tendency toward saturation
at times longer than 107 s (see Fig. 8).

It was also interesting to compare the rate of change
of the electrical resistivity referred to a fixed change in
the volume (by, e.g., 1%) under various conditions. It
was found that the rate of change of the electrical
resistivity as a function of volume during an increase
and decrease in the pressure is substantially lower than
during isobaric relaxation (Fig. 9). For example, an
increase in the density by 1% during compression at
the maximum pressures leads to a decrease in the elec-
trical resistivity by 25%, whereas the same increase in
the density during isobaric holding corresponds to a
twofold decrease in the electrical resistivity. When the
force decreases in the minimum pressure range, the
increase in the electrical resistivity caused by a
decrease in the density by 1% is 70—120%, whereas
this increase is 570% during relaxation under normal
pressure. These data demonstrate that substantial part
of the relaxation processes occurs without changing
the density.

To interpret the experimental data on compress-
ibility and electrical resistivity, we performed compar-
ative structural studies of the quenched and hot-
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Fig. 8. (Color online) Relaxation of the volume and the
electrical resistivity of the g-As,Te; glass after pressure

release. (large symbols) Results of measuring the electrical
resistivities of two samples remaining after measuring V(P)
and volume relaxation.

pressed glasses and the samples subjected to high pres-
sure. The structural studies were carried out approxi-
mately one moth after preparing these glasses. The
structure factors of all three groups of glasses are very
close to each other. The typical neutron (Sy(Q)) and
X-ray (Sx(Q)) structure factors of glassy As,Te; were
shown above in Fig. 1. These factors almost coincide
with the reported factors. Clear oscillations at large
superconducting vectors Q > 20 A-! are visible in the
curves of reduced structure factor Q[S(Q) — 1], where
i = N or X, which indicates a stable local order in g-
As,Te;. The main feature of the Sy(Q) and Sy (Q)
dependences at small scattering vectors Q < 5 A-lis
the first sharp diffraction peak (FSDP), the position
of which is different for X-ray diffraction and neutron
diffraction measurements (Fig. 10a),

O(N)=1.15£0.04 A",
0,(X)=1.28+0.02 A",

This large difference between the FSDP positions can
be a significant chemical disorder in g-As,Te; [3—9,
15—17] and different sensitivities of tellurium and arse-
nic to electromagnetic and nuclear radiation,

Zro/Zps =1.576, by /by, = 0.881,

where Z; and b_j correspond to the atomic number and
the coherent length of neutron scattering of element ;.

The most pronounced differences for the three
groups of glasses are mainly related to the first FSDP,
which demonstrates a clear shift (+0.05 A-!) toward
high Q, a more pronounced asymmetry, and a lower
amplitude after processing by hydrostatic pressure (see
Vol. 125
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Fig. 9. (Color online) Derivatives of the electrical resistiv-
ity as a function of the volume change (in percentage of
AV/Vy)) for (1) quenched and (II) hot-pressed samples.

The curves were obtained by calculating the data of two
experiments (Fig. 6) from the averaged V(P) dependences
(Fig. 2) for (solid symbols) increasing and (open symbols)
decreasing pressure. The colors and symbols designating
different experiments coincide with those in Fig. 6. The
points at the end of the reverse run (at AV < 10%) are
strongly smoothed. It is impossible to plot electrical resis-
tivity as a function of volume correctly in this range
because of strong volume and electrical resistivity correla-
tions. The derivatives during relaxation at the maximum
pressure and after pressure release, which were obtained as
the ratio of the steady relaxation rates of electrical resistiv-

ity and volume, are also indicated in the curve.

Fig. 10b). The results of a detailed analysis of the
structural data obtained for the three groups of glasses
are presented in Fig. 11, which shows total correlation
functions obtained from structure factors (see below).

Figure 12 displays the Raman spectra of the follow-
ing two types of samples: the quenched samples and
the sample subjected to high-pressure treatment.
These spectra were recorded approximately one year
after sample preparation. A small but clear difference
between these spectra is visible: it is larger than the sta-
tistical error by three times (see below).

Finally, the temperature dependences of the elec-
trical resistivities of all three types of glasses were mea-
sured at normal pressure near room temperature
(Fig. 13). It is seen that the quenched glasses have the
highest electrical resistivity and the highest effective
activation energy and the glasses subjected to high-
pressure treatment have the lowest electrical resistiv-
ity. In addition, the temperature dependences of the
latter glasses are characterized by strong time relax-
ation.
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Fig. 10. (Color online) (a) FSDP of the quenched
g-AsyTe; glass obtained from neutron diffraction and
XRD data. (b) Effect of high pressure on the XRD FSDP
in glassy As,Tes.

4. DISCUSSION AND CONCLUSIONS

The results obtained allow us to draw some conclu-
sions regarding the behavior of the g-As,Te; glasses
during compression, their metallization, and the dif-
ferences between the structures and properties of three
groups of glasses (quenched, hot-pressed, and sub-
jected to high-pressure treatment). We first discuss the
structure and dynamics of the three groups of glasses.

The position of FSDP makes it possible to estimate
the characteristic length of the intermediate-range
order in the g-As,Te; glass, L = 2n/Q, = 4.9-5.5 A.
These characteristic lengths in glassy arsenic sulfides
and selenides are associated with the periodic repeat-
ability of intermediate-range As—As correlations in
the glass network, which are related to As, X, (n < 20)
rings. The AsgXy (X =S, Se) rings in crystalline As,S;
and As,Se; are a single intermediate-range element, in
contrast to crystalline arsenic telluride [37—39].
Unfortunately, as noted above, a detailed description
of the disordered network in g-As,Te; and structural
models for this glass have not been developed to date.

The Fourier transform with the Lorch function
[40] gives the total correlation functions in real space
Vol. 125
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r,A

Fig. 11. (Color online) (a) X-ray total correlation functions 7x{(r) for (I) quenched As,Te; glass, (2) hot-pressed glass (0.2 GPa,

136°C), and (3) after a cycle with a maximum pressure of 8.3 GPa. Typical processing of the nearest-neighbor peak of glassy
As,Tej; (b) after treatment at a pressure of 8.3 GPa and (c) in the quenched sample. Designations As—As, As—Te, and Te—Te cor-

respond to the nearest neighbors spaced 2.40, 2.65, and 2.80 A apart, respectively.

that are shown in Fig. 11. The first asymmetric peak at
2.65 A corresponds to the nearest neighbors in the
glass network. The next-nearest and farther neighbors
are characterized by the next peaks in the Ty(r) curves
at 4, 6, 7.5, and 9.5 A. The asymmetric profile of the
nearest-neighbor peak corresponds to several types of
interatomic correlations. The pronounced broadening
of the peak at » = 2.40 A points to As—As correlations
and, hence, a chemical disorder in the stoichiometric
As,Te; glass. The appearance of “wrong” bonds is
associated with partial dissociation of arsenic telluride
in the melt, which is approximately described by the
simplified equilibrium

As,Te; 22 2As + 3Te,
or, in terms of chemical bonds [8],
2As—-Te =2 As—As + Te—-Te.

Thus, the nearest-neighbor peak should also
include Te—Te correlations. The processing of the
poorly resolved peak using three Gaussians without
external limitations gives no stable solution. A reason-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

able hypothesis consists in fixing the total number
coordination number of arsenic,

Napsox = Npsas + Nasre =3,

which is supported by the results of EXAFS and
anomalous X-ray scattering at the K edge of arsenic [3,
6]. This limitation ensures stable fitting results (see
Fig. 11b, 11c, and Table 1).

On the whole, the obtained interatomic distances
and the coordination numbers agree with the well-
known reported data for the As—Te glasses and melts
at atmospheric pressure. It should be noted that the
total coordination number of tellurium is slightly
larger than two, which indicates the presence of 10—
15% three-coordinated tellurium in the glass network.
However, the basic result is that the chemical disorder
in glassy As,Te; decreases after thermal and, espe-
cially, baric action (see Table 1). This result seems to
be unexpected, since an increase in the chemical dis-
order at a high pressure and the related glass metalliza-
tion would be expected. In particular, the main
hypothesis associated with the existence of a signifi-
cant chemical disorder in glassy As,Te; is based on the
metallization of the glass-forming melt at the tem-
Vol. 125
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Fig. 12. (Color online) Typical Raman spectra of
(a) quenched glass and (b) g-As,Te; glass after a cycle

with a maximum pressure of 8.3 GPa. The symmetric
stretching vibrations at 150 (Te—Te), 190 (As—Te), and

230 (As—As) cm ! are red, green, and blue, respectively.

peratures that are slightly higher than the liquidus
temperature [15—17]. We shall dwell on this problem
later.

The Raman spectroscopy of the quenched glasses
and the glasses subjected to high-pressure treatment is
an additional test of the results obtained. Figure 12
shows the typical Raman spectra of two types of sam-
ples. As follows from [8, 41—43], these spectra demon-
strate the presence of the following three fundamental

BRAZHKIN et al.
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Fig. 13. (Color online) Temperature dependences of the
electrical resistivity of g-As,Te; glass samples measured

(solid symbols) before performing experiments under pres-
sure and (open symbols) after pressure release. In the latter
case, only several dependences for two samples are shown
to demonstrate a general tendency and the characteristic

scales of relaxation processes (£, is the activation energy).

modes: symmetric stretching vibrations of Te—Te at
155cm™!, As—Te at 190 cm™!, and As—As at 230 cm™.
Asinthe case of XRD data, the simultaneous presence
of these three stretching vibrations in the spectrum of
the stoichiometric glass points to a significant chemi-
cal disorder. Here, the intensity of the “wrong”
stretching vibrations (As—As, Te—Te) in the quenched
glass is higher than that in the sample subjected to
high-pressure treatment (even a year after treatment),
which agrees with the XRD data.

Thus, an analysis of the structural and Raman
spectroscopy results demonstrates that the samples

Table 1. Structural parameters (nearest interatomic distances, partial coordination numbers) of glassy As,Tes: I, quenched;
11, hot-pressed; and 111, after high pressure

As—As As—Te Te—Te Chemical
Sample NTe—(As—Te) disord
r, A NAszs r, A NAsze r, A NTefTe 1sorder
| 2.41 0.64 2.65 2.36 2.78 0.53 2.10 0.21
II 2.40 0.53 2.65 2.47 2.78 0.51 2.16 0.18
111 2.40 0.43 2.65 2.57 2.81 0.44 2.15 0.14

The chemical disorder was determined as the ratio of the number of homopolar As—A bonds to the total number of As—Te and As—As
bonds, Nag_as/(Nas_as T Nas_e)- The average standard deviations of the calculated parameters are +0.01 A for the As—As and As—Te

bond lengths and +0.02 A for Te—Te. The corresponding errors for the coordination numbers are £0.02 for Na, s and N . and

+0.04 for NTC—TS'
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subjected to high-pressure treatment have the mini-
mum chemical disorder, the quenched glasses have
the maximum chemical disorder, and the hot-pressed
glasses have an intermediate disorder (see Figs. 11b,
I1c, 12; Table 1). At first glance, this finding contra-
dicts intuition, since the pressure-induced metalliza-
tion usually decreases the covalence and increases the
chemical disorder. On the other hand, however, the
rapid decrease in the glass transition temperature and
the crystallization temperature with increasing pres-
sure should substantially accelerate local diffusion
during compression [24]. At a pressure of 4—6 GPa,
the softening and crystallization temperatures of the
glass can be slightly higher than room temperature.
The application of pressure is assumed to heal defects
and a chemical disorder more intensely than annealing
of glasses at low pressures. A microscopic mechanism
of this ordering during a structural transition can be
described as follows. The potential energy of “wrong”
network atoms should be slightly higher than that of
“regular” atoms. Therefore, the corresponding barri-
ers are slightly lower and, hence, the probability of a
wrong-atom jump to a new site during restructuring of
the network can be higher than that of a regular-atom
jump.

Another counterintuitive finding is that samples
with a lower chemical disorder have a lower electrical
resistivity (see Fig. 13). We assume that a large number
of wrong neighbors and defects leads to a high degree
of carrier localization and to an increase in the energy
gap because of a decrease in the carrier mobility
despite a formally high degree of metallization (num-
ber of Te—Te neighbors). As an indirect supporting
argument, we note that the quenched samples have an
electrical resistivity of 9.9 x 10° Q c¢m, an activation
energy E, =420 eV, and an effective electrical resistiv-
ity pp = 7.9 x 107* Q cm, whereas the hot-pressed
samples have the electrical resistivity that is lower by
an order of magnitude (1.25 x 103 Q cm at 7= 25°C)
but a significantly lower activation energy (£, =
266 meV) and, hence, the effective electrical resistivity
that is higher by almost two orders of magnitude (p, =
4.1 x 1072 Q cm). Note that these values of E, corre-
spond to the temperature range 10—30°C, the depen-
dence Inp(1/7) is substantially nonlinear, and the
apparent energy gap increases with temperature.

Moreover, the behavior of the density and, espe-
cially, the electrical resistivity of the samples subjected
to high-pressure treatment demonstrates that they
relax intensely under normal conditions (see Figs. 8,
13). Obviously, the structures of these samples depend
substantially on time. Recall that the structural inves-
tigations of all three types of samples were carried out
approximately a month from preparation and that the
Raman spectroscopy studies were performed almost a
year after sample preparation. Obviously, it is impos-
sible to compare the fractions of wrong bonds quanti-
tatively in samples with different histories.
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As for the behavior of the g-As,Te; glasses during
compression, the anomalies of their density and elec-
trical resistivity in the pressure range 2—3.5 GPa are
unambiguous manifestation of polyamorphism. How-
ever, the small volume anomaly (about 2%) and coin-
cident relaxed bulk moduli in the direct and reverse
runs of curves point to an almost unchanged structure
of the short-range order in the glasses (in contrast to,
e.g., g-GeO, glasses [33]) and to an unchanged aver-
age coordination number. Compression is assumed to
be accompanied by a change in the intermediate-
range order, including the type of connection of poly-
hedra, and by chemical ordering (disordering).

Note that the sharp softening of the effective bulk
modulus of the g-As,Te; glasses at a pressure of 2—
2.5 GParesembles the behavior of the g-GeSe, glasses
[34]. We suppose that, as in the case of the g-GeSe,
glasses, the local elastic constants of the structural
units formed by edge-sharing AsTe; , pyramids (tetra-
hedra for GeSe,) are softened. The amorphous net-
work of the g-As,Te; glasses is based on both edge-
sharing and vertex-sharing AsTe;,, pyramids (detailed
structural model will be considered at the end of the
article). The intense relaxation processes that occur in
the g-As,Te; glasses at a pressure of 2—2.5 GPa are
likely to be related to a change in the type of connec-
tion of pyramids from edge-sharing connection to cor-
ner-sharing connection (this fact was established for
the case of g-GeSe,). Polyamorphism is accompanied
by a very sharp decrease in the electrical resistivity, an
almost three orders of magnitude, when pressure
changes from 2 to 3.5 GPa. Nevertheless, substantial
differences in the behaviors of these two glasses take
place. For the g-GeSe, glasses, the leveling off and the
subsequent softening of the elastic moduli in the pres-
sure range 1.5—3 GPa occur elastically without relax-
ation, and intense relaxation processes begin only
when the pressure increases further (in the range 3—
5 GPa). The relaxation processes and the softening of
the effective bulk modulus in the g-As,Te; glasses
begin almost simultaneously at a pressure above
1 GPa.

As aresult of a low glass transition temperature and
a high atomic mobility, the samples in the pressure
range 3—3.5 GPa forget their history and the electrical
resistivities of different initial (quenched and hot-
pressed) samples have a common dependence (see
Fig. 6). As the pressure increases further, the interme-
diate-range order is likely to change gradually, without
substantial changes in coordination. The As,Te,
glasses undergo metallization at a pressure of 5 GPa,
which is two times lower than it was considered earlier.
As noted above, the high error in the measurements
performed in [20, 22] was related to nonhydrostatic
conditions and bad measuring contacts. The As,Te;
glasses are in a metallic state in a wide pressure range
of 5—8.5 GPa.
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The inflection point in the baric dependence of the
relaxed bulk modulus when the pressure decreases
near 4 GPa is interesting. We have not detected such
an inflection point in the oxide and chalcogenide
glasses studied earlier (see, e.g., [33—35]). In this pres-
sure range, no structural transformations and relax-
ation take place in the reverse run of the curves and the
electrical resistivity is 5 X 10~* Q cm. This effect can be
explained by an additional contribution of a free elec-
tron gas to the energy at pressures above 4 GPa (and
electrical resistivity lower than 5 x 10~* Q cm). The
electrical resistivity at this crossover is arbitrary to a
certain extent. It is determined by the relative contri-
bution of this additional metallic bond with respect to
the covalent bond. Therefore, an electrical resistivity
of 5 x 10~* Q cm can be considered as a metallization
criterion. The “metallic” contribution to the inter-
atomic interaction changes strongly with pressure: the
electrical resistivity changes threefold in the metallic
phase region during pressure release in the range 4—
8 GPa. It is this finding that can explain the high baric
derivative of the bulk modulus (which is higher by a
factor of 8) in comparison with conventional metals,
where the conduction electron concentration weakly
depends on pressure.

The residual densification (about 2%) and the
anomalously low electrical resistivity (about 10 Q cm)
right after pressure release are associated with partial
irreversibility of transformation (apparently, a change
in the type of connection of AsTe;, pyramids). An
amorphous network relaxes to a quasi-equilibrium
state during long-term holding (107 s) under normal
conditions.

The absence of structural models for glassy arsenic
telluride hinders a detailed interpretation of the XRD
and Raman spectroscopy results. In addition, the
structure of crystalline As,Te; differs strongly from
that of auripigment, monoclinic As,S; [37], its tri-
clinic dimorph [38], and the selenide analog of auri-
pigment (monoclinic As,Se;) [39]. Sulfide and sele-
nide sesquichalcogenides As,X; have a layered struc-
ture, where two-dimensional layers are formed by
AsgX, rings and every arsenic atom belongs to three
neighboring rings. A similar two-dimensional struc-
ture is retained in the glass; however, a single type of
rings in crystals is replaced by their broad distribution
[44]. The monoclinic lattice of a-As,Te;, which is sta-
ble at atmospheric pressure, is formed by (As,Teg)
bands, where arsenic atoms occupy octahedral (As(2))
and trigonal (As(1)) sites with a broad distribution of
interatomic distances (2.82 £ 0.11 A) [45—48]. The
interatomic distances in liquid and glassy arsenic tellu-
rides are substantially smaller, 2.65 + 0.03 A (see
Table 1) [3—17]. This means that the topology of the
crystal lattice changes in melting and gives an alterna-
tive system of bonds.
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As a working hypothesis, we consider the forma-
tion of two chemically ordered motifs in the glass net-
work, which are related to the transformation of
(As,Teg)., bands (Fig. 14). When limiting chemically
bounded/unbounded atomic pairs at 2.85 A, an
(As,Teg). band decomposes into the following three
chains: a central chain consisting of edge-sharing ES—
AsTe;; pyramids and two lateral chains consisting of
corner-sharing CS—AsTe, ; structural units. The cen-
tral motif of the transformation is as follows: ES—
AsTe; 5 loses every third arsenic atom and transforms
into the chain consisting of alternate edge- and cor-
ner-sharing AsTe;, pyramids (Fig. 14c). The two lat-
eral chains with the remaining arsenic atoms are
joined together to form a new As—Te band consisting
of As;Te; and AsgTeg rings (Fig. 14d).

The topological and structural disorders in a melt
and, then, glass inevitably cause a ring size distribution
similarly to glassy arsenic sulfides and selenides. The
extremely close binding energies of As—As
(134.2 kJ/mol), As—Te (137.0 kJ/mol), and Te—Te
(137.9 kJ/mol) [49]; partial dissociation of As—Te at
finite temperatures; and melt metallization would be
responsible for the chemical disorder in the glasses.

This hypothesis is supported by available experi-
mental data. The FSDP in the neutron diffraction and
XRD results evidences that intermediate-range As—As
correlations are present in glassy As,Tes, as those in
sulfide and selenide glasses. In particular, this also fol-
lows from FSDP amplitudes A,(N) and A4,(X) in the
neutron and X-ray structure factors. The ratio
Ay(N)/Ay(X) = 1.7 is close to the ratio
Wiasas(N)/Wxsas(X) = 2.5. Here, W\ (N) and
Wias(X) correspond to the neutron and X-ray weight
coefficients of the As—As correlations in determining
Sy(Q) and Sy(Q) using the Faber—Ziman formalism
[501,

Sv(Q) —1 =2, W,,(N)IS,,(Q) - 1]
B 5,01
= 17|2[ Q) —1],

aca a

= Z:abcacb

SX(Q) -1= ZabVVab(N)[‘S'ab(Q) - 1]
— Z bc cb fa(Q)fb(Q) [Sab(Q) _ 1] ,

‘ ‘ aca_a|2
where the values of S,,(Q) correspond to the partial
structure factors of the atomic pairs As—As, As—Te,
and Te—Te and £,(Q) is the O-dependent X-ray atomic
scattering factor of element a (£,(0) = Z,). Both the
numerical differences and different FSDP positions
Oy(N) and Qy(X) are related to the second contribu-
tion to the FSDP from the Te—Te correlations, which
are more pronounced in the XRD data,
Wiete(N)/ Weere(X) = 0.6. The intermediate-range
As—As correlations are determined by the statistics of
As,Te, rings, as in the g-As,S; or g-As,Se, glasses. Our
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(d)

Fig. 14. (Color onlime) Hypothetic transformation of the (As4Teg)o band in crystalline a-As,Tes with the formation of two
chemically ordered motifs in glassy g-As,Tes: (a) isolated (As4Teg)., band contains octahedral (As(2)) and trigonal (As(1)) arse-

nic sites with a broad distribution of As—Te interatomic distances (2.82 % 0.11 A). (b) Limit “chemically bound (near-
est)/unbound (next-nearest) As—Te neighbors” is found at 2.85 A; an isolated (As4Teg)o, band decomposes into the following

three chains: a central chain consisting of edge-sharing ES—AsTe; /3 pyramids and two lateral chains consisting of corner-sharing
CS—AsTe, 3 structural units. The central motif ES—AsTe3 3 loses every third arsenic atom and transforms into chain (c) consist-
ing of alternate edge- and corner-sharing AsTes , pyramids. (d) The two lateral chains with the remaining arsenic atoms are joined
together to form a new As—Te band consisting of As;Te; and AsgTeg rings.

preliminary results on a structural simulation of glassy
arsenic telluride, which were obtained by the density
functional theory (DFT) and the reverse Monte Carlo
(RMC) method, support the analysis of the behavior
of the FSDP prepeak. Nevertheless, the cause of
decreasing the chemical disorder after baric action is
still an open question and requires both X-ray diffrac-
tion and spectroscopic in situ structural measure-
ments.

Thus, using high-precision measurements of the
volume and the electrical resistivity of the g-As,Te;
glasses at a certain pressure under hydrostatic condi-
tions, we were able to reveal the main features of the
transformations in them. We revealed the following
clear pressure ranges: up to 1 GPa, normal linear
behavior; from 1 to 2 GPa, beginning of inelastic
behavior; from 2 to 3.5 GPa, polyamorphic transfor-
mation accompanied by a strong softening of the
effective bulk modulus and intense logarithmic den-
sity relaxation; and from 3.5 to 8.5 GPa, inelastic
behavior with moderate relaxation and gradual metal-
lization at 5 GPa. The diffuse transformation in the
glasses is only partly reversible.
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For a further investigation of the polyamorphism
and metallization in the g-As,Te; glasses, it is desirable
to perform detailed structural studies under pressure
and ab initio calculations. However, as noted above,
the data on the short-range and intermediate-ranges
orders in the g-As,Te; glasses are conflicting even at
normal pressure. The simulation of the structure of
the g-As,Te; glasses also did not result in satisfactory
agreement with experimental data. In this work, we
only give some preliminary considerations to the
structural motifs in these glasses and their possible
change in compression. This work is thought to be a
stimulus to a comprehensive experimental and theo-
retical investigation of the structure and the dynamics
of the g-As,Te; glasses at normal and high pressures.
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