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Abstract. The influence of kinetic factors on the temperature dependences of the linear expan-
sion coefficient (o) for SnTe crystals with different degrees of deviation from stoichiometry
was studied. The o T) dependences were obtained by using stationary and dynamic regimes.
In the case of the stationary regime, an increase in ¢ with increasing temperature (4.2-300 K)
was registered, and anomalies in the o 7) dependences were observed and attributed to phase
transitions. After quick plunging into liquid nitrogen and subsequent heating the samples up
to 300 K without keeping them for a long time at fixed temperatures (a dynamic regime), the
o(T) dependences exhibited an oscillatory behavior, most pronounced in the sample with 50.4
at.% Te. It is suggested that the observed behavior of the o 7) dependences is connected with
an oscillatory process of approaching the equilibrium in the intrinsic defect subsystem and
with overlapping of relaxation processes and temperature phase transitions.
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1. Introduction

Thermal expansion is an important physical character-
istic, which in a number of cases determines the possibil-
ity to practically use investigated material, in particular
for IR applications. Studying the temperature depen-
dences of the coefficient of linear expansion is a high-
sensitivity method to detect phase transitions.

The object of the study is SnTe, a [V-VI semiconduc-
ting compound [1,2], which has a wide (~1 at.%) single-
sided homogeneity region located on the side of excess
Te (the peak in melting curves in the Sn-Te system corre-
sponds to 50.4 at. % Te) [2,3]. It is well known that SnTe
undergoes a ferroelectric displacive phase transition [4,5]
at the temperature 7, close to 100 K. The transition is
accompanied by the change in crystal lattice symmetry
from cubic to rhombohedral and the appearance of anoma-
lies in the temperature dependences of different physical
properties. The existence of the structural phase transi-
tion is usually attributed to the softening of the trans-
verse optical mode as a result of electron-phonon inter-
actions. It was found that growth in charge carrier con-
centration leads to a decrease in 7,, and at 50.4 at. % Te
this phase transition disappears [4-7].

SnTe is a very convenient object for studying the in-
fluence of vacancies on physical properties of crystals
due to a high (~1-2 at.%) concentration of non-stoichio-
metric cation vacancies. In particular, the high concen-
tration of vacancies determines the possibility of their
interactions, which, in turn, can stimulate the ordering
of vacancies. On the other hand, the high concentration
of cation vacancies must lead to the specificity of relaxa-
tion processes, which occurs in the system deviated from
the equilibrium state.

Earlier we reported on observing new, previously un-
known temperature phase transitions in crystals and thin
films of SnTe with a high degree of deviation from stoi-
chiometry using X-ray diffractometry and transport prop-
erty measurements [8-10]. We suggested that the transi-
tions were related to redistribution of defects at their suf-
ficiently high concentrations and formation of defect con-
figurations corresponding to the free energy minimum at
a given temperature. Using low-temperature (77-300 K)
X-ray diffraction analysis, we detected two phase transi-
tions in non-stoichiometric tin telluride in the tempera-
ture ranges of 135-150 and 200-215 K [10], which were
most pronounced for the sample with 50.4 at. % Te. A
substantial magnitude of the effects and a decrease in the
unit cell parameter with increasing temperature in cer-
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tain ranges (that is negative a), accompanying the phase
transitions in the sample with 50.4 at. % Te, were attrib-
uted to the influence of kinetic factors, such as non-equi-
librium initial state of samples resulting from quick cool-
ing down to 77 K and relaxation phenomena taking place
during heating. It was also established that the magni-
tude of the effects accompanying the phase transition
decreases under increasing the degree of deviation from
stoichiometry. It was explained in [10] as a result of an
increase in the diffusion rate with growing concentration
of cation vacancies. A question arises whether the ob-
served phase transitions are equilibrium and real or they
are of purely relaxation nature. That is why it seemed
important to clarify how kinetic factors can affect the
manifestation of the anomalies in the temperature
dependences of properties.

To answer this question, in the present work, a
dilatometry study was carried out on tin telluride sam-
ples with Te contents ranging from 50.4 to 51.2 at.% Te,
the temperature dependences of the linear expansion co-
efficient (o) being obtained under two different regimes.
The first regime was close to quasi-equilibrium condi-
tions, the other corresponded to apparently non-equilib-
rium conditions of heating. As a result, the existence of
phase transitions in tin telluride was proved using the
dilatometry method. It was also established that the
behavior of the o( T) dependences essentially depends on
kinetic factors, and under non-equilibrium conditions the
process of returning to the equilibrium state under heat-
ing has an oscillatory character. This oscillatory behavior
of relaxation processes was attributed to a high concen-
tration of non-stoichiometric defects leading to loosen-
ing of the structure.

2. Experimental

The samples were synthesized in evacuated down to 102
Pa quartz ampoules at 1200 K during 5-6 hours under
vibrational mixing of the melt. Then the samples were
subjected to homogenizing annealing at 7= 820 K and
subsequent cooling down with the switched-off furnace.
Under this thermal treatment the homogeneity region of
SnTe is usually within 50.1-50.8 at.% Te [2,3]. The com-
positions of the studied samples corresponded to 50.4,
50.5, 50.7, and 51.2 at.% Te. The temperature depend-
encies of the coefficient of linear expansion in the tem-
perature range of 5-300 K or 77-300 K were obtained
using a differential dilatometer with optical-mechanical
registration of thermal elongation on the samples pre-
pared by hot pressing from polycrystalline bulks. The
stationary regime consisted in cooling samples down to
the temperature of liquid helium slowly and then heating
the samples up to room temperature with keeping them at
measurement temperatures until complete temperature
stabilization is reached. Under the dynamic regime sam-
ples were quickly plunged into liquid nitrogen, and the
o T) curves were recorded under heating.
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3. Results and discussion

In the case of a stationary regime, an increase in a with
increasing temperature was registered, and anomalies in
the ol T) curves were observed. The initial increase in a is
connected with the temperature dependence of the coeffi-
cient of linear expansion which continues up to ~130-
140 K (the Debye temperature of SnTe [2]). In the o T)
curve of the sample with 50.4 at.% Te (Fig. la), three
effects in the temperature ranges of 100-110 K, 140-150 K,
and 190-200 K were observed. The o 7) curves for the
samples with 50.7 and 51.2 at.% Te have an inflexion
point at ~100-110 K and plateaus at 180-190 K (Fig.
Ib). It is natural to attribute these anomalies to phase
transitions taking place in SnTe crystals and thin films
with a significant degree of deviation from stoichiom-
etry. In [8-10], only two temperature anomalies of the
unit cell parameter at 135-150 and 200-210 K were re-
ported.

When measurements were carried out in a dynamic
regime, the behavior of the o( 7) curves changed signifi-
cantly for all studied compositions (Figs 1,2). Usually a
sharp initial increase in o in contrast with the stationary
value was observed and under the subsequent heating,
the o T) dependences exhibited either an oscillatory char-
acter (for the samples with 50.4, 50.5, and 50.7 at.% Te)
or a monotonic decrease in ¢ with increasing tempera-
ture (for the samples with 51.2 at.% Te). An oscillatory
behavior was most pronounced in the sample with 50.4
at.% Te. In the o( T) curve for this sample, distinct minima
at~110 K and ~200 K were observed (Fig. 1a). The mag-
nitude of these effects decreases regularly with increas-
ing Te concentration (Fig. 2). The o( 7) dependences for
the samples with 50.5 at.% Te and 50.4 at.% Te behave
similarly, while in the a(7T) curve of the sample with
50.7 at.% Te in the vicinity of 110 K, an additional oscil-
lation is registered (Fig. 2). In the sample containing
51.2 at.% Te, which is outside the homogeneity region,
the equilibrium state is approached monotonically. Note
that for all studied compositions, starting from 220-240 K,
the curves obtained in stationary and dynamic regimes
virtually coincided (Figs 1,2).

As is seen from the obtained data, the behavior of the
a(T) dependences essentially depends on regimes, under
which they were measured. The o( T) curves recorded un-
der a stationary regime using the dilatometry method not
only prove the existence of phase transitions at 135-150 K
and 200-210 K [8-10] for the sample with 50.4 at.% Te,
but also exhibit a peculiarities at 100-110 K. With in-
creasing Te content, the effect at 135-150 K disappears.

Analyzing the obtained data, one can suggest that
due to quick cooling of samples plunged into liquid nitro-
gen, they get oversaturated with defects, whose concen-
tration exceeds the equilibrium concentration. The proc-
esses of defect redistribution are not finished and ordered
configurations corresponding to low temperatures are not
formed. A significant deviation from the equilibrium and
oversaturation with defects are proved by the sharp in-
crease in a measured in the dynamic regime as compared
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Fig. 1. Temperature dependences of the thermal expansion coefficient for tin telluride with (a) 50.4 and (b) 50.7 at. % Te: I —

stationary regime; 2 — dynamic regime.
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Fig. 2. Temperature dependences of linear expansion coeffi-
cient for tin telluride with different deviation from stoichiometry
obtained in the dynamic regime: / — 50.4; 2 — 50.5; 3 — 50.7; 4 —
51.2 at.% Te.

to o values obtained in the stationary regime, which is
manifested clearly in all samples (Fig. 1,2). Indeed, the
abatement of quasi-elastic bond and increase in the crys-
tal anharmonicity occurring under the crystal disorder-
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ing due to its oversaturation with defects should lead to
an increase in o. With increasing concentration of va-
cancies (increasing Te concentration) a growth in ccas a
result of plunging the sample into liquid nitrogen becomes
more significant, which indicates an increase in the de-
gree of disordering in the system.

Under heating of such a non-equilibrium system, due
to an increase in the diffusion rate, which leads to defect
movement (migration) and partial annihilation of defects,
complex processes should take place. These processes
are caused on the one hand, by the relaxation of the sys-
tem towards the equilibrium state and decreasing in o
and, on the other hand, by phase transformations which
occur in a system far from the equilibrium state. Such
processes can result in gigantic lattice instability in the
vicinity of the temperature of a phase transition (equilib-
rium or non-equilibrium). When returning to the equilib-
rium state the system can pass through a number of inter-
mediate states corresponding to metastable equilibria at
a given temperature. As a result, the character of the o( 7)
dependences becomes more complex. The fact that val-
ues of a under the two described regimes coincide at tem-
peratures above ~240 K shows that in the vicinity of this
temperature the system returns to the equilibrium, and
the state of sample defect subsystem is identical for both
regimes.

As s seen from Fig. 2, the character of the relaxation
processes and kinetics of equilibrium setting in the crys-
tal defect subsystem depend on the sample composition,
i.e. on cation vacancy and charge carrier concentrations.
As follows from the obtained data, the o( 7) dependences
for most of the studied samples have an oscillatory
behavior, although locations, amplitudes and nature of
oscillations are different. Oscillations with minima at
100-110 and 190-200 K are most pronounced for the
sample with 50.4 at.% Te, and with increasing Te con-
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tent, these oscillations become less distinct (Fig. 2). One
can suggest that these oscillations are associated mainly
with the defect redistribution processes (phase transitions)
taking place under non-equilibrium conditions.

The composition with 50.4 at. % Te, corresponding
to maxima in the liquidus and solidus curves in the Sn-Te
[1-3]system, represents one of the optimum compositions
for vacancy ordering. A simple estimation [3] shows that
this composition corresponds to the formation of a f.c.c.
lattice of vacancies with the parameter a = 4a(, where a
is the SnTe unit cell parameter. The fact that not only
maximum in melting curves but also peculiarities in the con-
centration dependences of some properties [3,11-13] within
the SnTe homogeneity region correspond to 50.4 at.% Te
can be considered as an argument in favor of ordering.
That is why oscillations observed in the o 7) curve of the
sample with 50.4 at.% Te measured under a dynamic re-
gime (Fig. la), can be caused to a great extent by the redis-
tribution of nonstoichiometric defects, which takes place in
asystem far from the thermodynamic equilibrium state. A
larger magnitude of the effect at 190-200 K in the sam-
ple with 50.4 at.% Te as compared to the stationary re-
gime is apparently connected with this circumstance.

For the samples with 50.5 and 50.7 at.% Te the o T)
dependences are similar but the effect manifestation is
less distinct. The most probable reason for that is devia-
tion from the optimum ordered composition and, as a
result, diminishing of stimuli for ordering. However, an
increase in a comparing to its equilibrium value becomes
more noticeable, and an oscillatory character of relaxa-
tion processes manifests more distinctly. In particular, in
the o T) dependence of the sample with 50.7 at.% Te, an
additional oscillation near 100 K is observed. In the sam-
ple with 51.2 at.% Te, the relaxation curve exhibits
monotonic behavior. It is possible that the presence of
fine Te inclusions in this sample, whose composition is
outside the homogeneity region, increases resistance of
the crystal lattice and thus leads to an increase in the
oscillation period.

Thus, the effects connected with the phase transitions
are most intensive in the sample with 50.4 at.%Te, and
with increasing Te content they manifest less distinctly.
For the composition with 50.7 at.%Te, the process of
approaching the equilibrium in the intrinsic defect sub-
system has an oscillatory character, whereas at 51.2
at.%Te the system returns monotonically into the equi-
librium state.

To all appearances, an oscillatory character of re-
laxation processes is connected to a great extent with a
high concentration of non-stoichiometric cation vacan-
cies, presence of which leads to loosening the crystal lat-
tice, slackening bonds and decrease in the period of os-
cillations, thus making them observable. If a system is
driven out of the equilibrium, the probability of oscilla-
tions increases under sufficiently high susceptibility of
the system to these oscillations and reasonably low damp-
ing factor. One can suggest that a high concentration of
vacancies stimulates oscillations making the system more
"mobile" and sensitive to external effects, such as "heat
strokes" as a result of quick cooling.
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In[10], under a dynamic regime, pronounced anoma-
lies in the unit cell parameter were observed at 135-150
and 200-210 K. The anomalies were most distinct for
the sample with 50.4 at.% Te, for which even negative
values of o (a drop in the unit cell parameter under in-
creasing temperature) were reported. In the present work,
we did not observe negative values of ¢, however in the
vicinity of 200 K, a sharp decrease in o was registered.
The difference between values of ¢ obtained in [10] and
in the present study is apparently connected with differ-
ent techniques of sample preparation. In [10] powder sam-
ples were used, whereas in this work, bulk crystals pre-
pared by hot pressing and subsequent annealing were stud-
ied. One can suggest that for the former, due to their small
volume, quenching by plunging into liquid nitrogen
proved more effective and led to a higher level of satura-
tion with defects.

4. Conclusions

The temperature dependences of the linear expansion
coefficient were obtained using the dilatometry method
under different regimes for SnTe samples with various
degrees of deviation from stoichiometry (50.4-51.2 at.%
Te). On the basis of the study, the existence of equilib-
rium phase transitions at 140-150 and 190-200 K, which
was detected earlier using X-ray diffractometry and meas-
urements of galvanomagnetic properties in SnTe crys-
tals as well as thin films with Te excess was proved. An
additional phase transition at 100-110 K, which was not
registered before in SnTe with a high degree of deviation
from stoichiometry was observed. It is suggested that all
above mentioned phase transitions are caused by the proc-
esses of redistribution of non-stoichiometric defects.

A significant influence of kinetic factors (rate of
quenching, rate of heating and duration of keeping sam-
ples at a fixed temperature in the process of heating) on
the artemperature dependences was detected. Quick plung-
ing of samples into liquid nitrogen leads to fixation of
non-equilibrium states, an increase in the degree of crys-
tal anharmonicity and consequently to an increase in .
Under subsequent rapid heating the behavior of the o( T)
dependences becomes complex, which reflects overlap-
ping of relaxation processes and phase transitions tak-
ing place in a system far from the equilibrium state. The
observed oscillatory behavior of relaxation processes is
related to loosening of the lattice caused by a high con-
centration of cation vacancies. It is shown that starting
from 220-240 K, the state of the system approaches the
equilibrium, irrespective of the regime of measuring the
o(T) dependences.

It follows from the obtained data that studying of phase
transitions caused by the redistribution of nonstoichio-
metric defects over the cation sublattice should be con-
ducted under strictly equilibrium conditions. To all ap-
pearances, the effects observed are characteristic for com-
pounds with a high defect concentration, and SnTeis one
of their typical representatives.
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