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Temperature effects in (T1INS,),_(TIGdS,), solid solutions

Alloys of the (TlInS;); «(TIGdS;)« system were synthesized, and single crystals were grown by the Bridgman
method. X-ray diffraction studies established the solubility range of TIGdS, in TlInS,. The linear thermal
expansion coefficient (aL) and isothermal compressibility (¥T) of TIlnS, and the solid solutions
(THINS,)1-x(TIGdS>)x (0 < x < 0.10) were investigated over the temperature range of 80—400 K. Based on the
experimental aL and xT values, the Debye temperature, mean-square atomic displacement, Young’s modulus,
shear modulus, Poisson’s ratio, and the difference between Cp and CV were determined. The band gap was
calculated from the temperature dependence of electrical conductivity and compared with values obtained
using thermal and optical methods. The anomalous behavior of electrical conductivity was attributed to
hopping conduction associated with stoichiometric vacancies and localized states within the band gap. Unlike
TIInS,, no phase transitions were observed in the investigated solid solutions over the temperature range of
80-400 K. Increasing the TIGdS, concentration resulted in higher thermal expansion and compressibility
coefficients, indicating weaker interatomic interactions and enhanced anharmonicity of lattice vibrations. The
obtained results reveal correlations among crystal structure, chemical bonding, and physical properties in
layered chalcogenide semiconductors.

Keywords: solid solutions, linear thermal expansion, isothermal compressibility, shear modulus,
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Introduction

Interest in semiconductor compounds of the type TIA"B}'(A=1In, Ga; B=S, Se, Te) and solid solu-

tions based on them is initially due to the fact that the crystals represent a promising material for use in opti-
cal electronics [1-3]. The crystal structure of TIInS; is solved in [4]. It is established that T1InS, belongs to
the monoclinic syngony and has the following crystal lattice parameters: a = 10.95; b = 10.95; ¢ = 15.14A,
z=16, pr.gr. Cc—C%.

A characteristic feature of the crystals of solid solutions (T1InS,), «(T1GdS,), is the presence in their
crystal lattice of a high concentration (10%°+10% cm™®) of stoichiometric vacancies and associated localized
states in the band gap [5, 6], and this value increases with the growth of the molar fraction of gadolinium in
the composition of solid solutions. With an increase in the concentration of solid solutions, the average dis-
tance between the atoms of the dissolved substance TIGdS, reaches values at which the inter-impurity inter-
action begins to make a significant contribution to the energy of the TIGdS, solvent crystal [7, 8], and this
leads to the appearance of fundamentally new properties that are not characteristic of the original material.

Temperature and concentration dependences of thermal and electrophysical properties of alloys of the
TlInS,~TIGdS, systems are studied in the work [9]. However, these data are insufficient to clarify the nature
of the bond and the strength of interatomic interaction in the TIInS, compound and solid solutions of the
TlInS,—TIGdS, system, which is of particular interest for the analysis of thermal and elastic properties of this
object.

To obtain additional information about the chemical bond in the crystal lattice, its influence on the na-
ture and magnitude, the temperature dependence of the heat capacity of thermal expansion (o)) and isothermal
compressibility (yr) are studied in a wide temperature (80-350 K) and concentration ranges.
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The aim of the present work is a comprehensive investigation of the temperature and concentration de-
pendences of the coefficient of linear thermal expansion (o) and isothermal compressibility (yr) of solid so-
lutions (TIINS,); x(TIGAS,), (0 <x <0.10) in the temperature range 80-400 K. The specific objectives in-
clude: establishing the solubility region of TIGdS, in TlInS, by X-ray diffraction analysis; calculating the
Debye temperature, mean-square atomic displacements, Young’s modulus, shear modulus, Poisson’s ratio,
and the difference C,— Cy from experimental o, and yr data; determining the band gap E, from temperature
dependences of electrical conductivity; and comparing the band gap values obtained from thermal, electrical,
and optical measurements to verify the consistency of the applied approaches.

Experimental

Alloys of the TlInS, — TIGdS, system are studied using differential thermal, X-ray phase, and micro-
structural analysis methods. DTA of the samples is carried out using a low-frequency thermal recorder NTR-
73 with a Pt-Pt/Ph thermocouple at a heating rate of 10 K/min. X-ray fluorescence analysis is carried out us-
ing a DRON-1.5 apparatus (Ni filter, 35 kV, 10 mA). The radiographs are decoded using the 1ZA-2 compara-
tor with an error of 0.01-0.05 mm. The swing radiographs are obtained in the RKOP-A chamber. The inten-
sity of the lines is determined visually using a ten-point scale. The lattice parameters are determined by the

2 2
extrapolation method using the function 1fcos’6  cos'f
2\ cos0

the samples are grown by the Bridgman method in evacuated quartz ampoules with a diameter of 2025 mm
with different bottom forms. The best homogeneity of samples is obtained with a conical shape of the am-
poule bottom and a growth rate of single crystals of 0.5 mm/h. Themonocrystalline of the grown crystals is
judged by the recorded Lauegrams. To conduct a temperature X-ray diffractometry study, plane-parallel
plates are separated from the obtained monocrystal along the cleavage plane and installed on the goniometric
head of the DRON-1.5 diffractometer [5]. Measurements of electrical conductivity and the Hall effect are
carried out on samples with ohmic contacts at direct current [10] in constant magnetic fields up to 1200 A/m.
The measurement error did not exceed 4-5 %.

To measure the all-round compression of the alloys of the TlInS, — TIGdS, system in the range of
77-420 K, the setup described in [11] is used. In order to increase the accuracy of measuring the frequency
of sinusoidal signals with different interferences, an integrated Schmidt trigger is used in the registration cir-
cuit. The setup is calibrated according to the compressibility of reference samples of copper and aluminum.
Helium gas is used to compress the sample, the pressure of which varied from 10° Pa to 10 MPa. With a
small modification, on the same installation, without removing the sample, measurements of thermal expan-
sion are also carried out. The rate of temperature rise did not exceed 2 K/min. The samples had the shape of a
cylinder with a cut of 30 mm and a diameter of 5 mm. The error in measuring thermal expansion is ~1.45 %,
and in measuring isothermal compressibility ~4.5 % [12]. Synthesis and X-ray diffraction of samples.

Solid solutions (T1InS,)1 «(TIGdS;), are synthesized in quartz ampoules by melting the starting materi-
als. The starting materials are high-purity elements (TI — 99.99 wt.%, Gd — 99.5 wt.%, In — 99.999 wt.%,
S-o0c.4.16-5). From these data, with the exception of gadolinium, it follows that the purity of the initial ele-
ments is satisfactory. It is found that 8—10-fold zone purification allows increasing the purity of the element
gadolinium to 99.7 mass %. The alloys are synthesized as follows. The initial elements, loaded into an am-
poule evacuated to 0.01 Pa, are placed in a furnace. Depending on the gadolinium content, the furnace is
heated to a temperature of (1100-1200) K. The time the ampoule with the substance is kept at this tempera-
ture also depended on the gadolinium content and increased from 2 to 3 hours as it increased. After which
the temperature of the ampoule with the substance is cooled to room temperature at a rate of 15-20 K/h.
The obtained samples had a golden-orange color. The alloys synthesized are (TIInSy), «(TIGdS,), where
0<x<0.10.

To conduct an X-ray study using the Bridgman method, single crystals of the TIInS, — TIGdS, system
alloys are grown. The speed of movement of the ampoule with the melt is 3 mm/h. When growing single
crystals of the (TIInS,), «(TIGdS,),, alloys, the temperature of the high-temperature zone varied from 1000 to
1300 K. In particular, for the composition x = 0.05, the zone temperature is 1130 K, and for x =0.10,
1300 K. To establish the solubility region based on TIInS,, the obtained single crystals are subjected to X-ray
phase analysis. X-ray analysis of crystals x = 0.05 and x = 0.10 showed that these phases crystallize in the
monoclinic syngony based on the TIInS, lattice. Calculations of the diffraction patterns of powders of the
composition x = 0.05 and x = 0.10 are given. Laue grams are taken from the obtained sample to determine

J with an accuracy of 0.001 A. Single crystals of
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the quality of monocrystalline. It appeared that the obtained samples are perfect monocrystals. The quality of
the monocrystals worsens with increasing gadolinium concentration in the studied compositions. Based on
the rocking X-ray diffraction pattern in three crystallographic directions [h00], [OkO] and [00l], the following
lattice parameters of the monoclinic syngony are established for single crystals x =0.05 and x = 0.10;
a=10.843; b=10.90; c=15.145A; B=100° z=16; a=10.964; b=10.848; c=15.167 A; B =100°;
z=16.

The calculated numbers of molecules per unit cell confirm that (TIINS;)es(TIGAS,)00s and
(THNS2)0.o(TIGAS,)o 4 as well as alloys (0-10) mol% TIGdS, are substitution solid solutions.

From the above crystal along the [00I] plane is obtained in clear diffraction reflections corresponding to
the angles: 6 = 5°55' (002), 11°55' (004), 24°23' (006), 31°03' (008), 38°15' (00,10), 46°14' (00,12) based on
the temperature study conducted, in the temperature range of 320-800 K, curves of the dependence of the
lattice parameter “C” on temperature are constructed. It turned out that with an increase in temperature along
the [00I] plane, a linear expansion of the crystal (T1INS,)¢5(T1GdS,)0.05 is Observed. Thus, as a result of the
conducted X-ray study of single crystals (TIInS,); «(TIGdS,),, it is established that when TIGdS, atoms are
replaced by TIInS; in the range of (0—10) mass%, the structure does not change and substitution solid solu-
tions are formed (Table 1).

Table 1
Calculation of diffraction patterns of powders of composition (T1INS,),_(TIGdS,),

x=0 Xx=0.05 x=0.1
Ne dtheo.y A dexp., A dexp.y A kd
1 7.4550 7.4576 7.4681 002
2 3.8417 3.8176 3.8230 220, 212
3 3.7275 3.7282 3.7283 004
4 3.4554 3.4400 3.4531 311
5 3.0116 3.0232 2.9958 105
6 2.8661 2.8628 2.8610 321, 224
7 2.7545 2.7563 2.7568 323
8 2.5202 25191 2.4957 305
9 2.3904 2.3891 2.3820 404
10 2.1347 2.1351 2.1295 151
11 1.9902 1.9875 1.9902 414
12 1.9262 1.9342 1.9271 252
13 1.8643 1.8688 1.8664 208, 008
14 1.7712 1.7716 1.7672 155
15 1.7199 1.7181 1.7184 614
16 1.6867 1.6846 1.6900 317
17 1.6009 1.6037 1.5977 328, 319
18 1.5006 1.4944 1.4903 721

Results and Discussion

The temperature dependences of the electrical conductivity (o) of the solid solutions
(THNS,), x(TIGdS,), turned out to be complex. It is evident that the electrical conductivity maxima are ob-
served at temperatures of ~795, 810, 830 K for x = 0.01; 0.05; 0.10, respectively. With a further increase in
temperature, ¢ decreases, reaches a minimum, and again sharply increases (the region of intrinsic conductivi-
ty). This behavior of electrical conductivity in solid solutions of the TIInS, — TIGdS, system can be associat-
ed with hopping conductivity (Fig. 1a, b).

In this region, the temperature dependence Igc ~ AT is typical for such jumps. According to, even in

specially undoped crystals TlInS,, TIGaSe,, TIGaS, there is hopping conductivity T = 200 K [13]. The nature
of uncontrolled defects in TIINS, is most likely associated with anion vacancies, which lead to hopping con-
ductivity, at relatively high temperatures can be different. The reason for this may be both anionic and cati-
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onic vacancies disordered in the layer joints and other defects. However, as noted in, these defects do not
lead to the state of ferroelectric glass [14].
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Figure 1. Temperature dependence of electrical conductivity (a) and concentration dependence of the bandgap (b)
of solid solutions (T1INS,)1 (T1GdS,), (1 — x =0.02; 2— x =0.05; 3—x =0.10)

The bandgap widths of the indicated phases are determined from the high-temperature slope of the tem-
perature dependence of electrical conductivity and the Hall effect and are in good agreement. Figure 1b
shows the dependences of the band gap of the solid solutions [TlInS,];[TIGdS,],, determined by

3
lgo=f [%) It is evident that with an increase in TIGdS; in TlInS; the value of E, decreases. Based on

the band structure of TIInS,, the valence band is mainly formed by the split 3p levels of sulfur and partially
by the 5p5s levels of indium ions, as well as the 6p levels of thallium. The conduction band is formed by the
5p5s levels of indium ions and the 6p* levels of thallium. When substituting atoms in the TlInS,— TIGdS,
system, the valence electrons of the latter ions partially pass into a collectivized state, which leads to strong
electronic interactions and a “loosening” of the lattice (Ry, = 0.92 A; Rgq = 0.96 A). As a result, during the
transition from TIInS; to solid solutions based on it, the valence band undergoes a certain shift towards high-
er energies due to the overlap of the sulfur 3p states with the higher-lying gadolinium 4f states. At the same
time, the lattice parameters increase and the band gap decreases.

Figures 2, 3 show the results of the study of the temperature dependence of the coefficient of linear
thermal expansion (o) and isothermal compressibility (y) in the range of 80-400 K in TIInS,.
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Figure 2. Temperature dependence of the coefficient Figure 3. Temperature dependence of the isothermal com-
of linear thermal expansion of 1 — TIlInS,; 2 — TIGdS, pression coefficient of TlInS, and TIGdS, compounds
compounds (o — monocrystalline, ® — polycrystalline) (symbols are the same as in Figure 2)
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Figure 4. Temperature dependence of the coefficient Figure 5. Temperature dependence of the isothermal
of linear thermal expansion of [T1InS,],_,[TIGdS;]« compressibility coefficient of (TIINS,),(TIGdS,),
solid solutions (markings are as in Figure 1) solid solutions (the symbols are the same as in Figure 1)

It follows from the figure that for the single-crystal sample of TlInS,, two anomalies are observed,
which correspond to the temperature range of the ferroelectric and incommensurate commensurate transi-
tions [15]. For polycrystalline TIInS,, only one anomaly is observed on the curve, covering a wider tempera-
ture range, and the even boundary of anomalies observed in the case of a single-crystal sample disappears.
The changes in the anomaly in the single-crystal and semi-crystalline samples of TlInS, that we have discov-
ered can also be associated with the influence of the “random field” and “random temperature” defects, since
these defects create non-zero values of the order parameter independent of symmetry. In this connection, an
electric field is created that strongly affects the incommensurate-commensurate phases.

From the standpoint of interatomic interaction mechanisms, the anomalies observed in TIInS; reflect the
softening of certain phonon modes associated with the structural instability of the layered monoclinic lattice
near the ferroelectric transition. The high concentration of stoichiometric vacancies (~102°-10% cm®) inher-
ent to TlInS, plays a decisive role: these point defects generate local electric fields and random strain fields
that couple to the order parameter of the incommensurate modulation. The complete suppression of anoma-
lies in solid solutions (TIINS,),_,(TIGdS,), can be attributed to the disruption of long-range structural order
upon substitution of In®* by Gd** ions. The larger ionic radius of Gd (Rgg=0.96 A) compared to
In (Ri, =0.92 A) introduces local lattice distortions that pin the incommensurate modulation and prevent the
cooperative atomic displacements required for the phase transitions observed in the parent TIInS, compound.
The monotonic increase of a, and yr with growing TIGdS, content is consistent with the progressive weaken-
ing of interatomic bonding and the increase in anharmonicity confirmed by the observed decrease in the De-
bye temperature.

The results of the studies of the temperature dependence of the linear thermal expansion and isothermal
compressibility (o, and ;) of solid solutions (T1InS,), x(TIGdS;), where 0 <« x <« 0.1 at 80+400K are shown
in Figure 4, 5. It is evident that no anomalies are observed in the temperature dependences of o, and yr in the
studied temperature range. This indicates that there are no phase transformations in the specified temperature
range. As follows from Figure 4, 5, in all the crystals studied, the nature of the temperature dependence of
both o, and yr is almost the same, i.e., at relatively low temperatures, o, increases with increasing tempera-
ture and, starting from ~210 K, the growth of o, somewhat weakens and gradually comes to a constant value.
This behavior of o, and yr in solid solutions (T1InS,)1 x(T1GdS,), is explained by the identity of the types of
crystal structure and chemical bonds between atoms. In order to identify the temperature, increase of oy, the
degrees of temperature dependence of o, are determined graphically at different temperature ranges
80<T<200K. At x =0, o~ Tog1; X= 0.02, o~ Togs X= 0.05, o~ Togo, X= 0.10, o~ To.os. Such a |arge
change in the degree of temperature dependence of ay in solid solutions (TIINS,); 4(TIGdS,), is explained by
the fact that during thermal expansion, along with a change in the size of the unit cell, the amplitude of
oscillations of atoms in the crystal lattice also changes, which in turn leads to a change in the anharmonicity
value.

The experimental data obtained by us on the values of o, TlInS, and various compositions of solid solu-
tions (TIINS,), «(TIGdS,), are used to calculate the Debye temperature (6p) and the root-mean-square dynam-

ic displacements of atoms (\/r?) according to the following equations:
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o 13T M

(A-VS/Z _a)l’z '
\/U—2_4.3-10‘“[D(6D/T)(GD/T)+1/4] @
A0, ’
where oy is the coefficient of linear thermal expansion, A is the average atomic mass, V is the average atom-
ic volume, D(8,/T) is the Debye function. The calculation data for the values of (6p) and (/@?) using
expressions (1) and (2) are presented (Table 2).

Table 2

The value of the Debye temperatures and the root-mean-square dynamic displacements
of atoms in the crystal lattice of solid solutions (TIINS,),_(TIGdS,),

x=0 x=0.02 x=0.05 x=0.10

TK K | JiZ.A | K | Ji2.A | 0K | JT.A| 0K | JiZ.A
80 335 0.066 392 0.072 323 0.080 313 0.084
100 314 0.075 353 0.081 306 0.091 300 0.093
120 290 0.085 325 0.092 292 0.101 283 0.104
140 266 0.098 302 0.103 280 0.111 269 0.115
160 240 0.113 285 0.115 270 0.120 260 0.126
180 206 0.139 272 0.126 263 0.131 252 0.137
200 182 0.166 264 0.136 257 0.141 245 0.148
220 178 0.177 259 0.145 253 0.149 240 0.160
240 220 0.115 256 0.153 250 0.158 236 0.168
280 174 0.120 255 0.167 248 0.172 232 0.185
310 171 0.122 254 0.175 247 0.179 230 0.196
350 170 0.123 253 0.187 246 0.194 228 0.210

It is evident that when replacing indium atoms with gadolinium atoms, the mean square dynamic dis-
placement of atoms in the crystal lattice increases, and the Debye temperature decreases by
(THNS,); x(TIGAS,)y. The change in the Debye temperature with temperature indicates a deviation of the
phonon spectrum from the Debye model.

Based on the experimental data on the isothermal compressibility coefficient, some elastic parameters
for solid solutions (T1InS,), «(TIGdS,) are also calculated using the formulas given: Young’s modulus (E)

3 16 \V2
(E)E= ODm—pa , shear modulus (p)p= E , Poisson’s ratio (o)c:l—(ﬁj and the veloci-
1.6818-10 2(1+0) 3K

ty of propagation of longitudinal ultrasonic waves (86)88 = F where 0p is the Debye temperature, p is the
P
density, m is the mass.
The calculation results are given. It is evident from Table 3 that with the increase of the TIGdS, content
in TIINS, the elastic parameters E, u, 3, . (o-slightly changes) decrease. This allows us to conclude that with

the increase of the TIGdS, content in TIInS, the chemical bond between the atoms in the solid solutions
(THNS,); «(TIGdS,)« changes significantly, which leads to a large change in the degree of anharmonicity of
thermal vibrations (Table 3).The uncertainties in the calculated elastic parameters are determined primarily
by the measurement errors of the experimental quantities: the error in a, is ~1.45 % and in xr is ~4.5 %, as
indicated in the Experimental section. Error propagation through formulas (1) and (2) yields an estimated

uncertainty of ~3 % for 6p and ~5-6 % for «/U_Z For the elastic moduli, the combined uncertainty is approx-
imately 5-8 %. These values are consistent with the typical accuracy reported for similar chalcogenide sys-
tems in the literature [16]. A comparison of the obtained Debye temperatures (228-392 K depending on
composition and temperature) with values reported for structurally related compounds TlGaSe, (~220 K) and
TlInSe, (~240 K) [17] confirms the physical reasonableness of the calculated parameters.
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Table 3

Values of Young’s modulus, shear modulus, Poisson’s ratio and the velocity
of longitudinal ultrasonic waves of solid solutions (T1InS,);_(TIGdS;)«

T K x=0.02 x =0.05 x=0.10

' E, GPa c u, GPa | 9, m/c | E, GPa c i, GPa | 9, m/c | E, GPa c u, GPa | 9, mic
80 | 513.1 | 0.458 | 176.0 | 9479 | 349.6 | 0.470 | 1189 | 7800 | 331.2 | 0.472 | 112.7 | 7541
90 | 459.6 | 0.463 | 157.1 | 8972 | 3304 | 0.472 | 1123 | 7583 | 316.6 | 0.473 | 107.8 | 7373
100| 416.1 | 0.466 | 1419 | 8537 | 313.8 | 0.473 | 106.5 | 7390 | 304.3 | 0.475 | 103.6 | 7228
120| 352.7 | 0.471 | 1109 | 7859 | 285.7 | 0.475 96.8 7051 | 270.8 | 0.476 91.9 6819
140| 304.6 | 0.475 97.1 7304 | 262.8 | 0.477 89.0 6763 | 244.7 | 0.479 82.9 6482
160| 271.2 | 0.478 87.3 6892 | 244.3 | 0.479 82.6 6520 | 228.6 | 0.480 71.7 6265
180| 247.1 | 0.479 82.4 6578 | 231.8 | 0.480 78.3 6351 | 214.7 | 0.482 72.6 6072
200| 232.7 | 0.480 78.6 6384 | 2215 | 0.480 74.8 6209 | 203.0 | 0.483 68.6 5904
210| 2275 | 0.481 76.8 6312 | 2179 | 0.481 73.6 6158 | 198.0 | 0.483 67.0 5831
220| 224.0 | 0.481 75.6 6263 | 2145 | 0.481 72.4 6111 | 194.8 | 0.484 65.9 5783
240| 218.8 | 0.482 73.9 6190 | 209.4 | 0.482 70.6 6037 | 188.3 | 0.484 63.6 5686
280| 217.1 | 0.483 73.3 6166 | 206.1 | 0.483 69.6 5989 | 182.0 | 0.484 61.5 5590
310| 215.4 | 0.484 72.7 6142 | 2045 | 0.484 69.1 5966 | 178.9 | 0.485 60.4 5542
350| 213.7 | 0.485 72.1 6118 | 202.8 | 0.485 68.5 5941 | 175.8 | 0.485 59.4 5494

The temperature dependence of the bandgap of the applied solid solutions (E4(T)) is studied. For this,
the empirical formula shown in [18, 19] is used:

E, (T)=E, (0)—?4“%[(%)2 +(%Tj _1] . @3

Here y — constant is y = 3.7-10*. § — temperature is found from the relation 6 = %9,3 — Debay tem-

perature (Table 2). The result of the calculation is given in Figure 6 (solid line). As can be seen, with the in-
crease in the amount of TIGdS, in TIInS,, the value of E4(T) decreases. In all compositions, the value of
Eq(T) increases with the decrease in temperature.

In order to verify the accuracy of the obtained results, the value of E4(T) is also calculated for the

oE
(THNS,)1 x(TIGdS)), solid solutions at different temperatures using the value a—T‘" =—6-10" X v/ K, which

is found based on the experimental values of photoconductivity. The calculation is carried out using the fol-
lowing empirical formula.

oE T?

E, (T)=E, (0)—— ———. 4

The obtained results are shown in Figure 6 (with the A-symbol). As can be seen from the figure, the

values calculated for E, (T) by formulas (3) and (4) coincide with each other and lie on a straight line. This

change in the band gap with composition and temperature can be explained by the increase in defects and the
weakening of the chemical bond between atoms due to the increase in the amount of TIGdS; in solid solu-
tions.

The values of the specific heat capacity at constant volume (Cy) of the solid solutions
(THNS,), x(TIGdS;), are calculated using the experimental values of the specific heat capacity at constant
pressure (C,) [20].

C,=Cp———. (5)

The results of the calculation are given in Table 4. As can be seen from the table, the band gap of the
investigated solid solutions at different temperatures, the temperature dependence of the electrical conductiv-
ity, and the values calculated using (3) and (4) are in good agreement. With increasing temperature, the value
of C, varies for different compositions (Table 4).
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Figure 6. Temperature dependence of the bandgap of (T1InS,),(T1GdS,), solid solutions
(1—x=0;2—x=0.02; 3—x=0.05;4—x=0.10)

Table 4
Zone and thermal parameters of (T1InS,),_(TIGdS,)y solid solutions
Eq, €V Ey(T), eV Eq(T) G, C,

Bxample | 5 = f10°m) T.K (Eq. 3) (Eq. 4) c/kg-K clkg-K
100 2.467 2.486 219.5 217.4

140 2.445 2.473 244.3 238.8

x=0.02 2,510 160 2.438 2.465 252.1 244.2
200 2.427 2.448 264.9 251.8

350 2.360 2.378 279.8 251.2

100 2.433 2.455 228.7 228.3

140 2.416 2.442 253.2 252.4

x=0.05 2.482 160 2.408 2.434 260.6 259.6
200 2.394 2.417 272.6 270.9

350 2.331 2.346 285.1 281.1

100 2.360 2.425 246.4 243.9

_ 140 2.347 2411 268.3 263.1
x=0.10 2.413 160 2.338 2.403 274.5 267.7
200 2.323 2.370 286.1 2755

Conclusion

Using X-ray diffraction and chemical analysis, the solid-solution region in the TIInS, — TIGdS, system
based on TIInS, is established to extend up to 10 mol% of TIGdS, at room temperature. The solid solutions
(THNS,)1x(TIGdS)),, like TIINS, itself, crystallize in the monoclinic system. The observed anomalous behav-
ior of electrical conductivity and the Hall coefficient in the solid solutions is associated with impurity-related
hopping conductivity. The band gap decreases with increasing TIGdS, content in the solid solutions. A phase
transition is detected in the temperature dependence of the thermal expansion coefficient and isothermal
compressibility of TlInS,. It is shown that, in all the studied solid solutions (T1InS,)1 (T1GdS,), ho phase
transformation occurs within the temperature range 77-400 K. With increasing TIGdS; content in TIInS,, the
values of the thermal expansion coefficient and isothermal compressibility increase at all investigated tem-
peratures. For TlInS,and its solid solutions (T1InS,)1(T1GdS,),, the Debye temperatures, mean-square dy-
namic displacements in the crystal lattice, the difference between specific heat capacities at constant pressure
and constant volume, Young’s modulus, shear modulus, Poisson’s ratio, and the propagation velocity of lon-
gitudinal ultrasonic waves are calculated. The calculation results indicate that with increasing TIGdS, content
in TIInS,, the chemical bonding between atoms in the solid solutions (TIINS,),(TIGdS,), changes signifi-
cantly, leading to a pronounced modification in the degree of anharmonicity of thermal vibrations. It is
shown that there is good agreement between the experimental and calculated values of Ey(T).
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Temperature effects in (TIINS2)1x(TIGAS,)x...

JIx.Jx. baiipamos, P.S1. lamupos, Y.M. Mycradaea, A.®. Tammdiu
(THNS)1 «(TIGdS,)x KaTTBI epiTinaiiepinaeri Temmeparypaibik 3¢ dexTiiep

TIINS, — TIGAS, xyiieciHiH KOpbITIATapbl CHHTE3ACIII, OJapAblH MOHOKpHCTAAapbl BpumkMeH aaiciMeH
ocipingi. PenrrenkypeuibiMaplk 3eprreynep T1GdS, xocwsuteiceiHbH TlnS, KypaMblHIars! epirimrik
aliMarbiH aHblkTanbl. 11INS, xone (TIINSy); «(TIGAS,); (0<x<0.10) karThl epiTiHIICPiHiH CBI3BIKTBIK
KBUTYIBIK YIIFar0 Ko3G¢uuuenTi (o) MEH H30TepMHSUIBIK ChIFBUIFBIITHIFEL (X1) 80—400 K Ttemmeparypa
apaibIFBIHAA 3epPTTENi. o KOHE Y1 TOKIpHOenmik MoHAepi Herizinae [lebail TeMmepaTypachl, aTOMIApPIbIH
opTamia KBaJpaTThIK BIFBICYHI, FOHT Moy, EIFbICY Moy, ITyaccon koaddurmenti sxone Cy—Cy alitbipmacs!
ecenTenai. TeIibIM cajplHFaH alilMaK €Hi 3JEKTPOTKI3TILITIKTIH TeMIepaTypaslblK Toyelautiri OoibIHIIAa
QHBIKTAJIBIN, OKBUIYJIBIK JKOHE  ONTUKAIBIK  OJICTEPMEH  ajblHFAaH MOHAEPMEH  CaJbICTBIPBUIIbL.
DJeKTPOTKI3TIMTIKTIH aHOMAIBABl TOPTIOI THIABIM CalblHFAaH alMaKTarbl JIOKaJbJJaHFaH Kyiiep MeH
CTCXMOMETPHSUIBIK ~ BaKaHCHsIapra OalllaHbICTBI  cekipMenmi — eTkisrimTikmeH —Ttycinmipiam. TIINS,
KOCBUIBICBIHAH afbIpMaIIbUIBIFEL, 3epTrenreH KarTol epitiHainepne 80-400 K apambirerama  ¢asaibik
aypicymap Oaiikanmaznel. TIGAS, MmenmiepiHiH apTybl IKBUIYJIBIK YJIFal0 MEH  CHIFBUIFBIIITBIK
K02 pUIEeHTTEPiHIH 6CyiHE JKEIill, aTOMapaJbIK OaiylaHbICTaApABIH dJICIpeYiH JKOHE JKBUTYJIBIK TepOeicTep
AQHTAPMOHUSCHIHBIH ~KYIICIOIH KOpCeTTi. AJIBIHFAaH HOTIDKENEp KaOaTThl XalbKOTCHUATI KapThUIAH
OTKI3TIIITEPACT] KPUCTAIIBIK KYPBUIBIM, XUMHSUIBIK OaiIaHBIC jKoHE (HM3HMKAIBIK KAaCHETTEpP apachbIHIAarbl
e3apa 0aiiJIaHBICTHI aHBIKTAIIBL.

Kinm ce30ep: KaTThl epITIHIIEP, CBHI3BIKTHIK >KBUTYJIBIK YIIFAK0, W30TEPMESUIBIK CBHIFBUIFBINITHIK, BIFBICY
MOJTYJTi, aHTAPMOHUSIIBIK, THIABIM CaJlbIHFaH aliMak eHi, (POTOTKI3TIIITIK, MOHOKpHCTaIaap, bpumkMen oici,
PEHTTCHKYPBUTBIMIIBIK TaJIIay

Jix.JIx. Baiipamos, P.5. lamupos, Y .M. MycradaeBa, A.®. Tamudan
Temmneparypusble 3¢ pexTnl B TBepaAbIX pacTBopax (TlInS;); (T1GdS,),

Cruraesl cuctemsl TIINS, — TIGAS, 6butH cCHHTE3MPOBaHBI, & KX MOHOKPHCTAIUIBI BBIPAIICHBI METOIOM Bpu-
JKMEHa. PEeHTreHOCTPYKTYpHBIE HMCCIESJOBAHUS MO3BOJMINA YCTAaHOBHTH obmacth pactBopumoctu T11GdS, B
TINS,. KoadhduipeHt nuHeiHOro TeruioBoro pacumpenus (0 ) 1 u3orepmudeckas cxumaemoctsd (1) THINS,
u TtBepapix pactBopoB (TIINS,); (TIGdS;), (0<x<0.10) wuccnenoBaHsl B HWHTEpBAlEe TEMIIEPATYp
80-400 K. Ha ocHOBe SKCIIepHMEHTANIbHBIX 3HAYEHWH 0 W 7 ONpeleieHbl Temmeparypa Jlebas, cpenHe-
KBAJIpaTHYHOE CMEIEHHe aTOMOB, Moayb FOHra, Moaynb capura, kodduuueHt [lyaccona u pa3HOCTb Te-
noemkoctedt Cy—Cy. Illupuna 3amperieHHol 30HbI paccyUTaHa 10 TeMMEPaTypHOH 3aBHCHMOCTU 3JIEKTPO-
MPOBOJHOCTH M COMOCTABIICHA CO 3HAYCHHUSMH, HOJyYEHHBIMH TEIUIOBBIMH U ONTHYECKHMH METOJaMu. AHO-
MaJbHOE MOBEACHUE JJIEKTPONPOBOAHOCTH OOBSCHSAETCS MPBDKKOBOIT MPOBOJMMOCTBIO, CBSI3aHHOW CO CTe-
XHOMETPHYECKUMH BaKaHCHSIMH ¥ JIOKAJIM30BAaHHBIMH COCTOSIHHSIMM B 3allpelieHHOil 30He. B oTinume ot
TIINS,, B uccnenoBanHbIX TBepAbix pacTBopax B quamazone 80-400 K ¢a3oBbie mepexo/pl He 00HAPYKEHBI.
VBenuuenne kouueHrpaun 11GdS, npuBoauT K pocty K03(hPHUIHEHTOB TEIIIOBOTO PACIIUPESHUSI U CKIMAe-
MOCTH, YTO CBHUAETEIBCTBYET 00 OCJIa0JICHNN MEXAaTOMHBIX CBSI3eH M YCHIICHHH aHTaPMOHHYHOCTH TEIUIOBBIX
koneOanui. [TomydeHHbIe pe3yabTaThl BBISBIAIOT B3aHMOCBSI3b MEXKAY KPUCTAJUIMYECKOW CTPYKTYPOH, XH-
MHYECKOH CBSI3bI0 U HU3NUECKUMHU CBOWCTBAMH CIIOMCTHIX XaJIbKOT'CHHUTHBIX MTOJTYIIPOBOIHHKOB.

Kniouesvle cnosa: TBepIple PacTBOPHI, JIMHEHHOE TEMIOBOE PACIIMPEHHE, N30TEPMHUYECKAs CKHMMAaeMOCTh,
MOZYJb CABUTA, aHTAapMOHUYHOCTH, IIMPHHA 3aIPEIIeHHON 30HBI, (OTONPOBOANMOCTD, MOHOKPHCTAILTBI, Me-
Toj bpumkMeHa, peHTTeHOCTPYKTYPHBIH aHaTH3
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