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Abstract—X-ray diffraction and differential thermal analysis data obtained in the Cu, 95Nij o5S phase-transi-
tion region are analyzed. It is established that the low-temperature rhombic o phase in Cu, ¢5Nij ¢5S trans-
forms to the hexagonal  phase at temperatures of 370—390 K and to the cubic yphase at temperatures of 740—
765 K according to the scheme oo — o+ — o+ 7y — Y. Itis determined (using the temperature depen-

370-390K

740-765K

dence of differential thermal analysis) that the transition oo — P is accompanied by heat absorption while the
transition  — 7 is accompanied by heat release. It is found that both transitions are allowed and belong to

the reconstructive type. Both transitions are found to occur in a fluctuation volume of ~10~2° cm? at tem-

perature rates of 0.11 and 0.08 K. Tt is demonstrated that the transition o — Yis accompanied by alternation
of the structures passing through the intermediate § phase, which is incommensurate with respect to the o

and 7y phases.

DOI: 10.1134/51063782618010037

1. INTRODUCTION

One of the important aspects of studying phase
transitions (PTs) is establishing the correlation
between the structural and thermal properties of a
material. To determine this correlation, it is necessary
to investigate the physical properties of a material in
the PT temperature range, which yield information on
the PT process. Another topical problem is determina-
tion of the distribution of coexisting phases in the PT
region. It is well-known that PTs caused by fluctua-
tions in the physical state of a substance lead to varia-
tions in the physical properties in this region. The phe-
nomenological theory of smeared PTs [1] is based on
the theory of heterophase fluctuations, in which the
phase-inclusion function L characterizing the distri-
bution of coexisting phases in the PT region and its
temperature derivative dL/dT (PT temperature rate)
are introduced. As a matter of fact, the function L can
determine the change in all the thermodynamic
parameters of a system in the PT region.

Different alloys characterized by a high thermal
efficiency [2, 3] have been prepared by substituting
atoms of different metals for copper atoms in Cu,X
(X=S, Se, or Te) chalcogenides. It is worth noting,
first, that Cu,S has the following three polymorphic
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modifications [4, 5]: (i) the orthorhombic o modifica-
tion stable up to 376.5 K with unit-cell parameters of
a= 1490 A, b = 27.28 A, and ¢ = 13.41 A (sp. gr.
Abm?), (ii) the hexagonal B modification stable at
376.5—708 K with unit-cell parameters of @ = 3.89 A
and ¢ = 6.68 A, and (iii) the cubic modification with a
lattice period of a = 14.90 A (sp. gr. Fm3m), which
exists at temperatures above 780 K. According to [6],
the orthorhombic modification has a unit cell with
parameters of a 11.80 A, b = 27.20 A, and ¢ =
22.70 A. As was shown in [7], at room temperature
Cu,S has a monoclinic lattice with parameters of a =
15.246 A, b = 11.884 A, and ¢ = 13.494 A and B =
116°35" (sp. gr. P2,/c). In view of the aforesaid, it is of
interest to synthesize a Cu, _ M,S (M = Ni and x =
0.05) alloy and study its structure in a wide tempera-
ture range.

One of the characteristic materials which undergo
PTs is the alloy Cu, ¢sNij(5S. The X-ray diffraction
and thermodynamic parameters of the material at PTs
are analyzed. Examination of the different structural
characteristics and interacting modifications before
the PTs and during them is aimed at establishing the
mechanism of their transformations.
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Table 1. Calculation of the diffraction patterns of the o.-mod-
ificaﬁon Of Cul_gsNio_Oss at 7=300 K

dA | I |hki| dA | I | hki | d A | I| hki
4243 | 6 |2222.659 | 25 | 224 | 1.949 |30 116
3.73 | 20 [ 242(2.609 | 16 | 353 | 1.908 | 14| 662
dA | I |hki| dA | I | hki | d A | I| hki
3.59 |16 [ 3022555 | 12| 413 | 1.892 | 12| 216
341 | 6 [203]2.524 |40 | 423 | 1.876 |90(2140
3.31 | 25180 | 2.469 | 45 | 433 | 1.797 | 14| 593
3.27 | 254202396 | 85 | 1111 | 1.787 | 14| 691
3.18 | 40 (2622325 |40 | 174 | 1.704 | 35| 406
3.15 | 30 | 4212237 | 25| 205 | 1.657 |12 286
3.051 | 20 | 243 | 2.207 | 30 | 225 | 1.632 | 10| 605
2.942 | 45091 | 2.117 | 12 | 444 | 1.528 | 25| 486
2.873 | 16 | 191 | 2.093 | 10 | 194 | 1.361 [ 10| 686
2755 | 16 | 134 | 2.005 | 14 | 345

2.718 | 55 [ 044 | 1.977 | 100 | 213 1

Table 2. Calculation of the diffraction patterns of the 3-modi-
fication of Cul.95NiO.OSS at 7T=379 K

d, A I hkl d, A I | hkl
3.388 002 1.361 2 | 203
3.055 9 101 1.296 3| 210
2.401 88 102 1.281 1| 114
1.9805 100 110 1.273 4 | 211
1.875 98 103 1.143 2 | 300
1.706 45 200 1.122 3| 213

d, A I hkl d, A I | hkl
1.689 9 004 1.120 3 | 006
1.661 10 201 1.082 51 302
1.527 6 202 0.975 2 116
1.509 3 104 0.949 2 | 222

Table 3. Calculation of the diffraction patterns of the y-modi-
fication of Cu, g5Nig o5S at 7= 756 K

d, A I hkl
3.345 45 111
2.894 18 200
2.048 10 220
1.746 25 311
1.672 100 222
1.1139 35 333

2. FABRICATION OF THE Cu, 4sNi ¢sS
SAMPLES

The Cu, 9sNi, osS alloy was synthesized from initial
Cu(99.9998), Ni(99.90), and high-purity S elements.
A quartz cell was filled with the initial substances in
amounts required to obtain the desired composition.
The cell was evacuated to a pressure of 0.193 Pa. Syn-
thesis was performed in the temperature range of 800—
1150°C. To homogenize the composition, the synthe-
sized sample was annealed at a temperature of 800°C
for 100 h. Single-crystal Cu, ¢sNi (S samples were
obtained via slow cooling combined with the Bridg-
man method.

3. EXPERIMENTAL

The X-ray diffraction study was carried out using a
Bruker D8 ADVANCE diffractometer in the tube
mode at 40 kV and 40 mA (Cuk, radiation, A =
1.5406 A) in the temperature range of 300 K < 7 <
1400 K using a TTK 450 temperature chamber.

The diffraction reflections were recorded in the
angle range of 0° < 20 < 80°. The data obtained upon
low-temperature modification of the samples were
identified using the TOPAS software package. The
crystallographic parameters were refined using the
EVA software package. The results obtained are listed
in Tables 1-3.

The calculations (see Tables 1—3) show that at
room temperature the o phase has a rhombic lattice
with parameters of a = 26.50 A, 5 =15.39 A, and ¢ =
13.85 A (sp. gr. Abm2). At a temperature of T =
(379 £ 2) K, it transforms to the hexagonal B phase
with parameters of @ = 3.96 A and ¢ = 6.78 A (sp. gr.
P63/mmc) and at (750 = 2) K passes to the cubic
v phase with a modification period of a = 5.788 (sp. gr.

Fm3m).

Upon sample cooling to a temperature of 7T =
750 K, the number of diffraction reflections from the
g phase remains invariable. At a temperature of T =
730 K, the sample becomes two-phase: cubic ~60%
and hexagonal ~30%. The full y — [ transformation
occurs only at a temperature of 7= 710 K. As the tem-
perature is further lowered to 7= 450 K, the 3 phase
passes to the hexagonal modification and in the tem-
perature range of 440—460 K there are two phases
simultaneously: ~79% hexagonal phase and ~20%
rhombic phase. Only at 7= 350 K do all diffraction
reflections of the rhombic oo modification completely
recover.

Thus, it revealed using X-ray diffraction analysis
that the PTs in the Cu, ¢sNij(sS sample in the tem-

perature range of 300—1400 K are enantiotropic and
follow the scheme

750K
710K

380K
350K B
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Fig. 1. Temperature dependence of AT, in Cu; 95Nig o5S.
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Fig. 2. Temperature dependences of the mass distribution
Inmg/mg at the phase transitions in Cuy g5Nig osS.

To establish the correlation between the X-ray dif-
fraction data and thermal processes in the sample
under study, we performed similar investigations using
differential temperature analysis (DTA) on an STA
600 Perkin Elmer Simultaneous Thermal Analyzer
(US). The sample was heated at a rate of 5°C/min.
The working gas used was nitrogen and its supply rate
was 20 mL/min.

Using the DTA method, we found that in the
Cu, ¢sNi, sS sample heat is absorbed at 370—390 K
and released at 740—775 K (Fig. 1).

4. TECHNIQUE FOR DETERMINING
THE THERMODYNAMIC PARAMETERS
IN THE PHASE-TRANSITION REGION

Within the last fifty years, the theory of smeared
PTs has been intensively developed [1, 8—10]. The
coexistence of each phase in the PT region was ana-

SEMICONDUCTORS Vol.52 No.1 2018

lyzed. The regularity of the mass distribution as a fac-
tor of the temperature was established using the inclu-
sion function L(7) from the theory of smeared PTs in
condensed matter. Denoting the thermodynamic
potentials for the o and B phases as @, and @y, we
write for the coexisting phases

O(T) = ©(T) = AD(T)L(T), (1

where A®(7) = ®g(T') — @, (T). According to the the-
ory of smeared PTs (SPTs), the inclusion function

is [9]

L(T) = {l + explay(T - T 1}, (2)

where the constant a, characterizing the degree of PT
smearing depends on the volume of possible phase
fluctuations, energy, and temperature of the PT. Tak-
ing into account the mass distribution law versus tem-
perature in the PT region, the inclusion function is

-, T

-1
— =1 My, T 3
)+ (@) | g )} S

mg

where m, and mg are the o.and [ phase masses, respec-
tively.

Using the temperature dependence In(mg/mg(7)),
we can determine the temperature 7, where masses of
both phases are quantitatively equal. Using formulas (2)

and (3), we obtain
L jn| 7| (4)

If a, is some constant, the factor In ™Mo | should be
g

a linear function of the temperature difference (7, — 7)
(Fig. 2). Rolov [9] attempted to determine this func-
tion via the X-ray diffraction analysis of a solid. He
assumed the temperature variation in the X-ray reflec-
tion intensities in the narrow coexisting-phase region
to be caused by the quantitative phase change. Simi-
larly, L(T) can also be determined from AT, (7).

For this purpose, it is necessary to ensure the linear

temperature variation in In %J in the transition
m
B
region. Then, the AT range for the entire transition can
be divided into equal segments and attribute the corre-
sponding values of the investigated effects to the
assumed phases, €.g.,

_ gy gy
A, =128 a7 22).

o mOC
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Table 4. Thermodynamic parameters of Cu, 95Ni, 5S in the region of the phase transitions

Transition | 7o, K |ag, K™ |0, cal/g| Vi, cm® | AH, cal/mol |E,, eV|B, eV| AS, cal/(mol K) | C,, cal/(mol K)
o—Pp 380 0.44 34.8 4.6 764 0.18 |—0.10 2.01 100.1
B—oy 750 0.32 6.0 2.4 958 0.14 |—0.06 1.28 92.6

Figure 2 shows the temperature dependences of

m
Iny(T) y = m_B , where the corresponding masses are

o
determined from the data

m
AT, (—Bj(mu ~ AT,;my ~ AT, p).

Using the point of intersection of a straight line
with the abscissa axis, we determined the conventional
temperatures 7, of the found PTs, where the two
masses are equal. The straight lines in this dependence
are described as y = exp[—ao(T — T,)], where the
a, values determined from the slopes of straight lines
are the temperature constant of the transition. In all
coordinates, the straight lines overlap almost the
entire PT region, which is indicative of the validity of
the technique used, i.e., determination of the mass
distribution law from the temperature dependence as

mﬁ/moc(T)

According to the g, and T, data from formula (2),
we determined the inclusion functions L(7) and their
temperature derivatives dL/dT,

o

dL _a 1
dT ~ 21+ coshlay(T - T,)|’

%)

expressing the PT temperature rates. Using the inclu-
sion function, we can determine the behavior and

1.2

1.0

dL/dT.
dL/d

12 -8 -4

Fig. 3. Temperature dependences of the inclusion func-
tion L and its derivative dL/dT at the phase transitions in
Cuy 95Nig g5S.

jumps of different thermodynamic quantities in the
PT region.

According to the theory of heterophase fluctua-
tions [8, 9], the constant g is also determined as a, =

VonoQ - k™'T;?, where Vono is the volume of a phase
fluctuation and Q is the amount of heat absorbed
(released). Here, the quantity V), can be considered
as the minimum volume in which a sharp PT occurs or
the volume of new-phase particles inside the existing
phase. The temperature dependence V,(7T) can be
determined from the formula [11]

kT02a0 a 1
Q 21+cosh[—a)(T -Ty)l
Some important thermodynamic characteristic of
PTs, i.e., the transformation entropy and specific heat
at arbitrary point 7j,, can be determined using the rela-
tions [12]

Von(T) = (6)

5=-9%_ 5 4ASL, %)
T
and
2s dL
¢, =T =c +ac,L+Tasik @)

where §; and C,, are the entropy and specific heat
before the PT and AS is transformation entropy. Here,
AC, is calculated from the data on Q, AT, and m
(AC,= Q/mAT)), where AT, = T, — (T, + vi) for
heat absorption, AT, = Ty, — (T,; — v#) for heat
release, v is the heating (or cooling) rate, and ¢ is the
transformation time. The entropy variation in the PT
region can be determined as AS = AH/T, The
enthalpy variation AH at the PT is equated with the
amount of heat per mole (cal/g) calculated using the
DTA (Table 4).

As is known, the temperature dependence of the
specific heat in the PT region is determined from the
formula [11]

C,=C, +%2 L ©)

"7 om 1+ coshlog(T — Ty)]
An identical calculation was also performed for the

transition B — 7. The data obtained are presented in
Figs. 2—4 and in Table 4.

5. DATA INTERPRETATION

It is well-known that the structures can pass to one
another in different ways. If these phases have low

SEMICONDUCTORS  Vol. 52 No.1 2018



DETERMINATION OF THERMODYNAMIC PARAMETERS 75

symmetries, the transition should occur almost with-
out distortions in the crystal symmetry [13], at which
the internal energy change should satisfy the condition
AS/R > In2 (R is the universal gas constant) [12]. Such
transitions are conventionally referred to as recon-
structive PTs.

Tables 1-3 show that the symmetries in
Cu, ¢sNiysS, which were found in each phase,
strongly differ from each other. The CuX (X = S, Se,
orTe) [14] chemical-bond lengths mainly change
during the transitions a0 — 3 — 7 as covalent — cova-
lent ionic — ionic. Consequently, the symmetries and
chemical bonds in the Cu, ¢sNi, ¢sS sample greatly dif-
fer for each of the three phases and the transitions sat-
isfy the condition AS/R > In2 (Table 4), since these
transitions belong to the reconstructive-type ones. It
can seen from Table 4 that the thermodynamic param-
eters in the transition o0 — B in Cu, ¢sNij (sS change
much less than those in the transition B — v.

This means that the crystal volume or density in the
o and [ phases is relatively closer than in the B and 7y
phases. Therefore, the amount of heat absorbed
during the transition oo — B is smaller than the amount
of heat released during the transition § — y. This is
indicative of the fact that the internal energy between
atoms in the structure lattices, which was spent con-
structing the symmetry at the transitions o0 —  — v,
increases.

It follows from the above-mentioned factors that
the transitions o« — B — 7 in Cu,¢sNiy(sS cannot
occur without breaking the existing bonds. This cir-
cumstance manifests itself also upon a dL/dT varia-
tion, since it is smaller than unity for both transitions.
It was shown in [13] that the temperature rate depends
on the PT activation energy E,, which is determined
directly from the DTA data on the investigated sample

as £, = Rszri /vt, i.e., the energy required for allow-
ance or forbiddance of a transition. The allowance of
the transition depends on the B value, i.e., on the
energy-barrier height [13]. The forbidden transition at
B > E, becomes allowed at B < E,. The B value in
Cu, ¢sNi; (sS can be estimated in the following man-

ner. Since both phases satisfy the relations N, «x AH,
and N, x AH, _,, where N, is the atomic concentra-
tion in the o phase and N, is the concentration of
atoms with energies sufficient to overcome the energy
barrier B, we have N, = N,exp(—B/kT). Under this
assumption, we obtain the ratio N,/ N, &« AH,/AH, _, .
Then, we can determine the B value as B =

AH,
kT lnﬁa’ﬁ; the AH, value before the PT was taken

from [16? (AH, = 17.2 kcal/mol and S, =
25.5 cal/(mol K)). Similar calculations were per-
formed also for the transition 3 — v. The obtained B
values are listed in Table 4, where it can be seen that

SEMICONDUCTORS Vol. 52
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Fig. 4. Temperature dependences of the Vph fluctuation at
the phase transitions in Cu, 95Nig (5S.

B < E, for both transitions; i.e., both transitions are
allowed.

We can assume that the B energy also leads to the
formation of an incommensurate phase. X-ray diffrac-
tion analysis revealed the formation of temperature
hysteresis during the cycle o <> B <> y. The tempera-
ture hysteresis is usually related to the presence of a
new incommensurate phase in the existing phase [16,
17]. The role of incommensurability in the transitions
is related to the possibility of the pinning of a spatial
modulation wave of the incommensurate phase to
crystal inhomogeneities, although a certain contribu-
tion to the pinning is made by the discrete lattice [17].
This leads to smeared PTs, which are caused by a delay
in transformation in the above-described structure
and its properties in the incommensurate phase upon
a variation in temperature. It can be seen from
Tables 1—3 that the ratios between the structural con-
stants in the o and P phases (as well as in the 3 and
v phases) are irrational. This gives us grounds to state
that the transition o0 — 7y is accompanied by the alter-
nation of structures passing through the intermediate
B phase, which represents an incommensurate struc-
ture with respect to the o- and y-phase structures.

One of the key problems in the physics of phase
transformations is related to fluctuation of the physi-
cal state during the PT. We believe that calculation of
the fluctuation volume and distribution in the PT
region can be valuable for studying the PTs in
Cu, ¢sNiysS. We plotted the temperature depen-
dences of V},, for the transitions oo —  and B — y
(Fig. 4). It can be seen in Fig. 4 that the volume of the
fluctuation for both transitions attains its maximum at
the point 7, and asymptotically decreases with
increasing distance between 7 and 7. The fluctua-
tions in the Cu, ¢sNij(5sS crystal were assumed to be
caused by temperature inhomogeneities. It can be seen
from the V,,(T) dependence that the minimum vol-
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Fig. 5. Temperature dependences of the specific heat C, at
the phase transitions in Cu; ¢5Nig 5S.

ume of the oi-phase nucleus acting as an inhomogene-
ity inside the B phase is larger than the volume of the
B-phase nucleus inside the y phase. It is worth noting
that the changes in the internal crystal energy with
inclusion of the o.-phase nuclei into the  phase and
B-phase nuclei into the y phase lead to temperature
inhomogeneity, since the inhomogeneity originates
from the polycrystalline structure of the sample. The
polycrystallinity is caused by a large difference
between the structures of the o, 3, and y phases, since
the presence of the o phase in the § phase and 3 phase
in the y phase leads to Cu, ¢sNij ¢sS polycrystallinity.

Another important thermodynamic parameter
characterizing the thermal effect is the specific heat of
a material. It can be seen in Table 4 that the O, AS, and
AH values at the point 7, differ greatly from zero,
which indicates that they belong to first-order PTs. At
a first-order PT, the temperature dependence of the
specific heat should change stepwise. Figure 5 shows
that the C,(7) dependence is qualitatively similar to
the AT, dependence (Fig. 1). In the regions of the tran-
sitions o« — B and B — v, the C,(T) dependence passes
through the threshold maximum (Fig. 5). This phe-
nomenon can be explained as follows. It can be seen in
Table 4 that, at both PTs, the volume of the phase
fluctuation at the point 7 is estimated as the unit-cell

volume, i.e., about 10~2° cm?. This gives grounds to
suggest that the transition occurs first in one crystal’s
unit cell. Due to the change in the thermal oscillations
of the bond angle, which lead to the formation of local
thermal energy, this energy changes with temperature.
As the temperature increases, the number of such
transformed regions rapidly increases and each local
transformation facilitates the transformation of neigh-
boring regions. After attaining the temperature 7j, all
the crystal angles should oscillate with equal ampli-
tudes (the oscillations of the sites become synchro-
nized). Thus, the energy is not transferred from one

side to the other. As a result, at 7'= T, the C,(T)
dependence should have a discontinuity; i.e., a singu-
larity of the dependence at the point 7}, should appear.
In the experiment, however, the C,(T) dependence
reaches its final value. This is caused by fluctuations
occurring in the following cases: (i) formation of new-
phase nuclei in the existing phase, (ii) formation of
microstructure of the high-temperature § and y phases
during the transitions oo — 3 and B — 7, and (iii) the
formation of crystal inhomogeneities, etc. Each of the
listed factors can result in thermal fluctuations leading
to the final C,(7) value at T,. At temperatures of
T> T,, the inverse process starts, which leads to a
decrease in C,(7). A similar analysis was reported in
[8], where the magnitude of the thermal fluctuation in
the PT regions was shown to be determined by correla-
tion radius.

The data obtained allow us to conclude that the
AT(T) extrema closely resemble the similar C,(7)
dependence. In addition, the AT, (T) and C,(7) data
show that the PT o0 — v in Cu, ¢sNiy5S is accompa-
nied by the PTs a0 — 3 and B — v, which follow the
scheme

o— o+p -

370-390K 740-765K

The PT temperatures 7;, determined from the X-ray
diffraction data are slightly shifted to the low-tem-
perature region with respect to the data determined
from the AT, (T) dependence. This can be caused by
thermal fluctuations.

Interesting results similar to our data were obtained
in [18], where it was established, using the calorimet-
ric study of Cu, _ ,Se, that the stoichiometric Cu,Se
PT at 414 K experiences a sharp transition oo — o +
B — B, which is similar to the isothermal (first-order)
PT. As the x value increases, the peaks of the PT oo — 3
are spread and the transition temperature decreases to
291 K at x = 0.3. Starting at x = 0.17—0.3, the differen-
tial scanning calorimeter (DSC) curves contain, along
with thermal effects of the eutectoid transformation,
the endothermic effect at 189 K, which increases in its
absolute value with increasing cooling rate v, up to
5K/min and shifts toward higher temperatures
(257 K), i.e., occurs almost directly before the transi-
tion oo — P and completely vanishes with a decrease in
Veoor 10 0.2 K/min. The authors of [ 18] attributed these
transitions to incomplete eutectoid transformation.
Summarizing the results obtained, the authors [18]
concluded that the transition in the superionic con-
ductivity (SIC) state in Cu, _,Se is a complex eutectic
transformation. The occurrence of SIC in the [ phase
is caused by cationic sublattice disordering in the com-
pound. It was theoretically demonstrated [19] that in
the superionic state, where the cation sublattice is
completely disordered, the PT transition can be pre-
ceded by partial ordering.
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No.1 2018



DETERMINATION OF THERMODYNAMIC PARAMETERS 77

It is well-known that all CuX-type (X = S, Se,
orTe) compounds and alloys based on them, e.g.,
Cu, _ ,Ni X, belong to the SIC type [19], in particular,
in Cu, ¢sNij ¢5S. Interstitial Cu ions have a high mobil-
ity and can be ordered below the PT temperature; a
slight Cu excess intensifies this process.

6. CONCLUSIONS

The complex of experimental studies of
Cu, ¢5Nij o5S allows us to conclude that the oo — 7y tran-
sition is accompanied by the alternation of structures
passing through the intermediate [ phase, where the
latter is incommensurate with respect to the o and
B phases. We believe that the determined distribution
of the ratio between masses of both structures and the
minimum fluctuation volume in the PTs and their
temperature dependences in the region of each
observed PT can yield useful information for studying
the PT in Cu,_ ,Ni,S as a whole. Upon removal from
the PT in the Cu, ¢sNij 5S crystal, the sources of fluc-
tuations in the phase states in the region of phase coex-
istence are temperature inhomogeneities formed by
the change in the internal crystal energy and inho-
mogeneities caused by the large difference between
the structures of the o, B, and y phases and the
related occurrence of polycrystallinity in the new
Cu, ¢sNij osS phases in the low-temperature region.
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