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The temperature dependences of the specific heat C, in the temperature range T =
175-500 K were obtained for Bi,(Te, ,Se,); solid solutions (x = 0+0.06). The peaks of
specific heat are revealed on the isotherms of C,, the presence of which is attributed to the
realization of the percolation-type phase transition from dilute solid solutions to concen-
trated ones. The obtained value of the critical index for the composition dependences Cp(x)
(0. = 0.105) corresponds to the values of o for specific heat in case of the second-order
phase transitions. The results of this work confirm the previously suggested assumption
that the concentration anomalies of electrophysical properties observed in the study of
Bi,(Te,_,Se,); solid solutions can be interpreted as the manifestation of the critical phe-
nomena accompanying the percolation-type phase transition from dilute to concentrated
solid solutions.

Keywords: Biy(Te,_,Se,),; solid solution, specific heat, composition, temperature, perco-
lation, critical phenomena, critical index.

Temmoemnicte tTBepaux posuunis Biy(Te, ,Se,),. FK.B.Mapmunosa, O.I.Pozauosa,
I'.B.JIicavyx
Hnsa TBepAmMX Po3UMHIB Biz(Te1 XSe )3 (x = 0+0.06) oTpumano TemIepaTypHi sareHOCTi
IHUTOMOI TEeIJIOEMHOCTL CP B imrepBani temmeparyp T = 175-500 K. Ha isorepmax C npu
cksazni x = 0.02 BusiBJIeHO IIiKM TEIJIOEMHOCTi, HASABHICTHL AKUX IIOB’SA3ye€ThCA 3 ICHyBaHHﬂM
dasoBoro nmepexoqy NepKOIALINHOrO TUIY Bij pOSBefLeHMX TBEPAUX POSUMHIB IO KOHIIEHTPO-
Bauux. OTpuMaHe 3HAUeHHA cTimeHeBoro KoedillieHTa Ol ¥ KOHIIEHTPAIIiHHUX B3aJI€KHOCTAX
C (x) (00 = 0.105) BignoBizae sHayeHHAM O, LJIs TEIJIOEMHOCTL y BUIaAKY (HasoBUX IepeXxoniB
IIp poxy. Pesyabratu mamol poboTu € migTBepAIKEHHAM BUICJOBJIEHOTO DPaHillle NPUIYIIEHHS
Ipo Te, IO KOHIIEHTpaIliiini amomadnii enekTpodismuHMX BIacTUBOCTEH, AKi cmocTepiramucsa
HaMHU IpU JochimenHi TBepaux posunris Biy)(Te,  Se,);, ¢ mpogsoM KPpUTHUHMX SABUII, IO
CYIPOBOIKYIOTEL (hazoBUIl Iepexis HePKOMAIIHHOrO TUIY Bif posBegeHUX AO KOHIIEHTPOBA-
HUX TBEPAUX PO3UUHIB.

Hns TBepabix pacteopoB Biy(Te,  Se,); (x = 0+0.06) momyueHB! TeMIepaTypHBIE 3aBLCH-
MocTu ypeabHoil remsoeMiKoctyu C, B nnrepsasie temmneparyp T = 175-500 K. Ha usorepmax
C npu cocraBe X = 0.02 BBIABIEHBI HUKN TEIJIOEMKOCTH, CYI[€CTBOBAHLE KOTOPHIX CBA3BI-
Bae'rca ¢ cyugecTBoBaHUeM (hasoBOro mepexoja MEePKOJAIMOHHOIO TUIA OT pasbaBIeHHBIX
TBEPJBIX PACTBOPOB K KOHI[EHTPUPOBAHHBIM. llosmyueHHOe 3HaueHWe cTelIeHHOTro Koadduiiu-
eHTa (L B KOHIIeHTPAITMOHHBIX 3aBucuMocTax C (x) (0. = 0.105) cooTBeTCTBYeT 3HAUEHUAM O
[UIA TeIJIOEMKOCTH B ciyuae (hasoBBIX nepexo,Z:OB II popma. Pesyabrarer manHoi paboThbl
SABJIAIOTCA IOATBEPIKAeHNEM BBLICKAZAHHOIO PaHee IPEIIOJOKEeHNIA O TOM, UTO KOHI[E@HTPAIIN-
OHHBbIE AHOMAJINY JJIEKTPOPUSNUECKUX CBONCTB, KOTOPLIE MBI HAGIIOZAIN IIPU KCCJIeLOBAHIN
TBepaEIX pacTtBopor Biy(Te,  Se,);, apnsioTca mposBleHNeM KPUTHYECKUX SBJIEHHII, KOTO-
pble compoBoXKAaT Gas3oBBI epexXof NePKOJALNOHHOIO TUIA OT PA30ABIEHHBIX K KOHI[EHT-
PUPOBAHHBIM TBEPIBIM DPACTBODAM.
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1. Introduction

Materials based on V,VI; are widely used
for thermoelectric (TE) cooling close to
room temperature [1]. The substitutional
Bi>(Te,_,Se,)3 solid solutions are currently
one of the best materials for use as an n-
branch of the TE converter [2] which re-
quires a detailed study of the dependences
of TE properties on the solid solution com-
position. In [3, 4] we observed anomalies
(an increase in electrical conductivity, de-
crease in the Seebeck coefficient) of the
concentration dependences of the electro-
physical and mechanical properties of
Bi>(Te,_,Se,)3 near x =0.02, the presence
of which was associated with the existence
of a percolation-type phase transition (PT)
from dilute to concentrated solid solution.
Earlier [5, 6] the assumption was made about
the universal character of such PT in solid
solutions.

The direct way to prove or disprove the
existence of a particular PT is the study of
specific heat. To date, few works have been
devoted to the study of the specific heat of
Bi>(Te,_,Se,)3 solid solutions. The main
thermodynamic characteristics (entropy, en-
thalpy, reduced Gibbs energy, etc.) of these
alloys [7] and Debye temperature for Bi,Tes
(©p =162 K [8]) and Bi,Sez (05 =105.5 K
[9]) were determined. It was shown that the
experimentally obtained temperature de-
pendences of C, for Biy(Te, ,Se,); at
T< 200 K could be well described in the
framework of Debye’s theory, taking into
account the contribution of electronic spe-
cific heat [10]. However, at higher tempera-
tures, the values of C,, obtained experimen-
tally [9, 11], exceed tfle theoretical values.

The Cp(x) dependences for x = 0-1 ob-
tained in [7, 9] follow the additivity law,
but in these works Cp(x) has a big step on
composition (Ax = 0.1) and also there is no
information about composition dependence of
C, in the range x < 0.1. Thus, from the avail-
agle literature data on the specific heat of the
Bix(Te,_,Se,)3 system, it is impossible to infer
about the presence of a concentration PT in
the region of low impurity content. The study
of the Cp(x) dependence will confirm or deny
the assumption made in [3, 4] about the pres-
ence of concentration PT in Biy(Te,_,Se,)s
system at low impurity content.

Therefore, this work was aimed to observe
the anomalies of specific heat in Biy(Te,_
Se,)3 solid solution in the x = 0+0.06 com-
position range basing on the study of Cp
isotherms.
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Fig. 1. Experimental temperature dependences
of the specific heat C, for Bi,Te; (curves 1-3
correspond to individual experiments).

2. Experimental

The measurement of Cp was conducted on
20 cold-pressed tablets (d =15 mm, k=
10 mm) of Biy(Te,_,Se,); solid solutions in
the range of compositions x = 0+0.06. Tab-
lets were produced from the cast polycrys-
tals (the sintering method for cast polycrys-
tals is given in [3]). The cast samples were
grounded in an automated agate mortar
"CBMM?", then the powder was sieved (cell
size 200 um). Then the powder was pressed
at room temperature on a hydraulic press at
a pressure of P = 7t/cm?2 (holding time ¢ =
1 min). The pressed tablets were annealed
in evacuated ampoules of heat-resistant
glass at T = 575 K for 200 hours. Specific
heat was measured in T = 175-500 K tem-
perature range by the dynamic calorimeter
method on the IT-C-400 experimental facil-
ity. Before measurements, the surfaces of
the samples were sanded to a mirror finish.
The thermal contact was provided with
KPT-8 thermal paste.

To reduce the measurement error, sev-
eral measurements of Cp were taken on each
sample, and then the average was used.
When re-measuring one sample, it was re-in-
stalled in the cell, and a layer of thermal
paste was reapplied. Fig. 1 shows the results
of three measurements of Cp for one sample
(Bi;Te3) as an example. Statistical processing
of experimental data showed that the stand-
ard deviation of C, did not exceed 3 % .
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3. Results and discussion

In Fig. 2, the temperature dependences
of C, for samples Biy(Te;_,Se,); of different
compositions are presented. For all studied
samples an increase in C, with temperature
was observed. The growfh of Cp above the
room temperature was also observed in [9,
11] for bismuth telluride and its solid solu-
tions. The measurement temperatures are
significantly higher than ©p, and, basing on
Debye’s theory, we should expect the satu-
ration of C(T) dependence. Therefore, the
observed increase in C, at T > O requires
further explanation.

Debye’s theory is describing the tempera-
ture dependence of C only for the lattice
component of specific heat (C?") and is
based on the harmonic approximation. Be-
sides, this approximation considers the case
of an ideal crystal and does not take into
account the presence of defects. Therefore,
considering these factors [12], the total spe-
cific heat can be represented as:

C= Cih + Ceh + Cel + Cdef, 1)

where C¢ is the electronic component of
specific heat, C¢" is the contribution to the
specific heat caused by the anharmonic os-
cillations of atoms, C% is the contribution
to the specific heat of equilibrium point de-
fects [13].

According to [12], the electronic compo-
nent of the specific heat C¢ for Bi,Te; can
be expressed as C¢l=yT, where
y = 211075 J/(kg-K2). Hence at room tem-
perature C¢ = 0.064 J/(kg-K2) which is
about 0.04 % of the total specific heat of
Bi,Tes. Thus, C¢ at room temperature and
above has a very small contribution to the
total specific heat.

When analyzing the anharmonic compo-
nent of the specific heat C%* the harmonic
approximation used in Debye’s theory is dis-
carded. The dependence of the atom’s poten-
tial shear energy on its coordinate x is rep-
resented as an infinite series:

U(x) = %ax2 +bx3 +ext+... . &)

In the harmonic approximation, only the
first term of this series is considered. Tak-
ing into account the other terms with the
third and higher powers corresponds to the
case of the anharmonic approximation. It is
known [14] that C%" increases with increas-
ing temperature and can play a significant
role when reaching high temperatures.
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Fig. 2. Temperature dependences of specific
heat Cp for Biy(Te, ,Se,); solid solutions
(I —x=0; 2 — x=0.0075; 3 — x =0.02;
4 — x = 0.06).

In turn, the maximum contribution to C
caused by point defects can be observed at
pre-melting temperatures [13], when a de-
crease of the shear modulus of the material
leads to the possibility of generating addi-
tional defects. The melting temperatures of
the solid solution components (T, (Bi,Tez) =
853 K; T, (Bi,Sez) =983 K [12]) are sig-
nificantly higher than the range of tempera-
tures at which the measurements were per-
formed (T = 175-500 K). Therefore, the
temperature generation of new defects in
the considered range is unlikely.

Thus, we can assume that the growth of
C_ can be naturally associated with the in-
fluence of the anharmonic contribution.

Basing on the temperature dependences
of Cp, the isotherms of specific heat are
constructed (Fig. 3). As was mentioned
above, in the study of Biy(Te,_,Se,); with a
large step in composition [7, 9] the Cp(x)
dependence obeyed the additivity law. The
increase of x in Biy(Te,_,Se,); by Ax =0.1
led to a linear growth in C, by ~5 %. A
dotted line in Fig. 3 corresponds to the ad-
ditivity law for the C,(x) dependences for
each temperature. At tﬁe beginning of solid
solution formation, the addition of the first
portions of Bi,Se; to bismuth telluride leads
to a slight decrease in Cp. After reaching
the composition x ~0.005, the trend
changes: C, starts to rise with increasing x
and goes through the maximum at x ~ 0.02.
After x ~ 0.08 C, increases gradually up to
x = 0.06. Thus, for all isotherms, there is a
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Fig. 3. Dependences of specific heat Cp on the
composition x of Biy(Te, ,Se,); solid solution
at different temperatures (I — 175 K; 2 —
225 K; 3 — 300 K; 4 — 350 K; 5§ — 400 K,
the dotted line marks the change of Cp ac-
cording to the additivity law).

critical composition x = 0.02, at which a
maximum is observed on C,(x) dependences.

It can be assumed that the deviation of
the C (x) dependence from the additivity
law a’é] the beginning of the solid solution
formation (x < 0.01) may be caused by the
difference in the thermodynamics of solid
solution formation between diluted and con-
centrated solid solution. Additive change of
C, is a characteristic feature of substitu-
tional solid solutions. Fig. 3 shows that
in the case of a concentrated solid solution
(x > 0.03) there is indeed a gradual increase
in C, according to the additivity law.

Bput in the case of the dilute solid solu-
tion (x < 0.01), when individual Se atoms
are introduced into the Bi,Te; matrix and
do not interact with each other, the prob-
ability increases of their localization not
only on positions of Te but also, on anti-
structure, interstitial positions, etc. The
reach of the free energy minimum in the
system is becoming possible with increasing
of the configurational entropy of the system
and the value of the corresponding entropy
term (TS). In this case, the condition of
substitution solid solution is not fulfilled
and the deviation of the dependence of Cp(x)
on the rule of additivity is observed.
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The presence of a peak on the C, isotherms
confirms the assumption made in [p3, 4] about
the realization of the phase transition in
the Biy(Te,_,Se,); system at x =0.02. To
draw a conclusion about the type of this
phase transition, it is necessary to analyze
the behavior of C, near the critical point.
Let us assume that at x = 0.02 the second-
order PT occurs. According to the fluctua-
tion theory of second-order PT [15], the
properties of the system near the critical
point are determined by fluctuations, the
correlation radius of which increases
sharply when approaching the point of PT
and becomes infinite when it is reached. In
the vicinity of the critical point, the proper-
ties of the system (specific heat, susceptibil-
ity, order parameter) change according to
power laws. These exponents are called
critical indices. The critical index of spe-
cific heat (o) for temperature-induced sec-
ond-order PT was calculated by computer
simulation methods and also determined ex-
perimentally. When using the Monte Carlo
simulation on the three-dimensional (3D)
Ising model, the value o= —-0.113 was ob-
tained in [15]. In various works in the ex-
perimental determination of the value of «,
there was a large scatter of the obtained values
(for example, the values of o for the Curie
point of Cr,Oz vary from —0.14 to 0.12 [15]).

On the other hand, the anomalous change
of properties in the interval «x =
0.0075+0.03 can be interpreted as a critical
phenomenon accompanying the percolation-
type transition from dilute to concentrated
solid solutions, same as in [3, 4]. Percola-
tion theory explores the phenomena called
critical phenomena. They are caused by the
properties of the whole ensemble of parti-
cles and characterized by the existence of a
critical point x, ("percolation threshold™),
where the properties change dramatically.
According to the problem of the spheres of
percolation theory, when x, is reached, a
chain (infinite cluster) is formed in the
crystal, that consists of interacting spheres.
In this particular case, deformation fields
created around Se atoms when being intro-
duced into the Bi,Te; lattice act as such
spheres. Atoms belonging to such a cluster
make a joint contribution to the processes
of carrier scattering, heat transfer, etc.

Today the analogy [16] is known between
the theory of percolation and the fluctua-
tion theory of second-order PT, which are
also known to be accompanied by ecritical
phenomena. The theory of critical phenom-
ena was developed for temperature-induced
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Fig. 4. Dependences of specific heat on solid solution composition at different temperatures a)
approximation of the dependence of excess specific heat ACP versus the reduced concentration (x —
x,)/x, using a double logarithmic scale; b) the dependences of ACp(x) on the composition near x,

(temperatures are shown in the figure).

second-order PT, but concentration PTs are
also well known (Mott, Anderson transition,
transitions that occur during the introduc-
tion of a ferromagnetic impurity into the
paramagnetic matrix, and others). In the
case of the concentration-induced transi-
tion, the change in properties in the vicinity
of x, can be described both in terms of the
percolation theory and of the fluctuation the-
ory of second-order PT by power laws, the
critical indices of which are universal and do
not depend on the type of system.

To analyze the dependences of specific
heat on solid solution composition, we apply
the approach used in [14, 17] in the analysis
of the critical behavior of C, in the Bi-Sb
system. To determine the crifical indices in
the C_(x) dependence, we use the conclu-
sions of the fluctuation theory of second-
order PT. By analogy with temperature PT,
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the concentration dependence of specific
heat near the point of PT can be described
as [11, 16]:

-0
2_({ : (3)
where AC is the excess specific heat in relation
to the additivity law, n is the reduced concen-
tration (x — x.)/x,, and the critical indices o/
and o correspond to the cases of approaching
the peak from the sides of lesser and
greater concentration values, respectively.

To determine the values of o and o in
(3), we analyzed the Cp(x) dependences near
the anomalous peak before (x <x,) and
after (x > x,) the critical composition. In
Fig. 4a a linear approximation of the de-
pendence of the excess specific heat ACP on
the reduced concentration n in a double
logarithmic scale is presented. Table 1

AC ~

Functional materials, 28, 4, 2021
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Table 1. Values of critical indices in vicinity of x = 0.02 at different temperatures

T, K o/ /o before x,./after x, interval before x /after x,
175 -0.09/-0.12 (0.0125-0.02)/(0.02—-0.03)
225 -0.10/-0.11 (0.0125-0.02)/(0.02—-0.025)
300 -0.12/-0.12 (0.015-0.02)/(0.02—-0.025)
350 -0.10/-0.10 (0.015-0.02)/(0.02—-0.025)
400 -0.10/-0.09 (0.015-0.02)/(0.02-0.225)

shows the values of o and o for different
temperatures. The average value of o for all
temperatures is oo = 0.105, which is close to
o = 0.11, typical for second-order PT [15]
(such as the ferromagnetic-paramagnetic
transition, etc. Besides, o does not change
significantly when moving from low to high
temperatures.

A more accurate approach is used in [15,
17-19] to analyze the shape and position of
the peaks in second-order PT. It is based on
the assumption of the theory of dynamic
scaling that the wvalues of critical indices
are assumed to be the same before and after
T, (or x,): o =o=o". Considering the
above, when describing the critical behavior
of the temperature dependence of specific
heat in [15] and to describe the concentra-
tion dependences of Cp in [17, 18] the fol-
lowing expression was used:

AC, = A*nf(1 — DY), (4)

where of is the specific heat critical index,
A* is the critical amplitude, D* is the cor-
rection coefficient to scaling, A = 0.55. The

values of A* and D* parameters obtained by
the least squares method are given in
Table 2. In the calculation, the value o =
0.105 was used, obtained earlier from (3).

Fig. 4b shows the approximation curves
based on (4) with the coefficients from
Table 2. The value of x, obtained from (4)
by the least squares method was x,= 0.02
and coincided with the experimentally de-
termined value.

Thus, the results of the study show that
the concentration anomalies of electrophysi-
cal and mechanical properties, which we ob-
served earlier in the Biy(Te,_,Se,); system
near x = 0.02 [3, 4], are accompanied by a
maximum on the concentration dependences
of specific heat. The calculated values of
the critical index o for the concentration
dependences of Cp correspond well to the
value of o for temperature-induces second-
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Table 2. Values of AT" and D" coefficients
in the vicinity of x,

T, K D"/D" AT /A D"
175 0.105 0.8 -12
225 0.8 -13
300 0.7 -16
350 0.6 -16

order PT. This confirms the assumption
that the percolation PT from dilute to the
concentrated solid solution, observed at low
impurity content in the Biy(Te,_,Se,); sys-
tem, is a concentration second-order PT.

4. Conclusions

The dependences of the specific heat Cp
on temperature (T'= 175-500 K) and com-
position (x = 0-0.06) are obtained for
Bi,(Te,_,Se,)3 solid solutions.

It is shown that for all samples in the
temperature range under study the specific
heat increases with increasing temperature,
which is associated with a significant con-
tribution of the anharmonic component to
the total specific heat above the Debye tem-
perature.

It is established that at x ~ 0.02 an
anomalous peak is observed on specific heat
isotherms for all temperatures, the presence
of which indicates the existence of a phase
transition.

The value of the critical index for spe-
cific heat (o0 = 0.105) is calculated. It corre-
sponds well to the value of o for specific
heat for the second-order temperature-in-
duced phase transitions. The observed com-
position-induced phase transition is inter-
preted in terms of the percolation theory as
the transition from dilute to concentrated
solid solutions.

The results of this work confirm the as-
sumption previously stated [3, 4] that the
concentration anomalies observed in the de-
pendences of electrophysical and mechanical
properties on the composition of Biy(Te,_
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Se,); solid solution are a manifestation of

crit

ical phenomena accompanying the con-

centration second-order phase transition.

1.
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