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For Bi,_,Sb, solid solutions, the concentration (x = 0 - 0.12) and temperature (170-
525 K) dependences of specific heat C_ were obtained. At all temperatures studied, three
peaks of C_ were observed near x = 0.015, x = 0.037, and x = 0.07. The observed effects
were attributed to critical phenomena accompanying the second-order phase transitions:
percolation transition from dilute to concentrated solid solutions, the transition to a
gapless state, and the semimetal-semiconductor transition, respectively. It was shown that
the values of critical indexes (o0 = 0.11+0.01) are the same not only for different peaks but
also for different temperatures and correspond to the values theoretically calculated
within the framework of scale-invariant theory for three-dimensional (3D) models.

Keywords: Bi,_,Sb, solid solutions, composition, temperature, specific heat, phase
transition.

Hna Teepabix pacTBopor Bi,  Sb, momryuennr xommentpamnuonuse (x = 0 — 0.12) u Temme-
parypubie (170-525 K) saBucumocTtu yxeabHO# Temmoemkoctu C,. IIpu Becex mccaeoBaHHBIX
TeMTIepaTypax HaGJI0AaINch TPU THUKA Cp BOau3n x = 0.015, x =0.037 u x = 0.07. 9o
CBSIBLIBAETCS €C KPUTUUYECKUMU SBJIEHUAMH, COTPOBOKAAIMMK (Da30BbIe TTePEX0bI BTOPOTO
poJia: Tepexo] TMePKOJANMOHHOTO TUNA OT pas3daBNeHHBIX K KOHIIEHTPUPOBAHHBIM TBEPIBIM
pacTBOpaM, TepexXon B GecIleieBoe COCTOAHUE UM TEePeXOof TMOJYMEeTANJT — TOJYIPOBOAHUK,
cooTBeTcTBeHHO. IloKasaHo, UTO 3HAUEHUA KPUTHUeCKUX WHAeKCcOoB (00 = 0.111+0.01) oxmua-
KOBBI He TOJIBKO [AJIf PAB3JIMYHBIX IWKOB, HO U AJA PA3JIWYHLIX TEMIEPATYDP U COOTBETCTBYIOT
3HAUEHUSAM, TEOPETHUYECKU DACCUUTAHHBIM B PAMKAX MACIITAOHO-UHBAPUAHTHOH TEOPUU AJId
TpexMmepHBIX (3D) mMomerneii.

TemnepaTypHi Ta KOHIEHTpauniiiHi 3ajexHOCTI MuToMOl Temnoemnuocri Bi, ,Sb, Teepmux
posunHis. O.I.Pozavosa, I''M Jlopowenxo, O.M.Hawexina.

Hnsa reepaux posumuis Bi,_,Sb, ogepxano romnenrpaniiai (x = 0 — 0.12) Ta remmepa-
TypHi (170-525 K) sanemnocri muromoi temnoemuocri C . Ilpu Beix Temmeparypax, Io
pocaimsxysanuea nmodausy x = 0.015, x = 0.037 ta x = 0.677 crocrepiraroTbca miKu Cp‘ ITe
OB’ SIBYETHCH 13 KPUTHUHUMHU SIBUIIAMH, SK1 CYIPOBOMLKYIOTH IEPEXOAU LPYTOro POLy: Iep-
KOJAI[IAHNY mepexin Bixg posBegeHMX [I0 KOHIIEHTPOBAHUX TBEPAUX POSUMHIB, mepexinm y
Oesl[lMHHME cTaH 1 mepexix mamiBmeraa-HamiBmpoBiguuk Bigmosigmo. Iloxkasamo, mio 3Ha-
yeHHda KputumuHnx imgexrcis (o0 = 0.11+0.01) oxmakosi me Tinbkm ans pisHmx mikie, aae
TAKOMK [JIS PiBHMX TeMIepaTyp i BifmoBifaloTh B3HAUYEHHAM, AKI TeOPEeTUUHO PO3PaxoBaHi y
Me)Kax MacuiTabHo-iHBapianTHOI Teopil ana Ttpueumipuoi (3D) momeri.

1. Introduction materials for cooling devices of wvarious
types, most effectively used at the tempera-

The Bi,_,Sb, solid solutions between Bi tures below 150-200 K [1, 2]. In addition,

and Sb semimetals are well known as prom- in view of the fact that Bi and Sb form a
ising thermoelectric and thermomagnetic continuous series of solid solutions, they
720 Functional materials, 25, 4, 2018
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are very convenient objects of solid state
physics for studying the effect of a continu-
ous change in composition on both the elec-
tronic and lattice subsystems of a crystal.
In particular, one can expect that when
composition is changed in such a wide range
of concentrations, concentration phase tran-
sitions (PTs) might take place lead to a
radical change in the properties of the sys-
tem. Interest in physical properties of the
Bi;_Sb, solid solutions has increased dramati-
cally after it was found out that the BiyoShy 4
solid solution is a 3D topological insulator [3,
4] and that the best thermoelectric materials
are the topological insulators [5].

Bi and Sb have the similar types of
chemical bond and layer-like crystal struc-
ture (arsenic type) [6]. It is known by now
that under changing composition, the band
structure of Bi;_,Sb, changes in a complex
way [7, 8], passing through a number of
specific electronic states. These changes af-
fect the behavior of electronic properties.
Bismuth is a semimetal with two (T and L)
valence bands with different effective
masses. The T-band overlaps with the L-
conduction band at the T-point of the Bril-
luoin zone, determining semimetallic prop-
erties of Bi. The Ly valence band is sepa-
rated from the L, conduction band at the
L-point by a small gap. With increasing Sb
content, the energy distance between the L
and Ly bands decreases, and at x = 0.02—
0.04 (different authors report different con-
centrations) a gapless state is realized and
band inversion occurs. The maximum values
of the thermomagnetic efficiency at ~ 140 K
are attained in solid solutions in the
semimetallic region (x~ 0.083-0.04), which
are widely applied in Ettingshausen refrig-
erators. As x increases further, the energy
distance between the L, and Ly bands starts
to increase again. On the other hand, with
increasing x, the T-valence band decreases
in energy, and its overlap with bands at the
L and T points vanishes at 0.06<x<0.07, re-
sulting in the semimetal-semiconductor
transition. When the T-valence band drops
below the L-valence band (at x ~ 0.085—
0.09), the system becomes a direct gap semi-
conductor with small effective mass Dirac-
like bands. In the range of x = 0.07-0.22,
the Bi,_,Sb, solid solutions exhibit semicon-
ducting properties, and the highest value of
thermoelectric figure of merit Z = (S20)/A
(S is the Seebeck coefficient, ¢ is the elec-

trical conductivity, and A is the thermal
conductivity) is observed at x = 0.12-0.14
[1, 2].
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Earlier [9-12], for Bi;_Sb, solid solu-
tions (x = 0-0.12) at room temperature we
observed the anomalies in the concentration
dependences of o, S, A, Hall coefficient Ry,
charge carrier mobility u and magnetoresis-
tence Ap/p near x ~ 0.01, ~ 0.03 and ~ 0.07.
We attributed those peculiarities to critical
phenomena accompanying electronic second-
order PTs, specifically, the transition of a
percolation type from the dilute to concen-
trated solid solution, the transition to a
gapless state accompanied by the L-point in-
version, and the semimetal — semiconduec-
tor transition, respectively. It was shown
[183] that these transitions are accompanied
by structural changes in the crystal lattice,
which indicates a strong electron-phonon in-
teraction in Bi,_,Sb, solid solutions. In [14],
we showed that the observed anomalies in
the room-temperature concentration depend-
ences of kinetic properties correspond to the
anomalies in the concentration dependences
of specific heat C, and that the experimen-
tally determined values of the critical expo-
nents o for the C, peaks (o ~ 0.11) are in
good agreement with the values theoreti-
cally calculated within the framework of
scale-invariant theory. The question arises
whether Cp peaks will be observed at other
temperatures and whether o values will de-
pend on temperature. Although the tem-
perature dependences of C, for bismuth
have been studied in a number of works
[15-21], the number of studies of the Cp(T)
dependences for Bi,_Sb, solid solutions is
very limited. Such dependences were ob-
tained either for selected compositions of
Bi;,_,Sb,, or for a series of compositions but
with an increment in concentration of at
least Ax = 0.1 [22-24].

The goal of the present work was to
measure of C, temperature dependences for
the Bi,_,Sb, solid solutions in the composi-
tion range x = 0-0.12, to plot isotherms of
C,  and to study the effect of temperature
on the manifestation of the PTs and critical
behavior under the percolation transition and
the transition into gapless state. In addition,
we intended to find out whether the tempera-
ture affects the position of the critical points in
the isotherms of electronic properties.

2. Experimental

Bi,_,Sb, samples for measuring C, were
synthesized by a fusion of high-purity
(99.999 %) Bi and Sb in the evacuated
quartz ampoules at the temperature
(980+10) K during 5 h applying vibrational
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stirring. The samples were then annealed
for 720 h at 520 K and cooled in air. The
compositions of the synthesized samples
were varied within the concentration range
x=0-0.12 with a step of Ax = 0.0025-
0.01. All samples were prepared not only by
the same method, but also simultaneously,
in the same technological cycle, to exclude
any effects related to the slightest differ-
ences in technological conditions. The sam-
ples for measuring C, were cylinder-shaped
with a diameter of 15 mm and height of
10 mm and were prepared by cold pressing
of the powders with the dispersion degree of
~ 40 um under the pressure of 400 MPa.
After pressing, the samples were exposed to
the homogenizing annealing for 200 h at
520 K. The average grain size in the sam-
ples after cold pressing was d = 40 um, and
after subsequent annealing for 200 h, d in-
creased up to d = 60 um. The porosity did
not exceed +3 % . The chemical composition
and homogeneity of the samples were con-
trolled using electronic microprobe analysis.
Specific heat measurement was carried out
in the temperature range 170—525 K on an
IT C-400 setup using a comparative method
of the dynamic C-calorimeter. For each sam-
ple, not less than 83—4 measurements of the
CP(T) temperature dependences were per-
formed and the obtained results were aver-
aged. The variation in the C, data for each
sample did not exceed 2 %. lit is seen from
Fig. 1 that the difference between the C (T)
dependences obtained in this work and those
obtained by other authors [15-21] for Bi
crystals was within the range of the meas-
urement error.

3. Results and discussion

In Fig. 2, the temperature dependences
of the specific heat C, of some Bi;_,Sb,
solid solutions are presented. It is seen that
in the investigated temperature range, C
increases with temperature monotonically,
which is consistent with the results of other
authors [22—24]. Since Bi and Sb semimetals
are characterized by a small overlap of the
bands [7, 8] and hence by a small density of
states on the Fermi surface, the contribu-
tion of the electronic component of specific
heat to the total specific heat is consider-
ably smaller than that of ordinary metals
and can be neglected at sufficiently high
temperatures. The increase in C, with in-
creasing temperature at temperatures sig-
nificantly higher than the Debye tempera-

ture ( 0,81 =120 K [6, 15] and 0,50 =
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Fig. 1. Temperature dependences of the bis-
muth specific heat C_ according to the data
of various authors: I — this work; 2 — [21];
3 —[19]; 4 — [18]; 6 — [17]-

210 K [6, 16]) may indicate the presence of
anharmonic effects and/or formation of va-
cancies in crystal upon its heating. The an-
harmonic additive can be associated with
structural features, as well as with the ex-
pansion of metals with increasing tempera-
ture. The authors of [16, 17] consider that
the increase in C, under heating is mainly
due to the significant role of the anhar-
monic effects for layered crystals, and the
authors of [19] attribute this increase in C
to the contribution of point defects (vacan-
cies). The anharmonic component of Cp of Bi
and Sb, along with other contributions, was
calculated in [21], and the authors con-
cluded that the excess lattice heat capacity
at high temperatures is mainly due to an-
harmonic effects, rather than formation of
vacancies.

Based on the temperature dependences
CP(T), the Cp isotherms were plotted. In
Fig. 3a, some of those isotherms (at 200,
300, 400, and 550 K) are shown. In the
isotherms, three peaks are clearly seen near
compositions x = 0.015, 0.037 and 0.07.
One can also see that in the isotherms cor-
responding to temperatures both higher and
lower than room temperature, the positions
of the peaks and their height do not practi-
cally change. For all isotherms, the general
tendency to increase in C, under increasing
Sb concentration is observed. The concen-
tration dependence of C, which would be in
the case of on additive C,(x) dependence is
shown by the dotted line.
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Fig. 2. Temperature dependences of the Bi,_,Sb, specific heat Cp:x =0 (1); 0.0075 (2); 0.0125 (3);
0.02 (4); 0.025 (5); 0.03 (6); 0.0375 (7); 0.055 (8); 0.07 (9); 0.09 (10); 0.12 (11).

For the quantitative description of the Cp
critical behavior near the peaks, we isolated
the anomalous part of the specific heat AC,.
In Fig. 8b, the excess specific heat obtained
by subtracting the peak contributions from
the background value of C_, which was esti-
mated using the additive line in Fig. 3a is
presented.

The presence of a A-peak in the tempera-
ture or concentration dependences of specific
heat is one of the typical characteristics of
second-order PTs. According to the fluctua-
tion theory of second-order PTs, near PT,
properties are determined by strongly inter-
acting fluctuations, the correlation radius of
which sharply increases when approaching
the point of the PT and becomes infinite at
the PT point. In the vicinity of the PT, the
properties change according to a power law
and the system becomes nonlinear [25-31].

The distinct peaks in C, isotherms indi-
cate the presence of concentration-depend-
ent PTs in the Bi;_,Sb, solid solutions not
only at room temperature, but also in the
entire temperature interval studied. Just as
in [14], the critical indices were determined
only for the first and second peaks. For the
third peak, the critical indices cannot be
accurately determined because of the small
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number of experimental points in the imme-
diate vicinity of that peak.

To determine the C critical indexes for
each of the isotherms, we used the basic
concepts of the fluctuation theory of sec-
ond-order PTs and critical phenomena based
on the hypothesis of scale similarity of fluc-
tuations [25—-31], as well as the analogy be-
tween temperature- and concentration-de-
pendent second-order PTs. Based on that,
the critical behavior of the excess specific
heat AC, near the critical concentration x,
can be éjescrlbed by the following equatlon

A = Afin[@, 1)

where N = (x — x¢)/xc is the reduced con-
centration, o is the specific heat critical
index, and A% is the specific heat ecritical
amplitude. The "plus” and "minus” signs
refer to the cases where x < x; and x > x(,
respectively. Critical indexes describe the
behavior of physical quantities near the sec-
ond-order PTs. It is believed that they are
universal, i.e. they do not depend on the
details of the physical system, but only on
the dimension of the system, the range of the
interaction, and the spin dimension [25-31].
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Fig. 3. The dependences of the specific heat Cp (a) and the Hall coefficient Ry (b) on the composi-
tion x of the Bi,_ Sb, solid solutions at the different temperatures: Cp: 500 K (1); 400 K (2); 300 K
(3); 200 K (4). Ry: 800 K (I); 250 K (2); 200 K (3); 150 K (4). The dotted line in the Fig. 3(a)

corresponds to the law of additivity.

It is known that in the study of critical
properties, the correct determination of the
critical temperature Ty or concentration xp
is important, since most often Ty or x, do
not exactly coincide with the maximum of

Table 1. The values of the Bi,_,Sb, critical
parameters obtained in the numerical cal-
culation of the critical behavior of the spe-
cific heat at different temperatures using

Eq. (1)

the heat capacity and other properties.
Therefore when determining values of x(
and o, one of the assumptions of the static
scaling hypothesis about the equality of the
critical indexes o measured above and below
the x, value was used for temperatures

T,K |  x,10? o AT/A”
200 1.500+£0.005 | 0.110+0.005 | 1.88
300 1.500+0.005 | 0.110+0.005 | 1.35
400 1.500+0.005 | 0.115+0.005 | 1,28
500 1.500+0.005 | 0.115+0.005 | 1,22

below and above room temperature in the
interval 170-525 K. Using this assumption
and applying the least square method, we
found the average values of x,, o and
AT/A~ for isotherms in the investigated
temperature range (Table 1).

A more accurate description of the ex-
perimental results is possible when approxi-
mating the critical behavior of the specific
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heat by an expression taking into account
the corrections to scaling [25-31]:

AC, = AiInI‘“(l + Di|n|A‘°°), (2)

where coefficients D* and A are the correc-

tion coefficients to the asymptotic behavior
of the specific heat near the critical point:

Functional materials, 25, 4, 2018
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Fig. 4. The excess specific heat AC, of the Bi,_ ,Sb, solid solutions versus the composition x at 200,
300, 400 and 500 K near the first peak at x = 0.015 (a) and the second peak at x = 0.037 (b).
Insets: Approximation of the AC, versus the reduced concentration n = (x — x,)/x, dependence
at x < x; and x > x,. by the linear function using a double logarithmic scale.

D* is the amplitude of the correction to the
scaling (scale invariance), A is the correction
index for scaling (A = 0.55). Using this as-
sumption and applying the least square
method, we found the average values of x., «,
AY/A™ and DY/D for isotherms in the investi-
gated temperature range (Table 2). Based on
the thus obtained values of x,, o, AT/A~ and
Dt/D, the ACp(x) dependences were plotted in
double logarithmic coordinates, which are con-
sistent with the experimental data and de-
scribe the critical behavior of Cp near the PT
in the range of m = (2-5)1071 rather accu-
rately (Fig. 4). As can be seen from Fig. 4,
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Table 2. The average values of the Bi,_,Sb,
critical parameters obtained in the nu-
merical calculation of the critical behavior
of the specific heat at different tempera-
tures using Eq. (2).

2,102 a At/A~ | DY/D"
1.50+0.005| 0.11+0.01 | 1.20 1.11
3.7510.005| 0.11+0.01 | 1.02 0.93

using the theoretical value of the critical
specific heat index o = 0.11+0.01, expres-
sion (2) approximates the behavior of ACP
near the maxima rather well.
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The determined values of x, and o for
the first and second peaks, within the error
of their determination, corresponded to the
same values for room temperature [14]. The
positions of the peaks also did not differ
from those at room temperature. Besides,
the obtained wvalues of the specific heat
critical exponents o are close to those deter-
mined experimentally for the second-order
temperature PTs, taking place in other ma-
terials [26—36]. Those values are also in
good agreement with the values calculated
theoretically for three-dimensional case
using different methods [26—86], particu-
larly for the universality class of the classi-
cal 3D Heisenberg ferromagnetic.

In order to further confirm the presence
of second-order concentration PTs at the
concentrations indicated above, the Hall co-
efficient Ry isotherms were obtained. In
Fig. 8b, the isotherms constructed on the
basis of the temperature dependences of Ry
are presented for some compositions. It can
be seen that there is a general tendency for
Ry to increase with increasing Sb content,
but at the same time three peaks are ob-
served in the Rp(x) dependence at concen-
trations corresponding to the compositions
at which A-peaks of C are observed. This
confirms the existence of critical phenom-
ena that accompany the second-order PTs.

It should be emphasized that the phe-
nomena corresponding to the three peaks in
Cp isotherms, as well as the isotherms of
various properties, are of different nature.
The first peak corresponds, from our point
of view [9—-14], to thetransition of percola-
tion type from dilute to concentrated solid
solutions. One can draw an analogy with
Mott transition in semiconductors with im-
purities. With the almost complete absence
of thermal excitation of electrons (holes),
which is practically realized at very low
temperatures, with increasing impurity con-
centration, electronic shells of individual
atoms begin to overlap, at some point a sin-
gle chain is formed that connects these
shells, impurity band conductivity arises,
and the metal-dielectric transition takes
place. At some point, the impurity band
merges with the conduction band. Hence, it
is clear that low temperatures and initially
low impurity concentrations are needed to
detect the Mott transition. One of the mod-
els proposed by Mott for describing this di-
electric-metal transition is a percolation
model, within which an infinite cluster is
first formed in the ecritical point (percola-
tion threshold). The phenomena described
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by percolation theory refer to so-called
critical phenomena, which are cooperative,
since they are caused by the properties of
the entire set of particles, and not by the
individual properties of each particle. Near
the critical point, the system appears to be
divided into blocks with different proper-
ties, whose size grows indefinitely when ap-
proaching the critical point. The conse-
quence of this is the singular character of
changes in physical properties near critical
points and the universality of the behavior
of objects that differ in the microscopic na-
ture of the interaction responsible for the
transition. A region of universality appears
near the critical points. According to mod-
ern concepts [32], percolation transitions
are among the second order PTs, which are
also accompanied by critical phenomena.

In our case, we have a semimetal in
which there is initially a band overlap and
high carrier concentrations, so the peak we
observed near x = 0.01 is not associated
with the overlapping of the electron shells
but has a different nature. We assume that
in this case we deal with short-range defor-
mation interactions. It is confirmed by the
presence of anomalies of microhardness near
x ~ 0.01, which we observed in a large num-
ber of solid solutions [37-42].

The second peak, which we observe through
the measurement of specific heat in Bi;,_,Sb, as
Sb concentration increases to x ~ 0.0375
(Fig. 3) can be attributed to the transition
to an gapless state. Indeed, taking into ac-
count a strong electron-phonon interaction
in Bi;_,Sb, which becomes comparable with
phonon energy as the band gap decreased,
one can expect a qualitative change in the
electron subsystem state under transition
into the gapless state. The significant devia-
tion from Vegard’s law and the narrowing
of diffraction lines near x ~ 0.0375 we ob-
served in [13] indicate structural changes in
the same crystal structure. The deviation
from Vegard’s law near this composition
suggests that this electronic transition is
accompanied by self-organization processes.
As for as the third peak we attribute it to
the semimetal-semiconductor transition.

Thus, it follows from the results ob-
tained that all three transitions take place
in the entire temperature range studied in
this work. One could expect that with in-
creasing temperature, with increasing inten-
sity of thermal motion of atoms, the prob-
ability of self-organization processes will
decrease and the intensity of the peaks will
be decrease too. But this is not observed.
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4. Conclusions

The temperature dependences (T = 170—
525 K) of the Bi,_Sb, solid solutions spe-
cific heat C, were obtained in the composi-
tion range x = 0—0.12, and the isotherms of
C_ based on these dependences were plotted.

It was shown that three peaks at x =
0.015, x =0.0375 and x = 0.07 that had
been observed previously in the room-tem-
perature Cp(x) dependences, manifest them-
selves at all temperatures studied in this
work. The position of the peaks in the C%
isotherms, as well as the C, critical expo-
nents for the first and second peaks calcu-
lated using the fluctuation scale-invariance
theory of second-order PTs for 3D-systems,
practically do not change.

On the basis of the temperature depend-
ences of the Hall coefficient Ry, the iso-
therms of RyRH were built. It was estab-
lished that the positions of peaks in the Ry
isotherms correspond to C, peaks positions
and practically do not change with chang-
ing temperature. The existence of the peaks
in the Ry isotherms confirms the presence
of critical phenomena.

Experimental studies confirm the princi-
ple of universality and show that the nu-
merical values of the critical exponents
within the experimental error correspond to
the results of the theory. In the vicinity of
the critical point, the fluctuations are so
great that the microscopic details of short-
range intermolecular interactions turn out
to be insignificant

The obtained results represent another
confirmation of our previous assumptions
that the detected concentration anomalies of
the electronic and thermal properties are a
manifestation of the critical phenomena ac-
companying second-order phase transitions,
connected with 1) transition of percolation
type from dilute to concentrated solid solu-
tions, 2) transition into gapless state and 3)
semimetal-semiconductor transition.
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