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ELECTRONIC PHASE TRANSITIONS AND STRUCTURAL
INSTABILITY IN Bi..Sb, SOLID SOLUTIONS

An X-ray study of Bi, Sb, alloys in the concentration range x = 0— 0.1 was carried out. It was
established that up to Sb concentration x ~ 0.02 the unit cell parameters (a, c) decrease linearly
with increasing concentration, and the diffraction linewidth increases. In the concentration
interval of x = 0.025 — 0.1 the a(x) and c(x) curves noticeably deviate from the Vegard straight
line, with maximum deviations corresponding to the compositions at which the transition to a
gapless state and the energy band inversion occurs (x = 0.03—0.035) and the semimetal-
semiconductor transition (x = 0.06 — 0.07) takes place. In the indicated concentration regions, and
also in the interval x = 0.005 — 0.01, a decrease in the X-ray diffraction line width is observed. It
is suggested that the structural instability occurring in these special concentration ranges in
Bi; Sb, solid solutions is connected with changes in the electron spectrum under the percolation
transition, the transition into a gapless state and band inversion and under a semimetal —
semiconductor transition.

Key words: Bi-Sh solid solutions, composition, crystal structure, unit cell parameter, X-ray line
width, electronic transition.

Introduction

Recently, bulk crystals of the Bi; ,Sb, solid solutions and low-dimensional structures based on
them have attracted much attention as promising thermoelectric and magnetoelectric materials for
refrigeration devices at temperatures below ~ 200 K [1]. On the other hand, these solid solutions are
interesting materials for solid state physics, because they have extremely low effective electron masses
and an anomalously high charge carrier mobility and mean free-path [2-4]. Recently, interest in
investigating the transport properties of Bi;_,Sb, crystals and thin films has also grown sharply due to
the prediction [5,6] and subsequent experimental observation [7] of the special properties
characteristic of topological insulators [5, 8] in Bi;_.Sb, crystals.

Bi and Sbh semimetal crystals are electronic analogs with a similar type of chemical bond and
they crystallize under normal conditions in a similar structure (arsenic-type), which is described using
not only by a rhombohedral structure but also by a hexagonal and face-centered pseudocubic lattice
[9]. Bi and Sh form between themselves a continuous series of solid solutions [9].

The electronic structure of Bi;_,.Sb, solid solutions has been studied in a great number of works
(e.g., [10-15]). In Bi, the T-valence band overlaps with the L, conduction band at the 7-point of the
Brillouin zone. At the L-point, there is another valence band L, separated from the conduction band by
a small gap (E,). At present, it is known that with increasing Sb concentration, the energy difference
between the L, and L; bands decreases, and at a certain critical concentration (x =0.02 —0.04
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according to the data of different authors), a gapless state (GLS) is realized and band inversion occurs
[10-15]. Then the energy difference between the L, and L, bands increases again. On the other hand,
with increasing Sb concentration x, the T-valence band decreases in energy, and its overlap with bands
at the L and T points (AE) vanishes for 0.06 <x <0.07, resulting in the semimetal-semiconductor
(SMSC) transition. Due to the possibility of a radical change in the Bi; ,Sh, solid solutions band
structure under changing composition for this composition range, these materials are very convenient
for studying peculiarities of the electronic phase transitions (EPTs) in Bi; ,.Sb,.

In [16, 17], we reported the observation of anomalies in the isotherms of the galvanomagnetic
and thermoelectric properties in Bi; .S, solid solutions in the concentration ranges 0.5 — 1.5, 2.5 - 3.5
and 6 — 8 at.% Sh. These peculiarities were attributed to critical phenomena accompanying the
transition of a percolation type from a dilute to a concentrated solid solution, the transition to a GLS,
and to the SMSC transition, respectively. Taking into account that a strong electron-phonon
interaction takes place [18-20] in Bi; .Sb, solid solutions, it can be expected that a change in the
electron spectrum will result in a change in the phonon spectrum, which in turn will lead to the
appearance of peculiarities in the isotherms of various physical properties determined by the lattice
subsystem of the crystal. In [20], for a Biy¢75b¢ 3 solid solution doped with an acceptor impurity, an
increase in the high-frequency dielectric constant &, amounting to 30 % of the dielectric constant for
bismuth (g, =100) was observed. The increase in high-frequency dielectric constant provides
evidence for an increase in the polarizability of the valence electrons in Big975b¢ o3 crystals and results
from the anomalously small values of the L-point energy gap width at this composition. Due to the
high polarizability of these valence electrons, the electron and lattice (phonon) properties appear to be
strongly interdependent. This, in turn, causes a softening of the transverse phonon modes and an
increase in the rigidity of the longitudinal modes of the optical oscillations of the crystal lattice and
makes a phase transition quite possible. However, up to now, the direct observation of the suggested
structural phase transitions in the Bi; ,Sb, solid solutions has not been yet reported.

In this connection there arises a question, whether EPTs are accompanied by structural changes
in the crystal lattice, caused by atom redistributions aimed at attaining configurations corresponding to
a minimum in the potential energy.

The dependences of the unit cell parameters on the composition of the Bi;_,.Sb, alloys were
studied in a number of works [17, 21-33]. Most authors reported a nearly linear change in the a and ¢
parameters (of a hexagonal lattice) under changing composition over the entire concentration interval,
although some authors [10, 23, 25, 26, 28] pointed out a deviation of these dependences (mainly the
c(x) ones) from Vegard’s straight-line law. For example, in [10] a deviation from the linear
dependence for the unit cell parameter ¢ was observed for monocrystalline Bi, .Sb, alloys in the
concentration range x = 0 — 0.08. However, according to the authors of [24], such a non-linear change
was caused by the alloy inhomogeneity connected with the insufficient time of annealing (24 hours at
523 K). The authors of [31], who measured unit cell parameters along the monocrystalline ingot
grown by the Chochralsky method with the concentration gradient x=0—0.18, registered an
anomalous increase in unit cell parameter c in the ingot section corresponding to x ~ 0.07 — 0.09. The
authors, however, attributed the anomalous increase to the specificity of the growth technology.

In [17,33], where Bi, .Sb, solid solutions in the composition ranges x =0—0.05 [17] and
x=0-0.08 [33], annealed at 520 K for 100 [17] or 200 [33] hours were studied, it was shown that the
unit cell parameters a and ¢ decrease almost linearly as the Sh concentration increases up to x ~ 0.02.
After that a deviation from the linear dependence, which becomes most significant near x = 0.03, is
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observed. It was suggested that a transition to a GLS and an inversion of the valence and conduction
band symmetries or they are accompanied by structural changes. However, it should have been taken
into account that the duration of annealing (100 — 200 hours) could turn out to be insufficient for a
complete homogenization of the samples. To rule out the influence of that technological factor, it was
necessary to carry out X-Ray diffraction studies using samples annealed for a longer time.

The goal of the present work is performing detailed X-Ray studies of the Bi; ,Sb, alloys after long-
term annealing with a view to revealing structural instabilities connected with the existence of the EPTs.

The results of the present study have shown that GLS and SMSC transitions are accompanied
by structural changes corresponding to an anomalous increase in the unit cell parameters and a
decrease in the X-Ray diffraction linewidth (XRDL).

Experimental

Polycrystalline samples of Bi; .Sh, in the concentration range x = 0 — 0.1 were synthesized from
high-purity elements (not less than 99.999 %) in quartz ampoules evacuated down to 107 Pa at
T=(1020 £ 10) K, keeping the melt at this temperature for 5— 6 hours. After the synthesis, the
samples were quenched in air, then annealed for 720 hours at (520 £ 5) K and cooled down inside the
off-powered furnace. All samples were prepared simultaneously to ensure the identity of the
preparation conditions. The results of microstructural analysis showed that all prepared polycrystalline
Bi_.Sb, alloys were single-phased with an average grain size d = 300 um. The chemical composition
and homogeneity of the samples were controlled using electronic microprobe analysis (JSM-6390 LV,
Jeol Ltd.), X-Ray photoelectronic spectroscopy using a scanning electron microscope (XPS-800
Kratos), and an X-ray fluorescent method. It was shown that the chemical compositions of the samples
corresponded to what was intended with an accuracy of not less than 5 % (relative to one another), and
the degree of the sample homogeneity was satisfactory. Additional control of the sample homogeneity,
which was confirmed using the methods of measuring microhardness and microthermopower,
demonstrated that the dispersion of the values of the indicated parameters within the sample did not
exceed the error of their measurement.

X-ray powder diffraction studies were carried out with a DRON-2 diffractometer using Ni
filtered Cu K,-radiation. The unit cell parameters ¢ and ¢ were determined after processing the
diffraction profiles, which included smoothing, separation of the background from the reflection
profiles, separation of overlapping peaks and the precise determination of their maxima location. The
error in the determination of @ and ¢ amounted to Az =2:10" nm and Ac =4 10* nm. The obtained
values of the unit cell parameters (a =0.4546 nm and ¢ = 1.1853 nm) for pure Bi were in good
agreement with those reported in other works [22-25].

Results and discussion

In Fig 1 a, as an example, fragments of X-ray diffraction patterns in the vicinity of the (0 1 14)
diffraction peaks are presented for the samples with different x values. In Fig. 1 b, the dependences of
the unit cell parameters a and ¢ on the Bi; ,Sh, solid solution composition, are presented. As is seen in
Fig. 1 b, an increase in Sh concentration up to x = 0.02 leads to a practically linear decrease in both a
and ¢, in accordance with Vegard’s law. However, under further increase in x, in two concentration
intervals: x =0.025 — 0.035 and x = 0.05 — 0.07, the a(x) and c(x) curves exhibit a distinct deviation
from Vegard’s straight line behavior.
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Fig. 1. Sections of the diffractograms plotting X-ray intensity vs 20 near the (0 1 14) X-ray diffraction peaks
(a), and the lattice parameters a and c (b) of the Bi;_.Sb, solid solutions vs Sb concentration x: (a): x = 0 (1),
0.01 (2); 0.02 (3); 0.0325 (4); 0.045 (5), 0.05 (6), 0.06 (7), 0.07 (8),; 0.08 (9). (b): I —a; 2 —c;

3 —data from reference [25],; 4 — data from reference [28], line — Vegard’s law.

In Fig. 2, the concentration dependences of the XRDL for the (1 4 6) reflections are presented as
AB/By vs x. It is seen that the dependence has a sophisticated nonmonotonic character: in the concentration
ranges x = 0.005 — 0.01, x = 0.025 — 0.03 and x = 0.05 — 0.07, a decrease in XRDL is observed.

x(107)

Fig. 2. The dependence of a relative change in the (0 1 14) X-ray diffraction linewidth AB/B,
on the Sb concentration x in the Bi;_Sb, solid solutions.

The existence of the concentration anomalies in the a(x) and c(x) curves provides evidence in
favor of structural changes in the crystal lattice. Taking into consideration the character of these
changes in the energy band structure in the Bi;_,Sb, solid solutions, one can suggest that such structural
changes are connected with both the transition to a GLS and the energy band inversion at the L-point
of the Brillouin zone [3, 4] (x = 0.025 — 0.035), and with a SMSC transition (x = 0.05 — 0.07).

It is known that among the main factors that cause a broadening of the X-ray diffraction lines
are the fluctuations of the interatomic distances due to microstresses and to the small size of the
coherent scattering regions [34]. In homogeneous solid solutions, a broadening of the X-ray diffraction
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lines can be caused by the disorder in the distribution of atoms of different types and the static
displacement of atoms surrounding an impurity atom relative to their positions in the ideal crystal
lattice. In our case the instrumental factor and the structural characteristics of the samples can be left
out of consideration since for all Bi;_.Sb, solid solutions, the X-ray diffraction patterns were measured
under identical conditions, the same volume of material was exposed to radiation, and the degree of
dispersion of the powder and the strain hardening were also the same. That is why it can be safely
suggested that the change in the XRDL with changing concentration of impurity atoms can be
attributed to internal structural changes.

The broadening of the X-ray diffraction lines that we observed after the introduction of the
first portions of Sh atoms (Fig.2) is easy to explain taking into account that foreign atoms
introduced into the crystal increase the level of local stresses in the crystal lattice. However, the
subsequent sharp decrease in the XRDL shows that in certain concentration intervals, stresses in the
crystal structure decrease.

In this connection it can be suggested that in the impurity subsystem of the crystal, self-
organization processes take place, resulting in the appearance of an ordered structure. Possible self-
organization processes may include a long-range ordering of impurity atoms (“crystallization of the
impurity liquid”) and short-range ordering (through formation of complexes). As the formation of an
ordered structure must lead to lattice periodicity restoration, i.e. to a decrease in the number of defects in
the crystal lattice, one should expect a decrease in XRDL, which is indeed observed in the concentration
ranges x =0.005 — 0.01, x=0.025-0.03, and x=0.05—-0.07. The formation of a superstructure is
expected to cause the appearance of extremum points in the dependences of different properties.

For the realization of a long-range ordering of impurity atoms, the average distance d between
impurity atoms (d = 1/n,"* where n, is the impurity atoms concentration) must correspond to their
regular distribution over the sites of the crystal lattice (e.g., d = na, and d = na,/4'", respectively, for
simple cubic and face-centered cubic lattices formed by impurity atoms, where n is an integer, a,
denotes the unit-cell parameter of the matrix material). If we assume the crystal lattice of Bi; ,.Sb, solid
solutions to be a face-centered pseudocubic structure, then a, = V'3 where V is the volume of the unit
cell. A simple rough calculation shows that the compositions that are optimal for ordering in the case
of the formation of a face-centered cubic crystal lattice of Sh atoms (i.e. compositions for which the
condition d = na,/4"" is fulfilled) are close to x = 0.01 (n =4), x=0.02 (n=3) and to x = 0.07 (n = 2).
A sharp decrease in the XRDL, which was observed in the vicinity of the indicated compositions
(Fig. 2), supports the possibility of ordering. When the solid solution region is sufficiently wide, with
increasing impurity concentration, different variants of ordering can be realized. However, to prove
that ordering has occurred and to determine its type, a special XRD study is required, which is beyond
the scope of the present work.

In Fig. 3, along with the a(x) dependence obtained in the present work for Bi ,Sh, solid
solutions (Fig. 1 b), the isotherms of the magnetoresistance Ap/p and Hall charge carrier mobility py
obtained at 7= 80 K and B=0.9 T in [16] are given. It is seen that the positions of extrema points near
x=0.03 and x = 0.07 in the isotherms of the lattice and electronic properties are practically similar.
Let us also notice that the anomaly in the range x = 0.005 — 0.01 observed in [16] for the electronic
properties and in the present work for the X-ray diffraction line width, is not observed for the unit cell
parameters. This observation indicates that the formation of percolation channels, significantly
affecting the transfer phenomena and the X-ray diffraction line width, does not cause noticeable
changes in the unit cell parameters.

ISSN 1607-8829 Journal of Thermoelectricity Ne6, 2013 17



E.I. Rogacheva, A.N. Doroshenko, |V.1. Pinegin|, M.S. Dresselhaus
Electronic phase transitions and structural instability in Bi,_,Sb, solid solutions

40F
‘_
Q. L
g 30 -
207 - T
10} !
175 E
055 50 mo
0.455 2572
40 =
£ 0.454 =
=]
S
0.453

Fig. 3. The dependences of the magnetoresistance Ap/p (1), Hall charge carrier mobility py (2),
and unit cell parameter a (3) on the Sb concentration x of Bi; .Sh, solid solutions at room temperature.
Here (1), (2) refer to [16], and (3) to the present work.

Thus, it follows from the obtained data that the electronic phase transitions occurring in the
studied range of concentrations are accompanied by the processes of structural ordering. The latter are
manifested through the sharp narrowing of XRDL and the deviation from Vegard’s law in the
concentration intervals where extrema of electronic properties are observed. At present it is difficult to
say which factor — electronic or structural — is primary in determining the appearance of the
concentration anomalies of properties in Bi; ,Sh, solid solutions, as in crystals the electronic and lattice
subsystems are closely connected and can be considered independent only conventionally. One should
not also exclude that for each of the critical concentration ranges (x = 0.005 —0.01, x =0.025 —0.03
and x = 0.05 — 0.07) there exist two phase transitions — electronic and structural — which occur at close
compositions.

Conclusions

For the first time it is here established that in Bi; .Sb, solid solutions in the concentration range
x=0-0.1, the dependences of the unit cell parameters and X-ray diffraction line widths on the Sb
concentration exhibit a distinct non-monotonic oscillatory behavior: in the vicinity of compositions
x=0.03 and x = 0.07, the maximum positive deviations from Vegard’s law are observed, and in the
vicinity of compositions x =0.01, 0.03, and 0.07, a narrowing of the X-ray diffraction lines takes
place. The results obtained show that electronic phase transitions (a transition of a percolation type to
impurity continuum, a transition to a gapless state accompanied by L-point inversion and by a
semimetal-semiconductor transition), occurring in the same concentration intervals, are accompanied
by structural changes in the crystal lattice, presumably connected with the formation of ordered
structures. This, in turn, indicates a strong electron-phonon interaction in Bi;_.Sb, solid solutions.
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