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Abstract

The compound InsBi3; decomposes at pressure 15 GPa and temperature 150 °C
into two phases of different compositions. Each phase represents a tetragonal
distortion of the body-centred cubic phase, one with axial ratio ¢/a > 1 and the
other with c/a < 1. These phases follow the Bain path—a tetragonal distortion
of the cubic structure on the way from face-centred cubic to body-centred cubic,
observed for tetragonal phases of In and Sn alloys as a function of composition
(or electron concentration) at ambient and high pressure. Ambient-pressure
stoichiometic compounds in the In-Bi alloy system are replaced under pressure
by a sequence of metallic random phases with the structure determined by the
electron concentration.

1. Introduction

The InsBiz compound crystallizes in the tetragonal structure with lattice parameters a =
8.544 A and ¢ = 12.68 A, with 32 atoms in the unit cell, space group I4/mcm [1]. The
atomic arrangement in this compound consists of square-triangle 32434 nets in ab-planes and
of square nets of atoms over the cell corners and over the base [2]. The structure is site
ordered with the position occupation as follows: Bi at 4a (0, 0, 0.25), In at 4c (0, 0, 0), Bi at
8h (x, x+1/2,0) with x = 0.343, and In at 16€ (x, x+1/2, z) with x = 0.144 and z = 0.168.

The InsBis structure is related to a recently determined incommensurate structure of
Bi m [3] and can be viewed as a commensurate approximant for Bi mi-type structure. The
interest in high-pressure studies of the InsBi; compound is due to similarities in the atomic
arrangement with Bi 11. In this paper the results on high-pressure structural transformations of
the InsBi; compound are presented.
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Figure 1. The integrated profile from InsBi3 at 10.3 GPa (crosses) and a Rietveld refinement fit
(curve). The tick marks below the profile show the peak positions of the tI32, 14/mcm, structure.
The lower curve is the difference between the observed and calculated profiles.

2. Experimental details

Experiments were carried out on an alloy of composition In—37.5 at.% Bi obtained by melting,
in an evacuated silica capsule, appropriate amounts of In and Bi of 5N purity. The composition
was selected in accordance with the known phase diagram of the In—-Bi alloy system [4]. The
x-ray diffraction pattern of the alloy under ambient conditions corresponds to the structure of
the InsBi; compound.

Angle-dispersive powder diffraction data were collected on station 9.1 at the Synchrotron
Radiation Source (SRS), Daresbury Laboratory, using a diamond-anvil cell and an image-plate
area detector, with a wavelength of 0.4654(1) A [5]. The gasket hole was filled with a piece
of sample, a 4:1 methanol:ethanol mixture as a pressure medium, and a small chip of ruby
for the pressure measurement. The 2D images were integrated azimuthally, and structural
information was obtained by Rietveld refinement of the integrated profiles using the program
GSAS [6].

The experiment was performed in two runs of pressure loading: at room temperature and
with heating under pressure.

3. Results

Structural studies of the InsBi; compound under pressure at room temperature show that this
compound remains stable up to 25 GPa. A Rietveld fit to the integrated profile obtained from
the InsBi; sample at 10.3 GPa is shown in figure 1. The lattice parameters at these pressures are
a = 8.0894(2) A and ¢ = 11.8760(6) A, with atomic volume V = 24.29(2) A3 and axial ratio
c¢/a = 1.468. The refined atomic positions are x; = 0.3472(2) for Biat 8hand x, = 0.1488(3)
and z = 0.1670(3) for In at 16¢, which are very close to the values at ambient pressure. The
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Figure 2. Variations of lattice parameters, axial ratio, and atomic volume with pressure for the
InsBi3 compound at room temperature. The inset shows the atomic volume for the bet, ¢/a > 1
and bet, ¢/a < 1 phases (open squares) in the alloy annealed at 15 GPa, 150 °C, 4 h, together with
the atomic volume of the InsBiz compound without annealing (solid squares).

R-factors are wR, = 7.0%, R, = 5.1%, and x> = 0.6 for 17 variables. Variations of the
lattice parameters and the atomic volume with pressure are presented in figure 2. The axial
ratio decrease with pressure increase corresponds to higher compression along ¢ comparing to
a. A remarkable bend in the c¢/a variation versus pressure occurs above 10 GPa. Diffraction
peaks above this pressure become very broad, and therefore in the next run the InsBi; sample
was annealed at 15 GPa and 150 °C for 4 h.

The diffraction pattern after annealing looks completely different, displaying that a phase
transition has occurred. The most remarkable feature of this pattern is the absence of the low-
angle diffraction peaks seen in figure 3. This implies a relatively short lattice axis in the newly
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Figure 3. The integrated profile from the InsBi3 alloy at 13.3 GPa (crosses) after decomposition
and a Rietveld refinement fit (curve). The tick marks below the profile show the peak positions of
the bet, c/a < 1 (upper) and bet, ¢c/a > 1 (middle) phases and of the W gasket (lower). Below
the tick marks is the difference between the observed and calculated profiles. Indices of some
diffraction peaks are indicated as upright ikl for the bet, ¢/a < 1 phase and as sloping ikl for the
bet, c/a > 1 phase. ‘G’ indicates the strongest diffraction peaks of the gasket material.

formed alloy structural state. No solution was found by assuming this state to be a single-phase
state. An attempt to account for this pattern by a two-phase mixture resulted in a solution with
two tetragonal phases. Both phases are body-centred tetragonal (bct) with two atoms in the
cell, occupying the 2a position of space group /4/mmm, but differing in axial ratio. These
structures represent small tetragonal distortions of a body-centred cubic (bcc) structure. One
with the axial ratio ¢/a = 0.92 is assigned here as bct, c/a < 1. The other structure with
c/a = 1.13 can be considered as a tetragonal distortion intermediate between a bee (c/a = 1)
and a fcc (c¢/a = 1.41) structure. This structure is assigned here as bct, c/a > 1.

The pressure in the cell with this sample has been decreased from 15 GPa, and both tetrago-
nal phases have been observed to be stable atleast down to 9 GPa. On pressure release, the initial
InsBi; compound was recovered, indicating the reversibility of the observed transformation.

A Rietveld refinement of the integrated profile for the sample at 15.2 GPa, assuming a
mixture of two tetragonal phases, is shown in figure 3. The lattice parameters have been
determined from a least-square fit of d-spacings and were fixed in the Rietveld refinement.
The lattice parameters for bet, c/a < 1 are a = 3.715(3) 10\, c = 3.426(7) A, c/a = 0.923;
and for bet, ¢/a > 1 they are a = 3.447(2) A, ¢ = 3.883(3) A, ¢/a = 1.126. The amount
of the bct, ¢/a > 1 phase is two times greater than the amount of the bct, c/a < 1 phase.
The R-factors of the fit are wR, = 5.6%, R, = 4%, and X2 = 0.2 for 16 variables. The
remaining discrepancies between the observed and calculated profiles arise from stresses due
to the non-hydrostatic conditions causing broadness of the lines and deviation of the diffraction
peak positions from the calculated values.
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Table 1. Structural characteristics of phases in the InsBi3 alloy at pressure P = 15.2 GPa, obtained
after annealing at 150 °C.

Electron
cla Composition  concentration
Phase a(A) c(A) (bet) Va (A%  (at.% Bi) (electrons/atom)
bet,c/a <1 3.715(3) 3.426(7) 0.923(2) 23.67(6) ~44 3.88
bet,c/a > 1 3.447(2) 3.883(3) 1.126(1) 23.07(3) ~34 3.68

The axial ratio, for both these phases, does not show any significant variation within
the pressure range 15-9 GPa. The atomic volumes of these phases have slightly different
values, as shown in figure 2 (inset): one is above and the other is below that of the InsBi;
compound. This observation implies that the InsBi; compound decomposes into two phases
of different composition. The difference in composition corresponds to about 10 at.%. This
estimate follows from Vegard’s law for alloy solid solutions. The compositions are estimated
as ~34 at.% Bi for bct, c/a > 1 and ~44 at.% Bi for bct, ¢/a < 1. As the amount of
bet, c/a > 1 phase in the pattern is greater than that of bct, c/a < 1, the phase bct, c/a > 1
is shifted in composition less than the phase bct, c/a < 1 from the initial InsBiz content. The
compositions of these two coexisting phases do not vary over the range 15-9 GPa.

Both phases seem to be site disordered, because no extra peaks that could indicate
possible order in these alloy phases were observed. Structural details for these two phases
are summarized in table 1.

4. Discussion

It is interesting to compare these tetragonal phases with other similar phases known in In-based
alloys [7]. The element In has a tetragonal structure at ambient pressure, which is a small
distortion of a fcc structure with an axial ratio ¢/a = 1.07 in the face-centred tetragonal
(fct) setting [8]. A tetragonal distortion of phases caused by alloying of In with neighbouring
elements in the periodic table depends on the average number of valence electrons per atom, or
electron concentration. Figure 4 shows a representative plot for axial ratios of the tetragonal
phases for In-Sn and related alloys with neighbouring elements as a function of electron
concentration.

On alloying In with the divalent elements Hg and Cd, the axial ratio decreases, and changes
discontinuously down to c/a = 1 at n < 2.94, where the fcc phase is stable [7]. On alloying
of In with elements of higher valency Pb, Sn, and Bi, the axial ratio of the tetragonal phase
increases to the value ¢/a = 1.10 (fct, ¢/a > 1). Athigher concentrations, n > 3.15, the axial
ratio makes a jump to the values <1 (fct, c/a < 1 or bet, ¢/a > 1). The solid line represents
axial ratio values as a function of electron concentration for the In alloys with Sn, Pb, and Bi at
ambient pressure, involving data on equilibria and metastable (‘splat-cooling’) phases [7,9].
The dashed curve shows axial ratio values for the In—Sn, In-Pb alloys under pressure [10].
These data, lying between ¢/a = 1 and 1/,/2, represent the Bain path—a tetragonal distortion
of the cubic structure on the way from fcc to bec.

The bcce structure is realized in the heavy group IV elements Sn and Pb [11, 12]. A
tetragonal distortion occurs in Sn under pressure before the transition to bcc structure, with
the axial ratio reaching c¢/a = 0.96 (in the fct setting c/a = 0.68) [11]. Similar tetragonal
distortion of bec structure has been observed in the isoelectronic compound InBi under pressure,
with the same axial ratio [13]. This value can be read from figure 4 at the electron concentration
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Figure 4. A representative plot of axial ratios of the tetragonal phases for In—Sn and related alloys
as a function of electron concentration. Dotted horizontal lines correspond to c¢/a values for fcc
and bcc structures. The solid curves represent average values of axial ratios for In alloys with
Cd, Hg, Sn, Pb, and Bi at ambient pressure, whether stable [7] or metastable [9]. The dashed
curves represent axial ratios observed at high pressure for the alloys In—Sn, In-Pb (middle branch),
and Sn—-Hg, Sn—In, In-Bi (lower branch) [10, 13—15]. The dot—dashed vertical line indicates the
position of the initial InsBi3 compound, and horizontal arrows indicate its decomposition into two
tetragonal phases with different ¢/a ratios, denoted by open triangles. The solid triangle denotes
the high-pressure bct phase in InBi [13].

n = 4. The dashed curve extending from this point towards lower electron concentration
represents tetragonal distortions in the Sn-rich alloys with In and Hg under pressure [14, 15].

The InsBi; compound (n = 3.75), indicated by the vertical dot—dashed curve in figure 4,
decomposes under pressure into two tetragonal phases, bct, c/a > 1 and bet, c/a < 1 with
estimated compositions corresponding to n-values of 3.68 and 3.88, respectively.

The present result on In-Bi thus gives us two more examples of tetragonal phases, as
plotted in figure 4. One of them, bct, c/a < 1, belongs to the lower (right) branch of the plot
of ¢/a versus n. This phase can be considered as an extension of the tetragonal phase observed
in InBi under pressure with the range of compositions from 44 to at least 50 at.% Bi. The
axial ratio increases from c¢/a = 0.92 to 0.96 as the electron concentration n increases from
3.88 to 4, showing a correlation between the tetragonal distortion and the average number of
valence electrons in an alloy as discussed in [13, 14].

The other tetragonal phase, bct, c/a > 1, belongs to the middle branch of the plot. The
data point at ¢/a = 0.80 (in the fct setting) and n = 3.68 agrees with the dashed curve,
representing high-pressure data on the In alloys [10]. This bet, ¢c/a > 1 phase can be related
to the phase stability region of the fct, c/a < 1 phase located at 8-12 at.% Bi (n ~ 3.16—
3.24) on the equilibrium phase diagram (figure 5), and extended to 26 at.% Bi (n ~ 3.52) in
‘splat-cooling’ experiments on In—Bi alloys [9].

The phase transformations under pressure in the InsBis alloy thus reveal an example
of decomposition of a stoichiometric compound into two phases of different compositions,
which is allowed by the Gibbs phase rule for a two-component system. Without heating,
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Figure 5. T—x phase diagram for In—Bi alloy systems at ambient pressure [4]. The plot below the
diagram shows schematically the phase sequence and proposed regions of phase stability under
pressure. The boundary between fct, c/a > 1 and fct, c/a < 1 phases is shown, relating to
ambient-pressure data on stable and metastable phases discussed in the text.

decomposition was not observed because of the hindrance of the diffusion. The sample retains
in this case the structure of the InsBis compound up to 25 GPa, reached in the run; however,
this state should be considered as metastable.

In the In—Bi alloy system there are three intermediate compounds at ambient pressure
corresponding to compositions In;Bi, InsBis, and InBi, as shown in figure 5. On the In-rich
side up to ~7.5 at.% Bi there is In-based solid solution, the fct, c/a > 1 phase, followed by
another fct phase with ¢/a < 1. Under high pressure all the stoichiometric compounds turn
out to be unstable. Instead, a sequence of metallic random phases can be outlined with quite
extended regions of stability, as shown schematically in the lower plot of figure 5. The structure
of phases in this sequence is determined by the valence electron number, as for so-called Hume-
Rothery phases. For the In-rich region of the In-Bi alloy system, the structural sequence under
high pressure: fct, c/a > 1 — fct, ¢/a < 1 (=bct, c/a > 1) — bct, ¢/a < 1, is consistent
with the behaviour found for the In—Sn alloy system under high pressure [16].

The phase fct, ¢/a > 1, related to In and In solid solutions with Bi, Sn, or Pb at ambient
pressure [7], is stable in pure In up to pressures over 50 GPa [17].

In the Bi-rich region of the In—Bi alloy system several intermediate phases were obtained
by ‘pressure quenching’ [18, 19], such as a simple hexagonal (sh) phase, an orthorhombically
distorted sh phase, and a complex phase with Cmca—o0C16 structure [20], related to high-
pressure forms of Si and Ge [21,22]. The region of Cmca—oC16 phase in the In-Bi system
should be extended under certain pressure and temperature conditions up to pure Bi, because
the Bi 1v phase can be assigned as having a similar Cmca—oC16 structure [20,23].

There is much similarity between intermetallic high-pressure phases in the In-Bi system
and high-pressure forms of group IV elements, implying that these phases are not particular
characteristics of certain elements or groups, but rather are common representatives of the
polyvalent sp metals and alloys.
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