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Crystal structure of InBi under pressure up to 75 GPa
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InBi is studied by energy-dispersive diffraction with synchrotron radiation in a diamond-anvil cell under
pressure up to 75 GPa. Three phase transitions are observed from its initial tetragonal structuretP4 with
c/a'0.95 to anothertP4 structure withc/a'0.65 typical for theb-Np structure, than to a disordered tetrag-
onal body-centered structuretI2, and finally some hints are obtained for a transition to a cubic body-centered
structurecI2. All these transformations are reversible with large hysteresis. InBi(tI2), phase III, shows
initially a steep increase inc/a from 0.91 to 0.94, in the pressure range from 20 to 30 GPa, and a nearly
constant value of about 0.96 above 55 GPa. Hints for the possible stability of a new phase IV are noticed in the
present experiments on decompression from 75 GPa as admixture of new lines to phase III giving strong
indications for a first-order phase transition with large hysteresis. The origin of the tetragonal distortion and the
transformation to a cubic phase are discussed from the point of view of nesting the Fermi sphere in the
Brillouin zone.@S0163-1829~98!00110-6#
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INTRODUCTION

Structural systematics for the group IV elements and
the isoelectronic III-V compounds have been the subjec
many recent experimental and theoretical high-pressure s
ies. Besides the increase in coordination numbers and p
ing efficiency a general structural sequence is found for
and Ge of the type diamond-like(cF8)→b-tin(tI4)
→simple hexagonal(hP1)→hcp(hP2)/fcc(cF4) exper-
imentally1–4 and in theoretical calculations.4–6

Isoelectronic III-V compounds display a simila
structural sequence under pressure:zinc blende(cF8)
→NaCl(cF8)/white tin type(tI4)→simple hexagon-
al(hP1). In addition to these rather simple structures a
more complicated structures with free atom position para
eters are found.7–9 Besides disordered structures also str
tures with atomic ordering and large superlattices
observed,10–13 and theoretical studies have been perform
for III-V compounds.14–18

However for the heavier III-V compound InBi experime
tal data were available up to now only for pressures belo
GPa~Ref. 19! and a comparison with the heavier group
element tin with its structural sequenceb-tin(tI4)
→bct(tI2)→bcc(cI2) ~without hP1!20,22 leads to the ex-
pectation of a special behavior also for InBi.

At ambient conditions InBi forms a metallic compoun
with tetragonal structure of its own type,tP4, space group
P4/nmm with In in the special position 2a (000;1/2 1/2 0)
and Bi in 2c (0 1/2z;1/2 0 z̄) with z50.393,a5500.0 pm,
c5477.3 pm, andc/a50.9546.23 Neutron powder diffrac-
tion up to 2.6 GPa~Ref. 19! showed only a large decrease
c/a, but a complex structural behavior was observed late
quenched InBi alloys after thermobaric treatment~P
<7 GPa,T<300 °C!.24 New phases were obtained in met
stable states~at P50 GPa, T52100 °C!, some showing
simple hexagonal structure (hP1) and others more comple
structures which are not yet determined definitely, motiv
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ing the present structural study on InBiin situ under pres-
sures up to 75 GPa.

EXPERIMENTAL DETAILS

The present study was performed with diamond-an
cells25,26and energy-dispersive x-ray diffraction~EDXD! us-
ing synchrotron radiation at the beamlineF3 of
HASYLAB/DESY.27,28The samples were mounted in gask
holes 120mm diameter or larger, together with ruby or go
as pressure marker29,30 and mineral oil as the pressure tran
mitting medium. The sample material was obtained by m
ing stoichiometric amounts of the pure elements~99.99%!
subjected to thermobaric treatment, as describ
previously.24 Small pieces from these samples were used
four sets of experiments at room temperature. In two ad
tional series the samples were heated in the diamond
under pressure up to 240 °C for 1–2 h to check for spe
effects of kinetics, recrystallization, and order-disorder tra
sitions. Specially adopted software31 was used for the evalu
ation of the diffraction spectra.

RESULTS AND DISCUSSION

The diffraction spectra for the initial phase InBi~I! were
strongly effected by texture. Nevertheless, the diffract
spectra gave clear evidence for the formation of a new ph
II at pressures 7–8 GPa. The positions and intensities of
corresponding diffraction peaks changed gradual after
transition up to 20–22 GPa, where systematic changes in
diffraction spectra signaled the occurrence of a new ph
III. Typical diffraction spectra of InBi in the three modifica
tions are shown in Fig. 1. To reduce effects from stress
texture, one sample was pressurized to 20 GPa and anne
at this pressure for 2 h at 240 °C. Thespectrum obtained a
20.1 GPa after cooling to room temperature correspond
pure InBi~III !. The spectra in Fig. 1 for 3.1 and 0 GPa we
4975 © 1998 The American Physical Society
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4976 57BRIEF REPORTS
obtained from the same sample on decompression and
respond to InBi~II ! and InBi~I!, respectively. These spectr
illustrate the complete reversibility of these two transform
tions.

A structural assignment for the diffraction data of InBi~II !
is given in Fig. 1 and shown in more detail in Table I. Sp
cial assignment software31 finds only this one solution with
four atoms in the unit cell according to a tetragonal primiti
metric tP4, which gives indeed a perfect matching for all t
observed and calculated line positions within the resolut
of the EDXD technique.

In fact, this metric represents only a sudden change inc/a
from ;0.91 to;0.61 at the transition from phase I to II.
one adopts the same space groupP4/nmm for both phases
with In on the position 2a (000, 1/2 1/2 0) and Bi on 2c
(0 1/2z;1/2 0 z̄ ) one finds also reasonable agreement
tween observed and calculated intensities for the corresp
ing pattern at 3.1 GPa withz50.33. The decrease in th
intensity ratio I 211/I 220 towards zero at higher pressur
points to an increase inz→0.5 and the ratioI 211/I 220.1 at
3.1 GPa is only compatible with ordering of In on 2a and Bi
on 2c sites but not with the opposite assignment. On
other hand, forz51/2 this structure can be represented b
smaller tetragonal unit cell withanew5aold /& with its two

FIG. 1. EDXD spectra of InBi at different pressures measu
with U54.85°. f and e denote fluorescence and escape pea
respectively. Diffraction lines of phases I and II are indexed acco
ing to tP4 and phase III according totI2.
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atoms in the positions~000! and (1/2 1/2 1/2). The fitting of
the observed diffraction peaks to this tetragonal cell is illu
trated in Table II. Thereby the difference in the atomic nu
bers for In~49! and Bi ~83! is large enough to cause som
‘‘difference’’ reflections for an ordered structure, howev
there was no evidence for this atomic ordering in the spec
and therefore this new structure must be described as b
centered tetragonal (tI2), which is the same structure as fo
the high-pressure form of tin.

Figure 2 represents the change of the average atomic
ume vs pressure for the three phases. The equation of
~EOS! for phase III is represented equally well by two di

d
s,
-

TABLE I. Observed and calculatedd spacings and integrate
intensities for the EDXD spectrum of InBi~II, tP4! at 3.1 GPa. The
best fit givesa5566.5(1) pm andc5337.3(1) pm. Intensities are
calculated forz50.33 and normalized toI (200). A sample thick-
ness of 40mm was assumed.

(hkl) dobs ~pm! dcalc ~pm! I obs I calc

110 400.4 400.6 4 8
101 289.7 289.8 12 60
200 283.2 283.3 100 100
111 258.0 258.0 32 62
211 202.6 202.6 20 42
220 200.4 200.3 16 33
310 179.2 179.1 2 3
301 164.8 164.8 4 8
102 161.5 161.6 2 7
311 158.3 158.2 12 20
112 155.4 155.4 1 9
321
400

142.0
142.4
141.6

10
8
6

212 140.3 140.4 2 7
411
420

126.9
127.2
126.7

5
4
6

302 125.7 125.8 1 2
331 124.2 124.2 2 3
312 122.8 122.8 1 4
322 115.0 115.0 1 2

TABLE II. Observed and calculatedd spacings and integrate
intensities for the EDXD spectrum of disordered InBi~III, tI2! at
20.1 GPa. The best fit givesa5371.3(1) pm and c
5342.3(1) pm. Intensities are normalized toI (101). A sample
thickness of 40mm was assumed.

(hkl) dobs ~pm! dcalc ~pm! I obs I calc

110 262.6 262.5 72 63
101 251.7 251.7 100 100
200 185.7 185.7 59 20
002 171.4 171.1 2 7
211 149.4 149.4 29 30
112 143.4 143.4 5 12
220 131.3 131.3 4 5
202 125.9 125.8 5 6
310 117.5 117.4 3 4
301 116.5 116.4 5 4
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57 4977BRIEF REPORTS
ferent EOS forms, however, with significantly different va
ues for the commonly used free parameters:V0 for the ~ex-
trapolated! volume at ambient pressure,K0 for the
corresponding bulk modulus, andK08 for its pressure deriva
tive. The second-order Birch equation32 results in V0

528.2(4)3106 pm3, K0567(8) GPa, and K0853.8(2),
whereas the more recently proposed form H12~Ref. 30!
gives V0527.98(2)3106 pm3, K0574.7(3) GPa, andK08
53.05(2) with significantly smaller standard deviations f
the strongly correlated parameter values.

Changes in the axial ratio for the phases II and III w
pressure are shown in Fig. 3, which gives also the struct
relation between phases II(tP4) and III(tI2) assuming that
phase III is disordered. With increasing pressurec/a of
InBi( tI2) ~phase III! shows at first a steeper increase a
later an almost constant value of about 0.960 up to the h

FIG. 3. c/a ratios vs pressure for InBi~II ! ~left-hand scale! and
for InBi~III ! ~right-hand scale!. The values 3/p and (3/p)2 repre-
sent special cases ofc/a ~see text!. c/a51 corresponds to cubic
InBi~IV !. The shaded area represents a region of hysteresis fo
II-III phase transition. The inset illustrates structural relations
the InBi~II !-~III ! transition. Solid lines represent the structure
InBi(II, tP4) with In in the position 2a(0 0 0; 1/2 1/2 0) and Bi in
2c(0 1/2z; 1/2 0 z̄ ). At the transition to InBi(III, tI2) z increases
to 1/2 reducing the cell totI2 ~dashed lines! with disordering of the
atoms.

FIG. 2. Effect of pressure on the atomic volume for InB
Crosses: phase I~Ref. 19 and one data point from the present wo
at 5 GPa!. Triangles: phase II~three different runs!. Diamonds and
circles: phase III. Squares: phase IV. Open symbols denote c
pression and solid symbols decompression, respectively.
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FIG. 4. Effect of pressure on InBi and Au diffraction peaks
EDXD spectra (U54.24°) showing the approach towards cub
InBi~IV ! in the spectra numbered 3–23 and the reversal on fur
decompression.

FIG. 5. Peak profiles fitted as doublet (1101101)t at 71.2 GPa
and as triplet including (110)c and (1101101)t at decompression
The values for the halfwidths were fixed for all three peaks to
values from well resolved spectra at lower pressures. To comp
sate for the line shifts, the energies are scaled to different refere
valuesEr .
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4978 57BRIEF REPORTS
est pressure of 75 GPa for the present study. However
decompression~Fig. 4! the (110)1(101) doublet changes it
shape and a deconvolution gives strong hints for the adm
ture of a third component~Fig. 5! corresponding to a~110!
peak for a new cubic phase IV similar to the high-press
behavior of Sn.21 The admixture of this extra line for a new
phase InBi(cI2) ~phase IV! increases at first on further de
compression down to about 60 GPa~Fig. 5! before the cubic
component disappears around 50 GPa. From the numb
observed lines one would conclude that this new phase
would also show disorder with respect to the occupation
the lattice sites by In or Bi atoms and the change in
lattice parameters in the III-IV phase transition would cor
spond to a volume change of less than 1% explaining
some extend the sluggishness of the transition. Certainly,
interpretation of the present spectra needs further suppo
measurements at higher pressures, by pressure cy
around the transition, and by measurements at higher t
peratures. Since however similar features of a tetragona
cubic transition with small volume change, discontinuity
c/a, and phase coexistence over a substantial range of p
sure were previously observed for tin,21,33 and theoretical
high-pressure studies for tin34 indicate that the energy differ
ence between these two phases is indeed very small ov
large range in pressure, it appears necessary to point ou
possible interpretation of the present spectra in the ra
between 60 and 80 GPa.
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The tetragonal distortions for the high-pressure phase
both tin and InBi can be explained qualitatively within th
nearly-free-electron approach due to the additional lower
in the crystal energy by the so-called band-structure term
one considers forsp metals the Fermi sphere nesting in th
Brillouin zone of some noncubic structures, special values
axial ratios for certain hexagonal and tetragonal structu
can be stabilized for specific values of the number of f
electrons per atomne .35

For the cI2 structure withne54 one finds thatkF is
larger than the lattice parameter 2p/a of the reciprocal lat-
tice and a distortion totI2 is favored with an optimum value
of c/a53/p50.955. Simple geometric relations betweenkF

and reciprocal-lattice parameters of cubic and tetrago
structures, for instancekF /(2p/ac)5(2p/at)/kF , provide
another special value for the axial ratio:c/a5(3/p)2

50.912. These values are very close to the experiment
observed limits ofc/a ratios for thetI2 phases of Sn~Refs.
21, 33! and InBi~III ! ~see Fig. 3!.
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