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New high-pressure phase of GaSb
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A new high-pressure phase has been found in GaSb. This phase is observed at room temperature after
heating samples to;473 K from the Imma phase taken above;20 GPa. The structure is face-centered
orthorhombic withAmmmsymmetry and as for the previously observed high-pressure phases in GaSb, it is
site-disordered.
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Because gallium antimonide is the least ionic of the III
semiconductors, its high-pressure behavior is expected t
the most similar to that of silicon and germanium.1–3 This
has stimulated many high-pressure studies of GaSb ove
past 40 years.4–6 At ambient conditions, GaSb has the sit
ordered zinc-blende structure. At 7 GPa and room temp
ture, it has been found to transform to a site-disorde
orthorhombic structure withImmasymmetry.7 This phase re-
mains stable to at least 50 GPa. However, more recent w8

has shown that under highly hydrostatic conditions the zi
blende phase transforms to ab-tin-like phase and thatb-tin
is also obtained by heating theImma phase~at 7 GPa and
500 K!, suggesting that theImma phase is only stabilized
under nonhydrostatic conditions.8,9 Further measurements a
higher pressures and room temperature have shown a tr
tion between 63 and 71 GPa to a phase that has not yet
fully characterized, but appears to be site-disordered bo
centered cubic.10 This may be the transition reported earli
in an energy-dispersive x-ray-diffraction study by We
Vohra, and Ruoff at 61.0~7! GPa~Ref. 11!.

We have now performed simultaneous high-pressu
high-temperature~hp/nt! experiments, where samples sta
ing in the Immaphase were heated to;473 K for approxi-
mately 2 h at pressures up to 25.5 GPa. Two differe
behaviors were observed: for samples at pressures up to;13
GPa, theImmaphase transforms to theb-tin structure, while
for samples taken above;20 GPa, a new orthorhombi
phase with the space groupAmmmwas found. Between;13
GPa and;20 GPa, a mixture of theb-tin and Ammmwas
observed. The new orthorhombic phase has been refined
it is presented here.

Samples suitable for high-pressure powder-diffraction
periments were produced by finely grinding a starting ma
rial of 99.99% stated purity, from the Aldrich Chemic
Company. Data were collected on station 9.1 at the Sync
tron Radiation Source, Daresbury Laboratory, using
image-plate-area detector.12 The incident wavelength wa
0.4654~1! Å. The samples were loaded into a Mao-Bell-ty
diamond-anvil cell13 with 4:1 methanol:ethanol as
pressure-transmitting medium14 and chips of ruby for pres
sure measurement.15 Samples were heated in an off-line fu
nace. Diffraction patterns were recorded before and a
heating. The fully integrated profiles were refined using
least-squares Rietveld method16 with the GSAS program.17

All data were collected after cooling the sample back
room temperature. The new orthorhombicAmmmphase was
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first observed along with a small proportion of theb-tin
phase on recovering back to room temperature at 17.1 G
A sequence of the results obtained from 10.5 to 22.5 GP
illustrated in Fig. 1. Each profile has been collected from
different initial sample of theImmaphase. The profile in Fig
1~a! shows a typical pattern of theImmaphase obtained on
pressure increase from the zinc-blende phase at room
perature before heating. At 10.5 GPa, theImma phase has
transformed to theb-tin structure on heating and this remain
stable on recovering back to room temperature as show
profile ~b!. At pressures above about 12.7 GPa, the~100!

FIG. 1. Diffraction patterns observed in GaSb after heat
samples taken from theImma phase@profile ~a!# at four different
pressures:~b! the b-tin profile obtained at 10.5 GPa,~c! the first
appearance of theAmmmphase as indicated by the emergence
the ~100! peak at 12.7 GPa,~d! the Ammmphase at 17.1 GPa with
the remaining~200! peak of theb-tin phase shown by the arrow
and~e! the Ammmprofile obtained at 22.5 GPa. The peaks mark
by an asterisk are discussed in the text.
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peak of the new phase becomes visible as indicated by
arrow in Fig. 1~c!. At 17.1 GPa, the profile is mainly domi
nated by the new phase with a small residue of theb-tin
structure shown by the~200! peak in Fig. 1~d!. A complete
transformation to the new phase was observed at 22.5 G
The profile is illustrated in Fig. 1~e! and likeb-tin, the new
phase remains stable indefinitely at room temperature.
profile in Fig. 1~e! was successfully indexed on an orth
rhombic unit cell withk1 l 52n, indicating that the structure
is A-face-centered. Density considerations require that
unit cell contains just two atoms, which must then be loca
at ~0, 0, 0! and~0, 1/2, 1/2!, in a randomly disordered way a
discussed below. The space group of this structure isAmmm.
The full integrated profile has been fitted at 22.5 GPa w
a52.6432(1) Å,b54.8813(7) Å, andc52.9583(2) Å giv-
ing a volumeV538.171(5) Å3. A Rietveld refinement of the
Ammmphase is shown in Fig. 2 and the structure is illu
trated in Fig. 3.

It is interesting to note that profile~d! in Fig. 1 bears some
striking similarities to a profile of lnSb recorded at 2.1 GP
as shown in Fig. 4. This has been previously identified a
mixture of theImmmandb-tin phases.18 Both profiles con-
tain a very small amount of theb-tin structure as indicated
by the~200! peak. TheImmmphase of InSb is characterize

FIG. 2. Rietveld refinement fit of theAmmmstructure to a pro-
file of GaSb at 22.5 GPa. The difference between the observed
fitted profiles is shown. Tick marks indicate the positions ofAmmm
reflections. The peaks marked with asterisks are discussed in
text.

FIG. 3. The unit cell of theAmmmstructure. Each site has
50:50 occupancy of Ga and Sb atoms.
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by the weak~110! peak, the so-called difference reflectio
peak, indicating that the structure is site ordered. The st
ture has the same general arrangement of sites as in Fi
but with In at~0, 0, 0!, Sb at~0, 1/2, 1/2! and ana axis twice
as large~relative tob andc!. The intensity of the~110! peak
depends on the difference in scattering strength between
atomic species, which is very small for InSb.18 In the GaSb
profile, this peak is absent. The complete absence of the
ference reflection, despite the large difference in scatte
strength between Ga and Sb, indicates that this new struc
is site-disordered. Recent extended x-ray-absorption
structure~EXAFS! studies, using the HI-PREXX facility19

on station 9.3 at Daresbury Laboratory, have shown t
there is not complete order even over distances compar
to one unit cell.20 Further details of site-ordering in all the h
and hp/ht phases of GaSb along with details of the EXA
experiments, will be published elsewhere.21

Finally, it has been noted that every profile, collected af
heating, contains some additional peaks, as marked by a
isks in Figs. 1, 2, and 4, over a range of pressures. The or
of these peaks is not clear. Data have been collected with
without the pressure-transmitting medium and with differe

nd

he

FIG. 4. A comparison between a profile of InSb at 2.1 GPa~Ref.
18! and a profile of GaSb at 17.1 GPa. The presence of the~200!
b-tin peak is indicated in both profiles. The peaks marked by as
isks are discussed in the text. Inset~i! shows the~110! reflection of
InSb enlarged. Inset~ii ! compares the~featureless! measured profile
and the calculated profile at the position of the~110! reflection in
GaSb. The calculated profile is taken from a best fit to the wh
pattern with the equivalent site-ordered structure. The enlargem
is approximately the same as in inset~i!.
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gasket materials~W and Re! to investigate possible contami
nation or reaction with sample environment on heating. T
patterns subsequently collected still exhibit these additio
weak peaks in all cases. Sample contamination is, theref
excluded. It could, thus, be the presence of a new mino
phase, only formed at high temperature, but the weak int
sities of the peaks make it very difficult to solve.

The discovery of this site-disorderedAmmmphase adds to
the growing evidence that GaSb is very unusual amongst
II-VI and III-V semiconductors in exhibiting site-disorder in
all its several high-pressure and high-pressure/hi
temperature phases. The only other known examples to
are the Cmcm phase of GaP, the highest pressure bod
centred-cubic phases of InSb, HgTe, and some intermed
c
i,

,

r

l,
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phases in InSb.10 The fact that the samples have been hea
for some time at;473 K indicates that kinetic effects are n
responsible for the site-disordering. This suggests that G
is behaving as a disordered metallic alloy or exhibiting fru
trated ordering behavior.21 Further in situ hp/ht studies and
new computational work are needed to gain insight into t
interesting new aspect of structural stability in these syste
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