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The well-known phase transition from InSb-IV to InSb-III at,10 GPa has been studied using ang
dispersive powder-diffraction techniques. It is shown that the transition proceeds through a prev
undetected intermediate phase, and that InSb-III is in fact identical with InSb-II. The apparently
establishedP-T phase diagram is thus substantially incorrect. [S0031-9007(96)00622-9]

PACS numbers: 61.50.Ks, 61.10.Nz, 62.50.+p
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InSb is one of the most extensively studied of all t
III-V semiconductors. A phase transition under pre
sure was first reported in 1960 [1], and by the end
that decade the completeP-T phase diagram shown i
Fig. 1 had been mapped out [2,3]. The ambient-pres
phase I has the zinc-blende structure; phase II was fo
to have the diatomic equivalent of theb-tin structure; a
simple orthorhombicsPmm2d structure was reported fo
phase IV, with atoms ats0, 0, 0d and s0, 1y2, a , 1y2d
[4]; and phase III was indexed on a hexagonal unit c
[3]. A decade later, with improved experimental tec
niques, Yu, Spain, and Skelton [5] showed that a bette
to the phase III powder pattern at 11.5 GPa was obta
with a primitive orthorhombic unit cell, twice the volum
of that of phase IV; they confirmed the reported str
ture for phase IV, apart from adjusting the value ofa to
,1y4. In the first synchrotron source study, Vanderbor
Vohra, and Ruoff [6] reported a new phase V, appear
at 6.3 GPa, and then a gradual transition to (hexago
phase III completed at 17.5 GPa, a much higher pres
than previously reported. Apart from these last results,
phase diagram in Fig. 1 has appeared to be confirme
many studies, and has remained widely accepted [7],
cept for some uncertainty as to whether the structure
phase III is orthorhombic or hexagonal.

In a recent detailed study of InSb to 5 GPa, we show
that the low-pressure part of the phase diagram is
tainly incorrect [8]. Two different behaviors are foun
when the zinc-blende phase is compressed. Eithe
there is a transition at,2.1 GPa to a mixture of a site
disorderedb-tin-like phasesP2d and an orthorhombic
phasesP3d, which then recrystallizes over a period
several hours to a different orthorhombic phasesP4d, or
(ii) there is a superpressed transition directly toP4 at
,3 GPa. P4 is the equilibrium phase in the pressu
range from 2 GPa to at least 5 GPa, and can be ident
as InSb-IV. However, the true structure is much m
complex than previously supposed; it is a site-ordered
perstructure in which the previously reported unit cell
an average subcell [9].P3 can be identified as InSb
II, but doesnot have theb-tin structure. It is clearly
body-centeredorthorhombic,and is site ordered, with In
at s0, 0, 0d and Sb ats0, 1y2, d , 1y2d. If d  1y2 the
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space group isImmm, and otherwise it isImm2; mea-
sured intensities indicate that it isImmm. Importantly,
we could find no pressure (in the range up to,5 GPa)
at which P3 (InSb-II) is the stable phase [8]. Howeve
the rate of recrystallization toP4 is reduced by increasing
pressure, and the transformation effectively ceases ab
,3 GPa. Indeed, a sample ofP3 taken above,3 GPa
within an hour or so of formation remains in theP3 phase
indefinitely. The inhibition of theP3 to P4 transition
with increasing pressure is to be expected sinceP4 is
,0.5% lessdense thanP3. Probably for the same rea
son, recrystallization does not proceed beyond a,50:50
mixture ofP3 andP4 even below 3 GPa. However, com
plete recrystallization toP4 is achieved at modest tem
peratures of,50 100 ±C. Powder patterns from InSb
at room temperature thus commonly have approximat
equal amounts ofP3 and P4, with a small but clearly
detectable residue ofP2 (which has almost the same den
sity asP3, and does not quite completely transform toP3
at room temperature [8]). The supposed new phase V
Vanderborghet al. [6] can be accounted for entirely by
such a mixture of these three phases.

Thus, not only are the structures previously found f
InSb-II and InSb-IV incorrect, but so are their fields o
stability in Fig. 1. As summarized in Ref. [8], much o
the original evidence for the phase diagram was obtain
by quenching to,80 K and then releasing the pressure

FIG. 1. Previously accepted phase diagram of InSb, a
Refs. [3] and [5].
© 1996 The American Physical Society 663
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study the recovered phase, which is stable if kept be
210 K. This phase has ab-tin-like structure, and was
wrongly believed to be identical with InSb-II. Wha
seems probable is that the recovered phase is the
as the new phaseP2.

In this Letter we now report an investigation of the tra
sition to phase III, and the nature of its structure. R
markably,we find that phase III is one and the same
phase II. Both areP3. We show thatP4 transforms to
P3 above,10 GPa, through a new, intermediate pha
that we labelP5. At ,17 GPa,P3 starts to transform
to another intermediate phase and then to the bcc p
at ,21 GPa—well below the previously reported tra
sition pressure of 28 GPa [6].P3 transforms back to
P4 at ,4 GPa on pressure decrease. The stability
main of P3 (InSb-II) at room temperature is thus fro
,7 to ,17 GPa, and the separate occurrence ofP3 at 2–
3 GPa—as an intermediate stage in theP1 ! P4 tran-
sition—remains to be explained. What emerges is
one of the apparently best known and carefully determi
of all the semiconductor phase diagrams is substant
incorrect.

Finely ground, 99.9999% InSb—from the same sou
as for our previous studies [8]—was loaded into Merr
Bassett and Diacell [10] diamond-anvil pressure cells w
a 4:1 mixture of methanol:ethanol as a pressure tra
mitting medium, and chips of ruby to allow the samp
pressure to be measured by the ruby fluorescence
nique [11]. Some samples were converted into theP3
phase (with, as always, a residue ofP2), and taken quickly
664
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above,3 GPa to prevent any transformation toP4. Other
samples were converted to single-phaseP4 by compres-
sion at,100 ±C. X-ray diffraction data were collected a
room temperature on station 9.1 at SRS, Daresbury, u
angle-dispersive techniques and an image-plate area d
tor, with an incident wavelength of 0.4447 Å. The deta
of the beam-line setup, experimental procedures, and
analysis are as previously published [12]. Lattice para
eters were obtained by profile fitting usingMPROF[13] for
single-phase patterns, and least-squares fits to measud
spacings for mixed-phase patterns.

On compression to,15 GPa, theP3 diffraction pat-
tern was found to remain unchanged apart from reduc
in the unit-cell dimensions and some very small chan
in axial ratioss,1%d. By contrast, theP4 phase shows
some marked changes under increasing pressure.
,5 GPa, the superstructure ofP4 is made up of 6 NaCl-
like layers stacked alongy [14], with alternate lay-
ers displacedD , 0.2 along z. (The y and z axes of
Ref. [9] have been interchanged [14].) All the stro
reflections in the diffraction pattern can be indexed
a simple, averagePmm2 subcell of dimensionsas 
ay2, bs  by3, and cs  cy2, with sites ats0, 0, 0d and
s0, 1y2, 2D , 0.4d. There are some relatively weak su
cell reflections that would disappear if2D approached
0.5, and thus made the subcellA-centered. These reflec
tions are characteristic ofP4 and remain clearly visible
at ,8 GPa, as marked by asterisks in Fig. 2(a). (A fe
very weak superlattice reflections can also be seen
marked byD symbols.) But on increasing pressure
n
r details
FIG. 2. Diffraction patterns from one sample of InSb in (a) phaseP4, (b) phasesP4 and P5 (arrowed), (c) phaseP5, (d) phase
P3 with residualP5 (arrowed), and (e) from another sample in phaseP3 with residualP2 (arrowed). Above the break betwee
2u  14± and2u  15±, the intensity scale has been expanded to make the higher-angle peaks more clearly visible. Othe
are described and discussed in the text. Insets show the very weak low-angle (110) reflection from profiles (d) and (e).
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,10 GPa, all these reflections reduce strongly in inte
sity, and some new reflections emerge as marked by
rows in Fig. 2(b). The latter reflections reveal a transiti
to a new phaseP5. We have found allP4 samples to go
through this initial sequence of changes close to 10 G
However, the subsequent behavior varies.

A typical subsequent behavior is illustrated in Figs. 2
and 2(d), recorded 33 h apart. After a small furth
increase in pressure, theP4 phase transforms completel
to P5, as shown in Fig. 2(c) by the complete disappeara
of the refections marked (*) in Fig. 2(a); and theP5
pattern broadens. Then, with time, a sharper anddifferent
pattern develops, as shown in Fig. 2(d). (This patte
also contains residualP5 peaks, as marked by arrows
Figure 2(e) shows a pattern recorded from one of
samples initially formed asP3, including some weak
residualP2 peaks, as marked by arrows. It can be se
that the non-P5 peaks in Fig. 2(d) agree closely wit
the P3 pattern, apart from some relatively small intens
differences that can be attributed to preferred orientati
A refinement of theP3 pattern in Fig. 2(e) gives cel
dimensions ofa  5.726s1d Å, b  5.279s1d Å, andc 
3.104s1d Å and the indices of the strong lines on this ce
are shown. TheP4 pattern in theP4yP5 mixture of
Fig. 2(b) can be refined on a correspondingP4 subcell
with dimensions2as  5.769s2d Å, bs  5.429s2d Å, and
cs  3.031s2d Å; and the strong lines are indexed on th
cell in Fig. 2(b). The patterns in (b) and (e) are ve
similar in their strong lines apart from the quite larg
difference betweenb of P3 andbs of P4. This difference
is evident in the positions of the (020) reflections relati
to (011), and the (220) reflections relative to (211) in t
two profiles—and, at higher angles, (031) relative to (00
(240) relative to (222), and the resolution of the triplet
2u , 19± in (b) into four distinct reflections in (e). All
these distinguishing features ofP3 can be seen in Fig. 2(d)
except that the relative broadness of theP3 peaks in this
figure obscures the (220) shoulder evident in Fig. 2(
The non-P5 peaks in Fig. 2(d) fit very well to aP3 unit
cell, with dimensionsa  5.729s1d Å, b  5.286s2d Å,
andc  3.105s1d Å. The weak (110) reflection ofP3 in
the inset of Fig. 2(e) arises from the small difference
scattering between In and Sb; detection of this reflect
shows the structure to be site ordered. The clearly vis
(110) reflection in the inset of Fig. 2(d) confirms thatP3
formed fromP4 is also site ordered.

The P3 and P4 unit cells are both close to meetin
the condition for a hexagonal lattice, that the (011) a
(020) peaks coincide (orb 

p
3 c). Evidently, byc is

greater than
p

3 for P4 and less than
p

3 for P3, and
this key difference between the two structures can
used to show the pressure dependence of their struc
relationship, as in Fig. 3—which also includes points f
the P5 phase. P5 patterns fit well to a site-disordere
orthorhombic distortion ofb-tin, with Imma symmetry—
as found recently in GaSb [15]. TheP5 unit cell is
very similar to the2as 3 bs 3 cs subcell of P4, but
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FIG. 3. Axial ratio byc as a function of pressure in phase
P4, P5, and P3 of InSb. Details, including the symbols, are
described and discussed in the text. The dashed line sh
the value ofbyc required for a hexagonal lattice. RT denote
“room temperature.”

with a slightly larger value for theb cell dimension.
The filled symbols in Fig. 3 show the variation inbyc
obtained for three samples initially made asP3 (filled
triangles) andP4 (filled squares and circles) and take
up in pressure. Open symbols show values obtained
pressure decrease—as for theP3 sample (open triangle),
which follows closely the curve obtained on pressu
increase. The square symbols denote the sample wh
patterns are shown in Figs 2(a) to 2(d): it transform
to P5 (half-filled square) and then—as shown by th
arrows—to P3 (open square) at,11 GPa. This P3
sample was taken down in pressure, and itsbyc values
clearly lie on the curve established by the sample initia
made asP3 (solid and open triangles).

Different behavior was found in other samples le
for similarly extended times in theP4 1 P5 mixture
of Fig. 2(c). Some made only a partial transformatio
to P3, and some transformed to a more broadenedP3
pattern than that shown in Fig. 2(d). Sometimes sing
phaseP5 was as sharp as in theP4 1 P5 mixture [unlike
Fig. 2(c)]. In cases where the pressure was increa
further on the P4 1 P5 mixture or single-phaseP5
before waiting for the transition toP3, the formation
of P3 appeared to be inhibited. However, in all thes
cases, a complete transition to a sharpP3 pattern could
be achieved by heating the sample to,100 ±C for about
an hour. TheP4 sample shown as a filled circle in
Fig. 3 gives an example of this behavior. The pressu
was increased quickly enough that the sample still h
a significant P4 component at 13 GPa, and was no
single-phaseP5 (half-filled circle) until ,17 GPa. The
transition to P3 (open circle) at,15 GPa was then
effected by heating at,100 ±C. This sample was also
studied on pressure decrease (open circle), and eventu
recrystallized back toP4 (open circle) at,2.5 GPa—as
shown by the arrow in Fig. 3.

It is clear that the transformation ofP4 to P3 is quite
complex; it occurs in two stages, firstP4 to P5 and
665



VOLUME 77, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 22 JULY 1996

n

e
r

t

P

a

a

y

th

n
b

)
r

ro

h

-
e

e
-

ts

e

n
d

ia-
the
red
(as

or”
-
ve
dia-
est
lud-

the
p-

ol-
ol-
f
m-
m

oun-
f
by

,

.

s

nd

d,

iat.

he
e
o

.

then P5 to P3. The transition fromP4 to P5 starts at
9.3(5) GPa inall samples, but—as shown—the transitio
from P5 to P3 can occur over a range of pressures (u
to ,17 GPa), or not occur at all at room temperatur
However, the evidence from samples left for many hou
(or heated) at pressures just above 10 GPa is thatP3 is
the stable phase at room temperature (and up to at le
100±C) above 10 GPa. All samples start to transform
another intermediate phase at,17 GPa, and then to the
bcc phase at 21(1) GPa (previously reported at 28 G
[6]); and the bcc phase reverts directly toP3 at 20(1) GPa
on pressure decrease. [Some points obtained from
P3 sample on pressure decrease from the bcc ph
are included (open diamonds) in Fig. 3.] TheP3 phase
recrystallizes back toP4 at pressures varying from 4 GP
down to 2.5 GPa.P3 may thus be the equilibrium stable
phase from as low as,7 GPa, but this is uncertain until
the stability range ofP5 is established.

Our principal conclusions are thus that the transitio
from InSb-IV to InSb-III proceeds through a previousl
undetected intermediate phase, and that InSb-III is, in fa
the same orthorhombic phase as InSb-II (P3 in our label-
ing). It is rewarding to look back to earlier work with
this perspective. A full 30 years ago, Martin and Smi
[16] reported that the “b-tin phase” (almost certainlyP3)
compressed unchanged to,26 GPa where two additional
lines were detected that could be interpreted as a tra
tion to a bcc phase. This is exactly what we now o
serve for a sample made initially asP3, except that we
detect the transition to bcc at a lower pressure. The mu
later, higher-quality data of Yuet al. [5] showed a clear
change in theP4 pattern starting at 9 GPa (as we find
and revealed that the new phase was described bette
orthorhombic rather than hexagonal (as previously p
posed) at 11.5 GPa. However, they found aprimitive cell.
In fact, their observedd spacings (their Table III) can be
indexed to aP3 cell with body-centering absences, wit
a  5.710s4d Å, b  5.271s4d Å, and c  3.097s2d Å;
and this cell fits theirdobs values with an average dis
crepancy some three times smaller than is given by th
proposed cell. The point labeled3 in Fig. 3 showsbyc
for their cell, and the symbolp marks the value obtained
from their data with theP3 indexing. The latter value
falls on the curve of ourP3 results remarkably well. In
the recent study by Vanderborghet al. [6] there is evi-
dence—as we have previously discussed [8]—that th
samples wereP3yP4 mixtures. They reported a gradu
ally improving fit to a hexagonal unit cell, completed a
,17.5 GPa. At this pressure, according to our resul
their samples would have been either pureP3 or aP3yP5
mixture, which would both give diffraction patterns clos
to hexagonal in appearance (see Figs. 2 and 3). In fa
the pattern shown for InSb at 17.5 GPa in their Fig. 2 co
responds closely to a lower resolution pattern fromP3 in
terms of the relative peak widths—there is, perhaps, eve
discernible shoulder on their “(101)” reflection correspon
ing to the (211)/(220) doublet ofP3.
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It is clear now that the derivation of the InSb phase d
gram became misdirected by two main factors—first,
erroneous conviction that InSb-II and the phase recove
to ambient pressure at low temperature were the same
discussed in Ref. [8]), and, second, the curious “precurs
appearance of InSb-II (P3) at pressures well below its ap
parent equilibrium field. As a result, studies of InSb ha
long been influenced by a substantially incorrect phase
gram. With this recognized, there remains much of inter
yet to be understood about this fascinating system, inc
ing the subtle interplay between theP3 andP4 phases, the
complex transition mechanisms apparently involving
intermediateP2 andP5 phases, and, of course, the ma
ping out of the trueP-T phase diagram.
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