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Phase transitions in InSb at pressures up to 5 GPa
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The structural phase transitions in InSb at pressures up to 5 GPa at room temperature have been reex-
amined by angle-dispersive powder-diffraction techniques on a synchrotron source using an image-plate
area detector. Two distinct behaviors have been found: (1) the cubic zinc-blende phase (P1) transforms
at ~2.1 GPa to a mixture of a tetragonal phase (P2) and an orthorhombic phase (P3), which then
transforms to nearly single-phase P3 before recrystallizing to another orthorhombic phase (P4) at the
same or only a slightly higher pressure; or (2) P1 transforms directly to P4 at ~3.0 GPa. P2 is previous-
ly unobserved at room temperature. It has a B-tin structure (but it is not the InSb-II phase) and appears
not to be long-range site ordered. P3 is the InSb-II phase, which is now shown to be orthorhombic and
site ordered. P4 is the InSb-IV phase, but it is shown to have many previously unobserved superlattice
reflections. P4 is also site ordered. The three phases P2, P3, and P4 appear to account for all previous
clear results on InSb at room temperature in this pressure range, and it is shown that the long-accepted

P-T phase diagram is incorrect.

I. INTRODUCTION

Among group IV and III-V semiconductors, indium
antimonide has been one of the most extensively studied
under pressure. However, significant uncertainties
remain about the crystal structures of the high-pressure
phases. As summarized below, the literature contains
several examples of less than satisfactory fits between ob-
served and calculated powder patterns, and some in-
stances where observed powder patterns could not be in-
terpreted at all. And in all cases it has not been possible
to discover whether the high-pressure structures are site
ordered, because the difference in scattering between In
and Sb has been too small to detect.

Under ambient conditions InSb has the cubic zinc-
blende structure. A transition from this under pressure
was first reported by Gebbie et al.! but attributed to
melting. Jayaraman et al.? showed that the transition
was to a solid phase, and detected a volume decrease (or
density increase) of about 20% near 2 GPa at room tem-
perature. They designated the high-pressure form as
phase II and, by analogy with the isoelectronic element
tin, suggested that the structure would be the diatomic
analogue of B-tin. Subsequent diffraction studies ap-
peared to confirm this, with a transition at 2.3 GPa and
tetragonal unit-cell dimensions a =b =5.79 A and
¢=3.11 A measured at 2.5 GPa.>"® Then Kasper and
Brandhorst’ found a different behavior. They obtained
no transition until they reached a significantly higher
pressure of ~3.0 GPa where the cubic phase
transformed to a simple orthorhombic structure with
a=2.92 A, b=5.56 A, and ¢ =3.06 A. This unit cell
contains two atoms, at (0,0,0) and (0,L,a~1), and the
density is the same as phase II within experimental un-
certainties. The new phase was subsequently designated
as phase IV. Its discovery raised the question as to which
was the equilibrium high-pressure phase. McWhan and
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Marezio® found that they obtained InSb II if pressure was
raised rapidly through the transition and InSb IV if it
was raised gradually. Later, this was interpreted® as
showing InSb II to be the equilibrium phase just above
room temperature, on the basis that passing rapidly
through the transition would heat the sample; once in
phase II the transition to the true room-temperature
equilibrium phase (IV) would be very sluggish.’

These results were consolidated into the generally ac-
cepted P-T phase diagram of InSb by Banus and Lavine.’
They drew together earlier high-temperature work of
their own and others,>>%1%!! and made further extensive
studies of the boundaries between phases II and IV, and
between them and the phase designated III found at
high-temperatures (above 575 K at 3 GPa) and high pres-
sures (above 9 GPa at room temperature). They located
the II-III-IV triple point at 6.5 GPa and 450 K. This
work made extensive use of recovered phases, obtained
by quenching to ~80 K before releasing the pressure.
Earlier, Darnell and Libby'? had shown that this pro-
cedure, starting from about 2.5 GPa and 370 K, yields a
hard, machinable metal which remains stable for weeks
provided that it is kept below 210 K. The powder pat-
tern from this material corresponds very closely to that
of the B-tin structure. These results were reproduced and
confirmed in further work by Darnell and Libby!'® and
others,® %1415 and it was generally assumed that the
recovered phase and InSb II were one and the same. Cer-
tainly this was taken to be an established fact by Banus
and Lavine’ in mapping out the field of InSb II in the
P-T phase diagram, though Kasper and Brandhorst’ had
expressed doubts about SB-tin being the correct structure
for InSb II, and McWhan and Marezio® had shown that
InSb IV also recovers to the B-tin phase at 77 K and at-
mospheric pressure.

A decade later, Yu et al.'® attempted to obtain more
accurate results for the crystal structures of InSb II, III,
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and IV. In the case of InSb IV, they confirmed the ortho-
rhombic structure obtained by Kasper and Brandhorst’
but found a, the z coordinate of the second atomic site, to
be ~ % rather than | and concluded that the space group
of the structure is Pmm?2. Based on the phase diagram of
Banus and Lavine,’ they then attempted to heat the sam-
ple into phase II, but obtained a pattern they could not
index or interpret. Degtyareva et al.!” made a systemat-
ic study of the effects of small composition variations on
the phases found in quenched samples. Starting from 3.8
GPa and 175 °C with a 50:50 sample they obtained the or-
thorhombic pattern of InSb IV rather than fB-tin. This
and other results led the authors to suggest that the P-T
phase diagram needed to be substantially revised. Most
recently, Vanderborgh et al.!® have studied the room-
temperature structural transitions in InSb up to 66 GPa,
using energy-dispersive techniques on a synchrotron
source. The transition from the cubic to orthorhombic
phase (IV) first started at 2.8 GPa and required a further
slight increase in pressure to complete. The best fit to
their InSb IV powder pattern was obtained with the same
structure as Yu et al.'® but with a=0.38. However, they
note that this had been shown to be an energetically un-
favorable structure!® because each atom has four (out of
six) nearest neighbors the same as itself (assuming a site-
ordered structure). Although, as in all the previous
work, they were not able to show the structure to be site
ordered, they hypothesised that it is and that the true
unit cell is doubled along the a and ¢ axes of the Pmm?2
cell. This allows a NaCl-like structure with alternate
(010) NaCl planes displaced a/2 (in the enlarged cell)
along the ¢ axis; each atom then has six unlike nearest
neighbors. On increasing pressure above 6 GPa, they ob-
served changes in the diffraction pattern, including peaks
they could not index. They attributed this to a transition
to a new phase (InSb V) which gradually becomes more
hexagonal with further increase of pressure, until the
transition to (hexagonal) InSb III is complete at 17.5
GPa. Then InSb III transforms to a bee structure (CsCl
if ordered) at 28 GPa, which remains up to the highest
pressure reached (66 GPa).!®

The appearance of phase V in the supposedly well-
established field of phase IV, and the inability of Yu
et al.'® to find phase II, underline the doubts about the
P-T phase diagram of InSb raised by Degtyareva et al.!”
Also, there is clear evidence in the published literature
that InSb II does not have the B-tin structure. The
second pair of strong lines in the [B-tin powder pattern,
(220) and (211), should have a separation in scattering an-
gle (26) about £ that of the first pair, (200) and (101). But
all the reported patterns>>”% have the (220) reflection
missing—as remarked by Kasper and Brandhorst.” The
photograph of InSb at 2.5 GPa published by Hanneman
et al.® shows that this line should be resolvable; in fact
the 20 separation of (220) and (211) in B-tin is very simi-
lar to that of (120) and (111) in InSb IV which are readily
resolved.””® The more extended patterns®® show up fur-
ther significant discrepancies in higher-angle lines. This
poor fit is remarked upon by McWhan and Marezio.® (It
is worth noting that their pattern from the recovered (-
tin phase at 1 atm and 77 K does not have these prob-

lems.?) In the case of Banus and Lavine,’ the mis-fits are
obscured only because they index half their lines as
reflections not allowed by the -tin structure.

There is a clear need to reexamine the crystallography
of the high-pressure phases of InSb using techniques with
higher resolution and sensitivity. We are now carrying
out a systematic study using angle-dispersive x-ray
diffraction on a synchrotron source. In this paper we
present our first results, which focus principally on the
phases found at room temperature up to 5 GPa. We
show that phase II has an orthorhombic structure, and
that the structure of phase IV is much more complex
than previously supposed. We also find a phase with the
B-tin  structure appearing at room temperature
(in addition to phase II). And we have been able to
determine the site ordering of all three structures. Be-
cause our results suggest that the phase diagram of InSb
has to be substantially revised, we do not use the labels I1
and IV for the structures we have found since these labels
refer to P-T fields of stability we would now question.

II. EXPERIMENTAL TECHNIQUES

The x-ray diffraction data were collected on station 9.1
at SRS, Daresbury, using angle-dispersive techniques and
an image-plate detector. A water-cooled channel-cut
Si(111) monochromator was used to select the required
wavelength (~0.45 A) from the spectrum of the 5-T
wiggler magnet. Tests showed that the proportion of A /3
(and higher order) component in the incident beam at
A~0.45 A is too small to detect in a powder pattern.
Considerable care was taken to eliminate other possible
contaminant features in the powder patterns (gasket lines,
for example) and to minimize the background level. The
two-dimensional powder patterns recorded on the image
plate were integrated (around the powder rings) to give
conventional 1D profiles. Figure 1(a) shows a pattern
recorded at a sample to image-plate distance of 250 mm,
and the corresponding integrated profile is in Fig. 1(b).
The inset shows the wealth of information obtained even
at the highest scattering angles. Details of our beamline
set-up, experimental procedures, and pattern integration
have been published separately.?° 23 They are develop-
ments of the image-plate techniques pioneered at the
Photon Factory for angle-dispersive x-ray powder
diffraction at high pressure.?*

We used both Merrill-Bassett?® and Diacell®®
diamond-anvil cells (DAC’s), which have full conical
apertures of half angle >40°. Samples of InSb were
prepared from two different sources, one with a purity
>99.99% and another >99.9999%. Finely ground
powder was loaded into the DAC’s, with a 4:1 mixture of
methanol and ethanol as the pressure transmitting medi-
um. The diameter of the sample chamber was in the
range 150—250 um, and the incident x-ray beam was col-
limated to a diameter not exceeding half this size. Small
chips of ruby were enclosed with the sample so that the
pressure could be measured by the ruby fluorescence
technique.?’

The absolute incident x-ray wavelength was calibrated
by carrying out a conventional 26 scan of a standard
powder sample of Si and fitting to the measured peak po-
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sitions. Small changes in the wavelength from this cali-
brated value were then calculated from the accompany-
ing change in monochromator angle (varied in such a
way as to eliminate backlash errors). For work very close
to the In K edge, the edge was first located from the vari-
ation of absorption with incident wavelength using a
sample of (cubic) InSb at ambient pressure, and then the
monochromator was offset the required amount.
Integration of the 2D patterns requires an accurate
measurement of the dimensions of the pixels forming the
image, and must take account of any deviation of the im-
age plate from being perpendicular to the primary beam.
And to derive a powder profile as a function of 20, it is
also necessary to know the distance from the sample to

the image plate accurately. Our procedures for meeting
these requirements are described in Refs. 20 and 21. It
should be added that measurements of the sample-to-
plate distance neglected any variation of this distance
with pressure due to compression of the sample; but the
effect of this will be small, and less than other sources of
error. The structural results given in this paper were all
obtained by full Rietveld refinement?® of the integrated
profiles, using the program MPROF.?

III. RESULTS AND ANALYSIS

First we present the bare, reproducible facts of the
transition from the cubic phase at room temperature, as

(b)

I

Intensity (arb. units)

20 25 30 35°
26 (deg)

FIG. 1. (a) A full two-dimensional powder pattern recorded from InSb at a sample-to-plate distance of 250 mm, using an incident
wavelength of 0.4446 A. The sample was held in a Merrill-Bassett diamond-anvil cell at ~2.5 GPa. Exposure time was 84 min.
(b) The corresponding integrated profile. The high-angle part of the profile is enlarged in the inset.
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we have found them. Subsequently we explain how these
findings relate to previous work. This is discussed further
in Sec. IV, along with other related results from our
work.

We find two distinct sequences when the pressure is in-
creased gradually, in small steps, involving four
phases—the cubic zinc-blende phase (phase 1 or P1), a
tetragonal phase (P2), and two orthorhombic phases (P3
and P4).

Sequence (a)

At ~2.1 GPa the cubic phase begins to transform, as
shown in Fig. 2. The region of the pattern enlarged in
the inset reveals three new lines (arrowed) just emerging,
alongside the very weak (200) reflection from the cubic
phase. With a slight tightening of the pressure cell, all of
the cubic phase transforms (Fig. 3); we have never ob-
served anything near a 50:50 mixture of these cubic and
high-pressure phases. (This “slight tightening” of the cell
would be equivalent to a pressure increase of 0.1-0.2
GPa in the absence of any discontinuous behavior of the
sample. However, the volume collapse when the cubic
phase transforms to a high-pressure phase causes a reduc-
tion in the sample pressure, and in that case it is probable
that this tightening is simply maintaining the pressure
rather than increasing it further.) Examination of Fig. 3
shows that the pattern is from a mixture of two phases.
In both the 2D image and the integrated profile, the first
strong line [at 20=8.72°, and marked by the arrow in
Fig. 3(a)] is clearly sharper than the two lines next to it;
similar features can be found at higher 26, as marked by
asterisks in Fig. 3(b). The broad lines are from the tetrag-
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FIG. 2. The integrated profile of a pattern recorded from cu-
bic InSb at ~2.1 GPa, showing the first appearance of lines of
the high-pressure phases, P2 and P3, as enlarged and labeled 1,
2, 3 in the inset. The first three strong lines of the cubic phase
are indexed. The inset also shows the very weak (200) reflection
of the cubic phase, which arises from the difference in scattering
between In and Sb.

onal phase P2, which is the dominant phase in this pat-
tern, and the sharp lines are from the orthorhombic
phase P3. The inset in Fig. 3(b) shows the first three
strong lines on the same 20 scale as the inset in Fig. 2.
The relative intensities and positions of the peaks, and
also the relative proportions of the two phases, appear to
have remained almost constant throughout the transition.

On a further slight tightening of the pressure cell (as
described above), P3 becomes dominant, but with a
significant component of P2 remaining. Over the follow-
ing 1 to 1 h, without any measurable change in pressure,
the P2 component reduces further (by transformation to
P3), to a level of about 5% as shown in Fig. 4. This lev-
el of P2 remains indefinitely. There are two visible P2
lines which do not overlap with P3 lines. They are both
marked with arrows in Fig. 4(b), and the lower angle one
[line 2 of Fig. 3(b)] is a distinct feature of the 2D image,
as labeled ““a” in Fig. 4(a). Other P2 lines show up as a
widening of the base of P3 peaks [e.g., as marked A in
Fig. 4(b)] or as broad shoulders on P3 peaks [marked *
in inset (i) of Fig. 4(b)]. The mixing of the phases is illus-
trated further in Fig. 5 which shows calculated patterns
for pure P3 and P2, one above the other, and (inset)
mixed patterns with P2 dominating and with P3 dom-
inating. (These patterns are taken from the fit discussed
later in relation to Fig. 10.) The arrows and asterisks
mark the peaks in the P2 pattern responsible for the
features marked by the same symbols in Fig. 4(b). And
the peaks labeled with asterisks under the P3 pattern ac-
count for the sharp peaks indicated in Fig. 3(b).

After a longer time of several hours, again without any
change in pressure (from just above 2.1 GPa), spots ap-
pear in the 2D image as shown in Fig. 6(a). The smooth
lines are from P3 [as in Fig. 4(a)]; this phase is recrystal-
lizing to a second orthorhombic phase (P4) giving the
spotty lines. [P2 is still present, as shown by the broad
low-angle line, marked ‘““a” —the same line as “a” in Fig.
4(a).] The P4 lines are much more numerous: many of
them lie almost exactly on P3 lines; but a few P3 lines are
not overlapped [as labeled “b” in Fig. 6(a), for example].
These features suggest that P4 has a larger unit cell that
is related in some simple way to the P3 cell. The P3 to
P4 transformation continues with time until the popula-
tion of the P4 lines becomes high enough to make them
appear almost continuous. But even after several weeks
the process does not proceed beyond a roughly equal mix
of P3 and P4. The typical end point of this first sequence
is thus a three-phase mixture containing a few percent of
P2.

The integrated profile in Fig. 6(b) reveals a weak low-
angle line for P4, close to that of P3 [inset (i)]. This P3
line is thus one of those not overlapped by a P4 line; oth-
ers are marked by asterisks in Fig. 6(b), corresponding to
the lines labeled “b” in Fig. 6(a).

If pressure is increased on the P2-P3-P4 mixture at
any stage, none of the components appears to grow at the
expense of the others up to at least 5 GPa: the mixture
simply compresses. A special case of this is seen if pres-
sure is increased above ~3 GPa as soon as the P2 to P3
transition has taken place. The pattern then remains as
in Fig. 4, and P4 does not appear.



Sequence (b)

Sometimes no transition is observed at ~2.1 GPa, and
the pressure is gradually increased to ~3 GPa before the
cubic phase starts to transform directly to P4 (Fig. 7).
Comparison with Fig. 2 reveals that the cubic-phase lines
are broader than at the start of the transition to P2-P3.
The first five strongest P4 lines are marked with asterisks
in insets (i) and (ii) of Fig. 7 [compare inset (ii) of Fig.
6(b)]. Inset (i) also shows the very weak (200) reflection of
the cubic phase. With maintenance of pressure, more of
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the cubic phase transforms [Fig. 7 insets (iii) and (iv)] and
proceeds continuously to completion (Fig. 8)—i.e., unlike
sequence (a) where we only ever observe the cubic phase
dominating (Fig. 2) or almost entirely transformed (Fig.
3).

A reproducible characteristic of this direct transforma-
tion of cubic to P4 is that, as shown in Fig. 8(a), the lines
do not have the spotty nature seen in Fig. 6(a); this ac-
cords with P4 being produced directly from a pulverizing
transition rather than by recrystallization as in sequence
(a). Also, the relative intensities of the lines [Fig. 8(b)]
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FIG. 3. (a) A pattern recorded from a mixture of InSb P2 and P3 at, or slightly above, the pressure in Fig. 2. The arrow marks the
first line of one phase (P3). The adjacent broader lines are the first two of the second phase (P2). A=0.4442 A. Exposure time= 10
min. Sample-to-plate distance=350 mm. (b) The corresponding integrated profile. The asterisks mark the sharp-peaked features of
P3. The inset displays the first three peaks on the same 20 scale as in the inset of Fig. 2.
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are significantly different from those found in sequence (a)
[see inset (ii) of Fig. 6(b)], and we will suggest that this is
because the direct transition gives rise to significant pre-
ferred orientation whereas reaching P4 via recrystalliza-
tion from P3 does not. It can be seen that the relative in-
tensities at the very beginning of the transition [insets (i)
and (ii) of Fig. 7] are the same as at its completion [Fig.
8(b)]. A third interesting characteristic of the direct tran-
sition is the apparent jump in lattice parameters as the
last of the cubic phase transforms. This can be seen in
the relative position of the middle peak of the low-angled
triplet in the insets of Fig. 7 compared with its position in

Fig. 8(b).

The arrow under the main profile in Fig. 8(b) marks a
very weak P3 (or possibly P2) line. At no stage in the
transition sequence (b) is this ever anything more than a
very minor component (see also the insets of Fig. 7). The
probable origin of this component is discussed later.

Heating

It is useful to present one other observation at this
stage. We carried out an experiment in which the cubic-
phase sample was heated to 100°C and then the pressure

(b)

units)

Intensity (arb.
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26 (deg)

FIG. 4. (a) A pattern recorded from a mixture of InSb P2 and P3 at, or slightly above, ~2.1 GPa. The lowest-angle strong line of
P2 is labeled “a” and the very weak low-angle line of P3 is labeled “b.” A=0.4446 A. Exposure time =14 min. Sample-to-plate dis-
tance=250 mm. (b) The corresponding integrated profile. The arrows below the profile mark the two nonoverlapped P2 lines (the
one at 260~ 9° is marked ‘““a” in the 2D pattern). The features marked A and * [inset (i)] are discussed in the text. Inset (ii) shows the
very weak low-angle line of P3 (marked “b” in the 2D pattern) recorded with an incident energy of 25.83 keV, far (f) from the In K
edge (as in the main profile), and at 27.886 keV near (n) the In K edge (at 27.925 keV). Inset (iii) shows the cubic (200) reflection
recorded with the same two incident x-ray energies as for inset (ii).
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FIG. 5. The calculated and indexed profiles for InSb P2 and P3. The arrows and asterisks under the P2 profile mark the peaks re-
sponsible for the features marked by the same symbols in Fig. 4(b). The asterisks under the P3 profile mark the peaks giving the
sharp features labeled (* ) in Fig. 3(b). The lower profile in the inset is a mixture of these calculated profiles with mostly (75%) P2
for comparison with Fig. 3(b), and the upper profile is mostly (83%) P3 for comparison with the inset (i) of Fig. 4(b). The bars be-
tween the two main profiles are the positions of the lines observed by McWhan and Marezio (Ref. 8) in this 260 range. Their SB-tin in-

dexing is shown i and L

was increased (still at 100°C). We obtained the almost
entirely “‘clean” P4 pattern shown in Fig. 9(a). The lines
are “‘spotty” in character [compare Fig. 8(a)], and the in-
tensity distribution [Fig. 9(b)] is the same as in inset (ii) of
Fig. 6(b). We therefore suggest that the elevated temper-
ature has brought about a complete transformation to P4
by sequence (a)—i.e., by recrystallization from P3. As
already noted we were not able to achieve this at room
temperature.

We are now in a position to discuss the three high-
pressure phases P2, P3, and P4 in more detail, and relate
them to previous work.

Tetragonal P2

The d spacings and relative intensities of the broad
lines of Fig. 3 correspond closely to a [-tin structure with
unit cell dimensions @ =5.697(1) A and ¢ =3.104(1) A,
obtained by Rietveld refinement. We should stress im-
mediately that this is not the InSb II phase, which is clear-
ly not tetragonal (as previously reported) but orthorhom-
bic as discussed under P3 below.

Figure 10 shows the fit to the profile in Fig. 3(b) ob-
tained with a multiphase Rietveld refinement which
simultaneously models the broad P2 pattern and the
sharp P3 component. We have found that a significant
improvement in fit is obtained if P2 is refined with aniso-
tropic peak widths—the (4#00) lines appearing to be wid-
er than other P2 lines. [Note, however, that only the
(200) and (400) lines from P2 are present in the pattern

where a significant displacement is involved.

shown in Fig. 10, and that, as seen in Fig. 5, the (400) line
is overlapped by the (112) and (231) lines of P2.] Ob-
served and calculated d spacings for P2 are given in
Table I. One observed value (marked * ) is displaced due
to overlap with P3 peaks.

The inset in Fig. 10 shows the positions of the P2 and
P3 (110) reflections, and the observed profile (crosses) in
this region. Above that are the calculated profiles (i) if
P2 is disordered and P3 is ordered (labeled “do”) and (ii)
if both are ordered (labeled “00”). The integrated intensi-
ty of the combined peak in the “00” profile is five times
as large as in “do” because the sample contains approxi-
mately four times as much P2 as P3. As shown in the
next section, P3 is site ordered, and there is some evi-
dence of a very weak feature at the correct position in the
observed profile. But the larger peak centered over the
P2 position, required if P2 is ordered, does not seem to
be observed. Although the level of noise in the data
leaves a little room for doubt, we conclude that P2 is very
probably not long-range site ordered.

As already outlined, when the high-pressure phases of
InSb above 2.1 GPa are cooled to 77 K at pressure, and
then decompressed to ambient pressure, a true S-tin
phase (not the same as InSb II) is obtained.'>!* It seems
possible that we have detected the same phase occurring
at room temperature.

It is unsurprising that P2 has not been observed before.
Figure 4(b) shows that once P3 is formed there are only
two nonoverlapped P2 lines, even with the pattern reso-
lution of synchrotron angle-dispersive techniques, and
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the lines are very weak. Then the pattern in Fig. 3 was
obtained only after these extra lines had been identified in
the P3 pattern [as in Fig. 4(b)], and it required several re-
peated efforts knowing what we were looking for.

Orthorhombic P3

All the lines of the P3 pattern can be indexed on an or-
thorhombic unit cell with @ =5.847(1) A, b =5.388(1)
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A, and ¢ =3.181(1) A. This orthorhombic pattern has
been reported previously in quenched samples, but not in-
terpreted.!” The lowest-angle line of the P3 pattern is
very weak; it can be just discerned at ‘“b” in Fig. 4(a).
Inset (ii) in Fig. 4(b) shows this line as recorded at an in-
cident x-ray wavelength of ~0.48 A, far (f) from the In
K-absorption edge (as for the main profile), and near (n)
the edge at a wavelength of 0.4446 A. (The wavelength
change shows up in the small shift of the line to lower

w'(b) (ii) 1
" *
=1 \ +
5 (i)
) P4
E | *{ W‘,\,\jiu/\""”/l I
- A
3
8. I
=

ok
5 10 15 20 25 30
26 (deg)

FIG. 6. (a) A pattern recorded from a sample of InSb P3 partly transformed to P4 just above 2.1 GPa. Some P2 is also still
present, as shown by the line labeled “a.” The P3 lines labeled “b” are not overlapped by any P4 lines, and hence are free from spots.
A=0.4446 A. Exposure=10 min. Sample-to-plate distance=250 mm. (b) The corresponding integrated profile. Asterisks mark the
strongest of the nonoverlapped P3 lines, labeled “b” in (a). The low-angle weak line of P3 is enlarged in inset (i), with a weak P4 line
alongside. Inset (ii) shows the part of the profile below 20=15°, with the best-fitting calculated P3 profile subtracted to reveal the

main P4 lines.



43

PHASE TRANSITIONS IN InSb AT PRESSURES UP TO 5 GPa

T (4 14 14 "N
(9€)08'%09 (€)0¥'0S (+)12°001 (h)zL 001 (Y4
(M¥ET9 (1L90°¢ (1181°€ (nwore (V)2
(@)1$891 (1L19°S (1)88€°S (1)L69°S (V)9
(2)08°S (1§26 (1L¥8'S (1)L69°S (Y)?
900' 800'1 (495 161
€101 S10'T 0ty (1774
o'l €201 900 €00
9€0'T 8€0'1 v210 wo
00’ o'l 434 e
8501 8501 YOy 202
6L0'1 180°1 (434 1€2
6601 101°T 6T (43 086°0 0860 €17
oLI'l (/A% e 1821 1660 6860 vy
98I'] L8I'T 60 (430 000'T 866'0 w
S6I'T S61°1 9 144 120°T 8101 150
€201 (1A 9T w 8201 920’1 o
99T'1 1971 0e1e ovl 00’1 00’ €10
$8T'1 98T'1 434 11z 890'1 L90'1 1134
L6TT 8621 09% (1144 9L0'] 9L0'T oy
0ZE'T/0TE'T 0T’ T0h/¥ET 102/211 €2T1 wel 0¥e
9vE'l 9vE'l 90 (440 ovT 7z we
8¢ 65€'1 ¥0C 201 S8 $8T'1 0zy
€0V 1/40¥'1 Lua! 62/0210 1€1/0%0 06Z'1 68T'1 487 100°1/L00°T 1001 1€5/0%%
£9%'1 €971 00¥ 00T LYE'T SPE'T 0+0 910'1/810° 910'1 T€€/€01
6LY'T 08’1 €0 210 OLE'T 1LE'T 70 0L0'T 890'1 150/1€Y
YES'T €€ 00 200 6LET 6LE'T 1€2 9LI'T 9LI'T 413
868°T 66S'1 760 1€0 L6E'T 86¢°1 0t 91 1u 1821
169°1 169°1 (£74 121 (14! 9¥'1 00% YLTT uUTt (174
186' 186'1 (44 11 95T €95°1 1€0 80¥'1 90¥'1 1€2
920°C L20T 09 ozl 165°1T 681 700 vyl Iu 00¥
1L0T 1L0°T 790 120 186'1 861 (1144 8t 8hp'1 (48
LIne 911'C (4114 101 866'1 700 1§14 029'1 8191 10€
69'C 169°C €0 110 ¥69'C €69'C 020 696'1 FLET 112
608'C 018'C 090 020 6ELT 6€L'T 110 10 010C (1744
§T6'C €26 00T 001 ¥26'C ¥26'C 00T sTLT 87LT 101
890°¢ ¥90°€ 200 100 96 296°¢ o1l 858 058 00T
(y)y’e (y)°p Y Y (V)’p (V) Yy (yre (Y)°p Yy
vd €d ud

*[[29 31UN 3Y} UI SWOJE JO Jaqunu Y3 St ¥ A7 "9[yo1d ¢J-7d PIXIW dY} Ul PIA[OSIT JOU SUOIIOIPAI SAJOUIP  JU,, PUe QUI| ¢4 € YIIm
depzaro Aq uonisod ur paoe[dsIp UOIIOdYAI € SIBW YSLIAISE Y] ‘TJ IOPU[] "USAIS OS[e aIe (jyy) [[99 J1UN [[nJ Sy} 10 SIOIPUI SNI} I19Y} ‘PIPN]OUl 1B ( *1yy Se) [[99qns Y3 U0 [qexap
-UI SUOI}OAYAI Y} AJUO ‘pJ JO 3SeD 2y} U] °PIJIWO JTe SIUI[ Yeam AIDA 'pd PUB €4 Ul ¥ [00°0F PUe Zd Ul V 700 0F O3 PauIurIdap are Op jo sonfep aanjeradwa) wool je eyo
€7~ 1% qSUJ JO ([[99 NI} PUE [[99qNnS) $J PUB ‘€ ‘Td Seseyd 10} sawnjoA [[39-)IUn pue SUOISUSWIP [[39-11UN Pauya1 ‘(°p pue %p) sSuroeds p pareno[es pue paarssqO) [ ATAVL



44 NELMES, McMAHON, HATTON, CRAIN, AND PILTZ 47

260.) When recorded away from the In edge, the strength
of this line is about 1/1000th of the strongest lines, and
this is the right order of magnitude for reflections in
which In and Sb scatter in antiphase—as for the cubic
(200) reflection shown for comparison in inset (iii). The
pronounced increase in intensity near the In K edge [seen
also for the cubic (200) reflection] confirms this interpre-
tation, and the structure is thus shown to be site ordered.
We believe this to be the first reported observation of
anomalous-scattering effects in high-pressure powder
diffraction.

Reflections with A +k +1=o0dd are absent from the
profile, showing that the structure is body centered. Also
reflections with k +/ =odd are absent away from the In
K edge, apart from the (very weak) low-angle reflection
(110) shown in the lower (f) profile of inset (ii) in Fig.
4(b). This indicates pseudo- A-face centering, with In at
(0,0,0) and Sb at, or very near, (0,1,1). The structure
thus differs from B-tin by a displacement of the Sb atoms
+ along z relative to the In atoms, in addition to the or-
thorhombic distortion of the unit cell. Fuller details of
the determination and refinement of the crystal structure
will be published separately, but Fig. 11 shows a fit to the
profile in Fig. 4(b) at the present stage of analysis. This
again requires a multiphase Rietveld refinement to take

units)

(ii) 220 311

111 (iii) Gv)
111 220
311
i *

Intensity (arb.

5 10 15 20 25 30
20 (deg)

FIG. 7. The integrated profile of a pattern recorded from cu-
bic InSb at ~3 GPa, showing the first appearance of lines of the
high-pressures phase P4, as enlarged and marked by asterisks in
insets (i) and (ii). The first three strong lines of the cubic phase
are indexed. Inset (i) also shows the very weak (200) reflection
of the cubic phase, which results from the difference scattering
between In and Sb. Insets (iii) and (iv) show the same reflections
as (i) and (ii) at a later stage of the transformation, when the cu-
bic lines are weaker than the main P4 lines.

TABLE II. Observed d spacings and 260 angles (d, and 26,), and refined unit-cell dimensions for phase P3 of InSb at ~2.3 GPa at
room temperature. The brackets in column 3 group together reflections not resolved from each other in lower-resolution or
broadened patterns, such as in Fig. 12(b). In estimating the mean 26, values for these groups, lines have been weighted by their rela-
tive intensities. The observed d spacings at 4.0 GPa published by McWhan and Marezio (Ref. 8) are included for comparison and
also expressed in terms of observed 20 values (26,) at a common incident wavelength of 0.4446 A, along with the calculated 26 values
(26,) and indexing for the B-tin unit cell they adopted. The underlined values in columns 6 and 7 show the largest discrepancies of
the B-tin indexing. The unit-cell dimensions for the data of McWhan and Marezio (Ref. 8) are given as re-refined on the orthorhom-
bic cell (column 5) and as published by them for the B-tin cell (column 7). N , is the number of atoms in the unit cell.

Present work at 2.3 GPa

Ref. 8 at 4.0 GPa pB-tin indexing

] 200(°) . 200°) 20.()
hkl do(A) (A=0.4446 A) Mean 26,(°) do(A) (A=0.4446 A) (A=0.4446 A) hkl
200 2.924 8.72 8.72 2.902 8.79 8.80 200
o11 2.739 9.31 ] 9.36 2.717 9.39 9.33 101
020 2.693 9.47
211 2.002 12.75 12.79 1.983 12.87 12.46 220
220 1.982 12.88 ] 12.84 211
002 1.592 16.05 ] 16.25
031 1.563 16.35
400 1.462 17.49 17.49 1.459 17.53 17.64 112
202 1.398 18.30 17.66 400
231 1.379 18.55 18.56 1.374 18.62 17.92 231
022 1.371 18.66
040 1.345 19.03
411 1.289 19.86 } 19.88 1.281 19.99 19.77 240
420 1.285 19.92 20.00 141
222 1.240 20.65 ] 20.75 1.232 20.79 21.66 312
240 1.222 20.96
402 1.076 23.85 23.98 1.069 24.00 23.65 501
431 1.067 24.05 ]
a(A) 5.847(1) 5.81(2) 5.79
b(A) 5.388(1) 5.44(2) 5.79
c(A) 3.181(1) 3.15(1) 3.10
V(A% 100.21(4) 99.6(6) 103.9
N, 4 4 4
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account of the residual P2 component. The remaining
mis-fits to the intensities (shown below the profile in Fig.
11) are almost certainly attributable to preferred-
orientation effects. Observed and calculated d spacings
for P3 are given in Table I.

Examination of d spacings previously published for the
InSb II phase (supposed tetragonal) show that a much
better fit is obtained with the P3 unit cell. One example
is set out in Table II, where the d spacings published by
McWhan and Marezio® are reproduced along with our
observed P3 values, expressed as 26 values at a common
incident wavelength of 0.4446 A, and calculated 26

values (20, ) are given for the B-tin unit cell which those
authors adopted. As can be seen by comparing columns
4 and 6 in the table, their d spacings correspond closely
to a lower resolution version of our P3 pattern in which
the bracketed lines are not resolved—as expected on a
laboratory source or after passing rapidly through the
transition [see the broadened P3 pattern in Fig. 12(b) dis-
cussed below]. This correspondence is illustrated in Fig.
5 for the higher-angle part of the pattern: the bars be-
tween the P2 and P3 patterns in Fig. 5 show the position
of the lines found by McWhan and Marezio® in terms of
20 (Table II), and they all correspond to single lines or to

)

units)

Intensity (arb.

M)
A
(i)
*

A MM A AAN A A D

I S

10 15

—

20 25 30
26 (deg)

FIG. 8. (a) A pattern recorded from InSb P4 at ~3 GPa, just above the transition directly from the cubic phase. A=0.4446 A.
Exposure time=42 min. Sample-to-plate distance=250 mm. (b) The corresponding integrated profile. The insets show pa.rts of the
profile enlarged, as indicated. The arrow below the main profile indicates a weak non-P4 line. The marked features in the insets are

discussed in the text.
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the discrete groups of lines bracketed in Table II. The ar-
rows (— and L——) show the main discrepancies of
the B-tin indexing (underlined in columns 6 and 7 of
Table II), which is evidently unsatisfactory. (It can be
seen in both Table II and Fig. 5 that the lines of McWhan
and Marezio® are all slightly higher in 26 than our mean
20, values. The average mismatch is equivalent to about
0.4% in the d spacings, which accords closely with the
1.2% volume compression!® between the pressures of our
and their measurements.) Similar results can be obtained
for the InSb-II patterns published by Banus et al.® and
by Banus and Lavine.” The reinterpretation of the InSb-

II patterns as P3 thus removes the discrepancies summa-
rized in the Introduction—that is, the apparent absence
of the B-tin (220) reflection and the mis-fits shown in Fig.
5. Table II also gives the best-fitting orthorhombic cell
dimensions for the InSb-II pattern of McWhan and
Marezio,? and the results are very similar to, those we ob-
tain for P3. [The refined volume of o99.6(6) A3 at 4.0 GPa
corresponds to a value of 100.8(6) A® at the 2.3 GPa of
our measurements, as discussed above.]

A further connection with previous work is provided
by an experiment in which we intentionally passed rapid-
ly through the transition as McWhan and Marezio® did

I
t

Intensity (arb. units)

S 10 15 20 25 30
26 (deg)

FIG. 9. (a) A pattern recorded from InSb P4 at ~2.5 GPa and 100°C. A=0.4642 A. Exposure time= 146 min. Sample-to-plate
distance=250 mm. (b) The corresponding integrated profile. Inset (i) shows a weak low-angle line recorded with an incident x-ray
energy of 26.709 keV, far (f) from the In K edge (as in the main profile), and at 27.886 keV, near (n) the In K edge (at 27.925 keV).
The enlargement in inset (ii) reveals many weak superlattice reflections, marked A. Two of these are enlarged further in inset (iii),
recorded far from and near the In K edge as in (i).
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FIG. 10. The fit to the mixed P2-P3 profile in Fig. 3(b) with a multiphase Rietveld refinement. The tick marks show the positions
of all reflections allowed by the symmetry. The difference between the observed and calculated profiles is shown below the tick
marks. The inset shows the observed profile (crosses) in the vicinity of the lowest-angle reflections of P2 and P3, at the positions
marked. Above this are the profiles calculated from the refined fit, with P2 site disordered and P3 site ordered (labeled “do”), and
with P2 and P3 both ordered (“00”).
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FIG. 11. The fit to the mixed P3-P2 profile in Fig. 4(b) with a multiphase Rietveld refinement. The tick marks show the positions
of all reflections allowed by the symmetry. The difference between the observed and calculated profiles is shown below the tick
marks.
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to obtain the InSb-II phase. This resulted in the rather
broadened pattern in Fig. 12(a) which, as shown in Fig.
12(b), slowly and continuously sharpened to the P3 pat-
tern of Fig. 4 over a period of 2 days. Even in the initial
broadened form the dominant phase is clearly not B-tin,
the principal lines of which are marked by triangles un-
der the profile in Fig. 12(b). One peak of the second dou-
blet is missing (as Kasper and Brandhorst’ noticed)—
compare the B-tin pattern of the dominant phase in Fig.

NELMES, McMAHON, HATTON, CRAIN, AND PILTZ
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3(b)—and there are several other obvious discrepancies
which correspond to the d spacing mismatches already
rehearsed. However, the shoulder and peak marked by
the solid triangles under the initial pattern shows the
presence of a weak P2 component [compare Fig. 4(b)].
This can be seen to reduce with time and the final pattern
has significantly less P2 than remains after a more gradu-
al transformation, such as in Fig. 4(b). The inset shows
that the weak low-angle line of P3 can be seen even in the

(b)
NPV A WOV et

— _— initial
."2 JAYAN Ja%sy A Ja%s'y o A pattern
8
[
£
> +2hr
B —————— __J
g
g
g ) DNTONY U3

\—__J +48hr

5 10 15 20 25
26 (deg)

FIG. 12. (a) A pattern recorded from InSb at about 2.3 GPa after passing rapidly through the transition. A=0.4442 A. Exposure
time=51 min. Sample-to-plate distance=200 mm. (b) The corresponding integrated profile, and its subsequent evolution over a
period of 2 days. The triangles under the initial profile show the positions of the principal B-tin lines. The one marked by a solid tri-
angle at 26~ 22° is the nonoverlapping P2 line indicated at the same position in Fig. 4(b). The weak low-angle line is enlarged in the

inset.
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initial pattern, so the broadening is not associated with
any disordering of the structure.

One result of fitting the previously published d spac-
ings to an orthorhombic rather than tetragonal cell is
that the orthorhombic unit-cell volume is 2—4 % smaller
(see Table II). This removes most of the small difference
in density previously thought to exist between phases II
and IV. Also, the greater density of the orthorhombic
description means that the volume collapse at the transi-
tion is ~21% rather than ~ 18.5%,3 in closer agreement
with the original direct measurements by Jayaraman
et al.? The relative unit-cell volumes for P2 and P3
phases can be obtained from refinements of patterns in
which the phases coexist as 100.72(4) A® for P2 and

100.21(4) A° for P3, so P3 is 0.5% denser than P2.

Orthorhombic phase P4

All the readily visible peaks of the P4 pattern can be
indexed on an orthorhombic unit cell with @ =2.925(1)
A, b=5.617(1) A, and ¢ =3.067(1) A. This is the same
as InSb IV, and Fig. 13 shows that the intensities are well
fitted by the structure proposed by Yu et al.'® (space
group Pmm?2) with atoms at (0,0,0) and (0,1,a). Our
refined value of a=0.387(1) is in close agreement with
Vanderborgh et al.'® We discuss the ordering of the
structure below.

The observed profile used for the structure refinement
is the one obtained by recrystallization from the P3 phase
at 100°C [Fig. 9(b)], as this gave single-phase P4. [This

profile is identical with the P4 component of the P3-P4
mixture at room temperature shown in inset (ii) of Fig.
6(b).] By contrast with the good fit obtained to the pat-
tern of P4 recrystallized from P3 (Fig. 13), it is impossi-
ble to fit the Pmm?2 structure to the pattern obtained by
direct transformation from the cubic phase [Fig. 8(b)]
without large intensity differences. These are systematic
with (hkl), being greatest for reflections with / > h, k, and
we conclude that the pattern in Fig. 8(b) is affected by
preferred orientation.

Although it is clear that P4 is the InSb-IV phase, the
true structure is much more complex than supposed. In-
set (ii) in Fig. 9(b) shows many weak lines (marked A) not
accounted for by the a Xb X ¢ Pmm2 unit cell. All these
superlattice reflections can be indexed on a 2a X3b X2c
unit cell, with absences corresponding to B-face center-
ing. [The insets in Fig. 8(b) show that the superlattice
reflections are also present in the case of the direct transi-
tion, though only the strongest ones (marked *) stand out
clearly. The reflection in inset (i) of Fig. 8(b) is a
sufficient signature of the 2a X 3b X 2c cell since it indexes
as (121) on that cell.] Inset (iii) in Fig. 9(b) shows a pair
of superlattice reflections, further enlarged, recorded far
(f) from the In K-absorption edge and near (n) it—as for
P3 in Fig. 4(b). Inset (i) in Fig. 9(b) shows the same for a
low-angle reflection. The clear increases in relative inten-
sity near the In edge shows that at least part of the inten-
sity in these lines arises from the difference in scattering
between In and Sb: hence the structure is site ordered.

The previously proposed Pmm?2 structure of InSb IV

14000
12000 +
10000 |
8000 4
6000 +

. 4000 +

Intensity (arb. units)

2000 T | d

| (

(=]
}
T
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-2000 +

-4000 +

W0 Cre e R e tHRTI DT B i

x et~ N

20 22 24 26 28 30 32 34
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FIG. 13. The fit to the P4 profile in Fig. 9(b). The tick marks show the positions of all the reflections allowed by the Pmm?2 aver-
age structure. The difference between the observed and calculated profiles is shown below the tick marks.
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thus emerges as an average subcell of the true, much
larger unit cell. Work is currently in progress to try to
determine the complete structure. The distortions re-
quired to produce such weak superlattice reflections are
very small, and have a negligible effect on the subcell pat-
tern. (Hence the introduction of the true cell does not in-
validate the preceding remarks about preferred orienta-
tion.) Table I gives the observed and calculated d spac-
ings for the subcell reflections only—indexed both on the
true cell, hkl, and on the subcell, #kl;. The volume per
atom in the subcell (the V' /N 4 in Table I) can be seen to
be very close to that of the P3 phase. Refinements of
mixed-phase patterns show that P4 is 0.5% less dense.

IV. DISCUSSION AND CONCLUSIONS

The results we have obtained remove a number of pre-
vious problems and uncertainties, but also raise several
new questions about the phase transitions and P-T phase
diagram of InSb. In the following discussion we attempt
to draw together the threads of our own and previous
work, and summarize what we believe to be now estab-
lished.

Figures 2 and 3 show P2 always accompanied by the
same amount of P3 (about 30% in this case) from the first
emergence of the high-pressure phases as cubic InSb
transforms to P2 and P3. This could be interpreted in
two ways. If the transformation is from cubic to P2 and
then to P3, the pressure range of stability must be less
than the variation in pressure across the sample, so that
the two transformations overlap; or it could be that the
cubic phase transforms directly to P3, some of which
then transforms to P2 with the decrease in pressure ac-
companying the volume collapse of the cubic to P3 tran-
sition. (Vanderborgh et al.'® measured a 0.2-GPa drop
in pressure for the cubic to P4 transition, which has al-
most the same magnitude of volume collapse.)
Refinements of two-phase P2-P3 patterns all show that
P3 is the slightly more dense, by about 0.5%. This very
small difference in density between P2 and P3 probably
accounts for the persistence of a few percent of P2 to
much higher pressures. We cannot obtain a reliable esti-
mate of the cubic phase to P2-P3 volume collapse from
mixed patterns because, as previously remarked, the cu-
bic phase either completely dominates (Fig. 2) or is al-
most absent [Fig. 3(b)]. Taking earlier work and reindex-
ing InSb II as P3 (see Sec. III) gives an estimate of
~21% for the volume change from cubic to P3.

There are several distinct differences between P2 and
P3: the peaks of P2 are significantly broader [Figs. 3(b)
and 4(b)], P3 is site ordered while P2 appears not to be
long-range ordered (i.e., there is no measurable In-Sb
difference peak), and the P2 pattern seems to be less
affected by preferred orientation. It is intriguing that two
phases with such similar densities and crystal structures
should differ so much in these other ways. The broaden-
ing of the P2 peaks does not show a strong 26 depen-
dence [see Fig. 3(b)] and so is probably due to small crys-
tallite size rather than strain. Then it is interesting to
note that both steps in the sequence P2—P3— P4 are
characterized by a significant increase in crystallite size.

The excess broadening of the P2 lines in Fig. 3(b) indi-
cates a particle size of the order of a few tens of nanome-
ters in that phase. Then the density of P4 spots in Fig.
6(a), and their peak intensity compared with that of the
(smooth) P3 lines, suggest a particle size of a few hun-
dreds of nanometers in P3 and over a micron in P4.

The evidence that P2 is not long-range site ordered
raises interesting questions about the role of such a struc-
ture as an intermediate stage in the transition from or-
dered cubic InSb to ordered P3. As discussed briefly by
Vanderborgh et al.,'® it seems that energy considerations
must favor a structure in which each atom is surrounded
by six unlike nearest neighbors, and hence is site ordered,
as in P3. Of course, the fact that the In-Sb difference
peaks cannot be detected does not necessarily imply en-
tirely random site occupancy. It is physically more
reasonable to envisage some degree of short-range order-
ing, characterized by a correlation length. All that can
be said from the diffraction results is that this length
must be somewhat smaller than the particle size.

The recrystallization of P3 to P4 appears to take place
most readily at a pressure just above the cubic to P3 tran-
sition, so the stability field of P3 is evidently very narrow.
Indeed we have some evidence of P3 starting to change
to P4 even before all of the cubic phase has transformed,
so there may be no stability field for P3 at room tempera-
ture. Refinements of two-phase P3-P4 patterns show
that P4 is slightly less dense than P3, by about 0.5%.
However, this comparison is made for the crystalline
grains contributing to the sharp diffraction lines: the
large P4 grains [giving the spots in Fig. 6(a)] are embed-
ded in a mixture of relatively small P3 grains and inter-
grain P3 material, so that the overall density of this mix-
ture may be less than that of P4. In any case, the
difference in density is very small and this probably ac-
counts for the fact that the P3 to P4 transformation is
sluggish, not proceeding beyond approximately 50:50
proportions (at room temperature) and strongly inhibited
by higher pressures (the in-grain density difference
remains about the same as pressure is increased).

The evident spottiness of patterns such as the one
shown in Fig. 6(a) raises the question as to why this be-
havior has not been reported before. The 2D image at
~2.5 GPa published by Hanneman et al.® is heavily con-
taminated by Laue spots from the diamond anvils, which
might obscure (or be taken to be the reason for) similar
features from the sample. This will also apply to the
work of Smith and Martin,? Banus et al.® (the same pat-
tern as the one published by Hanneman et ¢l.%), and
Banus and Lavine.” McWhan and Marezio® used a
monochromator, which would reduce the problem of
Laue spots from the anvils, but the sample was taken
quickly to a pressure (4.0 GPa) which inhibits the trans-
formation to P4. Kasper and Brandhorst’ also appear to
have recorded their patterns at pressures above 3.0 GPa.
(In fact, the 2D pattern published by Hanneman et al.®
appears to be labeled ““32 kilobars.” If this is correct,
their pattern joins those recorded above the pressure
range where P3 transforms readily to P4.) In addition,
there is the consideration, applying to all this earlier
work, that the lower angular resolution of laboratory-
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source techniques would greatly reduce the height, and
hence visibility, of individual diffraction spots above
background. As discussed below, the one previous (but
energy-dispersive) synchrotron study'® may have ob-
served P4 recrystallized from P3, but spottiness in the
pattern would not be directly detected in an energy-
dispersive measurement.

Questions about what has been seen before also attach
to the mixed P3-P4 patterns we have frequently obtained
[as in Fig. 6(b)]. The arguments above apply again, in
that all but one’ of the reported studies of P3 appear to
have been at pressures high enough to inhibit the appear-
ance of P4. Also, the lower resolution of patterns collect-
ed on laboratory sources would make the difference be-
tween P3 [Fig. 4(b)] and the mixed pattern [Fig. 6(b)]
difficult to detect—apart perhaps from the P4 peak in
the middle of the group near 260=9° [Fig. 6(b)], but this
would be rather weak unless the transformation had pro-
ceeded to something approaching 50% of P4. However,
the one previous synchrotron study'® does report a pat-
tern interpretable as a P3-P4 mixture. Figure 14 shows
our mixed P3-P4 pattern from Fig. 6(b) with the five
main, nonoverlapping P3 peaks filled in and indexed
[these are the reflections marked * in Fig. 6(b)]. Vander-
borgh er al.'® focus attention on the triplet they find at
the position marked 7 (Fig. 14) in an energy-dispersive
pattern collected at 6.3 GPa, remarking that the central
peak is a new line which cannot be indexed. Although
they do not note the fact explicitly, their pattern also has
three unexplained doublets formed by additional
reflections at the positions marked D in Fig. 14. (The
second triplet T’ is hidden by fluorescence lines.) The au-
thors attribute these features to a new phase, InSb V, but
it seems more probable that they obtained a mixture of
P3 and P4. Their pattern corresponds closely to ours
(Fig. 14), but with a slightly higher proportion of P3.
And as best as can be measured from Figs. 1 and 2 of
their paper, the relative densities of the two phases agree
with our observations: we obtain cell dimensions
a=2.897(3) A, b =5.557(3) A, ¢ =3.038(6) A for their
P4, and a =5.76(6) A, b =5.32(2) A, c=3.17(1) A from
the four visible nonoverlapping peaks of. their P3 (in-
dexed as in Fig. 14), giving a density for P3 0.7+1.0%
greater than that of P4. (These P3-P4 unit-cell volumes
are ~3% less than in our measurements because Vander-
borgh et al.'® were working at a higher pressure of 6.3
GPa. We have adjusted for this difference in deriving the
relative positions shown in Fig. 14.) There is one further
unexplained peak in the energy-dispersive pattern, at the
position marked S in Fig. 14. This cannot be indexed as a
P3 or P4 subcell line, but can be seen to align with a peak
in our pattern which is from the residual component of
P2.

It seems, then, that Vanderborgh et al.!® have ob-
served the same three-phase mix of P2, P3, and P4 as we
report. However, they appear to say that this pattern
developed from a pure P4 pattern, which is a sequence
we have never seen. It would be interesting to know
whether this really is an example of P4 transforming to
P2-P3, or is in fact a different loading in which the cubic
phase first transformed to P2-P3 and then to P4 as we

Intensity (arb. units)

16 18 20 22
26 (deg)

FIG. 14. The mixed P3-P4 pattern of Fig. 6(b) with the
nonoverlapped P3 peaks filled in and indexed. The vertical
lines show the positions of additional peaks observed in a P4
pattern recorded by Vanderborgh et al. (Ref. 18) at 6.3 GPa,
adjusted to a common unit-cell volume to allow for the
difference in sample pressure. These give rise to the triplet (7))
discussed by Vanderborgh et al. (Ref. 18), to three doublets (D)
and a singlet (S). The second triplet (7") is obscured by fluores-
cence peaks in the energy-dispersive study (Ref. 18).

have always observed.

If pressure is increased gradually on polycrystalline cu-
bic InSb, it seems that the transition to P3 does not occur
and the sample becomes superpressed, with a direct tran-
sition to P4 then taking place at a pressure well above
that at which P4 recrystallizes from P3. Reported values
for the required pressure vary more than for the
cubic to P3 transition—about 3.0 GPa in Kasper and
Brandhorst,” 2.5+0.2 GPa in Yu et al.,'® 3.05 GPa in
Turusbekov and Estrin,®® 2.8 GPa in Vanderborgh
et al.,'® and around 3.0 GPa in our work. In the case of
single-crystal samples, all the reported transition pres-
sures are close to 3.0 GPa,"3!73% with one exception®
where the transition occurred at ~2.3 GPa. Diffraction
patterns of the high-pressure phase were not obtained in
any of these single-crystal experiments, but it seems very
probable that the transitions reported at 3.0 GPa are to
P4. If so, it is worth noting that the very first report of
the high-pressure transition in InSb by Gebbie er al.! (at
~3 GPa) was therefore to P4 rather than P3, four years
before P4 was identified by Kasper and Brandhorst.’

There are some interesting differences to be seen in the
powder patterns between the cubic to P2-P3 and cubic to
P4 transitions. Comparison of Figs. 2 and 7 shows that
the cubic phase is significantly more broadened at the
start of the direct cubic to P4 transition, and this is a
reproducible effect. Comparison of insets (i) and (iii) of
Fig. 7 with inset (ii) of Fig. 6(b) reveals (as already
remarked) that the middle one of the first triplet of P4
lines is offset toward lower 260 in the cubic-P4 pattern
(Fig. 7). This shows that the shape of the orthorhombic
unit cell for P4 transforming from the cubic phase is a lit-
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tle different from what it is for P4 growing from P3,
though the volume collapse is the same (19.5%) in both
cases. Also, the shape of the unit cell becomes the same
in both cases once the transition from cubic to P4 is com-
plete [compare Figs. 8(b) and 9(b)]. These features may
be relevant to whatever determines the route to P4 from
the cubic phase (via P3 or direct) and the difference in
transition pressures.

The volume collapse of 19.5% which we obtain from
cubic-P4 mixed patterns is significantly greater than the
17.1% derived by Vanderborgh et al.,'* also from a
mixed pattern. We have no explanation for this. Mea-
surements of V/V, in the cubic and high-pressure
phases!>!® show that the cubic phase is approximately
three times more compressible in the 2—3 GPa range, in
which case the volume collapse for the cubic to P3 transi-
tion at ~2.1 GPa should be ~ 1% greater than for cubic
to P4 at ~3.0 GPa. This accords with our estimates of

~21% and 19.5%, respectively, and the latter value
agrees with the 19.3(1)% measured by Yu et al.!%3* The
results of Vanderborgh et al.'® would give a change of
only 18% for the cubic to P3 transformation.

Broadly speaking it is evident that fast pressure in-
crease under strained or nonhydrostatic conditions favors
the transition from cubic to P2-P3, while increasing the
pressure slowly under more uniform conditions favors the
transition from cubic to P4. At one extreme is the
strained P3 produced by McWhan and Marezio® and by
us (Fig. 12), through an intentionally over-rapid pressure
increase. At the other extreme is a single crystal under
pure hydrostatic conditions where a transition pressure
as high as 3.15 GPa has been reported by Okai and
Yoshimoto.?! These authors showed that under condi-
tions of uniaxial stress the transition could be observed
occurring from 2.2 GPa down to as low as 1.8 GPa, and
it would be interesting to know if the high-pressure phase

FIG. 15. (a) A mixed P3-P4 pattern recorded from InSb after passing through the transition at ~3.0 GPa. The strongest P4 lines
are labeled “a,” and the single visible P3 line is labeled “b.” A=0.4446 A. Exposure time =26 min. Sample-}o-plate distance =250
mm. (b) A pattern recorded from the same sample 15 h later, after P3 has recrystallized to P4. A=0.4446 A. Exposure time=42
min. Sample-to-plate distance =250 mm.



47 PHASE TRANSITIONS IN InSb AT PRESSURES UP TO 5 GPa 53

is then P3. Away from the extremes it is far less clear
what are the crucial factors. Certainly we find no
difference at all between samples of 99.99% and
99.9999% purity. In some as yet limited tests of the
influence of hydrostaticity we have found no clear
difference in behavior between dry samples (no
methanol:ethanol) and samples loaded with a greater
than normal amount of methanol:ethanol. An indication
of the fine balance between the two routes from cubic
InSb to P4 is afforded by the sequence shown in Fig. 15
for a sample loaded with the “normal” amount of
methanol:ethanol. At the stage shown in Fig. 15(a), most
of the sample has transformed directly to P4, giving the
characteristic smooth P4 lines (e.g. as labeled “a’), and
the remaining small amount of cubic phase has then fol-
lowed the other route and transformed to P2-P3 as
shown by the line labeled “b”’; at the later stage shown in
Fig. 15(b), this last line, “b,” has vanished as P3 recrys-
tallizes to P4, and spots have appeared on the hitherto
smooth P4 lines. Without any known changes of external
conditions, both routes have been followed in the same
sample. [The fact that some of the sample may transform
to P2-P3 when most of it is transforming to P4 would ac-
count for the weak residual feature marked in Fig. 8(b).]

Although there are thus many details of the high-
pressure behavior of InSb yet to be understood, it is clear
that the P-T phase diagram needs to be revised. If there
is any pressure range in which P3 is the equilibrium
phase at room temperature, our results indicate it to be
no more than about 0.1 GPa wide. Above that range, P4
is the equilibrium phase. In addition, there may be an
equally narrow field (if any at all) between the cubic
phase and P3 in which P2 is the equilibrium phase; alter-
natively P2 may be metastable or appear only on pressure
decrease. In one experiment carried out by heating to
50°C in the cubic phase and then applying pressure, the
product was a mixture of P2 and P3. As discussed in
Sec. III, the same procedure at 100°C gave a clean P4
pattern which we interpreted as having been reached via
P3. This evidence indicates a boundary between P3 and
P4 at approximately constant pressure, and we do not
then expect the transition from P4 to P3 (InSb IV to
InSb II) on heating shown in the phase diagram of Banus
and Lavine.® So far we have been able to make only a few
direct tests of this. A mixed sample of P2 and P3 heated
to 60°C transformed to P3, and after further time at the
same temperature made an accelerated transition to P4.
Another sample starting as a mixture of P3 and P4 at a
higher pressure was converted to P4, but with some P3
remaining, after 10 h at 75—-100°C. These results support
the conclusion that the equilibrium field of P4 extends
well above room temperature at pressures up to ~3.0
GPa, contrary to the accepted phase diagram.

Banus and Lavine’s derivation of their phase dia-
gram®!! was based strongly on identifying InSb II with
the B-tin phase obtained on cooling to 77 K and then
down-loading to ambient pressure. This was clearly in-
correct. The belief that InSb II was the equilibrium
phase above room temperature and the subsequent
discovery of InSb IV at room temperature led to some
prejudgment of the boundary between InSb II and InSb

IV. Between the first transition (2.3 GPa) and 3.7 GPa
no measurements are shown to support the proposed II-
IV boundary,’ and where there are measurements it can
be seen how they might have been interpreted differently
without the prior expectations. However, there is at least
one reported experiment that cannot be explained this
way: the authors’ appear to say that they monitored an
InSb-1V (P4) pattern transforming to InSb-II (P3) at
85°C and 4.5 GPa. The only other report we can find of
a direct investigation of heating P4 is in the work of Yu
et al.'® They heated InSb-IV (P4) to 100°C at 4.6 GPa
(almost the same pressure as in Banus and Lavine’s exper-
iment® above), and obtained “a different x-ray pattern”
which they could not interpret. (This suggests it was not
InSb II.) Since all previous high-temperature diffraction
work has been above 3.7 GPa, with corroboration only at
~4.5 GPa, and our heating experiments have been at
~3.0 GPa and below, a possible interpretation is that, al-
though P4 is the equilibrium phase to 100°C or higher in
the range up to ~ 3.0 GPa, there is a transition to anoth-
er phase not far above room temperature at higher pres-
sures.

In summary, our main conclusions are as follows.

1. The reproducible behavior of cubic InSb at room
temperature is either to transform at ~2.1 GPa to a mix-
ture of P2 and P3, which then transforms to nearly
single-phase P3 before recrystallizing to P4 at the same
or only slightly higher pressures, or else to transform
directly to P4 at ~3.0 GPa.

2. P2 is a tetragonal phase with a SB-tin structure. This
is not InSb II, but may be the phase previously seen on
recovery to ambient pressure at low temperature. The
structure appears not to be long-range site ordered in
that In-Sb difference peaks cannot be detected.

3. P3 is the InSb-II phase, which is shown to have an
orthorhombic structure rather than B-tin as previously
supposed. This structure is site ordered.

4. P4 is the (orthorhombic) InSb-IV phase, but this is
now shown to have superlattice reflections that can be in-
dexed on a unit cell 12 times larger than the Pmm2 cell
of Yu et al.'® This structure is also site ordered.

5. It seems possible to account for all previous (clear)
results on InSb at room temperature with these three
phases and mixtures of them. In particular, a P2-P3-P4
mixture accounts for the pattern recently attributed by
Vanderborgh et al.'® to a new phase (InSb V).

6. The accepted P-T phase diagram of InSb is in-
correct, and needs to be revised. In particular, there does
not seem to be a transition from P4 (InSb IV) to P3 (InSb
II) on heating to at least 100°C in the range up to ~3.0
GPa. Substantial further work is needed to clarify the re-
gions of stability of the known phases. While the phase
diagram remains so uncertain, it is proposed to adopt the
simple labeling scheme P1, P2,. . ., for phases as they are
found.

The two different paths from the cubic phase to P4, the
existence in a very small pressure range of three quite
different high-pressure phases with similar structural
coordination and densities differing by only ~0.5%, and
other observations such as the transition from amorphous
InSb to an NaCl structure in the same pressure range,3*3°
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all show InSb to be a very finely balanced system. It
remains to be seen whether it is exceptional in the com-
plexity of behavior now revealed.

Finally, we remark that the results presented in this
paper illustrate the large gain in sensitivity achievable us-
ing angle-dispersive techniques with the image-plate area
detector and pattern integration—provided care is taken
to minimize nonsample scattering and background levels.
We have been almost overwhelmed by new information
in what was originally expected to be a relatively simple
experiment.
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FIG. 1. (a) A full tw;o-dimensional powder pattern recorded from InSb at a sample-to-plate distance of 250 mm, using an incident
wavelength of 0.4446 A. The sample was held in a Merrill-Bassett diamond-anvil cell at ~2.5 GPa. Exposure time was 84 min.
(b) The corresponding integrated profile. The high-angle part of the profile is enlarged in the inset.
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FIG. 12. (a) A pattern recorded from InSb at about 2.3 GPa after passing rapidly through the transition. A=0.4442 A. Exposure
time=51 min. Sample-to-plate distance=200 mm. (b) The corresponding integrated profile, and its subsequent evolution over a
period of 2 days. The triangles under the initial profile show the positions of the principal B-tin lines. The one marked by a solid tri-
angle at 260~22° is the nonoverlapping P2 line indicated at the same position in Fig. 4(b). The weak low-angle line is enlarged in the

inset.
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FIG. 15. (a) A mixed P3-P4 pattern recorded from InSb after passing through the transition at ~3.0 GPa. The strongest P4 lines
are labeled *a,” and the single visible P3 line is labeled “b.” A=0.4446 A. Exposure time =26 min. Sample-to-plate distance=250
mm. (b) A pattern recorded from the same sample 15 h later, after P3 has recrystallized to P4. A=0.4446 A. Exposure time =42
min. Sample-to-plate distance =250 mm.
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FIG. 3. (a) A pattern recorded from a mixture of InSb P2 and P3 at, or slightly above, the pressure in Fig. 2. The arrow marks the
first line of one phase (P3). The adjacent broader lines are the first two of the second phase (P2). A=0.4442 A. Exposure time=10
min. Sample-to-plate distance =350 mm. (b) The corresponding integrated profile. The asterisks mark the sharp-peaked features of
P3. The inset displays the first three peaks on the same 26 scale as in the inset of Fig. 2.



(b) (ii)
N -
2 / r
: (i)
£
8!
>
e
= * #* / *
[}
=
-

_@ZJ”QL_AM

10 15 20 25
26 (deg)

FIG. 4. (a) A pattern recorded from a mixture of InSb P2 and P3 at, or slightly above, ~2.1 GPa. The lowest-angle strong line of
P2 is labeled “*a” and the very weak low-angle line of P3 is labeled *“b.” A=0.4446 A. Exposure time =14 min. Sample-to-plate dis-
tance=250 mm. (b) The corresponding integrated profile. The arrows below the profile mark the two nonoverlapped P2 lines (the
one at 26 ~9° is marked *‘a” in the 2D pattern). The features marked A and * [inset (i)] are discussed in the text. Inset (ii) shows the
very weak low-angle line of P3 (marked “b” in the 2D pattern) recorded with an incident energy of 25.83 keV, far (f) from the In K
edge (as in the main profile), and at 27.886 keV near (n) the In K edge (at 27.925 keV). Inset (iii) shows the cubic (200) reflection
recorded with the same two incident x-ray energies as for inset (ii).
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FIG. 6. (a) A pattern recorded from a sample of InSb P3 partly transformed to P4 just above 2.1 GPa. Some P2 is also still
present, as shown by the line labeled “a.”” The P3 lines labeled “b” are not overlapped by any P4 lines, and hence are free from spots.
A=0.4446 A. Exposure= 10 min. Sample-to-plate distance=250 mm. (b) The corresponding integrated profile. Asterisks mark the
strongest of the nonoverlapped P3 lines, labeled “b” in (a). The low-angle weak line of P3 is enlarged in inset (i), with a weak P4 line
alongside. Inset (ii) shows the part of the profile below 26=15°, with the best-fitting calculated P3 profile subtracted to reveal the
main P4 lines.
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FIG. 8. (a) A pattern recorded from InSb P4 at ~3 GPa, just above the transition directly from the cubic phase. A=0.4446 A.
Exposure time=42 min. Sample-to-plate distance=250 mm. (b) The corresponding integrated profile. The insets show parts of the
profile enlarged, as indicated. The arrow below the main profile indicates a weak non-P4 line. The marked features in the insets are
discussed in the text.
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FIG. 9. (a) A pattern recorded from InSb P4 at ~2.5 GPa and 100°C. A=0.4642 A. Exposure time= 146 min. Sample-to-plate
distance =250 mm. (b) The corresponding integrated profile. Inset (i) shows a weak low-angle line recorded with an incident x-ray
energy of 26.709 keV, far (f) from the In K edge (as in the main profile), and at 27.886 keV, near (n) the In K edge (at 27.925 keV).
The enlargement in inset (ii) reveals many weak superlattice reflections, marked A. Two of these are enlarged further in inset (iii),
recorded far from and near the In K edge as in (i).



