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Equation of state of InP to 19 GPa
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X-ray diffraction experiments have been carried out on InP at room temperature to pressures of
19 GPa. The compression curve for the zinc-blende phase (I) was found to fit the Murnaghan equa-
tion up to 10.8 GPa where a transformation to the rocksalt structure was observed. Values for the
bulk modulus, B~p and its pressure derivative, B&0, at P =0 obtained by a best-fit procedure to the
Murnaghan equation were B&o ——76+4 GPa and B&o ——4+0.2. These values are similar to those ob-
tained from precision elastic constant measurements. Analogous parameters for the rocksalt phase
(II) were obtained with reference to the transition pressure B~~, ——130+10 GPa B~~, ——1.6+0. 1. At
19 GPa a further transformation was observed to a phase which was tentatively identified as /3-Sn-

like. Data for these three phases are given and discussed in terms of models for the transitions.

INTRODUCTION

Group-IV elemental semiconductors and their analo-
gous compounds from groups III—V transform to rnetal-
lic phases at high pressure. As has been shown recently
for Ge and Si there may be several metallic phases.
Indeed, a sequence has been found for both elements from
cubic (diamond) ~tetragonal (/3-Sn) ~simple hexagonal
~intermediate structure~hexagonal close packed. '

Similarly, the III-V compounds exhibit a variety of crystal
structures at high pressure. For instance two orthorhom-
bic phases, and a tetragonal (/l-Sn analogue) phase have
been observed in crystalline InSb.

Metallic phases with relatively high electronic kinetic
energy compared to the semiconducting states are favored
at high pressure because of the large PAV term in the free
energy, as first pointed out by Jamieson. A relatively
crude picture then indicates that the transition pressure
should be proportional to the semiconducting energy gap,
which is roughly obeyed in most of these materials. Van
Vechten refined this model using scaling concepts based
on Phillips electronegativities. His model did not distin-
guish between different metallic phases, but was able to
predict transition pressures reasonably well for many
compounds, and his work stimulated further experimental
research into high-pressure phases of these materials.

More recently, ab initio calculations have been made for
silicon, which have shown startling agreement with exper-
imental data for crystal structures and volumes, as well as
transition pressures. (For a review see Ref. 7.) These
highly sophisticated calculations have been extended to
some III-V compounds, such as A1P, A1As, GaP, and
GaAs, where no relativistic corrections were needed.
Earlier, less refined, pseudopotential calculations were
carried out for InP by Soma ' who used the experimen-
tal observation of Jamieson that the high-pressure phase
had the rocksalt structure, and predicted that the transi-
tion pressure would be between 11 and 14 GPa, in good
agreement with the onset pressure of 10.5—11 GPa ob-
served by Minomura and Drickamer" from resistance
measurements. Soma also predicted that a further

transformation would occur to the tetragonal, P-Sn-like,
structure at pressures in excess of 50 GPa. This is similar
to the sequence of transitions recently observed in InAs by
Vohra et al.

In addition to resistivity"' ' and x-ray diffraction
measurements, InP has been investigated with Hall mea-
surements' ' and optical measurements. ' ' In the case
of luminescence measurements made previously by us,
the direct transition I »z-I ~c could be observed to pres-
sures above 10 GPa, but a steep decrease in the lumines-
cence intensity was observed above —8 GPa, which was
irreversible on decrease of pressure. Since the earlier mea-
surements of the transition pressure ' " differed from each
other and one" was made in an apparatus in which the
pressure calibration differed from modern pressure scales
(see for example Ref. 22) it was felt that a redetermination
would be of value. Also, Jamieson's x-ray data were ob-
tained in an apparatus in which a pressure gradient exist-
ed in the plane of the x-ray beam. More recent determina-
tions of unit-cell parameters for several semiconductors
have differed slightly from his. A final reason for carry-
ing out x-ray diffraction measurements on InP was to ob-
tain the equation of state of the diamond (cubic) and the
rocksalt phases, of interest to those carrying out theoreti-
cal calculations. Finally, a fourth reason for the rneasure-
ments became evident as the /3-Sn-like phase was
discovered at —19 GPa.

EXPERIMENTAL TECHNIQUES

The InP powdered samples were compressed at room
temperature (295+2 K) in a diamond anvil cell, whose
design has been previously described by Yu et al. The
precompressed sample and a ruby chip were loaded in a
heat-treated Inconel 718 gasket. The gasket was prein-
dented to a thickness of 100 pm and a hole of diameter
150 pm was then drilled in it. The sample filled about
70% of the volume of the gasket hole. The 4:1
methanol:ethanol mixture was used as the pressure-
transmitting medium. The pressure was measured using
the ruby fluorescence scale, with a precision of +0.05
GPa.
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TABLE I. Comparison of the calculated and observed interplanar spacing and relative intensities for
0

the different diffraction lines of InP I. At atmospheric pressure, a =5.847 A. Intensity calculations
were done for a sample thickness of 0.1 mm. Temperature factors were also computed. The space
group considered is F43m.

hkl d, , (A) d„i, (A)

111
200
220
311
222
400
331
420
422

3.374
2.920
2.068
1.766
1.698
1.458
1 ~ 348
1.302
1.189

3.376
2.923
2.067
1.763
1.690
1.462
1.341
1.307
1.194

100
26
60
50

8
10
20

9
18

100
18
47
22

3
3
6
6

18

The diffraction information was obtained with angle
dispersive techniques using a position-sensitive detector
(PSD). A collimator allowed incident radiation from the
fixed-anode source to be diffracted from the sample and
not the gasket. The geometry used in these measurements
was similar to that described by Fujii et al. The PSD
was placed 130 mm from the scattering center and 23'
from the direction of the main beam. The output of the
PSD was connected to a multichannel analyzer (MCA)
and data storage and analysis were carried out by a micro-
computer connected to the MCA. The interplanar spac-
ings d~k~ were determined with a relative precision Ad/d
of 10 . This precision decreased to 4X10 in the
high-pressure phase, since the diffraction peaks
broadened, possibly due to the presence of shear stresses.

EXPERIMENTAL RESULTS

At atmospheric pressure, InP crystallizes in the zinc-
blende structure, F43m. In a typical spectrum, the (111),
(200), (220), (311), (420), and (422) reflections from this
crystal structure were observed. Table I compares the ob-
served and calculated interplanar spacings and relative in-
tensities for InPI. The calculated integrated intensities
were obtained for angle dispersive techniques following
the treatment of Kalman. The volume at each pressure
was calculated from the averaged value of the lattice con-
stant obtained from the observed reflections. Experimen-
tal data were fitted to the Murnaghan equation. The
values of the bulk modulus B&p and its pressure derivative
Bgp at P = 1 atmosphere obtained from the best fit to the

data, with a confidence interval of 5 &( 10, were
Bgp =76+4 GPa and Byp

=4+0.2. These values are in
good agreement with the values B&p ——71.1 GPa and
Bip =4.59 obtained from precision elastic constant mea-
surements. The difference between the two curves is not
significant when the uncertainties in the unit-cell parame-
ters are taken into account. The standard deviation of the
data with respect to the Murnaghan equation calculated
with the values of Bip and Bip from precision elastic con-
stant measurements was found to be 0.075.

At 10.8+0.05 GPa, extra lines appeared in the diffrac-
tion pattern, an indication of the presence of a new phase.
This phase, InPII, was identified as having the rocksalt
structure, I'm 3m, previously reported by Jamieson. In
Table II, the calculated and observed interplanar spacing
and integrated intensities for InP II are shown.

The transition occurs when InP I has been compressed
to 89%%uo of its initial volume. The volume change associat-
ed with this transition is 16.6&o (Fig. 1). Data for phase
II and for the I~II transition are summarized and com-
pared with previous work in Table III.

Jamieson reported this transition to occur at 13.3 GPa,
with a compression of the low-pressure phase of 92%%uo.

This value of V/Vp corresponds to 7.2 GPa when the
V(P) relationship obtained in this work is used. This re-
sult is consistent with the way in which Jamieson s experi-
ment was performed. In Jamieson's apparatus ' the dif-
fraction information was obtained from crystallographic
planes that were subjected to a large pressure gradient, so
that the new phase could be observed at a lower pressure.
It is also possible that, as in the case of Ge the transition

Ii1200
I ObsI /Ipoo

I cate

TABLE II. Comparison of the calculated and observed interplanar spacings and relative intensities
for InP II at I' =10.8 GPa, 0 =5.243 A. The intensity calculations were done for a sample thickness of
100 pm. The space group considered is Fm 3m.

hkl dob, (A) d„, i, (A)

111
200
220
311
222
400
420

3.025
2.648
1.854
1.581
1.529
1.316
1 ~ 172

3.027
2.651
1.854
1.581
1 ~ 514
1 ~ 311
1.172

63
100
73
30
26
11
26

45
100
56

7
6
4
5
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FIG. 1. Equation of state of InP for the different phases.
The solid circles correspond to loading data, the open ones to
unloading data. The solid curve corresponds to the Murnaghan
equation calculated with the values of BIp=76+4 GPa and
BIo =4+0.2 obtained from the best fit of the data while the
dashed line corresponds to the Murnaghan equation with values
of BIo=71.1 GPa and BIo ——4.59 obtained from precision elas-
tic constant measurements of Ref. 29. The solid line on phase II
corresponds to the best fit of the data with a modified Mur-

naghan equation with values of BII,——130+10 GPa and

BIIr =4+0 2

BIIt
P =P, +

BIIt

a IIr —1
air

where P, is the transition pressure, B&«and BI~, the bulk
modulus and its pressure derivative at P„and a, and a&&

are the cubic unit-cell parameters at P, and P, respective-
ly. The best fit gave B~~, ——130+10 GPa and
8,'„=l.6+0. 1 (confidence interval 5 X 10 ).

The two phases, I and II, coexisted up to —(12+0.05)
GPa. Above this pressure only phase II (rocksalt) was ob-
served until at 18.9+0.05 GPa a new phase appeared.
This phase was tentatively indexed as tetragonal, P-Sn-
like. As discussed by Yu et al. such a I3-Sn-like phase
has space-group I4&/amd if the In and P atoms are posi-
tioned at random on the atomic sites, or I4m 2 if they are

pressure would have been lowered, due to the presence of
shear stress. The relative volume change

Vr(&i) —Vn(I'~) b V

V)(P, ) V

obtained by Jamieson differs by 3% from the value ob-
tained in this work.

Resistance measurements" on InP, have shown that the
high-pressure phase InPII is metallic. Data for InPII
were fitted with a modified Murnaghan equation of the
form,

TABLE III. Comparison of experimental and theoretical data for phases InP I and II and the I~II
transition.

Parameter

Pr (GPa)

V(Pr)l VO

Phase I

Present
experiment

10.8+0.05

0.893+0.005

Other
experiments

13 3 11'

0.920b

Theory

11—14'

0.891

V(Pr )/Vo
Phase II

0.744+0.005

(Pr)
I

0.166+0.007 0.196
0.213

0.185'

Bulk modulus (GPa)
Phase I

76+4 71.1g 58.7—71.3'

Pressure derivative of
bulk modulus —phase I 4+0.2

Bulk modulus (GPa)
Phase II at P,

Pressure derivative of
bulk modulus —phase II
at P,

'Reference 11.
Reference 5.

'Reference 10.
Reference 9.

'Reference 6.
Reference 30.
Reference 29.

130~10

1.6+0. 1
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TABLE IV. Data for phase III and the II~III transition in InP.
0

Lattice parameters (A)
c/a ratio

(@Pa)

(PT)
Vo

VIII
( p T

a =4.98+0.02 c =2.58+0.01
0.52+0.005

18.9 +0.05

0.70+0.007

0.64+0.03

~ Vii-iri
(py) 0.09+0.02

ordered. Contrary to the case of InSb, where the scatter-
ing factors of the two constituents were too similar, for
the x-ray diffraction results to distinguish between the
two space groups, InP would be an ideal case for the iden-
tification of any of these two space groups. In this work
no definite assignment can be made with the existing x-
ray data, since the intensity of the lines was very weak.

The II-III transition was accompanied by a 9% change
in volume. Data for InP III are summarized in Table IV.
Unfortunately, gasket failure prevented further measure-
ments beyond 19 GPa, which are needed to fully charac-
terize the compressibility of this high-pressure phase.

When the pressure was completely released from the re-
gime where InP II was stable, a crystal structure, different
from zinc blende, was observed. The results on the char-
acterization of this new phase will be published elsewhere.

DISCUSSION OF RESULTS

The sequence of transitions observed for InP is similar
to other III-V and II-VI compounds. For instance the
zinc-blende to rocksalt transition has been observed in
other III-V compounds such as InAs (Refs. 12, 23, and
33) and AlSb (Ref. 34) and in II-VI compounds such as
ZnS and ZnO. The sequence zinc-blende~ rocksalt
~P-Sn-like has been observed in InAs, ' CdTe, and
Zn Te, and is another example showing that higher
atomic coordination is favored at reduced volumes as has
been observed in Si and Ge (Refs. 2, 3, and 7) and InAs.
In this latter case, the sequence 4~6~14 is observed. In
the tetragonal structure, an In atom has six nearest neigh-
bors and eight next-nearest neighbors at only slightly
greater distance, so this structure is almost 14-fold coordi-
nated.

Van Vechten obtained a transition pressure of 14.8
GPa for the I-II transition, and Soma' 1l—14 GPa. Nor-
mally, the experimental value is somewhat higher than
thermodynamic equilibrium, as a result of kinetic factors,
so the theoretical values overestimate P, . Van Vechten
used a simple scaling law for the volume change at the
transition

&'(&, ) —&"(&,) =0.209 —0.056f;,v'(~, )
(2)

where f; =0.421, 3 then the relative volume change given
by (2) is equal to 0.185, compared to the present experi-
mental value of 0.166. Since the calculated transition

TABLE V. Calculation of the transition pressure of different
semiconductors using Van Vechten's model, with values of
b V/V obtained from experiment.

Ge
Si
InP
InAs

6 V/V
(model)

0.209
0.209
0.185
0.189

6 V/V
(experiment)

0.192'
0.204
0.166
0.17'

PT
(model)
(GPa)

9.2
14.8
14.1

9.2

PT
(calc)
(CxPa)

10
15.2
16.5
10.2

'Reference 32.
Reference 7.

'Reference 12.

pressure is proportional to 4V ', P, would be increased
to 16.5 GPa in Van Vechten's model, indicating that the
enthalpy difference between the two phases was overes-
timated by his model.

Van Vechten's scaling formula for hV was based on
limited experimental data. In particular, the values of
AV/V for Sn, Ge, Si were all thought to be 0.209 at that
time. However, recent values for Ge (Ref. 32) and Si
(Ref. 7) are 0.192+0.007 and 0.204+0.004, respectively.
Table V recomputes transition pressures for Si, Ge, InAs,
and InP and compares with experiment.

The stability of the different crystal structures of InP,
has been discussed by Soma, using a pseudopotential ap-
proach. ' ' In this approach the rocksalt structure was
thought to be obtained by compressing the zinc-blende
structure and allowing the anion to move from its
tetrahedral position to the octahedral position at the cube
center. The transition pressure was calculated to be
11—14 GPa at 0 K. Comparison of the energy curves for
the rocksalt and P-Sn structure suggested the possibility
of a phase transition at pressures in excess of 50 GPa. It
is emphasized that computed values for the transition
pressure are very sensitive to small changes in the total
energy curves, so that the disagreement is not significant
when the approximations in this calculation are con-
sidered.

The equation of state for phase I can be used to convert
photoluminescence data of Et- r(P) to Er r( V). This is
done in Fig. 2, from which it can be seen that a straight-
line fit is obtained. This assumes that B&0 and BIo are in-
dependent of temperature, which is a fairly good approxi-
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mation for a relatively incompressible substance such as
InP. Analysis of this curve gives the deformation poten-
tial constant e =dE~ z- /d ln V. The value obtained is
e = —6.07+0.06 eV. This parameter is important in
determining the mobility for electron-acoustic phonon-
mode scattering. However, e cannot be deduced from mo-
bility data for InP, since polar optical, and ionized impur-
ity scattering are the dominant scattering mechanisms.

CONCLUSIONS

An x-ray diffraction study of InP has been carried out
to 19 GPa at room temperature in a diamond anvil cell.

FIG. 2. Volume dependence of the direct gap at 20 K, ob-

tained from photoluminescence measurements of Ref. 20. The
solid line represents a least-squares fit to the data.

The main conclusions of the work are the following.
(1) The compression curve for the zinc-blende phase

could be fitted within experimental error by the Mur-
naghan equation using values for the bulk modulus, B&o,
and its pressure derivative, Bqo, obtained from elastic con-
stant measurements, (Bto ——71.1 GPa, B&o

——4.59) al-
though a best-fit curve to the data in which B&0 and BIo
were allowed to vary gave slightly different values for
these parameters, Bqo ——76+4 GPa, B&o ——4+0.2.

(2) The zinc-blende phase (I) was observed to transform
to the cubic, rocksalt structure (II) in agreement with an
earlier observation of Jamieson. The onset transition
pressure (10.8+0.05 GPa) is somewhat lower than
theoretical estimates. Crystal data for phase II have been
refined, and differ from Jamieson's earlier values. The
relative volume of phase I at the transition was found to
be V/Vo ——0.893+0.005 and the relative volume change
at the transition 6V/V =0.166+0.007.

(3) The compression curve for phase II was fitted to a
modified Murnaghan equation giving best-fit values for
the bulk modulus and its pressure derivative at the transi-
tion pressure, Bn, ——(130+10)GPa, Btt, ——1.6+0. 1.

(4) The rocksalt structure was found to transform to
another structure (III), at 18.9+0.05 GPa which is tenta-
tively identified as P-Sn-like. Crystal data for this phase
at the transition pressure are reported.

(5) Using the equation of state for phase I and pub-
lished photoluminescence data the deformation potential
constant was calculated to be —(6.07+0.06) eV.
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