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High-pressure elastic properties of gallium phosphide
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The pressure dependence of the elastic constantsCi j of GaP have been measured up to 15 GPa in a diamond
anvil cell. Brillouin backscattering experiments along the principal crystallographic directions yielded four
combinations of elastic constants from which the three independentCi j were extracted. Above 15 GPa the
closure of the energy band gap prevents the detection of the signal.@S0163-1829~99!04827-4#
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I. INTRODUCTION

Like many III-V semiconductors, gallium phosphide cry
tallizes in the cubic zinc-blende structure (F4̄3m space
group!. In this structure, the atoms are tetrahedrally bond
to their nearest neighbors through covalent bonds. Un
pressure, the cubic phase is destabilized, and a transition
tetragonal metallic phase occurs. At room temperature,
transition takes place in the 20-GPa range.

The properties of the zinc-blende phase as a function
pressure have been studied by Raman scattering up to
GPa,1–5 fundamental absorption,6 refractive index
measurements,7 and a combined x-ray diffraction-x-ray ab
sorption spectroscopy experiment.8 The transition to the me
tallic phase was first observed in resistivi
measurements,9,10 and then by x-ray diffraction.11–13

The elastic properties were studied under hydrostatic
uniaxial pressures up to about 0.14 GPa using ultrasonic14

From such a study, the second- and third-order ela
moduli were deduced, and hence the bulk modulusB and its
pressure derivativeB8.

In the present paper we present the pressure depend
of the second-order elastic moduli of GaP up to 15 G
measured by Brillouin scattering in a diamond anvil cell.

Section II of this paper is devoted to a brief presentat
of the experimental techniques used, as well as to detail
the data analysis. The results obtained for GaP are prese
and discussed in Sec. III.

II. EXPERIMENT AND BACKGROUND

The Brillouin scattering technique has been extensiv
described in the literature.15,16 The 514.5-nm argon ion lase

TABLE I. Combination of elastic moduli involved in the vari
ous propagation directions explored.

Propagation
direction Polarization Combination of elastic moduli

@100# L C11

@110# L (C111C1212C44)/2
@111# L (C1112C1214C44)/3
@111# T (C112C121C44)/3
PRB 600163-1829/99/60~3!/1468~3!/$15.00
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line with a single longitudinal mode was used with an inp
power of about 150 mW. In the present study, we used
14 tandem Fabry-Perot interferometer. The diamond an
cell was of the Block-Piermarini type,17 and hence all experi-
ments were restricted to the backscattering geometry. In
geometry, the shift~in cm21! of the scattered radiation i
given by

Ds52nv/lc, ~1!

wheren is the refractive index of the medium,l the wave-
length of the incident radiation~in cm!, c the velocity of
light, and v the velocity of sound in the medium. Exper
ments were performed with three different directions of ph
non propagation:@100#, @110#, and @111#. Longitudinal
modes are observed for all three propagation direction18

additionally a transverse mode is also observed for the@111#
direction.18 The combinations of elastic moduli involved i
these experiments are summarized in Table I. Argon w
used as a pressure transmitting medium in all our exp
ments, and the pressure was measured from the shift o
Rl luminescence peak of a ruby microsphere, using
quasihydrostatic scale.19

In order to deduce the sound velocity from Eq.~1!, it is
necessary to know the pressure dependence of the refra
index. We used the determination of Ref. 7, i.e.,

n~l,P!5n~l!1S ]n~l,P!

]P D
l

P1S ]2n~l,P!

]P2 D
l

P2, ~2!

TABLE II. Ambient condition elastic moduli and bulk modulu
~in GPa! obtained by different authors.

C11 C12 C44 B Ref.

141.260.3 62.560.3 70.560.1 88.861 Weil ~Ref. 20!
141.4 64 70.3 89.8 Boyle~Ref. 21!
141.163.8 62.662.5 70.361.2 88.866 Yamada~Ref. 22!
145.1 61.1 71.6 89.1 Pesin~Ref. 23!
137.5 59.4 72.2 85.4 Gehrlich~Ref. 24!
140.5 62.0 70.3 88.1 Yogˇurtçu ~Ref. 14!
146.160.9 63.661.2 69.960.8 91.165 Present work
1468 ©1999 The American Physical Society
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with n53.532, ]n/]P520.029 GPa21, and ]2n/]P2

50.001 GPa22 for l5514.5 nm.
The elastic moduli are related to the sound veloc

through

v25
1

r
F~Ci j !, ~3!

wherer is the density, andF(Ci j ) is a function of the elastic
moduli that depends on the propagation and polarization
rections. The values we have used for the density were
tained from the equation of state measured by exten
x-ray-absorption fine structure~EXAFS!,8 i.e.,

r5r0S 11
B8P

B0
D 1/B8

, ~4!

where r054138 kg/m3 is the density at P50, B0
587.4 GPa the bulk modulus atP50 andB854.5 ~Ref. 8!.

FIG. 1. Pressure dependence of the measured acoustic m
frequencies. Triangles, rhombs, and circles represent the longit
nal phonon propagating along the@111#, @110#, and @100# direc-
tions; squares correspond to the TA along@111#.

FIG. 2. Pressure dependence of the various combinations
Ci j ’s obtained in this study. The symbols are the experimental
sults and the lines are the fits described in the text.
i-
b-
d

III. RESULTS AND DISCUSSION

The values of the elastic moduli at ambient pressure
given in Table II and compared with previou
determinations;20–24 overall, there is good agreement for a
the Ci j including the bulk modulus which, for a cubic crys
tal, is given byB5(C1112C12)/3.

In Fig. 1, we present the frequency shift as a function
pressure measured for the various orientations. The triang
rhombs, circles, and squares represent the frequency
due to the longitudinal mode propagating along the@111#,
@110#, @100# directions and the transverse mode along
@111# direction, respectively. From these data the press
dependence of the sound velocities is deduced using Eqs~1!
and~2!. The various combinations of elastic moduli are th
extracted using Eqs.~3! and~4! and Table I. The full lines in
Fig. 2 were obtained by a simultaneous least squares fit to
four data sets in which each of the three independent c
stants (C11, C12, andC44! were assumed to be of the form

Ci j ~P!5q1rP1tP2. ~5!

The values obtained for the individualCi j are summarized in
Table III and plotted in Fig. 3 together with the resultin
bulk modulus and (C112C12)/2.

In Table IV, we listed the pressure derivative of vario
elastic moduli determined in this work and in previo
investigations.14,24,25Although there is qualitative agreeme
between our values and previous determinations, the disc
ancies lie slightly outside the estimated errors. These
crepancies may be due to the much larger pressure ra
covered in the present investigation compared to that c
ered in the earlier ultrasonic experiments. It is interesting

de
di-
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-

TABLE III. Coefficients of the quadratic least squares fit of th
elastic moduli.@See Eq.~5!.#

Elastic modulus q ~GPa! r t ~GPa21!

C11 146.160.9 3.760.3 0.0360.02
C12 63.661.2 4.960.4 20.0660.03
C44 69.960.8 0.660.3 20.0360.02

FIG. 3. Ci j obtained by fitting the Brillouin data in Fig. 2.
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TABLE IV. Pressure derivative of elastic moduli.

Present work Ref. 25 Ref. 24 Ref. 14 Ref.

]C11/]P 3.76 0.3 5.06 0.2 5.406 0.22 4.776 0.15
]C12/]P 4.960.04 5.06 0.2 5.936 0.36 4.796 0.16
]C44/]P 0.66 0.3 1.16 0.1 1.2460.012 0.926 0.03
](C112C12)/2]P 20.66 0.4 20.0460.02 20.08860.003 20.0360.007
B85]B/]P 4.56 0.4 5.0 5.75 4.79 4.5
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note, however, that our value ofB8 is in excellent agreemen
with the value obtained in Ref. 8 by EXAFS over a simil
pressure range.

Recalling thatC44 and (C112C12)/2 represent the ex
trema of the transverse moduli in a cubic crystal, the res
in Fig. 3 show no evidence that a soft acoustic mode
responsible for the phase transition which occurs at;20
GPa.

In an attempt to understand the mechanism of
pressure-induced phase transition in many group IV
III-V crystals, Yoǧurtçu, Miller, and Saunders proposed th
the transition occurs whenC85(C112C12)/2B decreases to
approximately 0.2: it was also further suggested that the
crease is due to a softening of the shear mode. Although
present results can be extrapolated to yieldC850.2 at;25
GPa, quite close to the observed transition, they do not s
port the idea of a soft shear acoustic branch.
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IV. CONCLUSIONS

Using Brillouin scattering we have determined the pre
sure dependence of the three independent elastic constan
GaP up to 15 GPa; close to the previously reported ph
transition. Although the material exhibits somewhat unus
pressure independent shear moduli, there is no evidence
soft acoustic branch being responsible for the phase tra
tion.
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