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The shift with pressure of the transverse optic-phonon-mode frequencies in BeO has been measured up
to 20 GPa at 25 K by Raman scattering, using a diamond anvil cell. The mode Grtineisen parameters have
been determined from the pressure data and are compared with the systematics observed in III-V and other
II-VI compounds. The total energy calculations of Chang and Cohen predict a pressure-induced transition
from wurtzite to NaCl-type phase at about 20 GPa. Unfortunately the pressure limit in the present study is
inadequate to demonstrate this transition, for it stops just near the predicted transition pressure, which

would almost surely require considerable overpressure.

I. INTRODUCTION

The effect of high pressure on the optic-phonon modes in
several diamond-zinc-blende materials have been investi-
gated in recent years by Raman spectroscopy, using the dia-
mond anvil cell.!-3 (See, for example, Ref. 2 for GaAs and
InP; Ref. 3 for AIN, BN, and BP; Ref. 4 for GaSb, InAs,
and InSb; Ref. 5 for ZnS, ZnSe, and ZnTe.) From these
studies, the mode Grlineisen parameter vy, and in the case
of compound semiconductors the transverse effective
charges as a function of pressure, have been obtained, the
latter from the LO-TO splitting. These results have been
compared with the effective charges calculated using the
bond-orbital model® as well as the dielectric-matrix pseudo-
potential method’ and are found to be in reasonable agree-
ment.

As for the wurtzite structured compounds, the pressure
dependence of the optic phonons in ZnO and CdS have
been investigated®® by Raman spectroscopy. Mitra, Braf-
man, Daniels, and Crawford,® who were the first to study
these compounds up to a pressure of 1 GPa reported a
correlation between the yto and the ionicity expressed in
terms of Szigetti effective charge. In the case of CdS, Ven-
kateswaran, Chandrasekar, and Chandrasekar® carried out
Raman measurements to 4.2 GPa. They attributed the pres-
ence of the wurtzite lattice phonon beyond the wurtzite to
NaCl-type phase-transition pressure of 2.7 GPa, to the coex-
istence of both the phases over a considerable pressure
range. They obtained Grilineisen parameters in good agree-
ment with the previous studies by Mitra, Brafman, Daniels,
and Crawford.®

Our motivation to study BeO at high pressure by Raman
spectroscopy was for two reasons.

(1) A recent total-energy calculation,!® using the pseudo-
potential method and the density functional formalism by
Chang and Cohen, has predicted a phase transition from
wurtzite to an insulating rock-salt structure in BeO around
20 GPa.

(2) We thought it would be worthwhile to compare the
pressure dependence of the phonon frequencies of BeO,
which is more ionic in nature compared to the III-V and
other II-VI compounds, with the systematics observed for
the large class of diamond-zinc-blende structure semicon-
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ductors. In this study we have carried out Raman measure-
ments on BeO up to 20 GPa using the diamond anvil cell, at
three different temperatures (25, 100, and 295 K). The
three observable optic phonons are seen even at 20.6 GPa,
the limit of pressure reached in the present study, and this
would indicate that the wurtzite phase is dominant. The
mode Grlineisen parameters obtained correlate well with the
Szigetti effect charge. These results will be presented and
discussed in this paper.

II. EXPERIMENTS

A gasketed diamond anvil cell'! (DAC) was used to gen-
erate  hydrostatic pressure. The well-known ruby-
fluorescence technique!? was used to determine the pressure
in the sample chamber. For the room-temperature mea-
surements (300 K) the standard 4:1 methanol-ethanol mix-
ture was used as the pressure-transmitting medium and for
the low-temperature measurements argon was used.!> For
argon filling, the DAC was mounted in an optical crysostat,
the central block of which is cooled by coils circulating
liquid helium. After cooling the cell, argon was admitted
into the gasket region and condensed into the gasket hole
until it was filled. The pressure chamber was then sealed
and the excess argon pumped out. Then the He contact gas
was admitted. The outer jacket of the cryostat was continu-
ously pumped to maintain high vacuum. Pressure was ap-
plied by turning the screw thread mechanism of the DAC
by two long rods suitably coupled to the cell and coming out
of the vacuum region through neoprene gasket seals. In
this setup pressure could be changed while the cell was at
low temperature, by turning the long rods with the special
wrench from outside the cryostat. The cell temperature in
the gasket region was monitored with a germanium resis-
tance thermometer, placed inside the DAC in the vicinity of
the gasket region.

The spectra were recorded using a conventional Raman
double monochromator with a band pass of —4 cm~L.
Both 488- and 514.5-nm laser lines from an argon-ion laser
were employed for excitation, in the backscattering
geometry. The power level for the laser line was about
~ 800 mW. The Raman frequencies were determined from
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a computer fit of the observed lines to a Gaussian profile.
The BeO crystals were flux grown and were kindly made
available to us by Dr. K. Nassau. They were small elongat-

ed pieces, colorless, and transparent, with natural faces..

Small fragments obtained by breaking the crystals were used
for the pressure study. A fragment of suitable size having
as nearly a smooth surface as possible was selected for
mounting inside the gasket hole. The crystal fragments
were therefore of random orientation and hence no polar-
ization studies were attempted.

III. RESULTS AND DISCUSSION

BeO crystallizes in the wurtzite structure and belongs to
space group C¢y (P63mc) with two formula units in the
primitive unit cell. There are thus nine optical branches to
the phonon dispersion!#

I'=A,(r,R)+2B;+ E,(ir,R)+2E,(R) ,

where ir and R denote the infrared and Raman activity of
the mode. Since A4; and E; are both ir and R active, LO
and TO modes are nondegenerate and can be observed by
Raman spectroscopy. Unfortunately in our experiments
A;(LO) and E{(LO) could not be observed with BeO in the
diamond anvil cell, due to their weak-scattering efficiencies.
The 4,(TO) and E,(TO) modes are very close in frequency
(4;=681 cm~!, E,=687 cm~!) at atmospheric pressure
and hence E; could not be well resolved at ambient pressure
and at low pressure. However, these two modes are well
separated for p = 2 GPa, due to the difference in their pres-
sure response. Figure 1 shows the typical Raman spectra
for three different pressures at 25 K. As expected, the Ra-
man signal is stronger at low temperatures and hence the
different modes can be followed easily up to high pressures.
The phonon frequencies for 4;, E;, and E, modes are
plotted as a function of pressure in Fig. 2. - The solid lines
are the least-squares-fitted curves to w = w(0) + bP, with wg
and b as two adjustable parameters. The mode Grilineisen
parameters defined as .
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FIG. 1. The transverse optic-phonon modes of BeO at three dif-
ferent pressures and at 25 K, recorded with the sample in the dia-
mond anvil cell. At low pressure the E, is almost coincident with
A,. The broadening of the Raman peaks at higher pressures may
be associated with the presence of some nonhydrostatic com-
ponents. :
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FIG. 2. A plot of the phonon frequency as a function of pressure

at 295, 80, and 25 K. For 7=295 K only the A4, is clearly seen up
to 7 GPa. At higher pressures it becomes too weak to be seen.

where B is the bulk modulus, are given in Table I for all the

 three modes at the three temperatures. The value of B

used!® was 249 GPa. The values of y; have errors within
+5%. The temperature dependence of y; shown in Table I
is quite peculiar and we have no explanation for it at the
present time. It is not connected with any uniaxial stress
because the slopes were obtained from the low-pressure re-
gion, where solidified argon behaves quite hydrostatically.
More experiments are needed at different temperatures to
establish the temperature dependence of y. Such a study
would be interesting to decipher the relative contributions of
the quasi-harmonic and -anharmonic interactions to phonon
frequencies.

We next come to the comparison of the y with other
compounds. This can be best illustrated in terms of the
correlation diagram?® between the yto and the Szigetti effec-
tive charge per cation valence electron, g5 /Z.e. The Sziget-
ti effective charge g is related to Born’s transverse effec-
tive charge gr (Ref. 15) by the relationship

=4
S €+ 2

TABLE 1. Mode Griineisen parameters y for BeO. y values
were calculated using By =249 GPa (Ref. 10) and ;(0) values tak-
en from the fitting (intercept).

Temperature

phonon

(cm~1) 25 K 80 K 295 K
A,(681) 1.952 1.724 2.035
E,(687) 2.375 1.919
E(725) 1.967 1.693
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gr in turn is given by

. OM,
af 47
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where () is the volume of the primitive unit cell, M, is the
reduced mass of the vibrating atoms and €, is the high-
frequency dielectric constant (e, =2.95 for BeO). Using
the LO and TO values at atmospheric pressures, we obtain
qs’/Z.e=0.56 for the A; mode and 0.55 for £; mode. The
corresponding values of y are plotted versus gs° /Z.e in Fig.
3, where the rest of the data are taken from Ref. 8. As can
be seen from the figure, the values of vy, are very similar to
ZnO and follow the trend noted by Mitra, Brafman,
Daniels, and Crawford.?

Chang and Cohen from their calculations of the total en-
ergy have predicted a wurtzite to NaCl-type phase transition
in BeO around 20 GPa.!® If the phase transition occurs, one
expects to see the Raman peaks of wurtzite to disappear,
and in the NaCl-type phase there should be no first-order
Raman peaks. Up to the highest pressure reached in the
present study (20.6 GPa) the Raman peaks of the wurtzite
phase are still seen, although they become quite weak in in-
tensity at the highest pressures. Also there is no visual in-
dication under the microscope for a phase change. From
these results one is tempted to conclude that the wurtzite to
NaCl-type phase transition has not occurred in BeO at pres-
sures up to 20 GPa. However, the Raman results cannot
decide the issue, for the following reason. If the phase
transition is very sluggish, there will be both wurtzite and
NaCl-type phases coexisting over a range of pressure and
this can still give Raman peaks from the wurtzite phase. In
fact such a situation has been encountered in CdS (Ref. 9)
where the wurtzite Raman peaks are seen even at 4 GPa,
while the wurtzite—NaCl-type phase transition is known to
occur near 2.7 GPa. In any case the pressure limit of the
present study is not adequate to show the presence of this
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FIG. 3. The long-wavelength transverse-optic-mode Griineisen
parameter vs the Szigetti effective ionic charge per cation electrons.
All the data except for BeO have been taken from Ref. 8. A, E;
mode of BeO; O, 4; mode of BeO.

transition, which is bound to be sluggish, requiring consid-
erable overpressure to initiate the transition. Further, we
feel that only high-pressure x-ray diffraction can settle this
question decisively and at the present time such a study is
in progress.
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