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The effect of isotropic pressure on the frequency of the fundamental Raman mode of diamond has been
measured up to 40 GPa. The mode frequency increases linearly with the change in wavelength of the R,
luminescence of ruby, which is used for pressure measurement. The mode frequency has been calculated
theoretically for pressures up to 600 GPa and is found to vary sublinearly with pressure. The possibility of
using the Raman mode as a pressure gauge is discussed.

I. INTRODUCTION

The development of the diamond-anvil high-pressure cell
has stimulated Raman-scattering investigations of vibration-
al modes in covalent solids.! The extended hydrostatic pres-
sure range has made possible the detection of nonlinear ef-
fects in the pressure dependence of mode frequencies.
Among the group-IV elements, Si (Ref. 2) and Ge (Ref. 3)
have been studied up to 12.5 and 10.5 GPa, respectively,
which roughly corresponds to the stability range of the
tetrahedrally coordinated phases.

In this Rapid Communication we report on Raman mea-
surements of the fundamental zone-center mode of dia-
mond subjected to isotropic stress in a diamond-anvil cell
and on an ab initio theoretical calculation of the dependence
of this mode on pressure.

Previous Raman studies of the fundamental zone-center
mode of diamond have covered the pressure range below
2.5 GPa. The linear pressure coefficient reported by Mitra,
Brafman, Daniels, and Crawford* (2.8 +0.3 cm~!/GPa)
agrees to within mutual experimental error with the result
of Whalley, Lavergne, and Wong® (2.96 +£0.11 cm~'/GPa).
Both experiments were performed under truly hydrostatic
conditions up to 1.0 and 2.3 GPa, respectively. Parsons®
finds a somewhat larger value (3.6 £0.3 cm~!/GPa) in an
experiment with a solid pressure medium and a pressure
scale based on the optical absorption in nickel dimethyl-
glyoxime. The hydrostatic pressure coefficient derived from
uniaxial stress experiments is 3.2 +0.2 cm~!/GPa.”

In the present experiment we have observed the first-
order Raman mode at pressures between 15 and 40 GPa.
Despite the strong Raman scattering from the diamond win-
dows, the observation of the signal from the sample is pos-
sible above roughly 15 GPa because the change in the Ra-
man profile of the strained anvils® differs sufficiently from
the charge due to isotropic stress. We find that the mode
frequency increases linearly with the wavelength change of
the R; luminescence line of ruby, which serves as a pres-
sure gauge.”!® The experimental detectability of a nonlinear
pressure dependence of the zone-center mode frequency of
diamond critically depends on the calibration of the ruby
scale. )

An ab initio pseudopotential total-energy calculation is
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used to find the phonon frequency as a function of volume
by the frozen-phonon method as described in Ref. 11. The
pressure is determined from the numerical derivative of en-
ergy with respect to volume. Results for pressures up to
600 GPa are obtained. The theoretical results show a clear
sublinear dependence of the phonon frequency on pressure,
and indicate that the sublinearity of the variation of the
ruby-luminescence wavelength with pressure may, in fact,
be somewhat greater than that determined in earlier experi-
mental studies.!?

II. EXPERIMENTAL PROCEDURE

Raman measurements were performed on polished dia-
mond flats of about 60 um in diameter and 15 um in thick-
ness. A single piece of the sample material was placed in
the gasket hole of a diamond-anvil cell together with some
ruby splinters. Solid xenon was used as the pressure medi-
um. The final gasket thickness at the highest pressure is es-
timated to be at least 30 wm, so that bridging of the sample
between the anvils is avoided. The Raman signal was mea-
sured in nearly backscattering geometry using a micro-
optical setup described elsewhere.!? The sample crystals
were oriented with the [001] axis perpendicular to their pol-
ished surface, so that this direction points along the optical
axis. The diameter of the laser focus at the sample was 30
wm. Spectra were recorded with 514.6-nm excitation.

III. RESULTS AND DISCUSSION

Figure 1 shows Raman spectra of diamond measured at
three different pressures. Spectra are taken from different
runs with varying levels of background luminescence (not
shown). Above roughly 15 GPa the sample signal starts to
become observable as a peak separated in frequency from
the anvil signal. For a discussion of the anvil signal under
applied load we refer to Ref. 8. The observed linewidth
(4.0-5.5 cm~!) is a contribution from three effects: instru-
mental resolution (2.5-4.0 cm~!, depending on spectrome-
ter slit setting), intrinsic broadening (1.65 cm~!),!? and pos-
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FIG. 1. First-order Raman spectra of diamond at three different
pressures. The low-frequency edge is due to the Raman signal of
the strained diamond windows.

sible inhomogeneous stress effects. The increase in
linewidth over the value at normal pressure is less than 1
cm~!, which indicates a fairly homogeneous stress distribu-
tion across the sample region illuminated by the laser.
Experimental results for the phonon frequency of the
fundamental Raman mode as a function of wavelength of
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the R, luminescence of ruby are shown in Fig. 2. The solid

line corresponds to the result of a least-squares fit which

yields a slope of 7.94 £0.1 cm~!/nm. The standard devia-

tion is 1.3 cm~!. The scatter of the data points about the
straight line reflects the combined error in Raman and
luminescence measurements. The linear coefficient is al-

most unchanged (8.09 £0.2 cm~!/nm), if the zero-pressure

frequency (measured value wo=1333.0 +0.5 cm™!) is not

included in the fit. Therefore, a linear relation accounts
well for the experimental results over the entire pressure
range.

Piermarini, Block, Barnett, and Forman® have calibrated
the ruby-luminescence shift against the equation of state of
NaCl up to pressures of 20 GPa. Using their pressure coef-
ficient of 0.365+0.002 nm/GPa for the red shift of the
ruby line, the slope of the solid line in Fig. 2 converts to a
linear pressure coefficient of 2.90 +0.05 cm~!/GPa for the
Raman mode frequency, in close agreement with the low-
pressure results reported in Refs. 4 and 5. The correspond-
ing mode Grilineisen parameter near normal pressure
vo= — (dInw/dInV)y is 0.96, if we adopt the adiabatic bulk
modulus By=442 GPa.* Mao, Bell, Shaner, and Stein-
berg!® have performed a calibration of the ruby scale up to
95 GPa against the equations of state of four different met-
als. They find evidence for a sublinear dependence of the
ruby-luminescence shift on pressure. Near 40 GPa the
pressure from the nonlinear ruby scale is about 4% higher
compared with the linear scale. Thus, if we rely on the ruby
calibration of Mao et al,!° there is experimental evidence
for a weak sublinear behavior of the zone-center mode as a
function of pressure.

For the present experimental configuration an additional
uniaxial compressive stress component along the rotational
symmetry axis of the cell is equivalent to stress in the [001]
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FIG. 2. Measured (®) and calculated (X) Raman shift of the diamond zone-center optical phonon plotted against pressure-induced
wavelength shift of the R;-luminescence line of ruby and against calculated pressure, respectively. The relation between the R-line
wavelength and the pressure axis is chosen according to the linear ruby calibration (Ref. 9). Error bars indicate the estimated uncertainty in

the theoretical results (see text). The dashed line is a guide to the eye.
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FIG. 3. Calculated frequency of the diamond zone-center optical
phonon plotted against calculated pressure in the range 0-600 GPa.

direction of the sample, which splits the threefold degen-
erate zone-center mode of diamond into a singlet and a
doublet. In the backscattering geometry one observes only
the singlet mode (see Ref. 8 and literature cited therein),
which lies higher in frequency ( = 0.5 cm™!/GPa of uniaxial
stress’) compared with a truly hydrostatic situation. It is
believed that the unaxial stress, which can be sustained by
the xenon pressure medium under an average pressure of
40 GPa, is below 1 GPa. Therefore, a possible systematic
error in the experimental data due to uniaxial stress effects
is considered to be negligible.

In the theoretical calculation, the pressure at a given
volume is determined as minus the average numerical ener-
gy derivative with respect to volume between 0.9995 and
1.0005 of a given volume with zero frozen-phonon ampli-
tude. Because the pressure is calculated from energy differ-
ences, the numerical errors involved give an absolute uncer-
tainty in pressure which is constant over the entire range of
pressures calculated. The uncertainty in pressure arises
from several aspects of the calculation, most notably, local-
density-functional theory (and within that approximation,
which form of the exchange-correlation-energy function is
used), the incompleteness of the set of Gaussian basis func-
tions used in describing the wave functions, and the fact
that, following the scheme of Ref. 11, we do not minimize
the total energy at each individual volume with respect to
the decays of the Gaussian basis functions. These errors
are all of the same order of magnitude, and the total uncer-

tainty in the calculated pressure at a given volume in the
range considered is estimated to be less than 3 GPa. It is
important to note that the relative accuracy in the calculated
pressure is better at higher pressures. This is in contrast to
the experimental measurement of pressure, where the accu-
racy is highest at low pressure.

The same numerical factors which cause uncertainty in
the calculated pressure also give rise to an uncertainty of ap-
proximately 10 cm~! in the theoretically determined phonon
frequency. Furthermore, there is a systematic overestima-
tion of the phonon frequency from the frozen-phonon tech-
nique due to renormalization of the phonon frequency by
anharmonic effects. This systematic error has been estimat-
ed!’ to be of the order of 10 cm™~! for this phonon mode.

Theoretical results for the phonon frequency as a function
of pressure are included in Fig. 2. The calculated and ex-
perimental phonon frequencies. agree within mutual error
bounds in the range of experimental data. Because of the
relatively large uncertainty in the theoretical results, this
agreement is true whether one adopts the linear pressure
scale from Piermarini, Block, Barnett, and Forman® or the
sublinear scale of Mao et all® However, if we consider the
full theoretical curve!® in the range 0-600 GPa in Fig. 3, we
see a clear sublinear dependence of the phonon frequency
on pressure.!” In the light of the experimental data, this
gives a strong indication of a sublinear dependence of the
ruby R; luminescence on pressure in the range 0-40 GPa
which may be greater than that found by Mao et a/.!°

IV. CONCLUSIONS

In conclusion, we have observed the shift of the zone-
center Raman mode of diamond under isotropic stress in a
gasketed diamond-anvil cell. The linear pressure coefficient
is in close agreement with results®® obtained in the low-
pressure range. We find experimental evidence for a weak
sublinear pressure dependence, if we adopt the nonlinear
ruby pressure scale.!'® This sublinearity is stronger in the
theoretical calculation. From the phonon frequency depen-
dence on pressure calculated here, we believe it is now pos-
sible to determine pressures from the zone-center Raman
mode in diamond with an accuracy of at least +10 GPa in
the range of 0-600 GPa when the uncertainties of both fre-
quency and pressure as a function of volume are taken into
account. While this level of accuracy is not useful for pres-
sures less than 50 GPa, where other methods are more ac-
curate, for higher pressures it offers the best scale of pres-
sure determination yet available.
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