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The single-crystal elastic properties of MgO were measured by Brillouin scattering in diamond anvil cell to
18.6 GPa. These measurements demonstrate that quasihydrostatic stress conditions can be obtained in solid
pressure medium by thermal annealing, and establish the accuracy with which elastic moduli can be measured
over this extensive pressure range~65% in dCi j /dP!. The acoustic anisotropy of MgO decreases with
pressure, with MgO becoming isotropic at;21.5 GPa. Deviations from noncentral interatomic forces, as
measured by the Cauchy relations, increase steadily with pressure.@S0163-1829~99!50222-1#
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Magnesium oxide has long been of interest as a protot
for understanding bonding in alkaline-earth oxides, as a c
mercially important ceramic, and as a likely major consti
ent of the Earth’s lower mantle~between 660 km and 290
km in depth!.1 The extensive literature on MgO include
both theoretical and experimental studies of its electro
structure,2 structural phase transitions,2–4 elasticity,3–7 and
thermal properties.8 Because MgO is likely to be a majo
constituent of the Earth’s lower mantle, the effects of pr
sure on bonding in MgO, and its properties under the hi
pressure conditions, are of considerable importance
geophysics.1–7,9–11 The long history of intense research o
MgO also makes it useful as an interlaboratory standard
assessing the accuracy of new experimental technique6,10

and theoretical models.4

Here we present measurements of the single-crystal e
tic properties of MgO to 18.6 GPa by Brillouin scattering
the diamond-anvil cell at room temperature. We used
Merrill-Bassett type four-screw diamond anvil cell~DAC!
which was modified with a large opening for either 80°
90° Brillouin scattering experiments.12 Diamonds with culet
diameters of 500mm were used with gaskets of either 25
mm thick spring steel foil, or rhenium when annealing w
necessary. Thin slabs~10–50 mm thick! were cut perpen-
dicular to the@100# crystallographic direction from a singl
crystal of synthetic MgO~Ref. 7! and polished on both sides
Samples with dimensions of;80380 to 1503150mm were
cleaved from these slabs and loaded into the sample cha
PRB 590163-1829/99/59~22!/14141~4!/$15.00
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FIG. 1. Brillouin spectrum of MgO at 1 atm~top! and in DAC at
18.6 GPa~bottom!. Longitudinal and shear peaks for MgO, long
tudinal peaks for the methanol-ethanol-water mixture~Alc VL!, and
shear peaks for diamonds~Diam. VS! are also present.
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along with typically 5–7 ruby chips for measurements
pressure, pressure gradients, and nonhydrostaticity. The
sure was calculated from the ruby fluorescenceR1 line
shift.13,14 The pressure was measured before and after e
experiment.

For Brillouin scattering we used an Argon ion laser (l0
5514.5 nm! and a 6-pass tandem Fabry-Pe´rot interferom-
eter. Details of the Brillouin spectrometer are given in R
15. All experiments used a platelet/symmetric scatter
geometry12 with a scattering angle of 80°. The Brilloui
spectra collected atP51 atm and at high pressure were
superb quality, with a very high signal-to-noise ratio~Fig. 1!.
To verify the reliability of the high-pressure results, we co
lected 1 atm data from an MgO platelet in air without t
DAC, and also from a sample inside of the diamond cel
P51 atm ~as indicated by the presence of an air bubb!.
The phonon velocities as a function of crystallographic
rection are shown on Fig. 2, and show complete inter
consistency between the data obtained with and without
DAC. This is strong evidence that our diamond cell resu
are accurate, and that we have avoided errors cause
strong refraction from the diamonds, and vignetting of t
input/scattered light. We note that in order to obtain accur
Brillouin results at high pressures, it is important that t
sample and diamond surfaces be strictly parallel through
the experiment, that the scattering geometry by caref
controlled, and that the gasket hole used as a sample ch
ber not intercept any part of the incident or scattered cone
light.

High-pressure data were collected at hydrostatic press
of 2.5~1!, 5.5~1!, 7.9~1!, 11.0~1!, 14.4~3!, 14.6~3!, and
18.6~2! GPa. The numbers in parentheses are the estim

FIG. 2. Acoustic velocities as a function of phonon direction
the ~100! plane at 1 atm~top! and at 18.6 GPa~bottom!. Date
obtained in air without the DAC~open symbols! are internally con-
sistent with experiments in the DAC~filled symbols! at 1 atm.
Decreased anisotropy is apparent in the data at 18.6 GPa.
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1s uncertainties in pressure measurement, calculated f
the run-to-run variation of fluorescence measurements,
do not include possible systematic errors in the ruby press
scale. A mixture of methanol, ethanol, and water~16:3:1 by
volume! was used as a pressure-transmitting medium in
experiments. This fluid has a freezing pressure at room t
perature of;15 GPa, and we observed that the ruby fluor
cence peaks remained sharp and narrow up to that pres

Even at pressures above the freezing point of the pres
medium, a near hydrostatic stress state can be achieved i
DAC by thermal annealing. In all runs above 10 GPa t

FIG. 3. Ruby peak widths,R1-R2 peak splitting, and pressur
gradients in the diamond cell before and after annealing. Diamo
indicate the width of rubyR1 fluorescence peaks normalized
1-atm value. Squares indicate the normalizedR1-R2 peak splitting.
Note the range in pressure values~;3 GPa! before annealing, and
very consistent pressure values after annealing.

TABLE I. Single-crystal and aggregate elastic moduli of Mg
~in GPa! and their pressure derivatives. Pressure derivatives of b
and shear moduli are calculated from finite-strain equations of s
Pressure derivates of single-crystal elastic constants are given
nomial fits: Ci j (P)5Ci j 0

1Ci j8 P1
1
2 Ci j9 P2. In Ref. 10 two sets of

pressure derivatives are presented, both of which we list.

Modulus This study
Ref. 9,

to 3 GPa
Ref. 10,

to 7.8 GPa

C11 297.9~15! 296.8~2! 297.8
C118 9.05~20! 9.17~7! 8.76/8.75
C119 20.090~30! 20.118~60! 20.030/20.038

C44 154.4~20! 155.8~2! 155.8~15!

C448 0.84~20! 1.11~1! 1.31/1.29
C449 10.006~20! 20.032~6! 20.09/20.075

C12 95.8~10! 95.3~2! 95.1
C128 1.34~15! 1.61~12! 1.81/1.99
C129 20.002~20! 20.028~68! 0.02/20.026

K0 163.2~10! 162.5~2! 162.7~2!

K08 4.0~1! 4.13~9! 4.13/4.24
K09 20.04~2! 20.058~66! 0.001/20.029

G0 130.2~10!

G08 2.4~1!

G09 20.04~2!
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diamond cell was heated to 150–200 °C for 10–60 min, w
longer anneals at higher pressures. The hydrostaticity of
pressure-transmitting medium can be estimated from p
sure gradients inside the diamond cell, the splitting
R1-R2 ruby peaks, and the width of the ruby peaks.16–18 In
Fig. 3 the ruby linewidths andR1-R2 peak splitting are
shown for different ruby chips in a single run, both befo
and after heat treatment. While there is a small variability
the linewidth~which can be partially due to the instrument
function!, both the pressure gradient and increased line s
ting are eliminated during heating, indicating that anneal
produces essentially hydrostatic conditions within the re
lution of our experiments.

From the measured Brillouin spectra, acoustic velocit
are obtained through the relation

Vi5
1
2 Dv il0 /sin~u/2!,

whereVi is a phonon velocity,Dv i is the measured Brillouin
shift, l0 is the laser wavelength, andu is the angle between
the incident and scattered light measured outside the DA12

FIG. 4. Single-crystal elastic moduli of MgO~a!, and isotropic
aggregate bulk and shear moduli~b! as a function of pressure. Ope
symbols indicate results for a nonhydrostatic experiment. S
lines are polynomial fits~a!, or finite strain fits~b!, to our data.
Extrapolations of data from Ref. 9 are indistinguishable from
solid curves. Dashed lines are extrapolations of data from Ref.
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In the symmetric platelet scattering geometry, velocities
determined independent of the refractive index of t
sample.

MgO is cubic and characterized by three independ
elastic moduli. All three moduli can be deduced from velo
ity measurements in any crystallographic plane. Use of
Merrill-Bassett cell and platelet/symmetric geometry allow
us to measure velocities for any phonon direction within
plane of the platelet@the ~100! crystallographic plane#. Typi-
cally we collected Brillouin spectra in ten directions over
180° angle within~100!.

Phonon velocities are related to the single-crystal ela
moduli through the Christoffel equation:19

detuCi jkl njnl2rV2d iku50,

whereCi jkl is the elastic modulus tensor,nj and nl are the
direction cosines of the phonon,r is the density,V is the
phonon velocity, andd ik is the Kronecker delta. Throughou
the rest of this paper the elastic moduli are indicated by
reduced Voigt notationCi j . We used a linearized inversio
procedure to solve for the three independent elastic mod
Ci j , at each pressure. Because theCi j and the density are
interdependent, an iterative procedure was used to obtain
density,Ci j ’s, and isotropic aggregate elastic moduli using
fourth-order finite strain equation of state~EOS!.20 This pro-
cedure is insensitive to the initial estimates used in the
gression and rapidly converges to stable values for the
gregate elastic moduliK ~the bulk modulus!, G ~the shear
modulus!, and their pressure derivatives. We then use po
nomials to represent the pressure dependence of theCi j ’s
reported in Table I.

Our results for the single-crystal elastic moduli and is
tropic aggregate moduli~K andG! are in excellent agreemen
with a finite-strain extrapolation of the date of Jackson a
Niesler9 measured to hydrostatic pressures of 3 GPa~Fig. 4,
Table I!. In contrast, our results are only marginally comp
ible with the nonhydrostatic results of Yoneda,10 indicating
that nonhydrostatic conditions significantly affect elas
property measurements. AlthoughC11 and C44 from this

d

e
0.

FIG. 5. Deviations from the Cauchy relation as a function
pressure. Solid symbols are from this study. The solid line is
calculated result of Ref. 5. The dashed line is an extrapolation
results from Ref. 9.
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study and Ref. 10 agree toP57.8 GPa, the pressure deriv
tive of the off-diagonal modulusC12 from the ultrasonic ex-
periments of Ref. 10 is greater than our result. As a con
quence, the bulk modulus is too large and the shear mod
is too low @Fig. 4~b!#. The discrepancy between our resu
and those of Yoneda10 may be explained by a stiffening o
the indium bond between the buffer rod and sample in th
experiments, which causes shear stresses on the sample
interpretation is supported by the agreement of our res
with those of Ref. 9, and indicates that high-quality elastic
data collected under hydrostatic conditions can be accura
extrapolated to pressures well beyond the experimental ra
using a finite strain formalism. This conclusion differs fro
earlier studies which suggested that finite strain extrap
tions to high pressure are unreliable.

One experiment was conducted under nonhydrostatic c
ditions to evaluate the effect of nonhydrostaticity on acou
velocities and the elastic moduli. A 10mm thick sample was
loaded into the DAC at a pressure of;18~1! GPa without
heat treatment of the pressure-transmitting medium.
pressure gradient in the cell was approximately 1.6 GPa.
ruby R1 line was;1.7 times wider than the linewidth at
atm. Both compressional and shear aggregate acoustic
locities were 0.7% lower than the trend defined by hyd
static measurements. The single-crystal elastic moduli w
therefore 1.2–2.0 % below the hydrostats@Fig. 4~a!#. Note
that the average pressure in the nonhydrostatic experim
exceeds the freezing point of the pressure-transmitting
dium by only;3 GPa. Because nonhydrostaticity increas
rapidly with pressure, much higher stress gradients and
tematic errors are expected at higher pressures. The
pressure derivatives of elastic moduli will be less affected
nonhydrostaticity, because they are determined primarily
the measurements at lower~presumably hydrostatic! pres-
sures. However, the second pressure derivatives of sin
o-
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crystal, bulk, and shear moduli will be biased toward high
absolute values than those derived from hydrostatic exp
ments, leading to large uncertainties in extrapolations outs
the experimental pressure range.

A knowledge of the acoustic anisotropy of minerals
high pressure impacts our interpretation of seismic wave
isotropy in the Earth’s mantle, and puts constraints on
understanding of mantle composition. For cubic crystals,
ratio of 2C44(C112C12) is a measure of elastic anisotrop
being equal to unity for an elastically isotropic material. T
elastic anisotropyA5(2C441C12)/C1121 is therefore zero
for an isotropic material.4 The anisotropy factor of MgO de
creases from 0.36 at ambient pressure to 0.03 at 18.6 GP
short extrapolation indicates that MgO is elastically isotro
at 21.5 ~10! GPa. At higher pressures the anisotropy
creases with increasing pressure, although the sign ofA is
opposite that atP,21.5 GPa.

The high-pressure Cauchy relation for hydrostatic con
tions,C122C4452P ~for crystals with cubic symmetry!, will
be satisfied when interatomic forces are purely central.2,4,5,21

Figure 5 shows the deviations from the Cauchy condit
measured in this study, and these results indicate the p
ence of highly noncentral forces in MgO. Moreover, dev
tions from the Cauchy relation increase~that is, become
more negative! with increasing pressure, indicating that th
noncentral nature of the bonding becomes greater at h
pressures. These results provide direct experimental veri
tion of recent first-principles calculations of elastic moduli
MgO ~Ref. 4! which are also shown in Fig. 5 for compariso
The differences between the experimental and calculated
ues of the Cauchy violation are due primarily toC44 being
underestimated in the calculations. This modulus is parti
larly sensitive to the type of pseudopotential used in the c
culations.
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