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Single-crystal elasticity of MgO at high pressure
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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 range5% in dC;;/dP). The acoustic anisotropy of MgO decreases with
pressure, with MgO becoming isotropic a21.5 GPa. Deviations from noncentral interatomic forces, as
measured by the Cauchy relations, increase steadily with pre$SOE63-182009)50222-1

Magnesium oxide has long been of interest as a prototype
for understanding bonding in alkaline-earth oxides, as a com-
mercially important ceramic, and as a likely major constitu-
ent of the Earth’s lower mantlébetween 660 km and 2900
km in depth.! The extensive literature on MgO includes
both theoretical and experimental studies of its electronic
structure? structural phase transitioRs: elasticity>~’ and
thermal propertied.Because MgO is likely to be a major
constituent of the Earth’s lower mantle, the effects of pres-
sure on bonding in MgO, and its properties under the high-
pressure conditions, are of considerable importance to
geophysicd="*11 The long history of intense research on
MgO also makes it useful as an interlaboratory standard for
assessing the accuracy of new experimental techrfiglies
and theoretical modefs.

Here we present measurements of the single-crystal elas-
tic properties of MgO to 18.6 GPa by Brillouin scattering in
the diamond-anvil cell at room temperature. We used a
Merrill-Bassett type four-screw diamond anvil céDAC)
which was modified with a large opening for either 80° or
90° Brillouin scattering experimenté.Diamonds with culet
diameters of 50Qum were used with gaskets of either 250
pm thick spring steel foil, or rhenium when annealing was
necessary. Thin slabd0-50 um thick) were cut perpen-
dicular to the[100] crystallographic direction from a single
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FIG. 1. Brillouin spectrum of MgO at 1 atiftop) and in DAC at

crystal of synthetic MgQRef. 7) and polished on both sides. 18.6 GPa(bottom). Longitudinal and shear peaks for MgO, longi-

Samples with dimensions of 80X 80 to 150< 150um were

tudinal peaks for the methanol-ethanol-water mixtikk V, ), and

cleaved from these slabs and loaded into the sample chambsitear peaks for diamondBiam. V) are also present.
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= FIG. 3. Ruby peak widthsR1-R2 peak splitting, and pressure
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1o uncertainties in pressure measurement, calculated from
the run-to-run variation of fluorescence measurements, but
FIG. 2. Acoustic velocities as a function of phonon direction in do not include possible systematic errors in the ruby pressure
the (100 plane at 1 atm(top) and at 18.6 GPdbottom). Date  scale. A mixture of methanol, ethanol, and wate8:3:1 by
obtained in air without the DAQopen symbolsare internally con-  yolume was used as a pressure-transmitting medium in all
sistent with experiments in the DACilled symbols at 1 atm.  eyperiments. This fluid has a freezing pressure at room tem-
Decreased anisotropy is apparent in the data at 18.6 GPa. perature of~15 GPa, and we observed that the ruby fluores-

along with typically 5—7 ruby chips for measurements ofcence peaks remained sharp and narrow up to that pressure.
pressure, pressure gradients, and nonhydrostaticity. The pres- Even at pressures above the freezing point of the pressure
sure was calculated from the ruby fluorescelR® line  medium, a near hydrostatic stress state can be achieved in the
shift >4 The pressure was measured before and after eaddAC by thermal annealing. In all runs above 10 GPa the
experiment.

For Brillouin scattering we used an Argon ion lasar (
=514.5 nm and a 6-pass tandem Fabryr&einterferom-
eter. Details of the Brillouin spectrometer are given in Ref.
15. All experiments used a platelet/symmetric scatterin
geometry? with a scattering angle of 80°. The Brillouin
spectra collected @ =1 atm and at high pressure were of
superb quality, with a very high signal-to-noise rdftag. 1).

To verify the reliability of the high-pressure results, we col-

Angle

TABLE I. Single-crystal and aggregate elastic moduli of MgO
(in GPa and their pressure derivatives. Pressure derivatives of bulk
and shear moduli are calculated from finite-strain equations of state.
%ressure derivates of single-crystal elastic constants are given poly-

nomial fits: C;;(P)=Cy; +C{;P+3Cj;P%. In Ref. 10 two sets of
pressure derivatives are presented, both of which we list.

lected 1 atm data from an MgO platelet in air without the _ Ref. 9, Ref. 10,
DAC, and also from a sample inside of the diamond cell at Modulus — This study 10 3 GPa to 7.8 GPa
P=1 atm (as indic_a_ted by the presence of an air bu)_nble_ Cy 297.915) 206.82) 207.8
The phonon velocities as a function of crystallographic di- . 9.0520) 9.177) 8.76/8.75
rection are shown on Fig. 2, and show complete internal " —0.09030) —0.11860) 0.030/-0.038
consistency between the data obtained with and without the 1 15'4 420) 155 82) i55 815)
DAC. This is strong evidence that our diamond cell results™* _, ' ' )
are accurate, and that we have avoided errors caused by Cj}“ 0.8420 111D 1.31/1.29
strong refraction from the diamonds, and vignetting of the Caa +0.00620) ~0.0346) —0.09/-0.075
input/scattered light. We note that in order to obtain accuraté12 95.810) 95.32) 95.1
Brillouin results at high pressures, it is important that the Ciz 1.3415 1.6112) 1.81/1.99
sample and diamond surfaces be strictly parallel throughout C12 —0.00220)  —0.02868) 0.02/-0.026
the experiment, that the scattering geometry by carefully<o 163.210) 162.52) 162.12)
controlled, and that the gasket hole used as a sample cham- K; 4.0) 4.139) 4.13/4.24
ber not intercept any part of the incident or scattered cones of K —0.042) —0.05866) 0.001/-0.029
light. Go 130.210)

High-pressure data were collected at hydrostatic pressures G 2.41)
of 2.51), 5.51), 7.91), 11.01), 14.43), 14.63), and Gl —0.042)

18.62) GPa. The numbers in parentheses are the estimated
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It} [ i
=200 Ks > In the symmetric platelet scattering geometry, velocities are
b . determined independent of the refractive index of the
g 180 | sample.
© I . MgO is cubic and characterized by three independent
@ 160 i G elastic moduli. All three moduli can be deduced from veloc-
W40 F . ity measurements in any crystallographic plane. Use of the
b 1 Merrill-Bassett cell and platelet/symmetric geometry allowed
120 | 7 us to measure velocities for any phonon direction within the
bttt E— plane of the plateldithe (100) crystallographic plang Typi-
0 5 10 15 20 cally we collected Brillouin spectra in ten directions over a
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FIG. 4. Single-crystal elastic moduli of Mg@), and isotropic
aggregate bulk and shear modil) as a function of pressure. Open
symbols indicate results for a nonhydrostatic experiment. Solid
lines are polynomial fitga), or finite strain fits(b), to our data.
Extrapolations of data from Ref. 9 are indistinguishable from the
solid curves. Dashed lines are extrapolations of data from Ref. 1

diamond cell was heated to 150—200 °C for 10—60 min, wit
longer anneals at higher pressures. The hydrostaticity of th
pressure-transmitting medium can be estimated from pre
sure gradients inside the diamond cell, the splitting o
R1-R2 ruby peaks, and the width of the ruby pedks'®In
Fig. 3 the ruby linewidths andR1-R2 peak splitting are
shown for different ruby chips in a single run, both before
and after heat treatment. While there is a small variability in
the linewidth(which can be partially due to the instrumental
function), both the pressure gradient and increased line split
ting are eliminated during heating, indicating that annealin
produces essentially hydrostatic conditions within the reso-

lution of our experiments.

From the measured Brillouin spectra, acoustic velocities

are obtained through the relation

Vi: %Awi)\()/Sin( 0/2),

180° angle within(100).
Phonon velocities are related to the single-crystal elastic
moduli through the Christoffel equatidn:

def Cjjin;n — pV28| =0,

OwhereCi“d is the elastic modulus tensar; andn; are the
direction cosines of the phonop,is the density\V is the
honon velocity, and;, is the Kronecker delta. Throughout
he rest of this paper the elastic moduli are indicated by the
feduced Voigt notatiorC;; . We used a linearized inversion
fspirocedure to solve for the three independent elastic moduli,
Cjj, at each pressure. Because g and the density are
interdependent, an iterative procedure was used to obtain the
density,Cj;’s, and isotropic aggregate elastic moduli using a
fourth-order finite strain equation of stai€09.?° This pro-
cedure is insensitive to the initial estimates used in the re-
gression and rapidly converges to stable values for the ag-
gregate elastic moduK (the bulk modulugs G (the shear
odulusg, and their pressure derivatives. We then use poly-
nomials to represent the pressure dependence oCifie
reported in Table I.
Our results for the single-crystal elastic moduli and iso-
tropic aggregate moduwlK andG) are in excellent agreement
with a finite-strain extrapolation of the date of Jackson and
NiesleP measured to hydrostatic pressures of 3 GHg. 4,
Table ). In contrast, our results are only marginally compat-

whereV; is a phonon velocityA w; is the measured Brillouin ible with the nonhydrostatic results of Yonetfaindicating
shift, A, is the laser wavelength, arttlis the angle between that nonhydrostatic conditions significantly affect elastic
the incident and scattered light measured outside the EfAC. property measurements. Althoudly; and C,, from this
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study and Ref. 10 agree f=7.8 GPa, the pressure deriva- crystal, bulk, and shear moduli will be biased toward higher
tive of the off-diagonal modulu€,, from the ultrasonic ex- absolute values than those derived from hydrostatic experi-
periments of Ref. 10 is greater than our result. As a consements, leading to large uncertainties in extrapolations outside
quence, the bulk modulus is too large and the shear modulige experimental pressure range.

is too low [Fig. 4(b)]. The discrepancy between our results A knowledge of the acoustic anisotropy of minerals at
and those of Yonedd may be explained by a stiffening of high pressure impacts our interpretation of seismic wave an-
the indium bond between the buffer rod and sample in theitSOropy In the Earth’s mantle, and puts constraints on our
experiments, which causes shear stresses on the sample. THRderstanding of mantle composition. For cubic crystals, the
interpretation is supported by the agreement of our result@tio 0f 2C44(C11—Cyp) is a measure of elastic anisotropy,
with those of Ref. 9, and indicates that high-quality elasticity?€!N9 equal to unity for an elastically isotropic material. The
data collected under hydrostatic conditions can be accurate astic anisotropy\=(2C44+ C19)/C14—1 is therefore zero

) r an isotropic materidl. The anisotropy factor of MgO de-
extrapolated to pressures well beyond the experimental range - ces fron?O 36 at ambient pressupeyto 0.03 at 13 6 GPa A
using a finite strain formalism. This conclusion differs from : : . :

. . . o . short extrapolation indicates that MgO is elastically isotropic
earlier studies which suggested that finite strain extrapolaét 21.5(10) GPa. At higher pressures the anisotropy in-
tions to high pressure are unreliable. ) ;

b , creases with increasing pressure, although the sigA isf
One experiment was conducted under nonhydrostatic COMspposite that aP<21.5 GPa.

ditions to evaluate the effect of nonhydrostaticity on acoustic = The high-pressure Cauchy relation for hydrostatic condi-
velocme_s and the elastic moduli. A 1&m thick sampl_e WaS  fions, C,,— Cuyu=2P (for crystals with cubic symmetyywill
loaded into the DAC at a pressure ofl8(1) GPa without o gatisfied when interatomic forces are purely ceRthar:

heat treatment of the pressure-transmitting medium. Thejqre 5 shows the deviations from the Cauchy condition
pressure gradient in the cell was approximately 1.6 GPa. Thgaasyred in this study, and these results indicate the pres-

ruby R1 line was~1.7 times wider than the linewidth at 1 gpce of highly noncentral forces in MgO. Moreover, devia-
atm. Both compressional and shear aggregate acoustic Vgsns from the Cauchy relation increagthat is, become
locities were 0.7% lower than the trend defined by hydroynge negativewith increasing pressure, indicating that the

static measurements. The single-crystal ejastic moduli Wergoncentral nature of the bonding becomes greater at high
therefore 1.2-2.0% below the hydrostafsg. 4@]. Note  yresgyres. These results provide direct experimental verifica-

that the average pressure in the nonhydrostatic experimeqib, of recent first-principles calculations of elastic moduli in
exceeds the freezing point of the pressure-transmitting Méyq0 (Ref. 4 which are also shown in Fig. 5 for comparison.
dium by only~3 GPa. Because nonhydrostaticity increasesrpg gifferences between the experimental and calculated val-
rap|dly with pressure, much hlgher. stress gradients and SY¥fes of the Cauchy violation are due primarily @, being
tematic errors are expected at higher pressures. The firghyerestimated in the calculations. This modulus is particu-

pressure derivatives of elastic moduli will be less affected bxarly sensitive to the type of pseudopotential used in the cal-
nonhydrostaticity, because they are determined primarily by, ,j5tions.

the measurements at lowé@presumably hydrostaticpres-
sures. However, the second pressure derivatives of single- This research was supported by the NSF.
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