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Structure and elasticity of MgO at high pressure
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Ansrnlcr

The structural and elastic properties of MgO periclase were studied up to 150 GPa with
the first-principles pseudopotential method within the local density approximation. The
calculated lattice constant of the Bl phase over the pressure range studied is within l7o
of experimental values. The observed 81 phase of MgO was found to be stable up to 450
GPa, precluding the Bl-B2 phase transition within the lower mantle. The calculated tran-
sition pressure is less than one-half of the previous pseudopotential prediction but is very
close to the linearized augmented plane-wave result. All three independent elastic con-
stants, cr, crr, ar'd c*, for the Bl phase are calculated from direct computation of stresses
generated by small strains. The calculated zero-pressure values of the elastic moduli and
wave velocities and their initial pressure dependence are in excellent agreement with ex-
periments. MgO was found to be highly anisotropic in its elastic properties, with the
magnitude of the anisotropy first decreasing between 0 and 15 GPa and then increasing
from 15 to 150 GPa. Longitudinal and shear-wave velocities were found to vary by 23
and 59Vo, respectively, with propagation direction at 150 GPa. The character of the an-
isotropy changes qualitatively with pressure. At zero pressure longitudinal and shear-wave
propagations are fastest along [111] and [00], respectively, whereas above 15 GPa, the
corresponding fast directions are [100] and [10]. The Cauchy condition was found to be
strongly violated in MgO, reflecting the importance of noncentral many-body forces.

INrnooucrroN

The elasticity of minerals at high pressure is of sub-
stantial physical and geological interest for several rea-
sons. First, our most precise and informative observations
of the bulk of the Earth are from its elastic propenies.
Comparisons between seismological observations and the
elastic properties of candidate mantle minerals and as-
semblages are the only way to extract information re-
garding the composition and mineralogy of the mantle
from the rich seismological database. Second, the ge-
ometry of mantle flow can be illuminated by comparing
seismological observations of mantle anisotropy with the
measured or predicted anisotropy of hypothesized mantle
phases. Finally, the elasticity of minerals yields substan-
tial insight into the nature of bonding. For example, de-
viations from the Cauchy relations are a direct measure
of the importance of noncentral forces in crystals. As the
end-member of a hypothesized major lower mantle phase,
(Mg,Fe)O magnesiowiistite, the elasticity of periclase is
particularly relevant in this context. The exceptionally
wide stability fleld of this mineral (>200 GPa) makes
studies of its elasticity an ideal testing ground for our
understanding of the effect of pressure on elasticity.
Moreover, our predictions of the elasticity of periclase
over a wide range of pressure provide a test of the pre-
dictive ability of first-principles theoretical methods.
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Both diamond-cell (Duffy et al. 1995) and shock-wave
(Vassiliou and Ahrens 1981) measurements have found
the observed B I structure of MgO to be stable up to at
least 227 and 200 GPa, respectively, indicating the ab-
sence of the usual B1(NaCl)-B2(CsCl) structural phase
transition of alkaline-earth oxides in MgO. These data are
consistent with the results of theoretical calculations
based on first-principles pseudopotential (Chang and Co-
hen 1984), linearized augmented plane-wave (Mehl and
Cohen 1988), ab initio potential-induced-breathing (PIB)
(Isaak et al. 1990), and modified PIB models (Zhang and
Bukowinski 1991), which have predicted 1050, 510, 486,
and 580 GPa, respectively, for the Bl-B2 phase transition
in MgO, well above the pressure of the core-mantle
boundary. In contrast to the equation of state, the study
of the high-pressure elastic behavior of MgO is limited
both experimentally and theoretically. Although the tem-
perature dependence of elastic properties has been studied
over a wide range of temperatures at ambient pressure by
resonance methods (Isaak et al. 1989), experimental stud-
ies of the effect of pressure are confined to pressures (3

GPa (Bogardus 1965; Anderson and Andreatch 1966;
Chang and Barsch 1969; Spetzler 1970 Jackson and
Niesler 1982). There have been no first-principles predic-
tions of the elastic moduli of this mineral, although Isaak
et al. (1990) performed a detailed study of it elasticity on
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the basis of the PIB model, and Inbar and Cohen (1995)
studied its thermoelastic properties according to PIB.

Here we present a first-principles study of the structure
and elasticity of MgO at lower mantle pressures (zero
temperature) with use of the total-energy pseudopotential
method. We obtained the equation of state for the B I
structure of MgO up to 150 GPa, which exceeds the high-
est value reached in the lower mantle. We also calculated
the B1-B2 phase-transition pressure by comparing the en-
thalpy of the two phases of MgO at different pressures.
By computing the stresses generated by small deforma-
tions of the equilibrium primitive cell, we determined all
three elastic constants, crr, crz, and c44, which were then
used to calculate the bulk and shear moduli and hence
the isotropic longitudinal and shear velocities as a func-
tion of pressure. We also calculated the wave velocities
in different crystallographic directions to study the elastic
anisotropy of MgO. Finally, we studied the violation of
the Cauchy condition in MgO.

MBrnoos

Structural optimization

The computations are based on density functional the-
ory, which is, in principle, an exact theory of the ground
state (Kohn and Sham 1965). Two approximations were
made. First, we used the local density approximation
(LDA) to the exchange-correlation energy functional. The
LDA has been widely studied in applications involving
essentially all classes of materials, including oxides
(Mehl and Cohen 1988). Second, the underlying idea of
the pseudopotential approximation is to recognize that the
core electrons are essentially static (frozen) and do not
vary their charge density significantly under perturbations
to the lattice. The pseudopotential mimics the potential
seen by the valence electrons because of the nucleus and
frozen core electrons. This approximation has been stud-
ied in a wide variety of insulating and semiconducting
systems (Wentzcovitch et al. 1995; Cohen and Cheli-
kowsky 1988).

We simulated a two-ion primitive cell of MgO by using
the first-principles pseudopotential method (Payne et al.
1992). The optimized, norn-conserving, nonlocal pseu-
dopotentials generated by the Q" tuning method (Lee
1995; Lin et al. 1993) were used in the Kleinman-Bylan-
der form (Kleinman and Bylander 1982). The reference
atomic configurations used to construct the O pseudopo-
tential (p local) were 2s22pa for the s and p components
and 2st2pt 753d025 for the d component, with real-space
core radius r"(s,p,d) : 1.4 a.u. and Q./q,(s,p,d) :
(0.40,1.11,1.0325). Here, Q. is the control parameter con-
nected with the kinetic energy of the pseudo wave func-
tion to tune the pseudopotential, and q. is the largest wave
vector in the Fourier expansion (in terms of spherical
Bessel functions) of the pseudo wave function. For the
magnesium pseudopotential, the s component (local) was
constructed with reference atomic configuration of 3sr,
r"(s) : 2.0 a.u. and Q"/q,(s) = 1.0. Both pseudopotentials

have been shown to be highly transferable by using them
in structural and elasticity calculations of MgSiO, perov-
skite and SiO, (Karki et al., in preparation). The param-
eterization of Perdew andZunger (1981) was used for the
exchange-correlation potential in LDA. The valence elec-
tronic wave functions were expanded in a plane-wave ba-
sis set truncated at a maximum plane-wave energy (the
cutoff energy) of 900 eV. This cutoff energy yielded 1200
basis functions per band. The Brillouin zone was sampled
on a 4 x 4 x 4 Monkhurst-Pack (Monkhurst and Pack
1976) special ft mesh yielding ten k points in the irreduc-
ible wedge. Careful convergence tests showed that in-
creasing the cutoff energy to 1500 eV lowered the total
energy by only 0.04'7 eY, whereas increasing the number
of the special ft points from two (2 x 2 x 2 k-point mesh)
to ten raised the total energy by only 0.012 eV. Thus, the
estimated numerical precision in our calculated total en-
ergies is within 0.06 eV at all volumes.

The self-consistent total energies and Hellman-Feyn-
man forces were found by solving the Kohn-Sham equa-
tions with use of a preconditioned conjugate-gradient
method. The periclase structure was optimized for a series
of applied pressures by minimizing the self-consistent
Hellman-Feynman forces and stresses. Efficient minimi-
zation was achieved by employing a generalized dynam-
ics that is governed by the Lagrangian (Wentzcovitch
1991; Wentzcovitch et al. 1993; Hsueh et al. 1996;
Warren and Ackland 1996)

N ^

L : >?slgs, + {raht"h. ) - E(r,\ - Pv (l)
i = t L L

where 17 is the fictitious boxmass, g = h'h is the metric
tensor, with h defined from the unit-cell vectors such that
rescaled ionic coordinates are /, : h,, and similarly fo is
the tensor formed from initial cell faces. In the Lagran-
gian, the Kohn-Sham energy E(r,) and the applied pres-
sure together correspond to the enthalpy, which plays the
role of a generalized potential energy. Because the atomic
positions in periclase are fixed by symmetry, the first
term, which gives the kinetic energy associated with the
ionic coordinates, is not required. The cubic structure of
periclase further simplifies the Lagrangian: Only a single
structural parameter, the cell parameter, needs to be de-
termined for each pressure. For a given applied isotropic
pressure, P, the lattice parameter converged when the to-
tal stress

o i ; =  o l i *  o " -  P  ( i , j  =  1 , 2 , 3 )  ( 2 )

was reduced to the order of 0.0001 eV/A'. In Equation
2, o',, is the self-consistent Hellman-Feynman stress tensor
(Nielsen and Martin 1985), and o" is the isotropic Pulay
stress (Francis and Payne 1990). The Pulay stress origi-
nates from the variation of the plane-wave basis set with
lattice parameter. This correction is given by

2 d E
o p :

3Vd In e"
(3)

where e. is the cutoff energy that limits the size of the
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basis set to be used. As the unit cell changes size, the
cutoff energy also changes because the k vector of the
plane wave remains commensurate with the unit cell, and
this, in turn, leads to a change in total energy (E). The
Pulay stress was determined by calculating the total en-
ergy at several cutoffs and evaluating dEld ln <", which
is -0.7332 eV so that the Pulay correction to the stress
at zero pressure is approximately -4 GPa. The total en-
ergies and stresses converged much faster when the finite
basis-set corrections were included.

Elasticity

According to Hooke's law (Nye 1985), the stress (o)
and strain (e) for small deformations to a crystal are lin-
early related by

oi j  = c i jkrekt  ( i ,  j ,  k ,  I  = 1,2,3)  (4)

where the fourth-rank tensor c* is the elastic constant
tensor. Thus, the elastic constants can be determined di-
rectly from the computation of the stress generated by
small strains (Wentzcovitch et al. 1995). The cubic crystal
has three independent elastic constants, cr, crr, lrrd c++
(in the Voigt notation). The strained lattice (lattice vectors
a') used to determine the elastic constants is related to
the unstrained lattice (a) by a' : (I + G)a, where / is the
identity matrix. The strain tensor is

€ =

so that Hooke's law gives

ox,  = cre,  orr :  orr :  cr2€,  6yz:  c*e,  and

o - = o - = 0 .  ( 6 )

For the lower symmetry of the strained lattice, the 4 x 4
x 4 ft-point mesh yielded 20 special ft points. The ion
positions are still fixed by the symmetry, so in the
strained lattice only electrons should be relaxed. Thus, at
a given pressure, we first obtained the equilibrium prim-
itive cell of MgO by relaxing the cell parameter and then
deformed the cell with the strain in Equation 5. We cal-
culated the strain-induced stresses as discussed in the pre-
vious section and used Equation 6 to determine the values
of c,r, cp, and c* for MgO.

The elastic constants completely specify the elastic
properties and acoustic velocities of a single crystal. For
the purpose of comparing with seismological data, it is
interesting to compute the elastic properties of an isotro-
pic polycrystalline aggregate. The bulk modulus of such
an aggregate is well defined, whereas the shear modulus
is inherently uncertain, depending in detail on the ar-
rangement and shape of the constituent crystals (Watt et
al. 19'76). The bulk modulus is related to the elastic con-
stants by

In our static (athermal) calculations, the adiabatic and iso-
thermal bulk moduli are identical and are both given by
Equation 7. The isotropic shear modulus in the Hashin-
Shtrikman averaging scheme (Hashin and Shtrikman
1962) is given by

G :1/z(Gu + G') (8)

where the upper and lower bounds are, respectively,

Gu:coo.rl^+,.#;#A (e)
and

r  - .  _  1
G' : c'* :l s * =r2|{='*'29)tl <tul- 

[..0 
- .- 5c,(3K + ac,)l

where  c ,  =  (c r ,  -  c , r l l2 .

RBsur-rs AND DlscussroN

Equation of state

We obtained equilibrium lattice parameters for MgO at
different pressures up to 150 GPa. The pressure-volume
results were f,tted to the fourth-order Birch-Murnaghan
equation of state (Birch 1986)

P = 3KofQ + 2J)5/2(l + a,f + a;f) (11)

where

(s)
':;[(+)"'- ']

a, :  
i (Ko  

-  4 )

? [
a, : ,lKoK" + Ko(K;-rr.+l

yielding the zero-pressure bulk modulus and its first and
second pressure derivatives as follows: Ko : 159.7 GPa,
KL = 4.26, and Ko : -0.026 GPa ', which differ insig-
nificantly from the parameters obtained from a third-order
fit: Ko = 159.4 GPa, Ko: 4.28, and KI = -0.021 GPa-'.
This implies that the fourth order term (coefficient a, in
Eq. 11) is negligibly small. Our calculated values of the
shear modulus were fitted to the appropriate fourth-order
finite-strain expansion (Duffy and Ahrens 1992), yield'
ing, for the shear modulus and its first and second pres-
sure derivatives at zero pressure, Go : 121.5 GPa, Go :

2.18, and G; : -0.034 GPa '. These values differ ap-
preciably from those obtained from a third-order fit: Go
= 126.8 GPa, G''o: 1.80, and Gi : -0.022 GPa-', in-
dicating that the finite-strain expansion converges much
more slowly for the shear modulus than it does for the
pressure. Our calculated values of zero-pressure bulk and
shear moduli and their pressure derivatives compare fa-
vorably with experiments (Carter et al. l97l; Jackson and
Niesler 1982; Duffy and Ahrens 1995; Chopelas 1996),
as shown in Table l. Older static compression experi-
ments, which yielded relatively high values of the bulk
modulus of periclase, about 180 GPa (Perez-AlbuerneK : 1/s(c,,  I  2c,r).  (1)
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TreLe 1' Zero-pressure lattice constant, bulk and shear moduli, and their pressure derivatives for the 81 phase of MgO in
comparison with experimental and other theoretical results

a^
(A)

tG
(GPa)

K; GO
Ko (I/GPa) (GPa) c; (1/GPa)

Theory
4.26This study

Chang and Cohen (1984)
Bukowinski (1 985)
Mehl and Cohen (1988)
lsaak et al (1990)

Fei (unpublished)
Carter  et  a l .  (1971)
Jackson and Niesler (1982)
Duffy and Ahrens (1995)
Chopelas (1 996)

4 2506
4 .191
4.221
4.167
4.191

4 2112.

159  7
146

172
181  . 9

160 03
1 R a

162 5
162.5
162.0

4 .1  6
4.09
4 .12

Experiment
4.20
4.3
4.1 3(s)
4.09(9)
4.08(e)

-0.026

-0.030

0.023

-0.058(66)*
-0.01e(4)
-0.036(1 6)

130 I
130.8
130.9

218 -0.034

2.53 -0.033
2.5(1)  -0.026(45)
2.56(6) -0.030(10)

. Wyckoff (1963)
** Corrected value (lsaak et al I 990)

and Drickamer 1965; Weaver et al. l97l; Mao and Bell
1979), are now understood to have been significantly bi-
ased by the presence of nonhydrostatic stresses (Duffy et
al. 1995). We reproduced both the zero-pressure lattice
constant and bulk modulus very well in comparison with
previous pseudopotential (Chang and Cohen 1984) and
LAPW (Mehl and Cohen 1988) calculations (Table l).
The calculated lattice constant over the pressure range
studied is within l%o of the experiments. We slightly over-
estimated the lattice constant, which we attributed to the
pseudopotential approximation because the LDA is ex-

pected to underestimate slightly the lattice constant, as
confirmed by the LAPW method (Mehl and Cohen 1988).
The equation of state of MgO periclase is shown along
with experimental results (Perez-Albuerne and Drickamer
1965; Weaver et al. 1971; Mao and Bell 1979; Duffy et
al. 1995) in Figure L

The B1-B2 phase transition

To investigate the Bl-B2 phase transition in MgO, we
calculated the enthalpy (E + Pl,) of the two-ion primitive
cell of MgO in both the Bl(NaCl) and B2(CsCl) struc-
tures as a function of pressure from 0 to 800 GPa (Fig.
2). The intersection of the two curves implies that the
Bl-82 phase transition in MgO occurs at 451 GPa. By
lowering the enthalpy of the B I phase by 0.06 eV (the
estimated uncertainty in the total energy), we obtained a
transition pressure of 470 GPa. We expected the precision
of the estimated phase transition to be much better than
20 GPa because the relative energies converge much fast-
er than 0.06 eV. In agreement with previous calculations
(Table 2), MgO is expected to transform from the Bl to
the B2 phase at pressures much higher than other alka-
line-earth oxides because of the small ratio of cation-to-
anion radii. Our predicted value is much smaller than the
previous pseudopotential value of 1050 GPa (Chang and
Cohen 1984) and much larger than that predicted by some
previous calculations (Cohen and Gordon 1976; Causd et
al. 1986; Bukowinski 1985); however, it agrees closely
with LAPW and PIB results (Mehl and Cohen 1988;
Isaak et al. 1990; Zhang and Bukowinski 1991). No ex-
perimental evidence for the existence ofthe B1-B2 phase
transition for MgO has been found up to 227 GPa from
diamond-cell measurement (Duffy et al. 1995) and up to
200 GPa from shock-wave studies (Vassiliou and Ahrens
1981), demonstrating the remarkable stability range of
MgO in the Bl phase. Thus, from both experimental and
theoretical studies, the observed Bl structure for MgO
seems to be stable throughout the Earth's mantle.

It is interesting to note the large discrepancy between
the present result and the previous pseudopotential pre-

1 8

d-'5r
E
o l

1

1 1
0 50 100 150 200 250

Pressure (GPa)

Frcunn 1. The equation of state for MgO. The solid curve
represents the fourth-order Birch-Murnaghan fit to the calculated
pressure-volume data (solid circles). The experimental data are
from Perez-Albuerne and Drickamer (1965), Weaver et al.
(1971), Mao and Bell (1979), and Duffy et al. (1995), shown by
squares, plus signs, triangles, and open circles, respectively
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Frcunn 2. The B1-B2 phase transition in MgO. The solid
line (solid circles) and dashed line (open circles) show the cal-
culated zero-temperature free energies as a function of pressure
for the NaCl and CsCl structures of MgO, respectively. The inset
illustrates intersection of the curves, giving 451 GPa as the tran-
sition pressure

diction (Chang and Cohen 1984) for the transition pres-
sure. We tested the transferability of our optimized pseu-
dopotentials for both Mg and O. The size of the
computational enor (0.06 eV in energy) in our calculation
is significantly smaller than that (0.5 eV) in the previous
pseudopotential calculation. Furthermore, our prediction
agrees very closely with the LAPW value, as mentioned
above. Thus, we are confident in the reliability of our
calculations. However, we are unable to use the pseudo-
potentials used by Chang and Cohen (1984) and are
therefore unable to comment further on the observed dis-
agreement between their results and ours.

Elastic moduli

We deformed the equilibrium primitive cell of MgO by
using the strain defined in Equation 5 with different mag-

TeeLe 2. Transition pressure, transition volume, and total-
energy difference for the 81-82 phase transition in
Mgo

P, %(81) V,(B2) AE
(GPa) (A1 (A1 (ev)

This study 451 I 887 I 429 1 273
Cohen and Gordon (1976) 256
Chang and Cohen (1984) 1050 6 94 6 61 1.506
Bukowinski (1985) zos
Causa et al. (1986) 220
Mehl  and Cohen (1988) 510 9.03 8.61 1 27
lsaak et al. (1990) 486
Zhang and Bukowinski (1991) 580

0.0 0.01 0.02 0'03
Strain

0.04

FrcunB 3. Stress/strain ratio vs. strain. The solid lines rep-
resent linear fits to the calculated values (solid circles) of stress/
strain vs. strain for three elastic stiffness constants.

nitudes: e : 0.01,0.02,0.03, and 0.04 (Mehl et al. 1990).
We plotted the ratio of stress to strain vs. strain and de-
termined c,,, for example, from the intercept of the best-
fit line o,Je : c' r O(e); and similarly for c,, and c*.
As shown in Figure 3, this procedure yielded c,, : 291,
c,, : 91, and c M : 139 GPa at zero pressure. We repeated
this procedure at different pressures up to 150 GPa; the
calculated values of crr, ctz, and coo are shown as a func-
tion of pressure in Table 3 and Figure 4. We used Equa-
tions 7-10 to calculate the isotropic aggregate bulk and
shear moduli as a function of pressure as shown in Figure
4. The average of the Hashin-Shtrikman bounds agrees to
within l%a of the Hill (1952) average, although the
bounds on aggregate properties obtained by the Hashin-
Shtrikman method are signif,cantly narrower. The calcu-
lated zero-pressure values of all elastic moduli are slight-
ly underestimated in comparison with the experimental
values obtained from ultrasonic (Jackson and Niesler
1982) and resonance (Isaak et al. 1989) experiments (Ta-
ble 4), consistent with slight overestimation of the cal-
culated lattice constant (Table 1). Figure 4 shows the flrsr
and second-order extrapolations of the low-pressure
ultrasonic data of Jackson and Niesler (1982) to high
pressure (up to 60 GPa) for all elastic moduli. The initial
pressure dependence of the calculated elastic moduli
agrees well with experiment, but at high pressures (be-
yond approximately l0 GPa) the calculated values differ
substantially from the extrapolated data. Also, the second-
order extrapolation deviates much more from the theo-
retical results at high pressure than does the correspond-
ing linear extrapolation, as also noted by Isaak et al.
(1990). This suggests that Taylor-series expansions of the
pressure dependence of the elastic constants that use pres-
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Trele 3. Pressure variation of the lattice constant (A), density (g/cm3), elastic moduli (GPa), and wave velocities (km/s) for MgO
from 0 to 150 GPa

vsVPGLGU

0
5

1 0
20
40
60
80

100
125
150

4.25'l
4.209
4 173
4  110
4 012
3 937
3.877
J  OZC

3.780
c . I z 5

J 460

3 590
o.ooc

3 856
4'144
4 386
4.596
4 785
4 998
5  189

291
334
379
464
634
796
951

1112
1 302
1497

121 94
131 22
14'l 71
160 38
192.1
2 1 7  6
239 7
258.2
278.0
297.3

121 73
131. '17
141.70
160  41
192 5
219 4
243 6
265 5
291 0
317 4

91  139  158
101 142 179
108 146 198
123 154 237
155  166  315
183 174 387
216 182 461
246 186 535
276 190 618
299 194 698

121.8 9.58
131.2 9.92
141.7 '10.25

160  4  10 .81
192 3 11 .74
218 5 12.44
241 .6 13 05
261 I 13 59
284 5 14'13
307 3 14 61

5.91
6 0 4
620
6.45
6 8 1
7 0 6
7 2 5
7.40
7.55
7.69

sure as the expansion variable (rather than, for instance,
finite strain) converge very slowly.

Isotropic wave velocities

We calculated the longitudinal and shear-wave veloci-
ties, % and V' respectively, of an isotropic aggregate
usrng

v,=l
!

4
K + 4 G

p
6

o

0 20 40 60 80 100 120 140 160

Pressure (GPa)

Frcuns 4, Pressure dependence of (a) c,,, K, and G, and
(b) c,. and c.o of MgO. The symbols represent the calculated
values, and the solid lines are the best fits. The first- and
second-order extrapolations of low-pressure ultrasonic data
(Jackson and Niesler 1982) to high pressure (up to 60 GPa)
are shown by dashed and dotted lines, respectively.

(12)

where p is the density of the mineral. Like elastic moduli,
the calculated density and wave velocities at zero pres-
sure are also slightly underestimated with respect to ex-
periments (Jackson and Niesler 1982; Isaak et al. 1989),
as shown in Table 4. Figure 5 is a plot of V" and V. vs.
pressure along with available experimental data (Jackson
and Niesler 1982) and the seismically derived wave ve-
locities in the lower mantle (Dziewonski and Anderson
1981). The high-pressure longitudinal and shear-wave ve-
locities for MgO differ by <5Vo from the lower mantle
seismic velocities. This small difference is somewhat co-
incidental for several reasons. First, the lower mantle is
expected to be primarily composed of Mg-rich silicate
perovskite with secondary magnesiowristite. Second,
magnesiowiistite is expected to contain several tens of
percent FeO and to be subject to temperatures of 2000-
3000 K. The effects of composition and temperature are
expected to reduce the P- and S-wave velocities of mag-
nesiowiistite relative to zero-temperature periclase by a
few tens of percent.

TABLE 4. Zero-pressure athermal elastic moduli (GPa) and
isotropic velocities (km/s)

Calc 291
urr. ' 296.8
Res.". 299

6
(L

vsVPCrz

158
162 5
163  I

91
9 5 3
9 6 4

139
'155.8

t a t  I

122
130.8
1 3 1  8

5 9 1
6.05
6.06

9 5 8
9 7 1
9.73

Note. The PIB values are qr q" : 188 5 and c44 : 187.6 GPa (lsaak
et  a l .  1990).

" Ultrasonic data (Jackson and Niesler 1982)
** Resonance data (lsaak et al 1989)
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Frcunr 5. The isotropic longitudinal and shear-wave veloc-
ities, V, and Vr, respectively, of MgO as a function of pressure.
The calculated values (solid circles) are compared with the seis-
mically derived velocities (open circles) of the lower mantle over
the pressure regime of the lower mantle. The ultrasonic results
up to 3 GPa from Jackson and Niesler (1982) are shown by thick
solid lines.

Elastic anisotropy

The single-crystal elastic wave velocities in different
directions are given by the Cristoffel equation

lc,*4tfl, - p!26,*l :0 (1  3 )

where cu*i is the single-crystal elastic constant tensor, n is
the propagation direction, p is the density, V is the veloc-
ity, and 6u is the Kroenecker delta function. The eigen-
values of the 3 x 3 matrix yield the three unique elastic
wave velocities for propagation direction n, whereas the
eigenvectors yield the polarization directions (Musgrave

1 0 0  1 1 0 1 1 1  0 0 1
Propagation Direction

FrcunB 6. Dependence of the longitudinal (V") and two
shear-wave velocities (V., and Vrr) of MgO on propagation di-
rection at two pressures: the solid curves at 0 GPa and the dashed
curves at 150 GPa.

1970). We found that MgO is highly anisotropic in both
longitudinal and shear-wave velocities (Fig. 6). Longitu-
dinal wave velocities are extremal for [100] and [111]
propagation directions, whereas shear waves polarized in
the (110) plane (Sl) are extremal along [100] and [110].
Velocities along these directions are shown in Table 5. In
addition, shear waves polarized in the (001) plane (S2)

show a local extremum in the shear velocity for propa-
gation along [/z,Yz,1/t/1].

A measure of the anisotropy of the elastic wave veloc-
ity in a cubic crystal is

Taele 5. Pressure dependence of the lonqitudinal and two shear-wave velocities (km/s) in three directions f rom 0 to 1 50 GPa
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Note: Vs1 and ye are shear velocities that are respectively polarized in the (1 10) and (001 ) planes along propagation direction [1 10] Ap : ( %-.,
yp.,.y%"ss1100 and A" : [(y"-", - ys-r.yys"ss]100
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(14)
" 1 1

where r?0 is the extremal propagation direction other than
[00], X : P, Sl, 52, and M*is the modulus correspond-
ing to the acoustic velocity, M* : pVtr.One can show
from the Cristoffel equation that for cubic crystals, A" is
related to the elastic anisotropy factor

)r  )-  ?

A =  -  ' ' - 1

" t l

which is zero for an isotropic material. The anisotropies
of B Sl, and 52 waves are then siven bv

A,, = -:, and A,, : -+. (16)

(15)

o
o
(!

o
a
c

2A
A r = T ,

The pressure dependence ofA is shown in Figure 7. The
anisotropy factor drops rapidly with pressure initially,
changes sign near l5 GPa, and then decreases more slow-
ly at higher pressures. The nature of the anisotropy
changes qualitatively near 15 GPa, as evidenced by the
change of sign of A. Linear extrapolations of ultrasonic
data and the PIB model have shown a similar change at
20 and 45 GPa, respectively (Duffy et al. 1995). The
above relations (Eq. 16) explain the corresponding pres-
sure-induced variations in the directions and polarizations
of P and S waves with extremum velocities. At zero pres-
sure, P waves are fastest along [1ll] (A positive) and S
waves are slowest along Il 10], whereas at high pressure,
P waves are fastest along [100] (A negative) and S waves
are fastest along [110]. The pressure-induced change of
sign ofA also explains why 52 shear waves are fastest at
low pressure and Sl shear waves are fastest at high pres-
sure. The magnitudes of the P- and S-wave anisotropies
also change substantially with pressure. The compres-
sional and shear-wave velocities vary by 8 and 16%o, re-
spectively, at zero pressure and by 23 and 59Vo, respec-
tively, at 150 GPa (Table 5).

The above results have potentially important implica-
tions for the interpretation of seismological observations
of the anisotropy in terms of flow in the upper mantle
(Thnimoto and Anderson 1984). To interpret the obser-
vations in terms of texturing induced by flow requires
estimates of the elastic constants of major mantle min-
erals. These estimates are generally taken from zero-pres-
sure experiments. Our results, however, suggest that elas-
ticity at zero pressure may be a poor approximation of
the elasticity even at relatively low pressures (10 GPa).
We found that the anisotropy of periclase drops to nearly
zero over the pressure range of the upper mantle (0-14
GPa) before increasing again at higher pressure. Periclase
itselfis not relevant for interpreting observations ofupper
mantle anisotropy. However, our results clearly show that
anisotropy can be strongly pressure dependent, and that
the anisotropy of minerals under mantle conditrrus may
differ qualitatively from that at ambient conditions.

20 40 60 80 100 120 140 160
Pressure (GPa)

Frcunn 7. Pressure variation of the anisotropy factor, A, of
MgO. The circles represent the calculated values. The first-order
extrapolation from ultrasonic data (Jackson and Niesler 1982) is
shown by the dashed line

Cauchy relations

The Cauchy relation co - c^o : 2P is valid only when
all interatomic forces are central under static lattice con-
ditions. Atzero pressure, we found co - c* = -48 GPa
in comparison with the experimental value of -61 GPa
(Jackson and Niesler 1982), indicating violation of the
Cauchy condition in MgO. As pressure increases, the cal-
culated value of cn - cu - 2P decreases (greater Cauchy
violation). The decrease is relatively slow up to 100 GPa
and then rapid between 100 and 150 GPa, as shown in
Figure 8. The relatively faster decrease above 100 GPa
is due to the slow increase of c,, between 100 and 150
GPa. The initial pressure dependence of the deviation
from the Cauchy condition agrees fairly well with low-
pressure ultrasonic behavior (Fig. 8). The PIB model,
with a zero-pressure value of -72 GPa for cr, - coo -
2P, has shown a very similar pressure dependence of the
Cauchy violation (Isaak et al. 1990).

The large violations of the Cauchy relation in MgO
require an important contribution from noncentral forces.
Periclase cannot be thought of as a material composed of
rigid ions. Band-structure calculations indicate that peri-
clase remains a wide-gap insulator to pressures well be-
yond those in the mantle, and that covalent bonding is
not important (Bukowinski 1980), so metallic binding or
covalent forces cannot explain the Cauchy violations. The
prediction by PIB calculations of a Cauchy violation sim-
ilar to our results indicates that this simplified model in-
cludes the essential physics. The relevant many-body
force is a spherically symmetric breathing of the O ion

-0.61
0
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Frcunl 8. Pressure variation of the Cauchy violation in
MgO. The circles represent the calculated values. The first-order
extrapolation from ultrasonic data (Jackson and Niesler 1982) is
shown by the dashed line.

in response to strain-induced variations in the Madelung
potential at the O site.
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