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ABSTRACT

Ab initio calculations using the local density approximation and pseudopotentials were
made on forsterite from 0 to 700 kbar. Our calculations are generally consistent with
almost all the experimental cell-parameter and bond-length data. In contrast to some
experimental data, however, we find no evidence for abrupt changes in compressional
mechanism at any pressure.

INrnooucrroN

The compressional mechanisms of forsterite, the major
phase in the upper rnantle, are ofconsiderable interest to
geophysicists. In particular, the elastic properties are fun-
damental to the interpretation of seismic data. There have
been several experimental studies on the elastic moduli
of forsterite up to 700 kbar, resulting in a value for the
bulk modulus (K) between 1230 and 1360 kbar and a
pressure derivative (dK/dP) between 3.5 and 4.5 [see
Knittle (1995) for a reviewl. Although the elastic moduli
ofdifferent experimental studies are apparently in agree-
ment, it has been argued that the compression of forster-
ite is not a smooth function of pressure but in fact exhib-
its abrupt discontinuities in cell parameters and bond
lengths. Kudoh and Tak6uchi (1985) found that the a and
b cell parameters (in this paper we use the space group
Pnma) suddenly become significantly less compressible
near 80 kbar, which is also reflected in V/Vo. They also
found that the Ml-O bond distance becomes incompress-
ible at the same pressure. More recently, the experiments
ofAndrault et al. (1995) also appeared to show a sharp
decrease in the compressibility of olivine, but in this case
breaks occurred in all three cell dimensions and at the
much higher pressure of about 400 kbar. This is seen in
olivines with Fe/Mg ranging from 0 to 1. In contrast to
these two studies, the experiments of Will et al. (1986)
showed no discontinuous breaks in the compressional be-
havior offorsterite from 0 to 300 kbar, and the data are
fitted very adequately with a single set of elastic con-
stants.

Further evidence for discontinuities in the compress-
ibility of forsterite is given by Raman spectroscopy, which
shows a distinct decrease in the pressure gradient ofsev-
eral bands at 91 kbar (Chopelas 1990). This was inter-
preted as a second-order phase transformation. Because
it occurred at a pressure similar to the 80 kbar "locking
up" of the Ml-O bond seen by Kudoh and Tak6uchi
(1985), it is tempting to associate the change in the Ra-

man bands with that mechanism. This interpretation is
inconsistent with the compressional data, however, be-
cause abrupt changes in higher frequency bands assigned
to internal SiO, modes are also observed in the Raman
data; and the compressional data exhibit a smooth de-
crease in length ofthe Si-O bond (Kudoh and Tak6uchi
I  985) .

To test whether there are sudden changes in the com-
pressional mechanisms of forsterite with pressure, we
performed ab initio density-functional calculations (DFT)
on forsterite from 0 to 700 kbar. In summary we find no
evidence for discontinuous changes in any ofthe cell pa-

rameters or bond lengths, and the compressional behav-
ior of forsterite is very well described by a single Birch-
Murnaghan finite-strain equation of state over the entire
pressure range.

Clrrur,lrroNs

Calculations were performed using the parallel density-
functional (DFT) code CETEP (Payne et al. 1992). This
code utilizes the local density approximation (LDA) (Per-
dew and Zunger l98l) for the exchange-correlation po-
tential and ab initio norm-conserving, nonlocal, Klein-
man-Bylander-type pseudopotentials for the valence-core
electron interactions (Kleinman and Bylander 1982; Lin
et al. 1993). The use of pseudopotentials means that only
the valence electrons are considered explicitly, which re-
sults in significant savings in computational requirement.
Periodic boundary conditions were employed, and the
valence orbitals were represented by a plane-wave expan-
sion. There are no adjustable parameters at this level of
theory, and no experimental data are used except for the
mass and charge of the electron and Planck's constant.
There are no significant approximations in these calcu-
lations except that of the exchange-correlation function.
A substantial advantage of the plane-wave basis set is
that forces and stresses may be easily evaluated using the

0003-004x/96/0 r 02-0257$05.00 257



258 BRODHOLT ET AL.: COMPRESSION OF FORSTERITE

4.643
4.603
4.568
4.537
4  5 1 0
4.463
4.423
4.388
4.356
4.325

281 67
271.84
263.64
256.46
250.1 8
239.44
230.39
222.72
215.92
209.73

Hellman-Feynman theorem (Payne et al. 1992) and used
to relax both the atomic coordinates and the unit-cell
parameters to minimize the total energy (Wentzcovitch
et al. 1993).

The cell parameters were optimized until the pressure
was within 0.5 kbar of the desired value, and all 28 atoms
in the unit cell were allowed to relax fully until the net
force on any atom was <0.002 eV/A. Owing to the size
ofthe system and the number ofdegrees offreedom that
were optimized (the positions of 28 atoms and the three
cell parameters), only the f point (0,0,0) was used to sam-
ple the Brillouin zone. Convergence as a function of
k-point sampling was investigated by comparing sample
calculations at the I point with a four-point set chosen
using the Monkhorst-Pack (Monkhorst and Pack 1976)
scheme. The total energies are within 0.04 eV/atom. En-
ergy differences are much better converged: The energy
changes between 0 and 200 kbar are within 1.0 x l0-5
eV/atom of each other. Cell parameters are also well con-
verged, with results from the two ft-point schemes agree-
ing to within 10/o at both pressures. Most important though
is the fact that the compressional behavior was un-
changed. M1-O, M2-O, and Si-O bond lengths calculated
with one k point are within 0.30lo of those calculated with
four k points. The insensitivity of the bond lengths, in
particular, to k-point sampling confers a high level of

Taele 1. Summary of calculated cell parameters
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Frcunr 2. The experimental compression data for forsterite
are reproduced very well over the entire pressure range by the
calculations. Note that there is no evidence for any changes in
compressional mechanism at any pressure and that the calculat-
ed volumes are well fit by a Birch-Murnaghan equation of state
(solid line through the calculated points).

confidence about the robustness ofour results. Plane waves
up to an energy of600 eV were accepted, allowing a basis
set of 9693 plane waves. This resulted in almost com-
pletely converged total energies and energy differences
that were completely converged.

When using pseudopotentials for compression calcu-
lations, a possible source oferror arises ifthe core regions
of neighboring atoms overlap. A change in overlap as
bond length decreases can alter the compressive strength
ofthe bond. In our case, however, the only overlap occurs
in the Si-O bond, which compresses from 1.6 to 1.55 A.
Other calculations on Si-O bond compression in CaSiO,
perovskite show the maximum consequent errors in the
total energy and bond lengths are 0.04 eV/bond and 0.004
A, respectively (Refson, in preparation).

Rrswrs
Table I summarizes the cell parameters and volumes

for pressures ranging from 0 to 700 kbar, and Figure I
compares the calculated Z as a function of pressure with
the experimental data. As is generally the case with LDA-
type calculations, the cell parameters are slightly too small.
In contrast, Figure 2 compares V/Vowith the experimen-
tal data and shows that, ifall the data are taken together,
the observed compressibility is reproduced very accu-
rately over the entire pressure range. A Birch-Murnaghan
fit ofthe calculated data yields a value for K of 1344 +
7 kbar and dK/dP of 3.88 + 0.04. This is in very good
agreement with other estimates (see Introduction).

The individual cell parameters are also accurately re-
produced by the LDA calculations. Figure 3 compares
the calculated values of a/ao, b/bo, and c/co with experi-
mental data. At lower pressures (<300 kbar) the agree-
ment between the calculated values and the experimental
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Frcunr 1. Comparison of the calculated volumes and the
experimental data. The cell volumes are slightly underestimated,
which is usual in LDA calculations.
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Frcunn 3. The experimental compression data for the indi-
vidual cell parameters are well reproduced by the LDA calcu-
lations. At higher pressures the calculated values of a/ao and c/
co are somewhat higher and lower, respectively, than the data of
Andrault et al. ( I 995) (see text). There is no evidence for a change
in compressional behavior for any ofthe calculated cell param-
eters.

data is exceptionally good. However, at higher pressures
the agreement with the experimental data appears to be
not so good, with calculated values of a/aojust outside
the error bars ofAndrault et al. (1995). In fact, their lower
pressure data agree with the other data only at the ex-
tremes of the error bars; this is particularly clear for c/co.
The data of Andrault et al. (1995) were collected as part
of a study concerned with pressure-induced amorphiza-
tion, so nonhydrostatic conditions were purposely creat-
ed by not using a pressure medium. This best explains
the observed differences, and we believe, therefore, that
our calculated values for the compressibility of the cell
parameters are accurate over the entire pressure range
examined here.

Figure 4 shows average Ml-O, M2-O, and Si-O bond
lengths obtained from the experiments of Kudoh and
Tak6uchi (1985) and from the LDA calculations. The ex-

Frcunr 4. The calculated Ml-O bond length does not show
the sudden decrease in compressibility at 80 kbar that is seen in
the experimental data. Ml-O, M2-O, and Si-O show smooth
continuous compression from 0 to 700 kbar.

perimental data show that the Ml-O bond becomes es-
sentially incompressible at 80 kbar. This is not seen in
the calculated bond lengths, which maintain smooth
compressional behavior over the entire pressure range.
The calculated Si-O bonds also maintain a smooth and
practically linear decrease in length over the entire pres-
sure range. This is consistent with the experimental data.

Drscussroll

The calculations performed here provide no evidence
for any change in the compressional behavior offorsterite
at any pressure from 0 to 700 kbar. All three cell param-
eters compress smoothly, and there are no discontinuous
changes in the compressibilities of the M I -O, M2-O, and
Si-O bonds. Given the fact that there is excellent overall
agreement between our calculations and the experimental
cell parameters and bond lengths (both at low and high
pressures), we believe that there is sufficient reason to
have a high level ofconfidence in these results

The large nonhydrostatic stresses in the experiments of
Andrault et al. (1995) make any comparison with our
results difficult. The changes in compressional behavior
that they observed were probably caused by the large
nonhydrostatic stresses and perhaps were associated with
the onset of amorphization.

Kudoh and Tak6uchi (1985) argued for a sudden de-
crease in the compressibilities of the a and c axes at 80
kbar. A critical examination of their Figure I shows, how-
ever, that this interpretation depends heavily on experi-
ments between 130 and 150 kbar, which have quite sig-
nificant uncertainties. We believe that their data could be
fitted well with one Birch-Murnaghan equation of state
and that an analysis would show that fitting with two
equations of state is not statistically valid. (We did not
do this because they tabulated only about one-third of
the data shown in their figure.) Their analysis of the bond
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lengths also depends heavily on one experimental point.
With the exception of their I I I kbar experiment our cal-
culated M I -O bonds agree with theirs within experimen-
tal error.

Lastly we consider the spectroscopic data of Chopelas
(1990), which show abrupt breaks in the slopes of six
Raman bands at 9l kbar. These breaks occur not only in
low-frequency modes, which can be associated with Mg-O
bonds, but also at higher frequencies, which are associated
with internal SiOo modes. Although the low-frequency
bands could be consistent with the compressional changes
in the Ml-O bond seen by Kudoh and Tak6uchi (1985),
the break in the higher frequency bands is inconsistent
because the compressional data show smooth compress-
ibility of the Si-O bond from 0 to 150 kbar. Although we
cannot determine what the breaks in the Raman bands
represent, we do not believe they are caused by a simple
change in compressional mechanism owing to a sudden
incompressibility of the Ml-O bond.

In conclusion, our calculations on the compressibility
of forsterite are inconsistent with the claimed sudden
changes in compressional mechanisms in forsterite at any
pressure between 0 and 700 kbar.
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