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Structure and dynamics of protonated MgrSiOo: An ab-initio molecular dynamics study
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AesrRAcr

We studied structural and dynamical properties of H* absorbed in MgrSiOo by ab-initio
molecular dynamics. We first calculated the I : 0 equation of state of pure forsterite as
a function of pressure, and we determined the relative stabilities of the olivine, p-spinel,

and spinel polymorphs. The results show that the ab-initio model successfully reproduces
the known structural properties of the system. In the protonated phases, in agreement with
experimental evidence, our computations show that H* is absorbed preferentially in the

B-spinel phase. The most stable absorption site is located close to the 01 atom, which is
coordinated by five Mg2* cations and not directly bound to Si. In addition to this stable
absorption site, the computation reveals other low-energy positions, forming an extended
network of hydrogen bonds, that could play an important role in the diffusion of H" in

B-spinel. We analyze the dependence of structure and dynamics of the pure and protonated
phases as a function of temperature and pressure.
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MgrSiOo-based minerals are the major component of the 
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level and understanding the 
-behavior 

of
upper mantle, which extends to a depth of 660 km' ol- i;r ;;;t fornpon"n, test the ingenuity of geophysicists
ivine [(Mg' 'Fe')rSioo, -r - 0' 1 1 is the most common and unt g"olrr.rntrt, ulik", especially because m6st or in" t"y
possibly the most studied member of this family gf ryn- oh"n"o-"nu occur under conditions difficult to reproducl
erals, which includes many other compounds and displays in the laboratorv.
a surprising variety of chemical and physical properties. It is generally felt that computational methods could
This variability, mainly because of the Mg'Sioo compo- play a Jrucial iole in assessing the properties of these
nent (forsterite), is at the origin of several important phe- mirr"ruts at the atomistic level, -specialy wtrere ab-initio
nomena of geophysical interest. The well-known discon- modeline is used to describe the chemical interactions
tinuity in seismic waves velocities at a depth of 410 km and similation alsorithms are introduced to account for
marks the transformation of MgrSiOo from the olivine, (a 

temperature effec6. These last requirements are fully met
phase) to the spinel structure (1 phase), with a narrow but bv tie density-functional-based ab-initio simulation meth-
important intermediate region of stability for the B-spinel oi of Car and parrinello (Car 1985; Jones 1989) that
polymorph (Ringwood 1970). A second major disconti- achieves quantitative accuracy in the description of struc-
nuity at a depth of 660 km is associated to the dispro- tural and dynamical properties of complex systems. Prog-
portionation of forsterite into MgSiO. perovskite and ress in both the method and computer performance now
MgO (Ringwood 1975). ailows extensive and reliable simulations of minerals at

Recent experimental (Bell 1992; Young 1993; Inoue the conditions prevailing in the Earth's interior (Wentz-
1994) and theoretical (Smyth 1987,1994) studies have covitch etal.1993,1995; Lin 1994; McConnell 1995).
shown that H may dissolve in MgrSiO" with strong pref- Our study concentrates on forsterite and its ability to
erential binding in the B phase. The saturation concentra- dissolve H under various conditions of pressure and tem-
tion is 3 wtTo HrO at the conditions estimated for the perature. We first test our ab-initio model by computing
mantle B phase, although the actual value is expected to the T : 0 equation of state of pure MgrSiOo as a function
be significantly smaller, i.e., in the range of -200 ppm of pressure, and we determine the stability range of its
(Wood 1995). Even at this low concentration, a massive olivine, p-spinel, and spinel polymorphs. The results are
amount of HrO could reside in the mantle at depths below in remarkable agreement with the available experimental
410 km in the form of protonated B-MgrSiO", and this data. Then we determine the lowest energy absorption site
could affect several features of this important region, in- for a proton in olivine and B-spinel by a combination of
cluding the size and structure of the transition boundary structural relaxation and molecular dynamics. We con-
between the ct and B phases and the melting line of the sider both MgrSiOo samples with one additional H*,

latter. Global properties, such as the mantle electrical con- whose charge is compensated by a homogeneous back-
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ground, and neutral samples with two protons and one
Mg2* vacancy. In this last case, we study the interaction
of the defects by comparing the energy for different rel-
ative positions of the protons and the vacancy.

Simulations for pure Mg,SiOo at high temperature were
also performed (as described in the Appendix) and pro-
vided a benchmark for characterizing the thermal prop-
erties of the protonated phase.

Tnn an-rNruo MoDEL

Our model is based on the density functional theory
(Hohenberg 1964), according to which the electronic
ground-state energy Eo for a given configuration (\) of
the atomic nuclei is the minimum of a unique functional
E of the electron density p(r):

E t(&)l :  T"atplG)1. (1)
An explicit evaluation of E is obtained by expressing p(r)
as the sum of independent electron orbitals t,lt(r)l:

The integration is over the Brillouin zone of the crystal,
and fi are occupation numbers. The functional E[p] is
given by Kohn (1965):

where the first term is a kinetic energy contribution, the
second term is the classical Hartree energy of the electron
density p, V-, is the potential on the eleiirons because of
the nuclei, E*. is the so-called exchange-correlation en-
ergy, and d_, is the classical Coulomb energy of the nu-
clei. In the local density approximation, which is used in
olu computation, E*. is given by:

t,.: 
I 

pQ)e[p(r)]dr (4)

where e""[p] is the XC 
"n"rgy 

density (per electron) of
the uniform electron gas at density p. The minimization
is performed by expanding ({D in a basis set and opti-
mizing E with respect to the expansion coefficient. In our
computation the orbitals are expanded in a basis of plane
waves:

. I , t  :?  c i , ,uexp[ t (k+G)r ]  (5)

where G are reciprocal lattice vectors, and the sum in-
cludes all the plane waves up to a kinetic energy cut off,
-E", to be specified below. The optimization is performed
either by direct minimization of the functional E with

respect to cb,k or by self-consistent, iterative diagonal-
ization of the equivalent Euler-Lagrange equations:

I - l^  -  |  Put
i-to 

* 
I i=dr 

+ v' '+ elo(r) l

a l
+ p(r)*elp(r)l l ,f l  = Ai.Vi.. (6)

dplr t  
)

The terms A;, the so-called Kohn-Sham (KS) eigenval-
ues, are Lagrange multipliers introduced to ensure the
ortho-irormality of the orbitals.

As an additional approximation, we only treat explic-
itly the valence electrons, and we replace nuclei and core
electrons by an ab-initio, norm-conserving non-local
pseudopotential (Pickett 1989). For Mg and Si we used
the pseudopotentials produced and tested by Stumpf et al.
(1990). For H and O we used two different pseudopoten-
tials: (1) Benchmark computations performed by Stumpf
et al. (1990) pseudopotentials, and (2) for most of the
actual computations we used soft Tioullier-Martins type
of pseudopotentials (Troullier 1 99 1 ), whose transferabil-
ity has been tested against the Stumpf et al. results. The
non-locality of the pseudopotentials is expressed by
means of the Kleinman-Bylander construction (Kleinman
1982; Pickett 1989).

The wave functions determined by minimizing the
functional E[p] for a fixed ionic configuration were used
to compute the Hellmann-Feynmann forces on the ions:

", : -uf#, : - ) /. ro(.,1*r"*p1.,) (i)
In turn, these allow us to optimize the structures by quasi-
static relaxation or to generate molecular dynamics (MD)
trajectories as described by Galli (1991). During MD
runs, the orbitals (S') are propagated in time by the adi-
abatic dynamics of Car and Parrinello (1985), also de-
scribed by Galli (1991). Appendix I reports additional
information on the parameters used in our computations.

Tlrn T = 0 K EeuATroN oF srATE oF puRE
Mg,Si0n

To test the reliability of the ab-initio model and to se-
lect the parameters for the MD simulation described be-
low, we studied the T : 0 equation of state for pure
MgrSiOo as a function of pressure, and we determined the
relative stability of the olivine, B-spinel, and spinel poly-
morphs by comparing their enthalpies.

Throughout our paper we use the conventions of Me-
gaw (1973), Baur (1971), and Wyckoff (1968) to name
the inequivalent atoms in the three MgrSiO" phases.
These structures are all based on the close packing of O
anions and are identified by the stacking of the compact
planes (hcp for ct, fcc for B and f), the distortion of the
O atom lattice, and the distribution of the cations among
the teffahedral and octahedral interstitial sites. Both ol-
ivine and spinel are orthosilicates, characteized by well-
defined SiOo tetrahedra, whereas B-spinel, a sorosilicate,
has the SirO, unit (two tetrahedra joined at one vertex,
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Frcunn L. Total energy E , vs. volume V for olivine, p-spi-
nel, and spinel structures. The curves are the Murnaghan inter-
polation to the computed DFT-LDA total energies. Each curve
has been fitted to at least seven points. The straight lines are the
common tangent to the olivine, B-spinel, and spinel curves.

with two edges almost colinear) as a building block. In
all these structures, for each tetrahedral site that is oc-
cupied by the Sit* cations, there are seven others that are
empty and, as we describe below, play an important role
in accommodating the stresses generated when pressure
is applied. The Mg'?* cations occupy one-half of the avail-
able octahedral sites.

Tae|-e 1. Parameters of the Murnaghan equation of state at f
: 0

For each sffucture we started from the atomic positions
given by Sung (1987) and Baur (I97I). Only a few of
the coordinates were not determined by symmetry and
were carefully optimized: Self-consistent forces were
computed and the structure was relaxed until the residual
energy gradient on each atom was <0.1 eV/A. The bla
and cla ratios for olivine and p-spinel were also opti-
mized by imposing the condition that, for each volume,
the applied pressure is hydrostatic. The maximum an-
isotropy in the stress that was acceptable at the end of
the optimization was 2Vo. The optimized lattice parame-
ters and atomic positions as a function of pressure are
shown in Tables 4. 5. and 6.'

The total energy vs. volume for the three structures is
reported in Figure 1, with the corresponding interpola-
tions by the Murnaghan equation of state (Yin 1982):

, a t l

E(v) :6ev l (Y" lv) " '  +  t l+  c  (8)B; lB ; - t  ' l  . -

whose parameters are listed in Table 1. The comparison
with the available experimental data, also reported in Ta-
ble 1, is satisfactory.

The double-tangent construction applied to the E(l/)
curves of Figure 1 predicts that olivine is stable up to
I2.4 GPa, beyond which it transforms to B-spinel. The
relative volume change associated with this first transfor-
mation is 5.6%o . With further increasing pressure, the sys-
tem undergoes a second structural transformation from
the B to the 1 phase, at 20.0 GPa, with a relative volume
change of l.8%o. According to the diagrams published by
Akimoto (1977), and attributed to Kawada (1971), the

B-spinel phase of pure Mg'SiO, is stable fuom 12 to l'7
GPa at 1073 K. from 12 to 19 GPa at 1273 K, and from
14 to 2l GPa at 1473 K. This phase diagram was revised
by Morishima (1994). A comparison with the phase dia-
gram published in recent papers (e.g., Rubie 1994; Aka-
ogi 1989) shows that the uncertainty in the phase bound-
aries are on the order of 2 GPa. Extrapolation of these
data to low temperature suggests that the cr -+ B transition
occurs at l0 GPa, and the I -+ f occurs at 15 GPa, in
fair agreement with our results. The total volume change
from olivine to spinel (i.e., including the stability range
of p-spinel) is 10.5Vo, in good agreement with the exper-
iments. The computed enthalpy changes are 6.6 kcal/mol
for the ct --> P transformation and 3.2 kcaVmol for the B
--r 1 transformation, again in good agreement with the
experimental data [7.6 

-r 0.7 kcaVmol, and 1.6 + 0.9
kcaVmol, respectively (Akaogi 1984)1.

The olivine and p-spinel phases, which have non-trivial
bla and cla ratios, display a clear tendency toward a more
cubic structure (i.e., bla and cla tend toward one) with
increasing pressure. As could be expected, the different

Y. (A")

a (A)

b (A)

c (A)

4 (Mbar)

d"

586.6
(580.0)

10.20
( 1 0  2 1 )

6.02
(5 e8)
9 5 6
(e.50)

1 .37

3.75

545.2
(537.6)

8 2 9
(8 248)
1 1 . 5 0

(11.444)
5.72

(5 696)

1 7 9

4.26

269

coJ c

(526 s)
8 . 1 1
(8.075)

1 8 9

4 0 8

3.95C (eV) 0 00

Notei The theoretical values for the three phases olivine (o), p-spinel
(p), and spinel (^/) were obtained by a least-squares fit ot the computed
E(t4 data The experimental values, reported in parentheses, are from
Megaw (1973) and Baur (1971) for olivine and B-spinel and Sung (1987)
for spinel. For all the structures Vo and C refer to a conventional cell of
56 atoms

I For a copy of Tables 4, 5, 6, and 7, order Document AM-97-
648 from the Business Office, Mineralogical Society of America,
1015 Eighteenth Street, Suite 601, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance. Deposit items may also
be available on the American Mineralogist web site, refer to the
inside back cover of a current issue for web address.
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Teele 2. lonic charges computed by Mulliken population analysis

Unas-
signed
cnargeo4a\"o1Mg3M92Mg1Mg

Oliv ine 1 .72 1.72
p-spinel 1 65 1 69 1.64
Spinel  1.66

- 1 . 2 1  1 2 2  1 2 1
- 1  4 3  - 1 . 0 6  1 2 1  1 2 2

1 9 1
2.O8
1 .99

4 0 3
4 0 8
3 8 0

Nofes: Charges were computed at the equilibrium volume of each structure with a minimal atomic basis. The unassigned charge corresponds to a
conventional cell of 56 atoms and 256 electrons.

structural units (i.e., filled and empty tetrahedra and oc-
tahedra) react in different ways to applied pressure,
whereas the behavior of each is very similar in the three
phases of Mg,SiOo. The SiOf tetrahedra (including those
fused into SirO, units) represent the stiffest component in
each phase. Their rigidity is compensated by the large
change of volume of the empty tetrahedra. The compress-
ibility of the octahedral sites does not show great varia-
tions between empty and Mgr* filled ones and is similar
to the overall compressibility. Our results for the relative
compressibilities of the different structural units are in
agreement with experimental data (Hazen 1976) and con-
sistent with the vibrational analysis of Mg,SiOo by Hof-
meister (1987) and Chopelas (1991), which assumes that
the SiOj- tetrahedra are the least deformable units in the
system. They are also qualitatively similar to the experi-
mental data for the closely related NirSiOo system (Finger
r9t9).

The charge distribution in the system has been ana-
lyzed in terms of the Mulliken population (Szabo 1989),
computed by projecting the Kohn-Sham eigen-states (ex-
pressed in terms of plane waves) on a minimal basis of
atomic orbitals. Also note that this analysis is more qual-
itative than quantitative, with results sensitive to the
atomic basis. The Mulliken charges are reported in Table
2. As expected, olivine and spinel have very similar ionic
character. In contrast, B-spinel displays intriguing differ-
ences, which are the basis for the discussion of proton-
ation in the next section: Mg, Si, and the majority of the
O atoms again have ionic charges similar to those of the
other two structures. However, two of the O atoms have
sigrificantly different ionic charges: (1) 01 atom, which
is not directly bonded to Si, but is coordinated by five
Mg cations arranged in a square pyramid geometry and
(2) the 02 atom, which bridges the two (deformed) tet-
rahedra forming the SirO, unit. As first pointed out by
Smyth (1987, 1994), OI is underbonded, and in our com-
putation this is reflected in an electron charge excess of
0.2 e with respect to the "normal" O atoms (as estimated
from the Mulliken population analysis, see Table 2). This
charge is not drawn evenly from all the other atoms in
the system but is pulled only from 02, which displays an
anomalously low ionic charge.

Ab-initio MD has been used to perform finite-temper-
ature simulations for pure MgrSiOo (spanning -1 ps),
whose results are briefly discussed in Appendix 2.

H rN MgrSiOn: srarrc pRopERTTES

As mentioned in the introduction, experiments have
shown that nominally anhydrous MgrSiOo may actually
contain a significant amount of H, the absorption being
energetically more favorable in the B-spinel phase. In the
experimental samples, the excess positive charge carried
by H* is compensated by Mg,* vacancies. Because the
concentration of H* is likely to be in the range of -200
ppm, the Mg2* vacancies and the H* impurities are not
expected to be bound, because, at the temperatures of
geophysical interest, entropy always prevails over the en-
ergy cost of breaking the pairs. As a consequence, the
equilibrium position of H* and their dynamics are not
directly influenced by the Mgr" vacancies, which act like
a homogeneous background of negative charge, ensuring
global system neutrality. We simulated this situation by
performing computations for MgrSiO. samples of 56 at-
oms in the olivine. B-spinel, or spinel structures plus one
proton. The excess charge is compensated by a uniform
negative charge distribution. For each phase, the com-
putation was performed at a volume close to the mini-
mum of the corre^sponding E(7) curve rep-orted in Figure
l, i.e., V : 58O A3 for olivine, y : 538 A, for B-spinel,
and V : 527 A, for spinel (all these volumes refer to the
conventional unit cell of 56 atoms). For obvious reasons
of electrostatics and chemical bonding, stable and meta-
stable absorption sites for H" are located close to an O
anion, with a bond length always close to that of the gas
phase OH thydroxyl) ion (0.97 A). Absorption sites,
therefore, will be identified by the inequivalent O atom
that binds H*. Computations are started with H* close to
the chosen O atom, and the geometry is optimized by a
short MD annealing. Next, we characterized the energet-
ics of the proton absorption by computing for different
configurations the energy E, defined by:

E^: -[E(H* | Mg,SiO.) - E(Mg,SiO") - E(H.)] (9)

The three energies on the right side are computed for
simulation cells of the same volume and shape, and the
charged systems are neutralized by homogeneous back-
grounds of the same density. Of course, the E" term de-
fined above is not the quantity of direct interest in geo-
physical problems, because the protonated MgrSiOo is not
in equilibrium with free protons. However, E" directly
gives the relative stability of different absorption config-
urations and can be used to compute thermodynamic
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Taele 3. Absorption energy 1 2

E" (eV) d(oH) (A)

o1
02
UJ

o1

o3
o4

Olivine
1 0 3
t t c

1 1 . 8

p-spinel

13 .5
12.5
12.8
1 3  0

Spinel
1 1 6

0.99
1.05
1 1 0

1 0 1
1 0 9
1  1 0
1 0 6

1 .07o1

Absorption energy lor H* close to each of the inequivalent O atoms in
olivine, p-spinel, and spinel

quantities of more direct application by knowing the
chemical potential of free protons with respect to the hy-
drated phases that are in equilibrium with MgrSiO" at
mantle conditions.

Several stable or metastable positions correspond to
each O atom. Our results for the lowest energy ones are
given in Table 3. The most interesting case is, of course,
B-spinel. A few years ago, Smyth (1987, 1994) and
Downs (1989) suggested that the competition for the
ground state is restricted to the 01 and 02 atoms: The
first is favored by the longer distance from the Si ions
and by the greater electronic charge, able to screen and
bind the positive proton (Smyth I98l, 1994); the second
was proposed by Downs on the basis of a careful analysis
of charge-density distributions and electrostatic potential
maps (Downs 1989).

A careful optimization of geometry and electronic
structure confirms that indeed 01 is the most stable ab-
sorption site for H*, with E" : 13.5 eV and an equi-
librium O-H distance of 1.01 A. As mentioned above, 01
is at the center of the square basis of a pyramid formed
by five Mg2* cations. The proton is located outside the
pyramid, on the prolongation of the line joining 01 to
the apex Mg2, thus completing a (highly deformed) oc-
tahedral coordination shell for 01. In this position, the
proton is relatively-far from any other O atom (the closest
one is 04 at 2.3 i\) and also relatively far from all the
other cations.

The Mulliken population analysis shows that 01,
which has an anomalous charge in the pure B-spinel
structure (q : 1.43 e), acquires a "normal" charge in the
hydrogenated case, i.e., it has a charge of q : l.l7 e,
close to that of all the O atoms in olivine and spinel (4
: 1.2 e) pure phases. The reduction of the ionic charge
induces an outward relaxation of the O-Ms nearest-neieh-
bor distances (by 0.25 A) anO a comparabl"e relaxationior
the O-Si nearest-neighbor distances. These results con-
firm the original intuition of Smyth (1987), attributing the
special stability of OlH to electronic structure effects,
reflected in the underbonding of this O atom.

The special character of 01 is also evident in that it is
the only relevant absorption site for which the proton is

o 2 4 6 8 1 0 1 2

Frcuns 2. Low-energy absorption sites close to the 04 plane
lying in a plane defined by the c and D direction. Units are given
in A. Large open circles - 04 atoms. Solid circles : Mg atoms.
Circles with a plus sign : Si atoms below the 04 plane. Circles
with a dot - Si atoms above the 04 plane. Small open circles
- H* absorption sites close to the 04 plane.

far from any other O atom. In all the other low-energy
absorption sites the proton is shared between two O at-
oms, giving rise to a hydrogen bond. All these bonds are
nearly linear and of the double-well type (Novak 1974),
i.e., the proton is unequally shared by the two O atoms,
and each site has a conjugate one, for which the role of
the proximal and the distal O atom is interchanged. The
two conjugate sites are equivalent when the hydrogen
bond joins equivalent O atoms, inequivalent otherwise;
the distance separating conjugate sites is short (0.5 A at
most), and the energy barrier among them appears to be
small.

The most noticeable set of hydrogen-bonded absorp-
tion sites are those surrounding the 04 atoms, which pro-
vide the most stable position after 01. The 04 atoms are
arranged on parallel planes separated by 4.1 A. on which
they iorm a nearly iquare laitice with a 2.1 x 2.85 i+
unit cell, as depicted in Figure 2. The lowest energy
among the absorption sites located close to this plane con-
nects two 04 atoms belonging to the same SirO, unit and
has an energy 0.5 eV higher than the 01 site. The sites
connecting two 04 atoms belonging to different SirO,
units have an energy O.2 eY higher than the previous site.
Slightly out of the 04 plane, and 0.05 eV higher in energy
than the previous site (i.e., 0.75 eV higher than O1), is
the site connecting an 04 to an 03 atom located in two
different SirO, units. Its conjugate site, i.e., the one con-
necting the same pair of atoms but located closer to 03,
has the same energy.

The 02 site, proposed in the past as an important ab-
sorption site because of a favorable electrostatic energy,
is 1 eV higher in energy than the 01 site, and is, there-

d-b"odaDboo

q-p""q-poo
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fore, -0.4 eV less stable than the 04 sites. Also absorp-
tion at 02 creates a hydrogen bond, but this is signifi-
cantly distorted because of the interaction with nearby
Mg2* cations.

Computations for B-spinel at different volumes show
that absorption energies decrease slightly with increasing
pressure. This dependence is not strong enough to affect
the relative stability of different absorption sites within
each structure, and it is far less for different srrucrures:
By compressing B-spinel from 0 to 50 GPa (i.e., over a
pressure range much wider than the stability range of
MgrSiOo at the Earth mantle conditions), the absorption
energy at Ol changes from 13.52 to 12.75 ey.

The importance of hydrogen bonding in stabilizing
proton absorption is further highlighted by the compari-
son with the results for olivine and spinel. In olivine, the
most stable absorption site is close to 03, and again cre-
ates a hydrogen bond. The bond, however, is somewhat
distorted, and the absorption energy in this site is 1.7 eV
less favorable than for B-spinel. Instead, at both the 01
and 02 sites, the H attached to O is separated from any
other O atom by a plane of positive Mgr* ions, preventing
the formation of hydrogen bonds. The energy of both
these sites is significantly higher. The most favorable ab-
sorption site in spinel corresponds to a local coordination
similar to the one at 03 of olivine. Not surprisingly, the
two absorption energies are similar, with H* at Ol in
spinel being only 0.2 eV higher in energy than at 03 in
olivine. The atomic coordinates for all the optimized hy-
drogenated structures are shown in Table 7.' The size de-
pendence of our results was tested by repeating the com-
putation in a larger system, with 16 MgrSiOu molecules
and one proton. The energy differences among configu-
rations and the absorption geometry do not change ap-
preciably with size.

The large absorption energy difference between B-spi-
nel and olivine implies a ratio for partitioning H* between
the two phases that is much larger than the observed ratio
10:1 (Bell 1992; Young 1993; Inoue 1994). To reconcile
the two results, we speculate that in the experiment the
H distributions in the olivine and B-spinel samples were
not fully equilibrated, and part of the H* in olivine might
have been trapped at positions of local minima suffound-
ed by large energy barriers.

H rN MgrSiOn: lror-ncur,AR DyNAMrcs
SIMULATIONS

To check the stability of the optimized structures and
to characterize the dynamics of the protonated B phase,
we generated micro-canonical trajectories covering I ps
after equilibrating the system at several temperatures
from 400 to 1600 K. At the lowest temperatures the
stretching of O1-H is remarkably harmonic, because the
light mass of H decouples this mode from all the others
(See Fig. 3). This allows a precise determination of its
frequency, 3180 + 30 cm-', in rather good agreement
with 3322 cm ' recently reported on the basis of infrared
and Raman spectra (McMillan 1991). Systematic devia-

oBt t

0.9

15

0

-15

-30
0.0 0.08

t (pO
0 . 1 6

Frcunr 3. Stretching (a) and bending (b) motion of a proton
absorbed at the Ol site (T : 800 K). The Fourier transform of
the OH distance is shown in the inset.

tions in frequency because of the Car Parrinello dynamics
of the Kohn-Sham states (discussed, for instance, in Oni-
da 1994), were taken into account in the evaluation of v
and its error. The bending of the Mg-O-H bond is more
difficult to characterize because of its longer period and
its coupling with other modes (See Fig. 3). Our estimate
for its frequency is u : 350 * 50 cm ', i.e., one order
of magnitude lower than for stretching. As discussed be-
low, this low bending frequency implies a large elonga-
tion of the lateral displacement for the proton and a high
entropy contribution to the stability of the Ol site at high
temperatures. At T > 800 K anharmonic effects become
apparent in the Ht motion, first in the bending and then
in the stretching mode. The distribution of O atoms and
the cations around a proton absorbed at Ol in p-spinel is
reported in Figure 4 for T: 800 K. Up to Z : 1400 K
we do not observe any diffusion of the Ht absorbed at
01. This result is not surprising: The next metastable po-
sition has an energy 0.6 eV higher and is separated both
by a long distance and a high energy barrier, because each
path to escape from 01 goes through narow valleys de-
limited by cations. Most likely, the Ol-H hydroxyl group
is stable up to the melting temperature of MgrSiO".

The dynamics of H* absorbed at the positions con-
necting two hydrogen-bonded O atoms is drastically dif-
ferent: The presence of two conjugate equilibrium sites
at close distance, separated by a small barrier gives rise
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Frcunr 4. Radial distributions of O, Mg, and Si around a
proton absorbed at the 01 position of B-spinel. The identities of
the atoms contributing to each peak are identified according to
the convention of Baur (1971).

to a highly anharmonic motion, which is apparent already
at low temperature. Even at 400 K, during the short time
of the simulation, we observed several crossings of the
proton between the double wells of the potential (e.g.,
Fig. 5). Nor did we observe any long range diffusion.
The statistics over a period of 1 ps are apparently not
sufficient to estimate the diffusion coefficient in the solid
phase.

To estimate the role of entropy in determining the rel-
ative stability of different sites, we computed (by a simple
MC integration) the volume visited in 1 ps by a proton
absorbed at different sites. The sites favored most bv en-

HAIBER ET AL.: PROTONATED Mg,SiOo

1 . 8

1 . 6

919

< 1 .4

s
s2

s
bI)

o r z

t
a

o | 1

E 1.2
E

1 .0

0 0.8
0.0 0.1 0.2 0.3

r (ps)
Frcunn 5. Dynamics of a proton giving rise to a hydrogen

bond between two 02 atoms in p-spinel (T : 850 K). The full
and dashed lines give the distance of the proton to each of the
two equivalent O atoms. The plateaus at d(OH) : 1.1 A and at
d(OH) - 1.5 A correspond to the two equivalent minima along
the hydrogen bond.

tropy appear to be 04, because of the presence of long-
range low-energy paths connecting them. Interestingly,
the volume available for a proton at 01 is large, because
of the large elongation associated with the soft-bending
mode, implying that enffopy will not counterbalance the
special stability of this site even at high temperature. The
volume available at disconnected hydrogen-bonded pairs
(like those at the 02 sites) is significantly smaller. Despite
the presence of a double minimum, the volume visited by
a proton at 02 is one-half that available around 01 at the
same temperature.

As a final computation for protonated B-spinel, we an-
alyzed the interaction of one vacancy with the H* im-
purity. Computations were performed mainly with the
system of 56 atoms. Additional computations with 112
atoms show that results do not depend much on the sys-
tem size. As expected, over the entire range of distances
covered in the 56 atoms cell. the interaction of the two
impurities is repulsive; that of the protons with the va-
cancy is attractive. Because of efficient electronic screen-
ing at these defects, however, all these interactions do not
appear to be very strong. The proton-vacancy interaction,
in particular, is rather weak. Placing the two protons in
the vacancy does not result in a stable or metastable con-
figuration, although some electron charge is attracted by
the two positive ions, forming at least part of the H, mo-
lecular bond. Also absorbing one H* at an 01 site and
the other within the vacancy does not correspond to a
stable or metastable configuration: A short MD arnealing
results in the migration of the proton from the vacancy
to one of the closest O atoms. On the other hand, ab-
sorbing two protons at a single O site (giving a neutral
HrO water molecule), results in a metastable configura-
tion only if the vacancy is very close (-2 A) to the cen-
tral O, otherwise the HrO molecule breaks spontaneously
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giving rise to two distinct OH groups. The stabilization,
however, appears to be due more to the release of stress
allowed by the empty Mgrt position than to specific elec-
trostatic or chemical interactions. For all the other posi-
tions of the protons absorbed to two different O sites, the
total energy ofthe system does not change much (0.1 eV
at most) by displacing the Mgr* vacancy. The energy ap-
pears to increase monotonically with increasing distance
between the protons and the vacancy.
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Appnnnrx 1: P.lnc.MErERs oF THE srATrc AND
DYNAMICAL COMPUTATIONS

Static computations were performed using the code
PWSCF written by S. Baroni (Scuola Internazionale Su-
periore di Studi Avanzati, Trieste, and Centre Europ6en
de Calcul Atomique et Mol6culaire, Lyon) and collabo-
rators. The SGS pseudopotentials were used for Mg, Si,
and O. Convergence was tested by performing systematic
computations for 4 : 60, 80, and 100 Ry. A few addi-
tional computations were done for 4 : 110 Ry. These
tests show that the kinetic energy cut off E : 100 Ry is
sufficient to provide total energy differences among the
different structures and different volumes to better than
0.6 mRy/atom.

The sampling of the BZ was performed using one spe-
cial t point f(l+, l+, 7+,) in reduced units (Monkhorst
1976)l for olivine and B-spinel. For spinel, having a
smaller unit cell, we used two k points [(!q, %, 1/+) and
(T+, l+, l+)f. Convergence tests have shown that the error
associated to the k point sampling is comparable to that
due to kinetic energy cut off.

We used the electron gas data of Ceperley (1980), as
interpolated by Perdew (1981), to evaluate the exchange
and correlation energies.

To study the dynamics of H* in MgrSiO* we performed
an extensive set of ab-initio calculations in pure as well
as H*-doped MgrSiOo. To speed up these MD calcula-
tions we used a less demanding computation scheme. To
this effect we generated soft pseudopotentials for O fol-
lowing the procedures of Troullier (1991) and used only
the f point of the supercell. The calculations for pure
MgrSiO* with SGS pseudopotentials, accurate sampling
of the BZ, and the very high cut off presented here were
used as the benchmark. With the soft pseudopotential and
a cut off of 70 Ry, we were able to reproduce all the
results obtained with the more accurate SGS pseudopo-
tential. In orthorhombic cells of 56 and 112 atoms use of
the f point also proved to be highly accurate.

The direct minimization of the energy functional and
the ab-initio MD simulations were performed using the
CPMD program (version 3.0) written by J. Hutter, Max-
Planck-Institut fiir Festkdrperforschung, Stuttgart.

Simulations were performed on an IBM RISC 590
workstation and required -120 s of CPU for each MD
step.

AppnNorx 2: Tnnnull- pRopERTrEs By AB-rNrrro
MOLECULAR DYNAMICS.

Molecular dynamics calculations for pure olivine,
B-spinel, and spinel were performed as a preliminary ex-
ploration of the system dynamics and as a comparison
with the simulations of protonated MgrSiOo. All the pa-
rameters of these simulations were equal to those of the
MD calculations described earlier. For each structure the
volume was equal to the experimental equilibrium vol-
ume, and the temperature was set to -700 K, represen-
tative of the conditions for a large portion of Mg,SiOo in

1 2 3 4
r (A)

Appsxrrx rrcunu 1. Radial distributions of Si (full line), Mg
(dashed line), and O (dotted line) around a central O atom in the
three polymorphs of Mg,SiOo (top : oliuin.' middle : B spinal;
bottom : spinel).

the upper mantle. For each structure, we equilibrated the
system for -3000 steps and accumulated statistics for
9000 steps, equal to 1 ps. The structures were character-
ized by the radial distribution functions, shown in Ap-
pendix Figure l, and by the mean-square displacements
of the different atoms, reported in Appendix Table 1. The
main features of the radial distribution function are ap-
parently very similar in the three phases, the only notice-
able difference being in the shape of the first peak of the
O-O correlation function. For all the structwes, the atom-
ic mean-square displacements reflect the strong localiza-
tion of the Si atoms because of their high mass and strong
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AppeHorx Trele 1. Atomic mean-square displacements (Ar)

Mg Mgl Mg2 Mg3 O

Olivine
B-spinel
Spinel O.O22

0 038 0.029
oo27 0051 0027

0.020
0  0 1 6
0  0 1 0

.-lV.9tes._]!e,1tomic mean-square displacements for olivine (at f : 750 K, y: 580 A3), B-spinel (at f : 910 K, y - 538 A.), and spinet (?t T:740
K, V - 527 A3) are estimated by a 1 ps MD simulation for a 56 atom sample For all the data the statistical error is on the order of O OO2 Ar.

0.o27
0.048

0 030
0 030

0 038
0.028 0.030

0.020

bonding to four O atoms and the relatively soft restoring
force for the Mgz+ cations. For each of the structures, the
differences in the displacements for the inequivalent sites
of each element are easily correlated with the local en-
vironment, with the details of the bonding discussed ear-
lier. In B-spinel, for instance, the most delocalized O site
is 01, apparently because of its underbonding due to the
Mg'?* local coordination. Moreover, Mg2, which is the
apex of the square pyramid that coordinates 01, is the
most mobile of the Mgr* cations and displays the largest

displacement along the direction of the relatively soft
Ol-Mg2 bond. The full trajectories generated in our sim-
ulation are shown in Appendix Tables 2-6.1

' For a copy of Appendix Tables 2, 3,4,5, and 6, order Doc-
ument AM-97-649 from the Business Office, Mineralogical So-
ciety of America, 1015 Eighteenth Street, Suite 601, Washington,
DC 20036, U.S A. Please remit $5.00 in advance. Deposit items
may also be available on the American Mineralogist web site,
refer to the inside back cover of a current issue for web address.


