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High-pressure proton disorder in brucite
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ABSTRACT

In this paper we explore the structure and physical properties of brucite over a wide range of pres-
sures with density functional theory using the variable cell-shape plane wave pseudopotential method
in the local density (LDA) and generalized gradient (GGA) approximations. We probe the energetics
underlying the structure and dynamics of the proton sub-lattice by performing a series of constrained
and unconstrained static calculations based on an energetically stable V3x\3x1 super-cell wherein
proton locations are related to the 6/ Wyckoff sites as opposed to the ideal 2d site. The displacement of
the hydrogen atom from the threefold axis increases with increasing pressure. This means that even in
the absence of thermal energy, the protons are frustrated and would be expected to exhibit long-range
disorder akin to a spin glass. To shed light on the dynamic nature of the proton hopping between the
6i-like sites, we determined the activation energy barrier for such jumps. We found that the energy
barrier increases with compression, possibly indicating a transition from dynamic proton disorder at
lower pressures to static disorder at higher pressure. We have also investigated the possibility of proton
jumps across the interlayer, by determining the potential energy well along the O---O vector. We infer
that proton jumps across the interlayer are either severely limited or highly cooperative since we did
not find any evidence for a double well along the O---O vector. The absence of a double well along
the O---O vector, the evolution of O-H--O distances with compression, and the gradual transition to a
symmetric O-H---O configuration, all argue for weak hydrogen bonding in brucite.
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INTRODUCTION

Crystallographically bound hydrogen plays an important role
in the Earth’s interior by modifying physical and thermodynamic
properties and through hydration and dehydration reactions such
as those associated with fluid release in subduction zones. Brucite
Mg(OH), serves as a model system for hydrous phases of the
Earth’s crust and mantle. Its simple structure provides unique
insights into the nature of hydrogen bonding at elevated pressure
and its influence on physical properties.

The structure of brucite prompts two fundamental questions:
the location of the hydrogen atoms and the role of hydrogen bond-
ing in stabilizing the structure. The sheets of this layered structure
are composed of planes of Mg ions surrounded by planes of
hydroxyl ions. Observation of the pressure-induced decrease
of the hydroxyl stretching frequencies has been interpreted in
terms of strengthening hydrogen bonding upon compression.
On the other hand, theoretical studies have argued based on the
electronic structure that hydrogen bonding is not important in
brucite (Sherman 1991; Raugei et al. 1999). Our analysis of the
influence of pressure on the geometry of the hydroxyl bonds sup-
ports the view that point-dipole interactions, rather than hydrogen
bonding, are the primary binding agents.

The symmetry of the local environment about the ideal hydro-
gen position leads one to expect proton disorder. Indeed, neutron
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diffraction shows that the average hydrogen position does not
coincide with the threefold axis at elevated pressure, but is split
among three symmetrically equivalent off-axis positions (Parise
etal. 1994). What is the nature of the disorder that underlies this
observation? One may consider two non-exclusive possibilities:
(1) dynamic disorder, in which each hydrogen hops from one to
another of the three symmetrically equivalent sites with some
finite time scale that is small compared with that of the experi-
mental probe; (2) static disorder, in which each hydrogen atom
is stationary, occupying for long periods of time one of the three
symmetrically equivalent positions with a pattern of occupation
that lacks order on a spatial scale that is small compared with that
of the experimental probe. We argue that brucite undergoes two
pressure-induced transitions from nearly ordered, to dominantly
dynamic disorder, to dominantly static disorder.

Using density functional theory, we studied the properties of
the ground state structure and the energetics underlying proton
dynamics. Our investigations are complementary to previous
first-principles molecular dynamics simulations at finite tem-
perature (Raugei et al. 1999). We used static calculations to
our advantage by exploring in detail pressure-induced trends in
equilibrium structural parameters, by mapping out the energy
surface that underlies the dynamics of proton disorder, and by
exploring a much wider pressure range than previous studies.
Our study further tests the ability of density functional theory
to capture the relevant physics of strongly anisodesmic systems
such as brucite and clays with a large range of bond strengths
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from the strong hydroxyl bond to the much weaker interlayer
forces (Stixrude 2003; Stixrude and Peacor 2002).

In the following section, we describe the structural model
that we use to approximate proton-disordered brucite, and our
computations based on density functional theory. Results include
fundamental tests of the computations including comparison with
the experimental equation of state, structural parameters, and
explorations of the energetics of proton dynamics. We discuss
our results in light of previous theoretical and experimental
studies of brucite.

METHODOLOGY

Structural model

The crystal structure of brucite was first refined by Zigan
and Rothbauer (1967) in space group P3m1 with protons on the
threefold axis corresponding to the 2d Wyckoff position (1/3,
2/3, z) (Fig. 1). Each OH vector is surrounded by three oppo-
sitely oriented hydroxyl groups of the overlying layer. Zigan
and Rothbauer (1967) and subsequent studies found unusually
large thermal motion of the protons (Partin et al. 1994). Neutron
diffraction shows that at elevated pressure the hydrogen atoms are
displaced from the fold axis. The spatially and temporally aver-
aged hydrogen atom positions can be modeled as 1/3 occupancy
of three equivalent 6; Wyckoff position (x, 2x, z) with x > 1/3
(XGT arrangement) (Parise et al. 1994, 1998, 1999; Catti et al.
1995). An alternative arrangement with x < 1/3 (XLT) has also
been proposed (Megaw 1973). The XGT sites minimize H----O
distances. Neutron diffraction studies suggest that protons may
be located at XGT sites even at ambient pressure (Desgranges
et al. 1996).

To capture transitions from the conventional to the trifur-
cated structure in our static calculations, we adopted a model

that permits an energetically favorable arrangement of deflected
hydrogen bonds with the hydrogen atoms occupying 6i-like posi-
tions. Based on aV3x\3x1 supercell, the protons are distributed
among XGT-like sites so that they form rings about the Mg
atoms. This ring pattern is a compromise between the size of
the unit cell (and thus computational cost) and the energetics
of H-H repulsion which are frustrated on the hexagonal lattice
(Fig. 2). The resulting space group is P3 (a maximal subgroup
of P3m1), with the loss of the mirror planes as the protons are
disordered spatially. The Mg atoms are located at two distinct
positions, Wyckoff site 1a (0, 0, 0) and 2d (1/3, 2/3, zy,). The
oxygen atoms and protons are located at general 6g sites with
fractional coordinates (xo, Yo, Zo0) and (xy, yYu, zZu), respectively
(Table 1). Figure 2 shows the relationship between the original
P3m1 unit cell, a V3x\3x1 supercell, and the P3 unit cell.

TABLE 1. Structure of brucite

V(A3 40.20* 35.16% 41.78t 36.361 23.34t
P (GPa) 0.4 9.3 03 8.4 119.1
a(R) 3.1382(2) 3.0365(6) 3.1989 3.0887 2.6445
c(A) 4.713(1) 4.403(2) 4.8435 44014 3.8516
Zug 0.000 0.000 0.0109 0.0157 0.0151
Xo 0333 0333 0.3321 03317 0.3307
(0.3371) (0.3407) (0.3443)
Yo 0.666 0.666 0.3346 03362 03375
(0.6704) (0.6728) (0.6761)
Zo 0.214(3) 0.232(2) 0.2200 0.2396 0.2746
X 0.367(4) 0.402(4) 0.3165 0.3000 0.2146
(0.3821) (0.4256) (0.5408)
Y 0.674(4) 0.804(4) 0.3493 0.3628 03777
(0.7163) (0.7628) (0.9485)
z4 0.412(2) 0.449(2) 0.4220 0.4525 0.4811

* Experiment (Parise et al. 1994). Space group P3m1,Z = 1, hydrogen at Wyckoff
position 6i.

+ Theory (this study). Space group P3, Z = 3, hydrogen at Wyckoff position 6g,
O at position 6g, Mg at position 1a and 2d. In parentheses, we give the xand y
coordinates referred to P3m?1 lattice vectors (cf. Fig. 2) to allow direct comparison
with experimental values. Value reported for ais 1/4/3 the P3 lattice parameter.
Pressure is from GGA without thermal correction.
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FIGURE 1. Crystal structure of brucite Mg(OH),, (a) perspective view of the P3m1 structure showing the downward pointing proton surrounded
by three upward pointing protons. The Mg atoms are denoted by light gray filled circles, the oxygen atom by dark-gray filled circles, and the proton
in the 2d position (1/3, 2/3, zy) by a black filled circle. The solid arrows denote the H---H interaction and point-dipole interactions; (b) protons
shown in 6 Wyckoff position with fractional coordinates (x, 2x, z). There are two classes of these positions: x < 1/3 (XLT) denoted by black filled
circles pointing toward the Mg atoms, and x > 1/3 (XGT) denoted by light gray filled circles pointing toward the oxygen atoms. XGT positions
are labeled 1, 2, 3 (downward pointing) and 1', 2', and 3' (upward pointing) while XLT positions are labeled a, b, ¢ (downward pointing) and a',

b', and ¢' (upward pointing).



MOOKHERIJEE AND STIXRUDE: HIGH-PRESSURE BEHAVIOR OF BRUCITE 129

We also considered the XLT arrangement of protons without
the loss of mirror planes, i.e., having the same space group P3m1
as the 2d configuration. We found that the proton relaxes back
to the 2d positions over the entire range of pressures. The XLT
arrangement is therefore unfavorable energetically and unstable
mechanically in our calculations, confirming the interpretation of
the neutron diffraction results by Desgranges et al. (1996) who
also preferred the XGT arrangement.

We compared the energy of the P3 supercell with all atoms
in fully optimized positions to that of the P3m1 structure with
hydrogen on 2d positions. We also explored the energetics of
hydrogen dynamics in a series of constrained calculations by
systematically altering the position of one of the protons in two
ways: (1) movement along the closest O-O vector across the
interlayer to investigate the possibility of across-layer hopping,
and (2) alteration of the azimuthal angle of one hydroxyl bond
to explore the energetics of hopping among the three 6i-like
sites (Fig. 2). These tests of the energetics of hydrogen motion,
since they involve the motion of a single hydrogen atom in our
V3x\3x1 supercell, break the symmetry and lower it to P1.

Theory

Our calculations are based on density functional theory (Kohn and Sham
1965). We investigated two widely used approximations to the exchange-correlation
functional: the local density approximation (LDA) and the generalized gradient ap-
proximation (GGA) (Lundqvist and March 1987; Perdew and Wang 1986; Perdew et
al. 1991). One further approximation was made, the pseudopotential approximation
(Heine 1970), motivated by the argument that the core electrons participate little
in bonding and structural changes. We used ultra-soft pseudopotentials (Vanderbilt
1990; Kresse et al. 1992), which limited the size of the plane wave basis set that
was required to accurately represent charge density and potential.

r

FIGURE 2. The model P3 structure viewed down the c-axis with
atoms shown at their equilibrium positions at a volume per formula V=23
A3, The relationship between the primitive P3m1 unit cell (long-dashed
lines), a 3 x 3 x 1 super-cell (dotted lines) and the P3 unit cell (solid
lines) is indicated. The P3 structure has oxygen atoms and hydrogen
atoms on general sites (Wyckoff position 6g) and two distinct Mg sites
located on the 3 axis at the origin (1a), and on the 3-fold axis without
site center of symmetry (2d). Our strategy for exploring the energetics
of azimuthal angle variation via a series of constrained calculations is
illustrated schematically.

‘We used the Vienna ab initio simulation package (VASP) (Kresse and Hafner
1993; Kresse and Furthmiller 1996a, 1996b) to perform our calculations. We used
an energy cutoff, £, = 600 eV, and a Monkhurst-Pack (Monkhurst and Pack 1976)
2 X2 x2 k-point mesh and a V3xV3x1 supercell. A series of convergence tests
demonstrated that these computational parameters yield energies and pressures
that converged to within 0.1 meV and 0.3 GPa respectively.

The equation of state and linear compressibility were analyzed using third-
order Eulerian finite-strain theory (Birch 1978; Meade and Jeanloz 1990). Our
calculations were static and thus neglected the influence of lattice vibrations. We
estimated the effects of zero-point motion and finite temperature (300 K) by apply-
ing a semi-empirical correction to the pressure based on the Mie-Griineisen-Debye
formulation with values of the Debye temperature ©,= 697 K (Kieffer 1979)
and Griineisen parameter Y, = 1.16 (Redfern and Wood 1992; Xia et al. 1998)
estimated from experimental data, and the logarithmic volume derivative of y, g =
1 (Stixrude 2003; Panero and Stixrude 2004). The thermal pressure was assumed
to be isotropic: structural parameters other than the volume, such as the c/a ratio,
were assumed to be functions of the volume only.

RESULTS

Energetics and EOS

We found that our model P3 structure has a lower energy
than that of the P3m1 structure (Fig. 3). The energies of the two
structures approach each other gradually on expansion, becoming
indistinguishable at a volume per formula unit V =43 A3,

The theoretical bulk modulus agrees well with the experi-
mental data: both GGA and LDA values lie within the range
that has been experimentally reported (Fig. 4, Table 2). The
zero-pressure volume is much more sensitive to the form of the
exchange-correlation functional and is in substantially poorer
agreement with experiment: the theoretical volume corrected to
300 K is 7.2% larger than experiment in GGA and 6.5% smaller
than experiment in LDA (Fig. 4, Table 2).

The calculated c/a ratio agrees with the experimental value
to within a few percent (Fig. 5). Our calculations show strongly
anisotropic compression in agreement with experiment: the ¢
parameter is approximately five times more compressible than
the a parameter at zero pressure (Table 2). The c¢/a ratio becomes
nearly pressure independent at around 18 GPa for both the model
structure and the 2d structure, an observation consistent with
previous experimental studies (Fig. 5). Powder diffraction stud-
ies exhibited discontinuities in the c/a ratio at 6—7 GPa (Catti et
al. 1995); and 10 GPa (Fei and Mao 1993). We found no such
discontinuity, which may be attributed to non-hydrostatic stresses

TABLE 2. Bulk modulus (K,), its pressure derivative (K;), and linear
moduli (K,, K.) of brucite at ambient pressure

V,(A®) c/a K,GPa) K., K,GPa) K.(GPa) Method Reference

40.88 1.516 54.3 47 388 75 PXD* Fei and Mao (1993)

4056 1498 390 76 313 57 PNDt  Cattietal. (1995)

40.85 1.516 420 57 SCXD+ Duffy et al. (1995¢)

408 1516 36.7 238.1 546 BS Xia et al. (1998)

408 1516 397 67 2632 51 PXD*  Xiaetal. (1998)

402 1.502 47 47 2777 1389 PNDt  Parise et al. (1994)

4092 1516 418 66 PXD*  Fukui et al. (2003)

417 156 43 5.7 26555 53.19 GGA

36.7 146 65 6.05 290 61 LDA }this study

438 158 34 58 225 39 GGA3©K

382 147 53 6.2 234 45 LDA3K

Notes: Experimental results are at room temperature. For the theoretical results,
we report both the static values and values with semi-empirical thermal
correction (300 K) as discussed in the text.

* PXD = Powder X-ray diffraction.

1 PND = Powder neutron diffraction.

$ SCXD = Single-crystal X-ray diffraction.

§ B = Brillouin scattering.
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FIGURE 3. Total energy (GGA) of brucite in the P3 model structure
(open circles) and in the P3m1structure with hydrogen at the 2d positions
(filled circles).

40 160

N}
=

©
S

30

Presure (GPa)

20
24 28 32 36 40 44 48 52

Pressure (GPa)

unit-cell volume (A%)

30 32 34 36 38 40 42
unit-cell volume (A%

FIGURE 4. Theoretical equation of state of brucite, Filled square and
solid line: LDA static; filled circle and solid line, GGA static; dashed
lines: theoretical results corrected semi-empirically to room temperature
(see text); open triangles, experimental data from Fei and Mao (1993);
open squares, experimental data from Duffy et al. (1995¢); open circles,
experimental data from Catti et al. (1995). The inset shows the entire
pressure range explored in this study (solid square: LDA static; solid
circle: GGA static).

as confirmed by a single-crystal study (Duffy etal. 1995c). Sub-
sequent discussions refer to both LDA and GGA results, although
since both approximations show similar trends, all figures shown
hereafter correspond to GGA.

The structure of the Mg-O sub-lattice remains nearly identical
to that of the P3ml structure over nearly twofold compression.
The atomic coordinates xo, yo, and zy, vary by no more than 0.02
from their values in the higher symmetry structure (Table 1).

High pressure behavior of protons

Structure. In the present study, the hydroxyl bond length roy
remained almost constant with pressure, showing a very slight

MOOKHERIJEE AND STIXRUDE: HIGH-PRESSURE BEHAVIOR OF BRUCITE

c/a
a
[
(=]

0 20 60 80

40 100 120
Pressure (GPa)

40 60 80 100 120
Pressure (GPa)

FIGURE 5. c/a-ratio vs. pressure: large open circle, GGA (300 K) for
the model P3 structure; filled circles, GGA (300 K) with protons at the
2d positions; open triangle, experimental data from Fei and Mao (1993),
open squares, experimental data from Duffy et al. (1995¢); open circles,
experimental data from Catti et al. (1995), inset shows variation of z,
with pressure (open circle: P3; filled circle: P3m1).

increase, while oo and 7.5 shortened nearly linearly with com-
pression (inset of Fig. 6). At V=20 A® r,.; becomes equal to roy,
producing a symmetric O-H-O arrangement. The symmetriza-
tion of the hydrogen bond is best followed by monitoring the
evolution of ryy as a function of ro, which in turn is a function
of pressure. In Figure 6 we compare roy VS. oo behavior for
iceVIII, 8-AIOOH, phase-D, and various other M(OH), phases
(M = Mg **, Mn?**, and Co*).

The inclination of the O-H vector with respect to the ¢ (0lox)
increases upon compression from a value of 7° at the experi-
mental zero pressure volume to 42° at V =20 A’ (Fig. 7). We
compare this inclination to that of the O---O vector, 0,oo Which
is greater at all volumes studied. The inclinations 0oy and Oloo
converge upon compression. The hydrogen bond angle 6, in-
creases with compression but saturates at a value substantially
less than 180° (inset Fig. 7).

The P3 structure has two distinct H---H distances, which
behave very differently upon compression (Fig. 8). Initially,
dy and dyy both decrease with compression. At a volume of 36
A3 (P = 8.4 GPa), dyy begins to increase with compression. The
increase in dyy is due to the increase in the hydroxyl inclination
angle with pressure. The distance dj, is similar to the H---H dis-
tance in the 2d structure at all volumes, while dyy is substantially
greater at high pressure.

Energetics. We approximated the O-H---O potential well
by performing a series of constrained calculations in which
we moved the proton along the O---O vector. The potential
well remains nearly flat across the entire pressure range of our
study (Fig. 9). There is no sign of a double well structure at
any pressure.

The energy barrier to proton hopping among the equivalent
6i-like (6g) sites was estimated by varying the azimuthal angle
¢ of a single hydrogen atom in a series of constrained calcula-
tions (Fig. 10). The energy barrier increases monotonically as
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FIGURE 6. Plot of 7oy as a function of 7o, the dashed line depicts the 7o =
2roy state, i.e., symmetric hydrogen bonding. The solid line with filled circles
refers to Mg(OH),using GGA; crosses refer to ice VI using GGA; large open
squares and filled rhombs corresponds to theoretical study of symmetrization
of hydrogen bonds in phase D and 3-AIOOH respectively (Tsuchiya et al.
2005; Panero and Stixrude 2004); open squares refer to Mg(OD),, Parise et
al. (1994); open circles refers to Mg(OH),, Catti et al. (1995); square with a
cross, Desgranges et al. (1996); filled downward triangles refer to 3-Co(OD),,
Parise et al. (1998); filled upward triangles refer to Mn(OD),, Parise et al.
(1998). Inset: hydrogen bond distances vs. unit-cell volume. The data points
correspond to results obtained from GGA calculations, dashed line with open
circles, O--O distances; solid line with open circles, O---H distances; solid
line with filled circles, O-H distances. Experimental data points included
for comparisons, open squares, Parise et al. (1994), open circles, Catti et al.
(1995); square with a cross, Desgranges et al. (1996).
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FIGURE 9. Potential well obtained by moving one proton along the
0---0 vector in the P3 supercell. The black squares denote the fully
relaxed structure. GGA results at various pressures are denoted by open
circles. Lines are fits with a double-well function that are meant only
to guide the eye. The poor fit at 14 GPa is due to the limitations of the
fitting function and show that our first principles results do not follow
a double well structure.

the lattice is compressed from less than 1 meV/atom to greater
than 60 meV/atom (Fig. 11).

The energy difference between the P3 structure and that of
the P3m1 structure with hydrogen atoms at 2d sites AE, was
compared with the activation energy barrier AE,. Both energy
differences increase on compression, although AE, increases
more rapidly. Aplotof AE, vs. 0oy clearly demonstrates the fact
that at ambient conditions when the energy difference between
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FIGURE 10. Activation energy for proton hopping shown as total
energy of the model P3 structure as a function of the azimuthal angle
¢ of one OH vector. The zero azimuthal angle is parallel to the x axis
of the P3 unit cell (Fig. 2) and corresponds to the P3m1 6i Wyckoff
position of the protons.

the ordered (2d) and disordered structure is small, the proton
indeed occupies the 2d position with zero inclination of the OH
vector (Fig. 11).

DISCUSSION

Agreement between theory and experiment for many thermo-
dynamic and structural properties including the bulk modulus,
c/a and its pressure dependence, hydroxyl bond lengths, and
hydroxyl deflections indicate that both GGA and LDA capture
much of the relevant physics of this highly anisotropic and
anisodesmic system. On the other hand, the magnitude of the
discrepancy in zero-pressure volume between theory and experi-
ment is much larger than is typical for silicates and oxides (Karki
et al. 2001). Even in other very soft systems, such as talc, the
disagreement between LDA and experiment is less than that in
brucite (Stixrude 2003). The disagreement between theory and
experiment may be due to deficiencies of LDA/GGA in systems
with highly non-uniform and anisotropic charge density, or to
the approximate nature of the thermal correction that we have
added to our static theoretical results.

Our study demonstrates that the rapid decrease in the pressure
dependence of c/a is not related to proton disordering, as sug-
gested by Nguyen et al. (1997) for the case of Co(OH),. We found
a nearly identical variation of c¢/a with compression whether
the protons occupy the equilibrium positions in our P3 model
structure, or the 2d positions (Fig. 5). The sudden change in the
character of the pressure dependence of c/a is noted in several
brucite isomorphs (Parise et al. 2000) and is related to the evolu-
tion of the intra-layer and inter-layer spacings (Nagai et al. 2000).
The minimum c/a ratio occurs when the oxygen coordinate zo =
0.25, corresponding to equal inter- and intra-layer spacings. The
c/aratio increases gradually upon further compression, behavior
that is seen at the high-pressure limit of some experimental stud-
ies. The slight increase in c/a is accompanied by a slight increase
in zo beyond the value of 0.25, so that the inter-layer space is
actually thinner than the octahedral layer at large compression,
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FIGURE 11. Energy difference AE, (unfilled circles) between the
ordered structure with protons in the 2d site and the model P3 structure
compared with the activation energy AE, (filled circles) of the proton
hopping at different pressures. The inset shows O-H cone angle 0oy
vs. AE,.

reflecting the relative incompressibility of the octahedra.

Our results suggest that the structural model that has been
used to describe experimental observations to date may not be
sufficiently flexible. Diffraction data have been modeled in
terms of the P3m1 space group with hydrogen occupying the
6i position. In this position, the x and y coordinates of the hy-
drogen atom are not independent of each other; the hydroxyl is
constrained to an azimuthal angle identical to the nearest O-O
vector. In this geometry, Parise et al. (1994) have pointed out
that d;; decreases rapidly on compression, thereby increasing
H-H repulsion dramatically and destablizing the structure. Our
model P3 structure shows very different behavior. The azimuthal
angle of the hydroxyl is not constrained and the minimum energy
value differs by 30° from that of the 6i position. The difference
in azimuthal angle means that the rate at which dj; decreases on
compression is substantially reduced, and is no greater than the
change of the H-H distance in the ideal structure with hydrogen
atoms on 2d positions. Although it is impossible for us to model
fractional occupation with our approach, this analysis indicates
that our model structure will be significantly more energetically
favorable than a structure in which hydrogen atoms occupy 6i
positions at high pressure. We suggest an analysis of diffraction
data in terms of more flexible models that permit variation of
the azimuthal angle.

Our calculations allow us to test the physics of bonding be-
tween the weakly interacting layers in brucite: are van der Waals
forces important? The most commonly used approximations to
the exchange-correlation functional, and the ones that we have
adopted in our study, LDA and GGA, do not capture the physics
of van der Waals bonding for which electronic interactions are
strongly non-local. Since van der Waals bonding is essentially
absent from our calculations, the reasonable agreement that
we find with experiment demonstrates that other interlayer
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forces are dominant. We have obtained similar results for clays
(Stixrude 2003; Stixrude and Peacor 2002). Thus clays and
layered hydroxides are fundamentally different from materials
such as graphite, where additional van der Waals-like forces are
essential for producing a bound structure (Rydberg et al. 2003).
Since we argue that hydrogen bonding is weak or absent in
brucite, the dominant binding energy must be electrostatic and
point-dipole in nature, i.e., oxygen anion to O-H dipole. This
conclusion is consistent with the analysis of binding in brucite
by Raugei et al. (1999).

The energetics of hydrogen displacement off the threefold
axis is the result of two forces: (1) point-dipole interaction, an
attractive force, and (2) H---H interaction, a repulsive force. Our
results suggest that at low pressure, the point-dipole interaction
is the most important factor: the hydroxyl group is attracted
electrostatically to the oxygen atom in the next layer, causing it
to deviate from the threefold axis. Upon compression, the cone
angle first deviates from zero at a volume (V=43 A%) where H-H
repulsion is apparently still weak as indicated by the large H-H
distances and their rapid decrease with compression. At high
pressures, H-H repulsion appears to dominate the evolution of
the cone angle as indicated by the increase of d;y with compres-
sion for volumes less than V =36 A°.

This picture is consistent with observations of hydroxyl
deflection in other M(OH), isomorphs. The different behavior
among these compounds can be rationalized in terms of cation
size. Increasing cation size tends to expand the basal plane, and
thus 0. Larger values of 0 Will lead, through the point-dipole
interaction, to larger H deflection. Thus, portlandite Ca(OH),,
with a larger cation than brucite, has a larger value of ooy at
ambient pressure (Desgranges et al. 1996). We might expect
stronger signs of disorder in compounds with larger cations for
two reasons. First, the larger deflection would amplify signals
of disorder such as the width of vibrational lines. Secondly, com-
pounds with larger cations will tend to have larger H-H distances,
so that activation energy barriers to hopping among the threefold
sites would be diminished in magnitude and would grow less
rapidly with pressure. Thus the width of the OH vibrational
mode grows rapidly with pressure in portlandite, less rapidly
in Co(OH), and least rapidly in brucite, a trend consistent with
variation in cation size (Kruger et al. 1989; Nguyen et al. 1997,
Sheih and Duffy 2002).

The anhydrous sub-lattice of portlandite amorphizes at 11
GPa for reasons that are not known (Meade and Jeanloz 1990).
In contrast, brucite shows no evidence of pressure-induced amor-
phization of the Mg-O sublattice, which remains crystalline to
pressures of 30 GPa (Kruger et al. 1989; Duffy et al. 1995a,
1995b). Our study confirms the experimental observations: al-
though our model P3 structure places the Mg atom at 2d and the
O atom at 6g site, their deviation from ideal positions is small
(Table 1). This demonstrates that proton deflection can co-exist
with crystalline order in the Mg-O sub-lattice.

The onset and subsequent increase of hydroxyl deflection
with compression suggests a transition from ordered to dynami-
cally disordered states. At large volumes, where the equilibrium
deflection is small compared with thermal vibrations, the proton
may occupy the 2d site with greatest probability. As the under-
lying ground state deflection becomes larger than that of the

thermal vibrations, H will deviate from the 2d site. Occupation
of sites off the threefold axis entails energetic frustration: it is
not possible to construct an ordered structure in which all H-H
distances attain their maximum (e.g., 1-1') values. Disorder then
is an inevitable consequence of threefold site occupation. The
disorder is likely dynamic at low pressure, as suggested by the
small magnitude of the energy barrier to hopping among threefold
sites. The barrier is only 1 meV/atom at 2.8 GPa, which is much
less than k7" (0.025 eV) at T = 300 K where £ is the Boltzmann
constant Each proton will hop freely among three positions about
the threefold axis, since the activation energy barrier to these
transitions is small. This picture is consistent with the classical
molecular dynamics simulations of Raugei et al. (1999), which
extended to relatively modest pressures of 14 GPa. We note,
however, that a complete understanding of the dynamics of the
proton would have to account for its quantum nature.

The growth of the activation energy barrier to proton hopping
with compression suggests a second transition, from a dynami-
cally disordered, to a statically disordered state. As the activation
barrier grows, the protons will increasingly tend to occupy only
one of the threefold sites. The spatial average of such a configura-
tion would be very similar to that of our P3 structure.

Based on characteristics of the charge density, Raugei et al.
(1999) argued that hydrogen bonding was not important in brucite
over the pressure range of their study (<14 GPa). Sherman (1991)
suggested that hydrogen bonding could become more important
at large compressions as the Mg-O bond becomes more covalent,
although the 2d structure was assumed in these calculations. The
results of our study argue against hydrogen bonding in brucite
based on the following results: (1) The evolution of 7oy and oo
with pressure. 7oy changes little with increasing pressure and the
variation of 7oy With 70 is nearly zero until very close to sym-
metrization. Symmetrization occurs at a pressure well beyond
the stability field. Such behavior contrasts with the strongly
non-linear behavior in ice (Benoit et al. 1998), -AIOOH (Panero
and Stixrude 2004), and phase D (Tsuchiya et al. 2005) as the
conditions of symmetric hydrogen bonding are approached. (2)
We find no evidence of a double well structure of the hydrogen
potential well at any pressure. The lack of a double well also has
important implications for the suggestion that interlayer hopping
takes place in brucite (Shinoda and Aikawa 1998; Shinoda et al.
2002). Our results indicate that if such motions occur, they must
be limited or highly cooperative.

We conclude that hydrous minerals, such as brucite, provide
a good test of the density functional theory. We find that the local
density (LDA) and generalized gradient (GGA) approximations
reproduce many features of the experimentally observed structure
and equation of state to within a few percent. Theory allows us
to explore portions of the equations of state that have not yet
been examined experimentally.

The proton disorder is energetically favored, as observed from
the lower energy of our P3 model structure as compared with the
P3ml structure, over a wide pressure range. We find that protons
are more stable in XGT-like than in XLT-like positions. Proton
disorder is likely to be dynamic at lower pressures. The activation
energy for the reorientation of protons among the energetically
equivalent sites increases with pressure indicating that the disor-
der may become increasingly static with compression. Hydrogen
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bonding appears to be energetically unimportant in brucite as
revealed by the variation of the structure with compression.
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