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Geometrical and vibrational characterization of magnesium hydroxide was performed using Den-

sity Functional Theory. Four possible crystal symmetries were explored: P3 (No. 147, point group
-3), C2/m (No. 12, point group 2), P3m1 (No. 156, point group 3m) and P3m1 (No. 164, point
group -3m) which are the currently accepted geometries found in the literature. While a lot of
work has been performed in Mg(OH),, in particular for the P3m1 phase, there is still a debate
on the observed ground state crystal structure and the anharmonic effects of the OH vibrations
in the stabilization of the crystal structure. In particular, the stable positions of hydrogen are not
yet defined precisely, which have implications in the crystal symmetry, the vibrational excitations,
and the thermal stability. Previous works have assigned the P3m1 polymorph as the low energy
phase, but it has also proposed that hydrogens are disordered and they could move from their
symmetric position in P3m1 structure towards the P3. In this paper, we examine the stability of
the proposed phases by using different descriptors. We compare the XRD patterns with reported
experimental results, and a fair agreement is found. While harmonic vibrational analysis shows
that most phases have imaginary modes at 0 K, the anharmonic vibrational analysis indicates that
at room temperature, only the C2/m phase is stabilized. Whereas at higher temperatures, other
phases become thermally competitive.
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1 Introduction

The magnesium hydroxide (Mg(OH),), also called brucite, is a
mineral widely used as a medical and industrial product of many
different reactions. For example, Mg(OH), is commonly used as
a flame retardant filler in composite materials because of its abil-
ity to undergo endothermic dehydration in fire conditions. -2 In
recent research, it has been found that Mg(OH), can be used as
starting material for controlling the synthesis of nanoscale mag-
nesium oxide (MgO), where the crystallite size and morphological
features of Mg(OH), can be well-retained. 3

The crystal structure is based on a structurally bound Mg-OH
skeleton arranged in a hexagonal pattern. The resulting sheets of

Mg(OH)g octahedra constitute the main building unit as in many
other layered hydrous minerals. Its structure was first established
by Zigan and Rothbauer (1967), 4 it crystallizes in the P3m1 space
group with Mg atom on 1a (0, 0, 0) Wyckoff position while O and
H atoms are on the 2d (%, %, z). Each OH dipole faces three op-
posite symmetrical hydroxyl groups from the neighboring layer:
the H-H interlayer distance is 1.97 A, and the width of the layers
of 3.15 A.

This compound represents an exciting example of systems with
different kinds of bonds: Mg-O is ionic, O-H has a strong co-
valent character, and the interlayer interaction is weak, mainly
dispersive, with a small electrostatic contribution. >°

Mg(OH), has been extensively investigated by experimental
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techniques such as neutron diffraction, Raman and infrared spec-
troscopies and NMR.712 These studies suggest that the inter-
layer bonding is weak and mainly associated with dispersion-
type forces. Since the latter is directly linked to electron cor-
relation, modeling them with normal exchange-correlation func-
tionals represents a difficult task.> Despite its simple structure,
a full description of its physical properties remain unexplored;
even its crystallographic symmetry has not yet been fully estab-
lished. Although the question of its structure has been addressed
several times in the past,3:13-16 the models proposed previously
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deal with temporally and spatially averaged positions of the hy-
drogen subsystem and suggest that hydrogen atoms are in fact
displaced from the high-symmetry points on the three-fold axis
to form a new lattice with P3 symmetry and an averaged % occu-
pancy of three equivalent 6i Wyckoff positions (x, 2x, z) with ei-
ther x>% (the so-called XGT arrangement) or x<% (the so called
XLT arrangement).1® The case for the XGT arrangement is fur-
ther strengthened by the neutron diffraction experiments of Des-
granges et al. 7 indicating that protons are displaced into XGT po-
sitions even at ambient pressure. 13

Neutron diffraction experiments show that the average hydro-
gen position does not coincide with the threefold axis at high
pressures, but splits into three symmetrically equivalent off-axis
positions. To capture these transitions, when hydrogen atoms are
permitted to occupy 6i-like positions, the resulting space group
is P3 (a maximal subgroup of P3m1), with the loss of the mirror
planes as the protons are disordered spatially. 1 The resulting P3
structure has lower energy than the P3m1 structure.

Jochym et al.13 observed that the positions of the hydrogen
atoms around the three-fold axis were not well constrained in the
system, i.e., they probably move in a very shallow potential well.
This observation is in concordance with previous experimental ev-
idence. 1! It suggests that the structure of magnesium hydroxide
crystal may be more complicated than is currently accepted. The
examination of the MD trajectories shows large amplitude hydro-
gen movements even for runs performed at low temperature. 13
They observed that the lattice lock-in still appeared to be present
at 244 K, but hydrogen atoms do not spend most of their time in
the vicinity of their high-symmetry positions.

According to previous approximations, we performed an anal-
ysis over possible crystal structures that are related by symmetry
and could mimic the proton displacement on top of the Mg sub-
lattice: C2/m, P3m1, P3m1 and P3.

The present work is organized as follows. In Sec. 2 we give a
detailed description of the experimental and computational meth-
ods used in this paper. The results and discussion of the structural
optimization and the simulated the XRD patterns are in Sec. 3.1.
In Sec. 3.2 the harmonic thermal analysis is presented, while the
anharmonic vibrational analysis is in Sec. 3.3. Finally, we discuss
and summarize the primary results of this work in Sec. 4.

2 Computational and experimental details

In order to understand the real structure of brucite, four sys-
tems were compared: P3ml, P3ml, P3 and C2/m, see Figure 1.
The first-principles calculations have been performed within the
Density Functional Theory (DFT) as implemented in the Vienna
Ab-initio Simulation Package (VASP) 1718 with the Projector Aug-
mented Wave (PAW) formulation. 19 The valence electron config-
urations taken into account in the atomic pseudo-potential were:
Mg (3s2), O (2s*2p*) and H (1s!). We used the General Gra-
dient Approximation (GGA) to express the exchange-correlation
functional with the Perdew-Burke-Ernkzerhof for Solids (PBEsol)
parametrization.2® The reciprocal space integration for the unit
cell was carried out over the set of k-point mesh of 9x9x3 gener-
ated according to the Monkhorst-Pack scheme.2! An energy cut-
off of 550 eV have been used to get a residual error on the forces
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Fig. 1 Proposed structures for brucite: P3m1, P3 and C2/m symmetries.
The equivalent cell parameters are shown with dashed lines. Mg, O, and
H are in blue, yellow, and cyan color.

less than 1 meV/A after full convergence test. The electronic
structure was computed with a higher set of k-points. Vibra-
tional properties were computed through the formalism of den-
sity functional perturbation theory (DFPT),%% and the postpro-
cessing analysis was carried out with the Phonopy code2?3 and
PHONON. 24 The last program has been used with success in the
study of the vibrational properties of other AX, compounds such
as MnF,, 2> Fng,26 and CoF,.2” The interatomic constants were
computed on a high-symmetry grid of k points, obtained from a
3x3x1 supercell.

Theoretical Raman spectra were obtained by computing the
Raman tensors, i.e., the change in dielectric tensor due to the
atomic displacement occurring during a given vibration. The
computations were realized using the DFPT2228 a5 implemented
in the ABINIT package2-31, with norm-conserving Troullier-

This journal is © The Royal Society of Chemistry [year]
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Table 1 Lattice parameters of Mg(OH), obtained in this work (results with
PBEsol) and the experimental and theoretical reported from literature.
Where the labels used have the following meaning: XD: X-ray Diffraction;
ND: Neutron Diffraction; HF: Hartree-Fock; B3LYP: Becke 3-parameter
Lee-Yang-Parr; VWN: Vosko-Wilk-Nusair; LDA: Local Density Approx-
imation; PW: Perdew Wang; PBE: Perdew-Buerke-Ernzerhof; PBEsol:
PBE for solids; HSE06: Heyd-Scuseria-Ernzerhof.

a (A) ¢ (A) /a Vo (A Method  Ref.

P3ml  3.146  4.769  1.516 40.88 XD 39
3.149 4749  1.508 40.78 XD 40
3.147 4770 1516 40.92 XD 41
3.140 4760 1516 40.80 XD 42
3.138 4713 1.502 40.20 ND 8
3.150  4.770  1.498 40.56 ND 12
3.142 4766  1.517 40.75 ND 4
3.148 4779 1518 41.01 ND 7
3.161  4.696  1.486 40.64 HF 43
3.152 5185  1.645 44.61 HF 5
3.148 5263  1.672 45.20 HF 6
3.167  4.854  1.533 42.20 B3LYP 6
3.172 4.892 1542 42.63 B3LYP 5
3.087  4.470  1.448 36.89 VWN 5
3.000 4570  1.523 35.61 LDA 44
3.099  4.413  1.424 36.70 LDA 6
3.175  4.662  1.468 40.70 PW 5
3.142 4766  1.517 40.75 PWO91 45
3.179 4717  1.484 41.30 PW91 6
3.180  4.763  1.498 41.70 PWO91 46
3.116  4.823  1.548 40.55 PBE 38
3.189 4773  1.497 42.02 PBE 47
3.182  4.801  1.509 42.10 PBE 48
3.126 4730  1.513 40.04 HSE06 47
3.188 4786  1.501 42.12 PBEsol

P3 3.186 4777  1.499 42.00 PBEsol

Cc2/m 3188 4780  1.499 42.07 PBEsol

Martins-type pseudopotentials32 in the Local Density Approxima-
tion. More details of the calculations, including the crystal struc-
tures, the normal modes and their atomic displacement patterns
can be found on the WURM website. 33

High-temperature anharmonicity of Mg(OH), was described
using ab initio molecular dynamics in combination with the tem-
perature dependent effective potential technique (TDEP),343>
where the effective interatomic force constants are fitted to a Har-
monic potential at finite temperature. The fitted model is used to
obtain higher order terms in the energy with respect to the atomic
displacements, which are then used to calculate the thermal con-
ductivity (see Refs. 34 and 35 for details). The simulation cell
was constructed from a 3 x 3 x 1 repetition of the unit cell (80,
120, 90, and 90 atoms for C2/m, P3, P3ml, and P3ml, respec-
tively). The molecular dynamics was run at 300 and 600 K using
a 3x3x1 mesh to perform any Brillouin zone integration and an
energy cutoff of 550 eV for about 4000-time steps with a one fs
time step. The temperature was controlled with a Nose-Hoover
thermostat. 3637

The Raman measurements were performed at liquid nitrogen
temperature with a confocal LabRam HR DILOR microspectrome-
ter equipped with 1800 g/mm gratings and using the 514.53 nm
line of a Spectra-Physics Ar+ laser for excitation. 38

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Simulated XRD patterns for P3m1, P3 and C2/m symmetries. It
can be observed that the characteristic peaks for the P3m1 are located at
the same angles than that of the P3 and C2/m. It was expected because
the only difference between them consists in the rotated position of H
atoms.

3 Results and discussion

3.1 Structural optimization

The C2/m corresponds to the lowest energy configuration, almost
degenerate with P3m1 and P3 (with energy differences smaller
than 0.005 eV/f.u.) but with an energy difference of 1.2 eV/f.u.
with respect to P3ml. That indicates that P3ml is not even en-
ergetically competitive with the other phases, and we will not
consider it in our discussion below.

Table 1 compares our results with previous values published in
the literature. Among these approaches, several codes had been
used, e.g., CRYSTAL and VASP, with different Hamiltonians and
different approximations; and all of them present good agree-
ment with experimental cell parameters. >-6-16

After the structural relaxation, we obtained the lattice parame-
ters: a = 3.1877 A and ¢ = 4.786 A for the P3m1 structure. Even
when a and c are overestimated, our cell parameters are in good
agreement with experimental results (a = 3.142 A and ¢ = 4.766
R); a differs by 1.45% and c differs by 0.4% with respect to the ex-
perimental parameters of Zigan and Rothbauer.# The calculated
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equilibrium volume presents an overestimation of 3%.

Even when structures P3m1 and P3 are very similar (see Figure
1), their unit cells are different. So, it is necessary to establish
equivalent parameters to compare results. Both structures have a
hexagonal arrangement for the Mg cations surrounded by the hy-
droxyls, where three of them are oppositely oriented to the three
hydroxyls of the next layer. For both structures, the interlayer
distance is the same since Mg cations maintain their general po-
sitions, even when there is a slight up and down deviation from
the original position. Therefore, in the case of ¢ parameter, both
values are the same, and they can be compared directly.

It is not the case of the a lattice parameter because the unit cell
of P3 structure is larger than the P3m1 one. In P3 structure, the
hydrogen ions begin to deviate from their initial position as if they
were rotating. This rotation expands the unit cell and preserves
the symmetry. To compare the a lattice parameter, we consider
the distance between the first in-plane Mg-Mg neighbors as shown
in Figure 1. This equivalent a parameter will be designed as a’ and
it can be calculated as follows: as ' = ap3/(2c0s30).

After the structural relaxation, the obtained lattice parame-
ters of the P3 system were: a = 5.518 A and ¢ = 4.777 A with
@’=3.186 A. This a’ parameter is shown in Table 1. Both values
are overestimated, but they are in good agreement with the ex-
perimental parameters; a differs by 1.4% and ¢ differs by 0.2%.
The difference between the a parameter for P3ml structure and
the @’ parameter for P3 is just of 0.05%, and the difference for
the ¢ parameter is just of 0.19%. For the C2/m system, we ob-
tained the values a = 3.188 A and ¢ = 4.780 A which are in good
agreement with experimental values; a is overestimated by 1.4%
and c is overestimated by 0.08%. The difference between the a
parameter for P3ml structure and the a parameter for C2/m is
0.003%, and the difference for ¢ parameter is 0.3%. In the C2/m
Mg, O, and H atoms are located in the 2a (0, 0, 0), 4i (0.6667,
0, 0.2180), and 4i (0.6666, 0, 0.4212) Wyckoff positions, respec-
tively.

Figure 2 shows simulated XRD patterns with Ka:Cu for the
three structures. As the position of H is invisible to XRD due to its
low scattering factor, all the computed XRD patterns yield similar
results, omitting the order-disorder character. The only small dif-
ferences between the various patterns come from different intra-
layer and interlayer dimensions. However, such measurements
are not necessarily sensitive enough to distinguish between the
three theoretical variants proposed here.

Regarding the electronic structure of magnesium hydroxide, it
is well known that Mg(OH), is a direct ban dgap material, i.e.,
both the valence band (VB) maximum and the conduction band
(CB) minimum is located at the " point. This feature can be ob-
served in the electronic band structure of Figure 3 (a). Previ-
ous theoretical studies of the hexagonal P3m1 phase of Mg(OH),
reported different band-gap values depending on the exchange-
correlation functional used. 47-4° On one side, in Ref. 47 it was re-
ported a gap value of 4.2 (7.7) eV obtained with the PBE (HSE06)
exchange-correlation functional. In that work, it was determined
that valence and conduction bands obtained with both function-
als have a similar dispersion and curvatures. So, no matter if the
calculations are performed at the level of GGA or hybrid function-
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Fig. 3 Electronic band structure and total density of states (DOS) for (a)
P3ml, (b) P3, and (c) C2/m symmetries.

als, the dispersion and the general features of the band structure,
except for the band gap value, are well represented with both
functionals. According to our results, the band gap value for the
three polymorphs is around 4.18 €V, Fig. 3 (a) to (c). As can be
seen, the total and partial density of states from the three phases

This journal is © The Royal Society of Chemistry [year]
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are very similar, where the zone from -3 to Fermi level is mainly
occupied by 2p, and 2p, states from O with fewer contributions
from 2p, states. In this zone, there are also states from s orbitals,
mainly by Mg with minor contributions of O and H. While the
zone from -3 to -7 €V is filled with 2p states from O (mostly 2p;)
and s states from H and Mg. Deeper states at -18 €V are due to s
states, mainly from O with minor contributions from H and Mg.
Whereas, the bands from 4 to 10 eV are filled mainly by O (2p,
and 2s) with minor contributions from s orbitals from Mg.

For P3m1 phase, the VB maximum is occupied mostly by O (2p,
and 2p, states) with a small contribution from Mg (2s states). The
CB minimum is filled almost by O 2s states with a small part of
Mg 2s states and a minimal contribution from H 1s states. In gen-
eral, the occupation of the VB maximum and CB minimum from
the other two phases is similar to the P3m1 one. The most signif-
icant difference is that in the P3 and C2/m phases appear small
contributions to the VB maximum by 2p, states from O. More sig-
nificant changes are observed at deeper energy levels, mainly in
those cases where a specific orbital has a small contribution in a
range of energy.

3.2 Harmonic Thermal analysis (phonons)

Group theory predicts that brucite structure (space group P3ml
and five atoms in the unit cell) has the following phonon mode
representation at the I' point: I' = 2A;, + 3Ay, + 2E, +3E,.38
Where the acoustic modes are one A,, and one E,. The structure
possesses a center of inversion, and the rule of mutual exclusion
leads to there being four symmetric g-modes which are Raman
active and four antisymmetric u-modes which are infrared active.
Since the Mg ions are located at the centers of inversion, they do
not take part in any of the Raman active g-modes whose normal
coordinates are symmetric with respect to the inversion symmetry
operation®C but they participate in the *u’ motions, in order to
preserve the center of the mass structure.

According to Lutz,”! three kind of modes involving the H
atoms can be distinguished when dealing with a system such
as a brucite: OH translation, OH libration (commonly referred
to as hydrogen bending in molecular context) and OH stretch-
ing. Translational modes that correspond to vibrations of the O-H
units can be either parallel (A;4(T) and Ay, (T)) or perpendicular
(E¢(T) and Ey(T)) to the c axis. The rotational vibrations of the
OH ions are: Eg(R) and E,(R). The internal modes are symmet-
ric and antisymmetric O-H stretching vibrations (Aj¢(I) and Ay,
M).?

According to our results, all Raman and infrared active modes
of brucite were detected (see Table 2) and they are in good
agreement with previous experimental data.>® But it should be
pointed out that there are some differences in the band positions
of brucite reported in the literature. This occurs because brucite
is characterized by weak infrared absorption and emission bands
that are easily masked by the presence of impurities such as talc,
calcite, and serpentinite. Even when XRD does not observe some
of these impurities, they easily affect the infrared emission spec-
tra.>2

The calculated phonons correspond to E, mode at 268 cm™!

This journal is © The Royal Society of Chemistry [year]
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Table 2 Calculated and previous reported %3850 Raman (R) and infrared
(IR) active modes from P3m1 phase, and the present results from the P3
and C2/m phases.

Computed

this work
Mode Exp.°® Ref. 6 Ref. 38 P3ml P3 C2/m
R 280 278 268  267.6 (Ey) 267.0 (2A,) 267.8 (By)
IR 275.1 (A,)
R 280.0 (A) 268.0 (Ay)
IR 332.6 (A,)
R 333.5 (A,)
IR(TO) 361 364 349 352.2 (E,) 338.1(A,)) 352.1(A)
IR(LO) 375
IR 352.4 (B,)
R 411.2 (Ap)
IR(TO) 416 459 422 426.2 (E,) 431.3 (Ay) 4259 (A)
IR(LO) 727
IR 426.3 (By)
R 443 454 449 435.2 (A) 445.6 (Ag) 435.5(A,)
IR(TO) 461 499 487 471.1 (Ay) 4704 (A, 471.0 (By)
IR(LO) 600
R 693.5 (Ag)
IR 722.3 (Ay)
R 725 803 767 786.3 (Eg) 812.5(Ay) 788.2(Ay)
R 956.6 (A)  788.4 (B,)
IR 961.4 (Ay)
R 3652 3847 3686 3726.8 (Ajy) 3722.0 (Ag) 3726.2 (Ag)
IR 3733.2 (2Ay)
R 3733.7 (2A,)

IR(TO) 3688 3873 3727 3769.3 (Ax,) 3765.2 (Ay) 3768.9 (Bu)
IR(LO) 3741

(OH groups displacements in the (001) plane), E;(R) mode at
786 cm~! (rocking motion of H atom), Aj; mode at 435 cm™!
(breathing mode), high frequency A;, mode at 3726 em™!, By
modes at 352 and 426 cm~! (H atoms displacements parallel to
the basal plane), Ay, mode at 471 cm~! (vibration of Mg sub
lattice), and the Ay, mode at 3769 cm~! (OH stretching mode).
A more clear description of the assignation mode in given in Ref.
38.

The computed frequency for the stretching mode of an isolated
hydroxyl group is 3769 cm ™! that lies just 81 cm™! above the ex-
perimental value, 46 which corresponds to a crystal-induced sub-
stantial OH frequency shift. The Aj,-Ay, splitting is 36 em~!, in
agreement with experimental reports. If there is a transition in-
volving rearrangements of the H atoms, it should be consistent
with both the Raman and the diffraction data.® Neutron diffrac-
tion of brucite was carried out by Cattiet al. and Parise et al.%12
They obtained improved fits for models in which the H or D atoms
that move away from the threefold axis are split over three sites
corresponding to the positions of the O atoms. There is also ev-
idence for long-range disordering of the H sublattice at ambient
pressure in divalent metal hydroxides like Ca(OH),,” where the
H atoms can be modeled as being dynamically disordered among
three equivalent positions at 10° from the ¢ axis at room temper-
ature.

Brucite with P3 structure, with 15 atoms in the unit cell has
45 normal modes. According to group theory, acoustic modes are
Ay, 'E, and 2E,. Six modes are infrared active (2 A,, 2 'E, and
2 %E,) and three modes are Raman active (A, 'E, and 2E,). Ta-
ble 2 shows calculated frequencies. Some experimental frequen-
cies can be located, but there are some additional frequencies not

Journal Name, [year], [vol.], 1-10 |5
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Fig. 4 Phonon spectrum and phonon density of states of (a) P3m1, (b) P3 and (c) C2/m symmetries.

present in experimental data.

In the case of brucite with C2/m structure, with five atoms in
the unit cell, there are 15 normal modes. According to group
theory, acoustic modes are A and 2 B. Six modes are infrared
active (2 Ay and 4 B,) and three modes are Raman active (4 Ag
and 2 By). Calculated frequencies are shown in Table 2.

Figure 4 shows calculated phonon dispersion curves for the
three structures at 0 K. The P3m1 and P3 structures show the
presence of unstable phonon modes: P3ml around the k point
and P3 along the I'-A direction. While in the C2/m structure does
not show any phonon instability. Which suggest that this structure
could be considered as a better representation of brucite system,
at least at room temperature, where the quantum nature of the
hydrogen bond is also reduced.

To assess the existence of different phases in Mg(OH),, we have
calculated the Raman intensity peaks and compare them directly
to our experimental measurements as described in the methods
section. Figure 5 summarizes our results. On one side, the exper-
iment shows the Eg, Ay, and A, peaks that are assigned to the
symmetric structure and discussed in detail in Ref. 38. The Ay, is
a symmetric stretch. The appearance of the A,, peak corresponds
to an IR active anti-symmetric stretch mode. The antisymmet-
ric break of Ay, can be seen in Raman because of a less anti-
symmetric vibration. This peak should correspond to an order-
disorder phase transition. On the other hand, it was observed a
new peak on the left-hand side of Aj,.3® That is a peak that can
not be assigned based on the perfect brucite structure. A similar

6| Journal Name, [year], [vol.],1—10

peak is observed from our theoretical calculations, but the similar-
ity between the different intensities does not allow to distinguish
the corresponding structure responsible for such peak. What we
can conclude is basically that the new peak should come from a
distorted structure as one of the ones we are proposing here.

3.3 Anharmonic vibrational analysis

The considerable freedom of the OH bonds in the Mg(OH), in-
terlayer allows for extensive explorations of the potential energy
surface by the hydrogens, opening the door to substantial anhar-
monic effects. Figure 6 shows the relative displacement of the
hydrogen atoms with respect to the closest magnesium atom pro-
jected on the layer plane at 300 K. These trajectories were used
for the anharmonic thermal analysis discussed below. In this fig-
ure, the H atoms in the P3m1 structure show very long excursions
around their equilibrium positions as a result of thermal agita-
tion, with P3 coming next. For the case of P3, the hydrogen dis-
placement is more reduced parallel to the octahedral plane, but
they explore more of the perpendicular space, which might be
correlated to a higher stretching frequency. C2/m and P3m1 show
very similar behavior and the hydrogens are very well localized
in the plane parallel to the layers. The mean square displace-
ment also provides us with some information about the present
anharmonicity. The largest the atomic excursions from the equi-
librium position the largest would deviate from a harmonic poten-
tial. C2/m structure shows a more confined atomic displacement,

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Top: experimental Raman spectra. Bottom: theoretical Raman
Spectra for P3m1, P3 and C2/m structures.

which is the closest to a harmonic behavior.

Figure 7 shows calculated phonons for the three low-symmetry
structures obtained from potential parameters fitted from the MD
runs at 300 and 600 K. The results show that at room temper-
ature, the P3m]1 is still unstable, with imaginary phonons close
to the I point. With temperature all phonons soften except for
the unstable mode whose energy increases and by 600 K it shows
only positive frequencies. A similar situation is also observed for
P3 but the negativity of the phonon branch is much smaller and
it could be that at 300K the structure becomes stable. The C2/m
phase is different in that respect, it has phonons which are posi-
tive even at 300 K, which indicates that this phase is energetically
and thermally stable at room temperature.

The flat dispersion along vertical lines in the Brillouin zone like
XS or UR suggest weaker interactions between the layers. This
weak dispersion is also seen in the thermal conductivity as in
Figure 8. The values indicate that perpendicular to the layers
(ZZ direction in this plot) the conductivity is very low, a typical
behavior of layered materials (short scattering length). On the
other hand, the thermal conductivity in plane is anisotropic with
values larger than magnesium hydroxide in bulk, which explains
why this material enhances the thermal conductivity in compos-
ites. 5355 The power law dependence of the thermal conductivity
can be also extracted from our calculations, with power law value
of -2.2x1073,-2.1x1073 and -2.0x 1073 along the a, b and c crys-
tallographic axis, respectively.

Our results indicate that at 300 K, there is a competition of dif-
ferent phases, which do not involve a change in the magnesium
positions but involve changes in the hydrogen positions. This

This journal is © The Royal Society of Chemistry [year]
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Y(A)

x (&) x (&)

Fig. 6 Two-dimensional projection of the hydrogen displacement with
respect to the (x, y) magnesium position. (a) P3ml, (b) P3, (c) P3ml, and
(d) C2/m symmetries. Blue colors refer to the projection of the hydrogens
displacement below the magnesium atoms while red colors correspond
to those on top of the magnesium atoms. As color deviates from red or
blue, increases the dispersion of the displacement of hydrogens in the
z-axis. Note that you can measure how far the hydrogens have moved
on the x- and y-axes.

amorphization has been predicted before using constant pressure
ab initio molecular dynamics.>® This amorphization is very simi-
lar to our analysis on the hydrogen delocalization from Figure 6.

As a far as we know, this is the first time that brucite struc-
ture is defined by considering the temperature dependence of
phonon dispersion curves along the reciprocal space and not only
at I" point; and therefore taking into account the direct temper-
ature effect on the atomic vibrations and the potential seen by
the ions. Thus, our calculations indicate that the real stabiliza-
tion of brucite P3 structure occurs when temperature rises, even
though this is a low temperature transition taking place at ap-
proximately 600 K. Our results confirm that at this temperature
and even above this, all phonons have real values in the full re-
ciprocal space. Even when phonons reveal an stable structure, it
should be remembered that this structure does not reproduce ex-
actly experimental IR and Raman spectra as mentioned in Table
2.

According to this, our calculations suggest C2/m as a more ac-
curate representation of brucite system when taking into account
phonon stabilities, the resulting IR and Raman spectra, and XRD
diffraction pattern. The structure is very similar to the P3m1 but
the symmetry is decreased from a space group 164 to a 12.

4 Conclusions

Four possible structures were explored: C2/m, P3, P3ml and
P3m1, where the last one is the currently accepted geometry in lit-
erature. Energetics and the temperature dependence of phonons
spectra allow us to discard the P3ml crystal phase. For the re-
maining three structures, it was shown that the structural distor-
tions due to the different H ordering patterns are too small to be
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Fig. 8 Calculated thermal conductivity for the C2/m phase.

visible in XRD patterns.

We analyzed in detail the vibrational properties of the three
lower symmetry structures. At 0 K P3m1 and P3 structures exhibit
unstable phonon modes with imaginary frequencies. Calculations
of the phonon spectra at finite temperature show that these insta-
bilities persist up to at least 600 K for P3m1 and up to at least 300
K for P3. The C2/m structure is dynamically stable.

The analysis of the Raman spectra, and the comparison be-

8| Journal Name, [year], [vol.],1-10

tween experiment and calculations suggest that the several ex-
tra peaks in the experimental spectra recorded at liquid nitrogen
temperature are the result of ordering of hydrogen on a lower-
symmetry lattice, like the one found in the C2/m structure.

The analysis of the trajectories of the H atoms during vibrations
at 300 K and 600 K shows that H explore a wide space region
extending both parallel to the octahedral planes, but also in the
interlayer space.

But the actual structure of brucite at low temperature can be a
mixture of several low-symmetry phases, from which the C2/m is
a promising example. Moreover, the final answer concerning the
behavior of H atoms will be obtained only when simulations take
into account the complete quantum nature of hydrogen.
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