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Phase H (MgSiO4H5), one of the dense hydrous magnesium silicates (DHMSs), is supposed to be vital to transporting
water into the lower mantle. Here the crystal structure, elasticity and Raman vibrational properties of the two possible
structures of phase H with Pm and P2/m symmetry under high pressures are evaluated by first-principles simulations. The
cell parameters, elastic and Raman vibrational properties of the Pm symmetry become the same as the P2/m symmetry at
~ 30 GPa. The symmetrization of hydrogen bonds of the Pm symmetry at ~ 30 GPa results in this structural transformation
from Pm to P2/m. Seismic wave velocities of phase H are calculated in a range from 0 GPa to 100 GPa and the results
testify the existence and stability of phase H in the lower mantle. The azimuthal anisotropies for phase H are Apy = 14.7%,
Aso = 21.2% (P2/m symmetry) and Apy = 16.4%, Aso = 27.1% (Pm symmetry) at 0 GPa, and increase to Apzg = 17.9%,
Ag3o =40.0% (P2/m symmetry) and Apzg = 19.2%, As3o = 37.8% (Pm symmetry) at 30 GPa. The maximum Vp direction
for phase H is [101] and the minimum direction is [110]. The anisotropic results of seismic wave velocities imply that
phase H might be a source of seismic anisotropy in the lower mantle. Furthermore, Raman vibrational modes are analyzed
to figure out the effect of symmetrization of hydrogen bonds on Raman vibrational pattern and the dependence of Raman

spectrum on pressure. Our results may lead to an in-depth understanding of the stability of phase H in the mantle.
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1. Introduction

The presence of water in the lower mantle has various
functions, such as dramatically lowering the melting tem-
perature of mantle rocks, causing arc magmatism, reduc-
ing the magma viscosity and density, enhancing magma mi-
gration, influencing the elastic and rheological properties of
the mantle, and broadening seismic discontinuities.!!! It is
now accepted that water can percolate through the Earth’s
interior by subducting slabs through hydrous minerals, such
as serpentine.!”3! The serpentine can transform into several
dense hydrous magnesium silicates (DHMSs), depending on
the pressure and temperature conditions.!*%! Since the first
discovery of 10-A phase,[”! dense hydrous magnesium sili-
cates including 3.65-A phase, phase A, phase B, superhydrous
phase B, phase D, phase E, etc. have received considerable at-
tention because of their presumed role in the water resources
of the Earth.[3-10]

Phase D (MgSinOgH;) has been considered to be the
most thermodynamically stable phase under lower mantle
conditions.!' 12! Tt has been discovered that phase D trans-
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forms into the phase H at 44 GPa.['3] Phase H was first an-
nounced to be stable up to 52 GPa and had a crystal struc-
ture similar to that of CaCl,-type SiO», of which half of the Si
atoms replace Mg atoms and hydrogen atoms are located at the
edges of the vacant octahedral sites (Fig. 1). Early theoretical
studies predicted the crystal structure of phase H to be mono-

141 Since then, phase H has been

clinic with P2/m symmetry.
discussed to evaluate its structural stability, elastic properties
and the possibility of forming a solid solution with 6-AIOOH
in the lower mantle condition.['#16! Yet, due to the fact that
different analytical methods are adopted, the results of previ-
ous studies are controversial. Possible structure of phase H
suggested by Bindi ef al.!'3! was based on energy-dispersive
x-ray diffraction while that by Nishi ez al.!'%! was based on
in situ single-crystal x-ray diffraction. Besides, the quality of
diffraction data was not accurate enough to determine the po-
sitions of hydrogen atoms. On the other hand, the work pro-
vided by first principles calculations could not take the thermal
vibration effect into consideration.!!'”] As a result, the structure
parameters and symmetry of phase H are discrepant in differ-
ent studies.
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In this study, in order to further understand the stability
of phase H under high pressure, the crystal structure, elastic
constants, seismic velocities and anisotropies of the two dif-
ferent possible symmetry phase H’s (Pm and P2/m symme-
try) are calculated by using first-principles simulations. The
P2/m symmetry is based on the fully optimized structure by

[17

Tsuchiya and Mookherjee!'”! while Pm symmetry possesses

hydrogen atoms drawn at the Wyckoff position, which is in-
spired by previous single-crystal x-ray diffraction research.[1%]
Raman vibrational properties are also analyzed to evaluate the

changes of the crystal structure with pressure.

Fig. 1. (color online) Structures of phase H with P2/m and Pm symme-
try. The hydrogen atoms are not located in the middle of two oxygen atoms
in structure with Pm symmetry (right), however, hydrogen atoms in P2/m
structure (left) are located on the right side in the middle of couples of oxy-
gen atoms.

2. Methods
2.1. Computational methods

The first-principles calculations were performed using
density functional perturbation theory (DFPT),[!8 density
functional theory (DFT),[!%21 and the plane wave pseudopo-
tential method, as implemented in the CASTEP codes.!?!! The
generalized gradient approximation (GGA) with PBE param-
eterization was adopted to describe the exchange-correlation
functional.?”) GGA functional was tested to provide a bet-
ter performance than local density approximation (LDA)

23241 Norm-conserving

for simulations of hydrogen bonding.!
pseudopotentials'?! were employed to model the electron—
ion interaction. The electronic wave functions were expanded
in plane-waves with a kinetic energy cutoff of 1200 eV. The
irreducible Brillouin zone of the phase H is sampled on a
5x8x5 Monkhorst—Pack mesh.[*6! Both energy cutoff and k-
point mesh are selected after a series of convergence tests for
the precision of the calculation. The tests show that the differ-
ence among lattice parameters and total energy are restrained
under 0.01% at higher accuracy. The total energy convergence
criterion of 5x 1077 a.u. was used in the self-consistent field
calculations.

The structures of phase H used in this study possess mon-
oclinic structures with P2 /m and Pm symmetries which were

proved to be more thermodynamically stable'* (Fig. 1). These
two adopted structures have ordered Mg and Si arrangements
which are essential for the calculation of polarizability and Ra-
man spectra. However, the structures of synthetic experimen-
tal samples belong to orthorhombic structures with symmetry
Pnnm! ) or with P2;nm.[1®! The difference from our calcula-
tion was that the structures found in experiments have disor-
dered sequences of Mg and Si atoms in which the occupancy
of Mg and Si for each center of the octahedron were both
50%. All structure parameters and atomic coordinates were
fully relaxed to a static configuration (0 K) by using BFGS ge-
ometry optimization algorithm.>’! The elastic constants were
determined by stress—strain relationships.>®) The magnitude
of all applied strains was 0.003 and the linear relationship
was ensured to be enough for this strain range. The Raman
properties were calculated using the linear response density
functional perturbation theory (DFTP).!?°! Spatial derivatives
of the macroscopic polarization were calculated numerically
along the eigenvectors of each Raman active phonon mode
by calculating the polarization for each displacement through
using the linear response formalism.3%! Once these deriva-
tives are known, the Raman cross-section through an appro-
priate averaging space can be calculated. More information
about Raman spectra by density functional theory was listed
by Porezag and Pederson!®!l and Refson et al. 3%

2.2. Benchmark calculations

To assess the performances of the DFT and DFPT total-
energy approach in our study, test calculations of the cell pa-
rameters and elastic constants of phase H were performed.
The differences in cell volumes, lengths of a, b, and ¢ axes
between the calculated results and corresponding experimen-
tal values!'® are 0.1%, 1.2%, 0.7%, and 0.4% respectively,
or 2.7%, 1.7%, 0.6%, and 0.7% compared with the other ex-
perimental results!'>! (Table 1). Comparing our calculated re-
sults with the calculated results of Tsuchiya,!'*l the tiny dif-
ferences can be ignored. Since no experimental results of
elastic constants are available, the calculated values of elas-
tic constants!!’! are adopted for comparison. The differences
in Ci1, Cy, C33, Ca4, Cs5, Ces, C12, and Ci3 between this
work and previous study are 2.2%, 5.4%, 2.9%, 6.6%, 3.2%,
10.4%, 2.8%, and 6.7% at 30 GPa, respectively. Notably, the
pseudopotential of magnesium in former research!!”! is gen-
erated by the method of von Barth and Car. In contrast, here
we adopted norm-conserving pseudopotentials for all atoms,
which may lead to the discrepancies in elastic constants. Such
close agreement between the experimental and calculated val-
ues of lattice parameters and elastic constants demonstrates

the validity of this computational project.
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Table 1. Benchmark calculations results.

P/GPa alA bIA c/A Y/(°) VIA3 Ro_n/A Ro..olA Symmetry Reference
0 4.813 4.350 2.863 93.35 59.84 1.035 2.555 Pm this work
0 4.733 4.325 2.842 90 58.18 1.010 2.460 Pnnm [15]
0 4.786 4.328 2.848 93.30 58.90 1.039 2.580 P2/m [17]
42 4.532 4.061 2.689 91.35 49.48 1.174 2.347 P2/m this work
42 4478 4.091 2.700 90 49.46 - - P2ynm [16]
3. Results tures with Pm and P2 /m symmetry, which have been proved to

3.1. Crystal structure

Ever since the first-principles prediction of this new min-
eral was proposed,'* phase H has been observed in the two
separate experimental research studies.!!>1®) However, due to
the difficulties in detecting the positions of hydrogen atoms
and pressure-induced rapid amorphization of the sample,!'>16]
the structure of phase H was roughly judged to be an or-
thorhombic system with symmetry P2;nm (6-AlOOH-type
structure) and orthorhombic system with symmetry Pnnm
(CaCl, type structure), respectively. However, theoretical
studies proposed different crystal structures: monoclinic struc-

be more thermodynamically stable than the experimental ones.
The major difference between the theoretical and experimental
structures is the arrangement of Mg and Si atoms. Both exper-
imental structures possess disordered distributions of cations
(Mg, Si), while theoretical structures possess ordered distribu-
tions of Mg and Si in octahedral sites. Furthermore, the P2/m
symmetry possesses symmetric hydrogen bonds, while the Pm
symmetry possesses asymmetric hydrogen bonds. The Pm and
P2 /m symmetries slightly deviate from experiential structures
and were provided to be precise enough for the simulation of
phase H.!!7] Therefore, we select the two structures from the-

oretical studies as our investigation objects. 4!
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Fig. 2. (color online) Lattice parameters of phase H each as a function of pressure: (a) y angle and a, b, and ¢ axes of phase H, (b)
cell volume of phase H, (c) symmetrization of hydrogen bonds in phase H with Pm symmetry. The black dashed line represents the
function of Ro_yg = 0.5 X Rp...0. At about 30 GPa, Ro_py; and Ro_py» reach the half of Rg...0.

Geometry optimization has been conducted on both Pm
and P2/m structures from 0 GPa to 100 GPa. The detailed
cell parameters of the two structures are listed in Table 2
and Supplement Tables A1, A2, and A3 in Appendix A. Fig-

ure 2 shows the pressure-lattice parameters of the two struc-
tures under high pressures. The lengths of a, b, and c axes
decrease at almost the same ratio with increasing pressure,

at the same time the ¥ angle decreases to 90°. Two-stage
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changes of lattice parameters of the two structures with in-
creasing pressure are observed. The variation tendencies for
lattice parameters of the two structures approach each other
from 0 GPa to 30 GPa, above which the two structures almost
keep the same lattice parameters. A possible explanation to
this result is the symmetrization of hydrogen bonds. Since
the first prediction of symmetrization of the hydrogen bonds
in ice VIL? a large number of research studies have been
conducted to understand the pressure dependence of hydrogen
bonds’ symmetrization.343%) It is widely accepted that the
bonded O-H distance shows relevance to the O--- O distance
in many O-H---O geometry systems. In a weak hydrogen
bond system with phase H, where O - - - O distance is more than
2.6 A, the hydrogen bond length is almost fixed at 1 A. Once
the O---0O bond is under high pressure, the O---O distance
would decrease to around 2.4 A and the O—H length could in-
crease to the half of the O---O distance, where the hydrogen
is located in the middle of two oxygen atoms. The hydrogen
bonds of phase H with Pm symmetry become symmetrized at
pressures higher than 30 GPa (Fig. 2). When the O---O dis-

tance reduces with pressure increasing from 0 GPa to 30 GPa,
the length of O-H bond also increases rather than falls. The
length of O-H is kept at half of the distance of O---O un-
der higher pressures, which means that the hydrogen atom is
located in the middle of the pair of oxygen atoms. This re-
sult indicates that phase H would turn from Pm structure with
asymmetric hydrogen bonds into the P2 /m structure with sym-
metric hydrogen bonds at about 30 GPa. It is also the reason
that the two structures with different initial lattice parameters
can become the same at pressures higher than 30 GPa.

The volume—pressure relationships (Fig. 2) for the two
structures of phase H are well described by the finite strain
formulation of the third order Birch-Murnaghan.*”] Values of
bulk moduli (Kjp) are 156.2 GPa and 177.9 GPa, values of the
pressure derivative of the zero pressure bulk modulus (K}) are
4.40 and 4.18 and the values of initial unit-cell volume (Vj)
are 59.3 A3 and 58.4 A3 for Pm and P2/m structures, respec-
tively. The differences in initial unit-cell volume, Ky and Vj,
between the results in this work (Pm) and previous calculation
results (P2/m)m] are 2.9%, 5.9%, and 1.6%, respectively.

Table 2. Structural properties of phase H.

Parameter Pm at 0 GPa P2/m at 0 GPa Pm at 30 GPa P2/m at 30 GPa
alA 4.812 4780 4585 4.585
b/A 4.349 4282 4.109 4.109
c/A 2.863 2.859 2.728 2728
YI(°) 93.349 93.076 91.663 91.671
VIA3 59.838 58.467 51.382 51.379
pl(g/cm?) 3.286 3.363 3.826 3.827
Hydrogen bonds asymmetric symmetric symmetric symmetric
0---0O (H;) 2.585 2.440 2.375 2376
O-H (H;) 1.035 1.220 1.193 1.188
0---0 (Hy) 2.524 2.408 2357 2356
O-H (H,) 1.036 1.204 1.167 1.178
Vieos/A 8.210 8.143 7.390 7.389
Vsios/ A3 12.377 12.257 10.376 10.375
Ko/GPa 156.24 177.90

K’ 4.46 4.18

Vol A3 59.32 58.45

Notes: H; lies in the plane of Si atoms along the [001] direction while Hj is located in the plane of Mg atoms.

3.2. Elasticity

The pressure-dependent elastic constants for the two
phase H are shown in Fig. 3 and Supplement Table A3. All
elastic constants, except for C;5 and Cp5 both of which main-
tain around 0 GPa, increase with pressure rising, which is dif-
ferent from the previous result.!!”! We think that the discrep-
ancy of pseudopotential selected for magnesium might result
in the differences in lattice parameters. The differences in
lattice parameters in turn result in the discrepancies in elas-
tic constants. For instance, the values of lattice parameter a
in this work and the previous work!!”! have a difference of
0.40% under 30 GPa, and this leads to a difference of 0.58%
in elastic constant C;;. The principle elastic constants C;; and

C»;, the shear elastic constant Cgg, and the off-diagonal elastic
constants Ciy, Cr3, and Cyg for Pm symmetry are significantly
smaller than those of the P2/m symmetry under low pressures.
These constants also sharply rise from 25 GPa to 30 GPa,
which is also the pressure range of symmetrization of hydro-
gen bonds. These results indicate that the elastic constants
of Pm symmetry are obviously dependent on the strength of
the hydrogen bond. Namely, the symmetrization of hydro-
gen bonds increases the stiffness of phase H in the direction
perpendicular to the ¢ axis direction. Similar anomalous phe-
nomena have been reported in phase D and §-AIOOH.3>-36]
Above 30 GPa, elastic constants for the two structures become

equal to each other.
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Fig. 3. (color online) Pressure-dependent elastic constants for phase H.
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Fig. 4. (color online) Bulk and shear moduli (a) and seismic veloci-
ties (b) of phase H as a function of pressure. Grey lines and points in
panel (a) stand for K and G from Ref. [17].
Bulk (K) and shear (G) moduli are determined by the
Voigt—Reuss—Hill average (Fig. 4). The bulk and shear moduli
of phase H with Pm symmetry show anomalous increases at

higher pressures (> 30 GPa) the bulk and shear moduli of these
two structures are almost the same.

Sound wave velocities from seismic observation can re-
flect the composition and structure of the mantle. For crys-
talline material, the compressional wave velocity (Vp) and
shear wave velocity (Vs) are related to the bulk and shear mod-

W= \/(K+ <2)G>/p,
Vs =1/G/p,

where p is the mass density determined by the equilibrium of

uli via

crystal lattice from the first-principles optimization, K is the
bulk modulus, and G is the shear modulus. The Vp and Vg5 of
phase H with P2/m symmetry increase smoothly with increas-
ing pressure. The Vp and Vs of Pm symmetry sharply increase
from 25 GPa to 30 GPa (Fig. 4) compared with those of P2/m.
The pressure dependent Vp and Vs of phase H with Pm and
P2/m symmetry show similar tendencies to those of K and G.
At pressures above 30 GPa, the values of Vp and Vs of Pm
and P2/m symmetry are almost identical. The symmetriza-
tion of hydrogen bonds also generally takes place in plenty of
minerals under high pressures, such as ice, 0-AIOOH and hy-

a.36:38] Therefore, the symmetrization of hydrogen

drous silic
bonds in dense hydrous silicate may contribute to the abnor-

mally pressure-dependent Vp and Vs in the upper mantle. The
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P2/m symmetry shows higher density and velocity than the
Pm symmetry under pressure lower than 30 GPa. The transi-
tion from Pm to P2/m may somewhat contribute to the leaps
of density and seismic wave velocity in the transition layer of
the mantle.

Density/103 (kg/m?) Vs/(km/s) Vp/(km/s)

;156456|7I
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Fig. 5. (color online) Densities and seismic wave velocities of phase H,
phase D and 6-AlOOH. Data for phase D are cited from Ref. [49] while
data for AIOOH are taken from Ref. [50].

The values of density, Vp and Vs of phase D, H, and 6-
AIOOH under high pressures are plotted in Fig. 5. Phase
D shows the minimal density and velocities while 6-AIOOH
possesses the maximal density and velocities in the hull depth
range. It has been proved that phase D would transform into
phase H at pressures ranging from about 40 GPa to 50 GPa,
and phase H is inclined to form solid solutions with 6-AI0OH
while 5-AIOOH and H show similar structures.!!31%391 The
transformation process from phase D to phase H and finally
to solid solution of phase H and §-AIOOH results in the in-
creasing of density and velocities, which show the consistent
trends with PREM and AK135 patterns. §-AIOOH is believed
to be stable under lower mantle condition. The forming of
solid solution with phase H implicates that the water may have
an opportunity to be carried to the lower region of the mantle
and even the border of the mantle and core of the Earth. Ulti-
mately, water should be released freely after the solid solution
of 0-AlOOH and phase H have been heated up by the core,
which may contribute to the phenomena of ultralow-velocity

s/ and large low-shear-velocity provinces!*!! detected

region
in the underpart of the mantle.

Single crystal seismic velocities for phase H are also
calculated by solving Cristoffel’s equation:[#%! det |cijuanjng —
PV25,'.,-| =0, where n, p, V, and §;; are the propagation di-
rection, density, elastic wave velocity, and Kronecker delta,
respectively. Longitudinally and two orthogonally polarized
shear wave velocities of the Pm and P2/m structure at 0, 30,
and 60 GPa are shown in Fig. 6 by using the MSAT codes. [+’]
At 0 GPa, both Vp and Vs of Pm structure (solid lines) are sig-

nificantly smaller than those of P2/m structure (dashed lines)

except for those in the [001] direction, since there are only
octahedrons of Si and O but no hydrogen bonds parallel to
[001] direction. With the symmetrization of hydrogen bonds
at 30 GPa, the patterns of single crystal seismic velocities for
the two structures become similar. As pressure increases, the
difference in anisotropy of seismic velocity between the two
structures decreases significantly. The anisotropic properties
of phase H at 30 GPa and 60 GPa are almost the same, so the
primary reason why the anisotropy changes is crystal struc-
tural rearrangement (symmetrization of hydrogen bonds). The
maximal Vp direction for phase H is [101] and the minimal di-
rection is [110]. Azimuthal anisotropy for P and S waves is
defined as A = (Vinax — Vinin)/V X 100, where Viyax and Viig
are the maximal and minimal velocity, respectively. The az-
imuthal anisotropies for phase H are Apy = 14.7%, Aso =
21.2% (P2/m symmetry) and Apg = 16.4%, Aso = 27.1% (Pm
symmetry) at O GPa, and increase to Apzg = 17.9%, As3o =
40.0% (P2/m symmetry) and Apzy = 19.2%, As3o = 37.8%
(Pm symmetry) at 30 GPa. Those results show that the phase

H can be a significant source of anisotropy in the lower mantle.
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Fig. 6. (color online) Single crystal seismic velocities of phase H under
0, 30, and 60 GPa.
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A941 A104O

Fig. 7. (color online) Vibrational patterns of the P2/m structure under
0 GPa. Yellow, green, red, and white balls donate Si, Mg, O, and H
atoms, respectively. The direction and scale of arrow indicate vibra-
tional orientation and relative vibrational intensity.

3.3. Vibration

Vibrational spectra of crystalline solids can be interpreted
by using the factor group analysis.[**! For phase H with P2 /m
symmetry, the irreducible representation of optical vibrations
is Iopric = 4Ag+5Au+2Bg—+ 10Bu.
is centro-symmetric, IR and Raman-active modes are mu-

Since the structure

tually exclusive.[*>] The Raman-active modes are Ijyman =
4Ag+2Bg. As for Pm structure, the optical vibration mode
is Iopric = 14A’ +7A” and Raman-active mode is IRaman =
14A’ +7A”. The Raman-active modes for experimental re-
sults (Pnnm and P21nm) are 3Ag + 3B1g + 3B, + 3B3, and
3A; +3A; 4+ 3By + 3B, which deviate from calculated ones
since different symmetries are involved. Nevertheless, the
variance is quite acceptable as the major difference between
experimental and calculated structures is the ¥ angle which
distorts within a range of 3 degrees.

Raman frequencies of the two phase H structures are cal-
culated and plotted each as a function of pressure in Fig. 8.
The number of active Raman modes for P2/m symmetry re-
mains constant in a pressure range from 0 GPa to 100 GPa.
In addition, the vibrational frequencies increase with the aug-
ment of pressure, which is normal behavior resulting from the
increased repulsion between neighbor atoms.!*®! The intensi-
ties of all Raman-active modes except for Asgg decrease under
pressure (Supplement Tables A4, A5, and A6 in Appendix A).
As for P2/m symmetry, all Raman modes (Fig. 7) are only re-
lated to the motion of oxygen atoms. No contributions from

the motions of Mg, Si, and H atoms are detected. The As49 and
Aseo modes only have atomic vibrations parallel to the ¢ axis,
and the A7ps, Ag34, Agar, and Ajgs9 modes only have atomic
vibrations perpendicular to the ¢ axis. Raman intensities for
vibrations parallel to ¢ axis (Ass9 and Asgg) are smaller than
those of vibrations perpendicular to ¢ axis (A5, Ag34, Ao4i,
and A1g40 modes) (Supplement Table A4 in Appendix A). The
results suggest that the Raman vibration in phase H with sym-
metric hydrogen bonds is mainly controlled by displacements
of oxygen atoms parallel to (001) plane.

At 0 GPa, 21 Raman modes are observed in phase H with
Pm symmetry. These modes can be classified as two groups.
Group 1 includes 15 vibrational modes with frequencies rang-
ing from 226 cm~! to 780 cm~!. The rest of these modes with
frequencies in a range from 1009 cm™! to 2470 cm™! belong
to group 2. Distortions and relative displacements of Si (or
Mg) and O are observed in group 1 while only displacement
of H, stretching and bending of hydrogen bonds are observed
in group 2. The O-H stretching modes (A24s, and Az479) have
the maximal intensities, because of the long-range electrostatic
interactions between O—H groups. /4!

1100 I P2jm
1000 Aioa0

900 4//‘//4//4/"”4//4//‘//4//‘i;:41

800 Asgzs
700 |- Azs
600 Aseo
500 I Asag
400 I

300 1 n n 1 n 1 n
0 20 40 60 80 100
Pressure/GPa

Frequency/cm™!

2400 '
12001 EEEESE +
1000F ¢ '

0]

o

o
T

Frequency/cm~—1!
o
S
=)
T

400

100E

n 1 n 1 n 1 n
0 20 40 60 80 100
Pressure/GPa

Fig. 8. (color online) Plots of Raman-active frequency of phase H ver-
sus pressure. Dasheed plots and lines refer to the Raman modes which
are inactive under high pressures.

The vibrational patterns of Pm symmetry can be divided
into two stages: from 0 GPa to 30 GPa and from 30 GPa to
100 GPa (Fig. 8), according to the symmetrization of hydro-

067401-7



Chin. Phys. B Vol. 26, No. 6 (2017) 067401

gen bonds at about 30 GPa. All the vibrational modes be-
longing to group 2 (in a frequency range from 1009 cm™! to
2479 cm™!) disappear at pressures higher than 30 GPa. The
reason is that the reduction of O---O distances and the sym-
metrization of hydrogen bonds restrict the ability for hydrogen
atoms to motion.*”! Besides, 8 vibrational modes in group 1
which relate to the motions of Mg or Si atoms vanish before
being pressurized to 30 GPa. Finally, in the Pm symmetry
there are only 6 vibration modes (Asq9, Asgo, A725, Ag34, Aoal,
and Ajo40) that remain Raman-active, the number of which
modes (i.e., 6) is exactly the number of vibration modes that
are Raman active in the P2/m symmetry. Despite the obvious
differences between Raman spectra at 0 GPa, the Raman fre-
quencies and intensities for Pm and P2/m symmetry are quite
alike at pressures higher than 30 GPa (Supplement Tables A4,
A5, and A6 in Appendix A).

Six Raman modes: A549, A560, A725, A334, A941 , and A1040
of Pm symmetry are taken into account for calculating the
pressure derivatives (dv;/dP) in a pressure range from 0 GPa
to 100 GPa because the remaining modes vanish under high
pressures (> 30 GPa) (Table 1). The pressure derivatives of
all modes for phase H are positive, which implies the strength-
ening of the structure.[*8) Unlike the Raman shift frequency
of P2/m symmetry which is linearly dependent on pressure,
the pressure derivatives of Pm symmetry can be classified as 2
groups. At low pressures (< 25 GPa), the pressure derivatives
of Raman frequencies for Pm symmetry are larger than those
for P2/m symmetry. Also, the derivatives for both structures
become similar at high pressures (> 30 GPa). A conspicuous
jump of frequencies for Pm structure takes place at pressures
between 25 GPa to 30 GPa, which corresponds to symmetriza-
tion of hydrogen bonds.

Table 3. Pressure shifts of the Raman modes of phase H.

Symmetry Mode/cm ! (dvi/ dP)/(cm’l/GPa)

P2/m Pm (0-20 GPa) Pm (25-100 GPa)

Bg 549 1.95 1.78 1.71
Bg 560 1.44 291 1.35
Ag 725 22 3.95 1.93
Ag 834 2.19 3.87 2.02
Ag 941 2.11 59 1.9
Ag 1040 225 273 2.18

4. Conclusions and perspectives

The phase H (MgSiO4H>), as an important candidate for
transporting water into the deep Earth, is stable at pressures
greater than the stability field of phase D, and separately dis-
cussed to evaluate its structure stability, elastic properties and

Appendix A: Supplementary tables

the possibility of forming a solid solution with §-AIOOH in
the lower mantle condition.'4-1%] In order to understand the
stability of phase H under high pressure, first-principles simu-
lations are carried out to investigate the structural, elastic, and
vibrational properties of phase H with the two possible sym-
metric structures: Pm and P2/m. The results indicate that the
two structures show similar structural parameters, elastic and
vibrational properties at pressures higher than 30 GPa. The
reason is the symmetrization of hydrogen bonds. The sym-
metrization of hydrogen bonds also generally takes place in
plenty of minerals under high pressure, such as ice, §-AIOOH
and hydrous silica.36-38

The Vp and Vg of phase H with Pm symmetry sharply in-
crease from 25 GPa to 30 GPa compared with those with P2/m
symmetry, and when pressure is larger than 30 GPa, the values
of Vp and Vs of Pm and P2/m symmetry are almost identi-
cal. In other words, the symmetrization of hydrogen bonds
made the seismic velocities of phase H increase. Therefore,
the symmetrization of hydrogen bonds in dense hydrous sil-
icate may lead to the abnormal pressure dependence of Vp
and Vs and the formation of a high-velocity layer in the man-
tle. The azimuthal anisotropies for phase H are Apy = 14.7%,
Asp =21.2% (P2/m) and Apy = 16.4%, Asy = 27.1% (Pm) at
0 GPa, and increase to Apzg = 17.9%, As3o = 40.0% (P2/m
symmetry) and Apzg = 19.2%, As39 = 37.8% (Pm symme-
try) at 30 GPa. So phase H might be one of the sources of
the velocity anomalies and anisotropy in the upper part of the
lower mantle. Compared with phase D and §-AI0OOH, phase
H shows small density but fast seismic velocity, which might
contribute to the anomalous phenomenon of seismic velocity
in the lower mantle.

Raman spectra of phase H show the effects of sym-
metrization of hydrogen bonds on vibrational frequency and
intensity. At 0 GPa, 21 Raman modes are observed in phase H
with Pm symmetry. As for P2/m symmetry, 6 Raman modes
are observed at 0 GPa. However, only 6 Raman modes in
each phase H with Pm-to-P2/m symmetry are detected un-
der higher pressure (> 30 GPa). When pressure is higher than
30 GPa, Raman frequencies of Pm symmetry are the same as
those of P2/m symmetry, which indicates the transformation
from Pm to P2/m symmetry as a result of symmetrization of
hydrogen bonds. The values of pressure derivative (dv;/dP)
of all Raman modes are positive. All these results conduce to

the understanding of the stability of phase H in the mantle.

Some structure parameters for Pm and P2 /m structures under pressure are listed in the following tables.
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Table Al. Structure parameters for P2/m structure under pressures.

PIGPa 0 10 20 30 40 50 60 70 80 90 100
alA 478 470 4.64 4.59 4.54 4.50 4.46 443 4.40 437 435
bA 428 421 4.16 4.11 4.07 4.03 4.00 3.97 3.95 3.92 3.90
/A 2.86 2.81 2.77 273 2.70 2.67 2.64 2.62 2.59 2.57 2.55

BIC) 93.08 92.44 92.00 91.67 91.40 91.19 91.01 90.86 90.72 90.60 90.51
V/A3 58.47 55.56 53.27 51.38 49.78 48.38 47.15 46.05 45.06 44.10 43.26
pl(glem?) 3.36 3.54 3.69 3.83 3.95 4.06 4.17 427 436 4.46 4.54
Vsiog /A3 8.14 7.85 7.60 7.39 7.21 7.04 6.90 6.77 6.66 6.54 6.42
Vaigog /A3 12.26 11.46 10.86 10.38 9.97 9.63 9.34 9.07 8.84 8.63 8.44
0...0/A 241 2.39 2.37 2.36 2.34 233 2.32 231 2.30 2.29 228
O-H/A 1.20 1.19 1.19 1.18 1.17 1.17 1.16 115 115 1.14 1.14

Table A2. Structure parameters for Pm structure under pressure.

P/GPa 0 10 20 25 30 35 40 50 60 70 80 90 100
alA 4.81 4.71 4.64 4.61 4.59 4.56 4.54 4.50 4.46 443 4.40 4.38 435
B/A 4.35 4.25 4.17 4.13 4.11 4.09 4.07 4.03 4.00 3.97 3.95 3.92 3.90
CIA 2.86 2.81 2.77 2.75 2.73 2.71 2.70 2.67 2.64 2.62 2.59 2.57 2.55
BI°) 93.35 92.52 92.01 91.82 91.66 91.52 91.40 91.19 91.01 90.86 90.72 90.61 90.50

VIA3 59.84 56.15 53.45 52.30 51.38 50.55 49.78 48.38 47.15 46.05 45.06 44.15 43.32

plig/em™3) 329 3.50 3.68 3.76 3.83 3.89 3.95 4.06 4.17 427 436 445 4.54
Vsiog/A3 8.21 7.87 7.61 7.49 7.39 7.30 721 7.04 6.90 6.77 6.65 6.54 6.43
Vmgo /A 1238 1149 1087 1061 1038  10.17  9.97 9.63 9.34 9.07 8.84 8.63 8.44

0...0; 2.59 2.48 2.41 2.39 2.38 2.37 2.36 2.34 2.33 2.32 2.31 2.30 2.29
O-H; 1.04 1.07 1.11 1.17 1.19 1.19 1.18 1.17 1.17 1.16 1.15 1.15 1.14
O...H; 1.55 1.41 1.30 1.22 1.18 1.18 1.18 1.17 1.17 1.16 1.15 1.15 1.14
Z0-H; 178.06 178.72 17935 179.77 17990 179.95 179.99 179.99 17999 17999 179.99 180.00 180.00
0...0, 2.52 245 2.39 2.37 2.36 2.35 2.34 2.33 2.32 2.31 2.30 2.29 2.28
O-H, 1.04 1.06 1.10 1.15 1.17 1.17 1.17 1.16 1.16 1.15 1.15 1.14 1.14
O...H, 1.49 1.39 1.30 1.22 1.19 1.18 1.17 1.17 1.16 1.15 1.15 1.14 1.14

Z0-H; 175.67 177.09 17836 17940 179.84 179.87 17997 17998 17998 17999 179.99 180.00  180.00

Table A3. Elastic constants of phase H (Pm (upper) and P2/m (lower) symmetries) under pressure from 0 GPa to 100 GPa.

Pressure/GPa C11/GPa C22/GPa C33/GPa C44/GPa C55/GPa C66/GPa C12/GPa C13/GPa C15/GPa C23/GPa C25/GPa C35/GPa C46/GPa

0 367.2 424.5 384.6 113.1 110.6 164.4 91.9 82.6 19.8 115.0 0.1 0.0 3.7

10 436.6 481.8 452.1 130.2 122.7 203.3 129.8 99.7 25.1 149.4 0.1 0.1 -1.5
20 501.0 536.2 513.6 143.3 133.0 2374 167.3 118.6 29.2 182.5 0.1 0.0 -5.8
30 560.5 586.8 570.4 154.7 142.2 267.2 203.5 138.7 33.1 214.9 0.0 0.0 -9.8
40 616.1 634.1 623.9 162.2 149.1 294.5 238.1 159.0 36.8 246.3 -0.2 0.2 -13.4
50 669.6 680.5 674.8 169.1 156.1 319.8 272.9 180.4 40.7 2717.8 0.0 0.0 -16.8
60 721.5 725.7 723.4 172.9 162.2 343.9 307.3 202.3 44.6 308.6 0.2 0.1 -19.7
70 771.5 770.0 770.5 176.4 167.8 367.0 341.0 224.6 48.1 339.0 -0.3 0.0 -22.5
80 820.0 813.6 816.1 181.3 172.7 388.6 374.7 246.6 50.7 368.8 -0.2 0.0 254
90 868.5 855.5 860.2 183.2 176.5 409.7 407.9 269.2 54.1 398.5 0.1 -0.1 -27.6
100 913.7 897.4 902.3 187.8 180.5 429.5 440.7 291.8 56.3 428.1 0.0 0.0 -30.4
0 364.4 288.2 286.0 1344 100.5 100.3 79.3 74.8 0.0 69.8 0.0 20.7 25.7
10 435.3 376.2 362.0 181.1 122.7 117.6 94.6 108.6 0.0 111.5 -0.1 25.1 27.9
20 499.7 451.6 4213 219.3 138.3 130.7 112.5 142.1 0.0 149.3 0.0 29.8 30.8
25 533.4 510.8 466.3 238.4 146.6 136.4 127.7 168.2 0.0 181.5 0.0 31.9 31.7
30 570.0 560.7 582.3 265.5 151.0 140.5 139.5 214.1 -0.1 203.7 -0.1 339 44.0
35 598.0 588.1 609.0 279.8 155.4 144.6 149.2 230.8 0.1 221.6 -0.1 36.0 45.6
40 623.5 617.1 632.6 293.7 160.2 149.5 159.3 246.2 0.0 240.3 0.0 36.9 46.3
50 674.7 670.5 679.6 320.2 167.2 156.6 180.8 2712 -0.1 274.9 0.3 40.0 47.2
60 723.4 721.9 724.5 3442 172.5 162.5 202.5 307.9 0.1 308.7 0.1 43.8 48.4
70 770.2 772.1 768.7 367.0 178.3 167.9 224.6 338.4 -0.1 342.9 0.2 47.0 494
80 815.8 820.9 811.8 388.7 179.7 173.3 246.3 368.2 0.0 376.4 0.0 49.9 50.7
90 859.2 868.5 855.4 409.4 184.1 177.5 268.9 398.1 0.0 409.7 -0.1 529 51.2
100 902.0 914.7 896.1 429.4 187.3 182.7 291.3 427.5 0.0 442.4 0.1 54.9 52.7
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Table A4. Raman-active frequency and intensity of P2/m structure as a function of pressure.

Pressure/GPa 0 10 20 30 40 50 60 70 80 90 100
Frequencyc/cm™'  349.4818 382.4308 410.9709 435.3306 457.015 476.6924 493.0361 509.4873 523.9831 537.4606 549.5454
Intensity/A* 0.800234  0.77685  0.733266 0.692626 0.652239 0.582296  0.52771 0.43215 0.300715 0.180913  0.098367
Frequency/cm ! 412.9844 432.3021 450.4995 466.9492 481.5953 495.5504 508.9915 521.9069 534.2343  547.336  560.6787
Intensity/A* 0.157657 0.171733  0.178912  0.194593 0.219295 0.262507 0.309598  0.37532  0.485055 0.591459 0.645387
Frequency/cm ' 498.5078 537.1112 571.4585 598.5855 621.7804 642.9057 663.1307 681.1618 698.2647 712.6056 725.7728
Intensity/A* 6.429158 7.242249 5.993983 6.444333 6.150669 6.838134 6.602587 6.739157 7.341615  7.65039 = 7.142227
Frequency/cm ™! 609.8225 641.4085 670.4834 695.8782 718.2639 739.2223  759.1753 778.5713 797.9474 816.3265 834.1065
Intensity/A* 6.380345 6.569545 5976761 5.148973 4.531606 4.077391 3.707996 3.183591 2.374422 2.113025 1.734624
Frequency/cm ™! 726.42 758.7131 787.0997 812.4541 835.0735 855.9453 875.47 893.6755 910.1731 926.3712  941.7335
Intensity/A* 5478971 5.405128 4.935785 4.430534 4.284994 4271514 3.7518 3.58728  3.457626 3.494085 3.36311
Frequency/cm ™! 812.8016 841.0087 867.5941 892.6684 916.2712 938.7393 960.1933 981.1215 1001.404 1020.982 1040.027
Intensity/A* 4.390647 4.191848 3.828857 3.537355 3.325726 2978218 2908961 3.104527 2.828503 2.582652 2.732853
Table AS. Raman frequency for phase H with Pm symmetry. Note: vacancies means no Raman-active vibrational modes exist.
Pressure/GPa 0 10 20 25 30 35 40 50 60 70 30 90 100
226.16 27545 25743 92.40
26496  307.19 290.27 125.39
288.13  327.39
29797 328.05 378.33
349.44 361.85 38495 418.83 435.07 446.34 457.05 476.69 493.04 509.51 524.04 537.50 549.58
386.85 41898 445.07 458.28 466.69 47423 481.67 495.55 509.02 521.96 53429 54738 560.71
45049 47420 477.51 465.89
460.43 48748  490.17
47249 51144 551.53 57811 597.60 61035 621.76 64293 663.14 681.18 698.21 712.58 725.78
519.30 545.72
Frequency/cm~!  556.05  588.09 60325  600.00
567.98 598.56 64531 680.00 695.61 707.15 718.22 739.22 759.23 778.64 79797 81636 834.15
638.98 696.66 756.72  784.88
660.74 72654 778.83 798.27 81222 824.01 835.03 85594 87548 893.68 910.15 92636 941.74
780.21 805.24 834.83 870.97 891.94 904.36 916.24 938.71 960.17 981.11 1001.36 1020.95 1040.01
1008.87 1101.94
1266.41 1336.30 1343.68 1220.15 123591
1292.12 1349.39 139442 1350.14 1342.87 1379.50
1443.26 1517.99 1528.74
245229 2032.61 1618.44 1555.10
2479.66 212539 1807.93 1703.47 1708.76
Table A6. Raman intensity for phase H with Pm symmetry.
Pressure/GPa 0 10 20 25 30 35 40 50 60 70 80 90 100
0.22 0.05 4.05 0.64
0.74 3.72 2.74 1.16
0.15 0.38
3.37 1.72 0.06
0.84 0.76 0.54 0.67 0.70 0.67 0.66 0.59 0.55 0.43 0.30 0.17 0.11
0.14 0.16 0.18 0.18 0.19 0.20 0.22 0.26 0.31 0.37 0.48 0.59 0.64
0.43 0.25 1.53 0.16
0.85 2.48 0.15
4.22 2.55 2.30 3.16 5.80 6.20 6.44 7.09 6.67 6.83 6.56 7.29 6.67
0.16 0.10
Intensity/A* 1.02 4.51 4.64 2.93
8.72 3.49 3.00 5.01 5.05 4.86 4.46 3.78 3.70 2.73 2.37 2.00 1.66
4.11 3.80 4.37 1.11
3.10 1.54 0.79 3.66 4.40 4.30 4.24 3.86 4.22 3.86 3.88 3.50 3.26
10.96 9.23 6.02 3.44 3.49 3.44 3.33 3.13 2.96 3.08 3.20 2.92 2.83
0.30 0.14
1.30 0.60 17.55 3.26 0.14
8.78 10.12 0.19 7.07 0.72 0.21
1.71 3.30 17.41
274.77 151.63 31.29 1.12
392.40 195.11 54.16 3.06 0.17
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