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Stability of Ca(OH), at Earth’s deep lower mantle conditions
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In this paper, we report that Ca(OH),, portlandite, is predicted to be stable up to 100 GPa via an unbiased
structural search method combined with first-principles calculations. Two pressure-induced structures with
P2, /c and Pnma symmetry are proposed at high pressure. The monoclinic P2, /c structure is the most stable
phase after 23 GPa and will undergo a phase transition into a Pnma phase at 78 GPa and 0 K. This phase
transition is computed to occur at lower pressure as the temperature increases. The high-pressure phases of
Ca(OH), that we proposed are stable against decomposition into CaO and H,O at the conditions corresponding
to lower mantle geotherms. Our results shed light on the possible presence of Ca(OH), in the Earth’s mantle as

well as its water transportation in the Earth’s interior.

DOLI: 10.1103/PhysRevB.104.014107

I. INTRODUCTION

Ca(OH); is one of the simplest models of hydrous min-
erals. At ambient conditions, Ca(OH), adopts a layered
structure with P3m1 symmetry, which is the prototype of
divalent metal M(OH), (M = Mg, Mn, Fe, etc.) [1-6], con-
sisting of divalent cations M>* and OH™ ions arranged in
layers. However, the high-pressure phases of Ca(OH), have
long been a puzzle in experiments. Early works reported that
Ca(OH), became amorphous or partially amorphized under
pressure, evidenced by the disappearance of x-ray diffrac-
tion (XRD) peaks during the pressure loading process [7-9].
A later study showed that the structural behavior of hy-
drous compounds could be sensitive to local deviatoric stress,
which is considered responsible for observing amorphous
Ca(OH), [10]. The first high-pressure crystalline phase of
Ca(OH), (phase II) was synthesized at 7 GPa and 473 K
under quasihydrostatic pressure conditions [11,12]. Phase I is
a three-dimensional structure with the space group of P2,/c.
Almost at the same time, another high-pressure crystalline
phase (phase IT") with C2 symmetry was prepared at 6-8 GPa
and room temperature, which is considered to be a metastable
phase existing as an intermediate phase between phase I and
phase II, where the detailed atomic occupations of this struc-
ture were determined 17 years later [9,13—15]. Although there
are many experiments working on the high-pressure proper-
ties of Ca(OH),, the studied pressure range was no higher
than 30 GPa. It is still unclear whether Ca(OH), could be
stable and how Ca(OH), behaves at higher pressures and
temperatures.

Besides the general interest in the high-pressure properties
of Ca(OH);, there also is increasing attention on the stability
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and properties of hydrous compounds at high-pressure and
high-temperature (HPHT) conditions. This is because it has
been found that water can be stored in hydrous minerals
[16-26], including FeOOH [27,28] and AIOOH [24,25], as
OH™ ions at the Earth’s mantle conditions, playing an im-
portant role in geological activities [29,30]. Since CaO is one
of the major components in the Earth’s mantle [31], then in
the case where Ca(OH), is stable at the Earth’s deep mantle
conditions (<135 GPa and <3700 K), CaO might react with
water to form Ca(OH),, storing water and affecting geophys-
ical properties. Therefore, it is of great interest to explore the
stability and properties of Ca(OH), under HPHT conditions.

To investigate the high-pressure behavior of Ca(OH),, we
have performed extensive simulations on crystal structures of
Ca(OH); up to 100 GPa. As a result, our simulations iden-
tified two high-pressure phases of Ca(OH), with P2;/c and
Pnma symmetry, respectively. The monoclinic P2;/c phase
(phase III) is energetically superior to phase II above 23 GPa
at 0 K, where the phase transition pressure becomes higher
with increasing temperature, such as from 25 GPa at 390 K to
38 GPa at 2380 K. It transforms into the Pnma phase (phase
IV) after 78 GPa. This phase-transition pressure is found to
be lower as the temperature increases. We also found the
velocities of phases III and IV are much lower than those
of the preliminary reference Earth model (PREM) in a wide
range of pressures. Our current results clearly demonstrated
the high-pressure behaviors of Ca(OH), in the pressure
and temperature conditions corresponding to the Earth’s
lower mantle.

II. COMPUTATIONAL DETAILS

The structures of Ca(OH), are predicted based on the un-
biased global structure search method with the particle swarm
optimization (PSO) algorithm implemented in the CALYPSO
code [32-34]. This method is highly efficient in predicting
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stable structures with only the given chemical compositions
and has been benchmarked in various known systems
[25,35-37]. For this work, CALYPSO structural predictions
are performed with simulation cells containing from one to
four chemical formula units. Each generation contained 50
structures, and the first generation was produced randomly
with symmetry constraints. For a single run of CALYPSO,
2500 structures, in which 40% of the structures are generated
randomly, are calculated. The structural relaxation and
calculations of electronic properties are performed based
on density function theory [38] by using the Vienna ab
initio simulation package (VASP) code [39] within the
Perdew-Burke-Ernzerhof exchange-correlation functional in
the generalized gradient approximation [40]. The all-electron
projector augmented-wave [41] method has been adopted
with 452, 25s22p*, and 1s' treated as valence electrons for
Ca, O, and H atoms, respectively. A kinetic energy cutoff
of 1000 eV and a dense k-point sampling of the Brillouin
zone with a spacing of 277 x 0.03 A~ are used to ensure the
enthalpy calculations converged within 1 meV/atom.

The Gibbs free energies of the materials were calculated
within the framework of a quasiharmonic approximation,
where the Gibbs free energies of Ca(OH),, CaO, and ice VIII
were estimated using the frozen phonon method as imple-
mented in PHONOPY [42] and the Gibbs free energy of ice
X was estimated using the temperature-dependent effective
potential method [43,44] due to the existence of imaginary
phonon frequencies below 120 GPa at 0 K [45]. We have
also carefully examined the difference between the calculated
Gibbs free energy of ice X by PHONOPY and TDEP at 120 GPa
to probe the possible systematic errors between them (Fig.
S13). The difference is quite small, ~5 meV /atom, indicating
it is feasible to construct the P-T phase diagram by mixing
the results of these two methods. It should be noticed that ice
melts at high temperatures. The Gibbs free energy of liquid
water was calculated using the thermodynamic properties and
equations of state from previous studies [46—48] (see details
in the Supplemental Material [49]). Fukui et al. showed that
Ca(OH), will melt at 11 GPa and room temperature [50],
but Catalli et al. investigated the high-pressure behavior of
Ca(OH); up to 26 GPa and room temperature under quasi-
hydrostatic conditions and found Ca(OH), could maintain
crystallinity [10]. Thus we calculated the melting temperature
of Ca(OH), using the Z method to obtain a rough melting
curve (Figs. S$9-S12) [51]. The elastic constants C;; were cal-
culated using strain-stress relationships at small strain [52,53],
and the isotropic elastic moduli were then derived from the
Voigt-Reuss-Hill averaging scheme [54] (see details in the
Supplemental Material).

III. RESULTS AND DISCUSSION

we systemically search structures of Ca(OH), at 0, 20, 50,
80, and 100 GPa using the CALYPSO package. The predicted
structure of phase I (P3m1) gives excellent agreement with
the experimental data at ambient conditions [55], showing the
accuracy of our calculations (see Table S1). At a pressure of
5-23 GPa, phase II (P2, /c) synthesized experimentally is the
most energetically stable structure. At higher pressure, our
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FIG. 1. Enthalpies of various phases for Ca(OH), with respect
to CaO (Fm3m) + H,0 (ice VIII) as a function of pressures. The
decomposition enthalpies for Ca(OH), to CaO (Pm3m) + H,O (ice
VIII) are also presented. The cyan zone represents the pressure
relevant for the mantle transition zone (MTZ), and the orange zone
represents the pressure relevant for the lower mantle.

structural predictions uncover two phases, P2;/c (phase III)
and Pnma (phase IV). They are stable against decomposition
into CaO and H,O. The phase transition from phase II to phase
IIT occurs at 23 GPa and 0 K [Fig. 1(a)]. They have a simi-
lar structural configuration, consisting of a three-dimensional
(3D) network of edge-sharing CaO; units and H atoms lying
in intervals between CaO7 units [Figs. S3(c) and S3(e)]. Al-
ternatively, phase II and phase III can also be characterized by
the O-H...O-H rings lying in different planes. As depicted
in Figs. 2(a)-2(d), the O-H...O-H rings are lying in (2 3
—2) and (—2 3 2) planes for phase II, while they are lying in
(23 0) and (—2 3 0) planes for phase IIl. The arrangements
of O-H...O-H rings in these phases are likewise different.
For phase III, the O atoms on vertices of different directional
rings are in lines along the ¢ direction, but for phase II, only
the O atoms on vertices of the same directional rings are in
lines. The nearest distance of the same directional rings is
6.72 A in phase IT and 6.37 A in phase III, suggesting phase
IIT is more compact than phase II. In phase III, the length of
the O-H bond changes from 0.99 to 1.04 A and the values
of two H-O. .. H angles change from 129.01° to 121.96° and
from 81.89° to 88.10°, respectively, as the pressure increases
from 23 to 78 GPa. Phase IV becomes the most energetically
stable structure above 78 GPa and could be stable at least up to
100 GPa, the highest pressure we studied [Fig. 2(a)]. Pressure
induces the break of O-H...O-H rings and the formation of
O-H...O-H chains, of which the main chains are along the
b direction and the branches are along the c¢ direction
[Figs. 2(e) and 2(f)]. The O-H...O-H chains and calcium
atoms are coplanar, lying in the ab planes. In this structure,
the length of the O-H bond changes from 0.98 to 0.99 A as
the pressure increases from 78 to 100 GPa, while the two
H-O...H angles change from 157.72° to 158.06° as well as
from 86.88° to 71.66°, respectively.

One can see that the volume of Ca(OH), (Veomp) is signif-
icantly reduced by 10.66% when transforming from a layered
phase I to the three-dimensional phase II at 5 GPa. As pressure
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FIG. 2. Crystal structures of Ca(OH),. (a), (b) Phase II (P2,/c),
(c), (d) phase I1I (P2, /c), and (e), (f) phase IV (Pnma). The cyan, red,
and pink spheres represent calcium, oxygen, and hydrogen atoms,
respectively.

increases, the volume shrinkage of Ca(OH), accompanying
the phase transition becomes much smaller, which is about
1.13% and 2.73% at 23 and 78 GPa, respectively. Com-
pared to the volumes of decomposition products CaO and
ice (Vaecomp, Fig. 3), we found Viomp is always larger than
Viecomp until Ca(OH), transforms into phase III. Interestingly,
Viecomp becomes smaller than Vionp again when pressure is
higher than 68 GPa due to the phase transition of CaO from
a face-centered-cubic structure to a simple cubic structure.
Since both internal energy U and pressure-volume work PV
contribute to the enthalpy of materials, the relative thermody-
namic stability between Ca(OH), and decomposition should
be affected by the volume changes, which will be discussed
below.

To determine the dynamic stability of high-pressure phases
for Ca(OH),, we calculate the phonon spectra under different
pressures. In our simulation, as shown in Fig. S4, the absence
of any imaginary phonon frequencies in the whole Brillouin
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FIG. 3. Equations of state of various phases for Ca(OH),, CaO
(Fm3m) + H,O0 (ice VIII), and CaO (Pm3m) + H,O (ice VIII). Ver-
tical dashed lines indicate the transition pressures and arrows are
labeled with the calculated volume reduction.

zone suggests that the predicted structures of Ca(OH), are
dynamically stable.

Moreover, the pressure-dependent O-H vibrational fre-
quencies are of great importance for future experiments to
verify the predicted high-pressure structures of Ca(OH),.
Hence, we calculated the O-H vibrational frequencies of
Ca(OH), at high pressures as shown in Fig. 4. For phase
I, there is only one O-H stretch mode, of which the fre-
quency is 111.2 THz at 0 GPa and slightly decreases with
increasing pressure. In comparison, the experimentally mea-
sured O-H frequency is 108.5 THz at ambient conditions
that also decrease at high pressures [10]. The small dif-
ference between theory and experiment is probably due to
the OH bond length being elongated at 300 K with respect
to that at 0 K. All the high-pressure phases of Ca(OH),
have two O-H stretch modes. For phases II and III, the
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FIG. 4. Calculated O-H stretch frequencies of Ca(OH), phases.
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FIG. 5. Computationally derived thermodynamic phase diagram
for Ca(OH),. The gray zone is the mantle geotherm.

O-H vibrational frequencies do not change much at the
phase-transition pressures and continue decreasing with in-
creased pressure. A sudden jump to higher frequencies is
observed, because the O-H length shortens from 1.04 to
0.98 A when phase III transforms into phase IV at 78 GPa
as we discussed above. Similar to other phases, the frequen-
cies of OH stretching modes decrease slowly again at higher
pressures.

Although the hydrous mineral Ca(OH), is energetically
stable by a large margin compared with the decomposition
products CaO and H,O at 0 K, whether Ca(OH), will be ther-
modynamic stable under HPHT is still uncertain. Determining
the stability of Ca(OH), under HPHT conditions is essential
since the temperature and pressure in the Earth’s interior rise
significantly as the depth increases. Hence, we calculated
Gibbs free energies of these compounds in the quasiharmonic
approximation to probe the stability of Ca(OH), at the condi-
tions of the lower mantle (P > 25GPa and T > 1800 K). The
resultant P-T phase diagram is depicted in Fig. 5. Ca(OH); is
stable at the HPHT conditions of the lower mantle geotherm
and do not decompose into CaO and H,O. When the tempera-
ture is above the lower mantle geotherm conditions, Ca(OH),
will melt (Fig. S12). Phase II is predicted to be stable at
the conditions of the mantle transition zone and the top of
the lower mantle. Phase III could be stable at relatively low
pressure, but the threshold pressure for the thermodynamic
stability of phase III increases with increasing temperature,
such as going from 25 GPa at 390 K to 38 GPa at 2380 K. It
will transform into phase IV (Pnma) at 78 GPa and 0 K. This
phase transition will shift to lower pressure as the temperature
increases. For instance, phase IV becomes stable at 60 GPa
above 2100 K.

Seismological studies revealed that there are some seismic
velocity discontinuity zones in the Earth’s interior [58,59]. For
instance, several 5-40 km thick domains lying above the core-
mantle boundary (CMB) are called ultralow-velocity zones
(ULVZs), where seismic wave speeds are depressed by about
5%—-15% for P waves (Vp) and by about 15%-30% for S
waves (Vs) [57]. The hydrous mineral, FeOOH,, (x = 0-1),
which is stable up to the bottom of the lower mantle, is
considered as a plausible cause of ULVZs because of its low

(a)
—=— Phase II (P2,/c
5001 well 2/ K
—e— Phase III (P2,/c)
400{ —¢— Phase IV (Pnma)
5]
O 3001
O 200 Gy
100
UM MTZ Core
. : . i : —
20 40 60 80 100 120 140
Pressure (GPa)
b
(b) 14
212_ /_
= @
22 101
~ —— FeOOH (300K)
£ 8- — PREM
&
= 6-
> Vg ¢ |
4-./.’.’,‘,——*;, Q
UM MTZ Core
Zq T T T T T
20 40 60 80 100 120 140

Pressure (GPa)

FIG. 6. (a) Hill-averaged bulk (Ky) and shear (Gy) moduli, and
(b) wave speeds of P waves (Vp) and S waves (Vs) of different phases
for Ca(OH), under pressure at 0 K. The dark-green lines represent
wave speeds of P waves and S waves of FeOOH at 300 K and open
diamonds show FeO,H, (x = 0-1) extrapolated to 3000 K and CMB
pressures [56]. The black lines represent wave speeds of P waves and
S waves of PREM. The red rectangles indicate the reduction in Vp
(5%—-15%) and Vs (15%-30%) observed in ULVZs [57]. The dark-
green, cyan, orange, and red zones represent the pressure relevant for
the upper mantle (UM), the mantle transition zone (MTZ), the lower
mantle (LM), and core, respectively.

sound velocities at CMB conditions [56]. Based on our cal-
culations, Ca(OH), could be stable in the deep lower mantle.
If Ca(OH), actually does exist in the Earth’s interior, it may
also affect the seismic wave velocity. Hence, we calculate the
mechanical properties and sound velocities of Ca(OH), at the
Earth’s mantle conditions. The Hill-average bulk (Ky) and
shear (Gy) moduli of various phases as a function of pressure
are depicted in Fig. 6(a). It is a general rule for all phases of
Ca(OH); that the values of Ky and Gy increase monotonously
with pressure. At 20 GPa, the Ky and Gy are 142.2 and
61.7 GPa for phase III, respectively. This is slightly stiffer than
Ky (137.8 GPa) and Gy (59.8 GPa) for phase II at the same
pressure. The Ky and Gy of phase IV at 134 GPa are 546.8
and 179.3 GPa, respectively. The wave speeds of P waves (Vp)
and S waves (Vs) are depicted in Fig. 6(b). They also increase
gradually with the pressure and have maximum values of Vp
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FIG. 7. Calculated electronic band structures (left panel) and
DOS (right panel) for (a) phase III (P2;/c) at 40 GPa and (b) phase
1V (Pnma) at 80 GPa of Ca(OH),.

(12.6 km/s) and Vs (6.06 km/s) for phase IV at 134 GPa.
The wave speeds of Ca(OH), are comparable with those of
FeOOH at 300 K, which lie within the range of ULVZs and
have a significant velocity reduction relative to the radially
averaged one-dimensional seismic model PREM [60]. Vp (Vs)
will decrease with increasing temperature, which means the
wave speeds of Ca(OH), might have a large reduction at CMB
conditions. If the hydrous mineral Ca(OH), is stable at the
conditions of CMB and accumulates throughout geological
times, it could also have contributions to the formation of
ULVZs.

The electronic band structures and the density of states
(DOS) of Ca(OH), are depicted in Figs. 7 and S5. Phase 1
is an insulator with a direct band gap of 4.0 eV at ambient
conditions and the band gap of phase Il is 5.7 eV at 20 GPa.
For the predicted phases, the changes in the band gap induced
by phase transitions are not conspicuous. Both are wide-gap
insulators with the value of the band gap around 5 eV. The
H-s states are not shown in Fig. 7 by virtue of their small
contribution to total DOS, compared to Ca and O. The conduc-
tion bands of all phases are mainly dominated by Ca-d states
and the upper valence bands are mainly contributed by O-p
states. Ca(OH), is an ionic structure, augmented by covalent
and hydrogen bonding. The bond length of O-H is 0.97 A
at ambient conditions and varies from 0.98 to 1.04 A under
pressure, which implies there are strong O-H covalent bonds
in the high-pressure phases. A calculation of the electron
localization function (ELF) is also confirmed the presence of
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FIG. 8. Calculated AH, AU, and A(PV) as a function of pres-
sure. (a) P4,2,2 phase of Mg(OH), relative to MgO and water (ice
VIII). (b) Phase II (P2,/c) of Ca(OH), relative to CaO and water
(ice VIID).

a strong O-H covalent bond in terms of the large occupation
between O and H (Fig. S6).

Mg(OH), and Ca(OH), have the same structure at ambient
conditions and will transform into a 3D structure at high
pressure. But Mg(OH), decomposes into MgO and H,O at
30 GPa, while Ca(OH), is stable at least up to 100 GPa,
the highest pressure studied in this work. To elucidate the
mechanisms for the pressure-induced phase transitions or de-
composition of Ca(OH), and Mg(OH), under pressure, we
probe into the evolution of the internal energy (U) and the
product of pressure and volume (PV), since they contribute to
the enthalpy (H = U + PV) of the pertinent material systems
and phases in response to pressure changes. As depicted in
Fig. 8(a), we demonstrate the value of AU, A(PV), and AH
as a function of pressure for the P4,2,2 phase of Mg(OH),
relative to MgO and H,0O. The values of AU and A(PV)
increase with the pressure, leading to AH increasing to zero at
30 GPa. Upon further compression, AH will become positive,
suggesting that Mg(OH), decomposes to MgO and H,0O. For
Ca(OH),, we take phase II as an example to elucidate the sta-
bility under pressure [Fig. 8(b)]. AU of phase Il is —0.448 eV
at 5 GPa and increases with pressure, while A(PV') of phase
IT is 0.044 eV at 5 GPa and has a descending trend under
compression. The increasing rate of AU is slightly larger
than the decreasing rate of A(PV), which contributes to a
flat increase on AH. AH of phase II remains negative under
pressure, meaning that Ca(OH), is stable against decompo-
sition into CaO and H,O. The AU of P4,2,2 Mg(OH), and
phase II of Ca(OH), have a similar ascending trend as the
pressure increases. Thus, the PV term plays a significant role
in the difference of thermodynamic stability for Mg(OH),
and Ca(OH),. The descending A(PV) drives that Ca(OH),
could be stable under higher pressure. The value of AU,
A(PV), and AH for other phases of Ca(OH), are depicted in
Figs. S7 and S8. AU of phase III is negative and has a increas-
ing tendency under pressure. But, due to a dramatic decline of
A(PV) under compression, phase III is energetically favor-
able by a larger margin relative to the decomposition products
CaO and H,O0. For phase IV, AU and A(PV') have an upward
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tendency with increasing pressure. Therefore, both PV and U
contribute to the increment of H in phase IV which may result
in the decomposition of Ca(OH), at sufficient compression.

IV. CONCLUSION

In summary, we propose two high-pressure phases that
could be stable at the HPHT conditions of the Earth’s lower
mantle. Phase III (P2;/c) becomes more stable than phase
II after 23 GPa at 0 K and the threshold pressure for the
thermodynamic stability of phase Il increases with increasing
temperature, such as going to 38 GPa at 2380 K. Phase III
can be characterized by the O-H - - - O-H rings along different
orientations and the Ca atoms are located in the interstices
between these rings. It will transform into a compact phase
IV (Pnma) after 78 GPa. This phase transition will shift to
lower pressure under higher temperatures. The occurrence of
the Pnma phase leads to the breakup of O-H- .- O-H rings

into chains and the coordination number of Ca increases from
seven to eight. The velocities of phase IV are 6.06 km/s (Vs)
and 12.6 km/s (Vp) at 134 GPa, much lower than those of
PREM. Our results shed light on if Ca(OH), does exist in
the mantle, it might transport more water into the deep lower
mantle and contribute to the formation of ULVZs.
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