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New possible candidate structure for phase IV of

Guo-Jun Li, ©2° Yun-Jun Gu,® Zhi-Guo Li,® Qi-Feng Chen*® and Xiang-Rong Chen*?

It has been proved in experiments that there are at least five phases of solid hydrogen at high pressure,
however, only the structure of phase | has been absolutely determined. We revisited the phase space of

solid hydrogen in the pressure range of 200-500 GPa using the particle swarm optimization technique

combined with first-principles simulations. A novel orthorhombic structure named Amaz2 is proposed as

a possible candidate structure for phase IV. The Ama?2 structure is a ‘mixed structure’ with two different

types of layers and is distinctly different from the previously reported Pc structure. Enthalpies and Gibbs

free energies show that Ama2 and Pc are competitive in the pressure region of phase IV. Nevertheless,

the Raman and infrared vibron frequencies of Ama2 calculated by using density functional perturbation

theory based on first-principles lattice dynamics show a better agreement with the experimental

measurements than those of the Pc structure. And the pressure dependence of these low-frequency

Raman vibrons of Ama2 obtained from the first-principles molecular dynamics simulation shows

a steeper slope, which resolves the long-standing issue of large discrepancies between the calculated

Raman frequencies and the experimental »; [P. Loubeyre, F. Occelli and P. Dumas, Phys. Rev. B:
Condens. Matter Mater. Phys., 2013, 87, 134101 and C. S. Zha, R. E. Cohen, H. K. Mao and R. J. Hemley,
Proc. Natl. Acad. Sci. U.S.A., 2014, 111, 4792]. Structural and vibrational analyses show that the hydrogen
molecules in the weakly bonded molecular layer of Ama2 form distorted hexagonal patterns, and their

vibration can be used to explain the experimental »; vibron. It is found that the weakly bonded layer is
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almost the same as the layers in the C2/c structure. This confirms the experimental conclusion [P.

Loubeyre, F. Occelli and P. Dumas, Phys. Rev. B: Condens. Matter Mater. Phys., 2013, 87, 134101] that the
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rsc.li/rsc-advances

1 Introduction

Although the hydrogen atom consists of a single proton and
electron, it exhibits complex behavior under high pressure,
especially in the solid phase. Since Wigner and Huntington
predicted that solid hydrogen transforms into a metallic atomic
crystal above 25 GPa," it has attracted wide attention in theory
and experiments due to the importance of developing and
testing computer simulation methods, as well as its relevance to
astrophysics.” Later, some important quantum effects were also
predicted, such as a metallic liquid ground state at high pres-
sure and low temperature,®* high-T. superconductivity,”” and
metallic superfluid and superconducting superfluid states.®°
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ordering of hydrogen molecules in the weakly bonded molecular layers of the 'mixed structure’ for
phase IV is similar to that in the layers of the C2/c structure.

Early static diamond anvil cell (DAC) experiments showed
that there were three different low temperature phases of solid
hydrogen.>'®'* Phase I is a molecular solid of quantum rotors,
which adopts a hexagonal close packed lattice. It transforms
into the broken-symmetry phase II at about 110 GPa. Phase III is
characteristic of a large discontinuity in the vibron frequency,
and exists above 150 GPa. Due to the development of static
compression technologies, more phases of solid hydrogen have
been recently discovered at higher temperatures and pressures.
Phase IV, discovered at 300 K and above 220 GPa, exhibits
a distinctly different spectrum compared with phase III, and has
two vibron frequencies in its Raman and infrared (IR) spectra.
The structure of phase 1V is inferred as an anisotropic, mixed
layer structure.*™* Similarly, a series of new possible phases of
solid hydrogen were proposed according to the change in the
optical spectrum.**”

Because of the very weak X-ray scattering by hydrogen atoms
and small sample sizes, until now the only structure of solid
hydrogen determined clearly by experimental measurements is
the hexagonal close packed lattice of phase 1. Therefore, much
effort has been directed toward searching for candidate
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structures of solid hydrogen by combining DFT with optimiza-
tion algorithms at high pressures and low temperatures, which
has improved our understanding of the experimental observa-
tions'*?* and predicted some peculiar properties for hydrogen
at pressures beyond those explored experimentally.”*-*® The C2/c
structure was proposed for phase III above 200 GPa and its
Raman and IR vibrons exhibit good agreement with the exper-
imental observations. Compared with phase III, the experi-
mental Raman (infrared) spectrum of phase IV is more complex,
and has two distinct vibron frequencies. This indicates a more
complex structure for phase IV. The ‘mixed structure’ Pbcn was
first proposed to explain the experimental Raman spectrum of
phase IV.** Later, Pickard et al. suggested that the ‘mixed
structure’ Pc was more suitable for phase 1V, because Pc was
more stable than Pbcn based on the phonon dispersion calcu-
lations.”* The ‘mixed structure’ of Pc, characterized by two
distinctly different layered structures, can qualitatively explain
the two Raman and IR vibron peaks observed in phase IV.
Nevertheless, the calculated values of the vibron frequencies are
far from the experimentally measured values for phase IV. This
may arise from significant differences between the Pc structure
and the real structure.>*® Moreover, Azadi et al.** found that
finite temperature and nuclear quantum effects, in addition to
a strongly correlated band-gap energy and vibron modes, can
reduce the band-gap substantially so that the Pc structure enters
a metallic state, which is inconsistent with most experimental
evidence. They concluded that the Pc structure was not a good
candidate for phase IV. However, the recent single-crystal X-ray
diffraction experiments of solid hydrogen indicate that the
transitions from phase I to phases III and IV are possible an
isostructural phase transition.*® Hence, for the structural model
of phase IV, theoretical studies and experimental measure-
ments have not yet achieved consistent conclusions.

It should also be mentioned that previous structure predic-
tions were generally based on the potential energy surface
calculated using the Perdew-Burke-Ernzerhof (PBE) func-
tional.** Recent theoretical calculations showed that the phase
transition and metallization pressure of solid hydrogen strongly
depended on the exchange-correlation (XC) functional.*** The
XC functionals that take into account the van der Waals (vdW)
interactions, such as optB88-vdw,** vdW-DF1,** and vdW-DF2,*’
have an important effect on the phase stability and transition
pressure of solid hydrogen, reducing further the discrepancy
between the theoretical and experimental phase diagrams
compared with the PBE functional.?*3%3%3°

Given the above considerations, it is necessary to revisit the
candidate structures for phase IV. The particle swarm optimi-
zation (PSO) technique has been demonstrated as a successful
method to predict stable or metastable structures of various
systems under the given external conditions (pressure).>*2*0-4>
PSO combined with first-principles total energy calculations
adopting the vdW-DF2 functional are used to search extensively
and systematically for possible candidate structures at pres-
sures from 200 GPa to 500 GPa. An orthorhombic structure
named Ama2 is proposed as a possible candidate for phase IV,
whose energy is competitive with that of the Pc structure.
Furthermore, the properties of phonon dispersion, bond
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length, vibration mode, Raman spectra , and infrared spectra
for Ama2 were studied in detail. The paper is organized as
follows. The calculation method and details are described in
Section 2. Section 3 presents the results and discussion. The
final conclusions are presented in Section 4.

2 Method

We combined the PSO technique within the evolutionary
scheme as implemented in CALYPSO code**** with first-
principles total energy calculations achieved with the Vienna
Ab initio Simulation Package (VASP)* to search for structures of
solid hydrogen. All 1200 simulation cells with 48 atoms per cell
were produced at 300 GPa by the CALYPSO code during the
structure evolution, which is enough to ensure convergence of
the searched structures. This search was repeated at pressures
of 400 GPa and 500 GPa. In the structure relaxations and elec-
tronic calculations, the projector augmented-wave (PAW)
potential*>*® was adopted and the exchange-correlation func-
tional was described by the vdW-DF2 functional. The basis set
of plane waves with energy cutoff 1200 eV and the Monkhorst-
Pack®” Brillouin zone sampling with a k-point grid with spacing
0.2 A~ were found to be sufficient for electronic structure
calculation and structure relaxation. The convergence of total
energy and force were set to less than 0.001 meV per proton and
0.1 meV A", respectively.

Force constants calculated with density functional pertur-
bation theory (DFPT)** were processed using the Phonopy
code® to get the phonon dispersion relation. In the dynamical
matrix calculation, the value of the energy cutoff and the size of
the k-point grid were the same as in the electronic structure
calculation. Then, the vibrational free energy was calculated on
a denser Monkhorst-Pack grid with a size of 41 x 41 x 41,
which ensured that the vibration free energy converged to 0.01
meV per proton. To ensure that the zero-point (ZP) vibration
energy (E,p) variation of all calculated structures converged to
0.1 meV per proton, a supercell with 96 atoms was adopted for
the Ama2, C2/c, Phcn, and Pc structures, while supercells with
144 and 128 atoms were adopted for the Cmca-12 and Cmca-4
structures, respectively (see Table S1 of the ESIf for more
details). The total E,p and Gibbs free energy G of the candidate
structures were calculated according to the harmonic
approximation,

1
Ezp = E;hww (1)

G=U+PV+Egp+ksTY In[l —exp(iio,;) [ksT] (2)

qJ

where w,; is the phonon frequency of the jth mode at wave
vector ¢ in the Brillouin zone, % is the Planck constant divided
by 27, U is the electronic energy of a static nucleus, kg is the
Boltzmann constant, and V and P are the volume of the struc-
ture and the external pressure, respectively.

The Raman and IR spectra of solid hydrogen were calculated
with the CASTEP code using the DFPT method based on first-
principles lattice dynamics (LD) calculations.” The PBE

This journal is © The Royal Society of Chemistry 2020
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functional and norm-conserving pseudo-potentials, which were
generated from the optimization scheme of Lin et al,* were
adopted. The Raman spectra of the Ama2 structure were calcu-
lated using the vdW-DF2 functional within VASP code and post-
processed with a python script.>***

3 Results and discussion
3.1 Ama2 structure and relative stability

We found a series of low-energy structures (except for the Phcn
structure) that had been proposed in previous work.**> In
addition, a new candidate Ama2 structure (space group 40)
named as its short Hermann-Mauguin space-group symbol is
found for the first time and has 24 atoms in the primitive unit
cell. Due to the constraints of the periodic boundary conditions,
layer A seems to split into two layers, but in fact, it all belongs to
the same layer which is similar to layer C, as shown in Fig. 1.
Therefore, Ama2 adopts an ABCDA... structure (see Table S2 of
the ESIt for more detailed structural information). Ama2 has
two distinct types of layers and is a ‘mixed structure’. One type
of layer consists of weakly bonded hydrogen molecules (labeled
as layers B and D) forming distorted hexagonal patterns
(Fig. 1(c)) that can also be found in the C2/c structure, but are
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different from the graphene-like weakly bonded molecular
layers in Pc.*® The other type of layer contains strongly bonded
molecules (labeled as layers A and C) forming highly distorted
hexagonal patterns (Fig. 1(d)). Therefore, Ama2 is completely
different from Pc and Pbcn, and provides another possible
arrangement of hydrogen molecules (H,) in solid hydrogen.

At the static lattice level, the relative enthalpies of the
candidate structures calculated by the vdW-DF2 functional are
illustrated in Fig. 2(a). C2/c is the most stable structure and
Cmca-4, considered as the metallic molecular phase, always has
the highest enthalpy within the pressure range of 200-500 GPa.
It is noted that the difference in enthalpy between Pc and Ama2
is smaller than 1 meV per proton above 250 GPa. Besides, the
Ama?2 phase is more competitive than Pbcn in the range 200-
500 GPa. Phase IV of solid hydrogen occurs above 220 GPa, and
Pc and Pbcn were both considered as candidate structures in
previous literature.'>*® Based on the above comparison of the
calculated energies, Ama2 can also be a candidate structure for
phase IV. In order to investigate the effects of different XC
functionals, we calculated the energies of the candidate struc-
tures at the static lattice level using the PBE functional, as
shown in Fig. 2(b). The general trends in the energies for
different structures coincide with the results of Pickard et al.,*®
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Fig.1 The Ama2 structure (supercell with 96 atoms along the c axis) calculated by using the vdW-DF2 functional at 300 GPa. Numbers and red
dashed lines in (c) and (d) represent the bond lengths and close contacts between atoms which are smaller than 1.2 (1.31) A, respectively. Based
on the bond lengths of the hydrogen molecules contained in the layers, layers A and C are classified as strongly bonded molecular layers, and
layers B and D are classified as weakly bonded molecular layers. (a) The view of the Ama2 structure along the c axis. (b) The view of the Ama2
structure along the a axis. (c) The weakly bonded molecular layers where the molecules lie flat within a plane and form a distorted hexagonal
pattern, similar to the layers in C2/c. (d) In the strongly bonded molecular layers, there are two different bond lengths which are 0.680 and 0.684
A. Hydrogen molecules form a highly distorted hexagonal pattern, which seems to be similar to the layers in Cmca-12.
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Fig. 2 Enthalpies without and with ZP correction, and the Gibbs free energies of the Cmca-12 (purple short dashed line), Pbcn (blue dash-dot
line), Pc (green dashed line), Ama2 (red solid line), and C2/c (gray dash-dot line) structures with respect to those of Cmca-4 (black dashed line). (a)
and (b) present energies of the static lattice structures calculated using the vdW-DF2 and PBE functionals, respectively. Energies of the static
lattice with proton ZP motion correction and Gibbs free energies calculated with the vdW-DF2 functional at 300 K are presented in (c) and (d),

respectively.

but are different from the results obtained with vdW-DF2
calculations. Compared with Pc, Ama2, and Pbcn, Cmca-12 is
energetically uncompetitive at the vdW-DF2 level, but gets more
competitive at the PBE level. The PBE calculations also show
that Pc exhibits a slight energetic advantage compared with
Ama2 and Pbcn, however, the energy difference between Ama2,
Pc, and Pbcn is really small. All in all, the different XC func-
tionals have an effect on the relative stability order of the
candidate structures. Nevertheless, the PBE and vdW-DF2
calculations both show that the static lattice energies of Ama2
and Pc differ very little.

Due to the small mass of hydrogen nuclei, a strong ZP
motion is expected. When the ZP vibrational energy is added to
the static lattice energy, as illustrated in Fig. 2(c), C2/c remains
stable below 453 GPa, which agrees with the previous predic-
tions by diffusion Monte Carlo (DMC) calculations* and the
recent infrared spectroscopic measurements.®® The Ama2
structure is more competitive energetically compared with Pc
and Pbcn below 345 GPa, whereas the Phcn phase has the lowest
energy compared with Ama2 and Pc above 355 GPa. As phase IV
was discovered at 225 GPa and 300 K experimentally, we
calculated the Gibbs free energies for these structures at 300 K
within the harmonic approximation and focused on the differ-
ence in energy between the Ama2, Pbcn, and Pc structures. As
shown in Fig. 2(d), owing to lattice vibration contributing to the

26446 | RSC Adv, 2020, 10, 26443-26450

global energy of the candidate structures, the pressure at which
C2/c transforms to the Pbcn phase is reduced to 370 GPa. The
difference in Gibbs free energy between Pc and Amaz2 is smaller
than about 1 meV, and Phcn is energetically uncompetitive
compared with Pc and Ama2 in the range of 200-320 GPa. The
differences between Pc, Pbcn, and Ama2 become obvious above
350 GPa. In general, under the four different conditions
considered above, Ama2 has relatively low energies, and is
energetically degenerate with the previously highlighted Pc
structure, especially for the pressure region of 200-350 GPa.
Therefore, Ama2 is a possible candidate structure for phase IV
from an energy point of view.

3.2 Phonon spectra

Phonon dispersion relations can be used to identify the stability
of a candidate structure of solid hydrogen. Here, we depict the
phonon dispersion relations of the C2/c, Ama2, Pc, and Phcn
phases at 300 GPa according to the harmonic approximation in
Fig. 3. The Ama2 phase has no imaginary frequencies along the
high symmetry point in the Brillouin zone, which suggests that
the Ama2 structure is dynamically stable. But the Pc and Pbcn
structures have negative frequencies in the vicinity of some high
symmetry points, and the Pbcn phase has more unstable modes
in reciprocal space than the Pc phase as suggested by Pickard
et al*® Based on a large number of phonon dispersion

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Phonon dispersions of (a) C2/c, (b) Ama2, (c) Pc, and (d) Pbcn calculated by using the vdW-DF2 functional at 300 GPa.

calculations, the Ama2 phase is stable over the investigated
pressure range of 250-500 GPa, whereas Pc is unstable. There-
fore, in terms of the phonon dispersion properties, Ama2 seems
to be more competitive than the Pc structure for phase IV. To
further confirm these structures, the Raman and IR properties
of the Pc and Ama2 structures should be examined against the
experimentally measured data, which will be discussed in detail
in the next section.

3.3 Raman and IR spectra

Raman and infrared spectroscopy are crucial tools for identi-
fying the candidate structures of phase IV. In Fig. 4 we show the
Raman spectra of Ama2 at 300 GPa calculated by LD and the
molecular projection method based on first-principles molec-
ular dynamics (FPMD) simulations,” ™ together with the
experimental Raman spectrum at 303 GPa. The FPMD calcula-
tion details can be found in the ESL.§ At the LD level, the Raman
spectra of Ama2 at 300 GPa calculated by vdW-DF2 and PBE are
used to illustrate the dependence of the peak positions on the
XC functional. Both functionals predict that Ama2 has two
strong Raman vibron modes, which are consistent with the two
intense Raman vibrons observed in experiments for phase
Iv.'>132% Based on the vibrational analysis, the lower and higher
frequencies of Raman vibrons correspond to the hydrogen
molecular vibrations of weakly bonded molecular layers and
strongly bonded molecular layers, respectively (see Fig. S1 in the
ESIt). The Raman vibron frequencies estimated by PBE are
obviously smaller than those predicted by vdW-DF2. The lower
and higher Raman vibron frequencies calculated by PBE and
vdW-DF2 at 300 GPa are 3182/3939 and 4461/4817 cm ?,

This journal is © The Royal Society of Chemistry 2020

respectively. This is closely related to the bond lengths (BLs)
calculated by PBE and vdW-DF2. The BLs of Ama2 calculated by
the PBE functional are larger than those calculated by the vdW-
DF2 functional. For instance, at 300 GPa, the BLs in the weakly
(strongly) bonded molecular layers of Ama2 are 0.689/0.699
(0.68/0.684) A according to vdW-DF2 and 0.766/0.78 (0.73/
0.735) A according to PBE (see the ESIf for more details).
These results confirm the empirical formula relating the Raman
frequency and bond length r, i.e. »* = constant.’® Although the
results calculated by the PBE functional seem to be more
reasonable than those calculated by the vdW-DF2 functional,
the results still disagree with the experimental observation to
some extent. This is due to the fact that the LD method, which is
used to calculate the Raman spectrum at 0 K, doesn’t include
the anharmonic effect (finite-temperature effect) on the proton.
The FPMD method can effectively include the finite-
temperature effect. Therefore, the Raman peaks calculated by
the FPMD method coincide with the experimental measure-
ment very well. And the experimentally broadened linewidth of
the v, vibron'**?® is also captured by the FPMD method (see
Fig. S2 in the ESI} for more details).

Moreover, we used the LD method to calculate the pressure
dependence of the Raman and IR vibron frequencies of Ama2
and the other candidate structures, which are compared with
experimental measurements. The Raman and IR spectra of the
Ama2 structure calculated at different pressures are depicted in
Fig. S4, and the derived pressure dependence of the vibron
frequencies is presented in Fig. 5 (see Fig. S5t for the pressure
dependence of low-frequency Raman frequencies). It is noted
that the calculated IR intensity ratio between the two vibrons of
Ama?2 (see Fig. S47) is inverse to the experimental one.”” This

RSC Adv, 2020, 10, 26443-26450 | 26447
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Fig. 4 Raman peaks of Ama2 compared with the experimental
measurements. Raman peaks were calculated at 0 K and 300 GPa by
the LD method using vdW-DF2 (pink line) and PBE (blue line). Raman
peaks (red line) were calculated at 220 K and 300 GPa using the
molecular projection method FPMD. Experimental data at 303 GPa
and room temperature (black line) are taken from Zha et al.?2® When the
detected Raman frequency is higher, the sensitivity of the experi-
mental detection device is lower, so the calculated vibronic amplitudes
are not compared directly to the experimental measurements.***” The
dashed line guides the eyes.

may be because the IR spectra calculated by LD don’t include
the temperature effect. Below about 220 GPa, both Raman and
IR measurements show only one vibronic frequency labeled as
v, for phase III. The experimental vibronic frequency », occurs
above 225 GPa in the Raman and IR spectra and is identified as
a signal of the transition from phase III to phase IV. Both the Pc
and Ama2 structures have two intense vibrons in the Raman and
IR spectra, whereas Cmca-12 and C2/c have only one intense
vibron and can be excluded from the candidate structures of
phase IV. For the lower-frequency vibron »,, the calculated
Raman and IR frequencies of Pc are lower than the experimental
frequencies, especially for IR. This is probably because the
coupling between the hydrogen molecules in the graphene-like
weakly bonded layers of the Pc structure was overestimated, as
suggested by Loubeyre et al.>” The low-frequency Raman and IR
v, vibrons of Ama2 are close to those of C2/c and Cmca-12 (all of
them consist of layers with H, molecules forming distorted
hexagonal patterns), and are better reproductions of the
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Fig. 5 Pressure dependence of (a) Raman and (b) IR vibron frequen-
cies of solid hydrogen. LD calculations were performed at O K for Ama2
(red solid line), Pc (green dashed line), C2/c (gray dash-dot line), and
Cmca-12 (purple short dashed line). FPMD calculations were per-
formed for Ama?2 (red stars) at 220 K. Raman vibron frequencies of Pc
(green stars) are taken from data calculated at 220 K by Magdau and
Ackland.’” Experimental data are taken from Howie et al.*® (gray open
squares), Loubeyre et al.#’ (pink open triangles), and Zha et al.?® (blue
open circles).

experimental observations than those of Pc. But the slope of the
Raman v, vibron of Ama2 is still too flat. This is because LD
calculations do not include the finite-temperature effect. The
FPMD calculations are more consistent with the experimental
measurements and provide a steeper slope for the Raman v,
vibron of Ama2. The high-frequency Raman », vibron of Ama2
calculated with FPMD perfectly reproduces the experimental
observations, whereas the results of the LD calculations are
smaller than the experimental results. The huge difference
between the two methods confirms the experimental conclu-
sion® that the finite-temperature effect is a crucial factor for
phase IV. Moreover, the frequencies of the Ama2 v, vibron
calculated by FPMD show a better agreement with the experi-
mental data compared with those of the Pc structure. This arises

This journal is © The Royal Society of Chemistry 2020
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from the slight difference in molecule arrangement between
Ama2 and Pc at a finite-temperature. To some extent, the Raman
and IR properties of Ama2 narrow the gap between theoretical
calculations and experiments.

4 Conclusion

In this work, we revisited the phase space of solid hydrogen in
the pressure range of 200-500 GPa by combining the particle
swarm optimization technique and first-principles energy
calculations. The Ama2 structure was proposed as a possible
candidate structure for phase IV of solid hydrogen. The new
structure shares features of the C2/c, Cmca-12, Pc, and Pbcn
structures. Ama2 adopts a ‘mixed structure’ and has two types of
layers. This feature is consistent with the previously highlighted
Pc and Pbcn structures. One type of layer with weakly bonded
molecules forms distorted hexagonal patterns, which is almost
the same as the layers in the C2/c structure. The other type of
layer contains strongly bonded molecules which form highly
distorted hexagonal patterns and non-hexagonal patterns.
Moreover, the frequencies of the Raman and IR »; vibron of
Ama2, arising from the vibrations of the weakly bonded
molecular layers, agree better with the experimental v,
frequencies than those of Pc. The features of the Ama2 structure
confirm the experimental conclusion of Loubeyre et al.*” that
the ordering of hydrogen molecules in the weakly bonded
molecular layers of ‘mixed structures’ of phase IV is similar to
that in the layers in the C2/c structure. The pressure dependent
Raman v, vibron of Ama2 obtained from FPMD has a steeper
slope and is more consistent with the experimental »;. Phase IV
is believed to exhibit strong quantum effects for the protons and
a single classical structure may not fully describe phase Iv.**
The Ama2 structure is a good addition to the structure model for
phase IV in view of the DFT calculations. Moreover, it should be
noted that the C2/c structure is more energetically stable than Pc
and Ama2 within the pressure and temperature ranges of phase
IV according to the DFT simulation. However, more advanced
DMC calculations including anharmonic corrections stabilize
the Pc structure.® Therefore, further work will focus on inves-
tigating the stability of Ama2 and Pc by using the more advanced
method.
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