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Solid molecular hydrogen exhibits a rich variety of unique properties, including insulator-to-metal
transition. However, the specific structure of phase Ill remains unclear. Experimental evidence suggests
high-pressure hydrogen shows a hexagonal close-packed lattice. Therefore, as a potential candidate
for phase III, the structure, energetic, mechanical, electronic, and thermodynamic properties of P6122
structure are systemically studied. It is found phase IIl with P6122 space group is both mechanically and
thermodynamically stable within the pressure range of 120~300 GPa. Besides, we observed significant
enhancements in the bulk modulus, shear modulus, and Young’s modulus. The band structures exhibit a
transition from topological insulator to topological semiconductor and eventually to a Wely semimetal
as the pressure increases. The electron density accumulates between pseudo “H,” molecules in the
insulating phase but it partly channels into the interlayer space in the semimetallic phase. Phase III
with P6122 structure is barely explored previously in solid hydrogen, therefore, we believe our present
investigation contributes valuable insights towards understanding the behavior of metallic hydrogen.
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1. Introduction

Solid molecular hydrogen under high pressure has garnered
significant interest in the field of condensed matter physics for
more than a century [1]. However, the experimental determina-
tion of precise structures for solid hydrogen and deuterium has
been a significant challenge, mainly due to the limitations of
low-resolution diffraction models when subjected to x-ray radia-
tion. To date, seven high-pressure solid phases of hydrogen have
been reported. Phase I (near 800 cm~! [2]) is energetically stable
in the pressure range of 5 GPa to 190 GPa at room tempera-
ture. In this phase, hydrogen molecules exhibit rotational disorder
with a hexagonal close-packed (hcp) solid structure, as determined
through single-crystal x-ray diffraction (SXRD) [3,4]. Phase II is a
low-temperature phase that remains stable between 70 GPa and
160 GPa at temperatures below 135 K and exhibits minor shifts
in Raman and IR spectra, near 900-1000 cm~! [5,6]. This phase
reveals the quantum orientational ordering of hydrogen molecules
on hcp sites. For deuterium, a similar phase known as phase II
exists within the pressure range of 20 GPa to 100 GPa below 130
K [7]. Phase Il emerges above 150 GPa at low temperatures and
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exhibits significant shifts, splitting, and intensification in Raman
and infrared vibrations and rotations, which is interpreted as the
classical orientational ordering of solid hydrogen molecules [1].
Specifically, the full width at half maximum (FWHM) of the vi-
brational mode v; reaches ~460 cm~! at ~190 GPa, reflecting
changes at the transition [8]. These observations of the low en-
ergy broad band are similar to the band at 460 cm~! in H,-IIl at
178 GPa and 18 K [6]. As pressure is increased above 220 GPa and
the v; mode reaches a frequency of ~3800 cm~!, a new transition
to phase IV starts. Correspondingly, a new vibrational mode of v,
appears with ~4150 cm~! at 235 GPa [8]. Furthermore, based on
acoustic phonon spectra from the neutron diffraction experiment,
it has been confirmed that hydrogen molecules remain centered
on hcp lattice sites [9]. Phase IV crystallizes in a mixed atomic-
molecular state above 220 GPa at room temperature. It displays
two vibrational modes with pressure-dependent broadening and a
discontinuous drop in the Raman active vibration mode, which are
V1 with ~2750 cm~' and v, with ~4150 cm~! [8]. This phase
is predicted to have alternating molecular and graphene-like lay-
ers based on fundamental structural changes [10]. Two additional
phases, IV’ [11] and V [12], have been proposed at room tem-
perature, corresponding to pressures of 270 GPa and 325 GPa,
respectively. Their structures are slightly modified based on phase
IV [13]. Importantly, hydrogen undergoes a transition to a metallic
state at room temperature under pressures of 260-270 GPa [14].
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The transition pressure for solid hydrogen to become a metal can
be further increased to 350-360 GPa at 200 K [15], 425 GPa at 80
K [16], and 495 GPa at 5.5 K [17]. Among these phases, only phase
I has been confirmed to possess an hcp structure [3,4]. Phase III
exhibits spectral changes that have led to uncertainties regarding
its metallic nature [18]. In addition, the molecular orientation in
phase III has not been definitively confirmed [8]. More recently,
experimental evidence has confirmed that phase IV is isostructural
to phase III [9], and the phase transition occurs at the lowest tem-
perature of 5 K under pressures above 360 GPa [19]. Unfortunately,
experimental information for phase IV’ and V is not accessible yet.
But these results have inspired many theoretical studies aimed at
determining the electronic and structural properties of hydrogen
at high pressure with different orientations to accurately interpret
experimental observations.

While experimental methods, such as infrared (IR) and Raman
vibrational spectroscopies provide an applicable way to discern
the coexistence of several phases hydrogen at high pressure, i.e.,
bonding and structures of hydrogen as well as phase boundaries,
the measurement of the crystal structure of solid hydrogen re-
mains challenging due to the instability of diamond materials un-
der mechanical and chemical strain, as well as the limitations of
characterization techniques when operating under extreme condi-
tions, such as x-ray and neutron diffraction measurements [4,8].
Recent experimental advancements have provided insights into the
crystallographic nature of the transitions occurring from phase
I to phases Il and IV [4,17,9]. It has been discovered that un-
der high pressure, hydrogen molecules maintain the hcp crystal
structure, with a monotonic increase in anisotropy [9]. Further-
more, it has been found that the volume of the unit cell in solid
hydrogen decreases linearly as pressure increases upon entering
phase IV, indicating a second-order isostructural phase transition
[9].

So far, extensive investigations have been conducted on the
high-pressure structures of solid hydrogen using various theoret-
ical methods, including first-principles density functional theory
(DFT) methods [20,10], quantum Monte Carlo methods [21], many-
body methods [21], ab initio molecular dynamics [22,23], and path-
integral molecular dynamics [24]. In addition, using density func-
tional perturbation theory (DFPT) based on lattice dynamics (LD),
the Raman and IR frequencies as well as intensities of these struc-
tures have been simulated [25,10]. The orientation of hydrogen
molecules has been identified as the key factor to determine the
material’s metallic or insulating behavior [4]. Several candidate
structures have been proposed for high-pressure phases, including
“phase II” (such as “Pca2¢” [26], “P21/c” [20], “P63/m” [25], and
“P633/mmc” [25]) below 150 GPa and “phase III” (such as widely
studied “Cmca-12”" and “C2/c-24" [27]) above 150 GPa, have been
investigated through static [28] and dynamic [4] density func-
tional calculations and QMC investigations [29]. Molecular dynam-
ics simulations based on room-temperature x-ray diffraction pat-
terns (XRD) have shown similarities between hydrogen phases I, III,
IV, and V [30]. Besides, the liquid-liquid transition of high-pressure
hydrogen and the three hydrogen solid phases, namely the free-
rotor phase I, broken-symmetry phase II, and high-pressure phase
Il have been respectively studied using machine-learned quantum
Monte Carlo and machine-learned molecular dynamics approach
[31]. The behavior of rotors on 2D-triangular, fcc and hcp lattices,
interacting through the electric quadrupole-quadrupole interaction
(&qq) was investigated using Markov chain Monte Carlo simula-
tions. These simulations have demonstrated that the quadrupole-
quadrupole interaction alone can stabilize various hcp-based struc-
tures [32]. Despite these successes, there is a wide range of pre-
dicted pressures for molecular dissociation and metalization, rang-
ing from 3~6 Mbar and 1~3 Mbar, respectively [26]. This discrep-
ancy is, in part, due to a lack of information about the structures
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and molecular orientations at megabar pressure and in part to
quantum effects [13,29].

Although the electronic and structural properties of hydrogen at
Mbar pressures and low temperatures are still not conclusively un-
derstood, experimental evidence has been suggested the presence
of a hcp lattice above ~150 GPa, with several possible hcp phases
[9,26]. Recent theoretical findings using the ab initio random struc-
ture searching (AIRSS) method propose that phase III with P6;22
space group is the most stable phase within the pressure range
of interest, exhibiting better agreement with experimental Raman
and IR spectra for phase IIl [33]. Moreover, the hexagonal sym-
metry of this phase provides the best agreement with available
x-ray diffraction data [33]. Therefore, in this study, we present a
comprehensive investigation of the energetics and electronic prop-
erties, and structural stability of solid hydrogen in phase Ill with
P6122 space group, using density functional calculations within
the generalized gradient approximation (GGA). In Section 2, we
briefly introduce the computational method. Subsequently, in sec-
tion 3, the results of GGA calculations for phase Il with P6;22
space group at a larger number of pressures are presented and dis-
cussed. Finally, we provide a summary of this study in section 4.

2. Computational methods

Our density functional theory (DFT) calculations are carried out
using the Vienna Ab initio Simulation Package (VASP) [34] with the
projector-augmented-wave (PAW) potentials [34]. The exchange
and correlation interactions are described by generalized gradient
approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form
[35]. The valence electrons are described by a plane wave basis
set with a energy cutoff of 700 eV. Integrations over the Brillouin
Zone of the hexagonal cell containing 36 hydrogen atoms are done
on a 17x17x11 k grid mesh with Monkhorst-Pack scheme, which
is sufficient for an energy convergence of less than 1.0x107° eV
per atom. Besides, the Grimme’s dispersion correction (DFT-D3)
is adopted to describe the van der Waal (vdW) interactions be-
tween layered hydrogen. The spin-orbit coupling (SOC) effect is not
considered in the present work for hydrogen since it is amplified
for larger atoms due to the combination between the orbital an-
gular momentum and the corresponding individual spin angular
momentum [36]. The phonon spectrum is significantly connection
with the dynamical stability, phase transition, thermoelectric ef-
fect, and superconductivity of the material. Thus, in the present
work, we compute the phonon spectrum for solid hydrogen in
phase III with P6122 space group. Phonon frequency calculations
are performed by using the PHONOPY package [37]. The hessian
matrix is obtained by using the density functional perturbation
theory (DFPT). A 2x2x1 supercell containing 144 hydrogen atoms
is used for DFPT calculations. The corresponding k-point mesh is
set to be 5x5x7, and the energy convergence criteria is set to be
1.0x107° eV.

3. Results and discussion

3.1. Structural property of solid hydrogen in phase IIl with P6122 space
group

Hexagonal structure of phase III with P6;22 space group of
solid hydrogen is characterized by a primitive unit cell contain-
ing 36 atoms, with a space group (SG) No. 178, as predicted by
the ab initio random structure searching (AIRSS) method using the
Becke-Lee-Yang-Parr (BLYP) XC functional with a highly composite
hydrogen number [38,33]. The layered molecular structure of the
hexagonal primitive cell is depicted in Fig. 1. The optimized lattice
structural details and atomic positions at 200 GPa are collected in
Tables 1 and 2, respectively. For comparison, the previous results
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Fig. 1. (a, b) Top and (c, d) side views of layered P6;22 molecular structure in phase IIl under 50 GPa and 200 GPa, respectively.

Table 1

Lattice structural parameters, volume per proton and bond lengths between (BL) hydrogens of solid hydrogen in phase III with
P6122 space group at 200 GPa. For comparison, the previous results are listed here.

Phase a (A) b (A) c (A) a®)  B(°) y (°) Volume per proton (A3)  BL1(A)  BL2 (A)
P6122 3.018 3.018 8.137 90.0 90.0 120.0 1.763 0.713 0.718
P6122 [33] 3.022 3.022 8.143 90.0 90.0 120.0 1.789 0.719 0.715
C2/c-24 [33] 3.025 3.025 5.408 90.1 90.1 119.9 1.787 0.719 0.716
Table 2
Wyckoff positions, fractional atomic coordinates of solid hydrogen in phase IIl with P6122 space group at 200 GPa.

Atom Position x/a y/b z/c Atom Position X/a y/b z/c

H1 la 0.3313 0.0593 0.6582 H2 la 0.8146 0.3381 0.6696
H3 1a 0.9407 0.2720 0.9915 H4 1a 0.6619 0.4765 0.0029
H5 1a 0.7280 0.6687 0.3249 H6 1a 0.5235 0.1854 0.3363
H7 1a 0.6687 0.9407 0.1582 H8 la 0.1854 0.6619 0.1696
H9 1a 0.0593 0.7280 0.4915 H10 1a 0.3381 0.5235 0.5029
H11 1a 0.2720 0.3313 0.8249 H12 1a 0.4765 0.8146 0.8363
H13 1a 0.0593 0.3313 0.6751 H14 1a 0.3381 0.8146 0.6637
H15 1a 0.2720 0.9407 0.3418 H16 la 0.4765 0.6619 0.3304
H17 1a 0.6687 0.7280 0.0085 H18 1a 0.1854 0.5235 0.9971
H19 1a 0.9407 0.6687 0.1751 H20 1a 0.6619 0.1854 0.1637
H21 la 0.7280 0.0593 0.8418 H22 la 0.5235 0.3381 0.8304
H23 1a 0.3313 0.2720 0.5085 H24 1a 0.8146 0.4765 0.4971
H25 1a 0.8482 -0.0000 0.5000 H26 la 0.6011 -0.0000 0.5000
H27 la 0.0000 0.8482 0.8333 H28 la -0.0000 0.6011 0.8333
H29 1a 0.1518 0.1518 0.1667 H30 la 0.3989 0.3989 0.1667
H31 1a 0.1518 -0.0000 -0.0000 H32 la 0.3989 -0.0000 -0.0000
H33 1a 0.0000 0.1518 0.3333 H34 la 0.0000 0.3989 0.3333
H35 1a 0.8482 0.8482 0.6667 H36 la 0.6011 0.6011 0.6667

of C2/c-24, the currently favored candidate for phase Il known at
present, are also presented in Table 1. The results show excellent
consistency with previous observations of phase Il with P6722
space group [33]. The primitive cells of phase IIl with P6,22 space
group and C2/c-24 share a high degree of similarity, with minor
variations observed in the c¢ axis length (50% longer in phase III
with P6122 structure due to two additional layers) and monoclinic
distortion in C2/c-24. The volume per proton in phase III with
P6122 structure is only slightly larger (about 0.13%) than that in
C2/c-24. Additionally, the bond lengths (BL) between hydrogen of
phase Il with P6122 space group are only 0.83% larger than that
of C2/c-24. All these indicate that phase III with P6122 space group
is a highly competitive candidate structure for phase III [9,33].

To investigate the structural stability of phase Il with P6;22
space group structure, a series of total energy calculations were
performed at various pressures around the experimental data. The

enthalpy energy per proton was then determined using the follow-
ing expression;

Etotat —NEn
Eenp = ———,
n

(1)

where E;q and Ey denote the total energies of solid hydrogen
in phase Il with P6122 space group and a single H atom, re-
spectively. n represents the number of H atoms. The calculated
enthalpy energy per proton is depicted in Fig. 2(a). One can clearly
see that Eqp; increases smoothly with increasing pressure. Under
200 GPa, the enthalpy energy is negative, indicating an exother-
mic formation process for phase Il with P6122 space group, in
good agreement with previous research that reported the ther-
modynamic stability of the phase Il with P6122 space group at
pressures below 200 GPa at T = 0 K [33]. Conversely, positive
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Fig. 2. The calculated (a) enthalpy and (b) lattice parameter of layered hydrogen in phase IIl with P6122 space group as a function of pressure.
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Fig. 3. The calculated (a) ¢/a and (b) pressure vs volume curves of layered hydrogen in phase IIl with P6;22 space group as a function of pressure.

values above 200 GPa imply that the formation of phase III with
P6122 structure is an endothermic process.

Fig. 2(b) shows the optimized lattice parameters (a, b and c)
as a function of pressure. The lattice parameters decrease with in-
creasing pressure, with a slightly higher decrement observed for c.
This implies the presence of anisotropic property in phase Il with
P6122 space group. Fig. 3(a) displays the c¢/a ratio of the hexago-
nal cell, which demonstrates a monotonic decrease below 100 GPa
and a slower decrease beyond 100 GPa, suggesting that phase III
with P6122 crystal becomes increasingly anisotropic with pressure.
Additionally, the obtained c/a ratio for phase Ill with P6122 space
group is significantly larger than the value of 1.633 of ideal hcp
structure. Fig. 3(b) illustrates the pressure-volume relation (P-V)
for solid hydrogen in phase IIl with P6122 space group, which re-
veals that solid hydrogen for phase Il with P6122 space group
is more compressible below 100 GPa compared to the range of
100~300 GPa. We believe the pressure-volume equation of state
in the range of 50 GPa ~ 300 GPa can well describe the compres-
sion of molecular hydrogen in phase Il with P6122 space group
at high pressure, since the compression mainly occurs between 50
GPa and 350 GPa.

3.2. Elastic behavior of solid hydrogen in phase IlIl with P6122 space
group at high pressure

Elastic constants are not only important for understanding the
bonding feature and anisotropy between adjacent atomic planes,
but they also provide insight into the resistance and mechanical
characteristics of materials under external stress or pressure, which
further describes the stability of the material against elastic defor-
mation [39,40]. It is worth pointing out that in the present work
the elastic constants under hydrostatic pressure P at zero tempera-
ture are unified and simplified by the use of the Gibbs free energy

Elastic Constants (GPa)

0 T d T i T J T Y T Y T 4 T 4 T 4 T U T
120 140 160 180 200 220 240 260 280 300

Pressure (GPa)

Fig. 4. Calculated elastic constants of layered hydrogen in phase III with P6;22
space group as a function of pressure.

G [41]. That is to say the equilibrium structure at each pressure P
is not at a minimum of E for the solid hydrogen in phase III with
P6122 space group, but it is the values of the lattice constants a
and ¢ at which G(a, ¢c; P) = E(qa, ¢) + PV(q, ¢) has a minimum. Be-
sides, the elastic constants are not evaluated as usual by second
derivatives of E with respect to strains [40,42]. Rather they are
given by second derivatives of the minimum of G at P. We define
Cij = (1/V)8%G(a, c; P)|(deide;) and Cij = (1/V)9%E(q, c)/(d&ide;),
then the modified elastic constants C‘,-j equal to Cij+(P/V)82V(a,
c)[dgjde;j [41].
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pressure, respectively.

In the case of solid hydrogen in phase Il with P6122 space
group, five independent elastic constants, @11, 612, @13, @33, and
Caa, can determined by selectively imposing strains either individ-
ually or in combination along specific crystallographic directions.
Table SI in supporting information illustrates the deformations em-
ployed in determining 2X(611 + 612), 2X(611 — 612), 633, 4X644
and (Cq1 + 2Cq3 + C33), which leads to the determination of all the
elastic stiffness constants. These elastic constants can be calculated
for solid hydrogen in phase IIl with P6122 space group by select-
ing a proper set of strains {e;,i=1,---,6} from the following five
different strains (refer to Table SI),

0?=(8,-5,0,0,0,0),
d%=(0,0,0,5,0,0),

o1=(5,6,0,0,0,0),
3=1(0,0,4,0,0,0),
od = ,6,6,0,0,0),

(2)

where the Voigt notation has been used. In order to avoid the
influence of high order terms on the estimated elastic constants,
the small strains within £1.5% are used. Hence the strain ampli-
tude § is varied in step of 0.006 from —0.036 to 0.036 and the
total energies G(Vp,0) at these strain steps are calculated and
fitted through the strains with the corresponding parabolic equa-
tions of AG/V( using equations in Table SI to yield the required
second-order elastic constants. In order to ensure accurate results,
relaxations of the coordinated H atoms in the strained lattice are
carried out during the calculations for all elastic constants of solid
hydrogen in phase Il with P6122 space group.

Fig. 4 illustrates the pressure dependence of the calculated elas-
tic constants for solid hydrogen in phase Il with P6122 space
group. As shown in the plot, all these five elastic constants exhibit
a monotonic increase with increasing pressure. Specifically, Ci3
exhibits the biggest increase rate which is approximately 2.183, fol-
lowed by Cq3 with the slop of 1.158, while C12, C13 and Ca4 exhibit
relatively smaller increase rates of ~0.281, ~1.00, and ~0.488, re-
spectively. The smaller increasing rate for the value of Cas implies

the shear deformation increase faster with the increase of pressure,
leading the instability of the structure with external pressure. The
usual Born conditions of mechanical stability remain valid for any
pressure when applied to the elastic constants from G [41,43-45]:

C11>0, C33>0, Cag>0, C1y>|Cy2l, and

ne0 ezl fae 3)
(C11 +2Cq2) x C33 > 2C3.

One can see solid hydrogen in phase Il with P6,22 space group
is stable within the pressure range of 120—300 GPa, based on
the elastic constants calculated. Our results indicate that 611 is
extraordinarily larger than C1a throughout the pressure range stud-
ied, revealing that the bonding strengths along the [100], [010] and
[001] crystallographic directions are considerably stronger than
those along the [011], [101] and [110] directions [39]. C44 > O is
fulfilled, implying the shear strain in [100] plane does not cause
mechanical instability under the corresponding pressure range.
The shear elastic constant in [001] plane is obtained via Cos =
1/2(611—612). The positive values of 655 illustrate that the shear
strain in [001] plane does not cause mechanical instability when
the pressure is below 300 GPa. While the enthalpy differences for
solid hydrogen in phase Il with P6122 space group are positive
in the pressure range of 200~300 GPa, which implies that the
structure of P6;22 space group of hydrogen can be a metastable
structure in the pressure range between 200 to 300 GPa. It is
also confirmed by the softening of phonon dispersion branches in
Fig. 10.

Following the determination of elastic constants at varying
pressures, we proceed to calculate the polycrystalline bulk mod-
ulus (B), shear modulus (G) as function of pressure, which can
describe the response to compress and shear stress of solid hy-
drogen in phase Il with P6122 space group. These calculations
are performed using the Voigt-Geuss-Hill (VRH) approximations as
shown in the following equations [46],

By = (1/9)[2(C11 + C12) 4+ 4C13 + C33], (4)
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Bg = C?/M, (5)
Gv = (1/30)(M + 12C44 + 12Cgp), (6)
Gr = (5/2)[C*C44Ce61/[3Bv C44Cos + C*(Cas + Cep)1, (7)
€% = (C11 + C12)C33 — 2C2%5, (8)
M = Cy1 + C12 +2C33 — 4Cy3. 9)

The bulk modulus (B) and shear modulus (G) are then obtained
by
B=1/2(By + Bg),

G=1/2(Gy + Gg). (10)

Correspondingly, Young’s modulus (E), which measures the re-
sponse to linear stress, and Poisson’s ratio (v) which describes the
phenomenon of deformation perpendicular to the loading direction
when the material is compressed or stretched can be calculated by
the following definition:

9BG a1

b 3B—2G
T 2(3B+G)’

The calculated results are depicted in Fig. 5. Distinctly, the deduced
bulk moduli B increases linearly with pressure, while shear mod-
uli E increases monotonically with slightly discontinuity, as shown
in Fig. 5(a) and 5(c), respectively. The increasing rate of B is ap-
proximately two times larger than that of shear moduli E. Pugh
criteria is widely used to identify the intrinsic ductile to brittle
transition as a function of elastic properties, since the values of B
and G represent the ability to resist external pressures and shear-
ing forces, respectively [47]. The critical value of the ratio B/G is
about 1.75, indicating that materials with B/G > 1.75 are ductile
whereas those with B/G < 1.75 are brittle [47,48]. Our calculated
average value of B/G almost reaches 2 (~1.947) in the pressure
range of 120 GPa to 300 GPa, which implies phase Il with P6122
structure is a ductile material. Additionally, the predicted values
of Young’s modulus E increase sharply from ~125 GPa to ~335
GPa with increasing pressure, indicating the ability to resist de-
formation is strongly enhanced with pressure. Regarding to the

(12)



X.-Y. Yang, R. Ahuja and W. Luo

Poisson’s ratio v, it is well known that the material which has
much smaller shear moduli compared with the bulk moduli, its
Poisson’s ratios v is usually close to 1/3. For the present solid
hydrogen system, the calculated shear modulus G is much lower
than the bulk modulus B. Thus, the predicted average value of 0.28
with increasing pressure for the Poisson’s ration v in Fig. 5(d) can
be well understandable and reasonable. Furthermore, the microc-
racks in materials could be induced by the elastic anisotropy, thus
the anisotropic factors of solid hydrogen in phase Il with P6;22
space group as the function of pressure are calculated according
to the following equation to understand its mechanical durabil-
ity,

PR (13)

C11 —Ci2

here, the factor A with 1.0 indicates elastic isotropic for crystal
while a value different from 1.0 is for elastic anisotropy. The cal-
culated results are presented in Fig. S1. One can see from Fig.
S1 that the calculated values of A largely fluctuate around 1, in-
dicating solid hydrogen in phase III with P6122 space group is
elastically anisotropic, which is consistent with the above con-
clusion for the changes of lattice parameters as the function of
pressure. The further comparison with experimental results for the
mechanical properties of solid hydrogen in phase Il with P6122
space group is necessary. We expect the present elastic constants
and elastic moduli can provide a reference for future experimental
measurements.

3.3. Electronic structure of solid hydrogen in phase Ill with P6122 space
group at high pressure

All the macroscopical properties of materials, such as elastic-
ity, hardness, as well as conductivity originate from their elec-
tronic structure properties and the feature of the chemical bond-
ing. Hence it is necessary to investigate the electronic structure of
solid hydrogen in phase IIl with P6122 space group. The three di-
mensional bulk Brillouin zone (BZ) of solid hydrogen in phase III
with P6122 space group and the corresponding band structures in
the high-symmetry directions in the BZ are displayed in Fig. 6. The
energy scale is in eV, and the valence band maximum is set to
be the Fermi energy (E¢), indicating the bands below Ey are all
occupied. It can be clearly seen the band features are very simi-
lar with an indirect bandgaps in the pressure range of 120~290
GPa. The calculated bandgap at 120 GPa is 3.398 eV, which shows
a topological insulating property. While it decreases to 0.122 eV at
290 GPa as a topological semiconductor. Moreover, the bandgaps of
solid hydrogen in phase IIl with P6122 space group exhibit a linear
decrease from 120 GPa to 290 GPa, as shown in Fig. 7. Most impor-
tantly, upon compression up to 300 GPa, the bandgap disappeared
owing to the valance band and the conduction band overlapping
in different momentum point. Thus, the band structure displays
a semimetallic behavior, as shown in Fig. 6(f). The cause of this
metallicity is partly attributed to the aligned inter- and intralayer
molecules along the c axis, as shown in Fig. 1. Consequently, there
is a difference in the electron density polarization due to the in-
termolecular interactions between the insulating and semimetallic
structures (which will be discussed latter in Fig. 9). The bandgap
revolutions of solid hydrogen in phase IIl with P6;22 space group
from insulating phase under low pressures to monoatomic metallic
phase at 290 GPa are detailly presented in Fig. 7.

Importantly, the nontrivial topology is observed in solid hydro-
gen in phase Il with P6122 space group, which is exhibited by a
large number of Weyl point nodes along the ' — A— A and M —
U — L lines in the conduction bands in the pressure domain of
120~290 GPa. The accordion dispersion is clearly visible about E ¢,
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Fig. 7. The calculated bandgap of solid hydrogen in phase IIl with P6;22 space group
as a function of pressure.

which is presented in Fig. 8 with more details. While it is less clear
below Ey, where the bands are not well separated in energy (not
shown in the present work). As shown in Fig. 8(a-e), one can ob-
serve a group of five connected bands along the I' — A— A line,
which is invariant under the screw rotation Cs . While, along the
M — U — L line which is symmetric under the screw rotation Cg,r
there are groups of four bands sticking together with an hourglass
dispersion, forming four crossings. Nevertheless, all bands, forming
Weyl point nodes along the ' — A— A and M — U — L lines, are
required by symmetry. This behavior has been referred as twisted
equivariant K-theory [49]. By the bulk-boundary correspondence
these Weyl point nodes give rise to arc surface states.

To a great extent, the electronic distribution and the interaction
between H atoms are the main contributors in the enthalpy en-
ergy. Thus we first plot the valence charge density in (001) plane
of solid hydrogen in phase IIl with P6122 space group, as shown
in Fig. 9. Obviously, all these five contours plots of charge density
distributions show that there is a remarkable s orbital electronic
bridge between H1 and H2 atoms, which represents the covalent
bonding nature between H1 and H2 and further forms a pseudo
“H,” molecule with bond length less than 0.74 A. Besides, there
is a elliptical distribution around the “H,” molecule with slight
deformation towards the directions of their nearest neighboring
H, molecules. In the insulating phases, the charge density around
the “Hy” molecules is higher within each layer with increasing
pressure, while there are hardly a valence charge in the trigo-
nal interstitial region, such as charge density distribution at 120
GPa in Fig. 9(a) with the three arrows. On the other hand, in the
semimetallic phase at 300 GPa, the charge density is partly chan-
neled into the interlayer space since there are some valence charge
in the interstitial region, as shown in Fig. 9(e) with the three ar-
rows. The Bader topological charge analysis could decompose the
charge density into atomic components based on topological fea-
tures of the charge density [50,51]. Thus we systematically study
the atomic charges for H atoms under different pressures. It is
found there are respectively 0.743 and 1.222 electrons around the
H1 and H2 atoms at 120 GPa, which indicates that approximately
0.222 electrons are transferred from H1 to its nearest H2 atom.
While there are only 0.080 electrons transferred from H1 to H2 by
applying the 300 GPa compression. As a consequence, the ionicity
of H1-H2 bond is gradually decreased while the covalent char-
acter is strengthened with increasing the pressure from 120 GPa
to 300 GPa. Additionally, the bonding length of H1-H2 is grad-
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Fig. 9. Contour plots of charge density distributions of solid hydrogen in phase III
with P6122 space group inside the (001) plane under (a) 120 GPa, (b) 150 GPa,
(c) 200 GPa, (d) 250 GPa and (e) 300 GPa, respectively.

ually increased from 0.708 A under 120 GPa to 0.735 A under
300 GPa.

3.4. Phonon dispersion curves and thermodynamic stability

To the best our knowledge, phonon spectra shows a signif-
icant relation with dynamic stability, phase transition, thermo-
electric effect and superconductivity [52,53]. Thus, in the present
work the phonon dispersion curves for solid hydrogen in phase
Il with P6122 space group are further investigated using the
density functional perturbation theory (DFPT) with the help of
PHONOPY package [54]. To reach high accuracy, a 2x2x1 exten-
sion of conventional unit cell (including 144 atoms) and 5x5x5
Monkhorst-Pack k-point mesh for the BZ integration are adopted to
calculate the force constants. The calculated phonon curves along
'-M—K-I'-A—L-H—A—-L—M—H—K directions under 100 GPa,
120 GPa, 150 GPa, 200 GPa, 250 GPa and 300 GPa are displayed in
Fig. 10. Overall speaking, the behaviors of the phonon as a func-
tion of pressure are similar with an evident gap between the optic
modes and the acoustic branches. The obtained phonon dispersion
shows that solid hydrogen in phase Il with P6122 structure is dy-
namically unstable at selected pressure of 100 GPa, as shown in
Fig. 10(a). The transverse acoustic (TA) mode close to I" point be-
comes imaginary along the '— M, '= K and I'— A directions.
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and (f) 300 GPa, respectively.

The minimum of the TA branch locates at the I'— A direction.
While, no imaginary frequencies are observed in the pressure do-
main of 120~300 GPa at 0 K, as clearly indicated in Fig. 10(b-f).
Besides, after applying pressure, the acoustic and optic branches of
phonon undergo that frequencies slightly shift upward and down-
ward, respectively, indicating the enhancing of atomic interactions.
Two lowest acoustic branches exhibit soft oscillating mode along
the '—M and I'—A directions with increasing the pressure. This
information is critical important to analyze the phase transforma-
tion. In order to further figure out the effects of low pressure
on dynamical stability of solid hydrogen in phase Il with P6;22
space group, the calculated phonon dispersion curves at 50 GPa
and 80 GPa pressure domains are displayed in Fig. S2. One can no-
tice that the TA mode close to I point also becomes imaginary at
80 GPa along the '—M, I'=K, '—A, '—H, and I'—L directions. Ad-
ditionally, this similarity of the softening in TA branches is clearly
observed at 50 GPa in Fig. S2(a). Thus, phonon spectrum results il-
lustrate that phase III with P6,22 structure for solid hydrogen is
dynamically unstable till being compressed over 120 GPa, which is
well consistent with the above results about the mechanical stabil-
ity analysis for solid hydrogen in phase Il with P6;22 space group

and the result of enthalpy difference of various phases of hydrogen
in Ref. [9,33].

4. Conclusion

To conclude, this study employs first-principles calculations to
comprehensively analyze high-pressure hydrogen with hexagonal
symmetry, specifically phase III with P6122 space group, as a
candidate structure for phase Ill. We systematically investigate
the structure, energetic, mechanical, electronic and thermodynamic
properties of solid hydrogen in phase Il with P6122 space group
as a function of pressure. Our results indicate that phase III with
P6122 space group is both mechanically and thermodynamically
stable in the pressure range of 120 ~ 300 GPa, with a clear volume
contraction as pressure increases. Furthermore, we find the bulk
modulus B, shear modulus G and Young’s modulus E increase lin-
early as pressure increases. The calculated band structures demon-
strate a strong reduction in the bandgap for phase III with P6;22
structure as pressure increases, indicating a phase transition from
a topological insulator to a topological semiconductor. As pres-
sures exceeding 300 GPa, phase Ill with P6122 structure becomes
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a topological semimetal with bands crossing the Fermi energy.
Accordingly, the electron density accumulates between the “Hy”
molecules within each layer in the insulating phase, whereas the
density is channeled into the interlayer space in the semimetal-
lic phase. Our phonon spectrum results confirm that phase III with
P6122 space group is dynamically stable in the pressure domain of
120~300 GPa, which is in agreement with our mechanical stability
analysis. Moreover, since this system size with 36 atoms per prim-
itive cell has been barely explored previously in hydrogen research,
our study provides valuable insights to interpret experimental data.
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