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Solid H,S as the precursor for H3S with incredible superconducting properties under high pressure, has recently
attracted extensive attention. Here in this work, we propose two new phases of H,S with P4, /n and 14, /a lattice sym-
metries in a pressure range of 0 GPa-30 GPa through first-principles structural searches, which complement the phase
transition sequence. Further an ab initio molecular dynamics simulation confirms that the molecular phase P2/c of HyS
is gradually dissociated with the pressure increasing and reconstructs into a new P2 /m structure at 160 GPa, exhibiting
the superconductivity with 7 of 82.5 K. Our results may provide a guidance for the theoretical study of low-temperature

superconducting phase of H,S.

Keywords: high pressure, crystal structure, phase transition, superconductivity

PACS: 61.50.Ks, 82.33.Pt, 74.25.q

1. Introduction

In previous work, Ashcroft!!?l made two predictions
based on BCS theory: metallic hydrogen is most likely a room
temperature superconductor and hydrogen-dominated metallic
alloys are potential high temperature superconductors at high
pressure. However, the realization of metal hydrogen requires
extremely high pressure, and a controversial high-pressure ex-
periment shows that it needs at least 495 GPa.l3! Based on
the introduction of non-hydrogen elements to stimulate chem-
ical precompression, the metallization pressure of hydrogen-
rich compounds is low,*! like 40 GPa at room tempera-

10-121 which is much lower than

ture for hydride phosphine, !
495 GPa for metallic hydrogen. In 2014, Duan et al. pre-
dicted the existence of Im-3m_H3S!!3 and put forward that
H3S has a high superconducting transition temperature (7¢)
higher than 190 K at 200 GPa. In 2015, Drozdov et al. ex-
perimentally reported a high temperature superconductor with
T. of 203 K by compressing solid H,S.!'¥l Then, a series of
experimental and theoretical researches confirmed the high 7.
of 203 K derived from the theoretically proposed R3m or Im-
3m_H3S.1"520) Further researches are needed on the decom-
position products of H,S under high pressure, and on the role
played by the decomposition products in forming H3S.

The H»S has a simple structure at low pressure, but leads
a series of complex phase transition process under differ-
ent pressures and temperatures. When the temperature drops
gradually under ambient pressure, a phase transition of fluid
phase — phase I (Fm-3m)?!1 — phase II (Pa-3)?!'! — phase
I (Pbem) happens to HyS.?!1 Ab initio calculation showed
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that at 0 K, the phase III (Pbcm) transforms into the P2/c at
8.7 GPa — the Pc at 29 GPa — the Pmc2 at 65 GPa — the P-
1 at 80 GPa — the Cmca at 160 GPa.??! If pressure increased
at room temperature, another phase transition process would
occur, which is fluid phase — phase I — phase I’ (P2;3).1?*!
— phase IV’ (Ibca)**2°1 — phase IV,I?*! and H,S would fi-
nally be decomposed at 27 GPa and turn into the mixture of S,
H, and phase V.[*’28 The infrared spectra at high pressure and
room temperature also revealed that the molecular dissociation
of molecular H,S occurs under nearly 46 GPa, and metalliza-
tion of molecular HpS occurs near 96 GPa, respectively. "]
On the other hand, the phase transition process was phase I1I
— phase 1" (Pcca)!?®! — phase IV' — phase IV with pres-
surization at 100 K. Combined with the experiments and cal-
culations, the phase diagram of H,S has also been gradually
filled,?>3% and several energetically competitive stoichiome-
tries other than H,S and H3S have been proposed, which are
HS,, H,S3, H3S,, H3Ss, HyS3, and HsSg.[*13%) The temper-
ature had a key influence on the crystal structure, phase tran-
sition pressure, decomposition products, and decomposition
path of H,S.[?8331 We have performed MD simulations on ex-
perimental conditions by choosing different initial structures,
and obtained different simulation results.>*3¢! And the phase
IV (P2/c) predicted theoretically is in good agreement with
experimental result, and is appropriate to be selected as an
initial structure. Accordingly, it is necessary to adopt finite
temperature molecular dynamics to study the molecular disso-
ciation process.

In our work, we explore the phase transition of H,S via
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ab initio structure searching and ab initio molecular dynam-
ics (AIMD) to complement its important phase transition se-
quence. Three new structures of H-S compounds are discov-
ered for the first time, and the relevant thermodynamic prop-
erties and the superconductivity properties are revealed. Re-
markably, we also investigate the dissociation process of HpS
at high pressure, and our calculation results can help to fur-
ther clarify the phase diagrams of H,S at higher pressures and
temperatures.

2. Computational details

Structure of H,S were investigated with ab initio calcu-
lations as implemented in the Universal Structure Predictor:
Evolutionary Xtallography (USPEX)[37-31 in a pressure range
of 0 GPa-30 GPa in pressure steps of 5 GPa. The Vienna ab
initio simulation packages (VASP) code!*?! was used to op-
timize crystal structures and calculate the electronic proper-
ties, where the Perdew—Burke—Ernzerhof (PBE)*!] of gener-
alized gradient approximation (GGA)*?! was chosen and used
as an exchange—correlation functional. And the projector-
augmented wave method (PAW)[*3] potentials with the 1s' and
3s23p* configurations treated as valence electrons for H and S
were used. Kinetic cutoff energy of 400 eV was selected and
Monkhorst—Pack k-mesh with grid spacing of 27 x 0.03 A!
was then adopted to ensure that the enthalpy converges to less
than 1 meV/atom. The calculations on phonons were carried
out by the PHONOPY code,*¥! which showed good agree-
ment with those computed using the Quantum-ESPRESSO
(QE) code.®! Electron phonon coupling (EPC) matrix ele-
ments were calculated using density functional perturbation
theory as implemented in the Quantum ESPRESSO pack-
age. Ultra-soft pseudopotential*®! was used with an 80 Ry
(1 Ry=13.6056923(12) eV) kinetic energy cutoff and an 800-
Ry charge density cutoff. A 12 x 12 x 20 k-mesh grid was
used for Brillouin zone (BZ) integration in electronic calcula-
tions, and EPC matrix elements were calculated in 3 x 3 x 5
g-points grid. Electronic smearing in self-consistent calcula-
tion adopted Methfessel-Paxton first-order spreading!*’! with
a smearing width of 0.025 Ry. Furthermore, we also per-
formed extensive ab initio molecular dynamics (AIMD) sim-
ulations based on the Born—Oppenheimer approximation im-
plemented in VASP, and set the temperature range to be from
100 K to 250 K. The AIMD simulation for H,S phases were
performed in 2 X 2 x 2 supercells (384 atoms) for P4, /n and
I41/a, 2 x 2 x 3 supercells (144 atoms) for P2/c, and 2 x 3 x 3
supercells (108 atoms) for P-1 with 2 x 2 x 2 k-mesh. We
adopted the NPT (N-constant is the number of particles, P-
constant is the pressure, and T-constant is the temperature)
ensemble, lasting for 12 ps in time steps of 1 fs, and we al-
lowed 2-ps thermalization and then extracted data from the
last 10 ps.

3. Results and discussion

Here, the global structural evolution algorithm variable-
composition predictions are realized in over 2 x 10* structures,
and 2, 4, 6, 8, and 16 H,S formula units are employed in a
pressure range from O GPa to 30 GPa. Two new phases of
H,S with space groups of P4, /n and 14 /a are uncovered as
shown in Fig. 1. The H atoms occupy 8f sites, and S atoms
8f sites in the P4, /n lattice. And H atoms account for 16f
sites, and S atoms 16f sites in the I4 /a lattice, as shown in
Table S1 in the Supplementary materials (SM). As shown in
Figs. 1(a) and 1(b), P4, /n and 14| /acrystal lattice contain iso-
lated H» S units inside, and we can observe from the structure
intuitively that P4, /n and 4, /a are molecular crystals. The
enthalpies of two new structures together with the ambient-
pressure Pbcm (phase I1I) and another four low-enthalpy struc-
tures mentioned by Li er al.[*? are plotted as a function of
pressure in Fig. 2. With pressure increasing, Pbcm (phase I1I)
of H,S crystallize into a P4, /n phase at about 3 GPa. Above
10 GPa, P4, /n phase turns into P2 /c phase,*?! and then trans-
forms into 74, /a at about 20 GPa.

(a) _‘ (b)
o H

Os "\‘\

c\_+
a”Lb a

C
i

Fig. 1. Predicted energetically stable crystal structures of (a) P4, /n and (b)
14, /a in structural evolution.
——P2ym —— Pc ----I4/a —~—P1
——Pbem ----Ply/n ----Pmc2, — —p2/c
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Fig. 2. Curves of calculated enthalpy versus pressure for phases P2;m,
P4y /n, I41 /a, Pbcm (phase TID),21 P-1,1221 P2, 1221 and Pcl??) relative
to P2/c.1??l

Phonon dispersion calculations of P4, /n and 14 /a struc-
tures in Figs. 3(a) and 3(b) do not give any imaginary frequen-
cies. Therefore, P4,/n and I4;/a are dynamically stable at
corresponding pressure points. The electronic band structures
of H,S are calculated at 10 GPa for P4, /n phase and at 30 GPa
for 14, /a phase as shown in Figs. 3(c) and 3(d). The results
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of electrical properties show that the new phases are insula-
tors because band gaps between valence band and conduction
band are quite large, specifically, 3.3 eV for P4, /n and 2.5 eV

(a) 75

=)
o
T

'S
ot

Frequency (THz)

XIo 5 10

DOS (states/eV/A3)

for 14, /a. The p-electrons of S dominate the density of states
nearby the fermi surface for both P4, /n and 4, /a, and domi-
nates the density of states of valence bands significantly.

(d) 5

Energy (eV)

-5

DOS (states/eV/A3)

Fig. 3. Calculated phonon dispersion curves for (a) P4, /n at 10 GPa and (b) 14 /a at 30 GPa, and corresponding electronic band structure and
projected density of states for (c) P4, /n at 10 GPa and (d) /4, /a at 30 GPa.

To further study the dynamical properties of phases
P4y /nand 141 /a, ab initio molecular dynamics (AIMD) sim-
ulations within finite temperature are performed. By calculat-
ing the radial distribution function (RDF) gsy of the averaged
S-H positions, we find that crystals of P4,/n and 14 /a do
not change obviously with temperature rising (see Figs. S1(d)—
S1(f) and Figs. S2(d)-S2(f) in the SM). To sum up the results
discussed above, the final phase transition sequence at zero
temperature is Pbcm (phase III) — P4y /n — P2/c — I4) /a —
Pc below 30 GPa.

P

g
A

Fig. 4. Snapshot of MD trajectory at 250 K and (a) 15 GPa, (b) 75 GPa, and
(c)155 GPa. (d) New P2; /m phase of H,S.

Considering the energetically favored candidate for phase

IV is the P2/c, whose x-ray diffraction patterns can reproduce
the main peaks of phase IV below 20 of 20°, as well as the
weak peaks around 25°. We perform the AIMD simulations
in 2 x 2 x 3 supercells for P2/c-H,S at 100, 200, and 250 K
in a pressure range of 15 GPa—175 GPa to study the molecular
dissociation and superconducting phase of H,S. By observing
the snapshots of MD trajectory at 250 K (See Figs. 4(a)—4(c)),
we can clearly observe the dissociation process of P2/c-H;S
and the reconstruction process of a new polymeric structure.
By statistically averaging the trajectories of S and H atoms at
155 GPa and 250 K, we obtain the symmetry and atomic co-
ordinates of this new structure (see Table 1).

To further examine the dissociation and reconstruction
process of H,S, the values of RDF ggp are obtained from the
AIMD simulations at 250 K and different pressures, and the
results are shown in Fig. 5. When the pressure increases up to
45 GPa, the first peak of gsy remains almost unchanged but the
second peak shifts left forward obviously for each curve. With
the snapshots of MD trajectory, we can see that the H,S keeps
P2/c symmetry but the distances between S and H atoms in
different H,S molecules keep closer to each other as the pres-
sure increases. From 55 GPa to 95 GPa, the first peak shifts
slightly from 1.36 A to 1.37 A, and the first peak and the sec-
ond peak tend to merge together (see Fig. 5 and Fig. S3 in
the SM). It is due to the nearest S and H atoms in different
H,S molecules get closer enough and the interactions between
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these S and H atoms get stronger. As the pressure increases,
some protons occupy two symmetric positions along the S—
S bond with equal probability gradually, just like the process
of symmetric hydrogen bond of ice phase VII,“3] meanwhile
some H;S molecules start to decompose into HS+H3S. At

even higher pressure, we can see a shoulder clearly in the gsy
at 115 GPa, indicating that H,S molecules start to be recon-
structed. Especially when pressure increases from 115 GPa
to 135 GPa, the bond length of H-S gradually increases to
1.43 A, forming a new structure.

Table 1. Predicted structural parameters of HyS_P2; /m.

Atomic coordinates (fractional)

Compounds Space groups Lattice parameters
Atoms (X,Y,2)
H,S P2, /m a=4433 A H (4f) (0.700, 0.002, 0.134)
(160 GPa) (Phase IV) b=4.434 A H (2¢) (0.0, 0.0, 0.500)
c=2.619A H (2e) (0.127, 0.250, 0.164)
oa=y=90(°) S (2e) (0.863, 0.250, 0.838)
0.4 2 (Omax 20 F (@)Inw
0.4 J—
........ o on e (7 [T ). )
0 w
» — 55 GPa
........ 95 GPa
0.3F 115 GP . .. .
| 02 o 135 GPZ The superconducting transition temperature Tc for P2y /m is
X\ 155 GPa estimatedat 82.5 K under 160 GPa, obtaining A = 1.93 and
= sl 0 e = 588.1 K correspondingly.
> 1.3 136137 1 4 143 1.5

0.1f

1.2 1.6 2.0 2.4 2.8
H-S distance (A)

Fig. 5. RDFs of averaged S—H positions under different pressures of HyS—
P2c at 250 K.

In the same pressure interval, combining the gsy and
AIMD snapshots of P2/c phase at 100 K and 200 K, we can
see that the symmetric hydrogen bonds appear at 75 GPa and
85 GPa, respectively. More seriously, at 100 K and 200 K (see
Figs. S4 and S5 in the SM), although partial H,S molecules
are dissociated at higher pressure, the reconstruction is not ob-
vious until 155 GPa. In conclusion, the AIMD results indi-
cate that the new P2, /m structure of H,S can be derived from
dissociation of P2/c phase, indicating the superconductivity
at 160 GPa. In our further investigation, the superconducting
transition temperature T¢ for P2; /m at 160 GPa was estimated
through the McMillan equation:

T, — wlogexp —1.04(1+ 1) ’
1.2 A—u*—0.62Au*
where A is the EPC constant, @ is an appropriately de-

ey

fined logarithmic average frequency, u* is the Coulomb pseu-
dopotential, which is a parameter accounting for the effective
Coulomb repulsionn generally takes pt* = 0.1 for hydride, A is
the EPC parameter, and logarithmic average frequency @jog is
the logarithmic average frequency: A and @y, are calculated
from

(Dmax 2
x:/) 207F(0) 4, @)
0 0]

As shown in Fig. 2, at 80 GPa-160 GPa, P-1 phase is
more energetically stable than others. Hence, we also per-
form the AIMD simulations in 2 x 3 x 3 supercells for P-
1-H,S at 100 K, 200 K, and 250 K in a pressure range of
90 GPa-200 GPa. The P-1 phase will finally turn into the

(221 with pressure increasing. From the snapshots

Cmca phase
of MD trajectory at 250 K (see Figs. 6(a)-6(c)), we can see that
the P-1 phase remains stable in a pressure range of 90 GPa—
120 GPa. The P-1 phase contains the H3S—SHj3 units which
are connected mutually through planar symmetric hydrogen
bonds of two H atoms. Under further compression, the P-1
phase eventually transforms into the Cmca phase, and each S
atom in the Cmca structure bonds with two H atoms in adja-
cent two layers, and all H atoms bond with two S atoms, which
fits well with our simulations.

Furthermore, the RDF ggy, are also obtained from the
AIMD simulations at 100 K, 200 K, and 250 K, and the re-
sults are shown in Fig. 7. With pressure increasing at 250 K,
the first peak at 1.4 A and the second peak at 1.9 A simultane-
ously shift rightward and leftward,for each curve, respectively.
When the pressure increases to 140 GPa, the second peak be-
comes a shoulder at about 1.7 A and completely merge to-
gether with the first peak above 160 GPa. This is similar to the
dissociation and reconstruction process of P2/c, and the same
results are obtained at 200 K and 100 K (see Figs. 6(d) and
6(e)). And as the temperature decreases, the pressure of the
phase transition from P-1 to Cmca increases. With the RDF
gsu, as shown in Fig. 7, we can see that the transition pressure
at 250 K, 200 K, and 100 K are about 140 GPa, 160 GPa, and
180 GPa, respectively.
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Fig. 6. Snapshot of MD trajectory at (a) 90 GPa and 250 K, (b) 120 GPa and 250 K, (c) 160 GPa and 250 K, (d) 180 GPa and 100 K, and (e)

180 GPa and 200 K.
0.4
0.3}
= 02} °
= =
0.1}

1576 20 21 28 3 1%
H-S distance (A)

H-S distance (A)

20 24 28 13 16 20 24 28
H-—S distance (A)

Fig. 7. Dynamical behaviors of H and S atoms in S—H compounds, obtained from AIMD simulations for P-1 phase in solid states, for RDFs of

averaged S—H positions at (a) 100 K, (b) 200 K, and (c) 250 K.

4. Conclusions

In this work, we predict two new structures of H,S with
P4y /n and 4 /a in a lower pressure range (0 GPa—30 GPa).
The P4, /n phase and the 14 /a phase are dynamically sta-
ble and insulators. The final phase transition sequence at zero
temperature and high pressure is from Pbcm (phase III) to
P4, /n at 3 GPa, to P2/c (phase IV) at 10 GPa, then to 14} /a
at 20 GPa, and finally to Pc at 40 GPa. Our calculations for
thermodynamic, electronic, and dynamic properties reveal this
newly discovered phase transition. We also preform the AIMD
simulation for P2/c of HyS in different pressure and temper-
ature ranges. At 250 K, the radial distribution function calcu-
lations obviously show the symmetric hydrogen bond and the
reconstruction of H,S as the pressure increases. Besides, we
find a new P2;/m phase at 160 GPa and 250 K. The P2;/m
phase may be a potential superconductor with 7¢ of 82.5 K
at 160 GPa. This study may be helpful in studying the low-
temperature superconducting phase of HyS. And this result
may be conducive to further clarifying the phase diagram of
H;S and other H-S compounds under higher pressure and tem-
perature.
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