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Pressure-induced phase transition of hydrogen sulfide at low temperature:
Role of the hydrogen bond and short S-S contacts

Takashi Ikeda
Joint Research Center for Atom Technology (JRCAT), Angstrom Technology Partnership (ATP), 1-1-1, Higashi, Tsukuba,

Ibaraki 305-0046, Japan
~Received 15 March 2001; published 22 August 2001!

New phase transitions have recently been observed experimentally for H2S in the low-temperature and
high-pressure regime. In this paper the nature of the transition between phases IV8 and IV is elucidated using
ab initio constant pressure molecular-dynamics simulations. We show that the cell parameters do not show
discontinuity at the phase boundary between phases IV8 and IV consistent with the experimental results. The
present analysis suggests that the formation of short S-S contacts and the reformation of hydrogen-bonded
network are the possible driving force of the IV8→IV transition. Implications to the phase IV structure at room
temperature will also be given.
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I. INTRODUCTION

Hydrogen sulfide (H2S) is, at the molecular level, an an
log of water, but its properties and behavior are significan
different in the condensed phases. Whereas water is stro
hydrogen bonded, hydrogen sulfide appears to be v
weakly hydrogen bonded at ambient pressure. It is kno
that H2S shows three molecular solid phases at low temp
ture under ambient pressure. The high-temperature pha

(126.2,T,187.6 K) has the space group of cubicFm3̄m;
S-H bond orientations are disordered and symmetric ab
all four C3 axes. The intermediate phase II (103.5,T
,126.2 K) is orientationally disordered with anisotropic d
tributions and has cubicPa3̄. The lowest-temperature phas
III ( T,103.5 K) has orthorhombicPbcm with the orienta-
tional order arranged in a quasi-two-dimensional hydrog
bonded network.1 Thus, H2S is a good simple molecular sys
tem for exploring intermolecular interactions in the ve
weakly hydrogen-bonded regime.

The transition sequence of hydrogen sulfide found
compression is similar to that found on cooling; the stru
tural behavior is dominated by increasing orientational ord
ing. Phase I is formed above 0.47 GPa at room tempera
Further compression above 9.1 GPa results in the primi
cubic phase I8 which then transforms to phase IV at 1
GPa.2,3 The structures of these pressure-induced phases
still a matter of debate. Particularly, there have been sev
arguments on the structure of phase IV. Two x-ray diffract
experiments reported so far suggest different structure
sulfur sublattice.3,4 Furthermore,ab initio molecular dynam-
ics ~MD! simulation for room temperature using the expe
mental structure as an initial configuration showed, contr
to experiment, the existence of partial orientational disor
and emphasized the importance of dynamical fluctuation
the analysis of x-ray diffraction patterns.5

So far, the Raman scattering and IR absorption techniq
have usually been employed for the study of the press
temperature phase diagram in the low-temperature and h
pressure regime. Whereas diffraction experiment is able
offer more direct information on crystal structure, only o
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neutron experiment has been reported around the regio
phases I8 and II.6 Recently, Fujihisaet al. performed an
x-ray powder diffraction experiment in the lowe
temperature and higher-pressure region of phases III and
using a diamond-anvil cell.7 They successfully obtained th
diffraction images of good quality in the conditions of lo
temperature (T,150 K) and high pressure (P.1 GPa).
Careful analysis of the diffraction patterns suggests that th
exist two new phases tentatively called phases III8 and IV8
in addition to phases III and IV known so far. However, sin
the x-ray diffraction cannot determine the hydrogen po
tions, the basic nature of the structures and the phase tra
tions at low temperature is not clear.

In this paper, usingab initio electronic state calculation
we examine possible hydrogen positions for the lo
temperature phases of hydrogen sulfide based on the s
ture of sulfur sublattice determined experimentally. Then,
relation among the structures of the low-temperature pha
are clarified usingab initio constant pressure MD simula
tions.

II. METHODS

The present study of solid hydrogen sulfide was p
formed using the density-functional theory in the generaliz
gradient approximation by Perdew, Burke, and Ernzerh8

This choice of the exchange-correlation functional is justifi
by the excellent agreement of hydrogen bond energy for H2S
dimer (26.91 kJ/mol) with the experimental estimate9

(27.1 kJ/mol). The valence-core interaction was describ
by norm-conserving pseudopotentials of Troullier-Marti
type.10 The valence orbitals were expanded in plane wa
with an energy cutoff of 70 Ry. This rather high energy cu
off is required to achieve the convergence of stress ten
included in the constant pressure algorithm. Brillouin zo
sampling is restricted to the supercellG point unless men-
tioned otherwise. For constant pressure MD simulation
used theab initio MD implementation of the Parrinello
Rahman approach.11 Nosé-Hoover chain thermostat12,13 for
the simulation box was introduced so as to minimize
©2001 The American Physical Society03-1
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relaxation time to equilibrium state. Temperature was a
maintained by introducing Nose´-Hoover chain thermosta
coupled to the nuclear degrees of freedom. The simulat
were performed using theCPMD package.14

III. RESULTS AND DISCUSSION

The x-ray experiment suggests that phase IV8 has the
space group of orthorhombicIbca and the unit cell contains
sixteen sulfur atoms. To construct structural model for ph
IV 8, we examined the possible hydrogen positions in
following way. First, we put hydrogen atoms at the gene
symmetry site of the space group of phase IV8 in the experi-
mental sulfur sublattice under the constraint of the molecu
shape of S-H bond length (1.3 Å) and H-S-H bond an
(92°). It turned out that only a few configurations can sati
the above criteria; when a hydrogen atom is put at the g
eral symmetry site, the position of another hydrogen at
forming a H2S molecule together with a given hydrogen
automatically determined by the symmetry operation. S
ondly, the geometry optimization was done with lattice p
rameters fixed to experimental ones at 3.8 GPa. In this
culation 43434 Monkhorst-Pack mesh was utilized fo
Brillouin zone sampling to calculate accurately the diffe
ence of total energies for generated configurations.
picked up the lowest energy configuration as a candidat
structural model for phase IV8. Finally, the x-ray powder
diffraction patterns were compared between the theore
and experimental structures; the results forl50.6198 Å are
shown in Fig. 1. The theoretical structure reproduces the
perimental ones very well, suggesting the validity of o
structural model.

The transition from phase IV8 to phase IV was observe
experimentally at around 12 GPa and 100 K by increas
pressure. To investigate the nature of this phase trans

FIG. 1. The theoretical and experimental x-ray powder diffra
tion patterns of H2S obtained withl50.6198 Å at 3.8 and 12 GPa
The experimental x-ray patterns are shown after Rietveld refi
ment. The theoretical patterns were calculated using the static s
tural models shown in Fig. 3.
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and hopefully obtain the information of crystal structure af
the phase transition, we carried outab initio constant pres-
sure MD simulations at 100 K. Our sample consists
32 H2S molecules in a periodic box defined as

a85a1b, b852a1b, c85c, ~1!

wherea, b, andc are the translation vectors of the phase IV8
structure. Six pressure-temperature (P-T) points were ex-
plored by increasing pressure by;2 from 3.8 GPa to 14.0
GPa. For eachP-T point trajectories of 4 ps long were gen
erated after an initial equilibration. Figure 2 shows the pr
sure dependence of the supercell dimensions obtained by
tistical averaging. The distinction between orthorhombic a
tetragonal unit cell manifests itself in the deviation ofg8
from 90° because of our choice of supercell given in Eq.~1!.
The error bars on the data points were roughly estimate
0.08 Å and 0.05° for the length and the angles, respectiv
Therefore, the length ofa8 andb8 is the same within com-
putational accuracy at each pressure point. The angles oa8
and b8 are virtually 90°, while the angle ofg8 varies with
pressure and becomes 90° at around 12.0 GPa. Thus
orthogonal unit cell of phase IV8 where the length ofa andb
is slightly different from each other transforms to the tetra
onal unit cell with increasing pressure around 12.0 GPa. T
characteristic behavior of lattice parameters is in qualitat
agreement with the experimental results.

In addition to the change of crystal system close exa
nation of atom positions generated by our constant pres
MD simulations suggests the change of space group
around 12 GPa. As shown in Fig. 3 hydrogen-bonded n
work is distorted above;12 GPa with the slight shift of the
positions of sulfur atoms. The resultant space group ab
;12 GPa is identified asPbca rather thanIbca. The struc-
tural parameters that we obtained for 3.8 and 12.0 GPa

-

e-
c-

FIG. 2. Pressure dependence of the simulation box define
the text. The distinction between orthorhombic and tetragonal
cell manifests itself in the deviation ofg8 from 90° because of our
choice of supercell given in Eq.~1!. The error bars on the dat
points were roughly estimated as 0.08 Å and 0.05° for the len
and the angles, respectively.
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PRESSURE-INDUCED PHASE TRANSITION OF . . . PHYSICAL REVIEW B 64 104103
summarized in Table I. In addition to the reformation
hydrogen-bonded network the structure above;12 GPa has
another unique feature of the static formation of short S
contact (;2.9 Å) represented by sticks in Fig. 3~b!. This
contrasts strikingly with the dynamical formation of sho
S-S contact reported in Ref. 5. Very recent high press
experiments15,16observed that molecular dissociation of H2S
and D2S occurs at;30 GPa and room temperature as o
posed to the previous reports of molecular phase V.17,18 Al-
though the stabilization of phases V and VI was predic
with respect to phase separation or even coexistence of2S
with elemental S and H below;80 GPa,19 x-ray experi-
ments on H2S suggested that above;30 GPa several phase
coexist such as phase IV of H2S, phase II of sulfur, amor
phous, and undefined crystalline phase; phase II of s
sulfur20 is dominant among these phases.21 Therefore, the
formation of short S-S contact seen in our simulation mi
trigger molecular dissociation in solid hydrogen sulfide u
der high pressure.

FIG. 3. Static structural models of H2S at~a! 3.8 GPa and 100 K
and ~b! 12.0 GPa and 100 K obtained by identifying equilibriu
atom positions from our constant pressure MD simulations. Sho
are the projections ontoac plane.

TABLE I. Structural parameters of solid hydrogen sulfide at 3
and 12.0 GPa obtained by statistical averaging of atom posit
generated by our constant pressure MD simulations at 100 K.
space group is identified asIbca and Pbca at 3.8 and 12.0 GPa
respectively. Both the cases sixteen molecules are included in
cell.

Atom Cite X Y Z

3.8 GPa and 100 K
S~1! 8c 20.02 0.00 1/4
S~2! 8d 1/4 0.29 0.00
H~1! 16f 0.10 0.10 0.18
H~2! 16f 0.15 0.34 0.43

12.0 GPa and 100 K
S~1! 8c 0.43 0.02 0.25
S~2! 8c 0.23 0.29 0.49
H~1! 8c 0.43 0.40 0.31
H~2! 8c 0.11 0.17 0.41
H~3! 8c 0.29 0.36 0.07
H~4! 8c 0.05 0.09 0.15
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It is natural to expect that x-ray diffraction patterns abo
;12.0 GPa may have many peaks compared to those be
;12.0 GPa because reflection conditions ofh1k1 l 5odd
are also allowable in thePbca lattice. Nevertheless, the ca
culated x-ray patterns with the static model shown in F
3~b! are very similar to the observed ones except for
small features around 10° and 14° as shown in Fig. 1~d!.
Such small features could be considerably diminished in
tensity by the large thermal fluctuation of sulfur atoms
well as hydrogens as actually seen in our simulations eve
100 K.22 Another possibility is that thePbca structure we
obtained does not correspond to the final structure of
phase transition but to the intermediate one; duration of
MD runs of picoseconds is not long enough to complete
phase transition at low temperature. Despite of this sh
coming and a part of disagreement with the experimen
result still we can safely conclude that the IV8→IV transi-
tion of H2S at;12 GPa and;100 K could be driven by the
two factors: reformation of hydrogen-bonded network a
the formation of short S-S contact.

Pressure dependence of vibrational frequencies is a us
phenomenon for the study of phase transition under press
actually theP-T phase diagram of H2S by Shimizuet al.was
constructed based on the Raman scattering data.23 Figure 4
shows the vibrational density of states for H2S calculated
from velocity autocorrelation functions using the data of o
constant pressure simulations. The bending mode locate
;1050 cm21 in Fig. 4 shows almost no pressure depende
in frequency in this pressure regime, while the stretch
modes at;2300 cm21 show a pronounced splitting abov
12 GPa indicating that the intramolecular stretching mo
are strongly coupled to each other between neighboring m
ecules. It is worth while noticing that two higher frequen
peaks of the stretching modes have little pressure dep
dence in frequency. Both the experiments of IR absorpt
and Raman scattering observe two strong peaks in stretc
region and those peaks show little frequency shift in t

n

s
e

nit

FIG. 4. Pressure dependence of vibrational density of st
~VDOS! of solid hydrogen sulfide calculated from velocity aut
correlation functions using the data of our constant pressure s
lations.
3-3
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TAKASHI IKEDA PHYSICAL REVIEW B 64 104103
pressure region. Hence, the structural change at;12 GPa is
reflected with high probability in the appearance of ad
tional peaks in the lower frequency tail of the two stro
stretching peaks.

Rousseauet al.studied the structure and dynamics of H2S
in phase IV at room temperature usingab initio MD simula-
tions and suggested that phase IV has a partial rotati
disorder with a crystal structure of approximate symme
P42 /ncm at 17 GPa.5 Before arriving at this conclusion
they compared the pressure dependence of intramolecula
brational modes and the x-ray diffraction patterns compu
from their constant-volume simulations with the availab
experimental data. The computed stretching and bend
modes reproduce a pronounced splitting of these modes
in Raman spectra associated with the I8→IV transition at
room temperature. The simulated structure factor also re
duces quite well the peak positions and relative intensitie
the experimental x-ray diffraction patterns when taking in
account the contribution of diffuse scattering which exhib
important structures according to their analysis. Although
agreement of the two quantities with the experimental d
seems to be satisfactory, we should point out that the Ra
scattering experiment observed clearly the sudden app
ance of lattice modes in addition to a splitting of intram
lecular modes when the I8→IV transition occurs at room
temperature.2 This suggests strongly that H2S molecules
form the ordered structure above;12 GPa even at room
temperature. Contrary to the result of Rousseauet al., our
phase IV structure does not show a rotational disorder e
when the temperature is raised to room temperature. H
ever, our simulation time of 4 ps is insufficient to obta
reliable Raman or infrared spectra in the region of latt
modes (<300 cm21). It is not surprising that our calcula
tions give so different results from those of Ref. 5; Rouss
et al. used the structural model for phase IV proposed
Fujihisa et al.3 as an initial configuration. We noticed tha
this model has very high energy even compared to dis
dered configurations occupying very wide configurati
space. Therefore, the simulations of Rousseauet al. corre-
spond to the study of ordering process because the sy
becomes disordered immediately after the MD simulation
started. On the other hand, in this work an initial configu
tion is carefully selected so as to ensure that the sele
configuration has lower energy than the disordered one. T
selection enables us to avoid disordering of the system
reach the other ordered structure.

Finally, we describe briefly the current understanding
phase III8 from theoretical calculations. We performed g
ometry optimization following the same procedure as u
for phase IV8. We were able to find a possible structu
nd
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compatible with the space groupPccasuggested experimen
tally. It also reproduces quite well the observed x-ray diffra
tion patterns. However, our MD simulations for 100 K sta
ing from the optimized structure showed reorientation
motion even at 100 K.24 This may imply that the unit cell of
phase III8 must contain more independent symmetry sites
hydrogen atoms than those assumed in our calculation~two
8 f sites!. Andersonet al. reported the Raman spectra of sol
H2S in the pressure range of between 0 and 3 GPa at 2525

Their observed Raman spectra seem to suggest that on
more phase changes occur as the result of molecular reo
tation under pressure before the stable structure is real
above;3 GPa. Combining the result of ours with that
Andersonet al.’s, we can expect that theP-T phase diagram
of H2S in the regime of 0,P,3 GPa andT,150 K may be
more complex than the present one and the stable regio
phase III8 could be much narrower than the present expec
tion from the x-ray analysis.

IV. CONCLUSIONS

We have performedab initio calculations of solid H2S to
obtain the crystal structures for low-temperature and hi
pressure phases discovered recently by x-ray diffraction
periment. Then we have examined the nature of the transi
between phases IV8 and IV usingab initio constant pressure
MD simulations. Our simulations suggested that the cell
rameters do not show discontinuity at the phase bound
between phases IV8 and IV being consistent with the exper
mental results. We also suggested that the formation of s
S-S contacts and the reformation of hydrogen-bonded
work are the possible driving force of the IV8→IV transi-
tion. Whereas the stable structures at;100 K were success
fully obtained for phases IV8 and IV, the same procedure a
used for phase IV8 failed to predict stable structure for phas
III 8. This implies that the phase diagram may be more co
plex than the present one and the stable region of phase8
could be much narrower than the present expectation f
the x-ray analysis.

ACKNOWLEDGMENTS

The author thanks Dr. K. Aoki and his group for the
valuable discussion and useful experimental informat
prior to publication. The present work was partly support
by NEDO ~New Energy and Industrial Technology Develo
ment Organization! and CREST~Core Research for Evolu
tional Science and Technology! of JST ~Japan Science an
Technology Corporation!. Calculations have been performe
on the supercomputer systems of JRCAT and of TAC
~Tsukuba Advanced Computing Center!.
N.

K.

el,
1J.K. Cockcroft and A.N. Fitch, Z. Kristallogr.193, 1 ~1990!.
2H. Shimizu, Y. Nakamichi, and S. Sasaki, J. Chem. Phys.95,

2036 ~1991!.
3H. Fujihisa, H. Yamawaki, M. Sakashita, K. Aoki, S. Sasaki, a

H. Shimizu, Phys. Rev. B57, 2651~1998!.
4S. Endo, A. Honda, K. Koto, O. Shimomura, T. Kikegawa, and
Hamaya, Phys. Rev. B57, 5699~1998!.

5R. Rousseau, M. Boero, M. Bernasconi, M. Parrinello, and
Terakura, Phys. Rev. Lett.83, 2218~1999!.

6J.S. Loveday, R.J. Nelmes, S. Klotz, J.M. Besson, and G. Ham
3-4



r,

.

D

s

d

nd

K.

g

al
ibu-
rns
iodi-

M.

ture

ett.

PRESSURE-INDUCED PHASE TRANSITION OF . . . PHYSICAL REVIEW B 64 104103
Phys. Rev. Lett.85, 1024~2000!.
7H. Fujihisaet al. ~unpublished!.
8J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.77,

3865 ~1997!; 78, 1396~1997!.
9J.E. Lowder, L.A. Kennedy, K.G.P. Sulzmann, and S.S. Penne

Quant. Spectrosc. Radiat. Transf.10, 17 ~1970!.
10N. Troullier and J.L. Martins, Phys. Rev. B43, 1993~1991!.
11M. Parrinello and A. Rahman, Phys. Rev. Lett.45, 1196~1980!.
12S. Nose´, J. Chem. Phys.81, 511~1984!; W.G. Hoover, Phys. Rev

A 31, 1695~1985!.
13G.J. Martyna, M.L. Klein, and M. Tuckerman, J. Chem. Phys.97,

2635 ~1992!.
14These calculations were carried out with the programCPMD, J.

Hutter, A. Alavi, T. Deutsch, M. Bernasconi, St. Goedecker,
Marx, M. Tuckerman, and M. Parrinello, MPI fu¨r Festkörperfor-
schung and IBM Zurich Research Laboratory~1995-1999!.

15H. Fujihisaet al. ~private communication!.
16M. Sakashita, H. Fujihisa, H. Yamawaki, and K. Aoki, J. Phy

Chem. A104, 8838~2000!.
17S. Endo, A. Honda, S. Sasaki, H. Shimizu, O. Shimomura, an

Kikegawa, Phys. Rev. B54, R717~1996!.
10410
J.

.

.

T.

18M. Sakashita, H. Yamawaki, H. Fujihisa, K. Aoki, S. Sasaki, a
H. Shimizu, Phys. Rev. Lett.79, 1082~1997!.

19R. Rousseau, M. Boero, M. Bernasconi, M. Parrinello, and
Terakura, Phys. Rev. Lett.85, 1254~2000!.

20Y. Akahama, M. Kobayashi, and H. Kawamura, Phys. Rev. B48,
6862 ~1993!.

21H. Fujihisa, M. Sakashita, H. Yamawaki, and K. Aoki, Meetin
Abstracts Phys. Soc. Jpn.54, 768 ~1999!.

22In the present calculations of x-ray diffraction patterns therm
fluctuations were not taken into account because their contr
tion is considerably overestimated if we calculate x-ray patte
as an average of those for each configuration using the per
cally replicated system of our small supercell.

23H. Shimizu, H. Yamaguchi, S. Sasaki, A. Honda, S. Endo, and
Kobayashi, Phys. Rev. B51, 9391~1995!.

24The similar situation was encountered when the stable struc
for phase IV compatible with the space groupI41 /acd sug-
gested in Ref. 3 was searched for following our procedure.

25A. Anderson, S. Demoor, and R.C. Hanson, Chem. Phys. L
140, 471 ~1987!.
3-5


