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Pressure-induced phase transition of hydrogen sulfide at low temperature:
Role of the hydrogen bond and short S-S contacts
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New phase transitions have recently been observed experimentally,®rrHthe low-temperature and
high-pressure regime. In this paper the nature of the transition between phase®lIW 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 phasésaiMd 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’ 41V transition. Implications to the phase IV structure at room
temperature will also be given.
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[. INTRODUCTION neutron experiment has been reported around the region of
phases 'l and 118 Recently, Fujihisaet al. performed an
Hydrogen sulfide (HS) is, at the molecular level, an ana- x-ray powder diffraction experiment in the lower-
log of water, but its properties and behavior are significantlytéemperature and higher-pressure region of phases Ill and IV
different in the condensed phases. Whereas water is stronghiging a diamond-anvil cefl They successfully obtained the
hydrogen bonded, hydrogen sulfide appears to be Vergiﬁraction images of gOOd qua“ty in the conditions of low
weakly hydrogen bonded at ambient pressure. It is know#€mperature T<150 K) and high pressureP(>1 GPa).
that H,S shows three molecular solid phases at low tempera(_:qreful analysis of the dlﬁraqtlon patterns suggests that there
ture under ambient pressure. The high-temperature phase€XiSt two new phases tentatively called phasesaid IV’

_inaddition to phases Il and IV known so far. However, since
(126.2<T<187.6 K) has the space group of culic3m; the x-ray diffraction cannot determine the hydrogen posi-

S-H bond orientations are disordered and symmetric aboyj,ns the hasic nature of the structures and the phase transi-

all four C; axes. The intermediate phase Il (108%  {ons at low temperature is not clear.

<126.2 K) is orientationally disordered with anisotropic dis- |, this paper, usingb initio electronic state calculations
tributions and has cubiPa3. The lowest-temperature phase we examine possible hydrogen positions for the low-
Il (T<103.5 K) has orthorhombiPbcmwith the orienta-  temperature phases of hydrogen sulfide based on the struc-
tional order arranged in a quasi-two-dimensional hydrogenture of sulfur sublattice determined experimentally. Then, the
bonded network.Thus, HS is a good simple molecular sys- relation among the structures of the low-temperature phases
tem for exploring intermolecular interactions in the very are clarified usingab initio constant pressure MD simula-
weakly hydrogen-bonded regime. tions.

The transition sequence of hydrogen sulfide found on
compression is similar to that found on cooling; the struc-
tural behavior is dominated by increasing orientational order- Il. METHODS
ing. Phase | is formed above 0.47 GPa at room temperature. _ )
Further compression above 9.1 GPa results in the primitive The present study of solid hydrogen sulfide was per-
cubic phase 'l which then transforms to phase IV at 11 formgd using thg der_1$|ty-funct|onal theory in the generalized
GPa2® The structures of these pressure-induced phases agsadient approximation by Perdew, Burke, and Ernzefhof.
still a matter of debate. Particularly, there have been severdihis choice of the exchange-correlation functional is justified
arguments on the structure of phase IV. Two x-ray diffractiondy the excellent agreement of hydrogen bond energy & H
experiments reported so far suggest different structures afimer (—6.91 kJ/mol) with the experimental estimate
sulfur sublattice’* Furthermoreab initio molecular dynam- (—7.1 kJ/mol). The valence-core interaction was described
ics (MD) simulation for room temperature using the experi-by norm-conserving pseudopotentials of Troullier-Martins
mental structure as an initial configuration showed, contrargype’® The valence orbitals were expanded in plane waves
to experiment, the existence of partial orientational disordewith an energy cutoff of 70 Ry. This rather high energy cut-
and emphasized the importance of dynamical fluctuation irff is required to achieve the convergence of stress tensor
the analysis of x-ray diffraction patterns. included in the constant pressure algorithm. Brillouin zone

So far, the Raman scattering and IR absorption techniquezsampling is restricted to the supercé&llpoint unless men-
have usually been employed for the study of the pressurdgioned otherwise. For constant pressure MD simulation we
temperature phase diagram in the low-temperature and higlised theab initio MD implementation of the Parrinello-
pressure regime. Whereas diffraction experiment is able tahman approach. NoseHoover chain thermost&t!? for
offer more direct information on crystal structure, only onethe simulation box was introduced so as to minimize the
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FIG. 2. Pressure dependence of the simulation box defined in

FIG. 1. The theoretical and experimental x-ray powder diffrac-the text. The distinction between orthorhombic and tetragonal unit
tion patterns of HS obtained withh =0.6198 A at 3.8 and 12 GPa. cell manifests itself in the deviation of from 90° because of our
The experimental x-ray patterns are shown after Rietveld refinechoice of supercell given in Eql). The error bars on the data
ment. The theoretical patterns were calculated using the static strufoints were roughly estimated as 0.08 A and 0.05° for the length
tural models shown in Fig. 3. and the angles, respectively.

relaxation time to equilibrium state. Temperature was als@nd hopefully obtain the information of crystal structure after
maintained by introducing Nosdoover chain thermostat the phase transition, we carried calb initio constant pres-
coupled to the nuclear degrees of freedom. The simulationsure MD simulations at 100 K. Our sample consists of
were performed using thepmp packagée* 32 H,S molecules in a periodic box defined as

I ’

lll. RESULTS AND DISCUSSION a'=atb, b'=-atb, c'=¢c 1

The x-ray experiment suggests that phasé has the wherea, b, andc are the translation vectors of the phasé IV
space group of orthorhombibca and the unit cell contains structure. Six pressure-temperatur@-T) points were ex-
sixteen sulfur atoms. To construct structural model for phaselored by increasing pressure by2 from 3.8 GPa to 14.0
IV’, we examined the possible hydrogen positions in theGPa. For eaclP-T point trajectories of 4 ps long were gen-
following way. First, we put hydrogen atoms at the generalerated after an initial equilibration. Figure 2 shows the pres-
symmetry site of the space group of phasé iWthe experi- sure dependence of the supercell dimensions obtained by sta-
mental sulfur sublattice under the constraint of the moleculatistical averaging. The distinction between orthorhombic and
shape of S-H bond length (1.3 A) and H-S-H bond angletetragonal unit cell manifests itself in the deviation of
(92°). It turned out that only a few configurations can satisfyfrom 90° because of our choice of supercell given in Eg}.
the above criteria; when a hydrogen atom is put at the genfhe error bars on the data points were roughly estimated as
eral symmetry site, the position of another hydrogen aton®.08 A and 0.05° for the length and the angles, respectively.
forming a H'S molecule together with a given hydrogen is Therefore, the length od’ andb’ is the same within com-
automatically determined by the symmetry operation. Secputational accuracy at each pressure point. The angles of
ondly, the geometry optimization was done with lattice pa-and 8’ are virtually 90°, while the angle of’ varies with
rameters fixed to experimental ones at 3.8 GPa. In this capressure and becomes 90° at around 12.0 GPa. Thus, the
culation 4x4x4 Monkhorst-Pack mesh was utilized for orthogonal unit cell of phase Mvhere the length oA andb
Brillouin zone sampling to calculate accurately the differ-is slightly different from each other transforms to the tetrag-
ence of total energies for generated configurations. Wenal unit cell with increasing pressure around 12.0 GPa. This
picked up the lowest energy configuration as a candidate afharacteristic behavior of lattice parameters is in qualitative
structural model for phase IV Finally, the x-ray powder agreement with the experimental results.
diffraction patterns were compared between the theoretical In addition to the change of crystal system close exami-
and experimental structures; the resultsXer0.6198 A are  nation of atom positions generated by our constant pressure
shown in Fig. 1. The theoretical structure reproduces the exMD simulations suggests the change of space group at
perimental ones very well, suggesting the validity of ouraround 12 GPa. As shown in Fig. 3 hydrogen-bonded net-
structural model. work is distorted above-12 GPa with the slight shift of the

The transition from phase Mto phase IV was observed positions of sulfur atoms. The resultant space group above
experimentally at around 12 GPa and 100 K by increasing-12 GPa is identified aBbcarather thanlbca. The struc-
pressure. To investigate the nature of this phase transitiotural parameters that we obtained for 3.8 and 12.0 GPa are
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FIG. 3. Static structural models of,8 at(a) 3.8 GPa and 100 K 0.4 38 ]
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summarized in Table I. In addition to the reformation of FIG. 4. Pressure dependence of vibrational density of states
hydrogen-bonded network the structure abevE2 GPa has (VDOS) of solid hydrogen sulfide calculated from velocity auto-
another unique feature of the static formation of short S-Sorrelation functions using the data of our constant pressure simu-
contact (~2.9 A) represented by sticks in Fig(3. This lations.

contrasts strikingly with the dynamical formation of short

S-S contact reported in Ref. 5. Very recent high pressure Itis natural to expect that x-ray diffraction patterns above

experiment¥ ¢ observed that molecular dissociation of$4 ~~12.0 GPa may have many peaks compared to those below
and QS occurs at~30 GPa and room temperature as op-"’lz.o GPa because reflection conditionshef k+1=o0dd
posed to the previous reports of molecular phasé¥/Al- are also allowable in thBbcalattice. Nevertheless, the cal-

though the stabilization of phases V and VI was predictecculated x-ray patterns with the static model shown in Fig.
with respect to phase separation or even coexistence®f H 3(b) are very similar to the observed ones except for the
with elemental S and H below-80 GPa® x-ray experi- small features around 10° and 14° as shown in Fig)).1
ments on HS suggested that above30 GPa several phases Such small features could be considerably diminished in in-
coexist such as phase IV of,B, phase Il of sulfur, amor- tensity by the large thermal fluctuation of sulfur atoms as
phous, and undefined crystalline phase; phase Il of solidvell as hydrogens as actually seen in our simulations even at
sulfur® is dominant among these phagtsTherefore, the 100 KZ?* Another possibility is that thébca structure we
formation of short S-S contact seen in our simulation mightobtained does not correspond to the final structure of this

trigger molecular dissociation in solid hydrogen sulfide un-Phase transition but to the intermediate one; duration of our
der high pressure. MD runs of picoseconds is not long enough to complete the

phase transition at low temperature. Despite of this short-
TABLE I. Structural parameters of solid hydrogen sulfide at 3. gtoming and a part of disagreement with the experimental

and 12.0 GPa obtained by statistical averaging of atom posmongesult still we can safely conclude that the’ IV transi-

generated by our constant pressure MD simulations at 100 K. Thion of H,S at~12 GPa and-100 K could be driven by the
space group is identified d8ca and Pbca at 3.8 and 12.0 GPa, two factors: reformation of hydrogen-bonded network and

respectively. Both the cases sixteen molecules are included in 'unthe formation of short S-S contact.

cell. Pressure dependence of vibrational frequencies is a useful
phenomenon for the study of phase transition under pressure;
Atom Cite X Y Z actually theP-T phase diagram of 8 by Shimizuet al. was
constructed based on the Raman scattering daigure 4
3.8 GPa and 100 K shows the vibrational density of states fop3calculated
S(1) 8c —0.02 0.00 1/4 from velocity autocorrelation functions using the data of our
S(2) 8d 1/4 0.29 0.00 constant pressure simulations. The bending mode located at
H() 16f 0.10 0.10 0.18 ~1050 cm in Fig. 4 shows almost no pressure dependence
H(2) 16f 0.15 0.34 0.43 in frequency in this pressure regime, while the stretching
12.0 GPa and 100 K modes at~2300 cmi ! show a pronounced splitting above
S(1) 8c 0.43 0.02 0.25 12 GPa indicating that the intramolecular stretching modes
S(2) 8c 0.23 0.29 0.49 are strongly coupled to each other between neighboring mol-
H(1) 8c 0.43 0.40 0.31 ecules. It is worth while noticing that two higher frequency
H(2) 8c 0.11 0.17 0.41 peaks of the stretching modes have little pressure depen-
H(3) 8c 0.29 0.36 0.07 dence in frequency. Both the experiments of IR absorption
H(4) Sc 0.05 0.09 0.15 and Raman scattering observe two strong peaks in stretching

region and those peaks show little frequency shift in this
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pressure region. Hence, the structural change B2 GPa is  compatible with the space groljxcasuggested experimen-
reflected with high probability in the appearance of addi-tally. It also reproduces quite well the observed x-ray diffrac-
tional peaks in the lower frequency tail of the two strongtion patterns. However, our MD simulations for 100 K start-
stretching peaks. ing from the optimized structure showed reorientational
Rousseaet al. studied the structure and dynamics of$4 motion even at 100 R? This may imply that the unit cell of
in phase IV at room temperature usiag initio MD simula- ~ phase Il must contain more independent symmetry sites for
tions and suggested that phase IV has a partial rotation&lydrogen atoms than those assumed in our calculdtion
disorder with a crystal structure of approximate symmetry8f sites. Andersoret al.reported the Raman spectra of solid
P4,/ncm at 17 GP& Before arriving at this conclusion, H,S in the pressure range of between 0 and 3 GPa at 75 K.
they compared the pressure dependence of intramolecular viheir observed Raman spectra seem to suggest that one or
brational modes and the x-ray diffraction patterns computednore phase changes occur as the result of molecular reorien-
from their constant-volume simulations with the availabletation under pressure before the stable structure is realized
experimental data. The computed stretching and bendingbove ~3 GPa. Combining the result of ours with that of
modes reproduce a pronounced splitting of these modes seémdersonet al’s, we can expect that the-T phase diagram
in Raman spectra associated with tHe=llV transition at  of H,S in the regime of &€P<3 GPa and' <150 K may be
room temperature. The simulated structure factor also reprgnore complex than the present one and the stable region of
duces quite well the peak positions and relative intensities gphase IIl could be much narrower than the present expecta-
the experimental x-ray diffraction patterns when taking intotion from the x-ray analysis.
account the contribution of diffuse scattering which exhibits
important structures according to their analysis. Although the IV. CONCLUSIONS
agreement of the two quantities with the experimental data
seems to be satisfactory, we should point out that the Ramatﬂ3
scattering experiment observed clearly the sudden appe
ance of lattice modes in addition to a splitting of intramo-
lecular modes when th€ 41V transition occurs at room
temperaturé. This suggests strongly that,B molecules
form the ordered structure abovel2 GPa even at room

We have performedb initio calculations of solid HS to
tain the crystal structures for low-temperature and high-
ressure phases discovered recently by x-ray diffraction ex-
periment. Then we have examined the nature of the transition
between phases IVand IV usingab initio constant pressure
MD simulations. Our simulations suggested that the cell pa-
rameters do not show discontinuity at the phase boundary
temperature. Contrary to the result of Rousseaal., our between phases IVand IV being consistent with the experi-

phase IV structure does not show a rotational disorder EVelental results. We also suggested that the formation of short

when the tc_empergturg s raised o room te.m.perature. HPWS-S contacts and the reformation of hydrogen-bonded net-
ever, our simulation time of 4 ps is insufficient to obtain

reliable Raman or infrared spectra in the region of IatticeWork are the possible driving force of the V-1V transi-

modes €300 ¢ Y). It is not surprising that our calcula- tion. threas the stable structures-at00 K were success-
tions give so different results from those of Ref. 5; RoussealfJUIIy obtained for ph_ases IVand_ IV, the same procedure as

- used for phase IVfailed to predict stable structure for phase
et al. used the structural model for phase IV proposed bym, This implies that the phase diagram may be more com-
Fujihisa et al® as an initial configuration. We noticed that ' b P 9 Y

15 model s very igh energy sven compared to isoe% 11 1 preset ne and he stale fegon of phe 1)
dered configurations occupying very wide configuration P P

space. Therefore, the simulations of Roussetal. corre- the x-ray analysis.
spond to the study of ordering process because the system
becomes disordered immediately after the MD simulation is
started. On the other hand, in this work an initial configura- The author thanks Dr. K. Aoki and his group for their
tion is carefully selected so as to ensure that the selecteghluable discussion and useful experimental information
configuration has lower energy than the disordered one. Thigrior to publication. The present work was partly supported
selection enables us to avoid disordering of the system anbly NEDO (New Energy and Industrial Technology Develop-
reach the other ordered structure. ment Organizationand CREST(Core Research for Evolu-

Finally, we describe briefly the current understanding oftional Science and Technologyf JST (Japan Science and
phase Il from theoretical calculations. We performed ge- Technology Corporation Calculations have been performed
ometry optimization following the same procedure as usewn the supercomputer systems of JRCAT and of TACC
for phase IV. We were able to find a possible structure (Tsukuba Advanced Computing Center
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