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Crystal structure of high-pressure phase-IV solid hydrogen sulfide
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The crystal structure of high-pressure phase-IV solid hydrogen sulfide was studied byin situ angle-
dispersive x-ray diffractometry using synchrotron radiation and an imaging plate. Analysis for the diffraction
pattern obtained at 11.4 GPa shows that phase IV is monoclinic~space groupPc! as to the positions of sulfur
atoms, which is structurally distorted from the cubic phases I and I8 stable at low pressures. The volume
reduction of the phase I8–to–IV transition is 2.3%. The variation of the neighboring S-S distance in phase IV
is different from phases I and I8, resulting in the disappearance of the orientationally disordered hydrogen
bond.@S0163-1829~98!05209-6#
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I. INTRODUCTION

Hydrogen sulfide (H2S) exists as a typical hydrogen
bonded molecular solid at temperatures lower than 187.
under ambient pressure; three different crystalline pha
named I, II, and III appear as temperature decreases.1 In
1987 Anderson, Demoor, and Hanson2 discovered anothe
solid phase in the pressure range 3.3–8.0 GPa at 25 K
Raman scattering studies. Using a similar method, Shim
Nakamichi, and Sasaki1 found a pressure-induced pha
above 11 GPa at room temperature and named it phase
They assumed that phase IV may be the same phase as
viously found by Anderson and co-workers.2

By high-pressure x-ray-diffraction experiments at roo
temperature, we have observed two successive pres
induced phase transitions from phase I.3 The first transition
occurs at about 8 GPa, involving a symmetry change fromF
to P in the cubic lattice and the high-pressure phase w
named as phase I8, in which sulfur atoms form a primitive
cubic lattice. The second one takes place at 11 GPa, an
concluded that this transition is the same as that previo
observed at 11 GPa by Raman scattering method;1 the high-
pressure phase above 11 GPa is, therefore, phase IV.
cently we have determined the pressure-temperature diag
for these five phases by Raman spectroscopy at high p
sures up to 20 GPa and at low temperatures down to 304

and have confirmed that the high-pressure low-tempera
phase found by Anderson and co-workers is the same
phase IV.

Very recently we have found phase IV transforms ag
to another high-pressure phase at about 27 GPa at room
perature by an x-ray-diffraction experiment and we ha
called it phase V.5 This is probably the highest pressu
phase of solid H2S detected so far.
570163-1829/98/57~10!/5699~5!/$15.00
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In this paper we report the result of the structure analy
of phase IV stable above 11 GPa using the powd
diffraction patterns obtained with synchrotron radiation.

II. EXPERIMENT

High pressure was generated by a diamond anvil c
Gaseous H2S was condensed in a hole of a metal gas
between two diamond anvils cooled by liquid nitrogen. T
details have been described in a previous paper.1 Whereas
the x-ray-diffraction experiment by which phase IV wa
confirmed,3 was carried out with a rotating-anode-type x-r
generator and a position-sensitive proportional counter,
present one has been made by an angle-dispersive dif
tometry using synchrotron radiation and an imaging pla6

The radiation from a bending magnet beam line of the s
age ring operating at 2.5 GeV and 360 mA was monoch
matized to l50.6888 Å at the Photon Factory, Nation
Laboratory for High Energy Physics. A collimated beam w
75 mm in diameter and the distance between the sample
the imaging plate was 164.489 mm. Pressure was determ
from the ruby fluorescence technique.

III. RESULTS AND DISCUSSION

Some of the x-ray-diffraction patterns obtained und
pressure at room temperature are shown in Fig. 1, and thd
spacings of diffraction lines in all the diffraction pattern
obtained in the present study are plotted in Fig. 2. The p
terns at 4.2 and 7.8 GPa are of phase I with space gr
Fm3̄m, which is orientationally disordered face-centered c
bic ~fcc!, i.e., a plastic crystal.7 The disordered S-H bond
orientations are isotropic or pseudoisotropic, i.e., symme
about all fourC3 axes of the cube. At 9.5 GPa, in contrast
5699 © 1998 The American Physical Society
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the single additional line in our previous experiment with
rotating-anode type x-ray generator,3 we now have five dif-
fraction peaks indicating positively the presence of a n
phase. All diffraction lines in the pattern at 9.5 GPa can
indexed on the basis of a cubic cell. The fact that 110, 2
211, 310, and 321 assigned for the new peaks are all for
den for fcc provides an unambiguous confirmation that
fcc unit cell ~phase I! changes into a primitive cubic ce
~phase I8! as previously suggested.3 In phase I8 sulfur atoms
form a primitive cubic lattice with respect to sulfur atoms
described before.3

In the pattern at 11.4 GPa all diffraction lines of phase8

FIG. 1. X-ray diffraction patterns of phases I, I8, and IV of solid
H2S obtained using synchrotron radiation at various pressures
room temperature. The inset shows the strongest peak at 11.4
is split into, at least, two peaks.

FIG. 2. Thed spacings of the diffraction lines of phases I, I8,
and IV plotted as a function of pressure.
e
0,
d-
e

nd
Pa

FIG. 3. A monoclinic lattice converted from the face-center
lattices.

TABLE I. X-ray diffraction data of phase IV of solid H2Sat 11.4
GPa and room temperature.

aRelative intensity where vs, s, m, w, and vw represent very stro
strong, medium, weak, and very weak, respectively.

bCalculated on the basis of a monoclinic unit cell witha55.900 Å,
b53.482 Å,c55.856 Å,b5106.76°, andV5115.20 Å3.
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FIG. 4. The lattice parameters of a monoclinic cell and the volume per formula unit in phase IV plotted as a function of pressur
values in phases I and I8 are also plotted for the monoclinic cells converted from the cubic ones.
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seem to remain, but their intensities did not diminish wh
pressure was increased. It was discussed previously too3 that
they are not of the residual phase I8, but all lines including
several new ones~indicated by arrows! belong to the higher
pressure phase IV. This fact suggests that phase IV h
structure slightly distorted from phase I8, probably due to
more highly ordered arrangement of hydrogen and sulfur
oms. We have attempted to determine the crystal structur
phase IV.

Several candidates of the crystal structure were nomin
for the arrangements of sulfur atoms in phase IV by a co
puter fitting using the programPOWDMULT ~Ref. 8! of the
obtained diffraction pattern, and then their validities we
examined by taking into account the characteristics requ
for the real structure. As a result a monoclinic cell was
lected.

Phase I8, from which phase IV was obtained with th
application of pressure, has a primitive cubic cell~the space
group P213! with regard to sulfur atoms as mentione
above.3 Since the shift of their positions from fcc is ver
small, the arrangements of sulfur atoms in phase I8 can be
assumed as in fcc in the following discussion. One of
nominated lattices by a computer fitting is monoclinic c
delineated in the fcc lattice as shown in Fig. 3. One c
distort this cell so that the x-ray-diffraction pattern observ
for phase IV are well explained. The calculatedd spacings of
the monoclinic cell thus determined for phase IV at 11.4 G
are listed together with the observed ones in Table I. T
lattice parameters for the monoclinic cell converted direc
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without distortion from the cubic cell of phase I8 at 11.0 GPa
are given as a56.002 Å, b53.465 Å, c56.002 Å,
b5109.47°, and the cell volumeV5117.6 Å3, which are
comparable with those of phase IV in Table I; the distorti
from the cubic~phase I8! to the monoclinic~phase IV! cell is
relatively small.

Anderson and co-workers2 tentatively assigned the struc
ture of their high-pressure and low-temperature phase to
orthorhombic or monoclinic system. In a previous study,3 we
also examined a few candidates with a lower symmetry t
cubic, such as monoclinic or rhombohedral for phase IV,
the proposed structure model would not satisfy the patte
obtained with an in-house x-ray generator. The present s
cess is ascribed to the high quality of new patterns, wh
has been achieved by the combination of synchrotron ra
tion and an imaging plate. For instance, we can see that
strongest diffraction line at 11.4 GPa in Fig. 1 is not a sin
peak, but split into, at least, two peaks, which are essen
as shown in Table I.

The changes of the lattice parameters of the monocl
phase IV thus determined are plotted as a function of p
sure in Figs. 4~a!–4~c!, in which those converted from th
cubic phases I and I8 are also plotted. At the transition from
phase I8 to phase IV, the lattice parametersa andc decrease
by the amount of 1.5 and 3.0 %, respectively, but that ob
increases by 1.1%. The value ofb decreases by 2.3% at th
transition, but it is almost constant up to 21 GPa. The volu
per formula unit is plotted as a function of pressure in F
4~c!, showing that a reduction of 2.3% is observed at
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transition from phase I8 to phase IV, and that a finite de
crease is not observed at the transition from phase I to p
I8 as reported previously.3

There are thirteen space groups belonging to the mo
clinic system. Since some of the planer indices of the
served diffraction lines in Table I do not satisfy the possi
reflection conditions for the base-centered lattice~C!, phase
IV must belong to a primitive monoclinic lattice~P!. Fur-
thermore, from the extinction rule, we found thatPc ~No. 7!
and P2/c ~No. 13! remained as the candidates. In order
narrow down our selection between the two, we have p
formed the intensity calculation of each diffraction line f
various small shifts of the sulfur atoms and compared
result with the observed intensity, leading to an appar
conclusion thatPc is the most appropriate space group
phase IV.

In order to further refine the positions of sulfur atoms
the Pc-monoclinic cell, we have carried out Rietveld refin
ment using the programRIETAN.9 Figure 5 shows the resu
for the diffraction pattern at 11.4 GPa and the positions
sulfur atoms have been determined as given in Table II.
R factor for the refinement,Rwp is 2.46% and the goodness
of-fit parameter is 1.6. The positions of sulfur atoms in ph
IV represented by solid circles are also drawn in Fig. 6,
which their original positions in phase I8 represented by ope
circles are drawn for comparison, assuming that the mo
clinic cell converted from the cubic one of phase I8 has the

FIG. 5. Rietveld refinement performed for the diffraction patte
of phase IV at 11.4 GPa.

TABLE II. The lattice parameters and the positions of sulf
atoms determined by Rietveld refinement (Rwp52.46%) for x-ray
pattern at 11.4 GPa in Fig. 5.

Pc xyz; x, y, 1
2 1z

Atom x y z

S~1! 0.27060.010 0.84260.007 0.24660.011
S~2! 0.75060.010 0.30860.008 0.29160.011

a55.88260.004 Å

b53.45960.002 Å

c55.88060.005 Å

b5106.6760.03°
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same dimensions as those of phase IV. The shifts of su
atoms from open circles to closed circles are clearly verifi
The shifts are not large as predicted beforehand, but t
induce the lattice deformation at the I8→IV phase transition.
The distances from sulfur atoms, S~1! and S~2!, respectively,
to their surrounding sulfur atoms in phase IV are listed
Table III.

In the orientationally disordered phase I, the random fl
between equilibrium orientations occur by breaking and
making of temporary hydrogen bonds. Shimizu a
co-workers1 suggested on the basis of their Raman spec
scopic measurement that these orientational flippings
more and more hindered by the decrease in the intermol
lar distance with increasing pressures and the molecules

FIG. 6. The position of sulfur atoms in phase IV~d! corre-
sponding to Table II and their approximate positions in phase8
~s!. The shift,s→d, is realized at the phase I8→IV transition.

TABLE III. The distances of neighboring sulfur atoms from
S~1! and S~2! atoms in phase IV. The estimated errors are60.01 Å
for all the distances.

Around S~1! Around S~2!

Distance~Å! Total number Distance~Å! Total number

3.14 2@S~1!,S~1!# 3.20 1@S~1!#

3.20 1@S~2!# 3.23 2@S~2!,S~2!#

3.32 1@S~2!# 3.32 1@S~1!#

3.46 1@S~1!# 3.46 1@S~2!#

3.48 1@S~2!# 3.48 1@S~1!#

3.53 1@S~2!# 3.53 1@S~1!#

3.64 1@S~2!# 3.63 2@S~2!,S~2!#

3.65 1@S~2!# 3.64 1@S~1!#

3.77 2@S~1!,S~1!# 3.65 1@S~1!#

4.45 1@S~2!# 4.45 1@S~1!#
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to stay a longer time in one of the probable equilibriu
orientations. At the transition pressure of 11 GPa, they
served a sudden decrease of the half width of the O
stretching vibration moden1 and concluded that hydroge
atoms are fixed and the reorientational molecular motio
stop and change to vibrational motions around the equi
rium orientation; the orientationally disordered phase, the
fore, disappears.

We can understand the above description on the pre
x-ray study as follows: in phase I sulfur atoms lying at t
face-center positions in a fcc lattice are surrounded dis
derly by the equivalent twelve nearest neighboring sul
atoms via hydrogen bonds. In phase I8 of the cubic lattice
with P symmetry, sulfur atoms are a little apart from the fa
center, and the interatomic distances corresponding to
nearest neighbors in fcc are almost equal~;3.5 Å at 11.0
J
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GPa!,3 and then the situation for the orientational disord
does not change so largely. However, the distances betw
the neighboring sulfur atoms in phase IV cover a wide ran
between 3.13 and 4.44 Å at 11.4 GPa as shown in Table
Hydrogen atoms are probably fixed between the sulfur ato
with the short interatomic distance and as a result the S
bond in phase IV would become orientationally ordered.
neutron-diffraction study would be valuable for the determ
nation of the positions for hydrogen atoms.
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