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Structures of H2S: Phases I8 and IV under high pressure
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An x-ray-powder-diffraction experiment on solid H2S was performed with a diamond-anvil cell and an
image plate to determine the unknown structures of phases I8 and IV up to 25 GPa at room temperature. The
structures of phases I8 and IV were found to be cubicT4-P213 and tetragonalD4h

20-I41 /acd, respectively, by
the Rietveld method. Both structures were derived from an fcc structure of phase I by slight atomic displace-
ments of sulfur. Likely positions of hydrogen were examined by using the sulfur positions. In phase I8, the H2S
molecule had sixfold asymmetric coordination which brought the displacement from phase I. In phase IV, the
molecules were found to form spiral chains along thec axis with partial loss of molecularity. The chains would
be linked by hydrogen bonds.@S0163-1829~98!06106-2#
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INTRODUCTION

Hydrogen sulfide forms a molecular solid in which th
molecules are bound by hydrogen bonds, similar to H2O
molecules in ice. The pressure-temperature phase diagra
H2S is very different from that of H2O ice in spite of the
similarities in their molecular structures and hydrogen bon
This led to an interest in understanding what kind of int
actions make the difference. From this reason, many h
pressure studies have been done intensively in the last
years.

Five crystalline phases are known under pressure at r
temperature.~1! Phase I between 0.47 to 8 GPa has an
(Oh

5-Fm3̄m) structure with orientationally disordered hydr
gen bonds.1 ~2! Phase I8, which has been found by an x-ra
experiment between 8 and 11 GPa at room temperature
a primitive cubic lattice (T4-P213),2 but its atomic param-
eter has not been determined yet. AP-T phase-diagram in-
vestigation by Raman spectroscopy3 has suggested that pha
I8 is the same as low-temperature phase II (Th

6-Pa3̄)4,5 ex-
isting from 104 to 126 K at ambient pressure.~3! Phase IV
has been found by a Raman experiment6 at 25 K above 3.3
GPa. At room temperature, phase IV is shown to exist ab
11 GPa,2,7 which has a thin yellow color. Phase IV is stab
over an extended temperature region from 30 to 300 K un
high pressure.3 There are no known structures of phase I
~4! Phase V has been found by an x-ray experiment ab
27.5 GPa~Ref. 8! at room temperature. The color of phase
is black against visible light. An infrared~IR! absorption
measurement9 has shown the presence of a hydrogen bo
system in phase V to 45 GPa.~5! Our recent IR experimen
up to 100 GPa has revealed a transition to phase VI w
dissociation of H2S molecules above 46 GPa.10 The molecu-
lar dissociation process in H2S is different from that in H2O
ice recently observed above 60 GPa by an IR absorp
experiment11 in which hydrogen atoms move to the mid
points between O atoms. We have also found that H2S be-
comes metallic around 96 GPa.10
570163-1829/98/57~5!/2651~4!/$15.00
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The optical properties have been intensively studied
solid H2S under pressure, however, the structures of
high-pressure phases have remained very uncertain, prob
because of the difficulty of getting high-quality diffractio
data applicable to a structural analysis. Structural data
fundamental bases for understanding vibrational propert
electronic states in high-pressure phases, and transform
mechanisms. They also allow a detailed comparison of
molecular arrangement of H2S with those of other hydrogen
bonded materials such as H2O, NH3, and hydrogen halides
Therefore we started an x-ray-powder-diffraction experim
on H2S with a diamond-anvil cell~DAC! and Rietveld analy-
sis. In the present study, we focused on phases I8 and IV
appearing on compression at room temperature, and
cussed the transformation mechanism based on the d
mined structures.

EXPERIMENTAL

Powder-diffraction images of samples solidified from li
uids and gases commonly show strong texture effects
their coarse grains. The large grain may be crushed
smaller grains by pressure and temperature cycling, howe
they do not have random orientation but still have the p
ferred orientation of the original grain, eventually givin
nonideal Debye-Scherrer rings. To avoid this problem,
prepared the H2S powder specimen as follows. First, gaseo
H2S was introduced in a stainless steel bowl cooled to 77
and solidified. Then it was ground into fine powders and w
subsequently mounted on a gasketted diamond anvil~DA!
cooled down to 77 K. The DAC was immediately closed a
pressurized to a few GPa. This specimen loading proced
was carried out in a gaseous nitrogen atmosphere. During
warming process to room temperature, we loaded pres
little by little to keep the pressure sufficiently far from
melting curve on theP-T phase diagram. The finely groun
powder could neither be melted nor recrystallized in this p
2651 © 1998 The American Physical Society
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cess, and was able to be retrieved at room temperature.
DA’s with 500 mm culet, 3.0 mm in diameter, and 1.

mm in height were used. The gasket hole size was 180mm in
diameter and 120mm in thickness to get enough powd
volume to give smooth Debye-Scherrer rings. Pressures w
determined by the ruby fluorescence method.12 Angle disper-
sive powder patterns were taken with a rotating-anode x
generator~MoKa operated with 50 kV and 200 mA! with a
pyrolytic graphite~002! monochromator and an image pla
~IP! detector (1253125 mm2). A pin-hole collimator of 80
mm f was used. The average exposure time for each pa
was 24 h. All x-ray measurements were carried out at ro
temperature. A blue IP, commercially available from Fu
film Co. Ltd., and anR-axis drum scanner from Rigaku Co
Ltd. were employed to obtain two-dimensional powde
diffraction images. The image had a resolution
50350mm2 per one pixel and contained 230032300 pixels.
Smooth Debye-Scherrer rings without spots were obtai
and are displayed in the insets of Fig. 1.

ANALYSIS

Two-dimensional diffraction images were integrat
along the ring direction with an adequate 2u step. The ob-
tained conventional diffraction patterns provided good po
der averages. The pattern of phase I8 at 9.5 GPa was ex
plained well with cubic space groupP213 as described in
Ref. 1. The lattice and atomic parameters of sulfur w
determined to be aI854.931 and S 4a:(x50.240
60.005, x, x), respectively, using the computer progra
RIETAN13 as displayed at the top of Fig. 1. Phase I8 should be
discriminated from low-temperature cubic phase II (Pa3̄),4,5

since we clearly observed 110 reflection prohibited forPa3̄.
The sulfur position in phase I8 has a small displacemen

FIG. 1. Rietveld analyses of H2S for phase I8 at 9.5 GPa with
space groupP213 ~top! and for phase IV at 14.0 GPa withI41 /acd
~bottom!. Each inset shows part of raw diffraction image befo
integration.
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along the ^111& direction when compared with the exa
face-centered positions in phases I and II. The bottom of F
1 represents a pattern of phase IV obtained at 14.0 GPa
peaks were well indexed by tetragonal cellaIV56.850 and
cIV59.203. Its space group was refined to beD4h

20-I41 /acd.
The unit cell contains sixteen H2S molecules and corre
sponds to that obtained by multiplying the cubic cell
phases I, II, and I8 by &3&32. Its atomic parameter a

14.0 GPa was determined to be S 16e:( 1
4 , y50.044

60.005, 1
8 ) in cell choice 1.

The closed symbols in Fig. 2 represent the pressure
pendence of lattice parameters. The tetragonalaIV andcIV of
phase IV were plotted with values divided over& and 2,
respectively, to be compared with the original cubic cell. T
phase transition from I8 to IV was found to be first order type
judging from jumps in the lattice parameters. The press
dependence of the volume per one molecule is plotted w
open symbols in Fig. 2. No significant volume changes w
observed with the successive phase transitions from I, I8, to
IV.

Figure 3 represents the pressure dependence of tw
neighboring interatomic distances of sulfur. A nearest S
distance in phase I~3.544 Å: twelvefold at 8 GPa! split into
two components~3.419 and 3.558 Å: sixfold for each! in
phase I8 at 9.5 GPa. They split again in phase IV~3.048,
3.367, 3.425, 3.477, and 3.659 Å: two, four, two, two, a
twofold for each! at 14.0 GPa, suggesting complex and lo
symmetry arrangement of H2S molecules.

DISCUSSION

We examine the atomic positions of hydrogen in phase8
and IV. The information on hydrogen positions is lacking
the x-ray-diffraction analysis, but is crucial for understan
ing the role of hydrogen bonding in their molecular arrang
ments. A structural model of phase I8 is displayed in Fig.
4~a!. Sulfur atoms are put on the 4a site which was experi-

FIG. 2. Pressure dependence of lattice parameters~closed sym-
bols! and the volume per one molecule~open symbols! of H2S.
Three dashed vertical lines show phase boundaries which sep
the four phases of liquid I, I8, and IV.
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mentally determined by Rietveld analysis. We assumed
hydrogen atoms are located on the lines between the
nearest S-S distance~3.419 Å: sixfold! and at a S-H distance
of 1.3 Å. The positions of hydrogen atoms are given w
sites of H1 12b:(x50.430, y50.248, z50.058) and H2
12b:~0.050, 0.248, 0.058! as drawn with dark and ligh
grays, respectively. Molecules should be flipping~not or-
dered! to occupy these sites with an equal probability of o
third to keep the first nearest S-S distance sixfold. Such
ordering in phase I8 was suggested by a Raman experimen3

When we compare this six coordination of phase I8 with
the twelve coordination of phase I (Oh2m3̄m), a close re-
lation between them can be found. The molecular symm
in phase I8 is C3n-3m as shown in Fig. 4~b!, with the three-
fold axis along the^111& direction. Two hydrogen atom
should be paired as 1-18, 2-28, and 3-38, since this pairing
makes a reasonable H-S-H bond angle of 92.3° which is v
close to that of a free molecule. The molecular motion

FIG. 3. Pressure dependence of neighboring S-S distance
H2S. The numbers inside mean how many equivalent distances
generated. The first and second nearest distances in phase IV
sist of S-S covalent bonds and hydrogen bonds, respectively.

FIG. 4. ~a! Structural model for phase I8 of H2S viewed from the
^112& direction. The unit cell frame was drawn with an offset

( 1
4 , 1

4 , 1
4 ). The molecular configuration with a sixfold hydrogen c

ordination is shown in~b!. For comparison, the twelvefold coord
nation of phase I is also shown in~c!.
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phase I8 can be obtained when the motion in phase I,m3̄m as
shown in Fig. 4~c!, is partially frozen by compression. Th
asymmetric motion in phase I8 is responsible for the dis
placement of the sulfur atom along the^111& direction from
the face-centered position. It is notable that deuterated
monia ND3, which has the same 3m point symmetry, forms
an ordered phase below 203 K of the same space grou
P213 with N 4a:(x50.2107, x, x) and D 12b:(x
50.3689, y50.2671, z50.1159).14

The structure of phase IV has the characteristic featur
spiral sulfur chains along thec axis, as displayed in Fig. 5~a!.
An intrachain S-S bond, which to the best of our knowled
has never been seen in lower pressure phases, is the cau
the thin yellow color of phase IV. The hydrogen atom form
a hydrogen bond with the sulfur atom on an adjacent sp
chain as shown by the dashed lines in Figs. 5~a! and 5~b!.
We made this model keeping the following consideration
mind. The first nearest S-S distance is 3.050 Å~twofold! in
phase IV at 14.0 GPa. If one hydrogen atom is located
each S-S line to form a hydrogen bond, only 16 hydrog
atoms can exist in the unit cell. However, when we put
hydrogen atom on the first nearest S-S line but one on
second nearest S-S line~3.367 Å: fourfold! to form a hydro-
gen bond, all 32 hydrogen atoms can exist in the unit c
Hydrogen atoms should be located at 32g:(x50.412, y
50.179, z50.288) to fix the molecular shape of the S-
bond length~1.3 Å! and the H-S-H bond angle~92°!.

The nature of this structure and bonding could well e
plain the pressure dependence of the lattice parameters
the interatomic distances of sulfur. The shortening ofcIV/2 at
the transition pressure in Fig. 2 is attributed to a formation
the spiral chains along thec axis. As shown in Fig. 3, the
first nearest S-S distance is shorter than the doubled van
Waals radius of 3.7 Å and shortened by pressure effectiv
This means that the covalency of the spiral chain increa
with pressure. A Raman study7 has shown that the symmetri
S-H stretching frequencyn1 drops constantly with pressur
(dn1 /dP5210.1 cm21/GPa) up to 23 GPa. This can be e
plained by our model where hydrogen bonded S-S distan
in phases I and I8 can connect smoothly with the secon
nearest S-S distance in phase IV, rather than the first nea
one.

We could only obtain atomic positions of sulfur by x-ra

of
e-
on-

FIG. 5. ~a! Structural model for phase IV of H2S viewed from
the ^421& direction. ~b! Projection of theac plane. Two spiral
chains of four in the unit cell are drawn. Dashed lines repres
hydrogen bonds.
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powder diffraction, however, it would be useful informatio
to understand the bonding state of solid H2S deeply. A spiral
chain structure to the best of our knowledge has never b
seen in any phases of H2O, even after molecular dissocia
tion. A variety of polymorphs in H2S must be derived from a
coexistence of hydrogen and covalent bonds. The succes
transitions from IV, V, to VI are characterized by a loss
hydrogen bonds and molecularity, and an increasing co
lency of the S-S bonds. Further structural study should
s
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done for higher-pressure phases toward molecular disso
tion and metallization.
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