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Molecular dissociation and two low-temperature high-pressure phases of }$
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We performed powder x-ray experiments on hydrogen sulfitiS) under high pressure at room and low
temperatures. Phase V appearing above 27 GPa at room temperature was confirmed by x ray to be associated
with a molecular dissociation. The molecular dissociation was first observed at 150 K at a higher pressure
around 43 GPa. Two new low-temperature high-pressure phasesdllV' were discovered. Spiral chains of
sulfur atoms are found in both phases as well as in phase IV.
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I. INTRODUCTION we performed powder x-ray diffraction experiments up to

Hydrogen sulfide(H,S) shows successive phase transi-48 GPa at room temperature, and found the existence of el-
tions when cooled. As illustrated at the bottom of Fig. 1,emental sulfur above 27 GPa. Our second purpose was to
these are phase(tubic Fmgm) phase ll(cubic Pag) and explore a low-temperature high-pressure region from which

then phase ll{orthorhombicPbcm). According to a neutron no diffraction experiments have been reported. In this study,
diffraction experiment, the molecular rotations of phases | we measured X-ray patterns as low as 30K and up to
and Il freeze in phase IIl. On compression at room tempera?3 GPa, and discovered two new phases.

ture, the other successive phase transitions have been

observed: phase ?l,phase 1 (cubic P2,3), phase I\ Il. EXPERIMENTAL

(tetragonall4,/acd)® and phase ¥.The molecular rotations

in phases | and'lare thought ta stop in phase fv. fied in an agate mortar cooled at 77 K by liquid nitrogen.

Molecular dissociation is one of the interesting phenom h iid di f der. Th
ena observed in molecular solids under pressure. There haJ@en the solid BS was ground into a fine powder. The pow-

been two opinions of the dissociation pressurd®fS) de- der was mounted on a diamond anvil high-pressure cell
rived from optical experiments: 46 GPhand 27 GP4.A

precise interpretation of the Raman and IR spectra 8 =0 T
revealed that the spectra taken above 27 GPa in the unload- | H,S S i
ing process were identical to those of pure sulfur. The exis- e Wy =
tence of elemental sulfur above 27 GPa has not been con- 40 - N\
firmed by previous x-ray experiments because all diffraction

peaks above this point became too weak to identify its struc-
ture.

The hydrogen-bond ordering of,8 is also an interesting
subject. In a Raman experiment covering pressures up to
about 20 GP&! phase boundaries were determined from the
spectral changes in the S-H stretching region of
2400-2600 cmt. Obtaining a result indistinguishable from
that found from Raman spectra, a neutron diffraction experi-
ment on BS has determined thé-1l boundary to be around
5.3 GPa and 235 K2 The atomic positions of rotationally
disordered deuterium of phase’ Ihave also been
established? No other diffraction study below 200 K and
above 6 GPa has been reported. In order to clarify whether

the hydrogen bond in phase IV is ordered or not, molecular- FG. 1. (Color onling The pressure-temperature phase diagram
dynamics(MD) simulations have been actively pursuéd®> H,S. The solid curves are phase boundaries determined by a
If a disordered hydrogen bond remains in phase IV, a neVRaman experimerit The dotted lines betweer bnd Il are deter-
phase with a different bonding state due to ordering shoulthined by a neutron experimettThe trianglegrun 1), the inverse
be found at lower temperatures. triangles(run 2) the circles(run 3), the diamondgrun 4), and the

Our first purpose was to investigate the molecular dissosquares(run 5 show the measured points from five independent
ciation of H,S from a structural point of view. To this end, samples. Three dashed lines are determined in this report.

Gaseous k5 with a stated purity of 99.999% was solidi-
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(DAC) cooled down to 77 K, pressurized to a few GPa, and NP AN
warmed up to room temperature while holding the pressure 25001 (@) H.S 4}2 GPa 3
constant. These operations were carried out in a gaseous ni- : ,/VM
trogen atmosphere to avoid an®i frost. -

Five independent experimental runs were carried out at “/’-/;:{40 6198 A_
room and low temperatures. In runs 1 and 2, for experiments e
at room temperature, a sample chamber of Z@®in diam-
eter and 4Qum in thickness was made by drilling a hole into
a rhenium foil. In runs 3 and 4, for experiments up to 20 GPa
at low temperature, a sample chamber of 130 in diam- 1000 e 11
eter and 8Qum in thickness was prepared. A sample cham- 01—
ber of 70um in diameter and 4@m in thickness was set up (b) H,S 0.1 MPa (recovered)
for run 5 which was designed for an experiment with pres- .
sures up to 50 GPa at low temperature. In runs 3, 4, and 5,
respectively, a rhenium, an SUS304n austenite stainless
stee), and a PK(a spring steel, Fe 98%gasket were used.
The DAC pressure was controlled by introducing helium gas
through a cryostat chamber into a membrane chamber at-
tached to the DAC itself. The temperatures were monitored
by two Si diode sensors and two thermocouples placed on
the DAC holders. 15000 v L L 1 e 1

Angle-dispersive powder x-ray diffraction experiments 5 10 15 20 25
were performed on the BL-18C beam line at the Photon Fac- 26 (degrees)

tory of the High Energy Accelerator Researc_h Organization g 2 (Color onling (a) The powder pattern of 45 obtained
(KEK). The x-ray beams were monochromatized to a waveys 42 Gpa(b) The powder pattern of recovered sample after un-
length of 0.6198 A(20.00 keVf and the diffracted x rays |pading from 48 GPa to ambient. The negative slopes of the back-
were recorded on an imaging-plai®) detector supplied by grounds below 9 degrees are due to air scattering of the direct
Fuji Photo Film Co., Ltd. Typical exposure times were 1 hpeams.

for the room temperature experiments and 5 min for the low-

temperature experiments. The samples thus prepared gave

smooth Debye-Scherrer rings and no contamination peaks ¢heasured the diffraction pattern for the recovered sample
H,O which led to reliable structure analyses. using a conventional 18 kW x-ray generator with a Mo ro-

tating anodg0.7107 A, an 80um pin-hole collimator, and
the IP for 50 h of exposure. The dots and the profile in Fig.
2(b) represent the powder diffraction pattern and the Rietveld

In agreement with previous reports, the successive phag‘g produced with the most likely candidate structure of sulfur
transitions at room temperature were observed in runs 1 arifase |. The solid was thus found to contain a form of sulfur
2. Figure 2a) displays the powder diffraction pattern of phase I, consisting of ¢Srings. The pattern’s background
phase V at 42 GPa. The peaks, first appearing at abolgVel, arising from the remaining amorphous component, was
27 GPa, grew continuously until a pressure of 48 GPa wastill high.
reached, though a characteristic high background level was The x-ray data revealed that the molecular dissociation of
evident. The vertical bars in Fig(@ represent the positions the HS started at 27 GPa at room temperature, a result in
and the intensities measured for the high-pressure sulf@ood agreement with the results of the previous optical
phase Il at 42 GPa by Akaharf&They corresponded well to Measuremerit!® After the dissociation, the sample behaved
the peaks of phase V, with an exception of one peak at 13!#(9 elemental sulfur. This may eXpIain Why the metallization
degreeqd=2.64 A). As suggested by Sakashifathis peak Pressure of 96 GPa reported fop®t is very _close to that of
possibly comes from an intermediate component that still ha@5 GPa for sulfut? In further agreement with the results of
an S-H bond. Phase | of elemental sulfarSg) undergoes optical experiments, the x-ray resu[ts indicate that phases \Y,
amorphization from 18—27 GPa, and on further compres@nd VI are not pure phases ob$i'° Since the results did not
sion, a crystalline phase Il appeafd8 These findings sug- depend on the chemical identity of the gasket, the dissocia-
gest that the origin of the high background observable in Figlion is not likely to be initiated by a chemical reaction with
2(a) can be attributed to the existence of the amorphou§asket material.
phase of sulfur.

The presence of solid sulfur was confirmed by an unload-
ing experiment. Here, the diffraction patterns showed no IV. LOW-TEMPERATURE RESULTS
change until 5 GPa. With a further decrease in pressure to
about 1 GPa, a part of the sample bubbled and leaked from The patterns obtained in runs 3 and 4 at 1 GPa below
the sample chamber, but most of the sample remained sol@00 K were different from those of phase (PbcmRef. 1).
even at ambient conditions. To examine its structure, waVe name this phase Ill A Rietveld analysis, shown in
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5000 T a singlet. Hence, in Fig. 1 we located a temperature insensi-
(a) :HpS Phaselll tive horizontal line at 12 GPa, shown with the dashed line.
@ 4000 - The inset of Fig. &) displays the structure without hydro-
§ gen atoms. The first nearest neighbor S-S distance was
o 3.41 A at 3.8 GPa. As in phases IV and’|liwe can see
2 3000 spiral chains. A low-temperature high-pressure phase, which
g has been observed by Raman measurement at 25 K in a pres-
£ 2000} sy UL . - sure span of 3.3—8.0 GP&js now identified as this phase
U IPTITEIE HVLHEE OO0 IV". The report has already mentioned that the Raman spec-
1000 b tra at 25 K drastically changed from 0 to 3 GPa. This very
e —— likely corresponds to successive phase transitions of
10000 (b)  * HoS Phase IV’ H-11-1v'.
> In run 5, the molecular dissociation was investigated
§ 8000 along an isobar line at 43 GPa warming from 49 to 270 K. It
8 was first observed at 150 K, a temperature almost one half of
:;, 6000 |- that (298 K) for the onset of dissociation at 27 GPa. The
@ boundary showed a negative slope of -0.11 GPa/K, as il-
£ 40001, . lustrated by the dashed line at the top right of Fig. 1. We
- e Wwe o ¢ additionally measured Raman spectra of this dissociated
o000 | I U0 T THTIN TEORNIEE 000 DN AR T sample at room temperature in its unloading process from 48
T TR T to 4 GPa to examine existence of hydrogen molecules. The

20 (degrees) S-S peaks were clearly observed around 500'@a same as
the D,S study® In spite of an hour accumulation with a
FIG. 3. (Color onling Rietveld fits and their derived structures 1 mW Ar ion laser at the sample position, there were no
of (a) HzS phase Il at 1.1 GPa and 38 K, an@) H,S phase IV trace of the H-H vibration around 4200 cinThe separated

at 3.8 GPa and 27 K. Broad peaks labeled W represent diffraCtiOhydrogen atoms may creep into the sulfur lattice, the gasket,
from the plastic film of the cryostat window. The solid circles gr the diamond anvils.

beneath the patterns show the differences between phases Il

and IV'.
V. DISCUSSION

Fig. @), revealed that its structure belongs to an orthorhom- Phases Il1, IV’ and V have similar intrachain and inter-
bic space groufPccamade up of eight molecules in the unit chain bonds and can exist below 100 K, at which point all
cell. The lattice parameters at 1.1 GPa and 38 K ware molecular rotations must stop. The existence of phasés IV
=10.189+0.001 A,b=4.040+0.001 A,c=7.809+0.001 A. and IV from 25 K to room temperature means that the same
The sulfur atoms were located on two different sites:bonding state has been kept. Therefore, the hydrogen bonds
4c (0,y=0.469+0.0041/4 and 41 (1/4,02z=0.017 in these phases would be fully ordered, even at room tem-
+0.002. The inset of Fig. @) displays the structure without perature. The contradiction in the M3!®as to whether the
hydrogen. The first nearest neighbor S-S distance, depictduydrogen bond in phase IV is ordered or disordered, has now
with sticks, was 3.67+0.03 A. One can see spiral chaindeen clarified experimentally.
along thea-axis, just as was found in phase ¥t 1.1 GPa Figure 4 displays the pressure dependence of the inter-
and room temperature, the first nearest neighbor S-S distane¢omic distances of the sulfur atoms for phases J Il ', 1V,
of phase | is 3.9 A; the molecules are hydrogen bondedand 1V'. Since the variation of distances with temperature
Since the value of the S-S distance in phase€ Wf  was thought to be much smaller than that with pressure, no
3.67+0.03 A is significantly shorter than the 3.9 A seen indata for variation of temperature was included in the plot.
phase I, the molecules in phasé€ ldre not hydrogen bonded. Each first nearest-neighbor distance of phasésIM’, and

A new intermediate phase was observed in the region ofV corresponds to the intrachain distari&S distancg and,
4-10 GPa and 30-250 K; this region is in contact with thehence, can be used for discussion of the nature of the bond
boundaries of phases 1Jlll and I', and has been considered between the sulfur atoms. The S-S distance of phasge Il
to be stable for a tetragonal phase IV. We name this phas@.67 A at 1.1 GPpis almost same as the shortest S-S con-
IV’. By a Rietveld analysis, as shown in Figbg its space tact distance of phase I[B.672 A at 0 GP&Ref. 1)]. They
group was determined to be an orthorhomiica including  are close to twice the sulfur van der Waals radi8s0 A)
16 molecules. The lattice parameters at 3.8 GPa anghown withvdW in Fig. 4. On the other hand, the long dis-
27K were a=7.574+0.001 A, b=7.389+0.001 A, ¢  tances in phase I[}4.280 and 4.382 ARef. 1)], which con-
=9.829+0.002 A. The sulfur atoms were located on two dif-tain no hydrogen atoms, are compressed efficiently below
ferent sites: 8 (x=0.010+0.0040,1/4 and & (1/4)y  4.04 A in phase Il by pressure. In phase IMvhere the S-S
=0.206+0.003, D The axial ratioa/b was 1.025 at 3.8 GPa, from 3.41 to 3.12 A, the electron clouds of the sulfur atoms
decreasing with pressure to almost 1.0 at 12.0 GPa. It bemust somehow overlap each other. In our previous data con-
came hard to judge whether the strongest peak of the 12 GR&rning phase IV at room temperatdréhe S-S distance
data at 54 K, 138 K, and room temperature was a doublet sshrank down to 2.96 A at the highest pressure reached,
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4.5

y - - The dissociation process has been precisely investigated
H,S by a recent UV-visible-IR absorption measurement, and was
shown to be initiated photochemically or thermally by laser
irradiation above 24 GP#.The slope of —0.11 GPa/K indi-
cates that a temperature elevation of just 30 K above room

v
% . temperature decreases the dissociation pressure to 24 GPa.

>
o

=

Therefore we conclude that the dissociation is induced ther-
mally. It should be noted that all transitions of$lincluding
the molecular dissociation did not depend on x-ray wave-
length, intensity, nor exposure time. Therefore the dissocia-
250 I s - tion would not be affected by the x-ray probe itself.

0 ‘OP 20 g°P 4 S Endoet al. have proposed a monoclinRc structure for

ressure (GPa) phase \2? This structure shows complicated distortions in

FIG. 4. (Color onling Interatomic sulfur-sulfur distances o, atomic arrangement and interatomic distances due to its very
under pressure. The data drawn with the triangles, the inverse trfoW Symmetry. The monoclinic cell with the same lengttaof
angles, the circles, the diamonds, and the squares correspond to thRBdC axes might be converted to an orthogonal system. The
phases I, 1, lll’, IV’, and IV, respectively. Our previous data for 11.4 GPa diffraction pattern they used for structural anaIySiS
phases 1,1, and IV at room temperatu®ef. 5 are included in this ~ involved the strongest peak with the doublet feature. Our
plot. The open circles at 0 GPa show the phase Ill data at 1.5 Kpattern at 11.9 GPa at room temperature also showed the
(Ref. 1). The horizontal arrows represent twice the sulfur van derdoublet feature for the strongest peak, and the overall profile
Waals radius(vdW) and twice the sulfur constant energy radius was essentially in agreement with that of the 11.4 GPa data.
(2r"). The vertical dashed line represents thé-IV boundary at By a Rietveld analysis, the pattern was satisfactorily repro-
12.0 GPa. duced with the phase IVmodel of the orthorhombitbca
structure. The relationship between tRe cell (a,,,b,,,Cm)

23.3 GPa. the sulfur constant energy radius of 2.9gRaf.  and thelbca cell (a9, bo,Co) was written asag=an+Cm, Co

20) shown with 2* in Fig. 4, which is a criterion for the =Cm=am, bo=2by. Thus the previous pattern was taken at
existence of overlap of the molecular orbitals or of covalentl1.4 GPa in a stable region of phase’ léhd could be ex-
bond formatiorﬂ:oyzj-The present |Ow_temperature experiment plalned as consistent W|th thbca structure Wh|Ch IS prefel’-
extended significantly the pressure span for structural meable to thePc structure.

surement as a result of the suppression of the dissociation
reaction, and the S-S distances of phase IV were measured
up to 43 GPa. The S-S distance decreases to 2.74 A at a
pressure of 43 GPa, below beyond the critical value of The present work was carried out as a part of the CREST
2.92 A. At this pressure, intrachain covalency should(Core Research for Evolutional Science and Technology
strengthen. After the dissociation, this S-S interaction mayproject of the Japan Science and Technology Corporation
become fully covalent bonds in sulfur phase Il and amor-and with the approval of the Photon Factory Program Advi-
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