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High-pressure phase transitions of solid HS probed by Fourier-transform infrared spectroscopy
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Infrared-absorption spectra of solid,& have been measured at high pressures up to 50 GPa and room
temperature. The symmetric stretching overtone vibration ghows a redshift in frequency with increasing
pressure, and changes into two components at about 11 GPa for the II-IV phase transition. The pressure
dependence of the observed;2 v,+ v; (bending plus asymmetric-stretching combination banded v,
vibrations shows strongly the existence of the phase transition from IV to V at about 30 GPa, which is
consistent with a recent high-pressure x-ray study. The derived frequencies of fundameanalv; vibra-
tions continue to decrease with pressure up to the:Wphase transition, and show small jumps at its point
and moreover decrease slightly up to 45 GPa. The S-H- - -S hydrogen-bond system still exists up to at least 45
GPa; however, its bonding is very wed&0163-182607)02810-5

I. INTRODUCTION hydrogen-bond system still exists up to at least 45 GPa; how-
ever, its bonding is very weak.
Hydrogen sulfide (KS) is a typical molecular solid show-
ing the hydrogen bond which is a very important interaction IIl. EXPERIMENT
in nature! It is well known that HO ices can exist in many _ _
different phases at various pressures and temperdtttes, Infrared spectra of solid & were measured with a
however, the pressure-temperatureT) phase diagram of diamond-anvil ceII(DAC) at various pressures and 300 K.
solid H,S is still little known, despite its many similarities to 1h€ System for the loading of 3 Jas into DAC is the same
H,O0. We have studied Raman spedfa, Brillouin as in our previous report_s OQZE. The sample _chamber
scattering"® and x-ray diffraction” of solid H,S under high was approximately 6@.m in diameter and 4@m thickness

pressures. At room temperature, orientationally disorderel’ & metal gasket between two type Il-A diamonds. Spectra

phase | exists at pressures from 0.47 to about 8 GPa anlere measured with a microscope Fourier-transform infrared

. . 2 “Spectrometer with 4 cmt resolution®® Since diamond itself
more compression of solid 43 leads to the phase transition b

, . has strong absorption in the range from 2400 to
from phase li(or 1”) to phase IV at about 11 GPa. This 1544 cyy1 “absorption spectra were normalized by the mea-
phase IV persists to at least 23 GPa.

‘ ) surement of the empty DAC as a reference. Pressure was
Recently, we have determined tReT phase diagram of aasured by the ruby-scale metHdd.

H,S at high pressures up to 20 GPa and at temperatures from
300 to 30 K, by using Raman spectroscopy with a high-
pressure diamond-anvil céft. The triple point between the
I, Ill, and IV phases of solid KS exists at about 3.1 GPa  |nfrared-absorption measurements of solighthave been
and 153 K. Phase IV is stable in the wiéeT region. The made at high pressures from 2 to 50 GPa. Figure 1 shows a
conclusive phase diagram of,8 is simple in comparison typical absorption spectrum of crystalline,$l phase IV at
with that of H,0 ice. 13.6 GPa and room temperature. ThgSHnolecule has three

Very recently, we have found a high-pressure phase anormal vibrational modes, the symmetric S-H stretching
300 K and at pressures above about 30 GPa by x-ragnodev,, the S-H bending mode,, and the asymmetric S-H
measurement¥. This phase V appeared with an accompany-stretching modev;. All modes are infrared active in a mo-
ing color change from a thin yellow to black. lecular solid. Since absorptions associated withand v4

In this paper, we present an infrared-absorption measurevbrations around 2500 cnt were too strong, their band po-
ment of solid BS at pressures up to 50 GPa and 300 K. Thesitions were unable to be determined due to saturation. How-
remarkable change in infrared spectra indicates clearly thever, to assign the observed bands, we made one measure-
pressure-induced phase transition at about 30 GPa, which isent of fundamental, and v modes at about 11 GPa by
consistent with our recent x-ray restdtThe analyzed fun- the use of transparent Csl for the compensation of sample
damental frequencies of symmetric and asymmetric S-Hhickness in a DAC chamber. As seen in Fig. 1, the differ-
stretching vibrations decrease with pressure up to thence in frequency between; and v, vibrational modes
IV—V phase transition, and then show small jumps andshows a large value of about 70 that about 11 GPa.
moreover gradual decrease up to 45 GPa. The slight pressuféerefore, this observation gives strong support for making
dependence of their frequencies implies that the S-H---$he mode assignment for combination bands. For four

IIl. RESULTS AND DISCUSSION
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FIG. 1. Infrared-absorption spectrum of,8&l solid phase IV 220 |
measured at 13.6 GPa and room temperature. Approximate loca-
tons are 4848 and 4715c¢rh(2v,), 3674 and
3614 cmt (vy+vg), 2960 3+2v.,), 1633 (,+2v4), and
1209 cm'! (v,). * The v; andv, fundamental absorption spectrum
at about 11 GPaf; 2520 cmi* and vy; 2449 cm'1): This spec-
trum was measured for mode assignment, by using the transparent
Csl for the compensation of sample thickness in a DAC chamber.
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combinatiort® and v, fundamental bands observed with ad-  F|G. 2. Infrared-absorption spectra of soli,$Hin the 2,
equate absorption intensities, the vibrational frequencies,+ v, and v+ 2w, vibrational regions at various pressures and
were observed over the whole pressure range measure@om temperature.

Judging from the fundamental; and v; frequencies ob-

served above, we identified reasonably two bands aroungharpness of the lines ascribable to the fundamental. As seen
4800 and 3700 cm' as the overtone band ofi2 and com- i Fig. 4, ther, mode shows a slight increase in frequency
bination bandv, + v3, respectively. Furthermore, the combi- with pressure, because the atomic motions are close to being

nation bands ofv3+2v, and v,+2w, (v and v, are  perpendicular to the direction of hydrogen bonds which are
lattice vibrational modeswvere assigned from the feature of a

broadband and the self-consistent set of each vibrational fre-
guency. These will be described below in detalil.

In Figs. 2 and 3, infrared spectra in the frequency regions
from 5200 to 2800 cm® and from 2000 to 800 cm' are
shown under various pressures, and their frequencies are
plotted as a function of pressure in Fig. 4. The overtone
mode 2, shows a redshift in frequency, and changes into
two components at the II-IV phase transition. The half of
their frequencies are also plotted by solid circles in Fig. 4.
Their values around 11 GPa are very close to the experimen-
tal value of the fundamentat; frequency measured. The
behavior of thev; frequency is consistent with the result of
the fundamentab, vibration observed by our Raman study
up to 23 GP&. Moreover, a discrete change in the,2fre-
guency at about 30 GPa is clearly seen in Figs. 2 and 4. This
result strongly indicates the pressure-induced phase transi- R

tion at about 30 GPa, which supports our recent x-ray study W

showing the transition from phase IV to a solid phasé&V. h 109

The large interval of two peaks around the phase transition W
} 9

indicates the coexistence of phase IV and a phase V up to at M
M

Absorbance

least 37 GPa. The negative slope af;2or v,) frequency
over the whole pressure range measured, i.e., the softening of
the S-H stretching vibration indicates the existence of the

Il L 1 L 1 L 1 L
1800 1600 1400 1200 1000 800

S-H- - -S hydrogen-bond system up to at least 45 GPa. How- Wavenumber (cm'1)
ever, the slight pressure dependence of its frequency implies
that its bonding is very weak. FIG. 3. Infrared-absorption spectra of solid,$ in the

For the bending vibrationat, mode near 1200 cit in v,+2v,, andv, vibrational regions at various pressures and room
Fig. 3, the characteristic feature of the spectra is the extrememperature.
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FIG. 5. The derived frequencies of lattice vibrational modes,
ORI v » andy 4 are plotted as a function of pressure by solid triangles
10000, o, o, ., Y2 and solid circles, respectively. The results from Raman measure-
0 10 20 30 40 50 ments,(Ref. 6 are shown by open squares for comparison.

Pressure (GPa)

_ _ combination bands of;+2v,, andv,+2v 4 with v, and
_ FIG. 4. Pressure dependence of the |nfrared-abso_rpt|o_n frequer),-Ll phonon modes, respectively. The pressure dependence of
cies for the 2y, vy +vs, vyt 2v,,, vo+ 2y, andv, vibrational éheir frequencies is shown in Fig. 4. At a higher pressure

bands in solid HS at room temperature. The frequencies measureq, o yhe data from the spectra are not clear due to the weak
on loading process are plotted. The derived frequencies of funda-.

mental v3 and v, modes are shown as a function of pressure bySlgnal and the broadband. From the freq_uem'es obyrend
open squares and solid circles, respectively. v, modes, therefore, we could determine the and v,
frequencies as a function of pressure in phaséBé Fig. 5,
which show excellent agreement with those observed by our
previous Raman measuremehts.
dominantly under the influence of pressure effect on crystal- The opaque nature of the phase V means that the optical
line H,S. At the Il to IV phase-transition point around 11 absorption occurs in the whole region of the visible wave-
GPa, thev, frequency shows a jump of about 50 chpand  length below 1um (=10 000 cm ). There is no evidence
around 30 GPa the spectra show the asymmetric broad préer metallization, but the rising absorption at higher frequen-
file and, moreover, split to two broad peaks in the phase Vcies can be seen at the highest pressures in Fig. 2. This fea-
For the combination bands,+v; near 3700 cm® in  ture will be connected with the color change to black opaque.

Figs. 2 and 4, it shows a gradual decrease in frequency witRamely, the tail of the absorption edge will develop gradu-
increasing pressure up to about 30 GPa. At the highest preggly toward the lower frequency region.

sures, the scratchiness probably due g®Hontamination
makes this band difficult to resolve. By using measurgd
frequencies, we can plot the derived frequencies by open
squares as a function of pressure in Fig. 4. Their values
around 11 GPa are very close to the experimental value of We have studied high-pressure phase transitions of solid
the fundamental; frequency measured. The frequencies ofH,S by using Fourier-transform infrared spectroscopy. The
two v; modes show the redshift up to the II-IV phase- absorption spectra fori2, v,+wvs, v3+2v.,, vo+2p4,
transition point. Their pressure derivatives are approximatelyand v, vibrational bands have been measured as a function
the same as those of modes in phase IV observed by our of pressure in the 2—50 GPa range at room temperature. The
high-pressure Raman measurements up to 23%GRather-  pressure-induced phase transition has been found at about 30
more, a slight decrease iny frequency against pressure in GPa, in close agreement with our recent x-ray results. This
the phase V suggests that the S-H- - -S hydrogen bond exisghase transition from IV to V occurs with an accompanying
up to at least 45 GPa, but its bonding is very weak. color change from a thin yellow to black. The softening of
Two broadbands near 3000 and 1700 ¢nn Figs. 2 and  the symmetric and asymmetric S-H stretching vibrations
3 appear at pressures above 11 GPa, i.e., in the IV phaseith pressure suggests the existence of the S-H---S
These broad absorptions are due to the combination bandiyydrogen-bond system up to at least 45 GPa and 300 K;
with lattice vibrational modes which appear just in the IV however, the slight pressure dependence of their frequencies
phase® Judging from the lattice phonon modes studied byimplies that its bonding is very weak. The opaque nature of
our Raman measuremehtand the frequencies of; and  the phase V is investigated with the concept of optical ab-
v, modes obtained above, two bands can be assigned to tiserption.

IV. CONCLUSION



55 BRIEF REPORTS 5541

1E. Sandor and S. O. Ogunade, Natdrendon 224, 905(1969. 9S. Sasaki and H. Shimizu, J. Phys. Soc. J.3309(1995.

2J. P. Poirier, NaturéLondon 299, 683(1982. 105, Endo, N. Ichimiya, K. Koto, S. Sasaki, and H. Shimizu, Phys.
SR. J. Hemley, A. P. Jephcoat, H. K. Mao, C. S. Zha, L. W. Finger, Rev. B 50, 5865(1994).

and D. E. Cox, Natur¢London 330, 734 (1987. 1H. Shimizu, H. Yamaguchi, S. Sasaki, A. Honda, S. Endo, and M.
#H. Shimizu, M. Ohnishi, S. Sasaki, and Y. Ishibashi, Phys. Rev. Kobayashi, Phys. Rev. B1, 9391(1995.

Lett. 74, 2820(1995. 125 Endo, A. Honda, S. Sasaki, H. Shimizu, O. Shimomura, and T.
°K. Aoki, H. Yamawaki, and M. Sakashita, Phys. Rev. L&, Kikegawa, Phys. Rev. B4, R717(1996.

784 (_19_96' o ) 13K, Aoki, H. Yamawaki, and M. Sakashita, Phys. Rev4& 9231
6H. Shimizu, Y. Nakamichi, and S. Sasaki, J. Chem. PIRE. (1993.
; 2036_(1_99])' ) ) 14E D. Barnett, S. Block, and G. J. Piermarini, Rev. Sci. Instrum.

H. Shimizu, H. Murashima, and S. Sasaki, J. Chem. PBys.

44, 1 (1973.

7137(1992). 15, p. Reding and D. F. Hornig, J. Chem. Phgg, 1024(1957.

8H. Shimizu and S. Sasaki, Scien2g7, 514 (1992.



