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Raman and infrared study of phase transitions in solid HBr under pressure
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Phase transition in solid HBr has been investigated by Raman and infrared spectroscopy up to 50 GPa at 298
K. The liquid transforms to a cubic structure (Fm3m) with a bromine fcc lattice at 0.5 GPa and further to an
orthorhombic structure (Cmc21) consisting of zigzag chains of hydrogen-bonded molecules at 1360.5 GPa.
At about 3962 GPa, Raman peaks related to the molecular stretch and rotation disappear and two lattice peaks
remain. TheCmc21 orthorhombic structure transforms into aCmcmorthorhombic structure with symmetrized
hydrogen bonds. The symmetrized phase is instable; HBr molecules begin to dissociate after the bond sym-
metrization and Br2 molecules are formed.@S0163-1829~99!08917-1#
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INTRODUCTION

Hydrogen halides, HX (X5F, Cl, Br, and I!, are diatomic
molecules forming hydrogen bonds in a condensed st
Three crystalline phases are known to exist at low temp
tures and ambient pressure.1–3 The lowest temperature phas
~phase III!, for example, of HBr has an orthorhombicCmc21

structure consisting of the planar zigzag chains of molecu
connected by hydrogen bonds. The molecular chains
along the crystallinec axis on the planes parallel to thebc
plane, being separated from the adjacent chains by van
Waals forces as drawn in Fig. 1. The orthorhombic crysta
a ferroelectric insulator as can be seen from dipole orde
in the direction parallel to the crystallinec axis. The tem-
perature elevation in phase III induces phase transition
phase II at 90 K and to phase I at 114 K. The phase II ha
orthorhombicCmcastructure with protons in twofold disor
dered positions around Br atoms. In phase I, Br atoms c
struct a face-centered-cubic lattice (Fm3m) with completely
disordered protons occupying one of twelve equivalent si
The same or similar structural sequence has been obse
for HCl and HI, whereas onlyCmc21 orthorhombic structure
is known for HF.

Few high pressure experiments have been reported
hydrogen halides in spite of the simplicity of molecular a
crystal structures. Brillouin and Raman scattering spectra
HF~DF! have been measured for single crystals of
Cmc21 orthorhombic structure to 12 GPa.4,5 Disappearance
of the molecular stretching peaks and change in the lib
tional peak positions at about 6 GPa suggested a phase
sition to a symmetric hydrogen-bonded phase. Far-infra
absorption spectra have been measured for theCmc21 ortho-
rhombic phases of HCl and HBr to 0.5 GPa at 4.2 K.6 The
observed translational and librational frequencies were c
pared with those calculated using empirically determined
termolecular potentials. Raman measurements beyond
GPa at 100 K have been reported for HCl and HBr
Johannsen.7 The spectra of HBr revealed a phase transit
PRB 590163-1829/99/59~17!/11244~7!/$15.00
te.
a-

s
n

er
s
g

to
n

n-

s.
ed

or

of
e

a-
an-
d

-
-
10

n

in the orthorhombic phase at about 32 GPa possibly in a
ciation with hydrogen bond symmetrization. No phase tra
sition was observed for the orthorhombic phase of HCl up
40 GPa. A phase study of HBr in a temperature range
20–300 K and a pressure range to 20 GPa has recently
made by Raman measurement, determining precisely
boundaries among the known phase I, II, III and a new
observed phase I8.8 Although hydrogen bond symmetrizatio
has been reported for HF and HBr as described above, m
detailed investigations on them are required for an und
standing of the symmetrization mechanism.

We have measured Raman scattering and infrared~IR!
absorption spectra for solid HBr at pressures up to 50 GP
298 K. The purpose was to investigate phase transition
change in hydrogen bonding state in such a simple molec
solid. Applying pressure was expected to cause succes
phase transitions as observed at low temperatures and
thermore molecular dissociation with hydrogen bond sy
metrization at a sufficiently high pressure. Raman and in
red measurements provided complementary information

FIG. 1. Molecular arrangement in thebc plane of the ortho-
rhombicCmc21 structure, phase III, of solid HBr. Solid and ope
circles indicate molecules located ata50 and61/2, respectively.
The proton displacements associated with a symmetricns(A1) and
an antisymmetric stretching vibrationns(B2) are presented with
arrows along the upper and lower zigzag chains, respectively.
hydrogen bonds are symmetrized by putting the protons~small
spheres! at the midpoints between the bromine~large spheres!
neighbors.
11 244 ©1999 The American Physical Society
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PRB 59 11 245RAMAN AND INFRARED STUDY OF PHASE . . .
the vibrational state, allowing a detailed discussion on
nature of phase transitions observed.

EXPERIMENT

High pressure Raman spectra were measured with a
mond anvil cell~DAC! at 298 K. Sample preparation an
loading in the DAC were carried out in a glove box purg
with nitrogen gas. HBr gas~stated purity 99.9%! was con-
ducted with a flexible teflon tube inside the DAC and soli
fied in a small sample chamber made by drilling a 80mm
hole on a rhenium metal sheet 60mm in thickness. The DAC
was cooled with liquid nitrogen below the melting tempe
ture of 185 K in order to solidify the conducted gas imm
diately on the gasket. Rhenium was chemically inactive w
HBr acid. The 488 nm line of an Ar-ion laser was used
Raman excitation. Scattered lights from the sample w
analyzed with a single monochromator with a band-rej
filter placed in front of the entrance slit of the monochr
mator to block the excitation laser lights. Spectra were
corded with a charge-couple-device~CCD! detector capable
of covering a wave number region of 3000 cm21 at once
with a spectral resolution of 2.3 cm21. The excitation laser
light having a roughly estimated power of 10 mW was de
cused to about 80mm in diameter on the sample surface
order to avoid possible radiation damage of the sample.
pressure was determined on the basis of the ruby scale.9

IR absorption spectra were measured for thick and t
samples with a small DAC. A thick sample was prepared
pushing solidified HBr into a 70mm diameter and 30mm
thick chamber made in a rhenium gasket. A thin film w
prepared by deposition of HBr gas onto the surface o
metal gasket packed with a pressure medium of KBr fully
its sample space. The film was pressurized between the
mond and KBr medium. Thin diamond anvils of 1.2 m
thickness were employed to obtain absorption spectra o
the whole measuring wave number region including abso
tion bands due to the diamonds, allowing pressure genera
to a rather low pressure of about 35 GPa. Pressure gener
beyond 35 GPa was achieved using 1.5 mm thick anvil
the cost of spectral measurement in the diamond absorp
region. The absorption spectra were taken with a microsc
FT-IR spectrometer for a wavenumber region from 700
5000 cm21 with a selected spectral resolution of 4 cm21.

Measured Raman and IR spectra were corrected for e
sion or absorption from the diamond anvils. Diamond exh
its the first order Raman peak at 1333 cm21 and second one
at about 2450 cm21. A reference Raman spectrum was tak
by moving slightly a focusing position of the excitation lig
from the sample to the gasket surface. The spectrum
measured was used to subtract the diamond peaks from
raw spectrum and this correction was made at every mea
ing pressure point. IR absorption peaks of diamond appea
the frequency region from 1700 to 2600 cm21. Reference
spectra was measured in advance for an empty DAC con
ing only a pressure medium of KBr in the gasket hole a
pressure interval of about 3 GPa up to 50 GPa. The diam
absorption was successfully removed from the raw spect
by choosing an appropriate reference spectrum measured
corresponding pressure.
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RESULTS

Figure 2 shows the Raman spectra of HBr measured u
43 GPa. HBr molecule itself has only one intramolecular
stretching vibration. One broad peak observed around 2
cm21 at 13.1 GPa was hence assigned as the stretc
mode. The stretching peak split into a doublet at about
GPa. In association with the peak splitting, several pe
appeared in the lattice vibrational region below 1000 cm21.
The peaks around 900 cm21, which were observed as a wea
broad peak at low pressures, were assigned as librati
modes, while those below 300 cm21 as translational lattice
modes. The splitting stretch peaks showed shift to low f
quency and especially the shift of the lower frequency pe
was very rapid. The librational peaks showed unusual p
sure behavior. One librational peak at 836 cm21 ~arrowa! in
the 19.7 GPa spectrum, for instance, moved initially to h
frequency, turning to shift toward low frequency at about
GPa. The peak intensity changed from increasing to decr
ing also at about 30 GPa. Every translational lattice pe
moved little to high frequency.

Slight changes in spectra accompanied by phase tra
tions were observed at about 39 and 43 GPa. The Ra
peaks related to the molecular stretch and libration beca

FIG. 2. Raman spectra of solid HBr measured to 43 GPa at
K. The inserted numerical values represent pressures in GPa.
I–III phase transition occurs at 13 GPa with a peak splitting of
stretching mode located around 2000 cm21 and appearance of th
librational and lattice modes. The stretching and librational pe
disappear above 39 GPa and the lattice peak with a shoulder n
appeared in the low frequency side remains. Spectral change
time is observed in the top spectrum measured after 24 h f
pressure increase to 42.8 GPa. Arrowa: one librational peak
showing Fermi resonance. Arrowb: the peak of Br2 included as
impurity. Circlec: spectral change with time at 42.8 GPa.
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11 246 PRB 59KATOH, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
weakened with increasing pressure and disappeared at a
40 GPa eventually, while the translational lattice peaks
mained with slight changes in peak position and intens
The 39.5 GPa spectrum showed one strong peak at
cm21. A slight increase in pressure produced a new pea
the low frequency side of the original peak which showe
gradual decrease in peak intensity. Their peak positions w
256 and 305 cm21 at 42.8 GPa. No peak was observed in t
intramolecular vibrational region. Careful observation
vealed that the lattice vibrational spectrum changed gra
ally with time. The spectrum measured after keeping
pressure at 42.8 GPa for 24 h showed an inversion in p
intensity and a slight shift in the low-frequency peak po
tion. These spectral changes were found to be due to di
ciation of HBr molecules and subsequent formation of B2
molecules.

A peak steadily remaining at 300 cm21 would arise from
Br2 molecules involved in the original gas sample as imp
rity. The peak~arrow b in Fig. 2!, whose position was in
agreement with that of the stretching vibration of Br2 in an
orthorhombic structure,10 grew up to 22 GPa and disap
peared at about 32 GPa. This intensity change does
merely imply an increase or decrease in Br2 amount but can
be interpreted as a resonance Raman effect. Raman inte
is significantly enhanced for an excitation light having a ph
ton energy comparable to an electronic transition energy
band gap energy. The resonance probably occurred at a
22 GPa in solid Br2 for the excitation with the 488 nm light
resulting in an intensity enhancement selectively for the
man peaks from Br2 molecules. In order to estimate th
amount of solid Br2, we measured x-ray diffraction pattern
for the pressurized solid HBr. No peak form solid Br2 was
detected even at pressures around 22 GPa where the R
signal became most intense. The amount of Br2 impurity
contained in HBr solid was roughly estimated to be less t
0.1% in volume ratio.

Typical IR spectra measured for thin and thick samp
are shown in Figs. 3~A! and 3~B!, respectively. The stretch
ing peak exhibited very strong absorption and the wh
peak shape was obtained for the thin film@Fig. 3~A!#. A peak
splitting was observed at about 13 GPa in good agreem
with the Raman results. The doublet peaks merged into
asymmetric broad peak with increasing pressure and
lapsed above 30 GPa. The IR spectra of the thick sam
showed an extremely saturated stretching peak in the
quency region from 1500 to 2500 cm21. It barely showed a
tendency to shift toward low frequency with peak broade
ing. Above 14 GPa four peaks newly appeared in the l
frequency side of the stretching peak again in agreem
with the Raman results. They were located at 710, 841, 9
and 1357 cm21 in the spectrum taken at 20.4 GPa and
signed as the librational vibrations of HBr molecules.6 On
further compression, absorption developed in the low f
quency region and then extended to the high frequency
gion, covering the whole measuring region as shown in
top spectrum taken at 47.5 GPa. The librational peaks w
able to be measured to 25 GPa.

The peak frequencies obtained from the observed Ra
and infrared spectra are plotted as a function of pressur
Fig. 4. The spectral changes at about 13 GPa are expla
by I-III ( Fm3m cubic; Cmc21 orthorhombic! transition as
out
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discussed later in detail. Mode assignment of Raman
infrared peaks can hence be made on the basis of thos
ported in the low temperature Raman and infrar
measurements.11,12 Four fundamental librational modes
nL(A2), nL(B2), nL(A1), andnL(B1), are predicted for the

FIG. 3. Infrared absorption spectra of solid HBr measured
the thin film ~A! and thick sample~B!. In ~A!, the spectra are
shifted with 0.3-unit increments in the vertical direction. No shift
made in~B!. The I–III transition is observed at about 13 GPa
good agreement with the Raman results.

FIG. 4. The variation of vibrational frequencies with pressu
measured for solid HBr. Solid and open symbols represent the p
frequencies obtained by Raman scattering and infrared absorp
measurement, respectively. Fine solid lines are guides to eyes
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PRB 59 11 247RAMAN AND INFRARED STUDY OF PHASE . . .
Cmc21 orthorhombic structure of phase III. However, th
symmetry assignments of these modes are still inconclu
and so here the observed peaks are labeledL1 , L2 , L3 and
L4 in order to increasing frequency. A peak additionally o
served at about 1200 cm21 just after I-III transition is as-
signed as a combination of the librationsLc . The Raman
peak of diamond around 1333 cm21 overlaps this combina
tion peak, interfering with the observation of theLc peak in
the low pressure region. This missing peak can be meas
by IR absorption and the observed infrared frequencies
shown to connect smoothly with the Raman frequencie
about 24 GPa. The variation of the combination frequenc
thus obtained for the whole pressure region measured.
IR data are shown to complement those obtained by Ra
measurement for the fundamental librational modes as w
The phase III transforms to another high pressure phase
beled IV at about 39 GPa.

The high pressure behavior of the stretching modes
very similar between phases I and III. The peak of phas
has an asymmetric shape with a shoulder in the low
quency side~see Raman and IR spectra given in Figs. 2 a
3!, being well fitted with two Lorentzian peaks. They sho
frequency decreases at different rates and consequentl
peak splitting becomes large as the pressure is increase
phase I. The tendency of frequency variation continues
phase III after the transition at 13 GPa accompanied b
frequency drop by about 80 cm21. The ns(B2) stretching
frequency decreases monotonically to 39 GPa, while
ns(A1) stretching mode shows a more rapid decrease u
22 GPa and interactions with other vibrational modes
higher pressures. Such interaction is known as Fe
resonance,13,14 modifying the frequencies and Raman inte
sities as the results of vibrational mode mixing. The re
nance is observed for theLc combination andL3 modes. The
modified frequencies are shown to avoid to cross as cle
seen between thens(A1) andnLc around 26 GPa.

Raman spectra measured at 29.4 and 15.7 GPa du
pressure releasing from 43 GPa are shown in Fig. 5. Th
spectral features are different from those measured for s
HBr at the corresponding pressures on loading process, l
ing spectral features in the librational and stretching vib

FIG. 5. Raman spectra measured for solid HBr on unload
process. The observed four peaks are assigned as the stretchin
librational modes of solid Br2 having an ordinaryCmcaorthorhom-
bic structure.
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tional regions. The Raman peaks appear only in the lat
vibrational region around 160 and 300 cm21 at 15.7 GPa.
They are interpreted as the stretching and librational vib
tions of Br2 in a Cmca orthorhombic structure.10 The fre-
quencies measured on unloading process are plotted a
with those reported for the orthorhombic phase of solid B2
measured on loading process in Fig. 6. They are on the s
lines, indicating conversion from HBr to Br2 molecules via
the high pressure phase IV. In the IR spectra, the chem
reaction associated with dissociation of HBr molecules w
also observed. Spectra were measured for the specimen
surized to 50 GPa while the pressure was gradually relea
to ambient pressure. No absorption peak was recovere
the molecular stretching region around 2300 cm21 even at
sufficiently low pressures below 10 GPa.

DISCUSSION

Phase transition

A phase transition fromFm3m cubic to Cmc21 ortho-
rhombic structure occurs at 13 GPa. The Raman spectr
phase I show one broad peak at about 2300 cm21 in the
intramolecular vibrational region and no peak in the latt
region. The spectral feature is characteristic of molecular
ids having disordered structures. The peak broadening of
molecular stretching mode arises from disordering in m
lecular orientation and the missing of lattice peaks is due
lack of long range order in molecular arrangement. The l
temperature phase I has been determined to have aFm3m
cubic structure.1 The Raman and IR spectra show one bro
peak at about 2500 cm21,15 well corresponding to those ob
served for the high pressure phase existing from 0.5 to
GPa. For theCmc21 orthorhombic structure with regularly
aligned molecules, a vibrational mode analysis predicts
molecular stretching (A1 , and B2), four liberational (A1 ,
B1 , A2 , and B2), and three translational modes (A1 , A2 ,

g
and

FIG. 6. Open circles represent Raman peak frequencies m
sured for the dissociated phase of solid HBr on unloading proc
Solid circles are those measured for solid HBr on loading proc
Solid lines represent Raman frequencies of solid Br2 reported in
Ref. 9. The Raman peak around 600 cm21 is assigned as the over
tone of the stretching mode of Br2. The remaining two peaks are no
identified.
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11 248 PRB 59KATOH, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
and B2). All of them are Raman active, while those exce
the translational and librational modes withA2 symmetry are
IR active. The numbers of Raman and IR peaks obtained
the high pressure phase above 13 GPa are in agreemen
the prediction. An intermediate phase II, which has been
ported to exist for a narrow temperature span of about 2
around 120 K,3 was not observed at high pressure and 298
A recent Raman measurement has proposed presence o
other intermediate phase~phase I8! between phase I an
phase III.8 The phase I8 has disordered hydrogen bonds a
can be distinguished from phase I by the asymmetric p
shape of the stretching mode. Such asymmetricity was
served in our Raman and IR measurements as well. How
it may be interpreted in terms of instantaneous formation
short chains of HBr molecules in the disordered phas
rather than appearance of a new high pressure phase.16

The III-IV phase transition at 39 GPa is interpreted
terms of hydrogen bond symmetrization. TheCmc21 ortho-
rhombic structure can be converted into a symmetri
Cmcmorthorhombic structure by displacing the protons
the midpoints along the hydrogen bonding axes~see Fig. 1!.
HBr molecules cannot be identified any longer and hence
peaks related to molecular vibrations should disappear.
the Cmcmstructure, nine translational lattice modes are p
dicted based on a vibrational mode analysis. Three of th
Ag , B1g , andB3g , are Raman active. The 39 GPa spectr
with two peaks in the lattice region is in agreement with t
prediction although one lattice peak is missing. The tran
tion to Cmcmphase has a second-order or nearly seco
order character, showing gradual spectral changes towar
transition pressure of 39 GPa. In other words, the hydro
bonds are symmetrized continuously in the zigzag chains
compression. Johannsen has reported a possibility of hy
gen bond symmetrization in solid HBr. Their Raman spec
showed disappearance of the stretching peaks and s
spectral changes in the lattice vibrational region at abou
GPa and at 100 K.7 The reported peak positions are in agre
ment with the present results, indicating a transition into
symmetric phase.

FIG. 7. Relative Raman intensities measured for solid HBr. T
ratio I i /I 0 of each integrated peak intensityI i to that of theB2

antisymmetric stretching peakI 0 is plotted as a function of pressur
in a logarithmic scale. The resonancedLc andA1 librational modes
show maxima at 30 and 36 GPa, respectively. The vibrational st
in the shaded area can be considered to be an off-resonanc
purens(A1) stretching mode.
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The nature of hydrogen bonds in solid HBr seems to
independent on the molecular arrangement but determ
roughly by the hydrogen bond length. The structure of ph
I consists of disordered protons forming hydrogen bon
with one of twelve equivalent neighboring Br atoms, wh
that of phase III consists of the infinite planar zigzag cha
of hydrogen bonded molecules. The stretching frequen
which is very sensitive to the hydrogen bonding state, sho
a very similar pressure dependence in the two phases in
of the large difference in the molecular arrangement. T
decreasing rates of the symmetric stretching frequen
dns(A1)/dp, are determined to be229 and233 cm21/GPa
for phase I and phase III, respectively. A 10% decrease in
stretching frequency associated with the I-III transition
mainly due to a corresponding shrinkage in the hydrog
bond length. Formation of infinite hydrogen-bonded molec
lar chains is likely less responsible for the stretching f
quency and the decreasing rate. A frequency decrease of
cm21 at the transition corresponds to compression by ab
3.3 GPa or offset of23.3 GPa in the frequency-pressu
plotting for phase I. Such offset allows the observed frequ
cies to be connected smoothly across the I-III transition a
them to be fitted with one softening curve~see Fig. 8!. The
same argument can be applied for the antisymmetric stre
ing frequencyns(B2).

Softening of the stretching mode

The hydrogen bond symmetrization process is charac
ized as a softening of the stretching vibration. Hydrog
bond symmetrization is realized when the protons move
the midpoints between the neighboring Br atoms. This p
ton displacement will be driven by successive deformation
the proton potential from a double to a single minimu
shape. TheA1 symmetric stretching mode in theCmc21

e

es
or

FIG. 8. The variation of the symmetric stretching frequen
with pressure. The solid line presents a fitting curve obtained us
all the experimental points in phase III. The stretching frequenc
of phase I are excluded in the fitting analysis but plotted with
offset of 23.3 GPa for comparison.
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PRB 59 11 249RAMAN AND INFRARED STUDY OF PHASE . . .
structure is described as the collective motions of proto
along the hydrogen bonds~Fig. 1! and hence expected to
show a softening behavior reflecting the potential deform
tion predicted. The symmetric stretching frequency show
rapid decrease in phase III and even in the disordered ph
I. The high pressure behavior, however, is largely perturb
owing to the vibrational interactions or resonance effects a
observation of the presumed softening behavior is interfe
near the symmetrization point.

The unperturbed stretching frequencies are extracted fr
the perturbed frequencies measured in the resonanced p
sure region based on a simple model for Fermi resonan
The A1 stretching mode would mix with another vibrationa
mode belonging to the sameA1 symmetry, when the two
vibrational frequencies are close sufficiently. The resonan
frequencies and Raman intensities are significantly modifi
as the results of mode mixing.13 The mixing should vanish as
the frequencies separate far from each other and hence
unperturbed vibrational states recover eventually. Such re
nance behavior is observed for theL3 fundamental andLc
combination peaks as seen in Fig. 4; consequently theL3
peak is assigned as theA1 librational mode and theLc com-
bination peak most likely as the overtone of it. The press
dependence of theLc andA1 librational frequencies change
from increase to decrease around 25 and 30 GPa, res
tively. This is due to mode mixing with the softeningA1
stretching mode.

The librational modes show resonance behavior in Ram
intensity as well. The variation of Raman intensity with pre
sure is plotted for each Raman mode in Fig. 7. The relat
intensity of theLc combination mode increases up to a
extrapolated intensity of theA1 stretching mode drawn as a
shaded area at about 25 GPa and then begins to decrea
further compression. The librational mode initially assign
to theLc combination is thus converted into theA1 stretching
mode around 30 GPa. A similar intensity change is obtain
for the A1 fundamental librational mode showing a max
mum intensity at about 36 GPa, where again theA1 libration
is converted into theA1 stretch. The unperturbed Rama
frequencies of theA1 stretching mode thus obtained are plo
ted together with those measured at low pressures below
GPa and the IR frequencies in Fig. 8. A phenomenologi
function,17 v5(v0

22ap)1/2, is applied to fit the stretching
frequencies obtained for a pressure range from 14 to 40 G
where v0 is the frequency at ambient pressure anda the
pressure coefficient. The optimized parameters,v0
52401 cm21 and a51.383105 cm22/GPa, reproduce an
overall feature of the frequency variation observed, giving
extrapolated critical pressure of 42 GPa forv50. The actual
hydrogen-bond symmetrization occurs at 39 GPa sligh
lower than the extrapolated pressure.
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Molecular dissociation

The phase IV with symmetric hydrogen bonds is instab
decomposing to form Br2 molecules. The two Raman spect
measured at 42.8 GPa~see Fig. 2! indicate slight change in
the spectral profile with time owing to conversion of HB
molecules to Br2 ones. Formation of Br2 molecules is con-
firmed from Raman spectra measured during pressure re
ing. The four Raman peaks are located at the positions
actly same as those reported for solid Br2 at the
corresponding pressures.10 The separated hydrogen atom
would have to rather form H2 molecules than remain as rad
cals, though no Raman signal from the conjectured H2 mol-
ecules was obtained. Solid Br2 was opaque against the inc
dent laser light, the 488 nm line of an Ar-ion lase
preventing the incident light from going inside the deco
posed solid. The effective volume for Raman scattering w
largely reduced and probably too small to provide detecta
Raman signals of H2 molecules with much weak Rama
scattering intensity compared to Br2 molecules. No segrega
tion of solid H2 was found by visual observation with a m
croscope.

Interchain Br-Br interactions seem to assist dissocia
of HBr molecules. The sample changes from colorless tra
parent to brown in association with the I-III phase transit
at 13 GPa. Further compression changes it gradually b
and no visible light is transmitted above 40 GPa. This co
change is likely attributed to an increase in Br-Br intera
tions between the parallelly aligned molecular chains. T
molecular arrangement of phase III is very similar to that
solid Br2;

18,19 the Cmcaorthorhombic structure of solid Br2
can be obtained simply by replacing the H atoms with Br
Fig. 1. This molecular arrangement may allow formation
charge transfer interactions between the neighboring
molecules, which would be enhanced with increasing p
sure or decreasing interchain distance as observed for
Br2.

18,19Gradual color change into entirely black by press
increase up to 40 GPa indicates that the optical absorp
edge moves from the visible to infrared region. The streng
ening of the interchain bonds, in cooperation with the we
ening of the H-Br covalent bonds, is thus considered to b
possible driving force for the molecular dissociation.

SUMMARY

The vibrational spectra indicate two phase transitions
about 13 and 39 GPa. The former transition is interprete
Fm3m cubic to Cmc21 orthorhombic transition~I-III tran-
sition! and the latter as a second-order or nearly second-o
transition associated with hydrogen bond symmetriza
~III-IV transition!. In addition, HBr molecules are found t
dissociate to form Br2 molecules at about 43 GPa.
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