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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 structurEri3m) with a bromine fcc lattice at 0.5 GPa and further to an
orthorhombic structureGmc2,) consisting of zigzag chains of hydrogen-bonded molecules at013GPa.

At about 39-2 GPa, Raman peaks related to the molecular stretch and rotation disappear and two lattice peaks
remain. TheCmc2, orthorhombic structure transforms intaCancmorthorhombic structure with symmetrized
hydrogen bonds. The symmetrized phase is instable; HBr molecules begin to dissociate after the bond sym-
metrization and Br molecules are formedS0163-182699)08917-1

INTRODUCTION in the orthorhombic phase at about 32 GPa possibly in asso-
ciation with hydrogen bond symmetrization. No phase tran-
Hydrogen halides, M (X=F, Cl, Br, and ), are diatomic  sition was observed for the orthorhombic phase of HCl up to

molecules forming hydrogen bonds in a condensed statél0 GPa. A phase study of HBr in a temperature range of
Three crystalline phases are known to exist at low tempera20—300 K and a pressure range to 20 GPa has recently been
tures and ambient pressuré. The lowest temperature phase Made by Raman measurement, determining precisely the
(phase 1), for example, of HBr has an orthorhomian 2, boundaries among the known phase |, I, 1l and a n_ewly
structure consisting of the planar zigzag chains of molecule§PServed phasé.F Although hydrogen bond symmetrization
connected by hydrogen bonds. The molecular chains ruﬂas _been repor_ted_for HF and HBr as despnbed above, more
along the crystalline axis on the planes parallel to the etallgd Investigations on them are requwed for an under-
plane, being separated from the adjacent chains by van dg}andmg of the symmetrization mechanism.

o . . We have measured Raman scattering and infrgrgd
Waals forces as drawn in Fig. 1. The orthorhombic crystal 'Sabsorption spectra for solid HBr at pressures up to 50 GPa at

a ferroelectric insulator as can be seen from dipole orderin%% K. The purpose was to investigate phase transition and
in the dlrectlon_ par_allel to the qrystalllrreaxs. The t_e_m- change in hydrogen bonding state in such a simple molecular
perature elevation in phase Ill induces phase transitions LN Applying pressure was expected to cause successive
phase Il at 90 K and to phase | at 114 K. The phase Il has 8fhase transitions as observed at low temperatures and fur-
orthorhomp_lcCmcastructure with protons in twofold disor- ihermore molecular dissociation with hydrogen bond sym-
dered positions around Br atoms. In phase I, Br atoms conyetrization at a sufficiently high pressure. Raman and infra-

struct a face-centered-cubic lattiderg3m) with completely  yeq measurements provided complementary information on
disordered protons occupying one of twelve equivalent sites.

The same or similar structural sequence has been observed
for HCI and HI, whereas onl mc2; orthorhombic structure
is known for HF.

Few high pressure experiments have been reported for
hydrogen halides in spite of the simplicity of molecular and
crystal structures. Brillouin and Raman scattering spectra of
HF(DF) have been measured for single crystals of the
Cmc2, orthorhombic structure to 12 GPa.Disappearance
of the molecular stretching peaks and change in the libra-
“9,”""' peak positions at about 6 GPa suggested a phase tran'FIG. 1. Molecular arrangement in tHec plane of the ortho-
sition tq a symmetric hydrogen-bonded phase. Far"nfrare%ombichdl structure, phase lll, of solid HBr. Solid and open
absorption spectra have been measured fo€time2, ortho-  circles indicate molecules located @0 and +1/2, respectively.
rhombic phases of HCI and HBr to 0.5 GPa at 4.8 RKhe  Tpe proton displacements associated with a symmetia,) and
observed translational and librational frequencies were coman antisymmetric stretching vibrationy(B,) are presented with
pared with those calculated using empirically determined inarrows along the upper and lower zigzag chains, respectively. The
termolecular potentials. Raman measurements beyond Mydrogen bonds are symmetrized by putting the protsmsall
GPa at 100 K have been reported for HCl and HBr byspherep at the midpoints between the bromirkarge spheras
Johannseh.The spectra of HBr revealed a phase transitionneighbors.
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the vibrational state, allowing a detailed discussion on the T T T T

nature of phase transitions observed. HBr
42.8
42.8]
EXPERIMENT 41.5

, . . e 39.5
High pressure Raman spectra were measured with a dia- remtcsos e 375

mond anvil cell(DAC) at 298 K. Sample preparation and e merrrence 354

loading in the DAC were carried out in a glove box purged -w %32 e

with nitrogen gas. HBr gasstated purity 99.9%was con-

§ o

)

. ; L .- P 30.5
QUct_ed with a flexible teflon tube inside the DAC and solidi- D _w’\—/ \—-/\\vwz&s_
fied in a small sample chamber made by drilling a &® QC) - 26.1
hole on a rhenium metal sheet gn in thickness. The DAC r = %24'1
was cooled with liquid nitrogen below the melting tempera- - 'M:.b.’t\, 22'2_
ture of 185 K in order to solidify the conducted gas imme- -« 4 19'7
diately on the gasket. Rhenium was chemically inactive with M )
HBr acid. The 488 nm line of an Ar-ion laser was used for _MQ—J\._,/V\..__ 17.04
Raman excitation. Scattered lights from the sample were Kﬂ/\____wﬁo
analyzed with a single monochromator with a band-reject _"'\\"/\.“13.1_
filter placed in front of the entrance slit of the monochro- w‘/\—~11.7
mator to block the excitation laser lights. Spectra were re- m\..., 10.0
corded with a charge-couple-devi@8CD) detector capable —\,‘___,J\,._.. 9.1
of covering a wave number region of 3000 cthat once P R PR P R
with a spectral resolution of 2.3 ¢rh The excitation laser 0 500 1000 1500 2000 2500 3000 3500

light having a roughly estimated power of 10 mW was defo- Raman shift (cm™)
cused to about 8@xm in diameter on the sample surface in
order to avoid possible radiation damage of the sample. The FIG. 2. Raman spectra of solid HBr measured to 43 GPa at 298
pressure was determined on the basis of the ruby dcale. K. The inserted numerical values represent pressures in GPa. The
IR absorption spectra were measured for thick and thir-Ill phase transition occurs at 13 GPa with a peak splitting of the
samples with a small DAC. A thick sample was prepared bystretching mode located around 2000 ¢nand appearance of the
pushing solidified HBr into a 7um diameter and 3Qum librational and lattice modes. The stretching and librational peaks
thick chamber made in a rhenium gasket. A thin film wasdisappear above 39 GPa and the lattice peak with a shoulder newly
prepared by deposition of HBr gas onto the surface of egppez_ared in the Iqw frequency side remains. Spectral change with
metal gasket packed with a pressure medium of KBr fully intime is opserved in the top spectrum measurgd after 24 h from
its sample space. The film was pressurized between the diflessure increase to 42.8 GPa. Arrav one librational peak
mond and KBr medium. Thin diamond anvils of 1.2 mm _shown_ng F?rm' resonance. Arrobr th.e p_eak of By included as
thickness were employed to obtain absorption spectra ovePurty- Circlec:  spectral change with time at 42.8 GPa.
the whole measuring wave number region including absorp- RESULTS
tion bands due to the diamonds, allowing pressure generation
to a rather low pressure of about 35 GPa. Pressure generation Figure 2 shows the Raman spectra of HBr measured up to
beyond 35 GPa was achieved using 1.5 mm thick anvils a43 GPa. HBr molecule itself has only one intramolecular or
the cost of spectral measurement in the diamond absorpticstretching vibration. One broad peak observed around 2200
region. The absorption spectra were taken with a microscopem * at 13.1 GPa was hence assigned as the stretching
FT-IR spectrometer for a wavenumber region from 700 tomode. The stretching peak split into a doublet at about 13
5000 cm * with a selected spectral resolution of 4 ¢n GPa. In association with the peak splitting, several peaks
Measured Raman and IR spectra were corrected for emisppeared in the lattice vibrational region below 1000 tm
sion or absorption from the diamond anvils. Diamond exhib-The peaks around 900 ¢rh which were observed as a weak
its the first order Raman peak at 1333 ¢hand second one broad peak at low pressures, were assigned as librational
at about 2450 ci'. A reference Raman spectrum was takenmodes, while those below 300 crhas translational lattice
by moving slightly a focusing position of the excitation light modes. The splitting stretch peaks showed shift to low fre-
from the sample to the gasket surface. The spectrum thuguency and especially the shift of the lower frequency peak
measured was used to subtract the diamond peaks from tiweas very rapid. The librational peaks showed unusual pres-
raw spectrum and this correction was made at every measusure behavior. One librational peak at 836 ¢rfarrowa) in
ing pressure point. IR absorption peaks of diamond appear ithe 19.7 GPa spectrum, for instance, moved initially to high
the frequency region from 1700 to 2600 ch Reference frequency, turning to shift toward low frequency at about 30
spectra was measured in advance for an empty DAC contairtsPa. The peak intensity changed from increasing to decreas-
ing only a pressure medium of KBr in the gasket hole at ang also at about 30 GPa. Every translational lattice peak
pressure interval of about 3 GPa up to 50 GPa. The diamonohoved little to high frequency.
absorption was successfully removed from the raw spectrum Slight changes in spectra accompanied by phase transi-
by choosing an appropriate reference spectrum measured atians were observed at about 39 and 43 GPa. The Raman
corresponding pressure. peaks related to the molecular stretch and libration became
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weakened with increasing pressure and disappeared at about ' ' ' ' ' '
40 GPa eventually, while the translational lattice peaks re-
mained with slight changes in peak position and intensity.
The 39.5 GPa spectrum showed one strong peak at 289
cm L A slight increase in pressure produced a new peak in
the low frequency side of the original peak which showed a
gradual decrease in peak intensity. Their peak positions were
256 and 305 cm' at 42.8 GPa. No peak was observed in the
intramolecular vibrational region. Careful observation re-
vealed that the lattice vibrational spectrum changed gradu-
ally with time. The spectrum measured after keeping the
pressure at 42.8 GPa for 24 h showed an inversion in peak
intensity and a slight shift in the low-frequency peak posi-
tion. These spectral changes were found to be due to disso-
ciation of HBr molecules and subsequent formation of Br
molecules.

A peak steadily remaining at 300 ¢rhwould arise from
Br, molecules involved in the original gas sample as impu-
rity. The peak(arrow b in Fig. 2), whose position was in
agreement with that of the stretching vibration of, Br an
orthorhombic structur®® grew up to 22 GPa and disap-
peared at about 32 GPa. This intensity change does not
merely imply an increase or decrease iy Bmount but can
be interpreted as a resonance Raman effect. Raman intensity
is significantly enhanced for an excitation light having a pho- ‘
ton energy comparable to an electronic transition energy or stretch
band gap energy. The resonance probably occurred at about . . . . ! )
22 GPa in solid By for the excitation with the 488 nm light, 3500 3000 2500 2000 1500 1000 500 O
resulting in an intensity enhancement selectively for the Ra- Wavenumber (cm'1)
man peaks from Brmolecules. In order to estimate the
amount of solid By, we measured x-ray diffraction patterns  FIG. 3. Infrared absorption spectra of solid HBr measured for
for the pressurized solid HBr. No peak form solid,Bvas  the thin film (A) and thick sample(B). In (A), the spectra are
detected even at pressures around 22 GPa where the Ranfdifted with 0.3-unit increments in the vertical direction. No shift is
signal became most intense. The amount of Bpurity made in(B). The ITIII transition is observed at about 13 GPa in
contained in HBr solid was roughly estimated to be less tha/§°°d agreement with the Raman results.

0.1% in volume ratio. ) ] ] ]

Typical IR spectra measured for thin and thick Samp|e§|scussed later in detail. Mode assignment of_ Raman and
are shown in Figs. @) and 3B), respectively. The stretch- infrared peaks can hence be made on the basis of_those re-
ing peak exhibited very strong absorption and the wholg?orted in the low temperature Raman and infrared
peak shape was obtained for the thin flfig. 3A)]. A peak measurements:?2 Four fundamental I|brat|9nal modes,
splitting was observed at about 13 GPa in good agreemert.(A2), ¥.(B2), ».(A1), andv (B,), are predicted for the
with the Raman results. The doublet peaks merged into one

Absorbance

Absorbance

12.5 GP3g

3000 et

asymmetric broad peak with increasing pressure and col-

lapsed above 30 GPa. The IR spectra of the thick sample

showed an extremely saturated stretching peak in the fre- 2500 OI i WV
quency region from 1500 to 2500 ¢rh It barely showed a “E 0;; B,

tendency to shift toward low frequency with peak broaden- G 2000 o rch %% 1
ing. Above 14 GPa four peaks newly appeared in the low 2 N b
frequency side of the stretching peak again in agreement g 150 L .
with the Raman results. They were located at 710, 841, 967, = fﬁ%o .

and 1357 cm! in the spectrum taken at 20.4 GPa and as- 2 1000 - W 1
signed as the librational vibrations of HBr molecufe®n L libration % L.
further compression, absorption developed in the low fre- 500 - ‘ Ly L’ .
guency region and then extended to the high frequency re- "“"S’“""‘”‘ ETITII RN A
gion, covering the whole measuring region as shown in the o5 L | S
top spectrum taken at 47.5 GPa. The librational peaks were Pressure(GPa)

able to be measured to 25 GPa.

The peak frequencies obtained from the.0bserved Ramﬁ_m FIG. 4. The variation of vibrational frequencies with pressure
and infrared spectra are plotted as a function of pressure ifeasured for solid HBr. Solid and open symbols represent the peak
Fig. 4. The spectral changes at about 13 GPa are explainggquencies obtained by Raman scattering and infrared absorption
by I-lIl (Fm3m cubic; Cmc2; orthorhombig transition as  measurement, respectively. Fine solid lines are guides to eyes.
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FIG. 5. Raman spectra measured for solid HBr on unloading Pressure (GPa)
process. The observed four peaks are assigned as the stretching and
librational modes of solid Brhaving an ordinarfCmcaorthorhom- FIG. 6. Open circles represent Raman peak frequencies mea-
bic structure. sured for the dissociated phase of solid HBr on unloading process.

Solid circles are those measured for solid HBr on loading process.

Cmc2, orthorhombic structure of phase lll. However, the Solid lines represent Raman frequencies of solid @ported in
symmetry assignments of these modes are still inconclusivBef- 9. The Raman peak around 600 cnis assigned as the over-
and so here the observed peaks are labeledL,, L3 and _tone _o_f the stretching mode of BrThe remaining two peaks are not
L, in order to increasing frequency. A peak additionally ob-dentified.
served at about 1200 crh just after I-lll transition is as-
signed as a combination of the libratiohg. The Raman
peak of diamond around 1333 choverlaps this combina- ) ] ) : X
tion peak, interfering with the observation of the peak in 'I_'hey are mt_erpreted as the stretchlng and Ilboratlonal vibra-
the low pressure region. This missing peak can be measurdtpns of Br in @ Cmcaorthorhombic structuré’ The fre-
by IR absorption and the observed infrared frequencies arduencies measured on unloading process are plotted along
shown to connect smoothly with the Raman frequencies af/ith those reported for the orthorhombic phase of solig Br
about 24 GPa. The variation of the combination frequency ignéasured on loading process in Fig. 6. They are on the same
thus obtained for the whole pressure region measured. THE€S, indicating conversion from HBr to Bmolecules via
IR data are shown to complement those obtained by Ramaf€ high pressure phase IV. In the IR spectra, the chemical
measurement for the fundamental librational modes as well€action associated with dissociation of HBr molecules was
The phase Ill transforms to another high pressure phase &S0 observed. Spectra were measured for the specimen pres-
beled IV at about 39 GPa. surized to 50 GPa while the pressure was gradually released
The high pressure behavior of the stretching modes ifo ambient pressure..No ab;orption peak was recovered in
very similar between phases | and IIl. The peak of phase {h€ molecular stretching region around 2300 creven at
has an asymmetric shape with a shoulder in the low freSufficiently low pressures below 10 GPa.
guency sidgsee Raman and IR spectra given in Figs. 2 and
3), being well fitted with two Lorentzian peaks. They show DISCUSSION
frequency decreases at different rates and consequently the
peak splitting becomes large as the pressure is increased in
phase I. The tendency of frequency variation continues in A phase transition fromFm3m cubic to Cmc2; ortho-
phase Il after the transition at 13 GPa accompanied by ahombic structure occurs at 13 GPa. The Raman spectra of
frequency drop by about 80 cth The v¢(B,) stretching phase | show one broad peak at about 2300 cin the
frequency decreases monotonically to 39 GPa, while théntramolecular vibrational region and no peak in the lattice
vs(A,) stretching mode shows a more rapid decrease up teegion. The spectral feature is characteristic of molecular sol-
22 GPa and interactions with other vibrational modes aids having disordered structures. The peak broadening of the
higher pressures. Such interaction is known as Ferminolecular stretching mode arises from disordering in mo-
resonancé®* modifying the frequencies and Raman inten- lecular orientation and the missing of lattice peaks is due to
sities as the results of vibrational mode mixing. The resodack of long range order in molecular arrangement. The low
nance is observed for the. combination and.; modes. The temperature phase | has been determined to havenam
modified frequencies are shown to avoid to cross as clearlgubic structuré. The Raman and IR spectra show one broad
seen between they(A;) and v, around 26 GPa. peak at about 2500 cm,*® well corresponding to those ob-
Raman spectra measured at 29.4 and 15.7 GPa durirggrved for the high pressure phase existing from 0.5 to 13
pressure releasing from 43 GPa are shown in Fig. 5. ThesBPa. For theCm2; orthorhombic structure with regularly
spectral features are different from those measured for solidligned molecules, a vibrational mode analysis predicts two
HBr at the corresponding pressures on loading process, loosiolecular stretching A;, and B,), four liberational A,
ing spectral features in the librational and stretching vibraB,, A,, andB,), and three translational modef( A,,

tional regions. The Raman peaks appear only in the lattice
vibrational region around 160 and 300 chat 15.7 GPa.

Phase transition
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FIG. 7. Relative Raman intensities measured for solid HBr. The o
500 | -

ratio 1, /1, of each integrated peak intensity to that of theB,

antisymmetric stretching pedk is plotted as a function of pressure L I I vV
in a logarithmic scale. The resonandedandA, librational modes 0 | 1 . '*
show maxima at 30 and 36 GPa, respectively. The vibrational states 0 10 20 30 40 50

in the shaded area can be considered to be an off-resonanced ¢

pure vg(A,) stretching mode. Pressure (G Pa)

FIG. 8. The variation of the symmetric stretching frequency
andB,). All of them are Raman active, while those exceptwith pressure. The solid line presents a fitting curve obtained using
the translational and librational modes with symmetry are  all the experimental points in phase Ill. The stretching frequencies
IR active. The numbers of Raman and IR peaks obtained fo?f phase | are excluded in the fitting analysis but plotted with an
the high pressure phase above 13 GPa are in agreement wif{set of —3.3 GPa for comparison.
the prediction. An intermediate phase Il, which has been re-
ported to exist for a narrow temperature span of about 2 K The nature of hydrogen bonds in solid HBr seems to be
around 120 K was not observed at high pressure and 298 Kindependent on the molecular arrangement but determined
A recent Raman measurement has proposed presence of 4AuUghly by the hydrogen bond length. The structure of phase
other intermediate phasghase 1) between phase | and | consists of disordered protons forming hydrogen bonds
phase I8 The phase’lhas disordered hydrogen bonds andWith one of twelve equivalent neighboring Br atoms, while

can be distinguished from phase | by the asymmetric peaﬂ“at of phase Il consists of the infinite planar zigzag chains

shape of the stretching mode. Such asymmetricity was op?’ nydrogen bonded molecules. The stretching frequency,

served in our Raman and IR measurements as well. Howevé‘thh IS vglry sensitive té) the Zydroggntﬁor:dmg ﬁtate, ;hovv_i
it may be interpreted in terms of instantaneous formation oft VETY SImilar pressure dependence in e two phases in spite

: : ; f the large difference in the molecular arrangement. The
short chains of HBr molecules in the disordered phase b : ¢ f the svmmetric stretching frequenc
rather than appearance of a new high pressure pfase. ecreasing rates of the sy g 1 d Y

The IlI-IV phase transition at 39 GPa is interpreted inde(Al)/dp’ are determined to be 29 and—33 cm /GPa

T for phase | and phase Ill, respectively. A 10% decrease in the

terms of hydrogen bond symmetrization. TBenc2; Ortho-  gyetching frequency associated with the I-ll transition is
rhombic structure can be converFed into a symmetrlzeqlnaimy due to a corresponding shrinkage in the hydrogen
Cmcemorthorhombic structure by displacing the protons topong length. Formation of infinite hydrogen-bonded molecu-
the midpoints along the hydrogen bonding ak®se Fig. 1. |ar chains is likely less responsible for the stretching fre-
HBr molecules cannot be identified any Ionger and hence tthency and the decreasing rate. A frequency decrease of 110
peaks related to molecular vibrations should disappear. Fafm™! at the transition corresponds to compression by about
the Cmcmstructure, nine translational lattice modes are pre3.3 GPa or offset of~3.3 GPa in the frequency-pressure
dicted based on a vibrational mode analysis. Three of themplotting for phase I. Such offset allows the observed frequen-
Ag, Byg, andBg4, are Raman active. The 39 GPa spectrumcies to be connected smoothly across the I-lll transition and
with two peaks in the lattice region is in agreement with thethem to be fitted with one softening curysee Fig. 8 The
prediction although one lattice peak is missing. The transisame argument can be applied for the antisymmetric stretch-
tion to Cmcmphase has a second-order or nearly seconding frequencyvy(B,).
order character, showing gradual spectral changes toward the
transition pressure of 39 GPa. In other words, the hydrogen
bonds are symmetrized continuously in the zigzag chains by
compression. Johannsen has reported a possibility of hydro- The hydrogen bond symmetrization process is character-
gen bond symmetrization in solid HBr. Their Raman spectrdzed as a softening of the stretching vibration. Hydrogen
showed disappearance of the stretching peaks and sorbend symmetrization is realized when the protons move to
spectral changes in the lattice vibrational region at about 3zhe midpoints between the neighboring Br atoms. This pro-
GPa and at 100 K The reported peak positions are in agree-ton displacement will be driven by successive deformation of
ment with the present results, indicating a transition into thehe proton potential from a double to a single minimum
symmetric phase. shape. TheA; symmetric stretching mode in theme2;

Softening of the stretching mode
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structure is described as the collective motions of protons Molecular dissociation

along the hydrogen bond$ig. 1) and hence expected 10 he phase IV with symmetric hydrogen bonds is instable,
show a softening behavior reflecting the potential demrmadecomposing to form Bmolecules. The two Raman spectra
tlon predicted. The symmetric stretchllng freqyency Shows @ aasured at 42.8 GRaee Fig. 2 indicate slight change in
rapid de_crease in phase lli _and even in t_he disordered phagg, spectral profile with time owing to conversion of HBr

. T_he high pressure be_hav|or, _however, Is largely perturbeg, ;o0 jjes to By ones. Formation of Brmolecules is con-
owing to the vibrational interactions or resonance effects an¢ . ned from Raman spectra measured during pressure releas-
observation of the presumed softening behavior is interfere g. The four Raman peaks are located at the positions ex-
near the symmetrization point. actly same as those reported for solid ,Bat the

. . rE‘orresponding pressurés.The separated hydrogen atoms
the perturbed frequencies measured in the resonanced pregg 4 have to rather form jFimolecules than remain as radi-

sure region based on a simple model for Fermi resonancey s though no Raman signal from the conjecturgdriel-

ThedAlbstlretchlng moﬁe WOrLTJ]g mix with anotf;]er V|l:r)]rat|onal ecules was obtained. Solid Bwas opaque against the inci-
mode belonging to the sam&, symmetry, when the two gent laser light, the 488 nm line of an Ar-ion laser,

vibrational frequencies are close sufficiently. The resonance reventing the incident light from going inside the decom-

frequencies and Raman intensities are significantly modified <4 <olid. The effective volume for Raman scattering was

?hs t?e results of mode T'X'ﬁé'}rhe mlxmr? S:‘hOUId Vﬁn;fh as ¢ argely reduced and probably too small to provide detectable
€ frequencies separate far from each other and hence man signals of H molecules with much weak Raman

unperturbed vibrational states recover eventually. Such res%’cattering intensity compared to Anolecules. No segrega-

nance be_haV|or is observed f_or t!l@ fundamental and. tion of solid H, was found by visual observation with a mi-
combination peaks as seen in Fig. 4; consequentlylLthe croscope

p.eak. is assigned as ti#g librational mode and the com- Interchain Br-Br interactions seem to assist dissociation

dependence of thie, andA; librational frequencies changes
from increase to decrease around 25 and 30 GPa, resp
tively. This is due to mode mixing with the softenimy
stretching mode.

The librational modes show resonance behavior in Rama
intensity as well. The variation of Raman intensity with pres-
sure is plotted for each Raman mode in Fig. 7. The relativesond Br,; 8% the Cmcaorthorhombic structure of solid Br

intensity of thel.. combination mode increases up 10 an .,y pe ohtained simply by replacing the H atoms with Br in
extrapolated intensity of tha, stretching mode drawn as a ;

: c‘P?é 1. This molecular arrangement may allow formation of
shaded area at a_bout 25 G_Pa E.ind then beQ'F‘.S to decr_ease rge transfer interactions between the neighboring HBr
further compression. The librational mode initially assigned

-9 ) X molecules, which would be enhanced with increasing pres-
to thel . combination is thus converted into the stretching  ¢,re or decreasing interchain distance as observed for solid

mode around 30 GPa. Alsimi!ar intensity change is obtain_e%rz_ 1819 Gradual color change into entirely black by pressure
for the A, fundamental librational mode showing a maxi- jhcrease up to 40 GPa indicates that the optical absorption
mum intensity at about 36 GPa, where againAhdibration  ¢4ge moves from the visible to infrared region. The strength-

is converted into theA, stretch. The unperturbed Raman gping of the interchain bonds, in cooperation with the weak-
frequencies of thé, stretching mode thus obtained are plot- gping of the H-Br covalent bonds, is thus considered to be a
ted together with those measured at low pressures below Zg,ssjple driving force for the molecular dissociation.

GPa and the IR frequencies in Fig. 8. A phenomenologica
function!’” w=(w2—ap)*? is applied to fit the stretching
frequencies obtained for a pressure range from 14 to 40 GPa,
where wq is the frequency at ambient pressure amthe The vibrational spectra indicate two phase transitions at
pressure coefficient. The optimized parameters,  about 13 and 39 GPa. The former transition is interpreted as
=2401cm?! and a=1.38x10°cm %GPa, reproduce an Fm3m cubic to Cme2; orthorhombic transitior{l-Ill tran-
overall feature of the frequency variation observed, giving arsition) and the latter as a second-order or nearly second-order
extrapolated critical pressure of 42 GPa éor0. The actual transition associated with hydrogen bond symmetrization
hydrogen-bond symmetrization occurs at 39 GPa slightl/Ill-V transition). In addition, HBr molecules are found to

arent to brown in association with the I-1ll phase transition

f 13 GPa. Further compression changes it gradually black
and no visible light is transmitted above 40 GPa. This color
change is likely attributed to an increase in Br-Br interac-
flons between the parallelly aligned molecular chains. The
molecular arrangement of phase Ill is very similar to that of

SUMMARY

lower than the extrapolated pressure. dissociate to form Brmolecules at about 43 GPa.
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