PHYSICAL REVIEW B VOLUME 58, NUMBER 13 1 OCTOBER 1998-I

Phase study on solid hydrogen bromide by high-pressure
and low-temperature Raman spectroscopy
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Pressure-temperatur®{T) phase diagram for solid hydrogen bromi@éBr) was determined over a wide
region up to 15 GPa in pressure and down to 20 K in temperature, by means of Raman spectroscopy. From the
change in Raman spectra, the stability regions of the cubic pliaesl I') and the orthorhombic phasés
and Ill) were clarified. Ferroelectric phase lll is stable in a witld range and phase Il does not exist at room
temperature. The triple point of phasésll, and Ill exists aroundP=7.5 GPa and'=230 K.
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. INTRODUCTION which allowed us to determine thB-T regions of those
phases.
Hydrogen bromid€HBr) is one of the simplest molecules
forming hydrogen bonds in solid states. A great deal of at- Il. EXPERIMENTS

tention has been paid to the interesting structure character- _ _ _ _
ized by the hydrogen bond, e.g., quasi-one-dimensional zig- A HBr specimen was loaded into a diamond-anvil cell
zag chains of the molecules in the low-temperature phase I1{PAC) by spraying its vapor into a hole of the gasket of the

At ambient pressure, HBr shows four solid phases. As th&AC that was cooled by liquid N The HBr solidified on
temperature decreases, HBr freezes from the liquid into cufl® gasket was sealed by translating the lower diamond. The

. = loading of HBr was done in a sealed vessel filled with dry
bic phase | Em3m) (Ref. 1) at 186.3 K, and undergoes nitrogen gas to avoid inclusion of contamination. After the

transitions successively to the cubic phas¢la3) (Ref. ) appropriate pressure was applied, the DAC was warmed to
at 116.9 K, orthorhombic phase IC(nca (Ref. 2 at 113.7  room temperature. The coexistence pressure of liquid and
K, and orthorhombic phase Illdmc2;) (Ref. 2 at 89.7 K.  solid phase | was about 0.3 GPa at room temperature.
The solid phases I,'] and Il are orientationally disordered Raman-scattering measurements of the specimen were car-
phases. The hydrogens are randomly distributed among 1#ed out in a backscattering geometry. The spectra were ex-
6, and 2 equivalent positions in phases’|,dnd Il, respec- cited by a 514.5 nm line of an Ar ion laser and recorded by
tively. In those disordered phases, the molecules are believet spectrometefJASCO NR180D equipped with a triple
to undergo rapid flipping, temporarily forming the hydrogen monochromator and a liquid-nitrogen-cooled charge-coupled
bond to one of the nearest neighbors. On the other hand, itevice detector.
the low-temperature phase lll, the hydrogens are fully or- To measure the Raman spectra under various tempera-
dered, forming planar zig-zag chains of the molecules. Thisures and pressures, we controlled the temperature of the
phase is well known to show ferroelectricity. specimen that was pressurized at room temperature. The
Several authofs® characterized these phases by Ramarspecimen in the DAC was cooled by a closed-cycle-type He
spectra: phase I; a broad stretching band, phase II; two broagtyostat(lwatani Cryomin) and the temperature was moni-
stretching bands of nearly equal intensity, and phase IlI; twaored and stabilized with a controlléiwatani TCU-4. Tem-
sharp stretching bands and several lattice peaks. For phase perature fluctuations during the present experiment were
the Raman spectrum is still not clear. within =0.5 K. The pressure applied to the specimen was
Although many kinds of experiments have been made fomeasured with the ruby-scale method, which was extended
solid HBr, the pressure-temperature-T) phase diagram is to low-temperature experimerits.
still little known. Johannsen, Helle, and Holzapféiave in- When the Raman spectra of H-Br stretching vibration
vestigated theP-T phase diagram of HBr by Raman spec- were measured, the second-order Raman signal arising from
troscopy, and suggested that phase 1V, showing symmetrithe diamond anvil was superimposed around 2500 ‘cas
hydrogen bonds exists at pressures above 32 GPa and at 1@Background, which prevented data analyses. To remove the
K. However, their experiments were limited in a narrow tem-background, the broad diamond signals were measured by
perature range between 100 and 250 K. In particular, théocusing the beam on the gasket under the same condition,
regions of phases Il and were not clear at all. In this paper, and was subtracted from the spectra.
we present a phase study on the molecular solid HBr up to
about 15 GPa in pressure and from room temperature down IIl. RESULTS
to 20 K by Raman spectroscopy using a diamond-anvil cell.
The Raman spectral changes corresponding to the phase The Raman spectra of intramolecular stretching and inter-
transitions among 1,’| 1l, and Il were clearly observed, molecular (lattice) vibrations were measured for the
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FIG. 2. Pressure-temperature phase diagram of HBr. The data

FIG. 1. Raman spectra measured for various pressures at 200 Koint at which Raman spectra were measured, are plotted by open
(@ and (b) correspond to the frequency regions of lattice andsquares(phase Il), open trianglegphase I}, open circles(phase
stretching vibrations, respectively. With increasing pressure, phasd$), open diamondséphase ) and solid circlegliquid).

I, 1,11, and Il appear sequentially.

one molecule in the primitive cell, phasé possesses four
pressure-induced crystalline HBr in DAC up to about 15 GPamolecules in the primitive cell, which can give rise to vibra-
and down to 20 K. Figure 1 shows typical Raman spectra ofional Davydov splitting for the stretching mode. According
the solid HBr obtained under various pressures at 200 K. 10 a recent x-ray stud¥’ the solid phase at room temperature
this figure,(a) and(b) correspond to the frequency regions of shows a cubic structure up to about 13 GPa, suggesting that
lattice and stretching vibrations, respectively. At 0.2 GPa, wdhe solid phase at higher pressures above phase | is a cubic
can see a symmetric-shape Raman band of stretching modehase if it exists. Therefore, we believe at present that the
which indicates the existence of phase I. With increasinggrowth of the shouldefFig. 1(b)] is attributed to the transi-
pressure the weak shoulder is found to appear at higher fréion from cubic phase | to cubic phase I
guency side. Although the Raman spectra of phasas not Figures 3a) and 3b) show the Raman spectra measured
been identified, we believe that the growth of the shoulder isiround 5 and 8 GPa, respectively, as a function of tempera-
due to the phase transition to phase The discussion on ture in quasi-isobaric process. With decreasing temperature,
phase 1 will be made later. Next, the phase transition to
phase Il is clearly observed around 4.5 GPa by the spectral T
changes into the two broad stretching bands with almost the (a) P=
same intensityand by discontinuous shift of the peak fre-
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quencies. In these orientationally disordered phés¢sand g (5.5 GPa) n
II), we could observe no distinct peak in the lattice vibra- g (5235(;,53)
tional region. Broad and weak bands observed around 9; 209 K
200 cm ! have been suggested to arise from vibrational lat- B (5.3 GPa) .
@
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tice modes in the zig-zag chains forming temporafilyn EAEt ;
Fig. 1(a), we can observe the sudden appearance of the lat- 220 K
(5.2 GPa)

tice peaks above 5.5 GPa, which corresponds to the transi-
tion to the fully ordered phase I}1® We also find that the 0
low-frequency band of the stretching modes; (mode is

200 4007 2000 2200 2400 2600

stronger in intensity than the high-frequency band; ( 2 (b) P=76 GPa

mode. These data points for phases 1, Il, and Il are z | /\

plotted in theP-T phase diagram as shown in Fig. 2. s 230K I
Previously, several authdrsreported the existence of a 2 (72.%?::) /\

cubic phase(denoted here as')l at a narrow temperature % (7.6GPa)/\

range between | and Il. According to the neutron-diffraction E (fgg,'fa) r

experiment made at ambient pressure by Cockcroft, Simon, 0 200 4605000 5506 2505600

Ziebeck! the intermediate phase has a cubic structure in
which the bromine atoms are positioned at fcc lattice points

and the hydrogens are located between the bromine atoms in FIG. 3. Temperature dependence of Raman spectra in solid HBr
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sixfold disordered arrangements. In contrast to phase | witlaround(a) 5 GPa andb) 8 GPa.
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the pressure in the DAC increases as indicated in these fig 2500

ures, which is probably due to the contraction of the DAC. °:é o 0200 K '°e : (c) 295K

Around 5 GPdFig. 3a)], we observed the successive spec- 2% [ 11 %% 1

tral changes corresponding to the-4ll and ll—Ill transi- £ 2300} L ! B b1 Sy 0|

tions as the temperature decreases. The asymmetric stretc § b Ne m 5 °%

ing band characterizing phasé ¢hanges suddenly to the L‘é 2200 B Ll N e 0]

broad-doublet band of phase Il below 209 K. Further spectral 2 500l | ~ i ]

changes in stretching and lattice modes take place at 200 K g : . :

demonstrating the transition to phase Ill. On the other hand,> 2000} A 1 I

around 8 GP4Fig. 3(b)] the spectra of phase Il were not | 1 "l JLiq 'g

obtained. The spectra obtained at 233 K shows the stretchin Ii i 1 m ,{( r I

band corresponding to phaseand also indicates the small 18000 —5 i R R i y R —

lattice peak, which suggests the coexistence of phasad Pressure (GPa) Pressure (GPa)

Ill. Therefore, we find that phasé undergoes the transition

to phase Il not via phase II. FIG. 4. (8 Ty_pical result of the deconvolution of th_e stretching
As seen in Figs. 1 and 3, th&l, 11-111, and 1'-11l tran- band of phase’linto two bands. The observed stretching band and

sitions give rise to the rapid and drastic changes in the speéwo bands obtained by the deconvolution are shown by solid and
ashed curves, respectivelp) and(c) Pressure dependence of the

tral feature, which allowed us to determine easily those hasg . .
boundaries. As is noted in Fig. 1, however, it isyrather F(;iffi- requencies of the separated bandiba200 K and(c) 295 K. Solid

cult to determine the I{Iphase boundary because the stretch—and open circles correspond to the main peak and the shoulder,

ing bands of phase | and &re similar to each other and the respectively'. The peak frequencies for phase Il and Il are also
. . .~ shown by triangles and squares, respectively.
shoulder grows gradually. To identify the pressure at which
the shoulder appears, we deconvoluted all the spectra ¢¢=7.5 GPa andr=230 K. The phase boundary between
phases | and'linto two bands that are the combination of phase | and’ldetermined from the spectral analyses is indi-
Gaussian and Lorentzian lines, as shown in Fi@).4The  cated by a dashed line. We can see that phasehich exists
frequencies of the separated bands are plotted as a functiém the narrow temperature range at ambient pressure, occu-
of pressure at 200 and 295 K in Figgbf#tand 4c), respec- pies a wideP-T range. In order to confirm the region of
tively. The peak frequencies in phase Il and Il are also plotphase 1, detailed structural analyses, which can determine
ted with triangles and squares, respectivéidthough the the positions of hydrogens, or NMR studies, which can ob-
shoulder is associated with they mode for phase Ill, only tain the information of the molecular motion, are needed
the peak frequencies are plotteth the low-pressure region, under high pressures.
the shouldeXopen circlegis located at almost the same fre-  In conclusion, we made the-T phase study of the mo-
guency as the main pedkolid circleg, suggesting that the lecular solid HBr by high-pressure Raman spectroscopy us-
stretching band consists of only one band. However, above ing a diamond-anvil cell. From the the spectral changes in
particular pressure indicated by dashed lines, the separatidhe stretching- and lattice-vibrational modes, the phase dia-
between the main peak and shoulder becomes remarkablgram was obtained at pressures up to about 15 GPa and
demonstrating that one stretching mode splits into two. Frontemperatures from room temperature down to 20 K. Conse-
the analyses mentioned above, we determined the transitiaguently, the stability regions of phases’l, ll, and Ill were

pressure between phases | ahétl each temperature. clarified. Phase Ill is stable in a wide T range, but phase I
Combining the phase transition points determined fromexists in a small region and vanishes above 7.5 GPa. The
the present Raman results with the transition temperatures aiple point of phases’] I, and Il exists aroundP

ambient pressure reported previously, the phase boundaries7.5 GPa andl=230 K. Since the present experiments
were drawn, as shown in Fig. 2. As seen in the obtalrell  were limited below 15 GPa, the phase transition to phase IV
phase diagram, phase Il is stable in a wildl region. On  suggested by Johannsen, Helle, and Holzépfels not con-

the other hand, phase Il shows only a small stability regiorfirmed. To determine thé-T region of the high-pressure
and does not exist at temperatures higher than about 230 iohase 1V and to explore the new phase, a further phase study
The triple point of [, I, and Il was found to exist around has been currently in progress in our laboratory.

1J. K. Cockcroft, A. Simon, and K. R. A. Ziebeck, Z. Kristallogr. 5M. Ito, M. Suzuki, and T. Yokoyama, J. Chem. Phg§), 2949
184, 229(1988. (1969.

2A. Ikram, B. H. Torrie, and B. M. Powell, Mol. Phyg§9, 1037 7P. G. Johannsen, W. Helle, and W. B. Holzapfel, J. Pt®yaris,
(1993. For solid DBr, the crystal structures are determined. Collog. 45, C8(1984.

Solid HBr is assumed to be the same structure. 8H. Shimizu, H. Yamaguchi, S. Sasaki, A. Honda, S. Endo, and M.
3S. Hoshino, K. Shimaoka, and N. Niimura, Phys. Rev. L&, Kobayashi, Phys. Rev. B1, 9391(1995.

1286(1967). °D. J. Genin, D. E. CReilly, E. M. Peterson, and T. Tsang, J.
4M. Ito, Chem. Phys. Lett7, 439 (1970. Chem. Phys48, 4525(1968.

5J. E. Vesel and B. H. Torrie, Can. J. Ph§$, 592 (1977. 10y Matsushita and K. Aokiprivate communication



