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Raman study of phase transition and hydrogen bond symmetrization
in solid DCl at high pressure
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Phase transitions in solid DCl have been investigated by Raman spectral measurement up to 70 GPa at 298
K. The I-III phase transition accompanied by orientational ordering of the molecules took place at 19.0
60.5 GPa, exactly the same pressure as observed for solid HCl. A further transition with hydrogen bond
symmetrization~III-IV transition! was observed at about 5662 GPa higher by 5 GPa than the symmetrization
pressure of HCl previously determined. The bond symmetrization is realized when the midpoint barrier sepa-
rating two potential minima along the hydrogen-bonding axis is depressed and smeared out quantum mechani-
cally. The observed isotope effects on the symmetrization pressure are hence interpreted in terms of proton
~deuteron! tunneling transfer in the hydrogen bonding potential, which gradually is deformed toward a single
minimum shape with increasing pressures.
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I. INTRODUCTION

Hydrogen bonding plays a dominant role in molecu
arrangement and physical or chemical properties in sol
The bonding nature is characterized by directionality l
covalent bonding and proton transfer along the bonds.
former nature is readily recognized in diamondlike structu
of ice and the latter in phase transitions such as
ferroelectric-dielectric transition of KDP. The proton, whic
occupies one minimum of a double-minimum potential un
ordinary conditions, can transfer between the two mini
separated by a midpoint potential barrier by quantu
mechanical tunneling motion. The frequency of proton tra
fer depends on the potential shape: the height of midp
barrier and the distance between two minima. Applying pr
sure would reduce the barrier height and the minimu
minimum distance and is hence expected to change dram
cally the nature of hydrogen bonding. Pressure-indu
phase transitions have therefore been investigated for a
ety of hydrogen-bonded molecular solids including ice a
KDP. In a couple of years, an interest on hydrogen bo
symmetrization~proton relocation to the bond midpoin!
seems to be growing in experimental1–4 and theoretical re-
search fields.5,6

Hydrogen chloride is a polar diatomic molecule formin
hydrogen bonds in solid phases. Three crystalline phase
known to exist at low temperature and ambient pressure7–9

The lowest temperature phase~phase III! has an orthorhom-
bic Cmc21 structure consisting of planar zigzag chains
PRB 610163-1829/2000/61~1!/119~6!/$15.00
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hydrogen-bonded molecules. Temperature elevation g
rise to transitions from phase III to phase II at 98 K a
successively to phase I at 120 K. The phase II has an or
rhombicCmcastructure with Cl atoms located essentially
the same positions as those in phase III and H atoms
twofold disordered positions around Cl atoms. In phase I,
atoms construct a face-centered-cubic lattice (Fm3̄m) with
completely disordered protons occupying one of twe
equivalent sites. The sequential transformation from the
dered to disordered structure via the partially disordered
is interpreted as a staged breaking of hydrogen bonds
thermally activated vibrations. The same structural seque
has been observed for HBr at ambient pressure: II-III tran
tion at 90 K and I-II transition at 114 K on heating.

High-pressure phase transitions have been investigate
HCl and HBr experimentally and theoretically. The pha
diagram involving I, II, III and plausible I8 phases was de
termined by Raman and Brillouin scattering measurement
a temperature range of 20–300 K and a pressure range o
MPa–20 GPa.10–13 At room temperature, the disordere
phase I transformed to the ordered phase III at 19.0 GP
HCl and at 13.0 GPa in HBr. A further transition into a hig
pressure phase~phase IV! with symmetrized hydrogen bond
was observed at 51 and 39 GPa for HCl and HBr, resp
tively, at ambient temperature by Raman measurement u
several 10 GPa.14,15 The structural stability and vibrationa
property of solid HBr under pressure were theoretically st
ied using a first-principle molecular dynamic
simulation.16,17 The calculated results well reproduced t
119 ©2000 The American Physical Society
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120 PRB 61KATOH, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
relative stability between phases I and III and the essen
aspects of vibrational states in agreement with the exp
mental results. Raman and Brillouin measurements reve
that HCl and HBr exhibited a quite similar behavior in pha
transition and vibrational property under pressure. One
ference found was the stability or instability of symmet
phase. Dissociation reaction from HBr into Br2 and possibly
H2 was observed immediately after transition to symme
phase IV in HBr, whereas symmetric phase IV in HCl ma
tained at least 55 GPa well above the symmetrization p
sure of 51 GPa.14,15

We have measured Raman spectra of DCl up to 70 GP
298 K. The purpose was to investigate the isotope effects
the vibrational states especially associated with the mole
lar stretching motions along the hydrogen-bonding axis
also on the phase transitions accompanied by molecula
orientation or hydrogen bond symmetrization.

II. EXPERIMENTALS AND RESULTS

Raman spectra of DCl were measured with a pist
cylinder type diamond-anvil cell~DAC!. A moving piston
and a cylinder body separated in advance for sample loa
were cooled in a liquid nitrogen bath below a melting te
perature of DCl of 158 K. DCl gas of 99% purity was intro
duced with a polymer tube to the sample chamber prepa
by drilling an about 50mm hole in a 30mm thick metal. The
gasket material employed was rhenium metal chemically
active to DCl acid. The separated piston and cylinder w
quickly set up and the solidified sample was squeezed in
cooled DAC to several GPa. The DAC was then warmed
room temperature for Raman measurement. The 488-nm
of Ar-gas laser was used for Raman excitation. The scatte
lights from the sample were collected in a 180° bac
scattering configuration and analyzed with a single mo
chromator. Spectra were recorded with a CCD detec
(80032000 pixels) capable of covering a wave number sp
of 3000 cm21 with a 2.3 cm21 resolution. Pressure was de
termined on the basis of the ruby pressure scale propose
quasihydrostatic condition.18

Typical Raman spectra of DCl measured in the press
range up to 47 GPa are shown in Fig. 1. The second-o
Raman peaks of diamond around 2450 cm21 were removed
by subtracting a reference diamond spectrum from the
spectrum. The reference spectrum was taken by mov
slightly the laser focusing point from the sample center t
surrounding metal gasket surface. The first-order diam
peak at 1333 cm21 was not satisfactorily removed by th
spectrum subtraction. A 1.8-GPa spectrum shows one s
peak alone at 1986 cm21, which is attributed to the stretchin
vibration of DCl molecule. With increase in pressure
about 19 GPa, the stretching peak moves rapidly toward
frequency, becoming a broadened and asymmetric shape
Raman peak is recognized in the low frequency region do
to 200 cm21, indicating absence of long-range ordering
the molecular arrangement. With the exception of the p
position, the spectral feature is identical to that observed
the low-temperature phase I.8 The low-pressure phase ob
served below 19.0 GPa is hence assigned as orientatio
disordered phase I with aFm3̄m cubic structure.

The spectral change associated with I-III phase transi
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is clearly displayed in a spectrum measured at 19.7 GPa.
broadened stretching peak splits into intense, well resol
peaks at 1643 and 1787 cm21. In addition to the peak split-
ting, three translational and four librational lattice peaks a
pear in the frequency regions of 150–400 cm21 and 400–
800 cm21, respectively. These newly appeared lattice pe
tend to move slowly to high frequency with increasing pre
sure. The spectral changes well correspond to those obse
for HCl at the same pressure of 19.0 GPa, being interpre
as a phase transition from cubicFm3̄m to orthorhombic
Cmc21 structure.14 The split peaks at 1643 and 1787 cm21

are assigned as anA1 symmetric and aB2 antisymmetric
stretching mode. The lattice vibrational peaks, which are
distinct in the 19.7-GPa spectrum, become intense and s
peaks at higher pressures. In a 35.7-GPa spectrum the Ra
peaks located at 218, 262, and 403 cm21 may be assigned to
A2 , A1 , andB2 translational modes, and those at 521, 64
753, and 900 cm21 to A2 , B1 , A1 , andB2 librational modes,
respectively, although there have still been contradictory
peak assignment.9,17,19,20The I-III phase transition starting a
18.3 GPa is complete by 19.7 GPa. The transition press
was determined to be 19.0 GPa by averaging these press
and found to be in good agreement with the pressure de
mined from the fluorescence spectrum of an enclosed r
ball just located by the I-III phase boundary in the sampl

The spectral profile of phase III changes dramatically w
increasing pressure, whereby the softening stretching p
invades the librational frequency region below roughly 12
cm21. TheA1 stretching peak located at 1643 cm21 just after
I-III transition moves to about 1300 cm21 at 35.7 GPa across
the diamond peak at 1333 cm21. A small peak begins to
appear at 1226 cm21 in the low frequency side of the stretch
ing peak. This shoulder peak grows rapidly with a slig

FIG. 1. Raman spectra of DCl measured in the pressure rang
1.8–47.3 GPa. A transition from phase I to III is observed at 1
GPa, showing splitting of the stretching peak in the frequency
gion of 1600–1800 cm21 and appearance of the librational an
translational lattice peaks below 1000 cm21. Dramatic changes in
peak intensity due to mixing of vibrational modes are observed
the pressure ranges of 35–39 and 39–47 GPa as marked by ar
The peaks with asterisks are those from Cl2 impurity contained in
the sample.
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PRB 61 121RAMAN STUDY OF PHASE TRANSITION AND . . .
increase in pressure to 38.9 GPa at the expense of the in
stretching peak. Such peak growth is also observed for
other librational peak staying steadily at approximately 7
cm21 at pressures between 35 and 50 GPa. This libratio
peak shows a rapid increase in intensity up to about 50 G
and a shift toward low frequency down to the translatio
lattice region above 40 GPa~see also Raman spectra give
Fig. 2!. These spectral changes are attributed to mixing
the vibrational modes, in the present case, between the
ening A1 stretching and the overtone or fundamental lib
tional modes belonging to the sameA1 symmetry.

Dramatic spectral changes arising from phase transi
are observed in the lattice region at pressures of 50–60
~Fig. 2!. TheA1 stretching peak located at 657 cm21 at 52.6
GPa gradually disappears during a pressure increase up
GPa, whereas a new peak grows at about 430 cm21. Changes
in the spectral feature are also observed in the region
200–300 cm21; the two lattice peaks merge into a sing
peak at about 58.5 GPa. One peak located around 500 c21

remains unchanged, showing a continuous shift to high
quency. Eventually, three lattice peaks remain at press
above 60 GPa and the other peaks originally related to
lecular motions such as stretching and rotational vibrati
disappear completely. These spectral changes indicate
the phase III transforms to another high-pressure ph
~phase IV! likely with a high symmetry structure. The phas
transition proceeds sluggishly, starting at 54 GPa and c
pleting at 58 GPa. The transition pressure was hence d
mined to be 5662 GPa by taking the midpoint pressure. T
spectral feature of phase IV was converted reversibly
those of phase III and phase I with a slight hysteresis in
transition pressures as the pressure was released from
GPa, the highest pressure reached, to ambient pressure

The phase transitions and the vibrational mode mixin
are more clearly demonstrated in the frequency vs pres

FIG. 2. Raman spectra of DCl measured in the pressure rang
47–67 GPa. Three lattice peaks observed in a 47.3-GPa spec
are gradually alternated with those of shaded peaks in a 66.6-
spectrum. These spectral changes can be interpreted as a
transition from Cmc21 to Cmcm structure with hydrogen bond
symmetrization. The peaks with asterisks are those from Cl2 impu-
rity contained in the sample.
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plots ~Fig. 3!. Since the stretching peak of disordered phas
was largely asymmetric, it was practically fitted with tw
peaks to obtain the optimized fitting results. The stretch
frequencies of phase I thus obtained show an abrupt drop
roughly 100 cm21 in association with I-III phase transition a
19.0 GPa. TheA1 symmetric andB2 antisymmetric stretch-
ing frequencies continue to decrease, whereas the freq
cies of the librational and translational modes are found
increase. It should be noted that a mixing of vibration
modes occurs around 36 GPa, at which theA1 stretching
frequency almost reaches the overtone frequency of librat
The two frequencies, which should have crossed each o
around 36 GPa, avoid crossing and separating on fur
compression. Such unusual behavior arising from vibratio
mode mixing is often called as Fermi resonance.21,22 An
anomalous change in frequency is also observed for the
damentalA1 libration. Its frequency increases monotonica
up to 41 GPa and then turns to decrease above it. The II
phase transition is clearly identified at 56 GPa. The latt
peaks of phase IV show a slight increase in frequency
further compression to 70 GPa.

The mode mixing results in dramatic changes in peak
tensity as well as in vibrational frequency. Integrated pe
intensities are plotted as a function of pressure for theA1
stretching mode and its partners in the mixed states, the o
tone and fundamental librational modes, in Fig. 4. The int
sity of the stretching peak, which shows pressure-insensi
behavior at low pressures, begins to decrease at abou
GPa. Synchronously, the intensity of the overtone peak
creases by an order of 2 with a further increase in pressur
37 GPa, reaching a maximum value nearly equal to thos
the stretching mode obtained below 30 GPa. The Ram
peak with the highest intensity thus seems to be alterna
with the overtone peak. The peak intensity of the fundam
tal libration shows a similar change in intensity, increasi
rapidly in the pressure region of 40–47 GPa at the expe
of the peak intensity of the overtone libration. The highe

of
um
Pa
ase

FIG. 3. The variation of Raman frequencies of DCl with pre
sure. I-III and III-IV phase transitions are readily identified at 19
and 56 GPa, respectively. The stretching and librational frequen
are significantly modified owing to mixing of vibrational modes
seen at pressures around 36 and above 43 GPa.
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122 PRB 61KATOH, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
intensity peak seems again to be alternated with theA1 libra-
tional peak in the pressure range of 47–51 GPa. The in
sity change was shown to be explained in terms of the m
ing ratio of coupled vibrational modes.21

III. DISCUSSION

The III-IV transition observed at 56 GPa is interpreted
terms of hydrogen bond symmetrization. In the symmetriz
phase, the D atoms should occupy the midpoints between
neighboring Cl atoms in the zigzag chains. The centering
the D atoms changes the space group of crystal struc
from Cmc21 to Cmcm and consequently the vibrationa
states. A factor group analysis predicts three translatio
lattice modes with Raman activity for bothCmc21 and
Cmcm structures and additional four librational and tw
stretching modes for theCmc21 structure. Approximate vi-
brational motions are drawn for the fundamental vibratio
modes in Fig. 5. The spectral changes associated with II
transition are definitely in agreement with those predic
from the factor group analysis; the Raman peaks relate
the rotational and stretching motions of DCl molecule dis
pear and the translational lattice peaks remain as alre
shown in Figs. 2 and 3. The remaining three lattice pea
which are presented by dark shaded peaks in a 66.6-
spectrum, provide an evidence of formation of the symm
trized hydrogen bonds in phase IV. A phase transition w
hydrogen bond symmetrization has also been observed
solid HCl by Raman measurement.14 The transition pressure
determined from the spectral change was 51 GPa slig
lower than that determined for DCl in the present measu
ment.

The pressure variation of the stretching frequency p
vides more detailed insight into the symmetrization proce
The stretching modes show clearly a softening behavio
phase I and III~Fig. 3!. Above 40 GPa, the frequencies a
modified significantly owing to the vibrational mode mixin

FIG. 4. The variation of the peak intensities of stretching a
librational modes with pressure. The overtone and fundamentaA1

librational modes are mixed with and converted into theA1 stretch-
ing mode at pressures where the peak intensities become equ
those of the unmixedA1 stretching peak below 30 GPa.
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The unperturbed or bare frequencies would be derived fr
the observed mixed-state frequencies by analyzing them
ing a simple resonance model21 or a mode coupling model.22

We can, however, distinguish readily the unmixed
‘‘purely’’ stretching states from the mixed states with the a
of the measured Raman intensity.15 As shown in Fig. 4, the
overtone and fundamental librational modes are conve
into theA1 stretching mode in the pressure regions of 37–
GPa and 47–51 GPa, respectively. The integrated intens
of the Raman peaks originally assigned as the overtone
fundamental librational modes become nearly equal to th
of the stretching mode measured at low pressures below
GPa. This consideration allows us to select the pur
stretching vibrations as represented with solid symbols
Fig. 4. The stretching frequencies thus selected are plotte
a function of pressure in Fig. 6 along with those of HCl~Ref.
14! by following the same procedure. It is noted here that
DCl stretching frequencies are corrected for mass differe
using the relation,nHCl /nDCl5(mD /mH)1/2@(mH1mCl)/(mD
1mCl)#1/2 nearly equal to&. Their uncorrected frequencie
can be read from the axis of ordinates on the right. T
pressure behavior of the stretching frequency is found to
quite similar between HCl and DCl, showing a rapid d
crease in frequency up to about 50 GPa and decelera
above it.

The softening behavior of the stretching vibration is inte
preted as arising from shape changes in the hydrogen b
ing potential with pressure. The vibrational state of proton
one-dimensional potential deforming from a double to
single minimum shape has numerically been calculated u
a generalized double Morse potential.23 The essential fea-
tures of the calculated results are illustrated in Fig. 7. T
potential minima are well separated from each other b
midpoint barrier and the vibrational states localized at o
minimum are approximately described by the harmonic
cillation model @Fig. 7~a!#. The stretching peak frequencie
measured by Raman scattering correspond to an excita
from the ground to first excitation level. Depression of t
midpoint barrier by applying pressure causes energy-le

d

l to

FIG. 5. Raman active vibrational modes for theCmc21 ~phase
III ! andCmcm~phase IV! structures of H~D!Cl. Both the structures
contain two molecules in the primitive lattices.
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PRB 61 123RAMAN STUDY OF PHASE TRANSITION AND . . .
splitting in the first excitation state@Fig. 7~b!#; the excited
vibrational state with an energy even below the barrier
can split into 1 and 18 levels owing to proton tunneling
Energy level splitting occurs successively in the ground s
when the barrier top is further depressed to its energy le
which splits into 0 and 08 levels again owing to proton tun
neling @Fig. 7~c!#. The observed Raman frequencies cor
spond here to the 0821 excitation energy. The vibrationa
energy levels thus changed are schematically drawn for
ton vibration ~thick line! and for deuteron vibration~thin
line! in the bottom of Fig. 7. It should be noted that th
vibrational energies of deuteron are corrected again here
mass difference to allow immediate comparison with tho
of proton.

The isotope effects on the stretching vibration are clea
seen in Fig. 6. The frequencies of proton vibration are
cated below those of deuteron vibration over the whole p
sure range measured. Careful investigation reveals that
quency difference becomes large as the pressure incre
about 126 cm21 in frequency at 20 GPa and about 230 cm21

at 50 GPa. The isotope substitution may influence
stretching vibration through both anharmonicity and tunn
ing; the former would be dominant at low pressures and
latter at high pressures. At low pressures roughly below
GPa, proton~deuteron! oscillates at the bottom of one min
mum well approximated with a quadratic form@see Fig.
7~a!#. However, the actual potential curve would devia
downward from the ideal quadratic or harmonic curve as
energy rises apart from the bottom toward the barrier t
This anharmonicity leads to lowering of the first excitati
level of proton vibration largely compared to that of deuter
vibration, since the former has an energy level about&
times as high as the latter. The anharmonicity in the poten
thus explains the frequency difference between HCl and D
in the rather low-pressure region.

FIG. 6. The variation of purely stretching frequency with pre
sure. Open and solid circles represent the frequencies of HCl
DCl, respectively. Those of DCl were corrected for atomic m
difference~see text!. The axis of ordinates on the right gives the
uncorrected frequencies. The solid lines are drawn for the guide
eyes.
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The increased difference in the stretching frequency
higher pressure can be explained in terms of tunneling
fects. As displayed in Fig. 7, the first excitation and grou
states show successively energy splitting owing to tunne
transfer of proton~deuteron!. The S-shape variation of the
frequency with pressure~see again the solid curves in Fig. 6!
can qualitatively be explained in terms of tunneling effec
The tunneling splitting will take place earlier in proton v
bration than in deuteron vibration as shown for the first e
citation state@Fig. 7~b!# and the ground state@Fig. 7~c!#. The
earlier 0208 splitting in proton vibration, for example, re
sults in a faster decrease in the 0821 excitation energy and
hence in the Raman stretching frequency. This is exa
what we have found in the frequency-pressure relations
pressures around 45 GPa~Fig. 6!; the stretching frequency o
HCl falls slightly earlier than that of DCl to produce a larg
frequency difference of about 230 cm21 at 50 GPa. The en-
ergy diagram in Fig. 7 also gives an explanation to a grad
decrease in Raman intensity observed for the stretching p
in association with III-IV phase transition. For the 0821
Raman excitation, the peak intensity is related to the po
lation of the initial state of 08 level, @exp(E08/kT)21#21. The
increase in the 0208 splitting reduces the population of 08
level and consequently the Raman intensity associated
the 0821 excitation. The Raman peak originating from th
stretching vibration exhibits a rapid decrease in intens
near the symmetrization pressure in HCl compared with D
This can be attributed to the large tunnel splitting produc
in proton vibration.

IV. SUMMARY

The phase transitions in DCl were investigated by Ram
measurement up to 70 GPa and at 298 K. The I-III transit
accompanied by ordering in molecular orientation took pla

FIG. 7. The pressure variation of hydrogen bonding poten
and proton~deuteron! vibrational states are schematically drawn
the basis of the calculated results~Ref. 23!. The thick and thin
curves represent the energy levels of proton and deuteron v
tions, respectively. In the energy vs pressure curves, the deut
vibrational energies are supposed to be corrected for mass d
ence by a factor of about& to allow immediate comparison with
those of proton vibration.

-
nd
s

to



e
-

e
n
h
p

a,
a-
by
gy

nol-

124 PRB 61KATOH, YAMAWAKI, FUJIHISA, SAKASHITA, AND AOKI
at 19.060.5 GPa in agreement with that previously observ
for HCl. The III-IV transition characterized by symmetriza
tion of the hydrogen bonds was observed at 5662 GPa
higher by 5 GPa than that of HCl. The difference in symm
trization pressure was qualitatively explained in terms of tu
neling transfer in the hydrogen bonding potential, whic
gradually changes from a double to a single minimum sha
with increasing pressure.
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