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Phase transitions in solid DCI have been investigated by Raman spectral measurement up to 70 GPa at 298
K. The I-lll phase transition accompanied by orientational ordering of the molecules took place at 19.0
+0.5GPa, exactly the same pressure as observed for solid HCI. A further transition with hydrogen bond
symmetrization(lll-1V transition) was observed at about 5& GPa higher by 5 GPa than the symmetrization
pressure of HCI 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.

I. INTRODUCTION hydrogen-bonded molecules. Temperature elevation gives
rise to transitions from phase Il to phase Il at 98 K and
Hydrogen bonding plays a dominant role in molecularsuccessively to phase | at 120 K. The phase Il has an ortho-
arrangement and physical or chemical properties in solidghombicCmcastructure with Cl atoms located essentially in
The bonding nature is characterized by directionality likethe same positions as those in phase Ill and H atoms in
covalent bonding and proton transfer along the bonds. Thévofold disordered positions around Cl atoms. In phase |, Cl
former nature is readily recognized in diamondlike structuresatoms construct a face-centered-cubic lattiEen@m) with
of ice and the latter in phase transitions such as &ompletely disordered protons occupying one of twelve
ferroelectric-dielectric transition of KDP. The proton, which equivalent sites. The sequential transformation from the or-
occupies one minimum of a double-minimum potential underdered to disordered structure via the partially disordered one
ordinary conditions, can transfer between the two minimas interpreted as a staged breaking of hydrogen bonds by
separated by a midpoint potential barrier by quantumithermally activated vibrations. The same structural sequence
mechanical tunneling motion. The frequency of proton transhas been observed for HBr at ambient pressure: -1l transi-
fer depends on the potential shape: the height of midpointion at 90 K and I-1l transition at 114 K on heating.
barrier and the distance between two minima. Applying pres- High-pressure phase transitions have been investigated for
sure would reduce the barrier height and the minimum-HCI and HBr experimentally and theoretically. The phase
minimum distance and is hence expected to change dramatliagram involving I, Il, lll and plausible’lI phases was de-
cally the nature of hydrogen bonding. Pressure-inducedermined by Raman and Brillouin scattering measurements in
phase transitions have therefore been investigated for a varktemperature range of 20—300 K and a pressure range of 0.1
ety of hydrogen-bonded molecular solids including ice andviPa—20 GPa% ' At room temperature, the disordered
KDP. In a couple of years, an interest on hydrogen bondghase | transformed to the ordered phase Il at 19.0 GPa in
symmetrization(proton relocation to the bond midpojnt HCI and at 13.0 GPa in HBr. A further transition into a high
seems to be growing in experimertd and theoretical re- pressure phasg@hase I\f with symmetrized hydrogen bonds
search fields:® was observed at 51 and 39 GPa for HCI and HBr, respec-
Hydrogen chloride is a polar diatomic molecule forming tively, at ambient temperature by Raman measurement up to
hydrogen bonds in solid phases. Three crystalline phases aseveral 10 GP&"!® The structural stability and vibrational
known to exist at low temperature and ambient pres§tite. property of solid HBr under pressure were theoretically stud-
The lowest temperature phagghase Il) has an orthorhom- ied wusing a first-principle  molecular  dynamics
bic Cme2; structure consisting of planar zigzag chains ofsimulation'®!’ The calculated results well reproduced the
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relative stability between phases | and Ill and the essential VAR R
aspects of vibrational states in agreement with the experi- W DCI
mental results. Raman and Brillouin measurements revealed R
that HCIl and HBr exhibited a quite similar behavior in phase M\ \__\‘w“a
transition and vibrational property under pressure. One dif- A 43.5
ference found was the stability or instability of symmetric > M /\ﬁ_\,,wssg
phase. Dissociation reaction from HBr into,Band possibly 5 W ’
H, was observed immediately after transition to symmetric GC_) W 37.4
phase IV in HBr, whereas symmetric phase IV in HCI main- = 357
tained at least 55 GPa well above the symmetrization pres- - LAW '
sure of 51 GPa**° 19.7
We have measured Raman spectra of DCl up to 70 GPa at M 172
298 K. The purpose was to investigate the isotope effects on '
the vibrationpal sptates especially asgsociated withpthe molecu- P 18 GPa
lar stretching motions along the hydrogen-bonding axis and — ‘10'00' ' '20'00‘ — '30'00' '

also on the phase transitions accompanied by molecular re-

Raman shift (cm™)

orientation or hydrogen bond symmetrization.
FIG. 1. Raman spectra of DCI measured in the pressure range of
1.8-47.3 GPa. A transition from phase | to Il is observed at 19.0
GPa, showing splitting of the stretching peak in the frequency re-
Raman spectra of DCI were measured with a pistongion of 1600-1800 cimt and appearance of the librational and
cylinder type diamond-anvil ce{DAC). A moving piston translational lattice peaks below 1000 ¢ Dramatic changes in
and a cylinder body separated in advance for sample loadin ak intensity due to mixing of vibrational modes are observed in
were cooled in a liquid nitrogen bath below a melting tem-the pressure ranges of 35-39 and 39-47 GPa as marked by arrows.
perature of DCI of 158 K. DCI gas of 99% purity was intro- The peaks with asterisks are those from @purity contained in
duced with a polymer tube to the sample chamber prepareffe sample.
by drilling an about 5Qum hole in a 30um thick metal. The
gasket material employed was rhenium metal chemically in-
active to DCI acid. The separated piston and cylinder werés clearly displayed in a spectrum measured at 19.7 GPa. The
quickly set up and the solidified sample was squeezed in theroadened stretching peak splits into intense, well resolved
cooled DAC to several GPa. The DAC was then warmed tgeaks at 1643 and 1787 ¢ In addition to the peak split-
room temperature for Raman measurement. The 488-nm liniéng, three translational and four librational lattice peaks ap-
of Ar-gas laser was used for Raman excitation. The scattereggear in the frequency regions of 150—-400 ¢nand 400—
lights from the sample were collected in a 180° back-800 cm '}, respectively. These newly appeared lattice peaks
scattering configuration and analyzed with a single monotend to move slowly to high frequency with increasing pres-
chromator. Spectra were recorded with a CCD detectosure. The spectral changes well correspond to those observed
(800% 2000 pixels) capable of covering a wave number sparfor HCI at the same pressure of 19.0 GPa, being interpreted
of 3000 cm* with a 2.3 cm'* resolution. Pressure was de- as a phase transition from cubem3m to orthorhombic
termined on the basis of the ruby pressure scale proposed f@mc2; structure'® The split peaks at 1643 and 1787 ¢t
quasihydrostatic conditiotf. are assigned as ah,; symmetric and &8, antisymmetric
Typical Raman spectra of DCI measured in the pressurgtretching mode. The lattice vibrational peaks, which are in-
range up to 47 GPa are shown in Fig. 1. The second-ordefistinct in the 19.7-GPa spectrum, become intense and sharp
Raman peaks of diamond around 2450 ¢nwere removed peaks at higher pressures. In a 35.7-GPa spectrum the Raman
by subtracting a reference diamond spectrum from the ravseaks located at 218, 262, and 403 ¢rmay be assigned to
spectrum. The reference spectrum was taken by moving,, A, andB, translational modes, and those at 521, 642,
slightly the laser focusing point from the sample center to &753, and 900 cm‘to A,, B;, A;, andB, librational modes,
surrounding metal gasket surface. The first-order diamongespectively, although there have still been contradictory in
peak at 1333 cnt was not satisfactorily removed by the peak assignmert!’*2°The I-IIl phase transition starting at
spectrum subtraction. A 1.8-GPa spectrum shows one shang.3 GPa is complete by 19.7 GPa. The transition pressure
peak alone at 1986 ¢, which is attributed to the stretching was determined to be 19.0 GPa by averaging these pressures
vibration of DCI molecule. With increase in pressure to and found to be in good agreement with the pressure deter-
about 19 GPa, the stretching peak moves rapidly toward lowhined from the fluorescence spectrum of an enclosed ruby
frequency, becoming a broadened and asymmetric shape. gl just located by the I-1ll phase boundary in the sample.
Raman peak is recognized in the low frequency region down The spectral profile of phase Ill changes dramatically with
to 200 cm'*, indicating absence of long-range ordering inincreasing pressure, whereby the softening stretching peak
the molecular arrangement. With the exception of the peaknvades the librational frequency region below roughly 1200
position, the spectral feature is identical to that observed fogm™1, The A, stretching peak located at 1643 Thjust after
the low-temperature phase’ IThe low-pressure phase ob- ||| transition moves to about 1300 crhat 35.7 GPa across
served below 19.0 GPa is hence assigned as orientationaliife diamond peak at 1333 ¢ A small peak begins to
disordered phase | with Bm3m cubic structure. appear at 1226 cnt in the low frequency side of the stretch-
The spectral change associated with I-1ll phase transitioing peak. This shoulder peak grows rapidly with a slight

Il. EXPERIMENTALS AND RESULTS



PRB 61 RAMAN STUDY OF PHASE TRANSITION AND . .. 121

LA L L 2500 T T T T T 1T T
: DCl
ook | 1l v
— L T B
e "z stretch
L
= < 1500 | R ]
— = A "y
(] = 1 1]
GC.) @ AA‘““‘M J
+— c at -
c S 1000 [ o
- £ libration
3] aad  _aaasd
o s :A:‘ ::A“““ .
a A o ooo
500 _— ::AAA .----""""'::.
oo
o b
PRYN R SN R S SN SR U T S (U SR SN SR SO S NS 3 1
0 n 1 " 1 L L : 1 2 [ T " 1 "
200 400 800 800 1000 0 10 20 30 40 50 60 70 80
Raman shift (cm™) Pressure (GPa)

FIG. 2. Raman spectra of DCI measured in the pressure range of F|G. 3. The variation of Raman frequencies of DCI with pres-
47-67 GPa. Three lattice peaks observed in a 47.3-GPa spectrugire. I-1l and IlI-IV phase transitions are readily identified at 19.0
are gradually alternated with those of shaded peaks in a 66.6-GRahd 56 GPa, respectively. The stretching and librational frequencies
spectrum. These spectral changes can be interpreted as a phage significantly modified owing to mixing of vibrational modes as
transition fromCme2; to Cmcmstructure with hydrogen bond seen at pressures around 36 and above 43 GPa.
symmetrization. The peaks with asterisks are those froymn@u-
rity contained in the sample.

plots (Fig. 3). Since the stretching peak of disordered phase |
was largely asymmetric, it was practically fitted with two

increase in pressure to 38.9 GPa at the expense of the intenseaks to obtain the optimized fitting results. The stretching
stretching peak. Such peak growth is also observed for arfrequencies of phase | thus obtained show an abrupt drop by
other librational peak staying steadily at approximately 750roughly 100 cm* in association with I-1ll phase transition at
cm ! at pressures between 35 and 50 GPa. This librational9.0 GPa. The\; symmetric andB, antisymmetric stretch-
peak shows a rapid increase in intensity up to about 50 GPiag frequencies continue to decrease, whereas the frequen-
and a shift toward low frequency down to the translationalcies of the librational and translational modes are found to
lattice region above 40 GR@ee also Raman spectra given increase. It should be noted that a mixing of vibrational
Fig. 2. These spectral changes are attributed to mixing omodes occurs around 36 GPa, at which #he stretching
the vibrational modes, in the present case, between the sofirequency almost reaches the overtone frequency of libration.
ening A, stretching and the overtone or fundamental libra-The two frequencies, which should have crossed each other
tional modes belonging to the samAg symmetry. around 36 GPa, avoid crossing and separating on further

Dramatic spectral changes arising from phase transitioeompression. Such unusual behavior arising from vibrational
are observed in the lattice region at pressures of 50—60 GRaode mixing is often called as Fermi resonaft® An
(Fig. 2). The A, stretching peak located at 657 chat 52.6  anomalous change in frequency is also observed for the fun-
GPa gradually disappears during a pressure increase up to 88mentalA; libration. Its frequency increases monotonically
GPa, whereas a new peak grows at about 430'c@hanges up to 41 GPa and then turns to decrease above it. The IlI-IV
in the spectral feature are also observed in the region gbhase transition is clearly identified at 56 GPa. The lattice
200-300 cm?; the two lattice peaks merge into a single peaks of phase IV show a slight increase in frequency on
peak at about 58.5 GPa. One peak located around 508 cmfurther compression to 70 GPa.
remains unchanged, showing a continuous shift to high fre- The mode mixing results in dramatic changes in peak in-
quency. Eventually, three lattice peaks remain at pressurdensity as well as in vibrational frequency. Integrated peak
above 60 GPa and the other peaks originally related to mantensities are plotted as a function of pressure for Ahe
lecular motions such as stretching and rotational vibrationstretching mode and its partners in the mixed states, the over-
disappear completely. These spectral changes indicate th@ine and fundamental librational modes, in Fig. 4. The inten-
the phase Ill transforms to another high-pressure phassity of the stretching peak, which shows pressure-insensitive
(phase 1V likely with a high symmetry structure. The phase behavior at low pressures, begins to decrease at about 30
transition proceeds sluggishly, starting at 54 GPa and comGPa. Synchronously, the intensity of the overtone peak in-
pleting at 58 GPa. The transition pressure was hence detecreases by an order of 2 with a further increase in pressure to
mined to be 56 2 GPa by taking the midpoint pressure. The 37 GPa, reaching a maximum value nearly equal to those of
spectral feature of phase IV was converted reversibly tdhe stretching mode obtained below 30 GPa. The Raman
those of phase Il and phase | with a slight hysteresis in th@eak with the highest intensity thus seems to be alternated
transition pressures as the pressure was released from With the overtone peak. The peak intensity of the fundamen-
GPa, the highest pressure reached, to ambient pressure. tal libration shows a similar change in intensity, increasing

The phase transitions and the vibrational mode mixingsapidly in the pressure region of 40—-47 GPa at the expense
are more clearly demonstrated in the frequency vs pressuie the peak intensity of the overtone libration. The highest
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FIG. 4. The variation of the peak intensities of stretching and _F!G- 5. Raman active vibrational modes for tenc2, (phase
librational modes with pressure. The overtone and fundameqtal ') @rdCmem(phase 1V structures of KD)CI. Both the structures
librational modes are mixed with and converted into Ajestretch- ~ Contain two molecules in the primitive lattices.
ing mode at pressures where the peak intensities become equal to
those of the unmixed\; stretching peak below 30 GPa.

The unperturbed or bare frequencies would be derived from

the observed mixed-state frequencies by analyzing them us-
intensity peak seems again to be alternated withthkbra-  ing a simple resonance modebr a mode coupling modéf.
tional peak in the pressure range of 47-51 GPa. The inteA/e can, however, distinguish readily the unmixed or
sity change was shown to be explained in terms of the mix*purely” stretching states from the mixed states with the aid

ing ratio of coupled vibrational modés. of the measured Raman intenstfyAs shown in Fig. 4, the
overtone and fundamental librational modes are converted
Il DISCUSSION into theA; stretching mode in the pressure regions of 37-43

GPa and 47-51 GPa, respectively. The integrated intensities

The 1lI-1V transition observed at 56 GPa is interpreted inof the Raman peaks originally assigned as the overtone and
terms of hydrogen bond symmetrization. In the symmetrizedundamental librational modes become nearly equal to those
phase, the D atoms should occupy the midpoints between tha the stretching mode measured at low pressures below 30
neighboring Cl atoms in the zigzag chains. The centering ofsPa. This consideration allows us to select the purely
the D atoms changes the space group of crystal structurgretching vibrations as represented with solid symbols in
from Cmc2; to Cmcmand consequently the vibrational Fig. 4. The stretching frequencies thus selected are plotted as
states. A factor group analysis predicts three translationa function of pressure in Fig. 6 along with those of HREf.
lattice modes with Raman activity for bot@mc2,; and  14) by following the same procedure. It is noted here that the
Cmcm structures and additional four librational and two DCI stretching frequencies are corrected for mass difference
stretching modes for thEmc2, structure. Approximate vi- using the relationyyc/ vpo= (Mp/my) ¥4 (my+me)/(mp
brational motions are drawn for the fundamental vibrational+mg)]¥? nearly equal ta/2. Their uncorrected frequencies
modes in Fig. 5. The spectral changes associated with Ill-I\tan be read from the axis of ordinates on the right. The
transition are definitely in agreement with those predictedpressure behavior of the stretching frequency is found to be
from the factor group analysis; the Raman peaks related tquite similar between HCI and DCI, showing a rapid de-
the rotational and stretching motions of DCI molecule disap-crease in frequency up to about 50 GPa and deceleration
pear and the translational lattice peaks remain as alreadsbove it.
shown in Figs. 2 and 3. The remaining three lattice peaks, The softening behavior of the stretching vibration is inter-
which are presented by dark shaded peaks in a 66.6-GRaeted as arising from shape changes in the hydrogen bond-
spectrum, provide an evidence of formation of the symmeing potential with pressure. The vibrational state of proton in
trized hydrogen bonds in phase IV. A phase transition withone-dimensional potential deforming from a double to a
hydrogen bond symmetrization has also been observed fa@ingle minimum shape has numerically been calculated using
solid HCI by Raman measureméfitThe transition pressure a generalized double Morse potenfialThe essential fea-
determined from the spectral change was 51 GPa slightljures of the calculated results are illustrated in Fig. 7. The
lower than that determined for DCI in the present measurepotential minima are well separated from each other by a
ment. midpoint barrier and the vibrational states localized at one

The pressure variation of the stretching frequency prominimum are approximately described by the harmonic os-
vides more detailed insight into the symmetrization processcillation model[Fig. 7(a)]. The stretching peak frequencies
The stretching modes show clearly a softening behavior iimeasured by Raman scattering correspond to an excitation
phase | and Ill(Fig. 3). Above 40 GPa, the frequencies are from the ground to first excitation level. Depression of the
modified significantly owing to the vibrational mode mixing. midpoint barrier by applying pressure causes energy-level
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FIG. 7. The pressure variation of hydrogen bonding potential
Pressure (GPa) and proton(deuteron vibrational states are schematically drawn on
o ) ) the basis of the calculated resuliRef. 23. The thick and thin
FIG. 6. The Va“?‘t'or_‘ of purely stretching frequenpy with pres- ., ves represent the energy levels of proton and deuteron vibra-
sure. Open and solid circles represent the frequencies of HCI anﬁbns, respectively. In the energy vs pressure curves, the deuteron

DCI, respectively. Those of DCI were corrected for atomic massjprational energies are supposed to be corrected for mass differ-
difference(see text The axis of ordinates on the right gives their ence by a factor of abou? to allow immediate comparison with
uncorrected frequencies. The solid lines are drawn for the guides tg,  ca of proton vibration.

eyes.

splitting in the first excitation statfrig. 7(b)]; the excited The increased difference in the stretching frequency at
vibrational state with an energy even below the barrier togligher pressure can be explained in terms of tunneling ef-
can split into 1 and " levels owing to proton tunneling. fects. As displayed in Fig. 7, the first excitation and ground
Energy level splitting occurs successively in the ground stattates show successively energy splitting owing to tunneling
when the barrier top is further depressed to its energy levefransfer of proton(deuteron. The Sshape variation of the
which splits into 0 and Dlevels again owing to proton tun- frequency with pressureee again the solid curves in Fig. 6
neling [Fig. 7(c)]. The observed Raman frequencies corre-can qualitatively be explained in terms of tunneling effects.
spond here to the '0-1 excitation energy. The vibrational The tunneling splitting will take place earlier in proton vi-
energy levels thus Changed are Schematica“y drawn for prd)ratlon than in deuteron vibration as shown for the first ex-
ton vibration (thick line) and for deuteron vibratiorithin ~ Citation statdFig. 7(b)] and the ground staféig. 7(c)]. The
line) in the bottom of Fig. 7. It should be noted that the €arlier 0~0" splitting in proton vibration, for example, re-
vibrational energies of deuteron are corrected again here fgiults in a faster decrease in the-01 excitation energy and
mass difference to allow immediate comparison with thosdience in the Raman stretching frequency. This is exactly
of proton. what we have found in the frequency-pressure relations at
The isotope effects on the stretching vibration are clearlypressures around 45 GE&g. 6); the stretching frequency of
seen in Fig. 6. The frequencies of proton vibration are lo-HCI falls slightly earlier than that of DCI to produce a large
cated below those of deuteron vibration over the whole presirequency difference of about 230 cfnat 50 GPa. The en-
sure range measured. Careful investigation reveals that fr&rgy diagram in Fig. 7 also gives an explanation to a gradual
quency difference becomes large as the pressure increagiecrease in Raman intensity observed for the stretching peak
about 126 cm* in frequency at 20 GPa and about 230¢m  in association with 1ll-IV phase transition. For theé-01
at 50 GPa. The isotope substitution may influence thdk@man excitation, the peak intensity is related to the popu-
stretching vibration through both anharmonicity and tunnelJation of the initial state of Olevel, [ exp€qy/kT)—1]"". The
ing; the former would be dominant at low pressures and thécrease in the 8 0" splitting reduces the population of 0
latter at high pressures. At low pressures roughly below 4devel and consequently the Raman intensity associated with
GPa, protor{deuteron oscillates at the bottom of one mini- the 0 —1 excitation. The Raman peak originating from the
mum well approximated with a quadratic forfisee Fig. Stretching vibration exhibits a rapid decrease in intensity
7(a)]. However, the actual potential curve would deviatenear the symmetrization pressure in HCI compared with DCI.
downward from the ideal quadratic or harmonic curve as thd his can be attributed to the large tunnel splitting produced
energy rises apart from the bottom toward the barrier topin proton vibration.
This anharmonicity leads to lowering of the first excitation
Ieyel Qf proton vibration largely compared to that of deuteron IV. SUMMARY
vibration, since the former has an energy level abdlt
times as high as the latter. The anharmonicity in the potential The phase transitions in DCI were investigated by Raman
thus explains the frequency difference between HCI and DCineasurement up to 70 GPa and at 298 K. The I-III transition
in the rather low-pressure region. accompanied by ordering in molecular orientation took place
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