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High-pressure elastic properties of the orientationally disordered and hydrogen-bonded
phase of solid HCl

H. Shimizu, K. Kamabuchi, T. Kume, and S. Sasaki
Department of Electronics, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan

and CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan
~Received 22 July 1998; revised manuscript received 30 November 1998!

By using in situ Brillouin spectroscopy in a diamond-anvil cell, we have measured the direction-dependent
acoustic velocities and the refractive index in the orientationally disordered and hydrogen-bonded solid phase
I of hydrogen chloride~HCl! at pressures up to 4.5 GPa and 300 K, leading to the first determinations of
adiabatic elastic constants (C11, C12, andC44), bulk modulus (BS), and the elastic anisotropy~A! to 4.5 GPa.
These results are compared with those of solids of the same type H2S and NH3. We investigate the effect of the
strength of hydrogen bonds on theA value which is sensitive to the rotation-translation coupling of molecular
motions under compression.@S0163-1829~99!01318-1#
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I. INTRODUCTION

Raman and Brillouin scattering techniques with t
diamond-anvil cell~DAC! are useful to study high-pressu
optical and elastic properties of simple molecular soli
which are important to a wide range of problems in mole
lar and planetary sciences.1 Raman scattering of crystallin
solids at high pressure provides information about struct
properties, phase transitions, and interatomic and inter
lecular forces. High-pressure Brillouin scattering can be u
to probe acoustic velocities, which yield the determinatio
of elastic constants, bulk modulus, the refractive index, a
the equation of state of materials.2

Recently, we had developed high-pressure Brillouin sp
troscopy for molecular single crystals grown in a DAC:3,4 A
complete mapping of the acoustic velocities in the vario
crystal directions, the refractive index, and the full set
adiabatic elastic constants can be exactly determined witin
situ identification of the crystal orientation at each press
by analyzing the observed angular dependence of aco
velocities. This elaborate method has been applied to an
portant group of simple molecular solid phase encounte
first at room temperature with increasing pressure: H2S,3,5

CO2,
6 H2O,7–9 CH4,

10 Kr,11 and NH3.
12 High-pressure stud

ies of this group can explore a wide range of bond geom
and strength.

Our studied molecular solids are classified in Table I
having or not having the hydrogen bond and the molecu
rotation, where solid HCl is the case of the present stu
HCl, H2S, and NH3 solids show both the hydrogen bond a
the molecular rotation in an orientationally disordered~OD!
face-centered-cubic~fcc! phase, that is, in their plastic phas
I, I, and III, respectively. As seen in Fig. 1~a!, each HCl
molecule has 12 equally probable equilibrium orientatio
and random flips between these occur by the breaking
remaking of temporary hydrogen bonds. Solid CH4 shows
the typical fcc OD phase I above 1.6 GPa at 300 K, but it
no hydrogen bond at all and has a closed-shell spherical e
tronic configuration like rare-gas solids@see Fig. 1~b!#. The
rare-gas solid Kr has a fcc structure at pressures above
GPa at 300 K, and does not contain rotating molecules@see
Fig. 1~c!#. Therefore solid Kr can be regarded as a stand
PRB 590163-1829/99/59~18!/11727~6!/$15.00
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crystal for studying fcc molecular solids.
In this paper, we present the first results ofin situ Bril-

louin scattering in solid phase I of hydrogen chloride HCl
pressures up to 4.5 GPa and 300 K, and determine the p
sure dependence of acoustic velocities for all directions,
refractive index, the density, adiabatic elastic consta
(C11, C12, andC44), adiabatic bulk modulus (Bs), and the
elastic anisotropy@A52C44/(C112C12)#. These results of
one Cl-H bonded HCl are compared with our previous
sults of two S-H bonded H2S ~Refs. 3 and 5! and three N-H
bonded NH3.

12 Furthermore, from a point of view presente
in Table I and Fig. 1, we will investigate the effect of hydr
gen bonds on the molecular rotation and on the elasticity
particular on the elastic anisotropy which is sensitive to
rotation-translation~RT! coupling of molecular motions un
der compression.10

II. EXPERIMENT AND ANALYSIS

For loading a HCl sample in a DAC, we condensed co
mercial gaseous HCl~purity, 99.999%! by spraying its vapor
into the gasket hole~diameter 0.2 mm, depth 0.2 mm! of the
DAC cooled in a liquid-nitrogen bath. When the hole w
full of solidified HCl, the upper diamond was translated
seal the sample. To avoid the contamination into the sam
the above procedure was carried out in the nitrogen at
sphere. After adequate pressure had been applied, the

TABLE I. Classification of pressure-induced cubic molecu
solids at 300 K by having~s! or not having~3! the hydrogen bond
and the molecular rotation.

Simple molecular
solids

Hydrogen
bond

Molecular
rotation Type

HCl, H2S, NH3 s s ~1!

H2O s 3 ~2!

CH4 3 s ~3!

Kr 3 3 ~4!

CO2 3 3 ~4!
11 727 ©1999 The American Physical Society
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was warmed to room temperature.4 A single crystal of HCl
was grown by increasing the pressure on a seed cry
which coexists with the liquid at 0.7 GPa. No pressure tra
mitting medium was used. The pressure was measured b
ruby-scale method.

For Brillouin measurements, the 514.5 nm argon-ion la
line (l0) with a single longitudinal mode was used with a
input power level of about 100 mW. The heart of the app
ratus was a Sandercock tandem Fabry-Perot interferome13

which was used in a triple-pass arrangement. The Brillo
frequency shifts~Dn! at 60°, 90°, and 180° scattering geom
etries with the DAC~angles between incident and scatter
beams! are related to the acoustic velocity~y! as follows:2

FIG. 1. Pressure-induced fcc crystal structures of~a! HCl ~phase
I!, ~b! CH4 ~phase I!, and~c! Kr at 300 K. Solid HCl shows both the
hydrogen band and the molecular rotation~s s!, and solid CH4
shows only the molecular rotation~3s!. In the structure of~b!
CH4, the directions of polarization for a LA and two TA mode
propagating alonĝ110& direction are shown to define the elast
anisotropyA5(yTA2

/yTA1
)252C44/(C112C12).
al,
-

the

r

-
r,
n

Dn605y60/l0 , ~1!

Dn905&y90/l0 , ~2!
and

Dn1805~2n!y180/l0 , ~3!

where the wave vectorq of the acoustic phonons is paralle
~60° and 90°! and perpendicular~180°! to the interfaces of
the input and output diamonds crossed by the laser be
andy60 andy90 are independent of the refractive index~n! of
the medium. By using Eq.~3!, we can determine the refrac
tive index, becauseDn180 is measured, andy180 is calculated
by our in situ Brillouin scattering method described next.

From the Brillouin equation for the cubic system, Every14

derived the relation between sound velocities for arbitr
directions and elastic constants (C11, C12, C44). Thery j

2 is
expressed as a function of six parameters as follows:

ry j
25 f j~C11,C12,C44,qx ,qy ,qz!, ~4!

wherer is density, subscriptj ~50, 1, 2! indicates LA, TA1
~slow!, and TA2 ~fast! modes, respectively, andqx , qy , and
qz are direction cosines of the phonon. For the application
these results to our experimental system, we set up the
metrical relation of Cartesian coordinates: Euler angles~u, f,
x! relate the laboratory frame~X, Y, Z! to the crystal refer-
ence frame~x, y, z!. The y j therefore can be expressed as
function of six parameters:

y j5gj~C11/r,C12/r,C44/rx ,u,f,x!, ~5!

where qx5cosu cosf cosx2sinf sinx, qy5
2cosu cosf sinx2sinf cosx, andqz5sinu cosf. In order
to determine three Euler angles and three elastic constan
each pressure, we measured the Brillouin frequency shift
60° or 90° scattering geometry at 10° intervals of the rotat
anglef about the load axis of the DAC. Next, we applied
computerized least-squares fit between calculationsgj (f i)
and experimental velocities (f i , y j i ) as a function of angle
f i :

J5(
i j

@gj~f i !2y j i #
2, j 50,1,2, ~6!

whereJ is minimized by systematically varying the six pa
rameters until the fit is optimized. As a result, we can det
mine acoustic velocities for all directions within situ identi-
fication of the crystal orientation~u, f, x! at each pressure

III. RESULTS AND DISCUSSION

We have determined the pressure dependence of
acoustic velocities, the refractive index, the density, the
larizability, adiabatic elastic constants, bulk modulus, a
the elastic anisotropy in HCl solid phase I~Ref. 15! at pres-
sures up to 4.5 GPa and 300 K. These results are comp
with our previous results for H2S, NH3, and other simple
molecular solids.

A. Acoustic velocity

Figure 2 shows a typical Brillouin spectrum of solid HC
at 2.44 GPa. The longitudinal~LA ! and two transverse (TA1,
TA2) modes are clearly observed. Brillouin measurement
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60° scattering geometry were made at 10° intervals of ro
tion anglef about the load axis of the DAC in the laborato
frame. The observed Brillouin frequency shifts, that
acoustic velocities at 2.44 GPa, are plotted as a function of
as open circles in Fig. 3. To analyze the angular depende
of the acoustic velocities for the LA, TA1, and TA2 modes,
we used Eqs.~5! and ~6!. We found excellent agreemen
between the measured and the fitted values, as seen in F
which yieldedC11/r511.4060.02,C12/r58.1260.02, and
C44/r54.9660.01 km2/s2, and the crystal orientation in th
DAC (u530.460.2° andx566.160.1° at 2.44 GPa!. Fig-
ure 4 shows the pressure dependence ofCi j /r determined
for liquid ~up to 0.7 GPa! and solid HCl at room temperature
The square of bulk sound velocity,yB

2 @5(C11

12C12)/(3r)# is also presented by a dotted line.
Once the six parameters were determined, the acou

velocities could be calculated for all directions. In Figs. 5~a!
and 5~b!, the HCl sound velocities of solid phase I are sho
respectively for̂ 100& and ^110& directions as a function o
pressure up to 4.5 GPa at 300 K, and our previous result
the H2S ~phase I! and NH3 ~phase III! velocities are also
presented for comparisons. All LA and TA velocities in the
OD phases of HCl, H2S, and NH3 solids show almost the
same pressure dependence, but their values of acousti
locities are different. To compare these sound velocities,
show the pressure dependence of bulk sound velocity
HCl, H2S, and NH3 solids in Fig. 5~c!; for example, atP

FIG. 2. Brillouin spectrum of solid HCl atP52.44 GPa. Scat-
tering angle is 60°. LA, TA2, and TA1 are Brillouin-shifted signals
from longitudinal, fast, and slow transverse modes, respectivel

FIG. 3. Brillouin frequency shifts and acoustic velocities of LA
TA2, and TA1 modes as a function of anglef at a 60° scattering
geometry for solid HCl atP52.44 GPa. Thef shows the rotation
angle about the road axis of DAC. Open circles indicate experim
tal points, and the solid lines represent the calculated best-fit ve
ties.
-
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53.0 GPa they indicateyB53.20, 3.48, and 4.44 km/s
respectively. Molecular kinetic theory sugges
that yB2HCl :yB2H2S:yB2NH3

'1/AMHCl:1/AMH2S:1/AMNH3

51.0:1.03:1.46, whereMHCl , MH2S, andMNH3
are the mo-

lecular weights of HCl~536.46!, H2S ~534.08!, and NH3
~517.03! respectively. The present experimental results
yB are 1.0: 1.08: 1.39, which seems to be in fair agreem
with the above calculations.

B. Refractive index, density, and polarizability

The determination ofCi j /r was systematically carried
out in HCl phase I at pressures between 0.7 and 4.5 G
Therefore we can calculate the acoustic velocity (y180) along
the direction perpendicular to the diamond interfaces, wh
is available to determine the refractive index~n! by using Eq.
~3!. From theDn180 measured at 180° scattering geomet
we can obtain the pressure dependence ofn for solid HCl as
shown by the open circles in Fig. 6. We also show the pr
sure dependence ofn in HCl liquid phase below 0.7 GPa a
room temperature by solid circles. The refractive index
almost continuous across the freezing point at 0.7 GPa,
shows a gradual increase with pressure fromn51.51 at 1.02
GPa ton51.67 at 4.43 GPa. The result for solid HCl
compared with our previous results for H2S and NH3 solids
in the inset of Fig. 6; the refractive index of solid H2S shows
higher values than HCl and NH3 solids at all pressures.

From the refractive index~n! determined at each pressur
we can estimate the polarizability~a! by the use of the
Lorentz-Lorenz equation:

n221

n212
5

4

3
pa

Nr

M
5

4

3
pa

N

V
, ~7!

whereN, r, M, andV are Avogadro’s number, density, mo
lecular weight, and molar volume, respectively. Then,
need the pressure dependence ofr for solid HCl in the pres-
sure range studied here, however, no one has the experi
tal data except for the x-ray-diffraction data determined
cently by Fujihisaet al.16 in higher pressure range betwee

n-
i-

FIG. 4. Pressure dependence ofCi j /r for liquid HCl ~solid
circles! and solid HCl ~open symbols! at room temperature. The
square of bulk sound velocity, (C1112C12)/(3r) is represented by
dotted line. Vertical arrow indicates the liquid-solid phase-transit
point atP50.7 GPa.
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FIG. 5. Pressure dependence of sound velocities for HCl, H2S, and NH3 solids at 300 K along~a! ^100& and~b! ^110& direction. The bulk
sound velocities (yB) are also shown as a function of pressure.
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10.6 and 28 GPa at ambient temperature; for exampler
52.44, 2.66, and 2.82 g/cm3 at P510.6, 15.8, and 20.3 GPa
respectively. Therefore we extrapolated their data to
pressure range by the use of a fit of Birch-Murnagh
equation:17,18

P5~ 3
2 !B0~y72y5!@12~ 3

4 !~42B08!~y221!#, ~8!

whereB0 is the bulk modulus at zero~atmospheric! pressure,
B08 the pressure derivative of the bulk modulus,y
5(r/r0)1/3 with r0 the density at zero pressure andr the
density at pressureP. Usually,B0 , B08 , andr0 are the fitting
parameters. In this case, however, the value ofr0 should be
set because of the lack of experimental data in the lo
pressure range.

The value ofr0 was estimated as follows. In the previou
studies, the zero-pressure densities at low temperatures
determined;r051.441 g/cm3 at 130 K ~Ref. 18! and r0
51.470 g/cm3 at 118.5 K.19 Although only the two data are
not sufficient for the extrapolation to room temperature,r0
was roughly estimated to be 1.1 g/cm3 at 300 K by the linear
extrapolation for the molar volume. Next, we variedr0
around 1.1 g/cm3, i.e., from 0.9–1.3 g/cm3, and obtained the
various fitted curves ofr as a function of pressure. Ther(P)
gives rise to theP dependence of the specific heat ratio@g
[CP /CV5BS /BT# by using the present data@yB

25(C11

12C12)/(3r)# and the relation ofg5yB
2dr/dP. The ob-

tainedg(P) was sensitive tor0 . If r0 is set to 1.3 or more
g increases with increasing pressure in the low-pressure
gion, which is inconsistent with the general behavior
g(P) showing the decrease with pressure.2,4,11,12If r0 is set
to 0.9 or less, the value ofg becomes 1.41 or more at 0.8
GPa, which may be too large consideringg51.41 for gas-
eous HCl.20 Therefore the values ofr0 from 0.9–1.3 g/cm3

seem to be plausible. Even if the set value ofr0 is varied
from 0.9–1.3 g/cm3, the fitted curve ofr(P) was fluctuated
within 65% in the pressure range studied here. Therefore
usedr051.1 g/cm3 for the determination of the equation o
state~EOS!. The conclusive EOS of solid HCl up to 20 GP
is as follows:

P5~ 3
2 !B0@~r/1.1!7/32~r/1.1!5/3#$12~ 3

4 !~42B08!

3@~r/1.1!2/321#%, ~9!
r
n

-

ere

e-
f

e

whereB050.79360.18 GPa andB0858.6261.37,P in GPa
andr in g/cm3. By using then(P) of solid HCl in Fig. 6, and
Eqs. ~7! and ~9!, we could determine the pressure depe
dence of the polarizability;a shows its value of 2.79
310224cm3 at 1.5 GPa and gradually decreases with pr
sure to 2.69310224cm3 at 4.5 GPa.

Next, let us compare the present result of solid HCl w
the previous results3,5,12 of H2S and NH3, to estimate their
refractive indices shown in the inset of Fig. 6. We note h
typical parameter values atP53.0 GPa:n; 1.63, 1.80, 1.57,
r; 1.86, 1.53, 1.05 g/cm3, V; 32.6, 37.0, 26.9 Å3, a; 2.76
310224, 3.78310224, 2.10310224cm3, for solid HCl, H2S,
and NH3, respectively. It has turned out from Eq.~7! that
higher values ofn for solid H2S ~see Fig. 6! are originated
from larger values of polarizability in H2S solid phase I.

C. Adiabatic elastic constant and bulk modulus

The EOS of Eq.~9! yielded the first determination o
three adiabatic elastic constants of solid HCl by the use
C11/r, C12/r, and C44/r in Fig. 4. Their pressure depen
dence ofCi j and of the adiabatic bulk modulus (BS) are

FIG. 6. Pressure dependence of the refractive indices~n! for
liquid HCl ~solid circles! and solid phase I of HCl~open circles! at
300 K. Vertical arrow indicates the liquid-solid phase transiti
point at P50.7 GPa. The inset shows the comparison ofn among
HCl, H2S, and NH3 solids.
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shown as open circles in Figs. 7 and 8, respectively. All
elastic constants and bulk moduli are found to increase
most linearly with pressure. Typical values for solid H
were C11522.1, C12515.6, and C4459.51 GPa, andBS
517.8 GPa at P52.79 GPa. Taking account of the uncerta
ties in r which were approximately65%, the relative accu-
racies onCi j are about66%. The results ofCi j and BS in
H2S solid phase I and NH3 solid phase III are also shown a
dotted and solid lines in Figs. 7 and 8, respectively. Exc
for C12 of solid NH3, threeCi j show respectively close val
ues at each pressure.C12 of solid NH3 shows a larger value
close toC11 at all pressure, which is reflected on a largerBS
and the high degree of the elastic anisotropyA as reported
next.

D. Elastic anisotropy

Although the fcc crystals are optically isotropic, they e
hibit substantial elastic anisotropy~A! which is defined as
follows:21

A5~yTA2
/yTA1

!252C44/~C112C12!, ~10!

whereyTA2
andyTA1

are, respectively, sound velocities of th

TA2 and TA1 modes propagating along^110& directions. This
system is shown for the case of solid CH4 in Fig. 1~b!. For
isotropic elasticity, the two shear velocitiesyTA2

andyTA1
are

equal andA51.
For fcc solids showing molecular rotation in their O

phase, the elastic anisotropy has been the subject of nu
ous experimental and theoretical investigations regard

FIG. 7. Pressure dependence of adiabatic elastic constantsC11,
C12, andC44 for HCl, H2S, and NH3 solids at 300 K.

FIG. 8. Pressure dependence of adiabatic bulk moduli (BS) for
HCl, H2S, and NH3 solids at 300 K.
e
l-

t

er-
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the rotation-translation~RT! coupling of molecular motions
Typical example is the case of solid CH4: Rand and
Stoicheff21 found that the velocity of the TA1 mode is
anomalously low, i.e., strong damping occurs in the^110&
direction@see Fig. 1~b!#. Therefore large value ofA is indica-
tive of significant RT coupling of molecules. This effect o
RT coupling was confirmed theoretically by Wonneberg
and Hüller.22 Recently, we have found the remarkable i
crease ofA with pressure for solid CH4 ~Ref. 10! as shown in
Fig. 9. This pressure effect indicates that the coupling
molecular rotations with the TA1 mode is strong, and be
comes stronger with increasing pressure, effectively alo
^110& direction of the fcc solid CH4.

Our present purpose is to investigate the effect of hyd
gen bonds on the molecular rotation, that is, on the RT c
pling for HCl, H2S, and NH3 solids which show both the
hydrogen bond and the molecular rotation in their OD pha
Figure 9 shows the pressure dependence of the elastic an
ropy A for simple molecular solids listed in Table I. Mos
molecular solids like CO2 show A>2 and almost indepen
dent on pressure. Solid CH4 presents the anomalous featu
of A increasing with pressure, as mentioned before, whic
caused by the increasing RT coupling in the OD phase10

On the other hand, the rare-gas solid Kr with no molecu
rotation exhibitsA53.3 atP51 GPa, and shows a gradu
decrease with increasing pressure.11 These differences inA
values between solid CH4 and Kr mean that a significan
contribution comes from the effect of RT coupling. Sol
HCl shows the smallestA53 atP51 GPa among HCl, H2S,
and NH3 solids, and itsA decreases a little against pressu
The A value of solid H2S exists in a middle region, an
decreases gradually with pressure. Solid NH3 shows a large
A value of about 4, which is almost independent of pressu
These features of hydrogen-bonded and OD solids are
marked contrast to that of OD solid CH4. The role of the
hydrogen bond in this system can be considered as sh
schematically in Fig. 10, as an example, for the case of H2S;
each H2S molecule shows random flips between their eq
librium orientations by the breaking and remaking of temp
rary hydrogen bonds. By increasing pressure the strengt

FIG. 9. Pressure dependence of elastic anisotropy@A
52C44/(C112C12)# for pressure-induced cubic solids CH4, NH3,
H2S, HCl, H2O, Kr, and CO2 at 300 K.
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hydrogen bond becomes strong, as a result, the molec
rotations are depressed. Therefore we can propose two
tors which dominate the value ofA. One is the RT coupling
which increasesA, and the other is the strength of hydrog
bond which decreasesA. For the A value of solid NH3,
which is independent of pressure, the former and the la
are considered to balance against applied pressure. To in
tigate the strength of hydrogen bond under high pressure
can list up the pressure dependence of the intramolec
stretching frequency (n1) reported previously;dn1 /dP5
229 cm21/GPa for HCl,23 dn1 /dP5210.1 cm21/GPa for
H2S,24 and dn1 /dP526.1 cm21/GPa for NH3.

25 These
negative values indicate the degree of increasing strengt
hydrogen bond against applied pressure. Therefore the
gree of the increasing strength of hydrogen bond under c

FIG. 10. Image of the depression of molecular rotation (H2S)
due to the increasing strength of the hydrogen bond under comp
sion.
v.

ev
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. B
lar
c-
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pression can be formed in order of HCl, H2S, and NH3. As a
result, strongly depressed RT coupling yielded lowerA value
for HCl, and fairly depressed RT coupling determined t
medium value for H2S, and also high value for NH3.

As for VII phase~bcc! of H2O ice ~see Table I!, the value
of A is small because of no molecular rotation. With increa
ing pressure the elastic anisotropyA increases gradually a
seen in Fig. 9. This is the structural consequence of the
creasing strength of hydrogen bond under compression
higher pressures around 8 GPa, theA values of H2O, HCl,
and H2S seem to get together, which suggests that the
lecular rotation becomes weak~or disappears! and the hydro-
gen bond dominates the elastic anisotropy for HCl and H2S
solids. In case of this investigation for solid NH3, we need
more information of elastic properties in another phase
above 3.5 GPa.

IV. CONCLUSION

By using in situ Brillouin spectroscopy, we determine
the direction-dependent acoustic velocities and the refrac
index for solid phase I of HCl as a function of pressure up
4.5 GPa and 300 K. Our fitted Birch-Murnaghan EOS
solid HCl yielded determinations of adiabatic elastic co
stantsC11, C12, andC44, and adiabatic bulk modulusBS at
pressures up to 4.5 GPa and 300 K. These results for s
HCl were compared with the same type H2S and NH3 solids
showing the hydrogen bond and the molecular rotation.

We presented the pressure dependence of the elastic
isotropyA for cubic molecular solids HCl, H2S, NH3, H2O,
CH4, Kr, and CO2. To investigate these behaviors ofA(P),
we proposed two key factors:~1! the rotation-translation
coupling which increasesA, and~2! the strength of hydrogen
bond which decreasesA. This gives us the systematic unde
standing for the elasticity of cubic molecular solids and th
classification.
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