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By usingin 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
| of hydrogen chloride(HCI) at pressures up to 4.5 GPa and 300 K, leading to the first determinations of
adiabatic elastic constant€{;, C;,, andC,,), bulk modulus Bg), and the elastic anisotrogp) to 4.5 GPa.

These results are compared with those of solids of the same parttl NH. We investigate the effect of the
strength of hydrogen bonds on thevalue which is sensitive to the rotation-translation coupling of molecular
motions under compressiof50163-18299)01318-]

I. INTRODUCTION crystal for studying fcc molecular solids.
In this paper, we present the first resultsimfsitu Bril-

Raman and Brillouin scattering techniques with thelouin scattering in solid phase | of hydrogen chloride HCI at
diamond-anvil cel(DAC) are useful to study high-pressure pressures up to 4.5 GPa and 300 K, and determine the pres-
optical and elastic properties of simple molecular solidssure dependence of acoustic velocities for all directions, the
which are important to a wide range of problems in molecu+efractive index, the density, adiabatic elastic constants
lar and planetary sciencésRaman scattering of crystalline (C;;, C1,, andC,y), adiabatic bulk modulusK), and the
solids at high pressure provides information about structuraglastic anisotropy A=2C44/(C11—C15)]. These results of
properties, phase transitions, and interatomic and intermane CI-H bonded HCI are compared with our previous re-
lecular forces. High-pressure Brillouin scattering can be usedults of two S-H bonded 4% (Refs. 3 and band three N-H
to probe acoustic velocities, which yield the determinationshbonded NH.? Furthermore, from a point of view presented
of elastic constants, bulk modulus, the refractive index, andn Table | and Fig. 1, we will investigate the effect of hydro-
the equation of state of materidls. gen bonds on the molecular rotation and on the elasticity, in

Recently, we had developed high-pressure Brillouin specparticular on the elastic anisotropy which is sensitive to the
troscopy for molecular single crystals grown in a DACA rotation-translation(RT) coupling of molecular motions un-
complete mapping of the acoustic velocities in the variousler compressiof’
crystal directions, the refractive index, and the full set of
adiabatic elastic constants can be exactly determinediwith
situ identification of the crystal orientation at each pressure Il. EXPERIMENT AND ANALYSIS
by analyzing the observed angular dependence of acoustic
velocities. This elaborate method has been applied to an im- For |pading a HCI sample in a DAC, we condensed com-
portant group of simple molecular solid phase encountereghercial gaseous HGpurity, 99.999% by spraying its vapor
first at room temperature with increasing pressurgS.#  into the gasket holédiameter 0.2 mm, depth 0.2 mrof the
CO,,° Hy0,"~° CH,,* Kr, ' and NH,.* High-pressure stud- pAC cooled in a liquid-nitrogen bath. When the hole was
ies of this group can explore a wide range of bond geometryy| of solidified HCI, the upper diamond was translated to
and strength. seal the sample. To avoid the contamination into the sample,

Our studied molecular solids are classified in Table | byihe above procedure was carried out in the nitrogen atmo-

having or not having the hydrogen bond and the moleculagphere. After adequate pressure had been applied, the DAC
rotation, where solid HCI is the case of the present study.

HCI, H,S, and NH solids show both the hydrogen bond and
the molecular rotation in an orientationally disordef&D)
face-centered-cubidcc) phase, that is, in their plastic phase
I, 1, and lll, respectively. As seen in Fig.(d, each HCI
molecule has _12 equally probable equilibrium orientations imple molecular Hydrogen Molecular
and random flips between these occur by the breaking an lids bond

TABLE I. Classification of pressure-induced cubic molecular
solids at 300 K by havingO) or not having(X) the hydrogen bond
and the molecular rotation.

remaking of temporary hydrogen bonds. Solid L#hows rotation Type
the typical fcc OD phase | above 1.6 GPa at 300 K, but it hasiCl, H,S, NH; O @) (1
no hydrogen bond at all and has a closed-shell spherical eleét,0 O X 2
tronic configuration like rare-gas solifsee Fig. 1b)]. The  CH, X @) ®))
rare-gas solid Kr has a fcc structure at pressures above 0.3 X X (4)
GPa at 300 K, and does not contain rotating molecldee  co, X X 4

Fig. 1(c)]. Therefore solid Kr can be regarded as a standard
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(@ HCI (O O) Avgo=vgo/No, N
AVQOZ\/EUgol)\o, (2)
( and

Avigo=(2N)v1g0/ N, 3

where the wave vectay of the acoustic phonons is parallel
(60° and 90y and perpendicula(180° to the interfaces of
the input and output diamonds crossed by the laser beam,
andwvgy andvgg are independent of the refractive indegw of
the medium. By using Eq.3), we can determine the refrac-
tive index, becausa v,gyiS measured, ant, g, is calculated
by ourin situ Brillouin scattering method described next.
From the Brillouin equation for the cubic system, EViéry
derived the relation between sound velocities for arbitrary
directions and elastic constantS4;, Cq,, Cys4). Thepuj2 is
expressed as a function of six parameters as follows:

pvf="f;(C11,C12,Cas, 0,0y ,02), @)

wherep is density, subscrigt (=0, 1, 2 indicates LA, TA

(slow), and TA, (fash modes, respectively, argj, q,, and

g, are direction cosines of the phonon. For the application of

these results to our experimental system, we set up the geo-

metrical relation of Cartesian coordinates: Euler an¢fes,

I . x) relate the laboratory framéX, Y, 2 to the crystal refer-

3';%0;'0" of propagation ence frame(x, y, 2. The v therefore can be expressed as a
function of six parameters:

() Kr(X X) v;=0;(C11/p,C12/p,Caal px, 0,4, X), 5

where (,=C0SH#CcoS¢ cosy—singsiny, qy=
—c0sfcosgsiny—sin¢cosy, andq,=sin#cosg. In order
to determine three Euler angles and three elastic constants at
each pressure, we measured the Brillouin frequency shifts at
60° or 90° scattering geometry at 10° intervals of the rotation
angle ¢ about the load axis of the DAC. Next, we applied a

_— computerized least-squares fit between calculatigyg);)

and experimental velocities/, v;;) as a function of angle

i

= . . — .. 2 I =
FIG. 1. Pressure-induced fcc crystal structureapHCI (phase J_iEj [9,(4’.) UJ'] » 1=0.1.2, 6)

1), (b) CH, (phase J, and(c) Kr at 300 K. Solid HCI shows both the  \yhere 3 is minimized by systematically varying the six pa-
h%drogen Ibarr']d andl thel molecular rgtat'fm hO), and solid Ct')j rameters until the fit is optimized. As a result, we can deter-
shows only the molecular rotatiofxO). In the structure oflb) — ine aeoystic velocities for all directions with situ identi-

CH,, the directions of polarization for a LA and two TA modes . _.. . .
propagating alondg110 direction are shown to define the elastic fication of the crystal orientatioté, ¢, x) at each pressure.

aniSOtrOpyA:(UTAZ/UTA1)2=2C44/(C11—C12).
IIl. RESULTS AND DISCUSSION

was warmed to room temperaturé single crystal of HCI We have determined the pressure dependence of the

was grown by increasing the pressure on a seed crystaleqstic velocities, the refractive index, the density, the po-
which coexists with the liquid at 0.7 GPa. No pressure ransy, i, apility, adiabatic elastic constants, bulk modulus, and
mitting medium was used. The pressure was measured by thga ¢|astic anisotropy in HCI solid phaséRef. 19 at pres-

ruby-scale method. sures up to 4.5 GPa and 300 K. These results are compared

For Brillouin measurements, the 514.5 nm argon-ion lase{ it our previous results for 8, NHs, and other simple
line (\o) with a single longitudinal mode was used with an \siecular solids. ’ ’

input power level of about 100 mW. The heart of the appa-
ratus was a Sandercock tandem Fabry-Perot interferortieter,
which was used in a triple-pass arrangement. The Brillouin
frequency shiftgAv) at 60°, 90°, and 180° scattering geom-  Figure 2 shows a typical Brillouin spectrum of solid HCI
etries with the DAC(angles between incident and scatteredat 2.44 GPa. The longitudindlA) and two transverse (TA
beams are related to the acoustic velocity) as follows? TA,) modes are clearly observed. Brillouin measurements at

A. Acoustic velocity
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FIG. 2. Brillouin spectrum of solid HCI aP=2.44 GPa. Scat-

tering angle is 60°. LA, TA, and TA are Brillouin-shifted signals
from longitudinal, fast, and slow transverse modes, respectively. Pressure (GPa)

. . FIG. 4. Pressure dependence ©f; /p for liquid HCI (solid
60° scattering geometry were made at 10° intervals of rotagircleg and solid HCl(open symbolsat room temperature. The
tion ang|e¢ abOUt the |0ad axl|s Of the DAC n the |ab0rat0ry Square of bu|k Sound Ve|OC|tyq11+ 2C12)/(3p) |S represented by
frame. The observed Brillouin frequency shifts, that is,dotted line. Vertical arrow indicates the liquid-solid phase-transition
acoustic velocities at 2.44 GPa, are plotted as a functiah of point atP=0.7 GPa.
as open circles in Fig. 3. To analyze the angular dependence
of the acoustic velocities for the LA, TAand TA modes, _—309GpPa they indicatesg=3.20, 3.48, and 4.44 km/s,
we used Eqs(5) and (6). We found excellent agreement regpectively. ~ Molecular  kinetic  theory  suggests
between the measured and the fitted values, as seen in Fig.;3¢ Ve Hol Ve s Ve N~ LM HC|31/\/MH < 1/\/M "
which yieldedC,;/p=11.400.02,C,,/p=8.12-0.02,and . i 2 3 2 3
Ca4l p=4.96+0.01knf/s?, and the crystal orientation in the — 1'0'1'03:1'46’ whertlyci, Mys, andMyy, are the mo-
DAC (#=30.4+0.2° andy=66.1+0.1° at 2.44 GPa Fig- lecular weights Qf HCI(=36.46, H,S (=34.08, and NH
ure 4 shows the pressure dependenc€gfp determined (=17.03 respectively. Thg present experlmentgl results of
The square of bulk sound velocityd [=(C,,  With the above calculations.
+2C1)/(3p)] is also presented by a dotted line.

Once the six parameters were determined, the acoustic B. Refractive index, density, and polarizability
velocities could be calculateq for all dirgctions. In Fig&)5 The determination ofC; /p was systematically carried
and §b), the HCI sound velocities of solid phase | are shownOut in HCl phase | at prejssures between 0.7 and 4.5 GPa.

respectively for100) and(110 directions as a function of Therefore we can calculate the acoustic velocifgf) along
phressusre UE 0 4.5 Gg?\lat 30g K, alr:d oulr previous resl,ults %e direction perpendicular to the diamond interfaces, which
the H,S (phase ) an ) H (phase II) ve ocities are also o oy ailaple to determine the refractive index by using Eq.
presented for comparisons. All LA and TA velocities in their (3). From theA v,5, measured at 180° scattering geometry
OD phases of HCI, b5, and NH solids show almost the we can obtain the pressure dependence fofr solid HCI as

same pressure dependence, but their values of acoustic V&iown by the open circles in Fig. 6. We also show the pres-

locities are different. To compare these sound velocities, wg, . dependence ofin HCI liquid phase below 0.7 GPa at
show the pressure dependence of bulk sound velocity fof,; omperature by solid circles. The refractive index is

HCI, HpS, and NH solids in Fig. §c); for example, at? almost continuous across the freezing point at 0.7 GPa, and
shows a gradual increase with pressure from1.51 at 1.02

10 T | | | 7 GPa ton=1.67 at 4.43 GPa. The result for solid HCI is
T sb 244 GPa compared with our previous results fop$iand NH solids
5 W ‘@ in the inset of Fig. 6; the refractive index of solig$ishows
& 6 ] g higher values than HCI and Nt$olids at all pressures.
X3 TA, 2 From the refractive indetn) determined at each pressure,
5 4% 238 we can estimate the polarizabilitir) by the use of the
T 2l TA, 1 = Lorentz-Lorenz equation:
% 8 % 5 10 180 o1 4 G Ne_4 N @
S5 AT AT =T,
Angle ¢ (deg.) n°+2 3 M 3"V

FIG. 3. Brillouin frequency shifts and acoustic velocities of LA, WhereN, p, M, andV are Avogadro’s number, density, mo-
TA,, and TA modes as a function of anglg at a 60° scattering lecular weight, and molar volume, respectively. Then, we
geometry for solid HCl aP=2.44 GPa. Thep shows the rotation need the pressure dependence édr solid HCl in the pres-
angle about the road axis of DAC. Open circles indicate experimensure range studied here, however, no one has the experimen-
tal points, and the solid lines represent the calculated best-fit veloctal data except for the x-ray-diffraction data determined re-
ties. cently by Fuijihisaet all® in higher pressure range between
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FIG. 5. Pressure dependence of sound velocities for HE3, ldnd NH solids at 300 K alonga) (100 and(b) (110 direction. The bulk

sound velocities 4g) are also shown as a function of pressure.

10.6 and 28 GPa at ambient temperature; for example, whereB,=0.793+0.18 GPa and;=28.62+1.37,P in GPa

=2.44, 2.66, and 2.82 g/chatP=10.6, 15.8, and 20.3 GPa, andp in g/cn?. By using then(P) of solid HCI in Fig. 6, and

respectively. Therefore we extrapolated their data to ouEgs. (7) and (9), we could determine the pressure depen-

pressure range by the use of a fit of Birch-Murnaghandence of the polarizability;@ shows its value of 2.79

X 10" %*cm® at 1.5 GPa and gradually decreases with pres-

sure to 2.6X 10 ?*cn? at 4.5 GPa.
Next, let us compare the present result of solid HCI with

the previous results'*? of H,S and NH, to estimate their

refractive indices shown in the inset of Fig. 6. We note here

typical parameter values &=3.0 GPa:n; 1.63, 1.80, 1.57,

p; 1.86, 1.53, 1.05 g/chn V; 32.6, 37.0, 26.9 A «; 2.76

X 10724 3.78< 10?4 2.10x 10 2*cn?, for solid HCI, H,S,

and NH;, respectively. It has turned out from E() that

equationt’+8

P=($)Bo(y'=yI)[1-((4-By)(y’~1], (8

whereBy is the bulk modulus at zer@tmospherigpressure,
B, the pressure derivative of the bulk moduluy,
=(p/po)*® with p, the density at zero pressure apdhe
density at pressure. Usually,By, Bj, andpg are the fitting
parameters. In this case, however, the valupp$hould be
set because of the lack of experimental data in the low
pressure range.

The value ofp, was estimated as follows. In the previous

higher values oh for solid H,S (see Fig. 6 are originated
from larger values of polarizability in $$ solid phase |I.

studies, the zero-pressure densities at low temperatures were

determined;p,=1.441g/cm at 130 K (Ref. 18 and p,
=1.470g/cm at 118.5 K*° Although only the two data are
not sufficient for the extrapolation to room temperatyrg,
was roughly estimated to be 1.1 g/tat 300 K by the linear
extrapolation for the molar volume. Next, we varied
around 1.1 g/cr) i.e., from 0.9-1.3 g/cth and obtained the
various fitted curves gb as a function of pressure. TingP)
gives rise to theP dependence of the specific heat rdtip
=Cp/Cy=Bg/Bt] by using the present datbuéz(cll
+2C19)/(3p)] and the relation ofy= védp/dP. The ob-
tainedy(P) was sensitive t@g. If pg is set to 1.3 or more,

vy increases with increasing pressure in the low-pressure re-

gion, which is inconsistent with the general behavior of
y(P) showing the decrease with presstfdl!?If p, is set

to 0.9 or less, the value of becomes 1.41 or more at 0.87
GPa, which may be too large consideripg1.41 for gas-
eous HCE® Therefore the values qgf, from 0.9-1.3 g/c
seem to be plausible. Even if the set valuepgfis varied
from 0.9—-1.3 g/cr the fitted curve op(P) was fluctuated
within 5% in the pressure range studied here. Therefore wi
usedpy=1.1g/cnd for the determination of the equation of
state(EOS. The conclusive EOS of solid HCI up to 20 GPa
is as follows:

P=($)Bol(p/1.1)"*=(p/1.1)**|{1~($)(4—Bp)

X[(p/1.1)?3-11}, )

C. Adiabatic elastic constant and bulk modulus

The EOS of Eq.(9) yielded the first determination of
three adiabatic elastic constants of solid HCI by the use of
Ci1/p, Ciolp, andCyu/p in Fig. 4. Their pressure depen-
dence ofC;; and of the adiabatic bulk modulus§) are
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FIG. 6. Pressure dependence of the refractive indiocgsfor
liquid HCI (solid circles and solid phase | of HQlopen circleg at
300 K. Vertical arrow indicates the liquid-solid phase transition
point atP=0.7 GPa. The inset shows the comparisom@mong

HCI, H,S, and

NH solids.
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FIG. 7. Pressure dependence of adiabatic elastic constapnts
Cy,, andC,, for HCI, H,S, and NH solids at 300 K. IR S T S E—

shown as open circles in Figs. 7 and 8, respectively. All the : Pressure (GPa)

elastic constants and bulk moduli are found to increase al- q q ¢ elasti .

most linearly with pressure. Typical values for solid HCI _ 2'26'/ g ' _Fgessﬁre epen e_nge % eb‘f"s“c i dan'SﬁNtrgw
were Cy;=22.1, C1,=15.6, andC,=9.51GPa, andBg . 2cu/(Cu~ Ci] for pressure-induced cubic solids GHNHs,

i . HyS, HCI, HO, Kr, and CQ at 300 K.
=17.8 GPa at P2.79 GPa. Taking account of the uncertain- 2 HO, Kr, and CQ a

ties in p which were approximately-5%, the relative accu-  the rotation-translatiotRT) coupling of molecular motions.
racies onC;; are about=6%. The results ofC;; andBg in Typical example is the case of solid @GHRand and
H,S solid phase | and N{solid phase Ill are also shown as gigicheff! found that the velocity of the TAmode is
dotted and splid lines in Figs. 7 and 8, res_pectively. Excephnomalously low, i.e., strong damping occurs in th40
for Cy, of solid NH;, threeC;; show respectively close val- gjrection[see Fig. 1b)]. Therefore large value atis indica-
ues at each pressur@, of solid NH; shows a larger value tive of significant RT coupling of molecules. This effect of
close toCy; at all pressure, which is reflected on a lar§ar  RT coupling was confirmed theoretically by Wonneberger
and the high degree of the elastic anisotrdpws reported  and Hiller.?? Recently, we have found the remarkable in-
next. crease ofA with pressure for solid CiH(Ref. 10 as shown in
Fig. 9. This pressure effect indicates that the coupling of
molecular rotations with the TAmode is strong, and be-
Although the fcc crystals are optically isotropic, they ex- comes stronger with increasing pressure, effectively along
hibit substantial elastic anisotrogyd) which is defined as (110 direction of the fcc solid Cil
follows:?! Our present purpose is to investigate the effect of hydro-
) gen bonds on the molecular rotation, that is, on the RT cou-
A= (vra,/vTa, )" =2C44/ (C11— Cyp), (10 pling for HCI, H,S, and NH solids which show both the
WherevTAZ andUTAl are, respectively, sound velocities of the hydrogen bond and the molecular rotation in their OD phase.

] ) ] . Figure 9 shows the pressure dependence of the elastic anisot-
TA; and TA modes propagating alor@10 directions. This o5 A for simple molecular solids listed in Table I. Most
system is shown for the case of solid £id Fig. 1(b). For

. . e * molecular solids like C@showA=2 and almost indepen-
isotropic elasticity, the two shear velocitieg,, anduvra, aré  gent on pressure. Solid GHbresents the anomalous feature

equal andA=1. of A increasing with pressure, as mentioned before, which is
For fcc solids showing molecular rotation in their OD caused by the increasing RT coupling in the OD pha¥e I.
phase, the elastic anisotropy has been the subject of numedn the other hand, the rare-gas solid Kr with no molecular
ous experimental and theoretical investigations regardingotation exhibitsA=3.3 atP=1 GPa, and shows a gradual
. | : | decrease with increasing presstité&hese differences i
o HCI values between solid CHand Kr mean that a significant
[~ --- HS N contribution comes from the effect of RT coupling. Solid
L — NH, - HCI shows the smallegt=3 atP=1 GPa among HCI, 8,
_ and NH; solids, and itsA decreases a little against pressure.
The A value of solid BS exists in a middle region, and
decreases gradually with pressure. SolidsNiHows a large
_ A value of about 4, which is almost independent of pressure.
These features of hydrogen-bonded and OD solids are in
marked contrast to that of OD solid GHThe role of the
0 L ' . ' hydrogen bond in this system can be considered as shown
Preszsure (GPa) 4 schematically in Fig. 10, as an example, for the case & H
each BHS molecule shows random flips between their equi-
FIG. 8. Pressure dependence of adiabatic bulk modid) for  librium orientations by the breaking and remaking of tempo-
HCI, H,S, and NH solids at 300 K. rary hydrogen bonds. By increasing pressure the strength of

D. Elastic anisotropy

w
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N
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Bulk modulus B ¢ (GPa)
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pression can be formed in order of HCl,$] and NH. As a
result, strongly depressed RT coupling yielded lovefalue
for HCI, and fairly depressed RT coupling determined the
SO 5 medium value for HS, and also high value for NH
As for VII phase(bcg of H,O ice (see Table)l, the value

of Ais small because of no molecular rotation. With increas-
ing pressure the elastic anisotropyincreases gradually as

Compresswn seen in Fig. 9. This is the structural consequence of the in-
Hydrogen bond creasing strength of hydrogen bond under compression. At
higher pressures around 8 GPa, thealues of HO, HCI,
and HS seem to get together, which suggests that the mo-
(_ ——— lecular rotation becomes weglir disappeansand the hydro-
gen bond dominates the elastic anisotropy for HCI an8 H

solids. In case of this investigation for solid NHwve need
more information of elastic properties in another phase IV
above 3.5 GPa.

FIG. 10. Image of the depression of molecular rotatiopH IV. CONCLUSION
due to the increasing strength of the hydrogen bond under compres-
sion. By usingin situ Brillouin spectroscopy, we determined

the direction-dependent acoustic velocities and the refractive
hydrogen bond becomes strong, as a result, the moleculédex for solid phase | of HCI as a function of pressure up to
rotations are depressed. Therefore we can propose two fad:5 GPa and 300 K. Our fitted Birch-Murnaghan EOS for
tors which dominate the value éf One is the RT coupling solid HCI yielded determinations of adiabatic elastic con-
which increaseg\, and the other is the strength of hydrogen stantsC,,, C;,, andC,,, and adiabatic bulk moduluBgs at
bond which decrease8. For the A value of solid NH, pressures up to 4.5 GPa and 300 K. These results for solid
which is independent of pressure, the former and the latteHCIl were compared with the same typgSHand NH solids
are considered to balance against applied pressure. To inveshowing the hydrogen bond and the molecular rotation.
tigate the strength of hydrogen bond under high pressure, we We presented the pressure dependence of the elastic an-
can list up the pressure dependence of the intramoleculagsotropy A for cubic molecular solids HCI, }8, NH;, H,0,
stretching frequency i(;) reported previouslydv,/dP= CH,, Kr, and CQ. To investigate these behaviors AfP),
—29cmi YGPa for HCI?® dv,/dP=—-10.1cm YGPa for we proposed two key factors1l) the rotation-translation
H,S,%* and dv,/dP=—6.1cm YGPa for NH.%® These coupling which increases, and(2) the strength of hydrogen
negative values indicate the degree of increasing strength dfond which decreasés This gives us the systematic under-
hydrogen bond against applied pressure. Therefore the detanding for the elasticity of cubic molecular solids and their
gree of the increasing strength of hydrogen bond under conelassification.
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