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High-pressure Brillouin scattering and elastic properties of liquid and solid methane

H. Shimizu, N. Nakashima, and S. Sasaki
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(Received 22 June 1995

The acoustic velocities in any direction, refractive index, elastic constants, and elastic anisotropy of liquid
and solid methanéCH,) have been determined at pressures up to 5 GPa by applying Brillouin spectroscopy
whereby the crystal orientation in a diamond-anvil cell could be found in the same fitting analysis. The elastic
constant ofC4, in a solid phase | shows larger values n€ax, which are reflected on the high degree of
elastic anisotropy A) aroundA=5.2 to 6.3. Anomalously high ratios of longitudinal- to transverse-acoustic
velocities indicate the strong rotation-translation coupling in an orientationally disordered phase |, and these
ratios increase up to about 5 at 5 GPa with pressure, resulting in a compression, effectively aldrig)the
direction for the face-centered-cubic crystalline system of, CH

[. INTRODUCTION comparison with the rare-gas crystals without molecular ro-
tations.
Methane(CH,) is the simplest molecular material, and its
condensed phases are of fundamental importance for our so- Il. EXPERIMENT

lar system. Solid Cklhas an orientationally disorderé@D)
phase, which is closely related to the face—centered—cubiﬁle
(fce) crystals of the rare-gas family. However, it is known

that solid CH shows some strikingly different physical prop-

erties compared to the rare-gas solids.

At atmospheric pressure, methane liquifies at about 112
and solidifies in OD phase (fcc) at about 90 K, which is
stable down to 20 K. Rand and StoicHefietermined elastic
constant<C,,, C4,, andC,, at 90.4 K in this phase | by the
Brillouin spectroscopy. They found that the velocities of the
low-frequency transverse modes are anomalously slow in th
(110 direction, which is indicative of significant rotation-
translation(RT) coupling of molecules. This effect of RT
couplir;g was confirmed theoretically by Wonneberger aanS
Huller.

For loading a CH sample in a diamond-anvil cgIDAC),
condensed gaseous £k liquid CH, by spraying its
vapor into the gasket holgiameter 0.3 mm; depth 0.2 mm
of the DAC cooled in liquid nitrogen. The air originally in
e vessel containing the DAC had been previously replaced
y N, gas to prevent contaminatidrfter adequate pressure
had been applied, the DAC was warmed to 300 K. A trans-
parent single crystal was grown by increasing the pressure on
a seed crystal, which coexists with the liquid £&t about
1.7 GPa. Sometimes, the crystal was twinAedhich shows
Gouble Brillouin signals. Therefore, we made always mea-
surements for a single crystal without the twin.
A Sandercock tandem Fabry-Perot interferonfeteas
ed in the triple-pass arrangement for Brillouin-scattering
Hazenet al2 reported that liquid Clicrystallizes in the \Tgiisgu;eQﬁgsj,g:geg1;5§vgrmof;gb%$t'0£0qus\?vrgvkﬁp.;ged as
fcc (space groug-m3m) OD phase | at about 1.6 GPa and the excitation source. The Brillouin frequency shiffsv) at
room temperature, and moreover phase | transforms to a'Y0° and 1809angles between the incident and the scattered

- 4
;ther solid dpga.slf at abouttt 5'.1 GP"’]‘; H?.l?m:t'i rgeasured beams scattering geometries with the DAC are related to the
aman and Brillouin scatterings of solid ¢Hinder pres- - . velocity §) as follows?

sures up to 20 and 32 GPa, respectively. By Brillouin study
at the backscattering geometry, they estimated pressure de- Avgo=v2vgp/\¢ (1)
pendence ohwv (n; refractive indexy; sound velocity and
confirmed the solid-solid phase transition at about 5.1 GPa.
Moreover, they determined pressure dependence of the re-
fractive index of the condensed GHip to 12 GPa by the
interferometric method.At low temperatures around 20 K
and moderate pressuré3<1 GP4g, there exist phases I, I,

IV, and V in the order of increasing pressire.

The purpose of the present work is to determine acoustic AV g
velocities for any direction, refractive index, elastic con-
stants, and elastic anisotropy of liquid and solid methane ) S W S e L
(CH,) at pressures up to 5 GPa, by using Brillouin measure- -20 -10 0 10 20
ments within situ identification of the crystal orientation at Brillouin shift (GHz)
each pressure by analyzing the observed angular dependence
of acoustic velocities. From these results for high-pressure FIG. 1. Brillouin spectrum of liquid Chjat P=1.15 GPaAvgqe
elastic properties, we investigate the compression effect oand Av,go- are Brillouin-shifted signals from 90° and 180° scatter-
the rotation-translation coupling in the OD phase of G  ings, respectively.
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FIG. 2. Pressure dependence of Brillouin frequency shifts at 90°
and 180° scatterings for liquid GH Solid circles(90° scatteriny

- : o FIG. 4. Brillouin spectrum of solid Cllat P=2.37 GPa. LA,
indicate acoustic velocity simultaneously.

TA,, and TA are Brillouin-shifted signals from longitudinal, fast,

and slow transverse modes, respectively.

and

- N 5 For solid CH, at pressures above 1.7 GPa, the acoustic
v1go= (2N)v1go/ Ao, 2 and elastic properties have been studied by using the method

where the wave vecta of probed acoustic phonons is par- of high-pressure Brillouir} sp_eitzztrosco_py rec_entl)_/ developed
allel (90°) and perpendiculafL809 to interfaces of the input Or Simple molecular solids ~A typical Brillouin spec-
and output diamonds crossed by the laser beam vagds trum of solid CH, at 2.37 GPa is shown in Fig. 4. Longitu-

independent of the refractive inder)(of the medium in the  dinal (LA) and two transverseTA;,TA,) modes are clearly
visible-wavelength region. seen. Brillouin measurements at 90° scattering geometry

were made in 10° intervals of rotation angbeabout the load
axis of DAC in the laboratory frame. The observed Brillouin
Il RESULTS AND DISCUSSION shifts, that is, acoustic velocities at 2.37 GPa, are plotted as a

For the liquid CH at pressures up to about 1.7 GPa andfunction of ¢ by open circlg_s in Fig. 5. To analyze the angu-
300 K, we determined the pressure dependence of acoust@l dependence of velocities of the LA and the two,TA
velocity and refractive index. A typical Brillouin spectrum of (Slow) and TA, (fasb ques at each applied pressure, it is
liquid CH, (P=1.15 GPa at 90° scattering geometry is NECessary to use Every’s expressitdnelating acoustic ve-
shown in Fig. 1. From the Brillouin frequency shiftuy, and locities for an arbitrary direction to the elastic constants
Eq. (1), the acoustic sound velocity can be determined afCij)- Because the pressure-induced solid phase | of CH
each pressurésee Fig. 2 There is also a laser beam re- above 1.7 GPa is cubitthe velocities can be expressed as a
flected from the output diamond that serves as incident Iightf,U”Ct'O”m_olf2 six parametersv;=9;(Cy1/p,C12/p,Cadlp,
giving the weak 180° scattering sigrfaoth Avgy andAv,g, & #:x),”~where the subscripf indicates LA, TA, and
could be detected simultaneously as seen in Fig. 1. Figure PA> modes ang is density, and6,¢,x) are the Euler angles
shows the pressure dependence o, (sound velocity and relating the Iaboratory framé@AC) to the prystal refgrence
Awyg, Of liquid CH, below 1.7 GPa. Because the liquid is framfa. The cgmputerlzed least-squares fit was apphed to de-
acoustically isotropic, the acoustic velocity is the same fot€rmine elastic constants and Euler andlesentation of a
any direction. Therefore, we determined the pressure depefsHs single crystal grown in the DAL The best-fit calcula-
dence of n by using the ratio of Avgy to Apyg,  UONS Are represented by dashed lines in Fig. 5. There is ex-
AvgfAvg=1/(v2n) (solid circles in Fig. 3 Then increases cellent agreement between the measured and the fitted
sharply with pressure and has a value of about 1.40 near thélues, which yielded, for example,C/p=19.15,
solidification point(=1.7 GPa.
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FIG. 3. Pressure dependence of the refractive indicgsfdgr FIG. 5. Brillouin frequency shifts and acoustic velocities of LA,
liquid CH, (solid circles and solid CH (open circleg at 300 K.  TA,, and TA, modes as a function of anglké at a 90° scattering
Vertical arrow indicates the liquid-solid phase transition point atgeometry for solid Ch at P=2.37 GPa. Thep shows the rotation
P=1.7 GPa. Solid line represents a least-squares fit to the preseangle about the road axis of DAC. Open circles indicate experimen-
results, and dashed line shows the result by the interferometrital points, and the dashed lines represent the calculated best-fit ve-
method(Ref. 4. locities.
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<001> <110> <0071> FIG. 7. Pressure dependence of acoustic velocities for liquid and
6F110) plane | " ] solid CH, at 300 K. Vertical arrows indicate the freezing point
) /—\_/\LA (P=1.7 GPa In the solid phase I, the velocities for typical direc-
§ 4F i ] tions are shown(a) (100, (b) (110, and(c) (111) directions. LA,
> ! TA TA,, and TA are longitudinal, fast, and slow transverse modes,
8 ZW respectively.
g’ L , TA 4]
o 90 T T80 tal orientation changes gradually in the DAC with pressure.
<i12> <i10> 13> This change of the crystal orientation can be attributed to an
6115 plane | —] annealing process of the crystal.
; | LA Once the six parameters were determined, the acoustic
4 | b velocities could be calculated for all directions. Figure 6
L E iTA o] shows the angular dependence of acoustic velocities in typi-
—/1—\/1—\/'\ .
2 : C cal (100, (110, and (111) planes of crystalline CH at
T~ T ] it
P ! ITA ] P=2.37 GPa. The characteristic patterns are seen on LA,
T E—T Y TA,, and TA, modes, and the direction-sensitive feature can
Angle ¢ (degree) be confirmed. The elastic anisotrogy is defined by the

square of the ratio for acoustic velocities of jJA0 TA;
FIG. 6. Angular dependence of acoustic velocities in typicalpmp""g"jlting along01D) or (110 direCtic_m with th,ree elastic
(100, (110, and (111 planes of crystalline Ciiat P=2.37 GPa. constantg ofC,;, C,, andC,, for a cubic crystalline system
LA, TA,, and TA are longitudinal, fast, and slow transverse modes (Cij=pv°);
respectively. Open circles indicate sound velocities of aAd TA
modes propagating alon@®11) direction for the determination of A=2C44/(C11=Cya). ©)

elastic anisotropy 4). As seen from velocity points marked by open circles in Fig.
6, the factorA could be estimated to be about 540.11(see
C,./p=16.73, andC,/p=6.55 knf s 2 at 2.37 GPa. An in- Table ) which is extremely large in comparison with the
dependent procedure for different crystal orientationsordinary value of about # This feature will be investigated
showed excellent consistency for these values within an adn a later part. Figure 7 shows the ¢Bound velocities for
curacy of =2%. It has been determined from the identifica- typical directions as a function of pressure up to 5 GPa at
tion of the crystal orientatiof¥,¢,y) and its pressure depen- 300 K. At the freezing point=1.7 GPa, the sound velocity
dence thafl) the CH, single crystal grows every time with a shows discontinuous changes to LA, ;fAand TA in the
different orientation relative to the cell axis, a(®) the crys-  solid phase | of CH, and they increase with pressure. It is

TABLE |. Ratios of LA to TA velocities in high-symmetry directions of GHind some other cubic
crystals under high pressure or atmospheric pressure, and elastic anig®otr@8y,./(C,,—C,,) for each

crystal.
(100 (111 (110 (110

Crystal v AU TAL TA v LAV TAL A vLAlUTA v aluTaL A
CH, (300 K, 2.37 GPa 1.71 2.96 1.93 4.50 541
CH, (90 K, 0.1 MPa® 1.47 2.46 1.70 3.23 3.60
H,S (300 K, 1.0 GP}ij 1.51 2.48 1.73 3.22 3.45
CCl, (244 K, 0.1 MP¥¢ 1.79 3.07 2.01 4.70 5.47
CBr, (333 K, 0.1 MPa¢ 1.62 2.65 1.83 3.54 3.73
Ne® 1.40 2.20 1.61 2.65 2.71
Ar€ 1.46 2.27 1.66 2.75 2.74

8Reference 1.
bReferences 10 and 16.
‘Reference 17.
dReference 18.
®Reference 1.
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FIG. 9. Pressure dependence of elastic anisotropy
[A=2C44/(C11,—C1y)] in the solid phase | of Cllat 300 K. Open
circles show experimental values, and solid line represents a least-
squares fit to the present results, and dashed line indicates its inter-
polated curve td®=0.1 MPa. Solid square and triangle at 0.1 MPa
showA=3.6 and 4.3 for solid Clat 90.4 K from Brillouin mea-
surementgRef. J) and at 91 K from molecular-dynamics calcula-
tion (Ref. 15, respectively.

FIG. 8. Pressure dependence of elastic consténts,C,,, and
C,4 for the solid CH at 300 K(open symbols For the liquid phase
(solid circles, elastic modulus i€= pv?. Vertical arrow indicates
the liquid-solid phase transition point BRt=1.7 GPa.

noted that the pressure dependence gf for (110 direc-
tion is small, which results in large valuesAf Furthermore,
we can calculate the sound velociiy, go) along the direction
perpendicular to the diamond interfaces, which is availablene Brillouin spectroscopy. The ratios /v, for OD crys-

to determine the refractive index) by using Eq.(2). From  {5/s are anomalously large especially in 140 direction,
tthvlgo measured at 180° scattering geometry, we can obyhich is due to a strong damping of TAvhonon, i.e., the

tain the pressure dependencendbr solid CH, as shown by (c,,—C,.,)/2 mode. Furthermore, these ratios are 20-75 %
the open circles in Fig. 3. The uncertainties in the measurefljgher than for the rare-gas solids. These results, as predicted
frequency shifts and in the determined refractive index ar@neoretically by calculation!® indicate the importance of
about A(Av)/Av=+1% and An/n=+2%, respectively. At the coupling of molecular orientations with the TA phonon
the solidification pointn shows a discontinuous increase of gnd therefore reflect evidence for strong RT effect in the
about 4% and, moreover, increases gradually with pressurgriliouin scattering. Since the compression can be expected
up ton=1.52+0.03 at 5 GPa. The present results show fairlyto make a significant effect on the RT coupling, we show the
good agreement with that shown by the dashed line whicyressure dependence of the ratigg/va of crystalline CH

was determined by = the interferometric  methodin the OD phase. It is clearly seen from Fig. 10 that only
(An/n=*19%).” From our present results and the pressure, /., in the (110 direction depends sensitively on pres-
depgndenczze op by2 the x-ray studies,the Lorentz-Lorenz  syre and increases up to about 5 at 5 GPa. This pressure
relation (1°—1)/(n"+2)=(47Npa)/(3M) vyields the po-  dependence and anomalously high ratios of acoustic veloci-
larizability , whereN is Avogadro’s number, a”“iz'f thg ties indicate that the RT coupling becomes strong with pres-
molecular weight. Thexr shows its value of 2.5810 " cm sure, resulting in a compression, effectively aldag0 di-

: : 24 . . . .
at 2 G';aelind decreases little with pressure to 248 rection of the face-centered-cubic crystalline system for solid
e at a.

Figure 8 shows the pressure dependence of elastic con- — T

stants which were determined from the best-fitted results of

6l- O---<100> 4
Cij/p with the pressure dependencepdfrom x-ray studies. O---<110>
C,, of the solid phase | shows a large value close€tg at [ Oeect11> Via/ Va1
all pressures, which is reflected on the high degree of elastic 5 e

anisotropyA=2C,,/(C;,—C;,) as shown in Fig. 9; a best-
fitted solid curve shows the increase froh+5.2+0.10 to
6.3+0.13 with pressure in the solid phase I, and the interpo-
lated value tdP=0.1 MPa show=4.1+0.1. This value is
near close toA=3.6 and 4.3 for solid Cilat 0.1 MPa,
T=90.4 K from Brillouin measurementsand T=91 K from
molecular-dynamics calculatidi respectively. This anoma-

Via/ Vs

/DGD/D/
al u]

VLA / VTA )

B S A

Via! Viaz |
lous feature of increasing with pressure is due to the in- 2 oo —Oo—
creasing coupling between molecular rotations and TA pho- ~0O—®—00—
non. In Table | we list the typical values & for OD y Via/ Va1
molecular crystal§CH,, H,S%% ccl,,'” CBr, (Ref. 18] L T R S S

and rare-gas soliddNe, Ar (Ref. 1) under high pressures or

atmospheric pressure. Rare-gas solids can be treated as a

Pressure (GPa)

standard because they are independent of molecular rota- |G, 10. Pressure dependence of ratios of LA to TA velocities in
tions. The OD crystals show largér values than rare-gas typical (100, (110, and(111) directions for solid CH at 300 K.
solids. In order to investigate the RT coupling in the OD vertical arrow indicates the freezing poitR=1.7 GPa. v a/va;
phasé ' we list the ratios of LA to TA velocities in high- along the(110 direction shows the highest values and the pressure-

symmetry directions in Table |, which were determined bysensitive feature.
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CH,. This feature characterizes the microscopic nature of théhe orientationally disordered solid phase | of £H com-
orientational disorder in solid phase | of ¢H parison with the rare-gas crystals without molecular rota-

In conclusion, we have determined acoustic velocities fotions. The ratio ofv a/vra; in the (110 direction depends

any direction, refractive index, elastic constants, and elasti eF‘S't'VG'Y on pressure and increases up to aboqt Sats GPa.
anisotropy of liquid and solid methane at pressures up to his pressure dependence and anomalously high ratios of
Py q P P coustic velocities indicate that the coupling of molecular

GPa by using single-crystal Brillouin spectroscopy. Fromygtations with TA phonon is strong, and becomes stronger
these results for high-pressure elastic properties, we investjyith increasing pressure, effectively alotigl0) direction of
gated the pressure effect on rotation-translation coupling ithe fcc crystalline CHl.
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