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Elasticity of single-crystal methane hydrate at high pressure
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By using in situ high-pressure Brillouin spectroscopy in a diamond-anvil cell, we have determined the
pressure dependence of acoustic velocities, adiabatic elastic moduli, bulk modulus, elastic anisotropy, and
Cauchy violation of single-crystal methane hydrét#H) at pressures up to 0.6 GPa and 296 K. Acoustic
velocities show nearly isotropic behaviors with respect to the crystal orientation, and the slight TA-mode
softening with pressure implies that the structure of MH is becoming less stable against the shear component
under high pressures. Elastic moduli and bulk modulus indicate that MH is slightly more compressible than ice
Iy. These results would help to investigate their mechanical and thermodynamical stabilities, and provide
important constraints on the icy moons of the outer solar system.
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Methane hydrate(MH) is an icelike compound, and was carried out by Whalle} In 1985, Kiefteet all! mea-
shows hydrogen-bonded networks of water molecules thegtured LA velocities of eight kinds ol and sll clathrate
form rigid host cages in which CHguest molecules are hydrates at low temperatures by using Brillouin spectros-
contained by van der Waals forces. MHdeally CH, copy. They described that the MH results are by far the most
-5.75H,0) (Ref. 1) is an important prototype for clathrate uncertain because of the very poor optical quality of the MH
hydrates, and becomes an important material with respect gample. However, they indicated that LA velocities can vary
both a substantial future energy resource and a powerfldy about 20%, depending on composition and occupancy
greenhouse gas contributing to global warmirithe acous- ratioX® Recently, Shpakoet al'? calculated the temperature
tic properties of MH and their expression are principally im- dependence of adiabatic and isothermal elastic moduli by
portant to identify MH deposits and to estimate the hydrateusing a lattice-dynamics calculation. They presented that
concentration in the deep sea by using the bottom simulatingdiabatic elastic moduli of occupied MH show the larger
reflection method,and other elastic properties such as elasvalues than its hypothetical empty lattice of MH.
tic moduli, bulk modulus, elastic anisotropy, and Cauchy In this paper, we present resultsiof situ Brillouin scat-
violation are essential data to understand mechanical an@ring in a single-crystal methane hydrate at pressures up to
thermodynamical stabilities of the MH guest-host system un9.6 GPa and room temperature, and determine the pressure
der various condition$3 Since the physical and thermo- dependence of acoustic velocities)( adiabatic elastic
chemical properties of clathrate hydrates are generally benoduli (C;1,C15, andC,,), bulk modulus Bg), elastic an-
lieved to be strongly similar in many ways to those of theisotropy [A=2C,,/(C,;—C;,)], and Cauchy violation {§
most common icdy,, it is also important to investigate the =C,,—C,,—2P). By comparing these results with water
difference in the elastic properties between MH andjcby  and icel,,, we investigate the characteristics of elastic prop-
considering their structure difference and an effect of,CH erties of methane hydrate under high pressures.
guest molecules. In our present high-pressure Brillouin studies we prepared

At present, three gas-hydrate structures are well knbwn:successfully a pure MH single crystal into a small and thin
the cubic structures (sl) and Il (sll), and the hexagonal sample chambe(diameter 0.4 mm, depth 0.04 mmof a
structuresH. The gl structure is the most common form of DAC: After mounting the DAC in which pure water is
clathrate hydrates in natural settings where methane is theaded in a pressure vessel, the air in its vessel was replaced
main hydrate-forming gas. This structure consists of eighby pure methane gas, and the chamber of the stainless-steel
hydrogen-bonded water cages per unit cell, each containing01 gasket was filled with a droplet of pure water and com-
one CH, guest molecule. Two types of cages are present ipressed Chl gas. A single-crystal of MH was grown by in-
sl; two small 52 cages(formed by 12 pentagohsand six  creasing the pressure on a seed crystal, which coexists with
large 562 cages(formed by 12 pentagons and two hexa- water containing Cliat about 0.02 GPa and 296 K. In Fig.
gons. Recently, high-pressure x-ray and Raman studies havé one can see a MH single-crystal surrounded by water at
been carried out to investigate the phase stability and trangboutP=0.02 GPa and =296 K. This observe®-T con-
formation, and the cage occupancy in a single phase or pohdition is consistent with thé>-T phase relation determined
crystalline MH prepared into a diamond-anvil cdlAC).*=° by Dyadinet al}* The shape of a single-crystal MH is some-
Lovedayet al® and Shimizuet al® showed that the cubisl times influenced by diamond anvils, i.e., by the touching of a
phase of MH is stable up to aboBt=0.9~1 GPa at room MH crystal and the diamond culet faces. It has been con-
temperature. firmed from our visual observation and Raman studies that

A few studies had been made for acoustic velocifiés  this crystal belongs to cubisl and is stable up toP
and elastic modul? of MH. The theoretical prediction of =0.9 GPa at room temperatuteRaman spectra of CH
longitudinal acoustiaqLA) velocity in ansl phase of MH  molecules are characterized by their cage occupansy. in
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FIG. 1. Photomicrograph of single-crystal methane hydrate 8 6 4 2 0 2 4 6 8
(MH) grown at abouP=0.02 GPa and 296 K in a sample cham- Brillouin shift (GHz)

ber of a DAC, about 0.4 mm in diameter. This crystal of MH in the

sl phase is in almost fully contact with both the upper and lower FIG. 2. Brillouin spectrum of single-crystal methane hydrate

diamond culet faces, and is surrounded by water containing CH (MH) at aboutP=0.02 GPa and room temperature, and at 60°
scattering geometry. LA and TA are Brillouin-shifted signals from

longitudinal and transverse acoustic waves, respectively.
The pressure was measured by the ruby-scale method9 P y

The ruby was illuminated by the 514.5-nm line of an argon- ) ) ) ) ) )
ion laser with its intensities of less than 1 mW to pre\,emthree elastic moduli and single-crystal orientation simulta-
heating of the chip® We also used the unified method of neously, by using the Brillouin  equation v,
curve fitting for the ruby fluorescence peaks to avoid the= fj(C11/p,C12/p,Caslp,0,4,x). The typical results are
disturbance by another signals. The pressure accuracy in th&w/p=13.2, C1,/p=7.07, and C,,/p=3.76 knf/s* at
experiment is estimated to be abat0.02 GPa. aboutP=0.02 GPa and 296 K.

To determine the elastic properties of a single crystal MH In Figs. 3@ and 3b), the MH acoustic velocities of thel
we appliedin situ high-pressure Brillouin spectroscopy with Phase are shown, respectively, for typi¢dD0 and (110
a tandem Fabry-Perot interferometéft’ A complete map- directions as a function of pressure up to 0.6 GPa at
ping of the LA and transverse acoustiA) velocities in the  room  temperature; via—100=(C11/p)*%  vrai-100
various crystal directions and the full set of adiabatic elastic=vTaz—100= (Caa/p)%  via—110=[(C11+ C1o+2Cys)/
moduli can be exactly determined with situ identification  (20)1%% vra1-110=[(C12—C12/(2p) 1% and vraz-110
of the (unknown crystal orientation at each pressure by ana-=(Caa/p)*? wherep is the density andr,; andvra, are
lyzing the measured directiofangulay dependence of LA slow and fast TA velocities, respectively. The velocities of
and TA velocities. As the excitation source, the 514.5-nmTA; and TA, modes along th€110) direction are found to
line (\o) of the argon-ion laser operated with single modebe well resolved by using our analyz€; /p on anin situ
was used with an input power less than 40 mW. The Bril-high-pressure Brillouin method:*” With increasing pressure
louin spectra were measured at 60° scattering geomeétry;

the Brillouin frequency shift 4 v) is related to the acoustic T T T T T T AN S
velocity (v) as Avgo=vgo/\g. The thin sample chamber, (a) <1°0>_ sk (b) <11°>_
where a MH crystal is in almost fully contact with both the @ m :ice ln( T =-355C)

upper and lower diamond culet faces, keeps the wave vecto | O ileeh(T=50) 1t

of the observed acoustic phonon parallel to the diamond cu-
. . . — 4_ . 4’_ _

let faces, and enables us to avoid the detection of signal: WLA MLA
from water surrounding the MH crystal. - I |
A typical Brillouin spectrum of MH at abouP=0.02
GPa and 296 K is shown in Fig. 2. The peaks of LAand TA & 3} 4 3f .

(km/s

modes are clearly observed. The signal from ®Bkeay §

modes looks like one peak, whereas two peaks are usuallg i ]
expected to appear, except for the case€lphearly elastic 4L TA,
isotropy (A=1 as discussed belgwi.e., the close frequen- i " TA THI\1\‘_.

cies of two shear mode$2) the weak intensity for one of - 1F TA, 1

their peaks; and3) the phonon wave vector along th&00) Gy oy

or (111) direction in a cubic system. Therefore, only one 00 02 04 06 081 00 02 04 06 08
peak for TA modes is probably due to high elastic isotropy " Pressure (GF;a) "~ Pressure (GI:;a) ’
and/or the weak intensity of TA peak. At 60° scattering ge-

ometry, we measured Brillouin frequency shifte., acous- FIG. 3. Pressure dependence of LA and TA velocities of single-

tic velocitieg in 10° intervals of rotation angle about the crystal methane hydrate indicated by solid symbolg#&the(100)
load axis of the DAC at each pressure. Acoustic velocities Ofjirection andb) the(110) direction up toP=0.6 GPa and at room

LA and TA modes show slight but significant angular depen+temperature. Average LA and TA velocities of idg) (Ref. 18 are
dences for the analysis in oim situ Brillouin method% plotted in(a) up to P=0.28 GPa at-35.5°C, andP=1 atm at
The computerized least-squares fit was applied to determine 3 °C for comparison.
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. . FIG. 5. Pressure dependence of adiabatic elastic mo@4) (
FIG. 4. Pressure dependence of the elastic anisotioby 5 phulk modulus Bs) of methane hydrate up t8=0.6 GPa at
=2C44/(Cyy— Cyp)] of methane hydratéViH, solid circles. Typi-  0m temperature for the cases of 10086lid lines and solid sym-
cal data of p.res.sure-lnduced cgblc molecular-soli@sf. 20 are bolg and 75%(dotted lines and open symbplsage occupancies.
shown by solid lines for comparison.
(2) the larger departures from regularity, i.e., larger devia-
LA velocities show the increase, but TA velocities decreasdions from the ideal angular geometry in a tetrahedral coor-
gradually. These behaviors of TA velocities indicate that thedination of oxygen atomé&hese deviations are necessary in
MH becomes gradually less stable with respect to the shea@rder to form a MH structure in contrast to itg).*
component at higher pressures. To investigate the difference Hirai et al determined the pressure dependence of a lat-
in acoustic velocitiegdue to their structure differengde-  tice constant of MH by x-ray diffraction measurements at
tween the present MH and idg, we show Gagnoet al.’s ~ room temperature. From their results we calculated the pres-
average velociti¢§ of LA and TA modes at pressures up to sure dependence of densjiyfor 100% and 75% cage occu-
0.28 GPa andr=—35.5°C[see Fig. 8)]. The shear TA pancies; for 100% cage occupancy, for examplepthialues
velocities of MH and ice}, show almost the same values, but increase from about 0.9 to 1.0 g/2&mwith pressure up to
the compressional LA velocities of MH show a significant 0.43 GPa, and above this pressure ghieist becomes larger
difference from those of ich,. Even if we consider one data than 1.0 g/cri. These results and our velocity data yielded a
point of LA and TA velocities at—3°C near the melting determination of the adiabatic elastic moduli ©f;, C,,,
point [see Fig. 8a)],'® the differences in LA velocity are andC,, as functions of pressure. The solid and dotted lines
expected to be more than 7% at the investigated pressuig Fig. 5 indicate the results of;; under assumptions of
region. As for water, its velocity shows about 2 km/sPat cage occupancies of 100% and 75%, respectively. Since both
=0.02 GPa rangé& therefore, the presence of MH strongly small and large cages in tis¢ phase of MH are known to be
affects acoustic velocities in the deep sea. almost occupied by CHmolecules?! it is becoming clear
Although cubic crystals are optically isotropic, they usu-that the actual elastic moduli are most likely to take values
ally exhibit substantial elastic anisotrop) which is de-  between solid and dotted lines. The theoretical calculatfons
fined asA= (UTAZfllO/UTAlfll())Z:2C44/(C11_ ClZ) For of Cll: 12.8 an&44: 3.6 GPaaP=1 atmand 270 K are
isotropic elasticity A=1), two shear velocitie® 1,110  IN good agreement with the present experimental results. The
andvra;_110are equal and degenarate. Figutb)3hows a  adiabatic bulk modulu3g[=(Cy;+2C;,)/3] is also pre-
small difference betweenp,_ 110 andv 1110, Which re-  sented in Fig. 5C;; andC,, of MH increase almost linearly
sulted inA=1.23 at abouP=0.02 GPa and 296 K, and a with pressure, buC,, remains almost constant, an effect
slight increase to abo#=1.34 atP=0.6 GPa, as shown in associated with the slight softening behaviors of TA veloci-
Fig. 4. This result of nearly isotropic behavior reveals theties with pressure. Their pressure dependence are estimated
reason only one TA peak is usually observed for an arbias dCy;/dP=7.64, dC,,/dP=7.59, dC,,/dP=0.69, and
trarily oriented MH crystal in the DAC. This nearly isotropic dBs/dP=7.61 for the case of 100% cage occupancy. It is
elasticity is noted to be a specific feature of MH, in contrastworthwhile to compare the present results with those of ice
to typical data of pressure-induced cubic molecular solidd,, (Ref. 18 for the investigation of their effect through the
(CO,, H,0—VII, H,S, and CH), showing betwee\=2  structure differencé! The difference between MH and itg
and 6 at high pressuré&These elastic properties seem to beis found on compressional,;, and C5; components; MH
due to the structural features of MHK1) the void-rich ar- shows about 20% smaller values. These results indicate that
rangement of hydrogen-bonded networks which are wideMH is significantly more compressible than i¢g, that is,
spread to almost all directions in order to contain cages, andbout 10% as compressible as estimated from Bgidata
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for the case of 100% cage occupancy. This compressibleigher pressures, which suggests an important role of in-
feature of MH is expected to be dominated by the void-richcreasing interaction among host water molecules through
structure of the host cad@ Therefore, the considerable dif- their strengthening hydrogen bonds at higher pressures.
ference in compressional components of elastic moduli be- In summaryjn situ high-pressure Brillouin measurements
tween MH and icd, can be accounted for by their structural Of the single-crystal methane hydrate have provided com-
difference; MH is more void-rich and open than the hexagoplete studies of acoustic velocities, adiabatic elastic moduli,
nal puckered icéy, . the bulk modulus, the elastic anisotropy, and the Cauchy vio-
The high-pressure Cauchy relation for hydrostaticltion up toP=0.6 GPa and 296 K. Many different proper-
conditiond”23 C,,=C,,+ 2P is satisfied when interatomic 1€S among methane hydrate, water, and ligewere pre-
forces are purely central. The deviatiof(=Cy,—Cay sentt_'-zd, which can offer useful information to many f|eIle
—2P) is caused by effects due to many-body forces in a;e:a:!ng ,EO :Ee re?earcr: of gats hydrategttgand to |;nany r?g|ons
solid. The magnitude of the present experimeritahows e'ating fo the OUTEr soiar system permiting mpeures ot wa-
about 2.5 GPa at abott=0.02 GPa, and increases almost

ter and various gases to crystallize into icy sofitls.
linearly to § =5.5 GPa aP=0.6 GPa with increasing pres-  This work was patrtially supported by the CREST, KAK-
sure. This notable result of the Cauchy violation shows thaENHI, and by a grant from the Research Foundation for
the noncentral nature of the bonding becomes greater d&lectrotechnology of Chubu.
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