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High-pressure elastic properties of liquid and solid krypton to 8 GPa
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The direction-dependent acoustic velocities, refractive index, adiabatic elastic constants, adiabatic bulk
modulus, and elastic anisotropy in liquid and solid krypton have been determined under pressures up to 8 GPa
by Brillouin spectroscopy, within situ identification of the krypton single-crystal orientation in a diamond-
anvil cell. Typical values of the three adiabatic elastic constants for fcc crystalline krypto@;aret0.7,
C,,=28.7, andC,,=15.8 GPa at 6 GPa and room temperature. These results contrast fundamentally with the
inequality C,,>C,,>C,, determined previously over the same pressure range. The elastic anisdtropy,
=3.3 at 1 GPa, shows a gradual decrease to 2.5 at 8 GPa. These properties are compared with those of solid
methane, which undergoes molecular rotati®0163-18208)02901-4

. INTRODUCTION et al® at low temperature and by Poliat al® at high pres-
sures, and the origin of the discrepancy with earlier high-

Krypton (Kr) is the simplest molecular material, and its pressure results is investigated. The significant feature of the
condensed phases are of fundamental importance for modgr elastic anisotropy is discussed in comparison with the
calculations of rare-gas solids. At atmospheric pressurgare-gas family;” as well as solid methafiehat contains
krypton liquefies at about 119.6 K and solidifies in the face-rotating molecules.
centered cubigfcc) phase at about 116.4 K. At room tem-
perature, liquid Kr crystallizes into the same phase at about Il. EXPERIMENT
0.83 GP4. This rare-gas van der Waals solid can be treated
as a standard for comparisons with fcc molecular cry’tals
showing molecular rotations, because monatomic solid K
does not contain rotating molecules.

Landheeret al®> measured the Brillouin scattering o
single-crystal Kr at 115.6 K and atmospheric pressure, an
determined three elastic consta@ts, C;,, andC,,. Polian
et al® determined the equation of state and elastic propertie

of solid krypton at pressures up to 30 GPa and room temWhich coexists with the liquid at 0.90 GPa. This value is

perature by using energy-dispersive x-ray diffraction anoclose to the melting liné.No pressure transmitting medium
Brillouin scattering, respectively. By Brillouin spectroscopy was used. The pressure was measured by the ruby-scale
of the longitudinal acousti€LA) mode using a backscatter- method. _— .

ing geometry, they measured the pressure dependenue of For Bnllqum m.easureme.nts,. the 514.5 nm argon-ion laser
(n; refractive indexp; LA velocity) for arbitrary unknown !lne (Ao) with a single longitudinal mode was used with an
directions of a Kr single-crystal without identification of the input power level of about 100 mW. The hear_t of the appa-
crystal orientations. In this manner, they determined the effaUs was a Sandercock tandem Fabry-Perot interferoreter,

fective elastic constants by using the density from x-ray dif—WhICh was used in a triple-pass arrangement. The Brillouin

fraction, deriving three elastic constants and the refractivér?quency shiftsA») at 90° and_ 1.800 scattering geometries
g with the DAC (angles between incident and scattered beams

To load Kr in a diamond-anvil ce(DAC), we condensed
ommercial gaseous Kr by spraying its vapor into the gasket
ole of the DAC cooled in liquid nitrogen. When the hole
§ was full of solidified Kr, the upper diamond was translated to

eal the sample. After adequate pressure had been applied,
the DAC was warmed to room temperatfr&.single crystal
gf Kr was grown by increasing the pressure on a seed crystal,

index. lated to th tic velocit follows?®
Recently, we have determined the pressure dependence e related to the acoustc veloci y)(as follows.
three adiabatic elastic constants of solid methane ,jGhb Avgy="Zvgg/\o 1)

to 5 GP4! It has the fcc structure, a closed-shell spherical

electronic configuration, and the weak van der Waals forcesand

which characterize the rare-gas solids. The result, however,

exhibits some strikingly different elastic properties compared Avi180=(2N)v 180/ Mo, 2

to the rare-gas family. where the wave vectay of the acoustic phonons is parallel
In this paper, we present acoustic velocities for all direc-(90°) and perpendiculaf180°) to the interfaces of the input

tionS, deriVing the refractive indeX, three adiabatic elaStiCand output diamonds crossed by the laser beam,vwdﬁ

constantdCy;, Cyp, andCyy), adiabatic bulk modulusHs),  independent of the refractive index of the medium.
and elastic anisotropy of liquid and solid krypton at pressures
up to 8 GPa. These properties were all determined by using IIl. RESULTS AND DISCUSSION

Brillouin scattering measurements wih situ identification
of the crystal orientation at each pressure. The results are We determined the pressure dependence of acoustic ve-
compared with those of the earlier studies by Landheelocity and refractive index for liquid Kr at pressures up to
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FIG. 1. Brillouin spectrum of liquid Kr aP=0.59 GPa.A vgq Pressure (GPa)
and Av,gq are Brillouin-shifted signals from 90° and 180° scatter- o
ing, respectively. FIG. 3. Pressure dependence of the refractive indicgsfgr

liquid Kr (solid circles and solid Kr(open circleg at 300 K. The

. . . .. vertical arrow indicates the liquid-solid phase transition poinP at
0.90 GPa and 300 K. A typical Brillouin spectrum of liquid _q 99 Gpa. The solid line represents a least-squares fit to the

Kr (P=0.59 GPa) at 90° scattering geometry is shown inpresent results, and the dashed line shows the result by Rliin
Fig. 1. We can observe Brillouin frequency shifts fbwgg (Ref. 6.

and A vgo Simultaneously, because the laser beam reflected S
from the output diamond serves as an incident beam, givinghe subscripf indicates LA, TA, and TA, modes,p is den-
the weak 180° scattering signidl*! Figure 2 shows the pres- sity, and(6,¢,x) are the Euler angles relating the laboratory
sure dependence dfvgy, Avig,, and the sound velocity frame(DAC) to the crystal reference frame. A least-squares
(vgo) from Eq.(1) belowP=0.90 GPa. Because the liquid is fit was applied to determine acoustic velocities and elastic
acoustically isotropic, the sound velocity is the same for allconstants of the fcc Kr single-crystal at each pressure. We
directions. Therefore, we can determine the pressure depefund excellent agreement between the measured and the
dence of n by using the ratio of Avgy, t0 Awvyg, fitted values, as seen in Fig. 5. The best fitting reSlzJIts yielded
Avgol Avige=1/(V2n) (see solid circles in Fig.)3 The re- Ell/P:?’-%' Cip/p=2.94, andC,/p=154knfs 2 at P
fractive index increases sharply with pressure and has, near1-66 GPa. An independent procedure for different crystal
the solidification point, a value of about 1.38, which is com-orientations showed consistency for these values within an
parable to that of kD atP=0.1 MPa and room temperature accuracy_ofiZ%. The crystal orientations grown in the
For solid Kr at pressureé between 0.90 and 8 GPa fh AC, which were determined from the best fitted Euler

acoustic and elastic properties have been studied by using ttﬁrzﬁgz’ a\?(l)enrge t%/ g 'gi% %‘éﬂiﬂg)ﬁggé; 11) crystallographic

method of high-pressure BriIIouiq Spl‘gc”osc_opy re_cen_tly de Once the six parameters were determined, the acoustic
veloped for simple molecular solid$ A typical Brillouin  \ejocities could be calculated for all directions, Figure 6
spectrum of solid Kr at 1.66 GPa is shown in Fig. 4. LA andghoys the Kr sound velocities for typical directions as a
two transverse (TATA,) modes are clearly observed. Bril- fynction of pressure up to 8 GPa at 300 K. At the freezing
louin measurements at 90° Scatte”ng geometry were made wb”']t (: 0.90 GPa), the sound Ve|ocity shows a discontinu-
10° intervals of rotation angle about the load axis of the oys change to the LA, TA and TA velocities in the solid
DAC in the laboratory frame. The observed Brillouin fre- phase of Kr, and these increase with pressure. Furthermore,
quency shifts, that is, acoustic velocities at 1.66 GPa, arge can calculate the sound velocity,§) along the direc-
plotted as a function of as open circles in Fig. 5. To ana- tjon perpendicular to the diamond interfaces, which allows
lyze the angular dependence of the sound velocities for thgs 19 determine the refractive inder)(by using Eq.(2).

LA and two TA, (slow) and TA; (fash modes at each pres- From the Av,q, measured at 180° scattering geometry, we
sure, we used Every’s expressibheelating acoustic veloci-  ¢an obtain the pressure dependencenofor solid Kr as

ties for an arbitrary direction to the elastic constar@X.  shown in Fig. 3. The refractive index is almost continuous

The velocities can therefore be expressed as a function of sixcross the freezing point, probably due to the van der Waals

parameters: v;=0; (C11/p,C12/p,Caalp,0,,x),> Where  gqjig being a simple closed-shell insulator. Thef solid Kr
shows a gradual increase with pressure, from1.40 at 1

10, S GPa ton=1.60 at 8 GPa. The present results are in good
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FIG. 2. Pressure dependence of Brillouin frequency shifts at 90° FIG. 4. Brillouin spectrum of solid Kr aP=1.66 GPa. LA,
and 180° scatterings for liquid Kr. Solid circlé80° scattering ~ TA,, and TA are Brillouin-shifted signals from longitudinal, fast,
indicate acoustic velocity simultaneously. and slow transverse modes, respectively.
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FIG. 5. Brillouin frequency shifts and acoustic velocities of LA, Pressure (GPa)
TA,, and TA modes as a function of anglé at a 90° scattering . . .
geometry for solid Kr aP=1.66 GPa. Tha shows the rotation FIG. 7. Pressure dependence of adiabatic elastic cons@nts,

. ; S : Ci,, andC,, for solid Kr at 300 K(open symbols For the liquid
le about the load f DAC. O | dicat ~12 44
e e dashed pen cireies indicate experimen hase(solid circleg, the elastic modulus i§:=pv2. The dashed

tal points, and the dashed line represents the calculated best-fit v? N . . .
Ioci?ies P ine indicates the adiabatic bulk moduluBd). The vertical arrow

indicates the liquid-solid phase transition pointPat 0.90 GPa.

agreement with those obtained by Polietral®
In Fig. 7 we show the pressure dependence of the threlé
adiabatic elastic constants and the adiabatic bulk modulu
[Bs=(C11+2C1)/3], which were determined from the
best-fitted results foC;;/p with the pressure dependence
of p from x-ray studie$. Typical values atP=6 GPa
and 300 K are as followsC,,=40.7, C1,=28.7, Cyy
=15.8 GPa, ands=32.7 GPa. The low-temperature sdlid
showsC,,=2.66,C,,=1.73,C,,=1.26 GPa, an®85s=2.04
GPa atT=115.6 K and P=0.1 MPa. The ratios(high
pressure/low temperatyrall yield roughly the same value:
Ci1, 40.7/2.66=15.3; C4,, 28.7/1.73=16.5; C,4, 15.8/1.26
=12.5; and Bg,32.7/2.04=16.0. Previous results for the
high-pressure solfdare, for example,C,;=43, C;,=19,
C44=23 GPa, an@s=27 GPa atP=6 GPa and room tem-
perature. The agreement for the valueQf, is good. How-
ever, the resul€,,>C,,>C;, contrasts fundamentally with
our inequality C;,>C,,>C,4. Furthermore, the previous
determinations ofC,, and C,, as a function of pressure

— 6
showed a crossover arounft=14 GPa; whereas, the mqjecular solidsy is larger than 1, and decreases to 1 with
present results show that this is unlikéfig. 7). increasing pressufet®'®The ratio of ourBg from Brillouin
Let us investigate the origin of the disagreement betweerﬁ?ealsurements to theBy(=Bg) from x-ray studies gives
our present results and the earlier high-pressure results o1 34 at 1 GPa. and decreasesyte:32.7/27=1.21 at 6

Polianet al® They measured the pressure dependence of th&.pa- a reasonable behavid® 5 Therefore. we believe that
LA velocity for arbitrary unknown directions of a Kr single Polia{n etal’s adiabatic .bulk mOdliI|US B(=(Cyy

crystal without identifying the crystgl orientatipn, an_d esti- +2C;,)/3) is underestimated; specifically, the valueQy,
rnaéecfi ag e_m/elope flor all the expenc;netntal po(sme Flg.dsth is underestimated. Consequently, their valu€gf becomes
In Ret. .LA € ?nyte_: opeziorrgspfgc;s Jc::g:axw/r;u/m and eoverestimated, resulting in their inequaliBy;>C,4,>C15.
minimum LA velocities,p*=[(C11+2C1,74Cay)/3)/p and  »ccordingly, we consider our own resulty;> C 1,>Cay t0

2=C,,/p along (111) and (100 directions, respectively.

or the determination of the three elastic constants, they used
e isothermal bulk modulus Bf) obtained by x-ray-
diffraction measurements at various pressures. Then, they as-
sumed that the ratio of the specific heats at constant pressure
to constant volumeC,/Cy=Bg/Bt= vy is equal to 1, that is,
Br=Bg=(C11+2C1)/3.

We now discuss the problems with their procedure and
justify our own results(1) They estimated the envelope of
velocities from their measurgab 2, assuming that the orien-
tation of the crystals formed in the DAC were perfectly ran-
dom. The minimum curve, as seen in Ref. 6, is reliable be-
cause of the large number of data points. However, the
maximum curve seems less reliable because of the overesti-
mate at pressures between 3 and 20 GPa, as seen clearly in
Ref. 6. The former indicates good agreement between the
present and the earlier results for the valueCgf, and the
latter suggests an overestimate for the value &2
+4C,,. (2) They assumed=Bg/B;=1. Generally, simple
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FIG. 6. Pressure dependence of acoustic velocities for liquid and o3 7} 3 3
solid Kr at 300 K. The vertical arrows indicate the freezing point Pressure (GPa)
(P=0.90 GPa). In the fcc solid phase, the velocities for typical
directions are shown(a) (100, (b) (110, and(c) (111 directions. FIG. 8. Pressure dependence of elastic anisotrgpy

LA, TA,, and TA are longitudinal, fast, and slow transverse =2C,,/(C.;— C;)] for pressure-induced crystalline Kr, GkRef.
modes, respectively. 4), and CQ (Ref. 15 at room temperature.
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be more reasonable because it was determined by BrillouiNamely, the decrease @& with pressure is probably due to
spectroscopy within situ identification of the Kr single- the gradual decrease in space for large variations of the an-
crystal orientation inside the DAC. isotropy under increasing compression.

The elastic anisotropy is defined as the square of the In conclusion, we have presented systematic studies of
ratio of acoustic velocities, TAto TA; propagating along Brillouin measurements for liquid and solid phases of the
the(110 direction, and is given by the three elastic constantgare-gas Kr at pressures up to 8 GPa and room temperature.

Ci1, Cpp, andCyy; The results were compared with earlier Brillouin studies for
the low-temperature solid at 0.1 MPa, and for the high-
A=2Cy/(C11—Cya). (3)  pressure solid at room temperature. The present experimental

Figure 8 compares the pressure dependencé d6r the rgsults for acous_tic vglocity, refractive index, ad?abat?c elas-
rare-gas solid Kr, with those of crystalline GEind CQ. For tic constants, adiabatic bulk mlodulus, and e]asnc anisotropy
solid CH, that has molecular rotation, the increasedofvith as a function of pressure prpwde dajca for hlgh-pressur'e Scl-
pressure is caused by rotation-translation coupling in the ori€"C€ and for model calculations of simple rare-gas solids.
entationally disordered phasé On the other hand, the value
of A for solid CO, is about 1.9, almost independent of
pressurd® a behavior typical of most solids. Solid Kr ex-  We thank T. Kume for his constructive comments. This
hibits A=3.3 atP=1 GPa, and shows a gradual decrease tavork was supported by CRES(Core Research for Evolu-
2.5 at 8 GPa. This trend seems to be characteristic of thi#éonal Science and Technologgf Japan Science and Tech-
simple closed-shell insulator of the rare-gas solid Kr.nology Corporation.

ACKNOWLEDGMENTS

1R. K. Crawford, inRare Gas Solidsedited by J. A. Venables and 9R. Mock, B. Hillebrands, and R. Sandercock, J. Phy20E656

M. L. Klein (Academic, New York, 1976 Vols. | and II. (1987.
?S. C. Rand and B. P. Stoicheff, Can. J. P§@.287(1982. 104, Shimizu, E. M. Brody, H. K. Mao, and P. M. Bell, Phys. Rev.
3H. Shimizu and S. Sasaki, Scien267, 514 (1992. Lett. 47, 128(1981.
*H. Shimizu, N. Nakashima, and S. Sasaki, Phys. Re§3B111  1g M. Brody, H. Shimizu, H. K. Mao, P. M. Bell, and W. A.
. (1996. _ Bassett, J. Appl. Phy$2, 3583(1981).
D. Landheer, H. E. Jackson, R. A. McLaren, and B. P. Stoicheff12y ghimizu, M. Ohnishi, S. Sasaki, and Y. Ishibashi, Phys. Rev.
Phys. Rev. B13, 888(1976. Lett. 74, 2820(1995.

6 . . .

A. Polian, J. M. Besson, M. Grimsditch, and W. A. Grosshans,lsH_ Shimizu, T. Nabetani, T. Nishiba, and S. Sasaki, Phys. Rev. B
Phys. Rev. B39, 1332(1989. 53, 6107(1996

7J. Skalyo, Y. Endoh, and G. Shirane, Phys. Rev9B1797 14, . )
'(1974) o ' ’ ' ) ! A. G. Every, Phys. Rev. Let#d2, 1065(1979.

. 15 . . . .

8H. Shimizu, inHigh Pressure Research on Solidslited by M. H(.liggnlzu, T. Kitagawa, and S. Sasaki, Phys. Rew/B11 567

Senooet al. (Elsevier, Netherlands, 1985p. 1-17. '



