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Elasticity of dense helium
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Brillouin scattering measurements have been conducted on crystiteadt high pressure using diamond
anvil cells. Complete sets of elastic moduli, aggregate sound velocities, adiabatic and isothermal equations of
state, and other thermodynamic properties were obtained up to 32 GPa at room temperature. Although He
adopts a hexagonal close-packed structure over the med@ureenge, its elasticity is close to that of a cubic
material. The Cauchy condition is violated to an increasing degree with pressure and indicates an increasing
role of noncentral forces such as many-body exchange interactions. The results provide detailed constraints on
the density dependence of interatomic interactions and the associated lattice dynamics of this quantum solid.

DOI: 10.1103/PhysRevB.70.174107 PACS nuni®er62.20.Dc, 67.80.Cx, 78.3bc, 64.30-+t

I. INTRODUCTION sure range encountered technical difficulties, but modern dia-

As the second most abundant element in the cosmos. h&0ond anvil cell techniques in conjunction with Brillouin
lium has been the subject of numerous scientific investigaScattering spectroscopy and synchrotron x-ray diffraction

tions for nearly a century. Studies in the Id%T range have ~Methods have proved to be very useful for these types of
revealed the quantum and anharmonic properties of the soli@easurement¥. Brillouin scattering at high pressure for he-
phaset? As a major component of giant planets and thelium was first carried out almost two decades ago, but no
product of nuclear fusion, the physical properties of He atelastic moduli were obtained because the simple backscatter-
higher pressure have become a critically important issue foing geometry prevents determination of the sound velocity
planetary science and astrophysics. Many experimental anwlithout knowledge of the refractive index at high pressiire.
theoretical investigations have been carried out to determinBuring the last decade, developments in high-pressure Bril-
the crystal structure, phase diagram, equation of state, theleuin spectroscopy, including changes in diamond cell de-
modynamic properties, and elasticity at high presStfe. sign, scattering geometry, and data collection and reduction
Extensive investigations have also been done in the lowesstrategies, have led to the solution of complete sets of elastic
temperature range because of its importance as a prototypicaioduli for different crystal structures including solidified
quantum system. gases and minera#8.282°In this paper, we present a com-
With the development of modern high-pressure techplete set of elasticity data fdiHe to 32 GPa at room tem-
nigues using diamond anvil cells in the last two decades, thperature by Brillouin spectroscopy; these appear to be the
pressure range for accurate determination of the properties @ifst elasticity data measured for the solid in this pressure
He has been greatly extended. Melting curve studies t@ange.
360 K and 16 GPaRef. 19 suggested a triple point at
11.6 GPa and 300 K, alsq studied_ by self-consistent phpnon IIl. EXPERIMENTAL TECHNIQUES
and Monte Carlo calculatiorf8:?! Direct structure determi-
nation by high-pressure x-ray diffraction established the Our high-pressure Brillouin  diamond-anvil  cell
wide stability field of the hexagonal close-packéacp — techniqué® is described in detail elsewhere. Natural helium
phase. These measurements were extended to 58°GPggas [“He/(®*He+*He)=0.99986, Air Products, Research
equal to the pressure range examined in shock compressi@radd was loaded into diamond anvil cells having a large
experiments. In addition, a number of theoretical ap- conical opening96°) by a high-pressure methd8The sym-
proaches were used for modeling the behavior of dense raraetric scattering geometry was used here for the advantage
gases, including helium, under extreme conditith$>None  of obtaining velocities directly without knowing the refrac-
of these have been completely successful in reproducing exive index of He at high pressurésMultiple phonon direc-
perimental results. Discrepancies between experiments aritbns were probed at each pressure and the data fit by an
various theoretical lattice dynamics calculations call foriterative least-squares method to invert the sound velocity
more extensive measurements of the physical properties afata to obtain the single-crystal second-order elastic moduli
He under very high pressures. (compliancesC;). These compliances, and therefore the
Complete sets of elastic moduli as a function of pressurediabatic bulk and shear modi#li andG, can be obtained if
would provide important constraints on these fundamentalhe density is known at the same conditiGA3he combina-
properties for the solids. In contrast to x-ray diffraction ex-tion of Brillouin spectroscopy and x-ray diffraction has been
periments, elasticity measurements on helium at high presan effective means for determining the equations of state
sures have not progressed since the early studies done in(BOS and elastic properties under extreme conditions.
much lower-pressure range by ultrasonic methio&8Ultra- Helium solidifies at 11.6 GPa and 298%&33-%5In order
sonic measurements for measuring elasticity above this pregs obtain the elastic moduli at high pressure, we need to
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know the crystal structure and its density at different pres- ' ' i '
sures. The first high-pressure, room-temperature, single-

. L . . 150 | 4
crystal x-ray diffraction experiments on the material con-
firmed that*He crystallizes in an hcp structure within the 7
pressure range from 15.6 to 23.3 GfRef. 24. Later dif- @ 100 ]
fraction experiments in variouB-T ranges confirmed that 5
the hcp phase persists up to 58 GPa at ambient 3
temperaturé? Additional room-temperature x-ray diffraction = ol i

studies have been carried out more recefithy.

In high-pressure research, He is considered the best hy-
drostatic pressure mediut®®and thus we have used it ex- ol
tensively for studying single-crystal elasticity at high pres-
sure. For example, He has been used as a pressure medium in
the elasticity studies of a-Mg,SiO,,  B-Mg,SiO;, « FIG. 1. The pressure dependence of single-crystal second-order
-(Mg-F8,Si0O,, and MgO to pressures as high as gjastic moduli for hepHe.

55 GPa8294041 Because the incident laser beam passes
through the sample and pressure medium, the scattering sig—
nals from the pressure medium are collect.e.d as a part of thggnsities needed for evaluating the elastic moduli were ob-
spectrum under the same pressure condition. Many of thFai

o ned from the EOS determined from single-crystal x-ray
data presented in this paper are by-products of other expeliyg» ion 2236 These densities are then adjusted by thermo-
ments in which He was used as the pressure medium. i

L . : : IHynamic calculations based on the obtained elastic proper-
most situations, He was crystallized as a single crystal durmges_ The final density and elasticity data are obtained as a

the gas-loading portion of the sample preparation in order t%elf-consistent result of the iteration process described below.

simplify the I_3r|IIoum spectrum. This was done by very Explicitly, density is obtained from the thermodynamic rela-
slowly clamping the anvils or through crystal growth byaionship

melting and cooling. The single crystal can be documente
either by single-crystal x-ray diffraction with synchrotron ra-
diation or by the smooth sine velocity-angle distribution
measured in a crystal plane by Brillouin scattering. Further- p
more, the sharp, single peak is also evidence that the material |”< )
under study is a single crystal instead of a polycrystal. The
latter gives rise to multiple peaks or diffuse bands as a result
of the velocity anisotropy of random crystalline directions.
The data used for this study corresponded to single crystaldere P, and p, are the reference pressure and density taken
of “He. The crystal orientation was found by a fitting from x-ray diffraction data; this corresponds to 13.0 GPa and
routine“243Finally, we point out that special attention needs0.9881 gm/cr? for the initial calculatior?® Single-crystal
to be paid to the possible pressure variation during the exx-ray diffractions are in good agreement in this pressure
periment. He is very compressible and can be difficult torange?? K; was obtained from th&s [Eq. (9)] obtained in
stabilize at each load. As an example, a force loading thaihis study. The new densities from the integration were then
initially raises the pressure to 12.35 GPa can relax tased to calculate the elastic moduli; the process was repeated
10.5 GPa 2 h later. The experimental details have been pulte reach self- consistency with respect to the bulk modulus.
lished previously?®29.40:41 The pressure dependences of the elastic moddHefare
shown in Fig. 1 and Table I. As a hexagonal crystal, the
material has five elastic moduli;;, Css, Cys, Cqp andCys.
Since there are only a few shear modes of the sound velocity
The theoretical relationship between the sound velocitythat can be obtained, these provide a direct constraint for the
crystallographic orientation, and the elastic moduli of a hex-modulusC,,. The expression

Pressure (GPa)

onal crystal has been discussed elsewtfe¥eThe initial

(1)

I
O~ 7T

o
TS

Ill. ELASTIC AND THERMODYNAMIC PROPERTIES

TABLE |. Second-order elastic moduli He at high pressuré300 K). Uncertainties are one standard deviation.

P (GPa C11 (GP9 C33(GP9 C44 (GP9 C12 (GP9 Ci13(GP9
13.0 61.52.7) 56.76.2) 10.62.9 26.09.0) 29.95.9)
14.1 67.32.9) 62.13.0) 15.02.4) 32.46.4) 35.04.9
15.1 71.33.0) 68.43.9) 14.52.5) 37.46.9) 35.25.0)
18.8 93.73.6) 96.68.4) 20.92.8) 41.310.7) 40.45.6)
24.6 125.15.2) 116.96.4) 29.04.2) 54.§11.8 50.98.4)
323 154.26.2) 150.611.0 39.44.8) 67.415.9 66.79.6)
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FIG. 3. The pressure tendency of the elastic anisotrop{Hef
and H,. The shaded areas represent the uncertainties for each of the

(] L 1 L L L 1 anisotropy determinations 8He; the uncertainties for jare simi-
5 10 16 20 25 30 35 lar and omitted for clarification. The lines are guides to the eye.
Pressure (GPa) P;(He) andP;(H,) are the freezing pressures of helium and hydro-

. , tively, at t ture.
FIG. 2. Comparison of the bulk and shear modulfide and H gen, respeciively, at room temperature

at different pressures.
Ci1+Ca3—2Cy3

AS]_: , (4)
Ca3+C13=Cpy+Cypp () 4Cas
i L. As, = C44 5
has been referenced as it relates to the data fitting S$2= 1 : (5)
process:?632 Although the final results do not necessarily E(Cll_cm)

correspond to the expression shown above exactly, it helps to

constrain and reduce the random scatter in the data for thﬁereAp As,, andAs, are the anisotropies for the compres-
Cj. This assertion is supported by the fact that x-ray diffrac-gjona| and two shear waves, respectively, with values equal
tion experiments de_monstrate th4at i@ ratio of thls_ crystal 51 indicating elastic isotropy. Figure 3 shows the pressure
does not change with pressufé:* The data reduction algo- genendence of the elastic anisotropy e from Egs.
rithm is similar to thgt us_ed in Ref. 26. A _S|gn|f|cant feature (3)(5). The three anisotropies are quite close to unity and do
of the results shown in Fig. 1 is that the differences betweep, change significantly above-15 GPa. Figure 3 also
Cy; andCgs and betweerty, andC, 5 are much smaller than ghos the anisotropy of Hat high pressures. Two of the
the mutual uncertainties. This fact indicates that the elastiCity,,ee measures of the elastic anisotropy for afe higher
of “He with hep structure actually is very similar to that of & yyap those ofHe. Elastic anisotropy of a material is one of
material with cubic structure, which would have only three o 5oy rces contributing an anisotropic stress-strain response
elas_tlc moduliCyy, Cip andCas. to the high-pressure environment. The difference between
Figure 2 shows the pressure dependence of the bulk anfle o materials may be additional evidence for a more
shear moduli calculated from the fitted elastic moduli. Wehomogeneous stress-strain condition producedHsy rela-
also present our results for hydrogen for comparison. Theye o' H, when used as a pressure-transmitting medium.
bulk and shear moduli foftie are §|m|lar to those of Jin The pressure variation of the aggregate sound velocities in
the measured range. Extrapolating to higher pressure, thae fig and solid phases are shown in Fig. 4. Polian and
shear modulus dfHe shows more downwards curvature than grimsditcit” measured thew product to 20 GPa using the
does that of H. This feature could indicate thdte has backscattering geometry, whereand v are the refractive
lower shear strength relatl_ve to,Hat higher pressure; thls_ index and sound velocity at a give®T condition. Obvi-
may be rela_ted to the survival of hydrogen smglg cry;tals 'rbusly, separate experiments are needed to solva &duv.
helium media at megabar pressutéadditional insight into | aTuliec et al. used an interferometric method and mea-
the comparison between these two hexagonal close-packeged the refractive index in the fluid and solid phaSemd
solids is provided by examination of the elastic anisotropy,yas aple to successfully extract the sound velocity from the
which is determined by the individual single-crystal elastic y5t5 optained by Polian and Grimsditch. The sound velocity

moduli. . , data for the fluid and solid phases are quite consistent with
The elagtlc anisotropy for a hexagonal crystal can be degr resylts as shown in Fig. 4. Similar to hydrogen and in
scribed by contrast to many other materials, Poisson’s ratio*fbe de-

creases with pressure over the pressure range stydied
=0.343-0.31 at 13—-32 GPa, Tablg. IThe change is com-
_Cass 3) parable to that for hydrogen, although for a different pressure
region.
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FIG. 4. Aggregate sound velocities of fluid and solid helium at ~ FIG. 5. The volume dependence of the Debye temperature and
high pressure and 300 K. The data from LeToukgal. (Ref. 33 its comparison with previous studies. Solid line, Driessgral.
and Polian and Grimsditc{Ref. 27 were obtained by backscatter- (Ref. 2, O Mills et al. (Ref. 6), + Ahlers(Ref. 47, (J Edwards and
ing and a separated refractive-index measurement. Sound velociBandorf(Ref. 48, and A Heltemes and SwensdRef. 11).
data obtained in this study correspond to direct velocity measure-

ments using a symmetric scattering geometry which does not attice specific heat at constant volu can be obtained
quire knowing the refractive index at high pressgref. 31). The by integrating the Debye function@f,le isothermal bulk

dashed line showing the bulk sound velocity on the solid phase . . .
is calculated from the new EOS obtained in this stishe Fig. &) modulusKy is calculated from the adiabatic bulk modukig

and texi. P;(He) is the freezing pressure of helium at room y
temperature. KT:KS_pCV'sz- (9)

Acoustic properties of solid He at high pressure can belhe ratio of specific heats at constant pressure and volume,
used for characterizing thermodynamic states, which are nd¢p/ Cv, can be written
always directly measurable. The Debye model was used for

determining the thermodynamic propertf€sit each pres- CplCy=KdKsr, (10
sure, the mean velocity,, was computed by using and the volumetric thermal expansion coefficientan be
1 2\3 calculated from
Vi = 31’3<—3 + —3> (6)
Ve Vs a=pyCylKy. (11)
The Debye temperatul®@;, and the mode-Gruneisen param- @ increases rapidly with pressu¢Big. 5); interestingly, it
etery can be calculated with agrees well with the calculation of Driessen al,? which
Op = Wk(BN/4mV9 3V, (7)  Wwas fit to very-low-pressure data!4"“8It is important to
note thaty, C, Cp/C,, and a all decrease with increasing
alnv, 1 pressure. These thermodynamic parameters are listed in
Y= Tﬂp + 3’ (8) Table lIl. LeToullecet al2® suggested a strong pressure de-

crease for th€,/C,, ratio of fluid He; their value of 1.052 at
whereh is Planck’s constanf is Boltzmann’s constant, and 11.6 GPa is close to our result for the solid just above this
N is Avogadro’s number. From the Debye temperature, th@ressure.

TABLE II. Aggregate elastic properties 8He at high pressuré300 K). Uncertainties are one standard deviation.

P (GPa p (g/cm?) Ks (GPa G (GP3 o Vp (km/9) Vg (km/s) Vg (km/9)
13.0 0.9881 39(2.4 13.711.5 0.343 7.620.06 6.290.05 3.720.03
14.1 1.0152 44@.9) 15.71.2) 0.342 8.040.06 6.630.05 3.930.03
15.1 1.0379 474.9) 16.01.3 0.348 8.140.06 6.760.05 3.930.03
18.8 1.1156 58(2.6) 24.21.7) 0.319 9.080.07) 7.250.05 4.660.04
24.6 1.2199 75(3.3 32.52.2 0.311 9.870.07) 7.860.06 5.160.04)
32.3 1.3388 95@.1) 41.62.7) 0.310 10.620.09 8.450.06 5.580.04)
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TABLE IIl. Thermodynamic properties dfHe at high pressuré300 K).

Cy Kt P(0—300 K)
P (GPa Vy, (km/s) Op (K) ¥ (J/mol K) (GP3 Cp/Cy a (108 K™ (GPa

13.0 4.18 659 1.61 19.9 38.7 1.01 204 1.24
14.1 4.42 703 1.60 19.3 443 1.01 177 1.15
15.1 4.42 707 1.60 19.2 47.0 1.01 169 1.24
18.8 5.22 856 1.58 17.1 58.3 1.01 129 0.94
24.6 5.78 977 1.56 15.5 75.1 1.00 98 0.87
323 6.24 1088 1.53 14.0 95.3 1.00 75 0.84

The Cauchy violation is often used to characterize theP-T conditions. Additional x-ray diffraction measurements
noncentral forces in classical solids at zerohave been conducted more recefftfi/ at room temperature.
temperaturé®#149 The Cauchy relations under hydrostatic The elasticity measurements from Brillouin scattering yield
pressure conditions generally are the adiabatic bulk modulus as a function of pressure. The

aggregate bulkKg) and shearG) moduli were obtained

Ci2=Cop+ 2P, C13=Cs+ 2P, Cp3=Cas*2P. (12 from individual elastic modulC; using the Voigt-Reuss-Hill

For a crystal with hexagonal symmetry, we h#ve averaging methor’d.(TabIe Il). Figure 7 shows the aggregate
moduli as a function of density. Early measurements con-
C44=Css Cgs=(C11~ C12)/2, C13=Caa. (13)  ducted at low pressure and low temperature are also plotted
in this figure*® These data, measured decades ago by ultra-
sonic techniques, show good consistency with the data of the
3C1,—C11=4P, Cy3—Cyy=2P. (14)  present study.

i . The isothermal pressure-volume relation at 300 K in this
Figure 6 shows the pressure dependence of the Cauchy ViQiudy obtained from Eq(l) is plotted in Fig. 8a) together
lations. As a comparison, the pressure dependences_ of th&in previous result§10-1214-1852\ote that we use x-ray
Cauchy violations for solid Hare also plotted. The relations  q43 only at 13 GPa. Nevertheless, the EOS determined here
for both materials and their pressure trends are similang quite close to recent x-ray diffraction resgftever a wide

So Eq.(12) now gives

monotonically decreasing with pressure. pressure range. It is important to reduce the present data to
0 K for comparison to previous low-temperature data, par-
IV. EQUATION OF STATE ticularly in the lower-pressure range. To create the EOS at

0 K, we need the thermal pressure at 300 K which then is
Acurate determination of the EOS 6He has been an subtracted from the measured pressure. Assuming a quasihar-
important research objective for decadé<:22243Based on  monic lattice dynamical origin, the thermal pressure term
the x-ray diffraction method developed by Maa al.®  (AP,) is expressed by the Mie-Griineisen equation
Loubeyreet al22 measured the lattice parameters of Aeje
to 58 GPa using synchrotron x-ray diffraction at various

120F T T T T T T =

*He )
T 100 |- 7

— K; & fitted G (This study)
® Kg (This study)
®m G (This study)
A Kg (Franck etal.)
©  Kg (Mills et al.)

<20 -

1
=
o

T

......... Mao et al.

Cauchy Violation (GPa)
]
Moduli (GPa)
3
T

B I R Bt Loubeyre et al.
80 J
40 .
100 .
20 20 .
s 10 15 = 0 %
Pressure (GPa) 0 o
0.2 04 0.6 0.8 1.0 1.2 1.4
FIG. 6. The pressure dependence of the Cauchy violatibhlén Density (g/cm 3)
and H,. The shaded areas represent the uncertainties for each of the
violations of*He; the uncertainties for Hare similar and omitted FIG. 7. Aggregate bulk moduli obtained by Brillouin scattering

for clarification. The solid and dashed lines are the guides to theersus density. Several data poiafs, Ref. 4; ¢, Ref. 6 at lower
eye. P¢(He) and P¢(H,) are the freezing pressures of helium and pressure are obtained from ultrasonic measurements and agree well
hydrogen, respectively, at room temperature. with the present study.
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L ! ' ! ] v, assumed to be independent of temperature but volume
“He (300 K) dependent, has been calc_ulated above. The internal_energy
term Eg, can be evaluated in terms of the Debye function

50 - ® This study
—— P(0 K)+P ,,(300 K) XD
----- Loubeyre et al. onRT x3
o O Maoetal. Eq = — —dx, (16)
0, ) e-1
0

40 O Loubeyre et al. —

Pressure (GPa)

XD
Iny(V)RT* f X3
APy = dx, 17
"= Tve s ) e-1 7
20} 0

wheren is the number of atoms per formula uritjs the gas
;| constant, andxp=0p/T. The calculatedPy, are listed in
et 5 b ) Table IIl. The thermal pressui,, was subtracted from each
Volume (cm */mole) measured pressure to obtain the pressure at 0 K for each
@) volume at 300 K. It is well known that the choice of zero-
pressure reference volumé&, will strongly affect the final
20F T T T T g EOS parameters; this cannot be measured directly for hcp
“He at any temperature. Stew&nneasured the compression
of solid “He using the piston displacement method at 4.2 K
up to 2 GPa. Edwards and Pand®neasured the heat ca-
_ pacity of hcp®He at 0.3—4.27 K and obtained a set of ther-
modynamic properties at 0 K including thieV-T relation-
ship. Other experimental studies of the density and structure
have been carried out at low temperatures and pressures,
i including x-ray diffraction?1314 neutron scattering’, and
thermodynamic measuremefitsThe Vinet P-V function
was used to fit all of these data, ang=25.35 cni/mol at
0 K was obtained; the small temperature differences within
those data have a negligible effect on the result. This value
for Vo was then used in a Vinet EOS fit of the present higher-
X pressure data corrected to 0K givingKgt
=0.0064+0.0003 GPa, andK; +=9.71(+0.06). The consis-
tency between the EOS and previous woikcluding the
4 6 8 10 12 results of Driesseet al;? see Fig. &)] is very good over a

Volume (cmslmole) wide pressure range.

0.12

0.10

\ 0.08

\ 0.06
104 ,

0.04

\ 0.2

Pressure (GPa)

\\ 0.00

(b)

FIG. 8. (a) Equation of state of helium obtained with different V. DISCUSSION

experiments at room temperature. Solid line: results of the present \We have presented a complete set of elastic moduli for
EOS fit of the data corrected to O Ksee text Dotted line:  pyijjoyin scattering spectroscopy. We found that this hcp
Loubeyreet al. (300 K, private communicatign Symbols:® this  .rysta| has an elasticity rather similar to that of a cubic ma-
study (300 K), O Mao et al. (300 K, Ref. 24, and[J Loubeyreet terial with C;;~ Cas and Cyo~Cy5 within experimental un-

al. (304 K, Ref. 23. (b) Equation of states of helium at low tem- P . . . . .
peratures. Solid line: EOS of this stufy K); dashed line: Driessen (t:):artalntfles. TI;]e a|mOS'[dIS|OtI‘0p|C ";1'5"‘5;'0 properties and pOSIS'
et al. (0 K, Ref. 2. Symbols:A Mills et al. (75-97 K, Ref. §, V y softer shear modulus at higher pressure are also

; ' . consistent with its better hydrostatic character relative to hy-

Vosetal.(1.3 K, Ref. 15, ¢ Vosetal.(1.77-14.31 K, Ref. 16@ - T | lation based orat
Mills and SChUCh(1.73 K, Ref. 12, B Schuch and |\/|i||S( rogen. € pressure-volume relation pasea on an iterative

1.2-18 K, Ref. 14 A Henshaw(1.1 K, Ref. 10, ¥ Minkiewicz et calculation using the elasticity data fit to a Vinet EOS is
al. (1.03 K Ref. 17, O Brunet al.(5.6‘K Ref. '18 andO Stewart  consistent with the results of x-ray diffraction measurements.

(4.2 K, Ref. 52. Indeed, we find that the Vinet EOS function is capable of
fitting P-V data over a very broad range of compression, as
found previously for H.5° The new elasticity data obtained
AP = Pi(V,T) = Pin(V, To) over the large compression range provide an opportunity for
= [YWIVIIER(V,T) = En(V, To)], (15) assessing the origin of discrepancies between lattice dynami-
cal calculations based on different interatomic potential mod-
where the subscript O refers to 0 K. The Griineisen parametels and experimental measurements.

174107-6



ELASTICITY OF DENSE HELIUM PHYSICAL REVIEW B70, 174107(2004

As mentioned above, extensive theoretical lattice dynamand the strongly anharmonic dynamics of the systein. 6).

ics calculations and simulations have been carried out on H&he lattice dynamics of rare-gas solids become increasingly
over a range of densitiésThese include self-consistent pho- harmonic under pressuf® The pressure dependence of the
non calculationg!>>in which the phonon frequencies and Cauchy violation indicates the increasing role of many-body
elastic constants as well as the free energies and therefore thgoncentral forces with density, consistent with analyses of
EOS are determined. First-order self-consistent phonon aghe EOS of other rare-gas solids. In this regard, comparison
proximations have been used but primarily for examining theyetween théHe and H is also instructive. Both have similar
properties of the low-pressure solidDuring the past few 1 elastic properties; the Cauchy relations and elastic
decades, static and dynamic compression experiments haygisqiropies, which depend on the individual elastic moduli,
provided experimental data over much larger pressureyier bt the trends with pressure are similar. The electron

temperature ranges. Lattice dynamics calculations of th(aensity of solid molecular hydrogen is close to spherical in

EOS (Refs. 22 and 24 based on accurate pure pair this pressure ranggvell below orientational ordering transi-
potential&®5° produce much higher pressures relative to ex-. > P : ) ) : 9t
ions), despite the differences in the underlying atomic struc-

periment; i.e., there is a significant softening duetoattractivé tomi diatomic in th-T Th
many-body interactions. Similar results were found for ure (monoatomic versus diatomic in ~T rangg. The

Ne 8961 Calculations based on the Ross-Young potential for?wagnitude of the differe_nces in elastic_ity properties between
He 82 which is an exponential-6 type obtained from fitting to € and H at high density should provide important tests of
shock-wave data and implicitly including many-body terms,theory. In addition to identifying the explicit form and mag-
are more consistent with experimenta| data but tend to d|sn|tude of the interatomic interactions, calculations of the
agree in the higher-pressure range. On the other hand, seflasticity that include the density dependence of the quantum
consistent harmonic phonon calculations corrected withproperties are needed to examine these issues. As such, Bril-
three-body interaction terrffsgive a much softer EOS than louin measurements on these and related simple molecular
obtained with the experimental d&faRecently, the path- systems over a wider pressure range would be useful.
integral Monte Carlo simulations method has successfully
been used to reproduce the room-temperature EOS &f Ne,
but apparently has not been applied to dense(s¢e also We thank T. S. Duffy, R. T. Downs, and J. Hu for their
Ref. 60. valuable help in these experiments, P. Loubeyre for sharing
Elasticity data obtained over a large pressure range prdiis unpublished EOS data, Yu. A. Freiman for many useful
vide detailed constraints on the explicit form of the inter-discussions, and S. Gramsch for comments on the manu-
atomic interactions in the dense solid. The degree of thecript. C.S.Z. is supported by CHESS through a NSF grant
Cauchy violation in this quantum solid thus provides addi-and NIH/NIGMS under Award No. DMR 0225180. H.K.M.
tional information that may be compared with violations ob-and R.J.H. are supported by NSF-DMR, NASA, and DOE/
served previously in classical solié?* The Cauchy viola- NNSA through the Carnegie/DOE Alliance Cent@DAC,
tion at low pressure can be ascribed to quantum fluctuationBOE Contract No. DE-FC03-03NA001x%4
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