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High-pressure elastic properties of liquid and solid neon to 7 GPa
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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, and elastic anisotropy of
liquid and solid neon at pressures up to 7 GPa and 296 K through its liquid-solid phase transition point at
4.6 GPa. We investigate the characteristics of high-pressure elastic properties of the rare-gas solid neon by
comparing to previous experiments of heavier elements, argon and krypton, and with recent theoretical

calculations.
DOI: 10.1103/PhysRevB.71.014108 PACS nuniger62.50+p, 62.65:+k, 64.70.Kb, 78.35tc
I. INTRODUCTION Recently, Tsuchiya and Kawamdfahave calculated sys-

Rare-gas solidéRGSg are model substances that pro\,idetematically elastic properties and their pressure dependence
us with ideal systems allowing fruitful comparisons between?f RGSs up toP=90 GPa using thab initio full-potential
experiments and theoretical calculatidnRGSs under high linear muffin-tin-orbital method. They have considered the
pressures are of fundamental interest as the hydrostatic prégauchy deviation, elastic anisotropy, and normalized elastic
sure medium for high-pressure research in a diamond-anvilonstants of Ne, Ar, Kr, and Xe solids as a function of pres-
cell (DAC)?3 and as a component in rocks and the Earth’'ssure.
interior® In our context of RGSs, solid helium is an extreme  In this paper, we present acoustic velocities for all direc-
case where the quantum effect is very important. For thdions, deriving the refractive index, three adiabatic elastic
heavier RGSs argon, krypton, and xenon, the contributionsonstant$C,;, C,,, andC,,), adiabatic bulk modulus, elastic
from gquantum motion of the atoms are not so strong. Thereanisotropy, and normalized elastic constants of liquid and
fore, solid neon is one of the most interesting among RGSsolid Ne at pressures up to 7 GPa. These properties were
because its properties are expected to be intermediate bdetermined by using Brillouin scattering measurements with
tween solid helium and the heavier elements. in situ identification of the crystal orientatiérf at each pres-

High-pressure Brillouin spectroscopy is a useful methodsure. From these results we investigate the characteristics of
to study the elastic properties of molecular single crystaldigh-pressure elastic properties for solid Ne by comparing
grown in the DAC>~’ By analyzing the observed angular with previous experiments of the heavier ar§bhand
dependence of Brillouin frequency shifts, acoustic velocitiekrypton!® and with recent theoretical calculatiotfs.

(v) for any direction, the refractive index), adiabatic elas-

tic constants(Cij_), and adia_batic_: bulk modulu(sBs) can be Il EXPERIMENTAL AND ANALYSIS

exactly determined by Brillouin scattering measurements

with in situ identification of the crystal orientation at each  For loading a Ne sample in the DAC, we pressurized

pressure. These results provide constraint on the forces ébmmercial gaseous Ne at room temperature in a high-
interaction between atoms or molecules at highpressure gas vessel, including the DAC with an empty gasket
compression&?® hole, and sealed its fluid Ne in the sample chamber of the

At ambient pressure, neofNe) solidifies in the face- DAC. A single crystalline Ne was grown by increasing the
centered cubiéfcc) phase at about 24.4 K. At room tempera- pressure on a seed crystal, which coexists with the liquid Ne
ture, liquid Ne crystallizes into the same phase at abou@tP=4.6 GPa and 296 K. This pressure is close to the value
4.7 GP&a%12and this pressure value is larger than 1.3, 0.83reported previousl§?*2The structure of the crystalline Ne is
and 0.42 GPa for those of Ar, Kr, and Xe, respectively. the fcc, but it does not show the crystal habit in the DAC. No
Here, the helium shows its largest value of 11.5 &3  pressure-transmitting medium was used because solid Ne is a
McLarenet al1* determined the adiabatic elastic constants ofsoft material. Although the Ne crystal was occasionally
solid Ne at low temperatures and ambient pressure by Brilstrained on account of its softness, we could observe good
louin scattering measurements. By x-ray diffraction experi-Brillouin scattering signals under the condition of negligible
ments at room temperature, Finger all® and Hemleyet  nonhydrostatic stress at pressures up to 7 GPa. The pressure
al.’5 determined the structure, lattice parameter, &  was measured by the ruby-scale methdd@o minimize the
equation of state at pressures up to 14.4 GPa and 110 GFeffect of the pressure gradients in the Ne sample across the
respectively. No solid—solid phase transition was observed tanvil, we used a tightly focused laser spot less thanaQ
110 GPa at room temperature. Hemfgtyal. also performed ~ which is smaller than the sample size of about 100. The
quasiharmonic lattice dynamics calculations for various pair514.5 nm argon-ion laser ling o) with a single longitudinal
potential models of the solith. mode was used at input power of about 100 mW. The heart
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FIG. 1. Brillouin spectrum of liquid Ne aP=1.28 GPaAwgg- ressure (GPa)

and Av,go- are Brillouin-shifted signals from 60° and 180° scatter- k1 2. pressure dependence of Brillouin frequency shifts at 60°

ings, respectively. and 180° scatterings for liquid Ne. Open circlg@° scattering
indicate acoustic velocity simultaneously.

of the apparatus was a Sandercock tandem Fabry—Perot

interferometef® which was used in a triple-pass arrange-to 4.6 GPa and 296 K. A typical Brillouin spectrum of liquid

ment. The Brillouin frequency shiftéAv) at 60° and 180° Ne (P=1.28 GPa at 60° scattering geometry is shown in

scattering geometries with the DA@ngles between incident Fig. 1. We can observe Brillouin frequency shifts g

and scattered beapnare related to the acoustic velocity) and Avygo,, Simultaneously, because the laser beam reflected

as follows®”’ from the output diamond serves as an incident beam, giving
the weak 180° scattering sigridl??Figure 2 shows the pres-
Avgoe = vgo/No (1) sure dependence vgg., Avigp, and the sound velocity
and (veoe) from Eg. (1) below P=4.6 GPa. Because the liquid is

acoustically isotropic, the sound velocity is the same for all
Avigoe= (2n)v1god Ao, (2)  directions. Therefore, we can determine the pressure depen-
dence ofn by using Eqgs.(1) and (2); that is, the ratio of

where the wave vectay of the acoustic phonons is parallel Avgor 10 Avggor and Avggl Avag=1/(2n) (see open circles

(60°) and perpendiculaf180°) to the interfaces of the input .~ %Y L ou™! . :
and outpuri digmonds crossed by the laser beam,va@dg in Fig. 3. The refractive mde_x_ increases sharply with pres-
independent of the refractive index of the medium. For the?Ure and_ hag, near the solidification point, a value of about
single crystalline Ne at pressures between 4.6 and 7 GPa, tH‘e16’ tWh'Ch ISt Iowc—zlrrhthan thatt of 5@“ at P_.O'l M(I;’a and ¢
elastic properties have been studied by using the method gpom temperature. 1he present results aré in good agreemen

. 12 ;
in situ Brillouin spectroscopy developed for simple molecu- W!:EE. thtc;]se of De‘}f"filit( al Fby ?eFmterfle_;eRIce TethOd
lar solids®~7 The acoustic velocities can be calculated theo-V'"'N the €rror of 1 7e(See Fig. ». For Soll € at pres-

retically by using the above relation betwear andv, and Sures hetween 4.6 an_d ’ GPa,_ the acoustic.and ela_stic prop-
the SO|)l/JtiC))/n of tge elastic equation as follof: erties have been studied by using the methouh @fitu high-

pressure Brillouin spectroscopy mentioned above. A typical
v; = f;(C14/p,C1dp,Cadlp, 6,4, X), (3)  Brillouin spectrum of solid Ne at 6.09 GPa is shown in Fig.
L o _— 4. The peaks of LA and TA modes are clearly observed. The
where the subscripf (=0,1,2 indicates the longitudinal signal from TA(sheaj modes looks like one peak, whereas

acoustic (LA), two transverse acoustic Tfslow), and o peaks are usually expected to appear, except for the
TA,(fast modes, respectively, and the Euler andlésp, x)

indicate the crystal orientation in the DAC. In order to deter- 125 T T T T
mine the three Euler angles and three elastic constants simul-

taneously at each pressure, we applied a computerized least- 1:20p W
squares fit between the calculatéds) and experimental

acoustic velocitieg¢;,vj;) as a function of angle;

J=Z[fj(¢i)_vij]21 (4)
i

115 1 ]

1.10F ]

Refractive index

wherej=0, 1, 2, and the sum of square errors is minimized 108 O Prosentdata(1=5145mm) ]
by systematically varying the six parameters until the fit is B S A
optimized. As a result, we can determine a complete map- 0 2 4 6 8§ 10
ping of the acoustic velocities in the various crystal direc- Pressure (GPa)

tions within situ identification of the crystal orientatiot! FIG. 3. Pressure dependence of the refractive in@ésor lig-

IIl. RESULTS AND DISCUSSION uid and solid Ne(open circleg at 296 K. The vertical dashed line
indicates the liquid-solid phase transition pointRat4.6 GPa. The
We determined the pressure dependence of acoustic veelid line shows the recent results of the interference method by
locities and the refractive index for liquid Ne at pressures uDewaeleet al?
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° Bnﬁlouin s:)\ift (GHz) FIG. 6. Pressure dependence of acoustic velocities for liquid and
solid Ne at 296 K. The vertical dashed line indicates the liquid-solid
FIG. 4. Brillouin spectrum of solid Ne @=6.09 GPa. LAand phase transition point a=4.6 GPa. In the fcc solid phase, the
TA, are Brillouin-shifted signals from longitudinal and slow trans- velocities for typical directions are showta) (100, (b) (110, and
verse modes, respectively. The shutter works to attenuate the stroig) (111) directions. LA, TA, and TA are longitudinal, fast, and

Rayleigh intensity when scanning through its peak. slow transverse modes, respectively.

cases of(i) the weak intensity for one of their peaksi) Once the six parameters were determined, the acoustic
nearly elastic isotropy, i.e., the close frequencies of two shearelocities including TA mode could be calculated for all
modes?3 and(iii ) the phonon wave vector along tk&00) or  directions. Figure 6 shows the Ne acoustic velocities for
(111) direction in a cubic system. By considering the previ-typical directions as a function of pressure up to 7 GPa at
ous results of Brillouin measurements at low temperatur@96 K. At the freezing point=4.6 GPa, the acoustic veloc-
and ambient pressufethat showed one TApeak and the ity shows a discontinuous change to the LA, JJAnd TA
elastic anisotropy, in the present only one peak appeared fatelocities in the solid phase of Ne, and these increase with
TA modes, which is probably due to the weak intensity ofpressure. Furthermore, we can calculate the acoustic velocity
TA, peak. This prediction can be confirmed reasonably byv,g,) along the direction perpendicular to the diamond in-
the following fitting method between the calculation and theterfaces, which allows us to determine the refractive index
measured values of acoustic velocities. Brillouin measure¢n) by using Eq.(2). From theA v, .- measured at 180° scat-
ments at 60° scattering geometry were made in 10° intervalfering geometry, we can obtain the pressure dependente of
of rotation angle¢ about the load axis of the DAC in the as shown in Fig. 3. The refractive index is almost continuous
laboratory frame. The observed Brillouin frequency shifts,across the freezing point, probably due to the van der Waals
that is, acoustic velocities at 5.24 GPa, are plotted as a fungolid being a simple closed-shell insulator. Thef solid Ne

tion of ¢ by open circles in Fig. 5. By using Eg) and(4)  shows a gradual increase with pressure. The present result is
the computerized least-squares fit was applied to determing good agreement with those obtained by Dewaglal 12 In

(i) whether the observed TA mode corresponds to, DA Fig. 7(a) we show the pressure dependence of the tirge
TA,, and as a resultji) acoustic velocities and elastic con- C,,, andC,, of Ne by open symbols, which were determined
stants of the fcc Ne single crystal at each pressure. For thgom the best-fitted results fag;;/p with the pressure depen-
case of assuming TAmode observed, the fitting could not dence ofp from x-ray studies®5 Typical values atP

be optimized at all. For another case of Tlhode, we found =g GPa and 296 K are as follow€,,=34.9, C,,=28.7,
excellent agreement between the measured and the fitted val-
ues, as seen in Fig. 5. Therefore, the observed TA mode

- 6 T T T T -
© -
could be consistently confirmed to be TAThe best fitting & | eon - Agon e,
results yielded C;1/p=11.50, C;5/p=9.69, and Cu./p g r3s ,,.?-‘;'—"’ZZJ,_._,{—‘
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FIG. 7. (a) Pressure dependence of adiabatic elastic constants,
Ci1, Cqp and Cyy for solid Ne at 296 K(open symbols For the

FIG. 5. Brillouin frequency shifts and acoustic velocities of LA, liquid phase(solid symbo), the elastic modulus i€=pv? The
TA,, and TA, modes as a function of angl¢ at a 60° scattering vertical arrow indicates the liquid—solid phase transition point at
geometry for solid Ne aP=5.24 GPa. Thep shows the rotation P=4.6 GPa. Adiabatic elastic constants of pressure-induced crystal-
angle about the load axis of DAC. Open circles indicate experimenline Ar® and K8 are shown for comparison by broken and dashed
tal points, and dashed lines represent the calculated best-fiines, respectively.(b) Normalized adiabatic elastic constants
velocities. Ci’j(:Cij/Bs) of crystalline Ne, Ar, and Kr at room temperature.

Angle ¢ ( degree )
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C44= 12.4 GPa, and deriVing BS [:(Cll+ 2012)/3] 6 —r 1
=30.8 GPa. These values cannot be compared to those of

low-temperature solid Ne because &s, and C,, changed < 5_' T
drastically aroundr=16 K.* Furthermore, the previous re- > 4l Ne |
sults of A7 and K8 are also presented by respective bro- g

ken and dashed lines for comparison. Tbg of solid Ne E 3 Teomeeool AL i
shows almost the same value as those of solids Ar and Kr, s T T
but C;; andC,, clearly indicate the lower values than those % 2r 8
of Ar and Kr at respective pressures. The agreement of the o

present Ne data with the recent theoretical calculafids T T
not so good because first-principles calculations do not con- o+ .
tain the van der Waals forces effective at lower pressures. 0 2 4 6 8 10
Therefore, the present results will provide experimental veri- Pressure (GPa)

fication to ground the calculation in reality. On the other
hand, the pressure dependences of experime@al
dC,;/dP=5.9,dC,,/dP=4.1, anddC,,/dP=2.0 are in good
agreement with those values of theoretical calculations, 5
4.0, and 2.4% , , _
Tsuchiya and Kawamut investigated the elasticity of 10N 6=Ci,~Cs—2P, the present experiment of solid Ne
RGSs by using the normalized elastic constagjts C;j/Bs, shows abouty=5 and aImost_ constant at pressures betyveen
which are obtained by dividing the specific elastic constanf-6 @nd 7 GPa. We cannot discuss about s more detail
with the bulk modulug? Dividing by the bulk modulus, the because of its narrow pressure range. i
interatomic forces are considered to be normalized with an At 12st we estimate the pressure dependence of the ratio of
average restoring force of the system. If a cubic crystal iSPecific heatsy=Cp/Cy=Bg/By, where the adiabatic bulk
ideal, that is, the isotropic Cauchy solid, then 1.8, 0.6, andn0dulusBs [=(Cy;+2C,,)/3]is determined from the present
0.6 are found forC}, Ci, and C,, at zero pressure, Brillouin results and the |§oth%rmal bulk moduluBy
respectively’® Their calculation indicated thaE, of RGSs ~ [=p(dP/dp)7] from x-ray studies:® The value ofy shows
are quite insensitive to pressure, and although the depef-32 atP=4.9 GPa and decreases to 1.18 at 7.0 GPa with
dence ofC/ on the RG element is smalt}, and C, of Ne mcreasug% pressure. This behavior is reasonable for
show the lowest values ar@}, does the highest one. In Fig. RGSs?18:25
7(b) the pressure dependence of our experimebtdior Ne,
Ar, and Kr solids are presented. The preséht andC,, of
Ne are lower than those of Ar and Kr, a@, is higher than We have determined high-pressure elastic properties of
that of Ar and Kr, which are similar to the results of theoret-liquid and solid Ne up to 7 GPa at room temperature by
ical investigation® These characteristics of solid Ne clearly using in situ Brillouin spectroscopy with a diamond-anvil
indicate the different properties from the heavier RGSs.  cell. These were compared with previous experiments of
A measure of the elastic anisotropy is given By heavier Ar and Kr and with recent theoretical calculations.
=2C,4/ (C13—Cy) for cubic crystal$. For isotropic elasticity, The presen€,, of solid Ne shows almost the same value as
the two shear modulC,, and (C,,-C;,)/2 are equal and those of solids Ar and Kr, bu€,; andC,, clearly indicate the
A=1. Figure 8 compares the pressure dependenck fof  lower values than those of Ar and Kr at respective pressures.
solid Ne with those of Ar and Kr solids. The behavior of Ne The normalized elastic constanﬁ%—:CiJ/Bs of crystalline
is remarkable; that is, a large value AF4.89 at 5 GPa Ar and Kr show almost the same values. The pre€gpand
shows a rapid decrease to 3.62 at 7 GPa. These properti€j, of Ne are lower than those of Ar and Kr, arl, is
cannot be compared to theoretical calculation because of nagher than that of Ar and Kr, which are similar to the results
result at this low-pressure range. However, it is noted that thef theoretical investigation. These characteristics of solid Ne
calculatedA of Ne is the largest among RGSs, aAd¢4  clearly indicate the different properties from the heavier
aroundP=10 GPal® Furthermore, as for the Cauchy viola- RGSs.

FIG. 8. Pressure dependence of elastic anisotrofy
[=2C44/ (C11—C5)] for pressure-induced crystalline Ne, Ar, and Kr
flt room temperature.

IV. SUMMARY
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