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High-resolution Brillouin spectroscopy has been used to determine the adiabatic elastic constants of
solid neon at 24.3 K. Single crystals were grown for this investigation, and laser-excited spectra were
recorded for various crystal orientations. The observed spectra included the longitudinal Brillouin
doublet and, usually, the low-frequency transverse doublet. Their frequency shifts for eight different
single crystals were used to obtain the following values for the adiabatic elastic constants (in kbar):

C,, =11.70 £ 0.21, Cj, = 7.31 £ 0.17, and C, = 6.02 £+ 0.15. From these values, it is found that the
elastic anisotropy parameter 4 = 2.74 = 0.10, and the adiabatic bulk modulus B, = 8.77 % 0.17 kbar.
The best agreement between these experimental values of the elastic constants and theoretical values is
obtained for quasiharmonic calculations using a Mie-Lennard-Jones (6-12) all-neighbor potential.

1. INTRODUCTION

Brillouin spectroscopy has recently been used
by Gornall and Stoicheff’ to determine the adiabatic
elastic constants of solid xenon at the triple point.
Following this initial success, our laboratory be-
gan a long-range program for studying the Brillouin
spectra of all of the rare-gas solids, and investi-
gations were started on argon,?’® neon,? and kryp-
ton® crystals. This paper describes in detail the
experiments with neon single crystals, and the de-
termination of the adiabatic elastic constants of
neon at the triple point. The present work is the
first known study of the Brillouin spectrum of
solid neon.

Solid neon is one of the most interesting of the
rare-gas solids since its properties are inter-
mediate between those of helium, which is a true
quantum solid, and those of argon, Kkrypton, and
xenon, which are basically classical solids. In
solid helium, the large zero-point atomic displace-
ments (~30% of the nearest-neighbor distance)
make the inclusion of short-range correlations es-
sential to an adequate description of its lattice dy-
namics.® The atomic displacements in neon ~9%
of the nearest-neighbor distance at 0 K) are suffi-
ciently smaller than those in helium so that short-
range correlations become negligible® but are still
large enough for pronounced anharmonicity even
at 0 K. For this reason, neon has always been of
special theoretical significance.” Furthermore,
recent spectroscopic® and molecular -beam®’ *° ex-
periments have provided precise information on
the pair interaction between neon atoms. This has
prompted renewed theoretical interest’°™*? in solid
neon with the aim of answering the following two
basic questions: (a) Can these accurate pair po-
tentials be used to calculate solid-state proper-
ties? (b) What is the role of many-body forces?™*¢
(nonpairwise additive forces) in solid neon and how
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may these forces be described? Experimental val-
ues of the elastic constants will be valuable in an-
swering these questions, and consequently, a mea-
surement of these constants is particularly appro-
priate at the present time.

The present experiment with neon was similar to
that of Gornall and Stoicheff' with xenon, and of
Gewurtz and Stoicheff® with argon. However, the
particular properties of solid neon did necessitate
several basic changes in the apparatus. First of
all, neon solidifies under its own vapor pressure
at a temperature of 24.55 K (the triple point), and
therefore liquid-helium cryogenics was required.
Furthermore, the small polarizability of the neon
atom results in a very low-Brillouin-scattering
cross section for the solid, ~100 times lower than
that for solid xenon. Consequently, it was nec-
essary to use a high-powered argon laser to excite
the scattering and to employ a sophisticated Fabry-
Perot spectrometer coupled to a digital memory to
record the spectra. Finally, the low x-ray scat-
tering efficiency of solid neon necessitated careful
design of the sample cell to minimize the x-ray
background.

In the present investigation, eight neon single
crystals were grown and studied at the triple point.
Experience has shown that it is easiest to grow
single crystals at the triple point, and moreover,
this is the most interesting region for study since
it is here that the effect of anharmonicity is the
greatest. The quality of the crystals and their
orientations were determined by transmission
Laue x-ray diffraction, as in the earlier experi-
ments with xenon and argon. Brillouin spectra at
a scattering angle of 90° were recorded for several
orientations of each crystal, with the temperature
maintained at 24.3 K. The observed spectra ex-
hibited the longitudinal and, usually, one trans-
verse component. Their frequency shifts were
then used to determine the values of the adiabatic
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elastic constants to an accuracy better than +2.5%.
Since the relevant theory and the experimental
method have been given in considerable detail in
the earlier papers,'’® only the new developments
in experimental technique and data analysis will
be described here. These include the helium
Dewar and sample cell, the spectrometer and de-
tection system, and an iterative procedure for ob-
taining values of the elastic constants and their er-
rors from the experimental data.

II. EXPERIMENTAL APPARATUS AND TECHNIQUE

A. Liquid-helium cryostat and sample cell

A schematic diagram of the complete experiment
is shown in Fig. 1. Single crystals of neon were
grown in a cylindrical Plexiglas cell which was
suspended vertically in the tail section of a helium
cryostat (Andonian model 024/7M). In this cryo-
stat, liquid helium is admitted from the reservoir
to a vaporizer in the sample zone and cooling is
provided by the flow of gas from the vaporizer.
The details of the specially designed tail section
of the cryostat are shown in Fig. 2. The vaporizer
was attached to a tubular copper cold finger which
served as a reservoir of cold gas. The sample
cell was suspended from a 1-m length of thin-wall
stainless-steel tubing which also served as the
filling line. A pointer attached to the tube, and a
protractor dial mounted on a rotary seal indicated
the angular position of the cell.
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The sample cell was surrounded by two gold-
plated radiation shields: The inner one consisted
of the cold finger and a U-shaped shroud attached
to it, and the outer shield was suspended from the
liquid-nitrogen reservoir. An optical-quality fused
quartz window at the bottom of the cryostat served
as the entrance window for the laser beam. The
x-rays entered from the side through a Plexiglas
window. A second Plexiglas window transmitted
the scattered light and x rays (up to scattering
angles of 30°). Rubber O rings were used to seal
the Plexiglas windows to the outer envelope of the
cryostat.

Figure 3 is a detdiled drawing of the sample cell.
The cylindrical cell body was made of Plexiglas
and had an inner diameter of 2.5 mm, a wall thick-
ness of 0.5 mm, and an over-all length of 20 mm.
The main reasons for using Plexiglas were its
low x-ray absorption coefficient and its low ther-
mal conductivity. This latter property was im-
portant because it forced the heat of fusion to be
extracted through the growing crystal rather than
through the cell walls, thereby preventing stray
nucleation on the walls. Careful machining and an-
nealing of the cell were essential to prevent crack-
ing at low temperature. The laser beam entered
the cell through a cylindrical fused-quartz window
2 mm in diameter and 6 mm in length whose end
faces were highly polished to minimize parasitic
scattering. This window was cemented with epoxy
inside the copper end piece at the bottom of the
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FIG. 2. Cryostat tail section.

cell. The seal between the end piece and cell body
was made with an indium O ring. At its top the
sample cell was attached to the stainless-steel
tube by means of a copper fitting and a second in-
dium O ring seal. Considerable care was taken
during the assembly of the sample cell to ensure
that the window surfaces were scrupulously clean,
since even a small amount of contamination could
produce sufficient parasitic scattering to obscure
the weak transverse components in the Brillouin
spectrum.

The cell was cooled by conduction through four
copper braids. Two of these were soldered to the
fitting at the top; the other two to the end piece at
the bottom (Fig. 3). At the top of the cell, a 50-
heater was wound around the fitting and also around
the first 5 cm of the supporting tube. At the bot-
tom, 25-§ heaters were wound on opposite sides
of the end piece and connected in series, and the
temperature was measured by a copper-constantan
thermocouple. A voltmeter null detector (Fluke
model 845AB) measured the difference between the
thermocouple emf and the voltage obtained from an
adjustable set-point circuit. The null-detector
output was used to regulate the current supplied to
the cell heaters. The current was divided between
the top and bottom heaters by means of a poten-
tiometer; this permitted the temperature at the
bottom of the cell to be maintained within 50 mK

of the set point while the temperature at the top
was held constant to an accuracy of 100 mK. The
temperature difference across the cell could be
adjusted by changing the potentiometer setting, and
was monitored with a differential thermocouple.

B. Crystal growth and orientation

The neon gas was supplied by the Matheson Co.
in the natural isotopic abundance (91% *Ne, 9%
*Ne) and with a nominal purity of 99.995%. Their
analysis stated that the only impurity above 1 ppm
was 3 ppm of helium. The gas was admitted to the
cell through a liquid-nitrogen cold trap (see Fig.
1), and a Millipore filter (0.22 um) to prevent dust
from entering the cell. Prior to each experiment,
the sample cell and gas-handling system were
evacuated to a pressure of ~10~° Torr.

Single crystals were grown by the following tech-
nique.'” With the cell temperature stabilized at
26 K, neon gas was allowed to enter until the cell
was full of liquid. By adjusting the heater poten-
tiometer a temperature differential of ~0.5 K was
established between the top and bottom of the cell
(top hotter). The temperature was then lowered
while maintaining this differential until a “seed”
crystal ~1 mm high formed on the window. Solidi-
fication occurred at the triple point (24.55 K), and
this was used to calibrate the thermocouple. After
the “seed” had been annealed for ~1 h, a Laue
photograph was taken to ascertain whether or not
it was a single crystal. If the “seed” was poly-
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FIG. 3. Sample cell for growing neon single crystals.
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crystalline (as was the case for ~90% of the at-
tempts), it was melted and another one grown.
When a single-crystal “seed” was obtained, it was
annealed for several hours more. The temperature
was then slowly decreased until the crystal had
grown to the desired length of ~7 mm. Growth
rates ranged from 0.5 mm/h to 1 mm/h. After
crystal growth had been completed, the cell tem-
perature was left unchanged for the duration of the
experiment. Parasitic scattering from the upper
surface of the crystal was minimized by leaving

a few millimeters of liquid above the solid; the
liquid was in equilibrium with the vapor at a pres-
sure of ~400 Torr. The temperature in the scat-
tering volume, midway up the cell, could not be
measured directly but was estimated to be 24.3
+0.2 K. This was based on the temperature dif-
ferential of 0.4 K, which was maintained between
the ends of the crystal, and on the fact that the
solid-liquid interface had to be at the triple point.

The crystal orientation was determined as de-
scribed in the earlier work on argon.® The x-ray
beam had a diameter of 2.5 mm at the sample cell,
sufficient to probe the entire breadth of the crystal.
Transmission Laue photographs were taken for
each orientation of the eight crystals, and the
positions of the diffraction spots were used to de-
termine the Euler angles (6, ¢, x) which specified
the orientation of the crystal axes with respect to
the laboratory-fixed axes. Once this was known,
it was a simple matter to calculate the direction
of the scattering vector q and the polarization of
the incident laser radiation ﬁo in the crystal ref-
erence frame.

The possibility of there being a preferred cry-
stal orientation with respect to the direction of
growth (that is, with respect to the cell axis) was
investigated. Figure 4 shows the growth direction
plotted on a stereographic projection of % of the
reference sphere. It can be seen that the crystals
tended to grow with a (110) direction aligned with
the cell axis, although not with a high degree of
reproducibility.

C. Light scattering and spectrometer

The exciting radiation at 4879.9 A was produced
by a single-mode Ar” laser (Coherent Radiation
52B). Careful attention to the acoustic environment
of the laser led to considerably improved frequency
stability. Thus, the emitted radiation had a short-
term frequency jitter of only +15 MHz, and only
a few mode hops per day. Although thermal drift
could not be eliminated, compensation was pro-
vided by a stabilization technique especially de-
signed for this purpose and described by McLaren
and Stegeman.'®

The laser output was attenuated by neutral den-

sity filters to 50 mW and directed into the cryo-
stat by a first-surface mirror (Fig. 1). Lens L,
(f=200 mm) focussed the beam to a diameter of
~0.2 mm at the center of the cell. A small adjust-
ment of the beam position in the cell was usually
necessary in order to minimize parasitic scatter-
ing from microscopic imperfections in the crystal
and from the liquid meniscus. Consequently, the
scattering volume often did not lie precisely on the
axis of the cell. This, in conjunction with the
curvature of the cell walls, produced a slight re-
fraction of the scattered light. However, calcula-
tions based on the cell geometry and on the refrac-
tive indices of solid neon (2 =1.107, see Appendix)
and of Plexiglas (z =1.50) showed that this effect
was negligible (<0.5° deviation). After the beam
position had been optimized, the image of the
scattering volume was set exactly on the pinhole
aperture A,.

The spectrum of the scattered light was analyzed
by a piezoelectrically-scanned Fabry-Perot spec-
trometer (Fig. 1). The circular entrance aperture
A, had a diameter of ~4 mm, and limited the angu-
lar range over which light was collected to ~15
mrad, Lens L,, which was located at its focal dis-
tance (280 mm) from the scattering volume, di-
rected the light into the interferometer in a colli-
mated beam. The Haidinger fringe pattern pro-
duced by the interferometer was imaged in the fo-
cal plane of lens L, (f=560 mm) where its central
portion was sampled by pinhole aperture A,. L,
and L, were high-quality camera lenses with focal
lengths chosen to give a magnification of two at the
pinhole.
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The piezoelectrically scanned Fabry-Perot in-
terferometer was the most critical component of
the spectrometer. Its design and construction em-
phasizing long-term stability have already been
described.’® The mirrors used were flat to g
and dielectrically coated for a reflectivity of 98%
at 4880 A. Their spacing was 20.58 +0.01 mm
which corresponds to a spectral free range of
7.284+0.004 GHz. The over-all instrumental line-
width was ~100 MHz, and this was maintained dur-
ing the course of each experiment. During an ex-
periment the interferometer was repetitively scan-
ned through ~0.45 pum or 1.7 interferometer or-
ders, at a rate of 1 Hz, by applying a linearly in-
creasing voltage to the piezoelectric translators.
Light passing through pinhole A, was imaged by
lens L,, onto the photocathode of the photomulti-
plier tube (ITT FW-130). The signal was detected
by a photon-counting system, and the spectrum ac-
cumulated, in 512 channels of a multichannel scal-
er (Northern Scientific 636). A digital stabilizer
(Northern Scientific 453) compensated for any
long-term frequency drift. After accumulation of
data for 1 to 2 h, the memory contents were read
out on a strip-chart recorder.

III. EXPERIMENTAL RESULTS
A. Brillouin spectra and measured frequency shifts

As discussed in the earlier work on xenon and
argon, the Brillouin spectrum of a cubic crystal
consists of a longitudinal doublet and two trans-
verse doublets, and their intensities depend on the
magnitudes of the photoelastic constants.

Three typical spectra of neon are shown in Fig.
5. These were recorded at three different orienta-
tions of crystal No. 6 (with rotation ¢ about the
cell axis differing by ~20° and ~40°). All three
spectra in Fig. 5 exhibit the longitudinal Brillouin
doublet. The T, transverse doublet appears at ¢
=222.9° and at ¢ =242.6°, but not at ¢ =261.1°.

The T, transverse doublet does not appear in any
of the spectra. It can be clearly seen that the fre-
quency shifts of the components changed as the
crystal was rotated. This is direct evidence of the
elastic anisotropy of solid neon. More striking,
however, is the variation in the relative intensities
of the components. The intensity ratio between the
T, and the longitudinal component I(7T,)/I(L) is 0.17
at $=222.9°and 0.12 at ¢ =242.6°. At ¢=261.1°
neither of the transverse components has sufficient
intensity to be observed above the background. The
strong unshifted component which appears in all of
the spectra is due almost entirely to parasitic
scattering.

A total of 29 spectra were obtained from the
eight single crystals. The longitudinal Brillouin
doublet appeared in all 29 spectra and the low-fre-

quency transverse doublet (7',) in 21. However, the
high-frequency transverse doublet (T,) was too
weak to be detected in any of the spectra. The
separations of these components from the central
line were measured directly from the chart paper,
and the frequency shifts were determined to an
accuracy of 0.5% for v(L) and 1% for v(T,).

The data obtained from all 29 spectra are pre-
sented in Table I, including crystal orientation,
measured frequency shifts and uncertainties, and
the intensity ratios I(T,)/I(L) determined from the
peak intensities. Included in the Brillouin-shift
uncertainties are both the measurement uncertain-
ty discussed above, and also the “orientation un-
certainty.” The latter was obtained from com-
puter analysis of the x-ray photographs in a man-
ner similar to that described in Ref. 3. For each
spectrum, the computer program determined the
range of orientations permitted by the uncertain-
ties in the positions of the Laue spots. Then, for
each Brillouin component, the program used ap-
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FIG. 5. Brillouin spectra of crystal No. 6 in three
different orientations (6, ¢, x). (The central component
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TABLE I. Observed Brillouin shifts (in GHz) and intensity ratios as functions of orientation
for the eight neon single crystals. The Euler angles (6,¢, x) are given in degrees.

Crystal

No. 0 o) X v(L) v(Ty) I(T)/I(L)

1 225.3 314.9 15.6 3.296 £0.046 1.480+0.052 0.14+0.04
225.6 333.5 14.9 3.098+0.053 1.758+0.053 0.19+0.04

2 310.8 44.9 2.9 3.279+0.043 eee see
310.5 46.0 2.6 3.294 £0.043 1.367+0.055 0.10+0.05
310.2 61.8 2.6 3.368+0.040 ee co
311.2 62.5 2.8 3.372+0.040 see LR

3 262.3 272.0 43.2 2.934+0.032 2.036+0.071 0.05x0.03
262.4 285.7 43.6 3.060+0.037 1.778+0.046 0.20+0.04
262.8 292.4 43.7 3.140+0.041 1.660+0.046 0.18+0.05
262.6 296.0 43.8 3.178+0.032 1.602+0.042 0.21+0.04
261.9 311.3 44,5 3.285+0.033 1.363+0.041 0.14+0.04

4 266.1 54.3 52.3 3.208+0.042 see .o
266.1 69.1 51.8 3.066+0,034 LR ce

5 313.7 70.7 37.7 3.124+0.031 1.696+0.036 0.23+0.05

6 257.9 215.1 45.3 3.273+0.,033 1.545+0.030 0.18+0.03
257.9 222.9 45.8 3.185+0.032 1.625+0.031 0.17+0.03
257.6 236.8 45,7 3.030+£0.030 1,849+0.048 0.17+0.03
257.9 242.6 45.9 2.980+0,030 1.941+0.037 0.12+0.02
257.4 251.4 45.9 2.894+0.029 oo oo
257.9 251,56 46.0 2.899+0.029 s soe
257.2 261.1 46.0 2.893+0.029 oo see
257.5 268.8 46.0 2.940+£0.029 1.985+0.040 0.09+0.02
257.4 280.3 46.4 3.054+0.031 1.786+0.036 0.15+0,03
257.2 286.3 46.7 3.132+0.031 1.688+0.035 0.18+0.04

7 198.4 -12.9 5.7 3.215+0.032 1.599+0.031 0.15+0.02
199.1 26.9 4.0 3.265+0.033 1.591+0.027 0.22+£0.04

8 266.8 249.2 48.9 3.001+0.030 1.878+0.034 0.14+0.02
266.3 283.4 49.5 3.018+0.030 1.896+0.036 0.14+£0.04
266.7 300.4 49.8 3.174+0.032 1.611+0.035 0.18+0.05

proximate values of the elastic constants to find
the maximum variation in frequency shift which
could occur over this range of orientations. The
“orientation uncertainty” was set equal to this
maximum variation. The measurement uncertain-
ties and “orientation uncertainties” were combined
to obtain the total uncertainties given in Table I
These were typically 1% for v(L) and 2% for v(T,).

For six of the eight crystals, the number of
spectra obtained was less than five. This would
appear to be rather inefficient and requires some
explanation. Crystal Nos. 1 and 2 were grown in
preliminary experiments, and therefore, only a
few spectra were recorded. In crystal Nos. 4, 5,
7, and 8, damage such as cracks and bubbles de-
veloped during the experiment, and the resulting
parasitic scattering limited the number of spectra
which could be obtained.

B. Determination of the elastic constants

As explained in Refs. 1 and 3, the acoustic-
mode frequencies w“(a) of a crystal are related to
the eigenvalues %, of the dynamical matrix A by
w,(q)= (ku/p)‘/z. The matrix elements of A [Eq.

(2), Ref. 3] depend on the wave vector 4 and on the
adiabatic elastic constants, of which there are
three (C,,, C,,, and C,,) for a cubic crystal. The
Brillouin shifts wu(a) which occur for scattering
vector q are identically equal to w,(q)/27; this
relation leads directly to the Brillouin equation:

v, @) =[2nv,(@)/A]sin(3 ),

where n is the refractive index of the crystal, A
is the wavelength of the exciting radiation in
vacuo, and v,(9)=w,(q)/|q| is the acoustic-mode
velocity.

The 29 values of v(L) and 21 values of v(T,) pre-
sented in Table I will be denoted v{*, with the
index ¢ running from 1 to 50. The corresponding
uncertainties will be denoted o0;. Once 7 had been
evaluated for each spectrum, the calculated Bril-
louin shift v{* corresponding to v§* could be ob-
tained as a function of assumed values of the elas-
tic constants. The values of » and p which were
used are given in Table II; and the scattering
angles a (almost always 90°) were measured for
each experiment to an accuracy of 15’. The elas-
tic constants were determined by using the method
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TABLE II. Physical constants of solid neon.

20.183 gmole™!
24.553+0.001 K
352.02+0,10 Torr
1.4371£0.0015 gem™
4.537 A

(57+1)x 107 K1
25+1 J mole™! K1
1.107 +0.003

Molecular weight

Triple-point temperature 2
Triple-point pressure 2
Density® p (24.3 K)

Lattice spacing® a (24.3 K)
Volume expansivity ? g (24.3 K)
Specific heat ¢ C, (24.3 K)
Refractive index ¢ # (24.3 K)

a3 Reference 20.
b Reference 21.
¢ Reference 22.
dSee Appendix.

of least squares?® to fit the calculated Brillouin
shifts to the observed shifts. This involved mini-
mizing the quantity x*(C,,, C,,, C,,) with respect
to variation of the C;;’s.

X(ay, a5, as)

calc obs \ 2
- vitlay, ay a;) - v
0; ’

i 1

where a,=C,,, a,=C,,, and a¢;=C,,. The sum ex-
tends over all shifts being used in the determina-
tion. The values a, which minimize X% will be de-
noted ay, and the minimum value will be denoted
X2 The minimization was performed by a com-
puter program which used an iterative procedure
based on Newton’s method.?* The covariances of
the elastic constants were obtained from the error
matrix H where

: oa, oa, 03/, *
The uncertainties in the elastic constants are given
by AC,,=(H,,)Y2, AC,,=(H,,)"?, AC,,=(H,)"2. The
error matrix was calculated by the computer pro-
gram as part of the minimization procedure.

All eight crystals were studied at the same tem-
perature (24.3 K). The data from all of them were
therefore combined to determine the “best values”
of the elastic constants; these appear in the first
row of Table III along with the uncertainties AC,;.
Two checks were performed on the internal con-
sistency of the results. In the first check, the con-
stants were evaluated by using only the data of
crystal No. 3 and then by using only the data of
crystal No. 6. As shown in Table III, the values
so obtained agree with each other and with the
“pest values.” In the second check, the constants
were evaluted by using only the longitudinal shifts
and then by using only the transverse shifts. Once
again there is good agreement with the “best val-
ues”; the uncertainties, however, are considerab-
ly larger. Table III also gives the number of Bril-

TABLE III. Adiabatic elastic constants (in kbar) of
solid neon at 24.3 K. N is the number of Brillouin
shifts included in each determination.

N Ciy Cyy Cyy
All crystals 50 11.70+0.09 7.31+0.10 6.02+0.09
Crystal 10 11.66+0.23 7.31:0.24 5.96+0.26
No. 3 only
Crystal 17 11.740.12 7.2940.20 6.04%0.14
No. 6 only
(L) only 29 11.73£0.11 7.30:0.82 5.98+0.41
»(Ty) only 21 11.64+0.58 7.31£0.60 6.07+0.14

louin shifts, N, included in each determination of
the constants.

The agreement obtained between the measured
Brillouin shifts and those calculated from the “best
values” is illustrated in Fig. 6 for crystals Nos.

3 and 6. For each crystal, the calculated values of
v(L), v(T,), and v(T,) have been plotted as func-
tions of the Euler angle ¢. The measured Brillouin
shifts and their uncertainties are indicated by the
dots and error bars.

The uncertainties quoted in Table I for the
elastic constants arise solely from the uncertain-
ties in the Brillouin shifts (i.e., the combination
of measurement and orientation uncertainties).

An additional uncertainty in the constants results
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FIG. 6. Measured and calculated Brillouin shifts
versus rotation angle ¢. The measured shifts and un-
certainties are indicated by the dots and error bars, and
the curves were calculated from the “best values” of
the elastic constants (a) crystal No. 3, (b) crystal No. 6.
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from uncertainties in the wavelength, spectral
free range, density, refractive index, and scatter-
ing angle; errors in these quantities will scale the
values obtained for all three elastic constants by
the same factor. The wavelength was considered
exact, the uncertainties in the spectral free range
and o have been quoted previously, and the un-
certainties in p, and n, are given in Table II
When all of these factors are combined, the in-
creased uncertainty in each of the constants is
~1%. This amount was added to the uncertainties
in the “best values” to obtain the total uncertain-
ties in the elastic constants.

The final results for the adiabatic elastic con-
stants of solid neon at 24.3 K are

C,,=11.70+0.21 kbar,
C,,=17.31+0.17 kbar,
C,,=6.02+0.15 kbar .

The adiabatic bulk modulus B, and the elastic
anisotropy parameter A are readily derived from
the elastic constants. The values are

B,=3%(C,, +2C,,)=8.77+0.17 kbar,
A=2C,,/(C,, -C,,)=2.74£0.10.

The uncertainties in these quantities have been
calculated by using the error matrix and the meth-
od of propagation of errors.?

C. Elasto-optic coefficients

The relative intensities of the Brillouin com-
ponents I(T,)/I(L) given in Table I together with
the elastic constants and® Eq. (19) of Ref. 1 were
used to obtain values of the ratios p,,/p,, and
Daa/ D1, Of the elastic-optic coefficients. The pro-
cedure was completely analogous to that used to
evaluate the elastic constants, above. The best
agreement between the observed and calculated
intensity ratios was obtained with

Pia/b11=1.35
and

Daa/P11=-0.10.

However, reasonable agreement was also obtained
with p,,/p,,=0.85 and p,,/p,, =0.11, and with a
large number of other combinations between these
two sets. It was concluded therefore that the
available data were too inaccurate and limited to
allow a reliable determination of these ratios. For
all 29 spectra the value of I(T,)/I(L) predicted by
this analysis was less than 0.04, which explains
why the T, component was not observed.

1V. DISCUSSION
A. Comparison of available experimental values

Prior to this experiment, the only known values
of the elastic constants of solid neon were those
determined at higher densities from inelastic neu-
tron-scattering experiments. The first such ex-
periment was reported by Leake ef al.>” Subse-
quent technical advances permitted Skalyo et al.%®
to perform similar experiments with a threefold
improvement in accuracy. Their results are listed
in Table IV along with the present values. The
large increase in the elastic constants with in-
creasing density indicates the importance of an-
harmonicity in solid neon. It should be noted, how-
ever, that values of elastic constants in such an-
harmonic solids obtained by Brillouin and neutron
scattering may not be directly comparable because
of the distinction between first and zero sound, as
discussed in the work on krypton.*?®

The only experimental datum which may be di-
rectly compared with the present results is the
value of the adiabatic bulk modulus B obtained
from ultrasonic experiments with polycrystalline
specimens. Bezuglyi el al.?° have measured the
propagation velocities of longitudinal and trans-
verse ultrasonic waves (v, and v, respectively)
in neon polycrystals over the temperature range
2-20 K. Balzer et al.* have made similar mea-
surements from 18.5 to 24.5 K and have combined
their results with those of Bezuglyi el al.*® to ob-
tain smoothed values of v, and v, from 0 Kup to
the triple point. From the sound-velocity data,
they have calculated B, using the following formu-
la, which is valid for an isotropic solid: B,
=p(v% —3v%). Their value at 24.3 K is B,=17.50
+0.38 kbar which is 14% lower than that obtained in
the present experiment. To investigate the reason
for this discrepancy, we have used the present
values of the elastic constants and the expressions
given by Barron and Klein [Eq. (3.20) of Ref. 32] to
estimate v; and v, for polycrystalline neon. These
estimates show that the ultrasonic value for v, is
much too high (603 compared with 530 m/sec) to be

TABLE IV. Experimental values of the elastic con-
stants and elastic anisotropy A of solid neon.

Lattice
Temp. spacing Cyy Cy Cy
(K) (A) (kbar) (kbar) (kbar) A
Neutron 5 4,454 16.61 8.55 9.52 2,36
scattering?® 22 4.454 16.77 8.85
Present 24,3 4,537 11.70 7.31 6.02 2.74
results

2 Reference 28,
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consistent with a truly isotropic specimen in the
ultrasonic experiments.

Figure 7 shows B, as determined in this experi-
ment at 24.3 K, and as obtained from the ultra-
sonic work over the entire temperature range
from O to 24.5 K. Several other experimental val-
ues for B, have been included on the graph even
though they are not directly comparable with the
present results because of the differences in tem-
perature. Among these are the results of Ander-
son et al.,*® who obtained values of the isothermal
bulk modulus B at 4.2, 13.5, and 19.9 Kby ex-
trapolation of piston-displacement equation-of-
state data. The corresponding values for B, have
been derived by applying the adiabatic-isothermal
correction from Ref. 31. Also included on the
graph is the value of B, at 4.25 K obtained by
Batchelder et al.** using an x-ray-diffraction tech-
nique. At this temperature, the adiabatic-iso-
thermal correction is negligible. The neutron-
scattering result of Skalyo el al.?® at 5 K has been
corrected to the zero-pressure lattice spacing as
described in their paper. The graph also shows
the results of four theoretical calculations dis-
cussed below.

The thermal Grineisen parameter y is given by
y=BVB,/C,, where B is the volume expansivity,

V is the molar volume, and C, is the specific
heat at constant pressure. Substitution of 8, V,
and C, as given in Table II, and of B as deter-
mined in the present experiment, yields y=2.80
+0.15. This is in good agreement with the value
Y=2.76 at 24.3 K determined by Anderson et al.*®
from equation-of-state data.

B. Review of theoretical calculations of elastic
constanfs, and comparison with experimental values

A number of different lattice-dynamic models
have been used to calculate the elastic constants
of neon, and the results are summarized in Table
V and Fig. 8.

Barron and Klein®* calculated the elastic con-
stants of solid neon at 0 K in the quasiharmonic
(QH) approximation using both a nearest-neighbor
(NN) and an all-neighbor (AN) Mie-Lennard-Jones
potential (MLJ). The usefulness of the QH approxi-
mation for calculating the high-temperature propv—
erties of the rare-gas solids was investigated by
Holt et al.** They used an MLJ (6-12) AN poten-
tial to calculate the elastic constants of neon over
the entire temperature range from 0 K to the tri-
ple point. The agreement with the present ex-
perimental results is impressive (Table V); the
theoretical values for C,, and C,, are ~5% greater
and ~4% smaller, respectively, than the experi-
mental values, while the calculated and experimen-
tal values for C,, are equal.

@
I
>

1 | I L | 1
4 8 12 16 20 24

TEMPERATURE (K)

FIG. 7. Adiabatic bulk modulus of solid neon as a
function of temperature. The experimental values are
from @ present work; A ultrasonics (Ref. 31); O x-ray
diffraction (Ref. 21); © neutron diffraction (Ref. 28);

O piston displacement (Ref. 33). The theoretical curves
are (—) the QH calculations of Holt ef al. (Ref. 34)

~

ADIABATIC BULK MODULUS ( kbar)
o

based on a MLJ (6—12) AN potential; (+---) the SC cal-
culations of Klein et al. (Ref. 37) based on a MLJ (6~12)
NN potential; (--~-) the SC calculations of Klein (Ref. 42)

based on a MSV AN potential and three-body forces.

The values at 0 K are the QH results of Barron and

Klein (Ref. 32) for a MLJ (6—12) NN (A) and AN (W) poten-
tial.

ADIABATIC ELASTIC CONSTANTS ( kbar)

1 | 1 | |

0] 4 8 12 16 20 24
TEMPERATURE (K)

FIG. 8. Adiabatic elastic constants of solid neon as a
function of temperature. The present experimental
values are plotted as solid dots. The theoretical curves
are (—) the QH calculations of Holt et al. (Ref. 34)
based on a MLJ (6—12) AN potential; (°+-+) the SC cal-
culations of Klein et al. (Ref. 37) based on a MLJ (6—12)
NN potential; (----) the SC calculations of Klein (Ref.
42) based on a MSV AN potential and three-body forces.
The values at 0 K are the QH results of Barron and
Klein (Ref. 32) for a MLJ (6—12) NN (@A) and AN (M) poten-
tial.
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TABLE V. Theoretical values of the adiabatic elastic constants, the adiabatic bulk modulus, and the elastic anisot-

ropy parameter A for solid neon.

Temp. Cyy Cyy Cu B
Theory Potential (K) (kbar) (kbar) (kbar) (kbar) A

Barron QH MLJ (6-12) NN 0 14.1 5.9 7.3 8.7 1.8

and Klein 2 QH MLJ (6-12) AN 0 13.6 7.0 8.3 9.2 2.5
Holt, Hoover,

Gray, and Shortle® QH MLJ (6-12) AN 24.3 12.3 7.3 5.8 9.0 2.3
Klein, Horton

and Goldman ¢ SC MLJ (6-12) NN 24,3 13.1 6.5 5.8 8.7 1.8
Klein ¢ SC MSV AN and 24.3 11,98 6.83 6.48 8.55 2.52

three-body forces

Present results 24.3 11.,70+0.21 7.31+0.17 6.02+0.15 8.77+0.17 2.74+0.10

2 Reference 32.
b Reference 34.

The theory of self-consistent (SC) phonons®®
provides a more adequate treatment of large-amp-
litude lattice vibrations. With this approach,
much better agreement has been obtained between
theoretical and experimental values of thermody-
namic properties of the rare-gas solids, particu-
larly at high temperatures.®® Klein et al.’” have
calculated the isothermal elastic constants of
solid neon as functions of temperature using the
first-order self-consistent theory and a MLJ
(6-12) NN potential. The corresponding adiabatic
elastic constants and bulk modulus are shown by
the dotted curves in Figs. 7 and 8, and the values
obtained at 24.3 K appear in Table V (The adiabat-
ic-isothermal corrections were obtained from Ref.
31.) The agreement with the present experimental
results is relatively poor. The theoretical value of
C,, is greater than the experimental value by ~12%,
while the theoretical values of C,, and C,, are
smaller than the experimental values by ~11 and
~4%, respectively. Excellent agreement is found
for the bulk modulus, however, since the discrep-
ancies in C,, and C,, cancel each other.

As discussed above, the MLJ (6-12) AN pair
potential gives quite accurate predictions for the
adiabatic elastic constants of solid neon at 24.3 K.
This same potential also gives good predictions
for the temperature shifts of the phonon frequen-
cies®® and for the pV isotherms at 0 K.** The
ability of the MLJ (6-12) AN potential to correlate
such a large amount of solid-state data is sur-
prising for several reasons. First of all, it has
been known for some time that the (6-12) potential
does not give a satisfactory description of dilute
gas properties.* Furthermore, the coefficient of
R7% in this potential is 50% larger than predicted
theoretically.** Finally, it is known that many-
body forces (i.e., nonpairwise additive forces) are

¢ Reference 37,
dReference 42.

present in solid neon, although their importance
is relatively smaller here than in the heavier rare-
gas solids.**71®

Recently, experiments have been carried out
which provide precise information on the neon
pair potential. Siska et al.® have reported high-
resolution measurements of differential scattering
cross sections for Ne +Ne in molecular-beam ex-
periments. Farrar et al.'® have extended these
measurements to obtain more accurate informa-
tion on the attractive part of the potential. Tanaka
and Yoshino® have investigated the absorption spec-
trum of Ne, in the 585-760-A region and have found
two vibrational levels in the ground state, with a
spacing of 13.7 cm™. All of these experiments
have confirmed the fact that the MLJ (6-12) po-
tential gives a poor representation of the pair in-
teraction between neon atoms.

To fit their molecular-beam data, Siska ef al.®
proposed a potential whose bowl and repulsive
wall were given by a Morse function and whose
long-range behavior was taken from theoretical
calculations of the Van der Waals attraction.* The
two parts were joined by cubic spline interpolation,
and the resulting potential was called a Morse—
spline—Van der Waals (MSV) potential. Goldman
and Klein'? have derived two neon pair potentials
of the MSV form from solid -state data, and
Klein*? has used one of these together with the
Axilrod-Teller-Muto (ATM) triple-dipole inter-
action®® in a SC calculation of the adiabatic elastic
constants of solid neon. The results for the entire
temperature range from 0 Kup to the triple point
are shown by the dashed curves in Figs. 7 and 8
and the values obtained at 24.3 K are given in
Table V. The calculated values of C,, and C,, are
larger than the present experimental values by
~2 and ~7%, respectively, while the calculated
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value of C,, is smaller than the experimental val-
ue by ~7%. Although these discrepancies are con-
siderably larger than the present experimental
uncertainties, they are not large enough to rule out
MSV as a viable pair potential for neon since one
must also consider the inaccuracies inherent in the
SC approximation. The work of Klein and Hoover**
has shown that adiabatic elastic constants obtained
from SC calculations may be in error by as much
as 5% near the triple point. Consequently, the un-
certainties in the SC elastic constants when com-
bined with the present experimental uncertainties
could account for the observed discrepancies. A
similar situation exists with respect to the many-
body forces. The contribution of the ATM triple-
dipole force to C,, and C,, is ~5%, which is larger
than the experimental errors. However, the un-
certainty in the pair potential together with the in-
accuracy in the SC calculations makes it impossible
to use the elastic constant-data to assess the va-
lidity of the ATM interaction for solid neon. What
is clearly needed is a technique for calculating

the elastic constants of neon near the triple point
to an accuracy of ~2%.

Recently, Monte Carlo (MC) methods have been
used to calculate the properties of solid argon,**™*’
krypton,*® and xenon.**' *® These calculations take
all interactions into account (within the assumption
of a given force law) and in principle provide an
exact solution to the dynamical problem. The MC
calculations are classical, however, and quantum
corrections must be added. For argon, krypton,
and xenon, these corrections are small at high
temperatures, and the MC approach is a useful one
since elastic constants may be calculated to an ac-
curacy of ~2%. For neon, however, the quantum
corrections are large even at the triple point, ap-
proximately 16, 6, and 25% for C,,, C,,, and C,,,
respectively.®® Consequently, the MC approach,
at least in its present form, is probably not useful
for solid neon.

V. CONCLUSIONS

The elastic constants of neon determined here
are the only available values for the solid under its
own vapor pressure. These results lead to a large
anisotropy of the elasticity, ~2.7, just as found for
xenon and argon crystals. Agreement with theo-
retical calculations seems best for values using
the quasiharmonic approximation and a Mie-Len-
nard-Jones (6-12) all-neighbor potential. Never-
theless, the agreement is not as satisfactory as
found for solid argon, and indicates the desirability
of further theoretical work.

On the experimental side, improvements in
techniques now make possible the investigation of
light scattering from very weak sources, such as

1715

neon at low temperatures. Higher accuracy in the
evaluation of the elastic constants of crystals re-
quires more refined x-ray-diffraction techniques
than used here for determining the crystal orien-
tations. Finally, just as found with xenon and
argon crystals, it was not possible to cool the neon
crystals appreciably below the freezing point with-
out shattering them. Thus the investigation of the
Brillouin spectrum of a rare-gas crystal ever a
large range of temperatures remains an exciting
challenge. '
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APPENDIX: CALCULATION OF REFRACTIVE INDEX

A measured value for the refractive index of
solid neon is not available. However, it was pos-
sible to calculate a value by using the Lorentz-
Lorenz relation and measurements of the dielec-
tric constant of liquid neon.*® This calculation can
be explained very simply by introducing the Lo-
rentz-Lorenz function f,; and defining

Jfro(liquid, static)

_felliq) -1\ 1
= ( <(liq) +2> i) ’ W

J7 . (solid, optical)
_(nz(sol) — 1) 1 @)
“\n2(sol) +2 / p(sol)’
where €(liq) is the static dielectric constant of
the liquid and n(sol) is the optical refractive index
of the solid. The assumption is then made that

fr1=S%. giving the relationship between % (sol) and
€(lig),

(nz(sol) - l) B <e(liq) - 1) p(sol)
n?(sol) +2 |\ €(liq) +2/ pQliq) °

At 25 K, €(liq)=1.194+0.001, and p(liq) =1.243
+0.002 g/cm3.*® At 24.3+0.2 K, p(sol)=1.4371
+0.0015 gm/cm?® (Table II). Substitution of these
values into Eq. (3) yields z(sol) =1.107.

This calculation depends on the validity of Eq.
(3), which is based on two separate assumptions.
The first assumption is that f,; has the same val-
ue for the solid as it does for the liquid. This is
a special case of the Lorentz-Lorenz relation,
which states that for a homogeneous nonpolar me-
dium, f,, is independent of density. Sinnock and

®)
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Smith®* have made extensive refractive-index mea-
surements for the condensed phases of Ar, Kr,
and Xe. They found that f,; actually decreases by
~1% when these substances freeze. The second as-
sumption is that there is no dispersion between the
static and optical values for f;;. A comparison of
the dielectric-constant measurements of Amey and
Cole® with the refractive-index measurements of
Sinnock and Smith (at ~5000 A) reveals that for
liquid Ar, Kr, and Xe, f, (static) <f.,(optical)

by 1.8, 3.7, and 8.5%, respectively. It seems rea-
sonable to assume that for neon this difference is

~1%. This assumption is supported by the results
of Cuthbertson and Cuthbertson®® on the refractive
index of gaseous neon, which also imply a disper-
sion of ~1% in f, ;. Furthermore, it should be
noted that the change in f;; which occurs on freez-
ing is in the opposite direction to that which re-
sults from dispersion. It may be safely assumed,
therefore, that f,, =/7, is valid to an accuracy of
at least 2%. When this figure is combined with the
uncertainties in €(liq), p(lig), and p(sol), the un-
certainty in n(sol) is found to be ~0.25%. The final
result is therefore #(sol)=1.107+ .003 at 24.3 K.
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