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The thermal conductivity of solid neon samples was measured from 0.5 to 10 K. An isotopically purified
Ne sample and a °Ne sample with 0.15-at.% *He, as well as a sample with the natural isotopic mixture,
were studied. Measurements were made at molar volumes between 13.4 and 12.89 cm®/mole. The conductivity
is found to increase rapidly with decreasing molar volume. The conductivity is determined primarily by the
intrinsic phonon scattering above about 4 K. Normal and Umklapp phonon scattering terms are found to be
necessary to make reasonable fits to the data using the Callaway relaxation-rate theory. The functional form
of the three-phonon Normal processes can be represented best by 75! o Byx 2T* sec™’, where x = Fw/kT, o is
the phonon frequency, and By is a constant. These fits show that the enhancement of phonon scattering from
isotopic defects due to differences in zero-point energy decreases with molar volume.

1. INTRODUCTION

The theoretical evaluation of the lattice thermal
conductivity of any insulating solid whose inter-
atomic potential is known was originally outlined
by Leibfried and Schldmann® in a form known as
the “Ziman limit”.? Very few calculations based
on this theory have been carried out, because a
good theoretical model of the anharmonic inter-
atomic forces in the material must be available.
This is the case in a few alkali halide and noble-
gas solids. Calculations employing this fundamen-
tal point of departure have been made for NaF and
LiF .3 The application of this approach to helium
is difficult because sophisticated descriptions of
the interatomic interation required to take into ac-
count large “quantum” effects have not been de-
veloped. The theory has been applied to the heav-
ier rare-gas solids. Fairly simple calculations
accurately predict the conductivity of krypton.*=¢
These calculations are somewhat less accurate for
argon,*~® and more sophisticated modifications of
the potentials” and methods® have been employed.
So far, attempts to calculate the thermal conduc-
tivity of neon have given the least accurate pre-
dictions of all. This difficulty is not unexpected,
since neon is lighter and exhibits larger quantum-
mechanical effects. However, in comparison with
helium, this effect is modest enough that it may
prove possible to calculate by conventional two-
body methods.

These calculations are carried out in the Ziman
limit using the Lennard-Jones (6-12) interatomic
potential. They employ phonons resulting from
either the classical harmonic approximation,*® or
a self-consistent harmonic approximation which
incorporates zero-point effects.® These calcula-
tions for perfect infinite crystals are shown gra-
phically in Fig. 1. Benin® discussed the fundamen-
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tal problems associated with the simple Planck
phonon distributions employed in this limit. How-
ever, he comments that the apparent discrepancies
between the calculations and the data of White and
Woods® are obscured by uncertainties in the pa-
rameters of the interatomic potential.

One impediment to further theoretical work has
been the dearth of experimental thermal conduc-
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FIG. 1. Thermal conductivity of isotopically purified
“Ne and “Ziman limit” theoretical results. A, sample
18 from present work; X, Kimber and Rogers (1973);
B, natural neon White and Woods (1958). Theoretical
curves: (J), Julian (1965); (BN), Benin (1968); (BT),
Bennett (1970).
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tivity data, which has been limited in quality by
extensive mechanical damage in the samples of
White and Woods.® Data on better samples has
been needed to provide thermal conductivity val-
ues that more closely reflect the intrinsic, rather
than defect, scattering processes of neon. In ad-
dition, measurements at constant volume are es-
pecially useful, since the lattice constant plays an
important role in fundamental calculations. The
experiment described here was initiated to im-
prove the sample quality, and much higher quality
samples were indeed obtained. Thermal conduc-
tivities are reported here for samples of various
molar volumes and isotropic concentrations from
0.5 to 10 K. Data at various molar volumes pro-
vide a more stringent test of the theoretical cal-
culations, because quantum effects decrease in
importance as the molar volume decreases.

While this experiment was in progress, Kimber
and Rogers reported thermal conductivity data for
solid neon'® (hereafter referred to as KR). Their
samples were grown at the molar volume given by
the vapor-pressure curve, using various isotopic
concentrations. There is substantial agreement
between the data of KR and the part of the present
data which was taken under similar conditions.

Section II describes the experimental equipment
and procedures used in sample growth and mea-
surement. Section III describes the results of
these measurements and discusses computer fits
of various phenomenological expressions to the
data.

II. EXPERIMENTAL METHOD

The measurement of the thermal conductivity of
solid neon at constant volume requires crystal
growth at high pressure and cryostat which can
operate efficiently between 0.5 and 50 K. In this
investigation, cylindrical neon samples were
grown in situ under constant pressures of up to
1750 bars. Typical solidification temperatures
were 45 K, compared with the melting point at
vapor pressure of 24.5 K. After growth at pres-
sures above 700 bars, the solid could be main-
tained at constant volume while conductivity mea-
surements were made from 10 to 0.5 K. The sam-
ple chamber was clamped onto a heat sink in an
evacuated can which was immersed in liquid hel-
ium. The heat sink was equipped with a *He pot
for work below 1.2 K. This section describes the
special experimental equipment and techniques
used to carry out this investigation.

A. Apparatus

A system that used a total gas volume of only 5
STP liters was developed for thermally generating

and controlling 2000 bar pressures of neon. The
pressure system is presented schematically in
Fig. 2. The sample gas is purified by cryopumping
it through a heated titanium getter and a liquid-
nitrogen cold trap. This operation charges the
pressure generating cell (PGC) with solid neon at
4.2 K. Very effective removal of helium impurity
atoms was achieved by vacuum pumping on the
vapor over the solidified neon in the PGC. High-
pressure neon gas was generated by heating the
PGC to about 200 K. An unusual feature of this
system was the use of strain gauges for dynamic
pressure control, which was better than 0.01%
during the growth of a sample. The gauges were
mounted on a small volume element outside the
cryostat. Electronic feedback from the gauges
controlled the heating of the PGC.

The sample chamber (Fig. 3) was made from 316
stainless steel tubing. The outer and inner dia-
meters were 0.318 and 0.152 cm, respectively.
Three 0.013-cm-thick copper disks were brazed
to the tube with 1.00-cm spacings between the up-
per edges of adjacent disks. The disks were pre-
formed with a mandrel to have a ledge, on which
a 1000-9 heater was wound. The disks mark off
the upper and lower sections of the sample across
which the thermal conductivity is measured (as
will be discussed below). Mounts are provided
for two germanium thermometers at both top and
bottom of the sample chamber.

B. Sample growth

A general procedure for the growth of solid neon
crystals evolved during the growth of over 80 sam-
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FIG. 2. Pressure System: CT, nitrogen cold trap;
CW, No. 14 copper wire; H, heater; LH, line heater;
NSB, neon storage bottle; P, purifier (heated titanium);
PGC, pressure generating cell (3 cm®; R, gas regulator;
SC, sample chamber (0.2 cm®); SGC, strain-gauge pres-
sure sensing cell; TC, thermocouple; V, vacuum port;
VT, vent.



1074 J. E. CLEMANS 15

ples. Only 18 of the samples were selected for
complete thermal conductivity measurements. Be-
fore beginning the discussion of growth techniques,
we note that ten of the measured samples (1 - 10)
had the “natural”isotopic mixture (9.27-at.% #*Ne
and 0.027-at.% ?'Ne in 2°Ne). Isotopically “pure”
neon with 0.012-at.% **Ne and 0.039-at.% #'Ne in
2Ne is used in the remaining eight crystals (11-
18) three of which (11-13) were contaminated with
0.15-at.% “He. These impurity concentrations
were obtained from mass spectroscopic analysis.
Impurities other than those mentioned were not
present at 0.001 at.%, the minimum detectable con-
centration.

Solidification begins at the tail of the sample
chamber, which is controlled at 7'=T,(P) - 7.
Here T,(P) is the melting temperature at the
growth pressure P, and 07T represents the amount
of undercooling of the tail. The solid-fluid inter-
face moves up the sample tube and out the inlet as
the temperature of the copper heat sink is lowered.
The pressurization system pumps neon into the
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FIG. 3. Sample Chamber: BJ, braze joint; CHD,
copper heating disk (0.013 cm thick); CW, No. 24
copper wire which leads to the heat switch; DH, disk
heater (1000 Q); SL, superconducting lead; TH, tail
heater; TT, germanium thermometer; TW, one of two
wells for the control thermometers.

sample chamber to maintain the pressure. The
inlet heater is turned off when the entire sample
volume is at 7=T,, - 67. The neon freezes in the
inlet tube, sealing the sample at constant volume
for the remainder of the experiment. Next, the
mechanical switch which cools the tail of the sam-
ple chamber (by clamping on the wire “CW” in
Fig. 3, connecting it to the *He bath) is discon-
nected. Cooling is then started if it is not already
in progress. The crystal is cooled at 2 K/h. This
keeps the temperature gradient along the sample
below 0.06 K/cm. After several hours, the heaters
are turned off and the system relaxes from about
20 to 4 K. The maximum temperature gradient is
less than 0.35 K/cm.

Faster cooldown rates produced samples with
lower conductivities. Many natural neon samples
were rejected because they had conductivities
which were depressed by some approximately con-
stant multiplicative factor from those of the best
crystals. KR report such reductions in the conduc-
tivity of thermally shocked samples. A different
type of damage was observed in “pure” *Ne sam-
ples. Their conductivities showed a very sharp
limit to the phonon mean free path below 4 K. See
sample 17 on Fig. 4. The only sample (18) that
did not show this behavior was cooled very slowly
and evenly (the largest temperature gradient was
less than 0.1 K/cm). See Fig. 4.

The size of 6T, the undercooling of the tail, was
an important growth parameter. Under a variety
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FIG. 4. Isotope effect on thermal conductivity . All
molar volumes are approximately 13.4 cm®/mole. O,
sample 3; and +, Kimber and Rogers (1973), naturalneon;
0, sample 17; and A, sample 18, isotopically “pure’ neon.
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of annealing conditions, large 67’s of 7 to 10 K
resulted in mechanically damaged samples. A
sample with 67=0.6 K had less damage. Sample
10, with 67~0.0 K was the best natural neon sam-
ple grown. Similar effects of 8T were observed in
isotopically pure samples with 0.15-at.% *He im-
purities.

The molar volume of sample 10 was inferred
from its melting temperature 7',=42.7T K. By ex-
trapolating data on an isochore of neon'! to the
melting curve, we find a corresponding molar
volume of 12.89+ .01 cm®/mole. Similarly, the
data for sample 13 are: 7,=43.96 K and V =12.82
cm®/mole. [However, the high-temperature con-
ductivity of sample 13 is below that of sample 10,
opposite what we expect from the smaller molar
volume. We suspect that it has suffered an (unde-
tected) thermal shock of the type discussed by
KR.] In sample 18, a definite 7,, could not be
found. T, was 30.96 K for sample 17, which al-
lows thermal expansion below 10 K. Now, the
high-temperature data from sample 17 agrees (in
Fig. 4) with that of sample 18, which in turn coin-
cides with the data for the freely expanding sam-
ple of KR (in Fig. 1). Thus, samples 17 and 18
may be said to have the free expansion molar
volume (at 0 K) of 13.4 cm®/mole. The conduc-
tivity of sample 3 at 6 K (below the temperatures
where thermal expansion is important) agrees with
those of KR natural neon samples. See Fig. 5.
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FIG. 5. Thermal conductivity of natural neon samples:
O, sample 3; and +, Kimber and Rogers (1973), both
with molar volume 13.4 cm?/mole; ®, sample 10 at
12.89 cm3%/mole. Also shown is O, sample 13, which is
pure Ne with 0.15-at.% ‘He and a molar volume of
12.82 cm?®/mole.

The conductivity of sample 3 has the same depen-
dence between 6 and 10 K as sample 10, indicating
that it has remained at constant volume during
measurement. Because T, was not measured for
this sample, its molar volume cannot be positively
established. In the light of the agreement with the
KR samples at 6 K we assign it the molar volume
13.4 cm®/mole, on the assumption that thermal
shock has not affected its conductivity.

C. Thermal conductivity measurements

The thermal conductivity of neon in the two 1-cm
sections of the sample chamber between the copper
disks (Fig. 3) was calculated from the measured
heat current, temperature gradient, and geometri-
cal factors. During conductivity measurements,
one thermometer controlled the temperature of
the copper heat sink. The other thermometer mea-
sured the temperature of the tail of the sample
chamber. Identical powers P were dissipated suc-
cessively on each of the three tail heating disks.

In equilibrium, this produced three different tem-
peratures T; at the measurement thermometer.
When the power is dissipated on disks at either
end of section “¢,” AT, =T, , - T, gives the tem-
perature gradient created by the heat current P
through that section. The thermal conductivity
was then calculated for each section, after taking
into account the fraction of the power which was
transmitted through the stainless steel walls of the
sample chamber. Measurements on two sections
of the neon sample provided a consistency check on
the data. In some instances, differences in the
molar volume or mechanical damage of the two
sections were detected.

Estimates of the experimental errors in k are
45, 1.1, and 3.0% at 0.5, 2.5, and 8 K, respec-
tively. For some samples, the accuracy of the
measurements of k is undermined by the uncer-
tainty in the molar volume. In several samples,
the differences in the experimental value of k be-
tween the sections of the same sample exceed the
error in k, indicating the presence of density
gradients. A 5% uncertainty is added to x from
an uncertainty of 0.4% in the molar volume.

III. RESULTS AND ANALYSIS
A. Results

The measured values of the thermal conductivity
of isotopically purified 2°Ne give the clearest
representation of the intrinsic phonon scattering.
Figure 1 compares data from the present work
with recent data of KR on a sample of similar
purity. The agreement here is well within the ex-
perimental error in the 4-10-K range. This
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agreement experimentally establishes the value of
thermal conductivity in the temperature region
where intrinsic phonon scattering is dominant.

The concave upward curvature of the conductivity
in this range is a result of the fact that the intrin-
sic Umklapp scattering, which is proportional to
e"®/2T  is a more important process than the com-
peting defect scattering. This same feature domin-
ates the various theoretical estimates of the ther-
mal conductivity shown in Fig. 1. Sample 18 prob-
ably undergoes thermal expansion above 6 K, as do
all the samples of KR. The effect of the varying
molar volume on the conductivity is discussed
further below. Defect scattering takes over rapidly
at low temperatures indicating mechanical defect
concentrations close to those for natural neon
samples.

Thermal conductivity measurements were made
on a natural neon crystal with a molar volume ap-
proximately the same as those of KR. The agree-
ment in the temperature range above the thermal
conductivity maximum, between this sample and
those of KR is shown in Fig. 5, and will be dis-
cussed in detail below. This figure also shows
that at low temperatures the thermal conductivity
of the samples from the present work are several
times higher than the highest value of KR. Since
in this low-temperature region, phonon scattering
is primarily dominated by scattering from disloca-
tions, the results show these defects to be two to
three times less dense than in the KR samples.

The conductivity of the natural neon sample 10,
with molar volume 12.89 cm®/mole, is also shown
in Fig. 5. This is compared with a **Ne sample
contaminated with 0.15-at.% *He.

A comparison of the neon thermal conductivity
data from isotopically pure samples and those with
the natural isotopic mixture is made in Fig. 4.
The major differences between sample 18 and
sample 3 is the 9.27-at.% concentration of **Ne
which exists as a mass defect in natural neon and
scatters phonons strongly in the region of the peak
thermal conductivity.

At the highest temperatures the thermal conduc-
tivity of the pure samples falls 10% below that of
natural neon. See Fig. 4. A similar deviation
exists between the natural neon data of the present
work and that of KR, as shown in Fig. 5. The
maximum error in the conductivity is not large
enough to account for the discrepancy.

It has been shown™'? that thermal conductivity
data for argon at temperatures well above the con-
ductivity maximum deviate into two branches. Ar-
gon data from samples which have been allowed to
expand freely'® have conductivities well below those
of samples held at constant volume.'? We may es-
timate the size of such a conductivity affect for
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neon. The thermal expansioninneon'*at10K gives
V(10 K)/V(0 K)=1.005. Data from the present ex-
periment shows the strong dependence of the ther-
mal conductivity on molar volume (discussed in
Sec. M B). From this dependence, we expect the
conductivity to be about 5% lower for expanding
neon than for the constant volume samples by the
time the temperature has been raised to 10 K.
Thus, the observed deviation can be accounted for
within experimental error.

B. Callaway analysis

The fundamental theories for infinite perfect
crystals assume that all thermal resistance is the
result of Umklapp scattering. Any effect of a finite
Normal process scattering rate, as well as con-
tributions of extrinsic scattering due to crystal de-
fects, is left out of calculations made in the Ziman
limit. However, these resistive processes are
present in the results reported here. To estimate
the effects of different scattering mechanisms,
Callaway’s phenomenological relaxation time the-
ory'® may be applied. It sums the relaxation rates
of various scattering processes into a total relax-
ation rate 77'. The Callaway theory converts this
rate into the relaxation time in an integral modifi-
cation of the equation for the thermal conductivity
of gases. However, in the temperature range of
the present experiment, the physical complexities
of three-phonon (intrinsic) scattering’® make it
impossible to find exact expressions for the re-
laxation rates, since the temperature and volume
dependences of the various rates are expected to
vary over this range.

The Callaway expression for the thermal conduc-
tivity is k =k, + k,, where k, would represent the
conductivity if Normal process scattering were
small, while «, is included when Normal processes
are significant:

K=Ky +Ky

where

o/T
K, = GT® f dx J4(x)T,
o]
e/r T 2
ks =GT3I f dx ' (x) <—£>
0 Tx

- rO/T , 7 o\
C
x [ [ ax Jq(x)( TNTR” ,

G=kYn32n%, x=Hw/kT, and Ji(x) =x"e*/(e" - 1)2.
The combined relaxation rate obeys 73t =27;77,
where ¢ ranges over the operative scattering pro-
cesses. In this case, contributions to the total
rate are made by boundary, dislocation, isotope,
Normal, and Umklapp scattering processes
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when Normal process rates 7;'are omitted from 7;*,
wehave, Tz'=2 ;. y7i . We note thatwhen only the k,
term is used to fit solid neondata (and 7 is included in
T, the parameters found for various scattering
processes give values of k,~«,. They give Nor-
mal and Umklapp scattering rates of comparable
size. Thus, the full expression k =k, +«, must be
used.

The general expression for 7' used in computer
calculations was, in cgs units,

Tr=TR+ TR+ TR 4Ty +TY
=2.014 X 107V=2-18R"1 + 7.0 X 10N ,xT
+4.75 X 1073SV ™ 5T, 4T + B y x°T*

+BUx2TSe-9/6.5T .

R is the sample diameter, N, the dislocation den-
sity, and T, the mass defect 27, f;,(AM;/M)®. S is
the zero-point enhancement factor. The Debye
temperature © is proportional to V. y equals
2.51.)" B, and B, are adjustable parameters.

The determination of the frequency and tempera-
ture dependences of Ty and T is not a rigorous
procedure.'®!8-2° At temperatures substantially
below ©, the occupation of the energy state 3k@,
half the zone-boundary energy in the Debye approx-
imation, is proportional to e~®/eT, The theoretical
value of a for fcc crystals is 2.3,'® rather than the
Debye value of 2. However, neutron scattering
data?' from neon at 700 bars shows that for trans-
verse phonons in the (111) direction, E,;/k=36.3
K, where E,; has the same volume dependence as
©. The corresponding ©(7'=0, 700 bars) is 75.1 K.
Thus, assuming E,5(;,,, to be the minimum E, g,
the value of a is given by 2(k©/E,3)=4.1. Tem-
perature and frequency dependences of the Um-
klapping phonons are roughly the same as those of
the Normal process phonons.

The form

-1 -1 _ 24 5,0/ 6.5T
Ty +Tg =B y¥*T*+By x° T

for the intrinsic scattering relaxation rate allows
a better fit to data than other temperature and fre-
quency dependences tried.*® KR used this same
expression, except that they used 5.8 instead of
6.5. The values of B, and B for this fit (to natur-
al neon sample 3) are 2.5 x 10% and 0.97 x 10° sec™
K™, respectively, when S is 1.25. The over-all
quality of the fit is impared for choices of B, out-
side the range 4.5 X 10°-2.0 X 10° sec™ K™, for By,
and S the corresponding ranges are 1.1x10°-0.85
%X 10% sec”' K™ and 1.0-1.5, respectively. Fits to
pure *°Ne (sample 18) using this form for 73 +77
or various other forms were less accurate and the
resulting values of By and B, could not be used as

the starting point in fits to isotopically less pure
samples.

An independent check on the values of B, and By,
could be obtained from neutron scattering data
where the temperature-dependent phonon relaxa-
tion time T' equals (7;*+77)™ %2 Ieake et al.?
set upper limits on this parameter of 6.6 x 1072
sec for longitudinal phonons of frequency w=26.1%/
7 K at 25K. To compare the values of By and B,
used here with this limit, the temperature depen-
dences of Ty and 77 must be employed to extra-
polate to 25 K from the region of interest here
(i.e., 4-10 K). Direct extrapolation of the fitted
values of B and By to 25 K at the frequency 26.1%/
7 K gives a value of I'"! that is almost 5 times
larger than 1.5 x 10" sec™. However, the temper-
ature dependence of the relaxation times should de-
crease with increasing temperature. This argu-
ment is supported by calculations of I' made for
solid argon by Jones.?® His calculations show that
the temperature dependence decreases rapidly
above 16 K. Taking this effect into account, we
predict that the values of By and B, calculated
here should be adjusted to give

(T +T ) poos =1.52 x10'* sec™ .

w=26.1(k/h) K
A more definitive test would be provided by ex-
perimental values of I' from neutron scattering at
a temperature in the 4-10-K range, especially at
an energy of one-half E,, (~18% K) in the (111)
direction.

The Callaway theory has not been generalized to
include molar volume variations. The first-prin-
ciples calculation of Leibfried and Schlomann' pre-
dicts the volume dependence in the temperature
range T>0, k(V)xa@ c« V72, In the low-temper-
ature limit, it can be shown that x(V)c«cV®3 by
using the relation x =1/3CvR, and taking the speci-
fic heat and the sound velocity in the Debye approx-
imation. The mean free path R is a constant at
low temperatures where boundary scattering is
dominant. The temperature range of the present
experiment is between these limiting cases. The
Callaway theory is used to achieve a first approxi-
mation to the strengths of the various scattering
mechanisms. The molar volume dependence of
fitted values of B and By are V'® and V°, respec-
tively, when expressed as powers of V. In view of
the uncertainties in choosing proper Callaway
forms, however, these powers have only order of
magnitude accuracy. Empirically, comparing sam-
ples 3 and 10 in the 5-10-K range, we can write

k =2500(7/K) %2 (V/13.4 cm®/mole)™**3 mW/cm K.

The T-2-2 dependence is the result of the competi-
tion of intrinsic and extrinsic scattering processes
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in these natural neon samples. It may be con-
trasted with the exponential dependence of the pure
neon sample (18). If only Umklapp processes are
considered, Peierls?:?* predicted that the conduc-
tivity of a perfect insulator would vary according
to the relation

k=A(T/0©)"® T,

where A, a, and n depend on the details of the
material. Figure 6 shows the conductivities of
samples 3, 10, and 18 plotted as a function of /7.
Lines with n=0, a=4, and A,,=2.82 mW/cm K,
and A,,=2.32 mW/cm K are fit to samples 10 and
18. The exponential fit is similar to results in
“He *® The value of k at the two highest tempera-
ture points shown for sample 18 are decreased due
to thermal expansion. Data for higher values of
©/T show the effect on k of extrinsic scattering.

The isotope scattering relaxation time?®® used in
the Callaway fit is

77 =S(a®/40°)(k/R)T ,y x*T*

=4.75 X 107SV™ 5T, 4T,

This is essentially “Rayleigh” phonon scattering
from the density variations due to the presence of
isotopic defects. In the case of neon where the in-
teratomic forces are weak and the isotopic mass
differences are large, additional scattering results
from force-constant changes and local strain fields
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FIG. 6. Exponential temperature dependence of the
conductivity in the Umklapp range. The straight lines
obey Kk=A(@)e®/47, with A (8) values listed in the text.
O, sample 3; and A, sample 18 have®=75.1 K; @,
sample 10 has ©=83.1 K.

which disrupt the regularity of the lattice.?” At low
temperatures this perturbation is further aggra-
vated by isotopic differences in zero-point mo-
tion.?®?° The scattering enhancement is accounted
for by the multiplicative factor S, which is a func-
tion of AM /M and the relative change in force con-
stants. For neon, an analysis by Jones?®® predicts
S=1.4. The best value of S found in Callaway fits
varied considerably 1.25+0.25. It was strongly
dependent on the form of 73 +7f selected. More
reliable estimates may be made of the ratio of S
values between different samples, since the de-
pendence on form is partially removed. For ex-
ample, S values for natural neon samples 3 and 10
(at different molar volumes) give the result S(13.4
cm®/mole)/S(12.89 cm®/mole)=1.5+0.3. This in-
dicates that the zero-point enhancement decreases
with decreasing molar volume. This effect has
been observed in solutions of *He-*He under more
rigorous circumstances by various experiment-
ers.®® In a similar manner it is possible to com-
pare the #Ne isotope scattering in sample 10 with
the *He impurity scattering in sample 13. The
small molar volume differences (discussed above)
were ignored, and fits were made to sample 13
using a molar volume of 12.89 ¢cm®/mole. In this
calculation the mass of the “He impurity atom was
inserted in the mass defect I')y. The value of the
ratio S(*He)/S(**Ne) is approximately 2.

The relaxation rate for diffuse scattering of pho-
nons from the boundaries of a crystal of diameter
R is given by 73 =v/R .3 In the case of a poly-
crystalline sample, R represents an average grain

.size.??'3% Gince T3 is temperature independent, the

temperature dependence of the thermal conduc-
tivity is the same as that of the specific heat, i.e.,
T®. This scattering is dominant at very low tem-
peratures when other relaxation processes are
frozen out. In the present samples, dislocation
scattering mechanisms are still important even at
0.5 K. The relaxation rate for dislocation scatter-
ing, derived from the interaction of phonons with
the strain field of a static dislocation,'®26:34 jg

75 =T7.0x10"N,xT. Below 1 K the temperature
dependence of the thermal conductivity of sample
3 (and all of the samples reported here) is 727 or
T2:%, QOver the limited temperature range of this
experiment, parameters R and N, may be found to
balance the boundary and dislocation limits to «
which depend, respectively, on 7° and 72. The R
values found in all fits indicate average grain
sizes of one-tenth the 1.5-mm sample diameter.
If the thermal conductivity were only limited by
boundary scattering, it would have the value
sketched in Fig. 5. These values of R~0.015 cm
indicate grain sizes 2-4 times larger than ob-
served by KR. These two compurisons are the
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only measure of R available, but both suggest that
the R values are reasonable. The actual values of
N,~10° dislocations/cm?, as with values of R, are
simply the result of the calculation employed here.
N, may be compared to the dislocation density due
to plastic flow in alkali halides, which rarely ex-
ceeds 4 x 107 dislocations/cm?.%%:%¢ It has been
pointed out that the theory used here to describe
T3 does in many instances give values of N, from
thermal-conductivity fits which are 100 times the
values obtained independently from etch pit count-
ing.?%3” The use of a theoretical calculation of

T3 by Ohashi®*® would give N, 15 times smaller than
those reported here which is more in line with
likely dislocation concentrations. Theories which
invoke phonon interaction with mobile dislocations
would not apply. In this case, unless the reso-
nance of the interaction were above the conduc-
tivity peak, it would increase the temperature de-
pendence to a higher power than 7° which is not
observed. It is not likely that such a high-temper-
ature resonance exists.

IV. CONCLUSION
The results reported here agree reasonably well
with other recent data on the thermal conductivity

of solid neon. They also add new data at smaller
molar volumes. We have measured the dependence
of the conductivity on molar volume in the temper-
ature range in which intrinsic scattering is domi-
nant. A Callaway analysis shows that 73 o «?T*
and T3} o< x2T%"®/65T represent the natural neon
data best. These results indicate that both Normal
and Umklapp scattering processes are important.
The analysis also showed that the mass defect
scattering was enhanced by zero-point motion,

and that this enhancement decreased with decreas-
ing molar volume. Callaway fits to data from iso-
topically purified neon were markedly less suc-
cessful than fits to natural neon. This leaves a
large uncertainty in the value of B, which is
shown to be volume dependent as well. It is hoped
that these results may encourage a reexamination
of more fundamental calculations of the thermal
conductivity of solid neon.
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