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The isochoric thermal conductivity of (CH4)1—EKFE solid solutions is studied between 40 K and
[J150 K over the wide range of concentrations (§ =0.013, 0.032, 0.07, 0.115, 0.34, 0.71, 0.855, 0.937,
and 0.97). A gradual transition from the thermal conductivity of a highly perfect crystal to the minimum

thermal conductivity is observed as the crystal becomes increasingly more disordered. A qualitative

description is given in the framework of Debye model of thermal conductivity, which takes into

consideration the fact that phonon mean free path cannot decrease indefinitely.

PACS: 66.70.+f, 63.20.Ls, 63.20.Hp

Introduction

The question of what occurs when the mean free
path of a phonon becomes comparable to the lattice
parameter or to its own wavelength is one of the
most intriguing problems in the thermal conducti-
vity of solids [1—6]. Some progress in the descrip-
tion of the heat transport in strongly disordered
materials has come about through the concept of the
minimum thermal conductivity A, [4-6], which
is based on the picture where the lower limit of the
conductivity is reached when the heat is being
transported through a random walk of the thermal
energy between the neighboring atoms or molecules
vibrating with random phases. In this case A, can
be written as the following sum of three Debye
integrals [5,6]:
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The summation is taken over three (two trans-
verse and one longitudinal) sound modes with the
sound speeds v, , ©, is the Debye cutoff frequency

for each polarization expressed in degrees Kelvin,
O, = v)(/kg) (6121)'/3, and n is the number den-
sity of atoms or molecules. Although no theoretical
justification exists as yet for this picture of the heat
transport, evidence for its validity has been ob-
tained on a number of amorphous solids in which
the high-temperature thermal conductivity has been
found to agree with the value predicted by this
model [3]. Indirect evidence has also been obtained
in measurements of the thermal conductivity of
highly disordered crystalline solids, in which no
thermal conductivity smaller than that predicted by
this model seems to have ever been observed [6].
What has been missing so far, however, has been a
systematic study of the gradual transition from the
thermal conductivity of a highly perfect crystal to
the minimum thermal conductivity as the crystal
becomes increasingly disordered. Such measure-
ments will be presented here.

The objects of this study were (CH4)1-EKri solid
solutions (0 < & < 1). This choice was based on the
following considerations, i.e.,

i) The phase diagram of (CH4)1_EKr has been
studied quite well. It was found that the compo-
nents form a homogeneous solid solution with fcc
structure above 30 K at all & [7].

ii) Kr and CH, have similar moleculeatom
radii and parameters of the pair potential [8]. The
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Debye temperatures @, of Kr and CH, are 72 and
143 K, respectively [7,8]. At the same time the
masses of the Kr atom and the CH, molecule are
very different, 83.8 and 16 atomic units, respec-
tively. The fractional mass difference AM /M is
0.81 for the CH impurity in Kr and 4.23 for the Kr
impurity in methane. One can thus expect strong
impurity scattering, especially in the latter case.
iii) The peculiarities of the heat transfer in pure
Kr and CH, have been studied in detail (Refs. 9—12
and 13-15, respectively). There have been separate
studies of the low-temperature thermal conductivity
at T < 20 K in the mixed cryocrystals, which indi-
cate strong point-defect scattering [12,15]. The
thermal conductivity /\ieas of solid CH, and Kr
measured at the saturated vapor pressure is shown
in Fig. 1 together with A_. , calculated by Eq. (1)
for equilibrium conditions. The corresponding val-
ues of the density and sound velocities at different
temperatures needed for the calculation were taken
from Refs. 8 and 16. As can be seen from Fig. 1 the
thermal conductivity of Kr goes through a maxi-
mum at 12 K and then decreases, approaching its
lower limit A_, ~at premelting temperatures. The
thermal conductivity of CH, goes through a maxi-
mum at 4.5 K in the orientationally ordered a phase
and decreases subsequently to the a—f transition
temperature T, _5 =20.4 K. In the orientationally
disordered (OD) B phase the thermal conductivity
begins to increase again, goes through another ma-
ximum at 50 K, and then decreases as far as the
melting-point temperature T, = 89.8 K. The ratio
AL o/ Nyin is shown in Fig. 2. It is seen that
NP .. exceeds the lower limit A_. by a factor of
two to four in the entire region of the OD phase.
For these reasons, the (CH4)1-EKri mixed cryo-
crystals enable us to study the influence of atomic-
size defects upon the thermal conductivity near its
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Fig. 1. The thermal conductivities /\5‘eas of solid Kr and CH,
measured at saturated vapor pressures according to data of
Refs. 9-15. A, of solid Kr and CH, calculated by Eq. (1) are
shown at the bottom.
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Fig. 2. The ratio /\f‘eas//\min for solid Kr and CH . The dashed

line corresponds to A /A =1,

meas’ min

lower limit and to test the validity of the concept of
the minimum thermal conductivity in the form it
was reported in [5,6].

Experimental technique

To compare correctly experimental results of
thermal conductivity with theory at T'>©,, it is
necessary to perform experiments at constant den-
sity to exclude the effect of thermal expansion. The
simplest molecular crystals and solidified inert
gases are best suited, since their thermal expansion
coefficients are much larger than those of the mate-
rials commonly used in high-pressure cells. If a
high-pressure cell is filled with a solid sample of
quite high density, on subsequent cooling the vo-
lume of the sample will remain practically constant
while the pressure of the sample decreases. The
small deviations from the constant volume caused
by thermal and elastic deformation of the measuring
cell can easily be taken into account.

The V-T diagram of solid Kr plotted according
to data of Ref. 16 is shown in Fig. 3. As an
example, two isochores are shown, which corre-
spond to the volumes 28.5 and 29.0 cm?® /mole. T,
is the temperature at which the V' = const condition
comes into play in the experiment. Below T the
isochoric data convert to the data measured at
saturated vapor pressure, and on further cooling the
sample can pull away from the cell walls. The
temperature 7', and pressure P, correspond to the
onset of sample melting. T, and T,, shift towards
lower and higher temperature as the density of the
sample increases.

The molar volume of (CH,),_¢Krg solid solution
varies appreciably (about 10% at the saturated
vapor pressure) as a function of the component
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Fig. 3. The V-T diagram for solid Kr according to Ref. 16. The
two isochores are shown, which correspond to the volumes 28.5
and 29.0 cm® /mole.

concentrations [7]. In this context it is convenient
to compare the experimental results taken at differ-
ent concentrations for those samples which reach
the V = const condition at the same temperature
T, . There are certain experimental difficulties to
prepare the samples with the same temperature 7' .
However, if the thermal conductivity is studied on
several isochores at the same concentration of the
components, it can be recalculated to any T, , using
the volume dependence of thermal conductivity in
the form: g =—-(@In A/0 In V), , where g is the
Bridgman coefficient. Since the pressure at tem-
perature T, is zero, /\(T)) corresponds to the iso-
baric thermal conductivity A,(P = 0) as well.

This study was carried out on a coaxial-geometry
setup, using the steady-state method. The measur-
ing beryllium bronze cell (160 mm long, 17.6 mm
inner diameter) was engineered for a maximum
pressure of 800 MPa. The inner measuring cylinder
was 10.2 mm in diameter. The sample was between
the outer and the inner cylinder. The temperature
was measured with platinum resistance thermome-
ters, mounted in special channels of the inner and
outer cylinders and unaffected by high pressure.
During the sample growth, a temperature gradient
[J1 K/cm was maintained along the measuring
cell. The pressure in the inlet capillary and the cell
was produced by a special thermocompressor, and
was varied from 50 to 250 MPa for obtaining sam-
ples of various densities. Under identical growing
conditions (a capillary pressure =200 MPa and a
temperature gradient along the cell = 1 K /cm) we
were able to prepare denser samples of solid solu-
tions with CH, prevailing (§ < 0.3) than with Kr
prevailing. This may be due to the higher compressi-
bility of CH, as compared to that of Kr. When the
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sample growth was completed, the inlet capillary
was blocked at liquid hydrogen temperature and the
samples were annealed at premelting temperatures
for 5-6 h to remove density gradients. After com-
pletion of the experiment the samples were evapo-
rated into a thin-wall vessel and their masses were
determined by weighing. The molar volumes of the
samples were estimated from the known volume of
the measuring cell and from the sample mass. The
total systematic error was dominant, but did not
exceed 4% for the thermal conductivity and 0.2%
for molar volume. The purity of the Kr and CH,
gases used was better than 99.98%. The experimen-
tal details are described more comprehensively in

Ref. 17.

Results

The smoothed coefficients of isobaric A, and
isochoric A, thermal conductivities are presented in
Tables 1 and 2. The molar volumes V,  of the
samples, the temperatures T, at which the V' = const
condition comes into play in the experiment, and
the temperatures T, of the beginning of sample
melting are given in Table 3 along with the Bridg-
man coefficients g =—(@ In A/0 In V), calculated
from the measured results. The isochoric thermal
conductivity of pure Kr [11] and solid solution
(CH,)y¢Kr; with Kr prevailing (& > 0.7) rescaled
to T, =75 K is shown in Fig. 4 together with
low-temperature data [12]. Figure 5 shows the iso-
choric thermal conductivity of pure CH, [13] and
of the solid solution with CH, prevailing
(§ <0.35), rescaled to T, =40 K, together with
low-temperature data [15]. Although there is a tem-
perature gap between the two sets of data, one can
conclude that they agree quite well. The lower
limits of the isochoric thermal conductivity A_. —of
pure Kr and CH, are shown in Figs. 4 and 5 as
broken lines. The molar volumes and sound veloci-
ties needed for the calculation were taken to corre-
spond to the temperature T, from Refs. 8, 16 and
were assumed to be independent of temperature.
For the crystals with Kr prevailing (§ = 0.97), the
isochoric thermal conductivity increases steeply as
the temperature decreases. As § decreases, the ther-
mal conductivity decreases as a whole and increases less
steeply with decreasing temperature. At 0.3 =& = 0.7
the thermal conductivity becomes practically tem-
perature independent, as expected for the lower
limit of the thermal conductivity A, at T >0, .
The measured data lie between the predicted A,
for pure Kr and CH, , calculated according to Eq.
(1). As & decreases further (CH -rich crystal), the
thermal conductivity increases again, and it ap-

1161



Smoothed values of the isobaric A, and isochoric A, coefficients of thermal conductivity of the (CH

in mW /(cm(K). Molar volumes of the samples are given in ¢cm?/mole

4)1—Z

Table 1

KrZ solid solution (& > 0.7)

£ =097 £ =0.937 & =0.855 =071
T,K /\V at Vm AV at Vm /\V at Vm AV at Vm
P P Np Np

28.5 28.9 29.5 28.82 | 29.31 | 29.72 29.25 | 29.85 29.75 | 30.30
40 3.60 2.75
50 3.00 2.50
60 2.93 2.30
70 2.60 2.12
80 2.30 2.43 1.85 1.88 1.5 1.5 1.05 1.08
90 2.00 2.32 2.08 1.65 1.84 1.4 1.49 1.03 1.12 1.03
100 1.72 2.20 1.95 1.72 1.46 1.80 1.61 1.26 1.48 1.34 1.02 1.15 1.05
110 1.45 2.10 1.85 1.60 1.28 1.75 1.58 1.41 1.18 1.47 1.32 1.00 1.19 1.08
120 1.98 1.74 1.50 1.70 1.52 1.38 1.46 1.31 1.22 1.12
130 1.90 1.62 1.38 1.67 1.50 1.36 1.45 1.30 1.25
140 1.82 1.52 1.25 1.65 1.48 1.45 1.28
150 1.73 1.40 1.63 1.46
160 1.68 1.60

Table 2

Smoothed values of the isobaric A, and isochoric A, coefficients of thermal conductivity of the (CH

in mW /(cm(K). Molar volumes of the samples are given in cm®/mole

4)1—Z

KrZ solid solution (& < 0.4)

& =0.011 & =0.032 £ =007 & =0.115 £=0.34
T,K /\V at Vm AV at Vm AV at Vm AV at Vm AV at Vm
Ap Np Np Np Np
31.03 | 31.60 | 32.05 31.00| 31.62 30.85 |31.42|31.80 30.70 | 31.22 30.50
40 | 2.20 2.05 1.83 1.85 1.30 | 1.32
50 | 2.40 | 2.55 2.18 | 2.30 1.95 2.14 1.45 | 1.55 1.2 1.2
60 |2.50 ] 2.75 2.25 | 2.50 2.05 2.37 2.11 1.53 | 1.70 1.56 1.2 1.3
70 | 2.52| 290 | 2.70 2.28 12.65 | 2.38 | 2.12 2.95 2.30 1.55 | 1.80 1.65 1.2 1.35
80 |2.52]3.02| 280 | 255|229 |2.74 | 2.48 | 2.15 2.65 2.40 | 2.20 | 1.56 | 1.85 1.72 1.22 1.40
90 | 2.50| 3.05 | 2.87 | 2.60 | 2.29 | 2.78 | 2.53 | 2.17 2.70 2.45 | 2.26 | 1.56 | 1.88 1.75 1.22 1.45
100 3.07 | 2.87 | 2.60 2.80 | 2.55 2.72 2.48 | 2.28 1.90 1.76 1.48
110 3.05 | 2.85 2.80 | 2.55 2.72 2.48 1.90 1.75 1.50
120 3.02 2.80 | 2.55 2.70 1.88 1.51
130 2.68 1.88
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Table 3

Molar volumes V' of the samples, temperatures I'; , at which the experiment reaches the condition V' = const, the temperatures T’

of the onset of sample melting, and the Bridgman coefficients g = —(0@ In A/d In W)y

¢ Number of the sample Vm , cm3/mole TO , K Tm , K g

0.013 1 31.03 45 125
2 31.60 63 114 4.8

32.05 79 103

0.032 1 31.0 44 126
2 31.62 65 111 4.2

30.85 37 130

0.07

31.42 60 115 4.2

31.80 72 108

0.115 1 30.70 35 130
2 31.22 55 118 3.9
0.34 1 30.50 49 135 3.8

0.71 1 29.75 70 144
2 30.30 86 125 4.2

0.855 1 29.25 75 148
2 29.85 95 130 5.2

0.937 1 28.82 77 158
2 29.31 92 145 7.7

29.72 102 133

0.97 1 28.5 72 168
2 28.95 86 154 8.5

29.5 100 140

proaches that of pure CH, as the concentration of
Kr decreases to zero. The concentration dependence
of the thermal conductivity of the (CH 4)1_5KrE solid
solution at T'=75 K and P =0 is shown in Fig. 6.

The A, of pure Kr and CH, are shown as broken

lines. It is seen that thermal conductivity changes
rapidly at £ < 0.2 and & > 0.8 and is practically
concentration independent at 0.2 <& < 0.8.

[ x*
[** Pure Kr

Le *

To=75K

Fig. 4. Smoothed values of the isochoric thermal conductivity
of pure Kr [11] and Kr with a CH, admixture, rescaled to
r,=75 K (m), together with low-temperature data [12]. The

broken lines are the isochoric A_, of pure Kr and CH, .
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Fig. 5. Smoothed values of the isochoric thermal conductivity
of pure CH, [13] and CH, with a Kr admixture, rescaled to
T,=40K (m), together with low-temperature data [15]. The

broken lines are the isochoric A_. of pure Kr and CH, .
'min 4
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Fig. 6. The concentration dependence of the thermal conducti-
vity of (CH4)1-ZKFE solid solutions at 7 =75 K and P = 0. The
horizontal lines are A, of pure Kr and CH, under the same
conditions.

Discussion

In the solidified inert gases Ar, Kr, and Xe the
phonon—phonon interaction is the main mechanism
determining the value and the temperature depend-
ence of the thermal conductivity A(T) at the Debye
temperature and higher (He and Ne melt at tem-
peratures much below ©,, (Ref. 16, Chapter 11)).
If the scattering is not too strong and the model of
elastic waves is appropriate, the theory predicts
that the isochoric thermal conductivity should vary
as/\y, 01/T atT = 0Op, [1-4,18]. However, experi-
ments at constant volume revealed appreciable de-
viations from this dependence at the highest tem-
peratures, with the conductivity varying slower
than 1/7T [11,16,19]. Such behavior implies an
approach of the thermal conductivity toward its
lower limit A . [3,19]. The proximity of the ther-
mal conductivity of solidified inert gases to A_. at
premelting temperatures was first pointed out by
Slack [4].

A characteristic peculiarity of molecular crystals
is the presence of both translational and rotational
motions of molecules in their lattice sites. For
normal (orientationally ordered) molecular solids
the intermolecular modes generally have a mixed
translational-librational character and cannot be
considered as independent. It is assumed, however,
that separation can be made in orientationally or-
dered phases at low temperatures, and then collec-
tive translational vibrations (phonons) and rota-
tional vibrations (librons) can be treated separately
[20]. The contribution of librons to the heat trans-
fer is assumed to be relatively small because the
bands which are connected with the angular motion
of the molecules are narrow. At the same time, the
role of librons in scattering processes is important
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[20]. In orientationally disordered phases, however,
the absence of orientational long-range order means
that well-defined, librational modes cannot propa-
gate through the crystal: they are always rapidly
damped out [21]. The additional phonon scattering
(beyond the phonon—phonon) may originate in the
OD phases of molecular crystals due to the short-
range fluctuations of the orientational order in the
vicinity of the phase transition. For example, in
solid CH, this additional scattering above the a—3
transition temperature T _5 = 20.4 K is of the same
magnitude as the phonon—phonon scattering [13,14].
However, it decreases rapidly when the temperature
increases and practically disappears above 90 K,
whereas the phonon—phonon scattering continues to
increase. The competition of these two (phonon—
phonon and phonon-rotational) mechanisms of
scattering in the OD phase of solid CH, results in
another high-temperature maximum of the thermal
conductivity, in addition to the low-temperature
one at 4.5 K. The models describing the phonon
scattering on fluctuations of the orientational short-
range order in solid methane were suggested in
[14,22]. It has already been mentioned above that
A\ eas €Xceeds A by a factor of two to four in the
OD phase of methane. The additional scattering
mechanism due to Kr impurity (which is supposed
to be very strong because of the big mass difference)
decreases the thermal conductivity with increasing
€ to values which are between the predicted A, ~for
pure Kr and CH, , calculated according to Eq. (1).
Defects of atomic dimensions weaken the tem-
perature dependence of the lattice thermal con-
ductivity caused by U-processes [3,23]. The theo-
retical consideration of point defect scattering in
the framework of the Debye model at 720, is
made with the assumption that the perturbation
theory is valid at all frequencies and temperatures
[18,23,24]. Point defects at small concentrations
(& < 0.05) have to lead to an additional contribu-
tion to the thermal resistivity W =1/A of the
crystal, which is independent of temperature [24].
The slowest variation in the limit of very strong
point-defect scattering is A O 1,/71/2 [25]. It has
been already noted above that the thermal conduc-
tivity of Kr appears to approach its lower limit
A_.  at premelting temperatures (see Fig. 1). If

min

A, actually is the lower limit to the thermal
conductivity of a lattice, the point-defect scattering
should be different from that discussed above. In-
tuitively, one would expect that the contribution of
small concentrations of point defects to the thermal
resistivity should decrease with increasing tempera-

ture. In the case of very strong point-defect scatte-
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ring A may coincide with A_. in a wide tempera-
ture range. To check this assumption the thermal
resistivity of pure Kr and (CH4)1_EK1‘E solid solu-
tions with Kr prevailing is shown in Fig. 7
(Ty =75 K). It is seen clearly that the additional
contribution of CH, impurities to the total thermal
resistivity decreases with increasing temperature at
all € >0.7. At 0.85=¢ > 0.7 the thermal conduc-
tivity lies between the predicted A, for pure Kr
and CH, , calculated according to Eq. (1) (see
Fig. 4).

A quantitative description of the thermal con-
ductivity of (CH4)1_EK1" solid solutions with Kr
prevailing (§ > 0.7) is made by taking into consid-
eration only U-processes and Rayleigh scattering.
Phonon scattering at the excitations of the rota-
tional motion of the methane molecules, which play
an important role at low temperature [12], is ex-
pected to be weak at high temperatures. It was
shown earlier that molecules undergo a almost free
rotation in pure CH, at T 0J90 K and higher [13],
and that this kind of rotation does not lead to
additional phonon scattering. For matrix isolated
molecules in solidified inert gases the onset of
almost free rotation takes place at lower tempera-
tures [8].

The thermal conductivity can be described using
the Debye model as

AT) = 3uk o B DJ'l() et (2)

’ Pond

where ©,, = v (?Z/kB)(Gﬂzn)V3 is the Debye tem-
perature, v is the polarization-averaged sound ve-

100 &,Z 0.71a

160 180

60 80 100 120 140
T,K

Fig. 7. The isochoric thermal resistivity of pure Kr and Kr with
a CH, admixture, rescaled to T, = 75 K. The solid and dashed
lines correspond to the best fit within the Debye model of the
thermal conductivity according to i) and ii), respectively.
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locity, and I(x) is the phonon mean free path. At
T 2 ©p, the boundary scattering is negligible and
the phonon mean free path is determined by the
U-processes and Rayleigh scattering [18]:

() = (lligyl )~ 3

where x =oh/k,TA, and A is the phonon wave-
length.

Frequently used expressions for the phonon mean
free path resulting from the individual scattering
mechanisms are

Cr
1 _
Wkt = 7 )
where
= 12* rhy (5)
72 4B mz;
and
L, Amopr
lRayl )\4 (©)
where
g AQ ak
_ Un
r==¢@ - +2y—H . (7)
€0 -8 By

° 4

Here y is the Griineisen parameter, taken as 2.5 for
Kr and CH, [8,16], m is the atomic/molecular
mass, and M and Q, are the average atomic,/mo-
lecular weight and volume respectively of the mixed
crystals (for pure CH, Q, = 5.18010" 23 em3, M = 16,
and for pure Kr Q = 4 7300723 c¢m3, M 83.8),
and AM and AQ, are the atom,/molecule weight
and volume difference from their average values,
respectively.

Expression (3) cannot apply when /(x) becomes
less than the interatomic spacing or shorter than the
phonon wavelength. In that case a lower limit of
the mean free path is reached. This problem has
already been discussed for the case of U-processes
only [3]. Let us extend this consideration to the
case of combined U-processes and Rayleigh scatter-
ing.

i) Let us assume that the lower limit of the
phonon mean free path is of the order of one-half of
the phonon wavelength. In this case I(x) is given by
Eq. (3) when I(x) = a)/2 or otherwise by

I(x) = oA /2 , (8)
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where o is some numerical coefficient of the order
of unity which is assumed to be independent of T
and A. The crossover from behavior described by
Eq. (3) to (8) occurs at the phonon wavelength A,
which is determined from

U37‘ Bo _ "o
2 Am N @

This corresponds to the effective crossover tempera-
ture O, = ho/kgh. (It is supposed that O < ©
otherwise ©;=0,, .) The thermal conductivity in-
tegral is broken into two parts:

0o, T
3 nT DS% xte’
opod <
[l
o /T E
4 x
A xe O
+ oz —dxO. 10)
I 2E -1 O
e /T E

In the high-temperature limit 7'> ©p when only
the U-processes are in effect, A(T) = A1/T2 + Ao
[3,27], where A is some numerical coefficient inde-

pendent of the temperature and A

min

o, /T
1/3 2 3 x
T
N —SGDTE nZ/SkBUD E e’ —
min D éb (e _ 1)
0

(1 1)
This expression for A . is identical to that pre-
dicted by Eq. (1) if the polarization-averaged speed
of sound is used and it is assumed that a = 1. In the
case of strong phonon scattering caused by point defects
(when ©,<< @), the lower limit on the thermal
conductivity is accurately found from Eq. (11).

ii) Let us assume that the lower limit of the pho-
non mean free path is of the order of the interatomic
distance. In this case the phonon mean free path
I(x) is given by Eq. (3) when I(x) 2 an/3 or
otherwise by

[x) = on” /3 . (12)

The crossover from behavior described by Eq.
(3) to (12) occurs at the phonon wavelength A,
which is determined from

T BO'

7

=an /3 (13)
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The effective crossing temperature is @ = hv,/kgA .
(It is supposed just as in previous case that
O < ©p ; otherwise ©,= 0, .) The thermal con-
ductivity is again a sum of two integrals

0o T
ol & % xtet
NT) = Bnka QQ_D % J.l(x) m dx+
o200
© /T 0
7 4 x E
a2 da) (14)
-0 0
OE/T 0
In the high-temperature limit 7= ®, , when only

the U-processes are in effect, /\(T):AZ/Ts/2 +
+ A [3,27], where A, is some numerical coeffi-

min
cient, and /\;;nn
@D/T
4 x
At =3an* Pk o —————dx. (15)
%905 (e* —1)

In the case of strong phonon scattering by point
defects (when ©,<< @), the lower limit on the
thermal conductivity is accurately found from
Eq. (15). It can be shown easily that the ratio
N /Nyin =0.83at T 20, , for the same a.

iii) We consider also the case when the term
a2 or an~'/3 has simply been included in Eq. (3)
for the phonon mean free path to eliminate a non-
physical case when I(x) becomes smaller than one-
half the wavelength or than the interatomic dis-
tance:

i) = (5 +1 11) Tran2,  (16)

1) = (g lfgayl) Tran 0 AUD)
and then Eq. (2) is used to calculate the thermal
conductivity [26]. In the high-temperature limit
T 20, , this assumption leads to the expressions:
N=Az/T+ N, and N=A,/T+N, [27], where
Ag and A, are some numerical coefficients.

The computer fit using Eqs. (10), (14), (16) and
(17) was performed for the isochoric thermal con-
ductivity of pure Kr and (CH ), _ Krg solid solutions
(¢£=0.97, 0.937, 0.855, 0.71) for the isochores with
T, =75 K. The density was estimated by interpo-
lation of experimental data. The sound velocity was
calculated assuming that it changes linearly with
the concentration from Kr [16] to CH, [8]. To

Fizika Nizkikh Temperatur, 2001, v. 27, Nos. 9/10



Table 4

Parameters of the Debye model fits for (CH4)1-ZKFE solid solutions for cases i) and ii)
i) ii)
3 nIZIIO_ZZ, cm v, km /s r
cale C,em/K a C,em/K a

1 2.11 0.86 0 1.07007° 1.29 0.95007 1.16
0.97 2.10 0.88 0.055 1.17007° 1.22 1.07007° 1.24
0.937 2.09 0.92 0.12 2.03007 1.41 1.63007° 1.26
0.855 2.06 0.97 0.26 3.5007 1.3 3.80107 1.20
0.71 2.04 1.07 0.54 6.20007 1.05 4.5007 0.97

reduce the number of variable parameters, the coef-
ficient B describing the Rayleigh scattering was
calculated in accordance with Egs. (6) and (7). The
Debye model parameters used for fitting (n, v, ')
and the C and a values obtained by fit for variants
i) and ii) are shown in Table 4. When Eqs. (16)
and (17) are used for the phonon mean free path,
we obtain a =0.3—0.4 while elementary conside-
rations lead to a = 1.The coefficient C determining
the intensity of the U-processes is in good agree-
ment with low-temperature data [12], where it was
evaluated as 1.5007 ¢cm /K.

The fitting results are shown in Fig. 7. It is seen
that both the variants describe well the behavior of
the isochoric thermal conductivity of the solid solu-
tion, except for the concentration & = 0.71. In the
case of pure Kr variant ii) ensures a somewhat
better fit, as was discussed earlier for the isochore
with T\, = 0 K [27]. Roufosse and Klemens [3] pre-
ferred assumption ii) to i) for the following reason.
Assumption i) means that the vibrational excita-
tions can be described as waves. However, when the
wave picture is questioned, the alternative descrip-

1.5

Pure Kr
1.01
[a)]
8 \
S im0
0.5 0.937
\ 0.855
0.71
O 1 1 L 1 L 1 L 1 L 1
60 80 100 120 140 160
T,K

Fig. 8 The temperature dependence /0y, , where w =
=2,/ is the frequency at which the crossover from the wave
picture to the picture of localized excitations occurs.
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tion assumes localized excitations that hop from site
to site. The mean free path for those excitations is
given by the interatomic distance.

This point of view may hold for amorphous
materials as well, in which the heat transfer by
low-frequency phonons is negligible at quite high
(above 50 K) temperatures [28]. We should remem-
ber that in our case the model assumes a gradual
change from pure extended-phonon thermal conduc-
tivity (a perfect crystal and low temperatures) to a
heat transfer by localized excitations (a solid solu-
tion in the middle of composition range and high
temperatures). We believe it is more reasonable to
consider the vibrations localized in the A2 regions
as the limiting case of the phonon picture
(see [5,6]).

Figure 8 shows the temperature dependence
W/Wp, , where w,=2m,/A; is the frequency at
which the crossover from the wave picture to the
picture of localized excitations occurs. Equation
(10) actually describes the sum of contributions to
the thermal conductivity resulting from extended
phonons and localized excitations. Figure 9 presents
the relative extended-phonon contribution to the

£=0.97

0.2- \0_8%

i 0.71
!

60 80 100 120 140 160
T K

1.0
0.8_ \

0.6

Aph//\

Fig. 9. The relative extended-phonon contribution to the ther-
mal conductivity of pure Kr and the (CH4)1-ZKFE solid solution.
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Fig. 10. The concentration dependence of the Bridgman coeffi-
cient g = =(0 In A3 In V),. of the solid solution (CH KrE at
T =90 K.

D1

thermal conductivity of pure Kr and the
(CH4)1-EKrE solid solution. It is seen that in Kr the
thermal conductivity is of pure extended-phonon
character up to about 90 K. As the CH, concentra-
tion grows, progressively more heat is transferred
by the localized excitations, but even at the highest
concentration (29%) and the highest temperatures
(150 K) an appreciable part of the heat (about
10%) is transferred by the low-frequency extended
phonons. The values of a vary from 1 to 1.4. This
supports the view about the vibrations being local-
ized in A/2 regions as the limiting case of the
phonon picture and the validity of Eq. (1) for
prediction of the lower limit to the thermal conduc-
tivity of the crystalline lattice.

The concentration dependence of the Bridgman
coefficient g=-(@InA/01n V); is shown in
Fig. 10. It is seen that the value of ¢ is highest for
pure components and decreases strongly for solid
solutions. The same behavior was also observed for
mixed alkali-halide crystals [29], though the de-
crease in g was not such large. Small Bridgman
coefficients (g = 3-4) are typical for amorphous
materials and strongly disordered crystals [30].

Conclusion

A gradual transition from the thermal conducti-
vity of a highly perfect crystal to the minimum
thermal conductivity A, was observed at T > O,
in the (CH4)1-EKFE solid solutions as the crystal
becomes increasingly disordered. The qualitative
description is given in the framework of Debye
model of thermal conductivity, which takes into
consideration the fact that phonon mean free path
cannot decrease indefinitely. The concept of the

1168

minimum thermal conductivity [3,4] gives a proper
description of the isochoric thermal conductivity of
the (CH4)1-EKrE solid solution in the middle of
composition range 0.2 < & < 0.8.
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