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1. Introduction

Heavy impurities strongly scatter phonons and dis~
tort the low-frequency part of the energy spectrum of
a crystal [1]. This must considerably affect the ther-
mal conductivity of crystals at low tempera-
tures [2,3].

The choice of solid parahydrogen as a matrix was
dictated by the following considerations:

1. The mass ratio of an impurity particle and the
hydrogen molecule M; /M, is always large, implying

a strong impurity influence on thermal conductivity.
For the Ne-H, and Ar-H, systems this ratiois 10 and

20, respectively.

2, Parahydrogen can be prepared to a high degree
of purity with a concentration of nonhydrogen im-
purities below 0.1 ppm. It is comparatively easy to
obtain high quality parahydrogen single crystals with
minimum content of defects [4 ]. These facts and the
large values of M; /M, allow one to study impurity

effects at very low impurity concentrations. In turn,
this makes it possible to get information about normal
phonon-phonon processes which is difficult to deter-
mine by other methods. In a very pure, perfect, and
rather large crystal, normal phonon-phonon proces-
ses dominate at low temperatures. With increasing
impurity concentration, the intensity of resistive pro-
cesses goes up. Information about the normal pho-
non-phonon processes can be obtained from thermal
conductivity measurements in the case when the re-
laxation rates of normal and resistive processes are
comparable {5-7].

3. Solid parahydrogen is an insulating crystal with
central intermolecular interaction. Heat transfer in
solid parahydrogen is performed solely by phonons.
This makes the interpretation of the results easier.

Ne and Ar whose atoms have no low-cnergy inter-
nal degrees of freedom were chosen as imparities.
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2. Experiment

Gaseous hydrogen used in the experiments was pu-
rified from chemical impurities and partly from isoto-
pic impurities with a palladium filter. The concentra-
tion of orthohydrogen was 0.219%. The chemical
purities of neon and argon (natural isotopic composi-
tion) were 99.999,. The errors in the concentration of
neon and argon in the mixtures did not exceed 159,
of their quoted values.

The longitudinal steady-state heat flow method of
thermal conductivity measurement was used {8].
Single crystals of the solutions were grown in a glass
tube having a length of 75 mm and an inner diameter
of 7 mm. The measurement technique is described in
Ref. 8. At the first stage the crystals were obtained by
directly condensing gaseous mixtures into the solid
phase. During crystal growth the temperature of the
ampoule bottom was steadily decreased with a cooling
rate of 0.5 K/h. The crystallization temperature was
regulated through the pressure of the gas fed, which
was kept constant (about 30-40 Torr). The crystal
was grown during 6 to 8 hours. The monocrystallinity
of the samples was checked by inspection in polarized
light. The crystals were grown both from the gas and
liquid phases. The thermal conductivity of dilute so-
lutions was independent of sample growth procedure.
Random errors in thermal conductivity did not ex-
ceedSY, .

3. Ne—pH2 and Ar —sz weak solutions

At the first stage, the chosen impurity concentra-
tions were very low so that we could avoid phase se-
paration and neglect the direct interaction between
the impurity atoms.

3.1. Ne —pH, system {81

Parahydrogen and neon have very close para-
meters of intermolecular interaction potentials. It al-
lows neon to be considered as a quasi-isotopic im-
purity in parahydrogen. Thermal conductivities of 6
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Fig. I. Thermal conductivity of crystals of pure pH, and pH, with

Ne impurity (the concentrations in ppm are indicated); the solid
lines are calculated results.

solutions of neon in parahydrogen with neon con-
centrations from 1 to 123 ppm were measured in the
temperature range 1.5 to 10 K. Figure 1 shows ex-
perimental temperature dependences of the thermal
conductivity of the solutions with neon concentrations
1, 10, and 123 ppm. The thermal conductivity of pure
parahydrogen is shown for comparison.

Three features attract attention in the behaviour of
the thermal conductivity of the solid solutions.

First, the results obtained indicate an extremely
strong effect of the neon impurity on the thermal con-
ductivity. Near T = 3 K the neon impurity of con-
centration 1 ppm decreased the thermal conductivity
of solid parahydrogen by an order of magnitude. The
scattering cross section of the neon atom at a con-
centration of x = 1 ppm and T = 3 K is three orders
of magnitude higher than that of an isolated pair of
orthohydrogen molecules. This allowed us to disre-
gard the conversion-promoted reduction of the ortho-
hydrogen concentration in the samples below 0.219,.
However, the magnitude of the effect itself is not sur-
prising. Above all, the guest to host mass ratio is very
high (M; /M, = 10). In addition, the impurity effect

is observed near the thermal conductivity maximum
of solid parahydrogen where the role of other resistive
processes is minimal.

Second, it is worth noting that there is a minimum
in the temperature dependence of the thermal con-
ductivity, which shifts towards higher temperatures
with increasing neon concentration. This is due to
resonance scattering of phonons by quasi-local vibra-
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~Xx).
tions which appear in the crystal when heavy im-
purities are introduced.

Third, unusual is that at very low impurity con-

centrations the thermal resistivity and the phonon

relaxation rate 7! as a function of the neon con-

centration are considerably weaker than linear. This
is illustrated in Fig. 2, which shows the concentration
dependence of the relaxation rate of phonons at tem-
peratures 2, 3, and 4 K. The dashed line is a linecar

concentration dependence of t71. To determine ex-

perimental values of the relaxation rate of phonons

7! the gas-kinetic relationship was used for

phonons:

ol M

where C is the specific heat capacity [9]; v is the
average sound velocity [10]. The unusual finding im-
plies that impurity atoms separated on the average by
a distance of about 100 lattice constants do not scatter
phonons independently. This cannot be due to direct
interaction between impurity atoms taking into ac-
count the short-range dispersion forces. The reason
for the observed concentration dependence of the
thermal resistivity is that the intensity of resistive
processes is comparable with that of the normal
phonon-phonon processes in parahydrogen in the
temperature range studied. It is well known that nor-
mal processes by themselves do not produce thermal
resistivity. However, in combination with resistive
scaftering processes, which depend on phonon fre-
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quency, the normal processes affect the magnitude of
the thermal resistivity [7]. If the normal processes
dominate (Ziman limit), they restore the quasi-equi-
librium distribution of phonons between the succes-
sive acts of phonon scattering on impurities. In this
case, the acts of phonon scattering by impurity par-
ticles are independent of each other, and the thermal
resistivity is a linear function of the concentration.
Otherwise, the dependence turns out to be weaker. It
is this situation that is realized in the neon-para-
hydrogen solutions studied.

A quantitative description of the thermal conduc-
tivity behaviour became possible after the interfe-
rence between normal phonon-phonon processes,
Umklapp processes, resonance scattering of phonons
by heavy impurities, and boundary scattering have
been taken account [8]. The well-known model of
Callaway was used [5]. Figures 1 and 2, which depict
the temperature dependence of the thermal conduc-
tivity and the concentration dependence of the pho-
non relaxation rate, show good agreement between
theoretical predictions and experimental data. The
results of theoretical calculations are presented in
Figs. 1 and 2 by solid curves. Expressions (2)—(3)
were used to describe the phonon relaxation rates for
various scattering mechanisms, which are:

resonance scattering

2 3
-l 3 xe‘w(w/wp) )
T ()= 2, 2.2 22 s @
(1 —w”/wp)” + Yan'e“(w/wp)
1/2
wheree = (M, /M) — 1; 0y = o, /(3€) /2,
U-processes
r[_/l(w) =Auw2Te_U/T ; (&)
boundary scattering
r;‘ =v/l=1-10%s7", @
where [is the mean free path of phonons;
normal processes
T;]l(w) =4y w?T? . &)

The effective phonon relaxation rate was described
by the expression: ‘
2 .
(x, 175 ’ ®
(1/ry) = Gz, /12

-1 _ -1 -1, -1
wheret, =ty +7 0T

The parameters of Umklapp processes (4, =

Teff = (Tt) +
-1 -1 -1
=1 +TU +1,'[J .

= 2.45-10""% 5/K) and the boundary scattering were
. estimated uwsing experimental data on the thermal
conductivity of pure parahydrogen [4]. Equation (5)
for normal processes was obtained for temperatures
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essentially below the Debye temperature. Such a con-
sideration is true for the whole region of existence of
quantum crystals, in which the Debye temperatures
are much higher than the melting points. The numeri-
cal coefficient Ay was estimated through fitting

Eq. (6) to experimental results to be 3.8+ 10718 5/K3.

Let us now discuss in more detail the role of dif-
ferent phonon scattering mechanisms. Figure 3 is a
plot of the phonon relaxation rate versus the phonon
energy for different scattering mechanisms at a neon
concentration of x = 10 ppm and T = 3 K. Under the
conditions mentioned, the interference of the normal
processes and the processes of phonon resonance
scattering by impurities is of main importance. An
increase or decrease in the neon concentration will
respectively increase or decrease the relaxation rate
due to phonon scattering by impurities. As the tem-
perature increases, the role of the Umklapp processes
increases. With decreasing temperature, the role of
the boundary scattering grows. Figure 4 shows the
concentration dependence of the effective phonon re-

laxation rate r;ffl at 2 K. The quantity re"ffl was calcu-

lated with an account of the interference of normal
and resonance scattering processes. As one can see,

the Ziman limit, at which r;ffl ~ x, occurs only at neon

concentrations of the order 10”7 and lower. At such
concentrations, however, the boundary scattering
processes (or Umklapp processes at higher tempera-
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tures) dominate. Thus, in Ne-pH, solutions, the
Ziman limit is not reached even at the smallest neon
concentration (1- 10"6) used in experiments and it is
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necessary to take the interference of normal and
resistive scattering processes into consideration.
Figure § presents the temperature dependence of
the relaxation rates for different resistive processes at
a neon concentration of x = 10 ppm. It also shows the
effective relaxation rate obtained with allowance for
the interference of normal and resistive processes

and, in addition, the Ziman limit curve (v, <<7 ).

As was already noted, at low temperatures the bound-
ary scattering plays an important role while Umklapp
processes dominate at high temperatures. At the sanie
time, the interference of normal and resonance scat-
tering processes should be taken into account in the
whole temperature range studied. The contribution of
the resonance scattering processes is especially large
because it is proportional to the second power of the
mass defecte = (M; /M, ) — 1 (see Eq. (2)). Onecan

also see that the Ziman limit is not reached in the
larger part of the temperature range studied.

We focus our attention on the degree of deviation
from the Ziman limit since the information about nor-
mal processes can be obtained from thermal conduc-
tivity measurements only in the case when the devia-
tion mentioned is reasonably high. As known, it is
rather difficult to obtain this information by other
methods. For this reason the system used by us is
unique. For comparison, Fig. 6 shows temperature
dependences of the phonon relaxation rates for a

solution of Ne in *He (the mass ratio M; /M, =35).
The calculations were made by us using the results
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Fig. 6. Temperature dependence of the phonon relaxation rate for

different scattering processes in the Ne—%He system: the solid lines
are the effective relaxation rates. The upper curve corresponds to
the Ziman limit (v . >>7)).
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derived from thermal conductivity studies of the Ne—

“He solutions obtained by Berman and Livesley [111].
As seen, the deviation from the Ziman limit is com-
paratively small even in this system for which the
mass ratio is rather large. ,
Investigation of thermal conductivity and phonon
scattering processes in quantum crystals is of special
interest. Introduction even of a heavy isotope im-
purity inio a guantum crystal must be accompanied
by a change of the force constants and a dilatation of
the lattice in the vicinity of the impurity particle [12 ]
These effects, in principle, must affect the resonance
scattering of phonons by impurities {3 ]. We have not
managed to find such an influence on the thermal
conductivity of solid solutions of Ne in pH, . Even in

the case of Ne in 4He solutions {111, these effects
turned out to be small and were effectively taken into
account through varying the impurity to host mass
ratio within 209%. As known, quanium crystals are
strongly anharmonic and this must lead to an in-
creased phonon-phonon interaction and a growth of
the intensity of normal processes. However, the ex-
tremely poor experimental information about normal
processes and the low accuracy of determination of
their parameters do not allow any conclusion to be
drown about normal processes in quantum crystals.

3.2. Ar-sz system [13}

As the next step, it seemed natural to investigate
the effect of nonisotopic heavy impurities with central
interaction on the thermal conductivity of solid para-
hydrogen. Argon was chosen as the impurity. In this
case, two factors affect the thermal conductivity of the
solution; namely, the very large impurity to host mass
ratio (M, /M, = 20) and the substantial difference

between the interaction potentials of the impurity and
the matrix. Thermal conductivities of solid solutions
with argon concentrations of 0.4 and 1.3 ppm were
measured in the temperature range 1.5 t0 8 K.

Figure 7 shows experimental temperature depen-
dences of the thermal conductivity of solutions of
argon in parahydrogen, of pure parahydrogen, and of
parahydrogen with I ppm neon impurity as well. A
theoretical curve for the solution of Ar—pH, at an

argon concentrations of x = 1.3 ppm is also given for

[1 + 28P()]*R (w)

5
/
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Fig. 7. Calculated and experimental data for the temperature de-
pendence of the thermal conductivity: smoothed data for pure
pHy (1) theory (using Eq. (7)) 2, 3); pH, with: 0.4 ppm
Ar(<); 1.3 ppm Ar (A ); 1.0 ppm Ne (4); theory for isotopic
{using Eq. (2)) Ar impurity (x = 1.3 ppm) (5).

comparison. This curve is calculated assuming Ar to
be an isotope impurity. One can see in Fig. 7 that the
infiuence of argon on the thermal conductivity of pa-
rahydrogen is significantly weaker than that of neon
in spite of the fact that in the case of argon impurities
the mass ratio is twice as large. The results obtained
were successfully described within the heat iransfer
model proposed by Antsygina and Slyusarev {14 ] for
simple molecular crystals with heavy impurities, Ac-
cording io this model, impurity particles that interact
strongly with the matrix scatter phonons con-
siderably weaker than in the case of resonance scat-
tering. The expression obtained by Antsygina and
Slyusarev for the ultimately strong interaction of im-
purity particles with nearest neighbours (strong
coupling) does not involve the intermolecular interac-
tion parameters:

)

ti_l(w) =

where g =M, /M, ~ 1. In the Debye approximation

for the vibrational spectrum of the crystal, the func-
tions P(w), R,(w), angd R,(w) have the form

[Pw) = R () — 28P(@)R, (@)’ + [1 + 2gP()]*RA(w)

P)=1-150/w)+ (@/wp)?® -

- 3(w/wD)3 In{i+o,/w),
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Ri(w)y=~-1-L1lSw/w, - (w/wD)2 +

+ 3(w/wD)31n lwp /o =11,

Ry(w) = 37r(w/a)D)3 .

Here, w, is the Debye frequency.

The results of the theoretical calculation using the
expression are shown in Fig. 7 by solid lines. As one
can see, in spite of the simplified and in many aspects
unreal character of the theoretical model, it describes
the experimental data suprisingly well. This gives im-
petus to discuss more closely the consequences of this
model.

Figure 8 shows the relaxation rate vs. the phonon
energy for different types of scattering (Rayleigh,
resonance, and strong coupling). At the low energy
end, the relaxation rates for all three types of phonon
scattering coincide and are proportional to the fourth
power of energy. The differences manifest themselves
at energies close to the resonance (quasi-local) fre-
quency. In the case of strong coupling, an initially
monotonic weakening of the relaxation rate versus
phonon energy dependence is observed, instead of a
resonance peak. Then this dependence rapidly tends
to zero after passing through a maximum. So, the
contribution of argon impurity to the thermal resis-
tivity of parahydrogen decreases sharply when the
phonon energy increases. At present we cannot pro-

10°

10°®

8—1

107 b
10¢

10°%

Relaxation rate,

104

A I

— — 1 ——

1 10 100
Energy of phonon, K
Fig. 8 Phonon energy dependence of the phonon relaxation rate
for various types of phonon scattering by impurity: resonance (I),

Rayleigh (2), and as obtained from the strong coupling mode! of
Eq. (D) 3.
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pose a convincing physical explanation of this result,
which formally follows from theory.

The experimental data on thermal conductivity
neither confirm nor disprove the theoretical predic-
tions of a sharp weakening of the scattering of high-
energy phonons by argon impurity. Figure 9 shows to
what extent the experimental thermal conductivity
data of a solution with 1.3 ppm of argon agree with
theoretical estimates in the case when the phonon
spectrum is cut off from above at various phonon ener-
gies. The theoretical curve describes experiment well
already at a cutoff energy of E_ = 20 K. Further in-

crease of this energy does not change noticeably the
theoretical curve. It means that the impurity scatter-
ing of phonons with energies exceeding 20 K must
manifest itself in the temperature range where the
Umklapp processes dominate and impurity scattering
is negligible.

4. Oversaturated Ne—pH2 and Ar-pH,
solutions [15}

According to up-to-date studies, the limiting solubility

of neon in parahydrogen is close to (1-2) - 1074 115,16 .
At reasonably rapid crystallization of the gas mix-
tures, one-phase nonequilibrium long-living solutions
with concentrations exceeding the limiting solubility
can be in principle obtained. We studied thermal con-
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Fig. 9. Theoretical description of the thermal conductivity of the
Ar—pH, solution with 1.3 ppm Ar for different cutoff energies of the

phonon spectrum: 10 K (1); 20 K (2); 118 K (3) (Debye
temperature). The upper curve is for pure p-H, . The curves for 20

and 118 K are indistinguishable; o= experimental data for pH,
with 0.4 ppm Ar.
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ductivity of oversaturated Ne-pH, solutions with

neon concentrations of 1-10"3, 5-1073 and

1.3-1072. The results are shown in Fig. 10. The ther-
mal conductivity of a weak solution with a neon con-

centration of 1.2-107% is presented for comparison.
When condensing the gas with a neon concentration

of 11073 we managed to obtain an oversaturated
one-phase solution. As it was expected, the thermal
conductivity of this solution turned out to be lower
than that of weak solutions with lower neon con-
centrations. For solutions with neon concentrations

5-1073 and 1.3-10_2, the thermal conductivities
above 3.5 K coincide within experimental error with
the thermal conductivity of the solution with neon

concentration 1.2-10™4. We recall that the neon con-
" centration in the last solution is close to the limiting

180

solubility. It is natural to assume that increasing the
neon conceniration in the last two solutions leads to
phase separation. After separation, the neon con-
centration in the weak solution of neon in
parahydrogen appeared to be close to the limiting
solubility. At low temperatures, the boundary scatter-
ing becomes noticeable. It may be implied that the
boundary scattering is stronger for two-phase solu-
tions. This explains the lower thermal conductivity of
the phase separated solutions at temperatures below
3.5K.

The limiting solubility of argon in solid
parahydrogen is by two orders of magnitude lower
than that of neon in pH, . Similar results were ob-

tained for oversaturated solutions of Ar in pH, (at
argon concentrations 4.6 and 50 ppm).

Fizika Nizkikh Temperatur, 1996, v. 22, No 2
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