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1. Introduction

Solid oxygen and nitrogen belong to the group NE ;

molecular crystals formed by linear molecules. These
solids except for rare-gas solids are the simplest crys-
tals with regard to crystal structure, lattice dynamics,

-and other physical properties. During the last three
decades, most of the physical properties of these so-
lids at equilibrium vapor pressure have been.studied
rather thoroughly (see, e.g., [1,2]). Thermal conduc-
tivity seems to be the only exception.

Among many binary solutions of cryocrystals (so- -

lidified noble gases and simple molecular crystals)
one of the most interesting in many respects is the
N, -0, system. It is due'not only to the specific posi-
tion which the elemerits hold in the nature, but also to
thé peculiar character of the oxygen molecule and the
unique magnetic properties of solid oxygen.

. In this paper we report results of the first measure-
ments of the thermal conductivity of solid oxygen, the
low-temperature thermal conductivity of solid nitro-
gen and 0,-N, solid solutions. Preliminary data on

pure solids have been published in Refs. 3,4,

Investigation of the thermal conductivity imposes

bhigh demands upon the sample»quality. The large
jump in the volume at the phase transformations in

solid O, and N, makes-practically impo‘ssible obtain- -

ing single crystals of the low temperature phases of
these crystals. Even growing of high quality polycrys-
- tals presents a considerable challenge to the expe-
rimenters. That is why the studies of thermal con-
ductivity. were never performed for the two low-
temperature phases of solid oxygen and for the low-
. temperature range in the case of solid nitrogen. The

sole measurement of the thermal conductivity of solid

0, was done for a single point at 48 K in' the gamma
phase [5 ]. The thermal conductivity of solid nitrogen

© was studled before from. the triple point down to 20K

[6,71.. o ,
The measurements descrlbed in this. paper have
been made possible due to the crystal growth.method
developed specially for the crystals having a great
jump in volume during the phase transitions in the
solid state. The method, which made it.possible fo .
obtain samples free from visible cracks and defects,
was originally developed and tested on solid oxy- -
gen [3] and then uséd for solid nitrogen and their

solid solutions. The method is based on the compre-

hensive study by Prikhotko et al. [8 ] of the influence
of growth conditions upon the quality of samples of
solid oxygen. It was shown that the number of nuclea-
tion centers of the B phase could be reduced signi-

ficantly by slowing.down the rate of passing through -
. the y—B transition and by annealing the samples just

below the transition point which gives rise to amal-
gamation of grains close in orientation and growing .
some of them at the expence of others. The authors

‘reported that they managed to grow single crystals of- »

the B phase as large as 0.2-0.4 mm and the crystals
did not crack during the subsequent coolmg through ‘
the transition. » :

H

« . 2.Solid oxygen

In the present study the samples of solid oxygen

"~ were grown from the melt with the velocity of the:

solidification front of ~1 mm/h. The:samples were
annealed slightly below the triple point for about 6 h.

As a result we obtained transparent single crystals
of y-oxygen. The rate of cooling from T& to the y—f

'transforma'tion‘point was 1 K/h. The total time of the -

y—PB transition passage was about 100 h. The cooling
rate of B-oxygen was 1.5 K/h. The region-of the —a
transition was traversed during 5 h. The samples of
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Fig. 1. Thermal conductivity of solid oxygen as a function of
temperature.

a- and -oxygen were transparent without visible de-
fects, though slightly cloudy.

Results of the measurements of the thermal con-
ductivity « in the o, 8, and y phases of solid oxygen
are given in Fig. 1. As one can see, the temperature
dependence of the thermal conductivity in the a phase
is typical of an insulator, with a maximum around
6 K. The magnitude of the thermal conductivity at the
maximum (approximately 0.17 W/ (cm -X)) is nearly
the same as the maximum thermal conductivity of the
classical rare gas solids like Ar and Kr {9 ], and close
to the value for solid niirogen (see [4] and Sec. 4).
However, it is distinctly lower as compared to the
maximum thermal conductivity of quantum solids like
He [9]and H, [10]. ’

The most intriguing feature is the jump in the ther-
mal conductivity of solid oxygen at the ¢ —g transition
point, the decrease in x amounting to 709. It should
be stressed that the data are not only reversible with
respect to the direction of temperature variation but
also reproducible from run 1o run and from sample to
sample.

In the 8 phase the thermal conductivity only. slight-
ly decreases with rising temperature. The tempera-
ture dependence can be represented by the equation

Kk =(3.92-0.0117T)-10 3 W/m-K). The total
change of the thermal conductivity over the tempera-
ture range of existence of the 8 phase is ~10%,. At the
B—y transition point, the thermal conductivity drops
by 60%.

In the y phase the thermal conductivity increases
nearly linearly with temperature. A similar behavior

of the thermal conductivity for so-called plastic

phases was observed in molecular crystals '[5 ] and
¢an be understood if we take into account that both
the molecular rotation is becoming progressively less
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hindered and the magnetic correlation length is de-
creasing with rising temperature.

We explained [3] the observed anomalies in the
following way. In the magnetically ordered « phase
the total thermal conductivity is the sum of a phonon
thermal cenductivity Koh and a magnon contribution

K, » whereas the librons, owing to a large gap in their

energy spectrum, contribute mostly to the scattering
mechanisms. The main contribution to the magnon
thermal conductivity comes from the lower magnon
mode with the quasi-2D energy spectrum. Our es-
timates show that the magnon heat transport may be
a considerable part of the total heat transport. As the
temperature is raised the magnons gradually start to
contribute to the scattering as well and, upon reach-
ing the a—p transition, the upper magnon mode of

27 cm™ ! will take part both in the scattering and in
heat transport.

The anomalous character of «#(T) in the 8 phase
(Fig. 1) is a consequence of the anomaly in the tem-
perature dependences of the sound velocities [11]
which in turn is a result of an unusually high mag-
netoelastic coupling in solid oxygen. According to
{111, the sound velocitics increase with temperature
throughout nearly the entire range of existence of
B-oxygen, the increase reaching 30% in the case of
the transverse sound. Bui the phonon mean free path,

-calculated with account of the sound velocity [11],

the molar volume {121}, and lattice heat capacity [13 ]
data, reveals the «normal» (for this temperaturc
range) temperature dependence.

As none of the measured thermodynamic charac-
teristics shows a jump at the a—f transition point, we
have originally [3 ] tied the observed jump of the ther-
mal conductivity to the magnon component of the heat
transport. Upon the transition to the magnetically
disordered § phase this contribution naturally disap-
pears, giving rise‘to the jump.

Measurements of the thermal conductivity in high
magnetic field, which shifts positions of the magnon
modes and at the same time does not disturb the
phonon modes, could shed light on the nature of the
jump and, generally, verify the hypothesis of the
magnetic origion of the anomalies in the thermal con-
ductivity.

There exists another approach to this problem. It
involves doping solid oxygen with nonmagnetic im-
purities. Such impurities tend to damp and shift the
magnon modes which will influence the magnon con-
tribution to thermal conductivity.

3. Solid oxygen doped with nonmagnetic
impurities

We took N2 and Ar as nonmagnetic impurities

which have parameters ¢ and o of the Lennard—Jones
intermolecular potential close to those of oxygen. As it
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follows from the phase diagrams of the O,~N, [14]
and O,—Ar [151 solid solutions, the solubility of N,
does not exceed 1% in a-0, and 2% in -0, . The
solubility of Ar in @-O, does not exceed 2%; in the 8

phase near the a—f transition point the solubility
increases to 5%, falling to 29, with increasing tem-
perature. '

Far-infrared absorption spectra of the solid solu-
tions allow one to get information about the effect of
impurities on magnon modes. Such investigations
have been performed on the O,—N, [16]and O,—Ar

systems [17]. Unfortunately, information presented
in these works seems to be incomplete, and, besides,

concerns only the upper magnon mode. In particular,
it was shown [17] that the increase of the Ar con-
centration in the sample up to 1% had no tangible
effect on the frequency of the magnon mode. How-
ever, the intensity of the mode decreased 2.5 times,
and its halfwidth increased more than twice compared
to the respective values for pure oxygen.The intensity
of the magnon mode in doped samples declined with
increasing temperature more rapidly than in non- .
doped ones, and above 20 K the mode became unob-
servable.

Thus, it should be expected that doping solid
oxygen with impurities will influence the thermal
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Fig. 2. Temperature dependence of the thermal conductivity of pure oxygen and 02—N2 and O, —Ar solid solutions.
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' Fig. 3. Comparison of the thermal resistivity of the solid solutions 02-—N2 and 02—Ar with the total resistivity of pure solid oxygen and the

N2— 02 solution.

conductivity considerably stronger than in the case of
nonmagnetic molecular crystals.

In this Section we report the thermal conductivity of
0,—N, (0.34% and 0.94%, N,) and O,—17%, Ar solid

solutions measured in the temperature range 1-35K.

The purity of the investigated substances was
99.9‘%3 (main impurity 0.01% CO, ) for O,;
99.9995% (main impurity O,) for Ny ; 99.995%
(main impurities: O, and N,) for Ar.

Gaseous mixtures for the samples were prepared by
the PVT method. Composition analysis of the sample
was performed before and after measurements by
means of a mass spectrometer. The error of the com-
position determination did not exceed 0.01%. The
conditions of crystal growth and the sample cooling
rate were the same as for pure oxygen. The random
error of the measurements did not exceed 3%,.

The experimental data obtained are shown in
Figs. 2-4. Figure 2 presents the temperature depend-
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ence of the thermal conductivity for pure solid oxy-
gen [1] and for the solid solutions 0,~0.34%, N, ;

0,-0.94% N, ;and 0,—1%, Ar.
The data for the 0,—0.94% N, and O,-1% Ar

solid solutions are shown in Fig. 3 as plots of AW vs
T where AW is the excess thermal resistivity obtained
by subtracting the thermal resistivity of pure oxygen
from the values for solid solutions.

Figure 4 shows the temperature dependence of
AW/W(0,) (the reduced thermal resistivity) for the

solid solutions studied. The analogous quantity
AW/W(N,) for the N,—1.12% O, system is shown

for comparison. To compare the data relating to dif-
ferent concentrations ¢ the curves were normalized o
the impurity fractions expressed in percent.

The thermal conductivity versus T curves for all the
solid solutions studied, as well as for pure oxygen,
exhibit well-defined maxima (Fig. 2). Doping with
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Fig. 4. Comparison of temperature dependences of the reduced
excess thermal resistivity of solid solutions O5—Ar, 0~N, , and

N,—0, , normalized to 1% of admixture.

impurities leads to a considerable decrease and wi-
dening of the maxima, and shifts the maxima towards
higher temperatures. All the effects are appreciably
stronger for doped solid oxygen than for doped solid
nitrogen (see Sec. §). Doping O, with 1%, of Ar re-

sults in a more than 3 X shift of the thermal conduc-
tivity maximum relative to its position for pure oxy-
gen; in the case of 0,—0.94% N, it amounts to 2.5 K.

On the other hand, in the case of N,-1.12% O, the

shift does not exceed 0.4 K.

" Examination of Figs. 2 and 3 reveals that in the low
temperature region the excess thermal resistivity of
solid solutions exceeds the thermal resistivity of the
matrix, i.e. scattering of the thermal flow on im-
purities turns out to be the main cause of the thermal
resistance. The maximum value of AW/(cW(0,)) for
nitrogen-doped solid O, is more than twice (in the
case of 02— 1% Ar, more than four times) as that for
solid N, doped with oxygen.

The low temperature thermal conductivities
(T <3.4 K) can be described as a power law of the
form k ~ T%. The exponent 8, which is in general a
function of the impurity concentration, turned out to
be the same as for pure oxygen and for the solid
solutions containing 0.34% and 0.94 %, N,. As a
result, the curves AW/ W(0,) (Fig. 4) contain nearly
horizontal sections in the low temperature range. It is
the range where, according to our estimates [3], the
magnon contribution to the heat transport of pure
oxygen is considerable. This contribution can be

roughly estimated from the data of Fig. 4. The total
thermal conductivity is the sum of a phonon thermal
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conductivity x, and a magnon contribution «,, . As-

suming that in the solid solution studied the magnon
contribution is suppressed and taking the value of

"gh /ICph for the solid solution N,—1.129, O, from

Fig. 4, we arrive at the estimated ratio maximum

0,0 _ o .0 .
K, //cph 2 &, Kpn are the values for pure solid

oxygen) which is in agreement with our previous es-
timates [3].

In the low temperature range the effect of doping is
essentially nonlinear in concentration. However, at
T2 K the effect is approximately linear with N,

concentration. As the temperature increases, the rela-
tive value of the impurity effect decreases. For the
0,-0.349, N, solid solution the effect becomes in-

significantly small above 18 K, but for the solutions
02——0.9‘4% N, and O,—1% Ar the influence of im-

purities is distinctly observable up to the «—p transi-
tion. '

The two most unexpected effects found are: (1)
persistence of the thermal conductivity jump at the
a-f3 transition in the presence of impurities and (2)
insensitivity of the thermal conductivity in the 8
phase to the presence of impurities (Figs. 1, 2). Al-
though the value of the jump depends on the kind and
concentration of the impurities (for pure O, and solid

solutions containing 0.34% N, the jump amounts to

~2/3 of the total thermal conductivity; ~2/5 in
0,-0.94% N, ; and ~1/3 in 0,—1% Ar), the ther-
mal conductivity jump appears to be an intrinsic
property of the a—§ transition. _

There is a reason to believe that the thermal con-
ductivity jump at the a—f transition and the insen-
sitivity of the thermal conductivity of the § phase to
the presence of impurities have a common origin,
namely, peculiar features of the  phase. As it was
recently demonstrated in an x-ray investigation [18 ],
a strong spontaneous magnetostriction is characteris-
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Fig. 5. Thermal conductivity of solid nitrogen as a function of
temperature. '
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tic of this phase. It leads to a considerable inhomo-
geneous lattice distortion. This distortion contributes
to the thermal resistivity so significantly that scatter-
ing on impurities turns out to be just a small addition-
al contribution.

Therefore, the data obtained suggest that our pre-
vious statement (see [3]) that the thermal conduc-
tivity jump at the ¢ —g transition is connected entirely
with the magnon contribution to the heat flow should
be revised. The quantity that undergoes the jump at
the transition point is rather the phonon mean free
path. It may be suggested that the drop in the phonon
mean free path is due to a new scattering factor
emerging here, viz. the régions of inhomogeneous lat-
tice distortion caused by the strong magnetostriction
effects, inherent in the B phase of solid oxygen. But
only thermal conductivity measurements in a strong
magnetic field will make it possible to separate unam-
biguously the contributions of the two effects in the
jump.

4. Solid nitrogen

The thermal conductivity of solid nitrogen have
been so far studied from the triple point down to 20 K.
Roder [6] measured the thermal conductivity of
a—N, in the narrow temperature range 20-28 K with

arelative error within 109, . The isolated points, mea-
sured at 4 and 14 K, are given with great errors. Man-
zhelii’s group extended the measurements up to
57.5K [5,7] (the relative error did not exceed 59%,).

The sample growth method for solid nitrogen in
this report was the same as for solid oxygen. Nuclei of
the crystal were seeded from the liquid phase, the
main part of the sample being grown directly from the
gas phase. The growth rate of the crystal was about
1 mm/h. After crystallyzation, the samples were an-
nealed for 12 h slightly below the triple point of nitro-
gen and then cooled to liquid helium temperature, the
cooling rate for both the 8 and « phases being 1 K/h.
The passing through the region of the f—a phase
transition was realized in a time period of 16 h. As a
result, the samples cooled down to liquid-helium tem-
perature appeared to be transparent, without visible
cracks' and defects. The grain size, as estimated by
observing the samples in polarized light, was about
3-4 mm. Among the parameters that influence sample
quality, the most critical was the cooling rate in the
region of the B—a transition. If the time of cooling was
too short, the sample of the « phase contained a con-
siderable amount of defects, which can be infered not
only from visual inspection (opaqueness of the crys-
tal) but also from a decrease of the thermal conduc-
tion. The measurements have been conducted by the
stationary linear-flow method. The random error of
the measurements at low temperatures did not exceed
1.5%,, above 20 K it increased to 3%. The systematic
error did not exceed 39%,.

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

Measured thermal conductivities of solid nitrogen
are shown in Fig. §. The data of different authors in
the temperature ranges where the measurements
overlap agree within the errors specified in the publi-
cations. The temperature dependence of the thermal
conductivity in the « phase is typical of dielectric cry-
stals with a maximum around 3.6 K (the magnitude of
x at the maximum is approximately 250 mW/ (cm-K)).

The results of the measurements were analyzed
using the method of Callaway [91], taking into ac-
count the following mechanisms of phonon scattering:
scattering on grain boundaries, on dislocation stress
fields, on point defects, and three-phonon processes.
Since the excitation energy even for the lowest libron
branch is large enough, neither the contribution of
librons to the heat transport nor the phonon-libron
scattering were taken into consideration. As a result,
the size of crystallites, the density of dislocations,
and the density of point defects were estimated. The

average dimension of crystallites (4.4- 10”2 mm)
turned out to be close to the value obtained for rare
gas solids [20]. The difference between this value
and the visual data can be explained by the existence
in solid nitrogen of a subgrain structure observed ear-
lier in rare gas solids [21 ]. The value obtained for the
point-defect density (0.16%), though somewhat
smaller, correlates with the natural content of the

BN isotope.
A comparison of the thermal conductivity as a func-
tion of reduced temperature T/© [, (® , is the Debye

temperature) for solid nitrogen and oxygen is given in
Fig. 6. This comparison reflects rather complex di-
namics of these solids which includes the coupling
between acoustic phonons, magnons, and librons in
the case of solid oxygen, and acoustic and optical
phonons and librons in the case of solid nitrogen.
In particular, the fact that in the range
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0.06 < T/® [, < 0.2 the thermal conductivity of N, de-

creases with temperature more rapidly is likely to
reflect a contribution of optical phonon modes to scat-
tering processes, which is absent in solid oxygen. -

5. Nz—O2 solid solutions

The N,—0, phase diagram [14] is strongly asym-

metric and the solubility of oxygen in solid nitrogen is
considerably greater than that of nitrogen in solid
oxygen. As a result, the effect of the oxygen impurity
on the properties of the solid solutions can be studied
in a wide concentration range.

As known, the triplet ground state of the oxygen

molecule, 32;, is split into a singlet and doublet, the

splitting being Dy = 5.71 X [22] for the free particle
(so-called spin-figure constant). On introduction of
the oxygen molecule into the nitrogen matrix a quasi-
local level appears at the low-energy side of the
spectrum. As a result, low temperature anomalies can
be observed in thermal properties of this crystal.

Papers [23-25] deal with the specific heat and
thermal expansion of solid nitrogen containing oxy-
gen impurities. The anomalies found in these works
correspond satisfactorily to the Schottky curve with a
doubly degenerate upper level and a splitting
D = 5.14 K. The difference between D and D, results

from the fact that the effective magnitude of the spin-
figure interaction for the molecule embedded in the
crystal is renormalized by the librational motion of
the oxygen particle [26 ].

With increasing concentration of impurity mole-
cules, an observable amount of clusters (exchange
coupled molecules) appears. Their appearance affects
the position and magnitude of the impurity anomalies
since the magnetic spectrum of a cluster differs from
that of a single molecule [27,28 ).

Contrary to the specific heat and thermal expan-
sion phenomena, which are sensitive only to the posi-
tion of the impurity levels, thermal conductivity is
extremely sensitive to the broadening of the impurity
levels. Hence, analysis of the thermal conductivity as
a function of both concentration and temperature can
provide considerable information on the rearrange-
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ment of the impurity spectrum. Such a rearrangement
is predicted by the theory of disordered sys-
tems [29,30].

In this Section we report results of the first meas-
urements of the thermal conductivity of N, -0, solid

solutions. The measurements were carried out in the
O, fraction and temperature ranges 0 <c<16% and

1.2 K< T <20 K, respectively. The purity of the ma-
terials investigated were as follows: 99.999%, oxygen
0.01% CO,), 99.997% nitrogen (0.002% O,). The

gaseous mixtures for samples were prepared by the
PVT method. The composition analysis of the
samples was performed before and after measure-
ments with the help of a mass spectrometer. The error
of the composition determination did not exceed
0.019%. The samples were grown from the gas phase.

Temperature dependencies of the thermal conduc-
tivity coefficient «(T) of (N,), _(O,), solid solutions
for various oxygen impurity concentrations c¢ are pre-
sented in Fig. 7. For all the solid solutions examined
the x(T) dependencies reveal a characteristic curve
with a maximum. The influence of this impurity on
the magnitude of the thermal conductivity is most

T
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max ?
creasing rapidly with increasing temperature at
T>T,.. - The magnitude, x_ (c), (Fig. 8) and posi-
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a discontinuity at ¢ ~ 19%,.
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Fig. 9. Thermal conductivity of the Np—05 solid solutions as a function of O, concentration at constant temperatures, K: 1.25 (1), 1.5 (2),
1.75 (3),2.0 (4), 2.25 (5),2.5 (6),2.6 (7),2.75 (8),3.0 (9), 3.5 (I0). .
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The dependence of the low temperature thermal
conductivity on the O, concentration at various tem-

peratures intherange T< T, (1.25-3.5 K) is shown
in Fig. 9. Three different concentration ranges: (I)
¢c<0.7%; dD 0.7<c<1.1%; AID ¢ > 1.1%, with dif-
ferent character of «(T) may be distinguished there.
In the range (D), all the curves can be satisfactorily
described by a power law k(c, T = const) ~ ¢*7), The
exponent « depends on temperature and ranges from

-1/5to-1/3 for 1.25 and 3.5 K, respectively. Such a
behavior of the thermal conductivity as a function of

concentration suggests that there is a strong inter-

ference between the resonance scattering on impuri-
ties and the normal processes [31 1.

The variation of the thermal conductivity with con-
centration is more complex in the range (II). For tem-
peratures 1.25 K<T<1.75Kand 275 K<T<3.5K
the dependencies «(c) are anomalous, i.e. the conduc-
tivity increases with increasing impurity concen-
tration. Within the range 1.75 K<T<2.75 K, the
x(c, T = const) dependencies are nonmonotonic and
a maximum appears at ¢~ 0.9%. The temperature
dependencies of the thermal conductivity obtained for
various O2 concentrations exhibit a peculiarity, char-

acteristic only of the system considered. The low
temperature parts of the thermal conductivity versus
temperature curves can be described by a power law
of the ty;)e K(T, ¢ = const) ~ TP, The exponent 8 is
a non-monotonous function of the oxygen impurity
concentration (Fig. 10). It decreases from 8 = 2.67
for pure N, down to = 1.65 for ¢~ 10%, and in-
creases with further increase of ¢ up to f=1.8 at
c~169%.

At temperatures above the maximum (T > 3.5 K),
the anomalies in the x(c) dependencies disappear
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Fig. 10. Dependence of the exponent 8 of the power law «(7) ~ T #
describing the low temperature part of the thermal conductivity
curves vs. the O, impurity concentration.
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quite rapidly with increasing temperature, though
they are still observable up to ~10 K.

The simplest concentration dependence of the ther-
mal conductivity is seen for the range III, where
k(c, T = const) is inveresely proportional to the O,

concentration, and consequently the thermal resisti-
vity is directly proportional to the O, concentration.

In the literature devoted to the thermal conduc-
tivity of insulators with paramagnetic impurities, the
interpretation of experimental results is usually
based on models that, in addition to the standard
mechanisms leading to the heat resistivity, take into
account the resonant phonon scattering by the quasi-
local modes, associated with the spin or rotational
degrees of freedom [32]. Another approach, formu-
lated for the first time by Jacobsen and Stevens [30]
assumes that the interaction of phonons with impurity
spin levels leads to the creation of coupled spin-pho-
non modes. In this approach the observed anomalies
can result from the resonant phonon scattering by the
coupled spin-phonon modes.

Both theoretical approaches, which predict in fact
the same result, viz. a decrease of the thermal conduc-
tivity of the crystals with the concentration of im-
purities, cannot explain the complex concentration
dependence of the thermal conductivity of the
N,—0, solid solutions. At the same time a rather

apparent assumption about the impurity-driven
phase transition in this range of temperatures and
impurity concentrations seems to be ruled out on the
basis of x-ray {14,151, calorimetric [23,24], dilato-
metric [25] and other measurements performed on
these solid solutions {16,17]. Moreover, even if the
lattice transformation were energetically favorable,
such a transition would be frozen out at such a low
temperature.

We would like to propose another mechanism of the
non-monotonic dependence of the thermal conduc-
tivity in the solids under discussion. As it will be
discussed in detail elsewhere, coupled spin-phonon
modes not only can present an additional source of
thermal resistivity, but under certain conditions can
contribute to the heat transport, comparably with the
phonons.

Due to the spin-phonon coupling the sound velocity
and the energy-momentum relation of spin degrees of
freedom are renormalized. As a result, the phonon
heat transport is decreased, but at the same time, an
additional heat transport connected with the optical
branch of the coupled spin-phonon spectrum ap-
peares. The phonon contribution decreases roughly
linearly with impurity concentration and the «optical»
heat transport is quadratic in concentration at low
impurity contents and tends to a concentration-inde-
pendent contribution at larger concentrations. Thus,
according to the mechanism proposed, the resulting
thermal conductivity at constant temperature goes at
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first through a minimum and then through a maxi-
mum, in qualitative agreement with experiment.

Based on these considerations we think that the
observable increase of the thermal conductivity in
region (ID) is associated with an extra contribution
originating from the optical modes of the spin-phonon
spectrum. We do not try to compare the calculated
results with experiment because this would require a
far more scophisticated theory. But we have demon-
strated that the mechanism proposed may be respon-
sible for the anomalies observed in the thermal con-
ductivity.

As the impurity concentration increases further
(range III), a considerable number of the exchange-
coupled pairs of impurity molecules appears, having
an entirely different spectrum [24-28 ). This may
lead to a rearrangement of the spin-phonon spectrum,
sirongly affecting the thermal conductivity.

6. Conclusions

In conclusion, we present results of measurements
of the thermal conductivity of «, 8, and y phases of
solid oxygen. A simple qualitative analysis is given to
explain the anomalies observed: we attribute the jump
in the thermal conductivity at the ¢~ transition to an
anomalously high magnetostriction in the 8 phase; we
ascribe the abnormalily weak temperature depend-
ence of the thermal conductivity in the beta phase to
an anomaly in the temperature dependence of the
sound velocities, and the increase in the thermal con-
ductivity in they phase is associated with a weakening
of the photon scattering by the hindered rotation and
by the decrease of the short-range magnetic order
with rising temperature.

We present results of measurements of the thermal
conduictivity of solid nitrogen in the temperature
range 1.2-38 K. The temperature dependence of the
thermal conductivity reflects rather complex dyna-
mics of the solid which includes the coupling between
the acoustic and optical phonons and librons.

We present results of measurements of the thermal
conductivity of solid oxygen doped with impurities of
N, and Ar. It was shown that in the antiferromagnetic

o phase at temperatures 7°< 10 K, doping with non-
magnetic impurities has a pronounced effect on the
thermal conductivity. We suggest that in the low tem-

perature range, nonmagnetic imputities suppress the.

magnon contribution to heat transport. The jump of
the thermal conductivity at the «—f transition, found
earlier in pure oxygen, survives in solid solutions.
Thermal conductivity of the § phase turned out to be
virtually insensitive to impurities. This fact demon-
strates that it is the phonon mean free path that un-
dergoes a jump at the transittion to the 8 phase.

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

It was found that the thermal conductivity of the
NZ—O2 solid solutions is a complex non-monotonic

function of the oxygen concentration.
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