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Investigations of thermal conductivity of simple
van der Waals crystal-based nanocomposites
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The experimental setup for obtaining and determination of the thermal conductivity of simple van der Waals
crystal-based nanocomposites is described. Preliminary thermal conductivity results of measurements carried out
in the temperature range 1-40 K on two samples of methane crystals containing nanoparticles of hydroxyapatite
are presented. These results confirm usability of the setup and its suitability as a proper experimental method for
investigations of the thermal conductivity of the nanocomposites.

PACS: 62.23.Pg Composites (nanosystems embedded in a larger structure);

44.10.+i
63.20-e

Heat conduction;
Phonons in crystal lattices.
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Introduction

Physical properties of objects with nanometric linear
dimensions have been intensely investigated for over ten
years. The reason of this interest is twofold:

— basic science: the objects of dimensions of tens of
nanometers display new physical properties, usually very
much different from their macroscopic analogs;

— possible applications: the new properties of such ob-
jects make possible design of new devices. The nanostruc-
tured materials along with their new properties applied for
new technologies have recently caused an unprecedented
acceleration in some fields.

For the similar reason, new complex nanostructured
materials are also of great interest and therefore are subject
to intensive investigations [1].

A particular example of nanostructured materials are
cryocrystals with nanopowders immersed in their volume.
A relative simplicity of the crystallographic structure of
cryocrystals as matrices and the interactions between the
constituents make them ideal objects for basic science in-
vestigations. By applying the thermal conductivity experi-
mental technique to investigate such objects, one can get
an answer to numerous questions regarding the influence
of the properties and parameters of the components of such
nanocomposites on their total thermal conductivity. The

results of investigations are to determine, in particular, the
influence of the size of nanoparticles and their intrinsic
transport properties on the resultant thermal conductivity
of the nanostructured material. The role of the parameters
of the crystalline matrix, such as the interaction strength
between its atoms (molecules), the atomic (molecular)
mass of the constituents or the type of excited thermal vi-
brations of the lattice for the thermal conductivity can be
specified. In the current contribution we present an exper-
imental technique designed to investigate thermal conduc-
tivity of nanopowders of silica, copper and palladium of an
average diameter ranging from 10 to 50 nm, embedded in
crystalline matrixes of neon, argon, nitrogen and methane.
Here we present also some very first results of the intro-
ductory measurements carried out on samples of methane
containing nanoparticles of hydroxyapatite.

The crystal of methane has been studied for a long time
and its thermal conductivity is well known and described.
At the equilibrium vapor pressure the crystal of CH, ap-
pears, depending on the temperature, in one of two crystal-
lographic phases. The high-temperature phase | (20.4-90.7 K)
features long-range translational ordering and lack of any
long-range orientational ordering — the octahedral mole-
cules rotate freely at the fcc lattice sites. With lowering
temperature, at 20.4 K the crystal undergoes a structural
phase transition. Below 20.4 K the crystal exists in phase II.
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In this phase the molecules of methane belong to two sub-
systems: 75% of them form six orientationally ordered
sublattices while the remaining 25% belong to another two
sublattices. The latter, due to compensating molecular field
of the ordered molecules, keep rotating almost freely down
to the lowest temperatures.

The hydroxyapatite (HAp), the compound of formula
Cayo(PO4)6(OH),, used in the experiment described here
was in the form of nanopowder of an average grain size
~ 30 nm. The substance was obtained by aqueous synthesis
and as the structural investigations show it has a crystal
symmetry belonging to space group P6s/m.

Experimental

For the thermal conductivity experiment the LHe cryo-
stat with pumped liquid helium was used. The cryostat
enables us to obtain the sample of nanopowders embedded
in the structure of a simple cryocrystal and to determine its
thermal conductivity with steady-state heat flow method in
the temperature range 1-40 K. Both the preparation of the
sample and measurements took place directly in the cryo-
stat chamber, without any mechanical manipulations with
the sample.

A diagram showing major components of the measuring
chamber as well as its photo are shown in Fig. 1(a) and
Fig. 1(b), respectively. The central part of the chamber is a
glass ampoule of an inner diameter of 6 mm, a wall thick-
ness of 1 mm and a length of 60 mm. Both ends of the am-
poule are closed with copper caps and vacuum tightened
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with low-temperature epoxy. Before attaching the upper
cap, the ampoule was filled with a powder of nanoparti-
cles. The upper cap contains a stainless steel capillary
which is used to admit a matrix gas from outside to the
cryostat. The cup carries electric heater, along with a ther-
mocouple attached thereto, enables control of the tempera-
ture of the upper part of the ampoule during preparation of
the matrix crystal. The heater is also used for measure-
ments, for realization of the steady-state heat flow method.
For the same purpose, two germanium resistance ther-
mometers are attached to the wall of the ampoule. Before
the experiment begins, the ampoule prepared in the way
described above is placed inside the measuring chamber of
the cryostat: its bottom is connected, both mechanically
and thermally, to a copper block of controlled temperature,
which can be varied and precisely stabilized in the range 1
to 300 K. After the ampoule with the nanopowder is placed
inside the cryostat, it is first thoroughly pumped out. Then
the temperature of the ampoule is lowered slightly above
the triple point of the matrix substance and the gas is let to
the ampoule where the condensation to its liquid phase
begins. During the condensation the temperature of the
upper part of the ampoule is maintained a few kelvins
above the temperature of the bottom so that the liquid
gradually fills the ampoule from bottom to top. In this way
we obtained a liquefied matrix gas with nanopowder im-
mersed in it. Finally, the temperature of the bottom of the
ampoule is lowered, whereupon the liquid solidifies to
form a crystal with nanoparticles embedded in its volume.

Fig. 1. (Color online) Measuring chamber of the cryostat for obtaining thermal conductivities of simple van der Waals crystal based
nanocomposites: diagram (a); photograph (b). 1 is gas feeding capillary, 2 is thermocouple, 3 is gradient heater, 4 is glass ampoule filled
with nanopowder, 5 is epoxy, 6 is copper block of controlled temperature, Thl, Th2 are germanium resistance thermometers.
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After crystallization the sample is cooled down to the start-
ing temperature of thermal conductivity measurements.
Before measurements, at the temperature ~ 40 K, helium
gas at a pressure of approximately 1 kPa is admitted to the
ampoule. The helium serves as a heat exchanging gas
which improves the thermal contact of the sample with the
gradient heater and the thermometers. As it was verified in
a separate experiment, the pressure of the helium does not
influence the thermal conductivity results within an appre-
ciable range of its pressure.

In the process of getting the thermal conductivity data,
two distorting factors were taken into account: i) The para-
sitic temperature gradient resulting from the heat radiation
due to the temperature mismatch of the LHe thermal shield
of the measuring chamber and the sample; and ii) The part
of heat transported by the ampoule wall. The former was
done by monitoring the temperature values registered by
thermometers Thl and Th2 without heat generated in the
gradient heater, while the latter by calibration of the am-
poule, i.e., by determining the dependence of thermal con-
ductivity of the empty ampoule, which was carried out in a
separate experiment.

Results and discussion

The results of our measurements are depicted in Fig. 2.
The figure displays the temperature dependence of the
thermal conductivity of two samples of crystalline methane
containing hydroxyapatite nanoparticles of an average
grain size of ~ 30 nm. Here the results for the thermal con-
ductivity of the nanopowder alone are also shown. Similar-
ly to the case of methane-nanoparticle composites, in the
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Fig. 2. (Color online) Temperature dependence of the thermal
conductivity of two samples of methane—hydroxyapatite nanopar-
ticles nanocomposite (closed symbols). (Open circles) thermal
conductivity of methane crystal [2]. (Open triangles) thermal
conductivity of hydroxyapatite nanopowder.
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latter experiment the thermal conductivity of the nano-
powder was measured with the heat exchange helium gas
present in the ampoule. The earlier results [2] of thermal
conductivity of pure crystalline methane are plotted as well.

The thermal conductivity of both nanocomposite sam-
ples was determined in two separate temperature walks.
Each of the samples, after their preparation, was first
cooled down to the lowest achievable temperature ~ 1 K,
whereupon the measurements began. The corresponding
data points were obtained with increasing step by step the
temperature of the ampoule base. After reaching the tem-
perature of approximately 40 K the second run started.
This time the sample temperature was decreasing. Both
walks for both of these two samples gave comparable re-
sults. A good agreement of our experimental results ob-
tained for two separate methane-nanopowder of hydroxy-
apatite samples testifies for right choice of the method of
obtaining the composites and therefore applicability of the
experimental method.

The temperature dependence of the thermal conductivi-
ty of methane-hydroxyapatite nanocomposite resembles to
some extent that of disordered solids (see, e.g., [3]). At the
lowest temperatures the thermal conductivity varies simi-
larly to glasses, following the dependence ~ T2, In the in-
termediate temperature region, where a typical glass shows
a plateau in the thermal conductivity, the thermal conduc-
tivity of our nanocomposite decreases with increasing tem-
perature, though the decrease is very weak and the overall
dependence resembles a plateau. At a temperature of about
20 K the thermal conductivity of our samples starts to
change similarly to a typical glass, viz., it increases mono-
tonically with increasing temperature.

For the purpose of a rough quantitative analysis of our
experimental results we can verify if the thermal conduc-
tivity of the investigated heterogeneous structure is deter-
mined strictly by the thermal conductivities of its two
components and their volume. According to the geometric
model commonly used to describe heterogeneous states,
the resultant thermal conductivity x of a two-component
continuum is the geometric mean of the thermal conductiv-
ities of the two components:

K(T) =k5ne (T) * Ko (T) (1)

where K, Kgne, Kpyo are thermal conductivities of the
mixed solid, component one and component two, respec-
tively, ¢ and d are the volume fractions of the component
one and component two. In case of the entire volume of the
investigated solid completely filled with either of the com-
ponents,d =1 -c [4].

Setting the thermal conductivity of pure methane crystal
for kqpe and the thermal conductivity of hydroxyapatite
nanopowder for k,, we varied ¢ and d parameters to find
the best fit of Eq. (1) to the experimental data obtained for
the nanocomposite. We found the best match for ¢ = 0.335
and d = 0.258 and its plot is depicted in Fig. 3 as the solid
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Fig. 3. (Color online) Thermal conductivity of methane-hydroxy-
apatite nanoparticles. The solid line is a plot of the best fit of
Eq. (1) to the experimental data.

line. As one can see, the best fit cannot be considered satis-

factory. Besides, the values of the best fit parameters are
far from those one could have expected: The density of
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hydroxyapatite nanopowder used in our experiments was
0.421 g~cm_3 while the density of the bulk substance was
3.14 g~cm_3. From this, one finds that the volume fraction
of Cay(POy4)(OH), in our ampoule amounted to 0.134
and after filling it with solid methane the volume fraction
of CH,4 crystal was 0.866. Therefore, in conclusion one can
state that the thermal conductivity of the nanocomposite is
not a simple superposition of thermal conductivities of the
methane crystal and the nanopowder and that more com-
plicated phonon mechanisms play a significant role in the
thermal transport in such solids.
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