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Influence of different nanoparticles embedded
in crystalline carbon monoxide matrix on heat transfer
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The preliminary results of investigations of heat transfer in nanocomposites consisting of nanoparticles ran-
domly distributed in solid carbon monoxide matrix are presented. In the experiment the thermal conductivity co-
efficient dependence on temperature for CO crystal with silica and palladium nanoparticles of different size em-
bedded in the crystal structure was determined over the temperature range 2.2-35 K by steady-state heat flow
method. The results of the measurements were analyzed within the frame of relaxation time approximation. The
analysis shows that lowering of the thermal conductivity of the nanocomposites relative to pure carbon monox-
ide crystal observed for both types of the investigated nanoparticles, palladium and silica, is caused mostly by
scattering of phonons by boundaries of the nanoparticles. Additionally, the presence of the nanoinclusions pro-
motes higher density of dislocations and influences the matrix lattice dynamics.
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Introduction

For the recent two decades nanosize and nanostructured
objects are focus of tremendous scientific interest. The rea-
son for the interest is twofold: application motivated and
purely cognitive. The nanoobjects usually show very differ-
ent physical properties from those observed for their macro-
scopic counterparts. Some of the new properties make them
successfully utilizable in designing new devices or enhanc-
ing parameters of already produced ones. Since prevailing
majority of the devices work at ambient or higher tempera-
tures, the application motivated investigations of the proper-
ties of the nanostructures are mostly carried out in this tem-
perature region, see, e.g., [1-3]. The interest towards the
nanosize and nanostructured objects motivated by scientific
curiosity is directly related to their exceptional physical
properties and the investigations are carried out in wider
temperature range. On the wave of the nano-boom a lot of
theoretical works which try to describe and explain physical
phenomena in the nano-world have been done. Some of
them are devoted to analysis of vibrations of a crystalline
lattice in which nanosize particles were embedded. It
turned out, for example, that the effect of interaction of the
lattice vibrations with an individual nanoparticle strongly
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depends on the shape of the nanoparticle, its material and
the ratio of the linear dimensions to the wave length [4-6].
Also the presence of numerous nanoparticles in a crystal-
line medium and hence effects of multiple or dependent
(correlated) elastic scattering of phonons by the nanoparti-
cles may affect the velocity and density of state of phonons
as well as influences the mean free path of phonons in not
a trivial way [7]. Additionally, the effects of both multiple
and dependent scattering increase with increasing volume
fraction of nanoparticles [7]. The mentioned above as well
as possibly other effects should influence, among other
physical properties, the heat transfer in a crystal with na-
noparticles embedded in its structure. In spite of numerous
investigations of nanoscale transport related problems, see,
e.g., [8] and references therein, the problem of interaction
of crystalline matrix phonons with foreign inclusions fea-
turing linear parameters comparable to the phonon wave
length, remains far from being understood.

In the current paper we present our preliminary results
of experimental investigations of the thermal conductivity
of model nanocomposites obtained from nanoparticles of
silica and palladium embedded in the crystalline matrix of
carbon monoxide. In our experiment the nanoparticles em-
bedded in the matrix made up relatively high fraction of
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the volume of the sample. The experiment was carried out
on a number of samples containing nanoparticles of different
mean linear dimensions. The choice of the nanocomposite
constituents was dictated by relative simplicity both of the
carbon monoxide matrix and the SiO, and Pd nanopowders.
Here, it also should be emphasized that solid CO, belonging
to the so-called N> type solids, is very well-known dielectric
crystal.

At equilibrium vapor pressure solid CO appears, de-
pending on the temperature, in one of two structural phas-
es. In the temperature range 61.57-68.09 K the CO crystal
shows a structure in which the linear molecules precess
over their mass centers located in an hcp lattice nodes. This
is the so-called B-phase of the crystal. At 61.57 K the crys-
tal undergoes a structural phase transition: below this tem-
perature it exists in orientationally-ordered fcc structure,
known as the a-phase. The axes of the molecules are ori-
ented along space diagonals of the elementary cubic cell.
Due to the asymmetry of CO molecule, the molecules are
displaced a little from the regular lattice positions. This
structure belongs to the space group P213 [9]. Despite nu-
merous theoretical propositions [9], an existence of a low-
temperature phase of long-range ordering of carbon mon-
oxide dipoles in the a-phase was not confirmed. To the
contrary, almost all experiments carried out so far have
indicated disordering of the molecules down to tempera-
tures below 1 K. Such a glassy state in the dipole subsys-
tem of orientationally ordered phase of the CO crystal is
also seen in the thermal conductivity of the crystal [10].

Experiment

In our experiment the thermal conductivity of cryocrystal
nanocomposites was determined by steady-state heat flow
method in the temperature range from 2.2 to 35 K. The
methodology of the measurement and its technical aspect
have been described in details in our previous paper [11].

The central part of the experimental setup was an am-
poule made from glass tube of an inner diameter of 6 mm, a
wall thickness of 1 mm and a length of 50 mm. To the ends
of the tube two caps made of copper were fixed with epoxy
and two germanium resistance thermometers spaced 10 mm
from each other were glued to the cell cylindrical wall. The
lower one was mounted 10 mm above the bottom of the
ampoule. To the top cap an electric gradient heater was at-
tached. Through the cap a thin-wall stainless steel capillary
ran. The capillary allowed to pump out the cell or fill it with
carbon monoxide gas and thermal exchange gaseous helium.
During the experiment the bottom cap rested in a copper
base of controlled temperature.

For obtaining the nanocomposite samples, gaseous car-
bon monoxide of 99.999% purity and amorphous silica ox-
ide as well as amorphous palladium nanoparticles of differ-
ent size were used. The SiO; nanopowders featured
nanoparticles of linear dimension of about 5, 18, 42, 162 nm
while the Pd nanoparticles — 6, 8, 10, 12, 18 and 24 nm.
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The nanoparticle volume fraction in the investigated samples
(the ratio of the volume taken by the nanoparticle to the vol-
ume of the sample) was approximately 7% for CO-SiO, and
14% for CO-Pd nanocomposites, regardless of the linear
dimension of the nanoparticles. The volume fraction was
determined by precise weighting of the nanopowder filling
the volume of the ampoule.

For each sample the powder was placed inside the cell
to fully fill the tube after the bottom cap was fixed to the
ampoule. Then the upper cap was also glued and the as-
sembled cell was installed in the measuring chamber of the
cryostat. At the beginning of the experiment the tempera-
ture of the cell was lowered to a little bit above the triple
point temperature of carbon monoxide and the gas was let
to the cell, whereupon the condensation to its liquid phase
began. During the condensation the temperature of the up-
per part of the cell was maintained a few Kelvins higher
than the temperature of the bottom so that the liquid gradu-
ally filled the cell from its bottom to the top. Finally, the
temperature of the bottom of the ampoule was slowly low-
ered — the liquid solidified forming carbon monoxide SiO;
or carbon monoxide Pd cryocrystal nanocomposite. Cooling
rate during the crystal growth was 3 K/h. After crystalliza-
tion the nanocomposite was cooled down to the tempera-
ture of the thermal conductivity measurement at the cool-
ing rate of 6 K/h.

In the process of determination of the thermal conduc-
tivity two distorting factors were taken into account: (i) the
parasitic temperature gradient being a result of the heat
radiation due to the temperature mismatch of the LHe
thermal shield of the measuring cell and the sample and
(ii) the heat transported by the cell glass wall. To determine
the first one, the measurements of the parasitic temperature
gradient was carried out at various temperatures for each of
the samples. As for the second one, the measurement of the
dependence of the thermal conductivity coefficient of empty
cell was performed in a separate experiment.

The random error of the thermal conductivity measure-
ment at low temperatures did not exceed 1.5%, whereas
above 20 K it increased to 3%, mostly due to effects con-
nected with spurious heat leaks. The systematic error did not
exceed 3%.

Results

Figures 1 and 3 show our measurement results of the
dependences of the thermal conductivity coefficient k for
carbon monoxide based nanocomposites with palladium
spherical nano-admixtures and with silica nanoparticles of
different size on temperature. Both of the obtained families
of the temperature dependences of k dispaly the shape
typical for a dielectric crystal. Generally, impurities cause
a decreasing of total thermal conductivity of the investi-
gated nanocomposites when compared to pure crystal of
carbon monoxid [10].
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Fig. 1. (Color online) Temperature dependences of thermal con-
ductivity of carbon monoxide nanocomposite with palladium
nanoparticles of different linear dimensions: 6 nm (H), 8 nm (OJ),
10 nm (%), 12 nm (%) and 18 nm (@®). For the comparison purpose
the data for pure CO were also shown (O) [10]. Solid lines are ap-
proximations of the experimental data with the expression (10).

The thermal conductivity of the nanocomposites depends
on the nanoparticles size and the dependence is not mono-
tonic. Initially the thermal conductivity decreases with in-
creasing nano-spheres diameter and after achieving certain
“critical” particles size, for which the phonon scattering
reaches its maximum (and the thermal conductivity reaches
its minimum), further increasing of particles size causes an
increase of samples thermal conductivity, see Figs. 2 and 4.
Here it should be noticed that for the samples with SiO»
nanoparticles the size-effect is clear however not as promi-
nent as for the CO-Pd nanostructure.

In all cases the thermal conductivity at higher tempera-
tures (T > 20 K) aspire to the same value, the value of the
thermal conductivity of pure CO crystal.

Taking into account that the characteristics of the used
nanoadmixtures (the type of the material, the linear dimen-
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Fig. 2. The thermal conductivity (at the maximum of the thermal
conductivity curve) of carbon monoxide based nanocomposite as
a function of palladium nanoparticle size.
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Fig. 3. (Color online) Thermal conductivity of carbon monoxide
nanocomposite with SiO, nanoparticles of different linear dimen-
sions: 5 nm (@), 18 nm (M), 42 nm (A), 162 nm (%).

sions and the volume fraction) are strongly different from
each other and that their effect on the total thermal conduc-
tivity of the samples is similar (compare Figs. 2 and 4), one
can assume, that the material of the sample matrix gives
the decisive contribution to the thermal conductivity. The
impurities cause only some extra effects in the matrix.
Therefore, the results of the measurements were ana-
lyzed using the Callaway method [12]. In this approach
each mechanism of elastic scattering of phonons is repre-
sented by its characteristic relaxation time. The thermal
conductivity of a dielectric crystal can be written as a sum

k=k1+k2, (1)
where
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Fig. 4. The thermal conductivity (at the maximum of the thermal
conductivity curve) of CO-based nanocomposite as a function of
silica nano-inclusions size.
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where G = ké 1272vh3, x = ho/ kgT; 6 =103.3 K is Debye
temperature of carbon monoxide crystal, t; is relaxation time

: 3 o3\ ,a Y8 1
of phonon scattering, v=((v| +2v; )/3) =12255ms

is phonon propagation velocity averaged over longitudinal
v and transversal v; polarizations [9], and © is phonon
frequency.

Assuming additivity of the effects of scattering, the to-
tal relaxation rate 151 may be written down as a sum of the
relaxation rates of the resistive r}l and normal rﬁl proc-
esses:

T =TT ()
where

tFl = rgl + tBl + tal + r[,l (5)

and the quantities
rBl =ay, (6)
Ty =a Xt )
15t =agxT, ®)
e :alezT3exp[—aU2 IT] 9)

are relaxation rates of phonon scattering by grain bounda-
ries, point defects, dislocation strain fields and three-phonon
U-processes, respectively.

As a matter of fact, normal processes are only signifi-
cant for the thermal conductivity of crystals of high quality
and at low temperatures [13]. Otherwise, the normal proc-
esses are much less frequent then other phonon scattering
processes and do not contribute noticeably to the dielectric
crystal heat transfer. Therefore, for strongly defected crys-
tal, rﬁl can be neglected and then the Eq. (1) reduces to the
so-called expression of Debye:

3 o/T 4 X
k:k—g(%j | TCXEgx. (10)
2n°v 0 (ex _1)

We have fitted the Debye equation, by varying @ pa-
rameters of relaxation times (6)—(9), to the experimentally
obtained data of the thermal conductivity temperature de-
pendence of the nanocomposites. The results of the best
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match for samples of solid CO containing palladium nano-
particles were shown in Fig. 1 by solid black lines and the
parameters were collected in Table 1. The same information,
displayed in the same way, for the CO crystal with silica
nanoparticles embedded in its structure was given in Fig. 3
and Table 2.

Table 1. Best fit phonon relaxation rate parameters obtained
by Debye equation for the CO crystals containing palladium
nanoparticles. In the fitting procedure scattering of phonons by
crystal grain boundaries (ay), point defects (ap), dislocation strain
fields (ag) and by phonons in U-processes (ayi, ayp) were taken
into account

Parameter

Nanocomposite
ap ap aq aul ay2

CO+Pd (6 nm) |5.61-10°|1.31.10*|2.23.10°|1.27.10| 19.9
CO+Pd (8 nm) |3.55.10”|1.83-10*[1.00.10°|6.07.10°| 6.0
CO+Pd (10 nm) |3.14-10°|1.11-10*|1.79-10" [ 1.08.10 | 18.0

CO+Pd (12 nm) |3.09-10%|1.17-10*|2.93-10° | 1.11.10" | 21.2
CO+Pd (18 nm) | 1.67-10°|1.27.10"|3.08.10° |9.87.10°| 21.1

Table 2. Values of the parameters ap, ap, a4, ay1, auz of equa-
tion (10), for which the experimentally obtained dependence of
the thermal conductivity of the investigated nanocomposites is
best approximated

Parameter

Nanocomposite
ap ap aq auil |au2

2.47.10%(3.81.10%| 1.21.10%| 7.27.10%|32.8
1.88.10°|1.78.10*1.82.10°[1.91.10' [25.6
CO+Si0, (18 nm) |1.85-10%(2.09-10%|2.02:10°|1.03-10" |26.2
CO+Si0, (42 nm) |2.92.10%(2.81.10%|2.72.10°|1.33.10" |24.1
CO+Si0, (162 nm) | 1.81.10°|3.54.10%| 6.35.10°| 2.05.10 | 26.6

Pure CO
CO+Si0O; (5 nm)

The solid lines in Figs. 1 and 3 show that the approxima-
tion of the experimental data with the applied thermal con-
ductivity model is satisfactory. Therefore one can get some
information from the analysis of the numerical values dis-
played in Tables 1 and 2. First of all, it should be noticed
that the effect of introduction of the nanoparticle into the
structure of carbon monoxide crystalline matrix on phonon
relaxation rates is qualitatively the same for both investi-
gated nano-powders, palladium and silica. The most promi-
nent effect is observed for scattering of phonons by grain
boundaries. While for pure CO crystal rijl ~10* s_l, for the
nano-powder doped ones rgl ~10% s~ Such tremendous
increase of frequency of phonon scattering in this mecha-
nism should be understood as not caused by structural grain
boundaries but rather diffuse scattering of phonons by
boundary of the two media: carbon monoxide and palladium
or silica. Point defect (Rayleigh) scattering is almost insensi-
tive to the presence of the nanoparticles. This is because the
nanoparticles can act as point defect only for long-wave
phonons which do not contribute noticeably to the thermal
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conductivity, at least in the investigated temperature re-
gion. The significant increase of ay for the nanoparticles
doped crystal relatively to the pure solid CO indicates that
the presence of the nano-powders promotes creation of
dislocations. Finally, the difference of a4, and a,, param-
eters, between those obtain for pure carbon monoxide crys-
tal and the investigated nanocomposites, may be related to
the difference of pure and doped matrix lattice dynamics.
Since a4 is considered as a measure of phonon interaction
strength [14], the parameter bigger for the nanocomposite
testify to higher anharmonicity of the lattice vibration while
smaller &, (being a measure of mean energy of a phonon
taking part in U-process) to lowering of the maximum fre-
quency vibrations of the matrix in such nanocomposites.

In conclusion, nanocomposites built from carbon mon-
oxide crystal with amorphous silica and palladium nano-
powders of different size embedded in the crystal structure
were obtained and determined their thermal conductivity
coefficient dependence on temperature in the temperature
range 2.2-35 K. Nano-impurities in the crystal cause a de-
creasing of total thermal conductivity of investigated nano-
composites compared to the pure crystal of carbon monox-
ide. Analysis of the experimental results shows that the
material of the sample matrix gives the decisive contribution
to the thermal conductivity and that the low thermal conduc-
tivity of the nanocomposites is caused mostly by scattering
of phonons by boundaries of the nanoparticles.
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Bnnue HaHO4YaCTUHOK, BBEAEHMUX B KPUCTaNIYHY
MaTpULO MOHOOKCUAY BYIfeLo, Ha TeNSIoNepeHic
B HAHOKOMIMO3MUTi

R.V. Nikonkov, P. Stachowiak, A. Jezowski

HageneHo monepezHi pe3ysbTaTH JOCTIIKEHb TEIIONEPEHO-
Cy B HAHOKOMIIO3HTAX, SIKi MICTSITh HAHOYACTUHKH, IO BUIIAIKO-
BO PO3MOAITCH] y TBepIiii MaTpHili MOHOOKCHIY Byrieui. Me-
TOJOM CTalliOHAPHOTO TEIUIOBOTO MOTOKY B TEMIIEpaTypHOMY
intepBani 2,2-35 K Bu3HAYEHO eKCIIEPHUMEHTAJbHI 3aJIeKHOCTI
KoeiIieHTa TEIIONPOBIAHOCTI Bil TEMIIEpaTypH IJIsl KpHCTae-
Boro CO, 110 MiCTUTh HAHOYACTHHKH OKCHIY KPEMHIIO Ta Iasa-
IiI0 pi3HUX po3MipiB. Pe3ynpTaT BUMipIOBaHb IIPOAHANII30BAHO B
paMKax ampokcuManii 4acy penakcauii. AHani3 MOKa3ye, IO
3HIDKCHHS TEIUIONPOBIHOCTI HAHOKOMITO3UTIB IIOJ0 YHCTOTO
KpHUCTala MOHOOKCHAY BYIJICLIO, SIKE CIIOCTEPIraeThes Uil J10C-
JDKCHUX HaHOYACTHHOK MAJIa/lif0 Ta OKCHIY KPEMHII0, 00yMOB-
JICHO TOJIOBHUM YMHOM pO3CIIOBaHHAM (OHOHIB Ha TPaHULIAX
HaHOYacTHHOK. KpiM TOro, HasBHICTh HAHOBKIIOYEHH CIIPUSE
OiIbLI BHCOKIM IMIIBHOCTI IHUCIOKALiil i BIUIMBAaE Ha AUHAMIKY
TPaTK{ MaTPHIIL.

Kiro4oBi ciioBa: HaHOKOMITO3MT, TEIUIONPOBIAHICTh, (OHOHHA
penakcartis.

BnusiHne HaHo4YacTuL, BBEAEHHbIX
B KpUCTarnmM4yeckyo MaTpuLly MOHOOKCHAA Yriepoaa,
Ha TennonepeHoc B HAHOKOMMO3nTe

R.V. Nikonkov, P. Stachowiak, A. Jezowski

IlpuBeneHsl mHpeaBapUTEIbHBIE PE3yIbTaThl HCCIEAOBAHHN
TEIIONEPEeHOCca B HAHOKOMITO3HUTaX, COACPIKAIINX HAHOYACTHUIIB,
cllyqaiiHBIM 00pa3oM pacHpeseNeHHble B TBEpAOH MaTpuie Mo-
HOOKcH/A yriepoaa. MeTosoM CTalMOHApHOTO TEIUIOBOTO MOTO-
Ka B TemrmepaTrypHoM uHTepBaie 2,2-35 K ompenenensl skcme-
PUMEHTAIbHBIE 3aBUCHMOCTH KO3 PHUIMEHTa TEIIOIPOBOJHOCTH
OT TeMIepaTypsl At Kpuctammnaeckoro CO, comeprkalero BHe-
JPCHHBIC HAHOYACTHIIBI OKCHJIA KPEMHHUS ¥ MAJUIasl Pa3IHIHBIX
pa3MepoB. Pe3ynbTaTel H3MepeHHit TpOaHAIN3UPOBaHbI B paMKax
aNMpoKCUMAIMU BPEMEHH pelaKcariy. AHaJIN3 ITOKa3bIBaeT, 4TO
MOHWKEHHE TETIONPOBOAHOCTH HAHOKOMITIO3UTOB OTHOCUTEIBEHO
YHCTOTO KpHCTalla MOHOOKCHZA yIiiepona, HabirogaeMoe IS
HCClelyeMbIX HAHOYACTHUIl Majulafus U OKCHIA KPEeMHHs, 00y-
CJIOBJICHO TJIaBHBIM 00pa30M paccestHueM (pOHOHOB Ha rpaHHUIIAX
HaHouacTul. Kpome Toro, Hanu4ue HaHOBKIIOYEHUH CHOCOOCT-
ByeT 0oJiee BBICOKOH IIOTHOCTH JUCIOKAIMH 1 BIUSIET Ha JIMHA-
MHKY PEIIETKH MaTPHIIBI.

KnroueBwie ciosa: HaHOKOMIIO3UT, TCIUIONPOBOAHOCTD, (1)0HOH-
Has pejiakcanus.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 3 293


https://doi.org/10.1021/nl8031982
https://doi.org/10.1103/PhysRevB.84.035438
https://doi.org/10.1103/PhysRevB.84.035438
https://doi.org/10.1126/science.1156446
https://doi.org/10.1063/1.2188251
https://doi.org/10.1103/PhysRevB.9.4422
https://doi.org/10.1016/j.ijheatmasstransfer.2005.04.034
https://doi.org/10.1115/1.2194036
https://doi.org/10.1063/1.4832615
https://doi.org/10.1016/j.ssc.2014.07.020
https://doi.org/10.1016/j.ssc.2014.07.020
https://doi.org/10.1063/1.4922106
https://doi.org/10.1063/1.4922106
https://doi.org/10.1103/PhysRev.113.1046
https://doi.org/10.1103/PhysRevB.29.2709

	Introduction
	Experiment
	Results
	Acknowledgments

