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The low-temperature specific heat of MWCNTs
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The specific heat of multi-walled carbon nanotubes (MWCNTs) with a low defectiveness and with a low con-

tent of inorganic impurities has been measured in the temperature range from 1.8 to 275 K by the thermal relaxa-

tion method. The elemental composition and morphology of the MWCNTSs were determined using scanning

electron microscopy analysis and energy dispersion x-ray spectroscopy. The MWCNTs were prepared by chemi-
cal catalytic vapor deposition and have mean diameters from 7 nm up to 18 nm and lengths in some tens of mi-
crons. MWCNTs purity is over 99.4 at.%. The mass of the samples ranged from 2—4 mg. It was found that the

temperature dependence of the specific heat of the MWCNTs differs significantly from other carbon materials
(graphene, bundles of SWCNTs, graphite, diamond) at low temperatures. The specific heat of MWCNTs sys-

tematically decreases with increasing diameter of the tubes at low temperatures. The character of the temperature
dependence of the specific heat of the MWCNTSs with different diameters demonstrates the manifestation of dif-

ferent dimensions from 1D to 3D, depending on the temperature regions. The crossover temperatures are about

6 and 40 K. In the vicinity of these temperatures, a hysteresis is observed.
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Introduction

The discovery of carbon nanosystems (fullerenes,
SWCNTs, MWCNTs, graphene) led to a great interest in
both fundamental science and for applied purposes [1-9].
This is due to the peculiarities of their structures and unu-
sual physico-chemical properties. In particular, MWCNTSs
are suitable objects for studying the physical properties of
low-dimensional systems. Carbon nanotubes have also at-
tracted great attention due to their potential technological
applications (nanoelectronics, construction materials, phar-
maceuticals, medicine, etc.) [10].

MWCNT is an isolated multi-layer roll of a graphene
sheet or a set of coaxial SWCNTs in the form of a Russian
nesting doll (Fig. 1). Between the layers, there is a weak
van der Waals bond. The average diameter of MWCNTs is

from a few to 100 nm. The distance between the atomic
graphene layers is about 0.34 nm as in graphite [3]. The
nanotube SWCNT is an elongated cylinder consisting of
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Fig. 1. Schematic sketch of the most common MWCNTSs. Their
multi-layered structure is a single-layer nanotube, “dressed” one
by one according to the principle of Russian nesting dolls (a) or
rolled up into a scroll of graphene sheet (b).
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equilateral hexagons with carbon atoms at their vertices.
This is a graphene plane rolled into a tube.

The physical properties of MWCNTs (in particular,
thermal properties) depend on the methods and technology
of tube preparation, their morphology, and the presence of
impurities and defects. Usually, multi-walled carbon nano-
tubes are prepared by CVD (chemical vapor deposition) or
AD (arc discharge) method with different catalysts, using
different technological procedures: temperature regimes,
purification methods, etc.

Studies of the specific heat of MWCNTSs were carried out
by both experimental and theoretical methods. Yi ef al. [11]
measured the specific heat and thermal conductivity of the
small array like samples of highly aligned MWCNTs (1-2 mm
long, with a cross-sectional diameter of 0.01-0.1 mm) by
the self-heating 3 method. The diameter of the MWCNTs
was a few tens of nm, the walls of the nanotubes contained
10-30 layers. They found that the specific heat varies line-
arly in the temperature range of 10-300 K. The authors
note that because of the uncertainty of the number of
MWCNTs in array-like samples, the absolute values of the
thermal conductivity coefficient (and, hence, the heat capa-
city determined with its help) suffer from uncertainty.

Mizel et al. [12] used to study the specific heat of press-
ed small cylindrical samples of MWCNTs (tubes were with
outer diameters of order 10-20 nm and lengths exceed-
ing 10 pm) weighing 10-20 mg with a diameter of 3.2 mm
a thermal relaxation technique from 0.6 K up to 210 K. The
analysis showed that the C(T)/T2 curves for MWCNTs and
graphite coincide above 50 K. The curve C(T)/T % for
graphite has a maximum at 40 K. The C(T)/T 2 dependence
for the MWCNTs exceeds it for graphite below 40 K. And
the maximum of the MWCNTs curve shifts toward helium
temperatures. The similarity between C(7)/T 2 for multi-
walled tubes and for graphite indicates that the two materi-
als are similar.

Masarapu et al. [13] measured the specific heat of align-
ed multi-walled carbon nanotubes (obtained by CVD me-
thod with diameters in the range of 20-30 nm and consist-
ing of 15-25 layers) in the temperature range from 1.8 to
250 K. They found that in the range of 40-250 K there is
a linear dependence of the specific heat. Below 40 K, the
specific heat gradually decreases, demonstrating a change
in dimension from 1D to 3D behavior, indicated by differ-
ent temperature dependences at low temperature. This be-
havior of the heat capacity was attributed to a dimensional
change in the density of states from 3D at low temperatures
to a reduced dimension at higher temperatures. Below 5 K,
the 7 feature due to magnetic impurities was observed.

In the works of Jorge et al. [14,15], the specific heat of
MWCNTSs was measured in the range of 10-120 K. Samples
with diameters of 90, 48 and 30 nm were obtained by the
CVD method. They have an aligned nanotube structure and
an internal bamboo-like structure within each MWCNT.
The authors found an anomalous peak at 60 K in these

samples. The parameters of the peak (height and tempera-
ture of the maximum) do not depend on the magnetic field
and do not exhibit thermal hysteresis [15].

Authors [16] showed that taking into account the elec-
tron contribution to the heat capacity depending on the dia-
meter of the nanotubes, the concentration of impurities, and
short-range order parameters (structural inhomogeneities)
allowed them to describe the peculiarities of low-temperature
behavior of the experimental specific heat of MWCNTs [15]
with large diameters and an internal bamboo-like structure.
However, according to Benedict et al. [17], the electron
contribution to the heat capacity of pure carbon tubes is
more than 100 times weaker than the phonon one.

Muratov et al. [18] using the adiabatic calorimetry
method carried out measurements of the heat capacity of
MWCNTs with an average diameter of less than 30 nm in
the temperature range from 60 to 300 K. They observed the
anomaly in heat capacity at temperatures of 80-90 K. The
authors believe that it is similar to that observed at about
60 K in [14]. The samples with a diameter of 25 nm [14]
and 17 nm [15], which were synthesized by the catalytic
decomposition of acetylene over iron nanoparticles, had a
forest distribution. The internal bamboo-like structure was
absent in these samples. The dimensional behavior crosso-
ver (change from quasi-linear behavior to a higher dimen-
sion) was observed at 33 K for samples with a larger diam-
eter of tubes and a bamboo-like internal structure and at
55 K for samples with diameters of 17 and 25 nm without
a bamboo-like internal structure.

Popov [19] calculated the low-temperature specific heat
of MWCNTs with different number »n of layers within force-
constant dynamical models. The specific heat curves of
MWCNTs with n = 1-5 above 50-60 K coincide. At lower
temperatures, the curves diverge. This discrepancy increases
with decreasing temperature. At the same time, the degree
of temperature dependence increases from 0.5 forn =1 to 1
forn=>5.

Brief information about the samples (morphology and
methods of preparation), methods and temperature ranges
of measurement of heat capacity in the reviewed papers are
presented in the Table 1.

The discrepancies between the experimental values of
the specific heats of different works may be due to differ-
ences in purity, in structure, in structural defects and heter-
ogeneities, in the diameters and quantities of the layers in
the MWCNTSs samples and systematic errors. Systematic
errors are mainly caused by the presence of carbonic and
other impurities in the samples: gaseous helium (some-
times used to cool the calorimetric cell), catalyst residues,
atmospheric gases and other impurities. The authors
[16,20-24] showed that electron scattering by impurities
and structural inhomogeneities, such as non-uniformity of
the short-range order, can lead to anomalous behavior of
both the thermal, transport and electron properties of car-
bon nanomaterials.
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Table 1. Brief information about the samples

Ref. Synthesis technique Average diameter, nm Temperature interval, K Measuring technique Sample
(length) mass
[12] AD' 10-20 1-200 Thermal relaxation 1020 mg
(10 pm) technique
[11] CVD2 20-40 10-300 Self-heating 3® method
[15] cvD’ Sample Al 29072558 6-120 Relaxation method 200 pg
cvD’ Sample B 248’ 221"
Sample C 17/25"
[18] cvD’ below 30 56-300 Adiabatic technique
[13] cvD’ 20-30 (1-3 mm) 1.8-250 Relaxation technique 2.2 mg

Notes: ' arc discharge technique, ? chemical vapor deposition, 3 outer diameter of MWCNTs, # inside diameter of MWCNTS.

In Hone’s study [25], it was found that the presence of
helium in bundles of SWCNTs leads to an anomalous be-
havior of the specific heat below 20 K (see Fig. 2 in
Ref. 25). Adsorbed Xe, Np, and CHy impurities lead to a
significant increase in the specific heat of bundles of closed
single-wall carbon nanotubes at low temperatures [26-30].
For example, the concentration of several admixture nitro-
gen molecules per 1000 carbon atoms in bundles of single-
walled carbon nanotubes leads to an increase in the specif-
ic heat by a factor of 1.5 at ~ 2 K. Thus, thorough cleaning
of samples from gas impurities is an integral part of obtain-
ing precision data on the heat capacity of carbon nanoma-
terials.

In the reviewed papers, MWCNTs were obtained using
different methods and technologies. The analysis of the
discussed results is difficult due to the lack of complete in-
formation in a number of papers on the purity of
MWCNTs, measurement errors, etc. The results of meas-
urements of the specific heat vary greatly; especially in the
low-temperature region (see below Fig. 6). Despite inten-
sive experimental studies, the specific heat at constant
pressure of multilayer carbon nanotubes has not been com-
prehensively studied at low temperatures. Also, interest in
carbon nanotubes from the side of new applied problems
requires more extensive studies of their properties depend-
ing on their size, production technology, and so on.

The present paper is devoted to studies of the low-tem-
perature specific heat of multi-walled carbon nanotubes
with a controlled level of defectiveness and with a low
content of inorganic impurities in order to obtain infor-
mation about the effects of dimensionality in the thermo-
dynamics of MWCNTs with different diameters. We used
the system set of MWCNTs, obtained using the same type
of catalysts and defectiveness, which was characterized
using TEM (transmission electron microscopy), Raman
spectroscopy, XRF (x-ray fluorescence method), EDS (the
energy dispersive x-ray spectroscopy), and temperature
dependence of conductivity [31-37].
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Experiment

The calorimetric studies of MWCNTSs have been made
in the temperature range from 1.8 to 275 K. The specific
heat was measured using the thermal relaxation method.
The measurements were carried out on the physical proper-
ty measurement system (PPMS) from Quantum Design
Inc. operating in the heat capacity mode. A simplified draft
of the set-up is shown in Fig. 2 [38].

Measuring system (the so-called puck) consist of a
measuring platform on which a sample is anchored with an
Apiezon grease. After mounting the sample on the puck,
the chamber was sealed and cooled down to temperature
150 K. The measurements were carried out in high-vacuum
conditions. Each time, two series of run were performed.
During the first run measurements were performed from
150 K down to 2 K and from 2 K up to 275 K during the
second one. The temperature of the sample was measured
with the resistive thermometer Cernox (Lake Shore). The
under consideration samples of MWCNTs were cut out
from plates with thickness about 2—3 mm. The plates were
obtained by compacting the MWCNTSs powder under the
pressure of 1.1 GPa as in Ref. 28.

MWCNTs were prepared using the CVD method by de-
composition of ethylene over the bimetallic Fe-Co/Al,03
catalyst at 670°C FepCo as an active component [39,40].
This catalyst composition has been shown to provide
MWCNTs of low defectiveness [31] and with low content

Apiezon grease
Sample /

Platform | g;t%rmal
(puck frame)

Heater

Connecting
wires

Thermal [

bath
(puck frame)

Thermometer

Fig. 2. Thermal connection scheme between a sample and
the measuring platform in PPMS heat capacity puck.
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Table 2. Chemical atomic composition of the MWCNTSs samples

Sample C o Si Cl Fe Cr Co
at.% | at.% | at% | at% | at.% | at% | at.%
sl 99.49 | 0.24 | 0.07 | 0.01 | 0.17 | 0.02 0

s2 99.45 | 0.31 0 0.04 | 0.04 0 0.03
s3 99.72 0 0 0.01 | 0.17 | 0.01 | 0.09

of inorganic impurities. Further refluxing of nanotubes
with 15% HCI (followed by washing with distilled water
until neutral pH and subsequent drying in air) allows de-
creasing the content of catalyst traces to 0.3—0.5 wt%. Pu-
rity of prepared MWCNTSs powder is over 99.4 at.%. In-
formation about the chemical composition of the samples is
given in Table 2. In the experiment, 3 batches of MWCNTSs
powders differing in mean tube diameters were used:
7.2 nm (sl), 9.4 nm (s2) and 18 nm (s3). Information on
the samples of the MWCNTs is given in Table 3. The mor-
phology of MWCNTs with different diameters is visible in
TEM images (Fig. 3). MWCNTs are not combined in bun-
dles, unlike SWCNTs.

Table 3. Information about the MWCNTs samples

Sample Mean diameter, nm Length, nm Mass, mg
sl 7.2 Up to 50000 2.35
s2 9.4 Up to 50000 2.37
s3 18 Up to 30000 43

Scanning electron microscopy (SEM) analysis was car-
ried out on JEOL JSM-7500FA at 20 kV to evaluate sur-
face morphology of the samples. Element composition and
concentration were measured by the energy dispersive x-ray
spectroscopy (EDS) [41].

The sample mass was specified with Sartorius CPA225D
semi-microbalance. The mass of the samples was 2.35 mg
(sample sl); 2.37 mg (sample s2) and 4.3 mg (sample s3)
(see Table 3). During the experiment, the heat exchanging
helium gas was not used for cooling of the calorimeter to
the low temperatures.

Measurement error did not exceed 2%. Other details of
the experiment were described elsewhere in Refs. 42, 43.

Results and discussion

The specific heat of MWCNTSs with mean diameter of
7.2 nm (sample s1), 9.4 nm (s2) and 18 nm (s3) was meas-
ured in the temperature range from 2 to 275 K. The graphs
of the temperature dependence of the specific heat of the
studied samples are shown in Fig. 4. Figure 4 also displays
the curves of the temperature dependence of the specific
heat of graphene (theory) [25], bundles of SWCNTs (ex-
periment) [26], graphite (experiment) [44—46] and dia-
mond (experiment) [47,48].

It is noteworthy that the temperature dependences of
the specific heat for all carbon materials discussed, with
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Fig. 3. The TEM images of MWCNTs with mean diameter
7.2 nm (s1), 9.4 nm (s2) and 18 nm (s3).

the exception of diamond, above 100 K are close: the dif-
ference in the results of studies does not exceed 15-30%.
The curves begin to diverge below 60—-100 K.

The behavior of the temperature dependence for dia-
mond differs sharply from other carbon materials, which is
apparently due to the fact that diamond has a sp3 bond, in
contrast to the different forms of the sp2 bond for the re-
maining carbon materials. In diamond, carbon atoms are
strongly bonded with the nearest neighbors (sp3 hybridiza-
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Fig. 4. (Color online) The temperature dependences of the specific heat of carbon materials. Theory: graphene [25] (/); Experiment:
SWCNT bundles [26] (2); MWCNTSs: the samples sl (3); s2 (4); s3 (5) (present work); graphite: [44] (6), [45] (7); [46] (8); diamond
[47] (9), [48] (10). (a) Entire temperature range; (b) Temperature range below 20 K.

tion); there are very high frequencies of vibrational modes
and a high Debye temperature of about 2000 K [48].

In the allotropic forms of carbon: graphite, MWCNTs,
and bundles of SWCNTs, there are both strong (sp2 hyb-
ridization in the plane or on the nanotube surface) and
weak (van der Waals) interactions between the layers and
the walls of the tubes in bundles. The contribution of low-
frequency modes to the heat capacity of these allotropic
forms of carbon increases with decreasing temperature
below 300 K. As a result, below 300 K, the difference be-
tween the temperature dependence curve of the heat capac-
ity Cp(T) of diamond and the curves of heat capacities
Cp(T) of graphite, graphene, MWCNTs, and SWCNT
bundles increases with decreasing temperature.

The character of the low-temperature dependences of
graphite, MWCNTs, and SWCNTs bundles is qualitatively
similar, and the dimensionality effect in the heat capacity
of these materials is determined by the relative contribu-
tion of low-frequency vibrations. In anisotropic layered
graphite, carbon atoms form a hexagonal network and are
connected by strong covalent “flat” bonds (sp2 hybridiza-
tion) [49,50]. The Debye temperature due to vibrations of
carbon atoms in the plane is about = 2500 K (higher than
in diamond [51]). Between the layers, the carbon atoms are
bound by weak van der Waals forces. At low temperatures,
the contribution to the heat capacity of graphite from low-
frequency vibrational modes dominates. From the analysis
of low-temperature data on the heat capacity of graphite,
Ramos et al. [45] found, that the Debye temperature is
Op = 420 K, which is 5 times less than ©p diamond. In
graphene, there are both high-frequency (vibrations of car-
bon atoms in the plane) and low-frequency (transverse
vibrations) vibrational modes.

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

In the SWCNTs bundles, there are high-frequency vi-
brations of carbon atoms on the nanotube surface due to
the strong interaction between carbon atoms (deformed sp2
hybridization) and low-frequency vibrational modes (trans-
verse vibrations of atoms, elastic longitudinal and torsional
vibrations of the tube as a whole).

When the wavelength of the transverse oscillations is
equal to or greater than the tube radius, the transverse radi-
al modes are quantized [25]. Both in the SWCNTs and in
multi-walled tubes, there is a weak interaction between the
walls of the tubes due to the van der Waals forces.

The low-energy part of the spectrum will change with
an increase in the number of tubes in bundles of SWCNTs
and the number of walls in MWCNTSs. According to the
theory [19], an increase in the number of as single-walled
tubes in the SWCNT bundles as and layers in multi-walled
tubes leads to an increase in the frequency and a decrease
in the density of states in the low-energy part of the spec-
trum. This reflects the trend observed in the experiments
(present work and Refs. 12, 13).

The theoretical heat capacity curve for graphene [25]
(Fig. 4) demonstrates a linear dependence on temperature
and lies above the other curves below 60 K.

Above 6 K, the specific heat curves of MWCNTs (samples
sl and s2, diameters of tubes: 7.2 and 9.4 nm, respectively)
and SWCNT bundles practically coincide. Below 6 K, the
curves for MWCNTs (s1 and s2) diverge from the SWCNTSs
curve down towards graphite. Curves for MWCNTSs sample
s3 and for graphite noticeably diverge from curves of our
samples sl and s2 and graphene below 100 K. The curve
for sample s3 with a tube diameter of 18 nm diverges from
a graphite curve of about 30 K, below 30 K it lies higher
than graphite curve, but below the curves s1 and s2.
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Comparison of the obtained results with the literature
data showed that at temperatures below 6 K the specific
heat of MWCNTSs decreases monotonically with an in-
crease in the average diameter of the tubes (see below
Fig. 6). The heat capacity curve MWCNTs (diameter 15 nm)
from Ref. 12 is located between our curves for samples s2
(9.4 nm) and s3 (18 nm), and the curve (25 nm) from
Ref. 13 lies below ours curve s3 (J18 nm).

The results of Yi et al. [11], Jorge et al. [14,15] and
Muratov et al. [18] are qualitatively close to each other.
Below 60 K data of Yi et al. [11] and Jorge et al. [14,15]
lie above both present results and the data from Refs. 12, 13.
At 15 K, the data [11,14,15] exceed our results, the data
from Ref. 12 (15 nm) and Ref. 13 (&25 nm) more than
2 times. Note that the nature of such difference, apparently,
is associated with a significant difference in the morpholo-
gy of the tubes. The authors of [16] believe that this may
be due to the manifestation of the electronic subsystem in
the defective — “dirty” samples.

For convenience of analysis, let us present the tempera-
ture dependence of the MWCNTs specific heat of meas-
ured samples sl (&7.2 nm), s2 (9.4 nm) and s3 (18 nm)
in coordinates C/T~ vs T as are shown in Fig. 5. The nature
of the temperature dependences of the heat capacity indi-
cates the behavior with different dimensions in different
temperature ranges. The curve s3 clearly shows how the
behavior of C(7) changes with temperature, corresponding
to a change in dimensionality from linear at high tempera-
tures to cubic at low temperatures through the quadratic at
intermediate temperatures.

The nature of the temperature dependence of the specific
heat of MWCNTs suggests that the manifestation of 1D-3D
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Fig. 5. (Color online) The specific heat of the studied samples
sl (1), s2 (2) and s3 (3) in coordinates C/T? vs T. Crossover tem-
peratures are indicated by arrows.
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dimensionality is due to the competition between the con-
tributions of low-frequency oscillations as in the tubes and
between the walls of the tubes and high-frequency oscilla-
tions on the surface of the tubes in the density of phonon
states. The dominant contribution is made by low-frequency
oscillations between the walls of the tubes, as can be seen in
the example of sample s3, in which the number of layers is
noticeably larger than in the tubes of samples sl and s2.
The change in the behavior of the temperature dependence
of the specific heat with a quasi-1D dimension to a quasi-
2D is observed in the temperature range from about 40 to
200 K. The areas of crossovers are most brightly shown on
sample s3 with a diameter of 18 nm: about 6 and about 40 K.
Note that temperature hysteresis is observed in these areas.
The quadratic temperature dependence of the specific heat
is from 6 to 40 K. With the decrease of the diameter of the
MWCNTs, the Tz—temperature dependence is blurred and
the absolute values of the heat capacity increase.

At the same time, an analysis of the temperature depend-
ences of the specific heats of literature data on graphite,
SWCNT bundles, MWCNTSs [12,13,26,44-46] shows that
at the temperature close to 40 K a feature is observed —
a crossover from quasi-1D to quasi-two-dimensional be-
havior (see Fig. 6). Neutron studies [52—54] show that the
curves of the density of states for SWCNTs and graphite
exhibit anomalies at energies of 2.5-3.5 meV and 16 meV
(see Figs. 17-19 in Ref. 54 and Fig. 5 in Ref. 52), which
correspond to the temperatures of the anomalies in heat ca-
pacity. Note that, as in the studies of heat capacity and ther-
mal expansion [26], the temperature dependence of elec-
trical conductivity [55] also exhibits a feature near 30 K.
According to the authors of [55], this feature is due to

SE
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10 K 100
Fig. 6. (Color online) The specific heat in coordinates C/ T vs T:
bundles of SWCNTSs [26] (/); the MWSNT sample sl (7.2 nm) (2);
the MWSNT sample s2 (9.4 nm) (3); MWSNTs (J ~ 15 nm)
[12] (4); the MWSNT sample s3 (18 nm) (5); MWSNTs
(& ~25 nm) [13] (6); graphite: [44] (7), [45] (8).
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the change in the mechanism of conductivity in a system
oriented of SWCNTSs from the state of the Luttinger liquid
to the Mott dielectric phase in the temperature range 25-36 K.
Also features in temperature dependences of conductivity
(with diameters from 5.8 to 25 nm) and magnetoresistance
(with diameters from 8.7 to 25 nm) MWCNTs (tubes simi-
lar to ours) were observed at temperatures below 50 K (see
Fig. 2 in Ref. 32).

Conclusion

The specific heats of systematic set of MWCNTSs with
variable external diameters and number of graphene walls
have been measured from 2 to 275 K by the thermal re-
laxation method. The elemental composition and morpho-
logy of the MWCNTs were determined using scanning
electron microscopy analysis and energy dispersion x-ray
spectroscopy. The MWCNTSs prepared by chemical cata-
lytic vapor deposition contained over 99.4 at.%, which have
mean diameters from 7 nm up to 18 nm and lengths in
some tens of microns. It was found that the low-tempera-
ture dependence of the specific heat of the MWCNTSs of
the studied samples differs significantly from other carbon
materials (graphene, graphite, diamond) at low tempera-
tures. It was also found that the specific heat of MWCNTSs
systematically decreases with increasing diameter of the
tubes at low temperatures. The character of the temperature
dependence of the specific heat of the MWCNTSs samples
with different diameters demonstrates the manifestation of
different dimensionality from 1D to 3D, depending on the
temperature regions. The crossover temperatures are about
6 and 40 K. In the vicinity of these temperatures, a temper-
ature hysteresis is observed.
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HusbkoTeMnepaTypHa nMTOMa TEMNSIOEMHICTb
BaraTtocTiHHNX BYrneLeBmux HaHOTPYBOoK

B.B. Cymapokos, A. Jezowski, D. Szewczyk,
M.l. Baraubkuii, M.C. Bapabawko, A.H. NMoHomapboB,
B.J1. KysHeuos, C.l. MoceeHkoB

ITuTOMy TEmIOEMHICTh GAraTOCTIHHUX BYIJICLIEBHX HAHOTPY-
60k (BCBHT) 3 HU3bKOIO Ie(EeKTHICTIO Ta HU3HKUM BMICTOM He-
OpraHiyHHX JOMIIIOK BUMIpsIHO B [iama3oni Temmneparyp 1,8-275 K
MeToJ10M TerutoBoi penakcanii. 3pazku BCBHT orpumano ximiu-
HUM KaTaJiTHYHUM OCa/DKeHHSM 3 mapoBoi ¢asu. EnemeHTHHI
cxinay i mopgonoriro BCBHT BU3HaueHO 3a IOMIOMOTOKO CKaHY-
10401 €JIeKTPOHHOT MIKPOCKOMIi Ta eHeproaucnepciiHol peHrre-
HIBCBbKOI crekTpockomii. HaHOTpyOkn Mamm cepensiii giamerp
Bix 7 mo 18 HM i HOBXHMHY B KilbKa HecsaTKiB MikpoH. HucTtoTa
BCBHT 6ymna 6inbm Hix 99,4 at.%. Maca 3pa3kiB cCTaHOBHIIA Bij
2 no 4 mr. BusiBneno, mo TemieparypHa 3ajeKHICTb MHUTOMOT
teroemaocti BCBHT 3Ha4HO Bifpi3HSAETHCS BiJl TEILIOEMHOCTI
IHIIKMX ByIJIeeBux matepianiB (rpadena, B’s30k OCBHT, rpadi-
Ty, aIMa3y) IIpU HU3bKUX Temmeparypax. Termoemuicts BCBHT
CHCTEMAaTUYHO 3MCHIIYEThCS 31 30UNbIICHHSIM JiaMeTpa HaHOT-
pyOOK IIpu HM3BKHX TeMIlepaTrypax. TeMmmepaTypHi 3aJeHOCTi
nuromoi tertoemuocti BCBHT 3 pisHuMH AiameTpaMu AeMOH-
CTPYIOTh TNpPUTAMAHHHN HHU3BKOBHMIDHHM CHCTEMaM XapakTep
Bix 1D mo 3D B 3anexHOCTI Bif TemiepatypHux obnacreid. Tem-
nepatypu Kpocosepa ckianarots Oimspko 6 ta 40 K. ITobmmzy
LUX TEMIIEPATyp CIOCTEPIraeThes ricTepesmuc.

Kirouosi cnoa: Byrnenesi HanotpyOoku, BCBHT, nmuroma Ten-
JIOEMHICTbh, HI3bKOBUMIPHI CHCTEMH.

HuskoTemMnepaTypHas yaenbHas TEN0eMKOCTb
MHOFOCTEHHbIX YrNiepoaHbIX HAHOTPYBOK

B.B. Cymapokos, A. Jezowski, D. Szewczyk,
M.W. baraukuin, M.C. bapabaluko, A.H. lNoHomapes,
B.J1. KysHeuos, C.N. MoceeHkoB

VYienbHas TEIUIOEMKOCTh MHOTOCTEHHBIX YTJIEPOJHBIX HAaHO-
tpybok (MCYHT) c Hu3KOH Ne(eKTHOCTBIO M HHU3KHM COJIEp-
JKaHHEM HEOPraHHYeCKUX MpHMeceil n3MepeHa B IHana3oHe TeM-
neparyp 1,8-275 K meromom TemnoBoii penakcanuu. OOpasusl
MCVYHT nony4eHbl XUMHYECKHM KaTAJTUTUYECKUM OCAXKICHUEM
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The low-temperature specific heat of MWCNTs

13 mapoBoi (a3bl. DeMeHTHBIH cocTaB U Mopdonorust MCYHT
OIpEJCICHbl C MOMOINBI0 CKaHUPYIOUIECH 3JIEKTPOHHOM MHUKpPO-
CKOMMU M 3HEPTrOJUCIEPCHOHHONW PEHTIeHOBCKOM CIIEKTPOCKO-
muu. HanotpyOku mmenu cpermumii muamerp ot 7 mo 18 HM u
JUIMHY B HECKOJBKO AecsITKOB MUKpoH. Ynuctota MCYHT Gonee
99,4 at.%. Macca o0pa3uoB cocrasisiia ot 2 10 4 mr. OGHapyxe-
HO, YTO TEMIepaTypHasl 3aBHCHMOCTb YAEIbHOW TEMIOEMKOCTH
MCVHT 3HauuTelbHO OTJIMYACTCA OT TEIUIOEMKOCTH APYIHX
yriepoJHsix MarepuaioB (rpadena, ceszok OCYHT, rpadura,
alMasa) TpH HU3KUX Temmeparypax. Temmoemkocts MCYHT

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

CHCTEMaTHYECKN YMEHBIIACTCSl C YBEIMYCHHEM JHaMeTpa HAHOT-
pyOOK IpH HU3KHX TeMmeparypax. TemmepaTrypHble 3aBHCHMOCTH
yaensHoi Temoemkoctd MCYHT ¢ pasHbIMH AuameTpamul jae-
MOHCTPHPYIOT NPUCYIIHH HU3KOPa3MEPHBIM CHCTEMaM XapakTep
ot 1D nmo 3D B 3aBUCHMOCTH OT TeMIepaTypHbIX obnacTeid. Tem-
TepaTypel KpoccoBepa cocTaBisroT okoo 6 u 40 K. Bomusu sTux
TeMIeparyp HalJto1aeTcsi THCTepesHC.

Kirouessre croBa: yriepoausie Hanotpyoxu, MCYHT, ynenbnas
TEMI0EMKOCTb, HU3KOPa3MEPHbIE CUCTEMBI.
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