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A B S T R A C T

The magnetic properties of multi-walled carbon nanotubes (MWCNTs) modified with

cobalt nanoparticles were studied in the temperatures and magnetic field range of (4.2–

290) K and (0.03–5) T, respectively. Nanoparticles of cobalt encapsulated inside MWCNTs

were obtained by using the chemical vapor deposition technique. The low temperature

SQUID magnetization measurements were supplemented with structural investigations

by means of high-resolution transmission electron microscopy, scanning electron micros-

copy as well as thermogravimetric and X-ray diffraction analysis. X-ray diffraction revealed

the presence of MWCNTs, f.c.c. Co and h.c.p. Co phases. The magnetic characterization

provided the remanent magnetization value (MR) of about 0.07 emu/g (�40% of the satura-

tion moment), while the coercive field (HC) value amounts to 600 Oe. Both parameters MR

and HC slightly decrease with the rise of temperature. The substantial magnetization

increase observed at low temperatures suggests the existence of nano Co clusters (in the

atomic scale size).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) exhibit unique combination of

physical properties [1–3], in particular, they are chemically

and thermally stable and are characterized by high mechani-

cal strength, thermal and electrical conductivity, and large

specific surface area. At the present CNTs are considered as

the most promising building blocks for nanoelectronic de-

vices, since they are able to form a perfect spin-transport

medium with a long spin relaxation time and weak spin–orbi-

tal coupling. It has been shown that in specific types of CNTs

the mean free path of a conduction electron increases with
er Ltd. All rights reserved
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the diameter of the tube leading to quasi one-dimensional

and ballistic transport of electrons [3]. The aspect of ballistic

transport supports the important property of CNTs – low

and constant resistivity. Also, even pure CNTs, which are

non-magnetic materials, are characterized by a giant mag-

neto-resistance [4,5].

On the other hand, it is quite apparent that modification of

CNTs by intercalation and filling the internal cavities with dif-

ferent elements would lead to significant differences in their

electronic structure, transport and magnetic properties [6–11].

Due to very large magnetic shape anisotropies, the encapsula-

tion of magnetic phases in CNTs could provide a feasible
.
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approach to achieve a stabilization of magnetic order against

the thermal fluctuations in systems having extremely re-

duced dimensions. Also, the ferromagnetic (FM) nanoclusters

are expected to have much better magnetic properties than

bulk metals due to their single domain nature [12]. Therefore,

it is desirable to produce CNTs with magnetic material inside

of the tubes in a specific and controlled way.

Beyond the geometrical advantage of a quasi one-dimen-

sional CNT design, the carbon shells can provide an effective

protection against oxidation. This is particularly important,

since applications of ferromagnetic nanoclusters are limited

due to air oxidation, and for practical usage it is needed to

coat metal nanoparticles with air-stable materials. Therefore

carbon-encapsulated magnetic nanoparticles have received

considerable attention due to their high chemical and ther-

mal stabilities [13,14]. The promising applications of magnetic

encapsulates include magnetic data recording, magnetic

resonance imaging, and also magnetic carriers in the field

of biomedicine (e.g. transport of anticancer drugs and heat

treatment of tumors [14]). Also, the magnetic nanoclusters

packed inside of carbon nanotubes can provide a substantial

spin polarization at the Fermi level. Therefore such metal-

filled carbon nanotubes can be considered as potential de-

vices for spin-polarized transport and applications in the field

of spintronics.

Finally, except for the interest related to practical applica-

tions, a study of these magnetic systems provides an avenue

for the exploration of the magnetic order physics in close-to-

one-dimensional structures. In particular, one can expect a

substantial effect of magnetic fluctuations due to the reduced

dimension of nanostructures.

Thus, the purpose of the present work is the investigation

of the structural characteristics and magnetic properties of

multi-walled carbon nanotubes (MWCNTs) modified with co-

balt nanoparticles in a range of temperatures (4.2–290) K and

magnetic fields (0.03–5) T. Apparently, the magnetic properties

of this system have to be studied and discussed in relation to

the respective structural characteristics.
2. Experimental details

Chemical vapor deposition (CVD) was employed to produce

CNTs filled with cobalt nano-particles. Essentially, the growth

process involved heating of a catalyst material to high temper-

atures in a tube furnace. It was followed by the injection of a

hydrocarbon gas, being the carbon source, through the tube

reactor for a chosen growth time. Then, under the flow of an

inert gas, to prevent oxidation of the carbon species, the

system was cooled down to the room temperature and the

carbonaceous materials grown over the catalyst were

collected.

In the course of CNT growth the key parameters were the

chosen hydrocarbons, catalysts and the growth temperature,

which independently determined properties of the obtained

tubes. Our method was based on the catalytic decomposition

of benzene (as carbon source) and cobalt acetylacetonate (as

cobalt source) of in a tube furnace at different temperatures.

CNTs have been synthesized by simultaneous deposition of

catalytic amounts of cobalt and carbon on the walls of a
quartz tube reactor. With this process, the cobalt acetylace-

tonate is decomposed and provides the cobalt particles

which are required for the nucleation of the CNT. After the

reaction cobalt clusters were found inside the CNTs,

whereas the aligned nanotubes have grown on the quartz

glass reactor wall. The tube reactor has been placed in a

furnace at 900 �C and connected to a gas inlet system. The

synthetic route involved the spray pyrolysis of a cobalt ace-

tylacetonate/benzene solution in an Ar atmosphere. In order

to obtain short and well defined CNT the spraying time was

kept between 1 and 4 min. The control of the CNT length

and diameter was performed through the spraying time,

the argon flow and the concentration of the catalyst solu-

tion. After slowly cooling down the furnace under argon flow

(20 �C/min) the CNTs formed well defined aligned layers on

the tube walls, which were then mechanically removed from

the tube.

The characterization of the product was performed by a

scanning electron microscope (SEM, FEI XL30 LaB6). The sam-

ples have been glued to an alumina holder with silver paste

and covered by 10 nm thick gold/palladium layers in an ion

beam evaporator for contrast and stability reasons. Measure-

ments have been done with different acceleration voltages

and variable electron spot size between 5 and 20 nm, depend-

ing on the magnification. High-resolution transmission elec-

tron microscopy (HRTEM) was carried out with a Philips

TECNAI 20 S-TWIN apparatus with field emission gun at

200 kV. The obtained micrographs have been recorded with a

1024 · 1024 pixel CCD-Camera. For the CNT characterization,

the attained resolution (line resolution 0.14 nm, point

resolution 0.24 nm) was suitable to resolve single carbon

layers, and magnifications of up to 690,000·s have been

achieved.

For characterization of the samples, we also employed the

thermogravimetric analysis (TG, Sartorius MC5) in air. Their

structure and phase composition were studied in detail by

the X-ray diffraction spectroscopy (XRD) with X-ray diffrac-

tometer (Bruker AXS).

In the temperature range (4.2–290) K the magnetic proper-

ties of the cobalt filled MWCNTs were measured by a SQUID

(Superconducting Quantum Interference Device) magnetom-

eter [15] in fields up to 50 kOe with an absolute error less

than 10�6 emu for the measured magnetic moments. For

the magnetization studies the samples were prepared by

compacting the Co-encapsulated MWCNT powder (mass

about 10 mg) inside of an elongated aluminum foil cylinder

with 1.5 and 7 mm in diameter and height, respectively.

Cylindrical shape of the samples fits the experimental setup

and also reduces the effect of demagnetization factor in

magnetization data obtained in the magnetic field applied

for all measurements along the cylinder axis. The measure-

ments were made after cooling the sample from room to he-

lium temperature in a zero magnetic field (zero-field-cooling

regime, ZFC). Then the temperature dependences of the

magnetization M(T) were measured under a slow heating

with the rate of about 1.5 K/min in the applied magnetic

fields H = 300 Oe and 30 kOe. The field dependencies of the

magnetization were also measured in ZFC regime in

magnetic fields up to 46 kOe at temperatures T = 5, 130 and

250 K.



Fig. 2 – Thermogravimetric analysis of MWCNT/Co.
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3. Results and discussion

3.1. Structural properties

According to the electron microscopic SEM and HRTEM re-

sults in Fig. 1, the obtained CNT are MWCNTs. The inner

diameter of these MWCNTs was estimated to be about (10–

12) nm, whereas the outer diameter is about (30–40) nm and

the length is up to 30 lm. These MWCNTs contain clusters

of cobalt (or its compounds) with an average diameter of (3–

5) nm. The SEM and HRTEM images given in Fig. 1 exhibit

the absence of amorphous carbon and graphitic particles in

the samples.

Results of the thermogravimetric (TG) analysis in Fig. 2

show that the decomposition of the MWCNTs in air starts

at temperature about 420 �C, and the overall amount of resi-

due (mostly cobalt oxides) in the MWCNT sample is about

2 wt.%. Also, the TG diagrams demonstrate that the quality

of the obtained MWCNTs is high, and the amount of amor-

phous carbon is very low. It is important to note that accord-
Fig. 1 – SEM and HRTEM images of MWCNT/Co. The dark

spots denote the metal nanoparticles.
ing to the SEM and TG results, the content of MWCNTs in the

samples was estimated to be higher than 90%. The diameter

of the formed MWCNTs was found to be directly related to

the cobalt cluster diameter, thus an increase of the MWCNT

diameter with increasing the cobalt acetylacetonate concen-

tration was observed.

The XRD patterns of MWCNTs grown with benzene (BZ)

and cobalt catalyst are displayed in Fig. 3. The peak at the an-

gle of 26.2� corresponds to the interplanar spacing between

the MWCNTwalls and is marked by CNT (0 0 2). The interlayer

spacing of 3.411 Å for MWCNT grown with BZ, slightly ex-

ceeds that observed for the perfect graphite (3.354 Å). The

other feature characteristic of MWCNTs is the peak at

2h = 42.5� which corresponds to the (1 0 0) reflection. A peak

at the angle of 2h = 44.5� corresponds to the hexagonal Co

reflection. The cubic cobalt reflection at 44.0� is superimposed

by a stronger MWCNT (1 0 0) feature. The crystalline phase of

hexagonal cobalt is also represented by a weak reflection

which is represented by additional peak at 47.5�. Another dis-

tinct feature observed in the recorded patterns is the peak

from residue cubic iron, at 65.0�. We should note that any

characteristic reflections of related oxides or carbides were

not observed in the XRD patterns.
Fig. 3 – XRD pattern for MWCNT/Co.



Fig. 5 – Hysteresis effects in magnetization of MWCNT/Co at

the temperatures of 40 and 130 K.
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3.2. Magnetic properties

In order to characterize magnetic properties of the MWCNT/

Co sample, both magnetization curves and hysteresis loops

were measured. The results of our magnetization measure-

ments at different temperatures (ZFC regime) are presented

in Fig. 4. As it can be seen, the saturation of magnetization

is achieved at temperatures 130 and 250 K. The saturation

magnetic moment of about 0.17 emu/g was found to be

weakly dependent on temperature (see the dashed horizontal

lines in Fig. 4). In addition, the magnetization data for the

high field range revealed a trace of the diamagnetic behavior

(namely, dM/dH < 0), which is assumed to be a manifestation

of the MWCNT host susceptibility [16]. However, no satura-

tion of M(H) was observed at temperature 5 K. This low tem-

perature branch of M(H) presumably provides an evidence in

favor of the paramagnetic behavior of some kind of atomic-

scale size Co particles. At high temperatures this paramagne-

tism appeared to be substantially less pronounced, and one

can see that a clear saturation is achieved in the fields above

10 kOe for relatively large ferromagnetic clusters, which are

seen in the TEM picture (Fig. 1).

Due to the presence of ferromagnetic clusters, a hysteresis

effect in the magnetization was observed in the MWCNT/Co

sample, which is presented in Fig. 5 for temperatures 40 and

130 K. The hysteresis loops clearly show that the studied sam-

ple is a ferromagnetic material with a comparatively high va-

lue of coercive field. The quantitative analysis provides the

remanent magnetization value (MR) of about 0.07 emu/g,

which corresponds to 40% of the saturation moment of FM

clusters, while the coercive field (HC) value amounts to

600 Oe. Both quantities MR and HC revealed a slight decrease

with increasing temperature. Since the value of HC for a small

particle is determined by the product of the particle volume

and anisotropy energy, this behavior must be a consequence

of high anisotropy energy in the case of Co particles. The ob-

served temperature behavior of the hysteresis effect can be

used to estimate roughly the blocking temperature TB of these
Fig. 4 – Magnetization of MWCNT/Co at different

temperatures. Model description is presented with the solid

line (see text for details).
magnetic nanoclusters. By using the corresponding formula

for the temperature dependence of the coercive field [17]

HCðTÞ ¼ HCð0Þ½1� ðT=TBÞ1=2�; ð1Þ

we found that the effective blocking temperature for the large

Co clusters is well above room temperature. This is also in

accordance with the measured in a low field of 300 Oe the

temperature dependences of magnetic susceptibility M/H

(both ZFC and FC regimes), which are presented in Fig. 6. In

fact, the ZFC curve does not show any peak up to 300 K, which

could be identified as the blocking temperature. This indi-

cates that produced in this work cobalt nanoclusters with

diameter of 10 nm are large enough to exhibit no superpara-

magnetic behavior below 300 K.

The magnetization increase at low temperatures (clearly

seen in Fig. 6) is likely to be due to the very small paramag-

netic Co particles, which are presumably much smaller than
Fig. 6 – The zero field cooled (ZFC) and field cooled (FC)

magnetization curves of MWCNT/Co sample versus

temperature measured in applied field H of 300 Oe. Model

description is presented with the solid lines (see text for

details).
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those seen in the TEM image (Fig. 1). The magnetic properties

of these small particles can be examined, based on the mea-

sured magnetization behavior at low temperatures. The mag-

netization data in Fig. 4 at T = 5 K were analyzed for the range

of magnetic fields above 10 kOe with the following equation

MðHÞ ¼ nl0LðxÞ þMS; ð2Þ

where L(x) is a Langevin function with x = l0H/kT, n the num-

ber of particles, l0 their effective magnetic moments, k the

Boltzmann constant and MS the saturated magnetization of

FM clusters. Using the experimental data for the saturation

magnetic moment at T = 130 K (0.19 emu/g, dashed line in

Fig. 4) as a rough approximation for the MS value, a satisfac-

tory description of the magnetization data at T = 5 K can be

achieved for the fields H > 10 kOe with Eq. (2) (see solid line

in Fig. 4), by employing the following values of the fitting

parameters: nl ffi 0.41 emu/g and l0 ffi 5 · 10�2 emu. The above

values correspond to a concentration of the paramagnetic

clusters n � 0.85 · 1019 g�1 and magnetic moment of one clus-

ter l0 � 5.5lB (lB is the Bohr magneton).

Furthermore, in Fig. 7 we present the temperature depen-

dence of the magnetization, which was measured in the field

H = 30 kOe. Based on the above estimations, one can assume,

that the low temperature behavior of the M(T) dependence is

related to paramagnetism of the magnetic atomic-scale size

Co clusters. In order to describe their contribution to the tem-

perature dependence M(T) in Fig. 7, the Langevin function of

Eq. (2) was employed again for the temperatures varying in

the range of (5–100) K. The solid line in Fig. 7 represents a con-

sistent description of the experimental data on M(T) for

H = 30 kOe within Eq. (2) with the corresponding fitted param-

eters: nl0 ffi 0.39 emu/g and l0 � 9lB. These fitted parameters

are in a qualitative agreement with those obtained by the

analysis of M(H) at T = 5 K within Eq. (2) for H > 10 kOe (see

solid line in Fig. 4). Also, these parameters determine the va-

lue of the Curie constant of the paramagnetic clusters,

C ¼ nl2
0=3k ffi 78� 10�6 K emu/g, where n represents their spe-

cific number.
Fig. 7 – Temperature dependence of magnetization for

MWCNT/Co measured in field H = 30 kOe. Inset: the

corresponding M/H dependence as a function of inverse

temperature. The Curie–Weiss law approximations are

presented with the solid lines (see text for details).
The above obtained value of the paramagnetic Curie con-

stant C can also describe the low temperature behavior of the

ZFC and FC magnetic susceptibility measured in H = 0.3 kOe

(see solid lines in Fig. 6). In this case, however, we assumed

the linear temperature dependence of the background magne-

tization contributions Mb(T)/H, which were taken from the

experimental data at higher temperatures range (dashed lines

in Fig. 6):

vðTÞ ¼ C=TþMbðTÞ=H: ð3Þ

The magnetization of the MWCNT/Co sample measured in

the field H = 30 kOe is also presented in the inset in Fig. 7 as a

function of the inverse temperature, and it exhibits a cross-

over at T ffi 100 K. The linear dependence for temperatures be-

low 100 K corresponds to the above obtained value of the

Curie constant, whereas for the temperatures above 100 K

the behavior is close to linear but with the nearly twice higher

value of C. The origin of the observed in M/H(T�1) inflection

point at T � 100 K (see inset in Fig. 7) is not clear. This can

be an indication of the blocking temperature for a small

amount of cobalt nanoclusters with an intermediate size,

which could produce a superparamagnetic-like behavior

above 100 K. Also, one cannot rule out a magnetic phase tran-

sition at 100 K for a small amount of residual phase. It should

be noted that the peculiarity in magnetization at 100 K was

not detected within experimental accuracy in the (M/H)(T)

dependence at low field (see Fig. 6) due to the dominance of

the ferromagnetic background.

Based on the saturation moment value of about 160 emu/g

(1.6lB/atom for bulk metallic cobalt), we can roughly estimate

the amount of Co in ‘‘large’’ FM clusters to be �0.12 wt.%,

using the value of their saturation moment of about

0.19 emu/g. To evaluate in a similar way a fraction of para-

magnetic nanoparticles in the sample, we need to know the

number of constituent atoms of cobalt. Comparing the ob-

tained value l0 � (5.5–9)lB with the theoretical estimations

of magnetic moments of Co in atomic-scale size particles

(�2lB/atom, [18]), we can roughly estimate that the paramag-

netic nanoparticle consists of (3–5) Co atoms. Accordingly

their total amount is about (0.3–0.5)% of the sample mass.

Therefore, for the sample under study the overall cobalt con-

tent in the FM clusters and atomic-scale size paramagnetic

particles amounts to about (0.4–0.6) wt.%.
4. Conclusions

Synthesized MWCNTs modified with cobalt (MWCNT/Co)

were investigated with respect to their structural and mag-

netic properties. SEM and HRTEM studies show that

MWCNTs have the inner diameter about 10–12 nm, whereas

the outer diameter is about (30–40) nm and the length is up

to 40 lm and contains clusters of cobalt (or its compounds)

with average diameter 5 nm. The SEM and HRTEM results

demonstrate the absence of amorphous carbon and gra-

phitic particles in the samples. The XRD study revealed

the f.c.c. and h.c.p. cobalt phases, as well as the carbon

phase, present in the MWCNT/Co sample, whereas charac-

teristic reflections of related oxides or carbides were not

detected.
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Magnetization studies revealed two principal groups of Co

nanoclusters in the synthesized MWCNT/Co sample. The lar-

ger particles have a size from a few to about 10 nm. They are

ferromagnetic, at least up to 300 K, with the coercive field of

about 600 Oe. The smaller Co particles have the atomic-scale

size. They are responsible for a pronounced paramagnetic

behavior observed at low temperatures.
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