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The work is devoted to the study of the effect of modifying with magnetic metals of structurally different
nanocarbon structures on their electrical and magnetotransport properties. The experimental temperature
and field dependences of the resistivity in a wide temperature and magnetic field ranges are considered,
and the analysis of their features and formation mechanisms is performed. Modification of nanocarbon by
magnetic metals with the concentration of 10 wt. % almost does not influence the value and behavior of the
temperature dependence of the resistivity of modified nanocarbon. The temperature dependence of the re-
sistivity of modified nanocarbon is determined by the same mechanisms as for the initial (before modifica-
tion) nanocarbon. We have revealed the difference in the effect of modifying by magnetic metals on the
magnetotransport properties of different types of nanocarbon associated with the features of interaction of
the magnetic metal particles with particles of nanographite and CNT.
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1. INTRODUCTION

Carbon nanotubes (CNT) and carbon materials pos-
sess a complex of unique physical and chemical proper-
ties and find a wider practical application [1-3]. Direct
regulation of their properties is an important problem.
Modification of nanocarbon structures is of significant
interest, since it allows to influence the electron struc-
ture of nanocarbon and change its properties associated
with the charge transfer and magnetic properties. Use of
modified carbon nanostructures in polymer composites
allows to expand the boundaries of their application.
Therefore, the questions of development of the methods
of modification of nanocarbon and establishment of the
influence of modification on the nanocarbon properties
are a topical problem.

The aim of  the  present  work is  to  establish the in-
fluence of modification of CNT and nanographite with
nickel and cobalt on the mechanisms of electric and mag-
netic conductivity.

2. DESCRIPTION OF THE OBJECT AND
METHODS OF STUDY

As the initial materials for modification, the following
two types of nanocarbon were chosen: multi-walled CNT
obtained by catalytic pyrolysis of carbohydrates (chem-
ical vapor deposition (CVD) method) and nanographite
obtained by thermochemical treatment from thermally
expanded graphite.

Modification of nanocarbons with metals was per-
formed by the metal reduction method from salt during
impregnation of the initial nanocarbon with water-salt
solution [4]. Cobalt and nickel were chosen as the modi-
fying metals. Modification was carried out by the reduc-
tion method from water-salt solution in hydrogen stream.
As a result, the samples of nanocarbon with the content
of the modifying component of 10 wt. % were obtained.

Aqueous solution of cobalt acetate Co(CH3COO)2 with
the salt concentration of 80 wt. % was used for impreg-
nation of the carbon material. Impregnation occurred at
the temperature of 350 K during 48 hours. Reduction of
the carbon material/Co(CH3COO)2 powders to the state
carbon material/metal was performed in hydrogen stream
at T = 350 °C during 15 hours [5, 6].

Measurements of the electrical transport properties
were carried out by the standard four-probe technique [7].
The samples were produced by cold pressing method. The
obtained samples were marked as follows: sample # 1 –
nanographite + Ni, sample # 2 – CNT + Ni, sample # 3 –
nanographite + Со, sample # 4 – CNT + Co.

3. DESCRIPTION AND ANALYSIS OF THE
RESULTS

In Fig. 1 we present the fragments of the diffraction
patterns obtained for the modified nanocarbon samples.

The following parameters of the nanographite sam-
ples are determined according to the X-ray study: multi-
walled CNT of the diameter of 40 nm with the internal
cavity to 10 nm, d002 = 3.35 nm, Lc = 10 nm; flat scales of
nanographite of the diameter to 10 mm, d002 = 3.36 nm,
Lc = 20 nm (here Lc is the crystallite size along the basal
plane c).

As seen from Fig. 1, only Ni lines are revealed in
the samples of nanocarbon modified with Ni, while for
nanocarbon modified with Co both lines of pure cobalt
and lines corresponding to cobalt oxides are identified by
the X-ray data.

In Fig. 2 we illustrate the fragment of the electron
microscopic image obtained using transmission electron
microscope – TEM images of the samples of nanocarbon
modified with Ni.

As seen from Fig. 2, there is a rather uniform distri-
bution of Ni particles on the CNT surface and, obviously,
partly in the internal cavity of CNT.
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Fig. 1 – Diffraction patterns of nanographite samples: (a) CNT
modified with 10 wt. % Ni, (b) CNT modified with 10 wt. % Co,
(c) nanographite modified with 10 wt. % Co
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Fig. 2 – Fragment of the TEM-image of Ni-modified: CNT (a)
and nanographite (b)

Separate nickel particles of size not more than 5 nm
are visualized. Individual Ni particles of size to 50 nm
are observed on the surface of nanographite particles.
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Fig. 3 – Experimental dependences r(T) for the following sam-
ples: (1) Ni-modified CNT and (2) Ni-modified nanographite

So, the samples are heterogeneous systems composed
of multi-walled CNT or nanocarbon and nickel particles.

Temperature and field dependences of the electrical
resistance and magnetoresistance of nanocarbon samples
modified with metals were investigated.

In Fig. 3 we present the dependences ρ(T) for nano-
graphite and CNT samples modified with Ni.

As seen from Fig. 3, dependence r(T) is decaying. In
contrast to the modified nanographite sample, for Ni-mo-
dified CNT sample one observes an anomalous increase
in the resistance with decreasing temperature to 4.2 K.

r4.2 K/r277 K ratio for the sample # 1 is equal to 1.61
and for the sample # 2 – 3.09. r4.2 K/r277 K ratio is almost
2 times more for the sample # 2 (in comparison with the
same ratio for the sample # 1).

A substantial difference in the temperature depen-
dences of the resistivity for these two samples is obser-
ved at low temperatures: a horizontal shelf is observed
for modified nanographite, while for modified CNT – an
anomalous increase in the electrical resistance. Such
behavior of the temperature dependence of the electrical
resistance is typical for the ordered graphites. A weak
dependence of the resistance on the temperature is also
observed for modified CNT at high temperatures, alt-
hough the value of the resistivity is considerably larger.
However, at low temperatures there is an anomalous in-
crease in the resistivity typical for fine-crystalline weakly
ordered graphite. We should note that character of the
temperature dependence of the resistivity for modified
nanocarbon is absolutely the same as the temperature
dependence of the electrical resistance for the initial
(before modification) nanocarbon samples. So, the inf-
luence of modification on the value and dependence of
r(T) is not revealed. Metal particles do not form a con-
tinuous cluster through the whole nanocarbon sample.

A weak dependence of the electrical resistance on the
temperature for the studied samples of modified nano-
carbon is associated with the fact that temperature-in-
dependent scattering at the boundaries of crystallites is
the main carrier scattering mechanism in the given
material that leads to a weak temperature dependence
of the charge carrier mobility. A small overlap of the
valence and conduction bands takes place for ordered
nanographites leading to the situation when charge car-
ier concentration is not changed with temperature at
low temperatures. This fact explains a horizontal shelf
in the dependence r(T) for nanographite.
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Fig. 4 – Dependence of the correction to the conductivity on the
logarithm of temperature Δs/s0 ~ f(lnT) for Ni-modified CNT

In contrast to nanographite, in modified CNT at low
temperatures one can observe an anomalous increase in
the value of the electrical resistance that is, obviously,
associated with the manifestation in these materials of
the quantum effects of weak localization and the elec-
tron-electron interaction of charge carriers. In Fig. 4 we
represent the calculated dependence of the correction
to the conductivity on the logarithm of temperature
Δs/s0 ~ f(lnT) for Ni-modified CNT.

As seen from Fig. 4, linear dependence Δs/s0 ~ f(lnT)
is observed that really implies the possibility to realize
the quantum effects of weak localization and electron-
electron interaction for the obtained modified CNT and
two-dimensional behavior of the conductivity in them.

In Fig. 5 and Fig. 6 we show the relative change in
the magnetoresistance Δr/r for the sample # 1 of nano-
graphite with Ni and sample # 2 of CNT with Ni, respe-
ctively, in two configurations: current I passing through
the sample is directed perpendicular to the magnetic field
induction B (0º) І ^ В and current through the sample
is parallel to the magnetic field induction (90º) I ççB at
the temperatures of T = 77 K and 300 K.

It is seen from Fig. 5 that a substantial increase in
the magnetoresistance Δr/r up to 2% is observed for the
perpendicular orientation, while for the parallel orienta-
tion Δr/r increases only by 0.4 %. For Ni-modified CNT
one observes a loop-shaped positive magnetoresistance
at room temperature and a negative magnetoresistance
at low temperatures (Fig. 6).

In Fig. 7 and Fig. 8 we present the dependence Δρ/ρ
at T = 293 K and 77 K at the perpendicular І ^ В and
parallel I ççB orientations for Co-modified CNT.
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Fig. 5 – Experimental dependences of the magnetoresistance
of Ni-modified nanographite at: 1 − (0º, 300 K), 2 − (0º, 77 K),
3 − (90º, 300 K) and 4 − (90º, 77 K)
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Fig. 6 – Experimental dependences of the magnetoresistance
of Ni-modified CNT at: 1 − (90º, 300 K), 2 − (0º, 300 K)
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Fig. 7 – Experimental dependences of the magnetoresistance
of Co-modified CNT at І ^ В, curve 1 – T = 293 K, curve 2 –
T = 77 K
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Fig. 8 – Experimental dependences of the magnetoresistance
of the sample # 4 at I ççB, curve 1 – T = 293 K and curve 2 –
T = 77 K

For Co-modified CNT, magnetoresistance is positive
in absolute value at T = 293 K and value of Δr/r decre-
ases and becomes negative with decreasing temperature.
A loop-shaped dependence Δr/r (B) is observed at room
temperature.

In Fig. 9 we illustrate the dependence Δr/r (B) at
І ^ В for Co-modified nanographite at T = 293 K.

A small increase in the magnetoresistance is observed
at the parallel orientation of magnetic field, and at the
perpendicular orientation of B and I, magnetoresistance
is slightly higher and is equal to 2.35 %.

The value of the magnetoresistance for Co-modified
nanographite at T = 77 K and at the perpendicular and
parallel orientations of B and I is presented in Fig. 10.
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Fig 9 – Experimental dependences of the magnetoresistance
for Co-modified nanographite at І ^ В and I ççB and T = 293 K
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Fig. 10 – Experimental dependences of the magnetoresistance
for Co-modified nanographite at nitrogen temperature: curve 1
− І ^ В, curve 2 − I ççB

As seen from Fig. 10, magnetoresistance of Co-mo-
dified nanographite at nitrogen temperature is positive
and is equal to 2.4 %. Magnetoresistance at T = 77 K is
positive for both the parallel and perpendicular orienta-
tions of B and I. The absolute value of the magnetoresis-
tance is slightly lower and is equal to 0.6 %. In the case of
the perpendicular orientation of magnetic field and cur-
rent one can observe a positive, quadratic in field, magne-
toresistance of ~ 2-2.5 % in the maximum field. More-
over, with decreasing temperature magneto-resistance is
almost not changed, the resistance remains positive. Such
character of the dependence of the magnetoresistance is
typical for the ordered graphites.

Dependence of the magnetoresistance of the ordered
graphite materials on magnetic field can be written as

2 2p B
n

r m
r

D
= , (1)

where p, n and m  are the concentrations of holes and
electrons and, respectively, their average mobility. The
relative magnetoresistance depends quadratically on the
value of the magnetic induction.

In Fig. 11 we represent the dependences of the mag-
netoresistance on the square of the magnetic field in-
duction for the samples of nanographite modified with
nickel (a) and cobalt (b).

Indeed, a linear dependence of the magnetoresistance
on the square of the magnetic induction for nanographite
modified with both Ni and Co is observed (see Fig. 11).
Considering that mobilities of electrons and holes are ap-
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Fig. 11 – Dependence of the magnetoresistance on B2 for nano-
graphite modified with nickel (a) and cobalt (b)

proximately equal and p/n ratio is equal to 1.2, we have
estimated by the formula (1) the averaged value of the
mobility m, which is equal to 0.114 m2/V·s for Ni-modified
and 0.119 m2/V·s for Co-modified nanographites. With
decreasing temperature, the value of the magnetoresis-
tance slightly increases due to the insignificant increase
in the mobility [8-10].

We note that for the given samples one can observe a
small in value quadratic longitudinal magnetoresistance,
which should be absent in a graphite material for such
mutual orientation of the magnetic field and current. To
our opinion, this is connected with a certain disorientation
of nanographite particles in the bulk sample and consid-
erable difference in the values of the conductivity along
the graphite layers and perpendicular to the graphite la-
yers. This, obviously, leads to the appearance of a small
in value longitudinal magnetoresistance. We note that
presence of magnetic metal particles on the surface of
nanographite particles does not influence the magneto-
resistance of the sample.

An entirely different dependence of the magnetore-
sistance on the magnetic field and temperature is ob-
served for the samples of modified nanotubes. As seen
from Fig. 10 and Fig. 11, a complex view of the field de-
pendences of the magnetoresistance for the samples of
modified CNT is observed: hysteresis in the dependence
of the magnetoresistance on the magnetic field is present
both in the transverse and longitudinal magnetic fields.
For the samples of Ni-modified CNT (Fig. 6) one can also
observe a sign change of the magnetoresistance for dif-
ferent magnetic field orientations relative to the current
through the sample. As it was established in the previous
works [11, 13], during the study of the magnetoresistance
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at different mutual orientations of magnetic field and
current through the sample, the specified features in the
dependences of the magnetoresistance for Fe-modified
CNT are associated with the manifestation of two effects,
namely, the giant magnetoresistance effect and anisotro-
pic magnetoresistance. Giant magnetoresistance is ob-
served in layered or cluster systems, in which magnetic
and non-magnetic phases are combined, and this results
in the spin polarization of charge carriers. Orientation
of  spins  of  magnetic  metals  in  magnetic  field  leads  to
the substantial decrease of charge carrier scattering by
them that, in turn, leads to the decrease in the electrical
resistance of the system in general. Anisotropic magneto-
resistance appears in magnetic metals under the condi-
tion that the easy magnetization axis does not coincide
with the external magnetic field direction and is deter-
mined as r = r^ + (r^ – r½½)cos2q, where r^ and r½½ are
the resistances in magnetic field, respectively, for the
perpendicular and parallel orientations of the current
density vector with respect to the magnetization vector,
q is the angle between the magnetization and current
density vectors. Thus, a complex behavior of the field
dependence of the magnetoresistance for modified CNT
is explained by the manifestation of the effects of giant
magnetoresistance and anisotropic magnetoresistance,
and these effects are more pronounced for Ni-modified
samples than for Co-modified ones. This difference is ex-
plained by the lower content of magnetic phase in CNT
samples modified with Co compared with the samples
modified with Ni. Moreover, as the comparative analysis
of the results obtained for modified CNT and modified
nano-graphite shows, the arrangement of particles of the
nano-sized metal in nanocarbon is the determining factor
for the presence of the effects of giant and anisotropic
magnetoresistances. For CNT, magnetic metal particles
are located over the CNT surface and, obviously, partly
penetrate into the internal cavity of CNT. In this case,
charge carriers in graphite layers and magnetic metal
atoms interact with each other that leads to the appea-
rance of the mentioned phenomena. For modified nano-
graphite, metal particles are placed only on the surface
of nanographite particles, do not interact with charge
carriers in graphite layers, and, therefore, phenomena
of the giant and anisotropic magnetoresistances are not
observed for the given structures.

4. CONCLUSIONS

1. Modification of nanocarbon with ferromagnetic
metals in the concentration of 10 wt. % almost does not
influence the value and trend of the temperature depen-
dence of the electrical resistance of modified nanocarbon.
Temperature dependence of the electrical resistivity of
modified nanocarbon is determined by the same mecha-
nisms as for the initial for modification nanocarbon: for
nanographite this is, mainly, grain boundary scattering
of charge carriers, for CNT – mechanisms of weak loca-
lization and interaction of charge carriers.

2. Differences in the influence of modification with
magnetic metals on the magnetic transport properties of
different types of nanocarbon associated with the features
of interaction of magnetic metal particles and particles
of nanographite and CNT are revealed. It is established
that modification with magnetic metals of nanographite
does not change the classical mechanism of magnetore-
sistance, while modification with magnetic metals of CNT
substantially influences the behavior of the dependence
of the electrical resistance on the magnetic field. Mag-
netoresistance of CNT modified with magnetic metals
is determined by the combination of two mechanisms:
mechanism of giant magnetoresistance, which is typical
for systems in which magnetic and non-magnetic layers
are alternated, and anisotropic magnetoresistance.

3. It is established that structural and morphological
features and distributional character of magnetic metal
particles over the surface of nanocarbon particles is the
determining factor, which defines the nature of the depen-
dence of the electrical resistance on the magnetic field
for nanocarbon modified with magnetic metals. For CNT,
nanosized particles of the magnetic metal are located
over the CNT surface and partly in the inner cavity of
CNT that leads to the interaction of charge carriers in
graphite layers and magnetic metal atoms. This induces
the appearance of the giant and anisotropic magnetore-
sistance effects for the given modified structures. For
modified nanographite, metal particles are placed only
over the surface of nanographite particles and magnetic
metal atoms do not interact with charge carriers in the
graphite layers, therefore, the specified effects are not
observed for these structures.
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