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The cooperative phenomenareveal ed in the field and temperature dependences of the magnetizationin asystem
of iron nanoparticlesin carbon nanotubes were studied experimentally. The character of the temperature depen-
dences of the magnetization indicates that the ferromagnetic Fe particles in carbon nanotubes are exchange-
coupled. In the region where the magnetization approaches saturation, the magnetization curves revea the

power dependence AM ~ H-32 typical for aone-dimensional system of exchange-coupled ferromagnetic nano-

particles. © 2003 MAIK “ Nauka/Interperiodica” .
PACS numbers: 75.75.+a; 75.60.Ej; 75.50.Bb

At present, many researchers are interested in the
magnetic properties of ferromagnetic nanowires from
the viewpoints of both possible applications and funda-
mental research [1-22]. Such effects as giant (70% [1],
20% [15]) and colossal (up to 10000% [2]) magnetore-
sistance and giant (as compared to bulk ferromagnets)
coercive force (1-5 kOe) [1, 3-7, 17-19] have aready
been observed in magnetic nanowires.

Two methods are currently used for producing
nanowire ensembles based on Fe, Co, Ni, and their
aloys. The first method is the electrochemical deposi-
tion of a metal into cylindrical pores of such porous
matrices as aluminum oxide [3-11], silicon [12], and
polycarbonate membranes [13-16]. The second
method is based on the arrangement of metal nanopar-
ticlesinside carbon nanotubes produced by the decom-
position of compounds containing a magnetic 3D
metal. This method uses chemica vapor deposition
(CVD) [17-21] and carbon electric arc decomposition
[2, 22].

Unusual magnetic properties of ferromagnetic
nanoparticles are caused to a considerable extent by the
cooperative effects in the magnetic system of strongly
coupled nanoparticles. The cooperative effectsin asys-
tem of exchange-coupled nanoparticles depend mainly
on the strength of exchange coupling and the spatia
arrangement of nanoparticles. In nanomaterials with a

random distribution of the anisotropy axes of small par-
ticles, the main structural characteristics are the size of
the nanoparticles and the dimensionality of their
arrangement. As shown in [23], the average magnetic
anisotropy (and, therefore, the coercive force H, and
the magnetic permesability) of such ferromagnetic
nanomaterialsis described by the power function K[+
K(R/0)2-9 where K is the energy of the local mag-
netic anisotropy, R is the correlation radius of the ran-
dom magnetic anisotropy (in nanocrystals R, is usually

taken to be half the grain size), d = (A/KK)Y2 is the
exchange correlation length, A is the exchange interac-
tion constant, and d is the dimensionality of the grain
arrangement. It was shown in [23, 24] that the approach
of the magnetization to saturation in ferromagnetic
nanomaterials with R, < & (such materials can be con-
sidered as systems of exchange-coupled nanoparticles)
is determined by the dimensionality d of the arrange-
ment of nanoparticles. According to [23, 24], the
reversible part of the magnetization curve of such ferro-

magnetic nanomaterials in fields H < Hy, = 2AIMR’

(so-called exchange field) is described by the following
formula:

MH) =Ms _ (P7H Hor(9F )
M, O H, UOHO '
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where H, = 2K/M, is the local anisotropy field. There-
fore, studies of the magnetization curves in the region
where the magnetization approaches saturation com-
bined with the study of the low-temperature depen-
dence of the magnetization make it possible to obtain
information about the parameters A, K, R;, and d. In
principle, these parameters could also be determined by
studying the dependence of H. on R, but thismethod is
very laborious and methodologically difficult.

The goa of this work was to study experimentally
the cooperative effects that are revealed in thefield and
temperature dependences of the magnetization of asys-
tem of iron nanoparticles in carbon nanotubes.

Experiment. Samples of two types were studied:
samples sl synthesized by the electric arc decomposi-
tion of Fe(CO); [22] and samples s2 synthesized by the
thermolysis of amixture of Cg, fullerenewith ferrocene
[21]. The samples were obtained in the form of powder
consisting of carbon nanotubes filled with iron. Micro-
photographs of the nanotubes abtained by transmission
electron microscopy (TEM) are shownin Fig. 1. It can
be seen that the inner cavities of the nanotubes are par-
tidly filled with iron (dark regions in the microphoto-
graphs of the nanotubes correspond to Fe particles;
semitransparent regions, to the carbon walls). The
weight fraction of Fein the nanocomposites under con-
sideration was estimated from the magnetization mea-
surement results: in sl it was ~50-60%; in s2, ~15-
25%. It can aso be seen in Fig. 1 that the nanotubes
constituting powder samples sl and s2 differ in their
morphology: sl consists of distorted nanotubes
(Fig. 1a), whereas s2 is composed of straight-wall nan-
otubes (Fig. 1b). The nanctubes of both sl and s2 types
have a characteristic inner diameter of ~100 A. Scan-
ning electron microscopy showed that the average
length of the nanotubes of both types was ~10 um [21,
22]. X-ray diffraction studies and M 6ssbauer spectros-
copy showed that the nanowires inside the nanotubes
consisted of a-Fe and Fe;C magnetic particles[21, 22].

Magnetic measurements were performed using a
vibrating-sample magnetometer with a superconduct-
ing solenoid in fields of up to 60 kOe and in the temper-
ature range 4.2 to 200 K. The contribution of the insert
with an empty powder container was measured sepa-
rately (it was ~1%) and subtracted from the results of
measurement.

Results and discussion. The low-temperature mag-
netization curves for samples sl and s2 are shown in
Fig. 2. These curves M(T) were measured in the exter-
nal field H = 20 kOe within the temperature range 4.2
to 200 K. It can be seen that the curves do not exhibit
singularities typical for superparamagnetic particles,
which means that the small Fe particles inside the car-
bon nanotubes are exchange-coupled.
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Fig. 1. (@) TEM image of iron-filled carbon nanotubes syn-
thesized by electric arc decomposition of Fe(CO)s [22];

(b) TEM image of iron-filled carbon nanotubes synthe-
sized by thermolysis of a mixture of Cgq fullerene with

ferrocene [21].

The experimenta dependences M(T)/M(0) are well
described by the theoretical expression known as the
Bloch law (solid linesin Fig. 2):

M(T) = M(1-BT>**-CT>?). )

The relation of the coefficients B and C in Eq. (2)
with the main magnetic constants of the materia
(exchange interaction constant A and the mean length

141” of the atomic exchange coupling) is described
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Fig. 2. Normalized magnetization M(T)/M(0) as a function
of temperature in an externa field H = 20 kOe for Fe
nanowires in carbon nanotubes.

by the well-known formulas

_ K o612
A= gD OB O 3

2/3

57 C
0= ZJ,]r,]/ZJ”r” - ?_SEQ“SOD 4)

where J; isthe exchange integral for apair of neighbor-
ing spinsin the atomic latticer;;.

The calculated constants B, C, A, and DfZDU 2 for the
Fe nanowires under consideration are given in the table
together with the well-known values of the same con-
stants for an a-Fe crystal and a cementite (Fe;C)
crystal.

The measured magnetization curves of the Fe
nanowires under consideration are shown in Fig. 3 both
as standard isotherms M(H) and as AM/M; vs. H=?
curves. The high-field curves of magnetization of the
Fe nanowires plotted in coordinates AM/M; vs. H3?
include rectilinear segments both at liquid helium tem-
peratureand at T = 200 K. These segmentsindicate that

Table
(s1) (2) a-Fe FeC
B, 10° K32 0.35 17 0.34 29
C, 108 K2 17 1.1 0.1 -
w242 A 7 15 2 -
A 10%erglem | 20 0.75 21 0.49
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AM/M, is proportional to H¥2 in a field range up to
60 kOe. The curves shown in Fig. 3 comply with
Eq. (1). They indicate that the exponent of the power
dependence describing the approach of the magnetiza-
tion to saturation isindependent of the temperature and
the process of the synthesis of the ferromagnetic mate-
rial under consideration, but depends only on the
dimensionality d of the arrangement of the exchange-
coupled grains. In the case under consideration, the
dimensionality is 1.

The dependence AM/M, ~ HY2 (d = 3) describing
the approach of the magnetization to saturation in
amorphous and nanocrystal line magnetic materialswas
predicted in [25] and experimentally obtained in [26].
It iswell known to magnetologists and widely used for
interpreting the experimental data on the approach of
the magnetization to saturation in amorphous and
nanocrystaline magnetic materials [27-32]. The
dependence AM/M ~ H™ (d = 2) has been recently
observed in experiments with ultrathin nanocrystalline
and amorphous Co layers [23]. The experimental
curves of the Fe nanowire magnetization obtained in
this work reveal the power dependence AM/M, ~ H=32
typical for a one-dimensional chain of exchange-cou-
pled ferromagnetic grains. It should be noted that the
magnetic properties of such ferromagnetic nanowires
are determined mainly by the specific structure of the
spin system, which can be described as an ensemble of
one-dimensional magnetic units [23, 27] or Imry-Ma
domains [33]. Therefore, an increase in the coercive
force H; in nanowires in comparison with ferromag-
netic films and bulk materials can be explained using
the equation (K= K/NY2 = K(R/R\)¥2 [23], where 2R
is the magnetic unit size and N is the number of nano-
particles constituting a single magnetic unit. In nano-
structured magnetic materials, the following relation is
usually observed: x = R/R; < 1 [23, 27]. Raising both
sides of the relation to a power d/2, we find that, all
other factors being the same, the result isthe largest for
d = 1thanford=3ord=2. Thismeansthat the effec-
tive anisotropy (and, therefore, the coercive force) is
greater in one-dimensional exchange-coupled systems
of ferromagnetic nanoparticles than in similar 2D and
3D systems.

It should be noted in conclusion that a number of
papers have been published recently on the theoretical
estimation and numerical simulation of the magnetiza-
tion distribution and the magnetic properties of one-
dimensional exchange-coupled nanosystems [34-38].
The results obtained in these papers can be applied to
new magnetic systems, such as ferromagnetic nanow-
ires (though with some reservations about the magneto-
dipole interaction, which is disregarded in these
works). In particular, they can be used to interpret the
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Fig. 3. (a) Curves of magnetization of Fe nanowiresin car-
bon nanotubes; (b) high-field regions of the magnetization

curves plotted in coordinates AM/M vs. H~32 for sample si;
(c) the same for sample 2.

changes in some magnetic properties of nanowires
through the changesin the main magnetic constantsand

structural parameters measured in the experiment.
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