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Abstract—The low-temperature dependences of magnetic characteristics (namely, the coercive force H,, the
remanent magnetization M,., local magnetic anisotropy fields H,, and the saturation magnetization M) determined
from the irreversible and reversible parts of the magnetization curves for Fe;C ferromagnetic nanoparticles encap-
sulated in carbon nanotubes are investigated experimentally. The behavior of the temperature dependences of the
coercive force H.(T) and the remanent magnetization M (7T) indicates a single-domain structure of the particles
under study and makes it possible to estimate their blocking temperature 7 = 420-450 K. It is found that the sat-
uration magnetization M, and the local magnetic anisotropy field H, vary with temperature as ~7>>.
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1. INTRODUCTION

The properties of nanoparticles differ considerably
from those of particles several fractions of a microme-
ter in size or larger. Let us consider the possible reasons
for these differences [1-5].

(1) Nanoparticles are intermediate objects between
bulk systems and atoms, and, therefore, as the number
of atoms in a nanoparticle increases, the properties of
these objects change from those characteristic of a sin-
gle atom to the properties of a bulk body (quantum-
chemical description).

(2) The fraction of surface atoms in a nanoparticle is
comparable to that of bulk atoms; consequently, the
surface contribution gives rise to new properties and
even novel, unusual structural states.

(3)The size of nanoparticles becomes comparable to
the characteristic scale of variation in the physical prop-
erties of a material (the size effect).

(4) Since the small size of nanoparticles makes col-
lective excitations with wavelengths in excess of the
nanoparticle sizes impossible, the thermodynamic
properties of the nanoparticles change significantly (the
so-called finite size effect) [5].

A comprehensive theoretical description of the
properties of nanoparticles, their ensembles, and nano-
materials is still lacking, and relevant experimental data
are just now being accumulated.

Based on the magnetic properties of an ensemble of
small particles, magnetic nanoparticles can be grouped
in two classes, namely, superparamagnetic particles
(usually with sizes ranging from 1 to 10 nm) and ferro-
magnetic particles (10-50 nm). The magnetic proper-
ties of systems of superparamagnetic particles are
explained in terms of the theory of superparamagnetic
relaxation, which is based on the assumption that the
material inside each such particle is ferromagnetically
ordered. Obviously, a more thorough experimental
investigation of the thermodynamic properties of nano-
particles near the ground state can be carried out using
ferromagnetic nanoparticles.

Experimental studies of magnetic nanoparticles of
Fe, Co, and Ni, as well as alloys based on these metals,
are complicated by the fact that, under standard atmo-
spheric conditions, nanoparticles are coated with an
oxide film comparable in thickness to the size of the
particle itself. To prevent the formation of oxide layers,
nanoparticles are prepared in special matrices or encap-
sulated in a shell of a material precluding oxidation [3,
4, 6]. However, this technological problem is far from
simple. For nanoparticles, there is virtually no inert
medium because of their extremely high chemical
activity [4]. The best solution to this problem is offered
by the use of nanoparticles of Fe, Co, and Ni, as well as
their alloys, which are employed as catalysts for the
growth of carbon nanotubes and, consequently, are
encapsulated in the nanotubes. Owing to the chemically
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Fig. 1. TEM image of the carbon nanotubes filled with iron
nanoparticles.

closed and extremely strong bonds of carbon forming
nanotube walls, a carbon nanotube serves as the most
inert capsule for nanoparticles of Fe, Co, and Ni, as
well as for their alloys [4, 6-9].

The purpose of this work was to investigate the low-
temperature dependences of the magnetic properties of
Fe;C ferromagnetic nanoparticles encapsulated in car-
bon nanotubes, which were derived from the irrevers-
ible (coercive force H., remanent magnetization M,)
and reversible (local magnetic anisotropy fields H,, sat-
uration magnetization M,) parts of the magnetization
curves.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

We studied Fe—C nanoparticles encapsulated in car-
bon nanotubes and synthesized through thermal
decomposition of the C;H,(COO),Fe maleate [9].

The samples thus prepared were studied with a
JEOL 100 C transmission electron microscope (TEM)
and a DRON-SEIFERT-RM4 diffractometer. Static
magnetic measurements were performed on a comput-
erized vibrating-sample magnetometer in magnetic
fields of up to 8 kOe at temperatures ranging from 77 to
300 K. A holder with an empty capsule intended to con-
tain a powder sample was measured separately, and its
contribution to the total signal (~1%) was subtracted.
The magnetization curves were obtained for tempera-
tures of 77, 90, and 100 K and, thereafter, in 10-K steps
up to 320 K.

Figure 1 displays the TEM images of nanotubes. We
readily see that the nanotubes are partially filled with
iron (the dark regions in the images correspond to Fe
particles, and the semitransparent regions, to the graph-
ite walls). The measured values of the saturation mag-
netization permit us to estimate the weight fraction of
Fe in these nanocomposites. It was found that the
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Fig. 2. X-ray diffraction pattern of the Fe—C nanoparticles
in carbon nanotubes.

weight fraction of Fe is ~8%. The inner diameter of
these nanotubes is ~100 A. X-ray diffraction analysis
showed that the nanoparticles inside the nanotubes are
particles of iron carbide Fe;C. Indeed, all the reflections
observed in the x-ray diffraction pattern (Fig. 2) can be
identified with those from the system of crystallo-
graphic planes of cementite Fe;C.

3. RESULTS AND DISCUSSION

Figure 3 depicts 25 magnetization curves for the
nanoparticles under study. These curves were obtained
by reducing the external field from 8 kOe to negative
values corresponding to the coercive force H,.. The
insets to Fig. 3 show the magnetization curves mea-
sured at temperatures of 77 and 320 K. It can be seen

0.06

Fig. 3. Temperature dependence of the magnetization
curves for Fe;C nanoparticles in carbon nanotubes.
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Fig. 4. Temperature dependences of the coercive force H,
and the remanent magnetization M,/M; for Fe;C nanoparti-
cles in carbon nanotubes.

that the curves M(H) obtained in the range from —8 to
8 kOe are symmetric with respect to the origin and con-
tain a reversible part, which is characterized by a
unique dependence of the magnetization M on the mag-
netic field H, and an irreversible part, namely, a hyster-
esis loop. The sections of the three-dimensional dia-
gram plotted in the (M, H, T) coordinates in Fig. 3 make
it easier to follow the temperature dependences of the
corresponding magnetic characteristics. Actually, the
(M =0, H, T) section describes the temperature depen-
dence of the coercive force H.(T), the (M, H=0, T) sec-
tion shows the temperature dependence of the remanent
magnetization M (T), and the (M, H = 8 kOe, T) section
represents the temperature dependence of the magneti-
zation in a magnetic field of 8 kOe. As can be seen, the
magnetic characteristics decrease with increasing tem-
perature.

The experimental data presented in Fig. 4 show that
the coercive force decreases with increasing tempera-
ture according to the power law H, ~ T'2. This depen-
dence is characteristic of single-domain noninteracting
nanoparticles at temperatures below the blocking tem-
perature (T) [10]:

H(T) = H.(0)(1-(T/Tp)"). (1)

Therefore, the dependence H (T) plotted in the 72—
H, coordinates makes it possible to estimate the block-
ing temperature by extrapolating the straight-line por-
tion from the low-temperature range to the point corre-
sponding to H, = 0 on the ordinate axis. From expres-
sion (1), the blocking temperature was estimated as
Ty = 420 K. It turned out that the dependence M (T)
plotted in Fig. 4 can also be described by the relation-
ship M, ~ T'?. Extrapolating the straight-line portion of
this dependence from the low-temperature range to the
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Fig. 5. Behavior of the magnetization approaching satura-
tion for Fe;C nanoparticles in carbon nanotubes.

point M, = 0 on the ordinate axis, we obtain the block-
ing temperature 7 = 450 K. Extrapolating the same
straight-line portion of the dependence M(T"?) to T =
0 on the abscissa axis, we find M,/M, = 0.5, which is

close to the remanent magnetization in the Stoner—
Wohlfahrt model.

It is worth noting that all numerical estimates of the
blocking temperature Tz do not exceed the Curie tem-
perature for Fe;C (483 K). Therefore, the dependences
H.(T) and M(T) in this case can be adequately
described in terms of thermal relaxation theory. Note
also that these estimates of the blocking temperature
are substantially higher than the temperatures at which
the magnetization curves were measured. This suggests
that the superparamagnetic contribution to the experi-
mental dependence M(7, H) is insignificant.

Figure 5 presents the high-field reversible parts of
the magnetization curves measured for the studied
nanoparticles at 7= 77, 200, and 320 K and plotted in
the H>-M coordinates. The straight-line portions in
these dependences (Fig. 5) indicate the functional
dependence M ~ H?. This functional dependence was
observed in all the measured magnetization curves (for
clarity, only three isotherms are depicted in Fig. 5).
Therefore, the magnetization curves of nanoparticles
containing Fe that are encapsulated inside carbon nan-
otubes are fitted by the Akulov law:

M(H) _ , 1(HY

M, ! IS(H) ’ @
where H,=2K/M is the local magnetic anisotropy field
in a nanoparticle and M, is the saturation magnetization
of this particle. It is known that the Akulov law
describes the magnetization as it approaches saturation
in polycrystals with large grains not coupled by
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exchange interaction [11]. This law is also valid when
describing the magnetization of single-domain nonin-
teracting ferromagnetic particles. The magnetization
curve for a system of exchange-coupled nanoparticles
is described by other power relationships [12]. Thus,
the dependence M ~ H? revealed in the experiment sug-
gests that the nanoparticles under investigation have a
single-domain structure and are not involved in
exchange interaction.

Figure 6 presents the temperature dependences of
the main parameters derived from expression (2),
which characterize the magnetization curve. It was
found that the saturation magnetization M, and the local
magnetic anisotropy fields H, decrease with increasing
temperature according to the same power law:

M,(0)(1-C,T™"), 3)

M(T)

H/(T) = H,(0)(1-C,T"), (4)

where C),=1.1 x 107 K>?and C, = 1.4 x 1077 K52,

It is known that, in the general case, deviations of
the magnetization from complete saturation are deter-
mined by thermal spin waves and spatial orientation
fluctuations of the unit vector of the easy magnetization
axis I(r). However, the experimental temperature
dependence of the saturation magnetization determined
from the asymptotics H — o< is governed only by the
contribution from thermal spin waves. For this reason,
primary attention is drawn to the deviation of the above
dependence of the saturation magnetization of nanopar-
ticles (Fig. 6) from the well-known Bloch law 732, We
believe that the observed deviation of the dependence
M(T) from the law 73?2 for Fe;C nanoparticles is
caused by a change in the spectral characteristics of
thermal spin excitations in small particles (the so-called
finite size effect) [5]. In particular, Hendriksen et al. [5]
showed that the spectral properties of spin waves in
nanoparticles differ substantially from those observed
in a bulk material; as a result, such a thermodynamic
property as the temperature dependence of the sponta-
neous magnetization shows a different behavior. It
turned out that, in our case, the temperature dependence
of the spontaneous magnetization should follow the law
M, ~ T where 3/2 < o. < 3. We note also that the tem-
perature gradient (M (77 K) — M (300 K))/M (77 K)
(which is proportional to the rate of increase in the
number of thermal magnons) for bulk samples of
cementite is 13% [13]. A similar temperature gradient
was obtained in our experiment.

The temperature dependence of the local magnetic
anisotropy field H,(7T) is similar to the dependence
M(T). The temperature gradients of H,(7T) and M (T)
are likewise approximately equal. Thus, the data pre-
sented in Fig. 6 also indicate that H,(T) ~ M(T). In the
general case, the local magnetic anisotropy field in
nanoparticles can be governed by several contributions,
more specifically, the contribution from the crystallo-

PHYSICS OF THE SOLID STATE Vol. 499 No. 4

2007

737

0.06 410

M, emu
=
<
H_, kOe

0.02 . L L 4
]"5/2’ 106 K572

Fig. 6. Temperature dependences of the saturation magneti-
zation M and the local magnetic anisotropy field H,,.

graphic magnetic anisotropy, the contribution from the
anisotropy induced by internal stresses, and the contri-
bution from the anisotropy in the particle shape. The
first two of the above contributions to the local mag-
netic anisotropy field are proportional to the saturation
magnetization squared [14]. As regards the local mag-
netic anisotropy associated with the shape anisotropy, it
depends linearly on the saturation magnetization M,
[15]. Hence, the local magnetic anisotropy of the nano-
particles studied here should primarily be related to the
shape anisotropy of these particles.

4. CONCLUSIONS

Thus, Fe;C ferromagnetic nanoparticles encapsu-
lated in carbon nanotubes were characterized by the
quantities H,, M,, H,, and M. It was found that the tem-
perature dependences of the coercive force H, and the
remanent magnetization M, of these nanoparticles can
be adequately described in terms of thermal relaxation
theory. Moreover, it was established that the saturation
magnetization M, varies with temperature as M, ~ T2,
which is inconsistent with the dependence predicted by
the standard theory of spin waves. It was shown that the
main contribution to the local magnetic anisotropy field
H, of Fe;C nanoparticles encapsulated in carbon nano-
tubes comes from the shape anisotropy of these parti-
cles.
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