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Abstract: In this work we have studied the magnetic properties of iron nanoparticles mixed
with carbon nanotubes. The ZFC-FC curves, M(H) loops and the magnetic relaxation were mea-
sured using a SQUID-magnetometer (Superconducting Quantum Interference Detector device). The
ZFC and FC processes have been measured with an applied field of 100, 2000, 3000 and 5000 Oe,
respectively. The ZFC curves show two peaks which may correspond to two different blocking tem-
peratures. The energy barriers distribution was studied from the derivative of the difference between
ZFC and FC curves with respect to temperature . Isothermal hysteresis loops M(H) show a higher
coercitivity and irreversability with decreasing temperature. The magnetic relaxation measurements
were performed down to 2K.The magnetic viscosity shows a linear dependence with temperature.
Moreover we have also measured the complex permittivity in the frequency range of 200 MHz and
20 GHz and real and imaginary components of the magnetic susceptibility between 2-300K when
10 Hz and 1000 Hz frequencies were applied .

I. INTRODUCTION

The research field of carbon nanotubes (CNTs) has
received a continuously growing interest since their dis-
covery in 1991 [1]. Carbon nanotubes present interesting
properties, such as an excellent thermal conductivity,a
high mechanical stress and a large elastic modulus and
elastic strain [2].

CNTs mixed with ferromagnetic materials are inter-
esting because carbon media possess magnetic proper-
ties,that is why carbon based materials are diamagnetic.
While by introducing different kind of NPs we can ob-
serve ferromagnetic and paramagnetic behaviour [3].

It is also well known that the properties of materi-
als with nanometric sizes differ from bulk scale. In a
bulk ferromagnet we find magnetic domains separated
by domain walls, whereas in a nano-micrometric range
we have an assembly of magnetic particles displaying a
energy barrier distribution.

The aim of this work is to have a fully understanding
of the magnetic properties of these materials based upon
the existing energy barrier distribution.

II. CHARACTERIZATION OF THE SAMPLE

The sample that we are going to describe is made of
iron nanoparticles (NPs) intercalated into CNTs.

X-ray diffraction of the sample was performed for
phase identification by using Cu-alpha radiation. The
pattern is shown in figure 1. Analyzing the peaks with
X’Pert HighScore we can identify three principal phases
(table 1). Moreover, the relative intensity of the peaks al-
lows us to obtain the composition by using the Reference
Intensity Ratio (RIR) method.

Morphology of the sample was determined using a
Scanning Electron Microscopy (SEM). From images ob-
tained from SEM, cubic shapes can be observed which

FIG. 1: XRD pattern of Fe-CNT sample

FIG. 2: SEM image of Fe-CNT sample(left) and composition
of the sample (right)

Phase Crystal system Reference code

Fe Cubic 01-087-0721

Fe3C Orthorhombic 01-072-1110

Carbon Rhombohedral 01-074-2329

TABLE I: Phase , crystal system and reference code obtained
with peak analysis of the sample.

may correspond to an agglomeration of nanotubes with
iron particles inside them. The composition and SEM
image can be seen in figure 2.
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III. THEORETICAL FRAMEWORK

A. Magnetic relaxation

If we consider an ensemble of magnetic particles having
different directions and orientations of their easy axis and
we apply a magnetic field until the saturation, all their
magnetic moments will be oriented in the same direction
than the field. When we remove the field, the relaxation
process starts. Some particles, having small energy barri-
ers will be able to demagnetize very fast while those par-
ticles with larger barrier heights will remain with their
magnetic moments oriented along the external magnetic
field. The variation of the magnetization with time de-
pends on the transition frequency between the two pos-
sible states (considering the case of an uniaxial magnetic
anisotropy).

dM

dt
= −MΓ (1)

The transition frequency depends on the energy barrier
(U), temperature (T) and Boltzmann constant (kB).

Γ = ν exp

(
− U

kBT

)
(2)

So this can be related with the time that the particle
needs to reverse the magnetization. If we have an en-
semble of particles, the energy barrier depends on mag-
netization.

U = U0

(
1− M(t)

KBT

)
(3)

Finally, we obtain that the magnetization has a logarith-
mic dependence with time and has a proportionality with
temperature.

M(t) = M(t0)

(
1− KBT

U0
ln

(
t

t0

))
(4)

B. Barrier distribution

From the variation with temperature of the difference
between ZFC-FC curves it is possible to extract the bar-
rier distribution by using equation (5).

g (φB(T )) =
1

α
T 2/3 dMFC−ZFC

dT
(5)

Where alpha is a constant:
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(6)

To compute the barrier distribution with our experimen-
tal data, we approximate the previous expression (6) .

g(φ) ∝ T2/3 ∆(MFC−MZFC)

∆T
(7)

IV. EXPERIMENTAL

The magnetization was measured using a SQUID mag-
netometer. This device measures changes in magnetic
field using quantum interference coils.

We have used 5 mg of the sample to do the magnetic
measurements. We cannot exceed this weight due to the
sensitivity of the SQUID, otherwise it would be impossi-
ble to record the magnetization due to the high satura-
tion.

The permittivity measurements were taken with 8517B
S-Parameter Test Set, 0.045 to 20 GHz using 85070C
DIELECTRIC PROBE KIT for calibration. We pre-
pared 5 ml of sample. Due to the shortage of the sample,
we could not measure higher volumes. We do not have a
precise criteria to determine the pressure that we applied
between the surface of the sample and the contact of the
device , however we take the measurements in function
of number of turns of the wheel that lifts up support.

V. RESULTS AND DISCUSSION

A. Hysteresis cycles

FIG. 3: Hysteresis cycles at different temperatures and the
dependence on temperature of area involved in M(H) loops.

The hysteresis cycles at different temperatures are
shown in figure 3. The evolution of magnetization
shows a narrowing tendency towards higher temperature.
Moreover the irreversibility of the loops suggest an en-
ergy barrier distribution, due to the progressive thermal
activation that allows the jump of energy barriers. On
the other hand, we can also observe a linear behaviour
above magnetic saturation. The slope shows a linear de-
pendence with temperature and it may correspond to the
Curie law indicating a superparamagnetic behaviour due
to the existence of very small magnetic particles.

The main magnetostatic parameters can be extracted
from the hysteresis magnetization curves , the coercitiv-
ity and remanent magnetization. Both present a linear
dependence with temperature. At lower temperatures
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higher values of coercivity are obtained because thermal
energy is reduced. We also calculate the area involved
in the M(H) curves (figure 3), which is related with the
losses of hysteresis cycle. The area shows a linear de-
pendence with temperature which is in good agreement
with the linear dependence of remanent magnetization
and coercitivity.

B. ZFC-FC curves

In order to obtain information about energy barriers,
we performed ZFC and FC measures to determine the
temperature dependent magnetization at different mag-
netic fields.

FIG. 4: Representation of the ZFC-FC(left) and barrier dis-
tribution (right) for 100 Oe (top) , 2000 Oe (middle) and 3000
Oe (bottom).

Two main maximums can be observed in ZFC revealing
two main barrier distributions. The effect of the magnetic
field in energy barriers is observable when the magnetic
field is increased, producing a shift of the two maximums
to lower temperatures due to the reduction of the energy
barrier. At 5000 Oe the ZFC and FC curves overlap and
they are completely reversible due to the barrier break-
down.

The barrier distributions at different applied fields

are shown in figure 4 with their corresponding ZFC-FC
curves. We can observe two main maxima, one at low
temperatures and the other at higher temperatures. We
can also observe that above 3000 Oe the first maximum
disappears.

It is not possible to obtain the size distribution due to
the sample do not present single domain particles. Nev-
ertheless,this two energy barrier distributions may corre-
spond to different anisotropies, different sizes or different
compositions.

In order to find a physical interpretation of the two
maximums in the ZFC curves and explain the origin of
this two energy barrier distribution, we calculated the
area under each maximum to know if it is due to the
double particle size distribution or two different phases.
The results are shown in figure 5. The ratio of two areas
is approximately 1:9, which seems to be in accordance
with the composition shown in figure 2. Nevertheless, it
is not possible to confirm that this two energy barriers
are related to the composition of the sample.

FIG. 5: Representation of the gaussian curves adjusted to the
two maximums of ZFC curve at 3000 Oe.

C. Magnetic relaxation experiments

We also carried out magnetic relaxation experi-
ments. We studied the evolution of magnetization with
time when a saturating field applied to the system is
turned off,at different temperatures. The magnetization
presents a logarithmic dependence equation (4) with time
if there is a energy barrier distribution. The magnetic
viscosity can be extracted from the logarithmic decay
dependence with time of magnetization moment. The
results are exposed in figure 6.

Experimental data at 2-4K is not represented due to
unfavourable fiability. The viscosity decreases monoton-
ically as the temperature decreases, which is in good
agreement with thermal relaxation . The presence of
thermal relaxation at low temperatures is also supported
by the fact that it is not possible to observe a change
of slope in the representation of M vs Tln(t/t0). Scaling
with Tln(t/t0) we can observe the collapse onto a sin-
gle curve. In order to go deeper in the understanding
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FIG. 6: Representation of the magnetic viscosity (top) and
the magnetization versus Tln(t/t0) (bottom).

of the relaxation process, we performed magnetic relax-
ation measurements at low temperatures with a bigger
field of 1000 Oe. Increasing the field, larger variations
of magnetization are obtained, which means that reso-
lution is improved. The magnetic viscosity and M vs
Tln(t/t0) are shown in figure 7. In both cases , the
scaling with Tln(t/t0) assemble nicely into the universal
curve expected in the case of purely thermal relaxation.

FIG. 7: Representation of the magnetic viscosity (above) and
the magnetization versus Tln(t/t0) (bottom)

D. Susceptibility

Experimental curves of real and imaginary susceptibil-
ity are shown in figure 8 for a frequency of 10 Hz and
1000 Hz in figure 9 in the range 2-300K.

FIG. 8: Representation of the dependence on temperature of
real susceptibility (above) and imaginary susceptibility (bot-
tom) for a frequency of 10 Hz

FIG. 9: Representation of the dependence on temperature of
real susceptibility (above) and imaginary susceptibility (bot-
tom) for a frequency of 1000 Hz

With no field applied and with a static field of 100 Oe
we can observe an increasing behaviour of the two sus-
ceptibilities, in and out of phase for both frequencies. At
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10 Hz the first maximum is not centered in the blocking
temperature at 100 Oe due to the temperature blocking
depend on the measurement frequency.On the other hand
at 1000 Hz, the first maximum concurs with the blocking
temperature at 100 Oe. The presence of a second max-
imum for both frequencies can be intuited at a blocking
temperature higher than 300 K . The presence of this two
maximums seems to be in accordance with ZFC curve at
100 Oe. This behaviour disappears as of 2000 Oe due
to the magnetization cannot follow the alternating mag-
netic field, although the static field applied is lower than
saturation field.

E. Permittivity

We also measure the electrical permittivity in a fre-
quency range between 200 MHz and 20 GHz, for a vol-
ume of 5 mL of the sample and for different pressures
applied.

FIG. 10: Representation of the dependence on frequency of
real permittivity (top) and imaginary permittivity(bottom)

The results are in good agreement with the fact that by
increasing the pressure, we reduce the presence of air in
the surface layers, so the permittivity increases because
the air acts as a dielectric medium, which produces elec-
tric polarization when absorbs an electromagnetic wave.
The real permittivity is related with charge storage and

the imaginary part with losses, so it concurs with the fact
that when real permittivity increases, imaginary dimin-
ishes. We can also observe that the main maximum in
real permittivity is centered in a lower frequency when
pressure increases. This implies that when the distance
between particles is decreased due to the pressure, the
maximum losses in permittivity shift to lower frequen-
cies. The imaginary part shows negative values that may
indicate that the calibration must be improved.

VI. CONCLUSIONS

The two main energy barrier distributions were ob-
tained with ZFC curve at 3000 Oe. This is supported
by the presence of hysteresis in M(H) , which suggest
time dependent phenomena and energy barrier distribu-
tion. We cannot confirm that this two energy barrier
distributions may correspond to different sizes or differ-
ent compositions in the sample. Nevertheless, the area
under the two maximums at a blocking temperature at
ZFC in 3000 Oe seems to be in agreement with the com-
position of the sample. That would implied that the first
maximum in ZFC may be related with iron nanoparticles
due to the quantity of iron is approximately 10 % , so the
magnetization is lower, and the second maximum may be
related with the carbon media. Superparamagnetic be-
haviour at higher fields can also be observed in M(H)
loops which may correspond to the Fe3C and nanotubes
. Moreover, thermal relaxation confirms the existence
of energy barrier distributions. On the other hand, sus-
ceptibility measurements also suggest the presence of the
two energy barrier distributions at lower fields than 2000
Oe. Due to the problems with calibration, we cannot con-
firm that the values of permittiviy are correct, although
the shape of the curves may indicate also a maximum
in real permittivity and the corresponding minimum in
imaginary permittivity.
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