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Magnetic properties of carbon nanotubes (CNT) obtained by 
plasma-enhanced chemical vapour deposition (PECVD) 
have been studied. The growth of these nanotubes has been 
activated from Ni catalyst nanoparticles. Samples consist of 
Ni nanoparticles encapsulated at the tip of vertically aligned 
multiwalled carbon nanotubes (VACNTs) forming an ho-
mogeneous and dense large area monolayer of isolated (non-
contacting) nanoparticles. The magnetic characterisation has 
been performed in the temperature range of 5-300 K with 
magnetic fields up to 9 T. The results show that the wide 

size range (30-180 nm) of the particles originates the coexis-
tence of blocked and superparamagnetic particles and leads 
to the strong ferromagnetic behaviour of the whole assembly. 
The coercivity decreases monotonically with increasing 
temperature and the value for the intrinsic coercivity is 225 
Oe. The encapsulation of Ni nanoparticles by VACNTs pre-
serves them from aggregation. This makes possible to tune 
the coercivity by controlling size distribution of particle 
monolayers. 
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1 Introduction Nowadays there is a great interest in 
studying the magnetic properties of nanostructured materi-
als due to their peculiar properties related to the reduced 
size and their potential technological applications such as 
nanoelectronic devices [1], catalysts [2], fuel cells [3], 
medical diagnosis [4] and high-density magnetic recording 
media [5]. 

There are different techniques to produce ferromag-
netic nanoparticles or nanoclusters: arc discharge [6], 
evaporation [7], sputtering [8], colloidal chemistry [9], in-
ert gas condensation [10], laser deposition [11], mechani-
cal attrition [12], electrodeposition [13], phase separation 
[14] and chemical vapour deposition [15]. Nanoparticles 
generated by these methods usually show aggregation. In 
addition, their high surface to volume ratio facilitates sur-
face oxidation [16] and hence they become useless for 
many technological applications. Nevertheless, this prob-
lem can be overcome by means of a protective thin coating 
around the particles. Especially, carbon encapsulation pro-
vides an effective oxidation barrier [17] and guarantees 
particle stability in air. Moreover, the encapsulation of 

magnetic phases in carbon nanotubes could provide a 
unique way to study the magnetic behaviour of nearly 0D 
and 1D nanostructures. Magnetic phases enclosed within 
CNTs find numerous applications in nanothecnology: 
memory devices, optical transducers and drug delivery. So, 
during the last years there has been a lot of work devoted 
to study the magnetic properties of Fe nanowires filled in 
carbon nanotubes [18-20] and magnetic nanoparticles and 
clusters trapped at the tip of carbon nanotubes [21, 22]. 
Recently, a study about the magnetic characterization of Ni 
nanoparticles in multiwalled carbon nanotubes (MWCNT) 
has been presented [23]. In this system the nanoparticles 
are distributed along the MWCNT and have two mean di-
ameters of 4.6 nm and 15.4 nm. As a consequence, they 
show a superparamagnetic behaviour above a low blocking 
temperature TB (~ 70 K). 

The objective of this work is to study the magnetic be-
haviour of monolayers of Ni nanoparticles encapsulated by 
carbon nanotubes. The samples consist of ferromagnetic 
non-contacting Ni nanoparticles (> 40 nm) forming dense 
monolayers encapsulated at the tip of vertically aligned 
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carbon nanotubes (VACNT’s). These systems are an ex-
ample of self organization during the growing process of 
carbon nanotubes by PECVD. We pursue possible applica-
tions in nanotechnology, memory devices, optical trans-
ducers and drug delivery. 

2 Experimental procedure The PECVD system 
used in this work was powered by a HÜTTINGER 300W 
RF source (13.56 MHz) with a matching box. VACNTs 
were grown on c-Si (100) substrates with a native oxide 
layer. Nickel nanoparticles are used as catalyst inducing 
CNTs growth. For that, an ultrathin Ni layer of 4 nm is 
first deposited by magnetron sputtering on a bare c-Si sub-
strate. The Ni-coated c-Si wafer is transferred into a H2 
filled chamber at 200 Pa and annealed with a ramp of 40 
ºC/min from room temperature up to 750 ºC. These condi-
tions are favourable for the granulation of the ultrathin Ni 
film, which transforms to a layer of nanometric sized Ni 
particles. A chemically reducing atmosphere is required to 
ensure the reduced state of the Nickel nanoparticles prior 
to CNT nucleation and growth. Once the working tempera-
ture has been stabilised, NH3 is introduced in the chamber 
with a flow rate of 50 sccm, replacing the existing H2. Af-
ter H2 is removed and pressure becomes stable, the RF dis-
charge can be switched on.  The plasma conditions were 50 
W of RF power and -400 V of cathode self-bias, which in-
duces ion bombardment. The NH3 ionic species are accel-
erated by the electric field of the plasma sheath against the 
surface of Ni film. This process activates the formation of 
nanoislands out of the catalyst film. After 2 minutes of ion 
bombardment, a 25 sccm C2H2 flow can be entered, setting 
the total pressure to 100 Pa. In these conditions, the growth 
rate of CNTs takes place at a rate of 2-3 nm/s. 

The morphological study of the samples was carried 
out by scanning and transmission electron microscopy 
(SEM and TEM). The magnetic anisotropy was determined 
by torque magnetometry, using a torque magnetometer de-
veloped in our laboratory. A detailed description of the de-
vice can be found elsewhere [24]. The magnetic measure-
ments were performed using a Vibrating Sample Magne-
tometer (PPMS-14T) in the 5-300 K temperature range. 

 
3 Results and discussion In Fig. 1 CNTs grown 

from Ni nanoislands are shown. The as-prepared carbon 
nanotubes are well aligned in the direction normal to the 
substrate surface. The inset shows the diameter distribution 
histogram of the Ni nanoparticles, which was fitted to a 
log-normal distribution between 20 and 180 nm, with a 
mean value of 80 nm and a standard deviation of 33 nm.  

The mode of Ni particles diameter distribution is about 
50 nm. The density of CNTs is ~ 3×109 cm-2, which corre-
sponds to a mean distance between adjacent tubules of ~ 
90 nm. Conversely, this value is also the mean in-plane 
separation between Ni particles, which guarantees their 
physical isolation. The Ni particles are found mainly at one 
edge of the CNTs, as seen by TEM in Fig. 2. 
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Figure 1 SEM micrographs of aligned CNTs grown on Si using 
Ni as catalyst. The inset shows the diameter and mass distribution 
(normalised) histograms. 

 
 

 
Figure 2 TEM micrograph of CNTs showing the Ni particles at 
one of their ends. 

 
 
The torque measurements in the plane of the substrate 

are shown in Fig. 3. The signal shows a two fold response. 
One coming from the own sample anisotropy, and the 
other one from the lack of axial symmetry in the CNT-
coated in c-Si (100) substrate. The signal corresponding to 
CNTs coating was obtained by subtracting the signal of a 
bare substrate placed in the same position of the sample 
holder from the total signal. This signal does not show a 
noticeable torque curve, which indicates that there is no 
magnetic anisotropy in the plane of the substrate (up to the 
magnetometer resolution). Torque curve along the plane 
parallel to the direction of the aligned CNTs axis shows no 
magnetic anisotropy either. This lack of magnetic anisot-
ropy points to the absence of preferential orientation of the 
Ni nanoparticles.  
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Figure 3 Torque measurements in the plane of the substrate of 
the CNT sample. 
 

The magnetic behaviour of the Ni particles in CNTs in 
the 5-300 K temperature range is shown in Fig. 4. The hys-
teresis loops have been obtained with the magnetic field 
applied parallel to the CNTs axis and show the ferromag-
netic behaviour of the samples. The hysteresis decreases 
when the temperature increases. The magnetization does 
not saturate after the closure of the cycle, but increases 
continuously with a different slope for each temperature, 
this slope decreases when the temperature increases.  

 

 
Figure 4 Hysteresis loops of the Ni particles in carbon nano-
tubes in the 5-300 K temperature range.  
 
It is observed a decrease of the magnetization with the 
temperature. The sheared and rounded nature of the hys-
teresis loops at temperature lower than 300 K is attributed 
to the surface spin disorder, surface anisotropy and mag-
netic interaction between spherical particles. At the tem-
perature of 300 K, the hysteresis is significantly reduced 
and the rounding is less significant, but the shearing is ap-
proximately the same. These results are consistent with a 
thermally-activated rotational process [25]. 

In Fig. 5 it is shown that the ratio Mr/Mmax (Mr and 
Mmax are the remanent and maximum magnetizations, re-
spectively) decreases monotonically with increasing tem-
perature. For single-domain particles with uniaxial anisot-

ropy and randomly distributed easy axes (as it is our case 
according to the torque measurements), the ratio Mr/Ms 
(being Ms the saturation magnetization) is known to be 
about 0.5, well below the blocking temperature. According 
to recent Monte Carlo studies [26], when the dipolar inter-
actions are switched on, the remanence is substantially re-
duced relative to the non interacting case at temperatures 
much lower than the blocking one and Mr/Ms is about 0.3-
0.35. In our case, this ratio was 0.37 at 5 K, which is much 
lower than 0.5. On the other hand, the decrease of Mr/Mmax 
with increasing temperature could be attributed, as in the 
case of Fe nanoparticles in carbon nanotubes, to the depin-
ning of domain walls within the particles [27], and thermal 
effects in the smallest particles.  
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Figure 5 Coercivity and ratio Mr/Mmax for Ni particles in carbon 
nanotubes with respect to T. The inset shows Hc versus T1/2. 

 
These results might be related to the wide distribution 

size in our nanoparticles assembly, where there are big par-
ticles that do not behave as single-domain particles. Note 
that, although the majority of the particles are single-
domain, the most of the mass that accounts for the mag-
netic response is concentrated on particles of 130 nm (inset 
on Fig. 1). Hence, the ferromagnetic behaviour becomes 
more intense than expected. ZFC and FC measurements 
were carried out in the sample of Ni particles in carbon 
nanotubes, but due to the particles size distribution a broad 
and flat peak in MZFC (T) appears which makes unreliable 
the determination of blocking temperature. 

Figure 5 shows the temperature dependence of the co-
ercivity, Hc, extracted from the hysteresis loops. The inset 
in Fig. 5 shows that Hc decreases monotonically with in-
creasing the temperature following the relation [17]:  
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being the linear correlation coefficient of 0.998. From the 
linear fitting a zero temperature (intrinsic) coercivity 
Hci≅250 Oe is obtained. 

High field hysteresis loop at 5 K is shown in Fig. 6. It 
is observed that the magnetization of the Ni nanoparticles 
found in CNTs saturates at an applied magnetic field of 
about μ0H=8 T. From Fig. 6, the magnetization saturation 
is estimated in 2×10-4 emu at 5 K. The total Ni mass  
present in our sample is 2.5×10-6 g. Therefore, the mag-
netization saturation per mass unit has been determined as  
80.2 emu/g.  

 

 
Figure 6 Hysteresis loop of Ni particles in carbon nanotubes at  
5 K up to 9 T. 
 

4 Conclusions PECVD has been used to generate Ni 
nanoparticles encapsulated at the tip of VACNTs. These 
particles present a mean size value of 80 nm with a stan-
dard deviation of 33 nm. Although the majority of the par-
ticles were single-domain, the ferromagnetic response is 
actually governed by the mass distribution of the particles 
rather than the size distribution. Then, a large dispersion in 
size ensures the ferromagnetic behaviour. The coercivity 
decreases monotonically with increasing temperature and a 
value of 250 Oe is obtained for the intrinsic coercivity. 

The magnetization saturation has been estimated in 
80.2 emu/g at 5 K.  
The particular morphology of these nanostructures, con-
sisting of free-standing VACNTs with a magnetic nanopar-
ticle at their tip, opens the possibility of fabricating mech-
ano-magnetic transducers for possible applications in 
acoustics, accelerometers and flowmeters. Besides, the ge-
ometry of this kind of assembly favours its implementation 
in high density permanent magnetic memories. 
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