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Magnetic nanoparticles are of great importance due to
their applications in a variety of emerging fields including
data storage,1 biomedicine and biotechnology,2,3 magnetic
resonance imaging,4 catalysis,5 and magnetic fluids.6 For a
broad range of biomedical applications, superparamagnetic
nanoparticles with size range below 10–20 nm is desirable
due to the fast response to applied magnetic fields with neg-
ligible remanence and coercivity, which reduces the risk of
forming agglomerates at room temperature. On the other
hand, ordered arrays of single domain nanoparticles are de-
sirable for magnetic storage applications. Significant efforts
have been made in the synthesis of magnetic nanoparticles
with narrow size distribution. However, often the nanopar-
ticles agglomerate into clusters and chains due to their intrin-
sic instability over a long period of time. Agglomeration
helps in the reduction in thermodynamic energy associated
with the high surface area to volume ratio of the nanopar-
ticles. In addition, for ferromagnetic nanoparticles, strong
magnetic dipolar interactions between the particles cause fur-
ther clustering. Bare metallic nanoparticles are highly chemi-
cally active and rapidly form oxides. For metallic nanopar-
ticles, this causes a loss of magnetization7 and sometimes the
formation of exchange biasing8 due the pinning of magneti-
zation at the antiferromagnetic �oxide�/ferromagnetic �metal�
interface. Clustering also helps to reduce the above effects
while this problem is usually addressed by coating the nano-
particles by various organic or inorganic protective layers.

Investigation of magnetization reversal in magnetic
nanoparticles is important for most applications. Despite the
huge efforts in synthesis and investigation of structural, op-

tical, and magnetic properties of various metallic and oxide
magnetic nanoparticles,9 not many reports are found which
focus on the understanding of the magnetization reversal and
dynamics10,11 in magnetic nanoparticles, particularly in the
cluster form. In the cluster form, the presence of dipolar and
exchange interactions between the ensembles of nanopar-
ticles is expected to modify the reversal mechanism from the
usual coherent rotation that is expected for single domain
nanoparticles. In this paper, we present the experimental and
micromagnetic investigations of the magnetization reversal
dynamics of clusters of single domain nickel nanoparticles.
We found that the clustering geometry plays a strong role in
the magnetization reversal dynamics.

Nickel nanoparticles were prepared by the reduction of
nickel chloride �NiCl2 ,6H2O� by hydrazine hydrate
�N2H5OH� in presence of sodium hydroxide �NaOH�. NiCl2
solutions in ethylene glycol of three different molar concen-
trations �A=30 mM, B=45 mM, and C=60 mM� were
mixed with equal volumes of N2H5OH �80%� solution at a
fixed molar concentration ratio of 20 of N2H5OH with NiCl2.
0.1 M NaOH was then added to the solution at 70–80 �l /ml
and the solution was stirred at about 80 °C temperature. The
pH of the final solution was always maintained at about 10.0,
and after 1 h of stirring the solution turns gray black due to
the formation of nickel nanoparticles. The solution was then
cooled, washed with ethanol and distilled water for several
times, and dried to collect the nanoparticles in the powder
form. The microstructure and composition of the nanopar-
ticles were investigated by scanning electron microscope
�SEM�, x-ray diffraction �XRD� and energy dispersive x-ray
�EDX� spectrometer. The magnetization �M� versus the ap-a�Electronic mail: abarman@bose.res.in.

We present the magnetization reversal dynamics of clusters of single domain nickel nanoparticles.
Experimental results of magnetization reversal of nickel nanoparticles are completely different from
that of bulk nickel and single nickel nanoparticles in terms of the overall shape, coercive field, and
the saturation magnetization. Simulations show that a cluster consists of minimum 5�5�3
nanoparticles with no physical overlap between the particles reproduces the loop shape and the
coercive field but not the saturation magnetization. However, the same cluster with partially
overlapped nanoparticles reasonably reproduces all features of the magnetization reversal due to the
presence of both magnetostatic and exchange interactions between the particles. Simulated
magnetization images show that the reversal of the cluster occurs through the formation of a C-like
state, followed by the creation and annihilation of a vortex like structure, an inverse C-state, and
finally, a fully saturated reversed magnetic state. Additional simulations on random clusters show
lower coercive field and nearly bulklike saturation magnetization, which are much different than the
experimental results. This suggests that the experimental clusters are not totally random or
periodically arranged but have a certain amount of ordering.
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plied magnetic field �H� at room temperature was measured
by a vibrating sample magnetometer.

Figures 1�a� and 1�b� show the EDX spectra of samples
A and B and their corresponding scanning electron micro-
graphs at the inset. The EDX spectra show a little trace of
oxygen apart from the nickel peaks, which confirms the el-
emental purity of nickel with a slight oxidation of the surface
layer. In all three samples, the nanoparticles form clusters
and long chains with branching in arbitrary directions. The
constituent nanoparticles in the clusters have somewhat
spherical shape with diameter between 40 and 50 nm for
samples B and C and about 200 nm in sample A. In addition,
sample A is less agglomerated and has a better spherical
structure. Such variation in size and clustering is related to
the slight variation in the preparation condition and the for-
mation of Ni-hydrazine complex for sample A as reported
earlier.12 Figure 2 shows the XRD patterns from all three
samples. The prominent nickel peaks are observed in the
XRD patterns, and by using the Debye–Scherrer formula, we
obtain the crystallite size of about 15–20 nm for all three
samples. The M-H data obtained from three samples are very
similar with slight variation in the saturation magnetization
�MS� and the coercive field �HC� values �Fig. 3�a��. The ob-
served MS is about 300 emu/cc as compared to the bulk
value of 484 emu/cc and HC is about 320 Oe and as com-
pared to the bulk value of �1 Oe. The reduction in MS is
probably due to the surface oxidation and random surface

spins, while the increase in HC is primarily due to the shape
anisotropy of the nanoparticles associated with the demagne-
tizing field. Since sample A has much larger particle size as
compared to samples B and C, a discernible difference in
magnetization reversal behavior is expected. However, the
observed similarity suggests that the reversal behavior of the
cluster as a whole is more dominant than that of the constitu-
ent particles.

In order to understand the reversal mechanism for the
clusters of nanoparticles, we have performed micromagnetic
simulations using both finite difference and finite element
analyses using public domain softwares OOMMF �Ref. 13�
and NMAG.14 We tested both OOMMF and NMAG for standard
problems and obtained similar results but the application of
NMAG is essential for random clusters of nanoparticles. We
have simulated single spherical nanoparticles of 48 and 200
nm diameters and also clusters of various geometry formed
of above particles. The periodic clusters of nonoverlapped
�cluster 1� and overlapped �10% of the radii� �cluster 2� par-
ticles were studied. In addition, clusters of randomly oriented
nanoparticles with variable overlap between 0% and 80% of
the radii �cluster 3� were also studied by using NMAG. The
samples were divided into cuboidal cells with size down to
2�2�2 nm3 for OOMMF simulations and tetrahedral cells
with dimensions �2 nm for NMAG simulations. The M-H
data were computed by first slowly increasing the field from
zero to +5 kOe �above saturation� and then by varying the
field between +5 and �5 kOe in steps of 40 Oe to complete
a full cycle. The M-H data averaged over the whole sample
and spatial magnetization images at different field values
were computed. For a single particle with 48 nm diameter a
square hysteresis loop is observed with HC�1.3 kOe and
MS�250 emu /cc, but for the 200 nm particle the shape of
the M-H loop is different with the signature of vortex forma-
tion and annihilation, although MS is still �250 emu /cc
�Fig. 3�b��. The simulated M-H curves for single nanopar-
ticles are largely different from the experimental observa-
tions. Simulations of periodic clusters of nanoparticles show
a gradual decrease in HC with the increase in the number of
nanoparticles, and for a cluster of minimum 5�5�3 par-
ticles, the loop shape is similar to the experimental observa-FIG. 2. �Color online� The XRD patterns from all three samples are shown.

FIG. 1. �Color online� The EDX spectra obtained from nickel nanoparticle
samples ��a� sample A and �b� sample C�. The corresponding scanning elec-
tron micrographs are shown in the inset.

FIG. 3. �Color online� �a� The experimental results of magnetization �M� vs
applied magnetic field �H� data are shown for all three samples. The simu-
lated M-H curves are shown for �b� single nickel nanoparticles of 48 and
200 nm diameters and �c� three different clusters of nanoparticles.



tion. For cluster 1, MS is about 250 emu/cc and is much
below the experimental value �300 emu/cc�, while for cluster
2, MS �330 emu/cc� is little higher than the experimental
value �Fig. 3�c��. Comparison of experimental and simula-
tion results show that there must be a finite overlap between
the nanoparticles, and hence the nanoparticles in the experi-
mental samples are both exchange and magnetostatically
coupled.

The simulated magnetization images during the reversal
for the single particles and clusters are shown in Fig. 4. The
48 nm single particle �Fig. 4�a�� reverses by a coherent rota-
tion of magnetization at HC=1.3 kOe. The 200 nm single
particle �Fig. 4�b�� reverses through the formation of a vortex
like state. The vortex core and the spins at the equator of the
sphere remain parallel to the earlier field direction but the
rest of the spins helically rotate from north to south pole of
the sphere towards the reversed field. This is followed by the
reversal of the equator spins and finally the core spins and
we observe a fully reversed magnetization state. Figure 4�c�
shows the reversal mechanism for cluster 2 with 5�5�3
particles. As the applied field is reduced from positive satu-
ration, the collective magnetization of the cluster first shows
the formation of a C-like state followed by a multi domain
state. After this, a vortex like state appears at one end of the
cluster and slowly moves toward the other end with further
reduction in field and finally moves out of the cluster and an
inverted C-like state appears. This is followed by a flower-
like state and, finally, saturated magnetic states for all par-
ticles in the cluster.

Although cluster 2 reproduces the experimental M-H
curves quite well, we have also simulated a cluster of ran-
domly arranged nanoparticles to mimic the SEM picture. We
allowed arbitrary amount of overlap from 0% to 80% but
having identical individual dimensions and total number of
the particles for this geometry �cluster 3�. The simulated
hysteresis loop for cluster 3, as shown in Fig. 3�c�, has
HC�100 Oe and MS�470 emu /cc. These values are much

different from the experimental results and are closer to val-
ues for bulk nickel. The reversal mechanism for cluster 3 is
incoherent but shows the indication of formation and annihi-
lation of vortices in the cluster. However, the various other
well defined domain states observed for cluster 2 are not
observed in this case. The observation of nearly bulk like MS

and small HC values suggests that the assumptions of totally
random arrangements and arbitrary amount of overlap of
nanoparticles in agglomerated clusters are not correct. In-
stead, the particles may be partially overlapped, which gives
rise to finite amount of exchange coupling between the nano-
particles and consequently larger MS than single and non-
overlapped ensembles of nanoparticles. In addition, the ex-
perimentally obtained HC is closer to cluster 2 than cluster 3,
which suggests that the clusters in the experimental samples
have finite amount of ordering.

In summary, we have investigated the magnetization re-
versal behavior of clusters of chemically synthesized single
domain nickel nanoparticles. The experimental M-H data
were better reproduced by a periodic arrangement of partially
overlapped nanoparticles as opposed to single nanoparticles
and cluster of randomly arranged nanoparticles. As opposed
to a coherent rotation of magnetization expected for single
domain nanoparticles, the magnetization reversal of the
whole cluster occurs through the appearance of various do-
main states including C-state, vortex like state, and flower-
like state, although the individual particles in the cluster
maintain primarily single domain state. Various domain
structures occur in the cluster due to the incoherence of the
magnetization reversal between the constituent particles in
the cluster.
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FIG. 4. �Color online� Simulated magnetization images at various applied
magnetic field �H� values for �a� 48 nm single spherical particle, �b� 200 nm
single spherical particle, �c� periodic cluster of 5�5�3 particles �cluster 2�,
and �d� random cluster of 75 particles �cluster 3�. In �c� and �d�, the con-
stituent particles are spherical with 48 nm diameter.
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