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An ensemble of single domain magnetic nanoparticles often tends to form chains and clusters of various
geometries to reduce the micromagnetic energies. The magnetic behavior is different when the nanoparticles
are exchange coupled rather than physically separated and only dipolar coupled. Here, we have studied the
quasistatic magnetization reversal mechanisms of chains and clusters of exchange-coupled magnetic
nanoparticles by experimental and micromagnetic simulation methods. We have explained the experimental
magnetic hysteresis behaviors by using the finite element method (FEM) based micromagnetic simulations.
We observe that the magnetization reversals in these samples occur through the formation of various local
domain states including vortices and fanning- and curling-like modes, depending upon the cluster geometry.
The constituent nanoparticles reverse by the quasi-coherent rotation of magnetization, whereas the incoherence
between the nanoparticles in the cluster gives rise to the observed domain structures.

Introduction

Nanomagnets will form the building blocks for various future
technologies including magnetic devices and biomedicine, and
magnetic nanoparticles are an integral part of this development.
The magnetic nanoparticles have already found profound
importance due to their applications in data storage,1 biomedi-
cine and biotechnology,2,3 magnetic resonance imaging,4 ca-
talysis,5 and magnetic fluids.6 Ordered arrays of single domain
magnetic nanoparticles assembled on a substrate would be ideal
for most of the device applications so that the magnetization
states of the individual elements in the array could be addressed.7

However, nanoparticles tend to form agglomerates to reduce
their surface to volume ratio and the associated free energies.8

For magnetic nanoparticles, minimization of magnetic energy
is an additional parameter, which helps the formation of chains
and clusters of nanoparticles coupled by exchange and dipolar
interactions.9,10 The geometry of the coupled nanoparticles may
be manipulated to various 2-D and 3-D patterns by using
magnetic interactions or by an external magnetic field.11-13

The knowledge of magnetization reversal processes of
magnetic nanoparticles is important for their applications in
devices. To this end some efforts have been made on the
theoretical and experimental understanding of the quasistatic
and the ultrafast magnetization reversal of isolated magnetic
nanoparticles and their ensembles.14-19 In the quasistatic regime,
recent reports have shown the magnetization reversal through
the internal spin waves in relatively large nanoparticles,14 an
angular dependence of switching field due to higher order
anisotropy,15 and effect of exchange biasing in magnetization
reversal and thermal stability in magnetic nanoparticles.16 In
the ultrafast regime, the intrinsic magnetization reversal and
dynamics of single magnetic nanoparticles have been demon-
strated by a rf field driven nonlinear resonance17 or by direct
optical pumping.18 Further theoretical work19 predicts ballistic
magnetization reversal by ultrashort magnetic field pulse.

Most of the experimental studies of magnetization reversal
of magnetic nanoparticles measure an ensemble of clusters and
chains of nanoparticles. Ensembles of particles interacting by
exchange energy are known as interaction domains20 and
collective magnetization reversal of such interacting nanomag-
nets has been a topic of interest.21 In addition, magnetic logic
operations have been demonstrated in exchange-coupled pat-
terned nanomagnets.22 Experimental results from Co and Fe
nanoclusters with sub-10 nm individual particles23,24 have shown
the formation of a correlated superspin glass resulting from the
frustration between the interparticle exchange interaction and
the randomly oriented intraparticle anisotropy. In densely packed
ensembles of magnetically interacting nanoparticles, which
would have been individually superparamagnetic, the interac-
tions may lead to an ordered magnetic phase, the so-called
superferromagnetic state. This has recently been demonstrated
experimentally by X-ray photoemission electron microscopy and
magneto-optical Kerr microscopy.25 However, the detailed
magnetization reversal mechanisms of magnetic nanoclusters
and nanochains of various geometries have not been studied in
detail before. The complicated geometries of such systems offer
greater challenge to the interpretation of the experimental data.
Here, we present the experimental and micromagnetic simulation
studies of magnetization reversal of chains and clusters of single
domain Ni nanoparticles of various geometries for the first time.
We investigate the role of various local magnetic configurations
taken by the above systems during the reversal in obtaining the
shape of the magnetic hysteresis loops.

Experimental Methods

Ni nanoparticles coated with polyethyleneimine (PEI) (S1,
S2, and S3) and in uncoated form (S4) were prepared by the
chemical reduction of Ni chloride (NiCl2 ·6H2O) by hydrazine
hydrate (N2H5OH) in the presence of sodium hydroxide (NaOH),
which acts as a catalyst. NiCl2 solutions of various molar
concentrations (S1 and S2: 5 mM; S3: 64 mM; and S4: 45 mM)
in ethylene glycol were mixed with equal volumes of N2H5OH
(80%) solution after keeping the molar concentration ratio of
N2H5OH to NiCl2 at 20. After that 0.1 M NaOH was added to
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the solution at 10 µL/mL, and the solution was stirred at about
80 °C. The pH of the final solution was maintained at about
10.0 and after 45 to 60 min of stirring the solution turns gray
black due to the formation of nickel nanoparticles. The solution
was then cooled to room temperature, washed with ethanol and
distilled water for several times, and dried to collect the uncoated
nanoparticles in the powder form. To prepare nanoparticles
coated with PEI, when the solution turns gray black it was
immediately cooled in an ice bath at 0 °C, and PEI (0.4 wt %
for S1; 1 wt % for S2; and 4.5 wt % for S3) was added to the
solution. The solution was thermostated in an ultrasonic bath
at 25 °C and was finally magnetically recovered after 0.5 h. A
magnetic field of about 250 Oe was applied during the synthesis
to assist the magnetic interactions between the particles during
growth. The microstructure and composition of the nanoparticles
were investigated by a scanning electron microscope (SEM),
X-ray diffraction (XRD), and an energy dispersive X-ray (EDX)
spectrometer. The magnetization (M) vs the applied magnetic
field (H) at room temperature was measured by a vibrating
sample magnetometer (VSM).

Results and Discussion

Panels a-d of Figure 1 show the scanning electron micro-
graphs from four different samples (S1, S2, S3, and S4) showing
the formation of chains and clusters of different configurations.
S1 (Figure 1a) shows long chains with a single particle along
the width of the chain with negligible branching, while S2
(Figure 1b) shows broad chains formed of a number of particles
along the width. S3 (Figure 1c) shows shorter chains with plenty
of “X”- and “Y”-like branching and S4 (Figure 1d) shows
largely random arrangement of the particles with no preferred
shape. The average size of the constituent particles is about 50
nm in all four samples. Figure 1e shows the EDX spectra from
S1, demonstrating the chemical purity of the Ni nanoparticles

with very little (<1%) oxidation. Figure 1f shows the XRD data
from S1, which shows the characteristic peaks from fcc Ni
crystals. By using the Debye-Scherrer formula we obtain the
crystallite size of about 10-15 nm, which shows the polycrys-
talline nature of the Ni nanoparticles. Similar results from EDX
and XRD were obtained for the other three samples (not shown).

Figure 2 shows the experimental hysteresis loops from all
four samples at room temperature. No clear evidence of
exchange bias due to surface oxidation is observed. The
magnetic parameters including the remanence (Mr/MS), the
coercive field (HC), and the saturation field (HS) change
significantly from S1 to S4 due to the different microstructures.
S1 shows the largest remanence of about 50% and HC of 260
Oe, while for S2, remanence is 44% and HC ) 320 Oe. S3 has
a remanence of 38% and HC ) 330 Oe, and finally S4 has much
smaller remanence of 14% and HC )150 Oe. The saturation
field is at a minimum in S1, which increases gradually to reach
a maximum for S4. The saturation magnetization is also at a
minimum in S1 (∼200 emu/cm3) and it increases to reach the
maximum in S4 (∼400 emu/cm3), but remains lower than that
of bulk Ni (484 emu/cm3).

To understand the underlying mechanisms of the observed
magnetization reversal, we have performed micromagnetic
simulations using the finite element method based public domain
micromagnetic solver Nmag.26 In the finite element method the
samples are discretized into tetrahedral meshes with average
dimension of about 4 nm to fill the sample volumes and surfaces
smoothly and typical examples are shown in Figure 3a. The
meshes are very carefully designed and are refined several times
before simulations due to the complicated geometry of the
simulated microstructures. This ensured the elimination of any
spurious effects arising from the surface artifacts of the simulated
samples. Four different sample geometries are simulated as
shown in the insets of panels b-e of Figure 3, which closely
resemble the local microstructures of the experimental samples.
The geometries are based upon spheres with 48 nm radii
arranged with random coordinates and are generated by a home-
built code. S1 is a chain with a single sphere along the width,
while S2 is a broad chain with a number of spheres along the
width and has an aspect ratio of about 5. S3 is a chain with
“X”- and “Y”-like branching, and S4 is a randomly arranged
cluster of nanoparticles.

The hysteresis loops were simulated by first saturating the
magnetization in the positive field direction and then by cycling

Figure 1. The scanning electron micrographs from four different
samples (a) S1, (b) S2, (c) S3, and (d) S4 are shown. The EDX (e)
spectrum and the XRD (f) pattern from sample S1 are shown.

Figure 2. The experimental data of normalized magnetization (M/
MS) as a function of the applied magnetic field (H) are shown for
samples (a) S1, (b) S2, (c) S3, and (d) S4.
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the field between positive and negative saturation fields. To take
into account the randomness of microstructures in the experi-
mental samples with the direction of the applied magnetic field
in the global measurements, we have applied the field at 45° to
the simulated microstructures, which, in effect, randomizes the
field direction. This is even more important for S1 and S2 as
compared to S3 and S4 due to distinct shape anisotropy in these
microstructures. Panels b-e of Figure 3 show the simulated
hysteresis loops, which qualitatively reproduce the features
observed in the experiment. The lack of precise quantitative
agreements between the experimental and simulation results is
attributed to the global averaging of the magnetic parameters
due to the random arrangements of the local microstructures,
and the absence of finite temperature effects in the simulation.
Nevertheless, we can extract the qualitative information about
the magnetization reversal processes from the simulation results.

All four samples are formed of physically overlapped and
exchange-coupled particles, and the magnetization reversal
depends primarily on the overall cluster geometry rather than
the constituent particles. The reversal, in general, occurs through
the formation and melting of local domain structures and typical
examples are shown in Figure 4. Formation of vortex-like
structures, helical spin configuration (fanning-like), and curling-
like modes of magnetization are typical features of the reversal
of the chains and clusters, although the constituent particles in
a cluster reverse by the quasi-coherent rotation of magnetization.
However, reversals of the constituent particles at different
magnetic fields (incoherence) cause the formation of the domain
structures in the clusters. Experiment and simulation both show
the largest remanence for S1, which has the highest shape

anisotropy, and this gradually decreases to S3 as the anisotropy
decreases. The microstructure for S4 is random and consequently
the remanence is minimal. Due to the higher spatial ordering
of the microstructure in S1, we observe the formation of less
stable domains in this sample. Consequently, the reversal occurs
by fanning- and curling-like modes of magnetization and the
saturation field is minimum in S1, which agrees with experiment.
Simulation shows the highest coercive field in S1 as the majority
of the spins coherently cross the shape anisotropy barrier. The
quantitative disagreement with experiment in this sample is
mainly due to the absence of finite temperature effect in the
simulation.

The simulation is performed at T ) 0 K and hence the
simulated HC value is larger, as expected. In S2 and S3 the
spatial ordering of the microstructure is lower, and we observe
the formation of some highly stable local magnetic domains
such as complete or partial vortices in addition to the fanning-
like mode of magnetization. Consequently, the magnetization
reversal occurs gradually by the local ordering of magnetization
with the external field, and hence the saturation field is higher
but the coercive field is lower than in S1. The agreement of HC

values between experiment and simulation is slightly better than
S1, since the structural disorder starts to compete with the
temperature effect in S2 and S3. In S4, the reversal occurs
primarily through the formation of a number of complete and
incomplete vortices, which are energetically highly stable
structures and they reduce the net magnetization at H ) 0 due
to the flux closure inside the sample. Consequently, the
saturation field is very high, the coercive field is very low, and
the remanent magnetization is at a minimum in this case. In
S4, the structural disorder is dominant over the temperature
effect and hence the agreement between the experiment and
simulation is best among all four samples. Due to the largest
overlap between the particles, the interparticle exchange energy
is highest and the saturation magnetization is closest to the bulk
value in S4. In contrast, due to the smallest possible interparticle
overlap in S1, the exchange interaction and hence the saturation
magnetization is smallest in S1.

Conclusions

In summary, we have reported the magnetization reversal of
chains and clusters of exchange-coupled Ni nanoparticles of four
distinct geometries by experiment and micromagnetic simula-

Figure 3. (a) Typical discretizations of the simulated samples used in
the finite element method based micromagnetic simulations are shown.
Due to clarity, enlarged views from the specific regions of simulated
microstructures S3 and S4 are shown. Simulated normalized magnetiza-
tion (M/MS) is plotted as a function of the applied magnetic field (H)
for four samples (b) S1, (c) S2, (d) S3, and (e) S4. The insets show the
geometries of the simulated microstructures. The dimensions of the
unit spheres in the microstructures are not in scale.

Figure 4. The spatial maps of the simulated magnetization (arrows)
and the energy due to the external field (color map) for samples (a)
S1, (b) S2, (c) S3, and (d) S4 at specific values of the external magnetic
fields are shown. The dashed arrows are given as a guide to the eye to
follow the spatial variation of magnetization.
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tions. Considering the local microstructures of the samples in
micromagnetic simulations, we are able to reproduce the
experimental observations, qualitatively. Further analyses reveal
that the magnetization reversal of the clusters and chains is
dominated by the interparticle exchange and the shape anisot-
ropy of the overall clusters and occurs through the formation
of various local magnetic configurations. In chain-like structures
the fanning- and curling-like modes of magnetization reversal
cause the smallest saturation field, and the largest coercive field
and remanence. However, in more entangled structures such as
branched chains and random clusters, formation of more stable
magnetic configurations such as vortices causes a larger satura-
tion field, but a smaller coercive field and remanence.
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