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We present the magnetization reversal dynamics in one-dimensional chains of single domain nickel nanoparticles of about 50 nm
diameters. Experimental results show that the magnetization reversal is mainly governed by the overall shape of the chains and typical
easy-axis and hard-axis like magnetic hysteresis loops are observed when magnetic field is applied parallel and perpendicular to the
length of the chains. Micromagnetic simulations on a single nickel chain composed of 20 nickel nanoparticles show reasonable qualitative
agreement with the experimental results. In this case the magnetization reversal starts from the edges of the chain and progresses towards
the center. However, simulations with three parallel nickel chains show that the reversal mechanism is modified into complicated pattern
formation and appearance of local flux closure due to the magnetostatic interactions between the chains. A better qualitative agreement
with the experimental results is obtained for this case.

I. INTRODUCTION

� HE synthesis, characterization and study of the properties
of magnetic nanoparticles have become very popular in

past three decades due to their potential applications in different
emerging fields like magnetic data storage [1], magnetic reso-
nance imaging [2], catalysis [3], magnetic fluids [4], biomed-
icine and biotechnology [5], [6]. Ordered arrays of monodis-
perse and single domain nanoparticles are needed for most of
the device applications [7]. Self-assembled arrays of nanopar-
ticles in 1-D, 2-D and 3-D are potential candidates for such
applications. In order to minimize the surface energy associ-
ated with high surface to volume ratio and magnetostatic en-
ergy, magnetic nanoparticles often agglomerate and form chains
and clusters [8], [9]. It is therefore very important to have a
thorough understanding of the magnetization reversal processes
in magnetic nanoparticles of various shapes, sizes and phys-
ical arrangements both from technological and fundamental in-
terests [10]. For a single domain isolated magnetic nanopar-
ticle magnetization reversal occurs through the coherent rotation
of magnetization. Earlier works have reported the quasistatic
magnetization reversal mechanisms in chains and clusters of
single-domain magnetic nanoparticles with various geometries
[11], [12]. For assembly of nanoparticles the reversal mecha-
nism is modified due to the short-range exchange and long-
range dipolar interactions. If magnetic nanoparticles are self-as-
sembled and strongly dipolar or exchange coupled then the ge-
ometry of the whole structure dominates the magnetization re-
versal behaviors and strong magnetic anisotropy related to the
shape of the assembly is expected. However, occurrence of clear
magnetic shape anisotropy in ordered one-dimensional chains
of magnetic nanoparticles has not been studied in detail. Here,

we have studied the magnetization reversal mechanisms in long
chains made of single domain nickel nanoparticles. We have
experimentally observed clear shape anisotropy in such chains
of nickel nanoparticles and discussed the reversal mechanisms
with the aid of micromagnetic simulations.

II. EXPERIMENTAL DETAILS

To prepare nickel nanoparticle 45 mM nickel chloride
was dissolved in ethylene glycol. Then 0.9 M hy-

drazine hydrate and 0.1 M NaOH was added to
that solution [13]. The molar ratio of and
was kept around 20 and pH value of the final solution was
maintained around 10. After adding NaOH the solution was
continuously stirred in a beaker using magnetic stirrer at
70–80 temperature. After 45 to 60 minutes when the color
of the solution turned to grey black indicating the formation of
nanoparticles, the reaction was immediately stopped and the
beaker was cooled at 0 using ice to avoid agglomeration
of the nanoparticles. Then the uncoated nanoparticles were
cleaned for several times using distilled water and ethanol. To
coat the nanoparticles with polyethylenimine (PEI), the cleaned
nanoparticles were dispersed in distilled water and 1 wt% of
PEI was added to the dispersed nanoparticles. The solution was
then thermostated for 30–45 minutes at 25 using ultrasonic
bath. The coated nanoparticles were magnetically recovered
and dried at room temperature. For the preparation of nickel
nanochain the polymer coated nanoparticles were redispersed in
ethanol and centrifuged to select monodispersed single domain
nanoparticles. Then a drop of very dilute colloidal solution of
monodispersed nanoparticles was placed on a cleaned silicon
substrate and a large magnetic field ( 6 kOe) was applied in
the plane of the silicon substrate by electromagnets. When the
nanoparticles were in colloidal form, they were easily aligned
along the magnetic lines of force to form one-dimensional chain
like structures. When the solution was dried the chain like struc-
tures were retained due to the magnetostatic forces between the
constituent nanoparticles. The size, shape, crystal structure and
chemical purity of the nanochains were investigated by using
scanning electron microscope (SEM), X-ray diffraction (XRD)
and energy dispersive X-ray (EDX) spectrometer, respectively.



Fig. 1. Scanning electron micrograph of (a) single nickel chain (b) a number of
parallel chains of nickel nanoparticles are shown. (c) Energy dispersive X-ray
(EDX) spectrum and (d) X-ray diffraction (XRD) pattern for same sample.

The magnetization vs. the applied magnetic field
was measured at room temperature by using vibrating sample
magnetometer (VSM).

III. RESULTS AND DISCUSSIONS

Figs. 1(a) and 1(b) show the typical scanning electron micro-
graphs of nickel nanochains. In Fig. 1(a) only a single chain of
nickel has been shown and in Fig. 1(b) we have shown a larger
area of the sample with a number of parallel chains. The parti-
cles are almost spherical in shape and monodisperse, though a
small amount of agglomeration is there. The individual particle
size is about 50 nm, which assures that they are single domain.
Some of the chains are isolated, while the others are arranged
parallel to each other with varying separations from less than
10 nm to several microns. The EDX spectrum of the nanopar-
ticles, as shown in Fig. 1(c), confirms the chemical purity of
the nanoparticles with a little amount of oxidization. The X-ray
diffraction (XRD) pattern of the nickel nanoparticles with Cu

radiation is shown in Fig. 1(d). The ob-
served XRD peaks at the values of 44.5 , 51.8 , 76.4 and
92.9 correspond to (111), (200), (220) and (311) crystal planes
of nickel, respectively. It reveals that the synthesized nickel has
face centered cubic structure with a lattice parameter of 0.352
nm.

The experimental curves, measured by the VSM at
room temperature (Fig. 2), show that the coercive field and
remanence are maximum (140 Oe & 34%, respectively)
when the magnetic field is applied along the axis of the chain

and minimum (52 Oe & 15%, respectively) when the
field is applied perpendicular to the axis of the chain .
On the other hand, the saturation field is minimum (about
3 kOe) for the first case and maximum (about 6 kOe) for the
second case. Since the magneto-crystalline anisotropy of nickel
is very small, the shape anisotropy of the chains dominates and
the long-axis of the chain behaves as the magnetic easy-axis
while the short-axis behaves as the magnetic hard-axis.

Fig. 2. The VSM results of nickel chains are shown with different angles of the
applied field with the axes of the chains. Inset shows the expanded view of the
� � � curves.

To understand the details of the magnetization reversal
process, we have performed micromagnetic simulations by
Object Oriented Micromagnetic Framework (OOMMF) [14].
We have simulated two different sample geometries, a single
chain made of 20 spherical nickel nanoparticles of 50 nm diam-
eter and arrays of three such nickel chains. The inter-particle
distance (edge to edge) in a chain is equal to zero, while the
inter-chain distances in the arrays are 5 nm, 10 nm and
50 nm (exchange length of Ni is 7.8 nm). Typical material
parameters for nickel , ,

and are assumed
in the simulation, where is the saturation magnetization,

is the exchange constant, is the magnetocrystalline
anisotropy constant and is the gyromagnetic ratio. For the
simulations the samples were divided into cuboidal cells of
size . The simulated hysteresis loops were
calculated by first increasing the field up to 10 kOe and then
varying it between 10 kOe & 10 kOe in step of 50 Oe. In
the simulations the magnetic field was applied at three different
angles w.r.t. the length of the chains. To understand the reversal
processes the spatial maps of magnetization were taken at
different values of the applied magnetic field.

In Fig. 3(a) the simulated hysteresis loops are shown for a
single chain. Earlier works [11], [12] showed that for a single
domain spherical nickel nanoparticle the magnetization reversal
occurs through the coherent rotation of magnetization associ-
ated with a square hysteresis loop. However, for a chain com-
posed of a number of single domain spherical nickel nanopar-
ticles (Fig. 3(b)) the magnetization reversal was modified to
curling and fanning modes due to the exchange and magneto-
static interactions between the particles. Here, we also observe
that the shape of the chain controls the reversal behavior for
magnetic fields applied at different directions w.r.t. the length
of the chains. For applied field at almost square like
hysteresis loop is observed with nearly 100% remanence and

. Fig. 3(c) presents the spatial maps of magneti-
zation for , which shows that the reversal starts from the
two ends of all spheres in the chain as the field is increased to-
wards the negative value but the central regions of the spheres re-
main magnetized in the original direction. At �



Fig. 3. (a) The simulated � vs. � curves of single nickel chain for three dif-
ferent angles ��� of the applied magnetic field w.r.t. the length of the chain. (b)
The schematic of a single chain for simulation. Spatial maps of magnetization
at different magnetic field values for (c) � � � (d) � � �� (e) � � �� . The
colormap (Red-White-Blue) indicates the projection of vector magnetization on
the image plane.

the central region along the chain-axis takes curling like con-
figuration and at that region collectively re-
verses towards the applied field direction. For , both
the remanence and coercive field go down and ultimately be-
come zero for . For (Fig. 3(d)), the magneti-
zation of the spheres do not reverse collectively. The magneti-
zation of individual spheres reverses one after another starting
from two ends and progresses towards the center with increased
negative field. The reversal is completely different for
(Fig. 3(e)). In this case majority of the spins reverse slowly
and collectively through the formation of curling like modes.
Though there is a reasonable qualitative agreement between the
experimental and the simulated hysteresis loops for single chain,
no quantitative agreement is observed. In the experimental sam-
ples, a number of chains lie nearly parallel to each other on the
substrate at random separations. Therefore the hysteresis loops
are significantly modified due to the long-range magnetostatic
interactions.

To mimic the experimental sample geometry better, we have
further simulated the hysteresis loops for three parallel nickel
chains with separations (just below the exchange
length of nickel), (just above the exchange length
of nickel) and (much above the exchange length of
nickel). Fig. 4 shows the hysteresis loops for and 50
nm, which look similar to those for the single chain for
and and also the magnetic parameters are nearly iden-
tical. However, for the loops are different than that of a
single chain. For , the chains are strongly dipolar cou-
pled. For , the magnetization reversal starts from the end

Fig. 4. Hysteresis loops of three parallel nickel nanochains with separation (a)
� � � �	 and (b) � � �� �	.

regions of 1st and 3rd rows but the central region remains un-
changed. Consequently an anti-ferromagnetic like spin structure
between the consecutive rows starts to form, which becomes
complete at . Beyond that the central part of
the middle row reverses through the fanning mode and finally
reversal occurs at . At , the magnetization
reversal starts from the central part of all the chains, which is
followed by the reversal of the spheres at the ends of the chains.
For , the magnetization reversal starts from the ends
of all the chains collectively. Following that a local flux closure
structure is formed and this is followed by the reversal of the
magnetization of the central part of the chains.

Fig. 5(a) shows the hysteresis loop for (Fig. 5(b).
In this case, the chains are less strongly dipolar coupled. For

(Fig. 5(c)), the magnetization reversal starts from the two
ends of the alternative rows, which slowly propagates towards
the center and at the 1st and 3rd rows reverse
completely. This is followed by the magnetization reversal of
the middle row. Overall the magnetization reversal goes through
the formation of non-uniform modes. For , the reversal
occurs through a complicated pattern formation (Fig. 5(d)). For

, the magnetization reversal starts from the two ends of
all the chains (Fig. 5(e)). This is followed by the formation of
local flux closure like structure and curling like mode.

For , the chains are weakly dipolar coupled. For
, the magnetization reversal mechanism of the chain at

the center of the array is similar to that of a single chain. How-
ever, the reversal of the 1st and the 3rd rows starts from the edges
of the chains and is followed by the reversal of the center of the
chain. For h�� , the magnetization reversal
starts from the edges of the chains. The simulated results for
three parallel chains give the better qualitative agreement with
the experimental result than the single chain.

The lack of precise quantitative agreement between the ex-
perimental and simulation results stems from the fact that the
simulations are performed at and the imperfection of
the real samples as opposed to those assumed in the simulation.

IV. CONCLUSIONS

In conclusion, we have experimentally studied the magne-
tization reversal of a number of nearly parallel nickel chains
with different separations. We have observed that the overall
geometry of the chains controls the reversal mechanism, and the
magnetic hysteresis loops with magnetic field applied along the
long-axis and short-axis of the chains show magnetic easy-axis



Fig. 5. (a) The simulated hysteresis loops of three parallel chains with separa-
tion � � �� ��. (b) The schematic of the array of chains for simulation. The
spatial maps of magnetization at different fields for (c) � � � (d) � � �� (e)
� � �� .

and hard-axis like behaviors. We have performed micromag-
netic simulations to understand the underlying mechanisms
behind the magnetization reversal of chains of nickel nanoparti-
cles. Simulations on a single nickel nanochain do not give good
qualitative agreement with the experimental result. However,
simulations with three parallel chains give better qualitative
agreement with the experimental results. The reversal mecha-
nism is modified due to the magnetostatic interaction between
the chains and formation of local flux closure like structures are
observed during the magnetization reversal, which causes low
remanence, smaller coercive field and larger saturation field for
the loops with the magnetic field applied perpendicular to the
length of the nickel nanochains. A chain of nanomagnets are

potential candidates for propagation of magnons and may be
used as future building blocks for magnonic crystals. Hence
understanding the magnetic ground state and magnetization
processes at various times and length scales are important.
Despite the lack of quantitative agreements between the ex-
perimental and simulation results a qualitative agreement is
observed and a combination of both results would possibly lead
to more precise experiments and better understanding of the
magnetization processes in chains of magnetic nanoparticles.
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