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ABSTRACT: We report the magnetization reversal modes in
hexagonal cobalt microplatelets prepared via the solvothermal
chemical synthesis method. Experimental results do not reflect
any effect of anisotropy due to the shape of an individual platelet
and the shape of the overall geometry of the ensemble of
platelets. Micromagnetic simulations on a single hexagonal
cobalt platelet demonstrate different kinds of reversal modes
depending upon the direction of the applied magnetic field,
whereas for a group of three platelets the reversal modes of a
single platelet are manifested in a slightly modified form due to
the weak magnetostatic interactions among themselves. In this
case, a poor qualitative agreement is observed with the
experimental hysteresis loops. A much better qualitative
agreement with the experimental loops is observed for a random ensemble of seven platelets, and a strongly collective
magnetization reversal is observed in this case.

■ INTRODUCTION
Magnetic micro- and nanoparticles are potential candidates for
modern and future magnetic technology. Discovery of a
number of unusual and interesting magnetic properties in
confined magnetic particles has enhanced the research interest
in such systems. The key reason behind that is the increment of
the surface potential energy with the decrease in the size of the
particles. Most of the technological applications including
magnetic data storage,1 magnetic resonance imaging,2 mag-
nonic crystals,3 and biomedicine and biotechnology4,5 demand
the understanding and manipulation of the quasistatic and
ultrafast magnetic processes of an ensemble of magnetic
nanoparticles as well as that of the single nanoparticle. By
changing the shape, size, and chemical composition of the
microparticles and nanoparticles, one may manipulate their
magnetic properties and magnetization reversal mechanisms to
a large extent.6,7 Therefore, the synthesis of magnetic micro-
and nanoparticles with high crystallinity of the desired crystal
structure and with controlled shape and size have become one
of the key issues of the modern materials science and
nanoscience. A large volume of literature exists on the synthesis
and characterization of magnetic properties of magnetic micro-
and nanoparticles of different shapes.8−11 There are few reports
about the details of the magnetization reversal of cluster and
chains of single domain spherical magnetic nanoparticles, where
the shape anisotropy due to the individual nanoparticle is
absent and the reversal is driven primarily by the overall
geometry of the clusters or chains.12−14 Simulations of
magnetization reversal of nanoparticles with magnetocrystalline
and shape anisotropies15 and the influence of surface anisotropy
on the magnetization reversal of maghemite nanoparticles with

ellipsoidal shape16 have been reported. Magnetization reversal
mechanisms of single hexagonal shaped magnetic platelets have
been reported by Nakatani et al. in the 1990s using
micromagnetic simulations.17,18 However, extension of such
works to an ensemble of platelets and comparison of the
simulation results with the experimental results have been
missing in the literature. Here, we have presented the
magnetization reversal modes of chemically synthesized
hexagonal cobalt microplatelets. Experimentally measured
hysteresis loops show the collective reversal of the platelets.
After the formation, uncoated magnetic microplatelets do not
remain well separated; rather, they form agglomerates. An effort
has been made here to understand the effect of the neighboring
platelets in the agglomerates on the individual platelets.
Micromagnetic simulations show that the normal reversal
modes of isolated single platelets are significantly modified in
the ensemble, influencing the overall reversal behavior.

■ EXPERIMENTAL METHODS

To synthesize hexagonal Co microplatelets, a homogeneous
transparent solution is prepared by dissolving 1 g of CoCl2,
6H2O into 30 mL of ethylene glycol (EG) by rigorous stirring
for 30 min. Following that, 3 mL of ethylene diamine (EDA) is
added dropwise to the above solution at room temperature
with continuous stirring by a magnetic stirrer for another 30
min. EDA is a small organic molecule to control the nucleation
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and growth of particles along a particular crystallographic
direction by selective adsorption.11 The final solution is sealed
in a Teflon-lined stainless-steel autoclave of 50 mL capacity.
The autoclave is then placed inside a furnace at 473 K for 24 h.
After that, the autoclave is cooled to room temperature and the
gray product is washed several times with distilled water and
ethanol. The cleaned microplatelets are then dried in an oven at
313 K for 6 h. The size, shape, morphology, and chemical
purity of the microplatelets were investigated by using a FEI
Quanta 200 thermionic emission scanning electron microscope
(SEM) equipped with an energy dispersive X-ray (EDX)
spectrometer. The crystalline phase of the synthesized
microplatelets was identified by X-ray diffraction (XRD)
using a PANalytical X’Pert PRO X-ray diffractometer equipped
with Cu Kα radiation (λ = 0.154 nm). The static magnetic
properties, i.e., magnetization (M) vs the applied magnetic field

(H), were measured at room temperature by using a LakeShore
7407 vibrating sample magnetometer (VSM).

■ RESULTS AND DISCUSSION
The typical scanning electron micrograph of hexagonal Co
microplatelets is shown in Figure 1a. It shows that the platelets
are well synthesized with sharp edges with an edge length of 1.7
± 0.02 μm and with a thickness of 500 ± 10 nm. Under normal
dropcasting conditions, the platelets are oriented randomly, as
shown in Figure 1a. Figure 1b shows the EDX spectrum of the
microplatelets, which ensures that the platelets are chemically
pure with a little trace of oxygen. An intense peak from gold
(Au) is also present in the spectrum because the platelets were
gold coated before taking the SEM images to avoid any charge
accumulation. The XRD pattern of Co microplatelets is shown
in Figure 1c. The observed XRD peaks show the presence of
hcp Co crystal. The peaks with 2θ values of 41.5, 44.5, 47.4, and

Figure 1. (a) Scanning electron micrograph (SEM), (b) energy dispersive X-ray (EDX) spectrum, and (c) X-ray diffraction (XRD) pattern of the Co
microplatelets. (d) M−H loops measured at three different angles (ϕ) of the applied field at T = 300 K for the same sample. The inset shows the
magnified view of the central part of the loops showing no exchange bias effects in the microplatelets. (e) The geometry of the VSM measurements
of the Co microplatelets dispersed on a Si substrate, while the inset shows a magnified view of some of the platelets. (f) M−H loop of Co
microparticles of random shapes as shown in the SEM image in the inset of the graph.



75.8° correspond to (100), (002), (101), and (110) crystal
planes of hcp cobalt, respectively. The absence of Au peaks
confirms the absence of Au in the microplatelets. The
magnetization (M) as a function of magnetic field (H) (M−
H loops) were measured by VSM at room temperature (Figure
1d) for three different angles (ϕ) of the applied magnetic field.
Figure 1e shows the measurement geometry for the VSM,
where ϕ = 0° was chosen parallel to one of the edges of the Si
substrate. The shapes of the loops look almost identical with
less than 10% variation in the coercive field and remanence.
The coercive field is around 356 Oe, and the remanence (Mr/
Ms) is about 6%, where Mr is the remanent magnetization and
Ms is the saturation magnetization. The saturation field is
around 15 kOe. The hysteresis loops do not reflect the effect of
any shape anisotropy of the individual microplatelets as well as
the anisotropy due to the overall geometry of the ensemble of
microplatelets. The EDX spectrum shows a small trace of
oxygen, indicating the formation of a thin layer of CoO at the
surface of the Co microplatelets. However, no sign of exchange
bias effect is observed in the hysteresis loops due to this, as
shown in the inset of Figure 1d. We have further measured the
M−H loop of randomly oriented Co microparticles of random
shapes. Although the saturation field for this sample is the same
as that of the hexagonal Co microplatelets indicating similar
magnetocrystalline anisotropy, the coercive field (∼100 Oe)
and remanence (∼1%) are found to be significantly different
from those of the Co microplatelets. This indicates that the
effect of well-defined shapes of the Co microplatelets results in
different magnetization reversal mechanisms as opposed to the
Co microparticles of random shapes.
To get insight into the details of the magnetization reversal

mechanism, micromagnetic simulations have been performed

by NMAG Computational Micromagnetics based on the finite
element method.19 The finite element method based micro-
magnetic solver with tetrahedral mesh with varying sizes
enables a better filling of the sample surface than a finite
difference method based micromagnetic solver. At first, we have
simulated the magnetization reversal process of a single
hexagonal Co platelet for different directions of the applied
field, as shown in Figure 2a. In Figure 2b, we show the
generated mesh structures for a single Co platelet along with
the applied field geometry. The input material parameters used
for Co are 4πMs = 17.6 kOe, A = 30 × 10−12 J/m, Ku = 520 ×
103 J/m3, and γ = 17.6 MHz/Oe, where A is the exchange
stiffness constant, Ku is the magnetocrystalline anisotropy
constant, and γ is the gyromagnetic ratio. For the simulations,
the samples are divided into tetrahedral cells of maximum
dimension 4.5 nm, which is below the exchange length of
cobalt. We have used Netgen,20 a 3-D finite element mesh
generator, to generate and refine the mesh to optimally model
the complicated structures used in the simulation. The
optimization and refinement are done in a hierarchical method.
The hysteresis loops are simulated by varying the magnetic field
(H) between ±15 kOe with different step sizes of 630 Oe, 315
Oe, 60 Oe and 30 Oe for H ranges between 15 and 3.77 kOe,
3.77 and 1.26 kOe, 1.26 kOe and 250 Oe, and 250 and −250
Oe respectively; and the same steps are followed for the reverse
magnetic field. Next, we simulated the hysteresis loops for a
collection of three hexagonal platelets where each platelet is
oriented in such a way that the directions of the applied
magnetic field on every platelet are different from each other.
Finally, we have simulated the hysteresis loops for an ensemble
of seven microplatelets arranged in a similar fashion as observed
from the SEM image of the experimental sample (Figure 1a).

Figure 2. (a) Simulated hysteresis loops for a single hexagonal Co microplatelet for different azimuthal angles (ϕ) as shown in part b. The extracted
values of (c) coercive field and (d) remanence are shown as a function of ϕ.



The hysteresis loops have been simulated for different
azimuthal angles (ϕ) of the applied bias field, where 0° is
chosen parallel to the x-axis.
The coercive field and remanence extracted from the loops

shown in Figure 2a are plotted as a function of the angle ϕ in
Figure 2c,d. A symmetric variation is observed with the
variation of ϕ in the simulated loops due to the varying ground
states of magnetization and the correspondingly different
reversal modes. However, this effect is wiped out in the
experimental loops. We have further simulated the hysteresis
loops of a single platelet with magnetic fields applied along the
two in-plane and one out-of-plane directions, as shown in
Figure 3a. The out-of-plane loop shows a large saturation field
as opposed to the two in-plane loops, as this is the hard axis of
the platelet structure. A linear superposition of these three
loops is shown along with the simulated loop of a random
ensemble of three platelets in Figure 3b. The loops are almost
identical with small differences arising due to the collective
nature of the reversal in the ensemble. However, neither of
these loops reproduces the experimental loops, showing that
the collective effect in the ensemble of three platelets is very
weak.
Figure 3c shows the simulated hysteresis loops for seven

platelets arranged in the manner shown in Figure 3d. The
shapes of the hysteresis loops resemble closely the experimental
loops qualitatively, and like the experimental loops, they do not
vary significantly with the variation in ϕ. The coercive fields for
the loops for 0 and 90° are found to be 540 Oe, while, for 45°,
it reduces to 390 Oe. On the other hand, the remanences are

25.3% for 0°, 22.3% for 45°, and 38.3% for 90°, all of which are
higher than the experimentally observed values. The saturation
fields agree well with the experimental values of 15 kOe. With
the increase in the number of platelets, the qualitative
agreement between the simulated hysteresis loops and the
experimental loops becomes better.
To understand the reversal mechanisms, we have captured

the magnetization images at different magnitudes of the applied
magnetic field in a normalized color map. The color map
represents the component of the magnetization along the
direction of the applied field (indicated as MH) for all cases.
Figure 4a−d shows the magnetization reversal mechanisms for
the single hexagonal platelet for the magnetic field applied
along three in-plane and one out-of-plane directions. For all
three in-plane bias fields, the reversal generally occurs by the
formation of “C”- or “S”-like states first, followed by formation
of a vortex state, shifting of the vortex core perpendicular to the
direction of the applied field, annihilation of the vortex, and
finally formation of the reversed state with the variation of the
magnetic field. However, for magnetic field applied perpendic-
ular to the plane of the platelet, the reversal occurs differently.
In this case, vortex formation starts at +10 kOe magnetic field
with the formation of the vortex core, while the chiral spins
slowly turn to the plane of the platelet and come completely to
the sample plane at H = 0. As the magnetic field is reversed, the
chiral spins start to tilt out of plane again along the direction of
the magnetic field. This is followed by the reversal of the vortex
core at H = −6.9 kOe. The chiral spins continue to rotate

Figure 3. (a) Simulated hysteresis loops for a single hexagonal microplatelet with magnetic field applied along the x, y, and z directions as shown in
the inset. (b) A linear superposition of the three loops as shown in part a is shown by the red curve, while the green curve represents the simulated
hysteresis loop for an ensemble of three platelets arranged in a manner as shown in the inset of part b. (c) Hysteresis loops for an ensemble of seven
microplatelets for three different angles. (d) The geometry of the ensemble of seven microplatelets and the direction of the applied magnetic field.



toward the magnetic field and reverse completely at about H =
−10 kOe.
For an ensemble of three microplatelets, the reversal still

occurs through the formation of “C” and “S” states and vortex
states of the individual platelets, shown in Figure 5. However,
formation of various magnetic configurations of the individual

platelets occurs at different magnetic field values depending
upon the orientation of the platelet w.r.t. the direction of the
magnetic field. The collective behavior occurs only near the
edges of the platelets, where the magnetostatic interaction is
stronger.
The reversal mechanism is more complicated for the

ensemble of seven platelets, shown in Figure 6. Well-defined

Figure 4. Simulated spatial maps of magnetization for different magnitudes of the magnetic field applied along four different directions, as shown in
the right side of the images. The color map was set according to the normalized component of the magnetization parallel to the direction of the
applied field.

Figure 5. Simulated spatial maps of magnetization for the magnet-
ization reversal of an ensemble of three platelets for different
magnitudes of the magnetic field applied along the direction as
shown in the first image. The color map is the same as that for Figure
4.

Figure 6. Simulated spatial maps of magnetization for the magnet-
ization reversal of an ensemble of seven platelets for different
magnitudes of the magnetic field applied along the direction as shown
in the first image. The color map is the same as that for Figure 4.



domains are not found for all the platelets during the reversal,
as found for the isolated platelets and also for the ensemble of
three platelets. The magnetization of all the platelets is reversed
through the formation of complicated multidomain states. The
incomplete vortex-like state is also observed depending upon
the orientation of the platelets, and the movement of the vortex
cores depends on the overall local field on the platelet. The
reversal is of highly collective nature in this case causing the
formation of flux closure through a number of platelets in the
ensemble. Partial vortex and “C”- and “S”-like states are still
observed as randomly distributed in the ensemble at different
field values during the reversal. The precise quantitative
agreement is not found between the experimental and
simulation results due to the limited size of the simulated
ensemble, which is much smaller than the experimental sample.
In addition, the simulations are performed at T = 0 K, whereas
the experimental hysteresis loops are measured at room
temperature (300 K). Nevertheless, the simulation of the
ensemble of seven platelets qualitatively captured the collective
reversal mechanisms in randomly oriented platelets of distinct
geometrical shapes and point toward more local measurements
of magnetic properties for understanding the intrinsic magnet-
ization processes of the individual platelets.

■ CONCLUSIONS

In summary, we have experimentally investigated the magnet-
ization reversal processes of randomly arranged hexagonal
cobalt microplatelets grown by the solvothermal method by
vibrating sample magnetometry. The details of the reversal
mechanisms have been investigated with the aid of finite
element method based micromagnetic simulations. Experimen-
tal hysteresis loops show that the shape of the loops and
corresponding static magnetic parameters do not change
significantly with the angle of the applied magnetic field,
which ensures negligible anisotropy due to the overall geometry
of the sample. Simulated spatial maps of magnetization show
that the reversal modes of the individual platelets depend on
the direction of the applied field due to the shape anisotropy.
The normal reversal modes of an individual hexagonal platelet
are present in a slightly modified form in the reversal of an
ensemble of three platelets. The qualitative agreement of the
hysteresis loops with the experimental loops is not very good in
this case. To get a better qualitative agreement, we have further
simulated the hysteresis loops for a random ensemble of seven
platelets, where the geometrical arrangement was chosen to be
similar to that of the experimental one. In this case, the reversal
occurs in a highly collective manner through the formation of
complicated multidomain structure, incomplete vortex-like
state, and modified “C”- and “S”-like states. The effect of
shape anisotropy of the individual platelets is almost negligible
in this case. Though the precise quantitative agreement is not
obtained, the qualitative agreement becomes better with the
increase of the number of platelets and the randomness in their
arrangement and insight to the overall reversal mechanisms of a
random ensemble of platelets with distinct geometrical shape
(hexagonal in this case) is obtained.
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