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We present the experimental investigation and numerical analysis of the magnetostatic energy of ferromag-
netic circular dots arranged in three different lattice geometries. We show that by varying the lattice arrange-
ment, configurational anisotropy, which is significantly affected by the direction of the external magnetic field,
can be induced. Depending on the coupling mechanism �ferromagnetic/antiferromagnetic� between the neigh-
boring dots in the lattice, different combinations of chiralities in the vortex state can be obtained.
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Magnetostatic interactions in coupled nanodots have at-
tracted much attention in recent years.1,2 Fundamentally,
such systems are well suited for direct comparison between
theoretical predictions and experimental observations. Due to
the advancements in nanofabrication techniques,3 it is now
possible to precisely control the geometry, size, and interdot
spacing in magnetic nanodots. Depending on the geometrical
size of the dot, either a stable single-domain configuration
can be obtained at remanence or a “curling magnetization
distribution,” also referred to as a magnetic vortex can be
observed. Compared to single-domain states, magnetic vorti-
ces have much lower stray fields due to flux closure configu-
ration and can thus be formed as an equilibrium state or
ground state at remanence.4 Therefore, having stable and
controlled vortex chirality is a key requirement for the suc-
cessful implementation of ferromagnetic �FM� nanostruc-
tures in logic devices and memory cells. In general, the mag-
netization reversal process is determined by a combination of
all the energy terms including exchange, magnetocrystalline
anisotropy, and magnetostatic contributions. When FM dots
are placed closed to each other such that their side magnetic
charges begin to interact, the resultant dipole coupling en-
ergy can dominate their magnetization reversal mechanism
and in turn affect the total magnetostatic energy of the sys-
tem. Controlling the vortex chirality in such cases conse-
quently becomes even more challenging.

In recent years, there has been substantial work reported
on the stability of the vortex state with regard to shape and
size in an array of both isolated and coupled magnetic
dots.4–16 For instance, Natali et al.7 studied two-dimensional
arrays of densely packed Co dots and showed the existence
of dipolar interactions between single-domain dots and vor-
tex state dots. Similarly, Guslienko et al.8 and Novosad et
al.9 have investigated the effect of magnetostatic coupling on
the nucleation and annihilation fields in one-dimensional and
two-dimensional arrays of permalloy dots. Furthermore,
Cowburn17 showed that by arranging the permalloy dots in a
linear chain and by engineering the anisotropy of each dot,
antiferromagnetic �AFM� arrangement can be obtained in the
dots. However, there has been no work reported so far on the
manipulation of the magnetostatic energy of a the system

consisting of ferromagnetic dots arranged in specific lattice
geometries, which in turn determines the vortex chirality of
each dot. Such control of magnetostatic coupling in nanodots
is crucial for the design of future spintronic logic devices18,19

and storage memory cells.20

In this Brief Report, we investigate how configurational
anisotropy �resulting from the lattice arrangements of dots�
and field orientation affects the vortex chiralities in FM cir-
cular dots when they are arranged in different lattice configu-
rations. By arranging the dots in specific lattice geometries,
configurational anisotropy can be induced, which favors a
preferential mode of magnetization reversal. We have sys-
tematically mapped this effect by varying the direction of the
applied field. The results shown in this work are specifically
important for storing different combinations of bit patterns as
one cell, in contrast to single element memory cells.

Periodic arrays of circular dots of diameter 600 nm in
three different configurations were fabricated over an area of
100�100 �m2 on silicon substrates using deep ultraviolet
lithography at 248 nm wavelength followed by the lift-off
process. The edge to edge spacing s between the dots was
varied from 55 to 600 nm, respectively. Ni80Fe20 of thickness
�tNiFe� 80 nm was deposited using electron-beam evaporation
at a rate of 0.2 Å /s. Details of the fabrication process are
described elsewhere.21 Figure 1�a� shows the representative
scanning electron micrographs of the three lattice geometries
for both closely spaced dots �s=55 nm� and isolated dots
�s=600 nm�. Hysteresis loops were recorded using a fo-
cused magneto-optical Kerr effect �MOKE� setup with a
5 �m spot size and external field applied in longitudinal
geometry at room temperature. Magnetic force microscopy
�MFM� imaging was performed in the phase detection mode
using commercial CoCr coated Si cantilever tips magnetized
along the tip axis.

In order to understand the underlying physics we first per-
formed numerical calculations based on “rigid” vortex model
proposed by Guslienko et al.8 Figure 1�b� shows the lattice
system of the nanodots considered for three different con-
figurations. The center-to-center distance is defined as D
�Rd for both the x and y axes, where R is the radius of the
dot and d is the nondimensional separating distance.
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In a system of coupled dots, each vortex magnetostati-
cally interacts with each other due to the magnetic charges
���i��i=1,2� emerging on the side surfaces of the dots when
the vortex core shifts from the center. The magnetostatic en-
ergy between the side surfaces of two dots can be thus writ-
ten as

Wint�a1,a2� =
�0Ms

2R3

8�
� dZ1dZ2d�1d�2���1����2�

K��1,Z1,�2,Z2�
, �1�

where K��1 ,Z1 ,�2 ,Z2�= �d2+2d�cos �2−cos �1�+2
−2 cos��2−�1�+ �Z2−Z1�2�1/2. The integration in Eq. �1�
runs from 0 to tNiFe /R in Z1 and Z2 and from 0 to 2� in �1
and �2, where tNiFe is the dot thickness. Since the core radius
of the vortex is small enough compared with the disk radius
R, the interactions between the charge distribution on the top
and bottom surfaces of the two disks are negligible.

The interaction energy due to the magnetostatic coupling
of the two-dot system was subsequently calculated using Eq.
�1�. Figure 2�a� shows the variation in the magnetostatic en-
ergy as a function of the spacing s between the two dots as a
function of the external magnetic field orientation ���. For
�=0°, the calculated magnetostatic energy yields positive
values, whereas for �=45° and 90° it generates negative val-
ues. To fully understand the spin configurations, we also per-
formed micromagnetic simulations using object-oriented mi-
cromagnetic framework �OOMMF�.22 Standard parameters
of Ni80Fe20 were used for simulations �Ms=860 kA /m,
A=1.3 �erg /cm, �=0.5, and cell size=5 nm�5 nm�.
Figure 2�b� shows the spin configuration of the two dots at
remanence for �=0°, 45°, and 90° when s=55 nm. We ob-
served that the direction of the external field strongly influ-
ences the chirality of the vortex state which in turn deter-
mines the spin configuration of the entire system. For �=0°,
the vortex core nucleates at the edge position perpendicular
to the field direction such that the chirality in the two dots is
antiparallel. This results in the magnetic moments at the
edges of the interacting dots pointing in the same direction,

showing FM coupling. This observation is also supported by
the numerical calculations in the form of positive values for
the interaction energy Wint�2 dot�. To have a clear understand-
ing of the spin evolution in a dot pair, Fig. 2�c� depicts the
various spin configurations at different magnitudes of ap-
plied field when �=0°. For �=90°, however, the vortex state
in the two interacting dots favor same vortex chirality, result-
ing in antiparallel alignment of magnetic moments at the
edges of the dots and thus exhibits AFM coupling. The nega-
tive values of Wint�2 dot� for �=90° also support similar argu-
ment. This signifies that the direction of the external mag-
netic field determines the chirality of the vortex state in two
interacting FM dots, i.e., the two dots can either have clock-
wise or anticlockwise vortex chirality in both of them or
have clockwise chirality in one dot while the other vortex
rotates in anticlockwise direction. This phenomenon may be
particularly interesting for spintronic logic devices where the
input direction of magnetic field can generate outputs of par-
allel or antiparallel vortex chiralities in the magnetic ele-
ments. As expected, when the separation between the two
dots increases, the magnetostatic energy decreases and con-
verges to zero for all the applied field directions.

Shown in Fig. 2�d� are the M-H loops obtained using
focused MOKE magnetometry for s=55 and 250, for field
applied along �=90°. The interaction energy corresponding
to these two separations is also marked in Fig. 2�a�. It is
clearly observed that there exists a weak magnetostatic inter-
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FIG. 1. �Color online� �a� Scanning electron microscopy micro-
graphs of circular dot in three different lattice configurations for
both closely spaced dots �s=55 nm� and isolated dots �s=600 nm�,
and �b� schematic illustration of the dot geometries in coordinate
system.
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FIG. 2. �Color online� �a� Variation in the interaction energy
Wint�2 dot� as a function of the interdot spacing s for �=0°, 45°, and
90°, and tNiFe=80 nm. �b� Simulated spin states of two dots for s
=55 nm and tNiFe=80 nm as a function of field orientation ���. �c�
Systematic evolution of magnetization distribution in two-dot lat-
tice geometry for �=0° starting from positive saturation to negative
saturation. �d� M-H loops for the same dot geometry at �=90° and
s=55 nm and 250 nm. �e� M-H loops for s=55 nm at �=0° and
90°. �f� M-H loops for s=250 nm at �=0° and 90°.
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action between dots with s=250 nm. For the most widely
spaced dots corresponding to s=600 nm, it was difficult to
obtain MOKE signal due to sensitivity limitations of the sys-
tem. Comparing the M-H loops for the two interdot spacings,
we observed that the magnetization reversal process �includ-
ing nucleation �HN� and annihilation �HA� of vortex cores�
are significantly affected. Consequently, for s=55 nm,
HN=−466 Oe, and HA=1016 Oe while for s=250 nm,
HN=−766 Oe, and HA=1383 Oe. This increase in HN and
HA with increasing interdot spacing can be attributed to the
decreased magnetostatic coupling between the two dots. This
results in easy nucleation of the vortex core when the exter-
nal magnetic field is reduced from saturation. Further, mag-
netization curves were obtained for both s=55 and 250 nm at
different values of �. Figure 2�e� shows the magnetization
responses for s=55 nm when the external magnetic field is
applied at an angle of �=0° and 90°. We observed that the
nucleation of the vortex core starts at a lower field value for
�=90° �−466 Oe� as compared to �=0° �−683 Oe�. Simi-
larly, the annihilation of the vortex core takes place at a
smaller field value for �=90° �1016 Oe� as compared to
�=0° �1289 Oe�. The corresponding M-H loops for
s=250 nm are shown in Fig. 2�f�. As expected, there is no
significant difference in the nucleation field or the annihila-
tion field for �=0° and 90°. However, the magnetization re-
versal process which constitutes the propagation of vortex
core from one edge of the dot to the other is relatively dis-
tinguishable. The decrease in magnetization at HN is more
abrupt for �=90° as compared to 0°. This difference can be
attributed to the fact that �=90° is the preferred orientation
in which the vortex core readily propagates from one edge of
the dot to the other. This is attributed to the existing small
coupling energy between the two dots since the separation s
between them is still less than the radius of the dot. The
above-discussed experimental results show that there exists
an extrinsic anisotropy in the lattice arrangement which
clearly distinguishes the magnetization reversal behavior of
the dots when the external magnetic field is applied in two
different directions. This concept of “configurational” aniso-
tropy was introduced by Cowburn et al.23 for isolated square
nanomagnets. We have successfully shown the presence of
this phenomenon in interacting nanomagnets since there ex-
ists a preferred field direction in which the vortex core nucle-
ates and annihilates easily at a smaller field value as com-
pared to the other field direction. These results show that
even though isolated circular dots do not exhibit any shape
anisotropy with respect to the direction of the external field,
by arranging them in different lattice geometries, configura-
tional anisotropy which is strongly dependent on the applied
field direction can still be induced.

After establishing the fact that the vortex chirality in a
two-dot system can be fully controlled by the external mag-
netic field direction, we further investigate the effect of lat-
tice arrangements in three- and four-dot geometries. Shown
in Fig. 3�a� is magnetization response of three-dot lattice
arrangement with s=55 nm, when �=0° and 45°. For �=0°,
the magnetization reversal process undergoes nucleation and
annihilation processes in two steps. The spin states obtained
from OOMMF simulations corresponding to the two-step
nucleation process �H1 and H2� are depicted as insets in Fig.

3�a�. H1 is the state in which two out of three dots have
vortex nucleation at the edges while the third one is still in
“S” shape configuration. H2 marks the onset of the vortex
nucleation in the remaining dot as well. Similar two-step
reversal process is also true for the annihilation process
where the vortex core has fully annihilated from two dots in
the first step and from the third dot in the second step. For
�=45°, however, the nucleation and annihilation processes
take place at the same time in the entire dot lattice. This
direction of the applied field is also the preferred orientation
since the magnitude of HN and HA is lower as compared to
0°. The variation in the interaction energy as a function of
the separation s between the dots is also shown as inset in
Fig. 3�a�. The total interaction energy of the system is found
to be negative for both orientations. Figure 3�b� shows the
simulated spin configuration for �=0° and 45° at remanence.
Due to the induced configurational anisotropy in the system,
there exists an obvious symmetry in the reversal process for
�=0° and 90°. For �=0°, dots 1 and 3 �as indicated in Fig.
1�b�� try to achieve parallel chiralities in the vortex state as
explained above for the two-dot system. At the same time,
dots 1 and 2 also try to attain antiparallel configuration of the
vortex state. However, there exists another coupling energy
between the dots 2 and 3 which experiences the effect of
external field at an angle of 45°. The resultant of all the
competing energies is that every dot now has the same
chirality exhibiting strong AFM coupling �also evidenced by
the negative values of W�. On the other hand, for �=45°, out
of the three dots, two have the same chirality. Since one of
the dot pair experiences ferromagnetic coupling, the magni-
tude of interaction energy for 45° is less than that of 0°.
Therefore, it is possible to have four different combinations

(a)

H

0° 45°

(b)

0°
°

2

-2 -1 0 1 2

H1

H2

-0.2

-0.1

0

0 200 400 600

( ) (d)

45°

0°
45°

W

s

1 3

(c)
0° 90°

(d)

-0.2

0

0°
90°

0°W

1

2
3

4

-2 -1 0 1 2

-0.6

-0.4

0 200 400 600

Field (kOe)

0
90°

W

s

4

FIG. 3. �Color online� �a� M-H loops for the three-dot lattice
geometry for s=55 nm, tNiFe=80 nm, and �=0° and 45°. Corre-
sponding spin states of the same geometry is shown in �b�. Simi-
larly, �c� and �d� shows the M-H loops and simulated spin states for
four-dot lattice geometry at �=0° and 90°. The insets in �a� and �c�
are the variations in interaction energies as a function of the spacing
between the dots for different values of �.
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of the vortex chirality depending on the direction of the ex-
ternal magnetic field.

Figure 3�c� shows the magnetization reversal behavior in
four-dot lattice geometry for �=0° and 90°. Again, due to the
induced configurational anisotropy, 90° is the easy axis
where nucleation and annihilation of vortex cores takes place
at lower field values when compared to 0°. Moreover, we
also observed that the magnetization reversal behavior in
four-dot lattice geometry is noticeably different from that of
two-dot and three-dot configurations. For four-dot lattice ge-
ometry, there is no abrupt change in magnetization at HN.
There is only gradual change in magnetization observed be-
ginning from the nucleation field toward the annihilation
field. This is true for both �=0° and 90° and can be attrib-
uted to the strong-interaction fields experienced by each dot
in the lattice which forbids the collective nucleation of vor-
tex core inside the dots. This implies that the nucleation of
vortex core at the edges of the dots takes place at different
field values, thereby changing the magnetization gradually.
The plateau region observed in Fig. 3�a� which corresponds
to the propagation of vortex core from one edge of the dot to
the other is difficult to distinguish in Fig. 3�c�. This is be-
cause when the nucleation is taking place in one of the dots,
the already nucleated vortex core of neighboring dot would
probably be propagating to the opposite edge. This is also
true because the symmetry of the system has been disturbed
by placing dot 3 near dot 1 in a linear chain of dots 1, 2, and
4. The inset in Fig. 3�c� shows the calculated interaction
energy of the entire system as a function of the spacing be-
tween the dots. The corresponding spin states at remanence
for �=0° and 90° are shown in Fig. 3�d�. Each dot pair
experiences different type of coupling depending on the di-
rection of the external field. The resultant is the different
combination of chiralities in the lattice geometry. To further
corroborate the obtained results, Fig. 4 shows the MFM
images for the three configurations �s=55 nm and
tNiFe=80 nm� at remanence, after saturating the structures at
+4 kOe and bringing them back to zero. The saturation field
was applied at �=0°. The images reveal the direct evidence
of vortex formation at remanence which were also predicted
using micromagnetic simulations. The bright contrast �red or
yellow� of the vortex core �indicated by arrow� is easily no-
ticeable in the center of each nanodot. Different contrasts of

the vortex core represent different polarization vectors of the
vortex core. For two-dot geometry, the two polarization vec-
tors point in the same direction �upward or downward�.
However, in three-dot lattice geometry, due to additional
coupling of dot 3, dots 1 and 2 now have opposite polariza-
tion vectors. Similar is the observation for four-dot geometry.
These results are the direct consequences of the strong inter-
play between the coupled dots which results in different po-
larization vectors of the vortex cores. We have therefore
shown that by using an appropriate choice of the field orien-
tation, particular lattice geometry can yield a specific chiral-
ity combination which may be very useful for magnetic logic
devices.

To conclude, we have investigated theoretically and ex-
perimentally the effect of magnetostatic coupling between
the circular ferromagnetic dots in three different lattice con-
figurations as a function of separation between the dots. The
“rigid vortex model” has been employed to determine the
interaction energy of the coupled dots as a function of spac-
ing between the dots. We have shown that by arranging the
dots, in particular, configuration, the chirality of the vortex
states in the dots can be controlled effectively by varying the
direction of the applied field. We have further shown the
existence of configurational anisotropy in the lattice geom-
etries by studying the magnetization reversal behavior as a
function of the applied field direction.
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FIG. 4. �Color online� MFM images for �a� two-dot, �b� three-
dot, and �c� four-dot lattice geometries at remanence, after saturat-
ing the structures at +4 kOe. The saturating field was applied at
�=0°.
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