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The magnetic domain configurations and the magnetization processes in a permalloy wire-based
honeycomb nano-network have been investigated by means of magnetic-force microscopy and
magnetoresistance measurement. The magnetic structure is mainly governed by the magnetic
interaction among the magnetic pole on the vertices, being similar to the so-called “ice-rule.” The
magnetization vector in a wire behaves coherently. The present results seem to give a direct analogy
between the honeycomb network and an Ising system on a kagomé lattice. The ice-rule type
interaction, however, disappears with reducing magnetic energy at the vertices. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1854572g

I. INTRODUCTION

One of the most exciting developments in magnetics has
been the use of nano-sized fabrication techniques to form
nanoscale magnets. Interest in this area comes partly from
data storage technologies and partly because nanomagnets
provide a highly controlled experimental system for studying
fundamental phenomena in the micromagnetism. Therefore
magnetic properties of nanoscale magnetic structures have
been studied in detail.1–10 Until now few studies have fo-
cused on the interaction among the ferromagnetic wires. Un-
derstanding the interaction is important when it will be ap-
plied to new magnetic devices, e.g., magnetic-logic
computer.5 In this paper we present magnetic properties of a
permalloy honeycomb nano-network. We show that the mag-
netization in the wire behaves coherently, which gives a di-
rect analogy between the honeycomb network and an Ising
system on a kagomé lattice. We also show that the magnetic
interaction among the wires is controllable with varying
magnetic energy at the vertices.

II. EXPERIMENT

The permalloysNi81Fe19d honeycomb nano-network was
fabricated by means of an electron-beam lithography. The
desired pattern was drawn in a spin-coated layer of resist
sZEP520d on a thermally oxidized Si substrate. After devel-
oping the resist pattern, permalloy was deposited by
electron-beam evaporation in a high vacuum. With the suc-
ceeding lift-off process the resist was removed and the net-
work system remained on the substrate surface. A scanning
electron microscope image of the system is shown in Fig. 1.
The dimension of the system is as follows: the width of the

wire is 50 nm, the length of the wire is 400 nm, and the
thickness is 20 nm. The network system consists of 60360
unit cells of the honeycomb structure.

A magnetic domain observation at a remanent state was
carried out with high-sensitive magnetic-force microscopy
sMFM, SPI4000/SPA300HV, SII NanoTechnology Inc.d. A
CoPtCr low moment probe was used to minimize the influ-
ence of the stray field from the probe. To improve the re-
sponse of the MFM, the quality factor of the cantilever was
optimized to be around 3000. This was achieved via imple-
mentation of an electric feedback loop in the cantilever’s
driver which controls the effective quality factor of the can-
tilever automatically. To measure the resistance of the net-
work, two Cu electrodes were deposited at the edges of the
network. The resistance was measured by flowing an electric
currentJ as shown in Fig. 1. The magnetoresistance mea-
surement was performed by applying external magnetic field
whose in-plane and out-of-plane components areHi andH',
respectively.
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FIG. 1. A scanning electron microscope image of the system. The size of the
wire system is as follows: wire width=50 nm, wire length=400 nm, and
wire thickness=20 nm, respectively.J denotes the current for magnetoresis-
tance measurements.Hi and H' denote the in-plane and out-plane of the
film plane magnetic field.
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III. RESULTS AND DISCUSSION

Figure 2sad shows a MFM image of the system at rema-
nence after the application of an external magnetic field
s10 kOed perpendicular to the film plane. White or black
contrasts, which indicate the presence of magnetic charge on
the domain wall, are clearly observed at every vertex. No
domain wall features are observed in the wire parts. It indi-
cates that the vertex traps the domain wall firmly and that the
magnetization in the wire part is homogeneous. The result
suggests that the magnetic property of the ferromagnetic net-
work is described in terms of not only the uniform magnetic
moment in the wire but also the interaction among the wires
at the vertex.

Notable is that the amplitude of each contrast is almost
equal, while there are several possible magnetization con-
figurations at the vertex. Consider that the amplitude of the
contrast varies by the leakage field corresponding to the
magnetization configuration at the vertex. This indicates that
the magnetic configurations are determined in order to mini-
mize the exchange energy at the vertices. The magnetization
M i in the ith wire is determined as that of the vector sum of
M i for three wires jointed atNth vertex must not be zero
vector, that is,oiPNM i Þ0. We call the magnetic configura-
tion as “two-in, one-out” or “one-in, two-out” magnetic con-
figuration. The “three-in” or “three-out” magnetic configura-
tionssoiPNM i =0d are unstable because of the large magnetic
energy loss due to the abrupt magnetization rotation at the
vertex.

The magnetic configuration of the present system can be
analyzed as a frustrated system constructed by magnetic mo-
ments in the wires. For every vertex, there are six possible
magnetic configurations under the two-in, one-out or one-in,
two-out rule. This rule has an analogy with the so-called
“ice-rule” which is the local condition that defines whether a
magnetic configuration in the wire lies within the ground
state manifold.11,12 Therefore the magnetic configuration of
the system has a large number of degenerate ground states,
and the magnetic properties of the honeycomb nano-network
system corresponds to the Ising-spin model on a kagomé
lattice fsee Fig. 2sbdg.

Figure 3 shows the magnetoresistance of the system at
77 K without applying perpendicular magnetic fieldH'. The
angleu between the currentJ and the projection of the field
onto the film planeHi is 75°. After applying the magnetic
field of −1.4 kOe, the resistance increases monotonically
with increasing magnetic field and reaches the maximum at
Hi=0.2 kOe. The resistance decreases more rapidly by vary-

ing the field from negative to positive sense, and it shows
abrupt jumps at point AsHi=0.8 kOed and BsHi=1.1 kOed.
After reachingHi=1.4 kOe, the field is decreased. The resis-
tance also exhibits steep jumps at the symmetrical point C
sHi=−0.8 kOed and D sHi=−1.1 kOed. The abrupt jumps
sA–Dd are due to the rapid reversals of the magnetic moment
in the wires.2

The magnetoresistance atH'=0 indicates that the ice-
rule dominates the magnetization at the magnetization pro-
cess as well as at the remanent state. There are two distinct
jumps observed at AsHi=0.8 kOed and B sHi=1.1 kOed. It
indicates that there are two distinct magnetization reversals
at u=75°. Note that three nonequivalent magnetization flips
are expected since the wires of the lattice are classified into
three groups, each of which has different angle to the exter-
nal magnetic field. It can be interpreted by the magnetic ice-
rule prohibiting the three-in and three-out configurations. Be-
cause of the ice-rule, the number of magnetization reversals
is reduced from 3 to 2. The experimental result, therefore,
indicates the magnetic energy at the vertex governs the mag-
netization process in the present system.

Figure 4 shows the magnetoresistance at 90 K as a func-

FIG. 2. sad A magnetic-force microscope image for a part of the permalloy
wire-based honeycomb structure.sbd The Ising spin model on a kagomé
lattice which is magnetically equivalent to the magnetic structure ofsad. FIG. 3. The magnetoresistance of the honeycomb nano-network atH'

=0 kOe at 77 K. The angle between the current directionJ and the projec-
tion of the fieldHi on the film plane is 75°. The dotted circles A–D denote
the discontinuities in the magnetoresistance. The schematic annotations
show the magnetic configurations corresponding to the magnetoresistance.

FIG. 4. The magnetoresistances of the honeycomb nano-network measured
with the application of a constant perpendicular magnetic fieldH'

=4.0 kOe at 90 K. Arrows indicate jumps in magnetoresistance correspond-
ing to magnetization switching processes. The schematic annotationssA–Dd
show the magnetic configurations corresponding to the magnetoresistance
indicated by letters in the figure.
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tion of Hi at u=75° with the application of a constant per-
pendicular magnetic fieldH'=4.0 kOe. Note that three dis-
continuities are appeared in the magnetoresistance curve,
which indicates that there are three nonequivalent magneti-
zation reversals. On the other hand, two magnetization rever-
sals are observed atH'=0 because of the ice-rule as shown
in Fig. 3. It means that the magnetic ice-rule disappears by
the application of the perpendicular magnetic fieldH' which
reduces the magnetic energy at the vertices. Therefore, the
application of H' reduces the energy difference between
three-in or three-out magnetic configurations and two-in,
one-out or one-in, two-out magnetic configurations, being
comparable to the thermal energy.

IV. CONCLUSION

We investigated the remanent magnetic structures and
the magnetization processes in a permalloy wire-based hon-
eycomb network system by using MFM and magnetoresis-
tance measurements. The MFM measurement shows that the
magnetic configuration at each vertex is governed by the
vertex interaction similar to the ice-rule. The magnetic ice-
rule also dominates the magnetization process in the net-
work. The application of perpendicular magnetic fieldH'

suppresses the magnetic ice-rule and results in the drastic
change of the magnetization process of the network.

ACKNOWLEDGMENT

This work was supported by a Grant-in-Aid from the
Ministry of Education, Culture, Sports, Science and Technol-
ogy of Japan.

1Y. Otani, S. G. Kim, K. Fukamichi, O. Kitakami, and Y. Shimada, IEEE
Trans. Magn.34, 1096s1998d.

2J.-E. Wegrowe, D. Kelly, A. Franck, S. E. Gilbert, and J.-Ph. Ansermet,
Phys. Rev. Lett.82, 3681s1999d.

3J. I. Martín, J. I. Vicent, J. L. Costa-Kramér, J. L. Menendez, A. Cebol-
lada, J. V. Anguita, and F. Briones, IEEE Trans. Magn.36, 3002s2000d.

4F. J. Castaño, C. A. Ross, A. Eilez, W. Jung, and C. Frandsen, Phys. Rev.
B 69, 144421s2004d.

5D. A. Allwood, G. Xiong, M. D. Cooke, C. C. Faulkner, D. Atkinson, N.
Vernier, and R. P. Cowburn, Science296, 2003s2002d.

6S. Kasai, T. Niiyama, E. Saitoh, and H. Miyajima, Appl. Phys. Lett.81,
316 s2002d.

7E. Saitoh, M. Tanaka, H. Miyajima, and T. Yamaoka, J. Appl. Phys.93,
7444 s2003d.

8J. I. Martín, J. Nogués, K. Liu, J. L. Vicent, and I. K. Schuller, J. Magn.
Magn. Mater. 256, 449 s2003d.

9M. Barthelmess, C. Pels, A. Thieme, and G. Meier, J. Appl. Phys.95,
5641 s2004d.

10M. Tanaka, E. Saitoh, H. Miyajima, and T. Yamaoka, J. Magn. Magn.
Mater. 282, 22 s2004d.

11M. J. Harris, S. T. Bramwell, D. F. McMorrow, T. Zeiske, and K. W.
Godfrey, Phys. Rev. Lett.79, 2554s1997d.

12Z. Hiroi, K. Matsuhira, S. Takagi, T. Tayama, and T. Sakakibara, J. Phys.
Soc. Jpn.72, 411 s2003d.

10J710-3 Tanaka et al. J. Appl. Phys. 97, 10J710 ~2005!

Downloaded 05 Sep 2010 to 133.68.192.97. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


