HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS®7, 10J710(2005

Domain structures and magnetic ice-order in NiFe nano-network
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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 verti@305cAmerican
Institute of Physic§ DOI: 10.1063/1.1854572

I. INTRODUCTION wire is 50 nm, the length of the wire is 400 nm, and the
- ] ) thickness is 20 nm. The network system consists ok 60
One of the most exciting developments in magnetics hag it cells of the honeycomb structure.
been the use of nano-sized fabrigation techniques to form 5 magnetic domain observation at a remanent state was
nanoscale magnets. Interest in this area comes partly froghrieq out with high-sensitive magnetic-force microscopy
data storage technologies and partly because nanomagnﬁtﬁFM’ SPI14000/SPA300HV, SII NanoTechnology IncA
provide a highly controlled experimental system for studyingcopicr low moment probe was used to minimize the influ-
fundamental phenomena in the micromagnetism. Thereforg.a of the stray field from the probe. To improve the re-
magnetic properties oflonano'scale magnetic.structures ha‘é%onse of the MFM, the quality factor of the cantilever was
been studied in detaﬁ[ Until now few studies have fo- ,nimized to be around 3000. This was achieved via imple-
cused on the interaction among the ferromagnetic wires. Uantation of an electric feedback loop in the cantilever's
derstanding the interaction is important when it will be ap-qjyer which controls the effective quality factor of the can-
plied to_new magnetic devices, e.g., magnetic-logiCiever automatically. To measure the resistance of the net-
computer In this paper we present magnetic properties of 4vork, two Cu electrodes were deposited at the edges of the

permalloy honeycomb nano-network. We show that the magaeyork. The resistance was measured by flowing an electric

netization in the wire behaves coherently, which gives a di¢,rrentJ as shown in Fig. 1. The magnetoresistance mea-

rect analogy between the honeycomb network and an Ising,rement was performed by applying external magnetic field
system on a kagome lattice. We also show that the magnetigose in-plane and out-of-plane componentsHyrandH |,
interaction among the wires is controllable with varying respectively.

magnetic energy at the vertices.

Il. EXPERIMENT

The permalloy(Nig;Fe,q) honeycomb nano-network was
fabricated by means of an electron-beam lithography. The
desired pattern was drawn in a spin-coated layer of resist
(ZEP520 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. 1riG. 1. A scanning electron microscope image of the system. The size of the

The dimension of the system is as follows: the width of thewire system is as follows: wire width=50 nm, wire length=400 nm, and
wire thickness=20 nm, respectivellydenotes the current for magnetoresis-
tance measurementsl; andH, denote the in-plane and out-plane of the
dElectronic mail: mtanaka@phys.keio.ac.jp film plane magnetic field.
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FIG. 2. (a) A magnetic-force microscope image for a part of the permalloy Hy (kOe)
wire-based honeycomb structurd@) The Ising spin model on a kagomé )
lattice which is magnetically equivalent to the magnetic structur@of FIG. 3. The magnetoresistance of the honeycomb nano-netwok, at

=0 kOe at 77 K. The angle between the current direcfiand the projec-

tion of the fieldH, on the film plane is 75°. The dotted circles A-D denote
I1l. RESULTS AND DISCUSSION the discontinuities in the magnetoresistance. The schematic annotations

show the magnetic configurations corresponding to the magnetoresistance.

Figure 2a) shows a MFM image of the system at rema-
nence after the application of an external magnetic field ) . » )
(10 k08 perpendicular to the film plane. White or black N9 the.fleld from negative to positive sense, and it shows
contrasts, which indicate the presence of magnetic charge (ﬂPrUpt JUumps at point AH,=0.8 I_<Oé _and B(H,=1.1 kOg. .
the domain wall, are clearly observed at every vertex. ngter reach|ngH.H:.1.4 kOe,.the field is decreased._The resis-
domain wall features are observed in the wire parts. It indi1@nce also exhibits steep jumps at the symmetrical point C

cates that the vertex traps the domain wall firmly and that thé™i1=—0-8 kO8 and D (H,=-1.1 kOg. The abrupt jumps

magnetization in the wire part is homogeneous. The resuﬁA;r?) are due to the rapid reversals of the magnetic moment
e wires?

suggests that the magnetic property of the ferromagnetic nel” . P .
work is described in terms of not only the uniform magnetic The magnetoresistance Bit, =0 indicates that the ice-

moment in the wire but also the interaction among the wiredU!€ dominates the magnetization at the magnetization pro-
at the vertex. cess as well as at the remanent state. There are two distinct

Notable is that the amplitude of each contrast is almosiUMPS observed at AH,=0.8 kOg and B (H,=1.1 kOg. It
equal, while there are several possible magnetization corndicates that there are two distinct magnetization reversals
figurations at the vertex. Consider that the amplitude of thét ¢=75°. Note that three nonequivalent magnetization flips
contrast varies by the leakage field corresponding to th&'® expected since the wires of the lattice are classified into
magnetization configuration at the vertex. This indicates thatr€ groups, each of which has different angle to the exter-
the magnetic configurations are determined in order to minin@l Magnetic field. It can be interpreted by the magnetic ice-

mize the exchange energy at the vertices. The magnetizatidHle prohibiting the three-in and three-out configurations. Be-
M. in theith wire is determined as that of the vector sum of cause of the ice-rule, the number of magnetization reversals
|

M, for three wires jointed aNth vertex must not be zero is reduced from 3 to 2. The experimental result, therefore,
|
vector, that is2; .y\M; # 0. We call the magnetic configura-

indicates the magnetic energy at the vertex governs the mag-
tion as “two-in, one-out” or “one-in, two-out” magnetic con-

netization process in the present system.
figuration. The “three-in” or “three-out’ magnetic configura- Figure 4 shows the magnetoresistance at 90 K as a func-
tions(Z;.yM;=0) are unstable because of the large magnetic

energy loss due to the abrupt magnetization rotation at the — T
vertex 6=75 i
. . . X 929.6 '90K H N
The magnetic configuration of the present system can be :
analyzed as a frustrated system constructed by magnetic mo- g 11\ \
ments in the wires. For every vertex, there are six possible = 9295 ]
magnetic configurations under the two-in, one-out or one-in, 1155- ©
two-out rule. This rule has an analogy with the so-called H.=4.0 kOe 'y
“ice-rule” which is the local condition that defines whether a 929.4 I - 5 :
magnetic configuration in the wire lies within the ground Hy (kOe)
state manifold? Therefore the magnetic configuration of
2 iAW
the system has a large number of degenerate ground states, ="H == — <15,> =
and the magnetic properties of the honeycomb nano-network \ f \ /A
system corresponds to the Ising-spin model on a kagomé 1 4 v
lattice [see Fig. 2)]. b _/J (0 \ | d_/»/l,/(, —
Figure 3 shows the magnetoresistance of the system at B | Y 28

77 K without applying perpendicular magnetic fi¢fd . The
angle § between the currerit and the projection of the field FIG. 4. The magnetoresistances of the honeycomb nano-network measured
onto the film planeH, is 75°. After applying the magnetic with the application of a constant perpendicular magnetic field

field of —1.4 kOe, the resistance increases monotonically 40 kOe at 90 K. Arrows indicate jumps in magnetoresistance correspond-
ng to magnetization switching processes. The schematic annotéfiefs

with increasing magqetic field and reaches the maXimum &how the magnetic configurations corresponding to the magnetoresistance
H,=0.2 kOe. The resistance decreases more rapidly by varyrdicated by letters in the figure.
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