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The submicron permalloy dots with variable diameter and interdot distance were microfabricated
into a rectangular lattice by means ebeam lithography and lift-off techniques. The hysteresis
loops exhibit characteristic magnetization reversal accompanied bycléatioi and
“annihilation” of magnetic vortices inside the dots. The magnetic response of the samples with
well-separated elements is isotropic in the plane. The arrays with a small interdot distance show
magnetic anisotropy with the easy axis along the shortest period in the array. This anisotropy is
originated from the interdot magnetostatic interaction. In the closely pa@ekaeh interdot distance

is smaller than dot raditigrrays so thatl/R<1, the magnetostatic interaction decreases the vortex
nucleation and annihilation fields, and increases the initial susceptibility.20@2 American
Institute of Physics.[DOI: 10.1063/1.1450840

The arrays of submicron size ferromagnetic particleseraction plays an important role in determining the magne-
draw much attention because of their possible potential agzation reversal for the arrays with a small interdot distance,
magnetic storage mediaas well as a model system for leading to considerable decreases in the vortex nuclegition
studying magnetization reversal process@mall dots re- and annihilatiorH ,, fields, and an increase in initial in-plane
veal a single-domain state to reduce exchange energy, batsceptibilityx(0).
nonuniform magnetic states stabilize as the dot sizes are in- The arrays of circular Py dots were prepared using mi-
creased. For example, an isolated polycrystalline ferromaggsrofabrication techniques as follows. First a standard silicon
netic disk-shaped dot with submicron diameters and thickwafer is spin coated with a positive photoresist. Next, the
ness of several 10 nanometers exhibits a vortex-type spidlesired patterns are then definedesyeam lithography. The
structure with a closure flux in remanenté.The magnetic magnetic film is deposited in vacuum on the water-cooled
behavior of dot arrays is defined by the dot individual prop-substrate from a Py target. Finally, after ultrasonic assisted
erties for well-separated magnetic elements, whereas the ifift-off process, we obtained the arrays of circular dots ar-
terdot magnetostatic interaction becomes essential for the déanged into rectangular lattices with variable diameter and
arrays with small interdot distanc&s'! In the present work interdot distance. The orientation of the lattice is shown in
we report the experimental results of magnetization reversdfig. 1. The dot thicknesk is about 80 nm and diameterfk2
in submicron circular permalloy (Py, Eli,o) dots arranged —are chosen to be 0.4m, 0.6 um, and 0.8um. For studying
into rectangular lattices, wherein the magnetization reversdhe effect of magnetostatic interdot interaction, the distance
accompanies nucleation, displacement, and annihilation dietween edges of neighboring elemeshtgas varied from 30
magnetic vortices. We will show that the magnetostatic in-nm to 1 um. We prepared two kinds of rectangular dot ar-

rays: (A) interdot distancel, parallel toOx axis is variable
dpresent address: Seagate Research, Pittsburgh, PA 15203. and decreases fromR2to almost zero, WhereﬂY:ZR IS

YAuthor to whom correspondence should be addressed; electronic maifonstant(B) d,=R/2 is constantd, dgcrea;es from!% to
novosad@anl.gov R/2 (square array R=0.4 um. The microfabricated circular
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FIG. 1. The scanning electron micro-
scope images and corresponding hys-

1.0 L teresis loops of the microfabricated

permalloy dot arrays with dot diameter
0.3 2R=0.8um, thickness L=80nm,
0.0 and variable interdot distanak
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dots have sharp edges and are almost identical, as confirmaéalthe dot diameters. The magnetic field is applied along the
by anex situatomic force microscop€AFM), a scanning (Ref. 10 axis. The values oH,, andH, are normalized to
electron microscop€dSEM), and a magnetic force micro- their values measured in arrays of well-separated dots
scope (MFM). The hysteresis loops were traced using a(d,,d,>R), and the interdot distance is shown in reduced
magneto-optical technique and a resonating sample magnanits §=d/R. The anisotropy constant was determined as
tometer (RSM) for different orientations of the dot arrays K,=AH_ M2, whereAH ,,=H,{(isol)—H,, is the differ-
with respect to the in-plane applied magnetic field. ence between the annihilation fields in arrays of isolated and
Figure 1 shows SEM images and corresponding hystereoupled dots.M,=8.6x10° J/m is the magnetization of
esis loops measured along th@l] lattice direction of the saturation for permalloy. The magnetostatic interdot interac-
A-type dot arrays with diameter of 0m and variable in- tion is important in the magnetization reversal for arrays with
terdot distances. The magnetization reversal process is old=d/R<0.5, leading to a decrease in both, nucleation and
served to accompany thealicleatiori and “ annihilation’ of annihilation fields. Similar results were obtained with micro-
magnetic vortice§.” With decreasing field from the saturated magnetic calculations for the chain of ferromagnetic digks.
state, the magnetization gradually decreases, showing an The closure of the magnetic flux structure, that is real-
abrupt jump at the nucleation field,,. In this field a single ized in circular ferromagnetic dots with vortex spin distribu-
magnetic vortex is formed in each dot. In the remanent statejon, suggests that dots are not interacting in remanence. The
the vortex stays at the center of the dot, as confirmed bgontribution of the out-of-plane magnetization component in
MFM imaging. When the external magnetic field is applied,the vortex core can be ignored, because the vortex core ra-
the vortex core is displaced to increase the average magndius, being approximately equal to exchange length, is small
tization component along the field direction according to thein comparison to the in-plane dot size. However, field-driven
balance between the magnetostatic and Zeeman energies. displacement of the vortices results in a non-negligible stray
the annihilation fieldH ,,, the vortex vanishes and turns to a field around the dot, which defines the strength of interdot
single-domain state. The dot-to-dot geometry and the crystal
structure variations broaden the distribution of the vortex

nucleation and annihilation fields. The microfabrication pro- 2.0
cesses for all samples are identical. Therefore, the intrinsic [
distribution ofH, andH, has to be of the same order for Lsh I{
both magnetostatically isolated and coupled dot arrays. This m;‘
fact was confirmed by directly comparing the broadening of = l
switching fields normalized by their average values for the w 1Of l
*
)

samples with different diameters and interdot distances. This % 0 05 10 IS5
contrasts with the experimental data reported for rectangular ost * i Sodk

Py particles, where the distribution in switching field was ' v ' ¢

found to get narrower due to the magnetostatic interaction 4 AV o
between the element$.Note that structural or microstruc- 0 0 0'5 1'0 ' 1'5 - 2.0

tural defects have stronger influence to broadening of nucle-
ation field than the annihilation field values. As seen from
Fig. 1, the switching fields and the slope of the linear part ofrig. 2. The magnetostatically induced anisotropy conskants the nor-
hysteresis loops depend on the interdot distance. malized interdot distancé=d/R. The inset shows scaled annihilation fields
Figure 2 summarizes the experimenta| data for the magHa,-,/Han(iSOD determined by the experimefrnarkers and the calculation

. . . (lineg) vs the normalized interdot distanée=d/R. Solid lines are calcu-
netostatically induced anisotropy constéffand the vortex lated using Eq(1). The different solid lines correspond = 0.40 (lower

annihilation field in theA-type arrays with the variable inter- e, 0.27, 0.20(upper curve. Field is applied along theL0] dot lattice
dot distancel, . The value ofd, was kept constant and equal direction.

Interdot distance O, d/R
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annihilation fieldH ,, measured for two kinds of rectangular
dot arrays with the dot diameter of 0&m and the same
interdot distance along thglO] lattice direction, but with

an

E different distances along thgd1] direction, (d,=0.2 wm,
E dy=12um, and dy,=0.4um). Therefore, these two
5 samples can be viewed as a chain and an array of the dots.
§ The variation of annihilation field can be well approximated
E to the sif(¢) function (solid lines, suggesting that both
samples have a uniaxial magnetic anisotropy. The easy mag-
netization axis is parallel to the row of dots with smallest
%5030 60 90 120 150 180 interdot spacing. We found that the rule predicted by the
Angle o, ) “rigid vortex” model x(0)H 4~ const fulfills at changing of

the in-plane field angle . The chain, wherein the interdot
FIG. 3. Angular variation of the annihilation field ., measured for two  magnetostatic interaction is more important along one axis
different dot arrays oB type with dot diameter 0.8im and interdot dis- than the other, shows stronger coupling effects on the mag-
tances:(a) dy=0.2um, dy=1.2um and(b) d,=0.2um, dy=0.4 um. o .

netization reversal. The hysteresis loops measured along the

hard axis are almost identical to those for the arrays of iso-

magnetostatic coupling. The magnetic properties of identicallated dots with the same geometry. In the case of rectangular

. : . . dot arrays, the interdot magnetostatic contributions along dif-

mt_eractlng dots can tge m_odeled analytically on the basis of ?erent directions are competing, and, as a result, the magnetic
rigid v_ortex _model. Thls.model assumes that t.he vortgx anisotropy due to magnetostatic coupling becomes weaker.

moves in the in-plane applied magnetic fields while keeplnq:inaIIy square arrays of circular dots with=d, =0 xm

its shape. The reduced equilibrium core displacemgnt ' y— K

= . i AL . show no in-plane anisotropy, similar to the arrays of magne-
=|/R is determined by minimizing the total magnetic energy . .

. : : : tostatically isolated dots. We have not found so far any four-
as a function of the dot sizes and interdot distances. In e

D . fold magnetic anisotropy for the square array as it was re-
ternal magnetic field, the dot energy consists of exchangeOrteol in Ref. 13 for the FeNi dot arrays with similar

huti p
Wey, Zeeman, , and magnetostati/y contributions. The arameters. Equatiofil) was obtained in the dipolar ap-

exchange and Zeeman terms are not affected by interd§ Amete .
oximation. For the considered rectangular arrays near satu-

magnetostatic coupling, and hence are the same as those ¢

an array of isolated dots. The energy of magnetostatic cour-atlon (H=Hgy, the in-dot quadrupole moments are not so

. ) . . . . Important because of the dominant interdot dipolar coupling.
pling in two-dimensional arrays of identical circular dot ar-
rays can be calcula'ted starting frqm the ge.neral expression  This work was supported in part by Korea Institute for
for the magnetoistatig energy density of an in-plane magneadvanced Study, RFTF of JSPS and the Grant-in-Aid for
tized patterned filn:*° The following expression for the an- scientific Research from the Ministry of Education, Science,
nihilation field can be deduced: and Culture in Japan. Work at ANL was supported by U.S.
H.{8,6,R on)=2T(B,8,R, )My, Department of Energy, BES Materials Sciences under Con-
a 4 we ()  tract No. W-31-109-ENG-38.
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