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Effect of interdot magnetostatic interaction on magnetization reversal in circular dot arrays
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The effect of the interdot magnetostatic interaction on the magnetization reversal due to the “nucleation”
and “annihilation” of magnetic vortices in arrays of ferromagnetic submicron circular dots has been investi-
gated experimentally and theoretically. The magnetostatic interaction plays an important role in magnetization
reversal for the arrays with a small interdot distance, leading to decreases in the vortex nucleation and
annihilation fields, and an increase in initial susceptibility.
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The array of identical magnetic particlédots, whose not magnetostatically coupled in the applied magnetic field,
geometry, size, and interdot spacing can be precisely coreven for high-density packing of the dots.
trolled during the microfabrication process, is a model sys- In this paper we report the experimental and theoretical
tem well suited for a direct comparison of theoretical predic-studies of the magnetization reversal due to the “nucleation”
tion and experimental data. Magnetization reversal in the doand “annihilation” of magnetic vortices in arrays of ferro-
arrays is initiated in accordance with the balance of magnemagnetic submicron circular dots with variable diameter and
tostatic, exchange, and magnetic anisotropy energies whdhe interdot distance. It will be demonstrated below that the
the interdot coupling is negligible. The magnetostatic inter-magnetostatic interdot interaction has a strong destabilizing
action should be taken into account to describe the magnetRffect on the vortex magnetic state. The experimental data
state of the patterned film, when interdot spacing is less thaﬁnd calculations show that vortex nuc_leat|on an_d annihilation
the lateral dot size. The dot shapegcular or elliptical cyl-  f1€lds are strongly dependent on the interdot distance.
inder or rectangular prism, usuallare an important factor Samp]es of circular dot arrays were fabr|cat<_ad on asilicon
for coupling calculations in such close-packed dot arrays. wafer using electron beafEB? Iltho.graphy. and I|ft-qff tech.-

Assuming small dot thickness of a few tens of nm, the''ques- A double Ia_yered resist spin coating f_;md highly dlr_ec-
magnetic state of the dots as a function of the dot in-planc:[élonal EB evaporation were used_ o obtain cm_:ylar dots with

. . . : harp edges. The bottom layer is more sensitive to an elec-

size can be smgle domain, vortex tyfer magnenca!ly S_Oft tron beam than the top layer, therefore, and forms an under-
or polycrystalline dots or closure-flux statgfor epitaxial ¢t nrofile when developed. This facilitates a lift-off process.
dots. For single-domain dot arrays the effect of magneto-ajhough EB lithography is a relatively slow process, this
static coupling was studied experimentally and  (echnique is very convenient to fabricate arrays of submicron
theoretically® A ferromagnetic dot demonstrates nonuniform gots with different diameters and periods, within a limited
remanent magnetization distribution when its in-plane di-area of substrate. Consequently, identical properties of mag-
mensions are larger than the exchange lettgthO nm), but  netic material, such as grain size, distribution, and orienta-
not large enough to form domain structure. An example ofion, and film thickness may be obtained over the whole
such a nonuniform magnetic state is a “vortex” structure thatsample. The magnetic film was deposited on a water-cooled
can be realized in magnetically soft flat dots with submicronsubstrate from a permalloy (E#li;o) target. The growth ra-
sizes>® The magnetic vortices have been directly observedio was of ~1 A/s. The as-deposited polycrystalline refer-
by Lorenz electron microcopgyand magnetic force micros- ence film shows a coercive field of about 2 Oe and uniaxial
copy (MFM).8~1% Besides fundamental physical interests, anisotropy field of 8 Oe. We have prepared the arrays with
circular dot and ring-type nanostructures are possible canddot radii R of 0.2, 0.3, and 0.4um and variable interdot
dates for magnetic memory celfs'? As far as we know, distancesd. Atomic force microscopdAFM) observation
there are no experimental data available on the interdot maghows that the dot thicknedsis typically 80 nm and that
netostatic interaction in dot arrays with nonuniform remanensurface roughness is ef2 nm. The dots were arranged into
state. Experiments related to magnetization reversal of theectangular lattices. The interdot distance along one axis of
magnetic vortex states were conducted only for arrays ofhe lattice is set to the dot diameter for all the patterned
well-separated dots, i.e., when the interdot magnetostatic irarrays, whereas the distance along the other axis was varied
teraction is negligibly small. Moreover, the fact that the clo-for different arrays, from 30 to 800 nm. Vortex nucleation,
sure of the magnetic flux structure is realized in ferromag-annihilation, and initial susceptibility were determined from
netic dots with vortex-type spin distribution has led somehysteresis loops, measured using the longitudinal magneto-
researchef$1°to a not correct assumption that the dots areoptical Kerr effect.
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FIG. 2. Experimental nucleation and annihilation fields in the

FIG. 1. Hysteresis loops of permalloy dot arrays with diameterr : : .
. ) . ectangular arrays of permalloy dots as a function of interdot dis-
0.8 um, thickness 80 nm, and interdot distance 800 and 30 nm. Th ancedg y P y

insets show scanning electron microscope pictures of these arrays.

) . . _linear part of hysteresis loop depend not only on the dot

Figure 1 shows two hysteresis loops for dots with a diam-jiameter and the thickness, but also on the interdot distance.
eter of 0.6um, but different interdot distances. The field was as seen in Fig. 2, nucleation and annihilation fields decrease,
applied along the horizontal direction. A magneto-opticalyyhereas an initial susceptibility of the vortex increases with
technique yields information on the magnetization reversajecreasing interdot distance.
process averaged over many 1000's of dots. Nevertheless, 1o model the magnetic properties of magnetostatically in-
the loops have a clear signature of the magnetization reversgdracting dots we made following assumptions. First, all dots
With decreasing field from the saturated state, the magnetiistripution in remanence independent of interdot distance.
zation gradually decreases, showing an abrupt jump at th§econd, we assumed that the magnetization distribution
nucleation fieldH,,. In this field a single magnetic vortex is \(r) does not depend on coordinate along the dot thickness
formed inside each dot. When the applied magnetic field i (L is about of exchange lengthNext, we used a “rigid”
equal to the annihilation fielth,,, the vortex vanishes and yortex model, which assumes that the vortex moves under
the dot is stamllzgd in the s.|ngle—doma|n state. Zero remagpplied magnetic field while keeping its shdpelhe total
state in soft ferromagnetic particles with a circular shapeyy (i) Zeeman energyV,,, and (i) exchange energy
The low-field (linean part of hysteresis loop is reversible. W,,. The magnetostatic enerdy,, is influenced by the in-
This part corresponds to vortex displacement from the doferdot interaction, especially for close-packed dot arrays with
center as whole. The existence of a vortex spin distributiony/r< 1, whereas the exchanyfé., and ZeemaW,, contri-
in our samples was confirmed by additional MFM measureytions are single-dot quantities, i.e., they do not depend on
ments. The vortex formation and displacement in circularne interdot distance. To calculaté,,, we considered a pe-

dots were discussed in more detail in Refs. 7, 8, 10, 16, anflygical arrangement of the dots in the film plane with the
17. Here we focus our interest on the effect of interdot mag'reciprocal lattice vectok= (k, ,k,). For the rectangular lat-

netostatic coupling on the magnetization reversal process. i (k. k,)=27(m/T,,n/T,), wherem andn are integers
. . X 1 X y il
The magnetization curve of the rectangular array depends —ZRidx , are the arréy periods. We used the general

. . . X,y
on the angle between the external field and the lattice oriens,pression for the magnetostatic energy density per unit vol-
tation. The easy magnetization axis is parallel to the row of ;e of in-plane magnetized patterned film in Ref. 4

arrays with a small interdot spacing. The hysteresis 100p§herehy the magnetostatic coupling in two-dimensional ar-
measured along the hard axis are almost identical to those f%ys of identical cylindrical dots was calculated:

the arrays of isolated dots with the same geometry.

Figure 2 summarizes the experimental data for nucleation HkL)
H, and annihilationH 4, fields. The changes iHl, andH,, . 2
with the dot diameter are consistent with published 8afa. Wm_ZWZ - |(k-M)|?, (1)
For dot arrays with a small diameter the vortex nucleation k
occurs in a stronger field, and a stronger magnetic field is
required to uniformly magnetize the dot. For a very sniall  where f(x)=1—[1—exp—X)]x, M{g=S1fsd’pM*(p)
the vortex becomes unstable, and a transition to singlexexp(kp), a=x,y, Sis the square of the unit cell of the dot
domain (“leaf” or “flower” ) state with in-plane or out-of- lattice, andp is the radial vector in th&-y plane. To calcu-
plane magnetization is expecttd\s the dot diameter in- late the vortex displacement within the “rigid vortex”
creases, both nucleation and annihilation fields decreasmodel we used the Usov’s magnetization distribution
according to the size-dependent in-plane demagnetizintyl “(p).'® The volume magnetic charges are absent and sur-
factor!’ The values ofH, and H,,, and the slope of the face face charges are unchanged under the vortex shift within
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the model. The increase in energy related to the side surface
charges is compensated by a decrease in the exchange and
Zeeman energies. For a small vortex displacenssnlt/R,

we could obtain the following decomposition of the magne-
tostatic energy densityin units of M§ and normalized per

unit dot volume:

Han/Han(isol)

Wi(S) =W (0)+27F (B,8)s?+ O(s%), 2 0.4 0o 1o s 20
’ 5='d/R ' -

J(kR)

A y ;
0= - — 0 0.5 1.0 L5 2.0
F(Bi0)= 37 2 1(BKR) = —cod(euew). oo

where 6=d/R (dy,=d) is the normalized interdot distance,  FIG. 3. Normalized annihilation fields determined by the experi-
B=L/R, J;(x) is the Bessel functiong, and ¢, are the ment(marker$ and the calculatiorilines) vs the normalized inter-
polar angles of the vectoks andH, respectively. The func- dot distances. The inset shows scaled initial susceptibility, as de-
tion F(B,6) leads to uniaxial anisotropy induced by interdot termined from the analytical calculation and hysteresis loops.
coupling with an easy magnetization axis parallel to the Ei 3 sh . tal it d calculati i
shortest period’, of the rectangular dot arrayp(;=0). The Iguré S shows experimental results and cacuiations us

; : _ing Eq. (6) for the annihilation field as a function of the
ﬁgﬁﬂgr;%z/l\/%and ZeemaWy energies are given by Gus reduced interdot distanc&= d/R. The magnetic field is ap-

plied along the shortest unit cell period. The valudHgf, are
Ro|2 the same as shown in Fig. 2, but normalized to the annihila-
—) In(1—s?), (3) tion field of isolated dots. This allows one to compare the
R effect of interdot coupling in dot arrays with the differéRt
and d. The inset in Fig. 3 compares the normalized initial
W(s)=—h[s+0(s)], 4) susceptibility xo/xo (isol) as calculated using the above
whereh=H/Mg, R, is the exchange lengitabout of 14 nm mentioned analytical expression and experimentally deter-
for FeNi), M4 is the saturation magnetization. By minimizing mined from the magneto-optical hysteresis loops. The mod-
the sum of all energy contributions one can obtain the equieling is in good agreement with the experimental data,
librium shift of the vortex centes, as well as other physical Whereby the influence of interdot interaction is appreciable
parameters of the dot array. We used the decomposition dor d<R. The samples with smaller interdot distances shows
the energies defined by Eq®)—(4) to rewrite the total en- higher initial susceptibility. This means that the dot arrays

We(S) =We(0) + %

ergy density in a dimensionless form: with strong interdot magnetostatic coupling have higher mo-
bility of the vortex core than an isolated dot with the same
W(S) =Wey(S) +Wp(S) +Wy(S) sizes.

The experimental results and calculations show for the
=w(0)+a(B,6,R)s*~hst+O(s"), 5) samesé that the effect of magnetostatic coupling is weaker
with a(B,8,R)=27F(B,6) — 1/12(Ry/R)?. for dots with a larger diamete(i.e., for smaller dot aspect
The vortex state is the ground statetat=0 for typical ratio L/R). However, the difference is small, and then, the
dot parameters, and the coefficiea(i3, 8,R)>0. Equation interdot distance normalized to dot radius can be used as a
(5) immediately yields an equilibrium displacemenof the ~ key parameter to determine the strength of the interdot cou-
vortex center. The initia{anisotropi¢ magnetic susceptibil- pling effect, as supported by the scaled vortex nucleation
ity of the coupled cylindrical dots for an in-plane field is fields(Fig. 4). The values oH, andH ,,decrease almost two
Yo=[2a(B,8,R)]". The vortex annihilation occurs when times for the arrays with the smallest interdot distances in
the vortex core crosses the dot boundansatl. The first ~comparison to isolated dots.
approximation of the vortex annihilation field,, can be

obtained extrapolating the linear part Bf(H) dependence 1.0f « v
up to the magnetization saturatidflg [M(H 4, = XintHan ..
=Msg, s=1] and is determined by the following expres- 08 v
sion: = R
< 06f
H.{(B,6,R)=2a(B,56,R)M;. (6) = R
. .. . . . = |l A v 0.2;,m
The intradot magnetostatic interaction gives a positive 0.4 * 03
and the intradot exchange interaction and the interdot mag- M 404
netostatic couplingthrough induced stray fieldgive nega- 0 0'5 1'0 1'5 30
tive contributions to the dot annihilation field. A model of the ' S_Q/R ' '

vortex nucleation field in dot arrays with nonuniform rema-
nent magnetization distribution will be considered separately FIG. 4. The normalized experimental nucleation fields vs the
in Ref. 19. normalized interdot distancé
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In the absence of an external magnetic field, the magnetiesis loops of close-packed dot arrays with different lattice
cally soft dots are in a magnetization curling state. The censymmetry is in progress.
ters of the vortices are located at the centers of the dots, and In summary, both our experiments and analytical model-
the reduced vortex core radius is small, so that magnetithg show that the magnetostatic interaction plays an impor-
charges are practically absent and the magnetostatic interagmt role in the magnetization reversal process for ferromag-
tion of the dots is negligible as stated in Refs. 10 and 15petic submicron dot arrays with small interdot distances.
even for distancesd close to zero. In an external magnetic Namely, decreases of vortex nucleation and annihilation

field, the centers of the vortices are shifted, resulting in &je|gs as well as increase of initial susceptibility occur, ac-
nonzero dot dipolar momekiM ) and appearance of interdot companied by vortex instability.

magnetostatic coupling. A nonzero quadrupolar and high-
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