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Micromagnetic simulation studies of ferromagnetic part spheres
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Self-assembly techniques can be used to produce periodic arrays of magnetic nanostructures. We
have developed a double-template technique using electrochemical deposition. This method
produces arrays of dots which are of spherical shape, as opposed to those prepared by standard
lithographic techniques, which are usually cylindrical. By varying the amount of material that is
deposited electrochemically, spheres of diamdtean be grown up to varying heights<d. Thus

different spherical shapes can be created ranging from shallow dots to almost complete spheres.
Using micromagnetic modeling, we calculate numerically the magnetization reversal of the soft part
spherical particles. The observed reversal mechanisms range from single domain reversal at small
radii to vortex movement in shallow systems at larger radii and vortex core reversal, as observed in
spheres at larger heights. We present a phase diagram of the reversal behavior as a function of radius
and growth height. Additionally, we compare simulation results of hybrid finite element/boundary
element and finite difference calculations for the same system20@ American Institute of
Physics [DOI: 10.1063/1.1850073

INTRODUCTION strongly influenced by the shape of the structure. Related

Magneti g g red with traditional sput.VO™< 12S, been performed on flat cylinders and diss,
agnetic recording media created with traditional Sput-g,j o 0 d-9 trianglest® and other polygon>**In this paper,

tering methods nears the fundamental limits as areal bit de%e study the behavior of the new class of part-spherical

sity Increases. I\/!agneuc grains of size orders beneath .th&ructures and compute a magnetic reversal phase diagram as
paramagnetic limit are unstable at room temperature, makin

th ineffecti hoice for | i ¢ di thg function of diameter and height.
€m an nettective choice for long-term storage media as e g ther compare the simulation results obtained with

many wregulgr grains US.Ed FO creatg a storage b't. can Nfhe finite difference methddand the hybrid finite element/
longer be relied on to maintain a particular overall d'reCt'Onboundary element methdd

of magnetization.

A solution to this problem is to form regular patterned
media where data can be stored as one bit per object; tHdETHOD
objects n these patterr_ned _me(_jla can subsequently havg 2 We use the hybrid finite element/boundary element mi-
larger size than the grain size in nonpatterned media Wh”%romagnetic simulation programacpar (Ref. 13 and the
increasing the areal density. Photolithographic methods can '
be used to create these media but are limited tqudrisizes.
Techniques which use electron-beam lithography are not cos § b o A
effective on a large scale. Self-assembly methods, howevel single domain
seem to be an economic way to create nanostructuret
magnetél. 1

Using a chemical self-assembly techniﬁt&mplates can
be produced through the evaporation of the liquid from an os
aqueous suspension of latex spheres of dianteteading to
the formation of a close-packed array. Filling the gaps be—g o8
tween the spheres with a nonmagnetic material and etchin@
away the latex spheres leave a honeycomblike template
which can then be filled with a magnetic material up to a
heighth. Altering the levelh to which the honeycomb tem-
plate is filled allows part-spherical geometries to be pro- °2
duced that range from very shallow, for example, height P il
=1/8d, to almost completely full, ak=7/8d. I i ey

At the nanometer length scale the magnetic behavior is

FIG. 1. Phase diagram of remanent states fog ¢, permalloy part
spheres. The dotted and dashed lines are guides to the eye indicating rever-
dElectronic mail: fangohr@soton.ac.uk sal mechanism boundaries.
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We observe three distinct reversal mechanisms. Taking
d=50 nm, forh/d=<0.375 the reversal is coherent; all the
magnetic moments remain aligned and rotate homoge-
neously. Betweern/d=0.5 andh/d=0.875 an out-of-plane
vortex forms with a core perpendicular to the applied field
after an initial energy barrier is overcome and this can freely
move around the inside of the part sphere with the applied
field. This is similar to the behavior seen in cylindrical
particles‘.‘_e'mWe will now discuss the reversal mechanism
in more detalil.

Figure 2 shows the perpendicular vortex reversal behav-
ior. Point A shows the homogeneously aligned state at high
applied field, though there is a small C-shaped shift inxtize
200 direction at the extremeties in order to minimize dipolar en-

ergy. At pointB the magnetization arranges into an S shape
FIG. 2. Reversal mechanism fde=50 nm, h=0.5d. in the x-y direction, where the magnetic moments at the
edges of the half sphere persist in the applied field direction
finite difference micromagnetic simulation progravomMMmrF  while the moments towards the center are aligned a few de-
(Ref. 12 to perform the simulations using the material pa-grees away from th& direction into they direction. Reduc-
rameters for NjFe;, permalloy (Js=1.39 T, A=5.85 ing the field further overcomes an energy barrier and a per-
X 10712 3/m, andK,=0 J/n?)."* These software packages pendicular (i.e., the core of the vortex points in the

X

magnetisation M

oo

0
applied field B, (mT)

use the Landau-Lifshitz—Gilbert equatith, direction vortex is formed. Poin€ shows the remanent state
Y e of the half sphere with this vortex in the center; the net
o =—[yM X He— M—M X (M X Hgg) (1) magnetization in the direction is now zero. PoirD shows
S

the effects of a continued field reduction; the vortex has
to compute metastable configurations. We perform simulashifted further into they direction appropriate for allowing
tions on part-spherical geometries where the overall diametéhe majority of the magnetic moments to point in the nega-
d ranges from 12.5 to 100 nm, and the external magnetitive x direction. Finally, at pointE the magnitude of the
field is applied along the “flat direction of the part sphere. negative external field is sufficiently high to remove the vor-
Starting from an initially uniform magnetization state tex from the system and a homogeneously aligned state re-
pointing in the « direction, we apply a high magnetic field mains.
capable of maintaining a nearly homogeneous magnetization Figure 4(Fig. 3) shows the reversal mechanism with an
and reduce this field in steps of 1 mT until the magnetizatiorin-plane vortex for a spher@e., h/d=1.0). PointA shows a
is reversed. homogeneous alignment of the magnetic moments inxthe
direction, which persists until poir8, where the field has
RESULTS been lowered enough to overcome the energy barrier and
Figure 1 shows a phase diagram of remanent magnetizallow an in-plane(i.e., where the core points in thedirec-
tion states for simulated systems where the hdightreases tion) vortex to form; this also allows the majority of the
from 1/8d to d in 1/8d steps andl varies between 12.5 and magnetization to continue pointing in tixedirection. As the
125 nm. field is further reduced, thg component of the magnetiza-

-1.00 0.00 1.00

0.00 1.00 -1.00

FIG. 3. Remanent magnetization pattern der75 nm in(left) ah=3/4d part sphere anéright) a full sphere where the initial magnetic field was applied in
the x direction. The vortex cores are highlighted by streamlines.
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FIG. 5. Hysteresis loops for d=50 nm half sphere obtained wit{solid
line) the finite difference method afdashed lingthe hybrid finite element/

FIG. 4. Reversal mechanism fd=100 nm,h=d. The center of the vortex boundary element method.

core in inset B and C always remains in the center ofytzeplane(see also

Fig. 3, righd. Inset B shows the isolines &, in the y-z cutplane to dem-

onstrate this. As the diameter of the part-spherical particle decreases,
a largerh/d is necessary for a vortex to form. Asis in-

tion outside the vortex core continues to follow the appliedcreased, the magnetization is more likely to form a vortex.

field; however, the core remains pointing wholly in the di- Below a critical radius of 12.4 nm for NjFes, all h/d val-

rection of the initial applied field. At poirt, after the field is  yes will result in a single-domain remanent state.

reduced below zero the core of the vortex flips over, respon-  We have used two different simulation packages and ob-

sible for the “minor” hysteresis loop arouri}=0. The vor-  served good agreement.

tex can exit the system when the magnitude of the negative
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