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Abstract

Computer simulations are preserted to explore the magnetic and magnetomedanical properties of hollow microspheresconsisting
of a self-supporting shell of iron-oxide nanoparticles which were recertly synthesized in experiment. The magnetic properties of
the microspheres are governed by the dipolar interactions between the nanoparticles, leading to a complex vortex ground state
structure with the magnetic moments aligned parallel to the surface. In magnetic “elds, considerable deformations are observed

that withstand external applied pressures.
°c 2006 Elsevier B.V. All rights reserved.
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1. Intro duction

Nanocompositesare of great concernin the seard for ar-
ticial nanostructured materials with tunable properties.
Recerly, it was shown that is possibleto exciently pro-
duce magnetic hollow microspheresconsisting of a shell of
magnetic nanopatrticles (e.g., Fe30O,4), which are arranged
on the surfaceof a polystyrene corein a self-asserhly pro-
cess[1,2]. The core was removed later using plasma etch-
ing [3]. Possibleapplications for this type of material are
lightweight magnetsor containers for magnetically guided
transport of drugs or chemicals [4{6]. Computer simula-
tions show that considerabledeformation may be expected
in the presenceof magnetic™elds [3] making them interest-
ing candidatesfor magnetomedanical actuators or sensors,
astheir properties are adaptable by changing size,compo-
sition or coating of the nanoparticles.

2. The model

We considerfully magnetizednanoparticlesasthermally
invariant macrospinsin a self-supporting close-pa&ed ar-
rangemen on a surface of a sphere.In practice, this was
achieved by forming afcccrystal of particles and discarding
the material outside a spherewith a radius Re and inside
Ri: Re, jrijj. Ri. Two di®eren setsof radii (in units of
the lattice constart) Re= 6(4) and R; = 5(3), were used
leading to microsphereswith N = 1496(632) particles and
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a shell thicknessof three monolayers (34nm). The Hamil-
tonian is governed by the dipolar interactions betweenthe
particles and the magnetic eld B, neglectingexchangeand

magnetocrysta'lgne anisotropy: |
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We employed a standard Monte-Carlo method for the vari-
ation of the macrospins?® ; [7]. Magnetoelastic properties
are calculated by treating the spatial degreesof freedom,
rij , within the hybrid Monte-Carlo approad [8,9]. For the
sake of simplicity, Lennard-Jones-lile pair interactions were
used,with a power of 24 in the repulsive part re°ecting the
hard spherenature of the particles:
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The momert jtj = 4£ 10*1 and the distance between
the certers ro = 217° %= 14nm were chosenin accordance
with the experimental setup [3], resulting in an overall di-
ameter of 240nm (160nm). As there is no experimental in-
formation about the proper binding energy? sofar, we set
it initially to 0:125eV, assuringthat the microspheresare
stable at room temperature for at least 0.5 s [3].

3. Results

In external magnetic “elds, the micropheresshow soft
magnetic behavior with a tiny remanenceat low temper-
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Fig. 1. Left: Relative Magnetization as a function of the external magnetic "eld at di®erent temp eratures (N = 1496). Center: Magnetic
structure of a hollow microsphere consisting of N = 1496 particles at T = 4K after simulated annealing. Righ t: Prop osed magnetic ground
state structure with 14 vortices. The domains are oriented perpendicular to the equatorial help lines, as indicated by the arrows.
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Fig. 2. Hollow micropheres at T = 300K under external pressure in
form of a weight placed on a stamp in the presence of an external
magnetic “eld.

atures (Fig. 1, left). This is due to the dipolar interac-
tions driving the momerts into a tangential orientation at
small "elds thereby minimizing the stray “elds. Typically,
in hollow spherical arrangemerts of nanoparticles vortex-
likestructures areobsened[10]. The simplestcon guration
of this kind is the curling state where the magnetization

circlesaround the sphereleaving two vortices at the poles.

In the continnum limit, this structure has beenshaown to
be lower in energy than the uniformly magnetized state
for homogeneousoft magnetic hollow particles, which are
considerablysmaller than the structures preseried hereby
analytical micromagnetic calculations [11].

In our simulations the curling state is unstable and de-
composesinto a multi-domain state. Starting with a ran-
dom orientation at T = 800K and cooling down to T = 4K
in 1:5 £ 10° Monte Carlo sweeps(MCS) with an expo-
nertially slow cooling rate, the simulations reveal a com-
plicated spin structure asdepicted in Fig. 1 (certer) with
14 vortices surrounded by domain-like arrangemerts. A
schematic map of the proposedground state structure is
givenin Fig. 1 (right). It was obsened for N = 1496 that
two or more domainsmay be further subdivided by an ad-
ditional 180f domain wall. The positions of the vortices are
consistertly located along the cubic crystal axesand the
spacediagonalsimplying anin°uence of the fcc lattice and
the facetting of the surfaceon the magnetic structure.

Exposing the microspheresat room temperature to a
magnetic eld of 0.5T resultsin considerablemagnetcelas-
tic forcesthat causean elongation of the microspherein
direction of the magnetic "eld, if the particles are allowed
to move freely. This deformation can be traced badc to
the preferenceof a chain-like arrangemer of the magnetic
dipoles. The stability of the particles (elongated and un-
deformed) was investigated by placing them betweentwo
stampsloadedwith increasingweights (Fig. 2) and measur-
ing the stamp distanceafter 50000MCS equilibration time.
The elongation s retained up to considerableforcesacting
on the stamps suggestingthat mechanical properties of a
composite material consisting of microspherescan be sig-
ni cantly altered by magnetically pumping up the spheres.
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