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The dynamical behavior of a magnetic nanoparticle contaminated by pointlike impurities is
studied by using a spin dynamics numerical simulation. It was observed that the impurities can
behave both as pinning (attractive) and as scattering (repulsive) sites. A Gaussian profile was
observed for the interaction potential energy ranging up to two lattice parameters. Using the
known values of the parameters for Permalloy-79 we have calculated the interaction energy of
the vortex core with a single defect. We estimated the interaction range as approximately 10nm.
Both results agree quite well with experimental measurements. © 2011 American Institute of

Physics. [doi:10.1063/1.3573518]

Recently it was discovered that some magnetic nano-
structures can present interesting properties that may lead to
building efficient new storage devices.'™ In a magnetic
nanodevice like a nanodisk, the competition between the
magnetostatic energy and the exchange interaction is respon-
sible for the formation of a magnetic vortex in the ground
state.” The static vortex has a planar configuration parallel to
the plane of the disk, except at the center of the vortex where
the magnetic moments point out in a direction perpendicular
to the disk plane, the z direction, which can be up or down
(*z respectively).®” The system is twofold degenerated,
since configurations up and down have the same energy.®
The manipulation of the vortex and a way to control the core
magnetization are subjects of paramount importance, since
the Z, symmetry of the vortex core can be used as a bit in
storage devices. It was observed in numerical simulations
that switching can be induced by vortex—hole interaction® or
by the application of a time-dependent external magnetic
field which induces a vortex gyrotropic motion.'%'!

The interaction of the vortex core with lithographically
inserted defects has been the subject of intense investigation
in the last few years.'>"? For example, in Ref. 14 the authors
showed that vortices are attracted and pinned by nonmagnetic
impurities. It is known that even in pure samples, such as
nanodisks made of Permalloy, structural defects are distrib-
uted randomly through the material. In Ref. 15, the authors
found a density of defects of up to ~2 x 10" /cm? for the
pinning sites in Permalloy nanodisks, which affect the vortex
dynamics. In Ref. 16 the authors used Lorentz transmission
electron microscopy to investigate the pinning behavior of
magnetic vortices. In a recent work, Compton et al.'” used
time-resolved Kerr microscopy to study the vortex-core
dynamics in individual magnetic disks. They observed
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fluctuations in the frequency of the gyrotropic mode in nano-
disks of Permalloy. They argued that the fluctuations were
due to a distribution of nanoscale defects pinning the vortex
core. The authors estimated the average interaction energy of
the vortex core with a single nanoscale defect to be approxi-
mately 2eV. In Ref. 18 the authors discussed two possible
types of pointlike defects acting as pinning or scattering sites.
The question pointed out was: It is known that nonmagnetic
impurities act as pinning sites, but what could act as a scatter-
ing site? In this work we use spin dynamics simulations to
study a model for both magnetic pinning and scattering sites.
In the model we developed the interaction between the
magnetic sites in the nanodisk and the defects depends only
on the exchange energy. Following Ref. 19, we consider the
magnetic nanodisks modeled by magnetic moments with
dipole—dipole and exchange interactions. We can write a
model Hamiltonian for the nanodisk with magnetic impurities
using a pseudospin language as

ey

Here the sites i and j are sites of the pure sample, i’ are for
sites that contain impurities; .S:;-, S_;-, and §,—r are dimensionless
vectors with fixed length representing classical spins located
in the sites 7, j, and i and satisfying the condition \S"\ =1;J
(in units of energy) is the exchange coupling constant
between S; and 5}; J' is the exchange coupling constant
between S_';-/ and 5;-; 7;,; 1s the distance between sites 7 and j
measured in units of length; 7 = 73;/r;;; and D is the dipole
strength. The parameter « is the lattice parameter defined as
the distance between the first neighbors sites in the lattice.
The sums in the first and second terms are over nearest
neighbors. The Hamiltonian (1) can be rewritten as H = JH,
where H is the dimensionless term in curly brackets. We

© 2011 American Institute of Physics
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follow Ref. 20 to build the simulated nanodisk. The dynam-
ics of the system is followed by solving numerically the dis-

crete version of the Landau—Lifshitz—Gilbert (LLG)
equation”'*? given by
ds; - OMH - - OH
_—|:S,'><_,:|+OC|:S,'><SZ‘X_,:|, (2)
dt OS; aS;

where 7 is the dimensionless simulation time. The Hamiltonian
time, 7, measured in seconds is obtained by ¢t = 7/w( (Ref.
24). For Permalloy-79, w = 2.13 x 10" 5712 The equations
of motion were integrated forward by using a fourth-order pre-
dictor-corrector scheme with a damping parameter o = 0.01
and time step dt = 0.01 (dr = 4.7 x 10~ **s for Permalloy-
79). The spin dynamics simulations were done in a nanodisk
with diameter d = 25a and thickness / = a. Initially the vortex
was set at the center of the nanodisk in the presence of a mag-
netic impurity two sites away. The simulations were performed
with no cutoff in the dipolar energy term. The estimated value
for the ratio (D/J) for Permalloy-79, (D/J) = 0.0708, was
used.” We observed that if /' < J the vortex core moves to-
ward the magnetic impurity site, indicating an effective attrac-
tive potential of interaction between the vortex and the
magnetic impurity, as shown in Fig. 1 (see supplementary ma-
terial®®). If /' > J the vortex core moves away of the magnetic
impurity site, indicating an effective repulsive potential of
interaction between the vortex and the magnetic impurity, as
shown in Fig. 2 (see supplementary material>®). We have also
calculated numerically the interaction energy per site (Ejy)
between the vortex core and the magnetic impurity as a func-
tion of the relative distance (r/a) between them. The vortex
core was put at the center of a nano-disk with diameter
d = 30a as shown in Fig. 3. A Gaussian profile for the interac-
tion energy, Ein(r) = Eoexp[—0.5(r/c)%)], was observed
for all values of the ratio J'/J. Here Eg = Ejy(r = 0) is the
interaction energy when the center of the vortex coincides
with the impurity site. From Fig. 3 we see that if J < J the
potential is attractive, if J' > J the potential is repulsive. We
also observed that the interaction energy exhibits a maximum
(if repulsive) or a minimum (if attractive) at r =0, decaying
rapidly to zero for |r| > 2a. The model for describing struc-
tural pointlike defects in nanoscaled ferromagnetic materials
presented in Ref. 18 agrees very well with the obtained
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FIG. 1. Snapshots of the dynamical behavior of a vortex core near an attrac-
tive magnetic impurity (/' < J). (a) A typical initial configuration with the
vortex core at the center of the nanodisk. The black circle symbol represents
a magnetic impurity located two sites away from the center. (b) Configura-
tion after 120 simulating time steps. (c) Configuration after 350 time steps
showing the vortex core at the impurity site. The simulation for later times
shows that this is an equilibrium position. See the supplementary material®®
for a video of the vortex core motion in the presence of a magnetic attractive
impurity (enhanced online).
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FIG. 2. Snapshots for the dynamical behavior of a vortex core near an repul-
sive magnetic impurity (/> J). Symbol is the same as in Fig. 1. (a) A typi-
cal initial configuration with the vortex core located at the center of the
nanodisk in the presence of a magnetic impurity. (b) Configuration after 300
simulation time steps. (c¢) Configuration after 600 simulation time steps
showing the equilibrium position of the vortex core four sites away from the
impurity. See the supplementary material®® for a video of the vortex core
motion in the presence of a magnetic repulsive impurity (enhanced online).

gaussian profile. In a micromagnetic approach the nanodisks
can be partitioned into cubical working cells of dimensions
a x a x a. Each site represents the center of a working cell. As
in Ref. 20 we consider ¢ = 5nm and the known exchange
stiffness A = 8.125 x 107eV/m for Permalloy-79-made sam-
ples. In the micromagnetic simulations J is considered as the
effective exchange coupling between neighboring cells given
by J = 2Aa = 8.125 x 10~'eV. An estimate of the range of
the interaction gives |r| & 2a &~ 10nm, which is in close agree-
ment with the experimental results in Refs. 15 and 16. An esti-
mate of the interaction energy (E,) of the vortex core with a
single pinning impurity or defect can be done as follows. Our
model of nanodisks had approximately N="717 sites (cells).
For J' = 0.1J, Ey = —4.18 x 1073 x 717 x 8.125 x 10~ 'eV
= —2.43eV and for J' = 0.5/, Ey = —1.35¢V. These energy
values are of the same order of magnitude as those estimated in
Ref. 17 (approximately 2eV). Our results indicate that the pos-
sible origins of the pinning and scattering defects in thin films
could be the local reduction or increase in the exchange con-
stant respectively, caused by a local nanoscaled structural
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FIG. 3. Interaction energy per site (Eiy/J) as a function of the relative dis-
tance, (r/a), between the vortex core and the magnetic impurity considering
the vortex core located at the center of the nanodisk (r = 0). The dotted
lines are adjustments of the Gaussian Eiy /J = (Eq/J) exp[—0.5(r/0)?] for
several values of J' /J as shown in the inset. The corresponding values for
Eo/J(x10%) are: —4.70,—4.18,-2.32,-0.93, 2.32, 4.63, 6.96,9.29, and
a=0.7TaforallJ /J.
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deformation. We believe that not all structural defects produced
in the samples are pinning defects, structural scattering defects
can also be produced and certainly will affect the gyrotropic
frequency as pointed out in Ref. 17. It should be very interest-
ing to have more investigation on this subject so that one could
validate (or not) our findings.

In summary, we have used spin dynamics simulations to
study a model for magnetic pinning and scattering sites. We
found that if the coupling between the defect with the mag-
netic atoms (J') in the crystal is smaller than the coupling
between the magnetic atoms, the interaction potential
between the vortex and the impurity is attractive. On the
other hand if (J' > J) a repulsion is observed. Using the
known values of the parameters for Permalloy-79 we have
found that our results are in very good agreement with exper-
imental estimate. We observe that a potential technological
application can be the use of magnetic impurities lithograph-
ically inserted in magnetic nanodisks to control the gyro-
tropic mode and the core magnetization.
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