
Vortex switching in nanomagnetic structures

How to control the position, 
circulation, and polarity of a 

magnetic vortex in a 
nanomagnet? 

--voids or holes?
--applied fields, currents?

--optical impulses?

circulation of the magnetization in the vortex state, which is
opposite compared to that reported in Ref. 6 for the same
direction of the externally applied field and the void position
with respect to the disk center. Since in Ref. 6 disks with a
much larger decentered elliptical void where used, the ob-
served difference suggests that the mechanisms determining
the vortex circulation depend critically on the shape and size
of the void.

The samples investigated here are two arrays of
25-nm-thick Permalloy dots, with nominal diameter of
1.0 !m arranged on a square lattice with a period of
2.00 !m, prepared using e-beam lithography and lift-off
techniques. A small circular void with a nominal diameter of
160 nm has been patterned into each disk. The circular void
is concentric to the disk in one sample and slightly decen-
tered in the other. Figure 1 shows the scanning electron mi-
croscopy images of the two samples.

The magnetization reversal in these structures has been
studied using the diffracted magneto-optic Kerr effect !D-
MOKE" combined with numerical micromagnetic simula-
tions; this technique has proven to be able to determine the
magnetization circulation in circular Py nanomagnets.10 The
incident beam of a HeNe laser !wavelength of 632.8 nm" for
the D-MOKE experiments is polarized in the plane of inci-
dence !p polarization" and the magnetic field is applied per-
pendicularly to the plane of incidence, as described in Refs.
10. This arrangement corresponds to the transverse MOKE
geometry where the changes in the sample magnetization
lead to changes in the intensity of reflected and diffracted
beams, leaving their polarization state unchanged. Since the
theory for magnetic effects in diffracted beams out of the

scattering plane has not yet been developed, we will restrict
our analysis to diffracted beams in the scattering plane !plane
xz, where z is the normal to the sample surface". In some
detail, the D-MOKE loops in this geometry are due to the
variation of the magnetic part of the scattered intensity
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where fd!n"=''S exp#inG(
·x$ds is called the nonmagnetic

form factor, where G( =2$ /d !d is the array period along the
direction x parallel to the scattering plane" is the reciprocal
lattice vector of the array parallel to the scattering plane, and
the integral is carried out over a single dot. The magnetiza-
tion information in the diffracted beams is contained in the
so called magnetic form factor fd

m!n"=''Smy exp#inG(
·x$ds,

where my is the component of the magnetization perpendicu-
lar to the scattering plane !direction y". For particles with a
shape having a center of inversion symmetry, fd!n" is a real
number and Eq. !1" simplifies to10
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The number A!n" depends on the angles that the inci-
dence and diffracted beams form with the sample normal and
the optical and magneto-optical coefficients of the material
and is treated usually as an adjustable parameter. For n=0,
i.e., in the case of the reflected beam, the signal "Id

m!0" is
just proportional to the average value of my in all the probed
dots. In this case, the MOKE loops are identical to those
measured using standard averaging techniques such as super-
conducting quantum interference device !SQUID" and vi-
brating sample magnetometry. As shown in Ref. 10, this
magnetic form factor can provide details of the magnetiza-
tion structures inside the elements of an array with a spatial
resolution below the laser light wavelength. In the case of
vortex state in Permalloy circular disks, we showed that the
loss of center of inversion symmetry in the magnetization
distribution when the vortex is nucleated leads to a large
imaginary part of the magnetic form factor, which changes
sign upon changing the sense of rotation of the
magnetization.10 As a results, if all dots or their great major-
ity develop a vortex state having the same magnetization
circulation !viz., there is spatial coherence for the disk
switching", the diffracted loops, especially for n%2, will
show characteristic features !e.g., peaks, shoulders, and
negative coercive field" that substantially change upon rota-
tion of the sample by 180° about its normal !viz., upon
changing the sense of rotation in the vortex state". This hap-
pens when an asymmetry is intentionally introduced in the
shape of the disks or the fabrication defects do not have a
random nature.10 In the case of equal number of disks devel-
oping vortex with clockwise and counterclockwise circula-
tions !viz., no spatial coherence for the disk switching be-
cause of the random nature of defects", the imaginary part of
the magnetic form factor averages to zero and no differences
will appear between diffracted loops recorded, rotating the
sample by 180°.

FIG. 1. Scanning electron images of a portion of the two patterns: symmet-
ric rings !upper panel" and asymmetric rings !lower panel".
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We studied the magnetization reversal of Permalloy disks with a small circular void either
concentric or decentered. In both systems the reversal takes place via the nucleation and annihilation
of a magnetic vortex. By applying the diffracted magneto-optic technique combined with numeric
micromagnetic simulations we retrieved the information about the sense of rotation of the
magnetization in the vortex state. For the disks with the concentric void no preferential rotation has
been observed. For the case of decentered void, the sense of rotation of all probed disks is
deterministically controlled by appropriately choosing the direction of the externally applied field
and the void position with respect to the disk center. © 2006 American Institute of Physics.
#DOI: 10.1063/1.2174115$

Ferromagnetic nanoelements developing magnetic vor-
tex structures are attracting a great deal of interest for their
potential application in high density data storage technology
and because of the underlying physics governing the vortex
formation/annihilation process, the vortex core displacement
under the action of an external field, and its dynamic
behavior.1,2 The application of such nanomagnets as device
elements in magnetic recording media and random access
memories requires the perfect controllability of the magneti-
zation circulation at room temperature. For this reason,
methods to achieve the required control over the magnetiza-
tion circulation in the vortex state in ferromagnetic nanoscale
disks and rings are continuously investigated, and various
solutions, more or less reliable, to achieve such a control
have been reported.3–6 In a disk the magnetization circulation
in the vortex was proved to be controllable by introducing a
slight ad hoc asymmetry !e.g., a flattening" into the geomet-
ric shape of the circular dots.3 More recently, the attention
has moved to ring nanostructures because of the higher sta-
bility shown by the vortex state in this geometric shape and
the higher scalability !below 100 nm" as compared to the
circular disk. In such nanoelements a control over the mag-
netization circulation has been achieved by introducing
notches in the ring that act as pinning centers for the domain
walls of the so called “onion” state, which has been found to
be the seed state preceding the vortex formation,4 or by mak-
ing the ring asymmetric.5,6 The pinning of magnetic vortex
by point defects has also been studied.7 Besides the capabil-
ity of “writing” the desired magnetization circulation in the
element, one has to be able to read the stored information.
Among the methods for reading the stored information in the

form of magnetization circulation, the one which is the most
likely candidate for practical applications, is the use of mag-
netotransport measurements. Magnetoresistive measure-
ments have indeed proven to be successful for retrieving in-
formation about the field dependence of magnetization
configurations inside laterally confined systems when ap-
plied to both disk and ring cases. However, in the case of
rings, the retrieval of the information about the sense of ro-
tation is rather complicated and the magnetoresistive signals
involved are quite small.8 We recently showed that in the
case of disks, magnetoresistive measurements can be carried
out in which the two senses of rotation of the magnetization
in the vortex state result in magnetoresistances having oppo-
site signs and, thus, are easily detectable.9 The success of the
method relies on the shifting and distortion of the vortex
structure as the external field is swept !the vortex shifts per-
pendicular to the applied field direction, with a consequent
distortion of the circular magnetization distribution that re-
sults in easily detectable variation of magnetoresistance9".
The aim of the present investigation is to find a method to
reliably select the vortex circulation in soft Py disks, which
stabilizes the vortex state as much as happens in a ring struc-
ture but, at the same time, ensures the controllable displace-
ment of the vortex structure through the disk as the external
field is swept. We have found that these goals can be
achieved with the introduction of a slightly decentered small
circular void into the disk. The void acts as a pinning center
for the vortex state after its nucleation. If the void is small
enough compared to the disk diameter, the application of an
external field can shift the vortex, producing a distortion of
the vortex configuration as required for the application of
magnetoresistance for determining the sense of rotation of
the vortex. It is worth noting that we obtained a sense ofa"Electronic mail: vavassori@fe.infn.it
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Theory:  computer simulations of 
spin energetics & dynamics to study 

vortex motion and spin reversal.
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Dynamics of magnetic vortex core switching in nanometer-scale Permalloy disk, having a single
vortex ground state, was investigated by micromagnetic modeling. When an in-plane magnetic field
pulse with an appropriate strength and duration is applied to the vortex structure, additional two
vortices, i.e., a circular and an antivortex, are created near the original vortex core. Sequentially, the
vortex-antivortex pair annihilates. A spin wave is created at the annihilation point and propagated
through the entire element; the relaxed state for the system is the single vortex state with a switched
vortex core. © 2006 American Institute of Physics. #DOI: 10.1063/1.2424673$

Formation of vortex ground structure in patterned mag-
netic thin-film elements and its behavior in an external mag-
netic field have been actively studied during the last few
years due to its possible applications in high-density mag-
netic storage devices.1–11 More recently the magnetization
dynamics of vortex structures in such small elements has
received considerable attention.5–11 The vortex excitation is
found to be strongly influenced by element shapes, and sev-
eral types of eigenmodes have been predicted and experi-
mentally identified.6–8 In circular disks on micron and sub-
micron length scales, for example, Park et al. observed that
the low frequency !i.e., sub gigahertz" mode, which is due to
the gyrotropic motion of the vortex core, shifts to higher
frequency modes as the disk diameter decreases.7 The higher
frequency response was attributed to magnetostatic modes of
the magnetization outside the vortex core. Another interest-
ing phenomenon occurring in the vortex structures is the
switching of the out-of-plane magnetization of the vortex
core by an externally applied field. Kikuchi et al. have re-
ported that the spin configuration of the vortex core in a
micron-sized Permalloy circular disk is very stable, and the
magnetization of the core can be switched by a large
!%2.5 kOe" vertical field in a static case.2 In a dynamic case,
the possible switching of the core magnetization has been
inferred by Neudert et al., in which the experimental results
acquired using time-resolved Kerr microscopy were com-
pared to micromagnetic simulations.9 Indications of a
switched vortex core magnetization, however, could not be
found in experiments, and the mechanism of the core switch-
ing has not been further discussed. In this letter, we report a
detailed micromagnetic study of the dynamics of vortex core
switching for a 500-nm-diameter Permalloy !Py" disk of
30 nm thickness using the object oriented micromagnetic
framework12 !OOMMF". We found that the vortex core mag-
netization can be switched by applying an in-plane magnetic
field pulse. The switching occurs by means of the formation
of additional vortex-antivortex pair and the subsequent anni-
hilation of vortex cores.

The micromagnetic modeling is based on
Landau-Lifshitz equation.13 dM /dt=−&!&#M"Heff$−#'M
" #M"Heff$(. Here ! is the gyroscopic ratio and # is a
phenomenological damping constant. The Heff is the total
effective field acting on the magnetization M, which mainly
includes the applied external field Happ, the exchange inter-
action Hex, the magnetic anisotropy field Hani, and the de-
magnetizing field Hd, i.e., Heff=Happ+Hex+Hani+Hd. The
parameters used for Py were saturation magnetization
Ms=8"105 A/m, exchange constant A=1.3"10−11 J /m,
and zero magnetic anisotropy constant. In all cases the
damping constant of #=0.01 and a cell size of 2"2
"2 nm3 were taken. An in-plane magnetic field pulse Hp,
with zero rise and fall time, was applied in the positive y
direction by varying the strength and duration of the pulse.

Figure 1 are gray scale images, taken at different times,
showing the temporal evolution of the vortex structure in
response to the magnetic pulse of 290 Oe. The small arrows
in the images represent the in-plane component of the mag-
netization. Below each image are the Mz /Ms profiles through
the centre of each vortex core along the lines in the x direc-
tion, respectively. The initial state shown in Fig. 1!a" con-
tains a single vortex core, with an out-of-plane magnetization
in the positive z direction. The vortex structure is identified
as left-handed positive !V↑

L" based on its chirality and posi-

a"Electronic mail: bchoi@uvic.ca

FIG. 1. !Color online" Temporal evolution of Mz /Ms of the Py disk excited
by HPy=290 Oe !cut off at 80 ps". The arrows are the in-plane component of
the magnetization. Below each image are the Mz /Ms profiles through the
center of each vortex core along the lines in the x direction, respectively.
Note that the profiles in !b"–!d" are enlarged in the x axis direction.

APPLIED PHYSICS LETTERS 89, 262507 !2006"

0003-6951/2006/89"26!/262507/3/$23.00 © 2006 American Institute of Physics89, 262507-1
Downloaded 17 Jan 2008 to 129.130.99.243. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

Dynamics of vortex core switching in ferromagnetic nanodisks
Q. F. Xiao, J. Rudge, and B. C. Choia!

Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia,
V8W 3P6, Canada

Y. K. Hong
Department of Electrical and Computer Engineering, University of Alabama, Tuscaloosa, Alabama 35487

G. Donohoe
Department of Electrical and Computer Engineering, University of Idaho, Moscow, Idaho 83844

!Received 14 July 2006; accepted 25 November 2006; published online 28 December 2006"

Dynamics of magnetic vortex core switching in nanometer-scale Permalloy disk, having a single
vortex ground state, was investigated by micromagnetic modeling. When an in-plane magnetic field
pulse with an appropriate strength and duration is applied to the vortex structure, additional two
vortices, i.e., a circular and an antivortex, are created near the original vortex core. Sequentially, the
vortex-antivortex pair annihilates. A spin wave is created at the annihilation point and propagated
through the entire element; the relaxed state for the system is the single vortex state with a switched
vortex core. © 2006 American Institute of Physics. #DOI: 10.1063/1.2424673$

Formation of vortex ground structure in patterned mag-
netic thin-film elements and its behavior in an external mag-
netic field have been actively studied during the last few
years due to its possible applications in high-density mag-
netic storage devices.1–11 More recently the magnetization
dynamics of vortex structures in such small elements has
received considerable attention.5–11 The vortex excitation is
found to be strongly influenced by element shapes, and sev-
eral types of eigenmodes have been predicted and experi-
mentally identified.6–8 In circular disks on micron and sub-
micron length scales, for example, Park et al. observed that
the low frequency !i.e., sub gigahertz" mode, which is due to
the gyrotropic motion of the vortex core, shifts to higher
frequency modes as the disk diameter decreases.7 The higher
frequency response was attributed to magnetostatic modes of
the magnetization outside the vortex core. Another interest-
ing phenomenon occurring in the vortex structures is the
switching of the out-of-plane magnetization of the vortex
core by an externally applied field. Kikuchi et al. have re-
ported that the spin configuration of the vortex core in a
micron-sized Permalloy circular disk is very stable, and the
magnetization of the core can be switched by a large
!%2.5 kOe" vertical field in a static case.2 In a dynamic case,
the possible switching of the core magnetization has been
inferred by Neudert et al., in which the experimental results
acquired using time-resolved Kerr microscopy were com-
pared to micromagnetic simulations.9 Indications of a
switched vortex core magnetization, however, could not be
found in experiments, and the mechanism of the core switch-
ing has not been further discussed. In this letter, we report a
detailed micromagnetic study of the dynamics of vortex core
switching for a 500-nm-diameter Permalloy !Py" disk of
30 nm thickness using the object oriented micromagnetic
framework12 !OOMMF". We found that the vortex core mag-
netization can be switched by applying an in-plane magnetic
field pulse. The switching occurs by means of the formation
of additional vortex-antivortex pair and the subsequent anni-
hilation of vortex cores.

The micromagnetic modeling is based on
Landau-Lifshitz equation.13 dM /dt=−&!&#M"Heff$−#'M
" #M"Heff$(. Here ! is the gyroscopic ratio and # is a
phenomenological damping constant. The Heff is the total
effective field acting on the magnetization M, which mainly
includes the applied external field Happ, the exchange inter-
action Hex, the magnetic anisotropy field Hani, and the de-
magnetizing field Hd, i.e., Heff=Happ+Hex+Hani+Hd. The
parameters used for Py were saturation magnetization
Ms=8"105 A/m, exchange constant A=1.3"10−11 J /m,
and zero magnetic anisotropy constant. In all cases the
damping constant of #=0.01 and a cell size of 2"2
"2 nm3 were taken. An in-plane magnetic field pulse Hp,
with zero rise and fall time, was applied in the positive y
direction by varying the strength and duration of the pulse.

Figure 1 are gray scale images, taken at different times,
showing the temporal evolution of the vortex structure in
response to the magnetic pulse of 290 Oe. The small arrows
in the images represent the in-plane component of the mag-
netization. Below each image are the Mz /Ms profiles through
the centre of each vortex core along the lines in the x direc-
tion, respectively. The initial state shown in Fig. 1!a" con-
tains a single vortex core, with an out-of-plane magnetization
in the positive z direction. The vortex structure is identified
as left-handed positive !V↑

L" based on its chirality and posi-

a"Electronic mail: bchoi@uvic.ca

FIG. 1. !Color online" Temporal evolution of Mz /Ms of the Py disk excited
by HPy=290 Oe !cut off at 80 ps". The arrows are the in-plane component of
the magnetization. Below each image are the Mz /Ms profiles through the
center of each vortex core along the lines in the x direction, respectively.
Note that the profiles in !b"–!d" are enlarged in the x axis direction.

APPLIED PHYSICS LETTERS 89, 262507 !2006"

0003-6951/2006/89"26!/262507/3/$23.00 © 2006 American Institute of Physics89, 262507-1
Downloaded 17 Jan 2008 to 129.130.99.243. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

(Xiao et al.)Polarity Switching:

(Mz out) (Mz in)
time



Circulation switching:
Influence of a perpendicular current on the circulation of a pinned magnetic vortex  

(Wysin 2008) 

start: C=+1 6200 mc steps, C=-1
Monte Carlo evolution



2000 mc steps, C=+0.69 4000 mc steps, C=-0.78

reversal via:   emergent +vortex,    domain wall,   emergent -vortex.



Proposed project:  A bistable nanomagnetic switch 

magnetic material

hole

hole

Can an applied magnetic 
field control whether a 
vortex surrounds the 

upper hole or the lower 
hole?

B
Approach:

Energy minimization for 
the metastable states.

Monte Carlo simulation 
for including thermal 
fluctuations and seeing 
the switching process.
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