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The magnetization reversal process for micron and submicron disk-shaped dots is controlled by
successive nucleation, displacement, and annihilation of a magnetic vortex. Here the reversal
process for a system involving two ferromagnetic disks separated by a nonmagnetic spacer is
investigated experimentally, analytically, and numerically. PermalloysNi80Fe20 or Pyd dots with
thicknesses of up to 40 nm and diameters of 0.5–2.5mm separated by a copper spacers1–45 nm
thickd were considered. Micromagnetic simulations indicate that the disks will each support
oppositely directed vortices at remanence and also show the hysteresis of the coupled structures. The
calculations are compared to hysteresis loops and x-ray photoemission electron microscopy images
of Py/Cu/Py dots produced by electron-beam lithography and magnetron sputtering. ©2005
American Institute of Physics. fDOI: 10.1063/1.1855207g

Understanding the influence of geometry on the proper-
ties of micron and submicron magnetic structures has been
the focus of considerable research effort due to the potential
technological applications such as field sensors, spintronic
devices, or magnetic random access cells. Magnetically soft
disk structures have received considerable attention from a
fundamental physics viewpoint due to their tendency to sup-
port a stable vortex magnetization state. While the conditions
necessary for a single-layer disk to support a vortex are well
known, as is the hysteretic switching through vortex nucle-
ation, displacement, and annihilation,1,2 the properties of
stacked magnetic disks separated by a thin, nonmagnetic
spacer have received less attentionsF/N/Fd. With this system,
the disks will be coupled through both magnetostatic inter-
actions as well as through bilinear exchange coupling. In this
work, the magnetization reversal in patterned double-vortex
structures is studied analytically, numerically, and experi-
mentally.

Arrays of trilayer disks were fabricated on silicon wafers
using electron-beam lithography and lift-off with high sensi-
tivity, positive tone ZEP-520A resist.3 Layers of Permalloy
sNi80Fe20 alloy or Pyd of identical thickness separated by
copper were sputter deposited and coated with a 1-nm-thick
layer of Pd to protect against oxidation. Magnetic domain
imaging was carried out using the photoemission electron
microscopesPEEM-2d at the Advanced Light Source. The
microscope is capable of probing the magnetization state at
remanence with spatial resolution of,100 nm.4 The sample
is illuminated with monochromatic, circularly polarized x
rays tuned to theL2 s870.0 eVd and L3 s852.7 eVd nickel
absorption edges.5 The difference in the absorption between
x rays of each polarization is proportional to the magnetiza-
tion of the sample that yields the magnetic circular dichroism

sMCDd signal that is detected by monitoring the photoemis-
sion of electrons from the sample; the ratio of the intensities
of the images taken at theL2 andL3 edges provides the final
image. Hysteresis loops were measured using the longitudi-
nal magneto-optical Kerr effectsMOKEd.

Disks with diameters of 1.2, 2, and 2.5mm of Py/Cu/Py
layers with Py thicknesses of 20, 30, and 40 nm were exam-
ined via PEEM using a constant Cu spacer thickness of
1 nm. Figure 1 shows the images obtained for structures with
20-nm-thick Py. These images confirm that the top layers of
many of these structures support the vortex magnetic state.
Some of the largest disks were found in states other than that
of a single vortex.sA number of the 40-nm-thick dots were
found to be in a three-domain configuration, which will be
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FIG. 1. PEEM images showing the in-plane magnetization state of the top
disk for Py/Cu/Py layerssdiameters of 1.2–2.5mmd, where the Py layers
are 20 nm thick and the Cu is 1 nm. The grayscale map is proportional to
the magnetization alignment with the in-plane direction of incidence of the
x raysslong axis of the arrayd where white and black represent saturation in
opposing directions.
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examined further in future investigations.d For single disks,
the field stability of the vortex state increases as the disk
radius decreases. In Fig. 2, the in-plane hysteresis curve for
an array of 2-mm-diameter dots with 20-nm-thick Py is
shown. There is indirect evidence for vortex behavior as
there is zero remanence and the side lobes characteristic of
the nucleation/annihilation processes are visible. Hysteresis
loops for the thicker disks are similar in overall shape but
show less clear evidence of side lobes.

Micromagnetic simulations were conducted using
Landau–Lifshitz–Gilbert solvers6 to gain insight into the
remanent state and the reversal process for the F/N/F disks.
For the calculations, Permalloy dots were defined with thick-
nessestm of 15–40 nm and diameters 2R of 0.5 and 1.0mm
separated by up to 45 nm of nonmagnetic metalsmeant to
represent Cu or Agd. Such systems are known to exhibit giant
magnetoresistancesGMRd and thus are potential candidates
for magnetic sensing applications. Py/Cu multilayers, for ex-
ample, show oscillatory bilinear exchange coupling with a
peak in the GMR signal for a spacer thickness of 0.9 nm
corresponding to GMR ratios as high as 20%.7 To favor the
vortex magnetization state, the disks must be thicker than the
exchange length and the aspect ratiob= tm/R must also be
small.1 The magnetic parameters used are the saturation
magnetizationMs s800 emu/cm3d and the exchange constant
A s1.05310−6 erg/cmd. The magnetocrystalline anisotropy
was neglected.

The simulations indicate that the disks will each support
oppositely directed vortices in the remanent state for the
proper choice of parameters. A number of simulations were
carried out to gain insight into what conditions would favor
this state. Parameters that were varied include theMs value,
tm andR, the thickness of the nonmagnetic spacerts, and the
interlayer bilinear exchange couplingJ. For a disk that is
close to the exchange length in thickness, the vortex state is
stable for a single disk but may not be supported for a
multilayer disk structure due to strong interlayer magneto-
static coupling. For a diameter of 500 nm, a single
15-nm-thick disk characterized by magnetic constants repre-
sentative of Permalloy will support a vortex; however, two

15-nm-thick disks of the same diameter separated by a 1
-nm-thick nonmagnetic spacer will settle into antiparallel,
single-domainsSDd states when the sole source of coupling
is magnetostatic. In-plane vortices normally form to reduce
the magnetostatic energy in a single disk, but when there are
two disks stacked vertically the energy of the single-domain
state can be reduced through out-of-plane flux closure be-
tween the layers.

IncreasingJ santiferromagnetic exchange couplingd, tm,
ts, or Ms sufficiently was found to increase the likelihood of
observing the double-vortex state at remanence. Using 500-
nm-diameter, 15-nm-thick Py disks with a 1-nm separation
as a starting pointsno bilinear exchange couplingd, increas-
ing the Py layer thicknesses to 40 nm, resulted in a stable
double vortex. Keeping the disk thickness at 15 nm and in-
creasing the separation similarly resulted in double vortices.
For ts=30 nm the vortices formed but were off center,
whereas forts=45 nm centered vortices were observed. In-
creasingMs resulted in greater curling of the magnetization,
however,Ms of 1700 emu/cm3 sirond was not sufficient to
induce centered vortices. IncreasingJ also has a stabilizing
effect. 20-nm-thick disks separated by 1 nm, for example,
did not support vortices forJ=0 but with a bilinear exchange
field of −250 Oe, antiferromagnetically aligned vortices are
stable. In general, the core polarizations were found to be
oriented in the same direction and the windings are opposite
for the two layers.

Examples of hysteresis curves for selected models that
support the double-vortex state at remanence are shown in
Fig. 3. Figure 3sad shows a simulated hysteresis curve for
500-nm-diameter, 20-nm-thick Py disks separated by 1 nm
with a bilinear exchange of −250 Oe. The shape of the in-
plane hysteresis curve for this trilayer structure is similar to
that of a single disk. When the magnetic field is reduced
from saturation, vortices nucleate at opposing edges of the
upper and lower disks and then move until they reach the
disk edges and are annihilated. From saturation, the magne-
tization of the disks decreases more than for a single disk
prior to vortex nucleation. If the field is kept below the an-
nihilation field then reversible displacement of the vortices is
observedfFig. 3sbdg, even when bilinear exchange coupling
is neglected. Figure 4 illustrates the remanent state for
stacked vortices and shows how the cores separate and move
towards the disk edges when a magnetic field is applied,

FIG. 2. In-plane MOKE hysteresis curves for 20 nm thick, 2mm in diam-
eter Py disks separated by 1 nm of Cusmidsized disks in Fig. 1d.

FIG. 3. Simulated hysteresis curve forsad 500-nm-diameter, 20- nm-thick
Py layers separated by a 1-nm-thick nonmagnetic spacer with bilinear ex-
change coupling of −250 Oe.scd Simulated in-plane minor hysteresis loop
for 500-nm-diameter, 40-nm-thick Py layers separated by a 1-nm-thick non-
magnetic spacer, neglecting bilinear exchange coupling. This hysteresis-free
response corresponds to vortex displacement.
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resulting in a central region where the magnetization vectors
for both disks are parallel to the applied field.

Analytical calculations of the magnetostatic energy and
magnetic susceptibility were carried out for thin cylindrical
dots where all quantities were averaged over the dot thick-
ness. With thez axis directed parallel to the dot cylindrical
axis, the magnetization components can be described bymz

=cosQ and mx+ imy=sinQ expsiFd where the spherical
angles Q and F are functions of cylindrical coordinates
sr ,wd. For the vortexlike magnetization distribution, the
equationF=w+np /2 corresponds to the conditionmr=0,
and it is assumed that the functionQ=Qsrd is axially sym-
metric. The “winding” indexn= ±1 corresponds to magneti-
zation rotation being counterclockwise or clockwise, respec-
tively. The field dependence of the micromagnetic exchange
energy is neglected assuming micron-size dot radiiR@R0

where R0=Î2A/Ms is the micromagnetic exchange length.
Numerical calculations of the coupling energy show that the
core-core interaction energy is small and can be neglected
for this case.

To calculate the response of the composite F/N/F system
to an external in-plane magnetic field, a “rigid vortex” model
is used. For this model the field-induced, side-surface mag-
netic charges play an important role. These charges and the
corresponding magnetostatic energy for single-layer dots
were calculated in Ref. 1. Using a similar approach, the mag-
netostatic coupling energy of the ferromagnetic layers in the
F/N/F structure for a nonzero external field can be expressed
sin units of Ms

2V, V is the dot volumed as

wsb,dd = 2pFintsb,dds2,

s1d

Fintsb,dd =
1

2b
E

0

`

dte−tds1 − e−btd2J1std2

t2
,

wheres= l /R is the relative vortex core shift from the dot
centerJ1std is the first-order Bessel function, andd= ts/R is
the spacer thickness normalized by the dot radius.

The initial susceptibilityx and vortex annihilationssatu-
rationd field Han of the F/N/F structure were calculated as-
suming different signs of the layer vorticities corresponding

to an initialszero-fieldd “antiferromagnetic” state of the mag-
netization distributions in the disks. A symmetric separation
of the vortex cores in response to an applied field is also
assumed. Defining the auxiliary functionasb ,dd=2pfF1sbd
+Fintsb ,ddg, where the function F1sbd=e0

`dtf1−
s1−exps−btdd / sbtdgJ1std2/ t ssee Ref. 1d, the initial suscepti-
bility and vortex annihilation fieldHan can be written as

xsb,dd =
1

2asb,dd
, and

Hansb,dd = 2asb,ddMs. s2d

The magnetic susceptibilitys2d decreases as a function of the
aspect ratiob and increases as the spacer thickness is in-
creased. The interlayer magnetostatic and exchange interac-
tions also have a profound effect on the magnetic phase dia-
gram of the system, the details of which will be reported
elsewhere.8

In summary, the system of two magnetically soft disks
separated by a nonmagnetic spacer shows complex, size-
dependent magnetic properties. The simulations indicate that
for the proper disk sizes, the disks will support oppositely
directed vortices in the remanent state. However, single- and
multidomain states may be stabilized more easily than for
single disk structures due to the out-of-plane flux closure
between the layers. Increasing the relative contributions of
the interlayer exchange as compared to magnetostatic cou-
pling or else improving vortex stability through increasing
the magnetic layer thickness and/or decreasing the disk di-
ameter favors the double-vortex state. Experimentally this
prediction is supported by the observation of the vortex state
at remanence for all dots with the smallest diameter
s1.2 mmd. Hysteresis measurements of these structures show
evidence in support of the double-vortex switching predicted
by the simulations.
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FIG. 4. The vortex core positions and directions of rotation are illustrated
schematically for the top and bottom disks in black and gray, respectively,
corresponding to those in Fig. 3.
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