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The magnetic properties of a trilayer system involving two ferromagnetic disks separated by a nonmagnetic
spacer differ from those of isolated dots due to the magnetostatic and interlayer exchange coupling across the
spacer. The reversal process for this system has been investigated experimentally, analytically and numerically
for permalloy �Ni80Fe20� dots with thicknesses of up to 40 nm and radii of 0.25–1.25 �m separated by a Cu
spacer up to 45 nm thick. Hysteresis measurements and photoemission electron microscopy images of the
remanent states show evidence of the vortex remanent state and reversal, respectively. Single and multidomain
states, however, can be stabilized through flux closure between layers resulting in a reduction of the phase
space occupied by the vortex state. Micromagnetic simulations indicate that the disks will each support
oppositely directed vortices at remanence that reverse through coordinated nucleation, displacement and anni-
hilation of vortices in the two layers. Experimental and numerical magnetic susceptibilities are in agreement
with analytical calculations based on the rigid vortex model.
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INTRODUCTION

The magnetic properties of submicron structures �dots�
can be dramatically different than for bulk materials. Mag-
netically soft dots in particular have received considerable
attention due to their tendency to support a stable vortex
magnetization state.1–7 The properties of the vortex state
have thus far been examined mainly for uncoupled dots,1,3 or
else for weakly interacting dots of different shape arranged
on a 2D surface.2,8–11 For structures consisting of two ferro-
magnetic cylindrical dots separated by a thin, nonmagnetic
spacer �F/N/F�, however, the F layers will be strongly
coupled through magnetostatic interactions, which can have
an effect on the remanent state and the magnetization rever-
sal process. In addition, interlayer exchange coupling can
play an important role, depending on the thickness and com-
position of the spacer layer. Py/Cu multilayers, for example,
are known to exhibit giant magnetoresistance �GMR� and
show oscillatory bilinear exchange coupling with a peak
GMR signal for a spacer thickness of 0.9 nm. GMR ratios as
high as 20% have been reported for sputtered Py/Cu
multilayers.12 The trilayer F/N/F system is of fundamental
interest due to the strong interactions between the dots and
the variety of possible magnetization states and is of techno-
logical interest for applications such as magnetic sensors or
magnetic random access memory �MRAM�, especially for
dots fabricated using GMR multilayers.

Previously, combined experimental, numerical and ana-
lytic approaches have been used to determine the conditions
necessary for a single-layer disk to support a vortex and to
explore the hysteretic switching through vortex nucleation,
displacement and annihilation.1–3 In arrays of well-separated
magnetically soft submicron and micron diameter dots the
magnetic susceptibility � and annihilation field Ha have been
shown to depend only on the dot aspect ratio thickness/radius
�=L /R and the saturation magnetization Ms in a predictable
manner,1 confirming that the magnetostatic energy dominates

over the exchange energy. The effect of the magnetostatic
coupling between magnetic particles is important for closely
spaced dots but this has mainly been explored for dots ar-
ranged on a two-dimensional �2D� surface. The interactions
for this geometry have led to increased magnetic
susceptibilities,2 have an effect on the dynamic excitation
spectra of the dots,8 and may also lead to correlated vortex
chirality in neighboring elements.9–11 Strong dynamic mag-
netostatic interaction effects on the vortex eigenfrequencies
and core trajectories were predicted recently.13 Monte Carlo
simulations have been used to investigate trilayered rectan-
gular elements and predict vortex formation in one layer but
not the other.14 However, the magnetization reversal mecha-
nisms for trilayered dots are not yet well understood.

In this paper, the effects of interactions on magnetization
reversal are explored for trilayer magnetic dots. The problem
is approached analytically, numerically and experimentally.
Arrays of trilayer F/N/F structures were fabricated using
electron beam lithography and magnetron sputtering fol-
lowed by a lift-off process. The hysteresis curves were mea-
sured using the magneto-optical Kerr effect and the remanent
states of the patterned structures were imaged using x-ray
photoemission electron microscopy. Micromagnetic simula-
tions were carried out to gain insight into the field evolution
of the magnetization distribution and the conditions neces-
sary to favor the vortex magnetization state in both F layers.
Analytical calculations of the magnetic susceptibility and the
ground state phase diagram based on the rigid vortex model
have been compared to experimental and numerical results.

EXPERIMENTAL DETAILS

Patterned arrays of trilayer circular dots �1.2–2.5 �m in
diameter� were fabricated on silicon wafers using electron
beam lithography and liftoff with ZEP520A high-sensitivity
positive tone resist.15 Layers of permalloy �Ni80Fe20 or Py� of
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identical thickness �20–40 nm thick� separated by copper
with variable thicknesses of 1–20 nm were grown with mag-
netron sputtering. The in-plane hysteresis loops of the pat-
terned arrays were measured in the transverse magneto-
optical Kerr effect �MOKE� geometry at a wavelength of
532 nm and an angle of incidence of 45°. The change of
intensity of the reflected beam is directly proportional to the
component of the magnetization perpendicular to the plane
of incidence and is recorded as a function of the in-plane
magnetic field. For patterned arrays, the MOKE technique is
convenient because hysteresis measurements can be made
from smaller arrays �100�100 �m or less� than are needed
for SQUID measurements. Unlike inductive methods, the
MOKE technique will probe the magnetization state within
the depth penetration of the light �i.e., only the surface of
layered structures�.

Magnetic domain imaging was carried out using the pho-
toemission electron microscope �PEEM-2� at beamline #7.3
of the Advanced Light Source. This microscope is capable of
probing the magnetization state at remanence with spatial
resolution of �100 nm.16 The sample is illuminated with
monochromatic, circularly polarized x rays tuned to the L2
�870.0 eV� and L3 �852.7 eV� Ni absorption edges.17 The
difference in the absorption between x rays of each polariza-
tion is proportional to the magnetization of the sample in the
scattering plane and yields the magnetic circular dichroism
�MCD� signal that is detected by monitoring the photoemis-
sion of electrons from the sample; the ratio of the intensities
of the images taken at the L2 and L3 edges provides the final
image. For samples examined using PEEM, the substrate
was coated with a thin layer of Cr/Au prior to patterning to
ensure electrical conductivity and the disks were overcoated
with an additional 1 nm of Pd to protect them from oxida-
tion.

ANALYTICAL CALCULATIONS

Here we describe analytically the magnetic phase diagram
and the magnetic susceptibility for F/N/F dots. The magnetic
phase diagram was calculated by determining the lowest en-
ergy regions for expected remanent states, while the mag-
netic susceptibility was evaluated by determining the dis-
placement of the vortex magnetization state in response to a
small external magnetic field. Figure 1 illustrates the geom-
etry of the trilayer dots �the F/N/F structure� with diameter
2R, spacer thickness d, and identical magnetic layer thick-

nesses L. With the ẑ axis directed parallel to the dot cylin-
drical axis, the reduced magnetization m=M /Ms compo-
nents can be described by mz=cos �, and mx+ imy
=sin � exp�i��, where the spherical angles � and � of m
are functions of the cylindrical coordinates �	 ,
�. All quan-
tities were averaged over the dot thickness. For the vortex-
like magnetization distribution in a cylindrical dot, the equa-
tion �=
+�� /2 corresponds to the condition of zero
volume magnetic charges �m	=0�, and it is assumed that the
function �=��	� is axially symmetric for a centered
vortex.1 The area with ��	��� /2 is the vortex core. The
“winding” index �= ±1 �chirality� corresponds to counter-
clockwise or clockwise magnetization rotation around the
dot center, respectively. The field dependence of the micro-
magnetic exchange energy is neglected assuming the micron-
size dot radii R is much greater than the micromagnetic ex-
change length lex defined as lex=�2A /Ms, where A is the
exchange stiffness constant, and Ms is the saturation magne-
tization.

The magnetostatic energy contribution within the vortex
model arises from the surface magnetic charges = �M ·n�:

Wm =
1

2
� dS� dS�

�r��r��
�r − r��

, �1�

where the integration is over the surface S of the dot. Volume
charges are absent �div m=0� due to the assumptions that
m	=0 and m
=m
�	�. The dot magnetostatic energy �1� for
the face �due to the mz component, which is nonzero for the
vortex cores� and side surface charges induced by applying
an in-plane magnetic field should be calculated separately.
The face charges are responsible for the magnetostatic inter-
action of the vortex cores, however, both analytical and nu-
merical calculations show that this energy term is very small
for micron dot radii and can be neglected in considering the
F/N/F in-plane hysteresis. The state with the same core po-
larizations has a slightly lower energy for centered vortices.

A ground-state phase diagram can be calculated by com-
paring the energy expression for the double vortex state �cen-
tered vortices in each F layer� to that of a coupled, single-
domain �SD� state following the method used to calculate the
phase diagram for single-layer magnetic dots.18 Vortices nor-
mally form to reduce the magnetostatic energy in a single dot
but, as we show below, when there are two disks stacked
vertically, the energy of the SD state can be reduced through
magnetic flux closure between antiparallel layers. For this
case the magnetostatic interaction energy depends strongly
on the thickness of the separating layer d and can be ex-
pressed �in units of Ms

2V, where V=2�R2L is the dot mag-
netic volume� as

w���,d/R� = 2��F1��� − Fint��,d/R�� ,

Fint��,d/R� =
1

2�
�

0

�

dte−td/R�1 − e−�t�2J1�t�2

t2 , �2�

where J1�t� is the first-order Bessel function, and F1���
=	0

�dt�1− �1−e−�t� /�t�J1�t�2 / t, �=L /R.

FIG. 1. Illustration of the double vortex state for two magnetic
circular dots of thickness L and diameter 2R separated by a non-
magnetic spacer of thickness d.

BUCHANAN et al. PHYSICAL REVIEW B 72, 134415 �2005�

134415-2



The energy density of the centered double vortex state,
neglecting the core-core interaction and interlayer exchange,
is equal to the energy density wv�L ,R� of a single disk in the
vortex state, independent of the chiralities of the two vorti-
ces. At remanence there are no stray fields in the centered
vortex model, apart from at the cores, that would lead to an
interlayer interaction energy term. The single vortex energy
density was calculated in Ref. 19 by minimizing the sum of
exchange and magnetostatic energies and considering the
vortex core radius as an adjustable parameter. For thick
enough cylindrical dots �L� lex� the energy density is
wv�L ,R�= �lex/R�2�7/3−ln��L1/3lex

2/3 /R��, where �
0.68.
This expression is valid for large enough dot radius R,
whereas essential deviations from the vortex core profile19

and vortex energy were calculated for small R
 lex in Ref.
20. The vortex energy density19 results in the following equa-
tion for the critical radius Rc�L ,d� separating the antiparallel
SD ground state with in-plane magnetization from the double
vortex ground state, w��L /R ,d /R�=wv�L ,R�, shown in Fig.
2. Note that the magnetizations in the F layers are antiparal-
lel for both the SD and vortex states.

If R is kept constant and L is increased, there is an energy
minimum for the state with perpendicular magnetizations in
each layer. Its energy density is

w���,d/R� = 1
2Nz��� − 4�p1p2Fint��,d/R� , �3�

where Nz is the single disk demagnetizing factor in the
z-direction, pj defines the magnetization direction in the jth
layer. Assuming p1p2=1 and using the well known relations
of the averaged demagnetizing factors for circular cylinders
2Nx���+Nz���=4� and Nx���=4�F1��� along with the
equality w��� ,d /R�=w��� ,d /R�, the equation for the criti-
cal line of transition between the in-plane and out-of-plane
SD states can be expressed in the simple form,

3F1��� + Fint��,d/R� = 1. �4�

Equation �4� has a solution in the form of a scaling function
�c�d /R� that depends explicitly on the interlayer coupling.
For d /R�1 the function approaches the value 1.81 calcu-
lated by Aharoni21 for a single layer disk. For vanishing in-

terlayer separation d→0 the function approaches its limiting
value �c�0�=1.47.

The magnetic phase diagram for selected spacer separa-
tion values is illustrated in Fig. 2 for Py using Ms
=800 emu/cm2. Above the critical radius Rc the vortex state
has the lowest energy. The double-vortex and antiparallel SD
magnetization states will also have overlapping regions of
stability �first order phase transition line on the phase dia-
gram�. The vortex state stability line was calculated for
single-layer circular dots in Ref. 22 and the area of metasta-
bility of vortex/SD states in thin dots was probed in Ref. 23.
The geometrical parameters of the disk are normalized by the
magnetic exchange length lex and, therefore, this diagram is
universal for all soft magnetic materials.24 The analytical cal-
culations show that increasing the magnetostatic coupling
between the disks will result in a reduction of the phase
space occupied by the vortex state. The energy of the SD
state is reduced due to the flux closure between the layers.
This effect is most pronounced when the separation is �lex;
for d�10lex, the phase diagram approaches the single disk
limit. The change to the perpendicular/in-plane phase bound-
ary is small for d�1 nm. All of the phase space explored
experimentally falls in the region where the double vortex
state has the lowest energy. It is important to note, however,
that the lowest energy state may not always be accessible
depending on the magnitude of the nucleation barrier.23

To calculate the response of the double vortex state in an
external in-plane magnetic field, a “rigid vortex” model was
used.1 As the name implies, this model assumes that the core
position shifts from the dot center with no deformation of the
magnetization distribution when a field is applied. For this
model the field-induced, side-surface magnetic charges play
an important role in determining the vortex state susceptibil-
ity as described below. The size and field dependence of
these charges and the corresponding magnetostatic energy
for single-layer dots were reported earlier.1,18 Using a similar
approach, the total magnetic energy density of the F/N/F dot
with shifted vortices, including the magnetostatic coupling
energy between two F layers, the energy of the system in a
non-zero external field can be expressed as

w�s� = w�0� + 2��F1��� + Fint��,d/R��s2 −
1

2
� lex

R
�2

s2 − hs ,

�5�

where s= l /R is the relative vortex core shift from the dot
center in the direction perpendicular to the external applied
in-plane field and h=H /Ms is the reduced magnetic field. In
this case the interaction term Fint is positive as it comes
mainly from dot side surface charges of the same sign,
whereas in Eq. �2� the coupling energy is negative because
single domain states with oppositely oriented magnetizations
were assumed, resulting in surface charges of opposite sign.

The initial susceptibility � and vortex annihilation �satu-
ration� field Han of the F/N/F structure can be calculated by
minimizing the total magnetic energy with respect to field in
the limit of small h. For different signs of the layer chirali-
ties, corresponding to an initial �zero-field� “antiferromag-
netic” magnetization state, a symmetric separation of the

FIG. 2. Magnetic phase diagram for trilayer F/N/F cylindrical
dots for spacer thicknesses ranging from the single dot limit down
to lex/18 or 1 nm. For the F layers and spacer thicknesses consid-
ered here the critical diameter 2Rc is 6lex or less.
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vortex cores in response to an applied field is expected for
identical thicknesses of the F layers. If the chiralities are the
same the cores will shift in the same direction when a field is
applied, however, in the quadratic approximation in s used
here, � and Han for both cases are the same. Neglecting the
exchange contribution and defining the auxiliary function
a�� ,d /R�=2��F1���+Fint�� ,d /R�� �see Ref. 1�, � and Han

can be calculated from Eq. �5� as

���,d/R� = 1
2a−1��,d/R�, Han��,d/R� = 2a��,d/R�Ms.

�6�

The influence of interdot magnetostatic coupling on � and Ha
was studied earlier for single-layer circular dots arranged in
2D planar arrays.2 In that study �, which is a measure of the
in-field vortex stability, the nucleation field Hn, and Han were
reported to scale as a function of the interdot distance nor-
malized to the dot radius d /R. This is similar to the case of
patterned trilayers considered here. Figure 3 shows a how �
�Eq. �6�� increases as a function of d, approaching the value
for a single disk for dD. Conversely, � decreases as a
function of the aspect ratio �.

The calculations above have neglected the effects of in-
terlayer exchange interactions. However, antiferromagnetic
�AF� interlayer exchange is expected to favor the formation
of both the opposite chirality double-vortex and the coupled
antiparallel SD states, acting as an effective increase in the
magnetostatic coupling between the layers, whereas ferro-
magnetic interlayer coupling, in contrast, would expand the
stability region of SD and vortex states with parallel spin
alignment in the neighboring layers.

MICROMAGNETIC MODELING

Micromagnetic simulations were conducted using a
Landau-Lifshitz-Gilbert solver25 to gain insight into the field
evolution of the magnetization reversal process and the rem-
anent states for the F/N/F disks. For the calculations, Py dots
were defined with L of 15 to 40 nm, R of 0.25 and 0.5 �m,
and d of 1 to 45 nm. Bulk Py values for Ms �800 emu/cm3�
and A �1.05�10−6 erg/cm� were used and the magnetocrys-
talline anisotropy was neglected. The hysteresis loops were

simulated by relaxing the system under sequentially applied
magnetic fields to approximate a progression of equilibrium
states, and simulations of the remanent state were carried out
by allowing the system to relax from saturation in the ab-
sence of an applied field. For all simulations a large damping
parameter was used ��0.8�.

Figure 4 shows a representative hysteresis curve and the
associated field dependent magnetization distributions simu-
lated for 2R=500 nm, L=20 nm Py disks with d=1 nm and
an interlayer exchange field of HJ=−250 Oe �defined from
the expression for surface exchange energy density wex
=−HJ ·ML�. The shape of the in-plane hysteresis curve for
this trilayer structure is similar to that of a single disk revers-
ing through a single vortex process. 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. The cores move in
opposite direction toward the disk edges as the magnetic
field is changed such that the magnetization vectors for both
disks are parallel to the applied field in the central region. At
remanence the F/N/F disk supports the centered double vor-
tex state. From saturation, the magnetization of the disks
decreases more than for a single disk prior to vortex nucle-
ation corresponding to curling of the magnetization of each
layer such that the magnetization follows the shape of the
letter “C” �often referred to as a C-state1,18,26� in one layer
and its reflection in the other. If the field is kept below the
annihilation field then reversible displacement of the vortices
is observed. For ferromagnetic interlayer exchange �inset of

FIG. 3. Analytic �lines� and numerical �symbols� calculations of
the initial magnetic susceptibility of the double vortex state in
trilayer F/N/F dot as a function of spacer thickness. Each line/
symbol type represents a different diameter.

FIG. 4. Simulated hysteresis curve for a 500-nm diameter dot
with 20-nm thick Py layers separated by a 1 nm thick nonmagnetic
spacer with the interlayer exchange coupling field of −250 Oe. The
micromagnetic magnetization distributions indicate that the spins in
each layer curl at the edges as the field is reduced from saturation,
taking on configurations similar to the letter “C” but in opposing
directions in the two layers, F1 and F2. As the field is reduced
further, vortices of opposite chirality nucleate at opposite edges,
reach the disk center at zero field, then separate and annihilate at the
other edges. The inset shows how the simulated hysteresis curve
differs for a ferromagnetic interlayer exchange field �HJ=
+250 Oe�.
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Fig. 4 shows simulation for HJ= +250 Oe�, the layer magne-
tizations still curl in opposing “C” states due to the strong
magnetostatic coupling, however, vortices nucleate at a
higher field and have the same chiralities.

In the simulation in Fig. 4 the opposing chiralities are
favored partially by the inclusion of antiferromagnetic inter-
layer exchange, however, for L=40 nm and d=1 nm a simi-
lar reversal mechanism is observed with no interlayer ex-
change. In general, only the opposite chirality state was
observed in the simulations. This configuration is slightly
lower in energy than the same chirality state in the numerical
models. For the analytical rigid vortex model there is no
energy difference but in the simulations the magnetization
distribution has a nonzero radial component near the core
that induces volume charges and provides a mechanism for
magnetostatic interactions between the disks18 and there are
also discretization effects at the dot edges. In the hysteresis
simulations the layer magnetizations curl in opposite direc-
tions in the two layers because this avoids the accumulation
of same-sign magnetic surface charges at the same x-y posi-
tions that would result if both layers curled in the same di-
rection. Thus the consistent observation of the opposite
chirality states in the simulations likely reflects an energy
difference in the nucleation process rather than the small
energy difference between the final states. In most simula-
tions the core polarizations were oriented in the same direc-
tion; however, the energy difference is small. For L=40 nm,
d=1 nm, 2R=1 �m, and HJ=0, the same core polarization
configuration is only lower in energy by 4% and this en-
ergy difference is only significant when the vortex cores are
close together. Based on the simulation results the opposite
chirality state is expected to dominate; however, other core
polarization combinations are likely. Correlated vortex
chiralities have been reported for strongly coupled dotes ar-
ranged in planar arrays.9,11

The micromagnetic simulations indicate that the disks
will usually support centered vortices with opposing chirali-
ties at remanence, however, this state was not observed for
all parameter combinations even if the analytical calculations
indicate that the double vortex is the lowest energy state. For
example, the simulations indicate that two L=15 nm, 2R
=500 nm disks, separated by d=1 nm, will settle into anti-
parallel, SD states when the sole source of coupling is mag-
netostatic. Thus it will be important to consider not only the
energy of the final state for this system but also the accessi-
bility of that state, i.e., the nucleation mechanism and asso-
ciated energy barriers.23 A number of simulations were car-
ried out to gain insight into what conditions would favor the
double vortex state. Parameters that were varied include Ms,
2R, L, d, and HJ.

Increasing L, or Ms leads to an increase in the magneto-
static energy contribution, which energetically favors the
vortex state for a single disk, and consequently increases the
likelihood of observing the double vortex state in a F/N/F dot
at remanence. Similarly, an increase in HJ �AF�, will pro-
mote the nucleation of vortices with opposite chirality. In-
creasing d can also favor the double vortex state because this
will reduce the energy savings provided by flux closure be-
tween the layers that can impede the vortex nucleation. Us-
ing 2R=500 nm, L=15 nm, and d=1 nm as a starting point

�HJ=0�, increasing L to 40 nm resulted in a stable double
vortex. Keeping L at 15 nm and increasing d similarly re-
sulted in double vortices. For d=30 nm the vortices formed
but were off-center, whereas for d=45 nm centered vortices
were observed. Increasing Ms resulted in greater curling of
the magnetization, however, Ms of 1700 emu/cm3 �iron�,
was not sufficient to induce centered vortices. Increasing HJ
�AF� also has a stabilizing effect. Disks 20 nm thick with d
=1 nm, for example, did not support vortices for HJ=0 but
with HJ=−250 Oe, AF vortices are stable. For L=20 nm a
minimum d of between 20 and 40 nm is required to allow
nucleation of the double vortex state even though the energy
for the vortex state is lower for all separations.

The variation of � as a function of d was modeled for d
ranging from 1 to 500 nm and 2R of 200, 500, and 1000 nm
�Fig. 3� by simulating the change in magnetization of the
double vortex state for a small in-plane bias field �100 Oe�. �
increases as a function of d following the shape of the ana-
lytic predictions of Eq. �6�, approaching the single-disk value
for d�2R. The simulated and analytic calculation results
compare well for small disk diameters, however, the theory
underestimates the simulation results for � as 2R increases.
These discrepancies may be related to the fact that the rigid
vortex model is less appropriate for larger disks where the
vortex has more flexibility to deform as it moves across the
disk to minimize stray fields.

EXPERIMENTAL RESULTS

Trilayer Py/Cu/Py disks were patterned with diameters of
1.2, 1.5, 2, and 2.5 �m and Py thicknesses of 20, 30, and
40 nm using a constant Cu spacer thickness of 1 nm. This
d-value was chosen as it is near the AF peak of the interlayer
exchange coupling. A set of disks with 20 nm of Py sepa-
rated by 20 nm Cu was also prepared in order to compare
results for a case with strong magnetostatic interactions but
negligible interlayer exchange. The in-plane hysteresis
curves for the samples with a 1-nm spacer �Fig. 5� show

FIG. 5. In-plane MOKE hysteresis curves for 1.2-�m-diameter
Py disks separated by 1 nm of Cu for Py thicknesses of �a� 20 nm,
�b� 30 nm, and �c� 40 nm. All exhibit vortex-like magnetization
reversal. �d� A comparison of the measured susceptibility with the
analytic predictions �6� as a function of the F layer thickness.
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evidence of a vortex reversal mechanism, although the nucle-
ation is more abrupt as compared to the shape of the simu-
lated hysteresis curve �Fig. 4�. This discrepancy may be re-
lated to differences in the magnitude of J. It may also
indicate that there is direct exchange coupling between the
Py layers due to either roughness at the film interface or else
contact at the dot edges. Further investigation will be needed
to probe the state of the bottom layer. The size of the side-
lobes of the experimental loops and � both decrease as a
function of increasing Py thickness. The magnetic suscepti-
bility trend is qualitatively consistent with the theoretical
prediction �Eq. �2�� as shown in Fig. 5�d�, however, the ana-
lytical model underestimates the actual values by an amount
similar to the discrepancy with the simulations for the
1-�m diameter disks.

The hysteresis curve for the Py/Cu/Py 20/20/20 nm
specimen, shown in Fig. 6, is much different in shape. The
side-lobes characteristic of the nucleation/annihilation pro-

cess are absent and instead a small non-zero coercivity is
observed in a loop that otherwise resembles that of a coher-
ent rotation reversal. Micromagnetic simulations of the hys-
teresis for the “top” and “bottom” layers �Fig. 6� for 2R
=1.2 mm and L=d=20 nm suggest an alternative interpreta-
tion. In the simulations, both layers display hysteresis loops
with a boxlike feature in the center. Unlike the double-vortex
reversal simulations, however, the individual layers show
different hysteresis curves and spin distributions. At high
magnetic fields the curves coincide but as the field is reduce
the curves diverge. A vortex forms first in the “bottom” layer
at a positive nucleation field �100 Oe�, resulting in an abrupt
drop its magnetization. This drop coincides with a temporary
increase �i.e., straightening� of the top layer magnetization.
At remanence, one layer supports a vortex at its edge while
the other is primarily single-domain with some curling of the
magnetization distribution. The vortex in the “top” layer,
once formed, travels along the dot edge. At a field of
−50 Oe, after passing through zero, a vortex nucleates in the
top layer and then it also travels along the dot edge. The
vortices have opposite chiralities and annihilate at opposite
edges of the dot at almost the same field. The MOKE tech-
nique is sensitive primarily to the top layer of the experimen-
tal sample; however, it measures the hysteresis of a large
array of dots and the choice of “top” and “bottom” in the
simulations is arbitrary as the layers are identical. The simu-
lated curves are more open than the data but overall the
experimental curve is similar to an average of the simulated
loops biased slightly towards the “top” reversal mode.

The magnetization distributions for the samples were im-
aged in zero field using PEEM. Representative images of the
trilayer disks are shown in Fig. 7. The intensity of the con-
trast is directly proportional to the dot product of the mag-
netization vector and the propagation direction of the x rays.
Figure 7�a� shows an image of the 20/1 /20 nm sample after
fabrication before any magnetic fields were applied. This im-
age shows that the top layers of all of the disks are in the
vortex magnetization state. During fabrication the first layer
of Py can take on a single-vortex magnetization state directly
after deposition. This first layer then influences the magneti-
zation state of the second layer as it is being deposited, re-
sulting in the double vortex state. After saturating the sample
�along the in-plane direction of illumination� and returning to
remanence, most of the dots relax back into a vortex state,
although some of the larger disks can be found in more com-
plex magnetization configurations �Fig. 7�b��. For single
disks, the field stability of the vortex state decreases as the
disk radius increases and it also becomes easier to obtain
multiple vortices trapped in a single disk. For multilayer
disks interlayer flux closure can further complicate the de-
velopment of the magnetization state. A simulation of the
remanent state for the largest �2.5 �m-diameter� disk in Fig.
7�b� confirms that complex �metastable� multivortex states
are possible for larger diameters due to the comparably small
contribution of the exchange energy. Such remanent multi-
vortex states were simulated recently by a Monte Carlo tech-
nique for ultrathin disks.27

Figure 7�c� shows the PEEM images of the 20/20/20 nm
disks. In these images, each disk is takes on essentially a
single shade of gray, indicating that the magnetization state is

FIG. 6. �a� MOKE hysteresis for the 20/20/20 nm dots, diam-
eter 1.2 �m indicates that this sample does not follow the double
vortex reversal process illustrated in Fig. 2. Simulated hysteresis
loops for this parameter combination are shown in �b� and �c� for
each F layer and the corresponding magnetization distributions are
shown below. As the field is reduced from saturation the layers curl
in opposing directions. A vortex nucleates first in layer F1 �ii�, and
then in the layer F2 �iii� only after passing through zero field. The
vortices annihilate at opposite edges in the two layers, remaining
near the dot edge from inception to annihilation.
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predominantly uniform. This could be indicative of a flux-
closure SD state. Indeed, the fact that the disks do not remain
uniformly magnetized along the direction of the applied field
once it has been removed lends credibility to the hypothesis
that the lower layer is not magnetized in the same direction
as the upper. The variation on the SD state remanent state
suggested by the simulations for this geometry �L=d
=20 nm� may also explain the observed images. The simu-
lations show a state where one layer is SD with some curl-
ing, while the other supports a vortex right at the edge of the
disk with the majority of the magnetization of that disk an-
tiparallel to that of the other. Several disks show a change in
coloration near the edge, and one resembles the perpendicu-
lar component of the edge-vortex magnetization, while other
disks are perfectly uniform, all of which are consistent with
the simulated state.

CONCLUSIONS

Experimentally measured hysteresis loops and PEEM im-
ages provide evidence consistent with the existence of a
double vortex magnetization state in trilayer disks, that is, a
state where two magnetic disks separated by a nonmagnetic
spacer each support single vortices. The magnetic phase dia-
gram based on analytical calculations of the lowest energy
state shows a reduction in phase space of the vortex state due
to flux closure between the layers, however, the simulations
and experimental results indicate that the accessibility of the
lowest energy state can also be a significant factor in deter-
mining both the remanent state and the reversal mechanism.
The PEEM images for the larger disks �2.5 �m� also indicate
that the magnetic properties may become more difficult to
predict as the radius is increased due to the formation of
more complicated multidomain states. The PEEM results
confirm that the top layers of many of these structures sup-
port the vortex magnetic state while the hysteresis measure-
ments for a 1-nm Cu spacer suggest a vortex reversal mecha-
nism. Analytic predictions of the magnetic susceptibility also
agree qualitatively with the experimental and simulation re-
sults. The numerical simulations suggest that the lower disk
should support a vortex of opposing chirality, however, fur-
ther experiments are necessary to confirm the state of the
bottom layer.
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FIG. 7. �Color online� PEEM images showing the in-plane mag-
netization state of the top disk for Py/Cu/Py layers �diameters
1.2–2.5 �m� for thicknesses of �a� 20/1 /20 nm, as fabricated, and
�b� 40/1 /40 nm and �c� 20/20/20 nm after saturating and returning
to remanence. The grayscale map is proportional to the magnetiza-
tion alignment with the in-plane direction of incidence of the x rays
�parallel to direction of M shown in �a��. Images of the as-fabricated
sample with d=1 nm �a� show that all of the trilayer dots support a
vortex magnetization state. After saturating and returning to zero
field vortices are still observed, however, some of the larger dots are
found in more complex multi-vortex/multi-domain states, as shown
in �b�. Simulations �“multi-vortex”� of the remanent state from satu-
ration show similarly complex magnetization states for the largest
disks, where dark and light represent positive and negative satura-
tion, respectively. For the dots in �c�, the simulations indicate that
one layer should be virtually single domain, i.e., featureless con-
trast, with some curling of the magnetization near the edges, while
the other layer supports a vortex right at the edge �as shown�, which
will lead to some contrast near the dot edge.
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