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We investigated magnetization reversal mechanism in elliptical shaped nanomagnets made from
single layer and pseudospin valve Co50Fe50 films. The structures were fabricated using deep
ultraviolet lithography and the lift-off process. We observed that the magnetization reversal process
of the single layer elements is strongly dependent on the film thickness. For thickness tCoFe
= 10 nm, the magnetization reversal process is dominated by a systematic coherent rotation,
whereas for tCoFe = 60 nm, the reversal process is mediated by vortex nucleation, displacement, and
annihilation. By exploiting the thickness dependence of the magnetization reversal process,
pseudospin valve nanomagnets from two Co50Fe50 thicknesses 共10 and 60 nm兲 were fabricated. We
also investigated the effect of interlayer exchange coupling in pseudospin valve structures by
varying the Cu spacer layer 共tCu兲. For tCu ⱕ 5 nm, the two ferromagnetic layers are found to be
strongly coupled by exchange interaction. The strength of the coupling is significantly dependent on
temperature. For tCu ⱖ 20 nm, the two Co50Fe50 layers are antiferromagnetically coupled at 300 K.
As the temperature is reduced below 50 K, we observed a clear transition from antiferromagnetic to
ferromagnetic coupling. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3072624兴
I. INTRODUCTION

Patterned magnetic nanostructures attracted considerable
interest due to their potential applications in nonvolatile
magnetic random access memory.1,2 For low dimensional
magnetic structures, the switching characteristics strongly
depend on the shape and size. The influence of shape and
size on the magnetic properties have been studied widely in
nanomagnets, namely, square,2,3 diamond,4 triangular,5
elliptical,6,7 circular,8 and ring.9
Patterned magnetic pseudospin valve 共PSV兲 nanostructures in which two ferromagnetic 共FM兲 layers separated by a
nonmagnetic spacer layer have potential application in magnetoelectronic devices. From a fundamental viewpoint, the
strong coupling between the various layers within the elements would lead to a variety of possible interesting magnetization states. Interlayer exchange coupling 共IEC兲 is considered as one of the most crucial parameters to physically
evaluate giant magnetoresistance for spintronic device
applications.10 IEC between the FM layers oscillates between
FM and antiferromagnetic with the thickness of the spacer
layer and the coupling strength decreasing with the increase
in spacer layer thickness.11 IEC has been studied in trilayers,
multilayers, and wedge shaped trilayer structures with
metal,10–12 insulator,13 semimetal,14 and amorphous15 layers
as spacers between the FM layers.
Previously, Buchanan et al.16 conducted detailed investigations on the magnetization reversal in patterned trilayer
Ni80Fe20 / Cu/ Ni80Fe20 nanodots. Their experimental and numerical magnetic susceptibilities are in agreement with analytical calculations based on the rigid vortex model. The field
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dependence
of
the
spin
wave
excitation
in
Ni80Fe20 / Cu/ Ni80Fe20 trilayered dots has also been investigated by Brillouin light scattering.17 Recently, numerical
simulations of the effects of interlayer interactions on the
magnetization dynamics of a trilayer square element with the
Landau domain structure has been investigated.18 Castaño et
al.19 studied the magnetization reversal of sub-100-nm rectangular PSV structures and observed that the aspect ratio
strongly influences the switching field. The interlayer coupling and magnetization reversal of Co/Au/Ni nanomagnets
of different shapes including diamond was also investigated
by Smith et al.20 using off-axis electron holography technique and visually observed the antiferromagnetic coupling
between the FM layers.
In this work we investigated in a systematic way the
magnetization reversal process in Co50Fe50 as a function of
thickness in elliptical nanostructures. The PSVs were fabricated with Co50Fe50 layers of two different thicknesses. We
probed the interlayer exchange between the Co50Fe50 layers
by varying the thickness of the Cu spacer layer in the range
from 2 to 30 nm. We also investigated the effect of temperature on the reversal mechanism of ferromagnetically coupled
共tCu = 2 nm兲 and antiferromagnetically coupled 共tCu
= 20 nm兲 PSVs. Micromagnetic simulations were performed
to validate the reversal mechanism of the individual Co50Fe50
layers and the coupling between them.
II. EXPERIMENTAL DETAILS

Large area elliptical patterned nanostructures were fabricated on commercially available Si substrates using deep
ultraviolet lithography at 248 nm wavelength. The details of
the fabrication process are discussed in Ref. 21. The
Co50Fe50 films with thicknesses of 10 and 60 nm were de-
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FIG. 1. 共Color online兲 共a兲 Schematic of Co50Fe50共60 nm兲 /
Cu/ Co50Fe50共10 nm兲 elliptical PSV nanomagnet and 共b兲 SEM of an array
of elliptical Co50Fe50共60 nm兲 / Cu共20 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲
nanomagnet.

posited using electron beam evaporation technique. For the
PSV structures, the two magnetic layer thicknesses were
fixed at 10 and 60 nm, while the Cu spacer layer thickness is
varied from 2 to 20 nm. Figure 1共a兲 shows a schematic of an
elliptical PSV nanomagnet. Both the Co50Fe50 and Cu were
deposited in the same electron beam deposition chamber
with a base pressure of 1 ⫻ 10−7 torr at a rate of 0.4 Å/s.
During film deposition, a blank Si substrate was placed in the
chamber and used as the reference film. To prevent the oxidation of magnetic layers, the films were capped with a 5 nm
Cu layer. Scanning electron micrograph 共SEM兲 of elliptical
Co50Fe50共60 nm兲 / Cu共20 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲
PSV nanomagnet array is shown in Fig. 1共b兲. The nanostructures are uniform and identical over a very large area. Their
major and minor axes are 335 and 225 nm, respectively, and
the separations between the nanostructures along the major
and minor axes are 290 and 150 nm, respectively. Magnetization measurements were performed using a commercial vibrating sample magnetometer 共Quantum Design Inc.兲 from
room temperature down to 5 K.
III. RESULTS AND DISCUSSIONS
A. Single layer Co50Fe50 elliptical nanomagnets

Figure 2共a兲 shows the magnetic hysteresis loop variation
along the major axis for two different thicknesses of
Co50Fe50 films. The magnetization reversal is sensitive to the
thickness of the Co50Fe50 nanomagnets. The observed remanence is high and the saturation field is low for 10 nm compared with the 60 nm nanomagnets. This is due to the characteristic of the magnetization reversal process being
mediated by coherent rotation in the 10 nm nanomagnets.22
The 60 nm nanomagnets displays an interesting variation in
hysteresis loop. In contrast with 10 nm nanomagnets, the
magnetization decreases rapidly at Hn before remanence.
This rapid loss of net magnetization is continued up to H1,
which indicates the nucleation of the vortex states at
Hn.7,16,23 For fields ⬎H1, magnetization decreases slowly until remanence. A flux closure configuration 共vortex兲 is formed
at remanence, which lowers the energy of the system by
minimizing the magnetostatic energy. In the positive direction of the field, the magnetization increases slowly until H2.
The linear region between H1 and H2 indicates the propagation of the vortex inside the ellipse. Above H2 magnetization
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FIG. 2. 共Color online兲 Magnetization loops of Co50Fe50 elliptical nanomagnetic arrays: 共a兲 experimental and 共b兲 simulated.

increases rapidly and annihilation of vortex states takes place
at Ha. In order to understand the thickness dependence of the
magnetization reversal process in nanomagnets, micromagnetic simulations were carried out by using object oriented
micromagnetic framework 共OOMMF兲 code from the National
Institute of Standards and Technology.24 The material parameters used in the simulations are saturation magnetization
M s = 1.9⫻ 106 A / m, exchange constant A = 3 ⫻ 10−11 J / m,
and anisotropy constant K1 = 0 J / m3.25 The size of the cubic
unit cell used is 5 nm. We assumed that the intrinsic uniaxial
anisotropy of the bulk Co50Fe50 film is negligible when compared with the shape-induced anisotropy of the nanomagnets.
The shape of the rings in the simulations was based on masks
made from SEM images.
The simulations were performed by first saturating the
nanomagnets along the major axis in the negative field direction. Figure 2共b兲 shows the magnetization curves generated
by the simulations of 10 and 60 nm thick elliptical nanomagnets. The comparison of the experimental and simulated
curves displays the same field behavior with some minor
differences in switching fields and remanence. These differences may be accounted by thermal fluctuations, magnetostatic interactions between the neighboring nanomagnets,
and the switching field distribution.26 The remanent state
configurations were captured in order to better understand
the thickness dependent magnetization reversal mechanism
in the elliptical shaped nanomagnets. Single domain configuration was observed in the case of 10 nm nanomagnets and
vortex state was observed in 60 nm nanomagnets.
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FIG. 3. 共Color online兲 Magnetization loops of PSV elliptical nanomagnets
for fields applied along the major axis as a function of Cu spacer layer at
room temperature.

B. Effect of Cu spacer layer thickness

Figure 3 shows the M-H loops for the PSV nanomagnets
as a function of Cu spacer layer thickness for fields applied
along the major axis at room temperature. As the spacer layer
thickness increases, there is a change in the shape of the
magnetic hysteresis loop. The variation in the M-H loop for
tCu = 2 and 5 nm is similar to that of the single layer Co50Fe50
nanomagnets 60 nm thick 关Fig. 2共a兲兴, suggesting that two
systems are strongly coupled. When tCu = 10 nm, the shape
of the magnetic hysteresis loop changes slightly indicating a
change in the coupling mechanism between the two FM layers. The strong FM coupling in tCu = 2 and 5 nm PSVs comes
from IEC through the Cu spacer layer. For tCu = 10 nm, there
is a decrease in the nucleation field to ⫺780 Oe 共⫺1150 Oe
for tCu = 5 nm兲 and an increase in the remanent magnetization. This shows that the magnetization reversal in PSV is
favoring independent reversal of the FM layers, due to the
changes in the coupling between the layers. By increasing
the thickness 共tCu = 20 nm兲, a markedly different reversal
with clear two step magnetization is observed as shown in
Fig. 3共d兲. Similar field dependent behavior is observed for
tCu = 30 nm PSV. This type of reversal process indicates a
weak antiferromagnetic coupling between the two FM layers
at low fields.
In order to understand the micromagnetic structure and
the coupling behavior between the two FM layers, threedimensional micromagnetic simulations were performed for
a dot with tCu = 20 nm. The material parameters used are
same as in single layer Co50Fe50 simulations. The size of the
unit cell used is 10⫻ 10⫻ 2 nm3 in the x, y, and z directions.
The z direction is taken perpendicular to the plane of the
nanomagnets. Figure 4共a兲 shows the magnetization curve
generated by simulations of tCu = 20 nm PSV.
The stable magnetic configurations obtained at various
points on the simulated magnetization reversal curve are also
shown in Fig. 4. The respective magnetic fields are marked
on both the experimental 关Fig. 3共d兲兴 and simulated 关Fig. 4共a兲兴

FIG. 4. 共Color online兲 共a兲 Simulated magnetization loop of
Co50Fe50共60 nm兲 / Cu共20 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲 PSV elliptical
nanomagnets. The corresponding magnetic states of 60 and 10 nm Co50Fe50
layers are shown in 共b兲–共h兲.

curves. The field H1 indicates the saturated state of PSV. The
magnetic states of the individual FM layers in the saturated
state are shown in Fig. 4共b兲. The magnetic moments in the
FM layers are saturated in the negative field direction. As the
field is increased from H1 to H2, the magnetization decreases
monotonically due to the spin reorientation in the 10 nm
Co50Fe50 layer to decrease the magnetostatic energy of the
system. At field H2, the magnetic moments of both the FM
layers are aligned antiparallel to each other as shown by the
simulated pattern in Fig. 4共c兲. This figure indicates the magnetic moments of thick layer pointing in the direction of the
applied field and that of the thin layer in the antiparallel
direction confirms the antiferromagnetic coupling between
the FM layers in the PSV. The antiferromagnetic alignment
between the FM layers remained when the field is increased
from H2 to H3. At H3 nucleation of the vortex states in the
thicker layer starts as shown in Fig. 4共d兲. Complete formation of vortex states in thick layer and c-states in thin layer
takes place at H4 as shown in Fig. 4共e兲. The formation of the
vortex and c-states decreases the magnetization abruptly between H3 and H4. At remanence 共H5兲 the vortex and c-states
move toward the center of the ellipse as shown in Fig. 4共f兲.
Propagation of the vortex and c-states in the ellipse occurs
between H5 and H6, as shown in Fig. 4共g兲. The annihilation
of the vortex and c-states takes place at H7. Figure 4共h兲
shows the saturated states of the FM layers in the positive
field direction.
C. Effect of temperature

In order to understand the variation in the interlayer coupling with temperature, magnetization measurements were
performed systematically in the temperature range from 5 to
300 K for the ferromagnetically coupled 共tCu = 2 nm兲 and
antiferromagnetically coupled 共tCu = 20 nm兲 samples. Figure
5 shows the representative magnetic hysteresis loops as a
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FIG. 5. 共Color online兲 Magnetization loops of Co50Fe50共60 nm兲 /
Cu共2 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲 elliptical nanomagnets as a function of temperature.

FIG. 7. 共Color online兲 Magnetization loops of Co50Fe50共60 nm兲 /
Cu共20 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲 elliptical nanomagnets as a function of temperature.

function of temperature for the Co50Fe50共60 nm兲 /
Cu共2 nm兲 / Co50Fe50共10 nm兲 / Cu共5 nm兲 PSV. The loop at
room temperature is shown in Fig. 3共a兲 and the loops at other
temperatures are close to their nearest temperature. We observed clearly that the coupling mechanism is strongly dependent on temperature as shown by the M-H loops. The
apparent increase in the coercive field with reducing temperature clearly indicates the resistance to the vortex displacement due to the presence of an energetic barrier. At low
temperature, the edge roughness of the nanomagnets and the
local anisotropy strength distribution would result in the local domain wall pinning. Similar observation was reported in
Ni80Fe20 dot arrays by Shima et al.27 The saturating field of
the PSV increased exponentially with decreasing temperature
as shown in Fig. 6. The increase in the saturating field with
decreasing temperature indicates the increase in the coupling
strength.
Figure 7 shows the magnetic hysteresis loop variation at
selected temperatures for Co50Fe50共60 nm兲 / Cu共20 nm兲 /
Co50Fe50共10 nm兲 / Cu共5 nm兲 PSV. The variation in the loop
at 150 K 关Fig. 7共a兲兴 is similar to the loop variation at room

temperature as shown in Fig. 3共d兲, indicating the antiferromagnetic coupling between the two FM layers. As the temperature decreases, the curvature of the two step reversal
decreases at 50 K as shown in Fig. 7共b兲. For temperatures
below 50 K the curvature of the two step reversal is almost
diminished. Figures 7共c兲 and 7共d兲 show the variation in the
magnetization at 25 and 5 K, respectively. The decrease in
the curvature with temperature indicates the change in the
coupling from antiferromagnetic to FM. Similar to the tCu
= 2 nm PSV, the saturating field increased with decreasing
temperature as shown in Fig. 6. However, in the present case,
the change in the sign of the coupling from antiferromagnetic
to FM at low temperatures could be due to the slight increase
in the saturation magnetization of the Co50Fe50 layers.14,28
The increase in magnetization at low temperatures makes the
coupling between the FM layers as FM through Néel’s orange peel coupling.
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FIG. 6. 共Color online兲 Variation in saturation field with temperature for PSV
nanomagnets of Cu spacer layer thicknesses of 2 and 20 nm.

IV. SUMMARY

A systematic study of magnetization reversal in elliptical
nanomagnets of Co50Fe50 films and Co50Fe50共60 nm兲 /
Cu/ Co50Fe50共10 nm兲 / Cu共5 nm兲 PSVs were performed. The
effect of Co50Fe50 film thickness on elliptical nanostructures
reveals that the reversal occurs via coherent spin rotation in
10 nm film and through vortex formation and annihilation in
the case of 60 nm film. In the case of PSV nanomagnets, the
variation in the M-H loop with the thickness of the Cu spacer
shows a transition of the IEC from FM to antiferromagnetic
at low fields for tCu = 20 nm. This occurs due to the spin
reversal of the thin Co50Fe50 layer to decrease the magnetostatic energy of the system. The increase in the coercive field
with reduced temperature can be attributed to the pinning of
the magnetic vortex. The temperature variation in M-H loops
also revealed a change in the sign of the coupling from antiferromagnetic to FM at low temperature can be attributed to
the increase in the magnetization values of the Co50Fe50 layers.
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