Intrinsic anisotropy-defined magnetization reversal in submicron ring magnets
S. P. Li, W. S. Lew, J. A. C. Bland, M. Natali, A. Lebib, and Y. Chen
Citation: Journal of Applied Physics 92, 7397 (2002); doi: 10.1063/1.1518765
View online: http://dx.doi.org/10.1063/1.1518765
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/92/12?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Mechanism of reversing the Neel domain walls in the Co nanostripes with transverse magnetic anisotropy
Appl. Phys. Lett. 101, 252412 (2012); 10.1063/1.4772981
Magnetic force microscopy study of microwave-assisted magnetization reversal in submicron-scale
ferromagnetic particles
Appl. Phys. Lett. 91, 082510 (2007); 10.1063/1.2775047
Magnetization reversal in patterned ferromagnetic and exchange-biased nanostructures studied by neutron
reflectivity (invited)
J. Appl. Phys. 97, 10K117 (2005); 10.1063/1.1857654
Magneto-optic Kerr effect investigation of cobalt and permalloy nanoscale dot arrays: Shape effects on
magnetization reversal
Appl. Phys. Lett. 77, 4410 (2000); 10.1063/1.1326841
Magnetization reversal in cobalt and nickel electrodeposited nanowires
J. Appl. Phys. 81, 5455 (1997); 10.1063/1.364568

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP: 155.69.4.4
On: Wed, 09 Apr 2014 01:43:54

JOURNAL OF APPLIED PHYSICS

VOLUME 92, NUMBER 12

15 DECEMBER 2002

Intrinsic anisotropy-defined magnetization reversal in submicron
ring magnets
S. P. Li, W. S. Lew, and J. A. C. Blanda)
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE United Kingdom

M. Natali, A. Lebib, and Y. Chen
Laboratoire de Photonique et de Nanostructures, CNRS-LPN, Route de Nozay, 91460 Marcoussis, France

共Received 11 June 2002; accepted 10 September 2002兲
We report a study of the effect of magnetocrystalline anisotropy in the magnetization reversal of
submicron Co rings fabricated by nanoimprint lithography. For weak magnetocrystalline anisotropy,
the complete reversal takes place via a transition from saturation at large negative fields, into a
vortex configuration at small fields, and back to reverse saturation at large positive fields. When the
anisotropy strength is increased to a critical value, the intermediate vortex configuration no longer
exists in the magnetization reversal along the easy axis; instead, the reversal occurs through a rapid
jump. However, when the applied field direction is far from the easy axis, the presence of the
magnetocrystalline anisotropy favors local vortex nucleation, and this leads to a similar switching
process as found for low anisotropy. Micromagnetic simulations indicate that the magnetization
reversal process of the rings, starts from a buckling-like reverse domain nucleation, followed by
local vortex formation and an avalanche process of local vortex nucleation. © 2002 American
Institute of Physics. 关DOI: 10.1063/1.1518765兴

I. INTRODUCTION

Nanoscale magnetism of patterned magnetic elements
has provided a great deal of scientific interest leading to potential technological applications.1 Recent lithographic technologies have rendered possible the design and control of the
magnetic properties by patterning the materials on micron or
nanoscales. While nanoscale patterned magnets with various
geometries, such as squares,2,3 disks,4,5 and wires6,7 are being
studied extensively, ring-shaped magnetic elements have
generated considerable interest due to their unique
features.8,9 A ring-shaped nanoscale magnet with a fluxclosure/vortex magnetic configuration generates no external
magnetic fringing field, in contrast to other patterned magnetic structures;10 thus, the ring elements can be packed very
closely for ultrahigh density magnetic storage and can provide a well-defined switching field. Potential applications,
for instance, the vertical magnetoresistive random access
memory, based on a ring-shaped magnetic multilayer stack,
have been proposed.10,11
A simple and well-defined magnetic configuration is an
important reversal property in understanding the energetic
competition in a nanoscale magnetic structure. For a square
nanomagnet there exist various magnetization configurations, such as the leaf state, the flower state, the buckle state,
etc.12,13 In a disk-shaped nanomagnet, the magnetic configurations, for instance, the vortex state,14 are less varied. However, the perpendicularly magnetized core in the vortex state
poses a complicated spin distribution to the disk.4,15,16 On the
other hand, the ring-shaped nanomagnet, in fact, is a disk
with its core removed. Without the perpendicularly magnetized vortex core,4,15,16 the formation mechanism for the
a兲
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magnetic configuration in the ring is simple and easily expressed.
Recently, two types of lithographically patterned ring
magnets have been reported. One is a mesoscopic fcc Co
narrow ring with a large hole, in which the magnetization
can reach full circulation.8 Energetically, the narrow ring is
similar to a wire-shaped magnet with two ends connected;
the head-to-head and tail-to-tail domains appear at opposite
sides of the ring. Two stable states were reported in the ring,
namely, the vortex state and the bi-domain state.8 Another
type is a nanoscale polycrystalline wide ring with a small
hole, which can be approximated to a nanoscale disk with its
core removed. Li et al. have given a detailed study on the
size dependence of the magnetic configuration in the wide
ring,9 in which the magnetization reversal property is defined
by the competition of the exchange and magnetostatic energies. In the wide ring, a stable flux-closure/vortex state and a
metastable near single-domain state were found during the
reversal process in an in-plane applied field. The narrow and
wide rings have distinct characteristics: for instance, the
wide ring undergoes a process of local vortex nucleation before evolving into the vortex state, whereas the narrow ring
reaches the vortex state through a nucleation-free process.
In this article, we address the effect of the magnetocrystalline anisotropy on the magnetic configuration and reversal
properties in a submicron Co wide ring. Molecular beam
epitaxy was used to produce a hcp Co ring with strong magnetocrystalline anisotropy, while a sputter-deposited polycrystalline Co ring with a very weak intrinsic anisotropy was
used for comparison. Magneto-optical Kerr effect 共MOKE兲
magnetometry and magnetic force microscopy 共MFM兲 imaging, in conjunction with numerical micromagnetic simulations, have been used to investigate the effect of the intrinsic

0021-8979/2002/92(12)/7397/7/$19.00
7397
© 2002 American Institute of Physics
[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP: 155.69.4.4
On: Wed, 09 Apr 2014 01:43:54

7398

Li et al.

J. Appl. Phys., Vol. 92, No. 12, 15 December 2002

FIG. 1. SEM image of epitaxial Co rings. The GaAs substrate was deeply
etched using ion milling, to ensure complete magnetic isolation between the
ring nanomagnets.

anisotropy on the magnetization reversal process. Depending
on the anisotropy strength and the external field direction,
the magnetocrystalline anisotropy can resist or favor local
vortex nucleation, leading to different reversal processes.
When a field is applied near the easy axis direction, the magnetocrystalline anisotropy tends to stabilize a single-domain
magnetic configuration. However, when a field is applied far
from the easy axis direction, the reversal process is mediated
by a vortex magnetic configuration.
II. EXPERIMENTAL PROCEDURE

A 20-nm-thick epitaxial hcp Co film, with 2-nm-thick
Cu and 3-nm-thick Au protection layers, was grown on a
GaAs共100兲 substrate, in an ultrahigh vacuum chamber
(10⫺10 mbar) by electron beam evaporation. The details of
the epitaxial growth and structural analyses of Co on GaAs

have been reported elsewhere.17 The mold with the ring
structure used for the nanoimprint lithography was fabricated
by electron beam lithography and reactive ion etching on a
silicon dioxide. The sample was first coated with a 180-nmthick hybrane polymer layer.18 The mold and sample were
then heated to 140 °C for 10 min, and then pressed against
each other. After cooling down, the sample was released
from the mold, and the pattern was thus replicated into the
polymer, with a thickness contrast. O2 plasma anisotropic
etching was used to transfer the pattern through the entire
resist thickness. The magnetic structure was defined by liftoff using 30-nm-thick Al, and pattern transfer by ion milling.
The polycrystalline rings were fabricated by patterning of the
resist and direct lift-off of Co. Both types of rings were arranged in an array of 160 m⫻160 m size, with a separation equal to the outer diameter. Morphology observations by
scanning electron microscopy 共SEM兲 and atomic force microscopy revealed no major differences between the polycrystalline and the epitaxial ring. Also, MOKE measurements were performed on an unpatterned epitaxial hcp Co
film, before and after heating at 140 °C: no significant
change was found in the measured MOKE hysteresis loops.
III. RESULTS AND DISCUSSION

Figure 1 shows a SEM image of the epitaxial Co rings
with outer and inner diameters of 600 nm and 200 nm, respectively. For the simplicity of the mold fabrication, and to
enable the vortex magnetic configuration be visible in the
scanned MFM images, all rings have an octagonal rather
than a perfect circular shape. Figure 2 presents the longitudinal MOKE hysteresis loops obtained at room temperature.

FIG. 2. Typical MOKE hysteresis
loops measured at room temperature:
共a兲 and 共b兲 were measured along the
easy and the hard axis of an unpatterned epitaxial Co film, respectively;
共c兲 and 共d兲 were obtained from the
polycrystalline and epitaxial ring magnets, respectively.
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FIG. 3. MFM images of 共a兲 polycrystalline and 共b兲 epitaxial ring nanomagnets, obtained after applying a saturation field. For the epitaxial rings, the
field was applied along the easy axis. All the images were scanned at a lift
scan height of 50 nm at zero applied fields. In the polycrystalline rings, the
weak contrast, with alternating bright and dark segments, indicates a vortex
magnetic configuration, which is caused by the influence of the stray field of
the MFM tip. The strong black and white contrast in the epitaxial rings
signifies a single-domain magnetic configuration.

While a perfect square hysteresis loop was obtained along
the easy axis 共a兲, a hysteresis loop with a large saturation
field was observed along the hard axis, in measurements of
the unpatterned film 共b兲. This implies that a strong in-plane
uniaxial magnetic anisotropy exists in the unpatterned epitaxial Co film. Loops 共c兲 and 共d兲 were taken from the polycrystalline and epitaxial ring samples, respectively, with a
field applied along the easy axis. The most striking difference between their hysteresis behaviors is that the epitaxial
rings have a nearly square loop, whereas the polycrystalline
rings have a multi-jumped loop. In the polycrystalline ring
loop, the first switch, at low field, is caused by the formation
of a vortex magnetic configuration, in which the total energy
共anisotropy, demagnetizing, and exchange兲 is at its minimum. The complete reversal takes place via the transformation from the single domain state, at large negative fields,
into the vortex state at relatively small fields 共500⬃1000
Oe兲, back into the reverse single domain state at large positive fields. In contrast, in the epitaxial ring loop, there is only
a rapid switch, indicating that no vortex magnetic configuration is present in the magnetization reversal.
Figure 3 shows MFM images for the two types of rings
in remanent states after being saturated with an in-plane
field. The lift scan height was held at 50 nm, and with such a
low scan height, the magnetic tip stray field is strong enough
to switch the magnetization of the polycrystalline ring into
the vortex magnetic configuration, as indicated by the weak
contrast with alternating bright and dark segments in Fig.
3共a兲. However, the strong black and white contrast in Fig.
3共b兲 signifies a single-domain magnetic configuration in the
epitaxial rings, which is not affected by the tip perturbation.
The MFM results agree well with the MOKE measurements.
To assist our understanding of the effect of the intrinsic
anisotropy in the ring magnetization, two-dimensional 共2D兲
numerical micromagnetic simulations9,19 have been carried

FIG. 4. Simulated hysteresis loops for 共a兲 epitaxial and 共b兲 polycrystalline
rings, with the parameters as in our experiment.

out. Figure 4 shows the calculated hysteresis loops for the
polycrystalline and epitaxial rings with the parameters as in
the experiment. The shape of the experimental hysteresis
loops 关Figs. 2共c兲 and 2共d兲兴 is qualitatively well reproduced
by the simulations. The imperfect squareness of the experimental hysteresis loops in Fig. 2共d兲 is caused by defect distributions in the array of nanomagnets.20
To understand how the reversal mechanism is affected
by the magnetocrystalline anisotropy strength, one has to
first observe the reversal process in an isotropic ring in detail. Figure 5 shows the simulated magnetization vector fields
in a single polycrystalline Co ring at three different stages.
As the applied field strength is reduced from negative saturation, the ring nanomagnet retains a high remanence until a
field near zero, where the nucleation of reverse domains
starts to occur 关Fig. 5共a兲兴. As the external field increases from
zero, the nucleated reverse domain progressively evolves
into a local vortex structure. The growth and displacement of
the local vortex structure are accompanied by the nucleations
of new local vortices, which are activated by the stray fields
of the initial local vortices, in the neighboring region 关Fig.
5共b兲兴. Such a vortex nucleation avalanche continues until the
magnetization in one branch of the ring is reversed. Conse-
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FIG. 5. Simulated magnetic configurations in the reversal process of polycrystalline Co ring. The processes are: 共a兲 local vortex nucleation, 共b兲
growth and displacement of local vortices, and 共c兲 completion of vortex.

quently, the complete vortex magnetic configuration is
formed in the ring nanomagnet 关Fig. 5共c兲兴. This process corresponds to the first switch in the hysteresis loop of the polycrystalline ring.
A similar nucleation process of local vortex is experienced in the reversal of the magnetization from the vortex
magnetic configuration to positive saturation, where a reverse domain is nucleated in the branch with magnetization
against the external field direction. The magnetic configuration in the polycrystalline ring is defined by the competition
between the demagnetizing and exchange energies. In an iso-

Li et al.

tropic ring, with the scale used in the present study, the vortex magnetic configuration is energetically favorable. However, a metastable single-domain state can also be reached
near zero fields, as indicated by the high remanence in the
hysteresis loop 关Fig. 2共c兲兴. Before the formation of the vortex
magnetic configuration, both the exchange and demagnetizing energies of the ring progressively increase during the
local vortex nucleation process 共see Fig. 6兲. Consequently, an
energy barrier is formed, and a local minimum in the total
energy defines the metastable single-domain configuration.
An increased external field is required to overcome this barrier in order to reach the stable vortex magnetic configuration.
While the magnetic properties of the polycrystalline
rings are controlled by the shape anisotropy, the presence of
the strong magnetocrystalline anisotropy, which will compete with the shape anisotropy, clearly has a significant influence on the magnetization reversal mechanism in the epitaxial rings. As mentioned earlier, the hysteresis behavior has
been changed from a multi-jumped loop to a near-square
loop. The question arises as to the reversal mechanism in the
presence of a strong anisotropy, such as domain wall
motion,21 buckling,22 coherent rotation,14 etc. In order to explore the dominant mechanism, we have undertaken micromagnetic simulations of a single epitaxial ring. The simulated magnetic configurations in the reversal process of the
epitaxial ring are shown in Fig. 7. A buckling-like reversal
mechanism that starts at the edge of the ring has been found
关Fig. 7共a兲兴. The process for the local vortex formation from a
reverse domain, followed by nucleation avalanche of local
vortices 关Fig. 7共b兲兴, and the completion of reversal 关Fig.
7共c兲兴, is completed instantaneously. This process corresponds
to the rapid jump in the hysteresis loop. While the reversal
mechanisms for the polycrystalline and the epitaxial rings do

FIG. 6. Schematic illustration of energy distribution in different magnetic
configurations of the ring. Inset is the
total energy vs field plot obtained by
simulation for a weak anisotropy ring.
dE b and dE f are two definitions of energy barriers.
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FIG. 8. Calculated evolution of dE b and dE f as functions of anisotropy
strength, for 600 nm/200 nm outer/inner diameters, 20-nm-thick Co ring.

FIG. 7. Simulated magnetic configurations in the reversal process of an
epitaxial ring. The processes are 共a兲 buckling-like reversal, 共b兲 local vortex
nucleation, and 共c兲 completion of reversal.

not vary significantly, they differ in the intermediate state.
The most important feature is the absence of the intermediate
stable vortex magnetic configuration from the reversal process of the epitaxial ring.
The question of whether the increase of magnetocrystalline anisotropy could render the vortex structure energetically unfavorable has also been examined by simulation. In
the simulation, the magnetization of the epitaxial ring is
forced into a vortex magnetic configuration and then saturated by an applied field. It has been found from an energy
analysis that, although a large increase in anisotropy energy
has been induced in the vortex state, it still cannot compensate the reduction of the demagnetizing energy caused by the
transition from single domain to vortex state. Thus, the vortex magnetic configuration is still energetically stable in our
epitaxial ring. However, such a stable state, which would
result a jump in the hysteresis loop, has not been observed in
the MOKE measurements. This can be understood as follows: the increase of the magnetocrystalline anisotropy has
caused the change in total energy associated with the barrier
dE b 共see Fig. 6兲, which has to be crossed for the transition
from the metastable single domain to the vortex magnetic
configuration, to become higher as a result of an anisotropyinduced barrier to local vortex formation. Magnetic moments
in a material with strong magnetocrystalline anisotropy tend
to align along the easy axis. Therefore, perturbations such as
local vortex formation could increase the total energy. Furthermore, the magnetocrystalline anisotropy strongly increases the total energy of the vortex state in the nanomagnet. Consequently, the depth of the valley dE f is reduced.
When dE b ⬎dE f , the vortex magnetic configuration can no
longer appear in the reversal process. This is because the
external field required to overcome the energy barrier is
strong enough to force the magnetization directly from the
metastable single-domain state into negative saturation, bypassing the vortex state.

Figure 8 shows the calculated values of dE b and dE f as
a function of anisotropy strength. When the anisotropy
strength exceeds a critical value, the in-plane magnetization
reversal does not have an intermediate vortex magnetic configuration. However, it is interesting to predict that if the dE b
value in our epitaxial sample can be decreased, it could be
possible to have an intermediate vortex magnetic configuration in the reversal process. To test this prediction, hysteresis
loop measurements were carried out along the directions
away from the easy axis. Indeed, the appearance of the vortex magnetic configuration has been inferred from the measured MOKE hysteresis loop 共see Fig. 9兲, which was measured with an applied field at an angle of ⬃70° with respect
to the uniaxial easy axis. This result has also been confirmed
in MFM imaging. After a demagnetizing treatment with a
field perpendicular to the sample easy axis, a similar vortex
MFM image has been observed 关see Fig. 3共a兲兴.
While numerical simulation can provide information
about the evolution processes of the magnetization in ring
nanomagnets, it is important to express the energies 共anisot-

FIG. 9. MOKE loop measured from epitaxial ring nanomagnet with a field
applied at an angle ⬃70° with respect to the easy axis. Arrows show
switches in the loop, indicating the presence of vortex magnetic configuration.
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ropy, exchange, and demagnetizing兲 analytically. For a single
ring nanomagnet in the vortex magnetic configuration, the
anisotropy energy density E a can be derived as
E a⫽

2K u


冕

共  /2兲

0

sin2  d  ⫽

Ku
,
2

共1兲

where K u is the uniaxial magnetic anisotropy constant and 
is the angle with respect to the uniaxial easy axis. From Eq.
共1兲 one can obtain the same value of anisotropy energy as
numerically calculated. One can see that the E a value does
not depend on the ring parameters. Therefore, the anisotropy
energy could be important in certain circumstance, for instance, in a thinner ring, where it becomes a dominant term.
Although the exchange energy in a ring nanomagnet is
not as strong as that in a disk-shaped nanomagnet, it can also
be important in a thin and small ring. The exchange energy
in a ring nanomagnet with a vortex magnetic configuration
can be easily derived, unlike the complicated magnetization
distribution in the vortex core15 of a disk nanomagnet. When
there is an angle  between two spins S, the exchange energy
is ⫺2AS 2 cos . Consider a flux-closure spin circle with a
radius r, and the distance between the two neighboring spins
equal to the atomic distance of a material a o . The total exchange energy in a single atomic ring is AS 2 2  d/r. After
integrating over the whole ring structure, we obtain the energy density:
E ex⫽

nAS 2
2a o 共 R 2o ⫺R 2i 兲

ln

Ro
,
Ri

共2兲

where R o and R i are the external and inner diameters of the
ring nanomagnet, respectively, and n is the number of the
nearest neighbors of atoms in the material. The calculated
exchange energy obtained from Eq. 共2兲 agrees with the results of numerical simulations.
The most important energy that we need to derive is the
demagnetizing energy. For the analysis of demagnetizing energy, a demagnetizing factor needs to be known. From a
series of numerically simulated data,23 we have extracted a
relation between the demagnetizing factors of a ring (N r )
and a circular disk (N d ) as

冉

Ro
Nr
⫽
Nd
R o ⫺R i

冊

0.68

.

共3兲

mechanism in the reversal process is expected.8 By using the
above equations, we have evaluated the energy in a 3-nmthick Co ring with external and internal diameters of 150 nm
and 50 nm, respectively. It was found that for the demagnetizing energy to compensate both the exchange and the anisotropy energy, the anisotropy strength K u cannot be higher
than 104 J/m3 : such a small anisotropy can be induced in a
film by growing texture, stray field, etc. Otherwise, the vortex magnetic configuration would be energetically unstable
in such a ring. Therefore, for sensor applications of ring
magnets, the intrinsic anisotropy properties are very important; a strict control of material softness is likely to be a key
issue.
IV. CONCLUSION

In summary, MOKE magnetometry and MFM imaging,
combined with numerical micromagnetic simulations, have
been used to study the influence of the magnetocrystalline
anisotropy in the magnetization reversal of submicron Co
rings. Under an in-plane applied field, the magnetization reversal of the ring nanomagnet starts from a buckling-like
reverse domain nucleation, followed by local vortex formation, and an avalanche process of local vortex nucleation. For
ring nanomagnets with a weak anisotropy, the complete magnetization reversal takes place via the transition from saturation at large negative fields, into a vortex magnetic configuration at small fields, and back into the reverse saturation
state at large positive fields. By increasing the anisotropy
strength above a critical value, the intermediate vortex magnetic configuration can be prevented from appearing; instead,
the reversal occurs through a rapid jump. A strict control of
material softness in submicron ring magnets is crucial, as a
high magnetocrystalline anisotropy can lead to an unstable
vortex magnetic structure.
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