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Intrinsic anisotropy-defined magnetization reversal in submicron
ring magnets
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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.@DOI: 10.1063/1.1518765#
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I. INTRODUCTION

Nanoscale magnetism of patterned magnetic elem
has provided a great deal of scientific interest leading to
tential technological applications.1 Recent lithographic tech
nologies have rendered possible the design and control o
magnetic properties by patterning the materials on micron
nanoscales. While nanoscale patterned magnets with va
geometries, such as squares,2,3 disks,4,5 and wires6,7 are being
studied extensively, ring-shaped magnetic elements h
generated considerable interest due to their uni
features.8,9 A ring-shaped nanoscale magnet with a flu
closure/vortex magnetic configuration generates no exte
magnetic fringing field, in contrast to other patterned ma
netic structures;10 thus, the ring elements can be packed ve
closely for ultrahigh density magnetic storage and can p
vide a well-defined switching field. Potential application
for instance, the vertical magnetoresistive random acc
memory, based on a ring-shaped magnetic multilayer st
have been proposed.10,11

A simple and well-defined magnetic configuration is
important reversal property in understanding the energ
competition in a nanoscale magnetic structure. For a sq
nanomagnet there exist various magnetization config
tions, such as the leaf state, the flower state, the buckle s
etc.12,13 In a disk-shaped nanomagnet, the magnetic confi
rations, for instance, the vortex state,14 are less varied. How-
ever, the perpendicularly magnetized core in the vortex s
poses a complicated spin distribution to the disk.4,15,16On the
other hand, the ring-shaped nanomagnet, in fact, is a
with its core removed. Without the perpendicularly magn
tized vortex core,4,15,16 the formation mechanism for th

a!Electronic mail: jacb1@phy.cam.ac.uk
7390021-8979/2002/92(12)/7397/7/$19.00

is copyrighted as indicated in the article. Reuse of AIP content is subject to

On: Wed, 09 Apr 
ts
-

he
r
us

ve
e

al
-
y
-

,
ss
k,

ic
re
a-
te,

u-

te

sk
-

magnetic configuration in the ring is simple and easily e
pressed.

Recently, two types of lithographically patterned rin
magnets have been reported. One is a mesoscopic fcc
narrow ring with a large hole, in which the magnetizatio
can reach full circulation.8 Energetically, the narrow ring is
similar to a wire-shaped magnet with two ends connect
the head-to-head and tail-to-tail domains appear at oppo
sides of the ring. Two stable states were reported in the r
namely, the vortex state and the bi-domain state.8 Another
type is a nanoscale polycrystalline wide ring with a sm
hole, which can be approximated to a nanoscale disk with
core removed. Liet al. have given a detailed study on th
size dependence of the magnetic configuration in the w
ring,9 in which the magnetization reversal property is defin
by the competition of the exchange and magnetostatic e
gies. In the wide ring, a stable flux-closure/vortex state an
metastable near single-domain state were found during
reversal process in an in-plane applied field. The narrow
wide rings have distinct characteristics: for instance,
wide ring undergoes a process of local vortex nucleation
fore evolving into the vortex state, whereas the narrow r
reaches the vortex state through a nucleation-free proce

In this article, we address the effect of the magnetocr
talline anisotropy on the magnetic configuration and reve
properties in a submicron Co wide ring. Molecular bea
epitaxy was used to produce a hcp Co ring with strong m
netocrystalline anisotropy, while a sputter-deposited po
crystalline Co ring with a very weak intrinsic anisotropy w
used for comparison. Magneto-optical Kerr effect~MOKE!
magnetometry and magnetic force microscopy~MFM! imag-
ing, in conjunction with numerical micromagnetic simul
tions, have been used to investigate the effect of the intrin
7 © 2002 American Institute of Physics
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anisotropy on the magnetization reversal process. Depen
on the anisotropy strength and the external field directi
the magnetocrystalline anisotropy can resist or favor lo
vortex nucleation, leading to different reversal process
When a field is applied near the easy axis direction, the m
netocrystalline anisotropy tends to stabilize a single-dom
magnetic configuration. However, when a field is applied
from the easy axis direction, the reversal process is medi
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
GaAs~100! substrate, in an ultrahigh vacuum chamb
(10210mbar) by electron beam evaporation. The details
the epitaxial growth and structural analyses of Co on Ga

FIG. 1. SEM image of epitaxial Co rings. The GaAs substrate was de
etched using ion milling, to ensure complete magnetic isolation between
ring nanomagnets.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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have been reported elsewhere.17 The mold with the ring
structure used for the nanoimprint lithography was fabrica
by electron beam lithography and reactive ion etching o
silicon dioxide. The sample was first coated with a 180-n
thick hybrane polymer layer.18 The mold and sample wer
then heated to 140 °C for 10 min, and then pressed aga
each other. After cooling down, the sample was relea
from the mold, and the pattern was thus replicated into
polymer, with a thickness contrast. O2 plasma anisotropic
etching was used to transfer the pattern through the en
resist thickness. The magnetic structure was defined by
off using 30-nm-thick Al, and pattern transfer by ion milling
The polycrystalline rings were fabricated by patterning of t
resist and direct lift-off of Co. Both types of rings were a
ranged in an array of 160mm3160 mm size, with a separa
tion equal to the outer diameter. Morphology observations
scanning electron microscopy~SEM! and atomic force mi-
croscopy revealed no major differences between the p
crystalline and the epitaxial ring. Also, MOKE measur
ments were performed on an unpatterned epitaxial hcp
film, before and after heating at 140 °C: no significa
change was found in the measured MOKE hysteresis loo

III. RESULTS AND DISCUSSION

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

ly
he
e:

t-
;

-

FIG. 2. Typical MOKE hysteresis
loops measured at room temperatur
~a! and ~b! were measured along the
easy and the hard axis of an unpa
terned epitaxial Co film, respectively
~c! and ~d! were obtained from the
polycrystalline and epitaxial ring mag
nets, respectively.
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While a perfect square hysteresis loop was obtained a
the easy axis~a!, a hysteresis loop with a large saturatio
field was observed along the hard axis, in measuremen
the unpatterned film~b!. This implies that a strong in-plan
uniaxial magnetic anisotropy exists in the unpatterned e
taxial Co film. Loops~c! and ~d! were taken from the poly-
crystalline and epitaxial ring samples, respectively, with
field applied along the easy axis. The most striking diff
ence between their hysteresis behaviors is that the epita
rings have a nearly square loop, whereas the polycrysta
rings have a multi-jumped loop. In the polycrystalline rin
loop, the first switch, at low field, is caused by the formati
of a vortex magnetic configuration, in which the total ener
~anisotropy, demagnetizing, and exchange! is at its mini-
mum. The complete reversal takes place via the transfor
tion from the single domain state, at large negative fie
into the vortex state at relatively small fields~500;1000
Oe!, back into the reverse single domain state at large p
tive fields. In contrast, in the epitaxial ring loop, there is on
a rapid switch, indicating that no vortex magnetic configu
tion is present in the magnetization reversal.

Figure 3 shows MFM images for the two types of rin
in remanent states after being saturated with an in-pl
field. The lift scan height was held at 50 nm, and with suc
low scan height, the magnetic tip stray field is strong enou
to switch the magnetization of the polycrystalline ring in
the vortex magnetic configuration, as indicated by the w
contrast with alternating bright and dark segments in F
3~a!. However, the strong black and white contrast in F
3~b! signifies a single-domain magnetic configuration in t
epitaxial rings, which is not affected by the tip perturbatio
The MFM results agree well with the MOKE measuremen

To assist our understanding of the effect of the intrin
anisotropy in the ring magnetization, two-dimensional~2D!
numerical micromagnetic simulations9,19 have been carried

FIG. 3. MFM images of~a! polycrystalline and~b! epitaxial ring nanomag-
nets, obtained after applying a saturation field. For the epitaxial rings,
field was applied along the easy axis. All the images were scanned at
scan height of 50 nm at zero applied fields. In the polycrystalline rings,
weak contrast, with alternating bright and dark segments, indicates a v
magnetic configuration, which is caused by the influence of the stray fiel
the MFM tip. The strong black and white contrast in the epitaxial rin
signifies a single-domain magnetic configuration.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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out. Figure 4 shows the calculated hysteresis loops for
polycrystalline and epitaxial rings with the parameters as
the experiment. The shape of the experimental hyster
loops @Figs. 2~c! and 2~d!# is qualitatively well reproduced
by the simulations. The imperfect squareness of the exp
mental hysteresis loops in Fig. 2~d! is caused by defect dis
tributions in the array of nanomagnets.20

To understand how the reversal mechanism is affec
by the magnetocrystalline anisotropy strength, one has
first observe the reversal process in an isotropic ring in
tail. Figure 5 shows the simulated magnetization vector fie
in a single polycrystalline Co ring at three different stag
As the applied field strength is reduced from negative sa
ration, the ring nanomagnet retains a high remanence un
field near zero, where the nucleation of reverse doma
starts to occur@Fig. 5~a!#. As the external field increases from
zero, the nucleated reverse domain progressively evo
into a local vortex structure. The growth and displacemen
the local vortex structure are accompanied by the nucleat
of new local vortices, which are activated by the stray fie
of the initial local vortices, in the neighboring region@Fig.
5~b!#. Such a vortex nucleation avalanche continues until
magnetization in one branch of the ring is reversed. Con

e
lift
e
ex
of

FIG. 4. Simulated hysteresis loops for~a! epitaxial and~b! polycrystalline
rings, with the parameters as in our experiment.
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quently, the complete vortex magnetic configuration
formed in the ring nanomagnet@Fig. 5~c!#. This process cor-
responds to the first switch in the hysteresis loop of the po
crystalline ring.

A similar nucleation process of local vortex is expe
enced in the reversal of the magnetization from the vor
magnetic configuration to positive saturation, where a
verse domain is nucleated in the branch with magnetiza
against the external field direction. The magnetic configu
tion in the polycrystalline ring is defined by the competitio
between the demagnetizing and exchange energies. In an

FIG. 5. Simulated magnetic configurations in the reversal process of p
crystalline Co ring. The processes are:~a! local vortex nucleation,~b!
growth and displacement of local vortices, and~c! completion of vortex.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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tropic ring, with the scale used in the present study, the v
tex magnetic configuration is energetically favorable. Ho
ever, a metastable single-domain state can also be rea
near zero fields, as indicated by the high remanence in
hysteresis loop@Fig. 2~c!#. Before the formation of the vortex
magnetic configuration, both the exchange and demagn
ing energies of the ring progressively increase during
local vortex nucleation process~see Fig. 6!. Consequently, an
energy barrier is formed, and a local minimum in the to
energy defines the metastable single-domain configurat
An increased external field is required to overcome this b
rier in order to reach the stable vortex magnetic configu
tion.

While the magnetic properties of the polycrystallin
rings are controlled by the shape anisotropy, the presenc
the strong magnetocrystalline anisotropy, which will com
pete with the shape anisotropy, clearly has a significant
fluence on the magnetization reversal mechanism in the
taxial rings. As mentioned earlier, the hysteresis behavior
been changed from a multi-jumped loop to a near-squ
loop. The question arises as to the reversal mechanism in
presence of a strong anisotropy, such as domain w
motion,21 buckling,22 coherent rotation,14 etc. In order to ex-
plore the dominant mechanism, we have undertaken mi
magnetic simulations of a single epitaxial ring. The sim
lated magnetic configurations in the reversal process of
epitaxial ring are shown in Fig. 7. A buckling-like revers
mechanism that starts at the edge of the ring has been fo
@Fig. 7~a!#. The process for the local vortex formation from
reverse domain, followed by nucleation avalanche of lo
vortices @Fig. 7~b!#, and the completion of reversal@Fig.
7~c!#, is completed instantaneously. This process correspo
to the rapid jump in the hysteresis loop. While the rever
mechanisms for the polycrystalline and the epitaxial rings

y-
.

FIG. 6. Schematic illustration of en-
ergy distribution in different magnetic
configurations of the ring. Inset is the
total energy vs field plot obtained by
simulation for a weak anisotropy ring
dEb anddEf are two definitions of en-
ergy barriers.
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not vary significantly, they differ in the intermediate sta
The most important feature is the absence of the intermed
stable vortex magnetic configuration from the reversal p
cess of the epitaxial ring.

The question of whether the increase of magnetocrys
line anisotropy could render the vortex structure energ
cally unfavorable has also been examined by simulation
the simulation, the magnetization of the epitaxial ring
forced into a vortex magnetic configuration and then sa
rated by an applied field. It has been found from an ene
analysis that, although a large increase in anisotropy en
has been induced in the vortex state, it still cannot comp
sate the reduction of the demagnetizing energy caused b
transition from single domain to vortex state. Thus, the v
tex magnetic configuration is still energetically stable in o
epitaxial ring. However, such a stable state, which wo
result a jump in the hysteresis loop, has not been observe
the MOKE measurements. This can be understood as
lows: the increase of the magnetocrystalline anisotropy
caused the change in total energy associated with the ba
dEb ~see Fig. 6!, which has to be crossed for the transitio
from the metastable single domain to the vortex magn
configuration, to become higher as a result of an anisotro
induced barrier to local vortex formation. Magnetic mome
in a material with strong magnetocrystalline anisotropy te
to align along the easy axis. Therefore, perturbations suc
local vortex formation could increase the total energy. F
thermore, the magnetocrystalline anisotropy strongly
creases the total energy of the vortex state in the nanom
net. Consequently, the depth of the valleydEf is reduced.
WhendEb.dEf , the vortex magnetic configuration can n
longer appear in the reversal process. This is because
external field required to overcome the energy barrier
strong enough to force the magnetization directly from
metastable single-domain state into negative saturation,
passing the vortex state.

FIG. 7. Simulated magnetic configurations in the reversal process o
epitaxial ring. The processes are~a! buckling-like reversal,~b! local vortex
nucleation, and~c! completion of reversal.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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Figure 8 shows the calculated values ofdEb anddEf as
a function of anisotropy strength. When the anisotro
strength exceeds a critical value, the in-plane magnetiza
reversal does not have an intermediate vortex magnetic
figuration. However, it is interesting to predict that if thedEb

value in our epitaxial sample can be decreased, it could
possible to have an intermediate vortex magnetic configu
tion in the reversal process. To test this prediction, hyster
loop measurements were carried out along the directi
away from the easy axis. Indeed, the appearance of the
tex magnetic configuration has been inferred from the m
sured MOKE hysteresis loop~see Fig. 9!, which was mea-
sured with an applied field at an angle of;70° with respect
to the uniaxial easy axis. This result has also been confirm
in MFM imaging. After a demagnetizing treatment with
field perpendicular to the sample easy axis, a similar vor
MFM image has been observed@see Fig. 3~a!#.

While numerical simulation can provide informatio
about the evolution processes of the magnetization in r
nanomagnets, it is important to express the energies~anisot-

n

FIG. 8. Calculated evolution ofdEb and dEf as functions of anisotropy
strength, for 600 nm/200 nm outer/inner diameters, 20-nm-thick Co rin

FIG. 9. MOKE loop measured from epitaxial ring nanomagnet with a fi
applied at an angle;70° with respect to the easy axis. Arrows sho
switches in the loop, indicating the presence of vortex magnetic config
tion.
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ropy, exchange, and demagnetizing! analytically. For a single
ring nanomagnet in the vortex magnetic configuration,
anisotropy energy densityEa can be derived as

Ea5
2Ku

p E
0

~p/2!

sin2 udu5
Ku

2
, ~1!

whereKu is the uniaxial magnetic anisotropy constant andu
is the angle with respect to the uniaxial easy axis. From
~1! one can obtain the same value of anisotropy energy
numerically calculated. One can see that theEa value does
not depend on the ring parameters. Therefore, the anisot
energy could be important in certain circumstance, for
stance, in a thinner ring, where it becomes a dominant te

Although the exchange energy in a ring nanomagne
not as strong as that in a disk-shaped nanomagnet, it can
be important in a thin and small ring. The exchange ene
in a ring nanomagnet with a vortex magnetic configurat
can be easily derived, unlike the complicated magnetiza
distribution in the vortex core15 of a disk nanomagnet. Whe
there is an anglew between two spinsS, the exchange energ
is 22AS2 cosw. Consider a flux-closure spin circle with
radiusr, and the distance between the two neighboring sp
equal to the atomic distance of a materialao . The total ex-
change energy in a single atomic ring isAS22pd/r . After
integrating over the whole ring structure, we obtain the
ergy density:

Eex5
nAS2

2ao~Ro
22Ri

2!
ln

Ro

Ri
, ~2!

whereRo andRi are the external and inner diameters of t
ring nanomagnet, respectively, andn is the number of the
nearest neighbors of atoms in the material. The calcula
exchange energy obtained from Eq.~2! agrees with the re-
sults of numerical simulations.

The most important energy that we need to derive is
demagnetizing energy. For the analysis of demagnetizing
ergy, a demagnetizing factor needs to be known. From
series of numerically simulated data,23 we have extracted a
relation between the demagnetizing factors of a ring (Nr)
and a circular disk (Nd) as

Nr

Nd
5S Ro

Ro2Ri
D 0.68

. ~3!

The values of the demagnetizing factorsNd for the disk with
different ratios of height to diameter can be obtained fr
Ref. 24. We can then express the demagnetizing energy
sity as

Ed5
1

2
m0S Ro

Ro2Ri
D 0.68

NdMs
2. ~4!

Although there is a singularity in Eq.~3! when Ro→Ri , it
gives a good approximation if the ring is not too narrow$for
instance@(Ro2Ri)/Ro.0.1#%. From Eq.~4!, we can see tha
the magnetostatic energy closely depends on the inner d
eter. For a narrow ring, after removing applied field, t
magnetization is strongly constrained along the ring ed
and two head-to-head domains occur instead of two m
netic poles in a wide ring. Consequently, a wall propagat
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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mechanism in the reversal process is expected.8 By using the
above equations, we have evaluated the energy in a 3-
thick Co ring with external and internal diameters of 150 n
and 50 nm, respectively. It was found that for the demag
tizing energy to compensate both the exchange and the
isotropy energy, the anisotropy strengthKu cannot be higher
than 104 J/m3: such a small anisotropy can be induced in
film by growing texture, stray field, etc. Otherwise, the vo
tex magnetic configuration would be energetically unsta
in such a ring. Therefore, for sensor applications of ri
magnets, the intrinsic anisotropy properties are very imp
tant; a strict control of material softness is likely to be a k
issue.

IV. CONCLUSION

In summary, MOKE magnetometry and MFM imagin
combined with numerical micromagnetic simulations, ha
been used to study the influence of the magnetocrysta
anisotropy in the magnetization reversal of submicron
rings. Under an in-plane applied field, the magnetization
versal of the ring nanomagnet starts from a buckling-l
reverse domain nucleation, followed by local vortex form
tion, and an avalanche process of local vortex nucleation.
ring nanomagnets with a weak anisotropy, the complete m
netization reversal takes place via the transition from satu
tion at large negative fields, into a vortex magnetic config
ration at small fields, and back into the reverse satura
state at large positive fields. By increasing the anisotro
strength above a critical value, the intermediate vortex m
netic configuration can be prevented from appearing; inste
the reversal occurs through a rapid jump. A strict control
material softness in submicron ring magnets is crucial, a
high magnetocrystalline anisotropy can lead to an unsta
vortex magnetic structure.
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