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Intrinsic anisotropy-defined magnetization reversal in submicron
ring magnets

S. P. Li, W. S. Lew, and J. A. C. Bland®
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE United Kingdom

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

(Received 11 June 2002; accepted 10 September)2002

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 nucleatio20@ American
Institute of Physics.[DOI: 10.1063/1.1518765

I. INTRODUCTION magnetic configuration in the ring is simple and easily ex-

Nanoscale magnetism of patterned magnetic elemenﬁressed' i ) _
has provided a great deal of scientific interest leading to po-  Recently, two types of lithographically patterned ring
tential technological applicatiorlsRecent lithographic tech- Magnets have been reported. One is a mesoscopic fcc Co
nologies have rendered possible the design and control of tHeTOW ring with a large hole, in which the magnetization
magnetic properties by patterning the materials on micron ofan reach fuII'Clrculatloﬁ.Energet|cglly, the narrow ring is
nanoscales. While nanoscale patterned magnets with vario§gnilar to a wire-shaped magnet with two ends connected;
geometries, such as squafégisks*° and wire&7 are being the head-to-head and tail-to-tail domains appear at opposite
studied extensively, ring-shaped magnetic elements hav@des of the ring. Two stable states were reported in the ring,
generated considerable interest due to their uniqu&amely, the vortex state and the bi-domain stateother
feature$® A ring-shaped nanoscale magnet with a flux-type is a nanoscale polycrystalline wide ring with a small
closure/vortex magnetic configuration generates no externdlole, which can be approximated to a nanoscale disk with its
magnetic fringing field, in contrast to other patterned mag-core removed. Liet al. have given a detailed study on the
netic structured? thus, the ring elements can be packed verysize dependence of the magnetic configuration in the wide
closely for ultrahigh density magnetic storage and can prolring,9 in which the magnetization reversal property is defined
vide a well-defined switching field. Potential applications, by the competition of the exchange and magnetostatic ener-
for instance, the vertical magnetoresistive random accesgies. In the wide ring, a stable flux-closure/vortex state and a
memory, based on a ring-shaped magnetic multilayer stacknetastable near single-domain state were found during the
have been proposéf!! reversal process in an in-plane applied field. The narrow and

A simple and well-defined magnetic configuration is anwide rings have distinct characteristics: for instance, the
important reversal property in understanding the energetiovide ring undergoes a process of local vortex nucleation be-
competition in a nanoscale magnetic structure. For a squat@re evolving into the vortex state, whereas the narrow ring
nanomagnet there exist various magnetization configurareaches the vortex state through a nucleation-free process.
tions, such as the leaf state, the flower state, the buckle state, |n this article, we address the effect of the magnetocrys-
etc!?**In a disk-shaped nanomagnet, the magnetic configugliine anisotropy on the magnetic configuration and reversal
rations, for instance, the vortex stafegre less varied. How- properties in a submicron Co wide ring. Molecular beam
ever, the perpendicularly magnetized core in the vortex stat@pitaxy was used to produce a hcp Co ring with strong mag-
poses a complicated spin distribution to the C.ﬁ'ék-l GOU the netocrystalline anisotropy, while a sputter-deposited poly-
other hand, the ring-shaped nanomagnet, in fact, is a diskystalline Co ring with a very weak intrinsic anisotropy was
v_wth its core remO\llsege. Without th_e perpendlcglarly magne-ysed for comparison. Magneto-optical Kerr efféstOKE)
tized vortex coré;*>'® the formation mechanism for the magnetometry and magnetic force microscélfFM) imag-
ing, in conjunction with numerical micromagnetic simula-
3Electronic mail: jachl@phy.cam.ac.uk tions, have been used to investigate the effect of the intrinsic
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have been reported elsewhéfeThe 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-nm-
thick hybrane polymer layéf 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., @lasma anisotropic
etching was used to transfer the pattern through the entire
resist thickness. The magnetic structure was defined by lift-
G, 1 SEM i ¢ evitaxial Co ri The GaAs substrat g |off using 30-nm-thick Al, and pattern transfer by ion milling.
etch'ed. using ig]:]ar?]ﬁli(r)\g??(; 2):1':ureoccr)lr?1isléte r?]agnetsicSiZoISaIiaz)rE13 t‘;vea:\?veee:3 ?hﬁ—h? p0|ycry§ta”m? rings were fabricated by pa,‘ttemmg of the
fing nanomagnets. resist and direct lift-off of Co. Both types of rings were ar-
ranged in an array of 16@mx160 um size, with a separa-
tion equal to the outer diameter. Morphology observations by
anisotropy on the magnetization reversal process. Dependingtanning electron microscofsEM) and atomic force mi-
on the aniSOtI’Opy Strength and the external field direCtioncroscopy revealed no major differences between the po|y-
the magnetocrystalline anisotropy can resist or favor locagrystalline and the epitaxial ring. Also, MOKE measure-
vortex nucleation, leading to different reversal processesments were performed on an unpatterned epitaxial hcp Co
When a field is applied near the easy axis direction, the magiim, before and after heating at 140°C: no significant

netocrystalline anisotropy tends to stabilize a single-domaighange was found in the measured MOKE hysteresis loops.
magnetic configuration. However, when a field is applied far

from the easy axis direction, the reversal process is mediated
by a vortex magnetic configuration. Ill. 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, re-

A 20-nm-thick epitaxial hcp Co film, with 2-nm-thick spectively. For the simplicity of the mold fabrication, and to
Cu and 3-nm-thick Au protection layers, was grown on aenable the vortex magnetic configuration be visible in the
GaAq100 substrate, in an ultrahigh vacuum chamberscanned MFM images, all rings have an octagonal rather
(10 °mbar) by electron beam evaporation. The details othan a perfect circular shape. Figure 2 presents the longitu-
the epitaxial growth and structural analyses of Co on GaAslinal MOKE hysteresis loops obtained at room temperature.

Il. EXPERIMENTAL PROCEDURE
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FIG. 3. MFM images ofa) polycrystalline andb) epitaxial ring nanomag-
nets, obtained after applying a saturation field. For the epitaxial rings, the v T T T
field was applied along the easy axis. All the images were scanned at a lift 14 (b)

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.

M/M,
9

While a perfect square hysteresis loop was obtained along
the easy axiga), a hysteresis loop with a large saturation
field was observed along the hard axis, in measurements of

the unpatterned filngb). This implies that a strong in-plane A J
uniaxial magnetic anisotropy exists in the unpatterned epi- . . )

taxial Co film. Loops(c) and (d) were taken from the poly- -2000 -1000 0 1000 2000
crystalline and epitaxial ring samples, respectively, with a H (Oe)

field applied along the easy axis. The most striking differ-
ence between their hysteresis behaviors is that the epitaxialG. 4. Simulated hysteresis loops f@ epitaxial and(b) polycrystalline
rings have a nearly square loop, whereas the polycrystallinéngs, with the parameters as in our experiment.
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 energyout. Figure 4 shows the calculated hysteresis loops for the
(anisotropy, demagnetizing, and exchange at its mini-  polycrystalline and epitaxial rings with the parameters as in
mum. The complete reversal takes place via the transformdhe experiment. The shape of the experimental hysteresis
tion from the single domain state, at large negative fieldsloops[Figs. 4c) and 2d)] is qualitatively well reproduced
into the vortex state at relatively small field500~1000 by the simulations. The imperfect squareness of the experi-
Oe), back into the reverse single domain state at large posimental hysteresis loops in Fig(d is caused by defect dis-
tive fields. In contrast, in the epitaxial ring loop, there is only tributions in the array of nanomagnéfs.
a rapid switch, indicating that no vortex magnetic configura-  To understand how the reversal mechanism is affected
tion is present in the magnetization reversal. by the magnetocrystalline anisotropy strength, one has to
Figure 3 shows MFM images for the two types of rings first observe the reversal process in an isotropic ring in de-
in remanent states after being saturated with an in-plantail. Figure 5 shows the simulated magnetization vector fields
field. The lift scan height was held at 50 nm, and with such &an a single polycrystalline Co ring at three different stages.
low scan height, the magnetic tip stray field is strong enougths the applied field strength is reduced from negative satu-
to switch the magnetization of the polycrystalline ring into ration, the ring nanomagnet retains a high remanence until a
the vortex magnetic configuration, as indicated by the wealield near zero, where the nucleation of reverse domains
contrast with alternating bright and dark segments in Figstarts to occufFig. 5a)]. As the external field increases from
3(a). However, the strong black and white contrast in Fig.zero, the nucleated reverse domain progressively evolves
3(b) signifies a single-domain magnetic configuration in theinto a local vortex structure. The growth and displacement of
epitaxial rings, which is not affected by the tip perturbation.the local vortex structure are accompanied by the nucleations
The MFM results agree well with the MOKE measurements.of new local vortices, which are activated by the stray fields
To assist our understanding of the effect of the intrinsicof the initial local vortices, in the neighboring regidRig.
anisotropy in the ring magnetization, two-dimensiof@D) 5(b)]. Such a vortex nucleation avalanche continues until the
numerical micromagnetic simulatiohS have been carried magnetization in one branch of the ring is reversed. Conse-
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@ tropic ring, with the scale used in the present study, the vor-
tex magnetic configuration is energetically favorable. How-
ever, a metastable single-domain state can also be reached
near zero fields, as indicated by the high remanence in the
hysteresis loopFig. 2(c)]. Before the formation of the vortex
magnetic configuration, both the exchange and demagnetiz-
ing energies of the ring progressively increase during the
local vortex nucleation procesgsee Fig. 6. 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 bar-
rier in order to reach the stable vortex magnetic configura-
tion.

While the magnetic properties of the polycrystalline
rings are controlled by the shape anisotropy, the presence of
the strong magnetocrystalline anisotropy, which will com-
pete with the shape anisotropy, clearly has a significant in-
fluence on the magnetization reversal mechanism in the epi-

taxial rings. As mentioned earlier, the hysteresis behavior has
FIG. 5._ Simulatgd magnetic configurations in the reversal process of polybeen changed from a multi-jumped loop to a near-square
crystalline Co ring. The processes af@ local vortex nucleation(b) . . . .
growth and displacement of local vortices, aiel completion of vortex. |00p. The question arises as to the reversal mechanism in the

presence of a strong anisotropy, such as domain wall

motion?! buckling?? coherent rotation? etc. In order to ex-
quently, the complete vortex magnetic configuration isplore the dominant mechanism, we have undertaken micro-
formed in the ring nanomagngEig. 5(c)]. This process cor- magnetic simulations of a single epitaxial ring. The simu-
responds to the first switch in the hysteresis loop of the polylated magnetic configurations in the reversal process of the
crystalline ring. epitaxial ring are shown in Fig. 7. A buckling-like reversal

A similar nucleation process of local vortex is experi- mechanism that starts at the edge of the ring has been found
enced in the reversal of the magnetization from the vortexFig. 7(a)]. The process for the local vortex formation from a
magnetic configuration to positive saturation, where a rereverse domain, followed by nucleation avalanche of local
verse domain is nucleated in the branch with magnetizationortices [Fig. 7(b)], and the completion of revers@Fig.
against the external field direction. The magnetic configura7(c)], is completed instantaneously. This process corresponds
tion in the polycrystalline ring is defined by the competition to the rapid jump in the hysteresis loop. While the reversal
between the demagnetizing and exchange energies. In an ismechanisms for the polycrystalline and the epitaxial rings do

FIG. 6. Schematic illustration of en-

dEb ergy distribution in different magnetic
configurations of the ring. Inset is the
N total energy vs field plot obtained by
simulation for a weak anisotropy ring.
/ dE, anddE; are two definitions of en-
METASTABLE II ergy barriers.
STATE

dE;

Energy

Field (Oe)
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FIG. 8. Calculated evolution oflE,, and dE; as functions of anisotropy
strength, for 600 nm/200 nm outer/inner diameters, 20-nm-thick Co ring.

Figure 8 shows the calculated valuesdd, anddE; as

FIG. 7. Simulated magnetic configurations in the reversal process of aft function of anlsotr_o_py strength. When the amso_tropy
epitaxial ring. The processes a@ buckling-like reversal(b) local vortex ~ Strength exceeds a critical value, the in-plane magnetization
nucleation, andc) completion of reversal. reversal does not have an intermediate vortex magnetic con-
figuration. However, it is interesting to predict that if e,

N . . . . value in our epitaxial sample can be decreased, it could be
not vary significantly, they differ in the intermediate state. P b

The most important feature is the absence of the intermedia{)OSSibIe to have an intermediate vortex magnetic configura-
P . ) i fon in the reversal process. To test this prediction, hysteresis
stable vortex magnetic configuration from the reversal pro;

cess of the epitaxial rin loop measurements were carried out along the directions

The uesﬁon of Whgt.her the increase of magnetocr Stagway from the easy axis. Indeed, the appearance of the vor-
. - d 9 sty magnetic configuration has been inferred from the mea-
line anisotropy could render the vortex structure energeti-

: ) . sured MOKE hysteresis loofsee Fig. 9, which was mea-
cally unfavorable has also been examined by simulation. "%ured with an applied field at an angle-s70° with respect

;gfces(;lr?z@“gn\}ot?:x TnzgTweé[ii:aigr:\fiozrt:tieor?gﬁqﬁ:err:ngaito the uniaxial easy axis. This result has also been confirmed
. mag 9 in MFM imaging. After a demagnetizing treatment with a
rated by an applied field. It has been found from an energ

analysis that, although a large increase in anisotropy ener¥ield p.erpendicular to the sample easy axis, a similar vortex
has been induced in the vortex state, it still cannot compergw%\y":'vI image has peen Qbseryésbe Fig. Ba)]: . .

X ! While numerical simulation can provide information
sate t_he reducthn of the demagnetlzmg energy caused by tl31(:'f)out the evolution processes of the magnetization in ring
transition frpm smgle dc.)ma.m to vortex state. Thus, the Vor'nanomagnets, it is important to express the ener@ieisot-
tex 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 —— — . T
the MOKE measurements. This can be understood as fol- 1
lows: the increase of the magnetocrystalline anisotropy has _
caused the change in total energy associated with the barrier &
dE, (see Fig. 6 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 anisotropy-
induced 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. Fur-
thermore, the magnetocrystalline anisotropy strongly in-
creases the total energy of the vortex state in the nanomag- -1 [-
net. Consequently, the depth of the vallef; is reduced. L . L .
WhendE,>dE;, the vortex magnetic configuration can no -2000 -1000 0 1000 2000
longer appear in the reversal process. This is because the H (Oe)
external field required to overcome the energy barrier is o _ ]
strong enough to force the magnetization directly from theFIG'.g' MOKE loop meaosur(_ed from epitaxial ring nanomagnet with a field

. . . . . applied at an angle~70° with respect to the easy axis. Arrows show
metastable smgle-domam state Into negative saturation, b)éTNitches in the loop, indicating the presence of vortex magnetic configura-
passing the vortex state. tion.

Normalized MOKE sig
o

1 L 1 " I
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ropy, exchange, and demagnetiziagalytically. For a single mechanism in the reversal process is expet®y using the
ring nanomagnet in the vortex magnetic configuration, theabove equations, we have evaluated the energy in a 3-nm-

anisotropy energy density, can be derived as thick Co ring with external and internal diameters of 150 nm
2K ((ml2) K and 50 nm, respectively. It was found that for the demagne-
E.= ”f Sir? 0d o= — (1)  tizing energy to compensate both the exchange and the an-
™ Jo 2 isotropy energy, the anisotropy strendgh cannot be higher

. is the uniaxial magnetic anisotropy constant a@nd than 1@ J/n?: such a small anisotropy can be induced in a

whereK
film by growing texture, stray field, etc. Otherwise, the vor-

is the angle with respect to the uniaxial easy axis. From Eq. . : . :
(1) one can obtain the same value of anisotropy energy gtgx magnetic configuration would be energetically unstable

numerically calculated. One can see that Eyevalue does in such a ring. Therefore, for sensor applications of ring

not depend on the ring parameters. Therefore, the anisotro;fgagnem’_the intrinsic anisot_ropy properfcies_ are very impor-
energy could be important in certain circumstance, for in—_t nt; a strict control of material softness is likely to be a key

stance, in a thinner ring, where it becomes a dominant tern{SSU€:
Although the exchange energy in a ring nanomagnet is
not as strong as that in a disk-shaped nanomagnet, it can alfy CONCLUSION
be important in a thin and small ring. The exchange energy  |n summary, MOKE magnetometry and MFM imaging,
in a ring nanomagnet with a vortex magnetic configurationcombined with numerical micromagnetic simulations, have
can be easily derived, unlike the complicated magnetizatiolbeen used to study the influence of the magnetocrystalline
distribution in the vortex cor@ of a disk nanomagnet. When anisotropy in the magnetiza’[ion reversal of submicron Co
there is an angle between two spin§, the exchange energy rings. Under an in-plane applied field, the magnetization re-
is —2AS’ cose. Consider a flux-closure spin circle with a versal of the ring nanomagnet starts from a buckling-like
radiusr, and the distance between the two neighboring spingeverse domain nucleation, followed by local vortex forma-
equal to the atomic distance of a mateagl. The total ex-  tion, and an avalanche process of local vortex nucleation. For
change energy in a single atomic ringAs’2d/r. After  ring nanomagnets with a weak anisotropy, the complete mag-
integrating over the whole ring structure, we obtain the ennetization reversal takes place via the transition from satura-
ergy density: tion at large negative fields, into a vortex magnetic configu-
nAS R, ration at small fields, and back into the reverse saturation
Eem m———-In—=, (2 state at large positive fields. By increasing the anisotropy
280(R,—RY) Ry strength above a critical value, the intermediate vortex mag-
whereR, andR; are the external and inner diameters of thenetic configuration can be prevented from appearing; instead,
ring nanomagnet, respective|y, andis the number of the the reversal occurs through a rapid jump A strict control of
nearest neighbors of atoms in the material. The calculatefhaterial softness in submicron ring magnets is crucial, as a
exchange energy obtained from E@) agrees with the re- high magnetoc_rystalline anisotropy can lead to an unstable
sults of numerical simulations. vortex magnetic structure.
The most important energy that we need to derive is the
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