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We have investigated the magnetization reversal mechanism of narrow submicrometer Co rings using scan-
ning magnetoresistance microscopy. Thermal annealing in a magnetic field introduced a uniaxial anisotropy
and significant structural changes in the samples. We have observed a complicated multidomain state at
intermediate field ranges, and onion states at saturation, for samples annealed in a field. This observation is in
contrast to the flux-closed vortex state for unannealed rings. Micromagnetic simulations have shown that the
switching occurs through a gradual noncoherent buckling-like reversal process followed by coherent rotation.
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I. INTRODUCTION

Advances in microfabrication techniques, such as
electron-beam,1 interference,2 and nanoimprint
lithography,3,4 have spawned intensive research into the mag-
netic properties of mesoscopic patterned elements, which
have great potential for application in high-density storage
and magnetoresistive random access memories(MRAM ).5,6

These elements also provide an ideal experimental system
for studying fundamental physical issues; the magnetization
switching mechanisms and domain configurations are of par-
ticular interest. In order to achieve a well-controlled and re-
producible magnetic state, magnetic elements with different
shapes, such as squares,7 ellipses,8,9 and disks,10–12have been
studied. It has been shown that magnetic rings are a promis-
ing candidate13–18 due to their tendency to form a flux-
closure vortex state; this state is stable and features minimal
interaction between adjacent elements because of the ab-
sence of stray field. Small ring structures generally exhibit
three different domain configurations at remanence: the
head-to-head and tail-to-tail “onion” state, the vortex state,
and the single-domain state. The actual remanent state and
transition between saturated states depends on the competi-
tion between magnetostatic energy and exchange energy, and
anisotropy plays an important role. A recent study18 on wide
epitaxial Co rings found a direct transition between positive
and negative single-domain states without any intermediate
vortex state for rings with strong anisotropy. However, the
behavior of narrow rings remains unclear and will be the
subject of this study.

Magnetic force microscopy(MFM) has become the most
commonly-used tool to study local magnetic structure and
magnetization reversal because of its high resolution and ver-
satility. The problems with MFM are that local field emanat-
ing from the magnetized tip can interact with and distort the
magnetic structure of the sample, and that only the gradient
of stray field can be detected. These issues complicate the
interpretation of data.9 Recently, a number of imaging tools
have been developed to noninvasively image magnetic
samples, such as scanning electron microscopy with polar-
ization analysis(SEMPA)12 and scanning Hall probe micros-

copy(SHPM).19 Of these, scanning magnetoresistive micros-
copy (SMRM)20 seems to be the most promising one. This
technique utilizes a submicron-resolution magnetoresistive
(MR) sensor21 to image magnetic fields at the sample sur-
face. The sensor readout is directly proportional to the verti-
cal (z) component of local stray field. Compared to MFM,
the SMRM technique has two notable advantages: the sensor
has little effect on the magnetic state of sample, and the
absolute value of stray field from the sample can be mea-
sured, making analysis more straightforward.

In this paper, we use SMRM along with MFM to image
remanent states in narrow micrometer-size Co polycrystal-
line rings with uniaxial anisotropy. We are particularly con-
cerned with the details of magnetization reversal and with
domain configurations of intermediate states, and their de-
pendence on anisotropy. Our results show strong magnetic
and structural changes upon introduction of a uniaxial aniso-
tropy after thermal annealing in a field. The results can be
understood via micromagnetic simulations.

II. EXPERIMENTAL DETAILS

Arrays of 10310 rings were defined by electron-beam
lithography at 30 keV beam energy on a Si substrate covered
by a thermally grown oxide. After development, Co rings
were obtained by depositing a polycrystalline tri-layer of
Tis50 Åd /Cos340 Åd /Pts50 Åd using electron-beam evapo-
ration followed by lift-off in acetone. Finally, a thin layer of
SiO2 s1000 Åd was sputtered onto the samples for further
protection. The rings examined in this experiment had a
width of 0.5mm with outer diameters of 4mm. The spacing
between rings in each array is twice the diameter of the rings
to minimize any magnetostatic coupling between rings. Mor-
phology observations were conducted by scanning electron
microscopy (SEM) and atomic force microscopy(AFM).
Figure 1 shows SEM images of the ring array. In order to
compare the effects of anisotropy on the magnetization of
rings, some samples were annealed in a field of 1.6 kOe at
200 °C for about 10 min in ambient condition, to introduce a
uniaxial anisotropy. The structural and magnetic properties
of both types of rings were examined by AFM and MFM.
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These images were collected with a Digital Instruments Di-
mensional III in tapping mode, i.e., monitoring the resonant
frequency of the cantilever while the tip scans the sample at
a fixed height.

Many details of magnetic imaging with SMRM have been
described in a previous work.20 The sensing probe was a
commercial giant magnetoresistive read/write head used in
IBM Travelstar 7200 drive sensor with submicron resolution.
The microscope operates with the sensor and sample in light
physical contact, and the probe is raster-scanned across the
surface to detect stray fields emanating from the patterned
rings. The effective distance between sensor and sample is
about 0.2–0.3mm, which sets a limit on the spatial resolu-
tion of the technique. Before putting on a new sensor head, a
current-carrying test wire sample with known stray field
value is first scanned at same height to resolve the sensor
sensitivity. In this way, the absolute stray field value on un-
known sample is obtained. For optimal signal-to-noise ratio
(SNR), custom-made electronics based on lock-in amplifica-

tion techniques, are utilized. In this way, low-frequency
noise of the electronics is avoided without a loss in signal
quality. Using this method, we have achieved SNR.46 dB.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show typical AFM images of a ring
before and after thermal annealing. Both images reveal some
structural asymmetry and roughness, and some protrusions
due to incomplete lift-off are also observed. These inhomo-
geneities may serve as domain pinning sites, increasing the
likelihood of a complicated intermediate magnetic state. Fig-
ure 2 shows that thermal annealing has greatly changed the
grain structure of the ring: the grain size of about 30–60 nm
for as-deposited samples is dramatically increased to about
,500 nm after annealing. As can be seen, the grain size is
equal to the width of the rings in(b).

Figure 3 shows MFM images of rings at remanence be-
fore and after annealing. A tip coated with low-moment ma-
terial (CoPtCr) was used to minimize the influence of tip
stray field, in addition to the use of a relatively large lift
heights150 nmd. In as-deposited samples, a magnetic vortex
structure was observed, as indicated by a weak contrast in
Fig. 3(a). For annealed samples, however, MFM images in-
dicate different magnetic configurations. The strong contrast
signifies an onion state, which is characterized by points of

FIG. 2. AFM images of 4-mm Co rings(a) before and(b) after
annealing. A significant enhancement in grain size is seen after
annealing.

FIG. 3. MFM images of Co rings in the remanent state for
samples(a) without and(b) with thermal annealing in a field.

FIG. 1. Scanning electron micrographs of polycrystalline Co
ring samples.
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dark and light contrast at opposite positions on the ring;
these magnetic signatures originate from two domain walls.
These states were observed in all samples examined, al-
though the pole locations varied somewhat, most likely due
to defects in individual rings.

The magnetic domain structure of rings and their stray-
field distribution were further investigated with SMRM. In
order to minimize system noise originating from an in-situ
magnetic field, all data are presented at remanence. The ex-
periment was performed by first saturating the rings in a field
of 1000 G, and then reversing the field direction in steps.
Between steps, the samples were taken out of the applied
field and imaged with SMRM. This process was continued
until a full reversal of magnetization was observed for all
rings. As an example, Fig. 4 is a series of images showing
the progression of magnetic states in as-deposited samples as
imaged by SMRM. The data have been scaled linearly, with
bright regions representing the largest positive stray fields
and dark regions representing the most negative stray fields.
All field value is obtained using precalibrated sensor sensi-
tivity. The results from Fig. 4 are unsurprising: after satura-
tion, all rings are in onion states, confirmed by a strong
dipole-like stray field signal, with a measured amplitude of
up to 75 Oe[Fig. 4(a)]. When the field direction is reversed
and the amplitude increased in the opposite direction, the
rings switch to a reversed onion state[Fig. 4(b)] via an in-
termediate vortex state[Fig. 4(c)] as indicated by a much
lower contrast compared to onion state. At a field of 500 Oe,
over 80% of rings have switched to the final reversed onion
states. It should be noted that even though the vortex state
should be flux-closed and exhibit no contrast in image, con-
siderable stray fields,6 Gd was detected for some rings in
this state. This finding can be attributed to sample surface
roughness and microstructural variation, which may locally
pin domain walls.

We are most interested in the magnetic behavior of rings
after thermal annealing; in particular, the effects of uniaxial
anisotropy on magnetization switching. Annealed samples
were imaged using the same procedure just described, and

the results are shown in Fig. 5. Annealed rings undergo the
same onion-to-reverse-onion transition[Figs. 5(a) and 5(b)],
with peak-to-peak stray fields of 150 Oe in each case, but the
dark-bright contrast in onion states is much broader than that
of unannealed rings in the same state. These images cannot
be understood as resulting from single-domain states because
in that case, we would expect a dark-bright-dark-bright field
pattern due to accumulation of stray magnetic static charge at
both the inner and outer diameter of the ring. This pattern is
never observed in any of the rings. We hypothesize that this
broadening is partially due to the increase in grain size(Fig.
2) after annealing. Anisotropy induced by annealing also
plays an important role, as it tends to align spins along the
easy axis, resulting in a thick domain wall.

In contrast to as-deposited samples, the transition from
the onion to the reverse-onion state is not accompanied by an
intermediate vortex state in annealed rings. A detailed study
of the full switching process by SMRM shows that the initial
onion state is stable up to a field of,−150 G, after which it
evolves s,−200 Gd into a complex multidomain state by
nucleation. This state[Fig. 5(c)] is indicated by alternating
positive and negative field poles, although the position and
distribution of each pole are different in each ring. The stray
field magnitude for this state is,60 Oe peak-to peak. This
configuration persists until an applied field of roughly
−400 G, at which rings begin to favor the reversed onion
state. At a field of −400 G, all rings have completely
switched[Fig. 5(b)]. Never at any stage was a completely
flux-closed state observed. The significant differences in the
switching process for rings with and without annealing con-
firm a strong dependence of switching behavior on aniso-
tropy.

IV. MICROMAGNETIC SIMULATIONS

Micromagnetic simulations were carried out to gain fur-
ther understanding into the reversal mechanism in rings with

FIG. 4. A sequence of SMRM images, measured in the absence
of field, for as-deposited samples after exposure to differing
magnetic field values:(a) 1000 Oe,(b) −500 Oe, and(c) −250 Oe.
Bottom row is the corresponding images of individual ring. The
image contrast in(a) and (b) is normalized to same field scales+/
−80 Oed, whereas the contrast in(c) is normalized tos+/−10 Oed.
The arrow on the right shows the applied field direction(positive)
before each scan.

FIG. 5. SMRM images of annealed samples after exposure to
varying magnetic fields along the easy-axis direction:(a) 1000 Oe,
(b) −500 Oe, and(c) −300 Oe. Bottom row is the corresponding
images of individual ring. The image contrast in(a) and (b) is
normalized to same field scales+/−80 Oed, whereas the contrast in
(c) is normalized tos+/−30 Oed. The arrow on the bottom shows
the applied field direction(positive) before each scan.
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strong anisotropy. We used the OOMMF 2D micromagnetic
simulation package developed at NIST22 to calculate equilib-
rium magnetization configurations at different fields. The cell
size for each simulation was 535 nm with a cell height
identical to the film thicknesss34 nmd. The ring morphology
was specifically designed to have multiple grains with a size
comparable to the ring width to incorporate the observed
enhancement of grain size and variation in microstructure
after annealing. The simulations showed a noncoherent
buckling-like reversal process in the grains near the domain
walls, which induces nonuniform magnetization. The switch-
ing process starts with nucleation of local vortices at the
domain edges, followed by successive formations of vortices
in adjacent grains. The size of these local vortices is compa-
rable to the grain size. Figure 6 depicts a typical magnetic
configuration in this intermediate state. Adjacent vortex
structures tend to have opposite directions of rotation, lead-
ing to alternating out-of-plane stray fields at successive
cores. This alternating contrast in nearby domains is con-
firmed in many SMRM images[see Fig. 5(c)]. Identical be-
havior was observed in rings with uniform morphology,
proving that this reversal mechanism is insensitive to struc-
tural inhomogeneities. Our simulations predict that, at some
critical field, the top and bottom regions of the ring reverse
instantaneously via coherent rotation, without local vortex
formation. However, this dynamic behavior was not con-
firmed experimentally, because our setup can only resolve
states which are at least metastable. It should be noted that
the relatively low annealing temperature makes it likely that
the induced anisotropy is less than that of epitaxial Co(K
<500,000 J/m3 for hcp Co). By comparing experimental
and simulated switching fields, we have found that an aniso-

tropy value of 30,000 J/m3 is most consistent with our ob-
servations.

We also simulated rings without annealing, making the
assumption of zero anisotropy. The results were unsurprising
and agree with previous findings:14 the magnetization in
unannealed rings switches from one onion state to the other
through a global vortex state. The transition into this vortex
state takes place via movement of one domain wall, with the
other exhibiting little or no movement, until the two walls
meet and annihilate.

Li et al.18 explored the possible reasons why a ring with
strong anisotropy cannot support a vortex state. They con-
cluded that when the anisotropy strength exceeds a critical
value s10 000 J/m3d, the vortex state is rendered unstable,
which agrees with our results. However, they saw an irre-
versible transition between saturated states, with no interme-
diate states, for epitaxial rings with very strong anisotropy. In
contrast, we have observed the existence of a complicated
multidomain intermediate configuration for our annealed
samples with relatively moderate anisotropy. It is reasonable
that this state is a new metastable phase that is only energeti-
cally favorable for a middle range of anisotropies. The com-
petition between anisotropy energy and demagnetization en-
ergy naturally favors a vortex state for sufficiently small
anisotropies, with the aforementioned configuration becom-
ing favorable for larger anisotropies. In-situ SMRM imaging,
along with simulations, for rings with different annealing
conditions, and hence different induced anisotropies, will be
conducted to further explore the behavior of this system. For
imaging in an applied field, the stray field of an MFM tip can
be sufficient to disrupt the magnetic state of the sample, par-
ticularily for configurations that persist only over narrow
field ranges. Therefore, we believe that SMRM has distinct
advantages for this type of in-situ study.

V. CONCLUSIONS

In summary, we have imaged the magnetization reversal
process of narrow Co rings by imaging their remanent states
using SMRM. This technique is noninvasive and provides
direct information about sample magnetization. We have ob-
served a complicated multidomain intermediate phase during
the transition between onion states for samples annealed in a
field. Micromagnetic simulations have shown that switching
occurs through a noncoherent vortex buckling process com-
bined with coherent rotation. This is in contrast to as-
deposited samples, which reverse by simple domain wall
motion and feature an intermediate vortex state.
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FIG. 6. Micromagnetic simulation results showing the magneti-
zation configuration of the intermediate state for a Co ring with
uniaxial anisotropy.
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