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We report the magnetization reversal behavior of microstructured NiggFe, rings using magneto-
optic indicator film imaging and magnetometry. While the reversal behavior of rings with a sym-
metric (circular) interior hole agrees with micromagnetic simulations of an onion — vortex
— onion transition, we experimentally demonstrate that rings possessing an elliptical hole with an
aspect ratio of 2 exhibit complex reversal behavior comprising incoherent domain propagation in
the rings. Magneto optic images reveal metastable magnetic configurations that illustrate this inco-
herent behavior. These results have important implications for understanding the reversal behavior
of asymmetric ferromagnetic rings. [http://dx.doi.org/10.1063/1.4961881]

Controlling the magnetization dynamics in thin ferromag-
netic rings generates broad interest due to their potential in
high density storage and in micro- and nano-electromechanical
motors.' ™ For applications requiring the zero-flux-closure vor-
tex state, symmetric rings with a concentric hole have been
shown to be unsuitable, as the metastable “onion” state domi-
nates the reversal dynamics under uniform applied external
fields.>® Consequently, recent studies have examined the pos-
sibility of selecting the preferred magnetization state by break-
ing the symmetry of the rings. Rings that possess a thickness
gradient across a reflection axis have shown an enhanced prob-
ability of a vortex configuration.” Micromagnetic simulations
and experimental realization have also shown that rings with
an offset hole (i.e., non-concentric) are also able to generate
the vortex state with higher probability than in concentric
rings.”” Such asymmetric rings with non-concentric holes also
show enhanced domain wall propagation when compared with
their concentric counterparts.'®!'!

In this letter, we explore an additional mode for intro-
ducing asymmetry into ferromagnetic rings by patterning an
ellipse instead of a circular hole. We examine arrays of rings
in two extreme limiting cases: symmetric rings with a con-
centric circular hole and asymmetric rings with a concentric
two-to-one aspect ratio elliptical hole. The 10 um outer
diameter ring size enables one to use magneto-optic indicator
film (MOIF) microscopy and magnetometry to study the
influence of lateral geometry on the domain formation and
dynamics of these shaped elements. The transition fields and
magnetization dynamics are strongly dependent on the sym-
metry of the inner patterning of the ring and the orientation
of the applied magnetic field with respect to the asymmetric
pattern.

The NigoFe,o (Permalloy) rings were defined using a
lift-off process on a thermally oxidized Si substrate. Using
e-beam lithography, we defined arrays of rings having a
10 um outer diameter and either a 7 um diameter circular
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hole or a 7 um x 3.5 um elliptical hole centered inside the
outer circumference. Individual rings were separated by a
distance of at least 20 um in order to minimize magnetostatic
interactions between rings.lz’13 Using electron beam evapo-
ration, we deposited a 30nm thick Permalloy film capped
with a 3 nm protective Au layer.

All magneto-optical (MO) measurements were performed
at room temperature. Visualization of domain structures was
provided during the remagnetization process using the
magneto-optical indicator film (MOIF) technique.'*'> Real
time MO imaging was made using a charge coupled device
(CCD) camera capturing 13.6 frames per second while the
magnetic field was linearly varied at a rate of 1.8 mT/s. When
the sample is magnetized uniformly, the direction of the mag-
netization M can be determined by the orientation of the sym-
metry axis of the MO contrast formed by the components of
the stray field at the edges of the Permalloy rings. A quantita-
tive measure of magnetization is given by the averaged inten-
sity of the MO signal

[ =(Ip+15)/2, (1)

where Ip and I are the maximal intensities on the dark and
bright edges, respectively.'*'® This value is determined by
the angle of Faraday rotation of the polarized light, which is
proportional to the perpendicular component of the stray
field at the edge of the ring and, hence, to the in-plane mag-
netization projection along the symmetry axis averaged over
the sample thickness.

Using the averaged intensity to represent magnetization,
we evaluated the individual magnetization versus applied
field curves of three-by-three arrays of rings with either a cir-
cular hole or an elliptical hole. Figure 1 demonstrates mag-
netization versus applied field hysteresis loops for a ring
with an elliptical hole with field (uoH) along the long- and
short-axes of the ellipse and for a ring with a circular hole.
Magnetization configurations of the ring corresponding to
an onion state, a vortex state, and an anti-vortex state are
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FIG. 1. (a) MOIF magnetization versus applied external field for 10 um rings
with either a 7 um concentric circular hole (red squares and solid line), an
elliptical hole with field applied along the 7 um long axis (green triangles/
pentagons and solid line), or an elliptical hole with field applied along the
3.5 um short axis (blue diamonds and solid line). Magnetization configura-
tions of the ring corresponding to an onion state (ON), a vortex state (VO),
and an anti-vortex state (AV) are shown schematically. (b) Orientation of
applied field with respect to ellipse axes.

depicted schematically on top of the hysteresis loops. The
magnetization of the ring with an elliptical hole shows low
remanence (less than 50%) and a narrow hysteresis loop with
UoH aligned along its short axis (blue diamonds and line).
On the other hand, the magnetization with uoH parallel to
the long axis (green triangles/pentagons and line) shows
nearly full remanence and a wider hysteresis loop, indicative
of that being an easy magnetization direction. Taken
together, these two findings are consistent with the expected
shape anisotropy induced by the elliptical hole. Furthermore,
the narrowest regions at the top and bottom of these asym-
metric rings can create a local energy minimum for head-to-
head domain walls comprising the onion state, which also
should enhance the magnetization at remanence.>'' Finally,
we note that the magnetization of the ring with a circular
hole (red squares and line) exhibits a larger coercive field
than the ring with the elliptical hole for pyH aligned along
either symmetry axis of the ellipse. The circular hole sam-
ples also exhibit a wider field region of stability for the vor-
tex state, suggesting that the broken planar symmetry makes
the onion state more stable compared with the vortex state.
In order to interpret the magnetization curves shown in
Fig. 1, we recorded a series of MOIF images at the points
marked along decreasing branch (positive-to-negative
applied magnetic field) of the three magnetization curves.
Figure 2 presents an image for each of the magnetization
states marked in these hysteresis curves. In the first column,
we see the reversal of the ring with a concentric circular
hole. At saturation, Figs. 2(a) and 2(e) show the largest
magneto-optic (MO) contrast in regions where the rings are
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FIG. 2. MOIF images during remagnetization: circular hole with vertical
field (a)—(e); (f)—(j) elliptical hole with vertical field; and (k)—(o) elliptical

hole with horizontal field. Subfigures (a)—(0) correspond to fields along mag-
netization versus applied field data shown in Fig. 1.

magnetized normal to the edges. At lower applied magnetic
fields, the MO contrast pattern in the indicator film (Figs.
2(b) and 2(d)) is diminished, as the source of fringe fields in
the rings is likely reduced to a region around the 180°
domain walls of the onion state. More importantly, we dem-
onstrate a nearly perfect in-plane flux-closure state in Fig.
2(c), as the light- and dark-contrast peaks near the top and
bottom edges of the ring have disappeared with only small
background contrast visible due to the moderate external
field giving a small, non-zero net magnetization. The light
contrast at the top of the interior hole reveals that the local
magnetization has already reversed direction from “up” (as
in Fig. 2(a)) to “down.”

We proceed to the middle column showing the easy-axis
magnetization configurations generated by fields applied
along the long (vertical) axis of the patterned elliptical hole.
In Figs. 2(f) and 2(j), we observe magneto-optic contrast
nearly reproducing the shape of the Permalloy ring. The
fringe fields associated with the observed contrast pattern
corresponds to magnetization pointing perpendicular to the
edges of the inner and outer ring perimeters. In this case, the
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magnetization is nearly saturated along the vertical axis. At
lower fields, the magnetization rotates away from the edges
and the contrast emanating from the inner perimeter is no
longer visible. Figures 2(g)-2(i) show a distribution of rever-
sal fields for the individual rings, which could be due to var-
iations in edge properties due to patterning, as well as to the
intrinsic switching field distribution of each individual ring.
We also notice an intermediate magnetization configuration
in Figs. 2(g)-2(i), distinct from the uniform, onion and vor-
tex states typically observed in microstructured rings. In par-
ticular, the alternating light and dark regions at nearly 45°
from the ellipse long axis (along the diagonals) reveals a
configuration in which the ring magnetization points outward
along one diagonal and points inward toward the center
along the opposite diagonal. This configuration resembles an
anti-vortex configuration of the ring’s magnetization.

The origin of the anti-vortex can be understood by look-
ing at Fig. 2(h), where we observe that while many of the
rings exhibit dark contrast in the top-left and bottom-right
quadrants, others show the opposite contrast orientation. It
has been demonstrated previously that microstructured rings
exhibit magnetization reversal by transitioning between
onion states of opposite magnetization orientation by the
nearly simultaneous propagation and annihilation of domain
walls.® The rings observed in this study possess an asymmet-
ric lateral structure that could enable the independent rever-
sal of the two wide, vertical magnetization segments. In that
case, domain wall propagation along one vertical segment
would lead to a metastable configuration in which the two
vertical segments of the ring are magnetized anti-parallel,
which would generate the anti-vortex pattern seen in our
MOIF images.

Finally, we move to the right column showing the hard-
axis magnetization states for the sample with an elliptical
hole under fields applied along the short axis. Figures 2(k)
and 2(o) exhibit uniform magnetization along the horizontal
axis. In Fig. 2(1), we no longer can resolve the inner structure
of the ring, suggesting that the fringe fields from the inner
perimeter have been suppressed due to magnetization rota-
tion. However, we do observe reversed contrast in the top
and bottom horizontal segments of the ring, which reveals
that magnetization reversal is initiated in these regions. In
Figs. 2(m) and 2(n), we see that the MOIF contrast has circu-
lated around the rings, as some of the rings have already
started to reverse themselves by rotation. Finally, in Fig.
2(0), the magnetization is reversed, and again it is possible to
observe fringe fields from the inner perimeter of the ring.

The magnetization configurations were also calculated
using the Object Oriented Micromagnetic Framework
(OOMMF) software code.'” Typical material constants for
Permalloy were chosen: saturation magnetization = 860 kA/m,
exchange stiffness = 13 pJ/m, and magnetocrystalline anisotropy
=0J/m’. The discretization cell size was 5nm x Snm x 5nm.
Applied fields in all simulations are oriented along the verti-
cal axis, consistent with the experimental results shown in
Figs. 2(a)-2(j). Figures 3(a)-3(c) show the progression of the
magnetization in the ring with the circular hole from an ini-
tial vortex state at zero applied field, through an onion state
at 50mT applied field, and finally to the uniform state
at 100 mT applied field. In these simulations, we find that at
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FIG. 3. Micromagnetic simulation of 10 um rings with a 7 um concentric
circular aperture (a) initialized in a vortex state, (b) under SO0mT vertical
field after (a), and (c) under 100 mT vertical field after (b). Ring with an
elliptical aperture (7 um x 3.5 um) (d) initialized in an anti-vortex state, (e)
under 10mT vertical field after (d), and (f) under 100 mT vertical field after
(e). Arrows correspond to the planar magnetization and color coding reflects
the out-of-plane magnetization component.

moderate negative fields, there is an onion-to-vortex transi-
tion, which agrees with the measured hysteresis loops and
MOIF images shown in Figs. 1, 2(1), and 2(m), respectively.
Micromagnetic configurations of the ring with the elliptical
hole for fields applied along the long-axis reveal the absence
of a vortex transition state, which is qualitatively in agree-
ment with the hysteresis loops in Fig. 1 and the MOIF
images in Fig. 2(f)-2(j). However, the calculations were not
able to produce the anti-vortex state seen in Figs. 2(g)-2(i).

Figure 3(d) is the closest micromagnetic representation
to our anti-vortex MOIF observations, but requires us to
relax the ring at zero applied field from an initial anti-vortex
state. This is additional confirmation that the non-uniform
configuration that we observed is the outcome of inhomoge-
neity and stochasticity that are not incorporated in the pre-
sent micromagnetics simulation, in which we assumed a
defect-free system with no significant role of thermal effects.
Additionally, our OOMMEF simulations show that by apply-
ing a moderate field to this state along the ellipse long axis
(10mT), we can switch the “anti-vortex” into an onion state
(Fig. 3(e)). Subsequently, with a sufficiently high applied
field (100mT), we are able to fully saturate the ring (Fig.
3(f)), which is qualitatively consistent with the behavior
observed in the MOIF images in Figs. 2(g)-2(1).

Lateral asymmetry in rings has been previously shown to
significantly influence the reversal character, dictating in par-
ticular, whether the ring magnetization evolves through a vor-
tex state. Lateral ring thickness asymmetry specifically has
been shown to enhance the probability of transitioning through
a vortex state.”” The present study has similarly explored the
role of asymmetry by implementing an asymmetry in the lat-
eral width of the rings through patterning of an elliptical hole
with an aspect ratio of 2. We find that the magnetization rota-
tion (Figs. 2(m) and 2(n)) observed for fields applied along the
ellipse short axis is consistent with reversal through vortex
rotation. On the other hand, the magnetization configurations
observed under fields applied along the long axis of the ellipse
reveal the incoherent reversal of an onion state, which can be
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seen in both the two-step magnetization reversal in Fig. 1 as
well as the “anti-vortex” configuration seen in the MOIF
images presented in Figs. 2(g)-2(i).

We note that the preferred vortex or onion configuration
induced by the ring width asymmetry is consistent with the
effects of ring thickness asymmetry described earlier. We addi-
tionally present metastable magnetic configurations during
reversal from an onion state into a reversed onion state. Our
micromagnetic simulations show that the “anti-vortex” config-
uration caused by incoherent onion reversal can be driven into
a more standard, onion configuration with the application of an
external field. This shows that the anti-vortex state is a transi-
tion state that transforms into an onion state under applied
field, which is in agreement with our MOIF images.

In conclusion, we have presented MOIF magnetometry
results on the role of internal geometry of microstructured
Permalloy rings. By breaking the symmetry of the rings, we
show that we can nearly eliminate the stability of the zero-flux
vortex state found in an identical ring with a concentric circu-
lar hole. The remanent magnetization along the long-ellipse
axis due to the added shape anisotropy was significantly
enhanced, relative to magnetization along the short-axis and
to the circular aperture ring. Furthermore, we saw the role of
stochastic remagnetization processes through MOIF imaging
of intermediate magnetization states along the long-ellipse
axis that are anti-vortex-like. MOIF magnetometry measure-
ments are obtained quickly, are non-destructive, and are well
suited to understanding the magnetization reversal processes
of materials on microscopic scales in transition from continu-
ous films to the nanoscale.
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