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We report on the magnetization reversal process in sub-100 nm NigoFes asymmetric ring. The switching mechanism involves a stable vortex
state due to the strong anisotropy imposed on the narrow arm of the ring. Experimental demonstration shows that such vortex configuration does
not annihilate until a large reversal field of 1200 Oe. The asymmetry of the structure promotes a unique reversal process, which gives us control
over the chirality of the vortex configuration. Micromagnetic simulations reveal that the highly stable vortex configuration is sustainable in the
asymmetric ring structures with a diameter as small as 30nm. © 2012 The Japan Society of Applied Physics

anoscale magnetic circular disks'? and rings®™
have been identified as potential recording elements
for next-generation storage media due to the merits
of simple and reproducible switching mechanisms.® The
studies of size-dependent magnetic configuration and mag-
netic switching process in thin-film patterned disk struc-
tures have been well established. For instance, the magnetic
configuration of a circular disk pattern is shown to change
from a vortex state to a single-domain state when the
diameter of the disk is reduced beyond a critical value.”
‘When the lateral dimension is smaller than this critical value,
the significant increase of the exchange energy will over-
shadow the magnetostatic energy, making the single-domain
state more favorable energetically.Y Towards achieving
ultrahigh-density recording, the size of the magnetic ele-
ments” has to be shrunk to the sub-100 nm range. The size-
dependent magnetic configuration can limit the disk applica-
tions as a recording element in magnetic memory devices.
Removing the vortex core in the disk to create a ring pattern
forms a ring vortex magnetic configuration, and the vortex
state is found to be relatively more stable.'>'? However,
with the ring size reduction, two issues arise. First, the
chirality of the vortex state is not controllable; it can be anti-
clockwise or clockwise. Second, the vortex state in the sub-
100 nm rings is only stable in the field range less than 100 Oe.
From the application viewpoint, the stability of the vortex
state is critical for use as a recording medium.'® Moreover,
the ability to manipulate the vortex state with a determined
chirality is also important. In the present work, we dem-
onstrate a persistent vortex in the sub-100nm asymmetric
ring. The vortex state is highly stable with a reversal field
of 1200 Oe. The magnetization on the narrow part of the
nanoring does not rotate until a large reverse field is applied
due to the strong shape anisotropy imposed on that area,
giving us the large coercivity. Additionally, the chirality of
the vortex state can be controlled via field history due to the
imposed geometrical asymmetry. Micromagnetic simulations
reveal that the controllable vortex state is sustainable in the
asymmetric ring with a diameter as small as 30 nm.
Asymmetric ring-shaped NigyFe,y (NiFe) nanomagnets
were fabricated using electron beam lithography and lift-
off processes. Magnetron sputtering technique was used to
grow Si/Ta (5nm)/NiFe (8 nm)/Ta (5nm) structures. The
Ta films were used as buffer and protection layers for the
NiFe. The sputtering pressure was maintained at 3.5 mTorr
and the base pressure was better than 3.0 x 1078 Torr.
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Fig. 1. Scanning electron microscopy image of an array of NiFe
asymmetric rings. The outer diameter D, of the asymmetric ring is 100 nm,
and the inner diameter D; is 50 nm.
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Fig. 2. Normalized MOKE hysteresis behavior measured on an array of
NiFe asymmetric rings with fields applied along the x-axis and y-axis
(inset).

Shown in Fig. 1(a) is a SEM image of an array of
asymmetric ring-shaped nanomagnets. The outer diameter
(D,) of the fabricated ring structure is 100 nm while the
inner diameter (D; = 0.5D,) is 50 nm. The asymmetry was
induced by offsetting the center of the inner circle by a
distance [/ (= 0.1D,) of 10nm], with respect to the center
of the outer circle. The spacing between the rings was
maintained at 200 nm. The asymmetry axis is defined as the
x-axis while the symmetry axis is defined as the y-axis.
Shown in Fig. 2 is the normalized hysteresis loop of the
NiFe asymmetric nanoring structure arrays measured by
magneto-optical Kerr effect (MOKE) magnetometry at room
temperature with fields applied along the x-axis. A multi jump
hysteresis loop is obtained. As the field strength is reduced
from +x saturation, the magnetization decreases gradually
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until a critical field of +100 Oe, corresponding to point A in
the loop. The gradual decrease of the magnetization along the
field direction is attributed to the change from single domain
state, where all the magnetization is aligned to the field
direction, to the onion state, where half of the magnetization
rotates clockwise and the other half rotates counter-clock-
wise. On reversing the field to —300 Oe, the magnetization
jumps rapidly corresponding to region AB in the loop. The
observed magnetization jump is attributed to the movement
of the transverse domain walls towards the narrow part of
the asymmetric ring.'? Since the domain wall energy'>'®
depends on the width of the ring arm, the narrow arm of the
asymmetric ring forms an energy well for the domain walls.
Consequently, all the domain walls nucleated during the
switching process move to the narrow arm of the asymmetric
ring. On further increasing the magnetic field in the negative
direction, the magnetization gains monotonically in the field
region —300 to —700 Oe, which is marked as region BC.
Following that, the magnetization shows a plateau like con-
dition (region CD), indicating that a stable state is present in
the asymmetric nanoring. This plateau like region signifies
the formation of a vortex configuration, where the magnetiza-
tion vectors align along the edge of the structure. As the field
is further increased in the —x-direction, a jump in magnetiza-
tion that leads to negative saturation (E) is observed.

When the magnetic field is applied along the y-direction, a
single switch hysteresis loop is obtained as shown in the inset
of Fig. 2. As the field is reduced from positive saturation to
—50 Oe, a switch in the magnetization occurs. When the field
is swept from negative saturation to positive saturation, the
magnetization switches at —50Oe. The switch at the rela-
tively low field produces a near-square loop. This is an
indication of a coherent rotation of the spins.'” As the field
is reduced from the total saturation state, the spin is expected
to align along the ring shape, i.e., an onion configuration.
Hence, the magnetization changes from onion to reverse
onion, without having any intermediate state. The MOKE
measurement produces a relatively low signal-to-noise ratio;
however, the different behaviors of the two reversal processes
can still be distinguished from the large coercvity that is only
found when the magnetic field is applied along the x-axis.

In order to aid our understanding of the reversal process in
the sub-100 nm asymmetric ring, micromagnetic simulations
were carried out with the field conditions corresponding to
those in Figs. 2(a) and 2(b). The magnetization configura-
tions and switching properties were obtained by using the
OOMMEF'® simulation program. The intrinsic parameters for
NiFe were used in the simulation: crystalline anisotropy
constant K; = 0, saturation magnetization M = 8.6 X 10°
Am~!, exchange stiffness A = 1.3 x 107" Jm~!, and
damping coefficient @ = 0.5. To model the reversal process
for fields applied along the y-direction, a large field of
6000 Oe was applied along the +4y-direction to saturate the
magnetization. When the field is decreased close to +300 Oe,
a positive onion spin configuration is formed, with two
domain walls nucleated at the symmetric axis and the spins
align along the ring shape. Upon reducing the field, the
magnetization gradually decreases and then switches abruptly
at a field close to zero. The magnetization then progressively
increases as the field is increased in the negative direction and
reaches negative saturation. The simulated spin configura-
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Fig. 3. Simulated hysteresis loops of NiFe asymmetric rings

(Do = 100nm, ¢t = 8 nm) and their spin configurations (insets). (a) A near-
square loop indicates a spin switching via coherent rotation when the field is
applied along the y-axis. A fully saturated loop is shown in the inset. (b) A
multi jump loop indicates a spin switching via the formation of a vortex
state when the field is applied along the x-axis. Insets are MFM images
scanned with in an situ magnetic field. The dotted circles are inserted for
reading guidance.

tions confirm our interpretation of the MOKE measurement
that the asymmetric ring structure adopts a switching process
where all the spins rotate coherently from the configurations
of negative onion to positive onion without going through
intermediate states.

The simulated M—H loop for fields applied along the
x-axis is shown in Fig. 3(b). When the field is reduced, a
significant decrease in magnetization is observed, spreading a
field distribution of around 300 Oe (A’B’). This is followed
by an abrupt magnetization drop (B'C’) at a critical field of
—10000e. Our simulated magnetic configurations have
revealed that the magnetization drop in the A’B’ region is
due to the movement of two transverse domain walls. The
transverse domain walls are nucleated at asymmetric axis
forming the onion state, and move to the narrow part of
the asymmetric ring to form a 360° domain wall. The B'C’
abrupt switch is caused by the annihilation of the 360°
domain wall leading to a vortex state. On the other hand, the
spin orientation of the wide arm remains unchanged, aligning
to the +x-direction. The interesting feature of this finding is
that the chirality of the vortex state, which is determined by
the spin orientation of the wide arm, can be decided on the
basis of the saturation field direction, in contrast to the case
of the symmetric rings. On increasing the negative field,
the magnetization reaches a quasi-stable plateau of C'D’, and
then another switch at E’. The switch at D'E’ is attributed
to the reversal of magnetization at the wide arm of the
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asymmetric ring. The C'D’ plateau region extends more than
1500 Oe and the simulated spin configurations show that a
stable vortex state is present. Thus, the switching process is
a transition from an onion to a reverse onion state via the
formation of the vortex state. The measured MOKE hystere-
sis loops are qualitatively confirmed from the simulation.
Some minor differences such as the simulated coercivity and
saturation field are relatively larger than the measured values.
These are possibly attributable to thermal fluctuations and
switching field distribution. As the thermal fluctuation is not
taken into consideration in the micromagnetic simulation, the
switching fields tend to be overestimated. The broadening of
the switching field in the BC region and the slanted measured
loops are due to the distribution of the switching fields in the
measured asymmetric nanoring samples.

In order to observe the magnetic configurations directly at
the above-mentioned regions, magnetic force microscopy
(MFM) scanning with in situ magnetic field was carried
out. The MFM images are shown in the insets of Figs. 3(a)
and 3(b). A lift-scan-height of 50 nm was used for all the
scanning. A large magnetic field of —3000 Oe was initially
applied along the y- or x-axis to magnetically saturate the
asymmetric ring structures; the field was then reduced to
—300 Oe to induce a magnetic state. When the field is in the
y-axis direction (symmetric axis), the MFM image shows
that an onion state with a domain wall at the narrow and
wide arms was obtained. When the field is applied along the
x-axis (asymmetric axis), a relatively low contrast MFM
image with a black region in the narrow arm was obtained,
which is corresponding to the domain wall at the narrow
arm. When the field is increased above +7500e, a lower
contrast MFM image indicating a vortex state was obtained.
The MFM results confirm that the plateau in our MOKE
hysteresis loop was due to the formation of the vortex state.

To further investigate the magnetic configuration at
smaller scales, systematic simulations were carried out on
asymmetric nanorings of different sizes (D, = 30, 50, and
70nm, D; = 0.5D, and [ = 0.1D,). The chosen thicknesses
t are 8, 12, and 16 nm. A representative of simulated hys-
teresis loops of the ring structures as a function of D, and ¢ is
shown in Fig. 4. The results can be categorized into single-
switched and double-switched hysteresis loops. The double-
switched loop, which corresponds to the switching process
via the formation of a vortex state, is observed in rings with
thickness larger than 12nm and a lateral size as small as
30nm. The single-switched loop is shown in 8- and 12-nm-
thick asymmetric rings of 30nm D,, showing single-domain
characteristics. Moreover, the saturation field of the double-
switched loop is much larger than that of the single-switched
loop. These two different switching properties shown are
mainly due to two reasons. First, in the larger (D, > 30 nm)
and thicker (r > 12nm) asymmetric rings, the introduction
of asymmetry into the ring structure has caused the con-
figuration stability of the formed onion state to be smaller
than that in the symmetric ring. Second, the domain wall
energy well in the narrow arm has induced a selective
movement of the domain walls of the onion state, rendering
the vortex state more favorable. When the lateral size
and film thickness in the asymmetric ring shrink further
(Do < 30nm, r < 12nm), the significant increase of the
exchange energy renders the vortex state unfavorable.
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Fig. 4. Hysteresis loops simulated as a function of diameter and thickness
of the NiFe asymmetric ring. For each loop, the horizontal axis is the
applied field and the vertical axis is the normalized magnetization. The field
is applied along the x-axis. The results show that the vortex state remains in
the asymmetric ring with a diameter as small as 30 nm.

In summary, combining MOKE measurement, micro-
magnetic simulations, and MFM scanning on sub-100 nm
asymmetric rings, we have revealed that the switching
process is field orientation dependent. When the external
field is applied along the y-axis, the magnetization switches
via a key process of onion-reverse onion with all the spins
rotating coherently, whereas that of the x-axis, the mag-
netization switches via a process of onion-vortex-reverse
onion. The observed intermediate vortex state is highly
stable and the chirality of the vortex state is controllable.
The vortex state is persistently existent even when the ring
diameter approaches a small lateral dimension, i.e., 30 nm,
which is smaller than the critical size of the disk pattern. The
highly stable vortex state and its chirality control feature
in the asymmetric ring have promising applications in
magnetic recording devices.
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