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Magnetic configurations in 160–520-nm-diameter ferromagnetic rings
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The remanent states and hysteretic behavior of thin-film magnetic rings has been investigated experimentally
and by micromagnetic modeling. Rings of diameters 160–520 nm, made from Co using lift-off processing,
show three distinct remanent states: a vortex state, an ‘‘onion’’ state with two head-on walls, and a ‘‘twisted’’
state containing a 360° wall. The range of stability of these states varies with ring geometry, with smaller width
rings showing higher switching fields and greater variability.
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I. INTRODUCTION

Magnetic ring-shaped structures have been studied
many years, and macroscopic ferrite rings were used in c
memory, an early magnetic data storage device, over
years ago.1 More recently, there has been an upsurge in
terest in small thin-film ring-shaped structures~for a review
see Ref. 2!, motivated in part by their proposed use in ma
netic random access memories.3,4 One appealing feature o
thin-film rings is the existence of well-defined remane
states, which could be used to store one or more data bi
each ring. Previous work in micron- and submicron-diame
rings5–14 has confirmed the existence of distinct ‘‘vortex
states, where the magnetization runs clockwise or coun
clockwise around the ring, and ‘‘onion’’ or bidomain stat
which contain two head-on (180°) walls at opposite ends
a diameter. Lately a third state, called a ‘‘twisted’’ state, w
identified in submicron rings:15 this consists of a vortex stat
containing a 360° wall. Although metastable with respec
the vortex state, the twisted state can exist over a rang
fields and at remanence. The twisted state has also rec
been proposed for use in magnetic random access memo4

in which the ring is switched between two twisted states b
small circumferential field.

The behavior of thin-film rings has been explored by s
eral groups as a function of the geometry of the ring. T
ring can be parametrized by its outer diameterd, its widthw
~i.e., the inner diameter is given byd-2w), and its thickness
t. The majority of experimental work has been carried out
rings with outer diameters from about 500 nm up to seve
microns,5–14 but rings with d590 nm and above,2 d
5180– 520 nm,15 and octagonal ring shapes withd
5300– 800 nm~Ref. 16! have also been investigated. All th
rings exhibit vortex and onion states, and transitions betw
the states occur by the movement, formation or combina
of domain walls. For instance, a vortex state is formed fr
an onion state by the unpinning of one wall and its mo
ment around the ring until it combines with the other wall.
contrast, twisted states have only been observed in
smaller rings, with diameters of about 500 nm and below15

This may be a result of the transverse~Néel! micromagnetic
structure of the head-on walls in the onion state in sma
rings, which makes the formation of a metastable 360° w
more likely.

Deep-submicron diameter rings are interesting becaus
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or
re
ty
-

-

t
in
r

r-

f
s

o
of
tly
es
a

-
e

n
l

n
n

-

he

r
ll

of

potential applications in high-density devices, and it is the
fore important to explore the effect of diameter, width a
thickness on ring behavior, in particular the formation a
stability of the twisted state. Previous work has shown t
the switching field for the onion-vortex transition increas
with increasing diameter and film thickness and decrea
with increasing width,12 and that the vortex state is les
likely to occur in rings made from thinner films.2 However,
there has not been any detailed investigation of the forma
and stability of the twisted state. In this paper, the behav
of Co rings with diameters of 160–520 nm has been inv
tigated as a function of diameter and width. Results are co
pared with the predictions of a micromagnetic model, wh
reproduces the existence of vortex, onion, and twisted sta

II. EXPERIMENTAL METHODS

Circular Co rings were fabricated using a Raith-1
electron-beam lithography system17 and liftoff processing.
To avoid edge roughness due to pixellation, the rings w
written by scanning the electron-beam along parallel sing
pixel circular trajectories. Typically 10 fields with an area
1003100mm2 were written with increasing electron-bea
dose. Each of these fields contained nine 838 arrays of rings
of various dimensions written in a 120 nm thick polymet
ylmethacrylate layer, spun onto 39 diameter Si~100! wafers.
The resist was developed in a 2:1 solution of isopropyl al
hol and methylisobutylketone at a temperature of 21 °C
90 sec. After development of the resist, Co~12nm!/ Au
~3nm! bilayers were deposited onto the patterns by electr
beam evaporation and a final lift-off step i
n-methylpyrrolidone at 120 °C was performed. The rings h
a width variation of less than 10 nm. Figure 1 shows a sc
matic representation of the lithography processing, as we
corresponding scanning electron micrographs~SEM’s! after
the metal evaporation onto the resist and after the lift-
step. The films were polycrystalline with grain size of ord
10 nm. In the present work we investigate circular Co rin
with thickness of 12 nm, outer diameters ranging from 160
520 nm, and widths of 30 nm and above.

A Zeiss LEO 982 scanning electron microscope w
Gemini column was used to image the structures. Magn
states were determined using a Digital Instruments Na
scope magnetic force microscope~MFM! with a low-
moment tip, typically at 35 nm lift height. MFM tips ca
©2004 The American Physical Society21-1
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produce significant fringing fields,18 with components both
parallel and perpendicular to the sample surface, but~unlike
similarly sized NiFe rings! we found no evidence of tip
induced perturbation of the magnetic states of the Co ri
during repeated scans in different directions. This is att
uted to the high switching fields of the Co rings. To imag
the rings were first saturated in an in-plane field of 10 kOe
an electromagnet, then imaged at remanence. Revers
plane fields of different magnitudes and opposite direction
that of the saturating field were then applied and remov
and the rings again imaged at remanence. Remanence im
were taken every 70–100 Oe. The reverse in-plane fie
were appliedin situ in the MFM using permanent magne
on an adjustable holder, which were calibrated prior to
experiments. The maximum field that could be applied at
sample was 2500 Oe.

Micromagnetic simulations were performed using tw
dimensionalOOMMF software, available from NIST~Na-
tional Institute of Standards and Technology!. Circular ring
shapes with equivalent dimensions to those of the exp
mental structures were discretized into 5 nm35 nm square
elements. Simulations were also made with 2 nm square
ements which gave similar results for switching fields. T
model used parameters appropriate for hcp Co~exchange
constant A5331026 erg/cm, saturation momentMs
51422 emu/cm3, and anisotropyK155.23106 erg/cm3),
with a damping coefficient of 1. The direction of the uniax
anisotropy within each square element was varied rando
in three dimensions to simulate a polycrystalline film. T
remanent loops were calculated by equilibrating the m
netic structure at an applied field, then setting the field
zero, equilibrating the magnetization again and then reca
lating the remanent magnetization.

III. RESULTS

A. Hysteresis of rings as a function of width and diameter

In all the arrays investigated, MFM indicates that t
onion state is present at remanence after saturating the

FIG. 1. Schematic representation of the lithographic process
~a! after thee-beam exposure and resist development,~b! after the
metal evaporation, and~c! after the lift-off step. Part~d! shows a
SEM corresponding to step~b!, while ~e! corresponds to step~c!, in
an array of rings with outer diameter of 160 nm and width of
nm.
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at a high field. As the reverse field is increased, the rin
typically switch into a twisted state and then into a vort
state, and eventually into a reverse onion state. By appro
ate field cycling, all of these states can be imaged at re
nence. Figure 2 shows remanent MFM images of oni
twisted and vortex states in rings of different dimensio
Onion states are characterized by dark and light contras
opposite sides of the ring, the 360° wall in the twisted st
shows as a dark-light pair, and the vortex state shows
contrast.

Based on the MFM data, a qualitative remanence loop
an individual ring can be constructed by assigning a rem
nence of zero for the twisted or vortex state and61 for the
onion state. An example is shown in Fig. 3 for a 520 n
diameter ring. The zero-moment plateau corresponds to
twisted and vortex states. Two switching fieldsHC1 and
HC2 , corresponding to the destruction of the onion state a
the creation of the reverse onion state, respectively,2,5–16can
be measured from the remanence loops.

Individual rings show a range of switching fields, so
obtain average values, the collective remanence loop o
array of typically 64 rings was constructed from MFM dat
Figure 4 shows how the remanence loops of ring arrays v
with ring diameter and ring width. The fieldsHC1 andHC2
both increase with decreasing ring width, as shown in Ta
I. The dependence of switching fields on diameter is weak
from the tableHC1 changes little or increases with increasin
diameter, whileHC2 decreases. This corresponds to a wid
zero-remanence plateau for smaller-diameter rings. Additi
ally, the switching field distribution is greater for narrow
rings.

g,

FIG. 2. Top row: SEM images of rings with outer diameters
500~left!, 360~middle!, and 180 nm~right column!. The larger ring
is shown in plan view while the other rings are shown tilted. Midd
row: MFM remanent images after saturating the sample in a h
zontal field of 10 kOe, showing onion states. Bottom row: MF
scans after applying reversing fields of 216, 1000, and 1700
respectively. The images show twisted states, except for two of
smallest rings which are in the vortex state and therefore show
contrast.
1-2
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MAGNETIC CONFIGURATIONS IN 160–520-NM- . . . PHYSICAL REVIEW B 69, 144421 ~2004!
Figure 4~b! also shows a minor loop for an array of ring
with diameter 360 nm and width 110 nm. After positive sa
ration, a reverse field of 1370 Oe was applied briefly, wh
put all of the rings into the vortex state. An increasing po
tive field was then applied. At a field ofHC2 , the forward

FIG. 3. MFM images of a 520-nm-diameter Co ring showing t
evolution of remanent magnetic states in the ring as a function
reverse field, at 0, 108, 179, and 460 Oe. The arrows on the s
matic representation of the states indicate the magnetization d
tions in the ring.~a! Onion state,~b! twisted state,~c! vortex state,
~d! reverse onion state. At the center, a remanence loop of the
has been constructed from these and other MFM images.

FIG. 4. ~a! Remanence loops deduced from MFM data for rin
with outer diameter of 520 nm and widths of 110, 135, and 170 n
The solid lines are provided for clarity and one of the data set
mirrored to illustrate the entire remanent loop.~b! Remanent hys-
teresis loops for arrays of rings with outer diameter of 360 nm
widths 110 or 160 nm, and for rings with diameter 180 nm a
width 40 nm. Note that the field scale is different from that in~a!. A
minor remanent loop for the 360 nm diameter, 110 nm wide ring
also shown in which a reverse field of 1370 Oe was applied
generate vortex states, then the field was increased back to po
saturation.
14442
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onion state formed, shown in the minor remanence lo
However, in a separate experiment to those undertake
deduce the minor loop, rings were initially magnetized in
twisted states by a smaller reverse field, then an increa
positive field was applied. Average positive fields of 100 a
200 Oe were required to switch twisted states into forwa
onion states in nanorings with outer diameter of 520 nm a
widths of 170 and 110 nm, respectively. This indicates t
only a relatively small field is needed to separate the 36
wall into its two component head-on walls.

Although individual rings behave reproducibly on r
peated scans, there is a wide range of behavior betw
nominally identical rings. An indication of the variation i
behavior can be obtained by plotting the range of fields o
which a twisted state is observed in the rings of an array. T
field ranges for the existence of twisted states of several 5
nm-diameter Co rings are shown in Fig. 5. The twisted st
in some rings is found over field ranges of several hund
Oe, while in other rings the state is short lived. The narro
est rings show the most variation in the stability of t
twisted states.

B. Morphology of the twisted state

There are four variants of the twisted state depending
which of the two domain walls in the initial onion stat
moved around the ring and which direction it moved. Fo
variants observed in a 520-nm diameter ring array are sh
in Fig. 6, two with clockwise and two with counterclockwis
magnetization directions. The variants occurred with eq
frequency in each array. Although it cannot be imaged
rectly by MFM, once a vortex state forms from a twiste
state, the vortex necessarily maintains the magnetization
rection of the twisted state that precedes it.

All the twisted states in an array of rings of the sam
geometry have similar appearance in the MFM images. T
arc angle between the domain walls was estimated by m
suring the angleu between the lines joining the center of th
ring to the centers of the dark and light MFM contrast,
indicated in Fig. 6~b!. For rings with diameters below 20
nm, quantitative measurement was not possible because
difficult to resolve the positions of the walls with respect
the center of the ring. Results for 360–520 nm diameter ri
are shown in Table I, along with the corresponding leng
along the circumference of the ring. The uniformity of th
angle for a given ring width and diameter makes it unlike
that creation of the twisted state is controlled by rand
pinning of the walls. Pinning of walls is seen occasiona
but this gives a different MFM contrast, as exemplified
Figs. 6~e!, 6~f!. Figure 7 shows the wall angles measured
the twisted, pinned and onion states seen in an array of 5
nm-diameter 170-nm wide rings.

As the ring becomes wider, the angle between the t
component head-on walls, and the overall length of the 3
wall in the twisted state decreases. For a constant ring wi
the arc length is constant within the error of the measu
ment. In rare cases, other, more complex states were
served, for instance, a double twisted state consisting of
360° walls, as well as a triple twisted state containing a 54
wall were reported in 520 nm diameter rings.15
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TABLE I. Data for the switching fields, the arc angleu between the positions of maximum contrast in t
MFM images of twisted states, and the corresponding length of the feature in the MFM images, for ri
different geometries. Data for the arc angles was based on measuring 5–15 rings of each size.

Ring
diameter,

nm

Ring
width,

nm
HC1 ,
Oe

HC2 ,
Oe

Angle u between
walls in the
twisted state,

deg.

Circumferential
length of twisted

state, nm

520 170 170 410 3368 150636
520 135 330 690 2466 109627
520 110 470 850 2062 9169
360 160 150 850 39611 123635
360 110 240 1900 3268 100625
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C. Modeling results

Both remanence loops and conventional hysteresis lo
were simulated for single rings with dimensions match
those fabricated. Figure 8 shows calculated hysteresis lo
for a 360 nm diameter, 110 or 160 nm wide ring. The mo
reproduces the decrease in switching field with increas
ring width observed experimentally. There is a reasona
quantitative agreement between calculated switching fie
and the measured average switching fields, except tha
model underestimatesHC2 for the narrower ring.

Figure 9 shows the calculated remanence loop for the
of 520 nm diameter and 110 nm width, along with images
the magnetization state of the ring at different stages in
magnetization reversal. Remanence loops display sha
transitions and a lower saturation magnetization than hys
esis loops because the moments relax along the edges o
rings at remanence. The model reproduces the states
served in the MFM images in Fig. 3. In particular, the ang
between the midpoints of the head-on domain walls in
twisted state is 25°, which compares well with the measu
value of 20 (62)° from the MFM measurements.

FIG. 5. Field stability ranges for the twisted states seen in th
different arrays of 520-nm-diameter Co rings of width 110, 135, a
170 nm, respectively. Each bar represents the range over whic
twisted state was seen in an individual ring. Some rings h
twisted states that persist over hundreds of Oe while others sh
twisted state only over a small field range.
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IV. DISCUSSION

The rings in this study are sufficiently narrow and th
that the domain walls have an in-plane, transve
character,20 and transitions between the magnetic states
accomplished by the creation, movement or annihilation
transverse walls. The switching fieldHC1 represents the field
at which the onion state is destroyed by the unpinning a
movement of one domain wall, whileHC2 is the field at
which the reverse onion state is formed from a wall-fr
vortex state by creation of a reverse domain followed

e
d
the
e
a

FIG. 6. Top: SEM of several 520 nm diameter, 170 nm wi
rings. Below, MFM images~a!–~d! demonstrate four variants of th
twisted state seen in four different rings. In~b! the angleu between
the domain walls is defined.~e!,~f! Examples of pinned states.
1-4
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MAGNETIC CONFIGURATIONS IN 160–520-NM- . . . PHYSICAL REVIEW B 69, 144421 ~2004!
FIG. 7. Histogram of the angles between the domain walls in
rings, 520 nm in diameter, and 170 nm wide. The distribution
angles between the walls in the twisted state is centered at 33°.
distribution of angles between the walls in the onion state is c
tered at 180° while the angles in the pinned states vary.

FIG. 8. The simulated hysteresis loop for rings with outer dia
eter of 360 nm and widths of 110 and 160 nm.
14442
separation of a domain wall pair, at a region of the ri
magnetized antiparallel to the applied field. AtHC1 , the
movement of one of the domain walls and its combinat
with the other to make a 360° wall produces an intermed
metastable twisted state; the twisted state then decomp
into the vortex by the annihilation of the 360° wall at a fie
intermediate betweenHC1 andHC2 . This intermediate field
is difficult to measure by conventional magnetometry, b
cause the twisted and vortex states have little or no mom
but the transition can be detected using MFM. Many of t
rings in this work showed the onion-twisted-vortex-rever
onion state sequence upon field cycling. In some rin
twisted states were not seen, which indicates either di
transitions between the onion and vortex states, or a sm
stability range of the twisted state compared to the field s
size between measurements. Larger rings, on the mic
scale, have not been reported to show twisted states bec
the 360° wall is unstable in wider structures15 and easily
annihilates to produce a vortex state.

For the ring geometries and film thickness studied he
the ring width is the key parameter in controlling the switc
ing fields, with ring diameter secondary. BothHC1 andHC2
increase for narrower rings, in agreement with previo
results.2,12,19 HC1 is expected to be lower for wider ring
where the potential energy landscape in which the w
moves, which is affected by the various microstructural a
shape irregularities in the ring, is flatter. The increase inHC2
with decreasing width can be attributed to the increasing
ficulty for narrower rings in rotating the moments away fro
the edge of the ring to form a reverse domain.21 Changes in
the switching fields with diameter are less dramatic, es
cially for wider rings. The data suggest little if any increa
in HC1 , but a decrease inHC2 with increasing diameter
Both HC1 andHC2 have a wider switching field distribution
for smaller and narrower rings. Data from elliptical rings
constant width19 shows little effect of the radius of curvatur
on HC1 , butHC2 is lower when the reverse domain is nucl

o
f
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d
s
ed
FIG. 9. Simulated remanence loop for a rin
structure with outer diameter of 520 nm an
width of 110 nm. Images of the different state
during magnetization reversal are also depict
for the data points at zero field~onion state!, at
500 ~twisted state!, at 800 ~vortex state!, and
1100 Oe~reverse onion state!.
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ated in the more sharply curved section of the ring.
The size of the 360° wall in the ring is governed by co

petition between exchange energy, which is minimized b
greater separation between the two constituent 180° w
and magnetostatic attraction between the constituent w
due to their stray fields. The circumferential length of t
360° wall, and the arc angle which it subtends at the ce
of the ring, therefore depend on the geometry of the ri
The length of the 360° wall is smaller in narrower rin
because the total exchange energy is smaller, allowing
walls to approach more closely, while in rings with the sa
width, the length of the wall along the circumference is sim
lar for different ring diameters. In the example of Fig. 9, t
arc angle subtended by the 360° wall is similar to that m
sured experimentally.

The behavior of rings, as with other lithographically pa
terned magnetic elements~for example, Ref. 22!, shows con-
siderable variability between nominally identical structur
The switching fields for transitions between micromagne
configurations depend on defects or imperfections in
ring, which affect domain wall generation, pinning, an
movement. For a twisted state to form at all, one wall in
onion state must move before the other. In a perfectly sy
metrical ring the two walls are expected to move simul
neously and the ring would switch from the onion to reve
onion state without forming intermediate states.5 In practice,
some edge roughness or microstructural irregularity will
ways break the symmetry of the system. Edge roughnes
grain size are more significant in smaller patterned str
tures, leading to the greater switching field distributions a
twisted state stability ranges seen in the smaller and narro
rings. Notably, in a few rings the pinning sites are stro
enough to lead to ‘‘pinned states’’ with domain walls prese
at positions different from those characteristic of either on
or twisted states. We observed twisted and pinned st
more frequently in rings with greater edge roughness. T
twisted state can be reproduced by micromagnetic sim
tions, because the edge roughness due to the discretiz
and the random 3D magnetocrystalline anisotropy inclu
in the simulations break the symmetry of the ring.

From the equal probability of appearance of the four va
ants~Fig. 6! of the twisted states, it appears that the choice
which wall moves first, and which direction it moves arou
the ring, is random. This choice ultimately determines
circulation direction of the resulting vortex state. By pinnin
one wall, for instance, with a notch, some control can
imposed over the eventual circulation direction of t
vortex,11 and therefore also over which variant of the prece
ing twisted state forms.

The minor loop data shows that, as expected, the for
tion of an onion state from a vortex state occurs atHC2
irrespective of the direction of the applied field. A simil
result was reported for micron-size rings, in which the on
state formed at the same fieldHC2 for both the minor and
major loops.5 However, if the field direction is instead re
versed when the ring is magnetized in a twisted state,
field will act to separate the two 180° walls and recreate
original onion state. Since domain wall nucleation is not
quired, the recreation of the onion state is expected to oc
14442
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at a field smaller thanHC2 . Observations on several ring
confirmed this expectation qualitatively.

This work has shown that small rings commonly reve
via intermediate metastable twisted states. The rema
state of a ring could conceivably be chosen from one of ei
possibilities~two onion states, four variants of the twiste
state, and two different vortex states!, or even more complex
configurations15 under appropriate field cycling, provide
that pinning sites for the walls can be controlled. This cou
be useful in devices such as magnetic random access m
ries, where each ring might store several bits. Readbac
the various states could be accomplished by making the r
from magnetoresistive multilayer stacks, and measuring
resistance of the ring under a small perturbing field. A on
bit-per-ring scheme using two twisted states has already b
proposed.4 Even if only the vortex states are used for da
storage, to take advantage of their zero stray fields,3 transi-
tions between them are likely to involve onion or twiste
intermediate states, and the switching process will there
depend on the behavior of domain walls within the rings.
with conventional magnetic random access memory c
made from elongated or tapered elements, the ultimate
fulness of such devices will depend on whether the intrin
variability between the elements can be controlled. This
pends on controlling microstructural inhomogeneity, for e
ample, by using an amorphous or single crystal material
one with a low magnetocrystalline anisotropy, and reduc
edge roughness by improvements in the lithography and
terning processes.

V. CONCLUSIONS

Ferromagnetic thin-film rings with diameters of 160–5
nm, made from 12-nm-thick Co, commonly transform fro
an onion ~bidomain! to a vortex ~flux-closed! state via an
intermediate metastable twisted state, which contains a 3
wall. Twisted states can be stable over a wide field range,
have a distinctive micromagnetic structure in which the s
tial extent of the 360° wall, determined by exchange a
magnetostatic interactions, depends on the ring width.
cromagnetic modeling also reproduces the formation of
twisted state during the reversal of a ring. The measu
switching fields for transitions between the onion, vortex a
twisted states increase with decreasing ring width, vary l
strongly with diameter, and show significant switching fie
distribution. The transitions between the states depend on
movement, creation and annihilation of domain walls and
therefore highly sensitive to microstructural and shape
regularities.
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