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Metastable states in magnetic nanorings
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Magnetization states and hysteresis behavior of small ferromagnetic rings, of diameters 180–520 nm, have
been investigated using magnetic force microscopy. In addition to the expected bi-domain~‘‘onion’’ ! and
flux-closed~‘‘vortex’’ ! magnetization states, a metastable state has been found. This ‘‘twisted’’ state contains a
360° domain wall which can exist over a wide range of applied fields. Four possible configurations of the
twisted state are possible. Micromagnetic modeling shows that the twisted state is stabilised in small diameter,
narrow rings. Additionally, more complex configurations such as double twisted states with two 360° walls
have been observed.
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INTRODUCTION

There is increasing interest in the magnetic properties
small magnetic solids~nanomagnets!, with thicknesses of a
few nanometers and deep-submicron lateral dimension1,2

These structures can be engineered to display different s
magnetized states depending on their shape, dimensions
composition. An understanding of the stability of differe
states, and the ability to control the switching field, enab
nanomagnets to find application in high-density magne
random access memories,2 magnetic logic,3 or other magne-
toelectronic devices. The majority of work has been carr
out on magnetic discs, wires, or bars, but ring-shaped m
nets have recently been the subject of several theoretical4 and
experimental5–8 studies. The ring shape is particularly inte
esting because of the existence of flux-closed magnetic
figurations ~‘‘vortex’’ states!, in which the magnetization
runs circumferentially around the ring, either clockwise
counterclockwise, which may make rings ideal candida
for high-density storage devices.4 The transitions between
the magnetic states in rings can give information about
nucleation, movement and annihilation of domain walls
well-controlled structures.

To date, micron-size rings5,6 and 300–800 nm wide oc
tagonal ring structures7,8 have been produced. The expe
mental results support the existence of just two differ
magnetic states: one being the flux-closure or ‘‘vortex’’ st
and the other a state with two domain walls, known as
‘‘onion’’ state. However, the behavior of submicron circul
rings has not been investigated, and fundamental ques
remain, in particular which magnetic states are stable,
the mechanism by which the ring switches from one state
another. We have fabricated circular rings with diameters
180 nm and above, and widths of 30 nm and above, and h
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characterized and modeled their magnetic behavior.
the present paper we present clear experimental evide
for the existence of additional magnetic states in submic
ring-shaped ferromagnets, and discuss the evolution
the magnetic state of small rings as a function of appl
field.

EXPERIMENTAL METHODS

Nanorings were fabricated by a liftoff process from rin
shaped patterns written into a resist layer by electron-be
lithography. To create shapes as close as possible to a pe
ring, the electron beam was deflected in a circular traject
with a precision of 2 nm. Circles were made using sing
pixel lines spaced 18 nm. By varying the number of sing
pixel lines and thee-beam dose, rings with submicron d
mensions were produced. The nanorings had ou
diameters of 180–520 nm and widths of 30–200 nm. Ma
netic films of Co or permalloy (Ni80Fe20) with thicknesses of
10 nm were deposited onto the resist patterns. To prev
oxidation, magnetic films were coated with 3 nm of C
or Au. The films were made either by electron-beam eva
ration in a chamber with a base pressure of 1026 Torr, or
by ion-beam sputtering at 0.1 mTorr in a chamber w
a base pressure of 1029 Torr. In each case the films wer
polycrystalline with grain size of approximately 10 nm
and substrates were oxidized silicon. As an example, Fig
shows arrays of nanorings with varying dimensions.

The magnetic states of the nanorings were imaged
magnetic force microscopy~MFM!, using a Digital Instru-
ments Nanoscope with a low-moment commercial tip. T
tip height during scanning was typically 35 nm. The nan
ings were saturated in an in-plane magnetic field of 1 T, th
the field was removed and the rings were imaged at re
©2003 The American Physical Society25-1
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nence. Further images were recorded after applying then
moving reverse fields of various amplitudes, using perm
nent magnets attached to an adjustable fixture.

RESULTS AND DISCUSSION

Figures 2~a!–2~f! show the evolution of the magneti
states of one 520-nm diameter Co ring as a function of
verse field. After saturation, the ring is present in an on
state~shown schematically in the top panel of Fig. 2!, which
is characterized by dark and light contrast at opposite s
of the ring originating from the two domain walls. At a ce
tain reverse field, in this case 299 Oe, the ring ‘‘disappea
from the image as a vortex state forms, Fig. 2~e!. The vortex
has zero external field so it does not produce any MFM c
trast. Both the onion and vortex states have been ident
previously in rings.5,7 However, over a range of field
smaller than that needed to produce the vortex state, a sta
visible which we call a twisted state. This state, which can
seen in Figs. 2~c! and 2~d!, is characterized by adjacent ligh
and dark contrast at one side of the ring. There are f
possible variants of the twisted state, depending whether
dark-light contrast is on the left or right of the ring, an
whether the dark spot is above or below the light spot. All
these variants have been observed in our arrays. This be
ior contrasts with that seen in larger rings where a dir
transition from an onion to a vortex was reported.5 Although
Fig. 2 shows a 520 nm diameter ring, similar magnetizat
states can be seen in 180 and 360 nm rings, though the
ages have less contrast due to the lower moment of the ri

From the MFM, it appears that the twisted state is form
from the onion state by the movement of one wall around
ring until it reaches the other wall. Significantly, the resulti
configuration can have an extensive range of stability w
respect to applied field. Although common, the twisted st
is not seen in all rings in an array. For instance, out of
rings similar to that of Fig. 2~a!, 15 showed twisted states
Figure 2~g! shows the stability ranges for the twisted sta
seen in these 15 rings: in one ring the twisted state exi
for applied fields between 60 and 460 Oe. The twisted st

FIG. 1. Plan-view and tilted scanning electron micrographs
four arrays of Co rings with diameters and widths of~a! 520 and
120 nm,~b! 360 and 160 nm,~c! 190 and 30 nm, and~d! 180 and 50
nm.
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do not represent a configuration where two domain walls
coincidentally pinned next to one another by an irregular
in the ring. If that were the case, we might expect to s
other examples where walls are pinned at different positi
around the rings. All of our twisted states have the sa
MFM contrast, so appear to represent a distinct magn
state containing two interacting walls that do not annihila
each other. At sufficiently high fields, the twisted states tu
into vortex states and eventually into onion states of oppo
orientation to the starting state, as shown in Fig. 2~f!.

Within the arrays, there is a range of behavior, evid
from Fig. 2~g!. The transitions between onion, twisted, a
vortex states occur at different fields for individual ring
Some rings do not show twisted states, indicating a dir
transition from the onion to the vortex state or even from
onion to the reverse onion state;5 another possibility is that
the stability range of the twisted state in these rings
smaller than the field intervals used for imaging. Trends
behavior can be followed by plotting collective hystere
loops for arrays of 64 rings, based on the MFM images
the original saturating field is applied in the1x in-plane
direction, then a moment of61 is assigned to rings showin
an onion state oriented along6x, and 0 for a vortex or
twisted state. Figures 2~h! and 3 show hysteresis loops fo
arrays of rings, 520 nm diameter and 360 nm diameter,

f

FIG. 2. At the top, a schematic of the onion, twisted and vor
states in a ring. Below, data from a 520 nm diameter ring:~a! an
atomic force micrograph.~b!–~f! a sequence of MFM images mea
sured at remanence after first saturating the sample at 10 000
then applying and removing a reverse field of~b! 28 Oe,~c! 162 Oe,
~d! 267 Oe,~e! 299 Oe, and~f! 496 Oe.~g! a plot showing the range
of stability of the twisted state for 15 rings out of a 64-ring arra
for rings of diameter 520 nm and width 175 nm. Each of the ho
zontal bars represents the field range over which the twisted s
was seen in an individual ring; there is a wide range of behavior.~h!
Remanent hysteresis loop of the 64-ring array. The low-field s
corresponding to the formation of twisted or vortex states,
smoothed out by the variability in switching field between ind
vidual rings.
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spectively. Two steps can be seen in the loops, as reporte
larger rings:5,7,9a low-field step corresponding to the destru
tion of the positive onion state, and a high-field step cor
sponding to the creation of the reverse onion state. Betw
these steps is a plateau region corresponding to the exist
of vortex or twisted states. The steps occur at higher fie
for rings with narrower widths.

The differences in response of individual rings are attr
uted to edge roughness or microstructural variation, wh
can locally alter the nucleation or pinning fields of doma
walls.5,10,11 For instance, notches are known to pin walls
rings.12 An edge roughness of a few nm is inevitable duri
lithographic processing, and the random orientation of gra
within the films also causes local variations in magnetocr
talline anisotropy. These small-scale fluctuations make
likely that one wall will begin to move at a lower applie
field than the other, leading to the formation of a twisted
vortex state, instead of a direct transition from one on
state to the other by the simultaneous movement of the
walls.5 It is worth pointing out that since the twisted stat
have almost zero remanence, magnetometry methods w
be incapable of distinguishing between vortex and twis
states. In contrast to Co rings, NiFe showed much sma
switching fields, and the magnetic states were strongly
turbed by the low-moment tip, preventing quantitative me
surements of switching fields.

To characterize the twisted state it is necessary to cons
the nature of the domain walls in narrow thin-film structure
In the onion state, two head-on domain walls are presen
each nanoring. Such head-on walls can have different m
netic configurations depending on the width and thicknes
the magnetic strip. For narrow, thin rectangular strips,
wall has a transverse~Néel! character in which all moment
lie in plane, while head-on walls in wider strips have a flu
closure structure containing an out-of-plane vortex.13 We
used a 3D micromagnetic model14 to calculate equilibrium
magnetization states in magnetic rings, neglecting magn
crystalline anisotropy. Rings are discretized into cubic ce
typically 2 nm across, and the Landau-Lifschitz-Gilbe
equation is solved for the magnetization in each cell us

FIG. 3. Remanent hysteresis loops calculated from MFM d
for two arrays with ring diameters of 360 nm and widths of 110 a
160 nm, similar to Fig. 1~b!. The steps showing the destruction
the initial onion state and the formation of the reverse onion s
~at higher field! are clear.
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the saturation moment for Co, an exchange constan
1026 erg cm21, a gyromagnetic ratio of 0.0179 Oe s21 and a
damping constant of 1 to obtain rapid convergence. For n
row Co rings we found that the head-on walls have a tra
verse character, in agreement with other results
rings6,7,15,16and rectangular strips.13 As an example, Fig. 4~a!
shows a remanent onion-state obtained by equilibration a
in-plane saturation.

The transition from the onion state to the vortex state
been studied previously using micromagnetics. If one wal
pinned by a notch or other asymmetry in the ring then
vortex state forms by the movement of the unpinned w
until it annihilates the pinned wall.5,15–17However, our mod-
eling showed that instead of the walls annihilating, it is a
possible for a stable configuration to form which is ana
gous to a 360° head-on wall which has been described
narrow thin-film strips.14,18,19 In this structure, the magneti
zation rotates through 360° about an axis perpendicula
the film plane. We were able to model this structure by a
ficially placing four transverse domain walls in a ring an
allowing the structure to equilibrate. This leads to a config
ration which contains two pairs of walls, as shown in F
4~b!. Each pair forms a complete 360° wall with in-plan
moments. Of course, the 360° walls are metastable sta
having a higher energy~both exchange and magnetostat!
than a vortex state, but the 360° wall in the model represe
a local energy minimum and cannot relax into a vortex st
unless it is perturbed. Such structures have been mode18

and observed by electron microscopy19 in rectangular thin
film strips, but not previously in rings. Notably, our modelin
showed that the walls in wider rings have a flux-closu
structure, and annihilate more easily to produce a vor
state in the ring. Larger rings are therefore less likely
support twisted states.

a
d

te

FIG. 4. Micromagnetic simulations of magnetization patterns
150 nm diameter, 30 nm wide, and 10 nm thick rings.~a! Onion
state obtained by saturating the magnetization in plane, then re
ing at zero field.~b! A state containing two 360° walls, at rema
nence.~c! Greyscale image of thez component of the field above
the configuration in~b!, at a height of 35 nm. The maximum field i
6600 Oe.
5-3
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The stability of the 360° wall in a ring may be understo
from the micromagnetic simulation. Each transverse w
causes surface charge at the inner and outer edges of the
There is an attraction between the two transverse walls
cause they have opposite senses of rotation. The tenden
the walls to attract is balanced by the exchange energy in
region between the two walls, leading to an equilibriu
spacing between the walls. It is interesting to compare
magnetization of a ring to the magnetization of a dom
wall surrounding a cylindrical bubble in a perpendicula
magnetized film.19,20–22Although the magnetic structure i
very different, there is a topological analogy between tra
verse walls in small rings and Bloch lines in bubble wal
Bubble walls, similar to rings, can also support a variety
magnetization states.

To illustrate the correspondence between the 360° w
and the twisted state, the out-of-plane component of the fi
above the ring can be compared to the MFM image.23 Indi-
vidual transverse walls have stray-fields resembling an as
metrical, radially oriented in-plane dipole, but at a height
a few times the film thickness, the details of the field dis
bution become blurred and the wall is imaged as a sin
bright or dark spot displaced towards the outer edge of
ring.6 The vertical component of the external field of th
360° wall of Fig. 4~b! was calculated at a height of 35 n
above the ring, and is shown in Fig. 4~c!, in which it appears
as adjacent light and dark contrast. There is a good co
spondence between the calculated field distribution of on
these 360° walls and the MFM images of the twisted sta
shown in Figs. 2~c! and 2~d!.

More complex wall configurations such as a doub
twisted state~Fig. 5! have also been observed in nanoring
Figure 5~a! shows a 520 nm diameter ring that was origina
saturated to form an onion state. On application of a reve
field, an additional pair of walls nucleates within the top h
of the ring, reversing the magnetization of the top half
create a vortex state containing two 360° walls, shown
Figs. 5~b!, 5~c!. At a higher field, Fig. 5~d!, the 360° wall on
the right side of the ring separates into two transverse wa
and one of the transverse walls moves around the lower
of the ring to reverse the magnetization direction of that h
of the ring. Finally, the complex 540° wall on the left co
lapses into a single transverse wall, producing the reve
onion state, Fig. 5~e!. The same behavior was seen in r
peated applied field scans. Figures 5~b! and~c! have a strong
resemblance to the field distributions shown in Fig. 4~c! for a
ring containing a pair of 360° walls.

The existence of a twisted state in nanorings has inter
ing consequences for the design of magnetoelectronic
vices. It increases the possible number of observable stat
a single-layer nanoring from the four already identified~two
opposite onion states and two opposite vortex states! to at
least eight~including four variants of the twisted state!. For
multilayer nanorings such as spin valves or tunnel junctio
there is clearly an even larger number of possible magn
states, with as-yet unexplored electronic or magnetotrans
properties. The properties of such rings are likely to be v
interesting, for example, quantum interference effects h
been reported in 500 nm diameter rings,24 and head-on walls
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in micron-size rings show measurable anisotro
magnetoresistance.12 The 360° walls in twisted states may b
expected to have larger magnetoresistance than a hea
wall, and could be useful in a data storage or magnetic lo
device. As mentioned above, the twisted state is a hig
energy configuration than a vortex state, so it represen
metastable configuration. However, we have shown that
stability range of twisted states can be several hundred
exceeding the stability range over which vortex states ex
so it should be possible to create and manipulate twis
states in narrow rings or other useful geometries. The intri
ing question is whether the twisted states can be sufficie
controllable to enable them to be used in data storage
logic applications, which will depend on control of the pin
ning and annihilation of domain walls in nanorings.
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FIG. 5. Complex twisted states formed in a 520 nm diame
ring, imaged at remanence.~a! Onion state, following saturation
then application of a reverse field of 299 Oe.~b! After applying a
reverse field of~b! 338 Oe and~c! 433 Oe, a vortex state with two
360° walls is observed.~d! After applying a reverse field of 442 Oe
the right-hand 360° wall separates and one transverse wall m
around the lower half of the ring.~e! The left-hand wall collapses to
form a reverse onion state at 473 Oe.
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