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Abstract
Anisotropic magnetoresistance (AMR) measurements have been used to probe the detailed
reversal mechanism of 3 µm diameter, 15 nm thick NiFe and Co rings. In the vortex state,
small changes in the resistance are associated with distortion or buckling in the section of the
ring magnetized antiparallel to the applied field, and the resistance changes can be similar in
magnitude to the domain-wall resistance. Micromagnetic simulations showed that a
distorted-vortex state forms just before the vortex–onion transition, and a reversible change
between the distorted-vortex state and a fully symmetric vortex state is expected during minor
loop magnetic cycling. The distorted-vortex state enables the vortex chirality in a single
magnetic ring to be detected using AMR measurements.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Small magnetic ring structures have been proposed for
applications in non-volatile memory, logic and biosensor
devices, and their magnetic configurations have been studied
extensively, including the stable onion and vortex states and
metastable states containing 360◦ domain walls (DWs) [1–17].
The onion state contains two 180◦ DWs, whose locations are
determined by the direction of an in-plane applied magnetic
field [4, 5]. In contrast, the vortex state is a flux-closure state
without DWs, and has zero stray field at remanence [7]. The
vortex state can have a clockwise (CW) or counter-clockwise
(CCW) chirality, which may be useful in encoding data in
high density information storage devices. In a symmetrical
circular ring, the onion-to-vortex transition yields a vortex state
of either chirality depending on which DW depins first and
which direction it traverses the ring. The vortex chirality can
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be selected by breaking the symmetry of the ring [4, 14] or
by using a current to translate the DWs around the ring in a
specific direction [13]. Detection of the vortex chirality has
been accomplished using magneto-optical measurements and
giant magnetoresistance measurements in a single layer and
multilayer rings, respectively [4, 16, 5].

Several groups [4, 10] have used anisotropic magnetore-
sistance (AMR) measurements to detect onion–vortex (O–V)
transitions, but there is less reported work on the resistance
changes that occur within the magnetic field range in which
the vortex state is stable [10]. A vortex state at remanence
has a circumferential magnetization that is oriented uniformly
around the ring. However, a dc applied field can distort the vor-
tex state [9, 10], leading to differences in resistance between
the sections of the ring that are parallel and antiparallel to the
field [10], and at higher field, to nucleation of a reverse domain
and the formation of a reverse onion state. Dynamic measure-
ments also reveal quantized spin wave modes in the vortex
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state corresponding to periodic distortions of the magnetiza-
tion [11, 12]. It is therefore important to understand the details
of magnetization distortion in the vortex state as a function of
applied field, not only to better understand the reversal pro-
cesses of rings but also to contribute to practical applications
of ring devices. In this paper, we have followed the evolu-
tion of the vortex state in a NiFe ring using four-point AMR
measurements which were used to deduce the vortex chirality.
Measurements on a Co ring also demonstrate vortex distor-
tion preceding the vortex–onion transition, which is consistent
with recent observations of non-uniform rotation during Co
nanowire switching [18].

2. Experiments

A circular magnetic ring 3 µm in diameter and 200 nm in width
comprising a Ta (2 nm)/NiFe or Co (15 nm)/Cu(3 nm) stack
with four non-magnetic electrical contacts was fabricated using
similar processing steps to those described elsewhere [2, 5].
The sensing current (I ) was applied using two contacts placed
at opposite ends of a diameter, and voltage drop was measured
using two voltage leads V1 and V2 located along one side of the
ring, as shown in figure 1(a). The magnetic field was applied
in-plane with an angle of α between the current leads and the
applied field direction. Figure 1(a) defines the NiFe ring in
terms of four resistors RA, RB, RC and R1. The measured
resistance (Rm) between voltage contacts i and j can be written
as [5]

Rm = Vij

I
= R1RB

R1 + R2
, where R2 = RA +RB +RC. (1)

The ring can be considered to be made of two halves, one with
resistance R1 and the other with resistance R2, between which
the current divides. RB represents the resistance of the section
of ring between the voltage contacts i and j . Micromagnetic
modelling of the NiFe ring was carried out using the 2D NIST
OOMMF code [19], where the simulated ring was discretized
into 4 nm × 4 nm × 15 nm cells with exchange constant A =
1.3×10−6 erg cm−1, saturation moment Ms = 860 emu cm−3,
anisotropy K1 = 5 × 103 erg cm−3 and damping constant
α = 0.1.

3. Results and discussion

3.1. Major magnetoresistance loops for a NiFe ring

Figure 1(b) shows three successive measurements of the AMR
as a function of a descending applied field at α = 3π/8
(= 68◦) after positive saturation. At this angle, the DWs in the
onion state are located between the voltage probes. The ring
resistance shows a transition from state A (onion state) to B
(vortex) to C (reverse onion) at fields of −85 Oe and −320 Oe,
respectively. The vortex state has a higher resistance because
the magnetization is everywhere parallel to the current flow
so the resistivity ρ = ρ⊥ + (ρ‖ − ρ⊥) cos2 θ is maximized,
where θ is the angle between the current and magnetization
directions and ρ‖ and ρ⊥ represent the resistivities at θ = 0◦

and 90◦, respectively. The decrease in resistance of the
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Figure 1. (a) Scanning electron micrograph of a circular NiFe ring.
(b) Three successive AMR measurements after positive field
saturation at α = 68◦. A, B and C represent the onion, vortex and
reverse onion states.

onion states with field magnitude is a result of increasing
θ as the magnetization becomes aligned along the field
direction.

Figures 2(a) and (b) illustrate four individual measure-
ments on the NiFe ring at α = 90◦ in a descending field
and an ascending field, respectively. At this field angle, one
of the DWs in the onion state is under the voltage contact,
V2, and does not contribute to the magnetoresistance [15]. In
figure 2(a), after positive saturation the resistance slowly in-
creases as the applied field is removed because the magne-
tization relaxes to be parallel to the edges of the ring. This
relaxation is shown in the simulation result for field I in fig-
ure 2(c). The resistance peaks at remanence, then decreases
slightly as the negative field increases. At −80 Oe, the ring
transitions into a vortex state and there is a small increase in
resistance. The resistance change is much smaller than that
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