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Nanostructured ferromagnets provide a variety of well-defined magnetization configurations. The symmetry
of these configurations in a ferromagnetic nanostructured ring can be altered by an external magnetic field in
a controllable manner. We found, by means of resistive-noise spectroscopy, that the chiral-symmetry break-
down of a micromagnetic configuration accompanies a critical fluctuation of the magnetization distribution
analogous to a second-order phase transition.
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Nanostructured ferromagnets are promising elements of
spin electronics, since they provide a variety of well-defined
magnetization configurations.1 In a soft-ferromagnetic wire
of nanoscale width, for example, the magnetization aligns
parallel to the wire axis to reduce the demagnetization en-
ergy. In a ring made of the wire, the magnetization aligns
along the circumference to form a flux-closure structure.2–4

Since the flux-closure structure generates a minimal stray
field and has an internal degree of freedom with respect to
the magnetic chirality, that is, the clockwise or counterclock-
wise circulation of magnetization,5 the rings show promise
for use in high-density data storage systems including mag-
netic random-access memory.6 Direct observations of these
micromagnetic configurations have become possible with the
development of techniques such as magnetic force micros-
copy sMFMd. However, the formation dynamics of the mi-
cromagnetic configurations is still unclear experimentally, a
problem which has limited the application of nanostructured
magnets.

Among various magnetization configurations, the flux-
closure state in nanostructured rings has the simplest struc-
ture with a nontrivial topology of magnetization distribution.
The symmetry of the magnetization distribution in the rings
can be changed continuously by an external magnetic field;
applying a strong magnetic field perpendicular to the rings
aligns the magnetization parallel to the field, while decreas-
ing the field forms a flux-closure structure.7 Elucidating the
mechanism of this simplest transition between the uniform
and the flux-closure structures is essential for understanding
the general formation process of micromagnetic configura-
tions as well as controlling them precisely in nanostructured
ferromagnets. In this paper, to clarify the mechanism in-
volved, the dynamics of the formation of a flux-closure
structure in a soft-ferromagnetic Ni81Fe19 ring has been stud-
ied by means of resistivity-noise spectroscopy.

Resistivity in nanostructured ferromagnets reflects the
magnetization configuration via magnetoresistance, and the
dominant contribution to the magnetoresistance in Ni81Fe19
at room temperature is anisotropic magnetoresistancesAMRd
effect.8 However, precise measurement of the resistance
noise for the whole ferromagnetic ring is difficult due to its
high resistance. To measure the resistive noise in the ferro-
magnetic ring sensitively, a bridge circuit was built on the

ring. Figure 1sad shows a scanning electron micrograph of
the ring system investigated in the present study. The system
comprises a Ni81Fe19 ring of 100 nm width, Cu current elec-
trodes, and voltage probes prepared by the following lift-off
technique. First, a ZEP520 resist 100 nm in thickness is spin-
coated on a thermally oxidized Si substrate. After the ring
pattern is exposed by an electron-beam writer, the resist is
developed. Ni81Fe19 is deposited in a vacuum by an electron-
beam method, and then the resist is removed, producing a

FIG. 1. sad A scanning electron micrograph of the sample. The
sample consists of a Ni81Fe19 ring, two Cu current electrodessI a
and I bd and two Cu voltage probessVa andVbd. The thickness of
the Ni81Fe19 ring is 20 nm.sbd Schematic illustration of the mea-
surement configuration equivalent to a built-in “Wheatstone-bridge”
on the Ni81Fe19 ring. scd Field H dependence of the resistanceRsHd
and d2RsHd /dH2 measured using the current electrodes.
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Ni81Fe19 ring 20 nm in thickness. The Cu electrodes are fab-
ricated on the ring in the same way. MFM measurements
showed that the remanent states after an application of a 7.5
kOe magnetic field perpendicular to the ring are flux-closure
structuresfsee Fig. 2sadg. We confirmed that the remanent
states are randomly clockwise or counterclockwise using
magnetoresistance measurements.9 An electrical current of
i =100mA was applied through the current electrodesfI a and
I b, in Fig. 1sadg, and the noise in the voltageV across the two
voltage probesfVa and Vb, in Fig. 1sadg was monitored at
300 K using a differential preamplifier and a spectrum ana-
lyzer. Note that this circuit is equivalent to a “Wheatstone-
bridge” circuit where the quarter-circles of the Ni81Fe19
ring correspond to the four resistors in the bridge, as shown
in Fig. 1sbd. Therefore, the flux-closure remanent states
lead to V<0, whereas a discrepancy of resistance among
the quarter-circles gives rise toV as in the following
equation:

V <
i

4
sd1 + d4 − d2 − d3d. s1d

Here,dn represents the difference between the resistance of
the quarter-circlen shown in Fig. 1sbd and the averaged re-
sistance of the quarter circles. By measuringV, this method
allows sensitive detection of nonuniform local-resistance
fluctuation in the ring.

Figure 1scd shows the field dependence of the two-
terminal resistanceRsHd of the sample measured usingI a
and I b. From this data, we determined the magnetization-
saturation field of the ring as 7.3 kOe, a field at which
d2RsHd /dH2 peaks. Note that d2RsHd /dH2 should diverge to
infinity at the magnetization saturation in an ideal uniform
magnet with the axis of easy magnetization perpendicular to
the field direction.10

Figure 2scd shows the spectral densityS of the noise
power of the voltageV at 10 Hz as a function of the external
magnetic fieldH applied perpendicular to the ring plane.
After a magnetic field 7.5 kOe, a value greater than the mag-
netization saturation field of 7.3 kOe, is applied, the voltage
noise is measured as the field is lowered. Notably, the noise
power is remarkably enhanced aroundHcrit=7.30 kOe. This
noise enhancement coincides with the magnetization satura-
tion, a finding indicating that the enhancement is of magnetic
origin. The noise disappears in the absence of the electrical
current; evidently, the noise reflects resistive fluctuation.
The frequency spectra ofS for various values ofH are shown
in Figs. 3sad and 3sbd. Above Hcrit, the noise enhancement,
SsHd−SsH=0d, is well reproduced by the Lorentz functions;
the fitting result is exemplified in the inset of Fig. 3scd.
The integrated intensityI and the spectral width 1/t of
SsHd−SsH=0d above Hcrit estimated from the fitting are
shown in Figs. 3scd and 3sdd as a function ofH. Interestingly,
both 1/I1/2 and 1/t decrease almost linearly asH drops to-
wardsHcrit. This implies that some magnetic instability lies
at Hcrit.

FIG. 2. sad,sbd Magnetic-force-microscope images for remanent
magnetic states of the ring, and schematic illustrations of micro-
magnetic configurations deduced from the images. The directions of
the initial magnetic fields7.5 kOed aresad perpendicular to the ring
plane andsbd at the angle of 5° to the perpendicular of the ring. The
black and white signals correspond to the stray field due to the S
and N magnetic charge on domain walls.scd,sdd External-magnetic-
field H dependence of the fluctuation spectral density of voltageV
at 10 Hz between voltage probesVa and Vb, and schematic illus-
tration of the magnetization process of the ring. The magnetic field
is scd perpendicular to the ring plane andsdd at the angle of 5° to the
perpendicular direction of the ring. Before the measurement, a mag-
netic field of 7.5 kOe is applied and then the voltage noise is mea-
sured as the field is decreased.Hcrit represents the external field
strength at which the noise spectral density reaches a maximum.

FIG. 3. sad,sbd VoltageV noise power spectra for a Ni81Fe19 ring
at various external magnetic fieldssad Hù7.3 kOe and sbd
H,7.3 kOe measured by applying an electrical current of 100mA.
The magnetic field is perpendicular to the ring.scd External-
magnetic-field dependence of the integrated intensityI of the low-
frequency noise-enhancement spectraSsHd−SsH=0d aboveHcrit es-
timated by the Lorentzian-fitting procedure. The solid line is a
visual guide. The inset shows the fitting curvesa solid lined for the
measured spectrumsopen circlesd at 7.34 kOe. sdd External-
magnetic-field dependence of 1/I1/2 sclosed circlesd and the spectral
width 1/t sopen circlesd of the low-frequency noise-enhancement
spectraSsHd−SsH=0d above Hcrit estimated by the Lorentzian-
fitting procedure.
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The observed behaviors ofI1/2 and 1/t aboveHcrit are
accounted for by the instability of magnetic-chiral-symmetry
breakdown atHcrit. Hereafter, for simplicity, we treat the
magnetic fluctuation on the mean-field level. The magnetic
energy in the narrow ring under a magnetic fieldH perpen-
dicular to the ring is simply approximated by a sum of the
Zeeman energy and the demagnetization energy as in the
following equation:

Esud = − m0MSH cosu −
m0NMS

2

2
sin2 u, s2d

whereu is the angle between the local magnetization and the
direction perpendicular to the ring planefsee Fig. 4sbdg. MS
andN denote the saturation magnetization and the effective
demagnetization factor, respectively. In the vicinity of the
magnetization saturation, Eq.s2d can be expanded in a series
of the magnetic-chiral degree of freedomf;sinu, that is,
the solid angle subtended by the magnetic moments, as

Esfd = − m0MSHÎ1 − f2 −
m0NMS

2

2
f2

= Esf = 0d +
m0MS

2
sH − NMSdf2 + Sm0MSH

8
Df4

+ ¯ . s3d

This equation is identical to Landau’s phenomenological

model of a second-order phase transition;11,12 the magnetic-
chiral symmetry above the magnetization saturation breaks
down into a clockwisesf.0d or counterclockwisesf,0d
circulation of magnetization atH=NMS: the magnetization
saturation fieldfFig. 4sadg. At this field, the curvature ofEsfd
at f=0,]2Esf=0d /]f2, becomes zero, which critically en-
hances fluctuation off. According to the fluctuation-
dissipation theorem, the power of this fluctuation,
kf2l~e0

`Ifsfddf, is proportional to the susceptibility of
f ,x=limHi→0sf /Hid. Here,Hi denotes the conjugate field to
f, that is, the in-plane eddy magnetic field along the ring
circumference, whose average is zero in our experimental
setup.Ifsfd andk¯l represent the power spectrum off and
the time averaging, respectively.x is calculated to be
x~ sH−NMSd−1 by minimizing11 Esfd−m0MSHif. Since
the resistivity change due to AMR8 is proportional to
sin2 f<f2, the fluctuation off generates a resistivity noise
whose power is proportional tosH−NMSd−2. This situation
accounts for the observed critical enhancement13 of I1/2 to-
wardHcrit. According to the van-Hove’s theory of the critical
fluctuation,11 time scale of the fluctuation off is propor-
tional to x, which is consistent with the observed critical
suppression of 1/t proportional toH−Hcrit. Since fluctua-
tions whose coherence is much shorter than the ring size
hardly contribute toV, the observed noise can be specifically
ascribed to magnetic-chiral fluctuation with a coherence
length comparable to the ring size. This fluctuation causes a
nonuniform but long-range AMR fluctuation which can be
sensitively detected due to the built-in bridge circuit in the
present system.14 Such a long-range coherence of the fluc-
tuation can initiate the formation of a domainless flux-
closure structure. The above discussion neglects the effects
of beyond-mean-field fluctuation and exchange energy, and
its good agreement with the experimental results indicates a
minor role of these effects in the present system.

The above analysis shows that the observed magnetic
fluctuation is relevant to the symmetry transition of the mi-
cromagnetic configurations in the present ring, providing a
direct analogy between the symmetry transition of micro-
magnetic configurations and a second-order phase transition.
This suggestion is supported by the fact that the noise en-
hancement disappears by a tilting of the field direction
slightly away from the perpendicular of the ring planefsee
Fig. 2sddg, where the remanent state takes the multidomain
structure shown in Fig. 2sbd. Note that the symmetry of the
multidomain magnetization configuration is identical to that
of the uniformly magnetized state parallel to the tilted
external-field aboveHcrit. This situation is in contrast to the
case of the field perpendicular to the ring, where the chiral
symmetry of magnetization distribution breaks down atHcrit
to form a flux-closure magnetic structure. This is direct evi-
dence of the close relationship between the observed fluctua-
tion and the symmetry transition of magnetization distribu-
tions.

As H decreases belowHcrit, as shown in Fig. 3sbd, the
noise intensity rapidly decreases and the spectra deviate from
Lorentzians. The noise immediately belowHcrit is character-
ized by a non-Gaussian telegraph-type wave form, as de-
picted in Fig. 5. With a further decrease inH, the telegraph-

FIG. 4. sad Schematic illustration of the magnetic-chiral-
symmetry breakdown. The curves describe the magnetic energy as a
function of the magnetic chirality of the ring.sbd Schematic illus-
tration of the definition ofu, the angle between local magnetization
and the direction perpendicular to the ring.scd,sdd,sed Possible con-
figurations of a pair of nucleated domain walls in the ring. The
crosses denote the domain-wall positions. The configurationsscd,
sdd, andsed give rise to positive, nearly zero, and negative values of
V, respectively, via the bridge circuit.
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type noise becomes scattered and then disappears below 6.5
kOe. This noise also disappears when the magnetic field is
slightly tilted se.g., 5°d. The telegraph noise consists of the
switching ofV among three values, as typically observed at
6.7 kOe. This finding suggests that the telegraph noise is due
to the thermal nucleation and annihilation of domains, be-
cause all the possible configurations of a pair of nucleated
domain walls can be classified into three groups, illustrated
in Figs. 4scd–4sed; each of these groups gives rise to a dif-

ferent value ofV via the bridge circuit described by Eq.s1d.
The thermal excitation of higher-energy states comprising
more domain walls should be rare compared with these two-
domain-wall states. The creation and annihilation of the three
types of domain may be responsible for the observed switch-
ing of V among the three values.15,16 The increase in the
in-plane component of local magnetization of the ring asH
decreases suppresses the domain-wall length and may
change the property of the magnetic fluctuation from the
long-range mode aboveHcrit to the domain-wallssolitond
mode belowHcrit. In the field perpendicular to the ring plane,
because of the degeneracy of the clockwise and counter-
clockwise configurations, the domain-wall nucleation loses
only the domain-wall energy, which can be small,15 immedi-
ately belowHcrit, due to the small angle between the perpen-
dicular direction to the ring plane and the local magnetiza-
tion. The small domain-wall energy enhances the thermal
nucleation and annihilation of domains. With a further de-
crease inH, the domain-wall energy increases and sup-
presses the domain nucleation.

In summary, we have investigated the resistivity noise in a
ferromagnetic nanostructured ring in response to varying the
external magnetic field. Around the magnetization saturation
field Hcrit perpendicular to the ring, we observed a critical
enhancement of the noise, indicating a critical fluctuation of
micromagnetic configurations relevant to the magnetic-chiral
symmetry breakdown in the ring. This result demonstrates
the close relationship between the continuous symmetry tran-
sition of micromagnetic configurations and magnetic fluctua-
tion.
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