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Magnetization reversal in ferromagnetic Permalloy nanowires is experimentally investigated by measurement of the anisotropic mag-
netoresistance (AMR). Two distinct regimes of the magnetization reversal are observed with respect to the angle of the external magnetic
field. For the regime of large angles, the AMR curves exhibit two distinct jumps, evidencing the existence of an intermediate transient
state. The intermediate state is in the form of an incoherent magnetization configuration consisting of three domain structures with two
Néel walls, due to the inhomogeneous shape anisotropy distribution, as confirmed by a micromagnetic prediction.

Index Terms—Domain configuration, magnetization reversal, nanowire, permalloy.

I. INTRODUCTION

M AGNETIZATION states and reversal processes in mag-
netic nanostructures are of increasing interest in recent

years because of their potential applications to modern magne-
toelectronic devices [1]–[4]. Among these nanostructures, the
ferromagnetic nanowires have been intensively studied due to
the possibility of prospective high density recording devices
[5]–[9]. Several distinct mechanisms have been proposed for
magnetization reversal in ferromagnetic nanostructures: co-
herent rotation [10], [11], curling [12], [13], buckling [14], and
domain wall motion [15], depending on the geometries and the
magnetic properties. The coherent rotation appears in structures
smaller than the exchange length, in the form of a uniform
magnetization rotating coherently. The curling and buckling
modes occur in relatively large structures. These modes reduce
the magnetostatic energy with costing the exchange energy. The
curling mode forms spiral magnetization states in structures
having a small aspect ratio, whereas the buckling mode appears
in thin wires with wavy configuration of the magnetization
along the wire. In the domain wall motion, the magnetization
reversal is proceeded by domain expansion from nucleated
cites.

In this study, we experimentally demonstrate that there exists
another distinct mode in ferromagnetic nanowire structures. In
the mode, the magnetization reverses first at the central region
by creating two Néel walls to the edge regions, followed by the
reversal at the edge regions with increasing an external magnetic
field. The two jumps due to the reversals of the central and edge
regions are detected by the AMR measurement.

II. EXPERIMENTS

For this study, 5 nm Ti/20 nm Py/5 nm Ti films are deposited
on oxidized Si substrates by dc-magnetron sputtering, followed
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Fig. 1. Nanowire structure under examination and the measurement geometry.

by fabrication of nanowire structures via an e-beam lithography
and ion milling techniques. The nanowire is 600-nm-wide and
17- m-long, with tapered ends as depicted in Fig. 1. At both
ends of the wire, gold electrodes are deposited for electrical
transport measurement. An AMR measurement technique
[16]–[18] is adopted to monitor the magnetization state of the
ferromagnetic nanowires. The AMR is measured as the change
of the electric resistivity with respect to the angle between
the magnetization and the current. The AMR measurement
technique provides a very sensitive probe to the magnetization
state with high accuracy on the weak AMR signal intensity. For
AMR measurement, the electric voltage between the electrodes
with a constant dc current 100 A is measured with sweeping
the in-plane magnetic field at fixed angle to the wire as
depicted in Fig. 1. All experiments are performed at room
temperature.

III. RESULTS AND DISCUSSION

Fig. 2 shows the measured AMR curves with respect to the ex-
ternal magnetic field for several angles as denoted in the figure.
The AMR ratio is defined as ,
where is the electric resistance under an applied mag-
netic field and is the resistance under zero field bias. Due
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Fig. 2. Measured AMR curves of 600-nm-wide Permalloy wire at different
angles � as denoted in the figure.

Fig. 3. Critical fields with respect to the angle �.

to the high signal-to-noise ratio of the AMR measurement,
it is clearly seen in the figure that there exist two distinct
reversal regimes with respect to the angle —a single jump in
Figs. 2(a)–(c) and two jumps in Figs. 2(d)–(f).

In the first regime for , the reversal takes places by
a single abrupt jump as shown in Fig. 2(a)–(c). There are sev-
eral possible modes explaining this single jump—the coherent
rotation [10], [11], curling [12], [13], and buckling [14] modes.
Each particular reversal mode appears depending on the struc-
ture geometries as well as the magnetic properties. However, it
is worthwhile to note that all the modes predict a single jump in
the AMR curves. In contrary, two distinct jumps are observed
from the AMR curves in the second regime for as seen
in Fig. 2(d)–(f).

The distinct regimes are again confirmed in Fig. 3, which
plots the critical field with respect to the angle. The two jumps
are bifurcated at 74 and the critical field and for each
jump vary differently with increasing the angle.

To understand the origin of the two distinct regimes, a micro-
magnetic calculation is carried out by use of OOMMF [19] with
periodic boundary condition [20]. The AMR curve is then repro-
duced by the relation between the AMR and the magnetization
as , where is the maximum

Fig. 4. Simulated AMR curves for different angles � as denoted in the figure.

Fig. 5. Magnetization configuration along the wire width and Néel wall posi-
tion with respect to the applied field denoted in the figure, as well as denoted by
the points with corresponding labels in Fig. 4(f).

AMR ratio and is the averaged value of the direction co-
sine of the magnetization perpendicular to the current di-
rection [17], [18]. The value of is obtained from the mi-
cromagnetic calculation for every with increment of 0.1 mT.
The typical magnetic parameters of Permalloy are used in the
simulation as the saturation magnetization
A/m and the exchange constant J/m. The
damping constant is assumed to be 0.02.

The simulation results successfully reproduce the two distinct
reversal behavior with a single jump and two jumps with respect
to the angle of the magnetic field. Fig. 4 shows AMR curves
predicted by the micromagnetic simulation for different angles

.
The most intriguing question is how the two jumps in the

AMR curves occur. To answer the question, we look into the
detailed magnetization configurations between the two jumps.
Fig. 5 shows the simulated results for the transient states be-
tween the two jumps. The arrows indicate the orientation of the
local magnetization vector along the wire width. The magneti-
zation profiles are calculated for 80 with varying the external
magnetic field as denoted in the figure, as well as denoted by the
points with corresponding labels in Fig. 4(f).

The nanowire exhibits an incoherent magnetization under a
magnetic field smaller than , as shown in Fig. 5(A). With in-
creasing the field larger than , the magnetization at the central
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region reverses first while the local magnetization at the edge
regions remains unreversed. It thus forms three domain states
with two Néel walls [21] as shown in Fig. 5(B). The first jump
in AMR curve corresponds to this reversal process of the central
region. With further increment of the external field, the central
domain expands outward as shown in Figs. 5(C)–(E). Finally,
the edge domains reverse at as seen in Fig. 5(F), generating
the second jump in AMR curve. The two jumps in AMR curve
as seen in Fig. 4(d)–(f) thus correspond to the magnetization re-
versal of the central and edge regions, respectively.

The incoherent magnetization configuration is ascribed to the
inhomogeneous shape anisotropy distribution. The magnetiza-
tion at the edges of the wire structure generates the edge surface
magnetization, whose density is proportional to the direction co-
sine of the magnetization normal to the wire edge. Since the
surface magnetization produces the magnetostatic field and in
consequence increases the magnetostatic energy, the local mag-
netization at the edges experiences additional effective shape
anisotropy parallel to the wire. On contrary, the local magne-
tization at the central region is relatively free from the shape
anisotropy. It is therefore natural to expect that the magnetiza-
tion incoherently responds to the external magnetic field. The
magnetization at the central region is relatively easy to rotate
with respect to the external magnetic field, while the magneti-
zation at the edge is fixed with the local shape anisotropy.

The angle 74 in the experiments is determined by the compe-
tition between magnetic energies. The central region magneti-
zation reversed state reduces the Zeeman energy. However, nu-
cleated two Néel walls increase the exchange energy and the
magnetostatic energy. When the angle is smaller than 74 , the
Zeeman energy reduction by the central region reversed to the
field direction is not sufficiently large to overcome the increment
of the exchange energy and the magnetostatic energy. When the
angle is larger than 74 , the Zeeman energy reduction is larger
than the increment of the exchange energy and the magneto-
static energy. So, the central region reversed state is formed with
stability.

The reversal regime of two jumps disappears for nanowires
narrower than 400 nm, as observed from the experimental
measurement on the nanowires with the widths 130, 230, 330,
440, and 600 nm. However, the shapes of the AMR curves
and the critical fields are better fit with the incoherent magne-
tization configuration, rather than the coherent magnetization
configuration. Despite of the general presumption that the mag-
netization lies along the wire length direction in ferromagnetic
nanowires, our results demonstrate that the magnetization is
incoherent along the wire width direction and thus reversed
locally.

IV. CONCLUSION

We experimentally investigate the incoherent magnetization
reversal mode in ferromagnetic Permalloy nanowires. For ex-
ternal magnetic field applied at a large angle to the nanowires,
the AMR curves exhibit two distinct jumps for magnetization
reversal. The two distinct jumps are ascribed to the formation
of the intermediate incoherent magnetization state consisting of
three domains along the wire width. The incoherent magnetiza-
tion state is confirmed by a micromagnetic calculation.
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