
Chapter 4

Magnetization reversal processes in Ni
wires

Submicron Ni wires were investigated by means of magnetoresistance (AMR) mea-
surements. The goal is to gain insight into the magnetization reversal processes.
The switching behavior is analyzed as function of the width and of the aspect ra-
tio of the wires. By examining the dependence of the switching field on the angle
between the applied external field and the wire and on the sweeping rate we draw
conclusions about the relevant mechanisms involved. We found out that for an-
gles close to 90◦ degrees the switching is best described by the Stoner Wohlfarth
model, while for lower angles the reversal process is probably due to domain wall
nucleation and motion.
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46 Chapter 4 Magnetization reversal processes in Ni wires

4.1 introduction

The interest in the underlying mechanism of the magnetization reversal processes
have motivated many studies and prompted intense research activities [1-7]. With
the improvement of lithographic techniques, present research is mainly focused
on either single nanoscale ferromagnetic particles [1,2] or mesoscopic wires [3-7].
One of the advantages of this type of submicron structures with well defined shapes,
is that they allow to test the applicability of different magnetization models and the
predictions of micromagnetic calculations. The reported investigations made use
of a large variety of experimental techniques, including SQUID magnetometry [4],
micro Kerr (MOKE) measurements [5], Lorentz force microscopy [11] or magnetic
force microscopy MFM [7]. In this paper we concentrate on electrical transport
measurements. The resistance of a ferromagnetic sample has a cos2 dependence
on the angle between the directions of the magnetization and the of the current
(the anomalous magnetoresistance effect - AMR). Thus careful MR measurements
can yield useful insight not only in transport properties, but also into non-transport
processes like magnetization reversal. As AMR is a band structure effect, at room
temperature the sensitivity is retained as long as the band structure of the metal is
preserved or we do not enter the ballistic regime[8][9]. This high sensitivity allows
one to probe mesoscopic samples, otherwise unavailable to other techniques, like
MOKE measurements.

Adeyeye et al. [6] studied the switching dependence of NiFe wire arrays on the
array spacing, both by AMR and MOKE measurements. Single Ni wires have been
investigated by Wernsdorfer et al. [4] at low temperatures by means of SQUID
magnetometry. They found that the switching shows an activated behavior, with
activation energy well below the expected value. The effect of bar width on sin-
gle nanoscale Ni and Co wires was studied by Jia and Chou [8], who also found
significant Barkhausen noise at room temperature. Our work on single isolated
nanowires has been motivated by their potential use as injector/detector electrodes
in laterally controlled spin valve structures [10]. This type of application requires
good control over the coercive fields. As coercive fields are difficult to determine
by AMR for a parallel configuration, we propose to use the angular dependence
of the switching fields to determine them. Moreover, a thorough knowledge of
the magnetization reversal processes is fundamental, as coherent spin rotation pro-
cesses are preferred to domain structure formation in lateral spin valve structures.
The same angular dependence can be used to test models describing different pos-
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sible magnetization reversal mechanisms.

4.2 magnetization reversal processes in mesoscopic wires

Different models can be considered for describing the magnetization reversal pro-
cesses in mesoscopic wires.

The simplest description is provided by the Stoner and Wohlfarth model (SW)[12].
It assumes a single ferromagnetic domain and coherent magnetization rotation. The
total energy is written as a sum of magnetostatic and shape anisotropy energies

E = HMs cos(θ − θ0) + Ks sin2 θ0 (4.1)

θ0 and θ are the angles between the magnetization direction and the easy axis, and,
respectively, the external field and the easy axis, while Ks is the anisotropy constant
and Ms the saturation magnetization. The angle between the magnetization and the
applied field for a given field can be determined analytically by minimizing the total
energy. The coercive field, as a function of the direction of the applied field reads

Hc = Hc0(cos2/3 θ + sin2/3 θ)−3/2 (4.2)

where Hc0 = 2 ·Ks/Ms is the coercive field in perpendicular (θ = 90◦) direction.
In case of high aspect ratio cylindrical wires, Wernsdorfer et al. [4] suggested

the curling model [14] for describing the reversal processes. The model is valid
for small angles and it assumes that the magnetization direction rotates in a plane
perpendicular to the anisotropy axis of the wire, effectively reducing the longitu-
dinal component of the magnetization. The caveat in our case is that instead of
a cylindrical geometry, we have a rectangular geometry, which unfortunately is
not analytically solvable. Aharoni [13] computed lower and upper bounds for the
switching fields for θ = 0◦ in the rectangular geometry. For high aspect ratios
wires (width/thickness > 4), the switching field is determined only by the width of
the wire. We propose to extend this result for all angles. The switching field as a
function of the direction of the applied magnetic field reads:

Hc =
π

2
Ms

µ0

a(1 + a)√
a2 + (1 + 2a) cos2 θ0

(4.3)

where a = (d/d0)2, d is the wire diameter and d0 is the exchange length (d0 =
2A1/2/Ms, with A the exchange interaction constant). The formula gives the same
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analytical dependence as the one for a cylindrical geometry, the only difference
being the normalization factor in front of (d/d0)2 in order to match for θ = 0◦ the
bounds computed by Aharoni.

Another possible mechanism involves the formation of a domain structure within
the wire. The simplest case is nucleation of a domain wall (DW) at one end of the
sample and its propagation along the wire. This mechanism has been confirmed
experimentally by Lorentz micrography by Otani [11]. To quantitatively describe
this process, we propose a simple model, which we will call, for simplicity, the
DW motion model. First, the magnetization direction within a 180 Bloch DW is
described by

θ(x, a) =
π

eκ(a−x) + 1
(4.4)

where a is the center of the domain wall, and κ is a material constant, proportional
the inverse of the domain wall width, depending on the exchange interaction con-
stant.

We consider that a domain wall enters at one end of the wire when the total
gain in magnetostatic energy (E = − ∫

V M(θ)Hdv) associated with the formation
of the DW exceeds the increase in exchange energy (Eex =

∫
V κs( dθ

dx)2dv, κs

being the exchange constant). The critical field Hc for a DW to enter the wire can
be numerically determined from the above condition. Once a DW is formed, its
propagation to the other end is favorable energetically (it lowers the magnetostatic
energy), as long as there are no strong pinning centers. This sweeping of the DW
through the sample effectively reverses the magnetization of the wire.

4.3 AMR measurements and analysis

Thin ferromagnetic wires (70nm) with widths varying between 150 and 600nm

and 9µm length have been defined by means of high resolution e-beam lithography.
As substrate we used a thermally oxidized Si wafer (100nm SiO2). The pattern
was defined in PMMA, the deposition was made in a e-beam evaporation machine
and lift off in hot acetone. The two ends of each wires were contacted by optically
defined goldpads, giving a two terminal geometry. An overlap of about 0.5µm was
allowed in order to avoid edge effects when the magnetoresistance is measured.
The exact width of the wires after processing was determined by imaging them
under a SEM.
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FIGURE 4.1. Coercive field Hc dependence on wire width.

Room temperature MR measurement were performed with a constant current
passing through the wires. The temperature dependence and also a comparison to
other ferromagnetic materials will be presented elsewhere. The signal was detected
by standard lock-in technique. All magnetoresistance curves have been corrected
for a small hysteresis present in the magnet.

Typical MR curves as a function of the direction of the external field are shown
in fig. 4.2. Also plotted are the theoretical curves predicted by the SW model.

For the perpendicular case the signal is remarkably clean, indicating the lack
of Barkhausen noise. This is probably due the geometry which allows us to avoid
edge effects. It is also an indication that coherent rotation processes are dominant
for high angles. The only question mark is related to the high field regime, where
the resistance continues to decrease on a higher scale than the coercive field.

The very wide dip present in the parallel field configuration (θ = 0◦) suggest
that for small angles a more complicated magnetic structure is formed. A rather
non-trivial observation is that the resistance, and implicitly the magnetization, is
reduced even for positive fields, when the magnetization is expected to retain its
saturation value.

More interesting is the case when the external field is applied under an angle
relative to the easy axis. Here we expect an abrupt switching of the magnetization
direction for a given field. This switch corresponds to a jump in the MR curve.
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FIGURE 4.2. Typical MR curves for our wires for different directions of the applied field.
The thick lines are the experimental curves and the narrow ones the theoretical prediction
of the Stoner Wohlfarth (SW). The coercive field for the SW model was determined by
the best fit for the θ = 90◦ case. For lower angles the switching takes place earlier than
predicted by the SW model.

The position and the amplitude of this jump can be used to infer valuable infor-
mation about the switching mechanisms. For high angles, the behavior can be
described by coherent spin rotation processes. Reducing the angle, an alternative
switching mechanism takes over and allows the magnetization to reverse before
the critical value for spin coherent processes is reached. Before this switching oc-
curs the behavior is consistent with a coherent spin rotation process. Afterwards,
the magnetization follows the backwards curve so again in this region we expect
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only coherent rotation. The amplitude of the dip when switching occurs is also
consequently reduced with the decrease in the angle.

The angular dependence of the coercive field Hc for different wires and the
theoretical prediction of SW, curling and DW motion models are all plotted in fig.
4.3. The switching fields correspond to lower fields than the one corresponding
to a coherent rotation of the magnetization (SW model). For very high angles
(θ ≈ 90◦), the switching seems to correspond to coherent rotation. For lower
angles at first sight we can not distinguish whether the switching corresponds to a
DW movement or a curling mechanism. In order to resolve this aspect, we have
measured MR curves corresponding to different sweeping rates. We have found
that the switching field dependents on the sweep rate. This fact suggest an activated
process, i.e. the magnetization has to overcome an energy barrier in order to switch.
This is consistent with a DW formation, as this can be regarded intrinsically as an
activated process.

The fact that the normalized critical field does not seem to depend on wire
width, makes the angular dependence plot suitable for inferring the switching field
in the parallel configuration, when the dip is generally not present. Fig. 4.3 gives
the scaling of the determined coercive field Hc with the width of the wire in the
perpendicular configuration (θ = 90◦). If we assume coherent rotation processes,
the coercive field depends on the wire width through the shape anisotropy constant
Ks = 1

2NM2
s , N being the demagnetization factor. For high aspect ratios, we

can use an approximately ellipsoidal geometry and the demagnetizing constant is
inversely proportional to the width, N ∝ l

l+w , l and w being the wire length and
width.

In summary, we investigated submicron Ni wires by means of magnetoresis-
tance (MR) measurements. in order to gain insight into the magnetization reversal
processes. By carefully examining the dependence of the switching field on the an-
gle of the applied external field and the sweeping rate we concluded that for angles
close to 90◦ degrees the switching is best described by the Stoner Wohlfarth model,
while for lower angles the reversal process is probably due to domain wall nucle-
ation and motion. The angular dependence can also be used to infer the switching
fields for a parallel geometry.



52 Chapter 4 Magnetization reversal processes in Ni wires

0 10 20 30 40 50 60 70 80 90
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

600nm
500nm

170nm

DW  motion

Curling Model

SW Model

Switching fields   170nm

  500nm

  600nm

  SW Model

  Curling Model

DW motion

B / Bc

anisotropy

θ [°]

FIGURE 4.3. Coercive field Hc angular dependence for different wires and the theore-
tical prediction of SW, curling and DW motion models. For lower angle the SW theory
breaks down and the switching seems to be controlled by either DW or curling mecha-
nisms. The normalized coercive field does not seem to depend on wire width.
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