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Abstract

We report direct domain observations of Barkhausen avalanches at criticality in Co and MnAs thin films investigated by means of a

magneto-optical microscope magnetometer, capable of time-resolved domain observation in real time. Through a statistical analysis of

the fluctuating size of Barkhausen jump from numerous repetitive experiments for each sample, the distribution of Barkhausen jump size

is found to exhibit a power-law scaling behavior with the critical exponent of �1.33 in both systems. This value is consistent with the two-

dimensional prediction of a theoretical model proposed by Cizeau et al. [Phys. Rev. Lett. 79 (1997) 4669].

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetization reversal mechanisms in ferromagnetic
thin films are the subject of great interest from both
fundamental and technological aspects. Magnetization
reversal mechanisms are different depending on applied
field strength relative to the coercivity field. When an
applied field is lower than the coercivity field, magnetiza-
tion reversal takes place by thermal activation of both
nucleation and domain wall-motion processes. An expo-
nential behavior occurs in this regime [1,2]. When an
applied field is larger than the coercivity field, magnetiza-
tion reversal is mainly carried out by viscous domain-wall
motion, where the domain wall velocity varies linearly with
an applied field [3,4]. As the applied field is much larger
than the coercivity field, magnetization reversal is carried
out via spin precessional motion governed by the
Landau–Lifshitz–Gilbert equation [5,6].
- see front matter r 2006 Elsevier B.V. All rights reserved.
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Recently, interest is growing on magnetization reversal
when an applied field is around the coercivity field, which is
called the critical regime because random avalanche
behavior in magnetization reversal process usually occurs.
In this regime magnetization reversal takes place with a
sequence of discrete and jerky jumps which was first
discovered by Barkhausen in 1919 [7]. The reason why the
interest is revived in this classical and old subject is mainly
motivated by a fundamental question whether there is any
simple law governing this seemingly random avalanche
events. It attracts a growing interest as a good example of a
complex dynamical system showing scaling behavior. So
far, most experimental studies have been carried out on
bulk samples using a classical inductive technique [8–10],
which is difficult to apply to thin film samples mainly due
to the low signal intensity. For this reason, very few
experiments have been done on two-dimensional (2D)
ferromagnetic thin films. In this paper, we report direct
domain observations of Barkhausen avalanches at criti-
cality in Co and MnAs thin films and our finding that the
distribution of Barkhausen jump size exhibits a power-law
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scaling behavior with the critical exponent of �1.33 in both
systems.

2. Experimental

Co thin films were prepared on glass substrates by dc
magnetron sputtering technique with the film thickness
ranged from 5 to 50 nm, which is smaller than a typical
domain wall-width of Co. In-plane magnetic anisotropy
was induced by applying a magnetic field during the sample
preparation. MnAs films were epitaxially grown on GaAs
substrates by MBE technique. Details of the sample
preparation were described elsewhere [11]. The y–2y
X-ray diffraction studies of the MnAs film reveal that
two structural phases, a and b, are found to coexist at room
temperature, where a phase has the hexagonal structure
and b phase has the distorted hexagonal structure which is
essentially orthorhombic. The epitaxial growth relation in
the hexagonal index system is MnAs ½1 1 2̄ 0� parallel to
GaAs [1 1 0] in the plane and MnAs ½1̄ 1 0 0� parallel to
GaAs [0 0 1] out of the plane. The atomic force microscopic
studies show that a and b phases are intercalated with
stripe-like feature, where the stripes are along the MnAs
[0 0 0 1] orientation.
For the Barkhausen criticality study of thin film systems,

we have developed a novel instrument, namely magneto-
optical microscope magnetometer (MOMM) as depicted in
Fig. 1. The MOMM basically consists of a polarizing
optical microscope equipped with an advanced video
processing set of CCD and frame grabber. The incident
beam path is tilted by 201 from the film normal to observe
the magnetic contrast of an in-plane anisotropy sample
utilizing longitudinal magneto-optical Kerr effect (MOKE).
We could grab the domain images in real-time with a speed
of 30 frames/s and a spatial resolution of 400nm. Since the
MOKE is surface-sensitive, the MOMM is ideal to monitor
magnetization process in magnetic thin films. The Bar-
khausen avalanche was triggered by applying a constant
Fig. 1. Schematic of magneto-optical microscope magnetometer

(MOMM) setup for the Barkhausen criticality study of magnetic thin

films having in-plane anisotropy, from Ref. [12].
magnetic field to an initially saturated sample. The strength
of an applied field was about 99% of the coercivity field to
eliminate the influence caused by the difference in the field-
sweeping rate. Using the MOMM the Barkhausen ava-
lanches were directly visualized in real time and character-
ized from serial time-resolved domain images.
3. Results and discussion

3.1. Co thin films

In Fig. 2(a), we demonstrate a series of four representa-
tive domain-evolution patterns of 25-nm Co film observed
on the exactly same area of the sample captured
successively using the MOMM. Note that magnetization
reverses with a sequence of discrete and jerky jumps rather
than a continuous and smooth process. Therefore, one
Fig. 2. (a) A series of four domain images showing Barkhausen

avalanches of the domain structure captured successively on the exact

same 400� 320mm2 area of a 25-nm Co film. The gray level from black to

white represents the elapsed time from 0 to 4 s when magnetization

reversal occurs. (b) Magnetization reversal curves obtained from the

corresponding domain reversal patterns of (a).
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could directly witness the Barkhausen avalanches in the
evolution patterns. Moreover, domain evolution patterns
among four pictures taken on the exactly same area of the
sample seem to be random with respect to interval, size,
and location of the jump. A direct visualization of the
domain evolution by means of the MOMM enables us to
witness the randomness of magnetization reversal process
at Barkhausen criticality. Since the film thickness is smaller
than the domain-wall width of Co, it is believed to observe
2D Co behavior of Barkhausen criticality. It is interesting
to point out that a simple 1801 flexible domain wall exists
throughout the Barkhausen avalanche process. The ob-
servations on the other films with different thickness are
not significantly different from those on the 25-nm sample,
where the simple 180o flexible domain walls move with the
similar Barkhausen avalanches.
In Fig. 2(b), we plot the magnetization reversal curves

with time from the time-resolved domain image in Fig.
2(a), considering the fact that the net magnetic moment in
the direction of an applied field is simply proportional to
the reversed domain area. A stepwise feature in each curve
is vividly witnessed, where each step is corresponding to the
area swept by a sudden jump visualized in Fig. 2(a). The
interesting characteristic of the curves in Fig. 2(b) is the
presence of the steps whose time interval and amplitude are
randomly fluctuate among the curves.
A fundamental question is whether a simple law exists

which governs the randomness of the Barkhausen ava-
lanches observed in Co thin films. To answer for this
question numerous measurements are required for a
statistical analysis. We have carried out more than 1000
Fig. 3. Distributions of the Barkhausen jum
repetitive experiments for each sample. In Fig. 3, we
demonstrate the plots of the distribution P(s) vs. jump size
s in the log-log scale for 5, 10, 25, and 50-nm Co films. As
seen in the figure a power-law scaling distribution of the
jump size is found to exist for all samples and fitted as
P(s)�s�t with the critical exponent t ¼ 1.3470.07,
1.2970.06, 1.3270.03, and 1.3070.05 for 5, 10, 25, and
50-nm Co films, respectively. It should be mentioned that
the value of the critical exponent is confirmed to be
independent of the size of the sample area under examina-
tion as reported in Ref. [12].
The most interesting feature of the Barkhausen criticality

of 2D Co films is the fact that the critical exponent is
invariant with the film thickness within the experimental
error as shown in Fig. 4. This universality of the critical
exponent with respect to the film thickness is quite striking.
One may naturally expect that the number of defects in a
film increases in proportion to the film thickness, since all
samples were prepared with the same sample preparation
conditions except the film thickness. Therefore, our
experimental result implies an invariance of the critical
exponent irrespective of the number of defects in the 2D Co
thin films, which is consistent with the recent theoretical
studies predicting that the variation of the number of
defects does not affect the critical exponent [13,14].

3.2. MnAs thin films

The torque and vibrating-sample magnetometer (VSM)
measurements reveal that the MnAs film has an in-plane
uniaxial magnetic anisotropy with an easy axis along the
p size in 5, 10, 25, and 50-nm Co films.
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Fig. 4. The critical exponent vs. the Co film thickness.

Fig. 5. (a) A series of four domain images showing Barkhausen

avalanches of the domain structure captured successively on the exact

same 80� 64mm2 area of a 50-nmMnAs film. The gray level from black to

white represents the elapsed time from 0 to 4 s when magnetization

reversal occurs. (b) Magnetization reversal curves obtained from the

corresponding domain reversal patterns of (a).
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MnAs ½1 1 2̄ 0� orientation and a hard axis along the MnAs
[0 0 0 1] orientation in the film plane. The Barkhausen
criticality study was carried out by applying a magnetic
field along the easy axis of the MnAs ½1 1 2̄ 0� orientation.
In Fig. 5, we demonstrate (a) a series of four domain
evolution patterns captured on the exact same 80� 64 mm2

area of a 50-nm MnAs film, together with (b) the
magnetization reversal curve obtained from the corre-
sponding domain evolution patterns. The gray level from
black to white indicates the elapsed time during 4 s when
the magnetization reversal occurs. One vividly sees
Barkhausen avalanches in magnetization reversal process,
where the discrete and jerky jumps occur. From Fig. 5, we
notice that domain evolution process of this system seems
to be random with respect to interval, size, and location of
the jump as seen in the Co films.
It should be mentioned that domain evolution behavior of

the MnAs film is quite contrasting compared to the Co film
from two aspects. One aspect is saw-tooth patterned domain
propagation with the saw-tooth angle of about 551. The
other aspect is the fact that the domain wall is not parallel to
the magnetization direction. If the magnetization directions
of two domains meet head-on, their separating domain wall
could develop a zigzag shape to reduce the magnetic charge
density, which is frequently observed in low magnetization
materials. The detailed saw-tooth shape is decided from a
minimization of the total magnetic energy consisted of the
magnetostatic energy, the anisotropy energy, and the
domain-wall energy. When an angle between the magnetiza-
tion direction and the easy axis is small due to the strong
in-plain anisotropy of the film as revealed in our film, the
saw-tooth angle 2f is approximately expressed as
2f ¼ pðAK?Þ

1=2=8M2
SD, where A is the exchange stiffness,

K? is an anisotropy constant in the normal-to-film plane, MS

is the saturation magnetization, and 2D is the sample
thickness [11]. Using the experimental data of the MnAs film,
the saw-tooth angle 2f is estimated to be 56.81, which is well
matched to the observed value within an experimental error.
A fundamental question is whether the power-law also
governs the randomness of saw-tooth patterned domain
propagation. For a statistical analysis, we have carried out
more than 1000 repetitive experiments of domain evolution
behavior. In Fig. 6, we show the distribution of the
Barkhausen jump size s in the log–log scale for the 50-nm
MnAs film. We again obtain a power law-scaling behavior
with the critical exponent t ¼ 1.3270.06, which is inde-
pendent of the size of the sample area investigated. Since
the film thickness is smaller than the domain wall-width of
80 nm in this system [15], we believe that the experimental
result is ascribed to a 2D behavior of MnAs system.

3.3. Comparison with the existing theories

Since the critical exponent is a key parameter in the
description of the power-law scaling phenomenon, it is
worthwhile to compare the experimental value of t with the
theoretical prediction. Before comparing the experimental
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Fig. 6. Distributions of the Barkhausen jump size in the 50-nm MnAs

film.
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and theoretical values it is necessary to carefully examine
the assumptions of the model as well as to clearly define the
experimental configuration. Since we could directly visua-
lize the details of Barkhausen avalanches, we can compare
our experimental results with the existing theories and thus,
judge which theoretical model is suitable to explain our
experimental results.
Several theories have been proposed to explain the

power-law scaling behavior of Barkhausen avalanches. The
theory of self-organized criticality predicts that dissipative
dynamical systems tend to organize themselves into a
critical state where chain reactions of all sizes in time and
space propagate through the system with the power-law
correlations. The critical exponent in the size distribution is
predicted 0.98 for a 2D system [16]. In the random-field
Ising model proposed by Sethna et al. a random field is
added at each site of the Ising model, where the random
field is assumed to have a Gaussian distribution. The total
local field at each spin is given by the summation of the
exchange field, random field, and applied external field.
Then, the critical properties can be solved within the mean
field theory. This model predicts the critical exponent of 1.5
for a 2D system [14]. These two models could not explain
our experimental results of Co and MnAs thin films. Our
experimental results on the Barkhausen criticality of Co as
well as MnAs thin films confirm the validity of the CZDS
model [9,17] and its generalized version [18], where it is
assumed that the flexible 1801-type (d�1)-dimensional
domain wall moves with Barkhausen jumps. This model
predicts the critical exponent t of 4/3 for a 2D system,
which is consistent with the experimental results of Co and
MnAs films.
4. Summary

We have directly observed the Barkhausen avalanches in
two-dimensional Co and MnAs films in real time using a
time-resolved magneto-optical microscope magnetometer.
It is found that the distribution of the Barkhausen jump
size follows the power-law scaling behavior with the critical
exponent of �1.33 in both systems, which is in accordance
with the theoretical prediction considering a 1801-type
flexible domain wall.
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