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Abstract—The dynamics of domain walls motion in thin films is  on the avalanche statistics is really taken into accountioas
usually performed with magneto-optical methods, which regiire  jnstance, the dependence of the distribution cusbffon the
to detect a sequence of images in time, for different field ofigw. window sizes

The resulting avalanche distributions give interesting hints on In thi im t | . tal |
the magnetization dynamics, but are strongly dependent onhte n this paper, we aim {o explore some experimental ISSU€s

size of the windows chosen. Here we investigate how to propyr associated with eXtraCting avalanche statistics from Captl
detect the size of the single avalanches, and how to understh data of this kind. First, we need to set reliable methods

the finite-size effects of the boundary conditions. for extracting avalanche distributions from a series ofiaapt
images, properly taking into account the effect of backgobu
noise. This is clearly the central issue to be able to detemi
The jerky motion of domain walls in soft magnetic mateaccurate critical exponents. Secondly, we need to inwsgtig
rials, a basic example of complexity in materials scienee, hthe proper scaling approach to address the finite-sizefantof
been the subject of a long and continuing series of studi¢ise avalanche sizes induced by the observation window. This
In bulk magnetic systems, most of the statistical propertievill introduce further critical exponents, which are udetw
are now understood in terms of a depinning transition ofveil new information on the domain wall dynamics.
the domain wall, and many experimental results are well
explained in by these theories [1]. In thin films, the motion - AVALANCHE DISTRIBUTIONS FROM A SEQUENCE OF
of walls is presumably dominated by depinning as well, but MOKE IMAGES
our understanding of the dynamics is still at a preliminary The determination of size of an avalanche using magneto-
stage. Despite the lower dimensionality, it is well knowwptics is not as simple as the one used in fluxometric mea-
that domain walls in two dimensions often exhibit morsurements, which are especially suitable for bulk material
complex structures than simple Bloch walls, and the dontingi]. In these measurements, in fact, one detects the change o
interactions important for the wall dynamics are much momaagnetization on time, and the avalanches are simply defined
complicate to be determined. Also, from the experimentaitroducing a single noise threshold which unambiguousty s
point of view, the data available are still limited, althéuthe the beginning and end of the avalanche. Clearly, it is far
few recent papers published using the magneto-optical Kenore challenging to separate signal from noise in the richer
effect (MOKE) have shown interesting and promising resultspace-time information provided by the sequence of MOKE
In 2000, Puppin [2] measured the critical exponentf the images. Here the challenge is to find the space-time surface
avalanche size distributioR(S) ~ S~ f(S/S,) in a Fe/MgO TI'(z,y) separating the flipped from the unflipped spins. This
film of 90 nm to be about ~ 1.1, much less than the valuesproblem is particularly important when extracting avalaac
reported in the literature for bulk systems. Later, Kanal. size distributions, where the small avalanches are crdcial
[3] indeed measured larger values- 1.3 in Co thin films of in estimates of the critical exponents.
different thicknesses (5 - 50 nm). Very recently, Ryal. [4] To address this question, we acquired in continuous mode
have argued that in a 50 nm MnAs film on GaAs(001), havintye images of the motion of zig-zag domain walls on Permal-
a Curie temperature of only about 46, there is a cross-overloy thin films, using the high-resolution longitudinal Kesf-
between different universality classes driven by tempeeat fect, with the sample magnetized by a slowly varying longitu
with the exponent continuously changing from 1.32 to 1.04dinal in-plane field. The microscope is a Zeiss AxioscopaPlu
as the temperature is increased from 20 t6B5All of these modified with additional optical elements to obtain a paidall
experiments rely upon measuring avalanches optically, insgolarized light beam exiting the objective, and with an-off
small sub-window of the entire sample. Usually, windows adxis aperture stop in the objective back-focal plane toinbta
varying sizes are used, and the distributions are supeseatpothe correct Kerr angle of the light beam. The magnification is
to fit the critical exponent over a few decades. In all thesegiven by 20x and 10x objectives (with numerical apertur®0.4
experiments, no information on the effect of the window sizand 0.25 respectively) which allow us to acquire imagesrtavi

I. INTRODUCTION



sizes480um x 340um and880um X 660um. The microscope
uses a Zeiss Axiocam HRm camera (14 bit, Peltier cooled),
whose main bottleneck is the time needed (about 0.5-0.8 s) to
transfer successive frames to the computer for storage. The
field is applied with an Helmholtz coils, which allow the
application of fields up te= 20 kA/m along the light incidence
plane. The observations are made under a sinusoidallyngryi
field, with f=1mHz.

As usual with images obtained by in-plane Kerr effect, the
contrast of the unprocessed images is fairly low. Thergfore
prior to acquisition, a reference state is captured at aagur.
After the run, the reference state is subtracted to eachemag
to allow the observation of the magnetic state variatiory.onl
Successive steps involve smoothing and gray level noraxaliz
tion to enhance the image contrast [5], [6]. Figure 1. Time sequences of the gray scale for three adjszirels in a

After this pretty standard procedure, we now need to cleaMPKE image. Visual inspection clearly recognize the pixats having the
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deniify the_domains in the images. We first attempted s e tme, bt rumerial calcuation can g restsdue o
make use of morphological operators (open/close, erdd&édi for the central blue one.
tophat) or make convolutions with different matrices, assth
operations are in general able to reduce the noise by using ‘ "'
the spatial information around each pixel. As a matter of, fac s
these operations can be problematic, especially in reduhim 1
number of small avalanches. For this reason, we prefer to firs
keep the raw images. Also the application of edge detection|
routines, for instance, are not really useful in deterngrtime i
position of the walls. The general point is that by analyzing é .
each image in isolation, we lose the useful information pro- |
vided by the time sequence. ' -

Indeed, a simple but effective starting point is to ignore th - 'y
spatial information and consider only the evolution in tifoe wir., 3 e I . \ ‘
each pixel. A significant jump in the measured intensity at th et . i:l 1
pixel represents the switching time for the magnetization o _
o that poin, In fig. 1 we report an example of the G e TS 100 T
intensity of three adjacent pixels. While it is evident th rtical. The color code represents the time at which thepjarcurs (from
all of them switch at the same time around the 22nd framed to blue).
it is not so obvious how to perform the calculation which
detects it correctly for the three sequences. For instaage,
the change in the gray scale for the blue central sequer@ey character of domain wall motion. On the right, taken at
is much smaller, considering simple numerical derivatiga ¢ @ larger magnificatiord80 x 340m), we do apply the spatial
give spurious answers. We considered a series of routirtas vdorrection, giving a significant decrease of incorrect shes.
different levels of smoothing and derivative calculatibmyt ~ In the comparison of the two images, it is clear not only
inevitably found that a small but non-negligible number dghat different fields of view detect different details of the
pixels appear to switch at the wrong time. To correct fo#omain wall jumps, but, notably, large jumps are chopped
this, we need to encode also the spatial information, usiagd detected as much smaller avalanches in smaller frames. |
algorithms that adjust the switching time to that of adjacefther words, the size of the window has a strong influence on
pixels if they appear to be in the same avalanche except tbe largest avalanche size which can be detected. Given that
small noise. In any case, these methods are pretty delasitethe best experiments can only measure two or three decades
they can reduce or eventually destroy small avalancheg;,l’whiof avalanche sizes for a given window, it would be valuable
as said, are essential for critical exponent estimation. to combine information from several window sizes; to do

An example of avalanche visualization is shown in fig. Z0 we must understand the finite-size effects with windowed
where we use the same color palette (from red to blue) as u§ggindary conditions.
by ref. [4] for ease of comparison. On the left, we show the
jump sequence for a field of view &80 x 660um, in which 1. MULTISCALE MEASUREMENTS OF AVALANCHE
we did not apply any spatial correction to the pixels, so that DISTRIBUTIONS: VARYING THE WINDOW SIZE
certain number of incorrect switches are shown. In any case;To explore the effect of windows size on the avalanche
the sequence of zig-zag domains is well detected, showimg thistributions, we consider a model for a domain wall moving



in a random environment. While the model in not completely
realistic in term of the experiments, it provides a protatgp

description of a self-affine interface moving in a disordiere 1071}
landscape. The equation of motion for the domain wall isgive

by
dh(z,t) d2h d (dh

3
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whereh(z,t) is the position of the domain wall,is the center
of mass of the wall that is proportional to the magnetization w0
H(t) is a slow varying external fields is the demagnetizing
factor, u% is the domain wall linear stiffness to which %
we added a small non-linear correction controlled Xyyand T I W e ot
n(z, h) is a random field describing all the inhomogeneities
present in the sample. The effect of the non-linearity iciedu o o _ _
. ] ] . - - Figure 3. Distribution of avalanche sizes inside windowdlifferent sizes
in two dimensions since otherwise the model would displ but not touching the borders of the windows. Inset shows thitefsize
anomalous scaling with super-rough behavior [7]. We siteulascaling collapse of eq. 2, with = 1.19 4 0.10, 1/ov = 1.7 =+ 0.06.
a cellular automaton version of Eq. 1 where time and space are
discretized and the local velocity can assume only the galue
or 1. The model displays an avalanche distribution withiagal the theoretical value only at the largest window sizes (F)g.
exponentr = 1.18 + 0.01. The domain wall is found to be As we might expect, only for large windows which primarily
self-affine with a roughness exponent 0.65+0.05, in good throw away short-and-fat avalanches does the scaling sisaly
agreement with the result= 0.63, reported in Ref. [7]. apply, with the window size acting as the strip widfh.

In order to compare the model with the experiments, we

restrict our analysis to the avalanches (or avalanche frac- ] i ]
tions) occuring inside square windows of linear size— The experimental and theoretical analysis shown here en-

16, 32, 64, 128, 256, for a system of total width.,,; = 2048. ables us to conclude that the measurements at differenowind

There are two empirical methods that can be used to correct f#€S must be take with care, since the extimated exponents
the finite window size: following Puppin [2], one can measurg®n reflect the limited size of the windows. In particular, in
only the net magnetization within the window, or, in contrast® experiments, the use of a set of different magnificafions
incorporate only avalanches that touch none of the bordersiéstéad of being a practical limit, gives a considerableaaelv

the window — avoiding the extra truncated avalanches. Figag€ as, when statistical distributions are properlyaiest; it
shows the results of our simulation using the latter metho@!OWs to estimate other critical exponents (il¢ov) which

where only the avalanches that do not touch the sides G better characterize the dynamics domain wall in thinsfilm
an L x L window are incorporated. The intricated part of JPS would like to acknowledge NSF DMR-070167 for
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IV. CONCLUSIONS

analyzing this data is that the large avalanches near dieginnSUPPOrt
transitions are increasingly anisotropic: an avalanchth wi REEERENCES
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Figure 4. Distribution of avalanche sizes inside windowdifferent sizes
L touching the borders of the windows. Inset shows the changleedfitted
exponentr with the window sizeL, approaching the theoretical value of
T = 1.18 for large sizes.



