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We present the fractal properties of the magnetic domain walls in (5-A CooFe,o/10-A Pt), multilayer films with
perpendicular magnetic anisotropy for the number of repeats n (1 to 5). In these films, the magnetization
reversed due to the domain wall propagation throughout the films with rare nucleations. As » increased, it was
observed that the jaggedness of the domain walls increased noticeably, which is possibly due to the accumula-
tion of irregularities at the layer interfaces. The jaggedness of the domain walls was analyzed in terms of the
fractal dimension by use of the ruler method, and it was revealed that the fractal dimension significantly
changed from 1.0+0.002 to 1.3+0.05 as » increased from 1 to 5.
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1. Introduction

Uniformity and controllability of the magnetic proper-
ties in ferromagnetic films and nanostructures are para-
mount in achieving reliability in magnetic device ap-
plications such as the magnetic domain-wall racetrack
memory [1], logic devices [2], and various upcoming
technologies [3]. The uniformity of the films can be ex-
amined by observing the magnetization reversal processes
which display the magnetic properties clearly. Magneti-
zation reversal in ferromagnetic films with perpendicular
magnetic anisotropy occurs by several distinct mechanisms
— the wall-motion from existing domains and the nuclea-
tion of domains at random positions — depending on the
film structure and composition as well as the fabrication
conditions [4-7]. To understand these reversal processes
with magnetic properties, many theoretical models, such
as the random-field Ising model, the random-bond Ising
model [8], the thermally activated relaxation model [9-
11], and so on, have been proposed and tested. In these
models, randomness plays a crucial role. The degree of
randomness governs the domain dynamics and, conse-
quently, causes distinct domain wall structures. From a
theoretical point of view, the magnetization reversal occurs
through randomly distributed defects in amorphous or
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poly-crystallized materials and, consequently, such non-
linear stochastic effects result in the fractal nature of the
magnetic domain patterns [12]. Many studies have ex-
amined the fractal properties of the magnetic domains [9-
14] and domain walls [9,12]. The fractal dimension
provides a unique characterization parameter for domain
interface formation in accordance with non-uniformity.
Here, we investigate the fractal properties of CoFe/Pt
multilayered films to quantitatively analyze the effect of
the number of layers on the domain wall jaggedness.

2. Experiments

50-A Ta/25-A Pt/(5-A CoooFe o/10-A Pt), films were
deposited on a Si substrate with a natural SiO, layer via
dc-magnetron sputtering and the films were produced
with various numbers of repeats 7 (from 1 to 5). Here we
chose to use CoFe films rather than Co films because
CoFe films exhibit an almost amorphous phase with small
polycrystalline grains. From the magneto-optical Kerr
effect measurement, all the films were revealed to exhibit
squared out-of-plane hysteresis loops as shown in Fig. 1,
evidencing the strong perpendicular magnetic anisotropy.
The coercive fields were revealed to increase monotoni-
cally from 113 Oe to 363 Oe as n increased from 1 to 5.

The films were first saturated under a sufficiently large
magnetic field (3,300 Oe) and then, by applying short
pulses of reversed magnetic fields (similar strength with
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Fig. 1. Out-of-plane magnetic hysteresis loops of the films
with different repetition numbers » of the CoFe/Pt layers, i.e.
n=(a) 1, (b) 2, (c) 3, (d) 4, and (e) 5, respectively. The sweep-
ing rate of the magnetic field is 66 Oe/sec within the range of
+2,400 Oe. The coercive field of each film was measured to
be (a) 113 Oe, (b) 272 Oe, (c) 295 Oe, (d) 360 Oe, and (e) 363
Oe, respectively.

the coercive field, 113 Oe, 272 Oe, 295 Oe, and 360 Oe
for the samples with n=1, 2, 3, 4, and 5, respectively), a
few domain nuclei were formed at quenched positions
(localized soft magnetic defects). Rather weak magnetic
fields, rather than coercive fields, triggered the domain
wall to propagate slowly (10-20 gm/s) from the nuclei.
The typical domain images are illustrated in Fig. 2(a).
The gray contrast corresponds to the domain images at
different times after applying the magnetic field. Since the
domain wall jaggedness is known to depend on the wall
propagation speed [11, 15], we applied different magnetic
fields (42 Oe, 65 Oe, 197 Oe, 280 Oe, and 291 Oe for the
samples with n=1, 2, 3, 4, and 5, respectively) to induce a
similar domain-wall velocity of about 15 gm/s, where the
randomness of the films becomes dominant in determin-
ing the jaggedness of the domain walls. After the satu-
ration of the jaggedness growth via sufficient domain wall
propagation reached about a few millimeters, the domain
patterns were captured by a time-resolved magneto-optical
Kerr effect microscope, which was capable of up to
x1,000 magnification with an objective lens with a
numerical aperture of 0.75 with a spatial resolution of
0.45 pym. The captured domain wall images were then
analyzed after some image processing: the subtraction
from pre-captured background images, the black-and-
white conversion, and then the digitization of the domain
wall positions. The typical domain wall structures are
shown in Fig. 2(b). The domain wall profiles were then
finally obtained as an array of the domain wall positions.
All the image analyses were carried out under the same
prescribed conditions.
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Fig. 2. (a) Typical magnetic domain expansion from nucle-
ation sites, which are sometimes at the edge (or middle) of the
film, with low magnification (x25). The gray contrasts corre-
spond to the domain images taken at different times after
applying the magnetic field. (b) Typical magnetic domain
images with high magnification (% 1,000) after image process-
ing, which comprises background subtraction and black-and-
white conversion.

The fractal properties of the domain wall profile were
then analyzed by the ruler method. It is well known that
the fractal dimension Dy can be estimated from the
scaling relation among the geometrical parameters, such
as the perimeter length measured by various rulers with
different lengths and the area size measured by different
square cells [16]. Here, we determined the fractal dimen-
sions of the domain walls by measuring length L of the
domain interfaces on the image by changing the ruler size
s. The length L of the domain wall in a captured image
changed depending on the ruler size s. In log-log plots of
the domain wall length L with respect to the ruler size s
as shown in Fig. 3, the slopes determine the fractal
dimensions according to Dp=1-slope. The steeper the
slope is, the larger the fractal dimension is.

3. Results and Discussion

All the films exhibit clear circular expansion of the
magnetic domains from the rare nuclei at some localized
positions as seen with the low magnification images in
Fig. 2(a), which show that the films are fairly homogene-



Journal of Magnetics, Vol. 15, No. 3, September 2010

Log of Normalized DW length L/L

1.2 1.5 1.8 21 24
Log of Ruler size s

Fig. 3. Log-log plots of the domain wall length with respect to
the ruler size for each film. The symbols with error bars indi-
cate the statistics from several tens of images for each film.
The lines show the best linear fits.

ous and isotropic from a macroscopic point of view.
However, zooming onto the microscopic details, the domain
wall profiles turned out to be significantly different from
each other as shown in the high magnification images in
Fig. 2(b). Each domain wall profile corresponds to the
distinct fractal properties which are related to microscopic
homogeneity.

Fig. 3 shows the log-log plots of the domain wall
structures, where the abscissa is the ruler size s and the
ordinate is the normalized domain wall length L/L, for the
domain wall profiles shown in Fig. 2(b). Here L, is the
domain wall length of each image measured by the small-
est ruler which was determined by the spatial resolution
of the microscope. Then we collected statistics of the
normalized domain wall lengths L/L, according to the
ruler length s. The clear linear dependence supports the
validity of our approach with the fractal analysis and the
actual fractality of the magnetic domain walls on our
films. From the linear dependence, we could deduce the
fractal dimension Dr of the domain walls on each film
from the relation Locs'?" [14]. Interestingly, the fractal
dimension was revealed to drastically increase with
increases in », as shown in Fig. 4. The fractal dimension
significantly changed from 1.0+0.002 (r=1) to 1.3£0.05
(n=5). This change might be ascribed to the accumulation
of irregularities formed at the interfaces between the
CoFe and Pt layers. The irregularities then caused mag-
netic pinning during the domain wall propagation and,
consequently, induced the domain wall to be roughened.
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Fig. 4. Fractal dimensions with respect to the number of
repeats.

The fractal properties of magnetic domains have been
well described in the thermo-activated relaxation model
of domain wall propagation [9, 11, 14]. In this model, the
domain evolution occurs via the Barkhausen jumps of the
domain walls by overcoming the breakaway energy R with
the help of thermal activation. According to the Arrhenius
law, the probability p for the thermally-activated depinn-
ing is given by p~exp(—R/T) for temperature 7. In Ref. 8§,
the thermal activation process is described by a single
characteristic parameter z as defined by

1V, M
ZZEAT, (1)

where ¢ and & are the film thickness and the lattice cell
size, respectively. Here, V, is the activation volume and
Ms is the saturation magnetization. Consequently, their
results show that the fractal dimension Dr monotonically
increased as z increased (For details, see Fig. 6 in Ref. 8).
For our case, the total thickness # increased linearly with
the number of repeats, whereas &—the characteristic
length of microscopic magnetic uniformity — decreased
due to the accumulation of the interfacial irregularities.
Since the activation volume V, and the saturation mag-
netization Ms are almost unchanged for all the samples, it
is expected that z increased with respect to the number of
repeats, resulting in monotonic increments of the fractal
dimension.

4. Conclusion

The fractal properties of the magnetic domain walls
were experimentally investigated in ferromagnetic CoFe/
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Pt multilayered films with perpendicular magnetic aniso-
tropy. The jaggedness of the magnetic domain walls
increased and, consequently, the fractal dimension also
increased with the increasing repetition number of the
CoFe/Pt layers. This is possibly ascribed to the accumu-
lation of interfacial defects due to increasing the number
of repeats.
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