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We investigate the fractal behavior of magnetic domain together with analysis of dynamic reversal behav-
ior in Co/Pd multilayer films prepared with different number of repeats n. We utilize a novel magneto-
optical microscope magnetometer technique to visualize the time-resolved domain evolution patterns in
these films. Quantitative analysis of the time-resolved domain evolution patterns allows us to determine
the fractal dimension Dy and the reversal ratio V/R depending on n, where V/R represents the counterbal-
ance between the wall-motion speed V and the nucleation rate R. As n increases, domain shape becomes
more ragged and complex and thus, Dy increases. Interestingly enough, the change in Dy clearly seems to
be coupled to the change in V/R with varying n, which implies that the correlation between D; and V/R is
mediated via the distributed defects.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Understanding the shape of magnetic domain and domain dynamics during magnetiza-
tion reversal in ferromagnetic nanothin films continues to be an intriguing issue in magnetism, greatly
motivated by recent technological interest for upcoming magnetoelectric technology such as spintronics
and quantum computing as well as for ultrahigh density magnetic and magneto-optical recording [1, 2].
To meet the technological interest, it is so vital to understand domain properties, since the magnetic
information is stored and controlled via the formation and the reversal of the domain. The size, irregular-
ity, and stability of the written domain will affect the performance of the real magnetic devices. Re-
cently, it has been reported that the detailed shape and the reversal behavior of the magnetic domain is
closely correlated with varying the Co sublayer thickness in Co/Pd multilayers [3], where the fractal
dimension Dy characterizing the shape of the domain has been found to be inversely related to the rever-
sal parameter V/R representing the counterbalance between the wall-motion speed V and the nucleation
rate R of magnetic domain [4]. However, systematic investigation on the correlation between the shape
and the reversal behavior of magnetic domain in the real ferromagnetic films are still lacking.

Domain properties in the real films cannot be fully explained without considering the defect distrib-
uted in the film. Numerous efforts have been devoted to correlate the defect to the domain properties. It
has been known that distributed defect may leads the motion of domain wall to be glassy creeping domi-
nated by defect [5] or to be propagating with a deroughened shape competing with defect [6]. In this
sense, it is not surprising to notice that there have been wide varieties of results reporting different and,
in some cases, controversial domain properties depending on detailed fabrication conditions even among
similar samples [7—10]. Recently, domain dynamics has been investigated based on thermally activated
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relaxation model in Co/Pt multilayer films sputtered with variation of Ar sputtering pressure [11], where
it has been revealed that dynamic properties of domain is truly affected by distributed defects such as
grain boundary. However, no in-depth quantitative study has been addressed on the correlation between
the domain-wall shape and the reversal behavior under the influence of the defects. In the present work,
we report the quantitative analysis of correlation between the fractality and the reversal behavior of the
domain with varying the number of repeats of the Co/Pd multilayer and thus, with varying the areal de-
fect density of the sample.

2 Experimental For the purpose of our study, Co/Pd multilayer (4-A Co/11-A Pd), has been prepared
with varying only the number of repeats n from 5 to 15 with fixing all other parameters so that the num-
ber of interfaces and thus, the number of defects in the sample increases with being roughly proportional
to n. Co/Pd multilayer system has been chosen, since this system has been one of the most promising
materials for perpendicular magnetic recording and magneto-optical recording media due to a large per-
pendicular magnetic anisotropy and a large Kerr rotation angle at a short wavelength. We expect a wide
range of magnetization reversal behavior in this system from the wall-motion dominant one to the nu-
cleation dominant one. Samples were prepared on glass substrates by dc-magnetron sputtering under
2.0 x 107" Torr base pressure and 5 mTorr Ar sputtering pressure. Low-angle X-ray diffraction studies
revealed that all samples had distinct peaks indicating an existence of the multilayer structure. We utilize
a novel magneto-optical microscope magnetometer (MOMM) technique to directly visualize the time-
resolved domain evolution patterns in these multilayers. Details of MOMM are described elsewhere [12].
The magnetization was triggered by applying a magnetic field in the field range of 70-90% of the coer-
civity to an initially saturated sample.

3 Results The domain evolution patterns of (4—/0% Co/11-A Pd), with n = 5, 10, and 15, observed via
MOMM under a constant applied field, are demonstrated in Fig. 1. It is clear that irregularity and rough-
ness of domain wall patterns appear to increase as n increases, which is expected from the increase of
defects proportional to the number of interfaces in the multilayers. From Fig. 1, one can also notice that
that not only the geometry of domain patterns but also the reversal process is changed with increase of n.
We witness that domain reversal process changes from a wall-motion dominant process to a nucleation
dominant one with the increase of n.

The shape of domain has been quantitatively analyzed via fractal dimension Dy, which can be deter-
mined through the perimeter-area scaling relation of the domain patterns [13]. The perimeter and the area
can be determined from image processing of grabbed images, such as contrast-enhancing, background
subtraction, noise-filtering, and black-and-white image extraction processes. We find that Dy increases

Fig. 1 (online colour at: www.interscience.wiley.com) Domain evolution patterns of (4-A Co/11-A Pd),
samples prepared with varying n to be 5, 10, and 15. The observed area is 40 x 32 um’ and the color
represents the elapsed time from 0 to 10 seconds in the process of domain evolution.
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Fig.2 (a) Fractal dimension Dy of (4-A Co/11-A Pd), and reversal ratio V/R with respect to number of
repeats n. (b) Correlation between the fractal dimension Dy vs the reversal ratio V/R.

from 1.45 + 0.07 to 1.70 £ 0.08 with increase of n, as shown in Fig. 2(a). It should be noted that Dy of
each sample is truly coincident with the degree of jaggedness of the corresponding domain evolution
patterns of Fig. 1. The increase of Dy directly proves the role of defects in shaping the domain wall dur-
ing magnetization reversal. As the number of defects increases, the propagating wall will have a more
chance to be pinned, forming a roughned domain wall through the distributed defects.

The reversal behavior has been quantitatively analyzed using reversal ratio V/R, which can be deter-
mined from the observed time-resolved domain evolution patterns. The wall-motion speed V and the
nucleation rate R can be independently determined from the area and the perimeter of time-resolved
domain evolution patterns. The details of the analysis method are described in Ref. [14]. The V/R of each
sample decreases from 1.80 = 0.78 to 0.35 + 0.16, as shown in Fig. 2(a). Note that the reversal behavior
of corresponding sample changes from the wall-motion dominant process to the nucleation dominant
one, as the V/R decreases, which can be directly witnessed from the corresponding domain evolution
patterns in Fig. 1. The decrease of V/R can be explainable with the consideration of the increased number
of defects. The increased number of defects provides more chance for nucleation of domain at each de-
fect site and thus, R increases. Moreover, the defects distributed in the sample act as barriers during
propagation of the domain wall and thus, the wall motion is damped and V decreases as n increases.

4 Discussion To examine the correlation between Dy and V/R, we plot V/R vs. D;in Fig. 2(b). Interest-
ingly enough, an inverse relation between V/R and Dy is demonstrated. It should be reminded that there
has been a recent report by Kim et al. on the inverse correlation in Co/Pd multilayer system having dif-
ferent Co sublayer thickness [3], where the inverse relation is explained using macroscopic parameter
such as saturation magnetization M and anisotropy constant K,. However, in the present study, the mul-
tilayer samples are prepared only by varying the number of repeats with keeping other preparation condi-
tions identical for each sample. Thus, it is expected that the overall sample properties will not be signifi-
cantly different with each other and the number of defects originated from the interfaces is mainly var-
ied. Note that the Co sublayer thickness of the multilayers investigated in this study is 4 A, which corre-
sponds to 2 Co atomic layers. Thus, it is reasonable to expect the main source of the defects is interfaces
in this system.

It has been known that V/R can be approximated as ~exp (Ew — Ex) based on thermally activated re-
laxation model [3], where Ey and Ey, represent the nucleation and the wall-motion activation energy. The
relation between Dy and log (V/R) can be expressed as D¢ ~ (Ew — En) + C, where C is a constant related
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with Barkhausen volume or minimum size of activated domain [15]. With this assumption, the increased
number of defects can be considered to make the Ey lower and the Ey higher, since the defect can be an
initial site for domain nucleation as well as a damping barrier for wall propagation. Our experimental
result directly proves that the correlation between Dy and V/R can be mediated via the effect of micro-
scopic defects distributed over the sample.

5 Conclusions In conclusion, we have investigated the fractal dimension Dy and the reversal ratio V/R
of magnetic domain in Co/Pd multilayers having different number of repeats n. The time-resolved do-
main evolution patterns are directly visualized, where Dy and V/R are determined depending on n. The
change in Dy clearly seems to be coupled to the change in V/R with varying n, where it has been revealed
that the inverse correlation between Dy and V/R exists and it is mediated via the distributed defects in the
sample.
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