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Roughness Exponent of Domain Interface in CoFe/Pt Multilayer Films
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Critical scaling behavior of magnetic domain interfaces is experimentally investigated in Pt/CoFe/Pt single-layer film (type I) and
(CoFe/Pt), multilayer film (type II). Even though both samples exhibit domain wall propagation with rare nucleation, the domain inter-
face profile is found to be very contrasting. Typical overhanging interfaces, in contrast to smooth interfaces in type I film, are observed
in type II film. Both types of the interface profiles obey power laws. In log-log scaling plot of the roughness with respect to the interface
segment length, the slopes, i.e., the scaling exponents, are estimated to be 0.66 &+ 0.02 and 0.98 + 0.03 for type I and II films, respec-
tively. These values of the scaling exponents correspond to two distinct criticality classes of the self-affine and self-similar regimes in

random-field Ising model, respectively.

Index Terms—Domain wall, quenched disorder, roughness exponent, scaling behavior.

I. INTRODUCTION

NTERFACES and surfaces are formed by balancing a huge
I number of factors. Nevertheless, many scientists have de-
voted their effort to find a small number of fundamental laws
underlying in the interface growth dynamics [1]. For instance,
the scaling law has successfully explained the critical behaviors
in diverse systems with huge degree of freedom. Magnetic sys-
tems have been one of the good test systems for studying these
scaling laws, since they have a huge degree of freedom with
disorders in the formation of the domain interfaces, i.e., domain
walls.

The magnetization reversal occurs by several distinct mech-
anisms—domain wall motion or nucleation, in ferromagnetic
films with perpendicular magnetic anisotropy [2]-[4], [16],
[17]. For the case of the domain wall propagation with rare
nucleation, the roughness evolution has been analyzed by the
random-field Ising model [5], [6]. In the model, the roughness
is characterized by the log—log scaling laws with a character-
istic exponent. The characteristic scaling exponent has been
predicted to be unique within a system irrespective to different
material parameters [7]. The domain wall roughness exponent
a in 2-D system with 1-D interface is theoretically predicted
[8]-[10] and experimentally verified [11] to be & = 2/3 in
Pt/Co/Pt films. The roughness exponent is then used to explain
the scaling behavior in the domain wall creep under a small
magnetic field [11]-[14]. However, up to now, the roughness
exponent has been examined only for single-layered films and
its uniqueness has not been tested yet for multilayered films.

This study is motivated to examine whether the roughness
exponent persists the uniqueness in multilayered films. For this
study, we investigate the roughness exponent of the magnetic
domain walls in CoFe/Pt multilayered films with varying the
number of bilayers. The magnetic domains and domain walls are
observed by use of a time-resolved magneto—optical Kerr-effect
(MOKE) microscope. The roughness exponent is found to be
sensitive to the number of bilayers—thicker films exhibit larger

Manuscript received October 09, 2008. Current version published May 20,
2009. Corresponding author: S.-B. Choe (e-mail: sugbong@snu.ac kr).
Digital Object Identifier 10.1109/TMAG.2009.2018877

20}(a) 20 §(0)
g s
s 10 S 10F
g g
o 0f > 0f
u‘tl, Cnbmp— u"j
X L X L
& 10 g -10
s s
20} 20}
-100-50 0 50 10 -100-50 0 50 10

H(mT)

H(mT)

Fig. 1. Polar MOKE hysteresis loops for (a) type I and (b) type II samples,
respectively. Typical magnetic domain images captured by a MOKE microscope
with a low magnification for (a) type I and (b) type II samples, respectively. The
gray contrast corresponds to the domain images taken at different times after
applying magnetic field.

exponents. The corresponding criticality classes are discussed
within the context of the random-field Ising model.

II. EXPERIMENTAL PROCEDURE

For this study, 50-A Ta/25-A Pt/(5-A CoggFe;o/10-A Pt),,
multilayered films are deposited on Si substrate with natural
Si0Og layer by direct current (dc)-magnetron sputtering in ultra-
high vacuum environment. Type I samples (5-A CoggFe1o/10-A
Pt); and type II samples (S-A CogoFeq/10-A Pt)4 are exten-
sively examined. Both films exhibit square hysteresis loops with
a strong perpendicular magnetic anisotropy, by means of polar
MOKE measurement as shown in Fig. 1(a) and (b). The coer-
cive fields are measured as 11.3 and 36.0 mT for type I and II
samples, respectively.

The domain wall configuration is monitored by a time-re-
solved MOKE microscope, capable of up to x 1000 magnifica-
tion with an objective lens having the numerical aperture 0.75
with the spatial resolution 0.45 pm. The images are captured
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in video rate, and then, analyzed with image processing tech-
niques. The magnetization of the films is first saturated under
an external magnetic field sufficiently larger than the coercive
field, and then, a small nucleated domain is formed by applying
a pulsed magnetic field slightly smaller than the coercive field in
the reversed direction. The nucleation takes place reproducibly
at a few nucleation sites at which some structural defects are pre-
sumably located. By applying pulsed magnetic field repeatedly,
the domain wall expands from the nucleated sites. The strength
of the magnetic field is chosen to trigger the same domain wall
speed for each film, to avoid the possible effect from different
domain wall speed. The domain wall speed about 17+ 2 pym
at 23 °C are attained under the strengths of the field, 4.2 and
28.0 mT for type I and II samples, respectively.

Fig. 1(c) and (d) shows the circular expansion of the domain
wall from a nucleation site. The images are taken by a MOKE
microscope with a low magnification (x25), to see the overall
domain patterns. The gray contrast corresponds to the different
domain images taken after applying successive magnetic field
pulses. Both samples show clear circular domain wall expan-
sion, which evidences that the magnetization reversal is domi-
nated by the domain wall motion from rare nucleation site. After
sufficient propagation for saturation of the growth of the domain
wall roughness, the domain wall images are captured with a high
magnification (X 1000). The captured domain wall images are
then subtracted by the precaptured background image and con-
verted into black and white images. All the image analyses are
carried out under the same prescribed condition. Finally, the do-
main wall profile as an array of the domain wall position is ob-
tained for the roughness scaling analysis.

III. RESULTS AND DISCUSSION

Fig. 2 shows the typical domain images of type I [Fig. 2(a)]
and type II [Fig. 2(b)] samples, respectively. The images are
taken after a sufficient propagation from the nucleation sites to
form almost linear profile of the overall domain wall config-
uration inside the field of view. The figures clearly show that
thicker film exhibits rougher domain wall profile. It is worth-
while to note that in addition to the difference in the degree of
the roughness, overhanging profiles are observed only in type II
sample, whereas smooth profiles are observed in type I sample.

To see the effect on the scaling behavior due to the over-
hanging profiles, a standard scaling analysis is adopted. From
the analysis, one can determine the roughness and the rough-
ness exponent, separately. It is crucial to note that there exists
clear distinction between the roughness and the roughness ex-
ponent. Even though the roughness is apparently and intuitively
seen from the domain wall profiles, the magnetization dynamics
is governed mainly by the roughness exponent [11]. The rough-
ness exponent « is related to how the roughness increases with
increasing the domain wall segment length L. The roughness
exponent is defined as

w(L) oc L* ey

where w(L) is the characteristic roughness with respect to L. It
is originally given by [1]

w(L) = (h(w)*), — (h(x))7 @
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Fig. 2. Typical domain images captured by a MOKE microscope with a high
magnification for (a) type I and (b) type II samples, respectively. Two images for
each sample are captured on the same area at different runs. The black-and-white
images converted after background subtraction are shown in (c) and (d).

where ( ), designates the average inside all the possible length
L. For our system with the whole length S of the images under
examination, it is given by

1

T S-1L
S—L

B 1 s+ L ) 1 s+ L 2
X / f/s h?(z)dx — E/s h(z)dxz| ds. (3)
0

Here, h(xz) is the height grown from the initial domain wall
position presumed to be on a straight line. However, since the
domain walls are circularly expanded from a single nucleation
site in our experimental condition, it is not clear to define the
initial line of the domain wall. Therefore, in this study, we in-
troduce a quasi-initial line of the domain wall as the line con-
necting between the two positions separated by the length L
along the domain wall. The height A is then given by the dis-
tance normal to the line, and therefore, the roughness is calcu-
lated as the standard deviation of the height h. This approach
successfully removes the ambiguity of the overall angle of the
images. It thus provides a self-consistent and scale-free way to
analyze the roughness profiles, irrespective to the initial posi-
tion of the domain wall. The validity of this approach is limited
for small L, since the circular domain wall profile recovers for
large L comparable to the radius of the circle. We thus expand

£
=
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Fig. 3. The log—log scaling plot of the roughness w with respective to the do-
main wall segment length L. The solid and open symbols correspond to type I
and type II samples, respectively.

the circular domains with the radius larger than 3 mm, and then,
analyze a small area of L < 100 psm, which corresponds to the
2° arc of the overall circular domains.

Fig. 3 exhibits the log-log scaling plots for type I (solid
symbol) and type II (open symbol) samples. Here, the ordinate
is log(w) and the abscissa is log(L). It is clearly seen from
the figure that the roughness exponent, i.e., the slope of the
data, is sensitive to the film thickness—thicker film has larger
exponent. Type I sample has @« = 0.66 £+ 0.02 in accordance
with the previous results for single-layered films [11], [13].
On the other hand, type II sample has another distinct value
o = 0.98 £ 0.03.

The former value of the scaling exponent is in good agree-
ment with the theoretically predicted value 2/3 for the self-affine
regime of the random-field Ising model, whereas the latter value
is accordant with the values predicted for the self-similar regime
[15]. It is also consistent with the experimental observations
that the overhanging profiles are theoretically predicted in the
self-similar regime in contrast to smooth profiles without over-
hanging in the self-affine regime. Thus, one can conclude that
there exists a crossover between two different criticality regimes
with increasing the number of bilayers—type I sample exhibits
the criticality class of the self-affine regime and type II sample
exhibits the criticality class of the self-similar regime.

Both self-affine and self-similar regimes are predicted in the
random-field Ising model for different characteristic strength A
of the disorder, respectively [1]. In the model, the quenched
disorders are uniformly distributed over the interval [—A, A].
The self-affine regime appears for a relatively smaller disorder
2.4 < A < 3.4, whereas the self-similar regime is for large
disorder A > 3.4 [1]. In consequence, the roughness profile in
the self-affine regime is determined by the counterbalance be-
tween the weak structural disorder and the thermal fluctuation.
The thermal fluctuation triggers the thermally activated depin-
ning from weak structural disorders to form smooth interface
profiles. In contrary, in the self-similar regime, the roughness
profile is governed solely by the strong structural disorder. The
overhanging profile thus appears by pinning at strong structural
disorders sufficiently larger than the thermal fluctuation. It is
therefore reasonable to expect that the criticality transition be-
tween type I and type II samples is ascribed to the degree of
the structural irregularities. It is natural to imagine that thicker
film has larger A, since the local structural disorders such as
atomic misfits, defects, dislocations, and crystalline misorienta-
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tions are accumulative during the film deposition. The structural
disorders cause magnetic irregularities for nucleation and/or do-
main wall pinning sites [3]. Other possible reasons for these dis-
tinct scaling behaviors could be the strength difference of do-
main wall tension, dipolar interaction, and interlayer coupling
strength.

IV. CONCLUSION

The roughness of the magnetic domain walls is experimen-
tally investigated in ferromagnetic CoFe/Pt multilayered films
with perpendicular magnetic anisotropy. The roughness and the
roughness exponent are increased with increasing the number
of bilayers of the films. We demonstrate a transition between
two different critical scaling regimes—self-affine regime and
self-similar regime of the random-field Ising model.
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