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Domain-wall roughening in Co28Pt72 alloy films
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We have studied the interface dynamics of growing magnetic domains in thin Co28Pt72 alloy films experi-
mentally where the growth of the domains was investigated with Kerr contrast imaging. The data are analyzed
with dynamic scaling methods. The results suggest that the motion of the domain wall can be described by the
Edwards-Wilkinson equation with quenched disorder.@S0163-1829~98!04009-0#
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I. INTRODUCTION

In recent years a variety of studies were done to und
stand the phenomenon of interface roughening in a tim
independent~quenched! disordered environment~for an
overview see Ref. 1, and references therein! since it is of
great technical importance. Examples are the immiscib
fluid displacement in oil recovery and the dynamics of ma
netic domain walls; see, for example, Ref. 2. These proble
have the occurrence of a so-called depinning transition
common; i.e., depending on a driving force the interface g
trapped by the random impurities or the interface mo
steadily with nonzero velocity. Since in real systems ther
always the additional effect of temperature, a sharp de
ning transition can only be observed in model systems wh
temperature can be set to zero.

Generally, at the depinning transition the equations
motion of the interfaces belong either to the Edwar
Wilkinson ~EW! ~Ref. 3! or to the Kardar-Parisi-Zhang
~KPZ! ~Ref. 4! universality class. In the first case the equ
tion of motion for the interface profile functionh(x,t) reads

]h

]t
5n¹2h1h@x,h~x,t !#1F, ~1!

where the first term on the right-hand side of this equat
models a surface tension having a smoothing effect on
interface while the noise termh@x,h(x,t)# roughens the in-
terface andF denotes a homogenous driving force. In t
second case the so-called KPZ nonlinearityl/2 (¹h)2 with l
proportional to the interface velocity occurs additionally:

]h

]t
5n¹2h1

l

2
~¹h!21h@x,h~x,t !#1F. ~2!

The interfaces are characterized by their roughness expo
a and by their dynamic exponentz ~see Ref. 5!, where the
values of these exponents depend on the universality cla
the considered model. One possibility for obtaining the
ponents is to measure the height correlation function

C~r ,t !5^@h~x1r ,t !2h~x,t !#2&;@j~ t !#2agS r

j~ t ! D ~3!
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with j(t)}t1/z denoting the time-dependent correlatio
length and where the angular brackets denote an ave
over x. The scaling function g has the properties
g(y)'const fory@1 andg(y)}y2a for y!1 so that asymp-
totically Eq. ~3! becomes

C@r @j~ t !,t#}t2b ~4!

with b5a/z and

C@r !j~ t !,t#}r 2a, ~5!

respectively. Another characteristic function is the roughn

w~L,t !5@^h2~x,t !&2^h~x,t !&2#1/2;La f S t

LzD ~6!

with L denoting the linear system size and where the sca
function f must have the propertiesf (y)'const for y@1
and f (y)}yb for y!1 to obtain limiting scaling behaviors
consistent with Eqs.~4! and ~5!. However, as we will show
below this quantity is less useful if spherical or nea
spherical objects are considered.

Valentin et al. reported recently6 that depending on the
film thickness the magnetization reversal process in C
alloy films is dominated either by domain wall motion~thin-
ner films! or by domain nucleation processes~thicker films!.
It is the purpose of the present paper to investigate the m
phology and dynamics of these moving domain walls in
Co28Pt72 alloy film. Arguments will be given that the motion
of a domain wall in this material can be described by the E
equation with quenched disorder Eq.~1!.

II. EXPERIMENTAL REALIZATION

The investigated thin Co28Pt72 alloy films with thick-
nesses ofd510•••30 nm were prepared usinge-beam
evaporation in ultrahigh vacuum onto polished fused silica
SiNx precoated Si~100! substrate. The films were deposite
at elevated temperatures of approximately 500 K yieldin
high-quality sample with perpendicular magnetic anisotro
The domain pattern analysis was performed using a po
izating microscope with high lateral resolution in the po
configuration. For the real time recording of the data
5316 © 1998 The American Physical Society
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57 5317DOMAIN-WALL ROUGHENING IN Co28Pt72 ALLOY FILMS
charge coupled device camera connected to a PC was p
in the focal plane of the microscope. The camera has
3384 pixels, each pixel representing 0.86mm2 of the film.
The usual image processing methods were performed
noise reduction. A gray scale analysis yields to the norm
component of the magnetization at a given external field.
obtain a sharp phase boundary the pixels with a gray s
above a certain threshold value are assigned a magnetiz
1Ms while for a gray scale smaller this threshold the ma
netization was set to2Ms . We make sure that, to som
degree at least, the results do not depend on the partic
value of this threshold. Domain growth was obtained
external fields up to 19 kA/m and for temperatures from 2
up to 394 K.

III. RESULTS AND DISCUSSION

Figure 1 shows typical domain patterns for various tim
t after applying an external field ofH514.9 kA/m at
T5364 K. The interface positionrn(t) between theblack
and thewhitedomain is defined as these positions where
black pixels has less than four black neighbors. For a qu
titative analysis the positionsrn(t) are mapped onto a singl
valued function h(s,t)5urn(t)u. Since the interface ha
foldovers, for the spatial parametrization we chose the
length

s5(
i 50

n

ur i 11~ t !2r i~ t !u ~7!

to guarantee the requirement of a single valued interface
file function h(s,t). For the time parametrization one has
recall that dynamic scaling analysis involves the assump
that for the timet50 the average height or the mean radiu
respectively, of the interface is zero. Therefore we must
cale our time scale. This can be done usingt[t2t0 , where
t0 is the time at which the nucleation of the domains sta
Due to noise effects this time cannot be defined in a uni
way. A better ansatz is to definet[^r (t)& since ^r (t)&
}t2t0 ~see Fig. 2!.

Since the circumference of the domain, which can be
garded as the system lengthL, is proportional tô r (t)& and
thus proportional tot Eq. ~6! reads as

FIG. 1. Contour plot of a growing domain for different times
indicated in Fig. 3 atT5364 K andH514.9 kA/m.
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w~L,t !}ta f S t

tzD }ta f S 1

tz21D . ~8!

Since the dynamic exponentz has a value larger than one
the argument of the scaling functionf goes to zero for large
t, thus f (y)}yb and finallyw(L,t)}tb. Therefore, in a cy-
lindrical geometry with the widthw the exponentb can only
be obtained. Thus, to analyze the morphology of the in
face we consider the height correlation function Eq.~3!. Fig-
ure 3 shows this quantity as a function of the distances for
different times on logarithmic scales. For small values ofs,
linear behavior is observed which leads according to Eq.~5!
to a50.7760.01 for the roughness exponent, while for lar
values ofs saturation sets in at aC value depending on time
However, at highers values a reduced value for the roug
ness exponenta.0.34–0.39 can be obtained, depending
the particular curve. Since in the experimental situation p
sented here no summation over different realizations of
disorder can be done, as is usual in computer simulatio
these effective roughness exponents for highers values as
well as the fluctuations around the saturation values are
tistical effects and are not due to a possible crossover
different scaling behavior on large length scales as it w

FIG. 2. Time dependence of the mean radius^r (t)& of the do-
mains. The solid line represents a linear fit (T5364 K, H514.9
kA/m!.

FIG. 3. The height correlation functionC(s,t) at various timest
as indicated. The line represents a fitC@r !j(t),t#}r 2a @Eq. ~5!#
(T5364 K, H514.9 kA/m!.
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discussed earlier for fluid invasion problems.7 To support our
point of view we present additionally in Fig. 4 the heig
correlation function of a domain pattern for a somewh
larger external field ofH517.7 kA/m ~Fig. 5!. Here no
crossover to anothers-dependent scaling regime can be o
served. Furthermore, fors→0 the valuea50.7860.01 for
the roughness exponenta can be observed in agreement wi
the result presented above. Thus it is suggestive to ass
that the reduced roughness exponent observed for the
main pattern presented first is only a sample-to-sample fl
tuation so that the morphology of the domain walls is ch
acterized by a roughness exponenta.0.77.

According to Eq.~4! with the time dependence of th
saturatedC values the small time exponentb can be ob-
tained. However, the fluctuations of the height correlat
function for larges are too large to obtain a satisfacto
quality for a fit. Here we favor the time dependence of t
width Eq. ~6! for a determination of b, leading to
b50.4260.02 ~see Fig. 6!. Finally, with the values for the
roughness exponenta and the small time exponentb we
obtain for the dynamic exponentz5a/b51.8660.11.

The Co28Pt72 alloy film has a polycrystalline structur
where the grains have diameters from 10 to 25 nm. Now
et al.10 showed recently that the film can be described b

FIG. 4. The height correlation functionC(s,t) at various timest
as indicated. The line represents a fit according to Eq.~5! with
a50.7860.01 (T5364 K, H517.7 kA/m!.

FIG. 5. Contour plot of a growing domain for different times
indicated in Fig. 4 atT5364 K andH517.7 kA/m.
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model which can be interpreted as a generalized random
Ising model~RFIM! with dipole interaction and an additiona
energy barrier describing the magnetic reversal of an isola
grain. For a discussion of the results we are neglecting at
the generalization of the RFIM and compare the resu
which one obtains for the pure RFIM. The experiments w
done at temperatures which are much smaller than the c
cal temperatureTC'600 K of the material. Grinstein and
Ma12 showed for the RFIM that for the structural properti
in the low-temperature phase thermal effects can be
glected in comparison with the random field effects. The
fore, the experimental results can be compared with res
for the RFIM atT50 K. Additionally, the applied externa
field is much smaller than the critical fieldHC'40 kA/m
~see Ref. 11! at which the depinning transition occurs. F
this case, Jost and Usadel13 obtained in a Ginzburg-Landa
model of ferromagnetism with quenched disorder for t
roughness exponent in the pinned phasea'0.78 without a
driving field anda'0.88 at the depinning transition and th
values for the small time exponentb are in the range of
b'0.41–0.44 leading to dynamic exponentsz'1.85–2.07.
Thus, the experimental results and the numerical result
the corresponding model are in fairly good agreement
roughness exponenta.0.75 was obtained also by Kessle
et al.14 by a numerical integration of Eq.~1! in the interface
dimensionD51 in the moving regime and not, as prese
here, in the pinning regime. In their case the valuea.0.75
can be explained by a crossover from the quenched n
valuea[1 to the annealed noise valuea[0.5 for very large
velocities. Additionally, a similar value (a.0.81) was ob-
tained also by Martyset al.,15 who studied a fluid invasion
problem which should be described by Eq.~1!.2 However, a
detailed analysis of experiments7 and computer simulations8

leads to the conclusion that interfaces in fluid invasion pr
lems can be described by the KPZ equation with an effec
time-dependent noise which has an algebraic distribut
Furthermore the obtained exponents are in agreement
theoretical treatments.9 Thus one can conclude that the flu
invasion problem is not in the same universality class as
domain wall problem. Due to the obtained values it is re
sonable to assume that neither the dipole interaction nor
energy barrier effects on the values of the characteristic
ponents. Furthermore, the experimental results may be a

FIG. 6. The widthw2(t) as a function of the rescaled timet
where the line represents a fit according tow2(t)}t2b (T5364 K,
H514.9 kA/m!.
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57 5319DOMAIN-WALL ROUGHENING IN Co28Pt72 ALLOY FILMS
firmation of the dynamic scaling analysis of Eq.~1! which
leads toa51 andz52 at the depinning transition.16

IV. CONCLUSIONS

To summarize, we have analyzed the morphology and
dynamics of domain walls in a thin Co28Pt72 alloy film. The
obtained values for the roughness exponent and the dyn
exponent are in general agreement with previous nume
and theoretical values for the Ginzburg-Landau realization
the RFIM and the quenched EW equation, respectiv
Therefore, we can conclude that a domain wall in the inv
tigated material can be described by the EW equation w
-
i-
-

r.
e

ic
al
f
.
-
h

quenched disorder. Furthermore, the extensions of the R
which are necessary to describe the magnetic reversal
cesses correctly may not have an influence on the unive
ity class to which an interface in such a system belongs.
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