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Roughness-induced instability in stripe domain patterns
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Island dominated growth in cobalt/ruthenium structures is used to create films with varying degrees of
structural roughness. The resulting magnetic films constructed in this way are continuous thin films with a
distribution of islands on the surface. The size and spacing of the islands are remarkably uniform, and the
degree of roughness is determined by varying the thickness of the continuous film relative to the density and
size of the islands. The evolution of coercive fields, saturation fields and remanence are studied for differing
degrees of roughness, and particular attention is given to consequent effects on domain pattern formation and
stability. The stability of the stripe domain pattern is sensitive to the island structure, and strong correlations
are found between domain pattern stability and film structure. Two types of behavior are found and the
transition region between these behaviors is studied experimentally and theoretically in terms of stability to
effects of roughness. A scheme to distinguish between randomly and regularly distributed defects based on
measuring stripe domain quality is suggested.
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I. INTRODUCTION

A wide variety of two and three dimensional systems e
hibit equilibrium patterned structures in the form of bubb
and stripes.1 Examples include Langmuir monolayers,2 fer-
rofluid films,3 and magnetic garnets.4 Such systems allow
studies of the stability of the domain structures versus ex
nal perturbations5,6 and classification according to phase d
grams and transitions.7

The dynamics of pattern structures is a fascinating
difficult topic because the systems under study are far fr
equilibrium, and governed by highly nonlinear interaction
Magnetic systems are very useful for this purpose becaus
the ease with which domain patterns can be constructed
studied. An example of work performed on these kind
questions is a study of magnetic garnets using an Ising m
based analysis.8 The formation and stability of magnetic do
main patterns is also a particularly important issue for ap
cations to magnetic recording technologies. In this cont
key questions involve the stability of domains relative
various effects associated with film and device fabricati
One of the most difficult issues is the effects of imperfectio
and roughness on domain pattern formation and stabi
Roughness enters in a variety of ways, influencing the nu
ation and pinning of domain boundary walls, as well as
fecting magnetic ordering within domains. A critical pro
lem is an accurate and meaningful way of quantifyi
roughness in terms of relevant effects.

A model experimental system is investigated in this pa
in which roughness is induced via controlled island grow
in a continuous magnetic film. The magnetic island growth
determined by the structure of an underlying rutheni
buffer layer. As shown in a previous paper,9 there is an ‘‘op-
timum’’ Ru thickness where a narrow size distribution
well separated islands are formed. The Ru buffer is used
basis for further cobalt growth, and results in several sta
or regimes, of Co island and film growth. The last stage
PRB 620163-1829/2000/62~10!/6467~8!/$15.00
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one described as a continuous Co film supporting a netw
of islands.

The investigations of this paper are primarily concern
with structures in this latter regime. In particular, the con
quent effects on magnetic properties, with particular att
tion to stripe domain pattern formation, are examined as
degree of island formation is changed. The degree of isl
formation is essentially inversely proportional to the thic
ness. Two different thickness regions are found which can
used to characterize the magnetic properties. Films w
thicknesses above a critical value support a well defined
pendicular stripe domain pattern and have hysteresis lo
with coercive fields and nucleation fields typical of a co
tinuous magnetic film. The other region occurs for thic
nesses below this critical value and is characterized by w
dering domain walls which are only weakly oriented out
plane. The magnetic hysteresis is also atypical of continu
films, and the transition is identified as the point at which t
roughness dominates the magnetic properties of the film

The paper is organized as follows: In Sec. II, the physi
and magnetic properties of the films are discussed. In S
III, stability of stripe domain patterns to perturbations i
duced by film roughness is described. A method of qua
fying the quality of the stripe patterns is presented, and
merical simulations are used to interpret the experime
results. The conclusions are summarized in Sec. IV.

II. FILM GROWTH AND CHARACTERIZATION

A. Film preparation

A detailed description of the growth conditions and stru
ture of the films is given elsewhere,9 so only the important
details are reported here. The emphasis of the previous w
was on films with relatively little Co coverage, while th
present work focuses on thicker Co films which display ve
different magnetic properties.
6467 ©2000 The American Physical Society
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6468 PRB 62KIM, DEMAND, HEHN, OUNADJELA, AND STAMPS
The films were grown by first depositing a Ru layer
700 °C on mica. The nominal thickness for the Ru was se
50 Å since it was determined that this produced a narr
distribution of uniformly spaced Ru islands with a me
height of 60 Å. The structure is hcp~0001! and the island
lateral size ranges between 200 and 300 Å. This island st
ture serves as a base for subsequent Co growth.

The Co was deposited at 500 °C and capped with 30
Ru. A range of Co thicknesses was examined, from 45 Å
1000 Å. Samples with Co thicknesses below 150 Å are
marily unconnected Co islands, whereas for thicknes
greater than 150 Å, the islands appear to be superimpose
an underlying continuous film structure. The magnetic pr
erties of the thin film regime are those of independent m
netic particles and were discussed previously.9 Here the dis-
cussion concerns samples with thicknesses between 20
and 1000 Å and that behave magnetically like continuo
though imperfect, thin films.

An idea of the structure can be ascertained from ato
force microscopy~AFM! images on the samples. An ex
ample is shown in Fig. 1 where AFM images for~a! a 200 Å
Co film, and~b! a 600 Å Co film are shown. The accomp
nying panels on the right show the height distribution det
mined from the AFM scan. The distribution is sharp
peaked at 160 Å for the 200 Å film and at 270 Å for th
600 Å film. The width of the height distribution is roughl
100 Å in both cases.

The panels on the left in Fig. 1 are gray scale imag
determined from the AFM scan. The 200 Å film appears a
collection of isolated islands whereas the 600 Å film is mo
of a collection of overlapping islands separated by sm
gaps. All the films are believed to be composed of a
island network with an underlying continuous Co film com
ponent. The island network appears to have two differ
structures as well. The structure for the 200 Å thick Co
that of a continuous film surrounded by islands. The str
ture for films above 600 Å is more that of islands with ridg
surrounding many deep valleys in the Co. The 600 Å film

FIG. 1. Surface profile characterization of Co films grown
Ru. The Co film thickness are~a! tCo5200 Å and~b! tCo5600 Å.
The dimensions of each AFM image is 5mm35 mm. The left
panels are AFM gray scale images, and the right panels are
corresponding height distributions.
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believed to be in a crossover region between an island do
nated film and a continuous Co film. The significance of t
for the magnetic properties will be discussed in Sec. IV.

B. Hysteresis loops

Magnetic hysteresis is shown in Fig. 2 where magneti
tion measurements are shown for the 200, 600, and 76
films. Results for field aligned parallel and perpendicular
the film plane are shown. The perpendicular magnetiza
curve measured on the thinnest film in Fig. 2~a! shows an
important hysteresis at low field which is characteristic o
Co film having a planar and a perpendicular componen
the magnetization. Indeed the magnetization curves for
thicknesses below 500 Å are characteristic of a weak-st
regime. This regime has been observed for smooth Co fi
by Hehnet al.10 and Donnetet al.11 The shapes of both the
parallel and perpendicular hysteresis for the thicker films
identical to those obtained on high quality smooth epitax
Co films.10 The evolution of the hysteresis with increasin
film thickness provides information about the ability
nucleate domain walls and also the stability of domain p
terns.

Quantitative measures of the ability to nucleate doma
and domain stability can be obtained from the hystere
curve. Characteristic points are plotted in Fig. 3 as functio
of Co thickness. The points are the coercive fieldHc , the
saturation fieldHs , and the remanenceMr . The coercive
field is defined as the half-width of the hysteresis loop. Fo
symmetric loop centered aboutH50, it is defined as
M (Hc)50. The saturation field is the field at which the ma
netization attains its saturation valueMs , i.e., M (Hs)
5Ms . The remanence is the magnitude of magnetization
zero field, i.e.,M (0)5Mr . The curves show little variation
in these quantities for Co film thicknesses above 600 Å. T

he

FIG. 2. Parallel and perpendicular magnetization curves p
formed at room temperature for~a! tCo5200 Å, ~b! tCo5600 Å,
and ~c! tCo5760 Å.
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PRB 62 6469ROUGHNESS-INDUCED INSTABILITY IN STRIPE . . .
is particularly true for the coercive field and remanen
whereas the saturation field shows somewhat larger fluc
tions. The coercive field is small, around 300 Oe. Both p
allel and perpendicular saturation fields increase slightly w
increasing Co thickness as observed for smooth co
films10 and the evolution versus thickness can be calcula
for thicknesses above 40 Å.12,13

Below 600 Å, all quantities show large, in some cas
systematic, deviations from thick film behavior. The coerc
fields and remanence show the largest deviations. The m
nitude of the deviations for films between 200 and 600 Å
roughly 1 kOe for the coercive field, and less than 1.0%
the remanence. The saturation field in the parallel configu
tion shows a steady decrease with decreasing thickn
ranging from 10 kOe at 600 Å to 4 kOe at 200 Å. Th
coercive field for parallel magnetization also shows a ste
decrease over this thickness range, ranging from 300 O
600 Å to zero at 200 Å. A trend also exists in the remane
showing an increase as the thickness decreases from 60
except for the 200 Å film which has a low remanence.

C. Domain formation

The parallel field hysteresis shows increases in re
nence, decreases in saturation, and reduced coercivity
thicknesses below 600 Å compared to thicknesses ab
600 Å. These changes are consistent with a magnetiza
process controlled by domain wall nucleation and dom
pattern formation. Perpendicular stripe domains are form
for the thickest films, and the thin films support stripe d
mains where the magnetization is only partly oriented p
pendicular to the film. In general, the spacing between
main walls increases with increasing film thickness. T
corresponding qualitative effect on the hysteresis curves
broadening of the parallel and perpendicular magnetiza

FIG. 3. Behavior of the~a! parallel and perpendicular coerciv
field Hc , ~b! saturation fieldHs , and ~c! remanent magnetization
Mr as functions of nominal cobalt thickness.
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loops and appearance of minor loops in the perpendic
measurement for the films with thicknesses above 500
Those minor loops are characteristic of the formation of d
mains with perpendicular magnetization.14 This is fully con-
sistent with the observed trends in the coercivity fields a
remanence.

The stripe domain patterns formed in the thicker films a
very narrow, and magnetic force microscopy~MFM! shows
that the spacing in these films can be within an order
magnitude of the domain wall width for the thinnest film
The width of a domain wall is approximatelypAA/K, where
A is the exchange stiffness of the material andK is the an-
isotropy energy. For cobalt, the domain wall width is calc
lated to be approximately 170 Å. This trend is shown in F
4~a! where the period of the domain stripe period is shown
a function of Co thickness. Above 500 Å Co thickness, t
period shows a steady increase and in fact agrees well w
calculation of the period for a periodic stripe pattern w
perpendicular magnetization in a smooth, continuo
film.10,14 Below 600 Å Co thickness, the data shows som
deviations from the expected behavior because the mag
zation is not fully perpendicular to the film plane, but cante

The regularity of the stripe patterns will be discussed
detail later, and for the moment it is important to note on
that some aspects of regularity in the patterns improve w
increasing Co film thickness. A signature of this is the d
velopment of a sharp, well defined nucleation field char
teristic of a smooth thin film. The nucleation field becom
most pronounced for Co film thicknesses above appro
mately 600 Å. Below 600 Å, the islanding appears
strongly affect the domain wall and pattern formation pr
cess. This is not surprising since surface imperfections
act as nucleation centers with a distribution of nucleat

FIG. 4. ~a! Domain period versus nominal cobalt thickness, a
~b! nucleation field versus nominal cobalt thickness. The op
circles are experimental data points and the lines are calcul
curves. Above 600 Å Co thickness, the period shows a steady
crease in agreement with calculation.
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6470 PRB 62KIM, DEMAND, HEHN, OUNADJELA, AND STAMPS
fields and volumes. The shape of the minor loops near s
ration in Fig. 2 show how the nucleation field becomes be
defined as the Co thickness is increased. This is consis
with the idea that the roughness becomes less importan
the film becomes thicker.

The calculated and measured nucleation fields are g
in Fig. 4~b!. The determination of a nucleation field from th
hysteresis curve is somewhat ambiguous as it is difficul
identify a single clear field at which nucleation can be said
begin. As shown in Fig. 2, the thinnest films have ve
rounded minor loops where nucleation takes place, indi
ing a large distribution of nucleation fields. This can be e
pected as the roughness becomes more important relati
the continuous film behavior by providing more avenues
domain wall formation at different applied field strength
The nucleation fields as a function of Co film thickness w
also calculated using Thiele’s model,13 and shown by the
solid line in Fig. 4~b!. In Thiele’s model, the quantity
K/(2pMs

2) is assumed to be infinite~or at least very large!,
whereK is the anisotropy energy andMs is the saturation
magnetization. For Co films this quantity is not small, a
good fits can be still achieved for smooth films. There
reasonable agreement with the expected value for th
nesses above 500 Å, and the general trend seems to be
lowed for thicknesses below 500 Å~in so far as a nucleation
field can be identified!.

In summary, the stripe period and domain nucleation fi
measurements extend previous measurements on these
of films into a thickness range below 1000 Å thickness10

Two distinct regions have been identified for the magne
properties in relation to the Co film thickness. Above 500
Co film thickness, the magnetization processes are typica
smooth, continuous Co films controlled by the formation
perpendicular stripe domains. Below 600 Å, the magnet
tion process is again controlled by the formation of str
domains, but the nucleation and coercivity fields appea
deviate from those of a comparable thickness smooth
with perpendicular magnetization. A transition between th
two regions occurs around 500 Å Co thickness.

We note that the behavior above and below the film thi
ness of 600 Å may be due to a difference in the dom
magnetization orientation. The domain patterns are perp
dicularly oriented for thicknesses above 600 Å, but for thic
nesses less than 600 Å, the magnetization is weakly in-p
oriented.

III. DOMAIN PATTERN STABILITY

The quality of the parallel stripe domain patterns is n
discussed. The idea is motivated by noting that the magn
properties become strongly affected by the islanding as
film thickness is decreased below 600 Å, though aspect
the continuous film properties are retained. This is no lon
true below 200 Å Co film thickness,15 where the magnetic
properties appear to be more those of separate Co isl
than those of a continuous Co film. The remainder of
paper is devoted to a discussion of how the stripe dom
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pattern can signal a transition between strongly interac
island behavior and continuous film behavior.

A. Analysis of pattern roughening

Results of MFM experiments are shown in the left pan
of Fig. 5 for three different Co film thicknesses. The patte
clearly change with film thickness, and for film thickness
approaching 200 Å it was possible to observe a strong c
relation of the stability of the parallel stripe domain patte
and the Co film thickness. Because the roughness of the fi
appears to be linked to film thickness, this motivated a stu
to see whether a correlation between film quality and
straightness of the domain boundary walls could be qua
fied.

The idea is to analyze a contrast image, such as
shown in the left panels of Fig. 5, using a two dimension
Fourier transform as shown in the right panels of the sa
figure. The transforms are represented by a gray scale im
in a two dimensional plane with axes in units of spatial p
riod. Results for three film thicknesses are shown:~a! tCo
5200 Å, ~b! tCo5280 Å, and ~c! tCo5600 Å. The black
arrows indicate the direction of the demagnetizing field a
plied before visualization.

If the stripes were perfectly straight, parallel, and u
formly spaced, the Fourier transform would be sharp
peaked at two points. The peaks would be located at p

FIG. 5. 5 mm35 mm MFM images after parallel demagnetiza
tion ~left! and the corresponding two-dimensional Fourier tra
forms ~right! for ~a! tCo5200 Å, ~b! tCo5280 Å, and ~c! tCo

5600 Å. The black arrows indicate the direction of the demag
tizing field applied before visualization.
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PRB 62 6471ROUGHNESS-INDUCED INSTABILITY IN STRIPE . . .
tions giving the spatial periods of the stripe array. The d
main structures shown in Fig. 5 are far from parallel
straight, but there is a clear tendency towards improvem
as the film thickness increases. Very regular and unifo
parallel stripe arrays, with corresponding sharp peaks in
riod space, are in fact what were observed for the larges
thickness samples.

The transforms in Fig. 5 show peaks distributed within
circle in period space, with the largest peaks contained
ring of width 800 Å centered at a radius of 2000 Å. Th
transform gives a relatively simple way of quantifying th
degree of wall straightness observed in the domain patt
The angular distribution is measured by the angle subten
by a radius drawn from the center of the transform. An ar
with completely wandering walls, as shown in Fig. 5~a!, pro-
duces instead a transform which subtends an angle of 1

To quantify this approach, consider the idealized perf
stripe domain pattern for a two dimensional array of Isi
spins. A sketch is shown in Fig. 6~a!. The spatial spin distri-
bution is denoted byh0(x,y), whereh051 for ‘‘up’’ spins
andh0521 for ‘‘down’’ spins. With the addition of defects
the pattern may evolve into the equilibrium spin configu
tion depicted in Fig. 6~b!. This spin distribution is denoted
by h(x,y).

The straightness of the stripe pattern is measured b
correlation functionD for h defined by

D[^@h~x,y!2h0~x,y!#2&5
1

L2E dxdy@h~x,y!21h0~x,y!2

22h0~x,y!h~x,y!#, ~1!

whereL is the width of the square array of spins. Becau
this measures the deviation of the pattern from ideal stra
parallel lines, the correlation functionD is called the
‘‘straightness parameter.’’ Sinceh(x,y) can only take on
values of61, then

E dxdyh0~x,y!25E dxdyh~x,y!25L2. ~2!

FIG. 6. Schematic diagram of a stripe pattern subject to imp
fections:~a! The pattern is perfectly parallel and uniformly space
~b! Imperfections cause deviations in the stripe pattern. The s
orientation distribution is specified by the functionh(x,y) which is
assigned11 for the white areas and21 for the black areas.
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The cross-termh0(x,y)h(x,y) is only equal to21 when
there is a mismatch in the spin orientation at a particular s
Hence the total number of mismatches,d, in aL3L array of
spins satisfies

E dxdyh0~x,y!h~x,y!5L22d. ~3!

It follows that

D5
2d

L2
. ~4!

The straightness parameterD in terms of the Fourier trans
formed spin distributions is

D5
1

A2pL2E dkxdky@H~kx ,ky!21H0~kx ,ky!2

22H~kx ,ky!H0* ~kx ,ky!#, ~5!

whereH(kx ,ky) and H0(kx ,ky) are the Fourier transform
of h(x,y) andh0(x,y), respectively.

In Sec. IV, the correlation functionD is calculated from
numerical simulations using Eq.~5!. Direct application of
Eq. ~5! to experimental data is complicated because~1! the
ideal perfect stripe pattern is sample dependent and ca
be determined; and~2! the appropriate orientation of th
stripe domains cannot be unambiguously determined. A
errors in either one of these points is magnified in Four
space.

Instead, we obtain an estimate of the straightness of
stripe patterns from the angular spread of points in a Fou
transformed image as follows. The main contribution to t
correlation function from Eq.~5! will come from the
H(kx ,ky)

2 and H0(kx ,ky)
2 terms because on average t

cross terms will cancel. TheH0(kx ,ky)
2 term represents the

distribution for a perfect array and is therefore sharp
peaked at two points in Fourier space and independen
roughness. The roughness dependent contribution will co
from theH(kx ,ky)

2 term.
If the main effect of roughness is to destroy the straig

ness of the domain stripes, as opposed to varying the w
of the stripes, thenH(kx ,ky)

2 will contribute peaks along
arcs containing theH0(kx ,ky)

2 points. If the H0(kx ,ky)
2

points lie a distancer away from the origin, then we can
write H(kx ,ky) in polar coordinates, as

H~r ,u!25Hmd~r 2r k! ~6!

for 2a<u<a, where r 25kx
21ky

2 and tan(u)5ky /kx as
usual. The lengthr k represents the radius of the distributio
as measured on the FFT of the MFM image, and 2a mea-
sures the angular spread. In essence, we have approxim
the distribution in the FFT image as a step function a
radius of r k over an angular width of 2a, with a constant
intensity ofHm . The integral of this term is

E dkxdkyH~kx ,ky!25E
0

`E
2a

a

Hmd~r 2r k!rdudr

52Hmr ka. ~7!
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Thus, the straightness parameter is proportional to the a
lar width of the points in the Fourier transformed MFM im
age.

B. Experimental results

This technique is used to examine the evolution of
domain pattern wall straightness as a function of Co fi
thickness. Examples were discussed in Fig. 5 where
MFM images and corresponding transforms are shown
three different Co film thicknesses. The subtended angl
the transform increases with decreasing Co film thickness
each case a portion of a circular annulus is traced out, wi
center radius measuring the mean period of the domain
tern and the radial width of the annulus segment provid
information about the distribution of domain periodicities.

In Fig. 7, the straightness parameterD is plotted as a
function of the nominal Co film thickness. TheD appears to
decrease smoothly with Co thickness except for two po
near 600 Å. Except for these two points, the behavior for
thicknesses approaching 200 Å from large thicknesses i
best by an exponential function of the film thickness

D}e20.0072tCo, ~8!

wheretCo is the thickness of the cobalt films.
Finally, we again note that the behavior above and be

the film thickness of 600 Å may be due to changes in
domain magnetization orientation. The decrease inD from
200 Å to 520 Å is however due to the smoothing of t
surface.

C. Numerical results

We attempt to provide a theoretical analysis of the data
numerical simulation of stripe domain formation. The sim
lation is based on representing competing ferromagn
short range and dipolar long range interactions in an Is
model governed by the Hamiltonian

H52(
^ i , j &

Ji j SiSj1D(
i , j

SiSj

r i j
3

. ~9!

FIG. 7. Straightness parameterD versus nominal cobalt film
thickness.D appears to decrease smoothly except near 600
where a transition from perpendicular to partially in-plane occu
The line of best fit shown is given byD546.43e20.0072tCo. It is fitted
to the first five data points.
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HereJi j is a nearest neighbor ferromagnetic exchange in
gral and the bracketŝi , j & on the sum restrict the sum ove
nearest neighbors.r i j is the distance between spins at sitei
and j. The factorD measures the strength of the dipole i
teraction. The spins have a value of11 or 21. A square
array of 40340 spins is considered and for computation
efficiency, the dipole sums at a given location are restric
to include spins within a neighboring radius of 30 sites. P
riodic boundary conditions are applied across all edges of
square array.

The stable stripe domain is determined by calculating
energy of patterns with different periodicities, and th
choosing the periodicity that minimizes the energy. The
laxational dynamics are then determined in the followi
manner. The minimum energy stripe pattern is used as
initial configuration. A site is then chosen at random, and
orientation of the spin at that site is aligned in the directi
of the local fieldhi . The local field is

hi5(̂
j &

Ji j Sj2D(
j

Sj

r i j
3

. ~10!

The process of aligning spins to the local field is repea
until a new stable equilibrium is reached. It is interesting
note that the dynamics can be very interesting in cases w
the system is near a critical point where several metast
configurations exist nearby in energy. In such cases, the
a power law relationship between the total number of s
flips and the number of iterations required to reach an eq
librium. This type of behavior has been previously inves
gated in the context of self-organized criticality.16

The model was used to study the stability of the str
domain with respect to perturbations in the exchange in
grals J. This is accomplished by first establishing a stri
domain pattern, and then settingJ to zero between some
number of pairs of spins in two different types of simulatio
In the first, ‘‘defect’’ sites were selected randomly, and in t
second, a square perimeter of defects of lengthd was con-
structed. At a defect site, the exchange integral betw
neighboring spins is set toJ50. The relaxational dynamics
are then followed until a new stable configuration forms. T
straightness of the domain wallsD is then calculated using
Eq. ~1! and studied as a function of the numberN of zeroJ
values introduced into the array.

An example of the first type of simulation is shown in Fi
8~a! where the deterioration of a stripe pattern is followed
values of the number of random defectsN between 10 and
200 for the 40340 array of spins. The black squares rep
sent spin down sites, and the white squares represent sp
sites. The figures depict four tiled arrays to emphasize
periodic boundary conditions imposed. The domain patt
appears to be robust to small numbers ofN, but falls rapidly
into a type of disorder for values ofN greater than 100. This
process was repeated 1000 times for eachN value of zeroJ
values in order to produce reasonable statistics on the
main wall straightness. Results of this numerical study
presented in Fig. 8~b!. The plot in Fig. 8~b! is the straight-
ness parameterD versus 1/N and can be fit by a power law
of the formD}(1/N)21.34.

In order to investigate whether any differences exist
tween randomly distributed zeroJ values and periodically

,
.
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spaced zeroJ values, a second type of simulation was p
formed. In this case, the zeroJ values are placed along th
perimeter of squares of widthd, with the square edges pa
allel and perpendicular to the stripe pattern. The square
fect is tiled such that neighboring squares share a com
edge. In this regard, the simulation roughly approxima
what one might expect at grain boundaries. Results of
square defects simulations are shown in Fig. 9. In Fig. 9~a!,
patterns ford between 2 and 40 are shown, and in Fig. 9~b!,
the corresponding deviationsD are plotted againstd. In this
case, an exponential behavior is observed with the form
ing D}e20.047d.

D. Discussion

A direct comparison of the model calculation results
experimental results is difficult. The model cannot repres
such effects as weak in-plane orientation and finite w
widths that are clearly of some significance in the expe
mental Co system. However, the dynamics which we
attempting to probe should have some aspects that are
model specific. If the transition between continuous film b
havior and island behavior does in fact affect the stability
the stripe domain pattern in a way analogous to a transi
from an ordered configurational state, then some feature
the transition near the critical point should be independen
many details of the model. In this system, the critical poin
governed by a reduction of the near neighbor ferromagn
exchange to a point where the exchange energy is com

FIG. 8. ~a! Equilibrium spin configurations calculated nume
cally in the presence of random defects, forN5 ~i! 20, ~ii ! 100, and
~iii ! 200. ~b! Straightness parameterD versus the reciprocal of the
number of random defects, 1/N. The line of best fit is given byD
51.38(1/N)21.34.
-
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rable to the long range antiferromagnetic dipolar ener
This drives a transition between a kind of long range qua
ferromagnetic order in the periodic stripe domain patte
and a configuration dominated by a preference for antipa
lel alignment. The straightness of the stripe domains i
measure of this competition, and in the real system is larg
determined by the perpendicular components of the mag
tization. Hence, an Ising like model of the kind used he
should have relevance to the experimental situation.

The numerical simulations show that the approach to
critical point can be distinguished by the functional form
the straightness parameterD, which is sensitive to correla
tions in the placement of imperfections driving the transitio
For the case of randomly placed imperfections, a power
behavior is observed with an exponent of 1.34. For
square defects, where the placement of the imperfection
strongly correlated, an exponential behavior is found. Wh
a comparison to the experimental behavior is questionabl
terms of the difficulties involved in quantifying measures
the wall straightness and degree or imperfections or rou
ness, the experimentally data seemed to be best describe
an exponential dependence as opposed to a power law
Because the film roughness seems to be due to islanding
a reasonably narrow distribution of island sizes, the cor
sponding behavior in the model should therefore be m
like that of periodically placed defects rather than random
placed defects. In this sense the experimental results ap
to be in qualitative agreement with the numerical simu
tions.

FIG. 9. ~a! Equilibrium spin configurations calculated numer
cally in the presence of square defects, ford5 ~i! 2, ~ii ! 10, and~iii !
40. ~b! Straightness parameterD versus the square width,d. The
line of best fit is given byD53490e20.047d.
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IV. SUMMARY AND CONCLUSION

A model experimental system was studied in order to
amine possible effects of thin film roughness on magn
properties and domain pattern formation and stability. T
system was constructed by depositing Co on islands of
The resulting structure appeared to display properties typ
of a continuous thin Co film together with properties char
teristic of Co island formation. The relative importance
the two components could be varied by adjusting the Co fi
thickness.

Hysteresis curves were examined for Co film thicknes
that spanned the range between island and continuous
behavior. Consistent indications were found in the coerc
fields, nucleation fields, saturation and remanence mag
zation that two thickness regions exist. The thick film regio
with thicknesses between 600 and 1000 Å, was essent
that of a correspondingly thick, smooth, thin film. The film
with thicknesses below 600 Å showed indications of redu
nucleation, coercive and saturation fields consistent with
island dominated magnetic film. The thickness region aro
600 Å was identified as the crossover region between st
-
ic
e
u.
al
-
f

s
lm
e
ti-
,
lly

d
n
d
c-

turally isolated islands and a connected island network in
dispersed with deep valleys.

An interesting correlation between parallel stripe dom
pattern stability and the degree of roughness was exami
A measure of the domain wall straightness was made usi
Fourier transform of MFM images, and was found to cor
late well with the Co film thickness. Numerical simulation
were constructed, and examined for sensitivity to random
and periodically placed imperfections in the exchange c
pling. A transition away from straight parallel domain wal
was also found and characterized by a power law beha
for randomly placed imperfections and an exponential
havior for periodically placed imperfections.
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