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Magnetization and domain structure of bcc Fe81Ni19ÕCo „001… superlattices

R. Bruc̆as, H. Hafermann, M. I. Katsnelson, I. L. Soroka, O. Eriksson, and B. Hjo¨rvarsson
Department of Physics, Uppsala University, P. O. Box 530, 751 21 Uppsala, Sweden

~Received 3 October 2003; published 12 February 2004!

Dense stripe domains were observed for a Fe81Ni19/Co superlattice grown on a MgO~100! single crystal
substrate using dc magnetron sputtering. The stripe domain period exhibits nonreversible changes with the
magnetic field, as determined by magnetic force microscopy. We present a simple theoretical model for this
system and calculate the magnetization and domain period as functions of the applied field by minimizing the
total energy. For this purpose, an expression for the domain wall energy and wall width for arbitrary angles and
one for the magnetostatic energy are derived. The model correctly predicts a decreasing domain period with the
increasing applied field. At larger magnetic fields a transition to ‘‘chaotic’’ two-dimensional stripe patterns is
observed and a qualitative discussion of this phenomenon is given.

DOI: 10.1103/PhysRevB.69.064411 PACS number~s!: 75.60.2d, 75.70.2i, 75.75.1a, 75.10.2b
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I. INTRODUCTION

Ferromagnetic multilayered thin films are a subject
growing interest in recent years. It is motivated to a la
extent by industrial importance of these films, due to p
sible applications in ultrahigh magnetic and magneto-op
data storage devices and sensors.1–5 To be able to tailor the
magnetocrystalline anisotropy, and thereby allow both p
pendicular and parallel magnetization with respect to the fi
surface, is especially important for these aims. In this c
text, investigations of the magnetic domain structure are
great interest, because they allow to extract informat
about magnetization and anisotropy. Furthermore, a full
derstanding of the magnetic domain configurations will p
vide fundamental insights as well as help to achieve tec
cally based objectives, since the magnetization reve
mechanism is closely related to the domain structures.

Magnetic domains and domain walls can be probed
Lorentz microscopy,6 electron holography,7 scanning elec-
tron microscopy with polarization analysis~SEMPA!,8 Kerr
microscopy,9 magnetic transmission x-ray microscop
~MTXM !,10 and magnetic force microscopy~MFM!.11–15

Techniques which allow imaging the magnetic domains
the presence of external magnetic fields are required to s
the domain evolution and dynamics. Among the aforem
tioned methods, only MFM meets the requirements nee
to obtain information on the magnetic structure in the s
micrometer range, in the presence of an external field.

Multilayer films with alternating ferromagnetic layers,
particular multilayers containing ultrathin Co layers~typi-
cally 2–5 Å!, can exhibit strong perpendicula
anisotropy.13,14,16–23The interest for these material combin
tions is at least partially triggered by the possibility to r
place expensive rare earth alloys by Co-based materia
magneto-optical recording media. Here, we present res
from investigations of the domain structure in an epitax
bcc Fe81Ni19/Co ~001! superlattice. We discuss the field d
pendence of the domain width and address the origin of
perpendicular anisotropy.

II. EXPERIMENT

Fe81Ni19/Co superlattices were grown on MgO~100!
single crystal substrates, using dc magnetron sputtering f
0163-1829/2004/69~6!/064411~11!/$22.50 69 0644
f
e
-
c

r-

-
f

n
-

-
i-
al

y

n
dy
-
d
-

in
lts
l

e

m

separate Fe81Ni19 ~purity 99.99 %! and Co~purity 99.95 %!
targets arranged in a cluster geometry. The MgO~100! single-
crystal substrates were introduced into the growth cham
and out-gassed at about 700 °C for 1 h under ultra-
high-vacuum conditions before deposition. An optim
growth temperature of 170 °C for the superlattices was
termined, by growth samples at temperatures betw
100 °C and 400 °C. The background pressure was typic
1.5•1029 Torr. During deposition, the argon~of 99.99 % pu-
rity! flow was controlled for obtaining a partial pressure
2.5•1023 Torr resulting in deposition rates of 0.035 nm
and 0.08 nm/s for FeNi and Co, respectively. The deposit
rates were obtained by calibratedin situ quartz microbalance
Finally, the actual thicknesses and the repeat distance w
determined using x-ray reflectivity and diffraction. Th
thickness of the layers, in the sample discussed here, w
2.25 nm for the FeNi and 1.95 nm for the Co layers w
100 repetitions. Thus, the total thickness of the sample
420 nm.

The crystallographic structure of the superlattice was
vestigated by high angle (2Q550° –80°) x-ray diffraction
using Siemens D5000 diffractometer (Cu-Ka), which con-
firmed good crystalline quality of the superlattice~not shown
here!. The full width at half maximum~FWHM! of the rock-
ing curve of the~002! reflection was 0.3 °.

Magnetization measurements were performed, using
magneto-optical Kerr effect~MOKE! in the longitudinal con-
figuration withs-polarized light. The experimental setup a
lows for the rotation of the sample around its surface norm
making measurements in arbitrary in-plane directions p
sible. More details of the experimental MOKE setup can
found in Ref. 24.

Figure 1 shows a typical in-plane~longitudinal geometry!
MOKE magnetization loop of the Fe81Ni19/Co superlattice,
measured at room temperature. The shape of the loop is
cal for films with stripe domain structure.28 The coercivity is
approximately 8 mT and the remanent magnetization
around 0.6Ms (Ms is the saturation magnetization! showing
that the magnetization vector is tilted approximately 50 ° o
of the film plane.

No change of the magnetization was observed when
©2004 The American Physical Society11-1
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tating the sample with respect to the field, i.e., the ove
in-plane magnetic anisotropy is negligible as compared
the coercivity indicating a ‘‘conical anisotropy’’ dependin
on the direction of a previous saturation field.

The magnetization curve can be divided into two differe
regions: the low-field region from zero fields through t
coercivity field, where a small increase of the applied fie
gives fast rise of the magnetization, and the high-field reg
from above the coercive field to the saturation field, wer
large increase of the field induces only small changes on
in-plane magnetization.

The imaging of the magnetic domains was perform

FIG. 1. The MOKE hysteresis loop of the 420 nm thic
Fe81Ni19/Co superlattice. The marks labeled on the curve co
spond to the typical regimes of the magnetization process and
responding MFM images are shown in Fig. 2.
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with a magnetic force microscope~digital instruments, DI
3100! operated in tapping-lift mode. This mode allows s
multaneous acquisition and clear separation between the
tial and the magnetic topography. A permanent magnet s
tem was used to achieve a variable external magnetic fi
during imaging.25 Such an applied field during MFM imag
ing affects both the probe and the sample.26,27Therefore, the
response of the probe to magnetic fields must be well kno
Various types of commercially available tips with low~Fe-
CoNi coating! and high ~CoCr coating! coercivity were
tested prior to the image acquisition. All the tips were ma
netized vertically with a permanent magnet~along the
needle!. A set of measurements was performed on the sa
sample using different types of tips to verify the reprodu
ibility and to exclude artifacts from remagnetization of th
tips. The extracted domain periods were essentially the sa
The MFM image contrast is proportional to the gradient
the magnetic force between tip and sample. In order to e
cidate the tip influence on the domain structure, the tip-
sample distance was varied in the range from 50 to 150
during magnetic imaging. The images were analyzed by
plying a two-dimensional Fourier transform~2DFT! algo-
rithm. The 2DFT analysis enabled determination of the av
age domain period, perpendicular to the average st
direction, and the angular distributions of the stripes relat
to the direction of the externally applied field.

MFM imaging was performed in the following way: ini
tially an MFM measurement was done in the virgin state,
the absence of an external field. Thereafter a field of 8.3
was applied and a new MFM image was acquired. This p
cedure was repeated at the fields indicated in Fig. 1, w
initially increasing and thereafter decreasing field. The

-
r-
lds:
FIG. 2. The MFM images of the 420 nm thick Fe81Ni19/Co superlattice at different externally applied in-plane magnetic fie
~a!—virgin ~nonmagnetized! state;~b!, ~c!, ~d!—increasing field 8.3, 30, and 50 mT;~e!, ~f!, ~g!—decreasing field 50, 30, 8.3 mT;~h!—in
remanent state.
1-2
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sults are displayed in Fig. 2. The MFM imaging confirms t
existence of out-of-plane magnetization in the sample, c
sistent with perpendicular magnetic anisotropy. The d
~light! regions indicate the direction of local magnetizati
direction in~out! of the film plane. The virgin domain struc
ture @prior to applying a magnetic field, see Fig. 2~a!#, con-
sists of parallel stripe domains. Such stripe domain structu
in ferromagnetic materials arise from a balance between
magnetocrystalline, dipolar, and exchange energies. Alter
domains have magnetization in opposite directions and th
fore are separated by Bloch walls the widths of which
determined by a balance between magnetocrystalline and
change energies.28 Above a critical thickness, the perpen
dicular component of magnetization turns to align perio
cally up and down relative to the film surface~stripe
domains!, as was predicted by Kittel.29 The film will favor
formation of closure domains at the expense of the ani
ropy energy. Only for the case of strong perpendicular
isotropy can the magnetization be regarded as comple
aligned along the perpendicular direction. In the sample
der consideration the domain structure will also be modifi
by the interaction between the layers. Here, the layers ca
regarded as a single magnetic entity, due to the strong in
layer coupling. The independent magnetic layers would g
rise to domain structures with different sizes and differ
directions of the magnetization vector.

The influence of the external field on the domain struct
was also studied. Corresponding MFM images are prese
in Figs. 2~b!–2~h!. The average domain period was observ
to increase with increasing field, from the virgin~nonmagne-
tized! state through the coercive region. Above the coerc
field, the average domain period decreases again and the
age contrast decreases. The increment beyond the coe
field makes the stripes wavy and irregular in shape. At
proximately 50 mT, these collapse and form irregular s
ments. The average domain periods become unmeasura
fields about 60 mT. It is important to note that the sign of t
perpendicular component did not reverse, while pass
through the coercive field, i.e., the positions of the strip
measured at different applied fields are essentially the sa
Thus, the direction of the perpendicular component is
affected. Thereafter the sample was saturated at 130 mT
the field decreased back to zero. When the field is redu
after saturation, a periodic stripe domain structure is form
again with the stripes aligned in the direction of the appl
field showing a reversible magnetization process. The st
domains become more regular with decreasing fields,
exhibit clear differences in the domain period as compare
the virgin state indicating about irreversible processes be
the coercivity field. The dependence of the domain period
the field is shown in Fig. 3. As seen in the figure, the m
sured average domain period increases with decreasing
but does not go through a maximum, as in the initial ma
netization process. Similar observations of stripe dom
variations were found in Fe-based thin films16,30 and in
multilayers12 at high fields.

III. THEORY

A. Different magnetic contributions to the total energy

To explain the experimental results presented above
consider a model of a multilayer consisting ofN bilayers.
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Each bilayer consists of two ferromagnetic sublayers, labe
1 and 2 with thicknessest and s and D5s1t. The sponta-
neous magnetizations of the sublayers will be denoted
Ms

(1) and Ms
(2) , respectively. The in-plane magnetizatio

component is assumed to be completely aligned along
positive stripe axesy, which coincides with the direction o
the applied field. This assumption should apply for t
branch through the points E, F, G, and H of the hystere
loop ~Fig. 1!, where the external field decreases. The perp
dicular magnetization component is periodically align
along6z with the periodd5d11d2, so that the magnetiza
tion direction points with an angleu with respect to the
surface normal. The situation is sketched in Fig. 4. The
mains are thus separated by Bloch walls in which the m
netization rotates gradually from the angleu to p2u, as-
suming symmetric walls. The wall plane between tw
domains is parallel to theyz plane. The domain walls are
assumed to be at the same positions in all layers in orde
minimize the magnetostatic energy. The total energy of t
domain structure is the sum of four terms:

e5ea1ew1ed1eh , ~1!

whereea is the anisotropy energy,ew is the wall energy,ed is
the magnetostatic or demagnetizing energy, andeh is the

FIG. 3. The dependence of the average period of the stripe
mains in the 420 nm thick Fe81Ni19/Co superlattice on in-plane
applied external magnetic field. The value of 420 nm at 0 mT c
responds to the virgin state@Fig. 2~a!#.

FIG. 4. Geometry and magnetization distribution as assumed
the calculation of the magnetization curves.
1-3
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energy arising from the interaction of the magnetization w
the applied field. Coercivity effects are neglected. All en
gies are calculated per unit volume and are normalized to
average demagnetizing energy constantKd5mo/2@(Ms

(1))2t
1(Ms

(2))2s#/D. Kd corresponds to the stray field energy f
a sample which is infinitely extended in thexy plane and
uniformly magnetized perpendicular to its surface.

B. The anisotropy and wall energy

In the case of uniaxial anisotropy the corresponding
ergy can be expressed as

ea5b2sin2u1b4sin4u1•••, ~2!

whereu is the angle between the magnetization and the p
pendicular axis andb2 ,b4 are the anisotropy constants.
the following we will only consider the first term in thi
expansion withb2[b. For simplicity, we assume the aniso
ropy and exchange constants to be the same in both la
For the case of the anisotropy it can be justified by an
sumption that the latter is induced mainly by the interfac
exchange parameters for Fe, Co, and Ni are the same on
the order of magnitude, so this simplification may not
very accurate quantitatively but seems to be adequate
qualitative analysis of the experimental data. However, us
the same constants is further justified if the angleu is ap-
proximately the same in both layers. In this case the c
stants play the role of effective constants for a bilayer. T
wall energy will then correspond to the average over a
layer and may be expressed as

ew5
2t

d
, ~3!

wheret is the wall tension. In Appendix A we show that fo
the simple model of an one-dimensional wall it may be w
ten as

t~u!54t0@E~cosu!2sin2~u!K~cosu!# ~4!

with t05Aab, wherea is an exchange parameter,K(k) and
E(k) are the complete elliptic integrals of the first and se
ond kind, respectively.31 The tension is plotted in Fig. 5. Th
total width of the domain wall is given by 2L with

L5Aa/bK~cosu!. ~5!

This expression does not vanish foru5p/2 as expected and
diverges foru50, i.e., the 180 ° degree wall. The width o
the wall should remain finite and vanish if the magnetizat
lies completely in plane. In order to obtain an express
with these properties, the length may be defined as the
tance from the wall center on which the magnetization va
significantly, meaning that

dw̃

dx
>ẽ, ~6!

where ẽ is a small positive parameter which has dimens
of an inverse length. As shown in Appendix A, this requir
ment leads to
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L̃5L0FFarcsinSAsin2w2L0
2ẽ2

sinw
D UsinwG , ~7!

where F(fuk) is the elliptic integral of the first kind,w
5p/22u andL05Aa/b. The domain wall width is plotted
in Fig. 6 for several values of the dimensionless parame
e5L0ẽ. Note that expression~5! is regained fore50.

C. The magnetostatic energy

The magnetostatic energy can be split into two contrib
tions, one arising from the perpendicular component and
other from the in-plane component of the magnetization. T
latter one is due to the finite extensions of the sample,
the magnetic charges on the sample edges. This is a s
term and it will for simplicity be included in the first term o
the anisotropy energy expansion, Eq.~2!, as a shape anisot
ropy, since it has the same angular dependence. A smad
dependence is induced by the inhomogeneous field in thz
direction and will be neglected here. For the calculation

FIG. 5. Domain wall tensiont/t0 as a function of the angleu.
The inset shows the corresponding derivative.

FIG. 6. Domain wall lengthL as a function ofu as given by Eq.

~7! for different values ofe5L0ẽ. The casee50 coincides with
definition Eq.~5!. The total domain wall width is 2L.
1-4
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the demagnetizing energy arising from the perpendicu
component, we assume a multilayer with infinite extensio
in the xy plane and the magnetization being parallel eve
where along thez direction. In particular, we assume th
interface exchange coupling between FeNi and Co str
enough so that the angle enclosed between the magnetiz
and the surface normal is the same for both types of lay
We further take the walls to be symmetric as required
minimize the wall energy. Thez component of the magneti
zation in alternate domains thus isMz56Mscosu. The
walls are assumed to be infinitely thin. For simplicity, w
only give the expression for the symmetrical cased15d2
5d/2 here, since it may be proven that it does correspon
the minimal energy. A general expression for differentd1 and
d2 is given in Appendix B. The energy may then be writt
as

ed5 f ~d!cos2u, ~8!

where thed dependent part is

f ~d!5 (
n odd

`
4

~np!3

d

D
@w1f n~ t,d!1w2f n~s,d!1w3gn~d!#,

~9!

with the following abbreviations

f n~r ,d!512expS 22pn
r

dD1

sinh2S pn
r

dD
sinh2S pn

D

d D
3H 1

N F12expS 22pn
ND

d D G
2F12expS 22pn

D

d D G J ,

gn~d!52F12expS 22pn
t

dD GF12expS 22pn
s

dD G

12

coshS pn
D

d D
sinhS pn

D

d D
sinhS pn

t

dD sinhS pn
s

dD
sinhS pn

D

d D
3H 1

N F12expS 22pn
ND

d D G
2F12expS 22pn

D

d D G J
with r 5s,t. The dimensionless factorswi are defined by
wi5@(Ms

( i ))2#D/@(Ms
(1))2t1(Ms

(2))2s#, i 51,2, and w3

5(Ms
(1)Ms

(2))D/@(Ms
(1))2t1(Ms

(2))2s#. The first two terms
in brackets in Eq.~9! correspond to the self-energies of th
respective sublattices. The third term stems from their in
action and is a negative one.
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D. The external field

Finally, the interaction of the magnetization with the a
plied field contributes a term

eh5
2m0HMssinu

Kd
522hmsinu, ~10!

where h5H/A@(Ms
(1))2t1(Ms

(2))2s#/D is the normalized
field applied in the direction of the stripes andm
5Ms /A@(Ms

(1))2t1(Ms
(2))2s#/D. The spontaneous magne

tization of the sample is the average of the spontaneous m
netizations of the sublayers:Ms5(Ms

(1)t1Ms
(2)s)/D.

We now minimize the total energy with respect to t
parametersd andu, i.e., ]e/]d50, ]e/]u50. This yields

d5
1

cosu F2t~u!/S ] f ~d!

]d D G1/2

, ~11!

h5
1

m F @b2 f ~d!#sinu1
1

dcosu

]t

]uG . ~12!

As is seen from Eq.~12!, the magnetostatic- and wall energ
tend to decrease the field (]t/]u,0), i.e., force the magne
tization into plane, whereas the anisotropy tends to incre
it. The calculation procedure is to choose an angleu and a
corresponding magnetizationM i5Mssinu parallel to the
film surface, calculated from the implicit Eq.~11! and obtain
the corresponding field from Eq.~12!. The exchange and
anisotropy constants are used as fitting parameters to yie
zero applied fieldh where the in-plane magnetization equa
the remanenceM5Mr andd equals the domain perioddr in
the remanent state. They are uniquely determined by
condition. For the calculation presented below we ta
Mr /Ms50.6 anddr5460 nm.

We further assume bcc structure with lattice consta
and spontaneous magnetizationsa50.282 nm and Ms
51.73mB /Atom for the Co-layers anda50.286 nm and
Ms52.25mB /Atom for the FeNi-layers.

IV. THEORETICAL RESULTS AND DISCUSSION

The fitting procedure correspondingly leads to t
values Ku5bKd55.383105 J/m3 and A5aKd54.66
310210 J/m2, for the anisotropy and exchange constan
For these parameters, the magnetization and domain pe
as functions of the applied field are shown in Figs. 7 and
respectively. We find qualitative agreement with the expe
mental results: the domain period decreases with increa
applied field, although somewhat too slowly compared to
experiment. Also, the saturation field at whichM i /Ms
50.99 is too high, with some 40 % deviation.

The ratio of the domain wall width (2L0'60 nm) to the
stripe period is not too small which indicates a discrepan
between theory and experiment already for zero app
field. We would also expect a smaller exchange constant.
1-5
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the quality factorQ, which is defined as the ratio between t
anisotropy and the demagnetizing energy constant,Q
5Ku /Kd , we haveQ5b50.32. It is known that such aQ
value may lead, for a single layer, to the formation of clos
domains.28 Formation of partial flux closure domains on th
sample surface, which would also be consistent with
MFM images, yields a smaller magnetostatic energy as
one calculated here and leads to erroneous estimates o
exchange and anisotropy constants, thus affecting the e
calculation. In particular, a smaller value of thef (d) term
would lead to a smaller anisotropy constant and con
quently to a smaller saturation field.

A principal difficulty is to calculate the dependence of t
wall energy on the wall angle and in particular in an appl
field, since the wall structure of the superlattice is n
known. Deviations are expected because the proposed
main wall model is not strictly applicable to these film
since the walls may have a two-dimensional structure. T

FIG. 7. Magnetization curve as calculated from Eqs.~11! and
~12!. The saturation field is approximately 70 mT. The inset sho
the applied field needed to obtain a certain in-plane magnetiza
under the assumption that the in-plane component remains ali
along the positivey axis.

FIG. 8. Domain periodd as a function of the applied field. Th
period decreases down to approximately 435 nm at saturation.
inset shows the dependence of the wall width 2L on the applied
field, whereL is given by Eq.~7! for e50.1.
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problem becomes even more complicated, if closure dom
have to be taken into account. Deviations for high fields
due to the effect of the external field on the wall tensi
which has not been taken into account. In an applied fie
the wall tension is expected to decrease faster than accor
to Eq.~4!, allowing for smaller domain periods at high field

Furthermore, the proposed stripe distribution of the m
netization does not correspond to the real structure at h
magnetic fields. The collapse of the stripes at high fie
~Fig. 2! will change~lower! the demagnetizing energy. Also
the wall energy increases because of additional walls in
system~below we will discuss this point in more detail!.
These effects are not accounted for in the present mode
are presumably small because the energies of the two dom
structures are expected to be quite close.

Although the model is too simple to allow for quantitativ
predictions, it shows that the competition between the ani
ropy energy favoring perpendicular magnetization and
demagnetizing and wall energy favoring in-plane magneti
tion stabilizes the magnetization at an oblique angle w
respect to the film surface, giving rise to an ‘‘effective’’ ea
axis. The tilt angle depends on the exchange and anisot
constants. The easy axis can be rotated by simply rotating
in-plane magnetization component in an applied field, res
ing in the observed rotatable anisotropy.

The observed domain structure, however, requires a
able perpendicular anisotropy. It was reported by Draais
den Broeder and de Jonge32 for Co/Pd multilayers that the
preferred magnetization direction became perpendicula
the film plane for Co thicknesses below about 0.8 nm. P
pendicular magnetization was also found for Co-layer thi
nesses below 1.4 nm in Co/Au multilayers induced by int
face sharpening after annealing.33 In our case we find
perpendicular anisotropy for 1.95 nm thick Co layers, co
sistent with sharp interfaces between FeNi and Co.

To gain further insight in the collapse of the stripes, w
calculated the magnetostatic energy in a similar fashion
done in the appendix, but for the simpler case of a multila
consisting of alternating magnetic and nonmagnetic lay
The somewhat lengthy expression is not shown here.
magnetization is now allowed to be also periodic along
stripe direction with periodp, leading to a chesslike magne
tization pattern for equal periodsd5p. The demagnetizing
energy for this pattern was confirmed to be smaller than
the stripe domains with the same period. However, the e
gies of the two structures are quite close as the energy o
checker is only about 5 % smaller. The energy was m
mized with respect to the unknownsu, d, andp. If the ten-
sion of the additional Ne´el walls was taken to be larger tha
the tension of the Bloch walls separating the stripe doma
tN.tB , the periodp tended to infinity, leading to a stripe
domain structure. The reason is that although the dema
tizing energy decreases with decreasingp, the total energy
increases, since the wall energy increases more strongly
lesstN is very small. Artificially taking the same wall energ
term Eq.~3! for the Néel walls to regain symmetry leads t
d5p. The model is too simple to describe the observed tr
sition, but it is consistent with the following qualitative ex
planation of the collapse of the stripes:
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The magnetostatic interaction favors formation of sm
domains. The demagnetizing energy term is thus smaller
the segment structure shown in Figs. 2~d! and 2~e! than for
the stripe domain structure. However, the formation
smaller segments requires formation of additional wa
along the stripe direction. These walls are Ne´el walls and are
therefore expected to have a larger energy than the B
walls separating the stripe domains. Thus, formation of
ditional walls in this direction is unfavorable, so that stri
domains are preferred. For large anglesu and high fields,
however, the difference between the wall energies for
two types of walls decreases as they approach zero.
situation then becomes approximately symmetric, leading
the collapse of the stripes. This is consistent with the MF
images~Fig. 2!. It is indeed difficult to identify the original
stripe direction after the collapse of the stripes. A larger w
energy for the Ne´el walls along the stripe direction also e
plains that the stripe direction is always found to coinc
with the direction of the in-plane magnetization compone

More quantitatively, an instability of the stripe doma
structure has been explained in Ref. 34 in terms of a sim
Ising-like model with thez component of the magnetization
m(r ), which is uniform in thez-direction~normal to the film
plane!, so r5(x,y). The magnetostatic energy of the film o
thicknessD can be written as the energy of a plane capac
with magnetic charges6m(r ) so that

Em5E E drdr 8m~r !m~r 8!F 1

ur2r 8u
2

1

A~r2r 8!21D2G
52p(

q
mqm2q

12e2qD

q
, ~13!

where mq is a two-dimensional Fourier component of th
magnetization density. At the same time, the exchange
ergy can be written as

Eexch5
1

2
a(

q
q2mqm2q , ~14!

so there is a finite value of the wave vectorq5q* found
from the condition

d

dq S 2p
12e2qD

q
1

1

2
aq2D50 ~15!

with a minimal energy of the magnetic fluctuations and
system may be unstable with respect to the correspon
modulation. This instability may also be described in ter
of the production of linear defects~disclinations! which can
be clearly seen in Fig. 2.35,36 It is interesting to note that the
development of the instability is similar in some sense t
formation of a ‘‘stripe glass state’’ in Ginzburg-Landau sy
tems with long-range Coulomb interaction and the glo
constraint that the average order parameter is equal to ze37

In both cases it is important that the condition@Eq. ~15!# ~or
equivalent one for the Coulomb interaction! determines only
the length of the wave vector for optimal fluctuations but n
its directions, which leads to a strongly frustrated situati
Coming back to the real experimental situation one sho
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remember that the ‘‘Ginzburg-Landau’’ case corresponds
strong magnetic fields when the perpendicular componen
the magnetization is sufficiently small. The formation
quasichaotic patterns for the multilayers under considera
will be considered in more details elsewhere.

The hystereticd dependence is directly connected to t
different magnetization structures in the two branches of
hysteresis curve. In the branch through the points B, C,
D, the in-plane magnetization is not completely align
along the positive stripe axis. This leads to different values
the competing energy terms in Eq.~1!, so that the domain
period consequently gets shifted. The lowd value in the
virgin state and its sudden increase when applying an ex
nal field could be explained by a domain structure in wh
the easy-axis domains are separated by 180 degree B
walls. The competition between the corresponding wall
ergy and the other energy terms determines the observd
value. Under an external field applied in they direction, the
magnetization will flip from the perpendicular direction in
the effective easy-axis direction~as determined by the com
petition between the energy terms!, giving rise to a different
domain period.

It is instructive to calculate the magnetization at in-pla
magnetization values smaller than the remanence. The re
is shown in the inset of the Fig. 7. Under the assumption t
the magnetization remains aligned along the positivey axis,
a strong field larger than the coercive field in the oppos
direction would be needed to turn the magnetization aro
in this way. If such a field is applied, large changes in t
field will only cause small changes in the magnetizatio
until the coercive field is reached and switching occurs.

Temperature effects may be ignored in our phenome
logical approach since we take the observed domain st
ture as given for the calculation of the energy terms. T
magnetization directionM is thereby understood as the a
erage over the fluctuations. Quantitatively convincing resu
have been obtained using a similar method for determin
equilibrium values of the variational parameters.38

In particular cases the energy minima can be very sh
low, suggesting that at finite temperatures a finite range
equilibrium values would be allowed.39 For the domain pe-
riod this might lead to somewhat more irregular structur
In our case the minima appeared to be well defined.

Nevertheless, the observed domain structure is expe
to exhibit a temperature dependence which in our model
ters via the exchange and anisotropy constants, which
known to be temperature dependent. In the present study
only consider the domain structures at room temperature

V. CONCLUSIONS

Dense stripe domains were observed in a Fe81Ni19/Co
superlattice grown on MgO~100! single-crystal substrates
using dc magnetron sputtering. This type of domain struct
arises due to the existence of out-of-plane anisotropy in
film, which is argued to originate from interface induce
anisotropy. The energy of the domain wall is dominant in t
magnetization process, which was found to be revers
above the coercivity field. In addition, the stripe perio
1-7



pli
a

ea
ep

t
u

nc

in
nc

th

le
at

q

ls
u

the

e
sot-

rst

-

r

a
n-
de

ist-
e
to
u-

o-

ri-

R. BRUC̆AS et al. PHYSICAL REVIEW B 69, 064411 ~2004!
showed strong and hysteretic dependence on the ap
field, as observed by MFM imaging. A phenomenologic
model has been put forward that correctly predicts a decr
ing domain period with increased applied field. The discr
ancy between theory and experiment can be attributed to
formation of partial flux closure domains on the sample s
face.
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APPENDIX A: DOMAIN WALL

The exchange and anisotropy energies are given by

Eex5
m0

2
M2a„ũ8~x!…2, Ea5

m0

2
M2bsin2ũ~x!,

~A1!

where the prime denotes differentiation with respect tox. For
the calculation it is convenient to transform to the anglew
5p/22u, which better reveals the symmetry. Note that
order to distinguish the angles in the walls, which are fu
tions of the coordinatex, from the angles in the domains (u,
w), they will be marked by a tilde:w̃(x), ũ(x). The wall
tensiont5sw /m0/2M2 is the integral

t5E
2L

L

@a„w̃8~x!…21bcos2w̃~x!#dx. ~A2!

The function that minimizes the tension is a solution to
corresponding Euler equationaw̃9(x)52bsinw̃cosw̃ with
boundary conditions

w̃~6L !56w, w̃8~x!u6L50. ~A3!

The requirement for the tension to be a solution to the Eu
equation leads to a symmetric wall. A first integral that s
isfies these boundary conditions is@w̃8(x)#25(b/a)@sin2w

2sin2w̃(x)#. This may be used to rewrite the tension, E
~A2!, as

t52bL~sin2w11!22bE
2L

L

sin2w̃~x!dx. ~A4!

The remaining integral can be evaluated replacingdx by

dw̃/A(b/a)(sin2w2sin2w̃) and using the substitutionw̃(c)
5arcsin(sinwsinc), which transforms the occurring integra
to standard complete elliptic integrals. Inserting the res
into Eq. ~A4!, replacing the width 2L given by

2L52Aa

bE0

w dw̃

Asin2w2sin2w̃
52Aa

b
K~sinw!,

~A5!

and transforming back to the angleu yields
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t52Aab„~cos2u21!K~cosu!12E~cosu!…. ~A6!

This expression, however, does not vanish foru5p/2 as
expected. To resolve the problem, consider the sum of
anisotropy and wall energy:

ew1ea5
2t

d
1

~d24L !

d
bsin2u, ~A7!

which obviously holds for 4L,d. In the case 4L.d the
walls may be cut off atLc5d/4, neglecting the exchang
energy for large distances. Subtracting the additional ani
ropy contribution @(4L2d)/d#ea eventually leads to the
same expression as Eq.~A7!. Redefining the tension ast
→t22Lbsin2u leads to the expression given in the text.

In order to obtain Eq.~7! for the wall width, note that the
conditiondw̃/dxux5L̃5 ẽ uniquely determinesL̃ sincedw̃/dx
is a strictly monotonic decreasing function. Using the fi

integral it can be rewritten asL0
21Asin2w2sin2w̃(L̃)5ẽ,

whereL05Aa/b. Solving for w̃ gives

w̃~ L̃ !5arcsin~Asin2w2L0
2ẽ2!. ~A8!

The functionx(w̃) is easily obtained by taking the first inte
gral, separating variables and integrating, givingx(w̃)
5L0F(arcsin(sinw̃/sinw)usinw). Equating the expression fo
the inversew̃(x)5arcsin(sinwsin(F21(x/L0usinw))) for x5L̃

with Eq. ~A8! and solving forL̃ gives the desired result.

APPENDIX B: DEMAGNETIZING ENERGY

The expression for the demagnetizing energy of
multilayer consisting of alternating ferromagnetic and no
magnetic layers was already obtained by Draaisma and
Jonge.40 We extend the result to the case of bilayers cons
ing of two different ferromagnetic materials. Although th
derivation of the potential for a single layer is very similar
their derivation, we will give a survey over the entire calc
lation for clarity.

The z component of the magnetization for a single ferr
magnetic layer with spontaneous magnetizationMs

(1) and the
assumed geometry can be written as

Mz
(1)~x,z!5Ms

(1)cosu1 , 2
1

2
d1<x,

1

2
d1 ,

2Ms
(1)cosu2 ,

1

2
d1<x,

1

2
d11d2 , ~B1!

if 2 1
2 t<z, 1

2 t and 0 otherwise. The magnetization is pe
odic in x with periodd. The Fourier series expansion is
1-8
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Mz
(1)~x,z!5M̃ (1)1 (

n51

` 2Ms
(1)~cosu11cosu2!

np

3sinS pn
d1

d D cosS 2pn
x

dD , ~B2!

where M̃ (1)5Ms
(1)(cosu1d1 /d2cosu2d2 /d). In order to ob-

tain the corresponding expression for the type 2 layers,
replacementMs

(1)→Ms
(2) has to be made. To allow for dif

ferent angles,u i is replaced byw i for i 51,2. The potential
f(x,z) is a solution to the Laplace equation¹2f50 with
boundary conditions

foS x,
1

2
t D5f i S x,

1

2
t D ,

2
]fo

]z S x,
1

2
t D52

]f i

]z S x,
1

2
t D1MzS x,

1

2
t D . ~B3!

f i denotes the potential inside the layer (uzu, 1
2 t) and fo

outside the layer (z. 1
2 t). For z, 1

2 t, one hasf(x,z)
52fo(x,2z) by antisymmetry. The solution for the type
layers is

fo
(1)5

1

2
M̃ (1)t1 (

k51

` Ms
(1)d~cosu11cosu2!

k2p2
sinS pk

d1

d D
3sinhS pk

t

dD cosS 2pk
x

dDexpS 22pk
z

dD , ~B4!
r

fo

06441
e

f i
(1)5M̃ (1)z1 (

k51

` Ms
(1)d~cosu11cosu2!

k2p2
sinS pk

d1

d D
3expS 2pk

t

dD cosS 2pk
x

dD sinhS 2pk
z

dD . ~B5!

To obtain the solution for the layers of type 2 the same
placements as made in the corresponding expression fo
magnetization apply; additionally,t has to be replaced bys.
The potential generated by sublattice 1 in bilayerp is found
by proper superposition. Placing the bilayer with the cen
of the type 1 sublayer atz50 and the center of the type
sublayer atz52 1

2 (s1t), the potential is@fp
(1)(x,0)50#:

fp
(1)~x,z!5 (

j 51

p21

$fo
(1)
„x,z1~p2 j !D…2fo

(1)
„x,~p2 j !D…%

2 (
j 5p11

N

$fo
(1)
„x,~ j 2p!D2z…

2fo
(1)
„x,~ j 2p!D…%

1H f i
(1)~x,z! ,2 1

2 t<z, 1
2 t

2fo
(1)~x,2z! ,2 1

2 t2s<z,2 1
2 t.

~B6!

The corresponding potential generated by sublattice 2
bilayer p is @fp

(2)(x,0)50#:
fp
(2)~x,z!5 (

j 51

p21

$fo
(2)
„x,z1~p2 j !D1 1

2 ~s1t !…2fo
(2)
„x,~p2 j !D1 1

2 ~s1t !…%2 (
j 5p11

N

$fo
(2)
„x,~ j 2p!D2z2 1

2 ~s1t !…

2fo
(2)
„x,~ j 2p!D2 1

2 ~s1t !…%1H f i
(2)~x,z1 1

2 D !2fo
(2)~x, 1

2 D !, 2
1

2
t2s<z,2 1

2 t

fo
(2)~x,z1 1

2 D !2fo
(2)~x, 1

2 D !, 2 1
2 t<z, 1

2 t.

~B7!
The total potential generated in bilayerp is fp(x,z)
5fp

(1)(x,z)1fp
(2)(x,z). The demagnetizing energy for laye

p can be written as

Ep5
m0

2dDE0

d

dx$Mz
(1)~x, 1

2 t !@fp~x, 1
2 t !2fp~x,2 1

2 t !#

1Mz
(2)~x,2 1

2 t !@fp~x,2 1
2 t !2fp~x,2 1

2 t2s!#%.

~B8!

The term in brackets can further be rearranged into the
lowing three contributions:
l-

Mz
(1)~x, 1

2 t !@fp
(1)~x, 1

2 t !2fp
(1)~x,2 1

2 t !#

1Mz
(2)~x,2 1

2 t !@fp
(2)~x,2 1

2 t !2fp
(2)~x,2 1

2 t2s!#

1@Mz
(1)~x, 1

2 t !@fp
(2)~x, 1

2 t !2fp
(2)~x,2 1

2 t !#

1Mz
(2)~x,2 1

2 t !@fp
(1)~x,2 1

2 t !2fp
(1)~x,2 1

2 t2s!##.

~B9!

Inserting the expressions forMz and fp into Eq. ~B8! and
carrying out the integration, only terms withn5k remain.
Averaging the result over all layers,

Ed5
1

N (
p51

N

Ep , ~B10!
1-9
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the complete expression for the demagnetizing energy with the three contributions ordered according to Eq.~B9! can be
written as follows:

Ed5
m0

2 F H Ms
(1)S cosu1

d1

d
2cosu2

d2

d D J 2 t

D
1 (

n51

`
~Ms

(1)!2~cosu11cosu2!2

~np!3

d

D
sin2S pn

d1

d D f n~ t,d!

1H Ms
(2)S cosw1

d1

d
2cosw2

d2

d D J 2 s

D
1 (

n51

`
~Ms

(2)!2~cosw11cosw2!2

~np!3

d

D
sin2S pn

d1

d D f n~s,d!

1 (
n51

` Ms
(1)Ms

(2)~cosu11cosu2!~cosw11cosw2!

~np!3

d

D
sin2S pn

d1

d D3gn~d!G . ~B11!

The explicit expressions for the termsf n(t,d), f n(s,d), andgn(d) are given in the text. The first two lines stem from th
potential of one sublattice integrated over thesamesublattice. Therefore, they correspond to the~averaged! self-energy of the
respective sublattices. The third line stems from their interaction. Takingd15d25d/2 andu15u25w15w25u and normal-
izing to the maximum magnetostatic energy, finally results in the expression given in the text.
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