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The magnetization process of antiferromagnetically coupled ��Co /Pt�8 /Co /Ru�18 multilayers with perpen-
dicular anisotropy is investigated via magnetic force microscopy at room temperature by imaging the domain
configuration in magnetic fields. In the zero-field state, due to the perpendicular anisotropy, stripe domains
characteristic for ferromagnetic coupling are observed. By increasing the external magnetic field, the domain
configuration first modifies gradually, then transforms from continuous into isolated stripes, and changes in the
end into bubbles, which collapse at higher fields. A theoretical model previously developed for bubble domains
in single layer films is adapted for arbitrary complex multilayers and applied to the present layer architecture.
The calculated values for strip-out and collapse fields compare well with the experimental results and demon-
strate the validity of the theoretical description.
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I. INTRODUCTION

After the first observation of antiferromagnetic �AF� in-
terlayer coupling between thin ferromagnetic �FM� layers via
a metallic spacer layer1,2 and its important application in
electronic devices and magnetic recording technology,3–5 ex-
tensive studies were performed on numerous combinations
of magnetic and nonmagnetic layers but mostly with an in-
plane anisotropy within the FM layer. In recent years, the
study of the antiferromagnetic interlayer coupling has been
extended to FM layers with perpendicular anisotropy,6 which
are of special interest for applications in perpendicular mag-
netic recording technology. One way of realizing such FM
layers with perpendicular anisotropy is by utilizing the inter-
face anisotropy of a very thin Co film, either as a single layer
or within a multilayer consisting of Co and Pt or Pd.7,8 In the
well studied �Co/Pt�/Ru multilayer system,9 which is com-
posed of individual blocks of Co/Pt multilayers separated by
thin Ru spacer layers, the balance of exchange coupling and
dipolar coupling via the details of the multilayer architecture
leads to a large variety of different magnetic zero-field states,
which are observed using domain imaging techniques.

In the homogeneous AF state, the magnetization is later-
ally correlated in each individual Co/Pt block but antiparallel
from block to block in order to minimize the AF interlayer
coupling. In the FM stripe domain state, the perpendicular
magnetization is correlated in vertical direction throughout
the whole block but forms neighboring domains with oppo-
site magnetization direction in order to minimize the stray
field energy. A third magnetic phase, the so-called AF stripe
state is expected to exist for large AF exchange but has not
been realized experimentally so far. Stray field calculations
in combination with magnetic force microscopy �MFM� con-
trast simulations, however, suggest that such domains should
be resolvable by high-resolution MFM when they are
present.10 Consequently, the detailed study of domain struc-

ture and magnetization processes, and their description by
domain theory is an important contribution to quantitatively
describe the complex interactions present in these multilay-
ers. In this paper, we study the domain structure and the
magnetization processes in a rather thick �Co/Pt�/Ru
multilayer, which zero-field state is characterized by the
above described FM stripe domains also common for simple
single layer films with perpendicular anisotropy. Strictly
speaking, the AF coupling violates the stripe coherency
through the stack, inducing a relative transverse shift of do-
mains in the adjacent layers.11 However, for multilayers with
the FM stripe ground state �as in this paper�, this shift is very
small and is not considered. In-field MFM measurements are
performed to follow the evolution of the domain structure in
a perpendicular oriented magnetic field in the ascending and
descending branches of the first quadrant of magnetization
curve. The qualitative similarity of the behavior to that of
bubble domains known in single layer films12 and multilay-
ers without antiferromagnetic spacer layer13,14 suggests a
possible description of the observed phenomena in these
multilayers by a modified bubble theory. Thus, after describ-
ing the experimental details, the results of the paper are or-
ganized in three sections. Section III deals with the experi-
mental observations by in-field MFM and global
magnetometry. The following section develops a modified
bubble theory, which treats the stray field energy terms in a
rigorous approach including all internal magnetic charges of
the multilayer stack �Sec. IV�, and a final section �Sec. V�
compares quantitatively the experimental results with the
modified theory for the multilayer architecture investigated
in this study.

II. EXPERIMENTAL PROCEDURES

The multilayer system used for our experiments
is ��Co�0.4 nm� /Pt�0.7 nm��8Co�0.4 nm� /Ru�0.9 nm��18,
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which is in the following referred to as the �Co/Pt�/Ru
multilayer. The sample was deposited by magnetron sputter-
ing �3 mTorr Ar pressure� at ambient temperature onto Si3Nx

coated Si substrates with a 20 nm Pt seed layer and a 2 nm Pt
cap for oxidation protection. Details on sample preparation
are given in Ref. 15. The sample was structured in isolated
square shaped elements with lateral size of 12 �m using
optical lithography. This way, it is easier to compare the
position of subsequent measurements and furthermore the
scan across the nonmagnetic area can be used as a correction
for a possible offset in the phase shift of the MFM experi-
ment.

Magnetic hysteresis at room temperature with field per-
pendicular to the film plane was measured using a quantum
design physical properties measurement system �PPMS� with
vibrating-sample magnetometer �VSM� in a maximum field
of 3 T. The local magnetization distribution was studied us-
ing a digital instrument dimension 3100 atomic force micro-
scope with MFM extender box for phase-shift measure-
ments. The topography scan was performed in tapping mode
and the magnetic contrast was measured in an interleave scan
with a lift height of 50 nm. Standard magnetic tips �MESP,
Veeco� were magnetized along the tip axis prior to the MFM
measurements.

In order to apply a perpendicular magnetic field to the
sample during MFM measurements, a strong pyramidal stack
of NdFeB permanent magnets with their texture axis perpen-
dicular to the sample surface was lifted gradually to ap-
proach the sample from below. The full sample size
��3 mm� is typically smaller than the smallest dimensions
of the magnet. The sample is placed with precision of
�0.5 mm above the center of the magnet, guaranteeing a
perpendicular orientation of the field in the sample center
�Fig. 1�a��. The field distribution above the permanent mag-
net was measured with a Mag-Scan Hall-probe system. The
lateral field homogeneity is better than 1% within a radius of
1 mm from the center of the magnet, and the field strength in
the central area can be varied from 0.02 T up to a maximum
of 0.6 T for a fully approached magnet16 �Fig. 1�b��.

III. IN-FIELD DOMAIN OBSERVATION

Figure 2 shows the magnetization curve of the �Co/Pt�/Ru
multilayer as a function of the applied field, which is ori-
ented perpendicular to the film plane. At zero applied field
the film is in a nearly demagnetized state with a remanence
close to zero. By increasing the field value, the magnetiza-
tion increases almost linearly until it reaches saturation. At
this point, the film is completely magnetized in the direction
of the applied field. Reducing the field from positive satura-
tion, the magnetization curve shows a kink in the first quad-
rant, and, after that, abruptly reduces and continues to de-
crease with decreasing field. As the film is always parallel to
the anisotropy axis, rotational processes are not expected in
the magnetization reversal; thus the reversal may happen via
nucleation of reversed domains and their expansion until at
large negative field the former positive domains are fully
expelled from the film.

From these out-of-plane measurements we extract the
value for saturation polarization 4�Ms=0.765 T and the co-
ercive field �0Hc=0.01 T. Shown in Fig. 3 are MFM images
of the sample taken in three different remanent states. The
dark and bright contrast corresponds to domains with mag-
netization pointing out and into the plane of the film, respec-
tively. In the as-prepared state �Fig. 3�a��, the image is char-
acterized by a labyrinth stripe domain pattern. After out-of-
plane saturation, the multilayers exhibit a random maze
domain pattern as shown in the MFM image in Fig. 3�b�. The
average domain width in both cases is about 180 nm. Apply-
ing a saturating in-plane magnetic field with subsequent in-

FIG. 1. �a� Schematic view of the MFM setup and �b� magnetic
field Hz measured in lateral displacement, at different distances
from the sample: �i� 1.2, �ii� 1.4, �iii� 2, �iv� 2.5, �v� 3, �vi� 4, �vii�
6, and �viii� 11 mm.
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FIG. 2. �Color online� Hysteresis loop of �Co/Pt/�/Ru multilayer
measured by VSM with field perpendicular to the sample surface.
The points represent the field values used for the MFM measure-
ments presented in Fig. 4.
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plane ac demagnetization changes significantly the domain
pattern, and also the average domain width is reduced to
about 135 nm. The in-plane magnetic field couples to the
in-plane magnetization component of the domain wall and
aligns the stripe domains parallel to the external field direc-
tion as it is visible in Fig. 3�c�.17 Numerical calculations of
dipolar sums predict that the parallel stripes are energetically
favored over a labyrinth domain or maze domain structure
�Figs. 3�a� and 3�b��.18 Above comparison, however, shows
that the domain configuration in the remanent state depends
strongly on the magnetic history, and the energetically lowest
state has to be initiated by an appropriate demagnetizing pro-
cedure.

Figure 4 shows a series of MFM images for different
magnetic fields applied perpendicular to the sample during
measurement. As explained in Sec. II, the film was structured
for an easier recognition of the scanned area. The equilib-
rium domain width of the structured sample is comparable to
that of the extended film shown in Fig. 3�a�. For the given
structure geometry and size, we thus do not observe any
influence of the lateral confinement on the domain configu-
ration. For smaller structures this cannot be excluded and
presents an interesting topic for future studies. Starting from
the demagnetizing state, in fields which are small compared
to the saturation field, the domains change very slowly. The
first magnetizing process can be observed at the rim of the
element where bright domains oriented parallel to element
edge disappear first. This can be understood from the unfa-
vorably large magnetostatic energy for such oriented do-
mains due to large stray fields.19 By increasing the external
magnetic field, the domains which are aligned parallel to the

field grow while the oppositely aligned domains get smaller.
This process occurs gradually until the domains transform
into isolated stripes and, in the end, into a bubble domain
structure at higher fields. However, near the strip-out insta-
bility field �the field in which the elongated domains with
opposite magnetization transform into bubble domains�, a
rapid growth of the preferably aligned domains can be ob-
served. During this process, the width of the domains ori-
ented opposite to the applied field remains nearly constant
while they contract along their lengths.20 As the external field
is increased, the domains contract so that only bubbles exist
at magnetic fields greater than the strip-out field. Further
increase in the external field causes the bubbles to shrink
until, at a critical field �collapse field� of 0.52 T, they col-
lapse �not shown here�.

In order to obtain a more precise quantitative field value
at which the strip-out instability occurs, a series of MFM
images was recorded now on the decreasing branch of a mi-
nor loop in a narrow field range close to saturation �Fig. 5�.
By this we can ensure that the strip out starts from isolated
bubbles and is not influenced by the domain configuration at
lower fields. Starting from highest value where the bubbles
still exist �0.5 T�, upon decreasing the field the bubble shape
and configuration stay stable but the MFM contrast arising
from the bubbles changes gradually down to 0.41 T. This is
best seen in exemplary MFM profiles extracted from the
measurements across an individual isolated bubble as a func-
tion of the applied field �Fig. 6�.

Both the full width at half maximum and the absolute
MFM contrast increase with decreasing field, which is inter-

2 m� 2 m� 2 m�

FIG. 3. �Color online� MFM images of �Co/Pt�/Ru in three dif-
ferent remanent states: �a� in as-prepared state, �b� after out-of-
plane saturation, and �c� after ac demagnetizing in plane.
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FIG. 4. �Color online� Domain structures of �Co/Pt�/Ru
multilayer recorded along the increasing branch of the hysteresis.
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FIG. 5. �Color online� Sequence of MFM images recorded on
the decreasing branch of a minor loop.

FIG. 6. �Color online� MFM profile of an isolated bubble for
different applied fields.
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preted as a continuous enlargement of the bubble. As de-
scribed in Sec. II, MFM records only the force gradient ex-
perienced by a magnetic tip due to the magnetostatic
interaction with the z component of the bubble stray field.
The contrast is thus also largely dependent on the magnetic
structure and the volume of the tip coating, and is necessarily
broadened compared to the true size of the bubble. Thus, we
cannot conclude on the exact bubble diameter from our
MFM measurements with an uncalibrated tip.

IV. MICROMAGNETIC MODEL

To explain the experimental results presented above, an
appropriate domain model for coupled multilayers is derived
in the following. Micromagnetic theory of multilayers with
stripe and bubble domains have been developed quite some
time ago21–23 and have been applied for numerical calcula-
tions of multidomain patterns in a number of practical
cases.22,23 Contrary to systems investigated in Refs. 22 and
23 in modern superlattices with perpendicular anisotropy
��Co/Pt� and others�, the equilibrium sizes of domains
strongly exceed the magnetic layer thickness.24 For such
structures the calculations become arduous due to slow con-
vergence of infinite sums in the stray field energy. In this
section we execute integral transformations of the dipolar
magnetostatic energy and derive effective micromagnetic
equations to calculate the existence regions and geometrical
parameters of equilibrium stripe domains and their evolution
in a bias field.

We consider a superlattice consisting of N�=NX identical
magnetic layers with the magnetization M and thickness h
separated by spacer layers of thickness si �see Fig. 7�a��.
Furthermore, for every X magnetic layers, the separating
spacer layer is assumed to mediate an antiferromagnetic
coupling. Such a model allows describing multilayers
with different spacer thickness. In particular, for
��Co /Pt�X−1 /Co /Ru�N multilayers

si = �sRu = 0.9 nm for i = mX, m = 1 . . . N

sPt = 0.7 nm other
�

and h=hCo=0.4 nm �Eq. �7��. Generalizing the results of
Refs. 10, 11, and 25, we can write the energy density of the
stripe phase �per one layer� in the following form:

ws = 8�M2 lc

D
+

J

h
	1 −

1

N

 − HMq + 2�M2Ñ�D,q� , �1�

where D=d1+d2 is the stripe period, q= �d1−d2� /D is the
domain imbalance, J�1 is the antiferromagnetic exchange
interaction coupling constant, and lc=� /4�M2 is the charac-
teristic length, defined by the ratio of wall energy density �
and the magnetostatic energy density 2�M2. The first term in
Eq. �1� describes the wall energy density of the FM stripe
domain pattern and the second term quantifies the antiferro-
magnetic exchange energy, which has to be paid at all N−1
Ru containing interfaces. The third term �Zeeman term� low-
ers the energy when domains grow with magnetization par-
allel to the field. The remaining stray field energy density is
expressed with the help of an effective demagnetizing factor:

Ñ�D,q� = 1 − �s�h�

wm0
�s�

+ wm
�s��D,q� ,

�2�

which includes the self-energy of individual magnetic layers
�wm0

�s� � and the interaction between them �wm
�s��.

�s��� =
4�2

�hD
�

0

1

�1 − t�ln�1 +
cos2��q/2�

sinh2���t/D�dt , �3�

wm
�s��D,q� = −

1

N� �
k=1

N�−1

�
n=k+1

N�

	s�Lnk� , �4�

where

	s�Lnk� = 2�s�Lnk� − �s�Lnk − h� − �s�Lnk + h� �5�

is equal to the stray field coupling energy between two layers
separated by distance

Lnk = h�n − k� + �
i=k

n−1

si. �6�

The factors 	s�Lnk� �Eq. �5�� are composed of the four
contributions of the dipolar magnetostatic interactions be-
tween pairs of the “charged” planes bounding the layers �Fig.
7�c��, namely, interactions between like charges 1↔3 and
2↔4 yield equal �positive� energy contributions �s�Lnk�
while 1↔4 and 2↔3 couplings yield negative-energy con-
tributions, �s�Lnk+h� and �s�Lnk−h�, correspondingly. Sum-
mation over all the layer pairs yields the interaction energy
�Eq. �4�� �see details of the method in Refs. 10, 11, and 25�.

As already indicated in Sec. I, the AF coupling influences
the details of the FM stripes by inducing a relative shift
in the adjacent layers which can be estimated for the
present multilayers as a=CJ / �2�M2� to be less than
2 nm �where C is certain function of multilayer
geometrical parameters, J=0.46 erg /cm2 and 2�M2=2.3
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FIG. 7. �Color online� �a� A fragment of a multilayer with stripe
domains, �b� an isolated bubble, and �c� contributions of the mag-
netostatic interaction between two layers.
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106 erg /cm3�.11 In multilayers with the AF ground-
state �e.g., ��Co�0.4 nm� /P�0.7 nm��X−1 /Co�0.4 nm� /Ru
�0.9 nm��N superlattices with N=18 and X�8�, the ex-
change shift is a sizable effect and causes a lateral instability
of metastable FM stripes at certain critical thickness.11 Fur-
thermore, in these systems the interplay between the antifer-
romagnetic coupling and the demagnetization forces leads to
the formation of specific topological defects and a magnetic-
field-induced sequential switching of the different Co/Pt
blocks �so-called metamagnetic transitions�.9,26

Considering now an isolated bubble of diameter d
�Fig. 7�b��, the energy in the multilayer can also be written as
a sum of wall energy, Zeeman energy, and magnetostatic
energy:

wb = 4�2M2N�	lchd +
Hhd2

8�M
+

2d3

3�
− �b�h� + wm

�b�
 . �7�

The antiferromagnetic exchange only adds a constant term
independent of the bubble geometry and is not considered.
Again, the magnetostatic energy can be expressed as the self-
energy of an individual magnetic disk plus the sum of the
dipolar interaction between different magnetic disks:

wm
�b� = −

1

N� �
k=1

N�−1

�
n=k+1

N�

	b�Lnk� , �8�

	b�Lnk� = 2�b�Lnk� − �b�Lnk − h� − �b�Lnk + h� , �9�

�b��� = −
2d

3�u
���2 − d2�E�u� − �2K�u�� , �10�

where K�u� and E�u� are the complete elliptical integrals as
defined in Ref. 27, u=d /��2+d2.

Particularly, for equal spacer thickness si=s, the interac-
tion energies �Eqs. �4� and �8�� can be simplified,

wm
�s�,�b� = −

1

N� �
k=1

N�−1

�N� − k�	s,b�Tk� , �11�

where T=h+s is the period of the multilayer.
The equilibrium parameters of the stripes are derived by

minimization of energy ws �Eq. �1�� with respect to D and q,
and minimization of Eq. �7� yields the equilibrium bubble
diameter. In particular, for multilayers with equal spacers, the
latter is derived from the following equation:

lch +
Hhd

4�M
− F�d� = 0, �12�

where

F�d� =
2d

�
�− d + f�h� − �

k=1

N�−1 	1 −
k

N�
	 f�Tk�� ,

	 f = 2f�Tk� − f�Tk + h� − f�Tk − h� ,

f��� = ��2 + d2E�u� . �13�

V. COMPARISON BETWEEN THEORETICAL MODEL
AND EXPERIMENTAL RESULTS

The observed magnetization processes resemble those
seen in single layer thick films with perpendicular
anisotropy.12 Close to saturation, the labyrinth stripe domains
contract to form isolated stripe domains and transform fur-
ther into bubble domains. The bubble domains transform into
elongated stripes at Hbs and collapse at a critical field Hbc.

The calculations of the equilibrium parameters in
�Co/Pt�/Ru have been carried out with the characteristic
length lc=4.43 nm. This value has been derived from analy-
sis of the domain periods measured in series of
�Co�0.4 nm� /Pt�0.7 nm��X multilayers.14

At zero-field minimization of energy �1� yields the solu-
tion D0=264.3 nm for stripe period, which is very close to
the observed stripe period after in-plane ac demagnetization
�270 nm, Fig. 3�c��.

It is well known that the existence of solitary bubbles is
restricted by strip-out instability at lower fields and a col-
lapse at high fields.27 A similar situation occurs for bubbles
in multilayers. Following the standard methods �see, e.g.,
Ref. 27�, one can derive the critical parameters of the bubble
existence based on two stability criteria. The equation Sbc
= lc defines the critical minimum diameter �collapse diam-
eter� dbc down to which an isolated bubble is stable for a film
with given architecture and materials properties �lc�. Further-
more, the analysis of elliptical distortion results in an upper
critical diameter dbc, defined by Sbs= lc, above which a cylin-
drical bubble will elongate and transform into a stripe �strip-
out diameter�. The two stability functions are given as

Sbc�d� =
2d

�h
�d + fbc�h� − �

k=1

N�−1 	1 −
k

N�
	bc�Tk� ,

�14�

	bc�Tk� = 2fbc�Tk� − fbc�Tk + h� − fbc�Tk − h� ,

fbc��� = − ��2 + d2E�u� +
�2

��2 + d2
K�u� , �15�

and

Sbs�d� = −
1

3
	Sbc�d� +

d2

2�h
Fbs�d�
 , �16�

Fbs�d� =
16

3
� fbs�h� − 1 − �

k=1

N�−1 	1 −
1

N�
	bs�Tk� ,

�17�

	bs�Tk� = 2fbs�Tk� − fbs�Tk + h� − fbs�Tk − h� ,

fbs =
��2 + d2

d3 ��2�2 + d2�E�u� − 2�2K�u�� . �18�

Within the limits given by dbc and dbs, a cylindrical
bubble is stable and its size is an unambiguous function of
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the external field according to Eq. �12�. For the studied
multilayer with X=9 and N=18, the stability functions are
given in Fig. 8 in dependence of the diameter d and their
intersection with lc results in strip-out and collapse diam-
eters. The inset shows the variation in d within the stability
region as a function of the applied field.

For the present �Co/Pt�/Ru multilayers we estimate
�0Hbs=0.38 T and �0Hbc=0.47 T, which are values in
good agreement with the experimental ones �0Hbs,exp
=0.4 T and �0Hbc,exp=0.52 T.

VI. CONCLUSION

In conclusion, we have investigated the magnetization
processes of AF-coupled �Co/Pt�/Ru with perpendicular an-
isotropy by direct MFM observation. The magnetization pro-
ceeds as typical for single layer thin films with perpendicular
anisotropy via gradual growing of the domains oriented in
the same direction with the applied field and contracting of
those oriented opposite to the applied field. Strip-out and
collapse fields have been determined from domain imaging
in narrow subsequent field steps. A micromagnetic theory
which treats stripe and bubble domains in multilayer films
with small individual layer thicknesses has been developed
and applied to the experimentally studied multilayer archi-
tecture.

With only one free parameter, the characteristic length lc,
which was determined to 4.43 nm, the theory can describe
the equilibrium domain width of the sample in the ac demag-
netized state, and the strip-out and collapse fields of the
bubble domains with very good precision. Combining this
theory with domain observation thus helps in deducing the
physical properties such as wall energy and coupling inter-
action in complex magnetic multilayers.
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