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ABSTRACT Photoelectron emission microscopy in connection
with magnetic circular dichroism in soft X-ray absorption can
be used for the microscopic imaging of magnetic domains
in layered thin film structures consisting of several magnetic
layers. Due to the element-selectivity of the method, the differ-
ent magnetic layers in such a structure can be imaged separately,
provided that they contain different elements. This has been ap-
plied for the investigation of Co/Cu/Ni trilayers, epitaxially
grown on Cu(001). The magnetic coupling between the Co
and Ni layers can be directly visualized from comparing layer-
resolved magnetic domain images of both layers. As a conse-
quence of the competition between the anisotropy energies of
the two magnetic layers and the magnetic coupling energy, spin-
reorientation transitions between collinear and non-collinear
magnetic configurations are observed. Apart from this globally
observable magnetic interlayer coupling a micromagnetic coup-
ling mechanism is also evident from the layer-resolved domain
images. It is caused by magnetostatic interaction of local stray
fields from domain walls.

PACS 75.70.Kw; 75.70.-1

1 Introduction

Basic and applied research in the field of magnetic
thin films have experienced an enormous increase in attention
during the last decade. One of the main driving forces behind
this progress was the commercial application of giant magne-
toresistive effects in sensors and in hard disk read heads [1].
The prospect of assembling magnetic random access mem-
ory devices from nano-sized magnetoresistive elements that
do not depend on a continuous power supply [2] is further
fueling the activity in that field. Many other new and excit-
ing phenomena as spin-polarized tunnelling [3], spin-torque
transfer [6, 7], or the injection of spin-polarized electrons into
semiconductors [4,5] have lead to the vision of integrating
magnetism into electronic devices in the so-called “spintron-
ics”, so that we make use of not only the electron charge as in
conventional semiconductor electronics, but also the spin [8—
10].
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All of the above mentioned effects have in common that
the structures in which they are observed contain two or more
magnetic layers within a multi-layered thin film structure, and
that the magnetization of these layers has to be controlled in-
dependently. Since these samples are often laterally structured
or confined, micromagnetic effects are becoming increasingly
important. Apart from electronic transport properties, the un-
derstanding and the control of the magnetic coupling between
different magnetic layers, also considering micromagnetic ef-
fects, is thus a major issue. Its fundamental investigation re-
quires a method that is not only capable of probing the mag-
netic properties of each magnetic layer separately, but also
provides the necessary lateral resolution. Photoelectron emis-
sion microscopy (PEEM) in connection with X-ray magnetic
circular dichroism (XMCD) in absorption is such a method
which has already proven its versatility for the imaging of
magnetic domains [11-15].

In XMCD, the absorption of circularly polarized X-
rays at elemental absorption edges leads to the excitation
of core electrons into the unoccupied valence states just
above the Fermi edge. These transitions are spin-polarized
due to the absorption of a spin-polarized photon [16]. The
relative sign of this spin-polarization with respect to the spin-
polarization of the exchange split unoccupied part of the
valence band structure determines the absorption cross sec-
tion [17]. It consequently depends on the relative orientation
of the helicity vector of the exciting X-rays and the magne-
tization direction in the sample. Since elemental absorption
edges are excited, this information is obtained element-
selectively.

An example is given in Fig. 1. It shows the absorption
cross section of a Co/Cu/Ni trilayer as a function of the X-ray
photon energy for the two helicities of circularly polarized X-
rays. Two pairs of peaks are recognized, which correspond to
absorption at the Co L3 (778 eV) and L, edges (793 eV), and
at the Ni L3 (851eV) and L, edges (868 eV). The magnetic
dichroism shows up as non-vanishing difference between the
two spectra at these absorption peaks. By tuning the photon
energy to the Co L3 edge, information about the magnetiza-
tion of the Co layer can be obtained; if the photon energy
is tuned to the Ni L3 edge, the difference between the two
curves for opposite helicity contains information about the
magnetism of the Ni layer. In the example of Fig. 1, compari-
son of this difference at the Co and Ni absorption edges reveals
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FIGURE 1  Absopfition of circularly polarized X-rays as a function of pho-
ton energy at a refnanently magnetized 6 ML Co/5 ML Cu/15 ML Ni trilayer
on Cu (001). Absorption for positive (negative) helicity is shown as a solid
(dotted) lipé. Absorption maxima are recognized corresponding to the Co and
Ni L, 3dges. X-ray magnetic circular dichroism (XMCD) is manifest as
a nopfvanishing difference between the two spectra at these absorption peaks

that the magnetization directions of both layers, projected on
the light incidence direction, have the same sign.

In Fig. 1 the sample current has been recorded as a meas-
ure of the X-ray absorption, which is the so-called “total
yield” measurement of absorption. It has the advantage of
a moderate surface or interface sensitivity, and allows one to
study films on top of arbitrarily thick substrates including sin-
gle crystals. To add lateral resolution to such a total yield
XMCD measurement requires the local detection of the cur-
rent of emitted electrons. Figure 2 schematically explains how
this can be achieved with a PEEM. It shows in panel (a) a mi-
crostructured sample consisting of four domains, magnetized
in a so-called Landau pattern as indicated by the small ar-
rows, which avoids energetically unfavorable magnetic stray
fields outside the sample. The local absorption of circularly
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-rays at the respective absorption edge will depend
on theAocal magnetization direction, and will differ depend-
i n whether the magnetization in the domains is parallel,
tiparallel, or perpendicular to the light incidence direction,
as sketched by the width of the curved arrows. A magnified
image of the local electron intensity, which is a measure of the
absorbed X-ray intensity, will contain the information about
the local projection of the magnetization onto the light propa-
gation direction.

Such a magnified image of the local electron intensity can
be provided by the PEEM, which is schematically shown in
Fig. 2b. It consists of a set of electrostatic lenses on a straight
axis. The objective lens creates an intermediate image of the
sample surface at the position of the field aperture. This aper-
ture can be used to limit the field of view or to avoid stray
electrons. Another aperture, the contrast aperture in the back-
focal plane of the objective lens, limits the accepted range of
electron emission angles, which is necessary to improve the
lateral resolution [18]. An octupolar arrangement of deflec-
tion plates serves as stigmator and/or deflector, and can be
used for the correction of astigmatism and alignment of the
optical axis in any rotational direction. The image is mag-
nified by a two-stage projective lens system, intensified by
a double multichannel plate, and recorded off a fluorescent
screen by a Peltier-cooled charge coupled device camera out-
side the vacuum chamber.

In this contribution the use of this XMCD-PEEM tech-
nique for the layer-resolved imaging of magnetic domains in
coupled Co/Cu/Ni trilayers, epitaxially grown on Cu (001),
is demonstrated. Comparison of the Ni and Co domain im-
ages directly visualizes the local magnetic coupling between
these two layers across the non-magnetic Cu spacer layer,
so that also conclusions about micromagnetic mechanisms
can be drawn. Epitaxial Co and Ni films on Cu (001) exhibit
different magnetic behavior: Whereas Co films are always
magnetized in the film plane [19, 20], Ni films show a per-
pendicular magnetization in an extended thickness range [21—
23]. The easy axis of magnetization is phenomenologically
described by magnetic anisotropy energies, which are the
magnetization direction dependent parts of the free energy. If
a Co and a Ni layer are magnetically coupled across a metal-
lic non-magnetic spacer layer, the coupling energy is favor-
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FIGURE 2 Schematic explanation of XMCD
magnetic imaging with a PEEM. a: Due to
XMCD, absorption of a microstructured sample
consisting of four magnetic domains is locally
different according to the domain structure. This
leads to a locally different yield of photo-emitted
electrons. A magnified image of the sample cre-
ated from these electrons displays the magnetic
information as intensity differences. b: Sketch of
the PEEM. Important components are three elec-
trostatic lenses, a contrast aperture to limit the
accepted range of electron emission angles, and
an image converter consisting of a double multi-
channel plate and a fluorescent screen

2nd projective lens

1st projective lens
lield aperture
stigmator-deflector
contrast aperture
X-ray entrance

sample stage



KUCH Layer-resolved microscopy of magnetic domains in multi-layered systems

667

ing a collinear alignment of Co and Ni magnetization direc-
tions [24,25], whereas the anisotropy energies of the mag-
netic layers are lowest in a non-collinear configuration in
which Ni is magnetized out-of-plane, and Co is magnetized
in-plane. Spin reorientation transitions between these two
configurations can thus be expected if the relative weight of
these different energy contributions is varied by varying the
layer thicknesses.

2 Experiment

All measurements presented here were performed
at the helical undulator beamline UE56-2 of BESSY II in
Berlin [26]. Circularly polarized light emitted in the fifth har-
monic of the undulator with a degree of polarization of about
80% was used, incident to the sample under an angle of 60°
from the surface normal. The helicity of the circular polariza-
tion could be changed by shifting part of the magnet structures
in the undulator along the beam axis.

Co/Cu/Ni films on Cu(001) were grown and imaged
at room temperature in an ultrahigh vacuum chamber (base
pressure 1 x 1078 Pa in the sample preparation chamber, and
2 x 1078 Pa in the PEEM chamber) equipped with standard
facilities for sample preparation and surface characteriza-
tion. Nickel, copper, and cobalt films were evaporated by
electron bombardment from high-purity material. Deposition
rates were around 0.5 atomic monolayers (ML) per minute.
Film thicknesses were derived from medium energy elec-
tron diffraction oscillations during growth and Auger electron
spectroscopy. The accuracy of the cited thicknesses is esti-
mated as 10% for Ni and Co, and 20% for Cu. The Co layer
was prepared either as a continuous film of a constant thick-
ness, or as a 320 um wide wedge. Deposition of the latter was
achieved by positioning a 2 x 0.5 mm? slit aperture in front of
the sample and rocking the sample-mask assembly about the
long axis of the aperture during film deposition, as described
in more detail in reference [27].

The commercially available PEEM (Focus IS-PEEM) was
operated at an accelerating voltage of 12kV with a contrast
aperture of 70 um diameter, which resulted in a resolution of
about 400 nm. The projection lens voltages were adjusted to
give a field of view of 60 um. Images are presented in the form
of grayscale coded absorption asymmetry plots for opposite
light helicity at the maxima of the Ni and Co L3 edges, respec-
tively (cf. Fig. 1). The asymmetry is proportional to the cosine
of the angle between the local magnetization direction and the
light incidence. The images were computer-recorded off a flu-
orescence screen with 12-bit resolution by a Peltier-cooled
camera (PCO SensiCam), which was operated with 2 x 2 bin-
ning of pixels. The acquisition times for the images presented
here were 6 min for each helicity.

3 Results and discussion

Figure 3 shows magnetic domain images of a tri-
layer consisting of a Co wedge on top of four atomic mono-
layers (ML) Cu/15 ML Ni/Cu (001). The layer sequence is
shown schematically at the top of the figure. Layer-resolved
domain images of the Ni layer are shown in panels (a) and
(c), domain images of the Co layer at the same position are
shown in panels (b) and (d). The Co thickness increases in
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FIGURE 3 Layer-resolved magnetic domain images of a Co wedge on
4 ML Cu/15 ML Ni/Cu (001). The sample is schematically shown at the top.
a, ¢: Layer-resolved domain images of the Ni layer. b, d: Layer-resolved do-
main images of the Co layer. The Co thickness increases in the images from
~ 1.3 ML to &~ 2.4 ML, as indicated at the bottom axes. To fully identify
the magnetization vector in space, images for two different azimuthal direc-
tions of the incoming X-rays, indicated by arrows labeled “hv”, have been
acquired, and are shown as (a), (b), and (c¢), (d). A reorientation transition be-
tween a collinear and a non-collinear magnetic configuration is recognized.
On the left hand side both Ni and Co layers are magnetized along out-of-
plane directions, whereas on the right hand side the Co magnetization is
along [110] and [110] in-plane directions, as indicated by arrows, and Ni is
magnetized along canted directions

the images from &~ 1.3 ML at the left to ~ 2.4 ML at the
right of each image, as indicated at the bottom axes. To iden-
tify the two angles that define the direction of the magne-
tization vector in space, two independent measurements are
needed. This is achieved by rotating the sample azimuth,
which changes the azimuthal direction of the incoming X-
rays. The top and bottom images of Fig. 3 are magnetic do-
main images acquired under two different geometries, with
a 170° different light incidence azimuth, as marked by ar-
rows labeled “hv”. From these two measurement geometries
it is possible to determine the magnetization vector in space.
Since the relative orientation of an out-of-plane magnetiza-
tion direction and the light incidence does not change under
an azimuthal rotation of the light incidence, no change in
contrast is expected for out-of-plane domains. For in-plane
domains, on the contrary, the relative orientation between
the magnetization direction and the light incidence direction
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changes as the azimuth of the exciting X-rays is rotated. For
in-plane magnetized domains a contrast reversal is conse-
quently expected for a near-opposite change of the light inci-
dence azimuth.

Comparing the Co images (b) and (d), two regions with
different behavior upon light incidence variation are clearly
distinguished: Whereas the (weaker) contrast in the left part of
the image remains unchanged, the contrast in the right part re-
verses. We can thus conclude that out-of-plane magnetization
is present in the left part of the image, and in-plane mag-
netization along the [110] and [110] directions in the right
part, as indicated by arrows. In between these two regions
a spin-reorientation transition takes place in the Co layer. The
circular feature in the images is a macroscopic defect in the
substrate, which helped to quickly relocate the same spot on
the sample after azimuth rotation.

In the Ni domain images (a) and (c) no contrast rever-
sal as in part of the Co images is observed. However, also
here the left and right parts of the images behave differently
under azimuth rotation. Like in the Co images, the contrast
in the left part of images (a) and (c) is identical. Also the
Ni magnetization is out-of-plane in that part of the image,
and Ni and Co magnetization directions are thus collinear.
Even though the contrast in the right part of the Ni im-
ages does not reverse, there is a substantial difference be-
tween images (a) and (c): The contrast between bright and
dark domains is stronger in (c) than in (a). We can conclude
that here neither a pure out-of-plane orientation nor a pure
in-plane orientation is present. Quantitative analysis of the
grayscale contrast reveals that here the Ni magnetization is
canted by about 23° away from the out-of-plane direction into
the [110] and [110] in-plane directions of the corresponding
Co domains.

A reorientation transition between a collinear and a non-
collinear configuration of the Co/Cu/Ni trilayers is conse-
quently taking place in the middle of Fig. 3 [14]. The collinear
configuration has an out-of-plane magnetization. The Ni is
magnetized along a canted direction in the non-collinear con-
figuration, whereas the Co magnetization is in the film plane.
This canting can be understood considering the competition
between the magnetic anisotropies of the Co and Ni layers,
and the magnetic interlayer coupling across the Cu spacer
layer. Whereas the perpendicular anisotropy of the Ni layer
tends to orient Ni out-of-plane, the interlayer coupling tries to
align it parallel with the Co moment, thus leading to a canted
configuration [15]. For the very low Co thicknesses present
in Fig. 3, the Curie temperature of the Co layer is close to
room temperature. The magnetic anisotropies are strongly re-
duced close to the Curie temperature, so that the Co layer
is here easily rotated out-of-plane by the interlayer coup-
ling. It is also possible that in the thickness region where the
collinear configuration in Fig. 3 is observed, no ferromag-
netic order in the Co layer at room temperature would be
observed without the magnetic coupling to the Ni layer. Siz-
able coupling-induced shifts of the ferromagnetic ordering
temperature have been indeed observed in Ni/Cu/Co trilay-
ers on Cu (001), although at different thicknesses [28—30]. It
is therefore possible that the Co layer on the left hand side
of Fig. 3 is below its percolation threshold and consists of
weakly coupled paramagnetic islands [31], the room tempera-

ture ferromagnetism in which is induced by the coupling to the
Ni layer.

The measured secondary electron signal arising from ab-
sorption in the Ni layer can be affected by spin-polarized
transmission through the ferromagnetic Co top layer [32—-34].
The transmission of the spin-polarized secondary electrons
created in the ferromagnetic Ni layer through the ferromag-
netic Co layer depends on the relative orientation of Ni and Co
magnetization directions. Since this orientation is locally con-
stant, this so-called spin filtering effect affects only the total
intensity, and cancels out when calculating the asymmetry
upon helicity reversal, which only is displayed and analyzed
here.

A set of layer-resolved domain images for a slightly higher
Cu spacer layer thickness is shown in Fig. 4. Here the sam-
ple was 6 ML Co/6 ML Cu/15 ML Ni/Cu (001). Panel (a)
on the left hand side shows the layer-resolved domain image
of the Ni layer, panel (b) on the right hand side shows the
domain image of the Co layer at the same sample position.
Only images for one fixed light incidence direction are pre-
sented. Measurements under different geometries confirmed
that for this Cu spacer layer thickness the magnetization di-
rection in the Ni layer was out-of-plane and the magnetization
direction in the Co layer was in-plane, as indicated in Fig. 4.
Comparison of the two images reveals two important features.
First, much more domains are seen in the Co layer than in
the Ni layer. Co domains of three different grayscales, bright,
medium dark, and dark, corresponding to [110], [110], and
[110] in-plane magnetization directions, respectively, are ob-
served in a region where Ni displays only one large domain
of bright contrast (i.e. magnetization pointing into the film
plane along [001]). Second, the dark domain in the Ni layer,
in which the Ni magnetization is pointing along the [001] sur-
face normal, is reproduced as a dark domain in the Co layer,
however, with a [110] in-plane magnetization.

Although the Co magnetization, from an energetic point
of view, does not need to follow the Ni magnetization in this
non-collinear magnetization configuration, there is a stun-
ning correspondence in the domain pattern of the out-of-plane

Ni Co

[010]

th L [100] hv T

FIGURE 4 Layer-resolved magnetic domain images of 6 ML Co/6 ML
Cu/15 ML Ni/Cu (001). a: Layer-resolved domain image of the Ni layer.
b: Layer-resolved domain image of the Co layer. Although the Ni layer is
magnetized along the £[001] out-of-plane directions and the Co layer along
(110) in-plane directions, as indicated by arrows, a correlation in the domain
patterns is observed
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magnetized Ni layer and the in-plane magnetized Co layer.
In the bottom left part of the images this is the correlation
[001]xi/[110]co and [001]n;/[110]co, Which is manifest as
dark/dark and white/white correlation in the images. Sepa-
rated from this region by a stripe with smaller domains in the
Co layer is a region on the upper right hand side in which
mainly [001]n;/[110]c, is observed.

The mechanism which is leading to this correlation be-
tween Ni out-of-plane and Co in-plane domains on a length-
scale of several ten micrometers is not yet fully clear. From
Fig. 3 we know that the Co layer during growth first as-
sumes an out-of-plane magnetization at low thicknesses. In
this collinear out-of-plane configuration of the trilayer the do-
main patterns in both layers are identical (cf. Fig. 3, left part).
The final domain pattern as seen in Fig. 4 is likely formed
during the subsequent spin-reorientation transition in the Co
layer from out-of-plane to in-plane. One hypothesis is that
the step orientation of monatomic terraces on the Cu (001)
substrate could break the fourfold symmetry and induce such
a unidirectional correlation on the observed lengthscales. It
has indeed been reported that the in-plane component of Ni
films on stepped Cu substrates is perpendicular to the step
edges [35].

In Fig. 3 there are actually also some small regions that
do not follow this correlation mechanism. They lead to the
“cloudy” appearance of the Co domain pattern in the in-plane
magnetized region on the right hand side of the Co images
(b) and (d). This is due to scattered small domains inside the
larger domains with different magnetization directions. Over-
all, however, the correlation with the Ni domain pattern is
clearly visible.

A close inspection of the Co domain wall which corre-
lates with the domain wall in the Ni layer reveals that there
is a small but distinct shift in the position of these walls. To
illustrate this, in Fig. 5 a difference image between the two im-
ages of Fig. 4 is printed. It has been calculated as the Co image
(Fig. 4b) minus the Ni image (Fig. 4a), after weighting the im-
ages to give identical contrast in the difference image on both
sides of the domain wall. A small white stripe is recognized
at the position of this wall in Fig. 5. It indicates a region close
to the domain wall in which the Co magnetization is along
[110] (bright), and the Ni magnetization is along [001] (dark).
There is consequently a systematic displacement of the Co do-
main wall towards the left of the image with respect to the Ni
domain wall, to which it seems correlated by shape and ap-
proximate position. This displacement varies along the wall
between about 200 and 500 nm. Note that a bright stripe with
reduced contrast in Fig. 5 indicates a domain wall displace-
ment of less than the instrumental resolution, which was set to
400 nm in the present case.

This effect is getting more pronounced for slightly thin-
ner Cu spacer layers. This is demonstrated in Fig. 6. It shows
layer-resolved domain images of a 4 ML Co/4.5 ML Cu/15
ML Ni trilayer on Cu (001). Panel (a) on the left hand side
again displays the domain image of the Ni layer, panel (b) on
the right hand side the domain image of the Co layer. The do-
main image of the Ni layer is qualitatively similar to the one
of Fig. 4a. The Co image shows again much more and smaller
domains than the Ni image, the four different grayscale con-
trasts of which correspond to magnetization directions along

[100]

FIGURE 5 Weighted difference between the two images of Fig. 4, calcu-
lated as Fig. 4b minus ¢ x Fig. 4a. ¢ was adjusted to give identical contrast
on both sides of the domain wall of Fig. 4a. The small white stripe indicates
a displacement of the Co domain wall with respect to the Ni domain wall by
200-500 nm towards the left hand side of the image

the four (110) in-plane crystallographic directions, as indi-
cated by arrows in some of the domains. Because of the thin-
ner Cu spacer layer compared to Fig. 4, canting of the Ni
magnetization away from the out-of-plane direction is now
evident in Fig. 6a from the weak contrast inside the big bright
domain. The angle by which the Ni magnetization is canted
into the direction of the Co in-plane magnetization amounts
to about 6°. Like in Fig. 4, also here the Ni domain pattern is
qualitatively reproduced in the Co domain pattern. The dark
[001] domain in Ni corresponds to a dark gray [110] domain
in Co, and at the adjacent bright [001] domain in Ni pre-
dominantly a brighter gray [110] magnetization direction is
observed in Co. To compare the positions of the domain walls
between these two domains in Ni and Co, a contour line of
the Ni domain image, corresponding to the position of 50%
contrast change between dark and bright, is overlaid on the
Co image (Fig. 6b) as a black line. Clear differences in the
positions of the domain walls in the Ni and Co images are rec-
ognized. Throughout the image, the position of the domain
wall in the Co layer is displaced towards the lower left com-
pared to the Ni domain wall. This displacement varies locally
between 400 nm and 2 pum, leading to a more frayed appear-
ance of the wall in Co compared to the straighter line in Ni.
The situation is thus qualitatively identical to Fig. 4, where
also a displacement of the Co domain wall with respect to the
Ni domain wall has been observed.

This displacement of the Co domain walls with respect
to the Ni domain walls can be explained by local magnetic
stray fields from the Ni domain walls. A sketch explaining the
situation is shown in Fig. 7. A domain wall in the Ni layer
separates a dark (4z-magnetized) domain on the left from
a bright (—z-magnetized) domain on the right. This causes
a magnetic stray field above the domain wall of the Ni film
with an in-plane x component pointing to the right, as indi-
cated in the sketch. In addition, there is also a z component
of the stray field, which changes sign above the center of the
Ni domain wall. The situation in Figs. 4 and 6 is such that
the Co layer, at that position, has a dark (—x-magnetized)
domain on the left hand side, and a bright (+x-magnetized)
domain on the right hand side. Since the stray field from the
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FIGURE 6 Layer-resolved magnetic domain images of 4 ML Co/4.5 ML
Cu/15 ML Ni/Cu (001). a: Layer-resolved domain image of the Ni layer.
b: Layer-resolved domain image of the Co layer. The Co layer is magne-
tized along the four (110) in-plane directions, as indicated by arrows, the
Ni layer is magnetized along the £[001] out-of-plane directions with an ad-
ditional 6° canting away from the film normal into the direction of the Co
magnetization. The black line in (b) is a contour line of the Ni domain image
of (a), corresponding to the position of 50% contrast change between the
two opposite domains. A displacement of the Co domain wall of 0.4-2 pum
towards the lower left of the image with respect to the Ni domain wall is
recognized

X

FIGURE 7  Sketch explaining the displacement of the Co domain wall seen
in Figs. 4 and 6 by magnetic stray fields from the Ni domain wall. The Ni
domain wall causes a magnetic stray field above the Ni layer with an in-plane
component pointing to the right. The interaction of this stray field with the Co
magnetization causes the observed shift of the position of the Co domain wall
to the left, as shown in the sketch

Ni domain wall is pointing to the right, being maximum at
the x position of the Ni domain wall, it is energetically fa-
vorable if the domain wall in Co is shifted more to the left
in order to expand the bright (4x) domain on the expense of
the dark (—x) domain. In this way the Zeeman energy of the
Co magnetization in the stray field of the Ni domain wall is
lowered.

Such a domain wall stray field interaction is of highest
technological and fundamental importance. It had been pro-
posed to explain the high degree of antiferromagnetic order
found in as-grown weakly coupled multilayers [36], which is
irreversibly lost upon magnetization in an external field. The
creeping loss of remanent magnetization of the magnetically
hard layer in hard/soft spin valves after repeated magnetiza-
tion cycles of the soft layer [37] has been also attributed to
a stray field domain wall interaction [38]. In this case, domain
images of the hard layer, a granular CoPtCr film, revealed an
oscillatory decay of the remanent magnetization, consistent
with micromagnetic models of magnetostatic domain wall
interaction [39]. Despite its obvious importance, relatively
little work has focused on this interaction up to now. This
may be due to the lack of adequate techniques. In contrast to
the globally observable magnetic interlayer coupling by elec-
tronic indirect exchange [40, 41] and magnetostatic coupling

at conformal interface roughness [42], this type of magnetic
interlayer coupling by domain wall fringe fields is acting only
locally. Its examination in detail requires a microscopic tech-
nique with sufficient interface sensitivity and layer resolution.
XMCD-PEEM is therefore ideally suited for the study of such
micromagnetic coupling mechanisms.

4 Summary

The magnetic interlayer coupling in epitaxial
Co/Cu/Ni trilayers on Cu (001) has been studied by layer-
resolved magnetic imaging using XMCD-PEEM. Compari-
son of domain images of the Co and Ni layer for the same
sample position reveals that two coupling mechanisms are
active on different lengthscales. The first is the globally ob-
servable magnetic interlayer coupling of electronic and/or
magnetostatic origin. In Co/Cu/Ni/Cu (001) it competes
with the magnetic anisotropies of the single ferromagnetic
layers Co and Ni, leading to spin-reorientation transitions be-
tween collinear and non-collinear magnetic configurations. In
the latter a canted Ni magnetization can be observed. The sec-
ond coupling mechanism is mediated by the magnetic stray
fields from domain walls in the perpendicularly magnetized
Ni layer. It acts on the Co layer on a local scale. Quantita-
tive investigations of this mechanism by applying external
magnetic fields to the trilayers are underway.
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