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ELEMENT-SELECTIVE MAGNETIC IMAGING
IN EXCHANGE-COUPLED SYSTEMS
BY MAGNETIC PHOTOEMISSION MICROSCOPY
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We have used a photoemission microscope to obtain element-resolved magnetic contrast in stacked
magnetic thin film systems. Magnetic information is thereby provided by X-ray magnetic circular
dichroism. Elemental sensitivity, which is crucial for studying magnetic coupling phenomena in systems
with several different layers, is achieved by tuning the energy of the illuminating photons to atomic
absorption edges. We present measurements of a Ni-coated Co micropattern on Cu(001), and a wedged
Co/Cr/Fe(001) sample. In the former sample the Ni magnetization is seen to follow the magnetization
of the Co pattern, thereby changing from an out-of-plane easy axis in areas without underlying Co
to in-plane on top of the Co microstructures. In the latter a reversal of the exchange coupling of the
Co layer to the Fe magnetization is observed when the Cr layer thickness exceeds approximately two
monolayers. A small net magnetic moment is also observed in the Cr spacer layer, which follows in
sign the Co magnetization at the reversal of the exchange coupling. This finding is discussed in terms
of interface roughness or interdiffusion.

The recent interest in magnetic coupling phenomena
of ultrathin films has been nourished both by funda-
mental questions and by the prospect of commercial
applications. On the fundamental side the striv-
ing for basic knowledge of the magnetic exchange
coupling! of two magnetic layers across a nonmag-
netic spacer layer and its dependence on the thick-
nesses and compositions of the film has challenged

experimentalists>”’ as well as theoreticians.®12

Technologically such systems have attracted consid-
erable attention since the discovery of the connection
of the magnetic exchange coupling with large changes
in the electrical resistance.'3 1> This so-called giant
magnetoresistance (GMR) effect offers a huge po-
tential for applications, primarily in data storage.'®
Devices based on the GMR effect for reading mag-
netic information from a storage disk allow a hith-
erto unattainable reduction in size, and thus promise
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to keep pace with the fast increase in areal storage
density.!” Arrays of magnetoresistive submicrometer
devices are being developed for random access mem-
ory application.!® In each case the magnetic and
resistive properties of the commercially interesting
devices are tailored to meet specific requirements
by combining a variety of functional layers, which
act as seed, buffer, lead, spacer, or pinning layers.
For the study of such systems, the size of which
is reaching down into the micromagnetics regime,
the requirement of probing magnetic information
with both spatial and elemental resolution becomes
obvious. Combining photoelectron emission mi-
croscopy (PEEM) with excitation by circularly po-
larized soft X-ray synchrotron radiation (X-PEEM),
tuned to atomic absorption edges, can offer the
desired spatially and elementally resolved mag-
netic information.'%2% Magnetic contrast is thereby
provided by X-ray magnetic circular dichroism
(XMCD).21723 XMCD is the difference in absorption
cross section upon helicity reversal, and depends on
the relative orientation of local sample magnetization
and incident light. The absorption of X-ray photons
manifests itself in the emission of electrons, which
are imaged by the PEEM. The exponential attenua-
tion length of the probed electrons is thereby about
20 A in the case of 3d metals.2* Scanning the photon
energy across an absorption edge and recording to-
tal electron yield spectra with the PEEM allows one
even to extract quantitative information about mag-
netic properties with spatial resolution by applying
so-called sum rules, which have been proposed for
the analysis of XMCD absorption spectra.?®

In this contribution we describe the application
of a newly designed photoemission microscope (Fo-
cus IS-PEEM, with a routinely achieved resolution in
threshold photoemission that is better than 30 nm)
to demonstrate the versatility of this approach for
the element-selective study of magnetic coupling phe-
nomena of micropatterned structures and buried lay-
ers. By examining the magnetic domain structure
of a Ni-coated artificially microstructured Co ultra-
thin film on Cu(001), we will show how the elemental
resolution helps to obtain magnetic information also
from subsurface layers, as long as the thickness of the
cap layers does not exceed a few times the probing
depth. A common means of conveniently studying
the thickness dependence of thin film properties is
to image their spatial distribution on wedge-shaped

samples. We will present an investigation of the mag-
netic exchange coupling between a Co ultrathin film
and an Fe(001) substrate across a wedged Cr inter-
layer. The elemental sensitivity and the ability to
access also buried layers allows one not only to image
the magnetization direction in the top magnetic Co
layer with respect to the Fe substrate, but also the
residual net magnetic signal of the Cr spacer layer.
A schematic setup of the photoelectron emission
microscope is shown in Fig. 1. A more detailed de-
scription of the instrument has already been pub-
lished elsewhere,2? so here only a brief description is
given. The instrument is a three-lens electrostatic
straight optical axis microscope with an integral
sample stage and a variable contrast aperture. An
electrostatic octupole stigmator in the back focal
plane of the objective lens allows correction of astig-
matism and alignment of the optical axis in any
rotational direction. The image is magnified by a
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Fig. 1. Schematic setup of the photoelectron emission
microscope (Focus IS-PEEM) with an integral sample
stage and a variable contrast aperture.
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two-stage projective lens system, intensified by a
multichannel plate, and converted into visible light
by means of a scintillator crystal. The image is
then computer-recorded with 16-bit intensity reso-
lution with a Peltier-cooled slow scan CCD camera.
Constrast apertures with different diameters can be
selected in situ by z—y movement of a multiaper-
ture mount. For the measurements presented here
a 200 pm diameter aperture was used. Experiments
were performed at the beamline PM 3 at the Berlin
synchrotron radiation source (BESSY), and at the
beamline ID 12B of the European Synchrotron Ra-
diation Facility (ESRF) in Grenoble. At BESSY
light emitted from a bending magnet was accepted
0.3 mrad above and below the storage ring orbit,
resulting in an estimated degree of circular polar-
ization of about 40% at photon energies between
800 and 1000 eV.26 At the ESRF the helicity of
the helical undulator of the beamline was switched
to deliver right and left circularly polarized light of
more than 85% polarization.?” The light was inci-
dent with an angle of 25° to the sample surface, thus
allowing the imaging of both magnetization compo-
nents for in-plane and perpendicular magnetization.
The element-resolved magnetic contrst is achieved by
subtracting images recorded for both helicities of the
exciting light at the L3 absorption edges of Cr, Fe,
Co and Ni at photon energies of 575, 707, 779 and
855 eV, respectively. To correct for imperfections of
the imaging system and suppress the topographical
and work function contrast, asymmetry images are
reported, which result from normalizing this differ-
ence by the sum. Film preparation and image ac-
quisition were performed in a vacuum better than
5 x 1078 Pa.

Figure 2(a) shows a sketch of the micropat-
terned epitaxial sample. Fifteen monolayers (ML) of
Co were electron-beam-evaporated through a copper
grid mask comprising an array of 8 x 8 um? square
apertures with 12 pym period located about 100 pm
in front of a clean Cu(001) substrate surface. This
resulted in the Co micropattern as schematically de-
picted. The azimuthal orientation of the Co squares
with respect to the crystallographic orientation of the
Cu substrate and the direction of light incidence is
indicated in Fig. 2(b). After removal of the grid, the
Co structures were coated with 8 ML of Ni. Both de-
position steps were done at room temperature, with
evaporation rates of about 0.7 ML/min (Co) and

0.2 ML/min (Ni). To illustrate better the influence
of the Co structures on the magnetic behavior of the
Ni film, the images presented in Fig. 2 have been
recorded at the edge of the mask, which leaves an
area free of Co on the right hand side of the images.

8 ML Ni
15 ML Co
Cu(001)

Co

Fig. 2. (a) Sketch of the micropatterned epitaxial Ni/Co
film. An array of 15-ML-thick 8 x 8 um? Co squares with
a 12 pm period on top of Cu(001) is coated with 8 ML
of Ni. (b) Element-specific asymmetry image of the mi-
cropatterned Ni/Co film, recorded at the Co L3 edge.
Co squares are present only on the left hand side of the
image. Different gray shades correspond to different pro-
jections of the magnetization direction onto the direction
of the incoming light. The arrows suggest possible in-
plane orientations of the Co magnetization. (c) Same as
(b), but recorded at the Ni Lz edge. Rounded out-of-
plane domains are observed off the Co squares; on top
of the Co squares the Ni magnetization follows that of
the Co and is in-plane. The inset shows the geometry of
the experiment. Because of the oblique incidence angle
both in-plane and out-of-plane magnetization directions
contribution to the magnetic contrast.
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Figures 2(b) and 2(c) show a typical domain
structure of this film in the as-grown state at the Co
and Ni L3z edges, respectively. The images were taken
at BESSY at room temperature. The settings of the
microscope were chosen to give a spatial resolution of
about 500 nm; the monochromator exit slit was set to
200 pm, corresponding to a resolving power of about
200. This resulted in an exposure time of 10 min for
each helicity. The spatially resolved asymmetry in
the total electron emission intensity, which is a mea-
sure for the magnetization component in direction of
the light incidence, is reproduced in Figs. 2(b) and
2(c) in a gray scale. Dark areas have a positive mag-
netization component in the direction of the incident
light, bright areas a negative. Figure 2(b) shows the
image taken at the Co L3 edge, i.e seen through the
Ni layer. Only three different gray scale levels are
present in this image. The intermediate gray level
outside the Co squares corresponds to zero asymme-
try; bright and dark areas on the Co structures rep-
resent two opposite projections of the magnetization
onto the direction of light incidence.

In films with a fourfold in-plane rotational sym-
metry one would expect four equivalent easy axes
of in-plane magnetization. In epitaxial Co films on
Cu(001) the easy axis was found to be along the
substrate [110] azimuth.?8 In our experiment the sub-
strate was aligned with its in-plane [100] crystal-
lographic direction in the direction of the incident
X-rays. A spontaneous magnetization of the Co
squares along the four (110) directions would thus
result in equal projections of either two of these easy
axes along the light incidence. This would lead to
the observation of only two different asymmetries in
the experiment. The experimental finding is thus
compatible with the Co structures magnetized in
one of these fourfold crystallographic axes, which
are indicated by two white and two black arrows
in Fig. 2(b).

Another explanation for the appearance of only
two different asymmetries in the present case could
be the presence of a uniaxial in-plane anisotropy,
aligning the magnetization along one principal axis.
Such a uniaxial anisotropy could be induced, for
example, by atomic steps in the substrate due to a
miscut.?? In the demagnetized state this would re-
sult in only two (opposite) directions of the mag-
netization, leading also to the observed gray tones.
To unequivocally determine the direction of magne-

tization one would have to rotate the sample in situ
around its azimuth. This is, unfortunately, not pos-
sible with the instrument in the present state. Work
is in progress, however, to provide such a sample
azimuthal rotation inside the microscope for future
studies.

Figure 2(c) shows the asymmetry image recorded
at the same spot of the sample at the Ni L3 edge.
The direction of light incidence is the same as in
Fig. 2(b).
of the underlying Co squares resembles the contrast
observed at the Co L3 edge. The bright and dark
contrast right at the lower and upper edges of the
squares, respectively, are an artifact due to a slight
vertical sample drifft between the acquisition of the
two images for opposite light helicity. In the Ni im-
age additional domains are also observed in the re-
gion outside the Co structures, where the 8 ML Ni
film sits directly on the Cu substrate. These domains
exhibit a rounded shape, and a lower asymmetry dif-
ference between dark and bright. It is known that in
ultrathin Ni films on Cu(001) the easy axis of mag-
netization turns from in-plane to perpendicular with
increasing Ni thickness between 7 and 10 ML, and
again to in-plane between 56 and 75 ML.3%:3! The
Ni thickness of the first spin reorientation transition

The magnetic contrast at the positions

further varies slightly for different substrate temper-
atures during Ni deposition.?? From the thickness
of the Ni film, the rounded shape of the domains
(which is indicative of a perpendicular magnetiza-
tion), the knowledge from the literature, and our
own investigations of Ni/Cu(001), we conclude that
the Ni magnetization in the regions outside the Co
squares is perpendicular to the film plane. On the
Co squares the Ni magnetization is ferromagnetically
aligned with the Co magnetization, which, due to the
strong magnetostatic shape anisotropy of 15 ML Co,
lies in the film plane. The inset of Fig. 2(c) shows
the geometry of the light incidence in the present
measurements. As already mentioned, both in-plane
and out-of-plane magnetization directions contribute
to the magnetic signal. Because of the incidence an-
gle of 25° to the sample surface the projection of
the magnetization onto the light helicity is lower in
the case of perpendicular magnetization, which leads
to the lower asymmetry difference between oppo-
sitely magnetized domains outside the Co squares.
We therefore conclude from the images shown in
Fig. 2 that the film undergoes a spin reorientation



Element-Selective Magnetic Imaging in Exchange-Coupled Systems by ... 1245

transition from perpendicular to in-plane induced by
the underlying Co.

It should be noted that the gray scales for the
magnetic contrast in Figs. 2(b) and 2(c) are not iden-
tical, but are scaled to show the full range of resulting
asymmetry values present in each image. Since raw
images acquired at the maximum of the Ni Lz ab-
sorption were used to calculate the asymmetry, and
no background correction was performed, the tail
of the energetically lower-lying Co Lg 3 absorption
contributes to the Ni image, and induces the arti-
factual offset of the Ni asymmetry on top of the
Co squares with respect to the area beside the Co
squares, as is seen in Fig. 2(c). Although the Co sig-
nal is attenuated upon transmission through the Ni
overlayer, it exhibits in the present case still the bet-
ter signal-to-noise ratio at identical exposure time,
because of the smaller XMCD asymmetry of Ni com-
pared to Co.

The random pattern of dark and bright Co
squares indicates that there is little or no interaction
between different squares. Horizontally patterned
films appear technologically promising, because of
the additional control of magnetic properties by the
design of the pattern.>®> With decreasing separation
between the structures of such patterns, magnetic
interactions between neighboring structures become
increasingly important. Further work is in progress
to image significantly smaller patterns with improved
lateral resolution, and to study their properties and
lateral interaction.

Figure 3(a) is a sketch of the Co/Cr/Fe sample
used to study the magnetic exchange coupling be-
tween Fe and Co across a Cr spacer layer. On an
Fe(001) whisker (300 pum width) a Cr wedge with a
slope of ~ 8 ML/mm was deposited by positioning a
mask 0.7 mm in front of the sample and rocking the
joint mask sample assembly by +17° during evap-
oration. After deposition of the Cr wedge it was
completely covered with 5 ML Co. Both deposition
steps were done at 500 K, with evaporation rates
of about 0.1 ML/min (Cr) and 0.5 ML/min (Co).
Figures 3(b)-3(d) show asymmetry images recorded
at the ESRF at room temperature from the same
area of the sample but with the photon energy
turned to the Fe, Co and Cr L3 edges, respec-
tively. In these images the light was incident from the
left, along the wedge gradient. The settings of the

5ML Co
0-3MLCr
Fe(001)

(a)

Fe

(b)

(c)

Fig. 3. (a) Sketch of the wedge-shaped Co/Cr layer on
an Fe(001) whisker. A 0-3 ML Cr wedge is covered with
5 ML Co. Arrows indicate the direction of magnetization
in the substrate and in the Co overlayers as found from
the element-resolved magnetic domain images (b)—(d).
(b) Element-specific asymmetry image recorded at the Fe
L3 edge. The Fe substrate exhibits a simple domain con-
figuration of two oppositely magnetized domains aligned
parallel to the whisker. (c) Element-specific asymmetry
image recorded at the Co Lz edge. The orientation of the
Cr wedge is tilted by 19° with respect to the Fe whisker;
the Cr thickness increases from left to right. The Co
magnetization follows that of the Fe substrate up to a Cr
coverage of =~ 2 ML; at higher Cr film thicknesses anti-
ferromagnetic coupling is observed. (d) Element-specific
asymmetry image recorded at the Cr Lz edge. The onset
of the Cr wedge is indicated by the white broken line.
The Cr magnetization follows that of the Co cover layer,
except at the very lowest Cr coverages (< 0.3 ML), where
the Cr magnetization is opposite to that of Fe and Co.
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photoemission microscope were adjusted to enable
the imaging of a relatively large area of the sam-
ple. This is achieved by using low extraction fields
(= 200 V, survey mode).
about 1 pm and a field of view of more than 700 pym

A lateral resolution of

are the consequences. The exposure time for all of
these images was only about 5 min for each helicity,
thanks to the high brightness of the insertion device.

Figure 3(b) shows the asymmetry at the Fe Ls
edge, representing the Fe substrate magnetization
seen through the Cr and Co layers. It consists of
two oppositely magnetized domains aligned along-
side the whisker, which is parallel to the horizontal
edges of the image. The magnetization of these do-
mains is indicated on the left hand edge of the sketch
in Fig. 3(a). Bright areas correspond to a magneti-
zation orientation opposite to the direction of the in-
cident light, and dark areas to a magnetization along
the light incidence. Such a simple domain configura-
tion is often encountered in Fe whiskers, and is very
convenient for imaging magnetic coupling in wedge-
shaped overlayers.57-34

In Fig. 3(c) the corresponding image acquired at
the Co L3 edge is reproduced. The orientation of
the Cr wedge is such that it increases from upper
left to lower right, with a tilt angle of 19° with re-
spect to the Fe whisker, as indicated schematically
in Fig. 3(a). The highest Cr thickness in the lower
right hand corner is about 3 ML. Comparing panels
(b) and (c), one sees that at low Cr thickness the
Co magnetization follows that of the Fe substrate,
i.e the Co is coupled ferromagnetically to the Fe. For
Cr thicknesses above ~ 2 ML the magnetic contrast
in the Co image is reversed with respect to the Fe im-
age; Co hence displays an antiferromagnetic coupling
to the Fe substrate at these Cr thicknesses. At the
transition from ferromagnetic to antiferromagnetic
coupling at 2 ML Cr coverage, a small region with
an intermediate gray scale contrast is observed. This
could be due to a simultaneous presence of ferromag-
netic and antiferromagnetic coupling in that region,
or to a biquadratic coupling behavior, which would
result in a 90° rotation of the Co magnetization.3%
From the present measurements we cannot distin-
guish between these two possibilities.

The bottommost panel [Fig. 3(d)] shows the im-
age recorded at the Cr L3 edge. As mentioned be-
fore, a particular advantage of the technique lies in
the combination of element selectivity and access to

buried layers. This makes it possible to study the
residual ferromagnetic ordering of the Cr wedge, in-
duced by the adjacent Fe and Co magnetic layers.
Figures 3(d) shows that there is indeed a net ferro-
magnetic moment also in the Cr layer. The onset of
the Cr wedge is indicated by the white broken line.
Left of that line no Cr was deposited. The Cr mag-
netization follows that of the Co cover layer, with
a darker constrast on the bottom half at the center
of the image, and a darker area also on the upper
right hand side. Only at the lowest Cr coverages be-
low ~ 0.3 ML, just right of the broken line, does the
Cr magnetization seem to be opposite to that of Fe
and Co. We observe a similar behavior on submono-
layer Cr wedges on Fe(001) without additional over-
layers, in the cases where the Cr is deposited at room
temperature or slightly elevated temperatures. The
temperature dependence of this effect points towards
an important role of the Fe/Cr interface, and will
be discussed in a forthcoming publication.?” At this
point we would like to emphasize again that elemen-
tal selectivity is an absolutely necessary prerequisite
for studying the coupling behavior of submonolayer
coverages on a ferromagnetic surface.

The Cr thickness where the antiferromagnetic ex-
change coupling is first observed (2 ML in Co/Cr/Fe)
is lower than that of Fe/Cr/Fe (4-5 ML).%:34
Whereas the period of the oscillation in the inter-
layer exchange coupling depends only on the non-
ferromagnetic interlayer material, different magnetic
layers may influence the phase.®'2 The difference in
the Cr switching thickness could thus be attributed
to a phase shift in the oscillations in the exchange
coupling due to the different matching of the elec-
tronic states of Co to Cr compared to Fe and Cr. A
significant influence of the amount of interface inter-
mixing on the occurrence of the antifferromagnetic
interlayer coupling® may also play a role.

The asymmetry contrast at the Cr L3 edge
[Fig. 3(d)] is only between 0.2 and 0.5% compared
to about 20% at the Fe or Co L3 edges [Figs. 3(b)
and 3(c), respectively]. This indicates that the total
net moment of the Cr layer is much lower than the
Fe or Co moments. Furthermore, the contrast is sig-
nificantly weaker in the region of antiferromagnetic
exchange coupling compared to the region of ferro-
magnetic alignment between Fe and Co. On the right
hand side of Fig. 3(d) the domain boundary between
the upper and lower Fe domains is hardly discernible
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in the Cr signal. If we assume that the apparent fer-
romagnetic moment in the Cr is primarily induced
at the interfaces, the parallel alignment in the region
of ferromagnetic exchange coupling points towards
a net ferromagnetic contribution at both the Fe/Cr
and Co/Cr interfaces. Assuming further that no
change in these interface contributions occurs at the
Cr thickness at which the exchange coupling changes
from ferromagnetic to antiferomagnetic, the two in-
terface contributions would tend to cancel out in the
antiferromagnetically coupled region. This would ex-
plain the drop in asymmetry contrast above 2 ML Cr
thickness. The residual Cr magnetism above 2 ML
is oriented along the Co magnetization direction. In
the above argumentation this leads to the conclu-
sion that the Co/Cr interface contribution outweighs
the Fe/Cr contribution to the Cr net moment. This
could be attributed to interface roughness, which
probably is higher between Cr and Co because of
different roughness at the upper and lower Cr in-
terfaces in the film growth at 500 K.?® We note that
due to the limited probing depth the Co/Cr interface
has a somewhat higher weight in the images than
the Fe/Cr interface; at 2 ML Cr thickness, however,
this leaves only a less than 15% difference between
the two interfaces, and the drop in asymmetry con-
nected the effect of different weight alone should be
much bigger.

In conclusion, we have demonstrated in this con-
tribution how magnetic domain imaging using circu-
larly polarized synchrotron radiation with a PEEM
can be used to study magnetic coupling in a lat-
erally resolved way. A specific feature of this ap-
proach is the selective mapping of buried layers and
microstructures. The magnetic behavior of an array
of Co microstructures coated with a perpendicularly
magnetized Ni film was imaged. The interlayer ex-
change coupling between Co and Fe across Cr was
investigated by imaging a wedged Co/Cr/Fe sample.
By tuning the photon energy to the Co Ls absorp-
tion edge the sign of the exchange coupling could be
determined, which was found to change from ferro-
magnetic to antiferromagnetic at 2 ML Cr thickness.
Besides, it was possible to detect a ferromagnetic sig-
nal from the Cr spacer layer. This signal follows
the Co magnetization except for Cr coverages be-
low ~ 0.3 ML. The smaller Cr asymmetry in the
region of antiferromagnetic coupling at Cr thickness
between 2 and 3 ML compared to Cr below 2 ML

suggests that the observed Cr ferromagnetism is due
to ferromagnetic coupling at the interfaces. Future
work will be devoted to clarifying the role of inter-
face quality and its dependence on growth tempera-
ture in the interface coupling of Cr to ferromagnetic
materials.
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