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Induced Fe and Mn magnetic moments in Co-FeMn bilayers on Cu„001…

F. Offi,* W. Kuch,† L. I. Chelaru, K. Fukumoto, M. Kotsugi, and J. Kirschner
Max-Planck-Institut fu¨r Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany

~Received 29 July 2002; revised manuscript received 18 November 2002; published 25 March 2003!

Using photoemission electron microscopy in combination with x-ray magnetic circular dichroism, element
selective magnetic domain images have been obtained from single-crystalline Co/FeMn and FeMn/Co bilayers
epitaxially grown on a Cu~001! single crystal. The contact with ferromagnetic Co leads to the observation of
a net magnetic moment in Fe and Mn, independently of the paramagnetic or antiferromagnetic state of the
FeMn thin films. Only a small fraction of this moment might mediate the magnetic interaction at the interface,
and thus be responsible for the exchange bias effect.
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I. INTRODUCTION

The phenomena resulting from the interaction betwee
ferromagnetic~FM! and an antiferromagnetic~AFM! mate-
rial have received an increasing interest both from
experimental1 and a theoretical2 point of view over the last
decade. The flourishing of studies is also connected to ap
cations of FM-AFM systems in spin-valve devices,3 exploit-
ing the fact that the hysteresis loop of these systems is
placed along the applied field axis by an amount referred
asexchange biasfield. Notwithstanding the large number o
investigations, a complete understanding of the magn
coupling at FM-AFM interfaces still is unavailable. In pa
ticular, a frequently addressed issue is the role of uncomp
sated AFM spins. Here the term ‘‘uncompensated’’ refers
spins within the interface atomic layer of the AFM which a
not compensated by spins of another direction within
same layer, and thus lead to a net magnetic moment of
layer. For example, the original model proposed by Meik
john and Bean4 and the more recent calculations
Schulthess and Butler5 lead to a nonshifted hysteresis loo
when the AFM interface is compensated, i.e., if there is
net magnetic moment in that layer. Net magnetic moment
the interface of an AFM material were first observed in Co
induced by a field cooling procedure.6 The observation of ne
moments at the interface has also been claimed in Fe50Mn50

sputtered film, sandwiched between Co and Ni81Fe19,7

where about half of the observed moments switched with
ferromagnetic layer, and the other half did not. A net
moment has been observed in NiO/Co bilayers,8 but its exact
origin was not specified. Finally a net Ni moment, induced
NiO by deposition of FM Co, has been investigated by x-r
absorption microspectroscopy, and correlated to the coer
ity increase in exchange biased systems.9

In order to investigate the possible presence of uncomp
sated AFM spins in FM-AFM systems and their influence
the magnetic coupling at the interface, we used epitaxial
FeMn and FeMn/Co bilayers on a Cu~001! single crystal.
Epitaxial bilayers present some advantages compared
polycrystalline films obtained by sputtering techniques: Th
have smoother interfaces, and no grains of different cry
orientation are present, which may influence the magn
interaction. By using metallic bilayers, oxidation-reducti
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reactions complicating the situation at oxide-metal interfa
are also absent.

Magnetic domain images have been taken from the
FeMn bilayers by using a photoelectron emission microsc
~PEEM!. X-ray magnetic circular dichroism~XMCD! has
been used as magnetic contrast mechanism, where the
tation was supplied by circularly polarized x rays from
synchrotron radiation source. One of the capabilities of
technique, which turned out to be particularly useful for t
present experiments, is its element selectivity, and the po
bility to access buried layers. It has been therefore poss
to image the domain configuration for both the Co/FeMn a
the FeMn/Co bilayers on Cu~001!, at the same time for al
three magnetic elements. Due to the depth sensitivity of
electron yield detection method that is used by PEEM,
signal from each atomic layer is differently attenuated. T
leads to an exponentially weighted averaging with an ex
nential decay length of about 2 nm.10 A small net magnetic
moment would thus be also observed by XMCD from
uncompensated AFM, in which a net moment in the surfa
or interface plane is accompanied by an opposite momen
the adjacent plane. While no net magnetic moment is fou
in FeMn films on Cu~001!, we do observe a net magnet
moment for both elements, Fe and Mn, induced by the c
tact with an FM Co film. When FeMn is in the AFM state,
small part of this induced moment can be interpreted as
compensated AFM spins which mediate the magnetic in
action at the interface.

As a matter of fact direct imaging of AFM domains b
using PEEM in combination with x-ray magnetic linear d
chroism, successfully applied to LaFeO3 ~Ref. 11! and
NiO,12,13 gave no result for the present studied AFM FeM
A reason for this can be found in the crystal field splitting
the absorption peaks, which is present in LaFeO3 and NiO
oxides, but nearly vanishes in the metallic FeMn films, th
greatly reducing the linear dichroism. Another reason co
be possibly a noncollinear spin structure of the FeMn t
films.

II. EXPERIMENT

The experiments were performed in an ultrahigh vacu
chamber with a base pressure of 1028 Pa. The Cu substrate
was a disk-shaped single crystal with the@001# direction nor-
©2003 The American Physical Society19-1
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mal to the surface. The films were grown on the clean s
strate at room temperature in zero field by electron be
assisted thermal evaporation. Fe and Co were evapor
from high purity wires~99.99% purity! of 2 mm diameter,
while for Mn a rod ~99.5% purity! of 4 mm diameter was
used. FeMn alloys were obtained by simultaneous evap
tion of Fe and Mn from two different sources. During dep
sition the pressure in the chamber could be kept below
31028 Pa. Composition and film thickness were calibrat
by means of oscillations in the medium energy electron
fraction intensity recorded during evaporation, and cr
checked by Auger electron spectroscopy. More details ab
the structural and magnetic properties of the Co/FeMn bil
ers on Cu~001! are given elsewhere.14 The bilayers were
grown as crossed double wedges, as described in a prev
publication,15 resulting in 150mm wide wedges and a
350 mm wide plateau of uniform film thickness at the upp
end of the wedge.

Figure 1 shows the scanning tunneling microscopy~STM!
image of a 5003500 nm2 area of a 12.9 ML Fe50Mn50 on
Cu~001!. Large flat terraces of the size of substrate terra
are observed. The area in the lower right of the image
longs to the next terrace, one monoatomic step higher.
terraces are dotted with small elongated holes of one ato
layer depth, on average being about 30 nm long and 5
wide. Although it cannot be directly concluded that t
FeMn surface morphology after deposition of a Co film
top of it stays exactly the same as that imaged by STM,
still clear that the films grow in a very defined way with a
extremely low interface roughness.

Magnetic domain images were obtained at room temp
ture from the asymmetry of the local secondary electron

FIG. 1. Scanning tunneling microscopy image of a 12.9 M
Fe50Mn50 film on Cu~001!. The field of view is 5003500 nm2. The
crystallographic orientation is indicated at the bottom of the figu
Large atomically flat terraces with many small holes, one ato
layer deep, are observed.
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tensity at the elementalL3 absorption edge upon helicit
reversal of circularly polarized excitation. The magnetic co
trast is thereby provided by x-ray magnetic circul
dichroism,16 that is the difference in x-ray absorption cro
section upon helicity reversal. The secondary electrons,
intensity of which is proportional to the absorption, are th
spatially imaged by the PEEM. The experiments were p
formed at the UE56-2/PGM2 beamline of the Berlin sy
chrotron radiation facility BESSY II. The light was inciden
under an angle of 30° to the sample surface, with an azim
angle of 7° from the@110# axis of the Cu substrate. Th
setup of the photoemission microscope is identical to t
described in previous publications.17–19 Parameters were se
to result in a lateral resolution of 400 nm and a field of vie
of 90 mm.

III. RESULTS

Bulk Fe50Mn50 alloy is an antiferromagnet with a Ne´el
temperature of about 500 K.20 No magnetic domain image
could be detected by XMCD-PEEM for any of the Fe50Mn50
films deposited on Cu~001!, even after heating and cooling i
an external magnetic field. The situation is different when
alloy film is in contact with a ferromagnetic Co film, that
when the Co thickness is bigger than 2 atomic monolay
~ML ! at room temperature. In this case an XMCD sign
from Fe and Mn was detected, resulting in the images sho
in Fig. 2. The three images show the domain patterns of
Fe, and Mn of the same area of a Co/Fe50Mn50/Cu(001)
sample. The Co and Fe50Mn50 films were grown as crosse
double wedges, as schematically displayed in the sketc
the lower right part of the figure. The Fe50Mn50 thickness
(tFeMn), indicated at the left axes of the images, increa
from bottom to top. The Co thickness (tCo), increasing from
left to right, is indicated for all three images at the botto
axis of the Mn image. The direction of the crystallograph
axes is shown at the right of the images in the rectang
box. The big arrow at 52° from the@100# direction displays
the direction of the incoming x rays (hn). In the Co image,
one can see the characteristic behavior for Co growing on
of Fe50Mn50. For tFeMn,10 ML relatively big domains can
be seen, oriented along two of the four^110& azimuth direc-
tions, as indicated by the arrows inside some domains.
domains are much smaller fortFeMn.10 ML: as discussed
in Ref. 21, this is due to the antiferromagnetic state
Fe50Mn50 for thicknesses bigger than 10 ML. In the Fe a
Mn images the same domain pattern as in the Co image
be recognized, however with a lower contrast. The typi
maximum contrast in Fe and Mn is approximately just 5%
the contrast in Co. The total time for acquisition of the C
and Fe images was around 10 min each, while it was tw
that time for Mn. The resulting different noise level is th
reason why the Mn image appears sharper than the Fe

A small XMCD signal has also been obtained from Fe a
Mn for the reversed order of deposition, when the Fe50Mn50
film is deposited on top of Co/Cu~001!. This is shown in Fig.
3, where a Fe50Mn50/Co/Cu(001) sample is imaged by tun
ing the x-ray photon energy to the Co, Fe, and MnL3 ab-
sorption edges. At the bottom of the figure a sketch of

.
c
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sample is given, and the crystallographic axes and the
coming x rays’ direction (hn) are indicated. The Fe50Mn50
thickness is shown at the left axes of the images, increa
from bottom to top, and the Co thickness at the bottom a
of the Mn image, increasing from left to right. A change
the Co domain pattern can be seen at the Fe50Mn50 transition
from paramagnetic~PM! to antiferromagnetic. FortFeMn
.10 ML the magnetization direction, indicated by the a
rows in the domains, is rotated from the^110& crystallo-
graphic axes to thê100& crystallographic axes. A sma
XMCD asymmetry is detectable again also for Fe, as d
played by the domain pattern of the Fe image. From t
domain pattern one concludes that the Fe induced net m
netic moment is coupled ferromagnetically to the Co m
ment. Interestingly the contrast is reversed in the Mn ima
For example, the black domain in Co, oriented along

@01̄0# direction, becomes bright in the Mn image. The mo
likely conclusion is therefore that Mn has a small net m
ment, which is aligned antiferromagnetically to the Co ma

FIG. 2. Co, Fe, and Mn domain patterns of the same area
Co/Fe50Mn50/Cu(001) sample. Fe50Mn50 and Co thicknesses
(tFeMn and tCo) are indicated at the left and bottom axes of t
images, respectively. The box at the right of the images contains
direction of the incoming x rays (hn) and the crystallographic axes
A schematic sketch shows the sample.
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netization and to the net Fe moment. In order to prove th
considerations, an asymmetry scan along a line indicate
each image has been taken. The asymmetry values of the
scans are displayed in Fig. 3 on the right-hand side of
corresponding image. The scale of the vertical position
image pixels at the right axis of each line scan graph is
same as for the corresponding domain image. The asym
try scale is indicated at the bottom axis of the Mn scan.
the Co scan one can see three levels of asymmetry, ma
by the three vertical lines. These correspond to the th
domains crossed by the black line printed in the Co ima
The scans in the Fe and Mn images have been multiplied
the reported factors in order to be in the same scale as th
one. One sees that the three asymmetry levels in the Fe
Mn scans are spaced exactly as in the Co scan. Therefore
relative contrast in the domains is identical in Co, Fe, a
Mn. This demonstrates that the observed Fe net momen
coupled ferromagnetically to Co, having the same magn

a

he

FIG. 3. Left column, Co, Fe, and Mn domain patterns of t
same area of a Fe50Mn50/Co/Cu(001) sample. Thicknesses are i
dicated at the images axes. Right column, Result of line scans a
the black lines printed in each image in the left column. At t
bottom of the figure a sketch of the sample is given. Direction of
incoming x rays (hn) and crystallographic axes are indicated.
9-3
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zation orientation in the different domains, while the o
served Mn net moment is coupled antiferromagnetically
Co and Fe. Moreover, one can realize from the Fe and
images of Fig. 3 that an XMCD signal is detectable for bo
tFeMn,10 ML and tFeMn.10 ML. It means that whateve
the magnetic state of the Fe50Mn50 alloy, PM or AFM, when
in contact with a Co film it acquires an induced net ferr
magnetic moment. This was not so clear from the image
Fig. 2, where the small domains in Fe and Mn fortFeMn
.10 ML are not fully resolved, possibly leading to the co
clusion that no net magnetic moment is induced in Fe
Mn when the Fe50Mn50 film is in an AFM state. This is
proven to be not true by the images in Fig. 3, obtained
reversing the deposition sequence.

Since images of magnetic domains in Fe and Mn co
just be detected when Fe50Mn50 was in contact with an FM
Co film, one possibility is that the observed net magne
moment is induced in Fe and Mn mainly at the interface, i
close to the Co film. This cannot be tested definitively, sin
the way the magnetic images are obtained gives a weig
average along the direction perpendicular to the surface
decreasing contrast in the Fe and Mn domain images w
increasing Fe50Mn50 thickness, however, would be consiste
with such an interpretation. It can be seen, for example
the Fe case, in Fig. 4. The Co and Fe domain patterns f
an Fe50Mn50/Co double-wedge bilayer on Cu~001! are
shown in Figs. 4~a! and 4~b!, respectively. The Co and F
domain structures for a similar Fe50Mn50/Co sample with
higher Fe50Mn50 thickness are displayed in Figs. 4~c! and
4~d!, respectively. A sketch of the sample is given at t
bottom of the figure. The Fe50Mn50 and Co thicknesses of th
imaged sample area are indicated at the left axes, increa
from bottom to top, and at the bottom axis, increasing fr
left to right, respectively. The arrows in some domains in
cate the magnetization direction. In the box at the bottom
the figure the crystallographic axes are indicated, along w
the incoming x rays’ direction (hn) at 52° from the@100#
axis. By comparing Figs. 4~a! and 4~b! one can see that th
Fe domain pattern is identical to the Co one. However,
domain in which the magnetization is oriented along
@110# direction in the Fe image is much brighter for an FeM
thickness between 0 and 3 ML than for higher thicknesses
Fig. 4~d!, the Fe domain pattern is shown for an FeMn thic
ness between 8 and 15 ML. Again the Fe domain structur
identical to the corresponding Co one, displayed in Fig. 4~c!,
but the Fe asymmetry does not display a strong depend
as a function of the FeMn thickness. This indicates that
asymmetry in Fe, proportional to the depth averaged
magnetic moment, is higher for the thinnest FeMn lay
which are in direct contact with the Co film. In order
obtain more quantitative information, linescans of the asy
metry value along the Fe50Mn50 slope are extracted from th
regions enclosed by the rectangles printed in the Co~a! and
Fe ~b! images, horizontally averaging over the width of t
rectangles. The result of the linescans is reported in Fig
and will be discussed in the following section.

Besides the induced net magnetic moments, another e
present in some of the Mn images is shown in Fig. 5. The
and Mn domain images printed in this figure were acqui
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from the same area of an Fe30Mn70/Co/Cu(001) sample. The
thicknesses of the two layers, grown as crossed dou
wedges~see sketch given in the figure!, are indicated at the
left axis for the Fe30Mn70 layer, increasing from bottom to
top, and at the bottom axis for the Co layer, increasing fr
left to right. The Co domain pattern~not shown! is the same
as the Fe domain pattern, just with a higher contrast. The
image displays the same domain pattern as the Fe image
with a reversed contrast: The net moment of Mn is coup
antiparallel to Co and Fe, as in Fig. 3. Actually the magne
domain pattern in Mn is almost hidden by stripes of altern
ing gray scale. One can notice that the stripes are perp
dicular to the gradient of total thickness, i.e., to the sum
the increasing Co and Fe30Mn70 films thicknesses. Indeed in
the region of constant Co thickness, fortCo.10 ML, the
contrast oscillates with the same 1 ML period of t
Fe30Mn70 film thickness. On the other hand in the Fe30Mn70
plateau thickness region, fortFeMn.11 ML, the alternating

FIG. 4. Co~a! and Fe~b! domain patterns from the same area
an Fe50Mn50/Co double wedge on Cu~001!. The domain structures
in Co and Fe from a similar Fe50Mn50/Co sample for higher
Fe50Mn50 thickness are displayed in~c! and ~d!, respectively. The
sketch below the images shows the double-wedge structure o
sample. Fe50Mn50 and Co thicknesses are indicated at the left a
bottom axes of the images, respectively. Crystallographic axes
direction of incoming x rays (hn) are indicated in the box below
the images.
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stripes correspond to the 1 ML period of the Co thickne
Finally in the area where both films are increasing in thic
ness, the stripes are perpendicular to the gradient of the
of the thicknesses. It is worth to mention that the observa
of these stripes is quite sensitive to the sample prepara
conditions. In general, the intensity of the stripes has b
found to be higher when the alloy wedge film is deposited
top of Co, especially when the Mn concentration is high
than 50% in the FexMn1002x film.

IV. DISCUSSION

As qualitatively shown in Fig. 4~b!, the asymmetry in the
Fe domain images is enhanced for very low Fe50Mn50 thick-
ness. In order to obtain more quantitative information, a
nescan of the asymmetry value along the Fe50Mn50 slope is
extracted from the domain with magnetization along
@110# direction in Fig. 4~b!, horizontally averaging over the
black rectangle printed in the image. The linescan is sho
by the solid line of Fig. 6, where the value of asymmetry
indicated at the left axis, and the Fe50Mn50 thickness at the

FIG. 5. Fe and Mn domain patterns of the same area of
Fe30Mn70/Co/Cu(001) sample~see sketch!. Fe30Mn70 and Co thick-
nesses are indicated at the left and bottom axes, respectively. C
tallographic axes, and incoming x-rays (hn) directions are dis-
played below the images. Regular stripes of different gray sc
contrast can be seen in the Mn image, perpendicular to the gra
of total film thickness.
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bottom axis, spanning from 0 to 7.3 ML. A sketch shows t
structure of the sample. The vertical bar labeled withl indi-
cates the effective escape depth of the secondary elec
~see below! and is drawn to scale with the sample thickne
of the sketch. The asymmetry displays indeed a strong
pendence ontFeMn , presenting a high value for approx
mately the first 3 ML Fe50Mn50, decreasing upon increasin
Fe50Mn50 thickness, and reaching an apparently const
value for tFeMn.6 ML. For comparison the asymmetry o
the Co image in the same sample area, extracted from
rectangle printed in Fig. 4~a!, is displayed by the dash-dotte
line in Fig. 6. One can see that the asymmetry of Co
almost constant along the Fe50Mn50 slope. The thickness de
pendence of the Fe asymmetry in an Fe50Mn50 wedge sug-
gests that in the first stage of growth on a magnetic Co fi
all the Fe moments are ferromagnetically aligned. Indeed
value of asymmetry measured in this region ('16%) is
similar to the value measured on a thick Fe film grown
W(001) ~15.7%!, which can be considered as a standa
value of bulk Fe for the present experimental geometry a
degree of polarization.22 The decreasing of the Fe asymmet
by increasing the FeMn thickness is consistent with the
pothesis that the observed net magnetic moment of F
located at the interface with Co. It is important to check t
behavior of the induced net moment in Fe for the rever
order of deposition, that is when a ferromagnetic Co film
deposited on top of Fe50Mn50. The Fe asymmetry as a func
tion of tFeMn for this case is displayed in Fig. 6 by the dotte
line ~again the sketch of the sample is given!. The general
trend is very similar to the case of Fe50Mn50 deposited on Co
~solid line!. Therefore, the hypothesis of an induced net m
ment at the interface is plausible also in this case. Actua
this model would lead to a different value of the asymme

n

ys-

le
nt

FIG. 6. Asymmetry in Fe and Co, taken from the domain im
ages, as a function of FeMn thickness. The solid and dash do
lines have been obtained by a line scan along the vertical axis o
rectangles printed in Figs. 4~b! and ~a!, respectively, horizontally
averaging over the width of the rectangles. The dotted line disp
the variation of asymmetry in a single domain in an Fe image fr
a Co/Fe50Mn50/Cu(001) sample. Sketches of the sample’s str
tures are given. The vertical bars labeled asl indicate the effective
electron escape depth and are to scale with the sample thickne
the sketches.
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for high FeMn thickness, while the solid and the dott
curves exhibit an almost identical value fortFeMn.6 ML.
Further experiments are needed to understand this disc
ancy and to build up a correct picture of the dependenc
the induced net moment as a function of the Fe50Mn50 thick-
ness, especially in the first stages of growth.

To illustrate the size of the observed moment in Fe,
will analyze the following model: We assume that the
duced net moment is caused by Fe atoms in the inter
layer only, which are fully aligned with the Co moment
while all other Fe atoms have either no moment or perfe
compensate each other. In a continuous thickness modetM
shall denote the thickness of the interface region of the Fe
layer which gives rise to the observed asymmetry. Fe ato
from this interface region contribute a fractionR to the mea-
sured Fe absorption signal. For the Co/FeMn/Cu~001! sys-
tem R can be expressed as

R5

E
0

tM
exp2x/ldx

E
0

tFeMn
exp2x/ldx

, ~1!

wherel is the effective escape depth of the secondary e
trons. Equation~1! can be solved fortM as

tM52l ln@12R~12exp2tFeMn /l!#. ~2!

If the Fe atoms from the interface region exhibit a dichro
asymmetry ofA0, the measured asymmetry will beRA0 if
the rest of the film does not contribute a magnetic asym
try. The value of maximum contrast between two opposit
magnetized domains measured in the Fe images in Fe50Mn50
is 1.3% for tFeMn512 ML, while A0515.7%32531.4%
for a thick Fe standard. Considering this ratioR of 0.04,
assuming further a probing depth of 20 Å,10 in which the
secondary electron signal is reduced by a factor of 1/e, and
taking the lattice spacing of Fe50Mn50 layers as 1.81 Å,24 one
obtains from Eq.~2! tM50.3 ML.23 This estimate would
mean that the observed asymmetry could be caused by a
30% of the Fe atoms in the interfacial ML that have th
bulk moment fully aligned with the Co magnetization. Co
sidering that an Fe50Mn50 film grows epitaxially on
Cu~001!,14 the area density of the Fe atoms is 7.
31014 atoms/cm2 and one may calculate the atom area d
sity of the fully aligned Fe atoms as 2.3031014 atoms/cm2.
A similar estimation is not possible for Mn, since no value
the asymmetry for FM bulk Mn is available. In general, t
measured Mn asymmetry in different samples is not as c
stant as for Fe. Moreover, whereas the domains of the
duced Fe moments are always found with the magnetiza
in the same direction as the Co ones, Mn is sometim
coupled antiparallel to Co and Fe. These particular featu
of the induced net moment in Mn will be discussed in mo
detail below.

As mentioned above, below about 3-ML FeMn thickne
the Fe asymmetry exhibits the same value as expected
fully ferromagnetic Fe film,R51 in the above model, o
tM5tFeMn . In this case the presence of the FM Co lay
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induces the full ferromagnetic alignment of all Fe atoms
the Fe50Mn50 film. The amount of aligned Fe moments d
creases then for increasing FeMn thickness, until at ab
'7 ML it corresponds to the above calculatedtM

50.3 ML. This means that upon increasing the FeMn thic
ness, most of the initially aligned Fe moments of a 3 ML
Fe50Mn50 film on Co go back to a paramagnetic or antiferr
magnetic state. This is likely due to the increasing antifer
magnetic interactions in the FeMn film compared to the F
interaction with the Co layer when the thickness gets larg

An induced moment in a non-FM material by proximi
of an FM material is actually a general observation in th
film magnetism, dating back to the magnetization of Pd fil
by interaction with FM Ni films.25 Indeed small net magneti
moments, induced by proximity of FM materials, have be
found in antiferromagnets like Cr19 and also in nonmagnetic
metallic materials like V,26 Pt,27 and Cu in contact with Co
~Ref. 28! or with Fe.29 Hybridization effects of thed elec-
trons are generally claimed to give rise to such observatio

The partial uncompensation of moments in an antifer
magnet in contact with a ferromagnet could be importan
order to understand the exchange bias phenomenon.
present experiments have provided evidence that the con
with the Co film induces a net magnetic moment in Fe a
Mn, no matter whether Fe50Mn50 is in a PM state~for
tFeMn,10 ML) or in an AFM state~for tFeMn.10 ML). In
particular, when the alloy is in an AFM state one could
tempted to consider the measured induced net momen
AFM uncompensatedmoments leading to exchange bia
This is actually not completely true. AFM uncompensat
moments are, by definition, moments of atoms in an AF
atomic plane which sum up to give a nonvanishing net m
netization in that plane. Because of the depth-depend
weighting of the XMCD signal in PEEM, such uncompe
sated moments could be indeed observed as a net mag
moment. The net moments in Fe and Mn reported here, h
ever, have been measured also when the Fe50Mn50 film is
PM, where they fully participate to the FM phase of C
When Fe50Mn50 is AFM, a small partof the measured asym
metry could indeed be given by AFM uncompensated m
ments. While most of the observed net moments have t
magnetization direction always aligned with the Co mag
tization direction, thus still participating to the FM phase
Co, a small fraction of uncompensated moments should
pinned to the direction imposed by the AFM spins in order
give rise to the shift in the hysteresis loop. These uncomp
sated moments are then only in the direction of the Co m
netization when the Fe50Mn50 film is deposited on top of Co
or after a field or remanent cooling procedure. Once t
direction is established they will not rotate upon switchi
the Co magnetization, thus leading to the exchange bias
fect.

From an intuitive point of view, the origin of the observe
Fe and Mn XMCD asymmetry in the AFM Fe50Mn50 alloy
can be explained by considering the noncollinear AFM s
structure of Fe50Mn50 as taken from the bulk.20 According to
this spin structure, an ideal~001! terminated surface exhibit
in-plane projections of the spins directed along two oppo
^110& directions, for example6@110#. The neighboring
9-6
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atomic planes, above or below, then exhibit spins with th
in-plane component rotated by 90°, i.e., directed alo
6@ 1̄10#. A small twist of these AFM axes towards the ma
netization direction of the adjacent Co film would give ri
to a small uncompensated magnetic moment in the inter
plane of the Fe50Mn50 film, which may or may not be com
pensated by a corresponding twist in the deeper layers. S
a twist would not lead to exchange bias, since the indu
net moment would always switch together with the FM lay
Actually the presence of a net magnetic moment in the A
FeMn film, being consistent with this model, could arise a
in case of other spin structures. For example, a net magn
moment would be observed by XMCD-PEEM if the FeM
alloy was characterized by a collinear layerwise AFM ord
as concluded from the calculations of Ref. 30, or even fo
more complicated spin structure.

Uncompensated moments that are leading to excha
bias could be located at topological AFM domain boun
aries, created by monoatomic steps at the AFM orde
Fe50Mn50 surface. An example is given in Fig. 7. The to
view of a portion of the Fe50Mn50 surface, where a topologi
cal domain created by a 1 ML high step is present, is sche
matically displayed. The surface of the gray domain is,
example, 1 ML above the white domain. The in-plane cr
tallographic axes are indicated. The direction of the AF
spins, represented by the arrows, is along the^110& in-plane
directions. If the step runs along one of the^100& axes, the
spins at the step edge are uncompensated, as one can s
considering the spins adjacent to the black dashed l
where they sum up to give a net component along@01̄0#.

The fraction of interface atoms sitting at step edges in
Fe50Mn50 film may be estimated from Fig. 1. A number o
about 2% of the interface atoms being at step edges is

FIG. 7. Schematic representation of the top view of a topolo
cal domain, created by a 1 ML step, at the~001! surface of
Fe50Mn50 with the bulk spin structure. The spins adjacent to t
dashed line are uncompensated. The in-plane crystallographic
are indicated.
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tained from that figure, most of which are running alo
^110& directions. Such uncompensated step edge at
would thus indeed constitute only a minor contribution to t
observed asymmetry in the Fe and Mn images.

The effective influence of the uncompensated Fe50Mn50

moments on the coupling at the interface with Co is actua
difficult to quantify from the asymmetry images of Fe an
Mn. This is related to the fact that the signal from the i
duced net magnetic moment is already quite low, and tha
mentioned above, the uncompensated moments are prob
just a small fraction of this moment. One can see this
considering that the observed asymmetry does not cha
appreciably when Fe50Mn50 is PM or AFM, and that uncom-
pensated moments should not be present when the alloy
is paramagnetic. Moreover, the uncompensated mom
should mediate the coupling between the FM and the A
layer in the way explained above. In Ref. 21 an oscillation
the coupling strength in Co/FeMn bilayers on Cu~001! has
been deduced from a 1 ML oscillation in the coercivity. If
this interpretation was correct, also the value of the unco
pensated moments responsible for the coupling should o
late with a period of 1 ML. In the Fe and Mn images, how
ever, such a behavior of the asymmetry is not present, as
sees in the Fe case from Fig. 4~d! for tFeMn.10 ML. This
can be explained by considering that most part of the
tained asymmetry is not given by these uncompensated
ments, the oscillating behavior of which as a function of t
Fe50Mn50 thickness is therefore hidden below the noise le
('2% of the induced moments!.

The induced net moment in Mn deserves some more c
ments. While the asymmetry in Fe~and therefore the value
of the induced net moment! has always been found similar i
all the samples imaged with the PEEM, a different behav
has been observed for Mn. In fact the asymmetry value,
ing usually slightly smaller than that measured in Fe, in so
samples has been found higher than the Fe one, in s
others so small that domain images could not be detec
Moreover, while the induced moment in Fe was alwa
found parallel to the Co film magnetization, the domains
Mn have been found in some cases magnetized in the s
direction as the Co and Fe ones~see Fig. 2!, in some other
cases in the opposite direction, as in Fig. 3. These some
puzzling observations about the induced moments in Mn
be explained considering that the magnetic state of the
atoms is very sensitive to oxidation and to the magnetic
vironment in which they are located. For example, contrad
tory reports have been published about the orientation of
magnetization in submonolayer Mn films on top of FM F
substrates, either parallel or antiparallel with respect to
substrate magnetization.31,32 The Mn magnetization reduce
to zero or changes from parallel to antiparallel with resp
to the underlying Fe by oxygen adsorption.33 Another
mechanism which can influence the amount and the direc
of the induced moment in Mn in the Fe50Mn50 films is the
local interaction of Mn atoms with the Fe and Co atoms.
dilute FM CoMn and FeMn alloys, the Mn magnetizatio
has been found by XMCD to be aligned parallel to Co in
Co94Mn6 thin-film alloy,34 while magnetic reflectivity experi-
ments revealed antiparallel orientation of Fe and Mn mag

i-

xes
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tization in an Fe90Mn10 alloy.35 This would suggest that pref
erentially the Mn atoms tend to couple antiferromagnetica
to Fe and ferromagnetically to Co, at least when alloyi
From these considerations one may therefore expect tha
cal differences in composition or in amount of roughness
nominally identical films may induce a locally different e
vironment for the Mn atoms. For example, the number of
or Co atoms surrounding the Mn atoms may vary. Consid
ing the different interactions that come into play, that is M
Mn, Mn-Fe, and Mn-Co, one could therefore expect that a
the amount and the direction of the induced net magn
moments may change.

Finally, an interesting effect present in some of the M
images is the superposition of regular stripes of alterna
contrast on the domain pattern. These are shown in the
image of Fig. 5. From this figure one sees that the stripes
perpendicular to the gradient of total thickness. Indeed
period of the stripes in the vertical and horizontal directio
corresponds to 1 ML in the Fe50Mn50 and Co thicknesses
respectively. Stripes having 1 ML period may not have
magnetic origin, but they can be merely caused by a perio
change in the topology of the wedged film. Indeed during
layer-by-layer growth of the Co/Fe50Mn50 bilayers on
Cu~001!, the number of surface steps oscillates with mon
layer period, as indicated by the presence of 1 ML per
oscillations in the medium energy electron diffraction inte
sity during the deposition of the bilayer.14 In order to verify
this hypothesis, an Fe50Mn50/Co double-wedge sample, i
which stripes in the Mn images were present, was illum
nated by a Hg discharge lamp. The resultant image is sh
in Fig. 8~a!. The Fe50Mn50 and Co thicknesses of the image
area are indicated at the left axis, increasing from bottom

FIG. 8. ~a! PEEM image obtained by excitation with a Hg di
charge lamp of an Fe50Mn50/Co double-wedge bilayer on Cu~001!.
A sketch of the sample is given in the upper right corner of
figure. Co and Fe50Mn50 thicknesses are indicated at the image ax
Panels~b! and~c! display linescans of the intensity measured alo
the horizontal and vertical white lines in image~a!, respectively.
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top, and at the bottom axis, increasing from left to rig
respectively. In the figure a schematic sketch of the samp
given. Since the photon energy of the Hg lamp is around
eV, the emitted electrons are those with a final energy
slightly above the work-function threshold of the materi
The contrast of Fig. 8~a! arises therefore from local differ
ences in the work function due to structural and topologi
features of the sample surface, and it does not contain m
netic information.36 Still stripes of alternating gray scale con
trast are present, which are the same as those observ
some of the MnL3 images. Obviously now the stripes a
not superimposed on magnetic domains, and the inten
difference of adjacent stripes is higher than in the MnL3
images. One can perform a scan along the horizontal and
vertical directions in the image, in order to check the strip
period, and compare it to the film thickness. These line sc
have been performed along the horizontal and vertical w
lines printed in Fig. 8~a!, and are reported in Fig. 8~b! and
Fig. 8~c!, respectively. In Fig. 8~b! the intensity~left axis! is
plotted as a function of the Co thickness at the upper axis
Fig. 8~c! the intensity is at the bottom axis, and the Fe50Mn50
thickness at the right axis. One can see that the oscillation
the intensity, corresponding to different gray scale contras
the stripes, have a period of 1 ML in both the Co and t
Fe50Mn50 thickness. Actually one cannot identify without un
certainty whether a maximum or a minimum in the intens
oscillations corresponds to the completion of an integer nu
ber of monolayers. In fact while the 10% error in the thic
ness calibration is only 0.1 ML in the determination of th
period of the oscillations, it amounts to almost 1 ML in th
absolute thickness at 9 ML, therefore impeding definiti
conclusions about the phase of the oscillations. Since
contrast in Fig. 8 is of topological origin, a possible exp
nation of stripes of different intensity having a period of
ML is the periodic variation of the number of surface step
considering roughness induced work-function changes.37 The
fact that these stripes were observed also in the Mn dom
images, and not in the Fe and Co images, can be expla
by considering that the topological origin of the stripes
duces an intensity difference between adjacent stripes. In
case a slight difference in intensity between the right and
polarized light can give rise to a nonvanishing term wh
one calculates the asymmetry. Moreover, Mn, among
three materials considered here, is the one with the low
binding energy. Therefore the edge intensity of Mn from
Co/Fe50Mn50 sample has the lowest background, thus e
hancing this effect.

V. CONCLUSION

By using PEEM and XMCD as magnetic contrast mech
nism, magnetic domain images have been obtained from
Fe, and Mn in interacting Co-FeMn single-crystal bilayers
Cu~001!. A net magnetic moment is induced in Fe and M
when the Co film is in contact with Fe50Mn50, both in the
PM and the AFM state of Fe50Mn50. In the case of Fe, this
induced moment, if confined to the interface with Co, wou
amount to approximately 30% of the interfacial Fe ato
being fully aligned with the Co magnetization while havin
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the Fe bulk magnetic moment. Mn domain images could
detected in which the direction of the net magnetic mom
was either parallel or antiparallel to Co and Fe. This is
lated to the sensitivity of the magnetic state of the Mn ato
to the structural and magnetic environment in which they
embedded. Part of the induced net moment measured i
and Mn could consist of uncompensated AFM spins. Ho
ever, due to the rather low magnetic signal, it is quite di
cult to distinguish the part strongly coupled to the AFM la
tice spins, giving rise to the exchange bias effect, and
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