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Exchange-bias and uncompensated magnetic moments in epitaxially grown fcc Co/FeMn/Cu �001� are
studied with element-specific x-ray magnetic circular dichroism. The magnitude of the uncompensated Fe
moments of the antiferromagnet FeMn and the sign of their magnetic coupling to the ferromagnet Co are
indicated by the circular dichroism signal. In the biased state the orbital-to-spin-moment ratio of the uncom-
pensated Fe moments is found to be enhanced in remanence after magnetizing into the field cooling direction
but zero after magnetizing into the opposite direction. This unidirectional behavior is mainly caused by a
change in the orbital moment component along the easy magnetization axis probed in the experiment. It clearly
reflects the macroscopic unidirectional loop shift being characteristic for the exchange-bias effect. This result
suggests that spin-orbit coupling between rotatable spin and pinned orbital moments belongs to the magnetic
interactions which cause the exchange-bias effect in the present system.
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I. INTRODUCTION

Exchange bias occurs in systems where a ferromagnet
�FM� and an antiferromagnet �AFM� are in contact. One fea-
ture of this effect is that the hysteresis loop is displaced from
zero along the magnetic field axis. It was first observed in
1956 for fine particles of cobalt with a cobaltous oxide shell.1

One year later its origin has been postulated as being the
exchange interaction between the spins of the atoms in the
cobalt and the ions in the cobalt oxide.2

Per definition, spins of one antiferromagnetic sublattice
are called “uncompensated” if moments of the other antifer-
romagnetic sublattice, oriented into the opposite direction
and therefore usually compensating the moment from the
first sublattice, are missing. If the magnetization direction of
the FM is reversed, one part of the uncompensated moments
of the AFM follows because the coupling to the FM domi-
nates. Another part of the uncompensated moments does not
reverse with the FM because the coupling to the AFM domi-
nates. The latter part is the so-called “pinned fraction” of
uncompensated moments which has been supposed to be
crucial for exchange bias.3

For samples where the ferromagnetic and antiferromag-
netic layers consist of different chemical elements it is pos-
sible to separate the small contribution of uncompensated
AFM moments from the dominant contribution of FM mo-
ments by element-specific x-ray magnetic dichroism meth-
ods. This has been utilized in several recent experimental
studies. The spin structure at the interface of exchange-
biased Co/FeMn was studied comparing x-ray magnetic cir-
cular dichroism �XMCD� spectra which were measured re-
versing the magnetization either by an external field or by
rotating the sample.4 Strong ferromagnetic and 90° coupling
between two Co layers separated by an FeMn spacer were
reported for different spacer thicknesses.5 The correlation be-
tween exchange-bias and pinned interfacial spins in systems

which are relevant for applications was investigated compar-
ing element-specific hysteresis loops for sample rotations
where the magnetic cooling field direction was parallel or
antiparallel to the polarization vector of the radiation.3 The
depth profile of uncompensated spins in Co /FeF2 was deter-
mined by combining x-ray resonant magnetic reflectometry
�XRMR�, polarized neutron reflectometry, and micromag-
netic simulations.6 Parallel versus antiparallel interfacial cou-
pling in Co /FeF2 was investigated by combining x-ray mag-
netic linear dichroism with XMCD spectra and hysteresis
loops.7 Different magnetic coupling mechanisms with differ-
ent coupling signs between uncompensated Co moments in
amorphous CoO and Fe moments were identified by varia-
tion in the Cu spacer thickness and temperature8 partly ex-
plaining the earlier finding that there is no simple quantita-
tive relation between the number of pinned uncompensated
spins and the exchange-bias field in this particular system.9

The depth profiles of rotatable and pinned uncompensated
Mn moments in Fe/MnPd were determined using XRMR.10

In order to study the interplay between the exchange-bias
field and the uncompensated moments at the interface to the
FM we combined element-specific hysteresis loops with
XMCD spectroscopy. Using the excellent results regarding
growth, structure and magnetism of fcc Co/FeMn bilayers
obtained in Refs. 11–14 as a starting point we prepared epi-
taxially grown ferromagnetic Co �5 atomic layers thick� on
antiferromagnetic FeMn �12 atomic layers thick� on
Cu�001�. We studied this system at low sample temperatures
�down to 5 K� in combination with moderate magnetic fields
�up to 10 kOe� to account for the relatively large coercive
fields observed after field cooling to low sample tempera-
tures. Field cooling through the Néel temperature of the
FeMn was feasible because the Néel temperature could be
reduced from the bulk value of 490 K �Ref. 15� �at which the
structure of the sample would be destroyed by interdiffusion�
to 380 K by choosing an appropriate FeMn thickness of 12
atomic layers.12,16
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In order to separate the small ferromagnetic signal of the
uncompensated moments in the AFM �FeMn� from the
dominating one of the FM �Co� the element-specific methods
XMCD and XRMR have been employed. XMCD with total
electron yield detection has been used to determine ferro-
magnetically ordered magnetic moments and XRMR as a
photon-in-photon-out technique to measure the hysteresis
loops. These methods require to tune the photon energy to
and to scan it—in the present case—across the L2,3 absorp-
tion edges of the 3d elements involved. In addition, ellipti-
cally polarized electromagnetic radiation with a high degree
of circular polarization is required to utilize the circular di-
chroism effect. Moreover, for the comparison of the tiny cir-
cular dichroism effects in different magnetization states of
the sample it is essential to measure the XMCD spectra with
good statistics and to reverse the helicity of the elliptically
polarized radiation with high precision.

II. SAMPLE PREPARATION AND
EXPERIMENTAL SETUP

The samples were prepared in an experimental station
which had been designed for in situ preparation and XMCD
measurements of magnetic thin films in remanence under
ultrahigh-vacuum conditions. As the substrate a Cu�001�
single crystal was used which had carefully been cleaned by
sputtering and annealing cycles as verified with Auger elec-
tron spectroscopy and low-energy electron diffraction
�LEED�. The base pressure of the preparation chamber was
2�10−10 mbar. The pressure typically increased to 2
�10−9 mbar during the codeposition of Mn and Fe and to
7�10−10 mbar during the deposition of Co using commer-
cial electron-beam evaporators. The films were deposited at
room temperature with a rate of about 0.5 Å /min for each
chemical element. For the deposition of the FeMn, the Fe
and Mn evaporators were operated at equal rates. The indi-
vidual rates of the evaporators were calibrated using a quartz
oscillator. The thicknesses of the deposited films were
achieved based on these rates using appropriate deposition
times. The Fe concentration in the FeMn was checked with
x-ray absorption spectroscopy using the overview spectrum
shown in Fig. 1 which was measured after Co deposition.

The edge jumps jMn and jFe schematically indicated in Fig. 1
were corrected for the different photoabsorption cross
sections.17 The corrected edge jumps j́Mn and j́Fe were then
used to determine the Fe concentration j́Fe / � j́Mn+ j́Fe�. In this
way an Fe concentration of 44% was determined for the
present sample which is close to the aspired value of 50%
and well within the range from 25% to 55% for which the
fcc structure is the most stable one.16 Changing the Fe con-
centration from 50% to 44% increases the Néel temperature
of a 12 atomic layers thick FeMn film from 380 to 395 K.12

After Co deposition the quality of the film was checked with
LEED, and bright and sharp diffraction spots as for the bare
Cu substrate were observed. Finally the sample was capped
with 30 Å Pt and checked again with XMCD before it was
exposed to air during the transfer to the high-field end station
where it was measured as described below. The high-field
end station has been designed for XMCD and XRMR mea-
surements in high magnetic fields �up to 7 T� and low sample
temperatures �down to 5 K� under ultrahigh-vacuum condi-
tions �pressure 10−10 mbar�. It is permanently installed at the
UE46-PGM/1 beamline at the electron storage ring BESSY
II of the Helmholtz Centre Berlin.

III. RESULTS AND DISCUSSION

XMCD spectra were measured in fixed magnetization
states of the samples by reversing the helicity of the synchro-
tron radiation after a complete energy scan. This procedure is
equivalent to rotating the sample such that the in-plane com-
ponent of the magnetization reverses its direction relative to
the polarization vector as described in Refs. 3 and 4. Mag-
netizing after deposition creates a well-defined state of the
magnetization of the FM, and field cooling aligns the mo-
ments of the AFM and activates the exchange bias. Revers-
ing the magnetization after field cooling reverses rotatable
uncompensated spins whereas the pinned fraction keeps the
initial magnetization direction. Reversing the magnetization
a second time or more serves to test whether the initial re-
versal behavior is maintained or training effects occur.

Hysteresis loops were measured in reflection using an
angle of incidence of 30° with respect to the sample surface
and tuning the photon energy to the L3 absorption maximum.
Under these conditions the amplitudes of the circular dichro-
ism in both, absorption and reflection, exhibit an extremal
value as a function of photon energy. The external magnetic
field was applied along the easy magnetization axis of the Co
film which �below the Néel temperature of the FeMn film� is
along an in-plane �100� direction.13

Element-specific hysteresis loops are shown in Fig. 2 for
Co �dashed line� and Fe �solid line� at 5 K after field cooling.
As the ordinate the asymmetry is shown which is defined as
the difference of two measurements with opposite photon
helicities divided by the sum of the two. Sensitivity to one of
the chemical elements was obtained by tuning the photon
energy to the corresponding L3 absorption edge. The sign of
the asymmetry is the same for Co and Fe, indicating together
with the corresponding circular dichroism spectra �not
shown� that the magnetic moments of Fe and Co are oriented
parallel to each other.

FIG. 1. X-ray absorption overview spectra of Co/FeMn mea-
sured after Co deposition across the L2,3 edges of Mn, Fe, and Co.
The edge jumps of Mn and Fe are schematically indicated as jMn

and jFe, respectively.
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A significant pinned fraction of uncompensated Fe mo-
ments in the AFM would result in a vertical shift of the
corresponding hysteresis loops because the pinned moments
would be oriented parallel to the rotatable moments for mag-
netization into the field cooling direction but antiparallel for
magnetization into the opposite direction. Such a vertical
shift of the hysteresis loops is very small under the experi-
mental conditions used even after field cooling to 5 K. The
corresponding pinned fraction of uncompensated Fe mo-
ments of the AFM can be estimated to be at most 2%. This
small fraction qualitatively agrees with the relatively small
exchange-bias field of at most 200 Oe as compared to the
coercive field of 3000 Oe.

The hysteresis loops of Co after field cooling to 5 K in an
external magnetic field of 5 kOe are shown in Fig. 3 as a
function of temperature between 5 K �top panel� and 300 K

�bottom panel�. The coercive fields of up to several kilo-
Oersted are much larger than the exchange-bias fields and
decrease with increasing sample temperature. The corre-
sponding values of the coercive fields parallel �antiparallel�
to the cooling field HCP�0 �HCA�0� were used to calculate
the values of the exchange-bias field HEB=−�HCP+HCA� /2
and are shown in Fig. 4. Directly after field cooling an
exchange-bias field of about 200 Oe is observed at 5 K. After
several hysteresis loops at 5 K HEB saturates at 130 Oe, i.e.,
a training effect is observed. At 5 K the average coercive
field HC= �HCP−HCA� /2 is nine times larger than at 300 K,
and between 50 and 150 K it is seven times larger than HEB.
These values indicate that the hysteresis loops of the present
system are dominated by the anisotropy of the AFM. For
increasing temperature HEB decreases to 0 Oe at about 300
K. Below this temperature a local maximum appears in −HCA
and also but less pronounced in HCP as frequently observed
for exchange-bias systems.15

Figure 5 shows the absorption and circular dichroism
spectra of Fe at a sample temperature of �a� 5 and �b� 300 K
measured in the total electron yield. For each temperature
two dichroism spectra are shown which were measured after
field cooling in remanence. The relative amplitudes of the
circular dichroism without subtracting the background under
the absorption spectra are tiny, i.e., typically 1% or smaller at
the L3 resonance, explaining the limited statistical quality of
the dichroism spectra. Nevertheless, it is clearly resolved that
the relative dichroism amplitudes decrease with increasing
temperature, and that the spectral shape of the circular di-
chroism of Fe strongly changes between the two branches of
the hysteresis loops. In the circular dichroism spectra the
L3 /L2 intensity ratio is much larger on the descending branch
�black line�, i.e., for remanent magnetization parallel to the
field cooling direction, than on the ascending branch �gray
line�, i.e., for remanent magnetization antiparallel to the field
cooling direction. This unidirectional behavior of the spectral
shape reflects the unidirectional nature of the exchange-bias
effect. It can neither be explained by uncompensated Fe total
moments which solely change their orientation by 180° nor
by a significant pinned fraction. In both cases circular di-
chroism spectra with different amplitudes but similar spectral

FIG. 2. Hysteresis loops of Co/FeMn measured at Co L3

�dashed line� and Fe L3 �solid line� in reflection at a temperature of
5 K after field cooling in an external magnetic field of 5 kOe.

FIG. 3. Hysteresis loops of Co/FeMn measured at Co L3 in re-
flection at different temperatures �values indicated in the figure�
after field cooling to 5 K. The dotted curve in the top panel was
measured directly after field cooling, the solid curves after training.

FIG. 4. Coercive fields �a� on the descending �open circles� and
ascending branches �full circles� of the Co hysteresis loops shown
in Fig. 3 and corresponding exchange-bias fields �b� as a function of
sample temperature. After field cooling to 5 K the exchange-bias
field decreases from 210 Oe �open square� to 130 Oe �solid square�
by training.
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shapes would be observed. Instead it can be explained by a
strongly changing orbital-to-spin-moment ratio of the un-
compensated Fe moments. This is demonstrated in Fig. 6
where the two dichroism spectra from Fig. 5�a� are compared
with the ones of 5 atomic layers Fe on V�110� which serve as

reference spectra.18 The reference spectra which only differ
in sign between Figs. 6�a� and 6�b�, respectively, have been
scaled such that they coincide with the other spectra at L2.
On the descending branch of the hysteresis loops �Fig. 6�a��
the area at L3 is considerably increased with respect to the
reference spectrum. According to the magneto-optical sum
rules for the circular dichroism19 such a spectral shape indi-
cates that the orbital-to-spin-moment ratio is increased as
compared to the reference. Contrary, on the ascending branch
of the hysteresis loops �Fig. 6�b�� the area at L3 is consider-
ably decreased such that it is similar to the area at L2. Ac-
cording to the sum rules19 this spectral shape indicates that
the orbital moment vanishes along the direction probed in the
experiment. Consequently, an unidirectional behavior of the
orbital-to-spin-moment ratio is observed. In addition, the
similarity of the absorption spectra and the areas under the
circular dichroism signals indicate that the sums of spin mo-
ment and the magnetic dipole moment for both magnetiza-
tion directions are similar within the experimental uncer-
tainty. Therefore finally the orbital moment displays the
unidirectional nature of the exchange-bias effect. This is the
main result of the present paper which is discussed in more
detail below.

Before turning to this discussion we address the number
of the uncompensated Fe moments by taking into account the
Fe asymmetry after background subtraction. After correcting
for the incomplete degree of circular polarization and the
angle of incidence, these asymmetries at the Fe L3 maximum
are 18% �9%� at 5 K and 11% �5%� at 300 K for remanent
magnetization parallel �antiparallel� to the field cooling di-
rection. A precise determination of the amount of uncompen-
sated Fe moments based on the asymmetry is not possible
because as described above the L3 /L2 dichroism intensity
ratio of the present system is different as compared to the
one of the reference. It is just as little possible to sincerely
determine the average Fe magnetic moments using the sum
rules because the small signal-to-background ratios in the
absorption spectra �Fig. 5� cause large experimental uncer-
tainties, in particular, for the areas between the absorption
spectra and the step functions which appear in the denomi-
nator of the sum rules for the spin and orbital moments. As
already stated above, it is solely possible to conclude by
comparing the absorption and dichroism spectra that only the
orbital moments but not the sums of spin and magnetic di-
pole moment significantly change between both magnetiza-
tion directions. Moreover, it is very reasonable to assume
that the uncompensated Fe moments are located in the upper
part of the FeMn film close to the ferromagnetic layer where
direct exchange interaction with the Co moments can occur.
XMCD measurements in absorption with total electron yield
detection are particularly sensitive to uncompensated mo-
ments located in the upper part of the FeMn film. This is the
case because the mean-free path of the secondary photoelec-
trons is about 2 nm so that the signal from the uppermost
FeMn layer is about three times larger than the one from the
downmost layer of the 2.2-nm-thick FeMn film. These as-
pects must be considered when comparing the observed
asymmetries with the value of 28% for bulk Fe.20

Returning to the main result of the present paper, the uni-
directional behavior of the orbital moment is discussed in the

FIG. 5. Absorption and circular dichroism spectra of Fe mea-
sured after field cooling to 5 K at sample temperatures of �a� 5 K
and �b� 300 K on the descending �black lines� and ascending
branches �gray lines� of the hysteresis loops.

FIG. 6. Circular dichroism spectra of Fe at 5 K from Fig. 5�a�
�solid lines� for remanent magnetization on the �a� descending and
�b� ascending branches of the hysteresis loops. For comparison the
ones of 5 atomic layers Fe on V�110� �dashes lines� from Ref. 18
which serve as reference spectra are also shown. The shape of the
circular dichroism spectra strongly changes between the two
branches. The L3 /L2 circular dichroism intensity ratio, and thus the
orbital-to-spin-moment ratio, is much larger on the descending than
on the ascending branch.
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following. For remanent magnetization parallel to the field
cooling direction the orbital moment is significantly en-
hanced. One possible mechanism has been described in a
band picture by Eriksson et al.21 They have explained for Fe,
Co, and Ni in the fcc structure how a changing band filling
influences the size of the orbital moment. In Co and Fe the
majority band gives nearly no contribution to the orbital mo-
ment because it is nearly completely filled. Therefore the
orbital moments of Co and Fe are mainly due to the minority
electrons. Those give a positive contribution to the total or-
bital moment because the minority band is more than half
filled and because the minority states with positive �negative�
magnetic quantum numbers are pushed down �up� due to
spin-orbit interaction. For the same reasons the positive or-
bital contribution increases if the minority band is emptied.
Therefore a charge transfer away from Fe can explain an
increased orbital moment. Moreover, in a rigid-band picture
modifying the band filling also means that the levels which
are located near the Fermi energy change. Consequently the
energy differences between levels located just above and be-
low the Fermi energy and therefore, according to second-
order perturbation theory, the spin-orbit coupling energy and
finally the magnetocrystalline anisotropy change.22

For remanent magnetization antiparallel to the field cool-
ing direction a small orbital-to-spin-moment ratio with a
value close to zero is observed. There are two possible ex-
planations for this observation. Either the orbital moment is
large but mainly oriented perpendicular to the direction, say
�100�, probed in the present experiment or its absolute value
is small. The measured spectra demonstrate that the areas
under the Fe absorption spectra �see Fig. 5� which are a
measure for the number of 3d holes19 do not depend on the
magnetization direction. Therefore in the band picture de-
scribed above the charge transfer away from Fe would not
depend on the magnetization direction, suggesting that the
absolute value of the Fe orbital moment does not depend on
the magnetization direction. Therefore for magnetization an-
tiparallel to the field cooling direction the orbital moment
could be oriented perpendicular to the direction probed in the
present XMCD experiment. That could be the result of com-

peting spin-orbit and crystal-field interactions leading to
frustrated orbital moments. Indeed, an out-of-plane magne-
tocrystalline anisotropy at the Co/FeMn interface is sup-
ported by the calculations of Nakamura et al.23 The corre-
sponding orbital moments could be located on terraces of the
surface of a 3Q-like antiferromagnetic spin structure because
there they are not compensated out of plane.24 The orbital
moment could also be oriented in plane along the �010� or

�01̄0� direction which would be an easy magnetization direc-
tion and also perpendicular to the �100� direction probed in
the experiment. These orbital moments could be located at
monatomic steps on the surface of a 3Q-like antiferromag-
netic spin structure because there they are not compensated
in plane.24 In order to determine the out-of-plane and in-
plane directions of the orbital moment, XMCD measure-
ments have to be performed after field cooling at different
angles of incidence and azimuth angles, respectively.

Summarizing, we found that the uncompensated Fe or-
bital moments in Co/FeMn show a strongly unidirectional
behavior in the biased state. For remanent magnetization par-
allel to the field cooling direction they are significantly larger
than in the reference system Fe/V. For remanent magnetiza-
tion antiparallel to the field cooling direction their compo-
nent along this direction vanishes. This unidirectional behav-
ior of a microscopic property clearly reflects the macroscopic
unidirectional loop shift being characteristic for the
exchange-bias effect. Therefore we suggest that besides the
exchange interaction between rotatable and pinned uncom-
pensated spin moments also the spin-orbit coupling belongs
to the magnetic interactions which cause the exchange-bias
effect in the present Co/FeMn system. This spin-orbit inter-
action acts between uncompensated spin moments which ro-
tate with the ferromagnet and orbital moments which are
pinned by the anisotropy of the antiferromagnet.
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