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Exchange biased Fe/CoO bilayers with a Cr spacer layer between Fe and CoO layers have been studied
using magnetometry. The Cr “dusting” layer thickness was varied between 0 and 10 Å. Independent of the
growth method we find that the coercive field Hc drops much faster than the exchange bias field Heb as a
function of increasing Cr thickness. We attribute this effect to a rapid decoupling between the Fe and CoO
layers with increasing Cr thickness. First, Cr decorates the grain boundaries on top of the CoO layer and
screens the pinning centers for ferromagnetic domain walls. On further increasing the nominal Cr thickness the
surface of the CoO grains is covered, which leads to a weakening of the exchange interactions at the interface
and thus of Heb. Furthermore, we show that the effect of the Cr-dusting layer on the system is insensitive upon
the variation of the CoO-layer stoichiometry, whereas Heb and Hc of the Cr-free CoO/Fe system vary
significantly.
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I. INTRODUCTION

In magnetic heterostructures composed of a ferromagnetic
�F� layer and an antiferromagnetic �AF� layer that share a
common interface, an exchange bias �EB� can be observed
below the blocking temperature of the AF.1 This effect re-
sults in a shift of the hysteresis loop along the magnetic-field
axis corresponding to an exchange bias field Heb and is often
accompanied by an enhancement of the coercivity Hc of the
system. The effect has been extensively studied in the past
because of its crucial importance in the design of spin-valve
devices. A number of theoretical models have been proposed
for the explanation of the phenomenon, but none of them is
universal as to explain all details of the effect that accom-
pany EB �for reviews we refer to Refs. 2–5�. For example, it
is well known that the F/AF interface plays an important role
in the EB systems, but it is still unclear how the Hc enhance-
ment is correlated with the Heb.

Dusting the F/AF interface by a magnetic or nonmagnetic
so-called � layer of varying thickness is one possibility to
modify the exchange interactions between F and AF. It has
recently been demonstrated on systems with a nonmagnetic
layer N at the F/AF interface that the exchange interaction
responsible for EB between the F and AF is not a next-
neighbor interaction, as is considered in most EB models, but
is rather of long-range nature.6 However, controversial re-
sults on the dependence of Heb on the N layer thickness can
be found in the literature. It has been observed that in a
CoO/noble metal/Py �Py=Ni0.81Fe0.19� system the exchange
bias field decays exponentially with increasing thickness of
the N layer.7 The decrease has been characterized by a decay
length L, which depends on the N material and was deter-
mined to be of the order of 10 Å. On the other hand, in
IrMn/N/FeCo systems, a much faster suppression of the EB
was observed.7 Moreover, it was found that this suppression
is relatively independent of the N material. Several groups
have also studied the submonolayer thickness range of N
layers on the EB effect. Mewes et al.8 reported on the obser-
vation of an oscillatory coupling in a FeMn/N/FeNi system
similar to the interlayer exchange coupling observed in

F/N/F systems, with the first oscillation of Heb occurring at a
thickness below one monolayer of N. However, for interlayer
exchange coupling in F/N/F systems, usually oscillation pe-
riods of at least two monolayers are found.9 Ali et al.10 re-
cently reported on studies of the influence of submonolayer
magnetic and nonmagnetic interface dusting layers on EB.
They observed an increase of Heb for most of the F dusting
layers and a decrease for N layers. They explained their ob-
servations by the change of the magnetic configuration at the
interface, leading to an increase or a decrease of the mag-
netic disorder, which in turn affects the EB. In the following
we report on the effect that Cr-dusting layers have on the EB
effect in the archetypical F metal/AF oxide interface. In par-
ticular we present our results on the Fe/Cr/CoO system for
varying Cr layer thicknesses between 0 and 10 Å.

II. SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

The systems reported here have a layer sequence 50 Å
A1/100 Å Fe/Cr spacer layer/400 Å CoO prepared on a
Si�100� substrate with native oxide termination. We have
studied two sets of samples. The first one was prepared using
the ion-beam sputtering �IBS� technique. The base pressure
in the chamber was approximately 5�10−9 mbar and the
working pressure 4�10−3 mbar of Ar. The CoO layer was
prepared using reactive sputtering of Co in oxygen, with the
oxygen pressure being varied between 10−6 and 10−4 mbar
by means of a high-precision valve. Care was taken that Cr
and Fe, sputtered after CoO deposition, were not oxidized.
All layers were prepared at room temperature. Since Cr
wedge layers could not be grown in the ion-beam sputtering
machine, four to six samples for each Cr spacer layer thick-
ness were prepared and magnetically characterized. Their
magnetic properties were averaged to eliminate the variation
of the properties due to random effects. The standard devia-
tion in Heb and Hc was approximately 10%–15% for thin Cr
layers �0.6–2 Å� and decreased to 3%–5% for thicker ones.

In the second set of samples, the CoO layers were reac-
tively sputtered using IBS on a 40 mm long Si substrate.
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Afterwards the samples were transferred into a molecular-
beam epitaxy �MBE� chamber, where a Cr wedge and a uni-
form Fe layer were deposited. Before deposition, no further
treatment of the CoO surface was conducted. The wedge was
created using the natural particle flow gradient of the effu-
sion cell. A Pd layer was deposited as a cap layer to protect
the system from oxidation. For structural and magnetic char-
acterizations the samples were sliced into 1 mm wide stripes
along the wedge direction. Since the thickness gradient of
the wedge is very small, the Cr layer thickness can be as-
sumed to be uniform within any one slice.

The layer structure and the interface structure were stud-
ied using x-ray scattering and atomic force microscopy
�AFM�. Typical examples for x-ray reflectivity measure-
ments of the layer stack and for AFM images of the CoO
surface are shown in Fig. 1. Both confirm an extremely low
interface roughness between different layers and low surface
roughness. The mean roughness amounts to less than 3 Å.
Also, AFM images after Cr deposition did not show any
increase of the roughness, which points to a smooth growth
of the Cr layer. High angle x-ray diffraction measurements
showed that the structure of the system is polycrystalline
with no preferable grain orientation and a mean grain size of
approximately 500 Å. The polycrystalline structure is also
supported by the absence of magnetic anisotropy in samples,
as has been measured using magneto-optic Kerr effect
�MOKE� at room temperature. Grain boundaries can also be
observed in the AFM image of the CoO surface �see inset
Fig. 1�. From the structural analysis of both sets we conclude
that there is no significant difference between them.

III. MAGNETIC CHARACTERIZATION

A. Blocking temperature and training effect

Magnetic hysteresis loops were measured using a super-
conducting quantum interference device �SQUID� magneto-
meter �MPMS, Quantum Design�. At room temperature, i.e.,
above TN=292 K of CoO, the samples show no EB and Hc

amounts to 25 Oe. The hysteresis loop is rounded and the
remanent magnetization is about 50% of the saturation mag-
netization, indicative of a multidomain state at remanence.
All samples were cooled from 310 K in an external magnetic
field of 3000 Oe, which is sufficient to saturate the magneti-
zation of the Fe layer. The magnetization of the samples was
measured along the field cooling direction that defines the
unidirectional anisotropy axis at a temperature of 10 K. Typi-
cal hysteresis loops for different Cr layer thicknesses are
shown in Fig. 2 for the first set of samples. The loops are
shifted along the field axis toward negative field values, as
expected for EB systems. For the samples with Cr layer
thickness tCr=0 Å the shift equals to Heb�325 Oe. The co-
ercivity, which is defined as the half width of the hysteresis
loop at M =0, is dramatically enhanced from 25 Oe at room
temperature to 540 Oe at 10 K. The hysteresis loop has per-
fect square shape, as typical for a film with strong uniaxial
anisotropy. The sharp switching of the hysteresis at Hc indi-
cates domain-wall nucleation and domain-wall motion as the
dominating reversal mechanism. With Cr dusting the hyster-
esis loops in Fig. 2 essentially keep their perfect rectangular
shape. However, one notices a strong drop of the coercive
field so that the entire loop is shifted to negative field values.

For several values of tCr we have tested whether the
samples show any “training” effect, i.e., a reduction of Heb
and Hc after repeated cycling in a magnetic field.2–5 We find
that the training effect is rather small, namely, about 6% of
Heb and is independent on tCr. The shape of the hysteresis
loop does not change after the first magnetization reversal.

Measurements of the temperature dependence of Heb and
Hc show no significant difference for different tCr �Fig. 3�.
The blocking temperature, i.e., the temperature of the onset
of EB, is about 240 K, which is typical for nonepitaxial
Fe/CoO interfaces.12 Furthermore, the blocking temperature
does not depend on the thickness of the Cr spacer layer.
Thus, the blocking temperature is a parameter intrinsic to the
AF layer rather than to the exchange coupling across the
interface.

B. Cr thickness dependence

With increasing Cr thickness tCr we observe a rapid de-
crease of both Heb and Hc for samples from the first series, as
can be seen in Fig. 4. For thicknesses above one monolayer
of Cr, i.e., tCr�1.44 Å, Heb can be well described by an
exponential decay

Heb � e−tCr/L, �1�

where L is the decay length of the exchange interaction
across the spacer layer.6 The same fit has been used in Ref. 7
for other spacer layer materials. Typical values for the decay
length, obtained by these authors, are about 2 Å. We find a
decay length of L=2.5�0.4 Å, which is in good agreement
with previous results.

An interesting effect is observed in the submonolayer
thickness range of Cr. The coercive field decays extremely
fast, dropping down to a value that is defined almost entirely
by the F layer and not by the exchange bias to the AF. For
tCr�1.44 Å the coercive field remains nearly constant,
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FIG. 1. X-ray reflectivity measurement of a typical
Pd /Fe /Cr /CoO /SiO2 /Si sample �dots�. The solid line shows a fit to
the data points using the Parratt formalism �Ref. 11�. The roughness
of all layers in the system is below 3 Å, as obtained from the fit.
The same roughness is also obtained from the AFM measurements
of CoO surface �inset�. In addition, polycrystalline grain boundaries
can be seen in the AFM picture.
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whereas Heb decreases continuously. However, in the sub-
monolayer thickness range, Heb decays much slower with
increasing Cr thickness than Hc.

In order to shed more light on the EB properties in the Cr
submonolayer range, the second series of samples was stud-
ied. Though the sample preparation via IBS and MBE differs
fundamentally, and in spite of the fact that the vacuum is
broken for a short period of time for the sample transfer,
samples prepared by both methods show similar dependen-
cies of Heb and Hc on tCr �Fig. 5�: again Hc decreases much
faster than Heb in the submonatomic region of tCr.

C. Oxygen pressure dependence

The decrease of Heb and Hc with increasing Cr thickness
reported in the previous section could possibly be explained
by a chemical reaction of Cr with CoO. If the 1:1 stoichiom-

etry between cobalt and oxygen is not fulfilled, Cr may react
with CoO and saturate free oxygen bonds. To check this
possibility, we have varied the oxygen pressure during the
sputtering process of CoO for several samples, while the
other parameters were kept constant.

The pressure dependence of Heb and Hc of the CoO/Fe
samples without a Cr spacer layer is shown in Fig. 6. Both
fields show a rapid variation with increasing oxygen pres-
sure. The smallest EB field is observed for an oxygen pres-
sure of 10−5 mbar O2. From x-ray Bragg scans and from
measurements of the blocking temperature we confirmed that
the minimum corresponds to an almost ideal 1:1 stoichiom-
etry of Co and O in the CoO layer. The dependence at higher
or lower pressures is in agreement with earlier results by
Miltényi et al.13 and can be explained in the framework of
the domain state model for the EB effect,13,14 viz., increasing
the amount of oxygen atoms in CoO creates nonmagnetic

(a) (b)

(c) (d)

FIG. 2. Hysteresis curves of the samples at T=10 K with different tCr as given in the figure.

(a) (b)

FIG. 3. Temperature dependence of Heb and Hc of samples with �a� tCr=0 Å and �b� tCr=2 Å.
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defects in the grains that act as pinning centers for the do-
main walls in the AF. Consequently the number of AF do-
mains increases, leading to an increase of uncompensated
spins at the interface. The increase of EB at lower oxygen
pressures occurs because of the creation of ferromagnetic Co
clusters in the CoO layer. This assumption is supported by
the observation of ferromagneticlike hysteresis curves above
the Néel temperature of CoO in samples containing only
CoO films. Thus the exchange bias not only acts at the
CoO/Fe interface, but also between CoO and Co clusters.
Also the presence of underoxidized CoO1−����0� could
contribute to the enhancement of Heb, as it has been recently
shown in Ref. 15.

Next we discuss the dependence of Heb and Hc on the O2
pressure during the CoO deposition and subsequent Cr depo-
sition for different thicknesses tCr in the submonolayer region
as seen in Fig. 7. Three different sample series were prepared
at a pressure of 1�10−5, 2�10−5, and 5.4�10−5 mbar O2.

If excess oxygen was the reason for the peculiar depen-
dence of Heb and Hc on tCr, then both fields should sensi-
tively depend on the O2 pressure at which the CoO layer is

prepared. However, this is not the case as can be seen in Fig.
7. As mentioned above, Hc drops fast with increasing tCr,
whereas Heb exhibits a much slower tCr dependence, inde-
pendent of the oxygen pressure. In detail, the dependence of
the EB field for pressures 2�10−5 mbar and higher is very
similar. But samples prepared at 1�10−5 mbar have a much
smaller Heb that drops to almost zero with increasing Cr
thickness beyond one monolayer. From these observations
we can conclude that possible oxygen excess during CoO
preparation is not the cause for the tCr dependence of Heb and
Hc.

IV. DISCUSSIONS

We have seen in the previous sections that the coercive
field drops much faster with increasing Cr-dusting layer
thickness at the Fe/CoO interface than the exchange bias
field. Furthermore, we notice that the general properties of
Heb and Hc do not depend on the oxygen pressure during the
CoO preparation, indicating that the defect structure of the
AF layer has a quantitative but no qualitative effect on the
overall behavior of the exchange bias effect.

Considering first the coercive field, the network of grain
boundaries in the polycrystalline AF film extends over an
area larger than the domain-wall width of the F layer. In Fig.
1 �inset� it can be found that the grain boundaries form lines
of several hundreds of nanometers in length. Assuming that
the grain boundaries represent the magnetically most dis-
torted parts of the AF layer, they create pinning centers for
domain walls in the F layer, which, in turn, enhance the
coercivity of the system below the blocking temperature.
Thus we may conclude that the grain boundaries of the AF
layer are mostly responsible for the measured Hc at 10 K.

As the sputtered Cr atoms reach the CoO surface with
some kinetic energy, they diffuse on the surface and finally
settle into local potential minima. On polycrystalline sur-
faces the energetically deepest and laterally broadest poten-
tial minima are the grain boundaries in the AF layer. Thus
one would expect that the sputtered Cr atoms would first
preferably “fill” in the grain boundaries, thus screening their

FIG. 5. Thickness dependence of Heb and Hc measured at T
=10 K for Cr and Fe metal films grown by molecular-beam
epitaxy.

FIG. 6. Dependence of the exchange bias field �circles� and the
coercive field �squares� on the oxygen pressure during the CoO-
layer deposition in samples without a Cr interface layer.

FIG. 4. Dependence of Heb and Hc on tCr for samples prepared
by ion-beam sputtering. The dashed vertical line corresponds to the
nominal thickness of a monatomic layer of Cr. Inset shows a fit to
the data points of Heb for Cr thicknesses above one monolayer using
Eq. �1�.
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influence on the domain-wall motion in the F layer. The
screening length of about 2.5 Å correlates well with the
roughness of the CoO surface, determined with AFM, and
the roughness of the F/AF interface determined by x-ray re-
flectivity. Grain boundaries on the CoO surface then corre-
spond to the magnetically most frustrated regions. Conse-
quently, the screening effect of Cr can be considered as a
reduction of the magnetic frustration, which the Fe layer
“senses” in the vicinity of Fe/CoO interface. This then leads
to a rapid suppression of Hc.

16

Considering the exchange bias field, we suggest that Heb
mostly depends on the direct interfacial contact between the
F layer and the bulk of the AF grains. The oxygen depen-
dence can well be explained by the domain state model for
EB.14 It also explains the fact that Heb is barely sensitive to
the deposition of small amounts of Cr on the interface that
tend to accumulate first at the grain boundaries. Further
deposition of Cr covers the whole interface, screening not
only the effect of the AF grain boundaries on the Hc, but also
the effect of the AF grains on Heb, thus finally leading to a
decrease of both Heb and Heb with increasing Cr thickness.
Cr as an antiferromagnetic transition metal could, in prin-
ciple, mediate the exchange bias between the Fe and the CoO
layers. While Cr is well known to provide strong interlayer
exchange coupling,9,17,18 it is also well known that Cr weak-
ens the exchange bias coupling.19 In case of a structurally
disordered and polycrystalline Cr interfacial layer the medi-
ating exchange bias effect can safely be neglected.

Recently, Radu et al.20 showed that interface spin disorder
is the main reason for the discrepancy between model calcu-
lations on the relation between Heb and Hc and experimental
results. However, taking into account spin disorder at the
interface between the F and the AF layer by modifying the
well-known Meiklejohn and Bean �MB� model,1 an almost
perfect agreement can be reached. In this model it is assumed
that the interface anisotropy depends on the quality of the
interface and leads to an enhanced coercivity. When Keff is
zero, the system behaves ideally as described by the MB
model,1 i.e., the coercive field is zero and the exchange bias
field is finite. In the other case, i.e., when the interface is
disordered, the effective anisotropy is related to the available
interfacial coupling energy following Keff= �1− f�JEB, where

JEB is the total exchange energy of an ideal system without
additional coercivity. With this assumption the absolute value
of the EB field is reduced by the factor f as compared to the
MB model. Thus the factor f describes the conversion of
interfacial energy into coercivity through rotation of interfa-
cial AF spins. In this model, Heb and Hc are intimately re-
lated, i.e., a large exchange bias field results in a small coer-
cive field and vice versa. This model works very well for the
CoFe/IrMn system, as shown in Ref. 20. However in the
present Fe/Cr/CoO system the weakening of the exchange
bias field with increasing Cr thickness does not lead to an
increased coercivity. Instead, the coercivity drops even faster
than the exchange bias field. From this we can conclude that
the Cr-dusting layer decouples the F and AF layers fast and
very effectively and that a conversion from exchange energy
into enhanced spin rotation at the interface does not take
place.

V. SUMMARY AND CONCLUSION

We have studied in detail the effect of a Cr-dusting layer
at the interface of Fe and CoO on the exchange bias effect at
low temperature. Two sample series were grown by ion-
beam sputtering and by molecular-beam epitaxy. In both
sample series the F and the AF layers are polycrystalline by
the choice of an amorphous Si /SiO2 substrate. Independent
of the growth method chosen, the same overall effect was
observed by SQUID hysteresis measurements after field
cooling to 10 K. With increasing Cr thickness the coercive
field drops rapidly and much faster than the exchange bias
field. The screening length of the exchange bias field was
determined to be about 2.5 Å. We attribute this effect to a
preferential accumulation of Cr at the grain boundaries of the
polycrystalline CoO layer, thereby effectively screening the
pinning centers for domain-wall motion. Increasing the Cr
thickness further, also the exchange bias at the F/AF inter-
face is gradually screened since Cr does not mediate the
exchange bias between Fe and CoO. We have also studied
the effect of oxygen pressure during CoO growth on the
exchange bias with and without Cr-dusting layer. The varia-
tion with the oxygen pressure, which controls the defect den-
sity in the CoO layer, changes the magnitude of the exchange

(a) (b)

FIG. 7. Comparison of the thickness dependence of �a� Heb and �b� Hc for the samples, prepared at pO2
=5.4�10−5 mbar �filled symbols�,

2�10−5 mbar �half-filled symbols�, and at 1�10−5 mbar �open symbols�.
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bias effect in accordance with the domain state model, but
does not alter the overall behavior.

Concluding, dusting of the F/AF Fe/CoO interface with
Cr ultrathin films not only contributes to the detailed under-
standing of the exchange bias effect, but also allows us to
tune exchange bias fields and coercive fields to specified val-
ues. This may have important implications for the design of
spin-valve systems.
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