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We have studied the magnetization reversal process in continuous: �Co/CoO�20 and separated:
�Co/CoO/Au�20 exchange-biased polycrystalline multilayers �MLs�. For continuous ML, reversal proceeds
sequentially starting with the bottom �top� Co layer for increasing �decreasing� field. Each Co layer remagne-
tizes symmetrically for both field branches in a nonuniform mode similarly as we have observed earlier for
�IrMn/CoFe�3/10 MLs �Phys. Rev. B. 70, 224410 �2004��. By polarized neutron reflectivity, we observe
increasing exchange bias field strengths down the stack. However, usual asymmetric reversal is observed for
the separated ML. We explain the different magnetization behavior within a simple and general model. The
increased anisotropy energy for continuous ML is responsible for the nonuniform symmetric reversal as the
angular dependencies for reversal are guided by the relative strengths of exchange, anisotropy, and Zeeman
energies.
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Direct exchange coupling between the ferromagnet �FM�
and antiferromagnet �AF� layers give rise to a unidirectional
magnetic anisotropy called exchange bias HEB �Ref. 1� when
a ferromagnet in contact with an antiferromagnet is cooled
below the blocking temperature of the AF in an external field
HFC.

Asymmetric hysteresis loops due to a different magneti-
zation reversal process in different branches of the hysteresis
loop are common2–6 in exchange biased systems. Neutron
scattering under grazing incidence with polarization analysis
has been proven decisive for identification of the reversal
mechanism. Two mechanisms can be distinguished: uniform
magnetization reversal by magnetization rotation3–6 and non-
uniform magnetization reversal by domain nucleation and
growth. Magnetization rotation is identified by a significant
increase of the specular reflectivities in the spin-flip �SF�
channels �R+− and R−+�, which correspond to in-plane mag-
netization components perpendicular to the guiding field Ha
applied collinear to HFC. Reversal by domain nucleation and
propagation �nonuniform magnetization reversal� does not
provide enhanced SF intensities because the magnetization is
always collinear to Ha. Reversal mechanisms are observed
for the Co/CoO bilayer systems,5,6 where the domain wall
motion occurs for the decreasing �positive to negative� and
magnetization rotation for the increasing �negative to posi-
tive� field sweeping direction of Ha for the hysteresis loop
with respect to negative direction of HFC. This behavior is
just opposite to that reported in Ref. 4. Theoretically the
interpretation of the magnetization reversal was discussed in
Ref. 7 where it was shown that depending on �, the angle
between HFC and the AF anisotropy axis, the reversal mode
is either by coherent rotation for both loop branches or asym-
metric with a nonuniform reversal for the decreasing branch.

Very recently, Paul et al.8 have shown symmetric
and sequential reversal for polycrystalline
�Ir20Mn80�6.0 nm� /Co80Fe20�3.0 nm��10 multilayers. Here
sequential refers to a process, where different layers reverse
their magnetization at different field strengths one after an-

other. This reversal mode—symmetric, and nonuniform—
corresponds to the situation �=0, considered unlikely to oc-
cur in experiments.7 Interestingly, however, the samples were
multilayers �MLs� unlike the bilayer specimens investigated
experimentally4–6 as well as theoretically.7 A ML differs
from a bilayer in the sense that the FM interfaces are pinned
by the AF layer on both sides �AF-FM-AF�, whereas a bi-
layer �FM-AF� has only one such interface.

In the present Brief Report, we investigate the layer-by-
layer evolution of the magnetization configuration of poly-
crystalline CoO/Co multilayers �MLs� along a full magneti-
zation loop by specular and off-specular polarized neutron
reflectometry �PNR�. The field cooling axis and the
reflectometer axis were the same, thus ensuring the �=0 situ-
ation for all samples. We use two sets of MLs, one is a
continuous repetition of CoO-Co interfaces
�CoO�7.0 nm� /Co�11.0 nm��20/Au�50.0 nm� labeled as
ML-C and another with separate interfaces
�CoO�8.0 nm� /Co�15.0 nm� /Au�46.0 nm��20, separated by
Au at each bilayer interface and labeled as ML-S. Similar
separate MLs have been also investigated earlier.5,6 Here, we
particularly study the ML-C and compare it with the ML-S.
We find a sequential switching of the layers that we relate to
the microstructural evolution along the stack for the ML-C.
The reversal proceeds for both loop branches in a nonuni-
form mode for the continuous case whereas for the separate
case, we observe the nonuniform and uniform mode of re-
versal depending upon the branch of the field cycle.

The exchange-biased systems are structures of CoO/Co
prepared on oxidized Si substrates in a dc magnetron sput-
tering system with a base pressure of 1�10−7 mbar. The
deposition starts by growing a Co layer, which is subse-
quently oxidized in situ to obtain the antiferromagnetic CoO
layer.9 We verified all layer thicknesses by fitting specular
x-ray reflectivity spectra using Parratt’s formalism.10 Magne-
tization loops are measured by means of a superconducting
quantum interference device �SQUID� at 10 K after field
cooling in an external field of ±5 kOe from room tempera-
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ture to 10 K, i.e., well below the blocking temperature TB
�220 K of CoO.

We performed the PNR measurements at the polarized
reflectometer HADAS �Ref. 11� with polarization analysis at
the Jülich research reactor FRJ-2 �DIDO�. The instrumental
conditions were the same as discussed earlier in Ref. 8. We

use a continuous flow He-cryostat equipped with a tempera-
ture controller for cooling the specimens down to 10 K.

Figures 1�a� and 1�b� show SQUID magnetization loops
for the specimens cooled down at HFC= +4.0 kOe and
−4.0 kOe, respectively, for both the ML-C and ML-S. We
also show the loop for a bilayer �BL-S� of composition
�Co�11.0 nm� /CoO�7.0 nm��1 for comparison. The bilayer
shows an usual asymmetric hysteresis loop: a sharp jump of
magnetization for the decreasing �nonuniform reversal� and
gradual variation �uniform reversal� for the increasing
branch. By applying +/− HFC, we make the samples undergo
the magnetization reversal for increasing/decreasing field
branches of the hysteresis loop by applying only positive
fields. This is to avoid any depolarization of the beam during
neutron measurements. From the respective coercive fields
HC1 �for negative branch� and HC2 �for positive branch�, we
find a large increase ��500 Oe� in HC2 in MLs compared to
the BL-S sample. Training effects are seen for both sets of
specimens up to the second field cycle. We always use virgin
samples for the neutron measurements and then also measure
along the second cycle, thereby investigating the reversal
process with and without training effects. The TB is deter-
mined for our samples at 220 K as shown in Fig. 1�c�. To
avoid any training effects we heat up the sample above the
Néel temperature of CoO �293 K� each time before measur-
ing at a particular temperature. The HEB at 10 K for the
ML-S is 414 Oe �ML-S�—lower than that of BL-S where it
is 650 Oe. The HEB for the ML-C shows a variation with
increasing number of bilayers. The atomic force microscopy
�not shown� of the top Au layer �for ML-C and ML-S� re-
veals a grain size of �200 nm compared to 50 nm for BL-S.
Smaller grains are responsible for a larger number of uncom-
pensated spins and thereby increased HEB values. Thus the
presence of the separating 50.0 nm thick Au layer on top of
the first bilayer for the ML-S sample is thought to have in-
creased its grain sizes.

All four polarization channels of the specular reflectivity
are measured at 15 different external fields Ha, six of which

FIG. 1. �Color online� SQUID hysteresis loops at 10 K for the
continuous: ML-C �red� and separate: ML-S �green� MLs when
field cooled at �a� +4.0 kOe and �b� −4.0 kOe. The bilayer sample:
BL-S �blue� in �a� is also shown for comparison. The y axis for the
BL-S is labeled in blue. �c� Temperature dependence of the coer-
civities HC1 �negative branch�, HC2 �positive branch�, and the loop
shift HEB for the ML-C when HFC=−4.0 kOe. The numbers in
circles are the field values for which we show the PNR spectra.

FIG. 2. �Color online� Measured �closed symbols� and fitted �open circle� NSF �R++ and R−−� and SF �R+− and R−+� reflectivity patterns
of continuous: SiO2/ �Co�11.0 nm� /CoO�7.0 nm���20/Au�50.0 nm� ML at different applied fields Ha along increasing/decreasing branches
of the hysteresis loops, where HFC= +4.0/−4.0 kOe, respectively. The numbers correspond to the points of the hysteresis loop labeled in
Fig. 1.

BRIEF REPORTS PHYSICAL REVIEW B 73, 092410 �2006�

092410-2



are shown in Fig. 2 �circled numbers in Fig. 1� together with
least-squares fits based on an extension of the Paratt
formalism10 to magnetic MLs.12 The three peaks of the
ML-C in the NSF channels �R++ and R−−� are the first, sec-
ond, and third order Bragg reflections of the ML. The corre-
sponding weak peaks in the SF channels �R+− and R−+� can
be reproduced in the fits by taking into account the polariza-
tion inefficiencies of our setup �therefore the intensities are
not due to SF processes�. R++ and R−− are almost equal at
Ha=550 Oe �−� on the increasing and at Ha=1400 Oe �°�
on the decreasing branch and signify that the reversal for
both loop branches proceeds via a state with an almost van-
ishing magnetization component collinear to Ha. We think
that some enhanced scattering intensities at the reversal
points are most likely due to small fluctuation of the magne-
tization about their mean direction along the field as they
have been seen to almost disappear in the trained state.13 For
all other fields R++ or R−− dominates and reflects a net mag-
netization collinear with Ha, while the SF intensities are al-
ways much weaker. The presence of off-specular intensity
�not shown� for the NSF channels in the Bragg sheets at
higher fields �®� is related to the vertical correlation of the
interface roughness in the ML. We do not observe any grain
size induced small length scale magnetic fluctuations as has
been observed for IrMn/CoFe MLs.8

We fit the specular intensities as described earlier in Ref.
8 by only considering deviations from the purely collinear,
single domain configurations �i.e., �i=0 or 180°�. Co layers
i=1, . . . ,20 are described by the mean magnetization ampli-
tude �Mi� and the mean angular deviation from the collinear
alignment ���i�. The fitted �Mi� does not show significant
variations. The results are shown in Fig. 3 for ML-C: de-

creasing Ha switches the Co layers sequentially from the top
to the bottom, and in increasing Ha the reversal proceeds in
the opposite direction. This sequential switching of the layers
is similar but opposite to that reported in Ref. 8. We explain
this by a different structural evolution from bottom to top
within the ML. This also indicates that the Co layers are
magnetically uncoupled in the stack. In contrast to Ref. 8 we
do not directly observe the variation of grain sizes with in-
creasing layers for the present case, as our samples are
capped with a Au layer. However, we observe bigger grains
from the top Au layer than that of the bilayer. Sequential
reversal of the layers indicates a decreasing strength of the
exchange coupling with number of layers. This symmetric
magnetization reversal process, without coherent rotation, re-
mains the same even for the second field cycle, i.e., in the
trained state.13

For the ML-S, reflectivity curves along with their fits are
shown in Fig. 4. R++ and R−− are mostly similar at Ha
=1100 Oe �¬� on the decreasing and at Ha=200 Oe �®� on
the increasing branch signifying magnetization reversal. We
also show the saturation state at Ha=5.0 kOe �−�. We find
that a reduced Co magnetization in the decreasing branch
and the SF signal is significant only for the increasing field
branch. This observation can be ascribed to asymmetric re-
versal by simultaneous coherent rotation5 for the increasing
branch only. Improvement in the fits are achieved consider-
ing an intermixed layer only at the Co on Au interface. This
asymmetric reversal is as expected following the asymmetric
hysteresis loop observed in the case of a bilayer �Fig. 1�a��
for the respective field branches. Thus the separate ML case
can be seen as only a scaling of the number of AF-FM inter-
faces from a bilayer, as no sequential switching is observed.

We explain the above observations assuming a simple
model where the relevant energy terms can be written as

E = − HaMFM cos�� − �� − JMFMMAF cos � + k sin2 � ,

�1�

where J is the interlayer exchange between FM and AF lay-
ers. Here, � is the angle between the MFM and the easy axis.
MFM and MAF �uncompensated spins� are the saturation mag-
netization of the FM and AF layer and k is the uniaxial
anisotropy of the FM. Here we consider MAF along the easy
axis which is assumed to be parallel to the HFC direction and
MAF do not rotate with Ha direction.14 For a finite �, the
strength of the anisotropy field HA �dependent on the projec-

FIG. 3. �Color online� Switching sequence of the ML-C as ob-
tained from the fits.

FIG. 4. �Color online� Measured �closed symbols� and fitted �open circle� NSF �R++ and R−−� and SF �R+− and R−+� reflectivity patterns
of separate: SiO2/ �Co�15.0 nm� /CoO�8.0 nm� /Au�46.0 nm���20 ML for increasing/decreasing applied fields Ha where HFC= +4.0/
−4.0 kOe, respectively.
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tion of the FM magnetization onto the easy axis� and that of
the exchange field of the AF: HX �=JMAF� decide on the
angle between the effective field Hef f�=HA+Ha+HX� and the
MFM direction ��1� at equilibrium. As the sign of FM mag-
netization reverses so does the anisotropy field and the cor-
responding angle �2 can be very close to 180°. Larger angle
means larger torque, which favors rotation of the magnetiza-
tion, whereas a small angle favors flipping by domain wall
motion.

A sketch showing the angle which Hef f makes with the
MFM for representative strengths of the anisotropy and ex-
change field is presented in Fig. 5. When HA�HX �Fig. 5�a��
a large angle �1 is made for the increasing branch favoring
rotation as �1�� while for the decreasing branch the angle
�2 can be as low as �180°. Our ML-S sample is in agree-
ment with the above and shows asymmetric reversal. For
such low values of �, one thus expects an asymmetric rever-
sal in the case of a bilayer.

This is, however, not the case for the continuous ML
�ML-C�. From the fits to the neutron reflectivity patterns at
various field strengths along the hysteresis loop, the sequen-

tial layer-by-layer flipping revealed that each AF-FM inter-
face down the stack are exchange coupled with increasing
HX values. The effective angles �1,2 therefore always remain
very small, even though the HA values can be considered
similar for ML-S and ML-C. Thus for HX�HA �Fig. 5�b��
the angles �1,2 for the increasing �	0° � as well as for the
decreasing �	180° � field branches result in symmetric mag-
netization reversal which is only by flipping of the magneti-
zation in absence of enough torque on the system. We be-
lieve, therefore, that the relative strengths of the HX and HA
and thereby the effective field Hef f and the angle it makes
with the FM magnetization is responsible for the observed
symmetric and asymmetric reversal in exchange bias
systems.15 Our recent detailed study on the reversal for vari-
ous � has been seen to demonstrate the reversal process16

based upon the above arguments. The present observation is
also in agreement with our previous observation on the
IrMn/CoFe system8 with similar continuous AF-FM inter-
faces, thus we suggest that such symmetric reversal via do-
main structure formation is a general phenomena for such
cases of continuous MLs.

In conclusion, we have studied the remagnetization be-
havior of the AF-FM interface in CoO-Co exchange-biased
MLs for a continuous ML and compare it with that of a
separated ML. For the ML-C the reversal of each FM layer
proceeds sequentially and symmetrically via a nonuniform
mode for both remagnetization directions, whereas the ML-S
show usual asymmetric reversal. The behavior is understood
in terms of increased exchange field strengths from succes-
sive interfaces down the stack in the case of a continuous
multilayer compared to that of a separated multilayer or a
bilayer with similar AF-FM interfaces. In accordance with
the theoretical arguments,7 our experimental investigation
shows in general the different reversal mechanisms for field
applied along the field cooling direction and its dependence
on the relative strengths of the Zeeman, exchange, and an-
isotropy energies in the system.
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FIG. 5. �Color online� Sketch showing Hef f �green� for ��0°
when �a� HA �red� �HX �blue� and �b� HX�HA. The MFM �yellow�
and Ha �violet� are making an angle � and �, respectively, with the
easy axis which is the HFC direction. The components of the fields
� to HFC has been exaggerated.
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