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Experimental evidence for the relevance of nonuniform reversal modes to asymmetric magnetization rever-
sal is shown in a Ni/NiO polycrystalline system. The angular dependence of the asymmetry, exchange bias,
and coercive field is studied as a function of NiO structural disorder and thickness. The contribution of
nonuniform reversal modes and coherent rotation to the magnetization reversal depends on the angle between
the applied field and the ferromagnetic easy axis. We observe two distinct critical angles revealing the signifi-
cant role of nonuniform magnetization reversal in the asymmetry and its angular dependence.
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Uniaxial anisotropic properties in magnetism open a
world of hysteretic behavior. Over recent decades, a new
kind of anisotropy named unidirectional �or exchange� aniso-
tropy has been discovered1,2 and thoroughly studied for fun-
damental understanding of magnetization reversal and for
applied use in read heads.3,4 This exchange anisotropy is ob-
served in ferromagnetic �F�/antiferromagnetic �AF� bilayers
and revealed by the hysteresis loop shift along the field axis
�He� and the coercive field �Hc� enhancement. Experimental
observations and theoretical predictions have shown that do-
main wall �DW� formation in the ferromagnet and/or in the
antiferromagnet should be considered in the reversal mecha-
nism in order to obtain a reasonable value for He.

5 Mauri et
al. suggested the presence of parallel DWs at the interface.6

He would then depend on the energy stored in this wall. This
model does not exhibit a coercive enhancement for a perfect
system �no disorder or zero temperature�. Defects within this
DW are predicted to enhance the anisotropy locally and re-
sult in DW pinning leading to the Hc enhancement.7 Instead
of a parallel DW proposed in those models, Malozemoff,8

followed by Nowak et al.,9 predicted that nonuniform mag-
netization reversal, via the creation of a multidomain struc-
ture in the AF, was a driving mechanism for exchange aniso-
tropy. In the models, interfacial or AF bulk defects lead to a
random field that breaks the AF layer into domains over its
area. He originates from the interfacial staggered spins, i.e.,
the nonreversible part of the interfacial spins. The Hc en-
hancement originates from the reversible process driven by
the AF uniaxial anisotropy that procures additional critical
fields to hinder the DW motion in the F.10,11

The presence of domains in the magnetization reversal is
associated with unusual properties of exchange bias systems.
Among them, the asymmetric reversal of magnetization has
recently received particular attention. This phenomenon is
peculiar since it is not found in other hysteretic physical
systems. It is experimentally observed by techniques sensi-
tive not only to the magnetization strength but also to its
vectorial character. These experiments have shown that mag-
netization reversal may be different on each side of the hys-
teresis loop, and this asymmetry would depend on the angle
between the applied field and the F easy axis.12–16 The con-
tributions of coherent rotation and domain nucleation to the
asymmetry and its angular dependence are outlined but their

respective roles are still unclear. Recent studies have shown
that features of the angular dependence of the asymmetry can
be reproduced by coherent rotation reversal.15,17 Their results
support the nonrelevance of the nonuniform magnetization
reversal, i.e., DW formation, to the asymmetry and its angu-
lar dependence. However, Beckmann et al. have predicted
the relevance of domains using numerical simulations based
on the domain state model.18 The dependence of the asym-
metry on the AF structural ordering has not yet been probed
experimentally.

In this Rapid Communication, we present experimental
evidence for the AF domain contribution in the asymmetric
Ni/NiO magnetization reversal. We modified the NiO mag-
netic properties through changes in its structural ordering to
understand the magnetization reversal mechanism. A struc-
tural study of �glass/Ni/NiO� bilayers in real and reciprocal
space is first presented. Following this, the unidirectional and
Hc evolutions as a function of the NiO disorder and thickness
are probed to determine the magnetization reversal proper-
ties. Finally, the domain contribution to the appearance of the
asymmetry is shown via a systematic study of the angular
dependence of magnetization. Structures were grown on
glass substrates by rf sputtering under a 300 Oe magnetic
field and with a base pressure of 10−7 mbar. The NiO layers
were obtained from the sputtering of a Ni1O1 target. They
were grown at different argon gas pressure �P� to modify the
structural ordering. In this Rapid Communication, NiOP cor-
responds to a NiO layer grown at P�10−3 mbar. Composi-
tional and structural characterization were performed using
energy-filtered transmission electron microscopy �EFTEM�,
transmission electron microscopy �TEM�, and x-ray reflecto-
metry �XRR� and diffraction �XRD� techniques. Magnetic
measurements were performed at room temperature using a
vectorial vibrating-sample magnetometer �VSM�.

TEM studies of the Ni/NiO structure in cross-sectional
projection showed the polycrystalline nature of both layers.
It should be noted that the NiO polycrystalline nature shown
by TEM is confirmed by a 25° wide rocking curve on the
�111� peak, for each value of pressure. Figure 1, obtained on
�Ni�53 Å� /NiO4�700 Å��, shows NiO grains with a rectan-
gular shape, having width 190±40 Å and height 400 Å. The
Ni grains also had a rectangular shape with height equal to
thickness and a 40 Å width. The chemical information was
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visualized by generating EFTEM images of constituent ele-
ments. Ni elemental maps, O elemental maps, and energy-
selected images demonstrate continuous coverage within the
NiO films and a well-defined Ni layer as shown in Fig. 1.
The reliability of the EFTEM information depended on the
spatial resolution of this technique, �20 Å in these experi-
ments. Consequently, short-range disorder such as point de-
fects was undetectable. However, diffraction techniques give
information about such defects as they lead to nonuniform
strain.19. XRD measurements at �=1.542 Å and from Bragg
planes parallel to the surface were performed on all samples
and for all P. �Ni�53 Å� /NiOP�700 Å�� diffraction spectra
are shown in Fig. 2. Interplanar spacings were determined
from the positions of the Bragg peaks. Out-of-plane coher-
ence lengths were obtained by inserting the values of full
width at half maximum into the Scherrer equation. In our
system, P reduction resulted in an enhancement of the uni-
form strain shown by the evolution of the interplanar spac-
ings in the inset of Fig. 2. For all P, the out-of-plane coher-
ence length was smaller than the crystallite height observed
by TEM. In the absence of nonuniform strain, the coherence
length would be equal to the crystallite height in our
measurements.19 This shows that nonuniform strain is
present and is increased when P is reduced. It should be
noted that identical measurements were obtained whether
NiO was grown on Ni or glass. This shows that the structural
change induced by P was not contained at the interface but
was an internal property of the NiO layer.

In addition to the crystalline ordering, we probed the evo-
lution of the interfacial width and the density, by taking x-ray
reflectivity measurements. In these measurements, the criti-
cal wave vector depends on the electronic density of the top
layers. The amplitude of the oscillations, named Kiessig
fringes �KF�, depends on the electronic density profile in the
structure.19 Figure 1 shows the specular reflectivity data ob-
tained for 700-Å-thick NiO grown at the minimum and
maximum P. At the highest pressure, well-defined KF arose
from Ni and NiO layers, indicating an abrupt interface and a
low surface roughness. When P was decreased, the high-
frequency KF arising from the NiO layer were attenuated,

indicating changes in the electronic density, whereas the low-
frequency ones arising from the Ni layer were maintained.
Showing a decrease in the NiO electronic density with the
reduction of P, i.e., an increase of the O content with the
reduction of P, the critical wave vector is changing from the
NiO value �0.051 Å−1� toward lower values when P is de-
creased. Ni1O1 is obtained for an argon pressure of 50
�10−3 mbar �i.e., P=50�. It should be noted that the evolu-
tion of the NiO critical wave vector and fringe amplitude
with P was identical for a single NiO layer. This shows that
those structural changes probed by XRR were not at the in-
terface but were an internal property of the NiO layer.

To summarize, the evolution of the electronic density and
uniform strain with the reduction of P shows an increase of
the oxygen content in the NiO layer. Ni1O1 is obtained at the
highest pressure. The evolution of the out-of-plane coherence
length with the reduction of P shows an increase of defects
with the reduction of P. The �Ni/NiOP� magnetic properties
are now studied to understand the driving mechanism of the
exchange anisotropy properties.

Magnetization reversal loops, with the field applied along
the F easy axis, were recorded simultaneously along the lon-
gitudinal and transverse directions using the VSM. The easy-
axis loop along the longitudinal direction exhibits a symmet-
ric and shifted hysteresis loop above a given NiO thickness.
Furthermore, no magnetization is detected along the trans-
verse direction. Polarized neutron reflectivity measurements,
not presented here, confirm the absence of a transverse com-
ponent of magnetization when the field is applied along the
easy axis. Such observations rule out coherent rotation rever-
sal when the field is applied along the easy axis. The nucle-
ation of DWs perpendicular to the interface must be taken
into account to understand the exchange properties in our
system. A planar-type DW could explain the exchange aniso-
tropy properties only locally.

The influence of the NiO thickness and structural disorder
on the unidirectional and Hc is shown in Fig. 3. For all dis-
order states within the AF, the presence of a critical thickness

FIG. 2. High-angle x-ray diffraction scans as a function of the
argon sputtering gas pressure P in �Ni�53 Å� /NiOP�700 Å��. The
argon pressure P is indicated at the tail of each curve. In the inset,
interplanar spacing �open circle� and coherence length �filled circle�
are shown as a function of P.

FIG. 1. Left: TEM dark-field image of
�Ni�53 Å� /NiO50�700 Å��. Top right: XRR spectra of
�Ni�53 Å� /NiO50�700 Å�� and �Ni�53 Å� /NiO4�700 Å��. Bottom
right: energy-selected image of �Ni�53 Å� /NiO50�700 Å�� obtained
at 400 eV energy loss �Ni L2,3 edge� with energy slit 40 eV.
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tc is shown. For such a thickness, He differs from zero to
reach a saturated value and Hc is maximum. Within a
random-field-type model, He differs from zero when the AF
anisotropy energy is sufficiently large to hold nonreversible
AF spins in place.10 In models including the formation of a
parallel DW at the interface, He differs from zero if the thick-
ness is greater than the DW width.6,20 Figure 3 shows that
disorder introduced within the AF results in an increase of He
and in the Hc maximum. Such disorder effects on He and Hc
are explained in domain-state-type models, where disorder
induces a random field, and in the modified Mauri model,7

where disorder may induce local anisotropy enhancement. To
understand the driving mechanism of the He and Hc evolu-
tion with the NiO thickness and disorder, one needs to dis-
tinguish between these two classes of model. We have
probed the presence of a parallel DW by studying
�Ni�53 Å� /NiO50�100 Å� /NiO4�t�� trilayers as a function of

tNiO4
, the thickness of the NiO layer presenting the highest

He. Figure 4 shows that the critical thickness is not modified
by the insertion of the interfacial layer. However, the He and
Hc maxima are reduced. If the parallel DW was responsible
for the exchange anisotropy, He would be proportional to the
energy contained in the DW, i.e., proportional to �AKu�1/2,
with A being the exchange constant and Ku the AF uniaxial
anisotropy constant. The critical thickness will be propor-
tional to the DW width, i.e., proportional to �A /Ku�1/2. A
change in the AF exchange or anisotropy constant will result
in a change of both properties tc and He. In the case of a
bilayer AF structure, the energy of the DW will be contained
in both layers with contributions depending on the width of
the wall.21 The reduction of He after insertion would show
that part of the DW is contained in the first layer. In this case,

FIG. 4. He and Hc evolution with thickness in
�Ni�53 Å� /NiO50�100 Å� /NiO4�t��. The continuous lines are
guides.

FIG. 5. Angular dependence of �a� He, �b� Hc, �c� normalized
Mup, and �d� asymmetry of �Ni�53 Å� /NiO4�1000 Å�� �filled
circles� and �Ni�53 Å� /NiO25�1000 Å�� �open circles�. For clarity,
critical angles �1 and �2 are drawn only for the
�Ni�53 Å� /NiO25�1000 Å�� sample.

FIG. 3. Hc and He evolution with P and NiO thickness. The
continuous lines are guides.
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tc would be modified. The stability of tc with the important
reduction of He shows that parallel DWs do not drive the
exchange anisotropy.

It should be noted that He and the Hc maximum have
reduced values when there is insertion but not as low as in
�Ni/NiO50�. This confirms that, even though exchange aniso-
tropy is an interface phenomenon, the bulk plays a signifi-
cant role in our system. Even if the random field originates in
interfacial defects, DWs have to propagate through the whole
thickness. We observe no significant evolution of Hc with
disorder for thickness greater than tc. This may explain the
complexity of understanding the Hc evolution in previous
experimental studies where the AF thickness is fixed.22,23

We have undertaken a systematic study of the angular
dependence of the magnetization reversal to probe the do-
main contribution. In particular, we measured the net trans-
verse magnetization component on both sides of the hyster-
esis loop, at various angles. We quantify the asymmetry as
�Mup−Mdown� /Ms where Mup �Mdown� is the maximum of the
transverse component for the increasing �decreasing� field
branch, where Ms is the saturated magnetization.

The angular dependence of �Ni�53 Å� /NiO4�1000 Å��
and �Ni�53 Å� /NiO25�1000 Å�� exhibit a first critical angle
�1 corresponding to the onset of coercivity as shown in Fig.
5. At this angle, Mup is equal to the saturated magnetization
Ms and the asymmetry is zero. The reversal is then a coher-
ent rotation. Using the Stoner and Wohlfarth model, �1 is
defined as arctan�2Ku /Ke� where Ku is the uniaxial aniso-
tropy constant determined from the hard axis loop and Ke
�=HeMs� is the unidirectional anisotropy constant.15 The pre-
dicted �1 value is 72° �47° � in �Ni�53 Å� /NiO25�1000 Å��
��Ni�53 Å� /NiO4�1000 Å��� and is in very good agreement
with the observed experimental value. However, the onset of
asymmetry occurs at a second critical angle �2 correspond-
ing to the decrease of �Mup /Ms�. At this critical angle, non-
uniform reversal, i.e., multidomain structure, is shown by
such a decrease. Our results are different from that obtained
using the Stoner and Wohlfarth model. In their model, the
critical angle is the onset of the coercivity and asymmetry
��1=�2�. However, in our study, the coercivity vanishes after
the asymmetry ��1��2�. The coherent rotation mechanism

fails to describe the features of our system and nonuniform
reversal should be considered. It shows that the asymmetry
of the magnetization reversal is found to be greater when the
ratio Ku /Ke decreases. Numerical simulations based on the
domain state model have recently predicted that the nonuni-
form reversal mode leads to the asymmetry and its angular
dependence.18 Our experimental study supports such a pre-
diction and outlines the relevance of domain formation in the
asymmetry. Furthermore, we observe a 40% �55%� decrease
of the �2 ��1� value when P decreases from 25 to 4. These
results show that �2 and �1 values are driven by identical
physical properties such as NiO disorder. A recent study has
shown that F parallel DW play a dominant role in the
FeF2/Ni asymmetric reversal.24 Our study demonstrates that
asymmetric reversal in polycrystalline Ni/NiO is not related
to such a mechanism but depends on the nonuniform reversal
modes driven by AF disorder. This experimental evidence
outlines the need to include the AF structure to understand
the asymmetric reversal. Such a structure has mostly been
ignored in experimental studies of the asymmetric magneti-
zation reversal.15,24,25 We expect a deeper insight into the
physics of exchange anisotropy from a comparison of these
results with novel theoretical and experimental work study-
ing asymmetric reversal properties and probing the key role
of the AF structure.

In conclusion, exchange properties are influenced by the
internal structure of the antiferromagnet that we modified by
changing the NiO stoichiometry. The angular dependence of
the exchange properties is not explained by the Stoner and
Wohlfarth model as it exhibits two critical angles. The first
angle corresponds to the onset of coercivity and the second
to the onset of nonuniform reversal and asymmetry. The mul-
tidomain structure should be included in the reversal mecha-
nism to understand the asymmetry of the magnetization re-
versal in the studied polycrystalline Ni/NiO structures.
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