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Exchange bias, referred to the interaction between a ferromagnet �FM� and an antiferromagnet �AFM�, is a
fundamental interfacial magnetic phenomenon, which is key to current and future applications. The effect was
discovered half a century ago, and it is well established that the spin structures at the FM/AFM interface play
an essential role. However, currently, ad hoc phenomenological anisotropies are often postulated without
microscopic justification or sufficient experimental evidence to address magnetization-reversal behavior in
exchange-bias systems. We advance toward a detailed microscopic understanding of the magnetic anisotropies
in exchange-bias FM/AFM systems by showing that symmetry-breaking anisotropies leave a distinct finger-
print in the asymmetry of the magnetization reversal and we demonstrate how these emerging anisotropies are
correlated with the intrinsic anisotropy. Angular and vectorial resolved Kerr hysteresis loops from FM/AFM
bilayers with varying degree of ferromagnetic anisotropy reveal a noncollinear anisotropy, which becomes
important for ferromagnets with vanishing intrinsic anisotropy. Numerical simulations show that this aniso-
tropy naturally arises from the inevitable spin frustration at an atomically rough FM/AFM interface. As a
consequence, we show in detail how the differences observed for different materials during magnetization
reversal can be understood in general terms as originating from the interplay between interfacial frustration and
intrinsic anisotropies. This understanding will certainly open additional avenues to tailor future advanced
magnetic materials.

DOI: 10.1103/PhysRevB.80.014415 PACS number�s�: 75.70.Cn, 75.50.Ee, 75.60.Jk, 75.25.�z

I. INTRODUCTION

The spin arrangement at the interface in layered magnetic
materials is often crucial for the understanding of their mag-
netic properties and has profound consequences for practical
applications. Particularly important is the unidirectional cou-
pling between the spins in an antiferromagnet �AFM� and
those in an adjacent ferromagnet �FM�, referred to as ex-
change bias.1 This effect is widely used to pin the magneti-
zation of thin FM films in today’s magnetic applications,2

such as magnetic recording, sensors and actuators, and spin-
tronics. Future advances in fields such as ultrahigh-density
recording and medical applications are also promoted by ef-
fectively increasing the magnetic stability of nanomagnets.3,4

A comprehensive description of the effect involves funda-
mental questions of surface and interface magnetism.5–9 The
most striking feature is the shift of the FM hysteresis loop
along the magnetic field axis, which is widely used in today’s
spintronic devices to pin the magnetization direction of a FM
reference layer.2 Moreover, engineering fully adjustable
magnetic hysteresis,10 as well as the use of nanostructures11

or multifunctional materials,12 have been recently demon-

strated in exchange-coupled FM/AFM systems. In addition,
there are a plethora of other magnetic phenomena associated
in exchange-coupled FM/AFM systems, such as coercivity
enhancements,13,14 magnetization reorientation,15–17 modified
antiferromagnetic spin structures,16,18,19 and asymmetric
magnetization reversal,20,21 which are not fully understood,2

and often manifest themselves very differently for various
material combinations. Prospects for control, tailor, and en-
hancement of desirable effects depend upon a clear under-
standing of the mechanisms governing exchange bias.

The basic underlying physics of exchange bias was al-
ready described in the seminal work of Meiklejohn and
Bean1 50 years ago. Upon cooling a FM/AFM system in an
applied magnetic field to below the Néel temperature of the
AFM layer, uncompensated spins at the AFM surface align
with the polarized FM interface. The often rather small size
of the exchange bias has been explained by recent experi-
ments, which show that, unlike for a perfectly flat interface,
only a small fraction of uncompensated AFM spins contrib-
ute in real FM/AFM systems �which have unavoidable rough
interfaces�.7,14 However, a simple comprehensive under-
standing of the magnetization reversal of exchange-coupled
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AFM/FM bilayers still remains an unresolved issue. For in-
stance, its associated asymmetric reversal behavior remains
one of the poorly understood characteristic features of
exchange-biased systems. The different behaviors observed
have led to an increasing number of ad hoc magnetic
anisotropies being postulated without sufficient microscopic
justification.

Here, we show that the angular dependence of the mag-
netization reversal contains a unique fingerprint of the vari-
ous effective anisotropies of exchange-bias systems. We used
two different FM materials with well-defined uniaxial aniso-
tropy of different strengths, i.e., FeNi and Co, exchange
coupled to IrMn to study the influence of the uniaxial, KU,
and unidirectional, KE, anisotropies on the magnetization re-
versal in these bilayers. The samples were field cooled simul-
taneously with the external field aligned parallel to the easy
axis of the FM layer to render samples with collinear
anisotropies, i.e., parallel KU and KE. However, a complete
analysis performed in the exchange-bias systems with differ-
ent ferromagnets reveals that in bilayers with small FM an-
isotropy a reorientation of the effective anisotropy occurs
due to a new noncollinear anisotropy term. A similar noncol-
linear configuration has already been used to model recent
experimental observations in exchange-bias systems.22–25 In
our case, this is unambiguously deduced from the angular
dependence of in-plane angle-resolved hysteresis loops, their
asymmetry, and a fit to a modified Stoner-Wohlfarth �SW�
model. Additional numerical simulations show that the new
anisotropy naturally arises from the inevitable spin frustra-
tion at the atomically rough FM/AFM interface, which be-
comes important for vanishing FM anisotropy. This mecha-
nism of symmetry breaking by interfacial spin frustration
confirms the need to use noncollinear anisotropy configura-
tions, as was previously suggested.23,25 In addition, our re-
sults give further insight into the microscopic mechanism
due to the distinctively different behavior for systems with

varying intrinsic anisotropy. Our findings hence provide a
simple and general explanation, schematically depicted in
Fig. 1, on the basis of the ratio of magnetic anisotropies of
FM and AFM materials and a new, noncollinear anisotropy
contribution, which originates from the frustrated interac-
tions at FM/AFM interfaces.

The paper is organized as follows. We describe the experi-
mental details in Sec. II. The results and the discussions are
presented in Sec. III. We address the question of the different
magnetization-reversal behaviors observed in exchange-bias
FM/AFM systems, as originating from the interplay between
interfacial frustration and intrinsic anisotropies. A detailed
description of the numerical simulations is further reported
in the Appendix. The summary is presented in Sec. IV, point-
ing out that our understanding on the underlying mechanisms
of exchange-bias systems will promote new avenues to tailor
future magnetic devices.

II. EXPERIMENTAL

Reference FM layers and FM/AFM bilayers were sput-
tered at room temperature �RT� on thermally oxidized Si sub-
strates. The thicknesses of the FM, Co and FeNi, and AFM,
IrMn, layers were 12 and 5 nm, respectively. A buffer layer
of 5 nm Ta was employed to favor �111� texture. The Ta layer
was deposited at oblique incidence to promote a uniaxial
anisotropy in the FM layer. With this method the easy axis of
magnetization of the FM layers is in the direction perpen-
dicular to the plane of incidence of the sputtered Ta buffer
layer. Finally, the samples were capped by 2 nm of Ta to
prevent oxidation. In order to set the unidirectional aniso-
tropy direction, the samples were annealed at 420 K for 30
min and field cooled to RT in a 0.25 T external field aligned
in the direction of the FM anisotropy. Note that this proce-
dure should, a priori, render samples with collinear uniaxial
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FIG. 1. �Color online� Schematic representation of induced exchange bias in FM/AFM systems: collinear vs noncollinear anisotropy. �a�
A ferromagnetic film with well-defined uniaxial anisotropy KFM in contact with an antiferromagnetic layer is cooled down from above its
AFM ordering temperature �TN� with an applied external field �0HFC aligned parallel to the FM anisotropy axis. �b� Well below TN, the
strength of KFM, with respect to the interfacial unidirectional anisotropy KE and the frustration at the interface, determines both spin and
effective anisotropy �insets� configurations of the FM/AFM bilayer. Note that the spin reorientation of the soft FM layer originates from the
coupling frustration at a nonperfect flat FM/AFM interface.
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and unidirectional anisotropies, i.e., parallel KU and KE.
The magnetic characterization was performed by high-

resolution vectorial Kerr magnetometry measurements. In
our setup the combination of p-polarized incident light in
Kerr experiments and the simultaneous detection of the two
orthogonal components of the reflected light allow the simul-
taneous determination of the components of the in-plane
magnetization, parallel �M�� and perpendicular �M�� to the
field direction.20 M� originates from the difference of the two
components of the reflected light, i.e., Kerr rotation, whereas
M� originates from the small variation in their sum, i.e.,
reflectivity changes.

The samples are mounted in a stepper motorized eucentric
goniometer head, which ensures a constant plane of reflec-
tion for the whole measurements performed. In magneto-
optical measurements this is important to be able to compare
the values of the magnetization components measured at dif-
ferent rotation angles and between different samples. The
study of the magnetization-reversal processes and magnetic
anisotropy of the film was performed at room temperature by
measuring the in-plane-resolved M-H hysteresis loops as a
function of the in-plane angular rotation � the whole angular
range every 0.9°, with 0.5° angular resolution.

III. RESULTS AND DISCUSSION

All reference FM samples display a well-defined uniaxial
magnetic anisotropy. Figure 2�a� shows selected magnetiza-
tion hysteresis loops for the 12 nm FeNi film. For �=0°, the
loops are representative for an easy-axis behavior, i.e.,
square shape with a remanence value similar to the saturation
one, i.e., M��0�=MS, and a sharp irreversible transition at the

coercive field ��0HC=0.3 mT�, whereas M��H� is zero dur-
ing the reversal process. A typical hard-axis behavior is
found perpendicular to the easy axis. For instance, at �
=87° the M��H� loop is nearly linear with HC�0 mT. At
zero field the magnetization points along the easy axis, i.e.,
M��0��0 and M��0��MS. Both M� and M� loops show
reversible transitions from the saturation field up to the
switching field ��0HS� �0.7 mT�, at which an irreversible
transition takes place. The angular dependence of the rema-
nence values of both magnetization components can be re-
produced with a simple coherent rotation SW model for
uniaxial anisotropy systems, as shown in Fig. 2�b�. The same
behavior is found for the Co films, except that the critical
fields are six-times larger. This indicates that the effective
anisotropy of the Co films is about 1 order of magnitude
larger than the one of the FeNi films with similar thickness.

The large difference in FM anisotropy manifests itself in
the hysteresis loops measured for the different FM/AFM bi-
layers. Figure 3 shows representative magnetization loops
for hard Co and soft FeNi films exchange biased by an IrMn
film measured around the field-cooling direction, i.e., easy
axis of magnetization. For �=0° �central graphs�, the mag-
netization reverses via a sharp irreversible transition, indicat-
ing that the reversal is mainly governed by nucleation and
propagation of magnetic domains. For the Co/IrMn bilayer,
M�=0 during the whole magnetization loop, which reflects
that the magnetic domains are aligned parallel to the external
field. On the contrary, a clear hysteresis is observed in M�

for the FeNi/IrMn bilayer, indicating that the domains are not
parallel to the easy axis of magnetization. This unambigu-
ously implies the presence of an additional noncollinear an-
isotropy and thus a reorientation of the effective FM aniso-
tropy.

Magnetization-reversal asymmetry is found in both bilay-
ers systems for ��0°. Namely, magnetization reversal via
reversible rotation processes is more relevant in one branch
of the hysteresis loop, which is characterized by larger M�

values and rounded transitions in M�. However, the angular
dependence of this asymmetry depends on the FM material.
In the �hard� Co case, the maximum M� is found in the
descending branch, i.e., when the field sweeps against the
bias direction, independent of the field orientation angle �left
panels of Fig. 3�. Remarkably, for the �soft� FeNi case the
maximum M� value can be found in either descending or
ascending branches of the hysteresis loop, depending on the
sign of the applied magnetic field angle with respect to the
easy axis. For positive angles ���0°, bottom right panels�, it
is found in the descending branch, i.e., when the field sweeps
against the exchange-bias direction, similar to the Co/IrMn
system. On the contrary, for negative angles ���0°, top
right panels� the maximum value is observed in the ascend-
ing branch, i.e., when the field sweeps along the bias direc-
tion.

Figure 4 shows the angular dependence extracted from
hysteresis loops of the normalized exchange bias �HE����,
coercivity �HC����, and asymmetry �����, defined as the dif-
ference between the maximum values of M� of the descend-
ing and ascending branches�. The angular range where the
asymmetry is observed for the FeNi/IrMn bilayers is smaller
than for the Co/IrMn bilayers, although in both cases it co-
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FIG. 2. �Color online� Magnetization reversal of a FM reference
sample with well-defined uniaxial anisotropy. �a� Kerr magnetiza-
tion M��H� �circles� and M��H��squares� loops of a reference 12
nm FeNi film with the magnetic field applied parallel to the mag-
netization easy axis �left graph� and close to the magnetization hard
axis �right graph�. �b� Angular dependence of the remanent M�,R

�black circles� and M�,R �red squares� as a function of the angle, �,
with respect to the easy axis at which the magnetic field is applied.
The continuous lines correspond to the theoretical curves obtained
with the Stoner-Wohlfarth model with uniaxial anisotropy.
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incides with that of irreversible processes. In both systems,
the onset of asymmetry ��C� coincides with the onset of
coercivity and with the maximum of exchange bias and the
critical angle �C increases as the anisotropy ratio KU /KE
increases. This can easily be understood if the geometrical
asteroid solution of the coherent rotation model is used �see
Fig. 4 in Ref. 20�. In the case of FeNi/IrMn, due to the
relatively small intrinsic uniaxial magnetic anisotropy of the
FeNi layer compared to the unidirectional anisotropy, the
critical angle �C is smaller. The different asymmetric behav-
ior observed in Fig. 3 is also reflected in ����. While �
changes its sign around the easy axis for the Co/IrMn bilayer,
it is always positive for the FeNi/IrMn bilayer.

Calculations based on a coherent rotation SW model in-
cluding KU and KE reproduce our experimental findings, as
shown in Figs. 3 and 4. The parameters KU and KE were
determined from the experimental data of the reference FM
films and the FM/AFM bilayers, respectively �see Appen-
dix�. The asymmetric-shape behavior observed for Co/IrMn

is well reproduced by considering collinear anisotropies. Sur-
prisingly, although the field cooling was performed with the
external field oriented parallel to the easy axis of the original
FeNi uniaxial anisotropy, noncollinear anisotropies22–25 with
a significant misalignment ��=−20°� have to be considered
to reproduce the hysteresis loops obtained for the FeNi/IrMn
bilayers.

These results naturally explain the wide variety of con-
flicting experimental results for different FM/AFM materials
combinations. Asymmetries in the magnetization reversal
have been observed for many FM/AFM systems with both
in-plane20–34 and perpendicular35,36 anisotropy for the FM
layer. In general, rotation processes are more relevant in one
branch of the hysteresis loop, in which a larger density of
domains during irreversible domain nucleation processes is
also observed.25,28,29,35,36 For some systems, rounded transi-
tions in M� and larger M� values are found in the descending
branch,20,21,25–28,34–36 where the field is applied parallel to the
exchange-bias direction, while other systems display the op-
posite behavior.21–25,29–33 Our results indicate that this dis-
crepancy is related to the difference between a collinear and
a noncollinear anisotropy case. Moreover, the nature of the
anisotropy can be unambiguously deduced from the angular
dependence of the hysteresis loops.

In order to reach a better understanding of the surprisingly
large reorientation of the anisotropy, we performed numeri-
cal simulations based on a three-dimensional �3D� cubic lat-
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tice of Heisenberg spins to investigate the spin configuration
of the system. Details of the latter are described in the Ap-
pendix. A randomly generated roughness was introduced at
the FM/AFM interface to induce a magnetic frustration at the
interface. Figure 5 shows cross-section views of the mag-
netic configurations of the system in zero field for different
anisotropy values. For KFM	KAFM, a partial spin realign-
ment of the AFM layer at the interface is found �see Fig.
5�a��, consistent with Refs. 25 and 32–34. In the limit of an
isotropic FM layer, i.e., KFM=0, the simulation results in an
average perpendicular alignment between the FM magneti-
zation and the spin lattice of the AFM layer �Fig. 5�c��, as in
a spin flop configuration.37 This scenario was observed ex-
perimentally for Fe /FeF2, �38� and FeNi/NiO.16 For both con-
ditions, the existence of magnetic frustration at the FM/AFM
interface implies that the system cannot satisfy all its mag-
netic interactions simultaneously, which can promote a spin
reorientation either in the FM or AFM layer, depending on
their anisotropy values. In the same way, for moderate KFM
different partial spin reorientations of the FM layer are ob-
tained depending on the KFM /KAFM ratio, as shown in the
central insets of Fig. 5. Though the model does not take into

account all of the details of real samples, such as the frustra-
tion inside the AFM layer �grain boundaries� and chemical
intermixing at the interfaces, the results agree qualitatively
well. The magnetic frustration, intrinsic to any real sample,
and the small KU of NiFe can account for the reorientation of
the NiFe layer, and thus the concomitant noncollinearity be-
tween KU and KE observed experimentally. In agreement
with the experimental results, no such reorientation effects
should take place for large KU.

IV. CONCLUSIONS

In summary, we have shown that frustration of the ex-
change coupling between a ferromagnet and an antiferro-
magnet gives rise to a new noncollinear anisotropy, which
becomes important for ferromagnets with vanishing intrinsic
anisotropy. The noncollinear nature of the anisotropy is un-
ambiguously deduced from the angular dependence of the
hysteresis loops, their asymmetry, and a fit to a modified
Stoner-Wohlfarth model. As the intrinsic anisotropy of the
ferromagnet is reduced, the exchange coupling to the antifer-
romagnet results in a reorientation of the effective anisotropy
in the ferromagnet. Our findings show that the anisotropy
balance and the interfacial magnetic frustration play the main
role in the asymmetric reversal phenomena in FM/AFM sys-
tems. Our results shed light onto some of the open questions
in exchange bias such as reversal asymmetry and especially
the observed differences between different materials. This
understanding will certainly open new prospects for future
applications in magnetic devices.
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APPENDIX: NUMERICAL SIMULATIONS

We have performed numerical simulations to understand
the magnetization reversal of the exchange-biased
ferromagnetic/antiferromagnetic bilayers as well as the
asymmetric phenomena. The experimental results of the
angular-dependent magnetization reversal are simulated us-
ing a modified Stoner-Wolfhart model in which the aniso-
tropy balance and the angle between them are the basic in-
gredients �A�. The origin of the noncollinearity found for the
case of small FM anisotropy is given with a model which
combines a three-dimensional lattice of spins and spin disor-
der �generated by a random interface roughness� to elucidate
the spin configuration of the FM/AFM bilayer as a function
of the anisotropy balance �B�.

AFM

KFM ~ 5 × KAFM(a)
side viewFM

(b)

(c) KFM ~ 0
side view

AFM

FM

AFM

FM

AFM

KFM ~ 0.1 × KAFM
side view

top view

top view

top view

FIG. 5. �Color online� Cut from a 3D simulated spin configura-
tion of FM/AFM bilayers with randomly generated interface rough-
ness. Cross-section views at zero field for different FM anisotropy
values, KFM, with a fixed AFM anisotropy, KAFM �a� KFM=5

KAFM, �b� KFM=0.1
KAFM, and �c� KFM=0. Both AF spin sub-
lattices are shown. The color scale depicted at the bottom right
denotes the angle of the spins with respect to the original FM an-
isotropy easy axis, from 0 �light� to 90° �dark�. The central insets
are top views of the spin orientation of the FM layer. The insets at
the right show cross-section, side views. Note that the coupling
frustration at the rough FM/AFM interface results either in mag-
netic disorder in the AFM layer �for large FM anisotropy, top panel�
or in a spin reorientation of the FM layer �for small FM anisotropy,
central and bottom panels�.

EMERGENCE OF NONCOLLINEAR ANISOTROPIES FROM… PHYSICAL REVIEW B 80, 014415 �2009�

014415-5



1. Magnetization reversal

To gain further insight into the asymmetry phenomena of
the magnetization reversal, we performed numerical simula-
tions based on the SW model39 including the intrinsic
uniaxial anisotropy of the FM layer KU and the interfacial
exchange anisotropy. The latter is divided in two anisotropy
contributions to take into account the experimental observa-
tions, i.e., exchange bias and coercivity enhancement, which
are associated to the two different states of the uncompen-
sated AFM spins during magnetization reversal of the FM
layer. First, a unidirectional contribution KE which accounts
for the effects of the pinned AFM spins, responsible for the
shift of the hysteresis loop. Second, a rotatable contribution
KR which simulates the effects of the nonpinned AFM spins,
responsible of the coercivity enhancement observed in the
bilayers. In our systems KR�KE and it is only necessary to
include it, to reproduce the shape of the angular dependence
of the coercive field for the FeNi case. The energy per unit
volume of the system is, thus, given by

E = − �0MSH cos��� + KU sin2�� − � + ��

+ KE cos�� − �� + KR sin2��� , �A1�

where MS is the saturation magnetization, H is the applied
magnetic field, and � and � are the angles between the mag-
netization and the applied field and the field-cooling direc-
tion, i.e., easy axis, respectively. The angle � is the angle
between KU and KE.

The parameters KU, KE, and KR were determined from the
Kerr curves �see Table I�. The former is extracted from the
angular-dependent study of the reference FM layers �i.e.,
KU= 1

2HKMS, where HK is the anisotropy field�. KE is given
by the loop shift at 0° �i.e., KE=HEMS�. KR was estimated
from the comparison between the anisotropy field of the FM
layer and the coercive field of the FM/AFM bilayer at 0°,
i.e., KR= 1

2 �HC
FM/AFM�0°�−HK

FM�MS. The angle � between KU
and KE was adjusted to simulate the experimental results.

The magnetization loops are extracted via minimization of
the total energy of the system �continuous lines in Figs. 3 and
4�.

2. Spin configuration

The simulations of the spin configuration are based on a
three-dimensional lattice of Heisenberg spins, which have
been successfully used previously to understand the 90° cou-
pling observed in FM/AFM/FM systems16 as well as the ef-
fects of nonmagnetic impurities at FM/AFM interfaces.40

The simulations consider a three-dimensional simple cubic
lattice with a length of 50 and a width of 32 lattice points.
For the thickness, a nominal number of layers of 30 was
taken for the FM and 10 for the AFM, with a total of 40
layers. A randomly generated roughness was introduced at
the FM/AFM interface to simulate an interface disorder. The
roughness in this model consists of randomly distributed dis-
crete monolayer fluctuations and thus neglects interdiffusion
effects or more complex interfacial microstructures. The
thickness fluctuations contribute to the coexistence of effec-
tive positive and negative exchange interactions through the
FM/AFM interface, as described in Malozemoff’s model,41

leading to a strong frustration along this interface.
The total energy E of the bilayer contains three contribu-

tions: �i� the Zeeman energy for each layer, �ii� the magnetic
anisotropy K of each layer, and �iii� the exchange coupling
inside the layers and between the layers at the interface. The
energy is thus given by the equation

E = − �
i,FM,AFM

N

H� · S� i + KFM�
i

�n�FM · S� i,FM�2

+ KAFM�
i

�n�AFM · S� i,AFM�2 − JFM �
i,j�i

S� i,FM · S� j,FM

− JAFM �
i,j�i

S� i,AFM · S� j,AFM − Jint �
i,j�i

S� i,FM · S� j,AFM.

�A2�

A phenomenological coupling was introduced in the proxim-
ity magnetism model describing changes in the exchange
coupling across the AFM layer with thickness fluctuations.42

The exchange coupling constants were estimated from the
Néel and Curie temperatures of the AFM and FM bulk ma-
terials, respectively. A priori, the same easy magnetization
axes direction have been taken for the FM and AFM layers.
Different anisotropy constants have been considered to study
the effect of the anisotropy balance in the spin configuration
of the FM/AFM bilayer. An algorithm based on the
conjugated-gradient technique has been employed to mini-
mize the energy of the whole bilayer.16,40,43

TABLE I. Parameters used to simulate the magnetization loops
and the angular dependence of coercivity, exchange bias, and asym-
metry. Notice that the uniaxial KU, unidirectional KE, and rotational
KR terms were determined from the experimental magnetization
loops �see text� and only the angle � between KU and KE was
adjusted.

KE

�mT� KU /KE KR /KE

�
�deg�

Co/IrMn 7.4 0.33 0 0

NiFe/IrMn 14.2 0.07 0.07 −20
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