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Enhanced uniaxial anisotropy and two-step magnetization process along the hard axis
of polycrystalline NiFeÕNiO bilayers

T. Zhao, H. Fujiwara, K. Zhang, C. Hou, and T. Kai
Center for Materials for Information Technology, University of Alabama, Tuscaloosa, Alabama 35487-0209

~Received 4 January 2001; revised manuscript received 22 August 2001; published 13 December 2001!

Polycrystalline NiFe~10 nm!/NiO~1–8 nm! exchange-coupled bilayers show enhanced uniaxial anisotropy
but no unidirectional anisotropy. Meanwhile, a two-step magnetization process was observed along the hard
direction. These two phenomena cannot be simultaneously understood using the models for ferromagnetic/
antiferromagnetic bilayers, in which a parallel alignment or a random distribution of the easy axes of antifer-
romagnetic grains is assumed. Therefore, a model, supposing a preferential distribution of the easy axes of
antiferromagnetic grains, is proposed for understanding the mechanism of these phenomena.

DOI: 10.1103/PhysRevB.65.014431 PACS number~s!: 75.70.Ak
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I. INTRODUCTION

Exchange-coupled @ferromagnet ~F!#/@antiferromagnet
~AF!# bilayers have been intensively studied in rece
years1,2 because of their underlying physics and applicatio
in the magnetic recording industry: for example, the pinn
layer in spin-valve structure3 and the soft underlayer in per
pendicular media. The F/AF bilayer exhibits interesti
properties, including exchange bias and enhanced coerc
when it is cooled down from a relatively high temperatu
under a static magnetic field. The easy axis and/or the pin
direction of the bilayer are determined by the magnetizat
direction of the ferromagnetic layer during the cooling. It
generally recognized that the magnetic properties of the
layers are determined by F/AF interfacial exchange coup
which is related to the AF spin configuration at the interfa
Much fundamental research has been devoted to explai
the origin and amplitude of the exchange bias,4–9 assuming a
bilayer with single-crystalline AF layer and various interf
cial conditions. It is proved that locally uncompensated
terfacial AF spins are essential for the appearance of
exchange bias7,8 and the atomic-scale interface roughne4

and the fanning spin structures in the AF layer6,9–11 can
strongly affect the amplitude of the effective exchange c
pling. For bilayers with polycrystalline AF layer, phenom
enological approaches were proposed in the Fulcom
Charap model12 ~FC model! and its extensions.13–15 The F
magnetic layer is assumed to couple with a assembly of
grains with partially compensated interface, and both
F/AF exchange coupling and the easy axis of the AF gr
may vary from grain to grain. The distribution of interfaci
exchange coupling, which is related to the grain size a
interface roughness, gives rise to the coexistence of the
change bias and enhanced coercivity. An individual AF gr
may contribute to the exchange bias or the enhanced c
civity depending on the ratio of the interfacial exchange c
pling and the volume anisotropy of the AF grain. Anoth
important issue in the polycrystalline F/AF layers is the d
tribution of the easy axes of the AF grains, which can aff
both the characteristics and the amplitude of the effec
anisotropy of the bilayers. In the FC model, the easy axe
AF grains are all assumed parallel to the pinned directio12
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and, in the extended models, they are assumed rando
distributed to explain a nonvanishing rotational hysteresis
the torque curve under a high magnetic field15 and a constant
frequency excitation in ferromagnetic resonance~FMR!
experiments.13,16 For the AF grains contributing to the ex
change bias, the distribution of easy axes may not affect
characteristics of the anisotropy since both parallel and r
dom distributions give a unique pinned direction, usua
parallel to the applied field direction during the fabrication.
is likely that the easy axis distribution plays a more visib
role for the AF grains contributed to the coercivity becau
their spins can switch following the switching of the F m
ment. In the present work, the magnetic properties of
NiFe/NiO bilayers were studied, in which the NiO laye
were made relatively thin so that all the AF grains contribu
to the coercivity and no exchange bias appears. In additio
the enhanced coercivity, a strong uniaxial anisotropy an
two-step magnetization process along the hard direction w
observed. Both of these phenomena can be ascribed
preferential distribution of the AF easy axes.

II. RESULTS AND DISCUSSION

The Si~110!/Ta~5 nm!/NiO(x nm!/NiFe~10 nm!/Ta~5 nm!
(x50 –8) films were prepared by dc/rf magnetron sputter
under an argon atmosphere~5.0 mTorr!. The base pressure o
the chamber is about 2.031027 Torr. An external magnetic
field of 150 Oe has been applied parallel to the film surfa
during the sputtering. The crystal structures were checked
x-ray diffraction ~XRD!, using CuKa radiation. It shows
that the polycrystalline NiO layer has a single NaCl-type f
phase with a combined~111! and ~200! out-plane texture
structure~the ^111& or ^200& direction tends to orientate per
pendicular to the film plane! and NiFe has a fcc phase with
dominant~111! out-plane texture~see Fig. 1!. This implies
that the surface of the NiO grain at the interface may
composed of fine facets corresponding to the~111! and~200!
crystal planes of NiO.17

The magnetic properties of the samples were charac
ized using a vibrating sample magnetometer~VSM! and a
high-sensitivity homemade torque meter.18 The easy-axis co-
ercivity increases monotonically with the increase of N
thickness (tNiO) ~see Fig. 2!. For the films withtNiO51 and
©2001 The American Physical Society31-1



el

d

it

g

is
th
n

an
ap

o-

g.
th
f t
ec
lm

ag-
asy
-

F
r to

e

ot-
ed
ibu-

c-
-
an-

er

neti-
ith

ere

lms
s

that
AF

be-
he
fer-
ere
iza-
s of

py
ati-

Oe

T. ZHAO, H. FUJIWARA, K. ZHANG, C. HOU, AND T. KAI PHYSICAL REVIEW B65 014431
2 nm, the coercivity is about 1–2 Oe and the anisotropy fi
around 5–6 Oe@see Fig. 4~a!#, similar to the single-layer
Permalloy reference sample (x50) ~coercivity is 1.2 Oe and
anisotropy field 5.1 Oe!. This can be ascribed to the so-calle
dead layer, a very thin NiO layer~1–2 nm! that does not
show antiferromagnetic ordering due to the discontinu
and/or interfacial diffusion.19 From tNiO53 nm to 8 nm, the
coercivity increases monotonically up to two orders of ma
nitude larger than that of the sample withtNiO51 nm while
the hysteresis loops are still symmetric, no loop shift. It
often observed in exchange-coupled F/AF bilayers that
coercivity increases with increasing AF layer thickness a
reaches a peak value around the onset of the exch
bias.14,20,21 Under a zero-temperature coherent rotation
proximation, the condition for the onset of exchange bias
r 5JF-AF /(2KAFtAF) ,0.5, whereJF-AF is the interfacial ex-
change coupling energy per unit area,KAF the anisotropy
constant of the AF layer, andtAF the AF layer thickness.15 If
r .0.5, the AF spins can follow the switching of the F m
ment, giving an enhanced coercivity and no loop shift.

The torque curves of samples with differenttNiO in a field
high enough to reach the saturated state are given in Fi
The torque curves with 180° symmetry, consistent with
symmetric hysteresis loops, indicate an enhancement o
uniaxial anisotropy rather than the generation of unidir
tional anisotropy usually observed in exchange-biased fi

FIG. 1. X-ray spectra of a Si/Ta~5 nm!/NiO~7 nm!/NiFe~10
nm!/Ta~5 nm! multilayered sample, using CuKa radiation.

FIG. 2. Dependence of the easy-axis coercivity (Hc) and the
effective anisotropy fieldHk

e f f on the thickness of NiO layer. The
line is a guide to the eyes.
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with thicker NiO layers. This can also be ascribed tor
.0.5. The nonvanishing rotational hysteresis at high m
netic field is due to the retardation of the mean active e
direction~AED! of the NiO layer with respect to the magne
tization of the NiFe layer, where the AED of a uniaxial A
grain is defined as one of the easy directions that is close
the direction of the net surface moment of the grain.15 For a
film with a simple uniaxial anisotropy, the torque amplitud
per unit volume is equal to the anisotropy constant (Ku) and
the anisotropy field (Hk) can be expressed as 2Ku /Ms . Here
we try to extend this concept to evaluate the uniaxial anis
ropy of bilayers. In the bilayers, if regarding the observ
torque curves as being just a superposition of the contr
tions from a uniaxial part and an isotropic part~a constant
shift part! phenomenologically, we can get a so-called effe
tive anisotropy constant (Ku

e f f) by subtracting the torque am
plitude and the isotropic part and calculate the effective
isotropy field (Hk

e f f52Ku
e f f/Ms). The quick increase ofHk

e f f

with the increase oftAF ~see Fig. 2! implies that the en-
hanced uniaxial anisotropy originates from the AF lay
through the interlayer coupling. With increasingtNiO , the
shapes of the magnetization curves along the hard mag
zation direction also change drastically. In the samples w
tNiO larger than 3 nm, two-step magnetization curves w
observed along the hard direction@see Figs. 4~b! and 4~c!#.
Hysteresis curves of similar shapes can be found in the fi
with biaxial anisotropy22,23 and the small thin-film element
with vortex domain structure.24,25 However, for the bilayers
under investigation, these conditions are not satisfied so
the two-step magnetization process must come from the
grains with distributed easy axes.

For a better understanding of the magnetic switching
haviors, a micromagnetic simulation was implemented. T
simplest approach to this problem is to assume that the
romagnetic layer have a weak induced anisotropy wh
magnetic moments rotate coherently during the magnet
tion process and that the antiferromagnetic layer consist
grains with randomly distributed easy axes.13,15 However,
with this assumption, we only get weak uniaxial anisotro
and enhanced coercivity. The coercivity increases dram
cally with the increases oftAF while the uniaixal anisotropy

FIG. 3. Torque curves of NiFe/NiO bilayers with different NiO
thickness. The torque was measured in an external field of 600
and in an angle range from2180° to 540°.
1-2
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ENHANCED UNIAXIAL ANISOTROPY AND TWO-STEP . . . PHYSICAL REVIEW B 65 014431
is kept at the same order of magnitude as the single N
film. The strong uniaxial anisotropy and the two-step ma
netization process cannot be simulated. A natural way to
troduce a strong uniaxial anisotropy depending ontAF is to
assume a preferential distribution of easy axes of AF gra
along the magnetic field direction during the sputtering. A
though it is unclear whether the uniaxial anisotropy com
nent comes from a macrostress or an in-plane textured s
ture, the resulted symmetry break can give rise to
preferential distribution of easy axes as illustrated in Fig
The angleu0 is employed to characterize this distributio
for example,u0 is zero for a random distribution andp for
perfect parallel alignment of the easy axes. The total ene
of such a system can be expressed as

Etotal5E
2p/2

p/2

@JF-AF cos~b2f2af!

1KAFtAF sin2af# f ~f!df2KFtF sin2b

1MFtFH cos~c2b!. ~1!

FIG. 4. Hysteresis loops along easy and hard directions w
tNiO of ~a! 2 nm, ~b! 4 nm, and~c! 7 nm measured using a VSM
The samples were saturated along the easy direction before me
ing the hard-axis loop.

FIG. 5. Illustration of different types of distributions of eas
axes and active easy directions:~a! random distribution,~b! prefer-
ential distribution, and~c! as-deposited state, assuming the sam
is deposited with the applied field pointing to the right and a fer
magnetic coupling between the F moment and the AF spins.
g
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The first term in Eq.~1!, the integration, is the summation o
the interfacial exchange energies between the F layer and
AF grains and the anisotropy energies of the AF grains,
second term the anisotropy energy of the F layer, and the
term the Zeeman energy due to the interaction between t
moment and the external field. As illustrated in Fig. 6,f is
the angle between the easy direction of the AF grain (EDAF)
and the pinning direction~p.d.! which is usually parallel to
the applied field direction during the film fabrication,b the
angle between the F moment (MF) and the pinning direction,
a the angle between the net surface moment of the AF g
(SAF) and EDAF , andc the angle between the external fie
~H! and the pinning direction.KF , MF , and tF are the an-
isotropy constant, the magnetization, and the thickness of
F layer, respectively.f (f) is the distribution function, which
gives the probability for theEDAF to orient along a certain
direction. f (f) may vary in different samples. For an idea
ized preferential distribution as shown in Fig. 5~b!, we have
f (f)51/(p2u0) when 2p/21u0/2,f,p/22u0/2 and
f (f)50 whenf,2p/21u0/2 or f.p/22u0/2. Since the
AF layer is relatively thin, we have assumed that the spins
each AF grain behave coherently throughout its thickne
which means that the relative configuration of AF sublatt
spins inside a AF grain is kept the same during the mag
tization process so that each AF grain behaves like one
with a certain anisotropy and magnetic moment. We ha
also assumed a coherent rotation of magnetization in th
layer, makingb independent off. However,a differs for
differentf because AF grains with different easy axis orie
tations may behave differently. In Eq.~1!, we useaf instead
of a, indicating thata is a function off. The hysteresis
loops and the torque curves are calculated by tracing
local minima ofEtotal with respect tob andaf’s for varying
amplitude or direction of the magnetic field.

With the assumption of the preferential distribution
easy axes of AF grains, the strong uniaxial anisotropy c
sistent with the experimental results can be deduced. Fig
7 shows the calculatedHk

e f f , using the same definition as i
Fig. 2, which increases monotonically with the increase
tAF . If considering the dead layer~about 2 nm! in the real
sample, the calculated results quantitatively agree with
measured values. The value ofJF-AF used in the calculation
was derived from the initial susceptibility of the NiFe/NiO
bilayers with a thick NiO layer, which could be an undere
timate because the interlayer coupling could be weaker
larger AF grains. Then theKAF was estimated by measurin

h

ur-

e
-

FIG. 6. Schematic of the angles used in Eq.~1!. For the defini-
tion of the symbols, see the corresponding part in the text.
1-3
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the critical angleuc ~see below for definition!.26 Using these
parameters, the strong uniaxial anisotropy (Hk

e f f.100 Oe)
can be obtained by assuming a preferential distribution of
easy axes of AF grains. Besides the enhancement of unia
anisotropy, it is of interest that the two-step magnetizat
process along the hard direction can also be success
simulated. The mechanism of the two-step magnetiza
process is shown in Fig. 8. We also assume thar
5JF-AF /(2KAFtAF).0.5 to simulate the uniaxial nature
Thus, the surface moment of AF grains can switch followi
the rotation of the moment of the ferromagnetic layer. In
case of 0.5,r ,1, the surface moment of AF grains wi
follow the rotation of the ferromagnetic moment (MF) with a
retardation and it is switching whenMF and the AED of the
AF grain forms a critical angle (uc). During the switching
process, the net surface moment flips irreversibly and
AED is reversed. The critical switching angle can be de
mined by the same astroid as that in Stoner-Wohlfa
model27 in which the reduced external field is replaced byr,
which gives

FIG. 7. Simulated dependence ofHk
e f f on the thickness of AF

layer by calculating the torque curves using the followingJF-AF

50.25 erg/cm2, KAF53.03105 erg/cm3, Ms
F5800 emu/cm3, tF

510 nm, andu05p/3. It shows the same tendency as the m
sured torque. The insets are calculated torque curves fortAF

52 nm and 6 nm, respectively. The line is a guide to the eyes

FIG. 8. Mechanism of two-step magnetization process.uc indi-
cates the critical angle for switching,MF the magnetic moment o
the F layer, and new p.d. the new pinning direction.
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r 2/3~sin2/3uc1cos2/3uc!51. ~2!

We assume that, at the as-deposited state, all the AED’s p
to the right distributed betweenOA andOB as shown in Fig.
5~c! if an external magnetic field pointing to the right wa
applied during the sputtering process. If the hysteresis l
starts from the saturated state along the hard direction,MF
points to the hard direction with AED’s distributed as show
in Fig. 8~a!. The AED’s, which make an angle with the d
rection ofMF ~hard direction! larger thanuc , flip into the left
part, while the others~the major part! remain at the right
part, resulting in a new distribution divided into two par
OC8-OB8 and OA-OC, as shown in Fig. 8~a!. A new pin-
ning direction, which makes an angleb with the initial pin-
ning direction, is determined by this new distribution
AED’s of the AF grains. When the magnetic field is d
creased,MF rotates clockwise towards the new pinning d
rection@(a)→(b)#. This process is reversible and looks lik
a typical magnetization process along the hard directi
which is controlled by the torque balance between the c
tributions from the external field and the AF-F interlay
coupling. If the new pinning direction makes an angle larg
than uc with some of the switched AED’s on the le
(uC8-b.uc), that is, if the angle between the new pinnin
direction and the hard direction (p/22b) is larger than
2uc2p, those AED’s will switch back from left to right
whenMF rotates back toward the new pinning direction wi
the decrease of the applied field. The switching of AED’s c
induce further rotation ofMF , which will, in turn, switch
more AED’s from left to right. This self-accelerating proce
causes a steep slope~i.e., a step! in the M -H curve @(b)
→(c)#. This is either a reversible or irreversible proce
depending on ther value, which stops when no more AED
can be switched due to a vacancy area in the easy-axis
tribution around the hard direction, and is followed by
reversible rotation process with a less slope@(c)→(d)#.
When MF rotates to makeuc with the AED, OA, another
self-accelerating process starts with the switching of
AED from right to left @(d)→(e)#, giving rise to the second
step in theM -H curve. No flip of the AED occurs when
u0/2,p2uc . Thus, the necessary condition for yielding th
two-step magnetization process along the hard directio
0,u0,2(p2uc).

Figure 9 shows the simulated magnetization curves al
the hard direction for different AF layer thicknesses. One c
see that the change of the characteristics of the magnetiza
process with increasingtAF is in good agreement with the
experimental results. In the case of very a thin AF layer,
AF surface moment can followMF without switching behav-
ior ~i.e., uc5p/2), and no hysteresis appears even at
stepping part. However, at the beginning and the end of m
netization process, the moment rotates faster than in
middle of magnetization process. The faster parts are du
the change of the AED’s. Here the AED’s change via seco
order transitions, not first-order transitions. With increas
tAF , i.e., increasing the anisotropy per unit area of the
grains, the first-order transition starts to occur in some of
AF grains, in two steps. With decreasing the field from t
saturation in the positive hard direction, the spins of the

-
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FIG. 9. Calculated hysteresis loops along ha
direction withJF-AF/2KAFtAF51.3, 0.95, and 0.7
for ~a!, ~b!, and ~c!, respectively. The other pa
rameters used in calculations areJF-AF50.25
erg/cm2 and u05p/3. For ~d!, the same param-
eters as~b! are used and it is assumed that t
local pinning directions uniformly disperse in
cone of 6°.
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grains in the second quadrant first start to switch accom
nied by the switching of their AED’s into the fourth quad
rant. Then at some negative field, some spins of the
grains in the first quadrant start to switch and their AED’s
switched to the third quadrant. It is obvious that a symme
curve is obtained for increasing field. With the increase
tAF , the first critical field on the descending curve decrea
while the second critical field on the ascending curve
creases. Similar features can also be observed on the ex
mental curves. However, some disagreements between
simulated and experimental curves are seen. According to
simulation, the remanence is zero if the first step happ
before the field decreases to zero@see Fig. 9~b!#. This is not
true for some experimental curves@see Fig. 4~b!#. To under-
stand the nonzero remanence, we have to go beyond
coherent rotation model. One possible explanation is as
lows: When the AF layer is relatively thin (tNiO'4 nm),
i.e., uc'p/2, the AED distribution at the saturated sta
along the hard direction is rather symmetrical with respec
the hard direction. When the field is removed, the local m
netic moments can rotate either clockwise or counterclo
wise due to variation of local magnetic properties in A
and/or F layer. Then the entire area of the film can split i
small parallel magnetic domains separated by Ne´el walls and
give rise to a nonzero remanence.28 Another explanation
would be as follows: Instead of splitting into parallel d
mains, the ferromagnetic layer may be divided into ma
small regions,29,30 inside which the magnetic moments a
parallel to each other, but the direction of magnetizat
slightly changes from region to region due to the inhomo
enous distribution of AF grains giving rise to a dispersion
the local pinning directions. Figure 9~d! demonstrates how a
very small dispersion of the local pinning direction can res
in the nonzero remanence along the hard direction.

As shown above, the mechanism of the two-step mag
tization process and the enhanced uniaxial anisotropy ca
well understood using a simplified picture of the preferen
distribution, in which the easy axes of AF grains are assum
to uniformly distribute within a certain angle range arou
the pinning direction. A realistic preferential distributio
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would be that the probability for the AF easy axes distrib
ing around the pinning direction is much larger than th
around the hard direction, such as a modified Gaussian fu
tion with respect to the angle, which can give rise to t
constant shift part of the nonvanishing rotational hystere
while keeping the characteristics of the preferential distrib
tion because a retardation angle between the F moment
the effective pinning exists in the whole angle range
though the population of the AF spins being switched can
very different depending on the F moment orientation. T
distribution function can be obtained by fitting the expe
mental curves if the distribution of the F/AF interfacial co
pling has been estimated according to the grain size distr
tion or is set as a fitting parameter as well. The preferen
distribution is evidently a rather general feature in the F/
bilayers because the enhanced uniaxial anisotropy and
two-step magnetization process were also observed in m
different types of bilayers, such as NiFe/IrMn@see Figs.
10~a! and 11~a!#, CoFe/NiO @see Figs. 10~b! and 11~b!#,
CoFe/Fe2O3 ~Ref. 31!, NiFe/Fe2O3 ~Ref. 31!, and NiFe/
FeMn ~Ref. 32! when the AF layers are relatively thin. As
suming a preferential distribution, the coexistence of the u
directional and uniaxial anisotropies in the bilayers w
thick AF layers33–35 can also be easily understood, althou
an alternative explanation has been proposed.36,37The model
described above can be regarded as an extension of the
type model, which can account for all the phenomena t
can be explained by the previous FC-type models12–15 and
also the new phenomena related to the preferential distr
tion of the easy axis of AF grains. Although the discussio
in this paper are limited to the effect of the implantation
the preferential distibution into the FC-type models for t
polycrystalline F/AF bilayers, the concept of a preferent
distribution could be also introduced into other types of mo
els, resulting in similar or even more complicated pheno
ena.

Although the observed phenomena can be well descri
by the preferential distribution of the easy axes of the
grains, the origin of such a distribution is still an open que
tion. To our knowledge, there could be several reasons:~1!
1-5
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The in-plane texture structure can give rise to a preferen
distribution of the easy axis of the crystalline anisotropy
the AF grains. In our samples, a combined~111! and ~200!
out-plane texture was observed, but no in-plane texture
detected by x-ray diffraction. High-resolution transmissi
electron microscopy~TEM! would be of help in tracing the
fine structures.~2! In-plane anisotropic stress may cause
preferentially distributed magnetoelastic anisotropy. The
plane anisotropic stress may originate from a combination
the magnetostriction of the magnetic layer, the different th
mal expansion coefficients of different materials, and the
terfacial lattice matching if the magnetic film is deposit
under an external field.38,39To quantify the anisotropy cause
by the stress, one needs information about the stress d
bution in the NiO layer and the magnetostriction constan
the NiO film. ~3! A preferential distribution of the strength o
the interfacial coupling may be phenomenologically equi
lent to the preferential distribution of the AF easy axes. D
ing the preparation or annealing under an external field,
net moment at the surface of NiO may increase through
diffusion of the interfacial atoms to minimize the interfaci
exchange energy.40 For example, if the easy axis of the A
grain is parallel to the applied field direction and a ferroma
netic coupling between the F moment and the AF spin

FIG. 10. Torque curves of~a! NiFe ~10 nm! and NiFe~10 nm!/
IrMn ~3.5 nm! and~b! CoFe~5 nm! and CoFe~5 nm!/NiO ~3.5 nm!
measured in magnetic fields high enough to saturate the sam
The torques have been normalized with respect to the magn
moment of the sample which can be deduced from torque ampli
at low field. NiFe/IrMn and CoFe/NiO layers show strongly e
hanced uniaxial anisotropy compared with the single ferromagn
layers of NiFe and CoFe, respectively.
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assumed, the local atomic spins at the surface of the AF g
can be either parallel or antiparallel to the F moment. T
atoms at the interface tend to rearrange by diffusion so
more interfacial atomic spins orientate parallel to the F m
ment. The driving force, the F/AF exchange energy, is p
portional to the cosine of the angle between the F mom
and the atomic spin of NiO, which is determined by the ea
direction of the AF grain and ther value. It can be deduced
that the AF grain with its easy axis along the applied fie
direction has the largest increase of the surface net mom
and gives rise to a preferential distribution of the interfac
exchange coupling. This distribution should be sensitive
the thickness of the AF layer because of the variation of
r value. The phenomena we observed may come from a k
of combination of the mechanisms described above. Fur
investigations of the interface structure, stress distributi
and magnetic annealing effect are required to clarify
mechanism and to provide useful information about the
ture of the anisotropy and the interfacial coupling in the
layers.

In conclusion, the enhanced uniaxial anisotropy and
two-step magnetization process in the NiFe/NiO bilayers
be well explained by the preferential distribution of the ea
axes of the AF grains. The preferential distribution mod
can serve as a more realistic model for polycrystalline F/
bilayers than the parallel alignment, which cannot expl
the two-step magnetization process and nonvanishing r
tional hysteresis at high field, or the random distributi
model, which cannot account for the enhanced uniaxial
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FIG. 11. Hysteresis loops of~a! NiFe ~10 nm!/IrMn ~3.5 nm!
and ~b! CoFe ~5 nm!/NiO ~3.5 nm! bilayers measured along bot
the easy and hard directions. The two-step magnetization proce
can be seen on the hard-axis loops.
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isotropy and the two-step magnetization process. It w
made clear that knowledge of the distribution of the AF ea
axes is essential for understanding both the characteri
and the amplitude of the effective anisotropy of the bilaye
Further studies of the origin of the preferential distributi
will be valuable in revealing the nature of the exchang
coupled F/AF bilayers.
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