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Tailoring the exchange bias via shape anisotropy
in ferromagneticÕantiferromagnetic exchange-coupled systems
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The magnetic behavior of Fe lines on top of a continuous FeF2 antiferromagnetic layer was investigated as
a function of the orientation of the lines with respect to the applied magnetic field and a unidirectional
anisotropy established by field cooling. The orientational dependence of the asymmetric loop shift, called
exchange bias, shows that the competition between shape and unidirectional anisotropies modifies the ex-
change bias and the coercivity. Remarkably, in certain cases, exchange bias can be observed even when the
applied field is perpendicular to the unidirectional anisotropy. Numerical simulations with a coherent rotation
model illustrate a rich phase diagram, which originates from the noncollinearity of the involved anisotropies.
Using this phase diagram, exchange bias and coercivity can be predictably tailored. In particular, different
preferred magnetization directions can be designed in separately patterned structures of the same sample with
identical preparation and magnetic history.
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Although the role of shape anisotropy in homogeneo
magnetic materials has been well understood for a l
time,1–3 we show here that adding shape anisotropy to m
netic heterostructures can give rise to an unexpected be
ior due to a competition between shape anisotropy and in
nal interactions of the heterostructure. Examples
heterostructures, which received much attention lately,
ferromagnetic/antiferromagnetic exchange-coupled syste
The coupling between an antiferromagnet and a ferroma
can give rise to an inducedunidirectional anisotropy in the
ferromagnet, which is referred to as exchange bias. The m
characteristic of this induced anisotropy is a shift of the h
teresis loop of the ferromagnet along the field axis.4 This
unidirectional anisotropy stems presumably from the way
antiferromagnet orders in the proximity of a ferromagnet,
a detailed understanding is still missing.5 Regardless of the
missing microscopic understanding, exchange bias has
come important for many magnetoelectronic applicatio
because it pins the magnetization orientation of one fe
magnetic layer, which then serves as the reference layer
variety of device structures, such as spin valves and magn
memory elements.6

For applications, it is often necessary to pattern the h
erostructures into a confined geometry. Thus the questio
how patterning influences the magnetic behavior arises n
rally. Up to now, studies of exchange-biased antifer
magnetic/ferromagnetic wires have been restricted to c
with shape anisotropy either parallel or perpendicular to
applied magnetic field.7,8 These studies showed a modifie
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exchange bias similar to nanostructured networks
exchange-bias systems.9,10 However, there has been no sy
tematic study of the role of the shape anisotropy orientat
and no quantitative understanding of these effects has
been obtained.

In this work, we studied the exchange bias of Fe lines
an antiferromagnetic FeF2 film as a function of line orienta-
tion with respect to cooling and applied magnetic fields, b
fixed with respect to the FeF2 crystalline orientations. The
main result is that competition and noncollinearity betwe
unidirectional exchange coupling and shape anisotropy
give rise to an unexpected magnetic behavior. This open
a straightforward pathway to tailor both themagnitudeand
direction of exchange bias, which can be applied to a
exchange-bias system. We compare the experimental re
to numerical simulations obtained from a coherent rotat
model. The simulations give rise to a surprisingly rich va
ety of hysteretic behavior. The magnetic behavior depe
strongly on the ratio and relative orientation between sh
and uniaxial anisotropies. In particular, when the ratio is l
than 1, large exchange bias is observed even with magn
fields applied perpendicular to the unidirectional anisotro
This permits the introduction of several different preferr
magnetization directions in separately patterned structu
independent from material specific parameters, even if t
have identical magnetic history.

Using e-beam lithography and ion milling, we define
300-nm-wide polycrystalline Fe lines on top of a continuo
quasiepitaxial~110! FeF2 film grown on MgO~100!. The
©2003 The American Physical Society06-1



-

-
ic

-
.

RAPID COMMUNICATIONS

A. HOFFMANN et al. PHYSICAL REVIEW B 67, 220406~R! ~2003!
FIG. 1. Hysteresis loops mea
sured with MOKE at 35 K for
three patterns with the lines
245°~a,d!, 0° ~b,e!, and 145°
~c,f! oriented with respect to the
cooling field and the applied field
during the hysteresis loop mea
surements. The applied magnet
field is parallel to the cooling field
for ~a!–~c!, while it is perpendicu-
lar for ~d!–~f!. The directions of
the applied field and cooling field
with respect to the lines are indi
cated to the right of each plot
Note thatHFC is always applied
along @010# MgO ~corresponding

to either @11̄2# or @ 1̄12# of the
two FeF2 twins, respectively!.
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FeF2 layer has a twinned in-plane structure, such that@001#
FeF2 is along either@011# or @01̄1# of the MgO substrate.11

The FeF2 and Fe are 90 and 10 nm thick, respectively. T
Fe lines have a periodicity of 500 nm and cover seve
1003100-mm2 areas, each with a different direction wit
respect to the MgO@010# direction. Since all the patterns ar
on one single chip, it is assured that the local exchange
teraction between the Fe lines and FeF2 film and the mag-
netic history ~i.e., magnitude and direction of the coolin
field! are identical for all patterns.

The magnetic hysteresis loops of the line patterns w
measured with magneto-optic Kerr effect~MOKE!,12 using
an optical cryostat. The transverse MOKE geometry12 is used
under'45° incidence, which allows us to measure the m
netization componentM par parallel to the applied field. The
laser beam is focused down to 50mm diameter, which en-
ables us to address each of the Fe-line patterns individu
Magnetic hysteresis loops measured at room temperatur
the patterned Fe lines along various directions are consis
with a uniaxial shape anisotropyKu5150 Oe.

For measurements in the exchange-biased state,
sample is cooled from room temperature to 35 K in an
plied field of 1.5 kOe. It should be noted that depending
the crystalline orientation of the antiferromagnet, the uni
rectional exchange-coupling anisotropy is not necessa
along the cooling field direction.13 However, here we always
apply the cooling field along MgO@010# ~corresponding to
either @11̄2# or @ 1̄12# of the two FeF2 twins, respectively!,
which guarantees that in our case the cooling field direc
and the direction of unidirectional anisotropy are identica13

Figures 1~a!–1~c! show magnetic hysteresis loops after fie
cooling for three patterns with the lines oriented at245°,
0°, and145° relative to the cooling and the applied fiel
The resulting exchange bias is similar (HE'475 Oe) for all
three patterns and only the shape of the hysteresis loo
somewhat changed by the different shape anisotropies.
thermore, as expected, the hysteresis loops for the pat
rotated145° or 245° @see Figs. 1~a! and 1~c!# are essen-
tially identical.

As shown in Figs. 1~d!–1~f!, the situation is completely
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different as soon as the patterns are rotated 90° clockw
after field cooling. The unidirectional anisotropy is now pe
pendicular to the applied magnetic field and therefore o
would naı¨vely not expect to observe any exchange bias.
deed, for the pattern where the cooling field direction is p
allel to the lines and thus along the direction of the uniax
shape anisotropy, the exchange bias is negligible comp
to the other cases@see Fig. 1~e!#. On the other hand, for the
lines at 45° to both the applied and the cooling fields, ther
an exchange bias@see Figs. 1~d! and 1~f!#. However, note
that the sign of the exchange bias is opposite for the
orientations, even though the magnetic history is exactly
same.

It is instructive to compare these experimental results w
numerical simulations based on a coherent rotation mo
~Stoner-Wohlfarth type2! similar to earlier works.14,15 If we
assume a homogeneous magnetization in the Fe lines,
the free energyf can be written as

f 52HMscosu2KEcos~u2uE!2Kucos2~u2uu!, ~1!

whereH is the applied field,Ms is the saturation magnetiza
tion, u is the angle of the magnetization with the appli
field, KE and Ku are theunidirectional exchange coupling
and theuniaxial shape anisotropy, anduE and uu are the
angles between the applied field and these two anisotr
axes, respectively. Hysteresis loops are determined num
cally via energy minimization of Eq.~1!. Results are shown
in Fig. 2 for different ratios ofKu /KE and fixed values of
uE590° anduu545°, corresponding to the case in Fig. 1~d!.
As one can see, a range of hysteretic behavior can be
served depending on the ratioKu /KE .

The exchange biasHE and the coercivityHc values ex-
tracted from these simulated loops are plotted as a func
of Ku /KE in Fig. 3. One can distinguish three types of b
havior. For vanishingKu , HE also vanishes and the magn
tization simply rotates reversibly from one direction to t
opposite, whereby at remanence the magnetization alw
points along the unidirectional anisotropyKE @see Fig. 2~a!#.
With increasingKu the magnetization still rotates reversibl
albeit asymmetrically@see Fig. 2~b!#. This gives rise to an
6-2
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HE which increases linearly withKu @see region I in Fig. 3#.
When Ku /KE reaches 0.85, the hysteresis loop shows ir
versible behavior@see Fig. 2~c!#. Notice that the exact value
at which the irreversible behavior becomes important
pends on the angle between the uniaxial and the unidi
tional anisotropy. ForKu /KE larger than 0.85,Hc increases
and HE decreases@see region II in Fig. 3# until they both
become close toKE/2Ms nearKu /KE51. For Ku /KE,1,
the perpendicular component of the magnetization alw
points along the direction of the unidirectional anisotro
during the magnetization reversal. The situation chan

FIG. 2. ~Color online! Hysteresis loops from the coherent rot
tion model with uE and uu fixed to 90° and 45°, respectively
Shown are the longitudinal~solid line! and transverse~dashed line!
magnetizationsM par andM perp normalized by the saturation mag
netization. The curves are forKu /KE ratios of 0~a!, 0.3 ~b!, 0.95
~c!, and 1.5~d!. The solid symbols in~b! indicate the average of th
two hysteresis branches from Fig. 1~d!.

FIG. 3. ~Color online! Calculated HE ~solid line! and Hc

~dashed line! normalized byKE /Ms andKc /Ms , respectively, as a
function of Ku /KE at fixeduE590° anduu545°. The regions of
different hysteresis behavior are indicated by I, II, and III.
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completely atKu5KE . There is a first-order transition in th
hysteretic behavior, such that the magnetization reverse
opposite directions during the ascending and descen
branches of the hysteresis loop@see Fig. 2~d!#. At the same
time Hc increases by more than a factor of 2, such thatHc
.Ku , andHE changes sign and is significantly reduced
magnitude. Upon further increasingKu , HE vanishes, and
Hc becomes equal toKu @see region III in Fig. 3# as is
expected for a coherent rotation model without additio
unidirectional anisotropy.2

It is important to realize that the complexity of this ma
netic behavior is due to the noncollinearity of the appli
field, the unidirectional exchange-coupling anisotropy est
lished by the field cooling, and the shape anisotropy de
mined by the geometry. For example, if the unidirection
anisotropy is parallel to the applied field, then the exchan
bias is independent of the shape anisotropy, namely,HE
5KE /Ms , which is exactly the experimental observatio
@see Figs. 1~a!–1~c!#. It should also be pointed out that th
calculated hysteresis loops do not require that the unia
anisotropy be due to the shape of the ferromagnet. If
ferromagnet has an intrinsic uniaxial anisotropy~i.e.,
crystalline15!, then the same effects should be observab
However, unlike crystalline uniaxial anisotropy, shape a
isotropy introduces an extra degree of freedom, since dif
ent parts of the same sample can be designed to have d
ent magnitude and direction of shape anisotropy.

We can estimate, which region of Fig. 3 corresponds
the samples we measured. The shape anisotropy of th
lines can be calculated from demagnetizing factors if o
approximates the wires as general ellipsoids. UsingMs
51740 emu/cm3 for Fe and the dimensions of 100mm
length, 300 nm width, and 10 nm thickness results
Ku /Ms5353 Oe.3 This compares well with the shape anis
tropy determined from room-temperature, hard-axis hys
esis loops, which show an anisotropy fieldHa'300 Oe, cor-
responding to Ku /Ms'150 Oe. The unidirectiona
exchange-coupling anisotropy can be determined dire
from measurements with the field applied along the fi
cooling direction @Figs. 1~a!–1~c!# and is KE /Ms5HE
5475 Oe. Thus, the samples correspond to region I in F
3. Therefore the exchange bias should be equal toKu /Ms ,
and in fact the exchange bias in Figs. 1~d! and 1~f! is
6180 Oe, corresponding well toKu /Ms5150 Oe, deter-
mined from the room-temperature hysteresis loops.
course, one may notice that the simulation in Fig. 2~b! does
not show any hysteresis in contrast to the experimental d
This is most likely due to the fact that the model ignor
more complicated origins of coercivity in exchange-bias s
tems, such as irreversible losses in the antiferromagn16

These contributions can be removed from the experime
data by averaging the branches of the two hysteresis lo
and the result is shown by the solid symbols in Fig. 2~b!
together with the corresponding numerical simulation. T
result is remarkable, since without any free parameter,
only the shift of the loop but also the overall shape of t
loop are well described.

In the past, various other approaches have been used
cessfully to modify exchange bias locally, for example,
6-3
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ion irradiation.17 One distinct advantage of the work pr
sented here is that the use of shape anisotropy provides
cise control of the magnitude and orientation~i.e., sign! of
the exchange bias over a wide range. This means that
the unidirectional exchange-coupling anisotropy is kno
~i.e., from an unpatterned film!, the coherent rotation mode
can be used to predictquantitativelythe resulting exchange
bias shifts of the patterned areas.

In conclusion, we have proven that uniaxial shape an
tropy can give rise to exchange bias in situations where
naı̈vely would not expect any. Numerical simulations bas
on a coherent rotation model show that this effect relies
the noncollinearity of the involved anisotropies. The e
change bias is most pronounced when the uniaxial ani
ropy is slightly smaller than the unidirectional exchange-b
anisotropy. Furthermore, as a function of the ratio betw
the uniaxial and the unidirectional anisotropyKu /KE , the
numerical simulations provide a phase diagram with th
regions of hysteretic behavior and a change of sign for
exchange bias. Future experiments with varying ratios
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