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Nonlinear exchange coupling and magnetic domain asymmetry in ferromagnetic/IrMn thin films
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Noncollinear uniaxial and unidirectional exchange anisotropy contributions are discovered and identified as
a cause of loop asymmetry in exchange-coupled ferromagnetic/antiferromagnetic thin films. Adjusting the
magnetic reversal field axis to compensate for the tilted anisotropies eliminates the loop and magnetic domain
reversal asymmetry. The deviation from collinearity of exchange coupling is suggested to originate from
antiferromagnetic-layer-induced interfacial magnetic frustration. The effects are independent of the occurrence
of exchange bias, existing below and above the onset of exchange bias. The additional anisotropy contributions
add another mechanism to the occurrence of exchange coupling.
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I. INTRODUCTION

Exchange interaction at the interfaces of layered ferro-
magnetic (FM) and nonmagnetic (NM) or antiferromagnetic
(AF) films is a major contribution to the effective magnetic
properties of thin-film nanostructures. In particular, exchange
coupling across a NM transition-metal layer is observed in
FM/NM/FM sandwich structures. There, the sign of coupling
depends on the NM layer thickness and may result in a pre-
ferred parallel, respectively, antiparallel alignment of the
spins of the FM layers in the magnetic ground state.!”> For
certain materials systems a biquadratic coupling,’ favoring
an orthogonal orientation of magnetization, becomes the
dominating contribution. It may originate from local thick-
ness variations, which result in spatial fluctuations of the
bilinear interlayer coupling terms, inhomogeneities of the in-
terlayer spin structure, FM impurities in the NM interlayer
matrix, or magnetic proximity effects. On the other hand,
direct exchange coupling is used to control the magnetic
properties in exchange spring hard/soft FM/FM (Ref. 6) or
exchange biased FM/AF bilayers.” In the FM/FM systems
the FM layers are accessible to traditional magnetic measure-
ment techniques and it has been shown that by introducing a
fluctuating spin structure in the FM hard layer, an effective
biquadratic coupling across the interface is introduced.®°

For exchange biased systems, however, the magnetization
of the AF layer can neither be adjusted nor probed easily. In
such systems a stabilization of the FM magnetization along a
preferred direction is achieved by the exchange bias effect,
which for FM/AF structures manifests itself in a ferromag-
netic loop shift”!!"1* after the setting of unidirectional aniso-
tropy during film deposition or by a field cooling process.
Various possible coupling mechanisms have been proposed
to describe the exchange effect in agreement with experi-
mentally obtained data.'>"'® Biquadratic or spin-flop cou-
pling across the FM/AF layer has been proven to exist in
single-crystalline FeF,-based systems with well-defined and
high uniaxial AF anisotropy.!® The occurrence of positive
exchange bias in such systems?® has been found to depend on
the magnitude of the applied magnetic field?' during the field
cooling process. For polycrystalline FM/AF layers, where
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the in-plane AF anisotropy axes of the grains are equally
distributed,? the existence of pinned uncompensated spins at
the interface is found to be responsible for the exchange bias
effect.” For such systems, applying a magnetic field Hy,,
during AF film deposition on top of a saturated FM layer
predominately results in an exchange bias field H, or unidi-
rectional anisotropy K,qpv-ar along and parallel to the ini-
tially applied magnetic-field direction.

In addition, exchange biased FM/AF systems evidence
loop asymmetry effects,?*~2” which are explained by irrevers-
ible magnetization processes in the antiferromagnetic
layer?>?® or by a misaligned external magnetic field?®?° dur-
ing reversal of an otherwise collinear coupled FM/AF sys-
tem. In the latest coherent rotation models the reversal de-
pends strongly on the ratio between FM film uniaxial
anisotropy and unidirectional anisotropy.?° Yet, the proposed
models are not able to explain all aspects of the symmetry
breaking phenomena. Especially, asymmetric ferromagnetic
domain formation and incoherent rotation processes,’>3!-33
where the magnetic switching field is aligned along the ex-
pected direction of exchange bias, are not understood. In this
paper we show evidence for the existence of tilted uniaxial
and unidirectional exchange anisotropies, deviating from col-
linearity, in FM/AF systems, which lead to asymmetric mag-
netization reversal phenomena.

II. EXPERIMENT

To investigate the asymmetry effects,
Ta(5 nm)/FM(20 nm)/Ir,sMns;/Ru(3 nm) (FM=CogoFe,
or NigFe;g) films with varying AF thickness (fmpy
=0-9 nm) were prepared by dc-magnetron sputtering on
Si/SiO, substrates. The Ta-seed layer ensures a (111)-fiber
texture of the polycrystalline films?>> and no signs of in-
plane texture were detected.?? The uniaxial anisotropy K, py
of the FM layer and the unidirectional anisotropy K gy-ar
transmitted from the AF layer grown on top of the FM layer
were set in a magnetic in-plane field of Hg,,=4.0 kA/m
during the FM and AF film deposition. By this procedure an
exact parallel alignment of the uniaxial anisotropy of the FM
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FIG. 1. (Color online) (a)—(c) Magnetization loops for CoFe(20
nm)/IrMn magnetic bilayers measured along (Il) and perpendicular
(L) to Hgep. The AF-layer thicknesses fi, are indicated. The po-
sitions of the backward H,; and forward H. ; coercivities are dis-
played in (c). The values of H,, Hy,  and bias field H, ; along the
perpendicular direction vs fiyq, are plotted in (d). The directions of
field and the sample orientation are defined in (d).

and the imprinted exchange bias field direction
(Kyarm-arllK, p) Was intended. The magnetic properties
were characterized by inductive magnetometry at 10 Hz and
the magnetic domains were probed by magneto-optical Kerr
effect microscopy.>* Both methods allow a precise adjust-
ment of the sample’s orientation with direct feedback to cor-
responding changes in the magnetization behavior. All hys-
teresis loops were obtained in a trained state after at least 50
magnetization loops in order to minimize effects from irre-
versible changes in the AF-layer magnetization and other
related magnetic history effects.

III. RESULTS
A. Magnetization reversal along and perpendicular to Hg,

Magnetization loops for the CoFe samples with different
IrMn layer thickness measured exactly parallel (|l) and per-
pendicular (L) to the deposition field direction (indicated as
being || to the elongated side of the samples) are displayed in
Fig. 1. With increasing AF-layer thickness the coercivity
field increases and peaks around f#yy;,=2.2 nm. For the
l-case the loop shape changes significantly from a rather
square shaped easy axis [Fig. 1(a)] to a tilted loop that re-
sembles a hard axis loop [Fig. 1(b)]. Congruently, the
1 -loop displays signatures of an easy axis loop, which mani-
fests itself in higher coercivity values and larger squareness
of the L-loop relative to the [-loop. This indicates an AF-
layer-induced rotation of the effective uniaxial anisotropy di-
rection. With further increasing fy,,, the bilayers exhibit a
loop shift along the [I-direction (Hy, ). Yet, the L-loops dis-
play a noticeable exchange bias field H,, | . This field offset
is unexpected and points to a rotated exchange bias field
direction that is misaligned relative to the deposition field
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FIG. 2. (Color online) Magnetic domain structures in CoFe(20
nm)/IrMn obtained at H, and H, ; displaying asymmetric magne-
tization reversal. The applied field H. was oriented parallel to
Hgep. The sample orientation for all measurements is displayed in
(b). timn and the values of H,,, are indicated. Directions of net
magnetization are sketched.

direction Hgyep,. A similar behavior originating from a mis-
alignment between the easy axis of ferromagnetic and anti-
ferromagnetic films in exchange biased MnPt/NiFe bilayers,
where the AF layer was deposited prior to FM layer deposi-
tion, has been discussed in Ref. 35.

Complementary magnetic domain images obtained at the
coercive fields H,j and H.; for the backward and forward
loop branches are displayed in Fig. 2. Whereas the reversal
for the pure CoFe films [Figs. 2(a) and 2(b)] proceeds sym-
metrically through 180-deg domain-wall motion, irregular
and asymmetric domain characteristics are observed with the
addition of the AF layer. The change in magnetic microstruc-
ture with the addition of IrMn and below the onset of ex-
change bias is shown for two different AF thicknesses in
Figs. 2(c)-2(f). With the addition of IrMn a transition to a
more nonuniform or dispersive magnetic domain pattern
takes place, which indicates AF-induced magnetic disorder
in the FM layer. Magnetization modulated domains with the
net magnetization oriented nearly perpendicular to H,, and
Hgep for fym=2.2 nm become visible. This finding confirms
the assumption of a rotated effective anisotropy axis. For
larger AF-layer thickness, the reversal process displays a
pronounced asymmetry in magnetic domain formation [Figs.
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FIG. 3. (Color online) Magnetic domain structures in CoFe(20
nm) and CoFe(20 nm)/IrMn films obtained for different deposition
and external field history. For the FM (a) and FM/AF structures (b)
and (c) the deposition field was varied from (a) H4e,=0 kA/m and
(b) =0.1 kA/m up to (c) =0.4 kA/m. For (d)~(f) Hg,=0 kA/m
while the magnetic history before domain imaging was varied (see
text for details). The directions of net magnetization are sketched in
(a)—(c). The sample orientation and the values of H,, are indicated.

2(g)-2(1)]. The magnetization process occurs by domain-wall
propagation for the backward and by incoherent magnetiza-
tion rotation and domain-wall motion for the forward loop
branch.?>33

For the correct interpretation of the experiments a per-
fectly controlled alignment of the magnetic-field direction
during deposition is essential. The direction of magnetic field
was probed affer film preparation on selected samples by
analysis of the rippled magnetization structure, which occurs
in polycrystalline FM thin-film samples.>*3® An example of
the domain structure of a pure FM CoFe layer in an applied
magnetic field under similar conditions as during film depo-
sition, Hey = Hgep, is displayed in Fig. 3(a). A saturated ho-
mogeneous magnetic structure with the magnetization
mainly aligned along H.,, is expected from the magnetization
loops [see Fig. 1(a)]. However, due to FM anisotropy disper-
sion a small modulation of magnetization occurs, the orien-
tation of which is constrainedly aligned perpendicular to the
direction of mean magnetization and therefore a direct mea-
sure of the alignment of field. On the other hand, a magne-
tization pattern or the FM domain structure during subse-
quent AF film deposition is assumed to directly transfer into
a pattern of exchange bias, where the direction of H,, mimics
the FM domain pattern. A typical example of a magnetic
domain structure obtained in a CoFe/IrMn film deposited in
the absence of a deposition field (Hg,=0 kA/m) is dis-
played in Fig. 3(d). The domain structure is fixed by local
exchange bias and reproduces reversibly at remanence after
applying a field of H.,=80 kA/m perpendicular [, Fig.
3(e)] and along [—, Fig. 3(f)] for more than 1 h. Conse-
quently, the domain structure during film deposition is per-
manently imprinted and the FM/AF domain structure reflects
the FM magnetic state during AF film deposition. The rem-
anent FM magnetic structures for two different amounts of
Hyge, are displayed in Figs. 3(b) and 3(c). For both field am-
plitudes a modulated magnetic structure similar to Fig. 3(a)
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FIG. 4. (Color online) Modeled magnetization loops for a mag-
netic bilayer structure measured under different angles « relative to
the exchange bias direction. K, p=740 J /m3 and Kyapv-ar=1
X 10~ J/m? in accordance with Fig. 1(d) were used for the calcu-
lations. The saturation polarization J;=1.9 T was determined from
measuring the saturation field perpendicular to the film plane. The
sample orientation, respectively the direction of K, gy and

Kudrm-ar are indicated [defined in (c)].

becomes visible. The amplitude of magnetic ripple is less
than 3° as derived from magnetic contrast analysis and more
pronounced for the case of reduced deposition field ampli-
tude Hge, in Fig. 3(b). Importantly, the engraved domain
modulation patterns are oriented perpendicular to the in-
tended direction of Hy., and validate that the direction of
Hgep is along the presumed direction. For the magnetically
more soft NiFe-based FM/AF sample no ripple domain
structures were found. By the presented ex sifu experiments
the true direction of deposition field is evidenced.

B. Phenomenology of AF-induced tilted anisotropy effects

The fundamental correlation of the magnetization behav-
ior with canted anisotropy for the case of a thick AF layer,
similar to the situation in Fig. 1(c), is demonstrated by mod-
eling the hysteresis loop, e.g., minimizing the total areal en-
ergy density e, relative to the direction of magnetization 6
given by

et = K, pvitem sin*(a@ — 6) — Kyg pyi_ar €0os(B8— 6)
_Hext‘lstFM COS(V_ 0)9 (1)

with the ferromagnetic uniaxial anisotropy energy density
K, ry aligned along «, the unidirectional exchange aniso-
tropy K,q pm-ar Oriented with B, and the external field H.,, in
direction of . Calculated easy and hard axis loops for dif-
ferent angular conditions are shown in Fig. 4. The loops for
parallel alignment of field and anisotropy axis (I, e.d.: «
=B=vy=0; L, h.d.: a=B=m/2,y=0) and tilting the sample
(a=B=0.17,y=0 and a=B=7/2+0.17, y=0) are shown in
Figs. 4(a) and 4(b). As discussed above, a tilt of the unidi-
rectional anisotropy direction leads to an effective loop shift
H,y, | despite the alignment of H,, along Hgep. This situation
is modeled in Fig. 4(c) (I: «=0,8=0.30,y=0; 1: «
=m/2,B=mw/2+0.30, y=m7/2). The bias field H, , is com-
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FIG. 5. (Color online) Modeled magnetization loops for a mag-
netic bilayer structure measured under different angles a under the
assumption of a tilted AF-induced uniaxial anisotropy contribution
K, pm_ap=0.6X10"* J/m% The same values of K,py and
Kuarm-ar as in Fig. 4 were used for the modeling. The sample
orientation, respectively the direction of K, gy, Kygpm-ar and
K, rv-aF are indicated (cf. Fig. 4).

pensated by rotating the sample to 0.17 away from the ideal
h.d. case as shown in Fig. 4(d). Due to the superposition of
K4 rv-ar and K, gy this angle is less than the misalignment
B—a=0.30. A symmetric loop is obtained for y=0.28 close
to the direction of K4 pyp-aF-

Alternatively, an AF-induced canted uniaxial anisotropy
contribution would generate similar results. This is demon-
strated by the modeled hysteresis loops in Fig. 5. For the
calculation an energy landscape similar to Eq. (1) is as-
sumed, yet an additional and possibly tilted uniaxial aniso-
tropy term K, pv_ar is introduced. The total energy density
e, relative to the direction of magnetization is then given by

o = Ky pmtrm sin®(a— 6) + K, pM-aF sin?(8- )

— Kyqpm-ar €0s(a = 6) = Hey Jitpy cos(y—=6), (2)

with, both, K, gy and K4 pm-ap being parallel and aligned
along a and K, py_ap aligned along &. Calculated loops
along the direction of K, gy and K 4gy-ap and under the
compensating conditions similar to Figs. 4(c) and 4(d) are
shown in Fig. 5. An AF-induced interfacial uniaxial aniso-
tropy coupling aligned nearly perpendicular to the deposition
field direction, 6=1.40, was used for the modeling of the
loops. As demonstrated in Fig. 5(b), the residual bias field
Hy, | for the chosen parameters is compensated rotating the
sample by 0.16 relative to the initially assumed hard direc-
tion and a symmetric loop is obtained for a rotation of 0.10
relative to the assumed e.a. direction of Fig. 5(a).

The above performed analysis is consistent with the exis-
tence of a tilted uniaxial or unidirectional anisotropy relative
to the deposition field as suggested from the experimental
results shown in Sec. III A. A clear distinction of both
mechanisms is not easy, but the assumption of noncollinear
AF-induced anisotropy contributions is consistent with the
modeled noncollinear AF-induced anisotropy contributions.
Whereas the single domain analysis is valid for the zero co-
ercivity h.d. case, the results of the analysis along the e.d.,
with the existence of magnetic domains and incoherent re-
versal processes, is only able to give guidance to the under-
standing of the underlying reversal process.
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FIG. 6. (Color online) Exemplary magnetization loops for (a)
CoFe(20 nm)/IrMn(2.2 nm) and (b) CoFe(20 nm)/IrMn(8.7 nm)
magnetic bilayer structures measured along and perpendicular to the
effective exchange bias direction as discussed in Fig. 4. The sample
alignment for each measurement is indicated. H,. and Hy, as a func-
tion of i, are displayed in (c).

C. Compensating for asymmetry effects

Magnetization loops for f1,=2.2 nm and #;;,=8.7 nm
under the symmetric reversal conditions described above are
displayed in Figs. 6(a) and 6(b). Comparing the loops of
Figs. 1(c) and 6(b) to the calculated loops of Figs. 4 and 5,
the general trends in the change in magnetization reversal are
reproduced. Aligning the external field with the effective
easy direction has only minor influence on the loop shift;
only the coercivity increases significantly as can be seen
comparing Fig. 1(d) with Fig. 6(c).

Investigating the domain formation along the effective
easy axis [Fig. 6(a)] and effective easy direction [Fig. 6(b)],
the domain structures display no more signs of asymmetry.
In accordance with the presented analysis, the domain char-
acteristics for the backward and forward loop are fundamen-
tally identical. For thin IrMn layers [Figs. 7(a) and 7(b)] the
magnetization is initialized by incoherent rotation under the
formation of ripplelike domains. Remarkably, for thin AF
layers residual effects from the FM’s uniaxial anisotropy di-
rection become directly visible in the orientation of low
angle domain walls, which are aligned in parallel with Hgep,
identical with K, gy. This is an additional and conclusive
evidence of the coexistence of mixed and tilted FM- and
AF-induced uniaxial anisotropy contributions. For thick AF
layers, the reversal process now also occurs symmetric, yet,
through domain-wall motion without signs of incoherent
magnetization rotation. Similar data as shown in Figs.
7(e)-7(h) are obtained over the whole thickness range from
fvn=23-6 to 8.7 nm. Aligning H,, along the effective easy
direction, compensating for the tilted orientation of anisotro-
pies, eliminates loop and domain asymmetry effects. Only in
the intermediate IrMn thickness range just above the onset of
exchange bias [Figs. 7(c) and 7(d)] is a difference in the
reversal modes for the forward and backward loop branches
still evident.
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FIG. 7. (Color online) Magnetic domain structures in CoFe/
IrMn layers obtained at H., respectively H.; The applied mag-
netic field H,,, was oriented parallel to the effective uniaxial aniso-
tropy axis (a), respectively effective exchange bias direction (b)
(see Fig. 6). The direction of Hgep, the values of Hey, and fyy, are
indicated.

The anisotropy tilt is not restricted to CoFe/IrMn layers,
but also appears in Nig;Fe o/ IrMn structures. Examples for a
single-layer NiFe and bilayer NiFe/IrMn structures are dis-
played in Fig. 8. A well-defined uniaxial anisotropy loop is
derived from the pure FM’s magnetization loops, which are
consistent with a FM uniaxial anisotropy K, gy aligned along
H ., With the addition of the IrMn layer [#},,=2.2 nm, Fig.
8(b)] magnetization loops without a signature of anisotropy
are found for the I, respectively L loop case. As shown in
Fig. 8(d), rotating the sample in accordance with a tilted
AF-induced uniaxial anisotropy, magnetization loops similar
to regular easy and hard axis loops are found. Furthermore,
for thicker IrMn thicknesses a residual exchange bias field as
for the CoFe-based sample is seen [Fig. 8(c)]. Hy, , is elimi-
nated by rotating the sample away from the direction perpen-
dicular to Hye, as shown in Fig. 8(e). The results indicate that
the occurrence of AF-induced and titled anisotropies is inde-
pendent of the FM material.

IV. DISCUSSION

In principle the observed tilted exchange bias could also
be attributed to magnetic history dependent reorganization
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FIG. 8. (Color online) (a)-(c) Magnetization loops for

Nig;Fe 9(20 nm)/IrMn magnetic bilayers measured along (Il) and
perpendicular (L) to Hyep. The hysteresis loops along and perpen-
dicular to the effective easy (e.a.) and hard axis (h.a.) and direction
(e.d., h.d.) of magnetization are shown in (d) and (e). The sample
alignment for the measurements in (a)—(c) is sketched in (a); the
orientations under the compensation conditions are displayed in (d)
and (e).

processes of AF grain magnetization or AF domains. Irre-
versible switching process could lead to strong changes in
the initial loops, depending on the angular field history.?” A
pronounced angular hysteresis for the initial (untrained)
loops was also observed in Ref. 38. Even though in the ex-
periments presented here the systems are investigated in a
trained state and the behavior has been proven to be repro-
ducible, the stability of anisotropy tilting versus magnetic-
field history was investigated by comparing the magnetiza-
tion behavior after a counterclockwise (ccw) field rotation to
the behavior of a subsequent clockwise (cw) field rotation.

Results for the CoFe-based FM/AF layers are presented in
Fig. 9. Shown in Figs. 9(a) and 9(b) are the final e.a. loops,
respectively, and in Figs. 9(e) and 9(f) the final e.d. and h.d.
loops after subsequent ccw-cw sample rotation in an alternat-
ing measurement field together with the change in magneti-
zation loop behavior A after ccw to cw rotation. Neither for
tirmn=2.2 nm nor for #;,;,=8.7 nm a significant change in
the loop behavior is detected. The general statements made
above regarding the occurrence of tilted anisotropies are still
valid after performing the rotational experiments. Only for
the intermediate thicknesses, slightly above the onset of ex-
change bias [Figs. 9(c) and 9(d)], significant alterations in
the differential loop behavior are detected. Along the e.d. a
significant change in coercivity results in distinct peaks
around H_, which are more pronounced for the forward loop
branch. From the measured change in magnetization loops, it
becomes clear that an additional contribution from rotation
processes in the partly unstable AF layer potentially plays a
part in the tilted anisotropy effect and contributes in the still
observable domain asymmetry shown in Figs. 7(c) and 7(d).
Still, the measured contributions are well below the experi-
mentally derived tilting angle of up to @/2 below the onset
of exchange bias.

The overall change in misalignment of uniaxial aniso-
tropy relative to the expected angle from the deposition field
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FIG. 9. (Color online) Change in easy and hard axis magnetiza-
tion loop behavior with magnetic-field history. In (a)—(f) the mea-
sured difference in the magnetization loop after a ccw rotation of
the sample and a cw rotation is displayed for several IrMn thick-
nesses. Examples of magnetization loops are displayed in (a) and
(b), as well as in (e) and (f).

direction, respectively the misalignment angle under which a
zero loop shift (H,, ; =0) is observed, is displayed in Fig.
10(a) for three different sets of CoFe- and NiFe-based
FM/AF structures. Close to the onset of exchange bias the
misalignment reaches values up to 7/2, which drops signifi-
cantly with increasing thickness of the AF layer but never
reaches zero. For both CoFe and NiFe, a similar dependence
on AF thickness is observed.

The exchange bias effect relies on a low fraction of
pinned interfacial spins laterally distributed at the FM-AF
interface,”>3? resulting in a magnetically inhomogeneous in-
terface, where also chemical intermixing effects and mag-
netic proximity effects play a role.* Moreover, the stability
of AF magnetization and AF domains contribute to the mag-
netic behavior.*'*? Due to the complexity of the FM-AF in-
teraction, a complete theoretical analysis of the interfacial
contributions is beyond the scope of this paper. The follow-
ing discussion will therefore concentrate on the AF thickness
around the onset of exchange bias, where the maximum of
anisotropy tilt is observed. Reconsidering possible mecha-
nisms for perpendicularly aligned effective anisotropies,>1°
the occurrence of biquadratic coupling is related to a spa-
tially alternating sign of effective exchange coupling. This
situation occurs, if the AF grain volume V,g, in connection
with anisotropy energy, is not large enough to achieve ther-
mal stability at room temperature.*>** This behavior domi-
nates below the onset of exchange bias, where partial switch-
ing of AF grains occurs. The existence of such a behavior in
IrMn-based FM/AF bilayers has been confirmed from mea-
surements of the effective exchange bias by magnetization
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FIG. 10. (Color online) (a) Misalignment of the direction of
uniaxial anisotropy K, .¢ or effective easy direction K4 relative
to Hyep as derived from the zero loop shift condition for three dif-
ferent series of CoFe/IrMn and NiFe/IrMn thin films. (b) Calculated
AF-layer dependence of fraction parameter F=\f2(1—f)? derived
from the fraction f of stable AF grains. The increase in coercivity
AH, relative to the FM film versus fyp, is added in (b). The inset in
(b) shows the assumed log-norm distribution of grain radius used
for the calculations.

dynamics.*! An equally divided fraction f=0.5 of stable and
unstable AF grains is anticipated for an AF-layer thickness
tmns Where the condition*?#4

2
E = Kkt Var — KR 7T orain/IrMn
kBT kBT kBT

is fulfilled (Boltzmann constant kz=1.38 X 1072} J/K, tem-
perature T=295 K). With the AF grain radius ryp=7.5 nm
(Refs. 22 and 25) and Kapn=2-3 X 10° J/m? (Refs. 22
and 45) this condition is matched for #;,p,=1.50—2.35 nm,
covering fiv,=2.2 nm where for the films the maximum tilt
of AF-induced anisotropy is obtained and the coercivity
reaches its maximum. Results for the fraction parameter F
=\f>(1-f)? derived from the fraction f of stable (or un-
stable) AF grains for an assumed grain size distribution are
displayed in Fig. 10(b). An AF anisotropy of Kagm,=2.15
X 10° J/m? and T=300 K (AE/kzT=20) was used for the
calculations. The actual result is rather sensitive to the value
of Kapmn and a contribution to fyy, from magnetic dead
layers due to layer intermixing has not been considered.
Nevertheless, the estimation underpins the arguments given
above. Moreover, the maximum of coercivity and anisotropy
tilt coincide which has been directly related to interfacial
magnetic frustrations*® or a spin-glass state at the FM/AF
interface.*’ For thicker values of #;,, additional effects from
AF domains are suggested to contribute, so that AF stability
and rotatable anisotropy effects still lead to a partly frus-
trated FM/AF interface, which is not considered in the cal-
culations presented in Fig. 10(b). In addition, with the

~20-25 (3)
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(111)-fiber texture, even for solely stable AF magnetization a
local variation of AF magnetization broadly varying along
the direction of exchange bias occurs.

V. SUMMARY

In summary, we display direct evidence for strong devia-
tion of collinear uniaxial and unidirectional coupling in poly-
crystalline ferromagnetic/antiferromagnetic bilayer struc-
tures. For low AF-layer thickness it leads to a uniaxial
exchange anisotropy tilted up to /2 relative to the ferro-
magnetic layer uniaxial anisotropy. For thicker AF layers, the
skewed anisotropy contributions result in uneven reversal
pathways. The misalignment between the imprinted FM

PHYSICAL REVIEW B 78, 094419 (2008)

uniaxial and AF-induced exchange unidirectional anisotropy
leads to an asymmetric reversal behavior that has been
proven experimentally by integral and spatially resolved
measurement techniques. The existence of tilted anisotropies,
which form despite proper alignment of the magnetic field
during deposition, is able to explain numerous published ex-
perimental data.?>-3%3348 Conditions for a symmetric reversal
behavior are derived and confirmed experimentally by align-
ing the reversal field along the effective easy axis or easy
direction of magnetization. The occurrence of tilted aniso-
tropy contribution is highly relevant for applications in spin-
tronics and for the fundamental comprehension of the
FM/AF interaction. Presumably, magnetic frustration effects
at the FM/AF interface similar to exchange-coupled FM/FM
bilayers account for the found effects.
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