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Abstract

The presence of magnetic impurities in the antiferromagnet can account for some ferromagnetic hysteresis behavior

observed in exchange bias systems. We show theoretically that such impurities can modify domain-wall formation in the

antiferromagnet, which under certain conditions can give rise to coercivity enhancement and asymmetric hysteresis. The

linear dynamics of the ferromagnet/antiferromagnet structure in the presence of impurities is also presented.

r 2004 Elsevier B.V. All rights reserved.
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Exchange bias refers to the unidirectional
anisotropy induced in a ferromagnetic film ex-
change coupled to an antiferromagnet [1]. This
coupling can serve to pin the ferromagnet layer for
a certain range of fields and is a mechanism that
has found widespread use in magnetoelectronic
devices [2]. An overview of exchange bias theory
and experiment can be found in Ref. [3].
The induced anisotropy causes a shift in the

ferromagnet hysteresis loop by an amount termed
- see front matter r 2004 Elsevier B.V. All rights reserve
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the exchange bias field (Heb). Mauri et al.
proposed a model for exchange bias based on the
formation of a partial antiferromagnet wall to
address discrepancies between experimental ob-
servations and early theoretical estimates of Heb

[4]. While it is successful in this respect, the theory,
however, does not explain the coercivity enhance-
ment observed in certain systems within the single-
domain picture. Indeed, one can appeal to poly-
crystalline models, in which competing grains with
varying anisotropy orientations and strengths give
rise to reversible and irreversible behavior, to
explain the simultaneous loop shift and increases
in the coercive field [5]. In this paper, we present
a microscopic theory of exchange bias for a
d.
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Fig. 1. Normalized antiferromagnet energy Eaf=sw as a

function of interface twist angle j0; where sw is the energy

for a 180� antiferromagnet Bloch wall. The curves are shown

for a series of defect distances, from xd ¼ 0 to p in steps of 0:1p;
for r ¼ �0:5:
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Fig. 2. Defect-modified exchange bias. Bias field heb and

coercivity hc are shown as functions of the exchange defect

density rJ; for (a) xd ¼ 2 ML and (b) xd ¼ 4 ML. All fields are

expressed in reduced units of h ¼ 2H MstF=sw:
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single-domain material in which defects in the
antiferromagnet layer govern the domain-wall
processes that lead to ferromagnetic hysteresis.
The impurities act to pin the domain-wall and can
account for observed features such as asymmetric
hysteresis. We also show how changes in the
ferromagnetic spin-wave spectrum can provide
signatures for such domain-wall processes.
Following the treatment of Braun et al. for

ferromagnetic walls [6], we can obtain a simple
physical picture of pinning in the antiferromagnet
by considering an impurity of the form KuðxÞ ¼

Ku0f1� rd½ðx � xdÞ=l�g; which represents a small
local pointlike reduction r in the uniaxial aniso-
tropy energy Ku at a distance xd from the
interface. In addition to the interlayer coupling,
the energy arising from deformations to the
antiferromagnetic spin structure is given by

Eaf ½jðxÞ� ¼
Z 1

0

dx A
@j
@x

� �
Þ
2
þ KuðxÞ sin

2j
� �

;

(1)

where A is the exchange stiffness and jðxÞ
represents the angle of the antiferromagnet stag-
gered magnetization relative to the easy axis. If r is
sufficiently small, the solution to the usual varia-
tional problem dE=dj ¼ 0 for the domain-
wall profile is valid to first order. Substituting
this solution j�ðxÞ into Eq. (1) gives a modified
form for the twist energy Eaf ðj0Þ=sw ¼

ð1� cosj0Þ=2� Er; where

Er ¼
r sin2j0

4
cosh

xd

l

� �
þ cosj0 sinh

xd

l

� �h i�2
;

(2)

j0 is the interface antiferromagnet spin angle, l �ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=Ku0

p
is a characteristic length, and sw �

4
ffiffiffiffiffiffiffiffiffiffiffiffi
AKu0

p
is the energy of a 180� Bloch wall.

Depending on the position and density of the
defects, a local minimum in the antiferromagnet
energy can appear, as shown in Fig. 1. This
minimum corresponds to the point at which the
partial wall center coincides with the position of
the defect, whereby the anisotropy energy cost is
reduced by positioning a large spatial magnetiza-
tion gradient in a region of reduced Ku: As the
partial wall is wound during magnetization re-
versal, it can become ‘‘trapped’’ in the (pinning)
potential well from which an energy barrier must
then be surmounted in order for the wall to
unwind. Such processes can therefore lead to
irreversible behavior.
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Fig. 3. Hysteresis loops calculated from numerical simulations

for three different exchange defect strengths with xd = 4 ML:

(a) rJ ¼ �0:15; (b) rJ ¼ �0:45 and (c) rJ ¼ �0:75: Variations
of the transverse component of the magnetization, M?; are also
shown.
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An example of defect-modified exchange bias is
given in Fig. 2, where variations in the bias field
and coercivity due to a defect in the antiferro-
magnet are shown. The impurity considered here is
taken to modify the local exchange bonds locally.
In our notation, a defect position denoted by xd

represents a change in the exchange coupling
between layers xd � 1 and xd in the antiferro-
magnet, where xd ¼ 0 represents the interfacial
layer. For these calculations, we have employed
numerical simulations of an atomistic spin model
to determine the equilibrium configuration of the
ferromagnet/antiferromagnet structure [7], since
large defect concentrations cause significant de-
formations to the domain-wall profile and the
Bloch-wall approximation is no longer valid. One
observes a monotonic decrease in the bias field
with the defect density that is accompanied by a
significant coercivity at moderate to high defect
densities. There are two mechanisms for this bias
field reduction. The first involves the overall
reduction in the antiferromagnet wall energy due
to the defect and induces no irreversible behavior;
this mechanism is dominant at low defect densities.
The second involves pinning the antiferromagnet
wall as it is formed during reversal, which arises
from the appearance of a local energy minimum in
which the wall can become ‘‘trapped’’ as argued
previously. This mechanism is important at
moderate to high defect densities and leads to
irreversible behavior, which can be seen in the
corresponding increase in the coercive field in
Fig. 2.
The hysteresis that follows from the wall-

pinning processes in the antiferromagnet is asym-
metric. Some examples for an xd ¼ 4 ML ex-
change defect are shown in Fig. 3. The behavior of
the magnetization reversal is qualitatively different
depending on the strength of the wall pinning. At
low defect densities (rJ ¼ 0:15) the wall is largely
unaffected by the impurity, where one observes a
reversible magnetization curve that resembles
largely the zero-defect curve. At moderate defect
densities (rJ ¼ 0:45), the wall in the antiferro-
magnet becomes pinned at the defect during
reversal and persists in this configuration for a
large range of negative fields during remagnetiza-
tion. Close to zero field, the wall is released from
the pinning center and a sharp reversal of the
magnetization is observed. Note that the pinning
and depinning of the wall in this example is
executed with opposite senses of rotation, as
indicated by the transverse component of the
magnetization shown in Fig. 3. This is in stark
contrast to the behavior in the strong pinning
regime (rJ ¼ 0:75), where the wall is observed to
wind around with the same sense of rotation at
reversal and remagnetization. Here, a partial wall
is formed during reversal and becomes strongly
pinned at the defect. The antiferromagnet spins
continue to wind with the same rotation sense
during remagnetization to form a second twist wall
with the same chirality. The large twist structure
becomes unstable in positive field and a depinning
transition drives the abrupt rotation of the ferro-
magnet into the positive direction. A more detailed
study of defect-modified exchange bias can be
found elsewhere [7].
The domain-wall processes leading to such

asymmetric hysteresis should also be detectable
as changes to the excitation spectrum of the
bilayer. Following the method described in Refs.
[8,9], we study the small-amplitude excitations
~miðtÞ in the ferromagnet/antiferromagnet structure
by solving the linearized equations of motion,

�
1

g
@~miðtÞ

@t
¼ ~miðtÞ � ~H

eff

i þ ~Mi �
~h
eff

i ðtÞ; (3)
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Fig. 4. Ferromagnetic resonance frequency as a function of

applied field through a hysteresis loop sweep for a series of

defect strengths rJ with xd = 4 ML. Shown in gray are the

corresponding hysteresis loops. The solid line for rJ ¼ 0

represents a fit based on Eq. (4).
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about the non-uniform ground state ~Mi; which is
obtained numerically as described above. Here, i

denotes the layer number and ~H
eff

i ðtÞ is the (time-
dependent) effective field experienced by layer i.
This set of coupled equations describing the linear
dynamics constitutes a large eigenvalue problem
that may be solved numerically.
In this discussion, we shall only concern

ourselves with the long-wavelength excitations
that are accessible in resonance experiments in
the GHz range. The variation of the ferromagnetic
resonance frequency is shown in Fig. 4 as a
function of applied field for a series of defect
parameters. It is immediately apparent that the
resonance curves do not possess a mirror symme-
try about the bias field axis, which reinforces the
point that the loop shift cannot be considered as
the result of a fictitious internal field. The variation
of the resonance frequency with field is well-
described by the Kittel equation

ðo=gÞ2 ¼ ðH þ HbÞðH þ Hb þ 4pMsÞ; (4)

before the magnetization reverses, but a more
complicated behavior is observed at negative fields
at which the antiferromagnet wall is formed. Here
Hb is a shift field that may not necessarily
correspond to the exchange bias field. At low
defect concentrations (rJ ¼ 0:15) the magnetiza-
tion curve is reversible, but features in the
resonance spectrum appear at large negative fields
that correspond to excitations of the antiferro-
magnetic domain-wall, as indicated by the second
dip in the resonance frequency close to h ¼ �3 in
Fig. 3. For defects that result in a complete
depinning of the wall from the interface (rJ ¼ 0:45
and rJ ¼ 0:75), one observes large jumps in the
resonance frequencies that correspond to the
pinning/depinning transitions. In this strong-pin-
ning regime, one observes that the resonance
frequencies are not modified by the presence of
the domain-wall, which can be seen by a frequency
variation that is consistent with Eq. (4) and
indicates that the interfacial antiferromagnet spins
are largely collinear with the ferromagnet outside
the region of wall formation. Similar features have
been observed in experiment [10].
In summary, we have presented a microscopic

theory of coercivity enhancement and asymmetric
hysteresis in exchange bias systems based on the
partial domain-wall model. Irreversible behavior is
controlled by domain-wall pinning processes that
are driven by magnetic impurities in the antiferro-
magnet layer. We argue that such wall processes
should be detectable in the ferromagnetic reso-
nance spectrum.
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