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The partial domain-wall theory of exchange bias predicts bias field magnitudes and film thickness depen-
dencies consistent with certain experimental systems. However, the theory does not account for the coercivity
enhancement that accompanies the hysteresis loop shift in single domain materials. We show theoretically that
the presence of an attractive domain-wall potential in the antiferromagnet, arising from magnetic impurities,
for example, can provide an energy barrier for domain-wall processes that control the coercivity. Asymmetric
hysteresis loops are observed and modifications to the angular dependence of exchange bias suggest a mecha-
nism of rotational hysteresis in terms of wall pinning. Similar domain-wall processes are also seen at finite
temperatures, where an analogous pinning arises from a displacement of the domain wall from the interface
due to thermal fluctuations.
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I. INTRODUCTION

Exchange bias refers to the effective unidirectional aniso-
tropy induced in a ferromagnetsFd exchange coupled to an
antiferromagnetsAFd. The anisotropy can be initiated by
cooling the ferromagnet/antiferromagnet system through the
Néel temperature in the presence of an applied field. While
the bias effect has been successfully engineered as a pinning
mechanism in magnetoelectronic devices, quantitative theo-
ries for the underlying physical processes governing the bias
are still being sought. The magnetic properties of a ferromag-
net in an exchange biased system exhibit some interesting
features.s1d The hysteresis loop is displaced along the field
direction by a quantity referred to as the bias fieldsHebd,
which can either be positive or negative.s2d The width of the
hysteresis loop can be simultaneously increased with the
loop shift. s3d Repeated traces of the hysteresis loop can
yield different values of the bias field; this is known as the
“training effect.” s4d No absolute measure of the bias can be
obtained; dynamic measurements such as ferromagnetic
resonance, Brillouin light scattering and ac susceptibility can
give different estimates of the unidirectional anisotropy. For
recent reviews on the topic, the reader is referred to Refs.
1–5.

The minimum criterion for exchange bias is a uniaxial
anisotropy in the antiferromagnet, which is subsequently
transferred to the ferromagnet as a unidirectional anisotropy,
to lowest order, by exchange coupling across the
ferromagnet/antiferromagnet interface. Initial insight into the
problem came from Meiklejohn and Bean,6,7 who supposed
that the uniaxial anisotropy is sufficiently large such that the
antiferromagnetic spins are not perturbed by the motion of
the ferromagnet magnetization. The bilinear form of the ex-
change coupling between the two layers then appears as a
fixed effective field for the ferromagnet and a unidirectional
anisotropy appears straightforwardly. However, estimates of
the loop shift from this model are two orders of magnitude
larger than values obtained in experiment.

A resolution for this discrepancy was proposed following
the observation that deformations in the magnetic spin struc-

ture, such as the formation of partial or complete domain
walls, have an energy cost that is more compatible with ex-
perimental bias fields. Such a wall structure can form in the
ferromagnet,8,9 antiferromagnet,10–13 or through both, de-
pending on the configuration that minimizes the energy.
Strong experimental evidence for the existence of such a
wall in single-crystal materials has recently been obtained.14

For an ideal systemsspecifically one that is free from imper-
fections and at zero temperatured, the partial domain-wall
theory of exchange bias proposed by Mauriet al.11 does not
predict any changes to the coercivity in addition to the loop
shift for uncompensated interfaces. In fact, for an isotropic
ferromagnet the domain wall produces only a shifted revers-
ible magnetization curve.13 The enhanced coercive field ob-
served in experiment has been suggested to arise from
domain-wall pinning in the ferromagnet at centers created by
the interface roughness.15 Others have argued for processes
in the antiferromagnet to be the cause, including wall
pinning,16 irreversible transitions of grains,17 and interactions
between grains.18 This is consistent with other
experimental19,20 and theoretical work,21,22 where the impact
of spin dilution and anisotropy changes in the antiferromag-
net on the hysteresis of exchange-biased systems has been
studied.

In this paper, we present a theory of coercivity enhance-
ment in the partial wall model of exchange bias for a single
domain material with uncompensated interfaces. Irreversible
transitions are made possible by an energy barrier arising
from magnetic impurities in the antiferromagnet or thermal
effects. The physics of the wall formation can be viewed as a
two-state process, where the partial wall center is the param-
eter that can either be close to the interface or moderately
delocalized in the bulk. Magnetic defects, such as local
variations in the exchange or magnetocrystalline anisotropy
energies, lead to an attractive potential for the domain wall
that can pin the wall under suitable conditions. An analogous
behavior is observed at finite temperatures, where the wall
displaces away from the interface due to thermal fluctua-
tions. This process may be viewed in terms of the action of a
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“virtual” pinning center in the antiferromagnet. In both
cases, the transition between the two states is driven by the
reversal of the ferromagnet to produce a shifted hysteresis
loop.

The paper is organized as follows. Our model for the
ferromagnet/antiferromagnet system is presented in Sec. II
and the continuum limit of this model is studied in Sec. III,
where we obtain some simple analytical expressions to de-
scribe the process of partial wall formation in the presence of
magnetic impurities. In Sec. IV, we present numerical results
of hysteresis calculations for a ferromagnet/antiferromagnet
system with magnetic impurities in the antiferromagnet. The
role of temperature is studied in Sec. V and concluding re-
marks are presented in Sec. VI.

II. MODEL

The ferromagnet/antiferromagnet bilayer is modeled as a
simple-cubic lattice of localized spins, where the semiclassi-
cal limit is taken and each spin is represented by a vectorSi,
of constant lengthS, that may rotate freely in space. Trans-
lational invariance is assumed in the film plane and only
uncompensated interfaces are considered. Thus, the antifer-
romagnet layer is treated as a series of ferromagnetic spin
sheets with antiferromagnetic coupling between each layer
perpendicular to the film plane. The magnetic configuration
for the entire system is therefore completely specified by a
chain of macroscopic spinsSi, wherei labels the layer num-
ber. The bilayer geometry is shown in Fig. 1.

In addition to energy contributions from a static external
magnetic field and magnetocrystalline anisotropy, each spin
also interacts with its nearest neighbors through Heisenberg
exchange. The local Hamiltonian for a spin at layeri is

Hi = − m0Ha · smiSid − o
j

JijSi ·Sj − KisSi · ẑd2

+ KplanesSi · x̂d2 s1d

and is proportional to an energy per unit area, since the mag-
netization is taken to be uniform within each layer. The first
term represents the interaction with an external magnetic
field Ha, wherem0 is the permeability of free space andmi is
the layer magnetic moment that takes on the value ofmf in
the ferromagnet andmaf in the antiferromagnet. The second
term represents the Heisenberg exchange between nearest-
neighbor spins, whereJij takes on the value ofJf in the
ferromagnet,Jaf in the antiferromagnet, andJf-af across the
ferromagnet/antiferromagnet interface. The third term repre-
sents a uniaxial anisotropy energy in the antiferromagnetKaf,
where the easy axis coincides with thez direction; the ferro-
magnet is taken to be isotropic. The last term is an easy-
plane anisotropy that encourages planar rotation of the spins
and approximates the magnetostatic fields generated by out-
of-plane spin fluctuations. For future reference and unless
specified otherwise, the parameters used throughout this pa-
per are Jf =45.0 meV, Jaf=Jf-af=−3.4 meV, Kaf
=0.34 meV/spin, Kplane=1.0 meV/spin, and mf =maf
=2.2mB/spin. The ferromagnet and antiferromagnet layers
are each 20 monolayers thickstf = taf=20MLd. The applied
field is oriented atuH=10° to minimize computation time.
For a spin-1 system, the exchange parameters chosen give a
Curie temperaturesTCd of 1043 K for the ferromagnet and a
Néel temperaturesTNd of 79 K for the antiferromagnet.
These transition temperatures are similar to those for a
Fe/FeF2 system but are chosen primarily so thatTC@TN. We
wish to stress that while specific material parameters have
been used, our results could be applied to any composite
material for which a partial wall mechanism leads to bias.
Examples of such systems include ferromagnet/
antiferromagnet structures with single-crystal antiferromag-
netic insulators,14 metallic antiferromagnets,23 and exchange-
spring systems.24

The calculated magnetization curve for the ferromagnet/
antiferromagnet system defined above is shown in Fig. 2,
with the corresponding spin structure at three values of the
applied field. The details of the numerical procedure used is
presented later in Sec. IV. At forward fieldsh.0d, the ferro-
magnet spins are completely aligned with the magnetic field,
while the antiferromagnet spins are in a perfect Néel state,
collinear with the easy axis, with the interface spin antipar-
allel to the ferromagnet due to the antiferromagnetic inter-
layer coupling. As the field is reduced and reversed, the an-
isotropy of the antiferromagnet pins the ferromagnet,
through the interlayer coupling, along the positive direction
until a critical value of the reverse field at which the magne-
tization begins to rotate. With the parameters used, the en-
ergy of a 180° Bloch wall in the antiferromagnet spin chain,
saf=4ÎJafKaf/2=3.04 meV, is less than the magnitude of the
interlayer exchange. As such, it is more favorable energeti-
cally to deform the antiferromagnet spin structure during
magnetization reversal than it is to “break” the interlayer
coupling. This can be seen at pointssii d andsiii d in Fig. 2sbd,

FIG. 1. Geometry of the ferromagnet/antiferromagnet bilayer.
The ferromagnet occupies the space −tf øxLø−1 and the antiferro-
magnet occupies 0øxLø taf−1. The antiferromagnet easy axis is
along thez direction, which serves as the reference for the layer-
dependent anglesf andw, and the applied field angleuH. Only one
sublattice of the antiferromagnet is shown.
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where a partial wall twists up as the ferromagnet rotates. The
winding and unwinding of the partial wall is reversible, and
because the ferromagnet is isotropic, the resulting magneti-
zation curve is also reversible. Thus, partial-wall formation
in antiferromagnet results in an additional energy cost for
magnetization reversal and results in a displaced hysteresis
loop, where the magnitude of the loop shift is proportional to
the wall energy. It should be noted that this mechanism is
only possible if the antiferromagnet film is sufficiently thick
to support such a partial wall. With our parameters the the-
oretical Bloch wall width islaf=pÎJaf/2Kaf.7ML, which is
less than the film thickness, and defines a natural length scale
for the antiferromagnet. The importance of pinning centers in
the antiferromagnet would therefore depend not only on their
strengths but also on their position relative to the interface
sat distances comparable tolaf from the interfaced. In this
paper, we examine how the partial-wall mechanism is af-
fected by the presence of defects in the antiferromagnet and
by temperature.

The relevant scale for magnetic fields in this model is
determined by the Zeeman energy of the ferromagnet and the
antiferromagnet domain wall energy.11,25 As such, it is con-
venient to express the external fieldHa in terms of a reduced
unit,

h =
2m0Hamftf

saf
. s2d

In the remainder of the paper, all applied field values will be
expressed in terms of this reduced unit, which facilitates
comparisons to other materials and ferromagnet film thick-
nesses, and in physical unitsskA/md with the material pa-
rameters given above.

III. CONTINUUM MODEL FOR DOMAIN-WALL PINNING

A simple physical picture of hysteresis from antiferro-
magnet domain-wall pinning can be obtained by taking the
continuum limit of Eq. s1d. To simplify the problem, the
ferromagnet is approximated as a Stoner-Wohlfarth particle
suniform magnetization that rotates coherently in an external
fieldd, while deformations in the magnetic structure are per-
mitted in the antiferromagnet. Closed-form solutions for the
magnetic profile are obtained in the limit where the antifer-
romagnet staggered magnetization varies slowly compared to
the lattice spacing in the direction perpendicular to the film
plane. To treat the layer-to-layer variations inSi in this con-
tinuum limit, we note that the antiferromagnet energyswhere
k¯l denotes a sum over nearest neighborsd,

Eaf = − o
ki,jlPaf

JafSi ·Sj − o
iPaf

KafsSi · ẑd2, s3d

remains invariant under the transformation

Si = s− 1diSi8 si P afd s4d

if Jaf,0 is replaced byuJafu. It is further assumed the spin
vectors are constrained to lie entirely in theyz plane, so the
wall profile in the antiferromagnet can be described by a
layer-dependent anglewsxd measured from the easy axis. The
orientation of the ferromagnet is denoted byf and the exter-
nal field byuH. All angles described here are shown in Fig. 1.
To be consistent with the transformation into staggered mag-
netization variables, we assume a ferromagnetic interlayer
coupling in this discussion.

Following the treatment of wall pinning in ferromagnetic
materials by Braunet al.,26 we examine the influence of a
pointlike impurity at an arbitrary position in the antiferro-
magnet. We suppose there is a small local variation in the
uniaxial anisotropy at some distancexd.0 from the inter-
face,

Kaf8 sxd = KafF1 + rdSx − xd

laf
DG , s5d

wherer represents a fractional change in the anisotropy at
the impurity. Neglecting the interlayer exchange, the energy
of the partial wall in the antiferromagnet becomes

Eaffwsxdg =E
0

`

dxFDafS ]w

]x
D2

+ Kaf8 sxdsin2 wG , s6d

where Daf;Jaf/ s2ad is the antiferromagnet exchange stiff-
ness anda is the lattice constant. Note that the integral is
taken over a semi-infinite antiferromagnet, which is a valid
approximation if the antiferromagnet film thickness is much
larger than the domain-wall width. In the limit where the
anisotropy fluctuation is small, deviations from the static
Bloch wall profile due to the impurity can be neglected and a
pinning energy,

Er = rKaflaf sech2Sxc − xd

laf
D , s7d

can be obtained by substituting the standard domain-wall
solution into the integral in Eq.s6d. laf;ÎDaf/Kaf is the

FIG. 2. sad Magnetization curve for the ferromagnet/
antiferromagnet system.sbd Calculated spin structure at three dif-
ferent points of the magnetization curve. The creation of a partial
antiferromagnet domain wall can be seen insiii d. Only the spins
close to the F/AF interface are shown. The reduced field unith is
defined in Eq.s2d.
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characteristic magnetic length in the antiferromagnet andxc
denotes the position of the wall centerfi.e.,wsxcd=p /2g. It is
useful to express the energies in terms of the interface angle
w0;wsx=0d, which is related to the wall centerxc from the
expression for the Bloch wall profile,

xc = laf ln tanSw0

2
D . s8d

The antiferromagnet energy can then be expressed entirely as
a function ofw0,

Eafsw0d =
1

2
safs1 − cosw0d +

rKaflaf sin2 w0

Scosh
xd

laf
+ cosw0 sinh

xd

laf
D2 ,

s9d

wheresaf;4ÎDafKaf is the energy for a 180° antiferromag-
netic Bloch domain wall. This function is sketched in Fig. 3
for different defect concentrationsr.

Defects that decrease the anisotropy locallysr,0d lead to
an overall reduction in the antiferromagnet energy. However,
this reduction also gives rise to a local energy minimum for
certain defect positions relative to the interface. Some ex-
amples are given in Fig. 3. As discussed previously, the re-
versal of the ferromagnet drags the antiferromagnet along
with it, forming a partial wall. The lag anglef−w0 is only
zero in the limit of strong interlayer coupling, so, in general,
the twist formed is not a full 180° Bloch wall. Because the
wall energy is largely concentrated at the center where the
magnetization gradients are largest, centering the wall atxd
places these gradients in a local anisotropy minimum and so
reduces the overall wall energy. As such, the wall becomes
pinned whenxc=xd, which corresponds to the value ofw0 for

which the local energy minimum appears. Defects located
farther than half a domain-wall width from the interfacesi.e.,
xd/laf=pd do not affect the twist formation, because the wall
needs to de-pin completely from the interface in order to
center about the impurity.

The depth of the energy well is governed by the magni-
tude of the local variation inKaf. The position of the defect,
relative to the interface, determines the width of the energy
well measured in terms ofw0. Close to the interface the
pinning potential causes a broad local energy minimum, be-
cause an energy saving can be obtained by situating any
gradient in the wall profile about the defect. For pinning sites
located farther away the energy well becomes narrower, ap-
proaching a zero width asxc gets close to half a wall width
from the interface. No effects are seen for defects situated
farther than half a domain-wall width from the interface. For
impurities that enhance the local anisotropysr.0d an en-
ergy barrier to domain-wall formation occurs instead.

To see how such defects can generate hysteresis in the
ferromagnet, we consider the total energy of the bilayer,

Etot = − B̄Ha cossuH − fd − Jf-af cossf − w0d + Eafsw0d,

s10d

where for convenience we have definedB̄;m0mftf. The evo-
lution of this energy with applied field is shown in Fig. 4 as
a contour plot, with the interface antiferromagnet spin orien-
tation shown on the horizontal axis and the ferromagnet ori-
entation shown on the vertical axis. We consider ar=−0.5
defect located atxd/laf=0.75p. At forward and zero field
there is only one minimum in the energy landscape, which
corresponds to the untwisted casef=w0=0. As the field is
reversedsHa,0d, the energy well corresponding to the mini-
mum begins to widen, until a critical field is reached at
which the ferromagnet magnetization begins to rotate and the
partial twist in the antiferromagnet is wound up. At this point

FIG. 3. Angular dependence of the partial-wall energy with
point defects. The normalized antiferromagnet energy,Eafsw0d /saf,
is shown as a function of interface twist anglew0 for a series of
impurity strengths, fromr=−1.0 to 1.0 in increments of 0.2, and
position: sad xd/laf=0.1p, sbd xd/laf=0.5p, and scd xd/laf=0.9p.
An interface angle ofw0=180° corresponds to the formation of a
180° Bloch wall. Defects located beyond half a domain-wall width
from the interface play no role in wall formation.

FIG. 4. Energy contour plot for the reversal of the ferromagnet
in an applied field. The total energy is shown as a function of the
orientation of the interface antiferromagnet spinw0 and the ferro-
magnet magnetizationf for a range of applied fields withuH=0: sad
h=0, sbd h=−0.5,scd h=−1.0, andsdd h=−1.5. The lightest regions
correspond to the lowest energy.

J.-V. KIM AND R. L. STAMPS PHYSICAL REVIEW B71, 094405s2005d

094405-4



a local minimum appears close tosw0= ±p ,f= ±pd in
which the partial wall can become trapped during reversal of
the ferromagnet. As the field is increased for remagnetiza-
tion, it is possible for the wall to remain trapped in this local
minimum, even if this does not represent the lowest-energy
state. Thus, the reversal processsad→ sbd→ scd→ sdd in Fig.
4 may differ from the remagnetization processsdd→ scd
→ sbd→ sad, leading to hysteretic behavior.

These results can be generalized to describe variations in
the local exchangefconnecting the magnetization atwsxd and
wsx+dxd, for exampleg under the same assumption that de-
viations from the static Bloch wall profile can be neglected.
For a Bloch wall, the anisotropy energyKaf sin2fwsxdg is
equal to the exchange energyDaf(]xwsxd)2 at any part along
the wall.68 Therefore, the point defect term introduced into
the anisotropy can equally represent a local variation in the
exchange bond,

Daf8 S ]w

]x
D2

= Kaf8 sin2swd, s11d

which generates a pinning term proportional to sech2sxd that
is similar to Eq.s7d.

IV. MAGNETIC DEFECTS

In order to treat pinning potentials of arbitrary strength, a
numerical approach is used to determine the equilibrium spin
configuration at arbitrary fields. As before, we assume trans-
lational invariance in the film plane but allow nonuniform
configurations to develop along the direction perpendicular
to the film. This is an approximation for a partial wall formed
in a single grain. With the local spin Hamiltonian given by
Eq. s1d, the time evolution of each spin is calculated using
the Landau-Lifshitz equation of motion

]Si

]t
= − gSi 3 H i

eff − aSi 3 sSi 3 H i
effd, s12d

whereg is the gyromagnetic constant anda is a phenomeno-
logical damping constant. The effective field at each siteH i

eff

is given by the gradient in the energy with respect to the
local spin variables,

H i
eff = −

1

m0mi
¹Si

Ei . s13d

For each hysteresis loop calculation, the initial state of the
bilayer consists of a uniform ferromagnet aligned along thez
axis with the antiferromagnet in a perfect Néel state collinear
with the easy axis. At each field increment, the ground state
is found self-consistently by integrating the coupled set of
nonlinear differential equations described by Eq.s12d. The
new configuration then serves as the starting point for the
next field increment. A combination of single-stepsfourth-
order Runge-Kuttad and multistepspredictor-correctord time-
integration methods is used. The Runge-Kutta scheme is em-
ployed primarily for difficult regions of phase space where
large changes to the spin configuration take place, such as
twist formation during reversal, for example. When changes

to the spin orientations are small, such as in forward field
where deviations from the initial state are small, it is possible
to obtain solutions much faster with the predictor-corrector
methodssee Ref. 27, for exampled.

Imperfections in the antiferromagnet are treated as local
variations in the exchange or anisotropy constants. The ef-
fects of reduced exchange are shown in Fig. 5, where the
bias field and coercivity are shown as functions of defect
density. In our notation, a defect situated atxL modifies the
exchange coupling between layersxL−1 andxL, i.e., JafsxL
−1,xLd=Jd, wherexL=0 denotes the interface antiferromag-
net layer. The reduction in the modified coupling is described
by a defect strengthrJ;1−Jd/Jaf, which represents an av-
erage across the layer. Interfacial defectssxL=0d cause the
bias field to decrease because the interlayer exchange cou-
pling is reduced. As shown elsewhere the bias field is pro-
portional to the interlayer couplingJf-af whenJf-af!saf, but
is largely independent ofJf−af in the opposite limitJf-af
@saf.

11,25,28This behavior is reflected in the smooth decay of
the bias field with defect concentration. For defects in the
bulk of the antiferromagnetsxL.0d, the reduction in the bias
field arises from two sources. First, the reduction in the ex-
change coupling leads to an overall decrease in the partial-
wall energy sincesaf,ÎJafKaf. Second, the defect can trap
the partial wall in a local energy well as it is formed, giving
rise to an energy barrier for depinning during remagnetiza-
tion as argued in Sec. III. This leads to irreversible behavior
and a nonzero coercivity accompanying the loop shift is in-
deed observed. The results in Fig. 5sad indicate that the sec-
ond process is more important in determiningHeb. For ex-
ample, the bias field for a defect situated atxL=6 undergoes
a rapid decay as the concentration is increased and reaches
half its initial value atrJ.0.3, in contrast to the larger den-
sity requiredsrJ.0.75d to reduceHeb by the same amount
for a defect atxL=2.

Defects that modify the local anisotropy have a more
modest effect on the hysteresis properties, as shown in Fig.

FIG. 5. Bias field and coercivity variations for reduced-
exchange defects.sad Bias fieldheb andsbd coercivityhc are shown
as functions of defect strengthrJ;1−Jd/Jaf for a series of defect
positionsxL in the antiferromagnet, wherexL=0 corresponds to the
interface layer andxL= taf−1 the free surface. The reduced field unit
h is defined in Eq.s2d.
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6. For defects close to the interface, changes to the bias field
are comparatively small and are governed primarily by the
reduction in the total wall energy arising from the local an-
isotropy variation. The pinning potential generated by such
defects has a weak effect on the domain wall, as evidenced
by the small increase in the coercivity at large defect con-
centration. Strong pinning of the partial wall is obtained for
defects farther from the interfacese.g., xL=6 in Fig. 6d,
where a large coercive field accompanying a reduced bias
field is observed for moderate to high defect concentrations.
Such contrasting behavior between exchange and anisotropy
defects is not captured by our analytical model presented
earlier, because deformations to the Bloch wall profile were
not taken into account. In contrast to exchange defects, varia-
tions in the local anisotropy do not disconnect two regions of
the antiferromagnet but only create an attractive potential in
which the partial wall can become pinned. The more dra-
matic changes in the hysteresis properties for exchange de-
fects arise from the significant deformations induced in the
wall profile.29

Defect-induced domain-wall pinning is clearly illustrated
in Fig. 7, where the position of the wall center is shown as a
function of defect density for exchange and anisotropy de-
fects. The values of the wall center positionxc shown are
taken at maximum reverse field in a hysteresis loop trace,
corresponding to the point at which the extent of the partial
wall formed is greatest. The attraction of the wall to the
pinning center can be seen as the wall center drifts away
from the zero-density valuexc0.2 towardxL with increasing
defect concentration. Recall that an exchange defect denoted
by xL refers to a modified coupling between layersxL and
xL−1, which means the corresponding defect position is ac-
tually xL−0.5. Defects close to the interface move the wall
center closer to the antiferromagnet. Farther into the bulk,
the pinning potential can cause a complete detachment of the
partial wall from the interface. These processes are indicated

by the sharp transitions forxL=6 andxL=8 in Fig. 7sad, and
xL=8 in Fig. 7sbd. In these cases the bias is suppressed com-
pletely and a large coercivity is obtained.

Irreversible rotations of the ferromagnet, due to a combi-
nation of wall pinning and depinning transitions, give rise to
asymmetric hysteresis loops. Some examples are given in
Fig. 8. The loops are calculated with an exchange defect at
xL=5 for three different values ofrJ. At low defect concen-
trations, the pinning potential is insufficient to modify

FIG. 6. Bias field and coercivity variations for reduced-
anisotropy defects.sad Bias fieldheb andsbd coercivityhc are shown
as functions of defect strengthrK;1−Kd/Kaf for a series of defect
positionsxL in the antiferromagnet, wherexL=0 corresponds to the
interface layer andxL= taf−1 the free surface. The reduced field unit
h is defined in Eq.s2d.

FIG. 7. Variation in the position of partial-wall center with mag-
netic defects. The antiferromagnet wall centerxc is shown as a
function of defect density forsad reduced-exchange andsbd
reduced-anisotropy defects for a series of defect positionsxL, where
xL=0 corresponds to the interface layer andxL= taf−1 is the free
surface. Note thatrJ defects denoted byxL modify the exchange
between the layers atxL−1 andxL. The antiferromagnet wall width
is laf.7ML.

FIG. 8. Defect-induced asymmetry in hysteresis loops. The hys-
teresis loops are shown for a reduced exchange defect atxL=5 for
three concentrations:sad rJ=0.15, sbd rJ=0.45, andscd rJ=0.75.
The components of magnetization parallelsMid and perpendicular
sM'd to the field direction are shown. The arrows indicate the di-
rections for reversal and remagnetization. The reduced field unith
is defined in Eq.s2d. The spin configuration near the interface is
shown for selected field values below the hysteresis curves.
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partial-wall formation. The resulting magnetization curve, as
shown in Fig. 8sad, is reversible and resembles the curve
obtained with the absence of impurities. Pinning of the par-
tial wall occurs during reversal for moderate concentrations,
which appears as a sharp rotation of the magnetization at
negative fields, as shown in Fig. 8sbd. During remagnetiza-
tion the wall is released from the pinning center at a different
field, thus resulting in an asymmetry in the hysteresis loop.
The release of the wall is indicated by a sharp transition in
M. The energy barrier between wall pinning and release in-
creases with defect concentration, resulting in a larger coer-
civity and reduced biasfFig. 8scdg.

The rotation sense of the ferromagnet is influenced by the
strength of the pinning potential. This dependence can be
seen from the evolution of component of magnetization per-
pendicular to the field direction,M', throughout the hyster-
esis loop trace. Reversal is executed with a clockwise rota-
tion for the three defect concentrations considered, as
indicated by the negative values ofM' along the path to-
ward negative field. For weak pinningsrJ=0.15d the remag-
netization into forward field is executed with an unwinding
of the partial wall in a counterclockwise direction, where
twisting of the wall is unhindered by the defect. At moderate
defect concentrationssrJ=0.45d, the magnetization process
again takes place with a counterclockwise rotation, however,
the motion in this case consists of a fast depinning of the
wall from the defect. For defects that cause large reductions
in the local exchange coupling, the width of the domain wall
can be reduced to a single lattice spacing, where most of the
entire spatial magnetization gradient is centered about the
defect. This is the case in Fig. 8scd, where the magnetization
profiles shown after reversal bear evidence of this reduction
in wall width. In this scenario, winding up the twist further
does not cost more energy and remagnetization can proceed
with the same sense of rotationsi.e., clockwised.

The pinning potentials are only effective within a certain
angular range of the applied field, which can be seen in the
angular dependence of the bias field and coercivity. Some
examples are given for reduced-exchange defects in Fig. 9.
Reductions in the interlayer coupling, produced by interface
defectssxL=0d, result in a decrease in the bias field across
the entire range of applied field anglesfFig. 9sadg. This be-
havior is consistent with the continuum theory developed
previously, where the bias field dependence onJf-af enters in
a straightforward way.25 Because no frustration is introduced
by the interfacial defects considered here, in contrast to
rough interfaces,25,29 there is no change in the natural angle
of the ferromagnetsthe equilibrium orientation of the ferro-
magnet in the absence of any applied fieldsd. For defects
located farther into the bulk, the angular dependence can be
modified significantly. Outside of an angular rangeDuH mea-
sured about the hard axis of the antiferromagnetfshown for
rJ=0.9 in Fig. 9scdg the bias field is observed to be largely
suppressed and accompanied by an enhanced coercivity
fFigs. 9sbd and 9scdg. Inside this angular range the hysteresis
properties do not appear to be modified by the defect and all
curves are degenerate with the zero-concentration curve.

The angular rangeDuH defines a “passive region” in
which bias is not modified by the defect. In this region, the
wall center does not reach sufficiently close to the defect to

be affected by the pinning potential. The resulting hysteresis
loops are therefore similar to the zero-concentration case,
where the partial wall can wind and unwind unhindered to
give a reversible magnetization curve. Defect-induced wall
pinning is possible outside of the passive region, where the
energy barrier imposed by the pinning potential largely de-
termines the hysteresis properties. The size of the passive
region depends on the position and magnitude of the pinning
potential.

Domain-wall pinning close to the interface is a possible
mechanism for exchange bias in thin antiferromagnet films.
In the absence of impurity pinning, the angular range over
which reversible twisting of the AF partial wall can occur is
shown in Fig. 10sad for a series of AF film thicknessesscf.,
Fig. 4 in Ref. 13d. Here, we plot the energy of an isolated AF
film, normalized to the 180° Bloch wall energy, as a function
of the spin orientation at one surface of the film. This mimics
the dragging of the interface AF spin by the reversal of the F
layer in the exchange biased bilayerscf., Fig. 3d. For thin
films staf=2,4MLd the energy curves are symmetric about

FIG. 9. Defect-modified angular dependence of exchange bias.
The bias fieldheb is shown as functions of the applied field orien-
tation uH, for a series of reduced-exchange defect positions:sad xL

=0, sbd xL=2, scd xL=4. The coercivityhc is shown insdd for the
corresponding curves inscd. The reduced field unith is defined in
Eq. s2d.
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the hard axis directionsw0=90°d and show no irreversible
transitions. In this regime, the end AF spin drags all the other
AF spins along with it in unison, so only the uniaxial aniso-
tropy Kaf is sampled. The symmetry about the hard axis di-
rection is broken for thicker filmsstafù6MLd, where a high-
energy branch appears as a partial twist is wound up
following the rotation of the end AF spin away fromw0
=0° throughw0=90°. Past a critical angle, an irreversible
transition to the low-energy branch is made as the twist is
wound off the other end of the AF film. This critical angle is
strongly dependent on the AF film thickness and approaches
180° in the limit of a semi-infinite AF slab. This behavior is
in stark contrast to the defect-modified system. An example
is given in Fig. 10sbd, where a reduced-exchange defect with
rJ=0.7 atxL=1 can be seen to stabilize the twist over the
entire angular range 0°øw0ø180° for AF films as thin as
6ML. sRecall that the theoretical Bloch wall width islaf
.7ML in the absence of defectsd. To illustrate this point
further, hysteresis loops for thetaf=6ML system are shown
as insets for the zero-defect and the exchange-defect cases in
Fig. 10. For the zero-defect case, the hysteresis loop is sym-
metric with a large coercivity resulting from the antiferro-
magnet uniaxial anisotropy, while a shifted asymmetric loop
is observed in the defect-modified system. As such, defect-
induced pinning can account for bias in antiferromagnets
thinner than the Bloch wall width, as observed in a number
of experimental systems.20,30–38

V. FINITE TEMPERATURE EFFECTS

Recent theoretical work has demonstrated that a loss of
bias can occur due to thermal fluctuations that destabilize the
partial antiferromagnet wall at elevated temperatures close to
the Néel temperature.39 We show here that such processes

share similar features with defect-induced wall pinning. At
finite temperatures, the analogous pinning potential occurs
through spatial variations of effective local fields, which are
due to thermal fluctuations in a uniform spin configuration.
Temperature is incorporated into our numerical model with a
local mean-field theory, where the thermally averaged mag-
netic momentkSl of each spin is calculated self-consistently
using40

kSl = S0BSm0mS · kHeffl
kBT

D , s14d

whereS0 is the spin magnitude at zero temperature,B is the
Brillouin function, andk¯l denotes a thermal average. The
effective fieldkHeffl at layeri becomes

kH i
effl = Ha + o

j

Jij

m0mj
kSjl +

2Ki

m0mi
kSil. s15d

The ground state and thermal averages are solved self-
consistently with the same numerical scheme presented ear-
lier.

Before discussing the effects of finite temperatures on the
exchange bias system, it is useful to examine first the thermal
properties of an isolated antiferromagnet domain wall. Here,
we follow the approach of Papanicolaou for computing the
spin structure of an isolated antiferromagnet Bloch wall in a
one-dimensional spin chain.41 We consider a chain of 100
spins whose initial configuration consists of a two domain
state. In the first half of the chain, the spins are in a Néel
state where the first spin points ups+zd and the last spin
points downs−zd. The second half of the chain is also in a
Néel state, except that the first spin points down and the last
spin points up. The profile for the domain wall separating the
two regions can be obtained by allowing this configuration to
come to equilibrium using the numerical procedures de-
scribed earlier. We apply this method to study the wall struc-
ture at different temperatures and for antiferromagnets with
different anisotropy constantssi.e., to give a range of domain
wall widthsd. Spatial variations in the thermal averaged mo-
mentkSl are shown in Fig. 11. The curves are arranged such
that xL=0 corresponds to the center of the domain wall. The
interesting feature common to all anisotropy values consid-
ered is the sharp reduction inkSsxdl at the center of the
domain wall. Because the gradient in the spin orientation is
largest at the wall center, the effective field acting on the
center spin is reduced by the mean-field averaging. This is a
compounding effect as a reduction in the effective field leads
to a further reduction inkSl. Magnetization gradients at the
wall center are greater for narrower walls, which conse-
quently lead to large reductions inkSl, as seen in Figs. 11scd
and 11sdd. The profile of the domain wall is not observed to
deform significantly as the temperature is varied, which in-
dicates that an additional reduction in wall energy occurs
through the spatial variation inkSsxdl. As we shall show
shortly, the reduction inkSsxdl at the wall center plays the
role of a virtual defect for thermal wall pinning. The differ-
ence here is that the analogous defect potential is a result of
thermal fluctuations in the wall structure itself.

FIG. 10. Reversible and irreversible rotations of the partial an-
tiferromagnet wall. The normalized antiferromagnet energyEaf/saf

is shown as a function of twist anglew0 for different antiferromag-
net film thicknesses withsad zero defects andsbd rJ=0.7 reduced-
exchange defect atxL=1. Inset: schematic of the corresponding
hysteresis loop fortaf=6ML.
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The temperature dependence of the bias field and coerciv-
ity are shown in Fig. 12 for three values ofKaf. The results
are obtained from a series of calculated hysteresis loops
taken at different temperatures. The bias field is observed to
decrease monotonically as temperature increases and to van-
ish below the Néel temperatures79 Kd close toT.70 K for
the three cases considered. Within the same temperature
range in which the bias decreases rapidly, one observes a
nonzero coercive field accompanying the loop shift. The
magnitude of the coercivity enhancement is also observed to
be proportional the stiffness of the domain wall, where the
largest increase inhc is seen forKaf=0.68 meV/spin and the
smallest increase forKaf=0.085 meV/spin. This suggests
that the irreversible behavior is driven by a domain wall
process, where the energy barriers that facilitate the irrevers-

ible transitions are governed by the wall energy in some way.
The coercivity peaks at the Blocking temperature, where the
bias vanishes, and then continues to decrease monotonically
for higher temperatures.

This peak in the coercive field has been reported for a few
experimental systems42–44 and has been attributed to the re-
arrangement of magnetic domains at the critical temperature.
We argue here that thermal wall processes similar to defect-
induced pinning can account for such hysteretic behavior
close to the Néel temperature. Consider the spatial profile
kSsxdl for the ferromagnet/antiferromagnet bilayer presented
in Fig. 13 for twoKaf cases. At forward fieldfFig. 13sadg, the
antiferromagnet is in a Néel state. The thermal magnitude of
the antiferromagnet spins decreases sharply from the inter-
face and attains a constant average value throughout the re-
mainder of the film. A largerkSl is present at the interface
due to the stabilizing effect of the ferromagnet layer, whose
ordering temperature is an order of magnitude larger than the
Néel temperature. The decay ofkSl from the interface to the
bulk is characterized by a penetration lengthlp, which is
temperature dependent and is a measure of how strongly the
ferromagnet spins influence the antiferromagnet moments lo-
cated farther away from the interface.lp is indicated for
T4=70 K in Fig. 13sad. A sawtooth pattern develops inkSl
and is a result of the external field, which lifts the degeneracy
between the sublattice spinssi.e., the Zeeman interaction fa-
vors spins oriented parallel to the applied fieldd. At reverse
field the partial wall profile can be seen superimposed on the
spatial variation ofkSl fFigs. 13sbd and 13scdg. A sharp dip
corresponding to the wall center is observed, which becomes
more pronounced at high temperatures. For both antiferro-
magnets considered the wall center shifts away from the in-

FIG. 11. Thermally averaged spin profile for antiferromagnetic
domain wall.kSl, as a function of position along the antiferromag-
net with a 180° Bloch wall, is shown for a series of temperatures:
T1=10 K, T2=30 K, T3=50 K, and T4=70 K sTN=79 Kd. The
variations are shown for three values of the antiferromagnet aniso-
tropy Kaf.

FIG. 12. Temperature dependence of exchange bias. Bias field
Heb and coercivityHc are shown as functions of temperatureT for
three values ofKaf. The reduced field unith is defined in Eq.s2d.

FIG. 13. Thermal magnetization profile of the ferromagnet/
antiferromagnet bilayer. The spatial variation ofkSl is shown atsad
forward field forKaf=0.085 meV/spin,sbd maximum reverse field
for Kaf=0.085 meV/spin, andscd maximum reverse field forKaf

=0.34 meV/spin. The curves are shown for four different tempera-
tures:T1=10 K, T2=30 K, T3=50 K, andT4=70 K. The interface
layer of the antiferromagnet is situated atx=0 and the antiferro-
magnet occupies the region −taf−1øxø0. In sad the penetration
length of the ferromagnetlp is shown forT4.
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terface as the temperature at which the hysteresis loop is
performed is increased. This is particularly evident for the
stiffer antiferromagnet withKaf=0.68 meV/spinfFig. 13scdg.
One observes that the wall centerxc at maximum negative
field moves fromxL<2 at T3=50 K to xL<4 at T4=70 K.
This represents a significant change in the wall position with
temperature, given that the wall width islaf.5ML for Kaf
=0.68 meV/spin.

The displacement of the partial wall from the interface at
elevated temperatures can be understood as follows. A Bloch
domain wall has the largest energy density at the wall center
at which the spatial magnetization gradient is the steepest. At
finite temperatures, it is more favorable energetically to po-
sition the wall center in a region in whichkSl is reduced. As
such, the spatial decay inkSl at the interface, into the anti-
ferromagnet, “repels” the wall center as the partial twist is
formed and results in a weak depinning of the wall from the
interface. This depinning transition cannot occur unless the
spatial extent of the dip at the wall center is narrower than
lp, and that the natural position of the wall centersi.e., xc at
0 Kd is comparable tolp. In light of our earlier results on
defect-modified bias, this thermal wall process can be lik-
ened to pinning by a virtual defect in the antiferromagnet.
Here, the position and strength of the virtual defect is
strongly temperature dependent, which can be seen in the
temperature dependence of the wall centersmeasured at
maximum reverse fieldd as shown in Fig. 14. The wall is
observed to shift away from the interface as the temperature
for each loop measurement is increased. For a large range of
temperatures belowTN the wall center remains withinlp of
the interface, which means that the partial wall can be wound
and unwound reversibly to give a bias loop shift with zero
coercivity. The discontinuity inxcsTd at higher temperatures
indicates a depinning of the wall from the interface, giving
rise to an irreversible process analogous to defect-induced
pinning.

The angular dependence of exchange bias at elevated tem-
peratures is also modified by such thermally driven virtual
pinning processes. An example is given in Fig. 15, where the
bias field and coercivity are shown as a function of the ap-
plied field angle for the threeKaf cases considered previ-
ously. For the weaker anisotropy materialfFig. 15sadg the
angular variation of the exchange bias does not depart sig-
nificantly from the zero-temperature sinusoidal behavior,

where the bias maximum coincides with an applied field
along the easy axis direction. A uniform decrease in the bias
field at all angles is observed with increasing temperature.
For larger anisotropiesfFigs. 15sbd and 15scdg the bias field
maximum shifts away from the easy axis direction, for ex-
ample, fromuH=0 to uH<10° atT=50 K and touH<30° at
T=70 K in Fig. 15sbd with corresponding shifts in the bias
minimum. A more dramatic effect is seen forKaf
=0.68 meV/spin close to the Blocking temperature, where
the bias disappears completely for a range of applied field
angles about the easy axisfFig. 15scdg. These features share
many similarities with the defect-modified angular depen-
dence discussed earlier. For thermal-induced “pinning” there
is an analogous passive regionDuH, shown for Kaf
=0.68 meV/spin atT=70 K in Fig. 15sdd, in which the hys-
teresis is not modified. Outside the passive region a large
enhancement in the coercivity with a vanishing loop shift is
observed.

The position and strength of the virtual pinning potential
is determined by two competing length scales. First, the de-

FIG. 14. Variation of partial antiferromagnet wall center with
temperature. The wall centerxc at maximum reverse field in a hys-
teresis loop is shown as a function of temperatureT for three values
of the antiferromagnet anisotropyKaf.

FIG. 15. Angular dependence of exchange bias at finite tem-
peratures. The bias fieldheb as a function of applied field angleuH

is shown for three different antiferromagnet anisotropy valuesKaf:
sad 0.085 meV/spin,sbd 0.34 meV/spin, andscd 0.68 meV/spin.
The angular variation in the coercivityhc for Kaf=0.34 meV/spin is
given in sdd. The angular variations are presented for four tempera-
tures: T1=10 K, T2=30 K, T3=50 K, and T4=70 K sTN=79 Kd.
The reduced field unith is defined in Eq.s2d.
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cay lengthlp characterizing the spatial variation inkSl at the
interface is governed by the relative magnitudes of the Curie
and Néel temperatures. Second, the antiferromagnet domain-
wall width is determined by the antiferromagnet exchange
and anisotropy energies. As discussed above, thermal-
induced wall pinning is important when the two length scales
are comparable, i.e., for cases where the position of the par-
tial wall center atT=0 K is within lp of the interface. For an
antiferromagnet with defects, one might expect correlations
between the thermal- and impurity-induced wall pinning.
Some examples are shown in Fig. 16, where the thermal
dependence of exchange bias is shown with a reduced-
exchange defectsrJ=0.5d in the antiferromagnet. Within a
penetration depthlp of the interface the defects do not affect
the hysteresis propertiessxLù1d, which is evidenced by a
uniform decrease in the bias field accompanied by a small
coercivity close toTN is observed. The proximity of the de-
fect to the interface does not allow it to function effectively
as a pinning center, particularly at higher temperatures, be-
cause the thermal magnitudekSl is relatively large within the
penetration region and the reduction in the exchange is in-
sufficient to counter the influence of the ferromagnet. Evi-
dence of a correlation between the thermal and impurity pin-
ning can be seen for moderate to large defect distances from
the interfacesxLù3d, where the temperature range over
which nonzero coercive fields appear become broader.

VI. DISCUSSION AND CONCLUDING REMARKS

The reduction in the bias field induced by the defects is
consistent with ion-irradiation experiments on exchange bi-
ased NiFe/FeMn systems,45,46 where it was observed that
bias can be controlled by varying the dose of the incoming
ions. Other studies have shown an enhancement in the bias
field can be obtained using the same experimental
technique.47,48 It is possible to account for the observed in-

crease in the bias with the present model by increasing the
local anisotropy, equivalent to a repulsive defect potential.
Physically, structural changes leading to strain-related en-
hancements in the anisotropy have been shown to be
possible.49–52 This has been explored in more detail
elsewhere.21 However, recent experimental evidence sug-
gests that irradiation of the ferromagnetic layer is essential
for bias enhancement.46 This is beyond the scope of this
paper.

Asymmetric hysteresis loops have been measured in a
number of experimental systems.16,53–64 In certain cases,
complementary polarized neutron reflectometry experiments
have shown that these observations can be explained by a
reversal via coherent rotation and a remagnetization process
involving domain-wall propagation.54 Krivorotov et al. ex-
plained asymmetric hysteresis in their Fe/MnF2 system with
a threefold anisotropy term,59 but the results in this section
instead offer an interpretation in terms of domain-wall pin-
ning processes in the antiferromagnet. This explanation is
consistent with some recent work of Nikitenkoet al. on the
NiFe/FeMn system,53 who concluded the presence of an an-
tiferromagnet wall at the interface is necessary to explain
their hysteresis measurements.

An interpretation of rotational hysteresis can be made in
light of these results. In real materials, one may suppose that
a large number of pinning sites in the antiferromagnet, of
different magnitudes and distances from the interface, can
give rise to an ensemble of passive regionsswhere wall pin-
ning does not occurd, as depicted in Fig. 17sad. Furthermore,
for an ensemble of grains at the interface, the easy axis di-
rection may vary from grain to grain so the orientation of
these passive regions need not be collinear. LetuH1 denote
the field orientation at an arbitrary point in a rotational hys-
teresis experiment. Supposing that the ferromagnet is uni-
form, an ensemble of partial twists is formed in the antifer-
romagnet with magnitudes determined by the relative
orientation of the local easy direction anduH1. Suppose that
the field is now rotated by a small amount touH2. If the new
ferromagnet orientation remains within the passive region of
a given grain, then the rotation causes the partial wall in the
grain to wind or unwind slightly, which is a reversible pro-
cessfFig. 17sbdg. However, if a transition is made across the

FIG. 16. Defect-enhanced thermal pinning of domain wall.sad
Bias fieldheb andsbd coercivityhc as functions of temperatureT for
a series of exchange-defect positionsxL, for rJ=0.5. The reduced
field unit h is defined in Eq.s2d.

FIG. 17. Model of rotational hysteresis.DuH represents the pas-
sive region associated with a particular defect.sad An ensemble of
antiferromagnet grains with defects gives rise to a distribution of
passive regions withvarying amplitude and orientation.sbd Rota-
tions of the magnetic fieldse.g.,uH1↔uH2d within passive regions
lead to reversible winding or unwinding of the partial wall.scd
Rotations that cross the boundary of a passive region lead to irre-
versible depinning transitions of the partial wall.
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boundary of a passive region the partial twist in the corre-
sponding grain may be depinned from the interface due to
the local defectfFig. 17scdg. This is an irreversible process.
Hence, the extent of the partial walls formed and the number
of depinning transitions depend on the history of the rotation.
For example, the rotation of the field fromuH2 to uH1 would
not necessarily produce the same results, because the con-
figuration of partial twists atuH2 may not lead to the same
initial state atuH1. This asymmetry between the two sense of
rotation gives rise to rotational hysteresis.

We have dealt exclusively with a one-dimensional spin
chain in our model. This is an approximation for an antifer-
romagnet grain with an uncompensated interface, where only
one sublattice is in contact with the ferromagnet. Thus, as-
suming that the magnetization is uniform within a layer, the
variations in spin orientation can be treated with a one-
dimensional model. The average reduction inJd would rep-
resent an average over a particular layer in a real system.
Such control over defect placement could be achieved in a
synthetic antiferromagnet, where a nonuniform thickness in
the spacer layer would achieve a variation in the exchange
coupling. Experiments involving the substitution of nonmag-
netic atoms would also produce candidate structures, where
defect placement is controlled by selective introduction of
the nonmagnetic species.

Temperature has been included in our model using a local
mean-field theory, which completely neglects any thermal

fluctuations in the spin orientation. This approach was em-
ployed to obtain a qualitative picture of the thermal depen-
dence of bias. Close to the Néel temperature fluctuations due
to thermal magnons would test the stability of the wall struc-
ture in the antiferromagnet. The in-plane anisotropy would
then act as an energy barrier to the reversal of the wall,
leading to a finite probability with which the thermal excita-
tions could destroy the wall completely. This has been inves-
tigated in more detail elsewhere.39,65–67

In summary, we have investigated the impact of magnetic
impurities and temperature on the formation of an antiferro-
magnet partial domain wall in an exchange-biased system.
Attractive potentials created by magnetic defects are shown
to cause a depinning transition of the partial wall that leads
to coercivity enhancement. Similarly, an analogous process
is shown to arise from thermal effects close to the ordering
temperature of the antiferromagnet. A reduction in the block-
ing temperature is also observed.
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