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Hysteresis from antiferromagnet domain-wall processes in exchange-biased systems:
Magnetic defects and thermal effects

Joo-Von Kint and R. L. Stamps
School of Physics, M013, University of Western Australia, 35 Stirling Hwy., Crawley WA 6009, Australia
(Received 22 March 2004; revised manuscript received 9 August 2004; published 9 Margh 2005

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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[. INTRODUCTION ture, such as the formation of partial or complete domain
walls, have an energy cost that is more compatible with ex-

tropy induced in a ferromagnéE) exchange coupled to an perimental bigs fie_lds. Such a \é\ﬁ\y structure can form in the
antiferromagnet(AF). The anisotropy can be initiated by ferromagne?® antiferromagnet>™® or through both, de-
cooling the ferromagnet/antiferromagnet system through th@ending on the configuration that minimizes the energy.
Néel temperature in the presence of an applied field. Whilérong experimental evidence for the existence of such a
the bias effect has been successfully engineered as a pinniM@!l in single-crystal materials has recently been obtafried.
mechanism in magnetoelectronic devices, quantitative thed=0r an ideal systertspecifically one that is free from imper-
ries for the underlying physical processes governing the biafections and at zero temperatyrehe partial domain-wall
are still being sought. The magnetic properties of a ferromagtheory of exchange bias proposed by Maetrial ' does not
net in an exchange biased system exhibit some interestingredict any changes to the coercivity in addition to the loop
features(1) The hysteresis loop is displaced along the fieldshift for uncompensated interfaces. In fact, for an isotropic
direction by a quantity referred to as the bias fiéldy), ferromagnet the domain wall produces only a shifted revers-
which can either be positive or negati¥@) The width of the  ible magnetization curv& The enhanced coercive field ob-
hysteresis loop can be simultaneously increased with theerved in experiment has been suggested to arise from
loop shift. (3) Repeated traces of the hysteresis loop cardomain-wall pinning in the ferromagnet at centers created by
yield different values of the bias field; this is known as thethe interface roughne38.0Others have argued for processes
“training effect.” (4) No absolute measure of the bias can bein the antiferromagnet to be the cause, including wall
obtained; dynamic measurements such as ferromagnetginningl®irreversible transitions of graing,and interactions
resonance, Brillouin light scattering and ac susceptibility carbetween grain& This is consistent with other
give different estimates of the unidirectional anisotropy. Forexperimentdf-?°and theoretical work}-??where the impact
recent reviews on the topic, the reader is referred to Refof spin dilution and anisotropy changes in the antiferromag-
1-5. net on the hysteresis of exchange-biased systems has been
The minimum criterion for exchange bias is a uniaxial studied.
anisotropy in the antiferromagnet, which is subsequently In this paper, we present a theory of coercivity enhance-
transferred to the ferromagnet as a unidirectional anisotropynent in the partial wall model of exchange bias for a single
to lowest order, by exchange coupling across thedomain material with uncompensated interfaces. Irreversible
ferromagnet/antiferromagnet interface. Initial insight into thetransitions are made possible by an energy barrier arising
problem came from Meiklejohn and Be&hAwho supposed from magnetic impurities in the antiferromagnet or thermal
that the uniaxial anisotropy is sufficiently large such that theeffects. The physics of the wall formation can be viewed as a
antiferromagnetic spins are not perturbed by the motion ofwo-state process, where the partial wall center is the param-
the ferromagnet magnetization. The bilinear form of the ex-eter that can either be close to the interface or moderately
change coupling between the two layers then appears asdelocalized in the bulk. Magnetic defects, such as local
fixed effective field for the ferromagnet and a unidirectionalvariations in the exchange or magnetocrystalline anisotropy
anisotropy appears straightforwardly. However, estimates aénergies, lead to an attractive potential for the domain wall
the loop shift from this model are two orders of magnitudethat can pin the wall under suitable conditions. An analogous
larger than values obtained in experiment. behavior is observed at finite temperatures, where the wall
A resolution for this discrepancy was proposed following displaces away from the interface due to thermal fluctua-
the observation that deformations in the magnetic spin strudions. This process may be viewed in terms of the action of a

Exchange bias refers to the effective unidirectional aniso
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and is proportional to an energy per unit area, since the mag-
€y,

F netization is taken to be uniform within each layer. The first
B %’ term represents the interaction with an external magnetic
—

field H,, wherewu, is the permeability of free space amylis

the layer magnetic moment that takes on the valuenoin

1 the ferromagnet anthy in the antiferromagnet. The second

term represents the Heisenberg exchange between nearest-

neighbor spins, wherg; takes on the value of; in the

ferromagnetJ,; in the antiferromagnet, and_, across the

ferromagnet/antiferromagnet interface. The third term repre-

tar- 1 sents a uniaxial anisotropy energy in the antiferromagpgt
where the easy axis coincides with theirection; the ferro-
magnet is taken to be isotropic. The last term is an easy-

FIG. 1. Geometry of the ferromagnet/antiferromagnet bilayer.plane aniso.tropy that encourages planar rotation of the spins
The ferromagnet occupies the spate<x, <-1 and the antiferro- and approx[mates the_ magnetostatic fields generated by out-
magnet occupies €x_<t,—1. The antiferromagnet easy axis is Of-Plane spin fluctuations. For future reference and unless
along thez direction, which serves as the reference for the layer-SPecified otherwise, the parameters used throughout this pa-
dependent angles and ¢, and the applied field anglé,. Only one  Per —are  J=45.0 meV, Jy=Ji5=-3.4 meV, Ky
sublattice of the antiferromagnet is shown. =0.34 meV/spin, Kyane=1.0 meV/spin, and my=my

=2.2ug/spin. The ferromagnet and antiferromagnet layers
“virtual” pinning center in the antiferromagnet. In both are each 20 monolayers thick=ty=20ML). The applied

cases, the transition between the two states is driven by tHie!d iS oriented aty=10° to minimize computation time.
reversal of the ferromagnet to produce a shifted hysteresig®" & SPIn-1 system, the exchange parameters chosen give a
loop. Cl,me temperaturé€Tc) of 1043 K for the ferro_magnet and a
The paper is organized as follows. Our model for theNéel temperaturg(Ty) of 79 K for the antiferromagnet.
ferromagnet/antiferromagnet system is presented in Sec. finese transition temperatures are similar to those for a
and the continuum limit of this model is studied in Sec. I1l, F&/Fef system but are chosen primarily so tfige> Ty. We
where we obtain some simple analytical expressions to davish to stress that while specific mate_rlal parameters ha\_/e
scribe the process of partial wall formation in the presence oP€€n used, our results could be applied to any composite
magnetic impurities. In Sec. IV, we present numerical resultgnaterial for which a partial wall mechanism leads to bias.
of hysteresis calculations for a ferromagnet/antiferromagndexamples  of — such — systems include ferromagnet/
system with magnetic impurities in the antiferromagnet. Theantiferromagnet structures with single-crystal antiferromag-
role of temperature is studied in Sec. V and concluding reletic insulators;' metallic antiferromagnef¥,and exchange-

marks are presented in Sec. VI. spring system&' o
The calculated magnetization curve for the ferromagnet/

antiferromagnet system defined above is shown in Fig. 2,
Il. MODEL with the corresponding spin structure at three values of the
applied field. The details of the numerical procedure used is
The ferromagnet/antiferromagnet bilayer is modeled as @resented later in Sec. IV. At forward fie{d>0), the ferro-
simple-cubic lattice of localized spins, where the semiclassimagnet spins are completely aligned with the magnetic field,
cal limit is taken and each spin is represented by a vegtor while the antiferromagnet spins are in a perfect Néel state,
of constant lengt!§, that may rotate freely in space. Trans- collinear with the easy axis, with the interface spin antipar-
lational invariance is assumed in the film plane and onlyallel to the ferromagnet due to the antiferromagnetic inter-
uncompensated interfaces are considered. Thus, the antifdayer coupling. As the field is reduced and reversed, the an-
romagnet layer is treated as a series of ferromagnetic spiisotropy of the antiferromagnet pins the ferromagnet,
sheets with antiferromagnetic coupling between each layethrough the interlayer coupling, along the positive direction
perpendicular to the film plane. The magnetic configuratioruntil a critical value of the reverse field at which the magne-
for the entire system is therefore completely specified by dization begins to rotate. With the parameters used, the en-
chain of macroscopic spirs, wherei labels the layer num- ergy of a 180° Bloch wall in the antiferromagnet spin chain,
ber. The bilayer geometry is shown in Fig. 1. 0= 4 I K/ 2=3.04 meV, is less than the magnitude of the
In addition to energy contributions from a static externalinterlayer exchange. As such, it is more favorable energeti-
magnetic field and magnetocrystalline anisotropy, each spinally to deform the antiferromagnet spin structure during
also interacts with its nearest neighbors through Heisenbengagnetization reversal than it is to “break” the interlayer
exchange. The local Hamiltonian for a spin at layés coupling. This can be seen at poiltiig and(iii) in Fig. 2(b),
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H (kOe) [lI. 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.(1). To simplify the problem, the
ferromagnet is approximated as a Stoner-Wohlfarth particle
(uniform magnetization that rotates coherently in an external
field), 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 variationsgnin this con-
tinuum limit, we note that the antiferromagnet enefgyere
(-++) denotes a sum over nearest neighpors

sy &L i S Egf == 1SS - > KulS 22, 3
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FIG. 2. (8 Magnetization curve for the ferromagnet/ "Mmains invariant under the transformation

antiferromagnet systentb) Calculated spin structure at three dif- _ i

ferent points of the magnetization curve. The creation of a partial SV (eah @

antiferromagnet domain wall can be seen(iin). Only the spins if J,;+<0 is replaced byJ,. It is further assumed the spin

close to the F/AF interface are shown. The reduced field luit  vectors are constrained to lie entirely in theplane, so the

defined in Eq(2). wall profile in the antiferromagnet can be described by a
layer-dependent anglg(x) measured from the easy axis. The

where a partial wall twists up as the ferromagnet rotates. Therientation of the ferromagnet is denoted dyand the exter-

winding and unwinding of the partial wall is reversible, and nal field by 6. All angles described here are shown in Fig. 1.

because the ferromagnet is isotropic, the resulting magnetiFo be consistent with the transformation into staggered mag-

zation curve is also reversible. Thus, partial-wall formationnetization variables, we assume a ferromagnetic interlayer

in antiferromagnet results in an additional energy cost forcoupling in this discussion.

magnetization reversal and results in a displaced hysteresis Following the treatment of wall pinning in ferromagnetic

loop, where the magnitude of the loop shift is proportional tomaterials by Brauret al.?® we examine the influence of a

the wall energy. It should be noted that this mechanism igointlike impurity at an arbitrary position in the antiferro-

only possible if the antiferromagnet film is sufficiently thick magnet. We suppose there is a small local variation in the

to support such a partial wall. With our parameters the theuniaxial anisotropy at some distangg>0 from the inter-

oretical Bloch wall width is\ 4= 7J./ 2K 4= 7ML, which is  face,

less than the film thickness, and defines a natural length scale Y=

for the antiferromagnet. The importance of pinning centers in O Kaf{l +p5( d)} , (5)

the antiferromagnet would therefore depend not only on their Naf

strengths but also on their position relative to the interfacgynere p represents a fractional change in the anisotropy at

(at distances comparable g from the interfacg In this  he impurity. Neglecting the interlayer exchange, the energy
paper, we examine how the partial-wall mechanism is afyf the partial wall in the antiferromagnet becomes
fected by the presence of defects in the antiferromagnet and

by temperature. (" ap\*
The relevant scale for magnetic fields in this model is 5a1{‘P(X)]—fO dX|:Daf<dX +KiXsif |,  (6)

determined by the Zeeman energy of the ferromagnet and the
antiferromagnet domain wall ener§y?®As such, it is con- where Dy=J,/(2a) is the antiferromagnet exchange stiff-
venient to express the external fidlgd in terms of a reduced ness anda is the lattice constant. Note that the integral is
unit, 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
hzm_ (2)  anisotropy fluctuation is small, deviations from the static
Oaf Bloch wall profile due to the impurity can be neglected and a
pinning energy,

In the remainder of the paper, all applied field values will be

expressed in terms of this reduced unit, which facilitates 5p=PKaf7\afseCH<
comparisons to other materials and ferromagnet film thick-

nesses, and in physical unitkA/m) with the material pa- can be obtained by substituting the standard domain-wall
rameters given above. solution into the integral in Eq(6). Ay= D /Ky is the

Xc_Xd>, 7)

af
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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
is shown as a function of interface twist anglg for a series of ~°rientation of the interface antiferromagnet sgigand the ferro-
impurity strengths, fronp=-1.0 to 1.0 in increments of 0.2, and magnet magnetizatiog for a range of applied f|eId§ with,=0: (a)
position: (a) Xg/\y=0.1m7, (b) X4/ Ay=0.5m, and (c) Xg/\y=0.97. h=0, (b) h=-0.5,(c) h=-1.0, andd) h=-1.5. The lightest regions
An interface angle ofpy=180° corresponds to the formation of a correspond to the lowest energy.
180° Bloch wall. Defects located beyond half a domain-wall width
from the interface play no role in wall formation. which the local energy minimum appears. Defects located
farther than half a domain-wall width from the interface.,

characteristic magnetic length in the antiferromagnetyand Xa/Aar=) do not affect the twist formation, because the wall
denotes the position of the wall cenfee., p(x.)==/2]. Itis ~ Needs to de-pin completely from the interface in order to
useful to express the energies in terms of the interface angEnter about the impurity.

®0= ¢(x=0), which is related to the wall centeg from the The depth of the energy well is governed by the magni-
expression for the Bloch wall profile tude of the local variation K. The position of the defect,

relative to the interface, determines the width of the energy
@0 well measured in terms op,. Close to the interface the
Xe = NatIn tar(—). (8 pinning potential causes a broad local energy minimum, be-
cause an energy saving can be obtained by situating any
The antiferromagnet energy can then be expressed entirely ggadient in the wall profile about the defect. For pinning sites
a function of ¢, located farther away the energy well becomes narrower, ap-
proaching a zero width as. gets close to half a wall width
5 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 anisotrofpy>0) an en-
(9) ergy barrier to domain-wall formation occurs instead.

To see how such defects can generate hysteresis in the
where o= 4\/DK is the energy for a 180° antiferromag- ferromagnet, we consider the total energy of the bilayer,
netic Bloch domain wall. This function is sketched in Fig. 3 —
for different defect concentrations Etor= — BHa COL 0 = ) = Jra1 COL P — o) + Exfl @),

Defects that decrease the anisotropy locglly 0) lead to (10)
an overall reduction in the antiferromagnet energy. However, _
this reduction also gives rise to a local energy minimum forwhere for convenience we have defir@e: uomyt;. The evo-
certain defect positions relative to the interface. Some exhution of this energy with applied field is shown in Fig. 4 as
amples are given in Fig. 3. As discussed previously, the rea contour plot, with the interface antiferromagnet spin orien-
versal of the ferromagnet drags the antiferromagnet alongation shown on the horizontal axis and the ferromagnet ori-
with it, forming a partial wall. The lag anglé—¢, is only  entation shown on the vertical axis. We consides=a-0.5
zero in the limit of strong interlayer coupling, so, in general,defect located aky/\;=0.75. At forward and zero field
the twist formed is not a full 180° Bloch wall. Because the there is only one minimum in the energy landscape, which
wall energy is largely concentrated at the center where theorresponds to the untwisted cage ¢,=0. As the field is
magnetization gradients are largest, centering the wat} at reversedH,<0), the energy well corresponding to the mini-
places these gradients in a local anisotropy minimum and smum begins to widen, until a critical field is reached at
reduces the overall wall energy. As such, the wall becomeswhich the ferromagnet magnetization begins to rotate and the
pinned wherx.=Xg4, Which corresponds to the value @f for ~ 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 enefgywo)/ oas,

PKat\af sin? %o

1
Eall o) = Ea'af(l — COspg) + (

X
coshﬁ + COS¢q sinh—2
)\af )\af
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a local minimum appears close t@py=xm,¢==%m) in ey ~ 7777 7 7 T 15
which the partial wall can become trapped during reversal of ol T
the ferromagnet. As the field is increased for remagnetiza- . -
tion, it is possible for the wall to remain trapped in this local < 05
minimum, even if this does not represent the lowest-energy 0.95 |
state. Thus, the reversal procéas— (b) — (c) — (d) in Fig.
4 may differ from the remagnetization proce&s) — (c) 9
—(b)— (a), leading to hysteretic behavior. 1
These results can be generalized to describe variations in 0.75 L
the local exchangkconnecting the magnetization @fx) and o r
o(x+8x), for examplg under the same assumption that de- < 05 I
viations from the static Bloch wall profile can be neglected. 0.25

For a Bloch wall, the anisotropy enerd¥y;sirf[¢(x)] is
equal to the exchange enerBy(d.¢(x))? at any part along
the wall®® Therefore, the point defect term introduced into
the anisotropy can equally represent a local variation in the
exchange bond, FIG. 5. Bias field and coercivity variations for reduced-
5 exchange defectsa) Bias fieldhg, and (b) coercivity h; are shown
D! dp =K/ sin’(e) (11) as functions of defect strengihy=1-J4/J4 for a series of defect
af ®) positionsx, in the antiferromagnet, whesg =0 corresponds to the

af
) o ) interface layer and_ =t,—1 the free surface. The reduced field unit
which generates a pinning term proportional to gédhthat 1 is defined in Eq(2).

is similar to Eq.(7).

to the spin orientations are small, such as in forward field
where deviations from the initial state are small, it is possible
IV. MAGNETIC DEFECTS to obtain solutions much faster with the predictor-corrector
o . ) method(see Ref. 27, for example
In order to treat pinning potentials of arbitrary strength, a  |mperfections in the antiferromagnet are treated as local
numerical approach is used to determine the equilibrium spiRariations in the exchange or anisotropy constants. The ef-
configuration at arbitrary fields. As before, we assume transfects of reduced exchange are shown in Fig. 5, where the
lational invariance in the film plane but allow nonuniform bias field and coercivity are shown as functions of defect
configurations to develop along the direction perpendiculadensity. In our notation, a defect situatedxatmodifies the
to the film. This is an approximation for a partial wall formed exchange coupling between layegs-1 andx, i.e., Jx(X_
in a single grain. With the local spin Hamiltonian given by —1,x,)=Jy4, wherex, =0 denotes the interface antiferromag-
Eq. (1), the time evolution of each spin is calculated usingnet layer. The reduction in the modified coupling is described

the Landau-Lifshitz equation of motion by a defect strengtlp;=1-J4/J4, which represents an av-
erage across the layer. Interfacial defefgs=0) cause the
95 = - 45 X HE = 08 X (S X HEM) (12) bias field to decrease because the interlayer exchange cou-
ot ! b pling is reduced. As shown elsewhere the bias field is pro-

. . portional to the interlayer coupling._;; when J; ;<< o, but
wherev is the gyromagnetic constant ands a phenomeno- is largely independent of;_ in the opposite limitd.y

logical damping constant. The effective field at each Hﬁg > o, 112528This behavior is reflected in the smooth decay of

is given by the gradient in the energy with respect 10 they,q ‘hias field with defect concentration. For defects in the
local spin variables, bulk of the antiferromagndi, > 0), the reduction in the bias
1 field arises from two sources. First, the reduction in the ex-
Hff= - ——Vséi. (13)  change coupling leads to an overall decrease in the partial-
HoMy wall energy sincary~ VJ.Ky. Second, the defect can trap
For each hysteresis loop calculation, the initial state of thehe partial wall in a local energy well as it is formed, giving
bilayer consists of a uniform ferromagnet aligned alongzthe rise to an energy barrier for depinning during remagnetiza-
axis with the antiferromagnet in a perfect Néel state collineation as argued in Sec. lll. This leads to irreversible behavior
with the easy axis. At each field increment, the ground statand a nonzero coercivity accompanying the loop shift is in-
is found self-consistently by integrating the coupled set ofdeed observed. The results in Figapindicate that the sec-
nonlinear differential equations described by EtR). The ond process is more important in determinidg, For ex-
new configuration then serves as the starting point for themple, the bias field for a defect situatedxgt 6 undergoes
next field increment. A combination of single-stéjourth-  a rapid decay as the concentration is increased and reaches
order Runge-Kuttaand multistep(predictor-correctgrtime-  half its initial value atp;=0.3, in contrast to the larger den-
integration methods is used. The Runge-Kutta scheme is ensity required(p;=0.75 to reduceH., by the same amount
ployed primarily for difficult regions of phase space wherefor a defect atx, =2.
large changes to the spin configuration take place, such as Defects that modify the local anisotropy have a more
twist formation during reversal, for example. When changesnodest effect on the hysteresis properties, as shown in Fig.
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FIG. 6. Bias field and coercivity variations for reduced-
anisotropy defectga) Bias fieldhg, and(b) coercivity h, are shown
as functions of defect strengiiy =1-Ky/ K for a series of defect
positionsx, in the antiferromagnet, whesg =0 corresponds to the
interface layer and; =t—1 the free surface. The reduced field unit
h is defined in Eq(2).

FIG. 7. Variation in the position of partial-wall center with mag-
netic defects. The antiferromagnet wall centgris shown as a
function of defect density for(a) reduced-exchange an¢b)
reduced-anisotropy defects for a series of defect positipnshere
x_ =0 corresponds to the interface layer aqdty—1 is the free
surface. Note thap; defects denoted by, modify the exchange

6. For defects close to the interface, changes to the bias fieRftween the layers a —1 andx,. The antiferromagnet wall width
are comparatively small and are governed primarily by thdS ar=7ML.
reduction in the total wall energy arising from the local an-
isotropy variation. The pinning potential generated by suctby the sharp transitions foq =6 andx, =8 in Fig. 7a), and
defects has a weak effect on the domain wall, as evidenceg =8 in Fig. 1b). In these cases the bias is suppressed com-
by the small increase in the coercivity at large defect conpletely and a large coercivity is obtained.
centration. Strong pinning of the partial wall is obtained for Irreversible rotations of the ferromagnet, due to a combi-
defects farther from the interface.g., x, =6 in Fig. 6, nation of wall pinning and depinning transitions, give rise to
where a large coercive field accompanying a reduced biagsymmetric hysteresis loops. Some examples are given in
field is observed for moderate to high defect concentrationsrig. 8. The loops are calculated with an exchange defect at
Such contrasting behavior between exchange and anisotropy=5 for three different values qf;. At low defect concen-
defects is not captured by our analytical model presentettations, the pinning potential is insufficient to modify
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 theg
wall profile2®

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 positign 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 value, =2 towardx,_with increasing FIG. 8. Defect-induced asymmetry in hysteresis loops. The hys-
defect concentration. Recall that an exchange defect denoteglesis 10ops are shown for a reduced exchange defegt=at for
by x_ refers to a modified coupling between layegsand  three concentrationsa) p;=0.15, (b) p;=0.45, and(c) p;=0.75.

x ~1, which means the corresponding defect position is acthe components of magnetization paralib!;) and perpendicular
tually x, —0.5. Defects close to the interface move the wall(m ) to the field direction are shown. The arrows indicate the di-

center closer to the antiferromagnet. Farther into the bulksections for reversal and remagnetization. The reduced fieldhunit
the pinning potential can cause a complete detachment of the defined in Eq.(2). The spin configuration near the interface is
partial wall from the interface. These processes are indicateshown for selected field values below the hysteresis curves.
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partial-wall formation. The resulting magnetization curve, as
shown in Fig. 8a), is reversible and resembles the curve
obtained with the absence of impurities. Pinning of the par-
tial wall occurs during reversal for moderate concentrations, i
which appears as a sharp rotation of the magnetization at
negative fields, as shown in Fig(l8. 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 biafFig. 8(c)].

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 directioriM |, 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 bf, along the path to-
ward negative field. For weak pinning;=0.19 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 concentrationgp;=0.45, the magnetization process
again takes place with a counterclockwise rotation, however,

the motion in this case consists of a fast depinning of the 0.75 |- 1y 5
wall from the defect. For defects that cause large reductions o [ Q
. . . . c 05F =,
in the local exchange coupling, the width of the domain wall I los °
can be reduced to a single lattice spacing, where most of the 0.25 - |
entire spatial magnetization gradient is centered about the I

0 [rgocoocomervey YOPTTO00000p-

defect. This is the case in Fig(@, 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 g, 9. pefect-modified angular dependence of exchange bias.
with the same sense of rotatighe., clockwise. The bias fieldhe, is shown as functions of the applied field orien-
The pinning potentials are only effective within a certain tation g,,, for a series of reduced-exchange defect positiéaisx,
angular range of the applied field, which can be seen in theo, (b) x =2, (c) x_=4. The coercivityh, is shown in(d) for the
angular dependence of the bias field and coercivity. Somegorresponding curves ifc). The reduced field unin is defined in
examples are given for reduced-exchange defects in Fig. %q. (2).
Reductions in the interlayer coupling, produced by interface
defects(x_=0), result in a decrease in the bias field acrossbe affected by the pinning potential. The resulting hysteresis
the entire range of applied field anglgsig. Aa)]. This be- loops are therefore similar to the zero-concentration case,
havior is consistent with the continuum theory developedwhere the partial wall can wind and unwind unhindered to
previously, where the bias field dependencelop enters in  give a reversible magnetization curve. Defect-induced wall
a straightforward wag? Because no frustration is introduced pinning is possible outside of the passive region, where the
by the interfacial defects considered here, in contrast t@nergy barrier imposed by the pinning potential largely de-
rough interface$>?° there is no change in the natural angle termines the hysteresis properties. The size of the passive
of the ferromagnetthe equilibrium orientation of the ferro- region depends on the position and magnitude of the pinning
magnet in the absence of any applied figldSor defects potential.
located farther into the bulk, the angular dependence can be Domain-wall pinning close to the interface is a possible
modified significantly. Outside of an angular ran@, mea- mechanism for exchange bias in thin antiferromagnet films.
sured about the hard axis of the antiferromadsebwn for  In the absence of impurity pinning, the angular range over
p;=0.9 in Fig. 9¢)] the bias field is observed to be largely which reversible twisting of the AF partial wall can occur is
suppressed and accompanied by an enhanced coercivighown in Fig. 10a) for a series of AF film thicknessesf.,
[Figs. 9b) and 9c)]. Inside this angular range the hysteresisFig. 4 in Ref. 13. Here, we plot the energy of an isolated AF
properties do not appear to be modified by the defect and aflim, normalized to the 180° Bloch wall energy, as a function
curves are degenerate with the zero-concentration curve. of the spin orientation at one surface of the film. This mimics
The angular range\ g, defines a “passive region” in the dragging of the interface AF spin by the reversal of the F
which bias is not modified by the defect. In this region, thelayer in the exchange biased bilay@f., Fig. 3. For thin
wall center does not reach sufficiently close to the defect tdilms (t;=2,4ML) the energy curves are symmetric about

0 45 90 135 180
0, (degrees)
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LI =P P L I B H share similar features with defect-induced wall pinning. At
L 20MG finite temperatures, the analogous pinning potential occurs
i 1 through spatial variations of effective local fields, which are
05 - due to thermal fluctuations in a uniform spin configuration.
i ] Temperature is incorporated into our numerical model with a
- . local mean-field theory, where the thermally averaged mag-
F 0 L ] netic momenkS) of each spin is calculated self-consistently
~ using®
w® {F T
() R . (Heff
: o] & =se( L) 14
L B
05 whereS; is the spin magnitude at zero temperatiBas the
i Brillouin function, and(---) denotes a thermal average. The
ol . . effective field(H®") at layeri becomes
eI S I N T S W T AT S T S T T S A N
0 45 90 135 180 Ji: 2K
HEM = H, + > ——(S) + —(S). 15
9, (degrees) ( i ) a ? Momj< J) Momi<3> (15

FIG. 10. Reversible and irreversible rotations of the partial anThe ground state and thermal averages are solved self-
tiferromagnet wall. The normalized antiferromagnet endigfoa o nsistently with the same numerical scheme presented ear-
is shown as a function of twist anglg, for different antiferromag- lier
giiglr:gt:'ﬂggits? VZ';ha)anS(ZS :i;icrfazg? ?ﬁ:oézr:zg;gigi_ng Before discussing the effects of finite temperatures on the
hysteresis loop fot iel\/iL ' exchange bias system, it is useful to examine first the thermal

@ ' properties of an isolated antiferromagnet domain wall. Here,
. P ) . we follow the approach of Papanicolaou for computing the
the hard axis directiorigo=90°) and show no irreversible = gyin sirycture of an isolated antiferromagnet Bloch wall in a
transitions. In this regime, the end AF spin drags all the othepe_dimensional spin chafi.We consider a chain of 100
AF spins along with it in unison, so only the uniaxial aniso- gnins whose initial configuration consists of a two domain
tropy qu is sampled. T_he symmetry about the hard axis di-state. In the first half of the chain, the spins are in a Néel
rection is broken for thicker filmé,=6ML), where a high-  gtate where the first spin points Wpz) and the last spin

energy branch appears as a partial twist is wound Upoints down(-2z). The second half of the chain is also in a
following the rotation of the end AF spin away ol Ngel state, except that the first spin points down and the last
=0° through¢,=90°. Past a critical angle, an irreversible gnin naints up. The profile for the domain wall separating the
transition to the low-energy branch is made as the twist igyyq regions can be obtained by allowing this configuration to
wound off the other end of the AF film. This critical angle is -ome to equilibrium using the numerical procedures de-
strongly dependent on the AF film thickness and approachegyined earlier. We apply this method to study the wall struc-
180° in the limit of a semi-infinite AF slab. This behavior is y,re 4t different temperatures and for antiferromagnets with
in stark contrast to the defect-modified system. An examplgjitterent anisotropy constantie., to give a range of domain

is given in Fig. 10b), where a reduced-exchange defect with,yq widths). Spatial variations in the thermal averaged mo-
py=0.7 atx =1 can be seen to Etablhze the twist over the neni(s) are shown in Fig. 11. The curves are arranged such
entire angular range 02 ¢,=180° for A films as thin as thatx, =0 corresponds to the center of the domain wall. The

Ei'\gll‘v'lL(Recﬁ” thgt the th?czjre;ical TBIo_(I:Ih wall Wri]qth ps.df interesting feature common to all anisotropy values consid-
o in the absence of defegtsTo illustrate this point ered is the sharp reduction ¥8(x)) at the center of the

further, hysteresis loops for ttg=6ML system are shown dlcl%main wall. Because the gradient in the spin orientation is

as insets for the zero-defect and the exchange-defect cases Mgest at the wall center, the effective field acting on the
Fig. 10. For the zero-defect case, the hysteresis loop is sym- 9 L ’ : -ting on t

o o . . center spin is reduced by the mean-field averaging. This is a
metric with a large coercivity resulting from the antiferro-

L . . ; : compounding effect as a reduction in the effective field leads
magnet uniaxial anisotropy, while a shifted asymmetric IOOIOto a further reduction ifS). Magnetization gradients at the

is observed in the defect-modified system. As such, defect- I ¢ I hich
induced pinning can account for bias in amtiferromagneté"’a center are greater for narrower walls, which conse-

thinner than the Bloch wall width, as observed in a numbedUently lead to large reductions {8), as seen in Figs. 18
of experimental systen?8:30-38 and 11d). 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 iKS(x)). As we shall show

Recent theoretical work has demonstrated that a loss athortly, the reduction ifS(x)) at the wall center plays the
bias can occur due to thermal fluctuations that destabilize theole of a virtual defect for thermal wall pinning. The differ-
partial antiferromagnet wall at elevated temperatures close tence here is that the analogous defect potential is a result of
the Néel temperatur®. We show here that such processesthermal fluctuations in the wall structure itself.

V. FINITE TEMPERATURE EFFECTS
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FIG. 11. Thermally averaged spin profile for antiferromagnetic ~ F|G. 13. Thermal magnetization profile of the ferromagnet/
domain wall.(S), as a function of position along the antiferromag- antiferromagnet bilayer. The spatial variation(6f is shown ata)
net with a 180° Bloch wall, is shown for a series of temperaturesiorward field forK,=0.085 meV/spin(b) maximum reverse field
T1=10K, T,=30 K, T3=50K, and T,=70 K (Ty=79 K). The  for K,=0.085 meV/spin, andc) maximum reverse field foK
variations are shown for three values of the antiferromagnet aniso=0.34 meV/spin. The curves are shown for four different tempera-
tropy K. tures:T;=10 K, T,=30 K, T3=50 K, andT,=70 K. The interface
layer of the antiferromagnet is situated>at0 and the antiferro-
The temperature dependence of the bias field and coercivragnet occupies the regiort;—1<x<0. In (a) the penetration
ity are shown in Fig. 12 for three values Kf;. The results length of the ferromagnet, is shown forT,.
are obtained from a series of calculated hysteresis Ioopl.%

taken at different tgmperatures. The b|a§ field is observed I‘i’he coercivity peaks at the Blocking temperature, where the
decrease monotonically as temperature increases and to va}y—

ish below the Néel temperatuf@d K) close toT =70 K for f|ash.var1]n|shes, and then continues to decrease monotonically
the three cases considered. Within the same temperatur%r 'gner ter.nperatures.. :
: This peak in the coercive field has been reported for a few

range in which the bias decreases rapidly, one observes &perimental systerfis#4and has been attributed to the re-

nonzero coercive f|e|d_ accompanying th_e loop shitt. Thearrangement of magnetic domains at the critical temperature.
magnitude of the coercivity enhancement is also observed tﬁ/

be proportional the stiffness of the domain wall, where the e argue her_e that thermal wall processes similgr to defe_ct-
largest increase ih. is seen folK..=0.68 meV/s iﬁ and the induced pinning can account for such hysteretic behavior
sm%llest increasecfoK -0 O85afrneV/spin ThFi)s SUQgests close to the Néel temperature. Consider the spatial profile
that the irreversible bgfhav.ior is driven b.y a domain Wall.<S(X.)> for the ferromagnet/antlferromag'net l?llayer presented
process, where the energy barriers that facilitate the irreverd” F.'g' 13 for tWO.Ka.f cases. At forward fiel@Fig. 13a)], t.he
antiferromagnet is in a Néel state. The thermal magnitude of

the antiferromagnet spins decreases sharply from the inter-

le transitions are governed by the wall energy in some way.

T T T 5085 meVispin § 12 face and attains a constant average value throughout the re-
0.53_ ‘ 1 mainder of the film. A largekS) is present at the interface
C 405 due to the stabilizing effect of the ferromagnet layer, whose
ObmaorsrrmmHmnn oo nmi g 0 ordering temperature is an order of magnitude larger than the
1j """" r " 034 mevispin ] 15 Néel temperature. The decay 8 from the interface to the
o5 - 31 § bulk is characterized by a penetration length which is
' J05 T temperature dependent and is a measure of how strongly the
N I, g 0 ferromagnet spins influence thg antiferror_nagne_t moments lo-
e T T e v 18 cated farther away from the interfack, is indicated for
EP T,=70 K in Fig. 13a). A sawtooth pattern develops {5
3 0.5 and is a result of the external field, which lifts the degeneracy
; i between the sublattice spifise., the Zeeman interaction fa-
06'”'*‘*"'2'6'*'*'*':6“““"gof""' "5'00 vors spins oriented parallel to the applied fjeldt reverse
T (K) field the partial wall profile can be seen superimposed on the

spatial variation ofS) [Figs. 13b) and 13c)]. A sharp dip
FIG. 12. Temperature dependence of exchange bias. Bias fielgorresponding to the wall center is observed, which becomes
Hep, and coercivityH, are shown as functions of temperatdidor ~ more pronounced at high temperatures. For both antiferro-
three values oK. The reduced field uni is defined in Eq(2). magnets considered the wall center shifts away from the in-
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FIG. 14. Variation of partial antiferromagnet wall center with
temperature. The wall centgg at maximum reverse field in a hys-
teresis loop is shown as a function of temperailifer three values
of the antiferromagnet anisotrop{ss.

terface as the temperature at which the hysteresis loop is
performed is increased. This is particularly evident for the
stiffer antiferromagnet with,;=0.68 meV/spifFig. 13c)].

One observes that the wall centerat maximum negative
field moves fromx, =2 at T;=50 K to x, =4 at T,=70 K.

This represents a significant change in the wall position with
temperature, given that the wall width Ag;=5ML for K
=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 whicl®) is reduced. As
such, the spatial decay i® 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  FiG. 15. Angular dependence of exchange bias at finite tem-
interface. This depinning transition cannot occur unless th@eraturesl The bias fiela,, as a function of applied field angl
spatial extent of the dip at the wall center is narrower thans shown for three different antiferromagnet anisotropy vakigs
\p, and that the natural position of the wall centee., x; at  (a) 0.085 meV/spin,(b) 0.34 meV/spin, andc) 0.68 meV/spin.

0 K) is comparable to,. In light of our earlier results on The angular variation in the coercivity, for K,=0.34 meV/spin is
defect-modified bias, this thermal wall process can be likgiven in(d). The angular variations are presented for four tempera-
ened to pinning by a virtual defect in the antiferromagnet.tures: T;=10 K, T,=30 K, T3=50 K, and T,=70 K (Ty=79 K).
Here, the position and strength of the virtual defect isThe reduced field unit is defined in Eq(2).

strongly temperature dependent, which can be seen in the

temperature dependence of the wall ceniereasured at Where the bias maximum coincides with an applied field
X X — . along the easy axis direction. A uniform decrease in the bias
maximum reverse fiejJdas shown in Fig. 14. The wall is

) . field at all angles is observed with increasing temperature.
observed to shift away from the interface as the temperaturg larger anisotropieEFigs. 15b) and 15c)] the bias field

for each loop measurement is increased. For a large range aximum shifts away from the easy axis direction, for ex-

temperatures belowy the wall center remains withi,, of ample, froméy =0 to 6~ 10° atT=50 K and tody ~ 30° at
the interface, which means that the partial wall can be woung-=7¢ ’K in Fig. 15b) with corresponding shifts in the bias

coercivity. The discontinuity in(T) at higher temperatures =0.68 meV/spin close to the Blocking temperature, where
indicates a depinning of the wall from the interface, givingthe bias disappears completely for a range of applied field
rise to an irreversible process analogous to defect-induceaingles about the easy axiSig. 15c)]. These features share
pinning. many similarities with the defect-modified angular depen-
The angular dependence of exchange bias at elevated temlence discussed earlier. For thermal-induced “pinning” there
peratures is also modified by such thermally driven virtualis an analogous passive regioAfdy, shown for Ky
pinning processes. An example is given in Fig. 15, where thee0.68 meV/spin al=70 K in Fig. 18d), in which the hys-
bias field and coercivity are shown as a function of the apteresis is not modified. Outside the passive region a large
plied field angle for the thre&,; cases considered previ- enhancement in the coercivity with a vanishing loop shift is
ously. For the weaker anisotropy materf&lig. 15a)] the  observed.
angular variation of the exchange bias does not depart sig- The position and strength of the virtual pinning potential
nificantly from the zero-temperature sinusoidal behaviorjs determined by two competing length scales. First, the de-

0 45 90 135 180
0, (degrees)
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FIG. 17. Model of rotational hysteresidf, represents the pas-
sive region associated with a particular deféat.An ensemble of
antiferromagnet grains with defects gives rise to a distribution of
passive regions withvarying amplitude and orientati@). Rota-
tions of the magnetic fielde.g., 641 6,) within passive regions
lead to reversible winding or unwinding of the partial walt)
Rotations that cross the boundary of a passive region lead to irre-
versible depinning transitions of the partial wall.

FIG. 16. Defect-enhanced thermal pinning of domain w@).  crease in the bias with the present model by increasing the
Bias fieldh,, and(b) coercivity h, as functions of temperatufefor local anisotropy, equivalent to a repulsive defect potential.
a series of exchange-defect positions for p;=0.5. The reduced Physically, structural changes leading to strain-related en-
field unit h is defined in Eq(2). hancements in the anisotropy have been shown to be

possible!®®2 This has been explored in more detail

cay length\, characterizing the spatial variation§) at the ~ €lsewheré&! However, recent experimental evidence sug-
interface is governed by the relative magnitudes of the Curig@®Sts that irradiation of the ferromagnetic layer is essential
and Néel temperatures. Second, the antiferromagnet domaifr bias enhancemefit. This is beyond the scope of this
wall width is determined by the antiferromagnet exchangd®@Per. _ _ _
and anisotropy energies. As discussed above, thermal- ASymmetric hysteresis loops have been measured in a

. o . i 3-64 i
induced wall pinning is important when the two length scaleg!umber of experimental systertfe*"%* In certain cases,
are comparable, i.e., for cases where the position of the pag;_omplementary polarized neutron reflectometry experiments

tial wall center aff=0 K is within \,, of the interface. For an have shown that these observations can be explained by a
antiferromagnet with defects, one might expect correlation§€versal via coherent rotation and a remagnetization process

between the thermal- and impurity-induced wall pinning.NVolving domain-wall propagatioff. Krivorotov et al. ex-
Some examples are shown in Fig. 16, where the thermd}l@inéd asymmetric hysteresis in their Fe/Mrsystem with
dependence of exchange bias is shown with a reduced threefold anisotropy terﬁﬁ_’,bu_t the results in this section
exchange defectp,=0.5) in the antiferromagnet. Within a instead offer an interpretation in terms of domain-wall pin-
penetration depth, of the interface the defects do not affect NNg Processes in the antiferromagnet. This explanation is
the hysteresis propertigs, = 1), which is evidenced by a Cconsistent with some recent work of Nikitenko al. on the

X 3 )
uniform decrease in the bias field accompanied by a sma't\PIf'Fe/FeMn ?ysteﬁﬁ, tWS]O C.O?d]?ded .the presence tOf an ?n.
coercivity close taTy is observed. The proximity of the de- U€romagnet wail at the intértace IS necessary 1o expiain

fect to the interface does not allow it to function effectively the"; hysttere5|ts tr_neas;Jre;n?nts.l hvst . b de i
as a pinning center, particularly at higher temperatures, bﬁi_g h Interpretation of rotational hysteresis can be made In

cause the thermal magnitug® is relatively large within the ht of these results. _In _real mater_lals, One may Suppose that
. . L .. a large number of pinning sites in the antiferromagnet, of
penetration region and the reduction in the exchange is in;

sufficient to counter the influence of the ferromagnet. Evi—dlfferent magnitudes and distances from the interface, can

dence of a correlation between the thermal and impurity pin-g've rise to an ensemble of passive regiomhere wall pin-

. . ning does not occly as depicted in Fig. 1@). Furthermore,
ning can be seen for moderate to large defect distances fropn = = o grains at the interface, the easy axis di-
the interface(x, =3), where the temperature range over '

which nonzero coercive fields appear become broader rection may vary from grain to grain so the orientation of
PP : these passive regions need not be collinear. d.gtdenote

the field orientation at an arbitrary point in a rotational hys-
V1. DISCUSSION AND CONCLUDING REMARKS teresis experiment. Suppqsing _that' the ferromagnet i; uni-
form, an ensemble of partial twists is formed in the antifer-
The reduction in the bias field induced by the defects isomagnet with magnitudes determined by the relative
consistent with ion-irradiation experiments on exchange biorientation of the local easy direction add;. Suppose that
ased NiFe/FeMn systeri3#® where it was observed that the field is now rotated by a small amountég,. If the new
bias can be controlled by varying the dose of the incomingerromagnet orientation remains within the passive region of
ions. Other studies have shown an enhancement in the biasgiven grain, then the rotation causes the partial wall in the
field can be obtained using the same experimentagrain to wind or unwind slightly, which is a reversible pro-
techniquet’#8 It is possible to account for the observed in- cesgFig. 17b)]. However, if a transition is made across the
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boundary of a passive region the partial twist in the correfluctuations in the spin orientation. This approach was em-
sponding grain may be depinned from the interface due t@loyed to obtain a qualitative picture of the thermal depen-
the local defecfFig. 17c)]. This is an irreversible process. dence of bias. Close to the Néel temperature fluctuations due
Hence, the extent of the partial walls formed and the numbeto thermal magnons would test the stability of the wall struc-
of depinning transitions depend on the history of the rotationtyre in the antiferromagnet. The in-plane anisotropy would
For example, the rotation of the field frofiy, to 64, would  then act as an energy barrier to the reversal of the wall,
not necessarily produce the same results, because the cqBagding to a finite probability with which the thermal excita-
figuration of partial twists at},, may not lead to the same +jons could destroy the wall completely. This has been inves-
|n|t|a] state atfyy;. This asymmetry betwegn the two sense Oftigated in more detail elsewhef&65-67
rotation gives rise to rotational hysteresis. . . In summary, we have investigated the impact of magnetic
We have dealt exclusively with a one-dimensional Splnimpurities and temperature on the formation of an antiferro-

chain in our model. This is an approximation for an ant|fer-magnet partial domain wall in an exchange-biased system.

romagnet grain with an uncompensated interface, where onl . . ;
one sublattice is in contact with the ferromagnet. Thus, as%ttractlve potentials created by magnetic defects are shown

suming that the magnetization is uniform within a layer, thelO cause a depinning transition of the partial wall that leads

variations in spin orientation can be treated with a onelC COercivity enhancement. Similarly, an analogous process

dimensional model. The average reductiordjowould rep- IS shown to arise from thermal effects close_ to _the ordering

resent an average over a particular layer in a real systenf€mperature of the antiferromagnet. A reduction in the block-

Such control over defect placement could be achieved in {19 temperature is also observed.

synthetic antiferromagnet, where a nonuniform thickness in

the spacer layer would achieve a variation in the exchange

coupling. Experiments involving the substitution of nonmag- ACKNOWLEDGMENTS
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