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Antiferromagnetic layer thickness dependence of the IrMnÕCo exchange-bias system
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A study of exchange bias in IrMn/Co systems is presented. Temperature and thickness dependence studies
have revealed nonmonotonic behavior in both exchange bias field and coercivity with both variables. In
particular the exchange bias field shows a peak for low IrMn thicknesses that is suppressed at temperatures
higher than about 200 K. Calculations using the domain state model of exchange biasing are able to describe
all the features seen in the experimental data.
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I. INTRODUCTION

Although the discovery of exchange bias by Meiklejo
and Bean1 was over 40 years ago, the effect is still bei
investigated by the scientific community to understand
fundamental mechanisms controlling both the exchange
field Hex, and the coercivityHc enhancement. It is well es
tablished that the exchange bias is the result of an interfa
interaction2,3 between a ferromagnet~F! and an antiferro-
magnet~AF!, although the details of the microscopic mech
nism are currently widely debated. The situation is comp
cated as one finds that there are a number of parame4

which influence the exchange bias, such as the anisotr
crystal structure,5,6 interface roughness, interfacial spin co
figuration, and magnetic domains.7

Experimental work to date has revealed thatHex is typi-
cally two orders of magnitude smaller than values predic
using the original model proposed by Meiklejohn and Bea1

where it was suggested that the biasing was a consequen
the competition between the Zeeman and the exchange
pling energy across an ideal, smooth, uncompensated i
face. Experimentally, however, it is known that biasing do
exist at compensated interfaces and in noncrystal
materials.4

Two main theoretical approaches have been pursued i
attempt to explain this discrepancy between the predic
and experimental values. Mauriet al. extended the idea o
planar domain walls originating at a smooth AF interfac2

where the AF spins rotate in the plane, originally put forwa
by Néel.8,9 The exchange energy in this case is spread ac
the width of the domain wall. Subsequent models10–12which
have extended the Mauri concept have also shown lim
success in fully explaining the exchange bias effect. In c
trast, Malozemoff13 argued that an ideal interface was unr
alistic, and roughness leading to magnetic defects gave
to local random fields. The total energy of the AF, includi
the contribution from the random fields, is minimized by t
formation of domains in the AF, which have domain wa
perpendicular to the interface. Both theories have produ
values forHex that compare well with experiment under ce
tain conditions, whereas theHc enhancement has been attri
uted to the formation of domains in the AF layer.14 However,
0163-1829/2003/68~21!/214420~7!/$20.00 68 2144
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no theory has so far been able to adequately explainHex, the
Hc enhancement, and their temperature and AF thickness
pendences in full.15,16

Due to the nature of the spin structure of an AF, it is no
straightforward process to characterize such layers u
conventional magnetization techniques. Neutron diffract
studies on Fe3O4 /NiO exchange biased superlattices17 have
shown that the exchange biasing is related to the forma
of both parallel and perpendicular domains, which are froz
into the AF layer on cooling through the blocking temper
ture (TB)—this is the temperature above whichHex is zero.
Similar measurements on FeMn/Co superlattices18 have
shown that a complex random domain structure is found
be present when the magnetization of the Co layer is
versed and is dictated by the underlying random dom
structure within the FeMn. The use of nonmagnetic impu
ties in the AF layer19 to form and influence domains has als
highlighted the domain structure in the AF being the cause
biasing, and the mechanism which seems to control it.

Investigations of the AF layer thickness dependence
order to establish the thickness at which the biasing satur
are often made at room temperature, motivated by tech
logical concerns, although some experimental data do e
where the work was carried out at low temperatures.20–23

Results so far have been interpreted in terms of parallel
main walls in the AF.14 In this paper we will present evi
dence that the dependence ofHex on the AF layer thickness
and its variation with temperature in fact supports the idea
perpendicular domain walls. To do this we have used ca
lations from a more recent microscopic doma
model,19,24–26which is able to describe the experimental fe
tures we have found at all temperatures through the us
Monte Carlo methods. The model is based on an irrevers
AF interface magnetization which arises from volume d
mains originating from defects in the bulk of the AF. The
volume domains then influence the spin structure at the
terface.

II. EXPERIMENTAL TECHNIQUES

The Co/Ir25Mn75 system was studied experimental
within a spin-valve structure. This allowed the free Co lay
©2003 The American Physical Society20-1
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within the spin valve to be used as a control layer to wh
the biased Co layer could be directly compared, while hav
only a minimal effect on the properties of the pinned layer
orange-peel coupling fields were; a few Oe. It also allowed
magnetotransport measurements to be performed, the r
tance measurements were done using a standard four
probe dc technique. Typical~300 K! magnetoresistances o
our spin valves were;7%, while typical ~300 K! sheet
resistances were;10 V/h. The specimens were deposite
by magnetron sputtering at an argon working pressure of
mTorr. Each set of specimens consisted of 15 samples w
were grown during the same vacuum cycle. The base p
sure prior to the deposition was of the order of 231028 Torr.
The spin-valve structures Ta(75 Å)/Co(40 Å)/Cu(23 Å
Co(26 Å)/IrMn(tAF)/Ta(25 Å) were deposited onto silico
~100! substrates in an in-plane forming field of magnitu
200 Oe at ambient temperature. The IrMn layers were dep
ited from a Mn target with chips of Ir attached to its surfac
energy dispersive x-ray absorption spectroscopy yield
composition in the deposited film of;Ir25Mn75. Deposition
rates were determined by measuring the thickness of cali
tion films by low angle x-ray reflectometry. Measurements
individual layer thicknesses within spin valves by this tec
nique is not straightforward,27 but the overall stack height
were consistent with the total nominal thicknesses of
samples. The sample size was 1032 mm2, smaller than the
confined plasma of our two in. magnetron sources, ensu
that there are no thickness gradients across the sample. X
diffraction shows that such samples are predominantly~111!
textured.

The forming field induced a uniaxial anisotropy in th
free Co layer and set the pinning direction of the Co laye
contact with the IrMn layer. Magnetic characterization w
done using a vibrating sample magnetometer~VSM! ~2–300
K!, and a Magneto-optical kerr effect~MOKE! apparatus
equipped with a custom built heater stage for temperatu
from 300 K upwards. No degradation in properties w
found after heating, showing that the Ta capping layer u
to protect the samples was sufficient to prevent oxidation
the films during the heating process. In the temperat
ranges investigated here, changes in the magnetic prope
were insignificant after subsequent heating and coo
cycles provided the same field cooling procedure was use
each case. For the temperature dependence measurem
all samples were cooled down to 2 K in a 20.4 T field, so
samples with blocking temperatures below room tempera
had their pinning direction set. This procedure means that
Co layer is always completely saturated when the IrMn
ders, and tests have shown that a pinned layer set at r
temperature shows the same biasing properties when he
above the blocking point and then field cooled at20.4 T.
~Throughout this paperHex is a positive quantity, always
opposite in sign to the cooling or setting field.! No depen-
dence ofHex on the magnitude of the cooling field was foun
provided that this field was large enough to completely sa
rate the Co layer. Temperature dependence measurem
were then done as a series of hysteresis loops at increa
temperatures. Example loops from both these measurem
techniques are shown in Fig. 1. In panels~a! and ~d! the
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equivalence ofHc in the free and pinned layers can be se
as the entire sample switches together. Meanwhile in
lower four panels~b!, ~c!, ~e!, and ~f! the switching of the
free and pinned layers can be clearly separated, with the
layer identified by its slightly larger magnetic moment a
much softer magnetic properties. This allows us to determ
Hex and Hc for this layer alone by measuring the fields
which it switches: as is conventional,Hex is the average of
these two fields, whileHc is half the difference between
them.

III. EXPERIMENTAL RESULTS AND DISCUSSION

In Fig. 2, the temperature dependence ofHex and Hc of
some representative samples are shown for various I
layer thicknesses.Hex of all the samples falls with tempera
ture and vanishes atTB . Hc of the pinned Co layers shows
peak atTB and a sharp upturn as very low temperatures
approached. There is no feature in theHex plot that accom-
panies this divergence below;20 K. The free-layer coerciv-
ity increases approximately linearly from its room tempe
ture value of 30 Oe to 50 Oe at 2 K. It is important to no
that the pinned layer coercivity at high temperatures matc
that of the free layer very closely, indicating comparable
trinsic magnetic properties. With this in mind, it can be se
that the trends observed in the biased Co layers are there
not due to the magnetization or anisotropy constant of

FIG. 1. Representative magnetization loops. Loops~a!–~c! were
measured at 295 K for an IrMn layer thicknesstAF indicated, while
loops~d!–~f! were taken at the temperatures indicated for a sam
with tAF526 Å. Curves~a!, ~b!, ~c!, and ~f! were measured by
VSM, while curves~d! and ~e! were measured by MOKE.
0-2



e
g

to

ly
e

-
l
e
re
o

te
ld
n
ld
,

ce
in
d
in

h
l as-
the
of
ur in

sts

n
well
r
g it

e F
ight

ra-
e F.
ing
ion.
ns

im-

ust
e.
se,

tly

yer
ael

em
ent

e-
s
ture
ze
if-

lain

oth
. At

at a
se
lue
ed
o-
is
e
to 2
es,

n
th
to
lin
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itself varying significantly with temperature. Hence th
changes must be occurring as a result of what is occurrin
the AF layer.

Naively, one might expectHex to fall off with temperature
in proportion to the AF order parameter of IrMn, going
zero at the Ne´el temperatureTN . From Fig. 2~b! this is not
obviously the case,Hex is found to decrease approximate
linearly to zero at TB for the sample containing th
14-Å-thick IrMn layer.

Similar peaks inHc at TB observed in oxidized NiFe lay
ers have been explained using a thermal fluctuation mode
Fulcomer and Charap.15 They assumed that the small oxid
particles only coupled to the magnetic NiFe film and we
independent of each other. In this form the varying sizes
particles would lead to superparamagnetism. In the sys
studied here, it would be very unlikely that the grains wou
behave independently of each other because of the de
continuous nature of the film. A more recent mean-fie
theory by Weeet al.,16 which considers an epitaxial system
has shown similar results for uncompensated interfa
based on a parallel domain wall. They predict a block
temperature that arises due to thermal dissipation of a
main wall, whereTB is the temperature at which the doma
wall is no longer sustainable. Stiles and McMichael give

FIG. 2. Temperature dependence of the coercivityHc ~a! and
exchange bias fieldHex ~b! for selected IrMn thicknesses. The ope
square symbols represent the coercivity of the free Co layer wi
the spin valve. Samples were initially field cooled in 0.4 T field
2 K before commencing measurements. The vertical dashed
indicate the blocking temperatures of the three samples.
21442
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description of peaks inHc which combines aspects of bot
the theories described above using a mesoscopic mode
suming effective magnetic moments for the grains of
AF.28 In general what is important is that in this range
temperatures, a large fraction of the hysteretic losses occ
the AF layer, giving rise to an enhanced coercivity.

That an interaction between the two layers still exi
aboveTB can be seen from the significantly enhancedHc as
shown in Fig. 2~a!. The true nature of this interaction is ope
for debate. In models such as those mentioned above, as
as our own, aboveTB the entire spin structure of the AF laye
reverses with the ferromagnet as the energy barrier holdin
in place can be overcome by the torque exerted by th
spins once it has dropped below a certain height. One m
believe that the temperature at whichHc drops to the intrin-
sic value seen in the free layer sets a lower limit onTN .29

However, one cannot exclude that an AF even in its pa
magnetic phase has some influence on the reversal of th
The AF experiences an interfacial exchange field originat
from the F and a paramagnet in a field has a magnetizat
Of course, it must follow the F during reversal, which mea
that it is reversible, and will yield zeroHex but possibly an
enhancedHc .

Experimentally, there are two temperatures which are
portant. These areTB , which is the point at whichHex tends
to zero, and the temperature at whichHc of the biased layer
falls to that of the free layer which we assume to be j
below or equal toTN , subject to the caveats given abov
The size and width of the coercive peak is found to decrea
as does the difference betweenTB andTN , as the IrMn layer
is made thicker. This effect is similar to that reported recen
in the MnF2 /Fe system by Leightonet al.,30 where the peak
in Hc was observed to be suppressed for very high AF la
thicknesses. This was explained within the Stiles-McMich
model28 as being determined by within which layer~AF or F!
the hysteretic losses predominantly occur. This would se
to imply that some energy term which is volume depend
is becoming more important in determiningTB . We find that
TB and TN converge at 550 K,TN of bulk IrMn, for very
thick IrMn layers. Until recently, it was thought that the r
duction in TB due to a lowering of the AF layer thicknes
was a consequence of a reduction in the ordering tempera
of AF (TN). This was assumed to be a result of finite-si
scaling effects.22 However, it has been shown in neutron d
fraction studies thatTB does not followTN , and moreover
superparamagnetic effects due to grains cannot fully exp
the behavior.31

The IrMn thickness and temperature dependence of b
the exchange bias field and coercivity are shown in Fig. 3
room temperature the onset of exchange biasing appears
critical AF layer thickness of 21 Å and continues to increa
up to a layer thickness of 40 Å, where it saturates at a va
of 270 Oe. These findings are similar to results obtain
previously that were explained by the idea of a partial d
main wall14 in the AF parallel to the interface. On this bas
one would expect a wall thickness in IrMn of only som
40 Å. In contrast, as the temperature is decreased down
K, which removes almost all thermally activated process
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FIG. 3. IrMn thickness depen
dence of the exchange bias fie
Hex ~a! and coercivityHc ~b! for a
number of temperatures. Lines be
tween the points are a guide to th
eye.
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one finds that the critical thickness for the onset of biasin
less than 14 Å, our thinnest sample. At about this thickn
Hex rapidly increases to 950 Oe where it peaks at 20
before falling to a constant value of;620 Oe above 40 Å.
At this stage one might consider the possibility that t
variations in the value ofHex, with their steep temperatur
dependence, were related to the discontinuity of layers t
ner thantAF'40 Å. Under the same growth conditions us
to prepare the IrMn layers in our spin valves, we deposi
IrMn on a piece of thermally oxidized Si while making anin
situ four-point resistance measurement. This film was sub
quently subjected to x-ray reflectometry to determine its to
thickness and hence the rate of deposition. We found tha
film becomes conducting~viz. the percolation transition
takes place! at an equivalent thickness of;11 Å. While
complete continuity will require a few Angstrom more, th
superior wetting of metal-on-metal growth in our spin-val
structures will mean that a few Angstrom less are need
These corrections will roughly cancel, leaving us with atAF
for continuity well below the thickness where variations
Hex set in at any temperature.

The exchange field at low temperatures exhibits v
similar features to the predictions of the random-field mo
proposed by Malozemoff.13 The low thickness onset o
;10 Å for exchange biasing questions the existence of p
allel domains—can the wall be so thin? —while the over
shape ofHex(tAF) favors the idea of an in-plane doma
structure due to interface roughness13 or due to volume
defects.24 A similar peaked form to theHex(tAF) curve was
observed at room temperature in a very similar mater
system~IrMn/CoFe!,32 but in that instance the peak was a
cribed to the variation of~111! texture with IrMn thickness.
These samples differ from our own in that IrMn was dep
ited prior to CoFe that is to be pinned, while it was al
buffered with a magnetic material, permalloy, so some d
ferences in microstructure are to be expected. Since we
able to reversibly suppress the peak in our data simply
varying the temperature, it seems that its presence is rel
to variations in the magnetic, rather than the physical mic
structure of our spin valves. The complex behavior with
this set of data cannot be fully explained using existing m
els.

Turning our attention toHc of these layers, it is interestin
to note thatHc begins to increase with IrMn layer thicknes
before any sign of biasing at all temperatures, as seen in
3~b!. As this occurs even at 2 K, we believe that this
21442
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inconsistent with the idea of theHc peak arising from super
paramagnetic effects, as the thermal fluctuations will be
small. The AF interfacial and bulk spin structures are reve
ible until the AF anisotropy energy barrier is sufficient
large to stabilize them against torques from the rotating
spins to which they are coupled. This leads to additio
energy dissipation in the AF layer, manifesting itself as a
ditional coercivity. The peak in coercivity corresponding
shifts to smaller thicknesses consistent with the excha
bias onset. It is clearly demonstrated that the peaks foun
the enhancedHc are an intrinsic part of the exchange bia
Comparing this discussion of the peak inHex with tAF with
that given above for the peak inHex with T it is clear that it
is possible to draw parallels between the manner in wh
biasing appears as function oftAF and the way it vanishes a
TB—there is a conceptual similarity between rising tempe
ture and falling AF layer thickness.

IV. MODELING

Naturally it is desirable to make the qualitative argume
above more rigorous. The most striking feature of the exp
mental data is the appearance of the peak inHex at low tAF
and its suppression on warming the sample. In the past,
the model of Malozemoff13 predicted such a peak, but sinc
it is a zero-temperature model it cannot account for
changes as the temperature is raised. We have therefore
use of the so-called domain state model,19,25,26 which also
takes into account disorder in the sample, but makes us
Monte Carlo techniques to treat finite temperature. T
model consists of one monolayer of a F andt monolayers of
AF ~see Ref. 26 for a sketch of the model!. To include a
certain amount of structural disorder the AF is diluted or,
other words, a fractionp of randomly chosen sites of the A
are left without a spin. The F is exchange coupled to
topmost layer of the AF. Previously the model has been u
to simulate experimental systems where the AF is delib
ately diluted by growth using Mg impurities or oxygen de
ciency in CoO.19 However, at the heart of the model is th
idea that a number of exchange bonds in the AF are bro
at random, leading to places where domain walls can form
a reduced energy cost. In the experimental system in q
tion at present, which is a random substitutional alloy, o
would expect that Ir-Mn or Ir-Ir exchange bonds will b
substantially weaker than a Mn-Mn bond. We therefore
0-4
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pect that the model is a useful approximation to reality in t
particular case.

The HamiltonianH of the system is written as

H52JF(
^ i , j &

SW i•SW j2(
i

~dzSiz
2 1dxSix

2 1SW i•BW !

2JAF(
^ i , j &

e ie jsW i•sW j2(
i

e i~kzs iz
2 1sW i•BW !

2JINT(
^ i , j &

e jSW i•sW j , ~1!

whereSW i andsW i denote spins at thei th site corresponding to
F and AF, respectively. The magnetic fieldBW is applied along
the z direction, while thex direction is normal to the layers
The first line of the Hamiltonian describes the energy of
F with thez axis as its easy axis with an anisotropy const
dz.0 and thex axis as its hard axis with an anisotrop
constantdx,0. The resulting in-plane anisotropy keeps t
F preferentially in they2z plane. The second line is th
contribution from the AF with quenched disorder (e i50,1)
also having its easy axis alongz (kz5JF.0). The last term
describes the interaction of the F with the interface
monolayer.

We consider nearest-neighbor interactions on a simple
bic lattice with exchange constantsJF andJAF for the F and
the AF, respectively, whileJINT stands for the exchange con
stant between F and AF. In our simulations we setJF
522JAF52JINT , broadly comparable with the ratios o
these values that would be expected in the experimental
tem. The anisotropy constants are scaled up compared t
experimental system in order to observe the relevant p
nomena in much thinner layers in order to keep the com
tational demands within realistic limits.

Starting from a temperatureT above the Ne´el temperature
TN(p) of the diluted AF but below the Curie temperatureTc
of the F, the system is cooled belowTN in presence of an
external magnetic fieldBW 50.25JFẑ. The final temperature o
the whole system is varied fromT50.05JF to T50.5JF ,
roughly the temperature range that was experimentally s
ied according to our energy scale given above. At this te
perature the hysteresis curve of the system is calcul
along theẑ direction. The results presented in this paper w
obtained withp50.4. This is a value for the dilution which
is well below the percolation limit so that the AF does n
split into isolated clusters or grains but consists mainly of
interacting, structurally disordered antiferromagnetic crys

Figure 4~a! shows the behavior of the bias field as a fun
tion of the AF thicknesst at different temperatures. Th
model correctly reproduces the appearance of a peak in
exchange bias at some intermediate thickness as was
experimentally observed@see Fig. 3~a!#. Our calculations
also show that the peak shifts towards higher values of
AF thickness with increasing temperature and simu
neously the strength of the peak is reduced, just as in
experiment.
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These findings can be understood from the behavior of
AF. As was shown earlier,19,24,26 during a field cycle, the
interface magnetization of the AF displays a hysteresis
lowing the F due to the interface coupling. Additionally, th
whole curve is shifted vertically due to the fact that aft
field cooling the AF is in a domain state with a partly froze
surplus magnetization. This shift of the entire hysteresis lo
of the AF proves the existence of an irreversible magnet
tion stored in the AF domains. While the irreversible doma
state magnetization of the AF acts as an additional effec
field on the F, resulting in exchange bias, the reversible p
of the AF magnetization is responsible for the enhanced
ercive field of the F.

The rapid increase of exchange bias starting from v
thin films can be explained by the fact that there is a criti
thickness for domain wall stability. Below this thickness t
domain state magnetization in the AF is reversible, givi
rise to additional coercivity without bias. At the critica
thickness, some of the domain state magnetization rap
becomes irreversible leading to bias and a decrease in c
civity. Above this thickness the decline inHex is caused by
the fact that with increasing AF thickness it becomes m
and more difficult to form domain walls since these are o
ented perpendicular to the interface extending through
whole AF layer.26 The corresponding domain-wall energy in

FIG. 4. Prediction of the AF thickness dependence of~a! the
exchange bias field and~b! the corresponding prediction of the co
ercivity from the stability analysis of the interface AF domains
different temperatures.
0-5
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M. ALI et al. PHYSICAL REVIEW B 68, 214420 ~2003!
creases with thickness but can be reduced by reducing
number of domain walls, i.e. by the formation of larger d
mains~see Fig. 2 in Ref. 24! which then reduce the interfac
magnetization and, hence, the bias field.

These two competing effects—the initial amount of inte
face magnetization versus its stability—give rise to the p
of Hex at some intermediate value of thickness. Also,
temperatureT of the system plays a crucial role for the st
bility of the AF interface magnetization. As we increaseT,
the interface becomes more and more unstable becaus
enhanced thermal fluctuations. Consequently, more mono
ers of AF are required to stabilize the interface, and hence
peak is shifted towards higher values oftAF at higher tem-
peratures. However, beyond a certain temperature the in
face becomes too unstable and therefore the exchange
disappears. Thus the blocking temperature, defined as
temperature at which exchange bias disappears, can be
preted as the temperature above which the interface m
layer of the AF loses its stability during hysteresis. There
examples in the literature of materials systems where
peak is not observed at any temperature, and we are ab
adjust our model to account for this simply by varying t
value ofp.

The behavior of the coercive field is qualitatively differe
@see Fig. 4~b!#. It follows the reversible part of the interfac
magnetization of the AF because it is influenced by
uniaxial ~rather than unidirectional! anisotropy of the AF
which, via its interface magnetization, is transferred to the
This effect depends on the amount of interface magnetiza
only, and not on its stability which—as explained above—
important for the exchange bias field. Consequently, the
ercive field is greater for thinner layers even for lower thic
nesses where the exchange bias field is shrinking. For hi
temperatures, however, the AF might already be param
netic for the lowest thickness we simulated leading neithe
exchange bias nor to an enhanced coercivity. When c
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pared to the experimental data of Fig. 3~b!, we can see tha
again the theory reproduces the experimentally obser
phenomena: the coercivity falls with rising temperature, a
a peak is observed inHc at the onset thickness of exchang
bias. Only the very sharp upturn inHc at low temperatures
seen in the experimental data is not fully reproduced wit
this model, and here further refinements are necessary.

V. CONCLUSION

To conclude, we have shown that the AF thickness dep
dence of the exchange bias, when studied at various temp
tures, yields a very rich phenomenology. At low temperatu
Hex sets in at very low thicknesses and then passes throu
sharp peak before decaying to a constant value that is m
tained out to the largest thicknesses we have measured
the temperature is raised, the onset thicknesses rises
peak moves to higher thicknesses and is gradually s
pressed, and the high thickness value falls. Any theory
hopes to describe exchange bias should be able to repro
all the observed features. In addition to the difficulties as
ciated with fitting a planar domain wall into an AF layer on
14-Å thick, such models are unable to succeed in predic
a peak inHex. Comparison of the experiments and calcu
tions presented in this paper strongly favors the idea of
in-plane domain structure being an essential ingredient fo
realistic description of biasing. Coercivity enhancement
the onset or disappearance ofHex ~due to either thickness o
temperature! is intrinsic to biasing and is due to reversib
pinning. No other model available at the present time is a
to reproduce all of these effects together.
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