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Mapping domain disorder in exchange-biased magnetic multilayers
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Exchange anisotropy occurs at the interface between an antiferromagnetic~AF! layer and a ferromagnetic
layer, and results in a ferromagnet hysteresis loop displaced along the field axis. We have performed off-
specular neutron reflectometry in order to characterize the domain structure in Co layers that are exchange
biased by FeMn. This allows us to determine the domain direction distributions and lateral magnetic correla-
tion lengths for the Co layers as a function of field with the exchange bias in two different thermally prepared
states: high field cooled and zero field cooled. We find that a reversing exchange-biased layer is characterized
by a very short~submicron! magnetic lengthscale, indicating domains much smaller than those in the ferro-
magnet after ac demagnetization at temperatures above the blocking temperature. This indicates that the bias is
not spatially uniform across the entire interface, underlining the complexity of the AF spin structure.

DOI: 10.1103/PhysRevB.66.024437 PACS number~s!: 75.70.2i, 75.60.2d, 61.12.Ha
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In general, magnetic anisotropies show rotational symm
try of an even order, as required by time-reversal symme
An exception is the exchange anisotropy first discovered
Meiklejohn and Bean.1 This is observed when a ferromag
netic ~FM! layer and an antiferromagnetic~AF! layer are
brought into atomic proximity, so that there are exchan
interactions between the planes of spins on either side of
interface. The most commonly reported manifestation of t
exchange interaction is a shift in the hysteresis loop of
ferromagnetic layer, which can be interpreted as a unidir
tional anisotropy. This is commonly characterized by an
change fieldHex, the field through which the center of th
hysteresis loop of the ferromagnet is shifted from zero. T
loop shift leads to the term ‘‘exchange bias,’’ and is of tec
nological importance in the design of thin-film magne
devices.2,3 While over four decades have elapsed sin
Meiklejohn and Bean’s discovery, a rigorous description
the phenomenon is still lacking.4–6 One particular problem
has been the issue of the low value ofHex compared to what
might naı¨vely be anticipated.

One approach to reducing theHex to a level more com-
mensurate with that generally obtained by experiment is
consider, in a more realistic manner, the defects that
occur at the interface in real materials. These will lead t
random field that breaks the antiferromagnetic film into d
mains over its area, with walls forming perpendicular to t
interface.7 This idea has recently been extended to a b
random field, giving volume antiferromagnetic domain
caused by vacancies and defects in the antiferromagn
film.8 This type of approach has been pursued as an ex
nation for the enhancement in coercivity that commonly
companies the shift in the hysteresis loop.9 Recently some
experimental progress has been made in attempting to
firm these theoretical ideas.10,11 A major barrier to progress
has been the experimental challenge of imaging the dom
structure of an antiferromagnet, recently accomplished in
case of LaFeO3 by Nolting et al.12 and NiO by Sto¨hr et al.13

using x-ray magnetic dichroism coupled with photoemiss
electron microscopy. However, such methods are ineffec
in the commonly used family of Mn alloys due to the lack
0163-1829/2002/66~2!/024437~8!/$20.00 66 0244
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a strong dichroism signal in these metallic materials. An
ternative to direct imaging is a scattering approach us
magnetically sensitive radiation, such as neutron d
fraction.14 In this paper we examine the reversal mechanis
of biased FM layers after cooling the AF/FM system throu
the AF ordering temperature, having prepared a suitable
main state in the FM layer. We are able to determine a nu
ber of important statistical variables relating to the dom
structure in the FM layer through the use of off-specu
neutron reflectometry.15 We then correlate different domai
structures with changes in the exchange bias properties.

We have chosen the FeMn/Co system for our studies
the blocking temperature~the temperature above which th
exchange bias vanishes! of the FeMn is 150 °C, which is
substantially lower than the Curie pointTC of the Co. This
ensures that we can maintain strong FM ordering within
Co layers, while completely disordering the FeMn at a te
perature that is easily accessed experimentally, and with
significantly altering the film properties due to high tempe
ture annealing.

Our films were prepared by dc magnetron sputter dep
tion in a custom built vacuum system with a base press
;231028 Torr. The working gas was Ar at a pressure
3.0 mTorr, and deposition rates were typically 2.5 Å/s.
200-Oe field was applied in the sample plane during dep
tion. Nominal film thicknesses were confirmed by x-ray r
flectometry. Magnetization loops were measured by
magneto-optic Kerr effect~MOKE! with the sample mounted
on a heater stage allowing the temperature to be raised u
250 °C. Our sputtered samples are polycrystalline, with
weak ~111! texture, but with no preferred crystallograph
direction in the plane. We therefore chose the direction of
growth field as the direction in which to apply fields durin
the various experiments.

The neutron reflectometry was carried out using
CRISP instrument at the ISIS spallation source.16 Specular
reflectivity profiles were measured with the incident neutr
beam polarized. The incident beam polarization was gre
than 95% over the wavelength range used, and all the
we show are corrected for polarizer and flipper efficienci
©2002 The American Physical Society37-1
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C. H. MARROWSet al. PHYSICAL REVIEW B 66, 024437 ~2002!
The figure legend refers to the spin eigenstate of the incid
neutron flux. In this case the instrument resolutionDQZ /QZ

is ;4%. More importantly in this paper, by combining th
time-of-flight technique with a one-dimensional~1D! mul-
tidetector we were able to capture in parallel, an entire re
rocal space map from the sample, requiring typically 2 h to
acquire good statistics. The resolution inQX is ;3
31025 Å21. In this case the instrument was run in unpol
ized mode in order to maximize the available neutron flux
the sample, which will decrease counting times as well
lowering the noise floor of the instrument. In both cases
sample is placed between the poles of an electromagnet
second similar heater stage, allowing the exchange-
properties to be reset within the reflectometer.

The neutron scattering data allows us to extract statist
quantities, characterizing the micromagnetic state of the
tire sample using our previously published model.15 Al-
though the model is not fully dynamical,17 it is still possible
to capture much of the essential physics within a kinem
formalism.18 Since the momentum-transfer vector has co
ponents both in the sample plane and perpendicular to it
are able to obtain magnetic correlation lengths (j) in both
the X andZ directions. The in-plane coherence length of t
neutron beam is some tens ofmm, so that we are easily abl
to extract reliable data on domains of the order ofmm size or
smaller. We are also able to determine the width of the
gular distribution of domain directions in the plane of t
sample,s. HereX is in the sample plane, whileZ is parallel
to the film normal; these two axes span the plane contain
the incident and specular outgoing beams. The field is
plied parallel to theY axis, and intensity variations in thi
direction are integrated out in our 1D detector geometry.

Although we investigated a number of samples, we sh
concentrate our attention in this paper on one representa
multilayer of the form Si/Ta~75 Å!/FeMn ~100 Å!/$Co ~50
Å!/FeMn (100 Å)%310/Ta (50 Å). Although FM/AF bi-
layers are most commonly investigated in studies of
change bias, the use of multilayer geometry leads to Br
peaks in the neutron reflectometry data, maximizing the
formation available from this technique. In Fig. 1, th
MOKE hysteresis loop and specular polarized neutron refl
tivity spectra at selected values of the applied field are sho
for the as-grown sample. From the Kerr loop it is imme
ately evident that the growth field has induced an excha
bias in the Co layers, with a hysteresis loop offset of 130

Considering the neutron reflectivity curves in Fig. 1, w
can see that there is a strong multilayer Bragg peak a
perpendicular momentum transfer vectorQZ of 0.042 Å21,
corresponding to a real space periodicity of 150 Å which
in good agreement with the x-ray thickness measureme
Note that when the sample is in a state close to satura
@panels~b! or ~e!#, there is a splitting in theQZ positions of
the spin-↑ and spin-↓ Bragg peaks corresponding to dynam
cal effects at lowQ—different effective refractive indices fo
the magnetized multilayer for neutrons of different spin. T
observation of this splitting was previously taken to indica
that the sample is close to a single-domain configuratio19

This is in addition to the intensity splitting that reveals a n
moment along the field axis. Note that the reversal of
02443
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saturated magnetization of the sample leads to a switchin
the spectra for the two spin channels at the Bragg peak
critical edge. Note that our discussion here pertains only
the ferromagnetic Co layers. In thisQ range the neutrons
have no sensitivity to the antiferromagnetism of the FeM
layers; our experiment is only sensitive to magneti
through the total inductionB within the sample in reflecto-
metry experiments, which depends on the magnetization
the Co layers. In panel~e! the critical edge for spin-↓ neu-
trons is just below theQ range over which we have collecte
data.

The Bragg peaks show an interesting field dependen
The width of the Bragg peaks inQZ indicates a vertical
coherence lengthjZ52p/DQZ of ;1100 Å for the nar-
rower peaks observed before and after switching at235 and
2345 Oe@panels~b! and ~e!#. This length scale is compa
rable with the entire stack height of the multilayer. The pea
are much broader during switching at270 and2105 Oe
@panels ~c! and ~d!#, apparently giving a reducedjZ of

FIG. 1. ~a! Kerr loop of the as-grown FeMn/Co multilayer a
room temperature.~b!–~e! Polarized neutron reflectivity spectra fo
the as-grown FeMn/Co multilayer at various applied fields of int
est on the positive-going branch of the hysteresis loop.
7-2
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MAPPING DOMAIN DISORDER IN EXCHANGE-BIASED . . . PHYSICAL REVIEW B66, 024437 ~2002!
;800 Å. Note, however, that the broadening of the peak
asymmetric—each peak broadens towards its spin-s
neighbor, and they exchange places when comparing
spectra prior to and after magnetic switching. Although th
appears to be some loss of vertical coherence, a substa
part of the broadening is due to a superposition of peak
the two possible Bragg positions corresponding to the
spin channels, and the true value ofjZ during reversal will
actually be somewhat longer than the 800 Å given above
is not a trivial process to deconvolute these two effects.

We have also performed a reciprocal-space mapping
the scattered intensity from the sample in this state in or
to determine the form of the diffuse neutron scatter. In Fig
we show typical reciprocal space maps for our sample. F
(QZ50.042 Å21) and second- (QZ50.084 Å21) Bragg
peaks are clearly visible along the specular ridge (QX50).
In Fig. 2~b!, where the applied field is in the midst of causin
magnetic reversal, we see a considerable amount of diffu
scattered neutrons. This off-specular intensity does not
pear solely around theQZ value of the Bragg peak, as w
previously observed in multilayers with a highly vertical
coherent magnetic microstructure.20 Instead we see diffuse
intensity distributed throughout those areas of recipro
space in the vicinity of the specular ridge. In an x-ray ch
acterization of multilayers, such diffuse intensity is asso
ated with interfacial roughness that is uncorrelated from
interface to the next.21 In this case, because of the field d
pendence, it can be ascribed to some loss of vertically co
ent magnetic domains in the Co layers. It is possible to d
cern a Yoneda feature highlighted by this additional intens
for negativeQX—visible only on one side of the specula
ridge due to the time-of-flight geometry of th
measurement.22 This can be seen as a line of scattered int
sity with constantQX /QZ just within the kinematic limits of
the experiment in the lower left corner of panel~b!, marked
with a dashed white line. It is possible that the study of su
‘‘magnetic’’ Yoneda-type features may yield additional info
mation on the magnetic domain distribution and/or the m
netic roughness.23

After heating our sample to 200 °C we find that we ha
lost all exchange bias properties and recover the intrin
properties of the Co layers, and the loop is no longer shif
As we can see in Fig. 3, the loop is centered about zero fi
and the coercive field is now only;20 Oe. As the blocking
temperature in FeMn films is generally found to be 150
this is unsurprising—we are at a temperature where
FeMn is magnetically disordered. Again we obtain sha
Bragg peaks in bothQZ andQX when the film is in a satu-
rated state, but there is an appreciable diffuse backgro
due to uncorrelated magnetic domain structures at the c
cive field.

By taking a section alongQX through the reciprocal spac
map of the heated samples, we are able to quantify the
gular domain spreads and lateral magnetic coherence leng
jX , as we did in the past for antiferromagnetically coupl
multilayers.15 At a saturating field of 500 Oe we find tha
upon performing such a sectioning, we observe a spec
ridge without any diffuse scatter, shown in Fig. 4~b!. There-
fore, any diffuse scattering caused by structural roughnes
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our sample is below the resolution of our measurement.
this point it should be noted that in our modeling and fittin
the simulated intensity profile is convoluted with an instr
ment function in order to accurately reflect the limited instr
mental resolution in our experiments. However, during
magnetic switching process the diffuse background is ea
observed and fitted by our model, as can be seen in Fig. 4~a!.
These sections, and all furtherQX sections that we show
were acquired at a smaller incident angle for the neut
beam than in Fig. 2, placing the first-order Bragg peak m
centrally in the region of reciprocal space we have prob
This means that we have increased the limits onQX and so
the scans extend further in the positiveQX direction. For
these fits we obtains50.29 rad andjX51.9 mm at the
coercive field of220 Oe, while in the saturating field o
2500 Oe we sets50, leading to an effectively infinitejX .
The only contribution to the diffuse scatter we include is
structural roughness of;2 Å, a low level and difficult to
discern with our instrumental resolution. This level of stru
tural roughness is then included in all other fits. As before15

we interpret these lengthsjX as being characteristic of th
lateral magnetic domain size. The Yoneda feature is cle
visible in the scatter for negativeQX . As our model for the
diffuse magnetic scattering makes use of the Born appr
mation we are unable to treat these dynamical effects
present. Nevertheless it can be seen that otherwise a goo
to the data is achieved.

We now turn to the preparation of the sample in differe
‘‘frozen-in’’ domain configurations. After exploring the high
temperature regime, we cooled the sample back to room t
perature in a field well in excess of that needed to satu
the Co layers, 3300 Oe. In Fig. 5 we show the Kerr loop
the sample after this process. It appears similar to the
grown loop, although the bias field has risen to 175 Oe a
this process. The switching of the layers is relatively sha
with transition widths of;50 Oe in the forward and revers
directions. The sample is close to positive saturation wh
brought to zero field from either direction.

The neutron results from the sample in the field-coo
state are qualitatively very similar to those in the as-gro
state. Diffuse scatter arises at no particularQZ value in re-
ciprocal space, indicating weakly correlated switching in t
different Co layers. We have mapped the scatter and fit toQX
sections through the Bragg peak for several fields as
sample reverses magnetically, shown in Fig. 6. The sm
asymmetry inQX observable arises from the proximity of th
transmitted beam for2QX . We show the domain spreads
and lateral correlation lengthjX as functions of the field in
Fig. 7. We are unable to make meaningful quantitative m
surements ofs and jX when the sample is close to satur
tion, due to the very low level of diffuse scatter, whic
makes the fitting unreliable at these fields. However, we
able to gain an insight into the evolution of the domain p
cesses within the switching field window.

First, examining the behavior ofs in Fig. 7~a!, we can see
that this variable peaks at2240 Oe for the negative-going
data and2100 Oe for the positive-going data. These close
match the coercive fields determined from the Kerr loop
Fig. 5. Hence, as perhaps might be anticipated, the dom
7-3
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C. H. MARROWSet al. PHYSICAL REVIEW B 66, 024437 ~2002!
FIG. 2. Reciprocal space maps of the FeMn/Co multila
sample in the as-grown state in~a! a saturating field and~b! the
coercive field. Both first- and second-order Bragg peaks are vis
along the specular ridge. The dark areas represent regions of r
rocal space beyond the kinematical limits of the experiment~Ref.
24!. The ridge of scattered intensity at a constant exit angle, ma
with a dashed line in panel~b!, is the Yoneda feature. Panel~c!
shows theQX sections through the first-order Bragg peak. The c
off at positiveQX is due to the limits of the area of reciprocal spa
probed: we have integrated inQZ the data within the white boxes in
panels~a! ~solid markers! and ~b! ~open markers! to yield the sec-
tions shown.
02443
population is most disordered at the coercive field. Howe
the peak value ofs is higher in the positive-going data
Asymmetric reversal mechanisms have been repo
previously,25 where an Fe/MnF2 bilayer was found to reverse
by coherent rotation or domain propagation on different si
of the hysteresis loop. We can explain the higher peak fos
in the positive-going data as being due to a higher propor
of the reversal occurring by domain propagation when
field is swept in this direction. Coming now to examine t
size of these domains in panel~b!, the most striking feature
is the very small values ofjX . As the field is reversed
against the pinning direction, the Co layers break into d
mains with a typical size of;1.5 mm. As the layer reverses
these domains shrink until they are smaller than 1mm, be-
fore reversal completes, where we will again have a sin
reversed domain. It is noteworthy thatjX is much smaller
here than it ever was at 200 °C, when the Co layers w
unbiased. Panel~c! shows the integrated intensityI 0 for the
diffuse scatter—this peaks at the coercive fields and show
similar qualitative form to thes data in panel~a!. The hys-
teresis easily seen ins(H) and I 0(H) is hard to discern in
jX(H). This indicates a greater degree of reversal by rotat
on the positive-going field sweep, although the typical d
main size is comparable in both branches.

r

le
ip-

d

-

FIG. 3. Kerr loop of the FeMn/Co multilayer when heated
200 °C, above the blocking temperature of the FeMn.

FIG. 4. Sections through the Bragg peak (QZ50.042 Å21) in
QX at a temperature of 200 °C. The circles represent experime
data, while the lines are fits from the model.~a! H5220 Oe~co-
ercive field!. ~b! H52500 Oe ~saturating field!. Note that the
Yoneda feature can be observed in the scatter at negativeQX in
panel~a!.
7-4
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The breakup of an exchange-biased ferromagnetic la
into very small, irregular domains was previously observ
in the IrMn/Co system using field-dependent magnetic fo
microscopy.26 The domain size was found to be significan
smaller in the exchange-biased films than in unbiased
films. Similar results were found by Lorentz transmissi
electron microscopy when imaging IrMn biased films
permalloy—reversal was characterized by sub-micron
mains of irregular form,27 which were not observed abov
the blocking temperature. The very shortjX lengths that we
observe, corresponding to the very extended scatter inQX ,
are therefore consistent with the results of these direct im
ing techniques. Moreover it is also interesting to compare
asymmetric behavior ofjX with imaging techniques as wel
We can only observe off-specular neutron scatter when th
is a domain structure in the sample, due to the low struct
and magnetic roughness. Nevertheless, it is possible to d
some conclusions about the nucleation process. During
versal against the pinning the initial domains are large, s
gesting few nucleation sites. The opposite is true during
turn to the pinned state—the small domains must have m
nucleation sites. Similar nucleation processes were obse
by the magneto-optic indicator film~MOIF! technique in a
NiO/NiFe bilayer.28

FIG. 5. Kerr loop of the FeMn/Co multilayer after cooling from
200 °C to room temperature in a 3300-Oe field.

FIG. 6. Sections through the Bragg peak (QZ50.042 Å21) in
QX for various applied fields at room temperature, after cool
from 200 °C to room temperature in a 3300-Oe field. All data are
the positive-going field branch but for the solid squares, which
on the negative-going branch of the hysteresis loop. The solid l
are fits from the model.
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In our second domain cooling experiment the sample w
heated to 200 °C and then ac demagnetized. The rema
field of the electromagnet pole pieces was then nulled
with a small reverse current so that the field at the sam
was,1 Oe, before cooling back to room temperature. T
Kerr loop we obtained after carrying out such a process
our laboratory is displayed in Fig. 8. It is completely diffe

n
e
s

FIG. 7. Field dependence of~a! the domain distribution widths,
and~b! the lateral magnetic correlation lengthjX , as determined by
fitting to diffuse neutron scatter, after cooling from 200 °C to roo
temperature in a 3300-Oe field. Panel~c! shows the field depen
dence of the integrated diffuse intensity at the first order Bragg p
(QZ50.042 Å21). The solid lines are guides to the eye, and t
arrows indicate the direction of the field sweep.

FIG. 8. Kerr loop of the FeMn/Co multilayer after cooling from
200 °C to room temperature in zero field following ac demagn
zation.
7-5
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C. H. MARROWSet al. PHYSICAL REVIEW B 66, 024437 ~2002!
ent in character to all the other loops we have shown. T
magnetization is continuously reversing throughout the lo
with a pronounced kink around zero field. Indeed, the lo
has the appearance of various sections of the layers b
biased in different directions—although imperfections in t
ac demagnetization process have left a domain popula
shifted rather more toward positive fields than toward ne
tive ones, as can be seen by the fact that the loop crosse
ordinate with negative values ofM /M s for both branches of
the curve. However the field scales are rather symmetric:
loop saturates at;350 Oe in both directions, and the bia
and coercive fields of the domains pinned in either direct
are rather similar. Hysteresis loops of this form were o
served by Go¨kemeijer et al. after such a field-cooling
procedure.29

This loop is consistent with the idea of a transfer of
complex domain pattern to the FeMn layers~with a small
weighting to domains magnetized in the negative directio!,
so that each domain in the Co is locally pinned in the dir
tion it took up during cooling. Application of positive o
negative fields causes those areas pinned in the opposit
rection to be reversed, leading to the wasp-waisted loop
served in Fig. 8. Analyzing the diffuse neutron scatter in
remanent state~Fig. 9! we obtain a domain spread,s, of
;0.26 rad, and an in-plane correlation lengthjX of
1.8 mm. Evidently, the domains in the Co are of compara
size after the ac demagnetization process and at the coe
field during a quasistatic dc hysteresis loop at 200 °C,
seen in Fig. 3. The domain spread seems rather small,
this might be due to limitations in our model, where a Gau
ian distribution of domain directions with a width small
than 2p rad is assumed.15 As we have already suggested th
the domain distribution after ac demagnetization contains
mains that are exchange biased in many directions, it se
unlikely that this is realistic. Such distributions have be
directly observed by Schollet al.30 ~Note that this problem

FIG. 9. Sections through the Bragg peak (QZ50.042 Å21) in
QX for various applied fields at room temperature, after cool
from 200 °C to room temperature in zero field following ac dema
netization. The solid lines are fits from the model.
02443
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does not affect the reliability of the values we obtain forjX ,
as it is determined essentially from the reciprocal of the h
width of the Bragg peak when sectioned alongQX .! Never-
theless we can see that the trend ins with field in Fig. 10 is
as expected, with the domains focusing around the app
field direction as that field is made stronger. It is difficult
observe much by way of hysteresis in these data, with
points clustered around the lines representing the gen
trend.

Meanwhile, we observe a decrease injX with strengthen-
ing field of either sense, shown in Fig. 10, initially counte
intuitive and contrary to previously reported findings15

However, recalling the field dependence ofjX in the case of
the field-cooled multilayer, an explanation is at hand. Th
it was found that an exchange-biased bilayer will break
into many small domains during reversal against the pin
direction. The shortening ofjX into the submicron regime
with applied field is therefore to be associated with the
versal of those areas of the Co layers which are bia
against the direction in which the field is decreasing. Aga
once reversal is complete, these very small domains ann
late and the diffuse neutron scatter to which we can fit is lo

We can draw two main conclusions from a considerat
of these results. The observation that the reversal of the
change biased ferromagnetic layers proceeds by a disrup
of the magnetization into a domain state with a much sho
lateral coherence length than anything observed in sim
unbiased films leads us to conclude that the spin structur
the antiferromagnetic interface layers can be spatially u
form on, at most, short sub-micron lengthscales. Theref
single domain models of exchange bias31–34 can hope to de-
scribe exchange bias at best only locally.

Second, noting that the Co layers broke into these sm
domains even when the sample was field cooled in a sin
domain state, we can see that this nonuniform AF spin str

-
FIG. 10. Field dependence of the domain distribution widths

and lateral magnetic correlation lengthjX in the ac-demagnetized
zero-field-cooled state as determined by fitting to diffuse neut
scatter. The solid lines are guides to the eye.
7-6
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ture is induced by some other influence. This process
been described by Malozemoff7 as being due to a random
ness in the exchange interactions at the interface betwee
AF and FM layers, which breaks the AF material into d
mains due to local imbalances in the number of uncomp
sated spins at the interface.35 On the other hand, the calcula
tions of Nowaket al.8 described the possibility for this to
occur in the volume of the AF film if there are bulk defec
such as vacancies or impurity atoms that can lead to sim
statistical imbalances in the number of spins, so that it is
cooling field itself that sets up the AF domain structure. T
mechanism seems to contribute only a small part of the b
in our samples, however—we cooled a sample in zero fi
after dc demagnetizing in our Kerr apparatus and still m
sured a bias as large as seen in the as-grown~Fig. 1! or
field-cooled states~Fig. 5!. Close examination of the high
temperature hysteresis loop in Fig. 3 shows that the squ
ness of the loop is very high, so that the sample is still clo
to a single-domain state during cooling. It is therefore
coupling to the Co layers at the interface that determines
AF domain structure.

It is important to consider what information about the A
domain structure we can glean from the data available fr
these experiments. We find that when the FeMn is in
ordered state it reduces the domain size in the Co du
reversal significantly. Therefore, from the measurements
jX that we have obtained we can set an upper limit for
characteristic size of the domains in the AF layers as roug
the minimum value forjX that we obtain,viz. slightly less
than 1 mm. It is likely that it is in fact smaller than this
length scale, as the strongly coupled nature of the ferrom
netic film will tend to smear out fine disorder, in much th
same way that occurs in the production of only a gen
magnetic ripple from randomly oriented anisotropy axes
small grains.36,37 It is worth remarking that the correspon
dence between the AF and FM domains in the work of No
ing et al. was striking.12

The description of the domain structure in the ac dem
netized, zero-field-cooled sample requires a second leve
sophistication. After ac demagnetization we obtain a va
for jX of ;2 mm, a length scale which is then frozen
upon cooling back to room temperature. This represents
1

B
J
,
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‘‘natural’’ size of the domains in the Co layers. Each of the
regions of 2-mm size is magnetized uniformly in a specifi
direction, and therefore induces an overall imbalance of
interface spins upon cooling across that area. However,
can see from the data presented in Fig. 10 that the AF la
must still be highly spatially nonuniform within these r
gions so that the local spin imbalance is aligned with und
lying magnetization of the FM layers. These small doma
are of a similar size to those seen in the field-cooled sam
Hence it is reasonable to regard each area defined by a
domain as having the same properties as if it had been
cooled with the field applied parallel to that domain’s ma
netization. We can see that locally the exchange bias has
same magnitude as in the field-cooled case, but is orie
locally according to the domain distribution found in the F
layers. The results of recently reported MOIF experime
are consistent with this interpretation.38 The situation could
be complicated somewhat in the present case by the fact
all but the outermost of our FeMn layers is in contact w
two Co layers, meaning that two potentially different doma
configurations must be satisfied. However, we do not obse
large differences in the values ofjZ for the various different
states of our sample—always at least 1100 Å in a ‘‘sa
rated’’ state, and dropping to not less than 800 Å dur
reversal, suggesting that the domain structures in at lea
few nearby Co layers are similar.

In short, our main findings are: that preparation of diffe
ent domain states in the FM prior to cooling through t
blocking temperature of the AF domain leads to each
domain being locally biased in its own direction; that duri
magnetization reversal very small FM domain structures
formed, indicating the formation of spatial inhomogeneit
in the AF spin structure during cooling which are no larg
than 1 mm; and that the reversal mechanisms on either s
of the hysteresis loop are more asymmetric than might
supposed from an examination of the Kerr loops alone.
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