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The magnetization reversal infIr20Mn80/Co80Fe20g10 exchange-biased multilayers is studied by specular
reflection and off-specular scattering of polarized neutrons. The reversal proceeds sequentially starting with the
bottom(top) CoFe layer for decreasing(increasing) field due to the evolution of the grain size along the stack.
Each CoFe layer remagnetizes symmetrically for both field branches in a nonuniform mode. Concomitant
in-plane magnetization fluctuations revealed by off-specular spin-flip scattering indicate a more complex re-
versal mechanism than hitherto considered.
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When a ferromagnet(FM) in contact with an antiferro-
magnet(AF) is cooled below the blocking temperature of the
AF in an external fieldHFC,1 a direct exchange coupling
between the FM and AF layer gives rise to an unidirectional
magnetic anisotropy called exchange bias.2 Consequently,
the hysteresis loop of the FM layer is shifted to negative
fields. Although the exchange bias effect is not yet fully un-
derstood, it is widely employed in magnetoresistive sensors3

and, thus, has recently attracted intense attention(for reviews
see Refs. 4 and 5).

Asymmetric hysteresis loops due to asymmetric magneti-
zation reversal processes are observed in many
experiments,6–10 including the very first observation of ex-
change bias in Ref. 2. The underlying mechanism is expected
to have crucial importance to elucidate the exchange bias
effect. Recently, asymmetric magnetization reversal pro-
cesses of Fe films exchange-biased by twinned MnF2 and
FeF2 AF layers10 and Co/CoO bilayers6,7 have been exam-
ined by polarized neutron reflectometry(PNR). In these re-
ports, reversal by magnetization rotation is identified by a
significant increase of the specular reflectivities in the spin-
flip (SF) channels(R+− and R−+), which are exclusively of
magnetic origin and correspond to in-plane magnetization
components perpendicular to the guiding fieldHa applied
collinear toHFC. Reversal by domain nucleation and propa-
gation does not provide enhanced SF intensities, because the
magnetization is always collinear toHa and solely shows up
in the specular non-spin-flip(NSF) reflectivities (R++ and
R−−) as an additional contribution to the nonmagnetic reflec-
tivity. In Ref. 10 it is argued that the unidirectional aniso-
tropy hinders the formation of domains with magnetization
antiparallel to the cooling field direction and favors magne-
tization rotation for the decreasing field branch.1 However,
when the field is increased, domains with the magnetization
parallel toHFC are energetically favorable, and the remagne-
tization proceeds via domain nucleation and propagation.
Just the opposite reversal mechanisms are reported for the
Co/CoO system,6,7 where domain wall motion occurs for the
decreasing field branch and magnetization rotation for in-
creasing fields. Both systems are epitaxially grown, but the
dependence on the direction ofHFC with respect to the twin-
ning axes in Ref. 10 and training effects in Ref. 7 hamper a
direct comparison.

In the present article, we investigate the evolution of the
layer-by-layer magnetization configuration of polycrystalline
IrMn/CoFe multilayers(ML’s ) along a full magnetization
loop by specular and off-specular PNR. We find a sequential
switching of the layers that we relate to the microstructural
evolution along the stack. The reversal proceeds for both
loop branches in a nonuniform mode and is accompanied by
fluctuations of the in-plane magnetization component per-
pendicular toHa.

We study exchange-biased polycrystalline
fIr20Mn80s6.0 nmd /Co80Fe20s3.0 nmdgN ML’s with varying
number N of AF/FM bilayers prepared by dc magnetron
sputtering. We employ a 10-nm-thick NiFe buffer layer
grown on oxidized Si wafers in order to improve the texture
of the ML’s. Prior to the measurements, the specimens are
annealed for 60 min at 533 K, i.e., above the IrMn Néel
temperature of 520 K, and then field-cooled to room tem-
perature(RT) in an external field ofHFC=130 Oe. Data con-
cerning magnetic properties are taken after several remagne-
tization cycles in order to exclude training effects.

PNR measurements are performed at the polarized neu-
tron reflectometer with polarization analysis HADAS11–13 at
the Jülich research reactor FRJ-2(DIDO). The neutron
wavelength is fixed atl=4.52 Å. The instrument is equipped
with a two-dimensional(2D) detector with a special spin
analyzer that covers the whole detector area and thus allows
simultaneously measuring specular and off-specular intensi-
ties with polarization analysis. The polarization efficiencies
of the polarizer and analyzer are 96% and 95%, respectively.
The specimens are kept at RT and a guiding fieldHa of up to
15 kOe can be applied. We perform layer-resolved
magnetometry14,15by analyzing and fitting specular NSF and
SF reflectivity cross sections. In specular geometry(angle of
incidenceai equal to the exit angleaf), the reflectivities
follow from energy and in-plane momentum conservation
laws. Normal wave vector transfersQ'=s2p /ldfsinsaid
+sinsafdg are probed. Off-specular scattering arises when the
in-plane translational symmetry is broken by interface rough-
ness or magnetic domains on a length scale shorter than the
in-plane projectionl i <2p /dQi of the neutron coherence
length, wheredQi is the uncertainty of the in-plane momen-
tum transferQi=s2p /ldfcossafd−cossaidg.16 For our instru-
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FIG. 1. (Color) (a)–(c) SQUID
magnetization loops of SiO2/
NiFe s10.0 nmd / fIrMn s6.0 nmd /
CoFes3.0 nmdgN ML’s with differ-
ent numbers of bilayersN. The
relative contribution of the NiFe
buffer decreases andHEB in-
creases withN. Circled numbers
refer to Figs. 2 and 3.(d) N depen-
dences ofHEB (red) and the grain
size at the surface as determined
from AFM images(black).

FIG. 2. (Color) SF reflectivity
maps R+− of a SiO2/NiFe
s10.0 nmd / fIrMn s6.0 nmd /CoFe
s3.0 nmdg10 ML at different posi-
tions along the magnetization loop
[see Fig. 1(c)]. Off-specular inten-
sity appears near the switching for
both decreasing(panel 2) and in-
creasing (panels 5 and 6) loop
branches but is absent in the satu-
rated state(panel 3).
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mentl i exceeds 20mm, but the resolution of the 2D detector
defines an upper limit of about 20–30mm for the resolvable
lateral structure size. A lower limit of about 1mm results
from the limited neutron flux at the sample position.

The microstructure and the layer quality are investigated
by x-ray reflectivity (XRR) and x-ray diffuse scattering
(XDS) measurements as well as atomic and magnetic force
microscopy(AFM, MFM) imaging.17 Magnetization loops
are recorded by means of a superconducting quantum inter-
ference device(SQUID) as well as the magneto-optic Kerr
effect (MOKE).

Figures 1(a)–1(c) show SQUID magnetization loops for
N=1, 3, and 10. There are always two hysteresis subloops,
the narrow one corresponding to the magnetically soft NiFe
buffer layer and the wider to the CoFe layer(s) in the ML.
The relative contributions to the sample’s total moment con-
firm this assignment. The loop shiftHEB increases from
330 Oe forN=1 to about 900 Oe forN=10 [Fig. 1(d)], while
the loop shape evolves from square to slanted. We obtain
similar results from MOKE measurements.

In order to understand the reason for this strongN depen-
dence we perform microstructural characterization by XRR,
XDS, and AFM.17 The fitting of specular and diffuse x-ray
scattering patterns18 reveals only a rather weak increase of
the interface roughnesss from 0.3 to 0.6 nm and no signifi-

cant dependence of the fractal dimensionh<1 and the lat-
eral correlation lengthj=10±5 nm onN. The vertical corre-
lation length is larger than the total ML thickness for allN.
Such an evolution of the microstructure along multilayered
structures is quite common,19 but cannot explain the strong
enhancement ofHEB.20 However, AFM images reveal a
strong variation of the grain size of the topmost layer from
650 nm forN=1 to 60 nm forN=10 [Fig. 1(d)], and MFM
micrographs indicate a change of the FM domain structure
with N, from extended domains forN=1 to structures of
about 500 nm in diameter forN=10.17 Therefore, we at-
tribute the enhancement ofHEB to the shrinking of the grain
size and explain it in the framework of the domain-state
model for exchange bias:21,22 Grain boundaries are energeti-
cally preferred sites for domain walls in the AF.23 Smaller AF
grains are accompanied by an increased density of AF do-
mains and hence an increased excess magnetization in the
AF which increasesHEB.22 For ML’s with N of the order of
10, a gradual variation of the grain size andHEB along the
growth direction and, hence, a nontrivial magnetic reversal
behavior is expected.

We perform PNR measurements at 15 different fieldsHa
applied collinear toHFC on both sides of the hysteresis loop
for a ML with N=10 in order to study the layer-resolved
magnetization state and reversal behavior. Figure 2 shows

FIG. 3. (Color) Specular re-
flectivities R++ (blue), R−− (red),
R+− (green), and R−+ (black) of a
SiO2/NiFe s10.0 nmd / fIrMn s6.0
nmd /CoFes3.0 nmdg10 ML at dif-
ferent positions along the magneti-
zation loop[circled numbers refer
to Fig. 1(c)]. Filled symbols are
the data and open symbols the fits.
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the SF intensitysR+−d maps as a function ofai andaf at four
different representative fieldsHa [see circled numbers in Fig.
1(c)]. The specular intensity along the lineai =af shows
first-order and weak second-order Bragg peaks atai,f <25
and 50 mrad corresponding to the bilayer thickness. The fit-
ting of the specular reflectivities described below confirms
that all these Bragg peaks are of NSF nature and appear in
the SF channels due to the nonideal polarization efficiencies.

Off-specular intensity appears near the critical angleac
<4 mrad in panels 2, 5, and 6, i.e., in both loop branches
near the reversal, but not in the saturated state atHa=
−2.8 kOe in panel 3. This is a clear difference to the data in
Ref. 7 and indicates that the off-specular intensity is related
to the reversal process rather than to magnetic disorder due
to, for instance, interface roughness. The off-specular reflec-
tivity is most intense at the two fields where the net magne-
tization of the ML vanishes(panels 2 and 5) and gradually
diminishes(e.g., panel 6) to disappear in saturation(panel 3).

The presence of off-specular intensity confirms that the
in-plane magnetization component perpendicular to the guid-
ing field, M', is laterally inhomogeneous on a length scale
smaller thanl i. The fact that the off-specular intensity ex-
tends toai =ac andaf =ac implies that the inhomogeneities
occur on a length scale clearly below 1mm. The high inten-
sity atac arises from the enhanced transmission coefficient at
the critical angle and is not related to a length scale. Thus,
we think of the inhomogeneities as fluctuations ofM' rather
than magnetic domains. These fluctuations are directly linked
to the magnetization reversal of the exchange-biased system.
A quantitative evaluation of the lateral length scale is beyond
the scope of the present measurement geometry. Anyway, the
length scale of the fluctuations is of the order of magnitude
of the grain size. The absence of off-specular intensity in the
Bragg sheets signifies that there is no vertical correlation of
the M' fluctuations.

All four specular reflectivity channels are measured at 15
different Ha, six of which are shown in Fig. 3[circled num-
bers refer to Fig. 1(c)] together with least-square fits based
on an extension of the Paratt formalism24 to magnetic
ML’s.25,26The two peaks in the NSF channels(R++ andR−−)
are the first- and second-order Bragg reflections of the ML.
The corresponding weak peaks in the SF channels(R+− and
R−+) can be reproduced in the fits by taking into account the
polarization efficiencies of our setup.R++ andR−− are almost
equal atHa=−1000 Oe(panel 2) on the decreasing and at
Ha=−300 Oe(panel 5) on the increasing branch and signify
that the reversal for both loop branches proceeds via a state
with an almost vanishing magnetization component collinear
to Ha. For all other fieldsR++ or R−− dominates and reflects a
net magnetization collinear withHa, while the SF intensities
are always much weaker. In Fig. 4(a) we show the measured
SF intensity forai,f =ac as a function ofHa and compare
with the calculated SF intensity for the situation where the
full ML magnetizations is aligned perpendicular toHa
(dashed line). Obviously, the data indicate a much smaller
M'. In a next step, we calculate the SF intensity under the
assumption that the magnetization of only one CoFe layer is
perpendicular toHa and all others collinear toHa. The result-
ing SF intensity depends on which layer along the stack we
choose to be perpendicularly magnetized. The range of val-

ues is marked in Fig. 4(a) by the gray region. We conclude
from these comparisons that the magnetization reversals in
both directions do not proceed via magnetization rotation,
neither of all layers together nor of one at a time. This sym-
metric, but nonuniform reversal mode corresponds to the
situation described by Beckmannet al.27 for no misalign-
ment between the exchange bias axis andHa. These authors
considered this an experimentally unlikely situation. The ob-
served fluctuations ofM', however, reflect the instability
that occurs when the effective field, that acts on the FM, is
aligned withHa.

27

For a more quantitative analysis, we first fit the specular
intensities in the saturated state(panel 3 in Fig. 3) to adjust
the nuclear and magnetic scattering length densities, the
layer thicknesses, and the interface roughness. We find ex-
cellent agreement with the XRR data for the thicknesses and
the roughness and keep them as well as the nuclear scattering
length densities fixed for all subsequent fits. For the nonsat-
urated states we have to vary the magnetization configuration
of the ML, which—in principle—requires to introduce a
magnetization amplitudeM i and directionui for each CoFe
layer si =1, . . . ,10d. Based on the conclusions from Fig. 4(a)
we can keep the number of fitting parameters manageable by
only considering deviations from the purely collinear, single
domain configurations(i.e., ui =0° or 180°) described by the
mean magnetization amplitudekM il and the mean angular
deviation from the collinear alignmentkDuil. We fit the data
for all permutations of collinear configurations in order to
identify the configuration yielding the best agreement. The
results are shown in Fig. 4(b): For decreasingHa the CoFe
layers switch sequentially from the bottom to the top, and for
increasingHa the reversal proceeds in the opposite direction.

FIG. 4. (a) Experimental(symbols) and simulated(dashed line
and gray region) SF intensity forai,f =ac as a function ofHa. The
data are not compatible with perpendicular alignment of the whole
ML (dashed line) nor a single CoFe layer(gray region); see text.(b)
Switching sequence along the ML from the bottom to top and back
as obtained from the fits. For some field values, each CoFe layer in
the ML is represented by a box and the arrows indicate a layer
magnetization parallel(black) or antiparallel(gray) to HFC.
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This sequential switching of the layers is due to the structural
evolution along the ML. The layers at the top consist of
smaller grains that yield a stronger exchange bias in agree-
ment with the data in Fig. 1. Therefore, they align last with a
field applied antiparallel toHFC, but first whenHa is again
increased. The fittedkM il does not show significant varia-
tions except for the lowest fieldss50 Oed where it is de-
creased by 11% most likely due to a small number of do-
mains that form when one approachesHa=0. kDuil is small
except for −1 kOe(point 2) on the decreasing branch, where
it amounts to 8°. This deviation is in agreement with the
maximum specular and off-specular SF intensity in Figs. 4(a)
and 2 respectively.

In conclusion, we have studied in detail the remagnetiza-
tion behavior of an exchange-biased multilayer. The indepen-
dent, but sequential reversal of the FM layers is related to the
evolution of the grain size along the stack and can be ex-
plained by extending the domain-state model22 from a di-
luted to a polycrystalline antiferromagnet. The reversal of
each FM layer proceeds symmetrically via a nonuniform
mode for both remagnetization directions and is observed to
be accompanied by fluctuations of the in-plane magnetiza-
tion on a length scale comparable with the grain size. There-
fore, the observed reversal mode is more complex than hith-
erto considered and involves processes beyond coherent
rotation and simple domain wall motions.

*Author to whom correspondence should be addressed. Electronic
address: A.Paul@fz-juelich.de
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