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We have investigated the thickness dependence of exchange bias �EB� in ultrathin epitaxial Cr/Fe/Ag�001�
bilayers. The system features an artificially patterned structure consisting of coherently aligned nanometric
ripples at the Cr/Fe buried interface. The patterning provides an abundance of preferentially aligned steps
resulting in both morphological and magnetic uniaxial anisotropies. Increasing the Cr thickness the EB evolves
from an uniaxially anisotropic state, in which its magnitude is a function of the field-cooling direction, to an
isotropic behavior. We account for this phenomenon invoking a thickness-dependent variation in the spin
structure of the antiferromagnet driven by the topological frustration at the stepped Cr/Fe interface.
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I. INTRODUCTION

Exchange bias �EB� is one of the most interesting phe-
nomena induced by the exchange coupling at the interface
between a ferromagnet �FM� and an antiferromagnet �AF�.
Discovered more than 50 years ago,1 EB has been receiving
a steady attention ever since due to its scientific relevance
and its widespread technological application in the magnetic
data storage field.2–4

Though a comprehensive model of the phenomenon has
not yet been developed, several aspects of EB start to be
understood. Many relevant issues remain however open,
among which the assessment of the spin structure of the AF
counterpart throughout its whole volume,5–7 and its role in
EB.8–14 Many experiments suggest a strong role of the
“bulk” AF spin structure in governing EB,13,14 opposite to a
more intuitive “purely interface” AF effect.15 Several theo-
retical models also invoke various spin structure within the
AF layer to account for the presence and magnitude of
EB.9–11 Experimentally, however, the direct observation of
the AF spin structure is not straightforward, hence the evi-
dence on the role of the AF layer is often indirectly deduced
via its influence on the magnetic properties of the FM coun-
terpart.

In this paper we report the AF-thickness dependence of
the EB properties of a nanopatterned Cr/Fe/Ag�001� bilayer
and propose a model based on a thickness variation in the AF
spin structure to account for the observations. In our sample,
the buried interface between the Cr and Fe layers is charac-
terized by a nanopatterned structure made of coherently
aligned ripples fabricated by the ion sculpting technique.16

The presence of the interface ripples provides an abundance
of aligned monatomic steps, resulting in both morphological
and magnetic uniaxial anisotropies,17 and topological spin
frustration at the contact between the two materials.18,19 As a
function of increasing Cr thickness, we observe an evolution
of the EB properties. At low Cr coverage, e.g., 2 nm, the EB
magnitude and the magnetization reversal mechanisms of the
system are strongly dependent on the orientation of the field-
cooling �FC� field with respect to the nanoripples, whereas a
crossover to isotropic behavior is observed for larger thick-

ness. We propose that this crossover arises from a thickness-
dependent variation in the spin structure of the AF layer,
driven by the influence of spin frustration at the interface.

II. EXPERIMENT

A. Sample preparation

All the experiments have been performed in an ultrahigh
vacuum �UHV� chamber with a base pressure of 1
�10−10 mbars, described in previous publications.20,21 The
experimental setup allows performing in situ magneto-
optical Kerr effect �MOKE� with a resolution in external
magnetic field H of �0.4 Oe, and features a variable-
temperature sample holder goniometer with a �1°
azimuthal-angle resolution. The Cr/Fe/Ag�001� bilayers de-
scribed in this work were prepared and measured in situ ac-
cording to the experimental procedures described in detail in
Refs. 17 and 20. Here we only recall the main aspects of the
sample preparation, referring the reader to our previous work
for deeper discussion. First, a 3-nm-thick Fe film was depos-
ited by molecular-beam epitaxy onto a single-crystal
Ag�001� surface.17 Both Fe and Cr grow epitaxially on
Ag�001� thanks to the small lattice mismatch.22,23 After the
deposition, the film was irradiated at 350 K with a defocused
1 KeV Ar+ beam, incident at 70° from the surface normal
and along the �100�Fe crystallographic axis. Under these con-
ditions, nanometric ripples oriented along the �100�Fe direc-
tion formed at the film surface, with a mean wavelength �
�9 nm and side walls consisting of crystalline facets at a
mean angle �14° with respect to the surface normal,17 as
sketched in the topmost left panel of Fig. 1.

Cr films of variable thickness were subsequently depos-
ited on the rippled Fe surface. Initially, a 2-nm-thick Cr film
was deposited on the rippled Fe surface at 180 K in order to
strongly reduce intermixing effects. The sample was then
exposed, at T=180 K, to 20 L �1 L=1�10−6 mbar s� of
research grade O2 and subsequently annealed to 670 K. The
Auger-electron spectroscopy �AES� spectrum of the surface
after this procedure is shown in Fig. 1 �top curve in the
right-hand graph�. Cr and oxygen AES lines are clearly vis-
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ible, with the residual contribution from the underlying Fe
film still present on the high-energy side. Interestingly, upon
performing a further deposition of Cr on top of this film at
T=420 K in absence of any further exposure to O2, we ob-
serve that the intensity of the oxygen Auger line remains
unchanged. In the bottom part of the graph we show as an
example the spectrum measured for the oxidized Cr/Fe bi-
layer after the further deposition of 2.5 nm of Cr at T
=420 K. It can be clearly seen that the intensity of the oxy-
gen AES line has remained identical in the two cases while
the Fe contribution has completely vanished. This indicates
that oxygen remains segregated at the sample surface during
deposition, acting as surfactant for the growth of Cr.24 The
observation of the oxygen surfactant effect suggests that the
thickness of the oxidized Cr layer is limited to the surface or
the topmost subsurface layer at most.25 By means of the
oxygen-aided growth is therefore possible, once a “seed” Cr
layer has been grown, to increase ad libitum the thickness of
the AF layer while keeping parameters such as buried-
interface morphology and surface composition unchanged, as
schematically shown by the drawings labeled as “a” and “b”
in the left part of Fig. 1. Furthermore, the controlled surface
oxidation while having no substantial influence on the under-
lying Fe layer, prevents any sample surface deterioration
over the time required for the measurements �few days under
UHV�.

Inspection of the low-energy electron-diffraction �LEED�
pattern of the O/Cr/Fe system for both Cr thicknesses shows
slightly blurred p�1�1� spots and the absence of whatever

superstructure spots, suggesting that the outermost surface is
relatively well ordered and devoid of any large-scale mor-
phological feature �like ripples due to conformal Cr growth
or agglomerates induced by the annealing�.

B. Magnetic properties

Previous studies have shown that nanopatterned Fe/
Ag�001� films are endowed with an in-plane magnetic aniso-
tropy energy �MAE� consisting of superimposed biaxial and
uniaxial anisotropy contributions.26,27 The deposition of a Cr
overlayer preserves the MAE, only slightly modifying the
magnitude of the various contributions.20 This anisotropy af-
fects the magnetization reversal mechanisms of the system as
a function of the relative angle between the external field H
and the anisotropy axes of the sample. The magnetization
reversal, as will be shown in the next section, can proceed
via one-step, two-step, or three-step processes that, respec-
tively, involve the nucleation and propagation of 180° do-
main walls �DWs�, 90° DWs, or both.28

In this work, in order to avoid any morphology reproduc-
ibility issue, we will focus our attention on the EB properties
of a single, representative nanopatterned Cr/Fe sample pre-
pared according to the above procedure, analyzing the cases
of 2 nm and 4.5 nm Cr overlayer thickness, respectively. We
will refer to these cases as the 2 and 4 nm case. The EB was
induced by subjecting the sample to FC procedures with H in
the film plane and oriented either along the surface ripples or
perpendicular to them �henceforth referred to as FC� and
FC�, respectively�. The FC was performed by applying a
field of 140 Oe, sufficient for saturating the sample magne-
tization along the field direction and cooling the sample from
670 to 180 K.

III. RESULTS

A. Thick-antiferromagnet case

We will begin addressing the loops recorded for the 4 nm
case, whose features are more straightforward to discuss, and
later move to the more involved 2 nm case. In Fig. 2 we
report a series of representative hysteresis loops for the Cr/Fe
system as a function of the relative angle � between H and
the �100�Fe high-symmetry direction �nominally coinciding
with the ripple orientation� under FC� conditions. The experi-
mental data are reported as the black lines and markers in the
left panels while the insets on the right side provide a sche-
matic representation of the measurement geometry and of the
FC orientation �the gray stripes indicate the ripple direction�.
The loops have been measured in situ at T=180 K with
s-polarized input radiation. All the loops have been measured
by means of sweeping H between +140 and −140 Oe; the
horizontal scale of the various graphs is adjusted from case
to case for better highlighting the loop features. The MOKE
signal, to first-order approximation, is proportional to the
projection of M onto the direction of H. All loops have been
normalized at saturation. Where applicable, small arrows on
the graphs provide a pictorial representation of the orienta-
tion of M at various stages of the loops.

FIG. 1. Left: representative scheme of the morphology of the
nanopatterned Cr/Fe/Ag�001� bilayers at various stages of their
preparation procedure. Right: AES spectra of the O/�2 nm Cr�/Fe/
Ag�001� �top� and of the O/�4.5 nm Cr�/Fe/Ag�001� sample
�bottom�.
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In loop a, measured for H parallel to the ripples, we ob-
serve a square loop characterized by a single magnetization
jump that corresponds to a one-step reversal process from M
aligned along antiparallel to parallel orientation to H.28 Loop

b, recorded for H making an angle �=80° with the ripples,
exhibits three magnetization jumps per branch. Starting from
the positive saturation, where M is roughly perpendicular to
the ripples, the first jump corresponds to the alignment of M
parallel to the ripples, the second to a further a 180° rotation
of M, and the third to M again perpendicular to the ripples.28

Loops “c” and “d,” measured for H roughly oriented perpen-
dicular to the ripples, both exhibit a two-step reversal, corre-
sponding to the switching of M from perpendicular to paral-
lel to the ripples and from parallel to perpendicular again.28

Loop “e,” finally, is analogous to loop b though some of the
transitions are barely discernible in the magneto-optical sig-
nal. For all the loops, in between the various irreversible
jumps, the smoother variations in the MOKE signal are in-
dicative of coherent M rotation.27 For the sake of clarity, in
the following of this paper we will refer to the various irre-
versible transitions of M according to their relative position
in the graphs �lateral, central, left, and right�.

The asymmetries in the magnitude of the MOKE signal in
the loops are due to second-order magneto-optical effects29

quite common in anisotropic systems and not to EB. The
presence of EB in these loops, instead, is manifest through
the appearance of various kinds of asymmetries in the H
values corresponding to irreversible M transitions, as ex-
pected for biased systems with complex anisotropy like
ours.30 In loop a, EB shifts the loop by 3.5 Oe toward the
negative H values. For loop b, the situation gets much more
involved. Here the two “lateral” transitions do not occur at
the same absolute value of field but appear collectively
shifted by a small amount toward the positive H direction
while the central transition is significantly shifted to negative
H values. In loop c, no significant shifts of the lateral tran-
sitions occur but the “right” coercive field is significantly
larger than the “left” coercive field. In loop d, measured at an
angle � differing by merely 2° with respect to loop c, the
same situation occurs but the values of coercive field are
smaller by a factor 2 with respect to the previous case. Fi-
nally, in loop e the two lateral transitions appear collectively
shifted toward negative H values while no clear statements
can be made for the central ones.

In Fig. 3, we report a set of hysteresis loops measured
under the same conditions as above but having changed the
FC orientation to FC�. Also in this case, the reversal of M
can occur via one-step, two-step, or three-step processes, in
perfect analogy to the previous case. The effects of the dif-
ferent FC direction with respect to Fig. 2, however, consis-
tently modify the asymmetries observed in the loops.

Loop a is again square and slightly shifted toward nega-
tive field values, though less than its counterpart of Fig. 2
��1 Oe�. In loop b, the “lateral” transitions are shifted to-
ward negative H while the central ones appear well centered.
In loop c, the left and right coercive fields are this time
almost equal, but the transitions are collectively shifted to-
ward negative field, and the same substantially occurs for
loop d, though with significantly smaller coercive fields. Fi-
nally, in loop e, the two lateral transitions again appear col-
lectively shifted toward negative field and exhibit a similar
coercive field while no definite statement can be made for
the central ones. In both cases of Figs. 2 and 3, the magne-
tization “jumps” are fairly sharp and well defined.

FIG. 2. �Color online� Longitudinal MOKE hysteresis loops
measured as a function of the relative angle � between the ripple
direction and the applied field H for the 4 nm case in the FC� case
�black lines and markers�. The red �gray� lines are hysteresis loops
simulated according to the model described in Sec. III C. The hori-
zontal scale differs from graph to graph.
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B. Thin-antiferromagnet case

In Fig. 4 we report sets of longitudinal MOKE hysteresis
loops measured in the 2 nm situation as a function of the
azimuth angle �, under experimental conditions identical to
the ones specified for the 4 nm case. The loops reported as
full black symbols in Fig. 4 have been measured under FC�

conditions while the open blue �dark gray� symbols corre-
spond to loops recorded for FC� �arrows of corresponding
color in the right-hand diagrams point in the respective FC
direction�. At a first glance, some of the loops appear differ-
ent with respect to the 4 nm case and, more interestingly,
marked differences also appear when comparing the FC�

and FC� cases.
In the FC� case, the general trend of loop shape vs �

appears preserved with respect to the 4 nm case, and the
transitions between the various orientations of M are still
quite sharp. However, at variance with before, the asymme-

FIG. 3. �Color online� Longitudinal MOKE hysteresis loops
measured as a function of the relative angle � between the ripple
direction and the applied field H for the 4 nm case in the FC� case
�black lines�. The red �gray� lines are hysteresis loops simulated
according to the model described in Sec. III C. The horizontal scale
differs from graph to graph.

FIG. 4. �Color online� MOKE hysteresis loops measured, in the
2 nm case, as a function of the relative angle � between the ripple
direction and H, under FC� �full black symbols� and FC� �open
blue �dark gray� symbols� conditions.

ANGHINOLFI et al. PHYSICAL REVIEW B 81, 224427 �2010�

224427-4



tries in the transition fields are either absent within our ex-
perimental accuracy �loops b and d� or at best barely discern-
ible �loops a and c�. The large asymmetry of the MOKE
magnitude in loop d is due to magneto-optical effects rather
than EB. This suggests a strong reduction in the EB-induced
unidirectional anisotropy contribution with respect to the 4
nm case.

The situation changes drastically for the case of FC par-
allel to the ripple ridges �open blue �dark gray� markers�.
Here, loop a is still square, with relatively sharp transitions
and is shifted toward the negative field direction by �6 Oe.
The other loops, while still retaining the characteristic split
shape arising from the system’s anisotropy, exhibit severely
broadened magnetization jumps. Under these conditions, it is
difficult to quantify the presence of EB asymmetries in the
loops, though they clearly appear in loops c and d, where the
lateral transitions are collectively shifted toward negative
fields. The broadening of the transitions and any asymmetry
in the critical field for magnetization reversal disappear upon
heating the sample above the blocking temperature �T
�300 K �Ref. 20��, where sharp magnetization jumps in the
loops are restored.

In terms of Cr thickness, the broadening of the transitions,
so apparent in the 2 nm case, quickly fades with increasing
thickness. In Fig. 5 we report a set of hysteresis loops mea-
sured for �=90° after a FC parallel to the ripples as a func-
tion of various AF-thickness values on the same Cr/Fe
sample. In the 2 nm case just discussed, the broadening of
the transitions is very pronounced. This effect has already
almost completely disappeared for 3.5 nm Cr, and the M
transitions stay sharp upon a further increase in thickness
�4.5 and 5.5 nm Cr� upon which only a gradual decrease in
coercive field is observed.

C. Model

In order to rationalize the mechanisms of EB in this sys-
tem, we have applied a simple model of magnetization re-
versal already successfully applied to thin-film systems.27,28

This model assumes the system to be in a single-domain
state of uniform, saturated magnetization, that can be char-
acterized by indicating the direction of M in the film plane.
The free-energy density f of the system is then written as the
sum of the anisotropy K and the Zeeman contributions as

f = K��� − H · M , �1�

where � is the angle between the magnetization M and the
�100�Fe direction. As the external field is swept, M is allowed
to change orientation following a local minimum of f . In
addition, for every value of H, M is allowed to jump to a
more favorable energy minimum, provided it exists, by the
displacement of a domain wall. This process requires a finite
activation energy EDW so it can occur only when the energy
difference between the two minima reaches a certain critical
value. EDW, and accordingly the coercive fields, is unrelated
to the magnetic anisotropy and not known a priori but it can
be deduced from the experimental values of the switching
fields in the hysteresis loops. The physically relevant quan-
tities, as long as this work is concerned, are the activation
energy for a 90° DW EDW

90 and for a 180° DW EDW
180 .

The magnetic anisotropy energy of the films can be writ-
ten as17,20,27

K��� =
Kc

4
sin2 2� + Ku sin2 � + Kk sin2�� +

�

4
� +

−
J

tFM
cos�� − �eb� , �2�

where Kc is the biaxial anisotropy constant, with easy axis
along the �100�Fe �and equivalent� directions, Ku is the
ripple-induced uniaxial anisotropy, with easy axis along the
ripple ridges,17 Kk is the anisotropy associated with atomic
kink sites along the ripple edges,27 and the last term is the
unidirectional anisotropy due to EB, where �eb is the angle
that H forms with the �100�Fe direction during the FC, tFM is
the FM thickness and J is the strength of the EB coupling.20

We performed a best-fit procedure for the 4 nm case �the
loops reported in Figs. 2 and 3� optimizing the anisotropy
constants and J in Eq. �2�. The best-fit simulated loops are
reported as red �gray� lines in Figs. 2 and 3, corresponding to
the anisotropy values and activation energies reported in
Table I. The EB unidirectional anisotropy pointed along the
�100�Fe direction in the FC� and along the �010�Fe direction in
the FC� case but with identical magnitude, in agreement
with Ref. 20. A comparison between experimental and simu-
lated coercivity HC and EB values for a broader � range with
respect to the one of Figs. 2 and 3 is reported in Fig. 6,
limited for the sake of clarity to the lateral transitions only.
The 80° –100° � interval, though limited, provides abundant
information on the system’s anisotropy. In fact both double-
jump and triple-jump M reversals occur within this range,
and the � value at which the crossover between the two
regimes is found is extremely sensitive to the overall

FIG. 5. MOKE hysteresis loops as a function of Cr thickness.
The loops have been measured at T=180 K for �=90° following a
FC� procedure. The AF thickness is indicated for each loop on the
graph.
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anisotropy.28 Whereas it might be desirable to extend the
measurement to the whole � range,30 in our case for � out-
side the 80° –100° interval the lateral transitions occur at
increasingly larger H values exceeding �140 Oe, for which
our setup does not allow their measurement with the reso-
lution needed to resolve the small EB.

The anisotropy values agree well with previous
results,17,20,27 and we will not discuss them further �the finite
kink anisotropy constant can be ascribed to a misalignment
on the order of 1° –2° between the macroscopic ripple ori-
entation and the �100�Fe direction�.

We observe that the model reproduces well the complex
pattern of asymmetries of the central and lateral transitions
and, where applicable, the asymmetries between left and
right coercive fields, a remarkable achievement considering
that Eq. �2� represents a first-order MAE approximation and
that both the FC� and the FC� data were reproduced using a
single set of parameters. The explicit inclusion of DW acti-
vation energies allows to obtain meaningful anisotropy con-
stants, avoiding the underestimations typical of coherent
models, and also decouples the coercivity and anisotropy of
the system. Interestingly, we notice that the largest discrep-
ancies between experiment and model are observed in the
case of the perfectly square loops ��=0�, i.e., in the simplest
case �they are, however, visually enhanced by the restricted
H range of the graph�. This apparent shortcoming can be
explained keeping in mind that the fit parameter that deter-
mines the coercive field in the �=0 case, i.e., the EDW

180 en-
ergy, is also responsible for determining the location in H of
the central transitions in other hysteresis loops. The best-fit
parameters minimize the errors over the whole data set and
not only for �=0, hence the “discrepancy” for some of the
loops. We can, however, safely infer from the comparison of
experiment and simulation that, in the 4 nm case, performing
FC procedures either parallel or orthogonal to the ripple di-
rection does not lead to different magnitude of EB, nor to
any difference in the magnetization reversal mechanism, that
occurs in both cases by unrestrained propagation of DWs at
well-defined critical-field values. Hence the EB can be in this
case labeled as “isotropic.”

Shifting to the 2 nm case, we immediately notice that
reproducing the hysteresis loops in both the FC� and FC�

cases with a single set of parameters is an impossible
achievement. This for two specific reasons: first, there is an
apparent difference in the EB coupling in the two cases, as
evidenced by the very different degree of asymmetries ob-
served in the two loop sets. Second, it is apparent from the
loops that for the FC� case the DW processes substantially
differ with respect to all the other cases shown. No sharp
transitions indicative of free DW propagation after unpinning
are observed but it rather seems that several pinning centers
are present that hinder the unrestrained DW propagation.
This is a situation that does not even match the physical
assumptions of our simple model, especially since this be-
havior is apparently not intrinsic to the system but depends
on the type of FC performed. It is therefore clear that “an-
isotropic” EB appears in the 2 nm case as a function of the
FC direction �this “EB anisotropy” is not to be confused with
the magnetic anisotropy, which is an intrinsic system’s prop-
erty not dependent on EB�.

IV. DISCUSSION

We begin the discussion recalling that the 4 and 2 nm data
reported here were measured on the same sample. This im-

TABLE I. Best-fit values for the anisotropy constants in Eq. �2�.

Kc

�105 erg /cm3�
Ku

�105 erg /cm3�
Kk

�105 erg /cm3�
J

�10−3 erg /cm2�

EDW
90

MS

�Oe�

EDW
180

MS

�Oe�

3.9 1.35 0.3 1.7 9.0 24.0

FIG. 6. Top panel: experimental �open symbols� and simulated
�full symbols� values of coercivity �diamonds� and exchange bias
�squares� for the lateral transitions as a function of the angle �, in
the 4 nm FC� case. Bottom panel: experimental �open symbols� and
simulated �full symbols� values of coercivity �diamonds� and ex-
change bias �squares� for the lateral transitions as a function of the
angle �, in the 4 nm FC� case.
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plies that morphological parameters such as Fe thickness,
ripple structure, and any characteristics of the buried Cr/Fe
interface �sharpness, density, type of defects, etc.� are iden-
tical in the two cases. We also recall that AES and LEED
data suggest that in both cases the Cr overlayer was continu-
ous and exhibited an outer surface devoid of morphological
features. Thus, the thickness-dependent variations in the EB
properties are most likely a consequence of a thickness-
dependent variation in the AF spin structure.

In our experiment, the interface between the two materials
is characterized by a great abundance of terraces separated
by coherently aligned monatomic steps. Upon contact with
Cr that in the bulk features the well-known layered-AF struc-
ture within 	001
 planes,31–33 a significant spin frustration is
expected. Given the large DW thickness in Cr,34 such a frus-
tration will not relax via the formation of step-induced DWs
�Refs. 18 and 35� but rather via some complex rearrange-
ment of the spins in proximity of the stepped interface.19 For
very thin Cr layers onto stepped Fe,19 such a spin reorienta-
tion can be so severe to make the layered-AF structure of Cr
barely recognizable. As the Cr thickness is increased, though
the topological frustration persists, the minimization of the
exchange energy throughout the whole AF layer should
gradually lead to a spin structure more alike the bulk one,
even in proximity of the buried interface.

In this model, the AF spin structure in the 2 nm case is
therefore still strongly influenced by the magnetic state at the
Cr/Fe interface, possibly yielding different interface spin
configurations for FM magnetization aligned either parallel
or perpendicular to the steps. We therefore suggest that fol-
lowing a FC� or a FC� procedure, respectively, the spin
structures that are “frozen” within the Cr/Fe junction are dif-
ferent. Such a difference can justify the different density of
pinned uncompensated spins, accordingly accounting for the
different magnitude of the EB coupling in the two cases.

In the 4 nm case, the EB magnitude is instead indepen-
dent of the FC direction, within our accuracy, a phenomenon
already reported in Ref. 20. This means that there is a
thickness-dependent crossover from the anisotropic to isotro-
pic EB behavior. We tentatively ascribe such crossover to the
achievement by the AF layer of a “bulklike” layered-AF spin
structure with increasing thickness. In this situation the topo-
logical frustration due to the stepped interface persists but
the AF spin structure exhibits a weaker sensitivity with re-
spect to the underlying orientation of the FM magnetization.
To the first order, in fact, identical excess exchange energy is
expected for M parallel or perpendicular to the ripple ridges
for bulklike arrangements of Cr and Fe spins. This weak
dependence is then reflected in the isotropic EB behavior.

A further issue of interest is the different sharpness of the
magnetization reversal jumps observed in the data. In sys-
tems for which magnetization reversal occurs via DW pro-
cesses, like ours, the presence of sharp or blurred M jumps is
a function of the density and type of defects �typically mor-
phological or structural� in the material, that act as DW-
pinning centers.36 Morphological/structural defects are surely
present within the Cr/Fe junction but their density does not
depend on factors like the FC direction. Considering the 2
nm case, this suggests that the different sharpness of the M
jumps for FC� or FC� is related to the formation of DW-

pinning centers of magnetic origin, whose type and/or den-
sity is related to the spin structure of the system. Thus, a
correlation between the magnitude of the EB for FC� and
FC� and the blurring of the M transitions is apparent, where
the frozen uncompensated AF spins responsible for the EB
act as effective DW-pinning centers, a hypothesis supported
by the recovery of sharp transitions above the blocking tem-
perature. In this picture, larger EB would therefore imply
higher density of pinning centers that hinder the free DW
propagation causing a more pronounced broadening of the
magnetization jumps and vice versa. Such a pinning might
be effective for DWs propagating either across the FM or the
AF layers: though MOKE probes only the FM behavior,
DWs in the two layers can be in fact effectively coupled by
an exchange-spring mechanism.37 In this respect, the recov-
ery of the isotropic behavior in the jump sharpness observed
for the thick-AF case could either be due to the weakening of
the exchange-spring coupling or the decreased sensitivity of
AF DWs to the pinned spins at the interface that occur upon
the achievement of a bulklike AF spin structure.

One final issue to address concerns the crossover thick-
ness from the partly disordered to the bulklike AF behavior.
According to the loops reported in Fig. 5, the transition to a
bulklike AF spin structure is already attained for Cr a thick-
ness of 3.5 nm, thereby locating such a crossover thickness
in the range between 2 and 3.5 nm. The thickness range
below 2 nm Cr, that would be very interesting to investigate
for determining the critical thickness for the onset of the
EB,2 could not be successfully addressed in this study due to
the onset of morphological instabilities in the system upon
annealing �formation of agglomerates, interdiffusion� that
precluded a safe evaluation of the data.

V. CONCLUSIONS

In summary, we have measured the magnetic properties of
epitaxial Cr/Fe/Ag�001� exchange-biased systems featuring a
uniaxially nanopatterned Cr/Fe interface as a function of
varying thickness of the AF overlayer. Employing fully epi-
taxial system and a surfactant-aided procedure for the Cr
growth enabled us to systematically explore the effect of
changing the AF layer thickness while keeping the morphol-
ogy of the whole system under highly controlled conditions.
Going from thin �2 nm� to thicker �4.5 nm� Cr films, we
observed a crossover between a state in which the EB prop-
erties were anisotropic with respect to the FC direction, to a
state in which an isotropic behavior was observed.

We accounted for this observation by postulating a thick-
ness dependence of the spin structure of the AF layer. For the
smaller coverage, we propose that the AF spin structure is
still dominated by the frustration effects at the stepped Cr/Fe
interface whereas a more bulklike structure is gradually re-
covered for thicker layers.
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