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Soft x-ray resonant magnetic scattering �SXRMS� has been used to probe the interlayer coupling in amor-
phous ferromagnetic/semiconductor multilayers. It is shown that the �Co73Si27 �50 Å� /Si �30 Å�� system
exhibits an antiferromagnetic �AF� coupling at low fields. Moreover, another aspect of SXRMS effect is
reported. Using circularly polarized photons, a shift in the AF order Bragg peaks’ position is observed and
related to two opposite AF states with the spin direction longitudinally aligned. As a consequence, the sensi-
tivity of SXRMS to AF domains having the same spin axis but opposite senses is shown. A physical explana-
tion for the origin of this effect is provided in terms of magnetic-resonant-refraction corrections to Bragg’s
angle, taking into account the phase shifts between layers with opposite magnetization directions at different
in-depth positions. Numerical simulations are performed that reproduced the experimental observations.
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I. INTRODUCTION

A detailed characterization of magnetic configuration in
multilayered magnetic systems is challenging since depth re-
solved magnetic techniques are required,1–3 and standard
methods are usually sensitive only to net magnetization. A
powerful solution to investigate antiferromagnetic �AF� or-
dering can be found by using scattering techniques such as
soft x-ray resonant magnetic scattering �SXRMS� �Ref. 4� or
neutron diffraction.1,2 The case of SXRMS is especially in-
teresting since it combines the depth sensitivity inherent to
scattering phenomena with the chemical and electronic-shell
selectivity given by the resonant condition. It also has the
advantage of offering a broad accessible q range, allowing
one to probe several AF half-order Bragg peaks.5 As a con-
sequence, the technique has been increasingly used in recent
years to characterize the magnetism of AF exchange-coupled
multilayers.6 However, it is worth mentioning that, although
the basic principles of SXRMS are already well established,
the technique is in continuous development and is being used
to address problems of increasing complexity related to in-
terface magnetism, domain correlations, coherent diffraction,
time resolved phenomena, determination of x-ray resonant
optical constants, or magnetic correlation spectroscopy.5–16

In this work, SXRMS is used with an unusual
polarization/magnetization configuration for the investiga-
tion of an interlayer-coupled system. Usually, the applied
magnetic field is oriented longitudinally �in the film plane
and in the diffraction plane� and circular or linear polariza-
tion may be employed. When the amplitude of the magnetic
field is reduced, the two orientations of the spin axis “move
away” to stabilize transversally to the diffraction plane. Here,
as it will be discussed later, a uniaxial anisotropy imposes the
AF state to remain longitudinally aligned. The use of circu-
larly polarized light reveals a change in the position of mag-
netic half-order peaks related to two opposite AF states �or
opposite photon helicities�, opening the possibility to deter-

mine the AF domain orientation. In addition, the results also
show that for the studied multilayers, the remanent state ob-
tained with zero net magnetization is not formed by an
equally populated distribution of opposite AF domains but
by a distribution with a predominant orientation of the AF
domains that reverses depending on the branch of the hyster-
esis loop that is being probed.

The system where these effects have been observed be-
longs to the poorly understood case of magnetic layers sepa-
rated by semiconducting spacers.17–21 It consists of a
multilayer built up with layers of an amorphous Co-Si mag-
netic alloy separated by Si nonmagnetic spacers. Multilayers
based on a semiconductor spacer, such as Si, combined with
an amorphous magnetic film, may benefit from the large
flexibility in control and design of, almost at wish, magnetic
properties such as anisotropy, coercive field, magnetic mo-
ments, and critical temperatures. These multilayers can be
fabricated by low cost techniques such as sputtering. This
Co-Si system has been recently shown to couple antiferro-
magnetically with switching fields in the order of few
oersteds.22,23 Interestingly, a much stronger AF coupling has
been also recently reported in polycrystalline Co/Si
multilayers.24 However, up to now, the evidence of the AF
coupling has been based on accepted but indirect measure-
ments such as hysteresis loops.22–24

In the following, SXRMS is used to confirm the presence
of the AF alignment and investigate the AF configuration.
The angle dependent reflectivity curves are first analyzed.
Then, hysteresis loops at a fixed energy and at fixed angles,
chosen close to the AF Bragg peak and chemical Bragg peak,
are discussed. The domain orientation dependent shift of
half-order peaks is shown. An insight into the physical origin
of this effect is then given by additional measurements on a
two period multilayer and by analytical discussion of the
case of this simpler stacking. Finally, numerical simulations
are used to model the reflectivity signal for the more com-
plex case of a ten period multilayer.

PHYSICAL REVIEW B 78, 064406 �2008�

1098-0121/2008/78�6�/064406�7� ©2008 The American Physical Society064406-1

http://dx.doi.org/10.1103/PhysRevB.78.064406


II. RESULTS AND DISCUSSION

For this study, different samples have been grown by dc-
magnetron cosputtering on top of Si�111� substrates.22 The
nominal structure is
�Si �30 Å� /Co73Si27 �50 Å��n=2,10 /30 Å Si /substrate.
SXRMS measurements were carried out using an under
vacuum four-circle diffractometer at ESRF BL-ID08. Mag-
netic fields of up to 30 Oe, with 0.05 Oe resolution, were
applied always longitudinally, that is, in the photon-
scattering plane and in the sample surface plane. The sample
has been rotated around the azimuth and oriented so that the
magnetic field is parallel to the direction of the magnetic
easy axis �within �10° of misalignment�. The photon polar-
ization was controlled from �100% circular right �C+� or
left �C−� to �100% linear � or linear �, and the photon
energy has been tuned in the vicinity of the Co LIII edge �778
eV�. Figure 1 displays the Co LII-III absorption spectrum for
the two opposite circular polarization states as measured by
total electron yield as well as the corresponding dichroic sig-
nal.

The shape of the curve reminds one of that of a pure Co L
edge but with broader peaks, most likely due to the fact that
this sample is a cobalt silicide, not a pure Co one. Also, the
amplitude of the dichroic signal is much smaller than that of
pure Co due to the difference in the saturation magnetization,
which is about 1 order of magnitude smaller for this amor-
phous cobalt silicide.

The samples have been characterized by transverse
magneto-optical Kerr effect �TMOKE�. The hysteresis loop
of the ten period sample is displayed in the inset of Fig. 2,
where the vertical scale corresponds to the standard normal-
ization of Kerr measurements: �= �Ifield− I0� / I0, where Ifield is
the intensity at a given magnetic field and I0 is the intensity

at remanence. The Kerr loops suggest that the samples have
two main characteristics: �i� AF coupling with low switching
fields, �1 Oe, as it can be deduced from the plateau at re-
manence �inset of Fig. 2�, and �ii� uniaxial in-plane magnetic
anisotropy, on the order of 20 Oe, defined by the oblique
incidence during growth.22 It is worth noting that the obser-
vation of such a weak AF coupling is possible due to the soft
magnetic behavior, HC�0.6 Oe, of single thin layers of this
amorphous Co73Si27 alloy. Moreover, in this case, the energy
balance between the weak AF coupling and the uniaxial an-
isotropy prevents magnetization rotations away from the
easy axis during the reversal process, so that the magnetiza-
tion remains parallel to the easy axis at the AF state and
during the whole hysteresis loop, reversing through domain-
wall motion22 and not by rotations through transverse states.

In order to investigate this scenario, specular SXRMS has
been used to probe the magnetic periodicities normal to the
sample surface. Figure 2 shows the reflectivity curves as a
function of the incidence angle � for an n=10 multilayer.
The reflectivity has been measured at about 777 eV without
any applied field and at saturation �H=10 Oe�. The reflec-
tivity curve for the saturated state �thin line� exhibits three
intense peaks related to the first three orders of the structural
periodicity of the multilayer, corresponding to a period of
74 Å, in good agreement with the 80 Å nominal value. Be-
tween the multilayer Bragg peaks, labeled as FM �ferromag-
netic�, well-defined Kiessig interference fringes, correspond-
ing to a total thickness of 739 Å, are observed. This shows
that the soft x rays probe the whole multilayer thickness even
at the maximum of absorption. The most relevant feature of
Fig. 2 are the extra peaks observed in the remanent state at
zero field �thick line�, which correspond to half-integer order
positions, and are, by comparison to the reflectivity in the
saturated state, the unequivocal fingerprint of magnetic AF
ordering of the neighboring Co73Si27 layers. Interestingly, the
widths at half maximum of both Bragg and AF peaks are
equal so they relate to a similar probed thickness, which

FIG. 1. �Color online� Photon energy dependence of the
Co LII-III absorption edge for C+ and C− polarizations measured in
total electron yield �TEY� under a saturating longitudinal applied
magnetic field. The SXRMS measurements were carried out in the
vicinity of the maximum of the Co LIII edge, 778 eV, indicated by
the dotted line. The corresponding dichroic signal ��10� is also
shown as a continuous line.

FIG. 2. �Color online� SXRMS vs � for saturation, H=10 Oe
�red thin line�, and remanence, H=0 Oe after negative saturation
�black thick line�, in a �Si �30 Å� /Co73Si27 �50 Å��10 multilayer
using circularly polarized light at 778 eV. The inset shows a refer-
ence TMOKE easy axis loop, measured with compensation for the
earth´s magnetic field, showing the multilayer AF-state plateau.
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leads to the important conclusion that the AF state is verti-
cally correlated through the complete thickness of the
multilayer.

An insight into the building up and breaking of the
multilayer AF state, as well as into the whole magnetization
process, can be gained by comparing x-ray magnetic hyster-
esis loops recorded at a FM Bragg peak and at an AF Bragg
peak.5,7 Figures 3�a� and 3�b� show the measurements, in the
longitudinal geometry applied, at the third FM peak and at
the 5/2 AF peak, respectively, where the intensity has been
normalized in the same way as the TMOKE loop in the inset
of Fig. 2. �For the case of the AF loop, the reference intensity
I0 is the saturation intensity, instead of the remanent one.�
The Bragg-peak loop reproduces the basic feature of the
TMOKE measurement with visible light: a plateau in the
proximity of zero field related to the stabilization of the com-
pensated AF state. However, this FM loop, as well as the
AF-peak loop, exhibits some extra jumps. It is worth men-
tioning that the extra jumps observed in the SXRMS loops
compared to those in TMOKE loops reflect the different na-
tures of the scattering phenomena used by both techniques.
Specular SXRMS is more sensitive to interference processes
that may appear in incomplete AF domain configurations and
that for the case of TMOKE, will be averaged, leading to a
smoother behavior of the loop. The extra jumps in the FM
loop �Fig. 3�a�� indicate that the reversal process develops
through intermediate stable states corresponding to different
AF configurations. This interpretation is also substantiated
by the abrupt changes in the intensity of the half-order Bragg
peak �Fig. 3�b�� mostly occurring when a jump is observed in
the loop measured on the FM Bragg peak. Indeed, the AF-
peak loop can be interpreted in a similar way as the FM-peak
loop: when the magnetic field is strong enough to fully align

the ferromagnetic Co73Si27 layers, the intensity of the AF
peak is zero; when the magnetic field is reduced, the AF
coupling starts to be dominant and some magnetic layers
reverse up to yield an AF contribution in the multilayers
stacking, leading to the onset of the AF-peak intensity. Be-
sides, this explicitly shows that the multilayer AF state is
destroyed by the application of weak magnetic fields above
�1 Oe, in perfect agreement with the TMOKE plateau
width �inset of Fig. 2�. The different AF configurations ob-
tained as the applied magnetic field is reduced may consist of
an increasing number of layers antiferromagnetically aligned
and cover an increasing fraction of the sample surface to
reach a fully compensated antiferromagnetic stacking, which
in turn corresponds to a maximum in the intensity of the
half-order Bragg loop. Such a general behavior �without the
jumps� has already been observed and discussed by compar-
ing the AF-peak loop with the dependence of the giant mag-
netoresistance ratio on the applied magnetic field.5,7

In spite of this general interpretation of Fig. 3 loops, the
depressed part just before the maximum in Fig. 3�b�, where a
stronger intensity is expected, associated with the symmetric
behavior of the two branches, suggests that more subtle and
sophisticated effects may play a significant role close to the
remanent state. Some of these effects can be revealed when
measuring, at the same energy and using the same polariza-
tion state, the reflectivity curves around the 5/2 AF reflectiv-
ity peak for two different magnetic states �see Fig. 3�c��: the
AF remanent magnetic state when coming from negative
magnetic field values �branch 1 of loop in Fig. 3�b�� and the
AF remanent state when the magnetic field is decreased
�branch 2�. The result shows an unexpected behavior that is a
shift of �0.5° in the AF-peak position depending on the way
the compensated AF magnetic state is established. It is well
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FIG. 3. �Color online� X-ray hysteresis loops of the n=10 multilayer using C+ light �arrows indicate the sense of the loop; loop branches
in red and black�: �a� at third FM peak ��=19.0°�; �b� at 5/2 AF peak ��=15.7°�. �c� Reflectivity SXRMS curves around the 5/2 AF peak
acquired with C+ polarization for n=10 multilayer at two magnetic states: remanence AF state of branch 1 �empty circles� and remanence
AF state of branch 2 �filled circles�. The dotted vertical line shows the nominal 5/2 AF-peak position.
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known that beyond the energy dependence of the angular
position from the Bragg law, a resonant shift in the FM
Bragg-peak position can be observed when the reflectivity is
measured in the vicinity of the L edges4,5,7,11 as well as a
shift in the AF-peak position.7 Here the incident-photon en-
ergy is the same and is not at the origin of the shift. It is also
well known that at the same energy close to resonance, re-
versing the magnetization or reversing the helicity of the
incoming photons may lead to a shift in the FM Bragg-peak
position.4,5,7,11 However, here, the same polarization state has
been used and we are measuring the reflectivity from the AF
peak at remanence, where no net magnetization is observed.
Besides, such an AF-peak shift, in the investigation by
SXRMS dedicated to antiferromagnetic coupling in metallic
multilayers, has never been reported.4,5,7,11 It has to be
pointed out that, at contrary to our system, the direction of
the magnetization in the AF state for the previously investi-
gated systems tends to be perpendicular to the nonsaturating
applied magnetic field. The results shown in Fig. 3�c� sug-
gest that the shift in the AF Bragg-peak position could be
related to a difference in the AF configuration. Depending on
the magnetic history �branch 1 or 2�, the AF configuration at
remanence may exhibit an opposite structure along the
growth axis. Therefore, the building up of the AF ordering
does not lead only to the growth and narrowing of the cor-
responding half-order peaks, as it has been reported in other
multilayer systems,4,5,7 but also, under certain circumstances,
to a change in their positions. In fact, the oscillations ob-
served in the AF loop in Fig. 3�b�, when the AF state is being
formed for both branches, may be related to rearrangements
of the magnetization orientation of the layers leading to in-
tensity changes caused by the AF-peak shift.

No previous observation of an AF Bragg-peak shift has
been reported. This is in line with the idea that, in a first
approximation, a shift in the AF-peak position would not be
a priori expected, since SXRMS is, to first order, linear in
the magnetization and there is no net magnetization in the
AF state. Nevertheless, if a nonkinematical approach is used
for the Bragg law, so that refraction and absorption effects
are considered in the propagation of x rays across a
multilayer,25 shifts in the reciprocal space position of the
multilayer peak may appear.11,26 In the case of SXRMS, re-
fraction and absorption will depend on the magnetic state of
the magnetic layers, which can affect the reciprocal space
position of FM or AF peaks. The mechanism for this effect
can be qualitatively illustrated by introducing ad hoc the
magnetic resonant corrections to the optical index27 in the
formula for �nonmagnetic� anomalous diffraction corrections
due to resonant refraction and absorption effects of the Bragg
angle �B, given by a shift �� �Ref. 26�:

�B + �� = �B +
�̄

sin �B cos �B

−
����

�̄ sin �B cos �B

� sin�m�/2�
m�

�2

, �1�

where an antiferromagnetically coupled multilayer composed
of alternating magnetic layers of equal thickness and oppo-

site magnetizations has been considered, �̄ and �̄ are average
values over a multilayer period, and �� and �� are the dif-
ferences between both magnetic layers in the real and imagi-
nary parts of the optical index, n= �1−��− i�. Then, to ac-
count for the magnetic corrections, each of these layers will
have charge and magnetic contributions according to �
=�charge��magnetic, �=�charge��magnetic, where the sign de-
pends on the sense of the magnetization. Thus, the average

values �̄ and �̄ include just the charge contributions of each
layer and will be the same for both opposite AF states, since
both layers have the same thickness. In addition, the product
����=4�magnetic�magnetic includes just the magnetic contri-
butions and will also be similar and have the same sign for
both AF states. So, the application of Eq. �1� to this simple
system, including resonant magnetic contributions, indeed
predicts a shift �� of the AF peak but having the same sense
for both AF states, whereas the experimental result shown in
Fig. 3�c�, corresponding to circular polarization, shows that
the shift has opposite signs for both states.

The above discussion suggests that, in addition to
refraction/absorption effects, the strong photon polarization
dependence of the atomic-scattering factor28 and the tensor
nature of the SXRMS process in multilayers must be consid-
ered. This dependence can be observed in Fig. 4, where hys-
teresis loops have been measured in longitudinal configura-
tion at a fixed location of reciprocal space �around 14°� for
the n=2 period sample. Two different polarizations have
been used, C+ and linear �, which is the optimal linear po-
larization for a longitudinal configuration of the magnetiza-
tion. Interestingly, both AF states yield a different SXRMS
signal intensity ��I�C+�� when it is measured with
C+-polarized photons �Fig. 4�a��, whereas they lead to a
similar intensity ��I����0� for the measurements with
linear-� polarization �Fig. 4�b��. This result clearly confirms
that circularly polarized photons are able to distinguish the
AF state.

One strong advantage of such a simple system, consisting
of a n=2 period sample, is that an attempt can be made to
estimate the expected values of SXRMS signal for both AF
states and both polarizations. In order to carry out such a
calculation, the starting point is the scattering amplitude,
which, including resonant terms in the dipolar
approximation,28 is given by

f = − �ef
* · ei��reZ − �3	/8���F1

1 + F−1
1 �� + �3	/8���− i�ef

*

� ei� · m�F1
1 − F−1

1 �� , �2�

where e
i
* and ef give the polarization state of the incident and

scattered photons, respectively, re is the electron radius, Z is
the atomic number, 	 is the photon wavelength, and Fi

j are
matrix elements containing the energy dependence that in-
cludes the resonant behavior. One may define F0

= �3	 /8���F1
1+F−1

1 �, F1= �3	 /8���F1
1−F−1

1 � as the zero- and
first �dipolar�–order resonant factors. The first term of Eq. �2�
gives the charge scattering, whereas the sensitivity to the
magnetization unitary vector m is contained in the second
term.

Then, the scattered signal for this n=2 sample can be
modeled as the superposition of two different scattering am-
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plitudes, one for each magnetic layer, with a relative phase
shift, A�q�=�CofA+�CofB exp�−iq ·zB�, where q is the scat-
tering vector, �Co is the Co atomic density in the layers, f j is
the resonant scattering amplitude of Co in layer j=A, B, and
zB is the position of layer B �taking the origin at layer B�.
The strong absorption at a resonant photon energy results in
attenuation, which is accounted by considering a complex
scattering vector29 so that exp�−iq ·zAB�=
 exp�i�� with 

�1, and then the scattered radiation from layer B presents
not only a phase shift relative to layer B but also an ampli-
tude reduction. Combining the expression for A�q� and Eq.
�2� and using the matrix formalism of Hill and Mc Morrow30

leads to:

	Ef
s

Ef
p 
 � �	 − reZ + F0 − iF1mlongA cos �

iF1mlongA cos � �− reZ + F0�cos 2�



+ �
ei�	 − reZ + F0 − iF1mlongB cos �

iF1mlongB cos � �− reZ + F0�cos 2�

�

�	Ei
s

Ei
p 
 , �3�

where the incident field can be written as

�I0/2�1/2	1

i



for C+ photons and

�I0�1/2	1

0



for � photons, and the simplification mpolar=mtransverse=0 has
been considered, taking into account the sample well-defined
in-plane uniaxial anisotropy �contrary to the usual configu-
ration in other AF systems, where mpolar=mlongitudinal=0 and
mtransverse�0�. The resulting intensity difference between
both possible AF states is given by

�I�C+� = 2I0�1 + cos 2��Re��− reZ + F0��F1

�cos ��1 − 
2 − 2i 
 sin ���, �I��� = 0. �4�

This result immediately shows that this qualitative model
for the n=2 simple case, including absorption/refraction ef-
fects, is able to predict a nonvanishing change in intensity at
a fixed position in the reciprocal space between the two AF
states in the case of C+ photons and a zero jump for the case
of � photons, in good agreement with the experimental result
shown in Fig. 4. This analysis again indicates that
absorption/refraction of photons traveling through the layers
and charge-magnetic interference, through the �−reZ
+F0��F1 product, are basic ingredients to understand the ob-
served differences in the SXMRS intensity corresponding to
both AF states.

Even more so, Eq. �3� suggests that, as usual in x-ray
magnetic circular dichroism measurements, a change from
C+ to C− polarization should be equivalent to an overall sign
change in the magnetization. This symmetry has been indeed
observed in the reflectivity curves of the n=10 multilayer
measured with C+ and C− polarization �Fig. 5�a�� that present
a similar shift in the half-order AF-peak positions, �0.5°, as
the one found between the two different remanent AF states
in Fig. 3�c�. However, it should be noted that in this case, the
equivalence is obtained for a condition where the net mag-
netization of the sample is zero, implying that the C+/C−
change is equivalent to locally reversing the magnetization in
all parts of the sample.

Finally, in order to complete this study, numerical simu-
lations of the reflectivity have been performed using two
programs for further reliability, the PPM and REFTOOL

codes.31 These codes have the advantage of including the
effects analytically discussed above for simple cases but al-
lowing the computation of more complex situations such as
n=10 with circular polarization. The x-ray propagation
through the multilayer is calculated according to classical
electromagnetism, including charge and magnetic resonant
contributions to the optical index, that have been derived
from C+ and C− absorption measurements. The multilayer
has been modeled as �Si �31 Å� /Co73Si27 �42 Å��n=10,
with 3.0 Å total roughness. The experimental reflectivity is
shown in Fig. 5�a�, with zooms into the 5/2 and 7/2 AF-peak
regions in Figs. 5�c� and 5�d�, respectively. The calculation
�Fig. 5�b� for the whole angular range and Figs. 5�e� and 5�f�
for the zooms around the 5/2 and 7/2 AF peaks, respectively�
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FIG. 4. �Color online� X-ray hysteresis loops of the �Si �30 Å� /Co73Si27 �50 Å��2 multilayer measured in longitudinal configuration
with E=777.6 eV at �=14° with �a� C+ polarization and �b� linear-� polarization. Note the different intensity change ��I� between the two
AF states in each case �loop branches in red and black�. The four possible alignments between both magnetic layers are also indicated.
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confirms that the AF peaks’ position is sensitive to the pho-
ton helicity state or, equivalently, to the AF orientation rever-
sal �not shown but also retrieved�. The calculated splitting of
about 0.5° for the 5/2 AF peak is in good agreement with the
observed one. As a consequence of this sensitivity, the ex-
perimental observation of one clear AF peak, higher than the
Kiessig fringes and shifting with the polarization, evidences
that the illuminated sample area exhibits a clear predominant
in-plane AF domain orientation, with alternating magnetiza-
tion of the layers along the uniaxial easy axis and with no
mix of small AF domains with opposite in-plane orientation.
In the other case, the incoherent addition of the intensity
from similar volumes of two types of opposite domains
would lead to a broader and polarization independent AF
peak.

It should be pointed out that, although the strongest sen-
sitivity to the photon helicity �or domain orientation� is ob-
served for the 5/2 AF peak, other AF orders, i.e., 3/2 and 7/2,
also show marked intensity changes, both in the experiment
and simulation �see Fig. 5�, confirming the general character
of the effect. In relation to this general character, the hyster-
esis loops measured at AF-peak positions different from the
5/2 one also show the same general behavior, with abrupt
jumps and intensity changes dependent on the loop branch
�see inset of Fig. 5�d��.

In summary, half-order magnetic peaks have been ob-
served in SXRMS reflectivity curves of �Si /Co73Si27�10 mul-

tilayers taken at remanence, which constitute an unequivocal
fingerprint of AF order in these samples. The weak character
of the coupling has been clearly established since the AF
peaks disappear after applying a magnetic field of about 1
Oe, in good agreement with the information provided by
TMOKE measurements. Furthermore, it has been shown that
SXRMS is sensitive to the orientation of AF states in mag-
netic multilayers. That sensitivity was manifested both in the
AF-peak hysteresis loops and as an unexpected peak shift of
AF order Bragg peaks. The effect has been interpreted as the
magnetic analog of anomalous/resonant refraction correc-
tions to the Bragg law and reproduced by numerical simula-
tions.
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FIG. 5. �Color online� �a� Reflectivities for the n=10 multilayer measured at both helicities, C+ �red thin line� and C− �black thick line�,
for remanent state; �b� corresponding numerical simulation using the PPM code; �c� and �d� zooms of the experimental data around the 5/2
AF and 7/2 AF regions, respectively, for C+ �red� and C− �black�. The inset of �d� shows the hysteresis loop measured at the 7/2 AF peak,
at �=22.3°, for C+ photons. �e� and �f� show the corresponding numerical simulations of the 5/2 AF and 7/2 AF peaks, respectively, for C+

�red� and C− �black�.
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