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Ce 5d magnetic profile in FeÕCe multilayers for the a and g-like Ce phases
by x-ray resonant magnetic scattering
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The in-depth distribution of the induced 5d magnetic moments across the Ce layers in Fe/Ce/La/Ce, Fe/La/
Ce/La and Fe/CeH22d multilayers has been investigated by x-ray resonant magnetic scattering~XRMS! at the
Ce L2 edge. The determination of the composition profile across the period of the multilayer is required for a
quantitative analysis of XRMS and has been derived from x-ray resonant reflectivity measurements. In Fe/Ce/
La/Ce and Fe/La/Ce/La multilayers, Ce adopts ana-like electronic configuration and the local magnetization,
across the Ce layer, is found to be highly nonuniform. The Ce 5d magnetic profile shows an oscillating
behavior with an amplitude decreasing from the Fe interface in Fe/Ce/La/Ce. Conversely, in Fe/La/Ce/La,
where the Ce atoms are not in direct contact with Fe atoms, it presents an oscillatory profile with, however, a
nearly constant amplitude. In Fe/CeH22d multilayers, where hydrogen leads to a strain relaxation and to a 4f
relocalization~Ce g-like configuration!, a nonoscillating decreasing profile has been observed. These experi-
ments allow one to evidence an antiferromagnetic component in aa Ce ultrathin layer and a sharply decreasing
induced magnetization due to 5d-3d hybridization at the interface.

DOI: 10.1103/PhysRevB.66.134420 PACS number~s!: 75.70.2i, 71.27.1a, 71.28.1d, 78.70.Ck
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I. INTRODUCTION

It is well established that magnetic multilayers exhibit
rich variety of novel effects related either to interface effe
or to the confinement of electrons in ultrathin layers. The
phenomena themselves depend on the growth process.1–3 An
important issue in the investigation of magnetic layer sta
ing is the influence of a spacer layer inserted in between
ferromagnetic layers. It has been shown that, depending
the thickness of the spacer layer, two ferromagnetic lay
may be coupled parallel or antiparallel. Concomitant w
that, the induced magnetism of the spacer layer has b
evidenced.4 It is of fundamental interest to determine th
induced magnetization throughout a thin film in order to g
better insight into the interactions between the ferromagn
layer and the nonmagnetic one. It has been known for a l
time that x-ray magnetic scattering provides direct inform
tion on the magnetic structure.5 X-ray resonant magnetic
scattering~XRMS! using either circularly6–9 or linearly10–12

polarized x rays, has proved to be a useful technique to s
the magnetic properties of buried layer or interfaces a
depth-dependent magnetic properties.
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In the case of a magnetic multilayer, the periodicity of t
magnetization leads to a magnetic contribution at the p
tion of the low-angle Bragg peaks for ferromagnetic coup
multilayers7,13,14and in between the peaks for antiferroma
netic coupling.7,15,16 Recently, we have shown that XRM
allows us to determine the spatial distribution of weak
duced 5d magnetism through a Ce spacer layer in Fe/
multilayer.4 The study of these one dimensional systems p
mits us to probe the depth dependent interaction between
5d Ce electronic states and the 3d states of Fe,17 which has
fascinating consequences, such as, for instance, the unu
properties of the ferromagnet CeFe2.18 In the stacked Ce/Fe
systems, for a thickness smaller than 25 Å, Ce adopts
a-like electronic configuration with a magnetic order18 in
contrast to thea phase of Ce metal which is nonmagnet
While the magnetic ordering is relatively well understood f
elemental rare earths, the 5d magnetization of Ce is much
more complex because of its 4f electronic states which are a
the borderline between localization and itinerancy. For
a-like phase in Ce/Fe multilayers, two different regimes f
the distribution of magnetic moments throughout the Ce l
ers have been observed by measurements of x-ray mag
©2002 The American Physical Society20-1
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circular dichroism~XMCD! as a function of the Ce laye
thickness.19 In regime 1, the mean 5d magnetic polarization
decreases sharply from the interface up to a distance
10–12 Å. Beyond that thickness, in regime 2, it decrea
slowly with the inverse of the Ce thickness. Surprisingly t
4f magnetic polarization does not adopt the same beha
and appears to be restricted in the immediate interface.
intriguing behavior suggests that within a few Å from the
interface, the Ce 5d states are polarized through hybridiz
tion with the spin-split 3d states of Fe, while in regime 2, th
magnetic order on the 5d states would not result from such
mechanism but instead would be an intrinsic property of
ground state ofa-like Ce itself in the multilayer.19 Our pre-
vious XRMS experiment on@Ce/Fe# and @La/Fe# confirmed
that thea-like Ce 5d polarization extends far from Fe inte
face but more surprisingly showed that the Ce layers exh
an oscillating magnetic profile.4 It corresponds to the sum o
two damped oscillating profiles originating from the inte
faces.

In this paper, we would like to focus on the interfa
effect which, through the contact between Fe and Ce ato
favors a direct hybridization and therefore induces mag
tism in Ce. On the one hand, we investigate the Ce 5d mag-

FIG. 1. Energy dependence of the imaginary and real cor
tions f 9 and f 8, respectively, to the atomic scattering factor for L
Ce, and Fe. This lines show selected energies (a55475 eV, b
55715 eV, c55887 eV, d56160 eV, e57107 eV, f
57705 eV).
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netic profile, in a @Fe/Ce(15Å)/La(10 Å)/Ce(15 Å)#
multilayer in order to probe the features of the oscillation
a 15-Å-thick layer, being in contact with the Fe only on o
side. On the other hand, we investigate the Ce magnetic
file in a @Fe/La(15Å)/Ce(10 Å)/La(15 Å)# multilayer
where a 15-Å-thick La layer has been inserted at the in
faces to avoid a direct contact between the Ce and Fe lay
It has been shown that the 5d levels of La are magnetically
polarized by the 3d-5d hybridization at interface.4,17 How-
ever, the extension is limited to the two first atomic plan
(5 –6 Å). Although there is no magnetization of La at th
La/Ce interfaces, XMCD measurements20 have shown that,
in this system, the Ce 5d states are still magnetized while n
4f polarization has been observed. This is an important
ference compared with the first system which prompts us
understand how a magnetic order on the Ce 5d states can
exist without a polarization of the 4f states. Since Ce or La
have an atomic size quite different from that of Fe, a str
may occur at the interface and be also a source of struct
change that can influence the magnetic properties. In orde
investigate such an effect, we will discuss the Ce 5d mag-

c-
FIG. 2. Low-angle diffraction patterns from the@Ce/La/Ce/Fe#

multilayers measured at 5475, 5887, 6160, and 7107 eV from to
bottom. Solid circles show the experimental results and the s
lines display the best simulations obtained for the parameters g
in Table I. The inset shows the corresponding composition profile
the multilayer determined from the analysis.
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TABLE I. Structural parameters for the CeLaCe/Fe multilayer. The interplanar distances corresp
~111! b fcc La, ~110! bcc Fe, and~111! a Ce.

Period (Å) 73.8~0.05! Ce La Ce Fe

Layer thickness (Å) 17.1~0.8! 9.1~1! 17.1~0.8! 30.5~0.5!
Atomic density (1023 Å 23) 35.1 26.45 35.1 84.92
Roughness (Å) Fe/Ce Ce/La La/Ce Ce/Fe

2~0.7! 3~0.5! 3.1~0.5! 2.6~0.8!
Interplanar distance (Å) 2.85 3.03 2.85 2.027
Nb of effective pure atomic planes 6 3 6 15.05
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netic profile in a sample where the introduction of hydrog
into the Ce layers implies a strain relaxation which leads t
4f relocalization. In @CeH22d /Fe# multilayers, Ce is ob-
served to adopt ag-like electronic configuration.19 Hence,
the investigation of the Ce 5d magnetization for both thea
andg configurations, will allow us to discuss the influence
the 4f electrons on the interaction between the rare-ea
~RE! and transition metal~TM!.

This paper is organized as follows. In Sec. II, the sam
preparation and structural characterization are descri
Section III gives a brief overview of the XRMS method an
presents the experimental results and magnetic profiles
rived from their analysis. The sensitivity of the method f
the determination of the magnetic profile is also discusse
that section. Finally Sec. IV discusses the magnetic beha
of Ce on both sides of the phase transition from the itiner
a-like to the localizedg-like phase.

II. SAMPLES CHARACTERIZATION

A. Experimental method

1. Sample preparation

Two types of multilayer systems, nominally@Fe
30 Å/Ce(La) 15 Å/La(Ce) 10 Å/Ce(La) 15 Å]357 and
@Fe 30 Å/CeH22d20 Å#338 (d;0.4), were grown by ion-
beam sputtering with argon in an ultrahigh-vacuum cham
~base pressure,5310210 mbar!. Typical growth rates were
near 1.0 Å/s for La and pure Ce, 0.5 Å/s for Fe, and 0.3 Å
for the CeH22d layer. For the first system, the sample hold
was cooled to about 90 K by liquid nitrogen to minimiz
diffusion. For the growth of the hydride multilayer, hydroge
was introduced in the preparation chamber to a partial p
sure of 831026 mbar. Deposition was performed at roo
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temperature. Prior to the deposition of the multilayers
40-Å Cr layer was deposited onto the Si~100! wafer substrate
as a buffer layer. A 100-Å Cr capping layer provided prote
tion against oxidation. Details of the procedure of the pre
ration have been given elsewhere.19,20

2. Resonant x-ray reflectivity

X-ray reflectivity experiments are commonly used to d
termine useful structural information such as layer thickne
effective electron density, and interfacial roughness~rms!.
However, conventional x-ray reflectivity is limited when it
necessary to separate out structural parameters for two la
of neighboring chemical species in the Mendeleiev tab
One way to enhance the chemical contrast is to take ad
tage of the tunability of the incident photon energy, provid
by synchrotron radiation sources. Close to an absorp
edge of a chemical species the scattering factor may be r
nantly modified. In this study, we use the resonant effec
change the respective scattering cross section of the diffe
atoms present in the systems, in particular to enhance
sensitivity to the structural features of the Ce and La laye
Moreover, high-angle x-ray diffraction has been used to
termine interlayer spacing and preferential orientation.

Figure 1 shows the real and imaginary parts of the ener
dependent correction terms to the atomic scattering factor
the three species to be considered. The dashed lines c
spond to theoretical curves derived from Ref. 21 which
not take into account solid-state effects. Since the ene
dependent measurements have been performed in the vic
of edges, it is required to determine precisely the experim
tal anomalous scattering factors. It has been done for the
L2 and LaL2 edges as well as for the FeK edge. The imagi-
nary partsf 9, shown as solid lines, are obtained from t
measurement of the absorption coefficient by applying
nd to
TABLE II. Structural parameters for the LaCeLa/Fe multilayer. The interplanar distances correspo
~111! b fcc La, ~110! bcc Fe, and~111! a Ce.

Period (Å) 78.7~0.05! La Ce La Fe

Layer thickness (Å) 18.5~0.8! 10.7~0.8! 18.5~0.8! 31~0.5!
Atomic density (1023 Å 23) 26.45 35.1 26.45 84.92
Roughness (Å) Fe/La La/Ce Ce/La La/Fe

3~0.4! 2.5~0.9! 2.5~0.9! 3.3~0.4!
Interplanar distance (Å) 3.05 2.85 3.05 2.027
Nb of effective pure atomic planes 6.1 3.8 6.1 15.3
0-3
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optical theorem. The real partsf 8 are derived fromf 9 by
using the Kramers Kronig relationship.

The resonant x-ray reflectivity measurements were p
formed at room temperature at several incident photon e
gies in the vicinity of theL2,3 absorption edges of Ce and L
as well as in the vicinity of the FeK edge. The measuremen
were carried out at ESRF on the seven-circle diffractome
installed on the French CRG-D2AM beamline.22 The labels
a–f , in Fig. 1 indicate the energies selected for our meas
ments. The spectra, measured at these different x-ray e
gies, exhibit strong energy-dependent effects as illustrate
Fig. 2. These effects may induce significant changes in
relative intensities of the diffraction peaks, such as the str
reduction of odd Bragg peaks as shown in the reflectiv
measured at 5475 eV.

Two of our samples consist in a more complex stack
than the usualA/B one for which refinement procedure
have been developed. In the course of this investigation,
adapted theSUPREXpackage23 in order to simultaneously re
fine the reflectivity curves for a stacking composed by fo
layers by period.

B. Composition profile in †FeÕCeÕLaÕCe‡ and †FeÕLaÕCeÕLa‡

Figures 2 and 3 display the specular x-ray resonant refl
tivity measurements for the@Fe/Ce/La/Ce# and @Fe/La/Ce/
La# multilayers, respectively. It can be noticed, from the hi
number ~up to 10! of low-angle Bragg peaks, that th
samples present a well-defined periodic stacking. The s
lines passing through the reflectivity data are the bes
obtained following the approach mentioned in the previo
paragraph. In order to reduce the large number of free
rameters in the refinement procedure, related to such a
ered system~up to 19 parameters including the 4 layers
the multilayer period, the capping, base, and substrate
ers!, we assumed that the layer densities are equal to the
ones4 and that the thickness of the two RE layers in dire
contact with Fe are identical. This leads to 12 parameter
be determined. The insets in Figs. 2 and 3 show the com
sition profile of the model corresponding to the best calcu
tions. The related parameters are given in Tables I and
Even though the fit of the individual curves is not perfect, t
intensity changes from peak to peak have been satisfact
reproduced. This is essential since the XRMS data were
corded on top of Bragg peaks and not in between~see Sec.
III A and Ref. 5!. We believe that the disagreement betwe
the experimental data and fit, occurring in the vicinity of t
total reflectivity tail and in between Bragg peaks, is proba
due to some oxidation of the capping layer which has
been taken into account.

The structure of the individual layers was deduced fr
x-ray diffraction at large angles. The 30-Å thin Fe sublay
grow in the bcc structure. Up to layer thickness of abo
15 Å for La and 40 Å for Ce, the rare earths grow in t
amorphous structure.19 Nevertheless, below this critica
value, x-ray absorption spectroscopy~XAS! measurements
show a double peak at the Ce edge, which can be relate
the a phase of Ce.19 This suggests that, in both multilayer
Ce is strained and adopts ana-like structure.
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C. Composition profile in †CeH2Àd ÕFe‡

For the hydride sample, x-ray reflectivity curves were c
lected at two photon energy and are displayed in the up
part of Fig. 4. The measurement at 8051 eV~Cu Ka) was
carried out on a conventional setup. The data at 6200
above the CeL2 edge, were recorded during the XRMS e
periments performed at the BL39XU beamline at Spring
The chemical modulation of the multilayer, the thickness
of the Fe and CeH2 layers, as well as their interface rough
ness, have been refined and are given in Table III. With
assumption of densities identical to the bulk ones, nine f
parameters are left in the refinement procedure. The co
sponding model is shown in the lower part of Fig. 4. T
simulation reproduces quite nicely the experimental data,
dicating a high-quality stacking. It is worth noting that th
asymmetry between the two interfacial roughness was a
parameter to satisfactorily describe the reflectivity, especi
the intensity of the second-order Bragg peak.

The high-angle spectrum, displayed in the central par
Fig. 4, shows the good crystallinity of both multilayer com
ponents: Fe grows in its bcc structure and hydride Ce i

FIG. 3. Low-angle diffraction patterns from the@La/Ce/La/Fe#
multilayers measured at 5715, 5887, 6160, and 7705 eV from to
bottom. Solid circles show the experimental results and the s
lines display the best simulations obtained for the parameters g
in Table II. The inset shows the corresponding composition pro
of the multilayer determined from the analysis.
0-4
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FIG. 4. Top: low-angle diffraction pattern
from the @CeH2 /Fe# multilayers measured a
6200 eV and 8051 eV~Cu Ka) from top to bot-
tom. Solid circles show the experimental resu
and the solid lines display the best simulatio
obtained for the parameters given in Table I
Center: x-ray diffractograms~Cu Ka) at high
scattering angles of the@CeH2 /Fe# multilayers.
Bottom: the composition profile of the
@CeH2 /Fe# multilayer determined from the
analysis.
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CaF2-like fcc structure. This quality is probably due to th
decrease of the lattice mismatch~from ;15% to 3%!, with
respect to the nonhydride sample. In fact, the introduction
hydrogen reduces the strain effect in the thin film by incre
ing the lattice parameter, up toa55.57 Å for CeH2. More-

TABLE III. Structural parameters for the CeH2 /Fe multilayer.
The interplanar distances correspond to the~111! bcc Fe and the
~111! g Ce.

Period (Å) 44.95~0.05! CeH2 Fe

Layer thickness (Å) 19.6~0.3! 25.4~0.3!
Atomic density (1023 Å23) 29.1 84.92
Roughness (Å) Fe/CeH2 CeH2 /Fe

3.3~0.2! 1.6~0.2!
Interplanar distance (Å) 3.2 1.7
Nb of atomic planes 6.1 15.1
13442
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over, from XAS measurements previously performed20

which show a single white line, at the CeL2 edge, it has
been concluded that the introduction of hydrogen reduces
strength of the 4f-5d valence-band hybridization, which lead
to a relocalization of the 4f states.

III. DETERMINATION OF THE Ce MAGNETIC PROFILE

A. X-ray resonant magnetic scattering

1. Analysis method

The method is fully described in a previous paper.4 Here,
we would like to recall the main steps.

In a magnetic material, the atomic scattering factor m
be written as follows:24

f 52~ êf•êi !@ f 01 f 8~E!2 i f 9~E!#1 f magn
res .
0-5
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FIG. 5. Energy dependence of the asymme
ratio at the CeL2 edge for six low-angle diffrac-
tion peaks of the CeLaCe/Fe multilayer. Ope
circles show experimental values and solid lin
the simulations obtained using the profile
magnetic polarization shown in the lower part
Fig. 8.
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Here f 0 is the regular charge scattering factor, andf 8 and f 9
are the energy-dependent resonant contributions assoc
to an absorption edge.êi and êf are the polarization vector
of the electric field for the incident and scattered x-r
beams. In this investigation, the magnetic contribution to
scattering process was measured at the CeL2 edge because
the XMCD amplitude is as high as the one at theL3 edge and
the transition (2p1/2→5d3/2) is purely of dipolar origin.
Therefore, in the magnetization-dependent termf magn

res , the
quadrupolar contribution was neglected:

f magn
res 52 i ~ êf3êi !.ẑ@m8~E!2 im9~E!#.

Here ẑ is the magnetization unit vector andm9 is equivalent
to the XMCD signal.7 In order to perform a quantitative
analysis, the energy dependence of the imaginary part o
magnetic resonant scattering amplitude,m9, at the CeL2
edge is deduced from previous XMCD measurements19,20

performed on similar samples.m8 is derived fromm9 by
using the Kramers-Kronig relationship.

We now recall the refinement procedure allowing us
obtain the element-specific magnetic profile. The basis
this procedure is to calculate the energy dependence o
asymmetry ratioR5(I 12I 2)/(I 11I 2), where I 1 and I 2

are the diffracted intensities for the two opposite directio
of the field measured at the top of several Bragg peaks.
measurements of the intensity at those positions in the re
rocal space, which originates from the interference proc
between periodically stacked layers, allow us to strongly
duce the influence of the the capping layer, the buffer la
and substrate ones. As discussed in Ref. 4, the calcula
can be carried out in the first Born approximation by cons
ering a perfect multilayer. Let us defineF and M as the
complex charge and magnetic structure factors, respectiv
q being the scattering vector andE, the energy of the inciden
photons. In the case of the longitudinal geometry,4 the asym-
metry ratio can be written as
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R5
22tccos3~u!@FrMr2FiM i #

cos2~u!uM2u1S 12
Ktcsin2~2u!

2
uF2u D ,

where

F~q,E!5Fr2 iF i5(
j

Cj•s j•~ f 01 f 82 i f 9!eiqr ,

M ~q,E!5Mr2 iM i5(
j

a j•Cj•s j•~m82 im9!eiqr .

Here u is the angle between the direction of the incide
photons and the sample surface.K is the ratio of the ampli-
tudes of thes ~vertical! and p ~horizontal! components of
the elliptical electric field, and the rate of circular polariz
tion is given bytc52K/(11K2). In the description of the
complex structure factorr is the coordinate of the atomi
planes along the growth axis of the multilayer ands j corre-
sponds to the planar atomic density of the layers.

In order to describe the interfacial intermixing creat
during the growth process, each layer is divided into slic
whose composition, especially in the interfacial region, m
be altered by changing the atomic concentrationCj of the
different atomic species. In this study, the thickness of e
slices has been defined as the wieghted sum of the thick
of the atomic layer~AL ! of each type of element in the
slices. The thickness of an AL corresponds to the interpla
distance deduced from the hard-x-ray measurements~Tables
I, II, and III!. The number and position of AL’s inside th
different layers constituting the chemical period, as well
the s j ’s, which are equal to the three-dimensional atom
density divided by the thickness of the individual atom
layer, and theCj ’s are derived from the composition profil
shown in Figs. 3–5. Therefore, the only unknown parame
are the values of the magnetic polarization for each AL. A
suming that the mean value of the magnetization over o
0-6
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Ce 5d MAGNETIC PROFILE IN Fe/Ce MULTILAYERS . . . PHYSICAL REVIEW B 66, 134420 ~2002!
period is given by the XMCD amplitude, the magnetic p
larization can be described as the product between the a
age amplitudem8-im9 and the factora j , called the atomic
layer polarization.a j can vary in amplitude and sign from
slice to slice through the unit cell. Thus, the average of
a j factors over the unit cell, weighted by the Ce concent
tion, must be equal to 1. Hence, the link betweena j param-
eters and the atomic magnetization in units of Bohr mag
tons for one slice can easily be evaluated by multiplyinga j
by the XMCD value given inmB , provided that value has
been carefully evaluated.

The above analytical expression of the asymmetry ra
allows one to simultaneously refine the energy depende
of all R in order to determine thea j factors in the unit cell
~chemical modulation! leading to the magnetic profile insid
the Ce layers.

FIG. 6. Top: profile~gray! across the Ce sublayer in CeLaCe/
with reduced moment close to the interfaces~see text! and in black
the best profile shown in the lower part of Fig. 8. Energy dep
dence of the asymmetry ratio for the first~center! and the fourth
~bottom! low-angle Bragg peak. Gray line shows the simulati
obtained using the profile displayed as solid line. Black line:
best simulation display in Fig. 5.
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2. Experimental details

The XRMS measurements on the@Fe/Ce~La!/La~Ce!/
Ce~La!# multilayers were carried out at the European Sy
chrotron Radiation Facility~E.S.R.F.! at Grenoble on the he
lical undulator beamline ID12A.25 The Daresbury two-circle
diffractometer vacuum chamber26 was set on the beamlin
for the experiment. The incident photons were circularly p
larized with a rate of 84% at the CeL2 edge. A LMOKE
~longitudinal magneto-optic Kerr effect! type geometry was
used with the magnetic field applied in the diffraction pla
and parallel to the sample surface. Energy-dependent re
tivity curves were recorded at a fixed scattering vector po
tion, corresponding to the position of the low-angle Bra
peaks. At each data point, the saturating magnetic field
reversed to collect the reflected intensitiesI 1 and I 2. The
magnetic asymmetry is weak as exhibited through the ene
dependence of the asymmetry ratiosR ~Figs. 5, 6, and 9!.
The highly efficient detection system, as well as an excell
stability in the beam position, allows us to measure
asymmetry up to the sixth-order Bragg peak of the multila
ers ~Figs. 5 and 9!, with a very good signal-to-noise ratio.

The XRMS measurements on the hydride CeH22d /Fe
multilayer were performed at the x-ray undulator BL39X
beamline27 at Spring-8 storage ring. During this experimen
sample holder including a permanent magnet was used.
XRMS signals were measured by using the helicity modu
tion technique27 which allows us to quickly and efficiently

-

e

FIG. 7. Profile across the Ce sublayer in the LaCeLa
multilayer, of the Ce atomic concentration, upper part, and of the
5d induced polarization, lower part. The negative sign is taken w
respect to the Fe magnetization.
0-7
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TABLE IV. Profiles of the values of the Ce partial density and of the 5d magnetic polarization across th
two Ce layers in the CeLaCe/Fe sample. The unit of polarization is given inmB and the average ove
the Ce layers gives the XMCD measurement for the sample. The unit of density is that of the crystaa
phase of Ce.

Slice 1 2 3 4 5 6 7 8 9

Ce atomic concentration 0.3 0.7 1 1 1 0.8 0.55 0.2 0
Ce atomic polarization (mB) 21.72 1.54 21.2 0.54 0 0 0 0 0
Slice 10 11 12 13 14 15 16 17 18
Ce atomic concentration 0.2 0.55 0.8 1 1 1 0.8 0.6 0.4
Ce atomic polarization (mB) 0 0 0 0 0 0.23 20.69 1.06 21.89
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switch the helicity of the incoming photons by flipping a
x-ray diffractive phase retarder. It thus allows us to reco
the energy dependence of the asymmetry ratio measure
top of the four first low-angle Bragg peaks. We point out th
the reversal of the applied magnetic field by rotating
sample-magnet assembly byp induced an ‘‘opposite sign’’
for the asymmetry but no change in its shape and amplitu

FIG. 8. Profile across the Ce sublayer in the CeLaCe
multilayer, of the Ce atomic concentration, upper part, and of the
5d induced polarization, lower part.
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B. Ce 5d induced magnetic profile in a-like phase

Figures 5 and 9 show the energy dependence of the as
metry ratiosR collected at the top of chemical modulatio
Bragg peaks for the@Fe/Ce/La/Ce# and@Fe/La/Ce/La# multi-
layers. The spectral shapes exhibit a mixed behavior betw
pure XMCD, such as, for example, the first order display
in Fig. 5, and a dispersionlike behavior,28 such as, for ex-
ample, the fifth order in Fig. 5. Two contributions, separa
by about 10 eV, are observed and are a signature of
a-like phase of Ce. The amplitudes ofR are rather weak,
with maximum values in the range of 1023.

The first step in the analysis, as discussed in Sec. III A
is to define an AL by AL structural model for the unit cel
The different sublayers in the cell are centered around the
and Ce layers in the case of the@Fe/Ce/La/Ce# and @Fe/La/
Ce/La# multilayers, respectively. They are divided into se
eral slices whose thickness correspond to bulk interpla
distances:d111 for the b La phase,d111 for the a Ce, and
d110 for bcc Fe. As mentioned in Sec. II C, the two identic
RE layers are assumed to have the same thickness. In
case of the@Fe/Ce/La/Ce# multilayer, the total number of AL
amounts to 15, 3, and 6 atomic layers for Fe, La, and
sublayers, respectively~see Table I!. In order to take into
account interdiffusion at interfaces, the actual number of l
ers, containing one kind of atom, is adjusted by using sev
alloy layers, the concentration of which is determined fro
an error function with standard deviation corresponding
the interfacial roughness derived from x-ray reflectiv
~Table IV!. This allow us to build the structural model dis
played in the upper part of Fig. 8. The same approach
used to determine the structural model of the@Fe/La/Ce/La#
multilayer ~Fig. 7!. For the first multilayer, it leads to a dis
symmetry between the two Ce/Fe interfaces, extending o
two or three AL’s.

In order to derive the magnetic profile through the det
mination of the atomic layer magnetic polarization, it is r
quired to reduce the numbers of free parameters which
initially equal to 18~9 Ce containing AL’s for each Ce layer!
in the case of the@Fe/Ce/La/Ce# multilayer, far exceeding the
number of experimental curves. This number is reduced
17 by using the constraint that the imaginary part of t
mean value of the magnetic polarization averaged over
Ce layer is given by the XMCD intensity. Second, we r
stricted the extension of the polarization to the 4 first plan
either mixed with Fe or pure. This assumption leads to

e
e
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FIG. 9. Energy dependences of the asymm
try ratio at the CeL2 edge for six low-angle dif-
fraction peaks of the LaCeLa/Fe multilayer. Ope
circles show the experimental values and so
lines the simulations obtained using the profile
the magnetic polarization shown in the lower pa
of Fig. 7.
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extension of about 1.4 Å from the interface. This value is
close agreement with the XMCD results, obtained on sev
samples with different Ce thickness,17 where the induced po
larization has been found spreading out over 10–12 Å fr
the Fe interface. Figure 5 shows the result of the fitting p
cedure of the asymmetry ratios. The amplitude and the sh
of the energy dependence of the asymmetry ratios meas
from one low-angle Bragg peak to an other are well rep
duced. The corresponding magnetic profile is displayed
the lower part of Fig. 8. This magnetic profile oscillates w
a two-AL frequency and an amplitude decreasing from
Fe interfaces throughout the center of the Ce layer. The s
line displayed in the lower part of Fig. 8, which can be se
as a guide for the eyes, suggests obviously that a magn
order may exist beyond 12 Å from the Fe interface. For t
reason, it has been check that the introduction of low m
netic amplitudes beyond 12 Å into the calculation does
produce a significant change in the calculated XRMS patt
In that sense, the simplifying assumption, which is to co
sider as magnetically nonpolarized all the Ce atoms bey
11.4 Å from interface, seems to be fully suitable. We po
out that models assuming a uniform magnetization throu
out the Ce layer or a magnetization decreasing from the
terfaces did not permit us to reproduce the experimental d
In the immediate interface, the amplitude of the magne
moment are much higher (21.89mB) than usually observed
in crystalline CeFe2,19 where magnetic moment are in th
order of20.3 mB . Moreover, our result does not evidence
linear relationship between magnetic moment amplitude
concentration. This is, however, in line with results in t
literature which also show discrepancies for the magn
moment for samples with the same concentration. For
stance, for the well-studied CeFe2 alloy, the 5d spin moment
is measured from20.35mB ~Ref. 29! to 20.1 mB ~Ref. 30!
by XMCD or 20.63mB ~Ref. 31! by Compton scattering
whereas polarized neutrons find the corresponding mom
to be only about a fifth as large:20.1 mB ~Ref. 32!. One
explanation for the disagreement between the concentra
change and magnetic amplitude change could lie on mista
13442
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in the absolute concentration value used to describe the m
netic profile. The fact that the amplitude of the magnetizat
seems to be overestimated may be related to the descrip
of the magnetic profile over only four atomic planes~limita-
tion of the number of free parameter!. Nevertheless, we em
phasize that a reduction of this value, for the Ce AL close
the interface, by more than 30% leads to a huge differe
between the calculated and experimentalR values. Indeed,
starting from the refined profile and reducing the momen
interface by 30%, the XRMS calculation leads to a sign
versal ofR at the fourth multilayer Bragg peak as shown
Fig. 6. This calculation is based on a redistribution of t
residual moment to the central planes to keep the ave
value of the moment equal to the one measured by XM
on a similar sample. It is worth noting that the calculatedR
for the first diffraction order is unchanged whatever magne
profile we used. It turns out to be mainly sensitive to
average view of the magnetic distribution give an inform
tion similar to XMCD. On the other hand, the more is an
lyzed R on the higher-order Bragg peak, the more is gain
in spatial resolution.

For the @Fe/La/Ce/La# multilayer, the initial number of
free parameters is equal to 9~Table V!. Assuming an average
polarization equal to the one derived from XMCD measu
ments as well as a magnetic profile symmetric on both si
of the Ce layer this number is reduced to 4. This is low
than the number of five independent experimental asym
try ratios. In order to succeed in refining simultaneously
data, the symmetrical constraint has been relaxed for the
slices on each side of the chemical profile. The magn
profile derived from the best refinement of the asymme
ratios is shown on the lower part of Fig. 7. We recover
oscillating behavior of the magnetic profile even in that ca
where there is no direct contact between Ce and Fe ato
However, the amplitude of the magnetization is smaller a
does not exhibit a sharp decrease. Nevertheless, an u
pected strong asymmetry in the polarization at the first AL
observed. Since the true parameter in the refinement pr
dure is the magnetic polarization of the AL, which corr
0-9
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TABLE V. Profiles of the values of the Ce partial density and of the 5d magnetic polarization across th
two Ce layers in the LaCeLa/Fe sample. The unit of polarization is given inmB and the average over the C
layers gives the XMCD measurement for the sample. The unit of density is that of the crystallinea phase of
Ce.

Slice 1 2 3 4 5

Ce atomic concentration 0.15 0.25 0.45 0.75 0.9
Ce atomic polarization (mB) 21.019 0.195 20.342 0.163 20.035
~error bars! ~0.06! ~0.05! ~0.03! ~0.04! ~0.025!
Slice 6 7 8 9
Ce atomic concentration 0.75 0.45 0.25 0.15
Ce atomic polarization (mB) 0.163 20.342 0.179 20.340
~error bars! ~0.04! ~0.02! ~0.05! ~0.05!
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sponds to the actual atomic polarization times the concen
tion, the origin of this unexpected difference might
ascribed to a slight chemical asymmetry between the Ce
interfaces which was not been taken into account in the c
position profile. In a similar way we observe, for the@Fe/La/
Ce/La# sample, that the polarization in the central layer w
not critical, leading us to keep it constant in the refinem
procedure. Different refinements for a set of magnetic po
ization in this central slice were performed and taken i
account in the errors bars displayed in Table V.

We would like to point out that, as in the@Ce/Fe# multi-
layers, the magnetic profile can be discussed by mean
two main characteristics: an oscillatory behavior with a p
riod of two atomic slices and a decay of the magnetizat
amplitude from the interface with Fe to the center of t
rare-earth layer.

C. Ce 5d induced magnetic profile in g-like phase

Figure 10 displays the energy dependence of the asym
try ratios measured at the CeL2 edge on top of the four firs
Bragg peaks of the@CeH22d /Fe# multilayer. Because of the
period (L545 Å), which is smaller than the samples prev
ously addressed in this paper, only four peaks were ac
sible with a satisfactory signal-to-noise ratio for the we
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measured amplitude ranging from 431024 to 331023. The
spectral shape exhibits a unique predominant resonance~or
its derivative!, which is characteristic of theg phase of Ce,
according to XMCD results.19

The 19.6-Å CeH22d layer is described by 6.1 effectiv
AL’s distributed over 9 Ce-containing layers~Table VI!.
Each one has an individual thickness corresponding to
~111! g-Ce interplanar distance, resulting from the hig
angle x-ray diffraction measurement shown in Fig. 4. T
structural model, which takes into account the asymme
between the top and bottom interfaces~Table III!, is pre-
sented in the upper part of Fig. 11. Before starting the refi
ment procedure, aiming at the determination of the magn
profile through the thin CeH22d layer, it is worth noting the
sign reversal between the odd and even structural Br
peaks. It can be related, for a system with a two-layer che
cal periods, to a magnetic polarization localized at the imm
diate interface, as previously observed in@La/Fe# ~Ref. 4!
and@Fe/Gd# ~Ref. 13! multilayers. This conclusion cannot b
extended to more complex systems with, for example an
serted nonmagnetic layer between two magnetic ones
shown in Fig. 9 in Sec. III B. This remark prompts us
assume that the magnetization profile is restricted close
the Fe interfaces. Hence, only the magnetization amplit
e-

lid
of
rt
FIG. 10. Energy dependences of the asymm
try ratio at the CeL2 edge for four low-angle
diffraction peaks of the CeH2 /Fe multilayer.
Open circles show experimental values and so
lines the simulations obtained using the profile
the magnetic polarization shown in the lower pa
of Fig. 11.
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TABLE VI. Profiles of the values of the CeH2 partial density and of the 5d magnetic polarization acros
the two Ce layers in the CeH2 /Fe sample. The unit of polarization is given inmB and the average over th
CeH2 layers gives the XMCD measurement for the sample. The unit of density is that of the crystalg
phase of Ce.

Slice 1 2 3 4 5

Ce atomic concentration 0.1 0.37 0.85 1 1
Ce atomic polarization (mB) 20.325 20.10 20.019 0 0
~error bars! ~0.08! ~0.02!
Slice 6 7 8 9
Ce atomic concentration 1 0.85 0.55 0.35
Ce atomic polarization (mB) 0 20.019 20.103 20.325
~error bars! ~0.015! ~0.03!
ed
, b
e

a-
t
th

i
ev
ce
ha
a

h a
m-

d in

d-
es-

ain

ent
ng
e

ver
ent

e
the

file.
ost
ith
m-
les
of
int

wo
od
to
r a
etic
al
the
for

in

on
pli-

r to
ed.
on the three intermixed planes at interfaces will be refin
This leads to six free parameters, further reduced to five
assuming again that the amplitude of the average magn
polarization is equivalent to that derived from XMCD me
surements. The solid line in Fig. 10 represents the bes
obtained with the corresponding magnetic profile on
lower part of Fig. 11. The agreement for the fourth order
poorer, probably due to the lower signal-to-noise ratio. N
ertheless, this fourth order is crucial in the refinement pro
dure as discussed in the following section. We point out t
refinement procedures with different starting profiles such
constant or oscillatory, as observed in free hydrogen@Ce/Fe#

FIG. 11. Profiles of the Ce concentration~upper part! and the Ce
5d polarization~lower part! across the Ce sublayer in the CeH2 /Fe
multilayer.
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multilayers, have been carried out. It always ends up wit
sharply continuously decreasing magnetic profile, the co
parison between all of them give the errors bars containe
Table VI.

D. Sensitivity of the approach

In this section, we would like to emphasize both the a
vantages and limitations of the approach employed to inv
tigate the magnetic profile in magnetic multilayers. The m
advantage lies in the fact that XRMS allows one to probeqz

and hence directly provides information on the arrangem
of the magnetic moments throughout thin buried layers alo
the stacking direction. To illustrate the sensitivity of th
method, we perform a calculation for different 5d magnetic
profile induced in the CeH22d sublayers in the@CeH22d /Fe#
multilayer, keeping constant the magnetization average o
the CeH22d layer. Figure 12 shows the energy-depend
asymmetry ratio for a constant~left side! and an oscillating
magnetic profile~right side!, calculated by using the sam
structural model. We observe a clear difference between
calculated and experimental curves for the constant pro
In the case of an oscillatory profile, the comparison is alm
satisfactory for the first, second, and third Bragg peaks w
the exception of the amplitude at the maximum of the asy
metry. However, the asymmetry ratio of the fourth peak ru
out that model. This clearly demonstrates the potentiality
this approach to describe the magnetic distribution. We po
out that we observe the same high sensitivity for the t
other multilayers studied in this work. An alternative meth
to investigate the depth profile of the magnetization is
analyze the change in the XMCD amplitude measured fo
series of samples with different thicknesses of the magn
layer.33,34One difficulty of this approach is that the structur
properties of each sample may be different. Indeed,
roughness or intermixing, the homogeneity of the strain,
example, may depend on the layer thickness35 and number of
repetitions.36 Therefore, since the magnetic properties of th
films are sensitive to the structural parameters,37 this method
may be contested. As XMCD yields average information
the magnetic properties of the layers, changes in the am
tude of magnetic moment, with regard to the thickness o
a damped antiferromagnetic order, may be misinterpret4
0-11
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On the contrary XRMS us allows to investigate the magne
properties of one sample and to draw conclusions on
magnetic profile.

However, since the magnetic signal is a cross term
tween charge scattering and magnetic scattering~see Sec.
III A !, it is mandatory to obtain a precise knowledge of t
structural parameters to separate out the magnetic cont
tion to the signal from the structural one~such as intermixing
or roughness!. Moreover, although XRMS allows us to ob
tain relevant information on the magnetic profile, it is mo
difficult to discuss on the absolute value of the magnetiza
of each atomic slice. The first reason lies in the use
XMCD data for the determination of the resonant parame
sensitive to magnetic properties which implies that XRMS
bound to the limitation of XMCD in deriving the magnet
amplitude. Another point, restricting this approach, is that
number of free parameters results from a compromise
directly relies on the ratio of the layer thickness to the d
tance between the atomic layers. Therefore, that numbe
creases with layer thickness, imposing either constraints
symmetrical profiles, nonmagnetic layers, or a loss in
spatial resoluation by using slices thicker than an ato
layer. For example, in this study the number of free para
eters in the refinement procedure increases from 9 for
thin @CeH22d /Fe# multilayer to 18 for the@CeLaCe/Fe#
multilayer. This implies introducing a starting hypothes
which naturally raises a question about the validity of tho
hypotheses such as the accuracy of the description of

FIG. 12. Energy dependence of the asymmetry ratios at the
L2 edge for four low-angle diffraction peaks of the CeH2 /Fe
multilayer. Open circles show experimental values and solid li
the simulations obtained using a uniform magnetization across
CeH2 sublayer~left part! and an oscillating model~right part!.
13442
c
e

e-

u-

n
f

rs
s

e
d

-
n-
e
e
ic
-
e

e
he

interfaces~number and concentration of intermixed plan
with regards to a roughness parameter! or as the assumed
symmetry of the magnetic profile.

IV. DISCUSSION

The results presented above provide information on thed
magnetic polarization of Ce for both thea-like and g-like
phases. An antiferromagneticlike~AF-like! ordering of
a-like Ce is found in both@Ce/La/Ce/Fe# and@La/Ce/La/Fe#
multilayers. They exhibit a quite different behavior concer
ing the amplitude of the 5d magnetization. For@Ce/La/Ce/
Fe# the amplitude is found to continuously decrease from
Ce/Fe interface over two intermixed and two pure laye
Some of the Ce layers are found to be nonmagnetic, but
may be related to the limitation of the technique when de
ing with a too large number of Ce-containing layers. T
study shows the extension of the polarization from one in
face into the layer. For the@La/Ce/La/Fe# sample the situa-
tion is more complex. In fact, the uniformity of the ampl
tude did not seem to reach from such a mechanism. Ano
interesting point holds in the fact that this amplitude is mu
more smaller than that of the first sample. A constant am
tude, when Ce atoms are not in direct contact with Fe, w
also observed by XMCD~Ref. 18! by inserting a La layer of
difference thickness in between the Fe and Ce sublay
This suggest that this unexpected behavior of the Ce 5d po-
larization is an intrinsic property ofa-like Ce in such
strained multilayers. This argument is supported by the p
file observed in the hydride sample. In fact, the introduct
of hydrogen into the Ce layers leads to a vanishing of
strain as previously observed.22 It implies a relocalization of
the 4f electrons. Hence Ce switches to itsg-like phase and
thus adopts a 5d magnetic profile similar to the one of La i
@La/Fe# multilayers.4 It is restricted to the interface and de
creases sharply through the Ce layer. In this case our XRM
derived profile is in agreement with the XMCD-derived on

We like to mention recent work performed on CeFe2 ~Ref.
37! and doped Ce(Fe12xCox)2 ~Ref. 38! compounds with
cubic laves phase structure in which the Ce 4f electrons are
itinerant.18 Experiment, of inelastic neutron scattering on t
itinerant ferromagnet~FM! CeFe2 clearly show the existence

of an AF fluctuation with a wave vectorQ5@ 1
2

1
2

1
2 #, which

modulates the Fe moments in the FM-ordered ground sta37

This spin wave appears to have a 400-Å correlation lengt
low temperature which decreases with higher tempera
but still exists at 300 K. The AF fluctuation was also o
served by magnetic measurements depending on the do
rate in Ce(Fe12xCox)2.38 Unfortunately the behavior of the
Ce magnetization could not be resolved in these meas
ments due to the small value~less than 0.04mB per atom!
expected from neutron scattering. The situation is not
same in the Ce-based multilayers but they give us so
guidance in the understanding of the complex situation in
electronic properties of Ce compounds. Our work leads u
speculate that this AF-ordered ground state could reflect
existence of an AF ordering on the Ce 5d electrons similarly
as described in this paper. The spin structure might be tra
ferred to the 3d states of Fe in Ce(Fe12xCox)2, in which Ce

e

s
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and Fe atoms are always in direct contact, through the di
exchange coupling of the Fe 3d and Ce 5d electrons.

V. CONCLUSION

To summarize, the behavior of the magnetic polarizat
of the a-like Ce sublayers in the multilayers can be d
scribed by two main components. The first feature is an
trinsic AF magnetic order~amplitude;0.2 mB) which per-
sist even if the strained Ce layer is separate from the Fe l
by a La one. The second characteristic is an increase o
5d polarization of Ce atoms intermixed with Fe. It is fo
lowed by a damped decrease while keeping the AF struct
The enhancement is probably due to a contribution of Fe
3d states to the 5d magnetic polarization by a direct hybrid
ization.

Moreover, we unambiguously demonstrate the key role
the 4f electrons whose relocalization, induced by a str
relaxation into the Ce layer, leads to the disappearance o
AF order. This must be related to the calculation of M
er
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et al.39 who show that there is a very-low-energy differen
between paramagnetic, FM and AF states for Ce in itsa-like
phase on the borderline to the transition into theg-like
phase. Our XRMS experiment suggests that the strain in
the Ce film, via an effect on 4f states, could be at the origi
of subtle change in the electronic configuration ofa-like Ce.
It might modify this energy difference and induce an A
order on the Ce 5d states. The experiments have also to
related to the absence of a XMCD signal at the CeMIV,V
edges in@LaCeLa/Fe# which could be due either to a 4f mag-
netic moment equal to zero or to a perfect AF order of
a-like Ce 4f states in such multilayers when there is no dire
Fe/Ce interface. In that sense a similar XRMS experimen
the CeMIV,V edge has been performed40 to directly probe the
magnetic state of Ce 4f electrons in both theitinerant and
localizedstates. The data are now being analyzed.

Finally we think that XRMS associated with a detaile
structural investigation offers a unique possibility to sele
tively distinguish between different magnetic arrangeme
in artificial magnetic structures.
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15L. Sève, J.M. Tonnerre, D. Raoux, J.F. Bobo, M. Piecuch, M.
Santis, P. Trouseel, J.M. Brot, V. Chakarian, C.C. Kao, and C
Chen, J. Magn. Magn. Mater.148, 68 ~1995!.

16T.P.A. Hase, I. Pape, D.E. Read, B.K. Tanner, H. Du¨rr, E. Dudzik,
G. van der Laan, C.H. Marrows, and B.J. Hickey, Phys. Rev
61, 15 331~2000!.
.

.

.

h,

d

.

l-
B

.

17F. Klose, O. Schulte, F. Rose, W. Felsch, S. Pizzini, C. Giorge
F. Baudelet, E. Dartyge, G. Krill, and A. Fontaine, Phys. Rev
50, 6174~1994!.

18O. Eriksson, L. No¨rdström, M.S.S. Brooks, and B. Johansso
Phys. Rev. Lett.60, 2523~1988!.

19M. Arend, M. Finazzi, O. Schulte, M. Mu¨nzenberg, A.-M. Dias, F.
Baudelet, Ch. Giorgetti, E. Dartyge, P. Schaaf, J.-P. Kappler
Krill, and W. Felsch, Phys. Rev. B57, 2174~1998!.

20M. Arend, W. Felsch, G. Krill, A. Delobbe, F. Baudelet, E. Dar
yge, J.-P. Kappler, M. Finazzi, A. San Miguel-Fuster, S. Pizz
and A. Fontaine, Phys. Rev. B59, 3707~1999!.

21B.L. Henke, E.M. Gullikson, and J.C. Davis, At. Data Nucl. Da
Tables54, 181 ~1993!.

22J.L. Ferrer, J.P. Simon, J.F. Be´rar, B. Caillot, E. Fanchon, O.
Kaikati, S. Arnaud, M. Pirrochi, and M. Roth, J. Synchrotro
Radiat.5, 1346~1998!.

23E.E. Fullerton, J. Pearson, C.H. Sowers, S.D. Bader, X.Z. W
and S.K. Sinha, Phys. Rev. B48, 17 432~1993!.

24J.P. Hannon, G.T. Trammell, M. Blume, and D. Gibbs, Phys. R
Lett. 61, 1245~1988!; 62, 2644~E! ~1989!.

25J. Goulon, A. Rogalev, C. Gauthier, C. Goulon-Ginet, S. Paste
Signorato, C. Neumann, L. Varga, and C. Marlgrange, J. S
chrotron Radiat.5, 232 ~1998!.

26G. Van der Laan, H.A. Du¨rr, E. Dudzik, M.D. Roper, S.P. Collins
T.P.A. Hase, and I. Pape, Synchrotron Radiat. News12, 5
~1999!.

27M. Suzuki, N. Kawamura, M. Mizumaki, A. Urata, H. Maruyam
S. Goto, and T. Ishikawa, J. Synchrotron Radiat.6, 190 ~1999!.

28See Fig. 1 in Ref. 4.
29A. Delobbe, A.-M. Dias, M. Finazzi, L. Stichauer, J.-P. Kapple

and G. Krill, Europhys. Lett.43, 320 ~1998!.
30C. Giorgetti, S. Pizzini, E. Dartyge, A. Fontaine, F. Baudelet,

Brouder, P. Bauer, G. Krill, S. Miraglia, D. Fruchart, and J.-
Kappler, Phys. Rev. B48, 12 732~1993!.

31M.J. Cooper, P.K. Lawson, M.A.G. Dixon, E. Zukowski, D.N
0-13



to,

Ma

ill,

er
.K
e

d

D.

der,

ee,

ev.

N. JAOUENet al. PHYSICAL REVIEW B 66, 134420 ~2002!
Timms, F. Itoh, H. Sakurai, H. Kawata, Y. Tanaka, and M. I
Phys. Rev. B54, 4068~1996!.

32S.J. Kennedy, P. Brown, and B.R. Coles, J. Phys.: Condens.
ter 5, 5169~1993!.

33J. Vogel, A. Fontaine, V. Cros, F. Petroff, J.-P. Kappler, G. Kr
A. Rogalev, and J. Goulon, Phys. Rev. B55, 3663~1997!.

34F. Wilhelm, P. Poulopoulos, G. Ceballos, H. Wende, K. Bab
schke, P. Srivastava, D. Benea, H. Ebert, M. Angelakeris, N
Flevaris, D. Niarchos, A. Rogalev, and N.B. Brookes, Phys. R
Lett. 85, 413 ~2000!.

35J. Shen, P. Ohresser, Ch.V. Mohan, M. Klaua, J. Barthel, an
Kirschner, Phys. Rev. Lett.80, 1980~1998!.
13442
t-

-
.

v.

J.
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