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The in-depth distribution of the inducedl Bnagnetic moments across the Ce layers in Fe/Ce/La/Ce, Fe/La/
Ce/La and Fe/Cell s multilayers has been investigated by x-ray resonant magnetic scatt&fRMS) at the
Cel, edge. The determination of the composition profile across the period of the multilayer is required for a
guantitative 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 adoptsaalike electronic configuration and the local magnetization,
across the Ce layer, is found to be highly nonuniform. The @emagnetic profile shows an oscillating
behavior with an amplitude decreasing from the Fe interface in Fe/Ce/La/Ce. Conversely, in Fe/La/Cella,
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/CegH; multilayers, where hydrogen leads to a strain relaxation and fo a 4
relocalization(Ce y-like configuration, a nonoscillating decreasing profile has been observed. These experi-
ments allow one to evidence an antiferromagnetic componentica ultrathin layer and a sharply decreasing
induced magnetization due ta-3d hybridization at the interface.
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I. INTRODUCTION In the case of a magnetic multilayer, the periodicity of the
magnetization leads to a magnetic contribution at the posi-
It is well established that magnetic multilayers exhibit ation of the low-angle Bragg peaks for ferromagnetic coupled
rich variety of novel effects related either to interface effectsmultilayers'****and in between the peaks for antiferromag-
or to the confinement of electrons in ultrathin layers. Thesenetic coupling*>1® Recently, we have shown that XRMS
phenomena themselves depend on the growth prdcéss.  allows us to determine the spatial distribution of weak in-
important issue in the investigation of magnetic layer stackduced & magnetism through a Ce spacer layer in Fe/Ce
ing is the influence of a spacer layer inserted in between twonultilayer! The study of these one dimensional systems per-
ferromagnetic layers. It has been shown that, depending omits us to probe the depth dependent interaction between the
the thickness of the spacer layer, two ferromagnetic layersd Ce electronic states and the 8tates of Fé; which has
may be coupled parallel or antiparallel. Concomitant withfascinating consequences, such as, for instance, the unusual
that, the induced magnetism of the spacer layer has begroperties of the ferromagnet CeF¥ In the stacked Ce/Fe
evidenced. It is of fundamental interest to determine the systems, for a thickness smaller than 25 A, Ce adopts an
induced magnetization throughout a thin film in order to geta-like electronic configuration with a magnetic ortfein
better insight into the interactions between the ferromagneticontrast to thex phase of Ce metal which is nonmagnetic.
layer and the nonmagnetic one. It has been known for a longVhile the magnetic ordering is relatively well understood for
time that x-ray magnetic scattering provides direct informa-elemental rare earths, thel Bnagnetization of Ce is much
tion on the magnetic structuPeX-ray resonant magnetic more complex because of it$ dlectronic states which are at
scattering(XRMS) using either circularl§® or linearly'®=*?  the borderline between localization and itinerancy. For the
polarized x rays, has proved to be a useful technique to studg-like phase in Ce/Fe multilayers, two different regimes for
the magnetic properties of buried layer or interfaces andhe distribution of magnetic moments throughout the Ce lay-
depth-dependent magnetic properties. ers have been observed by measurements of x-ray magnetic
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circular dichroism(XMCD) as a function of the Ce layer netic profile, in a [Fe/Ce(15A)/La(10 A)/Ce(15 A)]
thickness™ In regime 1, the meandsmagnetic polarization multilayer in order to probe the features of the oscillation in
decreases sharply from the interface up to a distance of 15-A-thick layer, being in contact with the Fe only on one
10-12 A. Beyond that thickness, in regime 2, it decreaseside. On the other hand, we investigate the Ce magnetic pro-
slowly with the inverse of the Ce thickness. Surprisingly thefile in a [Fe/La(15A)/Ce(10 A)/La(15 A) multilayer
4f magnetic polarization does not adopt the same behavigghere a 15-A-thick La layer has been inserted at the inter-
and appears to be restricted in the immediate interface. Thigices to avoid a direct contact between the Ce and Fe layers.
intriguing behavior suggests that within a few A from the Fe|t has been shown that thel Sevels of La are magnetically
interface, the Ce dbstates are polarized through hybridiza- polarized by the 8-5d hybridization at interfac&!’ How-
tion with the spin-split 8 states of Fe, while in regime 2, the ever, the extension is limited to the two first atomic planes
magnetic order on thedsstates would not result from such a (5-6 A). Although there is no magnetization of La at the
mechanism but instead would be an intrinsic property of the_ a/Ce interfaces, XMCD measuremefitave shown that,
ground state ofr-like Ce itself in the multilayet? Our pre-  in this system, the Cedsstates are still magnetized while no
vious XRMS experiment ofiCe/Fg and[La/Fe] confirmed  4f polarization has been observed. This is an important dif-
that thea-like Ce H polarization extends far from Fe inter- ference compared with the first system which prompts us to
face but more surprisingly showed that the Ce layers exhibitinderstand how a magnetic order on the Cesfates can
an oscillating magnetic profifelt corresponds to the sum of exist without a polarization of thef 4tates. Since Ce or La
two damped oscillating profiles originating from the inter- have an atomic size quite different from that of Fe, a strain
faces. may occur at the interface and be also a source of structural
In this paper, we would like to focus on the interface change that can influence the magnetic properties. In order to
effect which, through the contact between Fe and Ce atomsqvestigate such an effect, we will discuss the Genfag-
favors a direct hybridization and therefore induces magne-
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FIG. 2. Low-angle diffraction patterns from th€e/La/Ce/Fé
FIG. 1. Energy dependence of the imaginary and real correcmultilayers measured at 5475, 5887, 6160, and 7107 eV from top to

tions f” andf’, respectively, to the atomic scattering factor for La, bottom. Solid circles show the experimental results and the solid
Ce, and Fe. This lines show selected energig@s 3475 eV, b lines display the best simulations obtained for the parameters given
=5715eV, ¢=5887¢eV, d=6160eV, e=7107eV, f in Table I. The inset shows the corresponding composition profile of
=7705 eV). the multilayer determined from the analysis.
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TABLE |. Structural parameters for the CeLaCe/Fe multilayer. The interplanar distances correspond to
(112) B fcc La, (110 bcc Fe, and111) « Ce.

Period (A) 73.80.05 Ce La Ce Fe
Layer thickness (A) 17(D.9 9.1(1) 17.10.9 30.50.5
Atomic density (10% A~3) 35.1 26.45 35.1 84.92
Roughness (A) Fel/Ce CelLa La/Ce CelFe
2(0.7) 3(0.5 3.1(0.5 2.600.9
Interplanar distance (A) 2.85 3.03 2.85 2.027
Nb of effective pure atomic planes 6 3 6 15.05

netic profile in a sample where the introduction of hydrogentemperature. Prior to the deposition of the multilayers, a
into the Ce layers implies a strain relaxation which leads to a0-A Cr layer was deposited onto the BI0) wafer substrate

4f relocalization. In[CeH,_ s/Fe] multilayers, Ce is ob- as a buffer layer. A 100-A Cr capping layer provided protec-
served to adopt a-like electronic configuratioh’ Hence, tion against oxidation. Details of the procedure of the prepa-
the investigation of the Cedbmagnetization for both the  ration have been given elsewhé?e®

andy configurations, will allow us to discuss the influence of

the 4 electrons on the interaction between the rare-earth 2. Resonant x-ray reflectivity

(RE) and transition metalTM). X-ray reflectivity experiments are commonly used to de-
This paper is organized as follows. In Sec. II, the sampleermine useful structural information such as layer thickness,
preparation and structural characterization are describe@ffective electron density, and interfacial roughnésss).
Section il gives a brief overview of the XRMS method and However, conventional x-ray reflectivity is limited when it is
presents the experimental results and magnetic profiles deecessary to separate out structural parameters for two layers
rived from their analysis. The sensitivity of the method for of neighboring chemical species in the Mendeleiev table.
the determination of the magnetic profile is also discussed ipne way to enhance the chemical contrast is to take advan-
that section. Finally Sec. IV discusses the magnetic behavigage of the tunability of the incident photon energy, provided
of Ce on both sides of the phase transition from the itinerangy synchrotron radiation sources. Close to an absorption

a-like to the localizedy-like phase. edge of a chemical species the scattering factor may be reso-
nantly modified. In this study, we use the resonant effect to

Il. SAMPLES CHARACTERIZATION change the respective scattering cross section of the different

atoms present in the systems, in particular to enhance the
A. Experimental method sensitivity to the structural features of the Ce and La layers.

Moreover, high-angle x-ray diffraction has been used to de-
termine interlayer spacing and preferential orientation.

Two types of multilayer systems, nominallyfFe Figure 1 shows the real and imaginary parts of the energy-
30 A/Ce(La) 15 A/La(Ce) 10 A/Ce(La) 15 AJ57 and  dependent correction terms to the atomic scattering factor for
[Fe 30 A/CeH_ ;20 A]x 38 (6~0.4), were grown by ion- the three species to be considered. The dashed lines corre-
beam sputtering with argon in an ultrahigh-vacuum chambespond to theoretical curves derived from Ref. 21 which do
(base pressure 5x 10~ 1% mbay. Typical growth rates were not take into account solid-state effects. Since the energy-
near 1.0 A/s for La and pure Ce, 0.5 A/s for Fe, and 0.3 A/sdependent measurements have been performed in the vicinity
for the CeH _ 5 layer. For the first system, the sample holderof edges, it is required to determine precisely the experimen-
was cooled to about 90 K by liquid nitrogen to minimize tal anomalous scattering factors. It has been done for the Ce
diffusion. For the growth of the hydride multilayer, hydrogen L, and LalL, edges as well as for the Feedge. The imagi-
was introduced in the preparation chamber to a partial preqary partsf”, shown as solid lines, are obtained from the
sure of 8<10° ® mbar. Deposition was performed at room measurement of the absorption coefficient by applying the

1. Sample preparation

TABLE Il. Structural parameters for the LaCelLa/Fe multilayer. The interplanar distances correspond to
(111) B fcc La, (110 bcc Fe, and111) « Ce.

Period (A) 78.70.05 La Ce La Fe
Layer thickness (A) 18(0.9 10.70.9 18.50.8 31(0.5
Atomic density (10° A ~3) 26.45 35.1 26.45 84.92
Roughness (A) FelLa La/Ce CelLa La/Fe
3(0.9 2.50.9 2.50.9 3.30.9
Interplanar distance (A) 3.05 2.85 3.05 2.027
Nb of effective pure atomic planes 6.1 3.8 6.1 15.3
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optical theorem. The real parfs are derived fromf” by
using the Kramers Kronig relationship.

The resonant x-ray reflectivity measurements were per- 10"
formed at room temperature at several incident photon ener. |
gies in the vicinity of thel, 3 absorption edges of Ce and La
as well as in the vicinity of the Fi& edge. The measurements g 1°
were carried out at ESRF on the seven-circle diffractometer\"; 10°
installed on the French CRG-D2AM beamliffeThe labels £
a—f, in Fig. 1 indicate the energies selected for our measure-g
ments. The spectra, measured at these different x-ray eneE 10"
gies, exhibit strong energy-dependent effects as illustrated ir .
Fig. 2. These effects may induce significant changes in the
relative intensities of the diffraction peaks, such as the stron¢c  10°
reduction of odd Bragg peaks as shown in the reflectivity
measured at 5475 eV.

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

unit:

[T T TR T T TN T T T T TR TN T T T

B. Composition profile in [Fe/Ce/La/Ce] and [Fe/La/Ce/La]

Figures 2 and 3 display the specular x-ray resonant reflec §
tivity measurements for theFe/Ce/La/Cé and [Fe/La/Ce/
La] multilayers, respectively. It can be noticed, from the high
number (up to 10 of low-angle Bragg peaks, that the r
samples present a well-defined periodic stacking. The solic
lines passing through the reflectivity data are the best fit
obtained following the approach mentioned in the previous
paragraph. In order to reduce the large number of free pa- FIG. 3. Low-angle diffraction patterns from thea/Ce/La/Fé
rameters in the refinement procedure, related to such a laynultilayers measured at 5715, 5887, 6160, and 7705 eV from top to
ered system(up to 19 parameters including the 4 layers inbottom. Solid circles show the experimental results and the solid
the multilayer period, the capping, base, and substrate layines display the best simulations obtained for the parameters given
ers, we assumed that the layer densities are equal to the bulk Table Il. The inset shows the corresponding composition profile
one$ and that the thickness of the two RE layers in directof the multilayer determined from the analysis.
contact with Fe are identical. This leads to 12 parameters to
be determined. The insets in Figs. 2 and 3 show the compo-
sition profile of the model corresponding to the best calcula- For the hydride sample, x-ray reflectivity curves were col-
tions. The related parameters are given in Tables | and lllected at two photon energy and are displayed in the upper
Even though the fit of the individual curves is not perfect, thepart of Fig. 4. The measurement at 8051 €U Ka) was
intensity changes from peak to peak have been satisfactorilyarried out on a conventional setup. The data at 6200 eV,
reproduced. This is essential since the XRMS data were reabove the Cé , edge, were recorded during the XRMS ex-
corded on top of Bragg peaks and not in betwésge Sec. periments performed at the BL39XU beamline at Spring 8.
lIIA and Ref. 5. We believe that the disagreement betweenThe chemical modulation of the multilayer, the thicknesses
the experimental data and fit, occurring in the vicinity of theof the Fe and CeHllayers, as well as their interface rough-
total reflectivity tail and in between Bragg peaks, is probablyness, have been refined and are given in Table IIl. With the
due to some oxidation of the capping layer which has noassumption of densities identical to the bulk ones, nine free
been taken into account. parameters are left in the refinement procedure. The corre-

The structure of the individual layers was deduced fromsponding model is shown in the lower part of Fig. 4. The
x-ray diffraction at large angles. The 30-A thin Fe sublayerssimulation reproduces quite nicely the experimental data, in-
grow in the bcc structure. Up to layer thickness of aboutdicating a high-quality stacking. It is worth noting that the
15 A for La and 40 A for Ce, the rare earths grow in the asymmetry between the two interfacial roughness was a key
amorphous  structur€. Nevertheless, below this critical parameter to satisfactorily describe the reflectivity, especially
value, x-ray absorption spectroscop¥AS) measurements the intensity of the second-order Bragg peak.
show a double peak at the Ce edge, which can be related to The high-angle spectrum, displayed in the central part of
the a phase of Cé? This suggests that, in both multilayers, Fig. 4, shows the good crystallinity of both multilayer com-
Ce is strained and adopts anlike structure. ponents: Fe grows in its bcc structure and hydride Ce in a

position profile

0 50 100 150 4350 4400 4450 4500
Z (Angstrom)

C. Composition profile in [CeH,_ 5/Fe]
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CaFR-like fcc structure. This quality is probably due to the over, from XAS measurements previously performgd,
decrease of the lattice mismattiom ~15% to 3%, with ~ Which show a single white line, at the Qg edge, it has
respect to the nonhydride sample. In fact, the introduction opeen concluded that the introduction of hydrogen reduces the
hydrogen reduces the strain effect in the thin film by increasstrength of the #5d valence-band hybridization, which leads
ing the lattice parameter, up @=5.57 A for CeH. More-  to a relocalization of the f4states.

TABLE IIl. Structural parameters for the CglHe multilayer.

. . I1l. DETERMINATION OF THE Ce MAGNETIC PROFILE
The interplanar distances correspond to th&l) bcc Fe and the

111) vy Ce.

(119 y Ce A. X-ray resonant magnetic scattering

Period (A) 44.980.05 CeH, Fe 1. Analysis method

Layer thickness (A) 196.3 25.40.3 The method is fully described in a previous pabetere,

Atomic density (103 A~3) 29.1 84.92 we would like to recall the main steps.

Roughness (A) Fe/CeH CeH, /Fe In a magnetic material, the atomic scattering factor may
3.30.2) 1.6(0.2) be written as follows*

Interplanar distance (A) 3.2 1.7

Nb of atomic planes 6.1 151

f=—(e;-e)[fo+f (E)—if"(E)]+fres

magn*
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Heref is the regular charge scattering faqtor, 'ethdandf _ —27.c08()[F,M,—FM;]
are the energy-dependent resonant contributions associated R= = ,
to an absorption edge; ande; are the polarization vectors co(0)|M?+| 1— K7esim(26) IF?
of the electric field for the incident and scattered x-ray 2

beams. In this investigation, the magnetic contribution to the

scattering process was measured at thdCedge because where

the XMCD amplitude is as high as the one at theedge and

the transition (»Y?>—5d%?) is purely of dipolar origin. _ o
Therefore, in the magnetization-dependent tdfi,,, the F(q,E)=Fr—|Fi=2j‘, Cj-oj (fot+f—if")ed,
guadrupolar contribution was neglected:

M(q,E)=M,—iM;=2 a;-Cj-a;-(m’'—im")e'",
magn= —1(€rX&).z[m’(E)—im"(E)]. :
Here 0 is the angle between the direction of the incident
HereZz is the magnetization unit vector ama’ is equivalent photons and the sample surfageis the ratio of the ampli-
to the XMCD signal’ In order to perform a quantitative tudes of theo (vertica) and 7 (horizonta) components of
analysis, the energy dependence of the imaginary part of thidae elliptical electric field, and the rate of circular polariza-
magnetic resonant scattering amplitude’, at the CeL, tion is given by7.=2K/(1+K?). In the description of the
edge is deduced from previous XMCD measurentérits complex structure factor is the coordinate of the atomic
performed on similar samplesn’ is derived fromm” by  planes along the growth axis of the multilayer andcorre-
using the Kramers-Kronig relationship. sponds to the planar atomic density of the layers.

We now recall the refinement procedure allowing us to In order to describe the interfacial intermixing created
obtain the element-specific magnetic profile. The basis ofluring the growth process, each layer is divided into slices
this procedure is to calculate the energy dependence of thehose composition, especially in the interfacial region, may
asymmetry ratioR=(1*—17)/(1*+17), wherel™ and|~ be altered by changing the atomic concentrat@nof the
are the diffracted intensities for the two opposite directiongifferent atomic species. In this study, the thickness of each
of the field measured at the top of several Bragg peaks. Thelices has been defined as the wieghted sum of the thickness
measurements of the intensity at those positions in the reci@f the atomic layer(AL) of each type of element in the
rocal space, which originates from the interference processlices. The thickness of an AL corresponds to the interplanar
between periodically stacked layers, allow us to strongly redistance deduced from the hard-x-ray measurem@iatsies
duce the influence of the the capping layer, the buffer layer, I, and Ill). The number and position of AL’s inside the
and substrate ones. As discussed in Ref. 4, the calculaticdifferent layers constituting the chemical period, as well as
can be carried out in the first Born approximation by considthe o;’s, which are equal to the three-dimensional atomic
ering a perfect multilayer. Let us defife and M as the density divided by the thickness of the individual atomic
complex charge and magnetic structure factors, respectiveliayer, and theC;’s are derived from the composition profile
g being the scattering vector aigthe energy of the incident shown in Figs. 3—5. Therefore, the only unknown parameters
photons. In the case of the longitudinal geométitye asym-  are the values of the magnetic polarization for each AL. As-
metry ratio can be written as suming that the mean value of the magnetization over one-
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6140 6160 6180 6200 2. Experimental details

Ph E \"
geon Energy (eV) The XRMS measurements on tH&e/Céla)/La(Ce)/

FIG. 6. Top: profile(gray) across the Ce sublayer in CeLaCe/Fe C&(La)] multilayers were carried out at the European Syn-

with reduced moment close to the interfa¢sse text and in black chrotron Radiation FacilityE.S.R.P at Grenoble on the he-

. . 5 .
the best profile shown in the lower part of Fig. 8. Energy depen-l'cal undulator beamline ID12A&° The Daresbury two-circle

dence of the asymmetry ratio for the firgtentey and the fourth  diffractometer vacuum qha_mlf@rwas set on the beamline
(bottom low-angle Bragg peak. Gray line shows the simulation fOr the experiment. The incident photons were circularly po-
obtained using the profile displayed as solid line. Black line: thelarized with a rate of 84% at the Qe, edge. A LMOKE
best simulation display in Fig. 5. (longitudinal magneto-optic Kerr effectype geometry was
used with the magnetic field applied in the diffraction plane
L . . and parallel to the sample surface. Energy-dependent reflec-
pe_nod_ Is given by the _XMCD amplitude, the magnetic po'tivity curves were recorded at a fixed scattering vector posi-
larization can b(,a fjef,crlbed as the product between the_ avelpn corresponding to the position of the low-angle Bragg
age amplitudem’-im” and the factore;, called the atomic  heaks. At each data point, the saturating magnetic field was
layer polarization.a; can vary in amplitude and sign from yeyersed to collect the reflected intensiti€sand 1 ~. The
slice to slice through the unit cell. Thus, the average of thEmagnetic asymmetry is weak as exhibited through the energy
«; factors over the unit cell, weighted by the Ce concentragependence of the asymmetry rati®sFigs. 5, 6, and 9
tion, must be equal to 1. Hence, the link betwegrparam-  The highly efficient detection system, as well as an excellent
eters and the atomic magnetization in units of Bohr magnestability in the beam position, allows us to measure the
tons for one slice can easily be evaluated by multiplying asymmetry up to the sixth-order Bragg peak of the multilay-
by the XMCD value given inug, provided that value has ers(Figs. 5 and 9 with a very good signal-to-noise ratio.
been carefully evaluated. The XRMS measurements on the hydride GekiFe

The above analytical expression of the asymmetry rationultilayer were performed at the x-ray undulator BL39XU
allows one to simultaneously refine the energy dependendseamliné’ at Spring-8 storage ring. During this experiment a
of all Rin order to determine the; factors in the unit cell sample holder including a permanent magnet was used. The
(chemical modulationleading to the magnetic profile inside XRMS signals were measured by using the helicity modula-
the Ce layers. tion techniqué’ which allows us to quickly and efficiently

134420-7



N. JAOUENet al. PHYSICAL REVIEW B 66, 134420 (2002

TABLE IV. Profiles of the values of the Ce partial density and of tldenBagnetic polarization across the
two Ce layers in the CelLaCe/Fe sample. The unit of polarization is givemgirand the average over
the Ce layers gives the XMCD measurement for the sample. The unit of density is that of the cryatalline
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 polarizationgg) —-172 154 -12 054 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 polarizationgg) 0 0 0 0 0 0.23 —-0.69 106 -—-1.89
switch the helicity of the incoming photons by flipping an B. Ce & induced magnetic profile in a-like phase

x-ray diffractive phase retarder. It thus allows us to record Figures 5 and 9 show the energy dependence of the asym-
the energy dependence of the asymmetry ratio measured Rty ratiosR collected at the top of chemical modulation
top of the four first Iow—an_gle Bragg p'eak_s. We point out thatBragg peaks for thEFe/Ce/La/Céand[Fe/La/Ce/La multi-

the reversal of the applied magnetic field by rotating thejyyers The spectral shapes exhibit a mixed behavior between

sample-magnet assembly by induced an “opposite sign”

pure XMCD, such as, for example, the first order displayed

for the asymmetry but no change in its shape and amplitude, Fig. 5, and a dispersionlike behavi§rsuch as, for ex-

1.2

—

0.

oo

0.

Concentration
(@)}

0.

~

0.

[\

0

(3]

Polarization (M)

ample, the fifth order in Fig. 5. Two contributions, separated

B Featoms by about 10 eV, are observed and are a signature of the
[ Laatoms a-like phase of Ce. The amplitudes Bf are rather weak,
B Cecatoms with maximum values in the range of 18

The different sublayers in the cell are centered around the La
and Ce layers in the case of thee/Ce/La/Cé and[Fe/La/
Ce/Lal multilayers, respectively. They are divided into sev-
eral slices whose thickness correspond to bulk interplanar
distancesd;,; for the B8 La phased;,; for the « Ce, and
dqqo for bce Fe. As mentioned in Sec. Il C, the two identical
RE layers are assumed to have the same thickness. In the
case of thgFe/Ce/La/Cémultilayer, the total number of AL
amounts to 15, 3, and 6 atomic layers for Fe, La, and Ce
sublayers, respectivelisee Table )l In order to take into
account interdiffusion at interfaces, the actual number of lay-
ers, containing one kind of atom, is adjusted by using several

LA L B B B B |
LA IR B B B B BN TTTT T T T TTTd

_.
n

—
T

S The first step in the analysis, as discussed in Sec. IlIA1,
is to define an AL by AL structural model for the unit cell.

alloy layers, the concentration of which is determined from
an error function with standard deviation corresponding to
the interfacial roughness derived from x-ray reflectivity
(Table 1V). This allow us to build the structural model dis-
played in the upper part of Fig. 8. The same approach was
used to determine the structural model of fre/La/Ce/L3
multilayer (Fig. 7). For the first multilayer, it leads to a dis-
symmetry between the two Ce/Fe interfaces, extending over
two or three AL's.

In order to derive the magnetic profile through the deter-
mination of the atomic layer magnetic polarization, it is re-
quired to reduce the numbers of free parameters which are
initially equal to 18(9 Ce containing AL's for each Ce layer
Lo in the case of thgFe/Ce/La/Cémultilayer, far exceeding the

P I O I O PO B i |

1234567891011

Ppp— number of experimental curves. This number is reduced to
17 by using the constraint that the imaginary part of the
mean value of the magnetic polarization averaged over the

P I
121314
Slice

FIG. 8. Profile across the Ce sublayer in the CelLaCe/FeCe layer is given by the XMCD intensity. Second, we re-
multilayer, of the Ce atomic concentration, upper part, and of the Cétricted the extension of the polarization to the 4 first planes,
5d induced polarization, lower part. either mixed with Fe or pure. This assumption leads to an
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0.0015 0.0004
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& 000051 -0.0008
< g it
8 ’0001 r ’ FIG. 9. Energy dependences of the asymme-
s 0(;005 - 0 try ratio at the Cd_, edge for six low-angle dif-
[l L 0,001 fraction peaks of the LaCelLa/Fe multilayer. Open
g oL ’ circles show the experimental values and solid
g -0.0005 1~ : 0.002 lines the simulations obtained using the profile of
0.001 ; it ;
& ooot 6140 6150 6160 6170 6180 6190 6200 the magnetlc polarization shown in the lower part
of Fig. 7.
0.0005
0
-0.0005
R B R

0.001 .
6140 6150 6160 6170 6180 6190 6200
Photon Energy (eV)

extension of about 1.4 A from the interface. This value is inin the absolute concentration value used to describe the mag-
close agreement with the XMCD results, obtained on severaietic profile. The fact that the amplitude of the magnetization
samples with different Ce thickneSswhere the induced po- seems to be overestimated may be related to the description
larization has been found spreading out over 10—12 A fronof the magnetic profile over only four atomic planémita-

the Fe interface. Figure 5 shows the result of the fitting protion of the number of free parameteNevertheless, we em-
cedure of the asymmetry ratios. The amplitude and the shapshasize that a reduction of this value, for the Ce AL close to
of the energy dependence of the asymmetry ratios measurege interface, by more than 30% leads to a huge difference
from one low-angle Bragg peak to an other are well reprohetween the calculated and experimerRaValues. Indeed,
duced. The corresponding magnetic profile is displayed imstarting from the refined profile and reducing the moment at
the lower part of Fig. 8. This magnetic profile oscillates with interface by 30%, the XRMS calculation leads to a sign re-
a two-AL frequency and an amplitude decreasing from thesersal ofR at the fourth multilayer Bragg peak as shown in
Fe interfaces throughout the center of the Ce layer. The soligtig. 6. This calculation is based on a redistribution of the
line displayed in the lower part of Fig. 8, which can be seenvesidual moment to the central planes to keep the average
as a guide for the eyes, suggests obviously that a magnetiglue of the moment equal to the one measured by XMCD
order may exist beyond 12 A from the Fe interface. For thison a similar sample. It is worth noting that the calculaked
reason, it has been check that the introduction of low magfor the first diffraction order is unchanged whatever magnetic
netic amplitudes beyond 12 A into the calculation does noprofile we used. It turns out to be mainly sensitive to an
produce a significant change in the calculated XRMS pattermaverage view of the magnetic distribution give an informa-
In that sense, the simplifying assumption, which is to con+ion similar to XMCD. On the other hand, the more is ana-
sider as magnetically nonpolarized all the Ce atoms beyonfyzed R on the higher-order Bragg peak, the more is gained
11.4 A from interface, seems to be fully suitable. We pointin spatial resolution.

out that models assuming a uniform magnetization through- For the [Fe/La/Ce/L3 multilayer, the initial number of

out the Ce layer or a magnetization decreasing from the infree parameters is equal td Bable V). Assuming an average
terfaces did not permit us to reproduce the experimental datgolarization equal to the one derived from XMCD measure-
In the immediate interface, the amplitude of the magnetianents as well as a magnetic profile symmetric on both sides
moment are much higher{(1.89 ug) than usually observed of the Ce layer this number is reduced to 4. This is lower
in crystalline CeFg®® where magnetic moment are in the than the number of five independent experimental asymme-
order of —0.3 wg . Moreover, our result does not evidence atry ratios. In order to succeed in refining simultaneously the
linear relationship between magnetic moment amplitude andata, the symmetrical constraint has been relaxed for the two
concentration. This is, however, in line with results in theslices on each side of the chemical profile. The magnetic
literature which also show discrepancies for the magnetiprofile derived from the best refinement of the asymmetry
moment for samples with the same concentration. For infatios is shown on the lower part of Fig. 7. We recover an
stance, for the well-studied Cefalloy, the %l spin moment oscillating behavior of the magnetic profile even in that case
is measured from-0.35 ug (Ref. 29 to —0.1 ug (Ref. 30 where there is no direct contact between Ce and Fe atoms.
by XMCD or —0.63 ug (Ref. 31) by Compton scattering, However, the amplitude of the magnetization is smaller and
whereas polarized neutrons find the corresponding momemioes not exhibit a sharp decrease. Nevertheless, an unex-
to be only about a fifth as large: 0.1 ug (Ref. 32. One  pected strong asymmetry in the polarization at the first AL is
explanation for the disagreement between the concentratiambserved. Since the true parameter in the refinement proce-
change and magnetic amplitude change could lie on mistakefure is the magnetic polarization of the AL, which corre-
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TABLE V. Profiles of the values of the Ce partial density and of tkdensagnetic polarization across the
two Ce layers in the LaCelLa/Fe sample. The unit of polarization is giversiand the average over the Ce
layers gives the XMCD measurement for the sample. The unit of density is that of the crystafilrese of

Ce.

Slice 1 2 3 4 5

Ce atomic concentration 0.15 0.25 0.45 0.75 0.9
Ce atomic polarizationgg) —-1.019 0.195 —-0.342 0.163 —-0.035
(error bar$ (0.09 (0.05 (0.03 (0.049 (0.025
Slice 6 7 8 9

Ce atomic concentration 0.75 0.45 0.25 0.15

Ce atomic polarizationgg) 0.163 —0.342 0.179 —0.340

(error bars (0.09 (0.02 (0.05 (0.05

sponds to the actual atomic polarization times the concentraneasured amplitude ranging fromxk40 # to 3x 10 3. The
tion, the origin of this unexpected difference might be spectral shape exhibits a unique predominant reson@mce
ascribed to a slight chemical asymmetry between the Ce/Lis derivative, which is characteristic of thg phase of Ce,
interfaces which was not been taken into account in the comaccording to XMCD result$®

position profile. In a similar way we observe, for thee/La/ The 19.6-A CeH_; layer is described by 6.1 effective
Ce/Ld sample, that the polarization in the central layer wasa’s distributed over 9 Ce-containing layer@able V).

not critical, leading us to keep it constant in the refinemengach one has an individual thickness corresponding to the

procedure. Different refinements for a set of magnetic polar(lll) y-Ce interplanar distance, resulting from the high-

Ization In this central slice were performed and taken Intoangle x-ray diffraction measurement shown in Fig. 4. The
account in the errors bars displayed in Table V.

We would like to point out that, as in tHee/Fd multi- structural model, which takes into account the asymmetry

layers, the magnetic profile can be discussed by means (lj')Ft\Neen the top and bottom interfacéable Il), is pre-

two main characteristics: an oscillatory behavior with a pe_sented In the upper part of Fig. 11. Before starting the refine-

riod of two atomic slices and a decay of the magnetizatiorment procedure, aiming at the determination of the magnetic

amplitude from the interface with Fe to the center of theProfile through the thin Celi ; layer, it is worth noting the
rare-earth layer. sign reversal between the odd and even structural Bragg

peaks. It can be related, for a system with a two-layer chemi-
cal periods, to a magnetic polarization localized at the imme-
diate interface, as previously observed[lm/Fe| (Ref. 4
Figure 10 displays the energy dependence of the asymmaénd[Fe/Gd (Ref. 13 multilayers. This conclusion cannot be
try ratios measured at the @g edge on top of the four first extended to more complex systems with, for example an in-
Bragg peaks of theCeH,_ s/Fe] multilayer. Because of the serted nonmagnetic layer between two magnetic ones, as
period (A =45 A), which is smaller than the samples previ- shown in Fig. 9 in Sec. IlIB. This remark prompts us to
ously addressed in this paper, only four peaks were accesssume that the magnetization profile is restricted close to
sible with a satisfactory signal-to-noise ratio for the weakthe Fe interfaces. Hence, only the magnetization amplitude

C. Ce A induced magnetic profile in y-like phase

Asymmetry ratio (arb.units)
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0

-0.0001

-0.0002

-0.0003

-0.0004

0.001

0.003
0.002
0.001

-0.001

-0.002

T 0.02

FIG. 10. Energy dependences of the asymme-
try ratio at the CelL, edge for four low-angle
diffraction peaks of the CeHFe multilayer.

' ' ] ' Open circles show experimental values and solid
0.0005 N o door lines the simulations obtained using the profile of
o0 o 0, oo . the magnetic polarization shown in the lower part
0 oo oo 20 50 % o0 of Fig. 11.
[+] o ©
-0.0003 L 0 OO ° o
— =] — -
-0.001 [ ° 1700
-0.0015 L. L to0
6140 6160 6180 6200 6140 6160 6180 6200
Photon Energy (eV)
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TABLE VI. Profiles of the values of the Cetpartial density and of theddbmagnetic polarization across
the two Ce layers in the CeHFe sample. The unit of polarization is given ity and the average over the
CeH, layers gives the XMCD measurement for the sample. The unit of density is that of the crysjalline

phase of Ce.

Slice 1 2 3 4 5
Ce atomic concentration 0.1 0.37 0.85 1 1
Ce atomic polarizationgg) —-0.325 —-0.10 —-0.019 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 polarizationgg) 0 —0.019 —0.103 —0.325

(error bars (0.015 (0.03

on the three intermixed planes at interfaces will be refinedmultilayers, have been carried out. It always ends up with a
This leads to six free parameters, further reduced to five, bgharply continuously decreasing magnetic profile, the com-
assuming again that the amplitude of the average magnetisarison between all of them give the errors bars contained in
polarization is equivalent to that derived from XMCD mea- Table VI.

surements. The solid line in Fig. 10 represents the best fit

obtained with the corresponding magnetic profile on the

lower part of Fig. 11. The agreement for the fourth order is D. Sensitivity of the approach

poorer, probably due to the lower signal-to-noise ratio. Nev- . . . .
ertheless, this fourth order is crucial in the refinement proce- In this sectpn,_ we would like to emphasize both th? ad-
dure as discussed in the following section. We point out thayantages and I|m|.tat|on§ OT the apprgach e_mployed to Inves-
refinement procedures with different starting profiles such afigate the magnetic profile in magnetic multilayers. The main

constant or oscillatory, as observed in free hydrogee/Fd advantage lies in the fact that XRMS allows one to prgbe
and hence directly provides information on the arrangement

, , of the magnetic moments throughout thin buried layers along
E zeatoms the stacking direction. To illustrate the sensitivity of the
- ¢ atoms method, we perform a calculation for differend Bhagnetic

1 N —
profile induced in the CeH s sublayers in th¢CeH, _ s/Fe€]

0.8 [ ]

0.6 | I

0.4 | ]

0.2 I

o (LI I i} _

multilayer, keeping constant the magnetization average over
0h -
-0.05 f
-0.1

1.2 I T T T T T T

the CeH_; layer. Figure 12 shows the energy-dependent
asymmetry ratio for a constafieft side and an oscillating
magnetic profile(right side, calculated by using the same
structural model. We observe a clear difference between the
calculated and experimental curves for the constant profile.
In the case of an oscillatory profile, the comparison is almost
satisfactory for the first, second, and third Bragg peaks with
the exception of the amplitude at the maximum of the asym-
metry. However, the asymmetry ratio of the fourth peak rules
out that model. This clearly demonstrates the potentiality of
this approach to describe the magnetic distribution. We point
out that we observe the same high sensitivity for the two
other multilayers studied in this work. An alternative method
to investigate the depth profile of the magnetization is to
analyze the change in the XMCD amplitude measured for a
series of samples with different thicknesses of the magnetic
layer333*One difficulty of this approach is that the structural
properties of each sample may be different. Indeed, the
roughness or intermixing, the homogeneity of the strain, for
H example, may depend on the layer thicki@asd number of
035 ———————— repetitions>® Therefore, since the magnetic properties of thin
1 2 3 4 5 6 7 8 9 . " .
Slice films are sensitive to the structqral parame?émls methpd
may be contested. As XMCD yields average information on
FIG. 11. Profiles of the Ce concentratiGupper partand the Ce  the magnetic properties of the layers, changes in the ampli-
5d polarization(lower par} across the Ce sublayer in the Gelfe  tude of magnetic moment, with regard to the thickness or to
multilayer. a damped antiferromagnetic order, may be misinterpréted.

Concentration

Polarization (up)

s
N
i

s
w
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0.0002 Fr—— 0.0002 interfaces(number and concentration of intermixed planes
0.0001 |5 o —10.0001 .

0 Py, with regards to a roughness paramgter as the assumed
-0.0001 = S 3 F 1 -0.0001 symmetry of the magnetic profile.
0.0002 % JE J-0.0002
-0.0003 - 4 F 4 -0.0003
-0.0004 - 9 F 4 -0.0004

000050 L L1 11 IV. DISCUSSION

0.004 ———T——T—

The results presented above provide information on the 5
magnetic polarization of Ce for both thelike and y-like
phases. An antiferromagneticlikéAF-like) ordering of
a-like Ce is found in botCe/La/Ce/F¢and[La/Ce/La/Fé
multilayers. They exhibit a quite different behavior concern-

e
=3
=3
[]

<

Asymmetry ratio (arb.units)

0.002
0.001 ing the amplitude of the & magnetization. FofCe/La/Ce/
o Fe] the amplitude is found to continuously decrease from the
L CelFe interface over two intermixed and two pure layers.
0.001 Some of the Ce layers are found to be nonmagnetic, but this
000 - may be related to the limitation of the technique when deal-
e ing with a too large number of Ce-containing layers. The
002 —T——T1 1 ] 0.02 study shows the extension of the polarization from one inter-
0011 °5 . 0.01 face into the layer. For theLa/Ce/La/Fé sample the situa-
o"°°"‘:°m~6% °°ﬁ:°§,°:;§@ 0 tion is more complex. In fact, the uniformity of the ampli-
ool ™ o° it 001 tude did not seem to reach from such a mechanism. Another
P T I SR PN interesting point holds in the fact that this amplitude is much
T 6140 6160 6180 6200 6140 6160 6180 6200 more smaller than that of the first sample. A constant ampli-
Photon Energy (eV) tude, when Ce atoms are not in direct contact with Fe, was

. also observed by XMCDRef. 18 by inserting a La layer of
FIG. 12. Energy dependence of the asymmetry ratios at the Cfitoonce thicerlless in between %he Fe agnd Ce syublayers.

Lo edge for four low-angle diffraction peaks of the G#Fe — rpis's aect that this unexpected behavior of the €pc

multilayer. Open circles show experimental values and solid Ilneﬁea izati - intrinsi v ofr-like Ce i h
the simulations obtained using a uniform magnetization across thst:::’;lziiécénmljl ti?;yelrnsn'rl]'ﬁics ;rrgolfri:e)r/lt ?S ;Lljpfjortg dlrl:])ystl;(; pro
CeH, sublayer(left par) and an oscillating modefight par). ! . : . - e
k yer(left pard g dhight part file observed in the hydride sample. In fact, the introduction
of hydrogen into the Ce layers leads to a vanishing of the

On the contrary XRMS us allows to investigate the magneticStrain as previously observéﬂlt_ implies a re_-localization of
properties of one sample and to draw conclusions on thi1€ 4 electrons. Hence Ce switches to jdike phase and
magnetic profile. thus adopts_a(ﬁma}lgngtlc prof|le similar to the one of La in
However, since the magnetic signal is a cross term be[La/Fe] multilayers? It is restricted to the |r_1terface and de-
tween charge scattering and magnetic scattetzep Sec. creases sha_rply throughthe Ce Iayer. In this case qurXRMS—
IIA), it is mandatory to obtain a precise knowledge of thedenveq profile is in agreement with the XMCD-derived one.
structural parameters to separate out the magnetic contriby- Ve like to mention recent work performed on Cgfef.
tion to the signal from the structural ofguch as intermixing /) and doped Ce(ke,Ca,), (Ref. 38 compounds with
or roughness Moreover, although XRMS allows us to ob- CUPiC Ia\{ges phase structure in which the Geeléctrons are
tain relevant information on the magnetic profile, it is more itinérant. Experiment, of inelastic neutron scattering on the
difficult to discuss on the absolute value of the magnetizatiofitinerant ferromagnet~M) CeFe clearly show the existence
of each atomic slice. The first reason lies in the use obf an AF fluctuation with a wave vect@®=[333], which
XMCD data for the determination of the resonant parametersnodulates the Fe moments in the FM-ordered ground $tate.
sensitive to magnetic properties which implies that XRMS isThis spin wave appears to have a 400-A correlation length at
bound to the limitation of XMCD in deriving the magnetic low temperature which decreases with higher temperature
amplitude. Another point, restricting this approach, is that thebut still exists at 300 K. The AF fluctuation was also ob-
number of free parameters results from a compromise anserved by magnetic measurements depending on the doping
directly relies on the ratio of the layer thickness to the dis-rate in Ce(Fe_,Ca,),.% Unfortunately the behavior of the
tance between the atomic layers. Therefore, that number irGe magnetization could not be resolved in these measure-
creases with layer thickness, imposing either constraints likenents due to the small valuéess than 0.04.g per atom
symmetrical profiles, nonmagnetic layers, or a loss in theexpected from neutron scattering. The situation is not the
spatial resoluation by using slices thicker than an atomicame in the Ce-based multilayers but they give us some
layer. For example, in this study the number of free paramguidance in the understanding of the complex situation in the
eters in the refinement procedure increases from 9 for thelectronic properties of Ce compounds. Our work leads us to
thin [CeH,_ s/Fe] multilayer to 18 for the[CeLaCe/F¢ speculate that this AF-ordered ground state could reflect the
multilayer. This implies introducing a starting hypothesis existence of an AF ordering on the Cd &lectrons similarly
which naturally raises a question about the validity of thoseas described in this paper. The spin structure might be trans-
hypotheses such as the accuracy of the description of thferred to the @ states of Fe in Ce(ke,Cq,),, in which Ce
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and Fe atoms are always in direct contact, through the direcit al3° who show that there is a very-low-energy difference

exchange coupling of the Feland Ce 8 electrons. between paramagnetic, FM and AF states for Ce initike
phase on the borderline to the transition into thdike
V. CONCLUSION phase. Our XRMS experiment suggests that the strain inside

the Ce film, via an effect onfstates, could be at the origin
To summarize, the behavior of the magnetic polarizatiorof subtle change in the electronic configuratiomefike Ce.
of the a-like Ce sublayers in the multilayers can be de-It might modify this energy difference and induce an AF
scribed by two main components. The first feature is an inorder on the Ce & states. The experiments have also to be
trinsic AF magnetic ordefamplitude~0.2 ug) which per-  related to the absence of a XMCD signal at the I@g, \,
sist even if the strained Ce layer is separate from the Fe layadges if LaCelLa/Fé which could be due either to d thag-
by a La one. The second characteristic is an increase of theetic moment equal to zero or to a perfect AF order of the
5d polarization of Ce atoms intermixed with Fe. It is fol- «a-like Ce 4 states in such multilayers when there is no direct
lowed by a damped decrease while keeping the AF structurd-e/Ce interface. In that sense a similar XRMS experiment at
The enhancement is probably due to a contribution of Fe théne CeM,y \, edge has been perfornf@do directly probe the
3d states to the & magnetic polarization by a direct hybrid- magnetic state of Cef4lectrons in both thétinerant and
ization. localizedstates. The data are now being analyzed.
Moreover, we unambiguously demonstrate the key role of Finally we think that XRMS associated with a detailed
the 4 electrons whose relocalization, induced by a strainstructural investigation offers a unique possibility to selec-
relaxation into the Ce layer, leads to the disappearance of thevely distinguish between different magnetic arrangements
AF order. This must be related to the calculation of Minin artificial magnetic structures.
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