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The element and electronic shell selectivity of x-ray resonant magnetic scait€RhgS) has been used to
investigate the profile of the spin polarization of thé &lectronic states of Ce and La across the rare-earth
layers in Ce/Fe and La/Fe multilayers. The magnetic contributions to the diffracted intensities have been
measured at low angles, at the edge of the rare earth. In agreement with previous results from x-ray
magnetic circular dichroisftXMCD) experiments, the Lad polarization is found to be localized right at the
interfaces with the Fe layers, as it is expected from a direct hybridization with thel Beags. In the case of
Ce/Fe multilayers where Ce is in amrlike electronic state with a complex behavior of thd Bhagnetic
polarization, the XRMS results obtained for two samples with 10 and 22 A thick Ce layers indicate that the Ce
5d polarization decreases slowly from the interfaces towards the center of the layers. This is in agreement with
previous XMCD results. However, at least for the two samples which have been investigated, XRMS also
suggests that the Ced5olarization oscillates across the Ce layer with a period equal t@lt® interplanar
distance ina fcc Ce. Though compatible with the XMCD findings, this oscillating behavior cannot be derived
from its dependence on the Ce layer thickness because of the decrease of the magnetic polarization which
prevents us from observing changes in the sign of the XMCD ampli{8(163-18209)04637-9

[. INTRODUCTION yond that critical thickness, the amplitude of tht’ 4eature
decreases due to the growth of+ike phase in the center of
Dramatic differences in the physical properties of Cethe Ce layers. The existence of arlike phase on a consid-
metal are known to occur depending on its electronic ancerable length near the interfaces with the Fe layers has been
structural state. The f4electron states being at the border attributed to the compressive strain induced on the Ce atoms
between localization and itinerancy, both aspects can bBY the large mismatch between the Ce and Fe lajers.
found in they localized andw itinerant phases of elemental ~ This a-like phase in Ce/Fe multilayers is structurally and
Ce, as well as in its compounds with transition metals, deMagnetically different from the regular phase of elemental
pending on the degree of mixing of the 4nd conduction Ce. X-ray scattering and absorpnon.(.experlments both sug-
electron states. The densemphase of Ce metal is nonmag- gest that Ce is ar_norpho_us up to a cr|t_|c§1I th|ckne§s of 40 A.
netic. However, in compounds witltband transition metals It IS also magnetically different since It Is magnetically po-
like CeFe or CeCaq where Ce adopts an-phase-like elec- larized at room temperature. T_hls has been der_nonstrated by
. . . -ray magnetic circular dichroisttXMCD) experiments at
tronic structure, its ground state may be magnetically ordere

provided that the concentration of the magnetic transitiothtLégtﬁﬁg 2 :nggé?eeéf'o?gg %?2 r?fagﬁ.et-:-cha?; Sphocl);l\;_

metal is large enough. In that case, the magnetic mOmeniSeq ang carry induced magnetic moments in the range of
carried by the itinerant #states are assumed to be inducedy 1, . per atom, with an antiparallel orientation with respect
by their hybridization with the 8 states of the transition 5 the magnetization in the Fe layer. However, the depen-
metal: The situation is far more complex in the case of gences of the XMCD amplitudes upon the Ce layer thickness
CelFe multilayers with thin Ce layefs=or a thickness lower gre quite different at thé and M edges. FromM, - edges
than about 25 A Ce adopts the electronic structure ofathe data, Arendet al® have recently shown that the induced
phase, as it has been demonstrated by x-ray absorption spefagnetism of the # states ofa-like Ce does not extend
troscopy (XAS) measurements performed at th§133 and  beyond its immediate interface with the Fe layer; in particu-
M, 5" edges of Ce. In both cases, the spectra exhibit the twiar, it is suppressed if Ce is separated from Fels A thick
features split by 10 eV which are the signatures of tfi¢ 4 La spacer layer. Thus, thef 4nagnetic order is linked to the
and 4f! electronic states found in the itinerant phase. Be- direct overlap between the Cd 4nd Fe @ orbitals within
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one or two atomic layers at the interface. The Biagneti-  [La(40 A)/Fe(30 A)]x 30 multilayer and two Ce/Fe multilay-
zation of Ce is much more complex, and in some featuregrs with different Ce thickness but with the same 30 A thick
surprising, since it extends significantly far from the inter-Fe one, have been investigated. Thee(10 A)/F&30A)]

face. This is clearly demonstrated by the existence of a<50 sample has been chosen because the 10 A thickness of
XMCD signal at thel, edge of Ce when a 20 A thick La the Ce layers corresponds to the limit of the first regime of
spacer layer is inserted between the Ce and Fe bAetu-  magnetic polarization and tHeCe(22 A)/Fe(30 A)]x 50 one

ally, two different magnetic regimes have been observed bpecause its 22 A Ce thickness corresponds to the second
XMCD as a function of the Ce thickness in Ce/Fe samplesregime.

In regime 1, the meand magnetic polarization decreases

rapidly from the interface up to a distance of about 10-12 A Il. THE XRMS METHOD
while beyond that thickness, in regime 2, it decreases slowly _
as the inverse of the thickness of the Ce layer. This intrigu- A. The XRMS scattering factor

ing behavior suggests that within a few A from the Fe inter- At the L, edge of a rare-earth, XRMS results from the
face, the Ce 8 states are polarized by hybridization with the electric dipole transition from the (/2 atomic core level
spin split A states of Fe, while in regime 2 the magnetic towards the unoccupiedds’? states which carry the mag-
order on the 8 states would not result from such a mecha-netic moment. As for XMCD, the magnetic sensitivity arises
nism but rather be an intrinsic property of the ground State Ofrom the exchange Sp“ttmg of the unoccupied States in-
a-like Ce itself in multilayers. The lack of a detalled piCtUre- duced by their magnetic po|arizati0n and from the Spin po-
has prompted us to use x-ray resonant magnetic scatteringrization of the photoelectron which is related to the spin-
(XRMS) at theL, absorption edge of cerium to probe the orbit coupling in the p core level. We have chosen to work
spatial behavior of the & polarization in a direct way. We at theL, edge because the XMCD amplitude is the same as
have also investigated a La/Fe multilayer at itslizedge in  at thel 5 one but is purely of a dipolar origin. This is not the
order to validate the use of the method since, in that casgase at thé.; edges of rare-earth atoms where XMCD am-
XMCD result$® provide a simple and reliable model for the pjitudes exhibit a noticeable quadrupolar contributiie

5d polarization. A dramatic reduction of the XMCD ampli- angular dependence of which is different from that of the
tude is indeed observed at the ; edges of Lawhea 5 A gipolar part. Following Hannomt al.,® the resonant x-ray

thick Ce layer is inserted between the La and Fe ones. Thigtomic scattering factor of a magnetic atom may be written
indicates that the magnetid5olarization of La is restricted a5

to the direct interface with the Fe layers.

In the past few years, XRMS has become a useful spec- f(k,E)=—(& -&)[fo+f (E)—if"(E)]
troscopic and structural technique allowing to analyze the
magnetic properties of complex materi&fsSince it makes —i(&x8&)-dm'(E)—im"(E)]. (1)

use of the resonant enhancement of the magnetic scattering

occurring at an absorption edge, it is nothing but x-ray mag- E is the photon energy arkl is the scattering vectog;

netic dichroism in the scattering mode. Therefore, it yieldsandé; are the polarization vectors of the electric field for the
the same spectroscopic information as XMCD which is theincident and scattered x-ray beams, which are complex ones
imaginary part of its amplitude, including the possible deter-for a circular polarizationz is the unit vector along the di-
mination of the spin and orbital components of the magnetiaection of the magnetization. The first term in Ed) is the
moment by using the sum rulsn particular, it has the regular charge scattering factor by the electrons of the atom,
same chemical and orbital selectivity as XMCD, allowing which includes the resonant contribution associated to the
one to probe the magnetic properties of a specific electroniabsorption edge. The second one is the resonant magnetic
shell of a given component in a complex material. That is thescattering factor. Its energy-dependent complex amplitude is
reason why XRMS has been recently used as a spectroscopiglated to the matrix elements of the dipolar transifidits

tool to investigate the magnetization ofl 3ransition-metal angular dependence is different from the charge one since it
atoms in multilayers. These experiments have been mostlgepends on the projection of the cross product of the polar-
performed in the soft x-ray ranger! because of the strong ization vectors along the direction of the magnetization, so
XMCD amplitude at thel, 3 edges of 8 transition metals. that the polarization undergoes a rotation in the XRMS scat-
However, being a scattering technique, XRMS also providesering. Actually, another contribution does exist, the imagi-
structural information on the magnetic ordering. Thereforenary part of which corresponds to the linear magnetic dichro-
we use it here to determine the profile of the inducetl 5 ism. However, its amplitude is far lower, especially at low
magnetic polarization throughout the rare-earth layer byscattering angles in the longitudinal geometry which we'use,
measuring the magnetic contributions to the multilayer dif-so that it can be neglected in our casg(k) is the atomic
fraction peaks at the, 3 edge of the rare earth. The experi- form factor which is tabulatetf f'(E) and f"(E) are the
ments have been performed at low angles on the diffractiomeal and imaginary parts of the resonant anomalous complex
peaks provided by the chemical modulation of the multilay-scattering factor. Tabulated vald@fave been used for Fe.
ers. Unfortunately, no diffraction peaks related to the rareHowever, they cannot be used for the rare-earth atoms since
earth phases were observed at large angles, the stacking tbey do not include the resonant features occurring at the
the layers being not coherent enough throughout the samplesdge. We have thus determinEtE) values for Ce and La
Nevertheless, a structural information with an atomic resolufrom the measurements of the x-ray-absorption coefficient of
tion may still be recovered from scattering at low angles if athe samples performed at room temperature using the disper-
sufficiently large number of peaks is measured. Asive XAS station at Luré® The f'(E) values have been
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FIG. 2. Schematic picture of the longitudinal geometry used in
the XRMS experiment with the magnetic fiel lying simulta-
neously in the plane of the sample and in the scattering plane.
ki(k¢) is the wave vector of the incidefgcatteregix-ray beam;o;

-0.03 |

» 0.015 (o) and m; (7¢) are the unit vectors of the polarization states of
:'é' 0.01 E the electric field for the incidentscatterell beam, perpendicular
> 0.005 E and parallel to the scattering plane, respectively.
c  of
(o] ; f(k,E)K cog260)— ecog /)m(E)
-§-o.oos f2(K,E)+emy(k,E)=— (1+KOT2
— -0.01F
m ; ()
0015 ¢ b with e= +1 depending on the orientation of the magnetiza-
-0.02 E L ! L ! L - tion Z with respect t@ X & . K is the ratio of the amplitudes
6140 6150 6160 6170 6180 6190 6200 6210 of the e (vertica) to 7 (horizonta) components of the ellip-
Photon Energy (eV) tical electric field, so that the rate of circular polarization of

_ _ o the x-ray beam is=2K/(1+K?). As shown in Eqs(2) and
FIG. 1. Values in electron units of the imaginaey and reakb)  (3) this geometry maximizes the magnetic scattering at low

parts of the Ce resonant magnetic factor at theedge. Open angles since the magnetic term depends on@dst both
circles in (a) are the experimental values calculated from XMCD At

. polarization states.
data measured for the GéFe;, multilayer, the smoothed curve
being a Lorentzian fit. The real part shown(i) has been calcu- ] ]
lated as the Kramers-Kronig transform of the Lorentzian fit. B. The calculation of the asymmetry ratio

The magnetic scattering being weak, it is easier to bring

evaluated from the”(E) data set by using the Kramers- out an effect by flipping the magnetization. by reversing' an
Kronig relation. Them”(E) imaginary parts of the magnetic applied magnetic field strong enough to align the directions

scattering factors for Ce and La have been evaluated frorﬂ'c magnetization of all the Fe layerb a_md I. bemg the

the corresponding XMCD measuremehisy scaling to the intensities spattered for the two opposite directions of the

f”(E) values. Them'(E) real parts have been calculated field, we defineR, the asymmetry ratio, as

from them”(E) ones using the Kramers-Kronig relation. As (1+=17)

an example, Fig. (® shows them”(E) values measured at R= T (4)

the Cel, edge for the Cg/Fe;, sample, while Fig. (b)

displays then’ (E) ones obtained using the smoothed valuesTo calculate the diffracted intensities, we used the simple

of m”"(E) also shown in Fig. (8. We point out that the kinematic approximation which proved to be correct even for

magnitudes of then’ (E) andm”(E) values are weak, in the the first low-angle peak since it allows us to simulate accu-

range of a few 102 electron units. We thus expect the rately its angular shape as well as the Kiessig fringes due to

XRMS contributions to the diffracted intensities to be weak.the sample thickness. In this approximation, the intensity is
In order to enhance them, we chose the |0ngitudina| Scatthe sum of the intensities diffracted along both polarization

tering geometry shown in Fig. 2 with an elliptical polariza- States of the scattered beam, each one including a charge and

tion. It allows the amplitudes of the charge and magnetic@ Mmagnetic contribution. They are the product of the atomic
scattering to interfere, so that the magnetic contribution tg°cattering factors given in Eq&2) and(3) by the appropriate

the diffracted intensity occurs to first order in a crossed termStructure factors of the multilayer. The structure factors

The magnetization lies in the vertical scattering plane and iﬁhemselvgs are the prqducts of two qontrlbutlons, that of a
the plane of the layers, at an anglewith the incident and S|ng[e unit cell the helgh'g of which is the perlod of the
scattered x-ray beams@®eing the scattering angle. In such multilayer, and that resulting from the stacking of all the

2 geometry. the scattering factor of the maanetic atom th eriods throughout the multilayer. However, the values of
9 Y: Y 9 e asymmetry ratio do not depend on the last contribution

gdge of which Is investigated, is given for thg two pOIariZa’which is eliminated in the ratio. We then defir¢k,E) and
tion states of the scattered beam by, respectively, M(k,E) as the charge and magnetic atomic complex struc-
ture factors of the unit cell as a function of the coordinates
of the atomic planes along the direction of growth of the
f(k,E)+eK cod 6)m(E) (27  Multilayer and ofs, the Fe and Ce or La atomic densities in
(1+K?)1? ’ the planes of the layers:

f(k,E)+em,(k,E)=—
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, atomic polarization, whose determination is the goal, by the
F(KE)=F,—iFj= > (fo+f'—if")oe™,  (5)  partial density of magnetic atoms in the slice. To get rid of a
unit cell . . . ? .
specific model for the magnetic profile of thd Holarization
of the rare-earth atoms, we developed a procedure to simul-
M(k,E)=M,—iM;= >, (m'—im")oez (6)  taneously refine the energy dependencies of all the measured
mag.at. asymmetry ratios and directly determine all the parameters.
To do so, we used a least-squares routine which is an exten-
sion of theppu package written by Wolfer This is easy to
do in the frame of the kinematic approximation which we
use.

A straightforward but tedious calculatibyields the expres-
sion of the asymmetry ratio

—27cos*(0)[F.M,—F;M;]

R= K7 sir2(26) »
2

C. Experimental procedure

) - @

co§(¢9)|M2|+(1

The XRMS experiments have been performed at the

As expected, th& values increase almost linearly with ESRF ID12A beam line yvhich is dedicated to polarizgtion—
Their dependence on cog6), which is due to the geometry dependent.x-ray—absorptlon spectroscb7pyeft-handeq cir-
and to the use of an elliptic polarization, maximizes theircular polarized X lays were generated with the Helios 2 he-
amplitude at low angles. lical  undulator* The_ flxed' exit _ double-crystal

In the calculation ofF (k,E), the summation has to be Monochromator was equipped with a pair of two($L1)
performed over all the atomic planes within one period of thec'yStals. Due to the very low emittance of the ring, the en-
multilayer, while the calculation d¥l only runs over those of €9y resolution was close to the theoretical limit, 0.6 eV at
the planes which contain the magnetic Ge La) atoms the Cel, edge(6164_e\)). The rater of circular polarization
whose edge is investigated. In the case of the Ce/Fe samplé¥, the monochromatic beam was around 84% at that energy
a difficulty arises from the fact that the Ce layers are amor@nd 82% at the L&, edge. As itis shown in Secs. IV and V,
phous, so that there are no well-defined Ce atomic planeéhe XRMS c_ontrlbutlons to the diffracted intensities are
We cannot use directly expressiof® and (6). In order to  Pretty weak, in the range of a few 18, Therefore,lln order
get the profile of magnetization at an atomic scale, we dividd® 9t meaningful values of the asymmetry ratios, an ex-
the amorphous Ce layer into slices with a heigrgqual to ~ {fémely high accuracy is required in the measurement of the
the regular interatomic distance in the crystalline fcc phaséliffracted intensities, as well as an excellent stability in the
of a Ce. The charge and magnetic structure factors are thePPsition, the size, and the orientation of the beam impinging
obtained by changing in Eq€5) and (6) the planar atomic N the sample. Actually, the position of the beam, which has
density o for (2p/k)sinkd2), with p being the three- @& Cross section of 10@m (_ho_nzonta} by 10 pm (.vertlc_abz
dimensional atomic density given hy=o/d. At the lowk  Was found to be stqble Wlth_ln_}im and its direction W!thm
values at which our experiments have been performed, th@ few wrad. The highly efficient detection system imple-
differences between the values of the structure factors calcgPented on the beam line allowed us to collect spectra with

lated for a crystalline or an amorphous model are weak. Acth€ very high signal-to-noise ratio required in our experi-
tually, in the case of the Gg/Fesy, sample the intensities of ments. The detector is a silicon photodiode associated with a

the four diffraction peaks could be simulated by using thedigital lock-in exploiting the modulation of the x-ray beam at
formalism of the crystalline structure factor but by reducing®8 Hz:~ At each point of measurement, this allows to get rid
by about 10% the planar densities We nevertheless used of_the unwanted dark_ current of the photodiode and of '_slow
the formalism of the scattering by an amorphous Ce layer. drifts of the elesctronlcs. As a consequence, a-n0|se-f.|gure
The structural parameters required to calculBité, E) below a.few 10 > was obtalned.for the_ diffracted intensities.
and M (k,E) have been determined from a structural study{o‘ two circles dlﬁractometer with horizontal axes has been
mentioned in Sec. IIl. In the calculation ™, we assumed installed for the experiment. The angular resolution was set
that all the rare-earth atoms carry the same magnetic momefit 0-005 degrees by the receiving slits. A coil wound around
within an atomic La plane or an elemental Ce slice, and thu& Y-shaped iron yoke was mounted on the sample stage. It
have the same values of atomic magnetic scattering factdfelivered in the plane of the sample a magnetic field of 600
m’(E)-im”(E), which may however vary from plane to G strong enough to satgrate the magnetization in the Fe lay-
plane, or slice to slice. Indeed, the mean value of iife €S @nd to ferromagnetically couple them.
imaginary parts averaged over the period of the multilayer, is
given by the XM_CD amplitude. Therefore,_the true param- IIl. SAMPLE PREPARATION AND STRUCTURAL
ete.rs are the ratios of the” ffictqrs Fo their mean value,_ CHARACTERISTICS
which are called atomic polarization in the following. Their
number is equal ta-1, n being the number of atomic planes, ~ We recall here briefly the procedure of preparation of the
or of amorphous slices containing rare-earth atoms. It is larggamples which is described in more detail elsewféréhe
when the rare-earth sublayer is thick. In order to reduce itfnultilayers were grown by computer-controlled ion-beam
we can assume that the magnetic ordering is symmetric witsputtering in a ultrahigh vacuum chambéase pressurp
respect to the center of the rare-earth sublayer. Actually, thec5x 10~ °mbar). Highly pure sputtering gas Ar k§ and
pertinent parameters in the calculation\dfare the values of target metals La, Ce (8) and Fe (N8) were used. Partial
the magnetic polarization integrated over an atomic plane opressures of reactive gases,(®l,, H,O) were kept below
an elemental slice. They are related to the values of thd0 °mbar during the deposition process. The samples have
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been grown on S{100) wafers coated with a 40 A thick Cr
buffer layer, with growth rates around 1.0 A/s for La and Ce,
and 0.5 A/s for Fe. A 50 A thick Fe capping layer pro-
vided protection against oxidation. The deposition of the
multilayers has been performed at about 90 K to minimize
diffusion. As a consequence, due to the well-defined layered
structure of the sample with sharp composition profiles, up to
11 diffraction peaks could be registered at low angles in the
case of the La/Fe multilayer.

The period of the multilayers, the respective thickness of
their Fe and La or Ce sublayers, their atomic densities, as
well as the roughness at their interfaces have been deter-
mined from the fit of the x-ray reflectivity at low angles
using the optical theory of x-ray reflectivity. Their values o 1 2 3 4 5 6 7
are given for the La/Fe and Ce/Fe samples in Tables | in Sec.
IV, and Il and IV in Sec. V, respectively. Indeed, the contrast
between the contributions of Fe and @e La) is rather low,

9

the larger atomic volume of the rare earth compensating to __ 10 &
some extent its larger atomic number. In order to better deco- £ 10° 1
rrelate the structural parameters related to the rare-earth lay- S 107 L ]
ers from those of the Fe ones, we used x-ray anomalous 8 I' ]
scattering to change their respective contributions to the low- Z 10° I L
angle diffraction pattern. The experiments have been per- 2 q19° r 1
formed at several photon energies aroundlthedge of the 2 F ]
rare earth and th& edge of Fe by using the diffractometer f‘é 10°r 1
installed on D2AM, the French CRG beam line at ESRF. = 10° f -|
The changes in thé’ values by about 6 electrons at both 100 [ 3
edges are moderate. Nevertheless, significant variations in r 1
the intensities of the diffraction peaks were observed as it is 10 .
illustrated in Fig. 3 which shows the reflectivity patterns 0 7
measured for the Gg/Fe;y sample at the Cé, and FeK
edges, as well as at an intermediate energy, together with
their simulations for the values of the parameters given in ;
Table Il. The simulations fit rather well the experimental 10 i
data beyond the first diffraction peak, the agreement being —~ | ]
poorer at very low angles. For the three samples, the deter- % 10 1
minations of the periods and of the layer thickness givenin = 3
Tables I, II, and IV are close to their nominal values. In all £ 10 1
cases, the interfacial roughness are rather weak, with Gauss- ~ . ]
ian standard deviations lower than one interatomic distance. %"‘0 1
Nevertheless in the case of the ;g/&e;, sample, the full S ]
widths of both interfaces extend over the whole of the 10 A £ 10° 1
thick Ce layer. A slight asymmetry between the two inter- ; ]
faces is also observed for the Ce/Fe samples, in agreement 100 f 1
with a previous structural investigatidn.

The atomic structures of the Fe and La layers have been 10
previously determined by conventional x-ray diffraction at 0 1 2 3 4 5 6 7
large angle$:?? In both the Ce/Fe and La/Fe samples, the 30 Incident Angle (deg)

A thick Fe layers grow along thel10) direction in the bcc . .
structure, the interplanar distance being close to the regul%e';Gu;e‘gd ;‘to \t'\r']j'ge :éﬁrggllog 4p:\t;e23a%f it:ti r%qufa‘)tzag:gf
one in bulk Fe(2.027 A). In the case of the Ce/Fe samples, 2 €49 ‘ 9y

. . I 6200 eVj and at the F& one(7112 eV}, from top to bottom. Open
the diffraction patterns show however a weak contribution OfE:ircles show the experimental results and full lines the best simula-

(211) domains. I.n the_ La{Fe sample, the Lg Iayer.s 9"0Wions of the reflectivity obtained for the values of parameters given
along the(111) orientation in theg fcc phase, with an inter- ., tapie I1.

planar distance close to that in buk La (3.026 A. The

values of the Fe and La atomic densities determined from thatomic structure of the Ce layers is however not well known
simulation of the x-ray anomalous reflectivity and reportedsince previous works? suggest that Ce is amorphous for a
in Table | are found to be that of bulk bcc Fe and fcc La, inCe thickness below 40 A. Beyond that thickness, Ce layers
agreement with the diffraction results. In the case of thegrow in a regulary fcc phase with @111) orientation. Indeed
Ce/Fe multilayergTables Il and 1V, the refined values of the diffraction patterns of both Ce/Fe samples do not exhibit
the Fe atomic density are also that of bulk bcc Fe. Theany diffraction peak related to a crystalline Ce phase. For the
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Ce,,/Fey, sample, the simulation of the x-ray anomalous re-  0.004 /————/————"—7"———1T—"———7"—

flectivity indicates that the value of the Ce density is that of ;303 | o 2nd order _
the crystallinea phase p=0.0351at/A™3) and is signifi- ' o 3rdorder 3
cantly larger than that of the phase p=0.0291 at/A3). 0.002 £ k

This supports the assumption of anlike state for Ce in
multilayers with Ce thickness lower than 40 A. In the case of ~ 0001 |
the Cqq/Fe;g sample, the simulation of the reflectivity at low ok
angles appears to be far less sensitive to the actual values ¢
the atomic densities. Good fits of the anomalous reflectivity -0.001 |
for the Bragg diffraction peaks could be obtained using regu-

lar values of the densities of bcc Fe amdcc Ce, especially -0.002 o &é’ -
at theK edge of iron as it is shown in Fig. 3. At the Cg ]
edge, the agreement is however poorer at the first diffractior ' ' ' ' 3
peak. Values of the Ce densities lower by as much as 30% 0.003 | o 4th order 4

o 5th order

also produced decent simulations. However, theKFedge 0.002
data allows to rule out such a possibility. In the following,

we will thus assume that the Ce atomic density is that of the  0.001 F
crystallinea phase and that the local amorphous structure is 0
similar to that in the(111) planes ofa Ce.

-0.001 | A

Dy o i :

- - (2] K

IV. PROFILE OF THE LA-5 d MAGNETIC 0.002 A 3
POLARIZATION IN A LA/FE MULTILAYER -0.003 b & of 3

Figure 4 shows the energy dependences of the asymmetr +——————————————
ratios measured at the, edge of La for eight low angle
satellites, together with their simulations. The first-order one ~ 0.002 |
could not be accurately measured because the diffractior
peak is too close to the plateau of total reflection. Their am- 0
plitudes are pretty weak, with maximum values in the range
of a few 10 3. Nevertheless, rather good-quality data have -0-002 |-
been obtained up to the ninth order. The spectral shapes e»

hibit a dispersionlike behavior with a single Lorentzian reso- -0.004 |- 6th order
nance in agreement with the single Lorentzian feature dis- 7th ord ]
played by XMCD datd. They look essentially like the real ~ “0-008 | g th order

part of the magnetic atomic scattering factor. This is ex-
pected from Eq(7) since the real part of the structure factor
Fr is much larger than the imaginary of&. The strong o
variation of the amplitudes of the asymmetry ratios with the "(B' 0.01 |
scattering angle is a direct evidence that thk rfiagnetic  OC
polarization is not constant throughout the La layers. In such 0
a case, both the charge and the magnetic structure faEtors, +=
andM, would have the samledependence, so that the asym- € 001
metry ratios would not exhibit any dependence on the order :

of the diffraction peaks. We point out that tRevalues cor- i

responding to even and odd peaks have opposite signs. Thi @ -0.02 | B o 8thorder

can be qualitatively understood as resulting from a localiza- b ~o- 9th order

tion of the magnetic polarization at the interfaces withtheFe  gea b v o v v v v v 0 v v v v v i v v 000

layers. 5870 5880 5890 5900 5910 5920
In order to derive the profile of the LadSmagnetic po- Photon Energy (eV)

larization, the energy-dependent amplitudes of the eight

asymmetry ratios have been simulated following the proce- g, 4. Energy dependences of the asymmetry ratios at the La
dure described in Sec. IIB and using the structural paramg, edge for eight low-angle diffraction peaks of the La/Fe
eters given in Table I. We point out that the numbers ofmyltilayer. Open circles and squares show experimental values and
atomic planes in the Fe and La sublayers are not integgull lines the simulations obtained using the profile of magnetic
ones. In order that the 75.6 A period of the multilayer doespolarization shown in the lower part of Fig. 5.

correspond to an integer number of 31 atomic planes, the Fe

(110 interplanar distance has been slightly relaxed by 2.4%oughness derived from the simulation of the x-ray reflectiv-
in comparison with its bulk value, while keeping the atomicity, whose standard deviations are given in Table I, indicate
density. The La11l) interplanar distance has been kept atthat the interfaces between Fe and La sublayers extend
its regular value in thed fcc phase, so that the La sublayer roughly over two atomic planes. The resulting profile of the
thickness does correspond to 13.6 planes. The values of thex concentration throughout a La layer is shown in the upper
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TABLE |. Structural parameters for the LgFe;, multilayer. magnetic polarization per La atom in the three planes. This
The period, the thickness of the La and Fe layers, the interfaciahumber is even reduced to two by using the constraint that
roughness(standard deviation and the densities are determined the imaginary part of the mean value of the magnetic polar-
from the refinement of the x-ray anomalous reflectivity. The Lajzation averaged over the La layer is given by the XMCD
interplanar distance is th@11) one for B fcc La and the Fe one is intensity. It is thus far lower than the number of parameters
relaxed by 2% compared to the regula0) interplanar distance in - that could possibly be determined from the refinement of the
bee Fe as discussed in text. energy dependencies of the eight asymmetry ratios. As a
consequence, the determination of the magnetic polarization

Period(A) 75.6+0.01 La Fe in each of the three La planes at the interfaces with Fe should
Layer thicknesgA) 41.2+0.4 34.4-0.4 be unambiguous.

Roughnesgo in A) La/Fe 2.+-0.3 FelLa 2.2-0.3 Figure 4 shows the simulation of the asymmetry ratios
Atomic density (103 A ~3) 26.45 84.92 obtajned for the magnetic profile displayed in the lower part
Interplanar distancé®) 3.026 1.98 of _Flg. 5. Though.not perfect, thg agreement between simu-
Number of atomic planes 1340.15 17.4-02 lations and experimental data displayed is reasonably good,

given that only two parameters have been used. As shown in
the lower part in Fig. 5, the profile of thedSmagnetization

part of Fig. 5. The two interfacial planes are mixed cmescarried by a La atom is found to decrease drastically from the

containing, respectively, about 45% and 85% of La atoms. interfa}ce V.Vith Fe toward§ th_e center of the La layer. The
In order to reduce the number of free parameters in th&egative sign of the polarization has been chosen because of

simulation of the asymmetry ratios, we assumed that th he antiferromagnetic ordering of the La layers with respect

magnetic © polarization of La atoms is restricted to within 3 to_th§ l_:e rr;ag_ntlatlzlatlon_. T{‘f 6La. atomllc polarrl]zatu_)n in the
planes at each interface with Fe layers, as it is strongly sugfxed Interfacial plane is 11.6 times larger than its mean
gested by XMCD result3®> We also assumed a magnetic alue ayeraged over the \_/vhole of the La layer; '.t Qecreases
symmetry, which implies that the magnetic profiles are thedramatlcally to about 1.2 in the next plane containing about

same at the La/Fe and Fe/La interfaces. We thus are left witRo 70 L& atoms and to 0.6 in the following pure La plane. We

only three adjustable parameters which are the values of tHgP!Nt out that such a steep decrease of the polarization is

preserved even if the assumption that the polarization is lo-
calized only over three planes at the interface is relaxed.

2= These results are qualitatively in agreement with previous
CC) ] [ XMCD results at thd_, edge and especially with the strong
P! [ reduction of its amplitude which is observed when inserting
E [ a 5 A thin Ce spacer layer between La and°Fe&om the
e 08 XMCD measurement for such a multilayéra value of
o [ 0.13ug has been determined for the mean magnetic moment
O 06 averaged over the La layer. We can use it as a scaling factor
CC) ; to evaluate the & magnetic moments per La atom in each of
o 04 the three magnetically polarized planes. We gejg.5 the
© interfacial plane and 0.16; and 0.0&.z in the two next
—l 02 ones. The value of the moment in the mixed interfacial plane
is pretty large compared to the mean value of @.d 3How-
- ever, it is in reasonably good agreement with the XMCD
c i measurement of a mean moment of z60er La atom for a
o 0 La,o/Feyo multilayer® with a thin La layer containing 3.3 La
"('3' P planes. Finally, we stress that the magnetic profile derived
N from this XRMS investigation fully supports the model de-
E 4 rived by Arendet al® from XMCD data, which suggests that
o the 5d states of La at the Fe interfaces are magnetically
a 6 polarized over one or two atomic layers by direct hybridiza-
o tion with the spin split 8 states of Fe.
O -8
>
3 -10 V. PROFILE OF THE CE-5 d MAGNETIC POLARIZATION
12 IN CE/FE MULTILAYERS
0 1 2 3 456 7 8 9 1011 1213 14 Figures 6 and 8 display the energy dependences of the
Monolayer Position four asymmetry ratios which have been measured at the

edge of cerium for the two Ce/Fe multilayers, together with
FIG. 5. Profiles across the La sublayer of the La atomic concentheir best simulations. The spectral shapes are quite different
tration, upper part, and of thed5La magnetic atomic polarization, from those shown in Fig. 4 for the La/Fe sample. For Ce, two
lower part. The unit of magnetic polarization is the mean polariza-contributions separated by about 10 eV are observed, as it is
tion averaged throughout the La sublayer which is given by thealso the case for the real and imaginary parts of the Ce reso-
XMCD amplitude. nant magnetic atomic factor which are shown in Fig. 1. They
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0.001 TABLE IlI. Structural parameters for the GgFe;y multilayer.
o The period, the thickness of the Ce and Fe layers, the interfacial
'ﬁ 0.0005 roughness(standard deviation and the densities are determined
o from the refinement of the x-ray anomalous reflectivity. The inter-
o 0 planar distances refer to tH&11) planes ina fcc Ce and to the
..3 (110 in bcc Fe.
E -0.000] Period(A) 39.25+0.01 Ce Fe
5 -0.001k Layer thicknesgA) 10.10+0.2 29.15-0.2
‘ Roughnessa in A) CelFe 2.40.2 Fe/Ce 2.80.2
0.0005 Atomic densities (103 A %) 35.1 84.92
o 0 Interplanar distapc(ai\) 2.80 2.027
= Number of atomic planes or 3.6:0.07 14.4-0.1
& 0.0005 amorphous slices
oy
B -0.001 o
£ Ce polarization is nonconstant across the Ce layers. The
£-0.0015 simulations of the four asymmetry ratios have been per-
5 formed following the same refinement procedure as in the
< -0.002 La/Fe case. The amorphous structure of the Ce layers is,
however, taken into account in the calculations of the Ce
charge and magnetic structure factors by dividing the Ce
o 0 sublayer into slices with a 2.80 A thickness equal to the
'ﬁ (112) interplanar distance of the regular crystalline fcc
25 phase, as it is explained in Sec. Il B.
> -0.002
"q',;' A. The Cey/Fe;, multilayer
E -0.004f The structural parameters for that sample are given in
n Table Il. Its 10.1 A Ce thickness corresponds to a noninteger
< o.006 number of 3.6 slices with a 2.80 A thickness. The total num-
ber of Ce slices and of Fe crystalline planes in one period is
0.01 however an integer one. Two models are possible. In the first
© 0.005 one, the Ce layer would be built with two central pure Ce
= slices and with two interfacial ones with a high Ce concen-
o 0 tration of 80%. All attempts to fit the asymmetry ratios on
> this basis failed. We thus consider the second one only. In
©-0.005 that case, the Ce sublayer is divided into five slices: three
£ pure Ce ones inside the layer and two mixed ones at both Fe
§. -0.01 interfaces which have a low atomic Ce concentration. For
[7) such a structural model, the Cel Bnagnetic profile is deter-
<-0.015 mined by refining the energy dependences of four asymme-
try ratios. Due to their different spectral shapes with two
6140 6160 6180 6200 lobes, it should be possible to determine at least four inde-
Energy (eV) pendent parameters from this data set. To allow their safe

determination, we nevertheless tried first to keep the number
FIG. 6. Energy dependences of the asymmetry ratios at the Cgf free parameters as low as possible, even at the price of a

L, edge, for the diffraction pattern of the (oéFey, multilayer. — hoorer agreement between data and simulation. Therefore, as
Open circles show the experimental values and full lines the besf, the |a/Fe case, we assumed the magnetic structure of the
simu_latio_ns obtained using the magnetic profile shown in the lowe~, layers to be symmetrical with respect to their centers. By
partin Fig. 7. using the constraint relating the mean value of the magnetic

polarization to the XMCD amplitude, we then are left with
correspond to the two 4 and 4f° features observed in the only two adjustable parameters. Unexpectedly, the refine-
isotropic absorption spectrum eflike Ce state’ This mix-  ment of the asymmetry ratios yields an oscillatory behavior
ture together with the interplay between the real and imagifor the magnetic profile of the & polarization, with rather
nary parts of the resonant magnetic scattering factor result itarge values and with the sign of the magnetization changing
a complex spectral dependence. As in the La case, the arfrom slice to slice. Such an oscillatory solution was not ex-
plitudes of theR values are pretty weak, ranging from a few pected from the monotonously decreasing dependence of the
104 to at most 1.% 107 2. They strongly depend on the amplitude of thel, edge XMCD on the Ce thickness. It is,
order of the diffraction peaks. As already explained in Sechowever, found to be stable in the refinement, even when
IV, this readily indicates that in both Ce/Fe samples, the 5 relaxing some of the structural parameters. Actually, the best
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TABLE lIl. Profiles of the values of the Ce partial density and 1.2
of the 5d magnetic polarization across the Ce layer in the,@es;
sample. The unit of atomic polarization is its mean value averaged
over the Ce layer and is given by the XMCD measurement for the
sample. The unit of density is that of the crystallim@hase of Ce.
Values in the upper lines refer to the structural model taking into
account interdiffusion across the Ce layer, while those in parenthe-
ses in the lower lines are derived for the simpler but unrealistic
model with a lower density and a magnetic symmetry.

0.8 ﬁ

0.6 | J

Ce concentration

0.2 .
Slice 1 2 3 4 5 6 0

1 2 3 4 5 6
Ce partial 0.15 045 0.73 0.89 0.65 0.31 Ce slices

density (0) (0.49 (0.83 (0.83 (0.83 (0.22
Ce atomic 1.6 —10.6 7.6 —8.8 8.6 7.2
polarization (0) (-8.7 (.2 (=71 (.2 (=87

simulation is obtained by relaxing the Ce partial density in-
side the Ce layer to a value lower by about 20% with respect
to its regular value in ther crystalline phase. Conversely,
this increases the values of the atomic magnetic polarization
by about the same amount and keeps almost constant their
products with the Ce partial density, which are the true pa-
rameters entering in the refinement. With that anomalous low
density, the total number of Ce atoms in the amorphous Ce
sublayer would then correspond to that found in a slab of 3.2

(111 atomic planes with the regular density of thecrys- g 7. Profiles across the Ce sublayer in the,@Res,
talline phase. The agreement is also improved by |mr0dUC'n9nuItiIayer, of the Ce atomic concentration, upper part, and of the

a slight structural asymmetry at the interfaces, with a lowefce 5 induced magnetic polarization, lower part. The unit of mag-
Ce concentration at the Ce/Fe one than at the Fe/Ce. This ietic polarization per Ce atom is the mean polarization averaged

on line with the two different values of the interfacial rough- throughout the Ce sublayer, which is given by the XMCD ampli-
ness given in Table Il and derived from the simulation of thetude for that sample.
x-ray reflectivity. For this best simulation, the total number
of free parameters is actually fogtwo values of the mag- build the profile of the Ce concentration shown in the upper
netic polarization, the Ce density and asymmetry in the Ceart of Fig. 7. In order to reduce the number of free param-
concentrations at the interfage§he values of the atomic eters as much as possible, the Ce layer has been divided into
magnetic polarization and of the partial Ce density are giversix slices only. The corresponding Ce partial densities are
for each slice in parentheses in Table Ill. The units are thgiven in Table Ill. The total number of Ce atoms in the layer
mean polarization averaged over a slice and the regular degeorresponds to that found in 3.1811) atomic planes in
sity of the crystallinea phase, respectively. The negative crystalline @ Ce. We point out that it is in agreement with
sign of the mean polarization has been chosen because of ttieat obtained in the simpler but unrealistic model previously
net antiferromagnetic ordering of the Ce layers with respectliscussed. By using the constraint relating the XMCD am-
to the Fe magnetization. plitude to the mean value of the polarization averaged
Such a too low value of the Ce density has also beerthroughout the layer, we are left with five parameters to re-
derived from the refinement of the anomalous reflectivity affine, which are the values of the atomic magnetic polariza-
the Cel, edge, as mentioned in Sec. lIl. It appears as a trickion in five of the six slices. We did not try to reduce their
to compensate for features not taken into account in the tooumber by assuming a magnetic symmetry. The refined val-
simple model used. A more realistic one should be considues of the atomic polarization are given in Table Il and the
ered at the price of a larger number of free parameters. Ineorresponding magnetic profile is shown in the lower part in
deed, the low Ce partial density suggests the occurrence ofRg. 7. Figure 6 compares the measurements of the four spec-
significant interdiffusion in the whole of the thin Ce layer. tra to their simulations obtained using this profile. The agree-
This is also supported by the values of the standard devianent is rather good. Indeed, the weak polarization in slice 1
tions of the interfacial roughness at the interfaces with Fas found to be less accurately determined, its weight in the
sublayers reported in Table Il. They result in values of therefinement being weak because of the low Ce concentration.
full widths of the interfaces as large as 5.6 and 6.6 A so thaConversely, the values of the polarization in the other slices
interdiffusion may occur over the whole of the 10 A thick Ce do not depend much on its actual value, even when reversing
layer. We thus have tried a more meaningful model assumits sign.
ing the regular density of the phase, but taking interdiffusion We point out that we recover an oscillating behavior of
explicitly into account. To get rid of any further structural the magnetic profile which is almost the same as the one
parameter, we assumed a Gaussian model for interdiffusiofound in the simple but unrealistic model restricting interdif-
and used the values of the roughness given in Table Il tdusion within one interfacial layer at the price of a too low

Ce Polarization

-15 1 1 1 1 1
1 2 3 _ 4 5
Ce Slices
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density. The values of the atomic polarization given in Table  0.0005
[Il are larger by about 20% than those derived in the first

model and shown in parentheses. We point out, however, the 0
good qualitative agreement found in both cases for the values o= = = = 1
of the polarization integrated over a slice, which are the

products of the atomic polarization by the partial Ce density =-0.0005
and are the pertinent parameters in the refinement. Interest-

ingly, in both cases, their values are found to be symmetrical -0.001
in slices 3 and 5 in the inside of the layer, even though no
structural or magnetic symmetry has been assumed in the

. -0.0015
second model. In both cases, the same large magnetic asym-
metry is induced in the interfacial slices 2 and 6 by the asym- 0.006
metry in the concentration profile. We thus stress the stabil- 0.004
ity of the magnetic solution which does not depend on the
details of the structural model, despite the fact that a signifi- 0.002
cant interdiffusion occurs in such a sample with a thin Fe 0
layer. We also checked that the oscillating behavior of the g 045 -
magnetic profile is preserved when using a crystalline model
for the Ce layers. Actually, provided that the same values of -0.004
the structural parameters of the multilayer are used, includ-  _g 996

ing the Ce density, the values of the magnetic polarization

are found to be the same as for the amorphous case, within -0.008
10%. Finally, we point out that simple models suggested by 0.003
the XMCD findings have also been tried as a starting solu-
tion in the refinement procedure, but they all failed. Those
implying either a constant or a slowly decreasing magnetiza-
tion throughout the Ce layer give no dependence ofRhe
amplitudes on the scattering angle, or a far too weak one. 0.001
Those with a strong magnetic polarization at the interfaces
with Fe, decreasing towards the center of the Ce layer but
keeping a negative sign without oscillating, as in the La/Fe
case, also failed. Whatever the slope of the decrease, they
yield a wrong sign for theR value at the third order in the -0.001
diffraction pattern.

0.002

0.004

B. The Cex/Feyo multilayer 0.002
As shown in Fig. 8, the amplitudes of the four asymmetry '

ratios exhibit a strong dependence on the order of diffraction. 0 oo
This indicates a nonconstant magnetization throughout the  _g 592
Ce layer, as in the previous case. The first- and third-order

spectra are weaker by almost one order of magnitude. This, -0.004}=
together with the decrease of the diffracted intensities with

the order of diffraction, makes the third spectrum weak and -0.006

rather noisy. Due to this, its weight in the refinement of the -0.008 1

magnetic structure is weak. We thus try to keep the number

of free parameters as low as possible, which implies to as- 6140 6160 6180 6200
sume structural and magnetic symmetries across the Ce Energy (eV)

layer. Table IV gives the structural parameters needed in the
refinement. The numbers of atomic Fe planes or of amor-
phous Cg slices obtalneq from the th!ckness of the Fe and ircles show the experimental values and full lines the best simula-
!ayers using the regular mterplanar dlstances_(IdJO) planes tions obtained using the magnetic profile shown in the lower part in
in bcc Fe and111) ones ina fcc Ce, are not integer. How- g, g
ever, their sum corresponds to an integer number of 22
planes as it is required for a periodic stacking. Its 21.85 Ashown in the upper part of Fig. 9. The seven central slices are
thickness corresponding to a noninteger number of 7.8 slicesssumed to be pure Ce ones and the two interfacial ones to
with a 2.80 A thickness, two models of the Ce layer arebe interdiffused with Fe with a Ce concentration of 0.4, as
possible, as in the case of the ge;y sample. In the first indicated in Table V. This structurally symmetrical model is
one, the layer is divided into eight slices, the two interfacialactually too simple since it does not take into account the
ones having a large Ce concentration of 0.9. This model didhterfacial interdiffusion which extends over two slices at
not allow us to obtain a reasonable fit of the asymmetryeach interface, as it is suggested by the values of the standard
ratios. We thus used the structural model with nine slicegleviations of the roughness given in Table IV. Nevertheless,

FIG. 8. Energy dependences of the asymmetry ratios at the Ce
edge in the diffraction pattern of the GéFe; multilayer. Open
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TABLE IV. Structural parameters for the GéFe;, multilayer. The best solution obtained for the magnetic profile is
The period, the thickness of the Ce and Fe layers, the interfaciadhown in the lower part of Fig. 9, and the corresponding
roughness(standard deviation and the densities are determined yalues of the polarization are given in Table V. The unit of
from the refinement of the x-ray reflectivity. The interplanar dis- polarization is the same as for the gke;, sample in order
tances refer to thél11) planes ina fcc Ce and to thél10 inbcc g allow comparison. Figure 8 shows the simulations of the

Fe. four asymmetry ratios obtained for this best solution. The
_ agreement with experimental data is reasonably good given
Period(A) 50.60=0.01 Ce Fe the low number of parameters in the simulation, even at the
Layer thicknesgA) 21.85-0.4 28.75- 0.4 third r_loisy order. Indeed, the factor of merit in the refine-
Roughnesgo in A) CelFe 2.5:0.2 FelCe 2.20.2  mentis found to be flat over a range of values of the mag-
Atomic densities (10° A ~3) 35.1 84.92 netic pola_rlzatlon in the cen;ral sll_ces. In olrder. to allow one
to appreciate the accuracy in their determination, error bars
Interplanar distancéA) 2.80 2.027 corresponding to the extension of that range of possible so-
Number of atomic planes or ~ 7.8+0.15 14.2:0.2 lutions are given in Table V. The uncertainty in the values of
amorphous slices the Ce magnetic polarization decreases strongly from the in-

terfacial slices towards the central ones. In the outer slices, it
is lower than 5%, but reaches about 100% in the central one.
despite the assumption of a magnetic symmetry with respedevertheless, the two main characteristics of the polarization
to the center of the Ce layer and the use of the constraint thatrofile are preserved for all determinations. First, the profile
the mean value of the polarization per Ce atom is given byf polarization is found to oscillate in all cases, with the
the XMCD measurement, we still are left with four free pa- same period of about 2.80 A which has been obtained for the
rameters. Moreover, the fitting of the data proved to be onlyCe,,/Fe;, sample. Second, the polarization decreases rather
weakly sensitive to the value of the magnetization in theslowly from the interfaces towards the center of the layer,
center of the Ce layer. Thus, we did not try to increase furexcept at the interfacial slices interdiffused with Fe, where it
thermore the number of parameters by taking into accourik larger than inside the Ce layer.

interdiffusion at the interfaces which would introduce addi-

tional mixed planes at the interfaces. This should not be a too

poor approximation in the case of a 22 A thick Ce layer, C. Discussion

since we have shown that neglecting interdiffusion change
the values of the atomic polarization only by about 20% inj,,
the far more critical case of a 10 A thick Ce layer.

The profiles of the 8 induced magnetization are found to
qualitatively similar in both samples. Our model, which
assumes a ferromagnetic ordering within the Ce slices, gives
an antiferromagnetic coupling from slice to slice, with a
L o o o e o e s e o e e e e magnetic period roughly equal to twice tfEL1) interplanar
distance in thex crystalline phase of Ce. As shown in Tables

1

g Il and V, the decreasing amplitudes of atomic polarization
2 0.8 are also comparable in both cases, except in the interfacial
£ 06 slices where they are found to be higher for the,fiee;,

£ sample. We thus have tried to reconstruct them using the
5 0.4 same decreasing oscillation for both cases. To do that, the

magnetic profiles are assumed to result from the superposi-
tion of two damped oscillations decreasing from each inter-
face towards the center of the layer. Their simulation is
easier in the case of the Gée;; sample where a magnetic
symmetry has been assumed and where the two oscillations
do not interfere much because of the larger thickness. It
yields a damped oscillation with a period of 5.9 A close to
twice the(112) interplanar distance, and with amplitudes de-
creasing roughly as™ !, r being the distance from the inter-
face. In order to allow such a simple analysis, the magnetic
profile in the Cgy/Feyg sample has to be made symmetrical
with respect to the center of the Ce layer. Interestingly, this
symmetrical profile can be simulated using the same damped
oscillation than for the Cg/Fe;, sample, provided that a
L1111l L1 phase shift of about 1.5 A is introduced to allow to recover
4 5 6 7 8 9 . . . . .
Ce slices the weaker amplitudes of the atomic polarization of the in-
terfacial slices, while keeping the amplitudes of the other
FIG. 9. Profiles across the Ce sublayer in the, (e, Slices inside the Ce layer to their values which are close to
multilayer of the Ce atomic concentration, upper part, and of the cdhose in the Cg/Fe;; sample. The origin of this shift, which
5d induced magnetic polarization, lower part. As in Fig. 7, the unitcorresponds to about half an interplaat 1) distance of the
of magnetic polarization per Ce atom is the mean polarization averystalline phase, is not clear. It might simply be due to the
eraged throughout the Ce sublayer in thgIfs;, multilayer. fact that interdiffusion has not been taken into account in the
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TABLE V. Profiles of the values of the Ce partial density and of tidensagnetic polarization across the
Ce layer in the Cg/Fe; sample. To compare with the GéFe;, case, the unit of atomic polarization is the
same as in Table IIl. It is the mean value of the atomic polarization averaged over the Ce layer which is given
by the XMCD measurement for the Gé#e;, sample. The unit of density is that of the crystalliagohase
of Ce. The error bars in the values of the magnetic polarization have been evaluated from the behavior of the
factor of merit in the refinement of the asymmetry ratios, as explained in text.

Slice 1 2 3 4 5 6 7 8 9
Ce concentration 0.4 1 1 1 1 1 1 1 0.4
Ce atomic —-18.7 8.8 —-8.2 5.8 -2.1 5.8 —-8.2 8.8 —-18.7
polarization +0.5 =0.4 +1 +1.5 +1.8 =15 +1 +0.4 +0.5

case of the Cg/Fe;, sample. It would extend the thickness  The analysis has been performed using the kinematic ap-
over which Ce atoms are distributed and thus shift the magproximation for diffraction which proved to work in the spe-
netic oscillation with respect to the actual positions of thecific case of these multilayers. Its use being simpler than that
slices used in the refinement procedure. Though such a quaof the dynamic theory, it allows one to use refinement pro-
titative comparison should not be pursued too far, it nevereedures to get the magnetization of the rare-earth atoms in
theless suggests that the polarization profiles are actuallgach atomic plane, or slice of atomic thickness, without hav-
very similar in the two samples. We like also to point outing to assume a specific model. This is an advantage in com-
that they are compatible with the XMCD measurements ofparison with the possible use of the resonant magnetic reflec-
net magnetic moments of Qui and 0.05mg for the tivity outside the diffraction peaks, the analysis of which
Ce/Feyy and Ce,/Fe;, samples respectively, since the implies the dynamic optical theory:!!
mean values of the atomic magnetic polarization averaged In the case of the Ce/Fe multilayers, we had to take into
over the Ce thickness are 1 and 0.55, the unit being thaccount the amorphous structure of the Ce layers, by divid-
XMCD amplitude measured for the GgFe;, sample. The ing it into slices having a thickness equal to the regular in-
absolute values for the magnetic moments can be evaluatéerplanar distance i crystalline Ce and by using, for each
by scaling the amplitudes of atomic polarization by@©;1  of these slices, the formalism of the structure factor of an
Rather large values in the range ofid are obtained. In the amorphous layer. Actually, since the spectra are obtained at
case of the Cg/Fe;, sample, they even reachug in the  low scattering angles, they depend only weakly on details of
mixed interfaces where Fe concentration is large. This has the local structure. Very similar magnetic profiles, with
be compared to the lower values found in,Eg_, bulk  changes in the values of the atomic polarization by less than
alloys, like for instance the 0.35 moment determined for 10%, have also obtained using the formalism of crystalline
CeFg from XMCD measurements This reinforces the sug- Structure factor. A more serious difficulty originates in the
gestion that the mechanism responsible for thenfagnetic limited number of parameters which can be derived from the
polarization is not the same in the multilayers and in bulksimulation of a limited number of asymmetry ratios.
alloys, the main argument being the observation of an oscil- In the simple case of thedbmagnetic polarization of La
lating polarization in the multilayers. in a La/Fe multilayer where the dependency of the XMCD
amplitudes on the thickness of the La layers yields an unam-
biguous mode?,the XRMS analysis leads to the same model
of magnetic profile, with the & polarization of La strongly
The XRMS resonant magnetic contributions to the intendocalized in the atomic plane at the interfaces between the La
sity of the Bragg peaks at low angles have been used tend Fe layers. As discussed in Sec. 1V, the agreement is even
determine the profile of thedbinduced magnetic polariza- quantitative. Our result thus fully supports the model of a
tion of the rare earth in Ce/Fe and La/Fe multilayers. Bypolarization induced by direct hybridization of the Lal 5
comparison with XMCD which gives the mean value of the states with the spin split Fed3ones which has been sug-
polarization averaged throughout the layer, XRMS does nogested by Arenet al> on the basis of an extensive study of
require the use of several samples with different layer thickthe dependence of XMCD amplitudes on the thickness of the
ness. This is an advantage in the case of a complex nonmda layer. This example validates the use of the method in the
notonous magnetization profile where the comparison of thenore complex case of the Ce/Fe multilayers.
XMCD amplitudes for various thickness may be inappropri- In the case of the Ce/Fe system, the XRMS results give
ate. This turns out to be the case for the Ce/Fe multilayeradditional evidence for the very puzzling magnetic behavior
investigated in this work. We like also to stress that anof a-like Ce. On one hand, they are in agreement with the
atomic resolution has been obtained for the magnetic promain XMCD findings showing that thedbpolarization of Ce
files, even though diffraction data were available only at lowextends far beyond the interface with ¥eand cannot be
angles, up to a scattering vector around 1*AThis suggests induced only by direct hybridization with thed3states of Fe.
that such a method could be of a rather broad use to inve®©n the other hand, and at least for the two samples which
tigate the profiles of magnetization in multilayers and superhave been investigated, the interpretation of the XRMS spec-
lattices with periods of a few nanometers, even in casefra provides evidence for an unexpected oscillating behavior
where the coherence of the stacking is not good enough tof the polarization, with a period roughly equal to twice the
provide diffraction peaks at large angles. (112 interplanar distance of the crystalline phase and with a

VI. CONCLUSIONS
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slow decrease of its amplitude from the interface towards thenechanisms such as the Ruderman-Kittel-Kasuya-Yosida
inside of the Ce layer. Despite the antiferromagnetic couone or quantum size effects. Further XRMS measurements
pling between adjacent slices, a net magnetic moment is newre needed for a better understanding of the puzzling mag-
ertheless obtained due to the decrease of the amplitude of tietic properties of thedelectrons in this very special like
oscillation. Indeed, we recover in both cases the values of th€e state, like, for instance, on samples where a thick La layer
mean atomic magnetic moment which is given by theis inserted between the Fe and Ce ones without killing the Ce
XMCD amplitude. The decrease of the magnetic polarizaimagnetic polarization. We point out that a similar oscillating
tion, with a weak or null value at about 12 A from the inter- and decreasing behavior of the magnetic polarization in-
face with Fe, is also in agreement with the slow decrease afuced in thed band of a nonmagnetic metallic layer has
the XMCD amplitudes with the inverse of the Ce thicknessalready been observed in the case of a Ru thin layer depos-
beyond a thickness of 20%AHowever, we stress that such an ited on a(100) Fe substraté® in an investigation of the spin
oscillating profile cannot be inferred from the dependence ofolarization of the 4 band of Ru by AugemM sN4eNy s

the XMCD amplitude on the Ce thickness. The decrease o$pectroscopy. This suggests that such a behavior might not
the amplitudes of the induced magnetic moments from thde specific to the Ce case. Finally, we mention that XRMS
interface with Fe towards the center of the Ce sublayer preexperiments have been recently performed at theMie
vents one from observing alternate signs in the net momeredge for a Cg/Fe;; sample, in order to get the profile of the
averaged over the Ce thickness. The observation of an an#f magnetic polarization. Preliminary results clearly show
ferromagnetic coupling between Ce slices, perpendicularly téhat, at variance with thed polarization, the 4 one is not

the growth direction of the multilayer, is rather puzzling. The oscillating. They suggest that it is almost constant throughout
understanding of its physical origin is not clear at this stagethe thin Ce layer. This is in qualitative agreement with
mainly because of the lack of knowledge of the electronicXMCD data? which indicate that the #induced magnetiza-
structure of the amorphous-like Ce phase in these multi- tion is strongly localized at the interfaces with Fe and results
layers which prevent from discriminating between possiblefrom direct hybridization with the FeBstates.
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