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X-RAY RESONANT MAGNETIC REFLECTIVITY
FROM Fe/Ce MULTILAYERS
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(Re eived July 10, 2002)
We report on X-ray resonant magneti ree tivity (XRMR) at the Ce
L2 and M4;5 edges in an ex-situ grown Fe/Ce multilayer. We show that the
measurement of the magneti ontribution to the intensities ree ted at low
angles allows us to investigate the prole of the Ce 5d and 4f magnetization.
The al ulated XRMR signals indi ate that the Ce moments have a nonollinear stru ture.
PACS numbers: 71.27.+a, 75.50.Bb, 75.70.Cn, 78.70.Ck
1. Introdu tion

Dramati dieren es in the physi al properties of Ce metal are known
to o ur depending on its ele troni and stru tural state. The 4f ele tron
states being at the border between lo alization and itineran y, both aspe ts
an be found in the lo alized phase and in the itinerant one of pure
Ce metal. In the ase of the Ce/Fe multilayers with a Ce thinner than
about 45Å, erium adopts the ele troni stru ture of the phase [1, 2℄.
This -like state of Ce in the Fe/Ce multilayers is magneti ally polarized at
room temperature as demonstrated from XMCD measurements [1, 2℄ with
an antiparallel orientation with respe t to the Fe magnetization.
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In addition to hemi al and orbital sele tivity, XRMR provides spatially
resolved informations on the magneti ordering [3, 4℄. In this ontribution,
XRMR is employed to investigate the 5d and 4f magnetization prole of Ce
from a Ce/Fe multilayer.
2. Results

The experiment was performed at the European Syn hrotron Radiation
Fa ility (ESRF) on the ID12A and B beamlines [5℄ at the Ce L2 and M4 5
respe tively. The experimental data were olle ted at room temperature in a
geometry of the longitudinal magneto-opti al Kerr ee t
(L-MOKE). Due to the ferromagneti interlayer oupling, the magneti ontribution is bring out from the multilayer Bragg peak as an asymmetry ratio
R = (I + I )=(I + +I ), where I + and I are the intensities s attered for reversed in-plane magnetization of the sample while the heli ity of syn hrotron
radiation is un hanged. Be ause of a suspe ted sample ontamination, two
nominally identi al [Fe(30Å)/Ce(22Å)℄100 have been grown by ion-beam
sputtering on Si(100) wafers [1℄. The multilayers were hara terized by
X-ray ree tivity [3℄ and X-ray dira tion.
;

Fig. 1. Energy dependen ies of the asymmetry ratios at the Ce L2 (left) and M4;5
(right) edges in the dira tion pattern of the Ce/Fe multilayer. Symbols show
experimental values and full lines the simulations using the prole of polarization
displays in Fig. 2.

Left part of Fig. 1 displays the energy dependen ies of the four asymmetry ratios measured in the vi inity of the L2 edge of Ce together with the
results of the simultaneous renement. The strong variation of the amplitudes of the R with the order of the superlatti e Bragg peak, i.e. s attering
ve tor k, is a dire t eviden e that the magneti polarization is not steady
throughout the Ce layers. In su h a ase, both the harge and the magneti
stru ture fa tors would have the same k dependan e, so that their ratios
would not exhibit any hange with the order of the satellites and the R
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neither. This energy dependen e of the R, measured on low angle Bragg
peaks, at the Ce L2 edge were analyzed using the kinemati approximation,
whi h proved to be orre t even for the rst low angle Bragg peak, following
the model of De Bergevin [6℄. More details on the renement pro edure are
given elsewhere [3℄. The 21.85Å thi k Ce layer orrespond to 7.8 hypothetial rystalline planes. In order to take into a ount the interfa ial roughness
the Ce atoms are onsidered to mix over one atomi plane at ea h interfa e.
This model implies that the Ce sublayers extended over 25Å and are in average built with nine atomi planes: seven pure Ce and two mixed ones at
both Fe interfa e ontaining 40% of Ce atoms. Finally, we onsider that the
average magnetization over the Ce sublayer will be equal to the values from
XMCD measurements. The agreement between experiment and al ulation
in Fig. 1 is reasonably good though not perfe t. Fig. 2(a) displays the
orresponding prole of the 5d magneti polarization per Ce atom whi h is
found to be highly non ollinear.

Fig. 2. Magneti polarization proles a ross the Ce sublayer of the 5d Ce states (a)
and of the 4f Ce states (b).

In a similar way the asymmetry ratios were re orded at the Ce M4 5
edge for the fourth rst orders superlatti e Bragg peaks. Due to huge absorption ee ts o urring at the Ce M edges, a magneto-opti al approa h
was required in order to simulate the experimental asymmetry ratios. This
approa h des ribes the magneto-opti al ee ts to rst order in the magneti
eld and derives the Fresnel oe ients for a multilayer based on medium
and propagation matri es. The introdu tion of roughness ee ts [7℄ leads
to good agreement with the experimental data, see right part of Fig. 1, for
the M4 edge. The amplitude dieren e at the M5 edge may be due to the
normalization of the experimentally obtained opti al onstants for the huge
M edge resonan e.
The shape and sign of these R an only be modelled if we assume a non
uniform 4f magnetization prole a ross the Ce sublayer, the best model
derived from our analysis is shown in Fig. 2b. Nevertheless this al ulation depends very sensitive on the thi kness of the individual probed layer
(dCe =21.85 Å) and the magneti amplitude of the two rst layers.
;
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3. Con lusion

We have used XRMR method to sele tively investigate the prole of the
5d and 4f indu ed magneti polarizations of Ce in Ce(22Å)/Fe(30Å) multilayers. For both states we found a strongly non ollinear behavior asso iated
with a de rease of the magneti amplitude from the interfa e towards the
inside of the Ce layer. However the extension of this magneti order seems
to be dierent for the 5d and 4f states. In agreement with XMCD experiments this magneti ordering is lo ated to the immediate interfa e with the
Fe layer for the 4f states but extended far beyond in the ase of the 5d
states.
As previously reported [8,9℄, the H2 introdu tion, leading to an in rease
of the latti e parameter and thus a relo alization of the Ce 4f states ( -like
Ce), indu ed a disappearing of this non- ollinear order to a ferromagneti
one. This result indi ates that this magneti order may be an intrinsi property of Ce in Ce/Fe multilayers. No doubt this magneti order is sensitive
to the Ce 4f delo alization state, and we stress that strain ee ts in the
Ce ultra-thin layer may be at the origin of a subtle hange in the ele troni
onguration of Ce whi h is still -like but lose to a transition into the
-like phase and, hen e, very lose to a magneti instability a ording to the
theoreti al work of Min et al. [10℄.
Finally, we point out that a re ent XMCD and MOKE study [11℄ showing
a dierent magneti response of the Ce 5d and Fe 3d magneti moments
in Ce/Fe multilayers to an external eld ould ree ts the omplex nonollinear magneti stru ture in the Ce layers.
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