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We have measured the Ce L x-ray magnetic circular dichroism �XMCD� in ferromagnetic CeFe2 using the
partial fluorescence yield given by the Ce 2p3d resonant inelastic x-ray scattering �RIXS� spectrum. The
lifetime broadening of the 3d core hole is four times smaller than that of the Ce 2p core hole providing
improved resolution over earlier experiments. Clear evidence for a 4f2, 4f1, 4f0 strongly mixed-valent ground
state is observed confirming, by and large, impurity Anderson model predictions which take into account the
RIXS XMCD geometrical dependence.
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The 4f electron configuration in Ce and its intermetallics
is known to fluctuate between localized and itinerant-like
states leading to a number of unusual properties. First among
them is the exceptionally large volume contraction of el-
emental Ce across the isostructural first order �-� phase tran-
sition which occurs under pressure ��V /V�15%�. Configu-
ration fluctuations in the Ce-TM intermetallics �TM stands
for a transition metal� also give rise to interesting magnetic
properties through hybridization of the Ce 5d states and d
states belonging to neighboring TM atoms. In the impurity
Anderson model �IAM�, the part itinerant, part hybridized
nature of the 4f states are described formally as a linear
combination of cn�4fnv2−n� states, where n=0, 1, or 2; v
stands for valence electrons, and cn is a coefficient.1 The
IAM model is very successful in explaining the observations
made by high-energy spectroscopies �see, for example, Refs.
2 and 3�. However, much effort has also been put into ex-
plaining the ground-state properties by means of ab initio
local spin-density approximation �LSDA� calculations
helped by various techniques to account for correlation and
self-interaction effects �see, for instance, Refs. 4 and 5�.

CeFe2, among the Ce intermetallics, has attracted
particular attention because it falls into the �-Ce class of
materials. It is ferromagnetic with a lower Curie temperature
�Tc=230 K� and smaller lattice parameter than would be
expected by extrapolating from other Laves-phase RFe2 in-
termetallics �R stands for rare earth�.6 This explains that
x-ray magnetic circular dichroism �XMCD� �Ref. 7� at the
Ce M �Ref. 8� and Ce L �Ref. 9� x-ray absorption edges were
among the first such experiments to be performed more than
a decade ago.

A closer examination of the Ce L XMCD using 2p3d
resonant inelastic x-ray scattering �RIXS� is of interest for
several reasons. To start with 2p3d RIXS at the Ce L edge
has intrinsically improved resolution compared to x-ray ab-
sorption spectroscopy �XAS� measurements because the final
state is a Ce 3d core hole whose lifetime is �0.7 eV com-
pared to �3.2 eV for a 2p core hole. Even though the broad-
ening remains large on the scale of a Kondo resonance, using
RIXS provides a unique opportunity to identify contributions

from localized 4f electrons highlighted by differences in
screening of the final state core hole. Further, it has been
shown that it is possible to activate only the absorption fol-
lowed by emission term of the RIXS XMCD process by
choosing suitable geometrical conditions,10 thus making it
directly relevant to the absorption process.

It has also been shown, on the basis of IAM calculations,
that RIXS XMCD is sensitive to the ground-state hybridiza-
tion and the spin-splitting parameters describing the Ce 5d
band.3 Moreover, RIXS at the Ce L edge probes the sample
to several microns in depth, yet is only weakly subject to
self-absorption effects because the 3d−2p decay channel is
not resonant. Other techniques, such as Ce M edge XMCD
and photoelectron spectroscopies, have the disadvantage of
being very surface sensitive.11

Measurements were carried out at the European Synchro-
tron Radiation Facility beamline ID12.12 The small incident
beam spot size required for optimum resolution with our
spectrometer13 was obtained by means of a high precision
mechanical slit set to 0.05 mm in the vertical plane. The
polycrystalline CeFe2 sample was prepared by arc melting
under purified argon atmosphere followed by annealing un-
der high vacuum. It was checked to be single phase by x-ray
diffraction. Experiments were performed at a pressure of
10−7 mbar. The magnetic field B was applied to the sample
by means of a permanent magnet placed on a motor-driven
rotary platform just below the sample �see Fig. 1� which was
cooled to �20 K. The field of �0.3 T was sufficient to
saturate the magnetic moment.

The 2p3d RIXS process involving the Ce 2p3/2→5d ex-

citation was recorded using a �202̄3� cylindrically bent
quartz crystal. The set of RIXS spectra in the scattered pho-
ton energy ��k�� range 4810–4850 eV shown in Fig. 2 were
recorded at 90° scattering angle. Data were taken in 0.14 eV
steps for a range of incident photon energies ��k� from 5710
to 5760 eV. For experimental convenience, XMCD experi-
ments were performed with the spectrometer set to a 45°
scattering angle so as to be able to record a nonresonant
elastic peak at �4840 eV to estimate experimental broaden-
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ing. The full width at half maximum of the Gaussian elastic
peak was 1.25 eV. The contribution from the ID12 double
crystal monochromator is �0.75 eV, that of the spectrom-
eter is �1 eV. The 3d core-level lifetime broadening is
0.7 eV �Ref. 14� resulting in a total resolution of 1.4 eV.

The magnetic field direction was alternately aligned par-
allel or antiparallel to the incoming circularly polarized beam
with the polycrystalline sample set 25° off-grazing incidence
with respect to the beam so no magnetic anisotropy needed
to be taken into account as shape anisotropy was minimal.
The XMCD data were recorded using the sequence
�B+−B−�F+ , �B−−B+�F− , �F−−F+�B+, see Ref. 7 for defi-
nitions.

Figure 2 presents the resonantly excited x-ray emission
intensity in the region of the Ce L�1�3d5/2−2p3/2� and
Ce L�2�3d3/2−2p3/2� decay channels as a function of �k
across the Ce L3 threshold. The XAS F+��k� spectrum mea-
sured in the total fluorescence yield �TFY� mode is presented
in the top panel of Fig. 3�b� with lower case letters indicating
the �k values used to record the RIXS spectra. The two
normal x-ray emission lines lie at 4840.4 eV and 4822.0 eV,
respectively.15 We will consider the higher intensity

Ce 3d5/2−2p3/2 decay part of the spectrum only. A double
structure is apparent in the RIXS data as �k starts to increase
across the absorption edge. The higher scattered photon en-
ergy component increases in intensity as �k increases. The
scattered photon intensity reaches a maximum at 5727 eV,
and then another double structure starts to appear on the
low-energy side of the L�1 related peak and, in this case, it is
the lower energy component that increases in intensity as �k
increases. The structures represent typical resonant x-ray
Raman processes revealing different final states.

In Fig. 3�a� we plot the RIXS amplitude for two constant
values of �k� taken from Fig. 2. They relate to the x-ray
absorption process measured through two different scattered
photon energy windows in the region of the 2p3d RIXS.
They give access to what is sometimes termed high-
resolution XAS though it will be noted that they give a dis-
torted picture of XAS depending on where the cut is made
orthogonally to the �k� axes. A rigorous use of RIXS for
determining the XAS spectrum means recording a complete
set of spectra16 as we have done here. Two sets taken with
incident photons of opposite helicity �or reversed magnetiza-

magnet
switch

scattered light 90° or
45° relative to beam

helicity σ
+ or σ -

scattering plane

sample
incident circular
polarized light

FIG. 1. Schematic of geometrical setup. The angle between the
surface of the sample and incoming photon beam was set to 25°.
The magnetic field could be rotated to be parallel or antiparallel to
the incident photon beam. The scattering angle was either 90° or
45°.

FIG. 2. �Color online� 2p3d RIXS data set plotted on a scattered
photon energy scale ��k�� as a function of the incident photon en-
ergy ��k�.
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FIG. 3. �Color online� �a� RIXS amplitude at �k�=4839.3 and 4835.7 eV as a function of �k; �b� Ce L3 XAS recorded in TFY mode
�lower case letters indicate energies used to record RIXS spectra� and XMCD �top panel�. PFY spectra taken at �k�=4839.3 and 4835.7 eV
and XMCD �lower panel�; �c� predicted RIXS XMCD adapted from Ref. 19. Symbols are a guide to the �k values at which an XMCD
resonance is predicted to occur when �k�=4839.3 eV.
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tion� are needed for XMCD. It is clear that despite a total
accumulation time of approximately 48 h for the data set
shown in Fig. 2 there is little hope of using this information
for measuring an �1% XMCD signal.

Instead two sets of spectra were taken with the spectrom-
eter set to record the resonant x-ray emission at 4839.3 and
4835.7 eV. The �k scans were repeated 10 times. The partial
fluorescence yield �PFY� F+��k�+F−��k� data are presented
Fig. 3�b�. They correspond to the much coarser data of Fig.
3�a�. The XMCD signals �F+��k�−F−��k�� for the TFY and
the PFY curves are also presented in Fig. 3�b�.

As a first step toward explaining the Ce L3 XMCD,
Ogasarawa et al.,17 have calculated the Ce 5d and Fe 3d par-
tial densities of states in the absence of localized 4f states
using a linear combination of atomic orbitals �LCAO� ap-
proach for a Ce17Fe28 cluster. The calculation shows unoccu-
pied hybridized spin-polarized Ce 5d and Fe 3d states just
above EF and thus a Ce 5d related XMCD signal close to EF
where the hybridization occurs between Ce 5d and Fe 3d
states. Otherwise, the Ce 5d states form a broad featureless
band centered �4 eV above the Ce L3 edge once the 2p
core-hole lifetime and instrumental function have been taken
into account. As far as the Fe 3d and Ce 5d partial DOS are
concerned, they agree qualitatively with recent fully relativ-
istic LSDA calculations �Ref. 18� up to about 10 eV above
EF.

The Ce L3 XAS spectrum deduced from the LCAO calcu-
lation is strongly modified, however, when 4f hybridization
is introduced because of the interaction with the core hole.
The main absorption peak in the TFY XAS spectrum is now
attributed to the presence of the localized 4f1 electron effec-
tively screening the core hole. The dichroism at the onset of
the absorption edge continues to reflect the 5d polarization
but now the poorly screened 4f0 part of the spectrum is
shifted �7 eV above the 4f1 feature. It explains that there
are two relatively narrow XMCD peaks in the TFY
experiment.9 The XMCD peaks are situated at lower energies
with respect to their respective absorption maxima because
they result from hybridization with the Fe spin-polarized 3d
unoccupied states. According to the LSDA calculation,18 the
core-hole interaction can be ignored and the second peak in
the XMCD is simply due to spin polarization more than 10
eV above EF though it is generally recognized that such cal-
culations are somewhat unreliable that far above EF.

Experimentally, owing to the better performance of the
ID12 beamline, structure is visible in the TFY XMCD peak
at the onset of the absorption edge �see Fig. 3�b� upper
panel� that was not resolved in the early experiments mea-
sured by transmission through a powdered sample.9 This
structure does not have its counterpart in the calculated spec-
trum based on LSDA-XMCD. We will come back to this
later.

The second-order RIXS process can be decomposed into
components involving diagonal terms and cross terms.19 The
diagonal terms represent a process where x-ray absorption is
followed by x-ray emission and the cross terms involve in-
terference as one goes from the initial to the final state via
various intermediate states. As mentioned above, Kotani and
others have calculated, on the basis of an atomic model, the
angular dependence of RIXS XMCD as a function of the

angle between the incident photons and the direction of mag-
netization ��1� and the angle between the direction of mag-
netization and the observation direction ��2�. They reveal
that for �1=0°, only the two step component of the second-
order optical process contributes to the XMCD. Thus it will
depend directly on the first step absorption process. They
further show that for �1=0° the intensity of the XMCD is
practically independent of �2. Thus the TFY measurements
using a photodiode in a backscattering geometry should be
comparable to our PFY data. Figure 3�c� has been adapted
from Ref. 19 to show only the XMCD of a RIXS process at
the Ce L3 edge calculated within the IAM model using a
cluster of Ce35Fe76 with �1=0° and �2=54.7°. The calcula-
tion was performed for the 2p→5d electric dipole �ED� tran-
sition: a double peak is seen to disperse at the onset of the
absorption �a–e� corresponding to 4f1 and 4f2 configurations.
On an emitted photon energy scale the higher-energy peak
belongs to 4f2. As �k reaches the region e–m another peak
followed by a dip disperses across the constant �k� line and
this is attributed to the 4f0 part of the spectrum.

The XMCD signals obtained from the RIXS experiments
tend to confirm the IAM theoretical predictions, though some
important discrepancies are also evident. First the relative
intensities of the 4f1 and 4f2 related peaks in the RIXS
XMCD are not reproduced by the theory. The TFY XMCD
shown in the top panel of Fig. 3�b� also suggests that the
lower-energy peak is more intense than that at higher energy.
In the PFY spectrum taken at �k�=4839.3 eV all three peaks
are narrow and have approximately the same amplitude. The
PFY spectrum at �k�=4835.7 eV has shifted to lower �k� by
3.6 eV which is to be expected. An equivalent shift in �k� is
marked by a dashed line in Fig. 3�c� which illustrates how
the 4f2 structure will resonate at a lower value of �k, albeit
more weakly, and explains that the 4f1 and 4f2 peaks are not
resolved. The broad dip �4.6 eV above the 4f1 peak is con-
firmed. This dip is absent both from the IAM theory and the
TFY XMCD data. On the other hand, we note that the
LSDA-XMCD features a dip �5 eV above EF. If we assume
that the dipole excitation probes the unoccupied Ce 5d states
simply offset by the effect of 4f screening of the final state
core hole, this could be a feature of the ground-state spin
density of states. Its absence from the TFY XMCD might be
attributed to the intrinsically poorer resolving power. The
valley between the 4f1 and 4f0 peaks is shallower still in the
XMCD originally measured in the transmission mode.9

The contribution from the 2p→4f electric quadrupole
�EQ� transition is not included in the theory. Here again Ko-
tani and others have investigated the angular dependence of
EQ transitions and found that when �1=0° the cross term is
zero20 so that, similarly to ED, the EQ channel can be con-
sidered to contribute quite straightforwardly to the XMCD
signal via an absorption followed by emission process. In a
purely ionic Ce compound it has been demonstrated experi-
mentally that the 2p5→4fn+1 EQ contribution is �2% of the
ED RIXS intensity.21 For the EQ process to have sufficient
impact on the intensity of the 4f2 XMCD, the ground state
4f1-related state would have to be very strongly magnetically
spin polarized since the XMCD itself is only about �2% of
the XAS intensity. This is specifically assumed not to be the
case in the model used to perform the RIXS XMCD
calculations.19
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The consensus has long been that the 4f states in CeFe2
form a broad itinerant band quite well described by LSDA
�see, for instance, Ref. 18�. This has been challenged re-
cently both on the grounds that the 4f orbital contribution to
the magnetic moment is not negligible �see Ref. 22� and
because bulk-sensitive resonant photoemission at the Ce M5
edge point to localized states in �-like Ce intermetallics.23

Our observation makes a major contribution to the mounting

evidence of a strongly mixed-valent system for CeFe2 even if
a quantitative assessment must await a better understanding
of the relative weights of the ED and EQ processes in the
resonant inelastically scattered XMCD signal.

We acknowledge the European Synchrotron Radiation Fa-
cility and are particularly indebted to S. Feite and M. Perez
for assistance in interfacing with ID12 beamline devices.
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