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Abstract

We present the L23 XMCD of insulating rare earth (oxides and fluorides). The paramagnetic samples were magnetised in a
7 T field and cooled down to 5–10 K. We compare our XMCD data with a recent model for a 4f N 5d0 electronic configuration.
The L2 edge displays a derivative shape, in agreement with the models. The L3 edge however, is found to deviate, having a more
complicated shape, due to the presence of quadrupolar contributions and, we argue, crystal field effects.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The electronic structure of rare-earth-containing
materials is characterised by the dualism between
the well localised, nearly atomic 4f shell, which is
responsible for almost all of the magnetism of the
rare earth ions, and the delocalised 5d and 6s shells
that take part in the bonding. As direct overlap
between the 4f shells on different sites is excluded,
the interaction between the 4f magnetic moments has
to be mediated by the delocalised states. Usually, this
interaction is considered to include two parts: (i) the
intra-atomic 5d–4f exchange, described by atomic
theory; and (ii) the inter-atomic hybridisation of the
5d shell with the surrounding atomic orbitals. The
central issue for the description of the magnetism is
the behaviour of the delocalised 5d shell, because it

couples the moment of the 4f shell to the surrounding
magnetic environment.

After the first experimental observation of X-ray
magnetic circular dichroism (XMCD) at the L23

(2p ! 5d) X-ray absorption edges of Gd-metal by
Schütz et al. [1], it was expected that this spectroscopy
would provide a useful tool for studying the 5d
magnetic moment directly and separately from the
4f moment that is up to ten times stronger. While in
principle this remains true today, it has been found
that the description of the XMCD at the L-edges is
rather complicated and the shape and amplitude
cannot yet be explained by a single model.

Experiments so far have resulted in the following
picture: the white line, that has mainly 2p! 5d dipole
character, shows strong dichroism, especially at the L2

(L3)-edge for the light (heavy) rare earth. Above the
edge the XANES structure, related to dipolar transi-
tions to thend (n . 5) and unoccupiedsstates, shows
XMCD that is 2–5 times smaller than the 5d con-
tribution. An additional complication is the presence
of quadrupolar transitions (2p ! 4f) that have been

Solid State Communications 110 (1999) 375–379

0038-1098/99/$ - see front matterq 1999 Elsevier Science Ltd. All rights reserved.
PII: S0038-1098(99)00089-7

PERGAMON

* Corresponding author. Tel.:1 31-20-525-6362; fax:1 31-20-
525-5102.

† Present address: University of Amsterdam, Valckenierstraat 65,
NL 1018 XE, Amsterdam, Netherlands.



identified at the pre-edge region of the L3 edge. Such
contributions were predicted early on by Carra and
Altarelli [2] and Ebert et al. [3] and have subsequently
been observed experimentally in many systems. Clear
experimental proof of the quadrupolar nature of the L3

XMCD has been obtained from the angular depen-
dence of the XMCD at low temperatures [4]. Quad-
rupolar contributions were also isolated in X-ray
resonant Raman experiments on theRFe14B series
[5,6] and much earlier in resonant X-ray magnetic
scattering experiments [7]. Owing to the localised
nature of the 4f states, the quadrupolar contributions
can be simulated by theory. Such calculations have
been used in attempts at simulating the spectra in
combination with a bandstructure approach for the dipo-
lar part [8–10]. Recently, atomic calculations for the
line shape of the quadrupolar XMCD of all the rare
earth elements have been published [11,12]. In the
present article we show by the comparison of our data
to these calculations that the quadrupolar and dipolar
parts of the spectra are well separated in insulators.

XMCD experiments by Schu¨tz et al. [13] and the
LURE group [14,15] on the rare earth L-edges have
shown that the description of the dipolar part of the L-
edge XMCD, as it has been developed for the transi-
tion metals, breaks down. Especially the sum rules
[8,16] have been found not to hold in this case.
Apart from the quadrupoles discussed earlier, two
other effects have been identified. As was pointed
out first by Jo and Imada [17], the 4f–5d Coulomb
interaction is strong and needs to be taken into
account. In addition, it has been shown by Harmon
and Freeman that the radial extent of the 5d wave
functions depends on the spin [18]. This so-called
breathing effect in turn leads to a spin-dependence
of the 2p–5d matrix element which can change the
spectra substantially [9,10].

Building on these ideas, recently we have devel-
oped [11,12,19] an atomic description based on a
5d0 Ansatz that takes into account the full atomic
Coulomb interaction (including orbit–orbit interac-
tions). This description led to new sum rules for the
first moment of the derivative-like spectra in terms of
the expectation value of the 4f shell operators (Lz;Sz

andTz). Inclusion of the spin-dependent radial wave
function explains the transformation of derivative line
shapes into single peaks and led to a good agreement
with XMCD [15] and magnetic X-ray scattering [20]
data of metallic systems, where breathing effects are
thought to be important.

To test this model, we have investigated the XMCD
of a number of rare earth insulators. Insulating
systems have several advantages that simplify the
problem: the rare earth ions are the only source of
the magnetic properties, and the 5d shell is empty
and very localised, implying that breathing effects
should be absent. Our earlier work [19] dealt with
rare earth elements in the middle of the series. In
this article we present new data on insulators of lighter
and heavier rare earth elements. Particularly the light
systems are difficult to study because they have only
small paramagnetic moment, making it difficult to
saturate the systems. We find that while the L2

XMCD behaves as predicted by the 5d0 model that
we presented earlier [11,12], the L3 line shapes are
more complicated. Possible reasons for this break-
down of the model are discussed.

2. Experimental details and results

The experiments reported here have been carried
out at the ESRF beamline ID12A. The second harmo-
nic of the helical undulator Helios 2 was used and the
first harmonic was systematically cut off upstream
from the monochromator using a 125mm graphite
foil. The circular polarisation rate beyond the
Si(111) monochromator is estimated to be 88% at
the Ce L-edge, 90% at the Tb edge and 92% at the
Er edge.

The samples were prepared from powder pellets
diluted with boron nitride powder or from single crys-
tals (see Table 1 for experimental details). Samples
where mounted on an Al sample holder that could be
screwed tightly on a liquid helium flow cryostat
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Table 1
Experimental details of the investigated samples

Sample Type Ordering temperature

CeF3 Single crystal (1% Ho) Para
SmF3 Powder pellet Para
Gd3Ga5O12 (GGG) Single crystal Ferri, Tc � 56 K
TbF3 Powder pellet Ferro, Tc � 3.95 K
Dy2O3 Powder pellet Para
Er2O3 Powder pellet Antiferro, TN � 4 K



inserted into a 7 T split-coil superconducting magnet.
As a result of the problem of controlling the thermal
coupling to the sample surface, especially of the
powder samples, the actual temperature cannot be
estimated precisely. Calibration measurements indi-
cate 5–10 K as reasonable estimates but are not accu-
rate enough to give a precise value of the magnetic

saturation. The samples were magnetised along the
beam direction. The sample surfaces were mounted
at 458 to the incident light direction and fluorescence
radiation was collected with a Si photodiode mounted
at 908 which is completely insensitive to the magnetic
field.

Fig. 1 shows the XMCD spectra of the samples
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Fig. 1. XMCD spectra (full line) in comparison with the derivative (dotted line) of the spin-averaged XAS spectra. In addition, the peak-to-peak
amplitude of the XMCD is given. The arrows indicate the position of the pre-edge structure, which is assigned to the quadrupolar contributions
in the L3 XMCD.



listed in Table 1. The spectra are represented normal-
ised to the core hole degeneracy (4 and 2, respec-
tively). All spectra shown are the average of 6–12
scans. In cases where the XMCD signal was very
weak, notably at the L3 edges of Ce and Sm, the
data had to be recovered by averaging of the spectra
after taking out the pre-edge intensity and normalisa-
tion of the post-edge intensity att100 eV above the
edge. The spectra were corrected for fluorescence
saturation effects using a homographic transform
[21]. The reproducibility was checked in a number
of cases using different combinations of field and heli-
city flipping, which yielded the correct inversion of
the spectra. The energy scales were aligned to the
peak of the spin-averaged XAS spectra for ease of
comparison.

In Fig. 1 the XMCD-spectra are compared to the
derivatives of the spin-averaged XAS spectra. The
latter curves are scaled by an arbitrary factor to the
maximum (L3) or minimum (L2) of the XMCD. The
arrows indicate the position of the quadrupolar contri-
butions. In addition, the peak-to-peak amplitude of the
XMCD is given, corrected for self-absorption and
beam polarisation. Note that, as we do not know the
magnetic saturation, these values are indicative only.
Table 2 shows the XMCD peak-to-peak amplitude
and the energy positions of the L3 quadrupole features
indicated by the arrows in Fig. 1 with respect to the
white line maximum.

3. Discussion

The right panel of Fig. 1 shows that the L2 XMCD
spectra have line shapes that are close to the derivative

of the XAS. The sign of the spectra inverses between
the light and heavy rare earths, as expected. The corre-
spondence between the XMCD and derivative curves
seems particularly good at the beginning and the end
of the series, Ce and Er, in accordance with the model
for 5d0 systems. Even the XANES oscillations are
seen to have derivative-like XMCD. However, in
the middle of the series the intensity of the second
peak of the XMCD is much smaller in comparison
with the derivative curve.

The situation is more complicated at the L3 edge.
While the Ce, Sm and Gd spectra still have some
resemblance with the derivative curve, for the heavier
end of the series all agreement is lost. On the low
energy side, this is clearly due to the quadrupolar
transitions, which for Gd, Tb, Dy and Er are quite
strong and can already be identified in the XAS in
the form of a shoulder (not shown), or equivalently,
in the derivative curves of Fig. 1. In the XMCD the
quadrupoles show up as a negative peak (indicated by
arrows in Fig. 1) for Er, Dy, Tb and possibly Gd, and
as a dispersive structure for Sm. The shapes and posi-
tions of these features agree quite well with published
calculations [22]. By comparison with these calcula-
tions one arrives at the important conclusion that in
these insulating materials the quadrupolar contribu-
tions are well separated from the main L3 dipolar
XMCD, and cannot explain the deviation from simple
derivative line shapes. The single-peak line shapes of
the dipolar L3 XMCD must therefore have a different
origin.

We rule out an explanation in terms of spin-depen-
dence of the 5d orbital wavefunction [9,10]. This
effect needs hybridisation: it occurs in metals, but in
insulators the 5d band is too localised to allow for
much difference in the 5d radial extend between
spin-up and spin-down states. Another possible origin
of the deviating behaviour could be 5d crystal field
effects, which are well known to be present in the L23

XAS of 3d and 4d [23–25]. Such splitting should also
be present in the rare earth 5d edges but are masked by
the lifetime broadening. Splittings of the order of
3.5 eV have recently been recovered in Er2O3 by
deconvolution of the lifetime broadening [26]. As
the heavy rare earth oxides all have the Mn2O3 struc-
ture we expect similar splitting in all of them unless
interactions with the 4f shell are important.

De Groot et al. [25] already noticed that in 4d
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Table 2
XMCD peak intensities scaled to the intensity of the corresponding
edge jump (normalised to the core hole degeneracy) and L3 quadru-
pole positions with respect to the absorption maximum

Sample XMCD intensity Quadrupole position
L3 (%) L2 (%) (eV)

CeF3 0.9 4.1 n.a.
SmF3 1.6 2.7 2 11.5
GGG 6.5 32.9 2 8.5
TbF3 2.2 10.6 2 7.6
Dy2O3 2.9 12.2 2 8.4
Er2O3 2.7 12.9 2 9.8



transition metals crystal-field effects split up the L3

edge more than the L2 edge. In preliminary crystal-
field calculations for La we find that such differences
between the edges are relatively small for the 5d series
when the 4f shell is empty. However, a calculation for
Ce (one 4f electron) shows that the presence of a 4f
electron causes a substantial splitting of the L3 edge
but not on the L2. Therefore it is very likely that crys-
tal field splittings are responsible for the deviation of
the L3 XMCD from the simple derivative shape. We
suspect the origin of this effect lies in the different
multipole interactions between the 2p3/2 and 2p1/2

core holes with the valence state multipole.

4. Conclusion

We have presented L23 XMCD data on insulating
rare earth systems covering the light- and heavy rare
earth elements. The L2 edge is found to behave close
to as expected from a 5d0 Ansatz. In contrast, the L3
edge XMCD is found to be more complicated in struc-
ture. In part this is due to well-resolved quadrupolar
contributions, but these can be separated out by
comparison to atomic calculations. The deviation of
the dipolar part from the 5d0 model is very likely due
to crystal field interactions that work stronger on the
L3 than on the L2 edge. Although preliminary calcula-
tions point in the direction of crystal fields as being
the source of the deviation of the L3 edge from the
simple derivative behaviour, further work is necessary
to elucidate this point.

References
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