
PHYSICAL REVIE%' B VOLUME 46, NUMBER 5 1 AUGUST 1992-I

Multielectron excitations in rare-earth compounds revealed by magnetic circular x-ray dichroism
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This paper reports experimental evidence of multielectron excitations in magnetic circular x-ray di-
chroism (MCXD) spectra, measured at the L~, ~~, m edges of rare earths (RE) in several RE-
transition-metal (Fe, Co) compounds. These multielectron features involve transitions from the 2p and
4d levels and exhibit a very strong magnetic enhancement compared to normal MCXD.

Since the electric-dipole operator, which causes x-ray
absorption, is a one-electron operator, multiple-electron
excitations (MEE) in x-ray-absorption processes epitom-
ize the complicated many-body effects that occur in
a core-excited atom. In particular, the shakeup and
shakeoff satellites indicate the degree of relaxation of the
ion in the presence of a core hole. This information about
relaxation is essential when x-ray-absorption spectra
(XAS) are calculated in the multiple-scattering as well as
multiplet approaches. Because of this fundamental in-
terest, many detailed studies were carried out on MEE in
x-ray-absorption spectra of atoms (see Ref. 1 and refer-
ences therein). In the molecular or solid state, MEE were
observed also, but analysis of experimental data is
difficult because multielectron satellites are very small
(typically 1% of the edge jump) as compared to the
structural features due to photoelectron scattering (x-
ray-absorption fine structure).

Magnetic circular x-ray dichroism (MCXD) reflects
the fact that the absorption cross section of magnetic sam-
ples is different for left- and right-circularly polarized x
rays. Recently, it has been shown that MCXD at the L
edges of rare earths is a promising tool to study local mag-
netic properties of ions in ferromagnetic and ferrimagnet-
ic compounds. ' ' The order of magnitude of MCXD is
a few percent of the absorption edge jump.

A priori, since MEE and MCXD are so small, the ob-
servation of MEE structures in MCXD spectra seems to
be unlikely. However, we show in this paper that magnet-
ic circular x-ray dichroism can be used as a powerful tech-
nique to study MEE. MCXD spectra were measured at
the L edges of rare earths in a fair sample of intermetallic
compounds. In some of these spectra, MEE involving the

4d shell is observed as a structure, lying on a flat back-
ground, that can be as large as the edge structure. The
tremendous increase in sensitivity to multielectron pro-
cesses is made clear by the fact that MCXD spectra ex-
hibit MEE features for nearly all light rare earths,
whereas they were known only for La and Ce in standard
XAS of carefully chosen samples.

MCXD spectra were recorded at the Dl 1 station at
LURE, using a dispersive optics and a position-sensitive
detector. The data collection is described in Ref. 12. All
the compounds studied are ferromagnetic or ferrimagnetic
and thus suitable for MCXD experiments.

MCXD was measured at the L~ edge of Nd in N12Co~7,
at the L11 edge of Eu in EuO and EuPd2, and at the L11
and L111 edges of rare earths in LaCos, CeFe2, CeFe2H3. s,
CeRu2Ge2, Pr2Co~7, Nd2Fe~7, SmFe2, GdFe2, GdFe3,
GdsFe23, Gd2Fe~7, pure Gd, TbFe2, DyFe2, HoFe2, ErFe2,
TmFe2, and LuFe2. All the compounds characterized by a
Curie temperature much greater than room temperature
were measured at room temperature in a magnetic field of
1 T. The other compounds were measured at 4.2 K in a
magnetic field of 0.6 T.

All the MCXD spectra plotted in this paper represent
the quantity p —p+, where p (p+) is the absorption
coefficient with right-circularly polarized (helicity —fs ) x
rays and the magnetic field antiparallel (parallel) to the
photon wave vector. p+ and p are normalized to zero
before the edge and to 1 far beyond the edge. The energy
origin (Eo) was taken at the inflection point of the white
line. The rate of circular polarization was estimated to be
80% from measurement of the rate of linear polarization.

The existence of magnetic MEE at the L edges of Ce,
Pr, Nd, Sm, and Gd in intermetallic compounds is clearly
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Lnt edge of Gd in GdFez, GdFe3, GdsFez3, G12Fe~7, and
pure Gd (Fig. 2). It is seen that the shape of the MEE
feature is constant in this series, except for a change of
sign in Gd2Fe~7, due to the fact that the magnetic moment
of the 17 iron atoms is now larger than the moment of the
two gadolinium atoms. The MEE peak decreases with in-
creasing iron concentration. Again, there is no clear con-
nection between the amplitude of the main structure and
that of the MEE peak in Fig. 2. Similar but weaker
effects were observed at the Ltt edge.

To study the dependence of magnetic MEE on the elec-
tronic structure of the rare earth, we measured MCXD of
EuPd2 and GdFe2. These two compounds have the same
crystallographic structure, the rare earths have the same
electronic structure (4f ), and the main structure of their
MCXD spectra is identical [Fig. 1(c)]. However, the
magnetic MEE are clearly different in EuPd2 and GdFe2,
since no MEE peak is observed at the 4d binding energy
of Eu [Fig. 1(c)].

The overall spectral shape of MEE is the same as the
main structure of MCXD spectra at the Ln and Lnt
edges, although it is broader and in phase opposition with
this main structure (except for CeRu2Ge2). MCXD is
also observed at the Lt edge of Nd in N12Co~7 [inset of
Fig. 1(c)],and there the MEE feature is in phase with the
main structure at the edge.

Since a detailed interpretation of MCXD spectra is not
yet available, a full understanding of their MEE struc-
tures is out of the question. However, a number of unam-
biguous conclusions can be drawn from our experimental
results.

(i) 4d electrons are involved in the structures we attri-
bute to MEE effects. This can be seen from Figs. 1(b)
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FIG. 2. MCXlr spectrum at the Gd Lrrr edge in Gd, GdFe2,
GdFe3, GdqFe23, and Gd2Fer7 compounds. One MCXD absorp-
tion unit equals 19o of the edge jurnp.

and 1(d) where, for each rare earth, a vertical arrow
marks the energy of the Mtv v edge of the Z+1 atom (the
Z+1 nucleus mimics the 2p core hole). Moreover, these
structures cannot be due to scattering effects, because
they occur at energies where the contribution of photo-
electron scattering is negligible.

(ii) The MEE structures are due to electric dipole tran-
sitions. Within our experimental accuracy, the influence
of electric quadrupole transitions was ruled out by check-
ing that, at the Ltt edge of Sm in SmFe2, the amplitude of
the MEE signal is proportional to the cosine of the angle
between the rare-earth magnetic moment and the x-ray
wave vector. '

(iii) The magnetic contribution to the MEE peaks is
very large. The amplitude of MEE structures observed in

normal L-edge spectra of Ce usually represents 1% of the
edge jump. s 7 For heavier rare earths, this amplitude is

probably still smaller, since it was not observed yet. From
the MCXD spectra of Fig. 1, the amplitude of the mag-
netic contribution to MEE peaks is broadly 0.3%. There-
fore, = 30% of the MEE structure is of magnetic origin.
Comparing this with the edge structure shows that the
magnetic polarization of the MEE peak is enhanced by a
factor of 10-25.

MEE structures in core hole spectra are usually con-
sidered to arise from a shakeup process. According to this
model, the one-electron orbitals relax because of the pres-
ence of a core hole in the final state and, because of this
relaxation, the final-state orbitals are no longer orthogonal
to the initial-state orbitals. Within this framework, MEE
features in L-edge spectra are described as follows. 6 For a
rare earth with initial state 2p 4d' 4f"(5d6s), the nor-
mal configuration for the final state is 2p 4d' 4f"(5d6s)
at the edge and 2p 4d' 4f"(Sd6s) ed further. The MEE
structures are then transitions towards the final state
2p 4d 4f"(Sd6s) corresponding to the monopole 4d~ Sd transition allowed by the nonorthogonality of
initial-state 4d and final-state Sd orbitals. The shakeup
picture explains that the magnetic MEE structures are at
the same energy as the normal MEE for cerium. It can
also help understanding further characteristics of the
magnetic MEE. First, because of the presence of two
open shells (4d94f"), there is a large number of multiplets
in the final state, which makes the MEE structures very
broad. This explains why, in standard spectra, MEE was
only observed for La and Ce for which multiplet broaden-
ing is minimum. Second, the weakness of MEE effects in

heavy rare earths is reasonable since the overlap between
the 4d orbital in the initial state and the 51 orbital in the
final state decreases for larger Z, due to the larger binding
energy of the 4d shell. Third, the overall identity of spec-
tral shape of the magnetic MEE and the main structure of
MCXD can be understood since the one-electron transi-
tion is the same. Finally, the existence of MEE effects at
the L~ edge [Fig. 1(c)] is also consistent with the shakeup
interpretation.

However, as noticed in Ref. 1, the shakeup picture is
not completely satisfactory. In the present case, it would
be difficult to understand the large magnetic polarization
of MEE structures with this model. On the other hand,
the study of 4d 4f giant resonances has shown that ex-
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citation spectra of rsire earths involve strongly collective
excitations due to the presence of localized 4f levels. ' In
I.-edge spectra, direct 4d~ 4f transitions are parity for-
bidden, but the importance of the magnetic contribution is
a sign that the 4f shell is probably involved in a full ex-
planation of MEE structures.

Clearly resolved multielectron structures were shown to
exist in MCXD spectra of rare earths. These structures
are much more clearly resolved than the MEE observed in
normal spectra, mainly because the MEE signal lies on a
flat background. Magnetic MEE features provide a tool
to investigate the interplay between many-body effects
and magnetism which is unique, since such magnetic ef-
fects cannot be observed in atoms or molecules. Although
many aspects of MEE structures in MCXD are compati-
ble with the standard shakeup approach, some fascinating

problems are left open, such as their strong magnetic
enhancement. These many-body magnetic effects, togeth-
er with other features observed in MCXD of rare-earth
compounds, ' ' will probably lead to a better understand-
ing of the magnetic terms of the many-body Hamiltonian,
such as spin-other-orbit interaction, which are usually
neglected.
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interpretation. We also thank Dr. V. Briois, Dr. D. Cu-
baynes, Dr. M. -H. Tuilier, Dr. G. Schiitz, and Dr. M. F.
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