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Evidence for a Quadrupolar Excitation Channel at the Ll I I Edge of Gadolinium by Resonant
Inelastic X-Ray Scattering
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The weak 2p'4f"+' quadrupolar excitation is separated from the intense 2p'5d' white line at the
gadolinium Lll[ absorption edge in Gd3Ga50» by resonant inelastic x-ray scattering. This separation
is obtained monitoring the intensity of the 3d94f"+'5do and 3d94f"5d' multiplet families, which are
resonantly enhanced at the 2p'4f"+' and 2ps5d' intermediate excitation energies, respectively. The
dipolar and quadrupolar excitations are detected in spite of the Gd 2p lifetime broadening, thanks to the
large Coulomb energy difference between the 3d~4f"+'5do and 3d94f"5d' multiplet families.

PACS numbers: 75.25.+z, 75.50.Bb, 75.50.Cc, 78.70.Dm

The study of near-edge resonance in x-ray absorption
spectra has been widely utilized to obtain information
on the local electronic structure around the excited atom.
Strong resonances are often observed and generally at-
tributed to dipole allowed core excitations in the low-
est energy empty states. Weak preedge features are ob-
served as well and, in some cases, assigned to quadrupolar
excitations. An experimental method for their firm as-
signment, however, is still lacking, although there are
important cases where this knowledge is necessary for
the proper data interpretation. One example is the dipo-
lar or quadrupolar origin of the feature typically observed
below the L&«absorption edges in x-ray magnetic cir-
cular dichroism (XMCD) studies of rare-earth elements
and compounds [1—9]. The assignment is of primary im-
portance in comparing the experimental data with spin-
dependent electronic structure calculations and in apply-
ing the novel magneto-optical sum rules to derive impor-
tant ground state quantities, such as the atomic orbital and
spin magnetic mements [10,11]. A prototypical case is
represented by the XMCD at the gadolinium Lying edge,
where the XMCD feature below the edge cannot be re-
lated to any corresponding feature in the absorptoin spec-
trum, either because of the 2p core-hole lifetime broaden-
ing or because of the very different intensity contributions
to the white line expected from the 2p ~ 4f quadrupolar
(E2) and 2p ~ Sd dipolar (El) transitions.

In this Letter we show that it is possible to resolve the
E1 and E2 excitation channels in gadolinium using reso-
nant inelastic x-ray scattering [12]. This is accomplished
by measuring the inelastic scattering spectra associated
with the 3d94f" 'Sdo and 3d94f"5d' final states. These
two final states are two multiplet families, separated in
energy by approximately 8 eV as a result of their differ-
ent Coulomb integrals, and are characterized by a width
determined by the 3d core-hole lifetime broadening and
its multiplets splittings. When the incident photon en-
ergy Ficui is tuned through the L«& absorption edge, the
inelastic scattering cross sections from the 3d94f'+'Sdo

and 3d94f"Sd' final states are resonantly enhanced at the
2ps4f"+'Sdo quadrupolar and 2ps4f"Sd' dipolar excita-
tion energies, respectively. The study of the intensity of
these two multiplet families as a function of the incident
photon energy allows the separation of the two excitation
channels, in spite of the 2p core-hole lifetime broadening
and the very different intensity contributions of the two
channels to the white line. More generally, this new ap-
proach to near-edge x-ray absorption spectroscopy can be
used to separate overlapping bound states in the absorp-
tion spectra as long as these excitation channels decay into
final states which are sufficiently separated in the corre-
sponding inelastic x-ray scattering spectra.

The experiment was performed at the wiggler beam
line X21 at the National Synchrotron Light Source.
The experimental configuration consists of two focusing
Rowland circle geometries in the horizontal scattering
plane. The incoming radiation from a 27 pole wiggler is
monochromatized by a cylindrically bent, asymmetrically
cut silicon (220) crystal. The monochromator provides a
1 mm horizontal and 10 mm vertical line focused beam,
linearly polarized in the horizontal plane, and has an
energy resolution of 0.6 eV full width at half maximum
(FWHM). The sample used in the experiment was a
GdsGa50tq garnet (GGG), positioned at the line focus of
the monochromator. The scattered radiation was analyzed
at a 90' scattering angle in the horizontal plane by a
spherically bent silicon (333) crystal. In this geometry,
due to the polarization factor, the contribution from the
nonresonant Thomson scattering term in the interaction
Hamiltonian is minimized with respect to the resonant

p A term and can be neglected. At incident photon
energeis around the Llli absorption edge, the incident
Ilux on the sample was 2 X 10" photons/sec (at 100 mA
ring current) and the overall experimental resolution was
1.3 eV FWHM.

Figure 1 shows the Gd + L»& x-ray absorption spec-
trum measured from a thin GGG sample. The spectrum,
essentially identical to that of the Gd metal [1], shows a
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FIG. 1. Absorption coefficient of Gd in GGG around the I.»&

edge of Gd. The vertical lines correspond to the incident
photon energies at which the high resolution spectra of the
inelastically scattered photons were measured.

single white line dominated by the strong dipole allowed
2p to Sd dipolar transition. The absorption coefficient
was obtained by normalizing the measured intensity well
below and above the edge to the corresponding values cal-
culated for the Gd atom [13]. The absorption edge energy
is taken at the first inAection point in the absorption spec-
trum and is located at 7243 ~ 2 eV. Although the energy
resolution used in this measurement is 0.6 eV, no other
spectral feature is observed due to the large natural life-
time width of the 2p core hole of about 4 eV. The ver-
tical lines in the figure correspond to the incident photon
energeis h ~ ~, at which the high resolution spectra of the
inelastically scattered photons of energy hco2 were mea-
sured.

Representative normalized inelastic scattering spectra
are shown in Fig. 2. The scattered intensity is plotted as
a function of energy transfer to the sample hen& —hcu2,
which corresponds to the excitation energy of the different
final state multiplet families with respect to the ground
state. The observed structures in these spectra can be
divided into three groups, labeled A, B, and C. Group
A centers at 1180.7 eV, with its intensity going through
a maximum at 7240 eV. Group B centers at 1188.6 eV
and goes through a maximum at 7247.5 eV. There is
also a gradual shift of the peak position from 1188.6
to 1190 eV. The shoulder, indicated as B*, follows the
evolution of peak B, as will be clearer later on. It is
therefore assigned to be part of the same multiplet family
as peak B. Peak C starts to grow at 7250.5 eV incident
photon energy between peaks B and B*, and its energy
value increases with increasing incident energy.

These features, as can be seen in the bottom curves
of Fig. 2, have decreasing intensity below the I.iii edge
and can no longer be observed at Fico~ values well below
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FIG. 2. Inelastic scattering spectra from GGG. The incident
photon energy at which the spectra are taken is given in the
figure. The spectra are corrected for self-absorption effects.
They are divided into three groups labeled by the corresponding
scaling factor. The dashed line is a guide to the eye used
to show the behavior of the fluorescent line C, increasing
in intensity below the continuum threshold where it stays at
constant energy transfer, and with almost constant intensity
above threshold where it shifts continuously with energy
transfer.

the L&» edge energy. This indicates that they are all
associated with second-order resonant inelastic scattering
from the p . A term in the interaction Hamiltonian and
that the dominating intermediate virtual states have a
core hole in the 2p level. In particular, the behavior of
peak C is typical of excitations into continuum states,
where the scattered radiation above threshold is always
observed at fixed Fico2, which in this case corresponds
to the Ln~ Auorscence energy (6058 ~ 1 eV). On the
contrary, the behavior of peaks A and B shows the
presence of two different resonances inside the L i i i

white line. The intensity of peaks A and B reaches
maximum at h~& = 7240 and 7247.5 eV, respectively;
their integrated intensity values as a function of h cu

&

follow the Lorentzian decay of the 2p core-hole linewidth.
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To demonstrate even more directly the presence of
these two resonances in the white line, to determine
their relative strength, and to investigate the origin of the
feature B*, we scanned the incident energy Rco] and the
scattered energy hen& together, thus keeping the energy
transfer constant. The results of these combined scans
are displayed in Fig. 3, where the curves were taken
at the following energy transfers: 1180.7, 1188.6, and
1196.7 eV. To follow the maximum intensity of feature
C, the spectrometer is kept at fixed Fi~2 = 6058 eV above
7255 eV. From Fig. 3, it is evident that curves A and B
correspond to two different resonances, with full width at
half maxima of 4.7 and 5.8 eV, respectively. This value
compares well with the 2p core-hole lifetime width. The
maximum intensity of peak A is only —1.8% of that of
peak B. We also see that feature B* shows the same
behavior as feature B, confirming that it belongs to the
same multiplet family.

Group A is assigned to the multiplet family correspond-
ing to the 3d94f" +'5do final state of the Gd3+ ion. Group
B is assigned to the 3d94f"Sd' final states and group C to
the 3d94f"Sdo~* continuum state. This assignment is con-
sistent with the role played by the electron promoted into
the different empty states: In particular, an extra electron
in the localized 4f orbitals has a larger Coulomb interac-
tion with the 3d core hole, making a more tightly bound
final state in comparison to an electron promoted either to
the 5d orbital or to the continuum. Consequently, the ex-
citation energy is smaller for the 3d94f" 'Sdo final state
than that for the 3d94f" Sd' and 3d94f" Sd'a* final states.
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FIG. 3. Constant energy transfer scans for three different
energy transfers: feature A (cubes), 1180.7 eV; feature B
(open circles), 1188.6 eV; and feature B* (closed circles),
1196.7 eV. The spectrum labeled C (triangles) is taken at
constant energy h cu2. The spectra are corrected for self-
absorption effects. The dashed lines are guides to the eye
used to show the resonant behavior of feature B~ and the
behavior of the fluorescent line C, increasing in intensity below
the continuum threshold, and with constant intensity above
threshold.

The assignment of group A is further confirmed by the re-
semblance of its line shape to that of its direct analog in the
Gd'+ M~ near-edge absorption spectrum [14]. The near-
edge resonance in the Mv absorption spectrum is, in fact,
characterized by the same 3d94f"+'Sdo final state and, in-
deed, shows the same double peak structure seen in group
A. Finally, as noted before, features B and B* in Fig. 2
show an energy shift with increasing incident energy. This
behavior can be accounted for by two multiplet families
separated by -1.3 eV, which resonate at slightly different
incident photon energies. This separation could be related
to the exchange splitting of the 5d band, which is expected
to be of this order of magnitude [15].

The analysis of Figs. 2 and 3 shows that the central
ingredient which allows the separation among different
excitation channels contributing to the same near-edge
absorption resonance is the comparison of the lifetime
broadening of the final state (the 3d core-hole lifetime in
our case, and not the much wider 2p core-hole lifetime
of the intermediate state) with the energy separation
among the multiplet families generated by the decay of the
overlapping excitation channels. In the resonant inelastic
scattering spectrum, in fact, these multiplet families can
be separated as long as their energy difference is larger
than the Anal state core-hole lifetime broadening. Once
this condition is fulfilled, one can immediately generate
the results shown in Fig. 3, where the relative contribution
to the absorption spectrum of overlapping channels is
completely resolved, in spite of the 2p core-hole lifetime
broadening and of possible large differences in relative
intensities.

We now discuss our resonant inelastic scattering results
in relation to the question of the origin of the XMCD
feature below the Ll~~ absorption edge of Gd. As we have
seen, the white line at the Gd L~I~ edge has contributions
from the 2p54f"+'Sdo and 2ps4f" Sd' excitations. The
energies of these excitations are at —3 and 4.5 eV with
respect to the absorption edge (maximum intensity of
groups A and B in Fig. 3). The energy position of the
excitation decaying into the group A multiplet is essentially
the same as the negative feature in the L~~~ Gd XMCD
spectrum. At this energy, the contribution of group A
to the total absorption cross section is about 18/o, while
that from group B is about 82%. Although the exact
ratio in the case of Gd metal may be slightly different
from the number obtained here for the Gd3+ ion, it is
clear from our data that the XMCD feature below the
Gd L))( absorption edge must have a contribution from
both the El and the E2 transitions. Considering that the
El transition gives a positive XMCD signal while the E2
transition gives a negative XMCD signal, there are strong
grounds to conclude that the XMCD below the Gd L~~~

edge has a quadrupolar contribution. This is in agreement
with theoretical predictions by Carra et al. [4]. Further
angular dependent measurements [4,16] using circularly
polarized x rays cannot help to clear up this point. The
Gd + ion in fact, due to its S7y2 ground state, gives an
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angular dependence for the F2 XMCD very similar to that
of E1.

In summary, our experimental method allows us to sep-
arate two different absorption channels with a relative
intensity ratio of 50:1,which would be completely indistin-
guishable in a standard absorption measurement. This is
accomplished by resonant inelastic x-ray scattering mea-
surements, using the property that the considered final
states, resulting from different decay channels of overlap-
ping intermediate core-hole excitations, have a large en-
ergy separation with respect to the final state core-hole
lifetime. Moreover, the features in the inelastic scattering
spectra allow us to assign the final state to the 3d94f "+'5do
and 3d94f"5d' multiplet families and to assess, therefore,
the existence and intensity of the quadrupolar 2p54f

' '5do
excitation in the Gd L~~~ white line.

More importantly, resonant inelastic x-ray scattering
offers a unique way to measure the near-edge absorption
spectra by selectively probing the particular intermediate
state (or states) that decay into the final state which is
monitored. It should also be noted that, through the
intermediate state, the inelastic scattering spectra can also
include dipole forbidden transitions, such as the 3d to
5d transition in Gd, corresponding to the 3d94f"5d' final
state.

Finally, resonant inelastic x-ray scattering excited with
circularly polarized x rays will provide a new way to
measure XMCD spectra with increased selectivity.
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