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Resonant inelastic x-ray scattering~RIXS! involving selective excitations to Gd 4d95p64 f n11 intermediate
states has been measured. An x-ray resonant Raman effect is clearly identified for excitation to states below the
4d ionization threshold. RIXS spectra have been calculated for several excitation energies and provide a good
quantitative explanation for the large variation in the 5p→4d branching ratio intensities observed as a function
of excitation energy. Weak structure observed close to the elastic peak is identified as the result of spin-flip
scattering.@S0163-1829~96!51044-1#

The availability of high flux x-ray synchrotron radiation
and new efficient instrumentation has recently stimulated
widespread interest in resonant inelastic x-ray scattering
~RIXS!.1–3 The RIXS process, also known as x-ray resonant
Raman scattering, is an x-ray absorption~photon energy
v1) followed by x-ray emission~photon energyv2) in
which a bound electron is promoted to an empty state and the
core hole left behind decays via the radiative transfer of a
less bound electron.

Excitations involving the 2p core levels of rare earths fall
into a relatively favorable energy region~5–8 keV! for sev-
eral synchrotron radiation sources. This explains that some
of the more important RIXS experiments recently performed
have been concerned with these thresholds. The experiments
of Hämäläinenet al.4 and Krischet al.5 are worthy of special
mention. The former measured the Dy 2p3/2 absorption edge
by monitoring the x-ray fluorescence in a fixed narrow en-
ergy band as primary photon energies were scanned across
the edge. New structure in the absorption spectra was attrib-
uted to the elimination of the core level lifetime broadening.
These experiments have since been reinterpreted by Tanaka
et al.6 and Carraet al.7 The RIXS experiments by Krischet
al.5 address the problem of separating contributions to the
white line in the Gd 2p3/2 absorption from quadrupolar
(2p→4 f ) and dipolar (2p→5d) transitions. They cannot be
separated using x-ray-absorption spectroscopy~XAS! be-
cause of core-hole lifetime broadening.

The 4d x-ray emission spectra of the rare earths were first
studied in detail by Zimkina and co-workers8–10 using elec-
tron beam excitation. Based on their work on all the lan-
thanides, they suggested an interpretation of the complex
4d emission spectra in terms of three types of transitions:
5p→4d, 4d94 f n11→4d104 f n, and 4d94 f n→4d104 f n21.
Only recently has selective photon excitation been used to
excite the 4d→4 f resonances in BaF2.

11 Other experiments
involving the La and Ba 5p→4d spectra obtained with a

polychromatic photon excitation have also been discussed
recently.12

Here we report on RIXS involving the excitation of the
Gd metal 4d core electrons into 4f states. We find that apart
from the 4d94 f n11→4d104 f n recombination process, the
decay of the 4d hole is dominated by the 5p→4d channel,
i.e., the intermediate stateu i & which has the 4d95p64 f n11

configuration decays to 4d105p54 f n11. It should be noted
that in earlier experiments with electron beam excitation the
3d→4 f recombination peak was called a resonance line be-
cause it coincides in energy with a white line in the XAS
spectrum.13 The cross section for such a process is large
enough to be observed even with polychromatic excitation,
such as electron beam excitation, because of the high degree
of localization of 4f electrons. In an x-ray-scattering experi-
ment, this is an elastic process which will therefore coincide
with other elastically scattered radiation.

Resonant excitation along with calculated spectra now
make it possible to reliably identify most of the structure. It
should also be noted that the resonant excitations studied
here are to states below the photoionization threshold as op-
posed to the 4d→4 f resonances studied in a 4f compound
~BaF2) by Rubenssonet al.

11

The experiments were performed on undulator beamline
SU7 at Super ACO. The 20-pole undulator feeds a 10-m
toroidal grating monochromator. The energy resolution of
the latter was set to 0.6 eV for the RIXS experiments. The
energy distribution of the scattered x rays was measured with
a grating spectrometer fitted to the existing end station
~ABS6! equipped with an electron energy analyzer and
evaporation sources. The x-ray spectrometer is based on
Nordgren’s design.14 A two-dimensional position sensitive
detector was used to record the spectra. The resolution was
set to'0.4 eV. For constructional reasons the angle between
the incoming photon beam and the direction of observed
scattered radiation was 45°. Thus, although the sample was
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mounted forp polarization, elastic scattering was not mini-
mized. The elastic peak served to calibrate the x-ray-
emission energy scale.

The sample was preparedin situ by electron bombard-
ment. The base pressure was 7310211 mbar with a brief rise
to the 1029 mbar range at the start of evaporation. Gado-
linium was deposited onto a silicon wafer to a total thickness
of '700 Å, ensuring that the recorded spectra were those of
the metal. A small contribution from the oxide is certainly
not ruled out but valence-band photoelectron spectra also
confirmed that sample contamination was low. The 4d XAS
spectrum~Fig. 1! was recorded by measuring the photocur-
rent.

RIXS measurements performed for the typical incoming
photon energies labeledA, B, andC in Fig. 1 are plotted in
Fig. 2. For clarity, the spectra are normalized to the same
amplitude in the 100–130 eV energy region. The elastic peak
reaches its maximum amplitude at 150 eV. At the other ex-

citation energies we used, its amplitude drops by a factor of
10. This indicates that the 4d→4 f absorption process fol-
lowed by 4f→4d x-ray emission has a strong probability
when the excitation is set to above the ionization threshold.

Where excitation is to the multiplets below the ionization
threshold, the spectra reflect the energy transferDv5v1
2v2 corresponding to the electronic excitation from 5p to
4 f . It is therefore instructive to plot the spectra on a transfer
energy scale. This is done in Fig. 3 for values ofv1 from
135 to 180 eV and in Fig. 4 for five values ofv1 below the
ionization threshold. We note that when the excitation en-
ergy is kept below the ionization threshold the energy trans-
ferred is constantly'27 eV for values ofv1 close toA in
the absorption spectrum. It unambiguously indicates a reso-
nant x-ray Raman process. Similarly, a peak at'25 eV is

FIG. 1. Gd 4d absorption spectrum:~a! Experiment.~b! Theo-
retical prediction. ArrowsA, B, andC indicate the incoming pho-
ton energies used in the x-ray inelastic scattering calculations.

FIG. 2. Gd resonant inelastic x-ray-scattering spectrum in the
vicinity of the 4d ionization threshold: observed~raw data! and
calculated~smooth curve! for energiesA, B, andC ~see Fig. 1!.

FIG. 3. Gd resonant inelastic x-ray-scattering spectrum plotted
as a function of the energy transfer. The line indicates the contri-
bution of the normal x-ray emission to the process, i.e.,v2 inde-
pendent ofv1.

FIG. 4. Detail of resonant Raman effect for excitations close to
A andB ~see Fig. 1!.
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observed for excitations close to peakB. Above the ioniza-
tion threshold, the spectrum moves away from the elastic
peak as the energy of the photon increases. This is the foot-
print of normal x-ray fluorescence, i.e., the usual
5p3/2→4d and 5p1/2→4d spin-orbit split doublet.~To be
more exact, the Coulomb and exchange interactions in the
5p54 f 7 configuration also give some minor contribution to
this doublet structure.!

The calculations for Gd 4d XAS and RIXS have been
performed for a Gd31 free ion taken as a good approxima-
tion to Gd metal. The multiplet coupling originating from the
Coulomb and exchange interactions and the spin-orbit inter-
action is fully taken into account using Cowan’s atomic
structure code.15 The Slater integrals,Fk andGk, and the
spin-orbit coupling constants,z4d andz4 f , are calculated by
the Hartree-Fock program with relativistic correction. Then
the values ofFk(4 f ,4f ), Fk(4d,4f ), andGk(4d,4f ) are re-
duced to 80%, 75%, and 66% of the Hartree-Fock values,
respectively. The values ofFk(5p,4f ) and Gk(5p,4f ) are
reduced to 80% of the Hartree-Fock values.

The calculation of Gd 4d XAS has been made in just the
same way as by Ogasawara and Kotani,16 where they took
into account the interference effect~Fano effect! between
4d→4 f and 4f→eg transitions through the 4d24 f4 f super
Coster-Kronig transition. For details on the calculation see
Ref. 16. The calculated result is shown in Fig. 1. Agreement
with experiment is good with the prethreshold peaksA and
B and the giant bandC clearly identified. The prethreshold
peaks are dipole forbidden transitions, in theLS-coupling
scheme, from the Hund’s rule ground state8S, theLS terms
of the final states ofA andB being 8D and 6D, respectively.
They become weakly allowed due to the spin-orbit interac-
tion. On the other hand, the giant band is dipole allowed with
an 8P final state.

Using the Kramers-Heisenberg formula which describes a
coherent second-order optical process, and keeping only the
resonant term, the RIXS spectrum is represented by

F~v1 ,v2!5(
f

U K fUSVR

1

Eg1v12H2VA1 ig
VRD UgL U2

3d~Eg1v12Ef2v2!, ~1!

whereug& and u f & are ground and final states with energies
Eg andEf , respectively. The operatorVR represents the di-
pole transitions of the 4d→4 f , 4f→eg, 4d→5p, and
their inverse processes. The operatorVA represents the
Coster-Kronig transition, the HamiltonianH describes the
atomic electronic states, andg is taken asg→10. The cal-
culated result for Gd RIXS is shown in Fig. 2 for incident
photon energiesA, B, andC.

In our calculation of RIXS, we assume that the incident
photon is unpolarized, for simplicity. When the incident pho-
ton energy tuned to the prethreshold peakA, the RIXS shows
a single peak atv25v1. We also find a double peak struc-
ture nearv2'111.5 eV and 107 eV, where the lower-energy
peak is visible only on an expanded scale. The peak at
v25v1 corresponds to the elastic scattering, where the x-ray
emission occurs by the 4f→4d transition, resulting in the

8S final state, which is the same as the ground state. On the
other hand, the doublet structure is caused by the 5p→4d
transition corresponding to the final states with a hole in the
5p3/2 and 5p1/2 states. The branching ratio of the doublet
structure depends strongly on the intermediate state, and in
the case ofA the lower energy peak (5p1/2 hole! is weak, as
already mentioned. This result is in agreement with experi-
mental data. Whenv1 is tuned toB in the calculation, we
have a weak inelastic scattering peak~a satellite to the elastic
peak! about 4 eV to the lower-energy side of the elastic
scattering peak. A similar structure is also observed experi-
mentally. This satellite peak originates from the spin-flip
scattering due to the 4f→4d dipole transition, where the
final state is6P corresponding to the spin flip from the8S
ground state. Furthermore, the branching ratio of the doublet
structure is inverted in going fromA to B, which fits excel-
lently experimental observation. A similar change of the
branching ratio of the 5p spin-orbit split final states has also
been observed in the resonant photoemission of La.17

Whenv1 is tuned to the energy of the giant absorption
band C, we also have a weak spin-flip satellite in the
4 f→4d transition, and the higher-energy peak of the 5p
doublet structure again becomes stronger than the lower-
energy one as for excitation toA. The experimental data for
C shows a three peak structure instead of the 5p spin-orbit
doublet. This difference between the calculated and experi-
mental results can be explained by an additional x-ray-
emission process, which is not taken into account in our
theory. It is well known that the excited state of the giant
band can be autoionized, i.e., an excited 4f electron is trans-
ferred to the continuum statee f . We would expect x-ray
emission occurring after this autoionization to produce addi-
tional structure whose spectral shape and energy position
would be similar to those of the normal x-ray fluorescence
corresponding to the case wherev1 is much higher than the
4d excitation threshold~or the giant band!. We have taken
into account neither the autoionization process nor the nor-
mal x-ray emission in our calculation, but we note that the
experimental result of the normal x-ray emission exhibits a
double-peak structure~see Fig. 2 forv1 5 180 eV!. There-
fore, if we superpose the normal x-ray emission and the cal-
culated RIXS forC with an appropriate intensity ratio, it is
possible to reproduce the three-peak structure. The position
of the lower-energy peak of RIXS almost coincides with the
higher-energy peak of the normal x-ray emission, which re-
sults in the middle peak of the three-peak structure.

In summary, we have shown that selective excitation of
4d electrons to8D and 6D prepeaks in the absorption curve
lead to a resonant x-ray Raman effect in Gd where the
4d95p64 f n11 intermediate state decays to a 4d105p54 f n11

final state. This incidentally gives access to the 5p54 f n11

configuration, which is normally dipole forbidden starting
from the 4d105p64 f n ground-state configuration. Consider-
able variations are observed in the 5p3/2,1/2→4d branching
ratio. The calculation excellently reproduces this effect and
shows that the branching ratio depends critically on the in-
termediate state. Other interesting inelastic scattering effects
of weak intensity, observed experimentally, are identified as
the consequence of spin-flip scattering resulting from the
4d→4 f excitation.
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