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Excitations within the 4f shell of Gd31 in (Y,Gd!2O3 are observed by resonant elastic and inelastic soft
x-ray scattering with synchrotron radiation. Inelastic scattering takes place when exciting 4d104 f 7→4d94 f 8

transitions and extends over an energy range of about 10 eV. The features can be assigned to the net transition
from the 8S7/2 ground state to the sextet multiplets of the 4f 7 configuration in Gd31, which have the same
parity as the ground state. The inelastic scattering is maximal when the excitation energy is tuned to the
4d94 f 8(6D) intermediate state.@S0163-1829~98!51014-4#

Soft-x-ray emission~SXE! of the rare earth elements in
the region of the 4d threshold was first investigated by
Zimkina and co-workers1,2 using electron bombardment to
excite the emission and bremsstrahlung to obtain the absorp-
tion spectra. Later, Gerken3 studied all the rare earth ele-
ments in the region 20–200 eV using photoelectron spectros-
copy methods~PES! with synchrotron radiation. These
investigations were followed by PES measurements in
atomic vapor4 to investigate the partial cross sections for the
inner-shell 5p, 6s, and 4f electrons. With the advent of
third generation sources, SXE has been used in conjunction
with inelastic photon scattering to provide new insight in
understanding the electronic structure of condensed
matter.5–7 While the rare earths have been extensively stud-
ied by PES, the availability of third generation sources have
encouraged the use of SXE. Recently, SXE measurements
have been extended to include the 4d shell of the rare
earths.8

In this paper, we present the first measurements of ground
state excitations to even parity localized final state Gd31 4 f
orbitals by high resolution soft x-ray inelastic scattering. The
energy-loss mechanisms are explained by our calculations of

the energy loss spectra. We have also investigated the varia-
tion in the cross sections of these transitions with photon
excitation energy. In addition to the inelastic scattering, we
found that the elastic scattering profile is significantly nar-
rower than the absorption spectrum.

Rare earth elements are characterized by their partially
filled 4f shell. The 4f electrons are highly localized due to
the centrifugal term in the potential and have a low binding
energy~about 9 eV in Gd!. When a 4d electron is promoted
to a 4f state(‘ ‘4 d-4 f transition’’!, the strong interaction of
the 4d vacancy with the open 4f shell leads to a complex
multiplet structure of 37 terms in triply ionized gadolinium.
Due to the strong electron correlation, these 4d-4 f transi-
tions produce what is called the ‘‘giant resonance,’’ which
extends over an energy range of up to 20 eV for some of the
rare earth elements. In the case of gadolinium, the 4d ion-
ization threshold is at 151 and 156 eV~Ref. 4!, just above
the ‘‘giant resonance,’’ whose absorption maximum is at 149
eV.

In (Y,Gd!2O3, gadolinium exists as the triply ionized
atom (Gd31) due to the ionic binding to the oxygen atom.
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The configuration of the outer electrons in Gd31 is
4d105s25p64 f 7, and the half-filled 4f shell forms an octet
ground state level of8S7/2. The ground state8S7/2 has a
spherical symmetry which is very stable and therefore much
less affected by the crystal field than ions with anf 6 or f 8

electron configuration. Thus atomic effects can be studied in
solid Gd as has been done with absorption spectroscopy in
the visible and near-UV region in different Gd-doped
crystals.9–11 According to Zimkina and co-workers,1,2 who
studied the 4d electron excitation in the rare earths by
electron-beam bombardment, three transitions contribute to
the emission: 4d95p64 f 7→4d105p54 f 7 ~at about 112 eV!,
4d95p64 f 8→4d105p64 f 7 ~‘‘resonant emission’’ at about
149 eV!, and 4d95p64 f 7→4d105p64 f 6 ~emission from
more highly ionized atoms at about 138 eV!. The SXE spec-
trum obtained by electron excitation can differ greatly from
that obtained by photon excitation because electrons, unlike
photons, are not constrained to lose discrete quanta of energy
in a scattering process.12 In their study of inelastic scattering
near the 4d ionization of Gd metal, Galletet al.8 found in-
elastic scattering features with an energy loss of 27 eV,
which, according to their interpretation, arise from transi-
tions between the 4d105p64 f 7 initial state and the
4d105p54 f 8 final state and are therefore assigned to core-
core transitions. Our work on Gd focuses on high resolution
elastic and inelastic scattering processes that produce even
parity excitations within the ground state 4f 7 configuration.

Our experiments were performed at the beamline 8.0 of
the Advanced Light Source, ALS, Lawrence Berkeley Labo-
ratory. The undulator beamline is equipped with a spherical
grating monochromator13 with a maximum resolving power
of E/DE52000. The fluorescence end station consists of a
Rowland circle grating spectrometer that provides a resolv-
ing power of about 400. The incident angle of the
p-polarized beam was about 10° to the sample normal.

The absorption spectrum of (Y,Gd!2O3 in the region
where a 4d inner-shell electron is promoted to a 4f orbit is
shown in Fig. 1~solid line!. The spectrum has been taken by
measuring the reflected light at the FLIPPER monochro-
mator at HASYLAB.14 In the soft-x-ray regime, changes in
the reflection spectra follow changes in the absorption
spectra15 and features in both spectra appear at the same
energetic position. The main peak is centered at about 149
eV and has a full width at half maximum of about 5.9 eV.
The absorption obtained here is in excellent agreement with
measurement of the Gd absorption obtained by Galletet al.
on metal8 and Richteret al.,4 who did not include the con-
tribution from the elastic scattering. The absorption spectrum
has been studied theoretically by several investigators, and
the most recent calculations by Ogasawara and Kotani16 are
in excellent agreement with the experimental observations.
The spectrum represents primarily the transition from the
ground state8S7/2 to the 8P level. At lower photon energies
weaker features occur that result from the excitation of the
core electron to the8D and 6D levels. Transitions from the
octet ground state to the sextet state become partially al-
lowed due to the strong spin-orbit interaction.

Figure 2 shows the soft x-ray energy loss spectra in
(Y,Gd!2O3 in the vicinity of the 4d-4 f resonances~134–168
eV!. The energy loss~or in other words the excitation energy
of the final state! has been obtained by subtracting the energy

of the incoming photons~excitation energy! from the energy
of the emitted photons. The spectra are normalized to 300
mA of storage ring current and the number of counts is plot-
ted versus the energy loss of the scattered photons. The
counting time for each spectrum has been 30 min. Three
principal types of photon-in–photon-out features can be dis-
tinguished in all spectra: The peaks of elastically scattered
radiation, of inelastically scattered radiation, and of fluores-
cence radiation. The elastically scattered radiation appears at
the energy of the exciting radiation, which corresponds to an

FIG. 1. Absorption spectra of (Y,Gd!2O3 in the photon energy
range of 4d-4 f transitions. The terms which characterize the elec-
tron configuration of the excited state (4d94 f 8) are given in the
figure. The spectra are obtained by measuring the radiation reflected
~solid line! and elastically scattered (X) by the sample.

FIG. 2. Energy-loss spectra on (Y,Gd!2O3 in the region through
the 4d-4 f threshold. The excitation energy for the spectra is given
above each spectrum. Calculated energetic positions for the terms
that are assigned to the energy losses and represent excitations
within the 4f shell (4f 7) are plotted as vertical bars.
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energy loss of 0 eV~except for possible phonon losses of the
order of a few meV!. Due to the magnified scale, the elastic
peaks are not fully displayed in Fig. 2. Therefore the maxi-
mum count rate in the elastic peak at each excitation energy
is represented by anX in Fig. 1. The dotted curve in Fig. 1 is
drawn through the experimental points to guide the eye. The
energetic position of the main features is the same for the
elastic scattering curve~dotted line! and the absorption curve
~solid line!. The 4d94 f 8→4d104 f 7 emission is maximal
when the excitation energy is tuned to the8P resonance in
the absorption curve where the 4d hole is immediately re-
filled by the excited 4f electron as it scatters the incoming
photon. The peak width for the elastic scattering curve is
much smaller~3 eV! than the absorption curve~5.9 eV!. The
autoionization width found by Richteret al.4 is 5.2 eV. The
different peak width is due to the different final states. The
excited configuration (4d94 f 8) can decay via the main pro-
cess, autoionization (4d94 f 8→4d104 f 61e2) that produces
mostly 4f electrons,3,4 or via elastic scattering which leads to
the final-state 3d104 f 7. No core-valence transitions are
involved.17,18

Near threshold the decay of a core-hole state can be very
different from the decay mechanisms at higher energies.
Soft-x-ray emission and~radiationless! Auger-electron emis-
sion can appear as coherent one-step processes also known at
the ~resonance! Raman effect.5 The inelastic and elastic scat-
tered intensity is described by the Kramers-Heisenberg
~K-H! formula:19

I ~Ein ,Eout!}(
f
U(

m

^ f upAum&^mupAu i &
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2

d~Ef1hnout

2Ei2hn in!. ~1!

In this equation,pA is the dipole operator whileu i & is the
initial state of the system with energyEi , um& and Em de-
scribe the intermediate state,u f & and Ef describe the final
state, andG is the lifetime broadening in the intermediate
state. The intermediate states correspond to 4d94 f 8 8D, 6D,
and 8P resonance states and the energy loss can be assigned
to the difference in energy between the initial and final state
often designated as the ‘‘net transition.’’ At energies above
threshold, the inelastic scattering evolves into fluorescence,
and possible inelastic scattering produced by electron mo-
mentum scattering in the Brillouin zone, where soft-x-ray
inelastic scattering has been used to elucidate band symme-
tries and probes specific regions of the Brillouin zone.6,20

We have calculated the loss spectra from Eq.~1! using
transition probabilities from the ground state to the interme-
diate states and back to the final metastable states obtained
by Cowan’s method,21 summing incoherently over all the
intermediate states of the 4d94 f 8 configuration and using the
same scaling for the Slater integrals as in Ref. 16.

An onset of three inelastic excitations at an excitation
energy of about 139 eV is observed~Fig. 2!. These features
remain at a constant difference in energy relative to the elas-
tic peak throughout the energy range of excitation. In Gd the
4 f shell is half filled and the absence of valence band elec-
trons in the vicinity of the Gd ion leads to a term scheme
with only a few possible excitations. The next terms above
the ground state8S7/2 belong to the sextet multiplet6PJ ,

6I J , 6DJ , and 6GJ of the same electron configuration 4f 7.
The energetic positions of these states for Gd31:LaF3 as cal-
culated by Goodman and co-workers22 are plotted in Fig. 2.
Optical and UV absorption spectroscopy data9–11 and
calculations22,9,11 for Gd doped in various compounds show
that the energetic differences in this term scheme for the
different materials and their different crystal fields are
smaller than 0.02 eV, which is small compared to our energy
resolution~,0.4 eV!. The width of the bars in Fig. 2 repre-
sents the energy range over which the variousJ levels extend
for a given term. Reconfigurations within the 4f shell (‘ ‘ f - f
transitions’’! by photon excitation are dipole forbidden due
to the spin selection ruleDS50 for L-S coupling. The in-
elastic scattering produces energy losses of less than 6 eV
and is due to net transitions from the8S7/2 ground state~elec-
tron configuration 4d104 f 7) to the sextet multiplets6PJ ,
6DJ , and 6GJ of the 4d104 f 7 configuration. The transitions
occur through the intermediate states8DJ , 6D j , and 8PJ
(4d94 f 8) in the K-H cross section as shown in Eq.~1!.
Population of the6I term of 4d104 f 7 is not observed because
of the large change in orbital momentum this transition
would require. DifferentJ levels of the final states are also
not resolved. At excitation energies higher than the peak en-
ergy of the 4d-4 f excitation ~149 eV!, the inelastic pro-
cesses become weaker~151.5 eV!, shift in energy loss
~above 155.9 eV!, and finally disappear~167.6 eV!. It is
worth noticing that the partial cross sctions for the three in-
elastic excitations behave differently. Only the strongest in-
elastic peak that comes from the excitation to the6D state
remains intense over an energy range of about 9 eV. At an
excitation energy of about 156 eV the inelastic peaks become
very weak and the magnitude of the energy loss changes.

While we observe intense elastic and elastic scattering as
the photon energy is tuned to the 4d-4 f resonances

FIG. 3. Variation of the count rate in the inelastic scattering
peaks with excitation energy. The curves represent the net transi-
tions to the three final states6P, 6D, and 6G. The vertical lines
indicate the energetic position of the peaks in the absorption spec-
trum that correspond to the8D, 6D, and 8P terms of the 4d94 f 8

configuration.
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(4d94 f 8→4d104 f 7), we do not observe fluorescence at ex-
citation energies above the 4d shell ionization threshold due
to 4d94 f 7→4d104 f 6 transitions. This is expected because
the partial cross section to produce a 4d hole is small4 and
the 4d hole is filled by competing Auger processes with high
probability. There is also no indication for a hole-induced
shakedown process that has been observed by Okusawa
et al.23 in lanthanum. In this process, a band electron shakes
down to the 4f level and is followed by 4d94 f 8→4d104 f 7

fluorescence emission. A weak fluorescence feature can be
seen at an energy loss of 10 eV in the spectrum taken at
142.2 eV. With smaller excitation energy this peak shifts
towards the elastic peak. We suggest that this weak fluores-
cence feature belongs to a charge-transfer state similar to that
observed in La~Ref. 24! because Gd31 does not offer tran-
sitions at this energy. We conclude that in the region of the
giant resonance, autoionization and elastic scattering are the
dominant interaction mechanisms. Inelastic scattering com-
pared to elastic scattering is weaker by about one order of
magnitude.

In Fig. 3 the count rate in each inelastic peak6P, 6D, and
6G is plotted versus the excitation energy. We see that all
the final states populated by Raman scattering are enhanced
at the 4d94 f 8 (6D) resonance. It is found that the inelastic
scattering is maximal when the excitation energy is tuned to
the intermediate state that is primarily of sextet symmetry.
Thus many of the intermediate states which arise through
intermediate rather thanL-S coupling have a significant sex-
tet rather than octet character. In this case the transition from

the intermediate state (6D) to the final states (6P, 6D, 6G) is
dipole allowed.

To summarize, we have used high-resolution soft-x-ray
emission spectroscopy with synchrotron radiation to study
inner shell 4f excitations of Gd31 in ~Y,Gd!2O3. The soft
x-ray emission spectra have been studied when exciting the
4d electrons selectively and strong inelastic features have
been observed. According to our calculations, we interpret
the energy losses as excitations within the 4f shell. The in-
cident photons excite electrons from the ground state8S7/2

primarily to the intermediate state6DJ and are inelastically
scattered to the sextet final states 4d104 f 7(8S7/2)
→4d94 f 8(6DJ)→4d104 f 7 (6PJ , 6DJ , 6GJ). The energy
losses between 4 and 6 eV are due to net transitions from the
octet ground state8S7/2 to the low-lying sextet terms of the
4 f 7 configuration 6PJ , 6DJ , and 6GJ . The relative cross
sections of these ground-state-dipole-forbidden transitions
have been obtained for the first time by the technique of soft
x-ray scattering.
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