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Resonant soft-x-ray inelastic scattering from Gd in the GdGasO,, garnet
with excitation across theM s edge
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We present resonant soft-x-ray scattering measurements acrdds, gdge of Gd in Ggca;0,,. Below or
near the GV 5 edge the scattering is dominated by the elastic contribution, whereas the inelastic contribution
becomes dominant above the edge. The theoretical cross section is calculated in an ionic multiplet model, and
the spectra are simulated by including self-absorption and saturation effects. The calculations account for all
the measured features. It is shown that the inelastic contributions to the spectra are duepim-#ip
excitations, bringing Gd to a lower spin state in the final stg8€163-18207)01620-2

I. INTRODUCTION The importance of multiplet splitting in rare-eari, 5
absorption is well known, and gives rise to spectral functions
In soft-x-ray spectroscopy a rapidly developing field iswhich can be simulated quite accurately with ionic model
resonant x-ray scatterindgRXRS), mainly due to the use of calculations’ In this connection RXRS experiments add in-
synchrotron radiation. Here we consider experiments irformation in spite of the above-mentioned difficultiesunt-
which a core hole is created by the incident photon via resolnd rate and self-absorptignin particular we show that in
nant excitation in the threshold region, and is then neutralSd>" one can measure very small but important details of the
ized by a valence electron, with decay of the system to théPectral function, giving a direct insight in the excitation
ground state or to one of a manifold of excited states. Théroperties of the system. G&dis an interesting model system
RXRS spectral function is thua priori dependent on the 9dU€ to the simplicity of the electronic structure, allowing a

; ; : rather direct interpretation of the spectral function. We
incoming photon energhv;, and the outgoing photon en- . .
ergy hv,,. By measuring the outgoing photon energy in anpresent results of a RXRS experiment at the &gl edge in

experiment where several excitation energies are used, oﬁhe GaGa0;, garnet. We measure the spectral function

. ) : : . wehen a core hole is created close to threshold in ttg,3
has access to information that would be lost if an mtegratlorieveI and the 8%4f"*1 excited state decays again into one

over the outgoing photon energy is made as, e.g., in quoresdf the 3d%f" configuration multiplet termsp being the
cence total yield measurements. . ground state occupation number, i.e(tffe Hund rule high-

_ The recent possibility of carrying out RXRS experiments g, siata 1n this way we show final states corresponding to
in the soft-x-ray range is of great help in the study of rare,t eyitation with spin flip in agreement with the predictions
earths, a field where, to 2the author's knowledge, very limitedyt 4 jonic multiplet calculation. The garnets are very con-
information is availablé; due to the difficulty of these ex- yenjent, since they are very well-characterized systems. This
periments with low counting rate and very large self-particular garnet has the advantage that with our experimen-
absorption effects. In strongly correlated systems like rargq| setup it is possible to measure simultaneously the
earths a multiplet description of the electronic states is vengmission from Gdaround 1184 eYand thel ; andL, emis-
often appropriaté.In this case multiplet splitting gives rise sion from Ga(around 1120 eY This helps in the energy

to significant structures in the RXRS spectra and to significjipration and in the evaluation of the self-absorption cor-
cant modifications of these features whbm, is swept rections as will be shown below.

across an absorption edge. The present soft-x-ray experiment

allows us to Iopk ad-f transitions governed_by _the dipole Il EXPERIMENT

operator. Previously, the quadrupolar contribution to*Gd

RXRS has been observed in an experiment made on the The experiment was performed on ID12B at the European
same garnet with excitation at thg absorption edgéReso-  Synchrotron Radiation Facility in Grenoble. This beanfiine
nant x-ray scattering from rare earths has been shown to becavers the 500-1600-eV range, and uses a helical
powerful tool also in the resonant Raman regiwehere the  undulator’ The beamline monochromator is of the Dragon
created core hole is filled through an inner shell transitiortype® The Gd M5 RXRS spectra of a Ga0;, bulk
from an upper core level. Also in this case, any modificationsample were recorded with a grating spectrograph allowing
of the Raman spectrum when the excitation energy igarallel acquisition with constant resolution in a 40-eV en-
scanned through the threshold is an indication of multipleergy interval. The energy window was centered on the Gd
splitting effects. Mz emission line, and the Ga lines were detected at lower
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FIG. 1. Geometrical setup of the scattering experiment. The 1180 1190 1200
angle between the incoming beam and the sample surface is Photon energy (eV)
=10°, the scattering angle 8=110°, the angle between the out- Galg RXRS
going beam and the normal to the sample surfac¢=s10°, and
the coordinate along the normal4s

resolution(this still allowed to use their energy position for Ga-lo GdMs

energy calibration, and their integrated intensity for intensity
cross-check This instrument has been extensively described
elsewheré. The spectrograph is matched to the exit slit of 4
the beamline monochromator with a Kirkpatrick-Baez refo-
cusing optics. In order to increase the counting rate we chose C
a 2.5-eV bandpass in the excitation channel, and a 3-eV
bandpass in the analyzer. The typical integrated counting rate
on the whole Gd peak was 1-1.5 counts/s, with 160 mA in
the ring. The sample was a single-crystal platelet having a
well-defined surface. The angle between the sample surface
and the incident beam was 10° to reduce self-absorption. The
angle between thk vector of the scattered radiation and the

k vector of the incident photons was 110° in the horizontal
plane. The geometrical setup of the experiment is shown in
Fig. 1.

The x-ray-absorption spectrum was obtained in the same
apparatus from the sample drain current. The measurement
was optimized by facing a high-voltage electrode to the
sample(field around 2 kV/cm to extract the drain current, FIG. 2. Measured scattering specti¢éower panel from
avoiding charging. In this case the bandpass in the excitatiof%Ga0;, excited at different photon energies indicated by the
channel was there set to 0.8 eV. arrows along the G 5 absorption spectrurfupper panel The Gd

When measuring the scattering spectra excited below d}./l5 and GaL.Z,3 lines have been .recorded simultaneously. The ver-
above threshold, after every 2-h acquisition a reference speEQ"f‘l arrows_ln t.he lower panel give the position of the elastic scat-
trum was taken with the excitation energy set to the maijrf€"ing contribution.
absorption peakh{r=1184.5 eV), in order to check the sta-
bility. contribution is marked by the arrows in Fig. 2. It is apparent

that the elastic contribution is still present with excitation
Il. RESULTS AND DISCUSSION above thresholdcases 3 and)4 where it becomes a small
fraction of the total intensity. In all the spectra an inelastic
contribution is seen at energies lower than that of the elastic

An overview of the RXRS results are given in Fig. 1 peak, and corresponding to an excited final state obtained
(lower panel, where we present the scattering spectral funcfrom the decay of the intermediatel 348 configuration into
tions normalized to the acquisition time and to the current irone of the 21'%f7 final states. The first excited states are
the ring for the excitation energies given by the arrows alongbviously above the Hund-rule ground state, so that we ex-
the M5 absorption spectrur(Fig. 2, upper pangl The spec- pect that the inelastic contribution is due to & dpin flip.
tra include the resonant Gd contribution and thelGafluo-  This important point will be considered in more detail below
rescence due to the photons absorbed by @Gavéll above in the comparison with theory. This will also explain the
threshold (i.e., in a nonresonant mogeSome important evolution of the intensities from cases 1 and 2, dominated by
trends concerning the shape of the Gd spectra and the intethe elastic scattering, to cases 3 and 4, dominated by the
sity of the Ga and Gd lines are immediately evident frominelastic scattering.

Fig. 2. Integrated intensitiesThe intensities of the Ga lines de-

Shape of the spectrahe Gd spectra excited below and at pend on the excitation energy in spite of the fact that the Ga
threshold(cases 1 and)2are dominated by an elastic peak 2p excitation cross section is basically constant in our exci-
found at the energy of the excitation channel within the actation range?® This is due to the removal of photons caused
curacy allowed by the bandwidth. The position of the elastidoy the strong absorption of the Gal3, level. By using the
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A. Experimental results: A qualitative discussion
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absorption coefficients to the continuum for Ga and O anc

for Gd below threshold from the literatuf@ne can calculate 7]
the Gd absorption which is expected on the basis of the me:
sured evolution of the Ga intensities. The calculation is
simple and reliable since the self-absorption of thg; Ga
fluorescence photons is negligible. The calculated Gd ak
sorption coefficients follow our absorption measurements ]
(drain current within 10%. This is a very important consis-
tency test of our absorption coefficients and intensities. Ir
this test we have made the implicit assumption that the inte
grated intensity of the lines emitted by Ga reproduces the G
absorption coefficient. This is a good assumption, since Ga i
excited far from resonance, and therefore the branching rati
between radiative and nonradiative decay does not deper
on the excitation energy in our energy range.

It is also possible to extract further information from the
Gd intensities which have a nontrivial dependence on the
excitation energy. In fact the scattered intensity from Gd is P, 10
smaller with excitation at the edge@vhere the absorption
coefficient has its largest valu¢ghan with excitation below
the edge. This is largely due to saturation and self-absorption
effects that modify significantly the measured spectra. At a F!G. 3. Calculated GdM; scattering cross section plotted as a
more fundamental level another possible origin is the excitalU"ction of the ingoing energiivi, and of the transferred energy
tion energy dependence of the branching ratio between ra. (N7~ Nvou). The arrows along the;, scale indicate the ex-

o . . itation energies used in the present experiment.
diative and nonradiative Auger decay, preventing the use of
total fluorescence to measure the absorptfoive evaluated D D )
the saturation and self-absorption effects by calculatomy (v vou) = I vou > (fID”|n}n[D™[g)
the basis of the Gd absorption drain curjetite total Gd S 7 ™ i
intensity one would expect with a constant branching ratio to
the Auger. The results are affected by the innaccuracy of the
parameters, but there is no doubt that self-absorption and X 8(Egthvin—Ef—hvoy). @
saturation are very important since Gd excited at threshold . o o
emits a very strong elastic peak whose intensity ratio td-arameters were obtained within the Hartree-Fqck limit, a}nd
background is about 100. However, this does not explain th&caled down to 80% to account for intra-atomic screening
whole deviation of the integrated Gd spectra from the ab&ffeCts. f ora Gif ion the configurations Starting from the
sorption spectrum. The remaining discrepancy can be ex9)=[4f"."S;2) ground state argn)=[3d°4f%), and [f)

plained by assuming that the branching ratio is energy de_=|4f7) for the intermediate and final states, respectively.

pendent and increases. According to our evaluation i{l’he total 3i°4f""% multiplet structure is extremely com-
increases by a factor of £0.2 on passing fromhw;, pl_ex, and thousan(_js of levels are present for rare _earths in the
—11845 eV tohr.—1191.9 eV. The discussion of this middle of the series. The number qf states v_vh|ch can be
S in ' ' reached from the ground-state configuration is greatly re-
pom_t 'S beypnd the purpose of the present work, but COUI.d. b((inuced by dipole selection rulesJ=0,+1,—1, but is still
an interesting subject of future research also requinng,ery jarge. After inclusion of the lifetime effectabout 1-eV
complementary resonant Auger measurements. In what fol-orentzian broadenirtd) a simple shape is obtained which
lows we greatly simplify the problem by disregarding the eyertheless carries a lot of important information, as already
energy dependence of this branching ratio. However, a Nofspown in the simpler problem of core-level absorption.
negligible result of the present work is to show that all main Figure 3 shows the results of the calculation in e
features of the measured SpeCtra can still be understood if@gion as a function of the ingoing energyjin and of the
this simplified scheme. transferred energyl = (hv;,—hwvg,) which are the natural
coordinates in the calculation of the cross section with for-
mula (1). In an ideal experiment with infinite resolution and
B. Theoretical results without saturation and self-absorption effects, a measured
spectrum has the shape of a section of Fig. 3 with a vertical
Here we present the theoretical atomic cross sections f%lane parallel to the transferred energy agtise energies
the radiative channel calculated without including the effects;sed in the present experiment are given by the anolise
of the bandpass, and saturation and self-absorption effectsheoretical results of Fig. 3 clearly show the following fea-
This is a rather ideal case which is very illuminating in thetures:
discussion of the experiment. () The elastic peaktiransferred energy=0) is the domi-
Spectra were calculated using Cowan’s progfarffthe  nant contribution with excitation at threshold and below
x-ray inelastic cross section is threshold(within the lifetime broadening
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(ii) The main inelastic region corresponding to about 5-eV
transferred energy is dominant for excitation well above
threshold(cases 3 and)4 This corresponds to the spin flip,
so that the final state has lower spin. Although the dipole 4
operator conserves spin it is still possible to make a transi-
tion from the octet ground state to a sextet final state since in
the intermediate state spin is not a good quantum number.
The spin-flip transitions mainly occur on the high-energy
side of the edge. We can understand this as follows. Within
LS coupling the average energy of the®3f8 intermediate
state withS= 7 is lower than of those witls=3. Therefore 3
the large @ spin-orbit coupling mixes th&= 3 states more
strongly with low-spin states at the high-energy side of the
edge compared to the low-energy side.

(iii) Both the elastic and inelastic features have tails ex-
tending along the incoming energy axes, so that both features —
should be seen in the spectra with a dominant elastic contri-
bution at low excitation energiggases 1 and)2and domi-
nant inelastic contribution at higher excitation energies
(cases 3 and)4 Note that the resonant excitation of one of
the two dominating regionglastic or inelasticalso slightly
reinforces the tail of the other contribution due to coupling
effects included in formuldl).

This theoretical behavior is in good qualitative agreement
with the experimental trend presented above. Thus the basic
physics of the atomic cross section is directly accessible even
without simulating the experiment in detail.

hv

in=
1191.9 eV

L
H hv =
in

I
| 1189.1 eV

hv =
in
1184.5 eV

Intensity

C. Comparison between theory and experiment

As discussed above, a detailed comparison with the ex- NETANINNRNTURENENE RANEARTY
periment implies a simulation including saturation and self- 1170 1180 1190 1200
absorption effects. Before accounting for the bandpass, this Outgoing photon energy (eV)
has been done by integrating the following formula:

. FIG. 4. Comparison between theory and experiment in resonant
; soft-x-ray scattering from 0O,,. The theoretical simulation,
IGd(hVi”'hvom)ocJo (Nvin Nvou) [EXP—2ain,, /SING) including saturatiog and s%ﬁg’bslcznrption effects, is given by the
heavy solid lines. The spectra are normalized to the same height to
X exp(—Zagy, /cosp)]dz, (2)  emphasize the modification of the shape. The inelastic and elastic
. contributions to the theoretical spectra are given by the dashed and
where Igq(hvin,hve,) is the measured Gd spectrum, thin solid lines, respectively. The heavy vertical dashed lines give
a(hviy,hvgy is the theoretical Gd scattering cross section,ihe peak position of an elastic experiment with vanishing bandpass.
@inet 1S the total absorption coefficient at the energy of theThe measurements are given by the dots. Each experimental spec-
incoming photon gyt is the total absorption coefficient at trum is well fitted by the theoretical curve given by the dominant
the energy of the outgoing photofijs the angle between the theoretical contribution to the spectra, i.e., the elastic peak in cases
incoming beam and the sample surfageis the angle be- 1 and 2, and the inelastic peak in cases 3 and 4.
tween the outgoing beam and the normal to the sample sur-
face, andz is the coordinate normal to the surfa@ee Fig. sities can be affected by the nonconstant branching ratio to
1). This formula assumes that the branching ratio with thethe Auger decay channel. The spectra are plotteti wg;,
Auger decay channel is constant. In the formula we havend this is very useful to understand how self-absorption
used the absorption coefficients taken from spectra measuredfects the measurements. Each theoretical spectrum is de-
in the transmission mode which perfectly agree with ourscomposed into the elasti¢hin solid ling and inelastic
and which provided us with absolute valiésifter that we  (dashed ling contributions. The vertical heavy dashed line
accounted for all bandpass effects. Note that, before doingives the ideal elastic contribution whose energy increases
this, each elementary calculated spectrum due to a singlinearly with hy;,. In the simulation a small deviation with
energy within the excitation bandpass has to be shifted propgrespect to this position is found only for the elastic line be-
erly, since the experimental spectra are measured as a funlow threshold, since the bandpass includes contributions at
tion of hv,; while the theoretical spectra are calculated as alifferent energies with very different weights due to the rap-
function of T=(hv;,—hv,,). The simulated spectra are idly increasing absorption coefficient below threshold. This
given in Fig. 4(solid heavy linegs where they are compared effect is also clearly seen in the measurements. In each mea-
with the measurements after normalization to the same peatured spectrum the data points are plotted together with the
height. We are only interested in the shapes, since the intettheoretical shape of the dominant contributiGlastic in
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cases 1 and 2, and inelastic in cases 3 gndHis gives an  This result in the Gd case is analogous todhd excitations
excellent fit of the spectra, and clearly puts into evidence thef the high-spin Mnd® configuration in MnO recently
minority contributions where all data points are consistentlyobserved® with resonant inelastic soft-x-ray scattering.
above the fitting lines. This minority contribution is due to

inelastic scattering in cases 1 and 2, and to elastic scattering IV. CONCLUSIONS

in cases 3 and 4. We find an excellent agreement between
theory and experiment as far as the dominant contribution tg
the spectra is concerned. Also, the separation between t

elastic and inelastic features, which is the energy needed o
flip a spin, is very consistent between theory and experiment. hen the excitation energy spans tf_‘“‘gf resonance. Be-
I w and near the edge the scattering is dominated by the

It should be noted that the inelastic peaks in cases 3 and astic contribution, whereas the inelastic contribution be-
correspond to scattered photons having energies close to tl% ’

! .. comes dominant with excitation well above the edge. The
very strong Gd absorption peak, so that a non-negligible elastic contribution is due to thef4spin-flip process,

line-shape distortion is generated with respect to the sectio rinaing Gd to a lower spin configuration in the final state. as
with vertical planes at constahty;, of the atomic cross sec- ging P 9 '

tions given in Fig. 3. The measurements allow us to shov?hown cle_arly by a'deta|led comparison W't.h mulyplet cal-
culations in an ionic model. A simulation including self-

also the small elastic contributions in cases 3 and 4, corre—bsor tion and saturation and having a constant branchin
sponding to less than 1% of the peak value of the atomic P 9 9

cross section, showing the sensitivity which can be reacheElatio between radiative and nonradiative decay accounts for
with synchrotrons of the third generation. On the other handaII the measured features. Thus the .method gives direct ac-
the relative intensities of the dominant and minor contribu-c¢>> to the,energy scale (_:haracter_lstlc of th_espim flip. TO
tions to the spectra are only in qualitative agreement with théhe a!Uth.OrS knowledge this is the first expenmentgl ewde_nce
theory. This point cannot be discussed in depth within theOf this kmgi based on re_sonamjedge x-ray S(_:atte.rmg..Thls
present scheme, due partly to the difficulties in making theapproach is potentially interesting in many situations in rare-
self-absorption corrections but also because of the approx‘r3arth spectroscopy.

mation of a constant branching ratio to the Auger process.
However, the agreement between theory and experiment can
be considered very satisfactory, so that the present data give The authors wish to thank A. Rogalev for very helpful
for the first time, to our knowledge, direct and conclusivediscussion during the experiment. Work was done under an
evidence of spin-flip excitations at thé threshold of rare AXES contract (European Synchrotron Radiation Facility
earths with a good description of the spin-flip line shapeand Istituto Nazionale Fisica Matejia

We have presented experimental results for resonant soft-
-ray scattering across thés; edge of Gd in GgGa0;,,
t%‘?wwing a significant modification of the spectral functions
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