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Soft x-ray emission near thHgd threshold of La is studied with synchrotron radiation. At excitation energies
above theM |, edge we observe Coster-Kronig enhanced fluorescence that refil&ithele via5p and 4f
electrons. We find a new delayed onset of the fluorescence as the 7.5-eV inelastic scattering evd@dedfinto
emission about 8 eV above the absorption threshold, which we attribute to the energy required to produce a
charge-transfer hole. The 16.3-eV Raman-scattering loss is due to a net transiti&p efegtron into a4f
orbit. The results are compared with our calculatiqi$0163-182008)50148-9

Materials containing rare earths in general, and lanthanuralectron excitation and 2.7-keV photons. They suggested that
compounds in particular, are of great interest because of thiée 3d core hole induces a charge transfer in which an elec-
interaction of the localizedf electrons and the delocalized tron from the conduction band shakes down to 4tidevel
conduction bands. This interaction leads to such interestingbllowed by fluorescence or Auger decay. Muelieral®
phenomena as Kondo-like behavior, mixed valency, angneasured theld-5p fluorescence emission of LaAiCand
charge transfer. The electronic structure of lanthanum hagey also proposed that a charge transfer from ligand orbitals
been studied by photoemissibnphotoabsorption, and  |eads to4f level occupancy. Joudet al” studied the5p-3d

electron-energy-loss spectroscdpyExcitation with mono-  yansitions in Lak, La,O,, and Cek excited with electrons

chromatic photons is a powerful bulk sensitive probe that,j >3 e\ photons, and found variations in the shape of the

provides detailed and selective information about the eIe05p emission spectra for the different compounds. They con-

trgﬂlrﬁesrftr:?r?\]/gel\./iggnalgeallefcet\rl\cl)r?sfrgaxv_éagegwIcsasrlﬁzél(?ufi): the cluded that the variations are due to the hybridization of the
P excited states with th&d core hole. Tanaka and Kot&ni

lanthanides because of small fluorescent yields that are or_ " . . 36 :
the order of 5¢< 10~ 3.# Furthermore, the emission occurs in a applied the Anderson impurity modeh a theoretical study

spectral region that is difficult to access by either a crystal on i_aF3 and Cek. The;_/ include the hybridization off# anq ,
grating spectrometer. All previous measurement8céore 4f* L states and predicted a double structure of the emission

excitations used either electron bombardment or hard x-ray@eak separated by about 2.6 eV when excitation occurs at the
for excitation. Electron bombardment lacks tunability andMv absorption threshold. The quantityrepresents a ligand
produces multiple excitations, which complicates the ana|yhole. We do not observe this predicted feature. Inelastic
sis of the x-ray emission spectrufXES) spectra. Okusawa Scattering experiments have become vidbieith the avail-

et al® studied theM,,, emission spectra of La metal with ability of high brightness third generation storage rings and
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900 DAL AR AAAALERARL AL (858.9 eV. Four peaks are resolved and labekedhrough
:" 849.0 eV 7] D. We have also calculated the atomic transition rates to fill
] the hole in theM, shell for La by using Cowan’s cod®.

800 F . The scaling factor for the Slater integrals was 80% and the
i : results are shown below the XES spectrum. All calculated
700 L 832.8eV ] spectra have been broadened by 2 @Ml width at half

maximum), which is about the experimental resolution of the
spectrometer. Both -S andj-j notation will be used for the
terms of the configurations in this paper. PeakandB are

due to emission from transitions 6p electrons to the 8,
shells with @: 3ds, 4fL—5p,, 4fL) and without

(B: 3ds,—5p3) the 4f spectator electron and ligand hole.
Peak C shares its intensity with &,—5p3;,1, and
3ds;, 4f1L—L. PeakD is the fluorescence from the transi-
tion: 3dg, 4fL—L. In Fig. 1, calculated fluorescence in-
volving charge transfer are presented as solid lines while the
nonchargetransfer transitions are given as the dashed curve.
The identification of this emission spectrum is consistent
with the interpretation of Joudet al.” When exciting above
the 3d threshold, charge-transfer processes provide occu-
pancy of the4f level: electrons from the oxygen valence
band can shake down to tl# levels and then refill th&d

) RS VAL W hole. According to Joudet al.” and Okusawat al® peaksC
780 790 800 810 820 830 840 850 860 870 880 andD were strongly suppressed by self-absorption.
Photon energy [eV] The absorption of LaAl@in the region of the3d thresh-

old has been measured by detecting the total electron yield

FIG. 1. Soft x-ray emission spectrum excited above threshold TEY) and the intensity of the photon emission channel was
(hve=858.9 eV, total electron yield spectrum, partial fluores- obtained by the partial fluorescence yiglRIFY). The data
cence yield of LaAlQ, and calculated transitions for La in the are displayed in Fig. 1. The TEY and PFY features arise
vicinity of the 3d-4ftransitions. from excitations from transitions between the!3f° (1s;)

ground state to théP, 3D, and P terms of the 8°f!
can be used to study correlation effects of many electrogonfiguration. Spin-orbit splitting as well as the energy posi-
systems and in particular thdf electrons in rare-earth tions at 832.8 eV for the transitions d&4f° (1Sy)
compoundsi-t? —3d%f! D or 3dg,) and at 849 eV and for

In our soft x-ray scattering experiments in lanthanum in-3d*%f% (1S;)—3d°4f* (*P or 3dy,) are almost the same
volving the 3d core electrons, we find Raman scatteringas those reported for La me{@34.8 and 850.7 e¥Ref. §].
dominating the x-ray emission near tM, (3ds,) absorp- In Fig. 2, the measured emission spectra for LaAlDe
tion edge up to théV,, (3ds,) absorption edge. At photon shown with the TEY spectrurttop) for various photon ex-
excitation energies exceeding tiv,, absorption edge we citation energies. Above thél, threshold the emission
observe for the first time Coster-Kronig enhanced fluoresspectra consist of four fluorescence peaks. The fluorescence
cence of theM,, emission. Finally, we find a new delayed evolves into inelastic scattering at excitation energies below
onset of the fluorescence process, where the inelastic scattéhe M, absorption thresholds. By comparing the XES
ing evolves into3d-4f fluorescence about 8 eV above the spectra shown in Fig. 2 and the partial fluorescence yield
M,y absorption threshold. We attribute this energy loss to thalisplayed in Fig. 1 one observes that as soon as the excita-
energy required to produce a charge-transfer hole. The ideition energy drops below thé ,, absorption threshold at 849
tity of the states involved in inelastic scattering and ordinaryeV, the emission from lanthanum is completely dominated
fluorescence has been verified by our calculations. by inelastic scattering.

Our emission experiments were performed at beamline At the M, excitation threshold, the emission correspond-
8.0 of the Advanced Light Sourd@LS) Lawrence Berkeley ing to peakC shows strong resonant behavior. Emission,
Laboratory. The undulator beamline is equipped with acorresponding to peak& andB, suddenly appears from the
spherical grating monochromatbrWe used an experimen- refill of the 3ds;, hole. This is due to Coster-KroniCK)
tal resolving power ofE/AE=300. The fluorescence end enhanced fluorescence from the decay of tlg,3hole
station consists of a Rowland circle grating spectrometer thaipeaksA, B, andC) that commences at thed3, threshold.
provides an experimental resolving power of about 400. Th&he C-K transition 'P (3d3,)—3D (3ds,) promotes a
incident angle of thep-polarized monochromatic beam on charge transfedf L creating the 85, and 35 Af L inter-
the sample was about 15°. The absorption spectrum wamediate states that result in fluorescence to final states of the
taken at a resolving power of 3000 using the high-resolutiortype 5p° 4f L (peakA), 5p° (peaksB and C), and L (peak
beamline 6.3.2 of the AL$Ref. 14 by measuring the total C). There is only Raman scattering that involvfs. 3ds,
photoelectron current. intermediate states and final states(peakD), because the

Figure 1 displays the x-ray emission spectrum of LaflO resonant energ§B49.0 eV is below the threshold to produce
obtained at an excitation energy above 8wk4f threshold the 4f L charge transfer and excite a3, subshell electron.
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FIG. 2. Soft x-ray emission spectra and absorption spectrum FIG. 4. Emission energy versus excitation energy for the four
(TEY) of LaAlO; in the region through th@d-4f threshold. The emission peaks of LaAlQin the region of thed-4fthreshold. The
excitation energy for the spectra is given above each spectrum. THotted vertical lines indicate the energetic position of e and
spectrum taken at an excitation energy of 858.9 eV is the same XESP terms in the absorption spectrum.
spectrum as displayed in Fig. 1.

Furthermore, the rates fovl,,MyNy,, CK transitions are

about two orders of magnitude greater than the rates for
T T MyMyOy CK transitions® This is why no final states of
the type * 4f are observed. Auger processes dominate pho-
ton absorption in the spectral range betweenNhgand the
My absorption thresholds. Very weak fluorescence from the
decay of the 8, hole is observed even when exciting at the
3d%%49(1S)—3dg A1 (°D) absorption resonance.

Inelastic and elastic scattering intensity is described by

3500
3000}

25000

the Kramers-HeisenberdKH) formula®
. 2
: (flpAIm)(m|pAli) |
1(Ein,Equp)
ﬁZOOO_ (Ein Eow Z % Em—Ei—hVin—ir/Z‘
=1
=]
S X 8(Eg+hvoy—Ei—hp). (@)

1500

; In this equationpA is the dipole operator whil@) is the
[ 3d. 'E =8489¢V calc. ] initial state of the system with enerdy;, |m) and E,,, de-
1000~ 2 e . scribe the intermediate statff) and E; describe the final
state, andl is the lifetime broadening in the intermediate
[ state. In our experiment two inelastic features are observed,
s00F XES one at 16.3 eV and the other 7.5 eV. In Fig. 3 two emission
Z3d5/2 'E_ =8339eV ] spectra(XES) from Fig. 2 excited at resonances associated
r 1 with the transition of3d electrons to 85, 4f and 35, 4f
—_ S T excited states are displayed as energy-loss spectra. The en-
60 50 40 30 -20 -10 0 ergy loss is derived from the emission spectra by subtracting
Energy loss [eV] the energy of the exciting photons from the energy of the
emitted photons. A model of the inelastic scattering process
FIG. 3. Energy-loss spectra of LaAj@or excitation at®D and ~ was employed that used CowalTsnethod to compute the
1P threshold and atomic calculations of the 16.3-eV loss feature. transition rates and a lifetime broadening of 1 eV. The results

calc.
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are summed incoherently in E(l) and are shown in Fig. 3 the increasing excitation energy. At about 6—8 eV above this
as the solid line beneath each spectrum. In our calculatiothreshold, the emitted photon energy approaches a constant
the initial state is 81°5p® 4% (1S), intermediate states are fluorescence energy. Thus we attribute the 7.5-eV loss at a
3d° 5p° 4f1, (°D, !P), and the final states ared® 5p®  net energy to produce, la ligand hole.

4f1 (°F, 'D, °D). The energy loss can be assigned to the To summarize, we have observed Raman scattering with a
energy difference between initial and final state or “net tran-net energy loss between the initial and the final states of 7.5
sition.” The 16.3-eV energy loss corresponds to a net tranangd 16.3 eV. We suggest that the 7.5-eV inelastic scattering
sition of a5p electron to a4f orbit. The excellent agreement faature whose excitation energy is about 8-eV higher than
of the model and the experiment suggests that the intermgpe 3d-4f absorption feature arises from4& L charge trans-
diate states are not strongly coupled. We note that it was nqk; according to our calculations, the 16.3-eV loss is due to
necessary to employ the Anderson impurity model into th&pe hromotion of &p electron into af orbit. Due to the high

calculations. This indicates that there was not a significanfieyree of localization of théf electrons, calculations based
degree of hybridization of théf states and the valence band. ;"5 purely atomic model provide a consistent interpretation

_ Displaying the emission photon energy versus the excitaat the 16.3-eV energy loss and the observed fluorescence
tion photon energy for peak-D, allows one to easily 0b- omission. One of the surprising outcomes of these measure-
serve the emission change from inelastic scattered radiatiQents has been the observation that inelastic scattering pro-
to fluorescence as shown in Fig. 4. It provides clarification of ;jeg the major contribution to the x-ray emission between

the Raman energy losses of 16.3 and 7.5 eV. The 16.3-e}f,o My and theM,, absorption thresholds. This is due to the
loss evolves into fluorescence that correspondsdp @lec- 54 that theM shell fluorescence yield is of the order of

tron filling the 3d hole. According to our calculations the (5o, Second, it is surprising to see how CK transitions

transition energy of a3, electron to &4f level is 16.3 eV,  «gyitch on” fluorescence once the threshold energy has

which equals the observed energy loss. The onset of the flugseen achieved. Studies of this effect are in progress for dif-
rescent decay of théd hole via the5p channel(peaksA, B, ferent rare earths.

and C to some extentis apparent at the correspondiBd

thresholds A: 3ds;,, B: 3dsp). The dominating energy This work was supported by National Science Foundation
loss (peakC) starts about 10 eV below th#D (3ds,) reso-  Grant No. DMR-9017997, the Science Alliance Center for

nance and it tracks the excitation energy until evolving intoExcellence Grant from the University of Tennessee, and a
fluorescence at théP(3ds,) threshold. On the other hand, DoE-EPSCor cluster Research Grant No. DoE-LEQSF
the 7.5 eV loss corresponding to pe@kiollows the excita- (1993-95-03. The Advanced Light Source is supported by

tion and about 6 eV above th#® (3ds,) resonance the peak the office of Basic Energy Sciences, U.S. Department of En-
energy deviates from a straight line that represents a constaatgy, under Contract No. DE-AC03-76SF00098. CAMD is

energy loss somewhat and begins to blend with fluorescencipported by the state of Louisiana. We would also like to
represented by peaR. This is seen more clearly above the acknowledge helpful discussions with F. W. deGroot and T.
1P (3dj,,) threshold, where peaR continues to track with  LeBruen.
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