PHYSICAL REVIEW B

CONDENSED MATTER AND MATERIALS PHYSICS

THIRD SERIES, VOLUME 57, NUMBER 14 1 APRIL 1998-II

RAPID COMMUNICATIONS

Rapid Communications are intended for the accelerated publication of important new results and are therefore given priority treat-
ment both in the editorial office and in production. A Rapid CommunicatioRhysical Review Bmay be no longer than four printed
pages and must be accompanied by an abstract. Page proofs are sent to authors.

Elastic and inelastic scattering of 4l inner-shell electrons in(Y,Gd),04
studied by synchrotron-radiation excitation

A. Moewes and T. Eskildsen
Center for Advanced Microstructures and Devices, CAMD at Louisiana State University, Baton Rouge, Louisiana 70803

D. L. Ederer, J. Wang, and J. McGuire
Physics Department, Tulane University, New Orleans, Louisiana 70118

T. A. Callcott
University of Tennessee, Knoxville, Tennessee 37996
(Received 26 January 1998

Excitations within the 4 shell of G&* in (Y,Gd),0, are observed by resonant elastic and inelastic soft
x-ray scattering with synchrotron radiation. Inelastic scattering takes place when exaifitf 4—4d%4f8
transitions and extends over an energy range of about 10 eV. The features can be assigned to the net transition
from the 8S,,, ground state to the sextet multiplets of th&’ Zonfiguration in G&", which have the same
parity as the ground state. The inelastic scattering is maximal when the excitation energy is tuned to the
4d°41£8(°D) intermediate statd S0163-182008)51014-4

Soft-x-ray emissionSXE) of the rare earth elements in the energy loss spectra. We have also investigated the varia-
the region of the d threshold was first investigated by tion in the cross sections of these transitions with photon
Zimkina and co-workers’ using electron bombardment to excitation energy. In addition to the inelastic scattering, we
excite the emission and bremsstrahlung to obtain the absoround that the elastic scattering profile is significantly nar-
tion spectra. Later, Gerkérstudied all the rare earth ele- rower than the absorption spectrum.
ments in the region 20—200 eV using photoelectron Spectros- Rare earth elements are characterized by their partially
copy methods(PES with synchrotron radiation. These fjjeq 4f shell. The 4 electrons are highly localized due to

investigations were followed by PES measurements ifne centrifugal term in the potential and have a low binding
atomic vapot to investigate the partial cross sections for theenergy(about 9 eV in Gl When a 4 electron is promoted

inner-shell $, 6s, and 4 electrons. With the advent of 'y, state(‘‘4 d-4f transition”), the strong interaction of
third generation sources, SXE has been used in conjunction

with inelastic photon scattering to provide new insight inthe 4d vacancy with the openf4shell leads to a complex

understanding the electronic  structure  of condense&numplet structure of 37 terms in triply ionized gadoliniym.
matter>~” While the rare earths have been extensively studPue t© the strong electron correlf\tllon, these 4if tre},nsp_
ied by PES, the availability of third generation sources havdionS produce what is called the “giant resonance,” which
encouraged the use of SXE. Recently, SXE measuremenfXt€nds over an energy range of up to 20 eV for some of the
have been extended to include thel 4hell of the rare raré earth elements. In the case of gadolinium, theich-
earths ization threshold is at 151 and 156 &Ref. 4, just above

In this paper, we present the first measurements of grounée “giant resonance,” whose absorption maximum is at 149
state excitations to even parity localized final state”Gif ev.
orbitals by high resolution soft x-ray inelastic scattering. The In (Y,Gd),0;, gadolinium exists as the triply ionized
energy-loss mechanisms are explained by our calculations @tom (Gd™) due to the ionic binding to the oxygen atom.
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The configuration of the outer electrons in Gdis 1.0 e
4d1%s?5p84f7, and the half-filled 4 shell forms an octet 1 P :
ground state level ofS;,. The ground staté’S,,, has a reflection ]
spherical symmetry which is very stable and therefore much 0.8 [ X clastiescatteing | j: _

less affected by the crystal field than ions with f&hor 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’'! According to Zimkina and co-workers> who
studied the 4 electron excitation in the rare earths by
electron-beam bombardment, three transitions contribute to
the emission: 4°5p®4f’—4d'%p54f7 (at about 112 ey
4d%5p%418—4d'%p®4f’ (“resonant emission” at about
149 e\), and 4°5p84f’—4d'%p®4f8 (emission from
more highly ionized atoms at about 138)eWVhe SXE spec-
trum obtained by electron excitation can differ greatly from
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that obtained by photon excitation because electrons, unlike 0.0 i ' -
photons, are not constrained to lose discrete quanta of energy 110 120 130 140 150 160 170
in a scattering proces4.In their study of inelastic scattering Excitation energy [eV]

near the 4l ionization of Gd metal, Gallegt al® found in- _ _
elastic scattering features with an energy loss of 27 eV, FIG. 1. Absorption spectra of (Y,G4D; in the photon energy

which, according to their interpretation, arise from transi-range of 4l-4f transitions. The terms which characterize the elec-
tions between the di%pS4f’ initial state and the tron configuration of the excited state f#f®) are given in the
4d105p54f8 final state and are therefore assigned to Core1‘igure. The spectra are obtained by measuring the radiation reflected

core transitions. Our work on Gd focuses on high resolutiorfS°!id liné) and elastically scattereckj by the sample.

elastic and inelastic scattering processes that produce eve? he i . h . ¢ h
parity excitations within the ground statd “4configuration.  © the incoming photonexcitation energyfrom the energy

Our experiments were performed at the beamline 8.0 of’f the emitted photons. The spectra are normalized to 300

the Advanced Light Source, ALS, Lawrence Berkeley Labo-MA of storage ring current and the number of counts is plot-

ratory. The undulator beamline is equipped with a sphericaﬁEd versus the energy loss of the scattered photons. The

grating monochromat&? with a maximum resolving power counting time for each spectrum has been 30 min. Three
of E/AE=2000. The fluorescence end station consists of £"NciPal types of photon-in—photon-out features can be dis-
Rowland circle grating spectrometer that provides a resolvyngu'$hed In all spectra: The peaks Qf glast|cally scattered
ing power of about 400. The incident angle of the radiation, of inelastically scattered radiation, and of fluores-
p-polarized beam was about 10° to the sample normal cence radiation. The elastically scattered radiation appears at
The absorption spectrum of (Y,GO; in the regioﬁ the energy of the exciting radiation, which corresponds to an

where a 4l inner-shell electron is promoted to d 4rbit is

shown in Fig. 1(solid line). The spectrum has been taken by 1= ?i

measuring the reflected light at the FLIPPER monochro- 35000 J 13572 ]
mator at HASYLAB In the soft-x-ray regime, changes in 1 Exe ]
the reflection spectra follow changes in the absorption 30000 J1323< ]
spectrd® and features in both spectra appear at the same Jla1se J
energetic position. The main peak is centered at about 149 25000 2 MoA ]

eV and has a full width at half maximum of about 5.9 eV.

The absorption obtained here is in excellent agreement with £20000 L LA ]
measurement of the Gd absorption obtained by Galietl. 2 ] - «‘""

on metaf and Richteret al,* who did not include the con- © 15000 ] S T 1
tribution from the elastic scattering. The absorption spectrum 11454ev ‘ ;
has been studied theoretically by several investigators, and 10000 Tis0sy ]
the most recent calculations by Ogasawara and Kttanée ] SloNvRINITTD .
in excellent agreement with the experimental observations. e 7 D ) ]
The spectrum represents primarily the transition from the 5000 16004552 --"“"----/\;‘
ground staté’S,, to the 8P level. At lower photon energies Te3gev

weaker features occur that result from the excitation of the 0 A PSR S

core electron to théD and °D levels. Transitions from the
octet ground state to the sextet state become partially al-
lowed due to the strong spin-orbit interaction. FIG. 2. Energy-loss spectra on (Y,50; in the region through

Figure 2 shows the soft x-ray energy loss spectra inthe 4d-4f threshold. The excitation energy for the spectra is given
(Y,Gd),03 in the vicinity of the 4-4f resonanceél34-168  above each spectrum. Calculated energetic positions for the terms
eV). The energy losgor in other words the excitation energy that are assigned to the energy losses and represent excitations
of the final statghas been obtained by subtracting the energywithin the 4f shell (4f") are plotted as vertical bars.

Energy loss = hv emission hvexci\a\ion [CV]
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energy loss of 0 e\{except for possible phonon losses of the 5000 - . —
order of a few meY. Due to the magnified scale, the elastic ] i p ]
peaks are not fully displayed in Fig. 2. Therefore the maxi- 4500 e P 3
mum count rate in the elastic peak at each excitation energy 4000 —u—D | j
is represented by aX in Fig. 1. The dotted curve in Fig. 1 is ] us °G
drawn through the experimental points to guide the eye. The 3500 / o 3
energetic position of the main features is the same for the 30005 ' v ]
3 AN J

elastic scattering curv@lotted ling and the absorption curve

(solid line). The 4d°4f8—4d%%f’ emission is maximal £ 2500 ] / 3
when the excitation energy is tuned to tAR resonance in 2 . o ]
the absorption curve where thal 4ole is immediately re- © 2000 ; .
filled by the excited 4 electron as it scatters the incoming 1500 ] % .
photon. The peak width for the elastic scattering curve is ] ‘ ]
much smalle3 eV) than the absorption curV&.9 eV). The 1000 ] , u
autoionization width found by Richtest al® is 5.2 eV. The ] (A T e
different peak width is due to the different final states. The 5004 e ]
excited configuration (d°4f8) can decay via the main pro- 0 1D D tp "X
cess, autoionization @#4f8—4d'%f®+e™) that produces 140 145 150
mostly 4f electrons'* or via elastic scattering which leads to Excitation energy [¢V]

the final-state @'%f’. No core-valence transitions are

involvedl”18 FIG. 3. Variation of the count rate in the inelastic scattering

Near threshold the decay of a core-hole state can be Ve@ﬁaks with excitation energy. The curves represent the net transi-
different from the decay mechanisms at higher energiedions to the three final stateé®, °D, and °G. The vertical lines
Soft-x-ray emission antradiationlessAuger-electron emis- indicate the energetic position Eg)f the p%aks in the absorpglor:3 spec-
sion can appear as coherent one-step processes also knowi/d that correspond to théD, °D, and °P terms of the 4°4f
the (resonanceRaman effect. The inelastic and elastic scat- configuration.
tered intensity is described by the Kramers-Heisenberg
(K-H) formula:® 615, ®D;, and 8G; of the same electron configuratiorf 4

The energetic positions of these states fof GldaF; as cal-
(fI[pAlm)(m|pA]i) ‘2 culated by Goodman and co-work&sre plotted in Fig. 2.
I(Ein 'EOUI)MZ % En—E—hvp,—i172) S(Es+hvoy Optical and UV absorption spectroscopy data and
mon calculationé>%*for Gd doped in various compounds show
—Ei—hv,). (1) that the energetic differences in this term scheme for the
different materials and their different crystal fields are

In this equationpA is the dipole operator whilg) is the  smaller than 0.02 eV, which is small compared to our energy
initial state of the system with enerd¥, |[m) andE,, de-  resolution(<0.4 eV). The width of the bars in Fig. 2 repre-
scribe the intermediate statd,) and E; describe the final ~sents the energy range over which the varidlsvels extend
state, andl is the lifetime broadening in the intermediate for a given term. Reconfigurations within thé ghell (** f-f
state. The intermediate states correspondd®4® €D, °D, transitions”) by photon excitation are dipole forbidden due
and 8P resonance states and the energy loss can be assigni@dthe spin selection ruldaS=0 for L-S coupling. The in-
to the difference in energy between the initial and final stateelastic scattering produces energy losses of less than 6 eV
often designated as the “net transition.” At energies aboveand is due to net transitions from tR&;,, ground statéelec-
threshold, the inelastic scattering evolves into fluorescencdton configuration 4'°4f’) to the sextet multiplets’P;,
and possible inelastic scattering produced by electron mo®D;, and °G; of the 4d'%f’ configuration. The transitions
mentum scattering in the Brillouin zone, where soft-x-rayoccur through the intermediate stat8®;, °D;, and ®P,
inelastic scattering has been used to elucidate band symmg4d®48) in the K-H cross section as shown in E(.).
tries and probes specific regions of the Brillouin z81&. Population of the®l term of 4d%°%4f7 is not observed because

We have calculated the loss spectra from Eg.using of the large change in orbital momentum this transition
transition probabilities from the ground state to the interme-would require. Different] levels of the final states are also
diate states and back to the final metastable states obtainedt resolved. At excitation energies higher than the peak en-
by Cowan’s method: summing incoherently over all the ergy of the 4l-4f excitation (149 e\), the inelastic pro-
intermediate states of thed34f® configuration and using the cesses become weaké¢t51.5 eV, shift in energy loss
same scaling for the Slater integrals as in Ref. 16. (above 155.9 ey and finally disappeaf167.6 eV. It is

An onset of three inelastic excitations at an excitationworth noticing that the partial cross sctions for the three in-
energy of about 139 eV is observéfeig. 2). These features elastic excitations behave differently. Only the strongest in-
remain at a constant difference in energy relative to the elaselastic peak that comes from the excitation to ftie state
tic peak throughout the energy range of excitation. In Gd theemains intense over an energy range of about 9 eV. At an
4f shell is half filled and the absence of valence band elecexcitation energy of about 156 eV the inelastic peaks become
trons in the vicinity of the Gd ion leads to a term schemevery weak and the magnitude of the energy loss changes.
with only a few possible excitations. The next terms above While we observe intense elastic and elastic scattering as
the ground staté’S;, belong to the sextet multipletP;,  the photon energy is tuned to thed-4f resonances
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(4d°418—4d'04f7), we do not observe fluorescence at ex-the intermediate stat€lD) to the final states®@, °D, 6G) is
citation energies above thal4hell ionization threshold due dipole allowed.

to 4d°4f’—4d4f°® transitions. This is expected because To summarize, we have used high-resolution soft-x-ray
the partial cross section to produce d Hole is smaft and  emission spectroscopy with synchrotron radiation to study
the 4d hole is filled by competing Auger processes with highinner shell 4 excitations of Gd" in (Y,Gd),0;. The soft
probability. There is also no indication for a hole-inducedx-ray emission spectra have been studied when exciting the
shakedown process that has been observed by Okusawad electrons selectively and strong inelastic features have
et al?®in lanthanum. In this process, a band electron shakeBeen observed. According to our calculations, we interpret
down to the 4 level and is followed by d4°4f%—4d*4f’  the energy losses as excitations within theshell. The in-
fluorescence emission. A weak fluorescence feature can kgdent photons excite electrons from the ground sé8g,
seen at an energy loss of 10 eV in the spectrum taken grimarily to the intermediate staftD; and are inelastically
142.2 eV. With smaller excitation energy this peak shiftSgcattered to the sextet final statesd'%f7(8S;,,)
towards the elastic peak. We suggest that this weak ﬂuores;>4d94f8(6DJ)*)4d104f7 (°P,,%D;,%G;). The energy
cence feature belongs to a charge-transfer state similar to thglsses petween 4 and 6 eV are due to net transitions from the
observed in LaRef. 24 because Gt does not offer tran-  qctet ground stat@S,, to the low-lying sextet terms of the
S!thI’]S at this energy. .Wg co_nclude that in the region of they 7 configurationGPJ, 6DJ, and 6GJ. The relative cross
giant resonance, autoionization and elastic scattering are the,~tions of these ground-state-dipole-forbidden transitions

dominant interaction mechanisms. Inelastic scattering coMyaye heen obtained for the first time by the technique of soft
pared to elastic scattering is weaker by about one order qz-ray scattering.

magnitude.
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