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Electron exchange in thef-f excitations of EuO
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We investigated the dipole-forbidden, multiplicity-changifafjexcitations of E&" ions by spin polarized
electron energy-loss spectroscopy, using a polarized primary electron beam as well as polarization analysis of
the scattered electrons. This is the only experimental technique to prove electron-exchange excitations directly.
The f-f excitations give rise to a variety of intense sharp structures in the energy-loss range befvaed 6
eV. The energy-loss spectra do not change significantly in the primary-energy range between 20 and 100 eV
and it could be proved by spin-resolved scattering-geometry dependent measurements that electron exchange is
the only excitation mechanism in this energy range. For higher primary energiéd, ékeitation peaks begin
to vanish, as expected for excitations by electron exchange, but they reappear &t4hehteshold because
of a resonant enhancement, caused by simultanebutf &and 4d-4f excitations.
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INTRODUCTION solutions—in particular to what is often called “induced” or
“forced” electric dipole transitiongfor a review see Refs. 7
The spectroscopy of rare-earth ions in different host latand 11 and the references thejeifihe latter have been de-
tices and solutions has a long standing history. In particulascribed by van Vleck initially* an admixture of states of
the electronic transitions within the partially filledf 4hells  opposite parity(d or g states in this cagénto thef states due
(f-f excitation$ have been subject of investigations since theto lattice vibrations causes small, but non-vanishing dipole-
discovery of very sharp lines in the spectra of lanthanidenatrix elements. A variety off transitions are additionally
compounds—arising from sud excitations—in the begin- forbidden by the spin selection ruld §=0), which remains
ning of the century. The investigations experienced strong valid for induced electric dipole transitions—but some of
intensification during the last forty years due to the realizathese transitions are also weakly observable in absorption
tion of various technical applications: the laser transitions ofspectra. This is attributed to the fact that in particular the
most solid state lasers afé transitions of rare-earth iofs heavy rare earths do not exhibit strict Russell-Saunders cou-
(prominent example: N¥ in the Nd-YAG laser and often  pling. They belong to the intermediate coupling regime,
f-f transitions or other transitions intof 4inal states are re- where the quantum numbers of the total orbital angular mo-
sponsible for the occurrence of luminescence in rare-eartmentumL and the total spirS of an atom or ion and the
doped phosphors. Such phosphors have a wide range of aperresponding dipole selection rules start to lose their signifi-
plications. They are not only used in conventional televisioncance, wherea3 remains a good quantum numbBémhere-
screengan f-f transition of EG" ions in Eu-doped ¥O; or  fore, f-f transitions which are strongly forbidden by the spin
YVO, provides the red color at the television screeémt  selection rule of strict Russell-Saunders coupling—such as
also in fluorescence lamps for color LCDRef. 3 and in  the EG laser transition {D,— 'F,)—may become weakly
devices for medical radiography, where x rays are transallowed in the case of intermediate coupling, because they
formed into visible light for which photographic emulsions do not violate thel-selection rules of induced electric dipole
are much more sensitive. transitions(|AJ| <6, but|AJ| must be even ifi=0 for initial
Even in compounds, thef4electrons in the partially filled or final state.!! Nevertheless, the optical absorption coeffi-
4f shell of the rare-earth ions remain localized at the ioncients or the oscillator strengths, respectively, remain small
They are effectively shielded by the filled@nd 5 shells, for all f-f transitions. They deviate from those of ordinary
which are higher in energy. Therefore, they are hardly afelectric dipole-allowed transitions, as thé-8d excitations
fected by the chemical environment and the crystal-fieldor example, by several orders of magnitifdé. Thus, for
splitting of the 4 states, caused by the interaction of tHfe 4 rare-earth compounds with lowf45d excitation energy, the
electrons with the surrounding ligand ions in the compoundgptical spectra below=6 eV photon energy are dominated
is very small. It is in the order of several 10 meV only or by the very strong #5d excitations>®*34This is the case
even les§® and therefore orders of magnitude smaller thanfor the E¢* ions([ Xe]4f’ ground-state configuratioin the
the crystal-field splitting of the @ states of transition-metal rock-salt lattice of EuO, for example. Here, the crystal field,
oxides, which is in the order of 1 elfor a review see Ref. provided by the six & ions surrounding each Eu ion octa-
10). Thus, thef-f excitation energies of the free rare-earth hedrally, splits the 8 states into &,y band with maximum
ions and the identical ions in different compounds and solubetween 1.5 and 2 eV and &g band around 5 eV. Similar
tions differ only slightly. conditions are found for Ed ions in the other europium
All -f excitations are dipole forbidden by the parity se- chalcogenide&1*!® Optical absorption spectra exhibit the
lection rule Al==1). Nevertheless, they are weakly vis- strong 4’—4f°5d excitations only, which superpose the
ible in optical spectra due to the possibility of magnetic di-weak f-f excitations to an extend that these cannot be ob-
pole transitions and—for rare-earth ions in compounds oserved. Only in optical spectra of free Euions® where the
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417 4£55d transitions require more than4 eV excitation —accompanied by electron exchange because the excitation is
energy*'31®a few f-f excitations have been observed. Thecaused by long-range electric fields; excitation and scattering
situation is completely different for Eii ions ([Xe]4f® process occur far above the target surface, the incident elec-
ground-state configurationHere, the 45—4f°5d transi-  tron does not penetrate the surface. The angular distribution
tions in solutions as well as compounds need an excitationf the scattered electrons is very small and the scattered elec-
energy of more thar=8 eV (Ref. 5 and 1B and a large trons are confined to the so-called characteristic “dipolar
number off-f excitations has been observed in optical spectrdobe” around forward direction in high-energy transmission
(see, for example, Refs. 4, 7, 9, 11, 13, 17, and 18, angELS (zero scattering anglgprovided energy loss and mo-
references therein mentum transfer are small. In the case of low-energy reflec-
In contrast to optical absorption measurements, the dipolgon EELS, the dipole-scattered electrons are found in a
forbiddenf-f excitations of rare earths and their compoundssmall dipolar lobe around specular scattering geometry. It is
are known to be excellently observable in low-energy elecassumed that an elastic scattering process, which follows or
tron energy-loss spectra. They remain clearly visible inprecedes the inelastic small-angle dipole scattering, is re-
energy-loss spectra obtained with primary-electron energiesponsible for the specular reflection of the electrons.
of up to 100-200 eV and vanish if higher energies are Other scattering mechanisms are usually summarized to
used!®~?* According to this observation it is suggested, butwhat is called “impact scattering.” The denotation impact
has not been proved unambiguously up to rieee below,  scattering is not defined precisely and covers nearly all scat-
that electron exchange is the relevant excitation mechanismering events, not describable by classical dielectric dipole
here, because of the primary-energy dependence of exchang®ory as exchange scattering for example. At present, im-
processes: electron exchange is usually found to be signifpact scattering is only poorly described by theories, due to
cant for low primary energies only, which are not substanthe necessity of “microscopic” models, requiring a detailed
tially larger than the excitation energiégpically ten time$.  knowledge of the electron-target interactions, leading to the
The idea behind this assumption is that exchange becomeghserved scattering process. Impact or exchange scattered
more probable when the velocities of the colliding free inci-electrons are usually not confined to a small angular range.
dent and the bound target electrons become compaiable Their distribution can be angularly wide spré&if-3*384%or
Whereas electron exchange in excitations of free atoms is iban show a complicated scattering-angle dependence, which
fact often found to be negligible when the incident-electrondepends on the kind of the excited transitfén**
energy exceeds the excitation energy only sligfftihis can Up to now, the existence of electron exchange in ftfie
be completely different for excitations between atomic-liketransitions of rare-earth atoms or ions has only indirectly
states in solids: recent spin-polarized electron energy-losseen concluded from the primary-energy and angular depen-
measurement§*as well as theoretical investigatid®f  dence of the-f excitation assigned energy-loss structures to
the excitations between the crystal-field split, localizetl 3 our knowledge—it has not directly been proved. The reason
states of the transition-metal oxides NiO, CoO, and MnOfor this lack is found in experimental difficulties: for a direct
clearly show the significance of electron exchange up to priproof of electron-exchange processes, it is necessary to dis-
mary energies of more than 100 eV. For tHeexcitations of  tinguish between inelastically scattered primary electrons
Gd also nonvanishing exchange-scattering cross sectiorghd emitted “true” target electrons. But electrons are distin-
have been calculated for incident energies of 100—30@Quishable via their spin only. Thus, an unambiguous proof of
ev36:37 electron exchange requires both, a polarized primary electron
A considerable high amount of electrons, inelasticallybeam and polarization analysis of the scattered electrons and
scattered with energy losses corresponding tofthexcita-  is possible with that kind of spin-polarized electron energy-
tion energies, is found under large scattering angles—far offoss spectroscopySPEELS, where a polarized primary
specular scattering geomeff72% This is a further hint for electron beam is scattered at the target and energy distribu-
the significance of electron-exchange processes in the exdion and polarization of the scattered electrons are measured
tation of f-f transitions due to the different angular distribu- simultaneously. Apart from the spin-integrated intendity
tion of electrons, inelastically scattered by different scatterwhich is also measured in EELS with unpolarized electrons,
ing mechanisms(as exchange and dipole scattering forthe spin-flip intensityF and the nonflip intensityN can be
example as briefly described in the following. calculated from the spin-integrated intensity and the polar-
In inelastic electron scattering or excitation by electronization of incident electrons?, and scattered electrons,
impact, respectively, it is customary to distinguish betweerPg:F=0.5(1— Pg/P,)l and N=0.5(1+ Pg/Po)1.*® If the
different scattering mechanisms due to their different theopolarization of the scattered electron beam deviates from that
retical description: “dipole scattering” is describable in the of the incident one, the spin-flip intensity is not zero and
framework of classical dielectric dipole thedf.**The ex-  spin-flip exchange processes participate in the investigated
citation of the target and the scattering of the exciting electransitions. Excitation processes, where the incident electron
tron occurs due to the interaction of the electrons’ electrichas been exchanged with a target electron of the same spin
field with the target charges. The scattering cross sectiodirection (nonflip processcannot be distinguished from di-
mainly depends on the dielectric function. A detailed micro-rect scattering processes—such as dipole scattering—where
scopic knowledge of the interaction of incident electron andncoming and scattered electron are identical.
target is not needed. Excitation by dipole scattering is pos- We now investigated thé&f excitations of E&" ions in
sible for electric dipole allowed transitions only. It is not europiumoxide with SPEELS. This seems to be astonishing
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at first sight, because our samples were nominally stoichio- LA AL AR AR AR R AR AR
metric Eu@100) single crystals and are therefore expected to 4f° > 5dty,
contain E4". But our measurements, obtained with low- 100eV N
energy electrons and therefore probing the outer layers of a
sample only due to the small penetration depth of such R
electrong’® clearly show the prevalence of Euions in the 4f° 5 5de,
EuO surface, thereby proving an earlier assumption about the
EuQ(100) surface?’ This is discussed below together with
our results.

EXPERIMENTAL SETUP AND SAMPLE PREPARATION

The setup of our SPEELS experiment has been described
elsewhere in detéit“®and may be summarized here briefly.
For the generation of polarized electrons, we use a conven-
tional GaAs sourcé® The initially longitudinally polarized
electrons are electrostatically deflected by a 90° spherical
deflector to separate the electron beam from the exciting la- s
ser beam. The electrons travel through a 180° spherical
monochromator and impinge, now transversely polarized,
onto the target. The energy distribution of the scattered elec-
trons is measured by use of a 180° spherical analyzer; the
polarization is investigated with a high-energ¥00 ke\)

Mott detector. The polarization of the incident electrdhs 0 o= SN
can be measured by applying a repulsive electrostatic poten- 012 3 4 5 6 7 8 910

tial to the target in such a way that the electrons can reach energy loss (eV)

the Mott detector without interaction with the target. In the FIG. 1. Energy-loss spectrum, measured with 100 eV primary
measu_rements reported beloy=20-25 %. . The energy energy in specular scattering geometry. The energy-loss peaks aris-
resolution(measured as FWHM of the elastically scatterediq from f.f excitations of E&" ions are denoted by capital letters.
electrong is 200—-250 meV for primary energies less thanTpe .t excitation peaks have been fitted by the Lorentz profiles in
~100 eV. For primary energies up to 200 eV it is slightly the lower part of the figure; the strongly increasing intensity above
higher (up to ~350 meVj. In our experimental setup, the 5_g ev, which is assigned to the onset of the dipole-allowédl 4
scattering angle is determined by the axes of the electron,sd excitation of the E& ions, has been fitted by the flank of two
optics and therefore fixed to 9Qfncident angled;=45°,  Gauss profilegdashed ling The solid line through the data points
detection anglefy=45°). Scattering-geometry depending is the addition of these profiles and the two Gauss profiles at 2.2 and
measurements are possible by simply rotating the targe#i.5 eV (dotted line$, which may indicate the #—5dt,, and
which alters incident and detection angle likewise. 4f’—5de, excitations of some still present Euions.

The samples, cleaved E(O single crystals, have been
grown by a solution sintering proce¥sAfter insertion into
the UHV chambetbase pressure 2x 10 8 Pa), the crystals
have been sputtered with 500 eV argon ions for sever
hours. During sputtering and during the SPEELS measur

intensity (arb. units)

=04=45°), is shown in Fig. 1. In the low-energy pdr6
V energy losk the spectrum is dominated by relatively
harp energy-loss peak&€{G). Nearly all these energy-loss

- . peaks can unambiguously be assigned to the superposition of
ments, the sample temperature was hold at 200-250 C?p variety of close lying, atomiclike, multiplicity-changing

avoid chargmg_ of the usuall_y msulatm_g_sa_mpl_es. With thISf_f excitations [[F—5X, 3Y (X=D,L,G,H,F.l,.... Y
moderate heating, the electric conductivity is high enough to_ P.I,...)] of EG* ions. The measured excitation energies
allow for SPEELS measurements down-@0 eV primary are ,Iis’,ié.d in Table I. In ;che limits of energy resolution t%ey
energy. The surface of the samples was found to change rape. - : ’

o ) . re in accordance with calculatidnand results of optical
idly in particular under electron impact. The uf-f tran-

" . y measurements at free Euions' as well as E&" ions in
sitions where observable at be@with very low “back- . . 917,18 :

o : L - solids and solutions:*°Only the relatively weak structure
ground” intensity arising from other excitationsfrom

several hours up to two days after sputtering. Therefore, thg (3.9 eV energy logsmay contain contributions df ex-

; + ione: 8c_.6 . 7 ;
samples had to be sputtered for 0.5-1 h every two day Citation of EF" ions: the®S—®| transition of the 47 con

Consequently, the time for measurements with really identﬁ'guratlon requires such an excitation enefy Transitions

7 * o ; ;
cal surface was short. But the spectra, obtained after diﬁereﬁ?urar?mtﬂri rfgrr?tr)%lén(qrstg?;ebOglr?ncl)?tgb]lr:\l/gfjafﬁSthIitcr:]a(ID(;%-
sputtering processes were found to differ only slightly. quant o pti

sorption spectra. For excitation by photons, such final states

can be reached only from the excited fine-structure levels
("F,, 'F,,...) due to theselection rules fod (see above

A spin-integrated energy-loss spectrum, measured witffhis must not be true for excitations with electrons. How-
100 eV primary energy in specular scattering geometty ( ever, because of the sample temperature of 200—-250 °C in

RESULTS AND DISCUSSION
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TABLE I. Energies of thef-f excitation assigned energy-loss T ‘ T T
peaks(this work) in comparison with results obtained by optical
spectroscopy and calculations for free*Ewand ES" ions in dif-
ferent host crystals and solutiofRefs. 5, 8, 10, 18, and 19Each
energy-loss peak measured by us, contains contributions of a vari-
ety of close tryingf-f excitations from’F, and ’F; initial states
into different 4f final states. The capital letters correspond to the
notation of Fig. 1.

intensity (arb. units)

Measured and calculated

4f excitation energies of Eii in o 0
different surroundings o ' T
~»1.01 (b 1r
(eV) 2101 ()
c
Optical '% 081 17
spectroscopy 2 06k 11
SPEELS and 4f final states S
Peaks (this work) calculations of E¥" 3‘0_4, A F 1L
(0]
A ~2-3 2.1-303  °D, (J=0-3) %027 iRl 110
B 3.2 3.1-35 5L, (J=6-10) £ I
C 3.4 5D4 8 00 1 L Il I Il 1 1 L 1 1
5G, (J=2-6) 12 3 456 12 3 45 6
D 3.9 3.8-4.0 SH, (J=3-7) energy loss (eV)
5 —
E 4'27 4.1-4.6 SFJ (‘]__ 1-5) FIG. 2. Spin-resolved energy-loss spectra, measured in specular
4.4(?) 5|J (‘]__4_8) scattering geometry with 30 and 148 eV primary enei@y,(c)
SKJ (J=5.6) Spin-integrated intensity (@), Nonflip intensityN (O), and spin-
5P0 flip intensity F (M). (b),(d) Polarization of the scattered electrons,
F 4.8 4.7-4.95 SKJ (J=7-9) normalized to the polarization of the incident ones. The capital let-
3% (J=2-4) ters in(b) and (d) correspond to the notation of Fig. 1 and Table I.
6
Slg ization in the scattering process, &l excitations appear in
3P, the spin-flip intensityF in Figs. 2a) and Zc)] indicating a
G 5.6 high amount of spin-flip exchange transitions. P€akvhich

is strongly superposed by pe&and therefore invisible in
spin-integrated measuremer(&ig. 1), is clearly visible in
the measurements, tH&, ground state and the first excited the spin-resolved spectf&ig. 2), due to its strong appear-
fine-structure level {F,), lying around 45 meV higher in ance in the spin-flip spectrum and in the polarization curve.
energy, exhibit nearly identical occupation numbers and also The broad energy-loss structure around 2—-2.7(AMn
the 'F, level (~126 meV} is occupied to a small amount. Figs. 1 and 2is probably due to a variety of near lyingr,,
Therefore, in the limits of energy resolution, excitations from 'F;—°D; (J=0-23) excitations(Table ). But it may also
all these levels must be expected to contribute tofthex-  be assigned to thefZHSdtzg transitions of E&* ions, pro-
citation assigned energy-loss peaks. Thé excitations vided some divalent ions are still existing in or near the
within the spin-orbit split ’F; ground-state multiplet Y  surface. The excitation energy is nearly identical to that of
=0...6), which require excitation energies ef45—-600 the 4f7*>5dtzg transitions of E&" ions in the mixed va-
meV, have been investigated by us with high-resolution eleclency compound EjD,,° which contains E%" ions and
tron energy-loss spectroscof{REELS recently. These re- EW*" ions in the ratio 1:2. The 1‘47H5deg transitions of
sults will be published elsewhere. some remaining EAi ions may give rise to the broadly dis-
Spin-resolved electron energy-loss spectra, obtained wittributed intensity under thief excitation peak® —F: in fact,
30 and 148 eV primary energy, are shown in Fig. 2. Becauseur energy-loss spectra can excellently be fitted debfid
of the very low counting rates in spin-resolved line through the data points of Fig),if a broadly distributed
measurement¥, the data-acquisition time is very long. For intensity between 3.5 and 5.5 eMotted Gauss profile in
each spectrum of Fig. 2 it was more than 40 h. ThereforeFig. 1) is added to the Lorentz profiles of tli¢ excitations
such spin-resolved measurements have been done for sgolid lines in the lower part of Fig.)1A lot of 4f’—5d
lected primary energies only. The spin-resolved spectraransitions are dipole allowed. Therefore, it can be expected
clearly show that thé-f excitations are excited by electron that they are strongly excited by the dipole-scattering mecha-
exchange: in thd-f excitation assigned energy-loss peaks,nism and mainly appear in the nonflip channel of the spin-
the polarization of the scattered electrons deviates more aesolved spectra. This is the case, indeed, as our spin-
less strongly from that of the incoming ones; theexcita-  resolved spectra(Fig. 2 show: the weak energy-loss
tions appear as distinct minima in the polarization curvesstructure A mainly appears in the nonflip intensitiie po-
[A—F in Figs. 2b), 2(d)]. Due to the high change in polar- larization deviates only slightly from that of the incident
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electrong and also in the energy range betweef.5 and 5 T T
eV energy loss, where we suppose thi=,745deg transi-
tions, the spectra exhibit a more or less flat, relatively high
nonflip intensity. Thef-f excitations in this energy range
(D-F), which are excited by electron exchange and there-
fore found in flip and nonflip intensity, are superposed onto
this intensity. Considering the energy difference between
4f7—5dt,, and 4f'—5de, excitations, a crystal-field split- ‘
ting of the & states of the order of2 eV can be concluded. T [T A
We assign the broad structures around 7 and 9Fay. 1) to

intensity (arb. units)
2>

-~ o

the 4f6—>5dt29,,5deg excitations of the trivalent ions—here E: AE=3.26V

also the crystal-field splitting of 2 eV appears. In addition, o gt
apart from thd-f excitations, which are expected to appear in 0 f,? ‘if,f”?m}“' e i L
optical spectra with very low intensity onligee abovg the 20-10 0 10 20 10 0 10 20 -10 0 10 20
energy-loss spectrum looks very similar to the imaginary part 309

of the dielectric function of E40,—obtained from optical

reflectIVI_ty me_as_uremer?es—but with a slightly higher tensity| (@), nonflip intensityN (O), and spin-flip intensityr (H)
prystal-fleld splitting of the @ states(~2 eV here~1.3 eV at 3.2 eV energy loss for 30, 100, and 148 eV primary energy. The
in EuOy). corresponding scattering-geometry dependence of the normalized

Our EuO samples did not show any LEED patterns, indi-yolarization is plotted in the lower part of the figuis the rota-
cating a disordered surface. Disorder and deviation from stoon angle of the sampleg;=45°+ 8, 94=45°— &

ichiometry has been observed for HUO0 surfaces previ-

ously and assigned to the existence of trivalent Eu ions in thgoth, the multiplicity-changind-f transitions as well as the
surface: Feltonet a|.47 reported Stable, but |n|t|a”y disor- muit|p||c|ty-chang|ng d-d transitions are Obviousiy exclu-
dered Eu@100 surfaces, which showed no LEED patterns. sjvely excited by electron-exchange processes, which often
(In contrast, Bagt al>* observed LEED patterns. But these |ead to an angularly wide distribution of the scattered elec-
were time dependent, indicating an unstable surface. The Oﬁrons (See abov)e The incoming electrons are exchanged by
served differences were attributed to the possibility that thesjectrons with opposite and identical spin direction and the
stoichiometry and structure of EUO samples may vary fronscattered electron are therefore found in the spin-flip as well
sample to sample, depending upon the conditions durings in the nonflip intensity. Hints for excitations by the dipole
crystal growtt!’) Surface sensitive electron energy-lossscattering mechanism, which are possible for dipole-allowed
spectroscopic measuremetitas well as theoretical studi®s  transitions, are not found. Indicative for such excitations is a
of the rare-earth chalcogenide SmS clearly showed the coexigh intensity of electrons, scattered into a small angular
istence of trivalent and divalent Sm ions at the surface. OWrange around Specuiar Scattering geometry, the so-called di-
ing to this results and the observation that neither a pressuigolar lobe, which is found in the nonflip intensity only. In the
burst of oxygen nor a decay of the oxygen Auger signal wasnyltiplicity-conservingd-d transitions of the transition-metal

observed under electron impact, Feltehal?’ concluded ions in NiO and Co0, which are forbidden by the parity-
that the disorder of the EU@OO) surface was not associated selection rule only, this nonflip dipolar lobe is in fact ob-

with electron-stimulated oxygen desorption, but with the for-
mation of trivalent ions at the surface similar as in SmS. That
this early suggestion was right is evident by our electron

FIG. 3. Scattering-geometry dependence of spin-integrated in-

energy-loss results now, which clearly show not only the -*2‘1
existence but the prevalence ofEuons near the Eu(00) =
surface. g
Spin-resolved, scattering-geometry dependent measure- &
ments of the very intense, dominant structure at 3.2 eV en- =
ergy loss(peakB in Figs. 1, 2 and Table) lare shown in Fig. 8
3 for different primary energies. Spin-integrated intensity, g
spin-flip, and nonflip intensity are found to be broadly dis- =
tributed around specular scattering geometry. They decrease O b b B L b e b
in proportion and nearly symmetrically towards off-specular -20 -10 0 108 f‘% -10 0 10 20

scattering geometries. The polarization is constant due to the

constant ratio of spin-flip and nonflip intensity. An identical g5 4 Scattering-geometry dependence of spin-integrated in-
scattering-geometry dependence has been observed for thgiy | (@), nonflip intensityN (O), and spin-flip intensity® (M)
excitations between the localized, crystal-field sptit3ates o (3 MnO, multiplicity-changingd-d excitation (CArg—"Asq,

of the Mrf* ions in MnO previously(Fig. 4(@); see also *Eq with 2.82 eV excitation energy 44 eV primary energy(b)
Refs. 32 and 34 MnO has a half filled & shell and alld-d  coO, multiplicity-conservingl-d excitation(“T;4— A4 with 2 eV
excitations are—similar to the case of the excitations of  excitation energy 60 eV primary energys is the rotation angle of
the EG" ions investigated here—multiplicity changing. the sampleg,=45°+ 5, §4=45°—&.
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FIG. 5. Spin-integrated energy-loss spectra, measured with dif- FIG. 6. Spin-integrated energy-loss spectra, measured with dif-
ferent primary energies in specular scattering geometry. The spectf@rent primary energies of more than 130 eV in specular scattering

are normalized to the intensity of the 3.2 eV energy-loss peak. geometry. The spectra are normalized to the intensity of the elasti-
cally scattered electrons.

served. It superposes the broadly distributed spin-flip and
nonflip intensity, arising from exchange processes, strongly'he other ones can hardly be resolved from the broadly dis-
[Fig. 4b) for CoO and Refs. 27, 32, and B4The tributed intensity at 3.5-5.5 eV, which we attribute to the
multiplicity-conservingd-d transitions in NiO and CoO be- 4f’—5de, excitations of remaining E ions. For primary
come slightly allowed by an admixture of odd parity statesenergies in excess of 140 eV, tli¢ excitations reappear
into the d states in the oxide crystals due to the van Vieck[Figs. Gc)—6(e)] but finally decrease with further increasing
mechanisnt? The total lack of dipole scattering processes,primary energy[Fig. &f)]. This intensity enhancement be-
which can be inferred from our spin-resolved scatteringtween~142 and 156 eV is attributed to a resonant behavior
geometry dependent measurements here, might be a hint theftthe f-f transitions if the primary energy coincides with the
the spin-selection rule remains valid for europium iowith ~ 4d-4f excitation energy. Such resonance processes are well
more or less intermediate coupling of the angular momentaknown phenomena in photoemission spectroscopy as well as
to an extent, similar to that in thed3transition-metal ions electron scattering, when the energy of the incident particle
with strict Russell-Saunders coupling. is swept through an inner excitation threshold of the target.

Spin-integrated energy-loss spectra, measured with diffedn both spectroscopic methods, the resonances are caused by
ent primary energies in specular scattering geometry, arthe interference of two excitation channels leading to the
shown in Fig. 5. As can be inferred, the general shape of theame final state, the “normal” excitation process, possible at
energy-loss spectra does not change significantly in thigny energy of the incident particle, and the excitation via
primary-energy range; afif excitations are clearly visible. formation and decay of a temporarily formed resonance com-
The spectra of Fig. 5 have been obtained at different daygound state, possible at the resonance primary energy only.
after different sputtering processes. Slight differences in thé\t the 4d-4f threshold of the EX ions, the normalf-f
intensity ratios of different energy-loss structures at differengexcitation 41'%4f6+e~—4d'%f%* + e~ interferes with the
primary energies, in particular in the ratio bf excitaton  4d°4f°+e”—4d%f8—4d'%f® + e~ excitation, where
assigned peaks to the background, arising from other transihe incident electron looses its energy in @ 4f excitation.
tions as 4—5d, for example, must mainly be attributed to Itself is temporarily captured into af4state and a d°4f8
slight differences of the surface properties after differentresonance compound state is formed. This state can decay by
sputter processes. The intensity is normalized to the intensitgn Auger process, where the sik dlectrons of the Eli ion
of the dominant energy-loss peak at 3.2 eV in Fig. 5 and notemain in an excited state and an electron with energy loss,
to the intensity of the elastically scattered electrons as oftenorresponding to thé-f excitation energy, is emitted. The
done. Normalization to the intensity of elastically scatteredresonance primary-energy range measured ky-Ug2—156
electrons has been found to make sense only for spectraV) coincides exactly with the d-4f excitation energy: in
measured after one sputtering process, because the intensijgctron energy-loss measurements, obtained with high-
ratio of inelastically to elastically scattered electrons wasenergy electrongl760 eV primary energyat oxidized eu-
found to vary with the surface preparation. ropium surfaces? the most intense d-4f excitations give

If the primary energy is further increasé#lig. 6), thef-f  rise to a twofold, broad energy-loss structure between
excitation assigned peaks decrease as expected for excitatiorl40—155 eV.
by electron exchange. At 140 eV primary eneféjg. 6(b)] Such resonances at thel4tf threshold have been ob-
the 3.2 eV energy losgpeakB) only remains clearly visible. served for thef-f excitations of a variety of pure rare-earth
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metals previously?~2% Also the excitations between the than an order of magnitude. Spin-resolved measurements
crystal-field split I states of the 8 transition-metal oxides with variation of the scattering geometry show that the
NiO, CoO, and MnO exhibit a similar weak resonance effectexchange-scattered electrons are angularly wide spread. A
This occurs at the 8 3d threshold?>?2~3In these materials, sharply around specular scattering geometry peaked nonflip
in addition, a much stronger resonance at lower primary enintensity, which is typical for electrons, scattered by a pro-
ergy (36—38 eV is observed®—34 This resonance is attrib- cess describable in terms of dielectric dipole theory, is not
uted to simultaneoud-d andO2p-O3p excitations and re- found. Owing to the fact that excitations accompanied by a
quires the possibility of interatomic Auger processesdipole scattering process are possible for dipole- or weakly
involving oxygen as well as metal ions. For the3Euf-f  dipole-allowed transitions only, this is a clear hint that the
excitations in europiumoxide measured here, no further resspin-selection rule of strict Russell-Saunders coupling is
nances have been found in the investigated primary energyardly weakened in the relatively heavy Eu ions.
range between 20 and 200 eV. Resonances owing to simul- Thef-f excitations are found to show resonant behavior if
taneous excitations involving oxygen states must be exthe primary energy coincides with thed44f excitation
cluded. This is a clear hint that the occurrence of interatomi¢hreshold. Similar resonances have been observed in electron
Auger processes is bound to the existence of hybridizatioenergy-loss investigations of tliié excitations of a variety of
between the participating oxygen and metal states: whereaare earths and-d excitations of several @ transition-metal
the O2p and metal 8 states of the transition-metal oxides oxides, previously. In the primary-energy range of 20—200
are strongly hybridized, thef4electrons of the rare earths eV investigated here, the resonance at tde44 threshold is
are hardly affected by the chemical environment in com-the only one observed. Further resonances, as such owing to
pounds and retain nearly pufeharacter; a considerable hy- simultaneous excitations involving oxygen states, which
bridization with states of surrounding oxygen ions can behave been found to be strong in the case ofdkexcita-
excluded. tions of transition-metal oxides, must be excluded. This is
attributed to the missing hybridization between rare earth
SUMMARY and oxygen ions in rare-earth compounds.

The earlier proposed significance of electron exchange in
the f-f excitations of rare earths has been proved here for
Eu®" ions in europiumoxide using spin-polarized electron
energy-loss spectroscopy. Similar as in the case ofdtde We are very much indebted to K. J. Fischer for donating
excitations in transition-metal oxides and in accordance wittthe EuO crystals and a lot of valuable discussions. Also the
theoretical investigations, electron exchange is found to beiscussions with A. Bringer and W. Urland were very
the relevant excitation mechanism up to relatively high pri-helpful—thank you very much. This work was supported by
mary energies, which exceed the excitation energies by mortae Deutsche Forschungsgemeinschaft.
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