PHYSICAL REVIEW B 66, 155126 (2002

Role of autoionization and characteristic decay in core-electron energy-loss spectra of La and Ce
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Atheoretical model is presented for an analytical treatment of electron-impact ionization intensity profiles in
the region of an isolated core-electron excitation threshold. Allowing for core-hole lifetime broadening through
autoionization and characteristic decay mechanism, Fano line shapes are obtairtbe fir #ansitions in La
and Ce.
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I. INTRODUCTION Starace, Fano, Sugar, and Codpe? calculated the photo-
absorption spectra of the lanthanides that compared very
Within the last three decades, experimentalists have resvell with measurements. It was the success of the above
ognized inelastic electron scattering as one of the best tooReries of work that spurred Davis and Feldkamp to use the
for the investigation of the electronic structure of metals and=ano formalism to calculate relative EEL absorption cross
their compounds, particularly at their surfaces. While specsections, and to interpret the core-excited spectra of some
troscopic techniques such as appearance potential spectrégansition metals in the dipole limit for some transition
copy, bremsstrahlung isochromat spectroscopy, and electronetals’
energy-|oss spectroscoijELS) derive from such a probe, The outlined model here is a hybrld between the Fano
by far the most preferred technique is EELS. There is cerformalism, the approach of Davis and Feldkamp, and the
tainly no dearth of experimental data in the literature on thePerturbation treatment used by Sehammer and
EELS technique. In particular, there are extensive EELS3unnarssoff in which the shape of core-level spectra of
measurements near the-3 4d-, and Sd-excitation thresh- adsorbates was deduced as a consequence of relaxation ef-
olds for the rare-earth metais* and several of such mea- fects emanating from the created hole. The approach, how-
surements near thep2 and 3p-excitation thresholds for the €ver, will use atomic perturbation theory, and more impor-
transition metalS-8As is often the case, theoretical calcula- tantly, will not assume the dipole approximation. Rather, the
tions |ag behind available experimenta| data. When such Cafl.,l” Coulomb interaction of the incident electron with the
culations exist, the focus has been on a particular aspect §ystem electrons will be used as the transition-matrix ele-
the overall spectrum. For instance, the resonantlike structurégent. Taking correlation effects into account, the relevant
found in experiment have been supported with configurationparameters that enter the Fano line intensity profiles will be
interaction calculations within some approximate scheméalculated. Second, and more significantly, the approach dis-
such as intermediate coupliid.S coupling, oK coupling® tinguisheg k_)etween two decay channels—autoionizing and
In the work of Leapman, Rez, and MayéPsthe focus had ~characteristic.
been mainly on core edge shapes as a function of the mo-
mentum transfer of the impinging electron to the scattering Il. FORMULATION
system. Moser and Wendihhave also performed similar
calculations with inclusion of spin-flip components in their
formulation. The rudimentary Born approximation is used
for the latter two studies._ _ _ E+4d2%fN_ 4d%fN+1,4d%fN+ ¢, 1)
Apart from the foregoing, the various theoretical formu-
lations geared specifically for EELS, and other formulationswhereN=0 for La andN=1 for Ce for we consider atomic
that have been used indirectly to interpret EELS, may bd-a and Ce as triply ionized in a metallic environment. In the
grouped into three broad categories, without loss of generaleexcitation process, the intermediat@®4fN*! state may
ity. The first uses the surface or bulk dielectric function fordecay by two processes. In one case dhele may be filled
an extended system as the central inguf’The second uses by the excited virtual 4 electron, with thee electron being
the Fano formalisit of discrete stai®) interacting with ~ sent into another continuum stat@vhile there is no 4 elec-
continuum state).?>~2® The third looks at spectral line tron in the ground state of La, there exists an excited bound
shapes arising from inner core excitations as a consequendé electron below the Fermi level of the metal when a va-
of the correlation between the core hole and the system elecancy is created in the innershell?® It is this 4f electron
trons using perturbation theof¥.It is generally acknowl- that is described as virtual. In Ce, thi§ 4lectron is distin-
edged that for high incident electron energies and small scaguished from the one that is in the ground state—the valence
tering angles, EELS is similar to x-ray absorption and toband, because their wave functions and energies correspond
some extent x-ray photoelectron spectra, because the dipatle different ionic potential$.This flip-flop interaction involv-
approximation is valid. As a consequence, calculated photang multiple scattering of the impinging electrdh consti-
absorption spectra may be used for comparison with, antltes the autoionization decay channel. In the other situation,
interpretation of EELS. Using the Fano formalism, Dehmerthe d hole may be filled by an occupiedf Z£lectron in the

The inelastic scattering of the primary electron of energy
E may be viewed as the reaction equation,
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E £ E € and intermediate Coulomb interaction parametgy, and
! i ' ; the discrete state and the primary electron Coulomb interac-
(a) }< (b) < tion V4e. Figure 1d) represents the second-order contribu-
tion to (@) and introduces an irreducible self-energy of the
i i discrete stateSy(E),?° describing the autoionizing flip-flop

processes. Some aspects of the model are similar to those
presented in the discussion of atomic and solid-state effects
in threshold ® emission in transition metafS.If all higher-

order contributions are included to describe the renormalized
propagator of Fig. (g), we would retain the basic diagrams

in Figs. 1b)-1(d), except that tha-hole propagator will
have to be replaced by its self enerdy(E), which repre-
sents the characteristic decay processes. This is denoted by
the thick dashed line and Fig. 1e) represents this self en-

j ot < ergy. Also the interactioV¥ 4 has to be replaced by an effec-
I

() | i |
i
m

- Y

tive one V4(E), between the pseudodiscrete state and the
; ) continuum level, and is denoted by the thick dashed vertical
line. The designation of the various state labels in Figs—1

1(e) are as indicated in the figure caption. Taking the dia-
i j i grams of Figs. (b), 1(c), and Xd) plus all higher-order con-
tributions generates an infinite series for the excitation

@ | 23 amplitudea(E) given by

e
o
6—“

m' V4(E)
_ o _ _ aB)=VetVag —g
FIG. 1. Perturbative excitation diagrams) the effective exci- d
tation amplitude;(b) the nonresonant contribution t@); (c) the
first-order contribution tda); (d) the second-order contribution to o Vo(E) [Sa(E) +24(E)]
(a); (e) the core-hole self-energy describing characteristic decay Eqs—E Eq—E
amplitude. The assignment for the states are as followsAd, j
—4f, m—nf, e—ef, E-~Eg, m'—ng.

Ve

Veget-, (2

where the energy dependent complex quantities that enter
Eq. (2) above are given by

valence band, while anothef £lectron is sent into the con- v Vv
tinuum. This type of interaction constitutes the characteristic / (g)= nd = Z’ = idE +imVeyd(E,—E),
n

decay channel. We use the descriptive term characteristic n En—E-
here in the sense of the lifetime broadening associated with a ()
vacancy in an inner shell. Taking these types of interaction

o : ; : 2 2
processes to infinite order is equivalent to representing the Vi v Vod L,
wave function for the statéE) by an effective one in the Sd(E)zEn: E—E—io E.—E +imVegd(En—E),
Coulomb excitation amplitude. In doing so, we may view the (4)
pseudodiscrete stated24fN*1 as interacting with the con-
tinuum level 41°4fNel, and the Fano autoionization param- V2 V2
eters may be introduced when the square of the absolutes (E)= >, Al =Z’ " +imVES(E,—E),
value of the Coulomb excitation amplitude is taken to give n En-E-1o E.—E
the scattering cross section. The picture here must, however, ®)

be distinguished from an atomic calculation of the contribu-iih Eq=(En+E;—E;)+(Emn —E;—E), and the prime on

tion of inner-shell excitation followed by autoionization 0 {he symmation sign signifies principal part summation over
|fon|za|t_|on le_nzféludlng interference  effects via the Fanogiscrete states and/or integration over the continuum states.
ormalism?

The Fano asymmetry parametgE) and the energy param-

First, the EELS technique samples a veneer of atoms alier ,,(E) are introduced via the effective interaction and the
the surface of the metal. Second, thet-44f excitationis a g energies, respectively, as

localized one. Hence, an atomic picture description is justi-
fied for an otherwise itinerant solid-state problem. Thus, us- ReV4(E) Re[E—Eq+ Sy(E)+34(E)}
ing diagrammatic atomic perturbation theory, the effective gq=-— IMVy(E)’ n= IM{E—Eyt Sy(E) + S4(E)}"
excitation amplitude is represented by Figa)l where the d d d ®)
thick line on the propagator for the state denotes a renor-

malized one. Figure (b) represents the nonresonant contri- Inserting Eqs(3)—(6) in Eq. (1) casts the excitation ampli-
bution of the excitation amplitude, and is denoted by thetude in the simpler form

interaction matrix elemeny . Figure Xc) represents the

first-order contribution tda). It introduces the discrete state a(E)=V {1+ (T /T)[(q—=i)(n+i)]}, @)
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where the full width parameters for autoionizatiby, for
the characteristic decaly., and the total width'; are de-
fined, respectively, as

F,=27V2, T.=2nVZ TI=T+I;. (8)

The differential scattering intensity per unit energy is propor-
tional to the absolute value squared of the excitation ampli-

tude, that isdI(E)/dE~|a(E)|2. Hence we get, using Eq. -20 -10 0 10 20
(7), n(EeV)
FIG. 2. The calculated d-core-excitation Fano spectral profiles
_ 2 2 2
_dI(E) ~VZ_ {1+ E 4 ! E (7+a) for La and Ce. Solid line, Ce; dashed line, La.
dE <& I\ 7°+1 Iy (?+1)2%)"

O with (-)=(e,j:E.i). In Egs. (1D—(13), the R* (k=1,3,5)
In applying the formalism to the La and Ce, it is taken thatréPpresent the Slater integra}ls. We note in passing thgt the
the atom in the metallic environment is triply ionized. For @ngular factors that appear in H33) are used in determin-

La, this means that we have to d&¢ to zero because the N9 Veqin EQ.(3). . _
characteristic channel would make no contribution. This is The sign associated with the Fano asymmetric parameter
equivalent to setting,/T';=1 in Eq. (9) to obtain the dif- d IS crucial in determining whether the spectral-like line

ferential scattering intensity under this condition to be shape has the feature of a height-to-dip<0), or a dip-to-
height @>0). In Eq.(6), ReV4(E) involves a principal part
dI(E)/dE~VZe(n+ )%/ (7°+1). (10  integration of the integranV/,,4(E)| which is a slowly vary-

ing function. Assuming this to be a constant function in the
Equation(10) is essentially the Fano line profile while Eq. vicinity of the excitation edge, the principal part integration
(9) is a modified Fano line profile in the presence of characyields a value~In|(E,—A)/Ey|<0. HereA is the multiplet
teristic events. In order to apply Eq&) and (10) to the  width of thend®4fN** configuration and, is thend— 4f
systems under consideration, explicit expressions are regesonance energfThe assumption of linear dependence of

quired for the interaction matrix elementd,, V2, andV .  |Vnq(E)| on E that reflects the real situation leads to the
From the diagram for the irreducible self eneigy(E), we  Same conclusion that R&(Eo) is negative] Consequently,
obtain the sign of the asymmetry parametgis solely determined
by the interaction matrix elemeMgq, which in turn deter-
, 44 ., 60 . ., 8100 _ mines ImV4(E) in Eq. (6). From Eq.(13), we find thatVgg
Vaa=79R () + 539R (D o) ~RX(E,i;m,j). The signs of these Slater integrals are deter-

mined by the radial overlap integralR(i,j)=(i|r*|j). For
8 | 3 1 5 the lanthanides,R¥(4d,4f )<0 and henceq<0, while
- 4_9R (IR = @R (R(+) RK(3d,4f )>0 and hencey>0. Taking the full energy de-
pendence into account, the following values were found for
g: for 3d—4f transitions,q=0.361 for La andy=0.491 for
Ce; for 4d—4f transitions,q=—0.609 for La andg=
—0.780 for Ce. The important conclusion here is that the
where (-)=(i,E;j,m). Here and in what follows, the orbital signs associated with the values are opposite for thed3

0
- @RB( IR3(+), (11

assignments are as followis-»4d, j—4f, m—nf, e—ef,  —4f and 4—4f transitions in the lanthanides. This dis-
E—Eg, andm’ —ng. From the diagram for the self-energy tinction is especially important if and when the Fano line
> 4(E), we obtain profile formula is to be used phenomenologically in conjunc-

tion with measurements. The continuum state functions used
2 1 3 o . in these computations have been determined using spheri-
Vn_3_5R () 77 ()7+ 12112 R°(-) cally averaged Hartree-Fock localized potential with a hole
in the relevant core subshell of the atom. The ratios of the
1 3 1 5 3 5 autoionizing widths to the total widthd,,/T";, as defined
B §3R (IR() - 7_7R (IR() - 87,7R (IR, via Egs.(5), (6), and(8) have been computed to be 0.322 for
(12) the 4d—4f transition in Ce.

with (-)=(i,m’;j,j). Finally, for the excitation matrix ele-
ment, from Fig. 1b), we have for thal—f transitions in the
lanthanides, With the above numerical values, the relative EELS for
the 4d—4f transitions in Ce and La have been calculated
V g=2V3RY(-)+2(\/66/1)R3(-)+10(/390/143R5(- ), using Eqs(9) and(10), respectively, without the inclusion of
(13)  the excitation interactioNiE. This is displayed in Fig. 2,

III. RESULTS AND DISCUSSION
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ment. However, their origin is well understood from multip-
let calculations:?® Excluding these effects we find an overall
very good agreement between theory and experiment. In par-
ticular, we note that the experimental giant resonance is
broader and smoother in Ce than in La—and theory reflects
these features as well. As is typical in such atomic-based
calculations®?8 the theoretical dips are deeper than those
found in experiment. Perhaps the shortcoming of the model
presented here compared with the configuration interaction

E =1595eV

' , . | : calculationd>~%°is that the theoretical line widths are a few
135 Tis eV smaller than what is found in experiment. We note in
140 120 ]9050 (eV) passing that the calculatdd] for La is 1.4 eV. This value is

the same as one of the measured values cited in Raf. 2
FIG. 3. Relative energy-loss measurements of La and Ce fronand that was used as one of the input parameters for the
Ref. 2a). The upper scale is for La. calculated 81— 4f EELS for La®® when spin-orbit interac-
tion was incorporated vigK coupling to discuss the dynamic
effects associated with EELS measurements in Ref. 1. In
conclusion, the separation of decay events into autoionizing
experimental data, the discussion is mute on the normaliza@.nd .characteristic channels following_an electron—impact ex-
citation of an inner-shell electron provides an alternative per-

tion of the relative intensities. However, a cursory look at the _ ) .
data for La and Ce suggests that their peak-to-dip heigh pective for analyzing electron energy-loss spectra using the
ano formalism.

have been normalized. For this reason the theoretical peak-
to-dip heights have been normalized. In comparing theory
with experiment, it is more meaningful to rigidly shift the

energy scales in order to superimpose the experimental data | wish to acknowledge insightful discussions with G.
on one another so that their heights are aligned. The presewendin. This work has been partially supported by IAEA
formulation does not incorporate spin-orbit interaction that is(Vienng), the Swedish Institute and Kent State University’s

while Fig. 3 is the corresponding experimental data from
Ref. Aa) recorded folE=1595 eV. In the presentation of the
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