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ELECTRON—CORRELATION.SATELLITES
IN ELECTRON SPECTROSCOPY*

D. A. Shirley, R. L. Martin, B. E. Mills, S. Siizer,
S.-T. Lee, E. Matthias, and R. A. Rosenberg

Materials and Molecular Research Division -
Lawrence Berkeley Laboratory

and
Department of Chemistry
‘University of California
Berkeley, California 94720 U.S.A.

I.  INTRODUCTION

Ten 9ears ago the photoelectric process was generél]y regarded as
affecting only the active e]ectron>appreciab1y, and mu]fi-e]ectron
effects were taken to be of éecondary importance. In the ensuing few
years both multiplet sph’tting]’2 and shake—up3 had been observed in
photoelectron spectra, and the effect of electron correlation on final-
state structufé had been exp]&ined.z' At the time of the First ISIP
Conference, these phenomena were all known but not very well tied to-
gether conceptually. Another related phenomenon - re1éx§tion of the
passive e1ectrons4 - was not yet fully appreciated at that time.

qusequent devé]opmgnts have included the discovery of new phenq—'
mena, such as initial-state configuration interaction'(ISCI),s’6 and
autoionization in‘barium,7’8 as well as refinement in our understand-
ing of the re]atfoﬁ-between re]axationvenergy and the presehce of "shake-

up" satellites. It is now more fully appreciated that "shake-up" states
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are not different in principle from hprimary" hole stateé, and that
photoelectric transitions to the shake;up states are identical in form
to those 1eading to primary hole states. .Another emerging princfp]e

is the fact that, because of ISCI,vsatellites observed in photoemission
yield unique information abqut electron correlations in ground states
of atoms and molecules, a finding of general interest outside the field
of ISIP. These topics are developed bé]ow.

II. EARLY DEVELOPMENTS ILLUSTRATED BY THE EXAMPLE,OF Mn2+;'

‘Perhaps the best single example for discussing sate]]ite structure

~1in photoemission spectra is the 3s, 3p shell of Mn2+.

2 .. 6 2+

With the ground-

state configuration 3s is expected to yield

3p
3s 3p6 3d5 (SS and 7S) stateS on 3s photoemission, and 3523p5

3d° (5s), Mn
3d5 (SP'and

5c.7

7P) states on 3p photoemission. To first approximation the °S:°S 1inesA

would be split by ()6%(3s, 3d), by Van Vieck's Theorem,” while the rela-
tive intensities within each pair of lines (5’75 and 5’7P) would be the

“multiplet ratio 5:7.

The experimental spectra were very surprising at first. The 7P

line stood out clearly, while the 5P intensity appeared to be distributed

10

over at least three 1ine52 (a Tater higher-resolution spectrum = appeared

to have at least five_]ines). This was the first example of a charac-
teristic line's "disappearing" because of being distrjbuted over several
final states. A more dramatic recent example has been given by Gelius'!
for the“4p]/2 lines of xenon and nearby elements. |

5p structure of Mn' (3p)or the 4p]/2 structure

-Consideration of the
of Xe(dp) immediately dispe]é any illusion that "shake-up" states differ

from the primary state, or that one peak must be the "main" peak in
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each subshe11' Which is the ma1n peak in the Xe(4p]/2) spectrum’

Even though the transition intensity is spread over several peaks,

’ the mean energy should be given by a sum rule due to Manne and Kber-g.]2

This shows that the mean energy of the photoemission spectrum is given

by thehone—electron orbital energy,-

(§ E; IJ)/(E I )

where the summation is taken over the intensities (I) and energies (E)

of the final-state peaks. The sum ru]é has been approximately confirmed

for the Mn3+(§5; 5P) lines. 0

The 5S structure of Mn3+(§§) was perturbed in a similar, but less

‘dramatic, manner. In this case there was a main line - most]y

6

3s 3p 3d ( S) but it lay too low in energy and had too 11tt1e inten-

sity. Bagus et al. 13 pred1cted that interaction with the higher conf1g-

2 .4

uration 3s~ 3p 3d ( S) was responsible both for lowering the energy

of the main peak and for dra1n1ng off intensity. Subsequent exper1ments

14

eonfirmed this prediction. ~ -Again, the lowest-lying (and most intense)

5S line could naively be'regarded as the main Tine and the others as
"satellites".. | v
The‘hehnegﬂhehg,sum\ruie can be applied to the 55 manifold. Alter-
native1y;wit is ihstructive to note that the "main"'ss peak experiences
some 6 - 8 eV'Qf additional relaxation energy (relative to. the Koopmans'

Theor'em]5

value) hy virtue of configuration mixing (and the sum rule).
This illustrates the intimate relation between satellite structure and
relaxation energy.

In leaving this review section we note an amusing and instructive
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arialogy between the Mn3+(§§} 5S) and the Xe+(ZE, 2

3 P]/Z) photoemission

spectra. In the Mn ¥ case the two-electron "excitations" that describe

the é]ectron correlations in the CI framework are of the type

1 2 6 2

3s! 3p° 3d° + 352 3p* 3d%; d.e., p? > s

In Xe+ the excitations are described by increasing all the principal
and orbital quantum numbers by one unit,

4pS 4d]0 0 6 448 4f1 2

4f7 > 4p ; i.e., d° - pf.

ITI. SHAKE-UP SATELLITES AND ISCI.

The pipneefing studies of Carlsoh and co-workers established the
existence of shake-up satellites and identified their basic origins.3
Their later papers gave perceptive insight into the role p]ayéd by
. 16 In fact the shake-up studies in rare gases
provide sufficient richness of phenomena to serve as an alternative
example of the effects discussed in Section II.

Although the phenomenology of shake-up was well known, the theory
of the process was incomplete when we first addressed the probiem. In
retrospect (and in 1ﬁght of our findings) the most instructive questions
that could have been asked about shake-up spectra would have been:

1. Are the shake-up states two-electron excitations‘reached

by a twb-step E1-EO process, or are they in fact exactly
~ the same kind of states as the primary hole states, and
“reached by a simple dipole (E1) process?
2. Why do computations of shake-up intensities based on

 Hartree-Fock ground states never give accurate results?

Or equivalently, what would happen if the initial and



final states were treated symmetrically? |
The answer to (1) is of course that the shaké-up satellites arise
through simple, oheQétep electric dipole photoemission processes that
are formally identical to thoselgjving rise to the main peaks. This
fOIIOWS-ffom a straight-forward application of the perturbation
Hamiltonian
k=2 R-DB (1)

to the ground-state N-electron wave fuhction WO(N) to yield the final

. state

Ye(N) = xp(1)D Cep 00 (N-1) . (2)
n .

Here we have_expanded the final state N-electron funttion'into a product
of the continuum-function for electronll, viz. xf(l), times the N-1 |
-~ electron eigenstates of the idn, exbressed_és the product of admixture
coefficients Cfn times basis states ¢;(N-1). This accounts for finaT-
state'configuratfon interactibn (FSCI). We have neglected CI involving
the continuum state, and antisymmetrization has for simplicity not been
indicated exp]icit1y. ‘ .

| In this notation f = 0 denotes the primafy hoie state, whi1e f> 0 ‘
values label the sate]]ife states. In this CI describtion the two "tybesf
of state differ only in the numerical values of the coefficients Cene
Any attempt to classify these as two different kinds of’stateS cdu1d '
only arise through confusion of eigenstates Wf(Nél)'with thbse basis
states Qé(N-]) that form their principal components. Thus in the Ne(T?)

2,6

- case (Fig. 1), the primary hole state would be regarded as 1s 2s° 2p
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and a shake-up state as 1s 252 2p5_3p. In fact as Fig. 1 clearly shows,
there is no transition - EO or otherwise - from the main component of

2 5p5 3p part of the.shake-up state. Hence,

the gkound state to -the 1s 2s° 2p
shake-up is really a misnomer. To state our point a little different]y, \
the composition of the excited states has nothing to do with the photo-
eTectric transition: they are eigenstates of the N-1 electron Hamilton-
ian, reached with certain probabilities by photoemission from the ground
state. | |

The above answer to question (1) is perhaps well-known to some,
but has not been widely appreciated. If it were, the answer to question
(2) mighf have been realized sooner. The prob]em in computing intensiQ
ties has stemmed from treating the 1nitia1 and final states inequivalent-
ly. If CI is allowed in the ground state, another channel (C) is opened,
leading to computed intensities]7'that‘agree qufte well with experimentj8
as shown in Table I. Of more genefa] interest than the’numericai agree-
ment is the fact that ISIP.can-be used in this instance to yield insight
1ﬁto electron correlation in the neon ground state. QuantUm.chemjsts
'usua]1y employ rather arcane valence-shell basis functions to account
for cbrre1ation by miﬁfmizing the total'energy. The Rydberg-fike corre-
_1ations illustrated in Fig. 1 and Table I hardly affect the total energy
but are crftica]ly important in fitting transition phenomena such as
éhake—up spéctra. Turning “the argument around, the éxperiméntal spéctfa
- yield rather directly the configuration-interaction composition of the.
ground state of neon. | |

The same approach is applicable to molecular systéms. By including

" initial-state configuration interaction (ISCi) to describe the F(1s)
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TABLE I. Ne (1s) CORRELATION-STATE INTENSITIES

State ' I (Theory)® | I (Expt)b
(1s ho]e) | (iOO) (100)
2p + 3p o 2.47 ~ 3.15(10)
2p ~3p | , 2.60 | 3.13(10)
2p » 8p 1.48 - ~ 2.02(10)
2p + 5p 0.43 0.42(6)
2p > 6p . | 0.09 . A0.15
2> 48p 0.70 10.96(11).
2p > 5p - em 0.17(5)
2p > 6p g | 0.06 —
a) Ref. 17

b) Ref. 18
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shake-up Spectrum of the HF mo]ecu]ei we have again obtained Véfy'good
agreemenf with experiment:19 agreement that was otherwise unavailable
(Table II). Thus again shake-up structure yie]ds insight into ground-
state correlation.

IV. DIRECT OBSERVATION OF ISCI BY PHOTOEMISSION: THE nsz'CASE

If ISCI really leads to substéntia] admfxtufes of excited configura-
tions in the ground state, they should be observable directly in photo-
emission. The Group II metals provide ideal systems in which to study
thié-phenomenon.: Berkowitz and co-workers have studied Hg,6 while our
'group has studied Ca, Sr, Ba; In, Cd, and Hg dsing a specially-construct-
ed~high-tembefature probé.s’20 We shall discuss this subject only briefly
because it is not really an inner-shell phenomenon. It does, however, .
link inner-shell topics in the preceeding and following sections.

The essential features of this prbcéss are illustrated in Fig. 2

for calcium, which has a nominal electronic configuration [Ar core] 452;

]S. In fact, all other ]S configurations will be admixed into the Ca

ground stéte, yielding a wave function
lv(1s)> = alas?y + b|3d2 >+ c[4p®>+ d|asbs> + e|3dad >+ .... (3)
where the argon core has been suppressed in this notation. On photo-

+ 1.2 1 20 v (aql. 2
emission from Ca, the Ca states (4p ; ?1/2)’ (4p°, P3/2), (3d"; 03/2),
(3d]; 2D5/2), etc., will be populated. Without ISCI these states would
have been inaccessible by one-electron dipole prbcesses from 452 alone.
AT] the states of Ca® that are accessible from the configurétions given

20

in equatfon (2) were observed experimenta11y. Again the intensities

ofithe'satellite photoemission lines are given by (among other terms)
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TABLE II. HF (1s) CORRELATION-STATE INTENSITIES®

State No . I (Theory) 4 I (Expt)
» FSCI only “With ISCI
(1s hole) (100) (100) (100)
2 : 1.2 | 2.0 1.9(3)
3 1.5 3.0 3.0(4)
5 3.6 6.2 5.7(5)
7 0.7 - 12 1.0
9 2.8 R 3.8(5)
10 | 0.5 | 0.7 A7

a) Ref. 19. States of intensity less than 0.1 are omitted.‘
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the amplitude coefficients a, b, ¢, .... . With refinement of the inter-
pretation, the photoemission spectrum should provide a sensitive test 6f
_CI wave functions.
.In the course of this work we accidentally rediscovered resonant

autoionization in barium, a process that had been observed by Brehm and

21

H6f1er7 and by Hotop and Mahr,8 and discussed by Fano.”  We discuss

this topic below.

6

V. AUTOIONIZATION IN_éa AND OTHER np.(n+1)52.CASES.

When Hqu (21.22 eV) radiation interacts with atomic barium, it

5 652 (ns or nd); 1P that could be

5

resonant]y.éitites a state such as 5p
loosely regarded as a Rydberg-like state built on the Sb 652 contiﬁﬁum
threshhold. This state miXes,'through configuration interaction, with

a number 6f continuum'states based on the Ba++(5p6)bground state, on

2 nt n'%') states, and on various Ba+ (5p6 nl)vstates. The result

Ba+(5p
is a.very complex photoelectron épectrum, fn which states of Ba+ such
as 6f, 8p, and 5g are clearly present;_ Thus Ba is_a c]assic‘case of

"polarization" of the 5p6

shell by confngration interaction with con-
tinuum states (CSCI), a third subcatégory to be added to ISCI and FSCI j
(and treated by Fano and Cooper).22

The barium case is of course not unique. Many inner shells will
.possess bound states below its ionization_threshho]d, and consequently
" should show resonant éutoionization.' We.have concentrated in our recent
high-temperature photoemission studies just on the 5p6 shell of éfomic

vapors in the rare-earth series, using only Hel resonance radiation.

Proceeding across the Periodic Table from Ba (Z = 56) to Yb (Z = 70),
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we expect the 5p6 shell to become more tightly bound. This will be a
‘gradual process, howevef; because the 4f shell, which is filling as Z
increéses, is quite effective in screening the Sh shell from the increas-
~ing nuclear charée. In fact we do not.obéerve eVidence of autoioniza-
tion in Yb. ‘' In Eu (Z = 63), however, there is still strong evidenée

of this‘effecf, as shown in Fig. 3. In particular the Eu+(HeI) Spéctrum

7 9

shows strong "D and "D lines, arisfng'from coupling of a 5d electron to

thg'(4f7; 85) term. This final state could be reached through reéonant

2 5d) state admixed with a continuum stété

excitégipn of a.Eu (5p_5 és
: basedldn a (5p.6 5d) state in Eu+ coupled to a free éiehtron.
The use of 1ine photon Sources such as‘HeI-is of course nof
~an efficient way of studyfng autoionization. We have also studied
them by electron fmpact‘excitétiaﬁ,,and!sh611 diécuss briéf]y those
aspects which have direct bearing on 6ur phdtﬁemiséion Work: ;The_
electron impact work was done.in the Perkin-EimefPSf18photoe]eﬁtrdh
spectrometer; by operating the lamp as an electron source. We have
found that the simple expedient of operating the 1ight source at
appropriate Tow pressﬁres makes it possible to use the plasma in the
discharge lamp as an electron gun; and thds we are able to measure
autoionization electron spectrd excited by 1ow-ehergy electron impact.
Using the plasma electron source, we have recorded the low
energy autoionization electron spectra of Ca, Sr, and Ba under the

20

same conditions as the high temperature photoemission spectra. The

spectrum of Ba is shown in Fig. 4. Peak 14 or 15 corresponds to the

6, 2 2 23

5p°%6s°; 2P, ,, state and peak 22 to the 2P, . state of Ba'.%> Besides

3/2 1/2
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Binding energy (eV)

. Fig.3 Autoionization in Eu o _
o XBL 763 -2486
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these intense primary.]ines,,there are in.the spectrum a number of

"satellites" with comparable intensities. The electron spectra of Ca

and Sr show similar behavior. It is interesting to note that the

three intense peaks associated with double aufoionzation in the Hel

phbtoe]ectron spectrum of Ba,7’8 corresponding'to peaks 1, 2, and 3 in

Fig. 4, have relatively small intensities in the electron spectrum.
Following the electron 1mpact excitation of one of the outermost

core-like e]ectrons in Ca, Sr or Ba, there are three possible ways

to produce eJected electrons with discrete energies. They are

- designated eys €5 and eg in Fig. 5 and correspond to the following

© autoionization processes:

M*(np n 2' "2" mzm) > M (np (n+])S or np6n ' ) + e]

5

M*(np n‘L'n ugnhulm) > M (np n zl "2") + ez

.M*+(np5n Z'n“l") > M++(np6, SO) + e3 : ,

where n =.3, 4, and 5 for Ca, Sr, and Ba respectiVe1y. Electrons e,,
e2,'and €3 lie in different energy regions, and as such, they can
usually be distinguished from one another'b Generally speaking, 2-type
e]ectrons are of extreme]y low energy, and the centers of the electron
groups e and e; are separated by the b1nd1ng energy of M :From
simp]e estimates pf energies, we have found thet the eq electrons must
contribute predominant]y to the observed e]ectrbn‘spectra of Ca, Sr,
and'Ba. _

" There are two ways by which M*+(np5n‘£‘n"2") states can be popu-

lated (Fig. 5),i.e., via excitation (A) and subsequent autoioniza-
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tion (ez) or by direct ionization (B). If process B is the major
. *
contributor to M ' states, the resulting electron spectrum should be

. * .
dominated by the s-o doublets of M +(np5(n+1)52; 2P ), with the

1/2,3/2
"satellite" states appearing in small intensities. This is certainly
not the sitdationvin Ba (Fjg. 4). In contrést, the obsefved spectrum
is expected if Ba*+ states are reached preddminant]f through excitatidn
and subsequent autoionization. Consequenp]y; the s-o0 5p;] partners

are not ob;erved in statistical ratio in Ba, and a Targe numbef of
satellites Wifhvappreéiab1e intensities ake preéent. SimiTér arguments
and conclusion also apply to Ca and Sr.

-The reason that autoionization rather thén'direct ionization is
main]y=re$ponéib1e for the popu]ation.df M*ﬂ+ states is due to the
collapse (of near degeneracy)'of the nd jnto the (n+1)s shell as a |
result of np excitation or 10ni;$t%on. .We note, howéver, tﬁé;Eorres-‘;
ponding arguhents do not apply to Mg, where 3s and 3d shells are
involved, and conseduentTy autoioﬁization e, is not readi]j allowed

on energy grounds. Therefore, the low energy_e]eqtron spectrum of MgZ4

is dominated by the 2p5 3s2 autoionizing states as expected from direct
jonization (B). | | |

A gkeat deal of work_needs to be done before a complete picture
of inner-shell éutoionization becomes évai]ab]eL_ It is‘alreadyvc1ear,
however, that far from béing‘simp]e'and étable, inner she11s of atoms

can when properly excited yield valuable, detailed information about

many-electron phenomena.
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