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MANY - ELECTRON EFFECTS IN?PUOTOELECTRON SPECTROSCOPY
| Richard Lee Martin
'Materials and Molecular Rescarch Division
Lawrence Berkeley Laboratory
o and
Department of Chemistry
University of California |,
Berkelecy, California 94720
| ABSTRACT
The deviations from Koopmans' one-electron model of photoionization
which lead to satellite structure in the photoelectron spectrum are
examined»within‘the formalism of configuration interaction (CI). The
mechanisms Which contribute to satellite intonéity may be classified

as continuun state configuration interaction, final ionic state

configuration interaction, and initial state configuration interaction.

- The discussion centers around the last two mechanisms, these being

the prime contributors to the satellite intensity well above threshold.

’Specifié examples'Of theoretical "'spectra' are presented for the

F(ls) region of HF and the 1s region of neon. The agreement between
theoryrand cxperiment is found to be excellent.. In these twovinstances,
initial state configuration interaction contributions increase the
éatellite,intcnsity and are of nearly equal importance to‘thc finél

ionic state mixing.



I. INTRODUCTION

: PhotoeleCtron spéctrOscopy-(PFS)'provides a very powerful means-

of studylng the 1ntcrnal structure of atoms, molecules, and solids. ~In

fv a very general sense PLS is no dlfferent from, for'example optical

»

absorpt1on spectroscopy: the resonant absorption of 11th taRCs the

systcm from- sone initial state,. charqcterlzed by the wavefunctlon W

to a flnal stato 5pec1f1ed by the. wavefunct1on Wf ‘An 1mportant

: dlfference however, between PES and many of the othcr'abSOrption'

- spectroscopics arlses bccause the fJnal states observed in PES lie

in the. continuum w1th rcspect to 1onlzat10n Absorptlon of a photon -
thus results in the ejectlon of at least one electron from the system

and it is the kinetic cnergy and nunber of these. "photo electrons” e

(rather than the attenuation of the photon bea) which 1is experlmentally'

determined. 'lhe-technique in this respectvis therefore»akin to an

_emission spectroscopy.

- In the photoionization process the familiar energy conservation

~ equation

hv = Eg - E, . | R COR

~ must, of course, be satisfied It is helpful to deflne a general flnal

state reached by absorptlon of the photon as a superposlt]on of many

' gegenerate states wj’

- In_this gencral description we should recognize that there may bc a

"quasi-bound" state cmbeédded in' the continuum atvthis energy, but
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most_of the avdilable’states purtition’the total‘eneféy,igf,yinto'tuo_ﬁ
CQmponentsi | o h _ R
| N O
vwhere Ej_is the energylof an ionictstéte-and TJ 1s.the k1net1c encrgy ofﬁ
the ionized electron The measu1ement of the k1nettc energy of thc

electron focuqes our attention on a partlcular state w , and we have

-

=(E;+1‘.)¥E-EE%'*'TJ' _' @

J

where the quantlty LB is deflned as . the blndlng energy of  the photoe]cctron.;

B The most commonly used experlmenfal procedure is therefore to f1x
‘the.photon frequency and‘scan the photoelectron k1net1C‘energy spectrum.yi
for’peaksvin'intenSity " Observatlon of. a peak at ‘an. energy TJ 1mp11es
-the ex1stence of an exc1ted 1on1c state’ scparated from the 1n1tJnl state :
"by an energy E% "Thts yields 1nformat10n about the 1on1c;states;of
the“sample and ‘to some deoree about thehprOpetties of the initial'
”stéte The probablllty of observing an electron of energy TJ, glven

'by ]cf | is" related to the cross- sectlon for phot01onizatlon . Th]S—

prov1des fulther information about both states 1nvolved in the transltlon
;_It s 1mportant to note that if one 51mp1y observed the attenuatlon of
the photon flux the 1nformat10n obtalned would pertaln to a combjnatlon
of abeorptlon ploceeses 1nvolv1no all thc jonic states that are

' energetlcally accessible to the radlatlon Ihe average of PFS 1s that

it allows the study of %Bec1f1c ionic states.

| Although an experimental teehnlque which permlts ‘onc 'to ”cata]o&"

the enorgles of the ionic States of chemical species would certainly

Ay

ol



: of thLSC satcll1to %tatcs in free atoms and molcculcg i.e.

. ._3-“."‘

- be of somc ]ntCTC\t to somc pcoplc somc of thc tlmo thls featurc

alone could obv1ou<ly not gcncratc the act1v1ty that has charactcrlzcd

vthls field in the past 10 ycaxq The 1ntcrest'stom< from thc fact
Jﬂj»:that the blndlng cnorglos mcaeuled arc rclated, V1a hoopman%' lhoorcm 1
'to the Hartreo—Pock orbltal energ1es'1n the‘1n1t1al %tatc.‘ lhcse
_one- clcctron cncrglcs play a central role in our undcretandlng of the
ypropertlc% of dtoms, moletulcs and sollds._ Thus 1n,a.f1rstapprox1~

' tmatlon PhS allows one to study "atomic orbitals', ”mdlecular thitals";[

and thc “ono cloctron den51ty of states”.z‘ As the field matures,
however more and more cxamplcq of strlctly many - clcctron effccts are
being discovered. Perhaps the most. dramatlc examplc 1s the obqorvatlon

Of‘sate]lite 5tructure assoc1ated w1th each "one—electron" (prlnmry)

: péak‘ These satellltes are %trlctly forbidden w1th1n hoopmans onc—

. electron model but are sometlmcs as intense as the prlmary peak.

This thesis will deal primarily with the. theoretical deScription
, th01r

energles the tr1n51t10n probabllltles for reaching thcm via photon

abqorptlon, and the addltlonal Jnformdtlon they provndc about the

electronlc structure of the System under study quy of the results.

which omerge are also appllcablc to othor cxperlmontal tcchnlqucs

whlch deal with ionic states--clectron impact 10n12at10n_(e,20), and

X-ray emission, for example. 'In Chapter .11 the baSic theoretical

formalism for thc‘intcractioh.of the'fadiationlfiéld'wlth én N—C]ectrOn,5-

systcm will be reviewed. Thc natulc of thc wavefunctlons uscd to .

- describe olcctxonlc %tates 1s prcsonted in Chaptcr III along w:th a

discussion offkoopmans' lhcorem and_”holc state" HartrCc-Fock calculationﬁ.

s}
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~In Chaptcr IV ‘the phy51cal concepts whlch cmergc from a study of thesc

wavefunct:ons w111 bc used to charactcrlzc thc 1on1c states obscrved 1n-‘_

Ee

PLS as well as to prov1de qualltatlve gu1d011ncs as to thc mcchanlsms :
through Wthh they acqu1re 1nten51ty Chapter V analyzes many olcctron,f fi 3 'R
cffccts 1n the phot01onlzat10n Cross- sectlon in terms of the 1og1cal
hierarchy of approximations common1y ¢mp1oyed 1n_el¢ctron1c‘stru;tur¢  

’ caltulatiqns; Sun rules whiéh fqiat¢nintensitieS:aﬁdfehergies ére o
also diécuSsed; Speéifi; éases of satéiiifé-strﬁéture?iﬁ%HFvénd ﬁeon-  5
are presehtéd in the finalftwo chaptéfs;‘Vi'énd VII1. N -

L
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’ REFERENCES
T. Koopmﬁﬁs, Physica 1, 104 (1933).
To be more specific, the binding energics of the primary peaks'ufé .
approximately giveh by the one~ele¢troﬁ eigenvalues of the

canonical Hartree-Fock equations for closed shell (and some classes

of open shell) systems. The canonical eigenvalues are but onc

of an infinite number of equally acceptable solutions to the

‘Hartree-Fock equations. In practice, with the exception of atomic
specics, one usually furthermore expands the solutions in a

finite basis set. To summarize: the binding encrgies are

approximately given‘by the approximate eigenvalues of an approximately
correct Hamiltonian. The most casual reader should now have no
problem in understanding many of the advantages of PES vs other

spectroscopic techniques.
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I1I1. INTERACTION WITH.THE RADIATION FIELD AND PHOTOIONIZATION —

_We'bcgjn by briecfly révicwing the scmiclassical trecatment of the
intcraction of radiation with matter. As Schiff1 points out, the temm
"semiclassical” rcferé,to the assumption thaflthc radiation field |
'méy bé treatcd classically (within the framewofk of Makwell's equations),
whereas the system 6f'particlés is treated qUaﬁtum;mechanicaily. Tﬁis
approximation has the édvaﬁtage of simplicity and, fdr thé absorption
of radiation, gives the‘same results as quantum fﬁeld theory.

A. The Dependent Perturbations and Fermi's -Golden Rule

Consider a system.qf particles in a Stationafy state of a time-
.independent electrostatic Hamiltqnian ﬂb. At some time ty, a
time dcﬁendent term is introduced which represents thé electromagnetic
fieid. The field is assumed to be weak enoqgh.to be considéfcd a
small perturbation, but thié disturbance may: induce trapsitioné fo
other stationary.states of the particlg Hamiltonian. .The methods
of time-dependent berturbation theory can be used to learn the
probability that the system -will be found: in onc of these states at

some later time t

5"

The Stati?nary states, Wn,.of Mb satisfy the Schrodinger equation
= . .

Moty = EpY " (5)

n n
and have a simple oscillatory evolution in time
-(i/h) E

(/n) Ent

‘yn(t) = ¢ v | - (6)

by




- A general solution of the equations of motion

oo dY(E) o gy : ' o
ih S -Jcowgp) | | (7)

for some arbitrary state ¥(t) can be written

-(&"/h)'Ent_ | o
¥(t) = g ce ‘ Wn S Lo (8)

The squgre modulus of the coefficient, ICHIZ; is independent of time.
It giveS thé'pr0babi1ity 6f observing the superposition statc, Y(t),
ih.50mc:sigenstate Wn.' ' | |

If a time dependence is present in the Hamiltonian; i.e., if

3= 3 + V(L) | - 9)

then Fq. (éj_ié nb.lbngcr a general solution of the wave'equation;

In fact there are no 10ng¢f actually any stationary states. However,
the form of the Hamiltonian we have chosen (Eq. (9)) implies that it
still may be useful to expand the general solufion in terms of the
complete set of stationary states associated with ﬂb, Thus the
solution iS'still given by Eq. (8), but we must now consider the

- expansion coefficients to be time-dependent. |

Substitution of Eq. (8) into the Schrédinger{cquation

in dwgﬁ) = 3y (t) . - Qo)

i - . ' . . .. 2
yields equations of motion governing the cxpansion coefficients.

de, (t) 0 Adw t ‘
. k'S v %%n



whcrc'an is the matrix element of the perturbation between the

unperturbed states,

an' = (WkWWn) s - ,. (12)
and _ .
L R ’ A - o - a3

From this pbint we“proceed as usual in perturbation tﬁeory. The
;oefficients fdr which we wish to solve are expresséd as a power ‘scries
in thé‘perturbation usually taken ohly to first order. Integration
of this equatlon yields a probablljty amplitude for obscrv1ng the
arbltlary state Wk

In anticipation of the nature of the spec1f1c perturbdtlon to be
considered later, we note that if the system s orlglnally in some .

, eigenstate, Wi’ of ﬂb, and if the perturbation‘depends'hérmbnically on
’tvl.le'time, |

V() = Vet o, | o e
thén the probablllty of flndlng the system in an elgenstate Wk

which lies in the continuum, i.e lck(t)l , 1S dlroctly proportional

to the time that the pcrturbation has been active. It is also known
that becausc the Hamiltonian is time- depcndcnt there is a finite
probablllty that tranqltlons w111 take place to final states Wk for
which the energy conservat;on ecquation w = Ek F ‘is not satisficd.
As t incrcases, however, the transition probability sharply "peaks"
about that state or group of'states for which the energy conservation

cquation is satisfied. For the photoionization problems we are



interested in we mayvsafcly assume the latter condition, which finally

lcads us to’a‘transition probability per Qnit.timc:v‘
s ' o o |
P = pUR L Vv ™ ’ s

This expression is known as Fermi's-"Golden Rule No. 2. Here pk+i

is the transition probability per unit time for the process Wi + Wk
’ (with Ek = Ei +hw). The term p(Ek) is the density of final states
with energy L, -

B. The Classical Radiation Field and the
Photoelectron Cross Section

~ In order to use Eq. (15) to calculate the transifion‘probabilities
induced by the electromagnetic field, we must decide upon thc form Qf'
the perturbation V. It is possible to show by cOrféspondencc arguments
that the Hamiltonian describing a_syStem of spinless particles of

charge -e and mass m in an electromagnctic field is given by

i =3¢+ (20 g - e Ay s e’ l/\l2 L (16)
0 \ Zmc < -~ me ~ ~ chz ' ed .

" Although we are not specifically interested in spinless particlcs;

‘the interaction betweén the spin of the electron and.the incident light
wave i$ negligible. The operator X, represents the Hamiltonian describing
the particles iﬁ the absence of the field, and the vector -Lhy is a

sum of momentum operators for the individual particles

AN - - an .

The radiation field itsclf is described by the vector potential A and

a scalar potential ¢. These are related to the clectric and magnetic
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ficld strengths, [ and H, by

= .13 A g
E=-C3t A- Y% o
(18)
H = vxA

There is some flexibility in choosing the potentials which definc the
ficld, and, for ficlds such as those associated with a light wave,

it is common to work in the Coulomb gauge. In this case we have

V-A=0 |
T (19)
¢ =20
Since we have assumed that the field is weak, we furthermore neglect
the term in IAIZ; and finally obtain:
H=3 - S AT . Y]
or
V(t) = “ihe )y . . (D)
mc ~ ~ -t _
Now the vector potential for radiation propagating in the form
of a plane wave of wave vector q and frequency w can be written
‘ -Aq-T Lwt AQeT -Awty - :
A=uA(e~_”e +e” Te ) (22)

~ ~0
where u is a unit vector specifying the direction of the electric ficld
vector (the polarization), and AO is the amplitude of the potential.
The intensity associated with this plane wave is rclated to the square

of the amplitude:

2 . .
I = =— A . : - (23)



“jll‘

Slnco the perturbatlon is harmonlc and wc are conqldcrmry a final state
Wk which 11es in. the contlnuwn we can substltute qu (21)—(23) into
Eq. (15) and f1nd that-

4n2he21 @ 2

| § -
Poei T p(rﬂ\)]“"‘” LT (24
m-cw” _ o

This-is an expression fdr.the transitioh probébilityfpef unit time- from -
stéte;w. to state ¥, with E Jk > E;. ‘Only the second componCnt of the
: Vector potent1al (Eq. (22)) ‘has contrlbuted to thls result..

Thls probablllty 15 generally expres%cd in a somcwhat dlffcrcnt
~form. The CTross sectlon, g, is defined as: the total tran51t10n
probabilify per unit tiﬁe divided by the 1nc1dent photon flux. This
flux is simpiy the ihtehsity of the electromagnetic fiéld divided by
the'phbtonbenergy.. A more convenient quantity, however, 1is the
diffeientialycroés section for ejection-of.an electron in a small solid
angle, dQ, with respeCt to some axis, e.g., that of the electric field
Vectorﬁ‘ This iS given by
Sea 2e 4q-r 2

k- p(r:k)}u-w [t 1170 O € 55

.mcw

where p( ) 1s the density of final states correspondlng to the given
solid angle. |

This completes the development of the cross sectioﬁ for phOtoioniiation
in a purely formal way.’ The mhjqr assumption which has beeh madc thus
fér is that the interaction between the electrons and the elecctromagnetic
field is small cnough that‘it can be treated in first order. The final

assumption about the field which we have not discussed thus far, but
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is gencrally made, involves the cxponcntialifactof in the ﬁatrix
_elemcht (Fq. (25)). It can be expanded in the scries

“q°T 2L

e =1+ Ager l/ZCLg-f) e - (26)
If only the first term in this sum is retained, the resulting
simplifi;ation is known as the ''dipole approXimatioh”. Since the
momentum of the photon is directly proportionaljto q, 1t is somefhndél
referred to as the neglect of photon momentum; this omission will
obviously bccomeiléss acceptablé as the photon énergy increases. For
the purposes of PES, the dipole approximation should be_rathef good

as long as q <<k, where k is the wave vector of the photoelectron.s_.
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REFERENCES

. Nearly every introductory quantum mechanics text presents a discussion

of the semiclassicalvtreatment.',Many also include sections -on

‘quantum field theory. 'Seé, e.g;; Schiff, Quantum mechanics (McGraw-

Hill Book Co., NY); Merzbacher, Quantum Mcchanics (John Wiley § Sons,

Inc., NY).

_Here, and clsewhere, the summation sign indicates a summation over

discrete states and, when appropriate, integration over continuous

variables.

‘The two most conmon expressions for the transition moment in the

dipole approximation are the velocity and. length forms. For exact
wavefunctions, the two are equivalent and related by

S -m(Ek-E.) : .
¥ v =»———f_;iz_—£- W frlv)



-14-

- IIT. THE WAVEFUNCTIONS

LIet us now consider the eigenstatcs of the electrostatic Héniltonian
in the abéoncc of perfurbation; In syétems containing two or ﬁore
electrons, exéct solutions of the S;hrodingcr cquation do not oxist,'
and we arc forced to s¢ék appfopriatcvépproximations. As the strucfuré
of the'finél ibnic:stétes and the mechanisms from which they dcri§c'
oscillator‘stréngth are usually interpreted in the laﬁguagé éf thcsc-
approximatidné,’it is helpful to examine in somé detéil'what they imply
about the eleétrohic s;ructure of the system aﬁd the nature of the
ionizétionvprocess. |

The wavefunctions which we seek are eigenstates of the non-relativistic
electrostatic Hamiltonian for an N-electron system in the field of a
nucleus of chafge Z, : o

N N N S
DI L 2 D
i=1 I T P e S

The first.term in braékets repreéents the kinetic eﬁcrgy and.nuclear
attraction operafors for the ith electron and.the last term is fhe
Coulombic intefaction betwéén electrons i and j.l

Neérly'all work on this problem involves fhe use of ‘the Variation
Principle. lThis approach émploys an approximate form for the N-electron
wavefunction that contains adjustablc paramcters which are then varied
to minimize the expectation value of the Ilamiltonian. As long as
certain cénditions are mét;z the encrgy found in this way must_bc.an
upper bouhd to the actual energy, and the optimized pafameters define
the hcst.approximntibn to rhé frhc wavefunction available within the

confines of that particular model. If scveral models are compared,



<
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and thc'ca]culdtions are ab initio in the sensc that no empirical or

‘semi—empirical "fiddling around" 1s done in the variation, then the .,

model which yiélds the lowest energy must, therefore, yield a more

‘accuratée wavefunction. However, it is not nccessarily the case that
the expectation values of operators other than the-HamiltOniqnvCOnverge

- to their cxact values in the same manner that the encrgy docs.

Chapter VII contains an example of a situation where a rélatively»

large improvement in the energy:has a negligible effect on satellite

intensities computed from the wavefunction, whereas an additional
small decrease in ‘the energy leads to a great improvement in the

- intensities. -

A. -One-Electron Models

The dne¥e1ectr6n approximation lies at the heart of our qualitative

undérstanding of electronic structure and ‘is nearly always the starting

-point for further refinements in the theory. The basic assumption is

that the N-electron wavefunction can be expressed in a form which
involves N one-electron functions. The simplest wavefunction of this

type is the Hartree product, in which the motion of any one clectron

is assuméd to be completely independent of the others; i.e., "

¥.(1,2, . . . N) _=’ ey ¢52(z) R oy M) B (28)

The spin orbital ¢1(1) is a function of the coordinates.of électron 1,

and is the product of a spatial fuhctidn,'xl(r1,81,¢l), and a one-

_ eleétron spin function, a(l) or 6(1).‘

If we assume the motion of cach clectron is governed by a central

field, the one-clectron functions will be hydrogen-like. The {x} arc
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thus pfoducts of a radial function and a spherical harmonic,
(1) = Ry, (r) Y, 6,0) . (29)
The quantum numbers n, £ aﬁd m ére the samc as thd;e in the hydrogen |
problem and sd we spcak of the orbitals as being s, p, or d-like, étc.
Tﬁc radial function Hing(r1 is regarded as adjustable'and.applicatidn_.
of the Variatibnal technique (subject to the constraint that the
radiai functidn should remain nérmalized to ﬁnity) 1eéds‘to a sct
of N integro-differential eqﬁations which deterﬁing the optimum sct
of orbitals {$}. Eaéh'sucﬁ orbital must satisfy a bseudo—Schfddiugcr

equation for.an effective Hamiltonian in which the pbteniiél is
provided by the nuclear attraction and‘the sphqfically—afcraged
Coulombic interactioﬁ with all the other electrons. These equétions.‘
aré solved iteratchly, since-the potential in’which a specific .
“electron moves depends on the ofhér, as yet undgfermincd, orbitals. :
When (or if) convergence-ié achicved, the final poteﬁfial is known
-as the sclf-céhsistcnt fieldf

‘The Hartree product (Eq. (28)) suffers ffom the serious drawback '
that it.doeé not satisfy the reqﬁirement'of antisymmetry the exact
wavefunctioﬁ must obey; interchénge of the coordinates of two electrons
does not result in a change in the sign of the wavefunctions. The
siﬁplest wavefunction for a closed shell atom which preservesvthe
product form of Hartree but satsifies the antisymmetry»rcqﬁiremcnt
'is'given by Eq. (30): |

¥o(1,2, . . . N) = A(N){¢1(1) 0,(2) . .. o) (30)

&
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A(N) is called the N-electron antiSymmctrizcr and permutes the

~ coordinates of the clectrons in: the direct product. Its effect is

more explicitly seen in the equivalent form of the Slafcr-dctérminanti

61 (1) 0,(1) . . . o)

@ 0@ @] |
: T _ | |

Y (N) = —177 e ' . A (31)
0 a2 - o I |

6,0 0, (N) . . . ()

When:the determinantal functioﬁ above is subjected_to variation‘
(constraining. the {¢} to remain hormalized and orthogonél), the'familiar.
Hartree-Fock eQﬁations result: |

N/2

LHCRS BT I o G
j

The Eij are Lagrangian multipliers which preserve orthogonality amongst

. the orbitals; the sum runs over all N/2 spatial‘orbitals ¢j._ The‘

Fock operator is given by
F=h+7z12J, - K. | , o (32b)
5T \ |

with the one-electron and Coulomb operators defined by

_ 2 , : - o
h=-1/2 Vl z/r1 | - (320)

) % _}— . ) | .
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The exchange term is represented by an integral operator; i.e.,

K, (1) 030) = j¢ ) —1-2- 6;(2) dr, q)j._(i)'"' S (320)

e

A

The rcéson we have written out the Fock equﬁtlons exp11c1t1y
is to point out thc presence of the Lagrangian multlpllors cij' .Itv
can be shown that if the one-electron spin orbitals are subjectcd to a
unitary transformation, the total anefun¢tion is unchanged, and the

form of the Hartree-Fock equations is also invariant. Therefore, thc

spin-orbitals are not uniquely determined, the caution should be

enployed in placing too great an importance on the "physical nature"

of these,one-electron’functions. The fact -that mAny of the finallibnic‘
states imbortant in PIS can be described in terms of the lonization

of an electroﬁ from a'specific orbital rests on the success of Koopmans'
Theorem4 as a falrly accurate first approx1matnon to the ionic state. |
Koopmans, however, rcallzed that there is an optimum set of spin
ofbitéls for deécrlblng lonization; the canonlqglAset which result

from that particular unitary transformation which diégohalizeé the
Lagrangian multiplier matrin.; It is fortunate thaf Koopmans'
Theorem works as well as ip doeég however,.situations arisé for which
0ne~électron descriptions are no longer adequate (as is true fqr the
case of satellite strucpure'in PLS, td be discussed later). Rigorousiy,
we can only say that photoionization takes a systom described by ohc.
many—clcctron'wavcfunction to a final state characterized by another
many -clectron wavefunction: The canonical Hartrec-Fock orbitals arc

"special' for describing this process becausce they happen to lump most
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of the "many-clectron’ cffects into one orbital. This is discussed

-

“{urther in Séction C.

" Although we haye'been discussing the Fock equations for an atomic
system, upon thé'dSsumﬁtion of. the Born-Oppenheimer approximutions

all principles carry over into the molecular case. The only modification

'is that numerical integration of the Fock equations becomes very

' impracticalvand'we are generally forced to resort to still another

expansion,

5 iK'k -

=5 C
“k

Thevfunctions {n} make up what is known as the basis set. It is generally

- regarded as fixed, and the variation is performed on the expansion

coefficients {C}. This leads to the Hartree-Fock-Roothaan cquations.6

In the limit of é complete basis set, the orbitals found by this

method approath the Hartree-Fock orbitals. In actual practice, however,

the basis sct nust be of a very limited size and thus selection

of a basis which is flexible enough to describe all the {¢] accuratciy

is'a'very important step in the calculation.7

B. Correlation and Configuration Interaction

We now turn to- the final refinement in the form of the wavefunction

‘which allows one, in principle, to approach the exact wavefunction to

any degree of accuracy desired.8 The particular method we shall
describe is not the only one available for correcting the shortcomings

of -the Hartree-Fock function, but it is the one in most common use by

quantum chemists. This model is termed configuration interaction (CI),
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'so—callcd because in the early days of quantum mechanics it was felt that
the Hartree-Fock wavcfuhction was not exact because of its interaction
with low-1lying excited states. If héé,%ihce bcbn recogniied that thié'
is not the cdsé;.fThé assumption of the tentral'fiéid and thCISphorically— | A
-averaged potcntiél, while accounting forrthe,long }angc portion of the

: Coulombic.intgractibn, does not allow‘fOr fhe description of‘thc short
rango.inStéﬁthncéﬁsﬁrepu1§i6nibéf&éédfé1§thoh$ﬁ The'CI CQHC¢Pt5

introduced below'will be used in the'diécussidn of.fhe cross,seétioni_

in Chabter'IV After the fbrmallsm 15 dcvelopcd thc typcs of con-

flguratlon< 1mportant for correlatlng'varlous systcms w111 be d1scus<cd

Therc;are'an 1nf1nlte number of so]utlons ‘to, the Hartlce Fock
Egs. (32)_1n addltlon tovthose which are occupled in the\Hartrce—Lock
dctermlnant These unoccup:ed solutions are: termed thc Vthual
orbitals. Obv1ously, an infinite number of Slatcr determlnants can
be formed by ”exc1t1ng electrons from one or more of the Hartree-Tock
orbitals into virtual orbitals, and the exactkuvefﬁncticn can, thercfofc,

be e;panded in this complete set of Slater determinants. Thus the exact

wavefunction can be written

WO(N)_=12(Ckk . : ' (33)

where the bk arc the expansion coefficients (agéin generally determined N e
variationally) and-@k represents a specific Sléter determinant. ‘This |
added flexibility usually results in a decrease in the energy of the
wavefunction of less than 1%, but cven this is oftcn large compared

to clectron affinities, reaction cnergetics, and other prbpertiesnof

interest to the chemist. Furthermorc, although the Hartree-Fock
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electron dchsifyffor a closcd shell spccies can’ be shown to be

unaltered by CI in the first order of pcrtUrbapidn thcory,g’lo

- changes in the charge density broughtvabout'by higher orders arc

often very important in the computation of dipole moments, the -

electrostatic ficld at the nucleus ‘etc.7

The exact form and convergence properties of the CI wavefunction

are dcpendent of the orbital b351s employed. For closed-shell systems

such as the neon atom, the Hartree-Fock determinant dominates all

others. The remaining corrections have been termed "dynamical

cofrelations” by Sinanoglu11 and can be shown to primarily ref]ect

" short- range correlatlons in the motion of two electrons. The

_inclusion of such effects thus keeps the electrons farther apart

the reduces the energyf In the 1S ground state of the neon atom,
e.g., this correlation energy has been estim:—x‘ced]2 to be.10.37 eV
cdmpared to the_Hartrée~Fock energy of 3497.73 eV; a differencé of
approx1mate1y 0.3%. |

In open-shell atoms and molecules, fundamentally differcnt types

of CI occur. In many cases, it is not even possible (within the usual

‘assumptions bf'doub1y4occupied spatial orbitals) to write a sihgle

~determinant which possess the correct symmetry for the state in question.

Even at this level, the concept of the one electron in a particular
orbital must often be abandoned. ihe asymmetry of the Coulomb

field means”that if is no longer accurate to speak of individUél
elcctfons possessing'spccific angular momenta és'was the casc for the
closed-shell central field. In addition, relatively large CI effects
éppear which are characterized by excitations from the Hartrec-Fock

orbitals into virtual orbitals that arc '"nearly degenerate' with them.

i
1
i
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As an‘examplc; the 252 > sz excitation is very important for cqrreihtihg -
the ground statc.of Be. Qualifatively, this type of configufation . o -
interaction is in essence <1mp1y requ1nﬁ ccrtaln rostrlctlons which
are placed on thc one- -electron functlons in the tradltlonal Hartrec-
-Fock method; e.g., forcing the spatial Orblta1 to accommodate both
an o and B‘spin'electron,.réquiring tﬁé orbitals.to haVe a-spetific'
angular momentun, etc. It is not surprising, then, that many cxtchsipns of
Hartrée-Fock theory which relax these restrictions énd yet.ictain-a'-
"one-clectron' like‘approach are fairly abundant.’
A particularly useful categorlzatlon of corrclatlon contr1butlons
to the wavefunctlon has bcen given by McKoy and SJnanoglu 13 These .
authors begln by_part;tlon;ng the one-electron orbital space into two
distinct regions.'.The first is termed the "Hartrcc-Fock sea’. .It
consists Qf.the orbitals which are occupied in the Hartree-Féck‘con—
figﬁration and those Which are nearly degeﬁerafe with the Hartree-Tlock
. set. Fbr example, in Be the sea'(also sometimes called the internal
set) conéists of the 1s, 2s, and 2p orbitals. Ih a -molecule the internal
set is usually deflned as all those molecular orbitals. whlch orlglndtc
from ”1nternal" atomic orbltals ‘That,ls,-the internal set in a flrst
row diatomic would con51st of the six sigma and tWo‘pi.orbitals-which ' .
are formed fromn the lé, Zs, and Zp functions on the constitucnt atoms.
The‘second region (the external set) contains all those orbitals
nqt included in the Hartree-Fock sea which are.nccessary-to form:a
complete space of one-clectron functions. Correlation is then divided

into three categorics:
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(a) Internal corrclation--a rearrangement within the Hartree-Fock sea.

Two electrons makc a ''transition'' from orbitals occupied in the

Hartrée—FOck;configuration to_virtuai-orbitals within the sea..

This type ofhcorrelatién is usually the most important CI effeét

in the sense of 1érge mixing éoefficicnts. The'Zs2 > Zp2 cxcitation
in béryilium is an example.‘ | | |

(b) Seml 1nternal——onc electron is exc1ted w1th1n the sea whlle another

goes into the external space Certaln dlstrlbutlons of this type
ére }esponsible for the orbital polarlzatlon necessary in open
shell systems to correct for the~as$umptionsvof a Ceﬁtfél field.
In terms of mixing tbeffi;ients, this effect is génerally smaller

than internal correlation.

(c) External--two electrons are excited into the externai space. 'Thése

excxtatlons can have 1mportant consequences on the energy, but
‘vusually 1ead to small mixing coefficients. The ground state-of

the neon atom is ; a case where this'is the»only'cértelation_mechanism

possible;

In introducing-these topics, we have defined the categories in tcrms..

D |

of two-electron excitations relative to the Haftree—Fock configuration.

In the most general form, one speaks only of distribution,of'electrons.
1f the system contéins N electrons, the internal contrlbutlon corrcsponds
to dlstrlbutlng N clectrons in the internal. space in all pos%1ble-ways
(con51<tcnt with the Pauli pr1nc1p1e the %ymmetry of the state, etc)
The semi- internal conflguratlonq come from all distributions of the

1)

in the distributions (N - 2).

and external correlation effects‘are embodied

(@)

int ext’

int
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The importance of thisvclassification is-thét the first two
contributioné (a and b) are the structure depeﬁdent:correlatioﬁ terms;
they are a function of the orbital structure of the state in question,
its stméffy, etc. The external éontribution,ihoﬁever,-is more -
neérly é descriptibn of th¢ "'instantaneous" répplsion of a pair of
electrons. McKoy and Sinanoglu term it a dynamical effect. Tt is
the portion'pf the correlation energy wﬁich can‘be described in terms
of 1/2(N)(N'; 1) "pair" correlation energies_Which aré roughly
transferable among.states of differing N ahd éymmetry.b

C. Koopmans' Theorem

The result which Tjallings Kbopmaﬁs obtainéd for the ionization
potential‘of an eléctron is certainly well known. It would seem to
this writer that he is probably the most referenced ecdnomist in the
chemistry and physics 1iterature.14 It is less;Widely understood
exactly what it ié that Koopﬁans was trying to show. This squect is
treated briefly in this section. |

Earlier, we mentioned that because the Hartfee-Fock determinant
is invariant under avunitary transformation of-ité-orbitals, it is
- not immediately obvious which set of orbitals is the most '"physically"
meaningful. Let us assume that one set of orbitals, -denoted by {4},
has been found, and then address ourselves to thé problem of ionization

by construction all the primary ionic configurations which can be formed

from the set {¢}. If we have N electrons in the initial state, we will
have N/2 spatial orbitals (¢l ... ¢N/2)»and N/2 primary jonic

configurations:
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Y (N - 1) = [(N - 1)'11/2 !¢l¢l . e . ¢1 s ¢1+1¢1+1 s s ¢N/zl ’

in each of which we have "ionized" an electron from the spin-orbital &i.
The bar above thé orbital déenotes a beta spin function.

The binding energies will be given by
By = Bgg) - @ (N - Dy v - 1> (35)

wherc EGS(N) is the total Hartree-Fock energy of the ground state These
10nlzat10n potentlals will depend on our original choice of orbltd]s
through the last term, and the best wavefunction for the lowest ionic
- state of a‘giVen symmetry can be found by minimizing the last term.
~ When we restrict the space‘available for fhé variation to just thé_set
of occupied ground state orbitals, wé can write the optimal orbitals
{¢'} in terms of the ground state orbitals: _

| o' = Uy | I o
Koopmans showed that the transformation U which minimized the,idnic‘
state éﬁergy‘was the one which diagonalizes the Légrangian_multiplier
matrix in'Eq. (32) and results in the canonical orbitals. The familiar
‘fesult is that the binding energy for orbital i is given in this
rgpresentation és Eig- Newtonlsrhas.emphaSized that'this variatidnai
approach provides an upper bound to the énergy of the lowest ionic
state of a given symmetry only.

There is another feature of the canonical orbitals,wﬁich makes
them particularly usecful for describing ionization. If we form the
Hamilfoniau matrix of the primary ionic Configurations-in tcrmslof an

arbitrary orbital set, it will in general not be diagonal
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. . N/2 S
oty )y = - <¢jl,h|¢i> + Z; <¢J.|2J2 - Klop . (37)

This follows frbm the Slater4Condon rules for determinantal wavefunctions
which differ.by a‘singlc orbital feblaéeﬁenﬁ. Note that.fhe term on
the right is simply an off-diagonal clement of thcfﬁ electron Fock
matrix. Thus we find “(multiply Eq. (SZa) on the left by-¢; énd'intcgratc
over all space) | | -
R, = <. |Flo.) = €. = -{q"i|3([w'j> : T (38)
jr ) 1 1) v
"This important relatioﬁship means that‘by chopsing the orbital set
which diagonalizéé the LagrangianImultip1i¢r matrix, we have qlso”
effectively diagdnalized the CI matrix ofialllthe primary 1ionic
‘configuratibns.lﬁ Thus, canonical Hartree-Féck Orbitéls'are ”spcciai” S
for‘describing ionization‘because they anticipate a "'zeroth-order"
orbitalvrclaxation in ‘the final state. - |

To illﬁstrate this point, consider the-transitioh fyom thc gfound
state of the mulecule carbon monoxide (12+) td‘its first ionic sfate"
possessing 22+ character. This transition can be described fairly
accurately in terms of the ionization of an electron from thebcanonical
orbital 5o. This fmélécularvorbitalﬁ closely resembles'a ""long paif”
on the éarbon atom,'but it has aﬁ'éppreciable amplitﬁde on both atomic
centers. The delocalized molecular orbitals of CO can be tranSfornwd
‘into a completely equivalent scf which are largely localized and-
corrcspohd'to the claSsical'conccpts'of Qléctron pairs.17 A.descriptibn '
of the saﬁe transitiQn in terms of these localized orbitals could‘be :

obtained by diagonalizing the primary ionic configuration matrix. The
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._energy of the'lowest 22 state would be the same as that predictod by
‘the 50 cannonical orbital energy; the eigcnvcctor corroqponding to
the state would be,a superp051t10n of primary ionic statcs, and we
‘wou1dvbe.forCed to talk about ionization of Upart of an olectronﬁ from
the carbon ""lone pair”, another fraction of an.electron from'a'carbon7‘
oxygen ""bonding'"' orbitai, etc. Inithiérrepresentation the transition ,
muSt be referred to-as a many-electron processvwhereas it 1s adequately'
described as a oneFelectron process in the canonical ropresentation.-
 The same arguments apply to Bloch vs Wannier functions when diécussing
a_solid. This point has largelyvbeen unapprcciated by . photoclectron

' SpeCtroscopiste,'and the question of what constituteé'"many-body"
effects'in ionization is meaningful only within the context of.a
spec1f1c representation | o v. |

D. McDonald's Theorem and ”ASCF" Calculations o .

The first step in mov1ng beyond Koopmans' description of a primary
‘jonic state is usually what is termed a ”ASCF" ca]culation .Philoeophically;'
it is identical to Koopmans 'approach of mlnimlzing ‘the energy of the |
xlionic'state; The new twist is that, as oppOSed‘toflimited variation'

(Just in the'space of the occupied ground state orbitals), oneiuses'thovi
.entlre orbital space (occupled + Virtual), 1n other words a-scparaté
'Hartree Fock calculation is done for the ion and the binding energy 19:
obtained as the difference in the total energies of thc two states
_1nvolved

In a purely formal vein, thi% 1ncrcased variatlonal flcx1b111ty
inmqt reqult in a dccroa%c in the binding enorgy (a rclaxatlon cnorgy)'
compared to hoopmqns' rcsult More 1mp01tant1y, the rc]axation encrgy

has a vcry physical 1nterpretat10n It reflccts an additional
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rearrangement of the eiectrons in the system to shield the positive
hole lcff by the idnizatioh event. This responsc is a_funcfion of
the molecular cnvirOnmcnt, and relaxation,caﬁ-haye importanf con-
sequences in phenomena su¢h as the themicalﬂshift and multiplet

$plitting.18—20

Aé we Will see in allater chapter; it isvalso resﬁohsiblc
for one of the mechanisms which populéte_the satellite states obscrved

in PES. Furthermore, the relaxation associated with corc orbital
ionization can be shown to be very'simiiar.fp the orbital_reqrrangcmcnt
which occurs in one of the most fundamental acid—basc reactions:

proton attachment; Thié relationship, when.combined with tho cffects
'of.changés in the initial state environment;'means that shifts in core-
level binding energies in a series of molecules can be relatéd to the
shifts'in'their proton affinities; a connecfion whichrprovides ihsight

into both core-level shifts and chemical‘reactivity.n'z3

. Thus orbital
relaxation plays'an important role in PES as well as in other situdtions;

In carrying out. the ASCF calculations'proposed above, a problem
arises which has its origins in McDonald's Theorcm.2 It can be
‘sunmarized as fdllows:: the N roots of the secqlar equation which
results from applying the variation principle to a model function of N
paramcters nccessarily,yield~uﬁper bounds to only the' N lowest exact
solﬁtions, |

McDonald's Theorem is often used to argue that SCF and CI
calculations.on highly‘excited hole stateé of atohs’and_molcéuies arc
“not neccssdrily upper bOundg. For instance, the 1s hole state in |
neon lics well above all the excited states of 2S synmetry bascd on

the 2s hole state (including the continuum of ''shakeoff' states). In
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6rder to guafantec‘a rigorous‘uPpcr bound to the'eﬁergyzbf'fhiS~state
‘we.wduld-have‘to-inclUde at least as'mahy’cbnfigurations as-thcre are
~ lower statés.féh;obvious technical difficulty éinée this number is
.'infinite),’or,‘aiternati?ely; constrain the 1s hole state waverhctionA.
to bc'orthogonal'toAthc.eXact wa&efﬁnétions of all'thé'lowa'States
(another hon—trivial problem). - In spite of theSe-difficultiés, it is
pbssiblc,to>do‘Hértree-Fock and cdnfigurdtibn ihteraction calculatidns
" on these states that ¢oﬁverge to a reasonable energy, and which ‘
'(Qhen coﬁparéd.td eXpériment) appeér to prqvide uépéf-bOQnds.24’25
‘Bagu$24.has pointed out that this imﬁlies We have-extremelyiclosclf
satisfied the criterioﬁ-bf orthogdnality'to,all.lpwer states, a
result‘which'adds even more support to the shell model of eleCtrOnic:
'vstfuctufe. | | | | |

This aufhor has neVer'experienCed ahy céhvergehcé or “véfiationél
cOllapsé" problems in calculations on hole stétes‘in atoms. This |
is'aLSO thc case for core levels in molecules, but not sovfdr the
 valence mbiecuiar orbitals. The valenc¢ hole states of carbon monoxide
~ serve as an explicit example of these pfoblems. CO has ‘the ground
state SCF occuban;y

1022023024025021n4(12f)

~ Although théfe are no probléms in obfaining dnvSCF'561Ut10n:fOr the’So
hole state (the lowest ionic state of 25t stmetry),'the 40 hole state
‘gradualiy.coliapses into the 50 hole state during the course_of:the .
SC? itérations, as shoWn in Fig. 1.. | | |
These SCF réSults Weré obtained by an ”annihilation of'singicsﬁ'

prOcedur026 utilizing a root-shifting technique suggested by:Groin and
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Chang.27 While this root-shifting trick slows down the collapse, it
docs not prevent it. It is interesting to note that the 4o hole

statc initially drops very quickly from the Koopmans' Thcorem value,

‘appcars to level off a'bit, and then collapses into the 50 hole state.

At {irst sight, one might‘cxpcct a plateau to be a rather good
approximation to the rclaxed ionic state, and with a larger shift one
can damp the collapse even more. It would be hazardous fQ conc]udc;
howevcr, that fhis platcau represents’ an upper bound and onec would

- have to treat the solution with skepticism. In fact, a comparison
of the binding enetgy_ﬁredicfcd by the plateau (16.5 eV) vs the

experimental result (19.8 eV) is not encouraging, since most ASCF

calculations employing a basis set of similar quality reproduce valence

level binding energies to within #1.5 eV.

uw*
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These results were obtained via an "annihilation of singles"

'.proceduf026 by adding -1.0 a.u. to the didgdnal clement of the CI

matrix corrcsponding to the 40-1 SCF configﬁrafion. “This level-
shift results in the lowest CI root being predominantly composed

of the 40-1 configuration and thereby prevents ”root—shifting”

s . . 27 '
during the course of iterations. It does not, however, prevent

the collapse to the lowest ionic state (sce text).
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- FIGURE CAPTION

Fig. i. An example of variational collapse is provided by_plotfiﬁg ﬁhe
.éﬁergy of the\ca;boh monoxide 40—1 SCF wavefuﬁctioﬁ vs'the'humbér
of naiural'orbital itérations.28 .The ehergy QUick1Y‘drops from
the Koopmans' Theorem result (iteration D), appeafs to be
coﬁverging,-and then collapses into the‘solution for the 50
hole state (the lowest ionic state). The plateau does not appear
to providé a rcasonable approximation to the 40 hole state

(see text).

oo™~
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IV. THE fINAL STATE IN PHOTOIONIZAT{ON.

- In ChébtervII we‘emphasizcd thé’fact that‘photoiqnizainn'is'a ,
tranéition between two stéteé charactefized‘by N-clectrOh wa?efunctions{
In ordcr to obtaln some’ thSICdl 1n51ght into thc proce%ses leading to
the final states obscrved in PES, we must at 1east bcgln by d1GCU5>1ng
the tran81t10n in terms of a one- electron orb1ta1 model The partlcular

fallures of thc one- electron plcture will become apparcnt later.

A. The Prlmary Statc

.The most intense peaks observed in photoelectréh.spéctrOSCOpy
. involve, to first épproximation the idnizatioh of an electron from a
':spec1f1c canonlcal sp1n orbital in the atom or moleculc These primary
‘states are the ones roughly descrlbable by Koopmans' assumptlon in the‘
sense ‘that the electron density in the ionic state resembles_the
'origiﬁai.system with a '"hole" inlfhe régibn df Space'which'chéracterized
thé orbifél The contlnuum functlon for the outg01ng photoclectron
must bc chosen such that the N electron f1na1 qtate satlsfles thc '
'_dlpole selectlon rules. Thus ionization of the 1s electron 1n_n¢pn'
is déscribed by.a final.ionic state‘of 28 symmetry; cdﬁpled to a
_contlnuwn functlon of p symmetry, which gives 1P <ymmetry for the entire
system The most important channels in thc 1on12at10n of the 2p clectron '
1nvolve s or d waves coupled to a 2P ionic core, agaln yleldlng. lP'
total»flnal state. In a sltuatlon such as thls, a completely gcneral’
treatment éhouid allow the é’éhd d éhanhelé to mix. .This could be‘v
termed-a cohtihuum state ébnfiguration interéction (CSCI)‘bétwcen the

two 1P final states. With an appropriate choice of‘continuﬁm functions,

L : ) C . 1
however, this intra-channel coupling can be eliminated;” as a general



-36-

rulc of thumb the £ - £ +'1 channel dominates the photoionization cross

section well abovc threshdid (2100 ¢V). o _ ; ' Lo

‘B. Satellite States

ol

Toward hiéhcr binding energy from each of thesc primary pcaks
there are gencrally_SatellitCS'which feflcct the prcsente.of ”shake—up“
stétes. There are, in general; an infinite number of such states |
associated with each primary state, but only d fewqu thcm'han
obscrvable intCnsities."They_can, in févbrabie circumétanées, be
.20—80% as intensc as the_primary peak; Thé firstvsatellites obsér&ed.
and assignéd in X¥ray photoelectron spectroscopy éould be described
as onc-electron eﬁtitatioﬁs acconpanying ionization. Thesé éxtitations
followed ”one;electron” monopole'selection rules, c.g;, ionizafion of
thevneon is eleétrpn accémpanied by the excitétion 0f<a 2p elécfron
into_a 3p orbital. This monopole mechanism feéulté in an ionic state
of the same angular momeﬁtum.(ZS) as the primary hole state and a
continuum function of p character, yielding the overall 1P symmetry
required by the dipole'Selecfion rules. . ( | |

- Although tho-brbitai-pictﬁré described above is commdnly’used;
compared to the primary states these ”shakcupﬁAstatés are much less
favorably describ¢d in tefms of one-elcctron fraﬁsitions.‘ First of
all, there are usually two or‘mofe final jonic statcs‘of-thé proper
-symmetry which can be derived from a giveﬁ onc¥elettron.trahsition;'A
This foilows because each one-eiectron excitation may fcsult in twd :
(or more) unpaired valence .electrons which can couple to the unpaired
core clectron to give two (or more) final states havihg.thc same

~symmetry as the primary state. LEach onc-clectron excitation thus
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: spiits;’a rcsult'analogous to the multiplet spiittihg ﬁhcnomenon_iniij
the.primary states of paramagﬁctic spccies.lbfurthcrmere, thciaSSUmpthns'
‘of one-electron, one orbital often have to be'discarded.l This:is due
to the possibility of configaration hixing in the final'state, which

~ can lead to many ene—electron processes being involved in rcaching

a given final étate. As an example, the calculations described in
-Chapter VI have éhown that the most intense satellites in the T 1s
spectrum of hydrogen fluoride involve strohg mixing of both 30 - 50
(roughly F 2p + F 3s) .and 1n » 2w (F 2p ~ F 3p ) exc1tat10ns.' Ahy
attcmpt to describe this state as being reached by a <1ng]e onc electron
jeXC1tatlon would require, at the least, removal of the restrlctlons of
' epecific angular momenta for every orbital. We wehldvbe forced to .

- speak of the excitation as involving orbitals which have both o ahd.n_
-character | | |

N More recently, however, it has become 1ncrea51ng1y apparent that .
the criterion for observatlon of thls type of satelllte is not that _
it follows one electron monopole selectlon rules, but rathervthat its
deminant cohfiguration has the possibiiity to.mix with, and-therehy
gain intensity from, the primary hole state. For example,hin theVXPS_
spectrum Of.the argon'atoh'there is a broad featurc ~10 eV fremvthe

3s primary holeuétate. This peak has an intensity'of ~20% that of the
3s peak Speafs et al have suggected that most of the 1ntcns1ty in |

2, 4

-chlS region is due to the final ionic state (35 3p 3d; S) Although

~ this conflguratlon-dlffers by two orbitals from the prlmary ionic

state (3%13p6,2§), it mixes <trong1y and ”stca]s 1ntcn51ty" from the
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latter. Spears et al. térmcd thié a "CI" safellitc, but noted tﬁat

in a more general sense the conventional ""monopolc" sétellitcs also

fell into this Classificétion. | |
The third'typc of state observed arises from what is called the

"'conjugate shakcup" mechanism. Tﬁe transition moments to these sfates

are gcnerally nuch smallcr than the prev1ous two typcq mcntloncd As

- an example, a conjugate shakeup process accompany]ng 1s ionization

in neon mighﬁ lead to the 2P'flnal'lomc state of Ne® (1s 2522p‘35).

This path is termed_"cbnjugate shapeup' since it appears that.thc one-

" electron excitation is 2p » 3s, which does not fol]owvthc-monopole_

rules proposed for fhe normal éhakeup process. The diétinction in this

_case islcdmplicated again when the.many—electrdn'natpre of‘thc wave-

fuﬁction is considercd. The same ionic state could be.ihaginéd to

be reached through,ionizatioh of the 2p electron accomﬁanied by the |

monopblé excitation 1s -+ 3s. The important:fact0r7is”that‘tho final

ionic state haé 2P symmetry and cannot mix with the primary ionic

state. A peak correspoﬁding to this state'has been observed by

Gelius® and has an intensity of 0.06% relative to the 1s Hole state.
The more connnon cénjugate shakeup situation’bccurS'when ionfiatibn

and excitation occur in the same Shell.‘ For example, the final statc

1522522p43$(cp), reached’ in the one-electron model through the transitions

2p » ep, Zp + 35, cannot be reached via thevusual mondpole-sclcction

rules. The ionic state‘also has the wrong parity to mik with Zp hole

statc; Wuillemier and KrauSe4,have estimated that an upper limit

for the intensity of this process rélative to thc'normai casc (final

~clectron configuration 1522522p43p) is of the order of 25%. States



-39-

of this type have dlmjbccnideniified in the He(I) and He(I1) spectra
. of géscoUs cadmium;.mcrcury, and 1éad.5 The ground state of Hg, c.g.,
: iSfdescribéd1by the Hartreo’Foékvdcterminant K | | |
“feore) 65° ('s),
The . 6s lével'primary ionic state
[core] 651 (ZS) , o : o
 is observed as well as the conjugate state
_[cOre]_.Gp1 (ZP)
The latter is roughly 1% as intense as the primary peak- (at the He (1)
photon energy). In a one-electron model, the conjugate excitation
6s > 6p is invoked to explain the presence of this final state.
Berkowitz et a1.;5 however, have shown that a great‘dealvof the -
transition moment to_this'stéte.is caused by admixture of the ''nearly

degenerate' configuration

[core] 6p° (1S)

into the ground state wavefunction. ' Thus the inclusion of correlation

into the ground state of Hg is a very importaﬁt mechanism of contributing
to thé observed satellite structure. . |

To sumnarize this qualitative overview of satelliteé we agailn
point out that the‘ionic>states‘observed fall into two classes: "those
which have the proper symmetry to mix with a ﬁearby primary ionic
state and those which do not. It will bé shown in the next section
that, in thcvabsencc'Of mahy-clectfon effccts, thcré would be no
satellites at all observed in photoclectron spectroécopy; For thisi

rcason the satellites are also referred to as '"corrclation peaks'.
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V. MANY ELECTRON ERFECTS ON THE CROSS SFLFION

In thlS scctlon we examine the spccnf:c mathcmatlcal form of

" many-body cffccts on the phot01onlzat10n transition moment. Thc terms

which arise in a 31ngle detcrmlnantal dCSCTiptlon of both 1n1tlal
.and f1nal statc w111 be dealt w1th flrst followed by the effocts :

of conflguratlon inter action..

A. Relaxation in the Primary State

Let us begin with the single Slater determindnts»

N 1 _. ' P | : <0
Y. (N) = E;ﬁ;j77‘l¢l(l) ¢,(2) . -:- ¢N(N)| E (39)

and
f(N) ——7— Ix(l) 622« a O] (40)

The orbitals of the final state have been primed to emphasize that‘
they are nofnnecessarily identiéal to the initial state functions. We
have also assoéiated the contiﬁUum function, x(i), with the orbital ¢1;
e., if the set {é;, ¢;,‘. . .} closely rescmbles {¢2, oz, - . .} except
for the effects of relaxation,‘theh‘Wffcorrésponds to the primdry
state associated with the orbital ¢i.
’Whén thescﬁwavefunctiéﬂs:are substituted intoﬂthe‘tfansitioﬁ

moment, the result is given by1
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| N o . » ’ - .
Tep = 4N EE: T Y000 = XIT Lo v - LD YN - Ley

\ ) 1+‘j_ - . : 4 B
+ Er'( 1) .<xIVl[¢j><wf(N L,x,1)[¥; (N S Loy, 100
N | , o
1+j
+ ) (D) <x|¢j><wfc 11 Ef:‘7 O Lo (D)
'=l . . . -
. The notation Wf(N - l,x,l) refers to an N - 1 electron Slatcr dctermlnant

h1ch is formed from the N- clectron determinant by dcletlng -the column

containing the orbltal X and the row denoting electron 1; i.c

603(2) .vf_L.¢§(zj
o R 62(3)65(3) . ¢;t3) P
Rl R AR
SN0 - . - oy ()

The Same notation appliéS-to the‘wavgfdnctionfwi(N -'1;¢j,1). It is
formcd by striking the columh containiﬁg'¢j and the Tow Cpntaining
electrdn 1 from Yi(N).' The sums over the index j are over all spin
orbitals. Sinéc X has either o or 8 spin (depending on the naturc

of ¢1), certain terms in the sums over j-in Eq. (41) vanish by-Spin\
orthogonality. For the present; however, we will retain the full

expression, but simplify its appearance with the following definitions:
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m

= “'f(N B lsX,l) ‘yl(N ’lpq”l)) _
Pl = (N - 1), x,l)ZV v, (N~1¢ 1)) -
, . . k..
| Equation (41) is then_given byv
Teey = &IV l¢1> st :E::( SPek: |v |¢ » sH o (43)

j{: (-n* J<xl¢ ) )

| Thevfirst'tcrm'of Eq. (43) is related to the usual oné-elettrdn

' intgrpretafiqn. ‘An eléctron in orbital ¢1 makes a dipolé transition to -
the confinﬁum If ‘the orbital anoular momentum of ¢1 1s glven by A,

then <x|V l¢1> can be non-zero only if x has A + 1 or A - 1 symmetry
The factor S _multlplylng this one-electron moment is the overlap

of the '"'passive ofbitals”, i.e.; those not dircctly‘involvéd in the
ionizatioh.b This overlép factor is generally.between 0.9 and 1.0 for
primary statés, but much smaller for sateliite states. Its effect is
to'introdute'the many-body aspects of relaxation into the cross-section.
In fact,ﬂit'is easy to show that if we.had'made Koopmans"assumption--

. 1 N t
1.e.,f¢2 = ¢2, ¢, = ¢3,'etc—-a11 the sums in Eq. (43) would vanish, S

would be unity, and we would be left with the active electron apgroxinmtion.

Tees

= &7, |¢1 - I 15
In addltlon, if we conslder an excited state ""based!" on thc primary
- peak (¢l), the overlap 1ntegral S]] vanishes and the satellites are

therefore forbidden. Relaxation thus introduces a multiplicative
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factor which reduccs the contrlbutlon of the one- clcctronhmomcnt in
the prlmary peak and dlqtrlbutes it among the various exc:tcd Stdtes
The first sum over J 1n Eq. (43) stems from the antisymmetry

requircmcnts on the initiél state wavefunction,'and brings comhonents ‘
into the totai tfansitioh moment Which arise from dipolé transitions
involving the other ofbitalstof the ihitiai state. It wtll be showh
.in a later examplo to be intetpretable as an ionizatioﬁ accohpahiod

by monopole.excitation | | | |

| The qecond line in Eq. (43) arises from the action of the remalnlng
momen tuny operators vy through N Here an clectron appears to

make a monopole transition. (¢ +»x) and the pa531ve orbltals have
'rearrdnged themselves through a dipole exc1tat10n The form of thlS
term is vcry similar to that of the con;ugate Shakcup mechanism proposed
by Berkow1tz et al. 2

Each of these three types of processes contribute to the
transition moment even in a primary statev; For example consider
the ncon (ls) prlmdry hole. state reached by 8bSOTpt10n of soft X- ray
radiation. The ionic state-has 2S character and the continuum function
is p-like. . The first term in Eq. (43) o |
,.(X |v|is> gl»1s

will dominate. The normal shakeup mechanism is involved in the
h‘onvanishi_ng _tefm |

‘ 0 1,2s
x.|v]2sy 777
X,|V[2s) S
An electron appears to be ionized from the 2s orbital dccompanicd by

" the monopole transition 1s + 2s. Finally, a nonvanishing contribution
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' '<xp|2P’ p1;2p
involves ionization of the'2p,ele€troh, accompanied (roughly speaking)
by the éxcifqtiohtls > Zp.J'All-fhrcelmeghanisms reach the same final
state and refiect the maﬁy-body ﬁature_of photoionization.

- In the particular example used hére, thé second ‘term Shoﬁld be
_négligible with respect'to the first. This can be seen from

examination of the ratio

B o ,2s
(x_|vl2s) sto
i xpl | 2: ,

x_|v]1s)> S
xpl [1s ‘

R, s (45)

If Rz_is substantial compared to unity, retention of the second term

is warranted. Now

in fact a rough estimate for this term based on Bagus' results® is
107, Furthermore (Xp]VIZS)/(Xp]VIIS)_iS of the order of magnitude
of 10~1 for X-raYs of approXimdtelyvl KeV energy. Thus the second
term makes a contribution approximately 10_4 that of the first. As
‘a genera1 ru1e, the ratio of the overlap factofé will always be
small for any primdfy,state, thereby decreasing the iﬁpoftanéc of
this term. Certain situations might arise, however, when this small
factor would be coUnterbalanced}by.a:large ratio in the one-clectron
~moments and this mechanism_could then conceivably make a sizable

contribution to the total cfoss-Section.
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It is much more difficult to estimate the importance of the third

term. Its effect is governed by‘the ratio

1,2p . ’
1,1s : o _ - (46)

O 120y P
xplp

<xp;v|1‘s> S

‘To estimate the factor (xplZp)/(xplvllé) we notc that if wcrchoosen

a plane wave for Xp’ i.e.; Xp o étk'x, then (Xp{VIZp) = Lk(xp]2p),_and

|, lvl2p)]?

2
l<xp|2p>l 1
- 7572 7
( Vils? { Vils)
leIISI klxpllgl‘

(47)

Quélitatively, oné wduld thus expect this term to be very‘dependénf

on the photon energy dne to the presence of both the l/k2 factor and
the ratio of the fransition moments. The Pl"?‘p/S]"ls ratib,-hOchcr,

is energy independent. P1’2p is.the complex éonjugétevof the X-ray
emiséion transition moment—-in the approximation in which relaxed orbitals
are used for the initial (ls_hole) State‘and the neutron atom grdundv
state functions are used to describe the finél (2p hole) statc.

Pl’Zp in neon is of "c‘he,o'rder_of‘lo_1 bnhr-l, while Sl’ls is nearly
unity. In the general case,.the emission tfansitiOn moment will be
dependent on the specifics of the atomic or‘molecular'struéture; A
ratio of this type has been examined for the'F(lsj holé_statc of

HF and been found to bé negligible at XPS energics. Recently Williams4
has analyzed the Vafious terms for the spccific case of Ne 1s ionization.
In this work_a‘Hartrce-Fock continuum function was generated in the

ficld of a fully relaxcd core. It is found thaf the rz—.ltio'R2 wis less

than'10$ from threshold to 2000 eV photon cnergy. R3, however, was as
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large as 0.65 a.few_erabovc thréShold.- It quickly bcchcs‘shalllat-higher-_
pﬁoton enérgics ana 100 éV above threshold is only ~'1'(.)%'.' An inferesting '
Tesult of this work is that although the third term is large in the_
rcgidn abdut.threshold; the first. term is smaller than thé analogous
. result uéing Koopmans' Theorem; thelnet effect is that the relaxed |
core and frozen orbital results are very. similar near threshold and
‘begin to deviate from one another only when the third term has become
small. |

To summarize, the major many-body effect brought about by
" relaxation is a reduttion'of the active electron tranéifion mOmeht
:by the mu1tipli¢ative factor Sll.' Neglect of rclaxafi¢n would,'therefore,"
fesﬁlt-in»a predicted.crosé section which is higher than thé exberimcﬁtai’
resu1t by a factér of (Sll)z;v In fact, this tendenCy'tOWard over-
bésfimation has been noted by Wuilemier.and KraUses:in a_reééht ’
comparisbn of_éxperimentalvdata for neon with theoretical pfedittibns
.which disregard relaxation. They have found that the discrepandy ié
‘greateSt in thdse cases Where.relaxation effects should be more important;k
e.g., fot.nearly all incident photon energies the calculéted ZS'orbital
cross $ection is ~20% greafer than experimeht, ﬁhereas theAZp orbital
cfoés section is in chh better agfeemcnt.‘ More theoretica1 work 1s
needed to determine if this discrepancy is due to the relaxation effeét,
or is primarilyxa.result of the need for a more sophiSticated wave-

~ function ‘which explicitly includes configuration ihteraction;gk
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B. Configuration Intcraction

Thus fér we have used a single determinantal description for
.. both the initiél and final étates, but accounted fér're]dxatidh within
a ASCﬁ modcl. 'From the discuésion in Chapfcr IIT, jt should bc,aﬁparcnt
that orbital relaxation could also be treated by using the ground statq
canonical 6rbitals in a CI expansion which inciudés configurations
other than the primary ionic states. The configurétions which would
be necessary for‘desCribing the‘orbital»polariZatjon'are‘the single
excitations with fespect to each primary Stafe.7 Including double
replacemeﬁts'will give even better descriptions of the ionic stétcs;
the exact eigenstates uitimateiy being given by a'fullicf witﬁiﬁ the
compicte'one-electTOnvbasis. The effect of these interactioﬁs will
be to distribute.tﬁe original primary ionic cbnfigurations'ovcr'a
nunber of roots of thé:Hamiltonian mafrix, thereby providing onc mechanism
for populating satellités (final ionic state configuratioh interaction;
FISCI). Thus, iﬁ théfabscnce of initial state corrclation, the
satellite intensities are given by the projection of the Koopmuné'
Theorem hole state onto the exact ionic stéte wavofunctioﬁs.

in the discussion which fpllows a completely general orbital
basis will be uscd. This is done because it is usud11y a necessity in
actual practice. Although the equations which determinc the satellite
‘intensities become rather cumbersomc:hlthe general case, they are étill'
essentially Sayihg,thdt the ‘satellite intensity is governcd by the
projection bf the frozen-orbital state (or a multi-determinantal
Variant_of it) onto the exact wavefunctions;i For dctailéd diécussidhs

of the theory of satellite intensities the reader is referred to the



papers of Abcrg,8 Martin and Shlrley,9 Manson, 10 and Basch 11
Suppose that the initial state is -described by a multlconflguratnon

wavefunction WO(N)_

Y0 = I Dy (9 . AR : N (48)

where DOm is the coefficient of the configuration'@mwin the wavefunction
WO; The configurations may be single Slétef dcterminants expanded in
the océupied and virtual orbital set {¢}.of, if necéssary, suns of
determinants chosen to possess the symmetry prbperties~of the‘ground
state. As discussed previously, the coefficiént Qf the HartréchQCk
configuration, DOO’ will be the 1eading term iﬁ‘thebexpanSion; For
'Closed-shell atoms'or-molecules it will usually'hévé a value between
0.9 and 1.0, the rest of the coefficients beiﬁg 0.2 or less;

Each final state is expanded similarly,

Y 0D = IDp 0 ), - (49)
where the ﬁrimes on the conficufations denbte'that théy have been
formed from a set of orbitals approprlate for the final state. | NOtev
that the conflguratlons are functlonq of all N electrons and we should
therefore, in principle allow for the posslblllty,ofrm1x1ng dmong
the Varioﬁs chamnels in the continuum_(CSCI),lO a phenomenbn which ;.
can have marked effects on absolute cross sections. In addition,
'.{Q!(N)} should also include any "bound states" which may be inbedded
in the Cbntinuum. Mixing of this sort leads to autoidhiiation and
greatly cnhances the phofoionizationAcrbss section. Autoionization

also has a very dramatic effect on the satellite intensitics in Ba
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eXcited byfﬁe I radiation.lz- In the case of XPS sétcllitcs, however,
these effects havevthus“far not_bccn crucial to'ah‘undcrstanding of |
: thé siructqu»ofvthc spectrum and we, thefcfdfc; specialize to fhc

caﬁé where each configuration cohtains the same one electronvfunction

' xf,; and perform the CI-on‘the ion alone. Thus
‘Yf_' (N) = Xfl (1) ﬁ Cf'n(bn(N - 1) o | (50) ,

Again, the primafy holélstéte, fr = O,Iis characterized By'a large Cob ,
- where Qé(N - 1) is“thevhole state Hartr¢e—Fock.confiéuration. For
thé satellite states f;,.therevmay be severalvcdnfiguratiohs'whjchvmix
Strongly. This will be dependent to some extent upon fhe virtual
orbitals used to define the excited cbnfigurations, bﬁt in_most casc$
~ there willvbe a small number (~1 to 3) of configurationS*with_
, éoefficients-greater than 0.5.
Inséftion of Eqs. (48) and (50) into the_expression for the | ‘
transition mbment (Eq. (41)) yieids
-Tfid =‘ZE: C;'nDOm‘Xf'[vl¢1) S;; e ;.'v . -G
S omm : S o
We have again assumed'thét_the final state predomiﬁantly_invblves
ionization from orbital ¢1- S is the (N - l)vélectronfOVCriap'.
vintegral between configufations n and m and the dots represent the
other terms obtained. These additional terms have beeh examined
for the F 1s satellites in HF and been found to Bc_negiigiblc (see.
Chapter VI). In vieonf the previous discussion they shouid be small
for‘corc-lovcl ionization in general (well abbyc thréshold) and will

be neglected,
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Thc ratlo of thc tranSJtlon moments to the prlmary state and a

satcllltc is thus ngcn by:

ZC -
Too <X0|V]¢1 X On Om nim : v
7 7 VI 11 . . (52)
_f'O, va Z 1 . .
f'n Om m

.If.the final states are close in energy, thén the one~ele¢tron matrix
- elements should bé.very nearly the same. The density of final QtateS
’ which‘énteré‘into the cross section (Eq. (25)) should also be‘siﬁilar
for the fwd states. These two assumptions lead to the reiativc

' 1ntCHS1tlcs of the two states in the “ovorlap approx1mat10n

2
lZCOn Om nm| .

m,n

~ (53)
f'O

112
n Om nm|

This expression;'which afises from a straightforward application.bf
first-order time dependent perturbation theory, is identical ih form -
to a multi-determinantal extension of Abergs application of the sudden:
app10x1m1t10n to satell1te 1nten51tles

To illustrate these CI cffects, we have drawn a state diagram

- for neon in Fig. 1. On- thc left is the Hartree-Fock levei for the

ground state and one of its excited configurations; above these are
the primary ionic state and a first approximation to the "shakcup"

state. For simplicity, we have suppressed the exchange. interaction

in the ionic states; i.e., there arc actually two 2S states which result

from the configuration 152522p53p; In the middle of the diagram we
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~have allowed the ionic configurations to intcfact, forming the
observable states of the_ion. The ground state function has'also_
been allowed to mix with ifs excited cOnfigufationS¢ On the far right
We»have assigned cocffiéients té the configurations in_each eigénstatc.
These haQé magnitudes ” |

1 1
ay » ag > b0 ~ 1

ai R gi ,.b;:¥ 0.1

The efféctive intehsity Of the.primary hblé state is given in our
:example By;thé four contributions to the oﬁerlap integral denoted
by A, B, C, and D. The totai’overlap integrél for'the primafy'hole
state is dominatéd by the contribution from;A because_it'is a product -
of‘two large coefficients énd é large determinantal oveflap. Contributioﬁs‘
B éﬁd C are émalier Because they involve a émail prodﬁct of coefficients
together'with.a small overlap-integral. This integral is not zero,
since the'brbitals of the hole stéte have relaxed somewhat. Finally,
the contributiOn.from b'is small because, although the determinantal
overlap is large, the product of the coefficients is very smail.

In‘the case of thé satellites, however, the ﬁofal oVerlqp is a
fraction of that for the priﬁary state and tonfiguratioﬁ interaction
cbntributions érc'much‘more hﬁporfant. A main contributor.ﬁay be the
analog to path A, since the coefficients are both 1argc. Within this
overlap picture, the small intensity of the satellites is due to- the
small determinantal OVcrlap between the'shakéup configurations and the

ground state. Path B might also contribute an amount of the samc

order of magnitude since, although the product of cocfficicents 1s
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small, the_dctcrminantai overlap is lafgc. -Path B is the prcddndnnnt'
contribution fo'thc argon Satcliitc (3523p43d) mentioned earlicr.
vTable 1 shbws’tﬁ¢ rQsﬁlts of ca%pulations,performcd on the argon.ion.
As is evidcnt_fromva study of~thc tablc, the"ﬁs.hole state has a

~ very large admixturc of 3S23p4

3d, a ”hearly degénoratc” configumti.on.l3
vBy»simple orthogonality'afgumcnts, this leads to a larg¢ cpntribution

6f the primary ionic configuration in the satellite, and honcha large
relativevintenSity via path B. The simple rule'wﬁich foljows fromv
these arguments»is that the dominant configurations of_tho‘most intenso

. X .
satellites observed in a PES spectrum should be those which mix

strbnglx‘with the primary hole state, i.c., those configurations which

originate from an internal correlation méchanism. It is'also important .
to realize that the ionization event prodhces a hole in fﬁc Hartree-Fock
sea; distributions which were not allowed in the ground state may now
become possible.

The two contributions.mentioned thus far arise from FISCI. . For
similar feasons, the anaiog of path C is also imbortant for the
satellites and it arises through an initial state CI_mechanism. The
contribution from paﬁh D is obviously smaller than the others. An
example of fhe‘importance of initial—staté configuration interaction
(ISCI) is found in the case of the Ne 1s sateliites, In Table 11
I have combaréd‘thc satellite intensities computed using a common final
state wavefunction with tho Hartree—Fbck and a.corrclated initial state.
This will be discussed further in Chapter VII, but it can be scen that
the introduction of path D nearly doublcs £he predicted satc]lifc

intensities and brings them into very good agrcement with experiment.
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ISCI1 alsQ provides a means of populating states which cannot mix
withvthc primary ioﬁic state.. For instance, beryllium is dcscribcd i
by the Hartree-Fock configufation 152252. The satellite 1522p(2P),
canﬁot mix‘with the pfimary hole St&tC»lSZZS(ZS). There is, however,

*?

an admixture of 1522p2 in the groﬁnd state of Be, i.e
| 2,2, 12,2 -
Yhe = Cllls 25| + Czlls 2p°| + . . . (54)

The latter determinant can give rise to a transition moment of the
- form
C, (2p’ |2p>< |rlZp>

The relative intensity of the satellite is then

2.
2 €S
I, C A e ' S
s @z S (55)
I2s C; (2s'[2s) [k ep«Zsl ‘ : g f

The two overlap integrals are presumably very nearly equal. If thé
same can be said fof the one electron moments T, the experimental
results could be used tovdetermine the relative amplitudcékof the
mixing coefficiehts a.ﬁery exciting possibiiity. Moré work'ié needed
to determlne if this w111 actually be the case. 14

To summarize thls section, many- body cffects on the crose sectlon _
arise from two somewhat artificially separate phcnomena. The cross -
se;tioﬁ to a primary hole state is affected prédominantly by relaxatioﬁ
in the péséive,orbitals. This results in an appareﬁt reduction in |
the cross section from that cbmputed'aésuming'no relaxation;ls
Additional relaxation effects and the inclusion of CI is expected
to be of 1esscf importance for most primary states, although theré

may arise situations where it becomes significant (strong internal’

-
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.Corrélafion_possibilities?.multiﬁlet Spliftihg, closely spaccd‘priharyu
.‘ sfatcs; cfc). The intensitios of satéllito‘péaks, on the 6tﬁef hand;

~depend entireiy'updh relaxation and configuration interaction con-

'tribufions. In a strictly formal vein, of course, thefcfekist oniy,
eigenstates of the electrbsfatiéfHamiltonian.  1he concepts of
relaxation and CI afise only. when wé attempt to form better épproximations
td those cigcnstatcs than are available within the confines of an
independent .electron modél,

C. Sum Rules on PFnergy and Intensity

At the beginﬁing'of'the 1ast’séction, FISCI wasAQUalitqtively
introduced by e*panding the actual eigeﬁétates of‘the ion in terms
6f the Koopmahs' primary ionic states énd-édditioﬁal'excitations
derived from them. Two interesting sun rules arise when we invért
this idea and expahd the frozen orbital ionié state in terms“éf'thé
actual.eigensfates. The first relates fhe difference 1in cnergy(

“between the Koopmans' state and the exact primafy_hole state to

the intensity and energy of the satelliteé, and the second is
concerned with the relationship between pﬁdtoionizatioﬁ‘cross‘sections
- computed with frozen orbitals and exécf‘eigenstates.

Both sum rules begin with' the observation that the eigenstatés
of the ionic Hamiltonian form'a'compléte set, and we can obviously

write the expansion

-i -i ' | .
= ! )=
Yo E (‘{j I‘PKT) ]w) C..lv.>» . (56)
j=0 . s

Hl
-, L,_’h
o .
(-
[
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The sum over j includes all ionic states; it converts to an intcgral
“over any continua.

If we take the expectation of the Hamiltonian for this state,

we find
EIERE ik | o
<WKF|;C|WKT> = E €31C4; <\yk|:fc]qu) , a (57)
e k,j '
or _ | | |
E..= E .E ' ‘ T (58)
KT = £ "i57] . |
j= : o o

- The cocfficient Cib deﬁotes the projeétion‘of thekK00pmaﬁ$' statc onto
~the exact primary hole state and ng/cio is thus the relativé:intcnsity
of the Satellitévj’(Ij/IO—?aSSQming,constant'transitionfmoméht, etc
from Section B). This can be:arranged into the normalized form

: e 2 |
(recall;ng that Z%)Cij = 1)
- J= '

ISR
R .
o D> oayy
| =

"'We see that the Koopmans' Theorem ionic state energy.ié_the intensity

(59)

weighted centroid of the PES spectrum. Another'interestihg form is -

obtained by subtracting EO from both-sides,

DRCHANICHER

B - E, = 2L _ . (60
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or .

”'ER’:*«»J N Y
| Z(Ij/lo) | |

The'quantity ER is'the energy'diffefcnce'betwcen Koopméns' approximation
and the actual final state energy. It.should be Vcry.nearly cqual to
the ASCF relaxatlon encrgy, even though it contains somc addltlona]
correlatlon encrgy |
ThiS‘relationship was first pointed out by LundqviSth and Manne
andvﬁbérg.17 Since ‘all the quantities on the right hand'side'éf,Eq. (61)
are experimentally determinable, in principle this'provides'a means |
for experiméﬁtally fiﬁding the felaxation enefgy.‘_In préctice this
-is usually'not'pOSsible because the ihtensity distribution over the
doubie idnization (”shakeoff")'continuum is not éasily extracted
from the spectrum.
From Eq. (61) we see that there ex1sts a "1ever arm' relatlonthp
between thc satelllte Jnten51t1es and the relaxation energy. If ER
weTe ZeTo, no satellltesvwould be observed. In the case thatIER is
' ‘large,_ the relaXatidn manifests itself either as an intense set of
satellites "near the main bcak”, or weak’satelliteS"“far from the main
peak", or of course,-Sdmething in between. The sum rulo prdvides
a great dcal of qualltatlvo 1nformat10n about the relaxation pTOLCSS
For examplc, it is a ~comion misconception that thcre are no satellites
in the corc»level photoclectron spectrum of metals. It is known, -

however, that there is a large rclaxation encrgy involved in core
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ionizatidn in these species, so thére.must be a fairly large probabiiity
for multiple.cxcitation processes. In mctals fhe shakeup (as well a;
the multiple ioniiation or shakéoff) spectrum 1is eésentially continuous
because the excitations are into the conductibn band. Thus while no
discrcte~peaksiare obserﬁed, the relaxation cnergy is manifested as a
broad background oh the high;binding;gnérgy side of the main pcak.

There is another sum rule which follows directiy from the cﬁpansion
of Eq,r(56).and thé.discuésion,in the earlier.part of thié Chaptcr.
In our notation, this can be written

: 'o;(.%. = i o. _ : ‘ (62)
j=0 |

This says that the éroSs.section for ionization to the frozen orbitél
state (Wk%) is actuqlly the sum of the crbss‘seCtions to the actﬁal
hole state and the satellites based on it.- This was initialiy pointed-
out and discussed by Fadiey.lg. He stressed that-because.of this,
orbital ionization cross sections computed using frozen orbitals are
not directly comparable:to experimental:cross séctions obscfved in
PES, but ére more appropriate for experimental situations where no
discrimination on the basisvof ionic state energy is made.

D. Good Things to Know and Tell

It is unforfunately the case that the accurate détermination of
these ionic state wavefunctions is an_extreme1y'difficult task. ‘Only
recently hévé reliable calculations 6f,satcllite'spectra beguh'to
appear in the litcrature, and much bf this work is still in proprinf
form.19 Difficulties encountorcd in 1onic statec calculations‘which

do not generally arise in more standard calculations on the ground

states of atoms and molccules arc that (a) the ionic states actually
. ] , - P
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iié in a.continuum'aﬁd appropriate precautions,ébould be'takcn tséé
footnote 13); (b) onc desires to treat several stdtes (thé»specifit’
ones being géncraliy unknown beforchand) at an equally good-(or.poor)' .
level of sophistication; and (c) the satellites,ﬁsually contain sgvefal
open shells and are not alQays dominated by.a single refcrcnce configurﬁtion.
Bécause,of these problems, there are no really "standard'' models
" which have evolved to iréat the problem, and the e%perimentalist
attempting to evaluate the quality of a célculation must be rather
well versed in the various approximations and techniques of ab inif@g
caicuiations. In faét, most of my time on these probiems was spent
learning exactly.“what you can get away Qith". It seems appropriate,
theréfore,.to enumerate a few of thektomputatiénal details which
should be present (or at least examinedj in a good calculation to
ensure semi—quantitative resuifs. _
(1) The basis set should be at least of double‘zeta.plus polarization'
quality. For instancé,.we found that the order of the first two ionic

1?lﬂ‘1) reverses when one simply adds a single d.

states of Nz.(So_
‘(polarizétion) fﬁnction fo-eéch atomic center. If one is attémpting
to describg Sateliites which are Rydbefg—like, additional diffuse functions -
are ébviouSIy necesséry. It is also important to realize that the
""'valence' excited states of some neutral molecules are‘élso.partially
Rydberg-1ike in chéracter.zo This will présumably also be the case |
for valence-like satellites as well. |

(2) 1t isvdesirable to treat both the}primary'state and thq
satcllites at the same level of accuracy in the CI.calculation. The

union of all single excitations with respect to all reference states
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Can’remedy the problcm.éncountercd in choosing an océupied orbital”.;
‘basis which will describe both the primary state and the satéliites..
The'ncgléct of this is a criticism which can be leveled at the first
Qork on this problem that I did, the HF calculationé reported in the
: next_chapter. If possiblé, the internal cofrelétion effects in each
reference state Shdﬁld also be included in the configuration list, |
since they can have important consequences on the mixing coefficients.
This, unfortunafély,‘can lead tb a very large Hahiltdnian'matrix.
A somewhat more restrictive model, but one which should be feaSonaBly
- good and within reach, is similar fo Schaefer's "first order" configuration
iist}s' |
In this approach, one first generafesvall singie and double
replacements in the internal space. These configurations should be
the ones which mix most strongly with the primary ionic state and are
therefore the prime a priori candidates for the most intense satellites.
Considerations of near degeneracy and simple pertufbation theory éhoﬁldv
allow one to choose a subsét'ot these as feférence:states. In,the  ,
same manner that these were selected by referring to the primary‘state,
the internal excitations expected to be most important for each -
»satellite are then included. The unionbof all single replaCements_
into the full space with respect to all reference states then completes
the 1list and accounts for the orbital polarization needed. The net
effecf of this is to include the major internal corfelatiOn and orbital
polarization contributions forABoth the primary state and the
satellités.. In defihing the virtual orbitals which compose'part of the

internal spacc, natural orbital analyses and/or multi-configuration
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SCF calculafioné'may Be‘hclpful;

(3)‘Th¢rc is always the pbséibility‘of én-intcractidn wiih thc.
.continuum. This broblcm can bevtreated ih‘ceftain appr.oa_chcé,z1 butv
it is difficult td'do so in Staﬁdard bound state CI approachcs..'.

(4) The importance of initial state correlation has alrcady been
pointed out. In terms of the model for the final ionic state wave- -
function presented in (2), the groﬁnd state wavefunction should include
atrleast the internal\correlatibn contributions.

(5)’In valence shéll ionization, primary‘ionic states’ of the same
symnetry are close in energy, and there may b¢ subétantial mixing among
them, as well as with the satellite configurations. In these |
situations, the o&erlap model fof treating intensify may be inadecquate.
The intensity shoﬁld be given by the projection onto each primary
Koopmans' state weighted by the appropriatc one-electron transition
moment. :

’These considerations should be taken into account in any calculation
which aspires to semi~quaﬁtitative results. For more qualitative
purposes, such as simply assigning the satéllites to a specific

ConfigUrétion(s), less sophisticated approaches may be adcquate.zz
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Table I. Configuration interaction wavefunctions for Ar+(25).

Configurations
* ¥ Lt 1,6 2.3.4, .24 2.8, .2, 4

Root | ECALC _ EEXP _ ICAMC IEXP 3s73p 3573 4s .35 3p’3d 3s°3p4d 35s73p'Ss

1 -525.8845 a.u. (0.0) 0.0 eV  100% (0.63) 1005  0.794 0.028  '0.464 -0.186  -0.008

8.8 eV~ 7.3 eV 2.5% © 422 0.126 0.864 -0.350 -0.095 -0.019

3 10.4 eV, 9.3 eV - 14.4%5  17:2  0.301  -0.385 -0.699 -0.395 -0.029

4 13.0 eV . 12.0 eV 15.1% 6:3  0.309  -0.078 -0.265 +0.830 -0.117
5 14.8eV . --- 0.6% --- <0.061 0.004 0.058 -0.087 -0.940 ,
. . N
- (o

X :
© R. L. Martin, unpublished work.
&7

'C, E. Moore, Atomic Energy levels, Nat'l. Bur. Std. (G.S.) Circ. 467 (1549, 1952 and 1958).

"These values all pertain to the Hartree-Fock initial state. The square of the overlap in the 3s hole state is
given parenthetically, all others are percentages relative to it.

™ D. P. Spears, H. J. Fischbeck, and T. A. Carlson, Phys. Rev. A 9, 1603 (1974). These values are an average
of the Alk and MgK, ‘results. _ . v




:Table II. Neon ls correlation-state energies and intensities.?

State _ : AE(theo)b AEC(exp) »Igé(théo) ‘_I?SCI(thgo) '.If(exp)
(1s hole-state) - 0.0(-96.694 a.u.) 0.0 100(0.824)  100(0.774) 100

2p+3p '36.4 37.352)  1.26 2.47 . 3.15(10)
2p+3p 9.9 40.76(3)  1.68 2.60 3.13(10)

~ 2p+dp a9 42.34(2)  0.85 1.48 2;02(16)»
2poSp 43.0 44.08(5) 0.24 0.43  0.42(06)
2p6p 45,2 45.10(7)  0.05 0.09 ~oi$~_
2psdp 46.0 46.44(5) 0.6 0.70  0.96Q1)
2psSp 47.4 Cesa7() 007 011 10.17(05)
2po6p 495 . -—s o 0.04 006 e

qrrom R. L. Martin and D. A, Shzrley, ans Rev. A, 13, 1475 (1976)

bAbsolute energy of the 1s hole state in Hartree atomic units given paren;hetlcally,
all others in eV relative to it. : .
CRelative energies (from Ref. 3, Chapter IV), 1n ev.

dH?rtrce ‘Fock initial state wavefunction; the parenthetical namber is the square of

the actual overlap in the ls-hole state. The- re’aglve peak intensities are given as
percentages of this value. ' ' '
€Correlated initial state wa\efunctlon this. 1nc;uded double excitations into th

Rydberg orbitals for the ground state; i.e., configurations. of the form 1s22s? 2p4np2 etc.
. fFrom Ref. 3, Chapter IV. We have estimated a value for the (Zp*ﬁpj state from Gelius'
figure. . ' - .
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FIGURE CAPTIONS -
Simple model to illustrate the effect of initial-state con-
figuration interaction on correlation-peak intensities in Ne 1s

photoemission (not to scale). With 1s exchange suppressed,

" the Ne® (1s hoie) configuration manifold would closely resemble

the ground state manifold (left). Introduciﬁg Configuration
interactibn, this 1:1 correépondence wbﬁld also obtain.for the
eigenstates (right), and 2 ~ aé, a; ~ aé, etc. The nmin_peak
arises primarily from path A. Paths B and C arise because the
two.configurqtibns "look for themselves" iﬁ the correlationJ

state. They are of roughly equal strength, but the dashed path

(D) is weak.
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VI 'HYDROGEN_FLUORIDE SATELLITE STRUCTURE

A. Introduction
Photoemission spectra of atomic core levels in atoms and moleculés o

yield for each core level j a main peak at an electron kinéﬁic energy-
K = ho - E}go) : | (63)

Here hw is the'photdn energy and Eéo) is the binding energy of core levei -
j. This main peak corregponds to a special atomic or molecular ion;'
finél state. In a single-determinant description, this state would
be formed from‘the ground state by'remdving an electron from orbital
j and'ailoWing~the wavefunctions of’thé passive electrons to relax’
adiabatically (i.e., without changing their quantum numbers);

If ho is substantially larger than Eéo), additional weak satellit¢

peaks may also be observed at higher binding energies EE . Qualitatively,

~ one usually describes these states as arising from at lease a two-

electron excitation from the ground state (ionization accompanied by
"shakeup“). A quantitative theoretical treatment of the transition

cross section to such states, however, shows that one-electron

~descriptions may be misleading. The cross section for such a transition

owes much of its strength to many—body_effects. In particular, con- -
figuration interaction (CI) in both the initial and finallstate'is
requited; hence, the latter are more accurately described as ""correlation -
states", and the satellite peaks as ﬁcorrelatién peaks".

.The theoretical formalism for calculating correlation-state.spectrq
was desétibed in the preceding.pap’erl (hereafter called I). We report

in the present paper a complete study of the fluorine 1s correlation-state



7.

spectra in gaécous HF.i To our knowleage.this iS thé-firSt casc in which
| sevéfél_bf the fheorcticql huaﬁtes developed in T have chn applicd.
_ It is‘alsé,the fifét Case:showiﬁg quaﬁtitativo_ag}eemeht bcfwcen
cxperiment éﬁd thedry;- : |

Expérimcntal procedures_and’resuifs are given in Section B.

‘Section C describes'both the.meaﬁs of obtaining the-nccéssary wave-
functions and the method used to.compute intcﬁéities. .Coﬁclusigns are
drawn in Section D. B - V

B."  Experimental

Thevgaseous sample was obtained by a evaporation of 99.9% + purc
liquid HF, purchased from Matheéon.Gas Products, Inc. At 26°C the

. Lo 2
association constants of HF are:

C2HF= (HF), log B8, = -3.80 .

6 HF = (IF), log B¢ = -13.94 ,

wifh pressures expressed in térrf Thus oligomérization is unimportant
at the preSsures of <1 torr used in this work.

| Thé photoelectron spectra were obtained using l\lKonl,2 X4rays
7(1486;6 eV) on the 50 cm radius Berkeley iron-free magnctic spectrbmcter.3
Spectral data points were taken at ~0.4 eV encrgy increments, at pressurcs
of ~50 énd ~350 microns (Fig. 1). The analeer chamber was mainféined
at a pressure of approximately 10_S torr. The high pressure spectrum
was used to determine which of the satellites bf the F ls main line.
were caused by inelastic electron collisions since the relativé

intensities of these peaks should increase with pressure. If the low

pressure spectrum (Fig. 1b) is subtracted from the high pressure
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spectrum (Fig. la), with appropriate weighting to equalize the main_F
1s peaks, the result is an inelastic olcctron loss spectrum.

“The low prcssure spcctrum was fitted (Flg 2) u51ng a non 11nearA
least squares program wh1ch automatically took into account the (wcak)'
AlKOL3 and Ka4Acomponents as_wéll as the slight Change of thc energy
window caused by the magnetic spectrbmeter (which produces spectré
lincar in momentum). Thé main peak, cOrrespondiﬁg,to_the F 1s hélé
sfate, was fitféd best by a sum of three Lorentzian function§ and -
'these wéfe‘ﬁsed as the fuhdamental'form for the "correlation"” beaks.

No attempt was méde'to 10cate_satellites,wifh intensity 0.1%
or less of the main peak. It was necessary to fix the area ratios

'd %eparations of statés 7 and 10 relative to their large neighbors
(S and 9 respectlvely) Theoret1ca1 area ratlos and separations,
dcscrlbed below, were used for these two. cases.

Because of the large number of unknowns, the energy poéitions‘and
full widths at half-maximum (FWHM) of a few peaks were initiélly fixed,
ahd the fitting program was coﬁstraiged to vary only the parameters
for those‘remaining...These newly found optimum pafaheters were then
ffozen and the rest of the set (those driginaliy fixed) varicd.

This .successive approximatibn technique was cbntinued_until a self-
consistent set of parameters was fbund. Thé quality of.the fit was
judged from theAstatistical xz and visual examination of the plot
(Fig. 2).

 The results in Table I indicate that the theotctical intensities
are iﬁ excellent agrecment with experimcﬁt. Theorctical encrgies,

relative to the main line, are 2.1 to 3.5 eV higher than exporiment.4
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For thc weaker satellites Whichlarcvrelatchly nbar the doﬁhle

jonization ("'shakeoff') 1imit;'this éxcellenf agrcement.is obtaincd

only with a deconvoluted peak which has a Qery large FWIM. We regard
such clbsc'agrcoment”with experiment in thié region as largely fortuitous.
As the.shakooff limit is approdthed, one-wou1d ckpcct to bégin'to
observed Rydbcrﬁ series. Our spcctrometor cannot rcgolvc thcsc and

our calculations should bccome progressively lcsg reliable as the limit
is approached. thb both tho experlmental and thooretlcal intensities

in this regioﬁ may have rather large error bars. Thcse problems in

no way affect the majof conclusions of oﬁr work.

C. Theorectical

The correlation-peak spectfmn was calculated using the,theoretical
formalism described in I.S Two major‘levqls of sophistication were
used for the wavefunctions necessary in this work. 'First,véonfiguration
interagtibn among the ionic final states was considered, with the
ground state représented by a single Slater determinant. In the
next step, CI in thé ground state was also included. For ¢ach of
these cases the relative intensities of the correlation peaks were
compﬁted in the oVerlap approximationl |

‘It was shown in I that, except for terms.tovbe discusécd in -
Appendix I (which are small for core-level satellites), the.dipole and
sudden approximations give identical results in the o?eflap npproximgtion.

Results are displayed in Table I for final state CI -(Method A) and
| for initial state CI (Method B).  In addition an estimate of the
’variafion in theé energy-dependent term was obtained assuming the
photoelectron continuum function to be represented by a plﬁnc wave.

This causes the relative intensities calculated from the dipole
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afproximution and the energy.dcpendcnf form of the sudden app%oximation
(i.e., befo%c thcvk+m_limit is taken) to be very.slightly différcnt..
The variation in the energy-dependent factbr,_Q(E), is shown in
Table 1I. The product of this factor and the o?er]ap term gives
the final set of relative intensities shown in Table II.

| The ‘means of calcﬁlating the various wavéfhnctions are discussed
in Secfion.C-l followed by.a description of the one-electron basis
set in Section C-2. Section C-3 deals with the overlap dhd encrgy- |
dependent portions of the cross section. |

1. The Wavefunctions

A set of SCF orbitals was found for the ground state occupancy

1022023021n4(12+)

>
‘by using'an‘itérative natural orbitall”annihilation of.singles"
vtechnique;6’7: Thé ehergy obtaiﬁed with this technique is identicai
to thatAwhich would follow from a standard Hartrée-Fock—Roothaaﬁ
calculation. The orbitals, however, aré_naturaliorbitals instead
of the standard canonical set which diagénaiize-the Fock matrix.
They were.tranéformedrinto the canonical set by the appropriate.
uhitary transformation. | |

Using the canonical orbitals found in this way>as trial Vcctors,
a further "annihilation of singles'" calculation was carried out on
the ion HF' at the internUclear separation of the neutral moleccule.
This yielded a wavefunction for the single configuration 1012023021ﬂ4(22+),
which will be termed the "réference state”.- It corresponds to the F 1s
hole state, and roprésents the wavefunction which would be found by
applying the Hartrce-Fock-Roothaan cquations to this opén_shell single

determinant.
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To obtain appropriato Qavefuhctipﬁs for the éxcited states in
_thé vicinity of the réfcrohcc stafe, a configuration cxpansion was
employed; All singlé excitations with'respCCt to the reference state
which:posécssod sz symmctry'Wére.included. For our basis éét of 140
and 6m molecular orbitals, tH}$freSu1t$ in 66 configufatjons. ihése

can be represented.

_202302m017r4 | (1o » mo)
lot2030%moln” (20 > mo)
10126 30mo1n (30 +.mo)
1012623021n3nn (A -~ nﬁ) i

For the last three tyﬁes there.are three electrons éutside'closcd
shells; thus Ey9'22+ configurations exist for. each single excitation.
Both.df thesé coﬁfigurations were included in’the.expansion.'8

With the one-electron basis set dcfined by the_orbitals fdr.thé
'F 1s reference étate, the Hamiltonian matrix within fhis éonfiguration
space was formed and diagonalized. We aséumg that the resulting
roots and eigenvectors are reasonably good approximations to'thoée
,excited ZZ+ states of HF+ that lie in the energy region near the
reférénce state;g |

Initially we hoped that by 1imiting.th¢ expansioﬁ to single
excitations, each excited state could be rather straightforwardly
inﬁerpreted in terms of a one-electron transition from the refercnce
state. We found, however, tﬁat when the virtual canonica]’orbitals‘
of the reference state were used in the onb—électfon'basi§, several
~excitations mixed strongly in the cigenvectors of interest. - In other

words, the unoccupied cigenvectors from the hole-state calculation
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are not very good approximations to thc excited-étatc orbitals.. For
zthis reason, thc virtual canonical orbitals wereitfansformed into
a set appropriate for describing the motion of an electron in the
field of an N-2 clectron core. The orbltals found in this way reflect
more closely'the potential experienced by the "excited" clectron.
This transformation has been used in similar problcms prevxously,;o
and we will not dlscuss it here. This new starting set gave, in
most cases, exc1ted'states which coﬁld be well described in terms of
one—electroﬁ‘excitations from the reference state determinaht,

The descriptien ef:the ionic states was concleded by performiﬁg
a finai SCF calculation on the ion HFZf in the configuration

1012023021n3(3n) .

The energy of thie_state relative to the reference etate 1s ihterpreted
as the threshold of ''shakeoff" phenomena.

A brief discussion of the rationale involved in the computation
of the initial state CI wavefunction seems in order. After the work
on ionic HF, wevknew the general nature of the correlation states which
could_be.descfibed-by our basis set§ in particular, we knew the
predominant virtual molecular orbital involved in describing a given
correlation state. This dictated the choice of fhe configuretion
expansion for the ground state. The 'virtual orbitals important in
describing the correlafion states cerrespond reasonably well to the-
first four virtual o orbitals and first three virtual w orbitals in the :
ground state calculation (see Table III). The excited configurations
in the_inifial state involving these orbitals should fhen be the ones.

possessing a large overlap integral with the correlation states. Our
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'approaoh was, thorefOre, to reduce the ground state virtuol space to
include only these orbitals. 'Al1vsing1e and double cXCitations from
the valence orbitals (30,lm) into this reducod'set (generating a total
of 105 configurations) werevinciudcd.ll. This reduction waé heccssary
" due to the sizo limitations of our compufer prOgrams-and the expohsc
involved'in computing the transition moments involving.non~orthogonal
‘oorbitals. | H | |

2. The Basis Set for Hydrogen Fluoride

The bas:s set finally chosen conSLSted of normallzcd Slater- typc
orbitals (STO's)._ It is set out in Table III Thc reqUJremcnts that
‘the basis set must satisfy are twofold. First 1t was found that a
double-zeta'déscription of theﬂvéiehcé orbitals is necessary to account
: correctly for the effects of electronlc relaxatlon in thc F ls hole

state. Furthermore, the proper Rydberg typo olbltals must be 1nL1udcd
“in the basis set in order to obtain a rollable dcscrlpt;on of_the
excited states. Wé‘approached this problem by ougmenfing the double
zeta b3519 set of Huzinaga and Arnau’? _fof the fluorino atom with a
3d polarization fun;tion & = 2.500) aod two H 1svfunctions (exponents
1.000 énd 1.500). To this set we-systematically added Rydhorg-type
orbitals on the fluorine atom. A totalvof eight calculations were
performed in this Way. The final set conéisted of fourtcen sigma-
and'six pi—tYpe functions.

In the first fe& calculations, Rydberg orbitals on fluorine
were chosen on the basis of Slatcr s rules: .One might expocti_in the
united-atom limit, that the orbltalq of the Ho ion (n > 3) would

be appropriate for the Rydbcrg states based on the F'1s hole state. We
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found, however, that thc;exﬁonents estimated'in this way were. too
diffu%e 13 The finai sct containé orbitéls with exponents slightly
larger than thosc suggestcd by Slarer S rulcs -

Not all of the exc1tcd states that can be calculatcd for a given
basis set will have physical significance. Our‘flpal‘basls gavc_stab1c
éncrgies and transition moments, with respecf to.dddition Qf-further ,_’
orbitals and'slight modifications of the expdnents of existingborbitals;
for those excited states which we felt were physically reésonablc.

It doéslnot représénf'ah optimized set of orbitals; rather it is one
which isxsufficiently flexible to meet our pérticular‘needs. The
philosophy 6f our approéch was to.employ a large enohgh basis set in

the HF' CI calculation to reproduce theviowest'10 ”shakeup”,states
reliably Both in enérgy.and'in orbital compositiop (Hencé in peak -
infensity); These are‘the‘states fhat appear ciéariy in.the:expcrimental.
spectrum before tﬁe “éhékeoff” ionization iimit |

An 1nd1cat10n of the completness of the basis set for at least
two of the states of interest here is afforded by comparison with
1prev1ous»work. The final set chosen_glves an SCF energy of_—lOO.OSSS.d.u.14
for the 1Z+'gfound staté of HF. The near Hartree-Fock result Qf‘Cade
'and Huo> is.;100.0703 a.u. fhe same basig yiélds an_éﬁergy of
~74.5670 a.u. for the les hole state, to be compared with Schwartz's
result-of -74.5365 a.u.16 The calculated F is binding energy is.
693L5 eV, which is siigﬁtly higher than the value of 693.3 eV feported
by Schwartz. Our 31 shakeoff 1limit falls at -73.2872 a.u., or 34.8 eV

above the primary hole state.



. Cj ,i)_ i ’23 éj 5 '{3',é§ 3 éﬁ é, v‘

~ The combositionS'of the mdleculai,orbitalsvwhich'drc most'

" important for dgstribing "shdkéup“'ﬁhehomcna in IIF are given for the
ground state and the ‘ionic sfates in TablélIIIA and Table ITIB
respectively. . | .‘ | k

3. Intcnsity Calculations

The intensity of each final-state peak relative to that of‘thc.
‘main peak was. flrst ca]culated in the over]ap approx1mat10n (Iq (23b)
or Eq (26b) from Section III- A) If only flnal—stdte CI was considered

(Method A), the relation

* ‘
'z cn,nsrll1 §
I(n') _ 'n i
1(0) P— (1)
, 5 c. sl
n. OI-I\ n

is appropriate. The extension of the theory to include configuration

interaction in the initial-state (Method B) lcads to

On innn

| & et 2
' ' 23 n'n"Om nm ,
I') _ 'n,m o (69)

Here C h'n and D, are the coeff1c1ont9 of thc conflguratlons (n and m)

Om
in the elgonvcctorb of the final and 1n1t1a1 states, respectively.

For HF these would have the form

L 4 -
|w§n,)> - Cn,0|102023021n4(22+))

2

Cn,1[1020 30401ﬁ4(A22+))

Cn,2|1020230401ﬂ4(322+)) + ...
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19y = pyo 116720730710 (12"

+ DOl|10220230401n4(12*)> .

where, for thcvfinal state [@ﬁn')>, the two lineariy indcpendent
doublet spin.functions which'canvbg constructed from the orbital
occupancy are .denoted by A and B.

The overlap functions-si;'were discussed‘ih Section IIT-A. .Here
they éctually'refér to a sum of determinantal:overlap integrals,' |
‘the nature of the sum being determined by the.expanéion céefficiénts
of.the Slater determinants in the configuration. For HF the supef;
scfiﬁts "11'" refer to the deletion of the row containing electron 1
and the column containing.the basis function 1oB from the ground étate
‘determinant(s). |

| - Analysis bf the energy dependent factor in the'cross section,
Q(E), réduires specificatidn of the photoelectron contihuum function
|x). For the purposes of eétimation; we chose the plane wave

approximation .
_3/9 dk°T
y o= (2 3/2e ~ ~

For a given photon energy, this term in the dipole cross section is
QBpppors = O] Gy 1701 < K@ G 01 (66)
DIPOLE MBS 2 15061X '

where k is the wavevector of the photoelectron; p(E) is the density
of final continuum states (proportional to k), and <¢10|x) is the
overlap of the lo orbital (a 1inear'combinatibn of STO's) with the

plane wave |x).
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The-suddén‘apprOXimatién gives
g = PO 012 . (67)

Béth of theée expressions are'slowlf varying for the slight changes
in k across the manifold of the HF correclation stétes. They afc

displayed in Tablc II. |
| | D. 'Contlusiggi’

The'conciusions drawn below refer Specifically to the F 1s
correlatioh;staté péaks in the high;encrgy XPS spectrum of HF. We
,believé that most of them are more generally true for comparable spectra,
bgt the exact extent to which they apply can be ascertained better
following theoretical analysis of additional cases.

Firsﬁ and pefhaps of mostvimportance, the excellent agrecment
between experiment and Method B (Table I) provides strong evidence
that the overlap approximation embodied in Eq. (3) is adequate'tov
describe such a'high-energy core-level corfelatioﬁ—state spectrum.

The corollary conclusion is that.initial—state CI nust be |
included, éince Method A (Table I) gives poor intensity predictions.

This is entirely expected in view of the discussion in I, but it has

not been recognized in previous'work on core level satellite spectra.
Examination éf Table IT and, of course, the results of the bvérlap
approximation,»imply that the energy-dependent factor in the cross
section can safely be neglected at these energiés. At lowef photonb.
energies, however, these terms might be expected to becomc more
important. It is difficulf to say at what point they would no longer

be negligible, and, perhaps nore importantly, at'what‘point the planc
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wave approximation 1tself becomés poor.  Our results, in fact, do not
imply that the plane wave approx1mat10n 1% good cven at these encrgles.
They simply suggest that the cnergy dependcncc--whatovcr its form-- is
slowly varying. The usefulness of the plane wave,approxlmatlon is an
important questioﬁvat the present time since se§cfdllthcoretical‘
models for predicting the intensities of molecular orbital photoemissioﬁ -
spectra uée either it or a closely related type of continuum function.
Further work on this point is in progress in our 1aboratory.

The priﬁary components of thé dipole. cross scctith-Q(E) and the
: 0veriap integral Sil——have already been'discuségd. There afe additional
terms in the cross section, hoWever,-and'intthe Appendix we feport the
vfésults of calculations which evaluate the leading corrections.for a
few of the statesrof HF sfudied here. They are all found.tb be
negligible at the photon energies used in our'experimeht.

It is intereéting tb interpret the correlation peak intensities
in terms of "shakeup’ excitation into virtual orbitals. An examination:
of Table IV shows that the first two correlation states (1 and 2) can
" be describéd"fairly Wellvasvarisihg‘from the 30 > 4o transition. These
two final states are describable as molecular valence states, the
.reméinder of_the‘spectrum‘corresponding primarily to Rydberg-like states.
Only state 2 of this pair is predicted to have an observable intensity,
and it is indeced the first state observed in the experimental spectrum.
It secms recasonable to-assert that the relatively low intensity of this
transition is attributable to the charge transfer nature of the
_excitatidn ‘The 30 orbltal is the bondlng comb1nat10n of the F(Zp)

and (1s) orbitals and is largcly locallzcd on the f]uorlnc atom,
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while the 40 is the antibonding combination and is prjmariiy'hydrogen—
like. Since the orbitals have their large components jn.diffcrcnt
regions of space, one would expect avsmdll overlap. This intcrpretation
seems plausible, but there are also moré‘subtlcv'effécts that contribute
substantially fo the cross sec%idﬁ. These are the small admixture
of thé 17 » 27 excitation into state 2, the cven smaller admixturc
- of the reference state, and the effect of configuration interaction
in the initial state. This last point iévvery important and can be
seen quite clecarly in Table I. The inclusion of initial state CI
- (Method. B) nearly doubles the predicted iﬁtensity of state 2 rclative
to the primafy hole state.17

The most intense peak in the spethum, state 5, corresponds to
the 1w - Zﬂ,»Of F(2p,) ~ F(3p) excitation. Its counterpart, state 3,
is also relatively intense. The next most intense peak - in the
spectrum is state 9, the F(Zpﬂ) > F(4pﬂ) excitation. These -results,
of course, would be expected on the basis of a simple onc-electron
overlap model. |

Satellites with smaller intensities are less predictable. State 7
is primarily attributable to the 30 + 5o cxcifation.i It would be tempt-
ing to say fhat since the 50 orbital is F(3s)-1like, fhcrc should be
very little overlap wifh the 3¢ orbital in the ground state (which is
mainiy.F(Zpo)—iike), and this causes the small intensity of statc 7.
These arguments, however, are probably 6vcrsimplified since there 1is
a fairly large component of 30 + 60 (FZpO > F3pd) in the wavefunction.‘
~Configuration mixing makes it nearly impossible to give rough a priori

estimates of intensitics. For example, the 30 + 60 excitation is
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important in statc 8, aﬁd it might therefore be expected to be rather
intense. It is not. The F(Zpo) ~ F(4s) excitation, state 10,.on.the
other hand, has a much larger intcnSit&. The rcasons for thesc
diffcrences in ovcrlap<arq complex, and are tied into the specific
naturc of configuratioh mixing in these excitated, states. Since the
configurations enter ‘into the wavefunction with a phase, they can
either add:intcnsity.to the predominqnt configurétion, or cancel what
intensity the dominant configﬁration might'supply. These problcmS'
are expected to be more severe in mdlecules‘than atoms since there

is generally a ﬁuch denser excited-state manifdld in fhc moleccular
species.A -

Finally, we note fhat the HF molecule is iSoelectrqnic with
th¢‘neOn atom.. One might,‘thérefore, expect to sce some similarities
in theif/satellite spectré. In Figs. 3a and 3b we have drawn a.bar
spe;frum of the most intense satelliteé in Ne'® and HE. “Above each
bar we have assigned an ofbitél which serves to roﬁghly identify the
final state. | o

The most intense satellites in the Ne 1s spécﬁrum are derived
from 2p » np excitations. If one images the two nuclei in HF being
adiabaticaily compressed into a united atom, the 30 and 1w orbitals
of the molecule correlate with Ne 2p while 40 and 2w correlate with
the Neon 3p orbital. Since the major intensity in neon comes from
the 2p » 3p excitdtion; it is not surprising that the most intensc
peaks in HF arisé from the 30 + 40 and 1w » 2w excitations. The
(1r -» 47) statec in HF is also relatively intensc and correlates with

the 2p +4p excitation in the united atom.
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_ Anothcr.qualitatiV01y iﬁtercéting compﬁriéon is to consider the -

"equivalent cores'" analog of the F 1s hole state in HF; i.e., the
species (NCH)+5. The charge distribution iﬁ this system is presumably
intermediate in character betwecn the two extremes Ne - H" and Ne' - H,
with the 1atter being the more chemically reasoﬁable. The correlation
states of HF should thus be similar to the excited states of Nc+,
‘inasmuch as the hydrogen nucleus is adequately-shieldcd.by its electron.
The states of Ne® derived from 2p > 3p excitationslg'are shown
diagramatically in Fig. 3c. They have been given intensities based
on the total degeneracy of each state. This simple picture scems to
wofk quite well, as can be seen by comparing Fig. 3c to Figf 3b.
Although no detailed correlation between specific states can be drawn,
this model reproduces the observed shift in HF vs Ne toward smaller
satellite separation from the primary state.

In sunmary, the correlation—péak spectrum of HF can be calculated
quite satisfactorily.in the overlap approximation.  The intensitieé
of the correlation peaks are very dependent upon the effects of
configuration interaction in both the initial and final states. At
present, quantitative predictions Qf such spectra based on simple one-
electron models seem,dooméd to failure. Even qualitative estimates
and assignmentsvare very difficult considering the importance of
configﬁration interaction in the finai state. The effect of CI in
the initial state is to increase the intensities of the shakeup statcs
at the expense of the primary hgle state. ForvHF, the shakeup states

are all roughly twicc as intense once initial state CI is included.
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E. Appendix
In the prcceding papef (I), a formalism for the photocmission
cross section was préscntéd in which the usual assumption of "frozen
orbitalé” was not made. Tﬁis introduced a number of additional
terms (Eq.‘(17)) not present in the usual expression for the cross.
seétion. In this appendix we report numerical results for some bf_'
these corrections fér many'of the states involved in HF. These valucs
wefe calculated early in our work, simply to satisfy us that they
were indeed negligible. The absolute numbers,’therefore, come from
a basisvset that diffcrs slightly from the final one. Howgver, a
compérison of the relative importance of the corrections should be
meaningful.
| The overlap contributions (g Cn'nsij = ”ié) are shown in.Tablé V.
The term (j = 108) obviously dominates éll other j. Furthermore, since
xlpliy << (x|pllo) at X-ray energies, the entire second term in
Eq. (17) can safeiy be disregarded. The conjugate factors
(g Cn'n[% ¢'2n|k§2 kaWi(N - i,¢j,1)] = Fié) are.lafger and somewhgﬁ
less predictable. We estimate their importance as follows.
In the plane wave approximation for yx, the term j = 10 will affect

the cross section as

- 11, 11,2 | -
ool allenh? BN C
Since k and I' are vectors, the'”conjugate“ correction will‘bé angularly
dependent. In the gas phase, one might average this expression over

all possible orientations of the molecules with respect to u, and

for unpolarized X-rays, average over allpolarizations. This leaves
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" an expression which is'dépcﬁdent.on thc:anglc_bctwécn the bhotoe]octroh
exit Slit and the photon propagation direction. This angle in our
instrument is /2. | ﬂ

After‘pfcforming these avcragés;'ohe findé that the cross section
is proportional to |
SRR o) H

3k

Although Fi} can sometimes be comparabie to Ai} (see Table V), the
facfor l/kz,effectively'quenches this contributioh well above threshold.
The other terms (Fﬁ?,j # 1lo) are also negligible since they center
the expression multiplied'by a smaller overlap intcgrél lej).

We conclude that well above threshold only the first terms bf
Eq. (I.8) should be necessary for the calculation of photoionization
cross sections for core levels. As threshold is_approached,fthé
conjugate mechanism may become more important due to the prescnce of

the 1/k2 multiplicative factor.
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This approach docs not necessarily imply that our description
of - the excited states is better than a single configuration

wavefunction. The optimum spin-orbitals to construct such a

'configuration,‘however, are very difficult to obtain, and this

configuration expansion is simply a relatively easy approach
to gencrating the necessary excited-state wavefunctions. The
important thing this model allows for is the mixing of the various

22+ final states which can be reached in terms of both ¢ + ¢ and

"w -+ 7 excitations.

C. F. Bender and H. F. Schaefer, III, J. Chem. Phys. 55, 4798 (1971).

It should be noted that our utilization of the'configuration
interaction technique Was:not aimed at obtaining an encrgetically
superior wavefunctién for the ground stéte;.i.e., it was not an‘
attempt to describe those corre]ation effects which contribute
strongly to the total molecular energy. We hoped, howcver, to
describe those components of the wavefunction not present in a

single determinant which would be most important in terms of the

~transition moment to the final ionic states.

'Sigeru Huzinaga and Cataline Arnau, J. Chem. Phys. 53, 451 (1970).

This tendency has been noted before, e.g., sece H. Lefebvre-Brion
and C. M. Moser, J. Chem. Phys. 43, 1394 (1965).
1 a.u. = 27.2097 eV.

P. E. Cade and W. M. Huo, J. Chem. Phys. 47, 614 (1967).

‘Maurice E. Schwartz, Chem. Phys. Lett. §}'SO (1970).



-90-

17. Jhé_question of whcthefxour calculated iﬁfensities_(Mctﬁod B)
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~into the grbund étate is an important_bne. We have,retéﬁtly
 calculated the Ne 1s satellite intensities and.examined the
Convergencebproperties in detail (R. L. Martin and D. A. Shirley,
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Table I. Correlation Peak Intensities in the Overlap Approximation N » ' o

<
(a) I (theo) ™) I (theo)®). _ (c) FWHM ;E(theo)(d) E(expt)(di) o &
State Method A Method B . I(expt) (eV) {eV) ~ (eV) .
0 (1.000) (1.000) (1.000) 1.4, . (693.5) 694.0(5) :
1 0.000 - 0.001 , C e - ' 23.89 f =
2 0.012 ' 0.020 0.019(3) 2.413) 25.90 22.4(2) 3 Ui
3 0.015 0.030 0.030(4) 2.3(3) . 29.57 " 26.50(9) -
4 10,000 0.000 - - 30,89 - S o
5 0.036 0.062 0.057(5) 3.7(3) 32.35 29.90(7) : :
6 0.000 0.001 _ - - o 32,72 oL . N
7 €.007 0.012 ~0.010. 4,7(3) 33.3% © 30.87 = Ui
8 10.000 - 0.000 - o= . 3374 - o o
9 0.028 ©0.044 - 0.038(5) 7.4(9) . 34,84 32.7(3) -
10 0.005 0.007 0.007 7.2(9) 35,43 33,3
11 0.000 0.000 | - - _ 3572 . =

Q) In order of increasing energy '""Reference state' is numbered 0, as in Fig. 1 and text.

b) All intensities normalized to péak 0. Absolute wvalues of the overlay integ.ral in state 0 are 0.78115
Methed A), 0.71970 (Method B). ’

c) Error in'last place given parenthetically.

d) First entry is the absolute binding energy of the reference state; the otheré are incremental

_energies relative to this.
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Table II. Energy Dependence of Corrclation Peak Cross Scctions

RN Q(.E)(b) ()™ I(Fheo)(c) I(theo) S
State (dipole) {suddcn) (dipole) (sudden)
0 1.0 1.0 1.0 1.0
1 0.980 1.041 0.001 0.001
2 0.979 1.012 0.020 0.020
3 0.976 1.012 . 0.029 0.030
4 0.975 1.014 0.000 0.000
5 0.973 1.015 0.060 . 0.063
6 0.973 1.045 0.001 0.001
7 0.973 1.015 . 0.012 0.012
8 0.972 1.016 0.000 0.000
9 1 0.972 1.016 0.040 0.041
10 0.971 1.017 0.007 0.007
11 0.971 1.017 0.000 - 0.000

a) In order of increasing energy; state 0 is the '""rcference state''.

b) Normalized to state O. _
+ ¢) Computed as the product of the energy dependent term, Q(E), and

the overlap term for our best wavefunctions (Method B in Table I).
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Table I, Basgia Set of Slater Functions and Sclvc('tcd One-Electron Orbitals uaed in the CT Wavelfunctions

A. HF Ground State

Slater }jum tion? . o Molecular Orbitals

Type - - -§ i¢ .20 30 4q Sa 60 7o in 2w 3n - 4n
1. F(1s)  7.716 -0.6768 0.2473 0.0665 -0.0729 O0.1185  0.0143 -0.0384
2. F(1e'), 10.514 .0.3313 -0.0154 -0.0031 -0.0054 -0.0250  0.008K - 0.0039
3. F(2s)  1.933 .0.0034 -0.424% -0.1301  0.4412 0.1233 -0.2966  0.1057
4. F(28')  3.120  0.0021 -0.6228 -0.1699 ~ 0.2847 -0.2811 -0.1380  0.1436
5. F(2p) 1:X47  0.0005 -0.0885 0.6050° 0.4963 . 0.2023 -0.0010  0.0957 -0.7t49 -0.2956 -0.0323  0.140%
6. F(2p') 4.175. -0.0012 -0.0266 -0.2852  0.3050 0.1327  0.0056 ° 0.0509 -0,3386 -0.2534 -0.0143 0.0958
7. F(3d)  2.500 0.0001 -0.0Z16 0.0453 -0.0232 .-0.0300  0.0878  0.0201 -0.0263 0.0116 -0.0552 -0.0003
8. F(38) 1.000 -0.0001 -0.0417 -0.0024 -0.2278 1.1467 -0.6601 ~-0.0954
9. F(3p) 1.000 -0.0009 -0.0193 0.0238  0.0163 -0.2236 -1.1954 -0.08R0  .0.0600 1.092H 0.1275  -0.7086
10. - F(3d') 0.800. .0:0002 -0.0080 0.0134 ~ 0.0244 -0.1275  0.1289  0.6961 -0.0157 0.1735 .0.9572  0.1114
11. F(4s) 0.600 .0.0001 0.0051 0.0036 -0.0292 -0.0576 -0.1121  0.7936
12. F(4p). 0.600 0.0002 -0.00t6 0.0015  0.0245 0.0023 -0.2400  0.3504  0.0089 .0.0814 0.1208 - 1.2224
13, H(1s) = 1.000  0.0028  0.1841 -0.0297 -1.7194 -0.5649 1.5661  -0.7593
14. H(1s') 1.500 -0.0018 -0.2311 0,3042  0.3169 0.0954 -0.38:49  0.3402
B. HF', F(1s) Hole State

S_la!cr Function

Type L to 20 30 40 50 60 70 tw 2n X 3n 4w
1. F(is) 7.716 -0.5802 0.3055 0.0909 -0.0403 0.0588 -0.0087  0.0258 ) )
2. F(18') 10.514 .0.4178 0.0035 -0.0038 -0.0125 -0.0177 -0.0t19 -0.0024
3. F(2s) 1.933 .0.0305 -0.2378 -0.0022  0.5674 0.1979  0.3954  -0.0922
4. F(2s') 3.120 0.007t -0.8100 -0.2620 = 0.1700 -0.0562  0.1087 -0.0539
5. F(2p) . 1.847 -0.0005 -0.1273 0.5742  0.4799 0.2672  0.0312 -0.0984  0.6168 0.2489  0.0288 0.2151%
"6. F(2p') 4.175 0.0005 -0.0714 0.4383  0.1111 0.0615  0.0153 .0.0147  0.4970 0.0996  0.0046 0.0638
7. F(3d). 2.500 -0.0008 -0.0252 010474 0.0057 -0.0168 -0.0349 .0.0062 0.0282 _0.0067 0.0159  .0.0035
8. 'F(3s) 1.000 -0.0023 -0.0435 0.0635 0.0661 1.3143  0.4695  0.4924
9. F(3p)  1.000 -0.0065 -0.0111 -0.0084  0.0563 0.1808 1.0701  0.3730 . -0.057¢{ -0.9613  -0.1002  -0.9615
10. F(3d') 0.600 -0.0022 -0.0073 0.0192 -0.0409 -0.1653 0,150 --0.5887  0.0051 -0.2936  0.92H2 0.2020
11. F(4s) 0.600 -0.0007 0.0062 -0.0079 -0.0189 0.0819 - 0.1583 -0.9247
12. F(4p) 0.600 0.0011 -0.0046 0.0145 .0.0146 -0.0501 0.4501 -0.1900  0.0201 -0.127t -0.2970 11986
3. H(ts) 1.000 0.0238 0.1929 -0.2628 -1.7866 -1.3668 - -1.7129  0.1798

14, H(1s") 1.500 .0.0134 _0.2196 0.3289 0.3656 0.3365 0.4841 -0.1434

-1 -Lr

a) Here ¢ « le ., where n is'the principal quantum number.




Table IV. Impbrtant Configurations for Describing the Correlation States

*
Configuration

0 1 2

10120230211\'4 {a) 0.9957 0.0317 0.0170 0

10'20%30 40 ? (b) -0.0075 0.6215 -0.7227 0.
() 0.0229 -0.7494 .0.5950 O
2

1 .
1020230 50 1w ? (b) -0.0055 -0.0095 0.1233 -0
(c) 0.0161 -0.0759 -0.0342 -O.

1, 2,1, 1, ¢4
10 2030 60 1n" (b) 0.0011 -0.0065 0.0188 0

. 4 (o) -00029 -00209 -00121 o
10 20236 70 1n? () - 0.0007 00172 0.0319 ©
(c) -0.0021 0.0276 0.0307 -0.

10'20%30 %173 20t (d) -0.0148 .0.0469 0.2702 ©
(¢) 0.0242 -0.0478 0.0567 -O0.

1
1o 2023021ﬂ33ﬂ1(d) -0.0010 -0.0026 -0.0134 -0.
(e) 0.0017 0.0099 -0.0040 -O.

an (@) -0.0092 -0.0165 0.0660 -0.
" (e} 0.0151 -0.0164 0.0203 -0,

2

10120 302 1n3

.0224-

1656

.1153
2445

0440

.0402
.0204

0204

0042

8815

3138

0057
0092
0393
0806

-0.

-0
-0

-0
0

-0

0
-0

0

4

0269

L0181
0865

\7273
.2883

0.
.0820

.0508
.0092

.0001
0.

.1160
0163

L0167
0851

2482

5126

State

0.

-0.
-0.

-0.
0.

0.
-0.

0
-0.
-0.
-0.

-0.
0

0
-0

5

0118

1269
0707

2901
2912

1689
0801

0037

0150

2825
7284

2392

.0098

3076
.0030

OO0 OO0 OO0 OO OO0 OO oo

0

6

.0014

.0319
0371 -

L1297
L1350

.1184
.0208

.0280
0014

0561
L1145

.9600
.0308

0726
L0056

)

7

0164

0395
0597

2317
.71881

.3500
.1628

.0394
0257

L1141
.0098

.0082
0767

.3383
0115

-0.

0.
0.
0.
0.
0.
-0.
0.
0.
0.
-0.
-0.
0.

-0.
0

8

0052

0487

0264

3651
0640

8056
3110

0729
0516

0410
0096

0430
0833

2199

.0180

-0

-0.
0362
.2458
-0.

L0648
0.

3003
.0688

-0.
-0.

-0
-0

0
-0
0

0
-0

-0

0013

1340

1951

1045

1243
2214

.0159
.0283
L7779
0.

1319

OO0 OO0 OO0 OO0 OO OO0 OO

.0027

0191

0182

077

L1067
1219
0068

.2030
.2043

0666
.1032

.0003
.1048
L2492
1118

i1

0.0084

0123
0405

.0830

0
0
0
0
0.0517
0.0300
0
0
0
0

A18T

0270

.0032
.0081

-0.0418
-0.9794

-0.0520
-0.0341

0162

a.

b.

d.

“The configurations have the following specific forms.

1.0 (100 20a 208 302 308 4r,a 1r+(3 iﬂ_alnﬁ)

0.7990 (1g0a moa ngP) - 0.5453 {10amoB noa)
-0.2537 (108 mOa noa)

-0.1683 (10 moe ngp) - 0.6078 (10a mop noe) + 0.7761 (10p moa nga) ™

0.5773 (10a i e mxw f) - 0.2845 (10 1™ B mn o)
+0.5773 (10a 17 o mn B) - 0.2845 (1o in_§ mn o)
-0.2929 (10p im_amw _a) - 0.2929 (1op 1w;axnﬂ;a)

0.0039 ({gelr amm B) - 0.5024 {(10e 17 B mm a)
+0.0042 {10a 1% @ m% B) - 0.5024 (iga 17 B m% | a)
+0.4975 (108 17 amn o) 40,4975 (1083 ‘nr*'av mw a)

-V6_



Table V.

Terms in Photoemission Cross Sections for HF
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Comparison of Overlap and Conjugate
a,b

n' =108 j =208 . j=2308 j = 1S
ald rli Al rid a1 pld rl3
n' . nl nl n. nl nl . nl
0 0.885 0.091 -0.006 -0.138 -0.001 - -1.84 "
1 ~-0.014 0.192 0.001 - ~0.006 - So-
2 -0.104 | -0.454 0.0060 - 0.001 - -
3 -0.111 0.190 || 0.001 - -0.003 - ) -
4 -0.002 ! 0.075 || -0.000 - -0.002 - Co-
5 -0.178 | - 0.082 0.000 0.085 0.001 -0.019 0.700
6 - 0.007 0.335 -0.000 - 0.000 - C -
7 "0.083 0.178 ~-0.000 - 0.000 - -
8 -0.051 0.273 0.000 - ~0.002 - -
9 ~0.018 | ~0.258 0.000 - -0.000 - - -
10 -0.034 | ~0.034 0.000 - -0.003 - -
: . < i 13 13 . 13 :
- a. See Appendix I for definitions of An' and Fn" The units for Tn, are
reciprocal bohrs.
b. The dashes represent calculations which were not perfprﬁed.
c. Note that Ai? for j = 1w

vanishes in all states by symmetfy.



Fig. 1.

Fig. 2.

Fig. 3.
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FIGURE CAPTIONS
(a) High pfcssure and (b) low-pressure photoelectron spectra of
the F 1s regioh in HF using AlKo, ZIX—rays.' The scale for the

correlation and inelastic loss peaks is expanded 20 times that .

for the main peak.

Corrclation peaks for HF F 1s relative to the main line along

with the computer fit (see Table I and text). The crosses

represent actual data points; the circles represent data

" connected for the inelastic energy loss peak at about 20 eV.

(a) The most iﬁtense satellites of the Ne 1s hole stafc. The

_cbrrelation of these states with the HF satellites is shown by

the dotted 1inés. (b) The most intense states of the HF satellite
spectrum. The abscissa is the separation.from'the'primary‘state
and the ordinate is the intensity relative to the primary state.
Above each bar én orbital designation is.provided which‘roughly'
idenfifies the final state (see text). (c) The excited states
derived from the configuration 1522522p23p of the Ne' ion. They
have been given intensities bésed on the total degencracy of

each state.
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VII. Ne (1s) SATELLITE STRUCTURE

A. Introduction

When,monochromatic‘radiation,excites photoclectrons from;a given
atomic Species, a series of strong peaks usually apbears ih the
kinetic energy spectrum of the outgoing electrons. . Each of the peaks
corresponds to a final ionic state in which a single clectron has
been ejected from the 1s, 2s, 2p1/2’ 2p3/2’ etc, level. The initial
-atomic state cnergy Ei and the final ionic state energy Ef are reclated
to the photoeleétron's kinetic energy K by

| Eib+ hv =E.+ K . - - : (70)
ASsociated with each strong peak there are also uéually several weaker
satellite peaks. .Thése_érjse through excitation of highér-encrgy
final stafes of the idn; The satellite states usually have the same
symmetry as the "main" peak and, in common with it, they have an
electron missing.from fhe same Sﬁbshell of the atomic core. The
terms.”shakeup states'', ”configuration—intéraction states', -and
"correlation states" haye_been applied to these satellites.

The neon 1s orbital provides the most suitable test case for
studying correlation safellites theoretically. Krause et al.1 first  
found léycorrelation states in Ne+, at‘relatiyelf ibw resolution.
Carlson et ai.? and Siegbahn et a1.3 subsequently reported better-
resolved spectra. Recently, Gelius4rreported a‘high-respiution spectrum
in which a total of‘135¢orrclation pcaks were identified. Nine of
these peaks were assigncd«to one-clectron excitation to states of 2S
symnetry--the same symmetry as the main 1s state. The encfgies and |

intensities were accuratcly determined: the experimental situation is,
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thercforc; quité»satisfactory.

From a theoretical standpoint the Ne 1s correlation-state Cncrg}cs.
are wcll‘hnderstood; having been calculated by Bagus and Gcljus5
using a mﬁlti—configuration Hartree-Fock (MQIF) method.  The chcrgics
are not necessarily related to the photoemission process, however,
and interpretatidn of correlation-peak spectra in terms of‘chérgies
alone neglects most of the uhique informatidn that these spcctra
contain._ To extract this.information and make a dcfiniti?q intcr—
‘prcfation, we musfbconétruct a theory that accounts for the satcllite
intensities. The only theoretical intenéities heretofore available
were given by Krauée et 31.6 They used an MCHF approach to cstimate
the intensitieslof the first two satellites. .qud agreement’with
experiméht was obtained,'but it was probably fortuitous, as we shall
show below. The MCHF approach is not readily eXtendcd to spectra.
containing several satellifes; aﬁd a better model is requiredf The
object of this paper is to present such a model.

IhVSection VII-B the theory of correlation-state spectra 1s
briefly discussed. Basis sets and Hartree-Fock resﬁlts arc dealt
with in Section VII-C. In Section VII-D we describe attempts to
predict correlatioh-state intensities with both the MCHF model and an‘
orthogonalized modification. Configuration-interaction tcechniques are
introdﬁced and applied to the final-state manifold‘iﬁ Section VII-L,

and in Section VII-F this approach is extended to the initial state.
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B. Theory
In the photoelcctric effect a photon excites ah N-elcctron

system from its ground state WO into an excitéd state which we may
write symbolically as the product of a state &ector Wj(N - 1)
describing thé'residual N - 1 electron ionicvsystem and a continuum
function xj(;Nk;) for the outgoing electron;i

) ~ N - 1) X Ok
Tﬁis 1s actualiy an oversimplified'form. Several approxiﬁations were
made for computational simplicity. We have neglected coupling of.
channels in thé continuum, a point fecentiy diécuésed in conncction
with satellite spectra by Mansoﬁ.7' Far from threshold this effect
should be sma11,8 and it is not included in thiS wofk; “In view of
the agreemént with experiment obtained in the calculations discussed
below, we conclﬁde that coupling of continuum channels is not cfﬁcial
to an understanding of the satellite intensities in the Ne 1ls region
excited\by AlKa X-rays (photoélectron kinetic energy of ~600 eV). |
From a computatiénal standpbint, this approximation allows one to determine
an ionic state of any desired accuracy, and then to generate a single
contiﬁumq function in this ionic‘potehtial for an appropriately
ahtisymmetrized N-electron L-S eigenstate.

We also have neglécted contributions to the dipole matrik

element which arise explicitly from the antisymmetric hatdre‘of the
initial statc and from any energy dependence over the satellite-states'
. energy range in the one-electron photoelectron cross:section.9 We
studied the effects of these simplifications on a similar corrciation-_
stafe calculation on hydrogen fluofidc,lo and found them to be small.

e
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With thesc approximations the Calculation of relative inténsitics Ii .

of the correlation states: reduces to evaluation of-an expressioﬁ
" identical to’thevsudden—approximation'result of Xbcrg,ll'
I« |y (V1) ¥ N N | (71)

where'Wi(N'ls) denotes the N - 1 electron function_formed from the

h

neon ground-state wavefunction by removing the Nt electron and a 1s

orbital (i.e., by striking the appropfiate row and colunn from each

-detérminant déscribingfthe'ground state). Thus our task is to find

gppropriate désCfiptions of Wi(N),and Wj(N - 1) fof allAj of jntérést._
Befbre describing in detail the basis sets that were employed,

- let us make some general observations about the Cofrelationvstates;

2

The ground state of neon is of course mainly 15225 2p‘6 Cbut-seéb

Section VI). The main peak in the Nels photoémission‘SpeCtrum'is"
152522p6, 2S. As Krause et al. have shown,l other 2S states caﬁ be
formed, for example, by promoting an electron ﬁo an np orbital and

1

recoupliﬁg with the hole to. “S or 3S, then recoupliﬁg.to 1s to form

2S, viz,

6, (p) = 25°2p°np(’s) 15 (%)

¢2(hp) = ZSZZpSnp(IS) 1s (ZS)'
and similarly for ns. These two single "configuratién stafe funétions"
represent the simplest treatment of fhe finalrioﬁic state. ifjwe were
to compute intensities at this stage, emploYing-a single—determihéntél‘
initial stafe and using KobpmanS? approximétion forithe finallstate -
orbitals, both states would have an idcnticﬁlly zero ovcrlap'with

the initial state. If, on the other hand, we performed separate



-104-

Hértrec Fock calculdtlon% for both of these final states, thé orbitqié _
for the final states would no 1ongcr be orthogonal to thosc of the -
initial state and orbltal relaxatlon»would provide a mechanlsm for
populating ¢2(np). In this coupling scheme, however, even with
rélaxation ¢1(np) is still orthogonal'fo the initial sfate»by_virtue.
of the valence electron spin coupling. Because two séfeliites k
corresponding to the>configuration isZSZZpSSpAare experimentally
observed,_Kréusc et al. pointedvout1 that at the very least eigenstafeé

must be formed from ¢1 ahdv¢2:

1}

¥pCiover) = ag (p) + (1 - a7 o )

'_(?Z)H- |

¥op(Upper) = boy () + - 212 ¢2cnp)

of course the true elgenstates cannot be erttcn so simply; they are
linear comblnatlons of all the basis states. Nevertheless, the
domlnapt terms in the expan51on of Wnp (upper,Or lower).tend to be .
¢1(np) and ¢2(np); wé shali,‘thereforebretain the qotation Wnpv(gpper)
and an (lower) for thé éigenstates, :

A comment on the '"shakeup' terminology is'in'grder. If is
convenient to enumerate configurations that admix ﬁith the.main con-
flguratlon Ne (1512522p6) by "promofing" one eclectron at a time and
recoupling to a ZS term. This "prbmotion" is a computational convience
that has ﬁeanihg'only in the context of a preselecfed bésis sét,'.in
partiCular,'itbhés nothing to do wifh the iOnizatiOn‘protgss. .Thc'
early literature:oh the sﬁbjectlfz used - terms such as "'monopole

excitation', ''monopole transition' and ''two-electron excitation' in

describing the occurrence of correlation states. More recently,
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'corrélatioﬁ—state peaks in'transition—metai'compiexcs have been
attrlbutcd to ”llgdnd to- mctal chargc tranbfcr" These terms had
heuristic value durlng the dcvclopmont of the subJect but they can
"be misleading if interpreted- llterally, we notc that therec 1s no
monopole transit%on and no shakeup transition.. The correlation pedks
arise in EEEEElX theusame way as do_thermlain_pcaks.12 If 1s also
not rigorously correct to describe the Corre1ation states as resulting
{rom two-eleétron excitation. . Because of the potentially misleading
nature of the terms ''shakeup" and "monopole transition', we prefer the ‘
term "correiation states''. | |

C. Basis Sets and Hartree-Fock Results

The SCF calculations were all done With.Roothaan's analytic
expansion,13 using the Slater—type orbitals (ST0's)

2n+1 1/2 b 1 &r

o = 1O (2ny1) (e $) (73)

The final basis set~cho§en for our SCF calculations is given in
Tabie I. It was formed by augmenting the set'of_fiﬁe s-1ike and four
p- 11ke STO's optlmlzed by Bagus14 for the Ne gfound state wjth'é set
of seven Rydberg orbltals. The exponcnts in the Rydberg STO's were
chosen by matching (f)n to the results found by Bagus and Gelius5 in

a numerical MCGHF calculation on the Ne (1s hole) states, using

Co2n + 1
(r) = =
: n Zgn
and '
<r2>n . (m+1)(2n +_1)

2
2€n
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Two valﬁcs of gn wére obtained from each of thesc two relations,
corresponding to the upper and lower np states. The agrecment among
the four gn values for'each n was excellent. The valucs quoted in
Table I are avcrages. The exponent €6 = 0.30 lies slightly above

an estimate made by extrapolation of £n vs n. Slater's ruies15 give
exponents of 1.02, 0.54, 0.50, and 0.48 for n = 3, 4, 5, and 0,
réspectively. Because En is 1-independent for S10's, we took Ens = §

“np
for all n.

Table II gives the Hartree-Fock energy results obtaincd with this
basis set for the Ne ground state, the Ne' 1s hole state, and the two
Zp shake-off limits; i.e., the lowest 1P and 3P states of
Ne++(152522p5), which mark the onset of new continuum manifolds.

Tﬁe total energy of the Ne 1s hole state is quite close to the value
of -96.62571 a.u. reported by Bagus, confirming that the augmented
initial—state basis set is sufficiently flexiblelto describe both
states. The results in Table II give

EB(ls) =}868.§ eV

3

P Shakeoff Limit = 45.15 eV

1

f

P Shakeoff Limit = 49.46 eV

In the Ne 1s photoelectron spectrum the most intense satellites

are members of the Rydberg series approaching these two double ioni-
zation limiis...We, therefore, elected to focus our Calculations on
the states derived from 2p -+ np.

The adequacy of this minimal Rydberg basis was tested by comparing

the energies of the correclation states as calculated with this set
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(by cmploying a confiéuration interaction (Cf) éxpansion to be
descfibedllatcr) with cncfgics obtained using a sct in which the
3s and’3p drbitals w¢re:"splitfbinto two STO basis functions. The
corfelation'state_éhcrgiés werc.all.idénticai within 0.1 eV. We{
therefore, believe that the minimum Rydberg basis is adequatc for

describing the correlation states.

D. Multiconfiguration Hartree-Fock Results
All previous theoretical treatments of the Nec 1s corfclation—étatc
spectrum were based on thc M(F model, which allows simultancous
optimization of both the orbifals and coefficients of a configuration
1nt01act10n expans1on In this section-we report the Ne 1s satellite
intensities calculated with the MCHF wavefunctions of Bagus and CCllUb.
'Spcczflcally, each state was separately optlmlzed for the -two. term
expan51on of Eq. (3) As Bagus and Gelius have shown, 3,4 the encrgies
of the Ne Is 9ate111tes can be computed quite sat1§factor11y by this
 method. The intensities, however, are another matter. The MCHF
wavefunétions are orthogonal neither to each other nor to the main
'1s hole state. Thus;the MCHF correlation-state intensities, which are
calculéted from overlap integrals, cannot be taken very seriously.
We have also recalculated the intensities after Schmidt-orthogonalizing '
the MCHF Wévefunctions. After having thus éxhausted the immediate
p05§1b111t16§ of thlS method ~we turn in Section VIT- F to a- conflqurat1on-
'1ntoract10n modcl for treating the correlation states.
The rcsults are prcsented in Table III. As pointed out previously,3’4
the Lorrelatlon state OHCYLICS agree wcll w1th cxporlmcnt cescntla]]y

falling into pldCC if a constant shift of 1 7 ¢V is appllcd relative
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to the main 1s state. A\straightforward computation of the corrciat}on—
state intensifies G.e., overlap with the ground state) yields the
.valﬁes given in Coiumn 4 of Table-III.‘ While the agrecment with
experiment (Column 6) of some of the peaks.is fairly good, thcvSp:

pcak intensities are fér too large. This discrcpency ié climinated

by successive Schmidt orthogonalization of cach final statc to thosc
below it in energy (Table III, Column 5). This procédﬁre removes the
conceptuai error or nonorthogonality but replaces it by another,

because the order of Schmidt orthogonalization is both important and

v'arbitrary. Carlson et al.,z’6

employing an identical procedurc,
computed intensities for the 2p53p (1ower) and 2p53p (upper) sfatés
of 2.3% and 2.9% réspectively. These arc in marked disagrecment with
the intensities we have found using either our first approach or the
orfhogonalized modification. We assume that the source of the
disagreement lies in the fact that they did not Computc the complete
oveflép integral with the ground state, but rather approximated it

as the one-electron orbital overlap integral (Zp(initial state) |
3p(final state)). As it is not clear how the MCHF method can be
improved, we leave it at this point.

E. Final-State Configuration Interaction

A configuration-interaction calculation was carried out on tﬁe
Ne 1s cofrelation»states using the program described by Schacfer.16
The one-clectron functions used in the CI were generated by Schmidt-
orthogonalizing singlc Slater-typc orbitals to the Hartree-Fock
orbitals for an appropriatc core (by ''core'", we mean the 1s, 2s, and

2p atomic orbitals). The STO's used to define the functions were the
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“Rydberg orbitals in the ofigihal basis, two 2s and two Zp.orbitaisvfrdm 
the original basis (Zsf, 2s', 2p'", 2p'), a 1s orbital With,E = 12.0;
and a 3d STO with & = 3.5. The Teason for including the Rydberg
orbitals is obvious, and the remainder df the functions are.éhosen
so as to b¢ able to describe orbital reorganization and electron-
eleétron correlation in the n = 2-shell. This scheme genecrates a
basis‘setvof 8s, 7p and 1d function.
| The choicé of an éppropriate core presents a problem; The simplest
configuration expansion one can’imaginé which will generate the
correlation states as excited roots of the Hamiltonian is simply
alllsingle excitations with respeét to 1512322p6. For the.initially _
occgpiedlorbitalé; one might choose either the SCF orbitals in the’
main Ne® 1$ hole state or those in the 3P (or 1P) state’of Ne2+(152522p5).
The former.wbuld be expected to favor.the main hole‘state.energetically,_
while the latter would favor the satéllites; i.e., the optimum 1s,
| 25,‘and Zp ofbitals in the coqfigurafion lslzszzpsnp_should'be nearer‘
to thoée of the 2p shakeoff limit than the main hole state. Wé'noté
fifst that the 3P and 1p occupied SCF orbitals are very similar and
give néarly identical correlation state spacings and intensities when
- we use thém in the CI described above. To illustrate the difference
that 1is enféiled by choosing the Ne' 1s hole state vs the.Ne2+ 3P state
orbitals, we found
E[3p(upper) - E(main peak)]=42.45 eV (Ne* orbitals)

1 40.73 eV (NeZ* 3p orbitals)
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with intensities of,2.9%_and'l.5%bof the maiﬁ peak, rcspectivéiy,'.To:
éliminatc this orbital dependehce we considered several orbitaiv .
distribution schemes fdr fhe Ne 1s final-state wavefﬁnctions.' We -
édoptcd one that is‘désigned to treat thg main 1s hole state and

six np cbrrelatioh states (n = 3,4,5) equally. This distribution is

the union of single excitations with respect to the reference

configurations}
1s12s%2p®
1512522ps3p
1512322p54p
and |
15126%2p55p

with the constraint that the 1s occupation is always Qne.~_This shoﬁid’
allow th¢ 2s and Zp orbitals to.réédjust to whatevér form is;appropriate--
- for the state in'questipn. Ouf goal in this siﬁgle excitatibn scﬁeme,’
therefore, is to treat the satellites égg_the main state at 1ea$£  ¢
at the HartreérFock level, independent of the orbital basis.17 :
| The excitations that this approach inVolved fall é;ﬁématiéaily  .
into certainxcategories, as ‘illustrated below: |
| orbital = 1s  ‘2s,2p - Virtuals
OCC. no. 1 .8. 0

L A
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from 1512522p6, and

orbital 1s 2s,2p  3p  Virtuals

occ. no. 1 7 1 0
1 6 2 0
16 1 1
1 7 0 1

from 1512522p63p, etc. Using this approach we calculatéd.the final- "
state energies and peak intensities using both the Ne® 1s hole state

22p5) 3P state occupied orbitals. The results

._and-the Ne2+(1525
_ Shdwed much better internal agreement. The worst discrepancy in -
 energy relative to the main peak was 0.9 eV, and the largest diSchpancy
iﬁ'infensity was 0.3% (again forASp(upper)). Most of.thé diffefenccs
were much smaller. |
Energies and intensities are set out -in Table IV, Columns 3-5.
We shall refer to this result as.Calculation 1. The energies of the
correlationistates relative to. the main'peak‘show én iﬁprbvement relative
to the MCHF resuits in Table III: an average shift of 0.83 eV vs |
1.72 for the six states in that table.. The absolute energies of all
the states were lower than the energiés of the corresponding MCHF
states found by Bagus and Gelius; we, therefore, feel we have satisficd.
our goal of treating all the final states at least at. the Hartr¢e~Fo¢k
level. .
The intensities in Table IV, Column 5 are systematically lowér
than experiment by about a factor of two. We considered improving
the correlation-state wave functiéns further, but decided agéinst

doing so. The wave functions described above alrcady involve 226
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Configuratién state functidns The next logical improvcment wduld

be to include the union of all double excitations, whlch would grcatly‘
1ncrea<e the number of conflguratlon statc functions.. Rather than
spend}ng any further effort focusing on the final statés, we decided
tb Sfudy_the éffect of electron-electron cofrelation in the initial-.

state.

F. ‘Initial-State Configuration fnteracfion

Eérly treatments of correlétion satellites-conéidered.vaience
excitations in the final states but tréated the initial state as a
single configuration. This asymmetric approach was justificd_in the
context of identifying peaks and calculating their energies. 'F6f'
: prédicting ihtensities,.howeyef, such a modei would ﬁot_only béb
quéntifatively_ﬁnsatisfactOry (as the above caléulations'haVe shown),
but it-would_actuaily be conceptualiy wrong, because it systeméticaily
excludes ébouf half the effect, as we show.below.' |

Recently initial-state toﬁfiguratidn iﬁteractibn (iSCi) has
emerged as an imporfant factor in photoeiedtron spectroscopy.

Hg,lg'and szo

Valence-band spectra of atomic Cd,18 show satellité
peaks arisiﬁg'from configurations introduced into the ground state
by ISCI. In molecular HF,.the F(1s) corfelation4state spectrum. is
strongly affected by ISCI.IO_ The ''spontaneous interconfigurafion_
fluctuation' of recent interest in mixed—valenée rafe—earth c‘ompoimds21
is of course simply another name for ISCI. Wlth these devclopments

in mind we were naturally led to consider ISCI in neon, even though

it is nominally a closed-shell atom.



- -113-

Let us first examine the type of chrection 1SCT would'be
expected to provide. If we could suppfcss-tﬁe exchangc_iﬁteraction
between the Ne 1s eléctron and the valence electrons in tthe+ 1s
hole‘states, the two 152522p5np ZSstatesvwould be replaced by
(ZpSnp) l'S'anc.l 3S states.  The former would be very similar to the
1522522p5np, 1S excited state in atomic neoﬁ (the 3S state also hés-
an analog in atomic neon, but it is not édmixed into the ground:state).v
~ Similar 1:1 correspondence would obtain between the other configurations
in the Ne and Ne' (1s hoie)'manifblds with the 1s exchénge éplittiﬁg
removed. The enérgy spacings of the configurations would be slightly
greater in_yhe:ion, but otherwise the two manifolds of cQﬁfiguratidns
~ would be very similar, as depicted in Fig. 1 (left side).

Now let us.intrbduce confiéUration interaction inbboth’manifolds
while continuing to'suppressveXchange inVolving the.ls electron in
‘the ionic manifold. Correlated eigenstates are generated as shown
in Fig..l (right sidej. We describe these eigenstates by'coéfficients‘

as shown, and note these have magnitudes

1] 1]
ag 5 8y » b0 . ~1

t t .
a; , 3y, b1 . ~0.1

Now if we consider 1s photoemission in neon, there are four contributions
to the intensity-determining overlap integrals. Path A (Fig. 1) is

‘the largest term, of effective intensity

'2
Iy~ lagagl™~1
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whoro; for the sake of this example, we take'thC'overlap'integrals

to be 1 or 0. It'connects the méin configuration in the ground state
and -the lowest holc'statc Path B connccts the ground state with thc
Correlation statos. If the ground state were not correlatcd (i.e. | > 8y
for n > 0), then B would be the only mechanism for reachlng correclation

' states, and the intensities of those peaks would be

I, ~ lagh, 1% ~ 0.00

At this point it is instructive to see how the two majot éoorcésv
of sétéllite intensity-cited previousiy in the 1itératuro arovrélatcd
to-thisrmodel._ In most'odlculations of sateilite.intensities,
diffeféﬁt one-electron functions are used to describe the ground state
and the ionic states. In this circumstancé,ithe "rolaXétion" will
cause the two orbital sets to be noh-orthogonal and we would not be
éble_to make the aésumption that the overlap integréls‘aro either zero
ot unity; It is always possible, however (ét least in principle),
to perform a CI calculation_on the ionic stétes using the grodnd- .
state orbitals. If this set were complete and we performédva full-éi,
we would obtain'the exéct wavefunctionsifor'tﬁe ionic statés,‘ahd
- the effective intehsity would be determined (in our cxample) by the.
cocff1c1ent b The magnitude of this coefficient woold be determiﬁed» '
by both "orbltal reoroanlzatlon”--roughly speaklng, the single
excitations relative to the predominant configuration of the satellite,
and "correlation"--double and highef excitations; The former situation‘
has led.to what is tcrmca "'shakeup" ond the latter to "Configurdtion

interaction' states; the two groups of excitations are closely coupled,
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"df coursc, and,vicwcq in this broader pictufe the approximations WG.k

have made thus far are peffectly adequate to describe quqlitatiVeer

bbth‘tfpes of states. Initial-state configuration interaction providéé

a new avenue.for populating final states; it introduces Path C.v It

is obvious that it could have the same magnitude as Path B, and

‘since it is'édded tovthe other contributions before squaring the matrix

-element, its neglect can lead to intensity estimates which are cither

too high or too low. It also provides a mechanism for populating

satelliﬁes which do not have the correct symmetry to‘mix'with»the main

hole state (although this is not obvious in our example) . Tﬁe satellites

~arising in this case have been termed "ISCI" state‘s,.18 |
. In fhe neon ground—stafe'CI‘calculations the one-electron function§

were chosen in exactly. the same way-és in the previous calculatioﬁs,.

except that thé STO's Qere orthogonalized to the grouhd state HF

ofbitals. This virtual space was initially partitionéd into’a,

'"Rydberg space' (RS) and a "correlating space"‘(CS).. The RS (three“

‘s-type and four p-type orbitals) consisted of thbse 6rbitals formed

from orthogonalizing the Rydberg ST0's, while the remaindef defines

the CS (thfee s-type, tﬁo p-type, and one d-orbital). We made this

. separation because it is well known that the optimum virtual orbitals

for computing the correlation energy héve large amplitﬁdes in the

region of the valence electrbns, and, therefore, Rydberg orbitals

are not usually important in correlation én¢rgy,computations.

| The configurations in our next calculation included Singlé

- excitations intb both the CS and RS, plus double excitations into |

the CS. We refer to_this as calculation 2, and it included the
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| following distributions

S (1s)  (2s,2p) (1s',2s",2s",2p",2p",3d) g (35»45’55’3p’4p’5f’_’69)i§5} e
2 g ‘ 0 S v' o |
2 7 T | s 90 o
L 7 0 - 1 |
2 6 ‘ 2 0

JThe resulting tétal enérgy was lowered by 0.21 a.u. from the Hartree-
Fock value, thus picking up 55% of the Né(IS) L-shell cbrfelation '
energy (0.33 a.u.) reﬁorted by_Nesbet.22 The Ne 1s correlation-peak
intensities are not improved, however; in fact‘they are slightly
poorer (Table IV, Column 6). We infer that improvement of the total
eﬁérgy is by itself no criférion for the value of_the wavefunction
in describing correlation-state phenomena.  Considcratioh of the
simple modei giVen earlier shows thatvcorrelation—state.intensities
will be greatly affected only if similar_coﬁfigurations are admixed -

into the ground state; i;e.; Path C must be brought, into ﬁlay. In
Calculation 3, therefore, we transferred thé 3s and 3p orbitals from
the RS td CS, thereby includiﬁg double excitatidné of the form |

.1522522p43p2, 1522p6352, etc, in addition-to those in Caléulétion 2;' 

| The results were dramatic. As Table 1V, Column 7 shéws,'the o o | J
intensities of the Sp(upper) and 3p(lower) peaké were more than doubled
to hcar thé experimental valucs.. The 4p, etc, intensities were not
significantly improved, however. Encouraged by the success of
calculation 3 for 3p intensities, we moved the 4s and 4p_orbitdls*ovcr 
into the correlating spacec in Calcuiation 4. This evgntuaily doubled

the 4p(lower) and 4p(upper) intensities, bringing them up toWurdlthc
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~-experimental values, while reducing fhe 3p values only slighfly. 1Iﬁ
the next step--Calculation 5--in which the 5s, 5p, and 6p orbitals
were-brought over into thevcorrelating space (Column 9, Table IV). the
5p and Op intensities werc 1ikewiseAincreased.to approach the
experiméntal value (Téblé 1V, Column 10). TheSc results are‘iilusfrated
in Fig. 2. It seems safe to conclude on the basis of these calculations
fhat the correct thedretical intensities of a given correlafion state
can be calculated if that state is adequately represented'in the
- configurations that describe the initial state (via Path-C), but
. that only about 1/2 the experimental intensity ié predicted othcrwise
(Path B). = |

This result confirms the expectations of ouf simple'model.
Calculations 1-5 cléarly show that total energy alone isvno critérion»l
of adequacy of the wavéfuﬁctions in predicting.cbfrelation-state_
phenomena. Calculation.z included 55% of the total L-shell correlation;
Aenergy (82% of the correlation energy which can be recovered by déuble_y
excitations in our basis), but gave no'improvement on.intensities
relative to Calculation 1. Calculation 5, which gave much better:
intensities, impfoved the computed L-shell correlatioﬁ énergy to only L
67% of the total value. Figure 3 illustrates this point. |

In summary, this prototype calculation on neon has shown for -
the first time that quantifative correlation-state intensities aré
accessible within the framework of the sudden approximation. Agreement
with experiment was achieved only by taking into account configuration“
interaction in the initial state. Clearly the correlation-state

intensities are very sensitive to the details of electron correlations
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in the ground statc. We conclude that core-level satellite specfra;
posseés the potential of yielding unique information about'grouﬁdFstate'

electron correlation.
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TABLE I.- Basis.set of STO0s for the neon‘$CF cqlculationsa

_ng ; nt £
1s 15.439 , 2p o 10.542
1s' 8.806 . 2pt 4.956
2s 3.764 o't " 2.793
25" 2.301 2pttt 1623
3s" 10.995 3 | 0.00
3s 0.00  4p | 0.55

s 0.55 o sp . 0.39
5s 0.39 - 6p - 10.30

a) The functional form is given in Eq. 2. Rydberg crbitals'appear

below dashed lines.



'TABLE 1I.

Hartree~Fock energy results from the

basis set in Table 1.

Orbital Energies {au)

-zt

Sﬁécies State Energy (au) Virial Coefficient ‘ -g£(1s) -£(2s) -£(2p)
Ne 15225225 (1) -128.54708 2.00000 3277 1.93 ©0.85
Ne+ 1s2522p% (%5) - 96. 62402 2.00009 37.17 2.85 1.82
reZt 1s2s%2p° (%) - - 94.96461 1.99980 38.30 3.69 2.76

R v T M) - 1.99979 38.18 371 2.75

94.80628




L

TAELE III.. The MCHF results for Né+ 1s correlation states.

" Energy (eV above main peak)

Intensity (relative to 100 for main peak)

state Ref. 3,5 Expt(Ref.s) MCHF _Orthogonalized MCHF Expt. (Ref.4)
3p (lower) 35,59 37.35 (2) 9.25 | 3.35 315 ®)
3p (upper) 39.46 '40.76 (3) - 5.45 1.97 . 3.13:(10)

4p - (lower) 40.50 2.3 (2) 2.31 0.74 2.02 (10)

4p (upéef) .44.62 46.44 (5) 0.89 . 0.36 0.90 (11)

Sp (lower) 42.’38‘ 44,08 (5) 40.95 " 0.29 0.42 (6)

Sp (upper) ' 46.60 48.47 (7) _-6'.31 0.13 0.17 (5)

~¢Z1-



- TABLE TIV. VNeon ls correlation-state energies and Intensities, from configuration-inteiaction calculations.

Root?  Excitation -E(au) AE(eV) ,Ilb’c I2 : 13 16 -IS Id(expt)
(0.824) (0.809) (0.782).  (0.777)  (0.774) -

1 (I's hole-state)  96.69406 0.0 100 1000 100 - 100 100 100

2 “2p »+ 3p . 95.35753 0 36.4 - 1.26 0.79  2.58 2.51 2.47 3.15(10)

3 2+ 3p 95.22639 39.9 1.68 1.27 3.02 271 2.60 3:13(10)

4 2p » 4p 95.15613 61.9 0.85 0.5 0.66 1.53 1.48 2.02(10)

5 2p + 5p 95.11399  43.0 0.24. . 0.14 0.15 0.12 0.43 - - 0.42(06)

6 2p + 6p . 95.03181  45.2 0.05 0.02  0.02 0.01 0.09 ~0.15°

7 2p + 4p 95.00479 46,0  0.46 0.32 0.24 ‘0.57 0.70 0.96(11)

8 2p + Sp 94.95227 67.4 0.07 0.05 0.05 0.02 0.11 0.17(5)

9 2p + 6p 94.87348 49.5 0.04  0.03 0.02 0.02 0.06 -

a) A characteristic of this type of CI calculation i{s that some.roots are nonsensical: the calculation tries.tp

s{mulate states that are not adequately spanned by our basis set. These begin to occur after the ninth root-and
have been omitted. The excitation assignments were made by examining the eigenvectors.

b) Subscripts refer to calculations as numbered in text, The same final-state functions were used throughout. ";"
refers to Eartree~Fock initial state; "2" included double excitation to the basic correlating space. .In 3,4
and 5 the (3s,3p), (4s,4p), and (5s,5p,6p) orbitals, respectively, were cumulatively transferred to the
correlating space,

¢) ,Parén:hetical-number is actual overlap in the ls hole state. The relative peak intensities are given as
percentages of this value. : -

d) Ref. 4

e) Our estimate,. from Gelius' figure, Ref. 4

-¥Z1-
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FIGURE CAPTIONS
Fig. 1. Simple model to illustréte the effect of initial-state cpn~
>'figuration intéraction on cofrelation;pcak inténéitics.in Nc 1s
pﬁotocmission (not to scale). With 1s exéhange supprcssed,
‘the ch'(ls hole) configuration manifold would closely rcsémhle
'tHe ground state manifold (1eft); -Introducing Configuration
‘interaction, this i:l gorréspondence would also obfaih for the
e€igenstates. (right), and‘a0 ~ aa, aj ~vai,‘ctc. AThc'majﬁ pecak

- arises primarily from path A. Paths B and C arise because the

gtw0-configurations‘”look for themselves' in the correlation
state. They are of roughly equal.strength, but the dashed path
(D) is weak. |

. Fig; 2. Bar diagram of the Zp - np peak intensitie§ forﬁeight corrclation

states of Ne+.(ls hole). As;in text, Caléulatioﬁ‘] is Hartree-
.Fock in the initial state. Calculation.z includbs corrclation,

~ but with'novdouble-electron excitation into the Rydberg orbitals.
Caléulgfions 3, 4 and S include double excitation into the
(3s,3p), (35,ep,4s,4p); ahd'(35,3p,45,4p,55,5p,6p) orhifals

: respeétivelyﬁ' The calculated enefgies have been shifted upward-
bfv0.8 eV to facilitate comparisbn with expcrimcnt.'

'Fig. 3. Perccﬁtages of experimental correlation;state pcakiintcnsities
baséd‘oﬁ sum of np(upper).+.np(lower), and.fotal L—ghell
Correlgtion enérgies, obtained {rom various iﬁitial—stnte cal-
Culatioﬁs described in text. The basic CI calculation picks up
:nMCh of the.correlation énergy; but the pcak intensities arce
brought into recasonablc agreement with experiment only as each

state is successively moved into the corrclating spacc.
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