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. Theory of Core-Level Photoemission Correlation State Spectra
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. Abstract

A theoretical framework is give.o for calculating satellite spectra.
(sometimes c}v;alled ""shake-up'' or "mohopole" specfré) that a.ccom.pany
' core-level photoemission peaks. Photoemissioo: is regarded.as a
special case of optical exc.itation in ao N-electron system.. The sudden
: approximatioﬂ_ (SA) is applied io a way that expres's_'es the. photoelectric
cross seci‘ion as a product of a one-electron transition tefm'and an over-
lai) determinant, plus corroction terms. The dipﬁo‘le approximation (DA)
is applied similarly. Relationships between the SA and DA results are
no;tod.' Conﬁguration inter‘action (CI) in the final state is dis'oussed.
It is emphasized that the mé.in core-leirel peak ano. satellites do not
really arise frorn_orioQ and two—eléctrori excitations, respectively, but
from qualitativ.ely,identicél traositions;' The irﬁpoftance of initial-state
CI in deter'r.ni"n'ing satelli'oe intensiﬁes in molecu'larb XeTay vphotoolectroo

spectra is pointed out for the first time.



I. INTRODUCTION

The groWing'application of x-ray pho_téemiss'i_o‘n spectréscopy, in
which atomic core levels are pho't_o—ion‘ized with ll.nv_c_)n‘ochrornatic X rays
ai-nd ‘the;of'bi_t'all bi'ndi'.ng_ene'rgies méasured through _spectijometric |
analysis §f t_hé Iv)hotovelebctrons' kinetic _energies,_‘.ha_l'vs_led to renewed
interest ih c.balculations of photoemission-spectrva"fc;r afomic and molecular
core levels..i .Most work has been focussed on the "lowest—b.indi.ng-energ'y
‘v.p'e;ak observed in the characteristic spectrburn from each core level;
i.e., t'he_f’adiabatic" Lor “primary“. peak. Thé'relaxétion energy,

Eﬁz-ej-Eé,' o (1)

has received considerable attention recently; enough indeed to exaggerate
the significance of the primary peak at the expeh‘se of the rest of the charac-
teristic spectrum. Here Ej is the orbital energy ahd Ei]3 the binding
energy of o_rbit'al -

| In thié paper we describe a theory of the satellit'e structure en-
countered in x-ray photoemission from core leiré_ls'.. Emphaéis is

laid on the fact that photoemission is a many-body process, carrying
an'N-electrﬂon system from an initial to a final state (Section II). Sev-
eral levels of a_pproximation are discussed. In Section III an N-electron
sudden app.x;o.’ximation is deri;red, which esti.mates'-relative
cross-sections with fair accuracy. Secti‘,c.)n IV treats the dipole épproxi-.
mation, retaihing and evaluating terms that are usually neglected. The
two approximations are corﬁpared and shown to be'equivalent when |
certain approximations have been made.

Section V shows that configuration. interact.io'n. (Ci) in the final state

should be very important in determining the intensities of thé_"'shake-up"
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peaks, whic;_h ére therefore ﬁot adequately described as aris,i‘ng from
two-electron: ”e_xcitations. Grounq‘-state CI is introduced in Section VI. |
It is shown to be nearly as irr‘lportanvt as final-state CI in determining
:the intensities of shake-up satgllite peaks. |

IL | PHOTOEMISSION AS AN N-ELECTRON PROCESS .

In phbtoemission an N-electron system in an initial state ¥ -i(l-’ 2,...N)
interacts with _th'e radiation field. A pho_tq_n'is abs-orbed,. tak'i'ng the
system to a final state ' q)f(l, 2,.... N), ig \_:vhilch at least one electron has
Been ejeéted‘_into a éoﬁtinuum state. We shall restrict 'the discussion
below to fhosé'_‘events in which ovnbly one ele_ctron is ejected. This is done
for bre{rity only, and no serious loss of generality'vis‘ entailed: extension’
.of this treatrﬁent to multiple—_free—eiéctron finél states is straight-
forwafd. |

Kinetic-energy analysis of the photoelectron spectrum reveals peaks
at ehergies |

K = o+ E(N) - By (@)
where Ei(N) is.the initial;state energy and Eg(N-l) is th.evtotal enérgy
of the remnant N-1 electron sfstém. Thé spectrﬁm is usually c.lominated

by states at the "one-electron binding energies'',

V- |
EB = Ef(N—l) - Ei(N)’ | (3)

each of which corresponds approximately to the orbital energy ej of a

one-electron atomic or molecular orbital - the simplest one-determinant
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description of the initial state [ Eq. (2)]. Closer inspection of the
spectrum reveals a set of satellite states, at hiéher energies. ‘Eg, (N-1) ,
associated with each main peak. In the literature onlthe subject these
satellites have been vari'ously termed "shake—up';,’ .”monopole-excitation”,
and '"'correlation'' states. Unfortunately they have a_lso been treated as
if théy were qualitatively different from, or _wer.e. rreached in a different
way than, the primary N-1 electron state. The apparent differences are in
fact an artificial consequence of using certain one -.‘ele.ctron orbitals as
a basis setsf;o dlescribe the initial and final s'ys;:e.ms,- together with the
in e .

assumption offdeterminantal v)avé functions. Wh_il.e these heuﬁsfic desc‘rip-
tions have éérté.in pedagogic value, they must not be taken literally. The éat—
ellites do not é.rise_through a two-step process, .a'n‘d" they do not correspond -
to one electrén being ejected as a photoelectron and a second electron being
'"excited'' to a higher bound orbital. Such descripti_ohs are intuitively
appealing but furidémentally incorrect. They confp._se the eigenstates of
the (N-1)-electron Hamiltonian with a particular set o‘f basis orbitals.

A photoerﬁission experiment is jusf a special case of opt.ical ab-
sorption in which the N-electron system absorbs a photon of energy fw
and is raised from its initial state to a final state w1th one ﬁnbound"
electron. The act of observing the kinetic energy of thevphc-)toelectron
(fhe Nth electr‘on), in anticipation of using Eq. (2) fo ‘étudy the N-1
electron system, should also focus (;‘our attention on the fact that the
final state is really that of an N—electfon system. If bdipole selec_:éion
rules are operative, which is often the case, they apply to the total

N-electron system. This means, for example, that a 1S-~1P transition

is allowed for the total system; any combination of (N-1)-electron
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final state phis photoelectron final state synimeffies that couple to 1Pl
(e.g., 2S + p, 2P + s, etc.) would satisfy this criterion. Among the
2S final states of the N-1 electron system none hés preference a priori.
"The main lines and the satellites are funciamentally exactly equivalent.
Each is reached directly via a one-sfep, "one—_electron‘” dipole trans-
ition. 2 The ihtensity differences ariee, as shqwn Below, because of
.quantitative differences in cross-sections. o

The above general comments are valid withoﬁ_f reference to basis
svets, configuration interaction, or even electron:ce.rrelation. We
emphasize their basis-set independence. While one-electron molecular

orbitals provide a convenient basis set, which we‘shall use below, they

are in no way necessary.

III. THE N-ELECTRON SUDDEN APPROXIMA-’I‘iON
The first application of the sudden approximation to hole-state ex-

citation was made by Bloch.3 Many authors haQe contributed to the
literature on 'this subject. Aberg has given a recent comprehensive dis-
c_ﬁs sion of the sud.den approximation in connection with x-ray satellite
spectra,.4-6 Aberg's work is now the standard i'eference in the field of
inner-shell ionization phenomena, especially in connection with x-ray

| spectra. For general use in photoelectron spectrosc.opy it is not di-
rectly applicable, however, because in inner-shell ionization, per se,
attentidn is focused on the ionic N-1 electron system, and the photo-
electron is disposed of quickly by taking the high-energy limit k - <.
We are,howevern interested primarily in the behavior of f:he N-electron
system under‘ the constraint of constant total e‘nergf; i.e., the photo;

electron has a finite energy determined by Eq. (2). We present below
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an application of the sudden app’roximafion to phqtdemissioh'in which

this high energy limit is not taken. 7 The essential new feature is that it

can be use& to estimate relative cross sections for all states observed

in photoelectron spéctroscopy, not justthe satellites of a given primary peak.
In the sudden approximation, we assert that the interaction between

the radiation field and the electronic system can be described as a delta

function in time. For times t< to, we assume the system is in an

eigenstate, | tPi(N) ), of a time-independent. Hamiltonian, Hi' ’Fo_r times
t>t,, it is assumed that the evolution of the Wax_féfunction is governed
by a differ_enf time-independent Hamiltonian HZ.‘ At t = tys the
Hamiltonian changes discontinuously from H1 to HZ’ ‘but we require
that the wavéfunction be continuous across this inter.val. This treat-
ment then leads to the well-known result that the probability of ob-
serving the»system in some eigenstate, | ¢f(N) ) of -HZ at times t> to
is simply given by 3 ‘
P, = |0 14,00 ] 2 Y
In applying this result to photoemission, we'assumevthat H1 is just
the N electron electrostatic Hamiltonian fori the atom (or molecule) in

its ground state, and that H, is separable into an (N-i)-elect'ron' electro-

2
static term plus a free-electron operator. The final state is thus

.described by the product function (5)
vupf(N) = xg(1) ¥.(N-1) , (5)

Where xf(i) is the solution of the free-particle operator for electron

1 (a plane wave), and ¢f(N-1) is the wavefunction for the ionic state.
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It is, of course, poséible to attain any degreé'of accuracy desired
for the groimd-state and ionic-state wavefunctions through the techniques
of configuration interaction, but for the present let us représent each

state as a ‘s‘ingle Slater determinant;

b, = )2 o, (1) 6,02 ---4;N<N>|,_ T (6)

: (7)

ny'_(IN-I) L Ne1) 1717172 l &(2) 45(3) -+ g (N)
‘where {d)l} is some appropriate basis of one electron orbitals,8 and
' fhe orbitals ¢,; are prifned to noi:e that they aré similar; but not identical,
to the ini_tia._l-'state basis functions. We have written the final state or-
bitals in this way to imply that it's -possibie (qualitatively) to assign ¢1 _
as the orbital involved in ionization.

We are interested in the matrix element (¢f(N).| tlJi(N)). If the
pé,ssive orbitals remained frozen during photoer;li_s sion (i.e., if
¢i' = ¢i for éll i), in the spirit of'Koopmans' theorem, it is easy to show
by expanding Eq. (6) in minors, 4e.g. ,

-1/2

4, (N) = (N1) I

N .
¢.(1) (-1)
=1

xh(N-iH%}i) (8)
that | ~ _ |
@ e,y = N2 0 o) - o @
The quantity Lpi'(N-1;¢j, 1) denotes the minor of ¢j(1) in LIJi(N). Thus
‘according to the usual sudden-approximation and. golden- rulg arguments,

the cross section for photoemission would vary as

o, =N I<Xf|¢1>|2 P(ED, B

where p (Ef) is the density of plane wave continuum states at the photo-

electron energy E-f. The relative cross sections for photoemission



from two orbitals would vary as

(11)

ol e e
g.

i gl ¢j)'2 p(Eq) |

It is of cou‘rsé clear that this approach is extremely crude, but it will
give a qua;lifative idea of the variation. of cross 'éecfioh ratios with
energies,: provided that it is not applied near thféshold, even uéing this
plane-wave approxﬁmation for x. In comparing fhis result with Aberg's
derivatidn we note that he obtained N-1 as the préb_ability of exéiting a
given‘orbital. The reason for the difference is that Aberg wés’ doing a
different pr.oblem -- x-ray satellites -- for Which the emphasis was on the
production"iof hole states with high- enérgy X- rays,"whereas we are
V specifically ‘ihterested in the photoelectron.

Relaxing the frozen-orbital restriction, we can write
- 1/2 N .
(WeN) [ 9, (N)) = (N1)T7% (x (1) TT &) () [4(N) )
| £ k=2 |

1/2 Y +1 N o
= (N1) Yo T ) T el (k) | 6 (1 (N-154., 1))
/- f M k j i j
j=1 k=2 . .
(12)
Here we have used a relation given by L6wdi‘n9 to write a symmetric
product funcfion (times(N !)1 /2) in place of lIJf(N) in the matrix element.
-Without loss of generality we may consider only the case in which elec-
tron '"1" goes into the continuum final state xf. The entire (antisy”rn-
metric) N-electron initial state ‘~|—'i(N) must be used, and it is expanded

across the first row.
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'Ma'ny-ebl.ectron effects are apparent even in the crude level'of

theory (SA; .éne-determinant function) employed.thus far: the transition

matrix element is not separable into an '"active'' times a '""passive'

electron part. Expansion of the RHS of Eq. (12) yields . |

) L4, ) = N2 G 1)

N .
N -yt
2

+ N'1/2

T

J

<Xf!¢J>

Jans

HEINE

(N12) (N'13) .. (NN

(20 1) (212). . (215-1) {21+ 1)+ - (2| N)

(1) 32y  (HNi-1){3Nj+1) (NN

{ri'g 1) (NI 2).. ;"(l\i‘lj-i)(ﬁj+ 1).. (MN)
| (13)

Here the abbreviated notation (2'|2) = (¢'2 | ¢2> has been used in the

determinants. If unrelaxed orbitals were used to describe the passive

electrons in the final state, we would have ('] j)= 515’ and Eq. (13)

would reduce to Eq. (9).

Using rea1>(re1axed) orbitals, the first term

will usually be altered somewhat. The product of the diagonal elements

| (') is typicé.lly of the order of 5 to 10 percent 1ess than unity, while

‘the off-diagornal elements are veryvsmall (.05-.2). Thus the first

term might be ™ .9 <Xf|¢1) which, when squared, is only 10 - 20 %

different from the frozen-orbital approximation.

The second term in Eq. (13) is more problematical. To assess

its importance, note that it is possible to interchange rows and columns

of the determinant so that all of the largest elements (for which k' = k)

are along the diagonai. We will still be left, however, with one term
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along the .-diagonal of the form (j'11), where j' is the final state
orbital th;t most closely resembles ¢j, the orbi"ta>l w.hich .has bgen ex-
panded out. This particular 'element wili effectively dictate the magni-
tude of the diagonal‘product (since al.l‘others are néarly unity ,  and

" the diagonai products will yielld the largest term_By far in each deter-

mi.naﬁfi). 'We‘: thus have additional terms which aré roughly given by
(xel 3 (111D -
Dividing this by the first term, which is approximately (Xfl 1} , gives
(xgl 37 €| 1)
(x¢112 .

Ratio =

10 but the ratio_

If is safe to assume G 1) << 1 for all it
<Xf| iy / <Xf| 1) may be signifiéantly larger than unity, thereby
necessitatingvthe retention of the sum in Eq. (13). For example, if

we co:nside»r ioniéation of a neon 2s electron by'.soff.‘ X-rays

(fw ~ 1.5 keV), the overlap of the 1s orbital in .the.hole state with the 2s
orbital in the g_rou‘n_cl state is very smé,ll. However, (xf lls) is fnuch
larger than (»Xf |25) at these photon energies.

This sum can be regarded as arising from an "internal shakeup"
mechanism: in fa‘ct it is rather similaf in struéture to ”cohjugate
shakeup' . 1 An electron appears tb be ejected :frvofrvl the jth 6rbi£a1
ihto the continuum and.replaced by an electron from_orbita.1'<j>1 .

This mechanisrp requires both exchange in the initial state (to make the.
product (j' |1 Y I3y ‘and relaxation in the final state (to make

(j'11) # 0). Further discussion of this interesting term lies outside

the scope of this paper, but we note that it was not apparent in Aberg's
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treatment because the photoelectron was not explicitly included in the
final state.
The cross-section for photoemission from core level ¢1 can now be

written as .

| - N 2
Oga = N7 (xfli)si_1 + Z(-i)iﬂ ADER P (E) . (14a)
= I
. . N .
et '1>2 2 4 ant (o | 1St \ 01 (| st
=N X )TH2N T /DT xl 3287
o ' j=2
Fﬁ 1 2\‘ _
+N'1‘{2~4(-1)1+J_ (xflj)siJ| fp(Ef) o (14b )
j=2 .

where S11 ‘dve:notes the first (N-1) X(N-1) determinant in Eq. (13) and
S1j is the deterfninant under fhe sum; i.e., the déterrﬁinaht with the
first row_éhd jth column stricken. In the frozen-orbital approximation
f:he second and{ third terms would vanish, 511 wqu_ld: have a value of
unity, and Eq. (14) would reduce to Eq. (10). If the second and third
terms can be neglected by virtue of the product.‘(xfl.j> sli being suffi- -

11,2
)

ciently small for all j, but if relaxation is not neglected, then (S
will typically be in the range ~ .7 t0.95 and Ogp will be reduced by this

factor relative to the estimate in Eq. (10). Equation (11) will still be
approximately" valid because the (Sii)2 type term's.‘should have similar
values for different photoemission transitidns, a'pd the various cross-
sections will' show similar reductions.

An impbrtant. advantage of the i)rese'nt N-electron.for;'nulation of -

the SA is that the factor (xfl ¢,1)' contains an explicit dependence of the

photoemission cross-section on the orbital symndetry of ¢1 and the
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photon energy!. 12 By using these plane waves (of the riéht wéveleﬁgth)
forv‘ X¢ and Slater orbitals for ¢1, most of the crudest physical features
of photoemission cross-section ratios could be derived using this
approach. | -’fh-us, for example, we can easily deduce the well-known
result that o (2s)/0(2p) for second-row elements is small for ver‘y soft
(~ 100 eV) photons but larger for harder (‘;’ 1000'_eV) photons, which is
' readily understandable in terms of th;e deBI_'.ogliefwayelength.. of the
final stat¢ Xf-__13

The above discussion has argued that the SA can give qualitatively
reaéonable results for photéemission cross-éections when applied
properly. We do not, of course, advocate using'thé SA when other
methods are available, as described below. ‘
IV.i THE N-ELECTRON DIPOLE APPROXIMATION

The dipole approximation is derived by taki'ng account of the photon

field explicitly by adding a term

- - e
B> B - ¢ K
-

to the momentum operator of each electron. Here A is the vector po-
tential of the photon field. After making the dipble approximation and
carrying out several standard manipulations, it cén be shown that the

introduction of H , inserts an 6perator f 'Ek into the transition
' 1

¢ wa
matrix eleme‘nti and adds a multiplicative factor of (ﬁw)'i. The cross-
section thus becomes
.
p(E) (15)

« (hw)~ 1

' N
%pa ERR N DY A IS
k=1
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where 3 is the polarization vector of thé radiation. At this point we
éﬁail suppress'the vector notation.and concentrat‘é on the momentum
matﬁx element. Angular distribution effects lie out;;ide the scope of our -
discussions. Expansion of the nﬁatrix element in Eq. (15.) yields terms
that differ ffom those in the sudden approxim_atio‘n énly in i'nc'luding a ma-
tr?x element of the momentum operat‘or Py Th?'g are also additi’oné.l
terms arising from the rest of the momenta,v Z Py This result can be

. - =2
arranged in the form

R CENTE Zpk | 4, (N)) = ()] py | 4,00) + (4] E’klabi(N))
- k=1 v . k=2 .
oy & " L
= (x| st ) 0™ (x| p|)s"
j=2 |
N | N
N _Zl (-1)tt] (x| 3) <I} & | Z:;Jk -1 1) (17)
J: = ,

The first two terms of (17) arise from the p1 operator, and the rest
from the gpk sum. We have written (17) in this form to poiht out
that the tra'xz'x_gition moment has two major terms. In »the first an elec-
tron makes a.'dipole transition from orbital 1 (or j) to the continuum
function. In the second, an electron-in orbital 1 (or j) makes a monopole '
transifion to X¢? while the passive electrons make a dipole t?ansition
to the final ionic state. Thus this last term, which is present to some
extent in all photoemission processes, represents a component of a
'""conjugate'' transition. It is very important to point out that we do not
have to make the drastic assumptions about X that were made 1n the

sudden approximation. The continuum function may be of any accuracy
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desired, and, specificélly, is not required to be a.plane wave.

It is in’geresting to note the connectidn between this form of the
cross-section and the N-.electron sudden approximation. One finds that
the cross section implied by Eq. (17) approaches -fhe RHS of .Eq. (14)
if only the first two terms of (17) are retained and ﬁ_is replaced by‘unity.
Another corﬁéa:r'ison with the SA is obtained byj ;pproximating X¢ with a
plane wave.. In this case \&e may replace (val p g j) by ’ﬁkf( Xf ' iy

and Eq. (17) becomes

N

BN | - |
GO0 T oy [l = (gl 08T D 0™ G Y
: k:]. J=2- .
N o N N o
+ }: O (15 (T o] Z P | ¥;(N-1); ¢,,1)
o=l ' g=2 k=2 | J
(18)
Since by energy conservation
2, 2
_ H 7k
hu = Ep + —m
it follbows tha’t14
‘ 12 I , N ,
| f o1 11 A4 Ao til
Onp & I{x.[1)S " + (-1) (x¢ | i)s
DA : kf2+2m EB/‘h2 ' [ xfl 2]—_—':2 o . X j
2 .
4 (ﬁkfi1 Z[p] p(EY) . | - (19)

HereZ[p] denotes the sum over momentum terms in square brackets

in Eq. (18).  As k- , the coefficient in Eq. (19) approaches unity,
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the last term goes to zero, and Eq. (19) approaches Eq.(14a); i.e.,

the energ.y dependence of the dipole cross section approaches the SA

result. Again, however, the formgiven here contains an explicit ex-
pression for the momentum matrix elements of the active electrons.
The résults given in Eqs. (11), (14a), and (16-19) are straight-
forward, but. to our knowledge they have not been given explicitl&r before,
>'a‘nc~i most molecular core-level photoemission spectra are interpreted
using even more approximate expressions. The deficiences of the vSA,
the DA, and the plane-wave (or OPW) approxima_tidns are too well-
known to require discussion. Nevertheless, for the purpoéés at hand --
the calculation of core-level correiatiO'n-peak relative intensities -- any of these
approachés is usually adequate provided that configuration interaction

is treated properly. We turn to this subject in the next section.

V. FINAL-STATE CONFIGURATION INTERACTION
Correlation (''shake-up'') lines arise through‘trans.itions to higher-
energy states qf the same symmetry as the '"primary' hole state. The
energies of the satellite lines can conveniently be obtained from a con=-
figuration-interactiqn calculation on the final state. Let us consider
. . n : .-
the exzzlted determinants qf(f) (N) of a molecular-ion primary determin-
0) . .
ant .y ' '(N) that are described by single excitations. After the configura-
tion-interaction calculation has been carried out, the eigenstates @f ; (N)
: . n
are given by o
N ) (n)
yfn' (N) E Cn'n Vg (N) (ZO)
where Cn' n 2Te coefficients that describe the extent of configﬁration

mixing. In each of the (single-) determinantal basis states wf(n)_(N)
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a  photoelectron continuum function y (n) is included as one of the N
one-electron functions. In principle x (n) should therefore be included

in the configﬁration—interaction calculation,.which would be carried out

on the full N-e_lectron system. In practice, this will often not be feasible,

and the CI ‘caiculation will be done only on the N-1 electron molecular ion core.
Asid_e frorﬁ;the continuum function y , the othez_"N_-1 orbitals in llJf(O) (N)

are genefgiéf:é_d by deleting the appropriate c-ore'o;bital ¢, from the

molecular ground-state function, and allowing alithe orbitals to relax,

as in the previous sections. Thus tlJ(fo) (N), th‘e .réfé.rence configuration,

is just the def,erminant formed from thg functiéns Xf, <1>'2, ¢é, ce- ¢'N R

as before.. If the virtual orbitals are numberedv¢i\1+1,> ¢'N+2’ etc.,

then typical lbw-lying configurations would be the determinants formed

from {Xf’ ¢'2. ¢'3, .o d)’N_l: ¢;\T+1} , {Xf’ 4)'2, ¢g, ¢i\I—i R ¢i\I+2}’ etc.

In forming the N-electron basis states the usual angular momentum

coupling ‘and symr_net.ry rules must, ofv course, be obevyed. 15

The matrix element for a transition to the final eigenstate @an,v(N)

has the form

n

N N '
(B 0] pkl¢i<N)> -zl (Fm] ) p b))
k=1 " k=1 '
Combining Eq. (21) with Eq. (17) we obtain

N | I
(B | Y e w0y = mcl o (xu|p|t) st 22
k=1 K n .

The terms indicated by dots are those additional terms on the RHS of

Eq. (17). If we neglect them (on the basis that they are often very small
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for core-level ionization), the leading term given above yields a simple
expression for transition cross-sections to the correlation states. The

momentum matrix element factors, giving

< fn'(N)lkZl Pk|¢(N)> <X lp‘1> Z Cn,nSii.
(23)

The intensity ratio of the n' correlation peak to the main p'eakl is thus

g
2 | = 11|
I‘(‘n') ~ !<Xn|!P|1>! 5 ln C'n"n Tin 2 p(Enl) . (24a)
I(0) -|<X0!P,1>‘ I;‘: Con Sa ! o (E))
.
2 =
(I(n')) ~ n'p(E ')!< Xn'l 1>I ’n n' nS n
(24b)
z 11 .
I(n') ~ 'D “ntn ®n ' : (24¢)
: 1(0)_/'-0A ! o S“lz )
|

‘n “On n

Equation (24a) is general: the only approximations that it entails are
a single-determinant initial state, neglect of some terms in Eq. (17)

as described above, and of course the DA. Equation (24b) is based on - .

T a plane-vs)ave continuum state -- cf Eq. (18). In Eq. (24c) we have

assumed a constant matrix element (y | p'i) (and density of final states)

between transitions to state n' and the main line. This does not require

the plane wave approximation, but requires only thét (X0|p| 1)  and p(E)

change little with energy over the range AE spanning the main line and its sat-

ellites. Since AE is usually ~ 10-30 eV, and small compared to the total kinetic
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energy accompanying x-ray photoemiésion (T1keV), ‘this ""overlap »
approximation" is usually quite a good approximatio_h' to the more exact
Eq. (24a).v__ |

Applic‘a_.ﬁdn of Eqs. (24) to a real molecule W_dﬁld be expéctéd to
show correlat_i_on -state peaks at energies corresp.onc;iing to the experi-
mental spect‘rum‘. The intensities would be the fight.order of magnitude
on the whole, but would probably not agree in de_taii with éxperiment.

An important f_éétor has been left out until now -- configuration inter-
action in thé i;litial state. This will be treated'belo_w.
VI. IMTIAL—STATE CONFIGURATION INTERACTION

Up to this point we have treated the initial and final states of the N-
electron system in an unsymmetrical way, usivhg. ..a'éingle-déterminant'
wave function for the initial state, but including q(.)nfi'guration-adfnixed
final eigenstates. This approach is‘ appropriate for relative correlaltion-
peak energies, because only the lowest electronic level is thermally pop-
ulated in the ground state. In treating infensities;‘ however, initial-
state configuration interaction must be considered e::}:plicitly. It turns
out to be of equal impoi‘tan;:e to CI in the final state, for reasons given
below. |

In the CI expansion [Eq. (20)] the coefficient Coo will usually be
rather large; i.e., 0.9 to 1.0. This is expected because the 1Qwestlcore-hole
state of the molecular ion is substantially »separafed ip_energy from the
correlation stafes. The latfer may be substantiaily m_ixed by CI, since
the configurations frofn which they are derived may be nearly degenerate

in energy. Thus in the typical transformation matrix in Eq. (20),
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a) COO

b) C, and Cp, are small (¥ 0.1 or less).

c) The C'n'n are less predictable. However for any given corre-

is large (~ 0.9 to 1.0).

lation state n’ a small number (~ 1 to 3)'of'elerheni:s-Cn,'n will
usually be rather large (=0.5).
If configuration-interaction in the initial state is considered, an

e_quation similar to Eq. (20) can be written,

B S
L it M) =2 D 447 00, | (25)

hd m!
_and the statements (a)-(c) will also hold for the co-efficients. Dm'm

The correlation-peak intensities'in Eq. (24) fr.'na.y be understood
Qualitafively if we recognize. that the overlap deterlv'ni:h.ants‘'S:]1 are not
all of simila‘r size. In fact, ’St)'i ié much larger than all the rest, be‘—v‘
cause it gives the overlap of the paésive orbitalé in the main configura-
tion of thé -initiél and primary final state; i.e., fhé .orbita'ls (¢2>. . cp'N)' and
_(¢'2 oo ¢'N) are the same éxcept for adiabatic _rel_é'.xatioh. In every |
othgr’ 8311 at least one orbital ¢3 is changed and the overlap is greatly
reduced. Thus an important term in I(n') comes from the admixture
of the g_round.-staté vlike cdnfiguratidn into each correlation state n'. In this
approxima.tio'n Cl distributes the initial-state confi_guration ‘of the pas sive._.
orbitals among tHe various final stateé of the molécﬁlar ion, With most
of it going to the .lowest (n' = 0) state. The photboe‘lectric transition thus
"picks out" the initial-state configuration in each final state, with rela-
tive strength . ~ l Cio l 2, from Eq. (24c). The second major contrib-
utor to I(n') is the overlap between the grouhd state determinant and

the do.mi'nant excited-state configuration, \llﬁn-), in the state n'. In this
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contribution the .cc')efﬁbcient Cn‘n is large, but the overlap Sin1 is small.
This term actually provides the major part of I(h'), but the first factor
is not necessarily negligible. In summary, the main peak is intense

because both COO and Sio1 are large, while the low irﬁ:ensities of the

correlation peaks are due to the small coefficient C (which is multiplied

n'0

by a large oVerlap) and the small overlap S;i (which is multiplied by a
large ‘coeffrcxent Cn'h)' R |
When initial-state Cl is introduced, Eq. (23) must be modified by

substituting lPin'l,(N) for kpl(N) " Using Eqgs. (20) and (25)
N _ S
w B - - |
<kIan' (N)s >__‘ pj I ‘{Jiml (N)> - (Xna'lp|1) Z C :“ D . S 11
Y - n'n “m'm nm,
J n, m

(26)
11 . _th .. )
where Snmv' denotes the overlap determinant of the n” final state con-
figuration and the mth initial state configuration, with the first row and
column omitted. Referring to statements (a)-(c), and noting that only
the m' = 0 case is of practical interest for photoemission, we find that

three kinds of terms are expected to be dominant 1n Eq. (26):

: * L : S . s s
i) C00 DOO Séé . This accounts for most of the intensity in the
11 .

main peak. This is analogous to gn'O DOQ SOO , in which thg
main configuration of the initial ground state ( 'DOOI| ~0.9to 1.0)
""picks out'" its counterpart in the final correlation states

l ~0.1). This could be termed ''CI in the final state' .

00 Siz) , also a ''final state CI' effect These first two

contributions were discussed in the previous section.
11

« . .
iii) C_, D S , in which the configurations that are admixed
n'n T 0m T nm o :

(lcn'o

ii) ¢, D
n'n

intov'the'initial state to a small extent (‘I DOm' ~0.1) pick out '
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the'i_r counterparts which form the major portions of the final
correlation states ( Cn‘n ~ 0. 5 - 1 o for some n). This
' 11

S is

could be termed "' CI in the 1n1t1a1 state"'. L1k SOO’

of the order of unity.

The symmetry between (ii) .and (iii) is obvious. ."Clearly CI in the ground
state is poténtialiy as ifnportant for intensity calculations as is final-
state CI. Since both contribute to the same tra:n‘s‘itions , they add 1n
phase before the niatrix element is squared, and omission of (iii) can
therefore yield transition intensity estimates that are either too high
or too 10\&. We did indeed find this to oe the casé in the calculations on
HF described in the next paper. Without initial-#éte CI the intensities
were about fight in t.he aggregate but very W_rongk in detail; With it the
agreement with oxpériment was éssentially pei'fect. |

We now g1ve a set of equations for relatmg core level correlation-
peak 1nten31t1es to the intensity of the main 11ne The equations are

similar to E'qs. (24) but include initial-state CI.

g . 11,2
C .
n') '<X .|p|1>l2 nzm o'nDOmsnno ' p(E ) (27a)
_: —w T1[2 —o al
( ) ‘- <_XO ,p ’1>' an’m Con DOmsnm _ p(Eg)

(I(nt)> ’ ‘=_' kilP(Eny)l<Xh|1>'2, an"m nnDOm nm IZ
PWA

1(0) 2 o1 1 el by stt]?
_ ko P'(EO) l <XO |1>[ | 'réfj'm cOn DOmS nm
: h - (27b)
- Z C*, D Si 1 2
I(n') - dnym 70 O om- : .
Iin u (27¢)
OA

— % 11
> CO DOmSnm '
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~.

Equations (27) should serve as an adequaté theoretical basis for
the calculation of correlation-peak (or "'shake—up”) spectra accdmpanying
core-level peaks in atoms and molecules. The first application to a

molecule is breported in the next paper.
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12. Thg selec‘ti‘on rules operative here are r‘nonop’ole. If ¢1 has s
symmetry, 'th_e'n the overlap integral will ""pick out' that component of
the plane wave fuhction which has s symi'netry.‘. This result is obtained
because we have not included the photon field in our treatment. In more
rigorous ébproaches the photon field is included ex_piicitly. In th:;t case
.one finds tha..tvab’soi'ption of thé bhotohrtransfersvdn_e unit of angular
momentum to _the final state, and the dipole sectioi:nv rules discussed in
Section II apply.
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14, In th_is st'ep, we have assumed that the dot producf of U with the
transition n_'iofnent introduces a multiplicativbe consta;nt into the cross
section, Thi-s factor will depeh& on the specific nature of a given‘ ex-
periment, but for the purpose of showing the connection with the SA

need not be exavrn_ihed in detail. |

15. For the sake of simplicity we have ernpl‘oyedv single determiﬁahtal
basis states. Ih actual practice, it 1s usually mof‘e'_cdnvenignt to define the
configurations as linear combinations of Slater d-et_erminantsb which are |

eigenfunctions of some appropriate operator for the state.’
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