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ABSTRACT

We outline a many-body description of the photoemission and photoabsorption processes that
incorporates the multichannel treatment of the atomic dynamical excitations into the framework of the
multiple scattering theory. In this way the interplay between excitation dynamics and electronic and
geometrical structure of the ground state is elucidated: At the same time this approach provides a
theoretical model for the study of the evolution from the adiabatic to the sudden regime. We derive a
new multiple scattering expansion that takes into account interchanne! transitions as well. As an
application we discuss the homogeneous and inhomogenous mixed-valent compounds, where the theory
provides a clue at the resolution of the “threshold puzzie” and sheds light onto the relation between
photoemision and photoabsorption spectroscopy.

1. INTRODUCTION

The study of the electronic and structural properties of matter has received in the recent past a
great impulse due to the advent of synchrotron radiation. The unique properties of this radiation
source, like its intensity, brilliance, polarization, tunability and colfimation, to cite a few, coupled with
sophisticated data acquisition techniques have made possible the explosive growth of all kinds of
spectroscopic research. In particular inner shell photoemission and photoabsorption spectroscopies have



received progressively more and more attention as a source of information about the electronic and
structural properties of physical systems. Strangely enough, these high energy spectroscopies have
been shown to be able to provide useful information on both the excited as well as the ground state of
the systems under investigation.

The realization of these potentialities has stimulated a parallel development of the theoretical
schemes needed to interpret and analyse the experimental observations. On the structural side, for
example, the multiple scattering {nl.s.) theory has offered a unifying scheme of interpretation that
encompasses a wide variety of physical cases, ranging from molecules in gas phase to adsorbates,
from extended periodic systems, like crystals, to disordered or amorphous materials, from large
atomic clusters to small ones. The price paid for this generality is the restriction of the fields of
application of the theory to those cases that are amenable to a description in terms of an effective
one particle scheme. This approach is certainly viable when both the initial and final states can be
reasonably described in terms of a single Siater determinant (or configuration).

However all the phenomena connected to the excitation dynamics, like screening, polarization,
relaxation, autoionization and decay fall outside the realm of the one electron approach. Configuration
interaction and in general many-body techniques are called for in this case. As a consequence the
understanding of those systems where electronic correlation effects are important requires a more
elaborate theory than the simple one particle approach. Such a comprehension is obviously essential if
one wants to understand the electronic properties of these systems, but becomes equally important in
structural studies, since structural information tends to be obscured by electronic correlation effects.

Therefore it would be highly desirable to develop a theory that incorporates both aspects of the
problem, i.e. the description of the geometrical arrangement of the atomic costituents of the system
under study and the electronic dynamics of the excitation process. The aim of this paper is to show
that the muttichannel generalization of the m.s. theory provides such an interpretative scheme. This
generalization is a most natural one, in that the internal structure of the atomic constituents of the
physical system is taken into account by the introduction of an interchannel atomic t-matrix that gives
the probability amplitude of a particular excitation (channel) of the internal degrees of freedom of the
atom by an electron impinging on it. For the rest the m.s. structure of the theory is left unchanged,
provided the propagation vector of the photoelectron between successive scattering events is changed
according to the energy loss suffered.

It turns out that this multichannel m.s. approach is substantially equivalent to the configuration
interaction method used by FANO, DAVIS and FELDKAMPS [1] to describe the interaction effects of
bound and continuum configurations in the photoabsorption and photoemission spectra of atomic
systems. The novelty here is that one can incorporate such a scheme in an extended system, allowing
at the same time the description of the atomic geometrical arrangement in the real space. This is what



‘is ‘needed for the realistic treatment of an intermediate valence (1.V.) system where one has two or
more localized atomic configurations interacting with conduction states. in the photoabsorption process
of an inner ‘shell electron one is substantially observing the projection of this complicated many-body
ground state onto the photoabsorbing site. This fact allows one to look at the local electronic structure
of the ground state and to derive information about the configurations presentin it.

A good understanding of the physics of these systems and a satisfactory description of the
photoemission and photoabsorption spectra has been achieved by KOTANI, GUNNARSON and
SCHONHAMMER {2] on the basis of the Anderson impurity model, using a fitting procedure for the
Haniiltonian parameters.

The theory fo be presented here will aliow a first principle calculation of the spectra of 1.V.
systems. At the same time it will elucidate the relation between structure and electronic dynamics on
one hand and the mechanism of transition from the adiabatic o the si:dden regime on the other. These
problems ask indeed interesting theoretical questions which are not yet welt understood. It is hoped that
the theoretical framework provided by the multichannel multiple scattering theory may help to clarify
these points.

2 THE MULTICHANNEL MULTIPLE SCATTERING THEORY

The derivation-of the multichannel m.s. equations follows very closely the analogous method used in the
case of non muffin-tin potentials by NATOLI et al.[3]. The reader is referred to this paper and to
ref 4] for further details and for the general treatment.

We begin with the total absorption cross section, given by
N
o(@)=4nefio Z, | (¥ Nie -2 =, ¥ M128 io-E+Ey) (2.1)
i=1

where PN, are the many-body initial and final state wave functions for N electrons in the system and
the sum over the final states = is intenided also over all directions of the photoemitted electrons. hw
is the incoming photon energy and ¢ ifs polarization.

For transitions from a core state we assume that, to a good approximation,
¥ N=VNI1A ¢ () E @ M (r,.xy ;)

nn n

= IWIAQ (D) ¥t (xmy ) (2.2)

where A is the usual antisymmetrizing operator: A=(1/NY) Z,, (-1)P P (A2=A) and @ N(r,...r\ ) are



Slater determinants describing the configurations present in the initial state wave function wN.
Normalization imposes X, [c,=1, if (9old,)=1.

Similarly we assume that, by expanding ¥ M(r.r,...ry,) in terms of the complete set
W Nr,..ny), we can write

¥ A=A I £, (0) W'z ) (2.3)

We take the functions ¥ ! to be eigenstates of the N-1 electron Hamiltonian

N-1 N-1 P 22, 1541, jSN-1 2
Hy=-%2 V2- Z X —+ X _— (2.4)
i=1 i=1 k=1 |rl—Rk| i<i lri—rjl
with eigenvalues E N1:
-1 -1 -1
Hy, ¥ = B ¥ (2.5)

P
where X Z,=N, R, denotes the nuclear positions and Z, are the associated charges.
ket

.We use throughout atomic units of length and Rydberg units of energy. The factor YN!in Eq. (2.3)
again -assumes that we can approxima'te, ‘PQN" by a linear combination of Slater determinants,
belonging to a continuum spectrum if ‘i’aN“ does. In any case we assume for simplicity all continuﬂm
states normalized into a box enclosing the system: one may eventually take the limit of the box linear
dimensions to infinity and transform the sum in Eq. (2.3) into an integral.

The final state wave function ¥ is an eigenstate, with energy E=hc+ EN, of the N-slectron
Hamiltonian =

) N-1 2 P 22,
=~V 2+ L = -z + Hy
‘ =1 jr=r | k=1 |r-R.{
=-V. 2+ V(r,r;,R) + Hy, (2.6)
Therefore
H, PY, =B ¥V, (2.7)

and we shall henceforth assume that EN<EM, is the ground state of the system.

The insertion of Eq. {2.3) into Eq. (2.7) gives



(~VZ +Vvir,ry,R) + H, ) AL (0)¥ T (x,.r ) =

=E AL (m) ¥ {x,.x ) (2.8)

and by multiplying on the left by ‘PaN" and integrating we obtain the set of equations

(VAHE-E M) f,(0)= I, [ Voo (2, R)+ Wy (2, R ] £ (2)  (2.9)
where

N-1
Vaa: (£, ®) = | }'Il d:‘ri‘l’;“l(rl...rn_»l)

_‘V(r’ri’ARk) %ga.N-l (rl"':N-,l) (2.10)

is a direct potential term and we have lumped all the exchange terms into the quantities W,,,.(r.R,)
which are thus complicated, non local, exchange potentials for which a suitable, local approximation
has to be found. I we impose the condition, as we shall do, that the functions f,{r) be orthogonal to all
the one particle states present in the configurations making up the ground state wave function (so as
1o ensure the orthogonality condition (‘I‘fN | ‘I{QN)=0) as well as to those conﬁgur‘ations that enter in all
the W N then the exchange term is given by ' '

N-1
Woq: (£/R) =1/£(x) [ TT & r ¥ M (x .2y ) VT, T, R)
i=1

I (-D)P PE, (x )W, ML ) (2.11)
P (#E)

We refer to the appropriate literature for the transformation of this non local operator into a local
ong [5]. Henceforth we shall assume that this transformation has been performed and that our problem
isto solve the sat of coupled Schrodinger equations with local potentials.

Since E=ﬁa)+ENg we can write in Eq. (2.9)

E-E,"! = ho+ EY - BN = ho+ BV - E N (B NT-E MY
<hw - 1 - AE =k ? 2.12)
since E;N1-E N = | is the ionization potential for the core state and AE, = E,N*-EN1 is the
excitation energy left behind in the (N-1)-particle system. Therefore k- is the wave-vector.of the final

state photoslectron.

‘Eqgs. {2.9) can then be rewritten as



(V2 +kD) £,(2) = T, Vo, (2, RIE, (2) (2.13)
where for sake of brevity we have put V.., =V, . + W, ..

The functions f,(r) have a simple physical meaning in the case of electron-molecule scattering.
Through the asymptotic conditions

ikar
ik, .x a & e
f lx) ~  Ae Bog *+£4 (2, ky) ————— ) N, (2.14)
R ad r

where the factor N, =(k /7t)"2/(41c) is necessary to ensure normalization to one state per Rydberg,
rhey describe an electron in the | rncomrng thannel g wrth wave vector k which can be scattered in
any outgomg channe! o, with wave vector ka, after loosing the energy AE in 1he photoemrssron
process we have to take the time-reversed state of Eq 23 (complex conjugate rf sprn is neglected)
so that the outgoing channels become incoming channels which mterfere constructrvely in rhe wave
packet describing the photoelectron so as 1o give an asymptotic plane wave propagatmg out fo snfrnrty
with wave number ke

Therefore Egs. (2.13) are to be supplemented with the boundary conditions Eqs. (2.14) written by
replacing f_(r) with £_,*(r). It would be more appropriate to write f,(r) as f.(r ;k#) to make ‘explicit
the dependence on the boundary conditions. We shall introduce this more complete expression where
necessary, otherwise the simpler form will be used.

It is fairly obvious then that in the -expansion {2.3) the most important (N-1)-particle states are
the excited states ¥, N1 with a core hole corresponding to the photoejected electron, for which
E; NIEg N=1,, 50 that k 2=fiw -1, - AE,, is small compared to V,,,,. In this sense the ‘¥ ™! are the
relaxed excited states of Hy,,. The argument runs as follows. If k 2fi -1,= = ko2 and k% [V,

(r;)l, where r, is the radius of the atomic core, then to a first approximation we can neglect the
potentrals in the rhs. of Egs. {2.13), so that, together with the boundary conditions Eqs (2.14), we
obtain

J.ku.:

fl i) ~ e Sog -

(2.15)
The procedure for solving Eqs. {2.13) with boundary conditions (2.14) (in the end we shall take the
complex conjugate) closely follows Ref. [3]. Here we limit ourselves to present the relevant results
deferring the interested reader to ref. [4] for a complete derivation. We describe any physical system
as a collection of atoms whose dynamics is described by the potentials V. (r) as defined in Egs.
{2.10) and (2.11). For semplicity of presentation these latter are assumed to be zero beyond an
effective muffin-tin radius, although the presence of intestitial potentials describing the dynamics of the
medium in the region between the muffin-tin spheres would not modify the physical picture based ori the



multiple scattering approach, it would only change the definitions of the propagators and the atomic
T-matrices.

The resuits are best illustrated by beginning with the case of a single atom. The solution in the
region outside the atom p(re AQ) can be written as

=N_ eikg
£o(x) =Ny e'¥aF §

- oy 33 R (ko) Y, (B) B (L) ¥, () (2.16)
whereas inside the muffin-tin sphere Q of radius p(re Q)
fa(r,-ka) =

>

wen I BY (L) 1ty (kg) £,,9(0) Y, (B) (2.17)

Here the functions fLL-““'(r), for given o' , L', are particolar vector solution components of index
oL of the system of radial equations derived from the system of Schridinger equations (2.13) by
writing

£ (x) =Z £% (©) Y (®) (2.18)
inserting into Eq. (2.13) and projecting onto Y,. One finds
(1/r(d2/dr?)t + kg2 = 1(1+1) /x?1£% (r) =

b

s Vi O () £ (x) ‘ (2.19)

where it has been assumed that the expansion

Voo (T) =, V9% (r) Y, (%) (2.20)
is possible so that
V. 2 ()= OV . VL2 () (2.21)

CLL'L. being the usual Gaunt coefficient defined as (using reaf spherical harmonics)

C L =Y (DY (D) Y, (Q)aQ (2.22)

If ou runs from 1o and | from 0 to |, Egs. (2.19) are a set of nm(|max+1)2 equations and
consequently one can construct this number of linearly independent solutions fu_-““'(r) regular at the
origin which, for given oL’ can be interpreted as vector solutions whose components are labelled by



al. To start the integration one might take, for example, near the origin

£,.9% () = rb 8 8, (2.23)
Inone introduces‘the matrix W(j,f)u-““' defined as
W(3, )% = W3, £,0%") (2.24)
where W{f,g] is the wronskian of the functions f{r) and g{r) calculated at r=p
WIE, gl=£(r) (4/dr)g(r) - g(r) (d/dr) £ (x) Je=p (2.25)
and j(k,1) is the usual spherical Bessel function of argument k., then
£..99(r) = PR, E 0 (2) WG E) T 0 (2.26)

The generat solution f.{r) inside the muffin-tin sphere is therefore given by the linear combination
£a(xiky) = ¥ (®) Zyupe Coi® k) L% (x) (2.27)

By matching smoothly this solution with the solution (2.16) in the outer region at the muffin-tin
radius p, one obtains an expression for B, (g, L), given below, and the relation
o (k) = I B (L) i vy (k) (2.28)
The quantity B,L-“',(g,l.), by definition, is proportional to the atomic scattering amplitude
(Ta)o, into the angular momentum L and channel state o in response to an excitation with angular
momentum L and channel state g.. In terms of the matrix (2.24) and the analogous matrix
W(-ih*,f),_L-““' constructed with the Hankel function h*{k.r), one finds

B (@iL) = (kg/m) (T, =
= (kg/M) V2 Ty IW(F, £) 1, % (k) 72 [W(-1n%, £) 7], * (2.29)

This expression is obviously invariant under the transformation (2.26). One has in fact
WD %= p2 8yqr 8y and
[W(-ih*, £) 7119 = T W(3, £) ;0" (W(=10*, £) H] 0 @7
a"L"

p?.



Remembering that -ih; = n-ij, where n, is the Neuman function, one derives the relation

'

KoZgupe (W (=10 £) ] 00" (W (F.£) 1] X

(T, TH e

= KgZgupe (WD, £) 115 W (3, 5) My, 7 = kg 8, 8

)

oot

(2.30)

[}

1ot s
(RO =ik By

where K, is the reactance matrix. This relation will be useful in the foliowing. Notice that K, is
hermitian.

The choice {2.26) for the normalization of the regular solutions (2.23) of the system of radial
Schrodinger equations (2.19) has the important consequence that the quantity controlling the amplitude
of the wave function f_{r) inside the muffin-tin sphere Q in Eq. (2.17) is the same quantity that
controls in Eq. (2.16) the amplitudes of the spherical waves in the asymptotic region, i.e. it is the
scattering amplitude.

This fact will be extremely useful, when calculating the absorption cross section, for establishing
the connection between the wave function approach and Green's function or density of state
approach, through the application of a generalized optical theorem.

When there are several atoms located at sites R,, the same expressions {2.16) and (2.17) carry
over to the many centre case, provided one introduces the quantities B%,, (c.L.) which describe the
scattering amplitudes for spherical waves emanating from the atom located at Ry, and sums over all
sites:

£, (x) =N, e'¥aT §
- ko E, Iy 1900 (ko) Y, (B B (L) vy (k) (2.163)
where 1, =1 -R,, and r is referred to the origin of the coordinates.

Similarly, inside the muffin-tin sphere ; of radius p,, one has

fai (ri;kn) =
TZ, 8 B (@i L) iR Y k) £, O () Y () (2.17a)

where now all coordinates are referred to R;.

The new scattering amplitudes B, (aL.L) are now obtained as solutions of the multiple scattering
equations
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Ty (Tyhee L B el +
+ I I, Gy g By (@D == T, 80, (1 (kgm) ) V2 {(2.31)
k(#1) :

one for each site i, which in fact describe the self-consistency conditions for their simuitaneous
existence, since now the scattering amplitude emanating from one site becomes an exciting ampiitude
for all other sites. «

In Egs. (2.31) the quantities G%; \+ are the usual spherical waves propagators with wave
vectors Kk, given by

" -1 ] 3 A
G%iL kL 4m kg Zp. 1O L (=107 (kR I Y (R )

=N -1 3% (2.32)

o
iL,kL?

where Ry=R-R,, and N&, , +, J% .+ have been defined in terms of the decomposition -iny* = nyj,.
Moreover (T,)®¢,: is the atomic T-matrix for the atom located at site i and o denotes the origin of

the coordinates so that Ry, = R,.

The quantiies N and J, when considered as matrices in the site and angular momentum indices,
are real symmeric. Notice the relations

JaiL,iL' = kasLL' (2.33a)
ZIE %16 JakL',oL = kaJuiL,kL' (2.33b)
Eqs. (2.31) can also be written in compact form
T ™™ ~s (@ L) = g Sag/(kaml/z (2.34)
k a'L' iL/KL’ KL* iL,oL

and the multiple scattering matrix $% ;. can be cast into the form

' _ -1y 0t _
s iL, kL' =(T,) Ly 81k+(1 81k> Sua'GuiL,kL'

P ~1 yoaa!' - o s
=K, )7 Byt (1 8,0 856, N% 4o 1800. I% 1, kL

= Moo! iA0® (2.35)

it kL' iL, xL"

having used Eq. (2.33a). Here M and A are hermitian matrices; actually A is real symmetric. By

soiving Eqs. (2.34) with respect to B% (a.L) and using Eq.(2.33b) one can now derive a generalized
optical theorem, which will be used shortly,
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Ty B (L) [B%, (L) 17 =1/% [{M-1A)IA (M+iA)71]o

oL iL,kL*

= 1/% Im [(M-1A)"1]%%', .= /% Im T (2.36)

' iL,kL*
where we have put (M-iA) = § = 7, which is the scattering path operator in the multichanne! case.
Taken for the diagonal elements, this equation gives the anticipated relation between the square of the
wave function amplitude and the focal projected density of states.

11 order to obtain the total photoabsorption cross section, we have to sum over all possible
photoeledtrbn final states labelled by the index ¢ -and iritegrate over all possible direction of emission
k. if we assume that the initial core state is localized at site i, we need fai(ri,ku) of Eq.(2.17a). Since
these wave functions are normalized to one state per Rydberg, we find, using Eqgs. (2.1-3) and the
projection properties A2.= A,

o(w) = 4n2ohw z,

~ . N . .
[ dieg | (B, £,5 (k) ¥ 52 & £ = Inrag iz ¥ ) |2

m=1

= antdho I f iy | B £tz Lezlotmysel? 237

_The last-step follows from the fact that we have assumed the orthogonality of the scattering
states fa‘(ri;ka) o all the single particle orbitals appearing in the W N's. We have also introduced the
quantity S, = (¥, "1 1'¥ 1) ‘which represents the projection of ¥ N1 onto the occupied
configurations present in the initial ground étata.

By introducing the express:on 2 17a) lnto Eq (2 37) performing the angular mtegratlon over k
and deflnmg the atomic matrix elemems

M““'LL-‘=(i““'LL-~<ri)¥L<fi? lexl 9.(z,)) (2.38)

we can rewrite £q.(2.37) as

o) = an’dfie D YD YD YO i L.+ Sao M‘::L 8P, (a;L)
[BF,,. (@) MZﬂL Sero) (2.3%a)
o) = mofio zm,z”,»;zfr'ff T . Sg "’ﬁ,

{tm <88 3 M“' B S I (2.39p)

Lt
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using the generalized optical theorem £q.(2.36).

In" a similar -way, from Eq.(2.17a) it is immediate to write down an expression for the
photoemission cross section for ejection of an electron into the state k, with energy kgf = ﬁm-lc-AEn

do(AEy) dk, dAE, = an2afie] (B, £,t (ziky) | exlo () syl

= awdfolE B, 2 B @il 11y, Gy M Se0l2 (2.40)

£ f
where the guantity AE, represents now the binding energy. Notice that now it is no longer possible to
take advantage of the generalized optical theorem (2.36). In both cases the sum over L, is over the

final angular momenta allowed by the dipole selection rule in Eq.(2.38).

The expressions (2.39) and (2'.40') ccan be used to establish in some limiting cases a relation
between photoemission and photoabsorption cross sections.

3. THE GENERALIZED MULTIPLE SCATTERING EXPANSIONS

In the expreséions (2.39), {2:40) the structural information is contained in the inverse T =S of the
fnultiple scattering matrix Eq. (2.35) in a rather involved way that intermingles dynamics as well as
siructure, through the presenice of the structure matrix elements 6% - 1t turns out however that
under certain circumstances, to be disctissed shortly, one can expand the various cross sections in a
convergent series the general term of which has a simple and direct physical meaning. in fact,
remembering the notation introduced in section 2, we have

=l o “l4my -1 -1
L T= ST = (IHE) T = (I4,e) T T,

so that if the spectral radius p (T,G) of the matrix T,G is less than one, whére p (A) is the
maximum modulus of the eigenvalues of A, then

(;iI+'fi~aG)41 = T (-1)* (T,6)" (3.1)

. n=0
the series on the right being absolutely convergent relative to some matrix norm. For short we shall
henceforth define G% ;.= 0o account for the factor (1-8,) in Eq. (2.35).

Asa cohsequence the pho’toabsorptidn cross saction Eq. (2.39b) can be expanded in an absolutely
convergent series
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o0
() = I O (0) (3.2)
n=0
where

o, (@) = 4ncho Z,,, Ig, sz;n-f ELL.(Meff)MEfL Im(T, )P L

K Meff)ﬂ T (3.3a)

is a smoothly varying atomic cross section and

o, (®) = 4nche zﬂﬂ'nff'-f I (Meff)BLL

1ol (-1)7 (1,67 T BB L T ' (3.3D)
LYeLt
represents the contribution fo the photoabsorption cross section coming from process where the
photoelectron, before being ejected at infinity, leaves the photoabsorbing atom, located at site i, with
angular momentum L and channel state B, is scattered (n- 1) times by the surrounding atoms and
returns to site i with angular momentum L' and channel state 3. All these events are eventually to be
muttiplied by the corresponding effective atomic matrix elements

=2 M“ﬁ and (M8 =" Ts,., B (3.9

o L¢l L'l a A A
and summed together o give the n-th order contribution. It is clear that this term bears information on
the n particle correfation and therefore is sensitive to the geometrical arrangement around the
photoabsorbing atom.

The multiple scattering analysis can in principle proceed in a way similar to the one channel case
[6] although the situation is now much more complex due to the new feature introduced by the internal
dynamics of the atoms in the system. In fact at each scattering event the photoelectron can change
its channel state and consequently its propagation vector k,. Even assuming a channel structure only
for the photoabsorbing atom, one is faced with a superposition of different oscillating multiple
scattering signals of the type A(k,) Sinfk R +(ky )], each one with a different threshold energy
corresponding to the energy loss AE,, suffered by the photoelectron to excite channel o {remember
that k ={ficx-|-AE,,J'2" It might be not at all easy to discriminate between such signals. However the
functional form suggested by the theory resolves an old ambiguity regarding wether or not to use
different threshold energies in the analysis of mixed valent homogeneous compounds (7] and in so doing
helps the experimental analysis by reducing the number of unknowns.
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in general the existence of an energy range where the condition p(T,G)<t is satisfied, follows
from the asimptotic behaviour of the scattering amplitudes at high photoelectron energy, ‘'since
lim{k,~>e<)(T,)%%* | = 0. Actually in this regime one can write
(T = £%,,8,, 80y, and MO¥ = MY 8, B0y (3.5)

since the photoalectron is sensitive only to the atomic cores, which are spherically symmetric and only
the "incoming” channel f (r) in Eq. (2.14) is relevant, following the same argument leading to (2.15).

The fact that in this limit the m.s. matrix S in Eq. (2.35) becomes diagonal in the channel indices
{and therefore block diagonal in all the indices) strongly suggests another kind of expansion which
sheds light onto a new aspect of the present theory. From the same Eq. (2.35) and Eq. (2.30) we in
fact observe that the various channels interfere through the off-diagonal elements of the inverss of
the reactance matrix (K, ') @\, (e "). In the high energy limit, these matrix elements go to zero,
due to Egs. (3.5), s0 that in the expression (2.39) for photoabsomption the different channels decouple
and one recover the result of the sudden approximation [8]. In other words the quantities (K, )% .
control the cross-over from the adiabatic to the sudden regime. By lowering the photoelectron energy,
off-diagonal terms of the matrix solution f““'u_. in Eq. (2.32), and therefore of the matrix Ka", come
slowly into play. Specifically one expects in this case that the amplitudes (T,)%% .. diagonal in the
channel indices be substantially bigger than the off-diagonal (a=a') amplitudes (T,)**';.. Asa
consequence, since from Eq. (2.30) T, = K, ik, we have T k= T K., 50 that if (T,)%*| (aer)
is small, so is (T,K,")*,.. One can then perform the foliowing partition of the m.s. matrix §%%; . in
Eq. (2.47)

oo oo o -1 aa’
= (T, 3, + G S... + (K ) -
S (@™ 8y + 6 18, K (0 B ) B
-1, -1 aor
= , + (K 1-8,,.) 1 .
( b iL,xLt % ( ai) LY { (3 )aik ‘ (3.6)

using the relation (2.30) between T and K_; for the off diagonal elements. Here T, isa block-diagonal
matrix describing the m.s. structure relative to channe! c.. By assuming that p(tbKa'1) < 1 wethen
find

T=51=(1+TKYH™MN = Eo(‘tbK“l)“ T, (3.7)
Remembering Eq. (2.39b) the photoabsorption cross section can be written as

) ]
G =4mfioa T T T M, ImToo )" (3.8)
aa’ LfL'f LL® g Lol i, ine L'fL'

Then, using Eq. (3.7), we can expand o{c) in an absolutely convergent series
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oo ) oo
o =% o =4afiwE T T (M,)° 1 )° Im I (-1°
n=0 o n=

aa’ ,LfL'f LL* Lf'L eff L'fL'
-1 aa'
[(T K ("t} (3.9)
‘b-a b iL,iL’
In this expansion, the n=0 term gives the sudden approximation, since T, is diagonal in the
channel indices

s samfoc T T X M0 )" I ¢ .1
%o (@) ﬂﬁwa Lelte fi ! eff)LfL( ate) L gLt (%) iL,4L¢ (3.20)

For the first next order term one obtains

——amfoaZ X X ETM0% mpr)® &)™ e
o, {® ¥ w'aa' LeLey LL® u.'( eff)LfL mil b)iL,iL (Kai )u. ¢ b)iL-,iL- ]
* !
M ) (3.11)
eff 'Lt Lt

and we expect this to be the dominant term of the series {3.7).

In this latter expansion we have retained for simplicity thie full expression (3.4) for the effective
atomic matrix elements, although in the high energy limit some sort of complicated expansion of M““',LL.
should exist in terms of V***,, (r) and indirectly of (Ka“)““'w, due to Egs. {2.19) and (3.5). The
expression (3.9) however encompasses the more general case in which in some energy range the
off-diagonal elements of the matrix solution (2.26) are not smali, although the matrix elements
(K;‘)““ﬁ.(a:a’) are. This is a fairly possible situation which enlarges the energy range where the
expansion (3.9) is feasable.

In the sudden approximation limit a useful relation can be established between the photoabsorption
and the photoemission cross sections. From Eq. (2.40) one finds in this limit

do (AE,)
—2 - sn?fi0)z = 3% (@ L) ity (k) 0,0 % 12 (3.12)
dAE dk, L kel i Lel?
By integrating over dﬁm one has
do(AE,)
—2 a0 E M0 0% Im(r®
dAEn Lfl..'f LL! LfL L'fL' iL, int
= I(0;AEy) (3.13)

since now Eq. (2.36) reduces to
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@
i, kL

1
el (@L B @L1T = - In) (3.14)

L

Comparing Egs: (3.10) and (3.13), one sees that the integrated photoemission cross section for
ejection of one electron with binding energy AE; equals the partial contribution to the total
photoabsorption cross section of channel g, as expected when the various channels decouple. This

fact.can be used in different ways. By taking, for example, the high energy limit, using Egs. (3.5) and
remembering that in this limit t,, ® <<1, we ¢an write from Eq. (3.6)

o
(Tb)iL,iL'=

_ 11-11_15_18{‘.8&/

= ([I+t, G]1 t, )in,u.:-' (tai)l e © 5in(0, )/ ky (3.15)

neglecting any structural contribution. Then

do (AEy)
—2 s ancfo T M)t 0 0% sin? (B%) 1k, (3.16)
dAE, Le Le Le e
= I,,10;AE;)

Since in the same limit

- ‘ < (3 «
, =4 LI (M )
S(w) = 4ncfio T (M) (M) Im('tb)if'uf (3.17)

we finally get, assuming predominance of one final L, component and a negligible dipendence of (M.,%,
on the photon energy fiw,

k

o = amfe T M, 2 ¢ sin?8 P E e m(r)®
QLg Le Le Le kﬂsinZS‘1 ibg,ilg
Le
-II, (088X, (@-I.-AEy) (3.18)

where x, (@) embodies all structural information. This is the relation used by Chou et al. [8] to discuss
the role of multielectron excitation in the EXAFS structure of the Br, molecule in the framework of the
sudden approximation and by Hammond et al. [9] to discuss XAS spectra in mixed-valent systems. On
the other hand Eq. (3.13) has provided the rationale for determining the f-electron occupancy in
homogeneous mixad-valent rare earth (R.E.) compounds, by measuring the integrated intensities of the
various photoemission lines in Ly, photoemission spectra corresponding to the different final state
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channels. The relation between peak intensity and f-count can be more complicated then a simple 1:1
ratio and depends obviously on the structure of !, and WM which intervene in the definitions of
Syp = (EV1 JENS) and My EQ. (3.4). We refer to Ref. [10] and citations therein for a full discussion
of this point in the case of Ce compounds. See also the discussion in the next section.

The expansion (3.9) shows clearly the interchannel structure of the theory. Although we have
justified its derivation starting from the high energy fimit, its validity is not restrained to this energy
regime, as already anticipated above. Even in the near gdge region the interchannel atomic matrix
elements (Tai)““’u_.(wea‘) might happen to be negligibte compared to the diagonal ones. This situation
parallels that encountered in the case of Cu and in general free electron metals, where the diagonal
matrix elements (Ta)®%,. are themselves small at low (< 40 eV) photoelectron kinetic energy, so
that a single scattering EXAFS approximation is sufficient to describe the near edge structure [6]. In
such cases the sudden approximation would be valid right at the near edge region, obviously only for
those channels which are open at that particular energy.

It would be extremely interesting to explore experimentally the validity of these speculations. In
the next section we shall show an application of these considerations to mixed valent compounds.

4. APPLICATIONS OF THE THEORY AND CONCLUSIONS

The theory set forth above makes definite predictions about the role of the various channels present in
a photoabsorption spectrum. in the sudden approximation fimit all channels are decoupled (they do not
interfere) and have identical or reasonably similar multiple scattering Structuré, depending on the slight
difference of the atomic ®-matrix among the various channel states. Experimental evidence for such
m.s. structure associated with double electron excitations would provide more convincing support to the
theory [11].

Another aspect worth persuing is the study of the absolute amplitude of the signal coming from
the elastic channel (AE ,=0). A success in this field would give more interpretative power to m.s. (in
particular EXAFS) structural analysis [8).

In the case of mixed-valent compounds the theory provides a clue to the resolution of the
threshold puzzle and to the discrimination between homogeneous and inhomogeneous systems. In factin
the case of inhomogeneous R.E. compounds (étatic admixture of 2% and 3* ions), the total absorption
coefficient is given by an incoherent sum of two absorption spectra with weight C2 and C,2, the
relative concentration of the two types of ions:
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a(@) = CZ ao(m)x:(ko) + ci a1<m)xi(k1) (4.1)

where a,(w) is the atomic absorption coefficient of the 2*jonand o, (o) that of the 3*ion. Asa
good approximation ap(cn)= ['Spc[2 | (fp(r) REEX(9)] [2/ kp {p=0,1). For simplicity we assume a single |
final state and average over sample orientations. The wave vectors k, and k, are given by kp = [fiw-
]2 (p=0,1) where |, is the ionizfion threshold for the two types of ions, and X0 (k) =k, Zpy Im
(%) %P i deSCribES the m.s. structure. We assume that only the elastic channel o, is predominant,
having taken account of the remaining channels through an appropriate optical potential.

Quite different is the case of the homogeneous compounds. Here at least two configurations are
mixed into the ground state, so that

¥, = VN1A, (x) {a¥, [4£7 (5d65) ™) +DW, [4£7(5d65)™] } (4.2)
whereas for the excited final state we can approximately write

¥, = VNIA(E, () ¥+, (2) P} (4.3)
where ‘i"p {p=0,1) indicates the relaxed configurations corresponding to ¥, . As a matter of fact,
since the states 5d6s are spread into a band, we should write e.g. Z,a¥X,, k indexing the electron

promoted from the f state to the band. For simplicity, we neglect this further complication, although the
generalization of the following argument is immediate. See ref. {10] for a complete treatment of this

point.

In order to write the phetoabsorption cross section we need (Meﬂ)BLg. =Z.Sa0 M,"‘;B of Eq. (3.4).
By putting Pup = (‘}"OI‘PP) and similarly Ppo=(‘P'p|‘P°) for p=0,1, we easily find

3 ap op 18
ogo Sao MLfL = (aPy *+ bPOl)le + (aP, + an)le
op 1B
= 3Py, My + bRy M, (4.4)

neglecting the off-diagonal overlap factor Py, with respect to Po, and Pyy.

To the zero the order of the expansion (3.9) and in the high energy limit, using Egs. (3.5) and
(3.18), we easily find for the absorption coefficient o,'e), writing | for |,

@, (@) = a? a: (@)%, (k) + b? @’ (@, (k) (4.5)
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where ap'(co) o ]PWM,PP]2 sin?d, / k, is the atomic absorption coefficient for the configuration p, K, =
fio -1, where |, = EN; - EN; is the photoemission binding energy of the initial core state, and k2, =
fio -1, - AE,, where AE, is the energy splitting of the two 4f configurations in the final state. This
settles down the question of the "threshold puzzle” [7], since two threshold energies must be used to
analyze X-ray spectra in these compounds. Notice that in this limit the ratio azao(w)/bza,(m) and the
spliting AE, can be obtained from XPS core spectra.

Therefore at this level of approximation, by identifying C,?=a? and C,2= b2 as the 4f occupancy
in the ground state, one can use the same formula to analyse homogeneous as well as inhomogeneous
systems. Moreover, by taking advantage of the rescaling properties of the photoabsorption spectra
with respect to change in coordination bond length, it should be possible to analyse lattice refaxation
effects in the final state of homogeneous compounds using inhomogeneous systems of similar
composition and structure as standards. In other words, by combining XPS and EXAFS analysis one
should be able to measure the f occupancy in the ground state, the splitting of the f configuration AE,
in the final state and lattice relaxation effects, if present, in homogeneous mixed-valent compounds.
This analysis is currently being done by some experimental groups [12], although uncertainties in the
Debye-Waller factor and a lack of a clear theoretical background have complicated and made
ambiguous the interpretation of the resuits. Eq. (4.5) sets now the correct theoretical framework and it
is hoped it will facilitate this type of analysis.

The same Eq. (4.5) has been extended to the low energy XANES region and applied to the
analysis of homogeneous SmS, gsAS, 45 and inhomogeneous SMS; gsAS, o, Compounds with
satisfactory results {13,14). The problem in such extension is that, even if the sudden approximation is
valid in the low energy regime, Egs. (3.5) are not. Consequently the effective atomic matrix elements
(M )% are different in thie low and high energy limit and we cannot ise XPS results {usually at high
photoelectron kinetic energy) to fix the relative weight of the two channels in the final state. One can
still use Eq. (4.5), but in this case the relation of the weights to the f-counts is more involved and the
separation between atomic and structural contribution not so clear-cut, as seen from Egs. (4.4) and
{3.10). To add more complication, one expects the sudden approximation not to be valid in general in
the low energy regime. It certainly does not hold for Ce metal in the y-phase and intermetallic
compounds, CeQ, etc., where the 4%, 4f' and 4f2 configurations interact very strongly both in the
initial and in the final state {10,14].

The investigation of all these questions constitutes a field of still active research and can
potentially provide a deeper understanding of two main problems facing today core level X-ray
spectroscopy: the evolution from the adiabatric to the sudden regime and the interplay between
excitation dynamics and structure.
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