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Introduction

In this paper I want to treat the problem of photoemission in the

case in which one has incomplete screening of the deep core hole

on the absorbing atom, a case especially relevant for nonmetals

and molecules. This problem has been tackled in the literature by

means of the wave function method [1-7], I shall instead use

here the Green's operator approach which has the merit of

yielding straighforward results by means of a rather elegant

mathematical formalism.

We shall work in the standard single-particle approximation,

according to which the photoemission T-matrix, to be evaluated

on the energy shell to the first order in the incoming photon field,

is given by

' me H (1.2)

where j? is the momentum operator of the photoelectron and m its

mass; A(r) is the quantized radiation field (in the Coulomb gauge

VA(?)~o) evaluated at the position of the photoelectron.

The initial state vector is the product of the incoming photon

state vector ll ; > times the normalized vector ly,,,A, > representing

the initial single-electron bound state relative to the deep core

level from which the photoemission has occured. The final state

is given by the product of the photon normalized vacuum state IO>

times the single-particle state \\i</> > describing the scattering of

the photoelectron as resulted from its interaction with the

ionized absorbing atom A, in which the core hole witnesses the

absorption of the initial photon, and with the neighbours of A in

the condensed material. As proper to a scattering process, l\j/^ >

satisfies incoming wave boundary conditions.



For simplicity we shall deal only with spin independent
interactions so that our photoelectron can be considered as
spinless. The generalization to include the photoelectron spin is
however straightforward. Furthermore, we shall consider only
elastic scattering of the electron from the relaxed ionized atom A
and from its neighbours. The treatment of inelasticities, of many
body effects such as electron-electron scattering, of the Auger
and radiative decay of the core hole and of thermal vibrations is
usually obtained by introducing proper damping factors in the
final formulas to simulate their effect.

In the units of ref.[8], the differentia! and total photoemission
cross sections are given as follows:

da ( 2n V «**,
h (1.3)

>
(1.4)

where m is the mass of the photoelectron and hkf its final

momentum as detected by the measuring apparatus (from now on

we shall drop the subindex / attached to the photoelectron

momentum); Flt =<w%dW^i' > i s t h e absorbing atom Z-1 passive
electrons overlap integral; m. labels the orbital angular momentum

degeneracy and the factor 2 represents the two electrons lying on

the core level {£ ,i.,m.); F, is given by: F.=———\FJ2 ; Im means
( i i i fie

"imaginary part of" and (H!)il]=<()\Hl\ll>. G is the complete

photoelectron propagator.



2. Multiple scattering in the presence of long range
potentials

In photoemission and X-ray absorption, when one is in the
presence of an incomplete screening of the core hole on the
absorbing atom, the usual treatment {for a review, see ref. [7])
must be modified in order to take into account its effect on the
cross sections. We shall tackle here the problem by using the
Green's operator multiple-scattering approach.

We suppose the existence of a long range potential Us acting on
the photoelectron, us behaves asymptotically as a Coulomb

potential generated by the unscreened core hole charge.

It is customary to introduce the muffin-tin potential model which
describes the total interaction as a superposition of finite-range
spherically symmetric non-overlapping potentials and to suppose
that the muffin-tin regions Q. , belonging to the various atoms J,

are embedded in a constant interstitial potential^).

(*) A modification of this picture is in order e.g. in the case of a charge density build-up
along a bond.

In our case we need also to surround all the muffin-tin regions Qj
with an outer sphere £2 s , of radius Rs , with center in the
absorbing atom A. It is then assumed that us is effective only
outside Qs .

The total final state (Hermitian) effective single-particle
electron's Hamiltonian H^ is then given by:

H,=
( 2 . 1 )

where K is the photoelectron kinetic energy, Ua is the muffin-tin

potential exerted on the photoelectron by the ionized atom A, and

m is the sum of all the muffin-tin potentials produced by the

neighbourly atoms.



When a long range potential is present in a scattering process,
the complete (outgoing wave) Green's operator

G =
E + iz-Hf (2.2)

(here and in what follows the limit e->()+ is understood) cannot,
as usual, be splitted as

where G,, =l/(E + iz-K) describes the propagation of the electron

in free space and u is the total lattice potential. In fact, the

quantity GOUXG , which is included in the second term in the RHS

of (2.3), is in general not defined. To be on the safe side, one must
include into the inhomogeneous term of (2.3) the effect of us. For

our case of photoemission from atom A, we include in this term
also the effect of the muffin-tin potential Ua produced by the

ionized atom A,

One obtains:

(2.4a)

or, alternatively, the specular reflected of this

mGa

(2.4b)

where Ga is the Green's function

Gu= -
E + x-K-Ua ( 2 5 )

belonging to the potential:

Va*Va+Vt (2.6)



Substituting (2.4b) at the RHS of (2.4a) yields:

G = Ga + Gaa + Ga (2.7)

where

The operator Tan , if it were not for the fact that G contains also
contributions from u , would represent the T-operator for the

complete scattering of the photoelectron from the atoms
surrounding A. The multiple scatterings contain instead also
contributions from the rebouncings of the photoelectron from the
absorbing atom A and from the long range potential Us lying
outside the region Qs.

In order to evaluate Taa , we follow the same procedure described
in ref.[8], section 2. Let us consider the operators Tk defined by:

5

For k=j~a, T, reduces to Taa . In (2.9), let us single out from G the
contribution of the potential U = Um+ Us.

(2.10)

G l

M E+iE-K-U, (2.11)

Using (2.10) in (2.9) we get:

^ + X^MI^ + I W X ^ G S ^ ]
*k mrk n*j m*k \l>*>" "* i ) \ /



The term in brackets at the RHS equals Tmj-^Up. Define now the

operator

m m m |i rn ( ^ • I O )

which differs from the complete T-operator describing the
scattering of the photoelectron from the isolated atom M in that,
instead of the propagator Gm belonging to the field Um

i
G =

E + i£-K-Um

the modified Green's operator G appears in the RHS of (2.13).

Using (2.13), (2.12) becomes:

' G T
m fl nt]

m*k m*k

For UnGv we can use the identity:

^A^'-A (2.15)

which is easily obtained using (2.13) and the integral equation
characterizing the Green's operator G^.

Gv =G v + cvt/,,,GM ( 2 . 1 6 )

where GK is the complete Green's operator belomging to the

potential Us :

We then finally get For 7;.'s the integral equations:



r* \4J (-\4iw* (2.18)

Alternatively, one easily sees that the 7 '̂s satisfy also the

integral equations specular reflected of (2.18):

From the integral equations (2.18)-(2.19) we obtain the operator
T<m which, together with Ga, in accordance with (2.7) is able to

determine the complete Green's operator G.

Let me mention that an elegant expression can be obtained for Tmi

by using the following modified scattering path operators:

(2.20)

They are connected to our 7 /̂s by

T =

Introducing (2.21) in the RHS of (2.20), we get:

For p=q=a we then obtain:

= tn+t,,GJ^GJ» (2 24)aa « « y aa x a

From (2.24) we find 7;jn in terms of T,,,, :

(2.25)

- , , - ^ H * • ' " • " "



which is the generalization to our case, where a long range
potential is present, of an expression most often used in
applications.

Formally, the full solution of the integral equations (2.20-21) is
given by:

T = (1-Q)-'O ( 2 2 6 )

where the matrix operators x, V and Q. are defined in the combined
scattering state-atomic site Hilbert space:

(2.27)

If In^H < H ĵl for any normalizable vector 4* of this Hilbert space
(e.g., this holds if all the eigenvalues of O. are in modulus less
than 1), then it is possible to expand (l-Cl)'1 in the absolutely
convergent geometric series:

t =
#1=0

(2.28)

If the expansion (2.28) converges, rnu can be written as a

perturbative expansion in multiple-scattering terms. Just place

the geometrical series (2.28) in (2.22):

k *n

We have succeeded in obtaining a formula wich does not contain
Coulomb terms which are divergent or not defined in general.

The perturbative expansion (2.29) converges at high enough
photoelectron energies, where the electron scattering is weak.
Far above the threshold, apart from the case in which focusing
effects, due to alignement with the atom absorber of two or more
scatterers, are important, one can retain only the first term in



the RHS of (2.29). At lower electron energies, i.e. nearer the
threshold, the scattering is strong so that, in the energy regions
where the perturbative expansion (2.29) still converges, one must
take into consideration also multiple-scattering terms of higher
order.

Note that also in the first term of (2.29) a certain type of
multiple scattering is present. This is due to the interplay
between the muffin-tin potential Um of the generic atom M and the
long range potential t/% which is effective outside the region Q.s.

Let us now write down the explicit expression of the T-matrix.

Let us first define the scattering state y[~' > belonging to the

Hamiltonian K+Ua+Us. For the state vector V/1 > we can write:

m' >= (2.30)

where G{ ) is the incoming wave propagator belonging to the
Hamiltonian Hf, which equals the hermitian conjugate of the

outgoing wave Green's operator: G'~'=Gf.

Using the hermitian conjugate of (2.4), for the operator G'~'

we obtain:

(2.31)

(2.30) then reads:

and for the T-matrix (1.1) we get

10



The fact that all the muffin-tin potentials and the outer potential
Us occupy disjoint regions of space, yields in the T-matrix the
result that all multiple scatterings present in Taa are defined on

the energy shell.
The differential cross section is easily obtained by placing (2.33)
in (1.3). For the total cross section, using (2.7) in equation (1.4),
we get:

EL
K

V, { 2 .34)

The total cross sections a and au are infinite, due to the Coulomb

tail present in both, but their difference is finite as given by

(2.34).

Note that, if the Coulomb tail is cut off at a certain distance
beyond R , the t-operator tm satisfies an unambigous integral

equation.
This follows from the definition (2.13). Using the following

integral equation for GM

Gv=Gm+GJJfif (2.35)

and the definition of the complete T-operator tm for the scattering

of the photelectron from the isolated atom M

(2.36)

one gets

l l



Using now the identities:

VA = tmGB

G,,U' = G.t_

Gs = t,Go

one finally obtains the integral equation we were looking for:

(2.37)
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