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The contribution of single-particle excitations to the intensity of the appearance potential spectra
(APS) of metals has been calculated. This contribution is found to be finite and smooth away from
the edge. The edge structure and the structure at the threshold for plasmon production are not
modified by the single-particle contribution. However, the change in concavity in the APS intensity
at the plasmon cutoff frequency becomes less pronounced by this contribution.

I. INTRODUCTION

In this report, results of a theoretical study of the ef-
fects of electron-electron interactions on the appearance
potential spectra (APS) of metals are presented.! These
interaction effects include plasmon satellites, modification
of the main band due to electron-hole production, and the
anomalous edge behavior. To describe these effects on the
APS, we have used diagrammatic techniques of many-
body perturbation theory. Results in regard to the first
plasmon satellite? (Ref. 2 is hereafter referred to as I) and
the edge structure® (Ref. 3 is hereafter referred to as II)
have already been published. In this paper, we present a
calculation of the modification of the APS intensity due
to single-particle excitations. These results are then added
to those of I and II to obtain a complete description of the
effects of electron-electron interactions on APS of metals.

An S- and T-matrix approach, first developed by
Longe and co-workers*> for the study of core-level photo-
emission spectra, provides a means to calculate the effect
of plasmons and particle-hole production on the APS in-
tensity. These effects occur because of scattering of the
conduction-band electrons by (a) the incident electron, (b)
the core hole, and (c) the two final-state electrons in their
flight through the Fermi sea. In addition, the contribu-
tion of these effects on the APS is modified by quantum
interference between any two of the above processes. A
calculation incorporating the above processes has been
carried out to first order in the effective Coulomb interac-
tion using the random-phase approximation (RPA) to
describe the polarization of the electrons in the metal.
However, divergences in the first-order theory require us
to include higher-order interaction effects by a renormali-
zation procedure. This renormalization accounts for vir-
tual interactions of a particle with the Fermi sea and is in-
corporated into our calculations by the use of a self-
energy function.

With regard to effects of single particle-hole pair pro-
duction, the modification of the main band is smooth in
regions away from the threshold. Near the threshold,
however, a sharp peak is found. The reason for this is
that the core hole, unimpaired by momentum conserva-
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tion, can create enormous numbers of low-energy
particle-hole pairs near the Fermi surface with little ex-
penditure of energy. Attempts to describe this core
hole—electron scattering by the S-matrix formalism fail
since any perturbation theory of this type is incapable of
taking into account such a catastrophic effect. The effect
is handled by an extension of the Noziéres—De Dominicis
(ND)-Laramore edge formalism to the APS.%’

In the next section, a brief review of the S-matrix and
edge formalism used in our calculations is given. In Sec.
III, calculated derivative APS curves are presented for the
Is and 2p APS of aluminum along with a discussion of
the results.

II. FORMALISM

Let us consider a semi-infinite metal occupying the re-
gion z <0 with the surface at z=0. Assuming that the
path of the incident electron is normal to the surface and
its speed (v7) is uniform, the total intensity function for
an nth-order interaction process is written as

0
Le)= [ _dzp(a)y(z,e)
=vrp fow drJ,(1,&) , (1)

where p(z=vy7) is the density of core-hole states (as-
sumed constant), 7 is time it takes for the incident elec-
tron to excite a core hole, and J,(7,g;) is the production
rate for core-hole excitation. J,(7,g;) gives the probabili-
ty that an incident electron with energy e; will excite a
core hole in time 7. This can be related to the scattering
amplitude S, (7,€; ) by the time-dependent golden rule

1 2

2mtoN ; | Sn(mse) |7 @
where the sum is over the final states, 2, is the observation
time for the entire APS process, and N is a normalization
factor introduced to ensure conservation of incident elec-
tron number. This normalization constant N is obtained
from the sum rule

[ de S, (reo=1. 3)

To calculate the scattering amplitude we have used

J,,(T,Ek)’—‘
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standard techniques of many-body perturbation theory.
Diagrams describing the APS process in the zeroth and
first order in the effective interaction are shown in Fig. 1.
In the diagrams, a single (heavy) line pointing upwards
represents propagation of a bare (renormalized) conduc-
tion electron of energy €,, a double line pointing down-
ward a core hole of energy E, (<0), and the dashed hor-
izontal line the Coulomb interaction initiating the APS
process. The wavy line represents the effective interaction
(single-particle or plasmon) with the electron gas in the
metal. The S-matrix elements associated with these dia-
grams in the zeroth and first order are given in I [Egs. (5)
and (13)—(16)].

The intensity function is obtained by inserting the S-
matrix elements into (2), then (2) into (1). Squaring the
S-matrix elements will result in an extrinsic term, an in-
trinsic term due to the core hole, intrinsic terms due to the
final-state electrons, and cross terms which account for
the quantum interference effects. The effective interac-
tion is contained in the electronic coupling function
C(q,04) which is in the transition matrix Uy [see Eq.
(17) of 1.

The coupling term can be separated into a plasmon

term and single-particle term. Calculations of the
plasmon satellite require the insertion of

Coi(g,0)=[10,(q)V(g)]'*8(0 —w,(g)) 4

for C(¢,@). In (4), V(q) is the bare Coulomb interaction
and w,(q) is the plasmon frequency. The calculation of
the APS intensity due to single plasmon excitation has
been given in L.

For the single-particle terms, the square of the electron-
ic coupling function takes the form

-1

’ 5
e(q,0,) ©

C3p=2V(g)Im [

where €(q,0,) is the frequency-dependent Lindhard
dielectric function. Following the same steps as in I with
the exception of the different coupling strength the extrin-
sic, intrinsic due to core hole, intrinsic due to final-state
electrons, and cross terms for the intensity can be written

as

FIG. 1. Diagrams showing the basic APS process in the (a) zeroth and (b)—(e) first order in the effective Coulomb interaction. For
the first-order process, (b) is the extrinsic diagram, (c) is the intrinsic term due to the core hole (E,), and (d) and (e) are the intrinsic

terms due to the final-state electrons (g, €, ).
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—1
elq,04)

X B(V)8(e + E, — g —p, —,)0( | k—q | —kF) , (6a)
o= [ ok 4P f|p ks dp, [d qf X V(q)Im e(q,wq) }S(Ek+Ec—mq—epl—8p2), (6b)
e [, 08P e dpzfd3qfdqu<q)Im o ]

X Bleg + Eo—t0g 5 —5 ) DT AL ) (60)

T oros (61 ) fw)kF(ﬂp, ftpzbde:‘pzfd3qfdqu(q)Im

2P
= —al—k

wi+wi

2

—1
€(g,0,)

l&(ek +E, —w,—€p —Ep,)

4P O(|k—q| —kp)O(|pi1+q| —kF)
vpi+w?)

4 4,0( | py+q| —kF)

wq(pfﬁ— w?)

4 2u1u,0( | p1+q| —kp)O(| p2+q| —

N 2W,W,0(W,)0(W,)0( | pi+4q|

W+whui+wi)

—kp)O(|p2+q| —kF)

where
V=E€lk—q| T @&,
Bi=E|p,+q| —@¢—Ep »
Wi=2(|pi+q|)-2(p) .

P is the Cauchy principal part, © is the step function, and
3(p;) is the imaginary part of the self-energy on the ener-
gy shell.

All terms except (6b) can be evaluated numerically and
give finite and smooth contributions to the APS intensity.
Attempts to integrate (6b) lead to a logarithmic diver-
gence. Because of the recoilness nature of the suddenly
created core hole, the simple addition of a core-hole self-
energy does not remove this divergence.! The procedure
for handling this divergence is similar to that done for the
photoemission case® by separating out the static part of
the effective interaction in (6b). While the remaining
dynamic single-particle contribution is smooth and well
behaved, the static part is responsible for the anomalous
behavior at the threshold, known as the edge effect. It is
necessary to handle this term using a one-body (ND) type
formalism, where one relates the scattering of the conduc-
tion electrons by the suddenly created core hole in terms
of their phase shifts (§;) near the Fermi surface. The ND
theory also takes into account scattering of the final-state

Wi+ whpi+w?)

(6d)

[

electrons by the core hole. This requires that we also
separate out the static part of the effective interaction in
the third term of (6d) to avoid double counting.

In II this electron—core hole scattering was handled by
an extension of the Laramore APS edge theory. The
Laramore theory was extended to regions away from the
edge by an approach first formulated by Longe® to deal
with the edge structures in x-ray emission and absorption
spectra. While the Laramore theory, based on the ND
formalism, requires that a separable core hole—electron
scattering potential be used, the Longe theory allows the
use of a realistic nonseparable potential. This is an essen-
tial requirement in dealing with regions away from the
edge. In II the potential used is

__ps
Vig)= < ) (7

where €(q) is the static Lindhard dielectric function and
Vps is the Ashcroft pseudopotential®

2

V(@)= cos(gR?) (8)
where R is the cutoff radius modified by the absence of
the core electron.>®

To handle the edge calculations we have used a linear-
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response theory, where the edge intensity is written in
terms of the linear-response function ( F) as

i(ek+Ec}sF(s) , 9)

Re ;=
Ij(gg )= - fo dse
where the response function is written in the interaction
picture as

(¢ | T{H}($)H/(O)U(c0,— )} |$)
(o] Ulcw,—)|¢)

In Eq. (10), ¢ is the ground-state wave function, Hj is the
interaction Hamiltonian describing the core hole—electron
scattering, U is the time translation operator, and T is the
Dyson time-ordering product. The details of the edge cal-
culation along with its extension away from the edge is
given in II. Thus by combining the S- and T-matrix for-
malism with the extension of the ND-Laramore edge
theory we have developed a formulation of the APS inten-
sity which is finite away from the edge and valid at all en-
ergies.

F(s)=

(10)

III. RESULTS AND DISCUSSION

Numerical results for the 2p and 1s derivative spectra
of Al are shown in Figs. 2(a) and 2(b), respectively. These
figures combine the contributions of the previously calcu-
lated plasmon structures? and the edge structure® with the
contribution of the single-particle excitations calculated in
the present article. It is found that the single-particle ex-
citation spectra (without the edge terms) are smooth and
without structure. The divergent behavior at the thresh-
old® and the structure at the threshold for plasmon pro-
duction’ are not significantly altered by this single-
particle contribution. However, with the addition of the
latter, the change in concavity at the energy correspond-
ing to the highest frequency for plasmon production
(plasmon cutoff frequency) is found to become less pro-
nounced than the one shown in Figs. 6 and 7 of I. As
there are other structures present in the APS due to
band-structure and extended fine-structure effects, this
subtle feature would be obscured and may not show up in
a spectrum measured with the usual experimental resolu-
tion.!'® However, it may be noted that in a 1s x-ray photo-
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FIG. 2. The calculated (a) 2p and (b) 1s APS spectrum of Al
from the first-order S-matrix theory and edge formalism. In-
cluded are the first plasmon satellite, threshold singularity, and
modification of the main band due to single-particle excitations.
The dashed line in each figure is the one-electron band shape.

absorption (XPA) spectra experiment by Sénémaud,'! a
careful rexamination of the XPA line shape in the neigh-
borhood of the plasmon cutoff frequency revealed a
feature predicted by Bose and Longe'? and it is of the
same origin as the feature we have predicted at the cutoff
frequency in the APS.
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