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The line shape and intensity of the first bulk plasmon satellite in the valence-band
photoemission spectrum of a simple metal have been calculated. It is found that, owing
to the mobility of the final-state hole created in the valence band, the magnitudes of the
intrinsic and interference terms are altered from that found in the absence of such
mobility, while the extrinsic contribution remains unaffected. The overall effect of the
recoil is to reduce the total intensity of the plasmon band. In the case of excitation of a
dispersionless plasmon, the satellite band basically reflects the parabolic main band in its
line shape and width. For the plasmon excitation with dispersion and attenuation, the
satellite band is weaker in strength, broader in width, and goes to zero smoothly at both

upper- and lower-energy edges.

I. INTRODUCTION

Recently, there have been extensive experimen-
tal'=> and theoretical®—!! investigations of the
core-level photoemission spectra of simple metals.
The asymmetry of the main line has been ex-
plained on the basis of the Noziéres —de Dominicis
model. The intensities of the plasmon satellites
and the background have been measured and calcu-
lated. These intensities are found to depend
strongly on the incident photon energy. Most
features are explained on the basis of three basic
processes—intrinsic, extrinsic, and interference—
that take place during the photoemission from the
core state. For example, at low incident photon
energies, the negative quantum interference term is
large, but its magnitude decreases with increasing
incident photon energy. Thus one expects to ob-
serve a lower intensity plasmon band and back-
ground at lower photon energies. These con-
clusions have been verified by several recent experi-
mental observations.

Even though the core-level photoemission spec-
tra of metals have been studied extensively, no

such systematic studies of the valence-band photo-
emission spectra of metals have been carried out.
The basic processes that will govern the photoemis-
sion in this case are essentially the same as those
of the core-level photoemission. However, one ex-
pects to observe a difference for at least two funda-
mental reasons. First, since an electron can be
photoemitted from any level in the conduction
band one expects to observe a wider photoemission
band in this case. Of greater importance, since the
final-state hole is created in the conduction band, it
is able to recoil. This mobility of the final-state
hole can modify the strength and shape of the
photoemission spectra of simple metals. In a re-
cent publication,'? Hedin has used the hole propa-
gator and the related spectral function to estimate
the intrinsic contribution to the plasmon satellite.
His calculation indicates that this contribution is
weaker in the conduction state than in the core-
state photoemission. Most recently, Longe and
Bose!® have calculated the effect of hole recoil on
the integrated strength of the plasmon satellite and
have found that recoil reduces the integrated
strength by a significant amount. Previously,
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Doniach'* and McMullen et al.'® proposed
schemes for studying the effects of hole recoil.
Doniach’s study involved narrow d bands and the
work of McMullen et al. was related to the
electron-loss spectroscopy, not photoelectron spec-
tra. Experimentally, some attempts have been
made to measure the valence-band photoemission
spectra of metals by several investigators.!®!?

In this paper, we undertake a detailed study of
the intensity and line shape of the plasmon satellite
for photoemission from the conduction band of a
simple metal. We are primarily interested in inves-
tigating how the three processes—intrinsic, extrin-
sic, and interference—are modified by the recoil of
the final-state hole in the conduction band. We are
also interested in studying the effect of plasmon
dispersion on the line shape of the satellite band.
For the sake of comparison, we have considered
photoemission in several different situations. First,
we will present our study of the intensity and line
shape of the plasmon satellite with and without the
hole recoil due to the production of a dispersion-
less plasmon. Next, we will consider the modifica-
tions due to the excitation of a plasmon with
dispersion and attenuation.

II. FORMALISM

We use the recently developed T-matrix formula-
tion'®!! to study this problem, as the usual linear
theory is unsuitable for a proper description of
photoemission. Our model for the metal sample is
that of a semi-infinite jellium extending from
z=— o to 0. The photoelectron created at depth
z exits from the metal normal to the surface
(z=0). During this process a plasmon can be ex-
cited either intrinsically by the hole created in the
conduction band or extrinsically by the photoelec-
tron on its way out of the metal. A negative term
occurs due to quantum interference between the ex-
trinsic and the intrinsic processes. In our formal-
ism, the intensity spectrum of the valence band
photoemission accompanied by n plasmons can be
written as'®!!

0
Le)=[__dzp(z\,(er,2) , (1)

where J),(€,z) is the probability that the pho-
toelectron produced at the depth z leaves the metal
surface with an energy €, after n plasmon produc-
tions, and p(z) is the primary ionization density
which will be taken to be a constant (equal to 1).
In terms of the transit time 7= —z/V} (V} being
the speed of the photoelectron inside the metal), we
can write Eq. (1) as
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Lie)= [ " drVid,(e,) . )

The production rate J,(€;,7) can be expressed in
terms of the T-matrix element by using methods
discussed in Refs. 10 and 11. All processes contri-
buting to the T-matrix element are shown in Fig.
1. In this diagram, the incident photon of frequen-
cy o is represented by the wavy line. The process
of photoemission is shown in terms of the produc-
tion of a particle-hole pair in the conduction band
at time ¢. The single line pointing upward repre-
sents the propagation of the photoelectron through
the metal before its emission from the metal sur-
face at time ¢t +7 with energy €, =k2/2m. The
single line pointing downward is the propagator for
the hole created in the conduction band. The ex-
trinsic plasmon productions are described by the
dashed lines attached to the photoelectron propaga-
tor while the intrinsic plasmon lines are attached
to the hole propagator. The extrinsic plasmons
can be created only between times ¢, the instant at
which the photoelectron is created, and ¢ +7, the
instant at which the photoelectron leaves the sur-
face of the metal (represented by the black dot in
Fig. 1). From this diagram, it is obvious that the
extrinsic terms will not be affected by the recoil of
the final-state hole, as they are related to the out-
going photoelectron line. However, we expect that
the intrinsic and the interference terms will be
modified by the hole mobility.

In this paper, we will be concerned with single-
plasmon production only. In our model, the pro-
duction rate of photoelectrons along with zero and
one plasmon excitations can be written as

w

FIG. 1. Diagram representing the process of
valence-band photoemission in a metal with extrinsic (q,
and g,) and intrinsic (¢3) plasmon productions.
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(47Tk1:/3
Nn!

Jo(€,7)= fdp O(kp—p)X

d(ex —e, —w) forn=0,

T(ek,ep,'r) forn=1,

where O is the step function and ky is the Fermi momentum. The T-matrix element has the form

T(ek,ep,f)=—)3

[ ddlg(@P8ex+w,(q)—€, —0)

N 2
_ 1—expliv(k,q)7] @

y ‘ Olkr— B~ ])
u(k,q)
Here 1~ ! and v~! are, respectively, the propaga-
tors related to the internal hole and electron lines
appearing in the first-order diagram (see Fig. 1).
Factor

g(@=[7v(9w,(g)c(g)]'”?

is the plasmon-electron coupling function, where

v(g)=4me?/q? is the Coulomb potentlal w,(g) the
plasmon frequency with dispersion,'® and c(g) an
attenuation function. This attenuation function de-
scribes the weakening of the plasmon-electron cou-
pling due to pair excitations as g approaches the
cutoff wave number gq., above which the plasmon
mode disappears; one has ¢(0)=1 and ¢(q.)=0
with ¢ (q) slightly smaller than one for most of the
plasmon momentum range 0< |4 | <q..

The normalization factor N appearing in Eq. (3)

is determined by requiring conservation of the
number of photoelectrons, i.e., by using

o+€p

[ ae 3 gienn=1. (5)
F n=0

1

vk, q)

|

The first term in the square modulus of Eq. (4)
represents production of an intrinsic plasmon while
the second term denotes plasmon production by an
extrinsic process. The cross product of these two
terms, of course, corresponds to the interference
term as described above. Comparing Eq. (4) with
the corresponding equation [Eq. (10) of Ref. 10]
for the core-state photoemission case, we observe
that while the extrinsic term remains unchanged as
expected, the intrinsic and the interference terms
are altered by the mobility of the final state hole in
the conduction band.

Equation (4) can be easily evaluated for high en-
ergy photoelectron emission where we can assume
T>>0, 1. In such a case, the intensities of the
main line and the first plasmon satellite are given
by

Io(e)=D (&) [ dP Olkp—p)dlex —€,—)
(6)
and

Il(ek)=D(ek)fd§6(kp-p)a—7l-T—)—3- fdﬁ[g(q)]28(6k+wp(q)—ep—w)

Okr—|P—1d|) B

220(kp— | P-4 |)

+

where I'(€; ) is the usual decay rate due to plasmon
production and can be calculated from

mcop(q)

a)p(q)
. .

q

Tlex)= f dg ©

(8)

The coefficient D (€, ) appearing in Egs. (6) and (7)
is a slowly varying function of €, and can be taken
to be constant over the range of €; in which we are
interested; we therefore set it equal to 1.

[k, )P

21
F(Gk

—

w(k,gmk,q)

8(v(k,q))

III. CALCULATIONS AND RESULTS

Equations (6) and (7) have been evaluated for
sodium with wp =5.91 eV and ep—3 23 eV for an
incoming photon energy o= 90cop =532 eV. The
intensity of the main line I(€; ) calculated by ig-
noring all interaction effects is given by Eq. (6),
which reduces to

Iy(ex)=4mmp , 9)

with
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0<p=(k*—2mw)"*<kp .

For the purpose of comparison with the first
plasmon satellite band, we have plotted Iy(€;) in
Fig. 2. As expected, the main line intensity is par-
abolic and has the width of the Fermi energy. Nu-
merical computations for the first plasmon satellite
have been performed for several different cases.

(4) No-recoil —no-plasmon dispersion. First we
assume that the final-state hole does not recoail, i.e.,
we replace | p—¢q | in Eq. (7) with p. We also as-
sume that the plasmon is dispersionless and
without attenuation such that in Eq. (7) @,(q) and
¢(q) can be replaced by a)g and 1, respectively. In
this case, the total intensity in the first plasmon sa-
tellite takes a simple form

I,(ex)=4mmp (10)

ezqc 7rme2
— 1
T, 2k
with

0<p=[2m(0y—a)+k*]"? <kp .

(B) Recoil —no-plasmon dispersion. Here we re-
tain the recoil of the final-state hole but still ignore
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FIG. 2. Line shape of the main band of the valence-
band photoemission spectrum of metals, neglecting all
interaction effects.

the plasmon dispersion and attenuation. In this
case, the intrinsic term is substantially modified
and can be expressed as

intr 320 (% dg 1 O(q —kr+p) O(kp—p —q)
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FIG. 3. Intrinsic, extrinsic, and interference contribu-
tions to the intensity of the first plasmon satellite for
the production of a dispersionless plasmon. The solid
and the dashed curves correspond to the cases with
recoil and without recoil, respectively.
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FIG. 4. Line shape of the total intensity of the first
plasmon satellite of the valence-band photoemission
spectrum for dispersionless plasmon production.
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with remains unaffected by the recoil of the final-state
hole. Figure 4 shows the total intensities for these

_ 0_ 29172
0<p=[2m(wp—a)+k"]"“<kp . two cases. In this dispersionless plasmon case, the

A similar composite expression for the interfer- width of the satellite band is the same as that of
ence term can also be obtained. The results of the the main band and the satellite intensity basically
numerical computations for cases (A) and (B) are reflects the main band intensity. The recoil re-
shown in Figs. 3 and 4. Figure 3 shows the indi- duces the overall (integrated) plasmon band intensi-
vidual contributions of the intrinsic, extrinsic, and ty by 12.4%. This value is also in accordance with
interference terms. The solid and dashed lines cor- that reported in Ref. 13, in view of the approxima-
respond to the results for the recoil and no recoil tions made there.
cases, respectively. Notice that due to recoil the (C) No-recoil —exact-plasmon dispersion. In this
intrinsic term is substantially reduced. An evalua- case, we again ignore the recoil of the final-state
tion of the integrated intensities indicates that this hole (| B—4 | —p); however, we retain full
reduction is 29% as previously reported.!’> The in- plasmon dispersion and attenuation.'® In such a
terference term has a modest modification near the case the total intensity of the plasmon satellite can
high-energy edge. As expected, the extrinsic term be calculated from

TMaw,(q)
F(Ek )kq

ma,(q)+kq —q*/2
ma,(q)—kq —q*/2

1 m

wp(q) kg

(12)

map(q)
Tk

9
I,(ex)=4me? fo dgqpc(q)

with
0<p={2mla,(@—o]+k*}*<kp .
(D) Recoil—exact-plasmon dispersion. This is the most general case that we consider. We retain both the
recoil of the final-state hole and the plasmon dispersion and attenuation. As in case (B), we expect that the

intrinsic and the interference terms will be modified by the recoil but the extrinsic term will remain un-
changed. In this case the intrinsic term of Eq. (7) can be reduced to

) 9. w,(q)c(q) 1
Imtr(E )=4 3,2 d P
b= f° Ty 2mo,(q)+(q —p)’—p?
O(q +p —kr) O(kr—p —q)

 2mo,(@+kE—p®  2ma,(@)+(g+pP—p? |’

with plasmon band intensities for these two cases. An
evaluation of the integrated intensities indicates

- _ 21172
O<p={2mlwp(@)—ol+k"} “<kp . that recoil reduces the overall intensity by 10.1%.

The interference term of Eq. (7) can be similarly Comparing the results of Figs. 4 and 6, we notice
reduced. Numerical computations for cases (C) that the plasmon dispersion and attenuation intro-
and (D) have been carried out, again for metallic duce significant modifications in the shape and
Na and incident photon energy a)=90w2. Results strength of the satellite band. In the dispersionless
for these cases are shown in Figs. 5 and 6. Figure case, the shape of the satellite band basically re-

5 shows the individual contributions of the intrin- flects that of the main band and its width is equal
sic, extrinsic, and interference terms. The intrinsic to that of the main band. The plasmon dispersion
term is again significantly reduced by the recoil of increases the width of the satellite band but weak-
the final-state hole. The reduction in the integrat- ens its strength. Furthermore, we notice that in
ed intensity of the intrinsic term is found to be the latter case, the intensity goes to zero smoothly
25.9%. The interference term again undergoes at both upper and lower edges. The low-energy
modest modification in the high energy region of tailing of the plasmon band occurs due to the

the satellite band and there is no change in the ex- widening of the plasmon frequency by dispersion.

trinsic contribution. Figure 6 shows the total The smooth shape of the satellite band near the
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FIG. 5. Intrinsic, extrinsic, and interference terms
contributing to the first plasmon satellite intensity for
the production of a plasmon with dispersion and at-
tenuation.

upper edge is due to the fact that for all g,

p(q) ng, so that the interval of ¢q between 0 and
g. which is still consistent with conservation of en-
ergy becomes smaller for larger €;,. This smoothly
brings the spectrum to the point at which no
photoemission is allowed.

IV. SUMMARY AND CONCLUSIONS

By using the T-matrix formalism developed re-
cently for the study of the core-level x-ray photo-
emission spectra of metals, we have investigated
the valence-band photoemission spectra of simple
metals. The additional feature that we had to in-
troduce to study this problem was the effect of
recoil of the final-state hole created in the conduc-
tion band. It is found that at high incident photon
energies the hole mobility lowers the intensity of
the intrinsic term in a significant way and intro-
duces minor modifications in the interference term
while the extrinsic contribution remains unaffected.
Numerical computations for the main band and
the first plasmon satellite have been performed for
Na for both the dispersionless plasmon and the
plasmon with dispersion and attenuation. In both
cases, recoil lowers the total intensity of the satel-
lite band by a significant amount. In the disper-
sionless plasmon case, the satellite band reflects the
main band in its shape and width. In the presence
of plasmon dispersion and attenuation, the satellite
band becomes weaker in strength but covers a
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FIG. 6. Total intensity of the first plasmon satellite
for the production of a plasmon with dispersion and at-
tenuation.

wider range of energies. In this case, the satellite
band itensity goes to zero smoothly at both the
upper and lower edges. This can be understood
strictly on the basis of energy conservation as dis-
cussed in the preceding section.

We are aware of only a few experiments on the
valence-band photoemission spectra of simple met-
als.'®!” It appears that our theoretical prediction
regarding the overall reduction of the strength of
the plasmon satellite due to hole recoil has already
been verified by an independent experiment of Van
Attekum and Trooster.!® They measured the
valence-band photoemission of Al along with the s-
and p-state photoemissions. By employing a
deconvolution technique they obtained the lossless
spectra for these cases. From their study they con-
cluded that the strength of the plasmon line for the
valence-band photoemission was lower than the
core state spectra of the same metal. This qualita-
tively agrees with our theoretical conclusion.!> For
a detailed comparison with experiments regarding
the line shape and width of the plasmon satellite,
there must be further carefully conducted experi-
mental studies.
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