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The effects of secondary electron-hole pair production on the valence-band x-ray photoemission

spectra of metals have been investigated. In the first-order theory, the intensity in the main band

diverges due to the production of very weak energy electron-hole pairs. Hole renormalization is

therefore included to study the intrinsic, inelastic process in the main band region, the quantum in-

terference between the intrinsic and extrinsic processes, and the tailing of the main band due to elas-

tic hole scatterings. The resulting spectrum is found to be smooth and finite over the entire spectral
range. The calculated spectrum for sodium extending from the main band to the tail of the first
bulk-plasmon satellite is compared with presently available experimental data.

I. INTRODUCTION

The core-level x-ray photoemission spectroscopy (XPS)
of simple metals has been under investigation for some
time. ' The dominant physical effects which give rise
to the asymmetry of the main line have been studied by
several authors. The satellites due to bulk- and
surface-plasmon productions and the background intensi-
ty due to single-particle excitations have also been studied
both theoretically ' and experimentally. '

In comparison with the level of activity on the core-
level spectra, the valence-band photoemission spectra of.
metals have remained relatively unnoticed. ' In two
previous publications with Longe, we reported on the
strength and shape of the first bulk-plasmon satellite in

the valence-band photoemission spectra of simple metals.
In this paper we consider the effects of single, secondary
electron-hole pair creation on the valence-band photo-
emission spectra of' metals, with the expectation that it
will alter the shape and strength of the main band and in-
troduce tailing in the lower-energy region, thereby ex-
plaining the experimentally observed spectra. '

As in the case of core-level XPS, we consider the intrin-
sic processes due to the interaction of the primary hole in
the conduction band with the surrounding electron gas,
the extrinsic pair productions by the photoelectron, and
the quantum interference between these two processes. As
with the plasmon satellite case, ' we expect that the mo-
bility of the primary hole in the conduction band will
have a significant effect on the calculated spectra, and
hence we will keep the recoil of this hole in the present
calculations. Calculations in this paper are carried out us-
ing the S- and T-matrix formalism which was recently in-
troduced by Longe and co-workers, ' to study the core-
level photoemission spectra of simple metals.

In Sec. II we present our model of the valence-band
XPS in detail and show, in general, how these results re-

late to those of Ref. 30. In Sec. III we present our calcu-
lation and results, and in Sec. IV we shall summarize and
draw our conclusions.

II. FORMALISM

Our calculations are made for the jellium model of a
metal filling the half plane z&0 at temperature T =0.
For emission of photoelectrons normal to the surface, the
intensity of photoemission to order n in the effective
Coulomb interaction can be written as

I„(E/, )= J d7. vkJg(E/„r) .

Vk is the speed of the photoelectron of wave number k in
the metal, ~ is the transit time from the site of ionization
to the surface, and J„(sk,r) is the probability of an elec-
tron leaving the metal after an nth-order process (plasmon
production or single-particle excitation). Equation (1) as-
sumes a constant density of primary ionization (equal to
1) in the metal. J„(Ek,1) can be written in terms of a r-
dependent S-matrix element by using the time-dependent
golden rule. %'e express these matrix elements as dia-
grams which are shown, for orders 0 and 1 in the effective
Coulomb interaction, in Fig. 1. As in Ref. 30, bare propa-
gators are used for the valence hole line (pointing down-
ward) and the electron line (pointing upward). The wavy
lines entering the lower vertices in Fig. l represent the in-
coming x-ray photon, and the dashed lines represent the
interactions with the surrounding system of electrons in
the metal. For these interactions we use the random-
phase approximation (RPA) of the effective Coulomb in-
teraction, P"(q,co), defined by
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FIG. 1. Diagrams representing the x-ray photoemission pro-
cess to (a) order 0, and (b) and (c) order 1 in the effective
Coulomb interaction (dashed lines). The photoelectron line,
pointing upward, can have no interactions with the bulk after
time ~, when it leaves the metal.

Since XPS involves a photoelectron leaving the system
and being detected, conservation of energy between the in-
itial and the final states will hold. This means that the
secondary electron-hole pairs of the effective interaction,
as shown in Fig. 1, exist as real pairs in the final state.
For this reason it is only necessary to consider P (q, co) for
co &0, represented by &+(q,co).

As in the case of soft x-ray emission spectra ' and
Auger emission spectra of simple metals, we will find
that this first-order theory yields unphysical results.
Problems occur at the low-energy end of the main band of
the spectrum, in the zeroth-order and interference terms,
and throughout the main band for the intrinsic term.
This is due to the neglect of finite lifetime effects for the
primary hole, excited in the valence band by the incident
photon. As we will see in Sec. IIB, these effects can be
taken into account by appropriate renormalization of the
primary hole.

A. Without hole renormalization

1 (q, co) =v(q) —v (q)+(q, co)~(q, co) = v(q)
e(q, co)

In Eq. (2), v (q) is the bare Coulomb interaction, 8 (q, co) is
the lowest-order polarization propagator, or "bubble" dia-
gram, and e(q, co) is the dielectric function in the RPA.

As in previous calculations with Longe et al."' ' ' we
find a ~-dependent exponential term in the photoelectron
propagator and are able to write J„(Eg,'T) in terms of the
T-matrix elements. This is equivalent to closing the dia-
grams of Fig. 1. J„(E~,r) is then written as

(4n kp/3)- 5(co), n =0
J„(sI„r)= f dco f d'p6(kF —p)5(EI, ~neo s~ —co—,)X 'TXn! Eg, Ep, 1r,co, n = 1

with

(3)

T(sI„c~,r, co)=, d q
1 3

(2m )

—ImP ~(q, co) 6(k~ —
I 0—q I

)

p(p, q, co)

iv( k, q, co)z

v(k, q, co)
(4)

The hole propagator in Eq. (4) is p '=(co+E —Ez+iA, ) ', and v '=(co+EI, —s - )
' is the propagator for

Ip —q I
~ ' ' (k+q)

the photoelectron (note that the following identification is made throughout this paper: Ez ——p~/2m, 4= 1); 6 is the step
function, coo the incoming photon energy, and A. a positive infinitesimal. Note that ImP +(q, co) is nonzero only when
co&0. The plasmon-pole part of Imt +(q, co) and the single-particle excitation part occur for distinct values of (q, co).
The single-particle portion, only, is used in our present calculations, and will be referred to as ImP"+(q, co). Similarly I,
J, and T will be referred to as I', J', and T'r. N ' is the normalization factor which gives conservation of probability
when all order processes are considered and has been discussed in detail in a previous article. The form of N ' is taken
to be

t'

N '=exp (4nkF/3) ' f d—p 6(k~ —p) f dco?'*(s~, sz, r, co)

The asterisks in Eq.(5) and Eq. (6) below mean that when T(sI„ez,r, co) is evaluated, k should be replaced by k —q. To
evaluate the required term of X,we use the approximation vv. &&1, which has been found to be quite adequate in this
case, when compared to the evaluation of T, which does not use this approximation. In the case v~ && 1 we can write

T*(sI„s,~,co)= f d q(2~)

—Im/"+ (q, co) 6«F
I p —q I

)—2P6(kp. —
1 p —q 1

) +2m 5(v*)r
pv

=P(s„~) f*(Ek ~p ~)+—I' (FI, co)7 .

Here, P means that, when integrating, the Cauchy principal value is to be taken.
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We now proceed to the calculation of the intensity of the spectrum due to the secondary electron-hole pair creations.
The final expression for the zeroth-order contribution to the intensity is

IQ (Ek ) =D ( «)4rrmp

with

0 &p = [2m (Ek —coo)]'~ & k~,
and the intensity to first order in the single particle interaction is given by

IF(«)=D(«) f dc@ f d p B(kl p)—
(27r)

—ImP +~(q, co)
X f d g 5(«+co —s —coo)

7T
P

6(kp. —
i p —q i

) 2B(kp —
i p —q i

)

v +( f dc@'I *)
v+m. 5(Re(p)) f dc''I ')

Re(p)

(9)

The terms in the, square brackets correspond to the intrinsic (first term), the interference (second and third terms), and
the extrinsic (last term) processes, respectively. The prefactor D(«) is the same as that used in the plasmon approxima-
tion and is a slowly varying function of «, it will therefore be set equal to 1, as before. The expression f dc@'I' that
appears in Eq. (9) represents the finite lifetime of the photoelectron state, which may decay via plasmon or pair produc-
tion. This lifetime is dominated by the plasmon process, and is usually calculated in the plasmon approximation. How-
ever, in the spirit of our calculations, we retain the single-particle contribution also. This correction is used not only in
the present calculation, but also to calculate a modification to the previously reported plasmon satellite. Such a correc-
tion does not alter the qualitative features of the plasmon satellite.

B. With hole renormalization

&2(P Ek —~O)
d p-

ep ~&(p « —~o)] +[&2(p « —~o)l

where the hole self-energy is

It is quite easy to see, from Eq. (7), that the zeroth-order contribution to the main band of the spectrum has the para-
bolic shape of the valence-band density of states. The sharp cutoff at the lower end of this curve is due to the approxi-
mation that low-lying states of the valence band have infinite lifetime. In fact, due to electron-electron interactions, such
states are not infinitely long lived, and no sharp features are observed in the experimental spectra. Hence, we use a renor-
malized hole propagator, as an appropriate way to include these interaction effects in the zeroth-order diagram. This is
shown in Fig. 2(a). The renormalization is done within the RPA, at T =0. Then, for n =0, Eq, (3) becomes

(4rrkF /3 )
Jo(«*&)= (3')

( + )/2m —co

X(p,~)=X~(p,~)+iX2(p, co) = z f q dq f dc@'6(EF co co')ImP +(q, co'—) . —
p (2m. ) (p —'q) /2m —co

(10)

Here, EF represents the Fermi energy. Our main goal in
renormalizing the hole propagator is to include the finite
lifetime of the hole due to electron-electron interactions
(i.e., X2 ). Keeping this in mind, and noting that the real
part of the self-energy, X~, is smoothly varying in the en-
ergy range of our interest, we omit X,. This eliminates
any energy shifts in the spectrum due to renormalization,
thus enabling us to add the resulting intensity to other
contributions, where hole-lifetime effects are not as im-
portant and, therefore, not included. The zeroth-order in-
tensity then becomes

Io(«) D(«) f d p ~(p sk ~o)
with

1 &2(p ~)
(p, co)=—

~ (co —e~) +[22(p, co)]

The intrinsic contribution to the intensity in Eq. (9) is
found to diverge at the lower end of the main band region
of the spectrum, where ck ——mo. This divergence is most
obvious in the absence of hole recoil, where we replace

~ p —q ~
in Eq. (9) with p. Then the hole propagator

p '=(co+iA, ) ', with co being the energy of the secon-
dary electron-hole pair, takes on the values (iA, )

' to
(EF+iA)' with A, —+0. , It is then easily seen that the
creation of secondary electron-hole pairs of infinitesimal
energy, by the primary hole, has infinitely large probabili-
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(c)

"lifetime" is dominated by r. In order to avoid the sharp-
ness which would appear in the spectrum due to such a
term, we renormalize the interference calculation. This is
done by using the diagram of Fig. 2(b) in combination
with that of Fig. 1(c) for the cross terms. For the first
cross term, which will not be seriously affected by this, we
take the limit of infinite lifetime, arriving at the nonrenor-
malized result. In the second cross term we retain the full
renormalized, result. The effect of the renormalization in
the quantum interference is to replace factors in the third
term in the square brackets of Eq. (9), as follows:

FICx. 2. Diagrams representing (a) the elastic and (b) the
first-order intrinsic terms including hole renormalization. The
renormalized-hole propagator is given by (c) (Dyson's equation).

e(kF
I p —q I

)5(Re(p ) )

~e(+F ep+~)~(
I p —q I ep co) (9 )

ty. Such divergences have been reported previously in the
calculation of x-ray emission spectra of metals. As
mentioned before, this is due to the approximation of in-
finite lifetime for all the hole states, and is not relieved by
including recoil. To overcome this difficulty, it is neces-
sary to renormalize the primary hole propagator, as
shown in Fig. 2(b). We thereby include the finite lifetime
of the hole, within the RPA, for calculation of the intrin-
sic contribution in and near the main band region of the
spectrum. The net result of performing the renormaliza-
tion necessary to avoid the divergence of the intrinsic
term is to replace the first term in the square brackets of
Eq. (9) as follows:

with W defined. by Eq. (11).

III. CALCULATIONS AND-RESULTS

Calculations have been performed for sodium, with an
incoming photon energy coo ——90mp 0 5 keV, where co& is
the plasmon energy. Each of the contributions, zeroth or-
der, intrinsic, extrinsic, and interference, will be discussed
separately.

A. Zeroth-order (elastic) term

The zeroth-order line shape is independent of coo and
has been computed in two approximations for compar-
ison:

2

p —q,co~, 9'
Q7 +co ~

—'

E& + l A, Io(sk ) =4mmp (7")

with W defined by Eq (11). H. ere, as in Eq. (7'), the real
part of the hole self-energy has been dropped.

Due to the fact that the photoelectron must leave the
metal before being detected, it does not becoine necessary
to renormalize the hole propagator in the extrinsic dia-
gram. In this contribution, the r dependence of the elec-
tron propagator is dominant enough to avoid unphysical
results due to approximations about the hole. In other
words, renormalization of the hole propagator in this term
will not introduce any qualitative difference in our results.
The cross term between the extrinsic and the intrinsic pro-
cesses, however, will be considered for renormalization.

The second quantum interference term in Eq. (9) is
found to fall abruptly to zero at the lower energy end of
the main band, and is zero for energies below the main
band. This is due to the delta function in this term, The
delta function comes directly from the infinitesimal A,

when separating p ' into its real and imaginary parts.
No such term is present in v ' since the photoelectron's

Io(sk ) =4m I dp p W(p, sk —coo)

with p in Eq. (7") given by Eq. (8), W defined by Eq. (11),
and Ek —coo&Ez. Equation (7") uses the bare hole propa-
gator, while Eq. (7'") has the hole renormalized as dis-
cussed. In the final analysis, the results of Eq. (7"') are
retained. The results for both of the above equations are
shown in Fig. 3(a).

Since electron and hole states have asymptotically infi-
njte lifetimes as their energy approaches the Fermi energy,
the two curves of Fig. 3(a) meet each other at the upper
energy edge, The nonzero intensity predicted there is due
to the sharpness of the Fermi surface in the present
theory. Around the low-energy end of the main band re-
gion, sk =coo, the larger intensities found, when hole re-
normalization is included, are a direct consequence of the
width of the low-lying states of the conduction band in a
simple metal. This allows for the smooth tailing of the
main band.
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FIG. 3. The various partial intensities computed in this work: (a) elastic contribution, and (b), (c), and (d) single-particle inelastic
contributions. In (c) the arrow indicates where renormalization in the intrinsic term begins (see text for details).

B. Intrinsic term

1. 8'ithout hole renormalization

At photoelectron energies below the main band region,
conservation of energy for the overall process precludes
production of secondary, single-particle excitations with
vanishingly small energy. Because of this, we are able to

compute the intrinsic term without including the primary
hole lifetime at those energies. At photoelectron energies
in the plasmon band region of the spectrum, we retain
these values. This is consistent with the manner in which
the plasmon contributions were computed in Ref. 30, and
with other first-order terms of this calculation. In this
case the intrinsic, single-particle contribution is found to
be

3
I',~'(ek) = J de f dq q[ ImP~+~(q—,co)]e(kF q+p)—

e(p +q —kF) e(kF p q)——
2m' p+(p —q) 2—men —p +k+ 2m' —p +(p+q)

(12)

with

0(p =[2m(Ek+co —coo)]'~ (k~ . (l3)



31 EFFECTS OF ELECTRON-ELECTRON INTERACTIONS ON. . . 767

2. With hole renormalization

For photoelectron energies within and immediately below the main band region of the spectrum, it is necessary to in-
clude the renormalized hole propagator as previously mentioned. In this case, the contribution to the intensity in the
presence of intrinsic single-particle excitations is given by

2'I',~'(eI, )= f de f dqq[ —ImF +~(q, co)]

X, f dlI, P f den', ' +[~~(t,ek ro,—)]'1 ~F +& ~ F, W(l, co')

2m ~~ —~ ~

—" ~ —~k+~0
(12')

with co restricted by Eq. (13).
The results from Eqs. (12) and (12) are shown together in Fig. 3(b). Equation (12) is found to become quite large only

for values of Ek —~0(o. IEF. As the photoelectron energy approaches the plasmon band from above, the agreement be-
tween Eqs. (12) ~d (12) becomes excellent, indicating that hole-lifetime effects are not important at least down to the
plasmon b~d, where the single-pa~icle te~s are not found to be dominant. At the upper energy edge of the main band
the smail energy-transfer processes cause an interesting behavior in the renormalized theory. Here large contrib«ions re-
sult for single-particle, intrinsic excitations. This is true since only the long-lived hole states near the Fermi surface are
interacting. This contribution competes directly ~1th the sh~nklng of the allowed phase space for energy transfer. Qur
results indicate a finite, nonzero intensity contribution at the upper energy edge of the spectrum. It is also interesting to
note that the intensity of this term is of the same order of magnitude as the zeroth-order intensity throughout the main
band.

C. Extrinsic term

The extrinsic contribution to the intensity, for photoemission accompanied by single electron-hole pair creation, is

I& '(ek)= 2 2

f den f dqqp[ —ImF '+~(q, co)]
m. k f de'I'

2nzco —q +2kq 2m' —q —2kqtan —tan
2m f de'I* 2m f d~ r' (14)

with p defined by Eq. (13). This is shown in Fig. 3(c). The maximum in this curve corresponds to strong contributions
to ImF '+~(q, co) from values of co approximately equal to the cutoff plasmon energy. It is found that the extrinsic term is
well behaved for all ek, and falls to zero at lower energies and at the upper energy edge of the main band. As discussed
before, the factor f de'I * includes both the plasmon and the single-particle processes. The single-particle correction to
the f dao'I' of our previous calculations, using only plasmon production, amounts to 22% of the total.

D. Cross terms

1. 8'ithout hole renorrnalization

The contribution to the intensity from the interference between the intrinsic and extrinsic processes, in the 'absence of
hole renormalization, is given by

—mI)~'"(Ek)= f de f dq[ ImF '+~(q;co—)]
2w k

(2m' —q +2kq) +(2m f dc@'I')
& ~ ln , , e(kF q+P)—

(2m' —q2 —2kq) +(2m f dao'I )

2171co —p +kF2 2

e(p +q —kF)ln
2m' —p~+(p —q)

e(k )1
2m~ —p'+(p+q)
2m' —p +(p —q)
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+2m.e(2pq —q —2m') tan2 2mco+2kq —q

2m fdcol

22m' —2kq —q—tan
2m f d-'r* (15)

with p defined by Eq; (13). The log terms are well behaved for all ek, and approach zero where expected, but are much
smaller than the tan ' terms. The contribution from these latter, dominant, terms falls abruptly to zero at the lower end
of the main band region. The total contribution from all terms in Eq. (15) is shown as the dashed line in Fig. 3(d).

2. 8'i' hole renormalization

In order to find the spectrum. under the more realistic condition of finite hole lifetime, the quantum interference was
renormalized, as explained in the preceding section. Since only the dominant cross term of Eq. (9) is significantly affect-
ed by hole lifetime, it is the only one for which hole-lifetime effects were included. The resulting expression is

3I»"(, )= m fd- fdq[ —Imt'+'(q, ~)]
1 k 22k

(2m' —q +2kq) +(2m f de'r*)
ln e(kF —q+p)

(2m' —q —2kq) +™f de'r*)

2m' —p +kz
X e(p+q kF)ln-

2mco —p +(p —q)

+e(k )1
2m' —p +(p+q)
2m' —p +(p —q)

2' 2mco+2kq —qe(EF sj, +cop) tan-.
m 2m den'I *

2m' —Zkq —q
2

—taIl
2m f d-'r*

s+e
X f dl lW(l, Ek —ci)p)

lu —e I

(15')

Its contribution is shown by the solid line in Fig. 3(d).
An examination of the two cu~es of Fig. 3(d) shows

the effect of renormalization on the cross term to be simi-
lar to that in the zeroth-order case. In addition to tailing
of the main band intensities, there is an increase in magni-
tude at plasmon band energies due to virtual plasmon pro-
cesses included by the renormalization. Overall, the cross
terms in the single-particle case are not found to be as im-
portant as in the plasmon case, at this photoelectron ener-

gy. In the final analysis only the results of Eq. (15') are
retained.

E. Total valence-band spectrum

The total intensity of the valence-band photoemission
spectrum was obtained by adding together the renormal-
ized zeroth-order (elastic) contribution, the single-particle
excitation terms and the results due to plasmon excitation
from Ref. 30. The result is shown in Fig. 4. As men-
tioned before, the plasmon values were adjusted by includ-
ing the appropriate photoelectron lifetime, calculated by
using both plasmon and single-particle effects. The
single-particle, intrinsic contribution in Fig. 4 is calculat-
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FIG. 4. The total single-particie contribution (dashed line)
and the total spectrum including elastic and inelastic scattering
effects for bulk processes (solid line).

ed including hole lifetime effects at photoelectron energies
above the plasmon band, and the renormalized results for
the quantum interference are used over the entire spectral
range.

IV. SUMMARY AND CONCLUSIONS

The primary concern of this work has been to include
the effects of the production of single, secondary
electron-hole pairs on valence-band XPS. %e have com-
puted both the shape and magnitude of the valence-band
x-ray photoemission spectrum for sodium metal. The re-
sults of this study are combined with those of a previous
work, and the net result, including the main band and
the first plasmon satellite regions, is shown in Fig. 4.

We have found, in the main band region of the spec-
trum, that the intrinsic contribution involving single-
particle processes diverges in the first-order theory. Such
divergences in the first-order theory are not unusual and,
in fact, have been found in the calculations of the soft x-
ray emission spectra ' and the valence-band Auger
spectra of metals. However, in the tailing region of the
main band, and at lower energies, this first-order intrinsic
intensity is finite, and is of the same order of magnitude
as the well-behaved extrinsic contribution. The quantum
interference for the single-particle process considered is
found to be, generally, much smaller than the intrinsic
and the extrinsic intensities. The first-order theory has a
weak maximum in the plasmon satellite tail due to near-
resonant behavior of the single-particle excitations around
the plasmon cutoff frequency.

In order to avoid the divergence in the first-order in-
trinsic term in the main band region and to eliminate the
sharp cutoff of the parabolic zeroth-order intensity and of
the cross term, it is necessary to include the virtual, iritrin-
sic pair productions to all orders, that is, to renormalize
the primary hole propagator. This corresponds to includ-
ing the finite lifetiine of the primary hole, which controls

THEORY vs. EXPERIMENT

+g q
~ OQ

U

C)
I-3.0 -2.0

I

-1.0
l

0.0 1.0 2.0

Energy (E„—~,}/EF

FIG. 5. Comparison of theory convoluted with 0.6-eV Gauss-
ian resolution function (solid line), and experimental data taken
from Fig. 3 of Ref. 25 (b) (points).

the intrinsic process. The inclusion of primary hole life-
time results in a smooth, finite spectrum. The shape and
magnitude of the single-particle, intrinsic contribution
closely follows that of the renormalized, no loss intensity
in the main band. This is evidence that a major process
here is the production, by the primary hole, of small ener-

gy electron-hole pairs. The process, however, is limited by
the finite lifetime of the primary hole. Since the primary
electron (photoelectro'n) is created with large energy,

'

its
lifetime is long and is really dominated by the detection
process.

The calculated valence-band photoemission spectrum of
sodium, as shown in Fig. 4, is smooth and finite over the
entire spectral range. The main (no-loss) band is separat-
ed from the first plasmon satellite band by a smooth tail.
The main band retains its parabolic shape, even though it
is significantly enhanced by the single-particle processes.
The plasmon satellite is relatively wider than the main
band due to the inclusion of the dispersion of the plasmon
frequency and is somewhat enhanced by the renormaliza-
tion of the no-loss diagram. We find the ratio of the in-
tegrated intensity in the plasmon band region to that
above the satellite to be 54%.

It is interesting to attempt to compare our results with
the currently available experimental spectra for sodi-
um. ' Such a comparison is shown in Fig. S. The
points represent the raw data taken from Fig. 3 of Ref.
25(b), with the minimum recorded intensity subtracted
from all points. The solid line is the final result of our
theory convoluted with a 0.6-eV Gaussian spectrometer
resolution function. Peak intensities were matched, and
the abscissas were adjusted using the free-electron value of
EF. It must be noted, though, that the theoretical results
do not include the effect of surface plasmon production,
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which increase the intensity between the main band and
the bulk plasmon satellite. In addition to this, a quantita-
tive difference is expected due to inelastic scattering from
impurities, phonons, and crystal boundaries. Although
our calculations do include inelastic scattering between
electrons, they do not include these nonideal scatterings
which give rise to the inelastic background. However, the
effect of such processes is to shift intensity from the main
band to lower spectral energies, thereby increasing the
peak intensity of the plasmon satellite relative to the main
band, as is found; With this in mind, we see qualitative
agreement between our present results and the experimen-
tal data.

In summary, we would like to emphasize that in this

paper, we have presented the first ab initio calculation of
the valence-band photoemission spectrum of a simple
metal, which includes the important electron-electron in-
teraction effects (including intrinsic, extrinsic, and in-
terference terms) that introduce significant contributions
to the spectrum. We have obtained results for the main
band and the first plasmon satellite, which qualitatively
agree with the presently available experimental spectra.
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