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Plasmon satellites in the x-ray photoemission spectra of metals and adsorbates
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Surface and bulk-plasmon satellites for the x-ray photoemission spectra of simple metals
have been calculated using the transition-matrix approach. Intensities for photoemission at
various depths, zo, from the surface of the sample are presented. It is found that the singu-
larity at the upper edge of the bulk-plasmon satellite is exactly canceled by the "begrenzung"
effect, making the spectrum finite everywhere, especially at the satellite edge. The surface-
plasmon satellite intensity agrees with previous phenomenological calculations. The present
approach also allows calculation of the surface spectra for photoemission from adsorbates
(zo &0). The calculated adsorbate spectra are in qualitative agreement with recent experi-
mental data.

I. INTRODUCTION

In recent years, there has been considerable in-
terest in the experimental and theoretical studies of
both bulk- and surface-plasmon satellites of the x-
ray photoemission spectra (XPS) of metals. '

Most theoretical calculations have been carried out
on the basis of various phenomenological models for
the plasmon; however, it has been generally recog-
nized that there are three basic processes which can
contribute to the plasmon satellite. These are as fol-
lows: An extrinsic process which corresponds to the
production of a plasmon by the excited photoelect-
ron, an intrinsic process which corresponds to the
excitation of a plasmon by the hole which is created,
and an interference term which occurs due to quan-
tum interference between the intrinsic and the ex-
trinsic processes. In many theoretical investigations
the dispersion and attenuation of the plasmon have
been ignored. In several others, the strength and
line shapes of the satellites have been calculated by
retaining the plasmon dispersion. However, we are
not aware of any quantum-mechanical calculation of
the line shape of the surface-plasmon satellites for
photoemission from adsorbed atoms, which includes
all of the above three processes.

In this paper we undertake a systematic,
quantum-mechanical study of the surface- and
bulk-plasmon satellite in the core-level x-ray photo-
emission spectra of semi-infinite metals. Along with

the surface and pure bulk contributions we also con-
sider a third contribution, the so-called "begren-
zttng" effect. Like the surface plasmon, this effect is
essentially related to the presence of the surface.
The begrenzung term modifies only the structure of
the bulk-plasmon satellite and does not contribute to
the intensity of the surface-plasmon satellite. Refer-
ring to the recently developed S- and T-matrix ap-
proach, " we have calculated the surface- and bulk-
plasmon satellites, including the begrenzung effect
for photoemission from metallic ions or impurity
atoms inside the metal, and also from atoms or mol-
ecules adsorbed on the surface of the metal.

II. FORMALISM

In our model, we consider a semi-infinite metallic
sample extending from z =0 to z = av. The surface
of the sample, at z =0, may also be viewed as a sub-
strate on which atoms and molecules can be ad-
sorbed. We will consider photoelectrons of energy
Ek =k /2m, which are emitted normal to the sur-
face due to the absorption of incident x rays of fre-
quency co by core electrons of energy Ez located a
distance zo from the surface. In this paper, we cal-
culate the satellite band intensities from depth zo for
both positive zo (i.e., for photoelectrons emitted
from the metallic ions or impurities inside the met-
al) and negative zo (i.e., for photoelectrons originat-
ing from adsorbed atoms or molecules outside the
metal).
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Ee the S- and/or the T-matrix elements were developed
for the first plasmon satellites in the photoelectron
intensity Ji(Ek, io+Es,zo). The imaginary part of
the effective interaction (via surface- and bulk-
plasmon excitation) acting between two electrons lo-
cated at z and z' can be expressed as the following
sum of three terms2:

Irn V+ (z,z', qll, co )

[Ask(z, z')+Ak (z,z'}+A,(z,z')] (1)
'il e—

FIG. 1. Diagram representing the process of photo-
emission from near or within a metal showing intrinsic,
extrinsic, and interference processes. Dashed lines

represent surface- or bulk-plasmon production. Bulk
modes are absent for core hole (double line) outside the
metal.

The process of core-level photoemission in a metal
is shown schematically in Fig. 1. The wavy line
represents the x-ray photon which produces a core-
hole-excited electron pair at z =z0. The downward
directed double line represents the core hole while
the single line pointing upward represents the ejected
photoelectron. The process of surface- or bulk-
plasmon production is represented by the dashed
lines. The extrinsic plasmon lines are the outgoing
lines attached to the photoelectron propagator while
the intrinsic plasmon lines are those attached to the
core-hole propagator. The interference term occurs
due to the cross product between the intrinsic and
extrinsic processes. Note that the bulk plasmons
can be created only for zo & 0.

Using the imaginary part of an appropriate effec-
tive interaction, in the random-phase approximation,

I

with
I

Abk(z, z') =coR5(io' —i' )e " 8(z)8(z')

related to the bulk plasmon,
I

Ab (z,z') = co&5(c—o' co& )e —l' 8(z)8(z')

related to the begrenzung correction to the bulk-
plasmon excitation, and

I

A, (z,z') =coz5(co' —co, )e

related to the surface term. Here qll is the com-
ponent of the wave vector parallel to the surface, co&

and coz are the bulk- and surface-plasmon energies,
respectively, with dispersions described later, and e
is the usual unit step function, the surface being lo-
cated at z =0.

As in Refs. 11 and 12, the plasmon satellite inten-
sities due to photoelectrons produced at depth z0 can
be written, for zero- and one-plasmon processes, as

Jo(Ek, coo,zo) =5(Ek —coo)

Ji( k, ri)oyzo) = T(Ek, ohio, zo),

(2a)

(2b)

where coo co+Es io——
~
Es

~

——is the energy
transferred to the photoelectron in the absence of
plasmon excitation as shown in Eq. (2a), and T is
the transition matrix element

00 00

T(Ek ioozo}, f d qll dz dzIm[V+(z'z'qll'coo Ek)]g (z')g(z—)
m.(2n }2 00 00

with

2~ 0—Ek

5(z —zo) ik; . m ikz+iR
l
z—,

le +i—e0-EI

1

Q)0 —Ep +l A,

(4)

Here p is the electron momentum before the excita-
tion of a plasmon of momentum q; k =(0,0, —k} is
the electron momentum after plasmon excitation
(outgoing photoelectron) and R =(2mroo —q ll

}'~ .

I

The first term in g(z} corresponds to the intrinsic
process and the second to the extrinsic process.
With the use of the interaction potential given in
Eq. (1}, the T-matrix elements for the plasmon
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bands have been calculated. We will now consider
the surface- and the bulk-plasm on satellites
separately.

A. Surface-plasmon satellite

In the case of surface-plasmon excitation, the
plasmon wave vector is parallel to the surface. Here
only the surface term A, in Eq. (1) has to be used.
Since it is separable in z and z', the T-matrix ele-

ment giving the intensity can be written as

e'
Ji g(Eg„cop,zp) = -d qll4m' qll

and

8', = f dz exp( —
qll ~

z
~

+ikz+iR
~

z —zp
~

) .

For the surface-plasmon frequency co, (qll) we use
the linear dispersion relation

~ (qll)=~ +~qll (7)

with co, =co~/V 2, co~ being the classical bulk-
plasmon frequency, and p=(kF/2m)v'3/5, k~ be-
ing the Fermi momentum. All integrations for the
surface-plasmon satellite can be easily carried out,
resulting in the following expressions for the intrin-
sic, interference (or cross: X ) and extrinsic contribu-
tions to the intensity:

with

X5(coo Ek —co—g(qll)} [Mg )

XJ)

2e —
2qlj lzp l

2Pco, (qll )

2me —
ell lap lI —skrp@

M, = I dze ll g(z)

e ll e +i—8',1 —q [zp l ikzp

co, (qll) R

m e co, (qll)
(10)

where qll=(cop Ek —co—)/p. The closed-form ex-0

pression for I', is

8', = 8( —zo)e

+8(zp)e

1
(q

l l
+ik+ )zp

+
ql I

ik+ qll +ik+

1 1 —e
—

(qll
—'k ) p

+
q

I I
+sk ql l

—ik

(ql
l

+ik )sp
e

—(ql
l

ik )zp+'
q~l

—ik+

with k+ ——k+8. It should be noted that in the ex-
trinsic term there is a small contribution which sur-
vives in the limit zp~ —00. Such terms are due to
our model where the metal sample is semi-infinite.
There is actually a far removed second surface
which must give rise to an equal and opposite con-
tribution. For this reason such terIns do not contri-
bute and, therefore, we ignore them.

B. Bulk-plasmon satellite

In the case of bulk-plasmon production, the
plasmon wave vector is not parallel to the surface.
For the first two terms of ImV+(z, z', qll, co') in Eq.
(1), which correspond to the bulk-plasmon excitation
and its begrenzung correction, we introduce their

I

I

Fourier transform in Eq. (3). In this way we can ap-
propriately include the bulk-plasmon dispersion
when integrating over the intermediate states. This
Fourier transform is

1 qll tel — 1 dqz iq z
e e

2q() 2'' q

with q =q~~+q, A three-dimensional q can then
be reintroduced as required by the dispersion rule of
co&(q). The analysis at this point breaks into two
parts: (1) bulk terms and (2) begrenzung terms.

1. Bulk terms

In this case Eq. (3}is separable in z and z', and the
resulting expression for the intensity becomes

, co~(q)
Ji,bk(Ek coo»o)= d q @coo—Ek —co (q))

I Mb(q ) I',
4~ q

(12)
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with

Mb(q, ) = J dz e * g (z)

8(zp) '(k e ) m
e * '+i —8'b(q. )

cop(q) R

and

(13)

X me 2

Jl, bk 8(zo }
maq2

e 1
dq,

2m cop (q) —q 2+2kq,

cos[(R —k +q, )zp]
(16)

2R(R —k +qg)

8'b(q, }=I dzexp[i(k —q, )z+R iz —zp i] .

cop(q) =8(q, q)(cop—+aq')

with (14)

Here we use the quadratic dispersion relation for the
bulk plasmon

and

2m e cop(q)

m.aq

e sin [(R —k+qg )zp/2]
X dqz

R [R'+(k —q, )']

Jl,bk = 8(zp}

(17)

In each of these expressions q is fixed by the delta
function in the effective interaction to the value:
q = [(cop—Ek —cop }/a]'

a=3kp/(10m cop) .

2
J'i.bk =8(zo)

22rraqcop q
(15)

The expressions for the intrinsic, cross, and extrinsic
contributions can be shown to match those found in
previous work. ' In the present study, no further
approximations are made, since these results are to
be combined with different expressions for the be-
grenzung contributions. The three bulk contribu-
tions to the plasmon satellite are

2. Begrenzung terms

In our formalism, the begrenzung term cannot be
written in terms of a matrix element times its com-
plex conjugate due to the inseparability of the effec-
tive interaction in z and z'. Here Eq. (2b) for Jl bs
takes a form similar to Eq. (5) for Jl, ', the only
change is due to the replacement of A, by Abs. As
shown in the form of these interaction terms, this
requires a minus sign in front of the expression for
Jl b, the replacement of co, by cop and the introduc-
tion of step functions 8(z). Using the mentioned
Fourier transform of e

/qadi,

one obtains
—

qadi
/
z+z'

i

, cop(q)
Jl b (Ek, cop, zp) = d q 2 5(cop Ek cop(q—))Mb (q,—)Mb( —q, ),4

(18)

where Mb is given by Eq. (13). The expressions for the intensities are

sin(2qzp)
J'l b ———8(zp)

2naqcop(q) 2qzp
(19)

maq —
& 2m cop(q) q+2kq, —

cos[(R —k —q, )zp]

2R(R —k+q, }
(20)

and

cop(q) e kR l+cos(2q, zp)Jl b, = —8(ZP}
z dq,

[(k —q, ) —R ][(k+q, ) —R2]

cos[(R —k —q, )zp]

R (R —k +q, )[R2 (k +q,)z]— (21)
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Notice that the expression for the intrinsic inten-
sity [Eq. (8)] is a manifestly even function of zo and
note that due to the sinusoidal terms in Eq. (9), the
interference term can have oscillations with respect
to Ek and become positive for the proper choice of
parameters, in contrast to previous calculations. '

Both effects have appeared in our numerical calcula-
tions.

In Figs. 2(a) and 2(b) we have plotted the intrinsic,
extrinsic, and interference terms of the surface-
plasmon spectra for two values of zo, one positive
and one negative, for aluminum using k~=1.75
A ', co& ——15.8 eV, and an x-ray energy
co =25E~——291 eV. The total contributions are
shown in Fig. 2(c). These results agree with the re-
sults obtained using other approaches, ' and the re-
sults for zp) 0 are also in agreement with those of
Inglesfield' who used a perturbative approach. It is
important to note that the present approach also al-
lows us to calculate the line shape of the surface-
plasmon satellites for zo &0, i.e., for photoemission
from adsorbed atoms or molecules.

In Fig. 3 we plot the maximum value of the total
surface-plasmon satellite intensity as a function of
zo. The sharp peak, found at zo ——0, reaches a value
of 1.003. Notice that this curve shows a minimum
at zo ——3.59k+ ' ——2.05 A and a broad maximum
around zo ——28k+ '. The minimum occurs due to the
competition. among the contributions from the in-
trinsic, extrinsic, and interference terms. The origin
of the broad maximum is essentially in the extrinsic
term for which the asymptotic curve is found to not

be an enveloping one. The origin of the structures is
explained in Sec. IV.

B. Bulk-plasmon satellite
(including begrenzung contribution)

Figure 4 shows the intrinsic, the cross, and the ex-
trinsic contributions, both bulk and be~renzung, to
the bulk-plasmon satellite for zo ——10k+ . Note that
the begrenzung term is basically a negative correc-
tion, even though it may have oscillations. As
shown in Eqs. (15)—(17), the pure bulk intrinsic con-
tribution is independent of zo, however, the extrinsic
(and cross) contributions increase in magnitude as zp
increases. Being a surface correction, the intrinsic
begrenzung intensity decreases as zo increases. How-
ever, since the extrinsic and cross intensities involve
the photoelectron trajectory crossing the surface,
these terms in the begrenzung contribution increases
in magnitude as zo increases. The periodic factors
in the equations for the begrenzung terms give rise
to the oscillations in Fig. 4 and are discussed in Sec.
IV.

All six intensities given by Eqs. (15)—(17) and
(19)—(21) diverge at the upper edge of the spectrum;
however, as is obvious from Eqs. (12) and (18), the
intrinsic, interference, and extrinsic terms, taken in
pairs (bulk and begrenzung) cancel exactly at this
edge. The total spectrum is therefore finite as was
indicated in a recent work. ' Figure 5 shows the net
contributions to the bulk-plasmon satellite from the
intrinsic, interference, and extrinsic processes, again

SURFACE PEAK INIENSITY
O

Zo= 10

Oei-

LS.
4J

O
O

O O
CR4

I

O
O

-25.0 0.0
I I

25.0 50.0

Z, (k,-)
75.0 100.0

O
I

24.7
I I

24.8 24.9
Energy (E„+a& ')/Er

25.0

FIG. 3. Peak (maximum with respect to Ek) of the to-
tal surface-plasmon satellite intensity vs distance of ioni-
zation center from the surface.

FIG. 4. Bulk [and begrenzEEng (BG) correction]: intrin-
sic (i), cross ()(), and extrinsic (e) contributions to the
bulk-plasmon satellite. A11 six contributions diverge at
the upper edge (zo ——10k~ ').
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for zp ——10kF '. Each contribution smoothly goes to
zero at the upper edge. The total of these three con-
tributions is shown in Fig. 6 for several values of zp.
Note the various structures which arise, due to the
competition of the three processes and also due to
the oscillating behavior, with respect to Ek, of the
begrenzu ng terms. The origin and nature of these
oscillations are discussed in the following section.

IV. CONCLUSIONS

In this work we have undertaken a systematic
study of the surface- and bulk-plasmon satellites in
the x-ray photoemission spectra of simple metals.
Using a transition-matrix approach, "' we have de-
rived quantum-mechanical expressions for the line
shapes of these spectra. The satellite intensities for
photoemission at various depths, zp, from the sur-
face of the sample have been calculated.

Our theory for the bulk-plasmon satellite includes
a detailed' study of the begrenzung effect, i.e., the
correction to the bulk-plasmon satellite due to the
presence of the surface. Using the present approach
we have been able to show analytically that the
singularity at the upper edge of the bulk-plasmon
satellite is exactly cancelled by the begrenzung ef-
fect. Results have been compiled for the individual
terms (i.e., intrinsic, cross, and extrinsic), each of
which has this cancellation. This result is interest-

ing as it indicates that at the upper edge of the spec-
trum, the bulk-plasmon intensity approaches zero
and not infinity. This should become evident in a
carefully conducted experiment of the bulk-plasmon
satellite.

Z, =to

BULK TERMS (+ BG CORR. )
INRIHSC

$J
—--CR06S
--—-EXTRtHSIC

For the surface-plasmon satellite, agreement is
found between the present work and results obtained
by using alternative phenomenological approaches.
Excellent agreement is found between the present re-
sults and the spectra reported by Inglesfield ' for
photoemission from inside the metal, i.e., for zp &0.
However, our theory for the surface-plasmon satel-
lite extends into the zp Q 0 region and is applicable to
the problem of photoemission from adsorbed atoms
or molecules. To our knowledge, this is the first
quantum-mechanical calculation of the surface-
plasmon satellite line shape during photoemission
from adsorbates. Recently, several measurements of
the surface plasmon satellites due to photoemission
from adsorbed atoms and molecules have been re-
ported' ' ' '; our results are in qualitative agree-
ment with these measurements. Our calculation of
the peak intensity of the surface-plasmon satellite
versus zp (Fig. 3), shows features (maxima and mini-
ma), not all of which have been found in the litera-
ture.

The various oscillations calculated in this paper
are an interesting feature of the study of the bulk-
and surface-plasmon satellites of the x-ray photo-
emission spectra of semi-infinite metal samples.
They are probably not easy to detect experimentally,
being at the limit of instrumentation resolution.
However, they play some role in the spectral shift
and variation of the intensity maxima as a function
of zp, the depth at which the photoelectron is pro-
duced, as emphasized in Fig. 3.

Physically, these oscillations are a quantum effect
which can be directly related to the uncertainty prin-
ciple. The photoelectron interacts with the plasmon
field for a very short interval of time, r. This time

O
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FIG. S. Bulk-plasmon satellite (including begrenzung
correction) ~ Each contribution is zero at the upper edge
(zp = lok ).

FIG. 6. Total of all bulk and begrenzung contributions
to bulk-plasmon satellite for various depths of ionization

(zp in units of kz ' ).
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interval is limited by two effects. The depth zo at
which the photoelectron is produced will have an ef-
fect on both surface- and bulk-plasmon excitation.
The other limitation is brought about by the finite
extension (-q~T') of the surface region. This only
affects the surface and begrenzung contributions.
Owing to this time limitation, between the pho-
toproduction process and the surface crossing, the
interaction with the plasmon field appears to be sud-
denly switched on and off. Such a situation is
known to give rise to quantum oscillations in transi-
tion rates.

Let us conclude the paper with an estiination of
the phase of these oscillations. This phase is of the
order of ~~E where hE is the uncertainty in the
core-hole energy or photoelectron energy as "seen"
by the plasmon field during the finite interval r.
For the intrinsic terms, the interaction with the core
hole is recoilless; the uncertainty ~A'=~&~ is thus
negligible and no oscillation should be expected.
The situation, however, is different for the extrinsic
(and cross) terms where one has b,E =b,E&

=(p~~hp~~+p, bp, )/m and 'r=tllzplp ~ Since

p~~ =q~~ is well determined for the surface-plasmon
case, one has hp~~ =0 and rhE~ =bp, zo ——(p, —k)zo

=(R —k)zo which is the phase of the oscillations of
the extrinsic and cross terms. As mentioned before,
the intrinsic terms should not have any oscillations
in principle. However, there is an exception for the
intrinsic begrenzung contribution. In spite of the
lack of recoil of the core hole, an uncertainty occurs
due to the lack of knowledge of the q, component of
the bulk-plasmon momentum which is undefined by
an amount b,q, =q~ due to the reflection of the
plasmon on the su ace. This explains the oscilla-
tions in Eq. (19) which is the intrinsic term for the
begrenzung contribution. The various oscillations
and structures occurring in Figs. 2—6 are the com-
bined effects of the oscillations of these individual
terms and the competition among them.
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