
PHYSICAL H, EVIE% B VOLUME 13, NUMBER 2 15 JANUABY 1976

Theory of photoemission from localized adsorbate levels*
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A detailed analysis of a recently developed theory of the angle- and energy-resolved photoemission from

localized adsorbate levels is presented. The non-plane-wave nature of the final state originating in the repeated

scattering of the outgoing wave by the surrounding atoms constitutes the essential feature of this theory. It is

shown that the resulting interferences lead to experimentally observable structure in photoemission spectra

which is sensitive to the position of the adsorbate relative to the substrate. Emphasis is placed on the emission

from simple, atomiclike orbitals since they permit an unambiguous identification of final-state interactions.

Sample calculations are performed to illustrate these effects in the case of emission from the adsorbate 2s level

for a sulfur monolayer on a nickel substrate.

I. INTRODUCTION

The purpose of the present paper is to give a
detailed analysis of a previously developed theory
for the angle- and energy-resolved photoemission
from localized adsorbate levels. ' Final-state ef-
fects resulting from the multiple scattering of the
photoemitted electron by the surrounding atomic
environment represent the essential feature of this
theory. SeveI al aspects of the original model are
extended. The theory is also applied to a realistic
case, namely, a monolayer of sulfur adsorbed on
a nickel substrate in order to demonstrate the de-
pendence of calculated spectra on the geometrical
structure of the overlayer relative to the substrate.

The motivation for this work is threefold: First,
we would like to present a model that might con-
tribute to a quantitative understanding of the photo-
emission process Per se. Second, we would like
to point out the potential of angle- and energy-re-
solved photoemission as a tool to determine geo-
metrical structures at surfaces. In this regard,
photoemission represents a technique complemen-
tary to low-energy electron diffraction (LEED),
possibly more general in that it is not strictly
limited to ordered overlayers or to relatively high
coverages. Considering the great, difficulties en-
countered in the theoretical description of almost
any surface-sensitive experiment, the availability
of two independent techniques measuring the same
information is certainly highly desirable. As we
will discuss in more detail below, the type of
photoemission experiment that will be most suit-
able for this purpose is one that involves simple
(i.e. , localized nonbonding) initial states of ad-
sorbed species and that utilizes appropriate photon
energies such that the kinetic energy of the photo-
emitted electron lies in the range of typical LEED
energies. Third, a quantitative understanding of
final-state effects might enable one to extend the
model to more complex initial states such as those
resulting from the hybridization of substrate and

adsorbate wave functions. Gadzuk' has discussed
this case for plane-wave final states and has
pointed out that in this limit angular resolved
photoemission directly probes the symmetry of
bonding orbitals. Since such experiments promise
to become a highly useful tool in the study of sur-
faces, we regard the present work as a necessary
first step toward their interpretation. By choos-
ing the simplest possible initial state, we are able
to focus attention on the details of the final state
and thereby gain insight into this aspect of the

problem. Once the validity of our final-state
description is tested for a particular system in
the case of emission from a simple initial state
by comparing its predictions to corresponding
LEED results, one could then attempt to interpret
for the same system the emission intensities from
orbitals involved in the bonding.

All of the existing angular resolved photoemis-
sion measurements on chemisorbed atoms and

molecules were performed on bonding-type orbit-
als. These initial states exhibit considerable
angular anisotropies themselves, thus making the
identification of final-state effec ts difficult. There
is, however, a very close conceptual relationship
to two other spectroscopies in which similar final-
state effects are by now well established: the ex-
tended x-ray absorption fine structure (EXAFS)
and angular-resolved Auger electron spectroscopy.
The absorption coefficient in EXAFS, ' as a func-
tion of the final electron energy, contains struc-
ture of the order of 10% of the mean signal that is
characteristic of the geometry of the atomic en-
vironment near the atom which absorbs the photon.
Since this coefficient differs from the photoemis-
sion current mainly in that it involves a summa-
tion over all final states, one would conclude that:
(a) angular-integrated photoemission spectra also
exhibit similar structure as function of final ener-
gy, i.e. , that geometry effects are not entirely
averaged out, and (b) that the final-state effects
in angular distributions have to be considerably
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more pronounced in order for the residual effects
after angular integration to be of the same order
as in EXAFS. In the case of Auger electron
spectroscopy, strong 3nisotropies have been ob-
served as function of the detector direction. Al-
though little is known about possible anisotropies
originating in the excitation process of the Auger
electron, most of the structure is thought to be
due to the nature of the final state. Thus the
multiple scattering formalism described in this
paper can also be applied to interpret the observed
spec tra in Auger e lec tron spectroscopy.

The emission from the localized core state is
viewed in our model as a one-step process. The
essential task lies in the evaluation of the single-
particle propagator for the outgoing electron.
Since our main interest is focused on the structur-
al information contained in the excitation process,
me make the following approximations: First, the
potential in mhich the electron is moving is as-
sumed to be time-independent and of muffin-tin
form. The potential at the emitting site is taken
to be that of an ionized atom with an additional
electron inserted into the sulfur 4s shell to simu-
late the screening charge. Thus me ignore all
romany-body effects resulting from the interaction
of the photoelectron with the hole 1eft behind and
from the time-dependent relaxation of the remain-
ing electrons around the hole. Second, the spatial
dependence of the vector potentials of the incom-
ing light as mell as explicit scattering of the out-
going wave by the smooth solid-vacuum barrier
is neglected. Although each of these approxima-
tions might not be valid in general, they become
less severe as the photon energy and the kinetic
energy increase, respectively.

The outgoing wave can be thought of as a super-
position of two coherent contributions: a "direct"
wave whose amplitude and symmetry is determined
by the intra-atomic transition at the emitting site
in the absence of any other potentials, and an "in-
direct" wave caused by the repeated scattering of
the direct wave by the atomic environment. These
scattering processes lead to structure in the photo-
emission spectra that is sensitive to the local
atomic geometry near the emitting atom. Thus,
one might view the emission from a localized or-
bital as a LEED problem with a "spherical" rather
than a plane-wave source. In contrast to LEED,
however, both the primary and the scattered waves
are detected coherently. This simple argument
permits a rough estimate of the size of the effects
that are to be expected owing to the scattering.
For a typical LEED ref lectivity of 4%, the absolute
value of the scattering amplitude is about 0. 2;
therefore, the leading correction to the direct
photoemission intensity, namely, the cross term
between the direct and indirect wave, would be of

the order of 2 x 0. 2 or 40%. Realistic calculations
that we have performed for an ordered (1 x 1) layer
of sulfur adsorbed on a (001) nickel surface con-
firm this estimate exhibiting in fact corrections up
to 100%. We have chosen this particular system
because it has been extensively studied by LEED. '
The consideration of an ordered overlayer rather
than a single adsorbed atom is based on the fact
that the former corresponds more closely to the
experimental situation and that the overall geome-
try is conceptually simpler. The (1x1) structure
is chosen merely for computational ease. In order
to calculate the indirect wave, we adapt the mul-
tiple scattering formalism employed in current
LEED theories. ' Electron-electron interactions
that determine the short mean free path of the
photoelectron are included by inserting a uniform
complex self energy (optical potential) into the sin-
gle-particle propagator.

The question that is significant for practical
purposes concerns the relative importance of sin-
gle and multiple scattering of the outgoing wave.
Multiple scattering effects contain information
about the adsorption geometry in a rather convo-
luted form and therefore are not suitable for any
simple Fourier-type analysis. In contrast to the
model considered previously (simple cubic crys-
tal, s-wave scatterers), the results that we will
describe below tend to indicate that the single
scattering limit is generally not adequate and that
multiple scattering events appear to be apprecia-
ble. Finite-temperature effects that are not in-
cluded in the present calculations can be expected
to reduce this importance to some extent. In this
regard, the situation is comparable to LEED in
that quantitative geometry information, e. g. , the
vertical spacing between overlayer and substrate,
can only be extracted from experimental data by
matching them with results obtained from full cal-
culations. In addition, the various approximations
concerning the spatial dependence of the vector
potential, the detai1. s of the surface barrier, etc. ,
could possibly limit one's ability to fit the data.
As me mill discuss further below, however, there
are gross differences in the spectra even for ad-
sorption sites of the same symmetry such as the
top and center position. It remains to be investi-
gated whether the dominant features of these spec-
tra are sufficiently insensitive to some of the as-
sumptions of our model that an identification with
measured data is possible without too much com-
putational effort.

The structure of the paper is as follows. In Sec.
II, me discuss the formal procedure of evaluating
the final state of the photoemitted electron. Only
the essential steps are indicated; the detailed de-
rivations of various results are presented in Ap-
pendices A-C. Section III contains the applica-
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tion of the theory to a specific case, namely, that
of a sulfur overlayer on a nickel substrate. Sec-
tion IV summarizes our results and discusses
some of their implications.

II. FORMALISM

G = (1+ GOT') (G() + G()t()G()) . (2. 3)

This interaction with the central site was not in-
cluded in the original model. The remaining scat-
tering matrix T' is defined as

(2. 4)

i.e. , the electron is allowed to return to the emit-
ting site once it has been scattered by a lattice site
Rot 0. Using this decomposition of G, it becomes

I et us assume that the adsorbed atom from
which the electron is excited is located at the ori-
gin of the coordinate system and that the initial
core- state wave function is defined by 4 &. In a
one-electron description, ' the wave function of the
outgoing photoelectron at the position R of the de-
tector may be written

)'(R)= f dr (R(, )j t@( )=Gp X(4,.),
(2. 1)

where G is the final-state one-electron propagator
describing the motion of the excited electron in the
full potential due to substrate and overlayer.
Equation (2. 1) is based on the dipole approximation
which can be regarded as adequate for low-photon
energies (5&() ~ 10 keV). As discussed in Sec. I,
we ignore the spatial dependence of the vector po-
tential A and neglect explicit scattering of the out-
going electron from the smooth surface barrier.
Thus, we first evaluate the above expression in the
absence of any potential step. Subsequently, the
actual angles of emission are determined by the
usual refraction condition, namely, that the paral-
lel component of the electron momentum is con-
served across the solid-vacuum interface. The
propagator G may formally be expressed in terms
of the electron propagator Go in the absence of the
lattice potential and the T matrix of the entire sys-
tem by using the Dyson equation

(2. 2}

Go contains a. uniform complex self energy Z (op-
tical potential) whose real part Vo is the inner po-
tential and whose imaginary part F accounts in a
qualitative way for the strong inelastic electron-
electron interactions. Since the outgoing electron
also interacts with the potential due to the emitting
atom, it is convenient to extract the corresponding
single-site scattering vertex to from 7.' and to con-
sider all remaining scattering events separately

obvious that 4 involves two contributions

@(R)=4'(R)+ 4'(R) . (2. 5)

The first represents the "atomic" part and is giv-
en by

e'(R)=(c, +c,t,c,)p xi~;), (2.6)

whereas the second accounts for the remaining
part due to the presence of the surrounding atoms
within the overlayer and the substrate,

+'(R}-=G,T'~+') .
40 is the analogous quantity that —in a one-electron
description —determines the energy and angular
dependence of the gas-phase photoionization cross
section. ' Thus, rather than calculating non-
plane-wave corrections to the final state, ' we con-
sider it more appropriate to distinguish between
the direct or "intra-atomic" contribution to the
transition probability and the indirect contribution
due to back scattering of the outgoing wave from
the lattice, i.e. , the "solid-state" corrections.
The motivation for this distinction is twofold: On
the one hand, it establishes a close conceptual re-
lationship between photoemission spectra from ad-
sorbates and corresponding experimental and the-
oretical gas phase results. Qn the other hand, it
has the practical advantage of separating the part
of the problem that depends essentially only on the
potential of the surrounding atoms from other, more
subtle aspects, which determine the intra- atomic
transition. These include the change of the potential at
the emitting site owing to the presence of the core hole
and owing to its screening by the valence electrons.
%e also point out that possible orthogonality re-
quirements of initial and final states only affect the
intra-atomic matrix element since the spatial over-
lap of both states is limited to the muffin-tine sphere
at the origin owing to the very short range of the in-
itial core state. (It is not clear, however, to what
extent such a requirement exists in the presence
of a complex optlcai potential. )

%'e now discuss a suitable representation for
4; using this, we evaluate +', first in the single
scattering limit and subsequently for the case of
multiple scattering.

The evaluation of the expression for + proceeds
by expanding the one-electron propagator Go in
terms of its partial wave components. The as-
ymptotic limit for A'-~ of the first term in Eq.
(2.6) then simply leads to a plane-wave final state,
thus making + proportional to the Fourier trans-
form of 4;. The role of the second term repre-
senting the interaction of the outgoing wave with the
emitting atom itself, however, is to replace the
plane wave by a proper solution of the Schrodinger
equation for the central site potential at the final
electron energy. The details of this result are de-



THEQRY QF PHOTOEMISSION FROM LOCALIZED ADSQRBATE. . .

rived in Appendix A. The final expression for
@ (R), R-~, has the following form:

4 (R)- QY~(It)M~~ (E~,. E;), (2. 8)

M„.(E„E,) &.R-, Y, ~p A~ e,.).

In the single scattering limit, the correction
term @~ in Eq. (2.5) becomes

+'(R) = G, Z &, ~

~'& .
Rp&

(2. 11)

Expanding both Go and the single-site scattering
vertex tR in terms of their angular momentumRo
components, we obtain the following form for 4'~

in the limit of R-~:

X 8-' RO tel GL L RO MLL; Ef, Z;, 2. 12
Ro+

where k denotes the momentum of the outgoing
electron. The derivation of this result is straight-
forward; it is presented, together with the de-
finitions of tgo and GL, L, in Appendix B.

So fax we have not made any assumptions re-
garding the geometrical structure of the absorbed
layer and that of the substrate. The evaluation of
the multiple scattering contributions to 4', how-
ever, is simplified considerably if the overlayer
shows the same symmetry as the substrate layers
and if these layers are translationally invariant.
The latter condition is satisfied with the exception
of the emitting site whose potential is modified
owing to the presence of the core hole. The former
assumption is simply a matter of convenience and

Here, E& and 1.; denote the energy and quantum

numbers (l, ~) of the initial level, respectively,
and x is the absolute value of the final electron
momentum. The angular part of the matrix ele-
ment M», selects the quantum numbers I. that
are allowed for a particulax initial-state symmetry
and orientation of the vector potential. These, in

turn, define via the spherical harmonics Y~(A),
the angular character of the emitted wave. (R
represents a unit vector in the direction of the
detector. ) The radial part of M~~, determines the

dependence on the final electron energy which is
seen to arise from the radial wave function 8,.
The prefactor in Eq. (2. 8) shows that 4+ has the

proper asymptotic behavior of an outgoing wave. ~4

The photoelectric current at the detector in the

absence of scattering is therefore given by

2

j,(&, , &;, &)- QY*,{ft)M„,(E, , E,.) . {2.10)

& G)o(Ey, k„) + 6 Mg~, (Eg, E;) .
L'L

(2. 13)

The first term containing the multilayer scattering
matrices T„and the structure constants G;, rep-
resents the multiple scattering series in which the
potential at the origin is replaced by its unper-
turbed version. The correction due to the actual
potential is denoted by A. The detailed definitions
of these quantities, as well as the derivation of
the above result, are also presented in Appendix
B. The comparison of the expressions for 4,
Eg. (2. 8) and 4~, Eq. (2. 13), demonstrates in a
rather plausible manner the physical mechanisms
that give rise to the energy and angle dependence

the generalization to overlayers of lower sym-
metry than (lx 1) is straightforward. Thus we
derive the multiple scattering contribution to 0"
for a set of arbitrarily stacked planes of atoms
each of which exhibits translational invariance
parallel to the surface. The correction due to the

presence of the core hole is subsequently calcula-
ted explicitly in a perturbative method. The eval-
uation proceeds in three steps. The first involves
the summation in Eq, (2. 12) and in all higher-
order contributions to 4 over sites within individ-
ual planes of atoms. We specify these sites by
two-dimensional vectors P and denote the origin
of the ith layer by d; (usually three dimensional).
Because of the translational symmetry, the t ma-
trices in Eq. (2. 12) depend only on the layer index
i (the overlayer has the index 0). Thus, the sums
over P naturally lead to the definition of the intra-
and interplanar structure constants. The multi-
ple scattering series involving sites is thereby re-
duced to a series involving atomic planes. In the
second step, we sum over all multiple scattering
events that take place within a given plane. These
events form a geometric series and are conve-
niently expressed as a single-layer scattering ma-
trix. The remaining multiple scattering series
then contains sums over layer indices with the
restriction that successive indices are unequal.
In the final step, this series is written in terms
of a multilayer scattering matrix which is defined
via an algebraic system of equations. The cor-
rection to this series due to the perturbed poten-
tial at the emitting site constitutes a defect prob-
lem and has to be dealt with in a different manner.
While elaborate methods exist that allow an exact
treatment of this term, we will evaluate it below
only to lowest order in the change of the t matrix
at the origin.

Applying the above outlined procedure, we ob-
tain the following expression for 4:
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of photoemission spectra. On the one hand, the
energy distribution is influenced by two factors:
(a) the intra-atomic transition probability given
by M~~, and (b) the interferences due to back scat-
tering of the outgoing wave from the neighboring
atoms. The former quantity corresponds to the one
that determines the energy dependence of the
ionization cross section in gas-phase experiments.
Thus, available theoretical methods in this area
may be used to evaluate this quantity. The lat-
ter, however, depends exclusively on the poten-
tials at the final energy and on the crystal struc-
ture, i.e. , on the same set of parameters that
are used in the interpretation of low-energy elec-
tron diffraction experiments (with the exception of
the correction term 6). Although in general it
might not be easy to separate these two effects,
data indicate that the energy variation of M~~,.
is much smoother than that resulting from the in-
terferences. On the other hand, the influence of
the intra-atomic transitions on the angular depen-
dence is very much simpler since it is given di-
rectly by the symmetry of the initial state and the
direction of the vector potential. For example,
initial states with /; & 0 can couple into two chan-
nels l,.+1 whose relative weights M, .,~, . and

M, . . . however, are independent of the exit
angle. In Sec. III, we consider in detail the emis-
sion from an s orbital (l;=0). The outgoing atomic
wave then has P character (l;+1=1), and the re-
maining structure in the angular distribution orig-
inates entirely in the interferences due to back
scattering. Only in this case has the enhancement
factor, i.e. , the ratio of the actual emission
current j and the current jo in the absence of scat-
tering, a particular simple form since the intra-
atomic matrix element can be divided out:

j (Ey, Eg, R)

jo(Eg, E;,8)

sider the excitation from the atomiclike 2s orbital
of one of the S atoms, i.e. , I., =(0, 0), whose ener-
gy is approximately 220 eV below the vacuum. As
discussed in Sec. II, an s orbital permits the
clearest identification of final-state effects. The
radiation ls assumed to be P polar ized with the
angle of incidence at grazing, i.e. , the vector po-
tential A points along the surface normal which is
taken to be the z direction of our coordinate sys-
tem. The selection rules then limit the sum over
f. in Eqs. (2. 8) and (2. 13) to a single P-type state,
namely, I.= (1, 0). The transition probability con-
sequently is proportional to the intra-atomic ma-
trix element M~, (Ez, E, ), and the remaining factor
consists of two contributions, one representing the
angular distribution of the direct wave and the
other the energy- and angle-dependent distribution
of the indirect wave. These two contributions are
indicated schematically in Fig. 1. Although ac-
curate potentials will ultimately represent a cru-
cial ingredient in the theoretical interpretation of
data, the calculations that we describe in this sec-
tion are performed using four phase shifts deter-
mined from nonoverlapping atomic potentials. %e
feel, however, that this approximation is adequate
at this stage since our main purpose is to demon-
strate the nature of the final state and not to give
precise intensity predictions. For the same rea-
son, the multiple scattering calculations are car-
ried out in a scheme analogous to the so-called
renormalized forward scattering method proposed
by Pendry. '7 In this scheme, relatively weaker
backward scattering events are included to first
order whereas forward scattering events (as well
as multiple scattering within atomic planes) are
treated exactly. In LEED this method represents
an adequate description of the exact result for
final energies above 10 eV. ' In order to reduce

yq(R)+ Q Fi~.(R) Fr; I(Ey& ko)
/

y*,(ft) /',
(2.14)

where I"I..I, is defined as the expression in the
large parentheses of Eq. (2. 13) and L, =(f, m) now

denotes the quantum numbers of the outgoing atom-
ic wave. 5 It is this enhancement factor that we are
exclusively concerned with in our calculations be-
low. Since it does not depend on the matrix ele-
ment M». , this case is most useful to study the

t
effect of final-state interactions on photoemission
spectra.

f 0 = (0,0,11

ZO

III. RESULTS AND INTERPRETATIONS

%'e now apply the results derived in Sec. II to
the case of photoemission from an ordered (1 x 1)
overlayer ot sulfur adsorbed on the (001) face of
a nickel substrate. More specifically, we con-

FIG. 1. Illustration of two processes contributing to
photoemission. from a localized adsorbate s orbital: (i)
direct emission into atomic p-type final state and (ii) in-
direct emission via backscattering of the direct wave
from the surrounding atoms. Only two single and one
multipl. e scattering event are indicated.
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the number of parameters of our model, we as-
sume the inner potential V0 to be constant through-
out the substrate and overlayer, at a value of 16
eP. This is not a realistic approximation since
a change of V0 from substrate to overlayer leads
to similar effects on the intensity distributions as
a variation in the overlayer-substrate separation.
An improvement upon this assumption is, however,
easily achieved in ways analogous to those used in
present LEED calculations. ' Finally, the elec-
tronic damping is taken to be proportional to the
"line of sight, " i.e. , spatially isotropic with a
mean free path &„(amplitude attenuation coeffi-
cient) of 8 A, similar to that einployed in recent
interpretations of LEED spectra from S on Ni. '

A. Single scattering

In order to facilitate the analysis of final-state
effects, we discuss first in greater detail the sin-
gle scattering limit, since this allows us to gain
a better understanding of the results obtained above
and to study their implications. For this purpose
it is convenient to bring the single scattering for-
mula given in Eq. (2. 12} into a slightly different
form. Inserting into the lowest-order term in
Eq. (2. 13) the expression for the off-diagonal
st1'llc'tu1'e coils'ta11ts glve11 111 Eq. (810) of Appendix
8, the sum over substrate planes i =i, 2, . . . , re-
duces to a geometric series, and we obtain the
following result for the enhancement factor of the
photoemission current due to back scattering:

.
~ =cos'e, cose+ M Q &; (ff) Z e""'t,'(«)

20 [ I, ' I m

x G~. i, (P) — . Q f, (k, K,)

i Pr ~ d'„ i [g (0)+ff(g) j [ dz[

'g d) f (0)+ (k) j l4 ]

Here, d' =d& —d0 and d=d& —d& denote the x'elative
sepax ation between overlayer and substrate and be-
tween successive subs trate planes, respectively,

«(g ) = [(2ni/}i'}(E~+ Vo+ iT) —(k „+g')'] ' '

K, = (k„+g, —«(g)).

The g's are the reciprocal-lattice vectors of the
planes parallel to the surface, A is the area of the
unity cell, and

(3. 2)

is the Fourier transform of the t matrix of the
substrate atoms. The individual terms appearing
in the expression for jlj0 represent, respectively,
no scattering, single scattering from the overlayex
atoms, and single scattering from all substrate

atoms.
The texm describing single scattering from the

substrate consists of a superposition of "beams"
defined by g each of which exhibits the following
features: (a) The denominator leads to maxima
whose physical origin lies in the constructive
interference of waves that are scattered by suc-
cessive substrate planes. These maxima are
therefore characteristic of the substrate geometry
only. The condition for them to occur is given by

fte/g .d„+ [«(0) + «(g)]
~

d,
~
] = 21m, (3.3)

n integer. It can easily be shown that these condi-
tions are related to certain features of the cor-
responding free-electron band structure of the
solid. (b) The adsorption geometry enters the
expression only via two phase factors: one for the
normal position d,' and one for the parallel dis-
placement d'„of the overlayer relative to the sub-
strate. (c) The individual beams are proportion-
al to the t matrix of the substrate atoms, evaluated
on the energy shell ai.d for scattering angles that
are related by reciprocal-lattice vectors g. (k
points out of the crystal toward the detector,
whereas K, is directed into the crystal. ) Owing
to the fact that the t matrix and the two phase fac-
tors are complex quantities, the maxima caused
by the denominator can effectively be shifted by
rather substantial amounts. Thus it becomes
evident that the substrate potentials have to be
known accurately if the overlayer geometry is to
be determined.

In order to illustrate some of these featux'es, we
show in Fig. 2 the enhancement factor j/j~, Eq.
(3. l) as a function of final energy for emission
along the surface normal. Curves (a)-(c}demon-
strate the influence of the adsorption geometry.
By choosing an energy independent —,'m s-wave po-
tential, we are able to focus on this aspect alone
and the curves show how the intensity peaks are
shifted if the vertical separation between over-
layer and substrate is varied. In the case that the
spacing equals that between substrate planes
[curve (b)], the maxima are seen to coircide with
certain band crossings in the free-electron band
structure indicated at the top of the figure. In
panel (d), we illustrate the effect of the f matrix
by comparing curve (b) with the corresponding in-
tensity obtained for the actual substrate potential, .

The term describing single scattering from the
overlayer, i.e. , the second term in Eq. (3. 1) re-
flects only the geometry and potential of the over-
layer itself. For the (l x l) structure that we con-
sider here, the intensity along the surface normal
is shown in Fig. 3(a) (dashed curve). Additional
peaks would occur in this spectrum for overlayers
with lower symmetry due to new recipx'ocal-lat-
tice vectors.
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FIG. 2. Enhancement factor, Eq. (2. 14), as a func-
tion of final energy for emission. along the surface nor-
mal. (a)-(c) single scattering from substrate ~ 7) s-
wave potentials for adsorption in center position at three
vertical spacings. (d) single scattering from substrate
Ni potentials {solid line) and 2~ s-wave scatterers
(dashed line) for geometry as in (b). The arrows indi-
cate the conditions for maxima Eq. (3, 3), that coincide
with band crossings in the free-electron band structure
at the top of the figure.

with the exception of the structure below 1Q eV.
Panel (d) indicates the enhancement factor for the
case of adsorption in the top position. Although
some similarities do exist between the single and
multiple scattexing results, the agreement is
generally not sufficient for the single scattering
limit to be adequate.

The above calculations are performed for a
translationally invariant overlayer in which the
actual potential at the emitting site is replaced
by an unperturbed sulfur potential. In order to
estimate the influence of the ionized atom, we have
calculated the correction term A in E|I. (2. 23) to
lowest order in 6to. The necessary phase shifts
were determined for a sulfur atom in which the 2s
shell is singly occupied and in which an additional
electron in the 4s shell simulates the screening
charge. The resulting changes in the intensity
due to this correction turned out to be less than
5/g.

It is apparent from Eq. (3. 3) and the definition
of v(g) that for k„=0, i.e. , emission along the
surface normal, the energies at which maxima in
the single scattering spectra occur are degenerate
with regard to various vectors g whose components
have opposite signs. At finite exit angles, how-
ever, these degeneracies split rapidly (analogous
to the behavior of energy bands away from sym-
metry lines) thus leading to strong angular depen-

8. Multiple scattering

In the remainder of this section we present the
results of various multiple scattering calculations.
The emphasis is placed upon the comparison of
energy and angle distributions for two separate
overlayer geometries, one in which the sulfur
atoms are adsorbed in the center position between
nickel atoms and the othex in which they are ad-
sorbed on top. The vertical spacing between over-
layer and the first substrate plane is in each case
determined by the condition of touching atomic
spheres, i.e. , d' =(a/2v 2, a/2v 2, 1.4 A) and
d' =(0, 0, 2. 245 A), respectively, where a=3. 52 A

is the lattice constant of Ni.
In Fig. 3 we show the enhancement factor as a

function of final energy for emission along the sur-
face normal. The curves represent the results
for multiple (solid lines) and single scattering
(dashed lines). Panels (a) and (h) indicate, re-
spectively, the contribution due to scattering from
the overlayer and from the substrate to the in-
tensity for the center position shown in panel (c).
We point out that to lowest order in the scatter-
ing factors, these two contributions enter the total
intensity additively because of the coherent detec-
tion of the direct and indirect wave. The compari-
son of panels (h) and (c) shows tha. t the scattering
from the substrate dominates the entire spectrum
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FIG. 3. Enhancement factor as a function of final en-

ergy for emission along the surface normal for multiple
(solid lines) and single scattering (dashed lines). (a)-(c)
scattering from overl. ayer, from substrate, and from
entire system for adsorption in center position. (d)
scattering from entire system for adsorption in top po-
sition.
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FIG. 4. Enhancement factor {multiple scattering))as
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fixed azimuth 4 =O. {a) overlayer adsorbed in center
position and {b) in top position.

IV. CONCLUSION

The results presented in Sec. III indicate that
the final state in the case of photoemission from

dence of the emission intensity. This structure is
expected to be even richer in the multiple scatter-
ing limit owing to additional allowed interferences.
In Fig. 4 we show the enhancement factor as func-
tion of polar angle for various final energies and
a fixed azimuthal angle C = 0 (the x axis points
along the direction of nearest; neighbors within the
surface plane). According to the first term in
Eq. (3.1), the intensity in the absence of final-
state effects wouM be proportional to cos e. Pan-2

els (a) and (b) illustrate the distributions for the
center and top position, respectively. We point
out that the patterns change rather dramatically
with final energy and exhibit marked differences
for the two geometries. The corresponding sin-
gle scattering results, not shown here for clarity,
tend to follow the overall behavior of these pat-
terns; nevertheless, considerable differences with
regard to details do exist.

Finally, in Fig. 5 the azimuthal dependence of
the enhancement factor is demonstrated for vari-
ous energies and polar angles. Again, there are
rapid variations in the angular distribution and the
two geometries [panels (a) and (b)j lead to rather
distinct patterns.

The calculations described in this section are
performed for a sharp initial level. It is inter-
esting to study how the final state influences the
observed shape of a level that has a finite intrinsic
width. In Ref. 19 such effects are discussed for the
model considered previously. ' The results show that
the line shape can depend sensitively on the energy
of the photoelectron and the detector direction.
These modifications may in fact be so strong as to
cause an apparent shift of the peak position.

E = l20 eV 8= 50'
(a) CENTER

E= I55 eV 8= 60

(b) TOP

FIG. 5. Enhancement factor {multiple scattering) as
function of azimuthal angle for various final energies
and polar angles. {a) overlayer adsorbed in center po-
sition and {b) in, top position.

localized adsorbate levels can deviate appreciably
from a simple plane wave. This modification
originates in the scattering of the outgoing wave
by the surrounding atoms. We have shown that
these interferences lead to structure in the energy
and angle distributions that is characteristic of the
local atomic geometry in the vicinity of the emitting
atom. The same physical mechanism gives rise
to the fine structure observed in extended x-ray
adsorption fine structure (EXAFS). ln contrast
to EXAFS, however, which is performed as an
absorption experiment, photoemission is highly
surface sensitive because of the short electron
escape depth. Thus one possible utilization of
the photoemission lies in the determination of
adsorption sites. The increased availability of
continuous light sources in conjunction with the use
of high-resolution angular analyzers represents
an important step in the realization of this applica-
tion. The calculations for S on Ni discussed above
indicate that a quantitative interpretation of ex-
perimental spectra requires (a) accurate atomic
potentials and (b) the inclusion of multiple scat-
tering effects, i.e. , the same ingredients neces-
sary for the interpretation of LEED data. In ad-
dition the photoemission process involves several
features such as the spatial dependence of the vec-
tor potential and the presence of the core hole,
which could complicate the interpretation. As
some of these effects are so far inaccessible to
a detailed theoretical treatment, it is not known
at the present moment how important they ulti-
mately will be.

As we have also shown qualitatively different
adsorption sites, e. g. , the top and center position,
lead to markedly different angle and energy dis-
tributions despite the fact that both exhibit four-
fold symmetry. If the main features of these spec-
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tra do not depend strongly on the approximations
of our model, it will be possible to identify such
positions without too much computational effort.
Further investigations in this area are needed.

Our main interest in the present work was
focused on the emission from localized s orbitals
since they allow a clear isolation of final-state
effects We have found these effects to be large
throughout the entire energy range considered.
With regard to experiments performed on levels
in the bonding region, the above results indicate
that great caution is required in ascribing all ob-
served structures exclusively to the initial state.
We do not mean to imply that the final state domi-
nates the spectra; it may in fact well be the case
that some initial-state features like wave-function
nodes, etc. , have a greater influence than any
occurring final-state interactions. In general,
the matrix element describing the electronic transi-
tion involves both states in a intimately connected
form; to disentangle them, if at all Possible, re-
quires a careful analysis. It is hoped, however,
that a better understanding of the final state ob-
tained through the consideration of simple initial
states enables one to extend the theory to bonding-
type orbitals whose study has become of great
interest in the area of surface physics.
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APPENDIX A

where r& (r&) is the larger (smaller} value of r
and r' and (&=[(2m/h )(Et~ Yo)]'(2.
and h, ' are, respectively, complex spherical(I)

harmonics, spherical Bessel functions, and spheri-
cal Hankel function of the first kind. Writing the
vertex to in Eq. (2. 6) in terms of the spherically
symmetric potential (((r) at the origin, we obtain
for 4

@'(R) = Q Yl(R)(-i(()h("'(((R) ' d'r

x j, ex+ dx'x'j, wx' vx' Q, x', r + ~ ~ ~

x Y~(r) p ~ A+, (r) . (AS)

It is easily shown that the expression in the large
parentheses is equivalent to the radial wave func-
tion R((((r) multiplied by exp(ibo) where bt is the
lth partial-wave phase shift of the potential at the
origin. This prefactor merely ensures that Rf
has the correct asymptotic behavior, namely,

R((((r ) —cos boj ( (r(() —sin bo n((((r),

Using the asymptotic form for kf

h,"'(((R)-(-i)'e'" /i((R, R- (A4)

we obtain the following result for 4 at the position
of the detector.

ef ffR

(1( (R) — Q Y~(R)Mq~, (Et, E(),B (A 5)

M~ ~, (Et, E; ) = —(- i) ' e"o(R, Y~
~
p ~ A

~
4,.), (A6)

where E; and L; denote the energy and the angular
quantum numbers of the initial level, respectively.

This appendix contains the derivation of the ex-
pressions for (f( given in Eqs. (2. 8) and (2. 9).
The major uncertainty in the evaluation of the
intra-atomic matrix element lies (a) in the actual
form of the t matrix to in Eq. (2. 6), i.e. , in the
potential that the emitted electron interacts with
at the origin, and (b) the role of electronic damp-
ing during this interaction. For simplicity we
assume here that the remaining electrons are un-
relaxed (i.e. , Koopmans's theorem applies) and
that damping can be ignored (this corresponds to
the use of phase shifts calculated at real ener-
gies). In this case, the potential is the same for
both initial and final state, so that the two are
orthogonal.

The propagator Go has the following expansion
in terms of spherical coordinates:

Go(r —r') = g Y~~(r)G((r, r') YI,(r'),

APPENDIX B

@ (r') = —Q i ' j,'(((r' ') t dQ„. ,
I

x Go(r —r") Y~(r ")(V~~, . (S2)

In this appendix, we first derive the single scat-
tering expression for 4(', Eq. (2. 12), and subse-
quently discuss its extension to the multiple scat-
tering limit, Eq. (2. 1S). The formalism is simi-
lar although not identical to that due to Beeby. ~o

Equations (A 1) and (A2) of Appendix A lead to
the identity

(,'( "(Jdo...G, (
' — "(Y"(("(

= —i((h(( '((&r'} Y~(r')

for r" & r'. Substituting this in Eq. (AS), 4 may
be written

G, (r, r') = —i(&h I"(((r) )j ((((r&), (A2) Inserting this form into the explicit version of Eq.
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(2. 11) and taking the asymptotic limit R-~ for Go,
we obtain for 4'

k fcR

@l(R) ~ d8& d3&i e-II'r

xfg (r-Ro~ r —Ro) Q 7, jg (Ic'Y )

, dn„, .GO(r' —r") I"",(r")M„,I LLg

where k is the momentum of the outgoing electron,
Ai.e. , i k| = v and k = R. The condition x"& r' is

indeed satisfied since the initial-state wave func-
tion is assumed to be confined to the muffin-tin
sphere at the origin. %'e now change variables
from r and r' to r+Hp and r'+Hp and expand
exp(-ik r) and tz(r, r') in terms of spherical har-
monies. If we then define quantities

The prime indicates that the term P =0 is to be
excluded from the sum in the case of the intra-
planar structure constants (i=j). In the presence
of damping, the sums over P converge rapi. dly for
i =j and iw j. In the low-energy region, the off-
diagonal structure constants (iv j) may be com-
puted more efficiently by performing in Eqs. (89)
and (84) first the sum over sites P which leads to
a highly convergent sum over reciprocal-lattice
vectors g of the surface Bravais net

2

G„(Z„k,) = g .;-, I;(Z,') I',*.(Z,')
Astcjg~

x exp[kg ~ (d; —d,.)+inc(g) I
d„—d~, l]

Ggg. (Ro) —. . . , dQ„dA„. Fg(r )j ((Kt)j r (K'Y ')

x Go(r + Ro —r') y'r*, , (y''), (8
we arrive at the following result for 4' [see Eq.
(2. 12)]:

~fKR
e'(R) — g && (&)

L L'

X e"'" "P t- W GLL. 80 MLL
0

The t-„' are related to the phase shifts 6„" in the
Rp Rp

usual way:

fI (~) = (- 1/2i~} (e "Io —1), (86)

and the GLL. may be written

f & (a) =
~

d rr '~ dr'r' j,(n )t-' (r, r')j, (cr'),
(83)

The upper (lower) sign applies to

d„&(&)d,.„
v(g) = [(2m/8 )(Ey+ V + ii') —(k„+g) ]'~',

(810)

K = (k„+g + K(g)}.

A is the area of the two-dimensional unit cell. The
above series does, however, not converge in the
case of the diagonal structure constants and in-
stead the Ewald summation procedure has to be
utilized.

With the definitions (88}and (89) the entire
multiple scattering series for 4' can be easily
evaluated. In place of the single scattering term
inside the large square brackets of Eq. (85), we
obtain

[ ] Q e Ikgdggf

i=0

G„,(R,)=-f~4~ g (-f)' f(r„-f.",r, ') + g e '""'f G, , t G,, + ~ ~ ~-
f, j=p LL'

(811)

x I,"„'(~ff,) I", (-ft,),
where the I(L, ; I,",L') denote the Gaunt coefficients.

In order to evaluate 4' in the multiple scattering
limit, we now decompose the sum over Hp in Eq.
(85) into a sum over layer indices i and over sites
P within planes. Because of the translational in-
variance parallel to the surface (we discuss the
correction due to the core hole further below),
the t matrices only depend on i and the sum over
P leads to the definition of the structure constants.
It ls convenient to introduce the following matrices;

f, (~) =
~ ~

f,'(~) 5„,
~ ~,

In the next step, we sum over all repeated scatter-
ing events within individual planes. This is ac-
complished by introducing the so-called single
layer scattering matrices

r, (Eq, k„) = f, (v)[I —f (x) G , (E~,k„)].
The new series is the same as that in Eq. (Bll)
with t& replaced by v& and successive layer indices
restricted to be unequal. It is then easily checked
that. this series can be conveniently expressed in
terms of a set of multilayer scattering matrices
T~&(Ey k~~) which are specified by the following
system of equations:
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T(; ——&(t);;+ Q v(G;»T»;, i,j, 4=0, 1, . . . . (B13)

With these definitions, the final result for 4' is
given by

(2.13), in order to allow for a computationally more
practical variation of the overlayer position relative
to the substrate. By summing first over scattering
events in the substrate and subsequently over those
in the absorbate we obtain the following result:

X M22 (Ey, E;). (B14)

tf ~ y g ~ -Q~Cf', g y8jj jQ ~ ij jQ
i) i=Q f) 1=1

e ~' T; G~Q 1 —7 g 7QQQ+g
i, i=i

The sums over layer indices i, j are effectively
limited to only a few terms because of the presence
of damping,

The above result is derived under the assump-
tion of translational invariance. If we allow the
potential at the emitting site to differ from the re-
maining overlayer potentials due to the existence of
the core hole, one is essentially confronted with a
defect problem. To lowest order in the change of
the f matrix at the origin, &f)(k), we have the
following correction 6 to the term inside the large
parentheses of Ett. (B14):

where the sum over HQ is over substrate as well
as overlayer sites.

Vfe conclude this appendix by pointing out that
the solution of the system of e(luations in (B13)
requires the inversion of a complex matrix with
dimension N(f ~+1), where N is the number of
planes including the overlayer necessary to achieve
convergence and l ~ is the highest phase shift con-
sidered. Since this matrix equation depends
through the structure constant on the overlayer
position relative to the substrate, the inversion
would have to be performed whenever the absor-
bate position is varied. This can, however, be
avoided entirely by reformulating the multiple
scattering series in E(l. (Bll) in terms of sub-
strate scattering matrices alone, which then do
not need to be recalculated. This is accomplished
by explicitly separating in E(l. (Bll) scattering
events that take place in the substrate from those
that involve the overlayer. The final result is
given in Appendix C. The same procedure can also
be applied to derive the corresponding expressions
for overlayer symmetries lower than (1x 1). These
results are also presented in Appendix C.

APPENDIX C

g(E k}})=P Go((E &}})~(j(& k}})GJ()(&,k}}) (C&)
i) j=1

and the T',.
~ are the substrate scattering matrices

defined by the following system of equations:

T;, = ;rt))+Q 7; G;» T», , i, j, k = 1, 2, ;.. .

That: E(l. (Cl) is indeed an identity is easily veri-
fied by expanding each series and regrouping the
individual contributions. The matrices in Eq.
(C3) do not depend on the adsorbate and thus do not
need to be recalculated if the overlayer position is
changed. Only the structure constants G;Q and GQ;,

2, . . . , affected. The dimension of the matrix
to be inverted is now reduced to (N 1) (f +1—),
X-1 being the number of substrate layers neces-
sary for convergence.

Since the above outlined procedure completely
separates the overlayer geometry from that of the
underlying substrate, it can also be applied to ad-
sorbates with symmetry other than (la 1).2) The
lowest-order term in E(l. (Cl) in which the dif-
ference in planar symmetry becomes crucial is

g e (»~"(» P e '"}}')&
fo QG(P„—P —d, ) f;G(P + d, )

i=& p

(»)})(gf Q e I(}P}}gf(p )
i=1

where P+d; denotes a site within the ith substrate
plane and P„are the new set, of adsorbate sites.
Defining

we can express f(P) as follows:

g e-)»}}'PAf(P ) (3/)-2 d2i lf(kt) P ei(»}}-»}})~ P»

In this appendix we present an alternative ex-
pression for the multiple scattering series in Eqs.

-& f kit + f tt+gg
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where c is the coverage and g„are the new recip-
rocal-lattice vectors of the superlattice. The
higher-order terms in Eq. (Cl) can be evaluated
analogously with the result that the quantity g(k)
is replaced by

(Ca)

i.e. , all structure constants remain unchanged
with the exception of course of GM(k) which now
involves a sum over sites P& rather than P. There-
fore, in going from (1&&1) to other overlayer sym-
metries, the substrate scattering matrix has to
be calculated at k, and k +g„, an additional com-
putational effort that scales proportionally with the
inverse of the coverage (rather than c 3 as in the
sublattice formalism).
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