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A theory of the angular resolved photoemission from localized adsorbate orbitals is
presented in which the effects of the final state are discussed in detail. Numerical re-
sults show a strong dependence of the energy-resolved angular distribution on the sym-
metry of the bonding orbitals and on the geometry of the adsorption site.

The recent experimental verification of the an-
gular dependence in photoemission spectra' has
stimulated considerable interest in this technique.
In the case of clean surfaces, it is likely that in-
formation about the bulk energy bands and their
possible modifications near the surface may be
extracted from the angular and energy depen-
dence. The purpose of this Letter is to demon-

strate that the angular distribution from local-
ized adatom levels at the surface is dominated
by the symmetry of the adsorption site as well
as by the symmetry of the bonding orbitals. '
This indicates the great potential of angular re-
solved photoemission as a tool complementary
to low-energy electron diffraction (LEED) to ana-
lyze geometrical structures at surfaces.
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The essential ingredient of our microscopic
"one-step" model for the photoemission process
lies in the description of the final state. Since
the coherent elastic scattering of the excited
electron by the periodic potential of the sub-
strate is strong in the energy range of interest
in photoemission, it is necessary to account for
the full Bloch nature of the final state. Further-
more, the electronic mean free path at these
energies is of the order of a fem lattice spacings
as a consequence of strong inelastic electron-
electron interactions. It therefore appears natu-
ral to describe the final state by a multiple-scat-
tering theory such as a1.so has been applied in
I EED calculations. ' The matrix elements be-
tween the localized initial and the complete final
state are then evaluated numerically. The appli-
cation of the same formalism for more complex
initial states corresponding to emission from the
substrate and to emission from hybridized sub-
strate-adsorbate orbitals mill be dealt with in a
later publication. Also, no attempt has been
made at this point to include the presence of the
hole that is left behind by the excited electron.

The two processes that contribute to the scat-

!
tering amplitude for the adsorbate signal are the

VACUUM

Z

I 8

g(I)j

SOLID

0 ~ ~ ~

FIG. 1. Illustration of two processes contributing to
photoemission from adsorbate P» orbital: (I) direct
emission into plane-wave final state, and (2) indirect
emission. via backscatte ring from substrate. Only
single scattering from the first layer is indicated.

direct emission from the orbital into a plane-
wave final state, Ikz), and the indirect emission
from the orbital via backseattering from the sub-
strate lattice potential. Both are indicated sche-
matically in Fig. 1. For a given polarization vec-
tor A inside the solid and a photon energy A~,
the cross section is a function of final electron
energy E& and detector angles Of and 4&. It is
given by the expression

v(s„e„c,)-!&k,l(l+TG)p Alga)I'&(E -&; -k~). (l)

Here, yI7 is the wave function of the orbital adsorbed at the site R, E; being its energy level; T = VI.
+VIGT is the T matrix corresponding to the lattice potential VI. ,

' and 6 is a free-electron propagator
with an appropriate self-energy inserted to include inelastic effects. The first term of the matrix ele-
ment in Eq. (1), i.e. , the direct emission in the absence of scattering, is simply proportional to the
Fourier transform of the initial state:

(kelp'Alyg) = exp(- z%~ ~ R)hfdf AJ" z(lkf I) Yz (kf), (2)

where E„& and F|„are the radial and the angular part of y(kz), respectively. The second term of the
matrix element, i.e. , the indirect emission from the adsorbate via backscattering from the substrate,
can be evaluated for the general ease of multiple elastic scattering and arbitrary atomic potentials. '
For simplicity, however, we present here only the result for single scattering from s-wave scatterers:

(kgl~&p'~IC'R) - exp(- z kg 'R)&ni(lkyl)i(lkf I)—2Z-„l'im(kzz+i, —kgb(g))

where

~(g) -=—kf~(0) —kzi(g),

kfJ Q) =- —[(2m/8')(E~ + &0+ zT) —(kf z + g) ]

l exp(ig dz) exp! i~(g)d J

—k„(g) l —exp! z~(g)a]

(4a.)

(4b)

The g's are the reciprocal lattice vectors of the Bravais net parallel to the surface and a is the lattice
constant. The normal and parallel position of the adatom relative to the substrate are denoted by d~
and dz, respectively. The quantity &(!k~ 1) represents the s-wave component of a single-site scattering
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vertex in the substrate, Vo is the inner potential,
and I'(E) is the imaginary part of the optical po-
tential.

The above result exhibits the following physical
features: (I) The contribution to the matrix ele-
ment due to backscattering is no longer propor-
tional to the angular part of the Fourier trans-
form I', (k~) of the initial state. Instead, the ex-
pression involves the Fourier components cor-
responding to directions in k space that differ
from kz by a reciprocal lattice vector parallel to
the surface and that point into the crystal rather
than to the detector. (2) Similarly, the matrix
element is no longer proportional to k& A as in
the absence of scattering but rather involves the
factors [kz~~+g, - kz~(, g)] 'A. (2) For a given de-
tector angle, the structure in the intensity as
function of final energy E& is determined by the
band structure of the substrate. In the specific
case considered in Eq. (2), resonance energies
occur for Rem(g)a=2mn, n integer, i.e.,

Ey + V OEp+ (E„+Ey+kg)~ gh /m)'/4E„, (5)

where E„-=(82mn/a)'/2m, E-„—= (kg)'/2m, and E
~~

=—E sin ef. These energies coincide with band
crossings in the corresponding free-electron
band structure. (4) The geometry of the adsorp-
tion site enters the matrix element only via two
phase factors, one for the normal position d& and
one for the parallel displacement dII of the ada-
tom relative to the underlying substrate. This is
a particularly attractive feature since it permits
the separation of adsorbate and substrate geom-
etry: The positions at which extrema in the in-
tensity occur are entirely determined by the sym-
metry of the substrate, whereas the relative in-
tensities of these extrema are determined by the
adsorption site.

In order to illustrate some of these features,
we show in Fig. 2 the intensity as function of
final energy for emission along the surface nor-
mal from an s orbital bound in two configura-
tions. ' The curves represent the intensity for
the case of single scattering (solid curves), mul-
tiple scattering (dotted curves), and in the ab-
sence of scattering (dashed curves). The three-
dimensional reciprocal lattice vectors specify
the resonance energies, Eq. (5), and the corre-
sponding band crossings as indicated in the free-
electron band structure at the top of the figure.
The effect of backscattering from the substrate
is seen to be of the order of 20-50% relative to
the intensities in the absence of scattering. It
is, however, rather remarkable that the multi-
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FIG. 2. Intensity (arbitrary units) as a function of
final electron energy for emission from an s orbital
adsorbed (a) in the position (0, 0, a) and {b) in the posi-
tion (a/2, a/2, a/2), relative to the substrate. Single
scattering (solid curves), multiple scattering (dotted
curves), and no scattering (dashed curves). The ar-
rows indicate the resonance energies specified by the
reciprocal lattice vectors, and the corresponding band
crossings in the free-electron band structure at the top
of the figure.

pie-scattering intensities agree so closely with
the single-scattering intensities. We believe
this to be a consequence of the fact that the sin-
gle-scattering resonances coincide not only with
the reflection points of the first band, as it is
the case in LEED, but also with the intersections
of the first band with all higher bands. ' This is
because the adatom acts as a spherical source in
contrast to the incoming plane wave in LEED.
While this point requires further detailed study,
it might prove to be of considerable practical in-
terest in that single- or double-scattering ap-
proximations to the fina. l state in photoemission
from adsorbates are much more adequate than in
I EED. Comparing panels (a) and (b), we notice
that the change of the adsorption site from (0,0, a)
to (a/2, a/2, a/2) inverts some of the maxima to
minima because of the presence of the phase fa.c-
tors as described above.

It is apparent from Eq. (5) that in normal direc-
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FIG. B. Photoemission intensity (arbitrary units} as
function of final polar angle for an s orbital adsorbed
in (a) top and (b) center positions. Single scattering
(solid curves), multiple scattering (dotted curves), and
no scattering (dashed curves).

tion all resonances are degenerate with regard
to various vectors g whose components have op-
posite signs. At finite angles 6f and 4f, how-

ever, these resonances split very rapidly indi-
cating that the photoemission intensity exhibits
a strong angular dependence. As an example,
Fig. 3 shows the intensity as function of polar
angle ef for two adsorption sites at a fixed ener-
gy E&. In the absence of scattering, the intensity
is a smooth function proportional to k& A (dashed
curves). In the limit of single scattering (solid
curves), the maxima that are seen in panel (a)
for the top position are inverted into minima in
panel (b) for the center position because of the
phase factor associated with the parallel displace-
ment. In both cases, the effect of multiple scat-
tering (dotted curves) tends to smooth out the
single-scattering intensities. Figure 4 shows,
for the same geometries and the same energy,
the intensity as function of azimuthal angle 4& at
a polar angle of 32'. The fourfold symmetry of
the substrate lattice clearly manifests itself in
the intensity (solid curves) whereas in the ab-
sence of scattering the distribution is cylindrical-
ly symmetric (dashed curves). Again, multiple
scattering

I
dotted curves, shown only in panel

(a)] tends to smooth out the single-scattering in-
tensities.

The results described above give strong sup-
port to the hope that the photoemission technique
can be used to identify not only the bond orbitals
of chemisorbed atoms but also the symmetry of
adsorption site. Qne's hope in this matter is en-
couraged by the fact that single- or double-scat-
tering approximations to the final state using

FIG. 4. Photoemission intensity (arbitrary units) as
function of azimuthal angle for an s orbital adsorbed in
(a} top and (b) center positions. Single scattering (solid
curves), multiple scattering [dotted curve, shown only
in panel (a)], and no scattering (dashed curves).

realistic atomic potentials appear to be adequate
for a quantitative analysis of experimental data.
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All calculations are for the (001) surface of a simple

cubic crystal and the following parameters are used:
Vo =10 eV (inner potential}, A,,=12 A (electronic damp-
ing length), b~=s/2 (s-wave phase shift), a=4 A (lat-
tice constant), and A=(0, 0, l}. All curves are divided
by I ky IF„)( l k~ t } so that the intensity in the absence of
scattering is energy independent. The initial energy
can then be taken as arbitrary.

The remaining crossings between higher-lying bands
correspond to multiple-scattering resonances.
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