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Angular distributions of photoemission from chemisorption induced states
and LEED spectra are calculated for the p(2 x 2) and the ¢(2 x 2) oxygen
superstructure on the (001) surface of nickel. The obtained dependence of
the photoemission intensity on the polar angle, on the azimuth angle of
emission and on the direction of the light beam is discussed using mainly
symmetry arguments (selection rules). This kind of analysis is shown to be
useful for identifying the orbital symmetry or the symmetry of the adsorb-
ate position without carrying out complicated calculations.

1. INTRODUCTION

AN ANALYSIS of angle resolved u.v.-photoemission
spectra is expected to give information about the elec-
tronic states at the solid surface, e.g. to determine the
position of an adsorbate or the symmetry of a chemi-
sorption state.

It is now clear that good agreement between exper-
iments and calculations is achieved only if for the intial
state the deformation of the atomic wave functions by
the chemical binding [1] is taken into account as well as
the final state [2, 23] includes the scattering by the
atoms [3-7].

We study the effect of the polarization of the
incident light on the angle resolved intensity distri-
bution, including the case of unpolarized light. Particu-
larly, the possibility of investigating the symmetry of the
initial states is discussed. As an example we have calcu-
lated the emission from surface-localized states on the
(001) surface of nickel which are introduced by the
chemisorption of oxygen. Our conclusions are general
and not restricted to this special system.

2. BASIC THEORETICAL CONSIDERATIONS

2.1. Hamiltonian operator for the initial and final state
The photoemission intensity (energy and angle

resolved photocurrent) in the single particle approxi-

mation is given by a golden rule expression [8, 9]:
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* This paper is a corrected version of Solid State
Commun. 23,789 (1977).

A is the vector potential. {f| is the final state carrying
the current into the solid angle €2. |i,) are the initial
states of those electrons which contribute to the
adsorbate-induced emission. They are eigenfunctions of
an energy dependent Hamiltonian: The inelastic scatter-
ing of the final state is described by an imaginary part
(of a few eV) of an optical potential equivalent to a
mean free path of a few A, while the initial state is a
stationary solution in a real potential. Also the real part
of the potential (including the exchange and correlation
potential) is found to be a function of energy [10, 11].

Taking this into account the initial and final states
are obtained as follows. The muffin tin concept is com-
mon to both Hamiltonians whereas the used models for
the potential arc different: For the initial chemisorption
state we use potentials (and wave functions) from a self-
consistent multiple-scattering calculation applied to a
cluster of 6 atoms (SCF-Xe [12]) whereas the final state
is calculated by applying the multiple-scattering theory
using potentials which give final states being in agree-
ment with experimental LEED spectra.

2.2. Barrier effect

The surface barrier is assumed to lie outside the
overlayer. According to the usual model for LEED the
final state electron is only refracted but not reflected.
Between barrier and overlayer we assume a (possibly
infinitely thin) region of constant potential V4. The
refraction spreads the current contained in a cone
dQ'" = sin 0" d@'™ d¢ in the region between overlayer
and barrier into a cone df2 = sin 8 d@ d¢ in the vacuum.
The conservation of the wave-vector component parallel
to the surface yields
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VEsin@ = vEp— Vg sin gin (2)

so that

VE; — Vycos 0™ 4™

do = 3
VE;  cosf )
Epand (E; — V) is the kinetic energy of the photoelec-

tron in the vacuum and in the region between barrier
and overlayer, respectively. The outer and inner inten-
sities are therefore related from equations (3) and (2) by

% d?
dfydQ2  dE;df sin 6 d¢
d? Eycos 0
dEdQ™ (Ef — Vo) cos 0™
Even when the inner intensity is isotropic the outside
intensity goes to zero with increasing polar angle. This
reduction of intensity has often not been taken into
account [2, 13, 14], but comparisons with experimental

results have shown that it must be included in the calcu-
lated polar curves [4, 7].

@

2.3. Polarization and reflection of the light

We now show that the intensity of emission by
excitation with unpolarized light is simply equal to the
sum of the intensities excited by s- and by p-polarized
light.

With the angle p in a plane normal to the beam the
vector potential of the incident light can be written as a

superposition of s- and p-polarized contributions:

A%p) = A sinp+ A cos g (5)
where

|A%9)l = |AZ] = |ADl = 4° (6)

states the randomness of the polarization. Because of
linear response the vector potential including the refrac-
tion and reflection of the light can be expressed:

A(p) = A;sing + A, cos . (7

Since the scattering of light by the adsorbate layer is
negligibly small, we neglect as a first approximation the
influence of the adsorbate layer on the light and only
take into account the refraction and reflection on the
metal surface. The long-range variation of the vector
potential A(y) over the wavelength of the light is neg-
lected in the matrix element as usual in the dipole
approximation, but not the short-range variation of the
normal component. Outside and inside near the surface
this can be written with z normal to the surface:

4,(2) = A" ¢(2). (3)

In the macroscopic model of classical electrodynamics
g(z) is a step function which is unity outside and the
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dielectric function inside. It can be a more complicated
function [15—17] without affecting our calculations and
conclusions. The parallel components of the vector
potentials are conserved across the boundary. For both

-sides near the metal surface we can express the s- and
p-polarized vector potentials:

—sin f
=(1+r)| cosp | A° (9a)
0
(rp, —1)cosficosa
A, = | (rp, —1)sin Bcosa | A° (9b)

(1 +rp)sin ag(z)

8 is the azimuth angle of the incident light beam and « is
the polar angle, r, and r,, are the complex reflectivities
for s- and p-polarized light. To get the intensity of
emission by unpolarized light we have to sum over all
random polarization angles . This yields vanishing inter-
ference terms between s- and p-polarized excitation.

dfunpol 2 2
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Combining (9) and (10) yields
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The matrix elements in equations (11) and (12) are
independent of the direction of the light beam. The
formulae (11), (12) are the basis of our calculations.

2g(z) I >(1 +rp)sin o

2.4. Alternative forms of the matrix element

For evaluating the matrix elements in (11) and
(12) we use the velocity form (f19/dx|i) and also the
acceleration form (f[[(8/dx)V]|i). These are propor-
tional within the approximation that the difference
between the final state and the initial state potentials is
spatially constant [18]. The differences between the
different forms of the optical transition matrix elements
are discussed by Holland [14] within the approximation
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of a spherical energy-independent potential and a con-
stant vector potential. It is shown that the acceleration
form puts more weight on contributions to the matrix
element from the region near the nucleus while the vel-
ocity form should be preferred if the wave functions are
most accurate at intermediate distances.

3. PARAMETERS AND CALCULATION SCHEMES

The structures of ¢(2 x 2) and p(2 x 2)O on Ni has
been analysed successfully by recent dynamical LEED
intensity analysis [19, 20]: The oxygen atom sits 0.9 A
above the first Ni layer and occupies the four-fold sym-
metric hollow of the Ni (001) surface.

Our initial states are described by LCAOs centered
on the oxygen and on the four nearest neighbour nickel
atoms. They are fitted to the results of a chemisorption
cluster calculation (SCF-Xa) [12]. Arguments for a
justification of localized initial states are the relatively
large distances of the adsorbed atoms and essentially no
dispersion of the energy levels, as seen in angle resolved
photoemission for both superstructures [21]. Group
theory predicts two levels for our case: With z normal
to the surface there should be one level of symmetry 4,
which is derived from the O 2p, state and a doubly
degenerate level of symmetry e derived from O 2(p,.,
py). The nomenclature of the states refers to the irre-
ducible representation of the Cyy point group.

For calculating the final state the time reversal sym-
metry is used [8, 9, 36]: The time reversed final state is
an incoming plane wave which is scattered by the crystal
including the overlayer so that a certain combination of
spherical waves is built up around the adsorbate and its
neighbours. To determine this combination of spherical
waves we calculate the time reversed final state using the
multiple scattering theory (LEED) [22]. The electron—
electron interaction is approximated by a constant com-
plex optical potential. The inner potential (muffin tin
zero) and the imaginary part of the optical potential are
taken from bulk nickel [11] and extended into the over-
layer region:

Vo = —135eV Vi = —2.5eV.

The wave function between the layers is represented by
50 plane waves. For describing the scattering by atoms
of the substrate and the overlayer 5 phase shifts are
used. Nickel phase shifts are taken from a Wakoh-
potential and oxygen phase shifts from a Mattheiss-
potential [11, 34]. Final state calculations are checked
by reproducing LEED spectra (Fig. 1) which show good
agreement with experimental results [24] especially at
the energies of He II photoelectrons, i.e. at about 30eV.
We have used two different ways for evaluating the
matrix elements of equations (11) and (12). In the first
method the transition matrix element is evaluated in
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Fig. 1. Calculated LEED spectra of the first adsorbate-
induced spots for the two different superstructures of O
on Ni (001). Dashed curves are experimental results
[24].
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Fig. 2. Calculated polar angle dependence from adsorb-
ate levels of symmetry @; (O 2p,-derived) and e (O
2(py, py)-derived), O p(2 x 2) on (001) Ni. Excitation
with normal incidence of unpolarized light. (A) initial
states LCAQ; final state: LEED pseudo wave; final state
energy: 11 eV (hew = 21.2eV). (B) initial states: LCAO;
final state: LEED pseudo wave; final state energy:
30.6eV (hw =40.8eV).
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k-space. k| is conserved modulo a reciprocal lattice
vector parallel to the surface and the k, integration is
done numerically. We use as the final state the LEED
pseudo-wave function, which is the correct wave func-
tion between the muffin tins but fails near the atom
centers. Therefore we have used the velocity form of the
matrix element (see Section 2.4).
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Fig. 3. Angular distribution from O 2p, state of O on Ni (001) into a multiple scattered final state for two differ-
ent adsorbate superstructures. Excitation with He II (final state energy: 30.6 eV), for different polarizations with
the vector potential A parallel to the surface. kg is the projection of the wave vector of the photoelectron on the

surface. Curves are normalized to maximum.
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Fig. 4. Emission normal to the surface from a system of C4y symmetry, i.e. from adsorbate levels of symmetry a,
(p,-derived) and e ((p.., p, )-derived), as a function of the polar angle of an unpolarized light beam. Full curve:
He I light (hw = 21.2eV), dot—dashed curves: He II light (hw = 40.8 eV), dashed curves: reflection of the light

neglected.

The other method is not based on the use of the
pseudo-wave function. The matrix element is evalu-
ated in angular momentum representation, using the
acceleration form within the approximation of a
spatially constant difference between final state and
initial state potentials. This is the convenient form
- due to the muffin tin potential because only the
regions inside the muffin tin spheres contribute to the
matrix elements.

4. ANGULAR DISTRIBUTIONS OF
PHOTOELECTRONS (FIXED LIGHT SOURCE)

In Fig. 2 we show the influence of the photon
energy on calculated angular distribution curves for
excitation with unpolarized light of normal incidence.
The fine structure of the curves decreases at lower
photon energy. The general structure is independent
of the photon energy whereas for different initial
states it is characteristically different. The general

structure near normal emission can be understood by
a selection rule (see Section 5). Normal to the surface
there is vanishing emission from the a,-level but non-
zero intensity from the e-level [13, 25], whereas at
high polar angles (6 = 70°) the behaviour of the
curves is determined by the refraction effect (see
Section 2.2).

These curves of Fig 2 are calculated by evaluating
the optical transition matrix elements in k-space,
using the LEED pseudo-wave function for the final
state.

In Fig. 3 we show curves for excitation with
polarized normal incident light for two different
superstructures. The initial state is only the atomic O

2p, state which is the dominant atomic orbital of the

a,-level [12, 26], the final state is the correct multi-
ply scattered wave. The method used here is the
angular momentum representation and the acceler-
ation form but curves of the same structure were
obtained by the other method.
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It should be noted that the third column of Fig. 3 is
essentially determined by a selection rule [13, 27]: for a
level which has the same symmetry as the crystal (this is
the a,-state but not the e-states) there is no emission
into the mirror planes of the crystal when the vector
potential A lies perpendicular to the mirror plane. Such
azimuthal curves, therefore, show directly the number of
mirror planes and, for example, it should be possible to
distinguish between the two-fold (bridge) position and a
four-fold position of the adsorbate or to distinguish
between a four-fold site of bond coordination two or
four [28, 29]. This selection rule has the consequence
that the emission into directions in a mirror plane from
an a,-state is identical for s-polarized light if the incident
light beam lies in a plane perpendicular to the mirror
plane and for normal incidence of unpolarized light
(Fig. 3, first column). The absolute intensities in the third
column of Fig. 3 are only 4—10% of those in column 2.
Therefore the characteristic structure of column 3 is not
seen with unpolarized light in column 4.

Similar selection rules are also valid for the emission
from the e-states but have no such dramatic effect on
the angular distribution because of the degeneracy: The
emission into a mirror plane of the crystal only comes
from the states which have the same symmetry as the
operator (VA + AV) relative to that mirror plane. There-
fore the degenerate e-states can be observed separately
by polarized excitation (A in the surface, parallel and
perpendicular to the mirror plane).

5. EMISSION DEPENDENCE ON THE POLAR ANGLE
OF AN UNPOLARIZED LIGHT BEAM

We will derive two simple formulae describing the
intensity at normal emission as a function of the polar
angle of the light beam, considering as an example the
Cav symmetry of an adsorbate on the (001) surface of
Ni. These formulae have been used to classify peaks in
experimental curves according to the symmetry of the
initial states [7].

Mahan [9] has suggested in his surface photo-effect
model that the emission dependence on the polar angle
of light should be determined by the surface barrier and
therefore it should be proportional to sin*(a). Feibelman
[18] has modified this function by taking into account,
as we do, the reflection of the light. In contrast to these
authors we assume the surface barrier to refract the
final-state electron but not to determine the angular
dependence of the emission essentially. The compari-
son with experimental data indicates that this treatment
is sufficiently realistic [7, 30].

We will evaluate equations (10), (11) and (12) only
using symmetry properties (selection rules) of the
system. Similar arguments have been used before for the
interpretation of angular resolved photoemission spectra
by polarized excitation [27, 31-33].
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It should be noted that at normal emission the final
state is of a;-symmetry. The product of the initial state
times the operator (VA + AV) must also be of sym-
metry a; for a non-vanishing matrix element. Therefore
only an initial ,-state with polarization normal to the
surface or an initial state of the irreducible represen-
tation e with the polarization vector parallel to the sur-
face can be observed at normal emission [27].

The axes x and y are assumed to lie in mirror planes
of the Cyyy symmetry. We find at once selection rules for
the transition from the @,-state into the normal emission

final state:
( f L5 a > fl—la \ =0

ax| ay| !
because |2, and | f) are both symmetric with respect to
the mirror planes containing the x and the y axes,
whereas the operator 3/0x or 3/dy respectively is anti-
symmetric. The emission dependence from a;-level is,
therefore, from equations (10)—(12):

: (13)

d 2f(°‘)unp ol

14
dEdQ (14)

~ |1 +7,[?sin%.
8=0
Ef=Eg +hw

The two e-states are labeled as e, (p,-derived) and e,
(py-derived):

@), 9|\ _ [le@,, 2
<f 50 4 2 2| = <f %), 252,
=0
" s (15)
AT TSR
2 2

The contributions from the degenerate e-states add
incoherently to give:
dzf (a)u.npol
dEdQ |g=o
Ef=Eq +hw

Both formulae (14) and (18) are independent from the
azimuth angle of the light beam. They are evaluated
using Fresnel formulae for r; and r,, [7] and the optical
data for Ni at the frequencies of the He I and He II lines
[35]:

eni(21.2eV) = 0.48 +i0.85
eni(40.8eV) = 0.78 +i0.27.

~ |1 —rpl* cos®a+ |1 +r,[*. (18)

The resulting curves are shown in Fig. 4 and compared
to the intensity dependence resulting from formulae
(14) and (18) if reflection of the light is neglected.

Such curves including reflection have been observed
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in the emission from oxygen and carbon monoxide on
nickel (001) [7,30,37].

6. CONCLUSIONS

There are special geometric arrangements of the

directions of light incidence, emission direction and sym-

metry planes, for which an interpretation of angular-
resolved photoemission intensity curves is possible by
means of selection rules, even for unpolarized light.

The general structure of the polar angle distribution
of photoelectrons by excitation with normal incidence
of unpolarized light (or s-polarized light of arbitrary
incidence) is characteristically determined by the initial
state symmetry. It is understood at small polar angles by
selection rules and at high polar angles by refraction at
the surface barrier. Only initial states of symmetry e
contribute to the normal emission. The calculated
examples give large intensity normal to the surface,

caused by the non-plane-wave character of the final state.
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At high polar angles (0 2 70°) in general the intensity
decreases to zero (roughly proportional to cos 6).

Also the normal emission as a function of the
direction of an unpolarized light beam is discussed. It is
found that it depends only on the initial state symmetry
and therefore it can be used for its identification.

Further the use of polarized light (A in the surface,
normal to kyy) makes it possible to identify the initial
state symmetry. In the case of an initial state with a s- or
p.-like symmetry the azimuthal dependence directly
shows the number of mirror planes of the initial state,
because there is no emission into the mirror planes.
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