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Abstract. We present an analysis of the influence of the C4v local adsorption site symmetry
on the angular distribution of photoelectrons ejected from adsorbed atoms or molecules. This
analysis applies to photoelectron spectra obtained with photons of any energy in the VUV
(photoelectron spectroscopy) or x-ray (XPS) regions, provided that the associated wave of the
electron ‘sees’ the neighbouring surface atoms. The adsorbate–substrate system is modelled
by a cluster of C4v symmetry group consisting of an adsorbate and several atoms of the
substrate. The analysis applies also to clean surfaces of C4v symmetry and to molecules of
the C4v symmetry group fixed in space. This local symmetry analysis is an alternative to
models of photoelectron diffraction and backscattering of photoelectrons from the surface. To
unravel specific symmetry properties of the system we use the expansion of continuous spectrum
wavefunctions in symmetry-adapted harmonics instead of expansion in spherical harmonics. The
particular cases of circularly and linearly polarized light beams incoming along the C4 rotation
axis are considered. Terms appearing in the analytical expressions for the differential cross
section and for linear or circular dichroism in the angular distribution of photoelectrons are
either common to C4v and axial symmetry groups C∞v and D∞h or specific to the C4v group.
The presence of the latter terms allows identification of the symmetry of the adsorption site and
the position of the molecule on the surface. We illustrate the analytical expressions by modelling
the CO molecule adsorbed on a Ni(100) surface.

1. Introduction

Photoelectron spectroscopy is a powerful method of experimental investigation of the
interaction between adsorbed molecules and surfaces and of the geometry of the adsorbate–
substrate system. Evidently, the most detailed information on the system under consideration
can be obtained from angle- and spin-resolved photoelectron spectroscopy in the VUV or
x-ray excitation energy regions. The spin polarization measurements are rather complicated
and as a consequence scarce, but even measurements of the angular distributions of
photoelectrons without spin analysis are very informative. One can have an idea of the
orientation of adsorbed molecules towards the surface by a combination of measurements
of the angular distributions of photoelectrons ejected from adsorbed molecules [1] and
theoretical calculations [2–4].

In many theoretical investigations, an adsorbed molecule was considered as an isolated
object fixed in space and the influence of the surface was neglected [2–5]. In the simplest
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model for an adsorbed atom the influence of the surface was described by introducing a non-
isotropic initial state wavefunction corresponding to the local chemical bond structure [6].
This allowed one to describe (at least partially) the local symmetry of the surface. The chem-
ical bond of an adsorbed molecule in the on-top position was introduced through a model of
a linear cluster including a single atom of the surface. The initial and final states were con-
sidered on an equal footing and included the chemical bond with the surface atom. The asso-
ciated calculations, of Xα [7] or ab initio types [8], considered the surface as a structureless
plane, neglecting its local symmetry. In [9] calculations for a molecule fixed in space and in
[10] for a linear cluster including one atom from the surface were performed with addition
of the backscattering effects from a step potential representing the structureless surface.

In a different approach the backscattering of photoelectrons from surrounding atoms of
the substrate was explicitly included [11–14] and in this way the local symmetry of the
surface was properly taken into account. However, the initial state effects were neglected
(which is justified for inner-shell ionization) in this approach. In calculations of this type it
is difficult to obtain the analytical expressions for the angular distributions and the general
conclusions are usually drawn from the results of numerical calculations. The backscattering
from the structureless potential step applies to photoelectrons of low kinetic energy, at which
elementary processes correspond to multiple scattering from the surrounding atoms. In other
words the associated de Broglie wave of the electron spreads over several atoms of the
surface. At moderate and high kinetic energies single scattering prevails, the wavelength of
the electron is shorter than the size of the elementary cell and the electron ‘sees’ the target
atoms individually. From the very beginning [6, 11] it was clear that the influence of the
surface symmetry, appearing through chemical bonding and photoelectron backscattering, is
important when the kinetic energy of the electrons is sufficiently high and that this symmetry
should be taken into account.

The purpose of the present paper is to investigate analytically at a qualitative level
the influence of the local symmetry of the adsorption site on the angular distribution
of photoelectrons ejected by circularly and linearly polarized light. We model the
photoionization of an adsorbate by considering the photoionization of a cluster consisting
of an adsorbed atom or molecule and several atoms of a substrate arranged to fulfil the
symmetry of the adsorption site. This is an alternative way to describe the diffraction of
photoelectrons from the nearest neighbours considered in [11–14]. To unravel the specific
symmetry properties of the system without cumbersome calculations, we expand continuous
spectrum wavefunctions in symmetry-adapted harmonics [15], as was proposed in [16–18],
instead of expanding in spherical harmonics as has been done previously [2–4]. The use of
a model cluster for the calculations enables one to take into account both initial and final
states effects simultaneously, including the backscattering from atoms of the first (or several,
depending on the size of the cluster) co-ordination sphere. The translational periodicity of
the target and the scattering and diffraction from atoms beyond the cluster are neglected in
this model, so that some purely solid state effects are disregarded.

A theoretical model that unravels at quantitative level the complete local symmetry
should fulfil two conditions. First, as is done in this paper, the cross section should be
written taking into account explicitly the symmetry constraints of the local symmetry of
the surface. Secondly, the transition probability from the initial to the final state has to
be calculated taking into account fully the symmetry and the interactions of the adsorbate–
substrate system. Here we do not calculate these transition probabilities explicitly but
instead treat them as adjustable parameters. Particularly in the example presented below,
we consider the adsorption ofc(2×2) CO molecules on a Ni(100) surface (see figure 1) that
corresponds to the C4v local symmetry group. Hornet al [19c] have shown that the correct
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crystallographic notation for the structure of the adsorbed CO is(
√

2 × √
2) R45◦ (the full

square in figure 1). Here we are interested in the local symmetry about the on-top adsorption
site that is easily seen by usingc(2× 2) notation (the broken square in figure 1). We adopt
this latter notation in the present paper. From several experiments [19] it follows that, at
a temperature of around 300 K and a coverage of about 0.5 of a monolayer, thec(2 × 2)

CO molecules are located in on-top sites (nearly) normal to the surface with the O atom
pointing towards the vacuum (figure 2). They form together with five nearest neighbour
atoms a cluster of C4v symmetry. Evidently, one can include also more than five atoms
from the substrate provided that the C4v symmetry of the cluster is maintained. The model
developed in this paper can also be applied to C4v molecules adsorbed on surfaces (on any
surfaces if the interaction with the surface is weak, or on C4v surfaces otherwise) and to
clean surfaces of the same symmetry.

Figure 1. The view from above of the on-top adsorption of CO on a Ni(100) surface. Large
unfilled circles are Ni atoms and small full circles are the CO molecules. Andersson and Pendry
[19a] draw ac(2 × 2) adsorption structure (broken square) that shows the C4 local symmetry.
It does not correspond to the simplest structure constructed from the elementary cell of the
adsorbate substrate system. This structure (the full square in the figure), given in the paper by
Horn et al [19c], is (

√
2 × √

2) R45◦. The on-top position of the CO molecule represented in
figure 2 displays the four filled Ni atoms and the central one together with thex andy axes of
the coordinate system.

In photoionization of adsorbed molecules the general theoretical expressions for angular
distributions of photoelectrons are usually fairly complicated. Only rarely can one extract
qualitative information on the orientation of adsorbed molecules or on adsorbate–substrate
interaction from the experimental data. Instead of the angular distribution itself, one can
determine differences between angular distributions with two light polarizations. These
differences, known as dichroism in the angular distribution of photoelectrons, are called
circular dichroism in the angular distribution (CDAD) for left- and right-circular polarization
of light, whereas using two mutually perpendicular linear polarizations one measures linear
dichroism in the angular distribution (LDAD). In particular, for diatomic molecules standing
normal to the structureless surface one finds non-zero CDAD if the directions of the incident
light, of the molecular axis and of the momentum of ejected electron are not coplanar
[5, 9, 10]. Here our surface has C4 local symmetry and we will show that there is non-
zero dichroism for the three vectors mentioned above coplanar. Moreover, for particular
directions of the vectors characterizing the process and independently from the incident
photon energy, one finds zeros in the dichroism. These zeros help in the qualitative analysis
of the geometry of the adsorbed system and of its interactions.
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Figure 2. A three-dimensional representation of a cluster consisting of a CO molecule adsorbed
normal to the surface above a Ni atom (in the on-top position) and four nearest neighbouring
Ni atoms fulfilling the C4v local symmetry in the geometrical arrangement of figure 1. The
co-ordinate system having itsz axis normal to the surface(z‖n) is also shown.

The appearance of CDAD for achiral (linear in particular) molecules fixed in space was
first predicted in [20] and later discussed in more detail in [5, 21–23]. The experimental
investigations with adsorbed molecules [24] demonstrated that CDAD can be easily observed
and used, for example, to determine the molecular orientation. The first consideration of
CDAD from nonlinear molecules using expansion in symmetry-adapted harmonics was
presented in [25]. The appearance of LDAD for molecules fixed in space was predicted
more recently [26] and there have been calculations [23, 27] and measurements [28] for
adsorbed linear molecules. Here, for the first time, we derive both the CDAD and the
LDAD for the C4v symmetry group of adsorbate–substrate systems or oriented molecules
and discuss their characteristic angular behaviour.

The above presentation neglected internal and collective vibrations of adsorbed
molecules. This motion can destroy the local symmetry of the adsorbate–substrate system
and cause a smoothing of spectra. The hindered rotation of the adsorbed molecule should be
singled out from the other nuclear motions since it modifies the direction of the molecular
axis (which is considered to be fixed in this paper) and influences directly the angular
distribution of photoelectrons [29]. Below, it is assumed that the molecule is standing
upright on the surface. However, often the molecule seems to be slightly tilted with an angle
of 5–15◦ to the normal [30, 31] (sometimes the estimation is higher [32]) and precessing
about the surface normal.

Another point discarded in this paper is the coverage of the surface by the adsorbate.
Studies of the spectra of adsorbates for different coverages reveal that the molecular axis
of the adsorbate is tilted. Also when increasing the coverage the molecules are adsorbed
on different adsorption sites (depending on the metallic substrate the adsorption is first on-
top then bridge and finally three-fold hollow or reverse). These modifications are due to
adsorbate–adsorbate interaction and have been taken into account in [33].
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2. Angular distributions of photoelectrons

In 1976 Dill [2] was the first to derive general expressions for the angular distribution of
photoelectrons (ADP) ejected from molecules of arbitrary symmetry fixed in space. Later
these expressions were generalized [5] to include photoelectron spin and were specified
[5, 16] for particular symmetry groups. In these derivations the vibrational degrees of
freedom were not considered explicitly but they can be easily taken into account provided
that they do not modify the direction of the main molecular axis as does libration or hindered
rotation [29].

The formulae derived below do not include spin explicitly but are otherwise general.
To be specific we will refer in the following to an on-top adsorption of a diatomic molecule
such that the local symmetry of the system under study is C4v. We consider a photoelectron
wavefunctionpψ−

k (r) normalized with respect to an energy delta function and constructed
in the asymptotic region from a superposition of a plane wave propagating in the direction
of the electron momentumk and a converging spherical wave. In [2–5] this wavefunction
has been expanded in spherical harmonicsY`m(k̂) of the directionk for a photoelectron
momentump(k = p/p):

pψ−
k (r) =

∑
`m

Y ∗
`m(k̂) pF`m(r) (1)

wherep is an irreducible representation (IR) of this function,r is the radius vector of the
photoelectron in the molecular frame defined by theZ axis parallel to the C4 rotational
axis, with theX and Y axes lying in the planes of symmetry of the surface.pF`m is
the complex channel function corresponding to an angular momentum` and the energy
E = k2/2 (atomic units ¯h = e = m = 1 are used in this paper). The channel function can
be further expanded in spherical harmonics of ther vector [34].

The expansion (1) does not reflect explicitly the local symmetry of the molecule–
adsorbate system. This symmetry will appear only when performing a calculation and one
will realize that somepF`m functions or components of these functions are zero. Then the
calculation and the qualitative analysis are cumbersome. For molecule–adsorbate systems
belonging to a given symmetry group it is more convenient to expand the wavefunctions
not in spherical harmonics but rather in symmetry-adapted harmonics appropriate for the
symmetry group of adsorbate–substrate system. The appropriate symmetry functions and
their expansions in spherical harmonics have been defined in [35]. The use of these angular
functions was proposed in the molecular studies by Burkeet al [15] and Chandra [16].
This change in the angular basis enables one to investigate in a straightforward way those
angular properties of the ADP, CDAD and LDAD that are independent of energy. Instead
of (1) one writes the symmetry-adapted expression for the wavefunction as:

pψ−
k (r) =

∑
`hτ

pχτ∗
h` (k̂) pF τ

h`(r) (2)

where againp is an irreducible representation (IR) of this function.h and τ label the
different functions of the same IR and the degeneracy of the IR, if any. The symmetry-
adapted harmonicsχ defined by Altmannet al [35] for several symmetry groups are linear
combinations of the usual spherical harmonics:

pχτ
h`(k̂) =

∑
m

pbhτ
`mY`m(k̂) (3)

wherepbhτ
`m are the expansion coefficients. Table 1 contains these coefficients for the C4v

symmetry group restricted to the IR corresponding to the allowed transitions from the a1
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orbital in the case of A1 initial state. For linearly polarized light the possible IRs of the
final state orbitals are a1 (z dipole transition; light is polarized parallel to the molecular
axis n) and e (x and y transitions; light is polarized perpendicular to this axis). Using
the expressions (1)–(3) for the photoelectron wavefunctions and the results from [5] for the
ADP of adsorbed molecules, one finds the expression for the intensity in the laboratory
(where thez axis is parallel to the surface normal) or molecular frames (in which thez axis
is parallel to the principal axis of the molecule) valid both for linearly and for circularly
polarized light:

Imph

(k, e) = σk(E)

2∑
J

∑
MJ

(1)1−mph√
3

(
1 1 J

−mph mph 0

)
×

∑
m

γ

1 m
γ

2

√
3

B
[J ]1/2(−1)m

γ

1 +1

(
1 1 J

−m
γ

1 m
γ

2 MJ

)
K(m

γ

1 , m
γ

2 , k̂)YJMJ
(ê). (4)

Here e is the polarization vector for linearly polarized light with projectionmph in the
photon frame equal to zero. The above equation applies also for circularly polarized light
provided that the vectore is replaced by the unit vectorq in the direction of the light beam
with the projection of the light angular momentummph = ±1. Note that in (4) we used the
notation [J ] = 2J + 1. The orientation ofe and q about the reference frame (molecular
or laboratory) is given byθq andϕq . Now K(m

γ

1 , m
γ

2 , k), σ(E) andB have the following
analytical expressions:

K(m
γ

1 , m
γ

2 , k̂) =
∑
`1`2
L

∑
h1τ1
h2τ2

〈0|d̂∗
m

γ

1
| pF

τ1
h1`1

(r)〉〈 pF
τ2
h2`2

(r)|d̂m
γ

2
|0〉

×
∑

m1,m2
ML

pb
h1τ

∗
1

`1m1

pb
h2τ2
`2m2

(−1)m2

(
`1 `2 L

0 0 0

)

×
(

`1 `2 L

−m1 m2 −ML

)
[`1, `2, L]1/2YLML

(k̂) (5)

σ(E) = 4π2αE

3ng

B (6a)

B =
∑
ds

∑
`,m,mγ

|〈0|d̂∗
mγ | pF`m(r)〉|2 =

∑
ds

∑
h,`,τ,mγ

|〈0|d̂∗
mγ | pF τ

h`(r)〉|2. (6b)

Hereα is the fine-structure constant,E the photon energy,ng the statistical weight of the
initial state. The expressions (4) and (6) contain a sum over all degenerate final states of
the different IRs accessible by photoionization. In expression (6b), B is a sum of squares
of transition moments written for an orthonormal basisY`m(k̂) of (1) or χk(k̂) of (2). If one
uses the Altmann and Bradley [35] tables in which the functions are not normalized, then
one has to multiply each transition moment by an appropriate normalization constant. The
integral 〈F |d|0〉 is the one-electron transition moment. For an adsorbate–substrate model
cluster ofN electrons this integral should be replaced by:

〈det(pi ψ(1, 2, . . . N − 1)pF τ
h`(rN))|d̂mγ |p′′

ψ(1, 2, . . . N)〉 ∼= 〈pF τ
h`(r)|d̂mγ |0〉. (7)

The expression (7) reduces to the one-electron matrix element appearing in (5) and (6b) when
the wavefunctions for the initial and final states are written as single electronic configurations
with a unique orthonormal basis. If multiconfiguration functions for the initial and final
states are introduced then in the most general case several one-electron functionspF τ

h`(r)
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Table 1. Symmetry-adapted spherical harmonics for the C4v symmetry group. This table is
written for the photoionization from a totally symmetrical A1 state. The dipole-selection rules
restrict the possible final states to A1 and E. Tables including all the irreducible representations
have been given by Altmannet al [35]. We use complex normalized symmetry-adapted
spherical harmonics. Altmannet al [35] used unnormalized real harmonics defined as follows:
Y c

`m(θ, ϕ) = P`m(cosθ) cos(mϕ) and Y s
`m(θ, ϕ) = P`m(cosθ) sin(mϕ); hereP`m(cosθ) is the

usual Legendre polynomial.

Indices pbhτ
`mIR Symmetry-adapted

p ` h τ n spherical harmonics −m 0 m

A1 > 0 1 1 0 Y`0 1
> 4 > 2 1 > 1 1√

2(Y`,−4n + Y`,4n)
1√
2

1√
2

E > 1 1, 3 . . . 1 > 0 1√
2(Y`,−1−4n − Y`,1+4n)

1√
2 − 1√

2

> 3 2, 4 . . . 1 > 0 1√
2(Y`,−3−4n − Y`,3+4n)

1√
2 − 1√

2

> 1 1, 3 . . . 2 > 0 − 1√
2(Y`,−1−4n + Y`,1+4n) − 1√

2 − 1√
2

> 3 2, 4 . . . 2 > 0 1√
2(Y`,−3−4n + Y`,3+4n)

1√
2

1√
2

of different IRs p of the excited electron give a contribution to the transition moments
appearing in (5) and (6).

3. The particular case of the light beam parallel to the molecular axis

As a specific example of the equations (4)–(7), we consider below the CO molecule adsorbed
on a Ni(100) surface in thec(2 × 2) symmetry arrangement. The molecule and the atoms
in the first co-ordination sphere fulfil the C4v local symmetry (see figures 1 and 2). Let
the light be linearly polarized along the [100] direction. As discussed above in relation to
equation (3), the valence photoionization occurs by excitation of a valence electron from
the a1 orbital to a1 or e continua. Using the formulae (4)–(7) and table 1, one finds the
following differential cross section:

I 0(k, ε‖OX) = 3σk(E)

4πB
{Re(D2(θk)) sin2 θk[1 + cos(2ϕk)] + Re(D4(θk)) sin4 θk[cos(2ϕk)

+ cos(4ϕk)] + D6(θk) sin6 θk[1 + cos(6ϕk)]} (8)

whereθk andϕk are the spherical angles of the vectork in the molecular frame (see figure 2),

D2(θk) = 3

2
|〈0|x|eF 1

11〉|2 + 3
√

5 cosθk〈0|x|eF 1
11〉〈eF 1

12|x|0〉

+15

2
cos2 θk|〈0|x|eF 1

12〉|2 + 3
√

7

2
√

2
(5 cos2 θk − 1)〈0|x|eF 1

11〉〈 eF 1
13|x|0〉

+3
√

35

2
√

2
cosθk(5 cos2 θk − 1)〈0|x| eF 1

12〉〈 eF 1
13|x|0〉

+21

16
(5 cos2 θk − 1)2|〈0|x|eF 1

13〉|2 (9a)

D4(θk) =
√

105

2
√

2
〈0|x|eF 1

11〉〈 eF 1
23|x|0〉 + 5

√
21

2
√

2
cosθk〈0|x|eF 1

12〉〈 eF 1
23|x|0〉

+7
√

15

8
(5 cos2 θk − 1)〈0|x|eF 1

13〉〈 eF 1
23|x|0〉 (9b)
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D6 = 35

16
|〈0|x|eF 1

23〉|2 (9c)

B = |〈0|z|aF 1
10〉|2 + |〈0|z|aF 1

11〉|2 + |〈0|z|aF 1
12〉|2 + |〈0|z|aF 1

13〉|2
+2|〈0|x|eF 1

11〉|2 + 2|〈0|x|eF 1
12〉|2 + 2|〈0|x|eF 1

13〉|2 + 2|〈0|x|eF 1
23〉|2. (10)

In expressions (8)–(10) we used the real transition operatorsx, y and z instead of the
complex onesd̂mγ defined in (5). Due to the presence of reflection planes of the C4v

symmetry group the following relations hold between the transition moments:

〈0|x|eF τ
hl〉 = i〈0|y|eF τ

hl〉. (11)

In the expression (9) and (10) we have restricted the expansion of the wavefunction (2) to
` 6 3. This is because we are keeping in mind the shape resonances (5σ and 4σ ) in the
CO molecule in which the main partial waves contributing to the differential cross section
are lower or equal to three. With this restriction in the wavefunction expansion (1) or (2)
one can still reveal contributions specific to the C4v symmetry group. The transitions to
the final states corresponding to an IR withh = 1 appear both for axial (C∞v and D∞h

symmetry groups) and for C4v symmetries whereas transitions to the final states withh = 2
correspond to C4v symmetry only. In (8) and (9) the coefficientsD4 andD6 are non-zero
only for adsorbate–substrate local symmetry C4v whereas theD2 coefficient appears already
for axial symmetry.

The angular dependence of the intensity (8) for the light polarized along thex axis
(in the [100] crystallographic direction) has some characteristic features independent from
a particular molecule or photon energy. Since the photoelectron current is proportional
to sin2 θk, it goes to zero for photoelectrons ejected along thez laboratory axis. For
the CO molecule adsorbed on metallic substrates at low coverage, this coincides with the
adsorbate’s molecular axis. It is also equal to zero in the plane perpendicular to the light
polarization vector, that is in theYOZ plane (see figure 2) whereϕκ = π/2 or 3π/2.
The terms containing the fourfold dependence(cos(4ϕκ)) appear in (8) together with the
terms containing cos(2ϕκ) and cos(6ϕκ). The latter terms appear due to the presence of the
light polarization vectore in the plane perpendicular to the C4 rotation axis that makes the
directions along thex andy axes inequivalent.

The cos(nϕκ) behaviour of the photoionization cross section is related to the local
symmetry of the surface and consequently is valid also for clean surfaces. Obviously when
an adsorbate is present it should not lower the local symmetry of the overall system. For
C4v local symmetry of the adsorbate–substrate systems, one can easily test the cos(4ϕκ)

behaviour by changing the azimuthal collection angle of the ejected photoelectron. This has
been observed experimentally [19d] but the accuracy of the data was insufficient to extract
the fourfold symmetry behaviour in the cross section unambiguously.

To show the behaviour of the angular distribution as a function of the anglesϕκ andθκ

we performed a model calculation in which we used the following numerical values of the
transition moments’ moduli:

|〈0|x|eF 1
11〉| ≡ d11 = 0.4 |〈0|x|eF 1

12〉| ≡ d12 = 0.6

|〈0|x|eF 1
13〉| ≡ d13 = 1.0 |〈0|x|eF 1

23〉| ≡ d23 = 0.6 (12a)

and their corresponding phases:

δ11 = 1.1 δ12 = 2.8

δ13 = 1.9 δ23 = 0.44. (12b)
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The ratios among thed11, d12 andd13 transition matrix elements which have counterparts
in linear molecules are chosen to be equal to the corresponding ratios of the transition
moments in the maximum (hν = 36 eV) of the shape resonance in the ionization of the 4σ

orbital of the CO molecule [9]. The phase shifts were also taken from [9]. The modulus
of the transition momentd23 was chosen to be of the same order of magnitude as the
other transition moments in equation (12a). The corresponding phase shift was chosen
to give non-zero differences from the other phase shifts. All the transition moments of
equation (12) were introduced in the expressions (8)–(11) above, for which the light beam
is linearly polarized and propagates along the C4 rotational axis. Our model case serves to
illustrate the angular behaviour of photoelectron intensities only. Therefore in the following
numerical example we omit the factor in front of the curly brackets in (8) containing the
photoionization cross section that we have not calculated.

Figure 3. The differential photoelectron intensityIx (the term in curly brackets of equation (8))
as a function of the photoelectron ejection azimuthal angleϕk for several values of the polar
angleθk . The light beam is incoming along the C4 rotation axis of the molecule and is linearly
polarized along thex axis of the molecular frame.

In figure 3 we display the dependence of the photoelectron intensity on the angleϕκ

for several values of the angleθk. At θk close to 90◦ the D2(θk) and Re(D4(θk)) terms
in (8) are approximately equal and have opposite signs. As a result, the full curve in
figure 3 showing the corresponding angular distribution is approximately a superposition of
cos(2ϕκ) and cos(4ϕκ) functions with a clearly visible fourfold symmetry. Unfortunately,
for these ejection angles of the photoelectron the measurements are difficult. TheD6(θk)

term in (8) is always smaller than the above-mentioned terms. However, its contribution
is clearly seen atθk = 60◦ and 75◦. At small anglesθk 6 30◦ the term withD2(θk) gives
the predominant contribution. Since this is the only term appearing for linear molecules,
the angular distribution for small anglesθk behaves like it does in linear molecules and has
two maxima atϕκ = 0◦ and 180◦ that coincide with the direction of light polarization. The
last conclusion is valid for all molecules and does not depend on the photon energy. If in
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the expansion of the wavefunction (2) terms withl > 3 were included, additional terms
proportional to cos(2mϕκ) with m > 3 would appear in the angular distribution (8). All
these terms are connected with non-axial symmetry.

Since the values of the dipole matrix elementd23 and phase shiftδ23 are rather arbitrary,
we performed a sample calculation for one angle of electron ejectionθk = 75◦ with several
values of these parameters. The results are presented in figure 4 forIx . First of all, the
contribution of the term with cos(6ϕk), which is responsible for the maxima at 0◦ and 180◦,
is clearly visible only whend23 = 0.6 and δ23 = 0.44. For d23 = 0.3 and δ23 = 0.44
this contribution is already hardly visible, whereas ford23 = 0.15 andδ23 = 0.44 even the
term with D4 in (8) is becoming small, so that the angular dependence is approaching that
for linear molecules. Atϕk = ±30◦ andπ ± 30◦ all the curves have the same magnitude
because for these angles both cos(2ϕk) + cos(4ϕk) and 1+ cos(6ϕk) are zero, and the only
remaining term in (8) proportional to Re(D2) does not depend on the dipole transitiond23

(see equation (9a)). The values ofIx at ϕk = 90◦ and 270◦ are also fixed, therefore the
curves of figure 4 represent practically all the possible dependences that can appear for this
experimental geometry whenl 6 3.

Figure 4. The same as in figure 3 but forθk = 75◦ and different values of the transition matrix
elementd23 and the corresponding phase shiftδ23 (see definition in equation (12)) listed in the
figure.

Consider now an example of a circularly polarized light beam propagating along the C4

rotational axis of molecules. The angular distribution of photoelectrons for absorption of
left (+) or right (−) circularly polarized light reads:

I±(k, q‖n) = 3σk(E)

4πB
{Re(D2(θk)) sin2 θk + sin4 θk

×[Re(D4(θk)) cos(4ϕk) ± Im(D4(θk)) sin(4ϕk)] + D6 sin6 θk}. (13)

Compared to equation (8) for linearly polarized light, the terms with cos(2ϕκ) and cos(6ϕκ)

have disappeared and only terms of fourfold symmetry proportional to cos(4ϕκ) and sin(4ϕκ)
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survive, together with the terms independent fromϕκ . This is because now the light beam
has no characteristic direction in the surface plane perpendicular to the C4 rotation axis.
Equation (13) is again proportional to sin2(θk), therefore the photoelectron current is zero
at θk = 0 andπ . The relatively simple structure of equation (13) is connected with our
restriction in the expansion of the wavefunction (2) by the partial waves with` 6 3.
Inclusion of the partial wave with̀ = 4 will lead to the appearance of terms proportional
to sin(8ϕκ) and cos(8ϕκ) in (13), and, as a consequence, to additional maxima and minima
in the angular distributions. More generally, inclusion of terms withl > 3 will lead to the
appearance of terms proportional to sin(4mϕκ) and cos(4mϕκ) with m = 2, 3, . . . in (13).
In practice, however, it is reasonable to expect that the terms withm > 3 will be small.

In figure 5 we illustrate the dependence of the photoelectron intensityI+ on the angle
ϕκ for several values of the angleθk and for the transition moments defined in (12). The
positions of maxima strongly depend on the angleθk and they are much more pronounced
for anglesθk close to 90◦. Evidently, the positions of maxima depend on the matrix elements
and phase shifts and will vary with photon energy. To demonstrate the dependence of the
angular distributionI+ on the values of the matrix elementd23 and the phase shiftδ23 we
performed again calculations for different values of these parameters and a fixed value of
the angleθκ = 75◦. They are presented in figure 6. Now the dependences ond23 andδ23 are
rather systematic and simple. Namely, the curves obtained with a fixed value ofδ23 = 0.44
and decreasing magnitudes ofd23 have the same positions of maxima and minima while the
depth of modulation is decreasing. Variation of the phaseδ23 for a fixed value of the matrix
elementd23 shifts the curve in the horizontal direction without any change in its magnitude.

Figure 5. Differential photoelectron intensitiesI+ for left-circularly polarized light
(equation (13)). The notations are the same as in figure 3.

When the light polarization is changed from left- to right-circularly polarized, the
terms with sin(4mϕκ) in (13) change in sign while the signs of the terms with cos(4mϕκ)

remain unchanged. The corresponding curves for the angular distributions for opposite light
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Figure 6. The same as in figure 4 but forθk = 75◦ and different values of the transition matrix
elementd23 and phase shiftδ23 listed in the figure.

Figure 7. Photoelectron intensitiesI± (equation (13)) for left (broken curve) and right (full
curve) circularly polarized light, andICDAD (dotted curve) for the electron ejection angle
θk = 75◦.

polarization can be obtained from one another by mirror reflection at the anglesϕκ = 0◦,
45◦, 90◦ . . . as illustrated in figure 7.
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4. Dichroism in the angular distribution of photoelectrons

The differential photoionization cross section gives the complete information about the
system under consideration but this information is sometimes too rich to be interpreted
qualitatively. For a particular experimental geometry, one obtains specific information by
studying the circular (CDAD) and linear (LDAD) dichroisms in the angular distribution (see
for example [5, 20–24, 26–28]). Let us start with CDAD that is a difference between the
cross sections for left- and right-circularly polarized light. Using the expressions (4)–(7)
for this particular situation, one obtains

ICDAD(k, q) = I+(k, q) − I−(k, q) = σk(E)

B

3

2
√

π
{cosθq [K(1, 1, k̂) − K(−1, −1, k̂)]

+√
2 sinθq cosϕqRe(K(−1, 0, k̂) + K(0, 1, k̂))

+√
2 sinθq sinϕq Im(K(−1, 0, k̂) + K(0, 1, k̂))} (14)

where we have used the condition

K(m
γ

1 , m
γ

2 , k̂) = K∗(mγ

2 , m
γ

1 , k̂). (15)

When in particular the circularly polarized light propagates along the C4 symmetry axis and
only terms with` 6 3 are retained in the expansion (2), the resulting expression forICDAD

is much simpler:

ICDAD(k, q‖n) = −3σk(E)

2πB
Im(D4(θk)) sin4 θk sin(4ϕk). (16)

For axially symmetrical adsorbate–substrate systems the above expression is identically
zero because the three vectors describing the process,n, q and k, are coplanar [5, 21].
Therefore all the contributions to (16) are specific for C4v symmetry and have a simple
sin(4ϕκ) behaviour, as shown in figure 7. As a consequence of this behaviour, there are
zeros in the CDAD which coincide with the symmetry planes of the system. This is a
general property of CDAD independent of photon energy or molecule. The sign and the
magnitude of the CDAD depend on the matrix elements and phase shifts and will vary
with photon energy. When terms with̀> 4 are included, the contributions of terms with
sin(4mϕκ), m = 2, 3, . . . also appear, leading to a more complicated dependence of the
CDAD on the angleϕκ .

Next, we consider the LDAD defined as the difference between angular distributions
corresponding to two light beams with mutually orthogonal linear polarizations. For axially
symmetrical systems, this dichroism was presented in [26] and studied in detail in [27].
As mentioned in [26, 27], the expression (4), in which the light polarization is directed
along thez axis of the photon co-ordinate system, is inconvenient for the derivation of the
LDAD. Instead one should use a photon co-ordinate system in which the light propagates
along thez axis and the two orthogonal linear polarizations coincide with thex andy axes
of this co-ordinate system. We refer to [27] for a detailed derivation and give here just the
final expression for the differential cross section with light polarized in thex direction and
the LDAD result. First, this differential cross section for systems of arbitrary symmetry is
written in the notation of the present paper as

Iex
(k, q) = 3σk(E)

∑
J,MJ

∑
m

γ

1 ,m
γ

2

1

B
[J ]1/2(−1)m

γ

1 +1

(
1 1 J

−m
γ

1 m
γ

2 MJ

)
K(m

γ

1 , m
γ

2 , k̂)

×
{

1

2
√

π
δJ0δMJ 0 + 1√

10
YJMJ

(q̂)δJ2δMJ 0 −
√

3

4
√

π
δJ2
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×[DJ
−MJ 2(ϕq, θq, χq) + DJ

−MJ −2(ϕq, θq, χq)]

}
. (17)

The photon angular behaviour of equation (17) is expressed using Wigner rotational
functions DJ

MJ ,MJ ′ (ϕq, θq, χq) where ϕq , θq and χq , are the Euler angles describing the
transformation from the laboratory to the photon frame. To express it in a form as simple
asICDAD (see equation (16) above), we explicitly introduce in (17) the analytical form of
the DJ

MJ ,MJ ′ Wigner functions. One obtains for the non-axial symmetry case the LDAD as
the difference between the differential cross sections for light linearly polarized in they

andx directions:

ILDAD(k, q) = Iey
(k, q) − Iex

(k, q) = 3σk(E)

(4πB)1/2

×
{(

2

3

)1/2

K(0, 0, k̂) − 1

2
[K(1, 1, k̂) + K(−1, −1, k̂)] sin2 θq cos(2χq)

− 1√
2

Re{(K(−1, 0, k̂) − K(0, 1, k̂))e−iϕq

×[sin(2θq) cos(2χq) − 2i sinθq sin(2χq)]}
−Re[K(−1, 1, k̂)(cos(2χq)(1 + cos2 θq)e

−2iϕq − 2 cosθq sin(2χq)e
2iϕq )]

}
.

(18)

Compared to the equation (14) for the CDAD the LDAD equation (18) contains different
trigonometric functions and includes a new angleχq .

As for CDAD (see equation (14) above), we can write a specific expansion for the
LDAD when the incoming light beam is parallel to the surface normal(q‖n‖C4) and the
polarization vectors are parallel to the [100] and [010] crystallographic directions. This
particular form of (18) reads:

ILDAD(k, q‖n) = 3σk(ω)

2πB
[Re(D2(θk)) sin2 θk cos(2ϕk) + Re(D4(θk)) sin4 θk cos(2ϕk)

+D6 sin6 θk cos(6ϕk)]. (19)

At first sight, it seems surprising that here we do not obtain, as for the CDAD expression
(14), a cos(4ϕκ) angular dependence. Instead the angular dependence contains cos(2ϕκ) as
for axially symmetrical systems together with a cos(6ϕκ)-dependence.

This can be understood by realizing that the angular distribution for two orthogonal linear
polarizations lying in the reflection planes of the C4v symmetry group should coincide after a
rotation by 90◦ about the C4 symmetry axis, that is after a substitution ofϕκ by ϕκ+90◦. This
substitution changes the signs of cos(2ϕκ) and cos(6ϕκ) while that of cos(4ϕκ)(cos(2mϕκ)

with even m, m = 2, 4, . . . in the general case) remains unchanged. Consequently the
terms with cos(4ϕκ) in the LDAD cancel out. So, for the light beam parallel to the C4

rotational axis the CDAD but not the LDAD reveals the fourfold symmetry periodicity.
Figure 8 shows the LDAD calculated for our numerical model defined in (12). Here again
the deviation from the behaviour typical for linear molecules is most pronounced for the
anglesθk around 90◦, for which the term with cos(6ϕκ) gives the predominant contribution.
For smallθk the contribution of the term withD6(θk) tends to zero and we have the LDAD
behaviour typical of linear molecules. SinceD6(θk) is simply proportional to the square
of the matrix element (see (9c)) it is always positive and only its magnitude can vary with
photon energy. Therefore the curves of figure 8 should not strongly depend on photon
energy except for the magnitude of the modulation with cos(6ϕκ).
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Figure 8. ILDAD (the term in square brackets of equation (19)) as a function ofϕκ for different
anglesθk . As in figure 3, the light is incoming along the C4 rotation axis.

It is also worth mentioning that, in agreement with the general discussion presented
in [26, 27], the LDAD is proportional to terms containing the real part of the products of
transition moments that corresponds to the cosine of the phase-shift differences, whereas
the CDAD is proportional to the imaginary part of those products and corresponds to
the sine of the phase-shift differences. Therefore, CDAD and LDAD measurements
give complementary information and together can unambiguously define this phase-shift
difference, including its sign.

For molecules fixed in space one can derive also the linear dichroism (LD) which is
obtained from the general expression (14) for the LDAD by integration over the ejection
angles of photoelectrons:

LD(q) = σk(E)

B

{
[|〈0|z|aF 1

10〉|2 + |〈0|z|aF 1
11〉|2 + |〈0|z|aF 1

12〉|2 + |〈0|z|aF 1
13〉|2

−1

2
[|〈0|x|eF 1

11〉|2 + |〈0|y|eF 2
11〉|2 + |〈0|x|eF 1

12〉|2 + |〈0|y|eF 2
12〉|2

+|〈0|x|eF 1
13〉|2 + |〈0|y|eF 1

13〉|2 + |〈0|x|eF 1
23〉|2 + |〈0|y|eF 2

23〉|2]

+ · · ·] sin2 θq cos(2xq)

}
. (20)

The general structure of this expression is the same as that for linear molecules though the
dynamical part of (20) contains also the terms with the transition moments specific for C4v

molecules. Such an expression can be useful for experiments with molecules in a gas phase
oriented by an external field or by rapid dissociation that follows the ionization process
[36].
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5. Conclusions

We investigated theoretically the properties of angular distributions of photoelectrons (ADP)
for adsorbate–substrate systems fulfilling C4v local symmetry or for molecules of the
same symmetry fixed in space. The cross section expressions were obtained using the
continuous spectrum wavefunctions expanded in symmetry-adapted harmonics [15] instead
of the standard spherical harmonics used previously. The main advantage of this approach is
the possibility of obtaining relatively simple analytical expressions for ADPs for electrons
ejected by circularly or linearly polarized light with symmetry-adapted constraints taken
into account. One will see the local symmetry behaviour in the differential cross section,
CDAD and LDAD provided that the kinetic energy of the electron is such that the associated
de Broglie wavelength is shorter than the dimension of the elementary cell of the surface.
Usually this occurs above a few electron-volts of kinetic energy.

The present approach is an alternative language for the description of backscattering
and diffraction of photoelectrons ejected from adsorbed species [11–14] as well as of the
effects of chemical bonding of adsorbates with the substrate [6]. Here the backscattering
is restricted to the surrounding atoms of the adsorption site included in the cluster and the
whole calculation is done in one step. The periodicity of the surface is neglected.

However the model assumes that the local symmetry can be seen at the macroscopic
level that corresponds implicitly to including periodicity and the electron diffraction from
the neighbouring atoms of the adsorption site. In the backscattering model of [11–14] the
calculations proceed in two steps: first the transition probability of adsorbed species alone
is calculated. Then one obtains the collision probability between the photoelectron and
the atoms of the surface. The two results are brought together through a photoelectron
diffraction model (see for example Sebilleauet al [13a]). For an O atom adsorbed on a
Cu(100) surface [13b], one obtains by this method a sin(4ϕκ) behaviour for the CDAD in
agreement with the results obtained in the present paper.

To unravel the characteristic symmetry properties of the ADP, the absorption of light
propagating along the C4 rotation axis was investigated as a function of the azimuthal
angle ϕκ . We obtained explicit formulae for ADPs for linearly and circularly polarized
light for ` restricted to the maximum value of 3. Most clearly the fourfold symmetry
of C4v molecules reveals itself for absorption of circularly polarized light when the ADP
contains only terms proportional to cos(4mϕκ) and sin(4mϕκ), m = 0, 1, 2 . . . (m = 0, 1
provided that` 6 3; m = 0, 1, 2 . . . otherwise). The CDAD under the same conditions
is proportional to sin(4mϕκ), m = 1, 2, . . . . For linearly polarized light the ADP has a
rather complicated dependence on the azimuthal angleϕκ containing terms proportional
to cos(2mϕκ), m = 0, 1, 2, . . . . In LDAD the contribution of terms containing cos(2mϕκ)

with evenm, m = 0, 2, 4 . . . cancels out and no clear fourfold symmetry appears. This
difference between circularly and linearly polarized light is connected with the symmetry of
the light beam. Circularly polarized light has no characteristic direction in the surface plane,
therefore the symmetry properties of the surface are revealed in the angular distribution.
Linearly polarized light has a characteristic direction in the surface plane given by the
polarization vectore, that leads to the appearance of terms in the angular distributions
having a symmetry other than fourfold.

In the numerical simulation discussed above we had in mind the adsorption ofc(2× 2)

CO molecules on a Ni(100) surface, but the equations obtained here can be used for
molecules of C4v symmetry group fixed in space, for adsorbed atoms or linear molecules
when the adsorption site has C4v symmetry and for photoemission from clean surfaces
having C4v symmetry. The general properties of the angular distributions discussed above
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can be observed in experiments of the type presented in [37], in which the photoemission
from a clean Si(001) surface over a cone of half-angle 45◦ about the surface normal was
investigated.

For different symmetry groups the ADP will have different symmetry properties, which
can be used to establish the local symmetry of the adsorbate–substrate system and to
differentiate the adsorption sites, as is usually done using an internal vibrational mode
of the adsorbate in infrared spectroscopy [38]. With increasing coverage new adsorption
sites can be populated, or as the lateral interactions between molecules become stronger
the adsorbates appear to be tilted about the surface normal. The problem of coverage was
treated recently [33] for the CO/Ar(100) system using a classical mechanics dynamical
model showing that the precession about the surface normal is destroyed when the coverage
is increased. Investigating the dependence of the ADP on the azimuthal angleϕκ with
increasing coverage can be used to unravel the modification of the local symmetry of the
adsorbate–substrate system. Of course, the fact that adsorbed molecules are tilted can be
discovered by the symmetry arguments only if they are all tilted in the same direction.
Otherwise the result of observation will correspond to averaging over several equivalent
adsorption sites with different azimuthal directions of tilting angle, giving a pattern of the
same symmetry as if the molecules were standing upright. Alternatively, photoelectron
diffraction at moderate kinetic energies can be used to investigate the symmetry of the local
adsorption site (see the reviews [39, 30]). One wonders whether the distinction between
the adsorption sites can be observed also for low kinetic energies of the ejected electrons.
Our theoretical model that is independent of energy seems to show that corresponding
experiments are possible.

As discussed in section 1, we have neglected the vibrational motion of the adsorbate,
particularly the hindered rotation [29]. The nuclear motion can destroy the local symmetry
of the adsorbate–substrate system and smear out the symmetry patterns which one should
normally see in the spectra. Also the mean angle of orientation of the internuclear axis can
be tilted and the molecule can precess about the surface normal. Experimentally, for CO
on Ni(111) or on Pd(111) [30, 31], this angle is 5–15◦ but it has also been estimated to be
up to 30◦ by LEED [32]. Because the required energy is low, for very small tilting angles
one can assume that the adsorbed site symmetry is conserved. For larger angles and no
precession about the surface normal, the local symmetry of the adsorbate surface complex
is lower than the symmetry of the adsorption site itself.

Finally, note that we show here that the local symmetry of the adsorption site generated
in the transition moments gives rise to characteristic oscillations in the cross section and
dichroism. Observing such oscillations in the spectrum does not necessarily imply a
particular symmetry of the adsorption site. It can happen that the adsorbed atoms or
molecules occupy an off-symmetry position relative to the substrate. Several equivalent
off-symmetry positions of that type can be occupied with equal probability. In experiments
photoelectrons are usually collected from a relatively large area and the observed picture will
correspond to averaging over these several equivalent positions, leading to a high symmetry
of the spectra. Evidently, in that case one could not distinguish between a really symmetrical
adsorption site and the average of several equivalent off-symmetry sites. To prove a
local or global interpretation one should compare several experimental techniques (such as
photoelectron diffraction and/or LEED) and theoretical models. For a given experimental
method the rough data cannot be interpreted without some theoretical modelling that can
be simple (usually done by the experimentalists themselves) or more sophisticated.
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