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Image effects on direct and inverse photoemission of CO
adsorbed on NiAl(110)

Maria Elena Grillo, German R Castrof, and Gerold Doyen
Fritz-Haber-Institut der MPG, Faradayweg 4-6, D-W1000 Berlin 33, Federal Republic of
Germany

Received 7 Janeary 1992

Abstract. The aim of this investigation is to elucidate the nature of the direct and inverse
photoemission behaviour of CO adsorbed on NiAl(110). ARUPS reveals that the CO-
5o -derived {onization ¢nergy on NiAl(110) is surprisingly large in view of the moderate
adsorption epergy. A dynamical image theory explains the large 5 ionization energy.
The general shape of the theoretical electrop-hole excitation spectrum is in accordance
with the experimental direct and inverse photoemission spectra, The splitting of the 2ar-
derived features in the inverse photoemission spectrum is explained by the theory as well.
CO adsorption on NiAl(110) is studied by means of 2 model Hamiltonian which includes
electron correlation effects in the environment of the adsorbed molecule and image
effects as a coupling of the adsorbate electrons to the surface plasmons. The coupling
constants for the adsorbate-plasmon interaction are caleulated from first principles. The
charge density describing the image screening by the surface plasmons is calculated self-
consistently. The electron-hole excitation enerpies are obtained as differences between
the self-consistent (negative and positive) ionized states and the ground state.

1. Introduction

The image energy plays an important role in stabilizing an adsorbate on a metal
surface. In particular its importance for alkali adsorption on simple and transition
metals has been recognized. Recent theoretical studies have focussed on two different
microscopic mechanisms for the origin of image charge effects. First there are the
theories dealing with the response of metal surface electrons to the perturbing electric
field of an external static charge (Lang and Kohn 1973, Kahn and Ying 1976, Russier
and Mijoule 1591). An early calculation determined the image plane position as a
function of the distance of the static charge from a jellium surface (Appelbaum and
Hamann 1972).

In the second approach the screening surface charge density due to the long-range
interaction with the adsorbate is decomposed into a sum of coherently displaced
surface plasmons. In this description (Sunjic er al 1972) the image potential arises
from the polarization of the plasmons by the adatom charges. The importance of
the surface plasmon excitation for the image potential has been emphasized before
(Lucas 1971, Mahan 1972, Ritchie 1972). In addition it was found that van der Waals
forces also have their origin in the polarization of these surfaces modes (Gerlach
1971).
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Several attempts have been made to introduce the image interaction or non-local
correlation effects in chemisorption models. In early work the interaction of a metallic
surface with an adsorbed alkali atom was represented by the classical image potential
(cf for example the perturbation approach (Gadzuk 1967, Remy 1970)). In other
investigations the non-local effects are included via a renormalization of the gas atom
parameters. This point of view was also adopted by Doyen and co-workers in a model
Hamiltonian approach to adsorption which, in the remainder of this article, is referred
t0 as MOHAAD (Drakova et a! 1985, Drakova ef al 1988). Here the core energies
and the Coulomb interactions are renormalized consistently with the correct adiabatic
limit of the image energy (Hewson and Newns 1974). The image potential used in
MOHAAD to renormalize the adatom parameters is that calculated by Appelbaum and
Hamann for a static point charge near a2 metal surface (Appelbaum and Hamann
1972). A similar renormalization of the gas atom parameters has been used before
(Anda et al 1977) in the framework of the Anderson Hamiltonian.

The first dynamic treatment of the the image interaction for adsorbates was de-
veloped by Hewson and Newns based on the Anderson Hamiltonian but neglecting
electron-electron repulsion of the adatom (Hewson and Newns 1974), The idea was
to consider the image interaction as a coupling of the adatom to the surface plasmons.
This extension of the Anderson formalism is referred to as the extended Anderson
Hamiltonian (EAH). Hewson and Newns restricted their treatment to the study of
systems such as alkali atoms adsorbed on transition metal surfaces for which they
ignore both spin and Coulomb interaction on the adatom. Some years later Anda
and Ure using the same ideas developed a theory of hydrogen chemisorption, which
included spin dependence and electronic repulsion of the adsorbate (Anda and Ure
1979). Numerical results were obtained for hydrogen adsorbed on tungsten explaining
the peaks observed in photoemission experiments. Within the EAH model the effect
of adsorbate charge fluctuations on the ionic part of the chemisorption energy was
also investigated (Braun and Volokitin 1983). In this work the exact solution for a
one-electron two-level model as well as a variatioral solution for the EAH mode] was
reported.

Cini proposed a quantum mechanical theory for the photoemission spectrum of
a surface molecule interacting with the surface plasmon field within the EAH mode]
(Cini 1978, 1979), The electron-surface plasmon coupling includes not only the plas-
mon screening of the adsorbate electrons (image effect), but also the polarization
term due to the plasmons that cause transitions between the adatom orbitals and the
metal states, whereas image-induced transitions between adorbitals are neglected. An
effective charge-plasmon coupling constant was calculated using the hydrodynamic
model (Ritchie and Wilems 1969) for the special case where the adsorbate metal
polarization term is small compared to the adsorbate~image force coupling. In the
- hydrodynamic model the plasmon wave vector is integrated up to infinity overestimat-
ing all polarization effects in absolute magnitude. The results for inert gases or other
closed sheil species interacting with a transition metal surface imply an adsorption
mechanism due to both plasmon and adsorbate polarization.

The theory of image force surface plasmon polarization was also used to study
the relaxation shift experienced by different adorbital hole states of a given adsorbed
molecule (Gadzuk 1976, 1977, Gadzuk and Doniach 1978) and has been applied
to the problem of valence level photoemission from CO adsorbed on semi-infinite
jellium (Dunlap and Gadzuk 1980). In particular, the dependence of the relaxation
shifts on molecular orbital shape and position relative to the surface was investigated.
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Image potential shifts in the 1-2 V range were obtained varying by a few tenths of an
eV depending upon which orbital was ionized. The image potential shifts were found
to be rather independent of the shape and transverse extent of the adorbitals, but
strongly dependent on the centre of charge. A serious limitation in the applicability
of this theory is that the hole must be totally outside the surface.

In the present investigation the image charge effect is described by the interaction
of the adatom with the surface plasmons. Our work differs from previous studies in
that

(1) the coupling constants for the adsorbate-plasmon interaction are calculated
from first principles avoiding the hydrodynamic limit;

(2} the polarization of the adparticle due to the plasmon interaction is included;

(3) the electron correlation in the environment of the adparticle is included
and the charge density is calculated self-consistently in the presence of the plasmon
coupling,

The dynamic image interaction is obtained by solving self-consistently for the in-
teracting electron—plasmon system. Hence, the image eaergy depends on the dynamic
screening charge, which varies with the adsorption site. In this way we may attempt
to describz a corrugation in the image potential parallel to the surface. This work
represents an extension of MOHAAD, which includes the image effects in a dynamic
way. MOHAAD, which has been described before in detail (Doyen 1976, 1977, Drakova
et al 1985, 1988), has been successfully applied to adsorption on simple and transition
metals, »

Table 1. CO-derived jonizaton energies in €V relative to the Fermi level for CO adsorbed

on NiAl(110).
CO orbital ~ sCF static SCF dynamic  Experiment
de 11.72 1194 117
ir 9.02 921 79
5o 7.67 8.76 89
2w - 17 - 173 - 20
- 599 - 636 - 46
Reference Grillo ¢t al (1992) Isern (1990)

The theoty, which is described in detail in section 2, is used to calculate the
electron-hole excitation spectrum of CO adsorbed on NiAl(110). This spectrum is
surprisingly different to the one obtained for CO adsorbed on Cu in view of the
similar electronic structures of Cu and NiAl (Mundenar et al 1987, Isern 1990) as
well as the similar adsorption energies of CO on the two metals. ARUPS reveals a
strong downward shift of the 5o ionization energy for CO on NiAl(110) (cf table 1
and section 3.3.1). The aim of the present work is to understand the inverse and
direct photoemission spectra of CO adsorbed on NiAl(110).

In the present dynamic approach two different mechanisms are included in the
calculated relaxation shifts experienced by the different molecular orbital hole states
on the CO molecule. These are the virtual excitations of surface plasmons (non-local
adsorbate-substrate interaction) and the adsorbate—substrate interference (local inter-
action). In section 3.4 we compare the relative contributions of these two mechanisms
for the relaxation shifts of the different CO-induced orbital hole states on NiAl(110)
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at the equilibrium position. The different magnitudes of the relaxation shifts for
different CO-induced chemisorption orbitals are discussed as well.

2. Theoretical formalism

In this section we describe the extension of MOHAAD to include the interaction of
the adsorbate charges with the surface plasmons. The changes in the surface density
due to the long-range interaction with the adsorbate are described by means of
the collective charpe oscillations of the electron gas. We consider here degenerate
plasmons as the quantized charge oscillations. The total interaction of the adsorbate
with the metal surface is described by the Hamiltonian

H=H,+H,

where H _ describes the interaction in the surface molecule region and

—-prbkb”ZA ot a; (b++bk)+§w(b,,+b) (1)

51,k

contains the interaction with the surface plasmons. &} and b, represent plasmon
creation and annihilation operators. w, is the surface plasmon frequency. o} and a;
are ¢lectron creation and annpihilation Operators A and AY are the coupling con-
stants to the kth plasmon mode of the electron charge pi; = ¢*¢J and the adsorbate
nucleus, respectively. The first term in H, describes non—dlsperswe plasmons with
energy-independent wave numbers. The Iast two terms in H, describe the interaction
between the plasmons and the adsorbate.

2.1, Adsorbate-projected local plasmons

If we consider non-dispersive plasmons we can construct adsorbate-projected local
plasmon modes by means of the following transformation:

1 ; '
oy = _B_Z'\ 7b, (2)
oy = FN—Z):: AL by 3

o; is the transformed plasmon mode projected on the adsorbate charge distribution

pi; = 1,1:*11’; and «a is the mode projected on the adcore charge Qu. B;; and By
are pormalization constants

B;; = ,/er’ ,/ JANF | @

which have the physxcal meaning of couplmg constants, The transformed plasmon
modes have the maximum coupling to the adsorbate charges. The adsorbate-projected
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plasmons are non-orthogoral to the non-local plasmon modes b, with overlap inte-
grals defined by:
Y
Sijp = {oy; | b} = B,
The non-local plasmon modes b, are now orthogonalized to the new local modes
a"j, S0

(a7 1 B} = 0.

It can be shown that these new modes b, decouple exactly and only the new
adsorbate-projected modes appear in the plasmon-coupling term. Thus the plasmon
operator can be rewritten in the form:

H, = w, (Z ofjoy; + Y ooy + ZE’:BJ:) + H,
i N p
with
H, =Y Bjafae;(ef; + o)+ Y Bulok + ay). )
i N

The new localized basis of the adsorbate-projected plasmons reduces the dimen-
sion of the problem. Instead of coupling to a large number of delocalized plasmon
modes one has coupling only to a limited number of modes. The transformed Hamil-
tonian contains solely the interaction of the adsorbate with the projected modes. For
the sake of briefness we introduce the following compact notation:

‘DN = BN'

D;; is 2 one-electron operator and Dy, is a c-number. From now on we introduce
a matrix notation by arranging these quantities and the projected plasmons modes as
column vectors D and o, respectively. The plasmon coupling can then be written in
vector notation

H,=D":(a+a') (6)
where D' denotes a row vector. The adsorbate projected plasmon modes are nor-
malized but mutually non-orthogonal with overlap matrix elements

1 .
Sijp = (oy; lag) = mz}‘? by
ij

The coupling constants A} are real numbers, so (A¥)* = A¥. An orthonormal
set of plasmon operators can be created by means of symmetric orthogonalization
(Lowdin 1950).

&=§""a.
Inserting the orthogonal modes in the plasmon coupling yields

H, = w,&" - &+ H,, + decoupled modes

H, = D7 .5'%a* + &).
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2.2, Self-consistent solution of the plasmon coupling

The electron-plasmon interaction can approximately be removed by making the self-
consistent canonical ransformation

P =&+ SY(D)/w,. Q

{D;;) is here the ground state expectation value of the electron operator D;;. The
self-consistent version of the Hamiltonian H3CF transforms into

HSCF = HSCF 1 HSCOF 4 (decoupled modes)

where

Hys® = wy Y (P Pra)

"m0

and

SCF . __2 T 2 T
HET = =2 DTSD) + - (D)TS(D).

In this equation, the electron-plasmon coupling has vanished, but the electron
motion has been modified. H3SF indicates decoupled shifted plasmon modes, the
second term in H3CF is a constant shift of the potential. Of special interest is the first
term in H3CT which shows that all one- and two-electron integrals are renormalized
by the plasmon coupling in a self-consistent approximation. To see this, observe that
the quadratic form D7SD is a sum of one- and two-electron operators:

2
- ;‘( Z Bijsijmuana?“ja:;ﬂn +'Z B;; SijNBNa?ﬂj)'

P Nimn N

Here i, j,m,n run over the adorbitals and N over the adcores. S;; v = (o | ay)
is the overlap integral between an adsorbate-projected plasmon o;; and an adcore
projected plasmon c,. Physically this renormalization means that we do not have
bare electrons, but electrons dressed in plasmon clouds.

The analytic evaluation of the coupling constants (cf section 2.4) reveals that at
large distances from the surface the plasmon coupling just yields the classical image
interaction. At shorter distances the divergency of the classical image force is avoided,
because plasmons exist only for long wavelengths. At short wavelengths they merge
into the continuum of electron-hole pair excitations.

Applying the formalism described to a neutral atom interacting with the surface
plasmons yields at large distances from the surface just the classical limit for the Van
der Waals interaction (Grillo 1991). T see the origin of the Van der Waals forces
between an adsorbate and a solid surface it is important to consider the long-range
adsorbate-metal surface interaction, which in our model is just the coupling to the
plasmons. It arises from the polarization of the adsorbate electrons in response to
the induced dipoles in the metal; hence it is the interaction of the polarizable solid
with dipolar quantum mechanical fluctuations of the atomic charge distribution.
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2.3. Comparison with the static approach

In this section we compare the new plasmon Hamiltonian formalism with the earlier
version of MOHAAD (Drakova et al 1985), which included a static treatment of the
image charge effects. In the dynamic approach the self-interaction of an electron in
the ith adorbital has the form

Veert = (—2/‘-'-’;,){ (Bii(“i) + Z B;; Sy iilatae;) + Z Bjisii,ji(a;-ai)) Byn;
J §

+ Y [(BiiSijiilns) + Bijlaf a;) + By Sy silad o)) Byjat ey
i

+ (BiiSjii{nid + By Sy (et e} + Bji(“f“;))Bji“f“i]}
+ expectation values corresponding to the last term of H <" .

Consider an adatom with a single occupied adorbital and an adcore of charge Q.
This adatom has no overlap or charge exchange with the metal wave functions, but
interacts only with the plasmon field. Therefore we have {n,) = 1 and {a}a;} =0
in the ground state. In this limit the seif-interaction reduces to

B2
Veetr = —2;2(”; -4

p

At Jarge distances where this description is valid the adorbital and the adcore have
the same image potential per unit charge, so B% = B} /Q? and therefore Sj; y = 1.
Adding the repuision of the adelectrons from the adcore image —2(B;; By /w,)n;
one obtains with B, = — B, the following renormalization of the adelectron ioniza-
tion energy E;:

2/ B
E,:E,--;-ﬂ(z—qq).
wp Bﬁ

The quantity ~B7; /w, is the attractive potential due to the interaction of the electron
with its own image. Because — B2 fw is the potential corresponding to the image
interaction of the core charge Q with itself, the ratio B,/ B;; is seen to be in this
limit equal to the core charge Q.

In an analogous manner one obtains for the Coulomb interaction U;; in the
adorbital | 1):

2
Ui =U;~ w"—B:'zi'
: P

In this way the static renormalization used before in the earlier approach to the
image interaction can be identified (Drakova et al 1985).

In the static approach to the electron-hole excitation spectrum (Grillo ez a/ 1992)
the image effects appear in the initial state, whereas in the dynamic approach they
show up in the final state (cf section 3.4). In the dynamic calculation the self-energy
terms are calculated self-consistently and therefore depend om the self-consistent
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cha:rgc density describing the image screening, Therefore the initial state one-electron
energies are not renormalized with, the electron self-image, which leads to more
negative one-electron energies as compared to the static approach.

As an important consequence of this new method, the image potential effects
are not included in the Koopmans' ionizations energies, whereas the ASCF ionization
energies contain the full image relaxation effects of the final ion. This permits us
to investigate the role of the long-range interaction in the relaxation process of the
ionized state (cf section 3.4). This type of relaxation mechanism may be important
in future work to explain some features in photoemission experiments of adsorbed
surfaces such as satellite peaks.

2.4. Evaluation of the electron-plasmon coupling

To evaluated the adsorbate-plasmon coupling constant the interaction between the
adsorbate electrons and the adsorbate-induced dipoles in the metal has to be con-
sidered. From classical electrodynamics the charge-dipole interaction potential for
an electron at position (r., z,) and a dipole at (r, z) with dipole moment x can be
written as

i ’ + e/’ !
VR0 = [ b ®

Here r, and » are the coordinates of the electron and the dipole parallel to the
surface plane, respectively. z, and z are the coordinates perpendicular to the surface.
The dipole—charge interaction is Fourier analysed as follows:

Vip(p, 2) = /dk Fk, 2)e™".

The function f(k, z) is the integral transform and is given by

Flk,2) = _\/%_;[: dr &= f(r, 2).

Substituting the result of this integral in the Fourier expansion for V9iP(r, z) one
obtains:

Vdjp(r,z) = -/dkf(k,z)eih-r = _:-,;fdk e~ Klatzdgiter

In order to evaluate the interaction energy with an electronic charge distribution
on the adsorbate, the interaction potential V¥P(r, z) has to be integrated over the
coordinates of the adsorbate electrons:

=J — (A/Z?r)lf:.’/ dir / dz 1/’; (T'eg ze)nb,(‘r'e,z,_)e"‘ r.e—klz+z=| (9)

Here .7\ is the coupling constant in the Hamilton operator for the electron—
plasmon mteractxon and v,(r,,2,) is an adsorbate wave function. The image poten-
tial of the adsorbate charge dxsmbutmn p;; is obtained by using the self-consistent
canonical transformation equatlon (7

J\'J 2
S ""p ""p
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Therefore the following intepral has to be evaluated:

v, A e (Car [Can [T e, [T e [Can, [ az
‘s'j("e’ze) - wpzwj; :z.'./n y‘/‘; z~/—cod ?e-[-oo “"e./nI ze/ﬁ Zg

« eik-(fe—r:)e—wl 12z4£e+2]

X 1,b?('l"e, ze)qb,-(r;, Z;)'I,bj(‘l"e-, ze)¢;("::9 z;). (11}

The image potential is calculated by integrating with respect to the parallel wave
vector up to the cut-off wave number K, because plasmons exist only for long wave-
lengths. The integrals in r,,»., 2 and k are solved analytically and the part in z_zf
and ky is evaluated numerically. In these calculations the adsorbate wave functions
are taken as linear combinations of gaussian orbitals. The procedure of evaluating
the integrals is outlined in the appendix.

3. Results and discusion

3.1. Choice of parameters

In a recent paper we reported a model Hamiltonian approach to the CO adsorption
on the (110} and (111) surfaces of NiAl (Grillo et a! 1992). The adsorption was
studied in the MOHAAD formalism (Doyen 1976, 1977, Drakova et al 1985, 1988).
The description of the NiAl(110) metal surface requires input values which were
taken from experiments and band structure calculations available in the literature.
The choice of these parameters and the corresponding ones for the description of
the CO molecule and its interaction with the surface are described elsewhere (Grillo
et al 1992).

The CO molecule is adsorbed with its molecular axis perpendicular and the C
atom closer to the surface. This adsorption geomety has also been established experi-
mentally (Isern 1990). There is strong experimental evidence that CO adsorbs on top
of the Ni rows (Isern 1990) as predicted by our previous theoretical investigations.
We use this adsorption geometry for the present study of the electron~hole spectra
of the CO-covered NiAl(110) surface.

The position of the image plane was found using the same method as was adopted
in the static approach (Drakova et a/ 1988) for the evaluation of the image renor-
malization. In the present work the image plane position needed for the evaluation
of the adsorbate—plasmon coupling constants is determined approximately by using
the functions r,(2) calculated in the local density approximation (Appelbaum and
Hamann 1972).

The parameter r, needed in the theory is obtained from the experimental bulk
plasmon frequency (Mondio er a/ 1991). The expression for the bulk plasmon fre-
quency w,, of the electron gas is

wp = Virn
where n is the electronic charge density. It has been used to relate this frequency to

4. This formula has been generalized (Lucas 1971) to transitions metals of the fifth
and sixth period by identifying the effective number of valence electrons per atom
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participating in the plasmons from the most stable oxidation state of the metal. The
calculated frequencies are in reasonable agreement with the observed energy loss of
fast electrons.

The surface cut-off wave vector K_ was obtained from the surface energy o of
NiAL We use an expression for the surface energy of simple metals, which has already
been used before to estimate the long-range correlation part of the surface energy of
transition metals (Schmit and Lucas 1972):

V(2) -1 2
T S

The surface energy for NiAl was estimated from the theoretical »; >/% dependence,
This choice is justified by the work of Schmit and Lucas, which demonstrates that
the overall trend of experimental surface energies for transition metals closely follows
the same 5 >/2 law as the alkali series (Schmit and Lucas 1972). Although the use
of these equations for o and r, is based on the nearly-free-electron character of the
solid, we may attempt to use these equations as semi-empirical formulae to obtain
qualitative information about the plasmon contribution to the surface energy of these
materials as has been done by Schmit and Lucas in their plasmon approach to the
surface energy of transition metals, The values used for K and the energy of the
bulk plasmons w, in the coupling constant calculation are K = 0.498 Bohr~! and
w, = 0.755 Hartree, respectively.

05 I . L gme SR T L e TR

image energy [V)
o
[+

paint charge

i

%0 80 B0 410 00 10 20 30 40
distance of C-atom from jellium edgelA}
Figure 1. Image potentials of a static unit charge in the unperturbed CO molecular
orbitals as a function of the distance » of the C atom from the jellivm edge.

3.2. Coupling constants

By using the parameters w, and K for the adsorbate-plasmon interaction described
before, we calculate the coupling constants for the orbital-plasmon interaction. From
these coupling constants we can directly obtain the image potentials of a static unit
charge in the adsorbate orbitals. Figure 1 shows these image potentials as a function
of the distance z of the C atom from the jellium edge for the Iw,2r,40 and 5o
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CO orbitals. The comparison to the image potential of a point unit charge localized
on the C atom (with the position of the image plane kept fixed at the jellinm edge)
reveals the influence of the geometrical shape of the adorbitals and the avoidance of
the singularity of the classical image potential. The sharp bend in the image potentials
at a distance of approximately 2 A from the jellium edge originates from the variation
of the image plane position (Appelbaum and Hamann 1972).

The 5¢ orbital has the maximvm image potential. This can be explained by the
geometry of this orbital as it has the maximum amplitude on the C atom close to the
surface. Therefore this orbital induces a strong polarization of the surface plasmons.
On the other hand, the 4o orbital has its maximun amplitude on the O atom which is
further away from the surface, For this reason it shows the smallest image potential.
The 27 orbital yields relatively large values for the image interaction. This is due
to the diffuse character of this orbital. The diffuse cloud of the 2= orbital reaches
nearer to the surface as compared to the 1w orbital and this leads to a stronger
interaction with the surface plasmons.

The calculation reveals a strong dependence of the image potentials on the shape
and the size of the adsorbate orbitals. Including in this way the actual adsorbate
charge distribution, a more realistic treatment of the image charge effects is achieved.

3.3. Photoemission spectra

3.3.1. Direct photemission. The selection rules of angle-resolved photoemission
(ARUPS) have been used to determine the ionization energies of the 5o- and 1x-
derived chemisorption orbitals (Isern 1990, Mundenar 1987). Under the assumption
that the molecular axis of the adsorbed CO molecule is perpendicular to the surface,
the polarization dependence of the emission from the two states permitted us to
identify their energetic position in the spectrum. The values are given in table 1.

The CO-derived ionization energies for CO adsorbed on NiAl(110) are calcu-
lated within the present model Hamiltonian approach. The electron-hole excitation
energies are evaluated as differences between the self-consistent ionized states (final
states) and the ground state (initial state). In the static version of MOHAAD the image
effects are included in the initial state, The relaxation of the final state is then solely
due to the local adsorbate-metal surface interaction. This approach yields good
agreement with the experimental 4o ionization energy, but the theoretical 4o /5o
splitting is at variance with the experimental findings which give a larger ionization
energy for the So-derived level than for the 1w-derived one. In table I the present
resuits are compared to the ionization energies obtained within the static approach
and to the experimental values obtained by ARUPS,

Figure 2 displays the calculated spectra (with dynamic image coupling) in compar-
ison to an experimental angle-integrated direct and inverse photoemission spectrum.
The displayed experimental spectrum does not allow us to identify separately the
energies of the So- and 1w-derived emissions, which were derived from different
experiments (Isern 1990, Mundenar 1987), The experimental spectra were obtained
as the difference between spectra of a CO-covered and a clean surface. The feature
of negative intensity, observed in the experimental spectrum in the energy region
between the Fermi level and 5 eV below, originates from emission from the d band
and can be explained by a change of photoemission matrix elements upon adsorption
(Doyen and Ert! 1977).
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woy._ || CO/NIAI(110)
1.54 \
4-5ig 5-5ig/1-pi
" experiment
Ec.s-
=
. Mﬁd_
-0.51

energy relative Fermi level [eV]

Figure 2. Calculated CO-derived structure in the direct and inverse photoemission
spectra for CO adsorbed on NiAl(110) in comparison to the experimental data, which
were: angle integrated for direct photoemission and at I for inverse photoemission.

The ionization energies of chemisorbed CO are shifted towards the Fermi level
relative to the values for gas phase CO. This shift is also present in the experimental
direct photoemission spectrum. The caiculated 4o and 5o ionization energies are
in good agreement with the experimental findings. The theoretical 17 ionization
energy is at variance with the experiments. This discrepancy is due to the neglect of
the 1w-1m electronic repulsion between adjacent co-adsorbed CO molecules in the
present calculation, which would reduce the 1 jonization energy considerably.

L R BT ke i e 0 - 1

dynamic CO/ N|A|(1 1 O)

n

'E:: N 4-sig 5-slg/1-pi 2-pi
=
static
-60 120 80 4D 0.0 49 a0 120

energy relative Fermni level [2Y]

Figure 3. Dynamic and static electron-hole excitation spectra for CO/NIAI(110).

Figure 3 shows the theoretical electron-hole excitation spectra for CO adsorbed
on NiAl(110) calculated within the static and the dynamic framework. Compared to
the static approach the 5o ionization energy is shifted to larger binding energies in
accordance with the experiments (cf table 1). The reason for this shift is the large
image potential of the CO 5c orbital (cf section 3.2).
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We do not include the 60 CO orbital in our calcvlations. This can be justified,
because this orbital is not involved significantly in the chemisorption bond. However,
the image-induced polarization between the So and 6o orbitals might be of some
importance, because they have the same symmetry. Also the image-induced polariza-
tion between the 5o orbital and the sp-metal wave functions is not included at the
present stage of our plasmon formalism. Despite these omissions the calculated 5o
ionization potential agrees well with the experimental value. This might indicate that
the image-induced polarization does not play too important a role.

o CO/NIAY(110)
physisorption

Infensity

chemisorption

2 8 -6 -4 12 -0 8 & 4 2 0
energy rel. Fermi Level [aV]

Figure 4. Experimental direct photoemission spectra of chemisorbed CO (fower curve)

compared to physisorbed CO on NiAl(110). The energies are given in eV relative to

the Fermi level.

In figure 4 the direct photoemission spectra for CO chemisorbed (below) and
physisorbed on NiAl(110) are plotted. The physisorption spectrum is characterized
by the growing of a third peak at 14.2 eV with respect to the Fermi level (19.3 eV
with respect to the vacuum level), which corresponds to the emission from the 4o-
induced hole state. The energy positions of the other two peaks remain unchanged.
The ionization energies corresponding to CO physmorbed on NiAl(110) and to CO
in the gas phase are shown in table 2.

Table 2. Tonization energies in eV of CO physisorbed on NiAl(110) and in the gas phase.

Physisorbed CO ' CO gas phase
relative Epermj Relative Evscuum

4o 14.2 19.3 19.7

ir 115 16.6 16.7

Se 84 135 140

The observed features in the physisorption spectra can be made plausible by
our calculations. Comparing the ASCF ionization specira with the CO ionization
energies in the gas phase (cf figure 5), it is observed that the 4o0- and 1xn/5o-
induced features coincide with the 1« and 5¢ ionization energies for gas-phase CO,
respectively. From this picture the observed change in the direct photoemission
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Figure 5. AscF electron-hole excitation spectrum of CO chemisorbed on NiAI(110)
compared to CO lonization energies of CO in the gas phase. The energies are given in
eV with respect 1o the vacanm level.

spectrum when physisorbed CO is added to the chemisorption system CO/NiAI(110)
might be expected.

3.3.2. Inverse photoemission. The calculated 2= affinity levels are to be compared with
inverse photoemission results, which yield the CO-induced features corresponding to
the unoccupied levels of the adsorbate system. The two peaks observed above the
Fermi level are due to the splitting of the CO 2= orbital in bonding and antibonding
levels. This splitting is a consequence of the strong interference between the 2
orbital and the NiAl wave functions above the Fermi level. The energetic position of
the calculated bonding level is very similar to the experimental one (cf table 1 and
figure 2), whereas the calculated antibonding level is at too large positive energies
with respect to the Fermi level when compared to the experimental value. This
discrepancy is due to the limitation of the model in describing the unoccupied states
of the metal above the vacuum level. These are not taken into account at the present
stage in the model of the metal surface. The neglect of these unoccupied metal
states causes the observed artificial shift of the antibonding level to 100 large positive
energies.

3.4. Image interaction and relaxation

In order to estimate the importance of the image effects in the relaxation process of
the ionized final states, we compare the relaxation energies with the image potentia] of
each CO-induced ion. The relaxation energies are calculated as the energy differences
between the Koopmans’ and the self-consistent ionization energies. The Koopmans’
approximation does not contain any relaxation effect; the final state corresponds to
frozen charges in the non-ionized orbitals.

Figure 6 shows the Koopmans’ and the self-consistent ionization spectra for CO
adsorbed on NiAl(110). The structure in the self-consistent spectrum is shifted to
larger binding energies for the unoccupied states above the Fermi level, This is due
to the stabilization of the final nepative ion through image interaction. The same
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Figure 6. Electron-hole excitation spectra of CO/MNiAl(110) in Koopmans® and ASCF
approximations.
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Figure 7. Relaxation energies of CO-derived ionization energies in comparison to image
energies for a static charge in an unperturbed CO molecular orbital.

effect is observed for the ionization levels below the Fermi level, leading to smaller
ionization energies for the occupied states.

In figure 7 it is observed that the image and the relaxation energies are of the
same magnitude for the occupied CO orbitals. This indicates that the image screening
effects play an important role in the relaxation mechanism of the final ion. The
relaxation shift of the 2 affinity level is considerably smaller than its image potential.
This is due to the splitting into 27 bonding and 27 antibonding levels. In this way the
population of one 2r affinity level leads only to partial occupation of the unperturbed
2 orbital and therefore induces a smaller relaxation energy than for a completely
filled 27 orbital.

The relaxation shifts obtained in the static MOHAAD approach are very small
compared to those obtained in the present dynamic approach (cf table 3). As has
already been mentioned (cf section 2.3), relaxation in the static approach occurs
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Table 3. Relaxation energies of the molecular orbital hole states of CO/MNIAI(110) in the
dynamic, ARel*™, and static, ARel'**, approaches. The energies are given in eV,

CO orbital  AReld™ (V)  ARel** (eV)

4o 1.60 0.13
1x 138 0.06
5o 197 0.06

through the local adsorbate-substrate interaction (i.e., interference of wave functions),
whereas in the dynamic calculations both processes are contributing to the relaxation
shift, namely the local interference effects and the long-range adsorbate-substrate
interaction (or image potential screening). The comparison of the two approaches
indicates a small contribution of the adsorbate-substrate interference to the relaxation
mechanism of the final ionized state. The interplay between the surface plasmon
coupling and the hybridization screening has been pointed out before (Gadzuk 1976,
1977, 1979, Gadzuk and Doniach 1978).

4. Conclusions

The theoretical study presented here has led to further insight into the nature of
CO adsorption on NiAl alloy. The plasmon theory developed in this work for the
treatment of the image force effects in chemisorption provides a useful method for
considering the dynamic aspects of the image interaction. The screening charge is
determined self-consistently and depends on the geometrical shape of the adorbital
charge and the metal surface charge density. The major effect of the image interaction
is relaxation of the final ionized state. The effects in the initial state are small. There
are no image relaxation effects in the Koopmans® picture. The present investigation
shows an important contribution of the image charge interaction to the relaxatlon
mechanism of the final ions for CO adsorbed on a NiAl(110) surface.

The adsorbate—plasmon interaction is described by one- and two-electron opera-
tors yielding the change in the electronic motion due to the image interaction. The
image-induced polarization of the adsorbate as considered in our dynamical approach
is responsible for the Van der Waals forces. The classical limit for the image potential
is obtained at large distances from the surface.

The calculated electron-hole excitation spectrum for CO adsorbed on NiAl(110)
agrees well with the experimental jonization energies obtained from direct and inverse
photoemission spectra. The accuracy of the calculated 5o ionization energy has been
improved with respect to that of the previous static approach due to the larger image
potential obtained in the new dynamic approach.

Appendix A. Evaluation of the fimage potential

This appendix outlines the procedure of evaluating the integral involved in the ex-
pression (equation (11)) for the image potential:
o o<
Fr! ] dz, f dz.
1] i}

Ke
dk,

K. o] oo
dk, [ dz [ d%r,

A
V;'j(re’ze) = W 2“_
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x elbr(remriemIMiZebzatacdyr(n | 2 Yo (rh, 20)0; (res 2 ) (7l 2L)
A2
= w—p'é';f.-,-(?'e,ze)-

Owing to the assumed homogeneous distribution of induced metal dipoles it is con-
venient to transform the wave vector coordinates parallel to the surface k &k, to
cylindrical coordinates:

where & is the wave vector parallel to the surface and w is the angle between this
vector and the z-axis. z, and z! are restricted to positive values and therefore the
integration over the z-components of the metal dipoles is easily performed. We now
rename (r.,z.) and (rl,z.) as (v,2) and (r;, z;), respectively. Then the integral
I;;(7e, z.) assumes the form:

1 2T K. 00 5] oo oG .
I..= —/ dgof dkl/ dzrf dzr-/ dz/ dz. e ilkllr-ri|cosp
1} 9 o o | oo oo H o o i
x (1/|k])e= ¥z (p) 2y (295 (v, 2) 95 (7 %), (A1)

From now on we write for simplicity |k| = k. The -dependent part is easily
evaluated:

27 X
I,= [ dpeitronione = anghls —r)). (A2)

Here J‘o(klrb— r;}) is a Bessel function of the first kind (Gradshteyn and Ryzhik
1965). Substituing this in I;; one obtains:

K. o o oo o
I; = 17/0 dk/ dz'rj dzr,-/o dzj; dz; Jy(klr — ;)

x e~ Bty (0, ap (g, 2)05(r, 2)0} (73, 7;). (A3)
The Bessel function can be represented by the following infinite series (Arfken 1981):
o0 (_1)3 1 23
gk =rd =3 S (3) Wt -, (At
=0

" By substituing this series in I;; one obtains:

©0 (__1)3 ) fK: /m N /m 9 fw /uo ) .
I,=m —_—t dk d*r d*r, dz dz; k= fr — ;%
s=m% (ipay) [, o e e ez ] o

a=0
x e FEH It (e, )Py (g, 2, )9 (rs 209 (i 2. (A3)
For the sake of briefness we introduce the following compact notation:

Ar:=jr -7

K. o o0 [=] oo
o —o0 -o0 0 0
x %7 (ry 2} (ry, 23 ) (7, 2005 (g, 23)0
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In this way 7, transforms into:
Lij=mw Z A,
s=0

The solution to this integral is found by representing the adsorbate wave function as
a linear combination of gaussian orbitals of the form

birz) =3 C, (i, @)g(i @)

where n, is the number of gaussian components; g(z, &) corresponds to the adsorbate
wave function o;(r, z). C,(i, ) is the coeflicient of the ath gaussian given by

g(i,a) = Ag(i,a)e—n;lr-rula

where A (i,a) is the normalization constant of the gaussian centred at r; with
exponent 73 :

Ag(iya) = (2m5 /)™,
In this basis /] takes the form

n, "j ni By

=3 3T cicjeiclin.
o )

The integral 1% .., is defined by

Byw

K. aQ oQ oo o
I g, = f dk | d%r j d2r, f dz j dz; kK2 (Ar)Pekate)
0 oo -0 0 0
» e_W;l"—faize_ﬂzi""ﬂlze"ﬂ:;|"i"‘-r|=e""‘?£|"l"'u|2
where

|1' _'.Q]Z = (."B _;ca):.’ + (y - 'ya)z + (2' - zoz)z'

The perpendicular and parallel coordinates z and r in I

AH i agyw Ar€ Separable, so that
it is possible to write

I;ﬂ'yw = Is(k! z’zi)Is(r:"i)'
In this way I,; can be written as
RaNghygNe

Iij =7 Z CiCéO.';Cf)-ZASI’(k,z.,z,;)f"(r,r,-). (A6)

afyw #=0
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The integral I°(»,»;) is defined by
(s
Py =3 (}) Mool )

k=0

where I(z,x;) and I{y,y;) are given by the following expressions:

2{a—k) 2(3 k)
— o= (mtm; 2(a=k)=-L -
Iy memmimd 5 aypemee (0 ) g
L=0
e <]
Ia::_/ dx ole ml=+e)
—00
I, = ” dz; m?("k)_Le‘"vz(”i+“i5’
-0

2k ok
I(y,y;) = e~ WHND y(—1)-L ( T )nyy,
L=0

| ( 2
o L.- +u
I!f / dyy e "nl¥
—00

o .
)

¥
The constants involved are defined by

Moy = T+ 1)

Npy = T + 0,

u = (Az,gm5 — Ar, M)/ 1,
u; = Az,,n, /M,

m= (nﬂax?yﬁ + naAmi-y) - (am-yﬂnﬁ - &wavncx)zlnpl

m; = nwaz?rw - (nqu-yw )2/?7;:3
Ar,, =z,—,
Azyg =, —~og

Az, =%, -2,
u’ = (Ay'yﬂnﬁ - Aya-y"?a)/??p,

U = Ay, /My,

N = (ngAyls + 1, Ay5,) — (Ayens — Ayaq ) /1y,

N; = 9,885, ~ (1,Ay,,) /7,
AYoy = Yo — Uy

AYyg =Yy~ Yp

AYyy = Yoy = Yy

5121

(A7)

(A8)

(A9)
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The integrals 7, I, I, and I, can be evaluated analytically by integrating each

variable separately in the following way: :
—oa ]2 e—npua ’
I =j dppte-mrir) = u
s A

1 dan-t 3
S o e
Im on-1 Wd(q) (qe )

where
P=T, XYY

q=_' npv
n=0,1...,2s.

For each term in the sum over s in equation (A6) 2s integrals of the above kind
have 10 be calculated.
The integral I°(k, z, z;) has the form

IP{k,z,2)) = E20e(k La=kLs=L1)

™ /K:
4'!/ :Pl :Pa o
x Erf(\/Tp, a3 )Erf(,/Mak)- ' (A10)

The error functions Erf(,/fye,) and Erf(,/7,;a)) were calculated numerically.
They are defined by

Erf(‘/ﬁy_lak) = %f;mk e~ du
with
ay = [k~ 2(n, 24 + ng23))/ 20y,
af = [k —2(n, 2, + 1,2,)]/2n0,2
L= Izg,na(l - na/npl) + z,%"?ﬂ(l - ﬂﬁ/’?ps,) - 2%17520.%/%1]
+ {220, (1 = 1y f1y0) + 220, (1 = 1,/ p2) = 2701 %y 20 [ sl
Ly = 3(1/n,1)(1/n,2)
Ly = (Na?s + M%) [Mpr + (2 + 12,0 1p2
=S, (z+ a;)
u; =\ fMa(z; + af).
Summarizing the final expression for the image potential yields
Vij("e-aze) = %Iij(re!ze)'
Here I;;(r,, z,) is defined by equations (A6), (A7) and (A10). The constant A in V;

was set equal to .\GJ; yielding the classical limit for a point charge at large distances
from the surface V;(z) —+ 1/4z.
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