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AbsiracL The aim of this investigation is to elucidate the nature of the direct and inverse 
photoemission behaviour of CO adsorbed on NiAl(110). am rewals that the CO- 
5udetived ionbation energy on NiAI(ll0) is surprisingly large in vim of the moderate 
adsorption energy. A dynamical image theory expla8ns the large 5 0  ionization energy. 
The general shapc of the theoretical eiecmn-hole excitation s p e c "  is in accordance 
with the experimental direct and inverse photoemission spectra. The splitting of the 2n- 
derived features in the inverse photoemission spectrum is explained by the theory as well. 
CO admrption on Nii(110) is studied by means of a model Hamiltonian which includes 
eleFtron correlation eKects in the envirunment of the adsorkd molexuie and image 
effects as a coupling of the adsorbate elecUuns to the surface plasmom. The mupling 
cnnslants for the adsorbate-plasmon interaction are mlculated horn first principles. The 
charge density describing the image screening by the surface plasmons is calculated self- 
consistently. The electron-hole excitation energies are obtained as differences between 
the self-consistent (negative and pmitive) ionized states and the gmund state. 

1. Intiduction 

The image energy plays an important role in s tabmig 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 elearons to the perturbing electric 
field of an external static charge (Lang and Kohn 1973, Kahn and Ying 1976, Russier 
and Mijoule 1991). 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 et a1 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 etfects 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 1%7, 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 
to as M O W  (Drakova et a1 1985, Drakova et a1 1988). Here the core energies 
and the Coulomb interactions are ~ e " & e d  consistently with the correct adiabatic 
limit of the image energy (Hewson and Newns 1974). The image potential used in 
M O W  to renormalize the adatom parameters is that calculated by Appelbaum and 
Hamann for a static point charge near a metal surface (Appelbaum and Hamann 
19n). A similar renormalization of the gas atom parameters has been used before 
(Anda et a1 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 
elecmn-electron repulsion of the adatom (Hewson and N e w  194). 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 (An& 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 variational solution for the FAH model was 
reported. 

C i  proposed a quantum mechanical theory for the photoemission spectrum of 
a surface molecule interacting with the surface plasmon field within the EAH model 
(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 imageinduced transitions between adorbitals are neglected. An 
effective charge-plasmon coupling constant was calculated using the hydrodynamic 
model (Ritchie and Wdems 1969) for the special case where the adsorbate metal 
polarization term is small compared to the adsorbateimage 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 shell 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 
S h i f t s  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 l i t a t ion  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 

(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 

The dynamic image interaction is obtained by solving self-consistently for the in- 
teracting electron-plasmon system Hence, the image energy depends on the dynamic 
screening charge, which varies with the adsorption site. In this way we may attempt 
to describs a corrugation in the image potential parallel to the surface. This work 
represents an extension of MOHAAD, which includes the image effecb in a dynamic 
way. M O M ,  which has been desribed before in detail poyen 1976,1977, Drakova 
et a1 1985,1988), has been successfully applied to adsorption on simple and transition 
metals. 

from first principles avoiding the hydrodynamic limis 

coupling. 

'IBblc 1. Coderived ionizafon energies in eV relalive to the Fermi level for CO adsorbed 
on "(110). 

CO orbital scp static =dynamic Experiment 

4 0  11.72 11.94 11.7 
IT 9.02 921 7.9 

27r - 1.72 - 1.73 - 2.0 
- 5.99 - 6.36 - 4.6 

SU 7.67 8.76 8.9 

Reference Grill0 el ul(1992) Isern (1990) 

The theory, which is described in detail in section 2, is used to calculate the 
electron-hole excitation spectrum of CO adsorbed on NiAI(I10). 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 el al 1987, Isem 1W) as 
well as the similar adsorption energies of CO on the two metals. ARUPS reveals a 
saong downward shift of the 5u ionization energy for CO on NiAI(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 NiAI(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-subsrrate inleraciwn) 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 "(110) 



5106 M E  Grill0 et a1 

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 M O W  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 charge oscillations of the electron gas. We consider here degenerate 
plasmons as the quantized charge oscillations. Tbe total interaction of the adsorbate 
with the metal surface is described by the Hamiltonian 

H = Hi, + H p  

where HI,, describes the interaction in the surface molecule region and 

H p = w p C b : b k t  x & a ,  r j  t a j ( b i + b k ) i - C A f ( b k t b : )  (1) 
k b i , k  kJ'J 

contains the interaction with the surface plasmons. b i  and bk represent plasmon 
creation and annihilation operators. wp is the surface plasmon frequency. a: and a, 
are electron creation and annihilation operators. A t  and Xf are the coupling con- 
stants to the lcth plasmon mode of the electron charge p i j  = @q5J and the adsorbate 
nucleus, respectively. The fmt term in Hp describes non-dispersive plasmons with 
energy-independent wave numbers. The last two terms in Hp describe the interaction 
between the plasmons and the adsorbate. 

21. Ahohate-projected local plasmons 

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

a,J is the transformed plasmon mode projected on the adsorbate charge distribution 
pi,  = $:$? and or, is the mode projected on the adcore charge QN. B,, and B, 
are normallzation constants 

(4) 

which have the physical meaning of coupling constants. The transformed plasmon 
modes have the maximum coupling to the adsorbate charges. The adsorbate-projected 
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plasmons are non-orthogonal to the non-local plasmon modes b, with overlap inte- 
grals defined by: 

The non-local plasmon modes b, are now orthogonalized to the new local modes 
a i j ,  so 

- 
(ayij 1 bk)  = 0. 

It can be shown that these new modes Lk 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: 

with 

Hep = Bi ja )u j (a$  + 0 ; j )  + XB,baA + a ~ ) .  (5) 
N .. 

' I  

The new localized basis of the adsorbateprojected 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: 

D.. = B..a+aj  'I  'f I 

DN = BN. 
Dij is a oneelectron operator and D, 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 a, respectively. The plasmon coupling can then be written in 
vector notation 

H ~ ,  = D ~ .  (a + a+) (6) 

where DT denotes a row vector. The adsorbate projected plasmon modes are nor- 
malized but mutually non-orthogonal with overlap matrix elements 

The coupling constants A? are real numbers, so (Ay)' = A y .  An orthonormal 
set of plasmon operators can be created by means of symmetric orthogonalization 
(Lawdin 1950): 

& = S - ' J = a .  

Inserting the orthogonal modes in the plasmon coupling yields 
H ,  = up&+ . & + Hep + decoupled modes 

He, = DT . S'/2(&t + &). 
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22. Self-consistent solution of the plasmon coupling 
The electron-plasmon interaction can approximately be removed by making the self- 
comistent canonical transformation 

P = & + S'/2(D)/WP. (7) 

( D , j )  is here the ground state expectation value of the electron operator DsJ.  The 
selfconsistent version of the Hamiltonian H;,' transfom into 

HSCF P = HSCF PO + H:' + (decoupled modes) 

and 

In this equation, the electron-plasmon coupling has vanished, but the electron 
motion has been modified. H:CF indicates decoupled shifted plasmon modes, the 
second term in H:? is a constant shift of the potential. Of special interest is the first 
term in H,SpCF which shows that all one- and two-electron integrals are renormalized 
by the plasmon coupling in a self-consistent approximation. ?b see this, observe that 
the qhdratic form DTSD is a sum of one  and two-elecmn operators: 

- BijSi jmnBmnafajaLa,  +E 
i j N  wp .. umn 

Here i, j ,  m, n run over the adorbitals and N over the adcores. = (at I O N )  
is the overlap integral between an adsorbate-projected plasmon aij and an adcore 
projected plasmon aN. Physically this renormahtion 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 (Grill0 1991). ?b 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 OUT 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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23. Comparison with the stafic approach 

In this section we compare the new plasmon Hamiltonian formalism with the earlier 
version of M O W  (Drakova et a1 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 

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 Eeld. Therefore we have (n i )  = 1 and (a:aj)  = 0 
in the ground state. In this limit the self-interaction reduces to 

8 3 .  

W P  
ye,f = -2-=(n; - '). a 

At large distances where this description is valid the adorbital and the adcore have 
the same image potential per unit charge, so = 33S/Q2 and therefore Sii,, = 1. 
Adding the repulsion of the adelectrons from the adcore image -2(Bii33,/wp)ni 
one obtains with Bp = -33, the following renormalization of the adelectron ioniza- 
tion energy Ei:  

The quantity -33:i/wp is the attractive potential due to the interaction of the electron 
with its own image. Because -33$/wp is the potential corresponding to the image 
interaction of the core charge Q with ~tself, the ratio Bg/Bi i  is seen to be in this 
limit equal to the core charge Q. 

In an analogous manner one obtains for the Coulomb interaction Uii in the 
adorbital I i): 

In this way the static renormalization used before in the earlier approach to the 
image interaction can be identified (Drakova ef a1 1985). 

In the static approach to the electron-hole excitation spectrum (Grill0 et al 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 on the self-consistent 
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charge density describing the image screening. Therefore the initial state one-electron 
energies a?, ,,not,, pormaQ+,  ,with, the electron self-image, which leads to more 
negatge oneelectron energies as compared to the static approach. 

As an important consequence of this new method, the image potential ef€eectr 
are not included in the Koopmans’ ionizations energies, whereas the ASCF ionization 
energies contain the full image relaxation effeectr 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 &e electron-plasmon coupling 
’Ib evaluated the adsorbate-plasmon coupling constant the interaction between the 
adsorbate elecnons 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 (re ,  z,) and a dipole at ( r ,  I) with dipole moment p can be 
written as 

’ ’ 

Here re and r are the coordinates of the electron and the dipole parallel to the 
surface plane, respectively. ze and z are the wordhates perpendicular to the surface. 
The dipolecharge interaction is Fourier anaIysed as follows: 

VdIP(r, z )  = 1 dh f(b, ~ ) e ‘ ” ~ .  

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

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

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

Here A y  is the coupling mnstant in the Hamilton operator for the electron- 
plasmon interaction and ( re, 2,) is an adsorbate wave function. The image poten- 
tial of the adsorbate charge distribution pij is obtained by using the self-consistent 
canonical transformation equation (7): 
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Therefore the following integral has to be evaluated: 

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 re ,r t ,z  and k are solved analytically and the part in z,zi 
and b ,  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 (Grill0 et a1 1992). The adsorption was 
studied in the MOW formalism (Doyen 1976, 1977, Drakm et ul 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 elsewbere (WO 
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 (Isem 1990). There is strong experimental evidence that CO adsorbs on top 
of the Ni rows (Isem 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(Il0) surface. 

The position of the image plane was found using the same method as was adopted 
in the static approach (Drakova ef a1 1988) for the evaluation of the image renor- 
malization. In the present work the image plane position needed for the evaluation 
of the adsorbateplasmon coupling constants is determined approximately by using 
the functions vim(z)  calculated in the local density approximation (Appelbaum and 
Hamanu 1972). 

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

wp = G 

where n is the electronic charge density. It has been used to relate this frequency to 
vS. This formula has been generalized (Lucas 1971) to transitions metals of the fifth 
and sixth period by identifying the effective number of valence elemons 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 &om the surface energy U 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): 

The surface energy for NiAl was estimated from the theoretical vY5" dependence. 
This choice is justsed by the work of Schmit and Lucas, which demonstrates that 
the overall trend of experimental surface energies for transition metals closely follows 
the same T? law as the alkali series (Schmit and Lucas 19'72). Although the use 
of these equatiom for U and is based on the nearly-free-electron character of the 
solid, we may attempt to use the% equations as semi-empirical formulae to obtain 
qualitative information about the plasmon conhiiution 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 
wD = 0.755 Hartree, respectively. 

~~ . ~ . ~. ~ ...,.. ~*..~,, .~<.,/ _-.== 4.5 i 

$ -2.5. 

! wimcharge m 3 -  

-3.5- 

4- 

4.5- 

-5, .. ~ . .  . . . ,,...I" ..,.,, ,,-""., I , ~, 
i 

distanced Carom from jenium edgeAI 
-4.0 .3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 

Figure 1. Image potentials of a slatic unit charge in the u n p e m M  CO molecular 
orbitals as a function of the distance z of the C atom from the jellium edge. 

3.2 Coupling constants 

By using the parameters wp and Kc for the adsorbate-plasmon interaction described 
before, we calculate the coupling constanis 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 1?~,2n,4u and 5u 
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CO orbitals. The comparison to the image potential of a point unit charge localized 
on the C atom (with the pwition of the image plane kept ked at the jellium edge) 
reveals the Suence  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 8, from the jellium edge originates from the variation 
of the image plane position (Appelbaum and Hamann 1972). 

The Su orbital has the maximum 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 4u orbital has its maximun amplitude on the 0 atom which is 
further away from the surface. For this reason it shows the smallest image potential. 
The 2n orbital yields relatively large values for the image interaction. This is due 
to the diffuse character of this orbital. The diffuse cloud of the 2n orbital reaches 
nearer to the surface as compared to the In 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 specna 

3.3.1. Direct phoremission. The selection rules of angle-resolved photoemission 
(mws) have been used to determine the ionization energies of the 5u- and 1n- 
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 Coderived ionization energies for CO adsorbed on NiAI(II0) 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 adsorbatemetal surface interaction. This approach yields good 
agreement with the experimental 4u ionization energy, but the theoretical 4u/5u 
splitting is at variance with the experimental findings which give a larger ionization 
energy for the 5uderived level than for the Inderived one. In table 1 the present 
results are compared to the ionization energies obtained within the static approach 
and to the experimental values obtained by muPS. 

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 5u- and Inderived emissions, which were derived from different 
experiments (Isem 1990, Mundenar 1987). The experimental spectra were obtained 
as the difference between spectra of a COcovered 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 matiix elements upon adsorption 
(Doyen and Ertl 1977). 
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V 
. . . .,  , ,  . ., , , , , ..,. ,,, , .l-,,,/.,l_ 

a .is -10 .5 0 5 io  
energy relative Fermi W e l  [eVI 

Figure 2 Calculated COderiwd sVUCNre in the diren and iltMlae photoemission 
spstra for CO adsorbed on NiAI(l10) in mmparison Jo the experimental data, which 
were angle inlegrated for direcl photoemission and at r for lwcrse photoemission. 

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

.. . .. . .. , ., .. , ,,, ,L ,”. 2, 

O?- 
-16.0 

dynamic 1 CO/NiAI( 1 1 0) 

6 s i  

-12.0 -8.0 4.0 0.0 4.0 8.0 I 
energy relalm Fermi level rev] 

Flgure 3. Dynamic and stalic elecmn-hole excitalion spcnra for COiNiAI(110). 

Figure 3 shows the theoretical electron-hole excitation spectra for CO adsorbed 
on NiAI(110) calculated within the static and the dynamic framework. Compared to 
the static approach the 5u 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 5u orbital (cf section 3.2). 
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We do nor include the 6u CO orbital in our calculations. This can be justified, 
because this orbital is not involved significantly in the chemisorption bond. However, 
the image-induced polarization between the 5u and 60 orbitals might be of some 
importance, because they have the same symmetry. Also the image-induced polariza- 
tion between the 5u orbital and the sp-metal wave functions is not included at the 
present stage of our plasmon formalism. Despite these omissions the calculated 5u 
ionization potential agrees well with the experimental value. This might indicate that 
the image-induced polarization does not play too important a role. 

I 1 0  
-23 -18 -16 -14 -12 -10 -8 6 -4 4 0 

energy rel. Fema Level [evl 

Figure 4. Experimental direct photoemission spectra of chemisorbed CO (lower cum) 
compared to physisorted CO on NiA((Il0). The energies are given in eV relative to 
rke Fermi level. 

In figure 4 the direct photoemission spectra for CQ chemisorbed (below) and 
physisorbed on NiAI(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 &om the 4u- 
induced hole state. The energy positions of the other two peaks remain unchanged. 
The ionization energies corresponding to CO physisorbed on NiAI(110) and to CO 
in the gas phase are shown in table 2. 

'Isbk 2. Ionization energies in eV of CO physisorkd on NiAI(110) and in the gas phase. 

Physisorbed CO CO gas phase 
relative EFcrmi Relative E.,,,., 

4u 142 19.3 19.7 
1s 115 16.6 16.7 
5u 8.4 13.5 14.0 

The observed features in the physisorption spectra can be made plausible by 
our calculations. Comparing the ASCF ionization spectra with the CO ionization 
energies in the gas phase (cf figure 9, it is observed that the 4u- and 1 x / 5 u -  
induced features coincide with the l~ and 5.3 ionization energies for gas-phase CO, 
respectively. From this picture the observed change in the direct photoemission 
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Flgorr 5. A m  elcetmn-hole excitation s p e c ”  of CO chemisorbed on NiAI(ll0) 
m m p a d  to CO lonizaiion energies of CO in the gas phase. The energies are given in 
eV wiIb mpen 10 the MNUm I&. 

spectrum when physisorbed CO is added to the chemisorption system COiNii(ll0) 
might be expected. 

3.3.2 Znwrsephotoemisswn. Tbe calculated 27r affiniry 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 27r orbital in bonding and antibonding 
levels. This splitting is a consequence of the strong interference between the 2?r 
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 too large positive 
energies. 

3.4. Image intemction and relaurtion 

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 potential 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 h a 1  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(II0). 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 ha1 negative ion through image interaction. The same 
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Figure 6 Electmn-hale excitation spectra of CO/NiAI(llO) in Koopmans' and ASCF 
appmfmatians. 

FIgure 7. Relaation enargies of Coderived ionization energies in comparison IO image 
energes 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 
effecu play an important role in the relaxation mechanism of the final ion. The 
relaxation shift of the 2rr affinity level is considerably smaller than its image potential. 
This is due to the splitting into 2a  bonding and 2?r antibonding levels. In this way the 
population of one 2rr affinity level leads only to partial occupation of the unperturbed 
2rr orbital and therefore induces a smaller relaxation energy than for a completely 
filled 2rr orbital. 

The relaxation shifts obtained in the stafic 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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Tabk 3. Relaxation energies of the molecular orbital hole siatcs of CO~iAI(Il0) in the 
dynamic, ARcl"". and static. ARel"', approache?. The energies are given in CY 

CO orbital AReld" (ev) ARel." (cv) 

4a 1.60 0.13 
1* 1.38 0.06 
so 1.97 0136 

through the local adsorbatesubstrate 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 adsorbatesubstrate interference to the relaxation 
mechanism of the Enal 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 
meatment of the image force effects in chemisorption provides a useful method for 
considering the dynamic aspens of the image interaction. The screening charge is 
determined self-consistently and depends on the geomeuical shape of the adorbital 
charge and the metal surface charge density. The major effect of the image interaction 
is relaxation of the h a 1  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 relaxation 
mechanism of the final ions for CO adsorbed on a NiAl(II0) 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 dyM&cal 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 spechum for CO adsorbed on NiAI(110) 
agrees well with the experimental ionization energies obtained from direct and inverse 
photoemission spectra. The accuracy of the calculated 5a 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 Image potential 

This appendix outlines the procedure of evaluating the integral involved in the ex- 
pression (equation (11)) for the image potential: 
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Owing to the assumed homogeneous distribution of induced metal dipoles it is con- 
venient to transform the wave vector coordinates parallel to the surface kSky to 
cylindrical coordinates: 

d2k = lhllI dkll drp 

where kll is the wave vector parallel to the surface and rp is the angle berween this 
vector and the z-axis. re and r: are resuicted to positive values and therefore the 
integration over the rcomponents of the metal dipoles is easily performed. We now 
rename ( r , , ~ , )  and ( r ; , r ; )  as ( T , z )  and ( r i , r i ) ,  respectively. Then.the integral 
I i j ( r e , z e )  assumes the form: 

x (l/lkl)e-''~("+".'lS(T, . Z ) + ~ ( T ~ ,  .zj),hj(r, r )$ ( r i ,  z i ) .  (-41) 
F m  now on we write for simplicity Ikl = IC. The rpdependent part is easily 

dp e-iblr-c.lmsyr - - 2 .&(~l. -T i l ) .  
evaluated: 

2 7  

('42) G=JO 
Here &(IClr - rit) is a Bessel function of the first kind (Gradshteyn and Ryzhik 
1965). Substituing this in Iij one obtains: 

I.. XI = a l K c d k $  d2rJm d2ri  lm dz im dzi &(klr -T i l )  
-W -w 

x e-k(*+**)$: (T,  z )$;(vi ,  zi)jj ( T ,  z )$ (T; ,  zi) . ('9 
The Bessel function can be represented by the following infinite series ( M e n  1981): 

By substituing this series in I i j  one obtains: 

(a) e-k(*+*.) $i " (r,z)+i(ri, z i ) V q r 7 4 + ; ( ~ i ,  4. 
For the sake of briefness we introduce the following compact notation: 
Ar := 11. - ril 
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In this way Ii j  transforms into: 

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

n, 
+i(r,z) = x c g ( i , a ) g ( i , a )  

D 

where ni is the number of gaussian components; g ( i ,  a) corresponds to the adsorbate 
wave function &(r,  2). CJi ,  a) is the coefficient of the ath gaussian given by 

g(i, a) = A # ( i , a ) e - q ~ + ~ o l l  

where A,( i ,u)  is the normalization constant of the gaussian centred at F~ with 
exponent qb: 

A J i , a )  = (Z.16/n)'I4. 

In this basis I; takes the form 

* $ Y W  

The integral I&yw is defined by 
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The integral I S ( v , v i )  is defined by 

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

The constants involved are defined by 
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The integrals I,, I= , ,  I* and Iy, can be evaluated analytically by integrating each 
variable separately in the following way: 

where 

P =  " rX i ,Y ,Y<  

n = 0, I.. . ,2s.  
9=-m 

For each term in the sum over s in equation (A6) 2s integrals of the above kind 
have to be calculated. 

The integral P ( k ,  I ,  z i )  has the form 

The error functions E r f ( f i u , )  and Erf(&ub) were calculated numerically. 
They are defined by 

Summarizing the final expression for the image potential yields 

Here I;j(~e,  z,) is defined by equations (A6), (A7) and (A10). The constant A in Vij 
was set equal to yielding the classical limit for a point charge at large distances 
from the s u r f a c e q a )  -+ 1/42. 
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