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In order to investigate the valence-level photoemission spectrumgtf &lsorbed on a Ni metal surface, we
calculated the valence-hole spectral functions of JMg(7 bonding using theab initio third-order algebraic-
diagrammatic-constructiofADC(3)) Green-function method using an extended basis set. We obtained an
overall good agreement with experiment. The changes in the spectral features such as the changes in the
separations of the ionization energies from the gas phase to the chemisorbed phase are due to the metal ligand
bonding exerted via the charge-transfer excitations and do not arise from the distortion of the molecule, which
occurs upon chemisorptiohS0163-18287)01004-7

[. INTRODUCTION UPS spectra by Demuth leads to the conclusion th#t,C
chemisorbs on NL11) as am-adsorbed species and signifi-
The adsorption of ethylene on Ni has been widely studiedant rehybridization does not occur upon chemisorption.
as one of the simplest hydrocarbon adsorptions on metal sufthe self-consistent-fieldSCH Xa scattered-wave method
faces. Two possible bonding mechanisms have been praalculations of the ionization spectra of NK, and
posed to describe the bonding of ethylene to metal surfacesNi,C,H,, simulating the m-bonded complex and the di-
The first one involves the formation ofadonor bond with  bonding, respectively, gave an ionization energy shift for the
a surface atonfor atomg, as in various organometallic com- C,H, b,,(7) orbital of 0.72 eV for ther bonded complex
plexes. Ther orbital donates its electrons to vacahorbit-  and 0.30 eV for die bonding® Comparison with the experi-
als of the metal while ther* orbital accepts electrons from mental shift of 0.9 eV strongly favors the bonded configu-
filled d orbitals (the Dewar-Chatt, Duncanserrd bonding ration. Demuth’s approach has been extended by Felter and
modef). The second one involves the rehybridization of theWeinberg by relating linearly the shifts in the molecular en-
carbon atoms in ethylenérom sp?) to sp® with the forma-  ergy levels with the distortions of the molec§i&@he dio
tion of two o bonds to adjacent surface metal atoms. In theconfiguration(the distorted molecu)eresembles the lowest-
literature this is called the diconfiguration. The geometry energy configuration of the first excited state of the free mol-
of the adsorption site of ethylene on metal surfaces such ascule. The distortions that resemble the first excited states
Ni and Pt has been controversial. In order to distinguish bemight occur as a consequence of donation of bonding elec-
tween a die configuration, arr adsorption or some interme- trons from the normally filledr orbitals to the emptg-band
diate species, the state of hybridization of carbon is considstates of the metal and backbonding to the emgtyorbital
ered to be determined. Demdtf has developed a method from the filledd-band states. The net effect on the hydrocar-
for predicting the geometry of adsorbed molecules from ul-bon to partially empty ther level and fill the 7 level is
traviolet photoelectron spectroscogyyPS. Provided that analogous to a low excitation of the free molecute; 7.
there is a uniform relaxation shift of the ionization energy For G,H, (planar in the ground statethe lowest excitation is
levels of the molecule, the energy-level separation is rethe tripletT state of minimal energy for a 90° twisted con-
flected in the UPS peak separations. The changes in theiguration with a lengthened C-C bond. A geometry in the
separations, compared with the free molecule case, providehemisorbed state derived from this configuration was pro-
information on the distortion of the molecule, when it inter- posed by Felter and Weinbérgs a possibility for GH, on
acts with the surface. In order to determine this distortion, aNi(111), while the dio configuration was proposed for,i8,
free molecule approximation is made. The changes in then P{111), as proposed previously in the literatdre.
separations of the energy levels of the adsorbed molecule are Many predictions based on experiment have been made
assumed to arise from the same distortions that lead to ideffier the conformation of the chemisorbed species and a con-
tical changes in the separations of the energy levels of theensus on the major qualitative distortions has emetgett:
free molecule. Thus, it is generally believed that the C-C bond length in-
The UPS spectrum of an ethylene molecule adsorbed on@eases and that the C-C-H angle and the H-C-H angle de-
Ni(111) surface shows that the relativeorbital ionization creases due to the movement of the hydrogen atoms away
energies and intensities of gaseous and chemisorbed ethyleftem the surface. These conclusions have been drawn prin-
are essentially identical, except for an ethylenkevel bond-  cipally from electron-energy-loss spectroscqBELS and
ing shift of 0.9 eV upon adsorptidh’ The analysis of the photoelectron spectroscopy. An EELS study of ethylene
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chemisorbed on Pt11) has been carried out and it was con- body effects associated with the dominant nature ofMhé&
cluded that ethylene isp® hybridized on the surface, namely interaction on a metal surface, involving metal g4d) and
it is bonded in the dis configurationt? The near edge x-ray- 4s (5s) orbitals, but with little contribution from g (5p).
absorption fine-structurNEXAFS) spectra of ethylene on The latter becomes much more important when dhehell

P(111), when compared to the spectra calculated using th@ecomes nearly filled, as in the Cu atom. Thus, for certain
multiple-scatteringXe: method for a cluster model of ad- cases there appears to be a sufficient understanding of the

sorbed ethylene, indicate that ethylene is adsorbed o hysical situation to justify the use of the single metal-atom

. . ' C A3 odel employed. Recently, Roszak and Balasubram&hian
Pt(111) in the di- configuration:* A similar NEXAFS study gy died the low-lying electronic states of the®® complex

of ethylene on Nil11) (Ni(110) indicates that ethylene is sing second-order perturbation theory and the complete-
also adsorbed on Kill) (Ni(110) in the div  active-space multiconfiguration self-consistent-field method.
configuration'***The adsorption and thermal decomposition The Mulliken population analysis shows that in the bridged
of C,H, on Ni(110) has been studied by Ans@t al’®and  PtCO structure thes population on the Pt atom is consider-
Stroscio, Bare, and H6 using high-resolution electron- ably decreased compared to the dissociated fragments,
energy-loss spectroscogpfHREELS, programmed desorp- whereas the& population is increased. This is consistent with
tion temperaturéTPD), and low-energy electron diffraction the s-d promotion mechanism for the bonding pictdte?®
(LEED). From HREELS Ansonet al!® propose a di-  Inthe linear PACO structure there occurs a loss of electronic
bonded GH, species with the C-C axis parallel to the sur- charge on the Pt atom participating in the bonding with CO,
face, and Stroscio, Bare, and Ho determine the site symmetiyhereas there is hardly any change on the terminal Pt atom.
of the adsorption complex for the saturated layer to be lowef his can be interpreted to reflect the fact that the role of the
than C,, symmetry!” Recently, Weineltet al}¥*° studied second Pt atom is small. Thus, a single metal-atom model is
the electronic structure of .8, adsorbed on NL10) by a reasonably good model for the top site adsorption of CO on

angle-resolved ultraviolet photoemission spectroscopy

(ARUPS, TPD, and LEED. The ARUPS measurements The authors of Refs. 18 and 19 concluded that the com-
were performed for a dilute layer, where the lateral interacPa1iSon of the ARUPS data to the corresponding cluster re-

tions are not important. From the ARUPS spectra, they geSults does not allow any discrimination between the two

duced ientati f the ethvlene molecules with the momain adsorption geometries,or di-o. Moreover, they criti-
uced an orientation of the ethy ules wi _cally commented on the fact that in Demuth’s approach,

lecular p_Iane parallel to the gjrfac.e and the C-C axi ost of UPS studies have been performed using saturated
preferentially aligned along the10] azimuth. The sSymme-  |5vers and the ethylene levels can show significant dispersion
try of the adsorption complex is determined@g The eth- i 'qensely packed layers. Thus any conclusions on the adsor-
ylene m-orbital 1b,, exhibits a shift of 1.1 eV to higher pate geometry based on orbital energies of the molecule are
binding energy as compared to the free molecule. not well founded. The authors of Refs. 18, 19 made linear
Our many-body calculations of the valence-hole spectratombination Gaussian-type orbital—local-density functional
functions for the model cluster of CQN,) adsorbed on (LCGTO-LDF) model cluster calculations and used the
metal surfaces, provide a reasonably good description of thground-state level spectrum for a comparison to ARUPS
valence-level photoemission spectra, confirming the orderingata, assuming that the relaxation energy shift is rather uni-
of the ligand valence-level ionization pealsThe results form. They ascribed thell,, level shift to higher binding
were obtained by high-qualitgb initio calculations on the energy as due to the chemidcalitial state shift. Nowadays,
single metal-atom modeM ,— L of the adsorption sitéhere it is quite well established that the approach of Denwithl.
M and L denote the metal atom and the ligand moleculejs too simplified because of the dominant role of the metal-
respectively, andk=1 or 2). The use of the single metal- ligand interaction. The establishment of this fact relies on
atom model made it possible to treat quite accurately thextensive experimental and theoretical work and the possi-
many-body interactions in both ground and ionized stateshility to perform a calculation on models with the inclusion
However, the use of a single metal-atom model requires jusaf a cluster model for the metal surface. The present work
tification. In the case of CO/Ni and JNi the electronic  contributes here too. The main target of the investigation,
structure of the closed-shelE™ ground state of the single however, is to study the many-body effects on the photo-
metal-atom mode(NiCO, NiN,) resembles quite well the emission spectrum and their influence on various initial- and
structure of the adsorption site, and has often been employefthal-state energy shifts.
to model on top adsorption, giving satisfactory results for In the present work in order to study the valence-level
ground-state properties like equilibrium geometries, bondinghotoemission spectrum of an ethylene molecule adsorbed
energies, and stretching constaftts’® Moreover, excellent on a Ni metal surface, we shall calculate the valence-level
reproductions of the valence- and core-level photoemissiophotoemission specti@gnore exactly, the valence-hole spec-
spectra and core-level resonant excitation spectra, includingal functions of C,H,, “distorted CH,” and NiC,H, (7
recently observed spectral details, have been achieved lmomplex, “distorted” and ‘“undistorted” ethyleneby the
high-quality ab initio many-body calculations by the ADC(3) method. We shall show that the present single
authors?22*=2°The calculations emphasize the importance ofmetal-atom model which represents théonding complex,
a consistent treatment of many-body effects, such as corrgrovides a reasonably good description of the ionization of
lations (fluctuation$ and relaxations associated with the ion- the ligand levels and that a free molecule approximatioer
ization (excitation and the inadequacy of a simple mean- muth’s approachfails to describe the changes in the ioniza-
field approachiwhich neglects the fluctuationsThe success tion energy separations from,@, to C;H,/Ni(110. It is the
of the single metal-atom models, together with many-bodymetal-ligand bonding not the distortion of the molecule
calculations is ascribed to the accurate description of manywhich is the cause of the changes in the ionization energy
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separations from the free molecule to the adsorbate. 2

2
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IIl. THEORY AND NUMERICAL PROCEDURE

Here
The Green-function formalism, in particular, the AL

approach of Ref. 31 is used in the present work to calculate o= (¥ |a|¢ ) 9)
the ionization potentialP) and their relative spectral inten- P ¢ P ~
sities(the pole strengthdirectly. We give a brief review of denotes the matrix element of the dipole operatoiaken
the one-particle Green-function formalism, and particularlybetween the one-particle staig,) and the one-particle scat-
of the ADC(n) approach introduced by Schirmer, Ceder-tering state,) with kinetic energye=wy—1,, with «, the
baum, and Waltet! photon energy. In general, the sum over orbiais Eq. (8)

We consider arN-electron system with a nondegenerateruns over all occupied and unoccupied orbitals. Often, how-
normalized ground stafe’ )y and energyE . In the case of ever, to a good approximation only one term gives a nonva-
a molecule a fixed nuclear geometry is assumed and rotatiamishing contribution. Then Ed8) simplifies to
and vibration degrees of freedom are suppressed. The elec-
tronic Hamiltonian of the system consists of a one-particle B 21 ()2
partT and of the two-particle Coulomb interactiéh In the on(€)=3 €| Tepl “Ixp " I%- (10)

second quantization we can write
The pole strength

N A A 1
H=T+V=2, T|jCiTCj+ > > Vijk|CiTCjTC|Ck, (1) Pn=|)(§)”)|2 (11)

wherec](c;) denote creatiottannihilatior) operators for the is called .the.relativle. intensity, since it provide; ameasure for
| the relative intensities of the stataswhich derive their in-

one-particle stat¢;) of a suitably chosen basis, in general, . . .
the Hartree—FocKI—l|F) basis of the ground state. The Cou- €NSity from the same orbita (|7p/? is assumed to be only
weakly energy dependent

lomb matrix elements are given by The perturbation expansion of the one-particle Green
Vi =(i(1)¢;(2)| V(1,2 (1) 4 (2)) (2)  functionG(w) is based on the usual decomposition of the full
Hamiltonian H into an unperturbed diagonal one-particle
andT;; denote the matrix elements of the one-particle operaHamiltonianH, and a perturbation paH:
tor T. The spectral representation of the one-particle Green

function G(w) is given by F|='i’+f/=l:|o+Hl, (12

(PR e R (W el W) )
qu(“’)=§ w+Ey—ENT1+iy Ho=2) eclci, a3

g RGNy
n w+EN T—Ej—ip ' Hi=W+V=2 Wc; Cj+§2 Vijkcicjcick. (14)

N+1 . .
Here [ =) are the complete set of eigenfunctions of theyere, we use the second quantized representation based on
Hamiltonian for theN+1 electron system with eigenenergies ground-state HF one-particle statek); ¢ denote the HF
E}~" and 7 is a positive infinitesimal. As is apparent from orhital energies, anw,; denote matrix elements of the non-
the spectral representation E8), the vertical electronic ion-  gjagonal one-particle perturbation contributidh In the HF

ization energies case they are given by
l,=EN"1-E} 4
_ W= - VikkiNk s (15
and electron affinities k
AN=E§—Ep*? 5 Viitkn= Vijki = Vijik » (16)
are given by the negative pole positions of the Green func- ne=1-Ty. (17)

tion. The residue corresponding to a paole
The n, denote orbital occupation numbers in tReelectron
Qpg= x4 xi"* (6)  HF ground statd®}). G(w) is related to the self-energy
o N i 3(w) by the Dyson equation
is given by the product of the two transition amplitudes
G(0)=G%w)+G%0)3(»)G(w). (18
w_ | (Boleplgn ™) for ne(N+1) . . _
Xp = (N Y luhy for ne(N—1). (M GYw) is the free(or HF) Green function. The self-energy
2(w) can be written as a sum of a statie-independentpart
Within the sudden approximation, partial-channel photoion- () and a dynami¢w-dependentpart M (w). The dynamic
ization cross sections are given by self-energy parM (w) consists of two parts which are ana-
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lytic in the upper and lower complex plane, respectively. which leads then to an equation containing the HF Green
They are associated with excitationsMf-1 andN—1 par-  function, the dynamic self-energy, and the static self-energy
ticles, respectively. which has to be solved self-consistenttyThe following

A general construction scheme, referred to as ADC( states the content of the AD®) approach in simple words:
(algebraic diagrammatic construction accurate to the arfler in the ADG3) method one approximates th&é-2p interac-
of perturbation theory in the residual electron-electron inter+jon of the second-order self-energy diagram by the sum of
action (residual beyond the HF approximatjomas been de-  the 1h-1h and 1h-1p interactions within the framework of
veloped by Schirmer, Cederbaum, and V_Vg?fe‘fhls.scheme the random-phase approximation and the diagrams appearing
is designed to derive systematically infinite partial SUMMAy,, 14 third order are summed to infinity. The appearance of

tions rtor M (w) crc]Jmfplﬁte through a finite (r)]rder of perturba- 4y ang 2-1h configurations and their coupling with théa 1
tion theory. In the following we present the essential ingre-a d -1 fi ti : o
dients of the ADCG) concept and refer for a more n p configurations in the Dyson equation introduces

, . . : the effects of ground-state correlation and leads to the global
comprehensive discussion of this approach to Ref. 31. Thfﬁclusion of the effects of higher-order excitatiof@h-2p

basic point of the ADC method is that the exa}ct Se”'energyconfigurations, etg.on the ionic states.
partM(w) can be given by the simple algebraic form The ADQ3) method should yield reliable ionization en-

M pq( @)= Ul —K—C)~1Uj. (19 :argies_provided that the basis set is of sufficient qgéﬁﬁ? N

n the inner valence region, main line energies and intensities

In Eq. (19), U, denotes a constant vector of modifigdfec-  are calculated accurately to the third order in the electron-
tive) coupling amplitudes for the orbital. | is a unit matrix  electron interaction but satellite lines only accurately to the
andK andC are constant Hermitian matrices, the latter be-first order. This yields a semiquantitative reproduction of the
ing referred to as the matrix of modifigéffective interac-  spectrum if this is dominated by an extensive satellite struc-
tion. The configuration space for these matrices is given byure. The lowest satellite lines are, however, in general reli-
the physical excitations o=1 particles, excluding the 1 ably obtained in this approach. We refer to Refs. 31-33 for
hole (1h) and 1 particle (p) configurations. More pre- further details of the method and a detailed analysis of the
cisely, the configuration space for thi¢+1) particle case of many-body effects. The accuracy and reliability of the
M(w) is given by the p1h, 3p2h,... configurationgwith ~ ADC(3) method has been tested not only for free
respect to the HF ground-state configurationhereas the moleculed®3 but also for several model moleculésdsor-
2h1p, 3h2p,... configurations are required for tidl—1)  bate$ and related charge-transfer systeth¥:—=°

particle case. The ARUPS studies show that the molecules are adsorbed
The effective quantitie), andC are determined by per- with their molecular plane essentially parallel to the surface
turbation expansions and the C-C axis preferentially oriented along the rows
([110] direction of the substrate[in the case of
Up=UV+UP+ ., (200  C,H,/Ni(110].18° Moreover, the symmetry of the adsorp-
tion complex GH,/Ni(110) is only C;, possibly due to a
c=cV+c@+. (21)  low-symmetry adsorption site and/or some twisting of the

19 g
each series starting with a first-order contribution. The maﬁ]deszrss(ljjg 3§;u:f'th ?iosrtritsedoﬁlc;ﬁ]adc}:/fut:tirc:zar:li)lztisrlzggsoaot
trix K is a diagonal matrix of zeroth-ord¢HF) excitation T P 9 ; -
energies, e.g., allow any discrimination between the two main adsorption

geometries;r or di-o.*®1° The calculated bonding energies

Kk ju=—€+ete with nnn=1, (22)  favor the 7 coordination versus the _dt-c_oordlnatlor!l, in
contrast to the experimental determination stated in the In-
Kijim.ijkim= — € — €+ €+ €+ € With mnnnin,=1, troduction. In the present work we take the minimal cluster

(23) model NiGH, which represents the-bonded geometry. The
distance of the gH, molecule above the Ni atom was set at

for the 2p1h and 32h space, respectively. 3.78 a.u. This value is very close to the one determined ex-
A well-defined approximatiorM(w;n) complete t0 the herimentally by Bao etal. from their studies on

nth order of perturbation theory is obtained by comparing theCZHlei(lll). They obtained a NiC distance of 3.74 &u.
ADC form The geometry of GH, is taken to be the same one as that of
Nt 1 the free molecule. We use basis sets of Cartesian Gaussian
Mpg(wim)=Up(mol =K=C(m1Ua(n), 24 ¢ ctions on the atoms to expand the MO’s. For Ni the
with the diagrammatic perturbation series up totitteorder ~ [14s,9p,5d] basis set of Wachters for NiRef. 41 is en-
larged by twop-type functions with exponential parameters
" @,=0.24, 0.08 to describe thepdorbital of Ni and the dif-
Mpg(w;n)= 22 Mg (@) +0(n+1), (25 fuse A function of Hay (ay=0.1316.%%* The two s-type
. functions with smallest exponential parameters are replaced
and by requiring thaM ,4(w;n) is exact up to theith order. by functions with as=0.32, 0.08 to take into account the
It is demonstrated in Ref. 31 that this requirement enables arbital contraction upon molecular bonding. The final basis
unique construction of the quantitiek,(n) andC(n) inthe  set is [14,11p,6d] contracted to (85p3d) (contraction
nth order ADC form. number 3 of Wachtejs The C basis set is taken from Salez
The static self-energy part can be obtained by a contouand Veillard?* [11s,7p,1d] contracted to (53p1d). The
integration of the Green function in the upper half plane,exponential parameter of tltetype function isay4(C)=0.6.
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TABLE I. Calculated and experimentally observed ionization energies and calculated pole strengths
(=0.02 for C,H, (all energies are in eV

OVGF ADC(3)
Level KT IP I IP | Exp.
1b,, 10.20 10.39 0.92 10.46 0.91 1051
1by, 13.74 13.05 0.91 13.08 0.91 12385
25.87 0.02
3a, 15.88 14.69 0.91 14.86 0.90 14%6
1bg, 17.45 16.12 0.87 16.14 0.79 1537
17.75 0.06
22.59 0.07
2b,,, 21.45 19.55 0.85 19.28 0.65 1923
20.28 0.14
25.01 0.07
2a, 28.02 22.77 0.02
23.70 0.39 23.65
24.65 0.12
27.31 0.20 27.39
29.60 0.05

8Reference 55.
bReference 56.

The H basis set is taken also from Salez and Veillhd,  TABLE II. Calculated ionization energies and pole strengths
[6s,1p] contracted to (81p). The calculation of the SCF (=0.02 of the distorted GH, and the experimentally observed ion-
wave functions and two-electron integral matrix elementszation energies of §H, adsorbed on a NL10) surface(all energies
has been performed with a standard program packaggre ineV). 5.98 eV is added to the experimental ionization energies
MOLCAS-2 for the calculation of Hartree-Fock and correlatedlisted in Refs. 5, 18, 18see text The levels inside brackets are the
wave functions using basis set expansion technifuisthe  corresponding levels of free,8,.

ADC(3) Green-function calculations for NiE, the lowest

69 virtual orbitals and all occupied orbitals, except for theLevel KT IP | Exp.
core orbitals, were taken into account. This leads to matrices
of dimension of around 15 000. The eigenvalues and eigerfta1 (1bzy) 9.86 10.12 0.86 10.98
functions were extracted with a block Davidson metfdd. 1a, (1byg) 13.11 12.23 0.90 12.18
For each symmetry about 60 eigenvalues and eigenvectoga, (3a,) 14.53 13.83 0.89 13.98
were calculated. _ _ 1b, (1bg,) 17.65 13.64 0.03

.We performed also calculations on _ZISIQI-_|4. T_he 16.02 067 15.18
Ni,C,H, cluster was taken to present thecdieonfiguration 17.85 013

and consisted of two Ni atoms separated by the bulk inter-

nuclear distancé4.71 a.u) bonded symmetrically to an eth- 19.15 0.02
ylene molecule with the C-C axis parallel to the Ni-Ni axis. 20.65 0.07
The ethylene was distortgsee Sec. Il B. However, be-  2b; (2by,) 21.14 17.89 0.04
cause of a large number of degeneracies of metal levels and 18.68 0.42 18.68
two-hole-one-particle configurations, which leads to a physi- 19.92 0.31
cally unacceptable redistribution of spectral intensities over 21.85 0.03
many lines already close to the ionization thresholg(dH, 2202 0.03
does not seem to be an appropriate model for the dén- ' '
figuration. 2a; (2a) 28.49 22.21 0.10
23.42 0.07
24.67 0.06
lIl. RESULTS AND DISCUSSIONS 25 64 0.26 23 43
In Tables I-V we summarize the hole spectral functions 26.20 0.10
of C,H,, distorted GH,, NiC,H, and NiGH, with distorted 27.23 0.03
C,H,. We list the Koopmans’ theorertKT) energies, the 27.65 0.03
ionization energiegIP), the relative spectral intensitigs) 28.01 0.02
and the experimental ionization energtés? The ARUPS 30.98 0.02

measurements were performed for two differently prepared
dilute layers with a coverage of about one half of the satu®References 18 and 19.
ration value(0.25 ML). This allows one to investigate the PReference 5.
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TABLE llIl. Calculated ionization energies and pole strengthselectronic structure of ethylene on (W10 at coverages

(=0.02 of NiC,H, (without distortion of the molecujeand the
experimentally observed ionization energies gHgadsorbed on a
Ni(110 surface(all energies are in eV 7.93 eV is added to the
experimental ionization energies listed in Refs. 18,(48e text

Level KT IP | Exp
5a, 5.13 5.55 0.88
11.37 0.02
4a, (1by,) 13.50 12.76 0.02
12.93 0.77 12.93
13.92 0.04
2a, (1byg) 15.54 13.97 0.58 14.13
14.38 0.03
14.58 0.25
3a,; 16.81 12.93 0.05
13.92 0.62
14.14 0.10
15.73 0.02
16.04 0.06
16.35 0.02
2b, 17.49 14.00 0.36
14.13 0.22
14.41 0.15
14.53 0.02
17.50 0.02
18.20 0.05
1a, 17.88 13.97 0.22
14.58 0.43
14.88 0.04
15.77 0.05
16.51 0.02
16.94 0.02
17.18 0.02
18.25 0.05
2a; (3ay) 18.03 13.92 0.04
15.38 0.06
16.04 0.03
16.35 0.69 15.93
16.82 0.03
1b, (1bg,) 19.57 17.27 0.07
17.32 0.07
17.61 0.02
17.83 0.08
17.90 0.51 17.13
18.04 0.04
la, 20.56 14.66 0.02
15.38 0.15
16.82 0.03
17.53 0.03
17.73 0.26
18.10 0.04
18.41 0.23
18.73 0.02
19.10 0.03
1b; (2by,) 23.62 20.60 0.03
20.75 0.08
20.82 0.06
20.94 0.04
21.03 0.48 20.63
22.05 0.03
22.84 0.02

where lateral interactions in the adsorbed layer are much
reduced from those occurring in the saturate®x4)
layer!®1® we use the data from the dilute layers. The
Hartree-Fock(HF) eigenvalues have no physical relevance
because of the neglect of ground-state and final-state corre-
lation (fluctuation and relaxation in the final state. However,
the eigenvalue shift due to a change of environnisath as

the removal of the metal atom to infinjtghould indicate the
initial-state(chemical shift (neglecting the ground-state cor-
relation energy shift We begin with the valence-level ion-
ization spectrum of the free 8, molecule.

A. C,H,

For GH,, we present in addition to the other data also the
hole spectral functions calculated by the outer valence Green
function (OVGF) method which is simpler than the AD®)
method from a computational point of view, but it is only
suited for outer valence ionizatiorfe/ith satellite structure
absent or negligible The method is correct to the third order
in the perturbation expansion of the self-enetgy’ Both
methods provide excellent agreement with the experimental
data. The present results are in much better agreement with
experimental data, in comparison to the results by Ceder-
baumet al,*” who calculated the spectrum by the method
employed in the present work but used a smaller basis set.
The interpretation of the spectrum by § et al,*® who
calculated the ionization energies by the Sl scattered-
wave method, was adapted by Demuth and Eastrfaran
interpretation of the adsorbate spectrum. However, the as-
signment for the first two ionization levels by & et al.
differs from the present one. The assignment of the peaks by
Raoschet al.is 1b,g, 1b,,, 324, 1bg,, 2by,, and 224 in the
order of the increasing binding energy, while the present one
is 1byy, 1byg, 334, 1bg,, 2by,, and 2, which agrees with
experiment.

B. “Distorted” C ,H,

In order to study the effects of the geometrical distortion
of C,H, due to the adsorption on a metal surface, we calcu-
lated also the hole spectral functions of the distorteHi C
taking the geometrical configuration of the molecule ad-
sorbed on a Ni metal surfaé&The calculated IP’s and the
pole strengths are listed in Table Il, together with the KT
energies. First, we compare the KT energy separations with
the experimentally observed ionization energy separations of
the adsorbate, assuming that the “free molecule approxima-
tion” is valid, namely, the relaxation and correlation ener-
gies are independent of the environmer({tal geometrical
changes. Aligning the & level KT energy of GH, to the
2a, level KT energy of the distorted8,, we obtain the KT
binding-energy shiftédistorted molecule - free moleculef
-0.78, —0.27, —1.82, —1.1, and—0.81 eV for the B,
1b,, 3a;, la,, and 4, levels, respectively. Aligning the
2agy level binding energy of @H, to the firsta, valence-level
binding energy of the adsorbedHid,, we obtain the experi-
mental binding-energy shift@dsorbed molecule - free mol-
ecule of —0.23,—-0.37,—0.36,—0.35, and 0.81 eV for the
2b,, 1b,, 3a,, la,, and 4, levels, respectively. The KT
energy of the 4, level becomes smaller with the distortion



5472 M. OHNO AND W. VON NIESSEN 55

TABLE IV. Calculated ionization energies and pole strengthsecule are very small. In other words the magnitude of the
(OVGF resultg of NiC,H, (without distortion of the moleculeand  intraligand relaxation energy shift is rather independent of
the experimentally observed ionization energies gfiCadsorbed  the distortion. For the &, (2a,) level the one-electrofeven
on a Ni110 surface(all energies are in e)/8.31 eV is added to  quasiparticlg picture breaks down due to the intraligand ex-
the experimental ionization energies listed in Refs. 18sk@ texk citations. Thus the meaning of the final-state energy shifts
becomes ambiguous. The initial-state energy shifts from the

Level IP ' Exp. free molecule to the distorted molecule for thie,], 1b,,
1b2u 13.31 0.82 13.31 3ag, 1b3uv 2blu1 and 23.9 Ievgls are 0.34, 0.63, 135‘,02,
1b,, 14.38 0.90 14.51 0.31, and.—0.47 eV, respectively. The energy shift fpr Fhe
3a, 16.31 0.89 16.31 3ag level is much larger than the_z shifts for the other ioniza-
1bs, 17.81 0.84 1751 tion levels. As the KT energy shifts are also rather small for

these other levels we conclude that, in general, the2hlp

energy separations and the magnitude of the coupling matrix

of the molecule, while the binding energy of the adsorbe Ietrﬁergjtlstda no?t char_:%e S|gn||f|9ant:r3: frqmllthe'tfr.eethmolecule

molecule becomes larger in comparison to the free molecul € distorted oneé. This expiains the simifarity in tne spec-
ral features(intensities, satellite line separationsetween

case. There is no obvious correlation between the chemic Ie spectrum of the free molecule and the one of the distorted
shifts and the observed binding energy siiding-energy molecule. Except for the &, level, the energy shifts from

separation changgsThis is also the case when we align the . .
P ge g the free to the distorted molecule are dominantly due to the

tlhbe?’udlig/(frltgd-rge—rr ezgg (I)Dfe%_htaoa?r}g ]é);slte%glhlgi'l(;)er:/\elggyég f initial-state energy shifts. However, as already pointed out,
tain 027 —0.51 4_1 55 —0.83. and—0.54 eV for the 2, these energy shifts do not explain the energy shifts of the

ob,, 3a,, 1a,, and 4, levels, respectively, while the ex- 1b,, level upon chemisorption. Thus even when the final-

perimental energy shifts are 0.37, 0.14, 0.01, 0.02, and 1.1 ate energy shifts are taken into account, the geometrical

eV, respectively. In the present work we took the experimen- is'Fortion of the molecule upon che_mi;orption does not ex-
tally determined geometry for the distorted molecule. It ap_plam the observed changes in the ionization energy separa-

. - ; . _tions which occur upon adsorption. It is necessary to exam-
ears that the KT eigenvalue shifts due to the distortion ; .
P g ine the effects of the metal-ligand bondiftpe presence of

which are not negligible, do not provide any reasonable de- tal surfacpon th ¢ f the chemisorbed molecul

scription of the changes in the ionization energy separation@e al surlacgon the spectrum ot the chémisorbed molecule.

from the free molecule to the adsorbate. There is one more point we should mention here as it
eplays a role later on. If we compare the pole strengths of the

To study the effects of the correlation and relaxation w = ) .
compared the calculated spectral functions with the experi[naln lines between the undistorted and the q!stortgld4C
e note that the pole strengths decrease significantly for the

mental valence photoemission spectrum of the adsorbate. . X i ;
b P urth and fifth level in going from the undistorted molecule

The present results refer to an isolated molecule and we d@

- P . the distorted one. Later on we shall find this effect also for
not take into account the photoionization cross sections of’. ) X X
b ﬁICZH‘l when we introduce the distortion of theld, mol-

Sgﬁ&:\%gngggt: gﬁ%‘:’o: OSS eggﬁﬁ %%r:r? gtrlts)gnrr:\gtjhetgiceegfme' This effept is 'ghus a local effect of the Qistqrtion of the
for the ionization energies. A comparison with the experi- hylene allowmg via the symmetry r_educt|on in the free
mental valence spectrum of the adsorbate is made simply olecule the mixing of more conflguratlons. For DG we

adding 5.98 eV to the adsorbate data, to align the,Dpeak ave to conclude that it is not an effect introduced py the
of the adsorbate spectrum to thb,Jevel. The energy posi- addition of the metal atom, but also a local effect in the
tions of the 4, 1b,, and 24, levels are not well described. ethylene part of the complex. Here there is certainly no sym-

The energy difference between the KT eigenvalue and th etry reduction |_f we compare the undistorted with _the dis-
calculated ionization energy of the main lirithe largest orted case of_N|§H4. Thu_s the effect has to do with the
spectral intensity lineis a sum of the ground-state correla- local changes in the bonding.

tion and relaxation energy shifts. For the sake of simplicity, )
we call these energy shifts the final-state energy shifts. C. NiCH,

Strictly speaking the HF orbitdKT) energies have no physi- We begin with NiGH, where the geometry of £, is the

cal relevance because the Hifaean field method neglects same as the one of the free molec(dee Table Il. A com-

the electron correlation in the ground state. Consequenthparison with the experimental valence spectrum of the adsor-
the initial- and final-state energy shifts also have no physicabate is made by adding 7.93 eV to the adsorbate data to align
relevance. However, these quantities can be interpreted the 1b,, peak(observed at 5.0 eV below the Fermi leffe®)
represent the magnitude of the energy shifts of the correlated the 4a; level. The calculated ionization energies of
systems. These quantities are useful ones for the interpretdiC,H, are shifted by a fairly constant amount from the
tion of experimental spectra. The final-state energy shifts foexperimentally observed values fogHf, on a Ni metal sur-

the 4a,, la,, 3a;, 1b,, 2b,, and 2a,; ionization levels of face. This energy shift includes the work function, which is
the “distorted molecule” are—0.26, 0.88, 0.7, 1.63, 2.46, of the order of 6 eV for a Ni metal surface. The remainder of
and 2.85 eV, respectively. The energy shifts for th®,1  about 2 eV is due to the change of the environment from a
1by4, 3a4, 1bg,, 2by,, and 2y ionization levels of GH,  single metal atom to a metal surface. This change induces the
are,—0.26, 0.66, 1.02, 1.31, 2.17, and 4.32 eV, respectivelyextra initial-state energy shift of the ligand levels. As stated
Except for the 2, (2a,) level, the changes in the final-state below, the initial-state energy shift for the ligand levéss-
energy shifts due to the geometrical distortion of the mol-cept 1b,,) from free GH, to NiC,H, is about 2 eV which
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will almost be canceled out by this extra initial-state energysingle metal-atom model. The present calculation suggests
shift. This is expected because the ligand level energies that the separation energy shift of the,] level is mainly
cept for the one which involves in metal-ligand bonding due to the initial-state energy shift. It should be noted that it
should not be strongly influenced by the presence of a metas the free molecule-adsorbate initial-state energy shift and
surface. As stated below, the extra polarization of the surnot the free molecule to distorted molecule initial-state en-
rounding metal atoms is expected to be small. The extr@rgy shift which provides the separation energy shift.
final-state energy shift is expected to be small. Next we discuss the hole spectral function of B
Before we discuss the AD@) results, we discuss briefly where the geometry of 4, is the same one as of the dis-
the OVGF data. A comparison with the experimental valencaorted GH, discussed abovésee Table V. The final-state
spectrum of the adsorbate is made by adding 8.31 eV to thenergy shifts obtained for thea4, 2a,, 2a,, 1b,, and 1,
adsorbate data to align théb, peak to the 4, level. The levels of NiGH, (with distortion of the adsorbateby the
relevant data are given in Table IV. The final-state energyADC(3) method are 0.79, 1.63, 2.86, 1.99, and 2.57 eV,
shifts for the b,,, 1b,g, 334, and by, levels of NiGH,  respectively. The final-state energy shifts of the correspond-
are 0.19, 1.16, 1.72, and 1.76 eV, respectively. The changeasg levels of the distorted molecule are0.26, 0.88, 0.7,
in the final-state energy shifts are 0.38, 0.47, 0.53, and 0.48.63, and 2.46 eV, respectively. The changes in the final-
eV, respectively. The increase is fairly independent of thestate energy shifts by bonding to a Ni metal atom for the
levels. The initial-state energy shifts from the free moleculesame levels are 1.05, 0.75, 2.16, 0.36, and 0.11 eV, respec-
to NiC,H, for these levels are-3.3, —1.8, —2.15, and tively. The corresponding changes for the free molecule are
—2.12 eV, respectively. The sums of the initial-state energy0.83, 0.91, 0.66, 0.36, and 0.42 eV. The substantial differ-
shifts and the changes in the final-state energy shifts are thesnces in the changes for thegand 2, levels are due to
—2.92, —1.33, —1.62, and —1.69 eV, respectively. The the ambiguity of the final-state energy shifts, because the
initial-state energy shifts dominate theHf; to NiC,H, ion-  one-electron picture for these two levels breaks down more
ization energy shifts. The experimentab,l,—1b,, ioniza-  severely in the present case than in the case with the undis-
tion energy separation of the adsorbate is 1.2 eV, while théorted GH,. The relevance of this fact has been discussed
value obtained by the OVGF method is 1.07 eV and by theabove. This comparison indicates that the final-state energy
ADC(3) method 1.04 eV. The OVGF calculation suggestsshifts are rather independent of the distortion of the mol-
that the separation energy shift of thé,] level is mainly  ecule. The initial-state energy shifts from the distorted mol-
due to the initial-state energy shift. ecule to NiGH, (with distortion of the adsorbakéor the first
The final-state energy shifts obtained for the,;42a,, five ligand levels are—2.88, —1.81, —3.31, —1.29, and
2a,, 1b,, and 1, levels of NiGH, by the ADQ3) method —2.10 eV, respectively, while the corresponding shifts for
(see Table Yare 0.57, 1.57, 1.68, 1.67, and 2.59 eV, respecthe free moleculdfree molecule to NiGH, (without “dis-
tively. The final-state energy shifts for the corresponding lev+ortion”)] are —3.3, —1.8, —2.15, —2.12, and—2.17 eV,
els of the free molecule are0.26, 0.66, 1.02, 1.31, and 2.17 respectively. There are large changes for tiag a@nd 1o,
eV. The changes in the final-state energy shifts from the fretevels. If we consider the initial-state energy shifts from the
molecule to NiGH, are for the same levels 0.83, 0.91, 0.66, free molecule to NigH, (with distortion) the corresponding
0.36, and 0.42 eV, respectively. The final-state energy shiftshifts are—2.54, —1.18, —1.96, —1.49, and—1.79 eV, re-
for the ligand ionization levels increase, when the moleculespectively. The changes in the initial-state energy shifts with
binds to a Ni atom. The increases are due to the availabilityespect to the nondistorted free molecule from ME(with-
of the metal-ligand CT screening channels. The initial-stateut “distortion”) to NiC,H, (with distortion for the same
energy shifts from the free molecule to Nig, for the 1b,,,  levels are 0.76, 0.62, 0.19, 0.63, and 0.38 eV, respectively.
1byy, 3ag, 1bg,, and 2y, levels are=3.3, —1.8, —=2.15,  The changes are rather uniform except for tlag and 2,
—2.12, and—2.17 eV, respectively. The sums of the initial- levels. Thus the relative level positions in the ground state do
state energy shifts and the changes in the final-state energypt change significantly. The changes in the final-state en-
shifts are then-2.47,—0.89,—1.49,—1.76, and—1.75 eV, ergy shifts(with respect to the undistorted free molegule
respectively. The initial-state energy shifts dominate thefrom NiC,H, (without distortion to NiC,H, (with distortion
C,H, to NiC,H, ionization energy shifts. Aligning the ex- for the same levels are 0.22, 0.06, 1.18, 0.32, a@d2 eV,
perimental ionization energy of the adsorbate and the one akspectively. The changes are small except for tagl8vel.
the free GH, molecule at the B, level, the experimental The value for the @, level is ambiguous because of the
free molecule to adsorbate ionization energy shifts for thesevere breakdown of the one-electron picture for this level of
first four ligand levels are-1.02, 0.12, 0.13, and 0.14 eV, NiC,H, (with distortion) (the main line spectral intensity is
respectively, while the theoretical predictiofsith respect 0.29 in comparison to the one of Ni, (without distor-
to the experimental ionization energies of fregHE) are  tion) (here the main line spectral intensity is 0.6Bhus this
—0.62, 0.68, 0.11 and-0.23 eV, respectively. The predic- shows also that the final-state energy shifts of jgare
tions by the distorted molecule are0.16, 0.07, 0.28, and rather independent of the distortion of the adsorbed mol-
—0.7 eV. The experimental b, — 1b,, ionization energy ecule. One concludes that both the initial- and the final-state
separation of the adsorbate is 1.2 eV, while the one o€&nergy shifts are rather independent of the distortion of the
NiC,H, is 1.04 eV and the one of the distorted molecule isadsorbate. Aligning the theoretical ionization energies of
2.11 eV. The distorted molecule approximation, in particular,NiC,H, (with distortion to the experimental one of the free
fails to provide a reasonable description of the shift in theC,H, molecule at the B, level, the theoretical values of the
ionization energy separation of thdJ, level in going from  ionization energy shifts for the first four ligand levels are 0.0,
the free molecule to the adsorbate, in contrast to the presetO, 1.12, and 0.36 eV, respectively, while the experimental
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TABLE V. Calculated ionization energies and pole strengthsones are—1.02, 0.12, 0.13, and 0.14 eV. Nig, (without
(=0.02 of NiC,H, with the distorted ¢H, and the experimentally  distortion) provides —0.62, 0.68, 0.11, and-0.23 eV, re-

observed ionization energies oflg, adsorbed on a NL10) surface
(all energies are in eV 6.95 eV is added to the experimental ion-

ization energies listed in Refs. 18, 18ee text

Level KT IP | Exp.
5a, 5.00 5.21 0.86
10.97 0.02
4a, (1by,) 12.74 10.97 0.07
11.95 0.76 11.95
2a, (1byg) 14.92 12.56 0.19
13.29 0.48 13.15
13.51 0.20
3a, 16.59 13.86 0.58
14.98 0.09
15.82 0.02
15.87 0.05
16.03 0.02
16.13 0.05
2b, 17.72 13.55 0.02
14.16 0.69
14.30 0.03
15.36 0.02
17.83 0.02
18.61 0.04
2a; (3ay) 17.84 13.86 0.20
14.85 0.02
14.98 0.29 14.95
15.25 0.02
15.40 0.02
16.03 0.07
16.13 0.20
1a, 18.21 14.21 0.10
14.44 0.56
16.42 0.13
18.73 0.04
1b, (1bg,) 18.94 16.24 0.30
16.95 0.37 16.15
17.03 0.08
17.48 0.03
19.48 0.02
1a, 21.10 14.98 0.05
15.25 0.05
16.13 0.02
17.21 0.04
17.96 0.03
18.12 0.12
18.24 0.09
18.47 0.34
18.69 0.03
19.40 0.02
1b, (2by,) 23.24 19.44 0.05
19.74 0.02
20.07 0.10
20.20 0.04
20.35 0.03
20.50 0.07
20.67 0.33 19.65
22.04 0.02
22.17 0.03
22.38 0.02

spectively. At a first glance the agreement seems to be very
poor for NiGH, (with distortion. However, when we align
the ionization energies at theag level, the theoretical ion-
ization energy shifts for the first four ligand levelsxcept
the 3a, level) are —1.12, —0.12, —0.76, and—1.12 eV,
respectively, while the experimental ones ar&.15,—0.01,
0.01, and—0.13 eV. For NiGH, (without distortion) they
are —0.73, 0.57,—0.34, and—0.11 eV, respectively. The
former aligning provides worse agreement for bz (with
distortion because of the much more severe breakdown of
the one-electron picture of ionization for thégl, and 24,
levels, in comparison to NigE, (without distortior). Except

for the first two ligand ionization energy levels, the break-
down of the one-electron picture of ionization is very severe.
Thus the NiGH, model with the distortion may not be an as
suitable model as NigH, without the distortion, except for
the first two ligand levels. Theld,,— 1b,, ionization energy
separation for NigH, (with distortion is 1.34 eV, while the
experimental one is 1.2 eV and the one of bhg (without
distortion is 1.04 eV. The effect of the geometrical distor-
tion of the molecule on the ionization energy separation shift
of the 1b,, level is small. Thus the shift of thebl, level is
due mainly to the metal-ligand bonding and not to the dis-
tortion of the molecule.

In order to study the valence-level photoemission spec-
trum of GHg on a Ni metal surface, we performed the same
type of calculation for NigH, as done herg’ It is found that
the tilting of the C-H bonds out of the molecular plane and
away from the metal has only a small influence on the spec-
trum (maximally a difference of 0.2 eV is calculated hus
it is expected that the molecular distortion upon chemisorp-
tion does not influence the spectrum in a significant way.
Both initial- and final-state energy shifts are hardly influ-
enced by the distortion of the molecule.

Recently, Weineltet al1®!° studied experimentally and
theoretically the ground-state electronic structure of ethylene
on a Ni{110 surface. They calculated the electronic struc-
ture, by performing LCGTO-LDF model cluster calculations
ometry, respectively. Similar electronic level structures were
found for both chemisorption geometries. In an approxima-
tion (by which it is possible to save the computational effort
of the SCF calculation for each ionic stathey compared
the ground-state level energies for both geometries to their
ARUPS data. This procedure is only applicable if the relax-
ation of the levels is rather uniform. They claimed that this
requirement is fulfilled satisfactorily if the spatial character-
istics of the orbitals in question are sufficiently similar. How-
ever, the characteristics of the bonding orbitaidiich are
going to be involved in the metal-ligand bond)ngay differ
significantly from other ligand levels. As a result the degree
of the metal-ligand charge-transfer screening may differ. The
present study shows that this is the case. Weigélhl.
aligned the ground-state energy levels of the free molecule
and the largen-type (di-o-type) cluster model at the Hs,
level. They found that ther orbital (1b,,) derived levels are
shifted on the average by 1.7 eV for both geometries. The
remaining ligand levels are shifted by less than 0.2 eV for
the = model and between-0.3 and 0.2 eV for the dir
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model. If we make the same alignment procedure for theations involve not only the intraligand excitations but also
present single-metal-atom model without distortion of thethe metal-ligand CT and the intrametal excitations. The latter
molecule then the i, is shifted by 1.2 eV and the remain- are found to play a dominant role for the reduction of the
ing ligand levels are hardly shifted. Then the relative shift oforiginal spectral unit strength. One obtains a splitting of the
the 1b,, level is 1.2 eV, while the NE(C,H,), model pro- ionization levels into a few, in general, closely spaced lines.
vides 1.5 eV(1.7 eV—-0.2 eV=1.5 eV). Although the latter The many-body effects are thus strongly enhanced by the
shift includes the combined effect of the distortion of thepresence of the metal atom. In the present mddelthe
molecule and the mixing with the substrate orbitals, theground statg the 3a;, 2b,, 1a,, and la; metal levels are
agreement is good. For Nj8, with distortion of the mol-  shifted below the 3, level. This is unphysical, the presence
ecule, the b, level is shifted by 1.1 eV, while the remain- of these levels below the ligand levels introduces a some-
ing ligand levels are shifted by amounts of betwee@.5  what artificial splitting of the ligand level main line spectral
and 0.3 eV. The magnitude of the relative level shift agreesntensity into several closely spaced lines. For the metal lev-
well with that of the larger cluster models. els (with a small admixture of ligand charactethe one-

As stated in the beginning of this section, an extra initial-electron picture breaks down except for tha;%nd 3,
state energy shift of the ligand levels, which is about 2V levels. When the ¢4, molecule is distorted in NigH, the
the absence of distortipnis required to align the experimen- breakdown of the one-electron picture becomes much more
tal data of the adsorbate in addition to the work function.severe. It begins to break down already for the,(1Lb,,)
This 2-eV shift which moves all the ligand levels equally is level. Thus the final-state energy shifts discussed in the pre-
somehow an artificial shift caused by a single metal atomvious paragraph become ambiguous for pHEwith the dis-
Except for this extra shift, the present single metal-atontorted adsorbate. However, one should still be able to use the
model seems to be able to describe the ground-state levetsmiergy separation between tha,41b,,) and 1a,(1b,g)
rather well. The study by Weinelét al. shows that the levels for a comparison.
initial-state shift is rather independent of geometrical As is generally the case, the valence-level ionization spec-
changes in the adsorption site. In previous work on CO adtra of molecules adsorbed on transition-metal surfaces are
sorption on a PdPt) metal surfacé® we have shown that the dominated by the charge-transfer screening process rather
final-state energy shift is fairly independent of the number ofthan the intraligand excitations. As has been discussed in
metal atoms to which the molecule binds. The final-stateletail for the case of CO on a Ni metal surfatahe 1h-
energy shift is also fairly independent of geometrical2hlp energy separations for the intraligand excitations do
changes of the adsorption site. Thus we expect that the finahot change significantly from the free molecule to the adsor-
state energy shift will not change significantly with an in- bate because the free molecule to adsorbate KT energy shifts
crease in the number of metal atoms. In spite of the muclare, in general, constant and small, the magnitude of the
more complicated adsorption geometries of hydrocarborih-2hl1lp coupling matrix elements, on the other hand, be-
molecules(such as ¢H,, CH,, and GHg) on a Ni metal comes smaller. This results in a suppression of the intrali-
surface, the success of the single metal-atom cluster modefmnd shake-up excitations in the higher-energy region.
for the ionized hydrocarbon adsorbates probably arises from For the CO adsorption systems and related ones, recent
the localized polarization of the metal surface in response toany-body calculations have shown that the main line spec-
the ionized adsorbate. tral intensity of the free molecule spectrum is redistributed

It is not the geometrical distortion of the molecule butover a few lines of the adsorbate spectrum in the energy
mainly the metal-molecule bonding which provides therange where the metal-ligand charge-transfer excitatiand
changes in the ionization energy separations from the frethe intrametal excitationsare dominant?24-2934-39 the
molecule to the adsorbate. From the present investigation NiC,H, (undistorted adsorbatspectrum the main line spec-
also emerges that Demuth’s approach fails because of theal intensities of the valence levels of the free molecule tend
neglect of the metal-ligand CT screening. As it is the metalto split by the metal-ligand charge-transfer excitations into a
ligand bonding and not the distortion of the molecule whichfew relatively closely spaced levels. The sum rule holds ap-
mainly provides the changes in the separations of the ionizgeroximately also in the present case. In our model the metal
tion energies it appears that it is not possible to determine thkevels are treated as discrete levels and the band effect such
geometry of the adsorption complex simply by using theas the broadening of the spectrum is neglected. The introduc-
UPS data. The angle-resolved UPS study is necessary fdion of the adsorbate band broadening may influence signifi-
this purpose. cantly the imaginary part of the self-energy and thus the line

It is informative to make a comparison between the freeprofile function, which is not calculated in the present work.
molecule spectrum and the Nig, spectra both obtained by The substrate band broadening will smooth out mainly the
the ADC(3) method. First let us consider the case of pH  singularities of the real part of the self-energy, which result
without distortion of the adsorbed molecule. In contrast tofrom the metal-ligand charge-transfer excitations and will
the case of the free molecule, where the one-particle pictureot significantly modify the major features of the energetics
of the ionization is valid for the first five ionization levels, of the hole excitationgin the case the poles of the self-
for the ligand ionization levels of NigH, (4a,, 2a,, 2a,;, energy are well separatedHowever, when the split levels
1b,, and 1b, levels the initial single hole configuration in- are located close together, they may converge to a single
teracts strongly with thet2lp configurations so that a sub- peak with the spectral intensity equal to the sum of the spec-
stantial part of the original strength goes to satellite lines andral intensities of the closely split lines. As a result the main
the one-electron picture of ionization begins to break dowrline spectral intensities of the ligand ionization levels of the
for the 1b,(1by,) and 1b,(2b,,) levels. The &1p configu- adsorbate become approximately equal to those of the free
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molecule. In the discrete molecular-orbital level picture em- (i) We obtained an overall good description of the spec-
ployed in the present work, the main line intensities are distrum. The present single metal-atom model represents the
tributed over a few closely spaced litfer the 2a;, 1b,, and  #-bonding complex, although the adsorption geometry of
1b, levels in the case of NigH, without adsorbate distor- C,H, on the N{110 surface seems to be more
tion. However, when we take into account the band broadcomplicated®!® In spite of the simplicity of the present

ening effect, we expect broad peaks of larger spectral intennodel, it gives a reasonably good description of the ioniza-
sities for these levels, as in fact observed experimentallyiion of the ligand levels.

Moreover, the spggtral features such as the satellite line en- (i) The intraligand relaxatiofplus correlatioh shifts are
ergies and intensities are governed by te2hlp energy yaher independent of the distortion of molecular geometry.

separations and coupling strengths. The screening effects ¥}, s \he assumption on which Demuth's approach is based,

tsiie?né?nf%%i??ﬁi[g;"d:enIZrnegfscf?eglljltﬂ:ﬁeigglite namely, that the final-state energy shifts due to the intrali-

Y may P 9y. o é:)and relaxation are independent of the distortion of the mol-

ine positions are expected to move closer to the main lin 2cule. is true in the present case. However. the KT ener

positions?® As a result it is likely that a single prominent shifts’from . t hp di - MOWever, ergy
GH, to the distorted ¢H, which are not negli-

peak will be observed. . i R
In order to simulate the band effect. we take into accoung@iPle do not explain the adsorbate-free molecule ionization

only the closely spaced satellite lines around the main lin&€N€rgy separation shifts. There are changes in both initial-
and calculate the center of gravity. In the case of Mg and flngl-state energy shifts du_e to the metal-ligand l?ondmg.
(with no distortion of the molecujeve obtain for the b,,, The shift of the b,, level relative to the rest of the ligand
1byg, 38y, 1bg,, and 2y, levels 12.930.79, 14.16(0.86), levels from the free molecule to the adsorbates is shown to
16.28(0.81), 17.79(0.79, and 20.960.69 eV for the main  be mainly due to the chemical shift and caused by the metal-
line positions(the values inside the brackets are the spectraligand bonding, not by the geometrical distortion of the mol-
intensitie$. The discrepancies between theory and experiecule upon chemisorption, which emerges as a secondary
ment are(when the b,, level is aligned 0.03, 0.35, 0.66, effect.
and 0.33 eV, respectively. The agreement is improved in this The use of a single metal-atom model already provides a
way. The calculated 4,,—1b,, energy difference is 1.23 reasonable description of the observed spectral features. In
eV, while the experimental one is 1.20 eV, the agreement isrder to provide a proper description of the adsorbate spec-
also improved. Note that the calculated IP and pole strengthisum, it is necessary to take into account the metal-ligand
are similar to those obtained by the OVGF method. bonding. Not only the intraligand excitations but also the
In the case of NiGH, (with distortion for the first five = metal-ligand CT excitations and the intrametal excitations
ligand ionization levels we obtain 11.98.76), 13.18(0.87), are important for the screening processes. One cannot de-
15.01(0.35), 16.71(0.78, and 20.470.59 eV, respectively. scribe the spectral feature changes such as the ionization en-
The discrepancies between theory and experimenfvaren  ergy separation changes simply by separating the metal sur-
the 1b,, level is aligned 0.03, 0.06, 0.56, and 0.82 eV, face from the molecule and trying to simulate the electronic
respectively. The agreement is improved as is thestructure of the adsorbate only by distorting the free mol-
1b,,— 1b,, energy difference which is calculated to be 1.23ecule(rehybridizing orbitals together with the use of a free
eV compared to the experimental value of 1.20 eV. How-molecule approximation. One cannot utilize the photoemis-
ever, the effect of the distortion is very small, particularly onsion spectrum for the determination of the geometry of the
the 1b,,— 1b,4 energy difference. chemisorbed molecule, simply by using a free molecule ap-
proximation.

IV. CONCLUSION

In the present work we studied the valence photoemission
spectrum of GH, adsorbed on a Ni metal surface by per-
forming ab initio MO many-body calculations of the This work is partially supported by the Australian Na-
valence-hole spectral functions of Nid,. We draw the fol- tional Research Council and the Fonds der Chemischen In-
lowing conclusions from our calculations. dustrie(Germany.
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