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Theoretical study of the valence-level photoemission spectrum of C6H6 adsorbed on Ni, Pd,
and Pt metal surfaces
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The valence hole spectral functions of the NiC6H6 , PdC6H6, and PtC6H6 model molecules are calculated by
the ab initio third-order algebraic-diagrammatic-construction@ADC~3!# Green-function method using an ex-
tended basis set. The calculation was performed assuming top-site adsorption. The theoretical predictions are
compared with the experimental angle-resolved valence-level photoemission spectra of C6H6 adsorbed on
Ni~110! Pd~110!, Pd~111!, and Pt~111! surfaces. The calculations provide an overall good agreement with
experiment, and confirm the previous experimentally determined assignment of the spectra. A comparison with
the results for the free C6H6 molecule shows that the many-body effects are considerably enhanced by the
presence of the metal atom. There is a strong splitting of the lines and a concomitant intensity redistribution
caused by the metal-ligandp-p* charge-transfer excitations. The ordering of the ionization levels of the
adsorbate is the same as the one of the free molecule. For C6H6 on a Ni~110! surface the presence of the
metal-ligandp-p* charge-transfer satellite of non-negligible spectral intensity accompanying the 1b2 ioniza-
tion process is predicted about 10 eV below the Fermi level, which has not been observed so far. The influence
of the bending of the H atoms out of the hexagonal ring plane on the photoemission spectrum is small.
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I. INTRODUCTION

The chemisorption of aromatic molecules such as benz
and phenol on metal surfaces has become of great inte
because of the growing technological importance of a mic
scopic understanding of the interactions and bonding me
nisms in organic film-metal interfaces. The electronic str
ture, orientation, and symmetry of pure benzene and ben
coadsorbed with CO, NO, O, or alkalis have been studied
many metal surfaces.1 For the pure and coadsorbed laye
there is a consensus that benzene isp bonded to the surface
with the molecular plane oriented parallel to the substra
Benzene adsorption on Ni~110! has been experimentally an
theoretically studied by several groups.2–13 The adsorption
geometry of benzene was obtained from theoret
calculations,2,3 near edge x-ray-adsorption fine-structu
spectroscopy~NEXAFS! studies4 and angle-resolved ultra
violet photoelectron spectroscopy~ARUPS! measure-
ments.4,5

The recent analysis of the ARUPS spectra of the dil
benzene layer on Ni~110! suggests an orientation of the m
lecular plane parallel to the surface withC2v symmetry of
the adsorption complex and the molecules azimuthally
ented with their corners along the@001# direction.4,5 The
analysis of the spectra of the saturated layer suggests tha
molecular plane is still parallel to the surface, but the sy
metry of the adsorption complex is lowered toC1 symmetry
due to an azimuthal rotation of the benzene molecules
duced by strong lateral interactions in the densely pac
550163-1829/97/55~7!/4787~10!/$10.00
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saturated layer.4,5 The conclusion deduced for the geomet
structure of benzene on the Ni~110! surface differs from the
one obtained for the Pd~110! surface, with both systems ex
hibiting a C~432! structure at saturation coverage. The lat
one is the only example where a nonplanar adsorption ge
etry of benzene has been proposed. First, no tilting of b
zene molecules is observed for benzene on Ni~110!. Second,
on Ni~110! the molecules are azimuthally rotated in a w
that the mirror planes of molecules do not coincide with t
high-symmetry directions of the substrate, whereas
Pd~110! an azimuthal orientation of benzene molecules w
its corners along@11̄0# was proposed.14 For the reconstructed
Pt~110!~132! surface, Surmanet al.15 also proposed a paral
lel orientation from their high-resolution electron-energy lo
spectroscopy data.

The comparison of the ultraviolet photoemission spectr
copy ~UPS! spectrum for the dilute benzene layer on
Ni~110! surface to the gas phase spectrum shows that
p levels 1e1g and 1a2u are shifted to higher binding energ
by 1.4 and 1.2 eV, respectively.4,5 A comparison of the UPS
spectrum of benzene on Pd~110! or Pd~111! to the gas phase
spectrum shows that the 1e1g and 1a2u levels are shifted to
higher binding energy by 1.7 and 1.3 eV, respectively.14,16–18

In the case of a Pt~111! surface, they are shifted by 2.1 an
1.7 eV, respectively.19 It would be beneficial to study such
spectral behavior of the adsorbate spectra theoretically,
cause to our knowledge there has not been any theore
study of the UPS spectra of benzene adsorbed on a Ni, P
Pt metal surface using anab initio many-body technique.
4787 © 1997 The American Physical Society
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4788 55M. OHNO AND W. VON NIESSEN
Recently we calculated the valence-level photoemiss
spectra~more exactly the valence hole spectral functions! of
NiC2H2(C2H4) and Pd(Pt)C2H2(C2H4) by theab initio third-
order algebraic-diagrammatic-construction@ADC~3!# Green-
function method using an extended basis set.20 Our calcula-
tions provide reasonably good descriptions of the valen
level photoemission spectra of C2H2 (C2H4) adsorbed on Ni,
Pd, and Pt metal surfaces. The use of the single-metal-a
model made it possible to treat quite accurately the ma
body interactions in both ground and ionized states, and
vided excellent reproductions of the valence- and core-le
photoemission spectra and core-level resonant excita
spectra of adsorbates, including newly observed spec
details.21–26The calculations emphasize the importance o
consistent treatment of many-body effects, such as corr
tions ~fluctuations! and relaxations associated with the io
ization ~excitation! and the inadequacy of a simple mea
field approach. The success of the single-metal-atom mod
together withab initiomany-body calculations is ascribed
the accurate description of many-body effects associa
with the dominant nature of theM ~metal!-L~ligand! interac-
tion on a metal surface. In the case of CO orN2 adsorption
on Ni ~or Pd, Pt! the dominant nature of theM -L interaction,
involving metal 3d(4d) and 4s(5s) orbitals, but with little
contribution from4(5)pp seems to be well described wit
the use of the minimal cluster model. The contribution fro
4pp becomes much more important when thed shell be-
comes nearly filled, as in Cu metal. Indeed in a prelimin
study of the valence and core photoemission spectra of
CO/Cu system, it has been found that there is an indica
of the inadequacy of the single-metal-atom cluster mod
which is tied to the lack of occupation of the 4pp level in the
2S1 ground state of CuCO,27 a problem that may be allevi
ated by the use of an excited2P initial state.28 Also, this
model leads only to partially satisfactory results, indicati
thus the real need for a large metal cluster to properly
scribe the adsorption on the Cu metal surface. From a re
investigation by Roszak and Balasubramanian,29 one can
also derive strong arguments for the validity and usefuln
of the single-metal-atom model to describe the photoem
sion of adsorbates on Ni, Pd, and Pt surfaces. These au
studied low-lying electronic states of the Pt2CO complex us-
ing second-order perturbation theory and the comple
active-space multiconfiguration self-consistent-field meth
The Mulliken population analysis shows that in the bridg
Pt2CO structure thes population on the Pt atom is conside
ably decreased compared to the dissociated fragme
whereas thed population is increased. This is consistent w
thes-d promotion mechanism for the bonding picture.30,31In
the linear Pt2CO structure there occurs a loss of electro
charge on the Pt atom participating in the bonding with C
whereas there is hardly any change on the other Pt a
This can be interpreted to reflect the fact that the role of
second Pt atom is small. In other words, a single-metal-a
model molecule is a reasonably good model for the top-
adsorption of CO on Pt. Thus for some cases there appea
be a sufficient understanding of the physical situation to j
tify the use of the single-metal-atom model.21–26

In the present work, in order to study the valence-le
photoemission spectrum of benzene adsorbed on Ni, Pd,
Pt surfaces, we shall calculate the valence-level photoe
n
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sion spectra~the valence hole spectral functions! of C6H6,
NiC6H6, PdC6H6, and PtC6H6 by the ADC~3! method. We
assume the top site adsorption of C6H6 on a metal surface
We compare the present theoretical predictions of
Ni(Pd,Pt)C6H6 spectral features with the ARUPS spectra
C6H6 adsorbed on a Ni~110!, Pd~110!, Pd~111!, and Pt~111!
surface. We show that the present single-metal-atom mo
can provide a reasonably good description of the UPS sp
tra of the adsorbates. We confirm the assignment of the s
tra made by ARUPS studies, and make a comparison
tween the free-molecule spectrum and the adsorbate sp
from the viewpoint of the energy positions and spectral
tensities.

II. NUMERICAL PROCEDURE

The Green-function formalism@the ADC~3! approach# is
employed to calculate the ionization potentials~IP’s! and
their spectral intensities (I ) directly. In the ADC~3! method
introduced by Schirmer and co-workers32–34 one renormal-
izes the three different types of basic diagrams, namely,
non-hole-hopping relaxation, hole-hopping relaxation, a
ground-state correlation~fluctuation! diagrams. The first step
of the renormalization procedure is the third-order se
energy diagram, describing repulsion between the holes
attraction between the electron and the holes. In the ADC~3!
method one treats the 2h-1p ~two hole-one particle! interac-
tion by the sum of the 1h-1h and 1h-1p interactions within
the framework of the random-phase approximation~RPA!
and the diagrams appearing up to third order are summe
infinity. The appearance of 1p and 2p-1h configurations and
their coupling with the 1h and 2h-1p configurations in the
Dyson equation introduces the effects of ground-state co
lation, and leads to the global inclusion of the effects
higher-order excitations (3h-2p configurations, etc.! on the
ionic states.

The ADC~3! method is accurate to third order in th
electron-electron interaction, and should thus yield relia
ionization energies provided the basis set is of suffici
quality.33,34 In the inner valence region, main line energi
and intensities are calculated accurately to third order in
electron-electron interaction, but satellite lines only acc
rately to first order. This yields a semiquantitative reprodu
tion of the spectrum if this is dominated by an extens
satellite structure. The lowest sattelite lines are, however
general reliably obtained in this approach. We refer to Re
32–34 for further details of the method and a detailed ana
sis of the many-body effects. The accuracy and reliability
the ADC~3! method has been tested not only for fr
molecules,33,34 but also for several model molecules~adsor-
bates! and related charge-transfer systems.20,21,25,26,35,36

XC6H6 (X5Ni, Pd, Pt) represents thep-bonded geom-
etry. The distance of the C6H6 molecule above the meta
atom was set at 3.31 a.u. for the top-site adsorption.
distance is obtained for the top site of C6H6 on a Ni metal
surface by the atomic superposition and electron delocal
tion molecular-orbital calculations.2 The geometry of C6H6 is
taken as that of the free molecule. We use basis sets of
tesian Gaussian functions on the atoms to expand the
lecular orbitals. For Ni the@14s9p5d# basis set of Wachters
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55 4789THEORETICAL STUDY OF THE VALENCE-LEVEL . . .
for Ni ~Ref. 37! is enlarged by twop-type functions with
exponential parametersap50.24 and 0.08 to describe th
4p orbital of Ni and the diffuse 3d function of Hay38

(ad50.1316! and Chonget al.39 The two s-type functions
with smallest exponential parameters are replaced by fu
tions withas50.32 and 0.08 to take into account the orbi
contraction upon molecular bonding. The final basis se
@14s11p6d# contracted to (7s5p3d) ~contraction number 3
of Wachters!. For Pd the @17s14p9d# basis set of
Huzinaga40 is contracted in a general fashion to (9s7p4d).
For Pt the @20s16p11d6 f # basis set of Gropen41 is con-
tracted in a general fashion to (12s11p6d3 f ).

The C basis set is taken from Widmark, Malmqvist, a
Roos,42 @14s9p4d# contracted to (4s2p1d). The H basis set
is taken also from Ref. 42,@8s4p# contracted to (2s1p).
The calculation of the self-consistent-field wave function a
two-electron integral matrix elements has been perform
with a standard program packageMOLCAS-2 for calculation
of Hartree-Fock and correlated wave functions using ba
set expansion techniques.43 In the ADC~3! Green-function
calculations for C6H6, NiC6H6, PdC6H6, and PtC6H6, the
lowest 84, 62, 60, and 53 virtual orbitals, respectively, a
all occupied orbitals, except for the core orbitals, were ta
into account. This leads to matrices of dimension of arou
17 000, 26 000, 25 000, and 20 000, respectively. The b
set for benzene is nearly fully exhausted. The eigenva
and eigenfunctions were extracted with a block Davids
method.44 For each symmetry, about 150 eigenvalues a
eigenvectors were calculated.

We also performed ADC~3! calculations of Ni2C6H6, with
the short-bridge site (S1 according to the notation used b
the authors of Ref. 2! and the short-bridge rotated si
(S2). However, we found that because of a large numbe
near degeneracies of the 2h1p configurations with 1h con-
figurations, the spectral intensities~pole strengths! are split
into many lines. We consider that this is unphysical, and t
the model is not appropriate for a description of the valen
level ionization.

III. RESULTS AND DISCUSSION

In Table I we list the valence-level hole spectral functio
for C6H6 obtained by the ADC~3! method. In Table II we list
the valence-level hole spectral functions for NiC6H6 obtained
by the ADC~3! method with the ligand-metal distance
3.31 a.u. and without the tilt of the C-H bond. The tilting
the C-H bond influences the spectrum little~at most a differ-
ence of 0.2 eV in the ionization energies was calculate!.
Therefore we present only the results obtained without
tilt of the C-H bond. In Tables III and IV we list the valence
level hole spectral functions for PdC6H6 and PtC6H6 calcu-
lated by the ADC~3! method. We list the Koopmans’ theo
rem ~KT! energies, the ionization energies~IP’s!, the relative
spectral intensities (I ), and the experimental ionization ene
gies. The experimental ionization energies of the adsorb
listed in Table II are obtained by ARUPS for the dilute be
zene layer~0.10 ML! on a Ni~110! surface.4 They are listed,
together with the ionization energies obtained for the sa
rated layer~0.23 ML! given inside brackets. To avoid th
effects of the strong lateral interactions in the densely pac
saturated layer, we compare the present theoretical pre
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tions with the data from the dilute layer. TheC1 symmetry of
the adsorption complex of benzene in the saturated la
could indicate a tilting of the benzene molecule. Howev
the authors of Ref. 4 concluded a parallel orientation of
benzene molecules with an uncertainty of65° because they
did not observe any emission from the 2a1g state at normal
incidence in either the saturated or dilute layers. The exp
mental ionization energies of the adsorbate listed in Tab
III and IV are obtained by ARUPS measurements on
Pd~110! surface,14 on a Pd~111! surface,16–18 and on a
Pt~111! surface.19

A. C6H6

A comprehensive investigation concerning the assignm
of the outer-valence main ionic states is given in Ref.
Recently, Weikert and Cederbaum46 studied in detail the sat
ellite lines accompanying the valence shell ionization of b
zene by using the ADC~3! method and made a detailed com
parison with experiment~see references to experiment cite
in this paper!. For an earlier investigation on the satellite lin
structure using the ADC~2! method, see Ref. 47. Weikert an
Cederbaum used a procedure for the efficient numerical c
putation of the one-particle Green function. It makes use
the block-Lanczos method, which allows the effective red
tion of the size of the secular matrices which are to be

TABLE I. Calculated ionization energies and pole streng
(> 0.02! of C6H6 and the experimental ionization energies~all
energies are in eV!.

Level KT IP I Expt.

1e1g 9.19 9.17 0.88 9.3a

19.10 0.02
2e2g 13.55 12.22 0.90 11.7a

1a2u 13.67 12.34 0.74 12.2,a12.44b

16.68 0.16 16.2c

2e1u 16.08 14.48 0.87 14.1a

20.89 0.02
1b2u 16.90 15.10 0.86 14.7a

20.78 0.02
1b1u 17.60 15.78 0.84 15.5a

21.10 0.04
2a1g 19.35 17.35 0.80 17.0a

19.99 0.02
21.85 0.03
25.81 0.02

1e2g 22.47 19.04 0.06
19.17 0.10
19.60 0.44 19.3a

20.58 0.02
20.67 0.03
21.00 0.04
21.25 0.07
21.85 0.04
25.73 0.02

aReference 48.
bReference 49.
cReference 50.
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4790 55M. OHNO AND W. VON NIESSEN
agonalized. They employed a contracted double-z plus po-
larization basis set and in addition a triple-z plus polarization
basis set. The present results are in quantitatively g
agreement with their results including the satellite line po
tions and intensities. The agreement of the results with
periment is also good. The ordering of the ionization level
the same one as the KT energy levels. As the main aim of
present work is the theoretical study of the ionization sp
trum of C6H6 adsorbed on a Ni metal surface, we refer
Ref. 46 for a detailed discussion of the satellite lines. W
thus limit our discussion to the major spectral features.

The ordering of the ionization levels is the same as
one of the KT energy levels. Except for the 1e2g level ~and
the higher-energy levels which are omitted from the ta
because no corresponding information is available for
chemisorbed system!, the one-electron~quasiparticle! picture
is valid. For the 1e2g level, the one-electron picture begins

TABLE II. Calculated ionization energies and pole streng
(>0.02! of NiC6H6 ~on-top site with metal-ligand distance of 3.3
a.u. without the tilt of the H atoms! and the experimentally ob
served values for C6H6 adsorbed on a Ni~110! surface~all energies
in eV!. The experimental ionization energies are shifted by 6.0
The levels inside the brackets are the corresponding levels o
free molecule. C,M , and H in the character column denote carbo
metal, and hydrogen, respectively. The experimental energies
a * are the mean experimental energies. The experimental ene
in brackets are those from the saturated layer.

Level Character KT IP I Expt. ~Ref. 4!

2e2 C-M 7.79 7.26 0.90
3e1 C-M 7.59 7.43 0.91
3a1 M 8.39 7.94 0.92
2e1(1e1g) C-M 10.78 10.09 0.82 10.6*

11.26 0.04 ~10.5* )
1e2(2e2g) C-H 13.70 11.96 0.86 12.1*

12.08 0.03 ~11.8* )
2a1(1a2u) C-C 14.29 11.88 0.17

13.22 0.64 13.3
18.61 0.04 ~13.3!

1e1(2e1u) C-H 16.38 14.37 0.56 ~14.0* )
14.42 0.26 ~13.7* )
15.36 0.02

1b1(1b2u) C-C 17.05 14.63 0.29
14.93 0.51 14.7
15.60 0.05 ~14.7!
16.08 0.02

1b2(1b1u) C-H 17.64 15.35 0.45 15.7
15.36 0.02 ~15.8!
15.66 0.15
15.78 0.08
16.22 0.13

1a1(2a1g) C-H 19.64 17.00 0.03
17.04 0.32 16.9
17.74 0.31 ~17.3!
17.91 0.04
18.07 0.03
18.27 0.06
18.51 0.02
d
i-
x-
s
e
-

e

e

e
e

break down due to the strong configuration interaction
tween the single hole and the two-hole–one-particle confi
rations. But it should be mentioned that already the relativ
low energy 1a2u ionization level shows a satellite line o
appreciable intensity~0.16! about 4.3 eV above the positio
of the main line. This feature is explained in Ref. 47. T
energy difference between the KT energy and the ioniza
energy obtained by the ADC~3! method is the sum of the
correlation energy shift and the relaxation energy shift. F
the sake of simplicity we call this energy difference a fin
state energy shift. Strictly speaking, the Hartree-Fock orb
energies have no physical relevance because the Har
Fock~mean-field! method neglects the electron correlation
the ground state. Thus the initial- and final-state energy sh
also have no physical relevance. However, these quant
can be interpreted to represent the magnitude of the en
shifts of the correlated systems. The final-state energy sh
for the 1e1g , 2e2g , 1a2u , 2e1u , 1b2u , 1b1u , 2a1g , and
1e2g levels are 0.02, 1.33, 1.33, 1.60, 1.80, 1.82, 2.0, a
2.87 eV, respectively. Except for the 1e2g level, where the
one-electron picture breaks down~in other words, the defi-
nition of the final-state energy shift becomes ambiguous! and
the 1e1g level, the final-state energy shifts are rather co
stant. Thus the ordering of the KT energy levels is valid
the ionization energy levels of benzene.

B. NiC6H6

The present results refer to an isolated molecule, and
do not take into account the photoionization cross section
each symmetry species, so a direct comparison with the
perimental photoemission spectrum cannot be made ex
for the ionization energies. A comparison with the expe
mental valence-level spectrum of the adsorbate is made
ply by shifting the theoretical spectrum to the adsorb
spectrum by the following procedure. The ligand levels a
not too strongly influenced by the presence of a metal s
face. To obtain the matching between the free molec
ligand levels and theXC6H6, X5Ni,Pd,Pt ligand levels, the
symmetries (D6h) and the orbital characters~C-C or C-H
bonds! of the ionization levels of free C6H6 were compared
with those (C6v symmetry! of the ionization levels of
XC6H6. In this way we found the ionization level correspo
dences listed in Tables II, III, and IV. We optimized th
energy shift between the experimental ionization energ
and the present predictions by comparing these two set
data and obtained 6.0, 6.5, 6.0, and 6.4 eV for Ni~110!,
Pd~110!, Pd~111!, and Pt~111! metal surfaces, respectively
They are close to the estimated work functions of the me
surfaces. The consistency of the present assignment o
peaks is reflected in the fact that the ionization levels wh
are assigned to thee1 ~or e2) levels, are observed by ARUP
to be split4,5 ~for a comparison with the theoretical predi
tions for these levels, the mean experimental ionization
ergies are listed in Table II!.

The first three ionization levels (2e2, 3e1, and 3a1 levels!
may correspond to the structure observed about 2 eV be
the Fermi level~see the spectrum in Fig. 3 of Ref. 5, and t
one in Fig. 1~b! of Ref. 11!. The structure is most likely due
to the ionization from the metal substrate band. A descript
of the metal ionization levels by the present model is e
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TABLE III. Calculated ionization energies and pole strengths (>0.02! of PdC6H6 ~top-site adsorption
with a metal-ligand distance of 3.31 a.u.! and the experimentally determined values for C6H6 adsorbed on a
Pd~110! ~Ref. 14! and on a Pd~111! surface~Refs. 16–18! ~all energies are in eV!. The experimental
ionization energies are shifted by 6.5 and 6.0 eV, respectively. The levels inside the brackets are th
sponding levels of the free molecule. C,M , and H in the character column denote carbon, metal,
hydrogen, respectively.

Level Character KT IP I Expt. ~Ref. 14! Expt. ~Refs. 16–18!

3e1 C-M 7.44 7.04 0.90 7.0
3e2 C-M 9.64 8.69 0.90 8.5 9.0
3a1 C-M 9.79 8.86 0.91
2e1(1e1g) C-M 11.89 11.01 0.85 11.0 11.0
2e2(2e2g) C-H 13.91 12.36 0.22

12.41 0.67 12.0 - 12.8 12.0 - 12.5
2a1(1a2u) C-C 14.45 12.10 0.21

13.82 0.63 13.5 14.0 - 14.6
1e1(2e1u) C-H 16.75 14.77 0.05

14.94 0.36 14.3 - 14.7 14.0 - 14.6
14.98 0.38
16.97 0.02
17.25 0.02

1b1(1b2u) C-C 17.26 15.14 0.03
15.20 0.71 15.3 15.5 - 16.0
15.38 0.05
16.58 0.04
17.10 0.03

1b2(1b1u) C-H 17.76 15.72 0.52 16.0 15.5 - 16.0
16.00 0.19
16.65 0.06
16.99 0.04
17.60 0.05

1a1(2a1g) C-H 19.91 16.91 0.03
17.47 0.35 17.3 17.3
17.74 0.03
18.15 0.03
18.38 0.21
18.53 0.02
18.56 0.03
19.28 0.03
19.32 0.02
19.50 0.02
20.03 0.02

1e2(1e2g) C-H 22.88 19.23 0.02
20.00 0.04
20.17 0.16 19.5 19.4
20.22 0.03
20.39 0.09
20.46 0.07
20.52 0.10
20.66 0.02
20.89 0.03
20.97 0.04
20.98 0.02
e
tio
re
v-

nt.
on-
free
pected to be rather poor because of the use of a single-m
atom in the present model. However, the first three ioniza
levels seem to agree well with the 2-eV structure. For the
of the ionization levels which originate from the ligand le
tal
n
st

els, we obtain an overall good agreement with experime
The present calculation confirms that the ordering of the i
ization levels of the adsorbate is the same as that of the
molecule.4,5 The KT energy~inital state or chemical! shifts
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TABLE IV. Calculated ionization energies and pole streng
(>0.02! of PtC6H6 ~top-site adsorption with a metal-ligand distan
of 3.31 a.u.! and experimentally determined values for C6H6 ad-
sorbed on Pt~111! ~all energies in eV!. The experimental ionization
energies are shifted by 6.4 eV. The levels inside the brackets ar
corresponding levels of the free molecule. C,M , and H in the
character column denote carbon, metal, and hydrogen, respect

Level Character KT IP I Expt. ~Ref. 19!

3e1 C-M 7.25 6.95 0.91
3e2 C-M 10.14 9.29 0.09
3a1 C-M 10.18 9.33 0.92
2e1(1e1g) C-M 12.34 11.41 0.85 11.4
2e2(2e2g) C-H 14.04 12.50 0.89 12.0
2a1(1a2u) C-C 14.59 11.89 0.14

13.88 0.70 13.9
1e1(2e1u) C-H 16.98 14.98 0.22

15.09 0.05
15.16 0.40 14.4
15.25 0.07
16.12 0.02
17.10 0.03
17.51 0.02

1b1(1b2u) C-C 17.38 14.74 0.03
15.25 0.06
15.34 0.66 15.2
15.67 0.03
16.73 0.02
17.14 0.05

1b2(1b1u) C-H 17.83 15.76 0.46 16.0
15.87 0.15
16.24 0.09
16.72 0.06
17.12 0.06
17.85 0.04

1a1(2a1g) C-H 20.08 17.13 0.06
17.46 0.12
17.59 0.15 17.4
18.30 0.28
18.50 0.02
18.77 0.07
19.53 0.02
19.72 0.03
20.12 0.02

1e2(1e2g) C-H 23.02 19.40 0.04
20.04 0.02
20.31 0.05
20.37 0.05
20.47 0.02
20.51 0.02
20.61 0.27 19.7
20.87 0.02
20.94 0.04
21.12 0.04
21.13 0.02
21.19 0.03
21.60 0.02
from the free molecule to NiC6H6 for the 1e1g , 2e2g ,
1a2u , 2e1u , 1b2u , 1b1u and 2a1g levels, are21.59,
20.15,20.62,20.30,20.15,20.04, and20.29 eV, re-
spectively. Except for the first ligand ionization level, the K
energy shifts are rather small. Thus the KT energy order
of NiC6H6 is the same as the one of the free molecule. T
final-state energy shifts for the 1e1g , 2e2g , 1a2u , 2e1u ,
1b2u , 1b1u , and 2a1g levels of the free molecule are 0.02
1.33, 1.33, 1.60, 1.80, 1.82, and 2.0 eV, respectively, wh
those for the same levels of NiC6H6 are 0.69, 1.74, 1.07
2.01, 2.12, 2.29, and 2.60 eV, respectively. The change
the final-state energy shifts for these levels are 0.67, 0
20.26. 0.41, 0.32, 0.47, and 0.6 eV respectively. These sh
are rather small. The effect of the metal-ligand charg
transfer screening channels on the relaxation energy shif
thus rather small. The sum of the initial-state energy sh
and the changes in the final-state energy shifts for these
els are20.92, 0.26,20.88, 0.11, 0.17, 0.43, and 0.31 eV
respectively. Except for the 1a2u and 1e1g levels, the initial-
state energy shift and the change of the final-state ene
shift tend to cancel out. In other words, for most of the io
ization levels, the energy-level separations do not cha
significantly from the free molecule to the adsorbate. T
explains why the comparison of the data for the dilute b
zene layer on Ni~110! to the gas phase data shows that t
1a2u and 1e1g levels are differently shifted to higher bindin
energies by 1.2 and 1.4 eV, respectively~when the 2a1g
ionization levels are aligned!.4,5 The present predictions ar
1.2 in both cases, in excellent agreement with the experim
tally determined shifts. These changes of the energy-le
separations are due to both the initial-state energy shifts
the changes in the final-state energy shifts. From the sp
trum of benzene adsorbed on a Ni~111! surface, it is con-
cluded that the relatives-orbital ionization energies and in
tensities of gaseous and chemisorbed benzene are essen
identical, except for the shift of 1.2 eV upon adsorption
the benzene 1e1g(p) level.11,12 The claim that only the
1e1g level of the adsorbate on a Ni~111! surface is shifted
substantially from the free molecule originates from an
correct assignment of the 1a2u level @which is indeed shifted
by as much as 1 eV in the case of chemisorption on
Ni~111! surface#.

It is informative to make a comparison between the fr
molecule spectrum and the NiC6H6 spectrum both obtained
by the ADC~3! method. In contrast to the case of the fr
molecule, where the one-electron picture of ionization
valid up to 1e2g ionization, the one-electron~quasiparticle!
picture for NiC6H6 begins to break down for the 1b1u and
2a1g levels. Except for the first three ligand levels, one fin
a splitting of the ionization levels into a few, in genera
closely spaced lines. The many-body effects are t
strongly enhanced by the presence of the metal atom. Th
effects are dominantly due to the metal-ligand char
transfer excitations and the intrametal excitations. T
2h1p configurations which mainly contribute to the wav
function of the satellite lines of appreciable intensity a
i213e1

213e2 ( i51e1 , 1e2 , and 2e1). We note that configu-
rations which involve charge-transfer excitations such
3e1 ~metal-ligand bonding character! to 3e2 ~ligand charac-
ter! are the dominating ones. Moreover, the configuratio

the

ly.
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are of the type of the hole-hopping relaxation process. In
free molecule it is also thep-p* excitation processes whic
dominate the character of the satellite lines. But there
major difference. For NiC6H6 the p-p* excitations are of
metal-ligand charge-transfer type.

C. PdC6H6

The first three ionization levels (3e1 , 3e2 , and 3a1),
which are of metal-ligand bonding character, may cor
spond to the structure observed about 2 eV below the Fe
level.14,16–18The structure is most likely due to the ionizatio
from the metal substrate band. For the rest of the ioniza
levels, which originate from the ligand levels, we obtain
overall good agreement with experiment. The present ca
lation confirms that the ordering of the ionization levels
the adsorbate is the same as that of the free molecule.14,16–18

The present assignment of the spectrum agrees well with
previous assignment made by ARUPS studies.14,16–18Refer-
ring to Fig. 1 of Ref. 14@C6H6 on Pd~110!#, bandA corre-
sponds to the 1e1g level, bandB to the 2e2g level, the broad-
bandC to the 1a2u , 2e1u , 1b2u , and 1b1u levels, bandD to
the 2a1g level, and bandE to the 1e2g level.

The KT energy~inital state or chemical! shifts from the
free molecule to PdC6H6 for the 1e1g , 2e2g , 1a2u , 2e1u ,
1b2u , 1b1u , 2a1g , and 1e2g levels, are22.70, 20.36,
20.78,20.67,20.36,20.16,20.56, and20.41 eV, re-
spectively. Except for the first ligand ionization level, the K
energy shifts are relatively small. Thus the KT energy ord
ing of PdC6H6 is the same as the one of the free molecule
comparison to the case of NiC6H6, the initial-state energy
shifts are larger, particularly for the first ligand ionizatio
level (1e1g). The final-state energy shifts for the 1e1g ,
2e2g , 1a2u , 2e1u , 1b2u , 1b1u , 2a1g , and 1e2g levels of
the free molecule are 0.02, 1.33, 1.33, 1.60, 1.80, 1.82,
and 2.87 eV, respectively, whereas those for the same le
of PdC6H6 are 0.88, 1.50, 0.63, 1.77, 2.06, 2.04, 2.44, a
2.71 eV. The changes in the final-state energy shifts for th
levels are 0.86, 0.17,20.70, 0.17, 0.26, 0.22, 0.44, an
20.16 eV. Except for the first and third ligand levels, t
changes are small. In comparison to the case of NiC6H6, the
changes in the final-state energy shifts are smaller excep
the first and third ligand levels. The sums of the initial-sta
energy shifts and the changes in the final-state energy s
for these levels are21.84,20.19,21.48,20.50,20.10,
0.06, 20.12, and20.57 eV, respectively. In other words
except for the first and third ligand ionization levels, t
energy-level separations do not change from the free m
ecule to the adsorbate. In comparison to NiC6H6, the sums of
the initial-state energy shifts and the changes in the fin
state energy shifts are much larger for the first and th
ligand levels. The energy-level separation changes are du
both the initial-state energy shifts and the changes in
final-state energy shifts.

A comparison of the spectrum for benzene on Pd~110!
@Pd~111!# to the gas phase spectrum shows that the 1e1g and
1a2u levels are differently shifted to higher binding ener
by 1.4 ~1.4! and 1.0~1.8! eV, respectively, when the 2a1g
levels are aligned.14,16–18The present predictions are 1.7 an
1.4 eV. The predictions thus agree well with the experim
tal findings, showing that the model is realistic.

It is informative to make a comparison between the f
e

a

-
i

n

u-
f

he

r-
n

.0,
els
d
se

or
e
fts

l-

l-
d
to
e

-

e

molecule spectrum and the PdC6H6 spectrum both obtained
by the ADC~3! method. In contrast to the case of the fr
molecule, the main line spectral intensity in the adsorb
spectrum tends to be split into two lines of comparable sp
tral intensity. For the 1a1(2a1g) and 1e2(1e2g) levels, the
one-electron picture breaks down. Thus the general spe
behavior is similar to the case of NiC6H6. As in the case for
NiC6H6 the shake-up~-down! satellite lines are dominated i
their wave functions by the metal-ligand charge-trans
p→p* configurations. In the case of the free molecule t
dominant many-body processes arep→p* intraligand exci-
tations. The metal-ligandp→p* charge-transfer excitation
appear at lower energies; i.e., they dominate the spect
and tend to suppress the intraligandp→p* excitations.

D. PtC6H6

The first three ionization levels (3e1 , 3e2, and 3a1 lev-
els! may correspond to the ionization from the metal su
strate band which is expected to be observed about 1–3
below the Fermi level. For the ligand ionization levels w
obtain an overall good agreement with experiment. It appe
that the peak which is expected to correspond to the 1b1u
level is obscured in the spectrum.19 The present calculation
confirms that the ordering of the ionization levels of the a
sorbate is the same as the one of the free molecule.
present assignment agrees with the experimental one.19 The
KT energy ordering of PtC6H6 is the same as the one of th
free molecule.

The initial-state energy shifts from the free molecule
PtC6H6 for the 1e1g , 2e2g , 1a2u , 2e1u , 1b2u , 1b1u ,
2a1g , and 1e2g levels are23.15, 20.49, 20.92, 20.90,
20.48, 20.23, 20.73, and20.55 eV, respectively. The
final-state energy shifts for these levels of PtC6H6 are 0.93,
1.54, 0.71, 1.82, 2.04, 2.07, 1.78, and 2.41 eV, respectiv
compared to the corresponding values for the free C6H6 mol-
ecule of 0.02, 1.33, 1.33, 1.60, 1.80, 1.82, 2.0, and 2.87
The changes in the final-state energy shifts for these le
are 0.91, 0.21,20.62, 0.22, 0.24, 0.25,20.22, and20.46
eV, respectively. Except for the first and third ligand ioniz
tion levels the changes in the final-state energy shifts
rather small. The magnitude of the initial-state energy sh
and the final state energy shifts are similar for bo
PdC6H6 and PtC6H6. The sum of the initial-state energy shi
and the change in the final-state energy shift for these le
of PtC6H6 are22.24,20.28,21.54,20.68,20.24, 0.02,
20.95, and21.01 eV, respectively. Except for the 1e1g ,
1a2u , 2a1g , and 1e2g levels, the energy level separations d
not change strongly from the free molecule to the adsorb
Note that in the case of the 2a1g and 1e2g levels, as the
one-electron picture of ionization breaks down, the definit
of the final-state energy shift becomes ambiguous. Thu
becomes rather meaningless to talk about the change
separation energies for these levels. The energy-level s
ration changes are similar between PdC6H6 and PtC6H6. As
in the case of NiC6H6 and PdC6H6, the energy-level separa
tion changes from the free molecule to the adsorbate are
to both the initial-state energy shifts and the changes in
final-state energy shifts.

A comparison of the spectrum of C6H6 on Pt~111! to the
gas phase spectrum shows that again the 1e1g and 1a2u lev-
els are differently shifted to higher binding energy by 1.7 a
1.3 eV, respectively, when the 2a1g levels are aligned.

19 The
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4794 55M. OHNO AND W. VON NIESSEN
present predictions from our model are 2.0 and 1.3 eV,
spectively, which agree well with experiment. The larger e
ergy shift for the 1e1g level, in comparison to the case of th
Ni and Pd metal surfaces, is due to the larger initial-st
energy shifts. As found in the case of NiC6H6 and PdC6H6,
the satellite lines arise from the metal-ligand charge-tran
excitations. The metal-ligand charge-transferp→p* shake-
up–shake-down processes dominate the satellite lines
contrast to the case of the free molecule, where thep→p*
configurations, which dominate the satellite line structu
are of intraligand type. There is no significant difference
the spectral behavior among NiC6H6, PdC6H6, and PtC6H6.

As is generally the case, the valence-level ionization sp
tra of molecules adsorbed on transition-metal surfaces
dominated by the charge-transfer screening process ra
than the intraligand excitations. It has been discussed in
tail for the case of CO on a Ni metal surface21 that the 1h-
2h1p energy separations for the intraligand excitations
not change significantly from the free molecule to the ads
bate because the free molecule to adsorbate KT energy s
are small. The magnitude of the 1h-2h1p coupling matrix
elements, on the other hand, becomes smaller. This resu
a suppression of the intraligand shake-up excitations in
higher-energy regions~about 5 eV above the main line!.

For the CO adsorption systems and the related cha
transfer systems, recent extensive many-body calculat
have shown that the main line spectral intensity of the f
molecule spectrum is redistributed over a few lines of
adsorbate spectrum in the energy range where the m
ligand charge-transfer excitations~and the intrametal excita
tions! are dominant.20–26,35,36 In the NiC6H6 spectrum the
main line spectral intensities of the inner valence levels
the free molecule tend to be split by the metal-ligand char
transfer excitations into two relatively closely lying level
The sum rule holds also in the present case. In our mode
metal levels are treated as discrete levels, and band ef
such as the broadening of the spectrum are neglected.
introduction of the adsorbate band broadening may sign
cantly influence the imaginary part of the self-energy a
thus the line profile function, which is not calculated in t
present work. The substrate band broadening will smooth
mainly the singularities of the real part of the self-energ
which result from the metal-ligand charge-transfer exc
tions, and will not significantly modify the energetics of th
hole excitations~in the case the poles of the excitations a
well separated!, the main line to satellite line energy separ
tions and their intensities. However, when the split levels
located closely together, they may converge to a single p
with the spectral intensity equal to the sum of the spec
intensities of the split lines. As a result the main line spec
intensities of the ligand ionization levels of the adsorb
become approximately equal to those of the free molecule
the discrete molecular orbital level picture employed in
present work, for NiC6H6 the main line spectral intensit
tends to be distributed over a few closely spaced spec
lines, except for the first three ligand levels. However, wh
we take into account the band broadening effect, we exp
broad peaks of large spectral intensities~about 0.8! for the
ionization peaks, as in fact observed experimentally. For
2a1g level of PdC6H6, from the two lines of comparable
spectral intensity separated by less than 1 eV, we may ob
-
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a single peak because of the line profile broadening du
the substrate band. For the 1e2g level of PdC6H6 we may
obtain a single broad line profile of substantial spectral
tensity ~about 0.6!. In the case of the other levels the on
electron picture applies, or the splitting of the lines is le
severe than in the cases discussed above. For the 2e1u ,
1b1u , 2a1g , and 1e2g levels of PtC6H6, for which formally
the one-electron picture of ionization breaks down, we m
obtain prominent broadbands as observed experimentally
a result the main line spectral intensities of the ligand io
ization levels of the adsorbate become approximately eq
to those of the free molecule. Concerning the 1b2 satellite
line structure predicted about 10 eV below the Fermi le
by the present calculations for the case of a Ni metal surfa
the experimental observation4,5 does not reveal the existenc
of such a satellite line structure of a significant spectral
tensity. The presence of the satellite line may be obscured
the width of the band which is estimated to be about 2-
full width at half maximum. We note that the first effect o
the relaxation~screening! in the ionic excited 2h1p states
@particularly, in the present case, the screening of the intr
gand or metal-ligand Coulomb hole-hole~particle! interac-
tion by the metal-ligand charge-transfer mechanism and
relaxation of the ligand holes by the same mechanis#,
which is totally neglected in the ADC~3! scheme, enter in the
fourth order, i.e., they would only be taken into account
the ADC~4! method. The spectral features, such as the sa
lite line energies and intensities, are governed by theh-
2h1p energy separations and coupling strengths. The scr
ing effects in the 2h1p ionic state may shift the 2h1p en-
ergy. As a result the satellite line positions are expected
move closer to the main line positions.21

The present minimal cluster with a single-metal ato
which models the top adsorption provides a reasonably g
description of the valence photoemission spectrum of b
zene adsorbed on a Ni(Pd,Pt) surface, although the ads
tion geometry is considered to be quite complicated. It h
also emerged from investigations similar to the present on
and from other types of calculations discussed in Sec. I
also in the case of the top site adsorption of CO on
Ni~Pd,Pt! metal surface, the single-metal atom model p
vides a reasonably good model for both ground and io
states. In spite of the much more complicated adsorp
geometries of hydrocarbon molecules~such as C2H2, C2H4,
and C6H6) on a Ni~Pd, Pt! metal surface, the success of th
single-metal atom cluster models for the ionized hydroc
bon adsorbates demonstrated by the ADC~3! calculations,20

is due to the localized polarisation of the metal surface
response to the ionized adsorbate.

Recently Weineltet al.51 studied experimentally and theo
retically the ground-state electronic structure of ethylene o
Ni~110! surface. They calculated the electronic structu
with a local density functional method of the model cluste
Ni24(C2H4) and Ni25(C2H4)2 for the di-s and -p geometries,
respectively. Very similar spectral structures were found
both chemisorption geometries, di-s and -p. In order to
make an approximate comparison~by which it is possible to
save the computational effort such as the self-consistent-
calculation for each ionic state! they compared the ground
state level energies for both geometries to their ARUPS d
Naturally this procedure is only valid when the final-sta
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55 4795THEORETICAL STUDY OF THE VALENCE-LEVEL . . .
energy shifts are rather uniform. Weineltet al. claimed that
this requirement is fulfilled satisfactorily because of the sim
larity in the spatial characteristics of the orbitals. Then th
concluded that it is not possible to determine the adsorp
geometry by such a comparison. As the character of the
bitals which are involved in the metal-ligand bonding is o
ten quite different from the one in the free molecule, one c
expect a substantial change in the relaxation energy s
This is indeed the case, as shown in the present study. T
from this viewpoint, their conclusion indicates only that t
initial-state energy shifts are rather independent of the ge
etry of the adsorbate. Weineltet al. commented critically on
Demuth’s approach by which the geometrical and electro
structure of hydrocarbon molecules adsorbed on metal
faces were determined by comparing the UPS binding e
gies of the various valence levels to theoretical ground-s
level energies of distorted structures of the fr
molecule.11–13Most of the UPS studies were performed u
ing saturated layers, neglecting the fact that molecular le
in densely packed layers can show significant dispersion.
cently we examined also Demuth’s theoretical approach~free
molecule approximation! and showed that the approach fa
to describe the UPS spectra of the hydrocarbon adsorbat20

because of the neglect of the metal-ligand charge-tran
screening. Moreover, we show that the geometrical distor
of the molecule upon chemisorption does not influence
nificantly the valence-level photoemission spectrum of
adsorbate. In other words the initial-state energy shifts du
the distortion of the moelcule do not explain the changes
the ionization energy separations which are observed in
ing from the free molecule to the adsorbate. It appears th
is not possible to determine the geometry of the adsorp
complex simply by using the UPS data. The angle-resol
UPS study is absolutely needed for this purpose.

IV. CONCLUSIONS

The valence hole spectral functions of th
NiC6H6, PdC6H6, and PtC6H6 model molecules are calcu
lated by theab initio third-order algebraic-diagrammatic
construction@ADC~3!# Green-function method using an e
tended basis set. The top-site adsorption of C6H6 on the
metal surface was assumed. The theoretical spectra are
pared with the experimental valence-level photoemiss
spectra of C6H6 adsorbed on Ni~110!, Pd~110!, Pd~111!, and
Pt~111! surfaces. The calculation provides an overall go
agreement with experiment. The present calculation confi
that the ordering of the ionization levels of the adsorbate
i.
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the same as the one of the free molecule and also the sam
the KT level ordering. The calculations also confirm the p
vious experimentally derived assignment of the spectra.
shifts of the 1e1g and 1a2u ionization levels from the free
molecule to the adsorbate is due to both initial- and fin
state energy shifts, which almost cancel out for the rest of
ionization levels. The calculated shifts agree well with t
experimentally determined values. This gives credence to
model with a single-metal atom for describing the adsorb
spectra of hydrocarbons adsorbed on transition-metal
faces such as Ni, Pd, and Pt. It is also shown that in
adsorbate spectrum the main line spectral intensity of
valence levels of the free molecule will be redistributed ov
a few closely spaced lines. The metal-ligandp→p* charge-
transfer excitations are responsible for these many-body
fects. Thus the presence of the metal atom strongly enha
the many-body effects. For the free molecule the o
electron picture of ionization is valid up to the 1e2g level,
but in the adsorbate model cluster it begins to break down
the 1b1u , 2a1g , and 1e2g levels. This splitting of the va-
lence levels is experimentally not observed for C6H6 on a
metal surface because of the band effect. If we take i
account the band effect of the metal substrate, a single m
line whose spectral intensity becomes approximately equa
the one of the free molecule will be observed in the ads
bate spectrum. This explains the similarity in the spec
intensity distribution between the free molecule and the
sorbate spectrum. For C6H6 adsorbed on a Ni metal surfac
the present theory predicts the presence of the metal-lig
charge-transfer (p-p* ) shake-up satellite of non-negligibl
intensity around 10 eV below the Fermi level. However, e
periments have not revealed the presence of such a sat
line. There is the possibility that the satellite line is obscur
by the broadening of the main line by the substrate me
band, or it may be that this satellite is calculated at too h
energies in the ADC~3! method. The bending of the H atom
out of the hexagonal ring plane hardly influences the sp
trum. The present study shows that the single-metal-a
model can provide a reasonably good description of the U
spectra of C6H6 adsorbed on Ni, Pd, and Pt metal surfac
because of the local character of the metal-ligand cha
transfer screening at the adsorption site.
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