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The valence hole spectral functions of the g, PdGHg, and PtGHg model molecules are calculated by
the ab initio third-order algebraic-diagrammatic-constructi®xDC(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 spectggofdSorbed on
Ni(110 Pd110, Pd111), and P€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 ¢Elg 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-ligand-7* charge-transfer excitations. The ordering of the ionization levels of the
adsorbate is the same as the one of the free molecule. fty @ a N(110 surface the presence of the
metal-ligandw-#* charge-transfer satellite of non-negligible spectral intensity accompanyingthiediza-
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.
[S0163-18207)09707-5

[. INTRODUCTION saturated layet® The conclusion deduced for the geometric
structure of benzene on the (WiL0) surface differs from the
The chemisorption of aromatic molecules such as benzenane obtained for the R#l10) surface, with both systems ex-
and phenol on metal surfaces has become of great intereibiting a Q4x2) structure at saturation coverage. The latter
because of the growing technological importance of a microone is the only example where a nonplanar adsorption geom-
scopic understanding of the interactions and bonding mechatry of benzene has been proposed. First, no tilting of ben-
nisms in organic film-metal interfaces. The electronic struczene molecules is observed for benzene o1 Nj). Second,
ture, orientation, and symmetry of pure benzene and benzer Ni(110) the molecules are azimuthally rotated in a way
coadsorbed with CO, NO, O, or alkalis have been studied fothat the mirror planes of molecules do not coincide with the
many metal surfacesFor the pure and coadsorbed layershigh-symmetry directions of the substrate, whereas for
there is a consensus that benzene isonded to the surface Pd110) an azimuthal orientation of benzene molecules with
with the molecular plane oriented parallel to the substrateits corners alon§110] was proposed? For the reconstructed
Benzene adsorption on Nil0) has been experimentally and P110)(1x2) surface, Surmaet al!® also proposed a paral-
theoretically studied by several groups? The adsorption lel orientation from their high-resolution electron-energy loss
geometry of benzene was obtained from theoreticakpectroscopy data.
calculations;® near edge x-ray-adsorption fine-structure  The comparison of the ultraviolet photoemission spectros-
spectroscopy(NEXAFS) studie$ and angle-resolved ultra- copy (UPS spectrum for the dilute benzene layer on a
violet photoelectron spectroscopfARUPS measure- Ni(110) surface to the gas phase spectrum shows that the
ments?® w levels Je;q and la,, are shifted to higher binding energy
The recent analysis of the ARUPS spectra of the diluteby 1.4 and 1.2 eV, respectively. A comparison of the UPS
benzene layer on NiL10) suggests an orientation of the mo- spectrum of benzene on AA.0) or Pd111) to the gas phase
lecular plane parallel to the surface wi@p, symmetry of  spectrum shows that thee, and 1a,, levels are shifted to
the adsorption complex and the molecules azimuthally orihigher binding energy by 1.7 and 1.3 eV, respectivéff 18
ented with their corners along tH&01] direction*® The In the case of a Pt11) surface, they are shifted by 2.1 and
analysis of the spectra of the saturated layer suggests that the7 eV, respectively® It would be beneficial to study such a
molecular plane is still parallel to the surface, but the sym-spectral behavior of the adsorbate spectra theoretically, be-
metry of the adsorption complex is lowered@q symmetry  cause to our knowledge there has not been any theoretical
due to an azimuthal rotation of the benzene molecules instudy of the UPS spectra of benzene adsorbed on a Ni, Pd, or
duced by strong lateral interactions in the densely packe&®t metal surface using ab initio many-body technique.
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Recently we calculated the valence-level photoemissiomjon spectrathe valence hole spectral functionsf CgHe,
spectra(more exactly the valence hole spectral functjools  NiCsH,, PdGHg, and PtGHg by the ADQ3) method. We
NiC,Hy(CoH,) and Pd(Pt)GH,(CoHy) by theab initio third-  assume the top site adsorption ofHg on a metal surface.
order algebraic-diagrammatic-constructisxDC(3)] Green-  We compare the present theoretical predictions of the
function method using an extended basis?8@ur calcula- Ni(Pd,Pt)GH, spectral features with the ARUPS spectra of
tions provide _reqsonably good descriptions of the valencec,H, adsorbed on a N110), Pd110), Pd111), and P¢111)
level photoemission spectra otk (C;H,) adsorbed on Ni,  syrface. We show that the present single-metal-atom models
Pd, and Pt metal surfaces. The use of the single-metal-atoghn provide a reasonably good description of the UPS spec-
model made it possible to treat quite accurately the manyra of the adsorbates. We confirm the assignment of the spec-
body interactions in both ground and ionized states, and prara made by ARUPS studies, and make a comparison be-
vided excellent reproductions of the valence- and core-levelyeen the free-molecule spectrum and the adsorbate spectra

photoemission spectra and core-level resonant excitatiogom the viewpoint of the energy positions and spectral in-
spectra of adsorbates, including newly observed spectrabnsities.

details®~2® The calculations emphasize the importance of a
consistent treatment of many-body effects, such as correla-
tions (fluctuation$ and relaxations associated with the ion-
ization (excitation) and the inadequacy of a simple mean-
field approach. The success of the single-metal-atom models, The Green-function formalisiithe ADC(3) approach is
together withab initio many-body calculations is ascribed to employed to calculate the ionization potenti@l®’s) and
the accurate description of many-body effects associatetheir spectral intensitied ] directly. In the ADG3) method
with the dominant nature of thiel (meta)-L (ligand) interac-  introduced by Schirmer and co-work&s* one renormal-
tion on a metal surface. In the case of CONy adsorption izes the three different types of basic diagrams, namely, the
on Ni (or Pd, Pt the dominant nature of tHé-L interaction, non-hole-hopping relaxation, hole-hopping relaxation, and
involving metal 31(4d) and 4s(5s) orbitals, but with little  ground-state correlatioffluctuatior) diagrams. The first step
contribution from4(5)pm seems to be well described with of the renormalization procedure is the third-order self-
the use of the minimal cluster model. The contribution fromenergy diagram, describing repulsion between the holes and
4pm becomes much more important when ttheshell be-  attraction between the electron and the holes. In the @DC
comes nearly filled, as in Cu metal. Indeed in a preliminarymethod one treats then2lp (two hole-one particleinterac-
study of the valence and core photoemission spectra of thiéion by the sum of the i-1h and 1h-1p interactions within
COI/Cu system, it has been found that there is an indicatiothe framework of the random-phase approximati&PA)
of the inadequacy of the single-metal-atom cluster modeland the diagrams appearing up to third order are summed to
which is tied to the lack of occupation of the# level in the infinity. The appearance offland 2p-1h configurations and
23* ground state of CuC&, a problem that may be allevi- their coupling with the h and zh-1p configurations in the
ated by the use of an excitetll initial state?® Also, this  Dyson equation introduces the effects of ground-state corre-
model leads only to partially satisfactory results, indicatinglation, and leads to the global inclusion of the effects of
thus the real need for a large metal cluster to properly dehigher-order excitations (82p configurations, etg.on the
scribe the adsorption on the Cu metal surface. From a receidnic states.
investigation by Roszak and Balasubramarfiamne can The ADC3) method is accurate to third order in the
also derive strong arguments for the validity and usefulnesslectron-electron interaction, and should thus yield reliable
of the single-metal-atom model to describe the photoemisionization energies provided the basis set is of sufficient
sion of adsorbates on Ni, Pd, and Pt surfaces. These authagsality3*3* In the inner valence region, main line energies
studied low-lying electronic states of the,O complex us- and intensities are calculated accurately to third order in the
ing second-order perturbation theory and the completeelectron-electron interaction, but satellite lines only accu-
active-space multiconfiguration self-consistent-field methodrately to first order. This yields a semiquantitative reproduc-
The Mulliken population analysis shows that in the bridgedtion of the spectrum if this is dominated by an extensive
Pt,CO structure thes population on the Pt atom is consider- satellite structure. The lowest sattelite lines are, however, in
ably decreased compared to the dissociated fragmentggeneral reliably obtained in this approach. We refer to Refs.
whereas thel population is increased. This is consistent with 32—34 for further details of the method and a detailed analy-
thes-d promotion mechanism for the bonding pictdP€lin  sis of the many-body effects. The accuracy and reliability of
the linear P4CO structure there occurs a loss of electronicthe ADC3) method has been tested not only for free
charge on the Pt atom participating in the bonding with COmolecules’>** but also for several model moleculéadsor-
whereas there is hardly any change on the other Pt atonbate$ and related charge-transfer systefhg-2>26:35.36
This can be interpreted to reflect the fact that the role of the XCgHe (X=Ni, Pd, Pt) represents the-bonded geom-
second Pt atom is small. In other words, a single-metal-atoretry. The distance of the 8 molecule above the metal
model molecule is a reasonably good model for the top-sit@tom was set at 3.31 a.u. for the top-site adsorption. The
adsorption of CO on Pt. Thus for some cases there appears distance is obtained for the top site ofHg on a Ni metal
be a sufficient understanding of the physical situation to jussurface by the atomic superposition and electron delocaliza-
tify the use of the single-metal-atom modé&t?® tion molecular-orbital calculatiorfsThe geometry of gHg is

In the present work, in order to study the valence-leveltaken as that of the free molecule. We use basis sets of Car-
photoemission spectrum of benzene adsorbed on Ni, Pd, arnesian Gaussian functions on the atoms to expand the mo-
Pt surfaces, we shall calculate the valence-level photoemidecular orbitals. For Ni th¢14s9p5d] basis set of Wachters

II. NUMERICAL PROCEDURE
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for Ni (Ref. 37 is enlarged by twap-type functions with TABLE I. Calculated ionization energies and pole strengths
exponential parameters,=0.24 and 0.08 to describe the (= 0.09 of CgHg and the experimental ionization energie|

4p orbital of Ni and the diffuse 8 function of Hay®  energies are in eV

(2g=0.1316 and Chonget al®° The two s-type functions

with smallest exponential parameters are replaced by func-eve! KT P ' Expt.
tions with a;=0.32 and 0.08 to take into account the orbital le, 9.19 9.17 0.88 0.8
contraction upon molecular bonding. The final basis set is o 19.10 0.02
[14s11p6d] contracted to (g5p3d) (contracnon number 3 26, 13.55 1222 0.90 11%
of Wachters. For Pd the [17s14p9d] basis set of 1a 13.67 12.34 0.74 12.812.44
Huzinag4® is contracted in a general fashion tosf@®4d). 2 ' 16.68 016 168
For Pt the[20s16p11d6f] basis set of Gropéh is con- : ' ,

. ; 2eqy, 16.08 14.48 0.87 143
tracted in a general fashion to (§21p6d3f). 20.89 0.02

The C basis set is taken from Widmark, Malmqvist, and
Roos72[14s9p4d] contracted to (42p1d). The H basis set
is taken also from Ref. 42,8s4p] contracted to (81p).

1b,, 16.90 15.10 0.86 14%
20.78 0.02

The calculation of the self-consistent-field wave function and-P 17.60 15.78 0.84 155
two-electron integral matrix elements has been performed 21.10 0.04
with a standard program packag®LcAs-2 for calculation 231 19.35 17.35 0.80 179
of Hartree-Fock and correlated wave functions using basis 19.99 0.02
set expansion techniqué&$in the ADQ3) Green-function 21.85 0.03
calculations for GHg, NiCgHs, PdGHg and PtGHg, the 25.81 0.02
lowest 84, 62, 60, and 53 virtual orbitals, respectively, andl€zq 22.47 19.04 0.06
all occupied orbitals, except for the core orbitals, were taken 19.17 0.10
into account. This leads to matrices of dimension of around 19.60 0.44 19.8
17 000, 26 000, 25 000, and 20 000, respectively. The basis 20.58 0.02
set for benzene is nearly fully exhausted. The eigenvalues 20.67 0.03
and eigenfunctions were extracted with a block Davidson 21.00 0.04
method** For each symmetry, about 150 eigenvalues and 21.25 0.07
eigenvectors were calculated. 21.85 0.04
We also performed AD@) calculations of NjJCgHg, with 25.73 0.02

the short-bridge site1 according to the notation used by
the authors of Ref. 2and the short-bridge rotated site °Reference 48.
(S2). However, we found that because of a large number ofReference 49.
near degeneracies of thd2p configurations with h con-  “Reference 50.
figurations, the spectral intensitiégole strengthsare split
into many lines. We consider that this is unphysical, and thations with the data from the dilute layer. TRy symmetry of
the model is not appropriate for a description of the valencethe adsorption complex of benzene in the saturated layer
level ionization. could indicate a tilting of the benzene molecule. However,
the authors of Ref. 4 concluded a parallel orientation of the
benzene molecules with an uncertainty-05° because they
did not observe any emission from the,g state at normal

In Table | we list the valence-level hole spectral functionsincidence in either the saturated or dilute layers. The experi-
for CgHg obtained by the AD(3) method. In Table Il we list mental ionization energies of the adsorbate listed in Tables
the valence-level hole spectral functions for iz obtained 1ll and IV are obtained by ARUPS measurements on a
by the ADQ3) method with the ligand-metal distance of Pd110) surface’* on a Pd111) surface'®'® and on a
3.31 a.u. and without the tilt of the C-H bond. The tilting of Pt(111) surface*®
the C-H bond influences the spectrum littlt most a differ-
ence of 0.2 eV in the ionization energies was calculated
Therefore we present only the results obtained without the A- CeHe
tilt of the C-H bond. In Tables Il and IV we list the valence- A comprehensive investigation concerning the assignment
level hole spectral functions for Pg8; and PtGHg calcu-  of the outer-valence main ionic states is given in Ref. 45.
lated by the ADG3) method. We list the Koopmans’ theo- Recently, Weikert and Cederbaffhstudied in detail the sat-
rem(KT) energies, the ionization energi@B’s), the relative  ellite lines accompanying the valence shell ionization of ben-
spectral intensitiesl |, and the experimental ionization ener- zene by using the AD@G) method and made a detailed com-
gies. The experimental ionization energies of the adsorbatearison with experimengsee references to experiment cited
listed in Table Il are obtained by ARUPS for the dilute ben-in this pape). For an earlier investigation on the satellite line
zene layer(0.10 ML) on a Ni110) surface® They are listed, structure using the AD@) method, see Ref. 47. Weikert and
together with the ionization energies obtained for the satu€ederbaum used a procedure for the efficient numerical com-
rated layer(0.23 ML) given inside brackets. To avoid the putation of the one-particle Green function. It makes use of
effects of the strong lateral interactions in the densely packethe block-Lanczos method, which allows the effective reduc-
saturated layer, we compare the present theoretical predition of the size of the secular matrices which are to be di-

Ill. RESULTS AND DISCUSSION
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TABLE Il. Calculated ionization energies and pole strengthsbreak down due to the strong configuration interaction be-
(=0.02 of NiCgHg (on-top site with metal-ligand distance of 3.31 tween the single hole and the two-hole—one-particle configu-
a.u. without the tilt of the H atomsand the experimentally ob- rations. But it should be mentioned that already the relatively
served values for §Hg adsorbed on a NL10) surface(all energies  |ow energy H,, ionization level shows a satellite line of
in eV). The experimental ionization energies are shifted by 6.0 eVappreciabIe intensity0.16) about 4.3 eV above the position
The levels inside the brackets are the corresponding levels of thgf the main line. This feature is explained in Ref. 47. The
free molecule. CM, and H in the character column denote Carbon'energy difference between the KT energy and the ionization
metal, and hydrogen, respectively. The experimental energies Witanergy obtained by the AD®) method is the sum of the
a * are the mean experimental energies. The experimental energi%st‘)rrelation energy shift and the relaxation energy shift. For
in brackets are those from the saturated layer. . - . . ;

the sake of simplicity we call this energy difference a final-
state energy shift. Strictly speaking, the Hartree-Fock orbital

Level Character KT IP I Expt. (Ref. 4 ) ’
energies have no physical relevance because the Hartree-
2e, C-M 779 7.26 0.90 Fock (mean-field method neglects the electron correlation in
3e, C-M 759 7.43 0091 the ground state. Thus the initial- and final-state energy shifts
3a, M 839 794 0092 also have no physical relevance. However, these quantities
2ey(1eyq) C-M 10.78 10.09 0.82 10% can be interpreted to represent the magnitude of the energy
11.26 0.04 (10.5) shifts of the correlated systems. The final-state energy shifts
ley(2e,,) CH 1370 11.96 0.86 12*1 for the lejy, 2eyq, lay,, 2€yy, 1by,, 1by,, 2254, and
12.08 0.03 (11.8*) 1629 levels are 002, 1.33, 1.33, 1.60, 1.80, 1.82, 2.0, and
2a,(1ay) c-C 1429 11.88 017 2.87 eV, respe_ctlvely. Except for thee], level, where the_z
1322 064 13.3 one-electron picture breaks doviim other words, the defi-
1861 004 (133 nition of the final—sta'te energy shift becomes ambigli@unsl
1e,(2ey) C-H 1638 1437 056 (14.0%) the le,q4 level, the f|r_1al-state energy shifts are r_ather_ con-
1442 026 (13.7) stant. 'I_'hug the ordering of the KT energy levels is valid for
1536 002 the ionization energy levels of benzene.
1b;(1by,) c-C 17.05 14.63 0.29
14.93 0.1 14.7 B. NiCeHq
ig:gg 8:82 (14.9 The present results refer to an_isqlated molecule, a}nd we
1b,(1by,) c-H 1764 1535 045 15.7 do not take into account the pho_t0|on|zat|on cross sections of
1536 002 (158 eac_h symmetry species, so a direct comparison with the ex-
perimental photoemission spectrum cannot be made except
1566 0.15 for the ionization energies. A comparison with the experi-
15.78 0.08 mental valence-level spectrum of the adsorbate is made sim-
1622 013 ply by shifting the theoretical spectrum to the adsorbate
1a,(2ay4) CH 1964 17.00 0.03 spectrum by the following procedure. The ligand levels are
17.04 0.32 16.9 not too strongly influenced by the presence of a metal sur-
17.74 031 17.3 face. To obtain the matching between the free molecule
1791 0.04 ligand levels and theXCgHg, X=Ni,Pd,Pt ligand levels, the
18.07 0.03 symmetries Dg,) and the orbital charactersC-C or C-H
18.27 0.06 bonds of the ionization levels of free §El; were compared
18.51 0.02 with those Cg, symmetry of the ionization levels of
XCgHs. In this way we found the ionization level correspon-
dences listed in Tables II, lll, and IV. We optimized the

agonalized. They employed a contracted doublglus po- energy shift between the experimental ionization energies
larization basis set and in addition a trigjgslus polarization and the present predictions by comparing these two sets of
basis set. The present results are in quantitatively goodata and obtained 6.0, 6.5, 6.0, and 6.4 eV fof110),
agreement with their results including the satellite line posiPd110, Pd111), and P¢111) metal surfaces, respectively.
tions and intensities. The agreement of the results with exThey are close to the estimated work functions of the metal
periment is also good. The ordering of the ionization levels issurfaces. The consistency of the present assignment of the
the same one as the KT energy levels. As the main aim of thpeaks is reflected in the fact that the ionization levels which
present work is the theoretical study of the ionization specare assigned to the (or e,) levels, are observed by ARUPS
trum of GHg adsorbed on a Ni metal surface, we refer toto be splif® (for a comparison with the theoretical predic-
Ref. 46 for a detailed discussion of the satellite lines. Wetions for these levels, the mean experimental ionization en-
thus limit our discussion to the major spectral features. ergies are listed in Table)ll

The ordering of the ionization levels is the same as the The first three ionization levels €2, 3e;, and &, levely
one of the KT energy levels. Except for the,}, level (and  may correspond to the structure observed about 2 eV below
the higher-energy levels which are omitted from the tablethe Fermi levelsee the spectrum in Fig. 3 of Ref. 5, and the
because no corresponding information is available for thene in Fig. 1b) of Ref. 11). The structure is most likely due
chemisorbed systenthe one-electrofquasiparticlg picture  to the ionization from the metal substrate band. A description
is valid. For the &, level, the one-electron picture begins to of the metal ionization levels by the present model is ex-
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TABLE lIl. Calculated ionization energies and pole strengths0(02 of PdGHg (top-site adsorption
with a metal-ligand distance of 3.31 g.and the experimentally determined values fgHgadsorbed on a
Pd110 (Ref. 14 and on a P@11) 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 the corre-
sponding levels of the free molecule. ®|, and H in the character column denote carbon, metal, and
hydrogen, respectively.

Level Character KT IP | Expt. (Ref. 19 Expt. (Refs. 16—18
3e; C-M 7.44 7.04 0.90 7.0
3e, C-M 9.64 8.69 0.90 8.5 9.0
3a; C-M 9.79 8.86 0.91
2e;(1eyq) C-M 11.89 11.01 0.85 11.0 11.0
2e,(2e,) C-H 13.91 1236  0.22
12.41 0.67 12.0-12.8 12.0-125
2a,(1ay,) c-C 1445 1210  0.21
13.82 0.63 135 14.0 - 14.6
le,(2ey,) C-H 16.75 1477  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
1b;(1b,,) c-C 17.26 1514  0.03
15.20 0.71 15.3 15.5-16.0
15.38 0.05
16.58 0.04
17.10 0.03
1b,(1by,) C-H 17.76 1572  0.52 16.0 15.5 - 16.0
16.00 0.19
16.65 0.06
16.99 0.04
17.60 0.05
la,(2a44) 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
1e,(1ey) C-H 2288 1923  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

pected to be rather poor because of the use of a single-metals, we obtain an overall good agreement with experiment.

atom in the present model. However, the first three ionizatiorThe present calculation confirms that the ordering of the ion-

levels seem to agree well with the 2-eV structure. For the redtation levels of the adsorbate is the same as that of the free
of the ionization levels which originate from the ligand lev- molecule?® The KT energy(inital state or chemicalshifts
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TABLE V. Calculated ionization energies and pole strengthsfrom the free molecule to NigHg for the le,,, 2e,,,
(=0.02 of PtGHg (top-site adsorption with a metal-ligand distance lay,, 2€i,, 1b,,, 1b;, and 2a,, levels aﬁe _ 1_5—3]9
of 3.31 a.ul and experimentally determined values fogHg ad- _0”1’5 —ouéz _5’30 _Lb 15 -0 094 and—0.29 eV re-

sorbed on Ri11) (all energies in ey. The experimental ionization . . . N
energies are shifted by 6.4 eV. The levels inside the brackets are thSé)ectlver. Except for the first ligand ionization level, the KT

corresponding levels of the free molecule. @, and H in the energy shifts are rather small. Thus the KT energy ordering

character column denote carbon, metal, and hydrogen, respectivel9_.f NiCgHg is the same as the one of the free molecule. The
final-state energy shifts for theel,, 2e,q, la,,, 2ey,,

Level Character KT P | Expt. (Ref. 19 1by,, 1by,, and 22,4 levels of the free molecule are 0.02,
1.33, 1.33, 1.60, 1.80, 1.82, and 2.0 eV, respectively, while
3e; C-M 725 695 091 those for the same levels of NjBg are 0.69, 1.74, 1.07,
3e; C-M 1014 929 0.09 2.01, 2.12, 2.29, and 2.60 eV, respectively. The changes of
3a, C-M 1018 9.33 0.92 the final-state energy shifts for these levels are 0.67, 0.41,
2e(1eyg) CM 1234 1141 085 11.4 —0.26.0.41, 0.32, 0.47, and 0.6 eV respectively. These shifts
2€5(2€5) C-H 1404 1250 0.89 12.0 are rather small. The effect of the metal-ligand charge-
2a,(1a,.) c-C 1459 1189 014 transfer screening channels on the relaxation energy shifts is
13.88 0.70 13.9 thus rather small. The sum of the initial-state energy shifts
lei(2eyy) C-H 16.98 14.98 0.22 and the changes in the final-state energy shifts for these lev-
15.09 0.05 els are—0.92, 0.26,—0.88, 0.11, 0.17, 0.43, and 0.31 eV,
15.16  0.40 14.4 respectively. Except for theah, and le;q levels, the initial-
1525 0.07 state energy shift and the change of the final-state energy
16.12 0.02 shift tend to cancel out. In other words, for most of the ion-
17.10 0.03 ization levels, the energy-level separations do not change
17.51 0.02 significantly from the free molecule to the adsorbate. This
1b;(1by,) c-C 17.38 14.74 0.03 explains why the comparison of the data for the dilute ben-
15.25 0.06 zene layer on NiL10 to the gas phase data shows that the
15.34 0.66 15.2 la,, and le,q levels are differently shifted to higher binding
15.67 0.03 energies by 1.2 and 1.4 eV, respectivélyhen the 2,
16.73 002 ionization levels are aligned® The present predictions are
17.14 005 1.2 in both cases, in excellent agreement with the experimen-

tally determined shifts. These changes of the energy-level

107(1b1) C-H 17.83 1576 0.46 16.0 separations are due to both the initial-state energy shifts and

15.87 0.15 . . .
the changes in the final-state energy shifts. From the spec-

1624 0.09 trum of benzene adsorbed on a(Nil) surface, it is con-
16.720.06 cluded that the relativer-orbital ionization energies and in-
17.12 0.06 tensities of gaseous and chemisorbed benzene are essentially
17.85 0.04 identical, except for the shift of 1.2 eV upon adsorption of

1ay(2a,) C-H 2008 17.13 0.06 the benzene d;4(m) level™* The claim that only the
17.46 0.12 le,q level of the adsorbate on a Mil1) surface is shifted
17.59 0.15 17.4 substantially from the free molecule originates from an in-
18.30 0.28 correct assignment of thea},, level [which is indeed shifted
18.50 0.02 by as much as 1 eV in the case of chemisorption on a
18.77 0.07 Ni(111) surfacd.
1953 0.02 It is informative to make a comparison between the free
19.72 0.03 molecule spectrum and the Njldg spectrum both obtained
2012 0.02 by the ADQ3) method. In contrast to the case of the free

molecule, where the one-electron picture of ionization is

ley(le C-H 23.02 19.40 0.04 . S . :
2(1829) valid up to le,, ionization, the one-electrofuasiparticlg

20.04 002 picture for NiGHg begins to break down for thebi, and
20.31 0.05 . . .
20.37 005 2ay, I_e\_/els. Excep_t fqr th_e first three_ ligand Ievel_s, one finds
a splitting of the ionization levels into a few, in general,
20.47  0.02 closely spaced lines. The many-body effects are thus
20.51  0.02 strongly enhanced by the presence of the metal atom. These
20.61 027 19.7 effects are dominantly due to the metal-ligand charge-
20.87 0.02 transfer excitations and the intrametal excitations. The
20.94 0.04 2h1p configurations which mainly contribute to the wave
21.12 0.04 function of the satellite lines of appreciable intensity are
21.13 0.02 i‘13e1_13e2 (i=1eq, le,, and Z,). We note that configu-
21.19 0.03 rations which involve charge-transfer excitations such as
21.60 0.02 3e; (metal-ligand bonding characjeio 3e, (ligand charac-

ter) are the dominating ones. Moreover, the configurations
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are of the type of the hole-hopping relaxation process. In thenolecule spectrum and the PgG spectrum both obtained
free molecule it is also the-7* excitation processes which by the ADQ3) method. In contrast to the case of the free
dominate the character of the satellite lines. But there is @nolecule, the main line spectral intensity in the adsorbate
major difference. For NigHg the 7-7* excitations are of spectrum tends to be split into two lines of comparable spec-

metal-ligand charge-transfer type. tral intensity. For the &;(2a,4) and le,(1e,g) levels, the
one-electron picture breaks down. Thus the general spectral
C. PdCeHs behavior is similar to the case of NjBs. As in the case for

The first three ionization levels €3, 3e,, and 3,), NiCgHg the shake-ug-down) satellite lines are dominated in
which are of metal-ligand bonding character, may correeir wave functions by the metal-ligand charge-transfer
spond to the structure observed about 2 eV below the Fernf 0 configurations. In the case of the free molecule the
level 2416-18The structure is most likely due to the ionization dominant many-body processes are>7* intraligand exci-

X ! . N
from the metal substrate band. For the rest of the ionizatiortéat'oenasr' ;P?Omgﬁaggg?ngg.l Ctrﬂirg%'éﬁnni?er ?ﬁg'tst'ggtsr m
levels, which originate from the ligand levels, we obtain an PP w ges, 1.€., y ! pectru

! A . -
overall good agreement with experiment. The present calcua—md tend to suppress the intraligand- 7 excitations.

lation confirms that the ordering of the ionization levels of D. PtC-H

the adsorbate is the same as that of the free moléédfe’® _ e

The present assignment of the spectrum agrees well with the TN€ first three ionization levels €3, 3e,, and 3, lev-
previous assignment made by ARUPS studfe€-'®Refer- els may correspond to the ionization from the metal sub-
fing to Fig. 1 of Ref. 14 CsHg on Pd110], bandA corre- strate band which is expected to be observed about 1-3 eV

sponds to the &, 4 level, bandB to the 2,4 level, the broad- bglow the Fem|1|| Ievzl. For the Ilga_nr(]j lonization levels we
andC to the sy, 26y, 10y, and by, levels, band o 00kl an overal good agreement with experiment. It appears
the 2a,4 level, and banc to the le,, level. a the peax Which 1S expecier; 1o correspond 1o the,

h o . . level is obscured in the spectruthThe present calculation
The KT energy(inital state or chemicalshifts from the  ;nfirms that the ordering of the ionization levels of the ad-

free molecule to PdgH, for the 1e,q, 2€5g, 1854, 2€1u,  sorbate is the same as the one of the free molecule. The
1bay, 1byy, 2214, and Ieyy levels, are—2.70, —0.36,  present assignment agrees with the experimental“biiae
—0.78,-0.67, —0.36, = 0.16, —0.56, and—0.41 eV, re- KT energy ordering of PtgH; is the same as the one of the
spectively. Except for the first ligand ionization level, the KT free molecule.
energy shifts are relatively small. Thus the KT energy order- The initial-state energy shifts from the free molecule to
ing of PdGHg is the same as the one of the free molecule. IPtGHs for the ey, 2e,q, lap,, 26y, 1by,, 1byy,
comparison to the case of NiBs, the initial-state energy 2a,q, and le,q levels are—3.15, —0.49, —0.92, —0.90,
shifts are larger, particularly for the first ligand ionization —0.48, —0.23, —0.73, and—0.55 eV, respectively. The
level (le,4). The final-state energy shifts for theed, final-state energy shifts for these levels of gtg are 0.93,
2ey4, lag,, 2€y,, 1by,, 1by,, 2a;4, and leyy levels of  1.54,0.71, 1.82, 2.04, 2.07, 1.78, and 2.41 eV, respectively,
the free molecule are 0.02, 1.33, 1.33, 1.60, 1.80, 1.82, 2.@ompared to the corresponding values for the frglds@nol-
and 2.87 eV, respectively, whereas those for the same leveécule of 0.02, 1.33, 1.33, 1.60, 1.80, 1.82, 2.0, and 2.87 eV.
of PdGHg are 0.88, 1.50, 0.63, 1.77, 2.06, 2.04, 2.44, andThe changes in the final-state energy shifts for these levels
2.71 eV. The changes in the final-state energy shifts for thesare 0.91, 0.21-0.62, 0.22, 0.24, 0.25:-0.22, and—0.46
levels are 0.86, 0.17-0.70, 0.17, 0.26, 0.22, 0.44, and eV, respectively. Except for the first and third ligand ioniza-
—0.16 eV. Except for the first and third ligand levels, thetion levels the changes in the final-state energy shifts are
changes are small. In comparison to the case ofNjCthe  rather small. The magnitude of the initial-state energy shifts
changes in the final-state energy shifts are smaller except fénd the final state energy shifts are similar for both
the first and third ligand levels. The sums of the initial-statePdGHg and PtGHg. The sum of the initial-state energy shift
energy shifts and the changes in the final-state energy shifand the change in the final-state energy shift for these levels
for these levels are-1.84, —0.19, —1.48, —0.50, —0.10, of PtGHg are —2.24, —0.28, —1.54, —0.68, — 0.24, 0.02,
0.06, —0.12, and—0.57 eV, respectively. In other words, —0.95, and—1.01 eV, respectively. Except for thee,
except for the first and third ligand ionization levels, thela,,, 2a;4, and le,q levels, the energy level separations do
energy-level separations do not change from the free molrot change strongly from the free molecule to the adsorbate.
ecule to the adsorbate. In comparison to pHg; the sums of Note that in the case of theaz; and le,, levels, as the
the initial-state energy shifts and the changes in the finalene-electron picture of ionization breaks down, the definition
state energy shifts are much larger for the first and thirdf the final-state energy shift becomes ambiguous. Thus it
ligand levels. The energy-level separation changes are due teecomes rather meaningless to talk about the changes in
both the initial-state energy shifts and the changes in theeparation energies for these levels. The energy-level sepa-
final-state energy shifts. ration changes are similar between Rdgand PtGHg. As

A comparison of the spectrum for benzene or(1R6) in the case of NigHg and PdG@Hg, the energy-level separa-
[Pd111D] to the gas phase spectrum shows that thg and  tion changes from the free molecule to the adsorbate are due
la,, levels are differently shifted to higher binding energy to both the initial-state energy shifts and the changes in the
by 1.4 (1.4 and 1.0(1.8) eV, respectively, when thea2, final-state energy shifts.
levels are aligned*'*~*8The present predictions are 1.7 and A comparison of the spectrum ofg8g on P{111) to the
1.4 eV. The predictions thus agree well with the experimengas phase spectrum shows that again tbg and 1a,, lev-
tal findings, showing that the model is realistic. els are differently shifted to higher binding energy by 1.7 and

It is informative to make a comparison between the freel.3 eV, respectively, when thea2, levels are aligned’ The
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present predictions from our model are 2.0 and 1.3 eV, rea single peak because of the line profile broadening due to
spectively, which agree well with experiment. The larger enthe substrate band. For thee;), level of PdGHg we may
ergy shift for the &, level, in comparison to the case of the obtain a single broad line profile of substantial spectral in-
Ni and Pd metal surfaces, is due to the larger initial-stat@ensity (about 0.6. In the case of the other levels the one-
energy shifts. As found in the case of Ni§s and PdGHg,  electron picture applies, or the splitting of the lines is less
the satellite lines arise from the metal-ligand charge-transfegevere than in the cases discussed above. For ¢hg, 2
excitations. The metal-ligand charge-transier 7* shake- 1b,,, 2a,4, and le,, levels of PtGHg, for which formally
up—shake-down processes dominate the satellite lines, e one-electron picture of ionization breaks down, we may
contrast to the case of the free molecule, wheresthe 7* obtain prominent broadbands as observed experimentally. As
configurations, which dominate the satellite line structurea result the main line spectral intensities of the ligand ion-
are of intraligand type. There is no significant difference inization levels of the adsorbate become approximately equal
the spectral behavior among Njds, PdGHg, and PtGHs. to those of the free molecule. Concerning the, katellite

As is generally the case, the valence-level ionization spedine structure predicted about 10 eV below the Fermi level
tra of molecules adsorbed on transition-metal surfaces arey the present calculations for the case of a Ni metal surface,
dominated by the charge-transfer screening process rathtive experimental observatibndoes not reveal the existence
than the intraligand excitations. It has been discussed in desf such a satellite line structure of a significant spectral in-
tail for the case of CO on a Ni metal surfat¢hat the h-  tensity. The presence of the satellite line may be obscured by
2h1p energy separations for the intraligand excitations ddhe width of the band which is estimated to be about 2-eV
not change significantly from the free molecule to the adsorfull width at half maximum. We note that the first effect of
bate because the free molecule to adsorbate KT energy shifse relaxation(screening in the ionic excited RBlp states
are small. The magnitude of then22h1p coupling matrix  [particularly, in the present case, the screening of the intrali-
elements, on the other hand, becomes smaller. This results gand or metal-ligand Coulomb hole-holparticle interac-
a suppression of the intraligand shake-up excitations in thgon by the metal-ligand charge-transfer mechanism and the
higher-energy regiong@bout 5 eV above the main line relaxation of the ligand holes by the same mechafiism

For the CO adsorption systems and the related chargavhich is totally neglected in the AD@) scheme, enter in the
transfer systems, recent extensive many-body calculatiorfourth order, i.e., they would only be taken into account in
have shown that the main line spectral intensity of the freéhe ADO4) method. The spectral features, such as the satel-
molecule spectrum is redistributed over a few lines of thdite line energies and intensities, are governed by the 1
adsorbate spectrum in the energy range where the meta?hlp energy separations and coupling strengths. The screen-
ligand charge-transfer excitatioand the intrametal excita- ing effects in the B1p ionic state may shift the I2Lp en-
tions) are dominant®-2635%%|n the NiGH spectrum the ergy. As a result the satellite line positions are expected to
main line spectral intensities of the inner valence levels ofmove closer to the main line positiofs.
the free molecule tend to be split by the metal-ligand charge- The present minimal cluster with a single-metal atom
transfer excitations into two relatively closely lying levels. which models the top adsorption provides a reasonably good
The sum rule holds also in the present case. In our model thdescription of the valence photoemission spectrum of ben-
metal levels are treated as discrete levels, and band effectene adsorbed on a Ni(Pd,Pt) surface, although the adsorp-
such as the broadening of the spectrum are neglected. Thien geometry is considered to be quite complicated. It has
introduction of the adsorbate band broadening may signifialso emerged from investigations similar to the present ones,
cantly influence the imaginary part of the self-energy andand from other types of calculations discussed in Sec. | that
thus the line profile function, which is not calculated in thealso in the case of the top site adsorption of CO on a
present work. The substrate band broadening will smooth oldi(Pd,P} metal surface, the single-metal atom model pro-
mainly the singularities of the real part of the self-energy,vides a reasonably good model for both ground and ionic
which result from the metal-ligand charge-transfer excita-states. In spite of the much more complicated adsorption
tions, and will not significantly modify the energetics of the geometries of hydrocarbon moleculesich as GH,, CH,,
hole excitationgin the case the poles of the excitations areand GHg) on a NiPd, P} metal surface, the success of the
well separateqd the main line to satellite line energy separa-single-metal atom cluster models for the ionized hydrocar-
tions and their intensities. However, when the split levels ardon adsorbates demonstrated by the ABCalculations®
located closely together, they may converge to a single peaik due to the localized polarisation of the metal surface in
with the spectral intensity equal to the sum of the spectratesponse to the ionized adsorbate.
intensities of the split lines. As a result the main line spectral Recently Weinelet al>! studied experimentally and theo-
intensities of the ligand ionization levels of the adsorbateretically the ground-state electronic structure of ethylene on a
become approximately equal to those of the free molecule. INi(110) surface. They calculated the electronic structure,
the discrete molecular orbital level picture employed in thewith a local density functional method of the model clusters
present work, for NiGHg the main line spectral intensity Niy,(C,H,) and Nibs(CoH,), for the dio and - geometries,
tends to be distributed over a few closely spaced spectrakspectively. Very similar spectral structures were found for
lines, except for the first three ligand levels. However, wherboth chemisorption geometries, di-and <. In order to
we take into account the band broadening effect, we expechake an approximate comparis@y which it is possible to
broad peaks of large spectral intensitiebout 0.8 for the  save the computational effort such as the self-consistent-field
ionization peaks, as in fact observed experimentally. For thealculation for each ionic statehey compared the ground-
2a;4 level of PdGHg, from the two lines of comparable state level energies for both geometries to their ARUPS data.
spectral intensity separated by less than 1 eV, we may obtaiNaturally this procedure is only valid when the final-state
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energy shifts are rather uniform. Weinelt al. claimed that the same as the one of the free molecule and also the same as
this requirement is fulfilled satisfactorily because of the simi-the KT level ordering. The calculations also confirm the pre-
larity in the spatial characteristics of the orbitals. Then thewious experimentally derived assignment of the spectra. The
concluded that it is not possible to determine the adsorptioshifts of the ;4 and 1a,, ionization levels from the free
geometry by such a comparison. As the character of the omolecule to the adsorbate is due to both initial- and final-
bitals which are involved in the metal-ligand bonding is of- state energy shifts, which almost cancel out for the rest of the
ten quite different from the one in the free molecule, one canonization levels. The calculated shifts agree well with the
expect a substantial change in the relaxation energy shifexperimentally determined values. This gives credence to the
This is indeed the case, as shown in the present study. Thusiodel with a single-metal atom for describing the adsorbate
from this viewpoint, their conclusion indicates only that the spectra of hydrocarbons adsorbed on transition-metal sur-
initial-state energy shifts are rather independent of the geonfaces such as Ni, Pd, and Pt. It is also shown that in the
etry of the adsorbate. Weinadt al. commented critically on adsorbate spectrum the main line spectral intensity of the
Demuth’s approach by which the geometrical and electroniwalence levels of the free molecule will be redistributed over
structure of hydrocarbon molecules adsorbed on metal sua few closely spaced lines. The metal-ligaine> =* charge-
faces were determined by comparing the UPS binding enetransfer excitations are responsible for these many-body ef-
gies of the various valence levels to theoretical ground-statéects. Thus the presence of the metal atom strongly enhances
level energies of distorted structures of the freethe many-body effects. For the free molecule the one-
molecule’*~** Most of the UPS studies were performed us-electron picture of ionization is valid up to thee, level,

ing saturated layers, neglecting the fact that molecular levelbut in the adsorbate model cluster it begins to break down for
in densely packed layers can show significant dispersion. Rehe 1b,,, 2a;4, and le,q levels. This splitting of the va-
cently we examined also Demuth’s theoretical apprdérefe  lence levels is experimentally not observed fojHg on a
molecule approximationand showed that the approach fails metal surface because of the band effect. If we take into
to describe the UPS spectra of the hydrocarbon adsorffatesaccount the band effect of the metal substrate, a single main
because of the neglect of the metal-ligand charge-transfdine whose spectral intensity becomes approximately equal to
screening. Moreover, we show that the geometrical distortiomthe one of the free molecule will be observed in the adsor-
of the molecule upon chemisorption does not influence sigbate spectrum. This explains the similarity in the spectral
nificantly the valence-level photoemission spectrum of thentensity distribution between the free molecule and the ad-
adsorbate. In other words the initial-state energy shifts due tgorbate spectrum. Forg8; adsorbed on a Ni metal surface
the distortion of the moelcule do not explain the changes inhe present theory predicts the presence of the metal-ligand
the ionization energy separations which are observed in gaeharge-transfer£-7*) shake-up satellite of non-negligible
ing from the free molecule to the adsorbate. It appears that ihtensity around 10 eV below the Fermi level. However, ex-
is not possible to determine the geometry of the adsorptioperiments have not revealed the presence of such a satellite
complex simply by using the UPS data. The angle-resolvedine. There is the possibility that the satellite line is obscured

UPS study is absolutely needed for this purpose. by the broadening of the main line by the substrate metal
band, or it may be that this satellite is calculated at too high
IV. CONCLUSIONS energies in the AD@) method. The bending of the H atoms

, out of the hexagonal ring plane hardly influences the spec-
_The  valence hole ~spectral functions of the ym The present study shows that the single-metal-atom
NiCgHg, PAGHs, and PtGHg model molecules are calcu- qqe| can provide a reasonably good description of the UPS

lated by theab initio third-order algebraic-diagrammatic- spectra of GH, adsorbed on Ni, Pd, and Pt metal surfaces
constructioffADC(3)] Green-function method using an ex- pecayse of the local character of the metal-ligand charge-

tended basis set. The top-site adsorpti_on gHLon the  ansfer screening at the adsorption site.
metal surface was assumed. The theoretical spectra are com-

pared with the experimental valence-level photoemission
spectra of @Hg adsorbed on NL10), Pd110), Pd111), and
Pt(111) surfaces. The calculation provides an overall good This work was supported by the Australian National Re-
agreement with experiment. The present calculation confirmsearch Council and in part by the Fonds der Chemischen
that the ordering of the ionization levels of the adsorbate idndustrie.
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