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Abstract

Photoemission data of the clean Rh(111) surface are strongly

dependent upon photon energy in the ränge 15 eV to 27.5 eV.

Three different chemisorption levels have been distinguished

for CO chemisorbed on Rh{111) by exploiting the dependence

of photoionization cross sections upon photon energy äs well

äs of the orientation of the polarization of the electric

field vector with respect to the molecular axis. Exciton-

electron and electron-electron scattering dominates the in-

tensity variations of the spectra of CO Condensed on Rh(111)

The origin of the observed energy level shifts of CO in the

three different phases, gas, Condensed and chemisorbed, are

discussed in terms of relaxation, bonding and chemical

shifts.



I,_ Introduction

Photoemission is a well established technique for the in-

vestigation of the electronic structure of clean metals

and chemisorbed molecules. Recent reviews on this subject

may be found in Ref. [l]. The correct assignment and the

orientation of molecules on aurfaces has become of partic-

ular interest recently [2-15]. The correct assignment for

the symmetry of the molecular Orbitals of chemisorbed spe-

cies can be obtained by changing one of three parameters:

(i) photon energy or (ii) polarization of the incident

light and (iii) take off angle of the photoemitted elec-

trona. Synchrotron radiation is a powerful tool for per-

forming such experiments. It provides strongly polarized

light äs well äs a wide and continuous photon energy ränge.

The photoelectron spectra of simple gases chemisorbed on

surfaces are usually compared to the gas phase spectra

(see e.g. Ref. 16). All these measurements show energy

level shifts of the molecular Orbitals in the chemisorbed

phase with respect to the gas phase. Different mechanisrns,

such äs relaxation-, Chemical- and bonding shifts have

been invoked for the origin of theses shif-ts (see e.g.

Ref. J16-19J) -However, it is difficult to separate the main

contributions to these shifts by coraparing gas phase data

to those of chemisorbed molecules only, More detailed in-

formation is expected by comparing the spectra of chemi-

sorbed molecules with those of the gas phase äs well äs

the solid. Such a comparison has been reported for hydro-
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carbons on Ni(111) [l 7] . Here we present a comparison of

CO chemisorbed and Condensed on the Rh(111) surface,

The experimental set up is described in Section II. The

photoelectron spectra of the clean Rh(111) surface and of

CO chemisorbed and Condensed onto it are given in section

III. In Section IV the photoelectron spectra of the clean

RhU11) surface are discussed in terms of the direct tran-

sition model. The photoemission data of CO chemisorbed on

Rh(ITJ) are discussed in terms of polarization dependent

photoionization cross sections. Exciton-electron and elec-

tron-electron scattering dominates the intensity variations

of the photoemission data of CO Condensed on Rh(111). A

comparison of the spectra of CO in three different phases

yields Information about the main contributions to the ob-

served energy level shifts.

II. Experimental-Set up

Synchrotron radiation from the DESY SYNCHROTRON was used

äs a light source for performing the photoemission experi-

ments. This enabled us to vary the photon energy continu-

ously from 15 eV to 27.5 eV. The experimental equiment con-

sisted essentially of a normal incidence monochromator

[20] with 0.2 nm resolution and an UHV sample chamber with

a base pressure in the low 10 mbar ränge. The angle of

incidence of the p-polarized light was about 60° (Fig. la).

The energy of the photoemitted electrons was analysed with
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a Physical Electronics double-stage cylindrical mirror ana-

lyser. The axis of the analyser was normal to the incident

light and lay in the plane of incidence. The half cone

acceptance angle of the analyser was 42° + 6°. Therefore

the photoelectron spectra of single crystals contain usu-

ally Information about selected symmetry lines in the

Brillouin zone. Inherent with the analyser iß a transmission

function which overemphasizes the contribution from low

kinetic energy electrons. The transmission follows falrly

well a E~ law. The joint resolution of the analyaer and

the monochromator was about 0.5 eV.

The sample consisted of a 0.6 nm thick slice with an area

of 6 x 8 mm . The (111) orientation was achieved via Laue

back scattering. After spark cutting and mechanical pol-

ishing the sample was spot-welded between two tungsten

wires which themselves were fixed via two copper rods to a

rotatable liquid Helium flow cryostate. The teraperature of

the sample could be measured directly with a chromel-con-

stantan thermocouple spot welded to the sample and indi-

rectly via a Helium vapor pressure thermometer. The thermo-

couple allowed temperature meaaurements between 70 K and

1300 K. The vapor pressure thermometer measured the tem-

perature at the bottom of the cryostate. This temperature

was 5 K during the measurements. The temperature measured

at thig point was close to the temperature of the sample

due to the excellent therraal contact,
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Cleaning of the surface was achieved by direct heating the

sample in 10 mbar oxygen at 1100 K. To restore the clean

surface periodicity the sample was anealed at 1200 K for

several hours in the residual gas. This cleaning procedure

led to an atomically clean euriace äs has been proved in

former LEED, Auger and SIMS experiraents [21].

III. Results

A^ j:iean Rh (111) aurface

For performing photoemission experiments it is important to

select an appropriate experimental arrangement. The excita-

tion process depends strongly upon the angle of incidence

and, since we use Synchrotron radiation äs a light source,

the polarization vector of the radiation. The direction of

the photoemitted electrons is closely related to directions

in the Brillouin zone. The cylindrical mirror analyser ac-

cepts electrons from a 42° + S° cone with a tip of the

cone at the illuminated spot of the sample (see Fig. 1a).

In our experiment the axis of the cylindrical mirror analy-

ser coincided approximately with the direction TW in the

Brillouin zone (Fig. 1b). In the geometry applied in our

experiment photoelectrons emitted from any point in the

reduced Brillouin zone can be accepted with nearly the same

probability by the analyser, Therefore photoelectron spectra

measured in thia geometry are largely averaged over steric

angles. A different geometry, for example the cylindrical

mirror analyser axis pointing in the r - L (A) direction,



would overemphazise points along r - U, r - W and r - K (l)

and neglect points of high symmetry along r - X (A) and

T - L (A).

In Fig. 2 electron energy distribution curves for the clean

Rh(lll) surface are shown for photon energies ranging from

15 eV to 27.5 eV. The spectra shown in Fig. 2 have been ob-

tained from the original data via the following normaliza-

tion procedure. The rneasured spectra have been multiplied

at each point by the corresponding kinetic energy of the

photoelectrona in ordcr to compensate for the analyser

transmission function. Because the photon flux was not

known the spectra have been adjusted in intensity relative

to each other at points where no peaks due to the band

structure of Rh were observed in the spectra. A different

normalization procedure via the total photoelectric yield

resulted in spectra with coraparable relative peak heights.

Considerable amount of structure is observed in the photo-

electron spectra down to 5.5 eV below the Fermi edge E_.

The relative intensities of the observed peaks vary strong-

ly with photon energy suggesting different contributions

to the photoemission due to direct transitions in this

photon energy ränge. The XPS data of Smith et. al. [22]

and Hilfner et. al. [23] cannot be compared directly to the

spectra of Fig. 2 although the XPS data äs well äs the

data shown here are consistent with band structure calcu-

lations of Christensen [24] and Smith [25] . The low photon

energy (fm ̂  12 eV) photoelectron spectra also show band-

structure effects [26,27].

B. CO-Adsorption on Rh(1U)

In Fig. 3 the photoelectron spectra obtained after CO chemi-

sorption at room temperature corresponding to an exposure

-4
of 1.3x10 Pa sec are shown. This exposure was achieved

by admitting CO for 10 sec at a pressure of 1.3x10~ Pa.

The measured data have been treated in the same manner äs

the spectra of the clean.surface. The work function of the

Rh/CO System has been detennined to be 5.5 eV. Additional

emission features are observed compared to the spectra from

clean Rh(1l1) (Fig. 2). There is an assymetric peak at

around 8 eV binding energy with respect to the Fermi level.

A second extra emission peak occurs at binding energies

around 11.2 eV. Both peaks change their positions and in-

tensities with photon energy. We note, that the assymetric

peak at lower binding energy has a larger halfwidth than

the feature at higher binding energy. Furthennore the

emission from the Rh d-bands is attenuated in a nonuniform

manner.

C. CO-Condensation on

Photoelectron spectra obtained from CO Condensed on the

Rh(Hl) surface are presented in Fig. 4. After cooling be-

low 20 K the sample waa heated to 1200 K in order to remove

those species of the residual gas which had been adsorbed



on the sample surface during cooling. After flashing the

sample reached ita final teraperature (T<20 K) within 5 min-

utes. CO gas was admitted to the sample chamber for 2OO sec

-4at a pressure of 1.35x10 Pa resulting in a CO exposure of

_2
2,7x10 Pa sec. The resulting film thickness was estimated

to be 15 nm. The photoelectron spectra obtained from the CO

film8 thus prepared have been corrected for the analyser

transmission function in the aarae way äs the data from

clean Rh(111).

A change of the workfunction to 5.1 eV was observed. Struc-

ture in the binding energy region frora O to 4 eV in the

photoelectron spectra of CO Condensed on Rh(111) is attri-

buted to photoemission from the Rh 4d bands. The three

peaks in the region from 4 eV to 14 eV are ascribed to the

corresponding molecular orbitals of gaseous CO (5a, 1tr,

4a). The relative separationa of these peaks vary slightly

with photon energy. The emission atrength from these lev-

els is strongly attenuated if the kinetic energy of the

photoelectrons exceeds 8 eV with respect to the vacuum

level, because at these energies exciton electron scat-
*

tering becomes possible. The arrows in Fig. 4 indlcate the

onset of this strong scattering raechanism.

IV. Discussion

A. Photoemiasion from the Clean Rh(lH) Surface and gompar-

ison to the Band Structurê  of Rh

The photoelectron spectra shown in Fig. 2 can be directly
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interpreted using the band structure calculations of

Christensen [24], The results of this calculation are

shown in Fig. 5. in this calculation the electron config-
Q «l

uration of the isolated Rh atom (4d 5s ) was used. On the

basis of the RAPW-approximation [J28] the eigenvalues cor-

responding to 9 bands at 89 pointB of the reduced Brillouin

zone have been calculated. Figure 5 shows the band struc-

ture along lines of high symmetry (e.g. at 27 different

points). The eigenvalues at points of lower symmetry are

tabulated in Ref. [24]. Band 1 is derived from the atomic

5s level, bands 2 to 6 and 7 to 9 correspond to the atomic

4d and 5p levels, respectively. This band atructure sug-

gests that the density of initial states should peak at

1.1 eV, 2.3 eV, 2.S eV and 5.3 eV below the Fermi level.

The density of initial states calculated by Christensen

[24] confirros this fact. Applying the direct model we ex-

pect peaks in the photoelectron spectra when for a given

photon energy transitions between flat occupied to flat

unoccupied energy bands are poasible.

The high density of initial states at 1.1 eV originates

from band 4 around the W point, bands 5 and 6 around r

with large contributions from the A and £ directions. At

W transitions from band 4 to bands 7, 8 and 9 are allowed

in the photon energy ränge 11 eV to 14 eV. A peak is ob-

served in the measured spectrum at ftu = 15 eV (Fig. 2).

This peak has changed to a shoulder at •ftw = 17.5 eV and

20 eV which is consistent with the band structure calcula-
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tion. Around T transitions from bands 5 and 6 become al-

lowed to band 9 at 22.5 eV and at A = (222) at 25 eV. A

peak is observed at fio> = 22.5 eV. On the basis of this

band structure calculation which omitts the 4f levels the

emission from the occupied d-bands is much strenger than

expected at*w = 25 eV and 27.5 eV. We expect that emission

observed at higher photon energies is due to transitions

from d-bands 5 and 6 along A to empty 4f bands. Transitions

from band 5 and 6 to 7 and 8 along A are not observed in

the spectra because the expected transition energies

(18.5 eV to 19 eV) are between the chosen excitation ener-

gies (17.5 eV and 2O eV). In addition a peak at 1.7 eV

binding energy excited with *« = 17.5 eV is observed. This

peak can be ascribed to transitions from band 4 to 8 in

the Q direction. The peak at 2.3 eV below the Fermi level

in the 15 eV spectrum corresponds to transitions from band

3 to 7, 8 and 9 around point (380). The high density of

initial atates at 2.8 eV in the theory of Christensen [_24]

is clearly seen in the 20 eV spectruin at 2.5 eV binding

energy because at this photon energy transitions from the

extreraely flat bands 2, 3 and 4 along A are allowed to

band 7 and 8. At lower photon energies this peak is not

observed in accordance with theory. At a photon energy of

22.5 eV this peak has decreased due to increasing curvature

in band 8. At the highest photon energies transitions to

band 9 becorae allowed. The emission strength of these tran-

sitions is low compared to transitions to the f-like bands.

They are therefore observed only äs shoulders in the spec-

tra. The low energy peak in the tiw = 17.5 eV originates

essentially from transitions frora band 2 to 7 around the

X point whereas transitions to band 8 and 9 are observed

at -fit* = 2O eV and 22.5 eV. The width of the occupied d-

bands is 6.0 eV + 0.5 eV in good agreement with theoretical

[24] (5.5 eV) and x-ray photoemission data (6 eV) [22,23].

B. Chemisorption of CO

In order to demonstrate .the changes in the UPS spectra due

to CO adsorption more clearly, the difference spectra shown

in Fig. 6 have been derived from the data of Figs. 2 and 3.

The most significant observations are: (i) the CO induced

extra emission intensities and (ii) the shape of the re-

duction in the emission from the d-bands vary with photon

energy. The energy dependence of the CO induced extra emis-

sion has been recently reported for CO chemisorbed on Ni

[8,9], Cu [10], Ir [6,7] and Pd [5] . It has been explained

äs due to a resonance in the photoionization cross section

by comparison with partial photoionization cross section

measurements [29] and calculations D^»3o] for CO in the

gas phase. Both, the calculations and the measurements

yield maxima in the photoionization cross section of the

4<r and 50 levels. Theory predicts a maximum for the 4o

level at "hu> = 36 eV, whereas this maximum is observed at

•hu = 32 eV for CO in the gas phase and around "fitu = 36 eV

for CO chemisorbed on some of the transitions metals. A

similar behavior is observed for the 5o level of CO. The
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resonance in the photoionization cross section of this

level occurs at 8 eV lower photon energies in the gas

Phase and 4 to 5 eV in the chemisorbed phase, The photo-

ionization cross section of the 1ir level decreases con-

tinuously with photon energy atarting at ftu - 20 eV with

an indication of a resonance dose to the vacuum level.

These resonances discussed occur at final atäte energies

where the antibonding 2w and 65 levels are expected.

The behavior of the photoionization crosa sections can be

understood on the basis of the dipole selection rules. The

dipole transition matrix element <f |Ä"*?|i> must be invari-

ant under the symmetry operations of the CO molecule (Ĉ J .

Applying the symmetry operations to the dipole matrix ele-

ment the allowed transitions can be deduced for the elec-

tric field vector parallel (A|| ) or normal (Aj_) to the mo-

lecular axis. In the dipole matrix element the total wave

functions of the initial and final state have to be taken

into account. For clarity the corresponding transitions

are tabulated in Table I in a simple one electron picture.

Keeping in mind that the 2ir level is involved in the che-

mical bc-nd of the chemisorption state the 2ir level is ex-

pected to be split. The intensity of the allowed transi-

tions ia dependent upon the orientatlon of the CO molecule

on the metal surface and the polarization vector of the in-

cident light. In the present experiment the light was p-po-

larized. incident and reflected light interact to produce
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a Standing wave field [1"Q , an effect well known in infra-

red reflection absorption spectroscopy p"T| . Therefore the

electric field vector component normal to the surface is ex-

pected to be much strenger than the parallel component,

especially in the chosen geometry. Recently evidence was

found that CO is oriented normal with respect to the metal

surface with carbon end down on Ni(100) G«,32] , Ni(111)

and Pt(111) [3]. Assuming the same orientation of CO on

Rh(111) strong transitions frora the 4o and 5cr levels to the

6a level and front the ITT level to the 2* level are expected

for the electric field vector component normal to the sur-

face (All in Table I) .

In accordance with this discussion, the energy dependence

of the observed CO peaks (Fig. 6) can be explained. Emis-

sion from the 4o level at a binding energy of 11.2 eV Starts

at fiw = 22.5 eV and increases with photon energy. As our

measurements have been limited to photon energies below

•ftu = 30 eV the maximum in emission intensity could not be

observed. The emission intensity frora the raore weakly bound

CO levels (1* + 5u) paases a minimum in the considered pho-

ton energy ränge. Inspection of the peak positions Shows a

difference in binding energy of about 0.5 eV at ftu = 27.5 eV

and-nu = 15 eV respectively. The peak maximum, observed in

the 27.5 eV spectrum at 8.3 eV binding energy is attributed

to the 50 level, whereas the shoulder is due to emission

from the 1* level. Lowering the photon energy the emission



frora the 5o level decreases and the emission from the l TF

level increases. The binding energy of the 1 ir level has

been estimated to be 7.8 eV. Applying Davenports thcory

[13] of the oriented free molecule to our experimental

geometry the intensity ratlos of the observed peaks in

Fig. 6 are described reasonabley well; e.g. the intensity

ratio of the So to the 4o level is expected to be about

3:1 at-ftu - 28 eV, emission from the 1 a level is expected

to be small at -hu = 21 eV and 28 eV when compared to the

So level. A comparison to CO in the gas phase concerning

photoionization cross sections is difficult» because in the

gas phase the molecules are arbitrarily oriented and con-

tributions of AI and AI are averaged. In contrast to the

experiroental data of Fig. 6 emission frora the 1 ir level to

the 6cr level is present in the gas phase spectra.

At a first glance the reduction in emission intensity in

the d-band region due to CO chemisorption seems to be uni-

form, that is the attenuation would resemble the scaled

negative photoelectron spectrura of the corresponding clean

surface. Such a uniform attenuation can be explained by an

additional scattering in the CO overlayer, It should be the

same for a given kinetic energy of the photoelectrons. How-

ever, this is not born out by our experiment. While the

simple attenuation might be present, we consider a differ-

ent dominating mechanism äs recently suggested by Doyen

[33]. He described the cheraisorption state äs a linear com-

bination of molecular orbitals and metal d-states. In this
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model Doyen [33] obtained an interference term for the trän-

sition amplitude resulting in large contributions to the

difference eraission from the d-bands. The emission can be

enhanced or attenuated. Additional emission can also origi-

nate from the above mentioned split 2-n level which may be

partially occupied due to back donation [34]. Extra emis-

sion (eventually at 1.5 eV below E_) cannot be clearly

distinguished in the difference spectra. However, it is

evident that the emission is most strongly reduced close

to the Fermi Level. The states close to the Fermi level

occupy bands 3 to 6 {see Fig. 5). Thuß we suggest that

these four bands are mainly involved in the chemisorption

bond.

C._CO-Condensed on Rh(111)

In contrast to metals, electron-electron scattering and ex-

citon-electron scattering become possible in insulators and

semiconductors only if the kinetic energy of the excited

electron exceeds a threshold energy. In the exciton-elec-

tron scattering process an excited electron is scattered

to a lower lying state in the conduction band and a second

electron is excited simultaneously to a localized state

(e.g. a Frenkel exciton) within the band gap. This scat-

tering mechanism becoraes possible if the energy of the ex-

cited electron with respect to the bottom of the conduc-

tion band exceeds the excitation energy for a localized

state. Thus exciton-electron scattering can occur only if



the excitation energy exceeds the sum of the band gap ener-

gy and the energy required to excite a localized state (see

e.g. Ref. [35J).For electron-electron scattering an excita-

tion energy of at leaat twice the band gap energy is neces-

sary,

The threshold for exciton-electron scattering is clearly

seen in the spectra of Fig. 4 and indicated by the arrows.

The intenaity of electrons with kinetic energies higher

than 8 eV with respect to the vacuura level ia strongly

attenuated. Thus the apparent intenaities of the CO-bands

(Fig. 4) are strongly affected by exciton-electron and

electron-electron acattering. The miniraum energy to excite

a Frenkel exciton within the band gap of aolid CO is 7.9 eV

äs obtained frora ultraviolet transmission [36] and electron

energy loss measurements £37] . From (i) the excitation

energy for an exciton, (ii) the threahold energy for the

onset of atrong acattering and (üi) the position of the top of

the valence band we obtain for an estimate of the band gap

in solid CO 11.0 + 0.5 eV. Exciton-electron scattering can

also influence the apparent peak position in the energy

distribution curves, when its onset coincides with a CO

emission band. This effect is observed e.g. in the apectrum

taken with ft<u = 25 eV where the 4<j level seeras to be shifted

to higher binding energies.

The peak positiona of all three levels äs well äs their re-
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lative separations vary with photon energy by up to

+0.4 eV. This observation can be ascribed to a dispersion

of the occupied bands derived from the 4<j , 1 ir and 5o mo-

lecular orbitals. Dispersion of the valence bands of solid

rare gaaes of up to 1 eV have been predicted [38]. A dis-

persion of 1.7 eV has been observed for solid Xe [39]. Un-

fortunately no band structure calculations of solid CO

exist till now. Both, for the solid and the cheraisorbed

phase excitation of vibrational side bands in molecular

crystals äs recently described by Gadzuk et al. [43/44J

raay also be responsible for the width of the bands. These

considerations may suggest band structure effects in the

cheraisorbed phase [40-42]. However, no evidence for such

a behavior is observed {Fig. 3).

D. Comparison of the phgtoelgctron spectra of CO in dif-

ferent phases

For a discussion of the observed level shifts we refer to

Fig. 6 where the energy levels of gaseous, chemisorbed and

solid CO are corapared. The vacuum level was chosen äs the

zero of the binding energy scale. The energies of the 5a,

In and 4o levels of gaseous CO (14 eV, 17 eV and 19.7 eV)

have been taken from Ref. [29].These energies are vertical

binäing energies. Adiabatic and vertical transition ener-

gies are nearly identical for the 40 and 5Ö level and dif-

fer by about 0.4 eV for the lir level [45] (see Fig. 7).



The one electron transition Sa to 2n corresponding to the

SQ-called "fourth positive band" X £ •+ A Tfis indicatcd

fQr the gas by an arrow. Tbe average peak positions of

the 4o , 1 ir and 5<j derived energy bands of solid CO äs

weil äs the energy of the exciton (Ex) [36] are given in

the second column of Fig. 7. The Fermi level (Ep) and the

bottom of the conduction band (BCB) äs determined in the

previous paragraph are also included. The energetic posi-

tions of the occupied levels of CO chemisorbed on Rh(111}

are deptcted together with the Fermi level (Ep) in the

third column of Fig. 7.

Compared to the gas phase large level shifts in the dif-

ferent phases on Rh(111) occur. These shifts are due to

initial äs well äs final state effects in the photoexci-

tation process [16-19,46]. The initial state is influenced

by changes in the chemical environment and by the fact

that chemical bonds may be formed. In particular bonds of

certain molecular orbitals of adsorbed molecules and the

Substrate have to be considered. Shifts due to these ef-

fects are called chemical and bonding shifts, respectively.

The bonding shift always yields larger binding energies.

Differences in relaxation energies in different phases

lead to final state shifts. The difference in relaxation

energy originates front the dielectric screening of the

positive hole created in the photoionization process and

possibly from image-charge screening of the final state.

The latter is expected to be negligible in the insulating

solid. The former will be denoted äs polarization shift in

the following discussion. Final state shifts are usually

positive when gas phase spectra are compared to those of

the solid or chemisorbed phase. Experimentally it is not

possible to separate the level shifts unambigously. How-

ever, theoretical considerations [19] and experimental

data from different phases can yield an estimate of the

rnain contributions.

A reduction in binding energy of the molecular orbitals up

to 1.7 ev with respect to the gas phase has been observed

in solid nitrogen and oxygen [47] and solid hydrocarbons

[17], This observation has been attributed to polariza-

tion. The difference in binding energy between gaseous and

solid CO are 2.9 eV, 3.6 eV and 2.7 eV for the 5o, 1 ir and

4<j level (Fig. 7). For CO chemisorbed on Rh (111) the 5o

level is observed at higher binding energy (-2.7 eV) com-

pared to the solid whereas the 4o level is shifted slight-

ly to lower binding energies fay + 0.3 eV. The lir level

does not change its position. The 5a level is found to lie

below the 1 IT level äs for CO on Ni(lOO) [8] and Ir{111)

[7j in contrast to CO on Cu{10O) [10]. In the "van der

Waals solid" CO a chemical shift does not exist. Therefore,

the level shifts have to be attributed to differences in

relaxation energy (polarization). For the different orbi-

tals these shifts are not necessarily identical [16]. For
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CO chemisorbed on Rh(111) possible chemical shifts have to

be considered. A chemical shift of about -1.1 eV has been

calculated for NiCO and Ni2CO clusters for the levels not

involved in the Ni-CO bond [13]. Similar calculations are

not yet available for Rh-CO clusters. It ia reasonable to

assume cheraical shifts of the same order of magnitude for

CO chemisorbed on Rh(111). Thts suggests that the polariza-

tion energy is even larger (about 1 eV) in the chemisorbed

phase. This larger value is still in accordance with theo-

retically predicted polarization energiea of up to 4 ev

[48]. A shift of 2.7 eV is observed for the 5o level when

comparing CO chemisorbed and Condensed on Rh(111). As the

5<j molecular orbital forras the strong chemisorption bond

with the metal d-orbitals the shift of 2.7 eV is attribu-

ted to the bonding shift. The bonding shift may be äs large

äs 3.7 eV if we take into account that the polarization ener-

gy can be up to 1 eV larger than in solid CO. This value

seeras to be reasonable on the basis of the calculations

of Bagus and Hermann who calculated bonding shifts of

-3.3 eV and -3.4 eV for NiCO and Ni2CO, respectively

[18,19].

Finally we want to comment on the ordering of CO chemi-

sorbed on Rh(111), Ni(100), Ir (111) and Cu(100). For

Cu the heat of adsorption is 60 kJ/Mol [49] , much lower

than for CO on Ir(111) [50], Ni(100) [5.1] and Rh (111)

p1,52] where about 130 kJ/Mol have been observed. The

lower adsorption energy is due to the weaker interaction

of CO with the CudOO) surface which results in a lower

bonding shift. Therefore the 5c level lies slightly above

the ITT level for CO on Cu(1OO) 110 |.

V. Con cluslong

The importance of comparing ft«-dependent spectra from che-

misorbed CO to both the gas phase and the solid phase spec-

tra has become evident. Further a thorough understanding

of the electronic properties of the clean surface is im-

portant for the Interpretation of chemisorption data. The

Photoemission data of the Rh(lll) surface could be ex-

plained in terms of Christensen's band structure calcula-

tions [24] in the direct transition model. Exploiting the

dependence of photoionization cross sections upon photon

energy äs well äs of the orientation of the polarization

of the electric field vector with respect to the molecular

axis three different chemisorption levels have been dis-

tinguished for CO chemisorbed on Rh(111). For p-polarized

light a reduction of emission intensity for three of the

six allowed transitions is obtained for molecules oriented

normal to the surface because of the standing wave field

effect-

For solid CO it was found that the Variation of the inten-



sities of the observed peaks is strongly influenced by

exciton-electron and electron-electron scattering. The

onset of this scattering raechanism together wtth the

excitation energy of a Frenkel exciton the band gap was

deduced. The origin of the observed energy level shifts

has been discussed. In particular, we have estimated

ahifta due to polarization and bonding of CO chemisorbed

and Condensed on Rh(111). Dispersion of energy bands,

change in Franck-Condon factors, phonon side banda äs

well äs the orientation of the molecules have to be con-

sidered in a thorough interpretation of photoemission

data in the valence band region of Condensed and chemi-

sorbed roolecules.
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Table 1; Allowed transitions for the electric field

v«ctor parallel {AJI ) or perpendicular (AI )

to the molecular axis of CO.

Electric Pield Vector

Allowed

Transitions

A!l

4o •*• 60

So •* 60

lir -»• 2*

Al

1ff -* ßg

4o •* 2it

5o -*• 2 «

Figure Captions:

Fig. 1a: Experimental geometry used for our synchrotron-

radiation raeasurements. n is a unit vector along

the surface normal. £ is the electric field vec-

tor.

Fig. Ibj Brillouinzone of an fcc lattice

Fig. 2t Photoelectron energy distributions for the clean

Rh(111) surface obtained with different photon

energies (p-polarization). The spectra, plotted

with respect to the Fermi level, are displaced to

each other proportional to the photon energies

used.

Fig. 3: Photoelectron energy distributions for CO chemi-

sorbed on the Rh(lll) surface pbtained with different

photon energies (p-polarization). The spectra,

plotted with respect to the Fermi level, are

displaced to each other proportional to the pho-

ton energies used.

Photoelectron energy distributions for CO Con-

densed on the RhUID surface obtained with different

photon energies (p-polarization). The spectra,

plotted with respect to the Permi level, are

displaced to each other proportional to the pho-
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ton energies used. The arrows indicate the onset

of electron-exciton scattering. The shaded area

of the uppermost curve indicates the contribu-

tions of the unscattered electrons from the Con-

densed overlayer.

Fig- 5̂  RAPW bandstructure o£ Rhodium reproduced from

Ref. [24] twith permission) .

Fig. 6; Difference spectra of CO chemisorbed on Rh(111)

Energy level diagram of CO in different phases.

For all levels vertical energies are given. The

vacuura level is chosen äs reference level. BCB

is the bottom of the conduction band. Ex is the

energetic position of a Frenkel exciton with the

lowest excitation energy.
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