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Energy level shifts of CO in different phases, gas, solid and

ahemisorbed on Rh(lll) are aompa^ed. Betaeen gaeeous jrij. solid

CO a ahift of the 4a arid 60 lecular orbitai^ <./ about

. .V to lauer Unding energies du? to polarization is observed.

A larger lii - 4c Separation of the CO moleculee condene,':

chemisorbed on Rhdlll ie obe- ' • ' •

A comparison o;' . . . ' ' . ' - •

tale in the different phasee allous.

of the 60 level •

Since the pioneering work of i:ast-
man and Ca:;hion' , photOülect.rcir npectra
of CO molccularly adsorbcd o- ,1 large
variety of trnnsition metalt-, liave heen
rc'poi't i>H . 2 r 11 thc..(; measurcmcnts show
(iicryy JCVP! shifls of the mnlecular or-
liitals in the chemisorbed i luisc with ro-
r; • et to Uio gas phasc. Mifinnt mrclt.'i-

havc boen invoked for the origin
of tliert ahifts.*"* A coni;i stcnt inter-
prutatjon of these effects on the basis
of tlit_' fxporinifntal work performed until
now is diffifiüt. Höre detailed informa-
ticn is expcctcd by comparing the spectra
of chemisorbod molecules with those of
the gas äs well äs the solid. As the
photoelectron spectrn of the molocules
Condensed on the same substrace usually
do not c-xist, the energetic position of
the rnolecular orbitals in the chemisorbed
phüse i s discussed in coraparison with the
gas phasc and theory. In this lotter we
prt; sent a co;aparison of the energy level s
of CO ei.. ,i: ibed and Condensed on the
Rh(lll) suii";i(-r with those of gaseous CO.
Synchrotron radiation v;as used äs a light
source for pcrforming UPS-measurements in
the photon energy ränge 15 eV to 27.5 eV.
The photoelcctrons were energy analyscd
with a Physical Electronics doublestage
cylindrical nirror analyscr. The resolu-
tion was O.E eV. Prcparation and cleaning
of the sample was achieved by Standard
UUV techniquus. The Rh(l11) sample was
attached to a liquid Helium flow cryo-
stnte. Duriny the mf:nsurenients on solid
CO the ternpcrature of the sample was in
the 1O-2O K ränge, vell holow the boiling
point of CO (Tb = 20 l!) at 10~8 l'a. Further
deiails of the expurimcnt will be presen-
ted in a forthcoming paper.^

Photoolcctron sptctra of 2.7x10 Pa
sec CO Condensed on the Rh(111} surface
are shown in fig. 1 for different excit.i-
tion encrgies. We estimate the thickness
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of thc film to bc about 15 nm. Structure
observed in the low bir.ding energy ränge
is due to photoemission from the Rh 4d
bands. Thus the Fermi level EF can be
determined. The vacuum level has been
found to lie 5.1 eV above the Fermi lev-
el. The three peaks denoted 4 o, ITT and
5o are derived frorn the corresponding
molecular orbitals of gaseous CO. Posi-
tion s, relative Separations and relative
intensities of these peaks vary with pho-
ton energy. The half width of the peaks
is 1 eV to 2 eV, much broader than thc
experimental rcsolution of 0.5 eV. With
this resolution we could not resolve mo-
lecular vibrational modes. Thus it is
not possible to distinquish whether the
peaks are smeared out due to resolution
only or due to the excitation of phonon
sidebands äs discussed by Gadzuk et al.e
With increasing photon energy the peak
maxima rnove to higher äs well äs to lower
binding energies. In addition the rela-
tive peak Separation changes. Thc peak
Position varies by up to + 0.4 eV. This
value is reasonable for the dispersion
of energy bands in van der Waals solide.

As can be seen from fig, 1 the emis-
aion intensity due to direct electrons is
attenuated if the kinetic energy of the
photoelectrons exceeds a threshold energy
of 8 eV with respect to the vacuum lev-
el. The arrows indicate the onset of
this scattering mechanism, when the
photoelectron can tae acattered to the
bottom of the conduction band and a sec-
ond electron is excited simultaneously
to a localized state (Frenkel exciton
within the band gap). The lowest excita-
tion energy to localized states in solid
CG is 7.9 eV äs obtained. from ultravio-
let transmission^0 and electron energy
loss raeasurements.^ This excitation
energy together with the threshpld ener-
gy yields a band gap of 11 + 0.5 eV.
This Bcattering mechaniam can influence

the apparent peak position, when its on-
set falls in the ränge of a CO emission
band (see e.g. the spectrurn for fiu=25.Q eV
in fig. 1).

In fig. 2 photoemission data of CO in
different phases are compared. The binding
energy is referred to the vacuum level
taking into account the measured workfunc-
tions of CO chemisorbed U = 5.5 eV) and .
Condensed (4> = 5.1 eV) on the Rh(lll) sur-
face. The difference spectrum (fig. 2a)
recorded with ftu = 27.5 eV was obtained
after admission of 1.3x10~4 Pa sec CO on-
to the clean Rh(ll1) surface at roora tem-
perature. For clarity only the region of
the CO induced extra emission is shown.
The spectrum Bhows two main peaks, sirai-
lar to those observed in photoelectron
spectra of CO chemisorbed on other tran-
sition metals (see e.g. Ref. 3 and 12 and
References cited therein). The structure
at lower binding energies can be deconvo-
luted in two peaks by exploiting the pho-
ton energy dependence of the peak inten-
sity in a similar way äs for CO chemi-
sorbed on Ir.13 The energies of the re-
sulting three peaks are 16.7 eV, 13.8 eV
and 13.3 eV with respect to the vacuum
level. The peaks observed in our spectra
at binding energies of 16.7 eV and
13.8 eV increase with photon energy
whereas the peak at 13.3 eV decreases.'
The energy dependence of the CO induced
extra emission observed for CO chemi-
sorbed on Ni1^ has recently been ex-
plained äs due to a resonance in the pho-
toionization cross section by comparison
with measurements15 and calculations16
for the partial photoionization cross
sections for CO in the gas phase. We
identify the peaks at higher binding
energies äs due to the 4^ and 5a mole-
cular orbitals. These levels have the
aarae symmetry and thus their photoioni-
zation cross sections should show in a
first approximation a aimilar behavior.
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We note however, that angular emission ef-
fects may influence the behavior of the
emission intensities from the different
levels, if the rnolecule is oriented
on the surface äs discussed e.g. in
Ref. 7. The structure at 13.3 eV is main-
ly derived from the 1ir molecular orbital.
In fig. 2b the photoelectron spectrum of
solid CO with background subtracted äs
indicated in fig. 1 is shown. For a com-
plete comparison of Cü in its different
phases two photoelectrcn spectra of gase-
ous CO are reproduced in fig. 2c.^^''' In
order to align the 4o levels the encrgy
scales of the spectra of CO chemisorbed
and Condensed on Rh(l11) have bcen shifted
by 3-O eV and 2.7 cV, äs indicated in
fig. 2 respectively. The mcan peak Sepa-
ration between the ITT and 4a level is
0.65 eV and 0.9 cV larger in the chemi-
sorbed and solid phase than in the gas
phase, respectively. The 5o level lies
2.8 eV closer to the 4a level in the che-
misorbed phase than in the solid or gas
phase.

Discussing the observed level shifts
we have to consider different effects.
These shifts originate from both the ini-
tial and the final state of the photoex-
citation process. Two kinds of mechanisms
can contribute to the initial state shift,
the bonding and the chemical shift. The
ferner describes the lowering in binding
energy when a chemical bond is formed.
The latter is caused by a change of the
chemical environraent, The final state
shift is due to the differcnce in relaxa-
tion energy in the different phases. This
difference is expected to lower the ob-
served binding energies of corresponding
levels of CO chemisorbed and Condensed on
solids with respect to the gas phase.'*'-'
The difference in relaxation energy ori-
ginates from the dielectric scrcening of
the hole created in the photoexcitation
process and will be denoted in this dis-
cussion äs polarization shift. Experirncn-
tally it is not possible to separate the
level shifts discussed. Only the sum of
these shifts can be observed. However, it
is possible to estimate the main contri-
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butions by a cornparison of the experimen-
tal data together with theoretical argu-
mcnts.

In solids composed of homonuclear
molccules lihe H2 or 0-> a roduction in
binding energy of the molecular Orbitals
up to 1.7 eV with respect to the gas
phase has been observed and interpreted
äs due to dielectric screening. ° We as-
crjbe the shifts of 2.7 eV and 3.0 eV in-
dicated in flg. 2 äs being mainly duc to
Polarisation effects. Even if we take in-
to account chemical shifts of -1.0 eV to
-1.2 eV for the different levels in the
chemisorbed phase äs calculated for
Ni2CO^'5 we obtain a polarization shift
which is still reasonable. Polarisation
energies up to 4 eV have been theoreti-
cally predicted whcn comparing gas phase
data to those of chemisorbed species.

After takirig into account the pola-
rization shift the peak maxinum of the
ITT level in solid CO lies still at lowcr
binding encrgy with respect to gaseous
CO. This shift of 0.9 eV is larger than
the difterence in energies betwecn peak
maximurn (vertical transition) and the low
energy onset (adiabatic transition) of
the observed peaks in gaseous CO. Thus a
possible change of the Franck-Condon fac-
tors in going from gaseous to solid CO
cannot fully explain this shift. In addi-
tion, the dispersion of the energy bands
in solid CO would also be too small, This
shift can rnost likely be explained by an
interaction between the CO molecules. A
similar shift of the ITT level is observed
in the chemisorbed phase resulting in a
larger pcak Separation of the 4a and 1 IT
levels. Within experimental error we have
found no clear evidcnce for bandstructure
effects for CO chemisorbed on Rh(111) al-
though bandforrnation has been
and observed for CO on Ni(IOO) recentlyt21
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For CO chemisorbed on Fe(10O) the 4<> - 1 ir
Separation was found to be larger than in
the gas phase, too, and was ascribed to a
stretching of the CO molecules, because
the strong bonding interaction of the 5g
molecular orbital with rnetal d-states may
weaken the carbon-oxygen bond." Provided
the carbon-oxygen Separation is increased
the orbital overlap will decrease causing
a decrease in binding energy of the bon-
ding levels. The 1 TE level has more bonding
character than the 4n level and is there-
fore expected to show the strengest peak
shift resulting in an increase of the 4<j -
ITT peak Separation. In solid CO the inter-
moleeular interaction may also weaXen the
carbon-oxygen bond. However, a strong
weakening of this bond in the Condensed
phase is rather unlikely due to the very
weak intermolecular interactions. Thus
different Polarisation shifts for the in-
dividual molecular Orbitals seem to be
responsible for changes in relative peak
separations. Different polarization ener-
gies may also be importnnt for the chemi-
sorbed phase.

A shift of 2.7 eV is observed for
the 5o level when comparing CO chemi-
sorbed and Condensed on Rh(111} demon-
strating that the strong chemisorption
bond is formed by an overlap of the 5o
molecular orbital with d-orbitals of the
metal. Hermann and Bagus calculated an
initial state shift for the So-lLvel of
-3.42 eV for NioCO5 with respect to the
gas phase. Keeping in mind that. possible
Chemical shifts are not included in the
relative shifts of the spectra in fig. 2
an excellent agreement between theory
and experiment is obtained. The strong
bonding interat-t ion of the 5o level with

the Orbitals of the metal yields a weak-
ening of the molecular bond. We observe
a peak Separation between the 4a and 1^
level of CO chemisorbed on Rh(111) which
is nearly the same äs in solid CO. This
would suygest a stretching of the CO mo-
leculc 3n accordance with infrared meas-
i:rements on Rhfi {CO) < g2-* and CO chemisorbed
on Rh which show a lowering of the vi-
brational strctching frequency with re-
spect to gaseous CO.

In su;nmary, we have shown that ini-
tial and final state effects contributo
to t h t; cncrgy level shlfts of co in dif-
ferent phases. The irnportance of compar-
ing fiu depcndent spectra from chcniisorbed
CO to both the gas phase and the solid
phasc: spectra has beconyj evident. 3n par-
ticular, v/e Jiave cstimated shifts due to
polarizatJon and bondiny of CO chcni-
sorbcd and Condensed on Rh(111) . Experi-
mcntülly there is no rigorous v;ay to sep-
arate chemical, bonding and polarization
shifta. Thc-rcfore a quantitative dctermi-
nation of the diffcrent shifts is only
possible l'oqcther with theoretical argu-
meuta. Bandformation, change in Franck-
Condon factors äs well ar, phonon side-
bands have to bo considered in a through
interpretution of photociiiission data in
the vaüence band region of Condensed and
chcmisorbed molecules.

AckncvUcdgcmcnts ~ Stirvjlati ng cli s-
cussions v;i th Prof. Dr. G. Meyftr-Khnisen
arc grcatfully acknov/leclgerd. We also
want to thank Frof, nr, G. Ertl for a
critical reading of the manuscript.
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Ô
iQ
ID
3
(D
0

5
n
B)
rt
P
H

><
«i
p'
W-
,

ID
P.

ö"
"<
D
J0
i>
rj
O
r
H
W

p]

Cu
3
a

Co --J

eu s: H
H H- r:
y H- 'u
M a> a
cn1-^ M
p] 1 3J
f H

3 O
4 rt- •
• 0) S
1 H •

C-l 0) -
• o
- P- W

(t f
cn e> w
O n PI
ffi ß 33
^ xw n
a F •
( 3 O -
a 3
M o, a
X Q f>

3 X
S' PJ

U
—i

01 VD >
3 -J •
D. O O

i
W -
o
n ro
CG W

C

M 2
a

P! F
W*
n

•a
er id

Ŵ
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Figure Captipns:

Fig. 1: Photoelectron energy distributions for
CO Condensed on the Rh (111) surfacc ob-
tained vnth different photon ene-rqics.
The KpeCtra are plotted on a binding
energy scale with Ep = O. Thoy arc dis-
placed to each other proportional to
the photon energies usod (right scale),
The arrov.'s inudcate the onset of elec-
tron oxciton scattering (sec text).

Fig. 2: Comparison of photoelcctron spccira of
CO chumisorbed on Rh(l 1 l) (Panel a),
Condensed on Rh(l 11) (Panel b) and of
gaseous CO (Ref. 15,17} (Panel c). For
cach spectrum the binding entrgy is
referred to the vacuum level. The ener-
gy scales havc been shiftcd by 3.Ü eV
and 2.7 eV for the chemisorbecl and Con-
densed phiise respoctively in order to
align the 4o-maxinia.
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