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A photoemission study of the surface carbonate species on Ag{110}

D. E. Ricken, J. S. Somers, A. W. Robinson, and A. M. Bradshaw
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin 33, Federal Republic of

Germany

(Received 1 September 1989; accepted 7 January 1991)

The electronic structure of the surface carbonate species adsorbed on Ag{110} has been
studied with angle-resolved photoemission using synchrotron radiation. Despite the low
symmetry of the surface complex (C,) and more than one azimuthal orientation of the vertical
symmetry plane, it has been possible to assign the adsorbate-induced levels. Recent
semiempirical quantum chemical calculations have proved to be of considerable assistance in
this process. The resonant behavior observed for the 3a” level is discussed in the context of
photoelectron data for the free BF; molecule, which is isoelectronic with CO3~. The C,
symmetry pertaining in the present experiment is compared with the effective D,, symmetry
observed in x-ray-absorption spectroscopy of the same system.

I. INTRODUCTION

Whereas the orientation and electronic structure of di-
atomic molecules adsorbed on metal surfaces have been
thoroughly investigated in recent years, comparatively little
is known about more complicated systems. Recent advances
in the application of structural techniques which do not re-
quire long-range order (e.g., x-ray-absorption spectroscopy
and photoelectron diffraction) have shown, however, that
molecules and molecular fragments can take up particular,
well-defined orientations relative to the substrate. In some
cases, the adsorption site can also be directly determined. In
such situations the use of selection rules in photoemission
experiments can give a complete assignment of the adsor-
bate-induced features in the spectrum, provided that the
point group symmetry is high enough. An example is pro-
vided by the surface formate species adsorbed on the
Cu{110} surface.! Since photoemission, or photoelectron
spectroscopy, is still the only effective probe of surface elec-
tronic structure available,? this type of experiment can be
extremely useful in understanding the nature of the chemi-
sorption bond, in particular in conjunction with appropriate
quantum chemical calculations. In this spirit we have remea-
sured the photoemission spectrum of the adsorbed carbon-
ate species on Ag{110} using synchrotron radiation.

The formation of the surface carbonate species from the
reaction of CO, with oxygen-precovered silver catalysts was
first observed in the infrared absorption experiments of
Force and Bell.? Subsequent investigations by Madix and co-
workers revealed that this reaction also occurs on an other-
wise atomically clean {110} surface under ultra-high vacu-
um conditions.*® Thermal desorption experiments* using
isotopically labeled preadsorbed oxygen were able to show
that all three C-O bonds of the surface carbonate are kineti-
cally equivalent, suggesting that all three oxygen atoms are
bound directly to the surface. Vibrational spectroscopy of
the carbonate species adsorbed on Ag{110},%” however, fa-
vored adsorption through a single oxygen atom, while the
infrared measurements of Force and Bell were indicative of
both mono- and bidentate adsorption of Ag catalysts.® This
apparent conflict between thermal desorption and vibration-
al spectroscopy could be resolved by assuming a reversible
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interconversion between the two species. Campbell and Paf-
fett® also found an 1s XPS peak for carbonate on Ag{110}
which was considerably broader than the instrumental reso-
lution, suggesting nonequivalent oxygen atoms.

In fact, only recently has the adsorption geometry of the
carbonate species on Ag{110} been determined definitively.
Near edge x-ray-absorption investigations by Bader et al.’
and Madix et al.’® have established that the molecule is ad-
sorbed with the o, plane parallel to the surface. The Ag-Ag
separation in the {110} direction of 2.98 A and the O—O hard
sphere outer limit of 4 A of the carbonate anion means that
for steric reasons the observed (1 2) surface structure can
only be due to an adsorbate-induced reconstruction.’ Oxy-
gen K-edge surface-extended x-ray-absorption fine structure
(SEXAFS) data indicated that the oxygen-silver bond
length is 2.8 A.° Since this value could also result from the
overlap of several O—-Ag bond lengths, neither the exact ab-
sorption site nor the nature of the reconstruction could be
determined. Figure 1 shows two possible carbonate adsorp-
tion sites for the (1X2) surface (assuming a missing row
reconstruction) with adsorption sites on the silver ridge

00D

FIG. 1. Possible adsorption sites for the carbonate species adsorbed on the
Ag{110} surface (from Ref. 7).
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atoms as well as in the troughs. Madix et al. were also able to
reinterpret the vibrational spectrum and found satisfactory
agreement with the parallel adsorption geometry.'®

The near edge absorption spectra of Bader et al. revealed
additional information concerning the electronic structure
of the surface carbonate species.® Firstly, three bands were
found at the O K-edge which were assigned (in order of
increasing absorption energy) to the transitions 1s—2ay,
1s—5a}, and 1s—5¢’.° A schematic molecular orbit diagram
for the carbonate species is shown in Fig. 2. Since the 2a}
resonance is the first observed at the absorption edge, the
three orbitals 1a5, 1¢', and 4¢' must all lie below the Fermi
level and are filled. This indicates that (formally at least) the
surface carbonate is a dianionic species, CO3 ~. Secondly, at
the C-edge the 15— Sa} absorption band was not observed,
indicating that, at least in this experiment, the effective sym-
metry of the flat-lying carbonate species remains D;,,, de-
spite the loss of the o, symmetry plane. The effective sym-
metry in the photoemission experiment is one of the
important questions addressed in this paper. Fortunately,
quantum chemical cluster calculations have recently been
performed for this system by Rodriguez and Campbell''and
give some idea of the extent of the valence level splittings
induced by the lower symmetry of the surface species.

Photoemission studies of the adsorbed carbonate spe-
cieson Ag{ 110} have previously been carried out by Barteau
and Madix,'? Felter et al.,'? and Prince ef al.'*'* Apart from
some minor differences our spectra resemble theirs, but the
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FIG. 2. Schematic molecular orbital energy diagram for the carbonate dian-

ion CO} ~.

combination of momentum resolution with synchroton radi-
ation in the present study provides new information leading
to a more definitive assignment of the spectral features
and—benefitting from the cluster calculations'’—more in-
sight into this interesting chemisorption system.

1. EXPERIMENTAL

The experiments were performed in a VG ADES 400
electron spectrometer, equipped with facilities for low-ener-
gy electron diffraction (LEED) and Auger-electron spec-
troscopy (AES). Synchrotron radiation was provided by the
electron storage ring BESSY in Berlin using the 1m Seya-
Namioka monochromator with a 1200 1/mm grating and a
toroidal grating monochromator (TGM3) also with 12001/
mm grating. The experiments were performed in the photon
energy range 20 eV to 50 eV. The overall resolution was
~200 meV on the Seya and ~ 350 meV on TGM3. This
combination of instruments has a particular advantage: The
TGM permits use of an extended photon energy range,
whereas the Seya—due to its excellent focusing properties—
allows the light to be threaded through a small hole in the
electron energy analyzer normally used for alignment pur-
poses without creating scattered light. Thus, it is possible to
perform an experiment at normal light incidence and normal
photoelectron emission, which is a unique experimental ge-
ometry for the application of photoemission selection rules.

The Ag{110} crystal was cleaned in situ by argon ion
bombardment and annealing to 800 K. The base pressure in
the vacuum system was below 1% 10~ !° mbar. The carbon-
ate was prepared by the reaction of preadsorbed oxygen
(1.2X10~* mbar.s exposure) with CO, (ca. 2X1073
mbar.s exposure) at room temperature. Following prepara-
tion of the adsorbate layer, sharp half-order LEED features
were observed in the (100) azimuth, indicative of a (1X2)
surface structure.

1l. RESULTS AND DISCUSSION
A. The application of photoemission selection rules

Angle-resolved photoemission spectra of Ag{110}(1
X 2) CO, system are shown in Fig. 3. The angle of incidence
of the p-polarized light (hv = 40 eV) was 50° in the (100)
azimuth; The spectra at the various polar angles indicated
were also measured in this plane. (The corresponding data
in the (110) azimuth are not shown here, but are essentially
similar except in the region of the Ag 4d band.) Four fea-
tures induced by carbonate formation are observed at 2.2,
3.2,ca. 9.1, and 10.7 eV below the Fermi level, E .. Since the
peak position varies with emission angle, we note that the
feature at ca. 9.1 €V definitely contains more than one com-
ponent. It is provisionally assigned to two features, labeled C
and D at 8.9 and 9.3 eV below E, respectively. For a photon
energy of 40 eV, the peak D is weak at normal emission,
giving rise to a maximum in the combined feature at lower
binding energy. In general, the spectra agree well with the
previous photoemission data'”'® although Prince and Pao-
lucci®® have identified a further feature at 3.7 eV (i.e., on the
high binding energy side of peak B). We have not been able
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FIG. 3. Photoemission spectra at 40 eV (p-polarized light) as a function of
emission angle. The spectra were recorded in the (100) azimuth. The detec-
tion azimuth, the surface normal, and the plane of incidence were coplanar.

to observe this under any of the conditions (photon energy,
emission angle, and polarization) used in the present study.

Application of selection rules in angle-resolved photoe-
mission allows an assignment of the symmetry of the adsor-
bate-induced features.'®!” Within the dipole approximation,
the photoemission intensity is proportional to the square of
the matrix element ( f|A+p|i). When the detector is placed
along a symmetry axis or in a mirror plane of the whole
system, the final state { | can only be detected if it is sym-
metric with respect to that symmetry element.'®'® Using po-
larized light, the symmetry of the vector potential 4 is fixed
in the chosen Cartesian coordinate frame (z usually corre-
sponds to the surface normal). It is then possible to predict
which initial states lead to dipole-allowed transitions. For
normal emission the final state must be totally symmetric,
i.e., it must belong to the totally symmetric representation of
the point group. Should the effective symmetry of the car-
bonate species remain Dj, in the photoemission experiment,

Ricken et al.: Carbonate species on Ag{110}

the final state would then belong to a}. The selection rules
would then allow only emission from e’ orbitals (with x,y-
polarized light) and from a; and a} orbitals (with z-polar-
ized light). Table I lists the expected valence molecular orbi-
tals of a dianionic carbonate species (see Fig. 2) and
correlates the symmetry and polarization dependence in a
normal emission experiment for the point groups D,,, C,,,
and C,. The latter might be expected to pertain for the two
adsorption geometries shown in Fig. 1. Normal emission
data recorded at a photon energy of 26 eV for various angles
of incidence, , are shown in Fig. 4 for the vector potential in
the (110) azimuth. (Data taken in the (100) azimuth bear a
close resemblance to the spectra presented here.) At least
four adsorbate-induced features are observed. According to
Table I, four features should be observed in normal emission
if the D5, point group pertains but only two in the special
normal incidence/normal emission geometry of the top
spectrum (a = 0°). Moreover, if we assume that the first
three levels expected (1a;, 4¢’, and 1e”) are above the Ag d
band, two features are observed as opposed to the single one
predicted by D,,. The obvious conclusion to draw is that a
symmetry lowering to C,, or C, has occurred. If peak 4 were
assigned to the 1aj level (1a, in C;,, 6a” in C, ), which is the
level of lowest ionization potential in inorganic carbon-
ates,?%?2 the symmetry could only be C, since it would be
forbidden in D,, and C,,. On the other hand, it should then
be visible only in one azimuth. The symmetry could still be
C,, however, if peak 4 were composed of more than one
feature, or if there were more than one azimuthal orienta-
tion, as shown in Fig. 1.

The so-called a dependence of Fig. 4 can, in principle,
provide further information on assignment.'” Changing the
angle of incidence for p-polarized light changes the relative
strengths of the vector potential components A, and
A, (4,). This in turn gives rise to characteristic plots of in-
tensity vs angle of incidence for normal emission from orbi-
tals of particular symmetry. These depend on the optical
constants of the metal surface (via the Fresnel equations)
and are independent of the photoemission matrix element,
the value of which acts only as a scaling factor. In Fig. 4 we
first note that there is no strong a dependence of peak 4,
suggesting that it is not a” in C,. (The characteristic intensi-

TABLE I. Correlation table for the molecular orbitals of the surface car-
bonate species adsorbed on Ag{110}. The Cartesian components of the vec-
tor potential which are effective in exciting normal emission from a particu-
lar orbital are shown in brackets. The absence of (x), (), or (z) means that
this orbital will not be observed in normal emission. The z axis is in the
surface normal.

D}h C}u CY
la; la, 6a”(y)
le” de(x,p) 9a’ + 4a” (z,x) + (y)

4¢'(x,p) Se(x,y) 104’ + 5a" (z,x) + (¥)
lay (z) 5a,(2) 8a'(z,x)
3e'(x,p) 3e(x,p) 7a’ + 3a"(z,x) + (y)
44} (z) 4a,(2) 6a’(2,x)

J. Chem. Phys., Vol. 94, No. 12, 15 June 1991




Ricken et al.: Carbonate species on Ag{110} 8595

Ag{110}-C03 hw=26eV k,=0 ENIMO>
E D/C
| A
l a(°)
0
)
‘T 20
3
o
8
2 30
wn
[ o=t
[¢1)
=
\/\//\\\w
70
! I | ] 1 |
150 125 100 75 50 25 O

Energy below Eg (eV)

FIG. 4. Normal emission spectra at 26 eV with the E vector in the (110)
azimuth, as a function of incidence angle, a.

ty dependence of a level belonging to a” would still be ob-
served, even if there were more than one azimuthal orienta-
tion.) If C, symmetry pertains, then it is likely that peak 4
also contains an a' level. The joint feature C /D exhibits a
distinct dependence on the angle of incidence: As « is in-
creased, the maximum shifts to lower binding energy. This
indicates that peak C is preferentially excited by the z com-
ponent of the electric vector, but peak D by the x and/or y
components. If the effective point group were C,,, C and D
would be assigned to emission from a, and e type orbitals. In
the case of C, three levels would be expected (o' and
@' + a”) in this joint feature (Table I). It is only possible to
conclude that peak C corresponds to an &’ level and that
there is probably a strong a” component in peak D.

Since the balance of evidence suggests that the symme-
tryis C;, it is interesting to consider experimental geometries
which can, in principle, determine the azimuth of the one
remaining symmetry plane. As was shown recently by
Netzer et al. for benzene on Pd{110},%* the symmetry plane
can be located in an off-normal emission experiment with s-
polarized light in which the electrons are collected in a plane

perpendicular to the vector potential of the light. In this so-
called forbidden geometry (ALk, ), emission is only allowed
from orbitals which are antisymmetric with respect to the
reflection in the symmetry plane. In view of the close prox-
imity of the peaks C and D and the uncertainty of the assign-
ment of features 4 and B, we will focus our attention on Peak
E at 10.7 eV below E.. Although this feature is observed
only very weakly in normal emission spectra and sometimes
not at all, it can be reasonably safely assigned to the 4a;
orbital (a, in C;, or @’ in C,). This orbital is symmetric with
respect to reflection in the vertical symmetry plane and
should be observed in an “allowed’ geometry when the vec-
tor potential of the light and the emission direction are co-
planar. As the data of Fig. 5 show, however, the feature E is
observed not only in the allowed geometry, but also in the
forbidden geometry for electron emission in both principal
azimuths. This suggests that there is no unique mirror plane:
Either the remaining symmetry planes are parallel to both
the (110) and (100) azimuths or they are randomly orient-

Aglil}-CO3  hw=40eV

emission angle =50°

s - light

Kk, 1<110>

EL<NIO)

EN<110)

Intensity (arb. units)

K, 1<100)

ELQ00>

Eli<100>

I | 1 1 1 |
125 1060 75 50 25 O

Energy below Er(eV)

FIG. 5. Photoemission data in the allowed and forbidden geometries at 40
eV photon energy. The two lower spectra on the bottom were recorded with
k, |{100}, the two upper spectra with k; [| {110).
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ed. Peak 4 does not vanish either, which would be the case in
one azimuth for A||k,, if it were a” with only one azimuthal
orientation.

Finally, we note that the photoemission data themselves
also exclude the vertical bidentate C,, configuration some-
times considered in earlier studies. This is indicated by the
normal emission/normal exit spectra in both azimuths and
the forbidden geometry experiments in Fig. 5. They also pro-
vide an interesting contrast to the corresponding data for the
bidentate surface formate species’ which show how effective
the selection rules can be when the symmetry is not too low.
We mention this here merely for the sake of completeness:
The vertical bidentate geometry is after all completely ruled
out by the x-ray-absorption data.*!°

B. Comparison with quantum chemical calculations

The likely presence of two coexisting symmetry planes
coupled with the low effective point group (C;) seems to be
the reason why the polarization effects in the photoemission
spectra are not very pronounced. The recent INDO/S calcu-
lations by Rodriguez and Campbell (RC)'' for the carbon-
ate species adsorbed on silver clusters help to throw some
light on this problem. (INDO is the incomplete neglect of
differential overlap.) Figure 6 shows a comparison of the
experimental ionization energies for the peaks 4—E from the
present work with RC’s orbital energy diagram for a cluster
configuration similar to that shown on the left of Fig. 1. Also
indicated are experimental ionization energies”®*! and orbi-
tal energy diagrams (SCF?° and INDO/S from RC'") for
the inorganic carbonate anion. (We should be mindful here
of the dangers involved in comparing experimental binding
energies with calculated orbital energies: See for example the

Agli10} - CO, o5
Exp. I[P | INDO/S | Exp. 1P SCF INDO/S
0
6a"
— 5a*
H | = —1a5' | —iq,
— :gg"' —102l —le" = lo"
——lal
S 41 le® be be!
3 —‘e'
S 6-
@
c
1T}
8 ___8a 1a,"
———— :33‘- —]uzu —39' _102“
10 3e! — 3¢
— | —6a' [ —4aq}| —4a,| —4ay
124

FIG. 6. Schematic comparison of the observed photoemission binding ener-
gies for the carbonate species adsorbed on Ag{110} (present paper) with
INDO/S orbital energies (Ref. 11) for the free ion and the adsorbed species.
Binding energies for the anion in Li,CO, (Refs. 20 and 21) are also shown
as well as the corresponding orbital energies from a HF-SCF calculation
(Ref. 22). In each case the energy of the 64’ (or 4a; ) level has been aligned
with Peak FE in the experimental spectrum.

Ricken et al.: Carbonate species on Ag{110}

discussion in Ref. 1). All the data have been aligned at the
4a; level, which becomes 64’ in C;, and clearly corresponds
to peak E in the experimental spectra. The orbital energy
diagram from the Ag—CO, cluster calculation only shows
the orbitals of predominantly CO, character. If the alterna-
tive adsorption geometry is taken, namely, with the carbon-
ate anion still adsorbed over a ridge Ag atom but rotated by
90°, the diagram remains very similar. Only the symmetry
labels of the @’ and a” levels derived from the ¢’ and e” states
are swapped over. The calculations clearly show that the
splitting due to the reduction in symmetry to C, is consider-
able and cannot be neglected in the interpretation of the pho-
toemission data. A plausible assignment of the latter, which
is consistent with the angle-resolved experiments reported
above, is as follows. Peak A4 contains the 6a”, 5a”, and 10a’
levels and B the 4a” and 9a’. The other conceivable possibil-
ity would be to include the 5a” in peak B rather than peak A.
The assignment of the joint feature C /D is somewhat more
straightforward: Peak C is clearly the 8a’ level, leaving D as
the superposition of 3a” and 7a’. The 3a” level appears to
dominate in the normal incidence/normal emission geome-
try in Fig. 4 (top spectrum). As already remarked above,
peak E can be assigned to the 64’ level.

As in the case of the surface formate species,’ semiem-
pirical molecular orbital (m.o0.) cluster calculations at this
level of approximation appear to explain the photoelectron
spectrum of the adsorbed carbonate quite satisfactorily. We
can therefore also assume that they provide a reasonable
description of the chemisorption bond. RC were able to
show that the adsorbed carbonate is bonded to Ag{110}
mainly through the oxygen atoms and that all the C-O
bonds have a bond order of about one. As far as the substrate
is concerned, the chemisorption bond is mostly due tothe Ag
s and p orbitals: The d orbital contribution is only about
4%. Relative to the free ion the carbonate species is a strong
7 donor (from the 1a; and le” orbitals) and a less strong o
donor.

C. Shape resonance phenomena

With low incidence angles of the light (a¢ = 20°) at nor-
mal emission, peak D exhibits strong resonant behavior. The
intensity of this peak as a function of photon energy between
20 and 30 eV shows a maximum at approximately 24 eV, as
shown in Fig. 7. The data presented are the integrated inten-
sities of peak D as a function of photon energy. The spectra
were normalized to the drain current of the last mirror in the
beamline. The intensity of peak D at a photon energy of 24
eV is approximately one order of magnitude higher than at
30 eV. This behavior indicates that there is an excitation
from a bound level (3a” or 7a’ in peak D) into a continuum
state. No other adsorbate-induced features show this effect.

Such “shape” resonances have often been observed in
valence level photoemission spectra of chemisorbed diatom-
ic molecules.?* Recently, Huber ez al.?° have also identified a
similar resonance on the 2e¢,, level of benzene adsorbed on
Ni{111} where, within an effective point group of C,,, the
symmetry of the final state was identified as a,. In the pres-
ent data the behavior of peak D can also be explained by the

J. Chem. Phys., Vol. 94, No. 12, 15 June 1991
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FIG. 7. Intensity of peak D (assigned to 32’ in C,) as a function of photon
energy in normal emission (@ = 20°) with the electric vector in the (110)
azimuth, Data recorded in the (100) azimuth show identical behavior.

presence of a continuum orbital ~ 15 eV above the Fermi
edge. In the recent x-ray-absorption experiments of Bader et
al.,’ shape resonances were identified approximately 12 and
16.5 eV above the oxygen ls ionization threshold. These
were assigned to transitions into the unoccupied 5a; and 5¢'
orbitals, respectively, of the carbonate species (see Fig. 2).
The excitation into the 2a3 orbital is a bound-to-bound tran-
sition giving rise to a characteristically sharp 7* resonance
below the photoionization threshold. At the carbon edge
only the second o* feature (5¢") is observed due to the appar-
ent D,, symmetry in the x-ray-absorption experiment. The
resonant behavior of peak D shown in Fig. 7 could be duetoa
transition into either of the 5a; or Se’ unoccupied states.
Table II shows the dipole-allowed transitions which might
contribute to the resonance behavior of peak D. (The result
for C,, is the same as for D;,,.) The normal emission condi-
tion requires that the final state electron belongs to the repre-
sentations: ¢} and aj in D,,, and &' in C,. Were the effective
symmetry D,,, as in the x-ray-absorption experiment, this
resonance could only be due to the 3¢’ —5a; transition,
which is polarized in the x, y (or surface) plane (see Table

TABLEII Polarization dependence of the possible transitions giving rise to
the resonant behavior of Peak D.

Initial state Final state Polarization dependence

Dy, C, D,, C, D, C,

3¢ 7a’',3a” 5¢ 132',7a” (x,y)* (x,2),(»)
3¢ 74',3a" Sa; 12a' (x») (x,2),(»)
lay 82’ 5S¢’ 13a',7a" (x2),(»)
lay 8a’ 5a} 124’ 2) (x,2)

*These transitions can be excited, but not observed, in normal emission.

I1). Since the resonance is only observed with near normal
incidence of the light, the assignment of the transition there-
fore appears to be correct. As shown above, however, the
effective symmetry of the carbonate species on Ag {110} in
the photoemission experiment is C; and peak Dis dominated
by emission from the 3a” orbital in the geometry considered
here. Under these circumstances the final state is 12a’ or 134’
(derived from 5a; and 5¢', respectively) and, indeed, only
the transition from the 3a” orbital is expected to be polarized
in the y direction. This is still not a watertight assignment
since the transition from the 7a’ level is polarized in the x, z
plane and the A, component could possibly give rise to the
observed behavior. However, it is an important result sup-
porting the assignment evidence in Sec. III A.

It is not possible to say whether the transition takes
place into the 12’ or the 134’ state. There are two pieces of
evidence which suggest it might be the former. Firstly, in the
“free” carbonate ion with D, symmetry the 3¢’ — 5¢' transi-
tion would not be observed in normal emission. The extent to
which the 3a” — 134’ transition is observed in C, will then
depend on the extent of the perturbation accompanying the
loss of symmetry. This may be a strong effect, but a priori we
would expect the transition to be weaker than one which is
allowed anyway. Secondly, it is known from the comparison
of x-ray-absorption and photoemission data in the gas phase
that shape resonances tend to undergo a shift to higher kinet-
ic energies of ~ 3 eV on going from an inner shell spectrum
to a valence level spectrum.?® Thus, in the present work, the
resonance shown in Fig. 7 also occurs at a kinetic energy ~ 3
eV higher than the 5a; resonance in the x-ray-absorption
data of Bader ef al.” According to this rule of thumb, the Se’
resonance (giving rise to the 13a’ resonance in C;) would
actually come at ~ 30 eV photon energy in the photoemis-
sion data.

Further peaks in the spectrum might perhaps be expect-
ed to show shape resonance phenomena. Under D,,, for ex-
ample, the transitions 4¢’ —5a} and 1a5 — 5a} could also be
excited by the (x,y) and z components, respectively, of the
electric vector and also be observed in normal emission. Fur-
thermore, all the valence levels, with the exception of a3,
can couple to the 5¢’ resonance. As stated above, no such
resonance effects are seen on other peaks. Similarly, Huber
et al.” found a shape resonance only on the 2e,, level for
benzene adsorbed on Ni{111} even though resonant behav-
ior for other levels would have been dipole allowed. It is
interesting in this connection to look at shape resonance phe-
nomena in the molecule BF,2%2% which is isoelectronic with
the carbonate dianion. The schematic m.o. diagram of Fig. 2

‘pertains and the ionization energies of BF; also exhibit the

same ordering as those of CO? ~. It is notable in the data of
Dehmer et al.”® that the only photoemission peak which ex-
hibits a strong resonance is the 3¢’ at Av ~26 eV. As far as the
energy of the resonance is concerned, there is good agree-
ment with the multiple scattering calculations of Swanson er
al.,”’ although these predict that a similar resonance also
occurs in the £ parameter and branching ratio of the 4¢’
orbital. The latter is observed neither in the gas phase BF,
work nor in the CO%~ data reported here. The feature is
described as a composite resonance with significant contri-
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butions from shape resonances of both a] and ¢’ symmetry.
They are thought to have equivalent intensities, but the ¢’
resonance at somewhat higher energy is predicted to be
sharper and thus to determine the position of the combined
feature. In the present work on the carbonate species the
resonance is clearly in the a] (or a’) channel.

Why does only the 3¢’ (or 3a”) level show resonant
behavior when in fact such transitions are dipole allowed for
all the valence orbitals? Dehmer et al.?° advance interchan-
nel coupling and/or averaging over vibrational motion as
effects which might smear out shape resonances. Further-
more, interchannel coupling and vibronic coupling can play
arole. Explaining such effects apparently still poses a “‘major
challenge to our understanding of shape resonance phenom-
ena.”?®

D. Effective symmetry

The photoemission data show that the appropriate point
group symmetry in this experiment is C,. This may be sur-
mised from the application of photoemission selection rules
under particular conditions (orientation of the E vector and
photoelectron emission direction), as described in Sec.
III A. In the x-ray-absorption experiment, however, Bader
et al.® concluded that the appropriate point group for the
adsorbed carbonate species was D,,, since only one o-type
resonance was found at the C K-absorption edge. How sig-
nificant are these apparently contradictory findings? Clearly
the adsorption geometry of Fig. 1 formally gives rise to the
point group C.. In any case, the o, symmetry plane is expect-
ed to disappear to give at least a symmetry lowering to C,,.'¢
The extent to which a symmetry lowering is actually ob-
served depends on the extent of the perturbation of the mo-
lecular wave functions by the interaction with the substrate,
i.e., on the extent to which they acquire metal character via
hybridization with substrate orbitals. The calculations of
Rodriguez and Campbell'! indicate that these effects are
strong enough to cause splittings and shifts in the valence
levels of up to 1 eV. Since the molecular wave functions in
the valence region are directly probed in the photoemission
experiment, it is not surprising that the observed symmetry
is C,. The problem is therefore one of explaining why the D,,
point group is found in the x-ray-absorption experiment.
Here we have to refer to an “effective” symmetry, since it is
clearly not that expected by the structure model of Fig. 1.

Bader et al.® proposed that the D;, like behavior of the
o-type resonances (5a; and 5¢') was actually due to the cor-
responding bonding molecular orbitals (3a; and 2¢’, see Fig.
2) being very low in energy and little affected by the interac-
tion with the substrate. This is unlikely to be correct, because
the spatial extent of the continuum wave functions with 5a;
and 5e¢’' character is relatively large and they are therefore
likely to be strongly affected by the presence of the metal
surface. An alternative explanation is based on the localized
nature of the excitation. The 1s orbital overlaps spatially
with the central region of the wave function of the unoccu-
pied level. The perturbation of the latter as a result of the
bonding to the metal only affects strongly the outer region.

Ricken et al.: Carbonate species on Ag{110}

Thus, the value of the matrix element within the C, point
group may not change significantly compared to that of the
corresponding unperturbed level within the D,, point
group, i.e., |{W¥,(5a;)|7|¥,(2a}))| is still zero, even when it
would be formally correct to write (¥ (12a")|7|¥,(3a"))
due to the symmetry lowering.

IV. CONCLUSIONS

In the system Ag{110}-CO, five adsorbate-induced
features can be clearly identified in the photoemission spec-
trum at 2.2 (A), 3.2 (B), 8.9 (C), 9.3 (D), and 10.7 (E)
below the Fermi level, E .. No evidence was found for a fea-
ture at 3.7 eV as reported previously. The application of pho-
toemission selection rules—possible because of the known
orientation of the surface carbonate species—shows that the
point group symmetry is C,. There is no unique symmetry
plane, indicating at least two azimuthal orientations of the
molecule. There is good agreement (assuming Koopmans’
theorem) between the experimental binding energies and the
relative orbital energies from a recent semiempirical m.o.
cluster calculation. On this basis, we assign peak A to contri-
butions from 6a”, 5a”, and 104, peak B to 4a” and 94’ peak
C to 84’, peak D to 3a” and 7a’ and peak E to 6a’. Peak D
shows pronounced resonant behavior, peaking strongly at a
photon energy of 24 eV. This appears to be due to the 3a”
component (derived from 3¢’ in D, ); The symmetry of the
unoccupied level is @' (probably derived from 54} in D,,).
Although such resonances are dipole allowed for all valence
orbitals, the effect is observed only for the 3a” level. The
same situation is encountered in the molecule BF;, which is
isoelectronic with CO? ~. The shape resonance is observed
only in the 3¢’ branching ratio, the reason for which is at
present unknown. That the effective symmetry in the x-ray-
absorption spectrum of adsorbed carbonate is D,, rather
than C,, appears to be due to the different nature of the
excitation in that experiment.
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