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A high resolution electron energy loss spectroscopy study of the Fermi
resonance of CO 2 adsorbed on a Ag „110…/CO3 layer
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~Received 5 February 1999; accepted 20 April 1999!

The adsorption of CO2 on a Ag~110! surface precovered with a saturated CO3 layer has been studied
by high resolution electron energy loss spectroscopy~HREELS!. A weakly bound state of CO2 is
stabilized by the presence of carbonate. In addition to the losses of the bend~658 cm21) and the
antisymmetric stretch~2343 cm21) fundamental modes, the presence of two peaks in the frequency
region of the symmetric stretch mode have been observed. Such a loss pair is characteristic for the
existence of a Fermi resonance, between the overtone of the bend and the symmetric stretch
vibration, which had been studied in detail for the gas phase CO2 molecule. By use of three CO2
isotopomers the existence of the Fermi resonance in the adsorbed state has been verified and the
Fermi constant and the energy of the unperturbed vibrations have been determined from the isotopic
shifts. The character of the CO2 molecule is almost unaffected by the bonding and it adsorbs in a
tilted geometry. ©1999 American Institute of Physics.@S0021-9606~99!71527-8#

INTRODUCTION

The free CO2 molecule presents the classical example of
a general phenomenon in vibrational spectra, the Fermi reso-
nance, which always occurs if two vibrational levels of dif-
ferent vibrations~or combinations! but belonging to the same
symmetry species are energetically nearly degenerate. The
point group of the linear CO2 molecule isD`h and its vibra-
tional spectrum should thus show three dipole active eigen-
modes~two degenerate bending and the asymmetric stretch
modes! and the Raman active symmetric stretch vibration.
The Raman spectrum of CO2 exhibited, however, two clear
lines in the frequency region where only the symmetric
stretch mode was expected.1 The explanation of this result
was given by Fermi2 who realized that one of the overtones
of the bending mode and the symmetric stretch mode of CO2

are of the same symmetry species and almost degenerate, and
thus the harmonic approximation breaks down. In effect the
anharmonic terms in the force field of the molecule become
important and the vibrational wave functions of the related
modes are no longer decoupled. He treated this resonance in
a perturbation approach by introducing an effective coupling,
the Fermi constant, between the unperturbed wave functions.
In consequence, the vibrational levels split into the so-called
Fermi dyad and the corrected wave functions consist of a
symmetric and antisymmetric combination of the unper-
turbed wave functions. This description accounts also for the
observed line strength of the Fermi dyad since the overtone
gains intensity from the fundamental. More detailed reviews
are found in Refs. 3 and 4. Later studies of the CO2 molecule
used the isotope shifts of various isotopomers and the higher
harmonics to determine not only the Fermi constant~and the
unperturbed levels! but also the higher order anharmonic
terms in the force field expansion.5–7

The adsorption state of the CO2 molecule at single crys-
tal metal surfaces has been studied for various systems. A
chemisorption state has been identified for some reactive
metals, like Fe or Co, with the CO2 in a bent configuration
due to the metal bond. On the majority of metals, however,
CO2 forms a very weak physisorption bond leaving the mo-
lecular orbitals essentially unchanged as can be deduced, for
instance, from the vibrational spectrum almost identical to
that of the free molecule~for an exhaustive survey see the
review article by Freund8!. The features observed in the fre-
quency region of the Fermi resonance, however, are not in-
terpreted in detail since most investigations have focussed on
the more stable chemisorption state of CO2 usually in con-
nection with reactions. In coadsorption systems weakly ad-
sorbed CO2 has been noticed quite often as a side product in
reaction studies, but the two losses observed have been at-
tributed to the Fermi dyad without further elaboration~see
Refs. 9–13 for a selection!. On clean surfaces, physisorbed
CO2 usually exhibits only one dominant peak which has
been assigned to either the overtone of the bending mode or
the symmetric stretch, also without a detailed discussion.11,12

On the Ag~111! surface the CO2 physisorption state has been
studied at 40 K up to the multilayer regime with HREELS
but the resolution was too low to resolve the Fermi dyad.
Only through variation of the primary energy the existence
of the Fermi resonance could be deduced since the peak cen-
ter of the corresponding peak shifts due to the energy depen-
dence of only the symmetric stretch loss intensity.13

In the course of our HREELS investigations into the
formation of CO3 on Ag~110! by reacting CO2 with pread-
sorbed oxygen,14 we noticed that on a well ordered saturated
CO3 layer adsorption of CO2 becomes stabilized up to 130
K. This has been observed previously10 but not further inves-
tigated. Since adsorption and desorption of CO2 does not
essentially affect the carbonate layer it is possible to prepare
CO2 in a very weakly bonding adsorption state which clearly
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shows the Fermi dyad in the vibrational spectrum. In order to
assign the losses in the resonance region and to extract the
Fermi constant and the position of the unperturbed modes we
performed a systematic study of the vibrational spectrum of
CO2 employing the12C16O2 , 13C16O2 , and 12C18O2 isoto-
pomers.

EXPERIMENT

The usual recipe of extensive argon ion sputtering and
subsequent annealing to 650 K was used to obtain a clean
Ag~110! substrate which was checked with LEED and by the
ease of producing the full (n31! sequence of the oxygen
induced reconstructions.15 The EEL spectrometer is a double
pass instrument~HIB 1000, VSW, Ibach design16! operated
at a primary energy of either 5 or 10 eV with an incidence
angle of 60°. The scattering plane was coincident with the
@11̄0# azimuth. Some off-specular spectra were collected at
Du;5° by setting the incidence angle to 65° while retaining
the detection angle at 60°. Typically, the resolution was in
the range 16–24 cm21 with a slight degradation off-specular.
Both O2 and CO2 were exposed via a capillary doser system.
Commercially available CO2 isotopes were used with a pu-
rity of 99%; only the12C18O2 contained;1% of 12C16O2

admixtures as was verified with the mass spectrometer. The
preparation of the carbonate preadsorption layer is described
in full detail in Refs. 14 and 17. It showed a sharp~132!
LEED pattern with intense overlayer reflexes and did not
contain atomic oxygen remaining from the formation reac-
tion.

RESULTS AND DISCUSSION

The vibrational spectrum of the stabilizing preadsorption
layer of carbonate on the Ag~110! surface is displayed in Fig.
1~a!. From the various isotopomers of CO3 studied in the
foregoing investigation17 the 13C16O3 species was chosen as
it has the least positional overlap in the frequency region of
the Fermi resonance of CO2. The carbonate layer was pre-
pared by reacting a saturated molecular oxygen layer with
CO2 followed by a flash to 400 K thus providing a well-
ordered layer of pure carbonate without residual oxygen
thereas excluding any further reaction with CO2. The intense
losses around 260 cm21 are due to CO3-substrate vibrations.
The peaks at 805 and 1047 cm21 are assigned to the out-of-
plane bending and the symmetric stretch modes, respec-
tively. The asymmetric stretching vibration, which is degen-
erate in solution, occurs at;1300 cm21 and is slightly split.
The other degenerate mode, the in-plane bend, is not detect-
able at the primary energy of 5 eV used in Fig. 1~a! but is
clearly present at 10 eV located at 712 cm21. A detailed
discussion of the formation and vibrational modes of CO3

will be published presently.17 The spectrum obtained upon
adsorbing;1000 mbar s12C16O2 is shown in Fig. 1~b!. The
additional loss structures are due to adsorbed CO2 and can be
removed by heating the substrate above 130 K, the tempera-
ture at which the desorption maximum occurred in the ther-
mal desorption spectrum. The positions of the CO3 losses
remain almost unaffected, only the frustrated modes are dis-
tinctly shifted to lower frequency and the intensity of the
structure at 236 cm21 is suppressed. This effect strongly
suggests the CO2 to be locally bonded at the CO3 anion. It

FIG. 1. HREEL spectra of~a! saturated13C16O3 layer, ~b! after exposure to 1000 mbar s of12C16O2 measured at 5 eV primary energy. Spectra~c! and ~d!
present the same sequence in the region of the Fermi resonance but measured with 10 eV primary energy. The dashed lines indicate the CO3 related peak, and
solid lines the structures of the adsorbed CO2 .
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was possible to desorb and readsorb CO2 several times with-
out any changes in the CO3 spectrum, thus indicating that the
carbonate layer functions merely as a support.

The CO2 induced losses at 657 and 2347 cm21 are easily
assigned to the degenerate bend (d) and the asymmetric
stretch (nas) modes. A comparison with the gas phase values
is given in Table I and shows that the adsorption induces an
overall red shift of only a few wave numbers. The same
applies to the isotopically substituted CO2 molecules which
were measured and these are also compared to gas phase
values shown in Table I. A difficulty arose with the12C18O2

where some admixture with12C16O2 , the main impurity in
the dosing gas, was always observed on the surface and was
overrepresented in thenas peak via intensity borrowing. It
was, however, possible to remove this contribution by sub-
traction and reliably determine the correct frequency. In ad-
dition, Table I shows the isotopic shifts calculated with re-
spect to12C16O2 by inserting the corresponding masses into
the equations of the eigenfrequencies given in Herzbergs
book.4 These equations are based on the solution of the secu-
lar equation in harmonic approximation and work quite well
for the relative values of isotopic shifts. However, to gener-
ate the whole spectrum with its overtones, a more complete
analysis with higher order terms in the potential approxima-
tion would have to be done—the absolute frequencies calcu-
lated from experimentally determined force constants devi-
ate, in part significantly, from the measured data. The
calculated numbers agree almost perfectly with the observed
values and indicate that the CO2 molecule maintains its lin-
ear geometry upon adsorption. The presence of both thed
and thenas modes in the spectrum is only compatible with a
tilted configuration since the former is polarized perpendicu-
lar to the molecular axis, the latter parallel. This result is in
full accordance with the general trend observed in several
studies of the weakly bound form of CO2 ~see Ref. 8, and
references therein!.

In the frequency region, where for the free molecule the
Fermi resonance is observed, CO2 adsorption gives rise to a
pronounced peak at 1269 cm21, while only a small intensity
increase is observed above the doublet feature of CO3. In
their HREELS investigation of physisorbed CO2, Sakurai
et al.13 have observed that the loss intensity of the features in
this region passes a maximum at aboutEP;10 eV, although

they were unable to resolve the Fermi dyad. The spectrum of
the relevant region measured at a primary energy ofEP

510 eV is shown in Figs. 1~c! and 1~d!, before and after
adsorption of CO2. At that energy the higher loss of the
Fermi dyad becomes evident at 1371 cm21. The enhance-
ment is connected with an intramolecular resonance as it is
also observed for the free molecule,19 and affects predomi-
nantly the symmetric stretch vibration. The fundamental of
thed mode shows no comparable feature. Making use of this
property we measured three CO2 isotopomers atEP510 eV.
The results in the relevant region are shown in Fig. 2 as
difference spectra with the carbonate contributions being
subtracted to emphasize the CO2 induced losses. Prior to

TABLE I. Observed and calculated frequencies of different CO2 isotopomers.a

12C16O2
13C16O2

12C18O2

Gas
phaseb

This
work Calculated

Gas
phaseb

This
work Calculated

Gas
phaseb

This
work Calculated

d 667 657 649 638 638 657 649 647
n2 1285 1262 1265 1240 1230 1226
n1 1388 1372 1370 1354 1347 1322
d (2) 1340c 1316 1302c 1276 1294
ns 1334c 1318 1334c 1318 1250
nas 2349 2347 2284 2277 2280 2314 2309 2311
W 52.84c 55 51.34c 53 50.52c 42

aAll values in cm21.
bGas-phase values from Rothman~Ref. 18!.
cThese calculated values are taken from Suzuki~Ref. 6!.

FIG. 2. Difference spectra of three CO2 isotopomers indicated at the curves
with the pure13C16O3 layer. Primary energy 10 eV.
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subtraction the related spectra were normalized at 1300
cm21, a procedure which was found to be the most reliable
with respect to avoid artifacts. It should be noted that, as
discussed above in connection with the asymmetric stretch
vibration, the 12C18O2 spectrum shows contributions from
12C16O2 impurities from the dosing gas, which leads to an
apparent upward shift of the raw peak in Fig. 2. By subtract-
ing the respective contributions the true frequency has been
determined. The frequencies of the Fermi dyads of the iso-
topomers are listed in Table I asn2 andn1 .

An inspection of the numbers in Table I immediately
reveals that it is not possible to assign the two lossesn2 and
n1 to the overtoned (2) of the bending and the fundamental
of the symmetric stretch modes, respectively. The latter must
show the same frequency between the12C16O2 and the
13C16O2 isotopes from symmetry considerations while the
experiment yields a distinct shift. Similarly, then2 peak of
the 12C18O2 exhibits a lower frequency than that of13C16O2

although thed mode fundamentals show the inverse order. It
is evident thatn2 andn1 belong to a Fermi dyad and must
be analyzed accordingly. Following Herzberg,4 first order
perturbation theory yields for the shifted frequencies,

n65 n̄6
1

2
A4W21D2, ~1!

n̄5 1
2 ~d (2)1ns! and D5d (2)2ns , ~2!

with W the Fermi constant. It follows from Eq.~1! that the
arithmetic mean of the respective loss pairs is conserved
between the perturbed and unperturbed energies. This can
be used to calculate the unperturbed levels from the ex-
perimental data of the three isotopomers independently
from W assuming an anharmonic shift in the simplest
approximation20

d (2)52d~122xe!, ~3!

with xe the anharmonicity coefficient being the same for all
isotopomers. As an additional input we use

ns~
12C16O2!5ns~

13C16O2!5A18

16
3ns~

12C18O2!. ~4!

The last equation gives the relative isotopic shift from the
formula given in Ref. 4. As there are two unknowns,ns and
xe , and three equations, we were able to check the internal
consistency of the interpretation. The anharmonicity param-
eter was found to be in the order of 1023 which agrees quite
well with the gas phase results,6,7 but is here negligible in
view of our experimental resolution. The isotopic shift of
ns(

12C18O2) yielded 0.94843ns(
12C16O2) as compared to

0.9428 calculated from Eq.~4!, in almost exact agreement.
The calculated values are also listed in Table I. A schematic
level diagram of the vibrational energies is displayed in Fig.
3 showing the calculated~unperturbed! in comparison with
the observed levels. The energetic degeneration of the unper-
turbed frequencies for the12C16O2 isotope is nearly perfect
and the Fermi resonance shift corresponds directly to the
strength of the coupling@see Eq.~1!#. The symmetric stretch
frequency is slightly above the overtone in contrast to the gas
phase analysis where the frequency of the fundamental is

lower than that of the overtone~see Table I and Refs. 5 and
6!. It should be noted, however, that the position of the en-
ergy levels of the symmetric stretch and the overtone, and
thus the assignment to the two modes, is dependent on the
density of the CO2, as a study by Garraboset al. has
shown.21 In the case of13C16O2 the states are initially sepa-
rated by;40 cm21 with the same ordering of the uncoupled
states. Both cases result in a Fermi constant of;50 cm21

which is almost the same number as derived from the gas
phase data. For the12C18O2 the ordering is reversed, the
fundamental is below the overtone. The Fermi constant de-
termined for this isotope is significantly smaller,;40 cm21,
in contrast to the free molecule. The reason for this deviation
is not clear. In general, the agreement of the values deter-
mined in this work for the adsorbed CO2 proves that the
internal electronic structure is almost unchanged upon ad-
sorption at the Ag~110!/CO3 surface.

The intensity ratio of the Fermi dyad shown in Fig. 2
reflects to a high degree the behavior expected from the
theory. In first order perturbation theory the perturbed wave
functions are given by a symmetric and an antisymmetric
linear combination of the unperturbed functions, with coef-
ficients determined by the interaction and the initial energy
distance~see Ref. 4!. The intensity of the detected losses in
the Fermi resonance case is proportional to the coefficient of
the fundamental, i.e., its contribution to the combinations,
since only the fundamental, here the symmetric stretch, is
excited with a normal intensity while an overtone has typi-
cally an excitation probability of only some percent of its
fundamental.20 For fully degenerate levels the coefficients
are equal and thus the loss pair should have equal intensity.
This is seen in the spectrum of12C16O2 in Fig. 2. If the
unperturbed levels are split, the order of the levels is un-
changed as they only repell each other; the coefficients are
different and the wave function of the perturbed upper level

FIG. 3. Energy level diagram of the Fermi dyad and the calculated unper-
turbed vibration niveaus of thed (2) overtone and thens fundamental modes
for three isotopomers of CO2 .
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has always the stronger admixture of the unperturbed one,
and vice versa. This is clearly reflected in Fig. 2. For both the
13C16O2 and the12C18O2 isotopomer, thens derived peak is
more intense. It must be noted, however, that the agreement
of the intensities only applies for a primary energy of 10 eV,
where the resonant enhancement of the symmetric stretch
occurs. At 5 eV, it is always the lower frequency peak which
is dominant in the CO2 spectra for all isotopomers measured.
This effect is already visible in Fig. 1~b! where the loss at
1371 cm21 contributes a clear but very weak signal. The
frequency is identical for both primary energies proving that
the Fermi resonance behavior is detected. The reason for the
apparent incompatibility with the theoretical description is
yet unresolved. This phenomenon may also explain why in
the majority of previous studies of weakly coadsorbed CO2

~Refs. 10–12! the only dominating peak has been detected in
the Fermi resonance region.

SUMMARY

The vibrational signature of CO2 stabilized at 100 K on
a Ag~110! surface precovered with carbonate has been stud-
ied by HREELS. In addition to the bending and the antisym-
metric stretch mode fundamentals observed at almost the en-
ergies of the free molecule, the Fermi dyad in the frequency
region of the symmetric stretch vibration was detected. By
tuning into the molecular resonance for the symmetric
stretch mode at 10 eV the loss pair could be easily separated
from the carbonate contributions in the spectra. From the
measurement of all frequencies for three CO2 isotopomers
(12C16O2 , 13C16O2 and 12C18O2) we have uniquely verified
the existence of the Fermi resonance in the adsorbed CO2

molecule and extracted from the measured frequencies, both
the positions of the unperturbed vibrational energies and the
Fermi constant for the three isotopomers. Apart from a slight
red shift the vibrational properties demonstrate that the mol-
ecule retains its linear geometry with the molecular axis
tilted with respect to the surface normal.
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