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The vibrational spectra of CO adsorbed on Ru(001) have been reinvestigated by infrared abs
spectroscopy at considerably improved sensitivity. A localized two-phonon bound state of the in
stretching mode has been identified. The anharmonicities of the adsorbate vibration hav
determined and found to be18.5 cm21 for 12C16O and about17.7 cm21 for 12C18O and13C16O, which
is about 40% higher than found for the gas phase species. Rapid broadening of the overtone ba
increasing temperature is attributed to the thermally activated decay of the two-phonon bound st
single phonon states. [S0031-9007(96)01523-2]

PACS numbers: 68.35.Ja, 33.20.Ea, 73.20.Jc
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Vibrational overtone spectra provide extremely imp
tant information on the shape of the potential curves
the dissociation energies of individual molecules. So
very little attention has been devoted to this subject in
vibrational spectroscopy of adsorbate species, mostly
cause of severe sensitivity problems. These limitati
usually do not apply to studies of macroscopic sol
and gaseous samples for which extensive data have
accumulated in the past. Adsorbate species in the (
monolayer regime, however, experience extra che
cal interaction with the (metal) substrate which mod
their electronic properties and the potential energy cur
which set the internal vibrational frequencies. In additi
new molecule-substrate vibrations are created (hind
translations and rotations). Vibrational spectra are usu
interpreted within the harmonic approximation and assu
ing a linear dependence of the dipole momentm on the vi-
brational coordinateqi , which implies a strictDy ­ 61
selection rule in photon absorption and equidistant ene
levels (for an overview on vibrational spectroscopy of a
sorbates, see Ref. [1]). The vibrational wave functio
are orthogonal and no interaction among them is poss
However, energy and phase relaxation phenomena
indicate that deviations from this idealized situation o
cur. First, anharmonic corrections of the vibrational p
tential proportional toq3

i and q4
i lead to corrections o

the energy levels
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which cause them to converge at highery. Here y

is the vibrational quantum number,ve the vibrational
frequency in the harmonic approximation,xe and ye

the lowest level anharmonic corrections tove. The
Dy ­ 61 selection rule then is weakened as the
brational wave functionsjCVibl can no longer be de
scribed by Hermite polynomials. Transitions between
ground state andE1 or E2 (in units of cm21) are ex-
pected atn0

C-O ­ h̄ve 2 2h̄vexe and n
00
C-O ­ 2h̄ve 2
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6h̄vexe ­ 2n
0
C-O 2 2h̄vexe, respectively, for our case

of CO adsorbed on Ru(001). Second, higher order te
of the dipole moment

m ­ m0 1
X

i

≠m

≠qi
Dqi 1

X
ij

≠2m

≠qi≠qj
DqiDqj 1 . . .

causeDy ­ 62, 3, . . . transitions to occur even for har
monic potentials. Nondiagonal terms≠

2m

≠qi≠qj
DqiDqj 1

. . . with i fi j produce combination bands withDyi ­
61 andDyj ­ 61 selection rules [4].

The detection of such overtone and combination ba
is difficult as the corrections to the harmonic appro
mation and higher order terms ofm are small at lowy.
Only recently has it been possible to study such hig
order transitions of adsorbates by the infrared absorp
technique [5]. Earlier results obtained by high resolut
electron energy loss spectroscopy (HREELS) were li
ted by the instrumental resolution, and useful param
ters on the shape of the vibrational potential could
be obtained [6]. In many cases overtone intensities
enhanced by Fermi resonances which eases their d
tion considerably, but the correlated extra line shift re
ders their spectral position somewhat uncertain [7]. Th
are several examples of two-phonon bound states of
sorbates with two vibrational quanta being localized
a single oscillator. The most elaborate overtone stud
of adsorbate species so far have been obtained by
nonlinear sum frequency generation technique (SFG)
hydrogen adsorbed on various silicon and diamond s
faces [HySi(111), HySi(100), and HyC(111)] [8]. Two-
phonon bound states (localized overtone bands) could
detected in each of these cases by employing a two c
pumpyprobe SFG setup.

However, even the most recent data [5,8] preclude
accurate determination of the anharmonicity constant
the linewidths of the overtone or combination bands
broad, the signalynoise ratio poor, and the positions of th
(nondipole shifted) vibrational frequencies of the loca
zed component fundamental modes not known p
cisely. In this Letter we report a detailed investigati
of infrared absorption spectra of then00

C-O-overtone of
© 1996 The American Physical Society 4229
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3 3
p

3 dCOyRus001d. This system was chose
because of the high homogeneity to which the la
can be prepared. From an analysis of the temp
ture dependency of the line positions and widths,
thermally activated decay of a two-phonon bound s
into two single phonon states could be investigat
The existence of naturally abundant13C16O enabled
the exact line position of the noncoupled (singleto
12C16O stretching mode to be derived, which allow
the first accurate determinations of the anharmoni
constants of adsorbate vibrations to be made. Our ob
vations are assisted by isotopic substitution experim
s12C16O $ 12C18O $ 13C16Od which display similar line
shifts and line broadenings. In contrast to using HREE
or SFG, the direct excitation ofy ­ 2 states by the
absorption of infrared photons avoids ambiguities aris
from multiple energy losses and transient bleaching
the vibrational levels involved. The extraction of th
anharmonicity parameters and the spectral line shap
further aided by the high intrinsic resolution of infrare
absorption spectroscopy (IRAS).

The experiments were performed in a specially
signed ultrahigh vacuum chamber (base pressure7 3

10211 mbar) with standard sample cleaning and char
terization facilities. The Michelson interferometer is
highly stable evacuable Bruker 66V bench and the
frared absorption spectra were obtained using an M
detector with a low frequency cutoff at600 cm21. Typi-
cally 2000 scans at2 cm21 resolution were coadded (co
responding to a total accumulation time of 540 s each
the reference and the sample spectrum) to obtain re
ducibilities of 1 part in 15 000 in the region of then00

C-O
overtone. The Ru(001) sample was oriented within60.1±

and surface cleanliness was checked by standard p
dures [9]. The sample could be cooled to 30 K and hea
resistively. Gas exposure was performed via a microca
lary array at the IRAS measurement position.

In Fig. 1 spectra of the fundamentaln
0
C-O-mode as

well as the accompanying mode of naturally abund
13CO and the first overtonen00

C-O [Fig. 1(b)] are displayed
for the s

p
3 3

p
3 dCOyRus001d layer using a spectra

resolution of 2 cm21. The n
0
C-O peak absorption an

linewidth at 30 K are 14.5% and4.3 cm21, respectively,
leading to an integrated absorbance of0.45 cm21. This
value agrees approximately with the numbers reporte
the literature for similar setups (incidence angle84±) [10].
It is apparent from our measured4.3 cm21 linewidth
that layer inhomogeneity and surface defect density
extremely low. The measured width of6.5 cm21 of
the overtone band at 30 K demonstrates that at
temperatures this mode displays a quite narrow line sh
as well.

For a proper evaluation of the vibrational anharmon
ties associated with a two-phonon bound state the
position of the localized fundamental moden

0
C-O,loc

is needed, i.e., disregarding any frequency shifts
lated to dynamic dipole coupling which are responsi
4230
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for the delocalized nature of the strong fundamen
n

0
C-O mode. In the case of adsorbed CO on Ru(00

this dynamic (blue-) shift amounts to42.2 cm21 at
0.33 ML. This intermolecular coupling mechanism al
causes ared shift of the minority 13CO internal stretch
mode by 2.5 cm21 for the layer in Fig. 1. Further
taking into account then0

C-O isotopic shift when ex-
changing regular CO with13CO [Dv ­ 245.1 cm21;
this value has been determined experimentally
a strongly diluted layer of mixed CO isotopes a
sorbed on Ru(001)] the line position of the localiz
(singleton) 12C16O species can be determine
(1988.6 cm21 at 30 K). The anharmonicity h̄vexe

of the internal stretch mode of COyRu(001) is then easily
calculated to be18.5 cm21 for 12C16O, which is consider-
ably larger than the value for gas phase COs13.29 cm21d
[11]. This indicates that despite the close proxim
of the vibrational frequencies of gas phase CO a
adsorbed COyRu(001) the vibrational potential and, as
consequence, the electronic structure looks very dif
ent. The validity of these findings has been verified
equivalent studies of layers containing13C16O or 12C18O
at 0.33 ML. A summary of the respective line positio
is given in Table I. Note that thenC-O anharmonicities
of these isotopically labeled CO species are lower th
the corresponding value of12C16O because of their lowe
vibrational frequencies. Assuming a Morse potent
for the internal CO bond the related dissociation ene
ED ­

"ve

4xe
can be approximately determined using the

parameters.6.85 6 0.05 eV is obtained for all three CO
isotopic species which is clearly lower than the 10.97
derived from the anharmonicity of gas-phase CO (exp
mental valueEDsCO 2 gasd ­ 11.09 eV [11]).

We now will turn to the details of the temperatu
dependence of line positions and widths. Both qu
tities are plotted in Figs. 2 and 3 versus temperatu
The n

00
C-O overtone frequency displays a considerab

smaller red shift compared to the fundamental (delo
lized) n

0
C-O mode [for this comparison1y2 3 Dn

00
C-OsTd

is considered] and it closely followsn0
C-O of the local-

ized 13C16O species; the temperature dependence of
linewidths of all three bands differ strikingly; the localize
modes broaden substantially faster and, in particular,n

00
C-O

reaches an impressive value of30 cm21 even at 200 K
from 6 cm21 at 30 K. Vibrational energy damping vi
electron-hole pair creation appears rather unlikely in vi
of the temperature interval being so small compared to
vibrational energy. Also such an effect should show
similarly for the fundamental modes as well. The cont
bution of a dephasing process to the linewidth can be e
mated by comparison to the localized13C16O fundamental
mode [1.1% minority species within the12C16OyRus001d
layer], which displays only moderate thermal broade
ing. We therefore conclude that the broadening ofn

00
C-O

with increasingT is largely due to a thermally acti
vated decay of the two-phonon bound state into t
single phonon states. Detailed theoretical models h
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FIG. 1. (a) Infrared absorption spectra of the C-O stretching moden

0
C-O of the s

p
3 3

p
3 dR30± COyRus001d layer taken at 30 K.

The corresponding mode of naturally abundant13C16O is displayed in an enlarged vertical scale; (b)n
00
C-O overtone band observe

at about twice the frequency of the fundamentaln
0
C-O modes.
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been developed recently to describe such relaxation p
cesses for molecular solids [12]. It is found that the dec
of the bound pair of excitations is mediated by absorpti
of lattice phonons, a process which can be traced down
the cubic terms of the anharmonic vibrational potential.

The stability (or binding energy) of the bound sta
amounts to2h̄vexe ­ 37 cm21 in our case. An Arrhenius
analysis of the linewidth in excess of2 3 Gsn0

C-O,locd
of the 13C16O band (the resulting value is proportiona
to the decay rate of the two-phonon bound state) yie
an activation energy ofEa ­ 170 cm21 which is much
higher than the above mentioned value. However,
Arrhenius analysis will give the proper activation energ
Ea only if Ea ¿ h̄v0, i.e., many phonons of averag
energy h̄v0 contribute to surmount the barrier. In th
case ofEa , h̄v0 the analysis will yield the value of
the phonon which contributes most to the decay proce
The found value of150 200 cm21 therefore suggests tha
a high kjj phonon with a correspondingly high energ
is necessary to effectively split the two-phonon bou
state into two (possibly propagating) single phonon stat
Indeed surface phonons in the region of220 cm21 have
very recently been observed for Os2 3 2dyRus001d [13];
no data ons

p
3 3

p
3 dCOyRus001d or the clean Ru(001)

surface are available.
Efforts to detect a two-phonon bound state for the fu

covered COyRu(001) layersQCO ­ 0.67 ML d were un-

TABLE I. Line positions of the localized (singleton) C-O
stretch modes (T ­ 30 K) of s

p
3 3

p
3 dR30± COyRus001d.

The accuracies of the line positions and the anharmonic
constants are60.2 cm21 and60.3 cm21, respectively.

Vibrational Frequenciesfcm21g
12C16O 13C16O 12C18O

n
0
C-O 1988.6 1943.5 1943.3

n
00
C-O 3940.1 3851.4 3851.3

h̄vexe 18.5 17.8 17.6
ro-
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successful. This is attributed to the strong intermolecu
coupling between the oscillators for such a dense la
which effectively prevents localization of two vibrationa
quanta at a single oscillator. The question of localiz
tion of vibrational energy has been examined for a nu
ber of large molecules (benzene, SF6, dihalomethanes)
[14–16] as well as for molecular crystals [17,18]. With
the benzene molecule, for example, intermode coupl
among identical C-H oscillators leads to the observat
of delocalized excitations aty ­ 1 despite the strong
anharmonicity of the C-H bonds. For higher frequen
vibrational levels complete localization eventually o
curs. For molecular crystals the localization proble
has been related to the relative strength of the int
molecular coupling versus the intramolecular anharmon
ity [18]. An equivalency between two-phonon boun

FIG. 2. Frequency shifts of the various vibrational ban
with temperature:s1d n

00
C-O overtone bands31y2d; s≤d n

0
C-O

localized fundamental of naturally abundant13C16O; s±d n
0
C-O

delocalized fundamental of12C16O.
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FIG. 3. Linewidths of the various vibrational bands wit
temperature. s1d n

00
C-O overtone band;s≤d n

0
C-O localized

fundamental of naturally abundant13C16O; s±d n
0
C-O delocalized

fundamental of12C16O. Note that the given values are derive
by deconvolution of the Lorentzian line shape of the vibration
bands with the instrumental resolution function; we used
Happ-Genzel apodization function which provides a Gauss
line shape to high accuracy.

states and localized single phonon states bound to an
purity potential of strength2h̄vexe has been suggested
Again, localization is more likely the higher the vibra
tional excitation level. Note that the anharmonic sh
increases quadratically with the vibrational quantum nu
ber whereas the band width of a multiphonon sta
increases linearly withy and the split-off of a local-
ized overtone band is easier at highy. In case of the
fully covered COyRu(001) layer the bandwidth of the
fundamental mode apparently is too large so that a
calized two-phonon state exists only virtually and insta
taneously decays into two single phonon states due
the strong intermolecular coupling induced by the osc
lating dipole field. Fors

p
3 3

p
3 dCOyRus001d this in-

termolecular coupling is weaker and localization of tw
quanta is possible, i.e., the two phonon bound state
comes real. High temperatures then are expected to c
extra coupling ton

0
C-O modes with parallel momentum

$kjj fi 0 through quasielastic scattering (and parallel m
mentum transfer) events by substrate phonons, ther
shortening the lifetime of then00

C-O mode. It is ex-
pected that for other adsorbate systems on transition m
surfaces such localized overtone vibrations will also
observed.

In conclusion, a two-phonon bound state of t
fundamental C-O stretch mode has been observed
4232
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COyRu(001) by infrared spectroscopy. For the first tim
temperature dependencies of the line positions and wi
of a two-phonon bound state have been examined w
suggest a thermally activated decay of this overt
band into two single phonon states. Isotopic substitu
experiments have allowed the accurate extraction
the anharmonicity parameters of the internal bond
adsorbed CO which is 40% higher than found for the
gas phase species.

I would like to thank Professor D. Menzel for stimula
ing discussions and a critical reading of the manuscr
This work was supported by the Deutsche Forschung
meinschaft through SFB 338.

[1] H. Ibach and D. L. Mills, Electron Energy Loss Spec
troscopy and Surface Vibrations(Academic, New York,
1982).

[2] M. Morin, N. J. Levinos, and A. L. Harris, J. Chem. Phy
96, 3950 (1992).

[3] B. N. J. Persson, F. M. Hoffmann, and R. Ryberg, Ph
Rev. B34, 2266 (1986).

[4] W. S. Struve,Fundamentals of Molecular Spectrosco
(John Wiley, New York, 1989); G. Herzberg,Molecular
Spectra and Molecular Structure II, Infrared and Ram
Spectra of Polyatomic Molecules(D. Van Nostrand,
Princeton, 1945).

[5] Y. J. Chabal, Phys. Rev. Lett.55, 845 (1985); B. N. J.
Persson and R. Ryberg, Chem. Phys. Lett.174, 443
(1990); R. Ryberg, Phys. Rev. B44, 13 160 (1991).

[6] S. Lehwald, H. Ibach, and H. Steininger, Surf. Sci.117,
342 (1982); L. J. Richter, T. A. Germer, J. P. Sethna,
W. Ho, Phys. Rev. B38, 10 403 (1988).

[7] I. J. Malik, M. E. Brubaker, and M. Trenary, J. Electro
Spectrosc. Relat. Phenom.45, 57 (1987).

[8] P. Guyot-Sionnest, Phys. Rev. Lett.67, 2323 (1991);
P. Guyot-Sionnest, P. H. Lin, and E. M. Hiller, J. Che
Phys.102, 4269 (1995); R. P. Chin, X. Blase, Y. R. She
and S. G. Louie, Europhys. Lett.30, 399 (1995).

[9] P. Jakob and D. Menzel, Surf. Sci.201, 503 (1988).
[10] H. Pfnür, D. Menzel, F. M. Hoffmann, A. Ortega, an

A. M. Bradshaw, Surf. Sci.93, 431 (1980); F. M. Hoff-
mann and B. N. J. Persson, Phys. Rev. B34, 4354 (1986).

[11] A. A. Ratzig and B. M. Smirnov,Reference Data on
Atoms, Molecules and Ions(Springer, Berlin, 1980).

[12] F. Bogani, G. Cardini, V. Schettino, and P. L. Tasse
Phys. Rev. B42, 2307 (1990).

[13] W. J. Mitchell, Y. Wang, M. Schick, and W. H. Weinber
J. Chem. Phys.102, 8185 (1995).

[14] R. L. Swofford, M. E. Long, and A. C. Albrecht, J. Chem
Phys.65, 179 (1976).

[15] H. B. Levene and D. S. Perry, J. Chem. Phys.80, 1772
(1984).

[16] O. S. Mortenson, B. R. Henry, and M. A. Mohamma
J. Chem. Phys.75, 4 800 (1981).

[17] F. Bogani, J. Phys. C11, 1283 (1978); F. Bogani, J. Phy
C 11, 1297 (1978); F. Bogani, R. Giua, and V. Schettin
Chem. Phys.88, 375 (1984).

[18] J. C. Kimball, C. Y. Fong, and Y. R. Shen, Phys. Rev.
23, 4946 (1981).


