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Probing the Surface Brillouin Zone by Infrared Absorption Spectroscopy:
Asymmetric Line Shape of Vibrational Combination Band
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The combination band of the C-O and the Ru-CO stretch vibrational modes of CO adsorbe
Ru(001) has been used to study vibrational dispersion effects by infrared absorption spectro
For an ordered CO layer both vibrational modes can be excited far from theG point while
fulfilling the q ø 0 condition throughq vector matching. It is found that diluted layers lackin
intermolecular interactions display a symmetrical and narrow line shape which broadens substa
for the s

p
3 3

p
3 dR30±CO layer and displays a pronounced asymmetry, in good agreement with the
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Vibrational modes of adsorbate species, at low adsorb
coverages, are usually not perturbed by the adsorb
adsorbate interactions. However, for densely pack
layers this is no longer true. Here lateral interactio
affect the adsorbate electronic structure, e.g., via
electrostatic Stark shifts of molecular levels due to t
permanent dipoles of neighboring adsorbates, or beca
of the direct overlap of the molecular orbitals of near
adsorbates. Furthermore, indirect interactions via
substrate also occur, giving rise to dispersion of t
adsorbate vibrational and electronic levels.

For most adsorbate modes, especially on metal s
faces, the dipole-dipole coupling gives the dominati
contribution to the dynamical coupling and dispersion
adsorbate phonons. Dipole coupling occurs for all mod
(vibrational coordinateu) having a nonzero dynamic
dipole momentm0

u. The oscillating dipole field of a
vibrationally excited molecule couples to the neighbori
oscillators (dipoles) to cause a line shift of theq ­ 0
phonon mode byDv [1,2]. The strength of the dipole
coupling scales,sm0

ud2, and decays with distance lik
1yDR3, and therefore is sensitive over distances of ma
unit cells. As dynamic dipole coupling critically depend
on the relative phase among the oscillators within an ar
it will produce a dispersion.

So far little attention has been devoted to dispersion
fects of adsorbate vibrational modes [3–5]. The meth
used in early studies, high resolution electron energy l
spectroscopy (HREELS), has some drawbacks: (a)
resolution is usually of the same order of magnitude
the observed dispersion, and (b) when performing o
specular EELS, artificial line shifts due to misadjust
electron optics, or residual magnetic fields inside the sp
trometer, can limit the accuracy of the analysis. Desp
these constraints, the dispersion of acs2 3 2dCOyCus100d
layer could be probed in a detailed study by Anderss
and Persson [3], and a value of about40 cm21 for the
bandwidth was determined. The dynamical dipole co
pling gives a negative slope of the dispersion (i.e.,vq de-
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creases with increasingjqj), and yields a maximum density
of states near the zone boundary.

Unfortunately, the much higher spectral resolution
infrared absorption spectroscopy (IRAS) is of no practic
use for such studies since the ir photons carry only litt
momentum and excitation of vibrational modes occu
very close to theG point, i.e., at q ø 0. Efforts to
probe the Brillouin zone therefore appear to be a pointle
endeavor.

In the present Letter we will demonstrate that probin
the vibrational band structure by IRAS becomes,
fact, feasible whenever the combined excitation of tw
vibrational modes is concerned. Of course, the wav
vector conservation rule is still valid but it must now
be applied to the sum of two vibrational modesv1 and
v2. The restrictionq ø 0 now reads likeq1 1 q2 ø 0
which leaves the freedom to excite the individual mod
far from the G point at q1 ø 2q2 fi 0. A drawback
of this method is the very weak reflectivity chang
associated with excitation of such combination bands, a
the stringent requirements on the layer homogeneity. T
is why very few such studies were performed so far [6
despite the fact that the idea of probingq fi 0 modes by
absorption of ir light has been known for quite some tim
especially with respect to studies of molecular crysta
[7,8]. By using a very stable and sensitive experimen
setup [9] we have been able to study, under conditions
strong and weak lateral interactions, the line shape of
[Ru-CO 1 C-O] combination band of a chemisorbed CO
layer on Ru(001). This system was chosen because
the high homogeneity to which the layer can be prepare
It will be shown that while the linewidth of the band
is narrow and the line shape symmetrical for individu
oscillators (diluted layer), a broad and asymmetric ba
is observed for denser layers. Taking into account t
dispersion of the two fundamental modes as well as t
probability of their combined excitation, we show tha
theoretical calculations reproduce the observed line sha
well [10].
© 1997 The American Physical Society 3503
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FIG. 1. Infrared absorption spectra of thes
p

3 3
p

3 dR30±

COyRu(001) layer taken at 30 K with2 cm21 resolution. The
vertical scale of the spectrum has been enlarged by310 to
emphasize the weaker absorption bands and to demons
baseline stability of the experimental setup. No smooth
or baseline corrections have been applied. The drop of
reflectivity above1500 cm21 is reproducible and associate
with an interband transition of the Ru substrate.

Figure 1 displays an overview infrared absorption sp
trum of a s

p
3 3

p
3 dR30± COyRu(001) layer (QCO ­

0.33 ML) taken at a temperatureT ­ 30 K. A Si:B
detector has been used to probe the spectral reg
400 3000 cm21. The C-O band of naturally abundan
13C16O and other weak vibrational features like the ove
tone band of the hindered rotation (826.3 cm21) become
discernible by enlargement of the vertical scale by a fac
of 10. Also visible, although at poor signal-to-noise rat
is the [Ru-CO1 C-O] combination band at2427.0 cm21,
which will be discussed in more detail below.

The above-mentioned combination band has been
served for various layers containing different amounts
isotopically labeled12C16O and 13C16O species (Fig. 2).
An MCT detector has been used here to obtain spe
at considerably improved noise levels. Clearly, an asy
metric line shape with a tail on the high frequency si
is observed for the majority species of the dense lay
(Fig. 2, curvesa–c). Note that the asymmetry is not o
the Fano type, which typically would display a tail on th
low-frequency side [11]. The low temperatures used
this work make sure that line broadening effects due to
phasing are virtually absent.

Layers containing a low fraction of a heavier CO is
topic species (ø10% admixture) exhibit a surprising resu
(Fig. 2, curvesb and c). Contrary to the bands assoc
ated with the majority species the combination band of
minority species is muchnarrower and displays a sym
metric line shape. This important observation exclude
any mechanism responsible for the asymmetry which
unrelated to lateral coupling. Also, the line position
the 13C16O minority band (Fig. 2, curveb) is now located
at 2384.5 cm21 as compared to2377.0 cm21 found for
3504
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FIG. 2. Infrared absorption spectra of the [Ru-CO1 C-O]
combination band of various layers: (a) 12C16O at QCO ­
0.33 ML; (b) 90% 12C16O 1 10% 13C16O at QCO ­ 0.33 ML;
(c) 89% 13C16O 1 11% 13C18O at QCO ­ 0.33 ML; (d) 89%
13C16O 1 11% 13C18O at QCO ­ 0.07 ML. The dashed curve
in (a) has been calculated usingdvyDv . 20.04 and g ­
5 cm21. The spectra were obtained at 30 K using a spec
resolution of 2 cm21 (a and b) and 4 cm21 (c and d). The
slope of the baseline apparent in Fig. 1 has been adjusted t
horizontal and the spectra are offset for clarity of presentati
All layers have been annealed to 400 K before data taking.

layers containing13C16O as the majority species (Fig. 2
curve c). From a physical point of view both layer
differ only by their isotopic composition ratio, so tha
no chemical shift can be responsible for these dissim
line positions. The measured asymmetric line shape
the combination band reflects the dispersion of the t
fundamental Ru-CO and C-O modes.

This idea is corroborated by our experiments of dilut
layers (QCO ­ 0.07 ML) [12] of 12C16O (not shown) and
13C16O (containing an 11% fraction of13C18O) (Fig. 2,
curved). Narrow bands with a symmetric line shape a
found in both cases. The dissimilar line position of th
13C16O related combination band in curvesb and d of
Fig. 2 is attributed to a coverage dependent chemical s
of the two component fundamental modes at CO covera
between 0.07 and 0.33 ML.

The observation of the low coverage12C16O and13C16O
combination bands at 2438.5 and2388.0 cm21, respec-
tively, allows us to determine the intermode anharmon
ity coupling constantdv ­ vRu-CO 1 vC-O 2 vcomb .
We get dv ­ 1989.9 1 446.5 2 2438.5 ­ 22.1 cm21

and 1944.7 1 441.0 2 2388.0 ­ 22.3 cm21 for
12C16O and 13C16O, respectively (Table I). For the
s
p

3 3
p

3 d-CO layer such a simple extraction o
dv is not possible because of the strong lateral
teraction, but a full analysis (see below) also giv
dv ø 22 cm21 in good agreement with the result
at low coverages presented above. A negative int
mode coupling constant is, at first sight, unexpected,
can be understood as follows: excitation ofvRu-CO

will result in an increased average Ru-CO bond leng
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TABLE I. Line positions of the Ru-CO and C-O stretchin
modes as well as of the [Ru-CO1 C-O] combination band ob-
tained from a diluted layer of COyRu(001) atT ­ 30 K. The
accuracies of the line positions and the intermode anharmo
ity constants are indicated in parenthesis.

Vibrational Frequenciesfcm21g
12C16O 13C16O 13C18O

vRu-CO s60.3d 446.5 441.0 429 s61d
vC2O s60.1d 1989.9 1944.7 1898.1
vcomb s60.4d 2438.5 2388.0 2330.5 s61d

Dvcomb s60.6d 22.1 22.3 23.4 s61.5d

which eventually leads to a free CO molecule. Sin
the C-O frequency of a gas phase CO is much hig
(by about200 cm21) than for the adsorbed CO, it is no
unreasonable thatvcomb . vRu-CO 1 vC-O so that the
intermode anharmonicity is negative.

The infrared absorption profile of the combinatio
band for the ordereds

p
3 3

p
3 d CO structure can be

calculated using the following Hamiltonian:

H ­
X
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(1)
Here ur and yr are the vibrational normal mode coordi
nates of the C-O and the Ru-CO stretch vibrations, resp
tively, of the CO molecule at sitexr ; V0 andv0 denote
the vibrational frequencies of these two modes. The l
eral interactionsUrs and Vrs are assumed to be due to
the dipole-dipole coupling. In (1) we have only include
the most important anharmonic terms (see below). T
coupling of the adsorbate to the ir electric fieldE is de-
scribed byH 0 wherem0

u, m0
y, andm00

uy are derivatives of
the dipole moment. There are two different processes
which the absorption of a photon can result in the exc
tation of the combination band: (a) direct excitation v
the term, m00

uyuyE, and (b) an indirect process wher
the term, m0

uuE (or ,m0
yyE) first gives rise to a (vir-

tual) excited state where only a single C-O (or Ru-CO
stretch vibration occurs, followed by the action of th
anharmonicity termAu2y (or Buy2), resulting in a final
state where both the C-O and Ru-CO modes are excit
The ir line profile can be calculated by exact diagonaliz
tion of (1) in the subspace where at most two vibration
quanta occur, i.e., we neglect those intermediate (virtu
processes where three or more vibrational quanta occ
If we furthermore assumeV0 ¿ v0 (which is approxi-
mately satisfied for the C-O and Ru-CO modes), we c
neglect intermediate (virtual) processes where two or ze
C-O modes are excited. In this case it is easy to sh
that processes (a) and (b) both give contributions to t
ir-absorption profile of the form
Isvd ,
1

hs1ynd
P

qf1ysVq 1 v2q 2 v 2 igy2dgj21 2 dv
, (2)
om

-

re

he

d
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he
where N is the number of adsorbates,g ­ g1 1 g2
is the sum of the linewidth (FWHM) of the C-O and
Ru-CO vibrational modes, and the anharmonicitydv ­
2A29u4

0y
2
0ysh̄2v0d 2 4Cu2

0y
2
0yh̄ where u2

0 ­ h̄y2mV0

and y
2
0 ­ h̄y2Mv0. Note that Vq ­ V0 1 Uq and

vq ­ v0 1 Vq where Uq and Vq are proportional to
the spatial Fourier transforms ofU0r and V0r . We now
assume that dynamic dipole coupling is the domina
lateral interaction [13]. In this case the dipole sum
Uq and Vq can be accurately approximated by quadra
functions ofq (see Ref. [14]), and the sum in (2) can b
calculated analytically,

Isvd ,
1

1.2DvyR 2 dv
, (3)

where
R ­ ln

v̄ 1 0.2
v̄ 2 1

1
1
z

ln
z 2 1
z 1 1

,

z ­

µ
0.2 1 v̄

1.2

∂1y2

,

whereDv ­ Dv1 1 Dv2 is thesumof the dipole shifts
of the C-O and Ru-CO vibrational modes and whe
t
s
c

e

v̄ ­ sv 2 V0 2 v0 1 igy2dyDv. The bandwidth of
the dipole-dipole interaction equals1.2Dv, andDv can
be measured directly using infrared spectroscopy fr
isotopic mixtures.

The ir absorptanceIsvd depends only on the ra
tios dvyDv and gyDv. For CO on Ru(001) the
linewidth of the C-O and Ru-CO vibrational modes a
,3 cm21 and ,2 cm21 so that g ­ 5 6 0.5 cm21.
The dipole shifts of the C-O and Ru-CO modes for t
s
p

3 3
p

3 dR30± layer are,42 cm21 and ,7 cm21 so
thatDv . 49 6 1 cm21. ThusgyDv ø 0.1. In Fig. 3
we showIsvd for several different anharmonicities, an
for gyDv ­ 0.1. In order to compare theory and expe
iment and deduce the anharmonicitydv (or vice versa
determine the vibrational bandwidth once we know t
anharmonicity), we must know the singleton frequenc
V0 and v0. From the observed peak positions for t
C-O and Ru-CO modes for thes

p
3 3

p
3 d-CO layer

(2030.8 and 452.8 cm21, respectively) and from the
known dipole shifts of about 42 and7 cm21, respectively,
we getV0 . 1989 cm21 andv0 . 446 cm21. Thus the
difference svmax 2 V0 2 v0dyDv, where vmax is the
3505
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FIG. 3. Theoretical ir-absorption profiles for the combinatio
band for several different anharmonicitiesdv, in units of the
total dipole shiftDv ­ Dv1 1 Dv2. The figure is also valid
for overtones if one replaces the resonance frequenciesV0
and v0 by the singleton frequency of the fundamental. In
the calculation we have assumed that the sumg ­ g1 1 g2,
of the lifetime broadening (FWHM) of the two modes, equal
g ­ 0.1Dv. The dashed vertical lines mark the bandwidth o
the two-phonon continuum.

frequency for which the combination has its maximum in
tensity, equalsø 20.15. Comparing this with the theoreti-
cal peak position as a function of2dvyDv (see Fig. 3)
gives dvyDv ­ 0.04 6 0.02, or dv ­ 22 6 1 cm21,
in good agreement with the results derived for the dilu
layers. Direct comparison of the theoretical and exper
mental line shapes (Fig. 2, curvea) allows the error bars of
dvyDv to be set somewhat lower:20.04 6 0.01. Note
that while the line shape depends ondvyDv only, the
horizontal scale is a matter of the vibrational bandwidt
Dv alone which allows estimates of this quantity withou
a detailed knowledge of the anharmonicitydv.

It is interesting to contrast the results above for th
combination band with results for the first overtone o
the C-O stretch vibration [15]. The overtone occur
,20 cm21 below the low-frequency edge of the two-
phonon continuumVq 1 V2q. Thus the overtone forms a
localized, split-off state, similar to the casedvyDv ­ 0.5
in Fig. 3. In this case one expects the absorption ba
to have a symmetric Lorentzian-like shape, with a widt
equal to twice the linewidth of the fundamental C-O stretc
vibration. This is indeed the case, the linewidth of th
overtone being about6 cm21, i.e., about twice the width
(3 cm21) of the fundamental C-O stretch vibration. Using
the theory above, which is valid also for the overton
if we replace vq ! Vq, we obtain an anharmonicity
3506
e
i-

d

dv ­ 2V0 2 Vovertone ø 31 cm21 so that dvyDv ø
0.37. Note that according to the theory there will always b
some intensity in the two-phonon continuumVq 1 V2q,
but in the present case this ir intensity is too low (s
Fig. 3) to be detected in the experiment [15]. For th
combination band the intermode anharmonicity is mu
weaker (and has a negative sign) so that no split-off st
exists.

In conclusion, we have shown that asymmetr
overtoneycombination bands can be attributed to th
excitation of sq, 2qd pair of phonons of the componen
vibrational modes, thereby establishing IRAS as a pro
of the vibrational band structure. The detailed lin
shape is found to depend critically on the relative rat
of anharmonicity and bandwidth associated with the
combined excitation. Either of these two quantities c
be determined once the other one is known.
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critical reading of the manuscript.
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