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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 adsorbed on
Ru(001) has been used to study vibrational dispersion effects by infrared absorption spectroscopy.
For an ordered CO layer both vibrational modes can be excited far fromI'theoint while
fulfilling the q = 0 condition throughq vector matching. It is found that diluted layers lacking
intermolecular interactions display a symmetrical and narrow line shape which broadens substantially
for the (v/3 X +/3)R30°CO layer and displays a pronounced asymmetry, in good agreement with theory.
[S0031-9007(97)03062-7]

PACS numbers: 68.35.Ja, 33.70.Jg, 63.20.Dj, 63.20.Kr

Vibrational modes of adsorbate species, at low adsorbatreases with increasirg|), and yields a maximum density
coverages, are usually not perturbed by the adsorbatef states near the zone boundary.
adsorbate interactions. However, for densely packed Unfortunately, the much higher spectral resolution of
layers this is no longer true. Here lateral interactionsnfrared absorption spectroscopy (IRAS) is of no practical
affect the adsorbate electronic structure, e.g., via these for such studies since the ir photons carry only little
electrostatic Stark shifts of molecular levels due to themomentum and excitation of vibrational modes occurs
permanent dipoles of neighboring adsorbates, or becausery close to thel' point, i.e., atq = 0. Efforts to
of the direct overlap of the molecular orbitals of nearbyprobe the Brillouin zone therefore appear to be a pointless
adsorbates. Furthermore, indirect interactions via thendeavor.
substrate also occur, giving rise to dispersion of the In the present Letter we will demonstrate that probing
adsorbate vibrational and electronic levels. the vibrational band structure by IRAS becomes, in

For most adsorbate modes, especially on metal suffact, feasible whenever the combined excitation of two
faces, the dipole-dipole coupling gives the dominatingvibrational modes is concerned. Of course, the wave-
contribution to the dynamical coupling and dispersion ofvector conservation rule is still valid but it must now
adsorbate phonons. Dipole coupling occurs for all modebe applied to the sum of two vibrational modes and
(vibrational coordinatex) having a nonzero dynamic w,. The restrictionq = 0 now reads likeq; + q2 = 0
dipole momentu!. The oscillating dipole field of a which leaves the freedom to excite the individual modes
vibrationally excited molecule couples to the neighboringfar from the I' point atq; = —q, # 0. A drawback
oscillators (dipoles) to cause a line shift of tike= 0  of this method is the very weak reflectivity change
phonon mode byAw [1,2]. The strength of the dipole associated with excitation of such combination bands, and
coupling scales~(u/,)?, and decays with distance like the stringent requirements on the layer homogeneity. This
1/AR3, and therefore is sensitive over distances of manys why very few such studies were performed so far [6],
unit cells. As dynamic dipole coupling critically depends despite the fact that the idea of probiqg# 0 modes by
on the relative phase among the oscillators within an arragbsorption of ir light has been known for quite some time,
it will produce a dispersion. especially with respect to studies of molecular crystals

So far little attention has been devoted to dispersion eff7,8]. By using a very stable and sensitive experimental
fects of adsorbate vibrational modes [3—5]. The methodetup [9] we have been able to study, under conditions of
used in early studies, high resolution electron energy losstrong and weak lateral interactions, the line shape of the
spectroscopy (HREELS), has some drawbacks: (a) thlRu-CO + C-O] combination band of a chemisorbed CO
resolution is usually of the same order of magnitude asayer on Ru(001). This system was chosen because of
the observed dispersion, and (b) when performing offthe high homogeneity to which the layer can be prepared.
specular EELS, artificial line shifts due to misadjustedit will be shown that while the linewidth of the band
electron optics, or residual magnetic fields inside the speds narrow and the line shape symmetrical for individual
trometer, can limit the accuracy of the analysis. Despitescillators (diluted layer), a broad and asymmetric band
these constraints, the dispersion @fa X 2)CO/Cu(100) is observed for denser layers. Taking into account the
layer could be probed in a detailed study by Anderssorispersion of the two fundamental modes as well as the
and Persson [3], and a value of abacm™' for the probability of their combined excitation, we show that
bandwidth was determined. The dynamical dipole coutheoretical calculations reproduce the observed line shape
pling gives a negative slope of the dispersion (i€;,de-  well [10].
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FIG. 1. Infrared absorption spectra of tite/3 X +/3)R30°  FIG. 2. Infrared absorption spectra of the [Ru-GOC-O]
CO/Ru(001) layer taken at 30 K with cm™! resolution. The combination band of various layersa)('2C'O at @co =
vertical scale of the spectrum has been enlarged<i9 to  0.33 ML; (b) 90% '2C'°O + 10% '*C'°0O at®¢o = 0.33 ML;
emphasize the weaker absorption bands and to demonstraf@ 89% 'C'°0 + 11% 3C!80 at O¢o = 0.33 ML; (d) 89%
baseline stability of the experimental setup. No smoothing*C!*O + 11% 3C!80 at®co = 0.07 ML. The dashed curve

or baseline corrections have been applied. The drop of théh (a) has been calculated usindw/Aw = —0.04 and y =
reflectivity above 1500 cm™! is reproducible and associated 5 cm™!. The spectra were obtained at 30 K using a spectral
with an interband transition of the Ru substrate. resolution of2 cm™! (a andb) and4 cm™! (c andd). The

slope of the baseline apparent in Fig. 1 has been adjusted to be
horizontal and the spectra are offset for clarity of presentation.

. . L . All layers have been annealed to 400 K before data taking.
Figure 1 displays an overview infrared absorption spec-

trum of a(+/3 X +/3)R30° CO/Ru(001) layer @co =
0.33 ML) taken at a temperaturd = 30 K. A Si:B  layers containingd?C!°O as the majority species (Fig. 2,
detector has been used to probe the spectral regicturve ¢). From a physical point of view both layers
400-3000 cm~!'. The C-O band of naturally abundant differ only by their isotopic composition ratio, so that
13CI%0 and other weak vibrational features like the over-no chemical shift can be responsible for these dissimilar
tone band of the hindered rotatio826.3 cm~') become line positions. The measured asymmetric line shape of
discernible by enlargement of the vertical scale by a factothe combination band reflects the dispersion of the two
of 10. Also visible, although at poor signal-to-noise ratio,fundamental Ru-CO and C-O modes.
is the [Ru-CO+ C-O] combination band a427.0 cm™!, This idea is corroborated by our experiments of diluted
which will be discussed in more detail below. layers @co = 0.07 ML) [12] of '>C'%O (not shown) and
The above-mentioned combination band has been old3C!°O (containing an 11% fraction ofC!30) (Fig. 2,
served for various layers containing different amounts oturved). Narrow bands with a symmetric line shape are
isotopically labeled>?C'®O and'*C'°O species (Fig. 2). found in both cases. The dissimilar line position of the
An MCT detector has been used here to obtain spectrdC!°O related combination band in curvésand d of
at considerably improved noise levels. Clearly, an asymFig. 2 is attributed to a coverage dependent chemical shift
metric line shape with a tail on the high frequency sideof the two component fundamental modes at CO coverages
is observed for the majority species of the dense layerbetween 0.07 and 0.33 ML.
(Fig. 2, curvesa—c). Note that the asymmetry is not of  The observation of the low coveratfeC'®O and!*C!°O
the Fano type, which typically would display a tail on the combination bands at 2438.5 and88.0 cm !, respec-
low-frequency side [11]. The low temperatures used irtively, allows us to determine the intermode anharmonic-
this work make sure that line broadening effects due to deity coupling constantéw = wgru-co + @c-0 — @comb-
phasing are virtually absent. We getdw = 1989.9 + 446.5 — 2438.5 = —2.1 cm™!
Layers containing a low fraction of a heavier CO iso-and 1944.7 + 441.0 — 2388.0 = —23 cm’ ! for
topic species#10% admixture) exhibit a surprising result '>C'0O and '3C!°O, respectively (Table I). For the
(Fig. 2, curvesb andc). Contrary to the bands associ- (/3 X +/3)-CO layer such a simple extraction of
ated with the majority species the combination band of thédw is not possible because of the strong lateral in-
minority species is mucharrower and displays a sym- teraction, but a full analysis (see below) also gives
metric line shape. This important observation excludes §w =~ —2 cm™! in good agreement with the results
any mechanism responsible for the asymmetry which ist low coverages presented above. A negative inter-
unrelated to lateral coupling. Also, the line position of mode coupling constant is, at first sight, unexpected, but
the '*C!'°0 minority band (Fig. 2, curve) is now located can be understood as follows: excitation @fg,-co
at 2384.5 cm™! as compared t@377.0 cm™! found for  will result in an increased average Ru-CO bond length
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TABLE I. Line positions of the Ru-CO and C-O stretching H'= —,u,;z uE,—u! Z v, E,—u Z u, v, E,.
modes as well as of the [Ru-C® C-O] combination band ob- r r r
tained from a diluted layer of CRu(001) atT = 30 K. The (1)

accuracies of the line positions and the intermode anharmoniqy, o u, and v, are the vibrational normal mode coordi-
ity constants are indicated in parenthesis. . .
nates of the C-O and the Ru-CO stretch vibrations, respec-

Vibrational Frequenciefcm™'] tively, of the CO molecule at site,; Qy and w, denote
12C160 13cl60 13cl80 . . . _
the vibrational frequencies of these two modes. The lat
wgu-co (+0.3) 446.5 441.0 429 (*1) eral interactionsU,; and V,; are assumed to be due to
wc-o (£0.1) 1989.9 1944.7 1898.1 the dipole-dipole coupling. In (1) we have only included
Weomb (£0.4) 2438.5 2388.0  2330.5 (1) the most important anharmonic terms (see below). The
Awcomp (+0.6) —2.1 —23 —3.4 (£1.5)  coupling of the adsorbate to the ir electric fididis de-

scribed byH’ whereu!, n!,, and !~ are derivatives of
the dipole moment. There are two different processes by
which eventually leads to a free CO molecule. SinceVhich the absorption of a photon can result in the exci-
the C-O frequency of a gas phase CO is much highefation of the combination band: (a) direct excitation via
(by about200 cm™1) than for the adsorbed CO, it is not the term~ w;,uvE, and (b) an indirect process where
unreasonable thab..,, > @ru-co + ®c-o SO that the the term~ pluE (or ~u! vE) first gives rise to a (vir-
intermode anharmonicity is negative. tual) excited state where only a single C-O (or Ru-CO)
The infrared absorption profile of the combination Strétch vibration occurs, followed by the action of the
band for the ordered+/3 X +/3) CO structure can be anharmonicity termiu’v (or Buv?), resulting in a final

calculated using the following Hamiltonian: state where both the C-O and Ru-CO modes are excited.
The ir line profile can be calculated by exact diagonaliza-
_ 1., 1 ) 2 tion of (1) in the subspace where at most two vibrational
H = Z(E mic + — mQGu; | + > Ursiayuy quanta occur, i.e., we neglect those intermediate (virtual)
r rs

1 1 processes where three or more vibrational quanta occur.
+ Z<_M{,§ + —Mw%vf) + Zvarvs If we furthermore assume€, > wo (which is approxi-
—\2 2 rs mately satisfied for the C-O and Ru-CO modes), we can
neglect intermediate (virtual) processes where two or zero
C-O modes are excited. In this case it is easy to show
that processes (a) and (b) both give contributions to the
| ir-absorption profile of the form

+ Z(Au%vr + Bu,v? + Cu?v?) + H',
r

1
{1/m) 2,1/ Qg + 0—qg — @ —iy/2P! — 6w’

I(w) ~ ()

where N is the number of adsorbates; =y, + v, | @ = (0 — Q¢ — wo + iy/2)/Aw. The bandwidth of
is the sum of the linewidth (FWHM) of the C-O and the dipole-dipole interaction equal2Aw, and Aw can
Ru-CO vibrational modes, and the anharmonidity =  be measured directly using infrared spectroscopy from
—A29uvd/(RPwy) — 4Cudvd/h where u = li/2mQ, isotopic mixtures.
and v§ = i/2Mwy. Note that Q, =0 +U,; and The ir absorptance/(w) depends only on the ra-
w, = wy + V, where U, and V, are proportional to tios éw/Aw and y/Aw. For CO on Ru(001) the
the spatial Fourier transforms @&f,, and V,,. We now linewidth of the C-O and Ru-CO vibrational modes are
assume that dynamic dipole coupling is the dominant-3 cm~' and ~2cm™' so that y =5 + 0.5cm™".
lateral interaction [13]. In this case the dipole sumsThe dipole shifts of the C-O and Ru-CO modes for the
U, andV, can be accurately approximated by quadratic(\/§ X +/3)R30° layer are~42 cm™! and ~7 CFTT_1 SO
functions ofg (see Ref. [14]), and the sum in (2) can bethatAw =49 = 1 cm™'. Thusy/Aw = 0.1. InFig. 3
calculated analytically, we showl(w) for several different anharmonicities, and
1 for y/Aw = 0.1. In order to compare theory and exper-
12A00/R — 60" ) iment and deduce the anharmonicidy» (or vice versa
) determine the vibrational bandwidth once we know the
@ + 02 1 -1 anharmonicity), we must know the singleton frequencies
R =1n o-1 7 In L1 Qo and w,. From the observed peak positions for the
C-O and Ru-CO modes for th&/3 X /3)-CO layer
<0.2 + d)>1/2 (2030.8 and452.8 cm™!, respectively) and from the
1.2 known dipole shifts of about 42 arfdem™!, respectively,
whereAw = Aw; + Aw, is thesumof the dipole shifts we getQ)y = 1989 cm ! andw, = 446 cm™!. Thus the
of the C-O and Ru-CO vibrational modes and wheredifference (wm.x — Qo — wo)/Aw, Where wy. is the
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FIG. 3. Theoretical ir-absorption profiles for the combination
band for several different anharmonicitiés, in units of the
total dipole shiftAw = Aw; + Aw,. The figure is also valid
for overtones if one replaces the resonance frequenQigs
and wo by the singleton frequency of the fundamental.
the calculation we have assumed that the surs y, + 7,,
of the lifetime broadening (FWHM) of the two modes, equals
v = 0.1Aw. The dashed vertical lines mark the bandwidth of
the two-phonon continuum.

In

frequency for which the combination has its maximum in-
tensity, equals= —0.15. Comparing this with the theoreti-
cal peak position as a function eféw/Aw (see Fig. 3)
givesSw/Aw = 0.04 = 0.02, or w = -2 * 1 cm™ !,

in good agreement with the results derived for the dilute
layers. Direct comparison of the theoretical and experi-

mental line shapes (Fig. 2, curagallows the error bars of
Sw/Aw to be set somewhat lower:0.04 + 0.01. Note
that while the line shape depends 6w /A only, the

horizontal scale is a matter of the vibrational bandwidth

Aw alone which allows estimates of this quantity without
a detailed knowledge of the anharmonicéty .

It is interesting to contrast the results above for the

combination band with results for the first overtone of
the C-O stretch vibration [15]. The overtone occurs
~20 cm™ ! below the low-frequency edge of the two-

phonon continuun)q + 4. Thusthe overtone forms a

localized, split-off state, similar to the caSe /Aw = 0.5

in Fig. 3. In this case one expects the absorption ban

to have a symmetric Lorentzian-like shape, with a width
equal to twice the linewidth of the fundamental C-O stretch
This is indeed the case, the linewidth of the

vibration.
overtone being about cm™!, i.e., about twice the width
(3 cm™!) of the fundamental C-O stretch vibration. Using

the theory above, which is valid also for the overtone

if we replace wq — ()4, we obtain an anharmonicity
3506

F13]

Sw =200 — Qovertone = 31 cm™! so thatdw/Aw =
0.37. Note that according to the theory there will always be
some intensity in the two-phonon continudy + Q g,

but in the present case this ir intensity is too low (see
Fig. 3) to be detected in the experiment [15]. For the
combination band the intermode anharmonicity is much
weaker (and has a negative sign) so that no split-off state
exists.

In conclusion, we have shown that asymmetric
overtongcombination bands can be attributed to the
excitation of(q, —q) pair of phonons of the component
vibrational modes, thereby establishing IRAS as a probe
of the vibrational band structure. The detailed line
shape is found to depend critically on the relative ratio
of anharmonicity and bandwidth associated with their
combined excitation. Either of these two quantities can
be determined once the other one is known.
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