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Employing two nondestructive methods, Fourier-transform infrared spectroscopy (FTlRS) and helium atom
scattering (HAS), the adsorbate C~/NaCl(ODl) was investigated in the frequency range from < 10 cm-’ to
5000 cm’. The ‘internal’ vibrations v2, +, v3+2v2 and v3+yl were studied using FTlRS. The v2 and v3 are
split due to a correlation field between two molecules in each adsorbate unit cell. In addition the degeneracy
of the v2 bending vibrations is lifted on the surface, yielding a quartet absorption. Outside the experimental
resolution the combination vibrations ~3+ 2~2 and v3+ vl are not split, as expected from their low absorption
cross section. The tempemture dependence of the v3 doublet is explaiued in terms of small changes of the
adsorption geometry, possibly due to the excitation of adsorbate phonons (‘external’ modes, i.e. vibrations of
the molecules in the adsorption potential). In HAS experiments these phonons were studied. Below 80 cni’ a
total of eight different modes was observed, some of which could be followed across the whole Brillouin zone.
Above 80 cm-’ several overtone/multiphonon excitations were also observed.

I. INTRODUCTION
Vibrational spectroscopy is one of the most
important tools for the study of adsorbates [l]. This
is particularly true for adsorption on single crystal
insulator substrates, where the often used electron
spectroscopies cau cause surfsce charging and
surface damage. In reccut years it has been
demonstrated how orientational, structural, thermodynamic and dynamic data can be obtained for these
physisorption systems if infrared spectra are
recorded as a function of sample temperature, gas
pressure and polarization of the infrared light.
Observed were well-ordered adsorbate layers,
domains contaiuing 104 or more molecules, twodimensional gas-solid as well as orientational phase
transitions, and more. Since the perturbation of the
molecules due to the coupling to the surface is
weak, and the intramolecular forces are of similar

magnitude as the adsorption forces, these adsorbates
may be viewed as twodimensional molecular
crystals. Systems studied so far include, e.g., CO,
[2-91, CO [lo-121, and CH4 [13] on NaCl(OO1)and
MgO(OO1)single crystal surfaces.
The present paper shall give an account of the
present state of vibrational spectroscopy in the
adsorbate C02/NaCl(o01). This adsorbate is, next to
CO/NaCl(OOi), the best-studied system on welldefined insulstor surfaces. Previously published
were investigations of the v2 bending vibratious and
the v3 asymmetric stretching vibration. From their
observation orientation& structural and thermodynamic data were deduced. Here for the very first
time spectra of the combination vibration v3+ y1 are
presented. In combination with pr&nimuy results
on the combination vibration v3+2vz they allow to
conclude on the Fermi splitting. The five expected
‘external* modes - vibrations of CO2 molecules in
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the adsorption potential - are to low in frequency
as to be easily detectable with infrared spectroscopy.
Inelastic helium atom scattering is the appropriate
nondestructive method for the observation of these
modes. It allows not only to measure their
frequencies but also their dispersion, thus providiug
the most direct information on the coupling of the
molecules to the substrate and to each other. By
employing these nondestructive companion methods
- Fourier-transform inframd spectroscopy (FTIRS)
and helium atom scattering (HAS) - the frequency
range from < 10 cm-l to about 5000 cm-l could be
studied, allowing to draw an as complete as possible
picture of the vibrational properties of the adsorbate
cO+cl(oo1).

2. EXPERIMENTAL
The experimental setups for adsorbate infrared
spectroscopy [3] and helium atom scattering 1141are
discussed in detail elsewhere. Here the major
features will be described only. In the infrared
experimeut a uhv chamber is flanged to an
evacuable interferometer (Bruker IFS 113~) and at the opposite side - to an evacuable detector
compartment. The uhv chamber is equipped with
indium-sealed KBr windows for the frequency range
above 200 cm-t. The infrared light is polarized with
a wire-grid polarizer. Spectra are recorded in
transmission geometry, the angle of incidence
relative to the surface normal being SO”f3”. The
maximum resolution is n:O,O6 cm1 around 2000
Cd
and = 0.03 cm-’ around 600 cm-‘, as
determined from gas phase spectra. Depending on
the spectral range studied, an InSh or GeCu detector
were used.
The helium atom scattering experiments were
carried out in another uhv chamber. A highly
monoenergetic atom beam with au energy spread
AlYE = 1% is produced in a supersonic expansion.
It passes several beamdefiniug apertures and a
variable speed, variable pulse width chopper before
impinging onto the sample surface. The angle
between incoming and outgoing beam is fixed at
90’. Scattered atoms are detected by a differentially
pumped mass spectrometer located at the end of a
flight tube.The energy transfer between the helium
atoms and the surface is determined from measured

time-of-flight (TOF) spectra. Different momentum
transfers AK parallel to the surface are probed by
sample rotation around an axis normal to the
scatbkng plane (polar rotation). The energy
resolution in the experiments reporkd herein is a3
cuit (0.35 meV) at 112 cm” (14 meV) beam
energy, as determined from eIastically scattered
atoms.
In both experimental setups highquality NaCl(O01)
single crystaI planes were prepared under uhv
conditions by in situ cleavage after bakeout. Sharp
helium atom diffraction features and selective
adsorption/desorption pmcesses were observed on
the bare substrate. They are indicative of clean
surfaces which am atomically flat on a scale of at
least a few thousend NaCl ion pairs,
Special care was taken to prepare the
CO#1C1(001)
monolayer
adsorbate
under
reproducible conditions. The samples were exposed
to l-2 lo’* mbar CO2 at T,st,r8te= 80 K. Mrared
spectra t&en under these conditions show the sharp
doublet feature of the ~3 doublet and no indication
for growth of three-dimensional solid. In the
scattering experiment the specular intensity of the
helium atom beam drops continuously before
reaching a constant value. The correspondiug
coverage is attributed to the monolayer. At the given
sample temperatum T,,,,=80
K the gas flow can
be stopped without noticeable desorption.
l

3. RESULTS AND DISCUSSION
Before presenting the vibrational spectra of
COz/NaC1(OO1) we will briefly summarize the
available structural information which is based on
infrared spectroscopy, diffraction, and theory. From
infrared spectroscopy it was inferred that the CO,
molecular axis is tilted by = 37” relative to the
surface plane, and that at least two molecules ads&
in each adsorbate lattice unit cell on energetically
equivalent sites [2-o]. This conclusion is supported
by a LEED study of CO, on NaCl(OO1)films grown
epitaxially on Ge(OO1): a commensumte (2x1)
superstructure of pg symmetry
was found in which
two molecules in a unit cell are related via a glide
plane [9]. Our own helium atom diffraction pattems
are in agreement with the LEED study. We
therefore regard the differences to another HAS
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Figure 1 (top). Mode Qt corresponda to the
symmetric stretch vl, Qz and Q to the bending
vibration ~2, which is twofold degenerate in the gas
phase, and Q4 to the asymmetric stretch vibration
v3. It is noteworthy that a site symmetry splitting of
the v2 bending vibration on the surface is predicted.
Each of the ‘external’ n&es Q&
contains
translational ss well as rotational components of the
whole molecule on the surface.
Removing the constraint of identical displacements
would result in a splitting of each of these modes in
an in-phase and an out-of-phase vibration.

Figure 1. Calculated normal modes and structure of
the monolayer CO$NaCl(OOl). The mode labeling
Qt-Q, used in the text is from the left to the right
and from the top to the bottom {adapted from
reference [IS]).

investigation [8], in which a more complex unit cell
is suggested, as due to different conditions of
monolayer preparation.
In a theoretical study Heidberg et al. developed a
potential which reproduced the experimental
adsorption energy, the molecular orientation and the
(2x1) adsorbate symmetry [15]. The two molecules
in each unit cell enclose an angle of =80°, and a
herringbone-like pattern is formed (see Fig. 1,
bottom). Based on this reliable potential the normal
vibrations of CO, molecules in the monolayer were
calculated under the constraint of identical
displacements of the two molecules in each unit cell.
A total of four ‘internal’ (Q,-44) and five ‘external’
(Q&) modes results. These modes are sketched in

3.1. The ‘internal’ vibratiorrs
Due to its superior resolution and the sensitivity of
modem infrared detectors FTIR-spectro~py is the
method of choice to study the internal vibrations of
CO, at NaCl(OOi). In the highly ordered (2x1)
structure a longe-range order correlation field is
formed resulting in principle in a splitting of all
modes in a in-phase and out-of-phase vibration
[2-4,16]. At 80 K the asymmetric v3 stretching
vibration shows a doublet absorption at 2349.1 cm
and 2339.9 cm-t (Fig. 2, middle). Upon isotopic
dilution the doublet absorptions merge and yield a
single absorption at =2349 cm-t, the frequency of
a vibrationally decoupled molecule. The infhrence of
parameters like tilt angle, aximuthal angle of the
molecules on the surface and isotopic composition of
the adsorbate on the line shape and peak frequency
of this doublet has been calculated using equations
of classical electrodynamics for the description of
the dipole-dipole coupling [3,16,17].
The v2 bending vibration of the monolayer CO,NaCl(OO1)was also detected. As predicted by the
normal coordii
analysis, its twofold degeneracy
in the gas phase is lifted under the influence of the
surface (site symmetry splitting) [4,15]. In the
correlation field finally a quartet absorption at 663.2
cm-‘, 459.3 cm-‘, 655.8 cm-’ and 652.8 cm-’
results (Figure 2, right). Based on isotope dilution
experiments the magnitude of the site symmetry
splitting was determined to -4.5 cm” (171. In this
limit of dipole-decoupled molecules the v2 vibration
‘parallel’ to the surface (Qz in Figure 1) absorbs at
660 cm-‘, the ‘perpendicular’ vibration (43) at
655.5 cm-* aa determined from their polarization
dependence. In the experiment the energetic order of
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Figure 2. Polarized infrared transmission spectra of a monolayer 12C’6G2on the NaCl(OO1)cleavage plane at
80 K. Angle of incidence SO”f3”, s- and p-polarization.
left:
combination vibration v3+ q. CO, pressure 2 lo-* mbar, InSb detector, instrumental
resolution 0.5 cm-l.
middle:
asymmetric stretching vibration p3. CO, pressure 1 10m8mbar, GeCu detector, instrumental
resolution 0.2 cm’.
right:
ben$ng vibration v2. CO2 pressure 1 10m8mbar, GeCu detector, instrumental resolution 0.2
cm-‘.
l
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these two vibrations is swapped as compared to
theory.
The symmetric v1 stretching vibration, being only
Raman active in the gas phase, should become IR
active in the adsorbate. In CO, adsorbates on evaporated NaCl films the v1 had been observed with
peak intensities being smaller by a factor of 1000 in
comparison with the correspondmg v3 absorption
[ 181. Assuming the same factor for CO, adsorbates
on NaCl(OO1)cleavage planes v1peak absorptions of
about 0.01 95 are expected. Absorptions that small
are not yet detectable due to the signal-to-noise ratio
of the interferometer. An indirect proof of the v1 is
possible by means of combination vibrations, which
have been observed in adsorbed C02/NaCl(O01) for
the first time. These vibrations are difficult to
measure due to the poor signal-to-noise ratio and

spurious
absorptiona

in the spectral range above
3000 cm-‘. A single absorption at 3705.5 cm”
(Figure 2, left) is attributed to the combination
mode v3+ vl. Using attenuated total reflection
(AIR) spectroscopy another single absorption at
3597.9 cm’ has been detected recently. This absorption, which is not shown in Figure 2, is attributed to v3+2v2. A doublet splitting of the combination vibrations is not detected. However, this
result is not in contradiction to the correlation field
in the unit cell. The splitting Av of a vibration in a
correlation field depends strongly on its vibrational
polarizibility tx,, [19]. The dependency is described
in eq. (l), where ae is the electronic polarizibility
and U is the lattice sum of the adsorbate:
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Figure 3. Temperature dependence of the p- and s-polarized PJtransmission spectra of a monolayer 12C160, on
the NaCl(100) cleavage plane (from reference 161).
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The in-phase and out-of-phase vibrations are denoted
by + and -, riqecticvely. Their frequency splitting
Av* depends on gln The vibrational polarizability
q itself is linearly related to the absorption cross
section. Therefore weak absorptions like the
combination vibrations or the q mode are expected
to show only a very small splitting, which is
probably not resolved in the absorption spectra.
In the gas phase of CO* the y1 and the first
overtone of the bending vibration 2q are in Fetmi
resonance yielding a doublet separated by about 103
cm-I, while the combination vibrations ~3+ y1 and
v3+2v2 are sepamted by 107 cm-l [20]. This value

is almost identical to that reported herein (= 108
cm-‘), in agreement with an only weak perturbation
of the moleculas due to the surface.
The external vibrations of the monolayer
CO#aCl(OOl), which are expected below 100 cm”
[15], are not detectable by means of FTIR-spectroscopy. Nevertheless they influence the frequency
and full width at half maximum (FWHM) of the
internal absorptions by a vibrational phase relaxation
process [21]. As a result of this influence the v3 absorption spectra of the monolayer CO$NaCl(OOl)
strongly depend on the substrate temperature (Fig.
3). Using the exchange model to describe the
vibrational phase relaxation [21], the temperatumdependency of frequency and FWHM of the v3
absorption spectra has been calculated in agreement
with the experimental results [6]. Three ‘external’
vibrations at = 29 cm-l, = 48 cm-l and m60 cm-l
were taken into account in these calculations. These
frequencies were provided by HAS experiments
which will be described below. Although the
frequency shift upon temperature decrease is
significant, it is a~~mpanied by small changes of
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less than 2% in the StrWtuml pammeters
_ molecular tilt sngle and azimuthal angle - only.
In contrast to the v3 doublet the vi! quartet peak
frequencies are only slightly temperature dependent.

3.2. The c&emaly vibrations
The theoretical study by Heidberg et at. placed the
frequencies of the ‘external’ vibrations in the range
below 100 cm”, a domain of HAS experiments
[ 151. Preliminary experiments with a beam energy
Ei=33 meV confined the fundamental modes to
below = 80 cm-‘. In order to obtain high resolution
the TOF spectra presented herein were measured
with 14 meV (112 cm-t) incident beam energy,
corresponding to a wave vector k;=5,17 A-‘. This
wave vector is larger than the reciprocal lattice
vector of the substrate (G= 1.58 A-‘), thus allowing
to transfer momentum between atoms and surface
and to measure c&xtive
vibrations (‘sdsorbate
phonons’) across more than one Brillouin zone. In
contrast to this, infrared phonons carry negligible
momentum, and all unit cells are excited in-phase
only (Q=O mode, where Q is the wave vector of the
collective adlayer vibration parallel to the surface).
For the 90” f&d angle geometry between
incoming and outgoing beam the momentum transfer
AK parallel to the surface and the energy loss or
gain AE of helium atoms scattered from the surface
are related by the so-called ‘scan curve’

(2)

Thus for a given angle of incidence 8, relative to
the surface normal a particular energy transfer AIZis
strictly related to a momentum transfer AK. In the
present study TOF spectra were recorded in the
< 110> azimuthal direction ((?$I direction). The
8t range between 43” and 57” WBS probed h SQS
of OS”, allowing to follow modes aclWssmore than
one Brillouin zone.
Figure 4 shows the spectra (transformed to an
energy transfer scale) for incident angles 8; ranging
from 43O to 49’. In order to suppress the inelastic
multiphonon background the sample was cooled to
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Figure 4. Energy transfer spectra of monolayer
C02/NaCl(OOl) obtained from time-of-flight spectra
at different angles of incidence. T,
=30 K,
3”
< llO> azimuthal direction, Et= 14 me , For each
spectrum 3.60106 signals were accumulated
(chopper speed 500 Hz, chopper pulse width 15 ps).
The phonon labels exemplary shown in the 44”
spectrum are explained in the text.

30 IL No structural changes were observed upon
cooling. At this low temperature mostly energy loss
and only few gain features are observed,
respectively. The peak at zero energy is due to
helium atoms scattered inehtstically from random
defects on the surface. The parallel momentum
transfer AK of each energy loss or gain feature can
be calculated using eq. (2). By subtracting the
reciprocal lattice vector G of the NaCl(OO1)
substrate or a multiple of it, it can be transformed to
the phonon wave vector Q (we use the term
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plane parallel to the < 110 > direction and one
which iz rotated by 90’, having the glide plane in
the < llO> direction (for a pictorial repmscntation
compare Figure 1, bottom). Both types of domains
will always be present in our experiment, and the
TOF spectra in Figure 3 rep-t
a superposition of
modes along the A’ and the C’ direction.
With two molecules per unit cell each of the five
‘external’ modes of a single CO, molecule splits
into two and tha_fore ten phonon mod-es are to be
expected for the Ai as well as for the C’ direction.
However, for the A’ direction selection rules apply:
(i) The split modes are of even and odd symmetry,
respectively, an4 are necessarily degenerate at the
xone boundary X’ [24]. (ii) For symmetry reasons
even modes can be observed in the first, third . . .
Brillouin zone, while odd modes can be observed in
the second, fourth . . . zone only [25]. Taking into
account these constraints, the maximum number of
modes observable at a given AK is 15. We note
however that not all these modea must be split in
energy, and since the interaction of the helium
atoms is largest for modes which have a large

Figure 5.
Phonon dispersion curves of the
monolayer C02/NaC1(O01), C 110 > azimuthal
direction. a=3.96 A. Ei’14 meV, 4=5.17 A-‘.
The phonon branch labeling is explained in the text

WI.

‘phonon’ for the collective ‘external’ vibrations of
the CO, molecules in the monolayer). The resulting
pairs (Aw,Q), where fiw= IAEl is the phonon
energy, are plotted in Figure 5 [22]. The data points
are assigned to discrete modes by the solid lines
which were drawn in by eye. This preliminary
assignment is by no means unique. None of these
modes were observed on the bare NaCl(OO1)
substrate.
In order to discuss the phonon modes, knowledge
of the Brillouin xones of NaCl(OO1) and the
monolayer CO,/NaCl(OOi) is necessary [23]. They
sre shown in Figure 6. Due to the (2x1)
superstructure of the CO, monolayer its Brillouin
zone is smaller than that of the bare NaCI. Two
different types of domains exist, one with the glide

Figure 6. Surface Brillouin zone of NaCl(OO1)
(solid lines) and the Brillouin xone of the CO2
monolayer superjtructure (dashed line). The
< llO> and <llO> directions corrspond to the
NaCl structure. Symbols denoting the superstructure
Brillouin zone are marked by a prime (‘). For a real
space structure see Figure 1, bottom.
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displacement perpendicular to the surface not all
modesnUlybedek&.d.
Based on these considerations we can discuss the
phonons in Figure 5. A total of eight modes is
observed, well below the maximum number of 15.
We number the modes with increasing energy at the
zone boundary. Crossings are not expected for
modes of same symmetry. They indicate that these
modes either correspond to different directions or to
different symmetry. Branches crossing each other
are therefore labelled a and b, respectively.
The dashed curve in Figure 5 corresponds to the
Rayleigh wave R of the bare NaCl(OO1) substrate,
an acoustic wave which propagates parallel to the
surface, decays exponentially with increasing depth
into the crystal, and is polarized in the sagittal plane
(the plane containing the surface normal and the
direction of propagation). Other NaCl phonon
modes exist for pairs of smaller Q, larger ftw than
the Rayleigh wave only. Close to the zone
boundary, and far away from substrate phonon
regions, the influence of substrate-adlayer coupling
is small, and modes in this range arc located mainly
in the topmost layer, i.e. in the CO, adlayer. In the
bulk band region the vibrational modes of the CO,
layer can mix with the bulk bands and become a
resonance. A very strong coupling can cause
broadening and damping because of energy leakage.
This may be the case for most of the low-energy
adsorbate modes which are significantly broadened
and disappear at wavevectors smaller Q=O.2x/a. At
the zone origin I’ only the modes IIIa and V are
clearly visible. Only mode IIIa can be fcJlowd
easily across the entire Brillouin zone from I’ to X.
This suggests small interference with NaCl modes.
Mode V disappears -soon after it passes the Rayleigh
phonon. Around X’ mode IIa has its highest
intensity and modes W, IV and V are clearly
visible. At Q= x/a, which is the I” point for the one
domain and also the zone boundary for the other,
modes IIb, IIIb and IV are strongest out of a total of
6 modes.
In the experiments with a higher beam energy
(Ei=33.5 mev) only the modes I/&, IIIa and V
can be uniquely identified (these data points are not
drawn in order to avoid a congestion of Figure 5).
Modes I and IIa are hardly separated due to the
lower resolution, IIIa is visible in the bulk band
region only, and V is apparently visible even at the

zone boundary X. However, the latter is probably
due to an unresolved transition from mode V to IIIb
upon passing the Rayleigh mode. Within the
experimental resolution the energy of these modes is
independent of the wave vector Q and was
determined to -3.6 meV, =6 meV and a7.5
meV, corresponding to a29 cm-t, ss 48 cm-l and
~60 cm’ , respectively. These mode energies were
used for the theoretical description of the
temperature dependence of the v3 absorption spectra
(see above). At higher energies weak modes are
observed at ~11 meV, * 14.8 meV, 8: 18.5 meV
and a20.4 meV. Due to their intensities and
energies we attribute them to overtone/multiphonon
excitations, e.g. V+I/IIa, 2V, 2V+I/IIa and 3V,
respectively.
Due to the complexity of the phonon dispersion
diagram a detailed and sophisticated interpretation is
impossible without the aid of a lattice dynamical
calculation, which is not yet available. Other
systems studied so far - mainly rare gas layers and
CO on different substrates - can not be used for
comparison. However, a tentative assignment is
possible on the base of the above mentioned normal
coordinate calculation by Heidberg et al. [15]. The
frequencies of the live ‘external’ modes t&-Q
shown in Figure 1, range from 59.4 to 97.8 cm-9’,
corresponding to 7.5 to 12.2 meV. Due to the use
of the second derivative of the adsorption potential
for the calculation of these frequencies the absolute
values are to be interpreted with care, and are
indeed larger as those observed in the experiment.
However, the relative sequence is expected to be
correct.
Our tentative assignment of normal vibrations to
the measured dispersion curves is based on the
particular sensitivity of adsorbate motions
perpendicular to the surface. The calculated mode
Qs has the largest amplitude normal to the surface,
its dominanant character being that of a hindered
translation. For both incident beam energies (14
meV, 33.5 meV) the mode V was the easiest to
observe. Therefore we assign it to Q,,.
In the calculation a significant normal component
was also found for the lowest-frequency mode Qs, a
hindered rotation. The experimental data do not
aBow to assign unambiguously a measured mode to
Q5: While at 14 meV incident beam energy mode
IIa is more intense than mode I, the TOF spectra at
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Ei = 33.5 meV show very pronounced energy 10s~
features below 4 meV, i.e. in tbe range of mode I
(itbastobebominmindtbatattbebigbetbeam
energy the modes I and Ila are not well separated).
For energetic reasons, and due to its apparent
intensity increase, we tentatively assign mode I to
Q5.
For similar energetic reasons 8, a mode with a
large vibrational amplitude in the direction of the
molecular axis, might be assigned to VI. The other
two calculated modes Qe and $ cannot be uniquely
identified.
Finally we will discuss the influence of dipolar
coupling on number and dispersion on the ‘external’
modes. The observed splitting of the ‘internal’ CO,
vibrations p2 and p3 is quantitatively explained by a
correlation field splitting due to dipole-dipole
coupling between the two molecules in the unit cell
of the (2x1) adsorbate structure. The magnitude of
this splitting is 9 cm-’ (= 1.1 meV) in case of v3
and dependa strongly on the vibrational polarisabilty
av (compare eq. 1). For the ‘external’ modes cu, is
very small. A correlation field splitting much
smaller than 1 meV is expected for them, probably
unresolvable by present HAS machines. Therefore
dipole-dipole coupling has no influence on the
number of modes reported herein.
For the same reason the influence of dipolar
coupling on the phonon dispersion is small. It is
determined by a, as well as the e dependence of
the ‘dipole sum’ U over the real-space lattice of the
adsorbed dipoles. A straightforward estimation of
the dispersion for the very strong v3 infrared
absorption yields a value comparable to the shift
observed in the isotope dilution experimen$ i.e.-a
shift of l-2 meV upon change of e from I’ to X.
Again the value for the ‘external’ modes is much
less than 1 mcV, The pronounced dispersion of the
experimental modes Ilb and IIlb csn not be
explained by dipolar coupling and muat have another
origin, like direct orbital interactions. It suggests
that in the respective modes the dominant molecular
motions are parallel, not perpendicular to the
surface.

4. SUMMARY AND CONCLUSIONS
Two non-de&u&e methods - Fourier-transform
infrared spectroscopy with polar&d light and
helium atom scattering - were employed to
elucidate the vibrational properties of the monolayer
CO, adsorbed on NaCl(OO1)single crystal planes,
making it probably the best-studied system to date.
The spectral range from 5000 cm-l to < 10 cm-*
was investigated. The ‘internal’ vibrations
vibrations within the molecules - p2 and v3 are
split due to a correlation field between two
molecules in a unit cell of the adsorbate lattice. In
addition, the v2 is split due to the site symmetry
which lifts the degeneracy. As expected, no splitting
is observed for the weakly infrared active
combination vibrations p3+ 2v2 and v3+ v1 which are
reported for the first time. They are separated by
P 108 cm-l, partially due to the Fermi resonance.
This value is comparable to the gas phase value.
The ‘external’ vibrations or ‘adsorbate phonons’,
i.e. collective periodic motions of the molecules in
the adsorption potential, were studied by highresolution inelastic helium atom scattering. They can
infhtence the peak position, lineshape and linewidth
of the ‘internal’ vibrations. Based on symmetry
considerations up to 15 different modes are
expected. The phonon dispersion diagram shows
eight different modes below 80 cm-l. The
complexity of the diagram does not allow a
complete interpretation without the aid of a lattice
dynamical computation which is in progress [26].
However, a tentative identification of two of these
modes is possible based on a previous normal
coordinate calculation at the zone origin. Due to
their strong dispersion two other modes are assigned
to m-plane vibrations with significant short-range
interactions.
The present paper should serve not only to draw a
complete-as-possible picture of the vibrational
properties of the monolayer C$/NaCl(oOl) but also
to demonstrate the complexity and richness of
phenomena in welldefined adsorbates on insulator
surfaces. Other systems studied in close cooperation
between our groups in Hannover and Giittingen
include CO/NaCl(C!Ol) and CH4/NaCl(OOl). The
phenomena observed so far are no less fascinating
than those observed for C02/NaCl(OOl).
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