Surface Science 277 (1992) 8-20
North-Holland

surface science

Anharmonic libration of CO, in domains on NaCl(100)
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Infrared spectra of a CO, monolayer on NaCl(100) have a pronounced temperature dependence. We document frequency
shifts in detail and explain them through computational and analytical models. It is argued that temperature influences the mean
adsorption geometry, which in turn modulates intermolecular coupling. At higher temperatures the CO, molecules tilt away from
the surface, presumably because asymmetric librational levels are excited. We extract an empirical anharmonic potential for the
tilting oscillator. The spectroscopic effects of domain size and multiple layers are also investigated.

1. Introduction

Recent studies of carbon dioxide monolayers
adsorbed to sodium chloride yield a fascinating
physical picture. Measurements of infrared ab-
sorption by Berg and Ewing [1] and Heidberg et
al. [2] show that molecules in the high-coverage
phase are oblique with respect to the surface.
Strong intermolecular coupling of infrared active
vibrations converts these modes into excitons;
observed splitting of the exciton resonance indi-
cates a multiplicity of molecules in the adsorbed
unit cell. On these grounds, a herringbone struc-
ture with two molecules per unit cell has been
proposed. This monolayer is illustrated in fig. 1a.
An electron diffraction study by Schimmelpfennig
et al. [3] is consistent with this proposal. Theoret-
ical models of the adsorption potential, which
include intermolecular forces, also suggest a her-
ringbone pattern [2]. Exciton models assume this
structure in order to predict infrared splittings.
They are able to reproduce the spectra, although
slight adjustment of geometry or electronic prop-
erties is often required [2,4,5].

Fortunately, some aspects of these investiga-
tions are contradictory and unexplained. Diffrac-
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tion of helium atoms by CO, on NaCl(100) has
been observed by Lui et al. [6]. Depending on the
CO, dosage, two different structures are found.
Diffraction data at low coverage are compatible
with previously proposed structures. A novel
phase, observed at high coverage, is said to have
four rather than two molecules per unit cell. This
divergence from spectroscopic results is possibly
due to the method of CO, deposition. The layers
used for helium diffraction are formed by a tran-
sient dosing and annealing procedure. They are
structurally sensitive to their preparation and
treatment. Monolayers for infrared experiments
are formed in thermodynamic equilibrium with
CO, vapor, and are comparatively robust. The
infrared data are sensitive to experimental condi-
tions of a different type. For example, the way in
which substrates are prepared (cleaved) effects
the width of absorbance bands. This may reflect
the size of single-crystal terraces available for
adsorption. The effect of finite domains on band-
shape has been examined through a computa-
tional model of excitons in adsorbed CO [7.8].
Surface heterogeneity and contamination are also
likely contributors to observed bandshapes. These
will be understood only after the completion of
suitably detailed experiments.

More tractable, perhaps, is the effect of tem-
perature on the frequency of infrared resonances.
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At monolayer coverage, CO, produces a well-re-
solved doublet near the origin of its asymmetric
stretching vibration (v, for isolated molecules).
The absorbance frequencies are reproducible on
different NaCl samples. Therefore they are not
sensitive to the heterogeneities introduced by
cleavage technique. Above ~ 15 K, however, the
peak positions have a distinct dependence on
temperature [9]). Thermally accessible states that
are most likely to influence the observed bands
involve external motion of molecules against the
surface and against each other within the mono-
layer. In analogous physical systems, such influ-
ence is often mediated by dephasing mechanisms.
Appropriate physical formalisms have been de-
veloped and applied to adsorbates [10]. Dephas-
ing certainly accounts for some thermal effects on
the absorption spectrum of CO, on NaCi(100).
For example, Heidberg and co-workers studied
the asymmetric stretch of a dilute solution of
BC16Q, vibrationally decoupled from the sur-
rounding monolayer (*2C'°0,) [9]. The tempera-
ture-dependent shift of this vibration is ~ 0.3

cm™!. The effect of temperature on bandwidth
and peak position was explained as dephasing by
a 40 cm ™! oscillator. The external mode of lowest
energy, a mixture of rotation in the tilt coordinate
and hindered translation, is expected at a fre-
quency near 60 cm™! [11). Thus this theoretical
result agrees roughly with the empirical fre-
quency as extracted from the dephasing model. It
is reasonable to conclude that a localized external
mode can dephase a localized internal mode (the
decoupled asymmetric stretch), thereby account-
ing for the influence of temperature on the ob-
served internal resonance frequency.

Other thermal shifts cannot be explained in
this way. The majority isotopomer, 1>C'%0,, also
yields a temperature-dependent absorbance due
to its asymmetric stretch. The temperature de-
pendent shift here of ~3 cm™! is an order of
magnitude greater than for the dilute solution of
BC!Q,. The shift is quantitatively and conceptu-
ally difficult to reconcile with a localized dephas-
ing mechanism. Qur effort to model these collec-
tive resonances has, however, shown that the
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Fig. 1. (a) The structure of NaCl, with (100) faces exposed, along with the structures of monolayer and bulk CO, above it. The

substrate, monolayer and bulk structures have been separated for ease in visualization. (b) The angular coordinates of a single Co,

molecule. The z axis is normal to the surface, while x and y point in (10) surface directions. Vector u is the v transition dipole,
which is along the molecular axis.
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observed effects could result from a slight change
in the geometry of the monolayer. Decreasing the
angle of molecular tilt in our computational model
has precisely the same effect as raising the exper-
imental temperature. Therefore it is natural to
postulate that the external tilting motion (libra-
tion) is anharmonic: when excited levels of this
mode are thermally populated, the effective
molecular tilt differs from its ground state value
at 0 K. In the present paper we develop an
analytical physical model of this interaction. We
then use infrared absorption data to extract an
anharmonic potential energy function for the tilt-
ing libration. Utterly different experimental and
theoretical studies have elucidated a few details
about this mode; our result agrees quantitatively.
Therefore the mechanism must be considered
among possible influences of a thermal bath on
vibrational excitons: anharmonicity of an external
mode can produce structural changes that alter
intermolecular coupling. Consequently, exciton
resonances will change frequency with tempera-
ture.

Our model develops through three distinct
projects, which will be presented sequentially.
The results of laboratory measurements are given
first. We document peak position as a function of
temperature in the range 4 to 95 K. Next we
describe a computational model of transition
dipole~transition dipole coupling. This exciton
model produces purely theoretical spectra that
are in excellent agreement with observations of
CO, on NaCl(100). Furthermore, it allows us to
test the sensitivity of band position to various
geometric parameters; the tilt coordinate is found
to be key. Finally, we describe an elementary
formalism that relates quantitatively the observed
effect (exciton band shift) to its putative cause
(anharmonic librational potential). Having thus
extracted an empirical potential, we evaluate the
plausibility of this entire description.

2. Laboratory measurements

The substrate was prepared from a single-
crystal boule of NaCl. It was cleaved in air along
(100) planes. Two thin slabs were mounted to a

cryostat and sealed within an ultrahigh vacuum
chamber. Transmission of infrared light was
recorded with a Mattson Nova Cyni 120 Fourier
transform spectrophotometer. All monolayers
were created in equilibrium with a steady-state
pressure of CO, flowing through the chamber. A
detailed description of this process, as well as the
use of polarized light to determine molecular
orientation, is given in our initial publication [1].

In addition to the crystals, a thermocouple and
resistive heater were attached to the copper work
surface. These were cooled by the flow of liquid
helium. Temperatures greater than 4 K were
maintained by a digital controller. The accuracy
of reported temperatures was not limited by the
thermocouple, but by the possibility of a tempera-
ture gradient between the work surface and the
crystals. Such a gradient could only be main-
tained by radiative heating, which was limited by
surrounding the sample with a cold radiation
shield. The uncertainty (greatest at low tempera-
ture) was estimated to be +1 K.

In the temperature range 65-95 K, data were
obtained from saturated monolayers at equilib-
rium. Below 65 K the base pressure of our vac-
uum chamber exceeded the vapor pressure of
solid CO,. In order to avoid bulk condensation
these measurements were made on trapped
monolayers. First, an equilibrated monolayer was
established at 65 K. The crystals were then rapidly
cooled to ~ 40 K while gas flow to the chamber
was cut off. The trapping procedure was consid-
ered successful if the integrated area of CO,
absorbance bands was conserved. Monolayers
prepared in this way were stable for many hours.

Examples of the laboratory spectra at 4 and 86
K are shown on fig. 2. The herringbone structure
is described by a diperiodic space group (“slab”
group) isomorphic with point group C,,. The
resonance near 2349 cm~! has been assigned to
in-phase vibration of the two molecules in the
unit cell. This coupled mode has its transition
dipole tilted away from the plane of the (100)
surface (the plane of translational symmetry), and
belongs to the b, representation [1]. The out-of-
phase component is found near 2340 cm~'. Its
collective transition dipole lies in the plane of the
monolayer and belongs to the a, representation
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[1). The frequency of the in-phase mode is only
slightly temperature dependent, while the out-
of-phase component shifts by 3.5 cm™!. These
temperature effects are completely reversible.
The detailed behavior of peak positions as a
function of temperature is plotted in fig. 3. Cir-
cles and triangles represent different sets of NaCl
crystals. Our initial work [1] was performed on
the “circle” substrate. Recent spectra, including
those in fig. 2, used the “triangle” crystals. While
the bandwidths in these two experiments differed
by as much as a factor of two, the frequency
behavior was identical. The limiting bandwidths
(full width at half-height) obtained for the 4 K
experiments, with the “triangle” crystals, were 0.3
cm™~! for the b, mode and 0.5 cm~! for the a,
mode. Also observed (but outside the spectra
range of fig. 2) was the asymmetric stretching
frequency of *C?0,: This isotopomer is present
in natural abundance (~ 1%) in the monolayer.
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Fig. 2. Infrared spectra of a CO, monolayer. The spectra at 4

and 86 K are experimental data. The spectra labeled « = 62°
and 64° are computational simulations.
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Fig. 3. The dependence of peak frequencies on temperature

for CO, on NaCl(100). Triangles and circles represent differ-

ent samples of substrate crystal. The upper two curves are the

doublet found in the 2C60, region of the spectra (see fig.

2). The lower curve is for 1’C'%0, found in natural abun-
dance in the monolayer.

A single frequency was observed, its location at
4K was 2281.57 cm™! with bandwidth of < 0.09
cm™?! as limited by the resolution of our Fourier
transform spectrophotometer. We will relate the
differences in bandwidth to domain size in the
discussion to follow. Our data in figs. 2 and 3
agree with measurements by Heidberg et al. [2,9].
Finally, the exciton splitting is plotted as a func-
tion of temperature in fig. 4. Here A7 is the
frequency separation between the doublet com-
ponents in fig. 3.

The spectrum of CO, multilayers on
NaCl(100), at 65 K, is shown in fig. Sb. The
experimental CO, pressure (8 X 10~% mbar) was
greater than the vapor pressure of bulk solid CO,
[1]. Under these conditions a layer was produced
every several minutes. The addition of succeeding
layers does not change the monolayer resonances
near 2340 and 2349 cm ™, but features near 2344
and 2382 cm™! grow in. We shall account for
these new adlayer signals in the section to follow.

We have previously discussed a purely geomet-
rical analysis of the monolayer structure [1]. The
tilt of CO, transition dipoles can be calculated by
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Fig. 4. The dependence of exciton splitting on temperature

for CO, on NaCl(100). Data points give the difference in

frequency of the upper two curves of fig. 3. The solid line is a

fit of eq. (13) to the points; it yields the empirical Morse
parameters.

comparing orthogonally polarized spectra. The
results in ref. [1] vield « = 68° from the normal.
Recent experiments with a different set of NaCl
crystals give a = 64°, in agreement with Heidberg
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Fig. 5. Spectra of CO, multilayers on NaCl{(100). (a) Compu-
tational simulation, described in text. (b) Experimental data,
see, Berg and Ewing [1].

et al. [2]. In each case the tilt determination is
reproducible to within 2°, independent of tempera-
ture. Systematic errors related to the substrate
evidently influence the accuracy of this measure-
ment. An error range of +5° is reasonable.

3. Computational model

One way of gaining insight into the chemical
physics of adsorbed molecules is to propose a
model which explicitly takes into account adsor-
bate—surface and adsorbate—adsorbate interac-
tions. Assumptions must be made about the in-
teractions believed to be important for an ade-
quate description of a given system. The success
of a model is judged on its ability to account for
experimental observations. In this section we pre-
sent a simple exciton model which treats inter-
molecular coupling between the asymmetric
stretching vibrations (v;) of an ordered two-di-
mensional domain of CO, molecules. In our dis-
cussion we neglect adsorbate-—surface interac-
tions and treat only a single interaction among
adsorbates, namely transition dipole—transition
dipole coupling. At first glance such a simple
model, containing only one interaction term, ap-
pears likely to fail. We will demonstrate that its
predictive power is impressive.

We first present details of the computational
method used to model interactions between CO,
molecules. We show how varying the angles o
and B in fig. 1b changes the exciton splitting. The
effect of random fluctuations of the angles a and
B about fixed values for each molecule is also
explored. We show how domain size affects our
calculated results. Finally, to demonstrate further
the versatility of our simple model, we compare
the experimental spectra of multilayer CO, in fig.
5b to a calculation performed on a finite slab of
CO, molecules.

The calculations performed here are a modifi-
cation of perturbation calculations described by
Hexter [12], Decius and Hexter [13], and Craig
and Walmsley [14], among others. A detailed
discussion of our calculational approach is al-
ready published [5,8], therefore only an abbrevi-
ated presentation is given here.
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A single molecule, call it j, is assumed to have
an excited state at E® = kv, where v, (s7!) is
the monomer optical transition frequency. The
coupling between states is expressed as a transi-
tion dipole moment,

= (ol 80, (1)

where the prime indicates the excited state and
its absence identifies the ground state. We now
place n molecules on the NaCl(100) surface. The
ground state wavefunction becomes

o= 19203 " &,. (2)
An excited state wavefunction may be written as
U = C1P1$203 " b, +C2b1305 - &,

+ Cm,3¢1¢2¢1’5 P,

oty 10205 B, (3)

There are n of these excited state wavefunctions;
the coefficients c,, ;, ¢,,25...,€,, , Of level m =1,
or 2, or n may be determined once the
coupling among the molecules is specified and
the secular determinant solved.

We imagine the coupling is only through the
transition dipoles. The perturbation Hamiltonian
becomes

n n
HO = (4me) " L ¥ pas, (10,

i=1j<i

=3(1; 1)1 1)) /R (4)
written in SI units, with ¢, =8.85 X 10712 J~1 C2
m~! (the vacuum permeability); where R;; is the
separation between molecules i and j; 1, 1; are
unit vectors giving the directions of u; and u;
and r;; is a unit vector from j to i [15]. The

i
diagonal matrix elements are all

H,-EO’ =hv, (5)
and the off-diagonal matrix elements are
HP = (4meg) ' | 1= 331 )1 ris)]

where we have used eq. (1) but,dropped the j (or
i) subscript on u% since all the transition dipoles
are assumed to be the same. Diagonalization of
the nXn secular determinant gives the E

eigenvalues and the corresponding ¢,, eigenfunc-
tions of first order degenerate perturbation the-
ory.

The n optical transitions are at energy E,, =
E® + E®D = hy, . The integrated cross section (m
molecule "!), which is proportional to transition
probability, is
2

. (7)

3
87y,

5m=m (ol 2wyl

j=t

Use of egs. (1), (2) and (3) transforms eq. (7) into
01 [ 2| n 2

Z Cm,j

j=1

_ 8wy, | 1

- 8
T 3n(4mey)hc? (®)

We approximate v,, = v, from the gas phase,
where 7 = 2349 cm ! [16]. The transition dipole
moment is related to the integrated molecular
cross section by

3hc?a,(4mey)

01 | 2__
8m3vym

[ (9
Here the gas phase cross section, g, = 1.1 X 10~
m molecule ~! [16], is attenuated by the index of
refraction of bulk solid CO,, n = 1.4 [17]. This
correction is intended to account for the adlayer’s
bulk polarizability, which effectively screens a
transition dipole. (Alternative and more involved
polarizability corrections are also available [4,18—
211)

Once the positions and orientations of the
molecules have been specified, diagonalization of
the secular determinant yields eigenenergies and
eigenvectors. The spectrum consists of 7,, and ¢4,
values, which follow directly from coefficients c,, ;
of eq. (3). For n molecules, n separate vibrational
transitions are calculated over a wide range of
cross sections. The resulting quantum mechanical
“stick” spectrum can be more easily compared
with experiment after accounting for lineshape
broadening mechanisms. A Lorentzian bandwidth
of 0.3 cm™!, which we will later associate with
domain boundary heterogeneous effects, has been
convoluted onto our calculated spectra.

The calculations were carried out using center
of mass positions for the CO, molecules as shown
in fig. 1a and the two angles which specify the
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Fig. 6. Exciton splitting as a function of CO, tilt angle in the

monolayer. The data given by the circles are from the compu-

tational simulation. The straight line is the best fit to these
data.

orientation of a molecular axis (i.e., a transition
dipole) as in fig. 1b. The structural relation be-
tween adsorbed layer and substrate is discussed
elsewhere [1,2). To test both our model and our
proposition that librations of CO, molecules ac-
count for the observed temperature dependent
splitting, we have performed a series of calcula-
tions on a square two-dimensional domain con-
taining 30 X 30 = 900 CO, molecules. Two theo-
retical spectra, using tilt angles @ = 62° and 64°
with B fixed at 45°, are compared in fig. 2 to
experimental data taken at 8 and 4 K. The
calculation predicts two features, with the lower
energy band having slightly greater intensity.
(Relative intensities cannot be compared directly
to our experiment, since polarized light was used.)
The agreement in frequencies is excellent. Fur-
thermore, values of a which compare favorably
with experiment are very close to the value deter-
mined from polarized infrared measurements: o
=68 + 5° [1], and « = 64 + 5° [2] and references
herein. Fig. 6 shows how the calculated exciton
splitting depends on the value of « chosen (for
fixed B =45°), using a domain of 30 X 30 = 900
molecules. It can be seen that smaller tilt angles
(i.e., the principal axis more nearly normal to the
surface) decrease the calculated exciton splitting.

Larger tilt angles increase the splitting. This re-
sult is to be expected: the vector portion of eq. (4)
predicts that for two transition dipoles (mole-
cules) parallel and normal to the surface, 1, - 1 ;=1
and I;-r;;=1;-r;;=0 so the vector magnitude is
only |+1|, whereas for the transition dipoles
lying in the surface plane in a head-to-tail orien-
tation 1,-1;=1and 1;-r;;=1;-ry=1 so here the
vector magnitude is | —2].

The model is successful but physically naive.
Obviously, the effect of other external degrees of
freedom must be considered. A more subtle con-
cern is the relationship between local (decoupled)
and collective (coupled) molecular degrees of
freedom. Spectroscopic studies leave no doubt
that v; resonances in the CO, monolayer are
strongly coupled, hence delocalized. Whether the
external modes are local or collective is not
known; previous studies of CO, libration have
assumed the former [11]. In either case, however,
we can argue that thermally excited molecular
motions are not coherent. If the librations are
local, then every molecule is in independent con-
tact with the thermal bath (NaCl substrate), and
the resulting motions are incoherent. Collective
excitations, on the other hand, are not limited to
those modes for which all unit cells oscillate in
phase (as is the case for electromagnetic excita-
tion of v, [1]). A large number of nearly isoener-
getic modes are available, distinguished by the
distribution of excitation among component libra-
tors. Each of these modes is in independent con-
tact with the thermal bath. Again, there is no
reason to expect correlation of molecular mo-
tions. Qur model is therefore simplistic. To adjust
a geometric parameter uniformly throughout the
domain does not correspond to an expected ther-
mal effect. Indeed, it is intended to represent a
change in average orientation. We will find that
this is valid.

It was shown above that a uniform decrease of
a, with B fixed, accurately simulates the empiri-
cal effects of temperature. Let us compare the
calculated effect of adjusting 8 while « is fixed.
The pair of molegules in a herringbone unit cell
can be characterized by an azimuthal separation,
Ap. If the individual absorption site has 8 = 45°,
then AB =90° (as in fig. 1a). For simplicity, all
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the symmetry elements of the layer will be pre-
served when making changes in 8. This requires
that variations of B = 45° for the two molecules
of the unit cell change by the same amount but in
different directions. The herringbone can be ei-
ther more flared (AB > 90°) or lay closer to the
(11) stem (AB < 90°). Quite arbitrarily we have
chosen to model the closer structure with AB =
87° and a =64°. Fig. 7c is the calculated spec-
trum. The upper panels are calculations repro-
duced from fig. 2, with B fixed at 45° (A8 = 90°).
Once again a = 62° for fig. 7a and a = 64° for fig.
7b. Comparison of fig. 7a and fig. 7b shows the
effect of changing a only: the low-frequency reso-
nance shifts, while the other is nearly unchanged.
Comparison of fig. 7b and fig. 7c shows the effect
of changing AB only: the high-frequency reso-
nance shifts, while the other is nearly unchanged.
Increasing the flare of the herringbone to AB =
93° also shifts only the high frequency resonance,
but in a different direction. To vary a or 8 yields
a qualitatively different effect on calculated spec-
tra. Clearly the experimental shift is dominated
by changes in «.

Finally, it is useful to simulate monolayer
structures which are not uniform. This provides
the most accurate model of thermal excitation.

RELATIVE CROSS-SECTION
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Fig. 7. Simulated spectra of the CO, monolayer. In panels (a)
and (b) pairs of molecules have the herringbone arrangement
with azimuthal separation AB=90°, but the tilt angle « is
altered. In panels (b) and (c) the tilt angle is fixed but the
azimuthal angle is changed.

RELATIVE CROSS-SECTION

LIRS B S I B B B B SR A S A R L SR S A

2350 2345 2340 2335

7 (cm™)

Fig. 8. Simulated spectra of the CO, monolayer. In panel (b)

the herringbone pattern of fig. 2 (a = 64°, B = 45°) is repro-

duced. In panels (a) and (c) the tilt and azimuthal angles are
randomly dithered about the mean structure used for (b).

We introduce uncorrelated molecule-to-molecule
deviations about an average structure. The orien-
tation of each molecule is randomly adjusted by a
small amount (+3°). The effect of such dither
was tested independently of coordinates a and B;
the calculated spectra are shown in fig. 8. Spec-
trum 8b is reproduced from fig. 7b, with orienta-
tions set uniformly at a = 64°, B = 45°. Spectra 8a
and 8c correspond to random variation of « or 8,
respectively, while the average value over the
entire domain is still that of fig. 8b. It is clear that
dither broadens the resonances but does not alter
their peak frequencies significantly.

This simulation justifies two important conclu-
sions. First, thermal excitation of harmonic exter-
nal modes is not a sufficient explanation of the
empirical effect of temperature. Second, the ef-
fect of geometry on v, exciton splitting can be
accurately modeled with a uniform structure. The
structural parameters represent arithmetic mean
values of « and B in a possibly non-uniform
layer. This makes physical sense. The spectro-
scopically observed resonances are delocalized; it
follows that they are insensitive to details of
individual molecular orientation. This state of
affairs also simplifies our analysis. The thermal
average of a structural parameter (tilt) can be
expressed using elementary quantum and statisti-
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cal mechanics, given a potential energy function.
This effective parameter, when used to simulate a
uniform layer, yields an exciton splitting energy.
The formal connection between potential func-
tion and splitting energy will be completed in the
next section.

Taken together, the simulations lend an unam-
biguous interpretation to the experimental effect
of temperature. The coupling of molecular v,
vibrations is clearly dominated by transition
dipole—transition dipole interactions. Frequency
shifts like those observed require a change in the
average value of a structural parameter. Only the
tilt coordinate gives qualitatively accurate shifts.
Increasing the experimental temperature appar-
ently decreases the mean molecular tilt.

An aspect of the model we have not yet con-
sidered is the extent to which generated spectra
are influenced by the size of the domain. In the
examples considered, the monolayer domains
consist of 900 molecules in a square array. While
all the generated spectra are dominated by a
doublet, a certain amount of fine structure is
present. This is apparent in panel (c) of fig. 7,
where weak features are found near 2340 and
2350 cm~ L. Scores of other features are evident
in the ‘“stick” spectra before broadening by
Lorenzian profiles to give figs. 7 and 8. This fine
structure is a consequence of the finite nature of
the domains. In the limit of very large domains,
this fine structure collapses into exactly two reso-
nances. We have explored the distribution of fine
structure features with domain size and shape for
CO on NaCl(100) {8]. Jakob et al. [20] have per-
formed similar calculations for H-Si(111). For
the CO, monolayer, the presence of fine struc-
ture distribution and the doublet separation de-
pend on the size of domains. For example, the
overall exciton splitting decreases by a few per-
cent as # is increased from 900 to 2000 molecules
and convergence (to within 0.1 cm™') to an ex-
trapolated doublet separation is not achieved un-
til n = 10000 molecules. Our interpretation of
the low temperature limiting bandwidths of the
spectroscopically observed '2C!°0O, doublet fea-
tures (0.3 and 0.5 cm ™) is that they arise from a
superposition of domains of different sizes — each
with its characteristic splitting.

The exciton interpretation of bandwidths also
accounts for the exceedingly narrow absorption of
the isotopically dilute *C'®0, in the monolayer.
Here typical separation distances, R;;, are an
order of magnitude greater than those of the
majority isotopomer and the corresponding split-
tings, as dictated by egs. (4) and (6), will be
several orders of magnitude smaller. The actual
linewidth of the C!Q, feature, determined
when suitable high resolution spectroscopic tech-
niques are applied, may likely be limited by the
heterogeneities of the monolayer or substrate.

As a final test of our model we attempt to
reproduce fig. 5b, the asymmetric stretching re-
gion of multilayer CO, adsorbed on NaCl(100) at
65 K. The simulation, fig. 5a, was produced with
a structure four molecular layers thick, with 450
molecules per layer for a total of 1800 molecules.
The exact structure chosen for the computation
was a truncated, finite slab of solid a-CO, {22,23].
The structure of bulk CO, is reproduced in fig.
la. Our assumption that multilayer CO, on
NaCIl(100) closely resembles the bulk solid is
based on structural similarities between the
monolayer and solid [1,2]. The monolayer has
CO, molecules in a herringbone pattern, tilted
66° £+ 5° from the surface normal. Each layer of
the bulk is also a herringbone arrangement, of
similar density, but tilted only 45°. In addition,
the experiment shows an absorption feature at
2344 cm~! with a bandwidth of 3.0 cm ™!, both of
which are characteristic of solid CO, [24]. Since
the location and bandwidth of this feature are
essentially invariant with total integrated ab-
sorbance, bulk behavior appears to begin with
only a few molecular layers.

Computationally, the bulk solid structure was
created by translating the molecular positions and
orientations of a four molecule unit cell along
three Cartesian coordinates. Spectra were gener-
ated by the method described earlier. Once again,
the agreement between simulation and experi-
ment is qualitatively good. The calculated reso-
nances near 2350 and 2344 cm ™! correspond to
the doublet in a monolayer. The signals near 2372
and 2348 cm™! correspond to the new features
that grow in with increasing multilayer coverage.
The simulated spectrum can be brought into bet-



O. Berg et al. / Anharmonic libration of CO, in domains on NaCl(100) 17

ter agreement with the experiment by treating the
index of refraction as an adjustable parameter
and making small variations in molecular orienta-
tions. The explanatory value of our model, how-
ever, is that it accounts for the principal spectro-
scopic observations with a small set of physically
clear assumptions.

The computer simulations have narrowed our
attention to the tilt coordinate. In addition, they
suggest the use of a single effective value to
represent a distribution of tilts in the CO, layer.
We now assume that the tilting motion is a pure
hindered rotor - dunuucuty a bunpuuw.uuu, since
normal mode analysis indicates that some center-
of-mass motion is involved [11]. We also assume
that the mode is localized to individual molecules,
and begin by considering the shape of its poten-
tial energy curve. The potential is of course peri-
odic, with identical minima at ~ 64° and ~ 64° +
180°. There is no evidence of free rotaiion or
tunneling in the experimental temperature range.
Therefore, we will only consider states localized
near the 64° minimum. The minimum of our
model potential will be labeled «,; deviations
are therefore a,, —a. In any potential that is
symmetric about its minimum (a harmonic oscilla-
tor, for example) the librator states [ all satisfy
{lay—all)=0. In short, populating excited
levels of the rotor would not change the expecta-
tion value of molecular tiit. Clearly, we must use
anharmonic potentials in order to explain the
effective variation of a.

We use a Morse oscillator to model the anhar-
monic hindered rotor. With appropriate modifi-
cations of Morse potential parameters we can
generate librational energy levels, E,, and wave-
functions, ¢,. The expectation value of the tilt
angle as a function of quantum number is labeled
{a);={l|al|l). Since the Morse oscillator has a
finite number of levels, L, the exact partition

LS Fo V-o IS I s DY
IuncuoInl [£o] cdn pe computeda.

/kT}. (10)
1 X 7

Here k is the Boltzmann constant and T is the
absolute temperature To obtain the thermally
avcxasou tilt a ausu;, <u/T, w¢E uu.uuply the EXpec-
tation value of tilt for each state by its statistical
weight at 7, and sum over all states:

L (e E,—-E)/kT
(adr= Y ( WU(Eo ~ E)/KT] k(a);. (11)

=0\ q )

The numerical relation between tilt angle and
exciton splitting energy has been extracted from
the simulated spectra (fig. 6). In the range of

...... + ££N0 "INOY 4+lis ..Al,.t..,\.. Ia ,. PP |

llll.Cl OOl \UU — /U 7 LD 1CldLivll lb, lU a guUu dp-
proximation, linear:

Av=Sa +A4, (12)

with S=643cm ' rad~!,and A= —60.7 cm™ .
The slight deviation from the simulated spectra
splittings (the circles) and the fitted straight line

can ha aconnintad far with hichar arder nalvnami.
VaAll UV QlUUILVU LUL WL LUglivI Uluvl puULylIvLaT

als which we shall neglect.

We now postulate that the uniform tilt (simu-
lated) accurately represents the thermal average
tilt (observed):

AB(T) = S{a)r +A. (13)

-Eq. (13) combines the computational model of

Nad) QOIIIVINCS LD LEIpPeiauiiL 108C

1ntermolecular coupling with the analytical model
of an anharmonic rotor. It expresses the depen-
dence of exciton splitting on temperature; as given
in fig. 4, this is the most compact form of the
relevant data. Eq. (13) yields the corresponding
theoretical curve when a potential is given. We
confess that to renlace o with (:v\,.- entailg subtle

COIIICSS ilal 1O ILpuale witil CAALIS LUV

physical assumptions. For now, brute justification
is found (computationally) in fig. 8: the exciton
splitting in a geometrically uniform monolayer is
not sensitive to random dither of molecular ori-
entations.

Our interpretation of the data requires that
the expectation value molecular tilt be greatest in
the ground librational state. Therefore the libra-
tional potential is steeper for a > a,, than a < a,,.
Such asymmetry can be rationalized by consider-
ing the molecular adsorption site. If we accept a
recent calculation of the physisorption potentiai
[2], each CO, molecule bridges a sodium—chlo-
rine ion pair. An increase in tilt angle drives the

“upper” oxygen into high electron density of the
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protruding chlorine ion. A steeply rising repulsive
potential results from the interaction. By con-
trast, a decrease in the tilt angle pulls the CO,
quadrupole out of the strong electric field gradi-
ents to which it is attracted. Perhaps steric con-
flict with the surface is less severe in this direc-
tion, giving the potential function a gentler slope.
The situation is illustrated in fig. 9. A broken line
suggests the periodic, unknown, true potential.
The solid line shows an aperiodic, anharmonic
function which approximates the minimum.

The analytical form of the curve in fig. 9 is that
of the Morse potential {26,27]:

V(a) = Dyfl ~ exp[ ~a(an ~ )]} (14)
The standard form has been trivially modified: in
keeping with our measure of tilt, the sign of the
displacement has been changed from a —a,, to
a,, — a. Thus the familiar potential has been re-
versed along «, so that it is repulsive toward
greater displacement. Zero energy, accordingly, is
defined as V(a,,) =0. The parameter D, gives
the well depth as measured from this point, sim-
ply D, =V(—x). Since the Morse potential is
grossly inappropriate for displacements ap-
proaching 180°, D_ has little or no physical

V() (cm)

250 AN
200 A
150 4
100 -
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meaning in the present context. We are merely
exploiting the anharmonic shape very near «,.
The steepness of the Morse function is controled
by the parameter a. The energy levels are given
by

E =1+ 1) —x (I + 1) (15)
where

7, =2a(D,B)"* (16)
and

x.=%a(B/Dy)""’. (17)

In these expressions B is the rotational constant
of CO, (0.39 cm™1) [16], D,,, is given in cm~' and
a has units rad~!. The usual treatment of the
Morse potential and its quantum-mechanical so-
lutions (see for example Pauling and Wilson [26])
deals with anharmonic linear displacements in
coordinate r of a reduced mass u, so the range
parameter a has dimensions r~!. In our problem
we model angular displacements in «, measured
in radians, of a rotor (the CO, molecule) with
moment of inertia I. Therefore the range param-
eter a in eq. (14) has dimensions rad”!. The
expressions for 7, and x. are obtained from the

T 1 T T

100 120 140

« (degrees)

Fig. 9. Empirical Morse potential for tilting of CO, on NaCl(100), as determined by fitting eq. (13) to fig. 4. Several energy levels
are indicated with the corresponding values of {a);. A broken line suggests the true potential.
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usual formulas [26] by substituting / for u and
using @ in rad~!. Finally, eqs. (16) and (17) are
obtained by expressing I in terms of the rota-
tional constant, B.

Now the theoretical expression for exciton
splitting as a function of temperature, eq. (13), is
complete. Egs. (10), (11) and (15)-(17) provide
the necessary substitutions. The matrix elements,
(r),=(v|rlv), for the Morse oscillator are
given by Vasan and Cross [28]. Using the conver-
sions from a (dimension r™!), r, and r, to a
(dimension rad™!), a and a, we have just de-
scribed, the values {a);= {I/|a|l) may be easily
determined. The only unknowns are the three
parameters (a, a,, and D,) which determine a
Morse potential. Empirical values are discovered
by fitting eq. (13) to the data points in fig. 4, as
indicated by the solid curve. Below 10 K the
curve is uniquely sensitive to the location of the
potential energy minimum, so fitting this parame-
ter is trivial: a,, = 66°. The other two parameters
determine the slope and curvature of A7 versus
T. The fit in fig. 4 employs a = 1.53 rad~! and
D_ =631 cm™!. Alternative, “spectroscopic” pa-
rameters are found in egs. (15)-(17); in this case,
7, =48 cm~! and x,=0.018. The Morse curve
and first several energy levels are given on fig. 9.
Ticks indicate the corresponding expectation val-
ues of tilt angle. They range from {a);_¢ = 64.3°
to {a);—3=57.3°. At 10 K there is practically no
excited state population: g =1 and {a)= 64.1°.
At 100 K the partition function reaches g = 2.1,
s0 7% of the molecules are in the / = 3 level, and
{@)r=61.2°. The potential supports 27 bound
states; therefore, the experimental temperature
range only samples the lowest few levels. Our
fitting procedure has indeed avoided unrealistic
portions of the Morse curve.

It may seem surprising that the exciton split-
ting we have discussed for the CO, monolayer is
predominantly linear in angular displacement.
Why is it not quadratic or why are not higher
order terms important? The answer to these
questions can be found by considering the vector
portion of eq. (6) which dictates the transition
dipole angular dependence of the coupling. For
pairs of transition dipoles near a, =45° eq. (6)
can be transformed to reveal that terms of the

form sin(a — a,,) cos(e —a,,) = (a —a,) — 3(a
— a,,)* dominate. The appropriate Morse oscilla-
tor matrix element, {/|a — a,, | 1), gives a signifi-
cant value only for the lead term. Were the
molecules to be aligned perpendicular to the sur-
face, a,, = 0° the angular dependence would be
contained in terms of the form sin*(a — a,,) = (a
—a,)’ The {/|(a ~a,)?|l) matrix element is
non-zero for the harmonic oscillator as well as
the Morse oscillator. Exciton splitting here would
be changed quadratically in the angular displace-
ment. For other cases (e.g., CO, on NaCl(100)
near a, = 66°) there will be contributions to the
shift from both linear and quadratic deviations in
a. One way to assess the relative importance of
these contributions is by a computational calcula-
tion — as we have done. Here the linear term
clearly dominates. For other monolayers, with
different equilibrium molecule orientations the
quadratic shift with @ may well be inferred.

5. Conclusions

There are several obvious effects of tempera-
ture on the infrared spectrum of CO,/NaCl(100).
It is not obvious that these have a common cause
or mechanism of coupling to the thermal bath.
Nevertheless, the changes all freeze out near 15
K. Therefore thermal excitation of low-frequency
states — surely below 100 cm ™! — is involved. This
is the frequency range in which external vibra-
tions of physisorbed molecules are found. Many
mechanisms of influence by such modes have
been documented: dephasing, state mixing, etc.
On some level these must occur in the CO,/
NaCl(100) system, and may account for existing
observations.

We have concentrated our effort on a specific,
reproducible effect of temperature: gross fre-
quency shift of the out-of-phase v, exciton. In the
same temperature range, shifts of the in-phase v,
exciton and isotopically decoupled v, resonance
are an order of magnitude smaller [9]. Our com-
putational model identifies only one parameter,
mean molecular tilt, to which the layer has pre-
cisely this sensitivity. We can therefore construct
an anharmonic tilt potential that accounts for the
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principal observation quantitatively. Our poten-
tial is consistent with other investigations of the
tilting librational mode.

It is puzzling that the change of mean tilt is
not observed directly. The variation postulated
here, ~ 3°, is smaller than the absolute accuracy
of a tilt determination by polarized light after
applying a classical analysis [1]. It is nevertheless
comparable to the precision of a specific series of
measurements. Greater experimental precision,
consideration of quantum effects, or a full under-
standing of the mutual interactions among local
and collective molecular modes and light, would
perhaps resolve the issue.

Our model of anharmonic libration is suffi-
ciently successful, however, that it should be con-
sidered among other possible mechanisms of
thermal influence on vibrational absorbance
bands as developed by Persson [29] and others
[10].
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