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present the first infrared spectroscopic evidence for significant polarization effects in the spectroscopic
detection of adsorbate vibrational frequencies. In addition to much larger peak intensities for p-
polarized light relative to s-polarization, a small but distinct blue shift was identified for CO adsorbed at

the surfaces of two prototype dielectric substrates, CeO,(111) and CaCOs3(10.4). A simulation using a
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Infrared spectroscopy is a standard method to probe vibra-
tional excitations of molecules. In the context of Surface
Science, Infrared Reflection Absorption Spectroscopy, IRRAS,
has been developed into one of the most important techniques to
monitor chemical processes occurring at gas-solid interfaces." The
large reflectivity of metals for light in the infrared regime has
made an application of this method rather straightforward, and in
case of carbon monoxide, the most simple IR-active diatomic,
spectra for species adsorbed on metal surfaces have already been
reported in 1972.> For dielectrics the reflectivity in the IR regime is
extremely low and, in contrast to metals, such spectra have not
become available until recently, when IRRAS data for CO/ZnO and
CO/TiO, were reported. The pronounced experimental problems
related to recording IR-spectra in a reflection geometry for dielec-
tric substrates result from the optical properties of dielectrics.
Here, the reflectivity change due to the presence of the adsorbate
is so low that the experimental detection is a challenge. Only
recently these technical difficulties have been overcome® and a
number of groups have reported IR spectra recorded in reflection
for dielectric substrates.*”

The effective screening of the electric field by the conduction
electrons, the main reason for the high reflectivity of p-polarized
light on metals, also prohibits recording of data with s-polarized
light - this component of the electric field oriented parallel to the
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layer model yields very good agreement with experiment.

substrate surface is virtually completely screened, giving rise to
the so-called surface selection rule stating that only vibrations
with a component of the transition dipole moment oriented
perpendicular to the surface can be observed in IRRAS applied to
metals.*” This situation is different on dielectrics - on such
insulating substrates, the use of s-polarized light to record spectra
becomes possible, due to the absence of image dipoles.

IRRAS data recorded with s- and p-polarized light for CO
adsorbed on the well-ordered, single-crystalline surfaces of
CaCO03(10.4) and CeO,(111) are shown in Fig. 1(a) and (b),
respectively. Experiments were carried out in ultrahigh vacuum
(UHV) using a dedicated apparatus described in previous
work.? The (111) oriented ceria substrate had the shape of a
disc, with a diameter of about 8 mm and a thickness of 1 mm.
Prior to the IRRAS experiments, the surface was prepared using
standard procedures and then carefully characterized using
low-energy electron diffraction and x-ray photoelectron spectro-
scopy. Calcite single crystal blocks (8 x 8 x 12 mm?®) with
optical quality were purchased from Korth Kristalle GmbH
(Altenholz (Kiel), Germany). The blocks were cut into small
pieces in the normal atmosphere before fixed to the sample
holder. After the single crystals were introduced into the UHV
system, they were cleaved with a scalpel blade attached at the
termination of the wobble stick, as described in previous work.®
Then the freshly cleaved (10.4)-oriented calcite single crystal
was transferred to the IRRAS chamber with a base pressure of
8.0 x 10 '" mbar. IRRAS data were recorded using a state-of-
the-art vacuum Fourier-transform IR spectrometer (Vertex 80v,
Bruker). All spectra shown are difference spectra obtained by
subtracting a reference spectrum recorded immediately before
adsorption of CO at 65 + 3 K (cooling with liquid He).

In the spectra shown in Fig. 1, the CO stretch vibration appears
as a negative band for both polarizations, i.e. the reflectivity of the
CO-covered dielectric substrates increases at the position of the
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Fig. 1 IRRAS data recorded for p- and s-polarized light reflected from a monolayer of CO adsorbed on single-crystal surfaces of calcite (10.4) (a) and

Ce0,(111) (b) at the indicated temperatures. The black lines show fitted Gaussian-line profiles. Note the different scales for the two polarizations, the
signal in s-polarization is about an order of magnitude weaker than for p-polarization. (c) Sketch of the (on average, see text) perpendicular orientation of
CO relative to the surface. (d) Schematic view of the decomposition of the E-vectors into three different components (see text).

vibrational band. The occurrence of such negative bands in IRRAS
data recorded for dielectrics is a well-known phenomenon.!

While for s-polarized incident radiation an increase of
reflectivity at the position of the vibrational band is observed
in all cases, for p-polarized light the situation depends on the
incidence angle and the optical constant of the dielectric.” For
example, on TiO, even a change of sign of vibrational bands
could be observed when modifying the optical constant of the
substrate by vacancy doping.’

Importantly, the CO vibrational band observed in the p-polarized
spectrum is blue-shifted with respect to the s-polarized band
by 4 ecm ™" for ceria and by 3.8 cm™" for calcite. In addition,
the change in absorbance (—Ig(R/R,)) caused by the excitation of the
molecular vibration is substantially stronger, by about an order of
magnitude, than in spectra recorded for s-polarization.

To our knowledge, experimental data for such frequency
shifts between IR-spectra recorded using different polarizations

Vacuum

have not yet been discussed. For monolayers of CO adsorbed
on MgO(100) only one single peak could be detected at
2150.5 cm™ " in p-polarized transmission spectra above 45 K,
and an additional doublet at 2137.5 and 2132.5 cm ™" observed
on MgO(100) below 45 K, the latter of which is also detected
with s-polarization, was attributed to a Davydov-splitting (three
CO molecules in the adsorbate unit cell).*

Below we analyze the somewhat counterintuitive experi-
mental observation that different frequencies observed for s-
and p-polarized light using a model (see Fig. 2) where the
adsorbate layer is sandwiched between two semi-infinite
media, vacuum and the dielectric substrate.

In the s-polarized case, the situation is rather simple, the
electric field has to be continuous when going from the vacuum
through the adsorbed layer and then into the dielectric bulk.
Accordingly, the reflectivity of s-polarized light is given by the
maximum of the imaginary part of the dielectric function, Im(g;, ).
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Fig. 2 Comparison of —Ig(Rs/Rqs) with —Im(g; ) and of —Ig(Ry/Rop) with Imlg;,) for o = 80°. The inset shows the 3-layer model (see text) used to simulate

the experimental data.
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In case of p-polarized light, two components have to be
considered, the component E,, ; oriented along the surface, and
E,, oriented vertical to the surface (see Fig. 1d). While E, ; also
has to show a continuous transition through the three layers,
for E,, the presence of the surface causes a discontinuity. As a
result, in this case the position of the vibrational band is given
by the maximum of the negative imaginary part of the inverse
of the dielectric function, —Im(1/g;;) for higher angles of
incidence. A plot of the different parts of the dielectric function
obtained by using the model developed by Piro'" is provided in
Fig. 2 (for more details see below).

Generally, the maximum of the imaginary part of the dielec-
tric function (which, in the absence of local field effects,
coincides with the oscillator frequency, w,) is different from
the maximum of the negative imaginary part of the inverse of
the dielectric function and, as a result, shifts of vibrational
bands recorded with p-polarized light away from w, should
occur.'™* This p-shift is similar to that observed for much
thicker dielectric films on dielectric substrates in the context of
the so-called Berreman effect, where the existence of a peak at
—Im(1/¢;,) is brought into connection with LO phonons.*®

Unfortunately, from the viewpoint of a treatment of the IR
spectra in the context of the Beer-Lambert law, no analytical
expressions are available to predict this frequency shift of p-
polarized spectra relative to s-polarized data. However, in the
past powerful simulation methods have been developed, which
allow computing the optical properties of dielectric surfaces in
some detail. Indeed, the p-shifts discussed above are observed
independent of the optical model, e.g. a semi-infinite medium
(a strong absorbing material), a thin freestanding film or a film
on a thick substrate.’®'® For all these models, the reflectance
can be calculated by applying the same matrix formalisms,"®"”
which can also account for anisotropic substrates or layers.

In the following, we will consider the case relevant for the
materials for which data are shown in Fig. 2, i.e. an optically
uniaxial dielectric material with the dielectric axes oriented
either parallel or perpendicular to the surface. In the first case,
a signal is obtained only for p-polarized light and a non-zero
angle of incidence, in the second only for s-polarized light. To
simulate these situations, we use the layer model, with label i
denoting vacuum, j the adsorbate layer, and sub the dielectric
substrate. For this case, the matrix formalism yields the follow-
ing entries for the reflection coefficient r,;, for light incident
from a vacuum on the surface'®"” (for more information about
the formalism and the calculation of Rs and R, see ESIf):

V1 —sino— /e | —sin’a
2 / 2]
I —sin“ o+ 4/¢g, 1 —sin“ o

5 in® 1)
\VEi,L l—SiIIZO(— I—SIH x

Tijs =
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In the case of a molecular adsorbate with a stretch frequency
Uy, a damping constant y and an oscillator strength S to
illustrate these findings, we assume a single oscillator, oriented
along the CO axis (the “c-axis”) at ¥, = 2149 cm ™', a damping
constant y = 10 ecm™ ', an oscillator strength S = 275 cm™ " the
expression for the dielectric function is

S2
e =0+t T
pe T T 2 — 2 — iy

(2)

For ¢, and ¢;, the principal dielectric functions perpendi-
cular to the main (c-)axis, we assume that it is constant in the
spectral region of interest and has a (constant) value ¢, ==
€o,ja = &p == €0, jp = 1.6,

Clearly, the maximum of the imaginary part of ¢; . is located
at 7, for s-polarized light, whereas the maximum of the negative
imaginary part of —1/¢;, is located at i10,""® exhibiting a
distinct blue shift:

[SIE

l~/L0 = (Sz/EOC']"(; + 1702> (3)

The size of the p-shift thus depends on oscillator strength
and the dielectric background, which we fixed at ¢, ;. = 2.2.
The dielectric constants ¢, j, = &4, and &, ;. (“dielectric
background”) are equal to the squares of the principal indices
of refractions, which are nearly constant in the optically trans-
parent regime. A layer thickness of 4 pm was used for the
simulation. In addition, we assume an isotropic substrate with
a dielectric background of egy, == &, sup =5.31, resembling the
dielectric constant of ceria.

From the comparison in Fig. 2 it is obvious that at high
angles of incidence (o = 80°), s-polarized absorbance displays a
band with a minimum at the oscillator position when the c-axis
is oriented parallel to the interface, while p-polarized reflec-
tance shows a band with a position similar to the band in the
negative dielectric loss spectrum (—Im(1/g;)) if the c-axis is
oriented perpendicular to the interface.

For describing the experimental data shown in Fig. 1 and the
forward calculation in Fig. 3, we consider a CO molecule
adsorbed in a perpendicular geometry on the corresponding
substrate.

We focus on the ceria substrate (assuming its dielectric
background &g,1, = 5.31), for calcite the situation will be slightly
different. The different dielectric background of the calcite
substrate would alter the overall intensities slightly. The dielec-
tric background of calcite is (ignoring anisotropy) about half of
that of CeO,, and accordingly the s-polarized absorbance would
be about four times higher while the p-polarized absorbance
would be reduced to 50%. Although for the ceria (111) substrate
theoretical results suggest an orientation of the molecular axis
perpendicular to the surface,*® thermal occupation of the
frustrated rotations of the molecule will yield a so-called
dynamic tilt angle. As a result, the transition dipole moment
of the vibration effectively shows components both perpendi-
cular and parallel to the surface. In the following, we assume
that this dynamic tilt angle amounts to 46° (on calcite, the
larger ratio of the p- and s-polarized absorbance suggest a
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Fig. 3 Comparison of Aggm = —Ig(Rs/Ros) With Apsim = —Ig(Rp/Rop) (solid
lines) and the horizontal and vertical components A, and A, of —Ig(Ry/
Rop). Experimental data for CO/CeQ5(111) Asexp and Apexp are shown as
points (same data as in Fig. 1b).

smaller tilt angle of about 20°). The azimuthal direction of this
tilt angle is assumed to be random.

We used a matrix approach, with which we calculate an
averaged dielectric tensor according to,

5/'711 0 0
2n
(&) =J Al 0 go 0 | -4 'de,
0
0 0 &,
cosp —cosfsing  sinfsing
A= sing cosOcosep —sinfcose
0 sin 6 cos

where we set 0 = 46°. Note that this approach leads for randomly
oriented media to the well-known approximation e, = 2/3¢;, + 1/3¢;
for small oscillator strengths.**

What results is an effective medium, which is still optically
uniaxial and whose optical axis is oriented perpendicular to the
interface, so that all preceding considerations concerning
the band shift are still valid. The only difference is that due
to the polar angle 0 being different from 0°, the calculated shift
for parallel polarization is now somewhat smaller and the
corresponding band appears at lower wavenumbers than the
extremum of the dielectric loss function. The correspondingly
calculated spectra are displayed in Fig. 3, where we set (&), =
g, and (g) = ¢, in eqn (1).

From the comparison, we see that the experimental data can
be well reproduced by the simulations. For the parameters
described above we obtain a change in absorbance occurring
in s-polarized light, which is a factor of about 1/12 weaker than
in the p-polarized cases. In this respect we want to emphasize
that the model used in this work is certainly a simplification,
since the real polarization state and the change of the electric
fields at the surface of a crystal to which a monolayer of a
diatomic molecule is bound can only be approximated by the
used macroscopic layer model. An extension to better describe
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this situation is the so-called d-parameter description, which
has also been discussed in detail for a C—O monolayer on
NaCl.?*> The d-parameter description is a linear expansion of the
reflection coefficient which is proportional to the cosine of the
angle of incidence.>” Due to the high incidence angle we use,
the effect of the correction term would be small, which is why
we neglected it. In any case, the correction has an effect mainly
on the intensity. The band position, and in particular the fact
that a small but distinct blue shift is predicted, is seemingly not
affected.

To summarize, the main differences between the CO bind-
ing on cerium(v) oxide and calcite are, aside from binding
strength represented in different CO stretch frequencies, the
somewhat smaller damping constant and a smaller dynamic
tilt angle. What seems to stay approximately constant is the
oscillator strength and ¢, ; ., which determine the blue shift of
the p-polarized absorbance.

In conclusion, our experimental polarization-resolved IRRAS
data recorded for CO adsorbed on two different dielectric
surfaces, ceria and calcite, provide direct evidence that the
CO vibrational band positions differ between spectra recorded
in s- and p-polarization. In the context of a theoretical analysis
using a layer model we propose that these findings are related
to the discontinuity of the E-field component oriented vertical
to the dielectric/vacuum interface, leading to a blue-shift when
using p-polarized light.
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