
Chapter 6
Phonons in Thin Oxide Films

Luca Vattuone, Letizia Savio and Mario Rocca

Abstract Thin oxide films have physical and chemical properties which may be
significantly different from those of the corresponding bulk materials. For their
complete characterization the information on the lattice dynamics which can be
retrieved by vibrational spectroscopy is mandatory. Here we show that the number
of observed phonon modes and their frequencies can indeed provide relevant
information about stoichiometry, structure and thickness of the film.

6.1 Introduction

In recent years an increasing number of studies has been devoted to the charac-
terization of the properties of thin oxide films. A film can be considered to be “thin”
as long as the size of its single crystalline domains in the plane of the surface
strongly exceeds its thickness. The term “ultrathin” is used, on the other hand, when
the latter goes from one to just a few atomic layers. In the opposite limit, when the
extension along all three dimensions is comparable, it is more appropriate to
consider the film as an agglomeration of nanoparticles. The interest in thin and
ultrathin films is motivated by the following considerations:

(a) A thin oxide film is usually grown epitaxially on an appropriate single or
poly-crystalline substrate, chosen so that the lattice mismatch with the cor-
responding bulk oxide is minimized. One could thus expect the thin film to be
very close to what one could ideally obtain by cutting a slab from the bulk
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solid. Reality is, however, often more complex. There is inevitably a few
percent difference between the lattice spacing of the most appropriate substrate
and the one of the bulk oxide. In the ultrathin limit the film is thus either
slightly compressed or slightly strained, i.e. different from the ideal bulk-like
slab depicted above. Such a difference may cause the film to show different
electronic and chemical properties with respect to those expected for a surface
layer obtained by cutting a bulk oxide [1]. Only after reaching thicknesses of
some tens of layers, the lattice spacing attains the bulk limit value releasing the
stress and reducing it to negligible values. In this limit we expect our film to
behave in the same way as the bulk solid, except possibly for just the very first
layers at the interface with the underlying substrate, and its surface to have
properties quite similar to those of the one obtained by cutting the bulk oxide.

(b) The electronic structure of the substrate may directly affect the one of the thin
film on top of it. For the most reactive cases, the deposition of the film can also
modify the substrate by causing its reconstruction. The film itself or the atoms,
the molecules and the clusters deposited on the surface can conversely behave
differently depending on the influence of the substrate, i.e. on film thickness
[2]. In some cases, charge transfer to particles supported on the oxide films
may occur. Such charging depends on the electronic properties of the substrate
and of the film and decreases with increasing film thickness. It has been shown
that charging can affect the equilibrium shape of the nanoparticle as well as its
chemical reactivity.

(c) Thin oxide films deposited on a conductive substrate still allow to use the
powerful electron based spectroscopic tools typical of surface science, like
X-ray photoelectron spectroscopy (XPS), Ultra violet Photoelectron
Spectroscopy (UPS), High Resolution Electron Energy Loss Spectroscopy
(HREELS) and Low Energy Electron Diffraction (LEED), just to mention the
most widely employed. Since a large set of information regarding stoi-
chiometry and oxidation state can be inferred only by such techniques, thin
films represent an appealing model system for the characterization of the
surfaces of insulating bulk oxides [3].

The aim of the present review is to show and discuss the vibrational spectra of
thin films, from which a large amount of information on structure, stoichiometry
and even morphology of the oxide layer can be inferred. To this purpose, we will
not provide a comprehensive review but we will rather focus our attention on a few
paradigmatic cases taken from the recent literature in the field. Since for an oxide
film the number of observable vibrational modes, and hence the complexity of the
spectra, is determined by its stoichiometry, we will firstly address simple oxides
with only two atoms/cell such as MnO, MgO and NiO. We will then consider more
complex materials such as TiO2 and SiO2 and move eventually to Al2O3 and Fe3O4.
Whenever possible, we will present data obtained for different thicknesses of the
films and try to correlate them with structural and stoichiometric information.

We will see that some modes have a microscopic character while other ones are
macroscopic in nature. The former, addressed as Wallis modes, depend on the local
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structure and force constants and can be predicted only using methods taking into
account the real atomic structure and the actual forces between the atoms in the
film. The latter, also called Fuchs-Kliewer (FK) modes [4], correspond to the
relative motion of macroscopic cationic and anionic sub-lattices with respect to
each other, and can be described in the frame of dielectric theory.

6.2 Power and Limits of Dielectric Theory

Dielectric theory enables one to predict the energy of vibrational modes for a bulk
solid as well as for a film of given thickness [5]. For a single crystal and for a thick
enough film, i.e. in the limit of bulk oxide surfaces, the energy of the FK mode
(ωFK) reads:

�hxFK ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0 þ 1
�1 þ 1

r
�hxTO ð6:1Þ

where ωTO is the frequency of the TO (i.e. zone centre transverse optical) phonon,
ɛ0 the static dielectric constant and �1 the high frequency limit of the dielectric
function.

For a film the energy of the FK mode depends on thickness. It is possible to
define [6] an effective dielectric constant, noðqk;x; dÞ for a two layer system of
thickness d in terms of the (frequency dependent) dielectric function of the oxide
layer ɛ(ω) and of the substrate nsðqk;xÞ, which can be written as:

noðqk;x; dÞ ¼ � cothðqkdÞ �
ð �
sinhðqkdÞÞ

2

� cothðqkdÞþ nsðqk;xÞ
ð6:2Þ

The dielectric function of the oxide layer is

�ðxÞ ¼ �1 þ ð�0 � �1Þx2
TO

x2
TO � x2 � icxxTO

ð6:3Þ

where γ is the appropriate damping constant, while the dielectric function of the
substrate can be written in a simplified Drude form (neglecting the dependence on
the wavevector)

nsðxÞ ¼
�x2

p

x2 þ icpxxp
ð6:4Þ

where ωp is the surface plasmon energy of the substrate and γp the damping factor.
Using dielectric theory it is possible to compute also the loss function. Peaks are
expected whenever ξ = −1 as shown in Fig. 6.1 [7, 8].
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As pointed out already in 1991 [8], dielectric theory becomes inadequate for thin
films since the contribution of microscopic phonons is then no longer negligible and
a microscopic theory becomes mandatory in order to reproduce the experimental
results. In this limit also the distinction between macroscopic modes (predicted by
dielectric theory) and microscopic ones may become fuzzy.

6.3 Brief Resume of Selection Rules for Vibrational
Spectroscopy

Before showing selected results for a few systems of increasing complexity it is
worth to briefly summarize the selection rules which are operative for HREELS and
Infra-Red Absorption Spectroscopy (IRAS) on a metal substrate. The reader is
referred to more specialized books [9] or reviews (see e.g. [10]) for a more com-
prehensive treatment [9].

According to quantum mechanics the vibrational transition probability is pro-
portional to the square of the transition dipole moment:

hli ¼
Z

W�
f ðQkÞlWiðQkÞdQk ð6:5Þ

where μ is the dipole moment operator of the molecule, WI and Ψf are the initial and
final vibrational wave functions for the given normal mode with wavevector k and
Qk is the corresponding normal mode coordinate [10]. By expressing the dipole
moment μ into its x, y and z coordinates we can easily conclude that at least one of
these components must be non-vanishing for this mode to be IR active. We could

Fig. 6.1 Left Calculated HREEL spectra for polycrystalline Al2O3 films grown on Al for different
thicknesses. Right Dependence of frequency on film thickness for the higher energy phonon.
Taken with permission from [7]. Copyright by APS
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otherwise state that only vibrational transitions with a change in the dipole moment

are IR active. The intensity Ik of band k will thus be proportional to dl
dQk

� �2
. Using

the general language of group theory it is necessary that the product Cf � Cl � Ci

of the representations of Wf , μ and Wi contains the totally symmetric representation.
For transitions from fundamental to first excited vibrational state (the most

common case), since the initial state belongs to the totally symmetric representation
[11], it is necessary that the final state belongs at least to the same representation of
one of the components of μ. In less formal words, only vibrational modes which
transform as one of the coordinates x, y or z can be excited by IR light.

If the substrate is a metal and if z is the coordinate normal to the surface, the
selection rule is more restrictive and only dipole moments which transform as z can
be active. This is the so-called metal selection rule which is usually shortly stated
saying that only vibrational modes with a component of the dynamical dipole
moment perpendicular to the metal surface will contribute to the IR absorbance.
This rule can be understood qualitatively since the electric field parallel to the metal
surface must vanish at least for frequencies lower than the plasma frequency of the
metal, i.e. whenever a dipole parallel to the surface can be screened by the image
dipole created by the conducting electrons in the metal.

In general, for any given space group it is possible to infer by inspection of the
character table which modes are totally symmetric and then to know the number of
expected IR active modes. Conversely, if the structure is not known or if there are
alternative possibilities, the number of observed modes at least restricts the possible
choices.

The situation is more complicated for HREELS. Under dipole scattering con-
ditions, i.e. when the excitation of the surface vibration is caused by the electric
field of the incoming electron, the same selection rules as for RAIRS apply. This is
the usual case when inspecting spectra recorded in-specular, i.e. when the angle of
incidence and of reflection of the electron beam are identical, so that the parallel
momentum transfer is small compared to that of the incoming electrons. However
for HREELS other scattering mechanisms are possible, namely impact and reso-
nance scattering: such mechanisms are not affected by the dipole selection rule and
allow to observe also vibrations which are not IR active. When these mechanisms
dominate, the intensity may change with scattering angle non-monotonically and be
significant for off-specular geometries. The use of impact and resonant scattering in
the study of thin oxide films is limited since detailed theoretical calculations are
needed to account for the angle and energy dependence of the scattering cross
section. For this reason we will not discuss them further in this review [12, 13].

Finally, vibrational information can be obtained also by Surface Enhanced
Raman Scattering, SERS. Similarly to RAIRS (and contrary to HREELS!) SERS
does not require UHV conditions and can thus be employed also at atmospheric
pressure and in reactive environments. At variance with RAIRS, the inelastic
scattering of light has an inherently low cross section which severely limits its
sensitivity except under special conditions associated to surface roughness. The
selection rules for SERS are quite different from the ones of RAIRS and dipolar
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HREELS: in order to be Raman active a vibrational transition must indeed cause a
change in the polarizability (rather than a change in the dipole moment as for
IRAS). Using the same formalism introduced above, for a transition from the
fundamental to the first excited state to be Raman active it is necessary that the
vibrational mode transforms as the product of two coordinates (e.g. xx, xy, xz, etc).
The operator in (6.5) is now the polarizability tensor, while it was the dipole
moment in the case of RAIRS. For this reason and with the only exception of
crystals without center of inversion, a Raman active mode is inactive in RAIRS and
viceversa [11].

Finally, we mention that the most common unit when dealing with IRAS and RS
is the cm−1, while for HREEL spectra are often expressed in meV. Since using a
uniform notation would require to modify some of the original data, we recall here
that the conversion factor between the two units is 1 meV = 8.065 cm−1. We will
report in the following the converted value in parenthesis next to the original value
every time we feel it is necessary for an easier comparison between different
experiments.

6.4 MeO Oxides Thin Films

6.4.1 MnO

Bulk MnO has a rock-salt structure with a lattice constant of 0.444 nm. MnO is an
insulator with band gap between 3.6 and 4.3 eV and with antiferromagnetic
behaviour below the Néel temperature of 118 K. Vibrational spectra for the bulk
material show a transverse optical phonon (TO) at the �C point having an energy of
265 cm−1 [14], which splits below 118 K due to the occurrence of magnetic
ordering [15].

MnO films have been grown on different substrates (see [6] and references
therein). In Fig. 6.2 we show the HREEL spectrum for MnO grown on Pt(111) by
deposition of Mn in O2 atmosphere at 375 K, parametric in film thickness (ex-
pressed in oxide monolayers, ML). Below the completion of the first ML, only one
peak at 367 cm−1 (46 meV) is present. It shifts to higher energy with increasing
thickness saturating at 382 cm−1 (47 meV). It is assigned to the Wallis mode, in
which the first layer O atoms vibrate against the Mn lattice along the surface
normal. The small change of the mode frequency with film thickness indicates its
local character. A second peak at an energy of 547 cm−1 (68 meV) shows up only
after completion of the first monolayer. Its intensity increases linearly with coverage
and does not seem to saturate. This loss has been identified with the FK mode, a
surface phonon polariton responsible for the dielectric response of MnO. The
negatively charged oxygen lattice and the positively charged Mn lattice vibrate
thereby with respect to each other in counter-phase. The FK mode frequency shows
a slight decrease with increasing thickness, as predicted by dielectric theory.
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It is remarkable that the frequency of the FK mode depends not only on the MnO
film thickness (i.e. number of layers, otherwise addressed as coverage) but also on
its morphology. This result is evident from inspection of Fig. 6.3 showing the
change in the HREEL spectra after annealing a 17 ML thick film of MnO/Pt(111).
Up to 850 K, no qualitative changes occur in the HREEL spectra except for the
decrease of the FK peak width, indicating a reordering of the film. On the contrary,

Fig. 6.2 Left HREEL spectra for MnO films on Pt(111). The inset shows the dependence of the
peak intensities on thickness. The dashed lines are guide for the eye. Right Dependence of the
frequency of the FK (black squares) and Wallis (red triangles) modes on the thickness of the oxide
layer. Taken with permission from [6]. Copyright by APS

Fig. 6.3 Left HREEL spectra recorded after annealing a 17 ML thick film of MnO grown on Pt
(111) at different temperatures. The inset shows the width of the FK peak while in the right part of
the picture a schematic of the restructuring of films is shown. Taken with permission from [6].
Copyright by APS
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annealing at higher temperature causes an increase in the width and a relatively
large redshift (from 547 to 521 cm−1, i.e. from 68 to 64 meV) of the FK mode,
indicating a substantial restructuring of the MnO layer.

We note that the Wallis mode is not visible in the spectra of films thicker than
10 ML (see Figs. 6.2 and 6.3). In such conditions the mode is still there but its loss
is embedded in the tail of the FK peak. It reappears only after annealing, when the
intensity of the FK loss has decreased significantly. This behaviour is indicative of a
restructuring of the surface (schematized in Fig. 6.3b). A large part of it is now
covered by one monolayer thick MnO islands and, since the total amount of MnO
cannot decrease, the remaining oxide must have reorganized in relatively thick
clusters of 40–50 ML height. The authors estimate that, under the investigated
experimental conditions, 2/3 of the surface is covered by monolayer MnO and 1/3
by thick clusters.

The oxidation of Mn can lead to the formation of oxides having a higher oxygen
content than MnO.We will present vibrational data relative to them in paragraph 1.6.

6.4.2 MgO

In the case of MgO/Ag(100) the correlation between the vibrational frequencies and
the morphology of the film is preserved and even amplified in the low coverage
limit [16, 17]. We present the growth of MgO films of different thicknesses at the
growth temperature Tg = 453 K in Fig. 6.4.

Fig. 6.4 Left HREEL spectra recorded after growing MgO films of different thicknesses on Ag
(100) at 453 K. Right Dependence of observed vibrational frequencies on film thickness and
comparison with the value predicted by theory for the FK mode. The open circles refer to the
theoretical values for FK calculated using a microscopic approach (see [16] for details) while the
crossed circles refer to the forecasts of dielectric continuum theory. Taken with permission from
[16]. Copyright by APS
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The spectra show a mode at 427 cm−1 (53 meV), which disappears upon the
completion of the first layer, a mode around 524 cm−1 (64 meV), present for all
films at the same frequency, and a mode around 670 cm−1 (83 meV), appearing
only after completion of the monolayer and increasing in intensity with film
thickness.

The low energy loss is assigned to a vibration at MgO sites at the edges of the
islands in contact with Ag, since it disappears above 1 ML. Indeed STM inspection
will show that, under the growth conditions applied in this experiment,
sub-monolayer films consist of single layer islands of MgO with a quite irregular
shape and thus a high density of borders. The loss at 524 cm−1 (64 meV) is
identified with the Wallis mode, which is indeed expected to be little affected by
thickness due to its microscopic nature. Finally, the mode at the highest frequency
is assigned to the FK mode. In the thickness range between 0.7 and 1.4 ML,
intensity is also present in the frequency range between 572 cm−1 (71 meV) and
605 cm−1 (75 meV).

Several growth procedures for monolayer MgO films on Ag(100) were tested,
monitoring the film morphology by low temperature STM. It was found that both
the usual growth parameters (Tg, oxygen pressure, Mg flux) and after growth
treatments are important in determining the film structure [17], as evidenced in
Fig. 6.5. When the film is grown at Tg = 450 K and the sample rapidly cooled down
below room temperature (fast cooling procedure, FC), single layer MgO islands of
irregular shape form (see line scans in Fig. 6.5e). If the growth temperature is
increased to 773 K and the sample is again cooled down rapidly after growth,
multilayer (mainly bilayer) islands with nice straight borders along the 〈001〉
direction are observed. Finally, if the film is grown at 773 K and subsequently
cooled down slowly (slow cooling protocol, SC), flat terraces limited in size only
by substrate steps are formed. This result can be explained by thermodynamic
arguments: the surface energy of MgO and Ag(100) are respectively 1.15 and
1.20 J/m2 so that entropy determines the favoured growth mode. At the lowest
temperature a layer by layer growth is expected and in the low coverage limit
islands of single layer thickness form to minimize the area of the uncovered Ag
surface. At Tg = 773 K, due to entropy, a multilayer island growth mode is pre-
ferred: when the sample is rapidly cooled down, the morphology which is ener-
getically favoured at this Tg is quenched and double or multilayer islands are
observed. On the contrary, if the system is slowly cooled down, thus allowing it to
attain its thermodynamically favoured morphology, nearly perfect single layer
terraces are obtained.

It is interesting to see how the morphological information provided by STM
correlates with the vibrational information obtained by HREELS (see Fig. 6.5f).
The Wallis mode is always present, as expected. The mode at 53 meV (427 cm−1) is
best visible for Tg = 450 K and FC. In accord to its assignment to an MgO localised
at the edges of the islands in contact with the substrate [16], it has a lower intensity
when the film grown at 450 K is slowly cooled down, thus allowing the islands to
attain a more regular shape and minimize the edge length. The mode at 75 meV
(605 cm−1), the intensity of which is largest for FC, i.e. when irregular edges are
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present, has been assigned to microscopic modes different from the Wallis one and
involving the motion of oxygen at the border of the islands. Indeed its width is
indicative for the presence of several different contributions in the range of fre-
quencies between 71 and 75 meV (572–605 cm−1), whose weight depends on the
details of the local environment.

More importantly, the FK mode, expected around 82 meV (661 cm−1), is not
observed here since it can only exist in areas covered by at least one layer. This
mode is, indeed, well evident for the only case in which bilayer islands formation
occurs, i.e. Tg = 773 K and FC.

Fig. 6.5 Top (a–c) STM images recorded for different growth temperatures (450 and 773 K) and
for different post growth treatments (FC fast cooling; SC slow cooling). Image size: 21 × 21 nm2,
I = 0.2 nA. We note that images are recorded at a bias voltage V ≥ 3.0 V, i.e. under topographical
conditions. They are thus fully representative of the MgO layer geometry. d Atomically resolved
image of clean Ag(100), used for calibration. High symmetry directions are marked by arrows.
Image size 2.4×2.4 nm2, V = 0.1 V, I = 0.2 nA. Bottom e Line scans along the directions marked in
panels a, b and c. f HREEL spectra recorded for the different growth conditions. Taken with
permission from [17]. Copyright by APS
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There remains to explain why for Tg = 773 K and SC, when STM inspection
shows only extended and nearly perfect single layer terraces, the FK mode persists,
although with a slightly red shifted frequency (81 meV, 653 cm−1). The reason is
that in these conditions the film is over-stoichiometric in oxygen, as demonstrated
by XPS [18]. The excess oxygen atoms accumulate at the interface and allow to
release the stress present at the interface, definitely favouring the formation of the
large single layer terraces observed by STM images. The 81 meV mode can thus be
assigned to the counter-phase vibration of the Mg sub-lattice against the O atoms of
the oxide film plus those of the incomplete interface oxygen layer, resulting in a
FK-like motion.

MgO is usually grown on Ag(100) or Mo(100) but growth on TiC(100) has been
tried, too [19]. For a two layer film, frequencies of 65 meV (524 cm−1) and 86 meV
(694 cm−1) have been observed for the Wallis and FK modes, respectively. The
Wallis mode has thus the same frequency observed for the other substrates, while
the frequency of the FK mode is slightly higher than for MgO double layers on Ag
(100). The better agreement with dielectric theory indicates a very good quality of
the film structure.

6.4.3 NiO

Similar experiments have been performed for NiO thin films grown on Pd((100) or
on Ni(111) [20, 21]. On Pd(100) the first layer consists thereby of a slightly
distorted NiO(100) sheet with Ni vacancies arranged in an ordered c(4 × 2) array
resulting in a Ni3O4 stoichiometry. Oxygen sits on-top of the Pd atoms, while Ni
occupies the FFH sites. In such conditions only a single loss at 46 meV is observed
in-specular with HREELS, see Fig. 6.6 bottom spectrum. When increasing the
coverage, a peak at 64 meV (shifting to 68 meV with film thickness) appears as
soon as the second layer forms, corresponding to the FK mode of NiO (to be
compared with 69.5 meV for the bulk crystal) [22]. The loss at 46 meV redshifts to
42 meV and becomes hardly visible. Another (weak) peak is present at 52 meV, the
origin of which is still unclear [20, 21]. The decrease in the FK frequency with film
thickness predicted by dielectric theory becomes evident only at higher coverage.

NiO has been grown also on Ni(111) [21]. In such case the FK mode appears at
510 cm−1 (63 meV) in the low thickness limit.

6.5 MeO2 and Me2O3 Thin Films

When considering oxides with more atoms per unit cell, the picture becomes more
complex since the number of normal modes increases. We will consider here two
examples: TiO2 and SiO2.
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6.5.1 TiO2 and Ti2O3

The interest for titania films has been boosted by the relevance of this material in
several applications because of its biocompatibility. Titanium oxide exists in dif-
ferent stoichiometries and structures:

(a) TiO, having NaCl structure and lattice constant of 0.423 nm;
(b) TiO2, which can have three different structures:

1. brookite: orthorombic with lattice constants of 0.916 and 0.513 nm;
2. rutile: tetragonal with lattice constants of 0.459 and 0.296 nm;
3. anatase: tetragonal as well, but with lattice constants of 0.378 and

0.952 nm.

(c) Ti2O3, which has corundum structure with lattice constant 0.515 nm.

Fig. 6.6 HREEL spectra of
Ni oxide grown on Pd(100)
versus thickness. Taken with
permission from [20].
Copyright by Elsevier
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The right panel of Fig. 6.7 shows HREEL spectra recorded during the oxidation
of a Pt3Ti(111) surface [23]. Four different phases are observed (see also phase
diagram in Fig. 6.7 left panel): the ð6� 3

ffiffiffi
3

p Þ phase (also addressed as z0 because of
its zig zag shape) and the (7 × 7)R21.8° phase (indicated as w0, where w stands for
wagon wheel), obtained upon oxidation at 1000 K, are the most stable ones; the two
incommensurate rectangular phases obtained at lower temperature and higher
oxygen doses are, on the contrary, metastable.

Notably the commensurate z0 and w0 phases exhibit a similar phonon spectrum
characterised by a single prominent loss at 525 cm−1 (65 meV). The presence of one
single loss is indicative that both of them have a TiO stoichiometry. A single loss
with close values of vibrational frequency is indeed observed for MnO (572 cm−1,
71 meV [24]), NiO (569 cm−1, 71 meV [25]) and CoO (560 cm−1, 69 meV, [26]).

The incommensurate phases exhibit more complex spectra with losses at
510 cm−1 (63 meV), 595 cm−1 (74 meV), 764 cm−1 (95 meV) and 1066 cm−1

(132 meV) (rectangular phase) and at 595 cm−1 (74 meV), 713 cm−1 (88 meV) and
818 cm−1 (101 meV) (rotated rectangular phase), respectively. The vibrational
spectrum rules out a TiO stoichiometry for these phases. The observed frequencies,
however, cannot be assigned (or assimilated) to any of the existing bulk structures,
since they are different from those reported for bulk Ti2O3 (379 cm−1 and 709 cm−1

(47 and 88 meV), [27]) and for both phases of TiO2 (rutile: 365, 445 and 755 cm−1

(45, 55 and 93 meV), respectively [28]; anatase: 355 and 790 cm−1 (44 and
98 meV), respectively [29]). This result supports the widely accepted idea that new
phases having no direct bulk equivalent do form at surfaces and that vibrational
spectroscopy provides a nearly unique tool to identify such novel oxides with
potentially unexpected and useful properties.

Fig. 6.7 Left Experimental phase diagram of the system O2/Pt3Ti(111). Note that the abscissa is
not linear. Right HREEL spectra recorded for different oxygen exposures: a 5 L O2 at 1000 K,
b 55 L O2 at 1000 K, c 200 L O2 at 1000 K, d 900 L O2 at 900 K and e 4500 L O2 at 800 K. The
spectra a and b correspond to the ð6� 3

ffiffiffi
3

p Þ phase, spectrum c to the (7 × 7)R21.8° layer, spectra
d and e to the incommensurate rectangular and rotated rectangular structures, respectively. Taken
with permission from [23]. DOI: http://dx.doi.org/10.1088/0953-8984/25/4/045013 © IOP
Publishing. Reproduced with permission. All rights reserved
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Titanium oxide films can also be grown on Mo(110) [27]. Films with different
stoichiometry are obtained depending on the growth protocol. TiO2 is obtained by
evaporation of Ti under O2 pressure (2.6 × 10−7 mbar) while keeping the substrate
at 600–700 K and subsequent annealing to 800 K first in oxygen atmosphere and
then in vacuum (protocol I). If, alternatively, some Ti (less than 1 ML) is deposited
on the substrate in vacuum, continuing thereafter to grow the film following pro-
tocol I, an oxide layer with Ti2O3 stoichiometry forms (protocol II). The assign-
ments of the structures was based on LEED, XPS and Auger Electron
Spectroscopy, but valuable information is also provided by vibrational spec-
troscopy. Figure 6.8 shows HREEL spectra for films obtained with protocols I and
II. Using protocol I, the HREEL spectrum is dominated by phonons at 54 and
95 meV and by their overtones. Such values are close to those measured [28] for
rutile, which are reported for comparison. For protocol II the spectrum is dominated
by losses at 47 and 88 meV and by one of their overtones. Such values are different
both from those of films grown with protocol I and from those of bulk rutile [28]
and anatase [29] samples; they are, however, similar to the peaks found for an
ordered V2O3 film having corundum structure (see [27], main loss at 78 meV at
100 K and at 82 meV at 300 K). The frequencies obtained for Ti2O3 are thereby
lower than for V2O3 because of the lower mass of Ti.

6.5.2 SiO2

SiO2 has also been widely investigated because of its technological importance.
Single crystal SiO2 films have been grown succesfully on Mo(112) [30–32].
Vibrational spectra, recorded both by HREELS and IRAS, show a main peak at
1048 cm−1 (130 meV), for which controversial assignments have been given. Chen

Fig. 6.8 HREEL spectra of titanium oxide films grown on Mo(110). Left panel Growth procedure
with protocol I (30 ML thickness, recorded at RT, upper trace). The spectrum is compared to the
one of a TiO2(110) single crystal recorded at the same primary beam energy of 4.7 eV (lower
trace). Right panel Film grown with protocol II (40 ML thickness, annealed to 1100 K, recorded at
100 K with primary energy of 5 eV). Taken with permission from [27]. Copyright by Elsevier
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et al. [30] attributed it to the Si-O-Mo stretching vibration and, due to the absence of
the Si–O–Si peak expected at 1176 cm−1 (146 meV), they concluded that the film
consisted mainly of SiO4 clusters. Kaya et al. [32] used the dipole selection rules to
demonstrate that, for a 2D network of SiO2, the Si–O–Si stretching vibration is not
dipole active and thus cannot be detected by IRAS. Therefore, the absence of such
mode in IRAS does not imply automatically the absence of Si–O–Si bonds. By
using the same selection rules they could conclude that a 2D network can account
for all the observed modes: indeed there are only three vibrations observable under
dipole scattering conditions, namely the in-phase Si–O–Mo asymmetric mode
(1061 cm−1, 132 meV), and the out of phase and in phase couplings of symmetric
Si–O–Si stretching modes (at 779 and 672 cm−1, 97 and 83 meV respectively) as
shown in Fig. 6.9. This result stems from the elegant application of the concepts of
group theory described above.

Joining the vibrational information with STM and photoemission data, Kaya
et al. further concluded that ultrathin silica film on Mo(112) consists of a two
dimensional network of SiO4 tetrahedra sharing the corner with one oxygen atom
bonded with the substrate. For oxygen rich films a further oxygen moiety bonded
directly to the substrate may be also present (see Fig. 6.10).

Fig. 6.9 Left Schematics of the eigenvectors of the three IR active modes of SiO2/Mo discussed in
the text (frequency in cm−1). Right Table showing the symmetry properties of each mode with
respect to the elements of the cmm group. Only totally symmetric vibrations (having thus “1” for
all the columns of the same row) are IR active. Taken with permission from [32]. Copyright by
Elsevier
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The evolution of the vibrational spectra during growth and the subsequent
annealing are shown in Fig. 6.11 [33]. We note that the modes expected according
to the previous analysis definitely show up only after annealing the film (spectrum
8), i.e. when an ordered film has formed. The spectra recorded during growth are
more complex. The mode at 675 cm−1 (84 meV) has been assigned to a Mo–O
vibration involving oxygen atoms at the metal-oxide interface. The small band
around 850 cm−1 (105 meV) corresponds to the symmetric Si–O stretch, while the
asymmetric stretch modes in the region between 950 and 1250 cm−1 (i.e. between
118 and 155 meV) are intense and dominate the spectrum. The sharp peak at
987 cm−1 (122 meV) is assigned to the bending of Si–OH groups, as testified by the
presence of the OH stretch mode at 3748 cm−1 (465 meV) (lower panel). The mode
at 1022 cm−1 is assigned to a pseudomorphic SiO2 layer at the interface. During
growth the intensity of the high frequency shoulder at 1190 cm−1 increases and
blue-shifts to 1218 cm−1 (151 meV). This effect was attributed to a decreased
coupling of the film with the substrate due to the increased thickness. Another not
identified shoulder shows up at 1155 cm−1 (143 meV). The richness of asymmetric

Fig. 6.10 Schematic of the 2D network model for the monolayer silica film grown on Mo(112).
a O poor film and b O rich film. The additional O atoms (in blue) end up at the interface. Taken
with permission from [32]. Copyright by Elsevier
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Si–O modes is strongly indicative of the presence of different sites and thus of an
increased corrugation of the film.

Upon annealing, the bands at 1155 cm−1 and at 1218 cm−1 disappear (see right
panel, spectrum 8), leaving only an intense feature at 1048 cm−1 (130 meV) and
small features in the low frequency region of the spectrum. Inspection of vibration
spectra provides important hints about the growth mode, which are confirmed by
LEED and Spot Profile Analysis-LEED investigations in the same multi-technique
study [33].

The potential of vibrational spectroscopy is nicely demonstrated in Fig. 6.12
where the vibrational spectrum recorded for the 2D silica film is compared to the
one of 1D stripes [34]. The mode at 1059 cm−1 (131 meV) is slightly red-shifted for
the latter system, in agreement with the theoretical prediction (see bars in the
highest part of Fig. 6.12). More important for the present context, the mode at
770 cm−1 (95 meV) blue-shifts to 875 cm−1 (108 meV) while the mode at 675 cm−1

(84 meV) remains almost unaffected. This result can be explained by the fact that in
1D stripes the Si–O–Si mode at 875 cm−1 is essentially a symmetric stretch
vibration and has thus a higher frequency than the mode observed at 770 cm−1 for
the 2D film, in which bending of the Si–O bond occurs. On the contrary, the Mo–O
stretch vibration at 675 cm−1 does not change appreciably when changing the
dimensionality of the layer.

Fig. 6.11 Left IRA spectra recorded during growth of a silica film (1–4) and during annealing (5–
8). The bottom spectra correspond to the frequency range of OH vibrations which indicate some
OH contamination before annealing. Right Schematic of the suggested evolution of the layer
during deposition and annealing. Taken with permission from [33]. Copyright by APS
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6.5.3 Al2O3

Together with titanium oxide, Al2O3 (alumina) is one of the most widely studied
oxides because of its use as a support in catalysis. As already noted by Frank et al.
[35], by monitoring frequency and intensity of the transverse optical (TO) and
longitudinal optical (LO) phonons with IRAS it is possible to gather information on
thickness and stoichiometry of such films. The ultimate reason for this is the
so-called ‘Berreman effect’: in bulk dielectrics infrared adsorption occurs only at
the frequencies corresponding to the TO phonon modes because of the transverse
nature of electromagnetic waves. For films, on the contrary, also features close to
the LO phonon modes are excited, provided that spectra are recorded using p po-
larized light at an oblique angle of incidence [36], thanks to the coupling to the
component of the electric field normal to the surface.

For a dielectric slab on a metallic substrate it is therefore expected to observe
IRAS features close to the LO frequencies of the related bulk solid. Transverse
modes cannot be excited for a very thin film on a metal substrate since at a metal
surface the electric field in the direction parallel to the interface vanishes. When
measuring a vibrational spectrum by HREELS under dipole scattering conditions
we expect to observe the same modes as in IRAS.

Al2O3 films can be grown on NiAl surfaces as shown first by Franchy [37]. The
main information about FK modes and film structure are reported in Table 6.1.
Depending on the phase formed, three to four FK modes are present.

Fig. 6.12 a IRA spectra comparing 1D and 2D silica films. 1D stripes are obtained at
submonolayer Si coverage [32]. When the silica stripes coalesce, particularly at increasing Si
coverage, islands exhibiting a honeycomb-like structure are formed [34]. b STM image showing
both stripes and island of silica film with atomic resolution (12.5 × 10.5 nm2, −0.4 V, 0.4 nA).
Taken with permission from [34]. Copyright by Elsevier
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In Fig. 6.13 IRA and HREEL spectra are compared for an alumina film grown
on NiAl(110) [35]. A main feature at 860–870 cm−1 (107−108 meV) is observed in
IRAS together with lower intensity features at 622 cm−1 (77 meV) and 660 cm−1

(82 meV). The HREEL spectrum is richer. Another intense mode is present at
419 cm−1 (52 meV), while additional fainter losses corresponding to microscopic
modes are apparent, too. Such modes, not predicted by macroscopic dielectric
theory, are expected to become more and more important with decreasing film
thickness. Their assignment is, however, still controversial [38, 39].

In general, different phases can be obtained by oxidising a given substrate using
different protocols. Vibrational spectroscopy can be used to distinguish among them.
As summarized in Table 6.1, the γ phase is evidenced by the presence of three losses.
It forms on NiAl(110) (frequencies at 410, 620 and 850 cm−1 (51, 77, 105 meV,

Table 6.1 Vibrational frequencies of Fuchs-Kliewer modes and structure for alumina films on
different NiAl surfaces. Data taken from [37].

Oxide and substrate Fuchs Kliewer modes cm−1 Structure

Al2O3/NiAl(100) 420, 603, 718, 896 θ-Al2O3

Al2O3/NiAl(110) 410, 620, 850 γ-Al2O3

Al2O3/NiAl(111) 427, 637, 887 γ-Al2O3 for T < 1000 K

α-Al2O3 for T > 1100 K

Fig. 6.13 IRA and HREEL spectra recorded at 90 K for alumina films grown on NiAl(110).
Taken with permission from [35]. Copyright by Elsevier
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respectively)) and on on NiAl(111) below 1000 K [frequencies at 427, 637 and
887 cm−1 (53, 79, 110 meV, respectively)]. The θ phase is, on the contrary, char-
acterised by four losses. It forms on NiAl(100) where peaks at 420, 603, 718 and
896 cm−1 (52, 75, 89 and 111meV, respectively) are observed. Annealing the γ phase
grown on NiAl(111) above 1100 K the α-phase is obtained, characterised by losses at
78 and 113 meV [40]. Such phase forms also by oxidising NiAl(100) at 1400 K [41].
Losses at 638 and 913 cm−1 (79 and 113 meV, respectively) are then observed.

6.5.4 V2O3

Moving to vanadia,V2O3 thin films have been grown both on Rh(111) [42] and on
TiO2(110) (1 × 1) and (1 × 2) surfaces [43, 44]. Surface terminations for the (0001)
surface of V2O3 with corundum structure have also been investigated by DFT [45],
finding that three ideal bulk terminations are possible for the (0001) surface:
(a) oxygen termination by an O3 layer, (b) vanadium termination by a V2 bilayer
and (c) vanadium termination by a single V layer. According to DFT, termination
(a) is favoured under oxygen rich conditions, termination (b) is highly unstable and
(c) can occur only under highly reducing conditions. The thermodynamically stable

Fig. 6.14 Left Schematics showing the ideal V2O3 termination (a) and the energetically most
stable termination (b) obtained by moving a vanadium atom from the second V2 layer (S − 1) to
the surface V2 layer. Right Surface energy per primitive surface cell versus chemical potential μ0 of
oxygen for the (0001) surface of rhombohedral V2O3. Thin lines correspond to calculations for the
primitive unit surface cell, thick shorter lines correspond to reconstructed cells with a periodicity
of (

ffiffiffi
3

p � ffiffiffi
3

p ÞR30�. The thick lines between V2O3V and V2O3VO indicate mixed
V2O3Vx(VO)1-x1 phases. The stability range of the bulk oxides are indicated at the bottom of
the graph. Taken with permission from [45]. Copyright by Elsevier
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O3 termination is, however, not simply a continuation of the bulk corundum
structure and a complex relaxation resulting into a—V2O3–V–O3V3O3 stacking
sequence occurs at the surface (see Fig. 6.14).

Over a wide range of oxygen chemical potentials the most favoured structure is,
however, a surface terminated with vanadyl V=O groups. Such termination consists
of a (1 × 1) unit cell with respect to the bulk structure with a further oxygen atom
bonded to the outermost vanadia atom. Experiments confirm this theoretical pre-
diction [42]. Figure 6.15 shows vibrational spectra of different vanadia films
deposited on Rh(111). Spectrum (a) is recorded for a film exhibiting the (1 × 1)
structure: it is characterised by features at 47, 78, and 129 meV, a weak shoulder at
92 meV and a weak structure at 156 meV. The losses at energies lower than
100 meV are associated to the phonons of V2O3. Theory predicts modes of relevant
intensity under dipole scattering conditions at 46.2 and 63.3 meV (motion
orthogonal to the hexagonal planes), a mode at 82 meV (originating from three
oxygen atoms below the V=O group, vibrating nearly normally to the surface) and a
mode at 135 meV (due to the vanadyl stretching mode, as suggested also by its high
energy). The presence of the 129 meV vibration, close to the value predicted for the
vanadyl stretch, provides a strong evidence for the presence of V=O groups. The
spectrum is analogous to the one observed for a 5 ML thick film of vanadium oxide
grown on Pd(111) [46].

Exposing the vanadyl terminated (1 × 1) surface to oxygen (5 × 106 mbar) at
500 °C leads to the formation of a well ordered ð ffiffiffi

3
p � ffiffiffi

3
p ÞR30� surface (see model

Fig. 6.15 Left HREEL spectra of the: a V2O3 (0001)(1 × 1) and b ð ffiffiffi
3

p � ffiffiffi
3

p ÞR30� surfaces
recorded at 300 K. Center Model of the (1 × 1) surface: dark spheres indicate vanadium atoms
while bright ones represent oxygen atoms. Right Model of the ð ffiffiffi

3
p � ffiffiffi

3
p ÞR30� structure with unit

cells containing one (dashed) or two (solid) missing vanadyl groups. Taken with permission from
[42]. DOI: 10.1088/0953-8984/17/26/004 © IOP Publishing. Reproduced with permission. All
rights reserved
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in the right part of Fig. 6.15). Due to the removal of V=O groups the surface layer is
now oxygen richer. The corresponding vibrational spectrum is not very different
from the one proper of the (1 × 1) structure, except for the overall lower intensity
and for an additional loss at 110 meV which is not assigned. The similarity is
explained by the close values of the vibrational modes of the O3 terminated surface
and to the residual presence of V=O groups [45].

Vanadium oxide films were grown also on TiO2 [44]. In this case the vibrational
spectra are complicated by the presence of the phonon modes of titania. The data
analysis is therefore based on difference spectra, which confirm the assignments
given above (see Fig. 6.16). The major difference is the observation of a peak at
111 meV rather than at 129 meV. The smaller frequency indicates the formation of
a reactive oxygen species (VOr bond rather than V=O), which is present on VOx

strands as well as on nanoislands.

Fig. 6.16 VOx (0.35.0 ML)/TiO2(110) thin films. a HREELS data (recorded in specular) and
b HREELS difference spectra calculated by subtracting the clean TiO2(110) spectrum. Taken with
permission from [44]. Copyright by ACS
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6.5.5 Ga2O3

In Fig. 6.17 we show HREEL spectra recorded for a 15 Å thick film of Gallium
oxide (β-Ga2O3) grown on CoGa(100) (an intermetallic alloy, similar to NiAl) [47].
Losses at 220 cm−1 (27 meV) (extremely faint), 305 cm−1 (38 meV, ν1), 455 cm−1

(56 meV, ν2), 645 cm−1 (80 meV, ν3) and 785 cm−1 (97 meV, ν4) are observed
together with the corresponding gain peaks and losses due to multiple excitation.
Such losses correspond to the FK modes and are in good agreement with the values
estimated theoretically on the base of dielectric theory.

The parameters used in this calculation are close to those of bulk Ga2O3 with the
only exception of ωTO,3 (620 cm−1 (77 meV) in the model used in [47] to be
compared with 450 cm−1 (56 meV) for the bulk oxide). The discrepancy may be
due do the low thickness of the film, in which the top and bottom layers are slightly
distorted with respect to their bulk counterpart.

6.5.6 CeO2

Vibrational spectroscopy has also been used to assess the stoichiometry of cerium
and chromium oxide films. Three cerium oxide bulk structures of defined stoi-
chiometry are known: CeO2, hexagonal h-Ce2O3 and cubic c-Ce2O3 [48].

CeO2, which is the most common phase also known as ceria, crystallizes in a
fluorite type structure with a lattice constant of 5.41 Å. The left panel of Fig. 6.18
shows the HREEL spectrum recorded after oxidising at 1000 K a PtxCe-Pt(111)

Fig. 6.17 HREEL spectra of β-Ga2O3 grown on CoGa(100). Taken with permission from [47].
Copyright by AIP
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surface alloy, obtained evaporating Ce on a Pt(111) single crystal. Films of
thickness between 1 and 5 layers were obtained. Two modes are evident: at
400 cm−1 (50 meV) and 575 cm−1 (72 meV). The former loss is due to an interface
phonon while the latter is a phonon of the overlayer. This assignment is supported
by the fact that the intensity of the high frequency mode increases with increasing
thickness.

The comparison with vibrational data recorded for Cr2O3 grown on Cr(110) [49]
(right panel of the same figure) allows to exclude the formation of h-Ce2O3 : in this
case similar spectra should be obtained, contrary to experimental evidence.The film
has thus a fluorite type CeO2(111) structure.

6.5.7 Cr2O3

For Cr2O3 the main modes are observed at 417 cm−1 (51.7 meV), 634 cm−1

(78.6 meV) and 714 cm−1 (88.5 meV) and correspond to three of the six expected
dipole active modes [50] of the bulk oxide surface. They are thus identified with FK
modes. The shoulder of the peak at 88.5 meV was tentatively ascribed to a further
FK mode. The mode at 21.4 meV was assigned to a vertical in-phase vibration of
the outermost O layer and the two Cr layers below while the higher frequency
modes are due to combination losses.

Fig. 6.18 Left HREEL spectra recorded for a ceria film (see text for details). Right HREEL spectra
recorded for a Cr2O3 film of thckness ≈40 Å grown on Cr(110). Taken with permission from [48,
49]. Copyright by Elsevier
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6.6 Me3O4 and More Complex Oxides

6.6.1 Fe3O4

Fe3O4 films grown on alumina have been investigated by Raman Spectroscopy
[51]. Iron oxides exist in different stoichiometry and structures: magnetite, hematite
(α-Fe2O3), maghemite (γ-Fe2O3) and würstite (Fe1−xO). Distinguishing among
them is not straightforward: e.g. magnetite and maghemite have a similar crystal
structure and close lattice constants.

Although the selection rules for RS and IR spectroscopy are quite different,
vibrational information obtained from RS can also be used to distinguish between
such crystallographic phases. By using group theory, it is indeed possible to predict

Fig. 6.19 Left Raman shift for Fe3O4 film grown on α-Al2O3. Taken with permission from [51].
Copyright by Elsevier. Right Raman image (a) and Raman shift (b) distinguishing bright areas
(blue line, hematite) from dark ones (red line, magnetite). Taken with permission from [52].
Copyright by Elsevier
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the number and symmetry of Raman active modes while the comparison with liter-
ature provides the frequency of the modes observed for magnetite and hematite [52].

Figure 6.19 shows the evolution of Raman spectra obtained growing the Fe3O4

film on the same substrate at different temperatures. In the film grown at 100 °C the
vibrational features of both magnetite and hematite are present while at higher
temperatures (300 and 500 °C) the intensities of the modes due to hematite decrease
in favour of those due to magnetite. Only at 700 °C the features associated to
hematite appear again.

At the lowest temperature adatom migration is slow and then crystals of poor
quality are obtained. Increasing the temperature the quality improves. The negative
effect of a further increase in the substrate temperature was explained as due to
re-evaporation of the adatoms of the substrate.

6.6.2 Mn3O4

Mn3O4 thin films have been grown on Rh(111) [53]. Mn is thereby first evaporated
on the Rh(111) substrate at RT and then oxidised at different temperatures. The
corresponding HREEL spectra, shown in Fig. 6.20, should be compared with those
of MnO reported in Figs. 6.2 and 6.3. Independently of the thickness of the film,
peaks at ≈47 and 80 meV (379 and 645 cm−1, respectively) appear already at the
lowest temperature and slightly upshift in energy with increasing oxidation tem-
perature. Such peaks are indicative of a trilayer O–Mn–O structure. For thicknesses
of 2 and 3 ML, new loss peaks show up at 13, 39, 68 and 83 meV (105, 315, 548
and 669 cm−1, respectively), such peaks being better resolved when oxidising Mn at
700 K or at 800 K. Since these peaks are indicative of a Mn3O4 structure, we can
conclude that the latter forms only for films thicker than 1 ML.

Fig. 6.20 HREEL spectra recorded for manganese oxide films of different thicknesses (0.75, 1, 2
and 3 ML) obtained by oxidising at the indicated temperature a Mn film deposited at RT. Taken
with permission from [53]. Copyright by Elsevier
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6.6.3 Niobium Oxide

As an example of more complex oxides, we show in Fig. 6.21 the HREEL spectra
recorded for films of niobia with different stoichiometry, obtained by depositing Nb
on Pt(111) and oxidising it [54]. Niobia may indeed grow in at least three possible
stoichiometries: NbO, NbO2 and Nb2O5.

NbOx is obtained after an exposure of 500 L oxygen per 0.1 monolayer of Nb.
Nb2O5 forms for an exposure of 1200 L O2 at the same Nb coverage. The spectra
for these films exhibit similar frequencies suggesting the presence of a common
building block. The comparison of HREELS data for the film with data for the bulk
crystal surface lead Xie et al. to conclude that the crystal structure(s) of the film do
not correlate with the structures of bulk terminated oxides of niobium. The peak at
928 cm−1 (115 meV) was assigned to terminal Nb=O surface sites of highly dis-
torted NbO6 octahedra.

After Ar bombardment the film is characterized by the appearance of a new loss
feature at 536 cm−1 (66 meV), which indicates the presence of a still different
phase, explained by the formation of oxygen vacancies with the reduced niobium
atoms.

6.6.4 Ternary Oxides

Little work is present in literature on thin films of ternary oxides. Tungstates
(MeWO4) have been recently studied because of their high potential in optics,
optoeletronics and photochemistry. Denk et al. [55] succeeded recently to grow

Fig. 6.21 HREEL spectra
recorded for a a NbO thin film
(3 ML), b a Nb205 thin film
(3 ML) and c after
bombarding Nb205 film with
Ar ions to remove one layer.
Taken with permission from
[54]. Copyright by Elsevier
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films of such compound with atomic control by depositing (WO3)3 clusters on Cu
(110) − (2 × 1)O at cryogenic crystal temperatures. A morphologically flat and well
ordered W oxide overlayer is then obtained upon annealing a full monolayer of
such molecules at 600 K. As shown in Fig. 6.22 HREELS losses are apparent at
≈860 and 960 cm−1. In bulk WO3 the W–O–W groups cause bands at 711 and
806 cm−1 (88 and 100 meV, respectively) while a band at 987 cm−1, (122 meV) is
indicative of the presence of W=O (tungstyls). DFT calculations indicate, however,
that for the oxide film the highest observed frequency may correspond to the W–O
stretching of WO4 tetrahedra (found theoretically at 935 cm−1, 116 meV) rather
than to tungstyl. The eigenvectors of this vibration are reported in Fig. 6.22b.

Fig. 6.22 a HREEL spectrum of the 2-D CuWO4 system (Cu–W–O, in red), compared to the
Cu - (2 × 1)O bare substrate (in blue) and to a thick film of (WO3)3 clusters (in green). b Top and
side views of the high-frequency vibrational mode at 935 cm−1 as predicted by DFT. The green
arrows indicate the direction of atomic displacements. Taken with permission from [55].
Copyright by ACS
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Ultrathin films of BaTiO3(001) were recently grown on Pt(001) by the group of
Widdra [56, 57], who also performed HREELS investigations which are, however,
still unpublished.

6.7 Conclusions

We have presented selected examples showing how vibrational spectroscopy has
been used to determine the nature (stoichiometry and symmetry) and in some cases
even the morphology of thin oxide films. The assignment of the observed vibra-
tional signatures is non trivial and is ultimately based on symmetry arguments and
on the selection rules operative for the probe particles (electrons or photons), for the
particular substrate (metallic or not) and for the given scattering geometry.

While for thick enough thin films the predictions of macroscopic dielectric
theory are generally confirmed by experiments, in the ultrathin limit microscopic
modes are also observed and for their assignment a theory is usually required.

Once the more general properties of the film have been established, comparison
of the frequencies and of the intensities of the modes for different growth conditions
can provide information about the morphology of the film and about the different
phases which may form. Vibrational analysis can highlight, moreover, the growth
mode (layer by layer vs. 3D), thus complementing the information provided by
microscopy.
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