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We report the characterization by Raman spectroscopy of rutile nanocrystals embedded in cluster-assembled
TiO2 films produced by supersonic cluster beam deposition. Thermal annealing of the as-deposited films
promotes the growth of rutile and anatase nanoparticles with a dimension distribution peaked around 10 nm.
We show that a phonon confinement model is not adequate to explain the features of the lattice dynamics of
rutile nanocrystals. The coexistence of the two crystalline phases allows us to identify the role of chemical and
structural inhomogeneities in the film potentially affecting the Raman spectra. Our results suggest that the
lattice dynamics of rutile nanocrystals is influenced by the dielectric constant of the cluster-assembled films.
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I. INTRODUCTION

Transition metal oxide nanocrystals hold great potential
for a variety of functional and structural applications includ-
ing chemical sensing,1,2 catalysis,3,4 and nanomedicine;5 this
has stimulated a considerable experimental and theoretical
effort in order to understand how the dimensions, crystalline
phase, and stoichiometry of nanoparticles affect their
physico-chemical properties. Size effects in ionic nanocrys-
tals are intimately related to a departure from bulk lattice
parameters �lattice expansion or contraction� and to a modi-
fication of lattice dynamics.6–8 These features have been re-
lated to the presence of chemical complexes at the surface7,9

and/or a variation of the ionicity of the bonding,6,7 however,
a fundamental understanding is still lacking.

The lattice dynamics modifications in oxide nanoparticles
can be explained by considering that translational invariance
is significantly broken when the crystal extension is in the
1–100 nm range and a description of atomic vibrations in
such a domain in terms of phonons with a well-defined wave
vector is no longer valid. This is the basis of the so-called
phonon confinement model �PCM� developed to describe the
intensity of the first-order Raman scattering from semicon-
ductor nanocrystals.10,11 In PCM, a phenomenological con-
finement function is used to fit the Raman spectrum of an
assembly of nanoparticles with a known size distribution.
The interpretation of the size dependence of Raman spectra
is thus of both fundamental and practical interest for the
understanding of lattice dynamics in oxide nanoparticles and
as a method for rapid characterization of size distribution in
polydisperse assemblies of nanoparticles.12,13

Among ionic systems, nanostructured titanium dioxide
�ns-TiO2� is one of the most studied: a conspicuous amount
of data are reported in literature showing that the optical,
electronic, and vibrational properties become size dependent
for TiO2 particles smaller than few tens of nanometers.13–15

Titanium dioxide exists in nature in three major crystalline

structures: rutile, anatase, and brookite,16–18 only rutile and
anatase have properties of interest for applications so that
they have been extensively characterized.16–18 Rutile is ther-
modynamically stable and it can be obtained by thermal an-
nealing of amorphous titania which transforms into anatase
at moderate temperatures; in the bulk the transition to rutile
takes place around 800–1000 °C.

Nanostructured TiO2 can be produced by sol-gel, hydroly-
sis, chemical, and physical vapor deposition.8,13,16–20 In order
to study the factors influencing different properties, phase
stabilities, and size-dependent structural phase transitions it
is necessary to produce samples characterized by a single
crystalline phase and a well-defined stoichiometry and sur-
face chemistry. This represents a major challenge for many
of the synthetic methods reported above since the coexist-
ence of different phases, the presence of defects and/or ad-
sorbates is practically unavoidable, making the comparison
between results obtained on systems nominally similar, but
produced with different synthetic methods, highly
questionable.8,19

Anatase ns-TiO2 has been extensively characterized by
Raman scattering: the modification of the Raman spectral
features due to size effects have been variously interpreted
as originating from phonon confinement7,14 or
nonstoichiometry.20,21 The majority of the published studies
refer to phonon confinement as the main mechanism respon-
sible for the observed size-dependent Raman features,7 how-
ever, recently limitations of PCM have been pointed out.19

Quite surprisingly, no systematic characterization of the
lattice dynamics of rutile nanocrystals is available so far,
despite the fact that this tetragonal form of TiO2 has dielec-
tric, optical, and elastic properties of considerable interest.22

Pressure and temperature dependence of the static dielectric
constants and Raman spectra of bulk rutile are available in
literature,22 and for the nanocrystalline counterpart the evi-
dence of linear lattice expansion has been recently reported.6

The lack of systematic Raman characterization of size ef-
fects in rutile nanocrystals is probably due to the difficulty of
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producing rutile nanoparticles with a controlled stoichiom-
etry, mass distribution and without contaminations.8 Parker
and Siegel have characterized by Raman spectroscopy nano-
structured titania films produced by gas-phase aggregation
methods in understoichiometric conditions where anatase
and rutile phases coexist.20 Modifications of the Raman spec-
tra of rutile and anatase have been attributed to nonstoichi-
ometry of the samples.

Recently we have demonstrated that it is possible to pro-
duce nanocrystalline TiO2 thin films with independently con-
trolled crystal size and anatase/rutile ratio.23 Here we present
a Raman characterization of the rutile component of the
nanocrystalline film showing the failure of the PCM to ex-
plain the observed modifications in the spectra due to the
reduced dimensions of the rutile crystals.

II. EXPERIMENT

We have produced nanostructured TiO2 films by deposi-
tion of a supersonic beam of clusters generated by a pulsed
microplasma cluster source �PMCS�.24,25 The principle of
operation of a PMCS has been described in detail
elsewhere,24,25 here we briefly describe the elements relevant
for the system under study. The formation of clusters is ini-
tiated by the injection of a helium pulse towards a titanium
target rod placed in the PMCS reaction chamber. A pulsed
electric discharge ionizes the gas forming an aerodynami-
cally confined plasma that erodes the target.25 Thermalization
and condensation of the sputtered Ti atoms takes place in an
oxygen-deficient atmosphere favoring the formation of sub-
stoichiometric rutile and anatase clusters.23 The cluster-
helium mixture then expands through a nozzle in a high
vacuum region generating a supersonic beam which is inter-
cepted by a substrate where a nanostructured film is grown.
The kinetic energy of the clusters is such that fragmentation
upon landing is negligible and the film growth takes place in
a ballistic regime26 at a rate of roughly 10 nm/min.

Substoichiometric oxidation of free clusters is confirmed
by time of flight mass spectrometry and by in situ near-edge
x-ray absorption fine structure �NEXAFS� spectroscopy.27

Air exposure and subsequent thermal annealing at mild con-
ditions promote the oxidation of the films due to their high
porosity.

The films have been deposited on silicon and alumina
substrates and annealed at 450 °C for 4 hours in air. They
have subsequently been characterized by micro-Raman spec-
troscopy using a triple grating Jobin-Yvon T64000 spectrom-
eter with the 514.5 nm line of an argon ion laser. Structural
characterizations have been performed by a transmission
electron microscope �TEM� JEOL JEM-4000EX, 400 kV.

III. RESULTS AND DISCUSSION

Figure 1�a� shows the typical nanocrystalline structure of
a cluster-assembled film annealed as described in the experi-
mental section. An analysis of the lattice spacing demon-
strates the coexistence of anatase and rutile nanoparticles.
This particular film nanostructure can be obtained by depos-
iting anatase and rutile clusters embedded in an amorphous

matrix,23 the subsequent thermal annealing in air causes, in
the deposited material, both crystal growth and nucleation of
different seeds. The nucleation or growth of rutile and ana-
tase are characterized by different activation energies:9 when
rutile nuclei are present, the growth of this phase is kineti-
cally favored whereas the nucleation and growth of anatase
nanocrystals takes place where rutile nuclei are absent.23 A
mild temperature annealing causes the evolution towards a
well-defined crystal structure without inducing a direct phase
transition from anatase to rutile.

In Fig. 1�b� we report the typical size distribution of the
nanocrystals forming the films: it is peaked below 10 nm
both for anatase and rutile nanoparticles, even for relatively
high annealing temperatures,26,28,29 as confirmed by a sys-
tematic analysis of the TEM micrographs taken from several
films used for the Raman characterization �see below�. This
analysis shows that we produced films where rutile and ana-
tase nanocrystals with the same size distribution are uni-
formly distributed.

A typical Raman spectrum of a cluster-assembled film is
reported in Fig. 2 where the Eg �144 cm−1� anatase mode and
the Eg �447 cm−1� and A1g �612 cm−1� rutile modes can be

FIG. 1. �a� TEM micrograph of a cluster-assembled TiO2 film
annealed for 4 h at 450 °C. Continuous and dotted circles identify
anatase and rutile nanocrystalline regions respectively. �b� Anatase
and rutile particle size distribution in the annealed films.
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recognized.19 A sharp bulk silicon peak coming from the
substrate of the film is visible at 521 cm−1. The Eg anatase
mode shows a blue shift and an asymmetric broadening
which can be related to the variation of the dimensions of the
nanoparticles, the variation of the spectral features of this
mode have been reported in the literature for a wide variety
of nanostructured TiO2 systems and fitted with PCM.8,13,19

As anticipated in the Introduction, the Raman features of the
rutile phase are far less characterized: a red shift attributed to
nonstoichiometric effects has been reported for the Eg rutile
mode.20

We characterized twenty films by taking several spectra at
random positions on each film in order to map the size-
dependent modification of the Raman peaks both for the ana-
tase and rutile nanocrystals. Since the two phases are coex-
isting and uniformly distributed in the films, we can follow at
the same time the influence of the inhomogeneities in the
particle size distribution, stoichiometry, matrix density etc.,
on the lattice dynamics.

We have analyzed the Raman spectra by Lorentzian and
Gaussian multipeak fitting. The results show some general
trends in the behavior of the peaks’ positions: the anatase Eg
mode shows a blue shift �maximum shift of 3 cm−1�, the
rutile Eg mode shows a red shift �maximum shift of
10.7 cm−1�, and the rutile Ag mode a random shift �maximum
shift of 4.2 cm−1�.

At the nanoscale, the presence of oxygen vacancies can
substantially affect the physical and chemical properties of
titania.18 The evaluation of the role of stoichiometry is prob-
lematic, in particular in nanostructured systems, due to the
extreme difficulty in determining quantitatively the �O� / �Ti�
ratio. For our samples, the thermal treatment reduces the pos-

sibility of deviations from �O� / �Ti�=2, however we cannot
exclude that stoichiometric inhomogeneities can be present
especially at small scales. In any case we can assume that the
annealing-induced oxidation, even if incomplete, is indepen-
dent from the crystalline phase of the nanoparticles. Using
the calibration curves of the Raman spectrum of nanophase
TiO2 obtained by Parker and Siegel,20 we plot the correlation
expected between the Eg anatase peak and the Eg rutile peak
at the variation of the �O� / �Ti� ratio and we compare it with
the correlation obtained from the Raman peak of our samples
�Fig. 3�. One can easily recognize that our data do not follow
the trend expected for stoichiometry variation and we can
conclude that observed shifts in Raman peaks, and hence the
lattice dynamics of the rutile and anatase nanocrystals, are
not affected by nonstoichiometric effects.

In order to check the validity of the PCM to describe the
rutile vibrational spectra in confined systems, we used the
standard approach assuming the breakdown of the phonon
momentum selection rule q�0 in nanocrystals.11 The weight
of the off-center phonons depends on a confinement func-
tion, and it increases as the crystallite size decreases; the
phonon dispersion causes an asymmetric broadening and a
shift of the Raman lines, which for spherical monodisperse
nanocrystals and first-order scattering are described by

I��� = �
BZ

�C�q���2

�� − ��q���2 + �0
2/2

, �1�

�C�q���2 = exp�−
q2d2

16�2	 , �2�

where �0 is the Raman bulk linewidth, d is the crystallite
size, and ��q� is the q�-dependent phonon frequency. The
confinement function reported in Eq. �2� accounts for a
strong confinement of the phonons in the nanocrystal.11 We

FIG. 3. Comparison between the expected correlation between
the positions of the anatase and rutile Eg peaks �crosses� as taken
from Ref. 20 and the correlation of the same peaks obtained from
our data �circles�. Data from literature are characterized by an un-
certainty of 1 cm−1 both for the anatase phase �y axis� and for the
rutile phase �x axis�.

FIG. 2. Raman spectrum of a cluster-assembled film deposited
on silicon and annealed at 450 °C for 4 h. Anatase and rutile spec-
tral features are present. The Eg anatase mode has an average peak
position of 145.5 cm−1 �standard deviation: 0.9 cm−1�; the Eg rutile
mode has an average peak position of 440.4 cm−1 �standard devia-
tion: 2.5 cm−1�; the Ag rutile mode has an average peak position of
611.8 cm−1 �standard deviation: 1.4 cm−1�. Raman spectra of com-
mercially available rutile and anatase microcrystalline samples are
reported for comparison.
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then calculated I��� �Eq. �1�� for the Eg and the A1g rutile
modes at various particle size values, using the data of Table
I, obtained from powder reference samples and by interpo-
lating neutron scattering data from Ref. 30. The calculations
show that the effects of the phonon confinement become
quite negligible within experimental error for rutile crystal
sizes larger than 10 nm. This upper limit is of course some-
how arbitrary, since it depends on the choice of the confine-
ment function.19 In Fig. 4 we report the correlation between
the Raman shift and the peak width as calculated with the
PCM for both the Eg and A1g rutile peaks �Figs. 4�a� and
4�b��.

Figure 4�a� shows the comparison between the data cal-
culated using the PCM and the experimental values obtained
by characterizing different regions of the films and hence
nanocrystals with different dimensions. The PCM is in rea-
sonable agreement with the Raman results obtained for the
rutile Eg mode, for which the Raman shifts and the widths
correlation is reproduced by the model, although the TEM
characterization of the samples does not support the expec-
tation of such a wide range in mean particle size value. On
the other hand, the behavior of the A1g peak does not corre-
spond at all with the prediction of the model �Fig. 4�b��
showing that the validity of the PCM seems to be limited to
certain vibrational modes or crystalline symmetries.

Our experimental results can be discussed in the light of
the theoretical description of the vibrational properties of
nanometric AB2 ionic clusters developed by Montanari et
al.:31 this model shows the inadequacy of the PCM to de-
scribe the dependence of the lattice dynamics from the size
of the particles. In particular, Montanari et al. have shown
that the vibrational properties of the clusters depend on the
dielectric constant of the medium in which they are embed-
ded. In a nanoporous system such as the one we have pro-
duced with cluster beam deposition, an important influence
on polarized modes comes from the local modulation of the
density and therefore of the dielectric static constant of the
medium embedding the nanocrystals. This is determined by
the size and the packing of the deposited precursor clusters,
annealing conditions, and film thickness.

In a bulk system, changes due to modulation in the sur-
rounding dielectric constant are expected only for infrared
�IR�-active modes, and the sensitivity to the dielectric prop-
erties of the medium is larger for the modes with the stron-
gest IR activity. In a confined system, Raman-active modes
are also slightly affected since in clusters the strict separation
among IR active, Raman active, and silent modes is blurred;

frequency shifts are typically of the order of 0.5%, reaching
up to 1% in the smallest clusters, and they are amplified
when the large shift of IR active modes gives rise to level
crossings.30,31 The rutile Eu IR-active mode �435 cm−1�,
which is close to Eg Raman mode, could therefore become
Raman active in nanosized particles. This could cause the

TABLE I. Parameters used in Eq. �1� for Eg and A1g rutile modes calculation as shown in Fig. 4. The
dispersion relations are obtained by interpolating data from Ref. 30. �0 is full width at half maximum from
reference spectra shown in Fig. 2. �=cq /2� for the Eg mode, and �=aq /2� for the A1g mode, where c
=2.95 Å and a=4.59 Å are, respectively, the lattice �001� and �110� constants for rutile structure.

Mode Eg A1g

�001� dispersion relation ��q�001=447+22�cos�2�1.43��−1�cm−1

�100� dispersion relation ��q�001=447 cm−1 ��q�001=612 cm−1

�110� dispersion relation ��q�001=447 cm−1 ��q�001=612−587.5�2 cm−1

�0 35 cm−1 40 cm−1

FIG. 4. �a� Comparison of the observed correlation of the Ra-
man peak position and width of the Eg rutile peak �circles� with that
calculated with the PCM model �plus signs�. The numbers reported
near the plus signs refer to the nanocrystal diameter used for the
calculation with the PCM model. �b� Comparison of the observed
correlation of the Raman peak position and width of the Ag rutile
peak �circles� with that calculated with the PCM model �plus signs�.
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asymmetric shape of the Eg peak in the Raman spectra from
our samples and its consequent red shift, determining there-
fore the different behavior of Eg and A1g modes when the
dimensions of the nanocrystals vary.

IV. SUMMARY

We have characterized by micro-Raman spectroscopy the
lattice dynamics of rutile nanocrystals. By exploiting the
possibility of growing films where anatase and rutile nano-
crystals coexist and are uniformly distributed, we have sepa-
rately studied different factors influencing the vibrational

spectra of the nanocrystalline TiO2 tetragonal phase. Our re-
sults show the inadequacy of the phenomenological phonon
confinement model to account for the size effects observed in
rutile nanocrystals, suggesting the need of taking into ac-
count the influence of the environment �dielectric constant�
where nanoparticles are embedded.32
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