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We study nanograin size confinement effects, the effect of the increase of local temperature and strain, and
substitutional and nonstoichiometry effects on the Raman spectra in Ce(Ba,Nd,Gd)O, nanopowders
obtained by self-propagating, room-temperature synthesis, and silicon nanowires obtained by the
electrochemical etching process. The local temperature was monitored by measuring the Stokes/anti-
Stokes peak ratio. We found large wavenumber shifts, up to 10 (30) cm~', and broadenings, up to 40
(20) cm™?, of the first-order Raman-active modes of Ce(M)O, (n-Si), which we attribute to confinement
and strain effects (laser heating). The phonon softening and phonon linewidth are calculated using a
phenomenological model, which takes into account disorder effects through the breakdown of the k = 0
Raman-scattering selection rule, and also anharmonicity, which is incorporated through the three- and four-
phonon anharmonic processes. Very good agreement with experimental data is obtained for the calculated
spectra of CeO, with nanograin sizes of about 7 nm, taking into account particle size distribution, as well
as an increase in the anisotropy constants with respect to those of bulk materials. Copyright © 2007 John

Wiley & Sons, Ltd.

KEYWORDS: Raman scattering; CeO,-doped nanopowders; Si nanowires (rods)

INTRODUCTION

Raman spectroscopy is a powerful tool for characterization
of nanosized materials and structures. This technique is
widely used for the study of phonon confinement effects,
the effect of the increase of local temperature, strain and
substitutional effects, porosity and nonstoichiometry in
different types of nanomaterials. Recent progress in the use
of Raman spectroscopy for nanomaterial characterization
is summarized in Ref. 1. We shall demonstrate here how
the Raman spectroscopic method can be used for the
characterization of nanopowdered oxides like CeO, and
silicon nanowires (pillars). The large phonon softening and
broadening observed in these nanomaterials are compared
with calculated spectra obtained from the phenomenological
model that takes into account disorder effects through the
breakdown of the k = 0 Raman-scattering selection rule, and
also anharmonicity, which is incorporated through the three-
and four-phonon processes. This analysis clearly shows that
the strong shift and broadening of the Raman peaks are
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dominated by the anharmonic effects, while confinement
plays a secondary role.

EXPERIMENTAL

Self-propagating, room-temperature synthesis was used in
order to produce ceria and ceria-doped nanopowders with
Ba, Gd and Nd of high quality with a narrow size particle
distribution in the nanometer range. The detailed powder
preparation procedure is already described in our recent
publications.?® The silicon samples used in this investigation
are made of an array of silicon nanoclusters obtained by
low-energy cluster beam deposition* and of nanowires
(nanopillars, nanorods) obtained by the electrochemical
etching process.® Figure 1(a) shows a scanning electron
micrograph (SEM) of a typical part of the Sinanowire sample,
while Fig. 1(b) presents an SEM image of Cey75Ndg250,
powder sample. Nanowires are vertically aligned with a
typical length of about 10 pm and a diameter of about 50 to
500 nm. Some nanorods are found to be detached from the
nonreacted part of the silicon crystal, lying in the horizontal
position on top of the sample.

Micro-Raman spectra were taken with excitation from the
514.5 nm line of an argon ion laser, using variable laser power
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Figure 1. SEM picture of the Si nanowires (a) and
Cep.75Ndo.2502 sample (b).

at the sample surface from 10 to 500 mW. The Raman spectra
were measured in the backscattering configuration and ana-
lyzed using a JY T64000 and DILOR triple spectrometer with
a liquid-nitrogen-cooled charge-coupled device detector. For
high-temperature measurements, we used a Linkam TS 1500
microscope heating stage.

RESULTS AND DISCUSSION

The phonon confinement model is used to compare experi-
mental data with theoretical predictions in nanomaterials.
According to this model, owing to the relaxation of the g ~ 0
selection rule for finite-sized crystals, the Raman intensity
I(w) is calculated over the whole Brillouin zone (assumed to
be spherical) by the following relation:>®

3 o0
I(w):Z /O p(L)dLx
1
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where p(L) is the particle size distribution, g is the wave
vector expressed in units of w/a (a is the effective unit
cell parameter), L is the grain size, and I’y is the intrinsic
linewidth of the Raman mode in the bulk crystal. The
Gaussian correlation length, &, is an adjustable parameter
depending on the strength of the confinement in different
nanomaterials. This parameter ranges from & = L/2+/2 for
the Richter confinement model” to & = L/4x in the Campbell
and Fauchet model® where L is the diameter of the spherical
particle. A more detailed analysis between the correlation
length and grain size is presented in the work of Kosacki
etal® Note that inhomogeneous strain (change in lattice
parameter with particle size) is introduced into the model
through term Awi(g, L) in Eqn (1) to explain properly the
shift and mode broadening, while the sum is taken over the
allowed Raman modes (in a case of CeO,, i = 3, because the
Fag mode is triply degenerate).

The influence of anharmonic effects on the Raman spectra
of the materials under consideration is taken into account
via three- and four-phonon anharmonic processes.!
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where A, B, C and D are anharmonic constants.

C602

Ultrafine ceria (CeO,) powder has attracted considerable
research interest as a material for solid oxide fuel cells
that can operate at intermediate temperatures (500-700°C).
The Raman spectrum of the CeO, powder sample is
presented in Fig.2 together with Raman spectra of the
polycrystalline sample and different spectra obtained by
calculations.? Phonon confinement, strain, size distribution,
defects and variations in phonon relaxation with particle size
can contribute to the changes in the Raman peak position
and linewidth of the 465 cm™ (Fy,) symmetry mode. At
first we have used Cambell’s confinement model (stronger
confinement function than in Richter’s model) to explain
the evolution of the Raman lineshape (wavenumber shift,
broadening, asymmetry) in CeO,_s nanopowders. However,
this simple confinement model could not give a good fit for
experimental spectra of CeO,_s, as we have demonstrated in
Fig. 2. The lattice constant of CeO,_; nanoparticles has been
found to be larger than the corresponding bulk value.? The
lattice relaxation with decreasing particle size, due to the
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microstrain effects is also found in various nanocrystalline
materials. Having in mind the lattice parameter change in
our nanostructured samples, we used a model proposed by
Spanier et al 11 which, in the first approximation, considered
the strain to be uniform within each particle. This average
strain produces changes in the lattice parameter and affects
the Raman peak position. The Raman mode for the fluorite
structure, centered at w;, shifts by Aw; = —3yi(q)w;(q)[Aa/ao],
where y; is a mode Griineisen parameter and Aa is the
measured change of lattice parameter with respect to the
bulk value ay. Nevertheless, the model based on the average
strain effect did not give a good fit of the Raman spectra of
our CeO,_; nanopowder samples.

According to the comprehensive model developed by
Spanier et al.l! for the Raman spectra of ceria nanoparticles,
the dispersion in particle size must be taken into account.
The size distribution produces a dispersion of the lattice
parameter and appearance of inhomogeneous strain. The
combined effects of inhomogeneous strain and phonon
confinement can produce an even larger shift and asymmetric
broadening of the Raman modes. To explain properly the
higher shift to lower wavenumbers and the width (~40 cm™!)
of the F5; mode observed in our ceria sample than those in
Ref. 11, we included the effect of inhomogeneous strain using
a Gaussian size-distribution function centered at the mean
grain size Ly with a width w = 0.52L,, based on the work of
Santos and Torriani.!> The Raman line position is determined
essentially by the mean grain size, while the asymmetry in

° experiment
------- Cambell
———e Spanier

Eq.(1)
poly-CeO,

Raman Intensity

T T T
500 550 600 650

Wavenumber (cm™)

4(I)0 4é0
Figure 2. First-order Raman spectrum of CeO» nanopowder
(open circles) and the fitted spectrum (full line) using the
combined effect of inhomogeneous strain and confinement
together with simulated spectra based on Cambell’s and
Spanier’'s models for the averaged strain. The peak, at

~595 cm~1, is associated with the intrinsic oxygen vacancies
in ceria nanopowders.

Copyright © 2007 John Wiley & Sons, Ltd.
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the Raman mode is caused by the dispersion in grain sizes.
The resulting Raman intensity now can be expressed as
double integral, Eqn (1), where the sum is taken over the
three allowed Raman modes with w;(g = 0) = 465 cm™!. The
natural full width of the F,; mode is [y = 10 cm ™!, while
the average particle diameter value is taken to be Ly = 7 nm,
which perfectly matches the F,; mode position. The phonon
dispersion of the F», mode, w;(q), is represented by parabolic
fits to Nakajima dispersion curves!? for CeO,. To simulate the
shift and linewidth of the F,; mode in CeO, nanopowders,
a higher degree of phonon confinement was applied, i.e.
&~L/8+/5. The calculated Raman spectrum (solid line) for
ceria nanopowder together with experimental data (dotted
line) is presented in Fig. 2. As can be seen from Fig. 2, we
achieved a very good agreement between the experimental
and theoretical curves. Therefore, we concluded that the
peak position and the linewidth of our CeO, nanopowder
can be very well explained by combined effect of phonon
confinement and inhomogenous strain using a higher degree
of phonon confinement, while Spanier et alll explained
sufficiently well only the linewidth of the F»; mode but not its
position using the same boundary condition for the Gaussian
localization function. The simulated Raman spectra based
on Cambell’s and Spanier’s models for the averaged strain
are also presented in Fig. 2 for comparison. The additional
Raman peak around 595 cm™! is already seen in pure ceria
nanopowders!* and is attributed to the defect spaces, which
include oxygen vacancies.'>'¢ This intrinsic O*~ vacancies
originate from the nonstoichiometry of nanocrystalline
ceria powders. The relatively weak intensity of this mode
points towards the presence of relatively few vacancies
in our sample. Therefore, we supposed that peak position
and linewidth changes owing to vacancies are not very
significant.

In order to reduce the nonstoichiometry and inho-
mogeneous strain, we heated our CeO,_s sample up to
1100 °C. Raman spectra measured upon heating and cooling
show remarkable differences, which comprise wavenumber,
linewidth and lineshape differences (Fig. 3).

During the heating, we found that Raman mode
wavenumber of nanosized CeO, sample continuously
decreased (empty squares in Fig. 3), and this part of our
work is consistent with that of Spanier et al.!! In addition,
the line shape became less asymmetrical as the temperature
increased, and at about 900 °C it became totally symmetric.
Upon cooling, the energy of the F», mode increases (full
squares in Fig. 3), reaching the value of 464.3 cm™! at room
temperature. The linewidth (FWHM) decreases as the tem-
perature decreases, down to 9 cm™! at room temperature.
These values are very close to the corresponding values of
CeO; single crystals,® what leads us to conclude that our
sample transforms from the nano- into the polycrystalline
state by the above-mentioned heat treatment. Furthermore,
the temperature dependence of the mode energy and broad-
ening corresponds well with those of the calculated spectra

J. Raman Spectrosc. 2007; 38: 750-755
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Figure 3. Energy (squares) and broadening (asterisks) of the
Fog Raman mode in CeOo vs temperature. Lines are calculated
spectra using Egn (2) (solid line) and Eqgn (3) (dashed line) with
the parameters indicated in the figure.

(solid and dashed lines) based only on anharmonic effects
(Eqns (2) and (3)), while the additional Raman mode at
595 cm~! disappears. This means that all ‘nano’effects such as
nonstoichiometry, inhomogeneous strain, structure defects,
etc. are removed by the heat treatment.

Figure4 shows Raman spectra of CeO,_s and
Ce (Nd, Gd, Ba)O,_; samples at room temperature before
and after the heat treatment. It is interesting to note that
Raman modes of only the CeO, and Ce(Ba)O, samples
become symmetric after annealing and are almost at the
same position as in the bulk sample. The Raman mode in
the Nd-doped sample stays asymmetric, although the mode
frequency shifts to higher energies, while linewidth becomes
smaller (Fig. 5). Besides the F», mode at about 450 cm~!, the
additional mode at about 550 cm~! becomes very intense
on cooling. We attribute this mode to the presence of
additional O*~ vacancies introduced into the ceria lattice
by the substitution of Ce*" ions with Nd*" ions in order to
keep charge neutrality.?

The most interesting case is that of CeygsGdg150.
After annealing, the Raman mode becomes narrow but
asymmetrical (Fig. 4). By deconvolution using the Lorentzian
line profile technique, we have found that this mode consists
of two modes with wavenumbers 464 and 487 cm ™. Because
of that, we paid special attention to the CeO,-Gd,O;
system. In Fig. 6(a), we show the X-ray diffraction (XRD)
patterns of three different samples of the CeO,-Gd,0O3
system. According to the experimental XRD data, there is no
difference in the pattern for 20 and 40% of Gd,Oj3. For 80% of
Gd, O3 some new, very low intensity lines appear (indicated
by asterisk in Fig. 6). In Fig. 6(b), we present the calculated
XRD spectra for pure CeO, and Gd,0s. As can be seen from
Fig. 6(b), the diffraction peaks of CeO, and Gd,O; coincide in
many cases. As diffraction peaks whose positions differ have
not been registered experimentally, the XRD analysis seems
to be an inadequate technique for the investigation of the

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 4. Raman spectra of cerium oxide-doped samples at
room temperature before and after annealing at 1000 °C.

Ce0,-Gd,0; system. Contrary to that, the Raman spectra
of these samples show clear evidence of phase separation
even in the lowest Gd,O;3 concentration (20%) case (Fig. 7):
namely, the Raman peak of CeO,, which appears at about
464 cm™! in the polycrystalline sample, can be observed in
the 20% Gd,O; sample at the same wavenumber. Besides
this line, one additional mode can easily be resolved at
about 487 cm™!, which belongs to Gd,O;. An increase of
Gd, O3 concentration leads to an intensity decrease/increase
of CeO, (Gd,03) Raman mode.

Si nanoclusters and rods

The typical Stokes and anti-Stokes Raman spectra of Si
nanowires measured with various laser powers are shown
in Fig. 8. The results are fully reproducible whenever the
laser power is increased or decreased. With increasing laser
power, there is a strong red shift of the first-order phonon
mode at 520 cm~!, which is accompanied by a substantial
broadening. The softening and broadening are large, up to
about 30 cm~! and 25 cm™!, respectively, for the highest used
laser power of about 500 mW. It can also be seen from Fig. 8
that the intensity ratio between the Stokes and anti-Stokes
part of the spectrum decreases as the laser power increases.
This implies that a dramatic change in the local temperature

J. Raman Spectrosc. 2007; 38: 750-755
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Figure 5. Raman spectra of Ceg 75Ndg 250, obtained on

cooling the sample from 800 °C down to room temperature.

This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.
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Figure 6. (a) XRD patterns of different samples in
Ce0,-Gdo03 system. (b) Calculated XRD patterns for pure
Ce0, and GdyO3. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

of the nanowires takes place during the measurements, as
expected in micro-Raman experiments, in which the laser
light is focused on a micrometer-size area. Another important
effect directly related to the increase of the local temperature,
concerns the phonon lineshapes. Our Raman spectra show
that the phonon lineshapes are more or less symmetrical
regardless the wavenumber shifts and the broadening, as
shown in Fig. 8. This observation is in clear contradiction
with the strong asymmetric lineshape expected in the case of
quantum phonon confinement."”

A comparison between the calculated and measured
Raman spectra is also shown in Fig.8. The calculated

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 7. Raman spectra of CeO, polycrystalline and
nanosized samples, together with the Raman spectra of 20 and
40% GdoO3 samples. This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.
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Figure 8. The Stokes and anti-Stokes Raman spectra of silicon
nanowires measured with different laser power densities. This
figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

curves are obtained by taking the Lorentzian lineshape,
which includes the anharmonic effects via three- and
four-phonon anharmonic processes (Eqns (2) and (3)). The
agreement between the calculation and the experimental
data is very good, showing that the shift and broadening
arise mainly on account of the local laser heating effect. The
temperature change induced by the local heating effect is
estimated from the Stokes and anti-Stokes intensity ratio.
The wavenumber shift and broadening of the 520 cm™!
mode as a function of the temperature are presented in
Fig. 9. Similar results are obtained in the case of silicon
nanoclusters. The main difference between the Raman

J. Raman Spectrosc. 2007; 38: 750-755
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Figure 9. The energy and full width at half-maximum of the

520 cm~! mode as a function of temperature in the nanowire.

The full lines are guides for the eye.

spectra of nanoclusters and nanowires is the intensity of
the hump at the low-wavenumber side of the 520 cm™! peak.
The fact that this feature is suppressed in nanowires in
comparison to nanoclusters suggests that it might originate
from the Raman scattering of amorphous silicon. This can
be understood as a consequence of the difference between
the preparation techniques. The silicon nanoclusters were
produced by laser vaporization technique, which resulted
in formation of nanoclusters on top of the amorphous film.
On the other hand, the nanowires are produced starting
from silicon crystalline material, so the amorphous signal
is expected to be much smaller. This analysis clearly shows
that the strong shift and broadening of the Raman peak are
dominated by the anharmonic effects originating from laser
heating, while confinement plays a secondary role.

CONCLUSION

In conclusion, we have shown that Raman scattering is
a very effective nondestructive optical technique for the
characterization of nanosized crystalline materials. Raman

Copyright © 2007 John Wiley & Sons, Ltd.
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spectroscopy can easily be used for the size determination of
nanoparticles, as well as for the investigation of nanomaterial
stoichiometry, microstrain and confinement effects.
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Abstract

We have studied photoluminescence of a-MnSe in the antiferromagnetic and paramagnetic phases. Two broad, possibly multi-
component emission bands centred at about 1.53 and 1.66eV are observed at 20 K. The frequencies and intensities of these bands show
step-like shift in the vicinity of 7. On the basis of difference in peak energies at 7= 1.8 K and Ty the d—p—d superexchange interaction

in excited state is estimated to be Jogexe) = 0.918 meV.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Manganese oxides and chalcogenides, their alloys and
superlattices have been of great interest for years because
of the relevance of their magnetooptical and transport
properties to applications such as infrared detectors,
solar cells and spintronic devices in near future [1-4]. At
room temperature MnSe has cubic, NaCl-type structure
(a-phase), which persists in antiferromagnetic phase,
having AFM-II [5] spin ordering, and according to
Ref. [3] has Néel temperature of 122 K. In our previous
papers [6,7], it was found that 7y = 90K when one-
magnon excitation disappears from Raman spectra [6], or
between 100 and 170K (due to thermal histeresis)
according to magnetic susceptibility measurements [7].
Some modes in far-infrared reflectivity and Raman spectra
connected with spin excitation confirm that antiferromag-
netic transition starts about 100K in polycrystalline
a-MnSe [7].

o-MnSe has several optical absorption bands in the
visible and near-ultraviolet energy range as a result of
crystal-field transitions of Mn?* ion from the ground state
6A1g to ngg and ing, and transitions from §A1g to iEg,

*Corresponding author. Tel.: + 381 113160346; fax: +381113160531.
E-mail address: miluta@phy.bg.ac.yu (A. Milutinovic).

0022-2313/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2007.06.004

ﬁng and ﬁEg [8]. Although transitions of this type are
forbidden by the spin and the parity selection rules, the
observed bands are intense. Several mechanisms were
supposed for explanation of absorption in manganese
compounds with NaCl-type structure. Phonons, spin—orbit
interaction or magnons may cause the perturbation of
structure and breaking of the inversion symmetry. The
magnon sideband absorption arises from the simultaneous
creation of Mn>" exciton and magnon. It is proved that
short-range magnetic order in MnO exists up to 530 K [9].

In the present work, we investigated photoluminescence
(PL) in polycrystalline a-MnSe and show its connection
with magnetic ordering. Step-like energy shift of emission
bands below Ty demonstrates the correlation with the
AFM spin ordering in this material.

2. Experiment

Polycrystalline «-MnSe samples were made by sintering
technique. Details of sample preparing were published in
Ref. [6]. The quality of a-MnSe samples was checked
by X-ray diffractometry. No trace of starting elements
or impurity phases confirms a good quality of the
samples. Photoluminescence was measured using Joben-
Yvon U1000 monochromator and conventional photon-
counting technique. In order to avoid the sample heating
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we used a line focus. Low-temperature spectra were
measured using Leybold closed-cycle helium cryostat.

Reflectivity of o-MnSe was measured using Perkin-
Elmer Lambda 19 spectrophotometer at room temperature
in the 180-860 nm spectral range.

3. Results and discussion

Typical photoluminescence spectra of as-prepared
a-MnSe polycrystalline sample are given in Fig. 1. PL
spectra in Fig. 1(a) were excited using 476.5 nm line of Ar
laser. Besides dominant structure at about 1.52 and
1.65eV, a very weak band at about 2.41eV can be
observed at lowest temperature 1.8 K. This band disap-
pears at 20K and it was not possible to evaluate its
frequency vs. temperature dependence. PL spectra excited
by 488 nm line of Ar-ion laser are presented in Fig. 1(b) in
energy range between 1.45 and 1.85eV. Spectra were
recorded by cooling from room temperature. As can be
seen in Fig. 1(b), with increasing the temperature intensity
of photoluminescence rapidly decreases. Thus, we were
not able to analyse spectra recorded at temperatures
higher than 120K. Observed peak is asymmetrical and
the deconvolution, given in Fig. 2, shows that it consist of
two broad peaks centred at 1.53 and 1.66eV at the
temperature of 20 K. The intensity of the peak at 1.66eV
changes abruptly with increasing temperature and equalises
with the intensity of the lower-energy peak over 100 K.
With increasing the temperature lower-energy peak has a
small, and peak at 1.66 ¢V well-defined step-like red energy
shift passing across Néel point.

On the basis of these photoluminescence measurements,
the temperature of antiferromagnetic ordering is roughly
estimated to be between 60 K, where the red energy shift is
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finished, and 100 K, where intensity of peak at about 1.6eV
becomes as low as the intensity of peak at about 1.5eV.
Spectra recorded at temperatures above 150 K were of very
low intensity, but two broad weak peaks still can be
resolved up to 300 K. Existence of peak at about 1.6eV at
higher temperatures shows that photoluminescence peak
at 1.66e¢V at low temperatures consists more than one
component.

The electron energy scheme for photoluminescence in
a-MnSe in investigated energy range is given in Fig. 3. This
scheme is in agreement with similar scheme of other Mn-
compounds with NaCl crystal structure (and octahedral
surrounding). Luminescence bands could be excited via
energy transfer by the “d—d” transition from the 6A1g
ground state into the ;‘Tlg excited state of the Mn>" ions.
In a-MnSe, “d-d” transitions are not of pure “d” origin
but mixture of Mn 3d> and Se 4p* states [10,11].

From excited Mn>" ions energy is partially transferred
in a nonradiative way to localised energy levels. Further
deexcitation is radiative. There are two groups of sublevels.
The lower one originates of Mn ions in an environment
disturbed by defects, impurities, or Mn>* ions [8].
Radiative deexcitation from this group of sublevels forms
a broad emission band centred at 1.53eV. Depending on a
sample preparation (time of additional annealing), its
position and size vary, compared to the second PL band.
It was referred in Ref. [12] that in the time-resolved
emission spectra of MnO this band shows exponential
decay. Rapid decrease in the emission band intensity with
increase in delay and gate from 20 to 156 ps is observed. In
the case of our polycrystalline MnSe, under steady-state
excitation, this band becomes more pronounced with
increasing of temperature due to reducing intensity (and
smaller screening) of 1.66eV band.
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Fig. 1. PL spectra of a-MnSe excited by (a) 476.5nm line (at 7= 1.8 K) and (b) 488 nm line of an Ar-ion laser in the temperature range from 20 to 120K.
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Fig. 2. Deconvoluted PL spectra (left panel) and temperature dependence of the PL peak energies and intensities (right panel).
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The higher localised energy levels originate from
perturbed Mn”>" states in interaction with magnons. In
Ref. [13] it was shown that in MnO second luminescence
band can be time resolved in three bands. It is possible that
corresponding band in polycrystalline MnSe samples at
1.66eV comes from many-electron levels, too.

The PL spectra presented in Fig. 4 are an example when
the lower PL band is much stronger than the band at
1.66¢V. This sample was not annealed. Its low crystallinity
may be the reason for the appearance of an enormous PL
band connected with defects and existence of Mn*" ions.
In addition, the appearance of new structures at about 1.47
and 2.125eV (20K) can be related to interaction of
perturbed Mn?" states with several kinds of defects.

Deconvolution of PL spectra from Fig. 4 shows that
bands at about 1.51, 1.66 and 2.12eV have red energy shift
passing across Ty (see the right panel of Fig. 4). The
intensities of PL bands decrease rapidly between 90 and
100K, and bands stay hardly visible (in the paramagnetic
state) with further increasing of temperature.

We made an additional reflectivity measurement in order
to identify emission bands that can be seen at room
temperature. Reflectivity spectra of polycrystalline a-MnSe
recorded at 300K in energy range from 1.45 to 6.89¢V is
presented in Fig. 5. Arrows indicate several absorption
bands. The band at 1.5eV is very pronounced at 300 K and
the band at 1.6eV is absent, or hardly distinguished, what
confirms its predominantly magnetic origin. Weak band at
2.2¢eV represents °A,; —>4T1g transition and A, —>4T2g is on
2.5eV. It was referred that in a-MnSe single crystal this
excitation band is at 2.41eV [8]. The band at 3.2eV
corresponds to fundamental band gap energy.

Step-like energy shift AE (see Fig. 2) of the photolumi-
nescence peaks below the Néel temperature, Ty, demon-
strates the correlation between the antiferromagnetic spin-
ordering and the energies of the Mn?" internal transitions.
Different relaxation energies for the ground and excited

1.512eV

1.45 eV

Intensity (arb.units)

2.125eV

o
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Mn?" states are responsible for this behaviour. In the
isomorphic MnS the highest total shift between 7y and 0 K
is observed for 4T2g—>6A1 emission [14] and it can be
supposed that in a-MnSe is the same. We could not measure
the energy shift of this band in our polycrystalline a-MnSe,
but we measure energy difference between 1.8 K and T for
PL bands at 1.52 and 1.66eV which are connected with this
excitation. An existence of the energy shift of the PL bands
indicates that localised energy sublevels of Mn>" ions,
perturbed by defects, or by interaction with magnons, are
pinned to higher electronic energy levels.

In the case of the NaCl structure, the anions lie on the
edges of the cubic fcc cell between the second-nearest
magnetic neighbours. As a result, the next-nearest-neighbour
interaction (d—p—d superexchange interaction) is usually

0.22
|22 MnSe
2.5eV
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Fig. 5. Room temperature reflectivity spectrum of polycrystalline o-
MnSe.
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stronger than the nearest-neighbour interaction. The mag-
netic anisotropy energy is expected to be mainly of dipolar
origin, and very small compared to the isotropic exchange
energy. In the first approximation, energy relaxation of
Mn?" ion can be described on the basis of the isotropic part
of Hamiltonian neglecting the nearest-neighbour interaction.
Energy difference between ground and excited state in this
approximation is given by

AE = 6(J2gS2 - J2g(exc)SS/)a

where Jogexe) 18 N—n-—n exchange interaction for ground
(excited) state; spin S = 5/2 for T=0K, § = 3/2 [10] for
excited states; and 6—number of next-nearest neighbours.
Value of J5, =0.697meV corresponds to ground state,
as it was estimated in Ref. [6], AE = 0.0468¢V is the
highest measured value of energy shift for “1.66eV” PL
band (0.0387eV is the mean value for all PL bands
that are connected with 4T1g—>6A1) and we calculate
Jogexe) = 0.918meV  for the highest energy shift of
“1.66eV” PL band and 0.558 meV for mean value for all
PL bands that are connected with “T, g—>6A1.

The energy shift, AE, caused only by spin difference
would be much smaller, about 0.01eV. It seems that the
energy shift of PL bands at 1.66 and 2.2¢eV passing Ty is
mainly caused by varying of exchange integral. The most
pronounced component of band at 1.66eV disappears at
higher temperatures, which verifies its connection with
long-range spin ordering. Together with weak band that
stays at about 1.6¢eV (after disappearing a part of PL band
connected with long-range ordering), bands at about 1.5
and 2.2 eV stay visible in the paramagnetic phase. Energies
and intensities of these two bands show a step-like
behaviour near Ty also and it is obvious that these two
PL bands are influenced, but not activated by magnons.

4. Conclusion

Photoluminescence in polycrystalline «-MnSe shows
step-like shift of band energies and intensities below Néel

temperature in correlation with the antiferromagnetic spin
ordering. The total energy shift of photoluminescence
bands is mainly caused by different superexchange energies
of the ground and excited Mn?" states. Weak bands at
about 1.5, 1.6 and 2.2¢eV stay visible in the paramagnetic
phase. This fact demonstrates that connection with long-
range magnetic ordering is not exclusive in activating of
photoluminescence in a-MnSe.
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Abstract

We have studied the temperature dependence of the F», Raman mode phonon
frequency and broadening in CeO,_, nanocrystals. The phonon softening
and phonon linewidth are calculated using a model which takes into account
the three-and four-phonon anharmonic processes. A detailed comparison of
the experimental data with theoretical calculations revealed the predominance
of four-phonon anharmonic processes in the temperature dependence of the
phonon energy and broadening of the nanocrystals. On the other hand,
three-phonon processes dominate the temperature behavior of phonons in
polycrystalline samples. The anti-Stokes/Stokes peak intensity ratio was also
investigated and found to be smaller for nanosized CeO, powders than in the
bulk counterpart.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Raman spectroscopy is a powerful tool for characterization of nanosized materials and
structures. This technique is widely used for the study of phonon confinement, strain and
substitutional effects, porosity, and nonstoichiometry in different kinds of nanomaterials.
Recent progress in the use of Raman spectroscopy for nanomaterial characterization is given
in [1]. Very few experiments have been carried out to investigate the temperature dependence
of Raman mode frequencies and linewidths in nanocrystals [2, 3]. Finite-size effects in
nanocrystals are expected to modify the anharmonicity and the phonon decay times. From
the temperature-dependent Raman scattering study of nanocrystalline and bulk silicon Mishra
and Jain [2] found a higher degree of anharmonicity in Si nanocrystals in comparison with
bulk, while Spanier et al [4] reported that phonon coupling is not stronger in the CeO,_,
nanoparticle system than that in the bulk counterpart. In addition, to the best of our knowledge,
the anharmonicity in very small nanocrystals has not been investigated theoretically yet.

0953-8984/07/496209+09$30.00 © 2007 IOP Publishing Ltd ~ Printed in the UK 1
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Cerium dioxide (CeO,) has recently attracted a lot of interest as a potential electrolyte in
intermediate-temperature solid oxide fuel cells (SOFCs) due to its ability to absorb and release
oxygen easily and to exhibit higher ionic conductivity at lower temperatures (500-700 °C)
than conventional yttria-stabilized zirconia (YSZ). Therefore it is important to investigate its
characteristics at elevated temperatures.

The purpose of this paper is to examine the effect of confinement and temperature-induced
changes on vibrational states of CeO,_, nanopowders using Raman spectroscopy. Here we
have measured the Raman spectra (Stokes and anti-Stokes) of CeO,_, nanocrystals in the
temperature range from room temperature up to 1100 °C. We have found that in nano-CeO,_,
the temperature-induced Raman mode frequency shift consists of at least two contributions:
the anharmonicity effect, on the one hand, and a phonon frequency change due to the change
of nanoparticle size by temperature increase (confinement effect), on the other hand. The
anti-Stokes/Stokes intensity ratio is smaller in nano-CeO,_, powders in comparison with the
polycrystalline sample. It is supposed that this difference comes from the change of the
electronic structure of CeO, due to the change of the particle size induced by the temperature
increase.

2. Experimental details

The self-propagating room temperature synthesis method was used to produce CeO,_,
nanocrystals of high quality with a narrow size particle distribution in the nanometric range.
The details of the sample preparation procedure can be found in our recent publications [5—7].
Micro-Raman spectra were taken in backscattering configuration and analyzed using a Jobin
Yvon T64000 spectrometer, equipped with a nitrogen cooled charge-coupled-device detector.
As an excitation source we used the 514.5 nm and 488 nm lines of an Ar-ion laser. The high
temperature measurements were performed using the Linkam TS 1500 microscope heating
stage. Overheating of the sample was avoided by lowering the level of laser power on the
sample till no changes of the Raman spectra were observed. The crystal structure of the CeO,_,
sample was identified using the powder x-ray diffraction (XRD) method on a Siemens D-5000
XRD diffractometer with Cu Ko radiation at room temperature. The average grain size was
determined using the Scherrer formula L = 0.941)1/B cos ®, where X is the wavelength, B is
the FWHM of the diffraction peak corrected using the corresponding peak of a micron-sized
sample and O is the diffraction angle. The average size of CeO,_, nanocrystals obtained from
XRD measurements is L = 6 nm.

3. Results and discussion

Raman spectra (Stokes and anti-Stokes) of CeO,_, nanocrystals, measured at different
temperatures, are shown in figure 1. By heating, the Raman mode frequency continuously
decreases and its line shape becomes less asymmetric, becoming totally symmetric at about
900 °C (see the right panel of figure 1).

The particle size effect provokes systematic changes in the Raman spectra of CeO,_,
when crystallite size decreases down to 6 nm [4, 6, 8]. The changes of the Raman mode
position and shape in nanomaterials are usually studied using the phonon confinement model
(PCM) [4, 9]. The evolution of the F», Raman mode (the mode frequency shift and broadening)
strongly depends on the confinement and inhomogeneous strain effects due to the particle size
distribution [4, 6]. With decreasing size, the Raman line shifts to lower energy becoming
more asymmetric because of the contribution of interior phonons from the entire Brillouin
zone (¢ # 0). According to this model, due to the relaxation of the ¢ ~ 0 selection rule in

2



J. Phys.: Condens. Matter 19 (2007) 496209 Z NV Popovié et al

1500
1000
500

1800
1500
1200
900
600
300

3000 8000 .
o ~
2500 ~ e 7000 A o
st s’ N e
000 A Mg 5000 / e
" e
e |
1900 o S0 e ! T=1000°C
1400 et ; ; - ;: , 4000 L . e - .
1200 -700 -600 -500 /"\\ -400 -300 -200 4000 200 300 400 /’ \\, 500 600 700
1000 /A /o
800 S Mt i 3000 / ':\
600 o e AN T=900°C
400 e 2000 e [
200 et s 1
A 500 600 700
a

-700 -600 500/ -400 -300 -200 6000 200 300 400

Intensity (arb. units)

1500
1000
500

100
80

60 N M.ﬂ,nw 500 fih
40 i Y(“'M " M,MJ"MMW 400 Y \\ o
20 Wl gt 3004, o \ T=30°C
o bbbt £ sty e
-700 -600 -500 -400 -300 -200 200 300 400 500 600 700
Raman shift (cm™) Raman shift (cm™)

Figure 1. Stokes (right panel) and anti-Stokes (left panel) Raman spectra of CeO,— nanocrystals
at different temperatures. Vertical broken line indicates a red shift of F; Raman active mode with
increasing temperature.

finite size crystals, Raman intensity / (w) is calculated over the whole Brillouin zone (assumed
to be spherical) by the following relation [6]:

3 )
I (w) = Z/O p(L)dL
1

( _q2L2 d3q
X / exp( ) ) dL, (1)
BZ 88 ) {o—lwi(g) + Awi(q, L)]}* + (Ty/2)?

where the wavevector g is expressed in units of 27 /a (where a is the lattice constant of
crystalline CeO,), L is the particle diameter and Iy is the intrinsic linewidth of the Raman
mode in the bulk crystal. The factor B in equation (1) is an adjustable parameter that reflects
the strength of the phonon confinement in the nanomaterials. In our calculations we used the
value B = 472, The best fit was obtained for L = 7.8 nm, which is in a rather good agreement
with XRD results.

In the recent work of Mazali et al [10] regarding the Raman spectra of CeO, nanocrystals
dispersed in porous Vycor glass, the authors used the same model as we did to estimate the
particle size. Although they used a somewhat simplified dispersion relation model compared
with ours [6], the obtained results are similar, demonstrating that the Raman method is a reliable
characterization tool for estimating average nanocrystal size.

The Raman peak position is affected by a change of lattice parameter which, on the other
hand, depends on particle dimension. The dispersion in particle size produces dispersion in
lattice constant. This leads to an inhomogeneous strain and broadening of the Raman peak.

3



J. Phys.: Condens. Matter 19 (2007) 496209 Z NV Popovié et al

T=300 K

Intensity (arb. units)

0
c
=
2
T
2
k%)
g
€ | (a)before heating
— | (b) after heating
at 500 °C
(c) after heating

at 1100 °C

/i M) T n
350 400 450 500
Raman shift (cm'1)

Figure 2. Room temperature Raman spectra of CeO;_, nanocrystals before (open circles) and after
different heat-treatment (open squares and triangles). Full lines ((a), (b)) are theoretical spectra
obtained using equation (1) and a Lorentzian line profile fitting (c). Inset: room temperature x-ray
diffraction patterns of CeO,_ nanocrystals together with calculated XRD spectrum obtained for
a=54122A.

The effect of inhomogeneous strain is introduced into the model through the term Aw; (g, L)
in equation (1), using the particle size distribution function to account for the shift and mode
broadening. The sum is taken over three allowed Raman modes since the F,, mode is triple
degenerate. A large distribution of nanocrystalline sizes leads to a very large broadening and an
asymmetry of the peak, as shown in detail in figure 2(a) (empty circles). In this case a good fit
of the experimental line shape cannot be obtained in the framework of the phonon confinement
model without including the particle size distribution function p(L) in equation (1). We have
already discussed in detail the use of this model concerning CeO,_, nanocrystals in [6].

Although the CeO,_, sample is not completely stoichiometric [5, 6] there is no indication
that the oxygen deficiency greatly influences the position and linewidth of the F,, Raman
mode. According to McBride ez al [11], with increasing disorder due to the presence of oxygen
vacancies, the Raman mode will shift up in frequency (to higher energies) and this is not our
case.

The x-ray diffraction patterns of CeO,_, nanocrystals, the inset of figure 2, show a perfect
crystallinity. It proves that our sample consists of nanosized CeO, single crystals, with no
amorphous, defect or impurity phases. Such XRD spectra support the work of Hernandez
et al where they deduced that the samples with average particle size between 3 and 10 nm
have fluorite structure similar to the bulk while ceria nanoparticles below 3 nm are strongly
disordered materials where the crystalline and amorphous domains exist [8].

In bulk materials, both the frequency and linewidth of optical phonons are found to vary
with temperature. This temperature dependence can be attributed to anharmonic terms in the
vibrational potential energy. Because of anharmonicity of the lattice forces, an optical mode
can interchange energy with other lattice modes and in this way maintain thermal equilibrium.
The principal anharmonic interactions are due to the cubic and quartic anharmonic terms,
resulting in the splitting of the optical phonon into two or three acoustic phonons, respectively.
According to Balkanski ef al [12] the influence of these anharmonic effects on the Raman

4
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Figure 3. Frequency (circles, squares, triangles) and broadening (asterisks) of the Fo; Raman mode
in CeO;_, versus temperature. The solid (dashed) lines are calculated data using equations (2) and
(3) with the fitting parameters indicated in the figure.

spectra in the materials under consideration is taken into account via three-and four-phonon
decay processes:

2 3 3
(g, T)=wy+C [1 + m} +D [1 T G —1 (eheo/3kaT — 1)2} - @

The phonon linewidth is given by

2 3 3
NI =A [l T /2T 11| +B |:1 T okt 7 T (ehoo/3kaT _ 1)2} ’ 3)

where A, B, C, and D are anharmonic constants.

Since no theory of anharmonic effects has been developed yet for nanocrystals, we assume
that the changes induced by temperature in the phonon vibrational states of the nanocrystals can
be well described with the corresponding equations for bulk phonons (equations (2) and (3)).

Figure 3 shows the first-order Raman mode frequency of CeO,_, nanocrystals at different
temperatures. By heating, the Raman frequency continuously decreases (open circles in
figure 3). In addition, as the temperature increases the line shape becomes less asymmetric,
and at about 900°C it is totally symmetric, as can be observed from figure 1. By cooling,
the frequency of the F,, mode increases (open triangles in figure 3), reaching the value of
464.3 cm™! at room temperature. The linewidth (FWHM) decreases with temperature decrease
down to 9 cm~! at room temperature. These values are very close to the corresponding
values of CeO, single crystals [13, 14], which leads us to conclude that our sample suffers a
transformation from nano- to polycrystalline (see figure 2(c)) by the above-mentioned heating
treatment. This means that all effects that arise from the nanometric size of the crystals, such as
nonstoichiometry, inhomogeneous strain, confinement, structure defects, etc, are removed by
heat treatment.

Equations (2) and (3) have been used to fit the experimental data by suitably choosing
the constants wy, A, B, C, and D, and the agreement between the theoretical curve and
experimental points is found to be quite good. It is natural to expect that in bulk materials
the contribution of four-phonon processes should be small compared to that of the three-
phonon processes [12], i.e. the ratios of B/A and D/C should be small (a few per cent). In

5
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addition, in the high temperature limit, the factors multiplying C and D in equation (2) vary
as T and T2, respectively. Having this in mind, the results of the fitting procedure applied to
the experimental frequency versus temperature dependence of nano-CeO,_, are unexpected.
Namely, as can be seen from figure 3, the Raman mode frequency of the nanocrystals (open
circles) varies as 72 (C = 0, D = —0.176 cm™ "), in the temperature range from 300-1300 K
(high temperature limit). Consequently, we can conclude that, at least in CeO,_, nanocrystals,
the anharmonicity is dominated by four-phonon processes. The same fitting analysis applied to
the polycrystalline CeO, sample (open triangles in figure 3) showed that a linear dependence
with T (C = —4.08 cm™!, D = 0, three-phonon processes) is more suitable for fitting the
experimental data. The fact that the value of D for nanocrystals is much larger than that
found in polycrystalline CeO, implies that the different phonon decay channels (four-phonon
anharmonic effects) are more important in CeO,_, nanocrystals than in the corresponding bulk.
This conclusion could be valid only if the temperature dependence of other effects such as
change of grain size (phonon confinement, inhomogeneous strain), or nonstoichiometry were
not so important.

According to [15], no significant grain size increase was registered in nano-CeO,_,
with temperature increase up to 600 °C. Despite this, we believe that the frequency shift of
the Raman mode in our nanocrystalline CeO,_, sample with increasing temperature is also
influenced by an increase in grain size. In order to verify this influence we heated the nano-
CeO,_, at 500 °C and measured the Raman spectra by cooling it down to room temperature.
The corresponding peak frequencies are shown by open squares in figure 3, and the room
temperature Raman spectrum, after the mentioned heat treatment, is shown in figure 2 (open
squares). It is clear that Raman spectra before and after this heat treatment differ significantly.
We fitted both of them with the phonon confinement model described by equation (1) and found
that a starting grain size of about L = 7.8 nm is almost doubled (L = 13 nm) after annealing
to 500°C. Annealing at temperatures higher than 600 °C leads to a grain size increase up to
L = 22 nm [5, 15], when the nanocrystalline sample transforms into the polycrystalline one.
Room temperature Raman spectra of CeO, after annealing up to 1100 °C is displayed as open
triangles in figure 2. This spectrum is totally symmetric with an absence of any of ‘nano’
effects, i.e. the line frequency and linewidth correspond to the values expected for bulk CeOs,.
The ratio of the best fit anharmonicity parameters D/C reduces from ‘pure’ nano to ‘pure’
polycrystalline phase (see figure 3).

The above discussion should be considered with great care, since it is necessary to take
into account that a temperature increase induces two opposite effects on the phonon frequency:
a blue shift due to the grain size increase and a red shift due to anharmonicity. To determine
which of these mechanisms dominates at different temperature ranges it would be necessary
to compare Raman scattering with x-ray diffraction measurements performed on the same
sample and at the same temperature. Namely, from the x-ray diffraction data it is possible
to estimate the crystallite size (Scherrer equation) separating the effects of size and strain
in nano-CeO,_, samples using Williams-Hall plots [16]. Alternatively, a study implying
only Raman scattering could be performed by repeating the heating/cooling cycles at various
temperatures, and checking the increase of grain size by the use of the phonon confinement
model to analyze the Raman shift at room temperature. In this work, this procedure is applied
only at a temperature of 500 °C.

We checked the validity of the thermal effects on the phonon modes of the nanocrystals
with an analysis of the relative intensities of Stokes and anti-Stokes scattering measured using
514.5 nm and 488 nm lines of an Ar-ion laser. In figure 4 we show the anti-Stokes/Stokes
intensity ratio versus temperature for CeO,_, nanocrystals as they are heated (open symbols)
and cooled-down (full symbols). This ratio can be written as [12]

6
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Figure 4. Temperature dependence of the anti-Stokes/Stokes intensity ratio for CeO;_, and TiO,
nanocrystalline samples, considering the corrections as discussed in the text. Open (solid) symbols
represent data obtained by heating (cooling) of the samples. Squares (diamonds) represent green
(blue) Ar-ion laser line measurements. The theoretical curves are represented by solid lines.
Inset: frequency versus temperature dependence of E, symmetry mode of a commercial TiO
nanocrystalline sample (grain size ~ 5 nm). Solid lines are the best fit curves, equation (2), for
anharmonic parameters indicated in the inset.
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where g, aas, os, are the absorption constants at the incident (wy), anti-Stokes (was) and
Stokes (ws) frequencies, whereas S(wy, was) and S(wy, ws) are the Raman cross sections at the
involved frequencies.

In equation (5), A takes into account the frequency dependence of the absorption
coefficient and Raman cross sections at the corresponding frequencies. Full lines in figure 4
represent the calculated spectra using equation (4). As can be seen from figure 4, the calculated
spectrum for a polycrystalline CeO, sample fits well with the experimental values taking
A = 1. For nano-CeO,_, experimental data can be fitted with a correction coefficient which
is about 30% smaller than for poly-CeO, (A = 0.7). We believe that this difference most
probably comes from different absorption coefficients aas, as of nano-CeO,_,. Support
for this conclusion is found in [17, 18], where absorption coefficient as well as index of
refraction versus wavelength of CeO, films are presented. There is a significant change of both
quantities close to the laser line frequency of 514.5 nm. This means that the anti-Stokes/Stokes
intensity ratio is strongly modulated due to a resonance Raman effect in the nano-CeO,_,
sample. With the blue line excitation of 488 nm (2.54 eV) resonance effects are even stronger,
because the energy of this line is closer to the energy gap value of nanoceria. Ellipsometric or
absorption coefficient measurements of nano-CeO,_, at high temperatures can help to resolve
this problem. Unfortunately these techniques are not at our disposal for the time being.
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We check the validity of equation (4) in the case of commercial nano-TiO, (grain size
~ 5nm). As can be seen from figure 4, the anti-Stokes/Stokes intensity ratio does not change
in the nano-(heating) and poly-(cooling) phase of TiO, and is well fitted with A = 1. Similarly
to the case for our CeO,_, sample, we find that the anharmonicity constants C and D as well as
the D/ C ratio are larger in the nanocrystals than in the polycrystalline phase of TiO, (see the
inset of figure 4), although the changes observed are smaller than in nanocrystalline CeO,_,.

A better knowledge of the correction factors is therefore necessary in order to use the anti-
Stokes/Stokes ratio as a tool for the determination of temperature in nano-CeO,_, samples.
In the case of TiO,, such correction is not necessary. From our measurements we conclude,
however, that equation (4) may be applicable for temperature measurements in nanosized
materials with similar restrictions as for the bulk samples.

4. Conclusion

In conclusion, we have found that at least two contributions are involved in the temperature-
induced Raman mode frequency shift of nano-CeO,_,: the anharmonicity effect and the
phonon frequency change due to the change of nanoparticle size with temperature (confinement
effect). The anti-Stokes/Stokes intensity ratio is smaller in CeO,_, nanocrystals in comparison
with the polycrystalline sample. This difference probably comes from the change of the
electronic structure of CeO, due to the particle size change induced by the temperature
increase, which changes the value of the absorption coefficients at the energies involved in
the experiment.

Acknowledgments

This work was supported by the Serbian Ministry of Science under project no. 141047 and the
OPSA-026283 Project within EC FP6 Programme. We would like to express our thanks to Dr
B Matovi¢ and Dr S Boskovi¢ who provided us with some of the samples. Support from the
Spanish Ministry of Education (MAT2006-01825-FEDER) is also acknowledged.

References

[1] Guadec G and Colomban P (eds) 2007 Raman study of nanomaterials J. Raman Spectrosc. 38 597
[2] Mishra P and Jain K P 2000 Phys. Rev. B 22 14790
[3] Konstantinovi¢ M J, Bersier S, Wang X, Hayne M, Lievens P, Silverans R E and Moshchalkov V 'V 2002 Phys.
Rev. B 66 161311(R)
[4] Spanier J E, Robinson R D, Zhang F, Chan S W and Herman I P 2001 Phys. Rev. B 64 245407
Zhang F, Chan S W, Spanier J E, Apak E, Jin Q, Robinson R D and Herman I P 2002 Appl. Phys. Lett 80 127
[5] Boskovi¢ S, Djurovi¢ D, Dohéevié-Mitrovié¢ Z, Popovi¢ Z, Zinkevich M and Aldinger F 2005 J. Power Sources
145 237
[6] Dohcéevié-Mitrovi¢ Z D, §éepanovié M, Gruji¢-Broj¢in M, Popovi¢ Z V, Boskovi¢ S, Matovi¢ B, Zinkevich M
and Aldinger F 2006 Solid State Commun. 137 387
[7] Dohéevié-Mitrovi¢ Z D, Gruji¢-Brojcin M, §éepanovié M, Popovié Z V, Boskovié¢ S, Matovi¢ B, Zinkevich M
and Aldinger F 2006 J. Phys. Condes. Matter 18 S2061
[8] Hernandez-Alonso M D, Hugria A B, Martinez-Arias A, Coronado J M, Conesa J C, Soria J and
Fernandez-Garcia M 2004 Phys. Chem. Chem. Phys. 6 3524
[9] Campbell I H and Fauchet P M 1986 Solid State Commun. 58 739
[10] Mazali I O, Viana B C, Alves O L, Mendes Filho J and Souza Filho A G 2007 J. Phys. Chem. Solids 68 622
[11] McBride J R, Hass K C, Poindexter B D and Weber W H 1994 J. Appl. Phys. 76 2435
[12] Balkanski M, Wallis R F and Haro E 1983 Phys. Rev. B 28 1928
[13] Sato T and Tateyama S 1982 Phys. Rev. B 26 2257


http://dx.doi.org/10.1002/jrs.1781
http://dx.doi.org/10.1103/PhysRevB.62.14790
http://dx.doi.org/10.1103/PhysRevB.64.245407
http://dx.doi.org/10.1063/1.1430502
http://dx.doi.org/10.1016/j.jpowsour.2005.01.085
http://dx.doi.org/10.1016/j.ssc.2005.12.006
http://dx.doi.org/10.1088/0953-8984/18/33/S22
http://dx.doi.org/10.1039/b403202k
http://dx.doi.org/10.1016/0038-1098(86)90513-2
http://dx.doi.org/10.1016/j.jpcs.2007.02.001
http://dx.doi.org/10.1063/1.357593
http://dx.doi.org/10.1103/PhysRevB.28.1928
http://dx.doi.org/10.1103/PhysRevB.26.2257

J. Phys.: Condens. Matter 19 (2007) 496209 Z NV Popovié et al

[14] Weber W H, Hass K C and McBride J R 1993 Phys. Rev. B 48 178

[15] Wang X, Hanson J C, Liu G, Rodriguez J A, Iglesias-Juez A and Fernandez-Garcia M 2004 J. Chem. Phys.
121 5434

[16] Zhou X-D and Huebner W 2001 Appl. Phys. Lett. 79 3512

[17] Kanakaraju S, Mohan S and Sood A K 1997 Thin Solid Films 305 191

[18] Suzuki T, Kosacki I, Petrovsky V and Anderson U 2002 J. Appl. Phys. 91 2308


http://dx.doi.org/10.1103/PhysRevB.48.178
http://dx.doi.org/10.1063/1.1781116
http://dx.doi.org/10.1063/1.1419235
http://dx.doi.org/10.1016/S0040-6090(97)00081-3
http://dx.doi.org/10.1063/1.1430890

Appl. Phys. A 90, 679-683 (2008)

Applied Physics A

DOI: 10.1007/s00339-007-4345-6

R. KOSTIC™

S. ASKRABIC

Z. DOHCEVIC-MITROVIC
Z.V.POPOVIC

nanoparticles

Materials Science & Processing

Low-frequency Raman scattering from CeQO,

Centre for Solid State Physics and New Materials, Institute of Physics, P.O. Box 68, Pregrevica 118,

11080 Belgrade, Serbia

Received: 23 April 2007 /Accepted: 24 October 2007
Published online: 1 December 2007 « © Springer-Verlag 2007

ABSTRACT Raman scattering measurements were performed
on CeO;, nanoparticles at room temperature. Low-frequency
modes are assigned to confined acoustic vibrations of spheri-
cal CeO, nanoparticles. Frequencies of these vibrational modes
have been calculated in the elastic continuum approxima-
tion, which considers a nanoparticle as a homogeneous elastic
sphere. We assumed stress-free boundary conditions. The spe-
cific dependence of the vibrational frequency on the particle
diameter enables the determination of the particle size from the
experimental Raman frequency. The particle size value calcu-
lated in this way agrees well with the value acquired from the
phonon confinement model.

PACS 61.46.Df; 73.63.Bd; 63.22.4+m

1 Introduction

CeQ; is one of the rare-earth oxides having fluorite-
type structure. Upon doping with other rare-earth oxides it
becomes a good 0%~ ion conductor at intermediate tempera-
tures (400—700 °C). The electrical properties and chemical
reactivity of pure and doped CeO, nanocrystals make it inter-
esting for applications such as gas sensors, fuel cell electrolyte
materials, catalysts for oxygen storage, etc. [1-3]. As this ma-
terial has attracted a lot of attention, a great improvement in
methods of synthesis and characterization has been made in
recent years [4—7].

Investigation of size-dependent properties by the Raman
scattering technique has been reported simultaneously with
methods of synthesis of CeO, nanocrystals [§—10]. In bulk
CeO, there is a single allowed Raman active triply degen-
erate F>, mode centered at about ~ 465 cm™!. This mode
can be viewed as a symmetric breathing vibrational mode of
the O ions around each cation [11]. This mode is, therefore,
very sensitive to the oxygen sublattice disorder resulting from
processing or from the effects connected with a decrease of
crystal dimension. It has been noticed that in CeO, nanocrys-
tals the Raman peak energy of the F>, mode decreases, the line
width increases and the spectral feature becomes asymmetric

B Fax: +381-11-3160531, E-mail: rkostic@phy.bg.ac.yu

towards lower frequencies with decreasing size [10]. This
change of the Raman line shape and position can be well
described using a theoretical model that assumes the localiza-
tion of the phonon wave function — the phonon confinement
model (PCM) — with decreasing particle size. The PCM is al-
most exclusively applied to optical phonon confinement and
is based on the fact that phonons from the whole Brillouin
zone contribute to the Raman line intensity. The weight of
the off-center phonons increases as the crystal size decreases
and the phonon dispersion causes a wavenumber shift and
asymmetrical broadening of the Raman modes [9, 12, 13]. Be-
sides the phonon confinement other effects like stress, inho-
mogeneous strain broadening associated with the dispersion
in particle size, defect states and non-stoichiometry can be
possible reasons for variations of Raman spectra of CeO,
particles [10, 14].

In various semiconductor, metal and insulator nanopar-
ticles the low-frequency Raman modes were observed due
to scattering from confined acoustic vibrations in nanopar-
ticles. The elastic sphere model (ESM) was generally used
to analyze the acoustic phonon confinement. This model de-
scribes the oscillations of a homogeneous elastic sphere and
was successfully applied to explain the experimental spectra
of various nanoparticles [15-18].

According to this model, the frequency of an acoustic
Raman mode is scaled as the inverse of the dimension of par-
ticles. Thus, the size of the nanoparticles can be deduced from
the frequency of these low-frequency Raman peaks.

In this paper we present low-frequency Raman spectra of
CeO; nanoparticles. To the best of our knowledge, this is the
first report of experimental evidence of acoustic phonon con-
finement in CeO, nanoparticles by Raman spectroscopy. To
analyze our experimental spectra we have calculated char-
acteristic frequencies of acoustic phonons confined in CeO,
spherical nanoparticles by the ESM [18, 19] more accurately
than in the theoretical work of Talati and Jha [20]. From the
characteristic frequencies we obtained the information about
the average particle size that coincides well with the size value
deduced from the PCM.

2 Experimental results

The nanocrystalline CeO, samples were obtained
by self-propagating room-temperature synthesis (SPRT) in
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order to produce powders of high quality with a narrow
particle size distribution in the nanometric range. The de-
tailed sample preparation procedure has been described pre-
viously [21]. The nanocrystal phase was analyzed by X-ray
diffraction (XRD). The calculated value of the CeO; crystal-
lite size obtained from XRD measurements was about 6 nm.

Micro-Raman spectra were taken in the backscattering
configuration and analyzed using a Jobin-Yvon T64000 spec-
trometer, equipped with a nitrogen-cooled charge-coupled-
device detector. As an excitation source we used the 514.5-nm
line of an Ar-ion laser.

Figure 1 shows Raman spectra of nano- and polycrys-
talline CeO, samples measured at room temperature. The
strongest intensity mode at about 457 cm™! (in the polycrys-

talline sample at 464.3 cm™') represents the optical Raman
F>, mode, which originates from oxygen stretching vibra-
tions. This mode softens in a nanosample as a consequence
of phonon confinement effects. We have already discussed
in more detail the influence of the grain size upon the Ra-
man spectra of CeO, in the optical phonon region [10]. In
the inset of Fig. 1 we have shown the experimental Raman
spectrum of nano-CeO; in the optical region together with
the calculated Raman spectrum (full line) based on the PCM.
This model accounts for size and inhomogeneous strain ef-
fects which arise in nanocrystals from non-uniform size of
the powder particles, as described in the previous work [10].
The best-fit procedure gives the average particle size value of
about 8 nm.

FIGURE 1 Room-temperature Raman spectra of nano-
and polycrystalline CeO,. Inset: experimental (open cir-
cles) and calculated (solid line) CeO, Raman spectra in the
350-550 cm™! spectral range
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FIGURE 2 Spectrum of low-frequency Raman scattering
from CeO, nanoparticles (open circles). Full line is the
Lorentzian peak profile fit



KOSTIC et al. Low-frequency Raman scattering from CeO; nanoparticles

681

Weak intensity features at about 270cm~! and about
600 cm ™! in the Raman spectrum of nano-CeQ, are ascribed
to the second-order Raman features and intrinsic oxygen va-
cancies due to the sample non-stoichiometry [22], respec-
tively [10, 23]. The concentration of the vacancies is increased
with the decrease of the particle size and an increase of
the particle surface to volume ratio. The Raman spectrum
of nano-CeO; differs substantially from poly-CeO, in the
low-frequency region (below 100cm™!, see Fig. 1). Further
on, we will focus our attention on the low-frequency region
of the nano-CeO, Raman spectrum only. At first, we sub-
tracted the intensity of the elastic scattering background by
the A/w" approximation [24]. The resulting spectrum is pre-
sented in Fig. 2 (open circles). The several modes were ob-
served and deconvoluted in Fig. 2 using the Lorentzian line
profile technique.

Four low-frequency modes are observed in the spectrum at
the following frequencies: 18.04+0.4cm™',25.7+0.4cm™!,
37.242.0cm™! and 52.0 £8.0cm™~!. Their line widths in-
crease with the increase of the frequency and their FWHM
valuesare 4.24+0.4cm™',13.44+3.0cm™',25.64+13.0cm™!
and 41.04 12.0cm™', approximately. As these peaks defi-
nitely do not appear in the spectra of bulk CeO,, we as-
sumed that the radiation—vibration coupling involved vibra-
tional eigenmodes characteristic for CeO, nanoparticles.

3 Calculation of the vibrational frequencies
of a homogeneous elastic sphere of CeO;

The vibrational theory of a continuous elastic body
is often used to describe a long-wavelength acoustic phonon
that propagates in an ideal bulk crystal. The equation of mo-
tion of the three-dimensional elastic body, formulated by
Lamb, can be written as
oii=MA4+2WV(V-u)—uVx(Vxu). (1)
Here u(r, t) = u(r)e ! is the lattice displacement vector at
position r and time #, A and wu are parameters of the ma-
terial known as Lame’s constants and o is the mass dens-
ity. Lame’s constants are related to the elastic constants of
a cubic material as A+2u = Cjj, A =Cp and u = Cy4. In
CeO, the elastic constants are Cy; =4.03 x 10! N/m?, C, =
1.05 x 10" N/m? and C44 = 0.6 x 10'! N/m? [25]. The mass
density of CeO, is 7300kg/m>. The transverse sound vel-
ocity is vt = 2890m/s. We point out that this velocity is
quite different from the one (3890 m/s) assumed by Talati and
Jha [20]. The longitudinal sound velocity is v, = 6600 m/s.
These velocities are parameters of (1). Equation (1) can be
rewritten as

2

—w*u = viV(V~u) — U%V x (Vxu),

where u = u(r).

As we want to describe a confined acoustic phonon in
a small crystal we must consider the boundary conditions at
the surface of the crystal, in our case a sphere, and com-
bine them with (2) in spherical coordinates. We introduced
a spherical coordinate system coherent with the symmetry of
the problem as in [18, 19]. General solutions were obtained by
introducing appropriate scalar and vector potentials. In order

to calculate the coefficients that appear in the solution for
the displacement field, # = u(r), boundary conditions were
chosen. It was useful to introduce dimensionless variables:
n=wR/vr = wd/(2ur) and & = wR/vL = wd/(2vL), where
R is the radius of the particle (d is the diameter).

As nanoparticles are usually embedded in a different ma-
terial (matrix), appropriate boundary conditions must be used.
If there is a great difference in properties (greater mass density
of the matrix, mechanical parameters, structure) of nanoparti-
cle and surrounding matrix, the matrix can disable movement
of the surface of the nanoparticle. In the case of so-called rigid
boundary conditions, as discussed in [16—18], there is no dis-
placement at the particle surface, i.e. all # components are
zero at the surface of the sphere.

If properties of a matrix make it possible for a nanoparti-
cle to vibrate without restrictions, we can assume that there
is no force acting on the particle surface, i.e. radial compo-
nents of the stress tensor at the surface are zero (it is the
case of so-called free-surface boundary conditions) as applied
in [15-17]. This condition is completely fulfilled if the matrix
is absent. Since there is no matrix in the case of interest we as-
sumed the stress-free boundary conditions as in [18] in order
to describe the behavior of CeO, nanoparticles in our samples.
Two types of vibrational modes were obtained: spheroidal and
torsional modes. In dimensionless variables, spheroidal vibra-
tional motion satisfies secular equations:

tan& 1
= , [=0 3)
51— (1)
and
2 2
T [(1 — DI+ 1) - %]jz(n)jz(é)
+[77 = (P = DA+ (E) i ()
+ [ =10 = D)+ 210 ) i1 ()
+{—=DU+2)8nji+18) jit1(n) =0, [>0. @
The torsional mode motion satisfies the equation
. -1
]1+1(77)—TJZ(77)=Os [>0. &)

Here [ is an angular momentum quantum number and j; is
a spherical Bessel function of the first kind. There is no tor-
sional movement characterized by [ = 0.

For each [ we obtain a series of solutions n (£), so-called
eigensolutions. As w = 2nvr/d (w = 2&v /d), each solution n
(&) determines a specific linear dependence w = f(1/d). Di-
mensionless solutions of equations for spheroidal modes, (3)
and (4), strongly depend on the material through the ratio
vr/vL. Solutions for torsional modes, (5), do not depend on
the material. The first three solutions for spheroidal [ = 0,
/=1and !/ =2 and torsional / = 1 and / = 2 modes are pre-
sented in Table 1.

A spheroidal mode is a vibration with dilatation while
a torsional vibration is without dilatation. The lowest-fre-
quency modes, n = 0, for I =0, 1 correspond to the surface
modes because the displacement vector, in this case, has large
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Spheroidal Torsional
I n & ) n
0 2.583 0 -
0 1 6.157 0 1 -
2 9.342 2 -
n n n n
0 3.685 0 5.763
1 1 7.346 1 1 9.095
2 9.745 2 12.323
0 2.655 0 2.501
2 1 5.218 2 1 7.136
2 8.728 2 10.515
TABLE 1 Calculated values of dimensionless variables & and 7 for fun-

damental spheroidal (SPH) and torsional (TOR) modes in CeO,. vy, =
6600 m/s and vt = 2890 m/s [25]

amplitudes near the surface. For/ > 1, n = 1 is usually a sur-
face mode [26]. The higher-frequency modes, n > 1, corres-
pond to the inner modes.

The solutions of (2) for a sphere must transform accord-
ing to the irreducible representations of the three-dimensional
rotation—inversion group O(3) labeled as D} and DY. The
spheroidal modes transform according to D¢, Dy, D§, ... rep-
resentations and the torsional modes transform according to
D‘lg , Dy, D§ , ... representations. The Raman transition opera-
tor for dipole-allowed scattering transforms according to D
and D} representations. Hence, the spheroidal / =0 and/ =2
modes are Raman active [27]. In experimental Raman spec-
tra we expect to see / = 0 series of modes (which are often
called spherical modes because the corresponding displace-
ments in the particle are purely longitudinal) and / = 2 series
(often named ellipsoidal modes because the corresponding
displacement in the particle is of both longitudinal and trans-
verse nature).

Size dependences of the acoustic mode frequencies, cal-
culated with the use of eigensolutions 7 or & from Table 1,

20 10 8 6.67

70

for five lowest energy levels ( =2,n =0;1=2,n=1;1=0,
n=0;l=2,n=2and/ =0,n = 1), are plotted in Fig. 3.

4 Discussion

The most intensive mode from Fig. 2, at about
25.7cm™!, corresponds to the spherical (I = 0, n = 0) mode.
Because of the nature of the / = 0, n = 0 mode, which is com-
pletely symmetrical, the theory implies that the lowest energy
spherical mode (I =0, n = 0) should be the most intensive
among all the others in the / = 0 series of solutions. The same
applies for the first quadrupolar mode (I =2, n = 0) in the
[ =2 series.

As mentioned previously, the eigensolutions of (2) repre-
sent different frequency dependences on the particle diameter
and are useful for the determination of the particle size. The
particle size diameter value that corresponds to the frequency
25.7cm™ !, according to the solution & = 2.853 obtained for
[=0,n=0,is 7.8 nm. The value of 7.8 nm gained by the
application of ESM calculations in the analysis of experi-
mental data is in excellent agreement with the mean particle
size of 8 nm deduced from the PCM. This can be taken as
an additional confirmation of the assertion that the frequency
of 25.7 cm™! represents the spherical mode (I =0, n = 0) in
CeO; nanopowder.

From the ESM the frequency of the [ = 2, n = 0 mode is
expected to be around 10 cm™! for the particle size ~ 8 nm,
but unfortunately due to the screening by Rayleigh scatter-
ing this mode cannot be observed. The same uncertainty is
present in determining the position of the / =2, n = 1 vibra-
tional mode, which is expected to be around 20 cm™! (the
deconvolution technique gives the value of 18.0cm™"). The
further modes in the experimental spectrum can be ascribed
tothe /=2, n =2 and [ =0, n = 1 branches with frequen-
cies 37.2cm™! and 52.0 cm™', respectively. It can be noted
that these frequencies are close to the values of the frequencies
calculated from the appropriate eigensolutions using the par-

® (cm'1)

FIGURE 3 Dependence of the low-frequency Raman

bands on the inverse diameter of the CeO;, nanoparticles.
Plotted lines represent eigensolutions, presented also in
Table 1, for spheroidal modes in the stress-free boundary
approximation. Symbols are experimental results
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ticle diameter value of 8 nm. From the calculations performed
in [28] it follows that the intensity of the mode in each series
(characterized by the value of /) decreases rapidly with the in-
crease of the value of n. This was an additional reason for the
previous assignment.

It is assumed here that each particle vibrates with the fre-
quency which enables us to establish a relationship between
the Raman line shape and the shape of the particle size dis-
tribution. Broadening of all of the lines observed in the ex-
periment originates from the particle size distribution. Broad-
ening is also determined by the slopes of curves representing
the eigensolutions (Fig. 3). This is why we expected the mode
[ =0, n =0 to be the narrowest and / = 0, n = 1 the widest,
as was confirmed by deconvolution. The diameter that cor-
responds to the maximum intensity in the low-frequency Ra-
man spectrum does not precisely determine the mean particle
diameter [24], which is somewhat smaller. This difference is
determined by the width of the particle size distribution. We
estimated that this difference is not so significant for the inter-
pretation of our experimental spectra.

It should be noted that the non-stoichiometry of CeO,,
i.e. the presence of the Raman peak at the frequency of
~ 600 cm~! that corresponds to the intrinsic oxygen vacan-
cies [23], does not make the use of the ESM less justified. The
nanoparticles evidently experience vibrations that belong to
the spectra of the eigenmodes of the homogeneous spheres.

5 Conclusion

In this work we reported the low-frequency Ra-
man scattering spectrum of CeO, nanocrystals. We found that
the observed peaks agree well with the calculated frequencies
based on the ESM with parameters transferred from bulk ma-
terial and the assumption of free-surface boundary conditions.
As aresult we identified these low-frequency Raman features
as scattering from the acoustic vibrations: [ =2,n = 1;/ =0,
n=0;l=2,n=2and /=0, n = 1. From the most intensive
acoustic mode (I = 0, n = 0) we determined the particle size,
which is in good agreement with the results obtained from the
PCM. Careful analysis of the Raman spectra would enable us
to make a correspondence between Raman line shape and par-
ticle size distribution.
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Temperature-dependent Raman study of Ce( ;5Ndg250,_5 hanocrystals
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Raman spectra of Nd doped ceria nanocrystals were measured by gradual heating and cooling over
the temperature range of 293—1073 K and analyzed using the phonon confinement model that
incorporates inhomogeneous strain and anharmonic effects. We have demonstrated that in
nanograins, four-phonon anharmonic processes are more dominant at higher temperatures than size
effects. After the heat treatment, Nd doped ceria nanocrystals remain of nanometric range
(~20 nm) while the concentration of oxygen vacancies is still high in ceria lattice, making this
material convenient for solid oxide fuel cells application. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2815928]

Cerium dioxide (CeO,) attracts a lot of interest because
of its applications in three-way catalysis,1 gas sensor
devices,2 and as electrolyte material in solid oxide fuel
cells.>* Nanosized CeO, doped with rare earth elements is a
promising solid electrolyte with excellent ionic conductivity
at low temperature because of the high oxygen vacancy
concentration.>

Although in recent years numerous investigations have
been performed on the structural’” and transport properties
of doped ceria,”® we are not aware of any other Raman work
aimed to the examination of temperature-induced changes on
the vibrational properties in these materials. In the present
study, we investigated the temperature dependence of the
Raman spectra of Ce75Nd(,50,_s nanocrystals. The pres-
ence of oxygen vacancy Raman modes after heat treatment
implies that Nd doped ceria can be a useful electrolyte ma-
terial for fuel cells. High-temperature x-ray diffraction
(HTXRD) measurements were performed in order to inves-
tigate the stability of this system and to estimate the particle
size.

The Ce75Nd(,50,_s nanocrystals were synthesized us-
ing self-propagating room temperature synthesis. The de-
tailed powder preparation procedure has been described
previously.10 HTXRD measurements were carried out on
Philips X’pert Pro XRD unit equipped with Anton Paar HTK
attachment, in static air, using Co K@ radiation.

Raman experiments were performed in the backscatter-
ing configuration using Jobin Yvon T64000 spectrometer and
TS1500 Linkam microscope heating stage. The Raman spec-
tra were measured with the 514.5 nm Ar" laser line.

In Fig. 1 are displayed Raman spectra of the
Ce(75Ndg »50,_s sample at room temperature (RT), during
the heating (circles) and after gradual cooling (dashed lines)
down to room temperature.

In CeO, nanocrystals, F,, Raman mode'" at 464 cm™!
shifts to lower frequencies with pronounced asymmetrical
broadening depending on the particle size.'> In
Ce(75Nd(»50,_s sample, this mode, at RT, is positioned at
about 450 cm™'. With temperature increase the F,, mode

“Electronic mail: zordoh@phy.bg.ac.yu
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shifts to lower frequencies and becomes less asymmetric
while the linewidth continuously increases. Such a behavior
is attributed to the presence of anharmonicity in the vibra-
tional potential energy due to the decay of the optical phonon
to two or three acoustic phonons.lz’13 The temperature de-
pendence of the Raman mode frequency and linewidth, in-
cluding three- and four-phonon anharmonic processes is'?

(T) = +C{1+ 2 }+D{l+ 3 +L]
@)= e -1 =1 (eV-1)2

= wy+Aw(T), (1)

2 3 3
n=r,+A|1 B|1 a—
(N)=T+ { +e"—1}+ [ +e~"—1+(e«"—1)2}

=T, + AT, (2)

Intensity (arb. units)

500
Raman shift (cm™)

600 700

FIG. 1. Raman spectra of Ce;5Ndj,50,_s sample obtained upon heating
(circles) and cooling (dashed lines). The solid lines are calculated spectra
using PCM model.

© 2007 American Institute of Physics
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FIG. 2. X-ray diffraction patterns of the Ce;5Ndj,50,_5 sample in the
temperature range of 293-873 K.

where , is the harmonic frequency, x=hwy/2ksT,
y=hwy/3kgT, T'; is a linewidth due to phonon confinement
and inhomogeneous strain, and A, B, C, and D are anhar-
monic constants.

Raman spectra of the Cej;5Ndj,50,_5 sample from
Fig. 1 are fitted using phonon confinement model (PCM). In
the PCM are included inhomogeneous strain effect through
term Aw,(q,L), using Gaussian particle size distribution
function p(L),12 4 and anharmonic effects through terms
Aw(T), I'(T):

p(L)dL

272
q°L
eXp(— E)fq

8 LZ [0 = (0(q) + Aw)* + [T (D)2

where the wave vector ¢ is expressed in units of 27/a (a
is the lattice constant), L is the particle diameter,
Aw=Aw{q,L)+Aw(T), and B is an adjustable parameter
concerning the strength of the phonon confinement in nano-
materials. The full lines in Fig. 1 are the calculated spectra
based on Eq. (3). From the PCM model, we obtained that
particle size increased from 6.6 to 11 nm during the heating
(see inset of Fig. 4).

In Fig. 2 are presented XRD data collected in the tem-
perature range of 293—873 K. The diffraction peaks became
more intense, narrower, and sharper with temperature in-
crease indicating particle agglomeration. No phase separa-
tion was detected confirming that Cej-5Ndj,50,_s solid
solution is stable at higher temperatures. The estimated nano-
crystal average size, using Scherrer’s equation, ranged
from 4.2 to 23 nm (see inset of Fig. 2). Our estimation of
particle size from the PCM model is in a very good agree-
ment with HTXRD results as well as with XRD measure-
ments of Wang et al.’

In Fig. 3(a) is shown the F,, mode frequency downshift
(squares) and linewidth increase (circles) with heating.
The best fits of the peak position and linewidth [full lines in
Fig. 3(a)] were obtained including only four-phonon pro-
cesses contrary to the microceria sample where three-phonon
processes are more probable. 1216 guch a behavior suggests

3
lw)=2,
i=1

3)
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SEBRE0935 32328
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FIG. 3. Variation of the F,, mode frequency (M) and linewidth (@) upon
heating (a) and upon gradual cooling (b). Full lines represent calculated
values for the peak position and linewidth. The best fitting parameters
during the heating are w,=448.5 cm™!, C=0cm™, D=-0.095 cm™,
=49 cm™, A=0 cm™, and B=0.25 cm™!, whereas those for cooling are
wy=462 cm™!, C=-1.1 cm™', D=-0.182 cm™!, I';=32 cm™', A=2.5 cm™,
and B=0.17 cm™. Triangles represent the calculated F,, mode position in-
cluding only size and strain effects.

that phonon decay channels are different in nanocrystalline
grain than that in larger grain. Taking into account that par-
ticles grow during the heating and assuming that size effects
predominate, we would expect the upshift of the F,, mode
frequency [triangles in Fig. 3(a)] and linewidth decrease, but
because of evident redshift and broadening of the F,, mode
during heating, we concluded that anharmonicity effects at
higher temperatures have more influence on the frequency
(linewidth) change than size effects.

Upon cooling, the F,, mode frequency increases while
linewidth decreases [Fig. 3(b)]. The temperature dependence
of F,, mode frequency (squares) and linewidth (circles) is
now well fitted including both terms in Egs. (1) and (2) This
behavior is more similar to the microceria sample. 216 The
Raman spectrum of Cej;5Ndj,50,_5 sample at room tem-
perature after cooling is narrower, blueshifted with re-
spect to starting spectrum (see Fig. 1), but at lower frequency
(~457 cm™') than in the bulk counterpart. This implies that
the particles were increased after the heat treatment but are
still in the nanometric range (~20 nm at room temperature).

Beside F,, mode two additional Raman modes appear in
Ce(75Nd( 50,_s sample. The mode at ~600 cm™! originates
from intrinsic oxy%en vacancies due to nonstoichiometry of
ceria nanopowder.” The other mode at ~550 cm™' can be
ascribed to the oxygen vacancies introduced into the ceria
lattice whenever Ce** ions are replaced with Nd** cations.”"”
This mode is pronounced during the heating and still exists
after cooling. The defect concentration N=: 3/(4wé), deter-
mined from the correlation length é=L/\/8 ,8,9’16 is presented
in Fig. 4 for the temperature range of 293-1073 K. In the
inset is presented change of the particle size obtained from
PCM with temperature. The defect concentration in
Ce(75Ndg,50,_5 decreases with temperature as a conse-
quence of size effects™'® but is still high after heat treatment,
almost three orders of magnitude higher than in polycrystal-
line sample

We examined the effects of temperature-induced changes
on vibrational states of Nd doped ceria nanocrystals using
Raman spectroscopy. This study revealed that four-phonon
anharmonic processes predominate in Ceg;5sNdy,50,_5
nanocrystals contrary to polycrystals where three-phonon
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FIG. 4. Defect concentration for the temperature range of 293—1073 K as a
function of the grain size. Inset: the particle size, obtained from the PCM
model, as a function of temperature.

processes are more probable. The size effects have less in-
fluence on the Raman mode behavior than anharmonic ef-
fects at high temperatures. The Raman spectra before and
after heat treatment differ significantly, as a consequence of
particle growth, but the Ceg-5Ndj,50,_s sample is still in
nanometric range with a significant presence of oxygen va-
cancies in ceria lattice.
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Abstract:

A series of Ce,Ba0,., (5sx<0.20) nanometric powders were synthesized by self-
propagating room temperature synthesis. XRD and Raman scattering measurements were
used to characterize the samples at room temperature. All the samples are solid solutions
with fluorite type structure with an average crystallite size about 5 nm. The redshift and
asymmetric broadening of the Raman F,; mode can be well explained with combined
confinement and strain effects because of the nanocrystalline powders nature. The
appearance of the additional peaks at /7560 cm™* and /7600 cm, are attributed to extrinsic
and intrinsic O* vacancies in ceria lattice. Raman spectra of temperature treated
Cep goBag 2005 sample revealed the instability of this system.

Keywords. Ba doped ceria nanopowders, XRD method, Raman scattering, phase separation

1. Introduction

Cerium dioxide is of interest because of its nplatiapplications such as catalysis in
vehicle emissions-control systems [1], high storagapacitors [2], for high Tc
superconducting structures [3], and for optical icewv [4]. Recently, ceria based solid
solutions have gained an increasing amount of tattendue to their potential use as
electrolyte material in solid oxide fuel cells [EOFCs). Optimization of SOFCs, to operate
at reduced temperatures can be performed with uskectrolyte materials, which have high
ionic conductivity at moderate temperatures.

Monodisperse cerium nanoparticles have higherciatonductivities than bulk
material, due to the properties related to themos&ructured nature. Nanosized ceria doped
with oxides of di- or trivalent metals exhibits higonic conductivity at intermediate
temperatures (400-70tC) and is a promising candidate for electrolyte S®Fnaterials.
Whenever the C& ions are replaced with di- or trivalent rare eadhs large density of
oxygen vacancies are formed in ceria lattice enihgnthe ionic conductivity of these
materials[6,7]. The ionic conductivity significantly depends on tlomic radius and the
concentration of the dopant too [8,9].

In the present work we described briefly the SRRIthod as a possible method for
preparing Ba-doped ceria nanopowders. To the Hestiroknowledge this method is for the
first time used to synthesize the(Ba,0,., (5sx<0.20) solid solutions. The influence of

" Corresponding author: marrad@phy.bg.ac.yu
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doping and heating treatment on the Raman spedtrdoped ceria powders is also
investigated. Raman spectroscopy at room temperatas used to identify and distinguish
the presence of oxygen vacancies introduced inta &gtice with doping from the intrinsic

vacancies that originate from nonstoichiometryaped samples.

2. Experiment

The solid solutions of Ba doped Ce&amples were prepared by a self-propagating
room temperature synthesis (SPRT) using metaltegirand sodium hydroxide as the starting
materials. The synthesis involves hand-mixing stgrmaterials in alumina mortar for 5-7
minutes until the mixture got light brown. Afteribg exposed to air for 3h, the mixture was
suspended in water. Rinsing out of reaction bypco@aNQ) was performed by centrifuge
Centurion 1020D at 3500 rpm. This procedure wafopeed 3 times with distilled water and
twice with ethanol [10].

Single solid-state solutions were obtained acogytlh reaction:
2[(1-x)Ce(NQ)s6H,0 + xBaNQ] + 6NaOH + (1/y)Q — 2Ce.Ba0.., + 6NaNQ + 9H,0

Compositions of CgBa0O.., were synthesized with x ranging from 0.05 to 0.20

The crystalline phases were identified by X-rayvgder diffraction using Siemens
D5000 diffractometer with Cu Kradiation at room temperature. Diffractograms @& @g.
«BaO,, samples were recorded over titerange from 2bto 8¢ using a position sensitive
detector with 8 acceptance angle. The average grain size was redasam the (111) XRD
peak using the Scherrer formula. The average dlifestsize was estimated to be 5 nm.

Room temperature Raman measurements were performdbe backscattering
geometry using 514.5-nm line of Ar-ion laser, Je¥dwon U1000 monochromator and
photomultiplier as a detector while high temperataman measurements were taken with
same Af laser line using Jobin Yvon T64000 spectrometeripged with Linkam TS 1500
microscope heating stage and nitrogen cooled chargpled-device detector (CCD).
Overheating of the samples was avoided using anmainieaser power when no changes of the
Raman spectra were noticed.

3. Results and discussion

According to the XRD spectra, Ba doped samplesamul to be of single phase for
the whole doping range retaining the GdiDorite structure. Diffraction lines of Ba oxide
were not registered in the whole doping range.

The XRD patterns for GgBa.0:0,.y, C& sdBan.10,.y and CgsBay 150,y Samples are
shown in Fig. 1 (a). Change of lattice parameteadsnction of dopant concentration is
shown in Fig.1 (b). Lattice parameter of pure geshown as reference one. The increasing
of lattice constant with increasing dopant concaiun is directly correlated with ionic size
CeQ with a fluorite structure has one Raman actiy@ytrilegenerate g mode at 465 crh

This mode presents symmetrical stretching vibratiohCeQ vibrational unit and
should be very sensitive to the oxygen sublattimrder [11]. Raman study of CeO
nanoparticles have demonstrated that thentode shifts to lower energies with increasing
linewidth while the lineshape becomes asymmetric on the low-energy sithegsarticle size
gets smaller [12]This evolution of the Raman line can be attributethe combined effect of
phonon confinement and inhomogeneous strain [12,18] explain properly the evident
phonon softening and increased linewidth asymmaftthe main &, mode in the CgBaO,.

y samples we used the phonon confinement model (PGM)incorporates size and strain
effects [13] Raman intensity is calculated over the whole Buittozone by the following
relation:
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212

expd =)

88

°q 1)

= Zj p(L)dLBZ[w-(w. (@ 8@, D)+ 12

wherep(L) is Gaussian particle size distribution, L is partisieze and is the linewidth of
the Raman mode in bulk crystal. The fadbois an adjustable parameter depending on the
strength of the phonon confinement in differentoraaterials. It varies frofi=1 to p=2r¢

for Richter [14] and Cambpell [15] model respediivén order to obtain the best fits of our
experimental spectra we used higher degree of phooafinemenp~4rt.
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Fig. 1 a) XRD spectra of GgsBay.o:0,.y, C 9B2.1d0,.y and CegesBa.150,.y Samples
b) change of lattice parameter with dopant conegiotr.

Fig. 2 shows Raman spectra at room temperatutbeoBa doped CefOsamples
(circles) and numerical fits of the experimentabd@nes) using PCM (Eq. 1).

454

Intensity (arb.units)

400 500 600 700

Raman shift (cm™)

Fig. 2 Raman spectra of Ba doped GeO
samples at room temperature
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The best accordance between the experimental dodlatad curves is obtained for the
average particle size=6.6 nm value while the Gaussian widtt) s also given in Fig. 2 for
each sample. As can be seen Raman spectra, B&®©.., samples show systematic shift of
the By mode, positioned afl 457 cmt for the lowest Ba doping concentration, to lower
frequencies with increasing doping level (in g §d8a 20025 this mode is positioned &t454
cm®) while the linewidth increases. Such a decreasphionon energy is consistent with
dilatation of unit cell parameter due to the inagtion of large BZ ions in cerium lattice.
On the other hand the broadening of thg, rRode with increasing Ba content could be
correlated with increasing®Qvacancy concentration with doping because this nidery
sensitive to disorder in oxygen sub-lattice [11].

Heating
800 °C ----Cooling
700 °C

UC 7N /Ba(OZ)OSSOD“

0.79O 0.21

Intensity (arb. units)

300 ' 460 ' ;60 ' 660 ' 70¢(
Raman shift (cm '1)
Fig. 3Raman spectra of ggBa, .{J,., sample during heating and cooling.

Besides the § Raman mode there are two additional mode& 360 cnmi and
0600 cnt. These modes are assigned to the extrinsic oxygeancies introduced into the
ceria lattice by substitution of €eions with B&" ions and intrinsic oxygen vacancies due to
the nonstoichiometry of ceria nanopowders [5, 10].

One sample with the highest Ba concentrationy §Bey >{O..5) was temperature
treated in order to investigate the phonon behavand stability of this system at high
temperatures. Raman spectra of, §8a,.{0.5 Sample, obtained by heating (lines) and
gradual cooling (dashed lines) are shown in Fig. Bemperature dependence of mode
frequency upon heating and cooling is shown in &ig.

We have found that frequency and linewidth offfhemode continuously decreases
by heating while the line shape becomes more syriunep to 800°C when it becomes
totally symmetric. In the Raman spectra at 300 additional mode can be observed at
515 cmt. This mode can be ascribed to the Raman moddaf()q 74021 System[16].
Frequency of this mode increases with temperahseease up to 527 ¢hat 600C, which
corresponds to the frequency of the Ba§@0Oq.14 System [16]. This mode disappears as the
temperature further increases to %00 Therefore we concluded that at 3DOphase
separation begins and certain types of Ba({@, oxide system are formed. At higher
temperatures these oxides are unstable. This anlus valid if we have in mind that
barium oxide (peroxide) begins to decompose atG@dair [17].

Two competitive effects could be responsible fegtiency and linewidth change
during heating: anharmonic and size effects. Ifahkarmonic effects are dominant we would
expect the frequency red shift and linewidth inseeavith temperature, while the expected
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particle growth with temperature would produce agpasite trend. The frequency shift is
consistent with the theory regarding the anharmeffects in crystals [18] but the linewidth
behaviour is not. The only plausible explanationtfat is that phase separation on ga@d
Ba(0,)1:O« takes place in GgBaO,5 samples during heating and at temperatures higher
than 600°C Ba disappears from the ceria lattice. By coothmgfrequency increases, reaching
the value of 462.5 cthat room temperature. Linewidth continuously desesa during
cooling, down to 12.3 cthat room temperature. This behavior is typicaltfe anharmonic
phonon behaviour in bulk samples and similar to thand in a Ce@polycrystalline sample
[12] leading us to conclude that the (@Bay.dO.5 sample transforms from nano to a
polycrystalline Ce@sample by the above mentioned temperature treatment

464—_ ® Heating
462 10 O Cooling

460 4
458
456 4
454
452 ° o

Frequency (cm™)

450 -
448
446

O

o
e ©

444 - o
0 100 200 300 400 500 600 700 800 900
t (°C)

Fig. 4Temperature dependence gf mode frequency

Intensity of modes at 560 ¢nand 600 cm increases with temperature increase
until 300°C when they start to decrease in intensity and roeceery weak at 808C. This
means that the concentration of oxygen vacanciesedses with temperature. The sample
becomes more stoichiometric and the structure tkeface probably removed by heat
treatment.

4. Conclusions

In summary, CgBaO,s nanocrystalline samples%<0.20) were prepared by the
SPRT method. From XRD and Raman measurements @atteraperature we have concluded
that Ce,Ba.s samples are solid solutions with fluorite cryssaiucture in the whole
doping range. The Raman spectra are well describad) a spatial correlation model with
combined size and inhomogeneous strain effectdhigtt temperatures a phase separation
takes place between CgCand Ba(Q):,O, systems. We demonstrated that Raman
spectroscopy is a very effective diagnostic metlodmonitoring nanocrystalline size,
detecting phase separation and the presence ofsiotand introduced oxygen vacancies in
the ceria lattice.
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Caopycaj.  Cepuja nanonpaxosa Cep,BaO,y (5sxs0.20), OJobujena je memoodom
camopacnpocmupyhe cunmese na cobnoj memnepamypu (SPRT). 3a rapaxmepuzayujy
y3opaxka kopuuwthiene cy Mmemode ougppakyuje penoeenckux 3paxka (XRD)u Paman
cnexkmpockonuje.Ceu y30pyu cy 48pcmu pacmeopu (ayopumue cmpykmype uuja je cpeorsa
genuyuna kpucmanua oxko SNM. Ilomepaj Paman Fyg Mooa xa nudicum enepeujama u mwe2060
ACUMEMPUYHO wuperbe Modice ce 00jacHumu KOMOUHOBAHUM ehekmuma @HOHOHCKO2
kongajumenma u cmpejua. Iojasa dodamuux modosa na [7560 cmi* u 7600 e, npunucyje
ce nocmojarby Y8eOeHux u C80jCMmeeHUX o* saxkancuja y yepujymosoj pewiemxu. Paman
cnexkmpu ooepesarnoe CeygoBag 200,-5y30pKa ykazyjy Ha Hecmabuanocm 08oe cucmema.
Kuwyune peuu: Ba donupanu nanonpaxosu yepujyma, XRD memoo, Ramanoso pacejarve,
cenapayuja asza.
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In this paper we illustrate the change of optical properties of mechan-
ically activated wurtzite ZnO powder and laser synthesized anatase TiO2
nanopowder due to the nonstoichiometry caused by mechanical activation
and/or laser irradiation in vacuum. Both of the investigated materials are
widely used in optoelectronics and the examination of their optical prop-
erties under different preparation and environmental conditions is of great
practical interest.

PACS numbers: 77.84.Bw, 73.63.Bd, 78.67.-n, 78.55.-m, 78.30.—j

1. Introduction

The high surface-to-volume ratio of nanocrystals suggests that the surface
properties have significant effects on their structural and optical properties. This
could be related to the presence of gap surface states arising from surface nonsto-
ichiometry, unsaturated bonds, etc. [1]. Therefore the investigation and control
of the surface processes is an important step toward understanding the optical
properties of oxide nanocrystals.

Optical properties of as prepared and laser irradiated mechanically activated
Zn0O powder and laser synthesized anatase TiOy nanopowder were investigated
by photoluminescence (PL) and Raman spectroscopy. The spectra excited by
different lines of Art and He-Cd lasers at room temperatures in air and vacuum
are compared.

2. Experiment

A commercial ZnO powder (Kemika, p.a. 99.96%) was mechanically ac-
tivated by grinding in a vibro-mill with steel rings. The grinding time was

*corresponding author; e-mail: myramyra@phy.bg.ac.yu

(1013)
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30 and 300 minutes and the powders are labeled as ZnO(30) and ZnO(300), respec-
tively. Average crystallite size obtained from X-ray diffraction (XRD) results are:
190 nm for ZnO(0), 106 nm for ZnO(30), and 44 nm for ZnO(300) [2]. Anatase
TiO2 nanopowder was synthesized by laser-induced pyrolysis, using titanium iso-
propoxide as a liquid precursor. The produced powder was calcined in air for 4 h
at 500°C, and its average crystallite size obtained from XRD was about 18 nm.

Raman measurements were performed in the backscattering geometry using
the 457.9 nm of Ar™ and 442 nm line of HeCd laser, Jobin-Yvon U1000 monochro-
mator and a photomultiplier as a detector. PL spectra were excited by 457.9 nm
of Ar™ laser, as well as UV (325 nm) and visible (442 nm) lines of a He—Cd laser,
using the same equipment as in the Raman measurements. All experiments are
performed at room temperature in air and vacuum.

3. Results and discussion
3.1. ZnO

Raman spectra taken on non-activated ZnO powder (ZnO(0)) in air and vac-
uum are shown in Fig. 1, where the observed first-order Raman modes are assigned

vacuum

Raman intensity [arb. unit]

200 400 600 600 1000g 1200
Raman shift [cm ']

Raman intensity [arb. units]
A,(TO), E|(TO)

vacuum

T T T T T T T T T T v T
200 400 600 800 1000 1200
Raman shift [cm'1]
Fig. 1. Raman spectra of nonactivated ZnO powder in air and vacuum. The original
Raman spectrum in vacuum before subtraction of backgrounddue to the luminescence

is shown in the inset.

to the Raman spectrum of wurtzite ZnO [3, 4]: 100 (EYXY), 383 (A1(TO)), 409
(E1(TO)), 438.4 (EY8") 543 (A;(LO)), and 585 (E1(LO)). Additionally, several
second-order Raman modes positioned at 331, 776, 984, 1112, and 1159 cm ! were
found. Two additional modes at 275 and 284 cm ™! are related to intrinsic host lat-
tice defects [2]. The spectrum in vacuum is obtained by subtracting background
due to the luminescence from the original spectrum (inset). It is obvious that
there is no substantial change in the position and shape of the Raman modes after
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irradiation in vacuum. Also there are no additional changes in mode behavior in
the Raman spectra of activated samples due to irradiation in vacuum, but those
ascribed to the tensile strain introduced by activation [2].
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Fig. 2. PL spectra excited by 442 nm He-Cd laser line of (a) nonactivated and (b)
activated for 30 and 300 min ZnO powder in air and vacuum, fitted to the sum of two
Gaussians. Time dependences of Gaussian intensities of nonactivated ZnO are shown in

the inset.

Figure 2 presents PL spectra of ZnO powders excited by 442 nm laser line in
air and vacuum fitted to the sum of 2 Gaussians at about 540 and 640 nm. With
irradiation in vacuum PL intensity rapidly increases in nonactivated ZnO powder,
due to the increase in the broad green luminescence band at ~ 540 nm, Fig. 2a.
This emission attributed to electron transition, mediated by defect levels in the
band gap [5], is strongly correlated to the density of singly ionized oxygen vacancies
[6] located at the surface [7]. The PL spectra intensity in as-prepared activated
ZnO powder, excited by the same energy, increase with activation time [2], with
additional increase due to irradiation in vacuum, Fig. 2b. This was expected
because the nonstoichiometry of activated ZnO powder is a consequence of both
activation and irradiation in the vacuum.

Figure 3 presents PL spectra of the ZnO powders excited by the UV line of a
He-Cd laser with a wavelength of 325 nm (3.81 €V) in air and vacuum. The spectra
of nonactivated ZnO powder show strong emission peak at about 410 nm, with in-
creasing intensity due to irradiation in vacuum. This violet luminescence probably
originates from radiative defects related to oxygen vacancies. However, activated
samples exhibit weak luminescence, both in UV and violet spectral ranges. As
ZnO powders have luminescence in green and yellow/orange spectral region, PL
spectra in visible range are fitted to the sum of 2 corresponding Gaussians. The
intensity in this PL decreases with activation time [2], while there is no significant
change in these spectra due to irradiation in vacuum. This indicates that oxygen
vacancy complexes, as specific defects, are not a green luminescence center in ZnO
excited by UV light; they may in fact act as the quenching centers [8].
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Fig. 3. PL spectra of nonactivated ZnO powder (ZnO(0)) and ZnO powder activated
for 30 (ZnO(30)) and 300 min (ZnO(300)), excited by 325 nm He-Cd laser line, in air
and vacuum, fitted to the sum of 2 Gaussians.

3.2. TiOqy

Raman spectra of TiOs nanopowder in the air and vacuum, presented in
Fig. 4a, confirm its anatase phase in both environments. The observed modes
are assigned to the Raman spectrum of anatase single crystal: 145 (Eg), 197
(Eg), 399 (Big), 513 (A1g), 519 (Big), and 639 cm ™! (Ey) [9]. Laser irradiation in
vacuum causes great intensity decrease in the Raman spectrum and small blueshift
and broadening of E, mode. These changes can be ascribed to nonstoichiometry
in anatase TiOq [10, 11].

Figures 4b and ¢ show the PL spectra of anatase TiO5 nanopowder excited
by 457.9 nm line of Ar™" laser with different irradiation times in vacuum and air,
respectively. As the visible luminescence of anatase TiOs is attributed to 3 dif-
ferent physical origins: oxygen vacancies, surface states and self-trapped excitons
[12, 13], the spectra are fitted by a sum of 3 Gaussian modes at about 1.95, 2.20,
and 2.40 eV, respectively. Dependence of intensities of these Gaussians on the
irradiation time in vacuum and air is presented in Fig. 4d. The intensity of all
modes is greater in vacuum than in air, resulting in overall PL intensity increase
with irradiation time in vacuum, and subsequent decrease in air. However, the
position of PL. maximum depends on the relative intensity of those 3 modes. Its
redshift in vacuum can be related to the greatest increase in PL mode attributed
to oxygen vacancies.

4. Conclusion

Nonstoichiometry in ZnO powders induced by mechanical activation and
laser irradiation in vacuum has a great influence on the PL spectra, depending on
activation time and laser excitation energy. It causes the prominent changes both
in the PL intensity and position in the spectra excited by visible line of He-Cd
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Fig. 4. (a) Raman spectra of anatase TiO2 nanopowder in air and vacuum (* — plasma

lines). PL spectra of TiO2 nanopowder in vacuum (b) and air (c), excited by 457.9 nm

Ar* laser line, with Gaussian intensity of PL bands (d).

laser. These changes are related to the enormous increase in green luminescence
excited by visible light, which is strongly correlated to the density of oxygen va-
cancies located at the surface. Drastic decrease in PL intensity excited by UV line
of He—Cd laser in activated ZnO suggests that the surface defects introduced by
mechanical activation may act as quenching centers for such luminescence. Dif-
ferent behavior of green luminescence excited by visible and UV light after laser
irradiation in vacuum indicates that it can originate from different defect-related
transitions depending on the excitation energy.

The observed visible broad-band luminescence in anatase TiOs nanopowder
is decomposed into 3 PL bands originating from oxygen vacancies, surface states,
and self-trapped excitons. These bands are very sensitive to the surface defects in-
troduced by oxygen deficiency. Therefore the intensity and position of the complex
PL band are determined by intensities of particular bands and they are strongly
dependent on irradiation conditions.

This study confirms crucial role of surface defects, especially oxygen vacan-
cies, in the optical properties of oxide nanopowders and shows how these properties
could be changed by preparation and laser irradiation under different conditions.
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Abstract. CeO2 nanopowder samples synthesized by self-propagating room temperature
method were investigated by Raman spectroscopy. The phonon modes observed in the low
frequency region (w < 70 cmfl) can be well described by the elastic continuum model, assuming
that nanoparticles are of perfect spherical shape and isotropic. Both rigid boundary and stress-
free surface cases were analyzed. The calculated vibrational frequency dependencies on the
particle diameter were used to identify the modes: (I=2, n=0), (I=0, n=0) and (I=0, n=1).
Using the facts that mode frequencies scale inversely with particle dimension (w ~ 1/D) and
that mode-radiation coupling coefficient for this type of vibrations is 1/w, the correspondence
between the particle size distribution and the Raman intensity was made. Particle diameter
values ranging from 7 to 8 nm for the rigid boundary condition give the best description of
the experimental spectra. This coincides well with the average particle diameter value of 8 nm
acquired from the phonon confinement model.

1. Introduction

Raman scattering from confined acoustic vibrations in nanoparticles was observed in the low
frequency part of spectra of various materials. The elastic sphere model (ESM) was generally
used to analyze the acoustic phonon confinement. This model describes the oscillations of
homogeneous elastic sphere and was successfully applied to explain the experimental spectra of
nanoparticles [1, 2, 3, 4, 5]. According to ESM, the frequency of an acoustic Raman mode is
scaled as the inverse of the dimension of a vibrating particle.

In this paper we give an overview of the possibilities for the extraction of information on
nanoparticle size distribution from the low-frequency Raman spectra of CeOs nanoparticles.
We calculated linear coefficients relating vibrational frequency and the particle diameter from
ESM [2, 6]. We regarded our experimental spectrum as a superposition of several ESM modes
and treated the inhomogenous broadening of the spectrum as a consequence of the non-uniform
particle size distribution of the sample. Based on this, the average particle size was evaluated.
Results were compared to the particle size value deduced from phonon confinement model (PCM)
that accounts for the optical phonon confinement, size and inhomogeneous strain effects [7].

2. Experimental Results
The nanocrystalline CeO9 samples were obtained by self propagating room temperature synthesis
[7] and analyzed by X-ray diffraction. The CeOgz crystallite size was about 6 nm.

(© 2007 IOP Publishing Ltd 1
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Micro-Raman spectra were taken in the
backscattering configuration and analyzed
using a Jobin Yvon T64000 spectrome-
ter, equipped with nitrogen cooled charge-
coupled-device detector. As an excitation
source we used the 514.5 nm line of Ar-ion
laser.

Figure 1 shows Raman spectra of nano- and

polycrystalline CeO2 samples measured at | poly-Ce0 \
room temperature. The strongest intensity C : i 05 : ' :
mode at about 457 cm~! (in polycrystalline 0 100 200 300 400 500 600
sample at 464.3 cm~!) represents the opti- RAMAN SHIFT (cm”)

cal Raman Fa; mode, which softens in nano-
sample as a consequence of phonon confine-
ment effects. From the fits of optical Fa,
mode with PCM the average particle size
value can be deduced and for this sample it is
8 nm.

INTENSITY (arb. units)

20

RAMAN SHIFT (cm’)

40 60 80 100

INTENSITY (arb. units)

_ nano-CeO,

Figure 1. Room temperature Raman spectra of
nano- and poly-crystalline CeO,. Inset: corrected
Raman spectrum of nano-CeQs in the 0-110 cm ™!
spectral range.

Weak intensity feature at about 270 cm™! is ascribed to the second order Raman scattering.
In the inset of figure 1 we have shown corrected experimental Raman spectrum of nano-CeOs
in the low-frequency region 0-110 cm™!. The intensity of the elastic scattering background was
subtracted by A/w™ approximation [5].

3. Vibrations of homogenous elastic nanospheres of CeOs
Low-frequency Raman peaks in nanocrystalline materials, ascribed to confined acoustic phonon-
like vibrations, can be well interpreted as vibrations of a three-dimensional homogenous elastic
sphere using Navier’s equation and imposing spherical symmetry:

pi =(A+2p)V(V-u)—puV x (V x u), (1)
where u represents mechanical displacement vector u(r,t) = u(r)e ®? | while A\ and u are
parameters of material known as the Lame’s constants and p is the mass density. Mass density of
CeOg is 7300 kg/m3, transverse and longitudinal sound velocities are respectively: vy = \/uu/p =
2890 m/s and v;, = /(A 4+ 2u)/p = 6600 m/s [8].

Different boundary conditions were applied in solving Eq.(1): rigid boundary condition (no
displacement at the particle surface) [2, 3, 6] and stress-free surface condition (no force acting
on the particle surface) [1, 4, 5]. Two types of vibrational modes were obtained: spheroidal and
torsional modes [2]. The calculated solutions express the linear dependence of w on the inverse
diameter of a nanoparticle. The Raman frequency is related to the particle diameter D as:
wl% = goc = %l, where [}, characterize the solutions of the Eq.(1), [ is the angular momentum
quantum number. The solutions 3, for spheroidal [=0, /=1 and [=2 and torsional /=1 and [=2
modes for two different boundary conditions are presented in Table 1 (a) and (b), respectively.
According to the group theory analysis the spheroidal {=0 and /=2 modes are Raman active [9].

4. Results and discussion
Intensity of Raman scattering by small particles is expressed by formula [10] :
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Table 1. Calculated values of dimensionless variables (3, for fundamental spheroidal (SPH) and
torsional (TOR) modes in CeO; for: rigid boundary (a) and stress-free surface condition (b).

(a) spheroidal torsional (b)  spheroidal torsional

1 n B - 107 1 n B - 107 l n Bin - 107 1 n Bin - 107
0 314.42 0 - 0 199.96 0 -

0 1 540.62 0 1 - 0 1 431.16 0 1 -
2 763.31 2 - 2 654.20 2 -
0 33.66 0 137.78 0 113.00 0 176.73

1 1 114.07 1 1 236.88 1 1 225.26 1 1 278.89
2 137.79 2 334.36 2 298.82 2 377.87
0 176.62 0 176.73 0 81.41 0 76.69

2 1 222.31 2 1 278.89 2 1 160.00 2 1 218.82
2 278.73 2 377.87 2 267.63 2 322.43

where n(w) is Bose-Einstein factor, C'(w) is the mode-radiation coupling factor, g(w) is the
density of states and A is the scaling constant. It had been shown that the mode-radiation
coupling factor scales inversely with the vibrational frequency: C(w) ~ % for small spherical
particles [10]. According to ESM, Raman spectrum would consist of discrete peaks if all the
particles were of same dimensions. We presumed that the density of states reflects the particle
size distribution, N(D), through the relation: g(w) =N(D= %—") [5]. The most often size

distributions encountered in different nanomaterials can be well approximated with Gaussian
—Dg)? _ (n(D/Dg))?

(D
(N(D) ~ e~ 22 ) or Log-normal (N(D) ~ e 202 ) distribution functions.

In the low frequency region of the
obtained Raman spectrum, there is
a broad structure with two maxima
positioned at the frequencies 18 cm™!
) and 28 cm~!. Due to the significant
I I broadening, the low frequency Raman
spectrum was fitted with three ESM
modes ({=2, n=0), ([=0, n=0) and
(I=0, n=1). Intensities of these
e modes were calculated according to
D=8 5nm 0=0.28 Eq.(2) including Gaussian or Log-normal
particle size distribution. Most frequent
diameter, Dy, distribution width, o and
constants A corresponding to the three
modes, were treated as free parameters.
The position and broadening of each
peak in the calculated spectra are
determined by f5;,, Dg and 0. A mode
position shifts towards lower frequencies
as D¢ and o increase and G, decreases.

D,=7.5nm 0=0.33

INTENSITY (arb. units)
INTENSITY (arb. units)

60 80 100

D,=8nm ¢=2.7nm

20 40 60 80 100
RAMAN SHIFT (cm™) RAMAN SHIFT (cm™)

Figure 2. Experimental spectra (open circles) fitted
with calculated Raman lines (solid lines) for rigid
boundary condition: (a) Gaussian distribution, (b) Log-
normal distribution.

The theory implies that the spheroidal (=0, n=0) mode should be the most intensive in
the [=0 series of solutions [10]. The same applies for the first quadrupolar mode ([=2, n=0)
in the /=2 series. From the results shown in Table 1 (a) and (b) it is obvious that Gyg > o0,
which implies that the most intensive mode from figure 2, at about 28 cm ™! corresponds to the
spherical (I=0, n=0) mode, while the mode at 18 cm™! can be ascribed to (I=2, n=0) mode.

We analyzed the case of rigid boundary particles first. Curves plotted in the figure 2 (a)
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illustrate that the Gaussian distributions with Dy having value from the interval 6 —8 nm coincide
well with the experimental Raman spectra. The distributions with higher values of Dg from this
interval are more likely to occur since they need to be narrower and approach zero value more
rapidly as the diameter approaches zero.The Log-normal distributions of the particle diameter
for the values of Dy in interval 7.5 — 8.5 nm produced satisfactory fit of the experimental spectra
(see figure 2 (b)). The best fits were acquired for the Gaussian distribution with parameters
(Dp=Tnm, 0=3.1nm), and Log-normal distribution with parameters Dp=8nm, 0=0.285. If the
results from these fits are compared to the value of the mean particle size diameter of 8nm,
acquired from PCM, it can be concluded that values of Dy from the interval 7 — 8 nm (in the
rigid boundary case) describe best the particle size distribution of the investigated sample.

In the case of stress-free surface the values of Bo9 and Gy led to sufficiently distinct peaks in
the Raman spectrum for Dy ranging from 5 nm to 6.7 nm, without possibility to produce the
satisfactory fit of the experimental data. Small size of the particles (6 — 8 nm) often leads to
high particles’ agglomeration which might be the reason for rigid boundary vibrations, since it
can act as powder matrix [3].

5. Conclusion

We identified the low-frequency Raman feature as scattering from the vibrations of small spheres.
Taking into account the correspondence between Raman intensity and particle size distribution,
Raman intensity was calculated as the sum of three ESM modes intensities: ({=2, n=0),
(1=0,n=0) and ({=0, n=1). The best agreement between experimental and calculated spectrum
was obtained for the rigid boundary case and not for stress-free boundary condition. The
reason can be found in high agglomeration of the nanoparticles when the particles are of small
dimensions as in our case or in the presence of microstrain effects that influence strongly the
optical Raman mode in ceria nanopowder. The mean particle diameter could not be determined
exactly because of the resemblance of the calculated curves for the particle diameter interval
6—8 nm in the case of Gaussian size distribution and for the interval 7.5 —8.5 nm for Log-normal
distribution. The idealization imposed by ESM model might be the reason for the lack of unique
interpretation of the experimental results, but the actual particle size distribution might also
differ from those used in our calculations.

Acknowledgments

This work is supported by the Ministry of Science of the Republic of Serbia, under the project
No. 141047 and the OPSA-026283 project within EC FP6 Programme. S.A. wishes to thank
M. Séepanovié for helpful discussions.

References
[1] Tanaka A, Onari S and Arai T 1993 Phys. Rev. B 47 1237
[2] Saviot L, Champagnon B, Duval E, Kudriavtsev I A and Akimov I E 1996 J. of Noncryst. Solids 197 238
[3] Dieguez A, Romano-Rodriguez A, Morante J R, Barsan N, Weimar U and Gopel W 1997 Appl. Phys. Lett.
71 1957
] Saviot L, Champagnon B, Duval E and Ekimov A I 1998 Phys. Rev. B 57 341
| Ivanda M et al. 2007 J. Raman Spectrosc. 38 647
[6] Roca E, Trallero-Giner C and Cardona M 1994 Phys. Rev. B 49 13704
] Dohcevié-Mitrovié¢ Z D, Séepanovié M J, Grujié-Brojéin M U, Popovié¢ Z V, Bogkovié¢ S B, Matovié B M,
Zinkevich M V and Aldinger F 2006 Solid State Commun. 137 387
[8] Nakajama A, Yoshihara A and Ishigame M 1994 Phys. Rev. B 50 13297
[9] Duval E 1992 Phys. Rev. B 46 5795
[10] Montagna M and Dusi R 1995 Phys. Rev. B 52 10080



Vol. 116 (2009)

ACTA PHYSICA POLONICA A

No. 1

Proceedings of the Symposium A of the European Materials Research, Warsaw, September 2008
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by Raman Scattering Spectroscopy
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Phonon—phonon interactions were investigated in various nanocrystalline powders like anatase TiOz_s, pure
CeO2_s and ceria doped with Nd(Gd) analyzing temperature dependent Raman spectra of these systems. Phonon
confinement model based on size, inhomogeneous strain and anharmonic effects was used to properly describe

the evident changes present in the Raman spectra of pure and doped ceria nanocrystalline samples.

In small

particles of pure and doped ceria nanocrystals, when size effects have minor impact on Raman modes, four phonon
anharmonic processes prevail under the three-phonon ones. When nanopowdered particles are grown enough size
effects provoke changes of the anharmonic interactions when three-phonon coupling prevails over the four-phonon
anharmonic processes. In nanocrystalline anatase TiOz evident blueshift of the most prominent E; Raman mode
probably originates from dominant four-phonon anharmonic interactions.

PACS numbers: 63.22.—m, 78.67.Bf, 78.30.—j, 61.72.uj

1. Introduction

Physical properties of materials are dependent on tem-
perature. Temperature affects the population of the dif-
ferent levels for each normal mode provoking the change
of the lattice parameters. Any change of the lattice pa-
rameters with temperature is attributed to the anhar-
monicity of the lattice potential. As an effect of the an-
harmonic interaction, a nonequilibrium phonon popula-
tion decays into phonons of lower energy or is scattered
by thermal phonons into modes of different frequencies.

The Raman spectra of various amorphous or crys-
talline materials show changes in line position and band-
width with temperature [1-4]. This changes manifest in
shift of line position and a change in line width and in-
tensity. Any frequency shift or the variation of the half-
-width I" with temperature of the Raman modes are the
measurements of the anharmonicity of the interactions.
The phonon—phonon interactions are of special interest in
nanostructured systems if we have in mind that in the lit-
erature there is still no adequate theory which describes
the anharmonic effects in these systems [5, 6].

We investigated the anharmonic behaviour of the first-
-order Raman modes in vaious nanocrystalline materials
like anatase TiO5_g, pure CeOs_s, and ceria doped with
rare earth elements like Nd and Gd by the Raman spec-
troscopy method. The aim of this work was to examine
the temperature-induced changes of the vibrational prop-
erties of these materials and to better understand the
contribution of volume expansion and anharmonic inter-
mode coupling to the Raman frequency shift and line
width in these systems.

* corresponding author; e-mail: zordoh@phy.bg.ac.yu

2. Experiment

Pure ceria nanocrystalline sample as well as ceria
samples doped with Nd(Gd) were synthesized by self-
-propagating room temperature synthesis. The detailed
powder preparation procedure is already described [7].
Sample of nanocrystalline anatase TiOs was supplied by
Merck.

The vibrational properties of these nanopowders were
studied by the Raman spectroscopy method. Micro-
-Raman spectra were collected in backscattering configu-
ration using Jobin Yvon T64000 spectrometer equipped
with a nitrogen cooled charge-coupled-device detector.
Argon ion (Art) laser line A = 514.5 nm was used as
an excitation source. The pure and doped ceria samples
and TiOy sample were progressively heated in Linkam TS
1500 microscope heating stage, up to 1073 K and then
gradually cooled down to room temperature.

3. Results and discussion

The variation of the frequency of the normal modes
with temperature at constant pressure arises from two
contributions: pure volume contribution which results
from thermal expansion and pure-temperature contribu-
tion which results from cubic and quartic anharmonicities
(self-energy shift). The complete expression for the fre-
quency as a function of temperature can be expressed as

w(T) =wo + Ar(qj) + Aa(qj, 2) =

wo + Ap + Az + Aq, (1)
where wq is harmonic frequency, term Ag arises from the
thermal expansion while A represents pure temperature
contribution due to cubic (As) and quartic anharmonic-
ities (A4). In most solids Ag < 0 i.e. lattice dilation re-
sults in mode softening. Frequency shift due to thermal
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expansion can be evaluated from the following equation:

T
Ag = wp lexp (3%/0 a(T’)dT’) - 1] . (2)

Frequency shifts A3 and A4 arise from phonon—phonon
interactions due to the lowest-order cubic and quartic
terms in the interatomic potential. The multiphonon
processes associated with the cubic terms give rise to a
negative frequency shift Az < 0, whereas the shift Ay
associated with quartic anharmonicity can be either pos-
itive or negative [8]. The resultant frequency shift due
to phonon—phonon interaction may be either positive or
negative depending on the relative magnitudes of the an-
harmonic terms in the interatomic potential. The expres-
sion for Ap arising from the cubic and quartic terms in
the first approximation, is given [8]:

2
18 0 g1 ¢ ny +ng +1
Ay=—5 3|V <7
A h2 <j J1 jg)‘ W1+WQ+1

q192J1J2

niy +no + Nno — Ny Tlg—l )
witws—N  wi—wrt+ N w—wy— N

12 00 —
= Sv T TR ) o, 1), (3)
e \JJd g h

The first term in Eq. (3) represents the cubic anharmonic
term which comprises down and up conversion processes
[9] whereas the second term relates to the first-order
quartic term which is always positive. The n;(g) is the
Bose—Einstein occupation factor of the j-th phonon mode
with wave vector ¢ and frequency w given as

n(T,w) = exp (Imh“;) Y )

Klemens assumed that the optical Raman phonon decays
in two acoustical phonons of opposite g belonging to the
same branch (j; = j2). In this case the equations for
frequency and bandwidth change of Raman modes with
temperature including three phonon-processes are sim-
plified [10]:

A(T)=A (1 + T 1) :

AT)=C <1 + ehw/ZkQBT_l) . (5)

Although this model is a great oversimplification, it has
gained wide acceptance, specially after the work of Hart
et al. on Si [11]. Balkanski et al. performed system-
atic temperature measurements of the line width and
frequency shift of the Raman LO phonon in Si for the
temperature range 5-1400 K [12] and deduced that at
higher temperatures besides cubic terms the incorpora-
tion of quartic anharmonicity terms give satisfactory fits
of the experimental values. In this case the frequency
and bandwidth change of Raman modes with tempera-
ture looks like [12]:

2
AT)=A (1 + Sh/eT — 1 1)

3 3
ehw/3ksT _ 1 (efw/3knT _ 1)2] ()

+B |1+

AT(T)=C <1 + ST 1)

3 3
ehw/3ksT _ 1 (efw/3knT 1)21 M

where A, B, C, D are anharmonic constants.

+D |1+

3.1. Anharmonic effects in CeOs_g5 nanocrystals

In Fig. 1 there are given Raman spectra of CeOq_;
nanocrystals measured at different temperatures start-
ing from room temperature (RT) up to 1273 K [13]. By
heating, the Fy, Raman mode frequency continuously de-
creases and its line shape becomes less asymmetric indi-
cating the change in crystallite size.

T T T - T T T

T=1273K

L T T T

T=1073 K|

— T T T T T

T=073 K|

Intensity

T=T73K

T T T = T T

T=573K

T T T a— T T

. R : T=293 K|
200 300 400 500 1 600 700
Raman shift (cm)

Fig. 1. Raman spectra of CeOsz_s nanocrystals at
different temperatures.

Namely, the particle size effect provokes systematic
changes in the Raman spectra of CeO3_s nanocrystals
when crystallite size decreases [14-16]. The evolution
of the Fy, Raman mode (the mode frequency shift and
asymmetrical broadening) strongly depends on the con-
finement and inhomogeneous strain effects due to the
particle size change and is best described using phonon-
-confinement model (PCM) [17, 18]. On the other side,
the temperature provokes the changes of the Raman line
position and bandwidth. Such temperature dependence
can be attributed to the phonon—phonon interactions
originating from crystal anharmonicity. As an effect of
anharmonic interactions an optical mode can interchange
energy with other lattice modes in such a way that it
decays to lower energy phonons or is scattered by ther-
mal phonons into modes of different energy. Figure 2
shows the first-order Raman mode frequency and band-
width change of first-order Fy, Raman mode in CeOy_;
nanocrystals at different temperatures.

By heating, the Raman frequency continuously de-
creases (circles in Fig. 2). In addition, as the temper-
ature increases, the line shape becomes less asymmetric,
and at about 1100 K it becomes totally symmetric, as
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Fig. 2. Frequency (circles, triangles) and line width

(asterisks) change of the F>; Raman mode with tem-
perature. The solid (dashed) lines are calculated data
using Eqgs. (6) and (7).

can be seen from Fig. 1. By cooling, the frequency of
the Fy, mode increases (triangles in Fig. 2), reaching the
value of 464 cm~! at room temperature very close to
the value of CeOq single crystals [19, 20] while the line
width decreases with temperature decrease. Tempera-
ture dependence of the Raman mode frequency and band-
width based on the Klemens ansatz [10], was fitted using
Egs. (6) and (7). The results of the fitting procedure
(full line) applied to the experimental frequency depen-
dence on temperature during the heating demonstrated
that the anharmonicity is dominated by four-phonon an-
harmonic processes. Namely, as can be seen from Fig. 2
the Raman mode frequency of the nanocrystals (circles)
varies as T? (C =0, D = —0.176 cm™!). We concluded
that in CeOs_s nanocrystals, the anharmonicity is dom-
inated by different phonon decay processes (four-phonon
processes) [13]. Upon gradual cooling down to room tem-
perature the same fitting analysis applied to frequency
(open triangles) and line width (asterix) experimental
values showed that three phonon processes became dom-
inant (see fitting parameters in Fig. 2). Such behavior
pointed out that our sample suffers a transformation from
nano to polycrystalline one by above mentioned heating
treatment. The subtle interplay between size and anhar-
monic effects, depending on the heat treatment, leads to
different phonon—phonon interactions in nanostructured
systems under consideration.

3.2. High temperature Raman study
of Ceg 75 Ndy.o5 Oa_s nanocrystals

The Raman spectra of Cey.75Ndg.2502_5 sample ob-
tained upon heating (circles) and cooling (dashed lines)
are presented in Fig. 3. Raman spectra of the
Ceq.75Ndg.2502_5 sample from Fig. 3 were analyzed using
the phonon confinement model-PCM that incorporates
size, inhomogeneous strain and anharmonic effects [21].

In the PCM there are included inhomogeneous strain
effect through the term Aw(g, L) using Gaussian parti-
cle size distribution function p(L) and anharmonic effects

Intensity

400 500 600 700
Raman shift (cm’ )

Fig. 3. Raman spectra of Cep.75Ndg.2502_5 sample ob-
tained upon heating (circles) and cooling (dashed lines).
The solid lines are calculated spectra using PCM model.

through terms Aw(T

9= [T
xXp (‘ L ) ' 8)

X

/BZ [w = (wilg) + Aw)]” + [1(T) /2]

where the wave vector ¢ is expressed in units of 27/a
(a is the lattice constant), L is the particle diameter,
Aw = Aw;(q, L) + Aw(T) and 3 is an adjustable param-
eter concerning the strength of the phonon confinement
in nanomaterials. The full lines in Fig. 3 are the cal-
culated spectra based on Eq. (8). Using the PCM that
incorporates anharmonic and size effects we were able
to calculate the change of average particle size at higher
temperatures and to estimate the particle growth influ-
ence on the F5, Raman mode behaviour. From the PCM
model we obtained that particle size increased from 6 nm
to 12 nm during the heating [21]. The detailed study
of the frequency (bandwidth) behavior upon heating re-
vealed that four-phonon anharmonic processes dominate
over size effects and three-phonon anharmonic processes
in nanocrystalline grains (see Fig. 4a) similar to pure
ceria nanocrystals. On the other side, if we take into
account that particles grow during the heating we would
expect the upshift of the F5; mode frequency (triangles in
Fig. 4a) and line width decrease. Experimentally evident
redshift and broadening of the F5, mode during heating,
clearly points to the fact that anharmonicity effects at
higher temperatures influence more the frequency (line
width) change than size effects [21]. The temperature
dependence of Fy, mode frequency and line width upon

(1), I'(T):
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Fig. 4. Frequency and line width change (a) upon
heating and (b) upon gradual cooling down to room
temperature. The solid lines represent calculated data
for the frequency (bandwidth) change with temperature.
The best fitting parameters are given in Ref. [21].

cooling (see Fig. 4b) is similar to microceria sample where
three phonon processes became dominant [21].

3.83. Phonon—phonon interactions in Cey g5 Gdy.1502_5
nanocrystals

The Raman spectra (circles) of CeggsGdg.1502_s
nanocrystalline sample from Fig. 5 in the temperature
range 293-1100 K exhibit significant changes similar to
pure and Nd-doped ceria samples. With increasing tem-
perature the Fy;, mode shifts to lower frequencies and
becomes less asymmetric while the line width increases.
Such a behavior can be attributed to the anharmonic-
ity interactions at elevated temperatures. The Raman
spectra (circles) are analyzed by PCM model (Eq. (8))
and the calculated spectra are presented with solid lines.
Detailed analysis of frequency (line width) behavior with
temperature revealed the change of the phonon—phonon
coupling in this system. Namely, careful analysis of the
evolution of F, Raman mode with temperature showed
that temperature dependence of the bandwidth, given in
Fig. 6b, is determined by four-phonon anharmonicity up
to the 573 K (full line fit).

At higher temperatures when the particles are grown
enough size effects provoke the changes in phonon—
phonon interactions influencing the bandwidth of the Ra-
man mode in such a way that three-phonon anharmonic
interactions prevail over the four-phonon ones (dashed
line fit). The best fit of the frequency (full line) dur-
ing the heating up to 573 K was obtained including only
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Fig. 5. Raman spectra of Cep.85Gdo.1502-s sample at
different temperatures (circles). The solid lines are cal-
culated spectra using PCM.
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Fig. 6. Temperature dependence of the F, Raman
mode (a) frequency and (b) line width during heating.

the four-phonon anharmonic term (see Fig. 6a) while at
higher temperatures three phonon decay processes be-
came dominant (dashed line). Anharmonic fitting pa-
rameters for both quantities are also presented in Fig. 6a
and b. From such an analysis, we concluded that differ-
ent phonon decay channels dominate in nanocrystalline
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grain than in larger grain and pure anharmonicity effects
at temperatures up to 573 K have more influence on the
frequency (bandwidth) than size effects [22]. At temper-
atures higher than 573 K three phonon processes became
dominant. In Fig. 6a there is also presented the calcu-
lated frequency shift due to the pure-volume contribution
— Ag (line) [23]. The frequency redshift due to the ther-
mal expansion would be higher than the experimentally
obtained frequency shift. This suggests that anharmonic
couplings of phonons influence more the frequency be-
haviour of F5», Raman mode during heating than thermal
expansion. The Raman spectrum at room temperature
after cooling (Fig. 7a) is narrower, blue shifted regarding
the starting spectrum but still at lower frequency than in
the bulk counterpart meaning that particles are in nano-
metric range. Upon cooling frequency shifts to higher
values while bandwidth decreases (Fig. 7a). The best
fit of the frequency (line width) behaviour with cooling
down to room temperature, presented in Fig. 7b with
full (dashed) lines, was obtained including three phonon
anharmonic processes which become dominant. This im-
plies that the particles are grown enough so the phonon—
phonon interactions are more similar to polycrystalline
ceria [22].
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Fig. 7. (a) Raman spectra of Ceg.s5Gdo.1502_s5 sample
upon gradual cooling down to room temperature and
(b) variation of the Fb; mode frequency and line width
upon gradual cooling. Full (dashed) lines represent fits
of the line position and line width using Eqs. (6) and (7).

3.4. Intrinsic anharmonicity in nanocrystalline
anatase TiOo

TiO; in anatase phase has six first-order Raman active
modes among which low frequency Ey(1y and E, () modes
exhibit frequency shift up (hardening behavior) with in-
creasing temperature while the other four modes exhibit
softening behavior with rising temperature [24-26]. In
Fig. 8 there is presented the temperature dependence of
the Ey (1) mode frequency. The Raman shift dependence
on temperature can be attributed to two effects, one be-
ing the thermal expansion or volume change and the
other optical-phonon anharmonic couplings. The vari-
ation of the frequency of the Raman modes with temper-
ature at constant pressure arises from two contributions:
pure volume contribution which results from thermal ex-
pansion and pure-temperature contribution which results
from cubic and quartic anharmonicities. Temperature
dependence of each vibrational mode at constant pres-
sure can be expressed

(Olnw/0InT)p = —(a/k)(0lnw/01n P)r

+(0lnw/0InT)y, (9)
where « is the volume thermal expansion coefficient and &
is the isothermal volume compressibility. Above equation
can be written in terms of measured pressure and tem-
perature dependence of the Raman-active mode as

(AwT)p = —(Awp)T + (AwT)V =

Ag(qj) + Aalgd, 2). (10)
In his work Osaka measured pressure and tempera-
ture dependence of each anatase mode and was able to
separate the thermal expansion contribution from pure
phonon—phonon interactions and to estimate their influ-
ence on each Raman mode in anatase TiOs [25]. From
this study he deduced, as well as later Gao in nanocrys-
talline anatase [26], that anharmonic couplings of optical
phonons become much stronger upon increasing temper-
ature in the Fy (1) mode than quasiharmonic contribution
arising from thermal expansion. Both authors deduced
that strongly intrinsic anharmonicity is responsible for

1682
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“ Tem;;gratureﬁfaK)

Fig. 8.
ture.

Frequency of the I,y mode versus tempera-
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frequency blueshift of this mode upon increasing tem-
perature. The unusual hardening behavior of the lowest-
-frequency E, mode was explained by Gao and others
[25, 26] through three- and four-phonon processes where
three-phonon anharmonic processes dominate over the
four-phonon anharmonic interaction. If we have in mind
that three-phonon decay (scattering) processes bring to
mode softening while the quartic terms may be either
positive or negative [8] we deduced that only quartic
terms (see Eq. (3)) dominate and suppress the contribu-
tion from thermal expansion and from cubic anharmonic
terms. This means that contrary to Gao and other au-
thors temperature dependence of the main Raman mode
seeks for new explanation and this will be strong motiv
for our further investigation.

4. Conclusion

We examined the effects of temperature-induced
changes on vibrational states of nanocrystalline materials
like CeOs_s, ceria doped with Nd (Gd) and TiO2_s using
the Raman spectroscopy. At high temperatures, in pure
and Nd doped ceria nanomaterials, four-phonon anhar-
monic processes dominate over three-phonon processes
and the size effects have less influence on the Raman
mode behavior than anharmonic effects. In a case of Gd
doped ceria nanocrystals up to 300°C four-phonon cou-
pling dominates but with further temperature increase
the three-phonon coupling prevails indicating that the
particles are grown enough to behave similar to poly-
crystalline sample. The Raman spectra after heat treat-
ment demonstrated that these samples are still in nano-
metric range but anharmonic behavior is similar to their
bulk counterparts. The unusual hardening of the lowest-
-frequency E, mode in anatase nanopowders can be as-
signed to the intrinsic anharmonicity due to the dominant
contribution of positive quartic terms.
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of Raman Spectra of Nanostructured Materials
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The simulation of the Raman spectra of nanostructured materials, where the effects of frequency shift
and asymmetric broadening of the Raman modes play an important role, can be very useful in systematic
characterization of these materials. Use of phonon confinement model for calculating Raman spectra of different
nanomaterials is considered both from the viewpoint of different confinement function and the confinement
strength, as well as the dimensionality of the confinement model. The phonon dispersion relations and the choice
of their approximation are also studied. The influence of particle size distribution on the shape of the calculated
spectra is discussed and contributions of Gaussian and asymmetric Gaussian distribution are compared. The
effects of average and inhomogeneous strain on the behavior of simulated Raman spectra are also discussed. The
results of the phonon confinement model are compared to the experimental spectra of CeO2 and anatase TiOs

nanopowders.

PACS numbers: 81.07.Wx, 78.30.—j, 63.22.—m, 07.05.Tp

1. Introduction

Phenomenological phonon confinement model (PCM)
is widely used method in modeling Raman spectra of
nanomaterials. For spherical particle of diameter L and
Gaussian confinement function, the resulting Raman in-
tensity I(w) can be presented as [1, 2]:

exp( 5 )dsq

fw) e ;/o pLL)L /Bz w —wi(q)]* + (I'/2)? 1)

where p(L) is the particle size distribution (PSD), ¢ is
wave vector in units of 7/a (¢ — unit cell parameter),
and I is the intrinsic mode line width. The sum is carried
over m dispersion curves w; (g, T'), depending on mode de-
generation m.

—¢?L2

2. Results and discussion

The confinement factor 3 in literature often varies from
B =1 in the Richter confinement model [1] to 8 = 2>
in the Campbell model [2], depending on confinement
boundary conditions in different nanomaterials. Higher
confinement factor leads to greater shift and broaden-
ing of the Raman spectrum, comparing to bulk (when
8 —0).

The confinement dimension is also important factor
in calculating Raman intensity, offering a lot of possi-
bilities in modeling different types of nanomaterials [3].

* corresponding author; e-mail: myramyra@phy.bg.ac.yu

The three-dimensional (3D) PCM is appropriate for 0D
objects such as powders, quantum dots, etc. where the
infinitesimal volume element in Eq. (1) can be written
as d3q «x ¢?dq. For 2D confinement (1D objects such as
quantum wires, etc.) it is d®¢ o« ¢gdg and for 1D con-
finement (2D objects — quantum wells, nanolayers etc.)
d3q o< dg. With 3D confinement the broadening of Ra-
man spectrum is the most pronounced [4].

To calculate the contributions of the optical phonons
over a whole Brillouin zone (BZ) to the Raman spectra of
nanoparticles, the phonon dispersion relations w;(q) are
included in PCM. However, dispersion relations some-
times cannot be explicitly determined. In this way, the
phonon dispersions for F; mode of anatase TiO» used
by different authors [5-8] presented in Fig. 1a, show ob-
vious discrepancy, especially away from center of BZ.
Also, the choice of approximations for dispersion rela-
tions has great influence on the shape of the Raman
spectrum. Two phonon dispersions of anatase E, mode
in I'-X direction, calculated by Mikami et al. [9], fit-
ted by cosine, w(q) = A+ B(1 — cosqa), and polynomial,
w(q) = A+B1q+B2g*+. . .+ Bsq® functions, are shown in
Fig. 1b. Corresponding Raman intensities are calculated
along upper branch only (Fig. 1c¢) and both branches to-
gether (Fig. 1d). Although polynomial functions fit cal-
culated phonon dispersions more precisely, the behaviour
of both the linewidth and shape of corresponding Raman
spectrum (Fig. 1(d)) suggests cosine dispersion as more
proper for simulating Raman spectra of anatase TiOx [8].

The Raman mode asymmetry is the result not only of
phonon confinement in whole BZ, but also the PSD. In
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Fig. 1. The comparison of phonon dispersion functions
for anatase F; Raman mode in I'-X direction (a) pub-
lished by different authors and (b) fitted by cosine
(dashed line) and polynomial function (full line). Ej
Raman mode intensity calculated by PCM using cosine
(dashed line) and polynomial (full line) fit for disper-
sion functions: (c) upper dispersion branch only and
(d) both branches in I'-X direction of BZ. Parameters
of TiO2: Lo = 12 nm, IH) = 8 Cmfl, wo = 144 cmfl,
8 =2n2.

Eq. (1) PSD is included by distribution function p(L).
Gaussian PSD p(L) = (1/0v27)exp(—(L — Lo)?/20?)
is the most used distribution for nanoparticles [10], with
Ly as average particle size, and ¢ as standard deviation
(whereas FWHM is w = 20v/In4). In Fig. 2a the anatase
E, Raman mode calculated by PCM with symmetrical
Gaussian PSD are shown.

If the results of some relevant measurement (scanning
electron microscopy (SEM), transmission electron mi-
croscopy (TEM), atomic force micoscopy (AFM)) point
out to asymmetric particle size distribution, then asym-
metric Gaussian distribution can be used. It is given by

p(L) = C/V2ro - < [L—h(L — Lo)]

X exp (— (L — L0)2/20L)

+h(L — Lo) exp (— (L — L0)2/20D> } (2)

with A(L— Lg) — step function, Ly — particle size where
asymmetric Gaussian has maximum, oy and op — stan-
dard deviations corresponding to left and right side of
the asymmetric curve, and o = (o, + op)/2. In Fig. 2b
anatase I, Raman mode calculated by PCM with asym-
metrical Gaussian PSD are shown. The distribution with
o1, > op increases mode asymmetry and shifts spectrum
towards higher frequencies. Let us note that use of asym-
metrical Gaussian PSD with proper choice of parameters
gives similar results as using PCM with log-normal dis-
tribution [11].

The experimental Raman spectra of anatase TiOq

Tio,
PCM with PSD

. L,;=12nm

—o0.20L,
----030L,

TiO, L,=12 nm
PCM with \

2| asymmetric

§ PSD i

=

=l(b) Wg=0.50L

- W,=0.50L,
W=0.20Lg

T T T

(=174 1
(TIS42)

130 1:'35 ‘AD |-II15 15‘0 155 160
Raman shift [cm™]

Fig. 2. E; Raman mode of anatase calculated by PCM
with (a) symmetric and (b) asymmetric Gaussian PSD;
(c) the experimental spectra of anatase nanopowders
(circle) fitted by PCM (line) with asymmetric Gaussian
PSD. Parameters: I' = 8.5 cm ™!, wy,—0 = 142 cm™*,
phonon dispersion calculated in cosine form, with the
integration in all directions of BZ [8].

nanopowders presented by circles in Fig. 2c show the in-
fluence of particle size decreasing. It reflects through
greater shift and broadening of Raman mode for sam-
ple with smaller nanoparticles, TIS49 (with mean par-
ticle size obtained from X-ray diffraction (XRD) data
(d)xrp = 12.5 nm), in comparison to sample TIS42 (with
(d)xrp = 17.4 nm). The results of PCM with asymmet-
ric Gauss PSD with wy /wp = 0.25/0.60 for TIS49, and
wr/wp = 0.45/0.55 for TIS42 (lines in Fig. 2¢) show
good agreement with experimental spectra.

The change of lattice parameters (lattice volume) with
nanoparticle size L decrease is registered in nanomate-
rials due to effect of microstrain [12, 13]. To include
the influence of strain on the Raman spectra, the dis-
persion function w;(q) in Eq. (1) must be replaced with
wi(q) + Aw;(q), where Aw;(q) is the term related to mi-
crostrain, given as [10, 14]:

Awi(q) = —viwi(q) AV/ Vo, (3)
where v is the Griineisen parameter and V volume of
unit cell. In Fig. 3a the results of PCM with different
kinds of strain for the Raman Fs, mode in CeOy are
shown. The dependence of lattice parameter a in CeOq
cubic lattice is given by a(L) = ag + k/L?, where aq is
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bulk lattice parameter (Fig. 3a, inset), whereas v = 1.23
for F5; mode in CeOq [10]. When the PSD is uniform
(Lo = const) PCM with so-called average strain included
(dashed black line, Fig. 3a) gives mode with the same
shape, but redshifted in comparison with mode obtained
without strain (dashed gray line).

However, with nonuniform (Gaussian) PSD, the inho-
mogeneous strain is introduced in PCM, according to
Eq. (3). It results both in frequency shift and pronounced
asymmetric broadening of calculated Raman mode (black
line). For cubic lattice, where V = a3, Eq. (3) can be
written as Aw;(q) = —3v,wi(¢)Aa/ag. In Fig. 3b the re-
sults of PCM are compared with the experimental Raman
spectrum of CeOz_s nanopowder. The Raman F5; mode
calculated by PCM with inhomogeneous strain, symmet-
ric Gaussian PSD (Lo = 7 nm, w = 0.52Lg) and phonon
confinement 3 = 472 [14] (full line), fits the broadening
of experimental spectrum better than PCM with aver-
age (dots), or inhomogeneous (dashed line) strain with
B =2r? 2, 10].

CeO docor Bote, 59
2 454cm S 2 alLy=agrkit?
L=6 nm i 2 .
] .
(a) g
é ! .."tn.

g 0 15 20
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Fig. 3. (a) The comparison of PCM results for Raman
Fs mode in CeOz_s nanopowder with Lo = 6 nm (in-
set: the lattice parameter vs. particle size [10, 14]);
(b) experimental and PCM results for Fbz mode in
0602,5.

Opposite to CeOq, the lattice parameters of tetra-
gonal anatase TiOy decrease with nanopartical size de-
creasing (Fig. 4b) due to compressive strain [12, 15].
Therefore, the unit cell volume can be approximated
by: V(L) = Vp — ki/L*?, with bulk unit cell volume
Vo = a3coy, and adjustable parameters k; and ko [15].

136.5
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Fig. 4. (a) Lattice parameters (a, ¢) and unit cell vol-
ume (V) vs. particle size from XRD measurements [15].
(b) Experimental spectra of E; Raman mode (circles)
with PCM results (lines) for anatase TiO2 nanopowders.

The experimental spectra of TiOy nanopowders (TIS49
and TIS57) with different strain values exrp, obtained
from XRD analyses, together with the results of PCM
are shown in Fig. 4. Fitted spectrum for TIS49 with
small strain value (exgp = 0.03%) is obtained by PCM
with no strain included (as in Fig. 2), whereas appropri-
ate blueshift of £, mode caused by relatively great strain
(exrp = 0.80%) in TIS57 sample is simulated by PCM
with inhomogeneous strain, calculated by Eq. (3) with
Griineisen parameter for anatase Fy mode ~; = 4.23 [15].

3. Conclusion

The results of phonon confinement model are com-
pared to the experimental spectra of CeOs and anatase
TiOs nanopowders. It is shown that proper choice of con-
finement parameters, phonon dispersion relations, parti-
cle size distribution and the strain type (tensile or com-
pressive), in accordance with physical properties of the
nanomaterials allows precise modeling of their Raman
spectra. This confirms use of the phonon confinement
model in simulation of the Raman spectra of nanostruc-
tured materials as favorable method in estimation of their
nanostructural characteristics.
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Low-frequency Raman scattering from small spherical particles is analyzed. Frequencies of vibrational modes
are calculated in elastic continuum approximation, which considers one nanoparticle as homogeneous elastic

sphere.
elastic properties of bulk material.

Parameters of this model are transverse (vr) and longitudinal (vr) sound velocities of material, i.e.
Frequencies of vibrational modes are scaled as function of mentioned bulk

parameters for symmetric [ = 0 and quadrupolar [ = 2 spheroidal modes, in the case of stress-free boundary
conditions. Calculated values are compared with the low-frequency Raman experimental results from literature

(Ge, Si, CdS, CdSe, CeOaq, ...).

These calculated relations can be practically used to examine nanoparticles of

any bulk material. We presented also a procedure how to establish v;, and vt of material from low-frequency

Raman spectra and dimension d of particles.

PACS numbers: 61.46.Df, 63.22.-m

1. Introduction

The validity of elasticity theory in case of very small
particles was the subject of continuous interest. Good
agreement was found between results in valence-force-
-field model [1, 2], or atomistic approach [3] and the vi-
bration frequencies of acoustic modes calculated using
elasticity theory up to particle dimension of few nanome-
ters.

The aim of this paper is to present some conclusions
that follow from the basic case: a homogeneous spherical
particle without surrounding medium in elastic contin-
uum approximation.

2. Model and results

The vibrational theory of continuous elastic body is
often used to describe a long-wavelength acoustic phonon
that propagates in an ideal bulk crystal. Equation of
motion parameters of the three-dimensional elastic body
are mass density and elastic constants i.e. transverse v
and longitudinal v, sound velocities. As we attend to
describe a confined acoustic phonon in a small crystal
we must consider the boundary conditions at the surface
of crystal, in our case sphere, and combine them with
equation of motion in spherical coordinates [4-8].

Nanoparticles are often embedded in different material
(matrix). Matrix can disable movement on the surface of
nanoparticle. If there is no displacement at the particle
surface, it is the case of so called rigid boundary condi-
tions [6]. If properties of a matrix make it possible for

*

e-mail: rkostic@phy.bg.ac.yu

a nanoparticle to vibrate without restrictions we can as-
sume that there is no force acting on the particle surface,
i.e. radial components of the stress tensor at the surface
are zero (it is the case of so-called free-surface boundary
conditions) as applied in [6]. This condition is completely
fulfilled if matrix is absent.

In this paper we present results of calculation for the
stress-free boundary conditions. If we assume that parti-
cles are small spheres, equation of motion must be solved
in spherical coordinate. It is useful to introduce dimen-

sionless variables: wh wd and € = @it — wd

n - vT - 2’UT VL 2’11]_17

where R is radius of the particle (d is diameter).

In spherical case, each value of angular momentum
quantum number [ (I 0, 1, 2, ...) gives a series
of solutions. We numerate these solutions n (n = 0,
1, 2, ...). Eigen solutions are labeled as n™(¢™), and
eigenstates are labeled as (n, ). Two types of vibrational
modes are obtained: spheroidal and torsional modes. As
wl = 2y /d ie. W = 26"y /d, each solution gives
one linear dependence w™ = f(1/d).

According to the group theory analysis the spheroidal
I =0 and !l = 2 modes are Raman active. Theory implies
that the spheroidal mode (0, 0) is the most intensive in
the I = 0 series, and the most intensive of all Raman
active modes. In a lot of low-frequency Raman scat-
tering spectra only this mode was detected. The first
quadrupolar mode is the most intensive in | = 2 series.
The frequency of (0, 2) mode is almost always lower than
the (0, 0) mode frequency.

We scaled I = 0 and [ 2 solutions as function
of v, /vr. Results of these calculations are presented
in Fig. 1.
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Sound velocity vy, is always bigger than vp. We scaled
v, /vr interval from 1.2 to 4. We present values of £"9
up to 20 i.e. n = 5, Fig. la. As we mentioned, intensity
of Raman active modes decrease rapidly with increase
of n and modes with higher n are not expected to be
registered in experimental spectra. In case vy /vr > 1
eigensolutions converge to constant values.

In Fig. 1b we present values of 72 up to 20. For [ = 2
case n™2 eigensolutions are commonly presented to em-
phasize that displacements in the particle have both lon-
gitudinal and transversal nature.

If we have in mind relations w™ = 2n™vy/d and
wnl = 2¢™yy, /d, and calculated values presented in Fig. 1,

. . Wt gml g
we can establish any of relations omals = gals v

5"111
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=F (:}’—L) These ratios do not depend on particle
T

dimension d, nor material parameters vy, or vr directly.

They do depend on vy, /uT ratio, only.

As mode (0, 0) is the most intensive in Raman spec-
tra, we will form relationships between frequency w®° and

frequencies from the series I = 0, n = 0, 1, 2, ...

u}"o 5710

presented in Fig. 2a.

as

oo = goo = Lo (%) Results of these calculations are

As we mentioned, ratios w"?/w% are independent of d.
So, if we examine small spheres of material of known
value vy, /vr, characteristic ratio of frequencies w'? /w0
and w?Y /w® will be the same for all dimensions. This is
one piece of information in attempt to interpret experi-

mental spectra.
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(a) Frequency w™®/w% ratio as a function of

o /vr for L = 0, n = 0, 1, 2; (b) frequency w"?/w®
ratio as a function of vy, /vr for l =2, n =0, 1, 2,...
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If vy, /vt decreases below 2, w!0/w% and w?°/w" in-
crease drastically. Similar behavior is found for n > 2 val-
ues that are not presented in Fig. 2a. In case v, /v > 2,
values of w™/w% coverage to constant values become
less informative about vy, /vt value.

We also form relationships between frequency w% and

frequencies from the series | = 2, n = 0, 1, 2, ...,
f)os = % =F (;’—;) Results of these calculations are

presented in Fig. 2b.

All I = 2 solutions are rather sensitive to vy, /vt value.
Raman intensity of [ = 2 modes is less than of [ = 0
modes, and practically only first few modes from [ =
2 series are expected to be registered and included in
analysis. Mode (0, 2) is the most prominent one in [ = 2
series. w2 > W% in a small region v, /vt < 1.3, W2 ~
W% at vy /vr ~ 1.3 and it is impossible to distinguish
these two modes; w2 < w% in region up/vr > 1.3 and
w92 /w9 decreases with vp, /vt increase. Parameters of
the most materials are in v, /v > 1.3 region. w%?, as the
strongest in [ = 2 series, is often detected in experimental
Raman spectra. As v, /ur increases, w92 decreases and
goes into the very low frequency region.

At the bottom of Fig. la vy, /vy values of a few ma-
terials are assigned. Low-frequency Raman spectra for
these, already studied, materials confirm results of this
analysis.

Therefore, if one central feature in low-frequency Ra-
man spectrum is registered it can be tentatively at-
tributed to w%. Features below w0, if registered, are
probably w®? or w!? frequency. Spectral features in spec-
tral region over w% are probably w!® (if wy ~ 2w%) or
some of the w™ modes from [ = 2 series.

These results can be directly used if there are at least
two features in low-frequency Raman spectra at frequen-
cies wy and ws. It is reasonable to assume the most in-
tensive Raman feature wq to be w%. We must assume
which mode from the I = 0 or [ = 2 series corresponds
to mode of wy frequency. From wq/w; value and curves
from Fig. 2, vy /vr value can be determined. When
vr,/vr value is established, ¢% value from &% (vy,/vr)
(Fig. 1a) can be determined. As we already know dimen-
sion d, we have assumed that w%® = w; and using relation
UL, = wood/%oo values of vr, and v can be calculated.

Rest of features, if any, should be at the positions that
correspond to calculated values vy, and vr. These values
have to be reasonable for the group of materials we are
dealing with. If so, these vy, and vt values can be adopted
as new parameters of nanoparticle material. If not, we
can try with some other assignment of wy frequency, and
follow the same procedure.

3. Conclusion

Dimensionless eigensolutions of Raman active vibra-
tional modes of elastic sphere are scaled as function of
bulk elastic parameters. We formulated rules that char-
acteristic frequencies must obey. If there is more than one
mode registered in low-frequency Raman spectra, calcu-
lated results give possibility to establish elastic parame-
ters of the nanosphere material.
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Effect of Fe?™ (Fe®*') Doping on Structural Properties
of CeO, Nanocrystals
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We have measured the Raman scattering and magnetization of pure and Fe?" (Fe3") doped CeO2 nanopowders
at room temperature. The Raman scattering spectra revealed the existence of CeO2 fluorite cubic structure for
all investigated samples. The Raman active mode at about 600 cm ™!, seen in all samples, can be ascribed to
the CeO, intrinsic oxygen vacancies. Additional Raman modes at 720 cm ™', 1320 cm ™! and 1600 cm ™!, which
appear in the spectra of doped samples, can be assigned to maghemite (y-Fe2O3) cation deficient structure, to
2wr,o IR-allowed overtone and two magnon structure, respectively. This implies that our powders are composed
of mixed valence states and have defective structure. Presence of oxygen defect states and magnetic ions can be
responsible for the observed ferromagnetism at room temperature in both pure and Fe doped samples.

PACS numbers: 61.72.uj, 78.30.—j, 75.50.Tt

1. Introduction

Nanostructured CeO5 based materials have reached
significant impact in practical applications due to gen-
eral improvement of catalytic [1], electrical [2], optical
[3] and electrooptical [4] properties. Technology of solid
oxide fuel cells is currently the most relevant field where
CeO4 found applications [5].

Various methods of preparation, such as sol-gel [4],
spray pyrolysis [6], sputtering [3], have been used to ob-
tain nanosized CeO2. One of the major challenges for the
preparation of these nanostructured oxides is precise con-
trol of particle size. In our recent studies [7—9], nanopar-
ticles of CeO4y doped with Nd, Y, and Ba were prepared
with self propagating room temperature (SPRT) synthe-
sis. With this cost and time effective method we were
able to produce nanocrystalline materials with an aver-
age particle size below 10 nm. CeO nanocrystals doped
with 3d elements such as Fe, were obtained for the first
time by this method of preparation.

Vibrational properties of nanocrystalline systems are
dependent on the reduction of crystallite size. Room
temperature Raman scattering measurements of CeO2
nanoparticles revealed that the energy of the Fy, Ra-
man active mode decreases and the line width increases
followed by an asymmetrical broadening with decreas-
ing particle size [10]. Several factors as inhomogeneous
strain, phonon confinement, particle size distribution and
the presence of defect states were considered to explain
such changes [7].

*

corresponding author; e-mail: zordoh@phy.bg.ac.yu

The magnetic properties of CeOs nanocrystals have
been the subject of several studies [11, 12]. The existence
of room temperature ferromagnetism in CeOs nanopar-
ticles is discovered recently whereas bulk counterpart are
diamagnetic. It is assumed that the origin of ferromag-
netism may be the exchange interactions between un-
paired electron spins arising from oxygen vacancies pre-
sented at the surfaces of nanoparticles [11].

In the present work, we used Raman scattering and
magnetic measurements to determine the effect of Fe?*
and Fe3t doping on structural and magnetic properties
of CeOs nanocrystals.

2. Experiment

Nanocrystalline Ce;_,Fe2 (Fe3)0,_, (z = 0.12 and
0.06) samples were prepared by the SPRT synthesis us-
ing metal nitrates and sodium hydroxide as the starting
materials. The synthesis involves hand-mixing of start-
ing materials in alumina mortar for 5—7 min until the
mixture gets light brown. After being exposed to air for
three hours, the mixture was suspended in water. Rins-
ing out of reaction byproduct (NaNOgs) was performed
by centrifuge Centurion 1020D at 3500 rpm. This proce-
dure was performed three times with distilled water and
twice with ethanol. The Fe?* doped solid-state solution
was obtained according to reaction

2[(0.88)CG(N03)3 -6H>0 + (0.12)F€N03]
+6NaOH + (1/y)02

— 2060,881—‘\60_12027‘@ + 6NaN03 + 9H20, (1)

whereas Fe?t doped solid state solution was obtained ac-
cording to reaction



Effect of Fe*T (Fe*t ) Doping on Structural Properties of CeOy Nanocrystals 85

2[(0.88)06(1\103)3 -6H-0 + (O.lZ)Fe(NOP,)g . 6H20]
+6NaOH + (1/2 — y)O2

— 2C60,88F80V1202,y + 6NaN03 + 15H20 (2)
Unpolarized Raman scattering measurements were per-
formed in the backscattering configuration using micro-
-Raman Jobin Yvon T64000 system. As an excitation
source 514.5 nm line of Ar™ laser was used. In order to
avoid sample heating we used very low laser power on the
sample (0.24 mW).

Magnetic moment measurements at room temperature
were performed using vibrating sample magnetometer
(VSM 200) of 14 T cryogen free measurement system
(Cryogenic Ltd.).

3. Results and discussion

In Fig. 1 we present room temperature Raman spectra
of the Cej_,Fe2™ (Fe3*)0y_, (z = 0.12 and 0.06) sam-
ples together with the Raman spectrum of pure nanocrys-
talline CeOg sample. The first order F», Raman active
mode of CeOs nanocrystals appears at 454 cm ™!, Besides
the Iz mode there are additional modes at 600 cm~! and
1048 cm~! which are assigned to intrinsic oxygen vacan-
cies (Vees+) [7] and the second order Raman mode at
X-point of the Brillouin zone [13], respectively.

In the Raman spectrum of Fe?* doped sample
(Ceo.ggFeg'J{QOg,y), the F5y mode is located at nearly the
same frequency as the Fy; mode of pure CeOz nanocrys-
talline sample, with slightly increased line width. Beside
the Iy, and oxygen vacancy modes, a weak band ap-
pears at 720 cm~! (marked with * in Fig. 1), which is
assigned to maghemite (y-FeoO3) cation deficient struc-
ture [14]. 2wro (IR-active) overtone, characteristic for
hematite (a-FexO3), appears at 1320 cm ™! [14]. The ap-
pearance of modes characteristic for different iron oxide
crystal structures can be a consequence of oxidation of
mixed valence iron oxide (magnetite Fe3Oy4), probably
caused by laser irradiation.

In the Raman spectrum of Fe3* doped sample
(Ceo,ggFengOg_y), the Fy, mode is shifted to lower ener-
gies and is broader than in the spectra of pure, Fe?* and
Fe?t /Fe3t ceria doped samples. Red shift and broad-
ening of the Fy; mode can be ascribed to the size and
strain effects [7, 10] or can be a consequence of electron
molecular vibrational coupling due to the increased con-
centration of defects in oxygen sub-lattice of CeO5 and
presence of magnetic ions in ceria lattice.

The intensity of intrinsic oxygen vacancy Raman ac-
tive mode (Vgesy) in CeggsFep 1,02, sample is more
pronounced than in other samples. Such behavior con-
firms our previous statement that incorporation of triva-
lent iron in ceria lattice provokes a formation of more
defective structure, i.e. higher concentration of oxygen
vacancies is formed with Fe3* doping. The Raman ac-
tive mode at 1320 cm~! can be assigned to 2wro IR-
-allowed overtone of FeoOg3, whereas a weak structure at

about 1600 cm ™! can be ascribed to two-magnon peak of
Fe;O5 phase [14].

In Fig. 1 there are also shown the Raman
spectra of mixed valence Fe-doped ceria sample
(Ceg.ssFephsFeptsO2—y). The frequency of the Fhy,
mode, for this sample, lies between the Fy, values for
Fe?* and Fe3* doped samples. The intensity of 2wr,o IR-
-allowed overtone and two magnon mode of Fe;O3 in this
sample is significantly higher than in (Ceo_ggFengOg_y)
sample. The appearance of iron oxide Raman modes im-
plies high structural disorder in this sample.
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Fig. 1. Room temperature Raman spectra of
Fe®t /Fe®* doped and pure CeOs nanocrystalline
samples.

Interesting feature in the Raman spectra of all doped
samples, is a mode located at about 830 cm ™!, which is
not observed in the spectra of pure CeOs. This mode
is characteristic for adsorbed oxygen species on the sur-
face of CeOy nanoparticles [15] suggesting that doping
with iron can lead to better chemical activity of ceria
nanoparticles.

In Fig. 2 there is shown magnetization versus magnetic
field for polycrystalline and nanocrystalline CeOy sam-
ples, measured at 300 K. The bulk sample shows a weak
diamagnetic response, as it can be expected for CeO9
with Ce?* ions in the 4f° electronic configuration. On
the other hand, CeOy nanocrystals show weak ferromag-
netic behavior. It has been observed that nonmagnetic
oxides at room temperature become weakly ferromag-
netic when the samples are in the form of small nanopar-
ticles [11, 12] or very thin films [16].

It was suggested that the origin of this ferromagnetism
may be exchange interaction between unpaired electron
spins arising from oxygen vacancies formed at surface
of nanoparticles [16, 11]. We believe that 4f! unpaired
electron spins in Ce3t, formed at nanoparticles surface,
are responsible for room temperature ferromagnetism
in nano CeQOs. Saturation magnetization of our CeOs
nanocrystals is about 0.0055 emu/g which is comparable
with previous results [11, 12].
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Fig. 2. Room temperature magnetization versus mag-
netic field for bulk and nanopowdered CeO2 samples.
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Fig. 3. Magnetization versus magnetic field for the
Cei_zFe2t (Fe2™)0s—y (z = 0.12 and 0.06) samples
measured at 300 K.

In Fig. 3 there is shown magnetization versus magnetic
field for the Ce;_,Fe2" (Fe2™)Os_, (z = 0.12, 0.06) sam-
ples, measured at 300 K. It can be seen that Fe-doped
CeOy samples show paramagnetic response with small
ferromagnetic component in these samples.

The ferromagnetic component only, obtained by sub-
tracting the linear paramagnetic background from M (H)
curves in Fig. 3 is given in Fig. 4. The hysteresis loop
for the Fe?* /Fe?t doped sample (Fig. 4) is between the
loops for Fe?* and Fe?* doped samples. Saturation mag-
netizations (at 10 kOe) can be roughly estimated to be
0.009, 0.014 and 0.018 emu/g for the Fe?T, Fe*t /Fe3*
and Fe3t doped samples, respectively.

This means that the value of saturation magnetization
for the sample doped with Fe?t, Fe?* is roughly in the
middle between the values of saturation magnetization
for Fe?t and Fe?t doped samples, i.e. saturation magne-
tization of this ferromagnetic component increases with
the increase of oxidation state of Fe dopant.
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Fig. 4. Hysteresis loops for the CelszeiJr(Fei’Jr)Og,y
(z = 0.12 and 0.06) samples measured at 300 K.

As we already mentioned the existence of Ce3* states
may be the origin of room temperature ferromagnetism
in nano CeO,. The exchange interaction between 4f!
nonpaired electrons in Ce?t can result in weak ferromag-
netism experimentally found in nano CeOs (see Fig. 2).
By doping with Fe we can expect different behavior in
the case of 2+ and 3+ valence state. Iron has 3d5 + 452
valence electrons. In the case of low spin state of Fe?t
ions all 3d% ions are compensated (T[T/1/, S = 0) and
they do not contribute to the total magnetic moment of
nanoceria. In this case iron as dopant produces higher
disorder in ceria structure i.e. an increase of oxygen va-
cancy concentration which further increases the Ce3t ion
concentration. In this way, the ferromagnetic exchange
interaction is also stronger and magnetization saturation
value in Fe?t doped sample is a little bit higher than in
pure nano CeO, (see Fig. 2 and Fig. 4). In Fe3* doped
samples, 3d° electrons in the low spin state can partic-
ipate in ferromagnetic ordering (1[7[7, S = 1/2). In
this case, both Fe3* and Ce3* electron spins contribute
to ferromagnetic ordering. Consequently, we can expect
dramatic increase in magnetization of Fe?t doped sam-
ple, which is experimentally observed in Figs. 3 and 4.
In such a way we concluded that the existence of both
Ce3*—oxygen vacancies complexes and Fe3T ions in the
low spin state contribute to the weak ferromagnetism in
nanoceria and not only oxygen vacancies as previously
stated [11, 16].

4. Conclusion

Nanocrystalline Ce;_,Fe2 (Fe3t)0z_, (z = 0.12 and
0.06) samples were synthesized by self propagating room
temperature synthesis method. Raman spectroscopy at
room temperature was applied to determine the influence
of Fe?t /Fe3t doping on structural and vibrational prop-
erties of cerium dioxide nanopowders. Doping with triva-
lent iron causes redshift and broadening of the Fy; mode
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as a consequence of electron molecular vibrational cou-
pling due to the increased concentration of Ce3*—oxygen
vacancies complexes and magnetic Fe3* ions. The ex-
istence of second order Raman modes characteristic for
iron oxide suggest that there is a high structural disorder
in our samples. From magnetic measurements it was es-
tablished that nanocrystalline CeO5 sample exhibit ferro-
magnetic behavior at room temperature. The Fe-doped
ceria samples also exhibit small ferromagnetism at room
temperature. The saturation magnetization in all doped
samples is higher than in pure ceria and increases with an
increase of oxidation state of Fe dopant. The presence of
Ce®t and Fe?* spin electrons is responsible for observed
ferromagnetism.
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TiO2 Nanopowders Synthesized by Sol-Gel Method
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Pure and La-doped titania (TiO2) nanopowders are synthesized by sol-gel technology. The crystallite
sizes determined by X-ray diffraction measurements range from 10 to 15 nm. Dependence of structural and
morphological characteristics of nanopowders on synthesis conditions and La®' content is investigated by the
Raman spectroscopy. Very intensive modes observed in the Raman spectra of all nanopowder samples are assigned
to anatase phase of TiO2. Additional Raman modes of extremely low intensity can be related to the presence of
a small amount of brookite amorphous phase in nanopowders, which is in accordance with the results of X-ray
diffraction analysis. The particle size distribution in TiO2 nanopowders was estimated from the low frequency
Raman spectra, using the fact that the phonon modes in nanosized TiO2 observed in the low frequency region
(w < 40 cmfl) can be well described by the elastic continuum model, assuming that nanoparticles are of perfect
spherical shape and isotropic. The nanosized particle distribution obtained by this method is used for the calcula-
tion of the frequency and shape of the most intensive E; Raman mode in anatase TiO2 by the phonon confinement
model. The calculated broadening of this mode, associated with the particle size distribution, coincides well with
the characteristics of E; mode observed in measured Raman spectra of TiO2 nanopowders. This confirms the
Raman spectroscopy method as a powerful tool for determination of particle size distribution in nanosized materials.

Low-Frequency Raman Spectroscopy of Pure and La-Doped

PACS numbers: 81.20.Fw, 81.07.Wx, 78.30.—j, 63.22.—m

1. Introduction

Titanium dioxide (TiO3) has three polymorphic modi-
fications: rutile (tetragonal, P42/mnm), anatase (tetrag-
onal, 141 /amd), and brookite (orthorhombic, Pbca). All
of them have numerous applications as important indus-
trial materials. In recent years, nanosized TiOs, espe-
cially anatase TiOg, has attracted much attention as
key material for photocatalysts [1], dye-sensitized solar
cells [2], gas sensors [3] and electrochromic devices [4].
The applications of nanosized anatase TiOs are primar-
ily determined by its physicochemical properties such as
crystalline structure, particle size, surface area, poros-
ity and thermal stability. The aim of this study is to
investigate the variations in anatase structure induced
by doping of nanopowders with lanthanum. In our pre-
vious paper [5] it was shown that La-doping improves
thermal stability of sol-gel synthesized TiOs nanopow-
ders. The Raman spectroscopy method is primarily used
here to correlate the amount of brookite phase, as well as
the particle size and particle size distribution in anatase
phase, with the content of La-dopant.

* corresponding author; e-mail: maja@phy.bg.ac.yu

2. Experimental details

TiCly was used as the precursor in the synthesis. The
Ti(OH)4 hydrogel was obtained by hydrolysis of TiCly
at 0°C with controlled addition of 2.5 wt.% aqueous am-
monia into the aqueous solution of TiCly (0.3 mol/1) and
careful control of the pH value of the solution. After
aging in the mother liquor for 5 h, filtering and wash-
ing out with deionized water, obtained Ti(OH)4 hydro-
gel was converted to its ethanol-gel by repeated exchange
with anhydrous ethanol for several times. The obtained
alcogel was placed in a vessel, dried at 280°C and cal-
cined at temperature of 550°C, and after that converted
to the nanoparticles. In the case of La-doped TiOs,
LaCls-7H5O was used.

Powder X-ray diffraction (XRD) was used for the iden-
tification of crystalline phases, quantitative phase anal-
ysis and estimation of crystallite size and strain. The
XRD patterns were collected on a Philips diffractometer
(PW1710) employing Cu K, , radiation.

Raman measurements were performed using 514 nm
laser line of an Art/Kr™ laser and Jobin Yvon T64000
triple spectrometer system, equipped with confocal mi-
croscope and a nitrogen-cooled CCD detector. Low-
-frequency Raman measurements were performed in the
backscattering geometry using the 442 nm line of a
He—Cd laser as an excitation source, a Jobin Yvon U1000
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monochromator and a photomultiplier as a detector. All
Raman scattering measurements were performed at room
temperature in air.

3. Results and discussion

Relevant and the most intensive diffraction peaks in
the XRD patterns of all samples belong to anatase crystal
structure of TiOy (JCPDS card 78-2486). The presence
of low-intensity diffraction peak at 20 ~ 30.8° that can
be ascribed to the brookite phase of TiO5 was observed
in all XRD patterns (JCPDS card 29-1360). Structure
refinements were performed by the Rietveld method [6].
The obtained average anatase (brookite) crystallite size
was 12 nm (35 nm) and 10 nm (26 nm) for pure TiO,
and TiOs doped with 1 wt.% of La, respectively. The
average strain in anatase was 4.2 x 1072 in pure TiOs,
whereas its value was 5.7 x 1072 in La-doped TiO,. The
percent of brookite phase obtained by quantitative phase
analysis is 16% and 24% in pure and La-doped TiOs, re-
spectively. These results show that doping with 1 wt.% of
La induced crystallite size decrease, whereas strain value
and brookite content increased. The large values of the
average strain in brookite crystallites (= 20 x 1072) in-
dicate that this phase is highly disordered both in pure
and La-doped samples.

In the Raman spectra of both pure and La-doped TiO4
samples the dominant modes (Fig. 1a) can be assigned to
the Raman active modes of the anatase crystal [7]: ~ 143
(Eg(1)), 197 (Eg(2)), 399 (Big1)), 519 (Aig, Big(2)) and
639 cm ™! (Ey(3)). The additional Raman modes at about
243, 294, 323 and 362 cm~! (Fig. 1b), can be ascribed
to the brookite phase of titania [8]. Low intensities and
large widths of these modes confirm great disorder and
partial amorphization of brookite in all the samples. The
content of brookite for TiOy doped with La up to 4 wt.%
[5] is higher or close to the amount in pure TiOg, whereas
for greater La wt.% brookite content decreases.

The position of anatase Ey(;) Raman mode for different
TiO; samples ranges between 143 and 144 cm ™!, whereas
its line width varies from 12.1 to 13.7 cm~!. Several fac-
tors can contribute to the changes in the peak position,
line width and shape of this mode in TiOs nanopow-
ders ([9] and references therein). Dominance of one or
more of these factors, observable in Raman spectra, is
determined by the structural characteristics of a TiO9
nanopowder: particle size distribution [9-11], existence
of mixed phases (anatase in combination with consider-
able amount of rutile or brookite phase) [5], value and
type of the strain (compressed or tensile) [9, 11], discrep-
ancy from stoichiometry [12] as well as type of defects
[5, 9], etc. We assumed that the main factors that influ-
enced the behavior of Ey(;) mode in our samples were the
confinement effect due to anatase nanoparticle size dis-
tribution, disorder induced by existence of considerable
amount of brookite phase and the strain effects caused
by introducing of La3" ions into the TiO, lattice.
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ders (b).

Raman scattering from confined acoustic vibrations in
nanoparticles was observed in low frequency part of spec-
tra of various materials. The elastic sphere model (ESM)
was generally used to analyze the acoustic phonon con-
finement. This model describes the oscillations of homo-
geneous elastic sphere and was successfully applied to ex-
plain the experimental spectra of nanoparticles [13-15].
According to ESM, the frequency of an acoustic Raman
mode is scaled as the inverse of the dimension of a vi-
brating particle: w = (r/D, where 3, is a coefficient
calculated from ESM [14, 15]. In this paper we used
procedure proposed by Ivanda et al. [15] for the extrac-
tion of information on nanoparticle size distribution from
the low-frequency Raman spectra of TiOs nanoparticles.
Values of longitudinal and transversal sound velocities for
rutile TiOz were used (vr, = 9017 m/s, vr = 5394 m/s,
respectively) in calculations, due to the lack of this data
for anatase. Calculated [, was 239.6. Inhomogeneous
broadening of the spectrum as a consequence of the non-
-uniform particle size distribution of the sample was in-
corporated. The evaluated particle size distributions in
pure and La-doped TiOs are presented in Fig. 2 together
with the best fits of these distributions obtained by Gaus-
sian and asymmetric Gaussian functions. The parame-
ters Lc — most frequent particle size, w — symmet-
ric Gaussian halfwidth, and w; and wq — left and right

halfwidths of asymmetric Gaussian, are shown in Fig. 2.
Let us note that the value L¢ is equal to average particle
size Lo in symmetric Gaussian distribution, as in TiOq
with 1 wt.% of La (Lo = L¢ ~ 11.6 nm). However, in
nanopowders with asymmetrical Gaussian distributions,
the values of Lc and Lg are different, as in pure TiO9
where Lg ~ 13 nm while L¢c ~ 11.3 nm.

The intensities of Ey(;) mode for pure and La-doped
TiOs nanopowders were calculated by phonon confine-
ment model (PCM), described in detail in our previous
papers [5, 9, 10]. The particle size distributions obtained
by ESM were used as initial distributions for the best-fit
calculations of the g1y mode by PCM (Fig. 3a). The
dependence of the most frequent particle size Lc on La
content in TiOy nanopowders is shown in Fig. 3b. The
values of L¢ in the distributions used finally in PCM
(gray circle) are very close to the corresponding values
of L¢ in the distributions obtained by ESM (black cir-
cle). The values of the average particle size estimated
from the Raman spectra is a little bit greater than the
average anatase crystallite size obtained by XRD, which
can be a consequence of presence of brookite crystallites
in the powders. Finally, we had to include the effects
of compressive strain in PCM of Raman Egy(;) mode in
nanopowders with higher La content.

4. Conclusion

A detailed Raman study of sol-gel synthesized anatase
TiO2 nanopowders doped with lanthanum ions (La3*)
in the range from 0 to 6 wt.% was presented. Very
intensive modes observed in the Raman spectra of all
nanopowders were assigned to anatase phase of TiOs,
whereas the additional modes of extremely low inten-
sity can be related to the presence of small amount of
brookite phase. The particle size distributions in TiO9
nanopowders estimated from the low frequency Raman
spectra by ESM coincide with the distributions used for
the best-fit calculation of the anatase £, Raman mode by
the PCM. Obtained results show that the particle size in
TiOo nanopowders doped with La up to 4 wt.%, is close
to or smaller than in the pure TiOs, whereas nanoparti-
cles are larger for higher La content. Also, PCM analysis
implies existence of compressive strain in nanopowders
with more than 3 wt.% of La.
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Phonon-phonon interactions in
Ceo.85Gdp.1502_5 nanocrystals studied by
Raman spectroscopy

S. Askrabi¢, Z. D. Dohéevi¢-Mitrovié,* M. Radovi¢, M. Séepanovic and
Z.V.Popovic

Phonon-phonon interactions and phase stability of Gd-doped ceria nanocrystals were examined over the temperature
range 293-1100 K by Raman spectroscopy. The phonon confinement model (PCM) based on size, inhomogeneous strain and
anharmonic effects was used to properly describe the anharmonic interactions in this system. The interplay between size and
anharmonic effects influenced different phonon decay channels in nano grains than in larger grains. After the gradual cooling
down to room temperature (RT), the Raman study revealed the phase separation in this system pointing to the phase instability
of Ceg.35Gdg.150,_5 nanocrystals after heat treatment. The concentration of extrinsic (intrinsic) oxygen vacancies was also
studied by Raman spectroscopy during the heat treatment of the Ce g5Gdg.150,_; nanocrystalline sample. Copyright (©) 2009

John Wiley & Sons, Ltd.
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Introduction

Cerium dioxide has been widely studied theoretically and
experimentally, because of its various applications such as catalyst
in vehicle emission control system,!"! electrolyte for solid oxide fuel
cells,Z high storage capacitors,®! superconductor structures,¥
UV blocking filters,”) neuroprotection!® and other. Use of ceria-
based nanomaterials as an electrolyte for solid oxide fuel cells
is determined by its good ionic conductivity at intermediate
temperatures 600-700 °C. The ionic conductivity is dependent on
the concentration of oxygen vacancies present in the electrolyte
material. These vacancies in nanocrystalline ceria can be intrinsic,
originating from the reduction of the grain size and enlargement of
the surface-to-volume ratio of the sample, or they can be induced
by doping ceria with trivalent ions of rare earth elements.l”8!
This is precisely why the gadolinium-doped ceria nanocrystals are
interesting for investigation. The properties of these materials at
working temperatures of solid oxide fuel cells are of special interest
from the point of view of materials stability and oxygen vacancy
behavior. On the other hand, the phonon-phonon interactions
in these nanocrystalline systems are scarcely investigated in the
literature and the interplay between anharmonic interactions and
the size effects is still not well understood in nanostructured
materials.

The purpose of this article was to investigate the anharmonic
processes in nanocrystalline ceria doped with 15% of gadolinium,
Cep.85Gdo 15025 by means of Raman spectroscopy during the
gradual heating up to 1073K and cooling down to room
temperature (RT). Raman spectra at different temperatures were
influenced by the different phonon-phonon interactions which
on the other side are dependent on the nanocrystalline size.
The extrinsic (intrinsic) oxygen vacancy behavior at working
temperatures of this potential solid oxide fuel cells electrolyte
material was also analyzed.

Experimental

A Cepg5Gdg 1502_5 nanocrystalline sample was synthesized by
self-propagating RT synthesis. The detailed powder preparation
procedure is already described.!

The crystalline phase of CepgsGdg 1505 nanocrystals was
studied by X-ray diffraction (XRD) method using a Siemens D-5000
diffractometer with Cu Ko radiation, at RT. Diffraction patterns
were recorded over the 26 range from 20 to 80° using a position
sensitive detector with 8° acceptance angle.

Atomic force microscope (AFM) images were taken before and
after heat treatment using the Omicron B002645 SPM PROBE VT
AFM 25 in noncontact mode in order to investigate the particle
size changes with temperature treatment.

The vibrational properties of CeggsGdg.1502_s nanopowders
were studied by Raman spectroscopy. Micro-Raman spectra were
collected in the backscattering configuration using a Jobin Yvon
T64000 spectrometer equipped with a nitrogen-cooled charge-
coupled-device detector. The argon ion (Ar") laser line with
A = 514.5 nm was used as an excitation source. The Gd* doped
sample was progressively heated in a Linkam TS 1500 microscope
heating stage, up to 1073 K, with a 100-K step, and then gradually
cooled down to RT. All the measurements were performed in
the air.

* Correspondence to: Z. D. Dohcevic¢-Mitrovi¢, Center for Solid State Physics and
New Materials, Institute of Physics, 11080 Belgrade, Pregrevica, 118, Serbia.
E-mail: zordoh@phy.bg.ac.yu

Center for Solid State Physics and New Materials, Institute of Physics, Pregrevica
118, 11080 Belgrade, Serbia
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Results and Discussion

X-ray diffraction patterns of CepgsGdo150,-s5 nanocrystalline
sample are shown in Fig.1 together with a XRD spectrum of
pure CeO,_s nanocrystals for comparison. The XRD spectrum of
Cep.85Gdg. 15025 sample clearly shows the existence of a fluorite
structure, without the presence of a crystalline phase of Gd,03
indicating that the sample is a solid solution. The broad diffraction
peaks suggest that the particles are within the nanometric range
and the average crystallite size of about 7 nm was determined
from the full width at half maximum (FWHM) of the (111) peak
using the well known Scherrer formula.

RT AFM images (250 nm x 250 nm) of Ceo,gsGd(Hst_(s
nanocrystals are shown in Fig. 2, before heat treatment (a) and
after cooling down to RT (b). It can be seen from Fig. 2(a) that par-
ticles of the Ceg g5Gdg.1502—s nanocrystalline sample, before heat
treatment, are predominantly of spherical shape with diameters
in a narrow range with average particle size less than 10 nm. After
sample cooling down to RT, the particles became agglomerated
and irregularly shaped with average particle size between 15 and
20 nm (Fig. 2(b)).

Heating

Cerium dioxide of fluorite type structure has a single allowed
triply degenerate Raman active mode of F,; symmetry. Raman
spectra of CeggsGdg.150,—s solid solution in the temperature
range 293-1100 K are shown in Fig. 3. In the Raman spectra at RT,
three modes at 453, 550 and 600 cm~' are present. The Raman
mode at 453 cm™~! is assigned to the F2g mode of the CeO; fluorite
structure and represents the symmetrical stretching vibration of
the CeOg vibrational unit."® In the nanocrystalline sample this
mode is broader, asymmetric and shifted to lower wavenumbers,
comparing to the single-crystal value.l'"!

The other two modes are second order Raman modes attributed
to the oxygen vacancies due to the nonstoichiometry of nano
ceria (600 cm~") and generated as charge compensating defects
induced by the incorporation of trivalent metal cations (Gd>")
into the ceria lattice (550 cm~").['2"3] CeO, experiences the loss
of oxygen ions when its average particle size decreases down to
nanometric dimensions. The entire sample surface-to-volumeratio

Cep g5Gdp.1502.5

(111)

Intensity

20 30 40 50 60
260 /deg

Figure 1. XRD patterns of the Ce gsGdp 150,_5 and pure CeO,_s samples.

increases, which enables the oxygen ions to leave the crystal lattice
with high probability (this refers especially to the oxygen ions
located near the grain surface). Apart from this, the substitution of
Ce** ions with Gd** ions imposes the loss of oxygen ions 0%~ in
order to keep the electro neutrality of the material.

Raman spectra at higher temperatures display significant
changes. With increasing temperature, the F; mode exhibits
a systematic shift to lower wavenumber values and becomes
less asymmetric while the linewidth increases with increasing
temperature. Such a behavior can be attributed to the anharmonic
interactions due to the decay of optical phonon to lower energy
phonons i.e. so called down-conversion processes.'*!

The experimental spectra (circles) are fitted using the phonon
confinement model (PCM) based on the size, inhomogeneous
strain using the Gaussian size distribution function p(L) and
anharmonic effects.l' In such a case the intensity of the Raman
mode can be calculated as:

o, =" / p(L)dL
0

i=1
_ 2L2
exp a d*q
8p

,  (TM)?
i {o — oi(@) + Aolq,L) + Ao + ( —=

where q is the wave vector, L is the particle size, B is
adjustable parameter depending on the strength of the phonon
confinement, wj(q) represents phonon dispersion curves for
bulk'? while Aw(g,L) is the wavenumber shift due to the
inhomogeneous strain.!'® The terms Aw(T) and I'(T) describe the
temperature dependent wavenumber shift and bandwidth due to
the phonon -phonon interactions, respectively.['®'”) Temperature
dependence of the Raman mode wavenumber and bandwidth
based on the Klemens' model,['®'% including three and four-
phonon anharmonic processes, can be presented with following
equations:

2
o(T) =wo + C 1+€X—1

3 3
+D[1+—+—)z]=wo+Aw(T) (2)

-1 (-1
rmM=r,;+A 1+i
e
+B[1+i+;]=F1+AF(T) (3)
-1 (¢—-1)7
where wq is the zero temperature wavenumber, x = zhk—a;(;.,

y = ?k—“;‘;., I'y is the broadening due to phonon confinement

and inhomogeneous strain, AT'(T) is the temperature—dependent
linewidth because of the phonon coupling decay and A, B, C,
D are the anharmonic constants. Equation (2) and (3), which are
related to the anharmonic processes, were incorporated in Eqn (1),
through proper choice of theanharmonicconstants A, B,C,Dand Ty
to reproduce the experimental Raman spectra of Ceg gsGdg 15025
nanocrystalline sample obtained at high temperatures. Calculated
Raman spectra using PCM model are presented with solid lines in
Fig. 3.
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Figure 2. AFM images of Ceg g5Gdg.150,_s nanocrystals before (a) and after (b) heat treatment.

Raman Intensity

T T T T
400 500 600 700
Wavenumber / cm™!

Figure 3. Raman spectra of CepgsGdg150,_5 sample taken during the
heating (circles). The spectra calculated from PCM are represented by solid
lines.

From the PCM, which incorporates anharmonic, size and
inhomogeneous strain effects we were able to obtain the average
particle size (Lo) athigher temperatures and to estimate the particle
growth influence on the F,43 Raman mode behavior. The change
of the average particle size (Lp), strength of phonon confinement
(B) and the width (w) of the Gaussian particle size distribution
with temperature are given in Table 1. The strength of the
phonon confinement decreases (8) as particle size increases with
temperature implying that confinement effects become weaker as
particles grow with temperature. The width of the Gaussian particle
size distribution (w) also increases with temperature indicating the
changein particle sizedistribution.InFig. 4, we present the average
particle size calculated from PCM. As can be seen from this figure,
the average particle size ranges from 7 nm at RT, what is in a good
accordance with the AFM result from Fig.2(a), up to 10 nm at
temperature of 1073 K.

10.0 (]
9.5

9.0 [ ]

Lo/nm

8.5 1 [ ]
8.0
7.5

7.0

r T T T T T T
200 400 600 800 1000 1200

Temperature /K

Figure 4. Change of the average particle size with temperature calculated
from the PCM.

Table 1. Change of the average particle size, strength of the phonon
confinement and width of the Gaussian particle size distribution with
temperature

T/K 296 373 473 573 673 773 873 973 1073
Lo/om 72 77 81 83 85 86 88 9 10
p 38 38 37 36 35 35 33 32 30
w/nm 288 338 405 415 442 464 502 522 6.50

From Fig. 3, it can be seen that the Raman mode wavenum-
ber decreases with increasing temperature up to 1073 K while
the bandwidth increases. The wavenumber red shift and band-
width increase with increasing temperature are ascribed to
the optical-phonon anharmonic couplings in Cegg5Gdg.1502—s
nanocrystalline sample.

The F»4 mode wavenumber and bandwidth dependence on the
temperature is shown in the Fig. 5(a) and (b).

The best fit of the wavenumber values (full line) during the
heating up to 573 K was obtained including only the four-phonon
anharmonic term, while at higher temperatures three-phonon
decay processes became dominant (dashed line) similar to the
polycrystalline CeO,.Onthe other side, the bandwidth behavior up
to 573 Kis well fitted only including the four-phonon anharmonic

www.interscience.wiley.com/journal/jrs

Copyright (© 2009 John Wiley & Sons, Ltd.
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Figure 5. Temperature dependence of the F,; Raman mode (a) wavenumber and (b) line width during heating. The fitting parameters are also presented

on the graphs together with the calculated thermal expansion contribution.

term. Between 573 and 873 K there is an evident plateau and
then with further temperature increase, the bandwidth increases
according to the three-phonon coupling processes. If we have
in mind that the bandwidth of the Raman mode determines
the phonon lifetime?”) and therefore reflects the change in
phonon-phonon interactions in the material under investigation,
we concluded thatin small nano grains up to temperature of 573 K
the four-phonon decay processes are more probable than the
three-phonon decay processes and have more influence on the
wavenumber (bandwidth) behavior than the size effects. At higher
temperatures, when the particles are grown enough, size effects
provoke the changes in phonon-phonon interactions influencing
the wavenumber (bandwidth) of the Raman mode in such a way
that three-phonon anharmonic interactions prevail over the four-
phononones. Such behavioris much alike to the microceria sample
although the particles are still in the nanometric range (Fig. 4). In
Fig. 5(a) is also presented the calculated wavenumber shift due to
the pure-volume contribution - A (line) which can be evaluated
from the following equation!?'):

.
A = wg { exp —3y,-[oe(T’)dT’ -1
0

(4)

where « is the linear coefficient of the thermal expansion and y;
is the mode Griineisen parameter. The temperature dependent
thermal expansion coefficients « for Gd-doped ceria are taken
from the work of Hayashi et al.?"! while the value of y = 1.24
is taken from Ref. [11] because of the lack of literature data
for Gd-doped ceria nanosized samples. It is obvious that the
wavenumber shift due to thermal expansion will provoke a
higher red shift of the F,; mode wavenumber indicating that
most likely the values for @ and y are overestimated for small
nanoparticles. This was already suggested by Spanier et al.??
Namely, in their work Spanier etal. deduced that the phonon
coupling is not enhanced in the nanoparticles compared to larger
particles. Contrary to their conclusion, we deduced that different
phonon decay channels dominate in the nanocrystalline grain
and pure anharmonic coupling of phonons influence more the
wavenumber behavior of F,g Raman mode at high temperatures
than the size effect and thermal expansion.

773K

s

Raman Intensi

RT

% > F T " &I.:
450 500 550 600 650
Wavenumber /cm-"

Figure 6. Raman spectra of CepgsGdg 50,5 sample taken during the
cooling down to room temperature (RT).

e
350 400 700

Cooling

After annealing, the sample was cooled down to the RT. Raman
spectra were taken at the temperatures from 873 K to RT down-
wards with a-100 K step (Fig. 6). The temperature dependence of
the Foqg mode wavenumber (triangles) and linewidth (squares) is
presented in Fig. 7 and now is well fitted including both terms in
Egns (2) and (3). The three-phonon contribution is more dominant
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Figure 7. Variation of the F; mode wavenumber and line width upon
gradual cooling. Full lines represent fits of the peak position and line width
using Eqns (2) and (3).

than the four-phonon anharmonic terms what can be seen from
the ratio of the constants C/D and A/B. This behavior is more
similar to the polycrystalline ceria sample because the particles
are grown enough and we can consider that nanosized effects are
almost negligible.

The Raman spectrum at RT after cooling is narrower, blue shifted
regarding the starting spectrum and at lower wavenumber than
in the bulk counterpart. A deconvolution with the Lorentzian-line
profile technique (Fig. 8) revealed that the F,3 mode consists of
two modes with wavenumbers of 462 and 483 cm~'. The second
mode represents the Raman mode of Gd,03 phase compared to
the Raman wavenumber of bulk gadolinium oxide.?3! This result
confirms that a phase separation took place, i. e. CeO, and Gd, 03
phases were formed after heat treatment. In our previous work,?#
we have demonstrated the advantage of Raman spectroscopy
over the XRD method to detect the phase separation in the
Ce0,-Gd;05 system for small Gd concentrations. In fact, all high-
intensity diffraction peaks of CeO, and Gd,05 are overlapping and
for smaller concentrations of the Gd, 03, the phase XRD pattern
of pure and Gd-doped CeO; did not show any difference. Only in
the heavily doped samples, (80% Gd,03) there is an appearance
of a Gd,03 phase in the XRD spectrum. On the other side, Raman
spectra showed clearly the evidence of a phase separation even
for the sample with 15% of Gd-doped ceria.

From the PCM model, it was deduced that average particle size
after heating and gradual cooling is higher than 15 nm. This is in
accordance with AFM result obtained from the Ceg g5Gdg.150,_s
nanocrystals after heat treatment and presented in Fig. 2(b).

Besides the F,q Raman active mode, two additional modes
appear in the region of interest. These modes are centered at
the approximate wavenumbers of 550 and 600 cm™'. Both of
these modes are connected to the defect spaces related to the
oxygen vacancies present in the structure of CeggsGdp 15025
nanocrystalline sample.'3! CeO, experiences the loss of oxygen
ions when its average particle size decreases down to nanometric
dimensions. The ratio of the entire sample surface to its volume
increases what enables oxygen ions to leave the crystal lattice
with high probability (this refers especially to the oxygen ions
located near the grain surface). Apart from this, another reason
for such behavior lies in the fact that doped Gd** ions, which
substitute Ce*™ ions in the lattice lead to the loss of oxygen
jons O~ in order to keep the electro neutrality of the material.

Raman Intensity/Arbitr. Units

500 600 700
Wavenumber fcm’
Figure 8. Raman spectra of Ceg g5Gdg 150,_s nanocrystalline sample after

heat treatment. Deconvolution of the spectrum with Lorentzian-type
profile revealed the presence of CeO, and Gd, 03 oxide phase.

1 5 m extrinsic vacancies mode
T intrinsic vacancies made -

Raman Intensity/Arbitr. Units
&
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300 400 500 600 70O 800 900 1000 1100
Temperature /K

Figure 9. Intensity changes of extrinsic and intrinsic oxygen vacancies
modes in Raman spectra with temperature. The inset: Fitted Raman spectra
of Ceg.g5Gdg 150,25 nanocrystalline sample at 1073 K.

This is why for every two substituted Gd>* ions, one oxygen ion
02~ leaves the crystal lattice. According to Nakajima et al.['? the
vibrational states with wavenumber near the value of 600 cm™'
are attributed to the defect spaces including or neighboring
the intrinsic oxygen vacancies, while the mode at 550 cm™' is
associated with oxygen vacancies induced by doping CeO, with
Gd** (extrinsic vacancies). The intensity of the intrinsic vacancy
mode increases with temperature up to 773 K (Fig. 9). With further
temperature increase, the intensity of this mode decreases and
then abrupt intensity increase happens at 1073 K. The intensity
of extrinsic mode increases up to 573 K and than has a minor
decrease till the temperature of 773 K after which again increases.
The decrease in intensity of the vacancy modes can be explained
in terms of the formation of different microdomains as proposed
by Zhang et al.l?®! which include Gd*" ions and 0?~ vacancies
or Ce** ions and vacancies. If these nanosized domains have a
higher degree of ordering, this can have a negative impact on
ionic conductivity.?®! On the other side, Zhang et al.**! suggested
that above the critical temperature (in a case of Gd-doped ceria
system the critical temperature is about 400 °C), the vacancies
become mobile and are not necessarily associated with Gd>*
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ions. Smaller number of complex defects would lead to weaker
intensity of the corresponding vibrational modes. Maybe this
effect is also responsible for a small intensity decrease of the
extrinsic 0>~ vacancy mode in the temperature range 573-773 K.
The pronounced intensity drop of the intrinsic vacancy mode at
temperatures above 773 K can be explained by the additional
fact that at higher temperatures the accelerated intake of oxygen
ions from atmosphere and its positioning in the lattice takes
place leading to improved sample stoichiometry. At 1073 K both
intensitiesincrease. We performed the fitting of the Raman vacancy
modes at this temperature first with two Lorentzians and then
with only one (inset of Fig.9) because it was observed that the
incorporation of a second Lorentzian band does not improve
the fitting-quality. Such a result may suggest that at these high
temperatures, different oxygen vacancy complexes which include
both Gd**, Ce3* and 02~ vacancy ions are formed but the final
explanation is left to be found in further analysis.

Conclusion

We examined the effects of temperature-induced changes on vi-
brational states of nanocrystalline Ceg g5Gdg 150, solid solutions
using Raman spectroscopy. Raman spectra were collected at differ-
ent temperatures between RT and 1073 K and afterwards during
the gradual cooling of the sample. The Raman spectra during the
heating are well described using a PCM model with combined size,
inhomogeneous strain and anharmonic effects. At temperatures
up to 573 K four-phonon anharmonic processes dominate and
the size effects have less influence on the Raman mode behavior
than the anharmonic effects. With further temperature increase,
the three-phonon coupling prevails indicating that the particles
are grown enough to behave similar to the polycrystalline sample.
The Raman spectra after heat treatment demonstrated that the
Cep.85Gdo.1502_s sample is still in the nanometric range but phase
separation took place, i.e. CeO, and Gd,0s oxides are formed
pointing to the instability of this system. Analyzing the behavior
of the intrinsic (extrinsic) oxygen vacancy Raman modes it was
deduced that at different temperatures different oxygen vacancy
complexes (ordering) in nanosized domains can be formed. Overall
increase of modes intensity, i.e. the oxygen vacancy concentration
points out that Gd-doped ceria can be a very convenient material
for intermediate temperature solid oxide fuel cells application.
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Abstract:

Raman spectroscopy has been used for characterization of commercial nanosized
TiO, powder with declared grain size of 5 nm. The Raman spectra measured in Stokes and
anti-Stokes regime confirm the anatase phase of TiO, powder in temperature range 25-
1173 K. It is shown that phonon-confinement (due to small grain size) and nonstoichiometry
(caused by laser irradiation in vacuum) have a great influence on blueshift and broadening of
the main E; Raman mode at low temperatures, while the influence of the strong anharmonic
effect becomes dominant at higher temperatures. The phonon confinement effect decreases
due to the crystallite growth at temperatures above 673 K.
Keywords: Anatase TiO, nanopowder, Raman spectroscopy

1. Introduction

Recent interest in nanocrystalline anatase TiO, has been driven by its potential in a
variety of technological applications, as well as in fundamental studies of size-induced
modifications of the physical properties and phase stability of nanoscale inorganic systems [1,
2]. Raman spectroscopy is a powerful tool in the study of microstructure of nanosized
materials, and therefore a promising technique for characterization of TiO2 nanopowders [3].
The changes in the Raman spectrum of nanocrystalline anatase, the phase most commonly
synthesized at ambient conditions, have been variously interpreted as originating from the
phonon confinement [4-6], non-stoichiometry [7] or internal stress/surface tension effects [8].
Although the majority of published studies point out phonon confinement as the main factor
responsible for the changes observed in the Raman spectrum of nanocrystalline anatase [4-6],
some researchers have interpreted their results favoring other factors, depending on structural
characteristics of nanopowders.

In the present work we investigate the temperature dependence of Raman spectra of
commercial anatase TiO, nanocrystals with a declared average crystallite size of about 5 nm
using variable-temperature Raman scattering. The Stokes and anti-Stokes Raman spectra at
different temperatures in the range from about 23 to 1173 K are shown. We demonstrated
that, depending on temperature, phonon confinement, anharmonic and nonstoichiometric
effects have different influence on the frequency shift and the broadening of the lowest
frequency E; Raman mode. A Comparison between experimental spectra of anatase TiO,

“) Corresponding author: maja.scepanovic@phz.bg.ac.rs
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nanopowder and spectra calculated by the phonon confinement model with anisotropic
dispersion relations and temperature dependant parameters reveals information about the
structure, stoichiometry and crystallite size at all given temperatures.

2. Experimental details

In this study TiO, nanopowder (Aldrich 637254-50G, 99.7%) with a declared average
crystallite size of about 5 nm was investigated.

Low frequency Raman measurements were performed at room temperature in the
backscattering geometry using the 514.5-nm line of an Ar® laser, Jobin-Yvon U1000
monochromator and a photomultiplier as the detector. Raman measurements at low
temperatures were performed by the same equipment in vacuum in the cryostat system.

High temperature Raman measurements were taken with same Ar” laser line using a
Jobin Yvon T64000 spectrometer equipped with a Linkam TS 1500 microscope heating stage
and nitrogen cooled charge-coupled-device detector (CCD). Overheating of the samples was
avoided using a minimal laser power when no changes of the Raman spectra were noticed.

3. Results and discussion

Fig. 1 shows nanosize particle distribution estimated by the procedure for the
evaluation of the particle size from the low frequency Raman (LFR) spectrum proposed by
Ivanda et al. [9]. A room temperature LFR spectrum is presented in the inset of the same
figure. The existence of two modes in LFR spectrum resulted in the distribution with two
maxima. As the particle frequency corresponding to the second maximum is very low, only
the distribution from the first maximum was fitted by log-normal function with the parameters
7.28 nm and 0.20.

TiO

0 10 20 30 4'0‘ 50
Raman shift [cm™]

Particle frequency

6 8 10 12 14 16 18 20
Particle diameter [nm]

Fig. 1. Size distribution (open circles) of TiO, nanopowder obtained from room temperature
LFR spectrum (inset) and its fit by a log-normal function (full line).

All Raman spectra measured at temperatures between 23 and 1173 K confirm the
anatase phase of this TiO, nanopowder (some of them are shown in Fig. 2). Raman modes can
be assigned to the Raman spectra of the anatase single crystal [10]: ~144 (E,), 197 (Eg), 399
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(Big), 513 (Ayg), 519 (Byg) and 639 cm™® (Eg). With temperature increasing above room
temperature, the linewidth of all noted modes increases, while the frequencies of three modes
(two Eg4 and one B,y mode) exhibit different temperature dependence. The frequencies of By,
mode at 396 cm™ and Ey mode at 637 cm™ at room temperature shift to lower frequencies
with the increasing temperature, in accordance to literature [11]. The blueshift and broadening
of the lowest frequency anatase E; Raman mode at different temperatures will be particularly
analyzed. Note that the increase of temperature above 1173 K is followed by a partial
transformation of anatase to rutile TiO,, as expected [12].

Eq 1173 K
A
E B E
g g 1 g
,E, [« R
b=
>3
g 673 K
1,
>
=
[
ko) 293 K
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100 200 300 400 500 600 700
’ -1
Raman shift [cm ]

Fig. 2 Raman spectra of anatase TiO, taken at 23, 293, 673 and 1173 K.

The Stokes and anti-Stokes Raman spectra of the lowest frequency E; mode at
different temperatures in TiO, nanopowder are shown in Fig. 3(a) and (b). Lower
temperatures (T < 300 K) were obtained by the cryostat system in vacuum. Higher
temperatures were achieved by the microscope heating stage in air.

Several factors like phonon confinement [2-5, 8, 13, 14], strain [8, 15], non-
homogeneity of the size distribution [8], defects and nonstoichiometry [7, 8], as well as
anharmonic effects due to temperature increase [16] can contribute to changes in the peak
position, linewidth and shape of the E; Raman mode in anatase TiO, nanopowder.

The asymmetric shape of the E; modes at room and lower temperatures points to a
pronounced phonon confinement effect, while at higher temperatures its more symmetric
broadening indicates that a strong anharmonic effect is dominant.

The redshift and narrowing of the Raman Ey mode in anatase TiO, nanopowder, in
comparison to the room temperature position and linewidth, are expected at low temperatures
[17]. The absence of this effect here can be ascribed to discrepancy from the stoichiometry
and the presence of a specific kind of nonstoichiometric defects, due to laser irradiation in
vacuum, which usually cause blueshift and broadening of the Raman E; mode [7, 8]. That
effect compensates the expected redshift and narrowing at low temperatures.

According to the phenomenological work of Richter et al. [13] and Campbell et al.
[14] for spherical particles of diameter L and Gaussian confinement function, the resulting
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Raman intensity I(w) can be presented as a superposition of weighted Lorentzian
contributions over the whole Brillouin zone [14, 15]:

~q°L") s
- eXp(SﬁJd q
@) =2 [p(LdL| Y
T Eema@nr e TD)
(D)

2

where p(L) is the particle size distribution, q is wave vector expressed in units of = divided by
value of unit cell parameter, and /{T) is the mode line width at temperature T. The sum is
carried over m dispersion curves (g, T), depending on mode degeneration [15]. Then,
according to theoretical curves of anatase calculated by Mikami et al. [18], the dispersion
relations were approximated in cosine form [17], @,(0,T)=w,(T)+B;(1—cos(27-q)),

where ax(T) is frequency in the center of Brillouin zone at temperature T, and B; are fitting
parameters. The angular integral in a wave vector space in the Brillouin zone was performed
by integrating along the T-X, T'-N, and G-Z symmetry directions, weighting each by the
number of equivalent symmetry directions [17]. Confinement factor is assumed to be f~7.
The values of an(T), as well as those of 7(T), at a specified temperature were treated as
adjusting parameters in the fitting procedure. We supposed a log-normal particle size
distribution with the average crystallite size of Lo=7.3 nm and standard deviation ¢=0.20
obtained from LFR measurements.
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Fig. 3 Stokes and anti-Stokes Raman shift of E; mode anatase TiO, measured at different
temperature ranges: 23 to 293 K (a) and 295 to 1173 K (b).

The comparison of the normalized experimental and calculated spectra according to
described procedure at several temperatures (23, 295, 673, and 1073 K) is shown in Fig. 4. A
good agreement between these results confirms the proper choice of particle size distribution
taken according to LFR measurements.
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Fig. 4 Normalized experimental (open circles) and calculated (solid lines) spectra of anatase
TiO, nanopowder measured at different temperatures.

It is evident that frequency and linewidth increases by heating above room
temperature, while the lineshape of Eq mode becomes more symmetric. As-read experimental
(open symbols) and fitted (full symbols) positions ay(T) and linewidths /{T) of Raman Ej
mode are compared in Fig. 5(a). The influence of phonon confinement effect can be estimated
through the difference between measured and calculated values, which decreases with
temperature increases above 673 K (500°C). It is related to the crystallite size increase shown
in Fig. 5(b), obtained by the fitting procedure described above, where it is changed from 7.3
to 35 nm, when the temperature grows from 673 to 1173 K. This coincides with the results of
Balaji et al. [12], where upon annealing at temperatures at and below 400°C the crystallite size
does not change significantly, while this size grows continuously as the annealing temperature
is raised to 900°C.
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Fig. 5 As-read experimental (open symbols) and fitted (full symbols) positions and halfwidths
of Raman Ey mode (a) and the temperature dependence of particle size obtained from fitting
procedure (b).
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The Raman spectrum of TiO, nanopowder measured at room temperature after
heating at 900°C (1173 K), shown in Fig. 6, confirms crystallite growth due to heating.
Namely, the position (143.5 cm™) and linewidth (8.8 cm™) of the lowest frequency E, Raman
mode in this spectrum are close to their values characterstic for the Raman spectrum of
polycrystalline anatase TiO, [16].

4. Conclusion

Commercial TiO, nanopowder in the anatase phase was temperature treated in order
to investigate the phonon behavior and stability of this nanocrystalline material. The
temperature dependence of the Raman spectra of anatase TiO, nanocrystals was measured in
the temperature range 23-1073 K. Variations of the frequency and linewidth of Raman modes
with temperature were demonstrated. The blueshift and broadening of the lowest frequency Egq
Raman mode are particularly analyzed by the phonon confinement model, including
anisotropic dispersion relations with temperature dependant parameters.

The study shows the utilisation of Raman spectroscopy for determination of structure
and crystallite size of nanocrystalline TiO,. These results have shown that the contributions of
confinement effect and nonstoichiometry due to laser irradiation in vacuum are pronounced at
low temperatures. However, at high temperatures the contribution due to anharmonic effect is
dominant. Decreasing of phonon confinement effect with temperature increase above 673 K is
ascribed to crystallite growth at higher temperatures.
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Caoparcaj: Memoda Pamanose cnexmpockonuje ynompebmena je 3a Kapakmepuzayujy
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Abstract TiO, nanopowders were produced by sol-gel
technique under different synthesis conditions. XRD
results have shown that obtained nanopowders are in ana-
tase phase, with the presence of a small amount of highly
disordered brookite phase, whereas nanocrystallite size and
amount of brookite slightly depend on sol-gel synthesis
conditions. Raman measurements confirm these results.
The analyses of the shift and width of the most intensive
anatase £, Raman mode by phonon confinement model
suggest that anatase crystallite size should be in the range
between 11 and 15 nm, what is in excellent correlation
with XRD results. Obtained results have shown that Raman
spectroscopy is a highly sensitive method for the estima-
tion of anatase crystallite size as well as brookite content in
TiO, nanopowders synthesized by variable sol-gel syn-
thesis conditions.
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1 Introduction

Titanium dioxide (TiO,) is an important industrial material
as a main component of paints, pigments, a variety of glass
products, biomedical implants and in cosmetics [1, 2]. It
has been also used for optical coatings, beam splitters and
anti-reflection coatings because of its high dielectric con-
stant and refractive index. Pure TiO, has three polymorphs:
rutile (tetragonal, P4,/mnm), anatase (tetragonal, I4/amd),
and brookite (orthorhombic, Pbca). Recently, nanosized
anatase TiO, has attracted much attention for its numerous
applications as key material for photocatalysts [3],
dye-sensitized solar cells [4], gas sensors [5] and electro-
chromic devices [6]. Furthermore, TiO, nanocrystals are
non-toxic compounds and can be candidate for the bio-
logical applications [7]. The applications of nanosized
anatase TiO, are primarily determined by its physico-
chemical properties such as crystalline structure, particle
size, surface area, porosity and thermal stability. Proper
control of these properties, especially crystalline structure
depending on the preparation conditions of nanosized
TiO,, represents some of the key issues in this area.
Sol—-gel process is a relatively novel technique for the
preparation of nanocrystalline TiO,. It has been demon-
strated that using the sol-gel process, the physicochemical
and electrochemical properties of TiO, can be modified in
order to improve its application [8]. This technique provides
a simple and easy means of synthesizing nanoparticles at
ambient temperature under atmospheric pressure. Since
this process occurs in a solution, it has all the advantages
over other preparation techniques regarding the purity,
homogeneity, possibility of introducing large concentration
of dopants, stoichiometry control, simplicity of processing
and composition control. Through the sol-gel process, the
growth of TiO, colloids in submicrometer range can be
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effectively controlled by systematic change of the param-
eters relevant for the hydrolysis and condensation of
titanium alkoxides in aqueous solution.

To achieve a certain control of TiO, nanostructural
properties it is necessary to find a sensitive and reliable
method for fast estimation of small variations of above
mentioned properties depending on the material preparation
conditions. Among various conventional characterization
techniques Raman Spectroscopy has already proven to be
such a technique [9]. Namely, correct interpretation of the
Raman spectra of TiO, nanopowders enables the estima-
tion of various properties, such as: existence of mixed
phases (anatase in combination with considerable amount
of rutile or brookite phase), particle size and particle size
distribution, discrepancy from stoichiometry as well as
type of stoichiometric defects, etc. [10—13]. The aim of this
paper is to investigate the subtle variations in structure of
anatase nanopowders by Raman spectroscopy and to cor-
relate these variations with the parameters of the sol-gel
synthesis process.

2 Experimental details

TiCl, was used as the precursor in the synthesis process.
The Ti(OH),4 hydrogel was obtained by hydrolysis of TiCly
at 0 °C with controlled addition of 2.5 wt% aqueous
ammonia into the aqueous solution of TiCl, (0.3 mol/l) and
careful control of the pH value of the solution (9.3 and
10.3). TiCly is soluble in water but it experiences rigorous
reaction at 20 °C what can be very important to perform
this reaction at lower temperature. After aging in the
mother liquor for 5 h, the as-prepared hydrogel was filtered
and washed out with deionized water until complete
removal of chlorine ions. The obtained Ti(OH), hydrogel
was converted to its ethanol-gel by repeated exchange with
anhydrous ethanol for several times (by repeated intro-
duction of anhydrous ethanol). The obtained alcogel
represents the starting point for production of TiO, nano-
particles. Alcogel was placed in a vessel, dried at 280 °C
and calcined at temperatures below 600 °C, after which it
was converted to the nanoparticles.

All chemicals used in this experiment were analytical
grades (Merck Chemicals) and were used as received.

Atomic Force Microscope (Omicron B002645 SPM
PROBE VT AFM 25) in noncontact mode was use to
create an image of the surface topology of the samples. All
measurements were performed in high vacuum conditions
(107'° mbar) with standard SisN, needle for surface layer
recording in the noncontact mode.

Powder X-ray diffraction (XRD) was used for identifi-
cation of crystalline phases, quantitative phase analysis and
estimation of crystallite size and strain. The XRD patterns
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were collected with Philips diffractometer (PW1710)
employing CuKua,, radiation. Step scanning was per-
formed with 26 ranging from 10 to 135°, step size of 0.06°
and the fixed counting time of 41s/step. The XRD patterns
were used to refine crystallographic structure and micro-
structural parameters using the procedure explained
elsewhere [14, 15]. The Fullprof computer program was
used [14].

Raman measurements were performed at room temper-
ature using the Jobin-Yvon T64000 triple spectrometer
system, equipped with confocal microscope and a nitrogen-
cooled CCD detector. The 514-nm laser line of a mixed
Ar"/Kr" laser was used as an excitation source.

3 Results and discussion
3.1 Synthesis conditions

Sol-gel chemistry has recently evolved into a general and
powerful approach for preparing inorganic materials [16].
The properties of obtained materials are determined by the
main parameters of the sol-gel synthesis process: the pre-
cursor type, pH value in hydrolysis process, duration and
temperature of hydrolysis (so called aging), alcogel, dura-
tion and temperature of drying and, as the most important
ones, the parameters of calcination process—heating rate,
temperature, duration and cooling rate of calcination.

TiCly is the primary starting material for the commercial
production of titania powders, known as the “chloride”
process in the titania industry. The sol-gel method typically
entails hydrolysis of a solution of a precursor molecule
aiming to obtain first a suspension of colloidal particles (the
sol) and then a gel composed of aggregated sol particles.
The gel is then thermally treated yielding to the desired
material. The reaction can be written as follows:

TiCly — Ti(OH), — alcogel (1)
The corresponding chemical reactions are:

TiCly + 4NH4OH — Ti(OH), | + 4NH4Cl (2)
Ti(OH)4 — TiO, + 2H,0 (3)

The pH value of the precursor solution is a decisive factor in
controlling the final particle size and shape, crystal phase
and agglomeration [17] due to its influence on the relative
rates of hydrolysis and polycondensation. Aruna et al. [18]
have found that the main hydrolyzate in this reaction is
[Ti(OH)n(HzO)G_n](‘F“H, where the amount of water varies
with the relative rates of hydrolysis and polycondensation.
The titanium monomers, formed during the reaction in
precursor solution, play a significant role in the condensation
process [19] and in the formation of the final gel structure
containing precursor molecules [20]. [Ti(OH);]*~
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represents the preponderant titanium coordination complex
in alkali solutions (pH = 9). Not only that all water mole-
cules are completely replaced by hydroxyl ions, but some
excessive hydroxyl ions are localized at the neighbouring
sites of the TiOg octahedrons. Hence, the dehydration
reaction involves two close hydroxyl ions while water
molecules should remain in the precursor structure.
According to the proposed model, the presence of excessive
[OH]™ will hinder the orientation movement of crystal
nucleus. In such a way the disordered precursor structure
will easily crystallize into the anatase phase. Since the
intention was to obtain TiO, nanopowders in anatase form,
pH values of the solution during the hydrolysis process, were
chosen to be 9.3 (pH;) and 10.3 (pH,). These values are in
accordance with the pH value of 9.4 used by Venz et al. [21]
for the same sol state and tetraisopropyl titanate used as a
precursor. These authors have shown that the pH values,
several pH units above the pH value where zeta-potential is
zero (isoelectric point), are suitable for obtaining the stable
sol with maximal reduction of particle aggregations.

Aging is a process during which the gel physical prop-
erties can be changed as a result of polymerization,
coarsening and phase transformation [22]. Nanocrystallite
growth can be regarded as the coalescence of small
neighbouring crystallites that become oriented due to the
atomic diffusion or discrete orientation attachment. The
aging conditions were the same in all experiments, with the
temperature of O °C and process duration of 5 h which is in
accordance with the literature data [23, 24]. In such a way
the influence of aging on the properties of synthesized
anatase nanoparticles was eliminated.

In order to obtain crystalline nanoparticles of titania by
sol—gel technique, titanium hydroxide was dried and cal-
cined at high temperature. In our experiments drying
temperature was always 280 °C, while the process duration
was 4 h.

Anatase nanopowders obtained by sol-gel method are
amorphous in phase but with increasing the temperature up
to 350 °C or higher the transition from amorphous to
anatase phase happens [25]. However, calcination tem-
perature must be kept lower than 600 °C, because of the
phase transition from anatase to rutile phase [26]. Apart
from this, high calcination temperature would result in the
growth of nanocrystalline particles and the rapid decrease

Table 1 The parameters of sol-gel process for some TiO, samples

of specific surface area. In order to obtain ultrafine nano-
crystalline TiO, powders with high specific surface area, a
reasonable pathway would be to lower the temperature of
the phase transition. The influence of the calcination
parameters on the properties of anatase nanopowders was
examined by changing the calcination temperature in the
range between 400 and 550 °C, with two different heating
rates, Tr; and Tr, (about 60 and 135 °C/h, respectively)
and constant duration and cooling rate of calcination.

Some of the sol-gel synthesis parameters for chosen
TiO, samples are listed in Table 1.

3.2 The results of AFM measurement

The surface topology of the sample A2 recorded by AFM
in noncontact mode is shown in Fig. 1. As can be seen
from this image the size of most particles ranges from 10 to
15 nm. However, as grain boundaries are not clearly
defined it is very hard to obtain reliable distribution of
particle size from this image. Correspondingly, this method
cannot be used for the accurate estimation of subtle vari-
ations in average particle size due to the difference in
synthesis conditions.

3.3 The results of XRD diffraction

The most intensive diffraction peaks in the XRD patterns
of sol-gel produced samples can be ascribed to the anatase
crystal structure (JCPDS card 78-2486). The XRD patterns
of some chosen samples are presented in Fig. 2a, while the
position of diffraction lines, together with corresponding
Miller indices, is listed in Table 2. The obtained values for
the unit cell parameters of anatase are as follows:
a =3.7844(1) A and ¢ = 9.4838(4) A for sample A,,
a = 3.7856(1) A and ¢ = 9.4860(4) A for sample A, and
a=3.7884(1) A and ¢ =9.4980(3) A for sample As.
These results show that the value of the parameter a varies
around its reference value (ay = 3.78479(3) A), while the
value of the ¢ parameter in our samples is slightly smaller
than the reference one (co = 9.51237(12) A). The presence
of low-intensity diffraction peak at 20 =~ 30.8°, which can
be ascribed to the brookite phase of TiO,, is observed in all
XRD patterns (JCPDS card 29-1360). The variation of the
intensity of this peak is also shown in Fig. 2b.

Sample  Aging Drying Calcination
Time [h] T [°C] Heating time [h] T [°C] Time [h] Heating rate [°C/h] T [°C]  Time [h]  Cooling rate [°C/h]
A2 5 0 2 280 4 55 500 36.46
A3 5 0 2 280 4 67.5 550 37.42
A6 5 0 2 280 4 135 550 37.42

@ Springer



314

J Sol-Gel Sci Technol (2009) 49:311-319

Fig. 1 AFM image of sample A2 (500 x 500 nm) obtained at room
temperature

Structure refinements were performed by the Rietveld
method. Low values of agreement factors between the
model, both structure and microstructure, and XRD data

(A2-R: 6.86, Ryp,: 8.94, Reyp: 5.90, 7% 2.29, Bragg R-
factor for anatase: 2.31 and Bragg R-factor for brookite:
5.19, A3-R;: 8.86, Ry,p: 13.8, Reyp: 5.97, x> 5.37, Bragg
R-factor for anatase: 1.69 and Bragg R-factor for brookite:
4.17 and A6-R;: 8.59, R,: 14.0, Reyp,: 6.18, 12: 5.16,
Bragg R-factor for anatase: 2.08 and Bragg R-factor for
brookite: 4.15) indicates high accuracy of obtained results.
The obtained average crystallite size and average strain in
anatase and brookite phase, as well as quantitative phase
analysis results (brookite content), were summarized in
Table 3. Large values of the average strain in brookite
crystallites indicate that this phase is highly disordered in
all the samples.

3.4 The results of Raman spectroscopy

Raman spectra of TiO, samples produced under different
sol-gel synthesis conditions were measured at room
temperature. Some of these spectra are shown in Fig. 3.
In the spectra of all TiO, samples the dominant Raman
modes can be assigned to the Raman active modes of the
anatase crystal [27]: ~143 cm! (Eq1y), 197 cm ™!
(Eg(2)), 399 cm™! (Big(1y), 540 cm™ ' (combination of A,
and B4, that can not be resolved at room temperature)
and 639 cm™' (Eg3)). The position of Ey;, Raman mode

Fig. 2 XRD diffractograms of
- p (a) (b)
chosen TiO, samples (a).
Enlarged diffraction peak A6
ascribed to brookite phase (b) A6
=7 A3 7}
€ S| A3
c
5 >
S g
8, 8,
b Mﬁ)\.«_’% -
N/
A2
A2
20 40 60 80 100 120 28 30 32 34
20["1.CuKa 26 [°]»CuKa
Table 2 The positions of diffraction lines for patterns presented in Fig. 2a, together with corresponding Miller indices (JCPDS card 78-2486)
20 [°] 12.19 37.19 47.83 49.40 53.85 54.89 62.48 74.92
(hkl) 101 004 200 202 105 211 204 215
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Table 3 The results of Rietveld analyses (average crystallite size and average strain in anatase and brookite phase) and content of brookite phase

for several TiO, samples

Samples Anatase crystallite Average strain in Brookite Brookite crystallite Average strain in
size [nm] anatase crystallites content [%] size [nm] brookite crystallites
A2 12 45 x 1077 17 12 169 x 1072
A3 12 42 x 1077 16 35 19.6 x 1072
A6 15 34 x 1077 10 58 16.8 x 1072
for different TiO, samples ranges between 142.6 and 143.4
1433 cm™', while its linewidth varies from 10.2 to 143 3_' O
12.7 cm_l, as can be seen in Fig. 4 The Raman linewidth — o
and position of other modes change a little (with- g 143.2
in £0.2 cm™") in different samples. 2 14314 o
Several factors such as phonon confinement [10, 28-33], 5 1
strain [28, 34], non-homogeneity of the size distribution 08)- 143-0'_ O O
[28, 29, 35], defects and nonstoichiometry [28, 36], as well & 142.9 4
as anharmonic effects due to temperature increase [29, 37] Lu% Y
can contribute to the changes in the peak position, line- 142'8-_ O
width and shape of the E,(;) Raman mode in anatase TiO, 142.7
nanopowders. Which of these factors play an important 142 6 I &
role in Raman spectra depends on the structural charac- |
teristics of a TiO, nanopowders like: grain size and grain 1254 O
- o O
F.; 12.0
©  experiment S 1 O
5% fitting curve % 11.54
Lorentzian peaks § 11.04 O
< : O
W 10.5
y O
100 I I I I I I I
A1l A2 A3 A4 A5 A6 A7
Sample

A3
iL e

T~

Intensity [a. u.]
I
\“Li'i'é%‘&% :

100 200 300 400 500 600 700

Raman shift [cm™]

Fig. 3 Raman spectra of several sol-gel synthesized TiO, samples

Fig. 4 Frequency and linewidth of E,;, Raman mode for different
TiO, samples

size distribution, existence of mixed phases (anatase in
combination with considerable amount of rutile or brookite
phase), value and type of the strain (compressed or tensile),
discrepancy from stoichiometry as well as type of stoi-
chiometric defects, etc. [28]. Observed variations of
position and linewidth of E,;) mode in the TiO, samples,
produced under different synthesis conditions shown in
Fig. 4, imply that more than one of the mentioned factors
influence the behaviour of this mode. Namely, broadening
and blueshift of this mode don’t have the same behaviour,
i.e. greater broadening is not always followed by greater
blueshift, as can be expected when only one factor (for
instance phonon confinement due to small size of the
particles) determines the behaviour of E,(;, mode. Strain
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and discrepancy from stoichiometry cannot be dominant
factors in different behaviour of Raman spectra as all the
samples have similar strain values (ranging from 3.4 X
1072 to 4.5 x 107%) and stoichiometry (due to similar
calcination conditions). Also, as Raman spectra were
measured at room temperature, the anharmonicity of the
ionic potential must have similar effect on the Raman
modes in all the samples. Therefore, the main factors which
influence the behaviour of E,;, mode in our samples
synthesized by sol-gel method should be the grain size and
grain size distribution, as well as the presence of disorder
induced by the existence of considerable amount of
brookite phase in combination with anatase. Considering
the previous conclusions, the confinement effect due to
small particle size was analyzed first, and afterwards the
attention was paid to the presence of several modes of very
low intensity that can be related to the brookite phase TiO,.

The phonons in nanocrystal are confined in space and all
the phonons over the entire Brillouin zone are expected to
contribute to the first-order Raman spectra. The weight of
the off-centre phonons increases as the crystal size
decreases and the phonon dispersion causes an asymmet-
rical broadening and the shift of the Raman mode.
According to the phenomenological work of Richter et al.
[33] and Campbell et al. [34] for spherical particle of
diameter L, presuming Gaussian confinement function, the
resulting Raman intensity I(w) can be presented as a
superposition of weighted Lorentzian contributions over
the whole Brillouin zone [34]:

Ho) =" /00 p(L) dL / exp(§F) &'
0

L lo—o@l + (%)’

(4)

where p(L) is the particle size distribution, g is wave vector
expressed in units of m divided by value of unit cell
parameter, and Iy is the intrinsic linewidth of Raman mode
at given temperature. The sum is taken over m dispersion
curves w{q), depending on mode degeneration. The factor
p varies from § = 1 in the Richter confinement model to
f = 2n* in the Campbell model depending on the con-
finement boundary conditions in different nanomaterials. In
the calculations of the intensity of E,(;, Raman mode in our
sol—-gel synthesized TiO, nanopowders we used f§ = 12.

According to phonon dispersion relations of anatase
computed by Mikami et al. [38], the dispersion relations in
this paper are approximately expressed in the cosine form
[37]:

0;(q) = @o + Bi(l — cos(qm)) (5)

where @ is the zone-centre frequency of the E,(;) mode at
room temperature. The values of B; constants are calcu-
lated to match the theoretical phonon dispersion curves
[38], depending on the direction throughout Brillouin zone.

@ Springer

We assumed B; = 102 cm™ ! and B, = 28 em™ ! in [-X
direction, B3 =52cm™ ! and B, =15cm™' in I'-N
direction, and Bs = 18 cm~ ! in T'-Z direction [29]. The
angular integral in a wave vector space in the Brillouin
zone is performed by integrating along the I'-X, I'-N, and
I'-Z symmetry directions, each weighting by the number of
equivalent symmetry directions [29, 35].

The shape of the particle size distribution was assumed
to be asymmetric Gaussian with the ratio of the left (cor-
responding to smaller particles, L < L) to the right
(corresponding to larger particles, L > L) Gaussian half-
widths varying between 0.66 and 1. L, is the position of
central maximum in the particle size distribution.

The intensities of Ey(;, mode for different samples cal-
culated by described phonon confinement model (PCM)
coincide well with the experimental spectra, as can be seen
from Fig. 5. The parameter L, of different TiO, nano-
crystalline samples obtained from PCM is shown in Fig. 6.
It varies from 11.5 to 15 nm and corresponding average
nanoparticles sizes for the chosen samples are very close to
the values obtained by XRD analyses shown in Table 1
(XRD). Intrinsic linewidth of E,;, Raman mode, used in
PCM as adjusting parameter, is in the range from 8.5 to
10.2 cm™', as can be seen from Fig. 7. It should be noted
that the value of the lower limit of this range is close to the
intrinsic linewidth for polycrystalline samples which
amounts about 8 cm ™! [28]. On the other hand, the values
of intrinsic linewidth higher than 10 cm™' indicate struc-
tural disorder in the sample.

In order to investigate the presence of brookite phase by
Raman spectroscopy Raman spectra were measured with
high resolution, long exposure time and high number of
accumulations. Enlarged parts of Raman spectra in the

O exp

550°C
Tr,, pH(1)

400°C
Tr,, pH(1)

550°C
Tr,, pH(1)

550 °C
Tr,, pH(2)

Intensity [arb. units]

‘‘‘‘‘ -
[

130 135 140 145 150 155 160 130 135 140 145 150 155 160

Raman shift [cm™]

Fig. 5 PCM fits of anatase Ey;) Raman mode for samples synthe-
sized under different temperature and heating rate (7r) of calcination
and pH value of hydrolyzes
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Fig. 7 E,;) Raman mode intrinsic linewidth obtained from PCM fits

range 230-430 cm™' for several samples are shown in
Fig. 8. Additional Raman modes at about 243, 294, 323
and 362 cm™' can be ascribed to the brookite phase of
titania [39—41]. Low intensities and large widths of these
modes indicate great disorder and partial amorphization of
brookite in all the samples. To estimate the amount of
brookite phase, the sum of the integrated intensities of
Lorentzian peaks originating from the brookite modes was
compared to the intensity of Lorentzian peak related to the
B, mode of anatase phase. The intensity ratio of brookite
modes to anatase one (Igis)/Iai1g) is shown in Fig. 9.
Although these results are mainly qualitative, they confirm
the results obtained by XRD analyses. It can be seen from
Fig. 9 that brookite content for the samples A2 and A3
estimated from Raman spectra is similar but higher then the
content in the sample A6. The amount of brookite phase
estimated by XRD was about 16% in the samples A2 and
A3, and 10% for the sample A6.

Intensity [arb. units]

240 270 300 330 360 390 420
Raman shift [cm™]

T

Fig. 8 Lorentzian fits of brookite modes in experimental Raman
spectra
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Fig. 9 The intensity ratio of the sum of brookite modes and the
anatase B, Raman mode for different samples
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Finally, the comparison of the obtained values for
brookite to anatase ratio (Ig(sy/Ia1g)) With the behaviour
of intrinsic linewidth (I'y) of E4(;) Raman mode in different
samples suggests very interesting conclusion: larger
amount of brookite in a sample induces larger values of I,
This can be a consequence of the structural disorder of
anatase due to the presence of brookite phase, but we also
must have in mind that the most intensive Raman mode of
brookite is at ~150 cm™! [38] and its presence can
influence the width of the E,;, Raman mode at
~143 cm™! (ascribed to anatase).

Although XRD diffraction can give good quantitative
results relating to structural and microstructural properties
of TiO, nanopowders, the collecting of the high resolution
XRD patterns and their interpretation as well, are usually
time-consuming process. The results presented in this
section confirm great potential of Raman spectroscopy in
determination of structural properties of TiO, nanopowders
and the ability of this method to verify a very small vari-
ation in these properties as well.

3.5 Correlation between the results

Correlating the parameters of the sol-gel synthesis process
with the resulting properties of nanostructured systems is
necessary for the systematic control of the material prop-
erties. This section describes the influence of the variation
of some synthesis parameters on the change in structural
properties of obtained anatase nanoparticles, examined by
XRD and Raman spectroscopy. Both XRD and Raman
spectroscopy could enable more precise determination of
the average particle size, compared to AFM measurements.
Namely, from the obtained AFM images it wasn’t possible
to detect subtle variations in the particle size, of the order
of few nanometres.

The influence of calcination temperature on anatase
nanoparticles size was investigated earlier by several
authors [9, 42]. The tendency of particle size to increase
with increasing calcination temperature demonstrated in
their papers was confirmed by our results shown in Fig. 6.
When all other synthesis parameters are fixed higher cal-
cination temperature leads to the formation of larger
nanoparticles, although the results presented in Fig. 9
imply that calcination temperature doesn’t affect the Igx)/
IaB1g) Tatio.

The pH value of the hydrothermal solution can influence
significantly polymorphous structure of TiO, nanopowders.
Low and neutral pH values result in production of titania
powders containing brookite and sometimes rutile. The
alkalic solution with high pH values leads to the formation
of anatase powders with high stability during calcination
[43]. In our experiments pH values were set to 9.3 and
10.3, what was convenient for obtaining pure anatase

@ Springer

powders, but in both XRD and Raman spectra the small
content of amorphous brookite phase was observed. The
same results were found in the literature (XRD peak at
20 = 30.8) [44-46], but without any comments about
brookite phase. Our results presented in Figs. 6 and 9,
confirm the decreasing tendency of brookite content (and
increasing particles size) with increasing pH value from 9.3
to 10.3 for relatively low heating rate of calcination process
Tr, = 60 °C/h. However, the samples A6 and A7 produced
with high heating rate Tr, = 135 °C/h show anomalous
behaviour. They have almost the same ratio of brookite to
anatase contents although they were prepared using dif-
ferent pH values of the hydrothermal solution. It seems that
alkalic pH value is not high enough to avoid formation of
brookite from TiCl, precursor although the literature sug-
gests that brookite phase was observed only in acidic
solutions [47].

Presented results show that properties of TiO, nano-
powders depend not only on one parameter of sol-gel
synthesis process. The nanoparticles size and content of
brookite in produced nanopowders are the result of subtle
interplay between many synthesis parameters such as the
type of precursor, temperature and heating rate of calci-
nation process and pH value of the hydrothermal solution.

4 Conclusion

A detailed Raman study of anatase TiO, nanopowders
synthesized by sol-gel method with crystallite size varying
between 11 and 15 nm was presented in this paper. It was
demonstrated that the frequency shift and broadening of the
most intensive anatase E,;, Raman mode are the conse-
quence of both confinement effect due to the nanosized
nature of anatase crystallites and the presence of brookite
phase in the samples. This enables not only basic phase
identification but also the estimation of the nanoparticle
size and brookite content in TiO, nanopowders following
the subtle changes in the Raman spectra.

This study allows us to investigate the structural varia-
tions of nanosized TiO, arisen from the change in the sol-
gel synthesis conditions. It was shown that nanostructured
characteristics of the produced TiO, powders are the result
of subtle interplay of several synthesis parameters: tem-
perature and heating rate of calcination process and pH
value of the hydrothermal solution. Presented results imply
that the TiCl, as precursor may be responsible for the
presence of small amount of disordered brookite phase in
all samples despite of the alkalic solution used in the
process of hydrolysis.
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Titanium dioxide (TiO2) nanopowders doped with 0.65, 1, 2, 3 and 4 wt.% of lanthanum ions (La®*") were
synthesized by sol-gel technology. Dependence of structural and morphological characteristics of nanopowders on
La®T content and synthesis conditions is investigated by the Raman spectroscopy. Very intensive modes observed
in the Raman spectra of all nanopowder samples are assigned to anatase phase of TiOs. Additional Raman modes
of extremely low intensity can be related to the presence of certain amount of highly disordered brookite phase in
nanopowders. Dependence of the intensity ratio of the Raman modes which originate from anatase and brookite
on doping conditions is specially analyzed. In order to estimate the variation of nanocrystallite size with dopant
content, shift and asymmetrical broadening of the most intensive F; Raman mode of anatase are analyzed by
phonon confinement model. The obtained results are compared with the results of X-ray diffraction spectroscopy.
Special attention is dedicated to the changes in the Raman spectra of pure and La-doped TiO2 nanopowders

observed after high temperature treatment.

PACS numbers: 81.20.Fw, 81.07.Wx, 78.30.—j, 07.05.Tp

1. Introduction

Titanium dioxide has three polymorphs: rutile (tetra-
gonal, P42/mnm), anatase (tetragonal, I41/amd), and
brookite (orthorhombic, Pbca). All of them have numer-
ous applications as important industrial materials. In
recent years, nanosized TiOs, especially anatase TiOs,
has attracted much attention as key material for pho-
tocatalysts [1], dye-sensitized solar cells [2], gas sensors
[3] and electrochromic devices [4]. The applications of
nanosized anatase TiOs are primarily determined by its
physicochemical properties such as crystalline structure,
particle size, surface area, porosity and thermal stability.
The aim of this paper is to investigate the variations in
structure of anatase nanopowders, synthesized by sol-gel
method, induced by doping with lanthanum. Structural
properties, such as: existence of mixed phases (anatase
in combination with considerable amount of rutile or
brookite phase), particle size and particle size distribu-
tion, as well as value and type of the strain (compressed
or tensile) determined by the Raman spectroscopy are
correlated to the content of La-dopant.

2. Experimental details

TiCly was used as the precursor in the synthesis
process. The Ti(OH); hydrogel was obtained by hy-
drolysis of TiCly at 0°C with controlled addition of

* corresponding author; e-mail: maja@phy.bg.ac.yu

2.5 wt.% aqueous ammonia into the aqueous solution of
TiCly (0.3 mol/l) and careful control of the pH value
of the solution (9.3). TiCly is soluble in water but it
experiences rigorous reaction at 20°C which can be very
important to perform this reaction at lower temperature.
After aging in the mother liquor for 5 h, the as-prepared
hydrogel was filtered and washed out with deionized wa-
ter until complete removal of chlorine ions. The obtained
Ti(OH)4 hydrogel was converted to its ethanol-gel by
repeated exchange with anhydrous ethanol for several
times (by repeated introduction of anhydrous ethanol).
The obtained alcogel represents the starting point for
production of TiOy nanoparticles. Alcogel was placed
in a vessel, dried at 280°C and calcined at temperature
of 550°C, after which it was converted to the nanopar-
ticles. In the case of La-doped TiOs, LaCls-7THoO was
used. All chemicals used in this experiment were analyt-
ical grades (Merck Chemicals) and were used as received.

Powder X-ray diffraction (XRD) was used for the iden-
tification of crystalline phases, quantitative phase anal-
ysis and estimation of crystallite size and strain. The
XRD patterns were collected on a Philips diffractometer
(PW1710) employing Cu K,, , radiation. Step scanning
was performed with 260 ranging from 10 to 135°, step size
of 0.06° and the fixed counting time of 41 s/step. The
XRD patterns were used to refine crystallographic struc-
ture and microstructural parameters using the procedure
explained elsewhere [5, 6]. The Fullprof computer pro-
gram was used [5].
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The Raman measurements were performed at room
temperature using the Jobin-Yvon T64000 triple spec-
trometer system, equipped with confocal microscope and
a nitrogen-cooled CCD detector. The 514 nm laser line
of an ArTt laser was used as an excitation source.

3. Results and discussion

Relevant and the most intensive diffraction peaks in
the XRD patterns of all samples belong to anatase crystal
structure of TiOy (JCPDS card 78-2486). The patterns
of pure TiOy sample and TiOs doped with 1 wt.% of
La, together with the corresponding unit cell parameters
of anatase (the values in parenthesis represent estimated
standard deviations), are presented in Fig. 1. These re-
sults show that value of the parameter a in both samples
varies around its reference value (ag = 3.78479(3) A).
However, the value of the ¢ parameter is smaller than
the reference one (cg = 9.51237(12) A), especially in
La-doped sample. Decrease in ¢ parameter value with
La doping could be a consequence of the lattice contrac-
tion induced by doping. The presence of low-intensity
diffraction peak at 20 ~ 30.8° that can be ascribed to
the brookite phase of TiO; is observed in all XRD pat-
terns (JCPDS card 29-1360).

Structure refinements were performed by the Rietveld
method. Low values of agreement factors between the
model, both for structure and microstructure, and XRD
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data indicate high accuracy of obtained results. The
obtained average crystallite size and average strain in
anatase and brookite phase, as well as quantitative phase
analysis results (brookite content), were summarized in
Table. These results showed that doping with 1 wt.% of
La induced crystallite size decrease, whereas strain value
and brookite content increased. The large values of the
average strain in brookite crystallites indicate that this
phase is highly disordered both in pure and La-doped
samples.

| (a) | (b) TiO, with 1 wt.% of Lal
| TiO, with 1 wt.% of La 1"
. a=3.788(2)A | b
| c=9.478(1) A | )
E 'I_ i
w
-
Z pure TiO,
a=3.7856(1) A pure TiO,
¢=9.4860(4) A
20 40 60 80 29 30 31 32 33 34
20 |CuKau 20[|CuKe
Fig. 1. (a) XRD diffractograms of pure and La-doped

TiO2 samples XRD diffractograms. (b) Enlarged
diffraction peak ascribed to brookite phase.

TABLE

The results of the Rietveld analyses (average crystallite size and average
strain in anatase and brookite phase) and content of brookite phase for
pure TiOz and TiO2 doped with 1 wt.% of La.

Anatase | Average | Brookite | Brookite Average
Samples crystallite | strain in | content | crystallite | strain in
size [nm] | anatase (%] size [nm] | brookite
Pure TiO 12 42x107% 16 35 19.6 x 1073
La-doped TiOz 10 5.7 x 1073 24 26 22.0 x 1073

The Raman spectra of pure and La-doped TiOs sam-
ples produced by sol-gel method were measured at room
temperature. Some of these spectra are shown in Fig. 2a.
In the spectra of all TiOs samples the dominant Raman
modes can be assigned to the Raman active modes of
the anatase crystal [7]: ~ 143 cm™! (Eyq)), 197 cm™!
(Bg2))s 399 ecm™ (Big1)), 540 cm™! (combination of
Ajg and Big(z) that cannot be resolved at room tem-
perature) and 639 cm™! (Egy)). The position of Egy )
Raman mode for different TiO2 samples ranges between
143 and 144 cm™!, while its linewidth varies from 12.1
to 13.7 em™!, as can be seen in Fig. 3b.

Several factors such as phonon confinement [8-12],
strain [8, 13|, non-homogeneity of the particle size dis-
tribution [8, 9, 13], defects and nonstoichiometry [8, 14],
as well as anharmonic effects [9, 15] can contribute to
the changes in the peak position, linewidth and shape
of the Fy(;) Raman mode in anatase TiO2 nanopowders.
However, the separation between these various contribu-
tions is not straightforward [16]. Dominance of one or
more of these factors, observable in the Raman spectra,
is determined by the structural characteristics of a TiO9
nanopowder: grain size and grain size distribution, exis-
tence of mixed phases (anatase in combination with con-
siderable amount of rutile or brookite phase), value and
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(a) experiment
Lorentzian peaks | < 144.57
—— fitting curve - | (b)
o 144.0{ x $
TiO, with 3wt.% of La| 2 { 9
. e S 1435 0 ] -
Y
2 =1430{ @ 1
2 o
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£ TiO, with 1 wt.% of La —E 14.0]
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Fig. 2. (a) Raman spectra of pure and La-doped TiO-
samples. (b) Frequency and linewidth of E,;) Raman
mode for TiO2 with 0 to 4 wt.% of La. The error bars
correspond to experimental error.

1
C exp TiO, doped
— PCMit f g i
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@
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1o
£ "
13.0 1
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11.0 i +
] 105
120 130 140 150 160 170 ¢ L [:“ 0/31 #
Raman shift [cm™] a il 7o
Fig. 3. (a) PCM fits of anatase Eg1) Raman mode

for pure and La-doped samples. (b) Average particle
dimensions for TiO2 with 0 to 4 wt.% of La, obtained
from PCM. The error bars correspond to the estimated
statistical errors.

type of the strain (compressed or tensile), discrepancy
from stoichiometry as well as type of defects, etc. [8]. The
main factors that influence the behavior of Fy (1) mode in
our samples synthesized by sol-gel method should be the
grain size and the grain size distribution, as well as the
disorder induced by existence of considerable amount of
brookite phase in combination with anatase and by in-
troducing of La3™ ions into the TiO; lattice.

The intensities of E, () mode for different samples cal-

culated by phonon confinement model (PCM), described
in detail in our previous papers [9, 17], coincide well with

the experimental spectra, as can be seen from Fig. 3a.
Average sizes of anatase nanoparticles for different TiO4
samples obtained from PCM (Fig. 3b) vary from 11 to
12.4 nm and coincide well with the values obtained by
XRD analyses shown in Table.

The results of the investigation of brookite phase pres-
ence by Raman spectroscopy are shown in Fig. 4. The
additional Raman modes at about 243, 294, 323 and
362 cm~! (shown in Fig. 4a), can be ascribed to the
brookite phase of titania [17-19]. Low intensities and
large widths of these modes indicate great disorder and
partial amorphization of brookite in all the samples.
To estimate the amount of brookite phase, the sum of
the integrated intensities of Lorentzian peaks originating
from the brookite modes was compared to the intensity
of Lorentzian peak related to the Bz mode of anatase
phase. The intensity ratio of brookite modes to anatase
one (Ip(x)/laBig)) is shown in Fig. 4a. Although these
results are mainly qualitative, they confirm the results
obtained by XRD analyses. It can be seen from Fig. 4b
that brookite content for sample doped with 1 wt.% of
La estimated from the Raman spectra are higher than
the content in the pure TiO; sample. The amount of
brookite phase for the samples with the other values of
La wt.% is similar to the value in pure TiOs.

= e
‘@ .
5 | s ’ N,
2 4. "QL G (b)
TiO, with 1T wt% of La \ +
;U.}D
< ¢ 4
~% 28 + + +
T T T T T T T 0.26-— z z 3
240 270 300 330 360 390 420 . *
o,
Raman shift [cm™] La fwt. %]
Fig. 4. (a) Lorentzian fits of brookite modes in the

experimental Raman spectra. (b) The ratio of the to-
tal brookite modes intensity and the anatase Bz Ra-
man mode intensity for TiOs with 0 to 4 wt.% of La.
The error bars correspond to the errors obtained by fit
analysis.

It is well known that the phase transition from anatase
to rutile occurs at =~ 600°C. In order to investigate the
influence of La doping on phase stability of nanostruc-
tured TiO9, pure TiO5 and TiOy doped with 3 wt.% of
La were treated at high temperatures up to 800°C. The
Raman spectra of these samples, before and after ther-
mal treatment, are shown in Fig. 5. It could be observed
that the heating of pure TiOs to 800°C causes redshift
and narrowing of anatase F, Raman mode which im-
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Egmarter heating: pure Tiozl
w,=1435cm”, w, =10 cm’ (a)
>
=
g Eg() before heating:
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A
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B]gi]]l Bigz)

TiO, with 3 wt. % of La

E, ., after heating: (b)

a(n)
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o, =145 cm’”, w,=15.5 cm’

before heating:

Intensity
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Raman shift [cm™]

Fig. 5. Raman spectra of pure TiO2 and TiO2 doped
with 3 wt.% of La at room temperature before and after
heating to 800°C. w is the mode frequency and w is the
linewidth of Eg;y Raman mode before (bh) and after
(ah) heating. R denotes rutile modes.

plies anatase crystallite growth. Also, the appearance
of the new Raman modes assigned to rutile phase was
registered. After the same heating treatment of the La-
-doped sample neither such drastic changes of F; Raman
mode nor the appearance of peaks in the spectrum, be-
longing to rutile phase, were registered. This allowed us
to conclude that La doping stabilized TiO5 nanostruc-
ture at high temperatures and shifted the temperature
of anatase-rutile phase transition to values higher than
800°C.

4. Conclusion

A detailed Raman study of sol-gel synthesized anatase
TiO2 nanopowders doped with lanthanum ions (La®") in
the range from 0 to 4 wt.% was presented in this paper. It
was demonstrated that the frequency shift and broaden-
ing of the most intensive anatase Ey(;) Raman mode are
the consequences of both confinement effect due to the
nanosize dimensions of anatase crystallites and the dis-
order induced by the presence of brookite phase and La
dopant in the samples. This enables not only basic phase
identification but also the estimation of the nanoparticles
size and brookite contents in TiO5 nanopowders with dif-
ferent La content.

This study allows us to investigate the structural varia-
tions of nanosized TiO9 arisen from the change in doping
conditions and it confirms that doping of TiO, by La3*
ions significantly improves phase and nanostructure sta-
bility of TiO5 powders at high temperatures.
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