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Abstract
We have studied the temperature dependence of the F2g Raman mode phonon
frequency and broadening in CeO2−y 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 CeO2 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 CeO2−y

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.
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Cerium dioxide (CeO2) 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 CeO2−y nanopowders using Raman spectroscopy. Here we
have measured the Raman spectra (Stokes and anti-Stokes) of CeO2−y nanocrystals in the
temperature range from room temperature up to 1100 ◦C. We have found that in nano-CeO2−y

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-CeO2−y powders in comparison with the
polycrystalline sample. It is supposed that this difference comes from the change of the
electronic structure of CeO2 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 CeO2−y

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 CeO2−y

sample was identified using the powder x-ray diffraction (XRD) method on a Siemens D-5000
XRD diffractometer with Cu Kα radiation at room temperature. The average grain size was
determined using the Scherrer formula L = 0.941λ/B cos �, where λ is the wavelength, B is
the FWHM of the diffraction peak corrected using the corresponding peak of a micron-sized
sample and � is the diffraction angle. The average size of CeO2−y nanocrystals obtained from
XRD measurements is L = 6 nm.

3. Results and discussion

Raman spectra (Stokes and anti-Stokes) of CeO2−y 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 CeO2−y

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 F2g 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 (q �= 0). According to this model, due to the relaxation of the q � 0 selection rule in
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Figure 1. Stokes (right panel) and anti-Stokes (left panel) Raman spectra of CeO2−y nanocrystals
at different temperatures. Vertical broken line indicates a red shift of F2g Raman active mode with
increasing temperature.

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

I (ω) =
3∑

1

∫ ∞

0
ρ(L) dL

×
(∫

B Z
exp

(−q2L2

8β

)
d3q

{ω − [ωi (q) + �ωi(q, L)]}2 + (	0/2)2

)
dL, (1)

where the wavevector q is expressed in units of 2π/a (where a is the lattice constant of
crystalline CeO2), L is the particle diameter and 	0 is the intrinsic linewidth of the Raman
mode in the bulk crystal. The factor β 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 β = 4π2. 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 CeO2 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.
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Figure 2. Room temperature Raman spectra of CeO2−y 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 CeO2−y nanocrystals together with calculated XRD spectrum obtained for
a = 5.4122 Å.

The effect of inhomogeneous strain is introduced into the model through the term �ωi (q, 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 F2g 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 ρ(L) in equation (1). We have
already discussed in detail the use of this model concerning CeO2−y nanocrystals in [6].

Although the CeO2−y sample is not completely stoichiometric [5, 6] there is no indication
that the oxygen deficiency greatly influences the position and linewidth of the F2g Raman
mode. According to McBride et 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 CeO2−y nanocrystals, the inset of figure 2, show a perfect
crystallinity. It proves that our sample consists of nanosized CeO2 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 et al [12] the influence of these anharmonic effects on the Raman
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Figure 3. Frequency (circles, squares, triangles) and broadening (asterisks) of the F2g Raman mode
in CeO2−y 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:

ω(q, T ) = ω0 + C

[
1 + 2

eh̄ω0/2kBT − 1

]
+ D

[
1 + 3

eh̄ω0/3kBT − 1
+ 3

(eh̄ω0/3kB T − 1)2

]
. (2)

The phonon linewidth is given by

	(T ) = A

[
1 + 2

eh̄ω0/2kBT − 1

]
+ B

[
1 + 3

eh̄ω0/3kB T − 1
+ 3

(eh̄ω0/3kBT − 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 CeO2−y 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 F2g mode increases (open triangles in figure 3), reaching the value of
464.3 cm−1 at room temperature. The linewidth (FWHM) decreases with temperature decrease
down to 9 cm−1 at room temperature. These values are very close to the corresponding
values of CeO2 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 ω0, 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
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addition, in the high temperature limit, the factors multiplying C and D in equation (2) vary
as T and T 2, respectively. Having this in mind, the results of the fitting procedure applied to
the experimental frequency versus temperature dependence of nano-CeO2−y are unexpected.
Namely, as can be seen from figure 3, the Raman mode frequency of the nanocrystals (open
circles) varies as T 2 (C = 0, D = −0.176 cm−1), in the temperature range from 300–1300 K
(high temperature limit). Consequently, we can conclude that, at least in CeO2−y nanocrystals,
the anharmonicity is dominated by four-phonon processes. The same fitting analysis applied to
the polycrystalline CeO2 sample (open triangles in figure 3) showed that a linear dependence
with T (C = −4.08 cm−1, 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 CeO2 implies that the different phonon decay channels (four-phonon
anharmonic effects) are more important in CeO2−y 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-CeO2−y

with temperature increase up to 600 ◦C. Despite this, we believe that the frequency shift of
the Raman mode in our nanocrystalline CeO2−y sample with increasing temperature is also
influenced by an increase in grain size. In order to verify this influence we heated the nano-
CeO2−y 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 CeO2 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 CeO2.
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-CeO2−y 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 CeO2−y nanocrystals as they are heated (open symbols)
and cooled-down (full symbols). This ratio can be written as [12]
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Figure 4. Temperature dependence of the anti-Stokes/Stokes intensity ratio for CeO2−y and TiO2
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 Eg symmetry mode of a commercial TiO2

nanocrystalline sample (grain size ∼ 5 nm). Solid lines are the best fit curves, equation (2), for
anharmonic parameters indicated in the inset.

IAS

IS
= A

(
ωAS

ωS

)3

e−h̄ω0/kB T , (4)

and

A = αI + αS

αI + αAS

S(ωI, ωAS)

S(ωI, ωS)
, (5)

where αI, αAS, αS, are the absorption constants at the incident (ωI), anti-Stokes (ωAS) and
Stokes (ωS) frequencies, whereas S(ωI, ωAS) and S(ωI, ωS) 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 CeO2 sample fits well with the experimental values taking
A = 1. For nano-CeO2−y experimental data can be fitted with a correction coefficient which
is about 30% smaller than for poly-CeO2 (A = 0.7). We believe that this difference most
probably comes from different absorption coefficients αAS, αS of nano-CeO2−y . Support
for this conclusion is found in [17, 18], where absorption coefficient as well as index of
refraction versus wavelength of CeO2 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-CeO2−y

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-CeO2−y 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-TiO2 (grain size
∼ 5 nm). 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 TiO2 and is well fitted with A = 1. Similarly
to the case for our CeO2−y 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 TiO2 (see the
inset of figure 4), although the changes observed are smaller than in nanocrystalline CeO2−y .

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-CeO2−y samples.
In the case of TiO2, 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-CeO2−y : 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 CeO2−y nanocrystals in comparison
with the polycrystalline sample. This difference probably comes from the change of the
electronic structure of CeO2 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.
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