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Abstract
A detailed nano-size and temperature-dependent Raman scattering study of the Eg(1) mode was
carried out from 83 to 723 K for nanocrystalline anatase with sizes of 5.6, 8.6, and 19.4 nm.
The Eg(1) Raman spectra were fitted and calculated on the basis of a combined model of both
anharmonic coupling and phonon confinement. The temperature-dependent lattice vibration
fundamentals are essentially the same for all these three nanocrystallites. Both the three- and
four-phonon processes are needed to obtain excellent fitting, and the main contribution comes
from the three-phonon processes. The anharmonic-decay-related phonon lifetime increases with
decreasing nanocrystallite size, and the smaller nanoparticles have slower anharmonic decay.
The phonon confinement has a comparative effect on both the linewidth broadening and the
peak frequency shift, and it is responsible for a much shorter phonon lifetime at low
temperatures for the 5.6 nm nanocrystallite.

1. Introduction

The lattice vibration in a nanocrystallite may present new
aspects in the vibration fundamentals due to the nano-size
effect [1–8]. In an isolated nanoparticle, a plane-wave-
like phonon wavefunction cannot exist within the particle
because of the existence of the crystal surface. The lattice
vibration waves get reflected and/or decay at the boundary.
They remain confined within the particle (phonon confinement
effect). To describe this confinement effect, the plane-wave-
like wavefunction is multiplied by a Gaussian confinement
function, which decays to a very small value at the nanoparticle
free surface [1, 3, 5–7]. The spatial restriction on the phonon
wavefunction is noticeable only when the particle size, d , is
smaller than ∼20 lattice parameters. This restriction results
in a relaxation of the q ≈ 0 selection rule for the first-
order Raman scattering process. All the lattice vibration
modes with wavevectors in a range of �q ∼ π/d around the
Brillouin zone center can participate in the Raman scattering
process. Depending on the negative or positive dispersion
curves, whose phonon frequencies decrease or increase as a

function of wavenumber, the Raman spectra usually develop
marked asymmetry towards the low- or high-frequency sides,
respectively.

Titanium dioxide TiO2 material is one of the most
investigated transition-metal oxide materials due to its wide
application possibilities. TiO2 can be used in the fields of
optical filters, optical waveguides, chemical sensors, solar
cells, and more [9–11]. The lattice vibration fundamentals
and optical properties of single-crystal and nanocrystalline
TiO2 have been studied by both experimental and theoretical
methods [12–19]. The lattice vibration properties of these
two types of crystals should, on the one hand, have similar
properties, which are determined by the fundamental crystal
structure, and on the other hand the nanocrystalline anatase
should have its own characteristics, such as the phonon
confinement effect as discussed above. It was reported
that the frequency variations of the Eg(1) and Eg(3) modes
with temperature are more linear in single crystals than in
nanocrystals [18]. Phonon coupling is enhanced in anatase
TiO2 nanocrystal [2]. The temperature dependences of both
the Raman shifts and Raman peak linewidths were reported to
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behave differently in single-crystal and nanocrystalline TiO2.
For the Eg(1) mode, in nanocrystalline TiO2, only three-phonon
processes were considered to contribute to both the frequency
hardening and linewidths, while in single-crystal TiO2 the
Raman shift arose from strong four-phonon processes and the
linewidth came from three-phonon processes [2, 20]. Whether
the phonon coupling is enhanced or not in a nanodimensional
crystallite, the reported results are not consisted with each
other [2, 5]. In order to clarify these conflicting fine differences
between nano-crystallites and bulk crystals, a detailed and
careful experimental setup as well as good theoretical fittings
need to be carried out.

In this paper, a detailed nano-size and temperature-
dependent micro-Raman scattering study was carried out
for nanocrystalline anatase with different grain sizes. In
order to analyze the Raman spectra evolution with sizes
and temperatures, the possible contributory factors, such as
phonon confinement, thermal expansion, anharmonic phonon
coupling, grain size distribution, and surface stress, were
considered. A rather reasonable image concerning the
nanocrystalline vibrational fundamentals is given in this paper,
and this clears up some inconsistencies that are found in
publications.

2. Experiments

Anatase nanocrystalline TiO2 powders were prepared by
the sol–gel process. Titanium butoxide (Ti(OC4H9)4),
acetic acid, deionized water (with a resistivity of 18 M�),
and absolute ethanol were used as the reaction precursors.
Polyethyleneglycol 400 was added into the formed sols as
the complexing agent. The gels that were prepared could be
stable for up to several months, which allowed us to obtain
reproducible TiO2 powders with very homogeneous particle
size distributions. The gels were heated in an autoclave for
several hours at different temperatures from 120 to 450 ◦C. The
TiO2 colloids were dried at 100 ◦C. Then the ground powders
were washed with ethanol by centrifuge. X-ray diffraction data
showed only the anatase peaks; no rutile peaks were observed
after the heat treatment at 450 ◦C. A strong (101) peak
indicated that the anatase powders preferably crystallized with
(101) facets. The full width at half maximum (FWHM) of the
(101) peak was used to calculate the nanoparticle size, which
is given by the Scherrer formula. TiO2 powders with three
nano-sizes, namely 5.6, 8.6, and 19.4 nm, were prepared on the
basis of the following two reasons. When the nanocrystallite
size is smaller than ∼3–4 nm, the phonon dispersion curve
and the shape of the Brillouin zone may be much different
from that of bulk TiO2 crystal [21]. For a nanoparticle larger
than ∼20 nm, its lattice dynamic characteristics, such as the
phonon frequencies, approach that of bulk TiO2 crystal [22].
Therefore, the 19.4 nm TiO2 nanocrystallite can act as a bulk-
like TiO2 reference. The Raman spectra were taken by using
a LABRAM-HR micro-Raman system with a laser wavelength
of 514 nm. The laser light diameter is ∼7 μm. Temperature-
dependent Raman spectroscopy was carried out between 83
and 723 K at an increasing rate of ∼4 K min−1. When an
experimental temperature was reached, the temperature was

Figure 1. Eg(1) Raman spectra recorded at different temperatures for
(a) 5.6 nm, (b) 8.6 nm, and (c) 19.4 nm nanocrystallites.

kept stable for up to 2 min before a Raman spectrum was taken.
A nonlinear curve fitting program in OriginPro 7.0 was used to
perform the fittings for the peak frequency and the linewidth.
After the subtraction of a baseline from the Raman spectrum,
a pure Lorentzian function was used to fit the peak curve to
obtain the peak values and linewidths. MatLab 6.5 was used
for the Raman spectra calculations.

3. Experimental results and discussions

Figure 1 shows Raman spectra recorded at different
temperatures for 5.6, 8.6, and 19.4 nm nanocrystalline TiO2,
respectively. All six Raman active modes, 3Eg + 2B1g + A1g,
were observed. The observation of the Eg(2) mode, which is
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Figure 2. Experimental and three-parameter fittings of temperature
dependences of Eg(1) frequencies for (a) 5.6 nm, (b) 8.6 nm, and
(c) 19.4 nm nanocrystallites. The fitting lines show contributions
from the thermal expansion, three-phonon, and four-phonon
processes, respectively.

usually hard to detect, is evidence of a well-ordered crystalline
structure even for the 5.6 nm anatase nanoparticles. In this
report, in order to compare the experimental data precisely
with that of theoretical calculations, we use the strongest peak,
namely the Eg(1) peak, for the detailed analyses.

The temperature-dependent Eg(1) frequency shift and
linewidths are shown in figures 2 and 3. It is widely accepted
that two effects contribute to the Raman shift with temperature:
the thermal expansion and the anharmonic coupling to phonons
of other branches [5, 23–26]. The temperature-dependent

Figure 3. Experimental and three-parameter fittings of temperature
dependences of Eg(1) linewidth of (a) 5.6 nm, (b) 8.6 nm, and
(c) 19.4 nm nanocrystallites. The fitting lines show contributions
from three-phonon and four-phonon processes, respectively.

Raman shift can be written as [23]:

ω(T ) = (ω(0) − p1 − p2) exp

[
−γ

∫ T

0
(2α⊥(T ′)

+ α‖(T ′)) dT ′
]

+ p1

(
1 + 2

ex − 1

)

+ p2

(
1 + 3

ey − 1
+ 3

(ey − 1)2

)
(1)

where γ is the mode Grüneisen parameter. α‖ and α⊥ are
thermal expansion coefficients parallel and perpendicular to
the c axis. Their temperature-dependent values can be found
in [23] and [27]. ω(0) is the Raman frequency at 0 K. p1 and p2

3



J. Phys.: Condens. Matter 20 (2008) 085212 D Wang et al

Table 1. Fitting parameters for the temperature dependence of Eg(1) Raman frequencies and linewidths.

Eg(1) mode ω(0) (cm−1) p1 (cm−1) p2 (cm−1) �o (cm−1) �o (300 K) (cm−1) q1 (cm−1) q2 (cm−1)

5.6 nm 140.0 1.813 −0.018 11.7 17.4 1.552 −0.032
8.6 nm 136.8 1.869 −0.016 6.1 12.3 1.477 −0.019

19.4 nm 135.9 1.809 −0.018 2.7 9.4 1.687 −0.022

are the anharmonic contributions to the Raman shift associated
with zero-point motion. The first term of equation (1) is the
thermal expansion contribution to the shift; the second and
third terms are contributions from the anharmonic coupling
to phonons of other branches, and they vary as T and T 2 at
high temperatures (see figures 2 and 3). According to the
simple Klemens model, the second term describes the coupling
of an optical phonon to two low-energy phonons (a three-
phonon process), the third term describes the coupling to three
phonons (a four-phonon process), and x = h̄ω(0)/2kBT ,
y = h̄ω(0)/3kBT [24, 28].

For the curve fitting, ω(0), p1, and p2 are taken as fitting
parameters (three-parameter fitting). Figure 2 shows the three-
parameter fittings to the experimental Raman peak data for
the three nanocrystallites. The fitting parameters are listed in
table 1. The Raman frequencies at 0 K, namely ω(0), for the
19.4, 8.6, and 5.6 nm nanocrystallites are 135.9, 136.8, and
140.0 cm−1, respectively. The horizontal line in figure 2 acts
as a guideline for better recognition of different contributions
to the Raman shift. The contributions from the net thermal
expansion, three-phonon processes and four-phonon processes
are given as separate curves. At low temperatures (lower than
∼300 K) the main contribution to the hardening is the three-
phonon process, as can be seen by the large ratios of p1/p2 ∼
100–117. With increasing temperature, the hardening process
slows down due to the opposite effects of the thermal expansion
and four-phonon process contributions. It is noted that the
extent of this hardening process decreases with decreasing
nanocrystallite size or, in other words, the smaller crystallite
has a lower blue-shift rate upon heating the nanocrystallite.
The Grüneisen parameters of nanocrystalline and bulk TiO2 are
very similar to each other [4, 22]. In our calculations, therefore,
we used the bulk value for all three samples, which was taken
from [4].

The temperature dependence of the Raman linewidth can
be written as [23]:

�(T ) = (�(0) − q1 − q2) + q1

(
1 + 2

ex − 1

)

+ q2

(
1 + 3

ey − 1
+ 3

(ey − 1)2

)
(2)

where, similarly to equation (1), the second and third terms
correspond to three- and four-phonon processes, respectively.
They vary as T and T 2 at high temperatures. q1 and q2 are the
anharmonic contributions to the Raman linewidths associated
with zero-point motion. �(0) is the Raman linewidth at
0 K. Figure 3 shows the three-parameter fittings for the Eg(1)

linewidths of the three nanocrystallites. The fittings are
excellent both at low and high temperatures. For the Eg(1)

mode, the main contribution comes from the three-phonon
processes. This can be seen from the large ratio of q1/q2,

which varies from 48 to 78. At high temperatures, the four-
phonon processes become more important and counteract the
effect from three-phonon processes. In all cases, the linewidth
approaches a constant value as the temperature approaches
zero; this is 2.7, 6.1, and 11.7 cm−1 for the 19.4, 8.6, and
5.6 nm nanocrystallites, respectively. On the other hand, it does
not increase linearly with temperature above or below 300 K,
as observed in single-crystal and nanocrystalline TiO2 [2, 20].
Similarly to figure 2, both three- and four-phonon processes
are needed to obtain good fitting, and also the linewidth for the
smallest 5.6 nm nanocrystallite levels off more quickly than for
the other two nanocrystallites.

At room temperature, the Eg(1) peak frequency and
linewidth for the bulk and the 19.4 nm nanoparticle are 144
and 7, and 141.8 and 9.4 cm−1, respectively. Consider a
possible instrument-induced uncertainty; the values for the
19.4 nm nanocrystallite are very near to those for a bulk crystal.
Taking the 19.4 nm nanocrystallite as the reference sample, at
room temperature the Raman peak frequencies and linewidths
of the 8.6 and 5.6 nm nanocrystallites blue-shift by 2.0 and
4.3 cm−1, and 2.9 and 8.0 cm−1, respectively. Of these shifts,
the contribution from the surface stress must be considered
for nanodimensional particles. The surface stress is related
to the surface free energy, which constitutes a significant part
of the total free energy of nanoparticles. For a spherical
nanocrystallite of diameter d , the pressure in the nanoparticle
induced by the surface stress can be approximately estimated
as p = 4 f/d , where the surface stress for TiO2 f is
∼1.5 J m−2 [4, 29]. This tensile stress will enlarge the
lattice parameters of a and c. Our experimental results
indeed showed increasing lattice parameters with decreasing
nanoparticle size (0.3780, 0.3791, 0.3803 nm, and 0.9383,
0.9571, 0.9656 nm for a and c, respectively) for the 19.4, 8.6,
and 5.6 nm nanocrystallites. The relative change in �a/�c
is 0.302, which is exactly the same as that of a theoretically
predicted ratio of the linear compressibilities along the a
and c directions [17]. This means that the tensile stress
is of hydrostatic type in a spherical particle. Atomic force
microscopy showed that the nanoparticles are indeed of near-
spherical shape [30]. For the Eg(1) mode, this tensile stress
causes a frequency red-shift. Again, taking the 19.4 nm
nanocrystallite as the reference sample, the red-shift of the
Eg(1) Raman peak induced by the surface stress is 1.0 and
2.0 cm−1, respectively, for the 8.6 and 5.6 nm nanocrystallites.
Here we use a frequency–pressure relationship of dν/dp =
2.58 cm−1 GPa−1 for the nano-anatase Eg(1) mode [4].

For a nanodimensional crystallite, the phonon wavefunc-
tion is spatially restricted within an isolated nanoparticle. To
describe this confinement, a confinement function must be su-
perimposed on the Bloch-type wavefunction:

ϕ(q, r) = w(r, d)μ(q, r) exp(−iq · r) (3)
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where w(r, d) is a confining function, μ(q, r) is a function
reflecting the crystalline periodicity, q is a wavevector, and r
is a position vector in real space. This phonon confinement
effect becomes noticeable only when the particle size d is
smaller than ∼20 lattice parameters. For the case of TiO2, this
corresponds to a particle size of ∼7.6 nm in the a direction.
Figure 4(a) shows the Eg(1) Raman peaks for the three nano-
size crystallites at room temperature. It can be seen that,
for the 5.6 nm nanocrystallite, the Eg(1) Raman spectrum has
a considerable asymmetric broadening at the high-frequency
side and a blue-shift compared to the 19.4 nm one. In the
case of nanocrystals, according to the quantum uncertainty
principle, the spatial restriction of the wavefunction results
in a breakdown of the Raman selection rule of q ∼ 0.
Phonons with a range of q ∼ 0 − π/d near the Brillouin
zone center will effectively take part in the first-order Raman
scattering process. In the following discussions, we make
the assumption that all phonons over the first Brillouin zone
contribute to the Raman scattering [7, 21]. The wavefunction
ϕ(q, r) is now a superposition of eigenfunctions, weighted
by Fourier coefficients C(0, q), of wavevectors in the whole
Brillouin zone. The weight of off-center phonons increases
as the crystal size decreases. For spherical nanocrystals and
first-order Raman scattering, assuming a Gaussian confinement
function for w(r, d), the Raman intensity I (ω) can be written
as [7, 21, 31–33]:

I (ω) =
∫

BZ

|C(0, q)|2 d3q
[ω − ω(q, T )]2 + (�o(T )/2)2

. (4)

Here, the integral is carried out in the whole first Brillouin zone
(BZ). �o(T ) includes the natural Raman linewidth of the bulk
anatase, the anharmonic contribution given by equation (2),
the contribution from the particle size distribution, and the
instrumental and stress-induced broadening. ω(q, T ) is the
phonon dispersion function. The Fourier coefficients C(0, q),
which we select as a strong phonon confinement function, can
be expressed as [7, 21, 31–33]:

|C(0, q)|2 = exp

(
− q2d2

16π2

)
. (5)

It can be seen from equation (5) that the weight of off-
center phonons decreases as both the wavevector q and particle
size d increase. In order to obtain the excellent calculations
shown in figure 4, we found that a particle size distribution
function F(d) for each nominal nano-size sample must be
included. In our calculations, the size distribution function was
assumed to be of Gaussian type, which was deduced from the
x-ray diffraction data. So the Raman intensity I (ω) can now
be written as:

I (ω) =
∫ ∞

0
F(d)I (ω, d) dd. (6)

The phonon dispersion induces an asymmetrical broaden-
ing and a Raman frequency shift [21, 31–33]. In principle, the
phonon dispersion function in equation (4), ω(q, T ), should
be an angular integral in the wavevector space of the first Bril-
louin zone along the �–X, �–N, and �–Z symmetry directions,

Figure 4. Experimental and calculated Eg(1) Raman spectra:
(a) Raman spectra for the three nanocrystallites recorded at room
temperature and Raman spectra recorded at different temperatures
for (b) 5.6 nm and (c) 19.4 nm nanocrystallites.

weighting each by the number of equivalent symmetry direc-
tions. The integrated contributions along the three directions
have similar shape and peak position [3]. Therefore, in order to
simplify the calculations, assuming a spherical Brillouin zone
and an isotropic dispersion curve, the dispersion relationship
for the Eg(1) mode in anatase can be simplified as [7, 21, 33]:

ω(q, T ) = ωo(T ) + � × [1 − cos(q × a)], (7)

where � = 20 cm−1, and ωo(T ) is the temperature-dependent
Raman frequency for the bulk anatase. Using this simple
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phonon dispersion function and equation (6), we get excellent
Raman spectra calculations both at room temperature and low
temperature for all the three nano-size crystallites, as shown in
figure 4.

As discussed above, several factors can contribute to the
changes in the Raman frequency and linewidth of the Eg(1)

mode in nanodimensional crystallites. These include phonon
confinement, stress, anharmonicity, nano-size distribution, and
the presence of possible oxygen vacancies [5]. The presence
of possible oxygen vacancies would induce a hydrostatic
compressive stress that leads to a blue-shift of the Eg(1) mode.
This effect counteracts that of the tensile stress induced by the
surface stress. However, these two effects will be reflected
collectively by the changed lattice parameters, as discussed
above. For the Raman peak frequency of the 19.4 nm
crystallite, the nano-size distribution leads to almost no peak
shift and no linewidth change. For the 5.6 nm crystallite,
calculations showed that the nano-size distribution leads to
almost no peak shift and a linewidth increase of 1.4 cm−1.
As discussed above, at room temperature, taking the 19.4 nm
nanocrystallite as the reference sample, the tensile stress-
induced red-shifts are 1.0 and 2.0 cm−1, respectively, for the
8.6 and 5.6 nm nanocrystallites. So the Raman peak shifts
induced by the phonon confinement are 3.0 and 6.3 cm−1,
respectively, for these two nanocrystallites. Compared to
the 19.4 nm crystallite, the linewidths increase by 2.9 and
8.0 cm−1, respectively, for the 8.6 and 5.6 nm nanocrystallites.
The stress-induced linewidth increases are only about 0.4 and
0.8 cm−1, and the phonon confinement induced linewidth
increases are 2.5 and 7.2 cm−1, respectively, for these two
nanocrystallites. The surface-stress-induced hydrostatic stress
introduces a symmetric broadening. We can see that the
phonon confinement has a comparative effect on both the
linewidth broadening and the peak frequency.

The experimental data shown in figures 2 and 3
include all the effects discussed above that can induce a
frequency shift and peak broadening. However, except for
the anharmonic coupling, all the other effects, including
the phonon confinement, surface stress, and instrumental
broadening by the spectrometer, can be regarded as being
temperature independent. The changes in both frequency and
linewidth with increasing temperature can be regarded as being
caused only by anharmonic coupling. The linewidth, �o(T ),
therefore can be written as an additive of the temperature-
dependent �(T ) (equation (2)) and a temperature-independent
�o, i.e. �o(T ) = �(T ) + �o [5, 34]. �o can be obtained
by extrapolating the experimental value of �o(T ) to 0 K,
which is listed in table 1. The phonon lifetime, τo(T ), then
can be written as an additive of the temperature-dependent
τ (T ) and a temperature-independent τo, i.e. 1/τo(T ) =
1/τ(T ) + 1/τo. From figures 2 and 3, it can be seen that
for the 5.6 nm nanocrystallite, the extent of the temperature-
dependent changes in both the Raman frequency and the
linewidth are the smallest, while for the 19.4 nm nanocrystallite
they are the largest. This shows that the phonon coupling
is no faster in the smaller nanoparticles, and it has an even
slower coupling rate in nanodimensional crystallites. Whether
the phonon coupling is enhanced or not in a nanodimensional

crystallite, the reported results are not consistent with each
other. Both our results and a study of CeO2 [5] considered not
only three-phonon processes but also four-phonon processes,
showing no enhanced phonon coupling in nanodimensional
crystallites. However, the Raman studies of Si and TiO2

showed an enhanced phonon coupling in nanoparticles [2, 34].
Both these works considered only three-phonon processes,
and the experimental temperatures were only up to 300 K.
Zhu et al obtained linear fittings to the experimental values
of both the Raman frequency and the linewidth between 77
and 300 K [2]. The exact physical picture behind slower
phonon coupling in a nanodimensional crystalline is not
clear. In a large nanocrystallite (larger than ∼20 lattice
parameters) or in a bulk-like crystal, the lattice vibration wave
is described by a Bloch-type wavefunction. The two main
phonon decay channels in a crystal are anharmonic phonon
coupling and phonon scattering at defect centers, which
include the crystal surface. In nanodimensional crystallites,
the lattice vibration wave is described by equation (3),
and it is reflected by the nearby surface boundaries and
confined in a nanodimensional space. The phonon lifetime,
τ , can be estimated via the energy–time uncertainty relation,
�E/h = 1/τ , where �E is the Raman peak FWHM in
units of cm−1 and h = 5.3 × 10−12 cm−1 s. At 0 K, the
corresponding lifetimes are 2.0, 0.87, and 0.45 × 10−12 s,
respectively, for the 19.4, 8.6, and 5.6 nm nanocrystallites.
At very low temperatures, the phonons of the 5.6 nm crystal
have a much shorter lifetime, and this is mainly decided
by the confinement effect. With increasing temperature,
the phonon density, which is given by the Bose–Einstein
distribution function, n(ω, T ) = [exp(h̄ω/kBT ) − 1]−1,
increases. The anharmonic-phonon-coupling-related decay
increases. The anharmonic lattice vibration is evidenced
itself by a crystal thermal volume expansion. As discussed
above, for smaller nanocrystalline TiO2, because of the surface
stress, it is under relatively large tensile stress. It is more
difficult to expand with increasing temperature compared to
larger nanoparticles. The smaller nanoparticles, therefore,
have slower anharmonic-phonon-coupling-related decay. It is
interesting to note that at higher temperatures than the TiO2

Debye temperature of 520 K, all three nanocrystallites have
almost the same saturated linewidth of ∼20 cm−1.

4. Concluding remarks

In conclusion, a detailed temperature-dependent Raman
scattering study was carried out from 83 to 723 K for
nanocrystalline anatase with nanocrystal sizes of 5.6, 8.6, and
19.4 nm. The lattice vibration fundamentals are essentially
the same for all three nanocrystallites. Both the three-
and four-phonon processes are needed to obtain excellent
fitting, and the main contribution comes from the three-phonon
processes. Compared to larger-grained TiO2 crystal, the
phonon coupling is slower in nanodimensional crystallites.
At low temperatures, phonon confinement is responsible
for the much shorter phonon lifetime. The anharmonic
phonon coupling is responsible for the temperature-dependent
increases in frequency and linewidth, while the effect
from phonon confinement can be regarded as temperature
independent.
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