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Abstract

Raman spectra of anatase TiO2 nanocrystals with 2.2–25.5 nm grain sizes were measured at temperature range 83
The size dependences of the frequency, the bandwidth and the lineshape of the low-frequency mode agree well w
calculated on the basis of the phonon confinement model with the theoretical phonon dispersion relationships. The co
of both Raman frequency and bandwidth to the grain sizeL satisfy aL−1.3 law. The contributions of three-phonon anharmo
processes to the frequency and bandwidth at various grain sizes were obtained from the temperature dependence of
spectra, and the results show that the phonon coupling is increased in anatase TiO2 nanocrystal.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently anatase titanium dioxide (TiO2) nanocrys-
tals have been attracted much attention owing
novel physical, chemical and electrical properties

* Corresponding author.
E-mail address: mszhang@nju.edu.cn(M.-S. Zhang).
0375-9601/$ – see front matter 2005 Elsevier B.V. All rights reserved
doi:10.1016/j.physleta.2005.04.008
various applications to electrochemical solar ce
rocking-chair lithium batteries, photocatalysis and
on [1–4]. Among three natural phases including r
tile and brookite, anatase phase is an important
Anatase has tetragonal structure of space groupD19

4h

with two formulas per unit cell and thus has s
Raman active modes (A1g + 2B1g + 3Eg). It was
demonstrated that the blueshift and broadening of l
frequencyE mode (143 cm−1) observed in anatas
g

.
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TiO2 nanocrystals prepared with gas condensa
technique were related to the oxygen stoichiome
instead of any internal stress or grain size effects[5].
Size-effects on the frequency and bandwidth of theEg

mode in anatase nanocrystals derived from hydr
sis of tetrabutyl titanate and alkoxide were record
to be ascribed to phonon confinement[6–8]. Besides
conventional size-effects on the Raman frequency
bandwidth, size-effect on the phonon–phonon c
pling is worthy to be examined. Temperature dep
dence of the Raman spectra show that phonon–pho
coupling was increased with decreasing the part
size in Si and CdSe nanocrystals[9,10], but was not
increased in CeO2 nanoparticles[11]. The size-effect
on the phonon coupling in anatase TiO2 nanocrystals
has not been discussed until now. In this Letter,
present Raman spectra of anatase TiO2 nanocrystals
at temperature range 83–293 K and study in detail
size dependence and temperature dependence o
low-frequencyEg mode. Not only we find an empiri
cal formula for describing the relationship between
particle size and both frequency shift and line wid
due to phonon confinement, but also we obtain the
dependence of three-phonon anharmonic process
anatase TiO2 nanocrystal derived from hydrolysis o
tetrabutyl titanate.

2. Experiment details

Titanium dioxide (TiO2) nanocrystals of anatas
phase were synthesized by hydrolysis method[8]. An
ethanol solution of tetrabutyl titanate, Ti(OC4H9)4,
was slowly added into deionized water which was v
orously stirred. The resulting titania gel was wash
with deionized water, followed by evaporation in a
mosphere at room temperature for a few days. T
as-prepared nanocrystal was annealed in air for
at temperature range 373–923 K. The phase cont
the lattice parameters and the averaged particle
were determined from the X-ray diffraction (XRD
The diffraction patterns were collected using a D/Ma
RA diffractionmeter with CuKa radiation in the ste
scanning mode.

Raman spectra were measured in the back sca
ing configuration at the temperature range 83–29
using JY HR800 Raman spectrometer. The 488
line of air-cooled Ar-ion laser was used as an ex
e

,

tation, and the output power was set at 5 mW. T
temperature fluctuation of the sample was contro
within ±1 K by a TMS94 heating/cooling stage.

3. Results and discussion

X-ray diffraction patterns of the TiO2 nanocrystals
are shown inFig. 1, where standard XRD pattern o
anatase, brookite and rutile from JCPDS cards w
relatively characteristic peaks are also plotted in
der to identify diffraction lines. Annealed at the tem
perature below 873 K, anatase is main phase in
samples. Brookite content is about 30%wt in the
prepared sample and decreases to near zero a
nealing temperature is up to 773 K, at which rut
phase appears, and then reaches 54%wt as the
nealing temperature gets up to 873 K. The avera
anatase grain sizes were determined according to
Scherrer’s equationD = kλ/β cosθ , whereD is the
grain size;k is a constant (shape factor, about 0.

Fig. 1. XRD patterns of the as-prepared (a), and annealed at (b)
(c) 473, (d) 573, (e) 673, (f) 723, (g) 773, (h) 823 and (i) 873
respectively.
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and
λ is the X-ray wavelength;β is the full width at half
maximum of the diffraction line andθ is the diffrac-
tion angle. The values ofβ and θ are from anatas
(200) diffraction line. The results show that the av
aged sizes are equal to 2.2, 2.5, 3.2, 5.1, 7.8, 12.7, 1
20.4 and 25.5 nm for the as-prepared, and anneal
373, 473, 573, 673, 723, 773, 823 and 873 K, resp
tively. However, it should point out that the uncertain
of the calculated particle size really exist, especially
the case of extrafine particle size. The numerical
certainty for the particle sizes calculated with XR
is within 10% in our case. The lattice parameters
anatase phase in all samples are almost the same
a of 0.3784 nm andc of 0.9512 nm, in agreement wit
data in Ref.[12].

Raman spectra from all samples at room temp
ture are shown inFig. 2. Raman modes at 144, 19
396, 516 and 639 cm−1 are assigned asEg , Eg , B1g ,
A1g (or B1g), and Eg modes in anatase phase,
spectively. The 232, 449 and 612 cm−1 modes in the
25.5 nm sample come from rutile phase. Althou
there is a little brookite phase in the smaller size sa
ples, no distinct Raman modes were recorded fr
brookite phase. The strong backgrounds in the

Fig. 2. Normalized Raman spectra from the TiO2 nanocrystals a
various particle sizes: (a) 2.2, (b) 2.5, (c) 3.2, (d) 5.1, (e) 7.8, (f) 1
(g) 14.6, (h) 20.4 and (i) 25.5 nm, respectively. TriangleQ indicates
Raman peaks of rutile TiO2.
,
t

and 2.5 nm samples may be from Raman scatte
of brookite and amorphous TiO2 [13,14]. The Raman
modes at 143.5, 196.1, 396.1, 516.1 and 639.5 cm−1 in
the 25.5 nm sample are close to 144, 198, 397, 516
639 cm−1 in bulk anatase[13], which indicates tha
phonons in the 25.5 nm sample have the same cha
ters with that in bulk. With decreasing the grain size
2.2 nm, the 196.1 cm−1 peak disappears and the 396
and 516.1 cm−1 peaks individually blueshift to 402.
and 519.5 cm−1, while the 639.5 cm−1 peak blueshifts
to 643.2 cm−1 first, and then redshifts to 632.1 cm−1.
The strongest peak at around 143 cm−1 is low fre-
quencyEg mode and is expanded inFig. 3 in order
to be viewed clearly. As seen inFig. 3, the 143 cm−1

mode blueshifts from 143.5 to 155.7 cm−1 and asym-
metrically broadens from 7.6 to 35.3 cm−1 with a
high frequency shoulder when the grain size decre
from 25.5 to 2.2 nm. Refs.[6–8] explained these varia
tions of the 143 cm−1 mode with phonon confinemen
The phonon confinement is involved in the breakdo
of the phonon momentum selection rule, i.e.,q �= 0
phonons can be Raman active and the phonons
the whole Brillouin zone will contribute to Rama
scattering. The weight of the off-centre phonons
crease as the grain size decreases. The phonon d
sion causes an asymmetric broadening and the sh
the Raman peak. Usually, a Gaussian weighting fu

Fig. 3. An expanded view of the normalized Raman spectra of
143 cm−1 mode. Curves (a), (b), (c), (d), (e), (f), (g), (h), (i) and
stand for samples of 2.2, 2.5, 3.2, 5.1, 7.8, 12.7, 14.6, 20.4
25.5 nm, respectively.
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tion is used to model Raman scattering at wave vec
away from zone center. Several functions, such as s
exponential, and Gaussian functions were discusse
the confinement[15]. The results fitting to Gaussia
confinement was in good agreement with the exp
mental data. So Gaussian function was selected in
confinement discussion[5,15,16]

(1)W(r,L) = exp
(−αr2/L2),

whereL is the diameter of a spherical grain andα is a
coefficient to be found. Therefore, for a spherical gr
of diameterL, the Raman intensity profileI (ω) is a
superposition of the weighted Lorentzian contribut
over the whole Brillouin zone[16]

(2)I (ω) ∝
2∑

i=1

∫
BZ

exp(−q2L2/2α)

[ω − ωi(q)]2 + (Γ0/2)2
d3q,

where Γ0 is the natural Raman full width at ha
maximum for bulk anatase, which is 7 cm−1 for the
143 cm−1 mode at room temperature[7]; q is the
wave vector. The sum is carried over the two mo
with ωi(q), because the 143 cm−1 mode is aEg

mode, double degenerated atq = 0. Taking into ac-
count a spherical Brillouin zone with a diameter 2a/π

and an isotropic dispersion, the calculation was p
formed by using a simple function,ω = ω0 + 20[1 −
cos(qa)], since there has been no phonon dispers
data provided for anatase phase. The calculated
in Ref. [8] well reproduced the phonon dispersion
the 143 cm−1 mode of the rutile instead of the anata
phase, and the size dependence of the bandwidth
not agree well with the experimental data. By us
theoretical phonon dispersion curves of anatase[17],
we calculate size dependences of frequency and b
width for the 143 cm−1 mode. The dispersion relation
ships for the low-frequencyEg mode in the anatas
phase could be approximately expressed as

(3)ω1 = ω0 + 28
[
1− cos(qa)

]
and

(4)ω2 = ω0 + 102
[
1− cos(qa)

]
,

whereω0 = 143 cm−1 [5,18].
Both the frequency and bandwidth of the 143 cm−1

mode versus the particle size for the measured
from Fig. 3and the calculated curves using Eq.(2) are
-

Fig. 4. Frequency (A) and bandwidth (B) of the 143 cm−1 mode
versus particle size. Square2 denotes experimental data. The sol
dashed and dotted curves stand for the calculated results on the
of the phonon confinement model withα = 25, α = 30 andα = 35,
respectively. The dash-dotted curves are fitted to the empirical
mulas.

shown inFig. 4. It can be seen that whenα = 25, Ra-
man frequency is the most close to the experime
data, but bandwidth deviates largely the experim
tal data, and forα = 35 the situation is opposite t
the case ofα = 25. Whenα = 30, both frequency an
bandwidth are close to the experimental data. C
ficient α takes different values under different mo
els: α = 4 in the Richter phonon-confinement mod
for Si nanocrystal[9], α = 8π2 in Campbell mode
for CdSe, c-BN and ZnO2 nanocrystals[10,15,19,
20], where phonons are strongly confined, thus o
a small amount of atoms in the central part of
sphere can vibrate. In our case ofα = 30, the phonons
are moderately confined and a large amount of at
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Fig. 5. Normalized Raman lineshape of the 143 cm−1 mode cal-
culated on the base of the phonon confinement model at va
particle sizes of (d) 5.1, (e) 7.8, (f) 12.7, (g) 14.6, (h) 20.4 a
(i) 25.5 nm, respectively.

in the sphere center can vibrate.Fig. 5 shows the
lineshapes of the 143 cm−1 mode calculated by us
ing Eq. (2) at α = 30 in the particle size range 5.1
25.5 nm. With decreasing the size, Raman mode s
to higher frequency and asymmetrically broadens w
a high-frequency shoulder, in good agreement w
experimental results shown inFig. 3. The calculated
curves cannot extend below 4 nm, where a sph
cal Brillouin zone and isotropic dispersion curves
not hold, because the details of the shape of the B
louin zone become critical[7]. Since our nanocrysta
samples were prepared by a chemical method via
nealing treatment, there may be oxygen deficient
fect deviating from chemical stoichiometry. The defe
also leads to changes of Raman frequency and b
width, because of shortening the correlation length
the phonons[6]. Since both the particle size and t
defect confine spatial phonon correlation, it is di
cult to distinguish pure size effects on Raman spe
from the defect effects. If the density of the defec
too high, the correlation length of the phonons is
smaller than the particle size, thus the density of
defect instead of the grain size mainly determines
Raman spectral change. This is the case present
Ref. [5], where the changes observed in the Ram
spectra were related to the oxygen stoichiometry
were not due to the size effects.
Two empirical formulas were used to describe c
relations of both Raman frequency and bandwidth
nanocrystal size[16,21,22]

(5)ω(L) = ω0 + A(a/L)γ

and

(6)Γ (L) = Γ0 + B(a/L)γ
′
,

where ω(L) and Γ (L) are individual Raman fre
quency and bandwidth in a nanocrystal with sizeL,
parametersA,B,γ andγ ′ are relative to phonon con
finement. By fitting the experimental data inFig. 4(A)
to Eq. (5), A andγ are equal to 127 cm−1 and 1.32;
whereas by fitting the experimental data inFig. 4(B)
to Eq.(6), B andγ ′ are equal to 270 cm−1 and 1.29.
The fitted results are also plotted as dash-dotted l
in Fig. 4(A) and (B), respectively. Empirical Rama
versus-size scaling exponentγ is equal to 1.0 for two-
dimensional layered materials such as graphite,
and boehmite, to 1.5 for three-dimensional coval
network semiconductors, such as Si and GaAs[21];
and to about 1.5 and 1.0 for Si spheres and Si colum
respectively[22]. The values ofγ andγ ′ are almost
the same, soγ ′ is also taken as the Raman-vers
size scaling exponent. Considering the fact that
anatase crystal spans a three-dimensional network
the nanocrystals are spheres, theγ andγ ′ should be
1.5. However, bothγ andγ ′ are to be equal to 1.3, th
reason may stem from defects, such as oxygen va
cies in anatase TiO2 nanocrystals.

Raman spectra from the 7.8 nm sized-sample
temperature 83–293 K are shown inFig. 6. All the
bandwidths decrease with decreasing tempera
which causes the 516 cm−1 Raman peak to be split tw
peaks at 515 cm−1 (A1g) and 521 cm−1 (B1g) at 83 K.
This result is in agreement with result in Ref.[23],
where 516 cm−1 peak to be split two peaks at 51
and 519 cm−1 at 73 K. The variations of the low
frequency mode with temperature are clearly show
Fig. 6(B). The frequency and bandwidth equal 145
and 13.4 cm−1 at 293 K, and decrease to 141.0 a
7.3 cm−1, respectively, as temperature decrease
83 K. The temperature dependences of Raman
quency and bandwidth in a bulk semiconductor was
tributed to the decay of the zone-center optical pho
via anharmonicity to two acoustic phonons of eq
and oppositeq-vectors so that they add up to zero[24].
In a nanocrystal, theq-vector selection rule may b
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Fig. 6. Normalized Raman spectra (A) from the 7.8 nm sam
at the temperatures of (a) 293, (b) 263, (c) 233, (d) 203, (e)
(f) 143, (g) 113 and (h) 83 K, respectively. Insert shows the spli
the 516 cm−1 peak. An expanded view (B) of the 143 cm−1 mode
shows temperature-dependences of both the frequency and
width.

also relaxed, which enhances these three phonons
pling and changes the temperature dependences o
man frequency and bandwidth at different grain siz
The temperature dependence of Raman frequen
given by[24]

(7)ω(T ) = ω1 + 	(T ),

(8)	(T ) = ω2

[
1+ 2

exp(h̄ω1/2KT ) − 1

]
,

-

-
-

Fig. 7. Frequency (A) and bandwidth (B) of the 143 cm−1 mode
versus temperature. Solid squares, open squares, circles and
gles correspond to experimental data at different particle size
(a) 2.2, (b) 2.5, (c) 3.2, (d) 5.1, (e) 7.8, (f) 12.7, (g) 14.6, (h) 2
and (i) 25.5 nm, respectively. The solid and dashed lines are fitte
Eqs.(7)–(10).

where ω1 is the harmonic frequency.	(T ) is the
anharmonic term, which describe the contribution
three-phonon processes to Raman frequency, anω2
is a coefficient. The temperature dependence of
man bandwidth is given by[11,24]

(9)Γ (T ) = Γ1 + 	Γ (T ),

(10)	Γ (T ) = Γ2

[
1+ 2

exp(h̄ω1/2KT ) − 1

]
,

where	Γ (T ) is from three-phonon coupling deca
additional widthΓ1 is due to broadening of phono
confinement. In bulk,Γ1 equals zero andΓ2 corre-
sponds to the nature bandwidth atT = 0.
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Table 1
Fit parameters for Raman frequency and linewidth

Size (nm) 2.2 2.5 3.2 5.1 7.8 12.7 14.6 20.4 25.5

ω1 (cm−1) 151.11 146.74 142.38 141.07 138.67 137.51 136.79 136.50 136.46
ω2 (cm−1) 0.75 1.17 1.15 1.07 1.19 1.18 1.17 1.18 1.18
Γ1 (cm−1) 26.70 21.84 11.16 8.66 4.20 2.62 0.43 0.03 −0.21
Γ2 (cm−1) 1.63 1.74 1.96 1.53 1.57 1.52 1.49 1.33 1.31
he
m-
.

-

o
m.
ent

ests
to

ize.

in-
m.
ne-

o
5.5

ling
ger
tase

of
lass
than

cles

on
co-
als.

f

alue

e
ess
w-
d
ul-
de-

ape
ne-
ion
en-
rsus

ar-
ged,
ou-
the

ral
os.

lid
Both Raman frequency and bandwidth of t
143 cm−1 mode versus particle size at various te
peratures are shown inFig. 7(A) and (B), respectively
The experimental frequencies inFig. 7(A) were fit to
Eqs.(7) and (8)with ω1 andω2 as the free parame
ters; whereas the experimental bandwidths inFig. 6(B)
were fit to Eqs.(9) and (10)with Γ1 andΓ2 as the free
parameters and with the values ofω1 obtained from
the frequency fitting. The fitting parametersω1,ω2,
Γ1 and Γ2 were listed inTable 1. These fits were
plotted as solid and dashed lines inFig. 7. As seen
in Table 1, the parameterω1 increases from 136.5 t
151.1 cm−1 as the size decreases from 25.5 to 2.2 n
This change is attributed to the phonon confinem
effect. The parameterω2 remains about 1.17 cm−1 as
the size decreases from 25.5 to 2.5 nm, which sugg
that the contribution of the three-phonon process
Raman frequency does not vary with the particle s
The parameterΓ1 equals 0.03 cm−1 at the 20.4 nm
sample, which is close to zero for the bulk, and then
creases to 26.70 cm−1 when size decreases to 2.2 n
This change is also ascribed to the phonon confi
ment effect. The parameterΓ2 increases from 1.31 t
1.73 cm−1 when the grain size decreases from 2
to 2.5 nm. The increase inΓ2 with decreasing grain
size suggests that phonon decay via phonon coup
be faster in the smaller grain than that in the lar
grain, i.e., the phonon coupling is increased in ana
TiO2 nanocrystal. The results of Raman studies
nanocrystal Si films and CdSe nanocrystals in g
suggested stronger coupling in the nanodomains
in larger domains[9,10], but that of CeO2 nanopar-
ticles suggested no stronger coupling in nanoparti
than in larger-dimension material[11]. These different
results may come from the differences of the phon
dispersion curves, confinement strength and the
efficients of anharmonic terms among these cryst
By the way, the brookite and amorphous TiO2 in the
2.2 nm sample may cause the abnormal values oω
2
and Γ2; and the 143 cm−1 Raman peak from rutile
phase in the 25.5 nm sample causes abnormal v
of Γ1.

4. Conclusion

Anatase TiO2 nanocrystal with particle size rang
2.2–25.5 nm were prepared using a hydrolysis proc
of tetrabutyl titanate under heat treatment. The lo
frequencyEg mode shifts to higher frequency an
asymmetrically broadens with a high-frequency sho
der as the particle size is decreased. The size
pendence of the frequency, bandwidth and linesh
was calculated on the basis of the phonon confi
ment model with the theoretical phonon dispers
relationships. The results agree well with experim
tal data. Both Raman frequency and bandwidth ve
the particle sizeL satisfy aL−1.3 law. With decreasing
the grain size the contribution of three-phonon anh
monic processes to the frequency keeps unchan
and the rate of decay of phonon via three-phonon c
pling is increased, manifesting enhancement of
phonon coupling in anatase TiO2 nanocrystal.
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