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Abstract

Raman spectra of anatase pi@anocrystals with 2.2—25.5 nm grain sizes were measured at temperature range 83—293 K.
The size dependences of the frequency, the bandwidth and the lineshape of the low-frequency mode agree well with those
calculated on the basis of the phonon confinement model with the theoretical phonon dispersion relationships. The correlations
of both Raman frequency and bandwidth to the grain sizatisfy aL~13 Jaw. The contributions of three-phonon anharmonic
processes to the frequency and bandwidth at various grain sizes were obtained from the temperature dependence of the Rama
spectra, and the results show that the phonon coupling is increased in anatasa@Orystal.
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1. Introduction various applications to electrochemical solar cells,
rocking-chair lithium batteries, photocatalysis and so
on [1-4]. Among three natural phases including ru-
tile and brookite, anatase phase is an important one.
Anatase has tetragonal structure of space grDﬁ,?)
with two formulas per unit cell and thus has six
Raman active modesAf, + 2By, + 3E,). It was
* Corresponding author. demonstrated that the blueshift and broadening of low-
E-mail address: mszhang@nju.edu.diM.-S. Zhang). frequencyE, mode (143 cml) observed in anatase

Recently anatase titanium dioxide (Gifhanocrys-
tals have been attracted much attention owing to
novel physical, chemical and electrical properties for
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TiO2 nanocrystals prepared with gas condensation tation, and the output power was set at 5 mW. The
technique were related to the oxygen stoichiometry temperature fluctuation of the sample was controlled
instead of any internal stress or grain size eff¢6}s within +1 K by a TMS94 heating/cooling stage.
Size-effects on the frequency and bandwidth of e

mode in anatase nanocrystals derived from hydroly-

sis of tetrabutyl titanate and alkoxide were recorded 3, Resultsand discussion

to be ascribed to phonon confinem¢bit-8]. Besides

conventional size-effects on the Raman frequency and  X.ray diffraction patterns of the TiPnanocrystals
bandwidth, size-effect on the phonon—phonon cou- are shown inFig. 1, where standard XRD pattern of
pling is worthy to be examined. Temperature depen- anatase, brookite and rutile from JCPDS cards with
dence of the Raman spectra show that phonon—phonoryeatively characteristic peaks are also plotted in or-
coupling was increased with decreasing the particle der to identify diffraction lines. Annealed at the tem-
size in Si and CdSe nanocryst§s10], but was not  perature below 873 K, anatase is main phase in our
increased in Ce@Pnanoparticlegll]. The size-effect  samples. Brookite content is about 30%wt in the as-
on the phonon coupling in anatase }i@anocrystals  prepared sample and decreases to near zero as an-
has not been discussed until now. In this Letter, we nealing temperature is up to 773 K, at which rutile
present Raman spectra of anatasezTifanocrystals  phase appears, and then reaches 54%wt as the an-
at temperature range 83-293 K and study in detail the nealing temperature gets up to 873 K. The averaged
size dependence and temperature dependence of th@natase grain sizes were determined according to the
low-frequencyE, mode. Not only we find an empiri-  Scherrer's equatio® = ki /B cosd, where D is the

cal formula for describing the relationship betweenthe grain size;k is a constant (shape factor, about 0.9);
particle size and both frequency shift and line width

due to phonon confinement, but also we obtain the size
dependence of three-phonon anharmonic processes in = .
anatase Ti@ nanocrystal derived from hydrolysis of : U
tetrabutyl titanate. }\ \ A ' ()
5 (9)
2. Experiment details - (f)
Titanium dioxide (TiQ) nanocrystals of anatase 3 (©)
phase were synthesized by hydrolysis metf8dAn S [ (d)
ethanol solution of tetrabutyl titanate, Ti(Q&g)4, ? i ©
was slowly added into deionized water which was vig- g
orously stirred. The resulting titania gel was washed Q X (b)
with deionized water, followed by evaporation in at- £ B (a)
mosphere at room temperature for a few days. Then o
as-prepared nanocrystal was annealed in air for 1 h i - [ |, rdile
at temperature range 373-923 K. The phase contents, B a":: Ig. brookite
the lattice parameters and the averaged particle size o EEE——
were determined from the X-ray diffraction (XRD). |9 " | anatase
The diffraction patterns were collected using a D/Max- S —
RA diffractionmeter with CuKa radiation in the step- 20 30 40 5 60 70

scanning mode. : :
Raman spectra were measured in the back scatter- Diffraction Angle (26)

ing configuration at the temperature range 83-293 K Fig. 1. xRD patterns of the as-prepared (a), and annealed at (b) 373,
using JY HR800 Raman spectrometer. The 488 nm (c) 473, (d) 573, (e) 673, (f) 723, (g) 773, (h) 823 and (i) 873 K,
line of air-cooled Ar-ion laser was used as an exci- respectively.
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A is the X-ray wavelengthg is the full width at half and 2.5 nm samples may be from Raman scattering
maximum of the diffraction line and is the diffrac- of brookite and amorphous TiJ13,14] The Raman
tion angle. The values of and¢ are from anatase = modes at 143.5,196.1, 396.1, 516.1 and 639.5%cm
(200) diffraction line. The results show that the aver- the 25.5 nm sample are close to 144, 198, 397, 516 and
agedsizes are equalto 2.2,2.5,3.2,5.1,7.8,12.7,14.6,639 cnt! in bulk anatasd13], which indicates that
20.4 and 25.5 nm for the as-prepared, and annealed aiphonons in the 25.5 nm sample have the same charac-
373,473,573, 673, 723, 773, 823 and 873 K, respec- ters with that in bulk. With decreasing the grain size to
tively. However, it should point out that the uncertainty 2.2 nm, the 196.1 cmt peak disappears and the 396.1
of the calculated particle size really exist, especially in and 516.1 cm’ peaks individually blueshift to 402.4
the case of extrafine particle size. The numerical un- and 519.5 cm?, while the 639.5 cm? peak blueshifts
certainty for the particle sizes calculated with XRD to 643.2 cnt? first, and then redshifts to 632.1 crh
is within 10% in our case. The lattice parameters of The strongest peak at around 143 dnis low fre-
anatase phase in all samples are almost the same, wittquency E, mode and is expanded ffig. 3 in order
a 0f 0.3784 nm and of 0.9512 nm, in agreement with  to be viewed clearly. As seen Fig. 3, the 143 crmt
data in Ref[12]. mode blueshifts from 143.5 to 155.7 chand asym-
Raman spectra from all samples at room tempera- metrically broadens from 7.6 to 35.3 chhwith a
ture are shown irFig. 2 Raman modes at 144, 196, high frequency shoulder when the grain size decreases
396, 516 and 639 cnt are assigned aB,, Eg, Big, from 25.5 to 2.2 nm. Ref$6—8] explained these varia-
A1g (Or By), and E, modes in anatase phase, re- tions of the 143 cm! mode with phonon confinement.
spectively. The 232, 449 and 612 cfmodes in the The phonon confinement is involved in the breakdown
25.5 nm sample come from rutile phase. Although of the phonon momentum selection rule, ig¢.# 0
there is a little brookite phase in the smaller size sam- phonons can be Raman active and the phonons from
ples, no distinct Raman modes were recorded from the whole Brillouin zone will contribute to Raman
brookite phase. The strong backgrounds in the 2.2 scattering. The weight of the off-centre phonons in-
crease as the grain size decreases. The phonon disper-
sion causes an asymmetric broadening and the shift of
- the Raman peak. Usually, a Gaussian weighting func-
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Fig. 2. Normalized Raman spectra from the JFi®anocrystals at Fig. 3. An expanded view of the normalized Raman spectra of the
various particle sizes: (a) 2.2, (b) 2.5, (c) 3.2, (d) 5.1, (e) 7.8, (f) 12.7, 143 cnt! mode. Curves (@), (b), (c), (d), (e), (), (9), (h), (i) and (j)
(g) 14.6, (h) 20.4 and (i) 25.5 nm, respectively. Triangléendicates stand for samples of 2.2, 2.5, 3.2, 5.1, 7.8, 12.7, 14.6, 20.4 and
Raman peaks of rutile Ti® 25.5 nm, respectively.
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tion is used to model Raman scattering at wave vectors 156 - o _ (A)
away from zone center. Several functions, such as sine, 154 [ ' . eX_PZ”me”ta' data
exponential, and Gaussian functions were discussed in ~_ " j Z; 38
the confinemenf15]. The results fitting to Gaussian ‘-'E 173 R R =35
confinement was in good agreement with the experi- & - '\.\ —-—--fitted
mental data. So Gaussian function was selected in the = 150 [ w
confinement discussids,15,16] 2 148 |1
(o) L

W (r, L) = exp(—ar?/L?), 1) 2 146
whereL is the diameter of a spherical grain amds a S‘j 144
coefficient to be found. Therefore, for a spherical grain 142 [
of diameterL, the Raman intensity profilé(w) is a 36 L1
superposition of the weighted Lorentzian contribution | " m experimental data (B)
over the whole Brillouin zon§l 6] 32 | » o

2 exp(—q2L2/2a) T/E\ 28 |- \‘ L a=gg

-9 o 3 -y T o=
1 o‘;/ o —o@Pt (22 @ O
bz £ 20

where I is the natural Raman full width at half _g 16 [
maximum for bulk anatase, which is 7 cifor the S i
143 cnm! mode at room temperatui@]; ¢ is the S 12+
wave vector. The sum is carried over the two modes M@ g [
with ;(g), because the 143 cmh mode is ak, a0

mode, double degenerated at= 0. Taking into ac-
count a spherical Brillouin zone with a diametet/2 0 5 10 15 20 25 30
and an isotropic dis.persion, th_e calculation was per- Grain Size (nm)
formed by using a simple functioa; = wg + 20[1 —
coggqa)], since there has been no phonon dispersion Fig. 4. Frequency (A) and bandwidth (B) of the 143 thmode
data provided for anatase phase. The calculated data’esus particle size. Squaliedenotes experimental data. The solid,
. . . dashed and dotted curves stand for the calculated results on the basis
in Ref. [8] well reproduced the phonon dispersion of ) .
o of the phonon confinement model with= 25, « = 30 anda = 35,
the 143 crt mOd.e of the rutile instead of the an.atase. respectively. The dash-dotted curves are fitted to the empirical for-
phase, and the size dependence of the bandwidth didmulas.
not agree well with the experimental data. By using
theoretical phonon dispersion curves of anafa3é, o
we calculate size dependences of frequency and band-Shown inFig. 4. It can be seen that when= 25, Ra-
width for the 143 cr! mode. The dispersion relation- Man frequency is the most close to the experimental

ships for the low-frequency, mode in the anatase data, but bandwidth deviates largely the experimen-

phase could be approximately expressed as tal data, and fowx = 35 the situation is opposite to
the case ofr = 25. Whena = 30, both frequency and

w1 =wo+ 28[1 — cogqa)] (3) bandwidth are close to the experimental data. Coef-
ficient o takes different values under different mod-

and els: @ = 4 in the Richter phonon-confinement model
. _ 2 .
Wy = wo + 102[1_ cos(qa)], (4) for Si nanocrystal9], « = 87 in Campbell model
for CdSe, ¢c-BN and Zn® nanocrystalg10,15,19,
wherewg = 143 et [5,18]. 20], where phonons are strongly confined, thus only

Both the frequency and bandwidth of the 143@m  a small amount of atoms in the central part of the
mode versus the particle size for the measured datasphere can vibrate. In our casecof 30, the phonons
from Fig. 3and the calculated curves using E2) are are moderately confined and a large amount of atoms
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Two empirical formulas were used to describe cor-
relations of both Raman frequency and bandwidth to
nanocrystal siz§l6,21,22]

y (L) = wo+ Ala/L)" )
E and

@ r(L)=To+Ba/L) (6)
-'GC-') where w(L) and I'(L) are individual Raman fre-

quency and bandwidth in a nanocrystal with size
parametersi, B, y andy’ are relative to phonon con-
PR TSV S [ S I finement. By fitting the experimental datakig. 4(A)

100 120 140 160 180 200 to Eq.(5), A andy are equal to 127 cmt and 1.32;
4 whereas by fitting the experimental dataFiy. 4(B)
Frequency (cm") to Eq.(6), B andy’ are equal to 270 crt and 1.29.

The fitted results are also plotted as dash-dotted lines
Fig. 5. Normalized Raman lineshape of the 143<¢mmode cal-

culated on the base of the phonon confinement model at various in Fig. 4A) and (B), respectively. Empirical Raman-

particle sizes of (d) 5.1, (€) 7.8, (f) 12.7, (q) 14.6, (h) 20.4 and V€rSUs-size scaling exponenis equal to 1.0 for two-
(i) 25.5 nm, respectively. dimensional layered materials such as graphite, BN,

and boehmite, to 1.5 for three-dimensional covalent

network semiconductors, such as Si and G§2¥;
in the sphere center can vibratéig. 5 shows the and to about 1.5 and 1.0 for Si spheres and Si columns,
lineshapes of the 143 cmh mode calculated by us-  respectively{22]. The values ofy andy’ are almost
ing Eqg. (2) at o = 30 in the particle size range 5.1- the same, s@/’ is also taken as the Raman-versus-
25.5 nm. With decreasing the size, Raman mode shifts size scaling exponent. Considering the fact that the
to higher frequency and asymmetrically broadens with anatase crystal spans a three-dimensional network and
a high-frequency shoulder, in good agreement with the nanocrystals are spheres, thandy’ should be
experimental results shown ig. 3. The calculated 1.5. However, botly andy’ are to be equal to 1.3, the
curves cannot extend below 4 nm, where a spheri- reason may stem from defects, such as oxygen vacan-
cal Brillouin zone and isotropic dispersion curves are cies in anatase TiPnanocrystals.
not hold, because the details of the shape of the Bril-  Raman spectra from the 7.8 nm sized-sample at
louin zone become criticd]. Since our nanocrystal  temperature 83-293 K are shown kig. 6. All the
samples were prepared by a chemical method via an-bandwidths decrease with decreasing temperature,
nealing treatment, there may be oxygen deficient de- which causes the 516 cthRaman peak to be split two
fect deviating from chemical stoichiometry. The defect peaks at 515 cmt (A1e) and 521 crmd (By,) at 83 K.
also leads to changes of Raman frequency and band-This result is in agreement with result in R§23],
width, because of shortening the correlation length of where 516 cm?® peak to be split two peaks at 513
the phonong6]. Since both the particle size and the and 519 cm?! at 73 K. The variations of the low-
defect confine spatial phonon correlation, it is diffi- frequency mode with temperature are clearly shown in
cult to distinguish pure size effects on Raman spectra Fig. 6B). The frequency and bandwidth equal 145.8
from the defect effects. If the density of the defectis and 13.4 cm?® at 293 K, and decrease to 141.0 and
too high, the correlation length of the phonons is far 7.3 cn?, respectively, as temperature decreases to
smaller than the particle size, thus the density of the 83 K. The temperature dependences of Raman fre-
defect instead of the grain size mainly determines the quency and bandwidth in a bulk semiconductor was at-
Raman spectral change. This is the case presented irtributed to the decay of the zone-center optical phonon
Ref. [5], where the changes observed in the Raman via anharmonicity to two acoustic phonons of equal
spectra were related to the oxygen stoichiometry and and oppositg-vectors so that they add up to z¢24].
were not due to the size effects. In a nanocrystal, thg-vector selection rule may be
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120 130 140 150 160 170 versus temperature. Solid squares, open squares, circles and trian-
gles correspond to experimental data at different particle sizes of
(@) 2.2, (b) 2.5, (c) 3.2, (d) 5.1, (e) 7.8, (f) 12.7, (9) 14.6, (h) 20.4
and (i) 25.5 nm, respectively. The solid and dashed lines are fitted to

. . Eqgs.(7)-(10)
Fig. 6. Normalized Raman spectra (A) from the 7.8 nm sample

at the temperatures of (a) 293, (b) 263, (c) 233, (d) 203, (e) 173,
(f) 143, (g) 113 and (h) 83 K, respectively. Insert shows the split of
the 516 cnr® peak. An expanded view (B) of the 143 cthmode

Frequency (cm™)

where w1 is the harmonic frequencyA(T) is the
shows temperature-dependences of both the frequency and band-am']‘f’wmOnIC term, which describe the contribution of
width. three-phonon processes to Raman frequency,«and

is a coefficient. The temperature dependence of Ra-

also relaxed, which enhances these three phonons counan bandwidth is given bt 1,24]
pling and changes the temperature dependences of Ra- _
man frequency and bandwidth at different grain sizes. P =+ AN, ©)
T_he temperature dependence of Raman frequency iSAF(T) _ F2[1+ 2 } (10)
given by[24] exp(iw1/2KT) — 1

where AI'(T) is from three-phonon coupling decay,

additional width Iy is due to broadening of phonon

A(T) :w2[1+ 2 } (8) confinement. In bulk,} equals zero and> corre-
expliw1/2KT) —1 sponds to the nature bandwidthZt= 0.

o(T) = w1+ A(T), 7
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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
w1 (cm_l) 15111 14674 14238 14107 13867 13751 13679 13650 13646
wy (cm™1) 0.75 117 115 107 119 118 117 118 118
I (cm_l) 26.70 2184 1116 866 420 262 043 003 -0.21
I (cm’l) 1.63 174 196 153 157 152 149 133 131

Both Raman frequency and bandwidth of the
143 cn! mode versus particle size at various tem-
peratures are shown kig. 7(A) and (B), respectively.
The experimental frequencies kig. 7(A) were fit to
Egs.(7) and (8)with w1 andw; as the free parame-
ters; whereas the experimental bandwidthsiq 6(B)
were fit to Eqs(9) and (10with I'7 and I as the free
parameters and with the values ®f obtained from
the frequency fitting. The fitting parametets, wy,

I'' and I; were listed inTable 1 These fits were

and I»; and the 143 cm! Raman peak from rutile
phase in the 25.5 nm sample causes abnormal value
of I'y.

4. Conclusion

Anatase TiQ nanocrystal with particle size range
2.2-25.5 nm were prepared using a hydrolysis process
of tetrabutyl titanate under heat treatment. The low-

plotted as solid and dashed lineskig. 7. As seen frequency E, mode shifts to higher frequency and
in Table ] the parametew; increases from 136.510  asymmetrically broadens with a high-frequency shoul-
151.1 cnt! as the size decreases from 25.5t0 2.2 NM. ger as the particle size is decreased. The size de-
This change is attributed to the phonon confinement pendence of the frequency, bandwidth and lineshape
effect. The parametes, remains about 1.17 cmtas  \as calculated on the basis of the phonon confine-
the size decreases from 25.5to 2.5 nm, which suggestsment model with the theoretical phonon dispersion
that the contribution of the three-phonon process to rg|ationships. The results agree well with experimen-
Raman frequency does not vary with the particle size. 5] data. Both Raman frequency and bandwidth versus
The parameter equals 0.03 cm' at the 20.4 Nnm  the particle size. satisfy a3 law. With decreasing
sample, which is close to zero for the bulk, and thenin- the grain size the contribution of three-phonon anhar-
creases to 26.70 cm when size decreases to 2.2 nm. monic processes to the frequency keeps unchanged,
This change is also ascribed to the phonon confine- 5 the rate of decay of phonon via three-phonon cou-

ment effect. The parametép, increases from 1.3110  pjing is increased, manifesting enhancement of the

to 2.5 nm. The increase if, with decreasing grain
size suggests that phonon decay via phonon coupling
be faster in the smaller grain than that in the larger
grain, i.e., the phonon coupling is increased in anatase
TiO2 nanocrystal. The results of Raman studies of
nanocrystal Si films and CdSe nanocrystals in glass
suggested stronger coupling in the nanodomains than
in larger domaing9,10], but that of Ce@ nanopar-
ticles suggested no stronger coupling in hanoparticles
than in larger-dimension materidl1]. These different
results may come from the differences of the phonon
dispersion curves, confinement strength and the co-
efficients of anharmonic terms among these crystals.
By the way, the brookite and amorphous 7%i the

2.2 nm sample may cause the abnormal values,of
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