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The Raman scattering behavior of anatase nanocrystals with average diameters of 4, 8, 20, and 34 nm has
been compared with bulk crystal data in order to establish size-dependent changes to the phonon spectrum at
ambient conditions. Further, the high-pressure behavior of the anatase nanocrystals was examined at room-
temperature usingin situ Raman scattering data obtained in diamond-anvil cells to a maximum pressure of 41
GPa. The size-dependent changes to the Raman spectrum are best explained in terms of three-dimensional
confinement of phonons in finite-sized nanocrystalline anatase. The difference in slopes obtained for the
pressure shifts of Raman modes between nanocrystalline and single crystal anatase is in conformity with the
observed size-dependent bulk modulus values. The metastability of anatase as a function of pressure is dem-
onstrated to be size dependent, with smaller crystallites preserving the structure to higher pressures. Three size
regimes have been recognized for the pressure-induced phase transition of anatase at room temperature: an
anatase-amorphous transition regime at the smallest crystallite sizes, an anatase-baddeleyite transition regime
at intermediate crystallite sizes, and an anatase–a-PbO2 transition regime comprising large nanocrystals to
macroscopic single crystals. This size-dependent phase selectivity of anatase at high pressures explains the
recent contradictory experimental data. A semiquantitative phase diagram for anatase metastability as a func-
tion of size and pressure at room temperature is proposed.
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I. INTRODUCTION

The characterization of finite-size effects on various
physical properties and stability of nanocrystalline TiO2
phases has been the subject of several recent investigations.
The interest in nanocrystalline TiO2 is driven by the im-
mense potential this material, particularly the anatase form,
holds for a variety of technological applications. The impor-
tant technological applications of nanoscale TiO2 are in pho-
tocatalysis, photochemical solar cells, optoelectronic de-
vices, chemical sensors, and dielectric material of ultrathin
thin-film capacitors.1–4 Nanocrystalline TiO2 has also played
a proven role in fundamental studies of size-induced modifi-
cations of physical properties and phase stability in nanos-
cale inorganic systems.5,6 A number of studies have used
pressure-induced structural transitions in nanocrystalline
chalcogenide semiconductors such as CdS and CdSe as
model systems to understand the microscopic mechanisms
and kinetics of solid-state phase transitions.7 As models of
phase transitions, especially size-dependent structural phase
transitions, the pressure- and temperature-driven transitions
of nanocrystalline TiO2 have the potential to complement or
rival those of the well investigated covalent semiconductor
systems such as CdSe, CdS, and Si because of the intrinsic
ionicity of the TiO2 phases and the possibility that finite-size
effects can be examined over a wider crystallite size range.
Evaluation of size-related changes to the vibrational spectra
sRaman and infraredd represents an attractive approach to
studies of nanocrystalline TiO2, for it will not only improve
understanding of nanoscale systems, but also assist in prac-
tical application of vibrational spectroscopy as a simple and

effective tool for the characterization of crystal structure and
crystallite size. In this paper, we present a Raman spectro-
scopic study of the effects of finite-size and high-pressure on
nanocrystalline anatase TiO2.

Raman spectroscopy is a particularly useful tool to inves-
tigate the effects of finite size and high pressure, including
pressure-induced amorphization, in semiconductors and
insulators.8,9 Finite-size effects on the phonon spectra of a
variety of materials have been well established by using Ra-
man scattering experiments on nanocrystals in combination
with theoretical phonon confinement models.8,10–14 In these
investigations, the Raman spectral characteristics such as Ra-
man frequencies, line widths, and peak asymmetry have been
shown to correlate systematically with crystallite size in ma-
terials as diverse as Si, BN, GaAs, CdSe, and AlOsOHd. A
number of Raman scattering studies have also chosen nano-
crystalline TiO2 in order to characterize the size effects on
the Raman spectra and their pressure evolution.3,15–19 The
changes in the Raman spectrum of nanocrystalline anatase,
the phase most commonly synthesized at ambient conditions,
have been variously interpreted as originating from phonon
confinement,15–17,20,21 non-stoichiometry,22,23 or internal
stress/surface tension effects as observed for similar
materials.8,24–26Although the majority of the published stud-
ies have leaned towards phonon confinement as the main
factor responsible for the changes observed in the Raman
spectrum of nanocrystalline anatase,15–17,20,21some research-
ers have interpreted their results as favoring one of the other
factors. For example, in a study of the size effects on the
Raman spectrum of nanocrystalline anatase, the distinct evo-
lution of Raman spectral characteristics of samples annealed
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in two different atmospheres, namely air and argon, was as-
cribed to the influence of Ti:O stoichiometry. The same
study, however, obtained calculated frequency shifts for two
major Raman bands at 144 and 639 cm−1 ssee belowd that are
consistent with the shifts suggested by phonon confinement
effects, but which the authors chose to interpret as reflecting
nonstoichiometry effects.3 Establishing the influence of vari-
ous factors on the Raman spectra of nanoscale TiO2 phases is
essential for exploiting Raman spectroscopy as a sensitive
probe to characterize the structure and crystallite size of
nanoscale TiO2.

The effect of pressure on bulk TiO2 has been investigated
extensively using static and dynamic experimental tech-
niques, and a number of pressure-induced structural phase
transitions identified. The crystal structures and stability of
these phases have been reviewed in our recent paper.27 With
the recent discovery of two hard to ultrahard and highly in-
compressible orthorhombic phases in diamond-anvil cell
sDACd experiments at 28 GPasRef. 28d and 61 GPa,29 the
pressure-induced phase transitions in bulk TiO2 at low tem-
perature are well established to about 80 GPa. High-pressure
Raman scattering and x-ray diffractionsXRDd studies have
established the following structural phase transition sequence
for bulk anatase with increasing pressure: columbitesortho-
rhombica-PbO2, space groupPbcnd at 2–12 GPa,30–34 bad-
deleyite smonoclinic ZrO2, space groupP21/cd at 10–20
GPa sRefs. 32–36d orthorhombic OIsspace groupPbcad at
28–38 GPa,28 and cotunnitesorthorhombic PbCl2 or OII,
space groupPnmad above 55 GPa.29

In comparison, there have been relatively few studies of
the high-pressure behavior of nanocrystalline TiO2, with
contrasting reports on the high-pressure behavior of nanos-
cale anatase and rutile.18,19,37–42 Published high-pressure
studies of nanocrystalline anatase include a moderate
pressure/temperature sintering study38 and room-temperature
Raman scattering or powder XRD studies in diamond anvil
cells to maximum pressures of 35 to 38 GPa.18,19,39–41Liao
and co-workers38 investigated a 96:4 anatase-rutile mixture
with an average crystallite diameter of 38 nm in a toroidal
type high-pressure apparatus. They reported that depending
on the pressure and temperature, the material transformed
either to rutile or to srilankitesa-PbO2 structured. The a
-PbO2 structure formed at pressures greater than 4.75 GPa
and temperature as low as 250 °C. At temperatures below
about 150 °C, they did not observe the formation of rutile at
the expense of anatase up to 8 GPa.

In a Raman scattering study of 7–11 nm sized anatase
nanocrystals to 37 GPa,18 the anatase structure was found to
be stable up to 24 GPa, and then turned to a pressure-
quenchable amorphous phase on further compression in the
range of 24–37 GPa. In a subsequent DAC XRD study to 35
GPa of a rutile-anatase mixturesof unknown phase ratiod
with average crystallite size of 30 nm,39 the authors sug-
gested that the rutile fraction transformed to the baddeleyite
structure at 8.7 GPa while the anatase amorphized directly at
16.4 GPa. Our DAC XRD investigations on a 34 nm anatase
to 35 GPa revealed direct transformation of anatase to the
baddeleyite structure at 18 GPa without any amorphization.40

In addition, the 34 nm anatase showed an enhanced room-
temperature bulk modulus in comparison with the bulk

phase. An anatase–a-PbO2 transition, with no hint of amor-
phization, was observed by Sekiya and co-workers for a
single crystal and three powder anatase samples in a DAC
XRD and Raman scattering study at room temperature to
about 10 GPa.41,43 The three powder samples used in this
latter study had very large size dispersionss50–500 nm,
1–20mm, and 20–100 nmd with unknown mean crystallite
size. Towards the completion of this paper, we came across
the most recent room temperature, high-pressure DAC Ra-
man study19 of a non-stoichiometricsTiO1.92d nanocrystalline
s,12 nmd anatase, which was reported to transform directly
to baddeleyite at 17–18 GPa, similar to the 34 nm anatase in
our earlier work.40

It is well known that covalent oxides such as SiO2 poly-
morphs undergo pressure-induced amorphizationsPIAd in
the bulk while there have been no report of PIA in bulk TiO2.
In order to further investigate the effect of size in PIA of
anatase TiO2 we compare the high-pressure behavior of bulk
anatase with four nanocrystalline samples representing a
spread of average crystallite size. We first revisit the details
of the Raman spectrum of nanocrystalline anatase at ambient
conditions by examining experimental data obtained on our
samples together with data from literature and comparing
these with theoretical model predictions. Unlike previous
studies, we use well characterized samples prepared using
different synthesis methods so that compositional influences
on the Raman spectrum are kept to a minimum. Next, we
examine the effect of pressure on the Raman modes across
the size range by evaluatingin situ high-pressure Raman data
obtained in DACs to 30–41 GPa. The pressure stability of
the anatase structure at room temperature will be examined
as a function of average crystallite size. This will help rec-
oncile the published contradictory results on the high-
pressure behavior of anatase: pressure-induced amorphiza-
tion versus crystal-crystal structural phase transitions. The
theoretical background of the three-dimensional phonon con-
finement model used to describing nanoscale systems is
briefly reviewed below.

II. THE PHONON CONFINEMENT MODEL

The phonon confinement modelsalso referred to as spatial
correlation model orq vector relaxation modeld links q vec-
tor selection rule for the excitation of Raman active optical
phonons with long-range order and crystallite size.8,10,12,13,15

In a perfect “infinite” crystal, conservation of phonon mo-
mentum requires that in first-order Raman scattering only
optic phonons near the Brillouin zonesBZd centersq<0d are
involved. In an amorphous material, on the other hand, ow-
ing to the lack of long-range order, theq-vector selection
rule breaks down and the Raman spectrum resembles the
phonon density of states. Nanocrystals represent an interme-
diate behavior. For a nanocrystal of average diameterL, the
strict “infinite” crystal selection rule is replaced by a relaxed
version, with the result that a range ofq vectorssas large as
Dq<1/Ld is accessible due to the uncertainty principle.8,15

In this paper, we use theq vector relaxation model15

sQVRMd for the purpose of comparing experimental data
with theoretically predicted phonon confinement behavior in
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anatase nanocrystals. According to this model, for finite
sized crystals, the Raman intensity can be expressed using
the relation:8,10,15

Isvd ~E dLrsLdE
BZ

exps− q2L2/8d
d3q

fv − vsqWdg2 + fG0/2g2 ,

s1d

wherersLd is the particle size distribution,q is expressed in
units of p /aL saL is the unit cell parameterd, vsqWd is the
phonon dispersion, andG0 is the intrinsic linewidth of the
bulk crystal. A spherically symmetric phonon dispersion
curve fEq. s1dg is assumed and approximated by a simple
linear chain model.12,15 For a given phonon mode, the slope
of dispersion away from the BZ center determines the nature
of the modification in the Raman line shape as a function of
crystallite size: a negative slope, towards lower frequency,
would produce a downshiftedsredshiftedd Raman peak,
while a positive slope would result in an upshiftedsblue-
shiftedd Raman peak, in addition to an asymmetric peak
broadening, as the crystallite size reduces. The most intense
Eg Raman mode at 144 cm−1 for bulk anatase is commonly
chosen for analysis. The phonon dispersion relations of ana-
tase are not known experimentally owing to the lack of mea-
sured inelastic neutron scattering data. In order to overcome
this, the experimentally known phonon dispersion relation of
the 142 cm−1B1g mode of rutile, which is the nearest in fre-
quency to that of the 144 cm−1 mode of anatase, has been
used successfully as a proxy in the modeling efforts.3,15

III. EXPERIMENTAL DETAILS

A. Nanocrystalline samples

Four nanocrystalline anatase samples, designated A, B, C,
and D, were used in this study. They are high-purity
s.99% TiO2d, single phase white powders synthesized us-
ing different methods. Sample A was prepared using the “sol
method”44 starting with TiCl4. Poor dispersion of the crystal-
lites prevented determination of the size distribution using
transmission electron microscopysTEMd. With powder XRD
the as-prepared material was characterized as anatase with
slightly poor crystallinity sin relation to normally heat-
treated anatased, and using the Scherrer equation we esti-
mated an average crystallite size of 4±1 nm. The unit cell
parameters obtained area=3.806s2d Å and c=9.481s26d Å.

Sample B was obtained from a commercial supplier—
sample G-5 of Millenium Chemicals.45 It was prepared
through sulphation of ilmenitesFeTiO3d and subsequent fil-
tration, neutralization, washing, and spray-drying. The unit
cell parameters obtained from powder XRD area
=3.7953s7d Å and c=9.5098s65d Å. An average crystallite
size obtained from XRD data using the Scherrer equation is
8±2 nmspoor dispersion did not allow a TEM size determi-
nation for this sample alsod.

Sample C was prepared using a template method46 where
agarose gel was used as the templating material. The gel was
soaked in titanium isopropoxides70 wt. %d stock solution
which was then hydrolyzed and condensed, dried at room

temperature, and finally annealed at a maximum temperature
of 450 °C. The anatase crystallites with unit cell parameters
of a=3.7864s3d Å andc=9.5051s17d Å gave an average size
of 24.4 nm with the powder XRDsScherrerd method. Analy-
sis of TEM images, however, showed a larger dispersion,
with a predominant size distribution in the 12–34 nm range
and a very small fractions,1%d of the crystallites lying
outside this range. We estimate the predominant size fraction
to be in the range of 20±8 nm.

Sample D was obtained from a commercial supplier. It
was prepared using what is termed “Altair process”.47 The
sample consists of equiaxial crystallites with an average di-
ameter of 34 nmsas determined by the supplier with the
Scherrer, BET, and TEM methodsd. Although majority of the
crystallites fall near 34 nm, we estimated a narrow crystallite
size distribution in the range of 30–40 nm from TEM data
and an average size of 32±5 nm based on Williamson-Hall
plot48 of powder XRD data. The measured unit cell param-
eters area=3.7878s5d Å and c=9.5125s24d Å.

B. Raman spectroscopy

The Raman scattering measurements were carried out on
a Dilor XY system with the 514.5 nm Ar+ ion laser as the
excitation light. The scattered light was collected in the back-
scattering geometry using a liquid nitrogen cooled CCD de-
tector. The incident laser power was 50–75 mW for the mea-
surements in air, while for samples inside the DACssee
belowd the power varied in the range 100–200 mW. No
modifications in the Raman peaks were noticed within the
laser power range used in our experiments. The spectrometer
was calibrated using theG25 phonon of diamond SisFd
-3md. The peaks were analyzed using the PeakFit™ program
by Jandel Scientific. The Savitsky-Golay data-smoothing
algorithm49 was used in the peak analysis. Combinations of
Lorentzian and Guassian functions were used to describe the
peak profile. We estimate a resolution of 1 cm−1 for the Ra-
man peak position and 0.5 cm−1 for the peak widthffull
width at half maximumsFWHMdg at ambient conditions.

C. High-pressure Raman spectra

High-pressure, room temperature Raman spectra were ob-
tained using the DAC technique. We used type Ia diamonds
in four- and three-pin type DACs.50 The sample was placed
without any pressure-transmitting medium in a 150mm pre-
indented hole of a stainless steel gasket and a tinys,3 mm
in diameterd ruby sphere chip positioned near the center of
the hole. The sample pressures were determined from the
pressure dependent shift of the ruby fluorescenceR1 line.51

The pressure-induced frequency shifts were monitored to
about 40 GPa and then the DAC was gradually decom-
pressed to ambient pressure. Previous studies18,29,39,40have
established that the absence of a pressure-transmitting me-
dium does not affect the high-pressure behavior of TiO2 sig-
nificantly in the pressure range of this study.

IV. RESULTS AND DISCUSSION

A. Raman spectra at ambient conditions

The anatase crystal structure is tetragonalsspace group
I41/amdd with two TiO2 units in the primitive cell, giving
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six Raman-active fundamentals in the vibrational spectrum:
three Eg modes centered around 144, 197, and 639 cm−1

sdesignated hereEgs1d, Egs2d, andEgs3d, respectivelyd, two B1g

modes at 399 and 519 cm−1 sdesignatedB1gs1d and B1gs2dd,
and anA1g mode at 513 cm−1.52,53The symmetry assignment
of the 513 and 519 cm−1 modes has been difficult because of
the overlap the two modes in experimental Raman spectrum
sthese modes were resolved only in low temperature mea-
surementsd and reversed frequency order obtained in some of
the lattice dynamic and first-principles calculations.54 In Fig.
1 we present the room temperature Raman spectra of the four
nanocrystalline samples along with that of a commercial
bulk smicrometer-sizedd anatase. As anticipated, increased
broadening and systematic frequency shifts of the Raman
peaks are seen when going from the bulk to finer-grained
samples. The most intenseEgs1d mode shows the maximum
blueshift and significant broadening among the nanocrystal-
line samples, both effects increasing with decreasing crystal-
lite size. A small blueshift is seen for theEgs2d mode, while
the B1gs1d mode and theB1gs2d+A1g modes show very small
blueshifts and red shiftssthe latter peak represents a com-
bined effect of two individual modesd, respectively. Whereas
the frequency shifts for theA1g andB1g modes are not pro-
nounced, increased broadening with decreasing crystallite

size is clearly seen for these modes also. TheEgs3d mode
shows significant broadening and a redshift with decreasing
crystallite size.

A correlation between Raman frequency and peak width
has been established as a characteristic feature of the Raman
spectra of nanocrystalline materials.10–14 In Fig. 2 data on
peak position versus line widthsFWHMd for the Egs1d mode
obtained on our samples as well as from literature are pre-
sented. A linear correlation is clearly seen for the Raman
frequency–peak width data. It must be mentioned that the
two outlying samples from Ref. 21 with the largest peak
widths contained a significant fraction of rutile, and this
might have influenced the measured Raman shift and
FWHM. Similarly, the datum on the,12 nm anatase from
Ref. 19 sasterisk in Fig. 2d represents a nonstoichiometric
composition sTiO1.92d and, therefore, will be disregarded
from further comparisons below.

In Fig. 3 theEgs1d peak positionssad and peak widthssbd
of our samples are plotted against crystallite size along with
other data from the literature. Also shown is the QVRM
curve.15 The agreement between the experimental data and
the model is good given that the model involves some as-
sumptions and that the phonon dispersion used to calibrate
the model is that of rutile, not anatase. If the data from Ref.
3 are disregarded, a much better agreement is obtained be-

FIG. 1. Ambient pressure Raman spectrum of
anatase with average crystallite size of 4±1 nm
sAd, 8±2 nm sBd, 20±8 nm sCd, and 34±5 nm
sDd. The spectrum marked “E” is from a bulk
smicrometer-sizedd anatase. The symmetry
assignments52,53 are also marked for the Raman
modes.

FIG. 2. Raman peak position–linewidth
sFWHMd correlation for theEgs1d mode. Aslarge
hollow triangled, B slarge hollow diamondd, C
slarge hollow circled, D slarge hollow squared,
and Eslarge filled squared are the samples shown
in Fig. 1. The literature data: filled diamonds
sRef. 15d, small hollow squaressRef. 17d, filled
triangles sRef. 20d, filled circles sRef. 21d, and
asterisksRef. 19d.
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tween the experiment and QVRM for FWHM versus crystal-
lite size. The Raman peak positions are known to show scat-
ter among different experiments. Because of the better
reliability of the peak width as an indicator of the crystallite

size, in Fig. 3scd, we present the FWHMs of the other three
major Raman peaks against crystallite size for our samples.
A curve drawn through the data shows very similar behavior
to the one predicted by the QVRM for theEgs1d mode.

The good agreement obtained between the experimental
Raman data and the phonon confinement model predictions
suggests that spatial confinement of phonons in finite-sized
nanocrystals is the major factor determining the Raman spec-
tral characteristics of nanocrystalline anatase. As it has al-
ready been demonstrated, surface tension and internal stress
are not major factors influencing changes in the anatase Ra-
man spectrum.22,23sWe will describe the effect of hydrostatic
pressure below.d Nonstoichiometry can be a significant factor
contributing to the changes in the Raman spectrum of ana-
tase nanocrystals.22,23 Oxygen-deficiency is the most com-
mon form of nonstoichiometry in TiO2, though substitution
of oxygen by other radicals can also result in off-
stoichiometry. Nonstoichiometry as the single major factor
affecting the Raman spectral characteristics of our nanocrys-
talline samples can be ruled out on the following grounds.
First, oxygen-deficient samples are normally
blue-colored22,23,55 whereas our samples are opaque white
sfully oxidizedd. In this study, we deliberately chose samples
prepared by a variety of methods so that systematic compo-
sition dependence can be avoidedsunlike in other studies
where samples prepared by a specific method were coarsened
subsequently by thermal annealing to obtain the required size
range with the possibility of propagating any compositional
influence across the size ranged. The preparation methods of
our samplesssee Experimental Detailsd do not involve un-
controlled oxidation of Ti that could result in nonuniform
conversion to TiO2.

22,23 The possibility of residual reactant
species left in the samples is also not high, especially for the
thermally annealed samplessB–Dd, for annealing normally
removes these species. We concede that the Raman charac-
teristics of sample A may be marginally affected by synthe-
sis effects because it was used as-prepared without subject-
ing to high enough temperatures to remove all the residual
sol ssuggested by the poor crystallinityd and other species.
However, as we show below, the data obtained on this
sample also conform to the general trends shown by other
samples.

We should mention here in passing that the calibration of
nonstoichiometry effect against Raman spectral characteris-
tics of the nanocrystalline anatase carried out in the earlier
work22,23 was complicated by a number of factors: spatial
inhomogeneity in the samples and consequent visual separa-
tion of “colored” regions; the presence of rutile in addition to
anatase; pressure compaction of the as-prepared clusters; and
possible grain growth and variable growth and phase transi-
tion kinetics during postcondensation heat treatments in air
and argon atmospheres. It should also be mentioned that on
the basis of data obtained on thin film samples prepared by
more homogeneous oxidation of Ti from gas phase conden-
sationsproduced by a pulsed microplasma cluster sourced, it
has been concluded that only phonon confinement effects
related to cluster dimensions are responsible for observed
Raman spectral modifications of nanocrystalline anatase.21

The samples in this latter study did not suffer from any ther-
mal annealing or postdeposition treatment.

FIG. 3. The Raman frequencysad and linewidthsFWHMd sbd of
the Egs1d mode versus crystallite size. The sources of the data:
samples A–E from this studyssee Fig. 2d; small hollow squares
sRef. 17d; filled diamonds sRef. 15d; filled triangles sRef. 20d,
crosses and pluses represent air-annealed nanocrystalline anatase
synthesized with different relative water concentration during sol-
gel hydrolysissRef. 3d, and small hollow circlessRef. 16d. The
curve is according to the QVRM modelsRef. 15d. scd Raman peak
width sFWHMd versus crystallite size for theB1gs1d shollow
squaresd, A1g+B1gs2d shollow trianglesd, and Egs3d shollow dia-
mondsd modes obtained for samplesA–E. Thecurve is shown only
as a guide to the eye, but has remarkable similarity to the QVRM
curve shown insad and sbd.
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B. The pressure dependence of Raman modes

In Fig. 4 we have compiled the pressure dependence of
the major anatase Raman modes obtained in this study along
with data from the literature on a 7–11 nm anatase18 and bulk
anatase.33,43 The “powder” data from Ref. 41 are not useful
for our purpose of obtaining size-dependent trends because
the data presumably represent the average of three samples
that have very large crystallite size dispersions. TheEgs2d
mode is important from the point of pressure-induced phase
transition on account of the suggested mode softening

behavior.43,56 This mode is too weak under pressure for the
nanocrystalline samples of this study to determine its pres-
sure dependence. Although measurements were carried out
to 30–41 GPa for individual nanocrystalline samples, the
pressure data presented in Fig. 4 show only the Raman peaks
that could be resolved with least errors in the data analysis. It
is clear that the pressure dependence of the Raman modes
obtained in this study are all well represented by linear in-
creases in Raman shift with pressure. However, zooming in
at the low pressure endsFig. 5d, a small dipsminimumd in

FIG. 4. Pressure dependence of the anatase Raman modes:sad Egs1d mode,sbd B1gs1d mode,scd A1g+B1gs2d modes, andsdd Egs3d mode. The
symbols used are as follow: hollow triangles–sample A; hollow diamonds—sample B; hollow circles—sample C; hollow squares—sample
D; filled circles—7-11 nm anatasesRef. 18d; filled squares—single crystalsRef. 33d; and small filled diamonds—single crystalsRef. 43d.

FIG. 5. Pressure dependence of theEgs1d
modessamples B and Cd showing a minimum at
low pressures.
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the pressure versus Raman frequency data forEgs1d is appar-
ent near 1 GPa for the nanocrystalline samples. A similar
minimum, albeit at a slightly higher pressure, for theEgs1d
pressure-linewidth data was observed for the,12 nm ana-
tase, and was explained as due to external applied pressure
compensating for the internal pressuresat the minimumd in
the nanocrystal.19

The strongest anatase mode,Egs1d, shown in Fig. 4sad can
be traced unambiguously to high pressuressabove 20 GPa,
depending on the crystallite sized in the nanocrystalline
samples, despite the effects of peak broadening, intensity de-
crease, and phase transitionsssee belowd. It is clear that the
use of Ti3+:sapphire laser to suppress the fluorescence effect
of diamonds in the DAC has compromised the quality of the
Raman spectra obtained by Wang and Saxena18 at the low
wave numbers where the plasma effect from laser is very
significant. Wang and Saxena18 suggested that the observed
blue shift of the Egs1d mode is likely caused by laser heating
and plasma effect. Heating effects should normally move the
mode to lower, not higher, wavenumbers. Interestingly, this
mode was shown to exhibit unusual hardening behavior
sshift to high wave numbersd with enhanced temperature.19

In spite of this observation, the heating effect of the lasersat
low powersd is not expected to alter the peak position to the
degree phonon confinement does. The positive shift of the
Raman modes at high pressures places theEgs1d mode away
from the region where the plasma effects are dominant, and
at such pressures the Wang-Saxena18 data give a slope and
blueshift that are consistent with other data. It is interesting
to note that with the exception of the two low-pressure points
at 0.1 and 1.04 GPa the pressure dependence of theEgs1d
mode in bulk anatase from Ref. 33 can also be described by
a linear relationship with a slope very similar to that given by
our nanocrystals. The single crystal data of Sekiya and
co-workers43 give a slightly steeper slope. Overall, the pres-
sure dependence of the Egs1d mode across the size range is
similar and the size-dependent blueshift is maintained, be-
ginning with the ambient pressure spectrum.

The other modes shown in Figs. 4sbd–4sdd also display
linear pressure dependence. Within the scatter of the indi-
vidual data set, these modes also do not show significant
change in the slope across the nanocrystalline samples. A
small divergence is seen for theB1gs1d modefFig. 4sbdg of the
nanocrystalline samples that suggests a size-dependent
change in the pressure dependence. The pressure shifts of the
Raman frequencies obtained for our nanocrystalline samples
are consistent with the size-dependent blueshifts or redshifts
seen for the spectrum at ambient conditions. The pressure
dependence of the Raman modes reported for single crystals
in two separate studies33,43 have slightly steeper slopes in
relation to those of the nanocrystals and these data do not
show consistent size-related frequency shifts. The intensities
of these Raman peaks are much weaker under pressurescom-
pared to that of theEgs1d peakd and the peak position mea-
surements will, therefore, have more associated imprecision.

The different slopes observed for the pressure dependence
of nanocrystalline and single crystal anatase Raman modes
reflect different size-related compression behavior. The shal-
lower slopes of the nanocrystal modes are in conformity with

the enhanced bulk modulus values.34,40,57 The isothermal
mode-Grüneisen parameter,giT, is an important thermody-
namic parameter, defined as58

giT =
KT

vi
S ]vi

]P
D

T

, s2d

where vi is the vibrational frequency,KT isothermal bulk
modulus,P pressure, andT temperature. We present in Table
I the calculated ambient pressuregiT values for the two
bulk33,43 and a nanocrystalline anatasessample Dd using the
available isothermal bulk modulus data.34,40,57Notwithstand-
ing the scatter of the pressure dependence data, it is clear that
a size dependence is seen for thegiT values. This is espe-
cially clear for the most intenseEg modes at 144 and
639 cm−1 sthe data for bulk anataseEgs1d mode from Ref. 33
admittedly has a slight curvatured. The size-dependentgiT
values imply size-dependent anharmonic contributions to the
thermodynamic properties of anatase. Available calorimetric
data on isobaric heat capacity of 16 nm, 26 nm, and bulk
anatase clearly show size-dependent variation of this thermo-
dynamic function.59 The isobaricsCpd and isochoric heat ca-
pacitiessCvd are related as60

Cp − Cv = VTb2KT, s3d

whereV is volume andb the coefficient of volume thermal
expansion. Thus the quantity on the right-hand side, which
essentially represents the anharmonic contribution, must be
size dependent. Size-dependent compression behavior, re-
flected in the pressure shifts of Raman modes discussed
above and observed in our earlier DAC XRD study40 scon-
trary to the opposite suggestion18,19d, is definitely a contrib-
uting factor for the size-dependent anharmonicity, as is pos-
sible size-dependent phonon-phonon interactions at elevated
temperatures.19

C. Size-dependent metastability and phase
transition of anatase

In order to examine the effect of crystallite size on the
structural stability of anatase, we have followed the pressure
evolution of the Raman spectra, specifically that of the stron-
gest Egs1d band, of all the four nanocrystalline anatase to
pressures of 30–41 GPa. Depending on the average crystal-
lite size, two distinct pressure evolution trends were ob-
served for the nanocrystalline samplessFig. 6d. The Egs1d

TABLE I. Raman frequencies and ambient-pressure isothermal
mode-Grüneisen parameterssgiTd for bulk and nanocrystalline ana-
tase TiO2. The giT’s were calculated assuming linear pressure de-
pendence of Raman modes.

Mode
scm−1d Symmetry

Bulk
sRef. 33)

Bulk
sRef. 43)

Sample
D

144 Eg 3.74 3.97 4.23

399 B1g 1.25 1.41 1.58

518 A1g+B1g 0.69 1.05 1.08

639 Eg 1.10 1.10 1.08
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peak of sample A became progressively broader and weaker
with pressure, and by about 21 GPa only a broad feature
remained with a large background characteristic of disor-
deredsamorphousd materialfFig. 6sadg. Further compression
to 41 GPa did not produce any major change in the spectra,
only progressive weakening and broadening of the peaks. An
amorphous phase was recovered upon decompression to am-
bient pressure. Owing to the better crystallinity of sample B,
its Egs1d peak could be followed to about 26 GPa, despite
progressive broadening and intensity reduction. At about 26
GPa the Raman spectrum became that of an amorphous
phasefFig. 6sadg. We further compressed the sample to 32
GPa without noticing any significant change in the Raman
spectrum. The sample recovered at room pressure was also
amorphous.

The compression behavior of sample C is distinctly dif-
ferent. In this case, all the four major anatase Raman peaks
were traceable to about 15 GPa, and close to 16 GPa new
peaks corresponding to baddeleyite appeared in the Raman

spectrumfFig. 6sbdg. Upon further compression in the range
16–39.1 GPa, the intensity of the baddeleyite peaks progres-
sively dropped and the spectrum evolved into a featureless
one. The sample decompressed to room pressure transformed
to the a-PbO2 structure without any noticeable residual
amorphous component. Essentially similar compression be-
havior was shown by sample D also. For this sample, the
suggestion of a new phase was already apparent by 11.3 GPa
in the predominantly anatase Raman spectrumfFig. 6sbdg.
Distinct baddeleyite peaks appeared by about 15 GPa. Ana-
tase and baddeleyite peaks were present in the Raman spec-
tra recorded over a wide pressure range, with the peaks from
the latter growing steadily to 25 GPa. The baddeleyite peaks
became weaker with further compression, but we did not
observe complete amorphizationsalthough an increased
background is seen at high pressuresd up to 30 GPa. On
decompression to about 8 GPa, the peaks of baddeleyite be-
came progressively better defined, and by about 4 GPa the
Raman spectrum had both baddeleyite anda-PbO2 peaks

FIG. 6. Two types of pressure-
induced phase transition observed for
nanocrystalsA–D. sad Pressure-induced
amorphization at high-pressures for A
and B. sbd Direct anatase-to-
baddeleyite transition at higher onset
pressuresscompared to bulkd for C and
D.
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superimposed. The sample recovered at room pressure con-
tained onlya-PbO2. A comparison of the high-pressure Ra-
man results on sample D with corresponding XRD data40

suggests an overall similarity between the two sets of data,
however, with an important difference: the onset of phase
transition is detected at a lower pressure in the Raman spec-
tra, suggesting a higher sensitivity of the technique to iden-
tifying pressure-induced structural phase transformations.

In Fig. 7 the onset pressure of phase transition of anatase
nanocrystals obtained in this study as well as in other
studies18,19,39 is presented as a function of crystallite size.
Sample A from our study falls slightly off the phase transi-
tion pressure trend suggested by other data. This is most
probably due to the comparatively poor crystallinity of
sample A. In order to be consistent with the size-dependent
phase transition behavior, the datum from Ref. 39, repre-
sented by solid triangle, should belong to an anatase-
baddeleyite transition, not anatase-amorphous transformation
as reported. In fact, from the high-pressure XRD data pre-
sented in Fig. 2 of Ref. 39, there appears to be an enhance-
ment in the intensities of the baddeleyite peaks at the ex-
pense anatase peaks at 16.4 GPa and beyondscompare the
intensities of baddeleyite peaks in the XRD spectra obtained
at 8.7, 12.9, and 16.4 GPad. This suggests that the anatase
nanocrystals had indeed transformed to baddeleyite at 16.4
GPa, not to an amorphous phase as concluded by Wang and
co-workers.39 The anatase-baddeleyite transition point for the
,12 nm TiO1.92 anatase also falls slightly away from the
trend suggested by other samples, reflecting most likely the
compositional difference.

In our earlier paper40 we hypothesized on the possibility
of a “critical size” required for PIA of nanocrystalline ana-
tase. This possibility is actually borne out by the data shown
in Fig. 7. It is possible to recognize three crystallite size
regimes with regard to pressure-induced phase transitions of
anatase at room temperature in Fig. 7. In the first regime, the
application of pressure transforms anatase to an amorphous
phase at relatively high pressuressgreater than about 20
GPad. This regime approximately overlaps the crystallite size

range where phonon confinement effects are most pro-
nouncedsto about 12 nmd. The second intermediate regime
covers the size range where PIA is replaced by direct con-
version of anatase to baddeleyite upon compression to mod-
erate pressures. The lower end of this regime approximately
coincides with the saturation of the phonon confinement ef-
fect while the upper end marks the direct conversion of ana-
tase toa-PbO2. The third “bulklike” regime comprises the
size range of large nanocrystals41 through
microparticles19,32,34 to single crystals,33,34,43,61where direct
anatase–a-PbO2 transition is easily achieved in high-
pressure experiments around 5 GPa. The phase relations
shown in Fig. 7 are only qualitative, or at best semiquantita-
tive. We are presently investigating the limiting critical sizes
of these three size regimes to arrive at a more quantitative
metastability diagram for anatase.

V. CONCLUSIONS

By combining experimental Raman scattering data on
well characterized nanocrystalline anatase samples of aver-
age crystallite size 4, 8, 20, and 34 nm with literature data
and comparing these with theoretical phonon confinement
model predictions, we have shown that the changes in the
Raman spectral characteristicssRaman shift and linewidthd
can be described as the result of spatial confinement of
phonons in finite-sized nanocrystals. We have used in our
analysis stoichiometric anatase nanocrystals with a size
range extended to smaller crystallite sizes than investigated
in earlier analyses to establish that phonon confinement, not
nonstoichiometry or stress effects, as the most plausible rea-
son for size-induced changes in the Raman spectrum.

In situ high-pressure Raman scattering data obtained in
diamond anvil cells at room-temperature were used to exam-
ine the effects of hydrostatic pressure on the Raman spec-
trum of the nanocrystalline anatase. Similar to bulk anatase,
the major Raman modes in the nanocrystalline samples also
show linear pressure shifts. However, the Raman modes of
bulk and nanocrystalline samples show different slopes for

FIG. 7. Semiquantitative
phase diagram showing size-
dependent metastability of ana-
tase with pressure. The data
shown: hollow circlesssamples
A–D of this studyd, filled square
sRef. 18d, filled triangle sRef.
39d, and filled diamondsRef.
19d. The curve, fitted to available
data, represents approximate
metastability limit of anatase.
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the pressure shifts. The shallower slopes observed for the
nanocrystal Raman modes are in accordance with their size-
effected enhanced bulk modulus. The distinct pressure evo-
lution of the nanocrystals suggests on the one hand enhanced
pressure stability of the anatase structure at the nanoscale,
and on the other, a size-dependent phase transition behavior.
The anatase nanocrystals with smaller average crystallite
sizes underwent pressure-induced amorphization, as previ-
ously observed,18 whereas the coarser nanocrystals trans-
formed directly to baddeleyite under pressure. A consolida-
tion of the available data suggests that three crystallite size
regimes exist with regard to pressure-induced phase transi-
tions of anatase at room temperature: the first regime is char-
acterized by the pressure-induced amorphization of nano-
crystals typically less than about 12 nm; in the second
regimessize range,12–50 nmd anatase transforms directly
to the baddeleyite structure; and in the third regimescrystal
sizesù40–50 nmd anatase transforms directly to the thermo-

dynamically stablea-PbO2 structure. Thus, our work estab-
lishes size-dependent phase selectivity of pressure-induced
phase transitions in anatase and allows for a reconciliation of
the contradictory published data. We suggest that varying
surface energy contributions to the total energy of each phase
as a function of size, rather than differing phase transition
kinetics, is responsible for the enhanced pressure stability of
anatase and specific structure selectivity of postanatase tran-
sitions.

ACKNOWLEDGMENTS

We thank Professor Serge DesgrenierssUniversity of Ot-
tawad for giving us the original high-pressure Raman scatter-
ing data on single crystal anatase. The Australian Research
Council and Deutsche Forschungsgemeinschaft are thanked
for partial financial support.

1P. V. Kamat and N. M. Dimitrijevic, Sol. Energy44, 83 s1990d.
2A. L. Linsebigler, G. Q. Lu, and J. T. Yates, Chem. Rev.sWash-

ington, D.C.d 95, 735 s1995d.
3R. J. Gonzalez and R. Zallen, inAmorphous Insulators and Semi-

conductors, edited by M. F. Thorpe and M. I. MitkovasKluwer
Academic, Netherlands, 1997d, pp. 395–403.

4M. Grätzel, NaturesLondond 414, 338 s2001d.
5A. A. Gribb and J. F. Banfield, Am. Mineral.82, 717 s1997d.
6H. Zhang and J. F. Banfield, J. Mater. Chem.8, 2073s1998d.
7K. Jacobs and A. P. Alivisatos, Rev. Mineral. Geochem.44, 59

s2001d.
8F. H. Pollak, inAnalytical Raman Spectroscopy, edited by J. G.

Grasselli and B. J. BulkinsWiley, New York, 1991d.
9A. S. Pereira, C. A. Perottoni, and J. A. H. da Jornada, J. Raman

Spectrosc.34, 578 s2003d.
10H. Richter, Z. P. Wang, and L. Ley, Solid State Commun.39, 625

s1981d.
11R. J. Nemanich, S. A. Solin, and R. M. Martin, Phys. Rev. B23,

6348 s1981d.
12K. K. Tiong, P. M. Amirtharaj, F. H. Pollak, and D. E. Aspnes,

Appl. Phys. Lett.44, 122 s1984d.
13C. J. Doss and R. Zallen, Phys. Rev. B48, 15 626s1993d.
14W. S. O. Rodden, C. M. Sotomayor Torres, and C. N. Ironside,

Semicond. Sci. Technol.10, 807 s1995d.
15S. Kelly, F. H. Pollak, and M. Tomkiewicz, J. Phys. Chem. B

101, 2730s1997d.
16D. Bersani, P. P. Lottici, and X.-Z. Ding, Appl. Phys. Lett.72, 73

s1998d.
17W. F. Zhang, Y. L. He, M. S. Zhang, Z. Yin, and Q. Chen, J. Phys.

D 33, 912 s2000d.
18Z. Wang and S. K. Saxena, Solid State Commun.118, 75 s2001d
19G. R. Hearne, J. Zhao, A. M. Dawe, V. Pischedda, M. Maaza, M.

K. Niewoudt, P. Kibasomba, O. Nemraoui, J. D. Comins, and M.
J. Witcomb, Phys. Rev. B70, 134102s2004d.

20Y. Lei, L. D. Zhang, and J. C. Fan, Chem. Phys. Lett.338, 231
s2001d.

21E. Barborini, I. N. Kholmanov, P. Piseri, C. Ducati, C. E. Bottani,

and P. Milani, Appl. Phys. Lett.81, 3052s2002d.
22J. C. Parker and R. W. Siegel, J. Mater. Res.5, 1246s1990d.
23J. C. Parker and R. W. Siegel, Appl. Phys. Lett.57, 943 s1990d.
24M. H. Lee and B. C. Choi, J. Am. Chem. Soc.74, 2309s1991d.
25Y. S. Bobovich and M. Y. Tsenter, Opt. Spectrosc.53, 332

s1982d.
26W. Ma, Z. Lu, and M. Zhang, Appl. Phys. A: Mater. Sci. Process.

66, 621 s1998d.
27J. Muscat, V. Swamy, and N. M. Harrison, Phys. Rev. B65,

224112s2002d.
28N. A. Dubrovinskaia, L. S. Dubrovinsky, R. Ahuja, V. B. Proko-

penko, V. Dmitriev, H.-P. Weber, J. M. Osorio-Guillen, and B.
Johansson, Phys. Rev. Lett.87, 275501-1s2001d.

29L. S. Dubrovinsky, N. A. Dubrovinskaia, V. Swamy, J. Muscat,
N. M. Harrison, R. Ahuja, B. Holm, and B. Johansson, Nature
sLondond 410, 653 s2001d.

30N. A. Bendeliny, S. V. Popova, and L. F. Vereschagin,
Geokhimiya 1966, 499 s1966d.

31F. Dachille, P. Y. Simons, and R. Roy, Am. Mineral.53, 1929
s1968d.

32J. Haines and J. M. Léger, Physica B192, 233 s1993d.
33K. Lagarec and S. Desgreniers, Solid State Commun.94, 519

s1995d.
34T. Arlt, M. Bermejo, M. A. Blanco, L. Gerward, J. Z. Jiang, J.

Staun Olsen, and J. M. Recio, Phys. Rev. B61, 14 414s2000d.
35H. Sato, S. Endo, M. Sugiyama, T. Kikegawa, O. Shimomura, and

K. Kusaba, Science251, 786 s1991d.
36J. Tang and S. Endo, J. Am. Chem. Soc.76, 796 s1993d.
37J. S. Olsen, L. Gerward, and J. Z. Jiang, J. Phys. Chem. Solids

60, 229 s1999d.
38S. C. Liao, Y. J. Chen, W. E. Mayo, and B. H. Kear, Nanostruct.

Mater. 11, 553 s1999d.
39Z. Wang, S. K. Saxena, V. Pischedda, H. P. Liermann, and C. S.

Zha, J. Phys.: Condens. Matter13, 8317s2001d.
40V. Swamy, L. S. Dubrovinsky, N. A. Dubrovinskaia, A. S. Simi-

onovici, M. Drakopoulos, V. Dmitriev, and H. P. Weber, Solid
State Commun.125, 111 s2003d.

SWAMY et al. PHYSICAL REVIEW B 71, 184302s2005d

184302-10



41T. Sekiya, M. Okumura, S. Kurita, and N. Hamaya, High Press.
Res. 23, 333 s2003d.

42A. C. Withers, E. J. Essene, and Y. Zhang, Contrib. Mineral.
Petrol. 145, 199 s2003d.

43T. Sekiya, S. Ohta, S. Kamei, M. Hanakawa, and S. Kurita, J.
Phys. Chem. Solids62, 717 s2001d.

44D. M. Shchukin, J. H. Schattka, M. Antonietti, and R. A. Caruso,
J. Phys. Chem. B107, 952 s2003d.

45http://www.milleniumchem.com
46R. A. Caruso, M. Antonietti, M. Giersig, H.-P. Hentze, and J. Jia,

Chem. Mater.13, 1114s2001d.
47http://www.altairnano.com
48D. Machon, V. V. Sinitsyn, V. P. Dmitriev, I. K. Bdikin, L. S.

Dubrovinsky, I. V. Kuleshov, E. G. Ponyatovsky, and H. P. We-
ber, J. Phys.: Condens. Matter15, 7227s2003d.

49A. Savitsky and M. J. E. Golay, Anal. Chem.36, 1627s1964d.
50N. A. Dubrovinskaia and L. S. Dubrovinsky, Rev. Sci. Instrum.

74, 3433s2003d.
51H. K. Mao, J. Xu, and P. M. Bell, J. Geophys. Res.,fOceansg 91,

4673 s1986d.

52I. R. Beattie and T. R. Gilson, Proc. R. Soc. London, Ser. A307,
407 s1968d.

53T. Ohsaka, F. Izumi, and Y. Fujiki, J. Raman Spectrosc.7, 321
s1978d.

54M. Mikami, S. Nakamura, O. Kitao, and H. Arakawa, Phys. Rev.
B 66, 155213s2002d.

55H. Berger, H. Tang, and F. Lévy, J. Cryst. Growth130, 108
s1993d.

56T. Ohsaka, S. Yamaoka, and O. Shimomura, Solid State Commun.
30, 345 s1979d.

57V. Swamy and L. S. Dubrovinsky, J. Phys. Chem. Solids62, 673
s2001d.

58P. Gillet, R. J. Hemley, and P. F. McMillan, Rev. Mineral.37, 525
s1998d.

59X. M. Wu, Y. Y. Di, Z. C. Tan, and S. S. Qu, J. Inorg. Mater.
sChinesed, 16, 159 s2001d.

60G. Grimvall, Thermophysical Properties of MaterialssNorth-
Holland, New York, 1986d.

61L. G. Liu and T. P. Mernagh, Eur. J. Mineral.4, 45 s1992d.

FINITE-SIZE AND PRESSURE EFFECTS ON THE… PHYSICAL REVIEW B 71, 184302s2005d

184302-11


