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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 usingn 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 anatagebO, 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 effective tool for the characterization of crystal structure and
The characterization of finite-size effects on variousC'yStallité size. In this paper, we present a Raman spectro-
physical properties and stability of nanocrystalline FiO SCOPIC study of the effects of finite-size and high-pressure on

phases has been the subject of several recent investigatiof@nocrystalline anatase TJO .

The interest in nanocrystalline TiGs driven by the im- . _Raman spectroscopy is a particularly useful tool to inves-
mense potential this material, particularly the anatase forn{'gate the.eﬁ‘ects of finite s'lze.and .h'gh pressure, including
holds for a variety of technological applications. The impor_pressure-lr;du_ce_d amorphization, in semiconductors and
tant technological applications of nanoscale Jide in pho- insulators™® Finite-size effects on the phonon spectra of a

tocatalysis, photochemical solar cells, optoelectronic deYanety of materials have been well established by using Ra-

- . ; . ; . man scattering experiments on nanocrystals in combination
vices, chemical sensors, and dielectric material of ultrathin g exp Y

thin-film capacitors- Nanocrystalline TiQ has also played o1 theoretical phonon confinement mod®fS-4In these
P ) Y Q piay investigations, the Raman spectral characteristics such as Ra-

a proven role in fundamental studies of size-induced mOdIfI-man frequencies, line widths, and peak asymmetry have been

cations of physical properties and phase stability in nanosspq\yn, to correlate systematically with crystallite size in ma-
cale inorganic systen® A number of studies have used terials as diverse as Si, BN, GaAs, CdSe, and (@B). A
pressure-induced structural transitions in nanocrystallingymper of Raman scattering studies have also chosen nano-
chalcogenide semiconductors such as CdS and CdSe ggystalline TiG, in order to characterize the size effects on
model systems to understand the microscopic mechanismBe Raman spectra and their pressure evol®Snt® The

and kinetics of solid-state phase transitiénss models of changes in the Raman spectrum of nanocrystalline anatase,
phase transitions, especially size-dependent structural phag&e phase most commonly synthesized at ambient conditions,
transitions, the pressure- and temperature-driven transitiorisave been variously interpreted as originating from phonon
of nanocrystalline Ti@ have the potential to complement or confinement®1720.21 non-stoichiometry??® or internal

rival those of the well investigated covalent semiconductoistress/surface tension effects as observed for similar
systems such as CdSe, CdS, and Si because of the intringitaterials®?4-26Although the majority of the published stud-
ionicity of the TiO, phases and the possibility that finite-size ies have leaned towards phonon confinement as the main
effects can be examined over a wider crystallite size rangdactor responsible for the changes observed in the Raman
Evaluation of size-related changes to the vibrational spectrapectrum of nanocrystalline anatd8e.’2%-?'some research-
(Raman and infraredrepresents an attractive approach toers have interpreted their results as favoring one of the other
studies of nanocrystalline TiQfor it will not only improve  factors. For example, in a study of the size effects on the
understanding of nanoscale systems, but also assist in praRaman spectrum of nanocrystalline anatase, the distinct evo-
tical application of vibrational spectroscopy as a simple andution of Raman spectral characteristics of samples annealed
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in two different atmospheres, namely air and argon, was agphase. An anatase-PbO, transition, with no hint of amor-
cribed to the influence of Ti:O stoichiometry. The samephization, was observed by Sekiya and co-workers for a
study, however, obtained calculated frequency shifts for twasingle crystal and three powder anatase samples in a DAC
major Raman bands at 144 and 639 ¢iisee belowthatare  XRD and Raman scattering study at room temperature to
consistent with the shifts suggested by phonon confinemenihout 10 GP4L43 The three powder samples used in this
effects, but which the authors chose to interpret as reflectingatter study had very large size dispersiof-500 nm,
nonstoichiometry effectéEstablishing the influence of vari- 1-20,um, and 20-100 ninwith unknown mean crystallite
ous factors on the Raman spectra of nanoscalg piases is  jze. Towards the completion of this paper, we came across
essential for exploiting Raman spectroscopy as a sensitiV§,e most recent room temperature, high-pressure DAC Ra-
probe to chgracterize the structure and crystallite size oﬁan study® ofanon-stoichiometri(iTiOl 92 hanocrystalline
nanoscale Tig (~12 nm anatase, which was reported to transform directly

The effect of pressure on bulk Tias been investigated . T .
extensively using static and dynamic experimental techlo baddeleyite at 17-18 GPa, similar to the 34 nm anatase in

niques, and a number of pressure-induced structural phaQ&!r earlier work:® , _
transitions identified. The crystal structures and stability of It iS well known that covalent oxides such as $igoly-
these phases have been reviewed in our recent papéth ~ Morphs undergo pressure-induced amorphizati®i®) in
the recent discovery of two hard to ultrahard and highly in-the bulk while there have been no report of PIAin bulk JiO
compressible orthorhombic phases in diamond-anvil celln order to further investigate the effect of size in PIA of
(DAC) experiments at 28 GP@ef. 29 and 61 GP&%the anatase TiQwe compare the high-pressure behavior of bulk
pressure-induced phase transitions in bulk J#blow tem- ~ anatase with four nanocrystalline samples representing a
perature are well established to about 80 GPa. High-pressuf®read of average crystallite size. We first revisit the details
Raman scattering and x-ray diffractié¢XRD) studies have Of the Raman spectrum of nanocrystalline anatase at ambient
established the following structural phase transition sequencgonditions by examining experimental data obtained on our
for bulk anatase with increasing pressure: columbiigho- ~ samples together with data from literature and comparing
rhombic a-PbQ,, space groufPbcn at 2-12 GP&%34bad-  these with theoretical model predictions. Unlike previous
deleyite (monoclinic ZrG, space groupP2;/c) at 10-20 studies, we use well characterized samples prepared using
GPa(Refs. 32-3p orthorhombic Ol(space groufPbcg at  different synthesis methods so that compositional influences
28-38 GP&8 and cotunnite(orthorhombic PbGl or OIl,  on the Raman spectrum are kept to a minimum. Next, we
space grouf’nma above 55 GP&° examine the effect of pressure on the Raman modes across

In comparison, there have been relatively few studies othe size range by evaluating situ high-pressure Raman data
the high-pressure behavior of nanocrystalline Ji@ith  obtained in DACs to 30-41 GPa. The pressure stability of
contrasting reports on the high-pressure behavior of nanoghe anatase structure at room temperature will be examined
cale anatase and rutité1937-42 pyplished high-pressure as a function of average crystallite size. This will help rec-
studies of nanocrystalline anatase include a moderatencile the published contradictory results on the high-
pressure/temperature sintering sttftgnd room-temperature pressure behavior of anatase: pressure-induced amorphiza-
Raman scattering or powder XRD studies in diamond anvilion versus crystal-crystal structural phase transitions. The
cells to maximum pressures of 35 to 38 GP&39-41Ljgo  theoretical background of the three-dimensional phonon con-
and co-worker® investigated a 96:4 anatase-rutile mixture finement model used to describing nanoscale systems is
with an average crystallite diameter of 38 nm in a toroidalbriefly reviewed below.
type high-pressure apparatus. They reported that depending
on the pressure and temperature, the material transformed Il. THE PHONON CONEINEMENT MODEL
either to rutile or to srilankite(a-PbO, structure¢. The «
-Pb0O, structure formed at pressures greater than 4.75 GPa The phonon confinement modellso referred to as spatial
and temperature as low as 250 °C. At temperatures beloworrelation model or vector relaxation modglinks q vec-
about 150 °C, they did not observe the formation of rutile attor selection rule for the excitation of Raman active optical
the expense of anatase up to 8 GPa. phonons with long-range order and crystallite $i2&1213.15

In a Raman scattering study of 7-11 nm sized anatask a perfect “infinite” crystal, conservation of phonon mo-
nanocrystals to 37 GP4the anatase structure was found to mentum requires that in first-order Raman scattering only
be stable up to 24 GPa, and then turned to a pressur@ptic phonons near the Brillouin zoriBZ) center(q~0) are
guenchable amorphous phase on further compression in thievolved. In an amorphous material, on the other hand, ow-
range of 24—-37 GPa. In a subsequent DAC XRD study to 3%ng to the lack of long-range order, ttgevector selection
GPa of a rutile-anatase mixtut@f unknown phase ratjo rule breaks down and the Raman spectrum resembles the
with average crystallite size of 30 n#h,the authors sug- phonon density of states. Nanocrystals represent an interme-
gested that the rutile fraction transformed to the baddeleyiteliate behavior. For a nanocrystal of average diametehe
structure at 8.7 GPa while the anatase amorphized directly atrict “infinite” crystal selection rule is replaced by a relaxed
16.4 GPa. Our DAC XRD investigations on a 34 nm anataseersion, with the result that a range @ivectors(as large as
to 35 GPa revealed direct transformation of anatase to thAg~1/L) is accessible due to the uncertainty principté.
baddeleyite structure at 18 GPa without any amorphizdflon.  In this paper, we use thg vector relaxation mod&l
In addition, the 34 nm anatase showed an enhanced rooniQVRM) for the purpose of comparing experimental data
temperature bulk modulus in comparison with the bulkwith theoretically predicted phonon confinement behavior in
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anatase nanocrystals. According to this model, for finitetemperature, and finally annealed at a maximum temperature
sized crystals, the Raman intensity can be expressed usimj 450 °C. The anatase crystallites with unit cell parameters

the relation®10.15 of a=3.78643) A andc=9.505117) A gave an average size
& of 24.4 nm with the powder XRDScherrer method. Analy-
22 q sis of TEM images, however, showed a larger dispersion,
) f dip(L) Bzexp( aL /8)[w_ w(G) P +[Ty/2]? with a predominant size distribution in the 12—34 nm range

and a very small fractiof<1%) of the crystallites lying
. outside this range. We estimate the predominant size fraction

wherep(L) is the particle size distributiory is expressed in {0 Pe in the range of 20+8 nm. , ,
units of w/a, (a_ is the unit cell parameter w(§) is the Sample D was obtarllneq from a c‘9rr|1mer0|al ;ppkl:er. It
phonon dispersion, anly is the intrinsic linewidth of the was prepared using what Is termed_ Altair processThe
bulk crystal. A spherically symmetric phonon dispersionsample consists of eqU|aX|aI_crystaII|tes with an average di-
curve [Eq. (1)] is assumed and approximated by a Simpleameter of 34 nm(as determined by the supplle_r with the
linear chain model?'%For a given phonon mode, the slope Scherrer, BET, and TEM method#ithough majority of the
of dispersion away from the BZ center determines the natur&rysml,hte,s fajl near 34 nm, we estimated a narrow crystallite
of the modification in the Raman line shape as a function 015'25 distribution in the fragr;%eg)of 3Ob_40 dnm frvcz/r_“_ TEM d?_}a”
crystallite size: a negative slope, towards lower frequency‘:"n g\n average size o +> Nim based on Vviliamson-Ha
would produce a downshiftedredshifted Raman peak, plot*® of powder XRD data. The measured unit cell param-
while a positive slope would result in an upshiftédaue- eters area=3.78785) A and c=9.512824) A.
shifted Raman peak, in addition to an asymmetric peak B. Raman spectroscopy
broadening, as the crystallite size reduces. The most intense The Raman scattering measurements were carried out on
E, Raman mode at 144 cthfor bulk anatase is commonly . Ting .

1 Dilor XY system with the 514.5 nm Arion laser as the

chosen for analysis. The phonon dispersion relations of angt Plor AY ) .
tase are not known experimentally owing to the lack of mea&Xcitation light. The scattered light was collected in the back-

sured inelastic neutron scattering data. In order to overcom%catterll[]ﬁJ g_eo_rcrj]etryl using a liquid n'gggsg C?/c\’/k?d ChCD de-
this, the experimentally known phonon dispersion relation ofiector. The Inct gnt :;ll_sler ]Power W&}S - id m h o[r)t € mea-
the 142 cmlBlg mode of rutile, which is the nearest in fre- surements in air, while for samples inside the DAsze

quency to that of the 144 cthmode of anatase, has been beloy\Q th.e power varied in the range 100_.200 mW No
used successfully as a proxy in the modeling effd#s. modifications in the Raman peaks were noticed within the
laser power range used in our experiments. The spectrometer

was calibrated using thé&',5; phonon of diamond SiFd

IIl. EXPERIMENTAL DETAILS -3m). The peaks were analyzed using the PeakFit™ program
_ by Jandel Scientific. The Savitsky-Golay data-smoothing
A. Nanocrystalline samples algorithnt® was used in the peak analysis. Combinations of

Four nanocrystalline anatase samples, designated A, B, ¢torentzian and Guassian functions were used to describe the
and D, were used in this study. They are high-puritypeak profile. We estimate a resolution of 1¢rfor the Ra-
(>99% TiO,), single phase white powders synthesized usMan peak position and 0.5 cinfor the peak width[full
ing different methods. Sample A was prepared using the “sovidth at half maximum(FWHM)] at ambient conditions.
method** starting with TiC},. Poor dispersion of the crystal-
lites prevented determination of the size distribution using )
transmission electron microscofyEM). With powder XRD _High-pressure, room temperature Raman spectra were ob-
the as-prepared material was characterized as anatase wigined using the DAC technique. We used type la diamonds
slightly poor crystallinity (in relation to normally heat- in four- and three-pin type DAC®.The sample was placed
treated anatageand using the Scherrer equation we esti-Without any pressure-transmitting medium in a 140 pre-
mated an average crystallite size of 4+1 nm. The unit celindented hole of a stainless steel gasket and a(tin§ um

parameters obtained age=3.8062) A and c=9.48126) A. in diametey ruby sphere chip positioned near the center of
Sample B was obtained from a commercial supplier—the hole. The sample pressures were determined from the

sample G-5 of Millenium Chemicaf§. It was prepared Pressure depe_ndent shift of the ruby_ quoresceﬁapdin_e.51
through sulphation of ilmenitéFeTiO;) and subsequent fil- The pressure-induced frequency shifts were monitored to

tration, neutralization, washing, and spray-drying. The uni@Pout 40 GPa and then the DAC was grgdug!llg/ decom-
cell parameters obtained from powder XRD am pressed to ambient pressure. Previous sti#ifés®*have

=3.79537) A and c=9.509865) A. An average crystallite established that the absence of a pressure-transmitting me-

size obtained from XRD data using the Scherrer equation i ';Jm dt?e.s nt?]t affect the high-preﬁrl;l.re btegavior SEL
8+2 nm(poor dispersion did not allow a TEM size determi- nificantly In the pressure range ot this study.

C. High-pressure Raman spectra

nation for this sample also IV. RESULTS AND DISCUSSION
Sample C was prepared using a template mefhatiere _ -
agarose gel was used as the templating material. The gel was A. Raman spectra at ambient conditions
soaked in titanium isopropoxid&’0 wt. % stock solution The anatase crystal structure is tetragofsplace group

which was then hydrolyzed and condensed, dried at roond,/amd with two TiO, units in the primitive cell, giving
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a(1)

FIG. 1. Ambient pressure Raman spectrum of
anatase with average crystallite size of 41 nm
Aig:Biga) Eq) (A), 82 nm(B), 208 nm(C), and 34+5 nm

A (D). The spectrum marked “E” is from a bulk
(micrometer-sized anatase. The symmetry
B assignment®>3 are also marked for the Raman

Eg) c ] modes.

Big(1)

Intensity (arb.units)
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six Raman-active fundamentals in the vibrational spectrumsize is clearly seen for these modes also. Hyg, mode
three E; modes centered around 144, 197, and 639'cm shows significant broadening and a redshift with decreasing
(designated hergy ), Eq), andEgys), respectively, twoB,q  crystallite size.

modes at 399 and 519 ¢i(designatedB; ;) and Byys), A correlation between Raman frequency and peak width
and anA,, mode at 513 ct-5253The symmetry assignment has been established as a characteristic feature of the Raman
of the 513 and 519 ci modes has been difficult because of speitra of nanocryst?llme ,rgatmﬂil-l‘l]!” Fr:g.Ez data don

the overlap the two modes in experimental Raman spectru€aK Position versus line widiti ) for the Ey(;) mode
(these modes were resolved only in low temperature medRbtained on our samples_ as_well as from literature are pre-
surementsand reversed frequency order obtained in some of€nted: A Imeakr cp(jrrﬁlztlon ';5 clearlyb seen for thde Iﬁam?]n
the lattice dynamic and first-principles calculatifi$n Fig. requent?:y—pea WII t f ata. Rt fmlf’lt ethmt?]ntltl)ne 'E[ at tke
1 we present the room temperature Raman spectra of the fof© outYing samples from Ref. 21 with the largest pea
nanocrystalline samples along with that of a commercia idths contained a significant fraction of rutile, and this

bulk (mi ter-sized anat A ticivated. i d ight have influenced the measured Raman shift and
ik {micrometer-sizeti anatase. As anticipated, INCreased gy, Similarly, the datum on the-12 nm anatase from

broadening and systematilc frequency shifts of'the Ra.maﬁef. 19 (asterisk in Fig. 2 represents a nonstoichiometric
peaks are seen when going from the bulk to finer-grainedomposition (Tio, o) and, therefore, will be disregarded
samples. The most inten&g;) mode shows the maximum ¢, rther comparisons below.

plueshift and significant brpadenipg among the ngnocrystal— In Fig. 3 theEy,, peak positionga) and peak widthgb)

line samples, both effects increasing with decreasing crystahf our samples are plotted against crystallite size along with
lite size. A small blueshift is seen for ttig,;) mode, while  gther data from the literature. Also shown is the QVRM
the By41) mode and théB,y, +A;q modes show very small curvel® The agreement between the experimental data and
blueshifts and red shift&he latter peak represents a com-the model is good given that the model involves some as-
bined effect of two individual modésrespectively. Whereas sumptions and that the phonon dispersion used to calibrate
the frequency shifts for thé,, and B,y modes are not pro- the model is that of rutile, not anatase. If the data from Ref.
nounced, increased broadening with decreasing crystallitd8 are disregarded, a much better agreement is obtained be-

160
158 |
156

154 | FIG. 2. Raman peak position—linewidth
(FWHM) correlation for theEy;) mode. A(large
hollow triangle, B (large hollow diamong C
(large hollow circle, D (large hollow square
and E(large filled squareare the samples shown
in Fig. 1. The literature data: filled diamonds
(Ref. 15, small hollow square¢Ref. 17, filled
triangles (Ref. 20, filled circles (Ref. 21), and
asterisk(Ref. 19.

152 -
150
148 |
146

Peak position (cm'1)

144

142

140

6 8 10 12 14 16 18 20 22 24 26 28 30
Peak width (cm™)
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162 size, in Fig. 3c), we present the FWHMSs 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 tti§,;) 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?23(We will describe the effect of hydrostatic
pressure belowNonstoichiometry can be a significant factor
contributing to the changes in the Raman spectrum of ana-
tase nanocrystafg:2® Oxygen-deficiency is the most com-
mon form of nonstoichiometry in Ti§) 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-colored??355 whereas our samples are opaque white
(fully oxidized). In this study, we deliberately chose samples
prepared by a variety of methods so that systematic compo-
sition dependence can be avoidathlike in other studies
o 1 2 % “ 50 where samples prepared by a specific method were coarsened

Crystallite size (nm) subsequently by thermal annealing to obtain the required size
range with the possibility of propagating any compositional
influence across the size rang&he preparation methods of
our samplegsee Experimental Detajlslo not involve un-
controlled oxidation of Ti that could result in nonuniform
conversion to TiQ.2223 The possibility of residual reactant
species left in the samples is also not high, especially for the
thermally annealed sampléB—D), 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-

A ing to high enough temperatures to remove all the residual
bulk sol (suggested by the poor crystallinitgnd other species.
. " » " " w0 o However, as we show below, the data obtained on this
Crystallite size (nm) sample also conform to the general trends shown by other
samples.

FIG. 3. The Raman frequends) and linewidth(FWHM) (b) of We _sho_uld mention here i_n passing that the calibration qf
the Eq;) mode versus crystallite size. The sources of the datalOnstoichiometry effect against Raman spectral characteris-
samples A-E from this studgsee Fig. 2 small hollow squares tics Of the nanocrystalline anatase carried out in the earlier
(Ref. 17; filled diamonds(Ref. 19; filled triangles (Ref. 20, work??3 was complicated by a number of factors: spatial
crosses and pluses represent air-annealed nanocrystalline anat§3@omogeneity in the samples and consequent visual separa-
synthesized with different relative water concentration during sol-tion of “colored” regions; the presence of rutile in addition to
gel hydrolysis(Ref. 3, and small hollow circle{Ref. 16. The  anatase; pressure compaction of the as-prepared clusters; and
curve is according to the QVRM modéRef. 15. (c) Raman peak possible grain growth and variable growth and phase transi-
width (FWHM) versus crystallite size for theB;yq) (hollow  tion kinetics during postcondensation heat treatments in air
squares Ajqt+Bigyp) (hollow triangles, and Eys) (hollow dia-  and argon atmospheres. It should also be mentioned that on
monds modes obtained for samplés-E. Thecurve is shown only  the basis of data obtained on thin film samples prepared by
as a guide to the eye, but has remarkable similarity to the QVRMmore homogeneous oxidation of Ti from gas phase conden-
curve shown in(@) and (b). sation(produced by a pulsed microplasma cluster soyiite

has been concluded that only phonon confinement effects
tween the experiment and QVRM for FWHM versus crystal-related to cluster dimensions are responsible for observed
lite size. The Raman peak positions are known to show scaRaman spectral modifications of nanocrystalline anatase.
ter among different experiments. Because of the betteFhe samples in this latter study did not suffer from any ther-
reliability of the peak width as an indicator of the crystallite mal annealing or postdeposition treatment.

g
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FIG. 4. Pressure dependence of the anatase Raman ni@dgg:) mode,(b) By1) mode,(c) Ajg+ B4, modes, andd) Ey3 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 anatag®ef. 18; filled squares—single cryst@Ref. 33; and small filled diamonds—single crysi@ef. 43.

B. The pressure dependence of Raman modes behavior*®56 This mode is too weak under pressure for the

In Fig. 4 we have compiled the pressure dependence dianocrystalline samples of this study to determine its.pres-
the major anatase Raman modes obtained in this study alorfyré dependence. Although measurements were carried out
with data from the literature on a 7-11 nm anatised bulk 0 30-41 GPa for individual nanocrystalline samples, the
anatasé343 The “powder” data from Ref. 41 are not useful pPressure data presented in Fig. 4 show only the Raman peaks
for our purpose of obtaining size-dependent trends becaugbat could be resolved with least errors in the data analysis. It
the data presumably represent the average of three sampligsclear that the pressure dependence of the Raman modes
that have very large crystallite size dispersions. Hyg,  obtained in this study are all well represented by linear in-
mode is important from the point of pressure-induced phasereases in Raman shift with pressure. However, zooming in
transition on account of the suggested mode softeningt the low pressure endFig. 5, a small dip(minimum) in

165 B
Eqm

163

161
— 159 c
Ois7
fr =t
s FIG. 5. Pressure dependence of thgy)
S1s3 mode(samples B and Cshowing a minimum at
£ X low pressures.
(U 151 ¢
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145 T
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the pressure versus Raman frequency dat&dgy is appar- TABLE I. Raman frequencies and ambient-pressure isothermal
ent near 1 GPa for the nanocrystalline samples. A similamode-Griineisen parametdrgr) for bulk and nanocrystalline ana-
minimum, albeit at a slightly higher pressure, for thg;) tase TiQ. The yr’s were calculated assuming linear pressure de-
pressure-linewidth data was observed for th&2 nm ana- Pendence of Raman modes.

tase, and was explained as due to external applied pressure

compensating for the internal pressuet the minimum in Mode Bulk Bulk Sample
the nanocrystal? (cm™)  Symmetry (Ref.33  (Ref. 43 D
The strongest fanatase mo&.%u), shown in Fig. 4a) can 144 E, 374 397 493
be traced unambiguously to high pressuf@sove 20 GPa, 399 B 1.5 141 158
depending on the crystallite sizeén the nanocrystalline 19 : ' :
samples, despite the effects of peak broadening, intensity de- 518 A1g+Bag 0.69 1.05 1.08
crease, and phase transitiosee below It is clear that the 639 = 1.10 1.10 1.08

use of TP*:sapphire laser to suppress the fluorescence effect
of diamonds in the DAC has compromised the quality of the

Raman spectra obtained by Wang and Sa¥eatthe low the enhanced bulk modulus valui¥$%5” The isothermal
wave numbers where the plasma effect from laser is verynode-Griineisen parametey;, is an important thermody-
significant. Wang and Saxetfasuggested that the observed namic parameter, defined®8s
blue shift of the F ;) mode is likely caused by laser heating

and plasma effect. Heating effects should normally move the yir = K_T<%> (2)
mode to lower, not higher, wavenumbers. Interestingly, this T vi \dP/{’

mode was shown to exhibit unusual hardening behavio
(shift to high wave numbeyswith enhanced temperatute.

In spite of this observation, the heating effect of the ldaér
low powers is not expected to alter the peak position to the

degree phonon confinement does. The positive shift of the 1o i othermal bulk modulus déé#0"Notwithstand-

Raman modes at high pressures place mode away . L
gnp P g y ing the scatter of the pressure dependence data, it is clear that

from the region where the plasma effects are dominant, ang size dependence is seen for #ie values. This is espe-

at such pressures the Wang-Saxémtata give a slope anq cially clear for the most intens&, modes at 144 and

blueshift that are consistent with other data. It is interestin 1
. . . m- (th for bulk anatadgy;) m from Ref.
to note that with the exception of the two low-pressure pomtgst539 ¢ (the data for bulk anatas,q) mode from Ref. 33

at 0.1 and 1.04 GPa the pressure dependence oEfhe admltte_dly hag a slight curvatyreThe s_lze-depen(jenyn

de in bulk ¢ f Ref 33 Iso be d ibed values imply size-dependent anharmonic contributions to the
MOdE In bulk anatase from Ref. can aiso be describe b%ermodynamic properties of anatase. Available calorimetric
a linear relationship with a slope very similar to that given by ata on isobaric heat capacity of 16 nm, 26 nm, and bulk
our nanocrystals. The single crystal data of Sekiya anfgnatase clearly show size-dependent variation of this thermo-

K 3 qi i -
co-workers® give a slightly steeper slope. Overgll, the pres dynamic functior?® The isobaridC,,) and isochoric heat ca-
sure dependence of theg,§ mode across the size range is ~ ..
pacities(C,) are related &8

similar and the size-dependent blueshift is maintained, be-
ginning with the ambient pressure spectrum. C,-C, =VTB%Ks, (3)

The oth d h in Fi d) also displ
e other modes shown in Figs(b-4(d) also display whereV is volume andB the coefficient of volume thermal

linear pressure dependence. Within the scatter of the indi : . ! ; .
vidual data set, these modes also do not show significarff*Pansion. Thus the quantity on the right-hand side, which

change in the slope across the nanocrystalline samples. %ssentlally represents the anharmonic contribution, must be

small divergence is seen for tBe,;, mode[Fig. 4(b)] of the size dependent. Size-dependent compression behavior, re-

nanocrvstalline samoles that sudgests a size-de endeﬂ cted in the pressure shifts of Raman modes discussed
Y P 99 P aoove and observed in our earlier DAC XRD stfftigcon-

change in the pressure dependence. The pressure shifts of ttrgry to the opposite suggestidid, is definitely a contrib-
Raman frequencies obtained for our nanocrystalline sample

are consistent with the size-dependent blueshifts or redshift@[Ing fgctor for the size-dependent anharmon!uty, as Is pos-
X o Sible size-dependent phonon-phonon interactions at elevated
seen for the spectrum at ambient conditions. The pressuie 9
. mperature$?’
dependence of the Raman modes reported for single crystals
in two separate studig*® 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 pre&sare In order to examine the effect of crystallite size on the

pared to that of théy;) peak and the peak position mea- structural stability of anatase, we have followed the pressure
surements will, therefore, have more associated imprecisiofvolution of the Raman spectra, specifically that of the stron-
The different slopes observed for the pressure dependen&gst Eyq) band, of all the four nanocrystalline anatase to
of nanocrystalline and single crystal anatase Raman modgsessures of 30—41 GPa. Depending on the average crystal-
reflect different size-related compression behavior. The shalite size, two distinct pressure evolution trends were ob-
lower slopes of the nanocrystal modes are in conformity withserved for the nanocrystalline samplgsg. 6). The Egy,

\r/vhere v; is the vibrational frequencyK; isothermal bulk
modulus,P pressure, and temperature. We present in Table
| the calculated ambient pressung; values for the two
Qulk33v43 and a nanocrystalline anata@mple D using the

C. Size-dependent metastability and phase
transition of anatase
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peak of sample A became progressively broader and weakspectrum Fig. 6(b)]. Upon further compression in the range
with pressure, and by about 21 GPa only a broad featur#6—39.1 GPa, the intensity of the baddeleyite peaks progres-
remained with a large background characteristic of disorsively dropped and the spectrum evolved into a featureless
dered(amorphousmaterial[Fig. 6(a)]. Further compression one. The sample decompressed to room pressure transformed
to 41 GPa did not produce any major change in the spectrag the a-PbQ, structure without any noticeable residual
only progressive weakening and broadening of the peaks. Aamorphous component. Essentially similar compression be-
amorphous phase was recovered upon decompression to ahavior was shown by sample D also. For this sample, the
bient pressure. Owing to the better crystallinity of sample B.suggestion of a new phase was already apparent by 11.3 GPa
its Eg1) peak could be followed to about 26 GPa, despitein the predominantly anatase Raman spectfiig. 6(b)].
progressive broadening and intensity reduction. At about 2®istinct baddeleyite peaks appeared by about 15 GPa. Ana-
GPa the Raman spectrum became that of an amorphotgse and baddeleyite peaks were present in the Raman spec-
phase[Fig. 6(@]. We further compressed the sample to 32tra recorded over a wide pressure range, with the peaks from
GPa without noticing any significant change in the Ramarthe latter growing steadily to 25 GPa. The baddeleyite peaks
spectrum. The sample recovered at room pressure was albecame weaker with further compression, but we did not
amorphous. observe complete amorphizatiofalthough an increased
The compression behavior of sample C is distinctly dif-background is seen at high pressiirep to 30 GPa. On
ferent. In this case, all the four major anatase Raman peak$compression to about 8 GPa, the peaks of baddeleyite be-
were traceable to about 15 GPa, and close to 16 GPa negame progressively better defined, and by about 4 GPa the
peaks corresponding to baddeleyite appeared in the Ramdaman spectrum had both baddeleyite antbO, peaks

184302-8
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FIG. 7. Semiquantitative
phase diagram showing size-
dependent metastability of ana-
Baddeleyite ! tase with pressure. The data
(monoclinic) shown: hollow circles(samples
? A-D of this study, filled square
(Ref. 18, filled triangle (Ref.

E£P0s 39), and filled diamond (Ref.
(orthorhombic) . A

19). The curve, fitted to available
data, represents approximate
metastability limit of anatase.
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superimposed. The sample recovered at room pressure carange where phonon confinement effects are most pro-
tained onlya-Pb0,. A comparison of the high-pressure Ra- nounced(to about 12 nm The second intermediate regime
man results on sample D with corresponding XRD tfata covers the size range where PIA is replaced by direct con-
suggests an overall similarity between the two sets of datajersion of anatase to baddeleyite upon compression to mod-
however, with an important difference: the onset of phaseerate pressures. The lower end of this regime approximately
transition is detected at a lower pressure in the Raman speceincides with the saturation of the phonon confinement ef-
tra, suggesting a higher sensitivity of the technique to idenfect while the upper end marks the direct conversion of ana-
tifying pressure-induced structural phase transformations. tase toa-PbO,. The third “bulklike” regime comprises the

In Fig. 7 the onset pressure of phase transition of anatassze range of large nanocrystdls  through
nanocrystals obtained in this study as well as in othemicroparticle$®323*to single crystal$®34436lwhere direct
studied®193%is presented as a function of crystallite size.anatasea-PbO, transition is easily achieved in high-
Sample A from our study falls slightly off the phase transi- pressure experiments around 5 GPa. The phase relations
tion pressure trend suggested by other data. This is moshown in Fig. 7 are only qualitative, or at best semiquantita-
probably due to the comparatively poor crystallinity of tive. We are presently investigating the limiting critical sizes
sample A. In order to be consistent with the size-dependeruaf these three size regimes to arrive at a more quantitative
phase transition behavior, the datum from Ref. 39, repremetastability diagram for anatase.
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- By combining experimental Raman scattering data on
ment in the intensities of the baddeleyite peaks at the exwell characterized nanocrystalline anatase samples of aver-
pense anatase peaks at 16.4 GPa and begmdpare the age crystallite size 4, 8, 20, and 34 nm with literature data
intensities of baddeleyite peaks in the XRD spectra obtainednd comparing these with theoretical phonon confinement
at 8.7, 12.9, and 16.4 GParhis suggests that the anatasemodel predictions, we have shown that the changes in the
nanocrystals had indeed transformed to baddeleyite at 16l aman spectral characteristi®@aman shift and linewidjh
GPa, not to an amorphous phase as concluded by Wang anein be described as the result of spatial confinement of
co-workers®® The anatase-baddeleyite transition point for thephonons in finite-sized nanocrystals. We have used in our
~12 nm TiQ, 4, anatase also falls slightly away from the analysis stoichiometric anatase nanocrystals with a size
trend suggested by other samples, reflecting most likely theange extended to smaller crystallite sizes than investigated
compositional difference. in earlier analyses to establish that phonon confinement, not

In our earlier papéf we hypothesized on the possibility nonstoichiometry or stress effects, as the most plausible rea-
of a “critical size” required for PIA of nanocrystalline ana- son for size-induced changes in the Raman spectrum.
tase. This possibility is actually borne out by the data shown In situ high-pressure Raman scattering data obtained in
in Fig. 7. It is possible to recognize three crystallite sizediamond anvil cells at room-temperature were used to exam-
regimes with regard to pressure-induced phase transitions @ife the effects of hydrostatic pressure on the Raman spec-
anatase at room temperature in Fig. 7. In the first regime, tht'um of the nanocrystalline anatase. Similar to bulk anatase,
application of pressure transforms anatase to an amorphotize major Raman modes in the nanocrystalline samples also
phase at relatively high pressurégreater than about 20 show linear pressure shifts. However, the Raman modes of
GPa. This regime approximately overlaps the crystallite sizebulk and nanocrystalline samples show different slopes for

V. CONCLUSIONS
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the pressure shifts. The shallower slopes observed for théynamically stablex-PbG, structure. Thus, our work estab-
nanocrystal Raman modes are in accordance with their sizéishes size-dependent phase selectivity of pressure-induced
effected enhanced bulk modulus. The distinct pressure evghase transitions in anatase and allows for a reconciliation of
lution of the nanocrystals suggests on the one hand enhancegk contradictory published data. We suggest that varying
pressure stability of the anatase structure at the nanoscalgyrface energy contributions to the total energy of each phase
and on the other, a size-dependent phase transition behavigis a function of size, rather than differing phase transition
The anatase nanocrystals with smaller average crystallitginetics, is responsible for the enhanced pressure stability of

Sizes underwen{;c pressure-induced amorphization, as preVipatase and specific structure selectivity of postanatase tran-
ously observed® whereas the coarser nanocrystals trans

formed directly to baddeleyite under pressure. A consolida:sltlons'
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- We thank Professor Serge Desgrenigssiversity of Ot-
crystals typically less than about 12 nm; in the secondawa for giving us the original high-pressure Raman scatter-
regime (size range~12-50 nm anatase transforms directly ing data on single crystal anatase. The Australian Research
to the baddeleyite structure; and in the third regifoystal  Council and Deutsche Forschungsgemeinschaft are thanked
sizes=40-50 nm anatase transforms directly to the thermo-for partial financial support.
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