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Lattice dynamics and dielectric properties of TiO, anatase: A first-principles study
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Lattice vibrations and dielectric properties of the anatase phase of titanium dioxide are investigated from a
theoretical perspective. A first-principles pseudopotential band calculation based on density-functional pertur-
bation theory is performed to evaluate normal vibrations, dielectric tensors, and Born effective charges. The
present theoretical predictions agree with experimental values overall. Born effective charge tensor elements
appear anomalously large, as in the rutile phase, with a larger anisotropy of oxygen. Dielectric permittivity
tensors are also discussed in comparison with those of rutile.
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[. INTRODUCTION troscopies, wherein the blueshift of the lowest-wave-number
mode has been discussed in view of phonon confinefiiéfit,
Titanium dioxide (TiQ) has many polymorphs. Among oxygen deficiency?>*’~?°or internal pressuré- The correla-
them, rutile P4,/mnm D}lﬁ), anatase 14, /amd, Diﬁ, t?on b_etween Rama_m spectroscopy linewidth and nanopar-
Fig. 1), and brookite Pbca, D%ﬁ) are of naturally grown ticle size was also discussed in relation to defect deASIf.

phases. They are wide-bandgap semiconductors, transpar eriments have been conducted to characterize molecular-
in the visible, with high refractive indecies. The potential adsorbed anatase sur_fa@és. L

applications of TiQ are in a considerably wide range: con- The full understanding of the normal vibrations of anatase
ventional catalyst support, photocatalytic substrat.e ana/u”( is thus of great importance as a standard to be compared

hotochemical/photoelectrochemical terial. A th ith those of polycrystalline or the nanophase of anatase.
photochemical/photoeiectrochemical material. Among owever, such spectroscopic data for the anatase bulk have

polymprphs, the rutile phasg has been the mMost extensiVeloan |imited so far because of poor availability of single
investigated from both experimental and theoretical perspesrystaliine for the spectroscopic characterization. To the best
tives, because of the availability of good single crystals forknowledge of the present authors, most reports on Raman
characterization as well as the simplicity of the atomic strucspectroscopy of the anatase phase such as Ref. 24 have relied
ture. on two reports, by Ohsakatal?® and by Beattie and

Recently, however, experimental investigations have foGilson?® Both papers reported similar experimental results,
cused on the anatase phase, due to its promising efficieneythough two modes were assigned differently as will be seen
for photochemical/photoelectrochemical dsé.Numerous later. Regarding the IR spectroscopy of the anatase phase,
applications have been reported for electrochemical solasnly Gonzalezt al?’ reported the spectroscopic data on the
cells, rocking-chair lithium batteries, photocatalysis, optical
coating, and so forth. In addition, nanosized anatase phas-
has attracted significant interest because it is generally ex
pected to have unusual physical/chemical properties as op
posed to its bulk properties.

Raman and infraredR) spectroscopies as useful probes
of microscopic structures thus come to be of significant im- C
portance for characterization of the the nanocrystalline as
well as the bulk. Specifically, the spectroscopy revealed crys-
tallographic structure information about Tiptical coat-
ings much faster and with thinner specimens than conven
tional x-ray diffraction analysi Raman monitoring of phase
transformations has also been reported; gel-to-anatase pha C
transformatior!, anatase-to-columbite (TiQlI, orthorhom-
bic a-Pb0, structure phase transformation under high C
pressuré % and evolution of the anatase phase into rutile Ai,
phase upon annealitd.The inhibiting effect of impurities
such as SiQon the anatase-to-rutile transformation reaction  FIG. 1. Crystal structure of anatase phase. Left: conventional
was also investigated with Raman spectroséépy. unit cell, Right: primitive unit cell. Small and big circles denote
Nanophase anatase has been investigated with Raman spétnium and oxygen atoms, respectively.
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crystalline of anatase bulk. Their experimental values ap- TABLE I. Born effective charge tensors of anatase phasgs
peared quite different from those of polycrystalline anatise. work) and the principal values of the Born effective charges of
Their report also showed that the experimental IR waveutile phase(Ref. 31). For anatase phase, the directienl, 2, and
numbers are quite different from empirical theoretical pre-3 are alonga, b, andc in the conventional cell, respectively. Note
dictions calculated by the rigid-ion mod&lor GE-matrix2® that one takes a co_ordinate system for rutile phase, wherein axes are
method based on the Raman experimental result of Ref. 2&long the[110], [110], and[001] directions (=1, 2, and 3, re-

The first-principles study of the normal vibrations in the spectively, the Born effective charge tensors are diagonalized
anatase phase is thus expected to give a firm baseline for th@rincipal values
properties in nanosized or compressed phases. Incidentalfy,

the dielectric properties derived from the lattice dynamics Anatase Rutile

such as static dielectric permittivity are also interesting in | Z¥ (T Zt(0) Q) 5(©)
comggtgilson Wi_th thosg of the rutile phase calculated by Lee 4 16.678 1161 17335 4978
et al™ Density functlongl perturba_tlon theo(!])FTR) en- > 1 6.678 5517 45343 1360
ables us to obtain the lattice dynamics and dielectric proper- 5 45713 2856 7541 3771
ties simultaneously by calculating the second-order re- 3 _oga

sponses to atomic displacements and homogeneous electric

fields3? The capability of DFPT has been established foragef 27,

many case$>*3The present work is also a natural extension

of our previous first-principles work for the anatase phse. action between ionic effective charges. Technical details in
The rest of this paper is organized as follows. In Sec. Il, thehe general case of polar materials with anisotropic effective

computational method is described. In Sec. Ill, calculatectharges have been described by Gonze and'i ee.
results are discussed in comparison with experimental results

and physical properties of rutile. Finally, Sec. IV concludes ll. RESULTS AND DISCUSSION

the paper.

A. Born effective charge tensors

The Born effective charge tensors are summarized in
Table I, wherein they are diagonalized in anatase with only
The present results have been obtained using tagher  two (three independent components for the Ti ato(@sat-
code® that is based orab initio pseudopotentials and a ©ms. One component of the effective charge of oxygen es-
plane-wave basis set. It relies on the adaptation to a fixelimated from the IR stud{*is in good agreement with the
potential of the band-by-band conjugate gradient method Present theoretical value. The result appears qualitatively
and on a potential-based conjugate-gradient algorithm for th&imilar with the case in TiQrutile 3*' The effective charges
determination of the self-consistent potential. of Ti in anatase is larger than the nominal ionic charge of the
The calculation conditions in this work follows the Ref. Ti ion (Z=+4). This trend is also observed in the case of
34 from which the crystal structure is takim=3.747 Aand  TiO, rutile®*** and perovskite Ti compound§,where the
c=9.334 A in Fig. 1(left)]. anomalous effective charges are explained in view of a
The local density approximatiofLDA) (Ref. 38 is mixed covalent-ionic bondingf. When the positive ator(iTi)
adopted for exchange-correlation energy. The Teter-type exs displaced towards the negative atéd), the change in the
tended norm-conserving pseudopotentiadse employed for bond hybridization causes the transfer of electrons from the
titanium and oxygen atoni$. For the titanium (oxygen negative to the positive atoms. The polarization due to the
pseudopotential, § 3p, 4s, and 3 (2s and ) electrons atomic displacement is thus dynamically augmented through
are taken as the valence statt& The plane-wave basis set the hybridized bonds. The presence of T(8tateg-O(2p
with the energy cutoff of 100 Ry is satisfactory for Teter-type state$ hybridization in anatase is indeed observed in the pre-

Il. COMPUTATION METHOD

potentials$* Brillouin-zone integration is computed with ~ vious works?’® _ _
points in a Monkhorst-Paék (4,4,4 grid for the primitive Here we also notice that the effective charge of
unit cell [Fig. 1 (right)]. Zy(Ti) [=27,(Ti)] is larger than Z7(Ti). From the

Linear response properties such as lattice dynamics, dFLAPW calculation, a noticeable feature can be found in the
electric permittivity tensors, or Born effective charges arenonbonding states near the band gap; the nonbondipg O
calculated within a variational approach, DFPT, which is re-orbital at the top of the valence bands and the nonbonding Ti
viewed by Baroniet al®? Technical details can be found in d,y at the bottom of the conduction barftisThis may lead to
Refs. 42 and 43. In order to obtain the phonon dispersiorthe larger effective charge df},(Zj,), because electron
dynamical matrices are computed initio for g wave vec- transfer during an atomic displacement mostly relates to the
tors belonging to the Monkhorst-Pack,4,4 grid for the  highest occupied states and the lowest unoccupied éfates.
primitive unit cell** They are utilized to obtain real-space  On the other hand, strong anisotropy of the Born effective
interatomic force constan{#=C’s). Once IFC’s are obtained, charge tensor for O atoms is observed; one component
dynamical matrices in the reciprocal space, and hence vibramaller than the nominal ionic charge-2) and much
tional frequencies at any wave vector, can be obtained by fastmaller than the others. This trend is also similar with the
Fourier transform. Still, polar materials need special treatcase of rutile’®3'because both phases have the similar local
ment of the IFC’s due to the long-range dipole-dipole inter-geometry of titanium/oxygen sitg.
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TABLE II. The phonon eigenmodes and the fundamental wave numbers of anafagmatm™1).

Mode Theory? Theory® Theory® Exp.P Exp.¢ Exp.© Exp.f

Raman

Eq(1) 145.6 144 152 144 144

Eq(2) 171.1 197 307 197 197

Biy(1) 398.4 400 400 399 400

819(2) 518.4 519 515 519 515

Aqg 535.9 507 519 513 519

Eq(3) 662.1 640 640 639 640

Infrared

E,(1) 248.6TO) 169 329T0) 262TO) 358
340.6LO) 42810) 366(LO)
(0.0349

As(1) 375.370) 654 566TO) 367(TO) 552
743.1LO) 844(LO) 755L0)
(0.0432

E,(2) 479.9TO) 643 644TO) 435T0) 702
892.2L0) 855L0) 876LO)
(0.0445

Silent

B,, 564.6 507 435

aThis work. Oscillator strengthén parenthesésin atomic unit. (1 a.u=0.342036 /s%).

PRef. 25.

‘Ref. 29.

Ref. 26.

Ref. 27.

'Ref. 28.

The quantitative difference in the physical properties, esThe modesA,4, B4, andE4 are Raman active, whereas
pecially in the anisotropy of the oxygen effective charge tenthe modeA,, andE, are IR active. The modB,,, is a silent
sor, may come from the subtle structural difference betweemode®*®! The E modes are doubly degenerate, observed to
rutile and anatase. In the both phase, each oxygen atom hpg perpendicular to the axis of the conventional unit cell.
three titanium neighbors, consisting of a planar shape. In th¢he other modes are parallel to thexis.
rutile phase, the OFifragment has an approximateshape The calculated mode wave numberd'aare summarized
with the Ti-O-Ti angle("2 ¢" ) of around 99°(see Fig. 1in iy Table 11, along with the other theoretical results and the
Ref. 49. On the other hand, in the anatase pr:ase:,, it has 88y perimental data. Incidentally, the phonon dispersion over
approxmate;T shape with the Ti-O-Ti angl&"2 6”) of e Brillouin zone is also shown in Fig. 2. From the com-
around 156°(Fig. 2 |n.Ref. 49. Note thf%t an ideal planar arison between this work and the experimental data, we
shape would be the trigonal structure with the oxygen atonypain yms absolute deviations of 20.5 chand a rms of
in the centel(_the T."O'T' angle of 120°). Thus in the_ anatase o |ative deviations of 5.8%. The magnitudes of the deviations
phase, the distortion at the oxygen away from the ideal trigoz neqr acceptable in view of other DFPT works such as Ref.
nal structure is in the opposite sense to that observed in t on the rutile phase. Thus the predict®g, mode fre-

rutile phase. This may Ieac_i to the quantitative d_iﬁerence ir'tluency may be reliable within the rms deviations in contrast
the anisotropy of the effective charge of oxygen in the,TiO to empirical theoriegthe GF-matrix method® or rigid-ion
phases. model methotf).
. Among the Raman modes, we also notice the small dif-
B. Phonon analysis ference between the calculated modesBgf(2) andA, .

We have calculated the phonon wave numbers of anatasehe rms deviations in the present study imply that these two
phase af” point of the Brillouin zone. Since there are six modes may be identified as one peak in practical Raman
atoms in the primitive unit cell, there are fifteen optical €xperiments. This is why the mode assignment of the two
modes (o) and three acoustic modes. From factor groupwave numbers in the experiments at ambient condition has

: S - e 25,06
analysis for this unit celll4,/amd space groupD3?), the — appeared practically difficuft

optical modes at thE point are classified into the following ~ Even though we take the rms deviations into account, the
symmetry species: predicted wave numbers of t&,(2) andEy4(2) modes ap-

pear to deviate somewhat from the experimental values. The
[op=Asgt Az +2Big+ By, +3Eg+ 2E,,. deviations may come from the approximations employed in

155213-3



MIKAMI, NAKAMURA, KITAO, AND ARAKAWA PHYSICAL REVIEW B 66, 155213 (2002

1000 TABLE lIl. Electronic (e;;) and static éﬂ) dielectric permittiv-
| | ity tensors of anatase phase. The theoretical prediction with the
scissor correction technique are denoted in parentheses.

vl:\ aa Eza E?Ia
g Theory* Theory ExpS Exp® Exp® Theon? ExpS
g XX 7.07(6.00) 5.97 5.82 6.55 45.9 45.1
£ zz  6.21(5.39) 557 541 6.20 244 227
2 scalar 5.62
S
g &This work.

bRef. 47.

‘Ref. 27.

Ref. 59.

®Ref. 55, wherein scalar parts q]? are listed for selected materials.

Wave Vector explain atomic motions needed for the phase transition from
_anatase to Ti@ll, as pointed out by Sekiyat al® In addi-
FIG. 2. Phonon-band structure of anatase calculated by dens'“ﬁon, it is observed that the variation of the negative depen-

functional perturbation theory. The labels denote the high-symmetry, o - showed discrepancies among the experirfietién
points in the Brillouin Zone for the tetragonal body-centered syste .

(Ref. 59 his sense, the discrepancies in tg2) mode between the
T present calculated result and the experimental estimations

the present calculation, such as the LDA. Still, we may poinfh@y be observed.
out other possible sources for the deviations from experi- C. Dielectric permittivity tensors
mental perspective. . .
The first question is the condition of the specimens. Itis, | "€ calcul_atecg and experimental values of the electronic
generally difficult to prepare ideal crystalline samples of(€;;) and static €;) dielectric permittivity tensors are given
transition oxides for optical characterization. Since titania isn Table lll. The theoretical electronic dielectric permittivity
famous for having many polymorphs and nonstoichiometridensors are larger than the experimental estimations by 10 %
phases, not only impurities but also imperfections such agf more, as often found in the LDA to the DET The
grain boundaries®? appear inevitable in many cases. In ad- presently accepted view is that a dependence on the polar-
dition, we can refer to reports that the decrease of transmitzation should be present in the exchange-correlation func-
tance was caused by the charge state 6f Th the TiO,  tional. This is also related to the underestimation of band
films .52 Also, IR reflectivity data are very sensitive to surface gaps in practical LDA calculatiorfS.In order to correct the
treatment. For example, the present calculated IR wave nunt-DA band gap in calculating the dielectric permittivity ten-
bers differ from those in the IR study of polycrystalline sors, we make use of the scissor correction technique with
anatasé® This implies that the experimental IR result may scissor parameter 1.15 eV, the difference from the experi-
not be related to the bulk property of anatase. In fact, thenental band gap of 3.2 e¥,and our calculated LDA band
color of the samples in that study were reportedly gray omap of 2.05 eV}* The corrected values show good agreement
yellowish, which suggests that the samples were not of goowdith the experimental and theoretical estimations. We notice
quality. Remembering that the specimens in the Raman exhat the calculated electronic dielectric tensors of the anatase
periment by Ohsakat al. were brownish in colof? we may phase are smaller than those of the rutile phase; 7.535
suppose that the specimen might have contained imperfe¢6.366 along thea axis and 8.6657.290 along thec axis
tions. without (with) the scissor correctiott. This trend is consis-
We also note that it might still be debatable whether thetent with experimental resulf->®wWemple gave an account
mode of around 197 cnt is the E4(2) of anatase phase. In of the difference between the Tj(phases, in view of the
the past Raman experiments of anatase phase, it has besmaller anion density of anatase on the basis of his empirical
known that the lowest wave number modé;(1)] are so  model™
strong that the second lowest wave number is not always The static dielectric permittivity tensors are calculated us-
observed, mostly in polycrystalline and nanocrystallineing the dynamical matrix and effective charges presented
specimens. Even if the second lowest wave number was olabove(Table |). They appear to be in good agreement with
served, it was mostly detected as a very weak geatund the experimental estimations from IR spectroscdpinci-
197 cm'Y) on the shoulder of the lowest wave numberdentally, the magnitude of the static dielectric tensors is
peak? Thus the mode of 171 cnt could be hidden in the much smaller than the calculated values of JiQtile (e,
tail of the lowest wave number peak. It is also interesting to=117.5, €,,= 165.4) 3
note that only the mode of round 197 crnis extraordinary The magnitude of the static dielectric permittivity can be
as it has a negative pressure depend&ite??while all the  analyzed by the mode oscillator strength as folldgese, for
phonon modes including thEy(2) mode are unlikely to example, Ref. 43, and references therein
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A S from our theoretical perspective. The predicted silent mode

=€+ Aeyij= it q > =i of B, may be more reliable than the previous results calcu-

m om o lated by empirical models. The calculated dielectric permit-

where(, is the volume of the primitive unit cell and,, is tivity tensors agree with the other theoreftical result an_d the

the wave number of the mod S, ; is the mode-oscillator Iqtest IR g)fperlmental rgsults. The magnitude of t_he. dlel_ec-
strength of the moden, related to the eigendisplacements tric permittivity tensors is rather large, although it is still

U, (i) of the atomr in the i direction and Born effective smaller than those of the rutile phase. Further experimental
chn:e\rge tensors by studies are thus awaited to resolve the issues of the some-

what large difference between theoretical predictions and ex-

perimental results in several normal vibrations and the dis-

Smii=| > Z:/,TUE(Ti’)> > Z5, Un(7'i") . crepancy of the experimental dielectric permittivity tensors,

ul i’ with anatase crystalline specimens of sufficiently good qual-
Displacements are normalized in the condition ity.

The present work in conjunction with our previous theo-
retical work®* demonstrates that first-principles calculations
based on LDA can describe both the structural and dynami-
) cal properties of the anatase phase of ,T&3 a whole. The
whereM is the mass of the atom The magnitudes of the present results thus encourage further theoretical works. For
mode-oscillator strengthé€Table Il) are comparable to the example, a theoretical study of other polymorphs such as the
calculated values for the rutile phae. brookite g;ase could be helpful to understand the experimen-

tal results>

ZJ_ M LUE(71)IUn(7i) = Smn,

IV. CONCLUSION
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