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Infrared reflectivity and lattice fundamentals in anatase TiO,
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Polarization-dependent far-infrared reflectivity measurements were carried out on single crystals of anatase
TiO,. The results were analyzed to yield the dielectric dispersion properties of anatase in the lattice funda-
mentals regime. The frequenci¢im cm™Y) of the transverse opticalTO) and longitudinal opticalLO)
zone-center phonons were determined to bg B85 for the TO(LO) of the A,, mode, 262366) and 43%876)
for the E, modes. The large TO-LO splittings were used to estimate effective charges.
[S0163-182697)02009-3

[. INTRODUCTION measurements with light polarized parallel to the crystal
axis, a wire-grid polarizer was use@he low-frequency cut-
off, determined by the polarizer substrate, was 200 tin
&'eflectivity was measured at an angle of incidence of 11°,

tors, transparent in the V|S|ble,_W|th high refractive |_nd|ces.and was determined by comparison to an aluminum mirror
Rutile is the stable phase at high temperature and is by f tandard

the most-studied and best-understood phase. Because large
single crystals of rutile have long been long available, the
lattice dynamics of rutile TiQ in the lattice-fundamentals Ill. INFRARED-ACTIVE MODES OF ANATASE

regime has been studied by polarization-dependent far- A . L with Ti | o
infrared reflectivity measurements and by neutron- natase is tetragonal, with two TiCormula units (six

scattering measurements as wello our knowledge, no &toms per primitive cell. The space group B, (14/amd),
similar work has yet been reported for anatase ,Ti@l- number 141 in the standard listing. The structure is shown on
though there have been studies of the Raman-active lattidd® left side of Fig. 1. The-axis is vertical, small circles

fundamentalé. The near-bandgap optical absorption edge ofd€note Ti atoms, large circles denote O atoms. Oxygen at-
anatase has recently been measdred. oms labeled with the same number are equivalent. The octa-

In this paper, we present the results of far-infrared reflechedral coordination of the titanium atoms is seen to be sig-
tivity measurements on anatase single crystals. Théaificantly distorted. _ _
polarization-dependent single-crystal results are analyzed to 1he 18-dimensional reducible representation generated by
yield the zone-center transverse-opticalTO) and the atomic d|splacements contains .the zone-ceﬁ(ech)
longitudinal-optical (LO) phonon frequencies, effective modes: 3 acoustic modes and 15 optical modes. The irreduc-

charges, and polariton dispersion curves of anatase. ible representations corresponding to the 15 optical modes

The crystal forms of titanium dioxidéitania) are rutile,
anatase, and brookite. They are wide-bandgap semicondu

Il. EXPERIMENT

Anatase crystals were grown by chemical transport
reaction$. As-grown single crystals were up to 5 mm in size,
with an octahedral shape limited §301) natural faces. Two ~Gr
crystals were used in this study. There were cut and polished;
one to yield a surface containing the tetragooalxis, the
other to yield a surface perpendicular to thexis. Alumina > E, E,
powder was used for polishing, the final grit size being 0.1 Ay
um. The area of the optical surface was about 8’fonthe
parallel-toe surface and about 9 nfnfior the perpendicular-
to-c surface.

The infrared measurements were performed with a giG. 1. The structure of the anatase primitive cell is shown at
BOMEM DA-3 FTIR spectrometer. A pyroelectric detector the left. Thec axis is vertical, small circles denote Ti atoms, large
was used to cover the wave-number region from 50 to 70Qircles denote O atoms. Oxygen atoms labeled with the same num-
cm % a HgCdTe detector was used from 600 to 5000 tm  ber are equivalent. The center figure shdws the position of the
Spectra were collected with a 1-cfhresolution. At least 400  inversion center and the vibrational eigenvector for A3g mode.
interferometer sweeps were added for each spectrum. F@ymmetry coordinates for thg, modes are shown at the right.
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IV. POLARIZATION-DEPENDENT REFLECTIVITY,
DIELECTRIC FUNCTION, AND POLARITON DISPERSION

0B L B || c-axis

Figure 2 presents our results for the far-infrared reflectiv-
06t ity of single-crystal anatase, fd||c and ELc. (The fre-
oa quency or photon-energy scale used throughout this paper is

REFLECTIVITY
=)
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@

B | c-axis

a
.

in terms of wave numbery=\"1.) The Ellc results, ob-
tained for a surface containing tleaxis, required the use of

a polarizer which cut off below 200 cm. The incident light
was polarized perpendicular to the plane of incidence. The
EL c results, obtained for a surface normal to theaxis,
required no polarizer and extended down to 50 &nfThe
50—100 cm* range, not shown in Fig. 2, contained no dis-

0.6 i _
cernible structure.

04k The theoretical curves included in Fig. 2 are based on the
factorized form of the dielectric functioh’™®
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The factorized form is more elegant than the classical-
oscillator form’® and it is especially appropriate to highly

FIG. 2. The polarization-dependent far-infrared reflectivity of ionic crystals(such as anatagevhich have large TO-LO
single-crystal anatase. THslc results, obtained for a surface con- splittings. Whenv o is much larger thamv;o, a single
taining thec axis, required the use of a polarizer which cut off damping parametey (as is used in oscillator analysiss
below 200 cnil. TheEL ¢ results, obtained for a surface normal to inadequate and the factorized-form analysis is more
the ¢ axis, required no polarizer and extended down to 50tm  gyccessfuf:® We carried out both oscillator and factorized-
(The 50-100 cm' range, not shown, contained no discernible torm analyses of the data shown in Fig. 2. Both methods give

structure) The continuous curves included in this figure are fits

based on the factorized form of the dielectric functjé&y. (1)].

good fits(and essentially identical results forg and v o)
for Ellc. But for EL ¢, only the factorized form gives a good
fit to the measured reflectivity spectrum.

Table | lists the TO and LO frequencies corresponding to
the fitted curves shown in Fig. 2. Also included in the table
are the corresponding damping parameters and two sets of

aré’ 1A;4+ 1Ay, + 2B+ 1B,,+ 3E4+2E,. Three modes
are infrared active, thé,, mode and the twd=, modes.
(The B,, mode is silen). The A,, mode is active for light
polarized parallel to the axis (Elic); the E, modes are
active for light polarized perpendicular to the axis the TO-LO splittings(oscillator strengths

(ELc). The vibrational eigenvector for thie,, is symmetry- In the EL c results of Fig. 2, it can be seen that the mea-
determined; it is shown in Fig. 1. Symmetry coordinates forsured reflectivity shows a small dipelative to the theoreti-
the E, modes are also shown. The actgleigenvectors are cal curvé near 750 crml. It is not an accident that this dip
mutually orthogonal combinations of these. occurs near the LO frequency for the othé&il€) polariza-

published calculations for the TO and LO frequencies using
rigid-ion'® and GF-matri% models. The calculations tend to
overestimate the vibrational frequencies and underestimate

TABLE I. TO and LO phonon frequencies of anatase JiO

Dielectric function fit toR(v) Published calculations

Rigid ion GF matrix
Frequency Damping (Ref. 12 (Ref. 4
Mode V(emh yem™b V(cm™h V(emh
Ellc axis TO 367 68 566 654
(As) LO 755 79 844
EL c axis TO 262 36 329 169
(Ew) LO 366 4.1 428
TO 435 32 644 643
LO 876 33 855
e,(Ellc)=5.41 eo(Ellc)=22.7

e.(ELC)=5.82

eo(ELC)=45.1
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FIG. 3. The dielectric functions of anatase TiO'hese curves q (0% em™ g
correspond to the fits obtained with the factorized form of the di-
electric function. The shaded bars highlight the TO-LO splittings. FIG. 4. Polariton dispersion curves for anataseTihe solid
curves correspond to the experimental parameters of Table I. The

tion. The dip is a consequence of the experimental geometrylashed curves result from setting the damping parameters equal to
the 11° deviation from normal incidence. The effects of off-zero. The light lines show the asymptotic slopes, which are in-
normal incidence, for optically uniaxial crystafsvo inde- versely proportional to the optical refractive indé&ng line) and
pendent polarization€llc andEL c), have been experimen- Static refractive indexshort ling.
tally established and theoretically analyzed by several
authors'* cating that oum values are about 6% low. This does not
With the ¢ axis normal to the surface and the incident affect our results for the TO and LO frequencies, which are
beam polarized in the plane of incidence, Bt LO mode  predominantly determined by the shape of the reflectivity
that is situated in frequency between a pailsdfc TO and  spectrum. We estimate the probable error in our frequency
LO modes will produce a dip in th&Lc high-reflectivity  \,31ues to be no more than3 cm* for the TO ancElic LO
plateau at the position of tHellc LO mode!! Our measure- frequencies, anct5 crmi-? for the EL ¢ LO frequencies.
ments forE L ¢ were obtained on a normal-tosurface using From the experimental values given in Table | and the
unpolﬁrized Iigpt, which inclgqles a component contributings(y) expression of Eq(l), it is straightforward to determine
.SUCh leakage (S"“C‘“Te arising from the.un.mtendﬁﬂc the following spectroscopic quantities in the far infrared: the
infrared response functignThis off:r%?rrnal-mmdencg leak- real and imaginary parts of the dielectric functignthe real
?ngeea:lj];iféfgcg;:éfrj%r ;?ilgsgc dip observed in the and_ imaginary parts of t_h_e complex refractive_z indé_x the _
There is a similar off-normal-incidence leakage effect foroptlcal absorption coefﬂuent, and the polariton dispersion
the E| ¢ reflectivity when it is measured with theaxis and ~ curves»(ds), whereq is the real part of the complex propa-
gation vector describing the coupled photon-phonon wave in

the light polarization in the plane of incidente!® Since our : Crl \ . _
measurements were carried out with thexis and the light  the crystaf: We limit our discussion of spectroscopic quan-
polarization perpendicular to the plane of incidence, this eflities to the dielectric function and the polariton dispersion.

fect is absent here. The structure in tBc spectrum near Figure 3 shows the results derived for théc andELc
640 cm L is not attributable to off-normal incidence. There is dielectric functions for anatase, in the far infrared. The
a Raman-active mode in anatase at 639 tifRef. 4, but  shaded bars highlight the TO-LO splittings, which are large.
anatase is centrosymmetric so that Raman-active modes are Polariton dispersion curves are shown in Fig. 4. The steps
infrared-forbidden and do not contribute to the infrared refrom e(») to v(q,) aré® n°(¥)=Ve(»), q°(»)
sponse(Such modes are not turned on, in infrared reflectiv-=27vn(v), q,(v)=Rgq(»)]. The solid curves corre-
ity, by oblique incidence. The weak 640-cm! feature in spond to the experimental factorized-form parameters of
Fig. 2, if real, remains unexplained. Table I. The dashed curves results from setting the damping
The e, values in Table I, for frequencies well above the parameters equal to zero; they display the classical coupled-
lattice-fundamental regime, correspondete at frequencies wave from withq=0 intercepts at LO frequencies age-«
below the electronic interband regime. Using n? wheren  asymptotes at TO frequenci¥sThe light lines show the
is the refractive index, out,, values correspond to refractive asymptotic slopes, which are inversely proportional to the
indices of 2.33 Elic) and 2.41 EL c¢). Reported values af  optical refractive indexlong line) and static refractive index
in the visible region afé 2.49 (Elic) and 2.56 ELc), indi-  (short ling.
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V. EFFECTIVE CHARGES charge'® Szigeti's introduction of the local-field correction

L . . in the case of a cubic crystdlreduces the effective charge
The vibrational eigenvector of the loe,, optical mode by the factor 3/¢..+2). TiO, is not cubic, but the TO-LO

in anatase is fully determined by symmetry: the atomic dis'splittings of Fig. 3 are larger than the anisotropy shifts so

placementsxy; and xo are parallel to thec axis and  peglecting anisotropy may not be a terrible approximation.

(Xti/X0)=—0.67.[The mass ratiorfiy;/mo) is 2.994] This  pging this yields a Szigeti effective charge, for the oxygen
presents us with an opportunity to estimate effective chargesgn, of —1.1e.

using the approach of KurosaW&ince TiQ, is highly ionic,

we assign static chargesi{ andey) to the ions and assume VI. SUMMARY

these charges move with the ions. This is a rigid-ion model,

with dynamic charg¥ neglected. TheEllc dielectric func- Single crystals of anatase, grown by transport reactions,
tion can then be writteh were studied by far-infrared reflectivity. Clean polarization-

dependent spectra were obsergdg. 2), and the results
2 . were analyzed to yield the dielectric dispersion properties in
(070~ 0%) % the lattice fundamentals regingigs. 3 and # The TO( and
() LO) frequencies of the zone-center phonons were determined
] ] to be (in units of cml): 367755 for the A,, mode;
wherew=2mv is the angular frequency is the volume per 262366) and 43%876) for the E, modes. The large TO-LO
TiO, unit, x; is the displacement of ion, ef is the ion's  gpjitting was analyzed in terms of effective charges for the
charge, andm; is its mass. From Eq(2) and (1i/Xo)=  A,, mode, whose vibrational eigenvector is symmetry deter-
—0.67 and é¥/ef)=—2 (crystal neutrality and  mined.
(m+i/mg)=2.994, it follows that

2 -1

2 mixi2

s(w)=sw+47TV_1[2 e X
I
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