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ir reflectance spectra of Ti203: Infrared-active phonons and Ti 3d electronic effects
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The room-temperature reflectance of Ti,O, has been measured between 50 and 4000 cm ' for the two

principal polarizations, E perpendicular and E parallel to the c axis. An analysis of the data provides (i) the

properties of the ir-active long-wavelength phonons —TO- and LO-phonon frequencies, oscillator strengths,

and the damping; (ii) the values for the optical frequency e„and quasistatic 6p dielectric constants, and (iii)
information about electronic effects associated with the partially occupied Ti 3d states. The latter include the

anisotropy in the free-carrier electronic conductivity cr,/crI~ and the energy separation between the lowest-

lying d levels. Comparisons are made with the phonon properties of other a-corundum structured

sesquioxides a-Al, O, and Cr,03.

I. INTRODUCTION

Many of the studies of Ti,O, have emphasized the
semiconductor-semimetal transition that occurs
between 400 and 550'K. ' It has been shown that the
"approach, "with increasing temperature, and sub-
sequent energy overlap of the lowest-lying Ti 3d
levels, can account for: (i) changes in the elec-
tronic conductivity, (ii) a maximum in the heat cap-
acity, and (iii) an anomalous temperature depen-
dence in certain elastic constants. Large and tem-
perature-dependent phonon anharmonicity is infer-
red from ultrasonic' and piezoresistance' mea-
surements. The Raman-active phonons of Ti,03
have been shown to display shifts in frequency in
the temperature regime of the conductivity tran-
sition. "' This paper reports the first studies of
the room-temperature ir reflectance of Ti,O, for
the two principal polarizations. A subsequent pa-
per will address the temperature dependence. We
deduce the frequency dependence of the dielectric
functions, identifying contributions from: (i) the
ir-active phonons, (ii) the low mobility charge car-
riers in the energy levels derived from the Ti 3d
atomic states, and (iii) an interband electronic
transition involving the same Ti Sd states.

Ti,O, has the o. corundum -(o,-A1,0~) crystal
structure with symmetry D63~ (R3c).' A group-the-
oretical analysis predicts six ir- active long-wave-
length modes in addition to the seven Raman-active
modes, 2A, + 5E: two A,„modes with polarization
parallel to the crystalline c axis (E ~Pc) and four E„
modes with polarization perpendicular to the c axis
(E&c). The properties of these ir modes have been
identified in a-A1,0„' and purportedly for Cr,O, .'
We have found some serious errors in the fre-
quency assignments for Cr,Q, ,

' and we include in
this paper new results obtained by us for Cr,O,
which help provide for an informative comparison
with the corresponding phonon properties of Ti,O,
and n-A1,0,. Studies of the reflectance of V,03
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FIG. 1. Room-temperature ir-reflectance spectra for
Ti203 for E~~ c and E z c. The arrow in the figure for
E z c indicates a feature we assign to an electronic tran-
sition. The sharper features in both polarizations at
lower wave numbers are due to phonons. The markers
give the TO-phonon frequencies derived from the os-
cillator analysis.

(n-corundum phase) have not yielded the properties
of the ir phonons due to the high metallic conduc-
tance' "; however, the frequencies of two of the ir
phonons for E & c in (V, »,Cr, ,»),O, have been
identified. '

At temperatures near 300 K, Ti,Q, is believed to
be an intrinsic p-type semiconductor with an en-
ergy gap of approximately 0.1 eV separating the
valence band from a narrower conduction band.
The valence and conduction bands are derived prin-
cipally from the Ti Sd atomic states. " The lowpst-
lying atomic d states are split into a, orbitals di-
rected between the pairs of Ti atoms-lying along
the c axis, and e' orbitals directed toward Ti
atoms lying in the puckered basal plane perpen-
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dicular to the c axis. The relative energies, and

hance Occupation of these states in Ti,O, and

V,O„'""in (Ti, „V„},O, and (V, „Cr„),O„' and in

Cr,Q~,
"have been used to account for the observed

differences in the conductivity type and in the c/a
lattice-parameter ratio. For example, in Ti,Q, the
empty e', levels lie above the occupied a„ levels
yielding a narrow-band-gap semiconductor with a
small c/a ratio, 2.65; in contrast, the level order-
ing is reversed with considerable overlap of the a,
and e' bands in V,O3 which exhibits, a metallic con-
ducitivity with a larger c/a ratio, 2.83. In Cr,O„
the electrons occupy localized a, and e' levels,
and the crystal is insulating. Interband electronic
transitions at photon energies in excess of about
0.7 eV have been Studied in Ti,O, by means of op-
tical reflectance' a" and also through resonance
Raman scattering. ' ~" Our measurements extend
to much lower photon energies, from -0.5 eV (or
4000cm ') to -0.0062 eV (or 50cm ') and identify an
additional electronic d-level transition giving fur-
ther support to the one-electron energy-level mo-
del discussed above. '" '

II. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The reflectance measurements were made on a
single crystal sample of Ti,O, obtained from a
boule grown at the Central Crystal Growth Facility
at Purdue University. The spectra for the twopolar-
izations were obtained using a Perkin Elmer Model
3.80 double-beam Spectrophotometer equipped with
wire-grid ir polarizers. Measurements were
made on a polished and oriented face containing the
crystalline c axis with the polarization perpend-
dicular to the plane of incidence. This reflection
geometry minimizes any mixing of the ir response
functions. "" The crystal temperature, established
within the N, -purged instrument sampling chamber
by the incident radiation, was approximately 35 C.

Figure 1 gives the wave-number dependence of
the reflectance for the two polarizations. The re-
latively sharp features below about 600 cm ' are
due to the ir-active phonons. As anticipated from
the group theory analysis, ' there are two features
for E ~~c and four for E&c. The markers on the
wave-number axis indicate the frequencies of the
TO phonons as deduced from the oscillator anal-
ysis. Other features are also evident in the reflec-
tance spectra. The broad maximum between 1500
and 3000 cm ' in the E & c spectrum is assigned to
an electronic interband transition between a, and
e' Ti 3d states. The rising reflectance at very low
wave numbers and the relatively high reflectance
at the high wave-number side of the dominant re-
strahlen bands (at- 600 cm ' in both polarizations)

~
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where S, is the oscillator strength and contribution
of the lattice mode to a quasistatic dielectric con-
stant, v, is the TO phonon frequency (in cm ') and

y, an empirical damping constant (also given in
cm '}. The sum is over four modes for E ac, and
two for E ~~c. It is often more convenient to con-
sider the damping relative to v, , so that y&/v, . is
then a dimensionless damping parameter. The
free-carrier term is given by

e "(v) = v'/v(v+ iGp),

where v~ is a term proportional to the free-carrier
density (in effect an unscreened plasma frequency,
the plasma frequency in the absence of phonons is
v /e'„~'), and G is the damping (both v~ and G~ are
in cm '), v' is related to the free carrier density
No by

(2llc)'v' = 4vN, e'/m*, (4)

where m* is the free-carrier effective mass. G~ is
related to a scattering time ~ by

(2vc)G = I/7. (5)

The free-carrier mobility is then given by V = e7'/
m+.

Table I summarizes the results of the analysis.

are due to mobile charge carriers in the Ti 3d
bands. In contrast, for the insulating crystals a-
Al,O„' and Cr,O„' ' the reflectance is essentially
constant for low wave numbers below the lattice
bands and very nearly zero at the high-frequency
edge of the strongest reststrahlen bands.

Two techniques were used to analyze the reflec-
tance data: a, preliminary Kramers-Kronig (KK)
analysis and then an oscillator fit. The KK anal-
ysis is used to estimate the starting values for an
iterative search for the oscillator parameters.
The dielectric function e(v) is constructed as the
sum of the two frequency-dependent terms: a lat-
tice contribution e'"(v) (which is a summation over
phonon modes), and a free carrier or Drude con-
tribution, a "(v). The contribution from electronic
interband transitions between 1500 and 3000 cm ' in
the E&c spectrum is identified in the KK analysis,
but cannot be treated in any convenient way in the
oscillator analysis. The dielectric function is then
given by

e(v) =e +e (v)+& (v)

where «„ is m optical frequency dielectric constant
which reflects the contributions from the higher
photon-energy electronic interband transitions.
We neglect a small frequency-dependent component
in «„. The lattice contribution is given by
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TABLE I. Oscillator fit and derived parameters for phonons and plasmons in Ti203 In-
cluded from the oscillator fit for the phonons are vTQ, the TO-phonon frequency; S, the os-
cillator strength; p/&TQ, the relative damping; and e„, the optical-frequency dielectric con-
stant. The derived parameters include ez/e, a macroscopic infrared effective charge; v+Q,
the "bare" LO-phonon frequency; and ~0, a quasistate dielectric constant deflated in the ab-
sence of free carriers. For the plasmons the fit parameters are p&, an unscreened plasma
frequency [see Eqs. (1), (3), and (4)] and G&, a damping frequency. The derived parameters
are cr~~(v 0), an optical conductivity extrapolated to zero frequency, No/(m*/mo), a ratio
of the free-carrier density to an effective electronic mass, and p(m*/mo) a product of a
mobility and carrier mass.

Symmetry
VTO

(cm-')

Oscillator fit
Phono ns

VLO

(cm ')

Derived

e~~/e

E&c

E()c 1
2

280
376
451
511

343
448

0.15
5.15
8.88
0.43

3.0
13.4

0.012
0.012
0.025
0.025

0.010
0.032

w„=31.2

E'~ = 27.7

281
391
502
537

351
552

0.23
1.84
2.90
0.72

1.28
3.52

c„=45.8

c0
——44.1

Pp

(cm ')
Gp

(cm )

Plasmohs
oyt

&v ()

(a ' cm')
x,/(m*/m, )

(cm 3)
p(m*/mo)
(cm2/v sec)

E&c
Zi[c

2.81 x 103

1.52 x10
766
507

172.0
75.5

8.81 x 10~9

2.57 x10"
12.2
18.4

We include in the table the values of c„,v, (=v»),
&&, )'&/v&, v~, and G& as obtained from the oscillator
analysis, as well as other parameters that are de-
rived from those given above. The first of these is
an infrared effective charge~ (ef/e), that is calcu-
lated from the relation

(e*/e) = 1.42 x 10'[(mS )'~'v ]/N'~' (6)

where m is a mode mass, taken to be m '=2mT
+ smo', and N is an oscillator density, the number
of Ti,O, units/cms.

We next consider the longitudinal excitations. In
a system without free carriers, these are the long-
itudinal optic phonons and their frequencies are
identified by the positions of the yeaks in the ener-
gy-loss function -1m[1/e(v)]. However, in a sys-
tem with free carriers, the peaks in -1m[I/s(v)]
define the frequencies of couyled ylasmon-LO-pho-
non modes. To illustrate the effects of free car-
rier or plasma modes on the dielectric functions,
consider first the imaginary part of a (v) = s, + is,.
Figure 2 includes a, (v) for the two polarizations,
E&c in Fig. 2(a) and E llc in Fig. 2(b). The dashed
yortion of each of the curves includes the contri-
bution from both types of excitations, whereas the
solid portion is due solely to the free carriers.
The contributions to &, are additive so that the
peaks in e,(v) have the same positions they would
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FIG. 2. e2 spectra for Titan. (a) E&6; (h) E)[6. The
dashed curve is the total &2 function as synthesized from
the oscillator parameters given in Table I. The solid
curve is the contribution from the free carriers. The
markers identify the frequencies of the TO phonons.

haVe in the absence of the free carriers. This is
the case since the yhonon features ai e very sharp,
whereas the free-carrier contribution displays a
power law response over a broad range of fre-
quency. The changes in the energy loss function
are on the other hand more striking.

Figures 2(a) and 2(b) give the energy-loss func-
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FIG. 3. Energy-loss spectra [-lm(1/&)] for Ti203.
(a) E &S aud (b) E ~( c. The dashed curve is the total
energy-loss function; the maxima in these functions
give the frequencies of the coupled LO-phonon-plas-
mon modes. The solid curves are the contributions
from the phonons alone. The markers indicate fre-
quencies for these "bare" LO phonons.

tions for the respective polarizations, E&c, and
E lac. The dashed curve is the contribution from
both excitations and the solid curve is the contri-
bution from the phonons alone. The phonon contri-
bution is obtained by setting v&= 0 in Eq. (3) so that
the positions of the peaks in the solid curves are
then the frequencies of "bare" LO phonons. These
are listed in Table I. Note further that there are
five maxima in the total energy loss function for
E &c, one more than the number of phonon modes,
and in a corresponding way there are three peaks
in the total energy-loss function for E lac. For
ELc, three of these peaks are sharp and very
close to the "bare" LO-phonon peaks, whereas the
other two peaks are considerably broader and at
different frequencies. The broad highest frequency
peak is at a frequency in excess of the highest fre-
quency "bare" LO phonon, and the very broad low-
frequency peak lies well below the lattice modes.
A similar situation prevails for the other polar-
ization. These two broad features contain the
strongest plasmon contributions; this is reflected
in their linewidth.

The next derived entry in the table is a value for
a quasistatic dielectric constant a„which is de-

' fined by the relation

ae = t~ +Q St

and is the static dielectric constant in the absence
of free carriers. The "bare" LO-phonon frequen-
cies and the a, are useful for making comparisons
with other o.-corundum structured crystals. In ad-
dition they satisfy the Lydanne-Sach- Teller (LST)
relation as it applies to crystals with more than
one ir-active mode. In a crystal with only one ir-
active mode, the ratio of the LO- and TO-phonon
frequencies can be related to the ratio of dielectric
constants, e,/e„, by

(vt, o/VTo) = eo/» (8)

+ Q S ivr('L)/[vr(i) —v~(i)] = 0,

and the extended LST relation" is then given by

a,/g„= II[V&(i)/ r(i)]'.

This relation [Eq. (11)]is satisfied for both polar-
izations in Ti,O, ; for E&c, e,/c„=1.47 and

g, [v~(i)/vr(i)]'=1. 48, whereas for Elle both quan-
tities are equal to 1.59. The fact that the values
we have obtained for a, and the v~(i) satisfy Eq.
(11) supports the validity of our approach of de-
fining these parameters in the absence of free car-
riers.

The final entries in the table give the properties
of the plasmons. In addition to v~ and G~, we in-
clude values for the optical conductivity as v-0.
Chen and Sladek' have obtained the dc conductivity
for the two polarizations, @~a' 143 Q-i cm ' and
= 550 ' cm '. The conductivities obtained from the
oscillator analysis are in good agreement with the
dc measurements. We cannot, however, obtain
separate values for N„ the mobile carrier concen-
tration, or tt, the mobility. We therefore give N, /
(m*/m, ) and )t (m*/m, ) which can then be compared
with dc measurements once a value for m* is ob-
tained; mo is the free-electron mass. The dc con-
ductivity measurements of Chen and Sladek' in-

This is derived by noting that in the absence of
damping [y, =0 in Eq. (2)], the LO-phonon frequency
satisfies the relation

f„+Svr/(vr- vt) = 0.

Combining this expression with the definition of &,
(e +S), one obtains Eq. (8). The extension to a
multiphonon system is straighforward; in the limit
of small damping, y, /v, «1, the LO-phonon fre-
quencies are solutions of
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There are two aspects of the ir-reflectance re-
sults that we consider: (i) a comparison of the
proyerties of the ir-active yhonons in Ti,O, with
those of a-A1,0, and Cr,O, and (ii) the assignment
of the broad maximum in the Eic spectrum of
Ti,03 between 1500 and 3000 cm '.

Table II compares the yhonon proyerties of Ti,03j
a-A1,0„' and Cr,O,.' We include in the comyarison
the TO- and LO-yhonon frequencies, the phonon
contributions to the dielectric constant, and values
for the static- and optical-frequency dielectric con-
stants. These comyarisons indicate systematic
trends with the values for Cr,O, generally being in
between those for a-AI, O, and Ti,03. For example,
for the phonon frequencies, the trend is

I „(f)l. ..,,& l~,o(f)l,,o, & l~,o(f)]„,o,, (»)
whereas the trend in e (and also e,) is in the op-
posite sense, i.e.,

It is temyting to try to make more quantitative
comparisons among these materials; however, this
can be done only with considerable uncertainty.
Consider first the phonon frequencies. They can
always be expressed in the form

v'= k/m, (14)

dicate a significant anisotropy in the conductivity
o,'/o„'= 2.6. A similar anisotropy is deduced from
our optical studies, oi"~/o'„" = 2.3. We have also
studied alloys in the system Ti,O,-V,O, for concen-
trations up to 10% V,O„"and find similar values
for the anisotroyy of the oytical conductivity near
room temyerature.

III. DISCUSSION

where k is an effective force constant and m is a
mode or oscillator mass. We would like to as-
sociate the highest-frequency yhonon for each po-
larization with a rigid-lattice mode in which the
metal and oxygen ions move in oyyosite directions,
along the c axis for the A,„modes and in the basal
plane for the E„modes. For these modes, in a
crystal of M,O„m ' = 2m„'+ Smo'. Therefore a
comparison of mv' yields the relative values of k.
Consider first the A,„modes: if we assume a rigid
sublattice mode character for the higher frequency
A,„mode, then we find

k k )kI A1203 Cr203 Ti2 3'

It is difficult, however, to relate the relative val-
ues of k to any microscopic parameters because
they contain contributions from both short-range
bonding forces and longer-range Coulomb and
dipole-dipole interactions. ' A further complica-
tion in these comparisons is revealed in the rela-
tive oscillator strengths of the two A, „modes.
For Ti,O, and Cr,O„ the higher-frequency mode
is stronger, whereas in a-A1,0„ the reverse is
true. Similar problems arise in comparison of
E„modes. These effects can be understood on the
basis of the different electronic structures of the
materials as will be seen below.

Consider first the application of an ionic model
to e-A1,03. The band gay approximately 7 eV, is
then between occupied P states associated with the
0' ions and emyty s states associated with the Al"
ions. The properties of o.-AI,O, suggest additional
covalent contributions to the bondings so that it is
more appropriate to label the states as bonding (&r)

and anti-bonding (o*). In the transition-metal ses-
quioxides, the d states of the metal atoms yield ad-
ditional states in the gay between the 0 and 0*

TABLE G. Comparison of phonon frequencies, oscillator strengths, and optical-frequency
and static dielectric constants for Ti&OS, Cr203 and &-A1203.

Symmetry
E&c

E

Ti~03
~„=31.2

vTO vLO

(cm ') (cm ')

Ep = 45.8
Cr~03

= 5.73 Ep ——10.33
vTO vLO

(cm ') (cm ') S

~-Al&O&
= 3.2 &p

——9.5
'TO LO

(cm ) (cm ) S

1 280
2 376
3 451
4 511

281
391
502
537

0.15
5.15
8.88
0.43

305
440
538
609

306
442
593
734

0.12
0.18
3.75
0.55

385
442
569
635

388
480
625
900

0.30
2.7
3.0
0.30

A2u

6~ = 27.7
vTO

(cm i) (cm i)

ep= 44.1 = 5.97
vTO vLO

(cm ~) (cm i)

&p
——11.93 = 3.1

VTO V LO
(cm-') (cm-')

e p
——11.64

1 343
2 448

351
552

3.0
13.4

402
533

417
726

1.36
4.60

400
583

512
871

6.8
1.7
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FIG. 4. Schematic representation of the electronic
energy states near the optical band gap in e-A1203, Ti20&
and Cr203. The d states of Ti203 and Cr203 are labeled
to reflect their atomic orbital parentages and crystal-
line field splittings according to the one electron model
of Goodenough (Refs. 12, 13.) Bands of nonlocalized 4
states occur in Ti20&, while in Cr&O& the d states are
localized and subdivided into a and P states of opposite
spin polarizations. E& is the Fermi energy.

states. A one-electron energy level model for
these d states has been proposed by Goodenough and

applied to Ti,O, and Cr~O, ."'"The details of the
model are discussed in the references; here we in-
clude a schematic representation of the energy levels
of the d electrons in Fig. 4. The lowest 3d energy gap
in Ti,03 is between a, and e' states and at room
temperature is believed to be -0.1 eV.""' We
identify the broad maximum between 1500 and 3000
cm ' in the E &c spectrum with a, - e transitions.
The low-energy side of this absorption band might
extend down to 1200 cm ' or 0.1 eV, as required by
the conductivity activation energy. Across the gap,
a, -e' transitions are allowed for E&c, but for-
bidden for E

~~
c, consistent with our observations.

Hecently there have been several band-structure
calculations for Ti,O, and V,O, , a simplified model
calculation by Nebenzahl and Weger" and a more
elaborate calculation by Ashkenazi and Chuchem. "
The calculations indicate mixing of the 3d states,
in this respect the one-electron model of Goode-
nough may be an approximation to the real elec-
tronic structure. Nonetheless, comparisons of the
calculated densities of states for Ti,O, and V,O,
(see Figs. 7, 8, and 11 of Ref. 22) with the one-
electron model indicate considerable qualitative
agreement between these two approaches. Further,
Ashkenazi and Chuchem obtain a gap in Ti,O, only
by introducing Coulomb interactions in an approxi-
mate way which leads to the number of occupied e'
states being 0 at zero temperature. We therefore
use the Goodenough one-electron model, which

preserves the a-like and e-like character of the M
states, as a basis for the comparison of the phonon
properties of o.-A1,O„Ti,O„and Cr,O,.

The Cr" ion contains three d electrons, which
occupy the lowest-lying a, and e' states. The
minimum optical band gap is associated with a
spin-flip transition. The d electrons in Cr,03 are
considerably more localized than in Ti,O„and the
lowest-energy optical excitations have a Frenkel
excitaton character. These excitons greatly re-
semble d -d transitions of the Cr" ion and begin
at about 1.7 eV.'

The properties of the optic phonons and dielectric
constants can then be related to this simplified
one- electron energy-level scheme. Consider first
the relative values of the optical-frequency dielec-
tric constants &„. The systematic increases from
an average value of -3 in Al, O„ to -6 in Cr,O, and
finally to -30 in Ti,O„reQect the corresponding
decreases in the minimum band gap. The very large
increase between Cr,O, and Ti,O, also reflects the
very different nature of the excited hole-electron
states, highly localized in Cr,O, as compared to very
nearly itinerant in Ti,O,. The relative values of
the total lattice polarizabiiities ZS„also have
their origin in the nature of the lowest-lying elec-
tronic excitations. For example, dynamic contri-
butions to e$/e and hence S, also scale as the re-
ciprocal of the average band gap, and hence as

This property of the phonons is similar in

Cr,O, and n-A1,0„but markedly different in Ti,03.
Finally, the softening of effective force constants
for the rigid sub-lattice modes in Ti,O, relative to
Cr,O, and n-A1,0, [see Eq. 15] is also related to
electronic contributions from the highly polarizable
Ti 3d states.

The one-electron energy-level model for the d
states can also be used to explain the differences in
the oscillator strengths of the individual phonon
modes. Consider first the E„modes for E&c. We
have labeled the modes in the Table II as 1, 2, 3, and 4,
in order of increasing frequency. Consider first
Ti,O, and a -Al, O,. Note that the relative strengths of
the modes follow essentially the same pattern. The
strongest mode is number 3, with 2 being next in
strength. In contrast, modes 1 and 4 are consider-
ably weaker, by about an order of magnitude. The
situation in Cr,O, is markedly different. Mode 3 is
dominant as in e-A1,03 and Ti,O„however, all of
the three other modes are considerably weaker.
One possible explanation for these differences may
lie in the occupancy of the transition metal d
states. In Ti,O, (and of course in n-A1,0„as well)
the e' levels are not occupied (at least at 0 K). In
contrast, in Cr,03 these levels are occupied. The
ratio of the oscillator strengths, S2/Ss, then is re-
duced from its value near 1, 0.9, in a-A1,03, by
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occupation of the e states. This ratio is 0.05 in
Cr,03 and 0.58 in Ti,O,. The intermediate value in
Ti,03 is explained by partial occupation of the e
states through thermal excitation across the a,
~ 8g gap.

This argument can also be carried over to a com-
parison of the A,,„modes. In this case the relative
oscillator strengths are very nearly the same in

Ti,O, and Cr,O„S,/S, - 0.2-0.3, but are markedly
different in a-A1,O„S,/S, -4. Referring to Fig. 4,
we note that the a, levels are occupied in Cr,O, and

Ti,O, (but not in o.-A1,0,). These comparisons in
the relative oscillator strengths are of course
qualitative. A model for the effects of dipole-di-
pole interactions involving the transition-metal d
states is then needed before further quantification
is possible.

From the discussion above it is clear that the
properties of phonons in a-corundum structured
crystals require more study. A rigid-ion model
has been appled to n-A1,0, with only modest suc-
cess." It is evident that more sophisticated lattice
dynamical calculations are necessary before we
can understand all of the phonon properties. For
Ti,O, and the other transition metal sesquioxides,
these models must include the coupling of elec-
tronic and vibrational excitations as well as the
screening introduced by any free carriers.

Other interesting properties are also associated
with the long-wavelength phonon states. For ex-
ample, the large values of the lattice polarizability
in Ti,O, suggest that optic phonons may contri-
bute to the scattering of the mobile charge car-
riers, ' I" at least for temperatures in the vicinity
of room temperature and above. Interactions in-
volving these phonons may also play an important
role in the semiconductor-metal transition, even if
the electron-lattice interaction does not drive the
transition. "'" It has been further suggested that
large, temperature-dependent anharmonicities in
some phonon modes are responsible for piezore-
sistance extrema' in the vicinity of the electrical
transition (400-500'K). An examination of Table I
does not show any significant differences between
the damping of corresponding modes in Ti,O, and in
a-A1,03,' or Cr,03.' Therefore, we find no evi-

dence for large phonon anharmonicities in Ti,O,
just above room temperature. This is in agree-
ment with the observation that phonon anharmonic-
ities deduced from ultrasonic attenuation' and
piezoresistance' become important only at signif-
icantly higher temperatures in the vicinity of the
electrical transition.

In summary then, we have studied the room tem-
perature ir reflectance of Ti,O, for the two prin-
cipal polarizations and (i) have identified the prop-
erties of the six ir-active phonons, 2A~„+4E„, (ii)
have shown that the optical conductivity, extrapo-
lated to v-0, shows the same anisotropy as the dc
conductivity, and (iii) have identified a new inter-
band transition for E &c that gives additional sup-
port to the one-electron scheme previously pro-
posed for the Ti Sd levels. "" We have compared
the properties of the ir-active phonons of Ti,03,
with those of o.-A1,0, and Cr,O„demonstrating
that differences relative to n-A1,0„can be related
to the occupancy of energy levels derived from the
transition-metal d states.

Note added in proof Recently . infrared reflec-
tance spectra have been reported for yet another
crystal with the z-corundum structure, n-Fe, O,."
The relative oscillator strengths of the ir-active
phonons are consistent with the model proposed in

this paper if we note that the five 3d electrons in

o.-Fe,O, occupy e,', as well as a~ and e,' states.
For example, the ratio S,/S, for the A, „modes in

n-Fe, O, in 5.2 and similar to that of n-A1.,0„4.0.
This is attributed to the spherical symmetry of .

the half-filled d shell, in which contributions to
the A.,„mode polarizations from the e,"states can-
cel the contributions from the a„states. For the
E„modes the situation is more complicated with

an S,/S, ratio of 4.1 for o.-Fe,O, being very dif-
ferent from that in Cr,O„0.05, but also larger
than that in n-A1, 0„0.90.
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