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Optical properties of titanium dioxide in the rutile structure
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We present first-principles calculations for the optical properties of titanium dioxide in the rutile

structure. The electronic band structure has been calculated self-consistently within the local-density

approximation using ab initio pseudopotentials and a plane-wave basis. Optical properties are deter-
mined from the imaginary part of the dielectric function and compared to experiment. Although our
local-density calculation underestimates the band gap, our results show that the optical properties for
this early-transition-metal oxide are in surprisingly good agreement with experiment away from the
fundamental absorption edge. We attribute this good agreement to the ability of the local-density ap-
proximation to yield accurate matrix elements between occupied and empty states.

The importance of the optical and electronic properties
of TiOz may be illustrated by its role as a dielectric ma-
terial for integrated electronics, as an antireflection coat-
ing for solar cells, as a substrate in catalytic and in elec-
trochemical processes, and as a pigment for paints and
polymers. Interest in the optical properties of Ti02 have
prompted reflectance, ' electroreflectance, ' electroab-
sorption, absorption, and wavelength-modulated trans-
mission spectroscopic measurements. The interpretation
and assignment of the rich optical spectrum of titania to
specific electronic excitations within the Brillouin zone
(BZ) depends upon accurate electronic structure calcula-
tions.

The response function for the optical properties of a
solid, describing the absorption or emission of electrons or
photons, is the dielectric function. One may calculate the
dielectric function from accurate band-structure calcula-
tions, thereby allowing one to assign the spectral features
to specific excitations within the BZ, as well as obtaining
interband topologies. A successful application of this ap-
proach to the optical properties of diamond and zinc-
blende semiconductors is the empirical pseudopotential
method (EPM). In this method, one solves Schro-
dinger's wave equation using a pseudopotential which is

adjusted to obtain agreement with the experimental
response function. An alternative method is to proceed
with ah initio or "first-principles" methods.

Perhaps the most successful of these first-principles ap-
proaches is the local-density approximation (LDA).
This approach has experienced a considerable amount of
success at predicting ground-state structural and cohesive
properties of condensed matter systems. Excited-state
properties, such as the dielectric function, become ques-
tionable with the LDA. However, the resulting eigenval-
ues and eigenvectors are often associated with single-
particle excitation energies and wave functions. For semi-
conductors and insulators, this association is known to
lead to band gaps which are often 30% to 50% lower than
experiment. ' ' Formalisms which account for many-
body eAects such as the quasiparticle ' and self-inter-
action correction approach' ' have met with some suc-
cess at describing excited-state properties for simple semi-
conductors and insulators, and give band gaps which

agree to within 0. 1 eV of experiment. For simple insula-
tors and semiconductors, these calculations result in wave
functions which are virtually identical to those obtained
with LDA. ' However, these methods are computational-
ly intensive. As shown in the present investigation, LDA
can give good results for the optical properties of early
transition-metal oxides. In general, transition-metal ox-
ides are known to be very difficult to model using the LDA
as is exemplified by a late-transition-metal oxide such as
NiO which LDA predicts to be a metal rather than an in-
sulator. ' It is an open question whether reasonable re-
sults may be obtained for the optical properties of an
early-transition-metal oxide such as TiOq, which we ex-
amine in the present study.

The calculation al procedure for determining the
ground-state structural, electronic, and cohesive proper-
ties has been described in previous work. ' ' Wave func-
tions were expanded in a plane-wave basis up to a kinetic
energy of 64 Ry. Integrations were performed with one
special k point while the exchange-correlation potential of
Ceperley and Adler was used. Our norm-conserving
pseudopotentials were obtained by the method of Troullier
and Martins' and separated using a Kleinman and By-
lander'" transformation. The structural parameters used
in the present calculations were previously obtained by
self-consistently minimizing the total energy of the rutile
structure. '

The optical properties have been obtained through the
frequency-dependent dielectric function, e(to) =ei (to)
+ieq(ta), using the formalism of Ehrenreich and Cohen. '

The imaginary part of the dielectric function is given as

where the integral is over the first Brillouin zone,
M, ., (k) =(u, .i, le. Vlu, .t, ) are the dipole matrix elements for
the direct transitions between valence- and conduction-
band states, hat, ., (k) =E, t,—E,,t, is the excitation ene. rgy,
e is the polarization vector of the electric field, and u, t, (r)
is the periodic part of the Bloch wave function for a
conduction-band state with wave vector k. We have self-
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TABLE I. Comparison of the experimental critical point en-
ergies (eV) of Cardona and Harbeke (Ref. l) to the present
first-principles results for polarizations perpendicular (E~) and

parallel (Eg) to the c axis. The notation of the optical peaks cor-
responds to Cardona aud Harbeke (Ref. I ).

E& Experiment Theory Ell Experiment Theory

BI
B2
C

4.00
5.35
6. 10
7.40
8.05

3.06
4.67
6.06
6.96
7.59

4. 1 1

6.63

7.87

3.06

6.15

7.27

consistently determined the eigenvalues and wave func-
tions at 126 k points within the irreducible part of the BZ.
Excitation energies between the valence-band and con-
duction-band states up to approximately 16 eV from the
valence-band edge were considered. Brillouin-zone in-
tegrations have been performed within the linear analytic
tetrahedron scheme with an energy spacing of 0.05 eV.

Owing to the large anisotropic nature of tetragonal cell
of rutile, the optical properties are strongly dependent on
the direction of the incoming polarized light. When the
polarization direction is perpendicular (E~) or parallel
(Et) to the c axis, a high degree of fine structure exists in

the optical properties (as indicated in Table I). Relating
these structural features to critical points and interband
topology within the BZ via Eq. (I) depends upon accurate
band-structure calculations.

In Fig. 1, we show the band structure for Ti02. The
tightly bound 0 2s bands, shown in the lower panel, result
in a bandwidth of 1.8 eV. The upper valence bands with a
width of 5.7 eV, are composed mainly of 0 2p states and
is in good agreement with experimental values in the
range of 5-6 eV. ' A recent linear muffin-tin orbital cal-
culation has yielded similar valence-band widths. A
2.0-eV direct-forbidden gap occurs at I and is -30%
lower than the experimental value of 3.0 eV. The lower
conduction-band states, with a full width of 5.6 eV, are
composed primarily of Ti 3d states. The lowest six bands
may be associated with the t2g "crystal-field" symmetry
and the next four with the eg symmetry of an octahedrally
coordinated Ti atom.

The imaginary part of the dielectric function for both
E~ and Et polarizations is shown in Fig. 2. The theoreti-
cal curves have been convoluted with a Gaussian with a
half width at half maximum of 0.15 eV. The experimen-
tal values of ez for both E~ and Et have been measured by
Cardona and Harbeke' from reflectance measurements
and by Vos and Krusemeyer using electroreflectance
spectroscopy. While both experiments yield peak posi-
tions in reasonable agreement, their amplitudes are at
variance. We have chosen to compare our theoretical re-
sult to the experimental work of Cardona and Harbeke, '

shown in Fig. 2, which are in better agreement with other
experimental observations. LDA underestimates the ex-
citation energies as is evident by the shift in the funda-
mental absorption edge to lower energies. Beyond the ab-
sorption edge, good agreement is obtained with the experi-
mental fine structure indicating that a single-particle
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FIG. 1. Band structure for Ti02 along the high-symmetry
directions of the irreducible Brillioun zone. The va)ence-band
maximum is taken as the zero of energy.
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FIG. 2. The imaginary part of the dielectric function for po-
larization vectors perpendicular Ej. and parallel Eii to the e axis.
Present results (solid line) are compared to the experimental
room-temperature results of Cardona and Harbeke (Ref. l)
(dashed lines). The labels correspond to experimentally ob-
served critical points (Ref. l).
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framework is adequate for this early transition-metal ox-
1de.

The fundamental absorption edge for E& occurs at 2.02
eV, resulting from transitions between the topmost
valence band and the bottom of the conduction band along
the h, and Z directions. Beyond the absorption edge, ex-
perirnental reflectivity ' and electroreflectance measure-
ments reveal two prominent features, designated as A~
and A2 in Fig. 2, and have been attributed to splitting in

the 0 2p„,, orbitals. The first major peak, which we at-
tribute to A ~, occurs at 3.06 eV and results from transi-
tions between the top of the valence band to the bottom of
the conduction band in the neighborhood of the R-A
direction. The next major peak, which we assign to A2,
occurs at 4.67 eV and results from transition between the
top four valence bands and the t2g conduction-band states
in the neighborhood of I. Between these two peaks, we
find two additional features which have not been observed
experimentally. ' The first feature appears at 3.6 eV, re-
sulting from transitions between valence bands 14-15 to
the first two conduction bands along the Z direction near
I . (We label the valence bands from 1-16 and the con-
duction bands from I upwards. ) The second feature
occurs at 3.94 eV and results from transitions between
valence bands 14-15 to the lowest three conduction bands
in the neighborhood of the Z direction. The predicted sep-
aration between the A

~
and A2 peaks was found to be 1.7

eV which is in good agreement with the experimental
value of 1.4 eV. ' Three other structural features, labeled
as B ~, B~, and C in Fig. 2, have been observed experimen-
tally at higher energy. We find similar high-energy
structural features; the first occurring at 6.06 eV is attri-
buted to B~. The majority of the structure occurs for
transitions between valence bands 10-12 and the bottom
five conduction-band states of t2g symmetry as well as
transition from valence band 15 to the first conduction-
band state of eg symmetry. These transitions occur in the
neighborhood of the A-Z direction. The next high-energy
structure is associated with Bq and occurs at 6.96 eV re-
sulting from transitions between valence bands 14-16 and
the first two conduction bands of eg symmetry in the
neighborhood of I . The structure attributed to C occurs
at 7.59 eV and results from transitions between valence
bands I I —12 and the first two conduction-band states of
e~ symmetry in the neighborhood of the T direction. We
find an additional feature at 8. 11 eV resulting from two
critical points. The first, near -I, results from transitions
between valence bands 14-15 to conduction band 10. The
second critical point occurs near A and results from tran-
sitions between valence bands 10-11 and conduction
bands 7-8.

The absorption edge for E~~ polarization occurs at 2.05
eV resulting from transitions between the top of the
valence band and the bottom of the conduction band with
the majority of the structure occurring along the 5 direc-

tion. As seen in Fig. 2, only one prominent feature, la-
beled A, has been experimentally' observed for Ei and
has been attributed to transitions from the 0 2p, orbit-
als. Unlike the case of E& polarization, we find a rather
broad absorption edge (peak A) for Ei. This is often the
case in comparing theoretical to experimental results as
many-body effects, e.g., excitons, can strongly modify the
structural features of the absorption edge. Although ab-
sorption experiments reveal exciton behavior for the
direct-forbidden transition, they are only weakly allowed
for E& and strictly forbidden for Et polarization. The
first major peak for E~~ polarization occurs at 3.06 eU re-
sulting from two critical points. The first, near I, is a re-
sult of transitions between valence band 14 to the bottom
of the conduction band. The second critical point occurs
near R and results from transitions between the top of the
valence band to the bottom of the conduction band. The
second major peak occurs at 3.9 eV and results from tran-
sitions between the top four valence bands and the lowest
four conduction bands along the Z and Y directions near
M. Two other features on the high-energy side of this
peak appear as shoulders at 4.47 and 4.67 eY, respective-
ly, and result from transitions between valence bands
12-13 to conduction bands 2 and 4 along h. The next ma-

jor feature appears at 6.15 eV resulting from transition
between valence bands 11-12 to conduction bands 3-5
with t 2g symmetry and valence band 15 to conduction
band 7 with e~ symmetry. The transitions are located
near the neighborhood of the Z-A-R face and is associat-
ed with peak B. The next major peak occurs at 7.27 eV
and is a result of transitions between valence bands 12-14
and conduction bands 7-8 located in the neighborhood of
the M-Z direction and is associated with peak C. We find
an additional peak composed of two critical points at 8.07
and 8.25 eV resulting from transitions between valence
bands 14-15 to conduction band 10 near I along the 6
and Z directions and valence bands 10-12 to conduction
bands 7-8 in the neighborhood of the Z-R direction.

In summary, we have self-consistently calculated the
band structure of TiOq within the LDA formalism using
ab initio pseudopotentials and a plane-wave basis. Our
calculations yield good results for the fine structure in the
imaginary part of the dielectric function as compared to
experimental results. Specifically, we are able to account
for differences in the electronic polarizations for the
dielectric functions. Our results suggest that for this
early-transition-metal oxide, accurate optical matrix ele-
ments are described within the LDA.
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