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We present ab initio electronic structure calculations of Ru-doped TiO, using a supercell geometry.
Our results show three Ru-induced defect states occurring within the fundamental TiO, band gap with a
center of mass ~ 1 eV above the O 2p manifold in agreement with absorption and photoelectrochemical
experiments. These midgap states were found to be localized on the Ru atoms with ¢,,-like symmetry.

Significant advances have been made both theoretically
and experimentally in our ability to modify the electronic
properties of semiconductors through doping and/or al-
loying. While ‘“band-gap engineering” is well known in
the semiconductor industry, its application to transition-
metal oxides is in a more primitive stage. This fact not-
withstanding, the electronic modification of these materi-
als is becoming increasingly important for a number of
technological applications. Unlike semiconductors, few
theoretical investigations have been performed for
transition-metal oxides. Traditionally, oxides have been
one of the most difficult classes of solids upon which to
perform “first-principles” pseudopotential calculations,
owing to the localized nature of the transition-metal d
and O 2p valence wave functions.”> However, with the
recent advances in techniques for generating “soft-core”
transferable pseudopotentials,>* and fast iterative diago-
nalization techniques,’ we are now in a position to handle
these complex systems from first principles.

As a first step toward ‘“band-gap engineering” for
transition-metal oxides using ab initio calculations, we
have chosen to study the Ru,Ti;_,O, system, owing to
its use in energy-storage and conversion processes,® % in
the photocatalytic treatment of waste water,’ in an-
tichalking agents in the paint and polymer industry,!° as
a catalyst in the photomethanation of carbon dioxide,!!
and as an electrocatalyst in the chloralkali industry.!>!3
These applications depend upon the transfer of electrons
(holes) from the conduction (valence) band to a reactant
molecule or electrolyte after the electroexcitation/pho-
toexcitation process. The reaction pathways at the sur-
face are often complex, and in many instances remain un-
known. An understanding of the bulk electronic proper-
ties for these mixed oxide systems, and the location of im-
purity states, will aid in the design of better catalysts and
electro-optic devices. An example of the impact of
“band-gap engineering” in transition-metal oxides is illus-
trated by the production of H, through band-gap il-
lumination of TiO, electrodes.® The difficulty with this
process, however, lies in the 3.05-eV band gap14 found in
pure TiO,. This large gap results in photon absorption
near the uv region of the spectrum where solar photon
fluxes are small. By doping TiO,, it is hoped that the ab-
sorption spectrum may be shifted to longer wavelengths
through the formation of induced states within the funda-
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mental band gap, thereby making TiO, an attractive ma-
terial for energy-storage and conversion processes.

Although the electronic properties of TiO, have been
extensively studied in the literature,' and those of RuO,
to a lesser extent,? little is known theoretically about the
Ru, Ti;_,O, system. Here we present ab initio calcula-
tions performed within the local-density approximation
for the quasibinary Ru,Ti,_,O, oxide, using a plane-
wave basis and “soft-core” pseudopotentials.’ We have
recently shown this methodology to give good results!?
for the electronic, structural, and optical properties of the
end-member oxides TiO, and RuO,. Our Ti, Ru, and O
pseudopotentials were generated by the method of Troul-
lier and Martins,® as previously described.!’? Here we will
focus upon the symmetry and location of Ru-induced im-
purity states relative to the valence-band edge of crystal-
line TiO,, by examining the Ru, Ti, _, O, system as x —O0.

We have performed total-energy pseudopotential cal-
culations for ideal Ru,Ti;_,O, solid solutions at x =0,
%>+ +, 2, and 1. We employed supercells with the ap-
propriate number of Ru atoms substituted for Ti. At
x=1weusea 1X1X1cell,at x=1and 2 a 1 X1X2 su-
percell, and at x =5 a 2X2X3 supercell. While lattice
rearrangement is possible, we do not expect any
significant modifications from the tetragonal symmetry of
our supercells. In fact, solid solution behavior might be
expected for 0 <x <1, as both Ru*' and Ti** have simi-
lar ionic radii, electronegativities, and both oxides occur
in the rutile structure with similar lattice constants. At
each concentration, excluding % which will be discussed
below, we have minimized the total energy with respect
to the tetragonal lattice constants @ and ¢, and the atomic
positions of the Ru, Ti, and O atoms. The number of spe-
cial k points was increased until convergence in the total
energy of 0.05 eV per formula unit of Ru,Ti;_,O,, or
better, was obtained. For x =0, we have used one special
k point, eight for x =1, 1, 2, and six points for x =1.
Calculations were performed with a 64-Ry plane-wave
cutoff, resulting in total energies which were converged
to 0.05 eV/atom or better for the end-member oxides.

In Fig. 1, we show the resulting density of states (DOS)
for x = along with the TiO, and RuO, end-member ox-
ides. The DOS was calculated using the analytic
tetrahedron method,'® employing the self-consistent solu-

12 550 ©1993 The American Physical Society



47 ELECTRONIC STRUCTURE OF TiO,:Ru

tion at 126 k points in the irreducible Brillouin zone.
The DOS for TiO, and RuO, have been discussed previ-
ously,"? and will be mentioned only briefly in connection
with the mixed oxide system. The Fermi energy has been
taken as the energy zero in each panel, while occupied
states are indicated by shading. Valence-band states be-
tween —9 and —1 eV are predominantly O 2p states,
while those greater than —1 eV are predominantly Ti 3d
and Ru 44 states in analogy with the 7,, and e, states of
an octahedrally coordinated transition-metal ion in the
presence of a crystal field. For O <x <1, the width of the
O 2p manifold monotonically increases with x, resulting
in a separation of ~1 eV between end members, while
the separation between the top of the O 2s (not shown)
and the bottom of the O 2p manifold monotonically de-
creases by ~1 eV between end members. At these con-
centrations, we find the heat of mixing for the ordered
oxides to be positive, i.e., unstable, in agreement with ex-
periment.!”

The substitution of Ru for Ti results in an attractive
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FIG. 1. Density of states for Ru,Ti;_,O, for various Ru
concentrations compared to experimentally determined spectra
(Refs. 19 and 23-25). The Fermi energy has been taken as the
energy zero while shading indicates occupied states. Theoreti-
cal results have been convoluted with a Gaussian of half-width
at half maximum of 0.075 eV to account for finite sampling er-
rors.
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potential for the additional electrons originating from the
atomic Ru 4d states. This attractive potential subse-
quently lowers states in the ¢,,-¢, manifold. For x <<1,
one expects localized Ru 4d states in the vicinity of the
TiO, fundamental gap, as experimentally observed!¢ for
V, Cr, Fe, and Mn dopants in TiO,. At higher Ru con-
centrations, these localized states will tend to overlap due
to the decreasing Ru-Ru distance and eventually lead to
metallic character as the 7,, and e, complexes are pulled
down toward the O 2p manifold, as seen in Fig. 1. For
x =1, the Ru-induced impurity states are clearly seen to
occupy the fundamental TiO, band gap. The width of
the impurity complex is ~ 1 eV and is separated from the
valence-band and conduction-band edges by a gap of
~0.5 e¢V. From our band-structure calculations, we find
this midgap feature to be composed of three states. As
the charge state of Ru in Ru, Ti;_,0O, has been experi-
mentally determined'”!® from Mossbauer absorption
spectra to be almost exclusively Ru*t (4d*), one expects
two filled defect bands (excluding spin) associated with
the substitutional Ru. Overall, the DOS for the x =1
binary oxide remains similar to that of the undoped crys-
tal shown in the bottom panel of Fig. 1. Recent x-ray-
photoelectron spectroscopic experiments have been per-
formed for electrochemically active RuO,-TiO, /Ti over-
layers!® containing ~20 mol % RuO,. A comparison be-
tween our theoretical results and the experimental XPS
spectra of the Rug 9Tij 5,0, films is given in the center
panel of Fig. 1. Overall, our theoretical valence-band
features are in good agreement with the experimental
spectra given the morphological and stoichiometric
differences. As the concentration is increased, we find the
Ru midgap states overlap with the #,,-e, manifold at
x~0.4.

The exact location of Ru states, however, is difficult to
assess in the case of x =4, as the width of the defect com-
plex is ~ 60% of the TiO, band gap. Further, these Ru-
induced states become difficult to probe experimentally,
owing to surface and defect states lying in the fundamen-
tal gap.2%!® The variability of the transition-metal
valence charge leads to further difficulties in determining
whether these states are donors or acceptors when optical
experiments are employed. Theoretically, the position of
these defect states is determined by calculating the elec-
tronic structure of the alloy in the infinitely dilute limit.
For semiconductors, however, the problem is difficult to
treat using a supercell geometry, as defect-defect interac-
tions lead to a significant dispersion of these states unless
very large supercells are employed. Owing to the local-
ized nature of the transition-metal d and O 2p wave func-
tions, much smaller supercells may be used in comparison
to, e.g., Si:P. As the Ru-induced states have already lo-
calized in the band gap by x =1, as seen in Fig. 1, we
have modeled the TiO,:Ru system by using a Ru concen-
tration of x =4, with a 2X2X3 supercell containing 72
atoms. At this concentration, the minimum Ru-Ru sepa-
ration is a factor of 2 larger than x =Z. As in the case of
TiO,, one special k point was used to sample the charge
density. The lattice constants for the tetragonal supercell
were based on TiO,, as experimental x-ray-diffraction ex-
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periments?! for x <0.02 found differences of only 1-3 %
from those of TiO,. To ease the computational burden,
the plane-wave cutoff was reduced from 64 to 40 Ry, as
the band structure converges much faster than the total
energy. We have tested the 40-Ry cutoff for crystalline
TiO,, finding relative shifts in the band structure on the
order of 0.1 eV.

To estimate the location of Ru-induced impurity bands
relative to the top of the O 2p manifold for TiO,:Ru,
band-structure calculations were performed for x = 4.
In Fig. 2, we show the three Ru-induced gap states along
various high-symmetry directions of the tetragonal Bril-
louin zone (BZ), where the Fermi energy has been taken
as the energy zero. In this figure, the filled O 2p valence
states are indicated by shading while only the bottom of
the conduction bands are shown. The bandwidth of the
Ru-induced defect states was found to be 0.37 eV while
the difference between the top of the O 2p valence-band
states and the bottom of the Ti 7,, states remains essen-
tially unchanged from the local-density-approximation
(LDA) value of 2.02 eV for pure TiO,. Comparing the
bandwidth at a doping of x =1 of 1.2 eV, the defect-
induced bandwidth at x =5 has decreased by a factor of
approximately 3 upon doubling the minimum Ru-Ru sep-
aration. The center of gravity of the Ru-induced com-
plex is approximately 1 eV above the O 2p manifold. Ul-
traviolet photoelectron spectroscopic experiments per-
formed by Triggs'® for single crystals doped with 2% Ru
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FIG. 2. The band structure of Ru, Ti,_,O, at - along vari-

ous high-symmetry directions. The Fermi energy has been tak-
en as the energy zero.
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resulted in a valence band similar to the undoped TiO,
spectra. While this Ru doping is close to our Ru concen-
tration of x =, variations in surface stoichiometry and
a large depletion-layer width make it difficult to assign
features to bulk spectra.!® These experiments did, how-
ever, reveal a shift in the valence-band edge into the fun-
damental TiO, band gap, corresponding to occupied Ru
4d impurity states. A more direct comparison of the lo-
cation of the impurity-induced Ru states to experiment is
obtained by Triggs'® from single-crystal optical-
absorption spectra. For crystals doped with 2% Ru, a
shift in the fundamental absorption edge from 3.05 (Ref.
14) to 1.85 eV was observed. Gutiérrez and Salvador??
have performed photoelectrochemical experiments on
Ruy (3Tig 970, single crystals, revealing two distinct tran-
sitions. The first transition occurs at 3.2 eV, correspond-
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FIG. 3. Pseudo-charge-density plots for the three charac-
teristic Ru-induced defect states for x = %, shown in symmetry
planes revealing the Ru atomiclike d character. Panel (a) shows
the (110) plane for the lowest band, panel (b) shows the second
band in the (110) plane, and panel (c) shows the third defect
band in the (001) plane. In each panel, the constant charge-
density contours are separated by 35 e /¥, where V is the unit-
cell volume.
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ing to electron transfer from the top of the O 2p manifold
to the lower edge of the Ti 3d states, while a 2-eV transi-
tion corresponds to electron transfer from the Ru 4d
states to the lower edge of the Ti 3d states. Both experi-
ments result in an ~ 1.2-eV separation between the top of
the O 2p manifold to the narrow defect band, and are in
good agreement with our theoretical predictions.

To determine the symmetry of the three defect states,
we have calculated pseudocharge-density contour plots in
high-symmetry planes of the tetragonal lattice for x =,
and these are shown in Fig. 3. We have indicated the Ti-
O “bonding network” in the 2X2X3 supercell by solid
lines, and have placed the single Ru impurity in the
center of each plane. In panel (a), we show the (110)
plane for the lowest band of dxz_yz-like symmetry; panel
(b) shows the second band in the (110) plane of d,, sym-
metry; and panel (c) shows the third defect band in the
(001) plane of d,, symmetry. The symmetries of these
states have been taken from the splitting of the five Ru
atomic d states in the presence of an octahedron of Q%
jons as the distortion from O,, to D,, symmetry is small.?
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From Fig. 3, it is clear that the three defect-induced gap
states are localized on the Ru atoms, with a small amount
of O 2p character associated with the pdw t,, bonds
occurring between the nearest-neighbor O~ ions.

To summarize, we have shown that Ru doping of TiO,
results in three defect bands occurring in the fundamental
gap. The character of these defect states has been deter-
mined from pseudo-charge-density plots to be localized
atomiclike Ru 4d states of ?,,-like symmetry. The loca-
tion of these defect states was found to be ~1 eV above
the O 2p manifold, in agreement with experimental re-
sults. We show that good results may be obtained for the
electronic structure of transition-metal dopants in ceram-
ic oxides when the LDA is employed.
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