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1 Executive Summary of Research Accomplishments

This work has concentrated on the electronic and structural properties of solid
state oxides. Emphasis has been on the electronic materials: silica, titania, and
ruthenia. These are important materials in terms of their technological applications
which range from the packaging of electronic devices to catalytic substrates. Funda-
mental interest has centered on the nature of the micro-structure of such solids in the
amorphous state, or mixed oxide state.

New theoretical techniques have been implemented to examine such issues. The
techniques outlined within this report are based on ab initio pseudopotential methods,
and interatomic potentials.

Some areas examined under this project are: 1. The nature of the amorphization
transformation of quartz under pressure. Specific focus is on the microscopic nature
of the amorphous material and the driving forces for amorphization. 2. The equation
of states of crystalline silica polymorphs. 3. Elastic anomalies in silica. In particular,
the existence of a “negative” Poisson ratio in high temperature, low density forms of

crystalline silica. 4. The optical and structural properties of titania and mixed oxides

such as Ru;Ti;_,0,.

Highlights of this work includes:

¢ Proposal of a model of the structure of a-quartz under pressure [Physical Review
Letters 65, 3309 (1990); Nature 353, 344 (1991); Phys. Rev. Letters 69, 2220 (1992)].
A mechanism is proposed which accounts for changes in the coordination of silicon
cations in silica under pressure. This mechanism is confirmed by direct calculations
of the mechanical stability of a-quartz under pressure.

o Theoretical overview of the equations of state of silica [Physical Review B44,

1538 (1991); Physical Review B44, 4771 (1991); Physical Review B44, 4081 (1991);



Physical Review B 46, 1 (1992) ]. This overview permits the prediction for phase
transition pressures for forms of crystalline silica.

e Confirmation of a negative Poisson ratio in a-cristobalite [Nature 358, 222
(1992), and Phys. Rev. B (in press)]. This high temperature form of silica contracts
in the transverse direction to a uniaxial strain. The work in this project was the
first to explain this phenomena. It was also predicted that a-quartz will experience
a negative Poisson ratio under uniaxial tension.

e Detailed theoretical analysis of the optical spectrum of titania and mixed oxides,
specifically we have examined the Ru,Ti,_,0; oxide system. [Solid State Commu-
nications 76, 635 (1990); Phys. Rev. B 45, 3874 (1992) and Phys. Rev. B (in

press)].
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2 PRIMARY RESEARCH ACCOMPLISHMENTS

A. The structure of amorphous silica under pressure

Pressure induced amorphization has been observed recently in a number of crys-
tals[l, 2]. These solids vitrify when they are compressed at a sufficiently low tem-
perature to inhibit crystallization. One of the most studied crystals is a-quartz. At
pressures near ~25-35 GPa, quartz gradually transforms to an amorphous form(3].
Considerable interest exists in this direct crystal-to-amorphous transformation be-
cause of the technological potential for the production of bulk amorphous materials
as well as their fundamental importance in geophysics. The question is whether com-
puter “experiments” can give us insights into the origin of the driving force for this
transformation, and the nature of structure of amorphous silica.

With respect to the driving force of the amorphization process, several suggestions
have been made in the literature[4, 5]. One was that the crystal becomes unstable
when its compressibility vanishes as demonstrated by molecular dynamical simula-
tions[5]. However, this suggestion does not illuminate the physical origin of the trans-
formation as any first order phase transformation would undergo such decrease in the
compressibility. Another suggestion involved a softening of the elastic constants, but
this suggestion is at variance with accurate theoretical calculations[3]. Neither sug-
gestion focuses on the microscopic structure of quartz, and the physical basis of the
transformation with respect to the chemical bond.

Amorphous materials are normally produced by the rapid cooling of a liquid. If the
liquid quench is fast, then crystallization is prevented. Pressure induced amorphiza-
tion is a more puzzling process, especially at ambient temperatures. For example,
pressure induced amorphization in some situations can be reversible. Pressure amor-

phized AIPOy4 reverts to a quartz structure when the pressure is removed with the



same crystallographic orientationas before the amorphization[1]. Pressure amorphized
silica remains amorphous upon the release of pressure, but the material is anisotropic
having retained the “memory” of the original quartz crystallographic orientation[6].

In our calculations, we have followed the pressure evolution of quartz near and
above the amorphization pressure. Our approach allows us to obtain information
which is impossible to obtain from experiment, yet the results of our calculations
can be as accurate as experiment. We use two approaches to understand the details
of the amorphization process. Our first approach is to ab initio pseudopotentials to
determine the elastic properties of quartz. This procedure is accurate, but computa-
tionally intensive. We complement this approach with simple, pairwise interatomic
potentials. We establish the accuracy of the interatomic potential with the ab initio
calculations. It is important that we do so as the mixed covalent and ionic compo-
nents of the Si-O bond is not captured by pairwise forces, and a priori the covalent
nature of the bond may be important when dealing with the quartz amorphization.

Our first principles calculations are performed within the LDA formalism using ab
initio pseudopocentials and a plane wave basis[7]. We outline the essential features
as the computational details have been presented elsewhere[8]. For the LDA, we
use the exchange-correlation potential of Ceperley and Alder[9] as parameterized by
Perdew and Zunger[10]. For the ab initio pseudopotentials we use norm conserving
pseudopotentials as generated with the method of Troullier and Martins[11]. The
diagonalization of the secular equation was handled via an iterative method[8]. Plane
waves up to a kinetic energy of 64 Ry were included in the basis set in order to have
sufficiently accurate forces for the structural properties. This cut-off was increased to
90 Ry for the stresses to determine the elastic properties. For a-quartz and most forms
of crystalline silica, accurate structural energy calculations can be based on only one

l_u:-point. Elastic constant calculations require more E—points. For these calculations,



the Brillouin zone integrations were performed with a £ point mesh of (2 z 2 z 2)
with a displacement of (0,0, %) in reciprocal lattice units. The k point mesh chosen
has the unperturbed lattice symmetry which insures a commensurate transition from
high-symmetry to low-symmetry lattices.

Our classical force-field calculations were based on the same functional form for
the interatomic potentials used in previous simulations. The interactions in these
pairwise potentials are described by a Coulomb term and two short ranged terms.
These short ranged terms have the form of an attractive van der Waals term and
a Born-Mayer correction, respectively. Results reported here employ two sets of
parameters for this form: one from Tsuneyuki et ai.[4], and one from van Beest et
al.[12]. These potentials give a reasonable description of the structural properties of
a number of silica polymorphs.

We will use both of these approaches to examine the mechanical instability of the
quartz structure as a function of pressure. The elastic constants c;; calculated here are
those defined from the stress-strain relation, and those which appear in the equations of
motion yielding the elastic-waves velocities. The ¢;; are related to the energy variation to
the second order in the strain[14]:

AE®) AV 5
=-p + 5 2.Cij € €
Vo Vo 25

A symmetric strain tensor € is assumed in Eq.(1), and we use Voigt’s notation. AV [V, =
€1+ €2+ €3+ €16 + €163+ €263 + (€2 + €2 + €2) /4 is the relative volume change to the second
order in strain.

A necessary condition for a crystal to be mechanically stable is that the elastic-wave
energy be positive, or equivalently, that the elastic constant matrix be positive definite.

This condition imposes the following constraints, the Born criteria:
31 =C11 — |C12I >0
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By=(cnn + c12) ez — 2¢3, > 0
2
B3= (Cu et C]g) Cqq4 — 2614 > 0

for the crystal to be mechanically stable. The first criterion, By, insures stability with
respect to the elastic waves in the zy-plane,:.e., perpendicular to the quartz c—axis. The
second condition, B, is related essentially to dilations, and insures a positive compress-
ibility. The third condition, Bj, is associated with shear waves in planes different from the
zy-plane. Bs = 0 corresponds to a soft transverse acoustic mode with propagation and
polarization vectors along one of the three equivalent directions in a-quartz, e.g., the x
direction, and along a direction 7 in the yz plane at an angle 8 = arctan(—c44/c14) of the
c-axis.

In Figure 1, we illustrate the theoretical dependence of By, B,, and Bj for pressures
up to 50 GPa. The experimental values at ambient pressure and a temperature of 4K
are indicated by the arrows[13]. The zero-pressure elastic constants obtained from the ab
initio pseudopotential calculations slightly .overestimate the experimental results, an effect
which we attribute to the minimal E—point grid used in these heavy computations. The zero
pressure values obtained with the interatomic potentials by Tsuneyuki, et al.[4], and by van
Beest, et al.[12] are also presented in Figure 1. The same general pressure-dependence of
the elastic constants is obtained with the pseudopotential and the interatomic potentials.

The first two moduli, B, and B; are positive over the pressure range illustrated and
increase at high pressure. The change in the shear modulus is relatively small. B; increases
drastically over the same range; it changes by one order of magnitude from ambient pressure
to 50 GPa. The striking increase in B, is related to the decrease with pressure of the a-
quartz compressibility. It reflects the increasing stiffness of the Si-O-Si angle owing to the
Si-Si repulsion, when the bond-bending approaches 120°.

The quartz instability is associated with the third Born criteria, B;. In Figure 1, B;



decreases with pressure and becomes negative near 30 GPa. The transition pressure for
instability differs somewhat between the interatomic potentials and the pseudopotential
calculation, but all three calculations indicate an instability near ~20-35 GPa. The me-
chanical instability is consistent with the structural transformation observed in molecular
dynamics simulations. Contrary to what might be extrapolated from the low pressure
behavior of the elastic constants[3], neither ceg = %Bl, nor cy4 vanish in the region of
quartz amorphization. cg increases above 10 GPa and c44 vanishes only at pressures
above ~50 GPa, far above the instability in B;. Based on these interatomic potentials,
and our pseudopotential calculations, it is clear that the vanishing of cgg and cqq are not
the cause of the mechanical instability.

The pair potentials and pseudopotential approaches differ quantitatively with respect
to the pressure scale. However, both approaches reveal the same microscopic origin of
the quartz instability. The violation of the stability condition, B3 occurs when the oxy-
gen anions approach a bcc configuration[l5]. This packing is the dominant mechanism
which controls the structural behavior of quartz at high pressure. Since this bcc oxygen
arrangement is a “Madelung”, or “coulombic” effect, resulting from the minimization of
the oxygen-oxygen repulsion, it is reasonable that a simple pairwise interatomic potential
would replicate the microscopic origin of the instability.

The angle 8 between the c-axis and the § axis yielding the soft shear, €,5 is about 40°
at the transition pressure and decreases slightly at higher pressures. This angle saturates
at about 35° when the bcc packing is nearly completed (near 50 GPa). The corresponding
shear, ¢;; has a simple interpretation in the bcc lattice. In Figure 2, we illustrate the
connection between the quartz hexagonal basis vectors (d’,g,é') and the oxygen cubic cell.
The quartz structure can be composed of 27 of these “oxygen sublattice” bcc cells as the
silicon cations are not equivalent in each subcell. For 8 = arccos(y/2/3) ~ 35.3°, the €4

shear is ideally parallel to one of the three sets of planes forming the faces of the bcc



cell. The z and y directions are face-diagonals of the cell. The effect of the strain is to
elongate the bce sublattice. In Figure 3, we compare the microscopic atomic arrgangment
obtained from the ab initio pseudopotential calculations in the unstrained quartz structure
and in the strained structure. Microscopically, the effect of the elongated bcc sublattice
is to alter the O-Si-O angles. The angles which have oxygen anions along the elongation
axis are opened; those with anions perpendicular to the axis are closed. This deformation
produces a displacement of the silicon cations towards one of the nearby octahedral sites
in the bec lattice. The same effect is found in the interatomic potential calculations. This
displacement increases with pressure and is clearly related to the shear-instability.

While these calculations can yield insights into the driving forces of the amorphization
process, they are clearly limited as we restrict the calculations to the quartz structure.
At this point, all that one can state is that the quartz structure is unstable. If we were
restricted in our knowledge of the experimental details, all we could say was that quartz
might transform to another structure. This structure could be a small deformation of
the quartz structure, another crystalline form, or it could be an amorphous solid. By
employing molecular dynamics, we can gain some insights into the transformation which
cannot be obtained by static deformations. Molecular dynamics will allow us to follow
the instability of quartz to another structure. It should be noted that this procedure
may not result in a quantitative understanding of the amorphization procedure. The
molecular dynamics calculations will not be on an experimental time scale. Also, owing to
the intensive computational cost of ab initio molecular dynamics calculations we resort to
simple pairwise potentials to describe the interatomic forces in these simulaticns. These
potentials are not as reliable as the pseudopotential calculations and the resulting strtucture
may not be quantitatively correct.

In our preliminary simulations for the amorphization transformation, we used the in-

teratomic potentials from van Beest, et al.[12]. Our simulation was performed at constant



pressure using the variable shape cell simulation of Wentzcovitch[16]. While the details of
the simulation are somewhat dependent on the choice of the time step, and other technical
aspects of the calculation, several feature of the amorphization transformation seem clear.
First, we find the oxygen arrangement during and after the transformation resembles a
distorted bcc sublattice, e.g., the radial distribution of the pressure induced amorphized
silica shows an average O-0O coordination of eight. We find the silicon cations occupy mixed
4- and 6-fold coordinated sites as one would expect on the basis of the shear instability
illustrated in Figure 3. Also, we find that the transformation is first order with a density
increase of ~15%.

In Figure 4, we illustrate the quartz structure before the amorphization transforma-
tion. In Figure 5, we illustrate the simulated amorphous silica structure. The amorphous
structure in Figure 5 may not be quantitave in terms of structural details, but it illustrates
how computer simulations can give microscopic structural details which are simply not

accessible from experiment.

B. Mixed oxides: Ru ,Ti,_.0,

Significant advances have been made both theoretically and experimentally in our abil-
ity to modify the electronic properties of semiconductors through doping and/or alloying.
While “band-gap engineering” is well known in the semiconductor industry, its application
to transition-metal oxides resides in a more primitive stage. Notwithstanding, the elec-
tronic modification of these materials 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 dif-
ficult 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|17,
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18]). However, with the recent advances in techniques for generating “soft-core” transfer-
able pseudopotentials,[19, 20] and fast iterative diagonalization techniques,[21] we are now
in a position to handle these complex systems from first-principles.

As a first step towards “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[22-24], the photocatalytic treatment of waste-
water[25], anti-chalking agents in the paint and polymer industry[26], as a catalyst in the
photo-methanation of carbon dioxide[27], and as an electrocatalyst in the chlor-alkali in-
dustry[28, 29]. These applications depend upon the transfer of electrons (holes) from the
conduction (valence) band to a reactant molecule or electrolyte after the electro/photo
excitation process. The reaction pathways at the surface are often complex. An under-
standing of the bulk electronic properties for these mixed oxide systems, and the location
of impurity states will aid in the design of better catalysts and electrc-optic devices. An
example of the impact of “band-gap engineering” in transition-metal oxides is illustrated
by the production of H; through band-gap illumination of TiO; electrodes{22]. The dif-
ficulty with this process however, lies in the 3.05 eV band gap[30] 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 TiOg, it is hoped that the absorption spectrum
may be shifted to longer wavelengths through the formation of induced states within the
fundamental band gap thereby making Ti0O; an attractive material for energy-storage and
convelsion processes.

Although the electronic properties of TiO, have been extensively studied in the lit-
erature,[17] and to a lesser extentfor RuO;[18], little is known theoretically about the
Ru,Ti;_,0, system. We employed ab initio calculations performed within the local-density
approximation for the quasibinary Ru,Ti;_,O; oxide using a plane-wave basis and “soft-

core” pseudopotentials[19]. We have shown this methodology to give good results[17, 18]
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for the electronic, structiral, and optical properties of the end member oxides: TiQ, and
RuO,. Our Ti, Ru, and O pseudopotentials were generated by the method Troullier and
Martins[19] as previously described.[17,18] We focused upon the symmetry and location
of Ru induced impurity states relative to the valence-band edge of crystalline TiO; by
examining the Ru;Ti,_,0; system as z — 0.

We have performed total-energy pseudopotential calculations for ideal Ru,Ti;.,O; solid
solutions at z = 0, /24,14, Y2, 3/s, and 1. We employed supercells with the appropriate
number of Ru atoms substituted for Ti. At z = 1/, we used a 1 x1 x 1 cell, at z = 1/4, and
3/s, a 1 x 1 x 2 supercell, and at © = 1/24, a 2 x 2 x 3 supercell. While lattice rearrangement
is possible, we found no significant modifications from the tetragonal symmetry of our
supercells. In fact, solid solution behavior might be expected for 0 < z < 1 as both Ru**
and Ti*t have similar ionic radii, electronegativities, and both oxides occur in the rutile
structure with similar lattice constants. At each concentration, excluding /24 which will
be discussed below, we have minimized the the total energy with respect to the tetragonal
lattice constants @, and c, and the atomic positions of the the Ru, Ti, and O atoms. The
number of special k points was increased until convergence in the total-energy of 0.05 eV
per formula unit of Ru,Ti;_,0;, or better, was obtained. For z = 0 we have used omne
special k point, eight for £ = 1/, 1/, 3/4, and six points for £ = 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. 6, we show the resulting density of states (DOS) for z = 1/4 along with the TiO,
and RuO, end member oxides. The DOS was calculated using the analytic tetrahedron
method[31] using the self-consistent sclution at 126 k points in the irreducible Brillouin
zone. The DOS for TiO, and RuO, have been discussed previously[17, 18]. The Fermi
energy was taken as the energy zero in each panel while occupied states are indicated by

shading. Valence band states between -9 to -1 eV are predominately O 2p states while
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those greater than -1 eV are predominantly Ti3d and Ru4d states in analogy with the
tay and e, states of an octahedrally coordinated transition-metal ion in the presence of a
crystal field. For 0 < £ < 1 the width of the O 2p manifold monotonically increases with
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 mecnotonically decreases
by ~ 1 eV between end members. At these concentrations we find the heat of mixing for
the orderd oxides to be positive, i.e., unstable, in agreement with experiment[33).

The substitution of Ru for Ti results in an attractive potential for the additional elec-
trons originating from the atomic Ru4d states. This attractive potential subsequently
lowers states in the t;,-¢, manifold. For £ << 1 one expects localized Ru 4d states in the
vicinity of the TiO, fundamental gap as experimentally observed(32] for V, Cr, Fe, and Mn
dopants in TiO,. At higher Ru concentrations, these localized states will tend to overlap
due to the decreasing Ru-Ru distance and eventually lead to metallic character as the ¢,
and e, complexes are pulled down towards the O 2p manifold as seen in Fig. 6. For z = /4,
the Ru induced impurity states occupy the fundamental TiO, band gap as seen in Fig.
6. The width of the impurity complex is ~ 1 eV and is separated from the valence-band
and conduction-band edges by a gap of ~ 12 eV. 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;_;O, has been experimentally determined[33, 34] from Mossbauer absorption spec-
tra 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 crystal shown in the bottom panel of Fig. 6. Recent
x-ray photoelectron spectroscopic experiments have been performed for electrochemically
active RuO,-Ti0,/Ti overlayers[35] containing ~ 20 mol% RuQO,. A comparison between
our theoretical results and the experimental XPS spectra of the Rug19Ti0.810: films is

given in the center panel of Fig. 6. Overall, our theoretical valence band features are in
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good agreement with the experimental spectra given the morphological and stoichiometric
differences. As the concentration is increased, we find the Ru ridgap states overlap with
the t2,-e, manifold at z ~ 0.4

The exact location of Ru states however, is difficult to asses in the case of = 1/4 as the
width of the defect complex 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 fundamental gap[36, 34]. 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 are
determined by calculating the electronic structure of the alloy in the infinatly dilute limit.
For semiconductors, however, the problem is difficult to treat using a supercell geometry
as defect-defect interactions lead to a significant dispersion of these states unless very large
supercells are employed. Owing to the localized nature of the transition-metal d and O 2p
wave functions, much smaller supercells may be used in comparison to e.g. Si:P. As the
Ru induced states have already localized in the band gap by ¢ = 1/4 as seen in Fig. 6, we
have modeled the TiOz:Ru system by using a Ru concentration of z = /34 with a2 x2 x3
supercell containing 72 atoms. At this concentration the minimum Ru-Ru separation is a
factor of two larger than z = /4. 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 experiments[37] for z < 0.02 found differences of
only 1-3% from those of TiO,. To ease the computational burden, the plane-wave cutoft
was reduced from 64 Ry 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 z = /4. In Fig. 7
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we show the three Ru induced gap states along various high symmetry directions of the
tetragonal 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 band width of the Ru induced defect states was found to be 0.37 eV
while the difference between the top of the O2p valence band states and the bottom of
the Tit,, states remains essentially unchanged from the LDA value of 2.02 eV for pure
TiO,. Comparing the band width at a doping of z = 1/4 of 1.2 eV, the defect induced
band width at z = 1/24 has decreased by a factor of approximately three upon doubling
the the minimum Ru-Ru separation. The center of gravity of the Ru induced complex
is approximately 1 eV above the O2p manifold. Ultraviolet photoelectron spectroscopic
experiments performed by Triggs[34], for single crystals doped with 2% Ru resulted in a
valence band similar to the undoped TiO; spectra. While tiis Ru doping is close to our
Ru concentration of * = /24, variations in surface stoichiometry and a large depletion
layer width make it difficult to assign features to bulk spectra.[34] These experiments
did however reveal a shift in valence band edge into the fundamental TiO, band gap
corresponding to occupied Ru4d impurity states. A more direct comparison of the location
of the impurity induced Ru states to experiment is obtained from single crystal optical
absorption spectra by Triggs.[34] For crystals doped with 2% Ru, a shift in the fundamental
absorption edge from 3.05 eV[30] to 1.85 eV was observed. Gutiérrez and Salvador(38] have
performed photoelectrochemical experiments on Rug 03 Tio.e702 single crystals revealing two
distinct transitions. The first transition occurring at 3.2 eV corresponding to electron
transfer from the top of the O 2p manifold to the lower edge of the Ti3d states and a 2 eV
transition corresponds to electron transfer from the Ru4d states to the lower edge of the
the Ti3d states. Both experiments 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.
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Pseudocharge density contour plots for defect states in high symmetry planes of the
tetragonal lattice for £ = 1/4 are shown in Fig. 8. We have indicated the Ti-O “bonding
network” in the 2 x 2 x 3 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 d,2_,2
like symmetry, panel (b) shows the second band in the (110) plane of d,, symmetry, and
panel (c) shows the third defect band in the (001) plane of d,, symmetry. The symmetry of
these states have been taken from the splitting of the five Ru atomic d states in the presence
of an octahedron of O~ ions as the distortion from O, to Dy, symmetry is small[18]. From
Fig. 8 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 pdr t5; bonds occurring between the
nearest neighbor 02 ions.

To summarize, we have found that Ru doping of TiO; results in three defect bands
occurring in the fundamental gap. The character of these defect states has has been
determined from pseudocharge density plots to be localized atomiclike Ru 4d states of 5,
like symmetry. The location of these defect states was found to be ~ 1 eV above the O 2p

manifold, in agreement with experimental results.
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FIGURES

FIG. 1. Pressure dependence of the Born elastic moduli as defined in the text: (a)
By = c11 — |e1z2], (b) B2 = (11 + c12)cas — 2¢25, and (¢) Bz = (c11 — c12)cqq — c?,. The pseudopo-
tential results are given by the filled circles. The interatomic potential results are given by open

circles and fille squares.

FIG. 2. Soft shear ¢;;3 on the oxygen body centered cubic (bcc) sublattice in the quartz
high-pressure structure. The Si cations are not equivalent in the small oxygen bce cells; 27 of
these cells are needed to form a periodic cubic cell of quartz. The hexagonal basis vectors (&, b,

¢) of quartz correspond to two face diagonals and a body-diagonal of the cube, respetively.

FIG. 3. Projection of the atomic arrangement in the quartz high-pressure unstrained struc-
ture (left hand side) and in high-pressure strained structure (right hand side). The high-pressure
bec model of quartz and the tetrahedral and octahedral sites in the oxygen bec lattice are illus-
trated in the upper section of the figure. The strain produces a displacement of the silicon cations

toward one of the nearby octahedral sites.

FIG. 4. A “ball and stick” model of the quartz structure. The silicon atoms are depicted
by the green spheres; the oxygen atoms are red spheres. This supercell is used to simulate the

amorphization transformation, 243 atoms are contained within the cell.

FIG. 5. A “ball and stick” model of pressure amorphized quartz. The silicon atoms are

21



depicted by the green spheres; the oxygen atoms are red spheres. Note how some of the silicon

atoms are in six-fold sites, while others are in four-fold sites.

FIG. 6. Density of states for RuzTi;—O; for various Ru concentrations compared to exper-
imentally determined spectra (see text for referencs). The Fermi energy has been taken as the

energy zero.

FIG. 7. Band structure of RuzTi;-;02 with z = 1/24.

FIG. 8. Pseudocharge density plots for three characte:istic Ru induced defect states for

z = 1/24 shown in symmetry planes revealing the Ru atomic-like d—character.
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