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Ab initio calculation of the optical and photoelectron properties of Ruoz
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The optical and photoemission properties of Ru02 in the rutile structure have been exam-
ined using the ab initio self-consistent energy-band structure. The semirelativistic extended linear
augmented-plane-wave method was employed. Our calculated spectra of the anisotropic complex
dielectric function (DF) agree well with experiment. The origin of the anisotropy of the experimen-
tally observed structure in the DF spectra at ~=1 eV has been elucidated. Comparison of the
calculated ultraviolet photoemission spectrum for ~=21 eV with experiment suggests that indirect
transitions play an important role in formation of the spectrum.

I. INTRODUCTION

Ru02 6nds its application in electrochemistry as a
corrosion-resistant low overpotential electrode for chlo-
rine or oxygen evolution and a catalytic agent for pho-
todecomposition of water. It is a chemically stable ma-
terial for electrical contacts, and is promising for use as
a strip-line conductor in integrated. circuits.

We calculated the energy-band structure of Ru02 over
the wide energy region &om 0 28 states to 45 eV
above the Fermi energy. The extension ' of the linear-
augmented-plane-wave (LAPW) basis set allows us to
avoid paneling so that all the energies for a given k point
are the eigenvalues of a single matrix problem. Hence the
wave functions of the high-lying states are orthogonal to
the valence-band states, which is important in evaluation
of the momentum matrix elements. The spectrum of the
imaginary part of the dielectric function (DF), e2(ur), was,
calculated over a photon energy range up to Le=45 eV,
providing a high precision of the Kramers-Kronig analy-
sis. We present also energy distribution curves (EDC's)
of the photoemitted electrons for several photon energies
&om 21 to 42 eV.

The valence band of Ru02 has been studied by x-ray
photoemission spectroscopy (XPS). Riga et a/. mea-
sured XPS spectra using 1486.6 eV A/ K radiation,
Beatham and Orchard presented XPS 1253.6 eV Mg
K and ultraviolet photoemission spectroscopy (UPS)
He I spectra, and Daniels et al. used synchrotron ra-
diation with photon energies of 70—130 eV. The optical
reflectivity of Ru02 single crystal has been measured by
Goel et al. using the polarized light in the range 0.5—
9.5 eV. A number of theoretical investigations based on
the self-consistent band structure calculations has been
performed. Xu et cl. employed the semirelativis-
tic linear muffin-tin-orbital (LMTO) method to study
the spectral properties of Ru02. Their XPS calcula-
tion, which included the matrix-element e6'ects and ne-
glected the momentum-conservation rule, agreed well
with the XPS measurements. The joint density-of-states
calculation explained the minimum in the experimen-

tal s2(u) spectra~o at 2 eV and reproduced the broad
maxima at 5 eV and 8 eV, while the main measured
maximum at 3 eV was not reproduced as a result of
the constant-matrix-element approximation. The full-
potential LAPW calculation of Sorantin and Schwarz
and the ab initio pseudopotential calculation of Glass-
ford and Chelikowsky are in agreement with the LMTO
calculation. On the basis of the ab initio pseudopoten-
tial band structure the electron transport properties
of Ru02 have been studied. The anisotropy of the in-
traband excitations was found to be negligible, the two
diagonal components of the plasma-&equency tensor be-
ing ~p: (dp:3 3 eV; the value is in good agreement
with our results, cup =3.7 eV, up =3.4 eV.

In Sec. II we describe the method of calculation and
compare our energy-band structure with the earlier cal-
culations. The results are presented in Sec. III.

II. BAND-STRUCTURE CALCULATION

Ru02 crystallizes in the rutile structure with lattice
constants a=8.489 a.u. and c=5.869 a.u. The primi-
tive unit cell of the tetragonal Bravais lattice contains two
Ru02 molecules, the positions of atoms being Ru (0,0,0),
(1/2, 1/2, 1/2); 0 +(u, u, 0), k(1/2+u, 1/2 —u, 1/2), u =
0.306. We used the muffin-tin approximation for the crys-
tal potential, the sphere radii being 2.11 a.u. for Ru, and
1.55 a.u. for O. The exchange-correlation potential was
constructed following Hedin and Lundqvist.

The formalism and the properties of the ex-
tended LAPW method have been extensively discussed
elsewhere. ' To improve the representation of the lth
partial wave in the angular momentum decomposition
of the wave function inside the muffin-tin sphere a sec-
ond energy parameter E„~ is introduced in addition to
the energy parameter of the usual LAPW method, E„~.
The lth radial part of the trial function is now a linear
combination of four radial basis functions, namely, the
solutions of the radial Schrodinger equation for the ener-
gies E„~ and E~~ and their energy derivatives. The trial
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function remains continuous with continuous derivative
at the sphere bound. ary. The extension for the angular
momentum / for a given type of sphere requires 2(2t + 1)
additional functions.

In the present calculation the extension was performed
for the angular momenta up to jt „=3 for Ru and up
to l „=2 for 0. The energy parameters E ~ for 0 2s,
0 2p, and Ru 4d character were taken at the centers of
the corresponding bands (D„~ = —I —1). The other v
parameters were chosen close to the 0 2p valence band.
The p parameters were placed several rydbergs above
the v parameters. In the APW expansion of the trial
function all the reciprocal lattice vectors Gl were used for
which

~

G
~

S (5.95, S being the radius of the muffin-
tin sphere of oxygen. This yields 399 usual APW's and
50 additional functions. To study the accuracy of our
calculations we have calculated the valence-band energies
in a number of Ie points with Slater's APW method. The
di8'erence between ELAPW and APW eigenvalues is less
than 5 mRy.

In constructing the density-of-states (DOS) functions
and the optical spectra we integrated over the irreducible
Brillouin zone (IBZ) using the tetrahedron method~s
with a mesh of 196 Is points (648 tetrahedra) in the IBZ.
The momentum matrix elements were computed as in-
tegrals over the unit cell using the formalism described
in Ref. 19. The core states were included in the self-
consistent procedure and were treated fully relativisti-
cally via the atomiclike calculation.

With the mufFin-tin radii S~——1.55 a.u. and S~„
=2.11 a.u. the (touching) spheres comprise 33%%uo of
the unit cell. To study the applicability of the mufIin-
tin approximation to the crystal potential we have made
several calculations with changed sphere radii. The oxy-
gen sphere radius was varied between 1.4 and 1.65 a.u.
and the ruthenium sphere radius between 2.00 and 2.16
a.u. ; the space occupied by the spheres varied from 27%%

to 34'%%up of the unit cell. No qualitative changes in the
energy spectrum have been observed: in all cases the
bottoms and the tops of the 0 28, 0 2p, and Ru t2~
manifolds correspond to the energy levels in the A:-point
I'. The changes in the widths of the manifolds were less
than 0.25 eV, and the changes in the peak positions in
the DOS curves were less than 0.4 eV. We conclude that
the electronic structure of Ru02 is not very sensitive to
the small changes in the density distribution in the inter-
stitial region; hence, in this material the muflin-tin model
may be considered reasonable.

In Table I we compare some features of the ELAPW
band structure with the earlier calculations. The re-
sults agree well in the energy position of the main fea-
tures, while the value of the DOS at the Fermi level
varies strongly &om calculation to calculation because
of the steep slope of the DOS curve near E~. The
width of the 0 2p band in our calculation is 5.9 eV,
which is smaller than in the other self-consistent calcula-
tions, the LMTO and pseudopotential results being
6.5 eV and 6.8 eV, respectively. In agreement with earlier
calculations ' we find an almost zero gap between the
0 2p and Ru t2g band complexes, with the DOS values
being very low over a region of 0.4 eV around the gap.

TABLE I. Comparison of the DOS at the Fermi level,
D(E~), the 0 2s and Ru 4d (t2s) peak positions, and the
location of the bottom of the Ru (t2s) manifold of the present
work with earlier self-consistent calculations. Energies are in
eV below EF.

D(E~)
states/(eV spin cell)
0 28 peak position

Ru tqg peak position
Ru t2~ band bottom

LMTO ab initio ELAPW
(Ref. 11) pseudo potential present

(Ref. 12) work
1.7 2.362.89

18.7
0.54
1.46

18.5
0.7
1.7
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1.55
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FIG. 1. Comparison between theoretical DQS (solid line)
and XPS experiment (long-dashed line). The l-projected 0
2p DOS is shown as a dashed line. E~——0. The maxima in
the Ru 4d DOS curve are labeled by the numbers A of the
energy bands Eq(Is) from which they arise.

Figure 1 shows the theoretical DOS function in compar-
ison with the XPS measurements. With the location of
the experimental Ru 4d peak coincident with the theo-
retical one, the spectra are in a reasonable agreement.
Because of the experimental broadening it is not possi-
ble to determine precisely the width of the 0 2p valence
band. suggested by the XPS experiment. However, judg-
ing by the spectrum in Fig. 1, the 0 2p width is less
than 6 eV, in agreement; with the present calculation.
The discrepancy between the calculations in Table I can
be attributed in part to the differences in the crystal po-
tential. The only full-potential calculation has been per-
formed by Sorantin and Schwarz, and it yields the 0
2p bandwidth of 6.5 eV. However, the accuracy of their
results may be afI'ected by the fact that they use only
24 Ie points in the linear tetrahedron interpolation over
the IBZ. In constructing the output density distribution
it is important that the Ie-point mesh be fine because
in Ru02 three bands intersect the Fermi level. In the
course of iterating to self-consistency the interpolation
errors may lead to errors in position of energy bands. To
obtain precise band positions a full-potential calculation
with a large number of A', points is needed. The mufIin-tin
model we employ in the present work seems to be plau-
sible, as it yields better agreement with the experiment7
with respect to the 0 2p bandwidth than the previous
calculations.
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