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ABSTRACT.

We performed a first-principle, computational study of the optical proper-
ties of ruthenium dioxide. Our method employed a local density potential
and the linear combination of atomic orbitals (LCAQO). We circumvented a
recently discovered spurious effect that is inherently associated with basis
sets in variational calculations of the Rayleigh-Ritz type. Consequently, a
significantly new feature of our method consists of the implementation of the
Bagayoko, Zhao, and Williams (BZW) procedure. We present our findings
on the electronic structure and the optical properties of RuO,. We provide
detailed computational results on the real and imaginary part of the dielec-
tric function. We compare these results with experimental measurements. To
our knowledge, this work reports the first theoretical results on the dielectric
function of RuOs. The agreement with measurements, within the applicable

uncertainties, is very good.



I. INTRODUCTION

Ruthenium dioxide (RuO2) is a member of the transition metal oxide
family. RuO, has a rutile structure and exhibits metallic conductivity. The
metallic nature of ruthenium dioxide led to its wide range of use in industry.
The conductive behavior of ruthenium dioxide suggests that it may be used
as an electrical contact material.[1] It is used in the chlor-alkali industry as
an electrocatalyst.[2] RuOs is also used in integrated circuits as an electrode
conductor.[3] It is the most environmentally stable member of the transition
metal oxide family. The properties of RuO, suggest that it may be used as
an optical thin film. Ruthenium dioxide is also used in ceramic resistors.[4]
It is widely utilized in the photodecomposition of water.[5] Thin films of
ruthenium dioxide have shown exceptional diffusion barrier properties.|[6]

Tetragonal RuO, is a member of the P,,/mnm(Di}) space group. |[7]
RuO, has six atoms per unit cell, two ruthenium and four oxygen. The
lattice constants of ruthenium dioxide in atomic units are a = 8.4884600,
¢ = 5.87062750, and u = 0.306.[8] The ruthenium atoms are located at the
Wycoff 2(a) sites, (0,0,0) and (%, %, %) The oxygen atoms occupy the Wycoff

A(f) sites, £(u+ 3,3 —u, 3) and £(u,u,0). We discuss below some currently



available studies of this important material.

Goel et al.[3] measured various optical properties of a single crystal of
RuO, at room temperature, including the real and imaginary part of the
dielectric function. Belkind et al. performed similar measurements on RuO,
thin films.[10]. More recently, Mondio et al. performed reflective electron
energy loss spectroscopy (REELS) on RuO; thin films.[11] Their results, for
the dielectric function, strongly agreed with those of Goel et al. The above
authors discussed other experimental investigations of ruthenium dioxide.[19,
20, 21].

Several theoretical studies[2, 8, 18, 25] of the electronic and related prop-
erties of ruthenium dioxide followed the pioneering work of Mattheiss.[9]
Glassford and Chelikowsky[2] reviewed these calculations to show a general
agreement similar to that between the experimental works, on the one hand,
and a significant agreement between theoretical and measured results, on
the other hand. The emerging consensus on the properties of RuO, suffers,
however, from the absence of theoretical results on key measures of the op-
tical properties of the materials, namely, the real and imaginary parts of the
dielectric function.

A central aim of this work is to provide ab-initio, theoretical results for



the dielectric function of RuO,. It is expected that comparison with the
single crystal[3] and thin film[10, 11] measurements will add to our under-
standing of ruthenium dioxide. An accompanying aim of this work consists
of determining the corrections, if any, the application of a newly introduced
computational procedure[15, 16| makes to the calculated band structure and
related results for RuOs.

In the following section, we discuss our computational method. In the
third section, we present the calculated results as compared with experimen-

tal measurements. The final section is a short conclusion.

II. THE METHOD

2.1 General Method: LDA and LCGO

Our non-relativistic computations employed an expanded version of the
electronic structure calculation program package developed at the Depart-
ment of Energy’s (DOE) Ames Laboratory in Iowa.[12, 13] This package uti-
lizes a first-principle LCAO method to perform self-consistent calculations

of the electronic structure and optical properties of RuOs;. We selected the



Ceperley and Adler form of the local density approximation as parameter-
ized by Vosko, Wilk, and Nusair[14]. The only effect of temperature possible
included in our work is that which stems from using a lattice constant that is
not for zero temperature. The first step in the LCAO method, for a solid, is
the computation of the atomic wave functions of the various atomic or ionic
species represented in the material. In the LCAO method, the electronic

eigenstate, ¥ (7), is expanded as

Vg, (7) = 3 Con (k) B (K. 7). 1)

In this expression, k is a wave vector in the Brillouin zone, n is a band index,
and C,,, is the expansion coefficient of the electron eigenfunction. The Bloch
wave function, qﬁam(E, 7), for a crystalline solid is expanded using the atomic

wave functions as

—

— 1 D N =
¢am(k7 F) - \/_N Z ezk.Rluam(T — Tm — Rl)’ (2)
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where u,,, is an atomic wave function of the a-th state of the m-th atom at

the position 7, and R; is a translation vector.

2.2 The BZW Procedure



The optimal basis set for RuO, was selected according to the Bagayoko,
Zhao, and Williams (BZW) procedure.[15, 16] The BZW procedure avoids a
spurious effect that is inherently associated with

(a) the use of larger and larger basis sets to meet the requirements for
completeness,

(b) the utilization of the wave functions — for the occupied states only—
in constructing the charge density in going from one iteration to the
next, and

(c) the mathematical property of the Rayleigh-Ritz variational method
consisting of lowering the calculated eigenvalues, toward the corre-

sponding true eigenvalues, as the size of the basis set increases.

As explained by Bagayoko, Zhao, and Williams[15] and Bagayoko et al.[16],
the spurious effect consists of the unphysical lowering of some unoccupied en-
ergy levels, upon an increase of the size of the basis set beyond the optimal
size. Of course, any lowering of unoccupied levels — before the convergence
of the occupied states — is assumed to be due to actual, physical interactions.

The BZW procedure calls for performing three or more self-consistent

calculations with basis sets of different sizes. One generally begins with the



minimal basis set that is limited to the atomic orbitals needed to describe
the bare atoms or ions present in the system. Subsequent calculations uti-
lize basis sets that include the minimal basis set plus additional orbitals for
unoccupied atomic levels. Table 1 shows the basis sets employed in our cal-
culation. The optimal basis set is defined as the smallest basis set for which
the occupied energy levels are ”converged” with respect to the size of the
basis set. The optimal basis set for RuO, is Basis Set II.

There is nothing special about the actual numerical value of the size of
this optimal basis set, it varies with the quality of the trial basis functions.
Additionally, the use of contractions of orbitals[24] reduces the numerical
value of the dimension of the resulting Hamiltonian without changing our
conclusions. As explained by Bagayoko, basis set contractions lead to an
upward, rigid shift of the calculated energy levels that is different from the
above spurious lowering of unoccupied levels only. This shift is another man-
ifestation of the variational theorem[27] noted above. The essential point in
the BZW procedure consists of selecting the optimal basis set based on the

convergence of the occupied states as described above.

2.3 Computational Details and the Formalism for Optical Prop-
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erties

The computational details for this work are very similar to those of
Bagayoko et al.[16]. The lattice constants we chose are given above. The
basis sets for each of the five self-consistent calculations are indicated in
Table 1. A total of 25-37 iterations were necessary for convergence. The
convergence of the potentials was up to 107>, We considered 60 k-points in
the irreducible wedge of the Brillouin zone.

Once accurate energy levels and related wave functions are known, one
can calculate most properties of materials[28]. We employed the results of
our calculations with the optimal basis set to compute the imaginary part
of the dielectric function of RuO,. This imaginary part of the dielectric

function, es(w), is obtained using the Kubo-Greenwood formula[17]:

@) = ST SN e w7 Pl () >
elw) = 3m2hw?Q — in\T m\r
fall = frlo(er, — e — Tw), (3)

where hw is the photon energy, €2 is the volume of the unit cell, and Pis

a momentum operator. The real part of the dielectric function, € (w), is



calculated using the Kramers-Kronig (K-K) relation,

/ /
e () dw'.
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III. RESULTS

3.1 Electronic Properties: Negligible BZW Corrections for Metals

Our results for the electronic band and related wave functions are char-
acterized by the following two major points:

(a) our calculations II through V gave exactly the same results for the

valence and low lying conduction bands in Figure 1, and

(b) these results almost perfectly reproduce those of Reference[2].

The significance of these points stems from the fact that they clearly in-
dicate that corrections expected from the application of the BZW procedure
are negligible for metals, unlike in the case of semiconductors.[15, 26, 27].
Consequently, our calculated total density of states (DOS) in Figure 2 are
the same as those of Glassford and Chelikowsky[2]-in qualitative and quan-
titative terms. These authors did not provide the partial density of states
(PDOS) we show in Figure 3. These PDOS qualitatively agree with some re-
sults of Schwarz[18]. Our PDOS are different from those obtained by Schwarz
for energies between -5 and -10 eV. The differences are both qualitative and

quantitative. For instance, our calculated PDOS for Ru-4d and O-2p clearly
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show double-peaks structure not discernible from the augmented spherical
wave (ASW) results of Schwarz. The magnitudes of the peaks in Figure 3,
between -5 and -10 eV, are more than double the corresponding ones as ob-
tained by Schwarz. We ascribe these discrepancies to differences between our
ab-initio calculations and the ASW method.

The negligible nature of the BZW corrections for metals, as illustrated
above, pertains only to descriptive calculations. Namely, computations of
properties of a material known to be a metal at a given stoichiometric compo-
sition and under specified conditions of temperature and pressure. The BZW
procedure is expected to be necessary for predictive calculations, i.e., those
for materials whose metallic state is not known or for which elemental com-
position and related concentrations, pressure, or temperature are changed.
While no discrepancies were found between our calculations II to V, for the
valence and low energy conduction bands, the variational theorem necessar-
ily leads to differences for the highest conduction bands. For instance, the
fundamental theorem of algebra dictates that the number of calculated eigen-

energies increase as the size of the Hamiltonian increases.
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3.2 Optical Properties of RuQO,

The real and imaginary parts of the dielectric function were calculated
using the formalism outlined in section 2. We show in Figure 4 and Figure
5 our calculated results, along the direction perpendicular to the z-axis, and
the experimental measurements by Goel, Skorinko, and Pollak.[3]

Figure 4 is a plot of the real part of the dielectric function, € (w). Our
results for €; (w) are sandwiched between the measurements for a single crys-
tal of RuOy and for a thin film of RuO,.[10] The location of the peaks in
€1(w) show some quantitative and qualitative agreement with experiment. In
particular, we reproduce the location of the peaks in the bulk measurement
by Goel et al.[3] The absence of intraband transition and of the free electron
Drude contributions from our calculated data dictate caution in comparing
our results to experiment. The locations of some salient features of the graph
are shown in Table 2 .

Figure 5 is a plot of the imaginary part of the dielectric function, € (w),
versus the photon energy. €;(w) is calculated using the direct interband tran-
sitions between calculated energy levels. The plot also shows experimental
measurements by Goel et al.[3] and Belkind et al.[10] The location of the
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peaks in €;(w) show both qualitative and quantitative agreements between
our results and the measurements. The correct reproduction of the location
of the peaks in the experimental measurements, for €;(w), is a direct veri-
fication of the accuracy of our calculated band structure for occupied and
unoccupied energy levels. The differences in magnitude between the exper-
imental measurements and our calculated data may be due, in part, to the
effects of temperature, in addition to measured contributions that are not
included in the theoretical calculations. The experimental measurements
were performed at 300 K and our calculations are for 0 K. Difficulties in
the analysis of experimental data are possible sources of differences between
the magnitude of experimental data and that of theoretical results. Despite
these possible sources of difference, Table 3 shows a good agreement between

theory and experiment.
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IV. CONCLUSIONS

We performed a first-principle, computational study of the optical proper-
ties of RuOy. We employed a local density potential and the LCAO method.
We implemented the BZW procedure to avoid a spurious effect associated
with basis sets in variational methods. Our calculated real and imaginary
parts of the dielectric function of RuO, agree with experiment, within known
uncertainties. To our knowledge, our calculations are the first to report the-
oretical results for the dielectric function of this important oxide. This work
indicates that the BZW corrections are expected to be negligible for de-
scriptive, as opposed to predictive, calculations of properties of metals. In
particular, this work and related ones[15, 16, 26, 27] strongly point to pre-
dictive capabilities of density functional calculations[22, 23], including those

based on local density approximation (LDA).
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Table 1: The atomic orbitals used in calculations I to V.

Basis Set 0: core-state orbitals in Calculations I to V

Ru(1s, 2s, 3s, 2p, 3p), O(1s)

Basis Set I: Set 0 plus Ru(4s, 5s, 4p, 3d, 4d), O(2s,2p)
Basis Set II: Set I plus Ru(5p), O(3s°, 3p°)

Basis Set III: Set II plus Ru(6s°)

Basis Set IV: Set IIT plus Ru(6p°)

Basis Set V: Set IV plus O(4s%)

*Superscript zeros indicate added orbitals representing unoccupied atomic

levels.
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Figure 1: The electronic band structure obtained with the optimal basis set.
All results here were obtained with Basis Set II. The shown bands are the

same for calculations I1I-V

20



DOS (states/eV cell)

o

—20 —10 O 10
Energy (eV)

Figure 2: The total density of state (DOS) for RuOs,.
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Figure 3: The partial density of state (PDOS) for RuOs.
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Figure 4: The real part of the dielectric function (e;). The solid line repre-
sents our theoretical results. The experimental data of Goel et al., for rutile,
single crystal RuOy, with polarization perpendicular to the z-axis, are indi-
cated with (4) while the data from the thin film experiment by Belkind et

al. are represented by the diamond symbol (o).
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Figure 5: The imaginary part of the dielectric function (e;). The solid line
represents theoretical data. The asterisks (%) represent experimental data
from Goel et al.[3] for polarization perpendicular to the z-axis, and the dia-

mond symbols (¢) represent the thin film measurement by Belkind et al.[10]
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Table 2: Comparison of peak and valley positions in Figure 4 (¢).

Peak Calculated Experiment®
H, H, 2.603 eV ~2.28 eV
H,, H', 4.080 eV 4.37 eV
Vi,V 5.163 eV 5.19 eV
Hs, Vs 7.363 eV 7.31 eV

* Experimental measurements are by Goel et al. [3] Structures with the su-

perscript (') correspond to experimental data.
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Table 3: Comparison of peak and valley positions in Figure 5 (e3).

Peak Calculated Experiment®
H,,H, 2.803 eV ~2.8 eV
Vi,V 3.963 eV 4.1eV
H, H', 4.370 eV 4.6 eV
Vo,V 5.503 eV 5.6 eV
H; H'; 6.723 eV 6.5 eV
Vi, V'3 7.143 ev 7.2 eV
H,,H', 7.503 eV 7.5 eV

“ Experimental measurements are by Goel et al. [3] Structures with the su-

perscript (') correspond to experimental data.
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