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We present ab initio total-energy calculations for the cohesive, structural, and electronic properties of
RuO~ in the rutile structure. Our calculations were performed within the local-density approximation
employing "soft-core" ab initio pseudopotentials and a plane-wave basis. Our calculated cohesive ener-

gy and structural parameters are within 10% and 2% of experimental values, respectively, as is typical
of local-density calculations. We find good agreement between our theoretical density of states and ex-
perimental photoemission results and predict a Fermi surface which agrees well with experiment. Our
results for this late transition-metal oxide show that the local-density approximation yields accurate elec-
tronic and structural properties for a "weakly magnetic" system.

I. INTRODUCTION

Ruthenium dioxide crystallizes in the rutile structure
and exhibits metallic conductivity at room temperature'
resulting from the partially filled Ru 4d states. Ru02 has
found use as a selective catalyst in the oxidation of
methane to synthesis gas, in ceramic resistors, electro-
chemical capacitors, and in the catalytic photodecompo-
sition of water. Its major technical application, howev-
er, resides in the chlor-alkali industry as an electroca-
talyst in the evolution of Clz, and to a lesser extent in
the evolution ' of 02 and Hz. Increasing the long-term
stability and electrocatylitic activity of anodic and
cathodic electrodes has been an ongoing research prob-
lem in electrochemistry and electrochemical engineering.
The most successful approach has been the development
of "dimensionally stable anodes" (DSA) in the mixed ox-
ide system Ru Ti& 02/Ti, which we are currently ex-
amining.

We have chosen to study Ru02 for a variety of reasons:
Very few ab initio pseudopotential calculations have been
performed for late transition-metal oxides within the
local-density approximation. By comparing to experi-
mental results and previous self-consistent all-electron
calculations we can determine the ability of the pseudo-
potential plane-wave formalism in predicting accurate
structural and electronic properties for these complex
systems. Furthermore, the electronic and structural
properties of Ru02 are important toward understanding
the catalytic and electronic properties of the Ru Ti& 02
system as well as mixed oxide systems in general.

Although a technically important oxide, very little
theoretical or experimental work has been performed on
Ru02 as compared to, say, Ti02. " The electronic prop-
erties for Ru02 have been experimentally probed by
Fermi-surface (FS) measurements, ' ' x-ray and ultra-
violet photoelectron spectroscopic studies, ' ' and
reAectivity experiments. The first theoretical calcula-
tions were performed by Mattheiss ' using a tight-
binding approach based on non-self-consistent
augmented-plane-wave linear combination of atomic or-

bitals (APW-LCAO) calculations. These calculations are
generally in good agreement with photoemission '
and Fermi-surface measurements. ' However, the sepa-
ration found in these calculations between the
02p —Ru4d manifolds is larger than expected owing to
an overestimation in the covalent character between
these states. ' Experimental reflectivity measurements
find good agreement with the theoretical results of
Mattheiss ' if the 0 2p bands are shifted towards the Fer-
mi level by —1 eV, and matrix element effects are
neglected. Recently, Xu, Jarlborg, and Freeman have
performed self-consistent semirelativitic linear muftin-tin
orbital (LMTO) calculations for the rutile oxides RuOz,
Ir02, and Os02. As expected, self-consistency is impor-
tant in positioning the 0 2p bands as significant charge
transfer takes place in metallic oxides. Self-consistent
full-potential linearized augmented plane-wave (FLAPW)
calculations have also been recently performed by Soran-
tin and Schwarz for a number of transition-metal ox-
ides. Their results are in good agreement with the
LMTO calculations for Ru02 as well as our previous
pseudopotential calculations for TiOz. " Recent photo-
emission experiments by Daniels et al. ' favor a large p-d
gap, in agreement with the calculations of Mattheiss, '

but conAicting with earlier photoemission results. ' ' '

These earlier experiments, favoring a smaller p-d gap,
agree with recent LMTO, augmented-spherical-wave
(ASW), and FLAPW calculations.

In the present study, we use a different approach in cal-
culating the electronic properties of RuOz as well as per-
forming total-energy calculations to determine the
ground-state properties and pressure-induced variations
in the structural parameters. We self-consistently solve
the Hohenberg-Kohn-Sham (HKS) equations within the
local-density approximation (LDA) using ab initio pseu-
dopotentials. ' This approach has been very successful
in predicting ground-state structural, cohesive, and elas-
tic properties of condensed-matter systems. The
method yields lattice constants, bulk moduli, elastic con-
stants, and phonon frequencies usually within l —5 % of
experimental values. For binding energies, the LDA
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typically overestimates the experimental values by ap-
proximately 15—20% as a result of cancellation errors
occurring within the LDA.

Recent studies have focused on the validity of the
LDA in calculating the electronic properties of late
transition-metal oxides. An inherent difficulty with these
systems, e.g., FeO and CoO, is the ability to separate
magnetic effects from those due to cancellation errors
within the LDA. Owing to its weak Pauli paramagnetic
behavior, Ru02 provides an example of a late-transition-
metal-bearing oxide for which magnetic effects may be
neglected. By performing total-energy calculations we
can compare our theoretically determined structural,
cohesive, and electronic properties to experimental re-
sults and we may assess the ability of the LDA to predict
these properties on a fundamental level.

Calculating the electronic properties of transition-
metal oxides from "first principles" has traditionally been
a computationally demanding problem. Until recently, it
has been impractical to perform total-energy calculations
for the majority of transition-metal oxides using a plane-
wave basis. Unlike simple metals or semiconductors, the
valence d states of transition metals are localized near the
core region. This results in poor convergence when a
modest number of plane waves is used in conjunction
with traditional pseudopotentials. For transition-metal
oxides, further complications exist as the 0 2p valence
wave functions have no corresponding core states of the
same angular momentum. Since the 0 2p state need not
be orthogonal to the core, such states are localized in
contrast to second-row elements such as sulfur. With the
recent advances in methods for generating "soft-core"
transferable pseudopotentials ' and more efficient com-
putational techniques ' ' we are in a position to handle
these complex systems from a first-principles approach.

The remainder of the paper is outlined as follows. A
brief summary of our calculational method is given in
Sec. II. In Sec. III we examine the structural and
cohesive properties of RuO2 in the rutile structure, inves-
tigate changes in the structural parameters under pres-
sure, and compare our ab initio results to experiment. In
Sec. IV we discuss the electronic properties, examine the
band structure, electronic density of states, and Fermi
surface. In this section we also investigate the charge
transfer from Ru to 0 in terms of the pseudovalence
charge-density difference maps in various high-symmetry
planes of the tetragonal lattice. We end in Sec. V with a
summary of our results.

II. METHODS OF CALCULATION

The structural and electronic properties of Ru02 have
been calculated within the LDA using ab initio pseudopo-
tentials and a plane-wave basis in conjunction with a fast
iterative diagonalization technique. ' ' This approach
has recently been shown to give good results for the elec-
tronic, structural, and optical properties of Ti02, which
also forms in the rutile structure. '" Our Ru pseudopo-
tential was relativistically generated in the atomic
ground-state configuration (5s'4d 4p ) using the method
of Troullier and Martins. ' The exchange-correlation po-

tential of Ceperly and Adler as parametrized by Perdew
and Zunger has been used. A core radius of 2.7 a.u.
was chosen for the s, p, and d components of the pseudo-
potential. Our pseudopotential, averaged over j+—,

'

states, includes relativistic effects to order u, where a is
the fine-structure constant. The resulting pseudopoten-
tial was transformed using the method of Kleinman and
Bylander with the s component chosen as the local po-
tential. This procedure leads to a "soft" pseudopotential
with good transferability over a wide energy range. We
have verified that our choice of core radii and local pseu-
dopotential component for the Kleinman and Bylander
operator did not result in the appearance of any ghost
states. Our O pseudopotential is identical to that given
in previous calculations for TiO2. "

We have included plane waves up to an energy cutoff
of 64 Ry. At equilibrium our basis set consists of -3700
plane waves. Increasing this cutoff to 100 Ry decreased
the total energy per unit cell by only 18 mRy. In the case
of metals such as Ru02, one typically needs a large num-
ber of k points to achieve convergence in the total energy
as well as a large number of iterations to reach self-
consistency. This is largely due to oscillations in the
self-consistency cycle of the charge between the oxygen
and metal atoms. To circumvent this problem, we have
implemented the Gaussian broadening scheme of Fu and
Ho ' to account for variations in the metal band occu-
pancies near the Fermi level. We used a Gaussian width
of 0.01 Ry. A total of six special k points were used in
calculating the structural and electronic properties. We
have tested our k-point sampling by increasing to 18 spe-
cial k points: the total energy increased by only 0.02
eV/atom. Self-consistency was determined by a max-
imum difference of 0.01 mRy between input and output
Fourier components of the screening potential. This
difference corresponds to total energies which are stable
to within —10 Ry.

III. STRUCTURAL AND COHESIVE PROPERTIES

Ruthenium dioxide crystallizes in the rutile structure
with space-group symmetry P42/mnm (D4& ), as is com-
mon of many transition-metal dioxides. The tetrago-
nal Bravais lattice contains two Ru02 molecules per
primitive cell and is illustrated in Fig. 1. The two Ru
atoms occupy the Wycoff 2(a) sites, (0,0,0; —,', —,', —,

' ),
while the four 0 atoms occupy the 4(f ) sites,
+( u, u, 0; u + —,', —,

' —u, —,
' ), where u is an internal parameter

and along with a and c/a describe the oxygen octahedra
surrounding each Ru atom. In Fig. 1 we illustrate the ox-
ygen octahedra surrounding the central Ru atom by
dashed lines. These octahedra form edge-shared chains
running parallel to the c axis. Distortions away from per-
fect octahedral symmetry are typically measured in terms
of the ratio of the apical and equatorial metal-oxygen
bond lengths, d, /d„which is equal to 1 for a regular oc-
tahedron. In the rutile structure the two apical bonds are
of length au&2 while the four equatorial bonds are of
length a [2(2u —1) +(c/a) ]'~2/2. From the experi-
mental lattice constants of RuO2 one finds an apical-to-
equatorial ratio of 0.979, indicating a compression of the
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FIG. 1. Primitive unit cell for RuOz in the rutile structure.
The dashed lines illustrate the connectivity of the oxygen oc-
tahedra for the central Ru atom.
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octahedron along its principal axis, i.e., the I110j direc-
tion in Fig. 1. In the case of Ti02, the situation is re-
versed in that the apical bond length is -2% larger than
the equatorial. Further discussion of the structural prop-
erties of various rutile oxides has been reviewed by Soran-
tin and Schwarz. Early studies on the determination of

the crystal structure have been reviewed by Trasatti and
O'Cxrady.

First-principles calculations were performed to deter-
mine the structural parameters a, c, and u of Ruo2, in the
P42/mnm structure. This is achieved by minimizing the
total energy of the unit cell at given volumes and fitting
the theoretical values of energy and volume to the Birch-
Murhagnan integrated equation of state (EOS). At each
volume V=ca we perform a constrained total-energy
minimization with respect to c/a and u. In Fig. 2 we
show the values of a, c, and u which minimize the total
energy at specific volumes using the above prescription.
The corresponding energy-volume relationship is illus-
trated in Fig. 3. The cohesive energy F-„„ is defined as
the difference between the total energy of the solid and
the isolated "pseudoatoms. " The cohesive energy and
unit cell volume in Fig. 3 are based on a single Ru02 mol-
ecule. From our pseudopotential calculations, we find
the energy of the isolated pseudoatoms to be —429.59
and —433.43 eV for 0 and Ru, respectively. These
values include a spin-polarization correction" of 1.41 and
1.62 eV for 0 and Ru, respectively, using the correspond-
ing spin-polarized exchange-correlation potentials.

In Table I we compare our theoretically determined
structural, elastic, and cohesive properties to experimen-
tal results. Our structural parameters are within 2% of
the experimental values. ' This is expected as structur-
al properties are typically insensitive to errors within the
LDA, i.e., one is taking differences between solid phases
where the cancellation of errors is usually quite good.
However, for cohesive energies which do not involve
differences between solid phases, incomplete cancellations
associated with the LDA become more important, result-
ing in cohesive energies which are frequently 15—20%
larger than experiment. ' This is the case in the
present calculations, where we find a cohesive energy
which is approximately 10% larger than experiment.
The experimental cohesive energy reported in Table I was
calculated using a heat of formation for Ruo2 of —72.90
kcal/mol, a cohesive energy for Ru of 155.42
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FIG. 2. Structural parameters a, c, and u for Ru02 in the ru-

tile structure obtained from ab initio total-energy calculations
for various volumes, the volume being per Ru02 molecule unit.
Calculated points are illustrated by solid circles while the line

represents a guide to the eye.

FIG. 3. Theoretical equation of state for RuO2 in the rutile
structure fitted to the Birch-Murnaghan (Ref. 44) integrated
equation of state (solid line) and the corresponding theoretically
values (solid circles). Cohesive energies and volume are per
Ru02 molecule.
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Property

E„h (e&/RuO2)
V (A /RuO )

a (A)
c(A)
c/a
Q

B, (GPa)
Bo
Pi (10 GPa ')
Pii (10 GPa ')

Theory

16.89
32.8
4.56
3.16
0.694
0.3068

283
4.6
1.5
0.59

Experiment

15.07
31.24
4.492.
3.106
0.692
0.3058

270
4
1.5
0.6

kcal/mol, and a dissociation energy for 02 of 119.1
kcal/mol. We have not considered thermal or vibra-
tional contributions to the structural and cohesive prop-
erties as these are expected to be less than the inherent
errors from the LDA.

The equilibrium bulk modulus B0 and its pressure
derivative B& were determined from the integrated

1.000

TABLE I. Comparison of the experimentally determined
structural (Ref. 43), cohesive (Ref. 47), and elastic parameters
(Ref. 46) for Ru02 in the rutile structure with the present
theory. See text for nomenclature.

Birch-Murhagnan EOS. We find an isothermal bulk
modulus of 283 GPa and an equilibrium pressure deriva-
tive of 4.6. The experimental situation is somewhat un-
clear as the values of Bo and Bo were obtained from a
limited set of low-pressure data where Bo was fixed at 4,
resulting in a Bo value of 270 GPa. Using the experimen-
tal data, we found that changes in Bo by +1 resulted in
changes in Bo by only + 1 GPa. Given the experimental
uncertainties, our theoretical values are in good agree-
ment with experiment. We have examined the changes in
the structural properties under hydrostatic pressure. In
Fig. 4 we illustrate the dependence of the lattice parame-
ters a and c on the unit-cell volume. To enhance trends
in the structural parameters, we have normalized the
theoretical and experimental values by their equilibrium
values. As seen in Fig. 4, good agreement with the exper-
imentally determined pressure-induced structural
changes are obtained. This agreement is also reAected in
the bulk linear compressibilities perpendicular,
P~= —d 1na/dP, and parallel, 13~~=

—d inc/dP, to the c
axis. The resulting linear compressibilities are given in
Table I and are in good agreement with low-pressure ex-
periments of Hazen and Finger. We find a large anisot-
ropy in the linear compressibilities, Pz/13~~, of 2.5, in
agreement with the experimental value of 2.6. The an-
isotropy can be traced to the insensitivity of c to volume
or pressure changes, as seen in Fig. 2. We also find an in-
crease in u under pressure (Fig. 2), as experiment sug-
gests.

0.997 IV. EI.KCTRONIC PROPERTIES
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FIG. 4. Comparison of pressure-induced variations in the
structural parameters a and c compared to experimental results.
Solid circles represent the present results and open circles
represent the experimental results of Hazen and Finger (Ref.
46). The solid line is intended only as a guide to the eye and
corresponds to that illustrated in Fig. 2.

The self-consistent band structure for Ru02 is shown
in Fig. 5 along the high-symmetry directions of the Bril-
louin zone (BZ), which is subsequently shown in Fig. 6.
In Fig. 7 we show the corresponding density of states
(DOS) as calculated by the linear analytic tetrahedron
method with self-consistent eigenvalues determined at
126 k points in the irreducible BZ. The Fermi energy EI;
calculated from the integrated DOS was found to be in
excellent agreement (a difference of only 0.01 eV) with
that obtained using the weighting scheme discussed in
Sec. II. In both of these figures, we have taken EF as our
energy zero.

The 0 2s bands, shown in the lower panel of Fig. 5,
have a bandwidth of 2.7 eV and are approximately 18.5
eV from the Fermi level. As seen in Table II, the location
of the 0 2s feature is in good agreement with previous
LDA calculations ' to within a few tenths of an eV.
The theoretical LDA values are, however, approximately
3 eV underbound when compared to experiment (Table
II). This difference is probably a combination of errors
occurring within the LDA, experimental resolution, and
electronic relaxation e6'ects, the latter typically being ap-
proximately 1 eV. Notwithstanding, we obtain fairly
good agreement with experimental' ' values in the range
21.1 —22 eV. The next 12 bands are predominantly 0 2p
in character with a bandwidth of 6.8 eV, the lower edge
of these states being approximately 8.4 eV below the Fer-
mi level. This is in good agreement with experimental
x-ray photoelectron spectroscopy (XPS) measure-
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FIG. 7. Theoretical density of states for RuOz (solid line) in
stateseV 'cell ' spin ' compared to experimental XPS mea-
surements (arb. units) by Riga et al. (Ref. 16) (dashed line). The
Fermi energy has been taken as the energy zero.
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FICx. 5.. Band structure for Ru02 along high-symmetry direc-
tions of the irreducible Brillouin zone. The energy zero has
been taken at the Fermi energy.

16, 17,9ments, ' ' which find the 0 2p band edge at approxi-
mately 9 to 10 eV below the Fermi level and a bandwidth
of approximately 7 to 8 eV. In Table III, we compare our
bandwidths for various features in the valence and con-
duction bands to previous theoretical calculations. Our
0 2p width is within a few tenths of an eV of previous
self-consistent calculations. We note that the 0 2s width
is little under 1 eV larger than previous self-cons t t

23, 22, 24
-c nsis en

calculations ' ' but is more in line with the experimen-
tal' ' values around 4.5 to 5.5 eV. We attribute the ma-

z
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FIG. 6. Symmetry labels for the irreducible Brillouin zone of
the tetragonal Bravais lattice.

jority of this difference to experimental resolution and
tailing effects due to lifetime broadening rather than
LDA.

In Fig. 7 we compare our theoretical valence-band
DOS to the experimental XPS measurements of Riga
et a/. ' The two major peaks in the 0 2p manifold is
characteristic of most octahedrally coordinated
transition-metal oxides and may be attributed to metal-
oxygen o.- and m.-bonding states. As seen in our DOS of
Fig. 7, we find a o.-~ separation between the major o.

peak and the central vr peak of approximately 2.6 eV (see
Table II). This separation is consistent with previous
theoretical calculations and is in fairly good agreement
with experimental XPS (Refs. 16 and 17) results in the
range 1.9—2.1 eV. However, a direct comparison be-
tween theory and experiment is not entirely correct as
matrix element effects tend to shift peak intensities. Fur-
ther modifications occur due to differences in the part 1

h
par ia

p otoabsorption cross sections between the 0 2p and Ru
4d states with XPS radiation, the Ru 4d cross section be-
ing approximately 30 times greater than the O 2p. ' In
the case of Ru02, previous theoretical calculations ' re-
veal only minor Ru 4d character in the vicinity of the 0
2p-~ manifold. Furthermore, the location of the peaks in
the partial DOS for d and p electrons were found to be
approximately coincident. Features observed in XPS
should therefore reAect the major 0 2p states with only
minor shifts resulting from matrix element effects. This
has been confirmed by the LMTO calculations of Xu,
Jarlborg, and Freeman, who find that inclusion of ma-
trix element effects, ignoring electronic relaxations, is in
good agreement with the experimental XPS (Ref. 16)
measurements shown in Fig. 7. Our peak positions and
bandwidths are in good agreement with the XPS mea-
surements, ' where the experimental 0 2p-m state is shift-
ed by approximately 0.3 eV to lower binding energies as a
result of matrix element effects (Table II).

To increase the probability of scattering of O 2p states
Daniels et al. performed ultraviolet photoemission18
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TABLE II. Comparison of peak positions, in eV below EF, for various spectral features in the con-
duction band. Column headings indicate the major character of the resulting manifolds and are only
for labeling purposes. Three peaks in the theoretical 0 2p-vr manifold, when observed, reflect the center
of gravity of those seen in Fig. 7. A direct comparison between theoretical and experimental peak posi-
tions in the 0 2p manifold is not implied, as matrix element effects will modify the theoretical peak po-
sitions.

0 2s

18.5
18.3
18.6
18.7
20.3
21.1

22.0

0 2p-o.

7.0
7.2
7.0
7.0
6.8
6.9
7.1

7.4

7.0
7.0

5.7, 4.4, 2.8
5.6, 4.2, 2.8
5.5, 4.5, 3.1

4.6
5.6, 4.8, 3.5

4.7
5.2

5.8, 3.8
4.8
4.7
4.7

Ru t2g

0.7
0.9
0.7
0.54
0.5
0.6
0.8
1.2
0.55
0.6
1.4
0.68

Method

Present
FLAPW
ASW
LMTO
APW-LCAO
XPS
XPS
UPS
UPS
XPS
XPS
UPS

Ref.

Present
24
23
22
21
16
9

18
19
19
17
17

spectroscopic (UPS) experiments for photon energies in
the range 70 ~ A'co ~ 130 eV. In this region the 0 2p cross
section is approximately three times larger than that of
Ru 4d. ' The 0 2p states should dominate the spectra. ,
unlike He I UPS spectra, ' ' where the Ru 4d cross sec-
tion is approximately three times larger than that of the
0 2p. ' As expected, they observe one additional feature
at 3.8 eV and tentatively assigned it to a lower binding
energy shoulder of the main m-bonding peak which re-
sults from the symmetry lowering of the metal sites from
0& ~D2&. The authors have also considered changes in
the valence-band structure for the complex oxide
Ru Ir& „02 for O~x ~ 1. They find the t2 peak, labeled
A in their paper, to be insensitive to variations in x. This
result has not been reproduced by recent XPS experi-
ments by Kotz and Stucki; rather they find the t2 peak
to shift by 1 eV on going from RuOz to Ir02, indicating a
higher affinity of oxygen for Ru than for Ir. Another
discrepancy in the UPS results of Daniels et al. ' and
other photoemission experiments ' ' ' is their large
valence-band width, which is approximately 2 eV larger
than other experiments. However, it is difficult to inter-
pret from their result where the band edge ends and the
secondary background takes over.

The next ten bands from approximately 2.5 to 6 eV il-
lustrated in Fig. 5, and rejected in the DOS of Fig. 7, are
predominantly of d character. For transition-metal ox-

ides in which the metal atoms are octahedrally coordinat-
ed, these states are often interpreted in terms of the octa-
hedral crystal-field splitting of the fivefold-degenerate d
states into the triply degenerate t2 and doubly degen-
erate eg states. In the P42/mnm space group, distortions
away from perfect 0& symmetry lower the metal-atom
site symmetry to D2&, resulting in further splitting of
these states into singly degenerate levels. As the distor-
tion away from 0& symmetry is small in RuOz, we will
maintain the t2~-eg nomenclature of the 0& group owing
to its simplicity.

Of the first ten metal-atom d bands, the first six are as-
sociated with the t2 manifold having a bandwidth of 3.6
eV, while the next four bands are associated with the eg
manifold with a bandwidth of 4.5 eV. These two sets of
bands are well separated throughout the BZ except at I,
where they touch. The Fermi level, indicated by the
dashed line in Fig. 5, is located approximately midway
between the tz~ manifold and is approximately 1.7 eV
from its lower edge. This is in good agreement with UPS
experiments, ' which place the lower edge of the tzg man-
ifold at approximately 1.5 eV below EF. Bands 19—21
are found to intersect the Fermi surface forming one elec-
tron and two hole sheets and will be discussed below. We
note that the doubly degenerate bands 19 and 20 along 8'
are nearly degenerate with the Fermi energy. The main

TABLE III. Comparison of widths, in eV, of various valence-band and conduction-band manifolds
between different theoretical calculations. Column headings indicate the major character of the result-
ing manifolds.

0 2s 0 2p Ru t2~ Ru eg Method Ref.

2.7
1.9
2.1

1.4

6.8
6.5
6.3
6.5
5.1

3.6
3.2
3.4
3.4
2.3

4.5
3.8
4.1

3.6
3.7

Present
FLAPW
ASW
LMTO
APW-LCAO

Present
24
23
22
21



1738 KEITH M. GLASSFORD AND JAMES R. CHELIKOWSKY 47

peak in the DOS for these occupied bands is approxi-
mately 0.7 eV below EI; and is largely attributed to rather
dispersionless bands in the S, W, and V directions. This
separation is in good agreement with photoemission re-
sults' ' ' ' of 0.5 to 0.8 eV, ASW calculations, LMTO
calculations of 0.54 eV, and APW-LCAQ calculations '

of 0.8 eV. The top band shown in Fig. 5 is primarily of
Ru sp character. The separation between the Ru sp states
and the top of the eg manifold is similar to that found in
calculations for Ti02. "

Overall we find good agreement between the present ab
initio pseudopotential results and previous all-electron
LMTO (Ref. 22) and FLAPW (Ref. 24) calculations.
These self-consistent calculations reveal a gap of approxi-
mately 0 to 0.3 eV between the 0 2p and Ru t2 band
complexes, confirming the overestimated covalent char-
acter in the APW-LCAO calculations of Mattheiss. '

Other than these shifts and some minor changes in band-
widths (Table III), the initial calculations of Mattheiss '

are in good agreement with the self-consistent calcula-
tions. According to our LDA results, as well as
LMTO, FLAPW, and ASW (Ref. 23) calculations, a
large p-d gap is not the cause for the large valence-band
width seen in the photoemission results of Daniels
et aI. "

As seen in Fig. 7, the density of states at the Fermi en-
ergy, D(E~), is near the minimum of the tzs manifold.
This low value of D(E) at the Fermi surface has been
linked to the stability of RuOz against metal-atom pairing
along the c axis, as in the rutile form of VOz where EF
lies in the middle of the e manifold. ' ' From our DOS
shown in Fig. 7, we find a value of D(EF) of 1.7
stateseV 'cell 'spin ', which is in fairly good agree-
ment with the experimental value of 2. 1 obtained from
high-resolution HeI UPS experiments by Cox et al. '

Our value of D (EF) agrees well with the theoretical cal-
culations of Schwarz and Mattheiss ' of 1.69 and 1.89
states eV ' cell ' spin ', respectively, but are notably
smaller than the value of 2.89 obtained from the LMTO
calculations. It should be stressed, however, as seen
from Fig. 7, that a small shift in EF may result in a sub-
stantial shift in D(EF). An indirect comparison of our
D (EF) may also be made via the Sommerfeld coe%cient
of specific heat, y, which is proportional to D(EF). Us-
ing our value of D (EF ), we find a y of 3.98
mJ mol ' deg . The experimental coefficient of
specific heat due to conduction electrons is 5.77
m J mol ' deg, indicating an effective mass
( y,„„,/y, h„,=m "/m, ) of 1.4.

Another test of our band-structure calculations is in
the comparison of our theoretical Fermi surface with ex-
perimental results. The Fermi surface has been experi-
mentally probed by magnetothermal oscillations, ' mag-
netoresistance, ' Azbe1-Kaner cyclotron resonance, ' and
de Haas- van Alphen measurements. ' These experi-
ments provide information on the nature of the electron
orbits under the inAuence of an applied magnetic field,
i.e., open or closed orbits. In the case of closed orbits,
cross-sectional areas, or their derivatives, in planes per-
pendicular to the magnetic field are obtained, allowing a
detailed comparison with our theoretical Fermi surface.

FIG. 8. Intersections of the theoretical RuOz Fermi surface
with the high-symmetry planes of the irreducible BZ.

In Fig. 8 we show intersections of the Fermi surface
with the high-symmetry planes of the irreducible BZ.
The fifth t2 band forms a spherically distorted electron
sheet e5 centered at I . The fourth t2 band forms a hole
sheet h4 with arms in the I110) planes. The third t2g
band forms a hole sheet h3 centered at Z. In the case of
the experimental measurements only cross-sectional areas
for extremal orbits are obtained. While a detai1ed map-
ping of the Fermi surface for Ru02 has not been per-
formed, our results are in good agreement with the
empirical model proposed by Graebner, Greiner, and
Ryden' based on experimental magnetothermal oscilla-
tions. In Table IV we compare our theoretical areas for
extremal orbits of the e~ Fermi sheet centered at I with
the experimental results of Graebner, Greiner, and
Ryden. ' In calculating the cross-sectional areas, we
have assumed that spin-orbit splitting will lift the degen-
eracy between sheets e5 and h4 along 6 without any ma-
jor shift in the topology of the Fermi sheets. ' We do not
assume the extremal orbits are spherical as in previous
calculations. We fitted the radii as function of the sub-
tended angle, and performed the iterated integral. As can
be seen in Table IV, our cross-sectional areas are in good
agreement with experiment, ' and are within 5% of the
experimental values or better. We have not attempted to
calculate the cross-sectional areas for the other sheets
owing to their low symmetry.

The major differences between our FS and the empiri-
cal model of Graebner, Greiner, and Ryden' occurs at

Plane

t001J
I 100I
f 110I

Theory

0.885
0.796
0.755

Experiment

0.9317
0.8206
0.7776

TABLE IV. Cross-sectional areas (A ) for the Fermi sheet
e5 centered at I for magnetic fields perpendicular to high-
symmetry planes compared to experimental areas determined
from magnetothermal oscillations by Graebner, Greiner, and
Ryden (Ref. 12).
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the neck centered at Z, and the arms in the ( 110] direc-
tion. The experimental results find the intersection of the
FS in the t 110I plane along S to be degenerate with zero
slope. Similar results have been found from LMTO cal-
culations. Examination of the little group for states
along the S direction reveal that for this to occur would
require an accidental degeneracy for these bands at the
Fermi surface. Shifting Ez towards higher energies to in-
tersect the doubly degenerate state at Z, however, would
remove this feature. From our band-structure calcula-
tions shown in Fig. 5, we find no available states near EF
with the correct symmetry for an accidental degeneracy
to occur indicating an opening of the neck feature along
Z. Our results are similar to the APW-LCAO calcula-
tions of Mattheiss. '

We have also investigated the charge transfer from Ru
to O by examining the pseudovalence charge-density
difFerence maps within the independent atom model. In
this model, one defines bp(r) as the difference between
the total valence electron density and a linear superposi-
tion of radially symmetric atomic charge densities. In re-
gions of positive deformation, charge accumulation
occurs and corresponds to "bonding" electrons, while re-
gions of negative deformation, where charge depletion
occurs, corresponds to "antibonding" states.

In Fig. 9 we show contours of the pseudovalence
charge-density deformation maps in the (110) and (110)
planes of the tetragonal unit cell. Solid and dashed con-
tours correspond to regions of charge accumulation and
depletion, respectively. We have calculated Ap using the
same spherical pseudoatomic charge densities used in
constructing the ion core ab initio pseudopotentials. The
most prominent feature in these figures is the substantial
degree of charge transfer along the Ru-0 bonds and the
charge accumulation along the Ru-Ru bonds perpendicu-
lar to the c axis. This is a substantially different picture
than that obtained from the charge contained within the
Wigner-Sietz radii centered about each atom as pointed
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out in the LMTO calculations of Xu, Jarlborg, and Free-
man. As noted by these authors, this is a result of the
commonly accepted yet idealistic ionic model. Figure 9
clearly shows, however, that charge-transfer effects in
transition-metal oxides are more complicated.

Our total pseudovalence charge density is virtually
identical to the contour plots of the valence charge densi-
ty obtained from the FLAPW calculations of Sorantin
and Schwarz IFig. 8(c)]. Such good agreement rein-

FIG. 9. Pseudovalence charge-density difference maps for the
(a) (110) and (b) (110) lattice planes. Contours of constant
charge density are separated by 6 e/Vo.

TABLE V. X-ray structure factors, in electrons per unit cell, for the total charge density compared
to the all-electron FLAPW calculations of Sorantin and Schwarz (Ref. 24) and experimental results by
Boman (Ref. 43) for various low-index 0 vectors. Theoretical structure factors are the sum of the pseu-
dovalence and core-electron structure factors; the core contributions were calculated from the all-
electron calculations used in generating our pseudopotentials. The sign of the experimental structure
factors was chosen to be consistent with theory.

110
101
200
111
210
211
220
002
301
400
330
004

Core

68.08
62.15
57.10

—6.91
4.72

60.09
61.30
64.00
59.66
49.83
52.60
46.04

Present work
Valence

9.26
—0.49
—6.75

—11.80
7.36
3.52
5.52
8.22
4.69
0.0
1.44
0.03

Total

77.34
61.66
50.35

—18.71
12.08
63.61
66.82
72.22
64.36
49.83
54.04
46.08

FLAPW

77.57
62.01
50.77

—18.74
12.11
64.25
67.48
72.95
65.15
50.50
54.80
46.63

Experiment
Fobs

77
69
59

—23
12
53
58
76
59
46
48
43
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forces the association of our pseudovalence charge densi-
ty with the true valence electron density for regions away
from the core. This can be seen in Table V, where we list
the x-ray structure factors, in electrons per unit cell, for
the total charge density compared to the all-electron
FLAPW calculations of Sorantin and Schwarz and the
experimental results of Boman for various low-index G
vectors. The sign of the experimental x-ray structure fac-
tors were chosen to agree with theoretical calculations.
The present x-ray structure factors were calculated from
the sum of the pseudovalence structure factors, obtained
from our total-energy calculations, and the core contribu-
tions. The core contribution to the x-ray structure fac-
tors, as given by the Fourier transform of the core
charge, were taken from the all-electron calculations used
in generating our pseudopotentials. Core and valence
contributions are also listed separately in Table V. The
major contribution to the total structure factor results
from core contributions. As the dominant contribution is
a result of Ru core states, we have tested various excited-
state configurations and found no significant changes in
the Ru core contributions.

As seen in Table V, our pseudopotential results are in
good agreement with the all-electron FLAPW results of
Sorantin and Schwarz, the difference being approxi-
mately 1% lower for the tabulated values. Although the
theoretical calculations represent static structure factors,
i.e., frozen-core approximation, they are in reasonable
agreement with experiment, considering that inelastic
scattering and temperature effects have not been included
in the theoretical values as well as the exclusion of
thermal diffuse scattering corrections in the experimental
intensities. However, these effects tend to lower the ob-
served intensities and would bring the theoretical and ex-
perimental structure factors in closer agreement. We
have not attempted to remove these effects from experi-

ment as valence and semicore deformations in the charge
density would be model dependent as apparent from the
charge deformation maps of Fig. 9.

V. SUMMARY

We have calculated the electronic and structural prop-
erties of metallic Ru02 within the local-density approxi-
mation. We have employed soft-core ab initio pseudopo-
tentials in conjunction with a plane-wave basis and a fast
iterative diagonalization technique. We find good agree-
ment with experimentally determined structural proper-
ties, i.e., within 2% or better, as well as with pressure-
induced structural changes. Our cohesive energy is
within 10% of the experimentally determined value, as is
typical of the local-density approximation. The electron-
ic properties are found to be in good agreement with ex-
perimental photoemission measurements with respect to
bandwidths and peak positions. Our theoretically deter-
mined Fermi surface is found to be in good agreement
with models determined from experimental extre mal
areas for closed orbits. We also examined the pseudo-
valence charge density in the independent atom model.
Our results indicate good results are obtainable for the
structural and electronic properties of late transition-
metal oxides within the local-density approximation for
weakly magnetic systems.
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