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Metal-metal bonding in the KSbO3-type oxides La4Ru6O19 and La3Ru3O11:
A mechanism for band gap formation in t2g states

P. Khalifah and R. J. Cava
Department of Chemistry and Princeton Materials Institute, Princeton University, Princeton, New Jersey 08540

~Received 19 March 2001; published 7 August 2001!

The electronic structures of La3Ru3O11 and La4Ru6O19 were calculated using a LMTO-ASA-TB method.
Although both compounds have similar conduction networks, La3Ru3O11 was found to have a very normal
band structure while La4Ru6O19 showed many striking features. Thet2g band is split into three portions of
clearly defined orbital origin. The two highest-energy portions are extremely narrow~;0.15 eV!, and each
have a capacity of only 1 electron per Ru atom. The highest portion of thet2g band is separated from the
remainder of the band by a gap of 0.5 eV. All these features occur in the absence of Jahn-Teller distortions. The
origin of the gap is instead found to lie in metal-metal bonding due to the unusually short Ru-Ru distance in
La4Ru6O19 (2.5 Å vs 3.0 Å for La3Ru3O11).

DOI: 10.1103/PhysRevB.64.085111 PACS number~s!: 71.10.Hf, 71.20.2b
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I. INTRODUCTION

Recent experimental results have shown that La4Ru6O19

exhibits non-Fermi-liquid behavior while the structurally r
lated compound La3Ru3O11 does not.1 An examination of the
structures of these two compounds shows that a major
ference between them is that La4Ru6O19 has a short Ru-Ru
distance of 2.5 Å indicative of metal-metal bonding,2 while
La3Ru3O11 has a long Ru-Ru distance of 3.0 Å that pr
cludes direct Ru-Ru interactions.3,4 Here we present elec
tronic structure calculations on these two compounds.
differences we observe offer insights into the effects
metal-metal bonding on the previously measured phys
properties.

The structures of La4Ru6O19 and La3Ru3O11 are pre-
sented in Fig. 1. La4Ru6O19 has primitive cubic symmetry
(Pn3̄),2 while La3Ru3O11 has body-centered cubic symm
try (I23).3,4 Each unit cell contains theM12O36 cluster (M
5Ru) common to the KSbO3 structure type, which is the
electronically active portion of the structure. TheM12O36
clusters are virtually identical in La4Ru6O19 and La3Ru3O11
despite the different space groups and stoichiometries
these compounds. The twelve Ru atoms in each cluster
arranged into six dimers of edge-sharing RuO6 octahedra.
Dimers are a relatively rare structural motif in solid sta
compounds. Both compounds have the same formal ch
of 14.33 per Ru.

In perovskites such as SrRuO3 and CaRuO3, conduction
electrons move through the Ru-O-Ru superexchange p
ways between corner-sharing RuO6 octahedra. When octahe
dra share edges, there is a possibility that the central me
will also interact via direct exchange pathways. Each ed
sharing dimer in La4Ru6O19 and La3Ru3O11 has four connec-
tions to other dimers through corner-shared oxygens, lea
to a mix of Ru-Ru~J! and Ru-O-Ru (J8) interactions, as
shown in Fig. 1~c!. Thus there is a strong possibility tha
competition between superexchange and direct exchang
teractions will give rise to complex electronic and magne
properties in these two compounds. We briefly note that
spin interactions in both of these compounds are analog
0163-1829/2001/64~8!/085111~6!/$20.00 64 0851
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to those in the spin gap compound SrCu2(BO3)2,5 as these
systems have one direct exchange interaction across
shared edge of a dimer and four superexchange interac
through corner-shared oxygens. The electronic structure
La4Ru6O19 and La3Ru3O11 were calculated in order to dete
mine the extent and importance of direct exchange inte
tions in the presence and absence of Ru-Ru bonding.

II. EXPERIMENTAL

Band structure calculations were performed using the p
gram LMTO47c developed by Andersen and co-workers6,7

The program employs a LMTO-ASA~linear muffin-tin or-
bital, atomic sphere approximation! algorithm within the
tight binding approximation. All relativistic effects excep
spin-orbit coupling were included in the calculations. Int
grations overk space were performed using the tetrahed
method with a total of 45 (La3Ru3O11) or 52 (La4Ru6O19)
irreduciblek points from an 8 by 8 by 8 grid of reduciblek
points. Coordinates of the high symmetry points used
La3Ru3O11 (Pn3̄ symmetry! areG ~000!, M ~1

2
1
20!, X ~1

200!,

R ( 1
2

1
2

1
2 ), in units of 2p/a. The high symmetry points for the

La4Ru6O19 (I23 symmetry! areG ~000!, N ~1
2

1
20!, P ~1

2
1
2

1
2!, H

~010!, in units of 2p/a. Twice as many Ru atoms~12 vs 6!
were present in the primitive cubic unit cell of La3Ru3O11 as
in the unit body-centered cubic unit cell of La4Ru6O19. The
orbital-weighted fatbands~discussed in more detail later!
were obtained by averaging the results for three separate
atoms contained in dimers oriented with the Ru-Ru bo
parallel to thex, y, and z axes. The atomic positions o
La4Ru6O19 ~Ref. 2! and La3Ru3O11 ~Ref. 4! are given in
Table I.

III. RESULTS AND DISCUSSION

The results of the electronic structure calculations for b
compounds are presented in Figs. 2 and 3. The band stru
of La3Ru3O11 ~Fig. 2! shows the presence of a broad ma
fold of states in a band which crossesEF . These states are
©2001 The American Physical Society11-1
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TABLE I. Atomic positions of La4Ru6O19 ~Ref. 2! and La3Ru3O11 ~Ref. 4!.

La3Ru3O11 (Pn3̄) La4Ru6O19 (I23)

Atom Wyck. x y z Atom Wyck. x y z

La1 4c 0.5 0.5 0.5 La 8c 0.16279 0.16279 0.16279
La2 8e 0.1129 0.1129 0.1129
Ru 12g 0.09160 0.75 0.75 Ru 12e 0.36147 0.5 0
O1 12f 0.6203 0.25 0.25 O1 12d 0.33313 0 0
O2 24h 0.4169 0.7462 0.0397 O2 2a 0 0 0
O3 8e 0.3559 0.3559 0.3559 O3 24f 0.34044 0.28582 0.97122
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made from highly hybridized mixtures of oxygen 2p orbitals
and Ru t2g orbitals, and their integrated density of stat
~DOS! shows that the manifold can hold a total of 6 electro
per Ru. As would be expected from simple electron counti
the t2g manifold is partially filled to a level of 3.67 electron
per Ru. This is in accord with the experimentally observ
metallic conductivity.1 The total DOS~Fig. 3! shows no un-
usual features.

FIG. 1. Top: Structures of La4Ru6O19 and La3Ru3O11. RuO6

octahedra are shown in gray. Large black circles are La ato
small gray circles are O atoms. Bottom: Nearest neighbor spin
teractions.J is the intradimer interaction and is expected to
strong for La4Ru6O19 and weak for La3Ru3O11. The interdimer
interaction J8 should be approximately the same for both co
pounds. Gray circles are Ru atoms. Thick line denotes direct
change pathway across a Ru-Ru bond, while thin lines m
oxygen-mediated superexchange pathways.
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The electronic structure of La4Ru6O19 has some signifi-
cantly different features from that of La3Ru3O11, suggesting
that the metal-metal bonding may profoundly affect the pro
erties of this compound. The band structure diagram~Fig. 2!
shows that the La4Ru6O19 t2g manifold is split into three
parts. The lowest portion is about 1 eV wide and has ro
for 4 electrons per Ru, as seen in the DOS plot~Fig. 3!. The
Fermi energy is found near the top of this broad band wh
is responsible for the metallic conductivity of La4Ru6O19.
The remaining two portions of thet2g manifold occur as very
narrow bands~0.15 eV in width! found 0.2 and 0.9 eV above
EF , and each portion has room for 1 electron per Ru ato
Remarkably, the DOS for the lower of these two narro
bands is almost as high as the DOS of the La 4f states
~which are found 5 eV aboveEF).

For 4d transition metals which are octahedrally coord
nated by oxygen, the standard view of the electronic str
ture is that crystal field effects will split the fived bands into
threefold degeneratet2g orbitals and doubly degenerateeg
orbitals. For certain 3d transition metals, Jahn-Teller disto
tions can break the octahedral symmetry and further red

s;
-

-
x-
k

FIG. 2. Left: Band structure of La3Ru3O11. Coordinates of high
symmetry points areG ~000!, M ~1

2
1
20!, X ~1

200!, R ~1
2

1
2

1
2!. Right:

Band structure of La4Ru6O19. Coordinates of high symmetry point
areG ~000!, N ~1

2
1
20!, P ~1

2
1
2

1
2!, H ~010!. Arrows indicate one-electron

bands. The Fermi energy is at 0 eV in both plots.
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the degeneracy of thed orbitals. However, Jahn-Teller dis
tortions are energetically unfavorable for 4d transition metal
oxides and thet2g /eg orbital model is almost universally
followed. Furthermore, the RuO6 octahedra were found to b
undistorted in the original crystal structure determination
La4Ru6O19 ~Ref. 2! ~solved by single crystal x-ray diffrac
tion!, as seen in the exceptionally narrow range of Ru
bond distances~1.948 to 1.967 Å!. A recent redetermination
of the La4Ru6O19 structure by powder neutron diffractio
confirms the uniformity of the Ru-O distances to better th
0.01 Å.8 Thus the splitting of the Rut2g band seen in the
band structure of La4Ru6O19 is completely unexpected. An
other very unusual feature is the low capacity~1 electron per
Ru atom! of the two topmostt2g subbands, which are at firs
glance incompatible with Fermi statistics, which dictate th
two electrons may occupy any given orbital. This indica
that hybridization between thed orbitals of the two Ru atoms
in each dimer has occurred. Thus the bands with a capa
of 1 electron per Ru are better thought of as molecu
orbital-derived bands with a capacity of two electrons p
dimer.

Previous electronic structure calculations on metal-m
bonding within the framework of organometallic molecul
with similar geometries9–11 provide a convenient startin
point for understanding the effects of metal-metal bonding
the periodic lattice of La4Ru6O19. Within the edge-sharing
dimers of octahedra, three types of orbital hybridization
possible, allowing bonds of up to order 3. The threet2g or-

FIG. 3. Top: DOS plot for La3Ru3O11. Bottom: DOS plot for
La4Ru6O19. The Fermi energy is at 0 eV in both plots.
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bitals from each metal atom hybridize to form six hybr
states ofs,p,d,d* ,p* , and s* character, listed in approxi
mate order of increasing energy. This molecular bond
scheme is drawn in Fig. 4~a!.

It is worth noting that even within a periodic lattice, if th
separation of molecular orbitals remains large relative to
bandwidths then thed orbital degeneracy can be complete
lifted. This leads to a sharp reduction of the maximum ma
netic moment from thet2g derived states to a mereS51/2
per dimer of metal atoms, regardless of the filling level. T
is much less than the upper limit ofS53/2 per atom for
low-spin transition metals orS55/2 per atom for high-spin
transition metals. In the specific case of La4Ru6O19, metal-
metal bonding should reduce the number of unpaired e
trons to two electrons, each withS5 1

2 , for every three
ruthenium dimers. This reduction in moment would be co
sistent with experimental measurements of the susceptib
of La4Ru6O19, which has a maximum susceptibility of onl
;131023 emu/mol Ru, and whose susceptibility at all tem
peratures is much lower than would be expected

FIG. 4. ~a! Molecular orbital ordering scheme for typical com
pounds with edge-sharing octahedra.~b! Nonstandard axis choice
used for defining the Rud-orbital directions.~c! Depiction of the
d-orbital hybridization which gives rise tos, p, andd-type bonding
interactions.
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FIG. 5. Orbital-weighted bands~fat bands! for La4Ru6O19. Lower label indicates the symmetry of the hybridized orbitals. Labels of h
symmetry points are the same as in Fig. 2. The Fermi energy is at 0 eV in all plots.
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Ru4.33 in a typical octahedral environment.
Furthermore, in this degeneracy-lifted situation, any in

ger oxidation state of the transition metal will give an ev
number of electrons in the dimer’s molecular orbitals, res
ing in completely filled bands. Such compounds would
expected to have no paramagnetic moment, and perhaps
semiconducting behavior. The net effect of this situat
would therefore be analogous to a Mott-Hubbard gap,
though orbital hybridization resulting from metal-met
bonding rather than electron correlations would drive
opening of the gap.

The d orbitals involved in metal-metal bonding i
La4Ru6O19 are best described using a nonstandard coordi
axis choice, as depicted in Fig. 4~b!. Thex-axis is taken to lie
along the metal-metal bond while thez-axis points toward
the apical ligands, which corresponds to a rotation of 4
about thez-axis from the standard octahedral choice of ax
In terms of the crystal field splitting,t2g states now have
their origin in thedx22y2, dxz , anddyz orbitals, while theeg
states~which point toward oxygen atoms! arise from thedxy
anddz2 orbitals.

Within each dimer, hybridization of two Rudx22y2 orbit-
als gives rise to as ands* molecular orbitals~MO’s!. Simi-
larly, dxz Ru orbitals are involved inp-type MO’s anddyz
08511
-

t-
e
ven
n
l-

e

te

°
.

orbitals ind-type MO’s, as seen in Fig. 4~c!. Although these
MO’s will be broadened into bands in La4Ru6O19, the con-
cept of metal-metal bonding remains. Bond formation resu
in certain two-metal hybrid states being lowered in energy
the expense of others being raised. In the specific cas
La4Ru6O19, the uppermost unoccupied states in thet2g mani-
fold have been pushed 1 eV aboveEF , 0.5 eV higher in
energy than they are found in La3Ru3O11. For partial fillings
of the t2g manifold, there will be an energetic advantage
this hybridization-induced rearrangement of energy level

The most convincing evidence that these two-metal
brid orbitals~i.e., metal-metal bonds! are vigorously affect-
ing the electronic structure of La4Ru6O19 comes from the
analysis of the individual orbital contributions to the vario
bands of interest~Fig. 5!. In each of these ‘‘fatband’’ plots
the thickness of the band at each point ink space is propor-
tional to the contribution of the orbital of interest (dx22y2,
dxz , or dyz!. The thickest bands in the fatband plots are d
solely to the featured orbital, while the bands that are mer
lines have no contribution from the featured orbital. T
eg-derivedd orbitals make no contribution to the bands
the energy range shown, and are therefore not shown.

The highest energyt2g-derived narrow bands~0.9 eV
aboveEF) originate fromdx22y2 orbitals in the dimer. The
1-4
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FIG. 6. Orbital-weighted bands~fatbands! for La3Ru3O11. Labels of high symmetry points are the same as in Fig. 2. The Fermi en
is at 0 eV in all plots.
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other set of narrow bands~0.2 eV aboveEF) are of dyz
character, while the next lower set of states havedxz charac-
ter. The clear hierarchy of orbital energies seen in the fig
is quite remarkable, and in the clear absence of Jahn-T
distortions points to the importance of orbital hybridizatio
The energies of the molecular orbitals therefore follow
sequences*.d*.p* in the top half of thet2g derived states
in La4Ru6O19. The remainder of the hybridt2g states~s, p,
d! are not segregated and are well interspersed throug
the region below21 eV, reflecting the Ru-O hybridization
and demonstrating that these lower energy states are m
typical of an extended solid than a molecular compound

The orbital analysis of La3Ru3O11 ~Fig. 6! shows that the
three t2g orbitals (dx22y2,dxz ,dyz) are well dispersed; eac
orbital is about 1 eV wide. Furthermore, the orbitals are
segregated and cross each other freely. This behavior is
cal to conducting transition metal oxides. Thus the anom
lous behavior of La4Ru6O19 is due the orbital hybridization
resulting from metal-metal bonding rather than simply be
a peculiarity of the geometry of the KSbO3-type Ru12O36
conduction network.

It has been proposed that the magnetic behavior
La4Ru6O19 may be indicative of a spin gap.1 If the model of
nondegenerate molecular orbitals is correct, then it is p
sible to envision a means for a spin gap to occur. The pri
tive cell of La4Ru6O19 contains three Ru2O10 dimers. Based
on the electronic structure calculations described above,
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FIG. 7. Possible pathway for spin pairing in La4Ru6O19. Top:
Expected room-temperature electronic configuration of La4Ru6O19.
Bottom: Possible low-temperature ground state configuration w
singlet spins.
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P. KHALIFAH AND R. J. CAVA PHYSICAL REVIEW B 64 085111
expected electronic configuration within a single cell~Fig. 7,
top! is s2p2d2p* 1 for two of the dimers ands2p2d2p* 2

for one of the dimers in each unit cell, giving La4Ru6O19 a
total of two unpaired spins per cell. If it is energetical
favorable for the two spins to reside on the same dimer
stead of on separate dimers, then La4Ru6O19 will have a
singlet ground state with two of the dimers with thes2p2d2

configuration and one with thes2p2d2d* 2 configuration
~Fig. 7, bottom!. Chemically speaking, this pairing will occu
if one Ru-Ru double bond and one Ru-Ru triple bond
more stable than two Ru-Ru bonds of order 2.5. An altern
perspective is that the energy gain for a dimer to have
empty p* orbital exceeds the pairing energy for twop**
electrons to sit on the same dimer.

IV. CONCLUSIONS

In the absence of Jahn-Teller distortions, it is rare to fi
a large splitting of the energies of thet2g orbitals in transition
g,

in-

i-
a
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metal oxides. However, our calculations show that me
metal bonding provides a new mechanism for gap format
within the t2g manifold, as hybridization of two sets of Rud
orbitals in La4Ru6O19 leads to a lifting of degeneracy of th
highest energyt2g-derived states. As this hybridization is no
found in the structurally related compound which lac
Ru-Ru bonding (La3Ru3O11), metal-metal bonding is dem
onstrated to be a key feature responsible for the uni
physical properties of La4Ru6O19, much as Mott-Hubbard
splitting inspires some of the anomalous features of laye
cuprates.
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