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Metal-metal bonding in the KSbO;-type oxides LaRugO49 and LazRu304;:
A mechanism for band gap formation int,, states
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The electronic structures of bBRu;O;4 and LgRusO,9 Wwere calculated using a LMTO-ASA-TB method.
Although both compounds have similar conduction networksRiugO,,; was found to have a very normal
band structure while LgrusO,9 showed many striking features. Thg, band is split into three portions of
clearly defined orbital origin. The two highest-energy portions are extremely ndrr@d5 eV, and each
have a capacity of only 1 electron per Ru atom. The highest portion of,thband 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
La,Rug046 (2.5 A vs 3.0 A for LaRu;0yy).

DOI: 10.1103/PhysRevB.64.085111 PACS nunt®er71.10.Hf, 71.20-b

. INTRODUCTION to those in the spin gap compound Sy(BO;),,° as these
systems have one direct exchange interaction across the

Recent experimental results have shown thaiRlgO;9  shared edge of a dimer and four superexchange interactions
exhibits non-Fermi-liquid behavior while the structurally re- through corner-shared oxygens. The electronic structures of
lated compound LgRu;0;; does not: An examination of the  La,RugO;¢ and LaRu;0y; were calculated in order to deter-
structures of these two compounds shows that a major difnine the extent and importance of direct exchange interac-
ference between them is that JRusO;¢ has a short Ru-Ru tions in the presence and absence of Ru-Ru bonding.
distance of 2.5 A indicative of metal-metal bondhghile
La;Rw;0,; has a long Ru-Ru distance of 3.0 A that pre-
cludes direct Ru-Ru interactioi4. Here we present elec-

tronic structure calculations on these two compounds. The Band structure calculations were performed using the pro-
differences we observe offer insights into the effects ofgram LMTO47c developed by Andersen and co-worKers.
metal-metal bonding on the previously measured physicathe program employs a LMTO-ASAinear muffin-tin or-
properties. bital, atomic sphere approximatipralgorithm within the
The structures of L&RusO;9 and LgRu;0;; are pre-  tight binding approximation. All relativistic effects except
sented in Fig. 1. L&RusO;9 has primitive cubic symmetry spin-orbit coupling were included in the calculations. Inte-
(Pn3),? while LasRu;0;, has body-centered cubic symme- grations overk space were performed using the tetrahedron
try (123) 34 Each unit cell contains th#,,04 cluster M method with a total of 45 (Lg#Ru3O;;) or 52 (LaRusO;0)
=Ru) common to the KSbQstructure type, which is the irreduciblek points from an 8 by 8 by 8 grid of reducible
electronically active portion of the structure. Thé;,035  Points. Coordinates of the high symmetry points used for
clusters are virtually identical in L&UsO;g and LaRu;01;  LagRu;Op; (Pn3 symmetry arel’ (000), M (330), X (300),

despite the different space groups and stoichiometries g 111y 'in units of 2#/a. The high symmetry points for the

these compounds. The twelve Ru atoms in each cluster a8 RL.O-« (123 symmetry areT” (000 N (E20). P (333) H
arranged into six dimers of edge-sharing Ru@ttahedra. (egfo)u?n ﬁn(its of ;w/a. Tvy\'/ice as(maz{y R(ljzat)ér'r(Q(.ZZZfl)S, 5
Dimers are a relatively rare structural motif in solid Statewere,present in the primitive cubic unit cell of 4ROy, as
compounds. Both compounds have the same formal charqﬁ the unit body-centered cubic unit cell of JRUO,o The
of +4.33 per Ru. orbital-weighted fatbandgdiscussed in more detail lajer

In perovskites such as SrRy@nd CaRu@, conduction were obtained by averaging the results for three separate Ru
electrons move through the Ru-O-Ru superexchange patflyy, g contained in dimers oriented with the Ru-Ru bond

ways between corner-sharing Ry@ctahedra. When octahe- 5 061 1o thex, y, and z axes. The atomic positions of

dra share edges, there is a possibility that the central met : :
will also interact via direct exchange pathways. Each edgeTsZ‘lgTelﬁOlg (Ref. 2 and LaRu;0y, (Ref. 4 are given in

sharing dimer in LaRusO,9 and LgRu;0; 1 has four connec-

tions to other dimers through corner-shared oxygens, leading

to a mi_x of_ Ru-Ru(J) and Ru-Q-Ru 3 interact_io_n_s, as Ill. RESULTS AND DISCUSSION

shown in Fig. Ic). Thus there is a strong possibility that

competition between superexchange and direct exchange in- The results of the electronic structure calculations for both
teractions will give rise to complex electronic and magneticcompounds are presented in Figs. 2 and 3. The band structure
properties in these two compounds. We briefly note that thef LasRusO;; (Fig. 2 shows the presence of a broad mani-
spin interactions in both of these compounds are analogousld of states in a band which crossEs. These states are

Il. EXPERIMENTAL
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TABLE I. Atomic positions of LaRusO,4 (Ref. 2 and LgRu;044 (Ref. 4.

LagRu;0;; (PN3)

La;RUsOy9 (123)

Atom  Wyck. X y z Atom  Wyck. X y z

Lal 4c 0.5 0.5 0.5 La 8 0.16279 0.16279 0.16279
La2 8e 0.1129  0.1129 0.1129

Ru 1z 0.09160 0.75 0.75 Ru ¥ 0.36147 0.5 0

o1 1% 0.6203 0.25 0.25 o1 W 0.33313 0 0

02 2h 0.4169 0.7462 0.0397 02 a2 0 0 0

03 8e 0.3559  0.3559 0.3559 03 P4 0.34044 0.28582 0.97122

made from highly hybridized mixtures of oxygep @rbitals

The electronic structure of LRUsO;9 has some signifi-

and Rut,q orbitals, and their integrated density of statescantly different features from that of bRU;Oy;, suggesting
(DOS) shows that the manifold can hold a total of 6 electronsthat the metal-metal bonding may profoundly affect the prop-
per Ru. As would be expected from simple electron countingerties of this compound. The band structure diagtgig. 2)
thet,y manifold is partially filled to a level of 3.67 electrons shows that the L&RUgO;q tog manifold is split into three
per Ru. This is in accord with the experimentally observedparts. The lowest portion is about 1 eV wide and has room

metallic conductivity The total DOS(Fig. 3) shows no un-

usual features.
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FIG. 1. Top: Structures of L#&RusO;9 and LgRu;0,;. RuQy
octahedra are shown in gray. Large black circles are La atoms
small gray circles are O atoms. Bottom: Nearest neighbor spin in-
teractions.J is the intradimer interaction and is expected to be
strong for LaRusO;9 and weak for LgRu;O;;. The interdimer

for 4 electrons per Ru, as seen in the DOS pFog. 3). The
Fermi energy is found near the top of this broad band which
is responsible for the metallic conductivity of JRugO;q.
The remaining two portions of thg, manifold occur as very
narrow band$0.15 eV in width found 0.2 and 0.9 eV above
Er, and each portion has room for 1 electron per Ru atom.
Remarkably, the DOS for the lower of these two narrow
bands is almost as high as the DOS of the La states
(which are found 5 eV abovEg).

For 4d transition metals which are octahedrally coordi-
nated by oxygen, the standard view of the electronic struc-
ture is that crystal field effects will split the fiveebands into
threefold degenerati,, orbitals and doubly degeneragg
orbitals. For certain @ transition metals, Jahn-Teller distor-
tions can break the octahedral symmetry and further reduce

===

Energy (eV)

FIG. 2. Left: Band structure of ls&®u;0;,. Coordinates of high
111

interactionJ’ should be approximately the same for both com-symmetry points ard™ (000, M (%%O), X (%OO), R (533). Right:
pounds. Gray circles are Ru atoms. Thick line denotes direct exBand structure of L&RusO;4. Coordinates of high symmetry points

111

change pathway across a Ru-Ru bond, while thin lines markarel’ (000), N (320), P (333), H (010). Arrows indicate one-electron
oxygen-mediated superexchange pathways.

bands. The Fermi energy is at 0 eV in both plots.
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FIG. 3. Top: DOS plot for LgRu;O;;,. Bottom: DOS plot for { { —
LayRusO19. The Fermi energy is at 0 eV in both plots. \ B =
the degeneracy of thé orbitals. However, Jahn-Teller dis- dyz 3

tortions are energetically unfavorable fait #ansition metal
oxides and thet,y/ey orbital model is almost universally FIG. 4. @ Molecular_ orbital ordering scheme for typical com-
followed. Furthermore, the Ruy(ctahedra were found to be Pounds with edge-sharing octahedfi) Nonstandard axis choice
undistorted in the original crystal structure determination ofUsed for defining the Rd-orbital directions.(c) Depiction of the
La,RugO;9 (Ref. 2 (solved by single crystal x-ray diffrac- q-orblta] hybridization which gives rise te, 7, and &-type bonding
tion), as seen in the exceptionally narrow range of Ru-g"teractions.
bond distance$1.948 to 1.967 A A recent redetermination
of the LgRusO9 Structure by powder neutron diffraction bitals from each metal atom hybridize to form six hybrid
confirms the uniformity of the Ru-O distances to better tharstates ofc,w,8,6°,7*, and ¢* character, listed in approxi-
0.01 A8 Thus the splitting of the Ru,4 band seen in the mate order of increasing energy. This molecular bonding
band structure of L&RUsO,q4 is completely unexpected. An- scheme is drawn in Fig.(d).
other very unusual feature is the low capaciyelectron per It is worth noting that even within a periodic lattice, if the
Ru atom of the two topmost,4 subbands, which are at first separation of molecular orbitals remains large relative to the
glance incompatible with Fermi statistics, which dictate thatbandwidths then thd orbital degeneracy can be completely
two electrons may occupy any given orbital. This indicatedifted. This leads to a sharp reduction of the maximum mag-
that hybridization between treeorbitals of the two Ru atoms netic moment from the,, derived states to a mefg=1/2
in each dimer has occurred. Thus the bands with a capacityer dimer of metal atoms, regardless of the filling level. This
of 1 electron per Ru are better thought of as moleculais much less than the upper limit &=3/2 per atom for
orbital-derived bands with a capacity of two electrons perdow-spin transition metals 08=5/2 per atom for high-spin
dimer. transition metals. In the specific case of,Rag0;4, Metal-
Previous electronic structure calculations on metal-metainetal bonding should reduce the number of unpaired elec-
bonding within the framework of organometallic moleculestrons to two electrons, each witB=3, for every three
with similar geometries™! provide a convenient starting ruthenium dimers. This reduction in moment would be con-
point for understanding the effects of metal-metal bonding irsistent with experimental measurements of the susceptibility
the periodic lattice of LgRusO,o. Within the edge-sharing of LayRugO;4 Which has a maximum susceptibility of only
dimers of octahedra, three types of orbital hybridization are~1x 103 emu/mol Ru, and whose susceptibility at all tem-
possible, allowing bonds of up to order 3. The thtggor-  peratures is much lower than would be expected for
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FIG. 5. Orbital-weighted band$at band$ for La,Ru;O;¢. Lower label indicates the symmetry of the hybridized orbitals. Labels of high
symmetry points are the same as in Fig. 2. The Fermi energy is at 0 eV in all plots.

Ru*33in a typical octahedral environment. orbitals in 5-type MO's, as seen in Fig.(d). Although these
Furthermore, in this degeneracy-lifted situation, any inte-MO’s will be broadened into bands in LRu;O,q, the con-
ger oxidation state of the transition metal will give an evencept of metal-metal bonding remains. Bond formation results
number of electrons in the dimer’s molecular orbitals, resultin certain two-metal hybrid states being lowered in energy at
ing in completely filled bands. Such compounds would bethe expense of others being raised. In the specific case of

expected to have no paramagnetic moment, and perhaps evea,Ru;O, 4, the uppermost unoccupied states inthemani-
semiconducting behavior. The net effect of this situationfold have been pushed 1 eV abof#, 0.5 eV higher in
would therefore be analogous to a Mott-Hubbard gap, alenergy than they are found in Ru;0,;. For partial fillings
though orbital hybridization resulting from metal-metal of the t,; manifold, there will be an energetic advantage to
bonding rather than electron correlations would drive thethis hybridization-induced rearrangement of energy levels.
opening of the gap. The most convincing evidence that these two-metal hy-
The d orbitals involved in metal-metal bonding in brid orbitals(i.e., metal-metal bondsare vigorously affect-
La,Rus0,4 are best described using a nonstandard coordinatiag the electronic structure of LRuUsO;9 comes from the
axis choice, as depicted in Figlbd. Thex-axis is taken to lie  analysis of the individual orbital contributions to the various
along the metal-metal bond while tleaxis points toward bands of interestFig. 5). In each of these “fatband” plots,
the apical ligands, which corresponds to a rotation of 45%he thickness of the band at each poinkiapace is propor-
about thez-axis from the standard octahedral choice of axestional to the contribution of the orbital of interest,§_ 2,
In terms of the crystal field splittingt,q states now have d,,, ordy,). The thickest bands in the fatband plots are due
their origin in thed,2_,2, d,,, andd,, orbitals, while theg, solely to the featured orbital, while the bands that are merely
states(which point toward oxygen atomarise from thed,,  lines have no contribution from the featured orbital. The

andd,2 orbitals. eg-derivedd orbitals make no contribution to the bands in
Within each dimer, hybridization of two Rdy2_,2 orbit-  the energy range shown, and are therefore not shown.
als gives rise to @ ando™* molecular orbital§MO’s). Simi- The highest energy,4-derived narrow band$0.9 eV

larly, d,, Ru orbitals are involved int-type MO’s andd,,  aboveEg) originate fromd,2_,2 orbitals in the dimer. The
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FIG. 6. Orbital-weighted band$atband$ for La;Ru;O,;. Labels of high symmetry points are the same as in Fig. 2. The Fermi energy
is at 0 eV in all plots.

other set of narrow band®.2 eV aboveEg) are of dy,
character, while the next lower set of states hdygecharac-
ter. The clear hierarchy of orbital energies seen in the figues
is quite remarkable, and in the clear absence of Jahn-Teller
distortions points to the importance of orbital hybridization.
The energies of the molecular orbitals therefore follow the
sequence™ >&* > in the top half of thet,, derived states
in La;RUgOy9. The remainder of the hybrithy states(o, =,
8) are not segregated and are well interspersed throughout
the region below—1 eV, reflecting the Ru-O hybridization
and demonstrating that these lower energy states are more
typical of an extended solid than a molecular compound.
The orbital analysis of LiRu;0;4 (Fig. 6) shows that the
threet,y orbitals (dy2_2,d,,,d,,) are well dispersed; each
orbital is about 1 eV wide. Furthermore, the orbitals are not
segregated and cross each other freely. This behavior is typi-
cal to conducting transition metal oxides. Thus the anoma-
lous behavior of LgRugO,4 is due the orbital hybridization * l
resulting from metal-metal bonding rather than simply being

p b b b =
TP

¢¢m£ T 339

a peculiarity of the geometry of the KSh@pe Ry,Os4 H H

conduction network. H H
It has been proposed that the magnetic behavior of

LayRusO;9 may be indicative of a spin gdpf the model of H ﬁ

nondegenerate molecular orbitals is correct, then it is pos- F|G. 7. Possible pathway for spin pairing in JRugO;o Top:

sible to envision a means for a spin gap to occur. The primigxpected room-temperature electronic configuration gRLEO; .

tive cell of LayRugO;4 contains three RuD;o dimers. Based Bottom: Possible low-temperature ground state configuration with
on the electronic structure calculations described above, theinglet spins.
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expected electronic configuration within a single ¢Elg. 7, metal oxides. However, our calculations show that metal-
top) is o?m?6%m* L for two of the dimers andr?#?5%°7*2  metal bonding provides a new mechanism for gap formation
for one of the dimers in each unit cell, giving JRU;O;ga  within thet,; manifold, as hybridization of two sets of Rl
total of two unpaired spins per cell. If it is energetically orbitals in LaRu;O,4 leads to a lifting of degeneracy of the
favorable for the two spins to reside on the same dimer inhighest energy,,-derived states. As this hybridization is not
stead of on separate dimers, then,Re;0,9 will have a  found in the structurally related compound which lacks
singlet ground state with two of the dimers with thén? 52 Ru-Ru bonding (LgRu;0;;), metal-metal bonding is dem-
configuration and one with the?726%5*2 configuration onstrated to be a key feature responsible for the unique
(Fig. 7, bottom. Chemically speaking, this pairing will occur physical properties of L&u;O,q, much as Mott-Hubbard

if one Ru-Ru double bond and one Ru-Ru triple bond aresplitting inspires some of the anomalous features of layered
more stable than two Ru-Ru bonds of order 2.5. An alternateuprates.

perspective is that the energy gain for a dimer to have an

empty 7* orbital exceeds the pairing energy for tvd %

electrons to sit on the same dimer. ACKNOWLEDGMENTS
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