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Electronic structure of the superconducting layered perovskite niobate
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The electronic energy-band structure for RbLaNb2O7, which is closely related to the layered perovskite
niobate superconducting KCa2Nb3O10 and metallic KLaNb2O7 with Li intercalation, has been calculated by
using the scalar-relativistic full-potential linearized augmented-plane-wave method within the local-density
approximation. The result of the calculation shows that this compound is a band insulator with a small gap, and
its conduction band is a typical two-dimensional one and the valence band is rather three dimensional. We can
conclude that the layered perovskite niobate KCa2Nb3O10 is a band insulator that can be superconducting with
electron doping, and have the highly two-dimensional electronic structure.@S0163-1829~98!51228-3#
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After the great discovery of superconductivity
LaxBa22xCuO4 ~LBCO!,1 many high-Tc superconducting cu
prates have been synthesized. Their most common featu
the presence of CuO2 layers, however, it is still not clear wh
only the CuO2 plane can be superconducting and the ot
MO2 plane (M5transition metal element! cannot. The re-
cent discovery of superconductivity in Sr2RuO4, which is
isostructural with LBCO,2 shows us a new frontier in th
sense that the presence of copper is not a necessary con
for superconductivity in this type of structure. Very recent
triple-layered perovskite KCa2Nb3O10 has been found to be
superconducting by intercalating Li (Tc;5 K).3,4 Double-
layered perovskite KLaNb2O7 has also been found to be m
tallic by intercalating Li, though it shows no superconducti
signal down to 0.5 K.4 These compounds are good insulato
without intercalation.

In order to investigate this new type of superconduct
oxides, we have performed theab initio full-potential linear-
ized augmented-plane-wave~FLAPW! band-structure calcu
lation for RbLaNb2O7, which has the simplest crystal stru
ture among the series ofALaNb2O7 (A5Li, Na, K, Rb, Cs,
NH4).

5 Our results show that there is large hybridizati
between the Nb 4d states and the O 2p states in
RbLaNb2O7, as well as in the case of La2CuO4 and Sr2RuO4.
We also show that KCa2Nb3O101Li is a superconductor
whose mother material is a two-dimensional band insula

We have carried out this calculation by using the co
puter code KANSAI-94. For the one electron exchang
correlation potential in the local-density approximati
~LDA ! scheme, we adopted the prescription of Gunnar
and Lundqvist.6 The lattice constants we used area
53.885 Å and c510.989 Å, taken by the experiment
data.5 The space group isP4/mmm. The schematic crysta
structure and the definition of the oxygen site indices
shown in Fig. 1. KLaNb2O7 has a similar crystal structur
but has an eight times larger unit cell. We took the muffin-
~MT! sphere radii of each atom as 0.40a for Rb and La,
0.278a for Nb, and 0.198a for O. At each self-consisten
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step, the core states are reconstructed from the potential.
calculation of these core states and the valence states
carried out by the scalar-relativistic scheme.7 Inside the MT
spheres, the wave functions were expanded in terms
spherical harmonics with the angular momentuml<7. For
the charge densities and potential, the angular momen
expansion was used up tol 54. The basis functions with the
wave vectoruk1Gu,Kmax54.50(2p/a), wherek is a wave
vector in the Brillouin zone andG is a reciprocal-lattice vec-
tor used resulting in about 1100 basis LAPW’s. The se
consistent potentials are calculated at 12 points in the 1
irreducible Brillouin zone~IBZ!. Final eigenstates are ob
tained at 75 points in the same IBZ. The density of sta
~DOS! has been deduced from the final eigenstates by u
the ordinary tetrahedron method.

Since the internal parametersz@O(2)#, z@O(3)#, and
z@Nb# have not yet been experimentally determined, we fi
assumed that the NbO6 octahedra are not distorted. Then w
allowed only the elongation of NbO6 octahedra along thec

FIG. 1. Schematic of the crystal structure of RbLaNb2O7 used in
the calculation. The cubes indicate NbO6 octahedra.
R1707 © 1998 The American Physical Society
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axis, from the similarity to the structure of Sr2RuO4. Under
this assumption, the only one independent internal param
is u5r @O~1!2Nb#5z@Nb#5z@O(3)#, and nowz@O(2)# is
determined as 2u. In the case where NbO6 octahedra are no
elongated,u51.00(a/2c). To determineu, we have esti-
mated the total energy as the functionu by calculating the
electronic states for eachu ~Fig. 2!. We have obtained the
value ofu51.005(a/2c) for minimizing the total energy as
the function ofu. This means that the NbO6 octahedra are
almost not elongated statically in RbLaNb2O7 in contrast to
the case of Sr2RuO4 @u51.068(a/2c), shown in Fig. 2#.
Hereafter we show the calculational result only for the va
of u51.00(a/2c).

Figure 3 is the energy dispersion curve for RbLaNb2O7

FIG. 2. Total energy with changing the internal parameteru.
The filled circles are the points of which the total energy was c
culated, and the line is the simple cubic spline fitting curve. T
origin of the total energy is shifted by139249 Ry. The lattice
constantsa andc are fixed during this calculation.

FIG. 3. Energy-band structure of RbLaNb2O7 along some sym-
metry axes. The Fermi energy is denoted byEF . Calculated Nb 4p,
La 5p, Rb 4p, and O 2s bands are not shown for clarity.
ter

e

along the principal symmetry axes in the Brillouin zone. W
obtained a small gap 0.20 eV in this calculation and
ground state is insulating. The Fermi level is fixed at t
bottom of the conduction band for convenience. We ha
also obtained the insulating ground state when the inte
parameteru is changed up tou51.06(a/2c), though the
semiconducting gap collapses whenu51.08(a/2c). Since
the formal valence of Nb is 51, the formal number of 4d
electron of Nb within the ionic model is zero. In this sen
RbLaNb2O7 is a band insulator, while the La2CuO4 is known
to be a charge-transfer insulator, though the LDA calcu
tions predict La2CuO4 as a metal.8,9 It also shows a sharp
contrast to the case of Sr2RuO4, which is a compensated
metal without doping.10–12 The conduction bands mainl
correspond to Nb 4d bands, and the valence bands a
mainly O 2p bands. The very narrow bands around 0.52
are the La 4f bands. Likewise the band structure of La2CuO4
and Sr2RuO4, which has the singleMO2 layer (M5Cu, Ru!,
has a conduction band that is highly two dimensional.8–12To
see this, we can compare the energy dispersion curves o
S axis andSaxis, which are parallel and within the differen
kz5const plane. The dispersion of conduction bands alo
these two axes are almost the same and this means the li
electron-doped system will have electron Fermi surfaces
are very two dimensional. On the other hand, the top of
valence band is not as two dimensional, easily seen by
different dispersion curves ofS and S axes. Therefore we
can see that the Fermi surfaces of this system can be e
two dimensional or three dimensional, depending on the
ferent carrier doping. This behavior is also seen in the e
tronic structure of La2CuO4.

9 Experimentally, the intercala
tion of Li may supply electrons to the system, thus t
metallic RbLaNb2O71Li is expected to have highly two
dimensional Fermi surfaces, e.g., highly anisotropic el
tronic conductivity.

Figures 4 and 5 are the DOS curves of RbLaNb2O7. The
‘‘in-plane’’ O ~3! 2p states form broad bands by hybridizin
the Nb 4d bands at the range from20.2 to 0.25 Ry, mainly.
On the other hand, the ‘‘out-of-plane’’ O~1! and O~2! 2p
states form relatively narrow bands near the Fermi lev
Since these oxygens have the nearest-neighbor Nb along
c axis, these states form the bands with relatively wide d
persion along thec axis. For the bottom of the conductio
band, the mainly contributing orbitals are Nb 4dxy states
with t2g symmetry, strongly hybridized with O~3! 2p p or-
bitals. These orbitals form widely dispersive bands with
the ab plane.

A good insight into electronic structure can be achiev
by a crude fitting of the bonding and antibonding ban
made of Nb 4d« and O 2pp orbitals by the nearest-neighbo
tight-binding~TB! model. It is sufficient for reproducing the
overall dispersion of the lower part of the conduction ba
and the ‘‘in-plane’’ part of the valence band to consider on
the NbO2 layer and include two adjustive parameters: t
orbital energy differenceE(d«)2E@O(3)2pp#51.9 eV,
and the transfer integralpdp@d«,O(3)2pp#51.6 eV. This
simple model makes a large gap 1.9 eV (50.14 Ry) between
the conduction band and the valence band, and the fur
inclusion of ‘‘out-of-plane’’ O~1! and O~2! orbitals will re-
produce the narrow bands within this gap, found in t
FLAPW calculation. The value of transfer integralpdp

l-
e
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51.6 eV is comparable to the case of Sr2RuO4 (pdp
51.5 eV),10 and larger than the case of La2CuO4 (pds
521.85 eV, pdp50.75 eV).8,13 It is also larger than the
case of the three-dimensional band insulator SrTiO3 (pdp
51.0 eV).14 Thus we can say that the Nb 4d orbitals are
more delocalized than Cu or Ti 3d orbitals, as expected from
the extending nature of its atomic wave function. The incl
sion of the double-layer nature and the transfer integrals s
aspps andppp between the O 2p states are necessary fo
a more accurate description of the conduction and valen
bands. However, it is quite hopeful that a simple single-lay
NbO2 TB model can describe the conduction bands obtain
by the FLAPW calculation for the double-layer RbLaNb2O7.
Thus we can safely say that the triple-layered perovsk
KCa2Nb3O10 has almost the same electronic structure,
least the bottom of the conduction band that is relevant to
superconductivity.

In summary, we have performed theab initio band-
structure calculation of RbLaNb2O7, which has the layered

FIG. 4. Calculated density of states for RbLaNb2O7. Shown are
the total density of states~solid line!, and partial density of states
for Nb d states~dotted line!. Note that the ordinate is per one
RbLaNb2O7.
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perovskite structure and is closely related the new superco
ducting niobate KCa2Nb3O101Li. In this calculation we
have found that the semiconducting ground state and t
bottom of conduction bands that are relevant to the sup
conductivity are highly two dimensional, while the tops o
the valence bands have the three-dimensional character. T
type of electronic structure is also seen in La2CuO4, while
the symmetry of orbitals are different. We insist that thi
system is a band insulator that can be superconducting w
electron doping, and have the highly two-dimensional ele
tronic structure.

Note added in proof.It has also been found that the triple-
layered perovskite RbCa2Nb3O10 is to be superconducting
with intercalation.15

We thank Y. Takano, H. Taketomi, and S. Ogawa fo
discussing their experimental results, which were useful
this publication. We also thank H. Kawanaka for useful dis
cussions. The numerical computations were mainly pe
formed at the Research for Information Processing Syste
Station at the Agency of Industrial Science and Technolog

FIG. 5. Calculated density of states for RbLaNb2O7. Partial den-
sity of states of Nbd states~solid line!, O~1!1O~2! p states~dotted
line!, and O~3! p states~one-dot-dashed line!. Note that the ordinate
is per one RbLaNb2O7.
.,
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