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Electronic structure of the superconducting layered perovskite niobate
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The electronic energy-band structure for RbLa®j which is closely related to the layered perovskite
niobate superconducting K@éb;0,, and metallic KLaNBO, 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 KGR0, is a band insulator that can be superconducting with
electron doping, and have the highly two-dimensional electronic stru¢®04.63-1828)51228-3

After the great discovery of superconductivity in step, the core states are reconstructed from the potential. The
La,Ba,_,CuQ, (LBCO), many highT. superconducting cu- calculation of these core states and the valence states are
prates have been synthesized. Their most common feature ¢&rried out by the scalar-relativistic schemiaside the MT
the presence of CuQayers, however, it is still not clear why spheres, the wave functions were expanded in terms of
only the CuQ plane can be superconducting and the othesPherical harmonics with the angular momentls7. For
MO, plane (M =transition metal elemehtcannot. The re- the charge densities and potential, the angular momentum
cent discovery of superconductivity in RuQ,, which is €xpansion was used up te-4. The basis functions with the

isostructural with LBCC, shows us a new frontier in the Wave vectork + G| <Ka=4.50(2m/a), wherek is a wave

sense that the presence of copper is not a necessary conditigfictor in the Brillouin zone ant is a reciprocal-lattice vec-

for superconductivity in this type of structure. Very recently,tOr U.S’Ft"d :esutltmtg ;n about llll()(: zaszsllz_APW;s..Tr:ﬁ siyl_G
tiple-layered perovskite KGIb;Oyo has been found to be ;20 Sl e inzone(IBZ). Final eigenstates are ob-
superconducting by intercalating LiT{~5 K).>* Double- ) g

. tained at 75 points in the same IBZ. The density of states
layered perovskite KLaNAD; has also been found to be me- (DOS) has been deduced from the final eigenstates by using

tallic by intercalating Li, though it shows no superconductingthe ordinary tetrahedron method.

signal down to 0.5 K. These compounds are good insulators Since the internal parametezO(2)], Z[O(3)], and

without intercalation. _ [ Nb] have not yet been experimentally determined, we first
In order to investigate this new type of superconductingassymed that the N@ctahedra are not distorted. Then we

ized augmented-plane-wayELAPW) band-structure calcu-

lation for RbLaNBO,, which has the simplest crystal struc-
ture among the series éfLaNb,O; (A=Li, Na, K, Rb, Cs, 2% 0(2) —>
NH,).® Our results show that there is large hybridization
between the Nb d states and the O [2 states in 4*0@3) >
RbLaNb,O,, as well as in the case of k@uQ, and SERuUQ,. 1* 0(1) >
We also show that KGalb;O,p+Li is a superconductor
whose mother material is a two-dimensional band insulator.
We have carried out this calculation by using the com-
puter code KANSAI-94. For the one electron exchange-
correlation potential in the local-density approximation
(LDA) scheme, we adopted the prescription of Gunnarson
and Lundquist The lattice constants we used ame
=3.885A andc=10.989 A, taken by the experimental
data® The space group i®4/mmm The schematic crystal
structure and the definition of the oxygen site indices are a
shown in Fig. 1. KLaNBO; has a similar crystal structure Rbl—asz()7
but has an eight times larger unit cell. We took the muffin-tin
(MT) sphere radii of each atom as Oa4@or Rb and La, FIG. 1. Schematic of the crystal structure of RbLalpused in
0.27& for Nb, and 0.198 for O. At each self-consistent the calculation. The cubes indicate Np@ctahedra.
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T T T ' along the principal symmetry axes in the Brillouin zone. We
obtained a small gap 0.20 eV in this calculation and the
ground state is insulating. The Fermi level is fixed at the
RbLaNb207 7] bottom of the conduction band for convenience. We have
also obtained the insulating ground state when the internal
parameteru is changed up tau=1.06@/2c), though the
semiconducting gap collapses whar-1.08@/2c). Since
n the formal valence of Nb is -5, the formal number of 4
electron of Nb within the ionic model is zero. In this sense
RbLaNB,O; is a band insulator, while the L&uQ, is known
to be a charge-transfer insulator, though the LDA calcula-
i tions predict LaCuQ, as a metaf® It also shows a sharp
contrast to the case of RuQ,, which is a compensated
metal without dopindg®'? The conduction bands mainly
correspond to Nb 4 bands, and the valence bands are
mainly O 2p bands. The very narrow bands around 0.52 Ry
| L | ! 1 are the La 4 bands. Likewise the band structure of,CaiO,
0.98 1.00 1.02 1.04 1.06 1.08 and SgRuQ,, which has the singl#1 O, layer (M = Cu, RU,
u (a/2c) has a conduction band that is highly two dimensidht.To
. i : see this, we can compare the energy dispersion curves of the
h FIG. 2. _Total energy W't.h changlr_ng the internal parameter 3, axis andS axis, which are parallel and within the different
e filled circles are the points of which the total energy was caI-k _ t ol The di - f duction bands al
culated, and the line is the simple cubic spline fitting curve. The 2 const piane. 1he dispersion of conduction bands along
origin of the total energy is shifted by-39249 Ry. The lattice these two axes are aImos't the same and this means the lightly
constantsa andc are fixed during this calculation. electron-doped_ system will have electron Fermi surfaces that
are very two dimensional. On the other hand, the top of the
. o valence band is not as two dimensional, easily seen by the
axis, from the similarity to the structure of RuQ,. Under  gitferent dispersion curves af and S axes. Therefore we
this assumption, the only one independent internal paramet@gn see that the Fermi surfaces of this system can be either
is u=r[O(1)~Nb]=2z[Nb]=2[O(3)], and nowz[O(2)] is  two dimensional or three dimensional, depending on the dif-
determined as & In the case where N(ctahedra are not ferent carrier doping. This behavior is also seen in the elec-
elongated,u=1.00@/2c). To determineu, we have esti- tronic structure of LgCuO,.° Experimentally, the intercala-
mated the total energy as the fUnCtiUrby CaICUIating the tion of Li may Supp]y electrons to the system, thus the
electronic states for eaadh (Fig. 2). We have obtained the metallic RbLaNBO,+Li is expected to have highly two-
value ofu=1.005(@/2c) for minimizing the total energy as dimensional Fermi surfaces, e.g., highly anisotropic elec-
the function ofu. This means that the NkQbctahedra are tronic conductivity.
almost not elongated statically in RbLap@y in contrast to Figures 4 and 5 are the DOS curves of RbLa® The
the case of SRuQ, [u=1.068@/2c), shown in Fig. 2. “jn-plane” O(3) 2p states form broad bands by hybridizing
Hereafter we show the calculational result only for the valughe Nb 4 bands at the range from0.2 to 0.25 Ry, mainly.
of u=1.00@/2c). On the other hand, the “out-of-plane” (@) and Q2) 2p
Figure 3 is the energy dispersion curve for RbLallp  states form relatively narrow bands near the Fermi level.
Since these oxygens have the nearest-neighbor Nb along the
c axis, these states form the bands with relatively wide dis-
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% \U//LR /i band, the mainly contributing orbitals are N4 states
s with t,; symmetry, strongly hybridized with @) 2p = or-
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| § bitals. These orbitals form widely dispersive bands within
\ the ab plane.

A . AR W O 1 I —__.|E, A good insight into electronic structure can be achieved

= by a crude fitting of the bonding and antibonding bands

made of Nb 4le and O 27 orbitals by the nearest-neighbor

tight-binding (TB) model. It is sufficient for reproducing the

i yr: overall dispersion of the lower part of the conduction band
17 and the “in-plane” part of the valence band to consider only
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BB | the NbG layer and include two adjustive parameters: the
L1 orbital energy differenceE(de)—E[O(3)—p7]=1.9¢V,
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=] and the transfer integrald=[de,O(3)—p7w]=1.6 eV. This
TR Y T AT 3 U simple model makes a large gap 1.9 e¥({.14 Ry) between
x“u " rtxR A AR the conduction band and the valence band, and the further
FIG. 3. Energy-band structure of RbLaj@ along some sym-  inclusion of “out-of-plane” (1) and Q2) orbitals will re-
metry axes. The Fermi energy is denotedsyy. Calculated Nb 4,  produce the narrow bands within this gap, found in the
La 5p, Rb 4p, and O & bands are not shown for clarity. FLAPW calculation. The value of transfer integrpds
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) FIG. 5. Calculated density of states for RbLgb. Partial den-
FIG. 4. Calculated density of states for RbLgRk. Shown are sity of states of Nt states(solid line), O(1)+0O(2) p states(dotted

the total density of statesolid line), and partial density of states line), and G3) p statesone-dot-dashed lineNote that the ordinate
for Nb d states(dotted ling. Note that the ordinate is per one ;g per one RbLaNJO.

RbLaNbO.

perovskite structure and is closely related the new supercon-
—1.6eV is comparable to the case of,®u0Q, (pds  ducting niobate KCaNbsO,p+Li. In this calculation we
—1.5eV) 2 and larger than the case of JGUO, (pdo have found that the semiconducting ground state and the
——1.85eV, pdn=0.75eV) % It is also larger than the bottom of conduction bands that are relevant to the super-

A ; : conductivity are highly two dimensional, while the tops of
iaf% Z(/;r}f 'T'T\rfse \?V?ggr?osgi/l t?]i?ir:gsll:llgggrgigtgs@d;e the valence bands have the three-dimensional character. This

more delocalized than Cu or Td3orbitals, as expected from type of electronic structure is also seen in,Ca0, while

h o £ g f ion. The incl the symmetry of orbitals are different. We insist that this
the extending nature of its atomic wave function. The InClu-qytem js a band insulator that can be superconducting with

sion of the double-layer nature and the transfer integrals sucfjoqtron doping, and have the highly two-dimensional elec-
asppo andppm between the O @ states are necessary for .nic structure.,
a more accurate description of the conduction and valence ygte added in prooft has also been found that the triple-

bands. However, it is quite hopeful that a simple single—layer| yered perovskite RbGAIb,010 is to be superconducting
NbO, TB model can describe the conduction bands obtained;ii, intercalationt>

by the FLAPW calculation for the double-layer RbLajdb.

Thus we can safely say that the triple-layered perovskite We thank Y. Takano, H. Taketomi, and S. Ogawa for

KCa,NbsO,9 has almost the same electronic structure, atliscussing their experimental results, which were useful to

least the bottom of the conduction band that is relevant to théhis publication. We also thank H. Kawanaka for useful dis-

superconductivity. cussions. The numerical computations were mainly per-
In summary, we have performed treb initio band- formed at the Research for Information Processing System/

structure calculation of RbLaN®,, which has the layered Station at the Agency of Industrial Science and Technology.
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