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States in Superconducting K;Ba;Cg
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We have studied the electronic structure of the superconducting fulleride K3Ba;Cy using the
local density approximation in the density functional theory. We have found the presence of
the hybridization not only between Ba and Cgg states but also between K and Cgj states. This
novel hybridization should have an effect on the electronic properties, including supercon-
ductivity. Also in Rb3Ba3Cgg, the hybridization between Rb and Cgy is found as well. In
addition, the density of states at Fermi level of K3Ba;Cgq is found to be slightly larger than
that of Rb3Ba;Ceq, although the lattice constant of K3Ba3Cgg is shorter than that of
Rb3Ba;C¢q. These results are in sharp contrast to A;Cgq superconductors (A=alkali-metal
atoms).

Keywords: Electronic structure; K3BasCgg; Rb3;BasCeq; superconductivity; Density-Func-
tionat Theory

INTRODUCTION

The face-centered-cubic (fcc) A3Ceo superconductors (A=K, Rb, etc. ), have
been studied intensively. Now it is well known that the larger the lattice con-
stant is, the higher the superconducting transition temperature T, isl!], e.g.,
29K in RbaCeo, (a=14.3844)1 versus 19K in K3Ceo, (a=14.2404)B. Ac-
cordingly, Cs;RbCgy, which has the largest lattice constant, has the highest
Tc (33K) among fcc A3Ceo, superconductorsidl. This monotonical relation
between the lattice constant and T, can be explained qualitatively from the
density of states at Fermi level, N(Er), by the standard BCS-type theory
based on their electronic structurel®-2l,

On the other hand, body-centered-cubic (bcc) AgBaaCeo superconductors
(A=K, Rb, or their mixture) synthesized recently are found to show a differ-
ent relationship between the lattice constant and Tc from A3Ceq (1012, T,
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of K3Ba3Cep 15 5.6 which is higher than that of RbayBagCyg (2.0K), although
the latter has the larger lattice constant than the former. In the case of
similar alkaline-earth-doped bec fullerides, Sr¢Cgo and BagCeo 1314, it has
been shown that Cgg states are hybridized strongly with the alkaline-carth-
metal d statest!51€] the hybridization between Cgq states and Ba states
may play an important role in their electronic properties. In order to clari-
fy the details of the hybridization, we have studied the electronic structure
of K3BazCsp and RbzBaaCso from the first-principles calculation.

COMPUTATIONAL METHOD

In A3BasCqp to be studied, A and Ba atoms are experimentally reported
to be randomly located in which all Cgp clusters are orientationally ordered
with the highest-symmetry orientation as in the case of KgCgy and BagCeg.
In order to perform the electronic-structure calculation, we must assume
the fixed location of A and Ba atoms, as shown in Fig. 1, which realizes
the highest possible symmetry (C; point group) under the condition that
the unit cell contains one Cgg cluster. In K3BazCgp, atomic coordinates
determined experimentally!® are used. As for RbaBagCep of which atomic
coordinates have not been reported experimentally, we have optimized the
geometry by using the conjugate-gradient procedure 3 under the reported
lattice constant of 11.32 A.

FIGURE 1 Structure of K3Ba3zCeo studied in the present work. Shaded and
white spheres denote K and Ba atoms, respectively.

In the present electronic-structure calculations, we use the local den-
sity approximation (LDA) within the framework of the density functional
theorylt819 We adopt the Ceperley-Alder exchange-correlation potential in
the LDA®®, The norm-conserving pseudopotentials™! with the Kleinman-
Bylander separable approximation®? are also adopted. The real-space-
partition method® is used in order to avoid the breakdown of the sep-
arable approximation for K, Rb, and Ba. A plane-wave basis set with a
cutoff energy of 50 Ry is used.
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RESULTS AND DISCUSSION

In Fig. 2, the band structure and density of states (DOS) of K3BasCeo
obtained are shown.

TR =
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Figure 2 Band structure (left panel) and the density of states (right panel) of
K3Ba3Cgo. Energy is measured from the Fermi level denoted by the horizontal
line. The band where the Fermi level lies is the t15-derived band. The density of
states is broadened by using the Gaussian-distribution function with the width
of 0.001eV.

The band in which the Fermi level lies is the t,,-derived band (originating
from the #,, state, the second LUMO of the Cgo cluster) is haif-filled with
three electrons. The band structure of K3BazCep 1s, as will be discussed lat-
er, more dispersive than that of the pristine bee Cgo having the same lattice
constant as that of K3BagCgp. It is also the case in the band structure of
Rb;BasCeo which we have also calculated(®!. This band broadening clear-
ly indicates the presence of the hybridization. Surprisingly, not only the
shapes but also ¢;,-band widths of K3BasCeo and RbsBagCep are found to
be quantitatively very similar to each other although the lattice constant of
K3BagCago is smaller than that of RbzBagCeo. Moreover, N(Er) of K3BasCeo
is 11.4 (states/eV), which is slightly higher than that of RbsBa3Ceo, 11.2 (s-
tates/eV). From the viewpoint of the BCS theory, this is consistent with the
experimental result that T, of K3BagCeg is higher than that of RbsBaaCeo.

These interesting result may be caused by the hybridization. Therefore,
in order to study the hybridization behavior more quantitatively, we have
calculated t,,-band widths, which are found to be equivalent to their widths
at the N point, for several hypothetical bce fullerides with the fixed lattice
constant of a = 11.246 A or 11.32A. Systems studied are BagCqy where K
(or Rb) atoms are removed from K3Ba;Ceo (RbaBasCeo), and KsCep with
above a values. The atomic coordinates of K¢Cgp assumed are identical to
those of K3BagCgo for @ = 11.246 A and to those optimized in RbzBasCep
for a = 11.32 A.

Results are listed in Table I. These results have been obtained by treat-
ing K 3p and Ba 5p states as core states. We have also performed the
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same calculation by treating them as valence states and found the following
arguments hold irrespective of the treatment of K 3p and Ba 5p states!?4l,

TABLE I Widths of ¢;,-derived bands at the N point for several hypothet-
ical bee Cgo materials and the actual KzBagCgg.

width at « = 11.246 A widthata=11.32 &

CGO 0.34 eV 0.31 eV
KeCeo 0.56 0.54
BasCeo 0.56 0.57

A considerable difference in t;4-band widths of K3Ba3Cso and bec BazCep
at a =11.246A indicates the presence of the hybridization between K and
Ceo states in the K3;Ba;Cgg superconductor. Also, the difference in ¢,,-band
widths of bec BagCgo and bee Cgo at @ =11.246A indicates the presence
of the hybridization between Ba and Cgo states. The magnitude of these
differences show that the degree of the hybridization between K and Cgp
states is about half of that between Ba and Cg states; this can be confirmed
as well by the fact that the ¢,,-band width of K¢Cgy is almost identical to
that of BasCgo at @ =11.246A. Similarly, the difference in t1g-band widths
of Rb3zBa;Cey and BagCeo 2t @ =11.32& has been obtained, indicating the
presence of the hybridization between Rb and Cep states.

(a) K3Ba3Cgo (b) Rb3Baz Cso

NI

FIGURE 3 (a) Valence electron density on the (100) plane of K3BazCgg, (b)
that of the pristine Cgg. The center of the Cgg cluster is located at each corner.
Each contour line indicates twice (half) the density of the neighboring thinner
(thicker) contour lines. The highest-density contour lines correspond to 0.2 in
atomic units.

This hybridization between alkali states and Cgg states is implied also
by the valence-electron densities of K3BazCgo and RbsBasCeg as shown in
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Fig. 3. Figure 3 indicates that there remain considerable electrons around
not only Ba but also alkali sites. Similarly, due to this hybridization, the
superconducting carriers should appear not only on Cgp clusters and around
Ba sites but also around alkali sites!?¥l. Because the carriers should be
coupled with the optical phonon involving alkali-ion displacements, the mass
difference between K and Rb may cause the T, difference.

The similar hybridization between Cgo between K states and Cgg states
is found to be the present also in the actual KsCeo (2 = 11.39 A)1%],
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