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Electronic structure of the Ba4C60 superconductor
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Department of Physics, Tokyo Institute of Technology, 2-12-1 Oh-okayama, Meguro-ku, Tokyo 152-8551, Japan

~Received 18 January 2000!

We study the electronic structure of the superconducting body-centered-orthorhombic fulleride Ba4C60 using
the local-density approximation in the density-functional theory. It is found that Ba states are strongly hybrid-
ized with C60 states through pentagons, explaining the observed lattice-constant differences,a.b.c. Due to
this hybridization and to a rather low symmetry of the lattice causing the splitting of states, thet1g-derived
conduction band partially occupied by two electrons is found to be relatively wide. Fermi surfaces also show
noncubic nature and contain dual quasiplanar sheets parallel to thea-b plane in the momentum space, giving
rise to a quasinesting vector parallel to thec axis.
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I. INTRODUCTION

Face-centered-cubic~fcc! alkali fullerides,A3C60 with A
5K, Rb, or the combinations of Na, K, Rb, and Cs, ha
been intensively studied due to their high superconduc
transition temperatures (Tc) observed.1–7 In A3C60, alkali
atoms donate their valence electrons to the otherwise em
conduction band derived from the lowest-unoccupiedt1u

state of the C60 cluster, giving rise to a half-filled conductio
band.8–10 The variation of theirTc is believed to be mostly
governed by the value of the Fermi-level density of sta
@N(EF)#, which is one of the most important parameters
the BCS-type theory of superconductivity.11–13

In addition to A3C60, several alkaline-earth fulleride
have been also synthesized and some of them are report
be metallic and even superconducting. In the case of Ba
Sr fullerides, a recent work has clarified that Ba4C60 and
Sr4C60 with the body-centered-orthorhombic~bco! cell are
the superconducting phase.14 They are the first noncubic C60
superconductors among alkali and alkaline-earth fulleride
ambient pressure reported so far. Also they are the first60
superconductors free from any geometrical disorder;A3C60
superconductors other than Na2RbC60 and Na2CsC60 are
known to possess so-called merohedral disorder of C60 ori-
entations, while Na2RbC60 and Na2CsC60 possess the glas
orientational disorder of C60 at lower temperatures15,16 as in
the case of the pristine solid C60.17,18Also the bcc K3Ba3C60
superconductor is known to have a random occupancy o
and Ba ions.19,20 Therefore, the electronic structure o
disorder-free Ba4C60 and Sr4C60 is of high interest becaus
they can deserve a detailed comparison between theory
experiment in the future. Since there are eight valence e
trons per unit cell, thet1u band may be fully filled and the
next t1g band may be partially occupied by only two ele
trons, being well below the half-filling of thet1g band. They
are also interesting opposites of Cs4C60 that are reported to
have very similar geometry21 but should have two holes in
the t1u band. In sharp contrast to superconducting Ba4C60
and Sr4C60, A4C60 including Cs4C60 are reported to be
nonmetallic.22–27

In the present paper, we study the electronic structure
Ba4C60, of which the full geometry has been already r
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ported experimentally,14 using the local-density approxima
tion ~LDA ! within the framework of the density-functiona
theory.28 We find that Ba states are strongly hybridized w
C60 states via pentagons, which stabilizes the low-symme
bco lattice. The hybridization-caused low symmetry is fou
to play a key role in the peculiar behaviors of the electro
states in superconducting Ba4C60.

II. COMPUTATIONAL METHOD

In the electronic-structure calculations, we adopt t
Ceperley-Alder exchange-correlation potential29 in the LDA.
The norm-conserving pseudopotentials30 with the Kleinman-
Bylander separable approximation31 are also adopted. The
real-space-partition method32 is used in order to avoid the
breakdown of the separable approximation for Ba. A pla
wave basis set with a cutoff energy of 50 Ry is used. In
Ba atom, it is known that there is a considerable spatial ov
lap between valence states and the highest-energy cop
states (5p states!.33 Therefore, we treat Ba 5p states as not
core states but valence states in order to include this eff
The structure of Ba4C60 to be studied is schematically show
in Fig. 1. There are three different lattice constants@a
511.6101 Å, b511.2349 Å, c510.8830 Å ~Ref. 14!#
and two different Ba sites because of its orthorhombic geo

FIG. 1. Structure of Ba4C60 studied in the present work. Shade
and white spheres denote Ba~1! and Ba~2! atoms, respectively.
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PRB 61 14 205ELECTRONIC STRUCTURE OF THE Ba4C60 SUPERCONDUCTOR
FIG. 2. ~a! The band structure~square panel! and the density of states~rectangular panel! of Ba4C60 and ~b! the band structure of the
hypothetical pristine C60. Sincea, b, andc axes are different from one another in the orthorhombic structure, there are three distinc
from G point toX point, i.e.,S, D1U, andL1G lines alongkx , ky , andkz axes in the momentum space, respectively. In~a!, energy is
measured from the Fermi level denoted by the horizontal broken line. The density of states is broadened by using the Gaussian-d
function with the width of 0.001 eV. In~b!, energy scale is the same as that in~a!. U andG lines are on a small rectangular facet of th
Brillouin zone and are very short in this fulleride@cf. Fig. 4~d!#.
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etry, which does not have threefold symmetry axes. As
geometries and lattice constants, we use experimental va
with the same Ba~1! and ~2! notations.14 In addition to
Ba4C60, we also study a hypothetical pristine C60 in order to
perform a comparative study between Ba4C60 and the pris-
tine bco C60. Lattice constants and coordinates of the hyp
thetical pristine bco C60 are assumed to be identical to tho
of Ba4C60.
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III. RESULTS AND DISCUSSION

The band structure and density of states~DOS! of Ba4C60
obtained are shown in Fig. 2~a! and the band structure of th
hypothetical pristine bco C60 in Fig. 2~b!. The widths of
t1g-derived band in the pristine C60 and Ba4C60, which are
represented by the difference between the highest eigenv
among threet1g states at theX point and the lowest at theG
point, are 0.40 eV and 0.88 eV, respectively. This widen
this

FIG. 3. Spatial distributions of thet1g states in Ba4C60 ~upper panels! and in the bco pristine C60 ~lower panels!. Each contour line

indicates twice~half! the density of the neighboring thinner~thicker! contour lines. The minimum density denoted by the thinnest line in
figure is 6.2531024 a.u.23. ‘‘Ba1’’ and ‘‘Ba2’’ represent positions of Ba~1! and Ba~2! atoms, respectively.
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FIG. 4. Fermi surfaces on~a! the lowest,~b! the middle, and~c! the highest state of thet1g band, in Ba4C60 ~upper panels! and K3Ba3C60

~lower panels!. In each figure, the region shown is wider than the first Brillouin zone that is shown in~d! with the names of selected
symmetry points and lines. All the surfaces have electrons inside. In~b! of Ba4C60, Q represents the quasinesting vector.
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of the t1g band upon the inclusion of Ba indicates the pre
ence of the hybridization between C60-t1g and Ba states in
Ba4C60 as has been observed in other bcc Ba fullerides.34–37

For the sake of simplicity, we call the hybridized band oft1g
and Ba states hereafter the ‘‘t1g band.’’ Owing to its lower
symmetry, the degeneracy appearing in cubic fullerides
symmetry points is considerably lifted in bco Ba4C60. Even
in the pristine bco C60, the difference between the top an
bottom states of thet1g band at theG point is as large as 0.16
eV. In Ba4C60, the presence of four Ba atoms is found
give a more prominent band dispersion and to lift the deg
eracy even more. Consequently, the uppermost branch o
t1g band is almost empty and does not cross the Fermi le
except along theL line. The difference between the top an
bottom states of thet1g band at theG point in Ba4C60 is now
0.46 eV, being much larger than that of the pristine bco C60.
It is also caused by the lifting of the degeneracy due to
low symmetry that thet1g bandwidth of Ba4C60 is as wide as
that of bcc Ba6C60.34–36

The Fermi level lies in thet1g band that is occupied by
two electrons, as expected stoichiometrically. The D
value at Fermi levelN(EF) is 5.3 states/eV spin, which is i
good accord with the experimental value of 6.0 states
spin.14 This calculatedN(EF) of Ba4C60 is larger than that of
Ba6C60 ~4.3 states/eV spin!,36 being consistent with the su
perconductivity observed not in Ba6C60 but in Ba4C60. In-
terestingly, the gap betweent1g and nexthg bands, which is
-
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-
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e

S

V

directly at theX point, is found to be almost negligible, 0.01
eV. Therefore, the conduction band is not an energetic
isolated narrow band unlike fccA3C60.

Figure 3 shows spatial distributions oft1g statesr t1g
,

r t1g
~r !5(

n
E dkE dEuCnku2d~E2enk!,

in Ba4C60 and the hypothetical pristine bco C60. Here, the
energy integration is done in the energy range cover
whole three branches of thet1g band, and the same samplin
points as used in the self-consistent electronic-structure
culation are taken for thek integration. These figures indi
cate that both Ba~1! and Ba~2! ‘‘pull’’ t1g states, which are
originally distributed mostly above pentagons in the prist
bco C60, and thatt1g states are hybridized with Ba state
through pentagons. As can be clearly seen from the figure

TABLE I. ObservedTc andN(EF) and the calculatedN(EF) of
Ba4C60 and K3Ba3C60. The unit ofN(EF) is states/eV spin. Experi-
mental data for Ba4C60 and K3Ba3C60 are from Ref. 14 and Ref. 20
respectively.

Tc ~K! N(EF) ~expt.! N(EF) ~theory!

Ba4C60 6.7 6.0 5.3
K3Ba3C60 5.6 5.7 5.7
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FIG. 5. Spatial distributions of
states near the Fermi level i
Ba4C60. Each contour line indi-
cates twice~half! the density of
the neighboring thinner~thicker!
contour lines. The minimum den
sity denoted by the thinnest line in
this figure is 3.12531024 a.u.23.
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the ~001! plane, the hybridization, which should give rise
an attractive interaction, along theb axis betweent1g and
Ba~2! states, is definitely stronger than that along thea axis
with Ba~1! states, being consistent with the observed latti
constant differencea.b. On the other hand, the shortestc
value can be explained by the existence of unoccupied in
stitial sites along thec axis and a strong hybridization be
tweent1g and Ba~1! states on the~100! plane.

Figure 4 shows the Fermi surfaces of Ba4C60 originating
from three branches of thet1g band. In order to perform a
comparative study between noncubic Ba4C60 and cubic
K3Ba3C60 superconductors, the Fermi surfaces of K3Ba3C60
are also shown in Fig. 4. Theoretical methods used in
electronic-structure calculation for K3Ba3C60 are common to
those for Ba4C60 and have been explained in Ref. 37.
these two fullerides,Tc andN(EF) are rather close to eac
other ~Table I!. In Ba4C60, there are closed hole orbit
aroundX points on the Fermi surfaces originating from t
lowest t1g state. The Fermi surface from the next sta
which has the largest contribution toN(EF) ~64%!, clearly
shows noncubic nature of the bco lattice and consists of d
quasiplanar sheets normal to thekz axis, which are connecte
to each other by a cylinder along theL line. These quasipla
nar sheets give rise to open orbits normal to thekz axis and
at the same time a nesting nature of the Fermi surfaces
the nesting vectorQ56Qkz with Q.0.2(2p/c) is shown
in Fig. 4~b!. Thus, the attractive electron-electron interacti
mediated by phonons of the wave vectorQ should become
strong. Fermi surfaces originating from the highestt1g state
are very small; therefore they should contribute little to el
tronic transport properties. In K3Ba3C60, Fermi surfaces
from the lowestt1g state are similar to those of Ba4C60 and
there are closed hole orbits aroundH points. Interestingly,
the next state possesses a little larger hole surfaces
aroundH points, reflecting the similar dispersion characte
of the lower two branches of thet1g band in K3Ba3C60.37

Since K3Ba3C60 has a half-filledt1g band with one more
electron than Ba4C60, the highestt1g state has fairly wide
Fermi surfaces, i.e., closed electron orbits aroundG and P
points.

In Fig. 5, spatial distributions of the states near the Fe
level rEF

,

rEF
~r !5(

n
E dkE

EF2D

EF1D

dEuCnku2d~E2enk!,

on each plane in Ba4C60 are shown. HereD50.1 eV, which
is the typical phonon energy in fullerides, is used. Figure
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indicates that superconducting carriers should be on C60 clus-
ters, around Ba sites, in the interfullerene area on the~001!
plane, and in the area between two Ba~1! atoms. Therefore,
the carriers may be coupled not only with C60 intrafullerene
phonons but also with the optical phonons involving Ba-i
displacements. The isotope effect of Ba as well as that o
atoms may be present. Interestingly,rEF

in Ba4C60 seems to

spread more uniformly than that in Ba6C60.35 This may give
a weaker Coulomb repulsion between carriers in Ba4C60,
being again consistent with the superconductivity repor
not in Ba6C60 but in Ba4C60.

IV. SUMMARY

We have studied the electronic structure of the superc
ducting bco Ba4C60 by using the local-density approximatio
within the framework of the density-functional theory. It ha
been found that Ba states are hybridized with C60-t1g states
through pentagons. Thet1g bandwidth of Ba4C60, occupied
partially by two electrons, has been found to be as wide
that of Ba6C60 due to the hybridization and the low symm
try that lifts the degeneracies of the electronic states eve
symmetry points. The hybridization betweent1g and Ba
states naturally explains a relationship among lattice c
stantsa.b.c. Fermi surfaces are found to contain du
quasiplanar sheets parallel to theab plane with a quasinest
ing vector parallel to thec axis. Because carriers to be re
sponsible for superconductivity have been found to be
only on C60 clusters but also around Ba sites, the hybridiz
tion between C60 and Ba states should play an important ro
in superconductivity.
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