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Electronic structure of K 3Ba3C60 and Rb3Ba3C60 superconductors
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We have studied the electronic structure of the superconducting fullerides K3Ba3C60 and Rb3Ba3C60 using
the local-density approximation in the density functional theory. Their conduction-band profiles are found to be
quantitatively very similar to each other although the lattice constant of K3Ba3C60 is definitely smaller than that
of Rb3Ba3C60. The density of states at Fermi level of K3Ba3C60 is slightly larger than that of Rb3Ba3C60. In
addition, C60 states are found to be hybridized not only with Ba states but also with K~Rb! states. These results
are in sharp contrast toA3C60 superconductors (A5K and Rb!. The hybridization is expected to play an
important role in their superconducting properties since carriers are found to be not only on C60 but also around
K ~Rb! sites as well as Ba sites.@S0163-1829~99!07747-4#
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I. INTRODUCTION

Ever since the discovery of superconductivity in t
potassium-doped fulleride,1 many experimental and theore
ical studies of superconducting alkali-doped fullerides ha
been carried out.2–12 The superconducting phase has be
identified to be the face-centered cubic~fcc! A3C60.2 In these
fcc A3C60, interestingly, the larger the lattice constant is, t
higher the superconducting transition temperature (Tc) is.3

That is, K or heavier alkali atoms doped at interstitial sites
the close-packed fcc C60 lattice are large enough to expan
the lattice constant and doping larger alkali atoms gives
to the increase ofTc , e.g., 29 K in Rb3C60

4 versus 19 K in
K3C60.5 Accordingly, Cs2RbC60 has the highestTc ~33 K!
among fccA3C60 superconductors.6 This monotonical rela-
tion between the lattice constant andTc can be, at least quali
tatively, explained by the standard BCS-type theory based
their electronic structure.7–11 The increase of their lattice
constant makes the interaction between C60s weaker, the
half-filled t1u band ~originating from thet1u state, the so-
called LUMO, the lowest unoccupied molecular orbital,
the C60 cluster! less dispersive, the density of states at
Fermi level@N(EF)# larger, and consequently theirTc higher
according to the BCS-type theory. Pressure dependenc
Tc in Rb3C60 is also consistent with the alkali-element d
pendence ofTc in A3C60. Its Tc decreases as its lattice co
stant is shortened by applying pressure.12 Therefore, in
A3C60 superconductors, a rather universal relationship
tween the lattice constant andTc holds regardless of the wa
of varying the lattice constant.

On the other hand, body-centered cubic~bcc! A3Ba3C60
superconductors (A5K, Rb, or their mixture! synthesized
recently are found to show a complex relationship betw
the lattice constant andTc which is different from that of
A3C60.13–15 Tc of K3Ba3C60 is 5.6 K which is higher than
that of Rb3Ba3C60 ~2.0 K!, although the latter has the large
lattice constant than the former. However, the decrease o
lattice constant by applying pressure in K3Ba3C60 is found to
PRB 600163-1829/99/60~23!/16186~6!/$15.00
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result in the lowerTc . In the case of similar alkaline-earth
doped bcc fullerides, Sr6C60 and Ba6C60,16,17 it has been
shown that C60 states are hybridized strongly with th
alkaline-earth metald states. This hybridization gives rise t
the overlap between valence and conduction bands
makes these fullerides semimetallic.18,19 Moreover, Sr6C60

and Ba6C60 are different from each other in the details
their band structure aroundEF and consequentlyN(EF) of
Sr6C60 is higher than that of Ba6C60, although the lattice
constant of Sr6C60 is smaller than that of Ba6C60. Their me-
tallic behavior andN(EF) values have been recently con
firmed experimentally.20 Therefore, also inA3Ba3C60, the
hybridization between C60 states and Ba states may play
important role in their electronic properties.

In this paper, to clarify the details of the hybridization an
their electronic properties, we study the electronic struct
of K3Ba3C60 and Rb3Ba3C60 in the framework of the density
functional theory. The hybridization is found to be prese
not only between Ba and C60 states but also between K an
C60 states. The band structure of K3Ba3C60 is very similar to
that of Rb3Ba3C60 although the lattice constant o
K3Ba3C60 (a511.246 Å) is smaller than that o
Rb3Ba3C60 (a511.32 Å). From the comparative study o
several hypothetical bcc solid C60, i.e., the pristine C60, bcc
K3C60, and Ba3C60, it is found that C60 states are hybridized
with alkali and Ba states and that thet1g-derived band~origi-
nating from thet1g state, the second LUMO of the C60 clus-
ter! is half filled in A3Ba3C60. Owing to this hybridization,
N(EF) of K3Ba3C60 obtained is slightly larger than that o
Rb3Ba3C60, which is qualitatively consistent with the highe
Tc in K3Ba3C60. This hybridization should have an impo
tant effect on their electronic transport properties since c
riers are distributed around alkali and Ba sites as well as
C60 due to the hybridization. In addition, we have also stu
ied K6C60 and its hypothetical pristine phase comparative
and confirmed the existence of hybridization between K a
C60 states in K6C60 as well.
16 186 ©1999 The American Physical Society
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II. COMPUTATIONAL METHOD

In the electronic-structure calculations, we use the loc
density approximation~LDA ! within the framework of the
density functional theory.21,22 We adopt the Ceperley-Alde
exchange-correlation potential in the LDA.23 The normcon-
serving pseudopotentials24 with the Kleinman-Bylander
separable approximaion25 are also adopted. The real-spa
partition method26 is used in order to avoid the breakdown
the separable approximaion for K, Rb, and Ba. A plane-w
basis set with a cutoff energy of 50 Ry is used.

In A3Ba3C60 to be studied,A and Ba atoms are exper
mentally reported to be randomly located at interstitial si
of the bcc lattice of C60 in which all C60 clusters are orien-
tationally ordered with the highest-symmetry orientation
in the case of K6C60 and Ba6C60. In order to perform the
electronic-structure calculation, we assume the fixed loca
of A and Ba atoms shown in Fig. 1, which realizes t
highest-possible symmetry (C3 point group! under the con-
dition that the unit cell contains one C60 cluster. Although
even higher point-group symmetryTh can be assigned to th
actualA3Ba3C60 materials owing to the averaging from th
random occupancy, the effect of lowering the symme
from Th to C3 to their band structure is confirmed to be ve
small as will be shown in the next section. In K3Ba3C60,
atomic coordinates determined experimentally13 are used. As

FIG. 1. Structure of K3Ba3C60 studied in the present work
Shaded and white spheres denote K and Ba atoms, respective
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for Rb3Ba3C60 of which atomic coordinates have not bee
reported experimentally, we have optimized the geometry
using the conjugate-gradient procedure27 under the reported
lattice constant of 11.32 Å. Optimized atomic coordinates
Rb and Ba atoms in Rb3Ba3C60 are ~0.0, 0.5, 0.2817! and
(0.0,0.5,20.2816), respectively. These coordinates are v
close to those of K and Ba atoms in K3Ba3C60,13 ~0.0, 0.5,
0.2798! and its symmetry-related coordinates, respectivel

In alkali-metal atoms, it is known that there is conside
able spatial overlap between valence states and the hig
energy corep states.28 In order to clarify the effect of this
overlap, we have performed the electronic-structure calc
tion on K3Ba3C60 with treating K 3p and Ba 5p states as
valence states. It has been confirmed that their treatmen
either valence or core states leads to the same conclu
although there are small quantitative differences in the b
structure.

III. RESULTS AND DISCUSSION

Valence-electron densities of K3Ba3C60 and the pristine
C60 obtained are shown in Figs. 2~a! and 2~b!. Also the
positive-value region of their difference is shown togeth
@Fig. 2~c!# in order to visualize the spatial distribution of th
additional electrons introduced via doping. The lattice co
stant of this pristine bcc C60 assumed is identical to that o
K3Ba3C60. Interestingly, Figure 2~c! indicates that there re
main considerable electron densities around not only Ba
also K sites and that the charge transfer from neither K
Ba atom to C60 is complete. This implies that C60 states may
be hybridized with K states as well as with Ba states. W
have also calculated the valence-electron density
Rb3Ba3C60 which is found to be very similar to that o
K3Ba3C60. Therefore, also in Rb3Ba3C60, C60 states may be
hybridized with Rb and Ba states.

In Fig. 3, the band structure of K3Ba3C60 and Rb3Ba3C60
and density of states~DOS! of K3Ba3C60 obtained are
shown. The band structure of K3Ba3C60 is, as will be dis-
cussed later, more dispersive than that of the pristine bcc60
having the same lattice constant as that of K3Ba3C60. It is
also the case in Rb3Ba3C60. This band broadening clearl

.

C

nd the C
FIG. 2. ~a! Valence electron density on the~100! plane of K3Ba3C60, ~b! that of the pristine C60, and ~c! the difference between
K3Ba3C60 and the pristine bcc C60 valence-electron densities@‘‘ ~a!-~b!’’ #. In ~c!, positive-value regions are shown. The center of the60

cluster is located at each corner. Each contour line indicates twice~half! the density of the neighboring thinner~thicker! contour lines. In~a!
and ~b!, the highest-density contour lines correspond to 0.2 in atomic units. These lines, shown by the thickest lines, appear arou
atoms and the C-C bonds. In~c!, the highest density contour lines correspond to 0.00625.
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FIG. 3. ~a! The band structure
~square panel! and the density of
states ~rectangular panel! of ~a!
K3Ba3C60 and ~b! the band struc-
ture of Rb3Ba3C60. Energy is
measured from the Fermi level de
noted by the horizontal line. The
band where the Fermi level lies i
the t1g-derived band. The density
of states is broadened by using th
Gaussian-distribution function
with the width of 0.001 eV.
h

ll
ly
h
e

th

e
6

m
th

in

.4
a

e.

e

e

th
as

e
ilar
e

t

-

re

ce
re

o
d

in

ed
en
indicates the presence of the hybridization between C60 states
and alkali and Ba states mentioned above. We call the
bridized band of C60-t1g , alkali, and Ba states hereafter ‘‘t1g
band’’ for the sake of simplicity.

In the system that has theTh-point-group symmetry, three
branches of thet1g band should be degenerate at theG point.
Because the system we study has theC3-point-group sym-
metry, the degeneracy of thet1g band at theG point are now
slightly lifted. However, three eigenvalues of thet1g band at
the G point are still within a very small energy range~0.02
eV!. Therefore, the effect of lowering the symmetry fromTh
to C3 to their band structure is confirmed to be very sma
Unlike Ba6C60,18,19 the t1g band is separated complete
from the higher conduction band. The Fermi level lies in t
t1g band, which is half filled. Surprisingly, not only th
shapes but alsot1g-band widths of K3Ba3C60 and Rb3Ba3C60
are quantitatively very similar to each other although
lattice constant of K3Ba3C60 is smaller than that of
Rb3Ba3C60. The t1g-band, widths which are found to b
equivalent to their widths at the N point, are 0.668 and 0.6
eV for K3Ba3C60 and Rb3Ba3C60, respectively. We have
found that the DOS profiles obtained for K3Ba3C60 and
Rb3Ba3C60 are very similar to each other as expected fro
their similar band structure. Although the highest peak in
t1g-band DOS of K3Ba3C60 is smaller than that of
Rb3Ba3C60, the Fermi level lies well above these peaks
both K3Ba3C60 and Rb3Ba3C60 and N(EF) of K3Ba3C60 is
slightly larger than that of Rb3Ba3C60. Their N(EF) values
are 11.4 and 11.2~states/eV C60 spins! for K3Ba3C60 and
Rb3Ba3C60, respectively. ThisN(EF) value for K3Ba3C60
agrees very well with the experimental value of 11
~states/eV C60 spins! obtained from the measured Pauli par
magnetic susceptibility (xs) via N(EF)5xs /mB

2 .15 On the
other hand, the experimental value ofN(EF) for Rb3Ba3C60
~8.4 states/eV C60 spins! is smaller than the calculated valu
The reason for this discrepancy for Rb3Ba3C60 is not clear
yet. If other factors which can affectTc besidesN(EF) are
assumed to be identical in these two fullerides, a rather sm
difference in the calculated values ofN(EF) for K3Ba3C60
and Rb3Ba3C60 alone might not be enough to explain th
difference in the experimentalTc values of these two ful-
lerides. Regarding this point, we will discuss the isotop
effect-like mechanism later in this section.

The qualitative dispersion feature of three branches of
t1g band in K3Ba3C60 is found to be essentially the same
y-

.
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that in K6C60 ~Ref. 29! and Ba6C60.18,19 Therefore,
K31xBa32xC60 (23<x<3) is expected to have also th
similar t1g-band dispersion, and consequently, the sim
DOS profiles around thet1g-band energy region. Because th
number of valence electrons of K31xBa32xC60 for x.0 is
smaller than K3Ba3C60, its Fermi level will eventually hit
the DOS peak, which is estimated to take place at aboux
50.5. Hence, K3.5Ba2.5C60 may have higherTc than
K3Ba3C60, if strength of electron-phonon coupling is com
parable among K31xBa32xC60 fullerides.

Next, in order to study the hybridization behavior mo
quantitatively, we have calculatedt1g-band widths atN point
for several hypothetical bcc fullerides with the fixed latti
constant ofa511.246 or 11.32 Å. Systems studied a
Ba3C60 where K ~or Rb! atoms are removed from
K3Ba3C60 (Rb3Ba3C60), and K6C60 with above a values.
The atomic coordinates of K6C60 assumed are identical t
those of K3Ba3C60 for a511.246 Å, and to those optimize
in Rb3Ba3C60 for a511.32 Å. In addition, the pristine bcc
C60 with a511.32 Å is also studied. Results are shown
the left and center column of Fig. 4.

FIG. 4. t1g-band widths of several fullerides. Fullerides denot
by filled boxes are hypothetical materials, while those by op
boxes are real materials.
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A considerable difference of 0.08 eV int1g-band widths
of K3Ba3C60 and bcc Ba3C60 at a511.246 Å indicates the
presence of the hybridization between K and C60 states in the
K3Ba3C60 superconductor. Also, the difference of 0.21 eV
t1g-band widths of bcc Ba3C60 and bcc C60 at a
511.246 Å indicates the presence of the hybridization
tween Ba and C60 states. Similarly, the difference of 0.07 e
in t1g-band widths of Rb3Ba3C60 and Ba3C60 at a
511.32 Å has been obtained, indicating the presence of
hybridization between Rb and C60 states. For the bcc K6C60,
the t1g-band width ata511.246 Å is slightly wider by
0.02eV than that ata511.32 Å. However, for Ba3C60, that
at a511.246 Å is almost identical to that ata511.32 Å.
Of course, the distance between the K~Ba! atom and its
nearest C atom ata511.246 Å is longer than that ata
511.32 Å. This indicates that, if the hybridization exis
the lattice-constant shortening does not always result in
simple broadening of the band structure. Therefore, the
bridization may be one of reasons for the complicatedTc
behavior inA3Ba3C60.

The hybridization between C60 states and alkali states i
bcc fullerides has not been expected to take place so f29

Thus, in addition toA3Ba3C60, we have calculated the mag
nitude of t1g-band widths for the actual K6C60 (a
511.39 Å) ~Ref. 30! and the pristine C60 with the same

FIG. 5. Band structure of~a! K6C60 and~b! the pristine bcc C60

at the same lattice constanta511.39 Å. Energy is measured from
t1u states at theG point, i.e., the valence-band top in K6C60.
-

e
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lattice constant. Results are shown in the right column
Fig. 4. The magnitude of thet1g-band width at theN point
for K6C60 we have obtained is very similar to that of th
previous calculation.29 The band broadening due to the h
bridization between K and C60 states are more clearly show
in Fig. 5 in which their band structure is given. It is evide
that K-doping makes botht1g andt1u bands more dispersive

There may be three possible reasons for the differenc
the hybridization behaviors of bcc and fcc fullerides. Fir
they are different in their carbon-atom density. Because
fcc lattice is one of close-packed lattices,t1u andt1g states in
the pristine fcc C60 should be densely distributed and th
conduction channel viat1u and t1g states may be alread
developed well even in the pristine phase. Then, it may
unlikely for doped alkali atoms at interstitial sites to op
new conduction channels. On the other hand, because in
bcc structure the carbon-atom density is smaller, there m
still remain additional conduction channels to be opened
doping. Secondly, neighboring C60 clusters face to each othe
in a different way in bcc and fcc fullerides. In fcc fulleride
neighboring C60 clusters face to each other via pentagons.
the other hand, in bcc fullerides, neighboring C60 clusters
face to each other via hexagons. As will be shown later,
t1g state as well as thet1u state has its amplitude more o
pentagons than on hexagons. Therefore, in the bcc pris
C60, both t1u and t1g bands should be narrow, while in th
fcc pristine C60, both t1u and t1g bands should be much
wider. Actually, t1u and t1g-band widths of bcc pristine
C60 (a511.246 Å) are 0.23 and 0.34 eV, respective
while those of fcc (a513.879 Å) are both about 0.5 eV.31

Thirdly, C60 clusters surrounding doped interstitial-site a
oms show different faces towards doped atoms. In fcc
lerides, C60 clusters show hexagons toward tetrahedral int
stitial sites and show hexagon-hexagon edge bonds tow
octahedral interstitial sites, respectively. On the other ha
in bcc fullerides, each doped atom is surrounded by t
pentagons and two hexagons. Therefore,t1u and t1g states
can be easily hybridized with alkali states in bcc fullerid
via pentagons.

Figure 6 shows the distribution oft1g states,r t1g
, on the

~100! plane in the bcc pristine C60 and K3Ba3C60 with a
511.246 Å. The distributionr t1g

is given by
FIG. 6. Distribution of t1g

states on the~100! plane of~a! the
bcc pristine C60 and~b! K3Ba3C60

at a511.246 Å. Each contour
line indicates twice~half! the den-
sity of the neighboring thinner
~thicker! contour lines.
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r t1g
~r !5(

n
E dkE dEuCnku2d~E2enk!.

Here, the energy integration is done in the energy range
cluding onlyt1g states and the same sampling points as u
in the self-consistent calculation are taken for thek integra-
tion. Figure 6 clearly indicates thatt1g states are spatially
distributed more on pentagons than on hexagons in the
pristine C60 and that they are hybridized with alkali and B
states in K3Ba3C60.

In Fig. 7, the distribution of the states near the Fer
level, rEF

,

rEF
~r !5(

n
E dkE

EF2D

EF1D

dEuCnku2d~E2enk!.

on the ~100! plane in K3Ba3C60 is shown. Here D
50.1 eV, which is the typical phonon energy in fulleride
is used. Figure 7 indicates that the superconducting car
should be on C60 clusters, around Ba sites, and around
sites. Hence, the carriers may be coupled not only with60
intracluster phonons but also with the optical phonons
volving Ba and K-ion displacements. The hybridization b
tween C60 and K states therefore should play an importa
role in the superconductivity. We have also calculatedrEF

of

Rb3Ba3C60, which is confirmed to be very similar to that o

FIG. 7. Distribution of the states near the Fermi level on
~100! plane of K3Ba3C60. Each contour line indicates twice~half!
the density of the neighboring thinner~thicker! contour lines. Al-
though the highest-density contours appear around C atoms,
siderable amounts ofrEF

are abserved also around K and Ba sit
.H
re

ng

a
.
y

M

n-
d
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i

,
rs

-
-
t

K3Ba3C60. Therefore, one of the reasons whyTc of
K3Ba3C60 is higher than that of Rb3Ba3C60 may be the mass
difference between K and Rb causing theTc difference due
to the effect similar to the isotope effect.

If this isotope-effect-like mechanism would be the ca
Na3Ba3C60, which has been not synthesized yet, might ha
higher Tc than that of K3Ba3C60, because the Na atom i
much lighter than the K atom. From the total-energy calc
lation, we have estimated the lattice constant of Na3Ba3C60,
which is found to be 11.09 Å. At this lattice constant,N(EF)
of Na3Ba3C60 obtained is 10.8~states/eV!, which is slightly
smaller than that of K3Ba3C60 and less preferable for th
superconductivity. Thus, whether Na3Ba3C60 has higherTc
than K3Ba3C60 or not is an open question.

IV. SUMMARY

We have studied the electronic structure
A3Ba3C60 (A5K or Rb! by using the local density approxi
mation ~LDA ! within the framework of the density func
tional theory. It has been found that C60 states are hybridized
with not only Ba states but alsoA states and thet1g-derived
band is half filled. The band-structure profiles of K3Ba3C60
and Rb3Ba3C60 are very similar to each other and the dens
of states at the Fermi level of K3Ba3C60 is slightly higher
than that of Rb3Ba3C60, although the lattice constant o
K3Ba3C60 is smaller than that of Rb3Ba3C60. Carriers to be
responsible for the superconductivity is found to be not o
on C60 clusters and around Ba atoms but also around K~Rb!
atoms. Therefore, the hybridization between C60 and K ~Rb!
states as well as between C60 and Ba states should play a
important role in their electronic properties including the s
perconductivity. This novel hybridization between C60 and K
states is found to take place in K6C60 as well.
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