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The absence of superconductivity in noncubic akali fullerides, A;C¢ (A = K,Rb, Cs) has been
associated with the effects of electron correlation and electron-phonon interaction on the narrow
t1,-derived conduction band. We find that the structurally related alkaline earth fullerides, A%Ce
(A" = Sr,Ba), are superconducting with small values of the densities of states at the Fermi level,
N.,.. Close contacts between Ba" ions and neighboring Cs units in Ba;Cyy imply a strong orbital
hybridization, which is evidently responsible for stabilizing the noncubic superconducting phase, in

contrast to insulating A4Cso.

PACS numbers: 74.70.Wz, 61.10.Nz, 61.48.+c

Alkali fullerides with stoichiometry A;Cq are super-
conducting with critical temperatures, T, at ambient pres-
sure as high as 33 K [1]. They invariably adopt cubic
structures with their conduction band derived from the
t1, levels of Cgy and superconductivity encountered only
close to half filling [2]. For other stoichiometries and
levels of band filling, a variety of structural, electronic,
and magnetic instabilities to insulating states is encoun-
tered and the metallic (and superconducting) state is
suppressed [1]. Little systematic investigation of the
properties of other fulleride families, like those of the al-
kaline earth metals, has been undertaken. The primary
reason for this has been the difficulty associated with the
synthesis of phase-pure samples. However, due to the di-
valent character of these elements, the ¢;,-derived band is
now full, and occupation of the (LUMO + 1) 1,,-derived
states occurs, opening the way to different energy scales
and different criteria for the occurrence of superconduc-
tivity. Early work reported the occurrence of supercon-
ductivity in Ba-doped Cq systemswith 7. = 6.5 K. The
composition of the superconducting phase was originally
established as BasCgy With abody centered cubic structure
(space group Im3) [3]. Subsequent work provided evi-
dence that the true superconducting phase in this system
may not have the composition BasCq, but rather Ba,Cy
with an orthorhombic structure [4]. However, synthetic
difficulties meant that Ba,Cgo could be obtained only as a
minority phase and the question concerning the nature and
structural and electronic properties of the superconducting
Ba-Cgo phase remained unresolved. As the fullerene su-
perconductors identified so far have been limited to cubic
or dlightly distorted cubic structures, the work by Baenitz
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et al. [4] raised serious questions about the structural cri-
teria for fullerene superconductors. The identification of
the superconducting phase in the Ba-Cg phase field thus
becomes of significant importance for the understanding
of fullerene superconductivity.

We have recently reported the synthesis and structural
and electronic characterization of AzCeo (A’ = Ba, S) [5].
Both phases are metallic, but importantly not supercon-
ducting. In this paper, we present the synthesis of high
quality A}Cgo (A’ = Ba, Sr) samples and establish unam-
biguously by SQUID measurements the nature of the bulk
superconducting phases in the BaCg and Sr-Cqp Sys
tems. We aso report the crystallographic characterization
of the BayCgo superconductor by synchrotron x-ray pow-
der diffraction in the temperature range 5—-295 K. This
reveals a highly anisotropic orthorhombic structure (space
group Immm) which shows no thermal expansion along
the short orthorhombic ¢ axis, signature of strong hy-
bridization between metal and carbon orbitals. In sharp
contrast to the alkali fulleride phases, superconductivity in
alkaline earth fullerides is encountered away from nomi-
na half filling of the #,,-derived band and for noncubic
crystal structures.

The A4Csy (A’ = Ba, Sr) samples were prepared by
reaction of stoichiometric quantities of Cgy and Ba or
Sr metals (99.9% pure) in tantalum cells inside sealed
quartz tubes at 2 X 107° Torr. Annealing was carried
out between 550 and 650 °C for 12 days with intermit-
tent grindings. Phase purity was monitored by powder
x-ray diffraction and SQUID magnetometry. At the end
of the annealing period, the superconducting fraction at
2 K increased to 17% for A4Cgo, While it decreased to
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<1% for nominal AzCsy With a well-defined pesk for
AlCq at x = 4. At the same time, this is accompa
nied by the growth of the diffraction pesks of A}Cq.
These results unambiguously showed that the supercon-
ducting phase has the composition A}Cgo rather than
AsCso. SQUID measurements were performed on 50-mg
samples sealed in quartz tubes in the temperature range
2-350 K with a quantum design SQUID magnetometer
(MPMS 7T). Tota susceptibilities were obtained from
the difference of the values measured at 4 and 2 T in
order to remove ferromagnetic impurities present. High-
resolution synchrotron x-ray powder diffraction data on
a Ba,Cgy sample sedled in a 0.5-mm diameter glass cap-
illary were collected in continuous scanning mode using
nine Ge(111) analyzer crystals on the BM16 beam line
a the European Synchrotron Radiation Facility (ESRF),
Grenoble, France at 295 K (A = 0.84884 A). Data were
rebinned in the 26 range 4°-70° to a step of 0.005°.
Low temperature diffraction measurements at 5 and 10 K
were performed on the same capillary on the BM1B
beam line at the ESRF with a continuous flow He cryo-
stat (Janis Inc.), equipped with a rotating sample stick
(A =0.79930 A). Data were collected in the 26 range
4.8°-51.0° a a step of 0.01° using a Si(111) analyzer
crystal. Data analysiswas performed with the GSAS suite
of powder diffraction programs [6].

The inset in Fig. 1 shows the results of the magnetic
measurements at 10 G [zero-field cooling (ZFC) condi-
tiong] for Ba,Cgy and SryCey. Diamagnetic shielding is
evident, signaling superconducting transitions at 6.7 and
4.4 K for Ba,Cgp and Sr4Ceo, respectively. Figure 1 also
shows the results obtained at high magnetic fields. The
temperature dependence of the susceptibility, y was de-
scribed well by including a Curie 1/T (arising from lat-
tice defects) and a temperature independent term. The
latter comprises both paramagnetic (Pauli spin suscepti-
bility, xp) and diamagnetic (core, y. and Landau, y.
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FIG. 1. Temperature dependence of the magnetic susceptibili-
ties of Ba;Csp and SryCqo. The inset shows the susceptibilities
measured under ZFC conditions in afield of 10 G.

contributions) terms. Values of yp were extracted as
55X 107* and 2.2 X 10~* emu/mol for Ba;Ce and
SryCeo, respectively, following the procedure of Ref. [5].
Using the expression, yp = 2u3N.,, Ne, can then be
determined as 6.0 and 2.5 states eV ™' (mol Cyy) ' for
Ba;Cqp and SryCeo,s r&epectively.

Inspection of the synchrotron x-ray powder diffraction
profile of BayCq at 295 K (Fig. 2) shows that the
majority of reflections index to orthorhombic symmetry.
However, some reflections could not be accounted for.
By comparison to diffraction data of single phase BasCq
(@ = 1120 A) and BasCey (a = 11.34 A), we assign
these to small fractions of these two phases. Rietveld
refinements were then performed by taking into account
the coexistence of three phases and using the structura
models of BasCso [3] and BazCg (Space group Pm3n)
[7]. The starting structural model of BayCq was derived
from that of the A4,Cq (A = K,Rb) systems. These
adopt a tetragonal structure in which the Cgy units are
merohedrally disordered about the [001] axis and the
alkali ionsreside in distorted tetrahedral sites (space group
14/mmm) [8]. The orthorhombic unit cell of BayCgy then
necessitates orientational ordering of the Cgy units and
two inequivalent barium sites, in analogy with Cs,Cg
[9]. After aligning the twofold axis of Cg with the
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FIG. 2. Final observed (points) and calculated (solid line)
synchrotron x-ray powder diffraction profiles for Ba,Cqy at
295 K in the range 4° to 70° (A = 0.84884 A). The lower
panels show the difference profiles and the ticks mark the
positions of the Bragg reflections of Ba,Cgy [majority phase:
86.1(2)%, lower most], BasCq [minority phase: 11.8(1)%,
middle], and Ba;Cq [minority phase: 2.1(1)% upper most].
Some sharp peaks originating from a nonfulleride phase were
excluded from the refinement.
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crystallographic b axis, the space group is Immm if body
centering is retained (in analogy to BasCqg) OF Pnnm if
the Cgo unit at (0.5,0.5,0.5) is rotated by 90° about the
¢ axis (in analogy to Ba;Cqp). The two Cgp units in the
unit cell were then allowed to rotate anticlockwise in steps
of 5° between 0° and 90° about the [100], [010], and
[001] directions for both models and the agreement factor
x? was monitored. In the course of these refinements,
the Cgqy molecular geometry was kept fixed with al C-C
bonds at 1.44 A, while all instrumental parameters were
constrained to the values obtained by the LeBail pattern
decomposition technique. A deep minimum in y? (=6.8)
results for both models for the starting orientation, in
which the hexagon-hexagon (6:6) C-C bond is aligned
aong the b axis.

Final Rietveld refinements were performed by using
this Cqy orientation for both Immm and Pnnm space
groups. The Cgp anions in Ba;Cgp and BasCgo (but not
in Ba;Cgy) were alowed to dilate radialy, while pre-
serving the I, molecular symmetry. For BayCgy, the
C-C bond lengths refined to 1.436(4) A and the bond
angles in the pentagonal faces to 108.000(8)° and in the
hexagonal faces to 120.06(9)°. The positional parame-
ters of the two inequivalent barium ions in Ba;Cgy at
(0.5,y,0) and (x,0.5,0) and of the barium ion in BasCq
a (x,0,0.5) were also refined. An improvement in the
refinement was evident when anisotropic temperature fac-
tors were used and refined for Ba' in BayCso. Fi-
nally, the peak shape was described by the asymmetry
function of Finger et al. [10]. The fractions of the three
phases converged to 86.1(2)% for Ba,Ceg, 11.8(1)%
for BagCeo, and 2.1(1)% for BazCgy. The find re-
sult of the refinement at 295 K using the Immm struc-
turd model for BayCq is shown in Fig. 2 [agreement
factors, Ryp = 5.3%, Rexp = 2.6%; a = 11.6101(2) A,

TABLE I.

b = 11.2349(2) A, ¢ = 10.8830(2) A] with the fitted
parameters summarized in Tablel. We aso explored
in detaill the Pnnm structural model for BayCgy. The
refinement proved unstable and no atomic parameters
could be varied. Thisinstability together with the absence
of any reflections violating body centering extinctions rule
out the Pnnm model.

The diffraction profiles of Ba;Cqy measured at 5
and 10 K showed no evidence for a structural phase
transition on cooling. Rietveld refinements proceeded
routindly with the same Immm structural model
(5 K: agreement factors, Ry, = 8.3%, Rexp = 5.8%;
cell congtants, a = 11.6008(5) A, b = 11.1841(5) A,
c = 10.8836(5) A. 10 K: agreement factors, Ry, =
9.6%, Rexp = 7.1%; cell constants, a = 11.6016(5) A,
b = 11.1843(5) A, ¢ =10.8837(5) A). It is evident
that orthorhombic Ba,Cgy is strongly anisotropic with
negligible thermal expansivity along the short ¢ axis,
reminiscent of polymerized ACq [11] and Na,ACq
[12] fullerides in which there are bridging C-C bonds
between the Cq, anions. As no evidence for such type
of bonding is present in Ba;Cq, the origin of the severe
anisotropy in therma expansion [da/a = 0.080(6)%,
6b/b = 0.454(6)%, and 6c/c = —0.006(7)% between
5 and 295 K] may be sought in the diverse character of
Ba*-C bonding interactions.

A perspective view of the orthorhombic structure of
Ba,Cgo is shown in Fig. 3. Compared to the bcc unit
cell of BagCeo, it arises from ordering of Ba2* vacancies
in the [100] and [010] planes, leading to lattice contrac-
tion along the ¢ axis. Both crystalographicaly distinct
Ba2* ions in the unit cell have identical coordination en-
vironment, namely they lie directly above the centers of
two hexagonal and two pentagonal faces of neighboring
Ceo anions. In both cases, the average Ba-C distances are

Refined parameters for orthorhombic Ba,Cgy obtained from Rietveld refine-

ment of the synchrotron x-ray powder diffraction data at 295 K (space group Immm,
Ryp = 53%, Rexp = 2.6%). The cell constants are a = 11.6101(2), b = 11.2349(2), and
c = 10.8830(2) A, and the weight fraction of the Ba,Cs phase is 86.1(2)%. The weight
fractions of the minority phases, BasCqy and Ba;Cgy are 11.8(1)% and 2.1(1)%, respectively.
The cell constants of cubic BagCg, (Space group Im3) and Ba;Cyy (Space group Pm3n) are

11.1959(2) and 11.338(1) A, respectively.

Biso /A2
Atom x/a y/b z/c (B11, B2, B33)
Ba(1) 05 0.2034(2) 0.0 1.9(1), 2.9(2), 0.9(1)
Ba(2) 0.2488(1) 05 0.0 2.7(1), 3.7(2), 0.6(1)
c(11) 0.3005(2) 0.0 0.0652(1) 0.16(8)
c(12) 0.0 —0.06388(4) 0.3206(2) 0.16(8)
c(13) 0.10014(6) —0.12786(7) 0.2798(2) 0.16(8)
c21) 0.2003(1) —0.6388(4) 0.2389(1) 0.16(8)
c(22) 0.12373(7) ~02710(2) 0.10682(6) 0.16(8)
c(23) 0.06187(4) —03105(2) 0.0 0.16(8)
c31) 0.2240(2) ~02070(1) 0.06600(3) 0.16(8)
C(32) 0.06187(4) —02314(1) 0.2137(1) 0.16(8)
c(33) 0.2622(2) 0,103 45(6) 0.13199(8) 0.16(8)
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FIG. 3. Projection of the body centered orthorhombic struc-
ture of Ba;Cy on the [110] basal plane. The two sets of
crystalographically distinct barium ions, Ba(l) (m2m site)
and Ba(2) (2mm site) are depicted as dark and light grey
spheres, respectively. The hexagon C(21) and pentagon C(23)
atoms which are in close contact to Ba(2) are depicted as
white spheres.

comparable, 3.29(2) A for Ba(1) and 3.26(17) A for Ba(2)
at 295 K. However, while the Ba(1) site adopts quite
a regular coordination with only a dight displacement
from the hexagon and pentagon ring centroids (tilt angles
from ring normals are 1.1° in both cases), the Ba(2)
site is very irregular with large displacements from the
two ring centroids (with tilt angles of 15.3° and 9.5°,
respectively). Moreover, the shortest Ba(2)-C contacts
are very small: 2.990(4) A and 3.040(3) A to hexagon
C(21) and pentagon C(23) atoms, respectively. These are
smaller than the sum of the ionic radius of Ba2* (1.35 A)
and the van der Waals radius of C (1.70 A), implying
strong hybridization between the 54 orbitals of Ba(2) and
the 2p orbitals of carbon. The coordination geometry
of the two Ba’* ions is retained on cooling to 10 and
5 K. Ba(1l) remains regularly coordinated with all Ba-C
contacts larger than 3.25 A, while Ba(2) is again sterically
crowded with unchanged shortest Ba(2)-C contacts at 5 K
of 2.983(3) A and 3.044(6) A to C(21) and C(23) atoms,
respectively.

The occurrence of superconductivity in noncubic
Ba,Cg is in sharp contrast with the absence of super-
conductivity in alkali fullerides, A4Cqy (A = K, Rb, Cs),
despite the similar or identical structures. In A;Cq, the
electrons are localized, most likely by the combined effect
of electron correlation and electron-phonon interaction
[13]. Since the akali fullerides are at the verge of the
metal-insulator boundary, because of the narrow band
nature of the ¢,-originated conduction band, distortion

from cubic symmetry and deviation from half filling easily
destroy the metallic state and, as a result, superconductiv-
ity. In A4Cqo, the metallic state seems to be much more
robust. Infact, N, , determined by magnetic susceptibility
measurements is 6.0 and 2.5 states €V ! (mol Cg) ! for
Ba,Ceo and Sr;Cq, respectively. These values are con-
siderably smaller than those of the ¢;,-superconductors,
K3Cgso and Rb;Cq, indicating broader conduction bands
for the A}Ceo systems. Such low N, values have been
also reported for the nonavalent A;Ba;Cqp System, which
is another #,,-superconductor [14].

The low density of states in A3Csy may be attributed
to the hybridization of Ba 54 and C¢ t;, orbitals. The
short Ba-C contacts revealed by the structural analysis are
strongly suggestive of such orbital mixing. We also con-
jecture that the broad conduction bands observed in aka-
line earth fullerides are attributable to this hybridization
effect. In contrast to the akali fullerides whose metallic
state suffers from various instabilities to insulating states,
the increased bandwidth in alkaline earth fullerides sup-
presses such instabilities, leading to the stabilization of
the metallic state and the occurrence of superconductivity.
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