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Pressure and Field Dependence of Superconductivity in Rb3Ceo
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Direct measurements of the pressure dependence of the superconducting transition temperature 7. for
single-phase Rb3Ceo provide for the first time substantial evidence that 7. in 43Ce compounds may be a
universal function of the lattice constant (inter-Ceo spacing). Determination of the lower (H.,) and
upper (H.») critical fields, and consequently the superconducting penetration depth and coherence
length, is also reported. Compared to K3Ceo, the measured quantities are consistent with a 15% larger
electronic-state density in RbiCeo arising from a greater inter-Ceo spacing in this compound.

PACS numbers: 74.40.+k, 74.30.Ci

The discovery [1-3] that alkali-buckminsterfullerene
compounds form a new family of superconductors has
stimulated substantial theoretical and experimental in-
terest. Systematic studies [3-7] of potassium compounds
have established that superconductivity appears only in
the stoichiometric K3Cgo composition [3], which forms an
fce structure [6]. The transition temperature, T, =19.3
K, decreases strongly with increasing pressure d7T./dP
= —7.8 K/GPa [5]. Magnetization measurements [4]
have shown K3Cgg to be an extreme type-Il superconduc-
tor with a London penetration depth A, =240 nm and a
superconducting coherence length £,=2.6 nm. The tem-
perature dependence of the lower critical field H,.(T)
and of A,(T) determined [7] by muon-spin rotation
strongly suggests a singlet, s wave pairing. Until now, lit-
tle has been reported regarding the second member of the
family, the superconducting Rb3;Cep compound, beyond
its transition temperature, 7. =29.6 K [2,3].

Samples were prepared from a solid-phase reaction of
high-purity Ce¢o powder reacted with Rb vapor in a way
similar to that reported for K3;Cg. As described in detail
elsewhere [8], the major difference lies in the kinetics of
the solid-gas reaction, which in the case of Rb results in a
strong tendency toward segregation of different stoichi-
ometric compounds, independent of the initial ratio of
materials used. The sample used in the present work was
prepared from a starting composition of Rb; 5Cep, heated
in vacuum at 200°C for 22 h, and subsequently annealed
under He atmosphere over several days at the same tem-
perature. This procedure led to a fractional shielding di-
amagnetism of ca. 25% on powder, determined relative to
a Nb bulk reference sample. X-ray diffraction revealed
an fcc crystal structure identical to that of K3;Cgo but
with lattice constant 1.4425 nm, compared to 1.4240 nm
for K3Ceo [8]. The powder was pressed at 4 MPa to
make a pellet of 3 mm diam and 0.7 mm thickness, and
then sintered at 200°C for 6 h. Pressing also results in

the appearance of bulk shielding (macroscopic super-
current) at a somewhat lower temperature than 7, simi-
lar to that described earlier in the case of pressed K3;Ceo
(51.

Pressure and H.>(T) measurements were performed on
a 2.57-mg portion cut from the Rb3Ceo pellet sealed un-
der 0.1 MPa He gas in a Pyrex capillary. For reasons to
be discussed, H,. (T) was determined on a powder sample
also sealed with He in Pyrex. In making measurements
with a Quantum Design SQUID magnetometer, care was
taken to ensure that the sample was not exposed to a field
gradient larger than 0.03% of the applied field. The pres-
sure dependence of T, was measured inductively at a fre-
quency of 457 Hz, using a self-clamping pressure cell [9]
with Fluorinert FC-75 as the hydrostatic pressure medi-
um [5]. For these measurements the sample was removed
from the Pyrex capillary and immersed directly into the
pressure medium. Pressure within the cell was deter-
mined from the variation in T, of a high-purity lead
reference.

Figure 1 shows results of ac susceptibility measure-
ments at a series of pressures between ambient pressure
and P=1.9 GPa. In the inset are shown typical suscepti-
bility curves, each exhibiting in addition to the shielding-
diamagnetism onset at 7., a second break in slope at
T* < T,., where the macroscopic shielding current is es-
tablished, i.e., the intergranular coherence appears, as
will be described in full detail [10]. A strongly negative
pressure dependence is found for both T, and T*, as
displayed in the figure, from which an initial slope
(dT./dP)p=o=—9.7 K/GPa is inferred, an even larger
value than that reported for K3Ceo (see Table 1) [5]. At
the highest pressure attempted, T, is near 13 K, less than
half its ambient pressure value. The data points were
taken for both increasing and decreasing pressures,
demonstrating that the entire variation as a function of
pressure is reversible. Additionally, a slight bump is ob-
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__20f L H. (mT) 12 13
4 a M, R H> (T) 78 49
~ A
:%%i T (K) H, (T{ R 0.44 0.38
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ol . . . this material.
0 1 2 3 Because of the possibility that the intrinsic H., of
Pressure (GPa) Rb3Ce could be maskeq by. intergranular supercurrents
at low fields, dc magnetization measurements were also
FIG. 1. Inset: Magnetic susceptibility curves x(T.P) of performed on a powder sample prepared as described

Rb;3Ceo obtained under the indicated pressures at nominal zero
magnetic field. The transition temperature T, (inflection point
at highest temperature) and a secondary kink (7*)—not
present in unpressed samples and reflective of an intergranular
coherence transition— are both clearly visible. The full scale of
x corresponds to 100% (bulk) diamagnetic shielding. The main
plot shows the dependence of T. and T*, as determined from
x(T) curves like those in the inset, vs applied pressure. Solid
and open symbols correspond to data taken with increasing and
decreasing pressure, respectively. For comparison, several
points from the 7. (P) curve of K3Ceo have been plotted on the
same scale but with a P scale translated by 1.06 GPa. Both
data sets approximately follow T..(P) =T.(0) exp(— yP), where
y=0.44+0.03 GPa ~ "

served near 1.5 GPa for both 7, and T%*, which is
significant and surely not an instrumental artifact. A
similar observation has been reported for V3Si [11],
which undergoes a pressure-induced structural transition
accompanied by a change in dT./dP, associated with a
soft phonon mode at ambient pressure. This provides fur-
ther motivation for structural investigation under pres-
sure.

The determination of the lower critical field H,., is
complicated when using a compressed pellet because the
applied field H first breaks the intergranular super-
currents, leaving the individual grains acting as a powder
sample [10]. Figure 2 shows typical magnetization
curves M(H) at two different maximum applied fields
(0.02 and 5 T), at both T=5 K and ambient pressure.
Figure 2(a) shows that the intergranular supercurrents
are reduced to near zero for H =20 mT; whereas Fig.
2(b) shows even at 5 T substantial hysteresis that we as-
sociate with intragranular supercurrents. An analysis of
the hysteresis, using a critical-state model described in
Ref. [4], gives an intragranular critical-current density
Jo=1.5%x10° A/em? at H=1 T and T=5 K. This J,
value is about 1 order of magnitude larger than that ob-
tained on K3Ceo assuming the same 1-um particle size for

above. The inset of Fig. 3(a) shows that a flux penetra-
tion field H; can be clearly defined by the deviation from
linear M vs H behavior. From values of HJ determined
at various temperatures, we calculate H.,=HF/(1 —n),
assuming a demagnetization factor n = §, appropriate to
a sphere, which reflects the geometry of isolated Rb;Cgo
particles. Figure 3(a) gives the temperature dependence
of H.(T) evaluated this way. The zero-temperature ex-
trapolated value of H.(0) is 12+ 3 mT.

The upper critical field value H., has been determined
from magnetization curves M(T) taken by zero-field
cooling to well below T, applying various fields in the
range of 0.2 to 5 T, and recording values by warming the
sample to well above T,. Typical magnetization curves
for different fields are shown in the inset of Fig. 3(b).
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FIG. 2. Representative magnetization curves M (H) recorded
at T=5 K and ambient pressure, with the field swept as indicat-
ed by arrows over two different field ranges: (a) The range
—20 to +20 mT, where the hysteresis loop in the intergranular
regime is evident; (b) M(H) at fields to S T.
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FIG. 3. (a) The temperature dependence of the lower critical
field H.(T) determined on a powder sample as shown in the in-
set and explained in the text. Error bars represent estimated
uncertainty in determining Hy. The solid line represents the
empirical law H.(T)/H.(0)=1—(T/T.)*. (b) The tempera-
ture dependence of the upper critical field H..(T). Inset: The
method of determining these values from M(T) curves at fixed
field. The error bars in the main H..(T) plot reflect the round-
ing of the transition.

Note that the transition is somewhat broader than in the
case of the K3Cgo, and might be due to Rb deficiency [8].
T, is determined from the intercept of linear extrapola-
tions from below and above the transition, as shown. Fig-
ure 3(b) shows the H., values obtained in this way as a
function of temperature, along with a linear fit resulting
in a critical field slope of —3.9 T/K. Using the
Werthamer-Helfand-Hohenberg formula [12], a zero-
temperature extrapolated value H.,(0) =78 =10 T is ob-
tained. This value exceeds the Pauli weak-coupling limit
of 53 T [13].

From H.,(0) and H. (0), we evaluate the zero-
temperature superconducting coherence length &, and
London penetration depth A; using the relations [14]

H.»(0) =®y/27E3, H.1(0) =(Do/4mr}) In(A, /&), (1)

where @y is the flux quantum. We find &=2%03 nm and

A =247 nm. These values are compared in Table I
with values obtained for K;Cgo. & for the Rb compound
is somewhat smaller than obtained in the case of K3;Ceo
but still larger than the nearest-neighbor Ceo distance d
(ca. | nm). We also estimate the thermodynamic critical
field from HZ2(0)=H.(0)H.,(0)/Ink (Ref. [14]) and
compare it to K3Cgqo in Table 1.

1230

The outstanding question remains as to why 7. for
Rb3Ce is over 10 K higher than for K;Cgy. A notable
difference between the two alkali metals is the greater
spatial extent of the Ss' configuration of Rb relative to
the 4s' configuration of K and consequently a lattice pa-
rameter for Rb3Ceo that is 0.0185 nm greater than in
K3Ceo (which interestingly corresponds to the difference
in ionic radii) [6]. That is, compared to Rb3Cgo, K3Cgp at
ambient pressure is subjected to an effective “‘chemical”
pressure arising from the smaller ionic radius of K. Fig-
ure 1 shows that if T.(P) for K;C¢ is shifted rigidly by
1.06 GPa relative to that for Rb3Cgo, 7.’s of both com-
pounds coincide and have essentially the same pressure
dependence. This pressure shift, if driven solely by steric
effects, should correspond to the chemical pressure calcu-
lated from the lattice-parameter difference and the linear
compressibility k of K3;Cgp. Unfortunately, « is not
known for K3Ceo. However, assuming a linear compressi-
bility d(lna)/dP =1.21 x10 72 GPa~ ' for K3Ceo gives
the required chemical pressure. This assumed value of «
is reasonable given reported values for pure Cgo that
range from 1.8x10 72 GPa~' (Ref. [15]) to 2.3x10 2
GPa "' (Ref. [16]). We believe this agreement is not for-
tuitous but provides an important clue to the mechanism
of superconductivity, namely, that 7, is a unique function
of volume, i.e., lattice spacing. A naive extrapolation of
T. on the lattice constant ag, using the ionic radius of
Cs™, predicts ap=1.48 nm and 7. =43 K for Cs3Cyg.

The straightforward scaling of T, with the lattice con-
stant suggests that the mechanism responsible for pair
formation is intrinsic to the Cgy molecule and that the
dominant pressure-sensitive parameter is the bandwidth
which is governed by the overlap between molecules. The
ratio of bandwidths, or equivalently state densities N (0)
at the Fermi energy, for Rb3Cqp and K3Cgo can be es-
timated from the respective T,’s, coherence lengths, and
the relation [14] &yocvp/T., where in a free-electron
model the Fermi velocity vp o< N(0). This relationship
gives N(0)gp,c,, =1.18N(0)k,c,,, if we use values of &
from Table I, or N(0)rp,c,, =1.24N(0)k,c,, assuming &o
is derived from the respective Pauli paramagnetic fields.
Further, assuming a BCS expression for T, =wpexpl—1
/JN(0)] and that the pressure dependence of the cutoff
frequency wp is negligible, as inferred from 7T, scaling
with lattice parameter, we find from the ratios of
9(nT,)/8P that N(0)gryc,,=1.11N(0)k,c,, Thus, the
pressure dependences of T, coherence lengths, and T.’s
of K3Cqo and Rb3Cey are consistent with a 15% larger
state density in Rb3Cgp arising from the greater inter-Ceg
spacing in this compound. Further, the slightly larger
state density in Rb3Cyg is also consistent with a somewhat
larger effective electron mass inferred from values of the
penetration depth.

This view of superconductivity in fullerenes in which
T. is dominated by a simple volume-dependent electronic
state density suggests that models [17] requiring pairing
to be mediated by intermolecular vibrational modes that
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involve the alkali metal are inappropriate and that an
alkali-metal isotope effect should be absent. However,
models in which pairing requires the unique properties of
Ceo itself and in which the coupling strength does not
vary substantially between K3;Cg¢ and Rb3Cqp are
favored. In these latter cases, it is not possible from our
experiments to distinguish between models emphasizing
intramolecular vibrational modes [18,19] or purely elec-
tronic correlations [20] as the pairing mechanism. Ob-
servation of a carbon-isotope effect would favor the form-
er interpretation [18,19]. However, what is clear from
measurements [21] of the normal- and superconducting-
state magnetic properties of K3;Cgo is that the electronic
state can be modeled by Fermi-liquid behavior in a rela-
tively narrow band and that the effective electron mass is
not renormalized strongly by Coulomb correlations. Any
viable theory must be able to satisfy these experimental
constraints.
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Note added.— Since this work was completed, Zhou et
al. [22] measured the compressibility of K3;Cgo and
RbiCe¢o and found d(na)/dP=1.20x10"% and
1.52x10 "% GPa !, respectively, which validates our as-
sumption. These compressibilities imply logarithmic
volume derivatives of T. of 11 and 7 for K3;Ce¢p and
Rb3Ceo, respectively. Furthermore, Fleming et al. have
arrived indirectly at conclusions similar to ours on the

basis of a structure-T, relation among A, A;—3Cep alloy
compounds [23].
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