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The functional dependence of the superconducting transition temperatureTc on the electronic density of
statesN(Ef) was determined for Rb3C60 by measuring the magnetic susceptibility under hydrostatic pressure
to ; 1 GPa in a commercial SQUID magnetometer. BothTc andN(Ef) decrease under pressure at the rates
231%/GPa and214.5%/GPa, respectively, but lie above the corresponding values for K3C60 at the same
lattice parameter. The present results are consistent with weak-coupling BCS theory with characteristic energy
Echar/kB' 320–810 K.@S0163-1829~96!51738-8#

To account for superconductivity at high temperatures
~20–30 K! in the alkali-metal-doped fullerenes, such as
K 3C60 and Rb3C60, both electron-phonon

1 and purely elec-
tronic pairing interactions2 have been proposed. The charac-
teristic energyEchar of the intermediary boson in this pairing
interaction is an important factor in determining whether
weak- or strong-coupling theory is more appropriate. High
frequency@400–1400 cm21 ~Ref. 3!# intramolecular vibra-
tional modes or electronic excitations would tend to favor
weak-coupling theory, whereas intermolecular modes@15–
150 cm21 ~Ref. 3!# would normally require strong-coupling
theory. The reported ‘‘universal increase’’ ofTc with lattice
parameter in both high-pressure and alkali-substitution ex-
periments has been invoked to support weak-coupling
theory;4 however, recent high accuracy high-pressure experi-
ments on Rb3C60 reveal a sizeable (; 20%! deviation from
such universal behavior.5 Attempts to estimate the coupling
strength from the gap ratio 2Dc/kBTc vary from the weak-
coupling value; 3.6 in mSR studies6 to strong-coupling
values in SIS tunneling~4.3!,7 optical reflectivity~3–5! ~Ref.
8! and point-contact tunneling~5.3!.9 On the other hand,
weak-coupling theory has received support from analyses of
specific heat and magnetic susceptibility data,10 NMR Knight
shift11 and isotope effect studies.12

A time-tested strategy to explore the nature of the super-
conducting state is to compare the relative changes in the
superconducting and normal-state properties under the varia-
tion of parameters such as the carrier concentration or lattice
parameter. Studies under hydrostatic pressure are of particu-
lar interest since they permit, from measurements on a single
sample, a particularly clear-cut evaluation of competing
theoretical models. In the present case, for example, the rela-
tive pressure dependences ofTc and N(Ef) would be ex-
pected to be markedly different for weak or strong coupling.
In addition, it would be of interest to apply sufficient high
pressure to Rb3C60 to reduce its lattice parameter to that of
K 3C60 and compareN(Ef) andTc . To our knowledge, no
data onN(Ef) under pressure exist for Rb3C60; NMR
studies13 on K3C60 indicate thatN(Ef) decreases under pres-
sure at the rate;210%/GPa, but are of limited accuracy
and do not include the parallel measurement ofTc(P). In
this paper we report the first accurate determination of the
hydrostatic pressure dependence of bothTc andN(Ef) on a

single fullerene sample~Rb3C60). Our results lend strong
support to a weak-coupling BCS description of the supercon-
ducting state.

The synthesis of high-purity powders of C60 and
Rb6C60 precursor is described in Ref. 5. Before insertion
into the magnetometer, samples were placed into a quartz
tube and sealed vacuum tight in a N2 glove box. As seen in
Fig. 1, the magnetic susceptibility of C60 is nearly tempera-
ture independent, except for a small 2.5% increase due to the
rotational order-disorder transition as the sample heats
through 260 K, in agreement with previous studies.14 The
room temperature value of the magnetic susceptibility,
x~300 K! .2~2.456 0.05!31024 emu/mol C60, is in ex-
cellent agreement with published values.14 The data for
Rb6C60 are seen to fit the expressionx.@27.921 222/~T
1 16.5 K!]31024 emu/mol, the Curie constant being con-
sistent with, 1% spin-12 Rb

1-ion vacancies (. 99% com-
plete reaction!. The large diamagnetic contribution confirms
within 3% a prediction15 for the existence of exceptionally
large ring currents in the C60

62 ion.

FIG. 1. Measured magnetic susceptibility per mol C60 at 5 T
versus temperature for powder samples of Rb3C60 (d) ~41.2 mg!,
C60 ~42 mg!, and Rb6C60 ~57 mg!. Solid line gives fit to Rb6C60

data~see text!; horizontal dashed line gives diamagnetism after sub-
traction of Curie-Weiss contribution. Open circles~o! give suscep-
tibility data for a Rb3C60 sample which was pelletized before re-
acting C60 with Rb6C60.
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C60 and Rb6C60 powders were reacted in equal amounts
at 250 °C for 3 days to yield stoichiometric Rb3C60 which
was homogenized at 350 °C for two weeks, yielding
a Meissner fraction in 20 Oe field of 18%. The phase
purity of the sample is estimated to be; 95% from neutron
diffraction.5 The temperature-dependent susceptibility of
Rb3C60 shown in Fig. 1~Ref. 16! is notable by the absence
of a Curie tail. Samples underdoped and overdoped by 5%
Rb yielded within 3% an identical susceptibility dependence.
Exposing a powder sample to a small concentration of air
resulted in a susceptibility increase of; 30%. For the high-
pressure measurement a portion of the Rb3C60 powder
sample was pressed into pellets~3 mm diameter, 4 mm thick!
with 92% density. To enhance their mechanical stability and
oxidation resistance, the pellets were given a 2–4mm thick
coating of polyvinyl toluene. All pellets were stored in the
glove box inside vials containing K as getter. This pelletizing
procedure, and one where the pellet is formed before the
reaction, had no effect on the measured susceptibility~see
Fig. 1!.

From x total(T) we estimate the spin susceptibility of
Rb3C60 using the relation xspin(T)5x total(T)2xC60
23xRb1, where the diamagnetic contributions,xC60

and

xRb1, are taken to be temperature independent. Contributions
from both Van Vleck paramagnetism~beyond that already
contained inxC60

) and Landau diamagnetism are expected

to be small and are neglected. SubstitutingxC60
522.45

31024 emu/mol C60 and xRb1520.2231024 emu/mol
Rb1,17 we obtain xspin~300 K! . 19.431024 emu/mol
Rb3C60 and xspin~50 K! . 110.231024 emu/mol
Rb3C60. xspin(T) in the present experiment agrees, within
experimental error, with the uncorrected static susceptibility
and ESR data of Ja´nossyet al.18 on a single sample, as well
as with NMR studies by Kosakaet al.,19 but lie ; 20%
below those of Ramirezet al.10 Considering the phase purity
of our sample and the small effect of nonstoichiometry on
xspin, this difference is difficult to understand.

To permit the accurate determination of the pressure de-
pendence of the spin susceptibility of Rb3C60 in a commer-
cial SQUID magnetometer~Quantum Design!, a suitable hy-
drostatic pressure cell was constructed from hardened CuBe
alloy ~Berylco 25!, as seen in Fig. 2. Fluorinert FC75 was
used as pressure medium. The Rb3C60 sample consisted of
five stacked pellets with total length 1.5 cm, diameter 3 mm,
and mass 198 mg. The design of the cell was such that the
sample itself made the dominant contribution~60%! to the
measured signal, suitable corrections being made for the
quartz spacers and the pressure medium. The pressure at

room temperature was determined either by measuring the
change in lengthL of the cell to6 1 mm using an optical
microscope (dL/dP. 142.2mm/GPa!, or from the value of
T c for a tiny Pb manometer located directly on top of the
sample. A test measurement on pure C60 reveals that its dia-
magnetism is essentially pressure independent, as seen in
Fig. 3; this is not surprising, since the C60molecule is known
to be highly incompressible.20

The primary result of this paper is shown in Fig. 3, where
we see that at both 50 K and 300 K the measured suscepti-
bility, x total(T,P), of Rb3C60 decreases rapidly with increas-
ing pressure. Since the change inxC60

andxRb1 with pres-

sure is negligible to 1 GPa, it follows thatxspin(T,P)
decreases rapidly under pressure. The electronic density of
states can now be derived fromxspin5NAmB

2SN(Ef), where
NA is Avogadro’s number,mB the Bohr magneton,
S[@12IN(Ef)#

21 the Stoner enhancement factor, andI the
Coulomb interaction which we take to be pressure indepen-
dent. From the above ambient-pressure value ofx total at 50
K, we obtainSN(Ef)5 31.5 states/~eV C60), as seen in Fig.
3. Band-structure calculations21 on Rb3C60 yield values in
the rangeN(Ef). 20–30 states/~eV C60), implying that the
enhancement factor is in the rangeS. 1–1.5; unless other-
wise specified, we use the valueS51.3. Ramirez
et al.10 estimatedS' 2 from their higher value ofxspin.
From the data in Fig. 3, we find the average pressure and
volume derivatives dlnN(Ef)/dP5S21dln@SN(Ef)#/dP
.214.5%/GPa and dlnN(Ef)/dlnV5BdlnN(Ef)/dP
. 12.9, whereB5 20.2 GPa is the average bulk modulus at
50 K over the pressure range 0–0.66 GPa.5 This implies that
the density of states scales asN(Ef);d2.7, whered is the

FIG. 2. Cross section of CuBe pressure cell~length 21 cm!
suitable for magnetization studies in a SQUID magnetometer.

FIG. 3. Measured magnetic susceptibility per mol of Rb3C60

versus hydrostatic pressure at 50 K and 300 K for increasing/
decreasing~closed/open symbols! pressure. The scale on the right
gives SN~E f) ~see text!. Data for C60 at 300 K are also shown.
Solid lines are guides to eye.
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separation between closest carbon atoms on nearest-neighbor
C60 molecules, in good agreement with theory.1

At a pressure~0.72 GPa! sufficient to reduce the lattice
parameter of Rb3C60 to that for K3C60 at ambient pressure,

5

xspin~300 K! for Rb3C60 is reduced from19.431024 to
18.031024 emu/mol C60. Although measured values of
xspin for K 3C60 differ widely,

10,11,19there is agreement that
the value ofxspin for K 3C60 is less than that for Rb3C60 at
ambient pressure by the factor 1.326 0.04, which gives
xspin(300 K, 1 bar! ' 1~7.16 0.2!31024 emu/mol C60 for
K 3C60. We thus find that, in high-pressure and cation sub-
stitution experiments,N(Ef) is not a universal function of
lattice parameter, in analogy with the result reported by us
earlier for Tc .

5 The dependence ofTc on pressure for
Rb3C60 from the present experiment is reproduced in Fig. 4
~Ref. 5! and is in good agreement with earlier studies.22

Having determined in a single experiment the depen-
dences of bothTc and xspin}SN(Ef) on pressure, we are
now in a position to test expressions from theory which pre-
dict the functional dependence ofTc on N(Ef). A particu-
larly simple expression, valid for arbitrary values of the cou-
pling parameterl[VN(Ef), where V gives the pairing
interaction, is given by23

kBTc5
0.26Echar

Ae2/l21
. ~1!

Taking logarithmic derivatives with respect to pressure, we
obtain

dlnTc
dP

5
dlnEchar

dP
1 f FdlnN~Ef !

dP
1
dlnV
dP G , ~2!

wheref5 f (l)[@l(12e22/l)#21. In the inset to Fig. 4, it is
seen that forl in the range 0 to 1,f decreases rapidly with
l. Sincef is such a sensitive function ofl, the measurement
of the various pressure derivatives in Eq.~2! should allow
the accurate determination off , l and, from Eq.~1!, Echar.

We first attempt an analysis of the present results using
the weak-coupling model of Schlu¨ter et al.,1 whereN(Ef) is
a sensitive function of theintermolecularseparation andV is
an intramolecular interaction arising from ‘‘on-ball’’ vibra-
tional modes on the C60 molecule with high characteristic
energyEchar'350–2400 K~250–1700 cm21). Due to the
extreme rigidity of the C60 molecule,

20 the pressure-induced
changes inEchar andV are negligible, i.e.,dlnEchar/dP. 0
anddlnV/dP. 0. Inserting into Eq.~2! the average values of
the pressure derivatives ofTc and N(Ef) for a pressure
change of 0.66 GPa,dlnTc /dP.231%/GPa~Ref. 5! and
dlnN(Ef)/dP.214.5%/GPa~assuming S5 1.3!, we obtain
f. 2.13, implyingl. 0.48. Inserting this value ofl and
Tc. 29 K into Eq.~1!, we obtainEchar/kB. 900 K; a simi-
lar calculation for S5 1 and 2 yieldsEchar/kB. 520 K and
2800 K, respectively. These values ofEchar lie squarely in
the energy range for intramolecular vibrations. The present
experiments on Rb3C60 are thus clearly consistent with the
above weak-coupling theory based on the electron-phonon
interaction. However, theoretical approaches based on purely
electronic pairing interactions on the C60 molecule,

2 as long
asEchar/kB is less than 2800 K~0.25 eV!, are also consistent
with our data. It was recently pointed out that a nonadiabatic
small polaron theory may be more appropriate if high-
frequency phonons are involved.24

We now attempt an analysis of the present experiments
using Eqs.~1! and ~2!, but invoking intermolecular vibra-
tional modes with Echar/kB.15–150 K.3 Taking the
average valueEchar/kB. 80 K, we obtain from Eq.~1! the
strong-coupling valuel. 4.8; this yieldsf. 0.61. Using
the expressionl5h/@M ^v2&# defined by Hopfield,25

and settingEchar.^v&, where ^v& is a mean phonon
frequency, we can rewrite Eq.~2! in the form
dlnh/dlnV.2 f21B(dlnTc /dP)2g(22 f21). Here g[
2dln^v&/dlnV is the Grüneisen constant where typically
g'12. We thus estimate solely from our experimental value
dlnTc /dP.231%/GPa that dlnh/dlnV.110.320.75
19.6. This value ofdlnh/dlnV differs grossly in both mag-
nitude and sign from that typically found for conventional
simple-metal (21) or transition-metal (23.5) supercon-
ducting elements, alloys, or compounds.25,26 A satisfactory
description of superconductivity in the fullerenes in terms of
the above strong-coupling approach thus appears highly un-
likely.

A more quantitative analysis of our data can be obtained
using the McMillan equation27 kBTc5Echarexp@21.04(1
1l)]/ @l2m*20.62lm* #, which is valid for values of the
electron-phonon couplingl< 1.5. Here the effective Cou-
lomb interaction is estimated to bem*. 0.2.1 Inserting the
N(Ef) high-pressure data from Fig. 3 into the McMillan
equation, wherel[VN(Ef), we vary the value ofEchar to
obtain the best fit to theTc(P) data in Fig. 4;V is held
constant at that value required to satisfy Eq.~1! at ambient
pressure. It is seen that in the rangeS5 1 to 2 the quality of
the fit is independent of the value ofS. ForS 5 1, 1.3, and

FIG. 4. Measured dependence of the superconducting transition
temperature on hydrostatic pressure for Rb3C60 given by solid line
through data points (d) from Ref. 5. CalculatedTc values from the
McMillan equation usingSN(Ef) from Fig. 3 are represented by
open squares (h) for S5 1 and crosses (3) for S5 2 ~see text!.

R9664 54J. DIEDERICHS, A. K. GANGOPADHYAY, AND J. S. SCHILLING



2 we findl.1.46, 1.22, and 0.92 andEchar/kB. 320 K, 430
K, and 810 K, respectively. To describe superconductivity in
the doped fullerenes, the present experiments are thus clearly
consistent with weak-coupling BCS theory involving high-
frequency intramolecular phonons.
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