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Synthesis and superconducting properties of a Rb3C60 single crystal
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A pristine Rb3C60 single crystal with larger than millimeter dimensions was prepared by reaction of ru-
bidium vapor with a seed-grown C60 single crystal~which exhibited remarkably sharp x-ray-diffraction peaks!.
A narrow superconducting transition widthDTc ~5–85% diamagnetic shielding! of the Rb3C60 single crystal is
less than 1 K. The onset of the transition was at a temperature,Tc530.0 K. Measurements of temperature
dependence of the zero-field-cooled and field-cooled dc magnetization~using ten applied magnetic fields up to
5.0 T! are reported here. These and magnetization vs field data at different temperatures~ranging from 2 to 29
K! have been used to determine thermodynamic superconducting parameters, including the lower@Hc1(T)#
and upper@Hc2(T)# critical fields, the Ginsburg-Landau coherence lengthj, and the London or Ginzburg-
Landau penetration depth,l. These are significantly different from those extracted from similar data in the
literature for powder specimens. Hysteresis and magnetic relaxation measurements have been used to deter-
mine the nominal critical current densityJc(H,T) and the effective-pinning potentialUeff(J,H), respectively.
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I. INTRODUCTION

The discovery1–3 of a new family of superconductors
alkali-doped C60 compounds, has stimulated substantial th
oretical and experimental interest. The basic properties
superconductor, such as the thermodynamic critical fi
Hc , the Ginsburg-Landau~GL! parameterk, the magnetic-
field ~London! penetration depthl, and the Ginsburg-Landa
coherence lengthj, provide insight into the superconductin
mechanism as well as useful information for understand
the flux-pinning mechanism. The difficulties in correctly d
termining these fundamental quantities in alkali-doped60
superconductors have been recognized as resulting from
variable composition, instability with respect to oxidatio
and the problems associated with growing large single c
tals.

Investigations ofMxC60 ~M is Na, K, Rb, Cs, and thei
binary mixture! in the range 1,x,6 have been reported.4

Among the alkali-doped C60 compounds, the line compoun
M3C60 is the only superconducting phase. Experimental
sults reported in the literature have given widely varyi
estimates for the values of the London penetration deptl
and Ginsburg-Landau coherence lengthj. These estimates
have been based on magnetization measurements of K3C60
~Ref. 5! and Rb3C60 ~Ref. 6!, powder or resistance measur
ments on thin films7 and crystals8 of K3C60. Obtaining reli-
able values has proved to be an experimental challenge
lack of large single crystals the pinning ofMxC60 materials
and the anisotropy effects in the cubic superconductors h
also been largely unexplored. This has motivated us to
pare and to characterize a series of large single crysta
alkali-doped C60. Not only do these experimental efforts a
tempt to provide measurements of fundamental superc
ducting properties in high-quality single crystals, but also
illuminate differences in behavior between isotropic and
isotropic high-temperature superconductors. With a tra
tion temperature of 30 K and a cubic structure, Rb3C60 is an
excellent example of an isotropic high-temperature sup
550163-1829/97/55~17!/11722~8!/$10.00
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conductor. Many aspects of superconducting fluctuatio
anomalousH-T phase diagrams, and weak pinning in hig
temperature superconductors have been attributed to an
ropy and reduced dimensionality. It is therefore desirable
compare high-temperature superconductors~HTSC’s! with
notable anisotropy withcubicHTSC materials.

While determination of equilibrium thermodynamic crit
cal fields and length scales are always important in desc
ing the superconducting state, nonequilibrium properties
sociated with flux pinning in type-II superconductors are a
quite important in determining their potential in high-fie
and high current applications. Here we also report hyster
cally determined critical current densities,Jc(H,T), for large
Rb3C60 single crystals using a Bean model analysis for
superconducting slab.9 Further magnetic relaxation data ha
been taken as an attempt to determine the nonlinear effec
flux-pinning potential for these materials.9–11

II. EXPERIMENTAL PROCEDURE

The high-quality C60 crystal used in this study was cu
from a bar-shaped single crystal that was grown from a s
crystal using a gas-phase~sublimation! growth procedure.
Raw C60 powder~MER corporation, 99.5%! was refined by
sublimation in a vacuum quartz tube. In the vapor-pha
crystal growth ;100 mg of C60 extract was heated to
;560 °C in an evacuated quartz ampule where it sublim
The C60 vapor phase follows the natural temperature gradi
in the furnace to the cold end of the tube where we had m
a few scratches on the inside wall. Here C60 recondenses to
form many nuclei of the crystalline solid which grow as
function of time. After we observed the crystallites to nuc
ate on scratches in the quartz ampule, we tilted and vibra
the cold end of the ampule to cause the nuclei to fall down
that only a few of them remained as crystal seeds. We h
demonstrated larger bar-shaped crystals can be grown
these seeds.

The structure and dimensions of the raw C60 crystal were
11 722 © 1997 The American Physical Society
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55 11 723SYNTHESIS AND SUPERCONDUCTING PROPERTIES OF . . .
checked by x-ray-diffraction~XRD! pattern and optical mi-
croscopy. The well-known fcc crystal structure of the pu
C60 crystal with a lattice parameter of;14.18 Å has been
observed. From the systematics of the variation of x-r
scattered intensity with orientation, we were also able to
termine that the@111# direction of the lattice is perpendicula
to the largest surface of the crystal. With the exception o
cut face, each of the surfaces of the crystal was a reg
plane with metallic luster, indicating that these faces w
free surface when this crystal grew. Using crystal massm
51.03 mg, and microscopically determined crystal dime
sions we found the crystal’s density to ber51.65 g cm23.
This value is in close agreement with the 1.67 g cm23 den-
sity determined based on the XRD determined fcc latt
parameter. The diffraction pattern for the pure C60 crystal,
before doping Rb, is shown in Fig. 1.

The variety of experimental procedures which have b
used to prepare alkali-doped C60 superconductors can b
construed as influencing the variation of properties obser
in the literature. In particular, in the measurement of fun
mental thermodynamic superconducting properties it
highly desirable to make measurements on a single cry
with the orientation of magnetic field with respect to t
crystal axes well known. The sample used in the pres
work was prepared from a solid-gas reaction of pristine60
single crystals reacted with rubidium vapor. A wide comp
sitional range was explored~molar ratios, Rb:C60, from 1 to
8! and different heat treatments were used so as to maxim
the superconducting shielding fraction of the resulting dop
crystals.

Our standard synthesis procedure consisted of sea
several millimeter-sized pure C60 crystals and a piece of ru
bidium ~Rb, Alfa, 99.95%! in a vacuum Pyrex tube. Th
C60 crystals were placed in the hot end of a horizontal f
nace at;200 °C ~well below the C60 sublimation tempera-
ture!. The rubidium source end was held at an optimum te
perature which ranged from 190 to 195 °C. A high
temperature helps in completing thexRb1C605RbxC60 re-
action. However, too high a reaction temperature may lea
cracking and evaporation of the crystal grain. A slight exc
of rubidium ~compared to the minimum necessary for
Rb3C60 stoichiometry! was observed to increase superco
ducting shielding diamagnetic fraction of the product. D

FIG. 1. X-ray-diffraction pattern for a pure C60 crystal taken
using CuKa radiation incident on a@111# surface.
-
-

a
ar
e

-

e

n

d
-
s
tal

nt

-

ze
d

ng

-

-
r

to
s

-
-

pending on the C60 crystal size and the reaction temperatu
the heat treatment time varied from one day to ten days.
quality of the superconducting Rb3C60 single crystals corre-
lated with keeping their original shape, even though crys
surfaces lost their metallic luster and became opaque.

Part of the resulting crystal was cut from the doped crys
used in this work for x-ray-diffraction analysis. The volum
of the remnant Rb3C60 single crystal for magnetic measure
ments was approximately 0.5731023 cm3. The Rb3C60

single crystal was frozen in a pellet of polyethylene to p
vent moisture or air from damaging the superconduct
phase. This also had an advantage over sealing in a P
tube which usually contributes a larger~temperature inde-
pendent! diamagnetic background signal. It was confirm
that the magnitude of the sample magnetization remai
constant for at least ten weeks indicating that the polyeth
ene seal impeded oxidation of Rb in the single-crys
sample. The sample was stored in an evacuated sealed q
ampule and transferred in air between measurements.

A superconducting quantum interference device~SQUID!
magnetometer~Quantum Design, San Diego, California! was
used to measure the dc magnetization of the sample in
up to 5 T in temperature down to 2 K. Using the MPMS
model with a scan length of 3 cm, yields a field variation
less than 0.05% over the scan length. The system temp
ture was always within60.02 K of the target temperatur
prior to measurement. For investigating possible anisotro
properties of the doped fullerenes, we arranged the magn
zation measurements to be carried out with applied magn
field parallel to the@111# direction and@112̄# direction of the
crystal lattice, respectively. We use left subscripts 1 and 2
indicate the two different orientations. In this work, only th
data measured with the field oriented in the@111# direction
are analyzed in detail. As a comparison several experime
results with the field oriented in the@112̄# direction are also
discussed in this work. In a subsequent work we will co
pare length scales~coherence lengths and penetration dept!
for the @111# and@112̄# directions using a formalism of crys
talline anisotropy and Fermi-surface anisotropy for fullere
superconductors with a cubic lattice structure.

III. RESULTS AND DISCUSSION

At the outset we alert the reader that we present an in
analysis of our first magnetization results using standard a
lytical techniques to determine critical fields, thermodynam
length scales and nonlinear effective-pinning potentials.
attempt to estimate these quantities and compare our re
to what we believe to be less accurate powder results
results for small single crystals. We will discuss orientation
effects ~field orientation with respect to crystallograph
axes! in a future publication. Here we explore in Sec. III A
the superconducting transition temperature for our crysta
Sec. III B, the zero-field-cooled~ZFC! and field-cooled~FC!
susceptibilities and the Meissner effect, in Sec. III C, t
lower Hc1 , upperHc2 , and thermodynamic critical fields
Hc and length scales, and in Sec. III D, hysteretic respo
and pinning potentials.
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11 724 55SHAOYAN CHU AND MICHAEL E. McHENRY
A. Superconducting transition temperature

The superconducting transition temperature was de
mined from measurements of the temperature dependenc
the zero-field-cooled~ZFC! and field-cooled~FC! tempera-
ture dc magnetic dipole moment~emu! of the Rb3C60 single
crystal as illustrated in Fig. 2. The following experiment
protocol employed:~a! the sample was first cooled from it
normal state~above 40 K! to 5 K in zero field~,0.5 Oe!; ~b!
its dc magnetic moment was monitored as a function of
creasing temperature as the sample was heated above s
conducting transition temperatureTc in an applied field of 2
Oe ~ZFC!; and ~c! it was subsequently cooled to 5 K under
the same field~FC!.

Using a linear extrapolation above the onset of the sup
conducting diamagnetic transition,Tc was determined to be
30.0 K. The full width of the transition 5–85 % is less than
K. The sharpness of the transition is consistent with the h
quality of our sample. The thermomagnetic hysteresis
tween the FC and ZFC susceptibilities is consistent with fl
being trapped in the sample as it is cooled below the tran
tion temperature. It should be mentioned that from a ZF
susceptibility measurement in an applied field of a few O
one can only roughly estimate a diamagnetic shielding fr
tion, because uncertainty of remnant field trapped in
SQUID system’s superconducting solenoid as well as con
butions from the earth’s field.

B. FC and ZFC susceptibility, Meissner effect

Perfect diamagnetic shielding would be reflected in
experimental susceptibilityxe given by

xe5
M

He
5

M

Hi14pDM
52

1

4p~12D !
. ~1!

HereM is magnetization,D is the demagnetization factor
andHe andHi are the external~applied! magnetic field and
internal magnetic field, respectively. The demagnetizat
factor can be estimated for our sample using the formula
an oblate spheroid with an identical aspect ratio. For a m

FIG. 2. Temperature dependence of the zero-field-cooled~ZFC!
and field-cooled~FC! dc magnetic moment with a fixed applie
field of 2 Oe. The volume of the single crystal is 0.5
31023 cm3.
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precise determination, however, we made a lead replica
the Rb3C60 single crystal and measured its demagnetizat
factor experimentally. The magnetic-field dependence of
magnetization of the lead replica yielded a demagnetiza
factor, 1D, for this geometry, of 0.57, in the case of a
applied field parallel to the shortest dimension of the repli

The magnetic-field dependence of the dc magnetizatio
the Rb3C60 single crystal from zero field~,0.5 Oe! to a
maximum applied field of 5 T and for fixed temperature
betweenT52 and 26 K is shown in Fig. 3. The data we
taken with the same field orientation as used in determin
1D with the lead replica~i.e., in the@111# direction for the
fcc crystal lattice!. The shielding magnetization remains lin
ear in an applied field until flux lines start to enter the crys
at the lower critical fieldHc1 . Using the low-field data~in
the linear regime! the calculated shielding fraction of ou
sample is about 80% of that predicted for a perfect diam
net using Eq.~1!. Here we neglect reduction of the susce
tibility due to edge effects. These results were reproduc
after a three week interval indicating little deleterious deg
dation of properties due to oxidation of Rb over this time

C. Critical fields and thermodynamic length scales

For determining upper critical fieldHc2 , we show the
temperature dependence of the ZFC and FC dc magne
tion at various fixed applied fields in Fig. 4. The data we
gathered using the same protocol as for the low-field~2 Oe!
data described above. Compared with the superconduc
diamagnetic signal, the contribution from the sample rod,
polyethylene pellet, and a straw sample holder~also polyeth-
ylene!, was small. Nonetheless, in order to insure accur
fits toM (T) for the single crystal, a correct subtraction of th
background signal is extremely important, especially at h
field. Magnetization versus temperature was measured
various fixed magnetic-fields from superconducting tran
tion temperature to 40 K. We fit the background magneti
tion at fixed applied field using a form: (AT211B1CT)
which included diamagnetic term due to the polyethyle
~nearlyT independent! and paramagnetic term attributed
the Rb3C60 normal. This form was extrapolated to low tem

FIG. 3. Magnetic-field dependence of the magnetization a
fixed temperatureT52 and 26 K. After three weeks’ interval, th
superconducting diamagnetic signal~open circles! shows the same
value as before~crosses!.
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55 11 725SYNTHESIS AND SUPERCONDUCTING PROPERTIES OF . . .
peratures and subtracted fromM (T) to obtain the net, super-
conducting response of the Rb3C60 single crystal in fixed
fields from 0.05 to 5 T.

In temperatures between 20 and 35 K demagnetizat
corrections are neglected because of very small sample m
netization. The irreversibility temperature,Tirr , is identified
as the separation point between the ZFC and FC curv
AboveTirr and belowTc a linear temperature dependence
the magnetization is observed. In this range the superc
ducting order parameter and thus the magnetization is p
portional to temperature.12 In a critical region a broadening
of the transition temperatureTc(H) is caused by supercon
ducting diamagnetic fluctuations and inhomogeneity of t
sample, and the temperature dependence of magnetizatio
no longer linear. The magnetic fluctuation region may exte
to ;5 K below the zero-field transition,Tc(0), atH55 T.

The nucleation temperature,Tc(H), is commonly defined
as an intercept of a linear extrapolation of theM (T) curve
with the M50 axis, which has been corrected for bac
ground signal as described above. This linear extrapola
has been shown to be inadequate for very anisotro
superconductors13 as a result of quasi-two-dimensional dia
magnetic fluctuations@in the extreme leading to aTc(H)
determined by linear extrapolation which increases w
field#. For thecubic crystal we observe a field and temper
ture regime for which the linear extrapolation adequately d
scribesTc(H). Figure 5 shows a linear extrapolation o
M (T) in a temperature range beyond the fluctuation regim
We also note that, at lower field~,0.5 T! the values of
Tc(H) were evaluated only at a temperature where t
Meissner effect is no longer observed in a ZFC measu
ment.

We emphasize that the upper critical fieldHc2(T) of the
fullerene superconductor Rb3C60 is dependent on the field
orientation. As shown in Figs. 4 and 5, the nucleation te

FIG. 4. Magnetization vs temperature measured near1Tc(H) in
different field 0.5, 1, 3, and 5 T for ZFC and FC. Data in other
applied fields were not shown for clarity. The arrow indicates t
irreversible temperatureTirr of ;22 K at H55.0 T. A basal line
~dashed! for the ZFC curve at the applied field 5 T was determined
from the data obtained above the transition temperature~see text!.
As a comparison, the temperature dependence of magnetizatio
the sample with the field orientated in the@112̄# direction is also
shown in this figure.
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perature,1Hc2(5T), is obviously higher than2Hc2(5T). To
our knowledge, the anisotropy of the upper critical field
fullerene superconductors has not yet been observed, e
though strong effects of the anisotropy on the magnetic pr
erties of conventional cubic superconductors are well know

We plot 1Hc2(T) vsH in the inset of Fig. 6. Above 1.5 T,
a straight line corresponds to an upper critical field slo
]1Hc2(T)/]T521.95 T/K and a GL transition temperatur
1Tc GL~0!528.0 K. For applied fields less than 1.0 T, th
values of]1Hc2(T)/]T deviate from that of the linear fit and
exhibits notable curvature as has been observed in m
other publications.5,8,14,15In this range, the slope,]M /]T, of
the fixed field magnetization decreases with decreasing
ues of]1Hc2(T)/]T as is shown in Fig. 5. This is consisten
with solutions to linearized Ginzburg-Landau equations
M (T) nearHc2(T) ~Ref. 12!.

4pM52
Hc22He

1.16~2k221!
~2!

for a triangular Abrikosov vortex lattice structure. In th
regime the value of Ginzburg-Landau parameterk is taken as
being independent of temperature.

Using Eq.~2! to determineHc2(T) can be problematic if
the data are inadequate to reliably determine the partial
rivative of the magnetization with respect to temperatu
]M /]T. This will be the case when the irreversible regim
and the fluctuation regime nearly coincide, compressing
linear M (T) regime and compromising fits which rely o
an accurate determination of]M /]T. Another method for
determining Hc2(T) relies on fits using the
London intermediate-field regime expression: 4pM
5f0/8plL

2ln(hHc2 /H) ~whereh is a constant on the orde
of unity!. Though this characteristic ln(H) dependence has
often been observed in the intermediate-field regime, it
recently been pointed out that the London model is quant
tively incorrect because of its failure to address energe
contributions due to the cores. Recently, a variation

e

of

FIG. 5. Temperature dependence of the ZFC magnetization w
the background signal subtracted. The solid lines are fits to Eq.~2!
over a temperature range~indicated between two dashed lines! be-
tweenTirr and the temperature at which magnetic fluctuations
evident. A ZFC magnetization curve with@112̄# field orientation
(H55 T) has been shown in same figure.
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11 726 55SHAOYAN CHU AND MICHAEL E. McHENRY
model16 which treats the cores explicitly has been shown
yield a more accurate description of the magnetization in t
intermediate-field regime. This model also lends itself to fi
of a ln(H) form for which 24pM5af0/
8plL

2ln(bHc2 /H), wherea andb are two fitting parameters
to the variational model. Unfortunately this fitting procedur
is also inconvenient for analysis of our data since the ma
netization of fullerenes superconductors has a narrow reve
ible range and a large magnetic fluctuation. Any such
analysis based on]M /]H or ]M /]T will be ambiguous un-
less there are enough data to accurately fit the slopes.

We suggest here a fitting procedure which uses plots
M /H vs @T2TcGL(0)#/H (K/T) to determineHc2(T). This
procedure relies on the equation

M

He
5

1

4.64p~2k221! F S 2
]HC2~T!

]T D
3TcS T2TCGL~0!

He
D11G , ~3!

derived by differentiating Eq.~2! within the reversible tran-
sition regime. Here the Ginzburg-Landau transition tempe
tureTCGL(0) is usually several degrees smaller thanTc(0).
We have used Eq.~3! to fit our magnetization data taken a
fixed field between 0.5 and 5.0 T, as illustrated in Fig. 6.
these fitsTCGL(0) is the only adjustable parameter. Excellen
agreement between the theory and experiment is clearly
lustrated for fields exceeding 1.5 T. It is expected that th
scaling should prove inadequate at lower fields where no
linearity in 1Hc2(T) vs T is clearly evident.

Fits to Eq. ~3! in the temperature regime between th
irreversible temperature and the temperature where an ob
ous magnetic-fluctuation effect appears are also shown
Fig. 6. A fit of Eq. ~3! in the regime21.2,(T2TGL)/H
,20.6 (K/T) yields 1TcGL(0)528.0 K, ]1Hc2(T)/]T

FIG. 6. A scaling of the magnetization data measured at 1.0, 1
2.0, 3.0, 4.0, and 5.0 T by using Eq.~3!. Inset: The temperature
dependence of the upper critical fieldHc2(T). Solid dots are de-
fined in Fig. 4. Open circles are from hysteresis curvesM (H) at
T526, 27, 28, and 29 K. The solid line is a fit to the solid dots
fields above 1.5 T. The dashed line is from the scaling relation, E
~3! with 21.2,(T2TGL)/H,20.6 (K/T) andHe between 1.5
and 5.0 T. Crosses are2Hc2(T) data.
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522.08 T/K, and 1k539.2. These values are similar t
those obtained by the simple linear fits to Eq.~2!, however,
the latter fitting procedure is more robust in avoiding am
guities in determining]M /]T and]Hc2(T)/]T. The consis-
tency of this approach has been checked by evaluating
slope of magnetic hysteresis curves,M (H), at fixed tem-
peratures nearTc(H). Using the equation

]M

]He
5

1

4.64p~2k221!
, ~4!

arrived by differentiating Eq.~2! with respect to field, we
obtain GL parameter1k539.8, 38.7, 39.3, and 37.5, forT
526, 27, 28, and 29 K. The1Hc2(T) values derived from
hysteresis data at these temperatures are shown in the ins
Fig. 6. All of the data are in very good agreement with t
results of the fits ofM (T) curves in Fig. 5.

The zero-temperature GL coherence length,jGL(0), is the
value ofjGL(T) extrapolated to 0 K. The fact that the upp
critical field Hc2GL(0) represents the field at which fluxo
cores of radius jGL(0) overlap allows us to relate
Hc2GL(0) andjGL(0):

HCGL~0!5
f0

2pjGL
2 ~0!

. ~5!

To determine the 0-K value ofHc2 , Hc2GL(0), we use
Werthamer-Helfand-Hohbenberg17 ~WHH! formula:

HcGL~0!520.69F]Hc2~T!

]T GU
Tc

Tc , ~6!

which yields 1Hc2GL(0)543.0 T and1jGL(0)527.7 Å for
our single crystal. These values are quite different from th
obtained from magnetic measurements6 on a powder sample
but similar to those obtained from ac susceptibil
measurements.18,19 Assumingk5l/j to be independent o
temperature we estimate the penetration depth1lGL(0)
51090 Å corresponding to 1k539.2 and 1jGL(0)
527.7 Å. This value is only about half of that observed
Sparnet al.,6 but close to the 1200–1400 Å determined
Politis, Sokolov, and Buntar15 and also close to a theoretica
estimation based on band-structure calculations
K3C60.

17 Similar inconsistencies in values of the penetrati
depth have been noted by Palstraet al.,7 Hou et al.,8 and
Foneret al.20 for length scales determined by resistance m
surements on the fullerene-based superconductor K3C60.

The large uncertainty in the values of the penetrat
depth reflects the experimental difficulty in determining t
lower critical field,Hc1 . Again in Ginzburg-Landau theory
Hc1 can relate to the GL penetration depth,l, andk:

Hc15
f0

4plGL
2 lnk. ~7!

Noting the deviation from a linearM (H), we estimate
1Hc1(0) should be about 0.05 T. This value is in good agr
ment with the 0.045 T value of Politis, Sokolov, an
Buntar15 but much larger than the 0.012 T determined
Sparnet al.6 Buntar, Eckern, and Politis21 have discussed the
experimental challenges in determiningHc1 from magnetiza-
tion curves. Despite these challenges we interpret a se

5,

t
q.
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55 11 727SYNTHESIS AND SUPERCONDUCTING PROPERTIES OF . . .
M (H) curves at 5 K measured by Sparnet al.,6 Politis,
Sokolov, and Buntar15 and this work in Fig. 7. We plot the
normalized magnetization:2M (H)/M (He50.02T) as a
function of the external applied field,He . A linearM (H) is
clearly observed for our crystal out to larger values ofHe .
This clearly implies a higherHc1 for our crystal than for
powder samples. If one includes effects of demagnetizat

1D50.57 for our data andD51/3 for the data of Refs. 6 and
15, an even more pronounced difference is observed.
reasons discussed below we believe that the single-cry
data offer a more reliable estimate ofHc1 for a bulk sample
of Rb3C60.

It is well known that, for small particles the lower critica
field is a single-grain property, and depends on the grain
and geometry. A typical grain size of fullerene powd
sample is;1mm. Those samples may have composition
fluctuations and/or second phase, well below the detec
limits of many characterization techniques yet still contribu
to the pinning and/or ‘‘dirty limit’’.22 For a dirty-limit
sample the mean free path of electrons is comparable wit
smaller than intrinsic coherence length. The effective p
etration depth for a dirty-limit sample is larger by a fact
(11j/ l )1/2 ~wherel is the mean free path of electrons! than
would be obtained by a ‘‘clean-limit’’ sample.12 Assuming
the minimum possible value of mean free pathl'101 Å ~the
C60 separation in the fcc lattice! and the experimental coher
ence lengthjGL527.7 Å, this factor is about 2. This value i
very close to the deviation of values of penetration de
obtained in single-crystal sample and the powder sampl6

We observe that our millimeter-sized single crystal has
largerHc1 corresponding to a smaller effective penetrati
depth, which indicates experimental values are better
scribed using the clean-limit analysis. Granular effe
strongly influence the magnetic properties of samples in
intermediate-field regime and therefore the analysis of th
critical field behaviors as well. We will discuss this top
more fully in the future.

FIG. 7. Magnetic-field dependence of2M /M (He5200 Oe) at
5 K used for determining lower critical field1Hc1 . Open circles
and triangles are from Sparnet al. ~Ref. 6! and Politis, Sokolov,
and Buntar~Ref. 15!, respectively. Solid dots show the data in th
work.
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D. Pinning and magnetic relaxation

We show typical hysteresis curves for our single-crys
sample in Fig. 3. The shape of the hysteresis curve indic
a quickly decreasing critical current densityJc of this single
crystal with increasing field. A roughly exponential decrea
in Jc(He) is observed. This steep field dependence has b
almost universally observed in weakly pinned HTS
materials.9 It is indicative of a shielding current which ha
relaxed significantly from its critical value during the dur
tion of the magnetization experiment. We therefore exp
and do observe large magnetic relaxation rates for this c
tal. While the current density derived from hysteresis m
surements is certainly not critical, the geometric argume
of the Bean or critical-state models should be appropria
For a slab geometry~of width a and lengthb! sample the
critical current density in theab plane can be calculated b
an extended Bean model9

Jc5
20DM

a~12a/3b!
, a,b. ~8!

Herea andb are the width and length~in cm! of the super-
conductor, respectively,DM5M12M2 is the width of the
hysteresis loop in emu/cm3 ~G! andJc is reported in units of
A/cm2. M1 andM2 are the hysteretic magnetization at a
external fieldHe . We show the magnetic-field dependen
of critical current at varied fixed temperatures in Fig. 8. A
evaluated value of1Jc(H50)513105 A cm22 at T55K
is an order of magnitude smaller than that of a powd
sample reported by Sparn.6 This is attributed to the fast re
laxation in our pristine crystal. It is consistent with the notio
that powder samples in the dirty limit may have many mo
flux-pinning sites than pristine single crystals. It is emph
sized that our data reflects a bulk property of the sam
instead of that of a collection of small particles. These pr
tine crystals therefore may be ideal candidates for studie
which pinning sites are artificially introduced, i.e., throug
irradiation-induced damage.23,24

A lower density of the effect pinning center in our sing
crystal might be responsible for decreasing1Jc . The weak
flux pinning in the Rb3C60 single crystal is also evident in
measurements of magnetic relaxation in various fixed fie

FIG. 8. Magnetic-field dependence of the hysteretically de
mined critical current densityJc at varied fixed temperature.
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and temperatures. In general, the rate of change of ave
flux density ~induction, ^B&! in the superconductor with a
slab geometry~of width a! is governed by a nonlinea
magnetic-flux diffusion equation.9,10 This can be derived
considering a thermally activated~Arrhenius law! for the
fluxon velocity and integration of the divergence theore
relationship for flux conservation finally yielding

d^B&
dt

54p
dM

dt
5
2Ha0n0

a
expFUeff~ j s ,H !

kT G . ~9!

Herea0 is a characteristic fluxon hop distance,n0 is a hop-
ping attempt frequency, andH5He is the external field
boundary condition. Following Refs. 9 and rearranging E
~9! yields

FIG. 9. ~a! Estimate of 1Ueff(J) as determined from measure
ments of the time-dependent magnetic relaxation1M (t,T), using
expression~10!, for a fixed field of 4.0 T. ~b! A constant c
5 ln(Hn0a/2pa)520 is used to fit the data in~a!.
ge

.

Ueff

k
52TF lnUdM~ t !

dt U2SHn0a0
2pa D G , ~10!

which is used as the algorithm for obtaining the effectiv
pinning potentialUeff , from M (t) data recognizing that the
argument of the second logarithm is slowly varying for fix
field andT!Tc . Ueff(J,H) is an effective-pinning potentia
which depends explicitly on current densityJ and external
field H and implicitly on temperature. Here we take the co
stantc5 ln(Hn0a0/2pa) as a temperature-independent sc
constant in a first attempt at fitting this data. This has be
shown to be a very rough approximation. As an example,
J-dependentUeff from magnetic relaxation data of ou
sample is shown in Fig. 9. This data~as of yet uncorrected
with an appropriate temperature scaling! still does indicate
thatUeff(J,H) is a strongly nonlinear function as is the ca
for other high-temperature oxide superconductors. We w
discuss a more elaborate scaling ofUeff with field and tem-
perature in the future.

IV. SUMMARY

A comparison of the thermodynamic superconducting
rameters for our crystal and powder samples reported in
literature is given in Table I. Here the thermodynamic cri
cal fieldHc is defined asHc

25Hc1Hc2 /ln k. We conclude
that the Rb3C60 materials are all extremely type-II superco
ductors. Uncertainty in these length scales is likely due
variable sample quality~i.e., doping inhomogeneity! and
granular effects. In conclusion, we have prepared and c
acterized high-quality single crystal Rb3C60 with a size near
1 mm. We believe the thermodynamic superconducting
rameters for Rb3C60 extracted from our single-crystal dat
are more reflective of the intrinsic material properties.

We note that, field orientation effects and the thre
dimensional character of Rb3C60 superconductivity have
been measured. The thermodynamic critical fieldHc for the
superconducting phase should be independent of field or
tation. The slight difference between1Hc and 2Hc in our
data can be potentially explained by some differences in
distribution and orientation of defects in our crystal. Possi
crystalline anisotropy effects on the vortex lattice structu
~which depends on the applied field! and the morphology of
TABLE I. Superconducting state parameters of Rb3C60.

Parameter

Value
Field orientation

References
random@111# @112̄#

Tc (K) 30.0 30.0 29.6~Ref. 6!, 28.4 ~Ref. 20!, 28 ~Refs. 15 and 21!
Hc1 (T) 0.050 0.047 0.012~Ref. 6!, 0.016~Ref. 21!, 0.045~Ref. 15!
Hc2 (T) 43 39 78~Ref. 6!, 55a ~Ref. 20!, 76 ~Ref. 20!, 44 ~Ref. 15!,

46.5 ~Ref. 21!, 38a ~Ref. 18!, 42 ~Ref. 18!
Hc (T) 0.76 0.71 0.44~Ref. 6!, 0.41 ~Ref. 21!
dHc2 /dT ~T!/K 22.08 21.90 23.9 ~Ref. 6!, 2.5 ~Ref. 15!
j (0) (nm) 2.8 2.9 2.0~Ref. 6!, 2.3 ~Ref. 15!, 3.0 ~Ref. 18!
l (0) (nm) 109 113 247~Ref. 6!, 120–140~Ref. 15!
k5l (0) /j (0) 39.2 39.1 124~Ref. 6!, 80.5 ~Ref. 21!

aException to WHH upper critical field model.
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our sample have not been considered in this work. Anis
ropy effects on other magnetic properties of the fcc fullere
superconductors remain an open question to be explo
Comparison of the thermodynamic critical field, critical fiel
and Ginzburg-Landau parameters in different field orien
tions will be discussed more fully in subsequent work.
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