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Vortex-lattice melting in superconducting fullerene Rb3C6o
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The temperature and field dependences of the dc magnetization have been characterized on a sample
of Rb3C60 fullerene with T, =30.5 K. The sample exhibits a rather large critical current density of about
2X 10 A/cm at T =5 K and H =0 T. An irreversibility line H;„(T) is defined by merging points of
two sets of zero-field-cooling and field-cooling magnetization curves. The temperature dependence of
the irreversibility field is in fairly good agreement with a power-law relation: H~„( T)=H;„(0)[ 1

—T(H)/Tv]». The best fit of experimental data to this equation provides the following values:

y =2.04+0. 16, H;„(0)=470+52 kOe, and To =30.4+0.2 K. According to the nonlocal elasticity theory
based on the Lindemann criterion, y =2 strongly suggests the occurrence of thermally activated vortex-
lattice melting in our Rb3C60 sample. The Lindemann number of c 0.074 is comparable to those of
conventional type-II superconductors, but is much smaller than those for high-T, oxides. Our data pro-
vide evidence of vortex-lattice melting in the superconducting fullerenes.

I. INTRODUCTION

Soon after the discovery of high-T, oxide superconduc-
tors, Muller, Takashige, and Bednorz' investigated the
magnetic behavior of the La-Ba-Cu-0 superconductor
and observed the presence of an irreversibility line within
the region of the Abrikosov magnetic phase. This
discovery prompted many experimental and theoretical
investigations on the irreversibility line and vortex dy-
namics in subsequently discovered high-T, superconduc-
tors. ' These investigations have revealed that the pos-
sible causes of the irreversibility line may be flux
creep, the vortex-glass transition, or vortex-lattice
melting. ' In the vortex-glass picture, it is pro-
posed that a second-order phase transition occurs when
the vortex glass is transformed to a vortex-liquid phase.
For example, the high-T, layered cuprate oxides in the
dirty limit' exhibit such a transition that appears to
be continuous. The temperature width of this vortex-
glass transition depends on the amount of disorder of the
defects in the original phase. Thus, if a sample is free
from defects, melting of the vortex lattice to form a vor-
tex fIuid would be a first-order phase transition. Such a
transition has been observed based on the evidence of
magnetic, transport, and oscillation measurements in
high-quality untwinned single crystals, thin films of high-
T, superconductors, ' and conventional low-T, super-
conductors.

The recent discovery of superconductivity in the
alka1i-metal intercalated fullerenes' presents another
challenge. Some investigations' shov ed that the su-
perconducting fullerenes are type-II superconductors of
the conventional BCS model. Moreover, electrical con-
ductivity measurements on single crystals revealed that
the superconductivity is isotropic and three dimension-
al. They are in contrast to ceramic superconductors

that are highly anisotropic and two dimensional. The
possible existence of irreversibility lines and vortex
behaviors in fullerenes has received little attention up to

ow is —2i Recently, however, Lin eg gl. studied the ir-
reversibility lines and magnetic relaxation in K3C60 and
Rb3C60 specimens They demonstrated the existence of a
superconducting glass and its transition to a vortex fl.uid
in their polycrystalline specimens.

In this report we present data of dc magnetization for a
powdered sample of R13C60 measured at different tem-
peratures and magnetic fields. These data allow the
identification of an irreversibility line H;„(T) in the H T-
plot. The position of this line is compared to theoretical
predictions based on possible models of Aux creep, vortex
glass, and vortex-lattice melting. The results, based on
the Lindemann criterion, strongly suggest the occurrence
of a first-order transition of vortex-lattice melting. To
the best of our knowledge, this represents the first obser-
vation of Aux-lattice melting in a superconducting ful-
lerene.

II. EXPERIMENTAL PROCEDURE

High"purity C60 crystallites were extracted from the
soot of evaporated graphite by the usual method as re-
ported earlier. ' The C60 powder so obtained had a
nearly crystalline morphology with cubic faces observ-
able under a scanning electron microscope (SEM). The
sizes of these crystallites were measured to be up to 100
pm with an average of about 50 pm. This average size
appeared to be much larger than the penetration length
of Rb3C60 (2 3000 A). ' A Rb3C&o sample was suc-
cessfully prepared from these C60 crystallites. This sam-
ple contained particles of about the same size as its
source. The detailed sample preparation procedure for
Rb3C60 was described in a previous paper.
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All dc magnetic data were measured by a Quantum
Design superconducting quantum interference device
(SQUID) MPMSR2 magnetometer. Zero-field-cooled
(ZFC) and field-cooled (FC) magnetizations were per-
formed in various magnetic fields ranging from 1 m T to 1

T. dc hysteresis curves at various temperatures with 2.5
K intervals were performed over the field range of +1 T.
The setting method of a point-by-point magnetic field was
chosen for the field stability. The demagnetization
correction due to sample geometry was neglected be-
cause it is less than 2% of the measured data.

III. RESULTS AND DISCUSSIQN

The temperature dependences of the ZFC and FC sus-
ceptibility curves of the Rb3C6o sample in applied fields of
10 and 500 Oe are shown in Figs. 1(a) and 1(b), respec-
tively. Both low-field ZFC and FC diamagnetism give
the same T, value of 30.5+0.2 K. The decline of di-
amagnetic signals for both FC and ZFC processes is more
abrupt in our sample than that reported by others. '

Moreover, the large ZFC diamagnetic signal of
—1.94X10 emu/cm Cr in our sample is accompanied
by a very smaller FC diamagnetic signal of —1.38 X 10
emu/cm G at T =5 K and H = 10 Oe. Similar phenome-
na also appear at higher fields. These smaller-than-usual
FC values may be attributed to the influence of a stronger
effect of vortex pinning in our specimen. The influence is
consistent with that interpreted by Tomioka et ah.

Tomioka et al. proposed a model based on vortex-
pinning control that explained the existence of a
significantly smaller Meissner fraction in a specimen with
a stronger pinning strength. Small Meissner fractions
have been observed even in single crystals or powdered
samples with high purity. Based on the flux distribution
expected from Bean's critical-state model, they discussed
how the ZFC (shielding eft'ect) and FC (Meissner efFect)
magnetization curves of type-II superconductors with
pinning deviate from the equilibrium case. In addition,
they derived the dependence of ZFC and FC magnetiza-
tion on certain factors such as the applied magnetic field
and sample size. They concluded that the Meissner frac-
tion (fM) decreases monotonically with increasing field.
Moreover, the saturated fM values in low fields and low
temperatures are significantly affected by the temperature
dependence of J, . For most superconductors, the tem-
perature dependence of J, has approximately the scaling
relation of Eq. (1), which will be further discussed later.
They argued that a larger pinning strength would yield a
smaller m and consistently a smaller superconducting
fraction of Meissner effect. Thus the saturated values of
ZFC and FC magnetization in low temperatures and low
fields would decrease with decreasing exponent I, espe-
cially these for FC (or Meissner fraction). According to
this model, even in a field as small as 0.01 Oe, the low-
temperature FC diamagnetism may be incomplete and
unsaturated.

This model has been successfully used to explain the
field-dependent ZFC and FC curves in polycrystalline
samples of niobium and single crystals of YBa2Cu30y,
(La, „Sr„)zCu04, and Bi2Sr, sCaCuiOs. The tempera-
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FIG. 1. dc ZFC and FC susceptibilities of Rb3C6p as a func-
tion of temperature at an applied field of (a) 10 Oe and (b) SOO

Oe.

ture and field dependences of the Meissner fraction for an
unannealed Nb specimen with a higher pinning strength
became approximately constant in low fields and had
much smaller values than those for single crystals of ox-
ide superconductors. This difference is attributed to the
difference in the dependence of J, on temperature in
niobium and oxides. The temperature dependence of J,
in niobium, a typically metallic superconductor with a
stronger pinning, was estimated as J,(T)-J,(0)(1—T/
T, ), while J,(T) for typical oxide superconductors, such
as YBa2Cu30, exhibits a more rapid decrease with in-
creasing T, which has been reported as J,(T)-J,(0)[1
—( T/T, ) ]"with a larger exponent n =3 —4.

As shown in Fig. 1, we find that the FC magnetization
for our sample also shows a very small Meissner fraction.
This result is similar to those of niobium samples with
strong vortex pinning. For our Rb3C6O specimen, the
J,(T) data also have the scaling-law relation of Eq. (1)
which will be presented in the following section. The
data fit described later shows that in the low-temperature
region m is approximately equal to 1.4 for fields below
500 Oe with T & T„and m =2, for fields ranging from
500 Oe to 1 T. These m values in our sample are close to
those of Nb specimens. The small m values and large
J,(H, T) suggest the existence of a large pinning strength
in our R13C6o sample. Furthermore, these results explain
the presence of small FC susceptibilities at low fields in
our Rb3C6o sample according to the vortex-pinning-
control model. The calculation of the pinning potential
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FIG. 2. Critical current density J, ( T) of Rb3C6o as a function
of temperature at various field intensities.
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will be presented elsewhere.
Based on a modified Bean's model, for a powdered

sample with an average particle size of d (in cm), the
magnetic critical current density J, (in A/cm ) may be es-
timated from the following formula:

J, =30AM/d .

Here, hM (in 6) =M+ —M, where M+ and M
represent the magnetization values measured during
decreasing- and increasing-field branches, respectively.
Figure 2 shows the temperature dependence of the calcu-
lated magnetic critical current densities, J„at various
fields. Note that J, values appear to be rather large at
lower temperatures/fields. For exainple, at T= 5 K,
J,=2.1X10 A/cm for H=O T and 5.2X10 A/cm
for H =0.9 T. As the temperature increases to 25 K, the
J, value still remains at 3.2X10 A/cm for zero applied
field. The J, values so calculated are rather large for a
powdered sample of a superconductor. These large J,.
values suggest the presence of strong pinning in our sam-
ple.

The dependence of J, on temperature may follow the
empirical scaling relation

J,(T)=J,(0)(1—T/T, )

FIG. 4. Dependence of J, on (1—T/T, ) in H=0. 9 T for
Rb3C6o Both lines are regression curves of the empirical scal-
ing equation of Eq. (1) for diferent n values.

where J,(0) is the extrapolated critical current density at
T=O K and T, is the superconducting transition temper-
ature. For zero applied field, as shown in Fig. 3, a data fit
of J, (T) yields m =1.30+0.03 and J, (0)=(3.12
+0.06) X 10 A/cm for 5 & T (30 K. For the field range
from 0.4 to 0.8 T, Eq. (1) yields m -2. In the higher-field
region, two types of scaling curves may apply to different
temperature ranges. For H=0. 9 T, as shown in Fig. 4,
m =1.98+0. 12 and J (0)=(9.60+0.55)X 10 A/cm are
obtained for the lower temperature range of 5 & T & 20 K.
In the higher-temperature range of 20& T &30 K, the
larger values of m=4. 19+0.12 and J (0)=(9.7+1.2)
X10 A/cm are applicable. Each curve represents a
Aux-density distribution. Both curves intersect at T=20
K which defines the intersecting temperature T;„„asin-
dicated in Fig. 4. It appears that T;„, corresponds to T+
as reported by Tomioka et al. According to them, T+
will decrease with increasing field. If this is the case, we
expect T;„, to decrease with rising field also. When ap-
plied to our sample, we obtain m ~ 2 for T below T;„, and
m ~ 4 for T above T;„,.

An irreversibility line H;„(T) can be defined by the
merging points of ZFC and FC magnetization curves.
Lin et al. ' also studied the irreversibility lines H;„(T) of
the same system (M3C60 with M=K and Rb). Figure 5
compares H;„(T) of Rb3C60 for the data of Lin et al. and
ours. Both irreversibility lines can be expressed by the
following power-law relation:

H;„(T)=H;„(0)[1—T/To]r . (2)
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FIG. 3. Dependence of J, on ( 1 —T/T, ) in H =0 T for
Rb3C60. The line is a regression curve of the empirical scaling
equation of Eq. (1) based on the experimental data.

Here, H;„(0), To, and y are treated as fitting parameters.
H;„(0) is obtained by extrapolating the irreversibility
field to T=O K and To is the irreversibility temperature
at zero applied field, i.e., T;„(H =0). To also corre-
sponds to the zero-field superconducting critical tempera-
ture, i.e., T, (H=O). For To=T, (H=0)=30.5 K, the
best fit of our data yields these values: y =2.04+0. 16 and
H;„(0)=470+52 kGe. If the y value is assumed to be ex-
actly 2, then To would be 30.4+0.2 K. y values as re-
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FIG. 5. Comparison of irreversibility lines of Rb3C60. Solid
and open circles represent our data and the data of Lin et al.
(Ref. 17), respectively. Both lines are regression curves of the
power law of Eq. (2).

ported in the literature ' ' are very close to 2 for many
superconducting samples that are defect-free, e.g. , the
untwinned single crystals of YBa2Cu307, " and
Bi2Sr2Ca2Cu30, 0, Nb thin films, ' etc. Thus our data are
consistent with the theoretical predictions based on mod-
els of vortex-lattice melting, but they are in disagreement
with other mechanisms, such as fiux creep and the vortex
glass.

Houghton, Pelcovits, and Sudbgf proposed a nonlocal
elasticity theory based on the Lindemann criterion to in-
vestigate the thermally activated Aux-lattice melting for
type-II superconductors. They calculated the effective
stiffness of the lattice as a function of field and tempera-
ture. They defined the degree of susceptibility o, as fol-
lows:

a=2X10 [H,z(0)/T, ]'~ (m/m, )' (c/a) (3)

Applying the Lindemann criterion and e, they derived an
implicit relationship for the melting field at the melting
point and obtained the melting criterion due to thermal
fluctuations as follows:

t &b
v'1 —r 1 b—4(3/2 —1)

A
&1 b—

Here, t=T/T„b =H(T)/H, 2(T), and Ir (=X/g) is the
Ginzburg-Landau parameter. The value m/m, is the ra-
tio of in-plane and out-plane effective masses. In this
model they applied the Ginzburg-Landau results of

H, ~(T)=H, 2(0)[1—T/T, (H =0)],
where H, z(0) is the upper critical field at T=O K. In Eq.
(3), the parameter c is the so-called Lindemann number
with a typical value of 0.1. This criterion is strictly valid
only for H «H, 2( T) This inequal. ity is fairly well
satisfied for high-T, superconducting systems over the
temperatures investigated so far. But a rather larger Lin-
demann number c than the typical value is obtained,
about 0.4. ' The result may be attributed to its high an-
istropicity (large m /m, value).

For isotropic superconductors with m /m, —1, because

a is inversely proportional to ~, therefore, the effect of
thermally activated melting is more pronounced with in-
creasing ~. Due to the large value of ~, the above theory
predicts that the melting curves are suppressed well
below the mean-field transition line H, z(T) between the
superconducting and normal states. Furthermore, these
melting lines would be linear with temperature over a
wide range of high magnetic fields.

For R13C60 fullerenes that are isotropic and are ex-
treme type-II superconductors, the following values are
applied: Ir-100, H,2(0)-35 T, and mlm, —1. 29 In
this case, if c =0.1, then cx-1 would be estimated by Eq.
(4). This value is sufhcient to widen the region of lattice
melting in the 0-T phase diagram. According to this
model, the melting curve is linear when the field is high.
But when T approaches T, the melting line is given by
H (T)-H (0)(l —T/T, ) . This expression is identical
to that predicted by Eq. (2) when y is assigned the value
of 2. Thus the fact that the y value is 2 strongly suggests
the existence of a first-order phase transition of vortex-
lattice-melting type in our pure Rb3C6o sample. In this
case, the irreversibility line can be interpreted as a melt-
ing line. The melting appears to be induced by the con-
ventional thermally activated fluctuations.

Although the irreversibility line reported by Lin
et al. ' also agreed with the power-law of Eq. (2), it yield-
ed different fitting values for Rb3C6O, i.e., y = 1.59+0.05,
H;„(0)=27.2+1.7 kOe, and To =29.1+0.1 K. Lin
et aI. explained these parameters based on the spin-glass
state as predicted by de Almeida —Thouless theory. In
this case, the y values would be about —,

' in their samples
( K3C6o and Rb3C6p) ~ We believe that their low y values
may be caused by a large amount of grain boundaries in
their polycrystalline samples, as described in their paper.
Hence the pinning energy attracting the vortices to the
defect sites could dominate. As a result the vortex glass-
Auid transition in the samples of Lin et aI. may become
second order instead of first order as observed in our
sample.

If we assume an upper bound of ~=150 for the Rb3C60
compound, ' the data fit of H;„(T) will yield an a
value about 0.4. Using these values of a and ~, the upper
bound of c is calculated to be 0.074. This upper bound of
the Lindemann number is substantially smaller than
those for high-T, superconducting materials. But this
value is larger than the c value of 0.065 for Nb3Sn mag-
netic wire as determined by Suenaga et al. , and the
upper bound of c=0.04 for a Nb film as reported by
Schmidt, Israeloff, and Goldman' Even so, the Lin-
demann criterion is still lower than the typical Value of
0.1. these results are consistent with Brandt's predic-
tion' and the calculation of Ryu et al. based on Monte
Carlo simulations. '

Brandt' indicated that the mechanism of thermal Auc-
tuations of vortices from their equilibrium positions is
not unique for Aux-lattice melting. He calculated, using
Schmucker's criterion, ' the thermal Auctuation at the
shear stress required to deform a lattice plastically. The
result allowed him to derive a melting curve that is simi-
lar to Eq. (2) with y =2. Brandt also predicted c could be
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as small as 0.05. He ofFered five possible explanations of
the origins of such a small value of c.

Ryu et al. ' also used the Lawrence-Doniach model to
calculate the melting curve for a Bi-Sr-Ca-Cu-O sample
as reported by Houghton, Pelcovits, and Sudbd. They
found that as the field shifts downward the Aux-line den-
sity decreases. Moreover, the interlayer coupling be-
comes more dominant than that of the intraplane. These
results allow the construction of a three-dimensional (3D)
lattice made of straighter Aux lines such that a lattice
would yield a lower Lindemann criterion. Using Monte
Carlo simulations, Ryu et al. obtained a field-dependent
Lindemann criterion for the lattice melting. They found
that c decreased with decreasing Aux-line density and/or
field strength. The above model can also apply to the re-
sults for films of Nb and Nb3Sn and magnetic wires of
Nb-Ti. According to the above speculation, the Lin-
demann criterion in our isotropic Rb3C6O sample is con-
sistent with a lower c value, as we obtained.

IV. CQNCI, USIONS

Our superconducting R13C6o fullerene has a strong
pinning strength. The sample exhibits a large critical

current density of about 2X10 A/cm at T=5 K and
H=O T. The irreversibility line with y =2 strongly sup-
ports the existence of a first-order vortex-lattice-melting
transition. This transition occurred in our sample with a
crystalline morphology. According to the nonlocal elas-
ticity theory of Houghton, Pelcovits, and Sudb5 the Lin-
demann criterion would be smaller in such a sample than
in high-T, superconductors. However, our c value is
comparable to those of conventional type-II supercon-
ductors, such as NbSn3 and Nb-Ti magnetic wire and Nb
film. These smaller Lindemann numbers are well under-
stood based on the models of Brandt and Ryu et al.
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