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Abstract. A review of the superconducting magnetic properties of doped fullerenes
is presented. Experimental results on the main superconducting properties, such
as the critical fields and the characteristic lengths, are critically discussed. Different
methods to evaluate the lower critical field are discussed. Finally, experimental
data on properties connected to flux pinning, such as the critical current density,
the irreversibility line and the pinning force, are summarized and discussed.

1. Introduction results of magnetization curves in section 3, the evaluation
of the critical fields and the characteristic lengths will be
Only 10 years have passed since the fullerenes, a new typediscussed in section 4. Superconducting properties which
of solid carbon, were discovered [1]. During this very short are connected to pinning, such as critical current density,
time they have become one of the most fascinating andthe irreversibility line and pinning force, will be discussed
rapidly developing areas of modern science. More than in section 5. Finally, a summary of the present experimental
a thousand publications on fullerene chemistry, physics sjtuation will be given in section 6.
and biology have appeared in scientific journals each year
since 1990. Special journallissues [2-6] and a speciall_l_ Background of fullerenes
monthly journal, Fullerene Science and Technologgre
devoted to this subject. One can find several books andUsing a laser evaporation technique Rohlfiegal [23]
reviews on the chemical, physical and structural properties showed in 1984, for the first time, that carbon clustegs C
of these substances [7-17] and, particularly, on fullerene with a large number of atoms (up # = 190) could be
superconductivity [18-21]. The latter papers overview the produced. Mass spectrometry [23] indicated that the peaks
subject of fullerene superconductivity as a whole and do of C, clusters withn from 40 to 190 were not very strong
not discuss all areas in detail, particularly not the magnetic and were of roughly equal peak height. Shortly afterwards,
properties of fullerene superconductors. Only one brief Kroto et al [1] demonstrated that thegg peak could be
review [22] exists to date which briefly discusses some of increased by a factor of 40 compared to the neighbouring
the magnetic features of these materials. However, becausenass peaks by increasing the time between evaporation and
of the large number of experimental results obtained by expansion and by increasing the helium pressure during
different methods on samples of different stoichiometry and the laser pulse. The authors suggested thatvias the
quality, it is worthwhile to summarize our knowledge of most stable cluster, which consisted of 20 hexagons and
this field at the present stage. 12 pentagons and had a shape very similar to the shape
This review is organized as follows. In the introduction of a soccer ball. In honour of the architect Buckminster
we discuss some of the most important and, from our point Fuller, who built similar structures consisting of pentagons
of view, the most interesting properties of the fullerene and hexagons, the so-called ‘geodesic domes’, the C
solid. In section 2 we will show some results on the clusters were called ‘buckminsterfullerenes’ and as soon as
main superconducting and normal state features. An it became obvious thatggwas only a member of a family
enormous number of results on fullerene superconductivity the term ‘fullerene’ was used to describe them. At that time,
is being discovered every day and even during the writing they were considered to be an exotic species of material.
of this review. It is almost impossible to review all Five years later, Kitschmeet al [24] discovered a method
of them. Therefore, we will restrict ourselves to the to separate fullerenes from carbon in the experimentally
magnetic properties of fullerene superconductors and keepobtained carbon soot. This work showed an easy way to
the discussion in section 2 brief. Very detailed discussions obtain sufficient quantities of fullerenes for experiments and
of these properties can be found in the reviews by Gelfand led to intensive investigations of this new (fourth) form of
[20] and Dresselhaust al [21]. After presenting typical  solid carbon.
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During the last 6 years, fullerenes have attracted interestproperties. They were first identified from a Raman analysis
from scientists in different areas such as chemistry, physicsof the potassium compound [74]. From x-ray structural
and biology. From the point of view of solid state investigations the compound was found to have an f.c.c.
physics, pure fullerenes and fullerene based compounds ardattice with a rocksalt structure, where the potassium ions
interesting because of their molecular structure and their are located on the octahedral interstitial lattice sites [75].
intriguing structural, dynamic (see for instance [14, 25-35]), The alkali fulleride RbGy has a number of stable
magnetic [36—40] and electronic properties in the solid state and metastable modifications. Above 370 K, an f.c.c.
[14]. rocksalt structure is formed [75,76]. An orthorhombic

Cso related materials have been shown to exhibit many phase [77-80] is stable below 370 K. The structure was
interesting solid state properties including ferromagnetism suggested to consist of polymerigghains, in which the
[41-53], photoconductivity [54] and non-linear optical individual cages were connected by &2 cyclo-addition
behaviour [55]. along the f.c.c. unit cell. This polymerization process is
stereochemically similar to the photopolymerization @f C
suggested by Raet al [81]. Evidence for its polymeric
character was obtained from a detailed x-ray investigation,
The thermal behaviour of solid ¢¢ has been reviewed which resulted in the unusually shorgd=Cso distance of
in [14], [25] and [26]. At room temperature solide§& 0.912 nm along the [110] direction of the original f.c.c.
has a face centred cubic (f.c.c.) crystal structure. The lattice [78]. Electron spin resonance (ESR) experiments
molecules are in complete orientational disorder and form [82] provided convincing evidence for the metallic nature of
a ‘plastic crystal’ [27-29]. With decreasing temperature polymeric RbGg, in which the spin relaxation is governed
the system undergoes a first-order transition to a simple by electron—photon scattering, at least between the f.c.c.—
cubic (s.c.) crystal structure & ~ 260 K [28,30]. orthorhombic phase transition at 410 K [77] and another
The transition is due to the orientational re-ordering of transition around 50 K [76], which was claimed to be a
the Gso molecules, although significant disorder persists to transition into a spin density wave state. However, several
low temperatures [31, 33]. The population of the dominant ©SR studies [83-86] are consistent with a disordered
orientation increases with decreasing temperature down tomagnetic phase and not with long-range spin density wave
T ~ 90 K, where 83.3% of the molecules are in the order. This magnetic transition is accompanied by a metal—
dominant orientation. This occupancy does not change atinsulator transition [87]. Csf was found to behave
lower temperatures [31]. similarly to RbGy in this respect, but Kgy was recently

At this temperature a glass transition was predicted the- claimed to be metallic down to very low temperatures [87].
oretically [56] and anomalies were observed experimentally Metastable phases of monomef,Gons or (Cgy)2
by neutron diffraction [31], sound velocity [57], dielectric dimers were formed by quenching the samples from high
constant [58], high-resolution dilatometry [59], specific heat temperature to below 300 K [88-91]. Various phase
[60] and other measurements. Arguments were presentedransitions between these phases were reported [92]. Deep
[59-61] that this transition would lead to a frozen glass quenching of Csgy and RbGg leads to a metallic monomer
state. At this temperature a very interesting magnetic be- phase [93] whose structure has been found to be primitive
haviour was observed in iodine dopegy{2-65]. Buntar cubic (Pa3) by high-resolution powder neutron diffraction
et al [62] performed detailed measurements of this com- [94]. This is the only cubic phase of a binarggGalt with
pound at low temperatures and showed that the magnetica stoichiometry different from £Cso that is metallic.
phenomena were due to a transition into a frozen magnetic
state.

Unlike the spheroidal shape of thesZOmolecule, the
C7o molecule has an ellipsoidal shape. This results in an o
additional degree of freedom for ‘packing’ the solid and 2.1. Background of fullerene superconductivity
implies that the orientational ordering of the oblonggyC  Superconductivity in graphite intercalation compounds has
solid is much more complex. Vaugha al [66] reported been known since 1965, when Hanreyal [95] reported
hexagonal close packed (h.c.p.) and f.c.c. structures fortransition temperatures in alkali metal graphite intercalation
Cyo crystals. Fleminget al [67] also reported f.c.c. and compounds up to 0.55 K for {Cs. In the past few
monoclinic phases. Verheijegt al [68] found four types years, the application of a high-pressure synthesis allowed
of structure: f.c.c. at high temperature, rhombohedral (rh), the preparation of samples with higher concentrations of
ideal h.c.p. and deformed h.c.p. around room temperature.alkali metals and resulted in binary graphite intercalated
Several groups also reported on similar structures [69—72].compounds with superconducting transition temperatures
It is well accepted now that the thermodynamically stable as high & 3 K in GK and 5 K in GNa. Another
form of sublimed Gy is the c.c.p. one (see for instance [73] interesting class of superconducting graphite intercalated
for an early reference). compounds, e.g. &Tly5 (T, = 2.56-2.7 K), becomes
also superconducting as ‘second-stage compounds’ such as
CgKTly5 (T, = 1.3-2.45 K).

Conductivity [96] and superconductivity [97, 98] of the
Recently, ACg systems withx = 1 became attractive alkali metal doped fullerenes were discovered less than
because of their unusual structural, magnetic and electricall year after the production method for bulk quantities of

1.2. Solid state properties

2. Superconductivity of fullerenes

1.3. AGC4p polymers
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Cso and Gg had been published [24]. The phenomenon of

superconductivity is one of the most fascinating properties 40
of ‘the roundest of all round molecules’ [10], which ‘:Rbaé?so V$~PP
attracted enormous scientific interest in this new form K, s VS
. . L. oMM, C,, 1 Atm. Fm3ml
of carbon. In many aspects the situation was similar 30 u this work

to that shortly after the discovery of superconductivity
at high temperatures in the copper oxides [99, 100].
Fullerene superconductors were the second group of X g
materials, besides the cuprates, which overcame the -
previous boundary for the critical temperatufe,= 23.2 K

(NbsGe), in conventional superconductors. More than 20

¥

x=0.0

superconducting compounds of doped fullerenes have beer 10 ¢ x=0.25 ]
: . e x=0.50tNa,Rb,Cs, ,Cq,
synthesized now. The highest critical temperatufe £ x=0.75

33 K) occurs in the fullerene Rb@8so [101]. (Palstra 0 ‘ | =1-0' ‘

et al [102] reported on superconductivity in £§%o with

T, = 40 K at high pressure. However, this result has not yet 1.37 139 141 143 145 147
been reproduced). These new superconducting compound: Lattice Parameter (nm)

can be prepared easily by heating alkali metah+@ixtures
prep y by 9 Figure 1. T, versus a for Fm3m [109, 101] and Pa3

at T ~ 300°C or by keeping G in an alkali metal ._ordered superconductors [117]. Solid and dashed lines are
vapour atmosphere. However, to get from the synthesisyjis 1o McMillan’s formula using linear and power law

of individual samples to practical applications of these dependences, respectively, of N(Eg) on the intermolecular
superconductors, numerous investigations of the physicaldistance; only the parameters describing N (Eg) against a
properties, stability, reproducibility and elaboration of differ in the fits for the two families of materials. The slope
technologies for the production of large quantities for of the Pas curve is much larger than that for Fm3m,

technical ired. O f the bi t bl indicating that a small increase of a without destroying Pa3
echnical use are required. ne or the biggest pro emsordering should cause T to increase very rapidly. The

is their instability against air. It is enough to expose the dotted line represents the results of [212]. (After [117]).
material to air for a fraction of a second to completely

destroy superconductivity. However, we believe that this

main barrier can be overcome and that a knowledge of all 2.2. Normal state properties
of the superconducting parameters is the most important
goal at the moment.

Numerous experimental investigations of these super-
conductors, both in granular and in crystalline form, show
unique properties and distinguish them from other super-
conducting materials. It has been shown (see for in-
stance [103]) that superconductivity in alkali metal doped
fullerenes occurs in the f.c.c. crystal phase with the com-
position A.B3_,Cgo [104]. Other crystalline phases, such
as body centred cubic (b.c.c.) and body centred tetragonal . .
(b.c.t.), do not show superconductivity. In the other family relatively weak _°Ve”a§’ c_)f the electron wavefunctions
of fullerene superconductors, i.e. alkali earth doped, C b.etween.the adj.acent6§ |ons- and b¥ the merohedral
superconductivity occurs in simple cubic4Cgo [105] and ~ disorder in the alignment of adjacengp(_)n_s._ _
in b.c.c. SECeo [103] and BaCso [106]. (An additional Xiang et al [120] mgasured the I’(:-}SIStIVIty F)f single-
phase, possibly Bs, was found from x-ray diffractom-  Crystal KsCeo and obtained a metallic behaviour(T)
etry and there is some evidence [107] that this phase couldo€tween 20 and 300 K, with a residual resistivity of
be responsible for the occurrence of superconductivity in 2-5 M2 cm. Hebardet al [121] reported on measurements
Ba compounds). of the resistivity p(T) for both KzCgp and RBCgo thin

One of the most |mp0rtant resuns |s the expenmenta”y fI|mS The I’eSU|tS revealed a meta”iC behaviour Up to
established empirical linear correlation of the transition 520 K without any evidence for saturation and a linear
temperaturel,. both with the lattice constant of the cubic temperature dependence of the resistivity above 300 K. For
structurea [104,108,109,101] and with the density of RbsCeo they found that the residual resistivity was about
states at the Fermi level [110-112]. The slope of this 1.1 mQ cm, which is less than that reported in [120].
linear T.(a) relation depends on the different structural Based on a spherical Fermi surface and on the transitional
types [113-115]. Very recently [116], a second much Bloch-Boltzmann approximation, the authors obtained a
steeperT.(a) dependence was found for the space group transport scattering length éf. = 0.063 nm, calculated
Pa3 [117], which could lead to much high&t values, if from p(520 K) = 55 mQ cm, which is significantly
only a slightly increase im could be achieved (figure 1). shorter than the nearest-neighbour distance betweersthe C
Also, it is worth stating that, as shown in figure 1, there is molecules (1 nm) and the average separation of 0.6 nm
a different behaviour between ambient-pressure (solid line) between the conduction electrons, and even shorter than
and high-pressure (dotted line) data, unlike the case of thethe distance between neighbouring C atoms in eagh C
f.c.c. superconductors where the two sets of data coincide.molecule (0.14 nm). Even for the residual resistivity

Doping Gy with alkali metals leads to a change of its
electrical resistivity from very high values &L0'° @ cm

for Cgo) to a metallic-like behaviour in ACgo, because the
doping results in a charge transfer to thgy @olecules
and strongly increases the—r overlap between them,
enhancing the electrical conductivity.  The electrical
resistivity p approaches a minimum at = 3, wherep
reaches typical values for high-resistivity metals [118, 119].
The low electrical conductivity can be explained by the

601



V Buntar and H W Weber

H (A/m)

T(K) ¢
(b)

Figure 2. The magnetic phase diagram of (a) conventional
type Il superconductors and (b) fullerene superconductors.

(2.1 mQ2 cm) we still obtain/,, = 0.3 nm, which is
too short. All this seems to indicate that the electron is
for the most part confined within the surface of a given
molecule before hopping to the next one. In addition,
the transport electron—phonon coupling constapt, was
estimated in [121] and found to bg, = 4.4 for RbCso,

i.e. clearly strong coupling. Both of these results, a short

and strong electron—phonon coupling, indicate predominant

intramolecular electron—phonon interaction.
Vareka et al [122] found that under conditions of
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Figure 3. The temperature dependence of the zero-field
cooled (ZFC) and field cooled (FC) dc magnetic
susceptibility of K3Cgo (a) crystal and (b) powder at
uwoH =1 mT. ((b) after [131]).

constant sample volume the normal state resistivity of
Rb;Cgp has a linear temperature dependeneey T, in
sharp contrast tgp ~ T2 observed under conditions of
constant sample pressure. This result is important because
positivedp (T) /8T is consistent with metallic behaviour and
the linear term in the temperature dependence @f) is
consistent with an electron-phonon scattering mechanism.

Measurements of the magnetic susceptibilityin the
normal state by Ramireet al [111] and by Wonget al
[123] demonstrated that the susceptibility was positive.
x (T) was found to be temperature independent, consistent
with metallic Pauli susceptibility.

More results and discussions of the normal state
scattering mechanisms can be found in [20], [21] and [124—
129].

3. Magnetization curves

The first experiments on4Cgp [130] and RBCgo [131, 132]
established that alkali doped fullerenes were ‘strong’ type-
Il superconductors and that their main superconducting
parameters, the Ginzburg—Landau parameter the
penetration depth, the coherence lengthand the critical
fields H., and H,.,, were very similar to those of the high-
oxides.

If a type-Il superconductor is subjected to a small
magnetic fieldH < H,i, the field is completely expelled.
Shielding currents, which flow in the surface of the
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Figure 4. Hysteresis loops for Rb3Cgp powder at () 7 =7 K and (b) T =20 K (from [131]).

superconductor, prevent any penetration of flux. The shows the shielding fraction of the sample and is called the
superconductor is in the Meissner state and behaves likezero-field cooled (ZFC) curve. Then the measurement is
a type-l superconductor. When increasing the external continued at the same external magnetic field with decreas-
magnetic field beyond the lower critical fieltl.q, flux ing temperature down t& = 5 K. This is the field cooled
penetrates the sample in the form of quantized flux lines (FC) curve, which shows the Meissner effect. We wish to
(vortices). This happens when the vortex energy is smaller point out that the ZFC magnetization shows the flux exclu-
than the magnetic energy associated with the current flow sion from the sample, while the FC magnetization shows
shielding the superconductor. The superconductor is in the flux expulsion. A big difference between the ZFC and
the mixed state, also called the Shubnikov phase. At EC curves (figure 3) and a strong hysteresis in the magnetic
H > He, the inductionB inside the sample is equal t0  fie|d dependence of the magnetization at fixed temperature
the external fieldH and superconductiyity is completely (figure 4) indicate pinning of the magnetic vortices. The
destroyed. Type-ll supercond_uctors_ in the mixed state t5ct that the FC signal of the 4Cqo crystal (figure 3(a))
(He < H < Hc) are no longer ideal diamagnets. is very small and lies close to the zero-magnetization line
_ The magnetic field-temperaturé/{T) diagram pro-  ghays that pinning in the sample is extremely strong and
vides us with information on the main characteristic .+ there is almost no expulsion of the magnetic field.

lengths, which can be calculated from the critical fields. The magnitudes of the ZFC and FC magnetization at
Fullerene superconductors have, in principle, the same Ma%ihe Jowest temperature can be used for an evaluation of

netic phase diagram as conventional type-II superconduc-the ‘superconducting fractionX... Indeed, the zero-field

tors (flgures 2(a) and (b)). However, fullerenes as _v_veII cooled susceptibility of a perfect superconductor should
as high-temperature superconductors have an additional

line between the lower and the upper critical fields, the :ilslrzjroa'?'ue_1M2its:r?§r“icf{fef£|?§r l;elo:/rfét;f[a slﬁweerrcocr:gﬁ?tlor
irreversibility line H;,,(T) (figure 2(b)). This line sepa- ) P P

rates the region where the magnetizatithis reversible is shown schematically ir_1 figure 6(a)._ Then, the rglation
(H > H,,,) from the region where hysteretic effects are Xer * 100%, WhereXex;f Is the.expenmentally obtained
significant. Both the critical current density. and H;,, susceptibility, should yieldX,. in per cent. Hp\(\{ever,
strongly depend on flux pinning. one should remember that the ZFC su_scepublh_ty does
Measurements of the magnetization in the supercon- not ac_tual_ly repre_sent the supercond_uctlng_ fraction, but
ducting state are usually quite straightforward and con- the shielding fraction. For example, if the inner part of
venient for characterizing new materials, especially pow- the superconductor is not superconducting and if there
ders, small crystals, fragile materials, etc, because they!S Only @ thin superconducting surface layer, then ZFC
do not require contacts. Typical temperature and mag- will exhibit full flux exclusion as for a perfect diamagnet.
netic field dependences as well as the time relaxation of the This is shown in figure 6(b). This effect increases the

magnetizationd, measured on ¥Cgo and RRCgo Super- effective ‘superconducting fraction’. On the other hand, for
conductors [131] with a SQUID magnetometer, are shown Powdered samples with an average grain sizevhich is
in figures 3 and 4 and the inset of figure 5. of the order of or slightly bigger than the penetration depth

To obtain the temperature dependence of the magneti-A, flux penetrates the grains even at very small fields and
zation (figure 3), the experiments are made as follows. Thethis effect decreases the effective superconducting fraction
samples are cooled down o= 5 K in zero external mag-  (see figure 6(c)). The latter is especially important for
netic field. After temperature stabilization, a magnetic field powdered fullerene samples, which usually have 1 um
(uoH = 1 mT) is applied and the magnetization monitored and » ~ 300 nm. The influence of granularity was
at increasing temperatures upfo> 7,. This measurement discussed by Baenitzt al [133,134]. The dependence of
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Figure 5. Flux creep activation energy (FCA) against T2
for RbzCeo powder at uoH =1 T. Inset, an example of the
time decay of the magnetization at uoH =1T, T =7 K.
(From [131]).

the diamagnetic response on the ratja complicates the o
determination of the superconducting volume fraction.

In contrast to the ZFC case, field cooled curves start m
with the flux uniformly distributed in the sample abo%e { -
and will show the Meissner effect at a certain temperature. N~/
This effect is masked by pinning in the system and can S

. . . . V

become almost zero in cases where pinning is very strong —
(see for instance figure 3(a)). This means that the FC (©)
susceptibility reveals the rea . only in the ideal case o

of a perfect superconductor without structural defects, i.e.
without pinning centres.

This implies that the evaluation of the superconducting
fraction from the ZFC and FC curves is not correct.
However, there is one further way to evaluatg., i.e.
from the slope of the linear dependence Mf on H at
H < H.. This method was used in [135] and [136] and _—
appears to be better than the others. In this work, the (d)
shielding fractionX,;,, which has then to be corrected by
A/r (see the next paragraph) to obtain the superconductingFigure 6. A schematic picture of the flux expulsion from
fraction X,., was evaluated at different temperatures from type-Il superconductors: (a) a perfect superconductor of
the measurement of the initial slopé//8H in the zero- dimension r much bigger than the penetration depth ; (b)
field cooling regime. Since in a perfect superconductor & Sample in the normal state with a superconducting

. - ) surface layer; (c) a perfect superconductor of dimension r,
M —H, the following definition for XS'{ was used: which is of the order of the penetration depth A; (d) a
X, = —8M/8H. Low enough external fieldsH,,, ~ non-ideal geometry.
1 mT « H,) were applied. To take the demagnetizing
factor n into account, the samples were considered to
be a set of independent superconducting spheres and the
field inside the superconducting fraction was taken to be

H,./(1—n), n =1/3 (see [135] and [136] for details).

are extremely irregular and the real dimensions are not well

However, flux penetration between grains and the large known.

penetration depthi., which is close to the average grain
sizer, lead to flux penetration and pinning at fields below
H., and to a non-linea (H) dependence. Such a non-
linearity was observed in almost alf (H) measurements

on fullerenes [130, 132, 135-139] and makes it difficult to
obtain the slopefM/S§H to estimateX,. and to evaluate

H.1 (see section 4). In addition, it is almost impossible to
evaluate the exact magnitude of the demagnetizing factor

From the above, it is clear that a quantitative evaluation
of X, is difficult for powdered samples and should be done
very carefully. Almost all of the superconducting volume
fractions published for fullerene superconductors were
obtained from ZFC measurements. They vary between
40 and 90% in powder samples [104, 106, 138-141]. We
believe that these values should be treated as a lower limit

due to the complex geometry of the particles. Their shapesbecause of granularity effects.

604



Magnetic properties of fullerene superconductors

4. Critical fields and characteristic lengths

As mentioned in the previous chapter, two fields,
the lower critical field, H,4, and the upper critical *1 Rb, Go ]
field, H.,, are important for the characterization of a

superconductor.  Both fields can be determined from _
magnetization measurements. In order to evaluate the &
parameters, which are commonly used to characterize the
mixed state of type-ll superconductors, the Ginzburg— =
Landau relations [142] can be applied: 2

(DO 14 Oo 3
poHe = 2ne? 1) ° 4
c T T 1 U
20 22 24 26 28 30
®g Temperature (K)
Hq = In 2
Hoflc1 4722 K (2)

Figure 7. Upper critical field H,, against temperature. The
kK =2x1/§ (3) straight line corresponds to a slope uoH' = —2.5 T K™.

. . (From [135]).
with @y = h/2e = 2 x 107> Wh, wheredg is the flux
guantum/ is Planck’s constant andis the electron charge.
This approach is valid for all temperatures in the dirty limit. H/H. ando ~ 1.75. H.(0) can be evaluated from the
slope,H/,, of the linear dependence nerby the relation

4.1. Upper critical field and coherence length | dioHe2|

H.,(0) = 0.697, . 4
oH2(0) = 0.6 a |, 4)

A large number of experiments was performed to determine
the upper critical field for crystalline [120,126, 143~ In order to verify the applicability of this relation to
146] and powdered [112, 13.0_1.32' 134-136, .138' 1.47_151] Cso based materials, several experiments were performed,
fuIIergnes as well as for thin fllm§ [127] using different ;. \which H.» was measured at high magnetic fields [147—
techniques such as magnetization [130-132,136,151],149] Good agreement of the experimental data with the

ac susceptibility [134,148], transport [127,150] and rf \wHH prediction was obtained [147,149], demonstrating
absorption [149]. Almost all measurements were made On that this theory is successful in describing fullerene

K3Csp and RBCgo and only one result is available on each superconductors (figure 8). However, Boebinggral
of RbCsCeo [136], KaCsGeo, Rb,CsGo [152] and BaCeo  [148], who performed measurements onQgy powder,
[153]. Other superconducting fullerenes have not yet beenfgund an enhancement &f.,(T) compared to theory. The
characterized. authors proposed that the deviations could be attributed to
To obtain the temperature dependence of the upperfiux motion in the superconducting powder, although other
critical field, He2(T), from dc magnetization measurements, intrinsic mechanisms may also play a role. Additional
FC curves are usually used. The critical temperafu(é/) enhancements of{., at low temperatures could result
is determined in these experiments from the crossing pointfrom strong electron—phonon coupling, which can lead
of extrapolation of the linear part of the magnetization to a relatively large increase ofi.»(0), such that the
M (T) in the superconducting state on the one hand, and thetemperature dependence &f., becomes roughly linear
small normal state magnetization on the other hand. The[155]. Fermi surface anisotropy [156] can also result in
upper critical field is equal to the applied external field, |ow-temperature enhancements of the upper critical field.
He; = H.y, at this temperature. As an examplé,(7) Another mechanism proposed by the authors of [148],

obtained on a RiCeo sample in this way [135] is shown in  which we consider to be more likely, is the dirty-limit
figure 7. At temperatures not far beldfy this dependence  effect.

is linear except for fieldsoH < 1 T, where a small ‘tail’ is In the dirty limit, the Ginzburg—Landau coherence
usually observed. The nature of this tail will be discussed length &;; is expected to be limited by the mean free
below. path I, &g ~ (&l)Y/?, where & is the BCS coherence

Due to the rather large values ofl., and the length. Thus, in G based superconductors, high upper
experimental limitations of the magnetic field window (5— critical fields might partly result from a reduction &f
8 T in SQUID magnetometers), measurements of the upper[148] by different types of defects. One of them could
critical field are usually performed at temperatures close be orientational disorder between adjacegg @olecules
to the transition temperature. The extrapolations$(T) [157].
to zero is subject to a large uncertainty and depends on  The limitation of the mean free path could be the reason
the fitting scheme. The standard theory of Werthamer— for the strong scatter of the experimental data f(0)
Helfand—-Hohenberg (WHH) [154] is usually employed. and H/, (see table 1). For examplé]/, varies for KsCso
This theory predicts ail.,(T) dependence, which follows from —2 to —5.5 T K~! and for RRCg from —2 to
roughly a power lawh = 0.6(1—¢%), wheret = T/T., h = —3.9 T K~L. This explanation could also be valid for the
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Table 1. Experimentally obtained mixed state parameters of fullerene superconductors.

Tc He1(0) He2(0) —Hg, A £

Compound (K) (mT) m (TK™ (nm) (nm) K

KsCeo 18.5[148]  13.2 [130] 17 [134] 1.4 [134] 240 [123] 2 [123] 92 [130]
19 [208] 4.2 [169] 17.5 [143] 1.34 [143] 240 [130] 2.6 [130] 53 [143]
19.3 [108] 1.2 [181] 28 [146,147]  2[146,147] 240 [143] 2.9-3.3 [148]

19.5 [149] 30-38 [148] 2.14 [148] 480 [170] 3.4 [146,147] 262 [181]
19.7 [143] 38 [149] 2.18-2.8 [150] 480 [171] 4.4 [134]
47 [127] 2.8 [149] 600 [218] 4.5 [143]
49 [130] 3.5 [111] 800 [219]
3.73 [130] 890 [181]
5.5 [127]

Rb3Cso 27.5 [131] 9-11.4 [135] 40 [147] 2 [147] 320 [144] 2 [132] 80.5 [137]
28 [98] 12 [132] 44 [135] 2.5 [135] 240-280 [135] 2.3 [135] 104-122 [135]
29[101,197] 16.2 [137] 44 [134] 2.3 [134] 215 [137] 2.4 [144] 123 [132]
29.4 [108] 3.2 [169] 46.5 [131,221] 2.2 [221] 247 [132] 2.7 [131,134]

30 [144] 1.3 [181] 62 [144] 3.28 [144] 420 [171] 3 [147] 315 [181]

76 [149] 3.86 [149] 460 [218]

78 [132] 3.9 [132] 530 [220]

800 [219]

850 [181]
RbCs,Cq 33 [103,136] 81 [136] 0.8 [136] 17 [136] 300 [136] 4.4 [136] 68 [136]
BagCeo 7 [106,153] 13 [153] 0.45 [153] 2.2 [153] 180 [153] 12 [153] 15 [153]

very small valueH/, = —0.8 T K1, recently obtained for

From H.2(0), the coherence length can be calculated

are well known [159]. The Fermi surface anisotropy exists
also in fullerene superconductors in spite of their cubic
lattice structure. Indeed, it was shown in [160] and [161]

using (1). Despite a large scatter (table 1), which arises that an external magnetic field can lead to the appearance
from the large scatter oH»(0), it is clearly seen that  of Fermi surface anisotropy in metals with cubic symmetry
the coherence length of fullerene superconductors is veryas a consequence of a strong anisotropy of the microscopic
small (a few tens of nanometres) and comparable to theproperties. Anisotropy effects on the magnetic properties of
short ¢ of high-7. superconductors. According to [151] superconducting niobium were analysed in [162] and very
the temperature dependence of the coherence length angood agreement between theory and experiment was found.

the penetration depth in BBg can be well described by
Ginzburg-Landau theory in the temperature ran@b &
T/T. < 1.

One further interesting effect, that we would like to
discuss here briefly, is the upturn Bf,(T') at temperatures
very close to7.. This upturn has been observed in
almost all experiments on all superconducting compounds
[130,131,134,135,138,143,144,148,152,158]. Different
authors suggested different explanations for this effect.
In [130] the authors consider this deviation to be a
consequence of slight variations in the lodal while in
[134] the effect is attributed to a crossover from three to
two-dimensionality. One explanation [127], less interesting
from the physics point of view, is that the upturn at
low fields might be due to sample imperfections. In
our opinion, this explanation is not very likely because

4.2. Lower critical field and penetration depth

More than ten different methods are available for measuring
H.;. Some of them are listed as follows: (i) methods
involving the reversible magnetization at intermediate and
high external magnetic fields; (ii) the first deviation from
the linearM (H) behaviour; (iii) a method based on Bean's
critical state model; (iv) a method based on the magnetic
field dependence of; (v) rf methods; (vi) the torque
method; (vii) the mechanical oscillator method; (viii) the
uSR and EPS methods and (ix) a method involving the
optical visualization of flux penetration. All of these
methods require a model for the evaluation Bf;. In
such a situation, the reliability of the results depends

the effect has been seen in samples with superconductingsUPbstantially on how well the relationship betwen and
fractions between 1 and 75%, i.e. under strongly varying theé measured quantities can be established.

degrees of imperfection. Buntat al [146] performed

detailed measurements of the upper critical field close to
T. in K3Cgp crystals of different quality with shielding

fractions ranging from 25 to 100%. The effect was found
in all samples and no influence of imperfections could
be detected (figure 9). We propose that the upturn is
a consequence of the anisotropy of the Fermi surface
of fullerene superconductors [156]. Strong effects of
the anisotropy on the magnetic properties of conventional
superconductors, specifically on th#&,(7) dependence,
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The first results onH,. for K3Cgo [130], RsCso
[131,132], RbCs s [136] and BaCsp [153] were
obtained by a dc magnetization technigu£, (0) evaluated
from these measurements lies in the rapgél.; = 10—

16 mT (see table 1). The temperature dependenck, of
can be described well by (T)/H.1(0) = 1 — (T/T.)?
[130] and an example of this dependence [137] is shown
in figure 10. FromH,.1(0), the penetration depth is
evaluated using (2) and the value of the coherence length
known from independent measurements (subsection 4.1).
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powder and Rb3Cgo powder. The low-field data are taken Figure 10. Lower critical field H,, against temperature. O,
in dc fields and the data points at 4.2 K are taken in pulsed Buntar et al [137]; +, Sparn et al [132]; ®, Politis et al
fields. The lower solid curves are fits to the data (®) [135]; v, data obtained in [137] using Bean’s critical state

including Pauli paramagnetic limiting and the upper curves model. (From [137]).

assume no paramagnetic limiting. Both experimental

dependences follow roughly the WHH prediction [154].

(After [149]). the critical current density/, (which is assumed to be

field independent for simplicity), at fields abové.; by
_ ) o ) (M + H) ~ (H? — H2)/J.D, whereD is a characteristic
The magnitude o obtained in this way is of the order of |ength for the sample geometry studied. This relation

200-250 nm (table 1). holds in the rangel., < H < H*, where H* ~ J.D
In these experiments the lower critical field was defined s the field at which the flux completely penetrates the
as the field at which a deviation from linearity M (H) sample. Thus, a plot 0§ againstH?, wheresM =

first appeared. Indeed, an ideal superconductor exhibitsys 4 H, is the deviation of the observed magnetization
linear M(H) behaviour up toH.;, where a sharp cusp from perfect diamagnetic behaviour, should give the lower
occurs. However, none of the magnetization data for critical field. This analysis was performed for Ry, [137]
fullerene materials show good linearity or any cusps. (The and RbCsCgp [136]. In [136] these data agreed well with
nature of such a behaviour is discussed in [19)).(H) the data obtained from the first deviation from a linear
usually has a smooth positive (in some experiments evendependence. However, both methods led to extremely high
a negative) curvature. It is extremely difficult to obtain values of H.; at low temperatures and did not provide
the point of first deviation from such a curve, since the us with the ‘intrinsic’ values of the lower critical field.
deviations themselves are very small. In [137] the data obtained from Bean’s analysis showed
In order to make this procedure more gquantitative, much smaller values aoff,; (triangles in figure 10) and the
it is tempting to apply Bean’s critical state model [163] authors related their data to the field at which breaking of
for the entry of vortices into hysteretic superconductors. intergranular Josephson junctions occurs.
According to this theory, the magnetization is related to The two above methods obviously do not lead to
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satisfactory results. Therefore, Politet al [135] and
Buntar et al [136] used an analysis which is based on
measurements of the reversible magnetization at high
external fields and calculated?,; from well known
Ginzburg-Landau relations [164]:

_ Ho(T) - H
T (@2 - D,

_ O(dJO
"~ 8ruor(T)

BH(T)

H
5
for high and intermediate magnetic fields, respectively.
This analysis led to lower critical fields which were slightly
smaller but comparable to the data obtained by the first two
methods [135, 136].

The last method, being based on direct measurement:
of the reversible magnetization, is more accurate for the
determination of the lower critical field. However, the
resulting values of the Ginzburg—-Landau parameter
and, hence, ofA.; strongly depend on the value of the
superconducting fraction assumed (see [136], equation (4)).
This leads to an enormous uncertainty in quantitative
calculations, especially in the case of powdered samples
with a large distribution of grain sizes.

In order to avoid the difficulties associated with the
previous three methods, another way to evalugte must
be found. In our recent investigations we used a method
developed by Bhmer [165], in whichH,, is determined
through measurements of the trapped magnetization. This
method is far more accurate than the measurements/of
because of the cancellation of a large linear contribution
[166]. It is based on the fact that trapped magnetic flux,
M,, can be built up in a sample only when the field
has been increased beyortl;. The advantage of this
method for type-Il superconductors with strong pinning was
illustrated in [166], where thé/(H) behaviour was shown
to appear to be quite linear in the vicinity éf.;, whereas
M,l/2 againstH showed a well resolved kink at the field
corresponding tdH,;.

We performed such measurements on Ri8ggpowder
and on crystalline R¥Cs and K3Cgo samples. The
magnetic field dependence 8f, at T = 5 K for a K3Cgp
single crystal with a shielding fraction of 100% is shown
in figure 11. Preliminary ac measurements indicate that
there is no granularity for current flow in the sample, i.e.
there should be no influence of weak links or intergranular
boundaries.

As expected, at small fieldsH < H;, there is no
trapped magnetizationi has some background value and
is field independent. When the magnetic field exceeds
some characteristic fieldH;, a trapped magnetization
appears and increases with increasing external field. The
M,(H) dependence follows”? ~ H as predicted in
[166]. The very unexpected result is that the values
of H, are very small (not higher than 1 mT at zero
temperature) in comparison with those values ®f;
obtained previously frond M measurements. Such small
values of H, are observed for powders and crystals of
different quality. Therefore, it is very unlikely that
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Figure 11. The magnetic field dependence of the trapped
magnetization M; at T =5 K for a K3Cg crystal.

fullerenes are not higher than the values Hf observed

in these experiments, because magnetic field has clearly
penetrated the sample (figure 11). The smallnesé#l gf

can be explained by the fact that the electron wavefunctions
between adjacenfgg ions overlap relatively weakly (see
subsection 2.2). This weak overlap can be easily destroyed
and magnetic field starts to penetrate the sample between
the Gsp molecules.

Such small values ofH,.; could be related to so-
called molecular or zero-dimensional superconductivity in
fullerenes, where the superconducting currents flow on
the surface of molecules. In the case of molecular
superconductivity we can hardly talk about a lower
critical field and magnetic vortices penetrating the material,
because any small magnetic field can easily penetrate the
superconductor between the buckyballs. However, many
experimental results, which are presented in this review,
show that fullerenes are very strong (but conventional)
type-1l superconductors and that the existence of magnetic
vortices describes many of the magnetic properties of
these materials very well. Moreover, as we can see
from M(H) measurements (for instance in [131]), the
magnetic field completely penetrates the sample only at
fields H, ~ 40 mT. This could not be the case with
molecular superconductivity, because any minute field
would penetrate the sample to the centre. Therefore, we
consider the explanation that the smallnes&/gf might be

the trapped magnetization appears at small fields becausalue to molecular superconductivity to be unlikely.

of granularity or imperfections of the samples. We
can certainly state that the lower critical fields of these
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Small values of the field at which the trapped
magnetization appeared, similar to our results, were



also observed by Krauet al [167], who measured
the irreversibleM (T) curves. Additionally, in several
publications small values of the penetration field were
obtained [137,168,169], but attributed to the breaking
of intergranular coupling. Moreover, in more direct
measurements of [170,171] by uSR experiments the
penetration depth was found to be 480 nm fgCy and
420 nm for RRCqo, Which leads toH.1(0) = 4.0 and
4.9 mT, respectively. All of these data compel us to

undertake more detailed and careful investigations of the

lower critical field in fullerenes.

5. Flux pinning and related topics

Vortex lines in an ideal type-Il superconductor are not fixed
in the crystal lattice and their motion starts at any non-
zero value of the transport curredit The movement of

vortices under a Lorentz forcek,, leads to dissipation

of energy [172]. In non-ideal type-ll superconductors, the
vortex lines are fixed by crystal structure defects. This
phenomenon is called pinning. The movement of vortices

in these superconductors starts at the critical current densitysamples.

Je.

The interaction between the vortex structure and the
defects of the crystal structure is characterized by a féyce
per unit volume, the pinning force. The dynamical equation
for a non-ideal superconductor includes the pinning force:

(6)

where F,, = —nv is the friction force acting per unit
volume of the vortex latticey is the viscosity coefficient
andv is the velocity of the vortex line.

From a thermodynamic point of view, pinning in a type-

FL+F,+F,=[j,Bl-nw+F,=0

Magnetic properties of fullerene superconductors

The critical current density decreases in general monotoni-
cally with increasingl’ and H. The dependencé.(T, H)

is linear for many superconductors in a wide rangefof
and H and can be well described by

For typical oxide superconductots(7T) exhibits a more
rapid decrease with increasirg

7\?]"

with an exponent = 3—4 (see for instance [174]).

The magnetic field dependencél (« H.;) of the
critical current density is often proportional tg A.

All the information about the temperature and magnetic
field dependence af, in the fullerene superconductors has
been obtained from magnetization measurements. There
are some specific features of the fullerenes, which cause
problems with direct transport measurements on bulk
First of all, superconductivity is extremely
unstable in air. Second, no good crystalline samples were
available until very recently. Therefore, measurements
of the magnetization at various magnetic fields and
temperatures were performed to obtalp using Bean'’s
critical state model [163]. In the simplest version of this
theory, the critical current density is assumed to be field
independent, which leads to a flux density distribution
penetrating the sample linearly from the surface towards its
centre. With increasing magnetic field, this flux gradient
is pushed into the interior of the sample and reaches the
centre at a certain magnetic field*, which manifests
itself in the magnetization curve as the point where the

J. = Jo(B) [1 8

 T.(B)

©)

Il superconductor means that the free energy of the vortices jyaximum magnetization is reached. With any further

depends on their position in the sample. The vortex lines jncrease of field, the magnetization remains unchanged.
can be pinned by different structural defects, which are ypon decreasing the field, the sign of the flux gradient
called pinning centres. They can be dislocations, grain js reversed. The maximum remanent magnetization in zero
boundaries, inhomogeneities in the sample, twin boundariesgie|q will be reached, when the field reversal takes place at

etc [173].
The pinning force in a type-ll superconductor is
the main parameter which affects all the important

H > 2H*. Obviously, this model yields a magnetization
curve which is dependent on sample size and geometry.
From an experimental point of view, can be determined

superconducting properties for applications, such as thegjmply from the dc magnetization curve (figure 4) by the

critical current density and the irreversibility line.

5.1. Critical current density

In a non-ideal type-Il superconductor the vortex line begins
to move when the Lorentz forcd’ is strong enough
to overcome the pinning forcé,. Therefore, energy
dissipation appears whefR; > F,. The pinning force
can be written as

F,=B x J. @)

where J. is the critical current density. The strong depen-

following equation [163]:

M, —M_
R

In (10) A is a coefficient which is dependent on the sample
geometry [163, 176]M, andM_ denote the magnetization
measured in increasing and decreasing fields at a certain
magnetic field anR is the sample radius.

The error in determining the absolute value fmay
be large due to the uncertainty of the coefficientand,
mainly, of the sample radiu®. However, the qualitative

Je

(10)

dence of the superconducting parameters on temperatureharacter of the temperature and magnetic field dependence

leads to a temperature dependencé af The magnetic in-

is believed to be correct. Leet al [177] made ac and

duction determines the distance between vortices and the redc magnetic measurements to evaluatand showed that

pulsive intervortex force is the main cause for the magnetic
field dependence af),. All this leads to a temperature and
magnetic field dependence of the critical current density.

the dc J.(T) matched the ac results reasonably well. The
authors argue that the Bean critical state model can be used
for fullerene superconductors.
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Table 2. Experimentally obtained superconducting parameters of fullerenes.

Activation energy
Compound m (11) J. (Am™2) 2A/(kyT;)  (meV)

KsCeo 1.47 [197] 10° [134] 3.4 [123]  33-55 [211]
1.5[146] 1.2 x10°[130] 1.76 [170] 10-60 [209]

~10° [168]  3.52 [130]

~107 [169] 5.2 [215]

Rb5Ceo 1.59 [197] 10° [134] 3-4[215] 33 [131]
1.8-2[214] 15x 100 [132] 4.1 [145]
2.04 [182] 2 x 101 [151]  5.08 [213]

4% 10% [131] 7.7 [216]
~10° [168] 5.4 [217]
~107 [169]

Some values of/. for fullerene powders obtained in
this way are shown in table 2. All these results were
obtained from magnetization measurements which showed 7 . : Y —
substantial hysteresis up to high enough fields. This
indicates substantial flux pinning and high values of the
critical current density. For instance, in &, [151] the 6
critical current density is still 5< 10 A cm™2 at 23 K
and 0.5 T. It is worth mentioning that for compounds
with higher critical temperature the values bfare higher
for the sameT and H. This shows indirectly that the
temperature and magnetic field dependence, which we will
discuss below, is similar for all fullerene compounds.

For crystalline samples, it is much more difficult
to estimate the critical current density, especially for
samples with a superconducting fraction below 100%. 1 T T
For these samples, certain assumptions about the interna Igl1~(T/T¢)2]
microstructure must be made to obtdin In [169], where
the critical current density of crystallinesKgo and RBCso Figure 12. The double logarithmic dependence of the
was investigated/, obtained from (10) was of the order critical current density on [1 — (T/T.)?] at different magnetic
of 10® Acm2, i.e. much smaller than observed earlier fields. (From [151]).
on powdered samples-(10° A cm~2). Bosset al [178]
studied the critical current density as a function of particle It has been shown for RBgo [151] and RbCsCeo
size in the size range from 1 to 30@m and found a  [1g80,181] powders that the temperature dependencg of
clear linear dependencg ~ 1/R (see table 1 in [178]).  follows the empirical equation (9) with = 3-5 for both
Moreover,J. obtained for powders [131,179] and for Lmm  ¢compounds. These results are shown in figure 12. Later,
sized crystals [169] is in very good agreement with this gjmilar results for KCgso powder [177,182] and Ri€so
result. We presume that the ‘decrease’ of the critical [177] were obtained with = 1.3-5. This temperatue
current density with increasing sample size is caused by gependence was confirmed by measurements on single-
wrong values ofR used for these calculations. The linear crystalline K;Cgo [146] and RBCgo [169]. The higher
dependence,/. ~ 1/R, means that the widths of the the magnetic field, the more rapidly. decreases with
hysteresis loops\M (10) were the same for all measured jncreasing temperature.

samples. The real radius of a region where the screening In a wide field range, the magnetic field dependence of
currents flow must be smaller than the smallest radius usedthe critical current density of fullerenes is proportional to

for these calculations, i.eR < 1 pm. This conclusion 1/B, as was shown for Ri&so [151] (See figure 13)' KCso
can be connected to the discussion in subsection 4.2 abou{146] and RbCsCgo [181].
molecular superconductivity in the fullerenes.

Whatever the nature of this phenomenon, it creates
additional problems forJ. calculations and shows that
one should be very careful with the absolute values of An ‘irreversibility temperature’ was first observed by
the critical current density evaluated from measurements Muller et al [183] in LaBaCuO ceramic samples, as the

Temperature (K)

54

1gdJ.), (AJem?)

5.2. The irreversibility line

of the irreversible magnetization R is not well known. point where the field cooled and the zero-field cooled curves
However, as we discussed before, the qualitative characteras a function of temperature merged into one common
of the temperature and magnetic field dependencé. @$ reversible branch. This effect was then observed for all
believed to be correct. high-T. compounds and the irreversibility linéf;,.(T),

610



Magnetic properties of fullerene superconductors

In summary, because of the small number of
experimental data, it is too early to give any final
conclusions about the nature of the irreversibility line in
fullerene superconductors.
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5.3. Magnetic relaxation

One of the most remarkable features of some hysteretic

/1, (10°, cm*A)
N\
N

24 ,,,y*" i type-1l superconductors, reflecting the dynamics of flux
/”' Mﬂ/ motion, is the relaxation of the magnetizatidf(r) at fixed
T L —a— temperature and magnetic field. The relaxation process
" /; : T i has been the subject of intensive study because it heavily
e affects the current carrying capability of superconductors.
o . r . Y Commonly, the relaxation is described by the flux creep
0 ! 2 3 4 5 activation energylUp. The Anderson—Kim model [175]
Magnetic Field H(T) assumes a uniform barridry for the depinning of vortex
bundles, resulting in a logarithmic time dependence of the
Figure 13. The magnetic field dependence of the inverse magnetization:
critical current density for different temperatures. (From
[151)). M) = Mo (1 LA i) (12)
Uo 1o

where My is the unrelaxed value o and i is a time
constant. Investigations of the fast relaxation in high-
T, superconductors performed by magnetic measurements
demonstrated that in most cases a logarithmic dependence
was indeed observed [195,198-204]. The corresponding
activation energylp increases with increasing temperature
[199, 200, 202—-205]. Various theoretical explanations of
this phenomenon in the framework of different models
were put forward, such as a vortex-glass transition

which separates the regions in t#e-T diagram where
the magnetization is reversible from the region where
irreversible effects are strong, was the subject of detailed
investigations. H;,.(T) must be known for applications,
because the irreversibility line indicates the values of the
temperature and the magnetic field above which the critical
current density is zero and the material cannot be used for
current transport. From the point of view of fundamental
researcr.l,H,:,,.(T.) provides us with important information [187], intergranular decoupling [202], percolation of the
about pinning in the sample and about structural featuresmagnetic flux in random pinning potentials [200], non-
of the vortex system. Many experimental results show that linear dependence of the pinning potential on curént)

the irreversibility line can be well described by [201, 206] and collective pinning [207].
7\ Investigations of the magnetic relaxation have
H;,, = Ho (1_7> (12) been also carried out on fullerene superconductors
¢ [131,208,209,181]. In [131], [208] and [209] the flux

creep activation energy was estimated to be of the order
of 102 eV (see figure 5). However, it should be pointed
out that all of these measurements were made on powder
samples and that the magnetic relaxation did not follow a
. logarithmic dependence [208]. Even peaks were observed
theories [190-196} = 2. in M(t) curves during short-term relaxation [181]. This

d Experl(r;ufantally, the irreversibility I'Tf IS usuakily behaviour can be connected to intergranular coupling be-
etermined from}/(T') measurements as the points where ., qn grains in powder samples as well as to weak links,

the ZFC and the FC curves merge (as used fe€g6and  \yhich may exist in samples of poor quality. Very re-

RD;Coo powders in [197]), or as the points at which the cony [210,211] the magnetization relaxation was stud-
current densities drop below a certain value. For fullerenes, jeq in K,Cq, crystals of different quality. It was shown
the irreversibility lines obtained by these methods were [210] that inhomogeneities in the superconductor strongly
found to be well described by (11) with values of  affected the relaxation process, which might mask the loga-
between 1.47 and 2.15 (see table 2). However, the rthmic p(r) dependence, which for samples of good qual-
determination of the irreversibility line from the merging jty the magnetic relaxation followed th& ~ In(r) be-
point of either M (7T') or M(H) curves is as complicated haviour, as shown in figure 14. It was also observed [211]
as the determination of the lower critical field from that the flux creep rate increased progressive|y with tem-
the first deviation from linearity (see the discussion in perature, up to at least = 17 K = 0.887,, and that
subsection 4.2) and requires a certain criterion. Another the temperature dependence of the flux creep activation en-
method was used in [146], wherd;,,(T) was obtained  ergy showed a peak at some characteristic temperdjure
as the field at which the critical current density dropped (figure 15), which had a roughly linear field dependence
sharply to zero. In this case, a strong kink in the linear T7,(H). The values of the flux creep activation energy var-
1/J.(H) dependence (11) appeared. In this warkfor ied in the rangd/, = 10-80 meV and are similar to those
the K3Cqp single crystal was evaluated to be 1.5. obtained in oxide superconductors.

where Hy is the value ofH;,, at zero temperature. For the
model of thermally activated flux motion with collective
pinning [184-186];x in (11) is equal to 1.5, while for the
vortex-glass models [187-189} = 4/3 and for melting
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Additional investigations of the magnetic relaxation
will have to be done on samples of good quality and on
different compounds, in order to establish the relaxation
mechanisms.

5.4. Pinning problems

As was shown in the previous sections, there is

discussed before, vortices are pinned on pinning centres in
the presence of different structural defects in the material.
Information on what kinds of structural defect act as better
pinning centres and on the strength of the pinning force
produced by these defects is very important both from the
fundamental point of view and for the applicability of these
materials. However, nothing is known about structural
defects in fullerene superconductors so far and, therefore,
we do not have any information about pinning of magnetic
flux in these substances. The only point we can make is that
pinning in fullerenes is strong, based on the large hysteresis
of the M (H) dependence and the large differences between
the ZFC and the FC curves.

New research has to be performed on samples of good
quality with known structural features and structural defects
to provide us with this very important information on the
fullerene superconductors.

6. Conclusions

In the present contribution, an attempt has been made to
highlight some experimental results on the magnetization
of crystalline and powdered fullerene superconductors
and to emphasize the role of these experiments in
achieving an improved insight into the physics of fullerene
superconductivity.

Our discussion of experimental results deduced from
magnetic measurements may be summarized as follows.

Only two superconducting fullerenes, 38 and
Rb;Cgp, have been characterized by several groups. Only
one measurement of the critical fields and the characteristic
lengths has been performed for the compounds RBgs
[136], BasCgp [153] and sodium dopeddg[138]. No other
fullerene superconductors have yet been characterized.

The values ofH ., vary widely from sample to sample,
while the values ofH. cannot be compared because
only one or two data points exist for each compound as
mentioned in subsection 4.2. Moreover, the valuegigf
deduced from these experiments seem to be overestimated.

Measurements of the temperature and magnetic field
dependence of the magnetization show that pinning is very
strong in fullerenes. However, the nature of flux pinning
is unclear at present and we do not know whether strong
pinning is an intrinsic property of the ¢& molecules or
extrinsic and caused by different defects in the alkali metal
doped G lattice.

In conclusion, we wish to point out that the effects
of granularity in powdered samples and the possible
granularity of bulk crystals represent a central problem
at present, because one needs to know whether the
parameters obtained from experiment are characteristic of
the bulk material or of weak links, in order to establish
the intrinsic superconducting parameters of these new
superconductors. We believe that with the increasing
quality of single crystals, significant progress towards a

good evidence that flux lines penetrate the fullerene better understanding of the mixed state properties lies

superconductors.

Because of the three-dimensionalimmediately ahead, and that magnetization measurements

structure of the fullerene superconductors, these linesand their comparison with other techniques will play a key

should build up an Abrikosov vortex lattice. As we
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role in this development.



Acknowledgments

We thank Professal E Fischer (University of Pennsylva-
nia), Professor H Kuzmany (University of Vienna) and Pro-
fessor M Ricco (Parma University) for providing us with

the samples used for the measurements described in subsec-

tion 4.2. We are grateful tolCF M Sauerzopf for numerous

useful discussions and suggestions and to our colleagues

from the Low-Temperature Laboratory, Atominstitut, for

help with the experiments. This work was supported by
the Fonds zur &rderung der Wissenschaftlichen Forschung,
Wien, under project MO0116-PHY and partly under project
P11177-PHY.

References

[1] Kroto H W, Heath J R, O'Brien S C, CUR F and
Smalley R E 1985Nature 318 162

[2] 1992 Accounts Chem. Re&5

[3] 1992J. Phys. Chem. Solids3 No 12

[4] 1992 Carbon8 No 8

[5] 1993J. Phys. Chem. Solids4 No 12

[6] 1994 MRS Bull.19 No 11

[7] Hirsh A 1993 The Chemistry of Fullereng8erlin:
Thieme)

[8] Baggot J 1994 erfect Symmetry: The Accidental
Discovery of a New Form of Carboi©xford: Oxford
University Press)

[9] Weltner W Jr and Van Z& R J 1989Chem. Rev89 1713
[10] Culd R F and Smallg R E 1991Sci. Am.October 32
[11] Kroto H W, Allaf A W and Balm S P 199Chem. Rev.

911213

Diederich F and Rubin Y 1992ngew. Chem. Int. Edn
Engl. 311101

Hebad A F 1993Annu. Rev. Mater. ScR3 159

Fische J E and Heing P A 1993J. Phys. Chem. Solids
541725

Weave J H and Poirie D M 1994 Solid State Physics
vol 48, ed H Ehrenreich ahF S Paepen (New York:
Academic)

Meingast C and Gugenberger F 19918d. Phys. LettB 7
1703

Ogata Het al 1993Mod. Phys. LettB 7 1173

Hebad A F 1992Phys. Todawy5 26

Ramire A P 1994Supercond. Rewv 1

Gelfard M P 1994Supercond. Reu. 103

Dresselhaus M S, Dresselhaus G and Saito R 1994
Physical Properties of High Temperature
Superconductors I¥d D M Ginsberg (Singapore:
World Scientific) p 471

Buntar V 1995Recent Advances in the Chemistry and
Physics of Fullerenes and Related Materialet K M
Kadish anl R S Ruoff (Pennington, NJ: ECS) p 994

Rohlfing E A, Cx D M and Kaldor A 1984J. Chem.
Phys.81 3322

Kratschmer W, Lamb L D, Fostiropoulos K and Huffman
D R 1990Nature 347 345

Heingy P A 1992J. Phys. Chem. Solids3 1333

Prassides K, Kroto H W, Taylor R, WaltoD R M, David
W | B, Tomkinson J, Haddon R C, Rosseigsk J and
Murphy D W 1993 Carbon 30 1277

Fleming R Met al 1991 Mater. Res. Soc. Symp. Proc.
vol 206, el R S Arerback, J Bernholc ahD L Nelson
(Pittsburg, PA: Materials Research Society)

Heiney P A, Fischer J E, McGhie A R, Romanow W J,
Denenstein A M, McCauleJ P and Smit A B 11l
1991 Phys. Rev. Leti66 2911

SachidanadaR A and Harrs A B 1991Phys. Rev. Lett.
67 1467

(12]

(13]
(14]

(15]

[16]
[17]
(18]
[19]
[20]
(21]

(22]

(23]
(24]
[25]
(26]
(27]

(28]

(29]

Magnetic properties of fullerene superconductors

[30] Dworkin A, Szware H, Leach S, Hare J P, Dennis T J,
Kroto H W, Taylor R and Walto D R M 1991 C.R.
Acad. Sci. Paridl 312979

David W | F, Ibberson R M, Denrsi T J S,Hare J P and
Prassides K 199Europhys. Lett18 219

David W | F, Ibberson R M, Densi T J S,Hare J P and
Prassides K 199Europhys. Lett18 735

Yu R C, Tea N, Salamon M B, Lorents D and Malhotra R
1992 Phys. Rev. Let#68 2050

[34] Zubov V I, Tretiakov N P, Teixeira Rabeld N and
Sanches Orti J F 1994Phys. Lett194A 223

Zubov V |, Tretiakov N P, Teixeira Rabel) N and Sanches
Ortiz J F 1995Mater. Res. Soc. Symp. Praml 359
(Pittsburgh, PA: Materials Research Society) p 253

Haddm R C and Elser V 199Chem. Phys. Lettl69 362

Ruoff R S, Beach D, Cuomo J, McGuire T, Whetten R L
and Diederich F 1991. Phys. Chem. Solid35 3457

Haddon R C, Schneemeyer L F, Waszczak ét\al 1991
Nature 350 46

Haddo R C and Pasquarello A 19%2hys. RevB 50
16459

Ramirez A P, Haddon R C, Zhou €&t al 1994 Science
26584

Allemand P, Khemani M C, Koch At al 1991 Science
253301

Wudl F and ThompsweJ D 1992J. Phys. Chem. Solids3
1449

Sparn Get al 1992 Solid State Commuri@2 779

[44] Schilder Aet al 1994 Phys. Rev. Letfr3 1299

[45] Tanaka Ket al 1993 Phys. RevB 47 7554

[46] Cevc Pet al 1994 Europhys. Lett26 707

[47] Venturini Pet al 1992Int. J. Mod. PhysB 23 3947

[48] Reshadri Ret al 1993 Solid State Commui5 971

[49] Lappas A, Prassides Kt al 1995 Science267 1799

[50] Gotschy B 1995Phys. RevB 52 7378

[51] Volkel G et al 1995Phys. RevB 52 10188

[52] Arovas D P and Auerbach A 199Bhys. RevB 5210114

[53] Ricco M, Cristofolini L, De Renzi Ret al 1995 Physics
and Chemistry of Fullerenes and Derivatived H
Kuzmany (Singapore: World Scientific)

Wang Y 1992Nature 356 585

Flom S R, Pong R G, BartoF J and Kaféi Z H 1992
Phys. RevB 46 15598

Lu J P, Li X-P and Marthi R M 1992Phys. Rev. Lett68
1551

Shi X D, Kortan A R, Williams J M, Kini A M, Savall B
M and Chaikh P M 1992Phys. Rev. Let68 827

Alers G Bet al 1992 Science257 511

Gugenberger et al 1992Phys. Rev. Lett69 3774

Grivei E, Nysten B, Cassart Mt al 1993 Phys. RevB 47
1705

Matsuo Tet al 1992 Solid State Commuig3 711

Buntar V, Webe H W and Ricco M 199550lid State
Commun98 175

Song L Wet al 1993 Solid State Commur@7 387

Grigoryan L and Tokumoto M 1995olid State Commun.
96 523

[65] Grushko Yu private communication

[66] Vaughan G B M et al 1991 Science254 1350

[67] Fleming R Met al 1991 Phys. RevB 44 888

[68] Verheijen M Aet al 1992 Chem. Phys166 287

[69] Tendeloo G Vet al 1993 Europhys. Lett21 329

[70] Mitsuki T et al 1994 Japan. J. Appl. Phys33 6281

[71] Tomita M et al 1992 Appl. Phys. Lett61 1171

[72] Oh D-H and Hee Lee Y 199Bhys. Rev. Let{r5 4230

[73] Christides Cet al 1993 Europhys. Lett22 611

[74] Winter J and Kuzmany H 1993olid State Commurg4

935
[75] Zhu Q, Zhou O, Bykovetz N, Fischer Jét al 1993
Phys. RevB 47 13948
[76] Tycko T, Dabbagh Get al 1993 Phys. RevB 48 9097
[77] Chauvet O, Oszlanyi S, Forro &t al 1994 Phys. Rev.

(31]
(32]

(33]

[35]
[36]
[37]
(38]
(39]
(40]
[41]
[42]

[43]

[54]
[55]

[56]

[57]

613



V Buntar and H W Weber

(78]
[79]
(80]
(81]
(82]
(83]
(84]
(85]
(86]
(87]
(88]
(89]
[90]
[91]
[92]
[93]

[94]
[99]

[96]
(97]

(98]

[99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]
[111]

[112]
[113]
[114]

[115]

614

Lett. 72 2721

Pekket S, Forro L, Mihaly Let al 1994 Solid State
Commun90 349

Stephens P W, Bortel G, Faigel & al 1994 Nature 370
636

Pekket S, Janossy A, Mihaly &t al 1994 Science265
1077

Rao A M et al 1993 Science259 955

Robert Jet al 1995 Solid State Commur®6 143

Uemura Yet al 1995Phys. RevB 52 R6991

Macfarlane Wet al 1995Phys. RevB 52 R6995

Cristofolini L et al 1995J. Phys.: Condens. Matter
L567

Hariyaga K 1996Phys. RevB 53 R4197

Bommeli Fet al 1995Phys. RevB 51 20

Janossy A, Chauvet @t al 1993Phys. Rev. Let{r1 1091

Martin M C, Koller D, Rosenberg At al 1995Phys.
Rev.B 51 3210

Zhu Q, Cx D E and FischeJd E 1995Phys. RevB 51
3966

Oszlany Get al 1995Phys. RevB 51 12228

Granasy Let al 1996 Solid State Commur@7 573

Kosaka Met al 1995Phys. RevB 5112018

Lappas Aet al 1995J. Am Chem. Sod.17 7560

Hannay N B, Geballe T H, Matthias B T, Geballe T H,
Anders K, Schmidt P and Macnair D 196%ys. Rev.
Lett. 14 225

Hadon R Cet al 1991 Nature 350 320

Hebard A F, Rosseinsky M J, Haddon R C, Murphy D W,
Glarum S H, Palsa T T M, Ramire A P and Kortan
A R 1991 Nature 350 600

Rosseinsky M J, Ramirez A P, Glarum S H, Murphy D
W, Haddon R C, Hebard A F, PalatT T M, Kortan A
R, Zahur& S M and Makhig A V 1991 Phys. Rev.
Lett. 66 2830

Bednor J G and Miller K A 1986 Z. Phys.B 64 189

Chu C W, Hor P H, Meng R let al 1987Phys. Rev. Lett.
58 405

Tanigaki K, Hirosawa |, Ebbesen T W, Mizuki J,
Shimakawa Y, Kubo Y, Tsal S and Kuroshima S
1992 Nature 356 419

Palsta T T M, Zhou O, Iwasa Y, Sulewski P E, Fleming
R M and ZegarskB R 1995 Solid State Commur®3
327

Tanigaki K, Hirosawa |, Ebbesen T W, Mizuki J-1 and
Tsai J-S 1993. Phys. Chem. Solid#4 1645

Stephens P W, Mihaly L, Lee P L, Whetten R L, Huang
S-M, Kaner R, Diederich F and Holtzer K 19%ature
351632

Kortan A R, Kopylov N, Glarum S, Gyorgy E M,
Ramirez A P, Fleming R M, Thlé= A and Haddon R
C 1992Nature 355 529

Kortan A R, Kopylov N, Glarum S, Gyorgy E M,
Ramirez A P, Fleming R M, Zhou O, Thiel F A,
Trevar P L and Haddo R C 1992Nature 360 566

Kraus M, Kanovski M, Baenitz M, Werner H, Sélgl R,
Scheidt E-W, Vieth H-M and uders K 1995~ullerene
Sci. Technol3 115

Fleming R M, Ramirez A P, Rosseinsky M K, Murphy D
W, Haddon R C, ZahukaS M and Makhia A V 1991
Nature 352 787

Zhou Oet al 1992 Science255 833

Oshiyama A and Saito S 19%blid State Commurd2 41

Ramirez A P, Rosseinsky M J, Murpt> W and Haddon
R C 1992Phys. Rev. Lett69 1687

Tyco Ret al 1991 Science253 884

Schirber J Eet al 1993J. Phys. Chem. Solids4 1427

Kniaz J, Fischer J E, Zhu Q, Rosseinsky M K, Zhou O
and Murplty D W 1993 Solid State Commurg8 47

Prassides K, Christides C, Thomas | M, Mizuki J,
Tanigaki K, Hirosawa | and Ebbesél W 1994
Science263 950

[116] Yildirim T, Fischer J E, Dinnebier R, Stephe® W and
Lin C L 1995 Solid State Commur@3 269

[117] Yildirim T, Fischer J E, Harris A B, Stephans P W, Liu
D, Brard L, Strongn R M and Smit A B Il 1993
Phys. Rev. Lett71 1383

[118] Kochanski G P, Hebard A F, Haddd? C and Fiory AT
1992 Science255 184

[119] Stepniak F, Benning P J, Poiri® M and Weaver J H
1993Phys. RevB 48 1899

[120] Xiang X-D, Hou J G, Briceno G, Vareka W A, Mostovoy
R, Zettl A, CrespV H and Coh& M L 1992 Science
2561190

[121] Hebard A F, Palse&e T T M, Hadda R C and Fleming R
M 1993 Phys. RevB 48 9945

[122] Vareka W A, FuhreM S and Zettl A 1994PhysicaC
235—-2402507

Wong W Het al 1992 Europhys. Lett18 79

Hou J G, Lu L, Crespi V H, Xiang X-D, Zettl A and
Cohen M L 1995 Solid State Commui®3 973

Lee MW, Tai M F, Lo S C and Shi J B 199BhysicaC
2456

Ogata H, Inabe T, Hoshi H, Maruyama Y, Achiba Y,
Suzuki S, Kikuchi K and Ikemoto | 1992apan. J.
Appl. Phys31L166

Palsta T T M, Haddon R C, Hebar A F and Zaanen J
1992 Phys. Rev. Let68 1054

Quirion Get al 1993 Europhys. Lett21 233

Yan D and Li W 1995Phys. Lett.208A 335

Holczer K, Klein O, Giiner G, Thompson J D, Diederich
F and Whetta R L 1991Phys. Rev. Let67 271

Politis C, Buntar V, Krauss W and Gurevich A 1992
Europhys. Lett17 175

Sparn G, Thompson J D, Whetten R L, Huang S-M,
Kaner R B, Diederich F, Gmer G and Holtzer K 1992
Phys. Rev. Lett8 1228

Sokolov A I, Kufaev Yu A and Soni E B 1993Physica
C21219

Baenitz M, Heinze M, Straube E, Werner H, SR,
Thommen V, Gntherodt H-J and iders K 1994
PhysicaC 228181

Politis C, Sokole A | and Buntar V 1992Mod. Phys.
Lett. B 6 351

Buntar V, Ricco M, Cristofolini L, WebeH W and
Bolzoni F 1995Phys. RevB 52 4432

Buntar V, Eckern U and Politis C 19920d. Phys. Lett.
B 6 1037

Khairullin I 1, Imaeda K, Yakushi K and Inokuchi H 1994
PhysicaC 23126

Stenger V A, Pennington C H, Buffing® R and
Ziebarh R P 1995 Nuclear magnetic resonance of
A3Csp superconductorBreprint

Tokumoto M, Tanaka Y, Kinoshita N, Kinoshita T,
Ishibashi S and Ihara H 199B Phys. Chem. Solids4
1667

Imaeda K, Khairullin I I, Yakushi K and Inokuchi Rroc.
ICSM’'94 (Seoul 1994); Synth. Medt press

deGenng P G 1966Superconductivity of Metals and
Alloys (New York: Benjamin)

Hou J G, Crespi V H, Xiang X-D, Vareka W A, Briceno
G, Zettl A and Cohe M L 1993 Solid State Commun.
86 643

Hou J G, Xiang X-D, Crespi V H, ColneM L and Zettl
A 1994 PhysicaC 228175

Gu Cet al 1994 Phys. RevB 50 16 566

Buntar V, Sauerzopf F M, Webé&l W and Fischer J E
1996 Recent Advances in Chemistry and Physics of
Fullerenes and Related Material®l 3 at press

Johnson C E, Jiang H W, Holtczer K, Kaner R B, Whetten
R L and Diederich F 199Phys. RevB 46 5880

[148] Boebinger G S, PalstrT T M, Passner A, Rosseinsky M

J and Murply D W 1992 Phys. RevB 46 5876
[149] Foner S, McNiff E J, Heiman D, Huang S-M and Kaner

[123]
[124]

[125]

[126]

[127]
[128]
[129]
[130]
[131]

[132]

[133]

[134]

[135]
[136]
[137]
[138]

[139]

[140]

[141]
[142]
[143]
[144]
[145]

[146]

[147]



[150]
[151]

[152]

[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]
[166]

[167]

[168]

[169]

[170]
[171]

[172]

[173]
[174]
[175]
[176]
[177]
[178]
[179]

[180]

[181]

R B 1992Phys. RevB 46 14936

Hou J G, Xiang X-D, Cohe M L and Zettl A 1994
PhysicaC 23222

Politis C, Buntar V and Seminozhemk/ P 1993Int. J.
Mod. PhysB 7 2163

Baenitz M, Heinze M, Lders K, Werner H and Sdhgl R
Proc. IWEP’95 (Kirchberg, 1995{Singapore: World
Scientific) at press

Korenivski V, R@ K V and Igbal Z 1994Phys. RevB 50
13890

Werthamer N R, Helfand E and Hohenpd? C 1966
Phys. Rev147 295

Carbote J P 199(Rev. Mod. Phys62 1027

Erwin S C and PickeétW E 1991Science254 842

Gelfard M P and Lu J P 199Phys. Rev. Letit8 1050

Baenitz M, Heinze M, lders K, Werner H and Sabgl R
1994 Solid State Commur®1 337

Webe H W (ed) 1977Anisotropy Effects in
Superconductor§New York: Plenum) p 316

Marchenkov V V, Cherepanov A N, Startsev V E, Czurda

C and Weber H W 1993. Low. Temp. Phy€8 425
Marchenkov V V, Weber H W, Cherepané N and
Startse V E 1996J. Low. Temp. Phy<.02 133

Weber H W, Seidl E, Laa C, Schachinger E, Prohammer

M, Junod A and Eckert D 199Rhys. RevB 44 7585

Bean C P 1962Phys. Rev. Leti8 250

Abrikosor A A 1957 Zh. Eksp. Teor. Fiz32 1442

Bohmer C 1993PhD ThesisTechnical University, Vienna

Moshchalkov V, Henry J V, Marin C, Rossat-Mignod J
and Jacquind F 1991PhysicaC 175407

Kraus M, Sindlinger H, Werner H, Sddl R, Thommen
V, Lang H P, Githerodt H-J and iiders K 1995Proc.
8th ISIC (Vancouver, 1995). Phys. Chem. Solids

Thompson J D, Sparn G, Holczer K, Klein O,iBer G,
Kaner R B, Diederich F and WhetteR L 1994
Physical and Material Properties of High Temperature
Superconductored S K Malic anl S S Shah
(Commack, NJ: Nova) p 139

Irons S H, Liu J Z, Klavins P and SheftdR N 1995
Phys. RevB 52 15517

Uemura Y Jet al 1991 Nature 352 606

Uemura Y J, Keren A, Le L Rt al 1994 PhysicaC
235-2402501

Gurevich A V, Mire R G and RakhmanoA L 1987
Physics of Composed ConductghMoscow: Nauka)

p 240

CampbdlA M and Evets J E (ed) 197Zritical Currents
in SuperconductoréLondon: Taylor and Francis)

Matsushita T, Otabe E S, Ni Bt al 1991 Japan. J. Appl.
Phys.30 L342

Andersm P W and Kim Y B 1964Rev. Mod. Phys36 39

Fiez W A and Webb W W 196%hys. Rev178 657

Lee MW, TaiM F, Lw S C and Shi J B 199BhysicaC
2456

Boss R D, Briggs J S, Jacobs E W, JsrieE and
Mosier-Bos P A 1995PhysicaC 24329

Buntar V and Politis C 199®leeting Mater. Res. Soc.
(Boston, MA, 1993)

Buntar V, Ricco M, Cristofolini L, Grassi M and Bolzoni
F 1995Physics and Chemistry of Fullerenes and
Derivativesed H Kuzmany, J Fink, M Mehring and S
Roth (Singapore: World Scientific) p 440

Buntar Vet al to be published

[182]
[183]
[184]
[185]
[186]
[187]
[188]
[189]
[190]

[191]
[192]

[193]
[194]
[195]

[196]
[197]

[198]
[199]

[200]
[201]
[202]
[203]

[204]
[205]

[206]

[207]
[208]

[209]

[210]

[211]

[212]
[213]
[214]

[215]
[216]
[217]
[218]
[219]
[220]
[221]

Magnetic properties of fullerene superconductors

Tai M F, Chag G F and Lee M W 199%hys. RevB 52
1176

Muller K A, Takashige M and Bednpr] G 1987Phys.
Rev. Lett58 1143

Yeshurun Y and MalosemioA P 1988Phys. Rev. Leti60
2202

Tinkham M 1988Phys. Rev. Let61 1658

Hagen C W and Griessen R 198%hys. Rev. Let62 2857

Fisher D S, FisheM P A andHuse D A 1991Phys. Rev.

B 43130
Gammel P Let al 1991 Phys. Rev. Lett66 953
Koch R Het al 1989Phys. Rev. Leti63 1511

Houghton A, Pelcovt R A and Sudbg A 198Phys. Rev.

B 406763

Brand E H 1989Phys. Rev. Lettt3 1106

Farrel D E, Rie J P and GinsbgrD M 1991 Phys. Rev.
Lett. 67 1165

Beck R Get al 1992Phys. Rev. Let68 1594

Glazma L | and Koshele A E 1991Phys. RevB 43 2835

Schmidt M F, IsraeldfN E and Goldma A M 1993
Phys. Rev. Let{r0 2162

Blatter G and Ivlev B 199%hys. Rev. Let{r0 2621

Lin C L, Mihalisin T, Bykovetz N, Zhu Q and Fischer J
1994 Phys. RevB 49 4285

Gurevich A and Kipfer H 1993Phys. RevB 48 6477

Campbell | A, Fruchter L and Cabanel R 19P@lys. Rev.

Lett. 64 1561

Gurevich A, Kipfer H and Keller C 199Europhys. Lett.
15789

Maley M P, Willis J O, Lessure H and McHenry M E
1990 Phys. RevB 42 2639

Keller C, Kupfer H, Gurevich Aet al 1990J. Appl. Phys.
68 3498

Xue Y Y, Huang Z J, Fang H Kt al 1992 PhysicaC
194194

Xu 'Y et al 1989Phys. RevB 40 10882

Sun Y R, Thompson J R, Christen Dé al 1992
PhysicaC 194 403

Sun J Z, Eom C B, Lairson Bt al 1991 Phys. RevB 43
3002

Yamafuji K et al 1989 PhysicaC 159 743

Lin C L, Mihalisin T, Labes M M, Bykovetz N, Zhu Q
and FischeJ E 1994Solid State Commur@0 629

Lee MW, TaM F and Luo S C 199%apan. J. Appl.
Phys.34 126

Buntar V, Sauerzopf F M, Weber H W, Fischer J E,
Kuzmany H, Halushka M and hiC L 1996Recent

E

Advances in Chemistry and Physics of Fullerenes and

Related Materialssol 3 at press

Buntar V, Sauerzopf F M, Weber H W, Fischer J E,
Kuzmany H, Halushka M and hiC L to bepublished

Mizuki J et al 1994 Phys. RevB 50 3466

Gupt R P 1994PhysicaC 2352402497

Warden M, Schauwecker R, Erhart P, lvanshin \éttal
1994 PhysicaC 235-2402505

Tycko Ret al 1992Phys. Rev. Lett68 1912

Els Get al 1994 PhysicaC 235-2402475

Jess Ret al 1994 PhysicaC 235-2402499

Tycko Ret al 1992 Phys. Rev. Lettt8 1912

Degiorgi L et al 1992Phys. Rev. Let69 2987

Sakamoto Net al 1995Japan. J. Appl. Phys34 L1267

Heinze Met al 1996 Synth. Met77 23

615



