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Mixed-state parameters and vortex pinning in single-crystalline K3C60 fullerene superconductors
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We report on detailed magnetic investigations of big K3C60 single crystals with sizes of;1 mm. The
samples were characterized by x-ray analysis, neutron diffraction, and ac magnetization measurements. The
temperature dependence of the upper and lower critical fields was obtained, the latter by the trapped magnetic-
moment method. The coherence length and the penetration depth atT50 and close to the transition tempera-
ture were evaluated. The magnetic field and the temperature dependence of the critical current density were
studied and the irreversibility lines determined. Long-term magnetic relaxation, measured in a wide range of
temperatures and magnetic fields, allowed us to obtain the temperature dependence of the relaxation rate and
the flux creep activation energy at different magnetic fields. The influence of sample inhomogeneities on all
these properties was investigated. The results are compared to those obtained on powder and polycrystalline
samples.@S0163-1829~97!03145-7#
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I. INTRODUCTION

Soon after the production of bulk quantities of fullerene1

superconductivity was discovered in alkali-metal-dop
C60.

2,3 The transition temperatures of these materials
much higher than those of conventional superconductors
highest transition temperature under normal pressure b
Tc533 K in RbCs2C60.

4 The first measurements of th
upper5,6 and the lower5,7 critical fields in K3C60 and Rb3C60
established that alkali-doped fullerenes were type-II sup
conductors, and that their main superconducting parame
the Ginzburg-Landau parameterk, the penetration depthl,
the coherence lengthj, and the critical fieldsHc1 andHc2 ,
were similar to those of the high-Tc oxides.

However, the exact values of these parameters, obta
from different experiments, vary widely from sample
sample~see for details Ref. 8, Table I!. For instance, the
upper critical field was reported to be between 17 T~Ref. 9!
and 49 T~Ref. 5! for K3C60 and between 40 T~Ref. 10! and
78 T ~Ref. 7! for Rb3C60. This led to uncertainties in the
magnitude of the coherence length, which was reported to
between 2 nm~Ref. 11! and 4.5 nm~Ref. 12! and between 2
nm ~Ref. 7! and 3 nm ~Ref. 10! for K3C60 and Rb3C60,
respectively. The difficulties appeared mainly because p
der samples or very small crystals of badly defined stoic
ometry were investigated.

An even worse situation was encountered with the de
mination of the lower critical field. It was accepted at t
beginning thatHc1 at zero temperature was of the order
10–16 mT for both K3C60 and Rb3C60, leading to penetra-
tion depths of the order of 220–280 nm. These data forHc1
were usually obtained from the fields at which the first d
viation from linearity inM (H) appeared. However, none o
560163-1829/97/56~21!/14128~10!/$10.00
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the magnetization data for fullerene materials showed g
linearity. Measured at rather big magnetic field interva
(;0.5 mT), M (H) usually showed a smooth positive and
some experiments even a negative curvature.13 Other meth-
ods very often led to values ofHc1(0), which were much
smaller than 10 mT,14–16or to penetration depths of the orde
of 500 nm~Refs. 17 and 18! and larger.19 These small values
of the lower critical field were usually attributed to samp
imperfections, especially to weak links, etc.

Because of these uncertainties, measurements on big
talline samples of good quality are clearly needed to dec
whether the parameters obtained from experiment are c
acteristic of the bulk material or of weak links. Only this wi
allow us to establish the true intrinsic superconducting
rameters.

In addition, investigations of flux pinning and of pinning
related properties, such as the critical current densityJc , the
irreversibility line, the activation energy, etc., are of gre
interest. Although several years have passed since the
covery of superconductivity in fullerenes,2 only a few results
on flux pinning20,21 and magnetic relaxation6,22–24were pub-
lished. In Refs. 6 and 23, the flux creep activation ene
was estimated to be of the order of 1022 eV. However, it
should be pointed out that all of the early measureme
were performed on powder samples, where the magnetic
laxation usually did not show a logarithmic tim
dependence.22 Even some peaks were observed in theM (t)
curves during short-term relaxation.24 This behavior could be
connected to an intergranular interaction between grain
powder samples as well as to weak links, which may exis
samples of poor quality.

In this paper, we report on detailed magnetic investig
tions of K3C60 single crystals with volumes between 1 an
14 128 © 1997 The American Physical Society



56 14 129MIXED-STATE PARAMETERS AND VORTEX PINNING . . .
TABLE I. Main parameters of K3C60 single crystals.

Sample
Weight
~mg!

Volume
(mm3) Structure

Shielding
fraction Tc ~K!

K1 1.8 0.9 mosaic 5°, 25% 19.2
1pure C60

K2 1.8 0.9 mosaic 5°, 30% 19.2
1pure C60

K3 4 2 mosaic 5°, 65% 19.6
1pure C60

K4 11.2 5.6 mosaic 3°, 100% 19.2
no pure C60

K5 4.8 2.4 mosaic 3°, 100% 19.2
no pure C60

K6 2.1 1.1 mosaic 3°, 100% 19.2
no pure C60
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6 mm3, i.e., where their dimensions are much larger than
penetration depth of this material. Samples are well cha
terized by x-ray and neutron diffraction as well as ac and
magnetic measurements. Measurements of the main su
conducting parameters, such as the critical fields and
characteristic lengths, as well as of the pinning related
rameters were carried out. We investigated samples of
ferent quality with various degrees of nonsuperconduct
imperfections, in order to determine the influence of the
factors on the superconducting properties.

II. EXPERIMENT

The K3C60 crystals were obtained by doping C60 single
crystals using potassium azide, KN3, or K metal as a source
of potassium. Details of the sample preparation are gi
elsewhere.25 The K3C60 crystals are of different quality with
shielding fractions (xsh) from 25% up to 100%. The bes
crystals, withxsh5100%, have good K3C60 stoichiometry
and x-ray diffraction does not show any evidence of ot
phases, such as KC60 or C60. The crystals withxsh,100%
usually contain some amount of potassium deficient com
nents~pure or underdoped C60! which can be observed, fo
instance, by neutron diffraction. For example, an intens
ratio of ;1.3 between the~220! and ~311! intensities was
observed on sample K2 (xsh530%), which is intermediate
between the expected 1.8 and 0.64 for C60 and K3C60, re-
spectively. All the crystals, independently of the volume
the shielding fraction, have a mosaic structure with miso
entations from 3° to 5°, which appears during the dop
procedure. The main characteristics of the samples are
sented in Table I.

In powder samples the grain size (;1 mm) is comparable
to the penetration depth of K3C60,

26 which is 800 nm at zero
temperature. This strongly affects a large number of exp
mental data on powders, but is of no significance for o
large samples. On the other hand, the spread inxsh of our
crystals allows us to investigate the influence of the sam
impurities on the measured quantities.

The magnetic measurements were performed in two
perconducting quantum interference device~SQUID! magne-
tometers. One of them is a commercial Quantum Des
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SQUID magnetometer equipped with a superconducting
magnet. This device has a very high sensitivity, which
mainly achieved by an environmental magnetic shield
tenuating stray fields. Moreover, a special low-field opti
allows us to hold the residual field in the magnet at a v
low level (,531028 T). Due to these options, very precis
measurements of the trapped magnetization and very s
increments of the external magnetic field can be achiev
This device was used for ac measurements, measuremen
the trapped magnetization to determineHc1 , and measure-
ments of the temperature- and magnetic-field-depend
magnetization to obtainHc2 , xsh, Jc , andH irr . Also, mag-
netic relaxation measurements were carried out.

The second device, a noncommercial SQUID magne
meter, based on a S.H.E. variable temperature system~VTS!,
is equipped with an 8 T magnet and was used to measure
magnetization in high magnetic fields as a function of te
perature~for the determination ofHc2! and magnetic field
~determination ofJc andH irr!.

III. dc AND ac CHARACTERIZATION

The temperature dependence of the dc magnetic susc
bility @x5m/(HextV)#, wherem is the magnetic moment
Hext is the external field, andV is the sample volume, is
measured in order to obtain the transition temperatureTc and
the shielding and Meissner (xM) fractions. Measurements o
both zero-field-cooled~ZFC! and field-cooled~FC! curves
are performed in a magnetic field of 0.1 mT. The results
these measurements are given in Table I. Both branc
~ZFC and FC! are smooth without any steps~Fig. 1!. The
critical temperatures of the samples, obtained from the cro
ing point of the extrapolations of the linear part of the F
magnetizationM (T) in the superconducting state and th
small normal-state magnetization, range from 19.2 to 19.6
For three specimens, K4–K6, the experimentally determi
slope in the Meissner phase coincides with that calcula
from approximated demagnetizing factors.27 K4–K6 are de-
noted further on as samples with 100% shielding fracti
which is confirmed by the structural analysis discussed in
previous section, and by the ac characterization, which
be discussed below. The other samples~K1, K2, and K3!
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14 130 56V. BUNTAR et al.
exhibit 25%, 30%, and 65% shielding, respectively. The
results are in a good agreement with the structural chara
istics of the samples.

The FC magnetic susceptibility is small for all sampl
and indicates a Meissner effect from 5% to 10%. Such ins
nificant flux expulsion is connected to strong pinning, whi
is, most probably, due to structural defects like inhomoge
ities, the mosaic structure, surface imperfections, etc.

For the samples with 100% shielding fraction, the expe
mental demagnetizing factorD was obtained fromM (H)
and M (T) ZFC measurements. We assume that comp
flux exclusion prevails and fit the slope of the straightM (H)
line to M52H/(12D), which leads to the demagnetizin
factors~D.0.18, 0.6, and 0.14, for K4, K5, and K6, respe
tively!. For samples withxsh,100%, we cannot use the ex
perimental values and have to rely on approximate calc
tions.

Because of the short coherence length in K3C60 @j;3 nm
~Ref. 5!#, the mosaic structure, which is observed in all t
samples, could lead to the presence of weak links due to
mismatch between neighboring blocks of different orien
tion, a disturbance of the structure at the surface of
blocks or impurity phases between the grain boundaries.
latter is the most important factor for samples with imperf
stoichiometry~K1, K2, and K3!. In order to check if our
samples can be treated as bulk superconductors, ac mea
ments were performed in dc fields between 0 T and 1 T,
using ac fields between 131027 T and 531024 T, and tem-
peratures from 5 K to Tc .

ac measurements are a very powerful tool for charac
izing specimens and for discriminating between inter- a
intragranular properties. With decreasing temperature
material becomes superconducting atTc . However, the weak
links are still resistive. Therefore, in the temperature ran
betweenTc and the temperatureTc1 , where the weak links

FIG. 1. Temperature dependence of the magnetic susceptib
of K3 ~triangles!, K5 ~circles!, and K6~squares!.
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become able to carry a supercurrent, the shielding curr
only flow within the grains, whereas the sample is fu
shielded at lower temperatures. According to a straightf
ward Bean model analysis, this leads to a multiple-pe
structure in thex9(T) dependence, in contrast to a sha
single peak for a sample without grain boundaries.

ac techniques were already applied to fullerenes by dif
ent groups9,28,29 and the results9 showed evidence for the
existence of inter- and intragrain dissipation mechanis
because two peaks in the temperature dependence o
imaginary part of the susceptibility were clearly seen.

The temperature dependence of the real and imagin
parts of the ac susceptibility is shown in the inset of Fig
for sample K6. The sharp drop ofx8 shows the transition to
the superconducting state at a temperatureTc , which corre-
sponds to that obtained from dc measurements. The pea
x9(T) is very sharp and close to the critical temperatu
x9(T) for various magnetic fields up to 1 T isshown in Fig.
2. As expected, the peak moves to lower temperatures
increasingHext. It becomes broader, but is still sharp.

In contrast to the samples with 100% shielding fractio
samples K1, K2, and K3 exhibit a much more complicat
structure ofx9(T). In Fig. 3,x9(T) is compared for sample
K3 and K6. The same sharp peak as for K6 atT5Tc is also
observed for K3. However, several other peaks can cle
be seen at lower temperatures. These peaks are attribut
the dissipation due to weak links. This granularity appears
the samples because of nonsuperconducting impurities~un-
doped C60 or probably KC60! between superconductin
grains.

The ac measurements prove that there is no granula
for current flow in the pure samples with 100% superco
ducting fraction, although a mosaic structure was observ
The properties of these samples may be compared to tho
melt-textured high-Tc superconductors, which also exhib

ity

FIG. 2. Temperature dependence of the imaginary part of
susceptibility at an ac field amplitudebac51025 T ~frequency 31
Hz! and dc fields of 0~solid line!, 2 mT ~dotted line!, 0.5 T ~dashed
line!, and 1 T~dash-dotted line!. The inset shows the real and th
imaginary parts of the susceptibility as a function of temperat
~bac51025 T, andm0H50!.
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56 14 131MIXED-STATE PARAMETERS AND VORTEX PINNING . . .
small misorientations between grains, but no granularity
the superconducting current flow.

IV. CRITICAL FIELDS
AND CHARACTERISTIC LENGTHS

The temperature dependence of the upper critical m
netic field was obtained from FC curves.Hc2 was deter-
mined in these experiments from the crossing point of
trapolations of the linear part of the magnetizationM (T) in
the superconducting state and the small normal-state ma
tization, neglecting fluctuation effects.

The Hc2(T) dependence of samples K1~25% shielding
fraction! and K6~100% shielding fraction! in fields up to 8 T
is shown in Fig. 4. It is linear at these temperatures wit
slope dm0Hc2 /dT522.1 T/K, and the same for bot
samples. The slope is consistent with data obtained by o
groups~1.34 T/K,m0Hc2 /T,5.5 T/K: see Table I in Ref.
8!. Using the standard theory of Werthamer, Helfand, a
Hohenberg~WHH!,30 the upper critical field at zero tempera
ture Hc2(0) can be evaluated from the relation~clean limit!

m0Hc2~0!520.69Tc

dm0Hc2

dT
. ~1!

We obtain m0Hc2(0)528 T @as compared to 17 T
,m0Hc2(0),49 T: see Table I in Ref. 8#. The Ginzburg-
Landau relation

m0Hc25
F0

2pj2 ~2!

FIG. 3. Imaginary part of the susceptibility vs temperature
bac51025 T andm0H50 for K6 ~solid line! and K3 ~dashed line!.
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~whereF05h/2e is the flux quantum andj is the coherence
length! leads to j(T50)53.4 nm ~compared to
2 nm,j,4.5nm; Table I in Ref. 8!. These values are ver
close to those obtained by Johnsonet al.10 on powder
samples. The slope of22.1 T/K is close to that obtained b
Boebingeret al.28 However, due to a strange enhancemen
the upper critical field in their experiments at low tempe
tures, the value ofHc2(0) in Ref. 28 was slightly higher than
our extrapolated one, leading to a smaller coherence len

The upturn ofHc2(T) at temperatures very close toTc ,
which was observed in almost all experiments on fullere
superconductors, is another interesting effect which
would like to discuss here. Various explanations were s
gested. The authors of Ref. 5 consider this deviation to b
consequence of slight variations in the localTc , while in
Ref. 9 the effect is attributed to a crossover from three to t
dimensionality. One explanation31 is that the upturn at low
fields might be due to sample imperfections. In order
check this, we performed detailed measurements of the u
critical field close toTc in crystals of different quality with
shielding fractions between 25% and 100%. The same ef
is found in all samples, and no influence of the imperfectio
can be detected~Fig. 5!. We suggest that the upturn is
consequence of the anisotropy of Fermi surface in
fullerene superconductors.32 Strong effects of the anisotrop
on the magnetic properties of conventional superconduct
specifically onHc2~T!, are well known.33

As discussed in the Introduction, the determination of
lower critical field by different methods, such as the fir
deviation from the linearM (H) dependence,5,7 from Bean’s
relation DM;H2,15 from the reversible part ofM (H) at
intermediate and high magnetic fields,34,35from the measure-
ments of irreversibility inM (T) at low fields,16 etc., led to a
large scatter of data. Small lower critical fields~below 5 mT!
were usually attributed to breaking of the Josephson ju
tions between grains. However,Hc1 was usually significantly
decreasing with increasing precision of the method e
ployed.

In order to avoid these problems, we obtained the low

t

FIG. 4. H-T phase diagram of K3C60. Open symbols corre-
spond to K6, solid symbols to K1.~The values of the lower critica
field are multiplied by a factor of 1000.!
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critical field from measurements of the trapped magnet
tion mtr .

36,37 This method is very sensitive due to the ca
cellation of the linear part of the magnetization. As sho
for the cuprates, the trapped magnetization could clearly
observed at fields, where no deviation from linearity
M (H) was visible.36 Furthermore, this is a direct measur
ment of the field penetrated into the sample and does
require any fitting parameters.

The measurement ofmtr proceeds as follows. The samp
is cooled down fromT.Tc to the desired temperature i
zero external magnetic field. After temperature stabilizati
the magnetic momentm1 is measured. After this first mea
surement, a certain magnetic fieldHa is applied and kept
fixed for some time~usually for 5–20 s!. Then the magnetic
field is reduced to zero and the magnetic momentm2 mea-
sured. The trapped magnetic moment ismtr5m22m1 . Af-
terwards, the sample is heated up toT.Tc . These cycles are
repeated, the value of the applied fieldHa being higher each
time than during the previous cycle, with step increments
10–50mT. The principle of this experiment is based on t
fact that magnetic fields do not penetrate the sample
Ha /(12D),Hc1 and that the magnetic moment measur
before and after the application ofHa is the same. However
as soon asHa /(12D) exceedsHc1 , m2 should be smaller
thanm1 due to the trapped magnetic flux, which is pinned
the sample, andmtr5m22m1.0.

The temperature dependence ofHc1 obtained with this

FIG. 5. Temperature dependence of the upper critical field c
to Tc for samples K3~circles!, K4 ~squares!, and K6~triangles!.
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e
f

ot

,

f

r
d

method is shown in Fig. 4.~Because of the smallness ofHc1
compared toHc2 , the lower critical fields in Fig. 4 are mul
tiplied by a factor of 1000.! The smallness ofHc1(0)
51 mT cannot be attributed to the breaking of weak lin
between grains because of the good quality of the sam
and the absence of granularity confirmed by the ac meas
ments. In order to find out if granularity affectsHc1(T), we
also performed measurements of the trapped magnetiza
on samples with granularity~see Fig. 3!. We find thatHc1(0)
is the same in all samples withxsh between 25% and 100%
@Hc1(0)51.260.3 mT#. In addition, the trapped magnetiza
tion is proportional to the square of the magnetic field, wh
is the case for fields penetrating the bulk, and not betw
grains.36 Therefore, we can definitely state that the low
critical field of K3C60 at zero temperature is not higher tha
1.2 mT, and that the smallness ofHc1(0) is not connected to
the breaking of Josephson junctions or weak links, but is
intrinsic property of this material.

The penetration depthl at zero temperature, obtaine
from the equation

m0Hc15
F0

4pl2 lnk, ~3!

with j(0)53.4 nm, is l(0)5870 nm, and, therefore, th
Ginzburg-Landau~GL! parameter for K3C60 is k5256. As
far as we know, this is the highest GL parameter of a
type-II superconductor at present.~The mixed-state param
eters obtained for each sample are listed in Table II.!

This result is in a very good agreement with optic
measurements.19 Considering the indirect evaluation proc
dure employed to obtainl from magnetization and muon
spin relaxation~mSR! measurements,17,18 the difference be-
tween these results is not very large. This difference could
related to the fact that themSR measurements were done
powder samples with an average grain radiusr of the order
of the penetration depth. The distribution of the magne
field ~which is actually measured bymSR! in grains with
r .l is effectively ‘‘cut off’’ at least at half of the amplitude
Therefore, the effective ‘‘mSR penetration depth’’ should b
shorter than the real one. On the other hand, the distribu
of the magnetic field in asystemof vortices with an inter-
vortex distance much shorter than the penetration de
could be calculated more carefully. However, some mod
have to be used for such a calculation, which may lead t
discrepancy between results by a factor of 2. Not enou
details about the calculation procedure are given in Refs
and 18. Therefore, we cannot give an exact answer as to
the values of the penetration depth found from these m

e

7
7

TABLE II. Mixed-state parameters of K3C60 single crystals.

Sample
Hc1

~mT!
dHc2 /dT

~T/K!
Hc2

~T!
j

~nm!
l

~nm! k

K1 1.5 22.1 28 34.3 770 225
K3 1.25 - - - - -
K4 - 22.13 28.2 34.2 - -
K5 1.25–1.5 22.25 29.8 33.25 744–855 224–25
K6 0.9–1 22.1 28 34.3 960–1020 278–29
Average 1.27 22.145 28.5 34.0 853 251
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surements are smaller than ours and those evaluated
optical measurements. Also, one has to bear in mind tha
the procedures to obtainl strongly depend on underlyin
models. Under this aspect, the observed discrepancies
considered to be rather small.

Because the average grain radiusr of powder samples is
comparable to the penetration depthl, the grains are pen
etrated by magnetic flux at all fields. Therefore, a correct
r /l(0) has to be included to determine the superconduc
volumes. This was done in Ref. 38 for Rb3C60 powder. The
authors fitted theoretical curves to the experimental data
Ref. 39 using three different theories forl(T), Ginzburg-
Landau theory, BCS theory, and the two-fluid model. In t
temperature range 5 K50.17Tc<T<0.71Tc520 K the two-
fluid model was completely inappropriate, and the best
was achieved with the Ginzburg-Landau temperature dep
dence

l~T!5lGL~0!@12~T/Tc!#
21/2, ~4!

which gave an increase of the superconducting fraction c
pared to the experimental data by a factor of 2@r /l(0)
54.8#. The BCS dependence

l~T!5lGL~0!@12~T/Tc!
2#21/2, ~5!

resulted in a much higher increase of the superconduc
fraction, by factor of 7. The authors, assuming the pene
tion depth to be of the order of 200–300 nm, found th
result unacceptable. However, in the light of our data forl, r
~;1 mm!/l~;0.87mm!.1, the BCS result seems to b
much better.

From the experimentally obtained temperature dep
dence of the upper critical field in the range from 15 K up
Tc , j(T) is evaluated from Eq.~2!. Fromj(T) and using the
data ofHc1(T) in the same temperature range, we obtain
temperature dependence of the penetration depth from
~3!. j(T) and l(T) are shown in Fig. 6. We fitted our ex
perimental data to Ginzburg-Landau theory@Eq. ~4!#, BCS
theory @Eq. ~5!#, and the two-fluid model,

l~T!5lGL~0!@12~T/Tc!
4#21/2, ~6!

usinglGL(0) andj~0! as fit parameters. All theories describ
both j(T) and l(T) well and, because there is almost n
significant difference between them, only the BCS dep
dence is shown in Fig. 6. However, this is only true in t
temperature range shown in Fig. 6, since the fit parame
jfit(0) andlfit(0) are largely different. Both the coherenc
length and the penetration depth at zero temperature,
tained from the BCS fit@jfit~0!53.8 nm andlfit~0!5887 nm#,
agree well with those obtained fromHc2(0) and Hc1(0),
j(0)53.4 nm andlGL~0!5870 nm. The Ginzburg-Landa
fit gives jfit~0!52.85 nm, which is also close, but is by th
factor of 1.2 smaller for the penetration dep
lfit~0!5644 nm. The fit parameters, obtained from the tw
fluid model, jfit~0!54.9 nm andlfit~0!51185 nm, do not
agree at all with the above results.

We conclude that the best fit forj(T) and l(T) is the
BCS dependence and that Ginzburg-Landau theory also
scribes the data reasonably well. The two-fluid model,
agreement with the results in Ref. 38, is found to be co
pletely inappropriate.
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V. CRITICAL CURRENT DENSITY
AND IRREVERSIBILITY LINE

Measurements ofM (H) at various temperatures were pe
formed in order to obtain the magnetic field and temperat
dependence of the critical current densityJc(H,T) and the
irreversibility lineH irr(T). According to Bean’s critical-state
model,40 Jc can be determined from the hysteresis loop
the equation

Jc53
M 12M 2

R
, ~7!

where M 1 and M 2 ~in A m21! denote the magnetizatio
measured in increasing and decreasing fields at a ce
magnetic field, andR is the sample radius.

While R can be approximated using the sample size
single crystals, it is determined from the grain size in po
ders. Bosset al.41 investigated theJc dependence on the siz
of their samples,R, in the range from 1mm to 300mm. They
observed that the widths of the hysteresis loops were in
pendent of sample size, i.e.,Jc;1/R, implying that the mean
radiusR of the shielding currents must be smaller than t
smallest radius of their samples, i.e.,R;1 mm, the size of an
individual grain.

This contradicts magnetization measurements perform
by several groups on different samples for both K3C60 and
Rb3C60.

6,9,42,43According to these results, the width of th
hysteresis loops increases with sample size, although

FIG. 6. The coherence length~a! and the penetration depth~b!
vs temperature. Open symbols correspond to sample K6 and
symbols to sample K1. The dashed line shows the BCS depend
with fit parametersjfit~0!53.8 nm andlfit~0!5887 nm.
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proportionally. This can be explained by weaker pinning
single crystals compared to powder samples, due to the m
smaller number of pinning centers in the more perfect str
ture of the crystals.

For the determination of the critical current density
sample K6 withxsh5100%, we useR51 mm. We obtain
that Jc563107 A m22 at T55 K and m0H50.05 T. This
value is close to that obtained in Ref. 42 for 1-mm-siz
K3C60 and Rb3C60 crystals and by a factor of 15 smaller tha
reported for Rb3C60 in Ref. 43. This difference could agai
be connected to the quality of the crystals.

The magnetic field and temperature dependence of
critical current density obtained on sample K6 is shown
Figs. 7 and 8. The critical current density decreases smoo
with increasing magnetic field and temperature. If we co
pare these values to YBa2Cu3O7 single crystals, which have
the lowest anisotropy of all high-temperature supercond
ors, we find thatJc is significantly smaller~by about a factor
of 100; see, e.g., Ref. 44!. This cannot be explained at th
moment, because the expected contribution of defects to
pinning depends onHc and j, both of which do not differ
much from YBa2Cu3O7, and because the size of the defe
can hardly be much smaller than the lattice parameter a
therefore, has to be comparable toj.

We do not compare the absolute values of the criti
current densities for samples with different shielding fra
tions, because we do not know the distribution of superc

FIG. 7. Magnetic field dependence of the critical current den
at fixed temperatures:~a! 5 K, 7 K, 8 K, 10 K, and 12 K, and~b! 12
K, 13 K, 15 K, and 17 K.
ch
-

d

he

ly
-

t-

ux

s
d,

l
-
-

ducting and nonsuperconducting regions in samples w
xsh,100%, and, therefore, cannot correctly determineR.
However, we find that the temperature and magnetic fi
dependence of the width of the hysteresis loops, which
proportional toJc , has the same character for all samples

In a wide field range, the magnetic field dependence
the inverse critical current density in all samples is found
be proportional toB as shown in Fig. 9. Similar result
were previously observed on other superconduct
compounds.8,39 At higher temperatures the same general
havior is found, butJc suddenly becomes smaller than th
resolution of our experimental device at some characteri
value of the external magnetic field~Fig. 9!.

The values of the critical current density beforeJc drops
to zero are still above the resolution limit of our device. T
magnetic field dependence ofJc at T517 K, shown in
Fig. 7~b!, ends with a plateau atm0H>0.7 T with Jc ;4
3103 A m22. At this level of the experimental signal,DM is
close to~but still slightly higher than! the standard deviation
of the moments for each SQUID scan. These deviations
of the order of 5310210– 531029 A m2 and are rather high
because of the presence of a quartz capsule. We conside
value of DM to be the resolution limit. It is shown~trans-
lated intoJc for sample K6! by the dashed line in Fig. 9.

From the characteristic magnetic fields, at whichJc
sharply drops below the resolution limit of our device, w
define the irreversibility fieldH irr . The temperature depen

y FIG. 8. Temperature dependence of the critical current den
at fixed magnetic fields:~a! 0.1 T, 0.2 T, 0.5 T, and~b! 1 T, 2.5 T,
5 T, and 7.5 T.
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dence of the irreversibility field~‘‘irreversibility line’’ ! ob-
tained in this way for K1 and K6 is shown in the inset of Fi
9. The irreversibility line follows the power law:

H irr5H0S 12
T

Tc
D m

, ~8!

with m51.5. Therefore, the irreversibility line can be d
scribed in terms of thermally activated flux flow,45 but could
also agree with vortex lattice melting.46

VI. MAGNETIC RELAXATION AND FLUX CREEP
ACTIVATION ENERGY

The magnetic moment of an irreversible superconduc
in an external magnetic field relaxes due to thermal act
tion of vortices. This phenomenon was often observed
high-Tc superconductors. It is interesting that fullerene s
perconductors with their much smaller transition tempe
tures exhibit comparable magnetic relaxation. The time
pendence of the magnetic moment at different temperat
and external fields is an important feature of these super
ductors and provides valuable information on the pinn
potential for the vortices.

In this section we present experimental results of dc m
netic relaxation measurements for samples with differ
shielding fraction. The temperature range of these meas
ments extended from 5 K to Tc;19 K, and the range o
magnetic fields wasm0Hc1!0.1 T<m0H<1 T!m0H irr .
This range of external fields ensures complete flux pene
tion into the samples. The ramp rate of the magnetic fi
was approximately 28 mT/s and the same for all appl
fields in our experimental window. The magnetic relaxati
was recorded up to 53104 s. The measurements were pe

FIG. 9. Magnetic field dependence of the reciprocal critical c
rent density atT515 K ~squares! andT512 K ~circles!. Open sym-
bols correspond to data obtained with the 1 T SQUID magnetome
ter; solid symbols correspond to data obtained with the 8 T SQUID
magnetometer; The dashed line shows the resolution limit. The
set shows the irreversibility line, evaluated from 1/Jc;H, for
samples K1~solid symbols! and K6 ~open symbols!.
r
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formed as follows. The specimen was cooled fromT
530 K.Tc down toT,Tc in zero external field. After tem-
perature stabilization, an external field was applied. T
magnetization was monitored at fixedT andHext. The first
measurements were performed att0;80 s after field stabili-
zation. Consecutive measurements were carried out e
60–63 s. The data in each group of samples, the impure~K1,
K2, and K3! and the single grains~K4, K5, and K6!, are very
similar. In this paper we mainly show results on sample
and K6 representing sample groups with nonperfect and
fect stoichiometry, respectively.

The time-dependent magnetization of sample K6 at
external magnetic field 0.1 T and for temperatures from 5
to 17 K is presented in Fig. 10. The relaxation process
logarithmic within our experimental time window. The cree
rate dM (t)/d ln t decreases linearly with increasing tem
perature and extrapolates to zero at someT0;18.1 K,Tc ,
which is the same for all external fields. The relaxation r

S5
1

M

dM

d ln t

~M is the initial value of the magnetization after the extern
field change! increases smoothly with increasing temperatu
at all fields and becomes larger with increasing field.

The temperature dependence of the flux creep activa
energy,U0 , is obtained from the decay of the magnetizati
with the relationship47

-

n-

FIG. 10. Time-dependent magnetic momentm/m0 at 5 K, 7 K,
and 12 K. The inset shows the flux creep activation energy
temperature at external fields of 0.1 T, 0.5 T, and 1 T.
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U05
kbT

S
~9!

and is shown in the inset of Fig. 10.U0 first increases with
increasing temperature and then reaches a peak at some
peratureTm . This temperatureTm decreases almost linearl
with increasing external fields.

We would like to point out that the temperature depe
dence ofU0 obtained from Eq.~9! is dependent on the initia
magnetizationM0 used for the calculations. It is not possib
to obtain the real values ofM0 from the experiment becaus
the magnetization relaxes quite rapidly. Therefore, we h
to useM (t0), which is recorded about 80 s after the stab
zation of the magnetic field for the evaluation of the rela
ation rate.

The magnetic relaxation obtained on samples K1, K2,
K3 with shielding fractions below 100% is completely di
ferent in character. The relaxation does not show a logar
mic behavior and jumps of the magnetization appear.
cause the samples with 100% shielding fraction showe
very smooth logarithmic relaxation, we conclude that the
usual magnetic relaxation shown in Fig. 11 is an intrin
property of samples with a nonideal shielding fraction. W
wish to point out that a nonlogarithmic relaxation was a
observed in powder samples~Refs. 22–24!.

FIG. 11. Time-dependent magnetic moment during jumps
sample K1.
em-

-

e

-

d

h-
-
a
-

c

The height of the jumps increases with increasing m
netic field, butM (t) becomes smoother with increasing tem
perature. The magnetic moment can decrease during
jumps by up to 15–20 % and this process may take so
time as shown in Fig. 11~note that every experimental poin
is taken 1 min after the other!. We find either a set of smal
jumps@Fig. 11~a!# or one big jump, which is completed afte
several minutes of faster relaxation@Fig. 11~b!#, or an alter-
nation of slower and faster relaxations@Fig. 11~c!#.

VII. SUMMARY

In the present contribution, the magnetic properties
single crystalline K3C60 fullerene superconductors wit
shielding fractions from 25% to 100% were investigated.
magnetic susceptibility measurements proved the absenc
granularity for the supercurrents in the samples with 10
shielding fraction.

From dc magnetic measurements the upper critical fi
was determined andm0Hc2(0) was found to be 28 T; the
slope isdm0Hc2 /dT522.1 T/K, close toTc . No influence
of the sample quality onHc2~T! was found. The value of the
coherence length at zero temperature isj53.4 nm. From
‘‘trapped magnetic-moment’’ measurements, the lower cr
cal field was obtained and found to bem0Hc1(0)51.2 mT,
and the penetration depth isl(0)5870 nm. The Ginzburg-
Landau parameter for K3C60 is k5256.

It was shown that the temperature dependence of both
coherence length and the penetration depth in the temp
ture range 0.78<T,Tc can be well described by both BC
and Ginzburg-Landau theories. Arguments are presented
this dependence is better described by BCS theory at lo
temperatures. The two-fluid model is found to be inapprop
ate.

The critical current density decreases smoothly with
creasing temperature and external magnetic field. In a w
field range the magnetic field dependence ofJc is found to be
proportional to 1/B. The irreversibility line follows the
power lawm0H irr5m0H0(12T/Tc)

1.5.
A logarithmic time dependence of the magnetization

observed on samples with 100% shielding fraction. The
laxation rate at different magnetic fields increases prog
sively with temperature. The flux creep activation energy
found to be in the range from 10 to 80 meV with a peak in
temperature dependence. From measurements on sam
with nonperfect stoichiometry we show that inhomogeneit
strongly affect the relaxation process and may mask a lo
rithmic behavior.
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