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We report on detailed magnetic investigations of bigClg 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 depthCataind 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[S0163-182607)03145-1

[. INTRODUCTION the magnetization data for fullerene materials showed good
linearity. Measured at rather big magnetic field intervals
Soon after the production of bulk quantities of fullerehes, (~0.5 mT), M (H) usually showed a smooth positive and in
superconductivity was discovered in alkali-metal-dopedsome experiments even a negative curvatti®ther meth-
Ceo-2> The transition temperatures of these materials areds very often led to values df.,(0), which were much
much higher than those of conventional superconductors, themaller than 10 m##~%or to penetration depths of the order
highest transition temperature under normal pressure beingf 500 nm(Refs. 17 and 1B8and larger® These small values
T.=33K in RbCsCq.* The first measurements of the of the lower critical field were usually attributed to sample
uppeP® and the lowet’ critical fields in KCqo and RBCsy  imperfections, especially to weak links, etc.
established that alkali-doped fullerenes were type-Il super- Because of these uncertainties, measurements on big crys-
conductors, and that their main superconducting parametersalline samples of good quality are clearly needed to decide
the Ginzburg-Landau parametey the penetration deptk,  whether the parameters obtained from experiment are char-
the coherence length and the critical field#H.; andH,, acteristic of the bulk material or of weak links. Only this will
were similar to those of the highz oxides. allow us to establish the true intrinsic superconducting pa-
However, the exact values of these parameters, obtaineameters.
from different experiments, vary widely from sample to In addition, investigations of flux pinning and of pinning-
sample(see for details Ref. 8, Table.|For instance, the related properties, such as the critical current derdifythe
upper critical field was reported to be between 1{@REf. 9 irreversibility line, the activation energy, etc., are of great
and 49 T(Ref. 5 for K;Cgg and between 40 TRef. 10 and  interest. Although several years have passed since the dis-
78 T (Ref. 7) for Rb,Cqo. This led to uncertainties in the covery of superconductivity in fullerenésnly a few results
magnitude of the coherence length, which was reported to ben flux pinning®?*and magnetic relaxati6?*-2*were pub-
between 2 nnfRef. 11) and 4.5 nm(Ref. 12 and between 2 lished. In Refs. 6 and 23, the flux creep activation energy
nm (Ref. 7) and 3 nm(Ref. 10 for K;Cgq and RRCg, was estimated to be of the order of 0eV. However, it
respectively. The difficulties appeared mainly because powshould be pointed out that all of the early measurements
der samples or very small crystals of badly defined stoichiwere performed on powder samples, where the magnetic re-
ometry were investigated. laxation usually did not show a logarithmic time
An even worse situation was encountered with the deterdependencé Even some peaks were observed in két)
mination of the lower critical field. It was accepted at the curves during short-term relaxatiéhThis behavior could be
beginning thatH., at zero temperature was of the order of connected to an intergranular interaction between grains in
10-16 mT for both KCg, and RRCg, leading to penetra- powder samples as well as to weak links, which may exist in
tion depths of the order of 220—-280 nm. These dataHgr ~ samples of poor quality.
were usually obtained from the fields at which the first de- In this paper, we report on detailed magnetic investiga-
viation from linearity inM (H) appeared. However, none of tions of KsCgq Single crystals with volumes between 1 and
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TABLE |. Main parameters of KCg, Single crystals.

Weight Volume Shielding

Sample (mg) (mm?) Structure fraction T. (K)

K1 1.8 0.9 mosaic 5°, 25% 19.2
+pure G

K2 1.8 0.9 mosaic 5°, 30% 19.2
+pure Go

K3 4 2 mosaic 5°, 65% 19.6
+pure G

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

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

K6 2.1 11 mosaic 3°, 100% 19.2
no pure Gg

6 mnT, i.e., where their dimensions are much larger than thé&QUID magnetometer equipped with a superconducting 1 T
penetration depth of this material. Samples are well charaghagnet. This device has a very high sensitivity, which is
terized by x-ray and neutron diffraction as well as ac and ddnainly achieved by an environmental magnetic shield at-
magnetic measurements. Measurements of the main supdenuating stray fields. Moreover, a special low-field option
conducting parameters, such as the critical fields and thallows us to hold the residual field in the magnet at a very
characteristic lengths, as well as of the pinning related palow level (<5x 108 T). Due to these options, very precise
rameters were carried out. We investigated samples of difneasurements of the trapped magnetization and very small
ferent quality with various degrees of nonsuperconductingncrements of the external magnetic field can be achieved.
imperfections, in order to determine the influence of theselhis device was used for ac measurements, measurements of
factors on the superconducting properties. the trapped magnetization to determidg;, and measure-
ments of the temperature- and magnetic-field-dependent
magnetization to obtaifl.,, Xsn, J., andH;,. Also, mag-
netic relaxation measurements were carried out.

The KsCq crystals were obtained by dopingCsingle The second device, a no_ncommercial SQUID magneto-
crystals using potassium azide, KNor K metal as a source Meter, based on a S.H.E. variable temperature sySi@is),

of potassium. Details of the sample preparation are giver$ €quipped with a8 T magnet and was used to measure the
elsewheré® The K,Cq, crystals are of different quality with Magnetization in high magnetic fields as a function of tem-
shielding fractions %) from 25% up to 100%. The best peraturef(for. the determination oH.,) and magnetic field
crystals, withxg,=100%, have good ¥Cy, Stoichiometry ~(determination oflc andHiy).
and x-ray diffraction does not show any evidence of other
phases, such as Kgor Cs,. The crystals withx,,<100%
usually contain some amount of potassium deficient compo-
nents(pure or underdoped ) which can be observed, for The temperature dependence of the dc magnetic suscepti-
instance, by neutron diffraction. For example, an intensitybility [ x=m/(H.)], wherem is the magnetic moment,
ratio of ~1.3 between th€220) and (311) intensities was H,, is the external field, and/ is the sample volume, is
observed on sample K{,=30%), which is intermediate measured in order to obtain the transition temperaiyrand
between the expected 1.8 and 0.64 fgp @nd KsCqp, re-  the shielding and Meissneky;) fractions. Measurements of
spectively. All the crystals, independently of the volume orboth zero-field-cooledZFC) and field-cooled(FC) curves
the shielding fraction, have a mosaic structure with misori-are performed in a magnetic field of 0.1 mT. The results of
entations from 3° to 5°, which appears during the dopingthese measurements are given in Table I. Both branches
procedure. The main characteristics of the samples are préZFC and FQ are smooth without any steffig. 1). The
sented in Table I. critical temperatures of the samples, obtained from the cross-
In powder samples the grain size L um) is comparable ing point of the extrapolations of the linear part of the FC
to the penetration depth of s, 2® which is 800 nm at zero magnetizationM (T) in the superconducting state and the
temperature. This strongly affects a large number of experismall normal-state magnetization, range from 19.2 to 19.6 K.
mental data on powders, but is of no significance for our~or three specimens, K4—K6, the experimentally determined
large samples. On the other hand, the spreadirof our  slope in the Meissner phase coincides with that calculated
crystals allows us to investigate the influence of the samplérom approximated demagnetizing factéfk4—K6 are de-
impurities on the measured quantities. noted further on as samples with 100% shielding fraction,
The magnetic measurements were performed in two suwhich is confirmed by the structural analysis discussed in the
perconducting quantum interference de8QUID) magne- previous section, and by the ac characterization, which will
tometers. One of them is a commercial Quantum Desigibe discussed below. The other samp(kq, K2, and K3

Il. EXPERIMENT

Ill. dc AND ac CHARACTERIZATION
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exhibit 25%, 30%, and 65% shielding, respectively. Thesdoecome able to carry a supercurrent, the shielding currents
results are in a good agreement with the structural characteonly flow within the grains, whereas the sample is fully
istics of the samples. shielded at lower temperatures. According to a straightfor-
The FC magnetic susceptibility is small for all samplesward Bean model analysis, this leads to a multiple-peak
and indicates a Meissner effect from 5% to 10%. Such insigstructure in they”(T) dependence, in contrast to a sharp
nificant flux expulsion is connected to strong pinning, whichsingle peak for a sample without grain boundaries.
is, most probably, due to structural defects like inhomogene- ac techniques were already applied to fullerenes by differ-
ities, the mosaic structure, surface imperfections, etc. ent group$?®?° and the resulfsshowed evidence for the
For the samples with 100% shielding fraction, the experi-existence of inter- and intragrain dissipation mechanisms,
mental demagnetizing factdd was obtained fronM(H) because two peaks in the temperature dependence of the
and M(T) ZFC measurements. We assume that completémaginary part of the susceptibility were clearly seen.
flux exclusion prevails and fit the slope of the straityhtH) The temperature dependence of the real and imaginary
line to M= —H/(1—D), which leads to the demagnetizing parts of the ac susceptibility is shown in the inset of Fig. 2
factors(D=0.18, 0.6, and 0.14, for K4, K5, and K6, respec- for sample K6. The sharp drop @f shows the transition to
tively). For samples withg,<<100%, we cannot use the ex- the superconducting state at a temperaiyewhich corre-
perimental values and have to rely on approximate calculasponds to that obtained from dc measurements. The peak in
tions. x"(T) is very sharp and close to the critical temperature.
Because of the short coherence length yCig [E~3 nm  x”(T) for various magnetic fields uptl T isshown in Fig.
(Ref. 5], the mosaic structure, which is observed in all the2. As expected, the peak moves to lower temperatures with
samples, could lead to the presence of weak links due to thiecreasingH.,;. It becomes broader, but is still sharp.
mismatch between neighboring blocks of different orienta- In contrast to the samples with 100% shielding fraction,
tion, a disturbance of the structure at the surface of thesamples K1, K2, and K3 exhibit a much more complicated
blocks or impurity phases between the grain boundaries. Thstructure ofy”(T). In Fig. 3, x"(T) is compared for samples
latter is the most important factor for samples with imperfectK3 and K6. The same sharp peak as for K&atT, is also
stoichiometry (K1, K2, and K3. In order to check if our observed for K3. However, several other peaks can clearly
samples can be treated as bulk superconductors, ac measupe-seen at lower temperatures. These peaks are attributed to
ments were performed in dc fields betwme@ T and 1 T, the dissipation due to weak links. This granularity appears in
using ac fields betweenX110~’ T and 5104 T, and tem-  the samples because of nonsuperconducting impufities
peratures frod 5 Kto T... doped G, or probably KG, between superconducting
ac measurements are a very powerful tool for charactergrains.
izing specimens and for discriminating between inter- and The ac measurements prove that there is no granularity
intragranular properties. With decreasing temperature théor current flow in the pure samples with 100% supercon-
material becomes superconductind at However, the weak ducting fraction, although a mosaic structure was observed.
links are still resistive. Therefore, in the temperature rangélhe properties of these samples may be compared to those of
betweenT. and the temperatur€;;, where the weak links melt-textured highF, superconductors, which also exhibit
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0,00 ’ field are multiplied by a factor of 1000.
(where®,=h/2e is the flux quantum and is the coherence

——— length leads to &(T=0)=3.4 nm (compared to
2 nm<é<4.5nm; Table | in Ref. 8 These values are very
T(K) close to those obtained by Johnsetal® on powder
samples. The slope of 2.1 T/K is close to that obtained by
H 28
FIG. 3. Imaginary part of the susceptibility vs temperature atBoebingeret al™” However, due to a strange enhancement of
ba=10"°T and uoH =0 for K6 (solid line) and K3(dashed ling  the upper critical field in their experiments at low tempera-
tures, the value dfl .,(0) in Ref. 28 was slightly higher than
small misorientations between grains, but no granularity foour extrapolated one, leading to a smaller coherence length.

the superconducting current flow. The upturn ofH¢,(T) at temperatures very close Tq,
which was observed in almost all experiments on fullerene
IV. CRITICAL FIELDS supeléclc_)l?duct(();s, is f;l]nother |_nterest|n|g eff_ect which we
AND CHARACTERISTIC LENGTHS would like to discuss here. Various explanations were sug-

gested. The authors of Ref. 5 consider this deviation to be a
The temperature dependence of the upper critical magsonsequence of slight variations in the lodal, while in
netic field was obtained from FC curveld., was deter- Ref. 9 the effect is attributed to a crossover from three to two
mined in these experiments from the crossing point of exdimensionality. One explanatidhis that the upturn at low
trapolations of the linear part of the magnetizatMi{T) in  fields might be due to sample imperfections. In order to
the superconducting state and the small normal-state magneheck this, we performed detailed measurements of the upper
tization, neglecting fluctuation effects. critical field close toT. in crystals of different quality with
The H.»(T) dependence of samples K25% shielding shielding fractions between 25% and 100%. The same effect
fraction) and K6(100% shielding fractionin fields upto 8 T  is found in all samples, and no influence of the imperfections
is shown in Fig. 4. It is linear at these temperatures with acan be detectedFig. 5. We suggest that the upturn is a
slope SugHc/6T=—2.1T/K, and the same for both consequence of the anisotropy of Fermi surface in the
samples. The slope is consistent with data obtained by othdullerene superconducto?$.Strong effects of the anisotropy
groups(1.34 T/IK< ugH.»,/T<5.5 T/K: see Table | in Ref. on the magnetic properties of conventional superconductors,
8). Using the standard theory of Werthamer, Helfand, andspecifically onH,(T), are well knowrt>
Hohenberg WHH),*® the upper critical field at zero tempera- ~ As discussed in the Introduction, the determination of the
ture H.,(0) can be evaluated from the relatigeiean limif lower critical field by different methods, such as the first
deviation from the lineaM (H) dependence/ from Bean’s
SpoHco relation AM~H?2,'® from the reversible part oM(H) at
toHc2(0)=—0.69T¢ ST @) intermediate and high magnetic fieftfs>>from the measure-
ments of irreversibility inM (T) at low fieldst® etc., led to a
large scatter of data. Small lower critical fielg®low 5 m7)
were usually attributed to breaking of the Josephson junc-
tions between grains. Howevét ., was usually significantly

We obtain woH.(0)=28T [as compared to 17T
<uoHe2(0)<49 T: see Table | in Ref.]8 The Ginzburg-
Landau relation

decreasing with increasing precision of the method em-
uoHer =5 (2 Ployed.
cc 2mé In order to avoid these problems, we obtained the lower
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. . . , . method is shown in Fig. 4Because of the smallness gt

1.0 _I.A 4 compared tdH.,, the lower critical fields in Fig. 4 are mul-
tiplied by a factor of 1000. The smallness oH.;(0)

K3 =1mT cannot be attributed to the breaking of weak links
! A K4 | between grains because of the good quality of the sample
4 K6 and the absence of granularity confirmed by the ac measure-
. ments. In order to find out if granularity affedt.,(T), we

£ 054 om A i also performed measurements of the trapped magnetization
T

=

S on samples with granularitisee Fig. 3 We find thatH.;(0)

o is the same in all samples witty,, between 25% and 100%

n A ; [Hc1(0)=1.2+0.3 mT]. In addition, the trapped magnetiza-
tion is proportional to the square of the magnetic field, which
= A o + is the case for fields penetrating the bulk, and not between

0.0 " A = grains® Therefore, we can definitely state that the lower
, . . : : critical field of K3Cg at zero temperature is not higher than
0.975  0.980 0985  0.990  0.995  1.000 1.2 mT, and that the smallnesstd§;(0) is not connected to
T the breaking of Josephson junctions or weak links, but is an
¢ intrinsic property of this material.

o The penetration deptih at zero temperature, obtained
FIG. 5. Temperature dependence of the upper critical field clos¢gm the equation

to T, for samples K3(circles, K4 (squares and K6(triangles.

()]
critical field from measurements of the trapped magnetiza- ,uoHclz—Ozan, ©)]

tion m,,.>%%” This method is very sensitive due to the can- Am\
cellation of the linear part of the magnetization. As shownyith £(0)=3.4nm, isA(0)=870 nm, and, therefore, the
for the cuprates, the trapped magnetization could clearly b@inzburg-LandaL(GL) parameter for KCq is k=256. As
observed at fields, where no deviation from linearity offar as we know, this is the highest GL parameter of any
M(H) was ViSib|e§6 Furthermore, this is a direct measure- type-” Superconductor at presemfhe mixed-state param-
ment of the field penetrated into the sample and does naiters obtained for each sample are listed in Tab)e II.
require any fitting parameters. This result is in a very good agreement with optical
The measurement oy, proceeds as follows. The sample measurementS. Considering the indirect evaluation proce-
is cooled down fromT>T, to the desired temperature in dure employed to obtain from magnetization and muon
zero external magnetic field. After temperature stabilizationspin relaxation(xSR) measurementy;*8 the difference be-
the magnetic momenn; is measured. After this first mea- tween these results is not very large. This difference could be
surement, a certain magnetic fiett, is applied and kept related to the fact that theSR measurements were done on
fixed for some timgusually for 5-20 5 Then the magnetic powder samples with an average grain radiusf the order
field is reduced to zero and the magnetic momegtmea-  of the penetration depth. The distribution of the magnetic
sured. The trapped magnetic momentrig=m,—m;. Af-  field (which is actually measured bySR) in grains with
terwards, the sample is heated uplte T.. These cycles are r=\ is effectively “cut off” at least at half of the amplitude.
repeated, the value of the applied fi¢ld being higher each Therefore, the effective jt:SR penetration depth” should be
time than during the previous cycle, with step increments okhorter than the real one. On the other hand, the distribution
10-50uT. The principle of this experiment is based on theof the magnetic field in aystemof vortices with an inter-
fact that magnetic fields do not penetrate the sample foyortex distance much shorter than the penetration depth
H,/(1-D)<H and that the magnetic moment measuredcould be calculated more carefully. However, some models
before and after the application Bff, is the same. However, have to be used for such a calculation, which may lead to a
as soon a$l,/(1—D) exceedsH.;, m, should be smaller discrepancy between results by a factor of 2. Not enough
thanm, due to the trapped magnetic flux, which is pinned indetails about the calculation procedure are given in Refs. 17
the sample, and,=m,—m;>0. and 18. Therefore, we cannot give an exact answer as to why
The temperature dependence tof; obtained with this the values of the penetration depth found from these mea-

TABLE Il. Mixed-state parameters of 4Cq, single crystals.

Hei SH, /6T Heo 3 N
Sample (mT) (T/IK) (T) (nm) (nm) K
K1 15 -21 28 34.3 770 225
K3 1.25 - - - - -
K4 - -2.13 28.2 34.2 - -
K5 1.25-15 -2.25 29.8 33.25 744-855 224-257
K6 0.9-1 -21 28 34.3 960-1020 278-297

Average 1.27 —2.145 28.5 34.0 853 251
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surements are smaller than ours and those evaluated frot —

optical measurements. Also, one has to bear in mind that al 60 - .
the procedures to obtaih strongly depend on underlying 1 B K1 1
models. Under this aspect, the observed discrepancies al 50__ o K6 ; ]
considered to be rather small. w4 | BCS J
Because the average grain radiusf powder samples is T !
comparable to the penetration depththe grains are pen- £ 309 a’l 1
etrated by magnetic flux at all fields. Therefore, a correction w»r 20_' o i
r/A(0) has to be included to determine the superconducting | - ’99
volumes. This was done in Ref. 38 for Iy, powder. The 10 O_O__M____Q.——QOG @@ ]
authors fitted theoretical curves to the experimental data o T 1
Ref. 39 using three different theories faT), Ginzburg- 014 5 16 17 18 19 20
Landau theory, BCS theory, and the two-fluid model. In the
temperature range 5K0.17T,;<T=<0.71T;=20 K the two- 6000 : Tlemperelxture (K.) :
fluid model was completely inappropriate, and the best fit | |
was achieved with the Ginzburg-Landau temperature depen 5000 s Ki ? i
dence | o K6 e’
M) =AU (O[1-(T/T)] 2, ) BCS S 1
which gave an increase of the superconducting fraction com £ 349 - / i
pared to the experimental data by a factor of r2\(0) < ) e’ ]
=4.8]. The BCS dependence 2000 4 ' 4
» IR S (b)
MT)=Nel(O)[ 1= (T/Te)?] 2 (5) o I
resulted in a much higher increase of the superconducting 14 15 16 17 18 19 20
fraction, by factor of 7. The authors, assuming the penetra: Temperature (K)
tion depth to be of the order of 200300 nm, found this
result unacceptable. However, in the light of our dataxfar FIG. 6. The coherence length) and the penetration depth)
(~1 pm)/A(~0.87um)=1, the BCS result seems to be ys temperature. Open symbols correspond to sample K6 and solid
much better. symbols to sample K1. The dashed line shows the BCS dependence

From the experimentally obtained temperature depenwith fit parameterss; (0)=3.8 nm and\;;(0)=887 nm.
dence of the upper critical field in the range from 15 K up to
T, &(T) is evaluated from Eq2). From&(T) and using the V. CRITICAL CURRENT DENSITY
data ofH.((T) in the same temperature range, we obtain the AND IRREVERSIBILITY LINE
temperature dependence of the penetration depth from Eqg.
(3). £&(T) and\(T) are shown in Fig. 6. We fitted our ex-
perimental data to Ginzburg-Landau the¢Bqg. (4)], BCS
theory[Eq. (5)], and the two-fluid model,

Measurements d¥l (H) at various temperatures were per-
formed in order to obtain the magnetic field and temperature
dependence of the critical current densiifH,T) and the
irreversibility lineH;,(T). According to Bean’s critical-state
MT)=NaL(O)[1—(T/T)*T 2 (6) model° J. can be determined from the hysteresis loop by

) _ ) ~ the equation
using\ g (0) and&(0) as fit parameters. All theories describe

both £(T) and \(T) well and, because there is almost no M,.—M_
significant difference between them, only the BCS depen- Je=3—F% (7)
dence is shown in Fig. 6. However, this is only true in the
temperature range shown in Fig. 6, since the fit parametershere M, and M _ (in Am™1) denote the magnetization
£:(0) and\;(0) are largely different. Both the coherence measured in increasing and decreasing fields at a certain
length and the penetration depth at zero temperature, olragnetic field, andR is the sample radius.
tained from the BCS fif&;;(0)=3.8 nm and\;;(0)=887 nm, While R can be approximated using the sample size for
agree well with those obtained froid,(0) andH.,(0),  single crystals, it is determined from the grain size in pow-
£(0)=3.4 nm and\g (0)=870 nm. The Ginzburg-Landau ders. Bosgt al*! investigated thd. dependence on the size
fit gives &;(0)=2.85 nm, which is also close, but is by the of their samplesR, in the range from Jum to 300um. They
factor of 1.2 smaller for the penetration depth observed that the widths of the hysteresis loops were inde-
M\i(0)=644 nm. The fit parameters, obtained from the two-pendent of sample size, i.d,~ 1/R, implying that the mean
fluid model, &;(0)=4.9 nm and\;;(0)=1185 nm, do not radiusR of the shielding currents must be smaller than the
agree at all with the above results. smallest radius of their samples, i.B5-1 um, the size of an

We conclude that the best fit f@g(T) and \(T) is the individual grain.
BCS dependence and that Ginzburg-Landau theory also de- This contradicts magnetization measurements performed
scribes the data reasonably well. The two-fluid model, inby several groups on different samples for bot§Cl and
agreement with the results in Ref. 38, is found to be comRbsCsp.%>*?*3 According to these results, the width of the
pletely inappropriate. hysteresis loops increases with sample size, although not
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FIG. 7. Magnetic field dependence of the critical current density FIG. 8. Temperature dependence of the critical current density
at fixed temperaturega) 5 K, 7 K, 8 K, 10 K, and 12 K, andb) 12 at fixed magnetic field€@) 0.1 T,0.2 T,05 T, andb) 1 T, 25T,
K, 13 K, 15 K, and 17 K. 5T,and 7.5 T.

proportionally. This can be explained by weaker pinning inducting and nonsuperconducting regions in samples with
single crystals compared to powder samples, due to the muchy<100%, and, therefore, cannot correctly determihe
smaller number of pinning centers in the more perfect strucHowever, we find that the temperature and magnetic field

ture of the crystals. dependence of the width of the hysteresis loops, which is
For the determination of the critical current density in proportional toJ., has the same character for all samples.
sample K6 withxg,=100%, we useR=1 mm. We obtain In a wide field range, the magnetic field dependence of

that J,=6x10" Am~2 at T=5K and uoH=0.05T. This the inverse critical current density in all samples is found to
value is close to that obtained in Ref. 42 for 1-mm-sizedbe proportional toB as shown in Fig. 9. Similar results
K4Cso and RRCq, crystals and by a factor of 15 smaller than were previously observed on other superconducting
reported for RECqo in Ref. 43. This difference could again compound$:® At higher temperatures the same general be-
be connected to the quality of the crystals. havior is found, butl, suddenly becomes smaller than the
The magnetic field and temperature dependence of thegsolution of our experimental device at some characteristic
critical current density obtained on sample K6 is shown invalue of the external magnetic fielfig. 9).
Figs. 7 and 8. The critical current density decreases smoothly The values of the critical current density befaedrops
with increasing magnetic field and temperature. If we com-o zero are still above the resolution limit of our device. The
pare these values to YBau;0; single crystals, which have magnetic field dependence af, at T=17 K, shown in
the lowest anisotropy of all high-temperature superconductFig. 7(b), ends with a plateau gi,H=0.7 T with J, ~4
ors, we find thatl, is significantly smallefby about a factor X 10° A m~2. At this level of the experimental signaiM is
of 100; see, e.g., Ref. 44This cannot be explained at the close to(but still slightly higher thapthe standard deviations
moment, because the expected contribution of defects to flugf the moments for each SQUID scan. These deviations are
pinning depends ol and & both of which do not differ of the order of 510 °~5x10"° A m? and are rather high
much from YBaCu;0;, and because the size of the defectsbecause of the presence of a quartz capsule. We consider this
can hardly be much smaller than the lattice parameter an&alue of AM to be the resolution limit. It is showftrans-
therefore, has to be comparable&o lated intoJ, for sample K by the dashed line in Fig. 9.
We do not compare the absolute values of the critical From the characteristic magnetic fields, at whidp
current densities for samples with different shielding frac-sharply drops below the resolution limit of our device, we
tions, because we do not know the distribution of supercondefine the irreversibility fieldH;,. The temperature depen-
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FIG. 9. Magnetic field dependence of the reciprocal critical cur- 1 v
rent density af = 15 K (squaresandT= 12 K (circles. Open sym- 1T, +
bols correspond to data obtained witeth T SQUID magnetome- 0.90+ S B S .
ter; solid symbols correspond to data obtained with&@iT SQUID Temperature (K)
magnetometer; The dashed line shows the resolution limit. The in- T T T T T T T T T T
set shows the irreversibility line, evaluated fromJ#H, for 4 5 6 7 8 9 10
samples K1(solid symbol$ and K6 (open symbols In(t)
dence of the irreversibility field“irreversibility line” ) ob- FIG. 10. Time-dependent magnetic momemim, at 5 K, 7 K,

tained in this way for K1 and K6 is shown in the inset of Fig. @d 12 K. The inset shows the flux creep activation energy vs
9. The irreversibility line follows the power law: temperature at external fields of 0.1 T, 0.5T, and 1 T.

Hir=Hyg

m
1_-|—_C> ' (8)  formed as follows. The specimen was cooled from
=30 K>T, down toT<T, in zero external field. After tem-
with m=1.5. Therefore, the irreversibility line can be de- perature stabilization, an external field was applied. The
scribed in terms of thermally activated flux fiéWbut could  magnetization was monitored at fixddandH,,,. The first

also agree with vortex lattice meltiffg. measurements were performedtg@t 80 s after field stabili-
zation. Consecutive measurements were carried out every

VI. MAGNETIC RELAXATION AND FLUX CREEP 60—-63 s. The data m_each group of samples, the imf{ite

ACTIVATION ENERGY K2, and K3 and the single grainé4, K5, and K8, are very

similar. In this paper we mainly show results on sample K1

The magnetic moment of an irreversible superconductoand K6 representing sample groups with nonperfect and per-
in an external magnetic field relaxes due to thermal activafect stoichiometry, respectively.
tion of vortices. This phenomenon was often observed in The time-dependent magnetization of sample K6 at an
high-T,; superconductors. It is interesting that fullerene su-external magnetic field 0.1 T and for temperatures from 5 K
perconductors with their much smaller transition temperato 17 K is presented in Fig. 10. The relaxation process is
tures exhibit comparable magnetic relaxation. The time detogarithmic within our experimental time window. The creep
pendence of the magnetic moment at different temperaturesite SM(t)/5 Int decreases linearly with increasing tem-
and external fields is an important feature of these supercorperature and extrapolates to zero at sofge 18.1 K<T,,

ductors and provides valuable information on the pinningwhich is the same for all external fields. The relaxation rate
potential for the vortices.

In this section we present experimental results of dc mag-

netic relaxation measurements for samples with different s:i oM

shielding fraction. The temperature range of these measure- Méint

ments extended fra 5 K to T.~19 K, and the range of

magnetic fields wasugH1<€0.1 T<uoH<1 T<pugH;,. (M is the initial value of the magnetization after the external

This range of external fields ensures complete flux penetrdield changgincreases smoothly with increasing temperature
tion into the samples. The ramp rate of the magnetic fieldat all fields and becomes larger with increasing field.

was approximately 28 mT/s and the same for all applied The temperature dependence of the flux creep activation
fields in our experimental window. The magnetic relaxationenergy,U,, is obtained from the decay of the magnetization

was recorded up to $10* s. The measurements were per- with the relationshify
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T : T r The height of the jumps increases with increasing mag-

T L L LY netic field, butM (t) becomes smoother with increasing tem-

perature. The magnetic moment can decrease during the

jumps by up to 15-20% and this process may take some

time as shown in Fig. 1{note that every experimental point

is taken 1 min after the otherWe find either a set of small

-3.2 L YRR jumps|[Fig. 11(a)] or one big jump, which is completed after
aEnN several minutes of faster relaxatipRig. 11(b)], or an alter-

1 r T ' T r 1 nation of slower and faster relaxatioffsig. 11(c)].

T=5K an®
3.9 - -

p0H=0.1T N

-0.48—‘ ! I T T
snEpiEEEEg VIl. SUMMARY
]

052 pH=05T = . In the present contribution, the magnetic properties of
single crystalline KCgy fullerene superconductors with
shielding fractions from 25% to 100% were investigated. ac
magnetic susceptibility measurements proved the absence of
. granularity for the supercurrents in the samples with 100%
' J ' T ' shielding fraction.
8.4 8.5 8.6 8.7 . " ,
T g T T T y From dc magnetic measurements the upper critical field
0244 T_-10K - . was determined angoH.,(0) was found to be 28 T; the
n | EaEaEagtand slope iséugH,/6T=—2.1 T/K, close toT.. No influence
T of the sample quality okl »(T) was found. The value of the
|} .
coherence length at zero temperature£is3.4 nm. From
0-289 YLl 7 “trapped magnetic-moment” measurements, the lower criti-
cal field was obtained and found to pgH:,(0)=1.2 mT,
and the penetration depth A0)=870 nm. The Ginzburg-
T y T i T T Landau parameter for 4Cqq is k= 256.
76 78 8.0 8.2 It was shown that the temperature dependence of both the
In(t) coherence length and the penetration depth in the tempera-
ture range 0.78 T<T. can be well described by both BCS
FIG. 11. Time-dependent magnetic moment during jumps inand Ginzburg-Landau theories. Arguments are presented that
sample K1. this dependence is better described by BCS theory at lower
temperatures. The two-fluid model is found to be inappropri-
ate.
The critical current density decreases smoothly with in-
kT creasing temperature and external magnetic field. In a wide
Ug=—2 (9) field range the magnetic field dependencd of found to be
proportional to 1B. The irreversibility line follows the
_ _ _ _ o _ power lawugH ;= moHo(1—T/T ).
gnd is ;hown in the inset of Fig. 10, first increases with A logarithmic time dependence of the magnetization is
increasing temperature and then reaches a peak at some tefserved on samples with 100% shielding fraction. The re-

peratureT,, . This temperaturd, decreases almost linearly |axation rate at different magnetic fields increases progres-

with increasing external fields. sively with temperature. The flux creep activation energy is
We would like to point out that the temperature depen-tond to be in the range from 10 to 80 meV with a peak in its

dence of, obtained from Eq(9) is dependent on the initial  temperature dependence. From measurements on samples

magnetizatiorM, used for the calculations. It is not possible \yith nonperfect stoichiometry we show that inhomogeneities

to obtain thg re'al values dfl f'rom th'e experiment because strongly affect the relaxation process and may mask a loga-
the magnetization relaxes quite rapidly. Therefore, we haveinhmic behavior.

to useM (tg), which is recorded about 80 s after the stabili-
zation of the magnetic field for the evaluation of the relax-
ation rate.

The magnetic relaxation obtained on samples K1, K2, and
K3 with shielding fractions below 100% is completely dif-  The authors are grateful to L. PintschoviisiFP, Fors-
ferent in character. The relaxation does not show a logarithehungszentrum Karlsruhefor neutron-scattering measure-
mic behavior and jumps of the magnetization appear. Bements on sample K1. Work at the Atominstitut destér-
cause the samples with 100% shielding fraction showed geichischen Universitan is supported by the Austrian Sci-
very smooth logarithmic relaxation, we conclude that the unence FoundatiofFWF) in part under Grant No. P12098-
usual magnetic relaxation shown in Fig. 11 is an intrinsicPHY and partly under Grant No. P11177-PHY, and at the
property of samples with a nonideal shielding fraction. Welnstitut fur Materialphysik under Grant No. P9741-PHY.
wish to point out that a nonlogarithmic relaxation was alsoWork at the University of Pennsylvania is supported by De-
observed in powder sampléRefs. 22—-24 partment of Energy Grant No. DE-FC02-86ER45254.
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