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Synthesis and superconducting properties of a RiCg, single crystal
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A pristine RyCqq single crystal with larger than millimeter dimensions was prepared by reaction of ru-
bidium vapor with a seed-grownggsingle crystalwhich exhibited remarkably sharp x-ray-diffraction peaks
A narrow superconducting transition widNiT ;. (5—85 % diamagnetic shieldingf the RRCqy single crystal is
less than 1 K. The onset of the transition was at a temperafyre30.0 K. Measurements of temperature
dependence of the zero-field-cooled and field-cooled dc magnetizasong ten applied magnetic fields up to
5.0 T) are reported here. These and magnetization vs field data at different tempefi@ogasy from 2 to 29
K) have been used to determine thermodynamic superconducting parameters, including tHeHlQE)]
and uppeffH.,(T)] critical fields, the Ginsburg-Landau coherence lengtland the London or Ginzburg-
Landau penetration depth, These are significantly different from those extracted from similar data in the
literature for powder specimens. Hysteresis and magnetic relaxation measurements have been used to deter-
mine the nominal critical current densify(H,T) and the effective-pinning potentiél4(J,H), respectively.
[S0163-18297)10717-2

I. INTRODUCTION conductor. Many aspects of superconducting fluctuations,
anomaloudH-T phase diagrams, and weak pinning in high-
The discovery of a new family of superconductors, temperature superconductors have been attributed to anisot-
alkali-doped G, compounds, has stimulated substantial thetopy and reduced dimensionality. It is therefore desirable to
oretical and experimental interest. The basic properties of aompare high-temperature superconduct@3SC’s) with
superconductor, such as the thermodynamic critical fielcdhotable anisotropy witlttubic HTSC materials.
H., the Ginsburg-Landa(GL) parameterx, the magnetic- While determination of equilibrium thermodynamic criti-
field (London penetration depth, and the Ginsburg-Landau cal fields and length scales are always important in describ-
coherence lengtl, provide insight into the superconducting ing the superconducting state, nonequilibrium properties as-
mechanism as well as useful information for understandingociated with flux pinning in type-Il superconductors are also
the flux-pinning mechanism. The difficulties in correctly de- quite important in determining their potential in high-field
termining these fundamental quantities in alkali-dopeg C and high current applications. Here we also report hystereti-
superconductors have been recognized as resulting from theially determined critical current densitiels(H, T), for large
variable composition, instability with respect to oxidation, Rb;Cgy single crystals using a Bean model analysis for a
and the problems associated with growing large single cryssuperconducting slabFurther magnetic relaxation data has
tals. been taken as an attempt to determine the nonlinear effective
Investigations ofM,Cg, (M is Na, K, Rb, Cs, and their flux-pinning potential for these materialst*
binary mixturé in the range ¥x<6 have been reportéd.
Among. the alkali-doped £ comp_ounds, the line C(_)mpound Il EXPERIMENTAL PROCEDURE
M ;Cq is the only superconducting phase. Experimental re-
sults reported in the literature have given widely varying The high-quality G, crystal used in this study was cut
estimates for the values of the London penetration dapth from a bar-shaped single crystal that was grown from a seed
and Ginsburg-Landau coherence lendgthThese estimates crystal using a gas-phagsublimatior) growth procedure.
have been based on magnetization measurements@f,K Raw G powder(MER corporation, 99.5%was refined by
(Ref. 5 and RRCqq (Ref. 6, powder or resistance measure- sublimation in a vacuum quartz tube. In the vapor-phase
ments on thin film§and crystal® of K;Cso. Obtaining reli-  crystal growth ~100 mg of G, extract was heated to
able values has proved to be an experimental challenge. For560 °C in an evacuated quartz ampule where it sublimed.
lack of large single crystals the pinning bf,Cg, materials  The G vapor phase follows the natural temperature gradient
and the anisotropy effects in the cubic superconductors hava the furnace to the cold end of the tube where we had made
also been largely unexplored. This has motivated us to prea few scratches on the inside wall. Herg,@condenses to
pare and to characterize a series of large single crystals d6rm many nuclei of the crystalline solid which grow as a
alkali-doped G, Not only do these experimental efforts at- function of time. After we observed the crystallites to nucle-
tempt to provide measurements of fundamental supercorate on scratches in the quartz ampule, we tilted and vibrated
ducting properties in high-quality single crystals, but also tothe cold end of the ampule to cause the nuclei to fall down so
illuminate differences in behavior between isotropic and anthat only a few of them remained as crystal seeds. We have
isotropic high-temperature superconductors. With a transidemonstrated larger bar-shaped crystals can be grown from
tion temperature of 30 K and a cubic structures&fg is an  these seeds.
excellent example of an isotropic high-temperature super- The structure and dimensions of the ray, Crystal were
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12 10% pending on the g crystal size and the reaction temperature,
F : the heat treatment time varied from one day to ten days. The
@ 1! 10° | E 7 quality of the superconducting RBg, single crystals corre-
g 8 104 g 3 lated with keeping their original shape, even though crystal
g C ] surfaces lost their metallic luster and became opaque.
S s10f [ a . Part of the resulting crystal was cut from the doped crystal
> [ [aY} ] . . . . .
B 410t L E used in this work for x—.ray—dlffractlon analysis. .The volume
S C ™ of the remnant R{LC5, single crystal for magnetic measure-
E 2100 o T ments was approximately 0.57.0 3 cm®. The RRCq
r ] A NV single crystal was frozen in a pellet of polyethylene to pre-
° 3 R vent moisture or air from damaging the superconducting
oo Lo v vy vt phase. This also had an advantage over sealing in a Pyrex
0 10 20 30 40 50 tube which usually contributes a largéemperature inde-
20 pendent diamagnetic background signal. It was confirmed

that the magnitude of the sample magnetization remained
constant for at least ten weeks indicating that the polyethyl-
ene seal impeded oxidation of Rb in the single-crystal

checked by x-ray-diffractioriXRD) pattern and optical mi- sample. The sample was stqred in an evacuated sealed quartz
croscopy. The well-known fec crystal structure of the pure@mpule and transferred in air between measurements.
Ceo Crystal with a lattice parameter 0f14.18 A has been A superconducting quantum interference devQUID)
observed. From the systematics of the variation of x-ray-magnetometefQuantum Design, San Diego, Califorpiaas
scattered intensity with orientation, we were also able to deused to measure the dc magnetization of the sample in field
termine that th¢111] direction of the lattice is perpendicular up to 5 T intemperature down to 2 K. Using the MPMS2
to the largest surface of the crystal. With the exception of anodel with a scan length of 3 cm, yields a field variation of
cut face, each of the surfaces of the crystal was a reguldess than 0.05% over the scan length. The system tempera-
plane with metallic luster, indicating that these faces wereure was always within=0.02 K of the target temperature
free surface when this crystal grew. Using crystal mass, prior to measurement. For investigating possible anisotropic
=1.03 mg, and microscopically determined crystal dimen-properties of the doped fullerenes, we arranged the magneti-
sions we found the crystal's density to pe=1.65 gcm>.  zation measurements to be carried out with applied magnetic
This value is in close agreement with the 1.67 gérden-  field parallel to thd111] direction and112] direction of the
sity determined based on the XRD determined fcc latticerystal lattice, respectively. We use left subscripts 1 and 2 to
parameter. The diffraction pattern for the purgy€rystal, indicate the two different orientations. In this work, only the
before doping Rb, is shown in Fig. 1. _ data measured with the field oriented in {14.1] direction

The variety of experimental procedures which have been, e analyzed in detail. As a comparison several experimental
used to prepare alkali-dopedsdCsuperconductors can be yoqts with the field oriented in tHa.12] direction are also

construed as influencing the variation of properties observe iscussed in this work. In a subsequent work we will com-

in the literature. In par.t|cular, in the me.asurement 9f f“'f‘d"?" are length scalegoherence lengths and penetration depths
mental thermodynamic superconducting properties it %)

highly desirable to make measurements on a single cryst r.the[ul] and[112] directi.ons using a-formalism of crys-
with the orientation of magnetic field with respect to thef;[l"’l”me anisotropy apd Ferml_—surfa}ce anisotropy for fullerene
crystal axes well known. The sample used in the preserﬁuperconductors with a cubic lattice structure.
work was prepared from a solid-gas reaction of pristing C
single crystals reacted with rubidium vapor. A wide compo-
sitional range was explore@nolar ratios, Rb:g, from 1 to . RESULTS AND DISCUSSION
8) and different heat treatments were used so as to maximize
the superconducting shielding fraction of the resulting doPe%n
crystals.

Our standard synthesis procedure consisted of sealin
several millimeter-sized pureggcrystals and a piece of ru-
bidium (Rb, Alfa, 99.95% in a vacuum Pyrex tube. The

FIG. 1. X-ray-diffraction pattern for a pureggcrystal taken
using CuK, radiation incident on §111] surface.

At the outset we alert the reader that we present an initial
alysis of our first magnetization results using standard ana-
Iytical techniques to determine critical fields, thermodynamic
length scales and nonlinear effective-pinning potentials. We
attempt to estimate these quantities and compare our results

Ceo Crystals were placed in the hot end of a horizontal fur-10 What we believe to be less accurate powder results and
nace at~200 °C (well below the G, sublimation tempera- results fqr small_smglg cryst_als. We will discuss or|entat|or_1al
ture). The rubidium source end was held at an optimum tem&ffects (field orientation with respect to crystallographic
perature which ranged from 190 to 195°C. A higher@xes in a future pubhcauon_. Here we explore in Sec. IlI A
temperature helps in completing th&b+Cgzy= Rb,Ce re-  the superconducting transition temperature for our crystal, in
action. However, too high a reaction temperature may lead t&€c. lll B, the zero-field-cooleZFC) and field-cooled FC)
cracking and evaporation of the crystal grain. A slight excessusceptibilities and the Meissner effect, in Sec. Il C, the
of rubidium (compared to the minimum necessary for alower H;, upperHg,, and thermodynamic critical fields
Rb,;Cq, stoichiometry was observed to increase supercon-H. and length scales, and in Sec. Ill D, hysteretic response
ducting shielding diamagnetic fraction of the product. De-and pinning potentials.
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) FIG. 3. Magnetic-field dependence of the magnetization at a
FIG. 2. Temperature dependence of the zero-field-co@&€)  fixed temperaturd =2 and 26 K. After three weeks’ interval, the

and field-cooled(FC) dc magnetic moment with a fixed applied g ,perconducting diamagnetic sigriapen circles shows the same
field of 2 Oe. The volume of the single crystal is 0.57 \4je as beforécrosses

x 1072 cnr.

_ - precise determination, however, we made a lead replica of
A. Superconducting transition temperature the RRCq, single crystal and measured its demagnetization
The superconducting transition temperature was deteifactor experimentally. The magnetic-field dependence of dc
mined from measurements of the temperature dependence wfagnetization of the lead replica yielded a demagnetization
the zero-field-cooledZFC) and field-cooled FC) tempera- factor, ;D, for this geometry, of 0.57, in the case of an
ture dc magnetic dipole momefemu of the RCq, single  applied field parallel to the shortest dimension of the replica.
crystal as illustrated in Fig. 2. The following experimental ~ The magnetic-field dependence of the dc magnetization of
protocol employed(a) the sample was first cooled from its the RRCg single crystal from zero field<0.5 O¢ to a
normal statdabove 40 K to 5 K in zero field(<0.5 Og; (b) maximum applied field ©5 T and for fixed temperatures
its dc magnetic moment was monitored as a function of inbetweenT=2 and 26 K is shown in Fig. 3. The data were
creasing temperature as the sample was heated above sug@ken with the same field orientation as used in determining
conducting transition temperatufie in an applied field of 2 ;D with the lead replicdi.e., in the[111] direction for the
Oe (ZFO); and(c) it was subsequently cooled 6 K under fcc crystal latticg. The shielding magnetization remains lin-
the same fieldFC). ear in an applied field until flux lines start to enter the crystal
Using a linear extrapolation above the onset of the superat the lower critical fieldH.,. Using the low-field datdin
conducting diamagnetic transitiom, was determined to be the linear regimgthe calculated shielding fraction of our
30.0 K. The full width of the transition 5—-85 % is less than 1 sample is about 80% of that predicted for a perfect diamag-
K. The sharpness of the transition is consistent with the highnet using Eq(1). Here we neglect reduction of the suscep-
quality of our sample. The thermomagnetic hysteresis betibility due to edge effects. These results were reproducible
tween the FC and ZFC susceptibilities is consistent with fluxafter a three week interval indicating little deleterious degra-
being trapped in the sample as it is cooled below the transidation of properties due to oxidation of Rb over this time.
tion temperature. It should be mentioned that from a ZFC
susceptibility measurement in an applied field of a few Oe C. Critical fields and thermodynamic length scales
one can only roughly estimate a diamagnetic shielding frac-

. : . - For determining upper critical fieltH.,, we show the
tion, because uncertainty of remnant field trapped in thei c .

, ; . temperature dependence of the ZFC and FC dc magnetiza-
SQUID system’s superconducting solenoid as well as Contrl'Eionpat various fFi)xed applied fields in Fig. 4. The datagwere
butions from the earth’s field. o

gathered using the same protocol as for the low-figldDe
data described above. Compared with the superconductor’s

B. FC and ZFC susceptibility, Meissner effect diamagnetic signal, the contribution from the sample rod, the
Perfect diamagnetic shielding would be reflected in arpolyethylene pellet, and a straw sample hol@so polyeth-
experimental susceptibility, given by yleng), was small. Nonetheless, in order to insure accurate
fits toM(T) for the single crystal, a correct subtraction of the
M M 1 background signal is extremely important, especially at high
Xe:H_e: H,+47DM =" 4m(1-D) @D field. Magnetization versus temperature was measured at

various fixed magnetic-fields from superconducting transi-
Here M is magnetizationD is the demagnetization factor, tion temperature to 40 K. We fit the background magnetiza-
andH, andH; are the externalapplied magnetic field and tion at fixed applied field using a formAT 1+B+CT)
internal magnetic field, respectively. The demagnetizatiorwhich included diamagnetic term due to the polyethylene
factor can be estimated for our sample using the formula fofnearly T independentand paramagnetic term attributed to
an oblate spheroid with an identical aspect ratio. For a moréhe RRCgy normal. This form was extrapolated to low tem-
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FIG. 4. Magnetization vs temperature measured n&afH) in FIG. 5. Temperature dependence of the ZFC magnetization with

different field 0.5, 1, 3, ah 5 T for ZFC and FC. Data in other the background signal subtracted. The solid lines are fits tdZq.
applied fields were not shown for clarity. The arrow indicates theover a temperature rangmdicated between two dashed linédze-
irreversible temperaturg;, of ~22 K atH=5.0 T. A basal line tweenT;, and the temperature at which magnetic fluctuations are
(dashedifor the ZFC curve at the applied fikb T was determined evident. A ZFC magnetization curve wifi12] field orientation
from the data obtained above the transition temperdsee text (H=5T) has been shown in same figure.
As a comparison, the temperature dependence of magnetization of
the sample with the field orientated in th&12] direction is also perature,;H.,(5T), is obviously higher thapH,(5T). To
shown in this figure. our knowledge, the anisotropy of the upper critical field in

) fullerene superconductors has not yet been observed, even
peratures and subtracted frdvh(T) to obtain the net, super- though strong effects of the anisotropy on the magnetic prop-
conducting response of the &y, single crystal in fixed erties of conventional cubic superconductors are well known.
fields from 0.05t0 5 T. ~ We plot;H,(T) vsH in the inset of Fig. 6. Above 1.5 T,

In temperatures between 20 and 35 K demagnetizatiog strajght line corresponds to an upper critical field slope
corrections are neglected because of very small sample mag:H ,(T)/dT=—1.95 T/K and a GL transition temperature
netization. The irreversibility temperatur&,,, is identified 1Te 6L(0)=28.0 K. For applied fields less than 1.0 T, the
as the separation point between the ZFC and FC curvegg|yes ofg,H.,(T)/4T deviate from that of the linear fit and
Above T, and belowT a linear temperature dependence of exnibits notable curvature as has been observed in many
the magnetization is observed. In this range the superconsiher publication§:#*5In this range, the slopggM/dT, of
ducting order parameter and thus the magnetization is prane fixed field magnetization decreases with decreasing val-
portional to temperatur¥. In a critical region a broadening ues ofd;H(T)/JT as is shown in Fig. 5. This is consistent

of the transition temperaturg,(H) is caused by supercon- yith solutions to linearized Ginzburg-Landau equations for
ducting diamagnetic fluctuations and inhomogeneity of theM(T) nearH,(T) (Ref. 12.

sample, and the temperature dependence of magnetization is
no longer linear. The magnetic fluctuation region may extend Heo—He
to ~5 K below the zero-field transitiorf;(0), atH=5T. 4mM = — 1T162:2=1) 2

The nucleation temperatur€,(H), is commonly defined '
as an intercept of a linear extrapolation of thi§T) curve  for a triangular Abrikosov vortex lattice structure. In this
with the M =0 axis, which has been corrected for back-regime the value of Ginzburg-Landau parametés taken as
ground signal as described above. This linear extrapolatioheing independent of temperature.
has been shown to be inadequate for very anisotropic Using Eq.(2) to determineH,(T) can be problematic if
superconductots as a result of quasi-two-dimensional dia- the data are inadequate to reliably determine the partial de-
magnetic fluctuationgin the extreme leading to @ (H) rivative of the magnetization with respect to temperature,
determined by linear extrapolation which increases withdM/dT. This will be the case when the irreversible regime
field]. For thecubic crystal we observe a field and tempera- and the fluctuation regime nearly coincide, compressing the
ture regime for which the linear extrapolation adequately delinear M(T) regime and compromising fits which rely on
scribes T(H). Figure 5 shows a linear extrapolation of an accurate determination @M/JT. Another method for
M(T) in a temperature range beyond the fluctuation regimedetermining H.(T) relies on fits wusing the
We also note that, at lower fiel¢<0.5 T) the values of London intermediate-field regime expression: wM
T.(H) were evaluated only at a temperature where the= ¢y/8m\ %In(zH,/H) (Where 5 is a constant on the order
Meissner effect is no longer observed in a ZFC measureef unity). Though this characteristic IH} dependence has
ment. often been observed in the intermediate-field regime, it has

We emphasize that the upper critical fiehl,(T) of the  recently been pointed out that the London model is quantita-
fullerene superconductor BB, is dependent on the field tively incorrect because of its failure to address energetic
orientation. As shown in Figs. 4 and 5, the nucleation tem-<ontributions due to the cores. Recently, a variational
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=-2.08 T/K, and ;x=39.2. These values are similar to

0 _'D;T"' R those obtained by the simple linear fits to E2), however,
w47 the latter fitting procedure is more robust in avoiding ambi-
roa 37 % guities in determiningM/dT anddH,(T)/dT. The consis-

0.1 - : f;T 2 tency of this approach has been checked by evaluating the
E Foe T 5 slope of magnetic hysteresis curvéd(H), at fixed tem-
o 02 v B 4 peratures neaf.(H). Using the equation
T r %3
S 03 :— To ﬂz 1 (4)
. ] He 4.64m(2k%—1)’
0.4 - 0 arrived by differentiating Eq(2) with respect to field, we
2 2 ] obtain GL parameter«=39.8, 38.7, 39.3, and 37.5, fdr
05 B Lol b b b b b =26, 27, 28, and 29 K. ThgH,(T) values derived from
-14 12 1 -08 -06 -04 -02 0 02 hysteresis data at these temperatures are shown in the inset of
(T-28.0/H 10 (KT) Fig. 6. All of the data are in very good agreement with the

results of the fits oM (T) curves in Fig. 5.

FIG. 6. A scaling of the magnetization data measured at 1.0, 1.5, The zero-temperature GL coherence lengt)(0), is the
2.0, 3.0, 4.0, and 5.0 T by using EB). Inset: The temperature Vvalue ofég (T) extrapolated to 0 K. The fact that the upper
dependence of the upper critical fiett).,(T). Solid dots are de- critical field H.,g (0) represents the field at which fluxon
fined in Fig. 4. Open circles are from hysteresis curib@) at cores of radius &g, (0) overlap allows us to relate
T=26, 27, 28, and 29 K. The solid line is a fit to the solid dots atH , - (0) andé&g, (0):
fields above 1.5 T. The dashed line is from the scaling relation, Eq.

(3) with —1.2<(T-TGL)/H<—-0.6 (K/T) andH, between 1.5 b0
and 5.0 T. Crosses aigH ,(T) data. Hco(0)= 2782 (0)° (5)
GL

model® which treats the cores explicitly has been shown toTo determine the 0-K value OH.y, Heog(0), we use

yield a more accurate description of the magnetization in th&Verthamer-Helfand-Hohbenbéfg WHH) formula:

intermediate-field regime. This model also lends itself to fits

of a InH) form for which —47M=ad,/ Ho (0)= —0.6 IHe2(T)

8w\ 2In(BH/H), wherea and 3 are two fitting parameters e(0)=~0. aT

to the variational model. Unfortunately this fitting procedure

is also inconvenient for analysis of our data since the magwhich yields ;H ¢, (0)=43.0 T and;£5,(0)=27.7 A for

netization of fullerenes superconductors has a narrow reversur single crystal. These values are quite different from those

ible range and a large magnetic fluctuation. Any such arpbtained from magnetic measureménis a powder sample,

analysis based o#M/dH or dM/JT will be ambiguous un- but similar to those obtained from ac susceptibility

less there are enough data to accurately fit the slopes.  measurement$’® Assuming k=M\/¢ to be independent of
We suggest here a fitting procedure which uses plots ofemperature we estimate the penetration depily, (0)

M/H vs[T—Te(0)]/H (K/T) to determineH ,(T). This  =1090 A corresponding to ;x=39.2 and ;&5 (0)

Te, (6)
TC

procedure relies on the equation =27.7 A. This value is only about half of that observed by
Sparnet al.® but close to the 1200-1400 A determined by

M 1 Hco(T) Politis, Sokolov, and Buntat and also close to a theoretical
H_e_ 4.64m(2k%—1) AT estimation based on band-structure calculations for

K3Ceo. 1’ Similar inconsistencies in values of the penetration

<T T—Tcal(0) i1 (3  depth have been noted by Palstgal,” Hou et al,® and
¢ He ’ Foneret al?° for length scales determined by resistance mea-
_ ) o o ) surements on the fullerene-based superconduciGgK
d_e_nved b_y d|fferent|at|ng_Eq(.2) within the revers_lble tran- The large uncertainty in the values of the penetration
sition regime. Here the Ginzburg-Landau transition temperagepth reflects the experimental difficulty in determining the
ture Tcg, (0) is usually several degrees smaller tha0).  |ower critical field,H¢, . Again in Ginzburg-Landau theory,

We hgve used Eqd23) to fit our magnet_ization dat_a ta_ken at H., can relate to the GL penetration depih,and «:

fixed field between 0.5 and 5.0 T, as illustrated in Fig. 6. In

these fitsT ¢ (0) is the only adjustable parameter. Excellent b0

agreement between the theory and experiment is clearly il- He=7—= Inx. )

lustrated for fields exceeding 1.5 T. It is expected that this

scaling should prove inadequate at lower fields where nonNoting the deviation from a lineaM(H), we estimate

linearity in {H(T) vs T is clearly evident. 1H¢1(0) should be about 0.05 T. This value is in good agree-
Fits to Eqg. (3) in the temperature regime between thement with the 0.045 T value of Politis, Sokolov, and

irreversible temperature and the temperature where an obvBunta® but much larger than the 0.012 T determined by

ous magnetic-fluctuation effect appears are also shown iBparnet al® Buntar, Eckern, and Polifishave discussed the

Fig. 6. A fit of Eq. (3) in the regime—1.2<(T—Tg)/H experimental challenges in determiniHg, from magnetiza-

<—0.6 (KIT) vyields ;T.5(0)=28.0K, d;H(T)/dT  tion curves. Despite these challenges we interpret a set of
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FIG. 7. Magnetic-field dependence 6fM/M(H.=200 Oe) at FIG. 8. Magnetic-field dependence of the hysteretically deter-

5 K used for determining lower critical fieldH.,. Open circles  mined critical current density. at varied fixed temperature.
and triangles are from Spast al. (Ref. 6 and Politis, Sokolov,
and Buntar(Ref. 15, respectively. Solid dots show the data in this D. Pinning and magnetic relaxation

work. We show typical hysteresis curves for our single-crystal

sample in Fig. 3. The shape of the hysteresis curve indicates

M(H) curves & 5 K measured by Sparetal.® Politis, @ quickly decreasing critical current denslty of this single
Sokolov, and Buntd? and this work in Fig. 7. We plot the prystal wit_h increasing fiel_d. A roug_hly exponential decrease
normalized magnetization—M (H)/M(H,=0.02T) as a N J.(He) is observed. This steep field depend_ence has been
function of the external applied fielt.. A linear M(H) is almos.t umvgrs_ally qbserved In v_veakly pmned_ HTSC
clearly observed for our crystal out to larger valuesqf. matenal§ It IS indicative c_;f a §h|eld|ng currer_1t which has
This clearly imolies a hiaheH... for our crvstal than for relaxed significantly from its critical value during the dura-

y Imp '9 cl y ... tion of the magnetization experiment. We therefore expect
powder samples. If one includes effects of demagnetizatio

"hnd do observe large magnetic relaxation rates for this crys-
1D=0.57 for our data and = 1/3 for the data of Refs. 6 and tal. While the current density derived from hysteresis mea-

15, an even more pronounced difference is observed. FQly,rements is certainly not critical, the geometric arguments
reasons discussed below we believe that the single-Crystgf the Bean or critical-state models should be appropriate.
data offer a more reliable estimate ld; for a bulk sample  fqr g slab geometryof width a and lengthb) sample the

of Rb;Ceo. . _ critical current density in thab plane can be calculated by
It is well known that, for small particles the lower critical gn extended Bean model

field is a single-grain property, and depends on the grain size

and geometry. A typical grain size of fullerene powder _ 20AM
sample is~1 um. Those samples may have compositional ‘]C_a(l—a/3b) '
fluctuations and/or second phase, well below the detection ) )
limits of many characterization techniques yet still contributeHiéréa andb are the width and lengtin cm) of the super-
to the pinning and/or “dirty limit’22 For a dirty-limit ~conductor, respectivelAM =M, —M _ is the width of the
sample the mean free path of electrons is comparable with (fYSteresis loop in emu/chiG) andJ; is reported in units of

2 . . .
smaller than intrinsic coherence length. The effective penio‘/(t:rn : 'IVIf_* |3|r-]|d M\;V arehthe trr\]ystereUc :_na?nlztléatmn dat an
(1+ £1)Y? (wherel is the mean free path of electrorthan b 9. 5

= = -2 =
would be obtained by a “clean-limit” sampf&. Assuming evaluated value 0fJ((H=0)=1x10° Acm® at T=5K

- . is an order of magnitude smaller than that of a powder
the minimum pQSs'b'e value_of mean free ph#llOl A (the sample reported by SpafrThis is attributed to the fast re-
Ceo Separation in the fcc lattigeand the experimental coher-

) ’ _ "~ laxation in our pristine crystal. It is consistent with the notion
ence lengtiég =27.7 A, this factor is about 2. This value is that powder samples in the dirty limit may have many more
very close to the deviation of values of penetration depthjyx-pinning sites than pristine single crystals. It is empha-
obtained in single-crystal sample and the powder sanfplessized that our data reflects a bulk property of the sample
We observe that our millimeter-sized single crystal has anstead of that of a collection of small particles. These pris-
larger H¢, corresponding to a smaller effective penetrationtine crystals therefore may be ideal candidates for studies in
depth, which indicates experimental values are better dewhich pinning sites are artificially introduced, i.e., through
scribed using the clean-limit analysis. Granular effectsirradiation-induced damagé:?*
strongly influence the magnetic properties of samples in the A lower density of the effect pinning center in our single
intermediate-field regime and therefore the analysis of theicrystal might be responsible for decreasint;. The weak
critical field behaviors as well. We will discuss this topic flux pinning in the RRCq4q single crystal is also evident in
more fully in the future. measurements of magnetic relaxation in various fixed fields

a<b. (8)
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R e T Uer ‘dM(t)_(Hvoa()’ 10
3 200 | 8 ] k dt ‘ 27a
£ ; o ] which is used as the algorithm for obtaining the effective-
2 150 | i a) 3 pinning potentiall ., from M(t) data recognizing that the
rf, C o . argument of the second logarithm is slowly varying for fixed
n 100 b > . field and T<T.. Ugx(J,H) is an effective-pinning potential
% C § \ ‘ h which depends explicitly on current densilyand external
S s0f \\ \ { field H and implicitly on temperature. Here we take the con-
C \ \ ] stantc=In(Hygay/27a) as a temperature-independent scale
800 -ttt constant in a first attempt at fitting this data. This has been
€ 700 | E shown to be a very rough approximation. As an example, the
s : i 3 J-dependentU.+ from magnetic relaxation data of our
Q 600 i b) E sample is shown in Fig. 9. This datas of yet uncorrected
§ 500 £ \ 3 with an appropriate temperature sca)irgiill does indicate
S 400 E \ 3 that U(J,H) is a strongly nonlinear function as is the case
[ n - . . .
P s \ ] for other high-temperature oxide superconductors. We will
3 300 b N\ N\ E discuss a more elaborate scalinglf; with field and tem-
S 200 E ~ ~ 3 perature in the future.
100 B v v e Y
-5 0 5 10 15 20 25 IV. SUMMARY
M (@) A comparison of the thermodynamic superconducting pa-

rameters for our crystal and powder samples reported in the
literature is given in Table |. Here the thermodynamic criti-
cal field H, is defined aH2=H¢;H,/In k. We conclude
that the RRCgo materials are all extremely type-Il supercon-
ductors. Uncertainty in these length scales is likely due to

and temperatures. In general, the rate of change of averag@fiable sample qualityi.e., doping inhomogeneityand
flux density (induction, (B)) in the superconductor with a granular effects. In conclusion, we have prepared and char-

slab geometry(of width a) is governed by a nonlinear acterized high—.quality single crystal &go with a size near
magnetic-flux_diffusion equatioh’® This can be derived L MM- We believe the thermodynamic superconducting pa-
considering a thermally activatethrrhenius law for the rameters for R§Cq, extracted from our single-crystal data

fluxon velocity and integration of the divergence theorem@® more reflective of the intrinsic material properties.
relationship for flux conservation finally yielding We note that, field orientation effects and the three-

dimensional character of BBg, superconductivity have
d(B) dM  2Hagv, Uei(js H) been measured. The thermodynamic critical fididfor the
I TEERArTE XF{ KT } C) superconducting phase should be independent of field orien-
tation. The slight difference betweefH. and ,H. in our
Herea, is a characteristic fluxon hop distanag, is a hop- data can be potentially explained by some differences in the
ping attempt frequency, anti=H, is the external field distribution and orientation of defects in our crystal. Possible

boundary condition. Following Refs. 9 and rearranging Eqg.crystalline anisotropy effects on the vortex lattice structure
(9) yields (which depends on the applied figldnd the morphology of

FIG. 9. (a) Estimate of ;U4(J) as determined from measure-
ments of the time-dependent magnetic relaxatjdm(t,T), using
expression(10), for a fixed field of 4.0 T.(b) A constantc
=In(Hyga/27ra) =20 is used to fit the data i@).

TABLE I. Superconducting state parameters o£Gd.

Value
Field orientation
__ References
Parameter [117] [112] random
T. (K) 30.0 30.0 29.6Ref. 6), 28.4(Ref. 20, 28 (Refs. 15 and 21
He (T) 0.050 0.047 0.012Ref. 6), 0.016(Ref. 21, 0.045(Ref. 15
Heo (T) 43 39 78(Ref. 6, 55 (Ref. 20, 76 (Ref. 20, 44 (Ref. 15,
46.5(Ref. 21, 38" (Ref. 18, 42 (Ref. 18
H. (T) 0.76 0.71 0.44Ref. 6), 0.41(Ref. 20
dH, /dT (T)/IK —2.08 -1.90 —3.9 (Ref. 6, 2.5(Ref. 15
o) (nm) 2.8 2.9 2.0Ref. 6, 2.3(Ref. 15, 3.0(Ref. 18
N () (nm) 109 113 247 Ref. 6, 120-140(Ref. 15
k=X /&0 39.2 39.1 124Ref. 6), 80.5(Ref. 21

3Exception to WHH upper critical field model.
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