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Lower critical fields of alkali-metal-doped fullerene superconductors
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We report on the lower critical field of fullerene superconductors derived from a “trapped magnetic mo-
ment” method. SuperconductingsRgo, Rb;Cqo, and RbCsCq, crystals and powders with shielding fractions
between 3 and 100 % were investigated. In contrast to all previous investigations made by other methods, the
values ofH.; are much smaller and of the order of 1 mTTat0. We show that the smallness ldf; is not
related to Josephson junctions and granularity, but is an intrinsic property of the fullerenes.
[S0163-18296)50538-2

Since the discovery of superconductivity in alkali-metal-  All these data compelled us to undertake more detailed
doped fullerened the lower critical fieldH, of these mate- and careful investigations of the lower critical field in
rials has been studied by various experimentalullerenes. In order to avoid the difficulties associated with
technique€1° However, despite several years of researchthe above methods, another way to estimidtge must be
the magnitude oH,; is still controversial. The first values of found. Hence, we employed a metRbahereH,; is deter-
He for KsCqo (Ref. 2, RbCq (Refs. 3 and # and  mined from a modified “trapped magnetization” technique.
RbCsCq, (Ref. 9 and BgCq (Ref. 11 were obtained by a We will show in this presentation that the lower critical
dc-magnetization technique. The lower critical field at zeromagnetic field of the fullerene superconductors is of the or-
temperatureuyH.1(0) evaluated from these measurementsder of 1-1.5 mT at zero temperature and that these small
was in the range from 11 to 16 nfT® The penetration depth values of the lower critical field are not connected to a break-
\, calculated fromH; with the well-known equation ing of Josephson junctions in the sample, but are intrinsic

features of these materials.

@, Samples of different compounds and quality were inves-
moHe = In(x) (1)  tigated in order to find influences of granularity and weak
Am\? links, if any, on the lower critical field. In our experiments

K4Cgo Crystals with shielding fractionsxg,, from 25 to

(where @, is the magnetic flux quantumg=N/¢ is the 100 %, crystalline(xs;=3%) and powdered Ri€;, and
Ginzburg-Landau parameter, agds the coherence length RbCsCg, powder were measuredDetails of the sample
and from the coherence length known from independenpreparation are given in Refs. 9, 21, and)2these samples
measurements®>12-1¢ js of the order of 200-250 show a large variation of granularity ranging from “poor”
nm 2581318 these experiments the lower critical field was superconductivityRb,Cy, crystal and powdeygo bulk crys-
evaluated as the field, at which a deviation from a lineartals with a shielding fraction of 100%. One of the samples
M(H) dependence first appeared. However, none of the magwith a weight of 2.1 mg and a size of approximately
netization data for fullerene materials showed good linearity2x1x1 mnt) was examined by ac-magnetization measure-
or any cusps abovid.;. M (H) usually has a smooth posi- ments and did not show granularity for current fl6tw.
tive curvature, i.e., it is extremely difficult to obtain the point  Magnetic dc measurements were performed in a commer-
of the first deviation from linearity, since the deviations cial superconducting quantum interference device magneto-
themselves are very small. Indeed, using the same methadeter in the temperature range 5KT < T,. This device
for determiningH,,, Ironset all’ showed recently, that de- has a very high sensitivity, which is mainly achieved by an
viations could be seen at much smaller applied fields, whiclkenvironmental magnetic shield attenuating undesirable stray
were of the order of 3—4 mT in their experiments. fields. Moreover, a special low-field option allows us to hold

In addition, other methods often showed that the magnetithe residual field in the magnet at a very low level
field penetrated the sample below 10 mT. For instance, &<5x10 8 T). Due to these options very precise measure-
method based on measurements of the reversible magnetizaents of the trapped magnetization and very small incre-
tion at high external field$,led to uoH.,(0)~8 mT for  ments of the external magnetic field can be achieved.
RbCsCqgp. oHc1(0) for RbyCeo,® obtained from the Bean For the K;Cg, crystalline samples with 100% shielding
critical state modet® was of the order of 5 mT. Small values fraction, the demagnetization factor was obtained from
of the magnetic field, at which a trapped magnetization apM(H) and M(T) zero-field-cooled(ZFC) measurements.
peared, were observed on(M (Ref. 10 and MH) (Ref. §  We assume that complete flux expulsion prevails and fit both
curves. Moreover, in measurementshofRefs. 7 and 1pby  the magnitude of the ZFC magnetization at the lowest tem-
uSR experiments, the penetration depth was found to be 48@erature and the slope of the straigM(H) line to
nm for K;Cgy and 420 nm for R{Cy,. These results indi- M= —H. Both methods give the same value of the demag-
cated that the lower critical field of fullerenes could be muchnetization factor for each sample@=0.4 and 0.14, respec-
smaller than obtained from magnetization measurements. tively). For the KCq, sample with 25% shielding fraction,
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k@l -_-.l' . FIG. 2. Field dependence of the trapped magnetic moment of
Of—a—ma—= 7° the KsCgp single crystal aT =5 K. The solid line corresponds to the
« = ] equationm,=A(H,—H¢)?2.
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H,/(1-n) (mT) has some background value and is field independent. When

the magnetic field exceeds some characteristic fi¢ld a

FIG. 1. Field dependence of the trapped magnetic momentrapped magnetization appears and increases with increasing
(solid squaresand of the magnetic momeitopen circle of the  external field. It foIIowsmtllzva (Fig. 2, which occurs
K3Cgo single crystal taken af=5 K. only®® when the field penetrates thrulk of the supercon-

ductor. This means that the characteristic fididis equal to

which has the shape of a narrow plate parallel to the applieéhe lower critical fieldH¢;.
field, n=0. The demagnetization factoris taken to be 1/3 For comparison and to illustrate the advantage of the
for the RBCq, sample, because the shape of the crystal igrapped magnetization measurements rhe's H, curve is
roughly spherical, and the same for the RjGg sample, @lso shown in Fig. 1. As can be clearly seen, thgH)
because the powder can be approximated by a set of ind&ehavior looks quite linear at fields even far abddg;,
pendent spheres. while the m(H,) curve demonstrates a well-resolved

The measurements of the trapped magnetizatipnwere  trapped magnetization in this field range. o
made according to the following scheme. The sample is The temperature dependence of the lower critical field,
cooled down fromiT>T, to the desired temperature in zero determined from trapped magnetization measurements, is
external magnetic field. After temperature stabilization, theshown in Fig. 3 for different fullerene superconductors. It
magnetic momentn; is measured. After this first measure- foughly follows both the weak-coupling BCS theddashed
ment, a certain magnetic fiel, is applied and kept fixed lines in Fig. 3 and the parabolic law
for some timgusually for 5 to 20 5 Then the magnetic field _ 2
is reduced to zero and the magnetic momemt, measured Hea(T)=Hca(0)[1—(T/T)?] 2
again. The trapped magnetic moment=m,—m,. After-  which is shown by the solid lines in Fig. 3. The error bars for
wards, the sample is heated upTo-T.. These cycles are th K;Cgy samples in Fig. 3 overlap and are shown as a com-
repeated, the value of the applied fiélg being higher each mon error bar for all samples.
time than during the previous cycle, with step increments of The striking feature of the results is the smallness of
10-50uT. The principle of this experiment is based on theH ., compared with data obtained previously by other meth-
fact that magnetic fields do not penetrate the sample foods. However, the resolution of thBM measurements is
Ha/(1—n)<H.; and that the magnetic moment measuredvery poor(Fig. 1) as mentioned above. Other techniques also
before and after the application Hf, is the same. Though, as led to smaller values dfi.; and the better the resolution of
soon aH,/(1—n) exceedd.;, m, should be smaller than the method, the smaller is the magnitude of the first penetra-
m, due to some trapped magnetic flux, which is pinned in theion field (see for instance Refs. 10 and 8owever, these
sample andn,,=m,—m;>0. smaller values of the first penetration field were usually at-

This method is far more accurate than the measurement aéfibuted to the breaking of weak-coupling between grains.
oM because of the cancellation of a large linearSince the same small values df are observed in our ex-
contribution?® The advantage of this method for type-Il su- periments for powders and crystals of different quality, in-
perconductors with strong pinning was illustrated in Ref. 22 cluding crystals withxy,=100% and without granularity for
where them(H) behavior was shown to be quite linear in the current flow, it is very unlikely that the trapped magnetiza-
vicinity of H¢;, whereaam,*’? vs H showed a well-resolved tion appears at small fields because of granularity or imper-
kink at the field corresponding td;. fections of the samples. We can certainly state that the lower

The magnetic-field dependencerof at T=5 K is shown critical fields of these fullerenes are not higher than the val-
in Fig. 1 for a K;Cqq Single crystal. As expected, there is no ues of H; observed in our experiments, because magnetic
trapped magnetization at small fieldsl,<(1—n)H;. m field has clearly penetrated the samfégs. 1 and 2
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the superconductor between the bucky balls. However, many
experimental resultésee, for instance, Ref. 24&how, that
{@ KsCeo " Xgy=25% fullerenes are very stron@put usua)l type-ll superconductors
X =65% and that the models of magnetic vortices describe many of
crystals | & Xg,=100% the magnetic properties of these materials well. Moreover, as
x,=100% |~ Wwe can see from ouM (H) measurements, magnetic field
completely penetrates the sample only at figlgsl ,~40
1 mT. Such larged;’s would not occur in the case of molecu-
lar superconductivity, because the field would penetrate the
sample to the center at arbitrarily small values. Therefore, we
-4 consider molecular superconductivity to be an unlikely ex-
planation for the smallness &f;.
) Small lower critical fields could also be explained by the
0.0 e fact, that the electron wave functions between adjacent
o 2 4 & 8 10 12 14 16 18 20 Cg03ions overlap relatively weakly. This weak overlap can be
Temperature (K) easily destroyed and magnetic field starts to penetrate the
sample between theggmolecules.
From the lower critical fields at zero temperature we can
estimate the penetration depths for these fullerenes using Eq.
— 77— (1). According to Fig. 3ugH¢1(0) is 1.2, 1.3, and 1.6 mT for
) 1 K3Cgp, RB3Cqo, and RbCgCqq, respectively. Thus, we obtain
the corresponding values af as 890 nm £=2.6 nm (Ref.
2)], 850 nm[é=2.7 nm (Refs. 25 and 28, and 720 nm
N s SN RbCs,Cg [6=4.4 nm(Ref. 9]. They are much larger than those ob-
-~ powder tained before for these compounds. However, they are close
to the A=800 nm obtained for N&£sG;, from muon-spin
relaxation measurementt3. The corresponding Ginzburg-
Landau parameters for J&Kq5, RB;Cgp, and RbCgCq, 0Ob-
tained from our experimental data ake=342, k=315, and
k=163, respectively.

In summary, we have determined the lower critical field
of fullerene superconductors from measurements of the
. . . . . N N trapped magnetization. We find thét;, is of the order of
0 5 10 5 20 25 80 8 1.5 mT and show that these small values are not connected to

Temperature (K) breaking the Josephson junctions between superconducting
grains, but represent the intrinsic values of fullerene super-

FIG. 3. Temperature dependence of the lower critical fieltlpf ~conductors. From our data, the penetration depth is estimated
K3Cgo crystals; (b) RbsCgq crystal (open circles and RbCsCqy  to be of the order of 800 nm, which leads to Ginzburg-

powder(solid squareks Solid lines correspond to E(R) and dashed Landau parameterg~300 for these superconductors.
lines correspond to the weak-coupling BCS theory.
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molecular or zero-dimensional superconductivity inversity of Pennsylvanja Professor H. KuzmanyVienna
fullerenes, where the superconducting currents flow on thé&niversity), and Professor M. RiccéParma University for
molecular surfaces. In this case we can hardly talk about aroviding us with the samples. This work was supported in
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