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Compacted platinum powders exhibit a sharp onset of diamagnetic screerirgla® mK in zero mag-
netic field in all samples investigated. This sharp onset is interpreted in terms of the intragranular transition into
the superconducting state. At lower temperatures, the magnetic ac susceptibility strongly depends on the ac
field amplitude and reflects the small intergranular critical current defgityThis critical current density
shows a strong dependence on the packing fradtioh the granular samples. Surprisingly, increases
significantly with decreasing [j.(B=0, T=0)=0.07 A/cnt for f=0.67 andj,(B=0, T=0)=0.8 Alcn?
for f=0.50]. The temperature dependence ofhows strong positive curvature over a wide temperature range
for both samples. The phase diagrams of inter- and intragranular superconductivity for different samples
indicate that the granular structure might play the key role for an understanding of the origin of superconduc-
tivity in the platinum compacts.

I. INTRODUCTION face of the cylindrical samples. Hence, for the quest for the

During the past decades, investigations of superconductrigin of superconductivity in granular platinum, a possible
ors with a nonbulk structure revealed remarkable differenceseparation of inter- and intragranular superconductivity
in comparison with the corresponding bulk materials. Latticeforms an important aspect, as the intragranular effect, i.e., the
disorder in thin fim$é as well as a large surface to volume occurrence of superconductivity in single platinum grains, is
ratio in fine particles made, e.g., from aluminum or indfum supposed to be the precondition for the intergranular effect
caused considerably enhanced critical temperatures arisir@fnd therefore should have the more fundamental character.
from particular properties of the phonon spectrum, respec-
tively. In the_ case of ultrasmall particles, however, elec_tronic Il. SAMPLE CHARACTERIZATION AND
guantum size effects may lead to the suppression of EXPERIMENTAL DETAILS
superconductivity. Aspects of granularity play also an im-
portant role in the higiF, superconductors since most of  The educts of the granular platinum samples are commer-
those materials have a granular structure *t6me particular ~ cially available, high-purity platinum powders which are the
feature of granular superconductors is the possible occuproduct of a chemical manufacturing process. Our main in-
rence of inter- and intragranular superconductivity in sys-vestigation concentrates on samples made of “platinum
tems consisting of coupled superconducting gréifidntra-  powder grade I” supplied by Alfa Johnson Matthey GmbH,
granular superconductivity denotes the superconducting stag&eppelinstr. 7, D-76185 Karlsruhe, Germany, and on
of single grains only. Intergranularity means that the supersamples made of a platinum powder from Goodfellow Met-
currents are not restricted to single or clustered grains, buals Ltd., Cambridge Science Park, Cambridge CB4 4DJ, En-
can flow across grain boundaries and finally even through thgland. The high purity of both powders is confirmed by mass
whole sample. Due to intergranular coupling effects, aspectroscopy. In addition, the content of paramagnetic impu-
granular superconductor which consists of grains of a type-fities is investigated by superconducting quantum interfer-
superconducting materiglike, e.g., A) can effectively be- ence devicéSQUID) magnetization measurements at Kelvin
have like a strong type-Il material. temperatures. Assuming the effective magnetic moment of

Superconductivity of compacted platinum powders waghese impurities to be &g for both powders, we have de-
found by measurements of resistivity, ac susceptibility, andected a concentration of (41) ppm in the “Alfa powder”
magnetization(Meissner effedt! In contrast, in bulk plati- and (3+1) ppm in the “Goodfellow powder.” Scanning
num no indication for superconductivity has been observeelectron microscopySEM) studies of both powders revealed
to date down to temperatures of a fewK.° Our results on  the grain-size distributions shown in Fig. 1. For the Alfa
granular platinum reported in Ref. 1 already suggest that thigowder, the maximum of the distribution is at a grain diam-
transition concerns the intergranular superconductivity whicreter of about 1 um with a distribution width of almost
is responsible for the observation that the electrical resistiv2 wm (full width at half maximum. The distribution for the
ity of granular platinum drops to zero in the superconductingGoodfellow powder shows a maximum at 2—3m with a
phase. In addition, we observe that the magnetic ac suscepAdth of about 4 um. Both distributions are asymmetric; the
tibility decreases to a value of aboutl; this value ofy was tail of the “Alfa distribution” ends at about 4um whereas
found to be almost independent of the packing fracfimi  the “Goodfellow distribution” extends to significantly larger
the samples (0.58f=<0.80). The ac susceptibility results grain sizes(to about 10 um). The platinum grains in the
thus indicate a screening of the whole platinum compacpowders generally are not independent single grains but tend
(bulk and free volumefrom external magnetic fields by an to be clustered together. Moreover, grains with diameters
intergranular supercurrent flowing circularly around the sursmaller than 0.5um which have been found in the Alfa
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FIG. 1. Grain-size distributions of the Alfa platinum powder |/ o‘j ;xh
(open columnsand of the Goodfellow platinum powdégrey col- / ‘i'. v
umns obtained from SEM studies. 0.00 '{ y W

powder exist mostly in groups. 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Mechanical compression of the platinum powders at dif- T [mK]

ferent pressurep (1.0<p=4.5 kbars) results in cylindri-

cal compacts of different packing fractiof (0.50<f FIG. 2. Temperature dependence of the magnetic ac susceptibil-

=<0.80), respectively, which is defined as the ratio of theity [(&) x" and(b) x"] of granular platinum(Alfa platinum; pack-
volume of the massive material to the overall sample volumdng fraction f=0.67) in zero static magnetic field measured with
(including voids. Our samples typically have a diameter of 5 different_ ac exc_itation field amplitudés,c. The strongly negative
mm and a height of 3—4 mm. and excitation field-dependent ac susceptibility below 1 mK corre-
Measurements of the magnetic ac susceptibility were peﬁponQS to intergranu!ar superconductivity vyhereas thg ac driving
formed using the mutual inductance technigiae similar field-independent regime atT=<1.9 mK is interpreted in terms

setup is described in Ref. 11Up to six samples can be of intragranular superconductivity. Note the sharp onset of the in-

mounted on a silver cold finger which is attached to thetragramUIar regime af=1.9 mK (see inset in figure)a

experimental flange of a copper nuclear demagnetization .
ample volume and are corrected for geometric

refrigerator*? Each sample is centered in a separate second: 913 o
ary coil. Two cylindrical superconducting coils which are demagnetizatiot® The temperature dependent variation of

thermally attached to the mixing chamber of the precoolingthe background_?gnal between 0.1 and 30 mK which corre-
dilution refrigerator surround the sample holder. They pro-Sponds tQ(.:.l.o can be nggleqted compared to all changes
vide the ac primary field as well as static magnetic fieIdsOf susceptibility discussed in this work.
(both in thez direction). The whole setup is surrounded by a
superconducting niobium shield. The ambient magnetic field Ill. INTER- AND INTRAGRANULAR EFFECTS
in the environment of the samples is about 0. This
value can be compensated during the cooldown from room
temperature by means of a Helmholtz coil system placed Figure 2 shows the temperature-dependent ac susceptibil-
around the dewar of the cryostat. ity of a granular platinum sampl@Alfa platinum, packing
Phase sensitive measurements of the mutual inductandeactionf=0.67) measured in zero static magnetic field with
between the primary coil and the secondary coils which ardlifferent ac excitation field amplitudds,c . At temperatures
performed using the AC Inductance and Resistance Bridggbove 1 mK where the electrical resistivity within experi-
LR700, Linear Research Inc., San Diego permit to determingnental resolution still has its normal state residual vaiue
the real party’ and the imaginary pary” of the complex already observe a diamagnetic ac susceptibility gradually
magnetic ac susceptibility of the samples. The ac susceptthanging with temperature with a sharp onset ht
bility is measured at a constant ac frequency of 16 Hz as a=1.9 mK [see inset of Fig. @]. A comparable diamag-
function of temperature, static magnetic field, and ac excitanetic signal aiff<1.9 mK was also observed in dc magne-
tion field amplitude(given in rms values The susceptibility ~ tization measurementsDependent on the ac excitation field,
values are calibrated versus the change of susceptibility of the real parfy’ decreases strongly &<1 mK and reaches
Auln, sample T;(Auln,)=208 mK] at its superconducting a value ofy=—0.8 at the lowest temperatures, whereas the
transition. All y values presented in this work are given in imaginary party” shows a maximum the position of which
dimensionless Sl units. We consider the calibration of thedepends on the excitation level, too. The smallest ac field
susceptibility values to be accurate within a few percent. Themplitude used in our measurementg =6 nT) turns out
susceptibility data which are generally taken during the warto describe approximately the limit of low ac excitation
mup of the nuclear stage are computed using the overaflelds. Negative values of” at low temperatures have no

A. Samples made of Alfa platinum powder
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physical meaning and are most likely caused by an experi- 1
mental artifact(phase shift in they measuremeft which, l
however, does not affect any of the discussed results. The
large decrease of’ as well as the dissipative peak i are &
interpreted as the intergranular transition into the supercon- S
ducting state. The strong dependence of the ac susceptibility —
on the ac excitation fiel@nonlinear respongen the regime 2
of intergranular superconductivity is a consequence of the "=
small intergranular critical current density and will be de-
scribed quantitatively within the framework of the Bean
critical state modéf in Sec. V.

The ac susceptibility between about 1 and 1.9 mK is—in
contrast to the behavior in the intergranular regime—almost
independent of the ac excitation field amplitudg: over a
wide interval ofb,c. Therefore we conclude that at tem-
peratures above the intergranular transitibot below 1.9
mK) the superconducting critical current density is signifi-
cantly higher than the intergranular critical current density
dominating at lower temperatures. Such a behavior is ex-
pected in granular superconductors consisting of weakly
coupled grains, where the intragranular critical current den-
sity is much higher than the intergranular chielence the
diamagnetic regime at2T=<1.9 mK can be interpreted in
terms of intragranular superconductivity.

To obtain a sharper separation of inter- and intragranular T [mK]
effects we have investigated another compact consisting of a
mixture of a small amount of Alfa platinum powder and  FIG. 3. Temperature dependence of the magnetic ac susceptibil-
ultrafine silver powder(supplied by Tokuriki Honten Co. ity of a compact of mixed Alfa platinum and silver powdéxml-

Ltd., Chiyodaku, Tokyo 101, Japamwith an average grain ume fractionsfp,=0.07, fo,=0.59) in zero static magnetic field
size of about 100 nm. The platinum powder in this samplgaken at different ac excitation field amplitudegc. The inset in

has a calculated volume fraction of only about 0.07, and fofa) shows the almost ac driving field-independent intragranular re-
the silver powderf =0.59 while the residual fraction of 0.34 gime with its sharp onset at=1.9 mK.

corresponds to free volume. We should note that these vol-

ume fractions are macroscopic parameters referring to thable which could be related with the intergranular transition
total sample volume and that the platinum powder particle§see Fig. 8)]. Obviously, the silver powder acts as normal
could be packed more densely on a short length scale. Hovweonducting spacer between the superconducting platinum
ever, energy-dispersive x-ray analy§EDX) with high spa-  powder particles and weakens the intergranular supercurrents
tial resolution shows that the platinum clusters are quite hosignificantly but does not visibly affect the signal due to
mogeneously distributed in the silver powder matrix. intragranular superconductivity. This result supports the de-

The temperature dependence of the ac susceptibility ofcription of inter- and intragranular superconductivity in the
this mixed sample measured at different ac excitation fielgplatinum compacts. The remaining ac excitation field depen-
amplitudes in zero static magnetic field is shown in Fig. 3.dence below 1 mK in the Pt/Ag compadig. 3) could be
The weak temperature dependenceyofof the order of 2 explained by still existing weak intergranular supercurrents
x 10" 2 at temperatures above 2 mK is caused by paramagsetween the platinum grains. Proximity-induced supercon-
netic impurities in the silver powdér.Compared to the dia- ductivity in the silver powder does presumably not dominate
magnetic change of’ arising from the platinum powder in the diamagnetic signal of this samglfer proximity effects
the superconducting phase this background contribution i; Ag/Nb systems we refer to Ref. L6
negligibly small. Again, we observe intragranular supercon-
ductivity at temperatures below about 1.9 mK as in the pure
platinum compactgsee Fig. 2. The change o’ between
1=T=<1.9 mK is about 102 and thus one order of magni- A study of the temperature-dependent ac susceptibility of
tude smaller than for the platinum compact witk-0.67  a granular platinum compact made of Goodfellow platinum
[compare Figs. @) and 3a)]. This indicates that the diamag- powder f=0.52) is displayed in Fig. 4. For this compact we
netic susceptibility in the intragranular regime scales apdetect the maximum iny” (for bac=6 nT) at T
proximately with the volume fraction of the platinum in the =1.85 mK and also a sharp onset of diamagnetisnT at
samples. However, in comparison with the pure platinum=1.90 mK(see Fig. 4 and insptHowever, as the width of
sample the intergranular superconductivity below about khe superconducting transition is significantly smaller for the
mK is significantly weakened in the mixed Pt/Ag compact: Goodfellow samples it is hardly possible to separate inter-
The relative change of’ below 1 mK is clearly smaller for and intragranular superconductivity for these samples. The
the Pt/Ag sample. Neither dogs display the characteristic sharp transition o in the Goodfellow samples might imply
“two step” behavior nor is there a maximum j@” observ- a stronger character of the intergranular superconductivity

50

B. Samples made of Goodfellow platinum powder
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FIG. 5. Magnetic ac susceptibility of granular platinifood-
fellow platinum; packing fractionf=0.52) as a function of the
applied static magnetic fiel8yc at temperature§ =0.10 mK
(W), 0.24 mK (V¥), 0.85 mK (V), 1.22 mK(+), and 1.51 mK
(X) measured with an ac excitation field amplitude Iof.

=6 nT.
than in the Alfa samples while the onset of diamagnetism

occurring in zero magnetic field &t=1.90 mK might—in  tergranular transitiol,"*®" can be determined from half the
analogy to the results on the Alfa samples—also correspondistance between twg” peaks(at constant temperatyre

to the onset of intragranular superconductivity. Possibly, the The intergranular critical magnetic fields as a function of
intra- and intergranular transitions in the Goodfellow temperature are summarized in Figagfor all samples in-
samples almost coincide due to a relatively strong interVvestigated so far. Measurements of the in.tergranular eritical
granular coupling of the platinum grains. temperature at constant static magnetic figlas shown in

It is important to note that in the superconducting regimeFigs. 2 and #are also plotted in this diagram. We can de-
the value ofy’ at low temperatures is almost 20% larger for scribe the temperature dependence of the intergranular criti-

the Goodfellow samples than for the Alfa samplesmpare €& magnetic fields by the equatidB""*'(T) =B{*"-[(1
Figs. 2 and % —(T/T®?] for all samples. In general, we find that the

intergranular superconducting parameters strongly depend on
the packing fraction of the platinum compacts: For the Alfa
platinum samples we obtain 6B °'<67 uT and 0.62
The transition into the superconducting state of the granu=T_"®'<1.38 mK for 0.86=f=0.50, respectivelysee also
lar platinum compacts can be suppressed by a static magne®ef. 1); for the Goodfellow platinum samples: 4B ®"
field. Since the magnitude of the critical magnetic field is<59,T and 1.55T!"®'<1.85 mK for 0.66>f=0.52, re-
comparable to the Earth’s magnetic field, we have to comspectively(see Table)l Obviously, the intergranular super-
pensate the residual magnetic field at the sample location byonducting parameters are also significantly different for
applying a static magnetic field. Figure 5 shows an examplgamples with samebut made from different platinum pow-
of the magnetic ac susceptibility of a granular platinumders.
sample(Goodfellow platinum,f=0.52) as a function of the In Fig. 6(b) we plot the onset of diamagnetic behavior
applied magnetic fieldpc measured at different tempera- which we identify with the onset of intragranular supercon-
tures. For “high-field” values the sample is in the normal ductivity for all platinum compacts as a function of the static
state whereas at lower fields thimtergranulay supercon- magnetic field. In zero static magnetic field all samples show
ducting transition occurs which is marked by the drop¢f  the onset of intragranular superconductivityTat 1.9 mK.
to a value close to-1 and by the maximum iry”. The  However, one should keep in mind that in the Goodfellow
symmetry axis of thesg(Bpc) curves at an applied field of samples, inter- and intragranular effects almost coincide in
about 15 uT corresponds to zerme? static magnetic field. zero magnetic field. Surprisingly, we find that the onset of
Since this background field is constant during the wholéintragranular superconductivity in a magnetic field depends
“run” of the cryostat the critical magnetic field for the in- also on the packing fraction of the samples: In the platinum

FIG. 4. Temperature-dependent magnetic ac susceptibility of
granular platinum (Goodfellow platinum; packing fractionf
=0.52) in zero static magnetic field at different ac excitation field
amplitudesb,c. The inset of(a) shows the onset of diamagnetic
behavior afT=1.9 mK.

IV. PHASE DIAGRAMS
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70 T — T T low ac excitation fieldb ¢ as it is based on the assumption
60 'mm.’a”;;f;ﬁ?m) aj that j(T) is independent of the magnetic figliwith b,
: A AfPti-087) =]jcmoR, the following relations hold absc<<b,, for infi-
501 e nitely long cylindrical samples with radiug and their axis
40 O GoodiPt(f=052) parallel tobac: ™
J % Alfa-Pt (1=0.07) in Ag |
{1=0.59)
30- ] ) bac| 5 (bac|?
20 ] X' (bac)= =1+ pess: b, ) 16\, | 1)
101 .
2
= T %, Meff bac bac
5 K s I
= P p
mO 70 T T T T
60 Intragranular G Thereforej. can be extracted from the linear slope of
*
1 . x' (bac) or x"(bac) for small values ob,c. The parameter
501 SN ] teit=1+ xinwa denotes the effective intragranular perme-
40 . ability which is related to the intragranular susceptibility
30 N 1 Xintra &rising from the superconducting grains alone without
] . Aa Z " ] intergranular coupling. From the peak pf either observed
20+ e . for constant,c at a temperatur&,,,, Or at a constant tem-
] I SRR perature T for a sufficiently strong excitation field
10 * . . . AC
; NS =by(T), j. as a function of temperature can either be ob-
0 T T T T d T T T ee i i
0.0 0.4 0.8 1.2 1.6 20 tained using
T [mK] Je(Tmax) =bac/moR ()
or

FIG. 6. (a) Intergranular critical magnetic fields of various plati-
num compacts as a function of temperature. The lines are fits to the

function Bo(T) =B [(1— (T/T,)?2]. (b) Onset temperatures of in- 1e(T)=bp(T)/ poR. )

tragranular superconductivity as a function of the static magneticrhe fact that our samples are no infinitely long cylindeese

field. The dashed lines are guides to the eye. Sec. l) is taken into account by correctitig, - for geometric
demagnetizatiof®

compacts with the higher packing fractions which show rela- - Assuming that the intergranular critical current density
tively small intergranular critical fields the onset of intra- jhcreases with decreasing temperature, one can expect a shift
granular superconductivity can also be suppressed more €ft the maximum iny” to lower temperatures with increasing

fectively by a static magnetic field. excitation fieldb,c [see Eq(3)]. This behavior is shown in
Fig. 2 for a granular platinum sampl@lfa platinum; f
V. INTERGRANULAR CRITICAL CURRENT DENSITIES =0.67). For this sample, we performed also measurements

. - ) of the ac susceptibility as a function of the ac excitation field
One pecullarlty of'the ac susc_:eptlblllty metho_d_ is the con—bAC at different constant temperaturé&g. 7). We observe
tact free determination of the intergranular critical currenty, 4 ¥ and x” both depend linearly on the driving field

densityj which provides important information on the cou- strengthb,c at smallbac as predicted by the Bean model
pling strength among the grains as well as on the SUpercUfzee Egs.(1) and (2)]. The correction ofb,e due to the

S : 7,18 P
rent limiting me_c_h_am_sm%. The determination of¢ from  gemagnetization field does not affect significantly these
the ac susceptibility is possible within a critical state model (bao) curves. At higher ac excitation fieldat bye=by)

which makes certain assumptions about the flux profile an%e /r\‘r?aximum iny” and thus the intergranular susgrcoﬁduct—

thus the supercurrent distribution in the supercondutor. ing transition can be reached. With increasing temperature,
We have analyzed our ac susceptibility data of SUpercong & jinear slopes of’ and y" versusb,c become steeper

dqtqtlnlg ?r?nula:jgjll?t_:_rr\]gm W'éh'ln_ the fr?mi\llvorI: of f:che_ Bﬁan and the maxima iry” are shifted to loweb,, which is again
criical state modet. This model Is applicable at sutnciently qualitative agreement with the predictions of the Bean

model. Forb,c>b,, x' tends to saturate at finite negative
values xinra,» Characteristic of the remaining intragranular
superconductivity. In this regime, the ac driving field depen-

- TABLE I. Intergranular superconducting parame‘@t%“’r and
BIN®" for various compacted Pt powders with different packing

fractionsf. dence ofy is significantly smaller than in the intergranular

Supplier T K] BITeT [T regime presumably because of the higher intragranular criti-
cal current density.

Alfa Johnson Matthey GmbH  0.80 0.62 6.6 In Fig. 8 we display they data of Figs. 1 and 7 in a

" 0.67 1.04 29 Coles-Coles diagramx(’ vs x'). The ac excitation field-

" 0.50 1.38 67 dependent susceptibility data taken at constant temperatures

Goodfellow Metals Ltd. 0.66 1.55 41 show a linear behavior of” versusy’ at y’<—0.4(equiva-

" 0.52 1.85 59 lent tobac<bp) with a linear slope which is in good agree-

ment with the theoretical value of 443 The y data of Fig. 2
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0.0 - T - T y T y T susceptibility of the granular platinum sample in the regime
1@ 5 1 of intergranular superconductivity.
0.2 /X/X/x:‘;:":f:—+ . Within the framework of the Bean critical state model, we
/+/+/+0//0/o;/~/‘/’;§r;°én. can thus extract the intergranular critical current dengity
o ol e . from our ac susceptibility measurements. From {#{eac)
< :2:313:? ; data taken at constant temperatufese Fig. 7, one can
= —a—025mK 4 either take the positions of the maximafi and apply Eq.
:Z:gggmi l (4) or analyze the shape gf(bac) for bac<b, by taking
—+—045mK into account Egs(1) and(2). Both kinds of analysis reveal
. : . B m"l within resolution the sam¢, values indicating that a pos-
sible magnetic-field dependence jefis presumably not rel-
0.16 4 ' ' ' ' _'D_ evant at the comparably low ac field amplitudes used in our
] : -+—+—;3+ ] experiment® From Egs.(1) and (2), however, it is difficult
0.12+ ' ° o T 1 to determine wq; (Or xina) accurately as there is—
1 J i e M especially for the measurements performed at low
g 0087 ./ i x| temperatures—hardly any curvature (bac) for bac
:x 0.044 ] <b,. We estim_ate)(intra to —0.14 fror_n the data taken at
) ) T=0.56 mK (Fig. 7 and assume this value also for all
0.00 - i other temperatures, since we can consistently describe the
. x(bac) curves with Egs.(1) and (2) using this value for
-0.04 o os 1o 15 2% Xintra - The ac susceptibility data of the investigated Pt/Ag
‘ ‘ ' : ‘ compact(Fig. 3) indicate a saturation of;,, at low tem-
b, [uT] peratures, too, which supports the assumption ihat, is

approximately constant at low temperatures.

FIG. 7. Dependence of the magnetic ac susceptibility of granu- We have also performed similar ac susceptibility studies
lar platinum (Alfa platinum; packing fractionf=0.67) on the ac  for another Alfa platinum sample with a smaller packing
excitation fieldb,c for different constant temperatures. The mea- fraction (f=0.50). All the features of the ac susceptibility
surements were taken in zero static magnetic field. explained above were qualitatively observed for this com-

pact, too. In particular, the Bean critical state model is also

which were measured at constant driving fielg-=84 nT applicable to they data. In contrast to the compact with

as a function of temperature fall on the expected curve, tog-0-67, We could not observe the maximayifi at tempera-

(see Fig. 8 However, the susceptibility values taken attures below 1 mK because our maximum ac excitation field
bac=18 nT and bAC:,G nT strongly deviate from this bac is limited to about 2 T for technical reasons. For this
curve. The origin of this deviation is not clear to us. Hence Platinum compact, the values @f for temperatures below 1
apart from these two sets of data, the Bean model provides @K have been calculated from the linear slopesy@ac)-

satisfying description of the excitation field-dependent ac " Fig- 9 the resulting temperature-dependent critical cur-
rent densities at zero static magnetic field are shown for the

Alfa platinum samples with packing fractiorfs=0.67 and
o . f=0.50. Both curves show an increase jefdown to the
e g lowest accessible temperatures. Surprisingly, the absolute
; “o values ofj. differ by one order of magnitude for the two
. -"n; 1 compacts: We estimatg(T=0)=0.07 Alcnf for f=0.67
!;. andj.(T=0)=0.8 Alcn? for f=0.50. The temperature de-
o . pendence of . is very similar for both samples and shows a
LS strongly positive curvature ak=0.5-T."*". The right axis
“, of Fig. 9 displays the corresponding valuestpf=j.uoR
% which serve as an illustration of how the intergranular super-

0.16

0.124

0.08

rr
m ® » X + ¢ 4 b OO

0.04

conductivity can be suppressed by the ac driving field: The
T regions below thé, curves mark the regime of intergranular
4 superconductivity.
o8 o6 o4 o2 oo For both Alfa platinum samples the three data points close
, to Ti"®" were obtained from temperature-dependent ac sus-
X ceptibility measurements at constant driving fiel@&g. 2
FIG. 8. Plot ofy” versusy' (Coles-Coles diagrapfor granular t.)y analyzing they maxima and applying Eq3). As men-
platinum (Alfa platinum; packing fractionf=0.67) in zero static tioned above the V,a"d'tY of the Beanmrtr;(r)del CO“'O! not be
magnetic field. The open symbols refer to thébac) data from ~ Proven for the twoj. points close toT;™™", respectively.
Fig. 7 measured at constant temperatures; the full symbols refer tgowever, thosej. values do not significantly affect the
the y data from Fig. 2 measured as a function of temperature aghape of the wholg. curves. Furthermore, our choice of the
constantbac. The solid line indicates the theoretically expected parametefu.s for the analysis of the slopes g{b,c) does
slope of 4/37. also not significantly affect our results, neither the shape of

0.00
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i<(T) nor the ratio between the absolute valueg ofor the  regime(see Figs. 2 and)Xould arise from a distribution of
two Alfa platinum samples. We should also mention that thecritical temperatures among the platinum grains. An extreme
electric transport measurement close Ti8"" reported in interpretation of the intra- and intergranular regimes of su-
Ref. 1 confirms the order of magnitude of the valueg of perconductivity in the platinum compacts could be that the
presented here which are determined by ac susceptibilityintragranular” superconductivity at temperatures close to
measurements. 1.9 mK arises, e.g., from the fraction of platinum grains with
Studies of the excitation dependent ac susceptibility of theéubmicron size and that the main amount of platinum grains
Goodfellow platinum samples revealed quite different resultgvith a larger grain size which superconduct at lower tem-
compared to those on the Alfa platinum samples. Althougtperatures are responsible for the intergranular superconduc-
the superconducting parametef$“t'3f and B'C“wf of the tivity. However, taking into account the significant differ-
Goodfellow samples are comparable to those of the Alf€nces between the rather broad grain-size distributions of the
samples(see Fig. 6 and Table),Itheir intergranular critical investigated granular platinum sampleee Fig. 1, it is as-
current densities are significantly higher. Unfortunately, dugonishing that the sharp onset of intragranular superconduc-
to the experimental limitation i, mentioned above, the tivity at T=1.9 mK appears to be a common feature of all
absolute values of. for the Goodfellow samples have not our samples and apparently marks the “high-temperature”
been experimentally accessible. From the very weak ac eXimit of intergranular superconductivity.
citation field dependence qf at lower temperature@ig. 4) Another compllca_tlon of _susceptlblllty measurements on
we estimatej.—even for the Goodfellow sample with ~ Small superconducting grains occurs when the penetration
=0.66—to be of the order of 10 A/ctnor larger at low depth of the magnetic field is comp.a.r:_;lble to the grain size. In
temperatures. This result supports qualitatively our picturdéhat case, the measured susceptibility values would be re-
that in the Goodfellow platinum compacts the platinumduced(“magnetic invisibility”) and could show a tempera-

grains might be coupled much stronger than those in the Alfduré dependence arising from the temperature-dependent
platinum samples. penetration depth?! This situation might be relevant for our

granular platinum samples, in particular, if superconductivity
exists only on the surface of the grains and thus the effective
field penetration depth for the grains is relatively large.
The characteristic ac excitation field dependence of the ablence one possible striking interpretation of our results and
susceptibility of granular platinum reflects the regimes ofin particular of the sharp onset of intragranular superconduc-
inter- and intragranular superconductivity which can be distivity at T=1.9 mK (see Figs. 2, 3, and)4might be the
tinguished by significantly different susceptibility values asfollowing: At T=1.9 mK the intragranular transition into
well as critical current densities. However, an interpretatiorthe superconducting state occurs where basically all the
of our results in terms of a “microscopic” description of the platinum grains become superconducting. Taking into ac-
inter- and especially the intragranular superconductivity incount that the penetration depta[ (1—(T/T.)*]" 2% be-
granular platinum is not trivial. Although the method of ac low T,=1.9 mK decreases from a value much larger than
susceptibility measurements enables to distinguish betweehe grain size to a low-temperature value of the order of the
inter- and intragranular superconductivity, important infor-grain radiust®?2we could explain the observed decrease of
mation about local superconducting properties remains obsur measured ac susceptibilify,» With decreasing tem-
scured. The totay signal of a macroscopic sample in its perature from zerdat T.=1.9 mK) to its low-temperature
intragranular superconducting state reflects the sum over allalue of —0.14 (for the Alfa platinum sample withf
superconducting grains in the sample so that the supercor=0.67). This picture would also be consistent with the ab-
ducting properties of one single grain which could, e.g., desence of a peak iy” at T=1.9 mK?
pend on its size cannot be extracted. In particular, the tem- Considerations of the intergranular critical current densi-
perature dependent ac susceptibility in the intragranulaties in granular platinum should clearly take into account

VI. DISCUSSION
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both the significantly different absolute valuesjeffor dif-  dicate a suppression of superconductivity for more “bulk-
ferent samples and the characteristic temperature dependeriit&” samples (samples with higher packing fractions

of j. (see Fig. 9. We observe for samples made from the Hence the fact that superconductivity has not yet been ob-
same platinum powdefAlfa platinum) that j, as well as  served in bulk platinum along with the phase diagrams and
B"'®" and T"*" increase significantly with decreasing pack- the intergranular critical current densities for superconduct-
ing fraction of the compacts. It is surprising that higher pack-ing granular platinum suggest that the granular structure of
ing fractions for which improved electrical coupling of the the platinum compacts might play a dominant role for the
grains in the normal state is expected appear to be detremegccurrence of superconductivity. Possibly, “lattice soften-
tal for the intergranular coupling in the superconductinging” due to the large surface to volume ratio might cause an
state. Systematic studies of the normal state resistivity Ofnhanced transition temperatdr®n the other hand, the
granular platinum samples with different packing fractionsgiongly exchange enhanced paramagnetism which is sup-
have to be performed in order to clarify a possible correlation, caq “to prevent the superconducting pairing in bulk
with the intergranular superconductivity. Such studies mighrglatinurr?s as well as impurity magnetism should be taken
also explain why the Goodfellow samples with similar val- into account, too. The extremely weak impurity magnetism
ues forB."*" andT¢"*" show much higher values gf than  jp oo veq ot mi femperatui‘mnpears to be at least an indi-
the Alfa samples. Considering the grain-size distributions Ogation for a relation between the granularity of the samples

both platmur_n poyvder:{Flg. 1).35 well as our results for and their magnetic properties which could also play an im-
compacts with different packing fractions, one may also

speculate that in the Goodfellow powder the smaller vquméDOg\ant. role for .thz sup_er:_:ondL:cc_tl\élty. dint |
fraction of grains with a diameter smaller thar2 um is the microscopic description of intér- and intragranufar su-

reason for the observed stronger intergranular superconduB?rcondUCt'V'ty in th|s.system can hardly be given at the
tivity in these samples. moment. In particular, it is not yet clear what the supercon-

The temperature dependence jof (see Fig. 9 can be duc@ing “grains” actually are. IF has to be clarified whether
compared with theoretical predictions for particular the intragranular superconductivity corresponds to supercon-
supercurrent-limiting mechanisnisee, e.g., Ref. 18 and ref- ductivity of single platinum grains, or to clusters of grains
erences therejn Assuming that the intergranular supercur- and whether these clusters are the prerequisite for the occur-
rents in the platinum compacts are limited by weak links, the'ence of superconductivity. Moreover, it would be important
shape ofj (T) cannot—at least at temperatures above abouto know whether the superconductivity of these grains is
05 T'C”“”—be described in terms of the Ambegaokar-bulklike or whether it exists only on the surface of the grains.
Baratoff theory* for superconductor-insulator- For the understanding of the intergranular superconductivity
superconductor-type Josephson junctions as this theory pré granular platinum, the understanding of the intragranular
dicts a “convex” j.(T) curve (negative curvatupein  effect should evidently be a prerequisite as the latter effect is
contrast to the observed “concave” behavior. For a descripsupposed to be the precondition for the former. Our phase
tion of the concaveg.(T) curve of granular platinum, several diagrams(Fig. 6) indicate a common onset of intragranular
theoretical models could be applied qualitatively. An inter-superconductivity af=1.9 mK in zero magnetic field. At
grain  superconductor—normal-conductor—superconductdiigher magnetic fields, however, we observe a suppression
weak-link structure, but also pair breaking scattering at thef inter- and intragranular superconductivity with increasing
grain boundaries would both result in a concaveurve®?®  packing fraction, suggesting a correlation between intra- and
Moreover, the Ginzburg-Landau theory in the dirty limit pre- intergranular effects but also an effect of the “granularity”
dicts a concave slope 9f(T), too®” All these supercurrent on both types of superconductivity. Furthermore, the local
limiting mechanisms describe “depairing mechanisms”; yagnetic field close to the platinum grains might differ sig-
however, the possibility that depinning of magnetic-flux nificantly from the externally applied magnetic figlcand

lines is Iimiting the inter_granglar supercurrents should _als%ight thus be also an important factor for the appearance of
be taken into account. Since in the case of granular platinum,. .- = < \vell as intergranular superconductivity

the.effe.ctivg coherence length might be. of the order of the To summarize, our investigations of the excitation field-
grain size, intergranular QOsephson vortices are sgpposed a%pendent ac susceptibility along with the measurements of
dominate the flux dynamics of the syst&f?.Interestingly, L . :

he resistivity and magnetizatibrof superconducting com-

pinning of Josephson vortices which might be provided byt d plati d | bl : f
inhomogenities of the intergranular coupling strengths in thé)a(:te pa}tmum powders reveal a possibie separation o
sample could in general be correlated with the “granularity” inter- and intragranular effects in this system. However, the

(e.g., with the packing fractioff). In the case of granular still unclear origin of sgperconductivity.in.granular platinum
high-T, materials, however, the relevance of pinning of Jo-d0es not yet allow a microscopic description of the intra- and
sephson vortices for the intergranular critical current densityntergranular effects. The phase diagrams for inter- and in-
appears to be controversfalPreliminary measurements of tragranular superconductivity as well as the results for inter-
the frequency-dependent ac susceptibility indicate flux dygranular critical current densities indicate that the granular
namics effects in the superconducting platinum compacts. structure of the platinum compacts might play a dominant

The discussion of inter- and intragranular effects in super+ole for the occurrence of superconductivity. Hence further
conducting granular platinum is closely related with the stilldetailed studies of the impact of the topology of various
unsolved question concerning the origin of superconductivityplatinum samples especially on their superconducting and
in this system. The phase diagrams for inter- and intragranunagnetic properties should provide a key for a deeper under-
lar superconductivity in the compacted platinum powders instanding of the superconductivity in granular platinum.
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