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Inter- and intragranular effects in superconducting compacted platinum powders

Alexander Schindler, Reinhard Ko¨nig, Thomas Herrmannsdo¨rfer, and Hans F. Braun
Physikalisches Institut, Universita¨t Bayreuth, D-95440 Bayreuth, Germany

~Received 30 May 2000!

Compacted platinum powders exhibit a sharp onset of diamagnetic screening atT.1.9 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 densityj c . This critical current density
shows a strong dependence on the packing fractionf of the granular samples. Surprisingly,j c increases
significantly with decreasingf @ j c(B50, T50).0.07 A/cm2 for f 50.67 andj c(B50, T50).0.8 A/cm2

for f 50.50]. The temperature dependence ofj c shows 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.
uc
ce
ic
e

isi
e
ni

-
of

cu
ys

ta
e
b
th

e

a
n

ve

th
ic
tiv
in
ce

s
ac
n
ur

the
le
ity
the

, is
fect
ter.

er-
e
in-
um
H,
on
et-
En-
ss
pu-
er-
in
t of
-

d
fa
m-

e

r

tend
ers
I. INTRODUCTION

During the past decades, investigations of supercond
ors with a nonbulk structure revealed remarkable differen
in comparison with the corresponding bulk materials. Latt
disorder in thin films2 as well as a large surface to volum
ratio in fine particles made, e.g., from aluminum or indium3

caused considerably enhanced critical temperatures ar
from particular properties of the phonon spectrum, resp
tively. In the case of ultrasmall particles, however, electro
quantum size effects may lead to the suppression
superconductivity.4 Aspects of granularity play also an im
portant role in the high-Tc superconductors since most
those materials have a granular structure, too.5 One particular
feature of granular superconductors is the possible oc
rence of inter- and intragranular superconductivity in s
tems consisting of coupled superconducting grains.6–9 Intra-
granular superconductivity denotes the superconducting s
of single grains only. Intergranularity means that the sup
currents are not restricted to single or clustered grains,
can flow across grain boundaries and finally even through
whole sample. Due to intergranular coupling effects,
granular superconductor which consists of grains of a typ
superconducting material~like, e.g., Al! can effectively be-
have like a strong type-II material.5

Superconductivity of compacted platinum powders w
found by measurements of resistivity, ac susceptibility, a
magnetization~Meissner effect!.1 In contrast, in bulk plati-
num no indication for superconductivity has been obser
to date down to temperatures of a fewmK.10 Our results on
granular platinum reported in Ref. 1 already suggest that
transition concerns the intergranular superconductivity wh
is responsible for the observation that the electrical resis
ity of granular platinum drops to zero in the superconduct
phase. In addition, we observe that the magnetic ac sus
tibility decreases to a value of about21; this value ofx was
found to be almost independent of the packing fractionf of
the samples (0.50& f &0.80). The ac susceptibility result
thus indicate a screening of the whole platinum comp
~bulk and free volume! from external magnetic fields by a
intergranular supercurrent flowing circularly around the s
PRB 620163-1829/2000/62~21!/14350~9!/$15.00
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face of the cylindrical samples. Hence, for the quest for
origin of superconductivity in granular platinum, a possib
separation of inter- and intragranular superconductiv
forms an important aspect, as the intragranular effect, i.e.,
occurrence of superconductivity in single platinum grains
supposed to be the precondition for the intergranular ef
and therefore should have the more fundamental charac

II. SAMPLE CHARACTERIZATION AND
EXPERIMENTAL DETAILS

The educts of the granular platinum samples are comm
cially available, high-purity platinum powders which are th
product of a chemical manufacturing process. Our main
vestigation concentrates on samples made of ‘‘platin
powder grade I’’ supplied by Alfa Johnson Matthey Gmb
Zeppelinstr. 7, D-76185 Karlsruhe, Germany, and
samples made of a platinum powder from Goodfellow M
als Ltd., Cambridge Science Park, Cambridge CB4 4DJ,
gland. The high purity of both powders is confirmed by ma
spectroscopy. In addition, the content of paramagnetic im
rities is investigated by superconducting quantum interf
ence device~SQUID! magnetization measurements at Kelv
temperatures. Assuming the effective magnetic momen
these impurities to be 5mB for both powders, we have de
tected a concentration of (461) ppm in the ‘‘Alfa powder’’
and (361) ppm in the ‘‘Goodfellow powder.’’ Scanning
electron microscopy~SEM! studies of both powders reveale
the grain-size distributions shown in Fig. 1. For the Al
powder, the maximum of the distribution is at a grain dia
eter of about 1mm with a distribution width of almost
2 mm ~full width at half maximum!. The distribution for the
Goodfellow powder shows a maximum at 2 –3mm with a
width of about 4 mm. Both distributions are asymmetric; th
tail of the ‘‘Alfa distribution’’ ends at about 4mm whereas
the ‘‘Goodfellow distribution’’ extends to significantly large
grain sizes~to about 10mm). The platinum grains in the
powders generally are not independent single grains but
to be clustered together. Moreover, grains with diamet
smaller than 0.5mm which have been found in the Alfa
14 350 ©2000 The American Physical Society
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PRB 62 14 351INTER- AND INTRAGRANULAR EFFECTS IN . . .
powder exist mostly in groups.
Mechanical compression of the platinum powders at d

ferent pressuresp (1.0<p<4.5 kbars) results in cylindri-
cal compacts of different packing fractionf (0.50< f
<0.80), respectively, which is defined as the ratio of t
volume of the massive material to the overall sample volu
~including voids!. Our samples typically have a diameter of
mm and a height of 3–4 mm.

Measurements of the magnetic ac susceptibility were p
formed using the mutual inductance technique~a similar
setup is described in Ref. 11!. Up to six samples can b
mounted on a silver cold finger which is attached to
experimental flange of a copper nuclear demagnetiza
refrigerator.12 Each sample is centered in a separate seco
ary coil. Two cylindrical superconducting coils which a
thermally attached to the mixing chamber of the precool
dilution refrigerator surround the sample holder. They p
vide the ac primary field as well as static magnetic fie
~both in thez direction!. The whole setup is surrounded by
superconducting niobium shield. The ambient magnetic fi
in the environment of the samples is about 70mT. This
value can be compensated during the cooldown from ro
temperature by means of a Helmholtz coil system pla
around the dewar of the cryostat.

Phase sensitive measurements of the mutual induct
between the primary coil and the secondary coils which
performed using the AC Inductance and Resistance Bri
LR700, Linear Research Inc., San Diego permit to determ
the real partx8 and the imaginary partx9 of the complex
magnetic ac susceptibility of the samples. The ac susce
bility is measured at a constant ac frequency of 16 Hz a
function of temperature, static magnetic field, and ac exc
tion field amplitude~given in rms values!. The susceptibility
values are calibrated versus the change of susceptibility
AuIn2 sample@Tc(AuIn2).208 mK# at its superconducting
transition. All x values presented in this work are given
dimensionless SI units. We consider the calibration of
susceptibility values to be accurate within a few percent. T
susceptibility data which are generally taken during the w
mup of the nuclear stage are computed using the ove

FIG. 1. Grain-size distributions of the Alfa platinum powd
~open columns! and of the Goodfellow platinum powder~grey col-
umns! obtained from SEM studies.
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sample volume and are corrected for geome
demagnetization.9,13 The temperature dependent variation
the background signal between 0.1 and 30 mK which co
sponds tox.1024 can be neglected compared to all chang
of susceptibility discussed in this work.

III. INTER- AND INTRAGRANULAR EFFECTS

A. Samples made of Alfa platinum powder

Figure 2 shows the temperature-dependent ac suscep
ity of a granular platinum sample~Alfa platinum, packing
fraction f 50.67) measured in zero static magnetic field w
different ac excitation field amplitudesbAC . At temperatures
above 1 mK where the electrical resistivity within expe
mental resolution still has its normal state residual value1 we
already observe a diamagnetic ac susceptibility gradu
changing with temperature with a sharp onset atT
.1.9 mK @see inset of Fig. 2~a!#. A comparable diamag-
netic signal atT<1.9 mK was also observed in dc magn
tization measurements.1 Dependent on the ac excitation field
the real partx8 decreases strongly atT&1 mK and reaches
a value ofx.20.8 at the lowest temperatures, whereas
imaginary partx9 shows a maximum the position of whic
depends on the excitation level, too. The smallest ac fi
amplitude used in our measurements (bAC56 nT) turns out
to describe approximately the limit of low ac excitatio
fields. Negative values ofx9 at low temperatures have n

FIG. 2. Temperature dependence of the magnetic ac suscep
ity @~a! x8 and ~b! x9 ] of granular platinum~Alfa platinum; pack-
ing fraction f 50.67) in zero static magnetic field measured w
different ac excitation field amplitudesbAC . The strongly negative
and excitation field-dependent ac susceptibility below 1 mK cor
sponds to intergranular superconductivity whereas the ac driv
field-independent regime at 1&T&1.9 mK is interpreted in terms
of intragranular superconductivity. Note the sharp onset of the
tragranular regime atT.1.9 mK ~see inset in figure a!.
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14 352 PRB 62SCHINDLER, KÖNIG, HERRMANNSDÖRFER, AND BRAUN
physical meaning and are most likely caused by an exp
mental artifact~phase shift in thex measurement9! which,
however, does not affect any of the discussed results.
large decrease ofx8 as well as the dissipative peak inx9 are
interpreted as the intergranular transition into the superc
ducting state. The strong dependence of the ac susceptib
on the ac excitation field~nonlinear response! in the regime
of intergranular superconductivity is a consequence of
small intergranular critical current density and will be d
scribed quantitatively within the framework of the Bea
critical state model14 in Sec. V.

The ac susceptibility between about 1 and 1.9 mK is—
contrast to the behavior in the intergranular regime—alm
independent of the ac excitation field amplitudebAC over a
wide interval of bAC . Therefore we conclude that at tem
peratures above the intergranular transition~but below 1.9
mK! the superconducting critical current density is sign
cantly higher than the intergranular critical current dens
dominating at lower temperatures. Such a behavior is
pected in granular superconductors consisting of wea
coupled grains, where the intragranular critical current d
sity is much higher than the intergranular one.9 Hence the
diamagnetic regime at 1&T&1.9 mK can be interpreted in
terms of intragranular superconductivity.

To obtain a sharper separation of inter- and intragran
effects we have investigated another compact consisting
mixture of a small amount of Alfa platinum powder an
ultrafine silver powder~supplied by Tokuriki Honten Co
Ltd., Chiyodaku, Tokyo 101, Japan! with an average grain
size of about 100 nm. The platinum powder in this sam
has a calculated volume fraction of only about 0.07, and
the silver powderf 50.59 while the residual fraction of 0.3
corresponds to free volume. We should note that these
ume fractions are macroscopic parameters referring to
total sample volume and that the platinum powder partic
could be packed more densely on a short length scale. H
ever, energy-dispersive x-ray analysis~EDX! with high spa-
tial resolution shows that the platinum clusters are quite
mogeneously distributed in the silver powder matrix.

The temperature dependence of the ac susceptibility
this mixed sample measured at different ac excitation fi
amplitudes in zero static magnetic field is shown in Fig.
The weak temperature dependence ofx8 of the order of 2
31023 at temperatures above 2 mK is caused by param
netic impurities in the silver powder.15 Compared to the dia
magnetic change ofx8 arising from the platinum powder in
the superconducting phase this background contributio
negligibly small. Again, we observe intragranular superc
ductivity at temperatures below about 1.9 mK as in the p
platinum compacts~see Fig. 2!. The change ofx8 between
1&T&1.9 mK is about 1022 and thus one order of magn
tude smaller than for the platinum compact withf 50.67
@compare Figs. 2~a! and 3~a!#. This indicates that the diamag
netic susceptibility in the intragranular regime scales
proximately with the volume fraction of the platinum in th
samples. However, in comparison with the pure platin
sample the intergranular superconductivity below abou
mK is significantly weakened in the mixed Pt/Ag compa
The relative change ofx8 below 1 mK is clearly smaller for
the Pt/Ag sample. Neither doesx8 display the characteristic
‘‘two step’’ behavior nor is there a maximum inx9 observ-
ri-
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able which could be related with the intergranular transit
@see Fig. 3~b!#. Obviously, the silver powder acts as norm
conducting spacer between the superconducting platin
powder particles and weakens the intergranular supercurr
significantly but does not visibly affect the signal due
intragranular superconductivity. This result supports the
scription of inter- and intragranular superconductivity in t
platinum compacts. The remaining ac excitation field dep
dence below 1 mK in the Pt/Ag compact~Fig. 3! could be
explained by still existing weak intergranular supercurre
between the platinum grains. Proximity-induced superc
ductivity in the silver powder does presumably not domin
the diamagnetic signal of this sample~for proximity effects
in Ag/Nb systems we refer to Ref. 16!.

B. Samples made of Goodfellow platinum powder

A study of the temperature-dependent ac susceptibility
a granular platinum compact made of Goodfellow platinu
powder (f 50.52) is displayed in Fig. 4. For this compact w
detect the maximum inx9 ~for bAC56 nT) at T
.1.85 mK and also a sharp onset of diamagnetism aT
.1.90 mK ~see Fig. 4 and inset!. However, as the width of
the superconducting transition is significantly smaller for t
Goodfellow samples it is hardly possible to separate in
and intragranular superconductivity for these samples.
sharp transition ofx in the Goodfellow samples might imply
a stronger character of the intergranular superconducti

FIG. 3. Temperature dependence of the magnetic ac suscep
ity of a compact of mixed Alfa platinum and silver powders~vol-
ume fractions:f Pt50.07, f Ag50.59) in zero static magnetic field
taken at different ac excitation field amplitudesbAC . The inset in
~a! shows the almost ac driving field-independent intragranular
gime with its sharp onset atT.1.9 mK.
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PRB 62 14 353INTER- AND INTRAGRANULAR EFFECTS IN . . .
than in the Alfa samples while the onset of diamagneti
occurring in zero magnetic field atT.1.90 mK might—in
analogy to the results on the Alfa samples—also corresp
to the onset of intragranular superconductivity. Possibly,
intra- and intergranular transitions in the Goodfello
samples almost coincide due to a relatively strong in
granular coupling of the platinum grains.

It is important to note that in the superconducting regi
the value ofx8 at low temperatures is almost 20% larger f
the Goodfellow samples than for the Alfa samples~compare
Figs. 2 and 4!.

IV. PHASE DIAGRAMS

The transition into the superconducting state of the gra
lar platinum compacts can be suppressed by a static mag
field. Since the magnitude of the critical magnetic field
comparable to the Earth’s magnetic field, we have to co
pensate the residual magnetic field at the sample locatio
applying a static magnetic field. Figure 5 shows an exam
of the magnetic ac susceptibility of a granular platinu
sample~Goodfellow platinum,f 50.52) as a function of the
applied magnetic fieldBDC measured at different tempera
tures. For ‘‘high-field’’ values the sample is in the norm
state whereas at lower fields the~intergranular! supercon-
ducting transition occurs which is marked by the drop ofx8
to a value close to21 and by the maximum inx9. The
symmetry axis of thesex(BDC) curves at an applied field o
about 15 mT corresponds to zero~net! static magnetic field.
Since this background field is constant during the wh
‘‘run’’ of the cryostat the critical magnetic field for the in

FIG. 4. Temperature-dependent magnetic ac susceptibility
granular platinum ~Goodfellow platinum; packing fractionf
50.52) in zero static magnetic field at different ac excitation fie
amplitudesbAC . The inset of~a! shows the onset of diamagnet
behavior atT.1.9 mK.
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tergranular transitionBc
inter can be determined from half th

distance between twox9 peaks~at constant temperature!.
The intergranular critical magnetic fields as a function

temperature are summarized in Fig. 6~a! for all samples in-
vestigated so far. Measurements of the intergranular crit
temperature at constant static magnetic fields~as shown in
Figs. 2 and 4! are also plotted in this diagram. We can d
scribe the temperature dependence of the intergranular c
cal magnetic fields by the equationBc

inter(T)5Bc0
inter

•@(1
2(T/Tc

inter)2# for all samples. In general, we find that th
intergranular superconducting parameters strongly depen
the packing fraction of the platinum compacts: For the A
platinum samples we obtain 6.6<Bc0

inter<67 mT and 0.62
<Tc

inter<1.38 mK for 0.80> f >0.50, respectively~see also
Ref. 1!; for the Goodfellow platinum samples: 41<Bc0

inter

<59mT and 1.55<Tc
inter<1.85 mK for 0.66> f >0.52, re-

spectively~see Table I!. Obviously, the intergranular supe
conducting parameters are also significantly different
samples with samef but made from different platinum pow
ders.

In Fig. 6~b! we plot the onset of diamagnetic behavi
which we identify with the onset of intragranular superco
ductivity for all platinum compacts as a function of the sta
magnetic field. In zero static magnetic field all samples sh
the onset of intragranular superconductivity atT.1.9 mK.
However, one should keep in mind that in the Goodfello
samples, inter- and intragranular effects almost coincide
zero magnetic field. Surprisingly, we find that the onset
intragranular superconductivity in a magnetic field depen
also on the packing fraction of the samples: In the platin

of FIG. 5. Magnetic ac susceptibility of granular platinum~Good-
fellow platinum; packing fractionf 50.52) as a function of the
applied static magnetic fieldBDC at temperaturesT50.10 mK
(j), 0.24 mK (.), 0.85 mK (,), 1.22 mK ~1!, and 1.51 mK
(3) measured with an ac excitation field amplitude ofbAC

56 nT.
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14 354 PRB 62SCHINDLER, KÖNIG, HERRMANNSDÖRFER, AND BRAUN
compacts with the higher packing fractions which show re
tively small intergranular critical fields the onset of intr
granular superconductivity can also be suppressed more
fectively by a static magnetic field.

V. INTERGRANULAR CRITICAL CURRENT DENSITIES

One peculiarity of the ac susceptibility method is the co
tact free determination of the intergranular critical curre
density j c which provides important information on the co
pling strength among the grains as well as on the super
rent limiting mechanisms.17,18 The determination ofj c from
the ac susceptibility is possible within a critical state mo
which makes certain assumptions about the flux profile
thus the supercurrent distribution in the superconductor.19

We have analyzed our ac susceptibility data of superc
ducting granular platinum within the framework of the Be
critical state model.14 This model is applicable at sufficientl

FIG. 6. ~a! Intergranular critical magnetic fields of various pla
num compacts as a function of temperature. The lines are fits to
functionBc(T)5Bc0•@(12(T/Tc)

2#. ~b! Onset temperatures of in
tragranular superconductivity as a function of the static magn
field. The dashed lines are guides to the eye.

TABLE I. Intergranular superconducting parametersTc
inter and

Bc0
inter for various compacted Pt powders with different packi

fractionsf.

Supplier f Tc
inter @mK# Bc0

inter @mT#

Alfa Johnson Matthey GmbH 0.80 0.62 6.6
9 0.67 1.04 29
9 0.50 1.38 67
Goodfellow Metals Ltd. 0.66 1.55 41
9 0.52 1.85 59
-

ef-

-
t

r-

l
d

n-

low ac excitation fieldsbAC as it is based on the assumptio
that j c(T) is independent of the magnetic field.20 With bp
5 j cm0R, the following relations hold atbAC,bp for infi-
nitely long cylindrical samples with radiusR and their axis
parallel tobAC :19,20

x8~bAC!5211me f f•F S bAC

bp
D2

5

16S bAC

bp
D 2G , ~1!

x9~bAC!5
me f f

3p
•F4S bAC

bp
D22S bAC

bp
D 2G . ~2!

Therefore j c can be extracted from the linear slope
x8(bAC) or x9(bAC) for small values ofbAC . The parameter
me f f511x intra denotes the effective intragranular perm
ability which is related to the intragranular susceptibili
x intra arising from the superconducting grains alone witho
intergranular coupling. From the peak ofx9 either observed
for constantbAC at a temperatureTmax or at a constant tem
perature T for a sufficiently strong excitation fieldbAC
5bp(T), j c as a function of temperature can either be o
tained using

j c~Tmax!5bAC /m0R ~3!

or

j c~T!5bp~T!/m0R. ~4!

The fact that our samples are no infinitely long cylinders~see
Sec. II! is taken into account by correctingbAC for geometric
demagnetization.9,13

Assuming that the intergranular critical current dens
increases with decreasing temperature, one can expect a
of the maximum inx9 to lower temperatures with increasin
excitation fieldbAC @see Eq.~3!#. This behavior is shown in
Fig. 2 for a granular platinum sample~Alfa platinum; f
50.67). For this sample, we performed also measurem
of the ac susceptibility as a function of the ac excitation fie
bAC at different constant temperatures~Fig. 7!. We observe
that x8 and x9 both depend linearly on the driving fiel
strengthbAC at smallbAC as predicted by the Bean mod
@see Eqs.~1! and ~2!#. The correction ofbAC due to the
demagnetization field does not affect significantly the
x(bAC) curves. At higher ac excitation fields~at bAC5bp)
the maximum inx9 and thus the intergranular supercondu
ing transition can be reached. With increasing temperat
the linear slopes ofx8 and x9 versusbAC become steepe
and the maxima inx9 are shifted to lowerbp , which is again
in qualitative agreement with the predictions of the Be
model. ForbAC@bp , x8 tends to saturate at finite negativ
valuesx intra , characteristic of the remaining intragranul
superconductivity. In this regime, the ac driving field depe
dence ofx is significantly smaller than in the intergranula
regime presumably because of the higher intragranular c
cal current density.

In Fig. 8 we display thex data of Figs. 1 and 7 in a
Coles-Coles diagram (x9 vs x8). The ac excitation field-
dependent susceptibility data taken at constant tempera
show a linear behavior ofx9 versusx8 at x8,20.4 ~equiva-
lent to bAC,bp) with a linear slope which is in good agree
ment with the theoretical value of 4/3p. Thex data of Fig. 2
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which were measured at constant driving fieldbAC584 nT
as a function of temperature fall on the expected curve,
~see Fig. 8!. However, the susceptibility values taken
bAC518 nT and bAC56 nT strongly deviate from this
curve. The origin of this deviation is not clear to us. Hen
apart from these two sets of data, the Bean model provid
satisfying description of the excitation field-dependent

FIG. 7. Dependence of the magnetic ac susceptibility of gra
lar platinum ~Alfa platinum; packing fractionf 50.67) on the ac
excitation fieldbAC for different constant temperatures. The me
surements were taken in zero static magnetic field.

FIG. 8. Plot ofx9 versusx8 ~Coles-Coles diagram! for granular
platinum ~Alfa platinum; packing fractionf 50.67) in zero static
magnetic field. The open symbols refer to thex(bAC) data from
Fig. 7 measured at constant temperatures; the full symbols ref
the x data from Fig. 2 measured as a function of temperature
constantbAC . The solid line indicates the theoretically expect
slope of 4/3p.
o

,
a

c

susceptibility of the granular platinum sample in the regim
of intergranular superconductivity.

Within the framework of the Bean critical state model, w
can thus extract the intergranular critical current densityj c

from our ac susceptibility measurements. From thex(bAC)
data taken at constant temperatures~see Fig. 7!, one can
either take the positions of the maxima inx9 and apply Eq.
~4! or analyze the shape ofx(bAC) for bAC,bp by taking
into account Eqs.~1! and ~2!. Both kinds of analysis revea
within resolution the samej c values indicating that a pos
sible magnetic-field dependence ofj c is presumably not rel-
evant at the comparably low ac field amplitudes used in
experiment.20 From Eqs.~1! and ~2!, however, it is difficult
to determine me f f ~or x intra) accurately as there is—
especially for the measurements performed at l
temperatures—hardly any curvature inx(bAC) for bAC

,bp . We estimatex intra to 20.14 from the data taken a
T50.56 mK ~Fig. 7! and assume this value also for a
other temperatures, since we can consistently describe
x(bAC) curves with Eqs.~1! and ~2! using this value for
x intra . The ac susceptibility data of the investigated Pt/A
compact~Fig. 3! indicate a saturation ofx intra at low tem-
peratures, too, which supports the assumption thatx intra is
approximately constant at low temperatures.

We have also performed similar ac susceptibility stud
for another Alfa platinum sample with a smaller packin
fraction (f 50.50). All the features of the ac susceptibili
explained above were qualitatively observed for this co
pact, too. In particular, the Bean critical state model is a
applicable to thex data. In contrast to the compact withf
50.67, we could not observe the maxima inx9 at tempera-
tures below 1 mK because our maximum ac excitation fi
bAC is limited to about 2 mT for technical reasons. For thi
platinum compact, the values ofj c for temperatures below 1
mK have been calculated from the linear slopes ofx(bAC).

In Fig. 9 the resulting temperature-dependent critical c
rent densities at zero static magnetic field are shown for
Alfa platinum samples with packing fractionsf 50.67 and
f 50.50. Both curves show an increase ofj c down to the
lowest accessible temperatures. Surprisingly, the abso
values of j c differ by one order of magnitude for the tw
compacts: We estimatej c(T50).0.07 A/cm2 for f 50.67
and j c(T50).0.8 A/cm2 for f 50.50. The temperature de
pendence ofj c is very similar for both samples and shows
strongly positive curvature atT*0.5•Tc

inter . The right axis
of Fig. 9 displays the corresponding values ofbp5 j cm0R
which serve as an illustration of how the intergranular sup
conductivity can be suppressed by the ac driving field: T
regions below thebp curves mark the regime of intergranula
superconductivity.

For both Alfa platinum samples the three data points cl
to Tc

inter were obtained from temperature-dependent ac s
ceptibility measurements at constant driving fields~Fig. 2!
by analyzing thex9 maxima and applying Eq.~3!. As men-
tioned above the validity of the Bean model could not
proven for the twoj c points close toTc

inter , respectively.
However, thosej c values do not significantly affect th
shape of the wholej c curves. Furthermore, our choice of th
parameterme f f for the analysis of the slopes ofx(bAC) does
also not significantly affect our results, neither the shape
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FIG. 9. Intergranular critical current densitie
j c in zero static magnetic field~obtained from ac
excitation field-dependent susceptibility measu
ments! for Alfa platinum samples with the pack
ing fractionsf 50.50 (d) and f 50.67 (m) ~see
also inset!. The right axis showsbp5 j cm0R.
Note the significantly different absolute values
j c for the two samples and the strongly positiv
curvature of the temperature dependence ofj c

over a wide temperature range for both sample
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j c(T) nor the ratio between the absolute values ofj c for the
two Alfa platinum samples. We should also mention that
electric transport measurement close toTc

inter reported in
Ref. 1 confirms the order of magnitude of the values ofj c
presented here which are determined by ac susceptib
measurements.

Studies of the excitation dependent ac susceptibility of
Goodfellow platinum samples revealed quite different res
compared to those on the Alfa platinum samples. Althou
the superconducting parametersTc

inter and Bc
inter of the

Goodfellow samples are comparable to those of the A
samples~see Fig. 6 and Table I!, their intergranular critical
current densities are significantly higher. Unfortunately, d
to the experimental limitation inbAC mentioned above, the
absolute values ofj c for the Goodfellow samples have no
been experimentally accessible. From the very weak ac
citation field dependence ofx at lower temperatures~Fig. 4!
we estimatej c—even for the Goodfellow sample withf
50.66—to be of the order of 10 A/cm2 or larger at low
temperatures. This result supports qualitatively our pict
that in the Goodfellow platinum compacts the platinu
grains might be coupled much stronger than those in the A
platinum samples.

VI. DISCUSSION

The characteristic ac excitation field dependence of the
susceptibility of granular platinum reflects the regimes
inter- and intragranular superconductivity which can be d
tinguished by significantly different susceptibility values
well as critical current densities. However, an interpretat
of our results in terms of a ‘‘microscopic’’ description of th
inter- and especially the intragranular superconductivity
granular platinum is not trivial. Although the method of a
susceptibility measurements enables to distinguish betw
inter- and intragranular superconductivity, important info
mation about local superconducting properties remains
scured. The totalx signal of a macroscopic sample in i
intragranular superconducting state reflects the sum ove
superconducting grains in the sample so that the super
ducting properties of one single grain which could, e.g.,
pend on its size cannot be extracted. In particular, the t
perature dependent ac susceptibility in the intragran
e
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regime~see Figs. 2 and 3! could arise from a distribution o
critical temperatures among the platinum grains. An extre
interpretation of the intra- and intergranular regimes of
perconductivity in the platinum compacts could be that
‘‘intragranular’’ superconductivity at temperatures close
1.9 mK arises, e.g., from the fraction of platinum grains w
submicron size and that the main amount of platinum gra
with a larger grain size which superconduct at lower te
peratures are responsible for the intergranular supercon
tivity. However, taking into account the significant diffe
ences between the rather broad grain-size distributions o
investigated granular platinum samples~see Fig. 1!, it is as-
tonishing that the sharp onset of intragranular supercond
tivity at T.1.9 mK appears to be a common feature of
our samples and apparently marks the ‘‘high-temperatu
limit of intergranular superconductivity.

Another complication of susceptibility measurements
small superconducting grains occurs when the penetra
depth of the magnetic field is comparable to the grain size
that case, the measured susceptibility values would be
duced~‘‘magnetic invisibility’’ ! and could show a tempera
ture dependence arising from the temperature-depen
penetration depth.9,21 This situation might be relevant for ou
granular platinum samples, in particular, if superconductiv
exists only on the surface of the grains and thus the effec
field penetration depth for the grains is relatively larg
Hence one possible striking interpretation of our results a
in particular of the sharp onset of intragranular supercond
tivity at T.1.9 mK ~see Figs. 2, 3, and 4! might be the
following: At T.1.9 mK the intragranular transition into
the superconducting state occurs where basically all
platinum grains become superconducting. Taking into
count that the penetration depth,}@(12(T/Tc)

4#21/2,23 be-
low Tc.1.9 mK decreases from a value much larger th
the grain size to a low-temperature value of the order of
grain radius,4,8,22 we could explain the observed decrease
our measured ac susceptibilityx intra with decreasing tem-
perature from zero~at Tc.1.9 mK) to its low-temperature
value of 20.14 ~for the Alfa platinum sample withf
50.67). This picture would also be consistent with the a
sence of a peak inx9 at T.1.9 mK.9

Considerations of the intergranular critical current den
ties in granular platinum should clearly take into accou
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both the significantly different absolute values ofj c for dif-
ferent samples and the characteristic temperature depend
of j c ~see Fig. 9!. We observe for samples made from t
same platinum powder~Alfa platinum! that j c as well as
Bc

inter andTc
inter increase significantly with decreasing pac

ing fraction of the compacts. It is surprising that higher pa
ing fractions for which improved electrical coupling of th
grains in the normal state is expected appear to be detrem
tal for the intergranular coupling in the superconducti
state. Systematic studies of the normal state resistivity
granular platinum samples with different packing fractio
have to be performed in order to clarify a possible correlat
with the intergranular superconductivity. Such studies mi
also explain why the Goodfellow samples with similar va
ues forBc

inter andTc
inter show much higher values ofj c than

the Alfa samples. Considering the grain-size distributions
both platinum powders~Fig. 1! as well as our results fo
compacts with different packing fractions, one may a
speculate that in the Goodfellow powder the smaller volu
fraction of grains with a diameter smaller than.2 mm is the
reason for the observed stronger intergranular supercon
tivity in these samples.

The temperature dependence ofj c ~see Fig. 9! can be
compared with theoretical predictions for particul
supercurrent-limiting mechanisms~see, e.g., Ref. 18 and re
erences therein!. Assuming that the intergranular supercu
rents in the platinum compacts are limited by weak links,
shape ofj c(T) cannot—at least at temperatures above ab
0.5•Tc

inter—be described in terms of the Ambegaoka
Baratoff theory24 for superconductor-insulator
superconductor-type Josephson junctions as this theory
dicts a ‘‘convex’’ j c(T) curve ~negative curvature! in
contrast to the observed ‘‘concave’’ behavior. For a desc
tion of the concavej c(T) curve of granular platinum, severa
theoretical models could be applied qualitatively. An inte
grain superconductor–normal-conductor–supercondu
weak-link structure, but also pair breaking scattering at
grain boundaries would both result in a concavej c curve.25,26

Moreover, the Ginzburg-Landau theory in the dirty limit pr
dicts a concave slope ofj c(T), too.8,17 All these supercurren
limiting mechanisms describe ‘‘depairing mechanisms
however, the possibility that depinning of magnetic-fl
lines is limiting the intergranular supercurrents should a
be taken into account. Since in the case of granular platin
the effective coherence length might be of the order of
grain size, intergranular Josephson vortices are suppose
dominate the flux dynamics of the system.8,23 Interestingly,
pinning of Josephson vortices which might be provided
inhomogenities of the intergranular coupling strengths in
sample could in general be correlated with the ‘‘granularit
~e.g., with the packing fractionf ). In the case of granula
high-Tc materials, however, the relevance of pinning of J
sephson vortices for the intergranular critical current den
appears to be controversial.27 Preliminary measurements o
the frequency-dependent ac susceptibility indicate flux
namics effects in the superconducting platinum compact

The discussion of inter- and intragranular effects in sup
conducting granular platinum is closely related with the s
unsolved question concerning the origin of superconducti
in this system. The phase diagrams for inter- and intragra
lar superconductivity in the compacted platinum powders
nce
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dicate a suppression of superconductivity for more ‘‘bu
like’’ samples ~samples with higher packing fractions!.
Hence the fact that superconductivity has not yet been
served in bulk platinum along with the phase diagrams a
the intergranular critical current densities for supercondu
ing granular platinum suggest that the granular structure
the platinum compacts might play a dominant role for t
occurrence of superconductivity. Possibly, ‘‘lattice softe
ing’’ due to the large surface to volume ratio might cause
enhanced transition temperature.3 On the other hand, the
strongly exchange enhanced paramagnetism which is
posed to prevent the superconducting pairing in b
platinum28 as well as impurity magnetism should be tak
into account, too. The extremely weak impurity magneti
observed at mK temperatures1 appears to be at least an ind
cation for a relation between the granularity of the samp
and their magnetic properties which could also play an
portant role for the superconductivity.

A microscopic description of inter- and intragranular s
perconductivity in this system can hardly be given at t
moment. In particular, it is not yet clear what the superco
ducting ‘‘grains’’ actually are. It has to be clarified wheth
the intragranular superconductivity corresponds to superc
ductivity of single platinum grains, or to clusters of grain
and whether these clusters are the prerequisite for the oc
rence of superconductivity. Moreover, it would be importa
to know whether the superconductivity of these grains
bulklike or whether it exists only on the surface of the grain
For the understanding of the intergranular superconducti
in granular platinum, the understanding of the intragranu
effect should evidently be a prerequisite as the latter effec
supposed to be the precondition for the former. Our ph
diagrams~Fig. 6! indicate a common onset of intragranul
superconductivity atT.1.9 mK in zero magnetic field. At
higher magnetic fields, however, we observe a suppres
of inter- and intragranular superconductivity with increasi
packing fraction, suggesting a correlation between intra-
intergranular effects but also an effect of the ‘‘granularity
on both types of superconductivity. Furthermore, the lo
magnetic field close to the platinum grains might differ s
nificantly from the externally applied magnetic field29 and
might thus be also an important factor for the appearanc
intra- as well as intergranular superconductivity.

To summarize, our investigations of the excitation fie
dependent ac susceptibility along with the measurement
the resistivity and magnetization1 of superconducting com
pacted platinum powders reveal a possible separation
inter- and intragranular effects in this system. However,
still unclear origin of superconductivity in granular platinu
does not yet allow a microscopic description of the intra- a
intergranular effects. The phase diagrams for inter- and
tragranular superconductivity as well as the results for in
granular critical current densities indicate that the granu
structure of the platinum compacts might play a domin
role for the occurrence of superconductivity. Hence furth
detailed studies of the impact of the topology of vario
platinum samples especially on their superconducting
magnetic properties should provide a key for a deeper un
standing of the superconductivity in granular platinum.
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