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High-density bulk Pb; _ ,Sn,Mo¢S;¢ (0<x<1) samples have been made by hot isostatic
pressing at the relatively low temperatures of 800 and 900 °C. Critical current densities,
computed from magnetization data taken at various magnetic fields and temperatures,

show excellent temperature scaling indicating that a single pinning mechanism is present. The
magnetization of all samples scales with size, showing that full density samples are not
granular. Samples sintered without pressure at higher temperatures did not achieve fult density
and did not exhibit good size scaling of the magnetization, thus indicating only percolation
connections across the sample in this case. We conclude that there is no intrinsic

granularity in these Chevrel phases even though their coherence length is short.

The high-critical-field Chevrel phase compounds, of
which PbMo,S; is the best example, remain promising can-
didates for generating magnetic fields above 20 T.! Up to
now, however, transport current densities (J.) in wires
remain a little too low to make applications really attrac-
tive since the best values are in the range 1-2 X 10 A/m? at
20 T. Why the J, values remain at this level>™ is not clear.
It may be due to insufficient flux pinning, to an intrinsic
granularity,”® or to an essentially percolative connection be-
tween grains.® As observed in the high-temperature super-
conducting oxides,’ intrinsic granularity may indeed be ex-
pected in these materials because of their short coherence
length (about 3 nm).® Some evidence for this has recently
been presented by Cattani et al.>%'° In this letter we ex-
plicitly test the influence of contact quality between grains
by comparing the properties of various Pb; _,Sn Mo,Sg
bulk samples when sintered both by hot isostatic pressure
(HIP) and by pressureless sintering.

Five samples having nominal compositions
Pb, _ ,Sn,Mo¢S;¢ (x =0,0.1,0.5,1) were prepared by a
two-step process. This stoichiometry was chosen since this
composition is found to be single phase in published phase
diagrams.“"2 A first heat treatment of the elements (Pb,
Sn, Mo, S) was made at 800 or 900 °C for 20 h in a sealed
evacuated quartz tube, followed by grinding and mixing.
The subsequent HIP heat treatment was performed at the
same temperature, under 2 kbars of argon pressure for 8 h,
after the samples were wrapped in molybdenum sheets and
sealed in evacuated stainless-steel tubes. All operations
were carried out in inert atmosphere, in order to minimize
oxygen contamination, although some did occur. Magne-
tization data were then taken on rectangular cross-section
specimens in a vibrating sample magnetometer in magnetic
fields up to 12 T and in the temperature range 2-12 K.

All samples had inductively measured critical temper-

**Also Applied Superconductivity Center.

775 Appl. Phys. Lett. 60 (6), 10 February 1992

0003-6951/92/060775-03%03.00

atures (7,.) between 11.5 and 13 K, somewhat below the
highest values of 15 K which have been reported.>'3 We
believe that these depressed T, values represent some oxy-
gen contamination introduced during processing.'>'* Some
of this enters in the HIP step, since non-HIP’ed samples
had T, values about 1 K higher. We computed the critical
current densities (J,) from the magnetization hysteresis
using the equation J, = 3AM/d, where d = 1.5/, (1 —
1,/3h), I <1, where I, and /, are the sample dimensions
perpendicular to the magnetic field. This implicitly as-
sumes that current circulates over the whole sample, an
assumption that will be tested later. Typical J. results (for
a Pbg 1Sng ¢Mo¢S; ¢ sample HIP'ed at 800 °C) are shown in
Fig. 1 at temperatures from 4.2 to 11 K. We found J,
values between 0.45 and 2.5X 10* A/m? at 10 T and 4.2 K
across the whole range of samples studied. Figure 2 shows
the reduced pinning force (F, ' F pmax) vs reduced field curve
(b = B/B*, where B* is the field at which AM becomes
zero) for the same sample as Fig. 1. We checked this re-
lationship for three samples, two being HIP’ed at 800 °C
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FIG. 1. Critical current density as a function of magnetic field at 4.2, 8,
9, 10, and 11 K for a Pby;Sn,4Mo,S;, bulk sample HIP'ed at 800 °C.
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FIG. 2. Reduced pinning force as a function of reduced critical field for a
Phy,8n,5Mo0,8;,, bulk sample HIP’ed at 800 °C. e Calculated points for
FJ/F, —=Cb" b))

and one at 900°C. They all displayed excellent temperature
scaling with maxima in F,/F, between 0.15 and 0.20b.

The scaling law is close to F/F, =Cb"*(1—b)?
where C is a constant (see Fig. 2).

Figure 3 shows magnetization hysteresis (AM) versus
sample size (d) plots for pure Pb and Sn and mixed com-
position HIP- and non-HIP-processed samples. All HIP’ed
samples show an excellent proportionality between magne-
tization and size, as expected if the dimensions /; and [,
used in the expression for J, are indeed the dimensions over
which the induced currents circulate. Scanning electron
microscopy on the samples shows their grain size to lie in
the general range 0.5=5 um (see Fig. 4). Thus the sample
size is of order 10°-10* times the grain size. However, a
sample of PbysSn,sMo.S;, which was sintered without
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FIG. 3. Magnetization as a function of sample size for various
Pb.Sn; _ MoS, samples at 4.2 K. (—) HIP’ed at 800°C: V x =1, 0
x=050x=0LVx=0 (—)HPedat 900°C: O x= 1 Ax=0.1;
@ x == 0. {--) Non-HIP'ed at 1100 °C: A x = 0.5. Note: all magnetizations

and all three 900 °C samples (4 T) which all showed tlux jumping at low
fields, a further indication of good connectivity.
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(a)

(b}

FIG. 4. High-resolution scanning electron microscope micrographs of (a)
a SnMo.S;, HIPed bulk sample made at 800°C and (b) a
Pby S0y oM0oyS,, non-HIP'ed bulk sample made at 800 °C.

pressure at 1100°C exhibited a very flat characteristic
which does not extrapolate to the origin. Given that the
grain size is so much smaller than the sample size there is
no reason to suppose that J, is size dependent in this non-
HIP’ed sample: therefore, the weak dependence of the
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magnetization hysteresis most reasonably arises from the
fact that /; and /, overestimate the correct scaling lengths
for the induced currents. This is consistent with the much
smaller AM values seen for the non-HIP’ed sample. The
difficulty of connections seems to be tied to the poor per-
colation connectivity of a low-density sample, as was seen
earlier in Mo-sheathed wires of low density.'”

It should first be stressed that the J, values (Fig. 1) are
in the same general range as the transport current densities
observed in HIP-treated wires*>® and are only slightly
lower than the best ones. These bulk samples thus appear
comparable in quality to wires. We may ascribe the lower
J. values, as well as their lowered critical temperatures, to
oxygen contamination arising from the fabrication process.
In spite of this they exhibit good temperature scaling, as
shown in Fig. 2. Such scaling is generally taken as evidence
for a single pinning mechanism. We also point out that the
same shape of pinning curves is observed for thin films'®
and bulk samples'’ prepared by different methods, where
T, values vary from 11 to 15 K. This supports the hypoth-
esis that the same pinning mechanism is common to many
Chevrel phase samples, including the present ones. Grain-
boundary pinning, as proposed by Rickel er al. for bulk
samples,'® seems the most likely pinning mechanism.

Crucial for determining whether good connections ex-
ist between grains is the size scaling experiment. The good
scaling found in all our HIP-processed samples is strong
evidence that screening currents flow around the whole
specimens rather than around any smaller agglomerates.
By contrast, the non-HIP sample does not exhibit good
size scaling behavior, thereby emphasizing the important
role of pressure in producing a well-connected compact. It
is interesting that this good connection is obtained at com-
paratively low temperatures for Chevrel phases (800 and
900 °C) and exists even when there is evidence for some
oxygen contamination. There thus seems little reason to
fear that granularity is an intrinsic problem for Chevrel
phases, even though their coherence lengths are sufficiently
short that this might be considered to be a reasonable
possibility.®

Although it is agreed that the best J, values are ob-
tained for a Pb/Sn atomic ratio of about 8/2,'*2! our re-
sults do not show any strong trend regarding this point.
Further optimization of the process should be carried out
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to address this aspect as well as to investigate lowering the
HIP treatment temperature in order to reduce the grain
size and thus raise the critical current densities.
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