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Reversible and irreversible magnetization of the Chevrel-phase superconductor PbMo6S8
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Magnetic measurements have been carried out on the hot-isostatically-pressed Chevrel-phase superconduc-
tor PbMo6S& at temperatures from 4.2 K to T, and for magnetic fields up to 12 T. The results show that for the

PbMo6S8 compound there is a wide magnetically reversible region, between the irreversibility field B; and

the upper critical field B,2, on the isothermal magnetic hysteresis curves. The B;„(T) line, i.e., the irrevers-

ibility line, was found to obey a power-law expression: B;„=B*(1—T/T, ) with n= 1.5. Magnetic relaxation
measurements revealed that the Aux-creep effect in the material studied is substantial and is greater than those
observed in conventional metallic alloys, but smaller than in high-temperature superconductors. The existence
of the irreversibility line and pronounced Aux-creep effect in PbMo6S8 is attributed to the short coherence
length of the material. From the reversible magnetization data, the values of the penetration depth, the coher-
ence length, and the critical fields are obtained together with the Ginzburg-Landau parameter ~. At 4.2 K, the

critical current density J, is 10 A m at zero field, and decreases to 2X 10 A m at 10 T. Pinning force
curves measured at different temperatures obey a Kramer-scaling law of the form: F ( =I,X B)
~b' (1 —b), which indicates that the 1, is limited by one predominant fiux-pinning mechanism.

I. INTRODUCTION

One of the important applications of superconductors is to
make solenoids that produce very high and yet highly stable
magnetic fields. The combination of commercially available
materials like NbTi and Nb3Sn is used to obtain magnetic
fields slightly higher than 20 T. Further increases in magnetic
field seems unlikely due to the limited upper critical field

B,2 of these two materials. Therefore, in order to achieve
significantly higher fields, new materials with much higher

B,2 have to be explored. Apart from the high-temperature
superconducting cuprates, Chevrel-phase superconductors
have been regarded as promising candidates for high
magnetic-field applications mainly because of their high

B,2 values. ' Among Chevrel-phase materials, PbMo6S8
shows the highest B,2 and the highest superconducting tran-

sition temperature T, . Thus it has been the subject of much
research into its Aux pinning and critical current. '

A critical current density 1, as high as 1.5X 10 A m in
20-T magnetic field has been reported in a PbMo6S8 wire,
and a small coil wound from this wire achieved 84% of short
wire J, . However, in order to generate magnetic fields
higher than 20 T, J, values in excess of 4X10 Am are
required. The reasons for the comparatively low J, values
are a subject of the present debate because the mechanisms
that control J, are still not well understood. Weak links and
granularity have been observed and suggested to be respon-
sible for the low J, . It is now clear that when sintered
samples are well-consolidated by hot-isostatic-press process-
ing, the weak links and granularity can be improved or even
removed. ' Thus, to increase J, of a hot-isostatically-pressed
bulk sample significantly it is necessary to increase the den-
sity of grain boundaries, which could act as pinning centers
as the case in Nb3Sn, or flux pinning within grains.

Flux pinning and critical currents are closely linked to the
microstructure of samples as well as to fundamental super-

conducting properties, such as the coherence length (, the
magnetic penetration depth X, and the critical fields. The
very high B,2 of PbMo6S8 and hence very short coherence
length leads to a low pinning energy. Therefore, it is ex-
pected that thermal activation plays an important role in the
dynamics and stability of the fIux-line lattice of PbMo6S&.

In this paper, experimental observations of magnetic mea-
surements carried out on hot-isostatically-pressed PbMo6S8
samples are reported. We show that there is a irreversibility
line distinctly below the B,2 line in PbMo6S8 as seen in
high-temperature superconductors. The samples also show a
pronounced Aux-creep effect. On the other hand, the revers-
ible behavior of the PbMo6S& superconductor in the region
between the irreversibility line and the B,2 line allows us to
measure the equilibrium magnetization and to extract a set of
superconducting parameters using Ginzburg-Landau rela-
tions. The critical current density is calculated from the mag-
netic hysteresis using the Bean model' from 4.2 K to T, and
at fields up to 12 T. The pinning force curves measured at
different temperatures follow a scaling law. Finally, the ef-
fect of the hot-isostatic-pressing temperature on critical cur-
rents is discussed.

II. EXPERIMENTAL

Ceramic PbMo6S8 samples were prepared by a two-step
reaction procedure. Pure elements -Pb (99.9999%), Mo
(99.95%, 4 —8 /Lm) and S (99.999%) were used as starting
materials. At first, 10 g of starting materials with nominal
compositions PbMo6S8 were sealed under vacuum in a pre-
cleaned silica tube. The tube was then placed in a tube fur-
nace and heat treated at 450 C for 4 h in an Ar atmosphere.
The furnace temperature was then slowly increased to
650 C at a rate of 33 'C h ' and held for 8 h. After this
heat treatment, the sample was cooled down quickly to room
temperature in about 15 min. The reacted intermediate pow-
der (the mixture of Mo, PbS, and MoS2) was ground thor-
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oughly using a mortar and pestle and was pressed into discs
of 10 mm diameter. The discs were again sealed under
vacuum in a precleaned silica tube and reacted at 1000 C
for 44 h in Aowing Ar gas to form the PbMo6S8 phase.

Before performing the hot-isostatic-pressing treatment on
the samples, the sintered ceramic samples were ground into
powder and repelletized. The pellets were wrapped with Mo
foil (99.95%, 0.025 mm thick), which serves as a barrier to
prevent the PbMo6S8 from reacting with the container, and
were sealed in a stainless tube under vacuum using hot-spot
welding. The hot-isostatic-pressing treatment was carried out
at 2000 bars and 800 C for 8 h. The sample was then ex-
tracted from the Mo foil and a rectangular piece,
5.0X 2.8&&0.8 mm, was cut off for magnetic measurements.
In addition, three other samples were fabricated and hot-
isostatically pressed for 8 h at 1300 bars and at 700, 900, and
1100 C, respectively.

During the fabrication procedure the PbMo6S& samples
were handled in a glove box. This ensured that the samples
were not exposed to oxygen which degrades the supercon-
ducting properties. " The glove box maintains a controlled
atmosphere such that the oxygen concentration is less than 5

ppm and the moisture level is below 10 ppm. X-ray-
diffraction patterns showed that the samples were predomi-
nantly single phase. Significant densification after the hot-
isostatic-pressing treatment was shown using scanning
electron microscopy. The value of T, was 13.7 K as mea-
sured by ac susceptibility. The transition was sharp
(AT, -0.2 K), indicating that the samples were of good
quality.

Magnetic measurements were carried out on a commer-
cial vibrating sample magnetometer (VSM 3001, Oxford In-
struments) with the applied field parallel to the longest di-
mension of the sample. Magnetic hysteresis curves were
measured at different temperatures from 4.2 K to T, . A 10
min delay was introduced prior to each measurement to en-
sure temperature stabilization. Magnetic relaxation measure-
ments were performed at 4.2 K and in three different mag-
netic fields. The field was increased slowly to the required
values at 1 mT s ' in order to prevent the magnet from
overshooting, and the magnetic moment was recorded as a
function of time over a period of 10—1800 s.

III. RESULTS AND DISCUSSION

A. Granularity

After the hot-isostatic-press processing, the samples be-
came much more dense and hard than the as-sintered
samples, indicating a significant improvement of the connec-
tivity between grains. The density of the samples is estimated
to be greater than 90% of the theoretical value. In order to
check if granularity is still substantial in the samples, the
ratio AH/(3AM) was measured for the sample fabricated at
2000 bars and 800 'C. Here, AH is the field range needed to
invert the critical state when the applied field is reversed and
AM is the magnetization hysteresis. According to Kiipfer
et al. ,

' the ratio AH(36M) of a rectangular shape sample is
unity for a well connected sample, and deviations greater
than a factor of 2 indicate granular behavior. The value of
EH(3AM) at 12 T for the sample used in our study was
approximately 1.0, 1.2, 1.1, 1.2, and 0.9 for 4.2, 5, 6, 7, and
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FIG. 1. Magnetic hysteresis loop measured on a PbMo6S8
sample hot-isostatically pressed at 2000 bars (the background mag-
netic moment at the normal state had been subtracted). The irrevers-

ibility held B;„and the upper critical held B,2 were determined as
the held at which hysteresis collapses and the field where the mo-
ment becomes zero, respectively.

8 K, respectively. This indicates that the irreversible mag-
netic moment measured is primarily due to macroscopic cur-
rents flowing over the full dimensions of a well connected
sample. Additional, ac magnetization measurements per-
formed on the same sample, which probe the fIux profile
inside the sample, support this claim. '

8. The irreversibility line

The high-temperature superconductors show very strong
anisotropy in physical properties due to the two-dimensional
nature of their crystal structure. In sharp contrast, the anisot-
ropy of the PbMo6S8 material is very small. Decroux and
Fischer' have investigated the anisotropy of several
Chevrel-phase superconductors, including PbMo6S8, by
measuring the angular dependence of B,2 with respect to the
symmetry axis of the superconductors. They found that the
anisotropy ratio is only 1.2. This anisotropy is negligible
compared to the corresponding ratios of high-temperature
superconductors. Hence the field-dependent properties of the
polycrystalline hot-isostatically-pressed sample should be
similar to those of single crystals.

Figure 1 shows the magnetic moment of the PbMo6S8
sample, fabricated at 2000 bars, measured at 13 K as a func-
tion of increasing and decreasing magnetic field. The back-
ground contribution, which increases linearly with increasing
the field, has been subtracted from the data. The irreversibil-
ity field B;„is identified as the field at which the magnetic
hysteresis AM collapses. At fields above B;„,J, is less than
10 A m (if not zero), and is below the resolution of the
instrument. The upper critical field, B,2, can also be ob-
tained from the data by extrapolating the reversible magne-
tization to the M=O line. From M-B curves measured at
different temperatures, the values of B,2 and B;„as a func-
tion of the temperature are obtained and shown in Fig. 2.
This is very similar to the phase diagram determined for
high-temperature superconductors. B;„data obtained from
the Kramer plot extrapolation, as discussed later in Sec.
III E, are also shown in the figure represented by the solid
symbols.
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FIG. 2. The irreversibility field B;„and the upper critical field

B,2 for the PbMo6S& sample shown as a function of temperature.
Solid square symbols represent B;„data obtained from the extrapo-
lation of the Kramer plot (see text). The solid lines are guides for
the eye.

FIG. 3. Logarithmic plot of B;„versus 1 —T/T, The B; data
are the same as those in Fig. 2. The linear behavior of the experi-
mental data indicates a power-law relation B;„ III{1—TIT,), and
the fitting gives o = 1.46.

In high-temperature superconductors, the existence of the
irreversibility line is generally agreed to be a consequence of
the very large anisotropy, the short coherence length and
high working temperatures of these materials. It was also
believed that the reversible Aux motion region in low-
temperature superconductors would be too small to be easily
observed experimentally except for some specially prepared
quasi-two-dimensional films such as In/InO, ' amorphous
Mo-Ge (Ref. 16) and Nb-Ge. ' Suenaga et al. ' investigated
the irreversibility line in conventional NbTi and Nb3Sn ma-
terials. They found that the materials have a clear irrevers-
ibility line that is substantially lower than the B,2 line. The
irreversibility line has also been reported for other low-
temperature superconductors. ' ' For PbMo6S8 and other
Chevrel-phase compounds, there have been several reports
on the irreversibility line in the literature. ' " The results of
Rossel et al. measured on a PbMo6S& single crystal show a
B-T phase digram very similar to Fig. 2. However, the size
of their magnetic reversible region is significantly larger than
we have observed. At 2 T, for instance, we found that the
reversible region is about 1.5 K wide (see Fig. 2) while a 4 K
difference was reported by Rossel et al. The reason for this
discrepancy is unclear, but may well be due to the weaker
fIux pinning of the single crystal in which there could be less
chemical or structural imperfections than in hot-isostatically-
pressed samples. Furthermore, in terms of the width of the
reversible region, the data shown in Fig. 2 appear to agree
well with magnetoresistivity data obtained by Gupta et al.
which show broadened resistive transitions in magnetic fields
due to the reversible motion of Aux lines. Gupta et al. also
reported that magnetic-field-induced broadening is more pro-
nounced in PbMo6S& than in SnMo6S8. This is consistent
with the magnetic measurement data for these materials.
The difference in broadening between PbMo6S& and

SnMo6S8 is possibly because the latter has a longer coher-
ence length (or lower 8,2) than the former compound.

Figure 3 shows the same data as in Fig. 2 in logarithmic
plot of B, versus (1 —TlT, ). The linear relation shown in
the figure means that the irreversibility line can be described
by a power-law expression:

B;„„=8*(1—TIT,)

1.0

0.8

I I
I

I I I I I
l

I I I
I

a NbTi

Sa(Pb

CO 0.6

0.4
CO

0.2

0.0
0.2 0.4 0.6 0.8 1.2

FIG. 4. Normalized plot of the irreversibility line for PbMo6S&
NbTi, Ba(pb075Biozs)03 and YBa2Cus07 {B~~c axis). The solid
lines are guides for the eye.

A fit to the experimental data yields n=1.46 and B*=63T.
The same relation has been observed on single-crystal
samples with slightly different u and B* values. The
power-law expression, observed by Muller, Takashige, and
Bednorz, has been derived from the thermally activated
fIux-creep model. It suggests that the irreversibility line is
essentially a depinning line.

In order to make a comparison between materials with
different fundamental parameters (such as the coherence
length) and show the importance of the values of (, B, , and
the degree of anisotropy in determining the range of the Aux-

line reversibility, we present the irreversibility line data for
four different superconductors in Fig. 4. For each material,
fields and temperatures have been normalized to its own
B,2(0) and T, values, respectively. The data are shown for
the alloy NbTi, the noncuprate oxide Ba(Pbo75Bio25) 03 and
the high-temperature cuprate YBa2Cu307 as well as for
PbMo6S8. The data of the first three materials were obtained
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in previous studies. It is not surprising to find in the
figure that NbTi, which has a comparatively long coherence
length and is isotropic, exhibits a irreversibility line that is
very close to its 8,2 line, while for the high-temperature
superconductor YBa2Cu307 the irreversibility line is
strongly depressed because of its high anisotropy and short
coherence length. The coherence length of PbMo6Ss (which
will be calculated in the following section) lies between that
of NbTi and YBa2Cu307, and thus we found the irrevers-
ibility line of PbMo6S8 is also located in a intermediate po-
sition in the phase diagram. For the Ba(Pbo 7/Bio 2s) Os com-
pound, the irreversibility line is also strongly depressed
although its coherence length is much longer than the other
materials shown in the figure. This may result from its low
value of thermodynamic critical field B, , which is approxi-
mately one order of magnitude less than that of NbTi and
PbMo&Ss and thus leads to a small pinning energy (which is
proportional to B,)

It has been argued that the irreversibility line of NbTi and
other low-temperature materials such as Nb3Sn and Nb can
be better described as fIux-lattice melting line. ' ' ' The
data presented here for the PbMo6S8 fit the expression based
on the thermally activated depinning model well. Regardless
of the mechanism of the magnetic reversible behavior in the
low-temperature superconductors, it is safe to say that the
short coherence length is a major factor that leads to a very
low irreversibility line for PbMo6S8.

C. Superconducting parameters

The basic parameters in the superconducting state such as
the coherence length g, the magnetic-field penetration depth
X, the Ginzburg-Landau parameter ~, and the various criti-
cal fields are of great importance, both for understanding
fIux-pinning mechanism as well as the superconducting pair-
ing mechanism. The reversible behavior in the region above
the irreversibility line permits the equilibrium magnetization
to be measured so that the parameters can be extracted.

Using the data shown in Fig. 2, the initial slope of 8,2
near T, is found to be 5.9 T K . This value is in agreement
with the specific-heat data measured on the same sample
and the data reported in the literature. ' ' The value of
8,2 extrapolated to zero temperature is 56 T using the
relation

TABLE I. Zero-temperature values of the superconducting pa-
rameters of the PbMo6S8 sample. The values were determined from
the reversible magnetization data.

8,2 (T) B„(mT) 8, (T) X (nm) ( (nm)

13.7 130 56 6.4 0.25 230 2.0

B,(T) = 1.74B,(0)[1—T/T, ] which gives B,.(0)=0.25 T.
Since there is no theoretical expression for the tempera-
ture dependence of 8,i, a reasonable approximation
to obtain B,i (0) is to use the empirical relation
B,i(T) =B,i(0)[1—(T/T) ) which yields B,i(0) =6.4 mT.
Using B,2(T) =Co/[27rg (T)] (where bio=2.07X 10
Wb is the Aux quantum), $(T)=((0)[1—T/T, ] " and
Ic= X(0)/((0), ((0) and k(0) are calculated to be 2.0 and
230 nm, respectively. The values of all the parameters ob-
tained are shown in Table I. The 8,. value is close to the
value (0.27 T) reported by Seeber, Rossel, and Fischer,
while the X value is only slightly larger than the value (200—
240 nm) estimated from positive-muon spin-rotation
studies. The very large ~ value shows that PbMo6S& is an
extreme type-II superconductor. The short coherence length
leads to easy thermal activation of fIux lines as discussed in
the previous (and the following) section, and also makes this
compound sensitive to disorder and local defects.

1.0

D. Magnetic relaxation

Magnetic relaxation curves measured at 4.2 K and for 1,
6, and 12 T are shown in Fig. 5. The irreversible magnetic
moment is expected to decay with time as fIux lines creep
into the specimen. In all the data shown here, the equilibrium
magnetic moment m, q [=(m++m )/2], which was ap-
proximated by the average of the magnetic moment for in-
creasing (m+) and decreasing (m ) field, has been sub-
tracted. The data are also normalized to the magnetic
moment value at t = 10 s for the three curves. As expected by
the theory, the moment appears to decay linearly with

B,2(0) =0 7T,(BB,2/BT) ~r .. (2)
0.95—

According to the theory of Abrikosov, the linear magneti-
zation near to 8,2 is described by

—poM = (B,2 —B)/[P„(2+ —1)].
0.90—

Hence the value of ~ can be obtained from the slope of the
magnetization versus field data in the linear region. Using
the data collected at 12.7, 13, and 13.3 K, the value at each
temperature is calculated and the average value for ~ found
to be 130. Other superconducting parameters can be calcu-
lated by employing the Ginzburg-Landau relations: From
B,2= +2scB, and B,i

=B,(ln a+ 0.5)/(+2m), the initial
slope of 8,. and B,i is found to be —32 mT K ' and
—0.94 mT K ', respectively. For 8, , the zero-temperature
value is obtained by using the 8CS expression:

0.8510 100
Time (s}

1000

FIG. 5. Magnetic relaxation data taken at 4.2 K and three dif-
ferent fields. The equilibrium magnetic moment data meq
(=[m++m j/2), which was approximated as the average of the
magnetic moment for increasing (m+) and decreasing (m ) field,
has been subtracted from the data. The data are normalized to the
value at t= 10 s.
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ln(t) for all three fields. An apparent pinning energy U* can
be obtained on the basis of this observation by using the
formula40

m(t) = m(0) [1—(ktiT/U*)ln (t)]. (4)

0.001

Magnetic field (T)
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Although U* may not represent the true depth of the pinning
well, ' a comparison of the results obtained under similar
experimental conditions is still meaningful.

A plot of U* as a function of the applied field is shown in
Fig. 6. Data of YBa2Cu307 and another high-temperature
cuprate T128a2Ca2Cu30&0 measured at 1 T are also shown in
the figure for a comparison. We have attempted to measure
magnetic relaxations for a NbTi sample at 1 T. However, no
decay in the magnetic moment was observed within the reso-
lution of the instrument used. Thus we may conclude that the
Aux-creep effect in PbMo6Sg is more pronounced than in
NbTi yet smaller than YBa2Cu307 and other high-
temperature superconductors. This is consistent with the ir-
reversibility line results discussed in the previous section and
can be understood by considering the value of the coherence
length and anisotropy of these materials.

E. Critical current density and pinning force

Magnetic hysteresis curves have been measured at tem-
peratures from 4.2 K to T, and for fields up to 12 T. The
critical current density J, is calculated from the magnetic
hysteresis data using the Bean model. ' For the rectangular
samples used in our measurements,

J,(A m )=AM/[aq(1 —a2/3ai)]
where AM(A m ') is the difference in magnetization
for increasing and decreasing field, and 2a i(m) and

2a2(m)(ai)a2) is the width and thickness of samples, re-
spectively. The magnetic-field dependence of J, for different
temperatures is shown in Fig. 7. For temperatures 5, 6, and 7
K, measurements were started at about 1 T. The J, of the
sample fabricated at 2000 bars and 800 'C at 4.2 K is
slightly higher than 10 A m at zero field and decreases to

FIG. 7. (Top): Critical current density J, of the PbMo6S8
sample as a function of applied magnetic field and temperature.
(Bottom): Semilogarithmic plot of 1, versus B for the same data.

J, values were calculated from magnetic hysteresis data using the
Bean model. From top to bottom: 4.2, 5, 6, 7, 8, 9, 10, 11, 12, and
13 K.

2 && 10 A m at 10 T. The J, values are in the same general
range as the reported critical current densities measured on
hot-isostatically-pressed wires and bulk samples. ' '

There have been reports of Aux jumps in the magnetic
hysteresis curves of PbMo6Sg samples measured at tempera-
tures far below T, . ' ' These type of jumps have also
been reported for other highly irreversible superconductors
and are due to the low thermal conductivity of these materi-
als. However, measurements on the hot-isostatically-pressed
PbMo6Sg samples used in this study show no sign of Aux

jumps. The absence of the Aux jumps is possibly due to the
slow magnetic-field sweeping rate (20 mT s ') used, or the
thermal environment of the experiment.

Figure 8 shows a normalized plot of pinning force density
F„(=J,XB) as a function of the applied field for tempera-
tures from 4.2 to 13 K derived from the data in Fig. 7. At
each temperature the F~ values are normalized to the maxi-
mum F~ value F~,„and the fields are normalized to the
irreversibility field B;„at this temperature (low-temperature
B; values were obtained by extrapolation as will be shown
later in Fig. 9). As shown in Fig. 8, F„curves measured at
different temperatures obey a universal scaling law. Strictly
speaking, curves measured at low temperatures (below 10 K
where J, does not reach zero at the highest available field 12
T) are not complete and it is not clear if the scaling behavior
operates at very low temperatures. However, based on the
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ing mechanism, and later by Dew-Hughes, Hampshire and
Jones from different approaches, which gives @=1/2 and
q=2 in Eq. (6), i.e.,

F„=1,X B= 7B,",„'(T)b'"(1 —b)'.
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FIG. 8. Normalized pinning force as a function of normalized

magnetic field for the PbMo6S8 sample. The solid line represents
the normalized function proportional to b' (1 —b)

F„=yB,"~(T)b"( 1 —b)", (6)

where b is the reduced field 8/B, ,z, and n, , p, and q are
constants depending on the nature and density of the pinning
centres. The quantity y is a constant dependant on the mi-
crostructure and the Ginzburg-Landau parameter. Usually if
only one pinning mechanism operates at all temperatures and
fields, the pinning force scales according to the equation
above. Thus, the scaling curve shown in Fig. 8 indicates that
the J, in our sample is mainly limited by one mechanism.
Furthermore, the scaling curve in Fig. 8 can be described by

30000

20000
8

10000
I++I

Magnetic field (I)

FIG. 9. A Kramer plot (J,". 8' versus 8) for the PbMo6Ss
sample. From top to bottom: 4.2, 5, 6, 7, 8, 9, 10, 11, 12, and 13 K.

data shown in Fig. 9, it is not unreasonable to assume that
the scaling will continue at low temperatures.

The scaling of the pinning force in type-II superconduct-
ors, reported by Fietz and Webb, has generated a great deal
of theoretical work in order to calculate the elementary pin-
ning force on each individual Aux line and to propose a
summation procedure to obtain the total pinning force. Al-
though the summation problem has not yet been solved sat-
isfactorily, most of observed magnetic-field dependence of
F~ can be expressed by the scaling law, "

This is clearly illustrated in Fig. 9 in which J,"8" is plotted
against the applied field. The linear behavior shown in the
figure demonstrates the validity of Eq. (7). The exponent 5/2
is valid in so far as the gradient of the lines in the Kramer
plots (Fig. 9) are independent of temperature. The linear ex-
trapolation of the data for each temperature to the

J, 8' =0 line gives 8;„values at corresponding tempera-
tures. At temperatures close to T, , the values of 8;,„derived
from the Kramer plots are in agreement with those deter-
mined from the magnetic hysteresis loops in Fig. 1. The
similarity between the field at which J, drops to zero and the
characteristic field in the scaling law suggests that the
mechanism that causes the irreversibility line plays an inte-
gral role in determining J, throughout the irreversible region
of the 8-T phase diagram. The form of the scaling law is
similar to that commonly observed in Nb&Sn (where grain
boundaries are major pinning centres), and has led Rickel,
Togonidze, and Tsebro ' and Bonney, Willis, and
Larbalestier "' to propose a grain-boundary pinning mecha-
nism in PbMo6S&.

Using a model assuming an optimal arrangement of pin-
ning centers where all flux lines are pinned, Rossel et al.
have estimated the maximum possible critical current density
for PbMo6S& . They found it should be above 10' A m at
4.2 K and 20 T, one order of magnitude higher than the best
experimental results. It has been suggested that using low
fabrication temperature to reduce grain size and increase
grain-boundary pinning centers will improve J, . ' In
Nb3Sn, high J, has been achieved by reducing the size of
grains. Experimental results suggest this is a plausible
way. ' ' However, it is not clear if J, can be increased by
as much as it has been achieved in Nb3Sn by merely reduc-
ing grain size. Karasik et al. have shown that the maximum
value of the pinning force saturated when the grain size is
less than 0.3 p, m. Alternatively, Rossel and Fischer" have
shown that artificially introducing pinning centers by neutron
irradiation and the addition of fine nonsuperconducting par-
ticles in hot-pressed samples can increase J, of PbMo6S&
samples.

Several ceramic samples made under identical conditions
have been hot-isostatically pressed at 1300 bars and 700,
900, and 1100 'C, respectively. Figure 10 shows the J,. of
these three samples measured at 4.2 K. In Fig. 11, J,. mea-
sured at 3 T and two temperatures is plotted against the hot-
isostatic-pressing temperature. It is interesting to note that
J, varies nonmonotonically with the temperature. Although
900 'C seems to be an optimum temperature for maximizing
J, , one should be cautious before generalizing the result in

Fig. 11 since J, is controlled by many factors. Nevertheless,
for Fig, 11, it is possible to give a qualitative explanation.
When samples are hot-isostatically pressed at low tempera-
tures, incomplete sintering at grain boundaries may result if
the reaction time is not long enough, leading to lower J,
values. Alternatively, at high temperatures, the superconduct-
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