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Critical parameters of disordered nanocrystalline superconducting Chevrel-phase PbMo6S8
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Highly dense structurally disordered nanocrystalline bulk PbMo6S8 samples were fabricated by mechanical
milling ~MM ! and hot isostatic pressing~HIP! at a pressure of 2000 bar and temperature of 800 °C for 8 h. In
spite of the lower superconducting transition temperature (TC

0.95rN512.3 K), nanocrystalline bulk PbMo6S8

samples were found to have significantly higher resistivity@rN(16 K)5680mV cm# and upper critical field
@BC2

M50(0)5110 T# than conventional samples@TC
0.95rN515.1 K, rN(16 K!580mV cm, and BC2

M50(0)
545 T, respectively; Phys. Rev. Lett.91, 027002~2003!#. The microstructural evolution during MM and HIP
and the critical current density (JC) are presented in this paper.JC of the nanocrystalline bulk samples
increased by a factor of more than 3 for high magnetic fields up to 12 T compared to the conventional sample.
The scaling analysis is consistent with a grain-boundary pinning mechanism whereFP

'$@BC2
JC50(T)#n/21kmm0d* %bp(12b)q wheren;2.35,m;2, p; 1

2 , q;2, k is the Ginzburg-Landau constant
~calculated from reversible magnetization measurements!, andd* is the grain size~derived from x-ray diffrac-
tion analysis!. Despite the pinning framework, the underlying science that determinesJC challenges the
standard flux pinning paradigm that separates intrinsic and extrinsic properties, since the disorder and micro-
structure of these nanocrystalline materials are on a sufficiently short length scale as to increase both the
density of~extrinsic! pinning sites and the~intrinsic! upper critical field.

DOI: 10.1103/PhysRevB.69.174503 PACS number~s!: 74.70.2b, 81.07.Bc, 74.25.2q
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I. INTRODUCTION

The Chevrel-phase superconductor PbMo6S8 has suffi-
ciently high intrinsic properties to make it a potential ma
rial for the next generation of high-field magnets—the cr
cal temperature (TC) is ;15 K and the upper critical field
(BC2);50 T.1 However, the values of critical current den
sity (JC) are too low for industrial use,2 possibly because o
degraded or nonsuperconducting phases, such as MoS2 or
Mo2S3 , at the grain boundaries3 or because the pinning sit
density is not high enough. It has long been known t
decreasing the grain size of low-temperature supercond
ing ~LTS! materials, such as Nb3Sn, increases the density o
flux pinning sites and henceJC .4–6 Such results have led t
the flux pinning paradigm, used for;40 yr, in which the
microstructure determines the density and arrangement o
pinning sites and the material composition and electro
structure determines the fundamental superconducting p
erties. IncreasingJC can also increase the irreversibilit
field.7 For example, in MgB2, an increase in pinning led to
an increase in the irreversibility field from;0.5BC2 up to
;0.8BC2 .8 Since grain boundaries have also been identifi
as flux pinning centers in PbMo6S8 ,9 one can expect tha
increasing the density of grain boundaries~e.g., producing
nanocrystalline materials! will increase JC and hence tha
control of grain size and atomic structure of grain bounda
is essential to achieve highJC in high magnetic fields.10

Nanocrystalline materials are characterized by ultrafi
grains and a high density of grain boundaries.11 The grain
boundaries of nanocrystalline materials may be differ
from those of conventional coarse grain materials and
clude equiaxed grain morphology, low-energy gra
boundary structures or flat grain-boundary configuration12

Hence nanocrystalline materials can exhibit unusual ph
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cal, chemical, and mechanical properties with respect to c
ventional polycrystalline materials.

High-energy impact during mechanical milling can b
used to induce severe plastic deformation of milled me
and alloys to form nanocrystalline or amorphous powder.13,14

Nanocrystallization of the amorphous powder can prod
nanocrystalline materials with dense and clean grain bou
aries, different types and levels of disorder, and/or nea
perfect crystallite structure through control of the heat tre
ment and thermomechanical processing.15 This approach has
been adopted to fabricate nanocrystalline and amorph
PbMo6S8 powder. The mechanical-milled PbMo6S8 powder
was then subsequently annealed or hot isostatic pre
~HIP! to obtain the bulk samples. In a recent Letter,16 we
briefly reported that fabricating nanocrystalline superco
ductors provides a method to increase the upper critical fi
(BC2) itself. For nanocrystalline PbMo6S8 , BC2 can be
;110 T. The small grain size and high levels of disord
enhancedBC2 by increasing the resistivity (rN) at the ex-
pense of decreasingTC and the Sommerfeld constant~g!.
Furthermore, the values ofJC found in zero field were the
highest reported for bulk PbMo6S8 . This paper includes a
detailed analysis and discussion of the relationship betw
process parameters, microstructure, and supercondu
properties, normal state electronic properties, and the rol
strong electron-phonon coupling. Flux pinning in the
highly disordered materials with very dense pinning is co
sidered using the scaling laws.17–20The improvement in both
JC and BC2 in nanocrystalline materials challenges the fl
pinning paradigm that separates the intrinsic supercond
ing properties from extrinsic properties, since the nanostr
ture and disorder increase both flux pinning andBC2 .

II. FABRICATION

PbMo6S8 powder was synthesized using elemental po
ders Pb~99.999%!, S ~99.998%!, and Mo~99.95%!. The Mo
©2004 The American Physical Society03-1



H. J. NIU AND D. P. HAMPSHIRE PHYSICAL REVIEW B69, 174503 ~2004!
TABLE I. Processing conditions, grain size~d!, and lattice strain~«! for the PbMo6S8 samples. The
powder was heat treated at 1000 °C for 40 h before mechanical milling.

Sample
Milling

~h! HIP Annealing d ~nm! « ~%!

1 0 2000 0.00
2 100 800 °C38 h 50 0.10
3 100 1000 °C38 h 100 0.00
4 0 2000 bar, 800 °C38 h 2000 0.00
5 200 2000 bar, 600 °C38 h 1000 °C340 h 90 0.02
6 200 2000 bar, 800 °C38 h 1000 °C310 h
7 200 2000 bar, 800 °C38 h 800 °C340 h 30 0.04
8 200 2000 bar, 800 °C38 h 20 0.07
9 200 2000 bar, 600 °C38 h 600 °C340 h 20 0.13

10 200 2000 bar, 600 °C38 h 10 1.32
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powder was reduced under pure H2 gas flow at 1000 °C for 4
h. The details of the fabrication and heat treatments h
been described previously.21 The final heat treatment to pro
duce the starting PbMo6S8 material was 1000 °C for 40 h.

The sintered PbMo6S8 powder~5 g! was put into a Syalon
pot and mechanically milled for up to 200 h at a rotation
velocity of 300 revolutions per minute~rpm! using six Sya-
lon balls with a diameter of 20 mm. The weight ratio of th
Syalon balls to the powder was;16:1. Mechanical milling
was carried out in a steel box under Ar gas flow. The pow
milled for 100 h was subsequently sintered at temperatu
of 800 and 1000 °C for 8 h. The 200 h milled powder w
wrapped inside Mo foil and sealed in a stainless steel t
and then HIP at a pressure of 2000 bar and temperature
600 and 800 °C for 8 h. Some of the HIP samples w
subsequently annealed at temperatures of 600, 800,
1000 °C for 40 h. The details of the processing conditions
listed in Table I. Samples 1–3 are the sintered samples u
to investigate phase transformations and the supercondu
transition during annealing. Sample 4 is a conventional H
sample. The HIP samples~4–10! are labeled with increasing
numbers to broadly indicate the increased disorder
smaller grain size associated with progressively l
recovery/crystallization produced by the HIP/annealing a
milling.

X-ray diffraction ~XRD! was performed using PW180
and Siemens D5000 powder diffractometers. A hig
resolution S4000 FE scanning electron microscope~SEM!
was used to investigate powder morphology. Differen
scanning calorimetry~DSC! and thermogravimetry~TG!
were carried out on a Netzsch STA from 400 to 1100 °C
20 °C/min.

III. RESULTS AND DISCUSSION

A. Microstructure

Figure 1 shows XRD patterns of PbMo6S8 powder me-
chanically milled for up to 200 h, together with an equivale
XRD pattern of as-sintered PbMo6S8 powder. The as-
sintered powder is single-phase PbMo6S8 . With increasing
mechanical milling time, the XRD peaks broadened due
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decreasing grain size and increasing lattice strain. Prolon
milling for 200 h leads to the formation of very broad pea
due to the presence of amorphous material, although s
small peaks from crystalline PbMo6S8 are still visible. The
particle morphologies of mechanically milled PbMo6S8 pow-
der are shown in Fig. 2. The powder milled for 5 h had a
wide range of particle sizes, while the powder milled for
h had a more uniform and smaller particle size. A slig
decrease in the particle size was found with further incre
in milling time to 200 h. Figure 3 shows that the hexagon
lattice parameters~c,a! of PbMo6S8 remained almost con
stant for milling times up to 15 h, while the large particle
were simply fractured into small ones. A gradual increase
the lattice parameters probably due to inducing defects, s
as vacancies, into the particles followed with further increa
in milling time to 100 h. A rapid increase in lattice param
eters with increasing milling time from 100 to 200 h wa
found, probably due to the supersaturation of vacancie
the lattice as reported in other materials with a grain size
several nanometers.22 The mixed structure of very sma
grains~;10 nm! and amorphous material in the 200 h mille
powder is consistent with the small grain size calcula
from the XRD results and transmission electron microsco
reported previously.23

FIG. 1. XRD patterns of PbMo6S8 powders mechanically milled
for up to 200 h.
3-2
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CRITICAL PARAMETERS OF DISORDERED . . . PHYSICAL REVIEW B69, 174503 ~2004!
Figure 4 shows the DSC and TG traces of the powd
milled for 100 and 200 h at a heating rate of 20 °C min21.
Two exothermic reactions were found in the DSC scan in
temperature range between 400 and 900 °C, as shown in
4~a!. The first DSC dip was a broad exothermic valley, w
an onset temperature at;440 °C and a minimum at abou
600 °C. The exothermic heat is attributed to the recovery
lattice strain and growth of the nanocrystalline phase an
consistent with the XRD described below. Similar exoth
mic peaks have also been observed in a mechanically m
YNi2B2C superconductor24 and a Ni81P9 alloy.25 The second
DSC dip was in the temperature range from 680 to 800
which corresponds to about 0.5Tm (Tm is the melting tem-
perature in kelvin!. This exothermic peak probably arise
from the crystallization of the amorphous phase. The te

FIG. 2. SEM micrographs of the mechanically milled PbMo6S8

powders:~a! 5 and~b! 200 h.

FIG. 3. Variation of the hexagonal lattice parameters~a,c! of
PbMo6S8 with mechanical milling time.
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perature interval of this peak is close to that of the exoth
mic peak produced during the synthesis of PbMo6S8 .26 Pro-
longed mechanical milling increases the proportion
amorphous material in the mixed structure. Therefore,
can expect the powder milled for 100 h to release more
ergy during recovery and growth of the nanocrystalline ph
but less energy during the crystallization of the amorpho
phase than that milled for 200 h, as shown in Fig. 4~a!. The
TG traces@Fig. 4~b!# show that the mass decreased w
increasing temperature, particularly at the temperature of
second exothermic peak. It is believed that evaporation o

FIG. 4. Thermal analysis of PbMo6S8 powders mechanically
milled for 100 and 200 h:~a! differential scanning calorimetry
~DSC!; ~b! thermogravimetry~TG!.

FIG. 5. XRD patterns for the PbMo6S8 samples HIP and an
nealed for different temperatures and times. The powder was
chanically milled for 200 h before HIP.
3-3
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H. J. NIU AND D. P. HAMPSHIRE PHYSICAL REVIEW B69, 174503 ~2004!
and Pb during heating caused the mass loss. The pow
milled for 200 h lost more mass, probably because it h
more amorphous material and smaller particle size. Ab
800 °C, a higher atomic mobility during crystallization e
hances mass loss. Above 950 °C, oxidation of the powd
caused the mass increase.

Figure 5 shows the XRD patterns of the milled and H
samples. A systematic decrease in the width of the X
peaks is observed with increasingly aggressive heat tr
ment ~i.e., longer temperature and longer time!. The XRD
peaks of the PbMo6S8 phase are faint for the milled powde
HIP at 600 °C for 8 h, because the amorphous phase ha
yet crystallized. The sample incorporated a small grain s
~10 nm! but a very large strain~1.32%!, determined using the
Hall-Williamson method27 in which

F cosu

l
5

1

d
1

4« sinu

l
, ~1!

whereF is the difference of the full width at half maximum
~FWHM! between the milled sample and the sinter
sample,d is the crystallite size,« is the lattice strain, andu is
the Bragg angle~Table I!. Broad PbMo6S8 XRD peaks ap-
peared after subsequently annealing at the same temper
for 40 h. HIP at 800 °C for 8 h led to relatively sharp pea
of the PbMo6S8 phase due to the complete crystallization
amorphous phase and the increased grain size~20 nm!. An-
nealing at 800 °C for 40 h produced no obvious change in
XRD pattern although annealing at 1000 °C for 40 h sign

FIG. 6. The resistivity~a! and lossless susceptibility~b! versus
temperature of the HIP PbMo6S8 samples.
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cantly sharpened the XRD peaks and increased the grain
~90 nm!. However, the HIP and annealed samples had m
smaller grain sizes~,100 nm! than the conventional sampl
~;2 mm!. In addition, optical microscopy confirms that th
nanocrystalline material is significantly more dense than c
ventional material.

B. Critical parameters

Susceptibility and resistivity measurements were used
determineTC of the HIP and annealed samples, as shown
Fig. 6. Increasing postannealing temperature and time
creasedTC measured by both resistivity and susceptibility.
clear correlation between increasingrN and decreasingTC ,
shown in Figs. 6 and 7, can be attributed to a decreas
disorder with increased annealing temperature and time.
TC values obtained in these HIP and annealed nanocry
line samples are still lower than those in the conventio
sample, indicating they are not fully recovered large gr
material. In general, the onset of the superconducting tra
tion measured by resistivity characterizes the grains with
highest critical superconducting properties, whereas the
set determined by susceptibility measurement is lower si
it requires the grain boundaries to be superconducting.28 The
transition width was;0.5 K from both the resistivity and
susceptibility measurements for the conventional sampl

FIG. 7. Variation of critical temperature (TC
0.95x8) with normal

state resistivity (rN) at 16 K for the PbMo6S8 samples.

FIG. 8. Variation of the upper critical field (BC2
M50) with tem-

perature~T! for samples 4, 5, and 8.
3-4
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TABLE II. Normal state resistivity (rN), residual resistivity ratio~RRR!, and superconducting parameters of HIP PbMo6S8 samples. The
Ginzburg-Landau parameterk2 was calculated from the gradient of the reversible magnetization data using the Abrikosov equation~Ref. 58!
m0M52(BC22B)/(2k2

221)bAuBC2
, wherebA51.16. The parameters in this table do not depend on the strength of the electron-p

coupling.

Sample
rN ~16 K!
~mV cm! RRR

TC
0.95rN

~K!
2dBC2

M50/dT
~T K21!

TC
M50

~K!
BC2

M50

~T! k2

j~0!
~nm!

l~0!
~nm!

Bc1(0)
~mT!

4 80 7.8 15.1 4.6 14.4 45 125 2.2 275 5.8
5 360 2.0 14.4 7.3 12.9 65 240 1.9 455 2.0
8 680 1.4 12.3 14.1 11.5 110 520 1.4 745 1.0
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and equivalent values of;1.0 and;0.2 K were found for
sample 8. This indicates that the nanocrystalline sampl
inhomogeneous but the grain boundaries are similar throu
out.

The linear relation in Fig. 7 between increasingTC
0.95x8

and decreasingrN gives rN52.6 mV cm at TC
0.95x8

50, which is similar to 1.2 mV cm obtained for the HTS
Bi2Sr2YxCa12xCu2O8 when the yttrium content droveTC to
zero.29 Similar behavior has also been found in HTS mate
als as a function of oxygen content,30,31 in EuMo6S8 when
pressure is applied32 and in films of Bi.33 The decrease inTC
with increasingrN may be in part due to decreasing ele
tronic density of states at the Fermi surface34 but the phonon
spectrum, which is usually softened in the nanocrystall
materials,35 may also play a role since, for example, in BC
superconductors such softening would tend to increaseTC .36

However, at present there can be no detailed understan
of the widespread behavior typified in Fig. 7 without und
standing the microscopic mechanism that causes super
ductivity. The concern is that the well-known Uemura plo37

suggests that HTS materials and Chevrel-phase mate
have a similar mechanism causing superconductivity
though BCS theory works well for Chevrel-phase materi
which are close to the metal-insulator transition wherea
does not for the HTS materials.38

Figure 8 and Table II show the markedly higherBC2
M50(0)

from the reversible magnetization measurements in the n
crystalline materials compared to conventional materials
reported in the previous Letter.16 The calculated values fo
the Sommerfeld constantg and the temperature dependen
of the thermodynamic critical field,BC(T), are significantly
affected by whether or not PbMo6S8 is strongly coupled. In
the strong coupling limit, Marsiglio and Carbotte39 found
17450
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2S dBC~T!

dT D U
TC

51.20m0
1/2g1/2H 1153S TC

v ln
D 2

lnS v ln

3TC
D J 1/2

~2!

and

m0gTC
2

BC
2 ~0!

52.11H 1212.2S TC

v ln
D 2

lnS v ln

3TC
D J . ~3!

Although strong electron-phonon coupling is well esta
lished in some Chevrel-phase compounds,40 there are con-
flicting results reported for PbMo6S8 showing both weak41

and strong42,43 coupling wherev ln is ` and 185 K, respec-
tively. These differences are probably due to the differ
processing conditions and sulfur content of samples in
literature. In this context, we note thatTC

0.95rN515.1 K for
the conventional sample is equal to the highest reporte
the literature.44 The values ofBC(0) andg have been calcu-
lated for both these limits and shown in Table III. Since t
values ofBC(0) for both the conventional and nanocrysta
line samples are similar, it confirms that the highBC2

M50 val-
ues are bulk properties. Despite the strongly samp
dependent properties reported in the literature, since
calculated value ofg for v ln;185 K is closest to the value
obtained from specific heat33 ~250 J K22 m23! these materials
are probably strongly coupled. Nevertheless, the increas
BC2

M50(0) found in the nanocrystalline materials is explain
by the decrease ing ~whether strongly coupled or not! and
TC being more than compensated for by the rapid increas
rN from 80 to 680mV cm. Since the values ofj~0! ~1.4 nm!
are more than an order of magnitude smaller than the g
verage

TABLE III. Thermodynamic critical field at zero temperature@BC(0)# and the Sommerfeld constant~g!

of HIP PbMo6S8 samples obtained from reversible magnetization measurements. The weighted a
phonon frequencies (v ln) are` and 185 K for the weak and strong coupling limits, respectively.

Sample

v ln5` v ln5185

BC(0) ~T! g ~J K22 m23! BC(0) ~T! g ~J K22 m23!

4 0.22 380 0.19 265
5 0.16 250 0.14 180
8 0.13 200 0.11 150
3-5
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size, a significant contribution to the increase in resistiv
must be due to a high level of disorder and strain in
nanocrystalline grains.

C. Critical current density

Figure 9 shows the variation inJC for the HIP samples
taken in magnetic fields up to 12 T at the temperature of
K. JC was calculated for these rectangular samples using
relation19,45

JC5
DM

a2~12a2/3a1!
, ~4!

whereDM is the difference in hysteretic magnetization f
increasing and decreasing fields~cf. the inset in Fig. 9!, and
2a1 and 2a2 (a1>a2) are the width and thickness of th
samples, respectively.

The nanocrystalline samples haveJC values that are a
factor of above 3 higher than the conventional sample
high fields up to 12 T. Annealing at 1000 °C after HIP pr
duces a markedly higherJC in fields above 4 T. The value
of JC at 5 T and 4.2 K are from 5.0 to 6.53108 A m22 for
the high-temperature-annealed samples. These values
higher than 4.83108 A m22 measured on the hot presse
PbMo6S8 sample after irradiating with fast neutrons at roo
temperature46 and to our knowledge the highest reported
bulk pellet samples in the literature.

The volume pinning force is now considered within
very general framework for the scaling law5,17

FP5JC3B5A
@BC2

JC50
~T!#n

km bp~12b!q, ~5!

where b is the reduced fieldB/BC2
JC50, n, m, p, and q are

constants depending on the pinning mechanism, andA is a
constant dependent on extrinsic parameters such as the
crostructure. This scaling law can describe the magn
field, temperature, and strain dependence ofJC in some low-
temperature superconductors such as A15 compounds w

FIG. 9. Variation of critical current density (JC) of PbMo6S8

samples with magnetic field at 4.2 K for samples 4, 5, 6, 7, an
Inset: M-H curve of sample 4 measured using a commerc
vibrating-sample magnetometer at a temperature of 4.2 K and m
netic field up to 12 T.
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the temperature and strain dependence ofk is included.20,47

The reduced volume pinning force (FP /FPmax
) versus the

reduced magnetic field~b! is plotted as a function of tem
perature and shown in Fig. 10. The peak values ofFP /FPmax

is atb'0.23 for the conventional sample andb'0.20 for the
HIP nanocrystalline sample, suggesting that the pinn
force broadly follows the Kramer relation.48,49 However, the
FP /FPmax

peaks tend to be sharper and shift to lowerb val-
ues with increasing level of disorder. In Table IV, the valu
of BC2

JC50 at 4.2 K determined from fitting the data to Eq.~5!

are shown. The values ofBC2
JC50 are much smaller than

BC2
M50. A simple explanation is thatBC2

JC50 is characteristic of
the degraded local properties at the grain boundaries.2,50 Fig-
ure 11 shows the linear relationship between log(FPmax

) and

log(BC2
JC50) required to determine an accurate value for t

exponentn. Table IV also lists the values ofA, n, andp/(p
1q) calculated using Eq.~5! following Fietz and Webb51

and the grain size. Theoretical considerations of gra
boundary pinning, including flux shear along grain boun
aries, suggestA'1/21m0d* , n52, andm52.6,52 Indeed, a
simple dimensionality argument suggests thatn52, if it is
assumed thatFP}1/d* .4 In Table IV, values ford* are
shown that have been calculated using these constraints
k2 derived from the reversible magnetization data. The v
ues ford* are in reasonably good agreement with the gr
sizes determined by XRD analysis consistent with gr
boundary pinning.6,52

8.
l
g-

FIG. 10. Variation of normalized pinning force with normalize
field for PbMo6S8 : ~a! sample 4;~b! sample 8.
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TABLE IV. Scaling parametersBC2
JC50

~4.2 K!, A, n, andp/(p1q) obtained from Eq.~5!, and the grain
size (d* and d! and k1 calculated from Eq.~6!. k2 is taken as the average value from the reversi
magnetization measurements,d* was calculated assumingA'1/21m0d* , m52, n52, p50.5, q52, andd
was obtained from the structural analysis.

Sample
BC2

JC50
~4.2 K!

~T!
A(m52,k2)

(108 A m22 T(n21)) n p/(p1q)
d*

~nm!
d

~nm! k1 ~4.2 K!

4 24 225 2.3 0.23 1550 2000 123
5 29 2 500 2.4 0.22 138 90 195
7 24 12 300 2.5 0.20 28 30 275
8 24 36 000 2.2 0.20 10 20 205
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The relatively low values ofBC2
JC50 suggest finding a

complementary local value for the Ginzburg-Landau para
eter at the grain boundaries may be required in any s
consistent description. Ginzburg-Landau theory provides
empirical relation for determiningk1 as follows:

k1~T!5
BC2

JC50
~T!

&BC~T!
51.03

BC2
JC50

~T!

m0
1/2g1/2TC~12t2!

3F1212.2S TC

v ln
D 2

lnS v ln

3TC
D G1/2

, ~6!

wheret5T/TC . Using theg values from the strong couplin
regime in Table III, the values ofk1 at different temperature
were calculated using Eq.~6!. Table IV shows values ofk1 at
4.2 K, which are lower than those ofk2 from the magneti-
zation data. The fits to Eq.~5! usingk1 give relatively large
values ofn ~2.6–2.9! but small values inA and thus very
large grain size in comparison to those calculated usingk2 .
Hence, within the flux pinning framework, the best fit to t
data is consistent with grain-boundary pinning, where
upper critical field is left as a free fitting parameter and
Ginzburg-Landau parameter is taken to be independen
temperature and obtained from the reversible magnetiza
data.

Despite the good agreement between the grain-boun
pinning model and the data, one should also consider n

FIG. 11. Variation of maximum pinning force log10(FPmax
) with

log10(BC2
JC50) for samples 4, 5, 7, and 8.
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scaling descriptions of these data, where the quality or th
ness of the grain boundaries is considered.53 Evidence for the
importance of the properties of grain boundaries comes fr
the increase inBC2

JC50 by 5 T at 4.2 K after high-temperatur
annealing at 1000 °C as shown in Table IV. Improved sup
conducting properties at the grain boundaries explain the
crease inJC above 4 T~shown in Fig. 9! following high-
temperature annealing after HIP. Further improvement
superconducting properties at the grain boundary in th
nanocrystalline samples can be expected by optimizing
heat treatment process or doping at the grain bounda
This section now considers the pinning description and so
alternative explanations. Instead of a pinning function@Eq.
~5!#, the magnetic field dependence of theJC data in Fig. 9
can clearly be parametrized using an exponential form. It
long been known that many high-temperature supercond
ors can show a similar exponential field dependence.54,55 If
over the field range available for measurementJC changes
by less than two orders of magnitude, it is very difficult
distinguish an exponential form from a Kramer pinnin
function.56 The interpretation ofBC2

JC50, in the pinning de-
scription, is the characteristic magnetic field that delinea
the superconductivity from the normal state. As part of t
exponential form,BC2

JC50 becomes the characteristic ma
netic field over whichJC decays to about 1% of the low
magnetic field values ofJC ,56 and one would not expectJC

to be zero whenB.BC2
JC50. Therefore, given that the expo

nential fall for all samples in Fig. 9 is similar, one ma
expect that the values ofBC2

JC50 shown in Table IV are simi-
lar for all the samples. Indeed, there is no evidence in
data for a phase transition atBC2

JC50. EvenJC data taken at
higher temperature where an apparent irreversibility field
measured when the hysteresis drops to less than the n
floor in the vibrating-sample-magnetometer~VSM! measure-
ments has to be interpreted with care. It has been dem
strated that when VSM measurements are reversible,JC is
not necessarily zero; rather the self-field produced by p
ning in the sample is of the same magnitude as the ac fi
the sample experiences while it oscillates during the VS
measurement.57

Without prejudging the field dependence of theJC data,
the form of the maximum value ofFP ~i.e., FPmax

), is now

considered. If the form forFP does not explicitly introduce a
3-7
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scaling or irreversibility field, the natural choice for the sc
ing field becomesBC2

M50 determined from the magnetizatio
data. Consider

FPmax
5A* S ~BC2

M50~T!!n

km D . ~7!

In Fig. 12, log(k2
mFPmax

) versus log(BC2
M50) is plotted form

52. Alternatively, a temperature dependence fork1 can be
included through Eq.~6!. Figure 13 is a log-log plot of
k1

4FPmax
versusBC2

M50 which shows good linearity for all the
samples. Detailed analysis of these very different approac
for considering Eq.~7! shows that the data for the conve
tional and nanocrystalline PbMo6S8 samples can be param
etrized rather well with eitherk1 or k2 with values form
over the range 0–4. The equivalentn values are typically
about 4 compared to values of about 2 for the pinning
scription.

In summary, a comprehensive analysis of the pinn
force in these high-JC nanocrystalline materials shows that
scaling law gives a good parametrization of theJC data,
which agrees with phenomenological calculations in wh
the grain size has been calculated from XRD data and
Ginzburg-Landau parameter from reversible magnetiza
data. The important free parameter isBC2

JC50, which has to be
added in anad hocway, but can be interpreted as an irr
versibility field or as the local value of the upper critical fie
at the grain boundaries. Ifk is taken to be temperature inde
pendent, the values ofn are ;2.25, which is significantly
higher than the value 2 from theory. If a temperature dep
dence ofk is introduced using Eq.~6!, the experimental
value of n increases, so the difference betweenn in grain-
boundary pinning theory~i.e., n52) and experiment is
larger, as has also observed in Nb3Sn and Nb3Al. 20,47A non-
scaling approach has also been considered. When the m
mum volume ~pinning! force is parametrized in terms o
BC2

M50 using Eq.~6!, although a broad range ofm values fit
the data, the values ofn are high, typically about 4. Furthe
development of scaling/nonscaling models and meas
ments of the local upper critical field are required to und
stand these high values ofn in Chevrel-phase materials.

FIG. 12. Variation of maximum pinning force log10(k2
2FPmax

)
with log10(BC2

M50) for samples 4, 5, 7, and 8.
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IV. CONCLUSIONS

Amorphous and nanocrystalline PbMo6S8 powders were
produced by mechanical milling for up to 200 h. HIP of th
milled powder at a pressure of 2000 bar produces hig
dense nanocrystalline bulk samples~10–100 nm! with struc-
tural disorder. A strongly disordered nanocrystalline bu
PbMo6S8 sample has a significantly higherBC2

M50(0) value
than conventional PbMo6S8 samples. The increase i
BC2

M50(0) is due to the decrease ing andTC being more than
compensated for by the rapid increase inrN .

JC of the disordered nanocrystalline bulk samples
creases by a factor of above 3 for high magnetic fields up
12 T compared to the conventional sample, althou
BC2

JC50(T) values are typically half the thermodynamic upp
critical field (BC2

M50) determined from reversible magnetiz
tion measurements. Scaling analysis reveals that the incr
in JC in nanocrystalline materials can be attributed to t
increase in flux pinning centers. High-temperature annea
at 1000 °C for 40 h decreases flux pinning centers due
decreasing structural disorder but improvesBC2

JC50(T) at the
grain boundary, by about 5 T at 4.2 K, which leads to
increase inJC with increasing magnetic field. The grain size
determined from scaling agree remarkably well with tho
calculated from XRD analysis.

If no assumptions are made as to whether scaling o
ates, the empirical lawFPmax

5A* @(BC2
M50(T))n/km# describes

the data wheren;3 – 5 whetherk is taken from magnetiza
tion measurements or a Ginzburg-Landau relation. Furt
development of scaling/nonscaling models~which abandon
the standard flux paradigm! and measurements of the loc
upper critical field are required to understand the exponenn
and m in nanocrystalline Chevrel-phase materials with ve
high upper critical field.
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FIG. 13. Variation of maximum pinning force log10(k1
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)
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