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Abstract

Flux penetration measurements have been made from 4.2 K up to. 7. in DC magnetic fields up to 10 T on Hot
Isostatically Pressed (HIP’ed) and unHIP’ed samples of PbMogSg (PMS). Fabricating at 2 X 108 Nm™2 increases the
critical current density (J,) by a factor of typically 20 to greater than 4 X 108 Am~2 at 5 T and 6 K and the irreversibility
line by a factor of almost 2, so that for HIP’ed PMS the irreversibility line lies very close to uyHe,(7) values determined
from reversible DC magnetisation measurements. An analysis of the J, data using Kramer’s universal scaling law gives a
calculated value of J, at 10 T and 4.2 K of 4 X 103 Am~2 and a value for the irreversibility field of 39 T at 4.2 K. It is
suggested that the increase in J, produced by the HIP process, is due to increasing the contact area between the grains by
increasing the density, and improving the superconducting properties at the grain boundaries.
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1. Introduction

Since they were discovered over 20 years ago [1],
Chevrel phase superconductors have been of great
interest both as a potential material for new techno-
logical applications and for fundamental studies of
superconductivity. With a 7, of 15 K [2] and an
extremely high upper critical field, greater than 54 T
[3-7], PbMo4S,; (PMS) is a candidate for high field
applications [8,9]. If the critical current density (J,)
of PMS can be increased above the present state-of-
the-art values in wires by a factor of four, PMS may
be an essential component in the next generation of
high field magnets operating above 20 T.

* Corresponding author. Fax: +44 191 374 3749.

PMS has a coherence length of 2 nm [10,11],
between that of the commercially important low
temperature superconductors (5 nm) and that found
in the c-direction of the high temperature supercon-
ductors (0.5 nm). It can provide a model system to
develop an understanding of superconductors with
short coherence length [12]. Improvements in the
critical properties of PMS by -advanced or novel
materials processing techniques may lead to im-
provements in high temperature superconductors
(HTS), where processing is considerably more com-
plex.

This paper presents detailed variable temperature
flux penetration measurements on PMS in high mag-
netic fields, following experimental procedures first
developed by Campbell [13]. Using a purpose-built
probe [14], results were obtained from 4.2 K up to 7,
in magnetic fields up to 10 T. The results are used to

0921-4534 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PII $0921-4534(96)00684-3



296 H.D. Ramsboitom, D.P. Hampshire / Physica C 274 (1997) 295-303

measure the improvement in J. and the irreversibil-
ity line achieved by fabricating PMS using a hot
isostatic press (HIP). Hot isostatic pressing involves
the simultaneous application of high pressure and
high temperature to obtain a dramatic increase in
density and improves other metallurgical properties
such as fracture toughness, phase purity and grain
boundary composition [15-19].

Section 2 describes the fabrication of the samples
and preliminary characterisation using AC suscepti-
bility and X-ray diffraction. Flux penetration mea-
surements on the HIP’ed PMS sample and the sam-
ple produced at ambient pressure are presented in
Section 3. Section 4 includes the central results of
this work. The flux penetration data are analysed to
find the magnetic field profiles, critical current densi-
ties, scaling relations and irreversibility lines. The
paper ends with a discussion and summary of the
improvements in the properties of the HIP’ed PMS
sample.

2. Fabrication / preliminary characterisation

The detailed fabrication of the HIP’ed and
unHIP’ed PMS samples has been described else-
where [20]. Elemental powders were mixed in the
stoichiometric ratio Pb:Mo:S 1:6:8 and reacted in a
two step procedure. The powders were pressed into
pellets, sealed under vacuum in a silica tube, then
reacted in a tube furnace in flowing high purity
argon at 450°C for 4 hours and then at 650°C for 8
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Fig. 1. The AC susceptibility of both unHIP’ed and HIP’ed

PbMo¢Ss. For comparison data on a Pb and a NbTi sample are
also shown.
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Fig. 2. The X-ray diffraction pattern for unHIP’ed PbMogSs.

hours. They were then ground with a mortar and
pestle in a glove box (< 10 ppm oxygen and water),
pressed into pellets again and resealed under vacuum
in silica. The pellets were then sintered for 44 hours
at 1000°C. A (unHIP’ed) sample was cut from one of
the sintered pellets with dimensions 2mm X 2mm X
6 mm. The remaining material was then wrapped in
molybdenum foil, sealed under vacuum in a stainless
steel envelope and placed in the HIP. The HIP cycle
consisted of increasing the temperature to 800°C and
the pressure to 2% 108 Nm~2 (2000 bar). The
temperature was maintained for 8 hours during which
time the pressure reduced to 1.3 X 108 Nm™2, A
HIP’ed sample was then cut with dimensions 5mm
% 2.8 mm X 0.8 mm. Both the HIP’ed and unHIP’ed
samples were characterised using AC susceptibility,
X-ray diffraction (XRD) and scanning electron mi-
croscopy (SEM). Susceptibility measurements, shown
in Fig. 1, were made using an AC field of 2 mT at a
frequency of 19.7 Hz. The T, of the HIP’ed sample
is 13.5 K (AT, = 1 K), approximately 1 X higher and
sharper than that of the unHIP’ed sample, with a T,
of 125 K (AT, =2 K). The increase in T, and
reduction in the transition width has also been ob-
served by Seeber [21]. Fig. 2 shows the XRD trace
for the unHIP’ed sample. Similar results were found
for the HIP’ed sample. All the major peaks can be
attributed to PMS [22], which suggests that the sam-
ples are predominantly single phase. SEM observa-
tions show that the grain size is approximately 0.5-4
wm and demonstrates the marked increase in den-
sity, from less than 70% dense (unHIP’ed) to greater
than 90% dense (HIP’ed). These results are typical
of high quality PMS samples.
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3. Experimental results

A purpose built probe has been designed for
making variable temperature flux penetration mea-
surements in high DC magnetic fields on bulk, high
J. materials. In principle, the apparatus is similar to
that used in AC susceptibility measurements. How-
ever, the primary coil of the apparatus can produce
large AC fields of up to 100 mT .in large DC fields
up to 17 T. The sample is situated in a secondary
pick-up coil which incorporates a variable tempera-
ture enclosure and is centrally located in the primary
coil. Detailed design features and preliminary raw
data on these materials have been presented else-
where [14,20]. In such measurements, at a particular
DC field and temperature, the sample is exposed to
an increasing AC magnetic field. At low AC fields,
currents flow at the surface to oppose the magnetic
field penetrating the sample, in agreement with
Lenz’s law. At intermediate AC fields, the sample is
fully penetrated and currents flow throughout the
entire sample, this produces a minimum in the mag-
netic moment m_,(min). At very high AC fields,
above those necessary to fully penetrate the sample,
during most of the cycle the critical current density
(J.) flows throughout the entire sample and the
magnetic moment remains constant. The magnetic
moment only changes during those parts of the cycle
when the AC field is at its maximum and minimum
values when the current flow in the sample is re-
versed. The response of the sample is monitored at
the frequency of the AC field using a Lock-In-

AC Current, I (A)
0 1 2 3

T N T T 0

- == . AC Coil Quench
s 0-2

< -0 i . =
< 3 —- I
= 3T - 2

g =04 v’ £ddy Current z
< a Heating _

a -2 B

£ 0o £
= »
o it

g -08r -3

= L

=

-1-0 ! ) ! ! N
0 25 50 75 100

AC. Magnetic Field, poh (10°T)

Fig. 3. Magnetic moment versus AC field for unHIP’ed PbMo,Sg
as a function of DC field at 6 K.
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Fig. 4. Magnetic moment versus AC field for HIP’ed PbMo4S; as
a function of DC field at 11.7 K.

Amplifier (LIA). The rms voltage induced in the
pick-up coil decreases to a minimum as the AC field
fully penetrates the entire sample. As the AC field
increases to very high values, since a voltage is only
induced during part of the cycle, the rms voltage
found by the LIA at the (fundamental) frequency of
the AC field rises back to zero [23].

Figs. 3 and 4 show the magnetic moment versus
AC field for both the unHIP’ed and HIP’ed samples
of PMS as a function of DC field at 6 K and 11.7 K
respectively. At low DC fields the maximum AC
field is limited by requiring good temperature stabil-
ity in the presence of Eddy current heating of the
copper components of the probe. The maximum AC
field which can be obtained at high DC fields is
determined by quenching in the superconducting pri-
mary coil.

4. Analysis of results
4] Magnetic field profiles

Magnetic field profiles are calculated using the
raw data in Figs. 3 and 4. The response of the
sample is described using the formulism derived for
a cylinder parallel to the DC and AC magnetic fields
[23]. The depth the field penetrates into the sample
(8) can be approximated by,

ldv.../dr_ |
S P TR o
1V, rns/ AT s max

rms
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where V. is the rms voltage induced in the sec-
ondary pick-up coil by the sample, I, is the rms
current in the primary coil, [dV, /A [mx is the
maximum value of [dV_ /dl .| found at low AC
fields, and r,, is the radius of the cylinder, given by,

1/2
e

where L is the length of the sample, P is the probe
constant (0.277 Am*> V™! at 19.7 Hz) and C is the
coil constant for the primary superconducting coil
(28.7 mT A™'). The probe constant (P) was deter-
mined by measuring a Pb sample of known geometry
in the Meissner state. A Pb sample producing a rms
magnetic moment of 1.66 X 1077 Am? gave a rms
voltage output at 19.7 Hz of 6.00X 107° V. The
coil constant (C) for the primary coil was measured
using a calibrated Hall probe. A rigorous derivation
of the penetration depth shows that Eq. (1) is correct
to within a factor of 2 throughout the range 0 < 6 <
r., [23]. Equally the field inside the sample ( o M),
can be determined from the magnetic field produced
by the AC coil:

;U'OM = ﬁlrmsc (3>

Figs. 5 and 6 show the magnetic field profiles for
both the unHIP’ed and HIP’ed sample of PMS as a
function of DC field at 6 and 11.7 K. Eq. (2) gives

r,= 12 mm for the unHIP’ed sample which has
dimensions orthogonal to the field of 2mm X 2mm.
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Fig. 5. The magnetic field profile inside unHIP’ed PbMo¢S; as a
function of DC field at 6 K.
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Fig. 6. The magnetic field profile inside HIP’ed PbMogS;g as a
function of DC: field at 11.7 K.

For the HIP’ed sample, with equivalent dimensions
2.8 mm X 0.8 mm, Eq. (2) gives r,, =1 mm. These
values of r,, derived from magnetic measurements
are consistent with geometrical dimensions measured
with a micrometer, since Egs. (1) and (2) are derived
assuming a cylindrical geometry, where the value of
the radius r,, effectively characterises the cross-sec-
tional area of the sample (7 r2).

4.2. Critical current density

Bean’s critical state model [24] can be extended to
AC fields. At each field and temperature, the mini-
mum value of the rms AC magnetic moment,
m,(min), can be used to calculate an equivalent
critical current density. In the standard expression
relating the current density to the magnetic moment
of a slab [25], the term for the magnetic moment is
replaced by V2 m,.(min) to give [23],

B 2V2 m,, (min)
o= V*a,(1—ay/(3a)))’ (4)

where V " is the volume of the sample, and 24, and
2a, (a,>a,) are the width and thickness of the
samples [23].

Figs. 7 and 8 show J, values for the HIP’ed and
unHIP’ed samples of PMS, calculated using Eq. (4).
The values of J, are accurate to within 20%, primar-
ily due to the uncertainty in the dimensions of the
samples. Alternatively, J, can be calculated from the
gradient of the magnetic field profiles using
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Fig. 7. The critical current density of unHIP’ed PbMo4Sg as a
function of field and temperature.

Maxwell’s equations (Figs. 5 and 6). However the
non-cylindrical geometry and the approximations
used to derive Egs. (1) and (2) would lead to J,
values, uncertain to a factor of two or three. For the
unHIP’ed sample, measurements were made at tem-
peratures from 4.2 K and above. For the HIP’ed
sample, measurements were made at temperatures of
6 K and above. Below 6 K, the AC field required to
fully penetrate the HIP’ed sample is so large, that
heating in the copper components of the probe pre-
vent accurate temperature control. It can be seen
from Figs. 7 and 8, that HIP’ing the PMS, has
increased J, typically by a factor of 20, giving a
value of greater than 4 X 108 Am~2 at 5 T and 6 K.

4.3. Scaling relations and flux pinning

In Figs. 9 and 10, the data from Figs. 7 and 8
have been replotted using a Kramer plot [26]. A
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linear extrapolation of the data to J/2(u,H)'/*=0
gives the irreversibility field ( uyH,.) for each tem-
perature. The volume pinning force is calculated
using the equation’ Fp = uo(J, X H). For both sam-
ples the data can be described by a Kramer depen-
dence of the form,

sza(Mon)nhl/z(l“h)z’ (5)

where £ is the reduced magnetic field (2 = H/H,,)
and « and n are constants.

From the data at high temperatures, the free pa-
rameters « and n have been calculated. The index
n=1236+0.11 and 2.52 +0.11 and the constant
a=83X10*7T""% Am™ and 1.42x 10877152
Am~?, for the unHIP’ed and HIP’ed samples of
PMS respectively. These values of « and n have
been used to calculate the irreversibility fields at
those temperatures where few data are available, i.e.
10.8 and 11.7 K for the unHIP’ed sample and 6.0,
6.9 and 7.9 K for the HIP’ed sample.
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Fig. 10. A Kramer plot for HIP’ed PbMogS;.
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Figs. 11 and 12 show the data replotted as the
reduced volume pinning force (Fp/Fyp,,, ) versus the
reduced magnetic field (h = H/H,,) as a function of
temperature, where H; . is taken from the Kramer
plot. With the appropriate values of « and n, Eq. (5)
has been used to calculate the solid lines in Figs. 11
and 12. To facilitate comparison with values in the
literature, J, is calculated to be (using the universal
scaling law), 4 X 10 Am~?2 at 42 K and 10 T.

Fig. 13 shows the irreversibility field plotted as a

function of temperature for both unHIP’ed and.

HIP’ed PMS, consistent with the universal scaling
law. The solid squares show values of uyHs, for
HIP’ed PMS obtained from reversible DC magneti-
sation measurements. It can be seen that by HIP’ing
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the sample, the irreversibility field at 4.2 K has
increased by more than 15 T.

5. Discussion

The magnetic field profiles in Figs. 4 and 5 are
consistent with a homogeneous superconductor with
uniform pinning. At low penetration depths, the slope
of the profiles is approximately proportional to J,.
The apparent penetration of the magnetic field to a
distance greater than the sample radius has been
shown to be an artifact of the harmonic analysis [23].
Rossel et al. [27] and Karasik et al. [28] have also
made flux penetration measurements on PMS which
indicate that the spatial variation of J, is small.
Cattani et al. [29,30] also found that the magnetic
field profiles in their PMS samples never showed the
two gradients characteristic of a granular sample, i.e.
a sample with both an inter and intragranular J..
However when PMS is encased with a barrier such
as Mo to form a wire, a steep gradient is seen in the
magnetic field profile at low & [31]. This is attributed
to surface pinning at the superconducting—normal
interface. Le Lay et al. concluded that despite the
short coherence length of PMS, the J, of HIP’ed
samples is not limited by granularity [32]. However
there is evidence that in bulk PMS, the superconduct-
ing properties near the grain boundaries are degraded
[12]. Hence our flux penetration results obtained in
high AC and DC fields are consistent with those
authors who conclude that PMS can be fabricated as
a bulk pinning, homogenous superconductor.
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As seen by other authors [33-35], the volume
pinning force obeys a universal scaling law with the
form of the Kramer dependence (Eq. (5)) similar to
that commonly observed in Nb,Sn. Since « is in-
versely proportional to the grain size in Nb;Sn, grain
boundaries are considered the major pinning centres.
However there is no general agreement on the funda-
mental mechanism operating at the grain boundaries
or the derivation of the Kramer dependence. Since a
Kramer dependence and increasing J, with decreas-
ing grain size has also been found in PMS, a number
of authors [36-38] have concluded that a grain
boundary pinning mechanism operates. Consistent
with preliminary SEM observations, we have found
that HIP'ing the PMS at the relatively low tempera-
ture of 800°C increases the density by about 50% but
there is no marked difference between the grain size
of the HIP’ed and unHIP’ed PMS. Hence the in-
crease in « by more than an order of magnitude can
be attributed to an increase in the contact area be-
tween the grains, consistent with the reduction in
porosity. _

It is not yet established how to incorporate the
irreversibility field into the Universal Fietz—Webb
scaling -laws. If the irreversibility line in PMS is
attributed to thermal activation, the improvement in
o H,; in the HIP’ed PMS sample is due to a deeper
potential well at the grain boundaries. Alternatively,
if the properties of the grain boundaries are suffi-
ciently extended on the scale of the coherence length,
the region around the grain boundary may be consid-
ered to have a different local effective upper critical
field. If in grain boundary pinning, the fluxons re-
main at the grain boundaries as they flow across the
sample or if the pinning sites at the grain boundaries
are effectively located in a region of superconductiv-
ity with a different upper critical field to the bulk,
then the local upper critical field at the grain bound-
ary may be the appropriate critical field to include in
the universal scaling law. In general, HIP’ed materi-
als have better bulk homogeneity, porosity and con-
nectivity across grain boundaries. Hence it is un-
likely that the HIP’ing has contributed to the reduc-
tion of the superconducting order parameter or
equivalently deepened the pinning potential at the
grain boundaries. In these materials, the improve-
ments in u,H;, can be interpreted as an improve-
ment in the effective upper critical field at the grain

boundaries. For the HIP’ed PMS, u,H, (T) lies
very close to o He,(T) values determined from DC
magnetisation and specific heat measurements on the
same sample [11,39]. Hence the HIP’ed PMS has
similar properties to the low temperature supercon-
ductors where experimentally there are only small
differences between the upper critical field of the
bulk and that of the grain boundaries.

Over a broad field range, the Kramer dependence
is similar to an exponential pair-breaking field de-
pendence of the form [40],

Je=a " (T)exp(—=B/B"(T)), (6)

where « *(T) and B *(T) are functions of tempera-
ture. This exponential functional form has been used
to describe J, in high temperature superconductors
[41,42]. Equating Eq. (5) to Eq. (6) [40] gives,

/LOHirr(T)=SB*(T)' (7)

Hence in the context of Kramer’s universal scal-
ing law, the improved high field performance of the
HIP’ed sample is due to an improvement in the
effective upper critical field, or irreversibility field at
the grain boundaries. Since over the field range for
the measurements, the field dependence of J, can be
equally well described by Eq. (5) or Eq. (6), the
improvement in the effective upper critical field at
the grain boundaries may be explained by an in-
crease in the characteristic decay field 8 *(7) at the
grain boundaries.

Although HIP’ing has markedly improved the
irreversibility line, the technological challenge of
increasing J. at fields between 20 and 30 T remains.
Clearly experience optimising Nb,Sn suggests that
reduced grain size should be productive. The high
woH;.{T) values throughout the HIP’ed material
suggest that increased pinning will also be required
to achieve additional increases in J,. Using a model
assuming an optimal arrangement of pinning centres,
where all flux lines are pinned [43], Rossel et al. [44]
have estimated the maximum possible critical current
density for PMS. They found it to be greater than
1 X 10" Am™?% at 4.2 and 20 T, at least one order of
magnitude higher than the best experimental results.
Rossel and Fischer have shown that artificially intro-
ducing pinning centres by neutron irradiation and the
addition of fine non-superconducting particles in hot
pressed samples can increase the J, [45] indeed
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intragranular current densities of up to 5 X 10°Am™?

at 4.2 K and 9 T [46,47] have been found. It is clear
that J, values have by no means reached an intrinsic
upper limit.

6. Conclusion

A high quality HIP’ed PMS sample has been
fabricated which has a T, of 13.5 K, AT, =1 K.
Using XRD and SEM the sample has been shown to
be single phase and close to fully dense. The mag-
netic moment of both an unHIP’ed and HIP’ed sam-
ple of PMS has been measured from 4.2 K up to T,
in DC magnetic fields up to 10 T. The results have
been used to calculate the functional form and the
spatial variation of J, as a function of field and
temperature.

The gradients of the magnetic fields profiles sug-
gests that the spatial variation of J, is small, indicat-
ing that both unHIP’ed and HIP'ed PMS can be

-considered as bulk pinning, homogenous supercon-

ductors. The J,, scaling relations and pinning param-
eters of the HIP’ed sample compare well with DC
magnetisation results. For both samples, the func-
tional form of the volume pinning force obeys the
universal Fietz—Webb scaling relation and can be
expressed as Fp o h'/2(1 — h)?, where A is the re-
duced field.

By processing the PMS using a HIP, the super-
conducting transition is sharper and 7 has increased
by 1 K. J, has increased by typically a factor of 20
to give a value greater than 4 X 10* Am~2 at 5 T
and 6 K. The irreversibility line has also increased
by a factor of almost 2 so that for HIP’ed PMS the
irreversibility line lies very close to wyHo,(T) val-
ues determined by reversible DC magnetisation and
specific heat measurements.

In the context of the universal scaling law for flux
pinning, it is suggested that the marked increase in
J. produced by the HIP process is due to an increase
in both the contact area between the grains and an
increase in the irreversibility line. The improvement
in the irreversibility line, which is attributed to im-
proved superconducting properties at the grains
boundaries. This can be explained by an increase at
the grain boundaries in either the effective upper
critical field or the characteristic decay field 8 *(T).

This result opens the question as to the general
efficacy of HIP’ing to improve the grain boundaries
in other superconducting materials.
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