i f PHYSICA C

ELSEVIER Physica C 291 (1997) 49-58

The critical current of the Chevrel phase superconductor
lead—molybdenum-—sulphur with gadolinium

D.N. Zheng **, S. Ali *, H.A. Hamid ?, C. Eastell ®, M. Goringe °, D.P. Hampshire *

* Department of Physics, University of Durham, South Road, Durham DHI 3LE, UK
b Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK

Received 27 May 1997; accepted 24 August 1997

Abstract ) -

The critical current density J, has been measured in a series of Chevrel phase Pb, - ,Gd MoSg (x =0, 0.1, 0.2 and 0.3)
bulk samples made using a hot isostatic pressing process. Adding Gd markedly increases the critical temperature, and the
upper critical field found using resistivity, susceptibility and heat capacity measurements. The grain boundaries are found to
be clean when observed using TEM. However, increasing the level of Gd, causes J, and the irreversibility field B to
decrease dramatically. In particular, J, becomes more field dependent as more Gd is added. The pinning force density for all
samples can be described either by a Kramer relation F,=J, X Bob'/?(1—b)* or by an exponential relation J =
a(T)expl—B/B(T)], over a wide field and temperature range. This indicates that one mechanism controls J, in all the
samples. This study shows that adding Gadolinium improves the intrinsic properties (T, B,(T)) and yet simultaneously
degrades the extrinsic properties (J,, B;). It is suggested that the Gadolinium acts as an oxygen getter which improves the
intrinsic properties of the grains but causes local compositional variations at the grain boundaries which reduces J,. © 1997
Elsevier Science B.V. o

1. Introduction J, values in the superconductor alone for short
lengths of Chevrel phase wires at 4.2 K as high as
2.4 % 10% and 0.8 X 10% A-cm™2 at 20 and 24 T,
respectively, have been reported [5]. A further in-
crease in J, by a factor of 2 to 4, particularly in long
lengths of wires will ensure that these materials fulfil
the essential requirements for high field applications.

It has been reported that adding the rare-earth
elements Gd or Eu can increase the upper critical
~. field B,, in SnMoSg and PbMo,S, [6,7]. However,
very little work has addressed the effect of adding
rare-earth elements on J,. In this study, a series of

The very high upper critical field of the Chevrel
phase material PbMo,S; [1,2] makes it a promising
candidate as conductor material for high field super-
conducting magnets. A great deal of effort has been
directed towards the improvement of the critical
current density in bulk samples, thin films and wires
made of this material [3,4]. The advancement of the
fabrication techniques has led to a remarkable in-
crease in the critical current density J, of PbMo,S,
conductors in high magnetic fields. In a recent paper,

Pb,_ Gd Mo,S; (x=0, 0.1, 0.2, and 0.3) samples
* Corresponding author. Tel.: +44 191 374 2123; fax: +44 were fabricated using a Hot Isostatic Press operating
191 374 3749; e-mail: d.n.zheng@durham.ac.uk. at 2000 atm. A comprehensive series of transport,

0921-4534 /97 /$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PII $0921-4534(97)01684-5



50 D.N. Zheng et al. / Physica C 291 (1997) 49-58

magnetic, heat capacity, X-ray and electron mi-
Croscopy measurements have been completed on
these samples. The effect on J, of adding Gd is
analyzed in detail and the mechanism that deter-
mines J_ discussed.

2. Sample fabrication

The samples used in this study were prepared
using a procedure described previously [8]. In brief,
ceramic samples were first fabricated using a solid
state reaction process. Pure elements with nominal
composition Pb, _ Gd Mo,S; (x=0, 0.1, 0.2, and
0.3) were sealed in evacuated quartz tubes and re-
acted at 450°C for 4 h in an Ar atmosphere. This was
followed by a slow temperature ramp at 33°C - h~!
to 650°C and held for another 8 h. The intermediate
sulphides that formed were then ground for 1 h and
pressed into discs. The discs were reacted again, in
evacuated and sealed quariz tubes, at 1000°C for 44
h in flowing Ar gas to form the Chevrel phase. The
samples were then wrapped with Mo foil, which
prevents the samples from reacting with surrounding
materials, and sealed under vacuum in stainless steel
tubes prior to the hot isostatic pressing treatment
which was carried out at 2000 bar and 800°C for 8 h.
Because oxygen can degrade the superconducting
properties of the Chevrel phase compounds [9], care
was taken during the fabrication process to ensure
that the samples were not exposed to oxygen. This
was achieved by handling the samples in a glove box
which maintains a controlled atmosphere such that
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Fig. 1. The critical temperature {7, ) measured using heat capacity
{circles), resistivity (squares) and susceptibility {triangles) for the
Pb,_,Gd Mo,Sg (x =0, 0.1, 0.2 and 0.3) samples.
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Fig. 2. The upper critical field as a function of temperature for
Pb,_ ,Gd ,MogS; (x=0, 0.1, 0.2 and 0.3) samples measured
using heat capacity.

the oxygen concentration is less than 5 ppm and the
moisture level is below 10 ppm.
3. Experimental

In Figs. 1 and 2, data of the critical temperature
and the upper critical field measured using resistiv-
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Fig. 3. The X-ray diffraction pattern of PbMoS; {top) and the
Pby s Gdy ; Mo, Sy (bottom). The wavelength of the X-ray is 0.154
nm. The secondary phases are marked: MoS, {triangle), Mo, 8,
(diamond) and Gd, S {cross).



=
Fig. 4. TEM micrographs for Pby,Gd 3 MogSy showing (a) a number of grains, (b) a lattice fringe image at grain boundaries. The grain
boundary is indicated by arrows.
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ity, susceptibility and heat capacity data are pro-
vided. The resistivity measurements were made on
samples of approximate dimensions 8 X 2 X 2 mm
using a current of 2 mA. The susceptibility measure-
ments were made in an AC field of 50 wT. The heat
capacity measurements were made using the AC
calorimetric technique [10,11]. For each measure-
ment, the mid-point of the transition was used to
define T, and B_,(T). The uncertainty in these criti-
cal parameters is +0.] K for the resistivity and
susceptibility data and +0.2 K for the heat capacity
data. Figs. | and 2 show that by replacing 10% of
the lead by Gadolinium there is initially an increase
in 7, by about 0.5 K and a commensurate increase in
B,(T) but further increases in Gd do not produce a
further increase in 7.

In Fig. 3, X-ray diffraction traces are shown for
PbMo¢Sg and Pb, 3Gd,,Mo,S;. This figure shows
the general trend found. With no Gadolinium, the

Fig. 5. TEM micrograph for Py 4Gd,,Mo4S, showing a planar defect indicated by arrows.

sample is almost single phase. As the Gd content
increases, the amount of the impurity phases MoS,,
Mo,S; and Gd,S, increases. However, it is clear
that the majority phase in the samples is the Chevrel
phase.
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Fig. 6. Magnetic hysteresis data obtained on the PbMo,Ss sample.
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Fig. 7. Critical current density calculated using the critical state
model for the PbMo,Sg (top) and the Pby sGd,, Mo, Sy (bottom)
sample as a function of the applied field and temperature. From
top to bottom: 4.2, 5, 6, 7, 8, 9, 10 and 11 K.

The TEM micrographs shown in Fig. 4 illustrate
that grain boundaries between Chevrel phase grains
are clean in these samples. A characteristic image of
a grain boundary of Pb,Gd,;Mo4S; which is free

of second phase is given in Fig. 4(b). Consistent with

fabrication at 2000 atm, TEM shows that all the
samples are more than 90% dense. Although the
actual grain size ranged by a factor of 2 or 3, the
average grain size for all the samples is about 0.6
wm. Furthermore, the TEM investigation revealed
that the planar defects shown in Fig. 5, which have
been observed in SnMo,S; [12], are commonly seen
throughout the samples.

Magnetic hysteresis curves have been measured
for all the samples at temperatures from 4.2 K to 7,
and for fields up to 12 T. These measurements were
performed with a vibrating sample magnetometer
using a field sweep rate of 15 mT - s~ A typical set
of data collected on the PbMo, S, sample is given in
Fig. 6. The critical current density J, is calculated
from the hysteresis data using the Bean model [13].

For the rectangular shape samples used, the follow-
ing formula is used:

J. (A/m2)=AM/[az(1—-a2/3a1)], (1)
where AM (A -m™") is the difference in magnetiza-
tion for increasing and decreasing field, and 2 q (m)
and 2a, (m) (a, > a,) is the width and thickness of
the sample respectively. The magnetic field depen-

~dence of J, for different temperatures is shown in

Fig. 7 for the samples PbMoS; and
Pb, sGdy,MoS;. For the undoped PbMo,Sg sam-
ple the J, value at 4.2 K is slightly greater than 10°
A-m~2 at zero field and decreases to 2 X 10% A -
m~% at 10 T whereas for the Pby,Gd,,Mo,Sg
sample J, at the same temperature is reduced to
8% 108 A-cm™? at zero field and 2 X 107 A-m™?
at 10 T. Detailed complementary flux profile mea-
surements carried out on the sample of
Pb,,Gdy;Mo,Sg have also been completed. These
measurements showed essentially a single slope in
the flux profile, indicating that the sample is non-
granular. A granular sample with weak links at grain
boundaries usually shows two distinct linear parts in
the flux profile [14]. These flux profile measure-
ments confirm that the magnetic measurements in
Fig. 7 characterise macroscopic intergranular critical
current.

4. Analysis

Fig. 8 shows the Kramer plot (ie., J./*B'*
versus B) for the data of Pb,;Gd,,MoyS, sample.
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Fig. 8. A Kramer plot (J//?B'/* versus B) for the
Pbg sGdg,Mo,Sg sample. Linear fitting fo the data is shown by
solid lines.



54 D.N. Zheng et al. / Physica C 291 (1997) 49—58

The straight lines suggest that the pinning force F,
(=J. X B) obeys the Kramer scaling formula [15],

n 2 2
Fy=yBib'*(1-b), (2)

where b= B/B,  is the normalized field and vy is a
microstructure related constant. For the other three
samples, the same linear behaviour in the Kramer
plot is also observed. The linear extrapolation of the
data for each temperature to J!/2B'/% =0 gives the
irreversibility field B, value at corresponding tem-
peratures. In Fig. 9, F, is plotted after normalising
F, to the peak value Fmax and the field by the
irreversibility field B, . The figure shows clearly
that the pinning force obeys a universal scaling
relation over a wide field and temperature range
which can be described by the Kramer relation. This
universal scaling has been found for all the samples.

Fig. 10 gives a logarithmic plot of Fynax against
By, for the four samples. The linear fitting of the
data shows that the power n in Eq. (2) is approxi-
mately equal to 1.8, and +y approximately 1.1 X 10’
A- m—2 ) T—O.s_

The B, values for the Pb,_,Gd ,Mo,S; samples
are shown in Fig. 11 and re-plotted in Fig. 12 as
log B, versus log(1—T7/T,). The data for each
sample follow approximately a linear relation, sug-
gesting that the irreversibility line for all the sampies
can be described by a power law relation

B, =B (1-T/T,)". (3)
The fitting of the data give B* = 66, 40, 27 and 29

0 02 04 08 08 10
B/B,

i

Fig. 9. Normalized plot of pinning force density F, as a function
of the applied field for the samples of Pb, ~Gd Mo, Se (x=10.0,
0.1, 0.2 and 0.3). Data measured at 4.2, 6, 8, 10 K are shown. The
solid line represents the normalized function proportional to
B (11— b)Y,
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Fig. 10. Logarithmic plot of Fomax versus B for the

Pb,_,Gd MogSg (x=0,0.1, 0.2 and 0.3) samples.

T for the samples with x=0, 0.1, 0.2 and 0.3,
respectively, while the power g= 1.8 + 0.1 for all
the samples. The power law relation of the irre-
versibility line has been most commonly seen in
high-T superconductors. Different mechanisms have
been suggested to explain the relation [16,17]. A
theory of flux lattice melting [17] suggests the power
g should be 2 whereas a thermally activated flux
flow model [16] gives ¢ = 1.5. Alternatively, in con-
ventional low temperature superconductors where
By, is close to B,(T), g is about 2 [18]. The fact
that the irreversibility line of the all samples used in
this study follows the same power law relation indi-
cates that the mechanism determining the irre-
versibility field is similar and does not change signif-
icantly by Gd doping.

The Kramer relation can be closely approximated
by an exponential magnetic field dependence for J,

40 -

0 4 8 12
TK)

Fig. 11. Temperature dependence of the irreversibility field B,

data for the Pb;_ Gd Mo,Sy (x=0,0.1, 0.2 and 0.3) sampies.
The solid lines are guides for the eye.
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Fig. 12. Logarithmic plot of By, versus 1—T7/7, for the
Pb,_,Gd ,Mo,Sy (x=0,0.1, 0.2 and 0.3) samples. The linear
behaviour of the experimental data indicates a power law relation
B, x(1-T/T)% -
[19]. Fig. 7 demonstrates that J.(B) can be approxi-
mated by the exponential dependence over a wide
field range of the form, -

JL(BT) = a(T)expl - B/B(T)]. @

where a(7T) and B(T) are functions of temperature
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Fig. 13. Temperature dependence of parameters o (top) and B

(bottomn) used in exponential expression Eq. (4) for the
Pb,_,Gd ,Mo,Sg (x=0,0.1, 0.2 and 0.3) samples.
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Fig. 14, Parameter a(7) versus (1—7T/T,)?. The data are the
same as those shown in the top graph of Fig. 13.

alone. By fitting the data to Eq. (4), values of a(T)
and B(T) can be obtained and are shown in Fig. 13
for the Pb,_ Gd Mo¢S; (x=0,0.1, 0.2 and 0.3)
samples.

‘The exponential magnetic field dependence of J,
has been suggested by Le Lay et al. [20] as an
evidence of pair-breaking through S—N-S junctions.

~ According to the phenomenological pair-breaking

T/T,)* and B(T) is inversely proportional to the
electron scattering length in the normal barrier and
the width of the barrier as given by the equation

B(T) =h/(2V3 e/d), (5)

where ¢ is the electron charge, / is the mean-free-
path in the normal barrier, and d is the width of the
barrier. The exponential dependence is atiributed to
quantum mechanical tunnelling through the grain
boundaries [20]. In Fig. 14, a(T) is plotted against
(1 =T/T.)* for the four samples. The approximately
linear behaviour indicates some limited agreement
with the theory which is by no means conclusive.
The parameter B(T) decreases with increasing tem-
perature as found in the high temperature supercon-
ductors YBaCuO [22] BiSrCaCuO [23]. At first sight,
this seems to be surprising since, when the tempera-
ture increases, the mean-free-path # should decrease
in a clean normal barrier, leading to an increase of
B However, it has been argued [24] that the barrier
width d tends to increase with increasing tempera-
ture because of the degradation of superconductivity
at grain boundaries. Therefore, the decrease of B(T)
might be explained in terms of the increasing barrier
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Fig. 15, Critical current density versus Gd content x for the
Pb,_ ,Gd, Mo Sy series samples. J, data were obtained at 4.2 K
for two fields, 1 and 10 T, respectively,

width with increasing temperature. A very rough
estimation of the magnitude of the barrier width d
can be found by approximating ¢ to equal to /.
Using Eq. (5) and the value of 8 for the PbMo, S,
sample at 4.2 K, d is around 3.5 nm which is a few
unit cell lengths. Figs. 13 and 14 demonstrate that
increasing the Gd content decreases both « and B.

Fig. 15 shows the J, data at 1 and 10 T as a
function of Gd content for ease of comparison with
other values found in the literature. A clear feature of
the data is that increasing Gd makes J, more sensi-
tive to applied field. The current density can be
extrapolated to high fields using the Kramer depen-
dence (Eq. (2)) to find the temperature dependence
of the irreversibility field (Eq. (3)). The extrapolation
suggests that below 4 K, at about 30 T, there is a
cross-over in J. between the bulk PbMo,S; of this
work and state-of-the-art Chevrel phase wires [S].
Below 30 T, the wires have higher J,, presumably
because of the small grain size produced by the
MogSg precursor route and the Sn doping used in
fabrication. Above 30 T, the bulk material of this
work has higher J, because of the higher irre-
versibility fields that are found.

5. Discussion

Universal scaling of the volume pinning force was
first reported by Fietz and Webb [25]. The observa-
tion of the scaling law shown in Fig. 9, found in all
the samples, suggests that only one type of mecha-
nism controls J_. This is a very striking result con-
sidering the significant difference in J. and B,

between the samples. Lack of scaling can occur in

many systems when there are inhomogeneous mate-
rials, multiple species of pinning centres, paramag-
netic limiting, matching of a flux lattice with an
array of pinning centres and size effects [26]. Al-
though the detailed physical mechanism behind the
Kramer relation is still controversial [27,28], the
scaling law suggests that J, is controlled by flux
pinning and the elastic constants of the flux line
lattice. It has been observed for different materials
[8,29-31] and is useful in providing an empirical
scaling law to describe F, and hence J.. Kramer’s
relation is well established to describe Nb,Sn where
grain boundaries are considered to be major pinning
centres. Hence it has been suggested that grain
boundaries play an important role in pinning flux
lines in Chevrel phase materials [30,32]. Systematic
work carried out by a number of groups has shown
that J, is increased progressively when the grain size
is reduced in PbMo, S, [30,32] and SnMo, S [12].

Clearly, the addition of the Gd reduces the irre-
versibility field significantly. Within the framework
of the universal scaling law, the irreversibility field
can be interpreted as the effective upper critical field
in the region of the pinning. Therefore, for grain
boundary pinning the reduction in B, is interpreted
as a reduction in the critical parameters at the grain
boundaries.

However, by investigating the critical current den-
sity within grains, Cattani et al. [33] have argued that
in addition to the pinning at grain boundaries, there
must exist strong pinning centres inside grains. The
intragrain J, values they observed are more than one
order of magnitude greater than the measured values
of J, in the bulk. Thus, they suggest that J, of
Chevrel phase bulk samples is mainly limited by the
weak link nature of grain boundaries and like the
high-7, superconductors, improvement of J. is ex-
pected with better connections of the grains. Addi-
tional support for the importance of intragranular
pinning is provided since artificially introducing de-
fects by neutron irradiation of PbMo,S,, increases
J, [30].

The properties of the grain boundary are the
primary consideration when using the pair-breaking
S—N-S explanation to describe the experimental data.
It suggests that the observed magnetic field depen-
dence of J, in PbMo,S; is determined by the weak-
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link behaviour at grain boundaries. Mathematically
the exponential and the Kramer relation is very
similar over a wide range of the field and tempera-
ture, thus it is difficult to distinguish them experi-
mentally [19], especially at low temperatures where
the whole F, curve cannot be measured. Routes to
tackle this problem include; measurements on pow-
dered samples which consist of many individual
grains but almost no grain boundaries — although
additional surface pinning present in the powders but
not the bulk samples can compromise this approach;
measurements at very high fields, approaching the
upper critical field, where it is easier to distinguish
the Kramer dependence and the exponential form —
although in Chevrel phase superconductors where
B,(0) = 60 T, such measurements are difficult.
Although the effect of the Gadolinium on the

electromagnetic transport and thermal properties has -

been comprehensively characterised, the reason that
the Gd has had such a marked effect on improving 7,
and B,(T) yet simultaneously degrading the J,
properties is not clear. Preliminary TEM measure-
ments show that with a few exceptions there is no
Gadolinium (i.e., below the sensitivity of the instru-
ment) either in the grains of Chevrel phase materials
or in the grain boundaries between such grains. The
diffusion of the Gadolinium is sufficiently slow at
1000°C and below that it remains in isolated, eventu-
ally becoming Gd,S; grains. The isolated Gd can
serve as an oxygen getter and provides a simple
explanation for the improvement in the 7, and
B.,(T). Although the TEM shows that structurally,
the grain boundaries are clean, the superconducting
properties can change on a scale of order the coher-
ence length which is few nanometres and the compo-
sitional variation of the grain boundaries at the
nanometre scale is not known. The effect of compo-
sitional variations is extremely complex. If there
were low levels of Gd at the grain boundary, the
interaction between the magnetic moment of rare-
earth ions and electron spins would oppose produc-
tion of superconducting Cooper pairs [34]. Equally
depressed levels of sulphur or lead are known to
degrade the superconducting properties [35]. Detailed
calculations have been completed to show the strong
effect of such variations on the width of the conduc-
tion d-bands and the position of the Fermi level [7].
Although the detailed electronic origin for the lower

J. is not known, the contrasting effect on the grains
and grain boundaries remains striking.

It is well-known that the kinetics and equilibrium
of grains and grain boundaries can be very different
particularly in intermetallic and ceramic materials
[36]. For superconductors with long coherence
lengths these differences need not have a marked
effect because the extended spatial averaging ensures
that the properties at the grain boundaries are essen-
tially the same as the bulk properties. In the Chevrel
phase superconductors, and even more so for the
high T superconductors, the superconducting prop-
erties at the grain boundaries can be quite different
to those of the bulk. An interesting feature found
here is the contrast in the effect of the processing
with Gadolinium on these different regions.

A large body of work on Chevrel phase materials
shows that changing the grain size changes J,
demonstrates flux pinning is important. Equally this
work shows that materials with the same grain size
and clean grain boundaries can have markedly differ-
ent J.. Although the theoretical framework which
describes flux pinning properties at degraded grain
boundaries has not yet been developed. The data
generated in this work naturally leads to this type of
explanation.

6. Summary

A series of Chevrel phase Pb,_ Gd Mo¢S; bulk
samples have been made using a hot isostatic press-
ing process. Extensive characterisation of these sam-
ples has been completed. In the pure PbMo,Sq,
extrapolating the scaling law suggests that at high
fields this material has J, values that are very high,

“characteristic of clean grain boundaries — which has

been confirmed using TEM. Although the critical
current and B, vary markedly between the samples,
the Kramer scaling law or equivalently an exponen-
tial dependence is found which suggests that the
same mechanism determines J, in all the samples.
The intrinsic properties (7, and B,,), measured
using heat capacity, resistivity and susceptibility have
improved by adding Gadolinium. Simultaneously,
the extrinsic properties (J, and B,,), found using
magnetic data, have degraded dramatically. We sug-

gest that the improvement in the intrinsic properties
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is due to the gadolinium acting as an oxygen getter,
and the degradation in the extrinsic properties is due
to Jocal compositional variations at grain boundaries.
This contrast is consistent with the short coherence
length of these Chevrel phase materials and exempli-
fies the complexity of optimising these materials for
fundamental and technological studies.
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