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Abstract  

We synthesised a single crystal of the high critical field 
compound SnMogS8 to  serve as model of the supercon- 
ducting behaviour of Pbl-,SnzMo6S8 in wires and bulk 
samples. Magnetization critical current densities were 
measured in fields up to 11 T at various temperatures 
from 3.1 to  7 I<. We compared the behaviour of tlie single 
crystal to that  of bulk a.nd wire samples, as well as to 
oxide superconductors. 

In t r o d U c t i on 

Belonging to a class of materials i n  which many have su- 
perconducting properties, P b M 0 ~ s 8  and s n M o ~ S 8  nev- 
ertheless possess a unique feature - their upper critical 
fields ( H c 2 )  are among the highest of the non-oxide mate- 
rials - about 60 T and about 34 T at  0 I< for PbMo6S8 
and SnMOgSg, respectively. Their critical temperatures 
(Tc) are well above the boiling point of liquid helium - 
usually in the range 14 to 15 I{. These high values have 
been the motivation for t,he fa.bricat.ion of PbMoGS8 and 
sllMOGs8 wires in the last decade. Indeed, over the years 
several t,eams liave successfully managed to make monofil- 
a.menta.ry wires a.nd to increase their current ca.rrying ca- 
pa.bilities. T h e  crit.ica1 current densities ( J c )  typically now 
reach 10' A/ni2 and higher a t  20 T.lW5 

Although promising, these results are not high enough 
to justify widespread development efforts. If Jc could be 
raised by 5 to 10 times, the case would be strong. Unfortu- 
nately, a t  the present time there is a lack of understanding 
of the critical current mechanism. The  J c  enhancements 
are mostly due to improvements in wire drawing technol- 
ogy and enipirical tin-doping of PbMocS8. Not enough 
a.t.teiition 1ia.s been given t.o microstructural issues such a.s 
the intergra.nn1a.r connectivity, the defect structure, the 
gra in  bounda.ry structure or (,he role of Sn as a cloping 
agent. 12ecently t,lie importa.nt issue or the  possibly poor 
connectivity between Pbl-,Sn~hJoGS8 grains has been 
addressed in various works: 

(a) Hamasaki e t  al.' have shown tliat liot isostatic pres- 
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sure (HIP) applied to a wire during its lieat treatment can 
improve J c ;  this suggests that  tlie grains are not initially 
well connected in the wires. 

(b) Yamasaki e t  al .3  have observed the presence of lead 
droplets on P b l + z M ~ ~ S 7 , 5  grains, inside wires. This ex- 
cess P b  phase could be one way in which poor connections 
exist, between the grains. 

(c) A series of recent papers by the Geneva group6-8 
shows evidence of granularity in Pbh$oGSg bulk samples. 
According to  careful suscep(.ibility and specific heat mea- 
surements, they found that the limitatioii to J c  is the poor 
intergranular connections rather than the intrinsic Jc of 
the grains. 

(d) On the other hand, it has been found that it is 
possible to produce bulk samples whose susceptibility is 
almost field-independent - this means that there are 
ways to  make well-sintered samples whose grains are well 
connected such that  the sample behaves as a whole, rather 
than as an assembly of poorly connected grains. 

In addition to the connectivity-related observations, it 
has been shown that  tin plays an importa.nt role in tlie 
improvement of the J c  for wirec1-2910, ribbons 11, and 
bulk samples 1 2 .  ~n tlie case of ribboiis, the iniprovement 
can be as high as an order of magnitude 11, and of about 
a fa.ctor of 5 for tlie wire l o  a.nd bulk samples 12. A pos- 
sible e.uplanat,ion for this has been advanced by Capone 
e t  d. They observe that PbMo6S8 can undergo a par- 
tial phase transformation at  low temperature to a pliase 
which is not ~upe rconduc t ing '~ .  In this scheme, s n M O ~ s 8  
undergoes the same kind of transfor::izdioii, but to a much 
lesser extent. Therefore, the doping d PbMo6S8 by tin 
would yield an alloy less sensitive to this superconducting- 
normal transition. On the other hand, the recent specific 
heat data  of Decroux et al .  do not slipport this liypoth- 
esis. 

I n  seeking to understand t' :J enseilible of tliese obser- 
vations, it is thus clear that  miiltiple issues must be con- 
sidered simiiltaneously. The g:..inula.rity iasiie, t,he nature 
of the flux pinning defects (wliether at grain boundaries 
or in the intra-granular regim), and tlie important gen- 
eral issue of the quality of samples used for study are 
frequently unclear. We therefore decided to  study how a 
small PbMo6S8 or SnMoeS8 entity, with no grain bound- 
ary involved, behaves in terms of flux pinning and critical 
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ter (VSM), in a variable temperature insert. Tlie sam- 
ple was oriented in t1ie.magnetic field (within about 10") 
with tlie smallest dimension parallel to  the magnetic field. 
Data were taken in a swept field a t  a rate of about 
10 mT/s,  up to  11 T, and a t  various fixed temperatures, 
from 3.1 K to  7 K.  The  critical current was calculated 
using the expression Jcm = 3AM/(Z), where A M  is the 
width of the hysteresis loop and 1 the dimension perpen- 
dicular to  tlie magnetic field (Le .  270 pm). 
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Figure 1: Magnetization of S n ~ ~ O G S 8  single crystal ,  
4 I<. 

current. Such an entity is a single crystal. The  next step 
would then be to study a bi-crystal, and finally generalize 
to polycrystalline sample behavior. 

Since tin appears to  play an important role in the im- 
provement of the Jc values, we decided, as a first step, to 
grow single crystals of SiivoGSs, and to study their be- 
havior in a magnetic field. This paper reports preliminary 
resulh 011 the electromagnetic properties of a SnMoGS8 
single crystal. There is much structure to the magnetiza- 
tion whicli suggests a complex internal microstructure in 
the crystal. 

Experiment a1 details 

The single crystal was grown by a technique previously 
reported 1 4 .  About 2 g of a mixture of SnS, MoS2 and 
MO were placed in an alumina crucible. This ensemble 
was then put into a MO container which was sealed in 
a 250 inbar Argon atmosphere. The  nominal composi- 
tion ol the mixture was Sn0.GGMoGSG. The  container was 
then heated in a tungsten wire resistance furnace, i n  a 
1.3x10-" mbar vacuum. Tlie sample was heated from 
20°C to 1300°C in 40 minutes, then heated to  lG00"C a t  
a 5"C/niinute rate, held a t  lG00"C for 5 minutes, cooled 
from lG00"C to G00"C at 1"C/minute,and finally furnace 
cooled to 20°C. Tlie crystal, grown from tlie molten bath,  
was a 270 x 270 x 200 pm parallelepiped. 

The  magnetization was measured with a Princeton Ap- 
plied Research Model 155 Vibrating Sample Magnetome- 

Results 

Magnetization measurements were made a t  3.1, 4,  5, G 
and 7 I<. Typical raw da ta  for a 4 I< trace are shown in 
Figure I ,  where backgroupd effects due to  normal state 
properties of the sample and/or sample holder are also 
present. However, to  calculate the Jc we need to con- 
sider the magnetization hysteresis ( A M ( H ) )  rather than 
the magnetization ( M ) ,  and we can thus free ourselves 
from this artifact. The  following discussion will therefore 
entirely deal with Jc. Jc was derived from M by comput- 
ing 3AM/(I) vs B, and then fitting the curves by a l o t h  
order polynomial. The  margin of error ( S ( J C ) / J c )  intro- 
duced by this process increases slightly with temperature 
and field. For 3.1, 4 and 5 J<, 6 ( J c ) / J c  - 1 0  % for B<4 
and - 15 % for higher fields. At G and 7 I<, 6 ( J c ) / J c  - 
20 % for B<4 and - 25-40 % for higher fields. 

Tlie Jc values are shown in Figure 2 as a function of 
both temperature and field. The  general Jc-vs-field be- 
havior is as follows - whatever the temperature, Jc first 
drops sharply with increasing field, but then unexpect- 
edly increases when the field is further increased. After 
reaching a maximum, Jc then decreases again. 

Discuss i 

Tlie magnetization curves of Figure 2 emphasize that  
tllere is flux pinning within the single crystal or s n M o ~ S 8 .  
Tlie most striking feature of tlie pinning is the marked re- 
gion over which the magnetization increases with increas- 
ing field. This is strongly reminiscent of the magnetiza- 
tion observed by Daumling e t  al. l5 in single crystals of 
oxygen-deficient Y B a2 Cu3 0 7 -  6. 

In the case of the YBazCu307-6 crystals, the don- 
ble peak structure was ascribed both to the development 
of field-induced pinning centres and to an apparent field- 
induced granularity within the crystal. This latter ob- 
servation was determined from the disappearance of size 
scaling within the crystal. Siiice we did not sub-divide 
this crystal, we have no inforniation on whether it ex- 
hibits granularity. 

Qualitatively speaking, t1.e behavior of Figufe 2 can 
be explained by the presence OA" a distribution of phases 
whose Tc and Hc, are lower than that  of SnMogS8 which 
acts as the continuous matrix. In general outline, the situ- 
ation is that  the crystal is wholly superconducting in zero 
field and as the field is increased the weakly supercongluct- 
ing phases are driven normal. As they are driven pormal a 
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Figure 2: Magnet izat ion cri t ical  current densities of 
SiiJ40,$38 single crystal  a t  several  temperatures .  

strong 6 H c  elementary core pinning interaction can occur, 
thus driving up Jc .  When all possible regions are normal, 
the J c  will decline for the usual reasons (e.g. the core pin- 
ning interaction should decline as (I - H / H c 2 ) ) .  Thus the 
key feature is that  the magnetic field increases the density 
of pinning centres and, over some finite field range, also 
increases the elementary pinning force fp, as regions of 
weak superconductivity a.re driven normal. This model is 
that  already discussed for oxygen-deficient regions in 123 
crystals l 5  and in certain low Tc materials too 16. 

Figure 3 plots the position of tlie minimum in Jc  as a 
function of teinperature. Since the minimum represents 
the first detectable onset of normality, this can be used as 
a rough guide for the Tc of the phase. A linear extrapo- 
lation of the 4-7 I< da ta  in Figure 3 would suggest a Tc 
lying between 9 and 1 0  I< (specific heat measurements are 
presently being carried out in order to confirm this). 

Although it  is speculative, the above discussion is con- 
sistent with what is known about defect structures in the 
Chevrel phases. For instance, the SnMogS8 system can 
be sullur deficient. Some S sites can also be occupied by 
some oxygen. It has been found that  partial oxygen sub- 
stitution can occur and this can affect the critical super- 
conducting pxamete r s  of the sample”-19. Particularly, 
Tc a.nd il,, are strongly arected by even small amounts 
of oxygen 19. In our case, the low-Nc2 regions could be 
formed by either a sulfur defect or oxyg,en contamination. 

The  maximum Jc values of the sample are on the order 
of 1.5 x 108A/m2 a t  4 I<. We can compare these figures 
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Figure 3: Field at which J ,  is mini lnuin for S i l M o ~ S 8  
single crystal  as a funct ion of t empera tu re .  

to the transport current densities of ribbon, wire and bulk 
samples - they are about a factor of 5 lower than in the 
SnMoGSs wire and bulk samples 20, and about a fac- 
tor of 1.5 lower than in the SnMOsSg ribbons l l .  This 
is an  expected result, since a single crystal is believed 
to have fewer defects (and therefore fewer pinning cen- 
tres). These figures therefore suggest the potential of flux 
pinning both by intragrain defects as well as grain bound- 
aries. On the other hand, these Jc values are about (5% 
of those observed by Cattani et  al. for the intragranular 
contribution to  the Jc of their cold powder pressed bulk 
sample. 

Cattani et  al. also suppose that  the increase in Jc with 
field in their bulk sample is due to  some screening arti- 
fact. Our result suggests rather that  it is a real effect, 
coming from field-induced pinning. We indeed observe 
such behavior also in polycrystals. 

We emphasize that  one of the main conclusions from 
our study is that  even a single crystal has effective pin- 
ning sites. From the viewpoint of the A15 superconduc- 
tors, the tendency has been to consider grain boundaries 
as the important pinning centres. Thus reducing the grain 
size (and reducing the sintering temperature) is tlie con- 
clusion of such a viewpoint. But, as noted by Yamasaki 
e t  al. 3 ,  the grain size of optinrized P ~ M o G S ~  wires lies 
in the range of 0.1-0.3 pni, which is very comparable to 
Nb$n wires having J ,  values an order of magnitude or 
more larger. From the viewpoint of the oxides a n d ,  in- 
deed optimized Nb-Ti too, the optimum Jc comes from 



colicrence length (0 or sub-coherence length defects ". 
Since ( for S l iMo~S8 is on the order of 3 nm, the defects 
described above may be tlie appropriate pinning sites. 

Conclusions 

In coiiclusion, therefore, we note that this study presented 
evidence for significant field-induced plux pinning within 
a single crystal of s n M o ~ S 8 .  w e  speculate that these 
pinning centres are atomic scale defects. Finally, we note 
tliat Cattani et al. have also observed a field-increasing 
intra-granular Jc in polycrystals of PbMogS8, although 
tlicy suggested that tlie result might only be an artifact 
in  the deconvolution process used to separate the inter- 
and intra-grain components of the Jc.  The present results 
suggest that this was a real result. 
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