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Abstract. We present the effect of intergrain interactions. at T = 75 K. on the intragranular 
critical current density and on the susceptibility of a system consisting of small supercon- 
ducting grains of GdBalCusO,.,, embedded in solid epoxy. The critical current density in a 
single grain is unaffected by the intergrain inleractions. We also found that the magnetic 
screening volume susceplibilily, x ,  varies linearly with the grain concentration. E ,  of the 
system. Non-interacling models can be used to describe the magnetic phenomena of such 
systems. Finally the variation of -x  with E was found to be strong near the first critical field 
Hc, and -2 becomes insensitive to E in the neighbourhood of H,,, which we call the cut-off 
field. 

1. Introduction 

In the past five years a great deal of activity has occurred in superconductivity because 
of the potential impact on technology of ultra-high-temperature superconductors (see, 
for example, [l]). Many compounds, almost always containing CuO, planes in their 
crystal structure, have exhibited superconductivity with superconducting transition 
temperatures T, ranging from 7 to 125 K. The hole-doped superconductors such as 
La,-,M,CuO, with M = Ba, Ca or Sr [2,3] and at x = 0.15 have their T, not exceeding 
42 K. While the compounds RBa,Cu3O7 (R = Y or a lanthanide element except Ce, 
Pm, Pr and Tb) [4,5,6] have their T, not exceeding 96K. Compounds such as Bi -Pb  
Sr-Ca-Cu-0 [7] have their T, around 100 K and TI-Ba-Ca-Cu-0 [SI have a maximum 
T,around 125 K. Howevertheelectron-dopedsuperconductorssuch asLn,_,M,CuO,_, 
(Ln = Pr, Nd, Sm, Eu, Gd;  M = Ce, Th;y = 0.02) [9,10,11,12] a tx  = 0.15 have their 
T, not exceeding 27 K. In general, all the above values of T, were mainly obtained using 
either the electrical resistivity or the magneticsusceptibility measurements [13]. Another 
quantity of extreme technological importance is the critical current density J, .  J ,  iseither 
obtained electrically, which we call transport Jc, or is obtained using the Bean model 
[14,15] applied to magnetic hysteretic measurements, which we refer to as the intrinsic 

Many studies on the above quantities in the various superconducting compounds 
Jc . 
have been done either on polycrystalline samples or on single crystals. 
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Some studies, such as the work done by Maury and co-workers [ 161 and Shimizu and 
co-workers [I71 have dealt with the effect of changing the grain size, for a supercon- 
ducting powder, on the hysteresis loops and on the critical current density of such 
systems. 

However, little attention is paid to the effect of the intergrain interactions in a well 
dispersed powder sample where identical small superconducting grains of the powder 
are embedded in a solid matrix. 

It is interesting to see if there is any noticeable change in the intragranular critical 
current density and in the susceptibility of such systems due to the variation in the 
concentration of these systems and consequently due to the change in the intergrain 
interactions. The concentration of suchsystemscan be measured through the volumetric 
packing fraction E which is defined by 

E = NV, f V ,  (1) 
where N is the number of grains in the system, V, is the volume of the grain and V ,  is the 
sample volume. 

In the present work we are studying the effect of intergrain interaction, at T = 75 K, 
on the intragranular critical current density and on the susceptibility of a system of small 
superconducting grains of GdBa2Cu,07-o embedded in solid epoxy. 

2. Experimental details 

Polycrystalline GdBa,Cu,07-b is prepared by mixing high purity (99.99%) powders of 
Gd2O3. BaCO,, and CuO in the proper proportions using the solid state reaction 
technique. The mixture is fired at about 900°C For seven days with seven intermediate 
grindings. The resulting compound is pressed into pellets at about 5 kbar pressure. The 
pellets are then put into a flow of oxygen inside a furnace at about 950°C for 48 h and 
then at 450 "C for 24 h. The ramping of the temperature is always done slowly each time 
at least over a period of 10 h (i.e. about 0.8 "C min-I). Finally, most of the pellets are 
ground into fine particles with a grain size range of 1 to 2 pm. 

X-ray powder diffraction measurements showed that the GdBa,Cu307-dcompound 
is single-phase and has the same crystal structure as YBa2Cu30,-&. The iodometric 
titration indicated that 6 = 0.08 2 0.02. 

The electrical resistivity measurements were done using a four-probe AC resistance 
bridge ona bar-shapedsample with dimensions 1 x 2 x 6 mm3 which had been cut from 
the annealedpellet. The resultsof the measurements gave a mid-point critical transition 
temperature of 94 K and a transition width AT, of 1.6 K. 

We prepared five samples by mixing thoroughly specific amounts of small grains of 
GdBa,Cu,07 with epoxy which solidifies in 6 min. These samples (numbers 2-6) are 
listed in table 1, along with their concentrations E .  Sample number 1 has been slightly 
compressed with no epoxy in it. To make sure that the powder is well dispersed through- 
out the epoxy, we took several orthogonal thin slices of a dilute sample and looked at 
them under the optical microscope. We observed that the grains were homogeneously 
dispersed with a minimum of grain agglomeration. This ensures that in our study we are 
indeed looking at the effect of the intergrain interactions, rather than the effect of the 
interactions between agglomerates of grains. Hence, any concentration dependence, 
other than what theory predicts, of aphysical quantity such as the magneticsusceptibility 
may be interpreted in terms of intergrain interactions. Finally, magnetic measurements 
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Table 1. Small grain systems of GdBa2Cu,0,-, embedded in solid epoxy (excluding sample 
number 1). The sample number is in the first column, the concentration or volumetric 
packing fraction E is in the second column and AM at T = 75 K,  as defined in figure I(=) is 
in the lhird column. 

Sample no Conc. f AM (Am-') 

1 0.283 645 
2 0.069 165 
3 0.037 110 
4 0.033 87 
5 0.021 62 
6 0307 30 

Figure 1. Hysteresis loop of the magnetization M (Am-' )  versus internal field intensiry H 
(A m-')at T = 75 K forsamplesofGdBa,Cu,O,.,smallgrainsysrem with(a)concentration 
E = 0.283 (sample I) and ( b )  E = 0.069 (sample 2). A M ,  Hc, and H, are indicated. 

were performed using an Oxford Instruments Faraday balance [18] equipped with a 
continuous flow cryostat covering the temperature range of 70 to 500 K. 

3. Results and discussion 

Figures l(a) and (6) display the hysteresis loops of the magnetization M versus the 
magnetic field intensity Hfor two GdBa,Cu,O, small grain samples with concentrations 
~ = 0 . 2 8 3  and 0.069 respectively at T =  75K. The maximum field H ,  
(-1.6 x 1OSAm-') indicated in figure l (a)  is chosen in the intermediate range that is 
not too large (-Telsa) and not too small (-Oersted) where these extreme ranges were 
used by Senoussi and co-workers [19] to study the hysteresis loops of pressed samples 
of La,,,,Sro.,,CuO4. Similar behaviour for the other samples mentioned in table 1 have 
been obtained. The magnetization due to epoxy has been subtracted from the total 
magnetization of every sample. The paramagnetic component of the magnetization for 
the relatively higher magnetic fields, Hcl < H < H ,  (Hcl is shown in figure l (a)) .  have 
not been subtracted from our results. The paramagnetism is mostly coming from the 
gadolinium ions in the small grains and its effect, for example, on the susceptibility or 
the magnetization of the system can be predicted from the formulae given in solid state 
textbooks [20,21] .  In our study this paramagnetic effect is rather small and can be 
neglected. Therefore any deviation from the expected non-interacting behaviour can be 
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r Ftgure 2. Variation of AM (Am-' )  with 
1=75K. 

at 

attributed to the intergrain interactions between the magnetic moments induced by 
supercurrents in the small grains. 

A common behaviour for these hysteresis loops is that at fieldsgreater than Hcl as 
indicated by line (1) in figure l(a) the variation of the magnetization M versus the 
magnetic field intensity H is approximately linear, such that we can assume 

M = n + b H  (2) 
where a and b depend on the concentration E and on the size of the grains. 

We define AM (see figure l(a)) as the sum of the magnitudes of the maximum 
diamagnetic magnetization of the fourth quadrant for positive fields and the second 
quadrant for negative fields. AM for all six samples is tabulated in table 1 and is plotted 
against f in figure 2. It is clearly seen in figure 2 that AM vanes linearly with E .  That is 

AM = A f  (3) 
where A is independent of E. 

The magnetic moment, A m ,  that corresponds to AM isgiven by 

Am = AMV, = A V , €  (4) 
where V, is the volume of the sample. 

Equation (3) leads us to the conclusion that the effect of intergrain interactions on 
the intragranular critical current density J ,  (i.e. J ,  for a single grain) is negligible and if 
this effect exists then it is extremely small. 

This result can be understood using the Bean model [14,15] for a single grain such 
that 

3, = 15AI/R ( 5 )  
where R is the radius of the grain and AI is defined in a similar manner as AM but for a 
singlegrain. Let A p  be the magneticmoment ofasinglegrain that hasthesamedefinition 
as Am for a small grain system. Then 

A p  = A N z .  (6)  

Ap = A m / N .  (7) 

A p  = A V , .  (8) 

For a system of N identical small grains 

Substituting equations (4) and (1) into equation (7) yields 

From equations (6) and (8) we find that 
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A I = A  (9) 

J ,  = 15AJR (10) 

and therefore equation (5) becomes 

which shows that J ,  is independent of E and consequently the effect of interactions on 
the critical current density is negligible. 

If a sample is cooled from the normal to the superconducting state passing through 
the transition temperature in a zero magnetic field, then we obtain what is called 
zero-field-cooled (ZFC) state. Then, by applying a magnetic field, we obtain the ZFC 
magnetization of the screening magnetization. But, if the sample is transformed from 
the normal state to the superconducting state in the presence of a magnetic field, then 
this gives the field-cooled (FC) state. The FC state is a true expression of the Meissner 
effect. 

The basic difference between ZFC and FC states is that, in the case of ZFC state, the 
flux is initially absent inside the sample and the observed diamagnetism after applying 
the magnetic field excludes the flux from inside the grains while in the FC case the flux is 
expelled from the interior of the small grains. 

In general, the diamagnetic magnetization of the ZFC state is larger, fora given field, 
than that obtained in the FC state for a single grain (i.e. bulk effect). However, in this 
work we are interested in the effect of intergrain interactions and not in the volumetric 
fraction of superconductivity. Therefore, we must look for the states in which the 
intergrain interaction is larger and this can be accomplished by studying the ZFC 
susceptibility rather than the FC one, 

In various studies [22,23] on magnetic fine particle systems, the importance of the 
interparticle interactions can easily be observed through studying the variation of the 
magneticsusceptibility with the volumetric packing fraction, E ,  or concentration. Hence, 
following the same attitude for our present superconducting systems, we define the 
screening or ZFC volume susceptibility as 

where M is the ZFC magnetization at the internal magnetic field intensity H which is 
corrected for shape demagnetization. 

Figures 3(a) and 3(b) show the variation of the negative ZFC susceptibility, -x. with 
H for the six samples at T = 75 K. The results show that the variation of -x with H for 
a given E is non-linear and -x decreases as H increases. This behaviour is due to the 
field penetration in the superconducting grains. Also, as H becomes greater than H,,, 
the superconducting grains transform to the mixed state with the formation of normal 
cores in each grain, which lead to the decrease of -x as H increases. 

The variation of -x with the concentration E for five different magnetic field inten- 
sities at T = 75 K are shown in figure 4. It is clear that, for a particular field H, -x 
varies linearly with E .  This linear relationship predicts that the intergrain interaction is 
negligible which can be explained in the following simple model. 

Suppose that we have N non-interacting superconducting small grains system. The 
magnetic moment p for a single grain is given by 

where I is the bulk magnetization (i.e. magnetization of a single grain). The magnetic 
moment, m, for N such grains is given by m = pN or 

Substituting for Nfrom equation (1). we get 

x= M / H  (11) 

p = IV, (12) 

m = IVp N. (13) 
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(b) 

E 
Figurc4.Vartationof -x .a l  T =  15K.uilhrforinternalfieIdinlens~rie,of.a. 17.0 X IO': 
0 .25 .5  x 10',c.42 5 x 10',d.68.0% 10':e.85.0 x IU '  A m -  
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Figure 5. Variation of -dx/ds. at T =  15 K, obtained from figure 4 with 1/H. I /Hc, and 
l/Hoare indicated. 

m = W$E. (14) 
The magnetization M of the sample isgiven by 

M = m/V,  = IE. (15) 
Therefore the susceptibility ,y becomes 

,y = M / H  = [/HE (16) 
where I/H is the susceptibility of the bulk which is independent of E. Equation (16) 
shows that the effect of intergrain interactions on -xis negligible, since it is the result 
of a non-interacting model. 

Finally we plot in figure S .  the slopes of the lines shown in figure 4, that is -d,y/dE 
versus the inverse of the magnetic field intensity (l/H). The results show that -dX/dE 
vanes linearly with 1/H in the range of Hcl < H < H,. This behaviour can be predicted 
from equation (2) with 

x= M / H  = a / H  + b. (17) 
From figure 4 we see that a and b are each directly proportional to E such that a = (YE 

and b = Pewhere (Y and fi  are independent of E and can be determined using figure S .  
From figure 5 we also notice that as H increases, -d,y/dE decreases and therefore 

the dependence of -x on E becomes weaker. We also observe a cut-off field, Ho,  near 
which the ZFC susceptibility becomes quite insensitive to the variation in E. 

4. Conclusions 

In this work we  found that the effect of the concentration (and consequently the 
effect of intergrain interactions) of a system made of small superconducting grains of 
GdBa2Cu30,-d, on the intragranular critical current density J ,  is negligible at T = 75 K .  
Also because the negative of ZFC susceptibility, -,y, varies linearly with E and by using 
a simple non-interacting moOel we deduced that the effect of the intergrain interaction 
on -x is negligible. This is an important result, since it suggests that one can use a 
non-interacting model to describe various magnetic phenomena in the small grain 
superconducting systems. 
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Finally, we note that -~variesstrongly with enear Het. However, -x is insensitive 
tocintheneighbourhoodofacut-off field&. WhereH,isdeterminedfromtheintercept 
of the straight line of -dX/dc versus 1/H when -dX/de = 0. 
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