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Abstract. - An extensive investigation of the magnetic and transport properties of the new high-Tc superconductors is 
reported. The magnetic cycle of granular materials is characterized by a low field (H < Hcl) structure which is shape 
dependent whereas the high field magnetic cycle is shape independent. On the contrary, single crystals show no low-H 
structure but a shape dependent magnetization at  high field. The magnetic critical-current density deduced from the 
high-field cycle is about the same (N lo6 A/cm2 at 4.2 K) in the two materials. The transport current (N lo3 A/cm2 at  
4.2 K) is related t o  the low-H magnetic cycle by a Silsbee-like rule and is,governed by the Josephson-junctions between the 
grains. The above data are interpreted in terms of a simple model based on the Ferrell-Prange and Ambegaokar-Baratoff 
equations and on the critical state concept. 

In addition to the fa;niliar first and second criti- 
cal fields Hcl and Hc2 the new-high-Tc superconduct- 
ing ceramics often exhibit four more characteristic 
fields ( H s  (5 20 G )  , H z  (W 50-100 G) , H, (> Hcl] 

and Hr (>> H,)) all of which depend strongly on the 
conditions of preparation of the materials [I, 31 and 
more particularly on their granular states. Such a com- 
plex magnetic behaviour is a direct consequence of a 
highly inhomogeneous distribution of the critical cur- 
rent densities within the sample. To analyse the mag- 
netic data quantitatively it is thus necessary to take 
into account properly these inhomogeneous currents. 
Of course the critical currents depend themlselves on 
the local metallurgical defects the most common of 
which are the barriers between the grains (weak su- 
perconducting links), the surface of the grains [4, 51 
and other more microscopic defects. 

In this paper we will consider four different crit- 
ical currents which manifest themselves directly in 
the magnetic cycle and which are associated re- 
spectively with the interior (i.e. the bulk) of the 
grains (- lo6 ~ / c m ~ )  , the surfaces of the grains 
(- lo7 ~ j c m ~ )  , the interior of the Josephson junc- 
tions [6] (N lo3 ~ / c m ~ )  and the edges of the junctions 
[7] (N lo4 A/cm2). The above values of Jc are for 
YBazCu307 at T << Tc. 

The experimental details are &en in references [I- Fig. 1. - SEM micrographs for two Y B ~ ~ c u ~ O ~  samples. 

31. 
The granular states of two of our YBa2Cu307 

samples as revealed by Scanning-Electron-Microscopy 
(SEM) are shown in figure 1. 

The different critical fields invoked previously are 
defined in figure 2 (except H, and Hc2) which shows 
a typical example of M vs. H relationship at differ- 
ent field scales and at 4.2 K (Hr is the field above 

It is striking that at first sight the high-field cycle 
of figure 2d resembles closely (in shape) the one pre- 
dicted by the Bean Model [8, 91. However, a more de- 
tailed inspection reveals some important features not 
accounted for by the critical state model [8, lo]. Some 
of these features are: 

which the intragrain critical current and the associ- Low field magnetic cycles 
ated pinning forces become vanishingly small [I-31). 
It is to be emphasized that similar loops are seen The most unusual effects concern perhaps the low 
with Lal-,Sr,Cu04 and with BiCaSrCuO ceramics. field structure ( H  < Hcl) depicted in detail in figures 2 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19888945

http://www.edpsciences.org
http://dx.doi.org/10.1051/jphyscol:19888945


C8 - 2100 JOURNAL I 

Fig. 2. - Magnetization loops of YBa2Cu307 at 4.2 K at 
different field scales. 

(M vs. H). It is to be emphasized that such low-H 
loops and the associated fields H z  and H,"z do not 
exist (within our precison N 0.2 G) in single crystals 
[ l l ,  121 and are strongly reduced for powder specimens 
[13]. These results together with the fact that both 
H,"1 and H z  depend strongly on the preparation and 
the metallurgical quality of the sample provide strong 
evidence that the low H cycle must be ascribed to the 
weak superconducting links. 

We find that for highly compact and well sin- 
tered specimens the screening is almost complete 
-4nM / H > 90 %) for H < H z  so that the sample 
appears like a single superconducting filament [2, 3, 131 
in this field region. It is believed that HZ is the value 
at which the flux lines start penetrating the sample ap- 
preciably through the weak links whereas H z  would 
indicate the limit beyond which most of the weak-links 
(those parallel to the field) have been broken. A third 
characteristic feature, also clearly seen in figure 2, is a 
marked drop of the susceptibility 
a = ((x (Hz)  -X (HZ)) / X (Hz )  = 10 to 40 %) 

when H increases from H = H z  to the region H z  < 
H < H,1. A schematic illustration of the evolution 
with H of the spatial distribution of the critical cur- 
rent in granular materials is present in figure 3: it 
is seen that for H < H z  the sample appears like 

Fig. 3. - Scheme of the critical currents within the sample 
at. H < HZ (a) and H:<H < HZ (b). 

a single cylinder with no obvious way to detect the 
grains. In the opposite case, such as H z <  H < H,I 
the grains are fully decoupled leading to a decompo- 
sition of the sample into three distinct regions: (1) 
the barriers between the grains (white areas in Fig. 3b 
with an average thickness d) where the field is equal 
to the applied field Hand where the supercurrents are 
zero; (2) a layer of thickness X (the London penetra- 
tion depth) surrounding each grain. In this layer (dark 
rings in Fig. 3b) the field is also N equal to  the ap- 
plied field H but in addition strong screening currents 
(N 10' ~ / c m ~ )  are developped there; (3) the interior of 
the grains (dashed regions) where the field is 0. From 
the above field distribution within the sample, we can 
easily obtain B within the sample assuming V (sample 
per unit length) = C,n (T, + d / a 2  and T, >> X + d/2 
(see Fig. 3b): 

with r = (T,) . Then from Maxwell equation M = 
(B - H) / 4n and from x (Hz )  = -1/4n we get 

It is now interesting to  note that the low-H behaviour 
reported above depends significantly on the shape and 
the size (R) of the specimens [14] whereas the high-H 
cycle is generally largely independent of these factors 
(for granulor materials only) calculations of the sort 
performed just abov e shows that this condition is true 
in the limit T >> X + d/2. 

High field magnetic cycle 
Figure 4 compares the high field behaviour 

(H  > HC1) of sintered, powder and single-crystal spec- 
imens. 

From measurements on a large number (N 20) of dif- 
ferent matefials we conclude that the high-field mag- 
netization M(H) (per unit volume) is essentially inde- 
pendent of the shape as well as the radius R of sintered 
specimens. M (H) is also often the same if the sam- 
ple is in powder (with large grains, (r, > 10 pm >>A) 
and if the sintered sample has been processed from 



S. Senoussi et al. C8 - 2101 

Fig. 4. -Compares the high-H cycles (H > Hcl )  of powder 
(a), sintered (b) and single crystal (c) spectimens at 4.2 K. 
The average radius of the single crystal is about 200 pm. 

that powder. However, this is not always the case 
(Fig. 4) when the sintered sample and the powder 
have not the same origin. In striking contrast (Fig. 4), 
the magnetization M (H) of single crystals is found to 
scale qualitatively with the radius R [15] of the sam- 
ple (R = 200 pm) . Moreover, the field Hm at which 
M (H) passes by an optimum increases, with the ef- 
fective radius of the sample. Actually, it turns out 
that (Hm - Hcl) provides a rough measurement of the 
effective radius [15] of the grains composing the mate- 
rials. 

SURFACE CURRENTS. - A third characteristic property, 
not often mentioned in the literature, concerns the sur- 
face currents. As it is known [4,5], the minor magnetic 
loops of the kind displayed in figure 2d at fields higher 
than H,I can be used to  measure the surface currents 
J,. The exact relation between the minor loops and 
J, is complicated but for our purposes we can assume 
that J, is proportional to the reversible portions of the 
minor cycles (i.e. to DM = AA', ...). 

We have some evidence that the contributions of 
the surface and the bulk currents to the magnetization 
M (H) become comparable for grains of 10 to 20 pm 
diameter at 4.2 K. Besides, it is found that the role 
of surface currents changes drastically with tempera, 
ture. No significant surface currents are seen in single- 
crystals. 

Transport critical currents 

In order to investigate the dependence of the transport 
critical current density (Jt) on the granular structure, 
we have carried out systematic measurements of the 
voltage V as a function of the applied current I on 
a large number (N 20) of YBa2Cu307 specimens pre- 
pared in different conditions. The whole shape of the 
V (I) characteristic is found to vary strongly from sam- 
ple to sample and presents a complicated structure at 

the lowest temperatures (N 4.2 K) . In addition strong 
irreversibility effects are some time observed [13]. 

Figure 5 represents the V us. I curve of the sample, 
the SEM-micrograph of which is shown in figure la. As 
can be seen the curve presents a marked upward kink 
at some threshold current I,, which we define as the 
critical current. The transport critical current density 
measured this way is found to be equal to - 120 ~ / c m ~  
at 80 K and to N 600 ~ / c m ~  at - 5 K : to limit spu- 
rious heating at the contact resistances (- 10-~!2) we 
have reduced the section of the sample used for low -T 
measurements to  N 1 mm2 (Ic= 6 A) and the power 
dissipated at Icw 6 A to % 0.4 W. This would have no 
dramatic effects as Jt would depend only weakly on T 
for T << T,. 

To compare Jt with the low-H magnetic cycles of 
figure 2 it is interesting to investigate the dependence 
of Jt on the applied magnetic field. It has indeed been 
reported by many groups that Jt depends strongly on 
H (Fig. 5b) droping towards zero in a narrow field 
region of order 100 G and less. 

Fig. 5. - (a) Typical V vs. I charazteristic (sintered spec- 
imen) at 77 K. (b) Field dependence of the critical current 
at 77 K. 

Interpretation of the magnetic cycle (T<( Tc) 

The aim of this section is to  present "an order of 
magnitude-experimental" model which assumes that 
all the grains forming the material are identical and 
all the barriers are also identical. Obviously this is 
a very simplifying assumption not only 6ecause the 
grains and their interfaces are not well defined quan- 
tities and can differ considerably from crystallite to 
crystallite but also because of the anisotropy of the 
material which is expected to influence the magnetic 
and transport properties very significantly. 

In its present formulation, the critical state picture 
assumes that the critical current density j (in H = 0) 
does not depend explicitly on the point r within the 
sample and depends only weakly on H. It is clear from 
the results discussed previously that these conditions 
are hardly fulfilled here. 

To calculate explicitly the magnetic cycle associated 
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with the various critical currents introduced at the be- 
ginning of this paper we will proceed in three succes- 
sive steps: 

1) at first we will show that a Josephson-junction 
can be regarded as a type I1 dirty superconductor 
with its own critical Josephson parameters (Aj, Hj, 
Hcz, j, ...I; 

2) extending the above analogy between a Josephson 
junction and a type I1 bulk superconductor we will ap- 
ply the critical state model to describe the magnetic 
properties of the junction for H < H ~ z H , ~ ,  j and us- 
ing the junction's parameters (Aj, Jj ...) and dimension 
in the Bean-Fietz Formulae; 

3) since for H > HZ most of the junctions are bro- 
ken by the applied field, the material is expected to 
behave like a collection of independent filaments of ra- 
dius equal to the grain's radius (rj) . As a consequence 
we can again apply the [critical state model to each 
grain individually using this time the grain's critical 
parameters (Jj, Hj, Hc2, j) and the grain's radius. 

LOW-H REGION, H < HE. - According to Ferrell 
and Prange [16] and Josephson [6] a superconducting 
junction of thickness d (Fig. 6) behaves like a type I1 
superconductor with its own Josephson (or London- 
like) penetration depth Aj, its own first critical field 
Hj (= Hz) having the same meaning as the critical 

field H,I, its own second critical field (= H z )  and its 
own edge (or surface-like) screening current Jj flowing 
at the edge of the junction in a penetration layer of 
thickness: 

Hj= 8rJjAj/c= 40/~(2X+d)Aj. (3) 

Here e, h and c have their usual meanings whereas the 
critical current density Jj  would depend on the na- 
ture of the barrier. We suppose that for conventional 
Josephson-junction it is given by the Ambegaokar- 
Baratoff formulae [17]: 

where A (T) is the energy gap of the grain and Rj 
the resistance of the junction in the normal state. To 
get an order of magnitude for Rj, Aj and Hj we pro- 
pose that the residual resistance & of the sample, as 
extrapolated from the high-T region is predominantly 
due to the grain's boundaries. Then assuming that the 
sample is formed by n + 1 grains in series with n junc- 

r 
Fig. 6. - (a) Cylindrical sample formed by n grains in series 
with n junctions. (b) Distribution of the critical currents 
within a junction with Aj (the Josephson penetration depth) 
greater than the junction's radius ~ j .  (c), The opposite case. 

Having calculated the characteristic parameters of 
the junction we can determine its magnetic and trans- 
port behaviours using these parameters. Two limiting 
situations can be considered: 

1) the junction is ideal and small compared with Aj 
(Aj>>rj, Fig. 6b, the classical case). The global cur- 
rent density and the associated transport current are 
of order Jj (Jt=Jj) whereas the field dependence of the 
current is given by a Fraunhofer diffraction pattern 
and thus decreases markedly with H. This case can- 
not however explain the irreversibilities of the M (H) 
curve for H < HZ since irreversibilities require inho- 
mogeneities; 

2) the barriers are large (rj>>Aj) and inhomogeneous 
[6] with strong pinning forces acting on the Josephson- 
vortex-lines. It is possible now for the current to be 
carried by the interior of the junction just as in super- 
conductors of the second kind. This is illustrated in 
figure 6c showing both the edge current Jj (full lines) 
defined by equation (4) and the volume or bulk current 
of the junction noted 4 ,  , (dashed lines) and associ- 
ated with the pinning forces acting on the vortex in 
the junction. It seems now natural to ascribe the crit- 
ical fields HZ and HZ (Figs. 2) to the junctions i.e. 
HZ = Hj and H;=H,~ (junction): 

tions of radius rj (as sketched in Fig. 6a) and using the The link between M(H)and J ( H ) ~ ~ ~  H < Hg 
values A (0) rz: 2k~T,=200 K and A ~3 (AIl + XI) /2 rz 

0.5 pm at 4 K. We get ~ j = 1 0 - ~  52, ~ ~ ~ 5 . 1 0 ~  ~ / c m ~ ,  Assuming again that the junction is large (rj=R, the 
A j = l  pm and Hj= 12 G .  radius of the sample) we can once more use the analogy 
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with type I1 superconductors and apply the critical 
state model [lo] to  find the relationship between the 
low-H cycle (Fig. 2) and the critical current of the 
junction: 

Jj, m= 15 (M+ (H) - M- (H)) / r j  (5) 

with r j x R .  The critical current deduced this way is 
plotted in figure 7. It is to be noted that this calcu- 
lated current density is very similar both in shape and 
in magnitude to the measured transport critical cur- 
rent Jt shown in figure 5b. It is to be noted too that 
we can check from figures 2 that (M+ (0) - M- (0)) w 
2~:/4~. Then putting this values in formulae (5) 
above leads to a Silsbee-like rule (within a factor a 
of order 2): Jt (0) = 1 5 ~ 2 / 2 n ~ ;  

2) secondly, instead of starting from the low-H mag- 
netic data (as we have just done) we can altern6tively 
use the measured transport current Jt (H) given in fig- 
ure 5b, put it in the critical state equations, resolve 
these equations and finally determine the theoretical 
cycle associated with Jt (H) . The exact solution of the 
critical state equations require numerical calculations 
which are beyond the scope of this paper but a very 
crude calculation leads to a magnetic cycle (see inset 
Fig. 7) very similar to the low-H experimental cycles 
of figure 2 except for the linear region H ~ < H  < H,1 

the origin of which is explained in reference [13]. 

Fig. 7. - The magnetic critical current deduced from the 
low-H cycle using the critical state model. Inset: calculated 
cycle. 

In conclusion, the magnetic cycle is governed by 
Josephson-junctions (H < HY) , by the London sur- 
face currents around the grains ( H ~ < H  < Hcl) 
and by Vortex pinning within the grains ( H  > Hcl). 
The transport current is also imposed by Josephson- 
junctions and is related to the low-H cycle by a crit- 
ical state like equation. Our analysis neglect the 
anisotropy of the material and relaxation effects and 
must be considered as an order of magnitude approach. 
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