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ABSTRACT

In order to analyze the diamagnetic properties of weakly coupled structures in high Tc
ceramic superconductors, the Josephson junction array model is used. We suppose that the
coupling is strong enough to allow magnétic flux trapping inside non superconducting regions
surrounded by superconducting loops closed by Josephson Junctlons ‘We remark that the
presence of currents flowing through the Junctlons has to be taken exp11c1tly into account in the
Hamiltonian. This description leads to a creep model of the Josephson Junctlon array. Indeed
we have;

1)  pinning centers generated by non superconductmg reglons into the loops

2)  pinning potentials determined by fluxon motion barriers due to the Josephson junctions,

3) absence of degeneracy of the states corresponding to a different number of fluxons in the
loops,

4)  areduction of the batrier height due to measuring currents ot to diamagnetic shielding
currents. The last effect is equivalent to the. Lorentz force effect in type-II
superconductors. In this way we believe that this picture deeply modifies the usual
superconducting glass model.

INTRODUCTION

Just after the discovery of high Tc superconductors two approaches arose to explain the
unusual magnetic behaviour of these materials. The first approach! aims at describing these
systems according to the glassy state, the second? uses flux creep and flux flow phenomiena.
These two approaches still coexist3# and the existence of a connection between them is not st
evident. In particular, great attention has been devoted to the transition between reversible and
irreversible magnetization as the temperature or the magnetic field increases>. However, it..



should be proved that this transition is equivalent either to the disappearance of a long range
phase coherence or to the resistive transition. Of course the presence of a reversible regime, for
temperatures less but close to Tc, only involves the existence of relaxation times shorter than
measurement times. On our knowledge there are no measurements which prove the equivalence
of the previously mentioned transitions. Further problems arise from the granular structure
found mainly in sintered samples and also in single crystals and thin films. Several authors
describe the magnetic behiaviour using a spin glass Hamiltonian derived from a Josephson
junction array model for this class of samplesS. Instead, other authors use flux creep and flux
flow theories’ , so that also in this case the relationship between the two approaches is not
clear. Furthermore, the analysis of the low field (10-100 Gauss) experimental magnetic
behaviour of granular systems is performed 8 by using critical state models? where the validity
of these models for a Josephson junction array is still to be proved.

In this work the analysis is limited to the descnptlon of the magnetic behaviour of granular
systems with a grain coupling strong enough to genetate compléte shielding at low magnetic
fields.

Let us consider a slab of the sample placed orthogonally to the applied magnetic field and
schematized as a square lattice of identical spherical grains surrounding identical intergranular
regions. Grains are weakly coupled by Josephson junctionis. In this way the sample can be
described by Figs. 1a,b ot by the equivalent circuit of Fig. lc.

As it has been recently pointed out 10 , the analysis of the Josephson junction network
must take explicitly into account the shielding currents crossing the junctions. These currents
reduce the potential barrier for a 21t phase flip of the superconducting phase of the junctions.
This effect is well known for a single loop closed by a junction described by the potential :

FIG. 1 - 4) granular system, b) expatided portion of Fig. 1a, ¢) equivalent circuit
of the granuldr system; crosses represent Josephson junctions which couple the
grains.

G=(D-Dex)2/2L+Eg [1-cos (2R D/Dg)] (1)

where E¢=Eq(h, T)=1j®¢/27, 1j=1j(h,T) is the maximum Josephson current in the local
magnetic field h, @ and ®¢y are respectively the flux of the actual magnetic field and the flux
of the ficld H generated by the external sources, while L is the loop inductance and ®p is the
flox quantum. If ®-Dex » Do, for'small magnetic flux variations 8P, the variation of (¥ -
(I’ex)z/ZL is SO (P- D ex)/L. Since now @ - Pex=LI1, Eq. 1 can be approx1mated by the
potential of a junction fed by an external curfent source:



G=Eo(1-cos@-ap) | (2)

where Ol=1/1j and @ is the gauge invariant phase difference of the junction. By Eq. 2, if
LIj»®g, the barrier height AE between metastable states can be approximated by:

AB=FEg [ (1-002) V2 - qicos -1 o] - 3)

As it can be argued from Figs.2a,b and by Eqs.1,2, this problem is similar to the one of

pinning centers in the presence of Lorentz forces in a type-II hard superconductor.

a)
b)

cj

1)

2)

3

In fact we have:
the non-superconducting region, surrounded by the superconducting loop closed by the
Josephson junction, acts as a pinning center; -
the pinning potential barrier is determined by the potential barrier between metastable
states due to the Josephson junction;

the current flowing in the junction removes the states degeneracy and reduces the pinning
barriers.

G

AE,

FIG. 2 --a) the potential for a loop in an external field, b) washboard
potential for a current biased junction.

In spite of these analogies, we remark some differences:

in our case the reduction of the barrier is not caused by the Lorentz force, because the
magnetic flux is present mainly in the non superconducting region inside the loop, where
the currents do not flow, so that the field-current interaction is extremely limited;
neglecting flux quantization problems, by Eq. 1 the presence of non superconducting
regions makes the lower critical field of the granular structure Hgey negligible, namely all
the shielding states are always metastable;

Figs.2a,b show respectively the potential as a function of a flux and a phase, while in the
usual pinning problem in the presence of the Lorentz force we have the same picture for
the potential as a function of a space coordinate. In spite of this difference, the analogy is
not only formal. Indeed any transition between two adjacent minima of G, corresponding
to a 21 phase variation and to the entry of a flux quantum into the loop, corresponds to the
motion of a flux quantum in real space.



Starting with these considerations, in the second section the single loop results are
extended to a network of loops closed by junctions. In this way, a critical state model can be
easily derived at T=0. In the third section the analysis is extended to finite temperatures leading
to a logarithtic titne decay of the magnetization. In the last section some comments about the
limits of validity of the present description and a comparison with different approaches are
presented. !

MAGNETIC FLUX PENETRATION AND CRITICAL STATE

The generalization of Eq. 1 for a network of loops closed by Josephson junctions is not
trivial, since the presence of currents in every branch induces a magnetic field in the other loops
of the network, so that the self and mutual inductance coefficients of all elements should be
taken into account. In order to simplify the problem, we limit our discussion to the case where
LIj » ®o for any loop and for any junction of the network in the presence of junction currents
near the critical values. Under these conditions the effective potential of each junction depends
only on the currents flowing through the junction itself. In this way 10 the potential can be
approximated by:

G= (Do/2m) ik lj ik {1- cos(Pik) - aik ik} )]

In general, when one analyzes the whole network of junctions, it can be shown that two
stationary states obtained by displacing a flux quantum between two adjacent loops are different
relatively to the current distribution in the entire network. However, under the condition LIj »
®o for any loop, the displacement of a flux quantum between two adjacent loops changes only
the fluxes and the currents of the two adjacent loops, while currents variations in surrounding
loops are negligible. .

As recently reported!1:12, it is possible to predict qualitatively and to determine by
numerical simulations the magnetic field penetration dyndmics. Summarizing, lets consider first
a circular mornolayer (with radius R ) of identical superconducting spheres (with radius d)
arranged into a square lattice and linked, as shown in Fig. 1a, by almost identical Josephson
junctions. Fig. 1b shows a magnified detail of Fig. 1a as a set of grain lines interconnected by
junctions. We suppose that the critical field Hcq and critical currents of these spheres are much
higher than all fields and cutrerits considered in this work.

After a zero field cooling condition, all the Josephson junctions of the slice are closed, i.e. -
a static superconducting currerit can flow through the links. Since fluxoid quantization must be
valid for any superconducting loop of the sample, the application of an uniform weak magnetic

' field orthogonal to the slice will generate a shiélding current Ig which will circulate through the
junctions of the most external loop. As for a single loop, this shielding state is stable until the
shielding current is lowet than the Josephson current Ijmipn of the weakest junction on the most
external loop. As soon as Ig reaches Ijmn , the weakest junction will open and flux quanta enter
into the sample.

In order to determine the flux trapping, our sample can be described by the equivalent
circuit of Fig. 3a, which can be shown to be equivalent to a single loop closed by a junction. By
describing the junction with a RST thodel, the number of flux quanta which enter in the small
loop depends on both the value of Y =LIj /Poand the damping coefficient B=L12/(RC 12,
Blackburn et al. 13 have found that there exists 4 critical value B¢ above which only one flux



quantum enters in the loop. Neglecting the cos ¢ contribution to the junction conductance, in the
range 102>y > 105 it holds: Bc=3Y!/2; in this way the critical condition depends on a
sufficiently high value of 1/ (R C 12):ie.: 1/ (R C V2)cprr=3 (1j /®o )12,

In this paper, in order to avoid any type of avalanche effect both in penetration and in
relaxation of magnetic flux quanta, the analysis is restricted to the high damping case in which
any time only one flux quantum jumps inside or outside the loops. This hypothesis is
reasonable because the superconducting intergranular coupling is expected to be weak-link like,
so that high damping conditions are justified.

Under the conditions LIj » ®o and B > B¢ for any loop and for any junction of the
network also in dynamical conditions the motion of a flux quantum between two adjacent loops
in general does not change currents and fluxes in surroundings loops unless the junctions in the
surrounding loops are very close to the critical values.

Therefore, because of the increase of the magnetic field, a flux quantum enters in the
smallest superconducting loop underneath the open junction. In this picture, the lower critical
field Hgc1, defined as the lowest value which generates flux penetration, is determined by the
Josephson current Ijpyip of the weakest Josephson junction located on the most external loop.
During flux penetration the current flowing in the juriction decreases while the current flowing
in the small internial loop increases. The final current distribution will be the superitposition of
both currents 12,

In an analogous way; if all junctions are almost identical, a further increase of H will lead
to progressive temporary opening of all the jurictions in the external loop, i.e. on the first line
from the right of Fig. 1b, and to the trapping (Fig. 3b) of flux quanta in any loop just
underneath the external loop (i.e. in the small loops between the first and the second line). As H
increases, first the weakest junction Jyin and later the other junctions in the external loop will
open again, leading to the increasing of both flux quanta trapped and circulating curtents in the
small loops. The total current distribution is shown in Fig. 3c.

This process continues until the currents reach the Josephson current of the junctions in
the second line, which will open and flux quanta will penetrate between the second and the third
line.

Following the previously described mechianism a further increase of H will lead to the
progressive penetration of flux quanta into inner and inner loops. If all inductances of the
smallest intergranular loops are almost identical, the currents flowing through all the junctions
in the same line will be almost the same and the current circulating in each internal line will be
proportional to the difference between the flix quanta trapped in the two adjacent lines.

The key point of our description is that flux quanta can move and penetrate deeply into the
sample only as a critical value I¢ of the current of the junctions is reached. At T=0 the threshold
is determined by Ij. At T#0 the threshold is a current value large enough to determine a
transition time much shorter than measurements times.

In this way the current flowing on the junctions of all lines will be near the junction critical
current except for the deepest line in which some current is flowing 11,12, This line marks the
boundary of the magnetic flux penetration. The increase of H and further penetration of flux
quanta leads to the increase of the current of the deepest line until the critical current is reached
and flux quanta can overcome this line.

If the external magnetic field is now reduced, similar mechanisms determine the flux de-
trapping. In fact, the current flowing in the junctions of the most external loop follows the
reduction of H until it reaches -Ijyjp, , at this point the flux quanta trapped underneath the first



line will get out of the superconductor. Further reduction of H will determine fluxon motion
across a line only when the currents flowing in the junctions of the line reach the critical value.

FiG. 3 - a) equivalent circuit for the flux penctration in a loop just underneath the external surface, b) the
junctions of the external loop have been temporarily opencd and flux quanta has been trapped in each loop
underneath the surface, ¢) equivalent total current distribution,

This description can be easily extended to a cylindrical three dimensional sample in the
presence of a magnetic field parallel to the cylinder axis.

It is clear that such description leads to results very close to the critical state Been model.
Indeed the existence of a critical state is determined by the condition that flux quantum travel in
the sample only after a critical threshold of the current is reached.

MAGNETIC FIELD RELAXATION

In order to analyze the finite temperature effect on the magnetic flux decay in granular
systems, we start again from well known results on a single loop closed by a junction.
Neglecting quantum tunneling effects, in the analvsis of lifetimes of metastable states in a
washboard like potential, the overdamped and the inderdamped regimes exist 1415, depending
on the damping coefficient &. Heree=wmn with 1 = (RC)t, where R is the normal
tunneling resistance of the junction, and C is junction capacity; ® is the frequency of small
oscillations around the minimum of the potential of Eqg. 1: o2 = (LCy1 + 1j 2e (1-a2)12 / (AC).

The escape time 7 is given by:

1/t = 1/x g exp( - AE / KgT) ' (5)

where, in the overdamped case, i.e. € » 1, 1/15 = 02/(2nn). In the underdamped regime, i.e. €
« 1, two different cases can be considered 14. For £ > g, = KgT/2nAE, we have 1/15=0 /2x).
For extremely underdamped systems €< ¢c it has been found 1/1 o =n AE / KgT.

In the second section we supposed a sufficient high damping to avoid nltiple flux quanta
input or output from the loop when critical conditions for the current are reached. Here we
assume that the multiple flux quanta motion is avoided also for thermal excited jumps.



Moreover we suppose a sufficient low value of R and C to assure the overdamping regime for
the time escape. :

As shown in previous sections, for LIj » ®o the interactions between non adjacent loops
can be neglected, so that for the internal loops the current crossing the junctions depends only
on the difference between the fluxes linked with the two adjacent loops.

In the general case the barrier for a flux quantum jump between the two adjacent loops
depends not only on the junction common to the two loops but dlso on the other junctions
present in the two loops and on the currents flowing in them. However in a first approximation
we neglect the presence of these other junctions so that the barrier will be determined by Eq. 3.

In this way in the junction array in the presence of a magnetic induction B(r) in the
direction of the z axis, the decrease of the barrier is only proportional to the circulating shielding
currents, i.e. to the gradient of B(r) and the usual dependence of the effective pinning potential
on B(r) is not present. In fact, in type-II hard superconductors the dependenice on B(r) is due to
the existence of both bundles and Lorentz forces. The bundles arise by the existence of the
Abrikosov lattice with a strong vortex interaction for distances lower than the London
penetration depth.

In the Josephson junction array both the Abrikosov lattice and Loreritz forces do not exist,
so that the dependence of the driving force on the number of fluxons (i.e. to B(r) ) is not
present.

The behaviour of the normalized barrier AE/Eg as function of the normalized current I/j is
reported in Fig. 4. Following P.W. Anderson theory16 , as remarked by Beasley et al.17, in the
critical region of the current, where the probability of decay is maximized, the behaviour of
AE(o) can be approximated by a linear dependence.

AE /Eo=E'/Eo-{ o (6)

By the shape of the curve AE(a), shown in Fig. 4, both E/Eq and { will be
monotonically decreasing function of oc. Because o¢ depends both on the absolute value of
Eo(h.T) and T, then both E/Eq and { will be functions of h and T. Indeed for a given
temperature the increase of the magnetic field reduces the maximum of the Josephson current
according to the Fraunhofer pattern 18, reducing both E¢ and consequently oc. However
because the junction area is much smaller than the loops area, for a given external magnetic
field, during the decay of the magnetization, it can be reasonable to neglect the dependence of
Eo(h,T) on h. In this way o and consequently E' and { will be independent on h.

To derive the magnetization decay in the easiest way, the Tinkham argument can be
followed 19 : the logarithmic decay is a consequence of the equation :

dB/dt=- A exp(B/Bg) Q)

where A and Bg are constant. Eq. 7 is cotrect also in our model because by Eq. 5 the amount of
flux quanta coming out from the sample depends exponentially on the barrier AE, which by Eq.
6 decreases linearly with the current and of course with thie magnetization.

In fact, for simplicity, let us consider a cylindrical annular sample with radius R carried in
the critical state by the application and the subsequent removal of the magnetic field. If we
suppose negligible the dependence of the Josephson current on the magnetic field, the critical



current density can be considered constant. If the thickness AR of the ring is much smaller than
R , the flux flow density can be considered independent of the radius.

1.0‘_....lr...l....|,...|v«'.
08f -
[5’06— \\ 7
N [ RS
[£3) [ ~
< 04} RN -
L \\
02 &
0.0-|-|||||||In||||wninuln\t\n-
o 02 04 06 «,08 10
o

FIG. 4 - Dependence of the normalized barrier versus the normalized bias current.

In these conditions the number n(t) of flux quanta coming out of the sample per unit time
will be: n(t) = N /T, where T is given by Eq. 5 and N is the number of loops of the external
circumference: N = nR / d and d is the grain radius. In this way we obtain.

dB/dt = ~DoN/(R 2T) = ~Dg /(To R d) exp(-AE/KpT ) (8)

By substituting Eq. 6 into Eq. 8, the time dependence of B is related to the critical current
Ic in a single junction, which is proportional to the critical current density Je = Ic /d 2.

By Maxwell equations B = Jc F where F is a geometrical factor: F =4n/c AR[ (R - AR)?
+R AR 1/ R 2, 5o that the Eq. 7 is obtained with:

A =®dg / (ToR d) exp(- E/KBT)

©
Bo =(KpT/Eg)F1j/({d2)

Since by the previous statements the coefficients A and Bo are constant, by Eq. 9 the
-usual logarithmic decay of the magnetization follows.

Of course a more careful analysis should require the solution of the flux flow diffusion
equation. However, following the analysis of Beasley et al. 17, it is clear that the absence of the
explicit dependence on B do not modify the time decay but only the space dependence of B.

DISCUSSION AND CONCLUSIONS

In this work, by using a network of superconducting loops closed by Josephson junctions
as a model of a superconducting granular system, it is shown that the correct analysis has to
consider the shielding currents across the junctions. This is equivalent to consider the effect of



the magnetic field generated by the shielding currents themselves. This analysis conduced to the
existence of two parameters which determine the system behaviour:

a) LIj/®o=7 b) AE/KpT=T

which are respectively related to the possibility of trapping flux quanta into a sirigle loop of the
system, and to the stability of metastable states. The complete analysis should examine the
behaviout of the system in the y versus I plane.

This work is limited to the case y> 1, I' > 1 denominated strong coupling between grains.
Under these conditions we have shown that the presence of shielding currents on the junction
coupling plays a determinant role and appears to be the main difference among this approach
and the spin glass model. At a first sight, the spin glass approach is equivalent to our model
only in the limit of negligible currents. This condition is found or by approaching T to the
transition temperature or by increasing the magnetic field, since in both cases the irreversible
magnetization goes to zero.

However a close view of the potential of Fig. 2a, shows the existence of two barriers: the
first AE determines the metastable state decays, while the sécond AEj is the barrier necessary to
generate a 27 phase flip starting from the ground state. The difference AEj - AE = ®o2/2L is
the energy of a magnetic flux quantum entrapped into the loop corresponding to the 2z phase
slip. Only the limit ®02/3L < Eg, i.e. LIj » ®o , the magnetic field energy can be neglected
for low energy metastable states. Only in this limit the effect of the currents can be neglected.

Out of this limit, AE and AE{ may be very different. The energy barrier against the decay
of metastable states AE miay be smaller than KpT, while Eg remains much larger than KpT, so
that a more accurate analysis is necessary. Moreover, as previously stated, in the condition LIj
< ®o , the transition of a single flux quanta changes the electrical parametets not only in the two
loops affected by the transition. In this way the energy of the magnetic field introduces a
cotrelation effect among neighboring junctions so that, in the limit of LIj « ®o, the analysis of a
single loop is inadequate and a model similar to the distributed model 18 for long Josephson
junctions should be used.

Following the above discussion the spin glass approach appears to correctly describe the
irreversible to reversible transition only in the conditions LIj » ®o and Eo =~ KgT. However, in
spin glass models the barrier reduction is given by the path integral of the vector potential A
associated to the applied magnetic field which reduces the barrier height by means of the
frustration. On the contrary, the single loop analysis clearly shows that the barrier undergoes
the maximum reduction just in the complete shielding state where the path integral of A on the
closed loop is zero.

In conclusion, we have shown that the correct analysis of a granular system described by
the Josephson junction array model has to take explicitly into account the effect of the shielding
currents on the Josephson barriers. In the limit LIj » ®o for any loop of the system , and for
Eo > KT , the behaviour of a granular system is very similar to a type-II superconductor in
the presence of pinning centers. In spite of the absence of the Lorentz forces, the action of the
shielding currents flowing in the junctions reduces the pinning potential leading to a critical state
and thermally activated creep phenomena. The absence of bundles phenomena implies a non
direct dependence of the pinning potential on B; the absence of B dependence modifies only the
space dependence of the magnetization leaving the logarithmic time decay of the magnetization
unchanged.
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