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Induced paramagnetic states by localizeds loops in grain boundaries
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Recent experiments on high-temperature superconductors show a paramagnetic behavior localized at grain
boundarieSGBs). This paramagnetism can be attributed to the presence of unconvemtioaale inducedr
junctions. By modeling the GBs as an array ®fand conventional Josephson junctions we determine the
conditions of the occurrence of the paramagnetic behavior.
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The discovery of spontaneous currents in granular high- In general a loop containing Josephson junctions will
T. superconductots® was a strong indication thatdawave  have different magnetization states when a magnetic field is
symmetry of the order parameter is present in these materapplied. If the junctions are identical the loop curréptis
als. Indeed thel-wave scenario implies the possibility of the the solution of the following equatioH:
existence of so-calledr junctions, i.e., Josephson junction
formed between superconductors with unconventional pair- In |1 In
ings which cause a shift in the phase-current relati§m 7 ) 2mn—kmw—2mf _'BE
loop is an unconventional superconducting loop which con- ) )
tains an odd number af junctions. In zero field the ground Wheren=0,1,... p—1 is the quantum number in the flux
state of ar loop shows two energy degenerate magnetizatiorfiuantization ex.pressmlfus the frustation equr_;tl to the exter-
states corresponding to two spontaneous current stated@l flux normalized to flux quantur, and 8 is the super-
clockwise and counterclockwise. In a nonzero magnetic fiel¢onducting — quantum interference ~ devios —parameter
these spontaneous currents act like orbital currents i#7lol/®q, with L the loop inductance ant the critical
paramagnetism Therefore, if the sample were field cooled, current of junctions in the loop. Varying gives different
to permit the inner loops to “feel” the magnetic field, the families of independent solutions within a2 phase
response would be paramagnetic, as indeed was found Fhange'kis an index which is equal to 1 if there are an odd
early works on the paramagnetic Meissner eff@VIE) in ngmber ofsr junctions in the loop, and equal to zero other-
Bi,Sr,CaCuyOg (BSSCQ by Braunischet al® The PME was ~ Wise.
also observed in different high; ceramic materials. For anyp the lowest energy solutions of E(l) are dia-

However, the presence of the PME in conventional low-magnetic for conventional loops and paramagnetic for
T, samples shows that it cannot always be attributed td00ps:’ WhenB<1 we have only one solution in the=1
d-wave pairing%o Recently experiments and simulations |00p which is diamagnetic in the conventional |00p and para-
were devised to test the relation between multiple connecMagnetic in ther loop without spontaneous curreritBut in
tiveness and the PME in conventional systems. A square amultijunctions loops p>1) we can have more states due to
ray of low-T junctions was field cooled and shown to be the presence of nontrivial solutions when changing the quan-
paramagnetic over a large interval of the magnetic fiti#®  tum numbem. This implies thatr loops with, e.g.p=2 will
These papers also proposed a qualitative explanation for tHso show spontaneous currents for |6t. Indeed for small
effect based on the array multiple connectiveness rather thaf the solutions of Eg. 1 can be written s =sin(+m/2
the presence of a-junction. The effect of adding & junc-  — 7f)[1—cos(tw/2— =f) B /2]. So, forf=0, we have two
tion in square arrays was analyzed in Ref. 14. opposite spontaneous currents. Forf0<1/2 the solution

The observation of spontaneous currents in XBa0,;_, Y+ is positive (paramagneticand y_ is negative(diamag-
(YBCO) biepitaxial 0°-90° tilt-tilt and twist-tilt grain bound- netio. Moreover,y,<y_, giving a lower energy for the
ary (GB) junctions indicates that paramagnetic effects dueparamagnetic solutiok?,
to d-wave pairing could be observed in GBs. In Ref. 4 spon- Small 8 7 loops could likely be localized between GBs
taneous magnetic moments was observed both in Tjgh- with different orientations along a junctithor where face-
films, where granularity or defects pin some vortices, anding causes an imperfect not completely flat GB passing from
along the GBs. Nevertheless, the sample response in fiell conventional junction to a junction, or vice versa. Re-
cooling was diamagnetic. A recent experiment by Il'ichevcently engineered “zigzag” arrays of mixes/conventional
et all® found that YBCO biepitaxial 45° asymmetric GB junctions have also been realized and measti&dThese
junctions in(nominally) zero field cooling show a paramag- can be described as an array ofloops separated by all
netic response at low field. The origin of this paramagnetisnconventional or alkr regions??
could be debated. Is this simply due to the presence of local- In the following we will describe the GB asdlarray of
ized 7 loops that will act similarly to two-dimensional N+ 1 Josephson junctions placed along it. Thedditional
systems or can it be explained by means of paramagnetiqphase is supposed to vary along the array giving arise to
quasiparticle currents due to the existence of midgamnd conventional sections separated by localizedbops
states? Here we want explore the first alternative in detail. (see Fig. 124?° We assume that system is not disordered.
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smaller tharl, being roughly of Jum for GB of Ref. 15 or
also less in other circumstancésThe GB faceting is even
_ _ _ _ ~smaller, ranging around 0.1-0.@dm.>*° A rough estimate
_ FIG. 1. I\/_leedw/gonventlonal one-dimensional Josephson junc- ¢  can be made identifying“z with the normalized length
tion array with localizedr-loops (half-gray). of grain Ax/\, 28 £rom Refs. 4 and 5 we found ;
~5 um, which givesB=0.04. GB faceting will give also a
smaller 3.
By integrating Eq(2) we find the phases for all junctions.
_ 1 Initially the phases of conventional junctions are set to zero
@it a(p]-’t-l-(—l)k(])simpjZE((le—Z(pj-l-goj,l) and the phases of the junction to 7 or — 7, which are the
stable equilibrium points of the single junction potential.
These two possible choices correspond to two different signs
+ F(fﬁ —fi-), (2)  of the spontaneous current circulating arountbops.a was
set to 0.25, which is within the interval proposed in Ref. 23.
where ¢; is the phase of thgth junction in the GB,f;- We do not use a field cooling process as in Ref. 13 because
=Dy ;= /Dy is the frustation in the “th loop preceding initial conditions naturally set out diamagnetic or paramag-
(=) or following (+) the jth junction; the indeX(j) will be  netic solutions as in the single loop. In the absence of a bias
0 for conventional junctions and 1 far junctions. Times are current, the system naturally sets in a static equilibrium so-
normalized with respect to the Josephson plasma frequendytion (ground stat®) after a few plasma periods. Then the
w;, andea is the normalized conductance. To include bound-local magnetization is evaluated by
arieS we Setp(): P11y PN+1~ PN+2 and f():fN+1:0. We
assumef; is a constant equal tbfor 1<<j<N. This implies i Doy Ao
that the magnetic field enters as boundary conditions on the m; =2 __=__—T_g 3
two side loops of the array. The termr2/ 8¥?is equal to the Py P 2w
normalized magnetic field at boundaryn=2mu/
@y N\ jBey (see Ref. 2B Equation(2) is analogous to that WhereAg;=¢;.;—¢;, and the mean magnetization by
deduced in the continuous limit by Goldokghal. in Ref. 23
in the context of analysis of “zigzag” arrays. We note that it
can be shown that E¢?) for N equal to 1 implies Eq1) for 1
p equal to 2. m= < > m;=
To evaluate model parameters we now use experimental N
data on YBCO GB junction$® We remark that the model
will apply mainly to these highF, systems with critical cur- WhereAe= ¢y, 1—¢;. In the absence of an external mag-
rent densities given in Ref. 5. The results can be equivalentipetic field the magnetization for a single localizedoop in
valid for artificial zigzag array&-?2In YBCO GB junctions the array centefasymmetric 0- 7 junctiort’) has the shape
the Josephson length; is smaller than the GB physical reported in Fig. AZtopmost curves where the two spontane-
dimensionL, thus the normalized length=L/\; is larger ~Ous magnetizations are shown foNa=63 loop array with
than 1¢ The grain dimension along the GBx is usually ~B=0.04. The shape is very similar to that of the “half-
fluxon” obtained in the continuous appro&chiue to rela-
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The magnetization dynamics of thid-loop system can be
described using the discrete sine-Gordon equéfion:
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0.05 tively small 8. In Fig. 2 the effect of the magnetic field
w5 |em increase on the spontaneous magnetizations is also shown.
The magnetic field breaks the symmetry of two solutions:
003 one is paramagnetic and the other diamagnetic. With the in-
crease of the magnetic field the magnetization of the para-
. magnetic state is progressively reduced due to the screening

diamagnetic currents that are generated at the boundary. The
same currents add to the magnetization of the diamagnetic
000 state, giving a larger diamagnetic magnetization.

In Fig. 3 the mean magnetization for an array with a

0.01

Magnetization

-0l single 7 loop is reportedcircles. We note that magnetiza-
oo A dom tion of paramagnetic state is zero at a threshold figfd
10 20 30 40 30 60 10 20 30 40 50 60 =0.29. The linear decrease of mean is similar to that ob-
Section Section served for(large B) single loops-’ For the parameters of

FIG. 2. Simulated magnetization of af=63 Josephson junc- Fi9- 2 the physical threshold field B* ~38 mG with thex
tion array with a singler loop in the middle with3, =0.04 and  9IV€N In Ref. 4. o _
a=0.25: (a) Diamagnetic solution with progressively increasing N Fig. 4@ we report the magnetization pattern in an
magnetic fields top to bottom 0, 0.1, 0.2, 0.3, 0.4, 0(b) Para-  array ofN=255 loops with 15 localizedr loops. According
magnetic solution with progressively increasing magnetic fieldto Ref. 23 flux quanta are sufficiently separated here to stay
[same values as i(@)]. stable, theminimum) length of conventional orr sections
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FIG. 3. Mean magnetizations of both paramagndtipper -0.04+
curve and diamagnetiflower curve solutions for Josephson junc-
tion mixed arrays. For all curves=0.25 andB=0.04: O N=63 .
with a single 7-loop; ¢ N=255 with 15 loops and one odd Section
paramagnetic half flux quanturdy N= 255, with 157 loops and
ten paramagnetic half flux quanta; N=255, with 157 loops and
12 paramagnetic half flux quanta.

FIG. 4. Simulated magnetization of =255 Josephson junc-
tion 15 7r-loop array withB, =0.04 anda=0.25: (a) Solution with
one unpaired paramagnetic half flux quantum; top cuywe0; bot-
tom curve »=0.1. (b) Solution with ten paramagnetic half flux
being Ax/\;=4.64. The solution shows seven positive- quanta; top curve;=0, bottom curvep=0.5; (c) Solution with 12
negative pairs of half flux quanta plus an unpaired half fluxparamagnetic half flux quanta; top cur#ge=0 bottom curve
guantum. In Fig. &) the unpaired half flux quantum is posi- =0.7.

tive, so the solution is paramagnetic. An analogous diamag- _ . . :
netic solution exists when the unpaired half flux quantum ig'€0US currents in scanning SQUID microscope images.

negative. Evenr-loop configurations have zero spontaneousH?\Vggxgréﬂ?riﬂisndtehn:ég;\%e pa[fasrﬁgcﬁeotircaks)tsaetggesﬁfoilpdorge
magnetization and are diamagnetic in small fields. Unpaireéa ' P 9

paramagnetic half flux quanta can be induced in the samplgiﬁerent from the quasipartic_:le paramagnetism inducegl by_
by a(moderatgfield cooling process in a small field, similar midgap states. Indeed the midgap induced paramagnetism Is

to Ref. 4. The behavior of the mean magnetization is re_independent on the system dimension, so it would also ap-
ear for very small submicron GB junctions, wherdoops

ported Fig. 3. Both the spontaneous magnetization an )
threshold field are very small in this case. With the abov Ikely will not appear. On the other hand, the presencerof

data we findB* ~7.6 mG. In the same Fig. 4 we also report oops can be revealed in other ways, using, for example,

the case in which tefiFig. 4(b)] and 12(Fig. 40 = loops transport properties of GB junctioris.

have initial paramagnetic magnetizations, which correspong (I)?]tgﬂggluj%g I?]Ce?"iet%ﬁn l;?gsa 'nagﬁ]i Cr?gt'sr;)(zevr\iab%? For
to a stronger field cooling effeé?. The corresponding mean P u gnetizatl P gnet VIor-

magnetizations are again reported in Fig. 3. The mean ma amples large with respect to the penetration depth, implying

netization for 12 paramagnetic loops becomes zero at na::)r\gl \,63 r]:-:-orisr?ggsior?gérptir:r:;%nfei}glzm|rf):ﬁ;salgsaelnrftlaag;/gy-
7*=0.6, which corresponds 8* ~80 mG. gion | ’ 9

For the sake of clarity and brevity, the results ShoWnnificant field cooling effects the energy difference between

above have been obtained in the absence of disorder. Disoqjamagnetic and paramagnetic fundamental state s.olutions
an be very small, so the observation of paramagnetism can

der has to be taken into account when we aim to describ%e difficult or strictly depend on the particular sample. More-
high-T, materials, and this will be the subject of future in- S y aep . P ; pie.
ver in highT, materials disorder can easily hinder the

vestigations. Here we just observe that disorder can locall bove picture. It is simpler to probe paramaanetic and dia-
change the penetration length altering the section lengt P - [L1S simp P paramag ;
magnetic states similar to that reported in Fig. 2 for engi-

Ax/\; and/or permitting larger screening currents in the .
sample. A smallAx/\; implies that “currentless(constant neere.d systems of loops, as recently reported in Ref. 22 for
two-dimensional systems.

phas¢ states can occfit?® without spontaneous currents.
These facts, together with the small values of the above | warmly thank F. Tafuri, F. Lombardi, C. De Leo, P.
threshold fields, imply that it should be not surprising that,Barbara, and C. J. Lobb for useful discussions and sugges-
also in moderate fields, the state is diamagrieliberefore, tions. | must also thank E. Goldobin for having shown me
the presencéor absenceof spontaneous currents would no his work. We acknowledge financial support from MIUR
longer be strictly correlated with paramagnetism. In Ref. 15COFIN2000 project “Dynamics and Thermodynamics of
paramagnetism actually appears without measurable spontaertex structures in superconductive tunneling.”
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