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Induced paramagnetic states by localizedp loops in grain boundaries
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Recent experiments on high-temperature superconductors show a paramagnetic behavior localized at grain
boundaries~GBs!. This paramagnetism can be attributed to the presence of unconventionald-wave inducedp
junctions. By modeling the GBs as an array ofp and conventional Josephson junctions we determine the
conditions of the occurrence of the paramagnetic behavior.

DOI: 10.1103/PhysRevB.68.052505 PACS number~s!: 74.72.2h, 74.81.Fa, 75.20.2g
gh

te
e
n
a

on

tio
at
e

d,
e
d

w
t

s
e
a
e

r t
th

ue
n
-
n
fie
ev
B
-

ism
ca
l
ti
a
il

l
d is

x
r-

ter

dd
r-

ra-

to
an-

s

om
-

l

o

d.
The discovery of spontaneous currents in granular hi
Tc superconductors1–5 was a strong indication that ad-wave
symmetry of the order parameter is present in these ma
als. Indeed thed-wave scenario implies the possibility of th
existence of so-calledp junctions, i.e., Josephson junctio
formed between superconductors with unconventional p
ings which cause ap shift in the phase-current relation.6 A p
loop is an unconventional superconducting loop which c
tains an odd number ofp junctions. In zero field the ground
state of ap loop shows two energy degenerate magnetiza
states corresponding to two spontaneous current st
clockwise and counterclockwise. In a nonzero magnetic fi
these spontaneous currents act like orbital currents
paramagnetism.7 Therefore, if the sample were field coole
to permit the inner loops to ‘‘feel’’ the magnetic field, th
response would be paramagnetic, as indeed was foun
early works on the paramagnetic Meissner effect~PME! in
Bi2Sr2CaCu2O8 ~BSSCO! by Braunischet al.8 The PME was
also observed in different high-Tc ceramic materials.9

However, the presence of the PME in conventional lo
Tc samples shows that it cannot always be attributed
d-wave pairing.10 Recently experiments and simulation
were devised to test the relation between multiple conn
tiveness and the PME in conventional systems. A square
ray of low-Tc junctions was field cooled and shown to b
paramagnetic over a large interval of the magnetic field.11–13

These papers also proposed a qualitative explanation fo
effect based on the array multiple connectiveness rather
the presence of ap-junction. The effect of adding ap junc-
tion in square arrays was analyzed in Ref. 14.

The observation of spontaneous currents in YBa2Cu3O72x
~YBCO! biepitaxial 0°-90° tilt-tilt and twist-tilt grain bound-
ary ~GB! junctions5 indicates that paramagnetic effects d
to d-wave pairing could be observed in GBs. In Ref. 4 spo
taneous magnetic moments was observed both in highTc
films, where granularity or defects pin some vortices, a
along the GBs. Nevertheless, the sample response in
cooling was diamagnetic. A recent experiment by Il’ich
et al.15 found that YBCO biepitaxial 45° asymmetric G
junctions in~nominally! zero field cooling show a paramag
netic response at low field. The origin of this paramagnet
could be debated. Is this simply due to the presence of lo
ized p loops that will act similarly to two-dimensiona
systems,14 or can it be explained by means of paramagne
quasiparticle currents due to the existence of midg
states?16 Here we want explore the first alternative in deta
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In general a loop containingp Josephson junctions wil
have different magnetization states when a magnetic fiel
applied. If the junctions are identical the loop currentI n is
the solution of the following equation:17

I n

I 0
5sinF1

p S 2pn2kp22p f 2b
I n

I 0
D G , ~1!

wheren50,1, . . . ,p21 is the quantum number in the flu
quantization expression.f is the frustation equal to the exte
nal flux normalized to flux quantumF0 andb is the super-
conducting quantum interference devios parame
2pI 0L/F0 , with L the loop inductance andI 0 the critical
current of junctions in the loop. Varyingn gives different
families of independent solutions within a 2p phase
change.18 k is an index which is equal to 1 if there are an o
number ofp junctions in the loop, and equal to zero othe
wise.

For anyp the lowest energy solutions of Eq.~1! are dia-
magnetic for conventional loops and paramagnetic forp
loops.17 Whenb,1 we have only one solution in thep51
loop which is diamagnetic in the conventional loop and pa
magnetic in thep loop without spontaneous currents.3 But in
multijunctions loops (p.1) we can have more states due
the presence of nontrivial solutions when changing the qu
tum numbern. This implies thatp loops with, e.g.,p52 will
also show spontaneous currents for lowb ’s. Indeed for small
b the solutions of Eq. 1 can be written asg6.sin(6p/2
2p f )@12cos(6p/22p f )bL/2#. So, for f 50, we have two
opposite spontaneous currents. For 0, f ,1/2 the solution
g1 is positive ~paramagnetic! and g2 is negative~diamag-
netic!. Moreover,g1,g2 , giving a lower energy for the
paramagnetic solution.19

Small b p loops could likely be localized between GB
with different orientations along a junction20 or where face-
ting causes an imperfect not completely flat GB passing fr
a conventional junction to ap junction, or vice versa. Re
cently engineered ‘‘zigzag’’ arrays of mixedp/conventional
junctions have also been realized and measured.21,22 These
can be described as an array ofp loops separated by al
conventional or allp regions.23

In the following we will describe the GB as 1d array of
N11 Josephson junctions placed along it. Thep additional
phase is supposed to vary along the array giving arise tp
and conventional sections separated by localizedp loops
~see Fig. 1!.24,25 We assume that system is not disordere
©2003 The American Physical Society05-1
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The magnetization dynamics of thisN-loop system can be
described using the discrete sine-Gordon equation:26

w j ,tt1aw j ,t1~21!k( j )sinw j5
1

b
~w j 1122w j1w j 21!

1
2p

b
~ f j 12 f j 2!, ~2!

where w j is the phase of thej th junction in the GB,f j 6

5Fext, j 6 /F0 is the frustation in thej 6th loop preceding
(2) or following ~1! the j th junction; the indexk( j ) will be
0 for conventional junctions and 1 forp junctions. Times are
normalized with respect to the Josephson plasma freque
vJ , anda is the normalized conductance. To include boun
aries we setw05w1 , wN115wN12 , and f 05 f N1150. We
assumef j is a constant equal tof for 1, j ,N. This implies
that the magnetic field enters as boundary conditions on
two side loops of the array. The term 2p f /b1/2 is equal to the
normalized magnetic field at boundaryh52p/
F0•lLlJBext ~see Ref. 26!. Equation~2! is analogous to tha
deduced in the continuous limit by Goldobinet al. in Ref. 23
in the context of analysis of ‘‘zigzag’’ arrays. We note that
can be shown that Eq.~2! for N equal to 1 implies Eq.~1! for
p equal to 2.

To evaluate model parameters we now use experime
data on YBCO GB junctions.4,15 We remark that the mode
will apply mainly to these high-Tc systems with critical cur-
rent densities given in Ref. 5. The results can be equivale
valid for artificial zigzag arrays.21,22 In YBCO GB junctions
the Josephson lengthlJ is smaller than the GB physica
dimensionL, thus the normalized lengthl 5L/lJ is larger
than 1.4 The grain dimension along the GBDx is usually

FIG. 2. Simulated magnetization of anN563 Josephson junc
tion array with a singlep loop in the middle withbL50.04 and
a50.25: ~a! Diamagnetic solution with progressively increasin
magnetic fieldh top to bottom 0, 0.1, 0.2, 0.3, 0.4, 0.5~b! Para-
magnetic solution with progressively increasing magnetic fi
@same values as in~a!#.

FIG. 1. Mixedp/conventional one-dimensional Josephson ju
tion array with localizedp-loops ~half-gray!.
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smaller thanL, being roughly of 1mm for GB of Ref. 15 or
also less in other circumstances.27 The GB faceting is even
smaller, ranging around 0.1–0.01mm.2,15 A rough estimate
of b can be made identifyingb1/2 with the normalized length
of grain Dx/lJ .28 From Refs. 4 and 5 we foundlJ
;5 mm, which givesb.0.04. GB faceting will give also a
smallerb.

By integrating Eq.~2! we find the phases for all junctions
Initially the phases of conventional junctions are set to z
and the phases of thep junction top or 2p, which are the
stable equilibrium points of the single junction potentia
These two possible choices correspond to two different si
of the spontaneous current circulating aroundp loops.a was
set to 0.25, which is within the interval proposed in Ref. 2
We do not use a field cooling process as in Ref. 13 beca
initial conditions naturally set out diamagnetic or parama
netic solutions as in the single loop. In the absence of a b
current, the system naturally sets in a static equilibrium
lution ~ground state23! after a few plasma periods. Then th
local magnetization is evaluated by

mj5
F tot, j

F0
2

Fext

F0
5

Dw j

2p
2 f , ~3!

whereDw j5w j 112w j , and the mean magnetization by

m5
1

N ( mj5
1

N

( Dw j

2p
2 f 5

Dw

2pN
2 f , ~4!

whereDw5wN112w1 . In the absence of an external ma
netic field the magnetization for a single localizedp loop in
the array center~asymmetric 02p junction24! has the shape
reported in Fig. 2~topmost curves!, where the two spontane
ous magnetizations are shown for aN563 loop array with
b50.04. The shape is very similar to that of the ‘‘hal
fluxon’’ obtained in the continuous approach23 due to rela-
tively small b. In Fig. 2 the effect of the magnetic fiel
increase on the spontaneous magnetizations is also sh
The magnetic field breaks the symmetry of two solutio
one is paramagnetic and the other diamagnetic. With the
crease of the magnetic field the magnetization of the pa
magnetic state is progressively reduced due to the scree
diamagnetic currents that are generated at the boundary.
same currents add to the magnetization of the diamagn
state, giving a larger diamagnetic magnetization.

In Fig. 3 the mean magnetization for an array with
singlep loop is reported~circles!. We note that magnetiza
tion of paramagnetic state is zero at a threshold fieldh*
.0.29. The linear decrease of mean is similar to that
served for~large b) single loops.17 For the parameters o
Fig. 2 the physical threshold field isB* ;38 mG with thelL
given in Ref. 4.

In Fig. 4~a! we report the magnetization pattern in a
array ofN5255 loops with 15 localizedp loops. According
to Ref. 23 flux quanta are sufficiently separated here to s
stable, the~minimum! length of conventional orp sections
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being Dx/lJ.4.64. The solution shows seven positiv
negative pairs of half flux quanta plus an unpaired half fl
quantum. In Fig. 4~a! the unpaired half flux quantum is pos
tive, so the solution is paramagnetic. An analogous diam
netic solution exists when the unpaired half flux quantum
negative. Evenp-loop configurations have zero spontaneo
magnetization and are diamagnetic in small fields. Unpa
paramagnetic half flux quanta can be induced in the sam
by a ~moderate! field cooling process in a small field, simila
to Ref. 4. The behavior of the mean magnetization is
ported Fig. 3. Both the spontaneous magnetization
threshold field are very small in this case. With the abo
data we findB* ;7.6 mG. In the same Fig. 4 we also repo
the case in which ten@Fig. 4~b!# and 12~Fig. 4c! p loops
have initial paramagnetic magnetizations, which corresp
to a stronger field cooling effect.29 The corresponding mea
magnetizations are again reported in Fig. 3. The mean m
netization for 12 paramagneticp loops becomes zero a
h* .0.6, which corresponds toB* ;80 mG.

For the sake of clarity and brevity, the results sho
above have been obtained in the absence of disorder. D
der has to be taken into account when we aim to desc
high-Tc materials, and this will be the subject of future i
vestigations. Here we just observe that disorder can loc
change the penetration length altering the section len
Dx/lJ and/or permitting larger screening currents in t
sample. A smallDx/lJ implies that ‘‘currentless’’~constant
phase! states can occur23,25 without spontaneous current
These facts, together with the small values of the ab
threshold fields, imply that it should be not surprising th
also in moderate fields, the state is diamagnetic.4 Therefore,
the presence~or absence! of spontaneous currents would n
longer be strictly correlated with paramagnetism. In Ref.
paramagnetism actually appears without measurable spo

FIG. 3. Mean magnetizations of both paramagnetic~upper
curve! and diamagnetic~lower curve! solutions for Josephson junc
tion mixed arrays. For all curvesa50.25 andb50.04: s N563
with a singlep-loop; L N5255 with 15 p loops and one odd
paramagnetic half flux quantum;n N5255, with 15p loops and
ten paramagnetic half flux quanta;h N5255, with 15p loops and
12 paramagnetic half flux quanta.
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neous currents in scanning SQUID microscope imag
However independently of the presence or absence of s
taneous currents, the above paramagnetic states shou
different from the quasiparticle paramagnetism induced
midgap states. Indeed the midgap induced paramagnetis
independent on the system dimension, so it would also
pear for very small submicron GB junctions, wherep loops
likely will not appear. On the other hand, the presence op
loops can be revealed in other ways, using, for exam
transport properties of GB junctions.30

In conclusion localizedp loops in GBs can show both
spontaneous magnetization and a paramagnetic behavior
samples large with respect to the penetration depth, imply
a low b for each loop, paramagnetism exists in a relative
narrow region just near the zero field. In the absence of
nificant field cooling effects the energy difference betwe
diamagnetic and paramagnetic fundamental state solut
can be very small, so the observation of paramagnetism
be difficult or strictly depend on the particular sample. Mor
over in high-Tc materials disorder can easily hinder th
above picture. It is simpler to probe paramagnetic and d
magnetic states similar to that reported in Fig. 2 for en
neered systems ofp loops, as recently reported in Ref. 22 fo
two-dimensional systems.
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tions. I must also thank E. Goldobin for having shown m
his work. We acknowledge financial support from MIU
COFIN2000 project ‘‘Dynamics and Thermodynamics
vortex structures in superconductive tunneling.’’

FIG. 4. Simulated magnetization of aN5255 Josephson junc
tion 15p-loop array withbL50.04 anda50.25: ~a! Solution with
one unpaired paramagnetic half flux quantum; top curveh50; bot-
tom curve h50.1. ~b! Solution with ten paramagnetic half flu
quanta; top curveh50, bottom curveh50.5; ~c! Solution with 12
paramagnetic half flux quanta; top curveh50 bottom curveh
50.7.
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