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Paramagnetic effect in YBa2Cu3O7Àx grain-boundary junctions
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A detailed investigation of the magnetic response of YBa2Cu3Ox grain-boundary Josephson junctions has
been carried out using both radio-frequency measurements and scanning superconducting quantum interference
device microscopy. In a nominally zero-field-cooled regime we observed a paramagnetic response at low
external fields for 45°asymmetricgrain boundaries. We argue that the observed phenomenology results from
the d-wave order-parameter symmetry and depends on Andreev bound states.
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Superconductors below the transition temperatureTc usu-
ally expel an external magnetic field. This phenomen
known as the Meissner effect, leads to diamagnetism. It
therefore quite unexpected that a paramagnetic Meissne
fect ~PME! was observed in a field-cooled regime for c
ramic Bi2Sr2CaCu2O8 ~Refs. 1 and 2! ~BiSCCO!. For an
explanation, it was proposed that belowTc there are ran-
domly distributed spontaneous orbital currents in
sample.1,3 These currents can be oriented by an exter
magnetic field, providing a paramagnetic signal. Sigrist a
Rice4 pointed out that the spontaneous orbital currents can
caused by adx22y2-wave symmetry of the superconductin
state. Indeed, thed-wave scenario predicts the existen
of Josephson junctions~JJs! in which the Josephson energ
reaches a minimum for a phase difference across the junc
at f5p (p contact!. In ceramic high-Tc superconductors
~HTSs! the grains can form loops which contain od
numbers ofp contacts, so-called frustrated loops.4 In such
a system the energy is minimized by a configuration with
spontaneous current flowing in the loop.5 In particular,
for a p contact with a ‘‘conventional’’ current-phase relatio
ship I 5I csin(f1p) inserted in a loop, the gain in Josephs
energy exceeds the loss of magnetic energy when the pa
eter b satisfies b52pLI c /F0.1, where F0 is the
flux quantum,I c is the critical current, andL is a loop induc-
tance. However, a paramagnetic signal in the field-coo
regime has also been observed for conventio
superconductors.6,7

In order to distinguish between different origins of par
magnetism Rice and Sigrist8 proposed to detect spontaneo
orbital currents with the use of a superconducting quan
interference device~SQUID! microscope for zero-field-
cooled samples. In a granular BiSCCO sample exhibitin
paramagnetic signal, spontaneous magnetization has in
been observed.9 The PME and the presence of spontaneo
currents therefore represent two of the main features indu
by the d-wave order-parameter symmetry in HTSs. A co
parative study of these phenomena on a more controlled
tem, such as a grain-boundary~GB! line, could shed addi-
tional light on the relation between these effects and th
influence on the properties of the grain-boundary Joseph
junctions~GBJJs!.
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In this paper, we give evidence of paramagnetic behav
for zero-field-cooled asymmetric 45° YBa2Cu3Ox ~YBCO!
GBJJs. The paramagnetic signal, that has been previo
observed in two-dimensional systems, has been in this c
detected in a single GB line and related to basic mechani
in HTS JJs. Apart from conventional transport properties a
scanning SQUID microscopy~SSM! measurements, we ex
ploited radio-frequency measurements, which are very se
tive and provide a direct test for paramagnetic signals
demonstrated below. This is a further manifestation of
d-wave nature of the order parameter, but it is also relev
for the understanding of transport across GBJJs and in
ticular on the incidence of Andreev bound states.

The idea of the rf measurements is the following. T
sample of interest is inductively coupled to a high-qual
~quality factor Q'300) parallel resonant circuit of induc
tanceLT and capacitanceCT . Experimentally this is realized
by a ‘‘flip chip’’ configuration—the sample is placed on th
top of a small solenoid coil perpendicular to its axis. F
such an arrangement, the effective impedance of the t
circuit coupled to the sample is a function of the extern
magnetic fieldHe applied to the sample. This field consis
of a dc and an rf component as induced by a currentI dc ~in
fact of very low frequency! and an rf oscillating currentI r f in
the tank coil, henceHe5Hdc1Hr f . In order to avoid the
nucleation of rf ‘‘vortices’’ and other nonlinear effects, th
amplitude ofHr f is small, so thatHr f !Hc1 , Hdc whereHc1
is the first critical field, thereforeHe>Hdc . If Le f f(Hdc) and
Re f f(Hdc) are the effective inductance and the effective
sistance of the tank circuit-sample system, respectively,
phase anglea between the drive currentI r f and the tank
voltageU is given by

tana5
1

Re f f~Hdc!
•F 1

vCT
2vLe f f~Hdc!G . ~1!

It follows from Eq. ~1! for Hdc50 and at the resonanc
frequencyv051/ALe f f(0)CT that the parametera is zero.
Therefore, by monitoringa as a function ofHdc at the fre-
quencyv0, theLe f f(Hdc) dependence can be obtained@note
that Re f f(Hdc) dependence is controlled independently,
©2003 The American Physical Society10-1
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E. IL’ICHEV et al. PHYSICAL REVIEW B 68, 014510 ~2003!
measuring the quality factorQ of the tank circuit-sample
system#. If Re f f5RT does not depend onHdc then tana can
be written as

tana52k2Qxm , ~2!

wherek is the coupling coefficient between the tank coil a
the sample, andxm is the ac magnetic susceptibility of th
sample. In the experiments, we are obviously interested
the regimexmÞconst, the only configuration able to provid
significant information. Let us analyze Eq.~2! nearHe50.
When the supercurrent induced by an externally applied fi
is diamagnetic, a change ofxm,0 will result in a local
maximum in a(He). Similarly, a local minimum of the
a(He) curve indicates a paramagnetic response (xm.0).

The simplest system which exhibits a similar behavior
the well-known rf SQUID. The sensor of this device is
Josephson junction inserted in a superconducting loop. If
inductanceL of the loop is relatively small~so thatb,1),
the a(Hdc) dependence has a local maximum atHdc50
~see, for example, Ref. 11!. Due to the induced current in th
sensor, the magnetic fluxF i inside the loop satisfiesF i
,Fe , whereFe is an applied external flux. Therefore, th
magnetic response is diamagnetic. If, instead of a conv
tional junction, ap contact is inserted in the same sensor,
a(Hdc) dependence has a local minimum atHdc50 and
F i.Fe , providing a paramagnetic response. The phase s
a can be obtained from Eq.~2! defining xm5dF i /dFe
21.10 The value ofk2Q allows the estimation of the resolu
tion of the rf measurement, in this case of the order of a f
percent of the flux quantum.

As we discussed above, within the framework of t
d-wave scenario, extrinsic effects such as faceting can pl
relevant role in the determination of the properties of
junctions and can contribute in particular to causing spon
neous currents and/or a paramagnetic effect. In the case
strongly meandering interface, the GB exhibits a rand
parallel array of 0 andp contacts. This is somehow th
analog of the explanation of the PME in BiSCCO crystals
the one-dimensional case of a GB line (p-loops model!. An
alternative mechanism of the PME can be given in terms
the midgap states~MGS! and surface properties ofd-wave
superconductors~MGS model!. In this case, the MGS mode
is valid even for flat interfaces of ad-wave superconductor

The interplay between the PME and superconductiv
apart from being an interesting topic itself ond-wave-
induced effects, may be crucial to improve understanding
transport properties of GBs. It has been demonstrated
GB transport properties strongly depend on the quality of
substrate,12 the thin film, and the type of growth. This led t
apparently conflicting behaviors in a wide spectrum of tra
port regimes. Zigzag Nb-Au-YBCO junctions isolated t
effect of facets by investigating the presence of spontane
currents and anomalous magnetic patterns.13 We intend to
reach the other limit by investigating a morphology wi
nominal, very reduced faceting, and low barrier transpare
To this aim we employed biepitaxial junctions, whe
‘‘clean’’ basal plane GBs can be reproducibly obtained.
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The biepitaxial technique allows the fabrication of vario
GBJJs by growing different seed layers and using substr
with different orientations.14,15 In this experiment we have
used CeO2 as a seed layer material deposited on~110!
SrTiO3 substrates. Details of the fabrication procedure c
be found elsewhere.15 YBCO grows along the@001# direction
on CeO2 seed layers, while it grows along the@103#/@013#
direction on SrTiO3 substrates. By using CeO2 as a seed
layer we were able to induce a 45° rotation of thea-b plane
of the YBCO with respect to the in-plane direction of th
SrTiO3 substrate, and as a consequence thep contact is
formed.16 The measurements shown below are for the cas
which a 45°c-axis tilt accompanies the 45°a-axis tilt @Fig.
1~a!#. This configuration, in principle, leads to interface
where effects due to faceting can be very reduced, as sho
for instance, in the scanning electron microscope image
Fig. 1~b!, and the relative sketch of Fig. 1~c!. For biepitaxial
junctions in the tilt case,14 the YBCO growth kinetics and the
junction interface orientation determine that the long side
the @103# grains faces thec-axis counterelectrode, and th
leads to a more controlled GB~basal plane GB!. This has
been confirmed by cross-section transmission electron
croscope investigations.14

The sample originally had a typical SQUID geomet
with a central hole of 50mm350 mm. rf and SSM measure
ments were performed on a configuration where one of ju
tions was removed and the other was reduced to ab
60 mm.

Results of rf measurements as a function of an extern
applied magnetic field at the temperature range fromT
54.2 K up to 40 K are presented in Fig. 2 for nominal
zero-field-cooled samples~the rest field is below 0.2 mOe!.
The sharp minimum atHdc50 in Fig. 2 represents an un
usual feature with respect to most GB systems, which exh
a maximum for zero field. The minima at a finite magne

FIG. 1. ~Color online! ~a! Sketch of the investigated biepitaxia
grain boundary where a 45°c-axis tilt accompanies the 45°a-axis
tilt; ~b! scanning electron microscope image relative to this GB. T
elongated grains on the left typical of the~103! growth may gener-
ate clean interfaces with reduced faceting, as evident also in~c!.
0-2
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PARAMAGNETIC EFFECT IN YBa2Cu3O72x GRAIN- . . . PHYSICAL REVIEW B 68, 014510 ~2003!
field are originated by the redistribution of the magnetic fl
into the GB, as extensively discussed in Ref. 17.

According to the discussion above, the minimum ofa at
Hdc50 is direct evidence of paramagnetic behavior of t
type of GB. Furthermore the paramagnetic response was
sent after the removal of YBCO from the GB region, de
onstrating that the effect is only due to the GB. In oth
words we just repeated the same measurement on the
sample after removing only a narrow region of YBCO alo
the grain-boundary line in order to prove that the param
netic signal was caused by the grain boundary and not by
uncontrolled environmental reason~substrate or sample
holder! or possible impurities in the YBCO thin film far from
the GB line. The absence of hysteresis fora(Hdc) depen-
dence with respect to external field means that there is
spontaneous surface current or flux generated in the GB.
is analogous to the situation in a rf SQUID withp contact
for b,1. In the case of finite fluctuations the jumps ofF i
can occur with a certain probability whenFe falls in a hys-
teresis region.18 When the distribution width of the jump
probability is larger than the width of the hysteresis, the fl
jumps many times during the measurements. As a result
apparent time-averagedF i(Fe) dependence presents a fini
slope rather than hysteresis even forb.1 ~see Fig. 3!. This
situation has already been observed experimentally.19

Detailed insight into the problem of the paramagnetic
fect and of spontaneous currents in facetted GBs has b
provided in Refs. 20 and 21. In this model the current den
j S(x) (x is the coordinate in the plane of the contact! is a
random and alternating function ofx, j c(x)5^ j c&@1
1g0f (x)# with ^ f (x)&50, max@f(x)#51, and g0
5max@ jc(x)/^jc&#. The length scalel of g(x) variations is of
the order of the grain-boundary meandering typicallyl is in
the range of 0.01–0.1mm.21 For a conventional current
phase relationshipj c(x)5^ j c&sinw(x), the properties of the
GBJJ are determined by the parameter20 g5g0

2l 2/8p2L j
2 .

Here L j5(cF0/16p2l^ j c&)
1/2 is the effective Josephso

penetration depth andl is the London penetration depth
Within this model, forg,1 there is no created flux in th
GBJJ and the microjunctions stay in a ‘‘excited currentle

FIG. 2. The phase anglea as a function of the external magnet
field applied perpendicular to the substrate of a 65-mm-wide bridge
across an asymmetric 45° YBa2Cu3Ox grain boundary. From top to
bottom the data correspond toT540, 30, 20, 10, and 4.2 K. The
data are vertically shifted for clarity.
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state.’’22 In principle, such junctions can exhibit a parama
netic response. Wheng.1 there is flux generated in th
GBJJ. Qualitatively, this requirement is similar to the con
tion b.1 for the rf SQUID, as discussed above. Thus t
same arguments concerning thermal fluctuations can
made for our experiments. If atFe50 and T50 there is
spontaneous flux in the GB, one should observe hysteres
the F i(Fe) dependence~see Fig. 3, curve 1!. However, at
finite temperature, fluctuations wash out the hysteresis, th
fore there is no spontaneous current~see Fig. 3, curve 2!. The
above scenario relies on a macroscopic approach to the
which is a random array of parallel 0 andp junctions, i.e.,
the ‘‘extrinsic’’ effect of faceting.

The other possible scenario is based on microscopic a
ments, and mainly on mechanisms based on Andreev re
tion at the surface.23–26 The d-wave symmetry of the gap
leads to the formation of the surface state at zero ene
~so-called midgap states27!. These MGS are degenerate wi
respect to the direction along the surface of the superc
ductor (6ky). Any mechanism which is able to split th
MGS will lower the energy of the system.28 The splitting of
the MGS leads to spontaneous currents along the surface
therefore to time-reversal symmetry breaking.

Different mechanisms of the MGS splitting were pr
posed in the literature~see Ref. 26, and References therei!.
Apart from suggestions based on the presence of an im
nary component of the order parameter~such asd6 is, see,
for example, Ref. 29!, there are at least two scenarios bas
only on pured-wave symmetry of the order parameter.

The former scenario takes into account the Josephson
fect. For an asymmetric 45° GBJJ the energy of the M
can be written as23

«MGS~w,ky!52sgn~ky!E0~q!sin~w!, ~3!

where E05DLuDRuD(q)/$2uDLu1D(q)@ uDRu2uDLu#%,
D(q) is the angle-dependent barrier transparency, andDL ,
DR are superconducting energy gaps for the angleq
5arcsinky /kF in the left and right superconductor, respe
tively. For an asymmetric 45° GBJJ the Josephson ene

FIG. 3. Schematic drawings of time-averaged magnetic flux
side the GB vs applied magnetic flux~1! without thermal fluctuation
and ~2! with large thermal fluctuation.
0-3
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FIG. 4. ~Color! Scanning SQUID microscopy image of~a! a 2003200-mm2 area, enclosing the tilt GB; the sample was cooled in ze
magnetic field;~b! a 6003400-mm2 area, enclosing the tilt GB; the sample was cooled in a small magnetic field. Both images refer
sample measured by rf techniques, and the grain-boundary junction is indicated by a dotted line. In all images, taken atT54.2 K, there is
no evidence of spontaneous currents. In~b! the superconducting nature of both electrodes is proven by the presence of Abrikosov vo
which appear elongated in the~103! electrode.
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minimum corresponds to the equilibrium phase differen
across the junctionw5p/2 which leads to the splitting of the
MGS.30 Hence, the spontaneous paramagnetic current fl
in the surface layer;j0. This current is screened by th
Meissner supercurrent on the scale ofl and the system pay
for the gain in the Josephson energy at the expense o
energy of the magnetic field.

Within the framework of the latter scenario the free s
face of ad-wave superconductor has been found to be
sponsible for the appearance of the paramagnetic effec
this case the paramagnetic quasiparticle current tries to c
pensate the Meissner supercurrent.25 As a matter of fact the
supercurrent causes a redistribution of quasiparticles ik
space due to the shiftEk5Ek

01pk•vs in the quasiparticle
excitation energy, whereEk

0 is the excitation energy in the
absence of a supercurrent,vs is the velocity of the supercur
rent, andpk is momentum of the quasiparticle. This is obv
ously relevant for a~110!-oriented HTS surface due to th
existence of the MGS.

The key feature for both of the described approache
the presence of a mechanism able to split the MGS and
duce a gapE0, or in other words to populate the6ky MGS
unequally. This phenomenon is accompanied by a ph
transition to a time-reversal symmetry-breaking~TRSB!
state. The transition temperatureTTRSBcan be evaluated an
in both approachesTTRSB has been estimated to be below
K, in agreement with tunneling experiments.31 TTRSB will
apparently be the relevant parameter also for the PME. H
ever, in analogy with rf SQUID properties, aboveTTRSBone
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should observe no hysteresis but rather a steep slop
F i(Fe) at Fe50 ~again see Fig. 3!. This explains why we
observed a PME in a wide temperature range well above
TTRSBvalues, but no hysteretic behavior.

Additional information has been provided by SSM inve
tigations, which revealed the absence of spontaneous
rents, as shown in the SSM images of the GBJJ region
Fig. 4. Figures 4~a! and 4~b! are SSM images of a wide are
around the GB in zero-field cooling, and in nonzero-fie
cooling, respectively, both atT54.2 K. Figure 4~a! confirms
in zero-field cooling the absence of any spontaneous ma
tization for this sample. This result is different from oth
measurements of 45° asymmetric bicrystal32 and biepitaxial
GBJJs.33 We attribute this difference to the concomitance
reduced faceting along the GB and the low barrier transp
ency of this junction, characterized by low values of t
critical current densityj C about 102 A/cm2.34 Figure 4~b!
provides evidence of vortices in both the electrodes, and
particular, of anisotropic vortices in the~103! electrode. As a
consequence, it seems not to be the case that the PM
originated byp loops across the GB (p-loops model, see
above!. Moreover, the observed narrow dip ona vs Hdc
characteristics atHdc50 ~see Fig. 2! requiresg'1. Simple
estimations show thatg'1 corresponds to critical curren
densities across the GBJJ of the order of 105 A/cm2, which
seems to be unrealistic, given that the average critical cur
density for our junction is of the order of 102 A/cm2. On the
other hand the MGS model is apparently consistent with
results.
0-4
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In conclusion, we have measured the magnetic-field
sponse of an asymmetric 45° grain boundary in
YBa2Cu3Ox thin film. The results of these investigations a
low us to identify Andreev bound states as the cause of
paramagnetic effect, confirming theoretical predictions. A
dreev bound states have been studied in detail theoretic
in HTS Josephson junctions and systems. However, du
their extreme localization and stringent survival conditio
experimental detection has been basically confirmed only
one type of measurement, zero-bias anomalies in tunne
spectra.31 Our method is complementary and direct, and
lies on the comparison of various types of measureme
realized on the same samples. The contribution to the e

*Electronic address: ilichev@ipht-jena.de
†On leave from Department of Solid State Physics, Comenius U
versity, SK-84248 Bratislava, Slovakia.
1W. Braunish, N. Knauf, V. Kataev, S. Neuhausen, A. Grutz,

Kock, B. Roden, D. Khomskii, and D. Wohlleben, Phys. Re
Lett. 68, 1908~1992!.

2Ch. Heinzel, Th. Theilig, and P. Ziemann, Phys. Rev. B48, 3445
~1993!.

3F.V. Kusmartsev, Phys. Rev. Lett.69, 2268~1992!.
4M. Sigrist and T.M. Rice, J. Phys. Soc. Jpn.61, 4283~1992!.
5C. Tsuei and J.R. Kirtley, Rev. Mod. Phys.72, 969 ~2000!.
6D.J. Thompson, M.S.M. Minhaj, L.E. Wenger, and J.T. Che

Phys. Rev. Lett.75, 529 ~1995!.
7A.K. Geim, S.V. Dubonos, J.G.S. Lok, M. Henini, and J.C. Maa

Nature~London! 396, 144 ~1998!.
8T.M. Rice and M. Sigrist, Phys. Rev. B55, 14 647~1997!.
9J.R. Kirtley, A.C. Mota, M. Sigrist, and T.M. Rice, J. Phys.: Co

dens. Matter10, L97 ~1998!.
10E. Ilichev, V. Zakosarenko, L. Fritzsch, R. Stolz, H.E. Hoen

H.-G. Meyer, M. Gotz, A.B. Zorin, V.V. Khanin, A.B. Pavo
lotsky, and J. Niemeyer, Rev. Sci. Instrum.72, 1882~2001!.

11E. Il’ichev, M.V. Fistul, B.A. Malomed, H.E. Hoenig, and H.-G
Meyer, Europhys. Lett.54, 515 ~2001!.

12Q.D. Jiang, Z.J. Huang, A. Brazdeikis, M. Dezaneti, C.L. Chen
Jin, and C.W. Chu, Appl. Phys. Lett.72, 3365~1998!.

13H.J.H. Smilde, Ariando, D.H.A. Blank, G.J. Gerritsma, H
Hilgenkamp, and H. Rogalla, Phys. Rev. Lett.88, 057004
~2002!.

14F. Tafuri, F. Miletto Granozio, F. Carillo, A. Di Chiara, K. Verbis
and G. Van Tendeloo, Phys. Rev. B59, 11 523~1999!.

15F. Tafuri, F. Carillo, F. Lombardi, F. Miletto Granozio, F. Ricci, U
Scotti di Uccio, A. Barone, G. Testa, E. Sarnelli, and J.R. K
ley, Phys. Rev. B62, 14 431~2000!.

16F. Lombardi, F. Tafuri, F. Ricci, F. Miletto Granozio, A. Baron
01451
-
a

e
-
lly
to
,
y

ng
-
ts
t-

ing state of knowledge ond-wave order-parameter symmetr
in HTS’s is to demonstrate experimentally the occurrence
bound states through an innovative approach, shedding
on the paramagnetic effect in a different topological config
ration.

The authors would like to thank V. Zakosarenko, A. Go
ubov, and Yu. Barash for numerous illuminating discussio
E.I. and M.G. were partially supported by D-wave Syste
Inc. M.G. wants to acknowledge the support of Grant N
VEGA 1/9177/02 and APVT-51-021602. This work has be
partially supported by the ESF projects ‘‘P-Shift’’ and
QUACS.

i-

.

.

,

,

.

G. Testa, E. Sarnelli, J.R. Kirtley, and C.C. Tsuei, Phys. R
Lett. 89, 207001~2002!.

17E. Il’ichev, V. Schultze, R.P.J. IJsselsteijn, R. Stolz, V. Zakos
renko, H.E. Hoenig, H.-G. Meyer, and M. Siegel, Physica
330, 155 ~2000!.

18J. Kurkijrvi, Phys. Rev. B6, 832 ~1972!.
19E. Il’ichev, V. Zakosarenko, V. Schultze, H.-G. Meyer, H.E. Ho

nig, V.N. Glyantsev, and A. Golubov, Appl. Phys. Lett.72, 731
~1998!.

20R.G. Mints, Phys. Rev. B57, R3221~1998!.
21H. Hilgenkamp, J. Mannhart, and B. Mayer, Phys. Rev. B53,

14 586~1996!.
22C.A. Copetti, F. Ruders, B. Oelze, Ch. Buchal, B. Kabius, a

J.W. Seo, Physica C253, 63 ~1995!.
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