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Paramagnetic effect in YBgCu;0,_, grain-boundary junctions
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A detailed investigation of the magnetic response of XBaO, 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%asymmetriqgrain 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 temperaiyresu- In this paper, we give evidence of paramagnetic behavior
ally expel an external magnetic field. This phenomenonfor zero-field-cooled asymmetric 45° YBau;O, (YBCO)
known as the Meissner effect, leads to diamagnetism. It waGBJJs. The paramagnetic signal, that has been previously
therefore quite unexpected that a paramagnetic Meissner efbserved in two-dimensional systems, has been in this case
fect (PME) was observed in a field-cooled regime for ce-detected in a single GB line and related to basic mechanisms
ramic BpbS,CaCyOg (Refs. 1 and P (BiSCCO. For an  jn HTS JJs. Apart from conventional transport properties and
explanation, it was proposed that beldw there are ran-  scanning SQUID microscop§SSM) measurements, we ex-
domly distributed spontaneous orbital currents in thepioited radio-frequency measurements, which are very sensi-
sample-® These currents can be oriented by an e_XtemiEve and provide a direct test for paramagnetic signals as
magnetic field, providing a paramagnetic _S|gnal. Sigrist anGyemonstrated below. This is a further manifestation of the
Rice" pointed out that the spontaneous orbital currents can b8—wave nature of the order parameter, but it is also relevant

gﬁalizeﬂnt:jyeg?sz_t%;j\ivvi‘;\?esggg:gr% Ofrgzﬁcfsu’)tﬁ':og)ggg'nnc%for the understanding of transport across GBJJs and in par-
: ’ P ticular on the incidence of Andreev bound states.

of Josephson junctiondJg in which the Josephson energy : . .
reaches a minimum for a phase difference across the junction The 'dea.‘ of the _rf measurements s the fOIIO.W'ng' T_he
at = (7 contacl. In ceramic highF, superconductors sample of interest is inductively coupled to a high-quality

(HTS9 the grains can form loops which contain odd (quality factorQw?fOO) parallel re_sonant circ_ui'; of in_duc—
numbers ofr contacts, so-called frustrated locdhtn such ~ tancelr and capacitanc€y. Experimentally this is realized
a system the energy is minimized by a configuration with &Y @ “flip chip” configuration—the sample is placed on the
spontaneous current flowing in the lodpin particular,  tOP of a small solenoid coil perpendicular to its axis. For
for a7 contact with a “conventional” current-phase relation- such an arrangement, the effective impedance of the tank
shipl=1_sin(¢+ ) inserted in a loop, the gain in Josephsoncircuit coupled to the sample is a function of the external
energy exceeds the loss of magnetic energy when the pararagnetic fieldH. applied to the sample. This field consists
eter B satisfies f=27LI./®;>1, where &, is the 0f adcand an rf component as induced by a curtgatin
flux quantum . is the critical current, andl is a loop induc-  fact of very low frequencyand an rf oscillating current; in
tance. However, a paramagnetic signal in the field-cooledhe tank coil, hencéH.=Hy.+H,;. In order to avoid the
regime has also been observed for conventionahucleation of rf “vortices” and other nonlinear effects, the
superconductord’ amplitude ofH,; is small, so thaH,;<H.,, Hqc WwhereH

In order to distinguish between different origins of para-is the first critical field, thereforél;=Hy.. If L¢t((Hgc) and
magnetism Rice and Sigrisproposed to detect spontaneous Rerf(Hgc) are the effective inductance and the effective re-
orbital currents with the use of a superconducting quantunsistance of the tank circuit-sample system, respectively, the
interference device(SQUID) microscope for zero-field- phase anglex between the drive currert; and the tank
cooled samples. In a granular BISCCO sample exhibiting &oltageU is given by
paramagnetic signal, spontaneous magnetization has indeed
been observed The PME and the presence of spontaneous 1 1
currents therefore represent two of the main features induced tana = Reff(Hgo) ' w_cT
by the d-wave order-parameter symmetry in HTSs. A com-
parative study of these phenomena on a more controlled sy4- follows from Eqg. (1) for Hyc=0 and at the resonance
tem, such as a grain-boundaf@B) line, could shed addi- frequencyw,=1/\L¢{(0)C+ that the parametew is zero.
tional light on the relation between these effects and theil herefore, by monitoringr as a function oM, at the fre-
influence on the properties of the grain-boundary Josephsauencywy, thelq(Hg4c) dependence can be obtairete
junctions(GBJJs. that Rq¢1(Hy4c) dependence is controlled independently, by

—olet(Hgo) |- 1)
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measuring the quality facto® of the tank circuit-sample (103) YBCO a)
systen. If R.¢= Ry does not depend ad . then tana can
be written as

(001) YBCO =

=
-
—

.
tana=—k?Qx,, (2 &7

wherek is the coupling coefficient between the tank coil and
the sample, ang, is the ac magnetic susceptibility of the
sample. In the experiments, we are obviously interested ir
the regimey,,# const, the only configuration able to provide
significant information. Let us analyze E) nearH.=0.
When the supercurrent induced by an externally applied field
is diamagnetic, a change ¢f,,<0 will result in a local
maximum in a(Hg). Similarly, a local minimum of the
a(Hg) curve indicates a paramagnetic respongg>0). b) c)

The simplest system which exhibits a similar behavior is
the well-known rf SQUID. The sensor of this device is a  FIG. 1. (Color onling (a) Sketch of the investigated biepitaxial
Josephson junction inserted in a superconducting loop. If therain boundary where a 4%*>axis tilt accompanies the 4%-axis
inductancel of the loop is relatively smallso that3<1), tilt; (b) scanning electron microscope image relative to this GB. The
the a(Hgy,) dependence has a local maximum Haj.=0 elongated_grains on th_e left typical of tl(_ﬂaO3) grovv_th may gener-
(see, for example, Ref. 11Due to the induced current in the ate clean interfaces with reduced faceting, as evident al¢g).in
sensor, the magnetic flusb; inside the loop satisfie®;
<®,, whered, is an applied external flux. Therefore, the  The biepitaxial technique allows the fabrication of various
magnetic response is diamagnetic. If, instead of a convensBJJs by growing different seed layers and using substrates
tional junction, arr contact is inserted in the same sensor, thewith different orientationd**° In this experiment we have
a(Hqc) dependence has a local minimum =0 and ysed Ce@ as a seed layer material deposited @ri0)
®i>®,, providing a paramagnetic response. The phase shitTio, substrates. Details of the fabrication procedure can
a can be obtamedz from Eq2) defining xm=d®;/d®e  phe found elsewher®.YBCO grows along th§001] direction
—1.7 The value ok-Q allows the estimation of the resolu- CeQ seed layers, while it grows along thi&03)/[013]
Yirection on SrTiQ substrates. By using CeCas a seed
: - layer we were able to induce a 45° rotation of té plane
As we discussed above, within the framework of theof the YBCO with respect to the in-plane direction of the

d-wave scenario, extrinsic effects such as faceting can play g __. .
relevant role in the determination of the properties of thegrT|03 substrate, and as a consequence #heontact is

16 H
junctions and can contribute in particular to causing spontal®’Med-” The measurements shown below are for the case in

neous currents and/or a paramagnetic effect. In the case of{1ich a 45°c-axis tilt accompanies the 4%-axis tilt [Fig.
strongly meandering interface, the GB exhibits a randomt(@®]- This configuration, in principle, leads to interfaces
parallel array of O andr contacts. This is somehow the Where effects due to faceting can be very reduced, as shown,
analog of the explanation of the PME in BiSCCO crystals infor instance, in the scanning electron microscope image of
the one-dimensional case of a GB line-{oops model. An  Fig. 1(b), and the relative sketch of Fig(c). For biepitaxial
alternative mechanism of the PME can be given in terms ofunctions in the tilt casé; the YBCO growth kinetics and the
the midgap stateMGS) and surface properties @kwave junction interface orientation determine that the long side of
superconductor@MGS mode). In this case, the MGS model the [103] grains faces the-axis counterelectrode, and this
is valid even for flat interfaces of @wave superconductor. leads to a more controlled GBasal plane GB This has
The interplay between the PME and superconductivitybeen confirmed by cross-section transmission electron mi-
apart from being an interesting topic itself ahwave-  croscope investigatioré.
induced effects, may be crucial to improve understanding of The sample originally had a typical SQUID geometry
transport properties of GBs. It has been demonstrated thatith a central hole of 5umXx50 um. rf and SSM measure-
GB transport properties strongly depend on the quality of thenents were performed on a configuration where one of junc-
substraté? the thin film, and the type of growth. This led to tions was removed and the other was reduced to about
apparently conflicting behaviors in a wide spectrum of trans60 um.
port regimes. Zigzag Nb-Au-YBCO junctions isolated the Results of rf measurements as a function of an externally
effect of facets by investigating the presence of spontaneowspplied magnetic field at the temperature range frém
currents and anomalous magnetic pattéfndle intend to =4.2 K up to 40 K are presented in Fig. 2 for nominally
reach the other limit by investigating a morphology with zero-field-cooled samplegshe rest field is below 0.2 mQe
nominal, very reduced faceting, and low barrier transparencylhe sharp minimum aH4.=0 in Fig. 2 represents an un-
To this aim we employed biepitaxial junctions, where usual feature with respect to most GB systems, which exhibit
“clean” basal plane GBs can be reproducibly obtained. a maximum for zero field. The minima at a finite magnetic

(001)
YBCO

percent of the flux quantum.
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FIG. 2. The phase angle as a function of the external magnetic
field applied perpendicular to the substrate of guéB-wide bridge
across an asymmetric 45° YBau;O, grain boundary. From top to
bottom the data correspond To=40, 30, 20, 10, and 4.2 K. The
data are vertically shifted for clarity.

field are originated by the redistribution of the magnetic flux
into the GB, as extensively discussed in Ref. 17.
According to the discussion above, the minimumaoét
Hq4.=0 is direct evidence of paramagnetic behavior of this
type of GB. Furthermore the paramagnetic response was a
sent after the removal of YBCO from the GB region, dem-
onstrating that the effect is only due to the GB. In other
words we just repeated the same measurement on the sa
sample after removing only a narrow region of YBCO along
the grain-boundary line in order to prove that the paramag
netic signal was caused by the grain boundary and not by a
uncontrolled environmental reasofsubstrate or sample
holden or possible impurities in the YBCO thin film far from
the GB line. The absence of hysteresis fgH ;) depen-
dence with respect to external field means that there is n

spontaneous surface current or flux generated in the GB. Thi¥

is analogous to the situation in a rf SQUID with contact
for B<1. In the case of finite fluctuations the jumps®f
can occur with a certain probability wheb, falls in a hys-
teresis regiot® When the distribution width of the jump
probability is larger than the width of the hysteresis, the flux

jumps many times during the measurements. As a result th

apparent time-averageb,(®.) dependence presents a finite
slope rather than hysteresis even Br 1 (see Fig. 3 This
situation has already been observed experimenitally.
Detailed insight into the problem of the paramagnetic ef-
fect and of spontaneous currents in facetted GBs has be
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FIG. 3. Schematic drawings of time-averaged magnetic flux in-
side the GB vs applied magnetic flgk) without thermal fluctuation
and(2) with large thermal fluctuation.

state.”? In principle, such junctions can exhibit a paramag-
netic response. When>1 there is flux generated in the
GBJJ. Qualitatively, this requirement is similar to the condi-
tion g>1 for the rf SQUID, as discussed above. Thus the
game arguments concerning thermal fluctuations can be
made for our experiments. If a.=0 andT=0 there is
spontaneous flux in the GB, one should observe hysteresis of

fihe @;i(®.) dependencesee Fig. 3, curve )1 However, at

finite temperature, fluctuations wash out the hysteresis, there-
fore there is no spontaneous curr&ge Fig. 3, curve)2The

n"i‘,bove scenario relies on a macroscopic approach to the GB,

which is a random array of parallel O andjunctions, i.e.,
the “extrinsic” effect of faceting.
The other possible scenario is based on microscopic argu-
ents, and mainly on mechanisms based on Andreev reflec-
n at the surfacé®~2® The d-wave symmetry of the gap
leads to the formation of the surface state at zero energy
(so-called midgap stat&s. These MGS are degenerate with
respect to the direction along the surface of the supercon-
ductor (+ky). Any mechanism which is able to split the
MGS will lower the energy of the systeffi.The splitting of

e MGS leads to spontaneous currents along the surface and
therefore to time-reversal symmetry breaking.

Different mechanisms of the MGS splitting were pro-
posed in the literaturésee Ref. 26, and References therein
Apart from suggestions based on the presence of an imagi-

ry component of the order parametsuch asd*is, see,

g

provided in Refs. 20 and 21. In this model the current densitjhlc"Fr example, Ref. 29 there are at least two scenarios based

js(X) (x is the coordinate in the plane of the conjaist a
random and alternating function ok, j.(xX)=(j)[1
+gof(x)]  with  {f(x))=0, maff(x)]=1, and gg
=maxj.(X)/{jo)]. The length scalé of g(x) variations is of
the order of the grain-boundary meandering typically in
the range of 0.01-0.Lm.?! For a conventional current-
phase relationship.(x) ={j.)sin¢(x), the properties of the
GBJJ are determined by the param@tey=gjl%/8m?A7.
Here Aj=(c®y/16m2\(j))"? is the effective Josephson
penetration depth andl is the London penetration depth.
Within this model, fory<<1 there is no created flux in the

only on pured-wave symmetry of the order parameter.

The former scenario takes into account the Josephson ef-
fect. For an asymmetric 45° GBJJ the energy of the MGS
can be written &3

emes( @,Ky) = —sgn(ky)Eq(¥)sin(¢), ()
where  Eq=AL[Ag|D(9)/{2|A [+ D([|Al—[AL[]},
D(1) is the angle-dependent barrier transparency, And
Ar are superconducting energy gaps for the angle
=arcsink, /ke in the left and right superconductor, respec-

GBJJ and the microjunctions stay in a “excited currentlesdively. For an asymmetric 45° GBJJ the Josephson energy
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H #0

FIG. 4. (Colon Scanning SQUID microscopy image @) a 200x 200.wm? area, enclosing the tilt GB; the sample was cooled in zero
magnetic field(b) a 600x 400.wm? area, enclosing the tilt GB; the sample was cooled in a small magnetic field. Both images refer to the
sample measured by rf techniques, and the grain-boundary junction is indicated by a dotted line. In all imagesTtakeR Kt there is
no evidence of spontaneous currents(dnthe superconducting nature of both electrodes is proven by the presence of Abrikosov vortices,
which appear elongated in th#03) electrode.

minimum corresponds to the equilibrium phase differenceshould observe no hysteresis but rather a steep slope of
across the junctiop = /2 which leads to the splitting of the ®;(®,) at ®,=0 (again see Fig.)3 This explains why we
MGS* Hence, the spontaneous paramagnetic current flowsbserved a PME in a wide temperature range well above the
in the surface layer-&,. This current is screened by the T, sgvalues, but no hysteretic behavior.
Meissner supercurrent on the scale\odnd the system pays  Additional information has been provided by SSM inves-
for the gain in the Josephson energy at the expense of thgjations, which revealed the absence of spontaneous cur-
energy of the magnetic field. rents, as shown in the SSM images of the GBJJ region in
Within the framework of the latter scenario the free sur-Fig. 4. Figures 4a) and 4b) are SSM images of a wide area
face of ad-wave superconductor has been found to be rearound the GB in zero-field cooling, and in nonzero-field
sponsible for the appearance of the paramagnetic effect. lgooling, respectively, both at=4.2 K. Figure 4a) confirms
this case the paramagnetic quasiparticle current tries to conin zero-field cooling the absence of any spontaneous magne-
pensate the Meissner supercur@ms a matter of fact the tization for this sample. This result is different from other
supercurrent causes a redistribution of quasiparticlek in measurements of 45° asymmetric bicry&aind biepitaxial
space due to the shiff,=Ep+p,-Vs in the quasiparticle GBJJS® We attribute this difference to the concomitance of
excitation energy, WherEf(’ is the excitation energy in the reduced faceting along the GB and the low barrier transpar-
absence of a supercurremt,is the velocity of the supercur- ency of this junction, characterized by low values of the
rent, andp, is momentum of the quasiparticle. This is obvi- critical current densityjc about 16 A/cm?.** Figure 4b)
ously relevant for 8110-oriented HTS surface due to the provides evidence of vortices in both the electrodes, and, in
existence of the MGS. particular, of anisotropic vortices in tH&03) electrode. As a
The key feature for both of the described approaches isonsequence, it seems not to be the case that the PME is
the presence of a mechanism able to split the MGS and prmriginated by loops across the GB#-loops model, see
duce a gafk,, or in other words to populate thek, MGS ~ above. Moreover, the observed narrow dip @nvs Hgc
unequally. This phenomenon is accompanied by a phaseharacteristics atl 4.=0 (see Fig. 2 requiresy~1. Simple
transition to a time-reversal symmetry-breakitigfRSB) estimations show thay~1 corresponds to critical current
state. The transition temperatifersgcan be evaluated and densities across the GBJJ of the order of Afcm?, which
in both approache$gsghas been estimated to be below 1 seems to be unrealistic, given that the average critical current
K, in agreement with tunneling experimeritsT;grsg Will  density for our junction is of the order of 1@/cm?. On the
apparently be the relevant parameter also for the PME. Howether hand the MGS model is apparently consistent with our
ever, in analogy with rf SQUID properties, aboVezsgone  results.
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In conclusion, we have measured the magnetic-field reing state of knowledge od-wave order-parameter symmetry
sponse of an asymmetric 45° grain boundary in ain HTS's is to demonstrate experimentally the occurrence of
YBa,CuO, thin film. The results of these investigations al- bound states through an innovative approach, shedding light
low us to identify Andreev bound states as the cause of then the paramagnetic effect in a different topological configu-
paramagnetic effect, confirming theoretical predictions. An—ration.
dreev bound states have been studied in detail theoretically
in HTS Josephson junctions and systems. However, due to The authors would like to thank V. Zakosarenko, A. Gol-
their extreme localization and stringent survival conditions,ubov, and Yu. Barash for numerous illuminating discussions.
experimental detection has been basically confirmed only b¥.l. and M.G. were partially supported by D-wave Systems
one type of measurement, zero-bias anomalies in tunnelinpc. M.G. wants to acknowledge the support of Grant Nos.
spectra’! Our method is complementary and direct, and re-VEGA 1/9177/02 and APVT-51-021602. This work has been
lies on the comparison of various types of measurementpartially supported by the ESF projectdI*Shift” and
realized on the same samples. The contribution to the exisQUACS.
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