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We have investigated the effect of midgap bound states on the Josephson properties of symm{@oit] 45°
tilt bicrystal grain-boundary junction€BJ’s) characterized by different junction widths. GBJ'suin wide,
show a monotonic temperature dependence of the Josephson current with a slight upwards curvature, the result
of the competition between midgap states and the opposite-sign continuous current. In some junctions, an
increasing contribution of the midgap-state-mediated current is observed at low temperatures, leading to an
anomalous nonmonotonic temperature dependence of the critical current. This behavior is more evident for
junctions smaller than 500 nm, where, in some cases, a f-jtmction transition is clearly observed. Experi-
mental results agree qualitatively with theoretical models taking into account midgap states in strongly non-
uniform barrier interfaces.

DOI: 10.1103/PhysRevB.71.134520 PACS nunt®er74.72—~h, 74.50:+r, 74.20.Rp

I. INTRODUCTION anomalous temperature dependence of the Josephson current

17-20 H
One of the most interesting debates in condensed matttleF(T)’ stror_lgly_ depgndent on the_ barrier transparency
nd on the misorientation angleg (i=1,2) between the

hysics is the discussion about the symmetry of the supef: . o
Eo%ducting wave function in high-criticgl-tempgratlareTS) P crystallographic axes of the two electrodes and the direction

cuprates:™ In recent years, a number of experiments have?ormalot? th? Intt(?rfacegtlzr:gd D). In .partt|cular, "’t‘ traﬂs't'%n
given clear evidence of an unconventiodalvave order pa- rom a b tor junction with decreasing temperature has been

rameter symmetry, characterized by a strongly anisotropi heorgtical_ly ptr_edic(l;;eé:i‘]’inlff_&';; symmetri©01] tilt grain-
order parameter with nodes along t{i0 directions ink oundary junc iong 9. . o
space and a sign changmrresponding to a-phase shift of Expenmen_ta_lly, the observation of Su.Ch aniransition is
the superconducting wave functiobetween orthogonak, made very difficult by the large faceting typical of HTS

andk, directions. The most interesting results have been obgB‘] s and, more generally, by the complex structure of the

tained by phase-sensitive te&t&mainly based on supercon- barrier intleg;ace, characterized by many high transmissivity
ducting loops containing one or more junctions, capable OFhanneIsz.

distinguishing betweed-wave and asymmetriswave sym- The first experimental evidence of a nonmonotonic tem-
metries perature dependence was achieved by current-phase relation

Another powerful phase-sensitive test is based on th easurengfnts in submicron 4®01] tilt symmetric bicrys-
property ofd-wave superconductors to form superconducting al GBJ's™™ However, that experiment did not reveil a

bound surface states at the Fermi energy, the so-called midz—phase shift of the ground state but instead a transition

gap state§MGS's).>1% Such MGS's, completely absent in
conventionals-wave superconductors, are generated by the —~

combined effect of Andreev reflectiodsand the directional ‘f N )

\, | ™~
sign change associated with tltewave order parameter M 0@\-17\\\/ -
symmetry. MGS’s have been observed experimentally as a 0 Y /o )L)
zero-bias conductance ped”BCP) in superconducting/ v \_/

insulating/normal-metal (SIN) and  superconducting/
insulating/superconductin@I|S) junctions and in the impu-
rity induced zero-energy density of states by scanning FIG. 1. Schematic geometry of the grain-boundary interfage.
tunneling microscopy measuremeftst® One of the most and «, are the angles between the normal to the interface and the
striking consequences of MGS's is the prediction of ancrystallographic axes on the left and right sides, respectively.
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from a O state to a double-degenerate ground state, charadtictors. This effect is more evident at very low temperatures
terized by two minima of the free energy at+ ¢y, with  when mainly the lower-energy level is populated. It is worth
0< <. noting thatlycd¢) is proportional to the square root of the
Very recently, the O junction crossover with tempera- barrier transparencyyD, as in any resonant coupling
ture has been finally observed by using a double phasgshenomen&® while Icon(¢) is proportional toD. There-
sensitive test> Transport measurements of a dc superconfore, the contribution of MGS's strongly depends on the bar-
ducting quantum interference devid&QUID) with two rier transparency.
submicron 45° symmetric GBJ's showed both an anomalous Formally, the Josephson current of high-critical-
nonmonotonic temperature dependence of the Josephson cemperature grain-boundary junctions has often been de-
rent and a half-flux quantum shift in the magnetic flux modu-scribed in the literature by using the well-known Sigrist-Rice
lation of the SQUID critical current. formula?”28 Jo=A cos 2u; cos 2n,, successfully applied in a
In this paper, we are going to investigate the influence ohumber of experiments testing the order parameter symme-
the junction width on the temperature dependence of the Jary. Tsuei and co-workers were able, by using this formula, to
sephson current in symmetric 4g001] tilt bicrystal GBJ's.  design superconducting loops with an odd number gifnc-
The different|(T) behaviors observed will be compared tions, characterized by ar-phase shift in the electronic
with the theoretical model described in Ref. 17 by also in-ground staté:” The Sigrist-Rice formula, including not only
cluding the influence of strongly non uniform barrier inter- the in-plane angles; and a, but also the 45° out-of-plane
faces. rotation of one of the two electrodes, was also successfully
used to describe the dependence of the Josephson current on
Il. THEORETICAL DESCRIPTION the interface orientation inM100] tilt biepitaxial grain-
boundary junctiond? However, this formula does not take
Defining ¢ as the angle between the quasiparticle trajecinto account the presence of MGS's and describes the Jo-
tory and the normal to the grain boundary interface, the ordegephson current only for quasiparticle trajectories approxi-
parameter sensed by a quasiparticle incident on the barrighately perpendicular to the barrier. In order to include both
is Ai(0)=A(0)cog2(6-a;)]. In 45° symmetric junctions, the intrinsic phase of the pair potential and the formation of
MGS's exist in both electrodes only if quasiparticles probejocalized states at the interface, a tunneling cone has to be
different signs of the order parameter before and after thgonsidered, whose amplitude is dependent on the barrier
reflection—i.e., only within limited intervals of the angl®  transparency’-18
0/8< 6| <36/8. For other angles, the behavior is similar to  |n this paper, we will follow the theoretical approach de-
that of s-wave superconductors. Because of the coupling bescribed in Ref. 17. Assuming a rectangular barrier with thick-

tween the two electrodes, MGS energies are split and shiftefessd; and heightU,, Tanaka and Kashiwaya derived the
according to the junction phase differengeand the barrier  following I(¢) dependencéTK equation:

transparencyD, where 0<D < 1.7 In 45° GBJ's, the lower {

MGS energy level is characterized by a shift ofin the o (o) = TRKgT
ground state. As a consequence, the contribution of MGS'’s, "

Ived @), to the total Josephson curreiR{¢p) is opposite to 0
the continuous state curremgont(@), whose equilibrium

phase difference i=0 as in conventiona-wave supercon- where

72
> F(0,iwn, @)sin(¢) o, Cos(ﬂ)dé’},

n J-n/2

77L+77R+|(1 — o) '1(6,iwy) (6,1 wp) + Un|F3(01iwna(P)|2|
|(1 - Un)rl(aaiwn)rz(eaiwn) + UnF3(01iwna (P)F4(01iwn1 (P)|2 ,

F(6,iwn @) =

I'(0iw,)=1+ S, I'y8iw)=1+ , . [
( n) T+ 2 n) TR+ TR oD = 1/Rn _ o cog 6)d6,
—/2
F3(0iwn, @) =1+ _ng-exp—ig),
472
g, = . )
Ly(6,iwn @) =1+ 54 7rs eXPi@), " (1-Z%?sint?(\d)) + 4Z2 cost(\d)
ALr(0y) 2 3 ————— 9 6)
MRe=————— Qnire:=SgMo) VAL R (0.) + f, NN - Kkecoso)
LR wy+ Qn,L(R)i nL(Rx n LRV n A )\0\ 1-« COS2(0), Z(; \’m,
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FIG. 2. Theoreticalo(T) dependence for 45° symmetfi601] S
tilt GBJ's with different barrier transparencies: solid line sﬁ m—
=0.5, \di=0, D=1/2R'=1), dashed line (x=0.5, \od;=3, D R
=107), dotted line (x=0.5, \o0i=5, D=2.8x10"%, and dash- = 02|
dotted line(k=0.5, \odj=5, y=0.1A(0), D=2.8x 10"%. The inset @ MGS
shows the absolute value of the critical current, as it would be 0.4}
extracted by direct transport measurements.
0.1}
wp = 27kgT(n+ 1/2) + sgrw,,) y. S 0.0k
In these equationsy, represents the tunneling conduc- g o1
tance for injected quasiparticles in the normal statgg, the :932 el
absolute value c_Jf the pair potential in the _Iélftg_ht) elec- T oo}
trode, andy the lifetime broadening of quasiparticles due to
surface roughness. The two parameters affecting the barrier -0.3 . . : .
transparencyD are k=Kg/\y and \qd;, where K¢ is the 00 02 0'4(p/2'6 08 10
Fermi momentum andly=+/(2mUy/#A2), with U, the Hartree
potential at the interface. Equatidd) gives the current- FIG. 3. Current-phase relations for the configuratipr

phase relation as a function of the temperature for a fixed0.5, \odi=5, D=1/2R=2.8x 107%, y=0.1A(0)] at two different
misorientation angle. As reported in Ref. 1Tp) can be normalized temperaturesT/T¢=0.2(a) and 0.5(b), respectively.
decomposed a$(¢)=3,[l,sin(ng)+J, cogne)], whereJ,  Dashed lines showR,lcont(¢), dotted linesR,lycs(¢), and solid
=0 if ime-reversal symmetry is not broken. The harmonic/neSRulr(¢). (c) Current-phase relation &% r(¢) for several nor-
components witm>1 are calculated in Eq1) as the con- Malized temperature=0.1,0.2,0.3,0.6,0.9.

tribution_s _o_f thenth-refl_ection processes of qu_asiparticles.at low temperatures, corresponding to a smaller weight of the
By maximizingl(¢) for different temperatures, it is then pos- \1Gs-mediated current, and a shift of the crossover tempera-
sible to obtain the theoretical temperature dependence of th@re towards loweiT.
critical currentl(T) for different GBJ configurations. In Figs. 3a) and 3b) we show, for the latter configura-
Figure 2 shows theé.(T) dependence predicted for 45° tion, the different contributions to the total Josephson current
symmetric [001] tilt GBJ's characterized by the same Rlt(¢) (solid line) at two normalized temperatures
=0.5 and different\qd; values, corresponding to different =T/T¢=0.2 and 0.5, respectively. Dashed lines represent the
barrier transparencieB. The solid line shows the behavior continuous contributionR,lcont(¢) and dotted lines the
expected for a high-transparency junctioe=0.5, A\od;=0,  opposite-sign MGS-mediated curreRilycs(¢) (the proce-
D=1/2R.=1); in this case, the midgap-state-mediated cur-dure used to calculatg,l cont(¢) andR,lucg ) is reported
rent is already dominant at a temperature close to the criticah Ref. 17). Figure 3c) shows the current-phase relation of
one and the total Josephson current is negative in the whoRl(¢) for several temperatures, fron®0.1 tot=0.9. A
temperature range. The absolute valugT)| is monotonic  transition from a sifp) to a sir{e+m) dependence, with a
with a slight upwards curvatur@nset of Fig. 2. The dashed 7T*-phase shift, is clearly observed at a crossover temperature
line refers to the case=0.5,\qd;=3,D=10"2and the dotted T ~0-3Tc. . ) _ .
line to k=0.5, \gd;=5, D=2.8X 107 In these two junction It is worth noting that the sam& can be obtalned Wl'th
configurations the barrier transparency is much smaller anglﬁerent combinations ok and Aod;, corresponding to dif-
the MGS-mediated current dominates only at lower temperal©/€nt values of the barrier transparery as observed in
tures. A crossover from a positive to a negative current, cor- 9. 4 for three values of. 7:0.’ 0.1A(0), and (_)'NO)' The
responding to a “0"-4" transition, is then expected at a tran- d|ffer.en_t symbols fe"".‘te b dn‘ferer.vt values: squaresk
sition temperaturd”. Of course, thdlo(T)| value, as would = 0-2: Circles.x=0.4, triangles«=0.6; and rhombsi«=0.8.

be extracteq by.direct transport measurements, is clearly Il. EXPERIMENTAL PROCEDURES

nonmonotonic. Finally, the dash-dotted line shows the theo- o

retical behavior fork=0.5, \od;=5, D=2.8X10% when a A. Sample fabrication

quasiparticle lifetime broadening=0.1A(0) is included as All the measurements that will be discussed in the present

well. The resulting effect is a saturation of the critical currentpaper relate to submicron, symmetric 4891] tilt bicrystal
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o 06} —— " FIG. 5. FIB picture of a 350-nm-wide GB@he dashed line
£ 04} " / / indicates the bicrystal line, not visible by BIB
[} / *
02}
0.0 — ,/ minum and three mu-metal shields with a residual field lower
L . . . . than 1 mG. Current-voltagé-V) characteristics have been
-5 -4 -3 -2 -1 ] .
107 107 10 b 107 100 10 measured as a function of the temperature, from 300 mK to

Tc by using two different vacuum probes: the first, with a

FIG. 4. Dependence Gf* on the barrier transparendy for ~ heating element, capable of stabilizing the temperature in the
three y values y=0, 0.1A(0), 0.2A(0). Squares relate ta=0.2,  range from 300 mK to 4.2 K; the second, also equipped with
circles tox=0.4, triangles tac=0.6, and rhombs ta=0.8. a heating element, working in the range from 4.2 KTig

. ) ) ) . . and covered by two additional shields, made of cryoperm
grain-boundary junctions. Their fabrication has been widelyynq superconducting lead, respectively. Samples have also
described elsewhefé so only an outline of the procedure is been measured without any heaters, in helium vapors, by
reported here. carefully controlling their distance from the helium bath, in

Sr'ITir(])i Sgirgr?/lgtzwifbgrbggitedy%réLsg(r)nmet;iﬁgm1%2ti(l)t order to rule out any possible noises or flux trappings arising
) . , — . . !
140 nm thick, were first deposited by laser ablation. Anfrom the coupling between heater and signal wires.

amorphous SrTi@layer was then laser ablated over the bi-
crystal line, in order to passivate the junction and protect the
YBa,Cu0O,_, surface from gallium contamination during the IV EXPERIMENTAL RESULTS AND DISCUSSION
focused ion beantFIB) process. Finally, a thin gold layer  |n this section we analyze the experimental results ob-
was deposited by magnetron sputtering to cover the sampl@ined from submicron GBJ's fabricated with different
with a conductive layer for the FIB process and to preventyigins. At T=4.2 K, all the junctions show critical current
the degrgdatlon of_ the YBE&WO7 surface in the contact densities) of the order of 3—5 10° A/cm? and|cR, prod-
area during photolithographic processes. ___ucts, withR, the asymptotic normal resistance, in the range
The device pattern was ach|ev§d by's.tandard phOtOI'tho%OO—SOOMV. The estimated Josephson penetration leffgth
raphy and a water-cooled argon ion milling etch. To reducqs of the order of 2Qum, much larger than all of the junction

Yvidths. Figure 6 shows thé&V characteristic of a typical

. : " o bmicron GBJ atT=4.2 K. It is characterized by a
areas were finally obtained by depositing additional 50 nm opuPmM! . : . TR
gold by magnetron sputtering. Following this procedure, we €SiStively-shunted-junction{RSJ-like behaviof! with a
have fabricated several GBJ's and SQUID’s with widths insmall hysteresis, mainly due to the capacitance of the SrTiO
the range 0.3—Lm. Figure 5 shows the FIB picture of a substrate. In the inset, the magnetic field dependence of the
350-nm-wide grain_boundary junction, just after the focused.]o-sephson Cur.l‘el’l'[, characterized by a Fraunhofer-like modu-
ion beam etchthe dashed line indicates the bicrystal line, lation pattern, is also reported.

not visible under the FIB Figure 7 shows the normalized temperature dependence
. . of the Josephson current for a 920-nm-wide GRBJT) is
B. Experimental technique monotonic, with a slight upwards curvature, and tends to a

All the experiments have been made, with very-low-noisesaturation at low temperatufdown to 300 mK. The junc-
electronics, in a helium cryostat shielded by 1-mm-thick alu-tion normal resistance is constant in the whole temperature
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FIG. 6. I-V characteristics of a 880-nm-wide junction &t FIG. 8. Temperature dependence of the Josephson current for a
=4.2 K. The inset shows the magnetic field dependence of the JB80-nm-wide GBJsquares The solid line is only a guide to the
sephson current for the same GBJ. eye. The inset shows the low-temperature redi0r3—4.2 K in

detail.

range. This behavior is typical for most of the measure

Junctlonls with W'tdtgsf of $eé(:)rdgr of &m. S(ljmllar restylts transparencyD,,., about 1-2<10°3, estimated by the nor-
were also reported for YB&UO,. ramp-edge junctions mal resistance valug,,|/R,A,33 wherep,, (resistivity in the

with electrodes relatively rotated by 45° and characterized b%\-b plang is assumed to be TQ cm andl, the mean free

d|ﬁérent ‘.""b plalng onentaUgn%z. I d for b path, equal to 10 nm. As already pointed out in Ref. 16, the

takinxgpeexrllst?)eirrlli?) agé?)lfrina fein\iAtlg qig(;?;:rtt?cle ?irfet?/m%q’_rhedifference between the two transparency estimates can be
i i . ~explained considering the nonuniform barrier interface, typi-

solid line corresponds to the theoretical curve obtained with. ;" '« 1115 grain-boundary junctions. Indeed, while e

the following parametersA(O)—O.Ql8 eV, k=0.175, )\Od.i value obtained by MGS measurements is mainly influenced

=0.25, andy=0.1A(0). For comparison, the curve obtained y, e high.transparency regior3,,., which is calculated

with the same parameters byt 0 (perfect interfackis also  fom the measured normal resistance, is averaged over the

shown (dashed ling In the latter case, the theoretical up- \,cle junction interface.

wards curvature is much larger, indicating that the effect of |, some GBJ's, in spite of the very similar junction width,

MGS's at low temperatures would b? strongly enhanced bYye have observed a completely different temperature depen-
reducing the surface roughness. It is worth noting that th@jence of the Josephson current. Figure 8 shows, for example,
comparison with the TK equation has only a qualitative,q I(T) dependence for a 880-nm-wide junction. By de-
nleamng)\bgczuge of tlr\1/|e presence oflt?p ma(rjly fre? tpirarﬁfeasing the temperature, frofg to 300 mK,1(T) first in-
_eers[K, 00i,A(0), y]. Moreover, simuiations do not 1ake oo aqes, then slightly decreases at about 4.5 K, and finally
Into account the presence of fapetlng at the gra'n.bounda%creases again at very low(T<4.2 K). The total behavior
interface and the inhomogeneity of the barrier mten‘aceis clearly nonmonotonic, recalling, in some ways, that ob-

which strongl_y suppress the e_ffect of MGS’s. ._served by inductive measurements on submicron bicrystal
_The exp*erlmental monotonic temperature dt_apendence '"]l'mctions.24 In that case, it was explained as the result of a

plies thatT /Tc=1. As shown in Fig. 4, a barrier transpar- | h L H hich

ency D of about 0.5 represents a threshold between mono-arge second-harmonic compone(®HQ) which prevented

toni d tonic behavi ind dently of d observing amr-phase shift in the junction ground state. In
onic and nonmonotonic benaviors, independentix todi, o gar 1o justify a so-large SHC, the authors introduced the
and y. We can therefore estimate tHatis larger than 0.5 in

presence of phase fluctuations of the superconducting order
parametef?

Okhis case. This value is much larger than the average barrier

1.0 In comparison with the results reported in Ref. 24, our
experimental data show a nonmonotonic behavior appearing
< 08f at much smaller temperaturég / Tc~0.014, a critical cur-
Y o0t rent value afl", I(T"), much larger than (between 0.6 and
Al 0.85 in our junctions and a very largéc,/1c (T=0.05T¢)
‘_\’o 04 ratio, wherel¢, is the relative maximum of the critical cur-

rent forT>T". Such features cannot be explained by assum-
‘ ing a uniform grain boundary, for any choices of the param-
0.0 : : : RS eters k and \qd, and therefore for any transparenciBs
00 02 04 06 08 10 o ;

T/T additional harmonic components alone are thus not able to

¢ explain this anomalous$c(T) behavior. Here, we want to
FIG. 7. Normalized temperature dependence of the JosephsdtOW that such a temperature dependence may be accounted

current for the 920-nm-wide GB&quares The theoretical curves for by Eq. (1) considering a strongly nonuniform barrier in-
have been obtained by using the TK formula wjth0.1A(0) (solid terface.
line) and y=0 (dashed ling in both casesA(0)=0.018 eV, In Fig. 9 we report, as an example, the normalized)
=0.175,\qd;=0.25. prediction (solid line) for an inhomogeneous 45° grain-

C

— 0.2¢
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FIG. 11. Temperature dependence of the Josephson current for a

FIG. 9. Lefty axis: normalized!(T)/1c(t=0.05| dependence dc SQUID with two 300-nm-wide junctionsquares and stars refer
(solid line) for an inhomogeneous 45° grain-boundary junctionto two different sets of measurementin the inset, the magnetic
characterized by a low-transparency barrier, of the ordeDeB  field dependence of the Josephson current shows a cleajufie-
X 1073, with high-transmissivity channel®=0.8); in the calcula-  tjon transition acros3".
tions, we have assumed that the sum of all the channel widths is
about 1/250th of the total GBJ width. Right axis: Theoretical
behaviors related to homogeneous GBJ's with0.8, A\ yd;=0.5, y
=0.1A(0), D=0.8 (dashed ling and x=0.8, A\ od;=5, y=0.1A(0),
D=3x 1072 (dotted ling, respectively.

tively. Such an anomalous(T) dependence is very similar
to that recently observed in a dc SQUID with two
300-nm-wide GBJ'$® There,|(T) became almost zero at
T" ~0.45T, increasing for both higher and lower tempera-
boundary junction characterized by a low-transparency bartures(Fig. 11. In the inset of Fig. 10, we show the theoret-
rier D, of the order of 3«10 with some high- ical Ic(T) dependence calculated fak(0)=0.018 eV, «
transmissivity point contact$D=0.8). In order to weight =0.8,A0;=2, andy=0.1A(0) (righty axis), together with its
properly the two contributions from low- and high- absolute valugleft y axis). Although there are several dif-
transparency regions, we have taken into account the twterences with the experimental curve, the theoretical curve
different conductance values. Moreover, we have assumeehn approximately account for the experimental bghavior in
that the sum of all of the high-transparency channel widths ig¢erms of both the value of the crossover temperafurand
about 1/250th of the total GBJ width. Simulations have beerthe ratio 1c,/1c(300 mK) (for this GBJ, T'~30 K). At T
performed with«=0.8 to account for the large experimental =T" the theoretical critical current is not exactly zero and a
lco/1c (T=0.05T¢) ratio. The dependence obtained by Eqg.clear discontinuity appears in thg(T) dependence. Such a
(1) for the total GBJ, reported in the figure together with thediscontinuity is related to a jump of the phagg, defined as
two separatel(T)R, contributions related to both low- the junction-phase difference giving the maximum value of
(dashed ling and high- (dotted lin® transparency regions, the current-phase relatidfip).*®20It is worth noting that our
shows a behavior similar to the experimental one. experimentall(T) behavior can also be qualitatively ac-
By further reducing the junction width, we could expect counted for by different choices of the parameters\qd;,
more uniform barrier interfaces with a reduction of the high-and . A very important point is, however, that, indepen-
transmissivity channels. Figure 10 shows the temperature delently of the true value of such parameters, the transition
pendencd(T) for a 480-nm-wide junction; it is character- from a monotonic to a honmonotonic behavior is due to a
ized by a clear nonmonotonic behavior, with a large MGSdecrease of the barrier transparetizylndeed, as shown in
contribution at lowT and a crossover temperature at aboutFig. 4, T  is a decreasing function &, its change depending
0.39T¢. 1(300 mK) and T are 1.3uA and 76.2 K, respec- on the value of the parameter Experimental results are
then consistent with the assumption that a reduction of the

10f z o s junction width leads to more uniform grain-boundary inter-
< osl \ ; 025 faces, with small_er local change_s; Iow-tra_msparency barriers
= z s & may then be achieved more easily, allowing the observation
ﬁ 0.6 = 4oz TeTEoE e of 0-7r junction crossovers with temperature. Recently, this
04| ¢ transition has also been confirmed by measurements of the
Eo ol magnetic field dependence of the criticgl current in a submi-
= "l ey 180 nm #—"———n cron dc SQUID?® A half-flux quantum shift in the maximum

0 =507 0% 05 10 critical current has been clearly observed, indicating the tran-

sition from a O loop to a frustrated- loop by decreasing the
temperaturdinset of Fig. 1].

FIG. 10. Temperature dependence of the Josephson current for a
480-nm-wide GBJsquares 1-(300 mK) and T¢ are 1.3uA and
76.2 K, respectively. The solid line is only a guide to the eye. The
inset shows the theoretical prediction calculated wil{0)
=0.018 eV,x=0.8,\od;=2, andy=0.1A(0) (right y axis), together
with its absolute valuéleft y axis).

T/T,

V. CONCLUSIONS

We have investigated the effect of midgap states on the
Josephson current of submicron 45° symmdidiel] tilt bi-
crystal GBJ's characterized by different widths. For widths
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below 1 um, a nonmonotonic temperature dependence of theneasurements such as, for instance, quasiparticle conduc-
critical current sometimes appears. However, a clear transtance spectroscopy.

tion from positive to negative critical currents is only ob-

served in junctions smaller than 500 nm. This result can be ACKNOWLEDGMENTS
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