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Angular dependence of the critical current in thin YBa,Cu;0,_ 5 films
with unidirectional nanocracks
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We investigated the angular dependence of the critical cutteint the a-b plane of thin YBaCuwO,_
films on (001 NdGaG;. Films grown on this particular substrate relieve their stress by developing unidirec-
tional cracks of 2—4 nm width. These unidirectional nanocrd®G’s) behave as Josephson junctions. We
have measured.(6nc), Where 0yc is the angle to these nanocracks, in a set of microbridges that were
patterned on the film at various anglégc. We fitted the results to a model of Andreev reflections in an
anisotropic superconductor given by Tanaka and Kashij@igs. Rev. B56, 892 (1997 ]. We found that an
order parameter havingdx-is symmetry fits our data best at high temperatures, while no satisfactory fit could
be obtained at low temperatures using a pi#eave,s-wave, ord+is order parameter.

Epitaxial c-axis oriented YBaCu;0;_ 5 (YBCO) films on  model at temperatures nedy showed that the best fit is
(100 SrTiO; release their strain in the tetragonal to ortho-obtained when the order parameter hasdais-wave
thombic phase transition through bidirectional twinningSymmetry: We note here that the-wave order parameter

along the(110 and (1—10) directions. Recently, we found used in that paper had its positidelobe aligned along the

. (110 NC direction @d,,), and not along thea or b axes
that the same type of film of001) NdGaQ, (NDG) sub- (dy2_y2) as is commonly used. Although this simple model

strates grows unidirectionally tWi””édr(_) release the strain yig|ged very good fits, it was clear that a more quantitative
in the other in-plane direction, these films develop a U”'d"approach based on a more detailed theoretical model is
rectional array of parallel cracks, perpendicular to the twinpeeded. In the present study, we extended the measurements
planes. Transmission electron microsc¢pEM) images re-  of | (¢) to lower temperatures, and used a more detailed
veal that the width of these cracks is only 2—4 nm, hencenodel for the calculation of.(6).% In our analysis of the
they can be termed nanocracksSC'’s). These NC are the data we keep the assumption that quasiparticles incident at
source of a strong in-plane anisotropy in the transport propthe junction cross it parallel to the bridge. The model calcu-
erties of the filmg, such as the resistivity and the critical lation fits the experimental results ned; well with a
currentl .. Along the NC(normal to the twin plangsthese  d,2_,2+is symmetry of the order parameter. At lower tem-
films havep andl values similar to those of YBCO films peratures, however, no satisfactory fit to the data could be
grown on the commonly used substrates such as SyTiO obtained.

LaAlO3, and MgO. However, along the direction normal to  Details of the films growth and patterning were given
the NC, the values g increase and the valuesligfdecrease elsewheré; here we shall mention briefly the main points.
by about one and two orders of magnitude, respectively. Th&pitaxial c-axis oriented YBCO films of various thicknesses
transport anisotropy therefore originates in the NC. Below(100<d<250 nm were deposited by dc sputtering onto
T., thel-V curves of the microbridges that cross these NC(001) NDG substrates of 2010 mnt area. The films were
are characteristic of Josephson junctions of the weak-linlpatterned by deep UV photolithography into nine micro-
type? This seems to indicate that the vacuum gaps of the N@ridges using a polymethyl methacrilaeMMA) resist and

are probably shunted by a series of microshorts that goverion-beam milling. The microbridges were 10m wide,

the high transparency of the junctions. The angular depentO0 num long, and at anglegyc of —90°, —79°, —67°,
dence of the critical current in these filmsg(6), was mea- —56°, —45°, —22°, 0°, 22°, and 45° relative to the NC
sured at different temperatures in microbridges that were patirection (see the inset to Fig.)1p of the various bridges
terned at angleg\ ¢ relative to the NC orientation. Initially, versus temperature is shown in Fig. 1 for a 200 nm thick film
the results were interpreted in terms of a phenomenologicalf YBCO on NDG. The maximum anisotropy ratio of the
model which is based on the fact thiat of a junction is  resistivitiesp(—90°)/p(0°) isabout 10, similar to the value
proportional to the Josephson coupling energy. Thus figar obtained beforé.Representativé-V curves of the various
one had (0)<Ar(0)A_(O)A(F), whereAg(H) andA | (0) microbridges at anglegyc and at 87 K are shown in Fig. 2.
are the order parameters on the right- and left-hand sides &ince the NC offer little or no resistance to flux motion, the
the NC junction, and\( ) is the cross-sectional area of the 1-V curves of all the microbridges appear rounded, with
junction. In our analysis, we assumed that the quasiparticleseemingly no critical current as seen in this figure. However,
cross the junctions parallel to the original direction of theextrapolation of these curves Y6=0 from large bias shows
current in the microbridges. Fits of our previous data to thisthat critical currents are definitely present. Th& curves
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FIG. 1. p(T) of nine microbridges in an YBCO film of001) 0
NdGaQ, at different angle®yc to the NC orientation. The sche- FIG. 3. 1.(T) of the microbridges in Fig. 1. The curves connect
matic drawing in the inset shows the relative orientations of a mi-the experimental data points, except for the dashed one which is a
crobridge, the angle® and 6yc, the interfaces(NC), and the  power-law fit to the data of the 0° bridge.
dy2_,2 symmetry.

_ ) _ obtained for all the other bridgels, was determined from the
appear rounded due to fluctuations of flux lin@®isd, it parameters using the detailed technique given by Falco
brought about by the total absence of pinning in the NC. Inet 31,5 for all the bridges at any given temperature, and the
the presence of fluctuations, the correct procedure to detefasyits are shown in Fig. 3. In thi,c=0° bridge, the only
mine l¢ is to fit thel-V curves to the Ambegaokar-Halperin pyigge not cut by the NC, the critical current was determined
model™” This model was used by Fala al. to study the  py simple extrapolation of the-V curves fromV~1 mV to
effect of thermal noise and extract the critical curlerfrom /=0 |n this case, it was not possible to reach much higher
the seemingly resistivel-V data of their Josephson hjas voltages on the microbridge without destroying it. Fig-
junctions? This group also discussed the technique of usingyre 3 shows that the anisotropy ratio of the critical currents
the Ambegaokar-Halperin model for extracting the junction| (g°)/| (—90°) is about 100 which is an order of magni-
parameters in great detail. Later on, Tinkham applied thigyde higher than the corresponding inverted ratio of the re-
method to the high-temperature superconductors to investiistivities.
gate tfge resistive transition belowW, in the flux flow Figures 4 and 5 show a typical angular dependence of
regime; and Grosset al. actually calculated thé-V curves | (g, ) deduced from the fits to the Ambegaokar-Halperin
of grain-boundary junctions under thermally activated phasenodel, for the data taken from Fig. 3. Figure 4 shows the
slippage conditioné.Figure 2 shows a typical result of a gata nearT, at 87 K, and Fig. 5 shows the data at a low
calculated |-V curve of the fyc=45° bridge using the temperature of 5 K. To produce the theoretical curves for this

Ambegaokar-Halperin model. Clearly, the calculated curvejata, we used a model by Tanaka and Kashiwé),?
fits the experimental data well, and similar quality fits were
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FIG. 2. I-V curves of the various bridges with differefif,c
angles. The open squares are calculated results using the FIG. 4. |, versusé at 87 K. The curves are fits of the data to
Ambegaokar-Halperin model. Egs.(1) and(3).
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in the direction of the bridge. This statement is equivalent to
assuminga priori that the flux of quasiparticles is parallel to
the microbridge. From the unidirectional twinning normal to
the NC we esimate that the density of point contacts along a
single NC is about equal to the twin density which is of the
order of 30 perum.? Thus, if n, is the total number of
pinholes along a single NC, the analogy to the optical case
also yieldsl Cocnf, (np large), which is the same as the inten-
sity of the zero-order diffraction peak. Thus, selecting only
the quasiparticles moving along the microbridge as those
crossing the NC, allows us to use E§7) of Ref. 3 for the
calculation ofl .(8) without the integration step ovex. This
yields:

100

—==-2z=0.1,d, A=20 meV
----- z=0.1, d+is, A;=20 meV, A =5meV

= -
RN|<¢>=meBT 2, F(8,0n,¢)on(0)cost), (1)

0 (deg)
whereRy is the normal resistancé(¢) is the supercurrent

as a function of the phase differengeon the junctiongy is
the conductivity in the normal statey,, are the Matsubara

describing the critical current in junctions withwave su-  frequencies, and the functiofsandRy are defined in Ref.
perconductors. They assumed a perfectly smooth interfac8, | is obviously the maximum of(¢) and for simplicity
and calculated the transport of quasiparticles through it byve take the normal conductivity as

Andreev reflection and transmission processes, using the
Bogolubov—de Gennes equations. They defined the angles
between the normal to the interface and the crystallographic
a axis on both sides of the junction asand 8, and calcu-
lated the transport for any angiebetween the direction of as used in Ref. 8. We note that since the unidirectional NC
the impinging quasiparticles and the normal to the interfac@re formed in elongated twinserpendicularlyto the (110

FIG. 5. 1. versusé at 5 K. The curves are fits of the data to Egs.
(1) and (3).

co< 6
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an(0)

(0=90°— Oy, see the inset to Fig.)1Then, in the calcu-
lation of |, they integrated over the anglgs For the
present experiment we argue that the integration avés

orientation of the twin planes, we hawe= 8=45°. Because
we do not integrate ovef, the nodes of a puréd-wave order
parameter are reflected in the calculationd §©) as zeros

not needed for the following reasons: For a low transparencit 6=0° and 6==90°. An admixture of an imaginarg

junction with a high potential barriethigh Z), the main
contribution tol, comes from angles aroungk=0° due to

wave componenti§) in the order parameter will prevent this
situation at #=0°, but not at #=+90° due to the

the exponential dependence of the tunneling on the barrieer(G)_cosa terms in Eq.(1). Two more prob!ems in the ap-
thickness, which leads to a perpendicular crossing of the baplication of the TK modél are the assumption of a smooth
rier along the shortest route. For a high transparency barriggnd flat interface which is hard to realize in a real junction,

(low Z), all incidence angles contribute tol. almost

and the breaking of pairs at the interface which changes the

equally, if the superconductor is isotropic. Clearly, in theOFC_ier parameter compared to its bulk value. T_he effect of
limit Z— 0 there is no change in the original direction of the pair breaking onl. was recently calculated in a self-

current in the bridge near the junction. For these Ibjunc-

consistent way which showed a leveling off bf at low

tions, we propose a scenario in which a very nearly unintertemperatures instead of the upturn found in the earlier

rupted crossing of the barrier occugsarallel to the bridge

analysis>® Nevertheless, we decided to use the analytical

In this scenario, transport across the NC takes place via a strmula of the TK model[Eq. (1)] rather than the self-

of nanoshorts which behave as pinhole junctions. This picconsistent modél,because of its relative simplicity. This
ture comes about from analogy to the situation which is beshould yield significant results at least at temperatures near
lieved to exist in grain-boundary junctions, where conduc-T. where the two models give similar result$.

tion occurs via a series of contacts, defects, or localized

In the calculations, we useddatis order parameter hav-

states in the barrier. In view of this picture, we shall modeling a maximumd-gap energy ofA =20 meV andA4 gap
the transport of current across the NC, as analogous to thealues between 0 and 20 meV. For comparison, the calcula-
transmission of an optical beam through a diffraction gratingtions were done also for the case of a psrave order
This means that we also assume almost equally spaced poiparameter. The calculation of E¢l) yields thei.ry of a

contacts in the NC. The superconducting order paramgter
is analogous to the electric field, and the current
(< y* V) to the light intensity ¢E?). In the optical case,
the zero-order diffraction peak of a beam passing through

single pinhole junctionTo apply this result to oumultijunc-

tion system, we present a plausible picture for the structure
of these junctions on a nanometer scale. From the atomic
force microscope(AFM) and TEM micrographs of our

diffraction grating is always in the same direction as that ofYBCO films with nanocrack$,the fine details of the NC

the original beam and contains most of its intensity. Thus, bynterfaces could not be resolved. This is due to the fact that
analogy, the current along the microbridge is diffracted bythe AFM measures only the surface morphology, and the
the pinholes grating mostly into the zero order which is alsorequired TEM resolution necessitates even thinner samples
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1.2 —T T T T T T T T the normal resistance values were obtained directly from the
-8 O 207K 1 linear parts of thd-V curves which were reached at about
10| - 300-500 mV. In the normal state at 100 K and 297 K the

Rn(Onc) values were obtained from Fig. 1. One can see
from Fig. 6 thatRy(6nc) is very nearly proportional to
sir’(6yo). We are thus led to the conclusion thaf( fyc)
=ry=const. This result may suggest thg{ originates in
the constant quantum resistaric@?, and the values that we
measure of a few R seem to support this interpretation.

08 [

normalized R
o
(o]
I

04 . Thus, usingfd=90°— Oy, We obtain

02+ . ie(O)ry
le(One)= - ()
SN Si Ogern

1 s | 2 2
0 100 -80 -60 -40 20 0 20 40 60 Equation(3) allows us to compare the measurgdyc) of

Figs. 4 and 5 with the calculatéd(6)ry according to Eq.

Oy (deg) (1.

The curves in Figs. 4 and 5 are the calculated angular
dependences of(6) using Egs(1) and(3). At 87 K, we see
that the calculation that fits our data best is obtained when
is low (0.1) and the order parameter haglais symmetry
in which the original interfaces of the NC would be changedwith A =20 meV andA =14 meV. We note here that mix-
during the thinning process. We are thus left with less direcing of ad,, wave instead of the wave in this fit also yields
evidence as for the nanoscale structure of the NC interfaces good fit to our data. The pusswave symmetry does not fit
and the transport of quasiparticles through them. Microthe data around=0°, while the pured-wave misfits both
bridges that were exposed to excessively high currentaroundd=0° and aroundd=£90°. At 5 K, we could not
showed a typical catastrophic burn pattern which always apfind any satisfactory fit to our data using the present model
peared along aingle NC as a straight transparent line of (see the curves in Fig.)5This seems to result from the fact
about 0.5um width. This indicates thatsingleNC inalong  that the present modéleven with a smalls-wave compo-
microbridge with many NC is the weakest link that deter-nent, develops an asymmetry in¢ that prevents a good fit
mines the critical current of the whole bridge. The quite uni-near 6=0°. Qualitatively though, thed+is fit in Fig. 5
form burn pattern suggests that conduction across the N&eems to indicate the presence of a smaamve compo-
occurs via a set of nanoshorts or pinhole junctions that arge_nt- T_heoreng:ally, th_e fact that no gopd _f|ts coul_d t_>_e ob-
spread almost evenly along the NC. An uneven distributioﬁa'n_ed_ is consistent with the previous finding of s!gr?n‘lcant
of these pin holes would have yielded a nonuniform purpdeviations ofl . at Low temperatures, from the prediction of
pattern and this does not occur in reality. As was explainedn€ Present modél” These deviations df; were found when
before, we use an optical picture to describe the transport df'€ Order parameter was allowed to change self-consistently
current in the microbridges. This current flows through a sef!€@r the interface of the junction because of pair breaking.
of pinholes in the NC that cross each microbridge. Thudurther theoretical work is needed in order to have better fits
scattering of the current mostly into the zeroth-order diffrac-{© OUr data at low temperatures. L
tion yieIdsIC(HNC)XIOCn,Z,, wherel (6yc) is the measured In summary, the in-plane angular dependence of the criti-

critical current,l o is the supercurrent at the NC plane, andCal current in unidirectionally cracked_ thin films of YBCO
n, is the number of pinholes in a NC. Sinck. was both measured and compared with a model calculation.

=n,ic(fnc) Wherei, is the supercurrent in a single pinhole The NC were assumed to consist of a series of.pmhple junc-
junction, and sincen. e 1/sinfye, we find that | (yc) tions in which the transport of current was described in terms
junction, anfl < P NG O7 el NG of an optical model. The calculated dependencies.0f)
<Nyi (One)No%i (Onc)/SI Oyc. As was mentioned above, . c

p V=P ) : : reproduced the experimental data only at temperatures near
Eq. (1) yields a calculated.(6)r () value of asingle pin-

hole junction. To find the angular dependence gff), we T., and good fits were obtained with an order parameter

) : . having ad+is symmetry, withA3=20 meV andA =14
note that the normal resistanBg(dnc) of awholebridge is meV. At low temperatures, the theory will have to be im-

obtained by summing up the NC resistances in series and trﬁaroved by allowing for pair breaking at the interface of the

pinhole resistancesy(6) in parallel. This yield.SRN(aN‘?) junctions, which changes the order parameter from its bulk
=N(Onc)rn(Onc)/Np(Onc), where N(6Oyc)esin(bne) is d

: ) symmetry(pured wave?.
the number of NC in the bridge. ThusRy(6nc)
«Sirf(OyArn(6no)- This result is compared to the data shown  This research was supported in part by the Israel Science
in Fig. 6 where we plot theneasured R(6nc) at 87, 100, Foundation, the Heinrich Hertz Minerva Center for High
and 297 K normalized to their values 8fc=—79°, to- Temperature Superconductivity, and the Fund for Promotion
gether with sif(6yo). In the superconducting state at 87 K, of Research at the Technion.

FIG. 6. Normal resistancBy(6yc) at 87, 100, and 297 K, nor-
malized to their values alyc=—79°. The solid line is sif{fyo).
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