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Role of interfaces in the proximity effect in anisotropic superconductors
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We report measurements of the critical temperature of ;¥BgO;- YBCu;.,C0,0;, s superconductor—
normal-metal & N) bilayer films. Depending on the morphology of t8eN interface, the coupling between
SandN layers can be turned on to depressThef S by tens of degrees, or turned down so the layers appear
almost totally decoupled. This effect can be explained by the mechanism of quasiparticle transmission into an
anisotropic superconductdiS0163-182608)52722-1

The system of a high=. superconductor and a normal- features, similar to those obtained by Schletral® In con-
metal conductor in proximity received much attention, nottrast, the slow growth produces films which grow in the
least since one of the practical high-Josephson junction Stranski-Krastanov mode, namely layer by layer, up to a
types is the superconductor—normal-metal—superconductaritical thickness of about 150 A, and then by a two-
(SNS device! One aspect which so far did not receive dimensional(2D) island growtH® The bilayers were charac-
enough attention is the characteristics $N interfaces terized by transport, ac susceptibility, and atomic force mi-
which are an integral part of such junctions. In contrast tocroscopy (AFM). Overall, the reproducibility of data was
conventionals-wave superconductors, transport propertiesexcellent over a period of a year or so during which the
across interfaces in anisotropic superconductors are predict@tperiments were done. A summary of thgs of all these
to be very sensitive to the details of the morphology of thebilayers plotted against the thickness of the YBCO layer is
SIN interface? To check this idea experimentally, we de- shown in Fig. 1. In order to have only one variable, we chose
cided to compare the superconducting propertieS/df bi-  to work in the regime wherd; of the bilayers becomes
layers differing only in their interfaces. We know how to independent of the thickness of the cap layer, and thus inde-
control the morphology well in a configuration of
c-axis-oriented films. The bilayer films consist of a thin layer 00— 7 7 T 1
of YBa,CusC; (YBCO) grown on(100) SrTiO;, capped by a
much thicker layer of YBCy1,C0,07, 5. YBCu3.,C0,07, 5
was chosen as the normal-metal material since it grows epi- 9 |
taxially on YBCO, has a negligible interdiffusion, and was mf ”
used as a barrier iBN Sjunctions by several groupé The -
expected influence of the normal-metal conductor on the su- -
perconductor would extend to a distance of a coherence 8o ® ]
length from the interface, as predicted by the conventional
proximity effect! Accordingly, theS layer should be as thin
as possible in order to produce an observable effed oof & 70 -
the bilayer. Starting from that point, we eventually extended o
the experiments to include thick&layers. All of these ex- i u
periments are presented below.

The films, deposited using laser ablation, are epitaxial
with ¢ axis perpendicular to the substrate. Bilayers were pre- | . $ -
pared with a thickness of YBCO between 60 and 550 A, and 2 a
a thicker YBCy_,Co,0;, s cap, between 1000 and 1500 A. 50 | m .
Here we present data for YBGUC0,0O;, 5 with x=0.15,
which is normal down to about 50 K. To maintain a clean
interface between th& and N layers, each bilayer was P T S T S R
grown in one deposition run. Differei®N interfaces were 0 100 200 300 400 500 600
produced by changing the deposition rate. We refer to a rate d (,‘&)
of deposition of 6.5 A/sec as fast growth, while bilayers s
grown at a rate 2.5 times slower, with the growth interrupted FIG. 1. T, of the SIN bilayers vs the thickness of the YBCO.
every 30 sec of deposition for a 60 sec pause, we call slowlgZlosed symbols refer to fast grown bilayers and open symbols refer
grown. The fast growth rate produces films which grow byto slowly grown bilayers. The solid line i, expected from the
screw dislocations and their surface shows rounded smoottroximity effect in the case of a rough interface.
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10— 77771 the flux of oxygen atoms during growth. Te$) allows the
film to absorb more oxygen during postdeposition oxygen
loading. Both(a) and(b) should increase the amount of oxy-
% oo i gen in the film, and thus increasg . In contrast, testc)
o m increases the amount of excess oxygen needed by
YBCus.,C0o,0;, 5 over that of YBCCP so if the oxygen mi-
grates from the YBCO into YBCGW,C0,0;, 5, T should be
80 - further lowered. The results were th@t's of the bilayers
90 made in these various methods were the same. Thus, oxygen
y doping is not the reason for the reductionTgf.
—_ The mutual influence oN andS as expressed in Figs. 1
= 8ol ] and 2 is reminiscent of the conventional proximity efféct.
We first consider which of our observations are generally
consistent with this picture and which are not. To begin, we
60 |- 2ol N | 4 discuss the “saturation thickness,” namely the thickness of
N above which the influence ®f on S saturategsee inset of
Fig. 2. In the proximity effect, T, of a bilayer reflects the
o balance between the number of quasiparticles transmitted
0 500 1000 1500 2000 2500 | from N into S and pairs transmitted in the opposite direction.
o Pairs penetrate inthl a distance of several normal coherence
d (A) ] lengths, &y. It is therefore plausible that the depth from
ol v v which quasiparticles ifN will reach the interface and pen-
0 100 200 300 400 500 600 700 etrate intoS should be quite similar. Values @f, of 270 A
o have been measured, for examplechaxis-oriented Pr-Ba-
ds (A) Cu-O films? so that the~1000 A that we find as the thick-
ness ofN at which the influence dil on S saturates appears
to be within several suclfy. Thus, the “saturation thick-

T, (K)

A
A

50 F 60

FIG. 2. T, of single-layer reference YBCO films vs their thick-

ness. Closed squares rt_afer to fast grown films and open circles Wess” of N seems within the bounds of what has been ob-
slowly grown films. The inset shows the dependence ofTthef a

bilayer on the thickness of the YBGHC, 10, 5 cap. The thick- served by other grougshe broader issue of comparing these

ness of thefast grown YBCO film in these bilayers is 250 A. The valut_as_ofEN to what qne WOU|d. expect in the conventional
solid line is a guide to the eye. proximity effect was discussed in Ref).. IThree other obser-

vations reported here do not fit the conventional proximity

pendent of the top surface of the bilayer. One can see in theffect. First, the depression df, of the bilayers does not
inset of Fig. 2 that this happens once the thickness of the cagiepend on the Co doping level of the YBCICo,O;.. 5, and
exceeds about 1000 A. All the data presented here were olrence on thél, of the normal-metal material. This effect is
tained in this regime. One can see that there is an enormout understood at present. Second, the depressidn. of
difference between thE,’s of the fast growr(solid symbol$  the bilayers seems to be very different for fast grown and
and the slowly grown(open symbolgbilayers. In contrast, slowly grown bilayers. Third, a large depressionTofs of
the difference between thE,'s of single-layer YBCO films the fast grown bilayers occurs for YBCO layers much thicker
grown as reference at these two deposition rates was no motiean the coherence length 8f The remainder of the paper is
than 2-3 K, as shown in Fig. 2. Furthermorlg, of single-  devoted to discussing possible explanations of the last two
layer fast grown films as thin as 100 A is near 85 K, whicheffects mentioned.
shows that there are no problems with the films of this thick- We first turn to discuss the reason for the difference be-
ness being discontinuous. Thus, the loweringTefof the  tween the slowly grown and fast grown bilayers. The mor-
bilayers is definitely associated with the presence of thephology of the surface of slowly and fast grown single-layer
normal-metal layer. films, measured by AFM, is shown in Fig.(Bhese surfaces

Since the effect was much larger than expected, our firshre the interface in the bilaygrsThere is indeed a striking
thought was that the reduction ®f is caused by migration difference between the features visible on the surface of the
of oxygen from the YBCO into YBCy,Co,0-, 5, leaving  fast grown film, which are rounded and isotropic, while the
the YBCO oxygen deficient, and hence with a lowey. slowly grown film shows a very regular array of pyramids,
Fully oxygenated YBCi1,Co,0;. s contains more oxygen reflecting the symmetry of the underlying lattice. Despite the
than YBCO, with the excess amount increasing with If difference in the details, the averaged interface roughness of
not enough oxygen is supplied during growth, then somehe fast grown and slow grown bilayers is quite similar. For
oxygen may subsequently migrate from the YBCO into theexample, the rms roughness of a slowly grown film 250 A
YBCu;.,C0,0, s, lowering theT, of the YBCO. To check thick is 24 A, while for a fast grown film of the same thick-
this possibility, we grew bilayers under different methods ofness it is 30 A. Consequently, if all that mattered for the
oxygen loading as followga) increased the oxygen ambient coupling betweers andN layers was the area of the inter-
pressure during deposition by a factor of(B) increased the face, the reduction of . should be very close for the two
time length of the post deposition oxygen loading by a factottypes of films. Clearly, this is not the case. We propose that
of 2; (c) increased the Co composition of the capping layerthe difference between these two types is unique to aniso-
from x=0.15 tox=0.3 and then tx=1. Test(a) increases tropic superconductivity.
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FIG. 3. Atomic force microscope pictures of the surface of the single-layer slowly growr(djliand the fast grown filnmib). These
surfaces are the interfaces in the bilayer geometry. The average thickness of both films is about 500 A, and the scale of the features shown
represents-10% thickness variation.

In the context whereS and N are in proximity, the de- small values of¢ and maximum foré==/4. The large dif-
crease ofl; of the S layer is due to the presence of an excesderence between the fast grown and slowly grown bilayers
number of normal quasiparticles, transmitted frinmto S.8 arises since most of the interface of the slowly grown bilay-
When the order parameter is isotropic, the orientation of theers is oriented witlo close to zero, as seen in Fig. 3, while in
interface is not an important factor in the transmission ofthe fast grown bilayers all crystalline directions are equally
guasiparticles fronN into S. However, in the case of an exposed. Therefore, the transmission through the interface of
anisotropic order parameted{vave, ors+d), Tanaka and the fast grown bilayers is much larger and th&y would
Kashiwaya& have predicted that the transmission coefficientcorrespondingly be lower. We find it remarkable that just by
is strongly dependent o, the angle between the high sym- changing the morphology of the surface the film can switch
metry crystalline direction§to which the order parameter is from normal to anomalously high transparency. Our data
locked and the normal to the interface. Essentially the saméherefore illustrate rather vividly the crucial role of aniso-
conclusion was reached by Barashal1° In particular, the tropic superconductivity.
transmission through the interface should be anomalously We now discuss the question of the length scale inSide
large in the directions along which the order parameter has where T is reduced. Assuming the dirty limit and perfect
minimum (6==/4, where the interface normal is parallel to matching at the interface, the reduction Tf of a bilayer,
the diagonal betweea andb in the case of al-wave ors  AT., expected due to the proximity effect is given by
+d order parametgr Depending on the value of interfacial AT./T ~1.35 §§(0)/d2, wheredg is the thickness of the
potential barrier, the transmission along these diagonal direguperconducting layeds> £.(0), and T, is the transition
tions can be tens of times larger than along the high symmeemperature of a single-layer thick fillnin the case of a
try directions>!! It was shown recently that this effect is perfectly smoothg-axis oriented film£.(0)~3 A, and the
responsible also for the zero bias anomalies found in highpredicted decrease @i, of a 100 A film is about 0.1 K. If
T. tunnel junctions? On the other hand, when the interface the S/N interface is not planar, some in-plane coupling will
normal is parallel ta or b, the transmission will be similar pe present, extending the range of the influencél afn S.
to that in isotropic superconductivity. The anisotropy of theTo obtain a quantitative comparison, we extended the calcu-
transmission survives the summation over all angles at whickation of AT, for the case when th&/N interface is rough.
quasiparticles are incident on the interface, because their paje use the Ginzburg-Landau approach and describe this in-
poter!tial is symmetrip about the crystalline axes, gnd thereterface by a functiozg(x,y) =dg+ f(x,y), where the direc-
fore is not symmetric about the normal to the interfaceyjons ofx andy are chosen so that| a, andy || b. We also
which means the result of the summation will dependéon  ,ociime thatf (x,y)|<ds, and that the value of(x,y) av-

unless this normal and one of the crystalline high symmetry, d the interf _ ; ;
directions happen to coincidé.On the basis of these mod- %ir\?gﬁ b)c;\3/er & interface surfa@=0. In this casel Te is
h

els, two additional statements can be made regarding t
interfaces in our bilayers. First, Barashal!° argue that the

2 2 2 2 2
anisotropy would survive the averaging over all incidence ﬂml 3550(0) +0 72§a(o)<fa>+§b(o)<fb> (1
angles only when the interface scattering is specular. On the Teo ' ds2 ' dg '

basis of the differences between the slowly grown bilayers

and the fast grown ones, this condition is fulfilled by the wheref;=df/dx;. A direct measurement of the roughness of
interfaces in our experiment. Second, the transmissiothe film is not viable on the scale gf(0) [or &,(0)]. How-
through the interface'! depends linearly om, being low for  ever, one can set a limit using the fact that the surface of the
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film is composed of unit cell size steps in thelirection on  This length is given byA o= D 7. Here,D is the diffusion
planar terraces. The density of steps on the surface can leeefficient andr, is the relaxation time which characterizes
calculated from the macroscopic inclination of the film sur-the return to equilibrium of the quasiparticle distribution
face relative to the substrate. Using the AFM pictures of the*branch imbalance relaxation timg.’ We calculated this
films such as shown in Fig. 2, we calculaigid) as a func- length both for in-plane and out-of-plane diffusion. In the
tion of ds. For example, fods=500 A we find(f2)~1.3for ~ plane,Dap=vel/3, wherev is the Ferm; velocity, sandi is

a fast grown film and 0.5 for the slow grown one. Ré¢) ~ the mean free path. Takingr=5x10 _cm/sec,® 1~6

~1, the second term in E41) is much bigger than the first 10’ cm, andrq=5 psec,® we find the in-plane value of
one. The result of the calculation 8=Te— AT is shown ~ Aq(3—D) is about 700 A. Regarding thedirection, quasi-

in Fig. 1 as the solid line. We took for this calculation Particles diffuse mainly via interlayer scattering with a dif-
£.(0)=£,(0)=20 A andT =90 K. We find that if one fusion poeff|C|enﬂDC~c_:2/tc. Here,c=12 Ais the inter-
takes the interface roughness into account, then the conveffyer distance and @/is the scattering rate. Taking=1.5
tional proximity effect is consistent, without any adjustable <10 ™" sec,’ we find Aq(c) =220 A. Experimentally7q
parameters, with the dependenceTgfon dg for the slowly IS constantt throughout the temperature range of th|s. Worl_<,
grown bilayers. This result is also consistent with the trans&nd thereforelq is also temperature independent. It is evi-
mission through the interface being normal in this casedent that the calculated values &f, are comparable to the
namely similar to that found in isotropic superconductors €xPerimental crossover length of 300 A. However, Ref. 14
However, the proximity effect cannot account for the data ofdescribes the conversion of normal-metal current into a su-
the fast grown bilayers, where the transmission through th@ercurrent in a BCS-wave superconductor, whereas our
interface is strongly enhanced. It is therefore an open que&ase brings out out the dramatic difference between the iso-
tion whether the fast grown and slow grown films should befropic and anisotropic superconductivity. Thus, altough the
treated on the same footirfi this case, the proximity effect numbers are suggestive, it would clearly be imprudent to
does not work or whether the fast grown films should be identify this length as characterizing our data without a

described by a totally different theory. model more specific to our case. We hope that this work may
In equilibrium, the length scale describing the influence ofin fact stimulate interest to do this calculation.
N onSis ~&,. Looking atT.’s of the fast grown bilayers in In conclusion, we demonstrated a dramatic effect of the

Fig. 1, one can see a crossover between the thin film regim@orphology of theS/N interface on the properties of the
whereT, is very close to that of YBCy,Co,0,, 5, about 50  bilayers. It is obvious that one has to consider this effect in
K for x=0.15, and the thicker film regime, whefle. ap-  the future design of higfi- Josephson junctions.

proaches that of YBCO. This crossover takes placelat

~300 A, which clearly is much larger thafy. This is es- We are grateful to L. P. Pitaevskii, D. Artenberg, B.
sentially why the proximity effect fails to describe this case.Fisher, and C. Villard for helpful discussions. This work was
We know of no theory pertinent to these experimental obsersupported in part by Israeli Science Foundation, The Hertz
vations. However, we may mention that in the context of theMinerva Center for HTSC, and by the Technion Fund for
usuals-wave superconductivity, Blondest al!* considered Promotion of Research. R.G.M. and |.S. acknowledge the
another characteristic length, that for the direct conversion ofupport of the German-Israeli Foundation for Research and
a current of normal-metal quasiparticles entelgigto pairs.  Development.
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