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Critical current in Nb-Cu-Nb junctions with nonideal interfaces
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We report on experimental studies of supercondu@td-normal metalCu)-superconductoiNb) junctions
with dirty interfaces between the different materials. By using a set of simultaneously prepared samples, we
investigated the thickness dependence as well as the temperature dependence of the critical currents in the
junctions. Good agreement between the decay of the measured critical currents and theoretical calculations was
obtained without any fitting parameters.
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I. INTRODUCTION ratio of interface to normal-metal resistances. We demon-

The nondissipative current, as well as other superconducgrate good quantitative agreement with the theory of Ku-
ing properties, are induced in the normal metal by anPriyanovetalin the appropriate limit.
electron-hole pair that is formed during the Andreev reflec-

tion at the superconductgf)-normal metal(N) interface! Il. THEORETICAL BACKGROUND
The finite length over which the electron-hole pair remains
correlated determines the characteristic decay lerggthof For the long SNS junction, the one-dimensional Usadel

the superconducting current in superconductor-normal metakquation are used with the appropriate boundary condi-
superconducteSNS junctions. The normal-metal thick- tions. In the zero approximation in the Matsubara frequen-
ness,L, and temperature dependence of the supercurrent igies, the critical current in a junction with ideal interfaces
the long SNS junctiond, > &, has been thoroughly investi- can be expressed as follows:

gated over the last few decades, both theoretitzilgnd

experimentally~7 _ 64mkgT AX(T) L ue
However, only in the case of junctions with clean inter- ©  eR {mkgT+Q +[2Q(mkg T+ Q)]¥32 &, '
faces was reasonably good agreement between the theory (1)

and the experimehtfound. In practice, there is no way to

produce vanishing boundary resistance. Nevertheless, the rg¢here A(T) is the superconductor energy gap)

tio of the latter to the resistance of the normal metal in the= \[(7kgT)2+AX(T), andéy=1%AD/2mksT, the thermal length.

junction could be made much smaller than unity, as was the |n the case of nonideal interfacésansmission less than

theories developed for the ideal interface junction are validgjlenberger equatiofsnust first be solved for the vicinity of

It should be emphasized that the high quality interface obthe houndary, after which it is possible to write the boundary

tained duringin situ sequential deposition of two materials congitions for the Usadel equations.

could result in large values of the ratio provided that the = pollowing Ref. 4, the resistivity of the structure in the

resistance of the normal metal in the junction attains a lowhormal state can be expressed as

value. For nonideal junctions, namely, for devices with ver-

tical junctions, the ratio of interface to normal-metal resis- L

tances is usually larger than unity. Therefore for such devices Rj= ﬁ(l +2'g), (@)

the theory of the ideal interface lindits not applicable. The N

influence of boundary scattering on the critical current inwhere oy is the normal metal conductivity, and'g

SNS junctions has been considered theoretically in the & yg/L. Here,ys is a parameter related to the transparency

past34 However, so far, there is no experimental data whichof the interface.

quantitatively verifies the theoretical prediction. The most In the limit of SN boundary with small transparency

remarkable difference between the theoretical predictions fogg> (T./T)Y2, the critical current in the first order of the

the ideal and nonideal junctions is reflected in the depenMatsubara frequency is given by

dence of the critical superconducting currdgt,on the total

junction resistance in the normal stal, For the ideal junc- _AmkgT 1+ 20 A%(T) L g 3

tions, where normal-metal resistance is the main contributor ¢ eR Y2 (mkgT)?+A%(T) gNe '

to the totalR;, I Rj‘l. In the opposite limit, where the main

contribution toR; arises from the interface resistance, thewhereT, is the superconductor critical temperature. For the

supercurrent is proportional & 2. low transparency junctions, namely>1, the critical cur-
This paper is devoted to experimental studies of the crititent can be expressed in terms of measurable gquantities as

cal current in vertical Nb-Cu-Nb long junctions with a large follows:
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FIG. 1. Schematic drawing of a sample. A cross section of the H [Gauss]

structure is given on the right side. FIG. 2. Typical magnetoresistance plot as measured in a sample

with a layer of 8000 A Cu.
- 167k Te pn A?(T) g_NZe_L,gN
" TeA R(mkaD? A &

(4)

in sequence, so that every set was exposed to the evaporating
] o . Cu for additional fragments of time. Thus the only difference
where py is the normal metal resistivity andéy  petween the sets was the thickness of the Cu layer. We pre-
=VhD/2mkgT,. Equation(4) is valid only for L>&y. For  pared separate Cu films simultaneously with the deposition
L= £y the contribution of higher harmonics of the Matsubaraof the Cu in the junctions. The measured resistivity of these
frequencies should be includg¢see Eq(34) of Ref. 4. Cu films at 4.2 K wasy=5.5x 10 Q m.

The thickness of each Nb layer was 2000 A, whereas the
Cu thickness varied frorh=2000 A to 10 000 A. The area
l1l. SAMPLE PREPARATION AND MEASUREMENT of the junction,A;, relevant for the critical current is deter-
SETUP mined by the width of the Nb strip&\,=10 um, and the

The samples were fabricated as long triangular prisms\{‘”dth of the expose_d top part of the V-groové,, The
Two SNS junctions were created along the prism in a Superc_:ross section of the junction relevant for the flux dependence

conducting quantum interface devi¢8QUID)-like geom- of the critical current in the junction is given Wy, The

etry as shown schematically in Fig. 1. This design allows theoveraII flux dependence of the critical current in the SQUID

observation of Little-Parks oscillatioHswhich gives two ad- Sample is determined both by the area of the junction and the

P — 2
vantages. First, it is possible to ensure zero magnetic qu>t<9tal cross section of the SQUIBAsqup=6.5um’), as

through the junctions. Second, accurate measurements of tReen in the following expressiof:

normal resistance and the cross-section area of the junctions ®| sin(#d./D
is possible. I ™ 2lc COSW—[L—O) : (5)
otal ] q)o ’7T¢)J/(I)O

The SNS junctions were fabricated on top of V-shaped
substrates, produced by wet-chemical crystallographigvherel, is the critical current of one junction, whil® and
etching! of GaAs planar substrates. ®; are the flux in the SQUID and junction, respectively.

The V-groove substrate was covered with Nb and Cu "The measurements were performed iffHe cryostat in
films, which produced the two bottom sidewalls of the prism.the range 1.3—4.2 K. The critical current was measured by
Nb films were sputtered using a magnetron gun and covereglassing a dc current with a small ac modulation through the
in situ with a Cu layer by thermal evaporation to prevent Nbsample. The ac voltage, which appeared above the critical dc
oxidation. An additional Cu layer was electron-gun evapo-current, was picked up by a lock-in amplifier operated in
rated in a separate vacuum chamber. These layers were cofansformer mode.
pletely covered by photoresist. Oxygen plasma etching was
applied in order to expose the top parts of the V-groove. The
subsequent depositions of the Cu and Nb films, as described
above, completed the fabrication of the prism samples. The We start the description of our data with the magnetore-
crossing geometry of the top and the bottom films allowedsistance oscillations of the samples. Figure 2 shows a typical
four terminal measurement of the junction below the criticalmagnetoresistance plot for a sample with a Cu thickness of
temperature of the Nb films. L=8000 A. The short oscillation periodH=3.1 G, corre-

Nine sets of samples were prepared simultaneously in oisponds to the area 6&m? enclosed by the SQUID, which is
der to assure identical interfaces at all junctions. The samplesonsistent with our designed geometry of the samples. The
of each set had an identically thick Cu layer. Variation of thebeating modulation with a larger period and attenuation of
Cu layer thickness between the different sets was obtainetthe oscillations arises from additional Fraunhofer oscillations
by a specially designed shutter, which exposed the samplexf the critical current in each junctiofsee Eq.(5)], with

IV. EXPERIMENTAL DATA AND ANALYSIS
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FIG. 3. Typical variation of the differential resistance of a SNS

junction. The onset of the peak was defined as the critical current of FIG. 4. Universal curve of the critical currentdimensionless
Jtl;]e junc-tion P u units), and the theoretical fits with the parameters described above.

The dashed line represents Hd), the solid line represents the
typical areal W,,,, Therefore the analysis of the magnetore-infinite series[Eq.. (34) in Ref. 4, and the gray area represents the
sistance oscillations allows us to extrabty,=1.2 um, re- theory for clean interface junctioriRef. 2) with thickness between
sulting in Aj=12 um?. Thus magnetoresistance oscillations 2000 and 9000 A.
determine the geometrical dimensions of our samples, given
in the previous section in the parenthesis. The consistency with the latter theory is even more strik-
The critical currents in our samples were measured ajng when the data is compared with the theory developed for
temperatures in the range of 1.3—-4.2 K using the setup dey junction with clean interfacésSince for this theory, the
scribed above. A typical differential resistance of a sample vghosen frame of axis is not natural, our data should fall into
dc current is plqttefj in Fig. 3, which clearly indicates thehe gray area. The upper border of the area corresponds to
sharp onset of dissipation &I . L=2000 A while the lower border corresponds to

Some of the parameters which appear in Edjsand(4), =9000 A. Our data deviates b P
= . y about three orders of magni
namelyR;=19 m,T,=8.0 K, andpc,=5.5x 10 Om, are 46 trom the theory of Zaikirt al.

g;reercs:tha;nrs;?reg 'nar?gkeggﬁrgrgigézgﬁe:jes_}_ﬁé tgi?fug?gim_ It should be noted that there are no free parameters in the
! N SN X evaluation of the theoretical formula. The origin of the de-

coefficient, which appears iy and 5;, can be calculated . .. f data f he th ical . | d
from the measured resistivity of the Cu, using the relation/ation of our data from the theoretical curve Is not clear, an
D=[eN(sp)p] L, whereN(eg) =1.56x 107 JLis the density could arise from several sources. The estimate of the area

of states at the Fermi energy for GuFrom the latter, we from the Frounhofer oscillations has at least +20% error. The
obtainD=4.5x 1072 m?/s. The energy gap is calculatéd us- Smaller area would increasg and therefore improve the fit
ing the knoWn relation fo.r NB A=1.%sT.=1.3 meV. Thus to the theory. The additional source of the error could arise

there are no free parameters entering the theoretical expre€om the value ofp in the Cu layer. As explained above, it
sions. was determined from the resistivity measurement of the Cu

We should keep in mind that E¢B) is only valid for large ~ film in the planar geometry. Although the small grain Cu
values of ys. The value ofyg calculated from Eq(2) is films gsua_lly do not show S|gr_1|f|cant anisotropy, one should
about 500, and consequentl varies between-50 for L bgar in mmd that_the deposmon_of our Cu films was made
=9000 A to ~200 for L=2000 A. These values justify the with two interruptions(when moving the samplgs from the
applicability of both Eqs(3) and (4). sputtering chamber to the _electron—gun depo_smon c_hqmber

Since our aim is to compare our experimental data withgnd back These addltlonal_lnterfaces with partially _OX|d|ze_d
the theory of Kupriyanoet al,* we choose a dimensionless CU could make the resistivity of the Cu very anisotropic,
frame of axis [L/& 1(T,L)/1o(T)], where I(T) being much larger in the dlrectlon perpendicular to the inter-
:167rkBTC/eApN/R-ZAZ(T)/[(kaT)2+A2(T)]§;f/§N. These face thar_l the measured vqlugs in planar geometry. We.have
axes are natural fi)r thig variation since the leading term in no experimental way of verifying this. Apart from increasing

o : lo, and therefore improving the fit, the additional interfaces
the Matsubara frequency expansidy. (4)] is just a simple ' L ’ .
exponential dependence, and therefore all our data pointéoUId make some nontrivial changes to the boundary condi-

presented in this frame of axis, should collapse onto a sing| ons of the Usadel equations, which were not accounted for
exponential curve. Fig. 4 shows all our data points which y the theory.

quite closely follow(within a factor of 3 the theory of Ku- V. CONCLUSIONS

priyanofet al. The dashed line in Fig. 4 corresponds to Eq.

(4), while the solid line accounts for all Matsubara frequen- We demonstrated that the thebif the critical current in
cies[Eqg. (43) in Ref. 4. a SNS junction with nonideal interfaces closely follows our
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experimental data. Keeping in mind that we have not used ACKNOWLEDGMENTS

any fitting parameters, we find the agreement quite amazing.
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