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•rransi tion from Bulk-Like Behavior to Joseph~ on Junction-Like 
. Behaviqr. in Supercoriducting Microb:r:idges 

* '(eong..,.du Son.g . and Gene ·1 .. Rochlin, 

. Department of Physics,. University of California 
and 

Inorganic J;viaterials .Research Di'lfision, 
Lawrence Berkeley Laboratory, 
Berkeley, California. 94 720 

ABSTRACT 

The behavior of superconducting Sn.and Sn-In microbridges 

has been studied as a functiqn of physical parameters of the 

evaporated films ... For a proper: choice of .mean free path and 

bridge size, a regime of ideal Josephson-junction like.be-

havior appears just below T . The data are in good agreement 
c 

wit}1 recent calculations by Baratoff, Blackburn, and Schwartz. 
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The behavior of supercoqducting "weak.links" has been the. subject 

f 1 . •t . t 11 ' 2 d th t" ·1 3~5 t d" o severa recen exper:lmen a. ·an. eore 1.ca s u 1.es. Although 

1 2 . 
both de and ac experiments indicate oscillatory behavior of the phase 

near the critical temperature Tc, the nroblem is complicated by the fact 
. .· . 

· that weak .links exhibit bul.k superconductfng properties under some 
.. . . . : 

experimental conditions and Jo~ephs.on junction~like properties . under 

others. By measuring the temperature dependence of the critical super-

current of Sn and Sn-In alloy microbridges, we have determined that there 

is a region of temperature below T within which the bridges show 
. c 

near ideal Josephson junction_.like behavior; this is further supported 

by simultaneous moni taring of the quality of the ac ,Josephson ~ffect. 

The width of this junction-like regime can be changed by varying the 

coherence length, either by altering the mean free path of the film via 

thickness and impurity content, or by changing the temperature. In the 

latter case, the bridges are shown to make a smooth transition to bulk 

superconductor-like behavior as the temperature is decreased. 

Figures 1 and 2 show the critical current vs temperature data for 

a ntimber of·~0.5].1 x 0.5)1 su~erconducting microbridges with varying 

mean free paths, 5I,. For the pure Sn films of Fig. 1, 5I, was decreased 

by decreasing the film thickness, while for Fig. 2, 5I, was shortened by 

alloying In into the Sn. The transition temperature T was determined 
c 

by linearly interpolating the cri ti c~~l current to zero from about 20 mK 

below Tc; which was the highest temperature where the critical current · 

I could be determined to J ?0%. ~l'his was t.,ypi ealli wi thi.n 5 mK of the 
~ 

temperature at which the de supercurrent vanished to within the 1 pA · 

resol'..!tjon of our apparatus. Three theoretical curves are shown in 

L' 
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Fig. l for comparison with our data. The upper curve is the temperature 

dependence of the critical current density foran ideal Josephson 

. . . d 6~7 junction between two 1dent1cal supercon 11ctors, 

J .( T) - 1!..R-1 X.•.cT. )·• ta .. nh [6
2
.•·k( .;T)J, 

c · · · 2 . n . . ·~ B . 
(1) 

where R is the normal state resistance and MT) is the supercondU:cting 
n 

energy gap. At a reduced temperature (t = T/Tc) > 0.95;Jc is linear in 

(T -T) for this case. The middle (solid) curve is the c'ritical current .. c 

of a bulk superconductor, neglecting the current dependence of the gap 

parameter. Using the temperature dependence of the two-'fluid model, 

the critical current density may be written as 

c H Co) 
J {T) 

c 
c = 4n>.L(o) 

(2) 

where Hc(O) and AL(O) are the critical field and the London penetration 

depth at OK, and J (O) = [c H (0)/4n>.L(O)] is the maximum critical c c . 

supercurrent density. The lower (broken). theoretical curve is calculated 

using a gap dependent free energy model based on microscopic theory
8 ' 9 

with the depression of the gap parameter by the current taken into ac-

10 
count. The transition from bulk-like to junction-like behavior as 

the temperature is increased is clearly shown for the clean samples, as 

is the repression of this transition as the mean free path is decreased. 

Our samples consisted Qf thin Sn or Sri-In alloy films evaporated 

(in vacuo) onto a' glass substrate cooled to liquid nitrogen temperatures; 

film thicknesses varied from 500 A to 3000 A. A bridge was scribe:i on 
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this film with a fine point diamond tool mounted on a specially designed 

. . . 1 t ll macroman1pu a or. Bridge dimensions were measured by a scanning elec-

tron microscope, at a magnfication between 3000 and 10000; film thicknesses 

were. measured with a Fizeau interferometer. :For the Sn-In alloy samples, 

the residual resistivity ratio :was meastired and the mean free path esti-:

mated by using Matthiessen's rule. Th~ maxim~ ~on.centration of· In in our 

S I '1 . b ,. % 12 n- n f1 ms was est1mated to e less than 3 at •· 'l'he ambient magnetic 

field at the sample was·reduced to less than 3 mG with a shjeld made of 

high permeability material. Tempe~atures were measured with a calibrated 

germani urn resistor, which was estimated to be absolutely accurate within 

10 mK, and were regulated to within a few mKs with an ac Wheatstone 

brddge circuit. 1':3 The sample was installed inside a cylindrical, TE
011 

mode resc>-nant cavity at the position where the microwave electric field 

is maximum. The microwave electric field Erf was applied parallel to 

the bridge direction. Relative microwave power was read from the setting 

of a precision attenuator. The heights of the rf-induced current steps 

were measured from x-y recordings of the I-V curves; these curves were 

measured by a conventional four terminal method using a constant current 

biasing circuit. 

3 Baratoff, Blackburn, and Schwartz (BBS) have recently solved the 

Ginzburg-Landau equations for weak links using·a simplified one-dimensional 

model. The link is considered to occupy region B which differs from 

the electrode ·(bulk) region A only in having a shorter mean free path 

R,B < R.A' and therefore a smaller coherence length sB <.sA· Their solu

tions are completely determined by the normalized bridge J.ength d = L/2sA' 

where L is the physical length of the bridge, and a "weakness" parameter 
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I I I l4 . ' ' h • 't y:: XB XA' where X is Gor kov s un1versal funct1on of t e 1mpur1 y 

parameter 'i/E. • The weak link B is treated as being identical to A ex
o 

cept in having a lower critical current density, and thus y represents 

the decrease in effective . cross-8~.ctional area .f"or supercurrent flow in 
. . . . . . . . 

the bridge region. .BBS predict that a sin~~oi.dal eurrent:....phase relation 

will obtain whenever the bridge is "weak", but shorter than the bulk 

coherence length t,:A; these conditions will be met when y < 
l/2 15 

d < y . 

By varying the mean free path wi:th impu:ti ty or film thickness, we could 

alter the BBS parameters y and d readily; note that the effective bridge 

length increases for dirty samples and decreases for clean pnes. The 

Gor'kov impurity function can be approximated to within 20%9 by. 

1 
X~ (l+~ /1)- (3) 

0 

where~ is the BCS coherence length (2300 A for Sn). We may then 
0· 

approximate y by 

(l+~/1A) 

y = (l+f,;o/'iB) 
( 4) 

The size effect reduction of 1B must be taken into account for pure 

samples, as 1A is comparable to the width·of the bridge. For the clean 

samples shown in Figs. land 2 (34B, 22C, 90A), 1A was about 0.3Jl. 

Since these bridges are about 0.6Jl long by 0.5Jl wide, y- 0.6 and d - 1 

at low temperature • As t -+ 1, ~A increases, a.nd the BBS criterion 

l/2 .. 
y <. d < y is met; therefore there is a region below T where the 

c 

bridges behave like junctions. For the very dirty samples ( 55C, 71B, 
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87A, 93A) the bridge width is » ~A, and y ~ 1 at all temperatures. Thus 

the geometrical constriction is virtually non-existent, and the BBS criterion 

cannot be met even in the limit t ~ 1 where the temperature dependent 

coherence length is much longer than the bridge length. In other words; 

for small, clean bridges such that .!/., ,?: .the bridge width, there will be 

a regime.for t < 1 in which the bridges will behave like Josephson 

junctions, having a sinusoidal current-phase relationship and a criticli1 

current which decreases 1 i nearly for 0. 9~! < t <; l. 

In addition to the above mentioned features; e.g. a lir1ear 

dependence of I upon (1 -t) for clean samples, a bulk-like temperature 
c 

dependence for dirty samples, and a continuous transition from bulk 

dependence to linear dependence as t is increased which can be varied by 

varying .!/.,, there is an indepei}dent set of measurements confirming the 

junction-like behavior in the linear region. An 8.8 GHz rf signal was 

applied to our sarilples, and the position and height of the rf-induced 

current·steps produced was measured. A near....:ideal ac Josephson effect 

with rf-induced steps only at multiples of hw/2e was observed in the 

region 'where the linear temperature dependence occurs. The rf power 

dependence of the step heights is identical to that observed by 

2 
Gregers-Hansen et al. on very small bridges of similar geometry; this 

rf. dependence is adequately described by a model b'as.ed on a sinusoidal 

current-phase relationship, J (~<t>) ex: sin ~</>. Outside the linear regime, 
.· c . . 

rf steps appea,.r at harmonics and subharmonics of the rf frequency; 
., 

these steps are weak and have a very complex rf power dependence. 

Again this corre.lates well with the known behavior of very long bridges, 

i.e. 'bulk-like behavior. 
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Our observations appear to be well explained by variation of the 

gap parameter in the bridge region as calculated by BBS. . The linear 

variation of the critical current .for a short weak bridge, y < d < y
1/ 2 

arises from the boundar~r condition J (Ll¢) o: L12 .· · dcjl at the boundary. 
dx 

Since the bridge is shoyter than ~B and Ll(~) must have z~r~ slope at 
. ' . . . . '• ·, . _. ·• . . ·. ·. 

the center of the bridge, the depression of L1 with current is expected 

to be very small in this case. 'l'hus 1:\ at the boundary cannot differ 

greatly from the bulk equilibrium value whic3h i~:> p:ropo:rl.ional to 

(1. -t )112 , even at the critical current I . .For a. bridge of fixed size, 
c 

a constant phase change occurs at I ; and d¢/dx is nearly constant at 
c 

the boundary. Therefore, I .o: ( 1 -t) in this regime. Experimentally, 
c 

our values of I were always about 40% smaller than the prediction of 
c 

Eq. l. However, there was some di ffi cul ty in determining the normal 

state resistance Rn unambiguously, as the. I-V characteristic of a bridge 

usually showed several regions at different current levels which might 

be interpreted as the asymptotic slope to give R . We used the slope 
n 

of such a regton at the lowest current bias to determine R , and this 
n 

may 'introduce a systematic error into our calcula.tfons. We have also 

calculated the correction to be made in approximating our bridges by 

a one-dimensional model. This correction is due to non-uniform current 

distribution in the bridge. Fort > 0.9, where meaningful comparisons 

· h th h · · · 
16 o% w1t eery can be made, t e correct1on 1s qu1te small, < 1 o for 

the t.hickest films' and can be neglected to within the accuracy of our 

comparisons with the theory. 

In the bulk-like behavior regime, our data closely fit the two-

fluid model calculations. The lower broken curve of Fig. 1, derived 
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from microscopic theory, a,s~?umes a uniform transition to the normal 

state. ovei- the entirE7 -bridge, and a consequent reduction of 1:::. over its 

whole volume. However, in m~st experimental situations the transition is 

nucleated by a local hot-spot, negating the assumption of extended 

non-locality. In addition, our bridges were only a few times ~A, and 

we would not expect much depression of 1:::. even at Ic. Earlier experiments 

on very long oridges17 confirm these observations. 

We have thus shown that for so.mpleo lyinp; on t.t'le uppe:1t' curve ln 

1/'' Fig. l and Fig. 2 (which satisfy the condition y < d < y c. required by 

BBS) a sinusoidal current-phase relationship J(l:::.¢) a: sin (1:::.¢) is obtained. 

The theoretically predicted enhancement of Ic over the bulk value has 

also bee;~ observed; such enhancement :for short, weak bridges·. is thought 

to be a measure of the Josephson-junction like effect. Th±s enhancement 

shQul<i; be large to minimize bulk-like effects which tend to obscure phase 

coherence across the bridge. For this reason ideal ac Josephson effects 

can be seen only near T in microbridges or other weak links of this 
c 

type. 
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FIGURE CAPTIONS 

Fig.· 1. Normalized critical current vs reduced temperature for pure Sn 

, microbridges as 'a function of film thickness. The mean free path 

is varied'by_size effects. The upper broken curve is the theoretical 

behavior of an 'ideal Josephson junction, the middle (solid) curve 

that-of a bulk superconductor, and. the lower. broken 6urve that of 

a bulk superconductor with the gap parameter depresse-d by the current. 

_Fig~ 2. Normalized critical current vs reduced temperature for Sn-In 

alloy microbridges. The mean free path is varied by impurities. 

The theoretical curves are the same as Fig. 1. 
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