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metastable states of superconducting weak-link rings 
containing a niobium point contact 
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Superconductivity Research Group, School of Physics and Space Research, University of 
Birmingham, Edgbaston, Birmingham B15 ZTT, UK 

Received 14 February 1991 

Abstract. Careful measurements have been made of the critical currents of a number of 
superconducting weak links formed using niobium point contacts. Values for these critical 
currents as functions of temperature have been derived both from magnetization curves 
obtained when the links were included in a structure with a two-hole SQUID geometry and 
from current-voltage measurements. The data were corrected for the effects of thermal 
activation. Discrepancies between the results and theoretical predictions were attributed to 
non-sinusoidal current-phase relationships; magnetization measurements were performed 
on very weak links which produced direct evidence for this effect. The standard theoretical 
model was modified to include a second-harmonic term in the current-phase relationship 
and the resulting predictions agreed well with the experimental results. No evidence was 
obtained for macroscopic quantum tunnelling in our devices, which is consistent with the 
prediction that this effect should be suppressed by the electromagnetic properties of the 
superconducting structure surrounding the point contact. 

1. Introduction 

Superconducting rings containing one or more weak links underlie the operation of all 
SQUD (superconductingquantum interference device) systems. Before the development 
of commercially reliable thin-film structures, niobium point contacts were often used as 
the weak link, the naturally occurring oxide layer on the surface forming the thin 
insulator between the regions of contact. 

Such structures were also used by Prance et a1 [l], den Boer and de Bruyn Ouboter 
[2] and de Bruyn Ouboter [3] to investigate the possible occurrence of macroscopic 
quantum tunnelling (MQT) between the metastable flux states of weak-link rings. Tran- 
sitions between these states can occur either by thermal excitation of the system over 
the potential barrier provided by the weak link, which is of order E, = @&/2n (where 
O0 = h/2eis the flux quantum and i, the critical current associated with the weak link), 
or by quantum mechanical tunnelling through the barrier. For MQTto be observedeither 
the capacitance of the link must be extremely small or the temperature must be extremely 
low so that tunnelling dominates the effects of thermal excitation. Some of the above 
experimental work claims to have observed MQT at temperatures above 1 K, implying 
an effective capacitance of the weak-link structure of less than about F, but, 
unfortunately, there is no way of providing an independent measurement of the actual 
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capacitance in these measurements. More recently, others [4,5] have used thin-film 
structures with a more precisely defined capacitance and have been able to demonstrate 
a transition from thermal activation at high temperatures to MOT at low temperatures. 

The earlier point-contact measurements remain problematical as, although it may 
he true that the capacitance between the actual contact area of the point can be of the 
order of F, this capacitance appears in parallel with the capacitance of the point 
itself and the surrounding structure. The latter can be estimated to be of order F, 
which would completely rule out the possibility of observing MQT at the temperatures 
claimed. Indeed, a detailed analysis of MQT in a point-contact geometry [6] confirms 
that, for low frequencies, it is the total capacitance in parallel with the point that 
determines the tunnelling probability and that at high frequencies the characteristic 
impedance of the SQUID structure seen by the point serves to introduce damping, which 
substantially reduces the tunnelling probability. In either case the probability of MQT is 
reduced to the point where it should not have been observable in the regime where the 
point-contact experiments were conducted. More recently, calculations have shown 
that the electromagnetic environment should act in a similar manner to suppress the 
‘Coulomb blockade’ in single-electron tunnelling [7]. 

The present work was carried out with the aim of reinvestigating transitions in point- 
contact structures. As far as possible, all the relevant parameters of the point-contact 
structure have been determined independently from the observed flux transition prob- 
abilities. This hasincluded independent measurementsof the Dcelectrical and magnetic 
characteristics, the current-phase relationships of the various point contacts studied and 
an absolute measurement of the inductance of the weak-link ring. Our measurements 
extend over the temperature range 1.2 to 9 K and were undertaken in a well screened 
environment to eliminate electromagnetic noise, which could otherwise simulate the 
effect of MQT. 

No evidence was found for MQT in any of the point contacts investigated and all 
the measurements could be described by thermal activation. Nevertheless, significant 
deviations from the assumptions implicit in the simple models generally used to describe 
MQT in weak-link structures were observed. In particular, after taking into account 
thermal activation [SI, significant deviations in the temperature dependence of the 
intrinsic critical current compared from tbat predicted by Ambegaokar and Baratoff 
191 were noted. Furthermore, significant deviations from a sinusoidal current-phase 
relationship were observed, which strongly inlluences the transition probabilities near 
the critical state. Failure to take such deviations into account could lead to an incorrect 
interpretation of the temperature dependence of the transition probability meau- 
rements. 

2. Theory 

The energy of a superconducting ring interrupted by a weak link may be expressed as 

E(@? A) = (@ - @.)*/2L - El(@) (1) 

where qix and @ are the applied flux and the total flux (hereinafter referred to as the 
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‘internal flux’) in the ring, respectively, L is the inductance of the ring and si is the flux- 
dependent junctionenergy. The relationshipbetween @ and @,at equilibrinmisobtained 
by minimizing E to give 

@ x  = @ + L aq(@)/a@. 

Ej(@) = (Qo/%)Zc c ~ s ( W / Q o )  (3) 

(2) 
For anideal Josephson junction where thecooperpairs tunneloneata time, the junction 
energy is given by 

where 1, is the critical current of the junction and Qo is the magnetic flux quantum. The 
equilibrium relation between @ and GX is now 

@x = @ + (*0/2n)psin(z4@0) (4) 

p = 2nLl,/Qo. ( 5 )  

where 

The properties of the relationship (4) between q5 and @> depend on the value of p. If p 
is greater than one, it is multivalued and displays hysteresis when @xis cycled through a 
flux quantum as shown in figure I(a), whereas, if p is less than one, it is non-hysteretic 
(figure l(b)). For both curves the slope at the origin is 1/(1 + p). 

The relationships neglect both the effects of thermal activation at finite temperatures 
and possible macroscopic tunnelling. At a finite temperature, thermal activation causes 
early jumps, as described by Kurkijarvi [lo], with a distribution in jump probabilities 
dependent on both temperature and the junction parameters. At sufficiently high tem- 
peratures, the jump probability can be so high that many jumps backwards and forwards 
occur within the time of any single measurement, so that even when p is greater than 
one, the curves appear non-hysteretic, with a thermally averaged @given by 

where E(@, @J is given in (1) and becomes, in the case of the sinusoidal relationship (4) 

The effects of thermal activation are illustrated for hysteretic and non-hysteretic junc- 
tions in figures l(a) and l(b). By fitting the experimentally determined magnetization 
curves (i.e. (@}plotted against @x) to equation (6) it is possible to derive values for both 
p and I,, which axe related through the ring inductance L. In practice, as we shall show 
later, we also determine the inductance in a separate measurement, enabling us to make 
a critical comparison with theoretical predictions. Any discrepancies imply departures 
from the model used, such as the neglect of MQT and the assumed sinusoidal current- 
phase relationship. 

The effect of MQT on the magnetic behaviour of the weak-linkrings would be to cause 
early transitions between the metastable states even at absolutezero. Transitions would 
generally occur before the applied flux reached the critical value by an amount that 
would depend on the effective capacitance of the macroscopic system and the detailed 
shape of the current-phase relationship near criticality. The influence of MQT would 
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Figure 1. The continuous curves represen1 the 
theoretical dependence (4) of the total flux @on 
the externally applied flux 0, for two values of B .  
In ( a ) ,  # > 1 and when +" is cycled between zero 
and @o, hysteretic behaviour following the paths 
AA' and BB' is expected at T =  0; at somewhat 
higher temperalures the paths CC' and DD' are 
followed and at higher temperature still the hys- 
teresis becomes unobservable and the thermally 
averaged path indicated by the broken line is 
observed. In ( b ) .  B < 1 and the theoretical curve 
is non-hysteretic (full curve); at higher tem- 
peratures the thermally averaged behaviour is 
indicated by the broken curve. 

Figure 2. The experimental weak-link structure. 

therefore be approximately equivalent to that of transitions at a temperature T*,  which 
would always be greater than the actual temperature of the system and would depend 
on the junction strength, the sinusoidal behaviour and the effective capacitance. 

Our experiments were designed so that the ring could be broken to allow direct 
measurement of the I/V characteristics of the point contact used as the weak link in the 
magnetic measurements. In determining I, fromsuch measurements it is again necessary 
to account for the effect of early transitions caused by thermal excitation (or indeed MQT 

if this was significant). In particular, it is important to recognize that the measured 
values, I Q ) * ,  will be reduced by thermal excitation below the intrinsic values I J T ) ,  
used in the above analysis. The influence of thermal activation on the current- 
voltage characteristics was first discussed by Ivanchenko and Zil'berman [ll] and more 
fully by Ambegaokar and Halperin [12]. One of us [8] has recently shown that, to a 
good approximation, I,(T)* can be written as 
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where R is the normal-state resistance of the junction and V,, is the first detectable 
voltage used to define I,(T)*. Knowledge of the relevant parameters therefore enables 
measurements of I,(T) to be determined from the experimentally determined critical 
current IC( T )  * . 

3. Experimental 

The weak-link structure investigated in these measurements is shown schematically in 
figure 2. It consists of two niobium blocks between a thin Mylar layer was clamped using 
insulated brass screws and Stycast end castings to provide additional structural rigidity, 
The point contact used as the weak link in these experiments was formed between the 
two inner 12 Ba niobium screws, one of which had a flat end to form the anvil and the 
other a carefully sharpened point. There was a spacing between two niobium blocks of 
0.8 mm to enable the point contact to be positioned a few microns above the anvil prior 
toadjustment at low temperaturesin theexperiment itself. Theouter two 12 BA niobium 
screws could be left open so that the current-voltage characteristics of the central 
point contact could be measured, or screwed hard down to complete the external 
superconducting circuits in a two-hole SQUID geometry. All three screws in the top 
surface of the niobium block could be adjusted mechanically from outside the cryostat 
using very fine micrometer drives. Subsequent mechanical isolation of the screws from 
their external drives minimized vibrational and electrical coupling problems. 

The Nb points were sharpened to a tip of about 1 ,um diameter by mechanical 
grinding. They were oxidized in air at room temperature for 24 hours and stored in a dry 
helium atmosphere before mounting. The anvil was similarly treated. 

External flux was applied by a copper coil placed in one of the holes with the 
superconducting primary of a DC flux transformer connected to an external radio fre- 
quency SQUID in the second to measure the induced flux. The superconducting DC flux 
transformer was weakly coupled to the external measuring SQUID and also incorporated 
a normal metal resistive shunt to act as a low-pass filter, minimizing the possibility of 
spurious transitions induced from the external SQUID. 

The niobium block was surrounded by two concentric superconducting shields inside 
a vacuum container surrounded by liquid helium. The temperature of the block could 
be varied between 1.2 K and 10 K by heaters and thermometers mounted outside the 
superconducting shields and strongly coupled thermally to the block via copper heat 
links. All the electrical leads to the niobium block were carefully filtered and also 
included 50 dB attenuation to room temperature to minimize radio frequency inter- 
ference from external sources. The glass cryostat containing the experiment was sur- 
rounded bytwoFaradaycagesandamu-metalcylinder.The wholeapparatuswasplaced 
inside a closed copper box, which was itself surrounded by soft-iron sheets for further 
magnetic screening. The SQUID and electronics controlling the temperature were pow- 
ered by batteries inside the box, with analogue links providing communication with the 
outside of the box for control and measurement. Measurements were recorded digitally 
on a well screened microcomputer placed 5 m from the apparatus, with heavily filtered 
lines to the optical analogue receivers. By taking such extensive precautions, we believe 
we have effectively eliminated all sources of external interference. 
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Fig". Typical experimental measurements of 
the total flux @ as a function of &, showing hys- 
reFetic behaviour with @ > 1 in (a),  thermally 
averaged,<ala frmm!jm<tionwith @ > 1 in (b)  

- 1  1 anddatafromanon-hystereticjunctionwith,t3 < 1 
@x'*o in(c).The hysleresiswidthA@isindicatedin(a). 
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Measurements of the magnetization curves of the weak-link structure were made by 
sweeping a current through the coil in one hole of the device and recording the flux in 
the other hole using the external SQUID magnetometer. In this way, a plot of the applied 
flux against the internal flux was recorded. At each fixed temperature, up to 200 sweeps 
were made and the measurements were signal averaged. The magnetization curves 
included contributions from direct magnetic coupling between the holes, which could 
be determined by closing the central link to make a strong superconductingcontact (i.e. 
one where /3- a). This background slope was then subtracted from all the other data 
before it was processed as described below. Typical results are shown in figure 3. 

Direct measurementsof the current-voltagecharacteristicswere madewith the outer 
links open. These were made before and after recording a set of magnetization curves 
(with the links closed) for a particular setting of the junction. Only when these two 
current-voltage characteristics were essentially identical could we be sure that the 
mechanical adjustment of the outer screws had not affected the central junction. 

An absolute measurement of the SQUID inductance, L, was made by injecting a 
current into the tip of the point contact through two thin strips of conductor, separated 
by a thin insulator, which were trapped between the central point and the Eat anvil. The 
inductancewasdetermined bymeasuringthefluxin the weak-linkstructureasafunction 
of the current applied to the point. An absolute calibration of the flux measurements 
was made by subsequently screwing the point down so that it pierced the electrodes to 
form a weak link yielding magnetization curves periodic in the flux quantum. The 
resulting value of the inductance is (6.58 k 0.07) X 10-'"H, which is consistent with 
estimates based on the geometry of the device. It should be emphasized that this method 
directly determines the inductance actually in parallel with the junction (i.e. that of the 
two holes in parallel modified by the contribution from the structure in the immediate 
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Figure 4. The parameter p for two junctions as measured from the slope of the @ against C#S" 

curye at the origin. For the same junctions I, was derived from fitting the thermally averaged 
(@)against @%assuming the relations in equations (6) and (7). Both quantities are shown as 
functions of temperature 

Figure 5. The hysteresis width A+ (cf figure 3) 
plotted against the parameter for a number of 

/I hysteretic junctionsal 1.25 K.Thelinesrepresent 
the theoretical predictions assuming a sinusoidal 
current-phase relationship with the experimental 
temperature (full curve) and T = 0 (broken 

("' : _ _ _ /  curve), respectively. 

t 
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0 
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a .  
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B 

vicinity of the point) and that this is exactly the inductance L that appears in the weak- 
link theory discussed earlier. 

4. Results and comparison with theory 

Measurements of several hysteretic and non-hysteretic magnetization curves were made 
on a number of junctions. In the non-hysteretic case, the results were fitted to the 
thermally averaged sinusoidal junction model described by equations (6) and (7), and 
the resulting temperature dependences of p and I ,  for two of the junctions are shown in 
figure 4. The relationship /3 = ( Z X L / @ ~ ) I ~  is reasonably consistent with the data shown 
in figure 4(a), but in figure 4(b) the experimentally measured quantities clearly have 
quite different temperature dependences, indicating a clear discrepancy between the 
measurements and the model. Moreover, the implied values of the inductance are 
temperature dependent and only approximately equal to the measured inductance, 
which was measured to be independent of temperature as expected. 

Hysteretic magnetization curves at 1.25 K were recorded for a number of junctions 
and a value of obtained in each case from the slope at the origin. The hysteresis width 
defined as the distance between the mean jumping positions indicated in figure l (a)  was 
also measured and the results are plotted in figure 5. This figure also shows the maximum 
width allowed by the theory described above (assuming the experimentally measured 
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F i p 6 .  The critical currents for a number of junctions measured with theouter links open. 
The wrrents required to produce a voltage of 1 !JV are indicated by 1: and the critical 
currents derived from 1: by correcting for thermal excitation are indicated by I,. The full 
curves representpossiblefitsto the theoreticalformsforslsiunctions (a, b)ands~siunctions 
(b, c ) .  

value of L), which is what should be observed at T = 0 in the absence of MQT, and the 
width predicted at T = 1.25 K assuming that the thermal activation is in line with the 
theory of Kurkijarvi [lo]. If this model is correct, the experimental points should lie on 
the T = 1.25 Kline. However, theresultsindicatethatforseveraljunctionsthehysteresis 
width is significantly larger than that expected from the theory, and for some the flux 
jumps occur in the region above the f = 0 line, which is clearly unphysical in terms of the 
theory developed sofar. Once again we have amarkeddiscrepancy between experiment 
and theory. 

We now turn to the critical-current measurements made by recording current- 
voltage characteristics with the outer links open. Figure 6 shows the measured values of 
I,(T)* (defined as the minimum current required to generate 1 pV across the junction) 
for four different junctions and the corresponding values for &(T) obtained using 
equation (8). The results shown in figure 6(a) and (66) have a temperature dependence 
approximately consistent with the Ambegaokar and Baratoff [9] form for a supercon- 
ductor-insulator-superconductor (SIS) Josephson junction, while those shown in figures 
6(c) and 6(d) are more consistent with that expected for superconductor-normal metal- 
superconductor (SNS) junctions. 

Acomparison between the corrected IC( T) critical-current measurements taken from 
the current-voltage characteristics and those obtained from magnetization curves on 
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Figure I. The critical currents I. of three weak 
links as functions of temperature measured in 
three different ways. The asterisks were derived 
from j?(T) using equation (5) and the measured 
inductance; the open circles were derived from 
fitting the thermally smeared data and the open 
triangles were derived from current-voltage 
measurements with the outer links open. Sinus- 
oidal current-phase relationships were assumed 
in each case. The curves are guides to the eye. 
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the same junction have been made for several adjustments of the inner link. Values for 
I ,  were also obtained from f i  by substituting the measured inductance of the SQUID into 
equation (5). Altogether, therefore, we have three independent determinations of the 
temperature dependence of I, as shown in figures 7(a-c). It is clear that significant 
discrepancies occur between the three determinations of I, for the data represented 
here. 

We therefore conclude that the model of the weak-link ring described by equations 
(6)and(7)isinadequate todescribe theobservedpropertiesofourniobiumpointcontact 
weak-linkstructure. Moreover, MQTCannOt account for the observed discrepancies. For 
the hysteretic magnetization measurements, MQT would reduce the hysteresis width 
below that expected from thermal activation because the tunnelling probability would 
be enhanced at low temperaturescausingearly flux transitions, while our measurements 
(figure 4) indicate hysteresis widths that are larger than expected. For the non-hysteretic 
magnetization measurements, MQT processes could result in a discrepancy between the 
temperature dependence of fi  and I, at low temperature, but not the large discrepancies 
observed at all temperatures. 

A probable explanation for the observed failure of the model to account for our 
measurements is the possibility of a non-sinusoidal current-phase (IS) relationship in 
the Josephson weak link. Several authors have suggested that niobium point contacts 
may be non-sinusoidal [13] for large critical currents, although it has generally been 
assumed that junctions with critical currents in the range used in this experiment are 
effectively sinusoidal [3]. 

A direct measurement of the current-phase relationship can be made only on weak- 
link structures with p < I, where the phase S across the junction is proportional to the 
single-valued flux @through the loop [14], as illustrated theoretically in figure l(b) and 
experimentally in figure 3(c). The thermally averaged current through the junction is 
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proportional to the difference between and (@). Therefore, by obtaining mag- 
netization curves in the case were p < 1, and plotting &, - (@) against (@), the form of 
the thermally smeared I-S relationship may be observed. 

Measurementsof non-hystereticmagnetization curves were made for several adjust- 
mentsofthe centre Link withp < 1 in eachcase, implyingextremelyweakjunctions with 
I ,  < 0.5 PA. The curves were fitted against the sinusoidal model (cf equation (6)) as 
before and plotted in the manner described above (figure 8). It is important to note that 
the theoretical curve includes the influence of thermal activation and is consequently 
different from a simple sine curve. Significant discrepancies were observed insome cases 
and figure 8 shows examplesof a very nearly sinusoidal and a significantly non-sinusoidal 
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Figure9. (a) The parameters 8' and e as functions of temperahre for a junction, assuming 
a thermally averaged model with a second-harmonic contribution to the current-phase 
relationship. Part (b)showsthecriticalcurrentobtainedin thesameway(open squares) and 
that derived from current-voltage measurements (asterisks). 
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I S  relationship. The differences between experiment and theory are shown; in figure 
8(b) it is clear that they could be reasonably represented by a comparatively small 
second-harmonic term. 

5. Non-sinusoidal current-phase relationships 

As non-sinusoidal behaviour has been observed in our weakest junctions, it is likely to 
be significant for all of them; we have therefore developed a theory for the weak-link 
structure that includes a second-harmonic term in the I S  relationship. A modified 
Josephson relationship to include a second-harmonic term may be written as 

I = Io[(l - 2a) sin S + ocsin(ZS)] (9) 
where this form is chosen to ensure that the slope of the current-phase relationship at 
the origin is independent of a. The critical current, I,. obtained by differentiating (9) 
with respect to S is now 

I ,  = Io(1 - C2)'/2(1 - 2a + 2otc) (10) 

C = COS S = [2a - 1 + (1 - 4a + 36a2) '/']/Soc. (11) 

@ x  = @ + LIo[(l - 2a) + as in(4~@/@~)] .  (12) 

where 

The corresponding magnetization curve is given by 

The energy of the weak-link ring may now be expressed as 

and the slope of the magnetization curve at the origin is now 1/(1 + p'). The fitting 



6090 

program for the magnetization curves was modified to work with this new form for 
the device energy. The analysis of the current-voltage measurements also requires 
modifiction to include the second-harmonic effects. It is a straightforward extension of 
the procedure derived by Keene [8] to show that equations (9) and (10) still hold with 
U, replaced by U; where 

M N Keene et a1 

Lli, = 0,3I,@pO(l - 201 + 2r~C)”~/(l - 201 + 8nC)”. (15) 

Returning now to the two sets of current-phase data derived from reversible (B C 1) 
magnetization curves and shown in figure 8, we adapted the fitting routine to include the 
additional parameter, a, and now heldthe inductance, L, at itsindependently measured 
value. In the first case the second-harmonic term is negligibly small (1, = 0.97 PA, 01 = 
0.00) but in the second it is significant ( I ,  = 0.64 PA, (Y = -0.09) and the second- 
harmonic contribution in this case is shown in figure 8(b) where it is seen to be in good 
agreement with the experimental data. Substituting the above values in (IO) and (11) 
yields a value of 0.76pA for the critical current, about 20% higher than the value 
obtained when the second-harmonic correction is ignored. 

We believe that all the discrepancies in our earlier data can be attributed to the 
assumption of a sinusoidal current-phase relationship. Reconsidering first the hysteretic 
data summarized in figure 5 we see that the hysteresis widths A@ are nearly all somewhat 
higher than predicted using [5J and the value of B obtained from the slope of the curve 
of @ against GX at the origin. This is consistent with the value of the critical current being 
higher than predicted by the model. As we have seen above the addition of a second- 
harmonic contribution with a negative value for n will lead to just such an increase in 
critical current with the same slope at the origin. Clearly the discrepancies in the 
hysteretic data can all be resolved in this way, although we note that there is no 
independent check on the correctness of the procedure. The same is true for the non- 
hysteretic data shown in figure 4; in the presence of a second-harmonic correction p 
becomesp‘[14] andis no longer in aone-to-onecorrespondence with thecriticalcurrent. 

An independent check should be possible in the cases where the critical currents 
have been derived from the current-voltage measurements made with the outer links 
open as well as from non-hysteretic magnetization curves (figure 7). We attempted to 
fit this magnetization data to the new model holding the ring inductance at its measured 
value and refining the values of I, and U. It turned out that these parameters were 
strongly correlated in the least-squares refinement and only the data illustrated in 
figure 3(c) were of sufficient quality for this procedure to be successful. The resulting 
temperature dependence o f p  and nin this case are shown in figure 9(a) where they are 
seen to be smoothly varying functions of temperature. The current-voltage measure- 
ments were also reanalysed using the new model to obtain values for I,. These results 
are also shown in figure 9(b) where we see that the previous discrepancies have been 
resolved and there is now good agreement between these independent determinations 
of I, .  

We have therefore demonstrated that magnetization curves for our niobium point 
contact weak-link structures can be successfully fitted to a model that includes a second- 
harmoniccontribution to the I-Srelationshipin the Josephson junction. It wasnot found 
necessary to include a contribution from MQT in order to fit our data to the otherwise 
thermally activated model for the SQUID. The values for I Q )  that were obtained from 
the independent electrical measurementson the isolated Josephson junction were found 
to be consistent with those found from magnetic measurements on the SQUID. 
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6. Discussion 

We have found that for nearly all the point contacts we have studied, the current-phase 
relationship is significantly non-sinusoidal, although generally good fits can be obtained 
if a single extra parameter representing a second-harmonics term is included. Such 
second-harmonic terms are generally believed to be associated with tunnelling events in 
which more than one pair tunnels at a time and are therefore expected to be com- 
paratively less important for small critical-current junctions. The fact that we have seeo 
evidence for second-harmonic contributions in the case of very weak junctions may be 
associated with our small-area point contacts and the relatively high current densities 
associated with them. Given the non-sinusoidal properties of our junctions and the 
temperature dependence of the critical currents, we have been able to explain all our 
results using models based on thermal activation and have found no evidence for 
significant quantum effects. This is consistent with our expectation that quantum effects 
should be negligible for such devices in this temperature range if the electromagnetic 
properties of the whole SQUID structure and not just the point are allowed for. 

Some of the conclusions from previous work may well also be affected by their 
neglect of possible non-sinusoidal current-phase relationships. In particular, the results 
reported in [Z] and [3] use critical currents derived from values of p obtained from the 
slopes of the magnetization curves near the origin. As pointed out above, quite small 
second-harmonic terms can significantly affect the relationship between the critical 
current (and hence the hysteresis width) and this slope and the evidence for quantum 
effects in this work is therefore inconclusive. The measurementson fabricated structures 
[4,5] also assume sinusoidal current-phase relationships, but they are less likely to be 
seriously affected as the measurements are made with the devices biased very close to 
I, .  However, it is possible that the small discrepancies between theory and experiment 
noted in [4] may be attributable to non-sinusoidality. 

Finally, we refer to the results of the Sussex group [l]. Their measurements are 
consistent with a quantum model given avery small capacitance similar to that expected 
from the point contact alone and a very small value of the dissipation. Moreover, their 
results appear to suggest not only the existence of quantum tunnelling but also of 
quantum coherence, which should be even more difficult to observe. These results 
cannot be reconciled to a classical model simply by the inclusion of a non-sinusoidal 
current-phase relationship. A fundamental inconsistency therefore remains between 
their results and the predictions of standard quantum theory including the effects of the 
electromagnetic environment. 
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