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We have shown experimentally that both the ac and dc properties of small Dayem bridg-
es are fully determined at aB temperatures by their normal-state Ohmic resistances.
The behavior can be described by a two-fluid model where the normal component is gov-
erned by the normal-state resistance and the superfluid component determined by the two
Josephson equations. The normal-state resistance also determines the maximum super-
current.

Considerable effort by many workers has been
put into devising equivalent circuits to describe
the dc and ac behavior of the various types of
weak links. A description of the Josephson junc-
tion and the superconductor-normal-superconduc-
tor junction has been attempted, "but this is dif-
ficult as the spatial distribution of the current
along the barrier must be taken into account. A
general description of point contacts is also diffi-
cult because of insufficient knowledge of their
geometrical structure. %e report here experi-
mental results on superconducting thin-film mi-
crobridges (Dayem bridges), whose behavior is
shomn to be very mell described by a simple
equivalent circuit consisting of a resistor in par-
allel with a component determined by the two Jo-
sephson equations and, moreover, is fully deter-
mined at all temperatures by the resistance of
the bridge in the normal state.

%e have investigated the I-V characteristics of
the bridges with an applied X-band microwave
fie1d and found current steps at voltages V =n(h/
2e)&u, where n is an integer and &u is the frequen-

cy. This is similar to the findings of Anderson
and Dayem. ' However, me found4 that for bridges
which were much smaller than any previously re-
ported, "a periodic variation of the step heights
with microwave power mas observed. The geome-
try of these smaller bridges mas investigated us-
ing a scanning electron microscope. The lengths
and widths mere typically found to be 0.2 and 0.5
p, m, respectively, for film thicknesses of about
0.1 gm. ' In Fig. 1 we have plotted the heights of
several current steps as functions of the micro-
wave field for various values of n. On compari-
son with the Bessel-function behavior found in
Josephson junctions, two differences become ap-
parent as the temperature is reduced from T,.
First, the supercurrent increases relatively fas-
ter than the magnitudes of the steps; and, second,
the first period of the Bessel-function-like behav-
ior becomes more extended. Also an initial in-
crease in the zero-voltage current step at small
microwave power was observed in accord with
the earlier investigations on larger Dayem bridg-
es. '
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FIG. 1. The magnitudes of the zeroth, first, and

second current steps (n =0, 1, 2) as functions of the mi-
crowave field amplitude for a small Dayem bridge. ~/
2n =9.054 GHz; T =3.677 K. The solid lines are taken
from Ref. 7 and calculated on the basis of the equivalent
circuit shown in the insert, using the parameter (Rv/
2e)R Io =0.22. Inserting IO, this parameter yields
R =0 38 Q. E. quation (2) yields R =0.37 Q. The plateau
bridge resistance is 0.4 Q.

where I and Io are the external applied dc current
and the maximum supercurrent, respectively;
Iy and co are the current amplitude and the fre-
quency of the microwave signal, respectively;
and R is the parallel resistance. The I-V charac-
teristic is determined by the time average of the

solution to these two equations. Such I-V charac-
teristics have been calculated in Refs. 7 and 8 for
various values of the normalized ac current I,/I,

Comparison of these measurements with analog
computations reported recently" on the equiva-
lent circuit shown as an insert in Fig. j. led to
some very interesting conclusions. When a com-
bined dc and ac current source is applied to the
equivalent circuit, then the following differential
equations govern the behavior':

I I, , Sdq—+ ~sin~t = sing +R 'I, '—
Io IO 2e

8 dp
2e dt'

I,= (m/4e)R 'b, '(T)/ksT, , (2)

where h(T) and T, are the temperature-dependent
energy gap and the transition temperature of the
superconductor, respectively. The only unknown

parameter in this equation is R. It was possible
to separate the normal resistance of the bridge
from that of the background film since the transi-
tion temperatures of these two regions were dif-
ferent, giving rise to a resistance plateau be-
tween the two transitions representing the nor-
mal-state resistance of the bridge. For tempera-
tures not too far from T, this value of R corre-
sponds closely to that determined from Eq. (2)
when the experimental value of I, is inserted.
This normal-state resistance is also experimen-
tally found to be the parallel resistance in the
equivalent circuit from the fitted parameter (hv/
2e)R 'I, '. It is interesting to notice that Eq. (2)

and a few values of the parameter (k~/2e)R 'I, '.
A comparison of these calculations with our ex-
perimental results is shown in Fig. 1, where the
heights of several current steps have been dis-
played as a function of I,/I, . In order to compare
the theoretical curve with the experimental data,
a. choice was made for the parameter (I&@/2e)R '

&&I, ', which determines the general shape of the
theoretical curve; the ac current amplitude, only
known relatively in our experiments, was also
scaled to fit the curve. The zero-voltage current
step at zero microwave power (i.e. , the super-
current) is found to be smaller than the theoreti-
cal prediction but reaches its expected value on
the application of a relatively small microwave
signal. This so-called Dayem effect is thought to
be due to some stabilizing influence of the micro-
wave signal on the fluctuating phase difference y.
The reason for this stabilization is not known,
but the close similarity of the equivalent circuit
in Fig. 1 and a strongly damped pendulum perhaps
indicate some effect analogous to the alternating-
gradient stabilization of the inverted pendulume
as described by the Mathieu equation.

The good agreement between the experimental
results and the theory clearly shows that a sinus-
oidal current-phase relation is relevant to small
Dayem bridges as has recently been verified theo-
retically" "using the one-dimensional Ginzburg-
Landau equations. From the fact that our films
are in the dirty limit, we can rewrite the expres-
sion for the maximum supercurrent Io by intro-
ducing the mean free path in the normal state and
hence the normal-state resistance R of the bridge
region. We find
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FIG. 2. The ratios between the maximum heights of
the first current step I(1)~» and the maximum super-
current IO plotted as a function of the parameter (h~l
2e}R 'Ip ' for varyingID, i.e., varying temperature.
These measurements are performed on another Dayem
bridge, different from that used for the data of Fig. 1.
The solid curve is taken from Bef. 8 and is based on
the equivalent circuit shown in the insert of Fig. 1; &u/

2m =9.129 0Hz. The fit gives R =0.47 Q. The plateau
bridge resistance is 0.5 Q.

has exactly the form found theoretically in the
high-temperature limit for the Josephson tunnel
junction" except for the interpretation of R which
in our case is the resistance of the bridge as de-
termined from the mean free path, whereas in the
case of the Josephson tunnel junction it is the nor-
mal tunnel resistance.

The fitting of the experimental results by the
analog computations of Ref. 8, based on the equiv-
alent circuit of Fig. 1, involves the two parame-
ters R and I,. However, R and I, are found to be
connected by Eq. (2); and, as R was found to be
temperature independent, the only temperature
dependence is that inherent in Eq. (2), i.e. , the
temperature dependence of the energy gap. As an
illustration of the validity of the equivalent cir-
cuit at all temperatures we have plotted the ratio
I(1),„/I„where I(1) „ is the height of the first
current step (n= 1) at maximum, as a function of
the parameter (he/2e)R 'I, ' for varying I„ i.e. ,
for varying temperature. Such a curve has been
calculated by Pack and Kose, ' and the agreement
with our results as shown in Fig. 2 is seen to be

very good, confirming the validity of the equiva-
lent circuit as well as the unique value of R.

The practical use of these bridges is particular-
ly straightforward. They endure repeated ther-
mal cycling and storage in air for periods of
years with no degradation of their characteris-
tics. %e expect them to be great interest in de-
vice applications.

The authors would like to thank H. Hgjgaard
Jensen, G. Fog Pedersen, and G. R. Pickett for
valuable discussions and are grateful to the De-
partment of Geology for the use of their scanning
electron microscope.
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