
VGLUME 21, NUMBER 2$ PHYSICAL REVIEW LETTERS 2 DECEMBER 1968

EXPERIMENTAL COMPARISON OF THE JOSEPHSON VOLTAGE-FREQUENCY RELATION
IN DIFFERENT SUPERCONDUCTORS*

John Clarke
Inorganic Materials Research Division, Lawrence Radiation Laboratory and Department of Physics,

University of California, Berkeley, California 94720
(Received 8 July 1968; revised manuscript received 14 October 1968)

Using the ac Josephson effect we have demonstrated experimentally that 28/h is identi-
cal in lead, tin, and indium to within 1 part in 10 .

V =nb v/2e, (2)

n (the order of the step) being an integer. In the
more general case of a metallic bridge or point
contact, subharmonic steps may also be observed.

By irradiating junctions at a known frequency
and measuring the voltages at which the resul-
tant steps occur, Parker, Taylor, and Langen-
berg ~' have deduced an absolute value of e/h
with a precision of 6 parts in 10 . This result,
provided it contains no unsuspected systematic
error, resolves a major difficulty in modern
quantum electrodynamics, namely the discrep-
ancy between the theoretical and experimental
values of the hyperfine splitting of atomic hydro-
gen. In addition, the method provides a simple
and accurate means of comparing and maintain-
ing standards of electromotive force. ' Conse-
quently it is of importance to establish Eq. (2) as
an exact universal relation which is independent
of the superconductors used and the conditions
under which the experiment is performed. Park-
er, Taylor, and I angenberg showed that this was
so to within 2 parts in 10'. The present experi-
ments, although of low absolute accuracy, dern-
onstrate that the voltage-frequency relation is
identical in different materials to 1 part in 10'.
The principle of the experiment is to apply the

Josephson' showed that when two weakly cou-
pled superconductors are biased at a voltage V,
an alternating supercurrent of frequency

v =2eV/&

flows between them, e being the electronic
charge and A Planck's constant. The effect of
electromagnetic radiation of frequency v upon a
Josephson junction or weak link is to induce
time-independent constant-voltage current steps~
on the current-voltage characteristic. In the
case of a pure Josephson junction in which the
current through the barrier is related to the dif-
ference in the phase of the order parameter (q)
across it by the relation' j =j, sing, the voltage
at which the steps appear is given by
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FIG. 1. (a) Lead-copper-lead junction configuration.
(b) The current-voltage characteristic of a lead-cop-
per-lead junction at 4.2'K irradiated at a frequency of
250 kHz.

same radiation to two junctions of dissimilar
materials and bias each on the induced step of
the same order n: By directly comparing the
voltages across the two junctions, one may make
a very precise differential measurement.

In contrast to the insulating barriers or point
contacts used in previous experiments, the pres-
ent junctions consisted of a normal-metal bar-
rier sandwiched between two superconductors. '
The junctions were made by evaporating succes-
sively onto a glass substrate a strip of supercon-
ductor (lead, tin, or indium), a disk of normal
metal (usually copper), and finally a second
strip of superconductor at right angles to the
first [see Fig. 1(a)j. The superconductors were
about 0.2 mm wide and 5000 A thick; the copper
was typically 10000 A thick. The current-volt-
age characteristics of these sandwiches were
studied in the four-terminal arrangement shown.
It was observed that the junctions sustained a
supercurrent up to a certain critical value, above
which a voltage appeared, rising smoothly to a
linear dependence on current. Because of the
very low electrical resistance of the copper bar-
rier, typically 10 ' 0, the voltages developed
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were small and it was convenient to use a super-
conducting voltmeter' to measure them. The
critical current, typically a few milliamperes,
decreased exponentially with increased thickness
of copper and rose rapidly as the temperature
was lowered. ' The magnetic field dependence of
the critical current indicated that the sandwiches
behaved essentially as Josephson junctions.

A sinusoidal rf field was applied to the junc-
tions by means of an oscillator driving a small
solenoid surrounding them. Current steps were
induced on the characteristic; thus both ac and
dc Josephson effects are observed in these sand-
wiches. Steps were seen at frequencies between
a few kilohertz and about 1 MHz, the latter cor-
responding to a voltage of about 2.1 nV at the
first harmonic step. The amplitude of the steps
was rapidly attenuated at voltages higher than a
few nanovolts, irrespective of the frequency of
the applied radiation. Thus with a frequency of
1 MHz only the first harmonic step mas visible,
mhereas at 100 kHz steps were observed up to at
least the tenth harmonic. An example of the
induced steps is shown in Fig. 1(b). Subharmonic
steps were also usually observed, as in the thin
film bridges studied by Anderson and Dayem, '
indicating that flux flow occurs in the junctions
at finite voltages. It is not yet known whether
the true ac Josephson effect or a flux-flow mech-
anism is dominant in producing the integer steps.
However, the distinction is immaterial for the
present purpose since in both processes the
same quantity 2e/h relates voltage and frequency.
The important feature which makes possible the
very precise voltage measurements is the ex-
tremely low differential resistance of the steps
compared with that of other types of junction.

The differential resistance of the steps was
measured in the following manner. Two junc-
tions, of identical superconductors, were con-
nected in series with a superconducting galva-
nometer' and a superconducting switch (see Fig.
2). The resolution of the galvanometer was 0.3
pA. The superconducting thermal switch was
tested mith subcritical currents in the junctions
and did not induce any observable spurious cur-
rents into the circuit. (The circulating current
induced due to flux quantization was no greater
than ,y, /L =10 nA. ) T—he entire circuit was sur-
rounded by a superconducting can to screen out
external magnetic field fluctuations and immersed
in a bath of superfluid helium, the temperature
of which was stabilized to within 10 4'K The
cryostat was surrounded by a double Mumetal
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shield to reduce the earth's field to a few milli-
gauss. The inductance of the circuit (L), esti-
mated by introducing a known resistance in ser-
ies mith the galvanometer and measuring the
time constant, was (1.0+0.1)&10~ H. The junc-
tions mere subjected to the same radiation and
with the smitch open each was biased indepen-
dently on the same-order induced step. When the
switch was closed, no detectable current flowed
through the galvariometer and each junction re-
mained biased upon its step. In this state, al-
though there was a voltage across the junctions,
the circuit was superconducting in the sense that
a magnetic field applied to it induced a circulat-
ing supercurrent, provided that its amplitude
was insufficient to drive either junction off the
induced step. In order to obtain the maximum
possible circulating current, junction 1 was cur-
rent-biased at the lower end of its step and junc-
tion 2 at the upper end, and the circulating cur-
rent established in the same direction as i,. An

upper limit was set on the differential resistance
of the steps by studying the decay of the circu-
lating current.

In a typical experiment, the frequency of the
applied radiation was 500 kHz, so that the volt-
age of the first-order induced step, upon mhich

each junction was biased, was approximately
1.06 nV. The amplitude of the step mas typically
0.5-1.0 mA. With an induced circulating current
of 500 pA, the decay was less than 0.3 p.A in
1.8&&10' sec, giving a time constant (~) greater
than 3&10' sec. Thus the total circuit resis-
tance (L/7') was less than 3.3&10 ~4 Q. We see
that the voltage width of a step with an amplitude
of 0.5 mA was less than 10 ' V, a value many

Superconducting
switch

FIG 2. Circuit used both for measuring the differ-
ential resistance of the induced steps and for compar-
ing the voltages developed across bvo junctions made
from different superconductors. The currents i& and

i2 are adjusted to bias each junction on the same order
current step.
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orders of magnitude smaller than that obtained
with point contacts or insulating barriers.

It was found that exactly the same results were
obtained when the junctions were of dissimilar
superconductors. Further measurements were
then made to set an upper limit on the voltage
difference between the two junctions. In the ini-
tial experiments the junctions were lead-copper-
lead and tin-copper-tin: This combination was
chosen because lead is a strong-coupling super-
conductor whereas tin is not. If there were a
voltage difference (hV) between the junctions,
then a circulating current (j) would be set up at
an initial rate dj/dt = d V/I, . When the supercon-
ducting switch had been closed for 1.8&&10' sec,
the circulating current was still less than the
galvanometer resolution (0.3 pA) so that AV was
no greater than 1.7&10 "V. These experiments
were performed at frequencies up to 1 MHz at
which frequency the voltage of the first-order in-
duced step was about 2.1&&10 ' V. VVe may there-
fore say that the voltages developed across the
junctions differed by less than 1 part in 10'.

The same null result was obtained when the
pairs of superconductors were lead and indium
or tin and indium and also when silver was sub-
stituted for copper as the barrier in one of the
junctions. In addition, the variation of the fol-
lowing parameter s, although generally affecting
the shape of the current-voltage characteristic
and the amplitude of the steps, did not give rise
to any observable difference in the voltage across
the junctions: (i) temperature, from 1.2'K to
2.2'K; (ii) the thickness of the barrier; (iii) the
level of the applied rf power, over a factor of 5;
(iv) the rf frequency, from 100 kHz to 1 MHz

(to 1 part in 10' at 100 kHz); (v) the order of the

steps on which both junctions were biased, up to
the fourth order; (vi) the position on the induced
step; (vii) the ambient magnetic field, up to +I G;
(viii) the direction of the bias current through the
junctions.

During the course of each measurement, both
the frequency and amplitude of the rf drifted by
about 1 part in 10'. The frequency shift caused
the same change in the voltage induced across
each junction and the amplitude variation affect-
ed the shape of the current-voltage characteris-
tic and the size of the steps. However, neither
fluctuation was sufficiently large to drive the
junctions off the steps or to introduce any dis-
cernable dissipation of the circulating current.

In conclusion we may state that 2e/h is iden-
tical in lead, tin, and idium to within 1 part in

10 under a variety of experimental conditions.
From these observations we cannot deduce di-
rectly that the charge on the pairs' has the free-
electron value to within these limits. However,
it would be truly remarkable if large corrections
to the free-electron charge exist which are iden-
tical for all three metals at this level of pre-
cision. It is more likely that any corrections
would be on the order of, or less than, 1 part in
10'. One might, therefore, express consider-
able confidence in the absolute accuracy of the
results of Parker, Taylor, and Langenberg at
the level of parts in 10', as regards both the
quantum electrodynamic implications and the
proposal for comparing and maintaining stan-
dards of voltage.
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cryostat, a dc technique [J.W. McWane, J. E. Neigh-
bor, and R. S. Newbower, Rev. Sci. Instr. 37, 1602
(1966)] was used to monitor the critical current and
hence detect changes in the current flowing along the
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'In his thesis, Parker points out that if higher order
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correlations of electrons are present (e.g. , 4 or 6)
these will give rise to subharmonic or lower order

harmonic steps and not affect the voltage at which the
steps appear.

REFLECTANCE MODULATION BY THE SURFACE FIELD IN GaAs

R. E. Nahory and J. L. Shay
Bell Telephone Laboratories, Holmdel, New Jersey

(Heceived 18 September 1968)

By studying reflectance spectra in GaAs modulated by a second, intense light beam,
we have observed oscillatory structures in the spectra near the energy gap as well as
near 3 eV. %e conclude that these structures result from a neutralization of the built-
in surface field by free carriers created by the intense light beam. The experimental
line shape near the band gap is qualitatively very similar to the theoretical prediction
for the Franz-Keldysh effect but is shifted to lower energies presumably due to exciton
effects.

~e report photoreflectance (PR) experiments
at 77' and 294'K in GaAs in which the ref lectivity
is modulated by a second, intense light beam.
PR experiments were first reported by Wang,
Albers, and Bleil' for several materials at room
temperature. These authors suggested that the
reflectance is modulated by the built-in surface
field which is periodically neutralized by the
free carriers created by the intense light beam.
Gay and Klauder' have recently proposed that the
PR effect observed by Wang, Albers, and Bleil'
is due to a change in the effective density of
states produced by the photoexcited carriers via
the Pauli principle, i.e., band filling. On the
other hand, if the modulation is in fact produced
by an electric field, its origin may be either the
Dember field which arises from the difference in
mobility of the photoexcited electrons and holes
or the neutralization of the surface field. The
results reported here allow us to identify the
mechanism responsible for photoreflectance in
GaAs.

As the source of the modulating light we have
used a He-Ne laser at 6328 A to facilitate stud-
ies of the dependence of the PR line shape upon
the intensity of the modulating beam. The vari-
ous mechanisms proposed to explain the PR ef-
fect differ in the predicted dependence of the
line shape upon the intensity of the modulating
beam. Both light beams were near normal inci-
dence on the samples and the laser was chopped
at 510 Hz. Our experiments were performed on
as-grown surfaces of high-purity epitaxial lay-
ers grown by K. L. Lawley at Bell Telephone
Laboratories. Both n-type and p-type samples
with impurity concentrations in the range 10" to
10"cm ' were used. For the experiments at
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FIG. 1. Photoreflectance spectrum for photon ener-
gies near the band gap of GaAs, p-type epitaxial layer,
m=10 cm . Eg andEex indicate the energies of the
band gap and free exciton as determined by Sturge
tPhys. Rev. 127, 768 (1962)]. The peak signal-to-noise
ratio is 100.

77'K the sample was immersed in liquid nitro-
gen. Assuming nucleate boiling of the liquid ni-
trogen' the average laser power of 0.150 W/cm'
raised the temperature of the sample at most
-2'K above the temperature of the bath. The pe-
riodic temperature variation at 510 Hz was, of
course, much smaller. From the known thermal
diffusivity4 of GaAs we estimate' that the peak-
to-peak temperature swing at 510 Hz was -0.015 K.

In Fig. 1 we present the PR spectrum for pho-
ton energies near the band gap in GaAs for both
77 and 294 K. At both temperatures, six peaks
are resolved with the spacing of the peaks being
somewhat smaller at VV'K than at 294'K. In ad-
dition, a very sharp spike labeled p in Fig. 1 ap-
pears at 77'K. Apart from this spike, which will
be discussed in a later section, the PR line
shape is qualitatively very similar to the theoret-


