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We have made an experimental study of comparatively low-frequency (3.93 GHz) micro-
wave~—photon-assisted quasiparticle tunneling in superconducting Sn-I-Sn tunnel junctions.
The junctions were situated in a perpendicular rf electric field of frequency w, with micro-
wave voltages V., satisfying the condition eV, /7w < 18. Excellent agreement with the rf
power dependence predicted by the theory of Tien and Gordon has been obtained for junctions
with normal resistances > 1 @, although the calculated junction cavity fields remain an order
of magnitude below field values needed to fitthe data. Asthe junction resistance is decreased,
agreement remains good at high rf power levels, but systematic discrepancies between theory
and experiment occur at lower power levels. The interaction of microwave radiation with the
zero-voltage Josephson current has also been studied on the same junctions, andthe response
compared to the theoretical predictions of Werthamer. In this case quantitative agreement
with the theory is generally poor and does not appear to be correlated with sample resistance.

I. INTRODUCTION

The quasiparticle tunneling currents which flow
through an insulating layer between two supercon-
ductors can be profoundly altered when time-vary-
ing electromagnetic fields are present in or near
the barrier region. The exact form of the modified
quasiparticle tunneling characteristic depends on
the applied microwave frequency w and the quantity
a=eV /fw, where V is the magnitude of the ef-
fective microwave voltage appearing across the
oxide barrier. This inelastic process may be
thought of as photon-assisted tunneling, in which
the quasiparticles absorb or emit one or more
photons while tunneling through the insulating
layer. For a junction composed of two identical
superconductors, the tunneling current will in
general be increased for applied dc bias voltages

V <2A/e and decreased for V > 2A/e, where 24
equals the superconducting energy gap. The exact
form of the modified current for this system at a
given temperature depends only on the parameters
w and a,

We have made a series of detailed photon-as~
sisted-tunneling measurements utilizing compar-
atively low-frequency (3.93 GHz) microwaves and
high-quality Sn-SnO-8n junctions. Our results are
in good agreement with the theoretical predictions
of Tien and Gordon! when junction resistances are
21Q. Using a single adjustable parameter to
scale the rf power, we are able to construct an ex-
cellent detailed fit to the theoretical power depen-
dence of the tunneling current as a function of bias
for experimentally determined values of o as large
as 18. Systematic deviations from the theory,
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which are observed for lower-resistance junctions,
are not correlated with excess currents but solely
with junction resistance. Similar studies of the in-
teraction of the dc Josephson?'® current with the rf
field, on the same samples show much worse agree-
ment with theory. In particular, values of o de-
rived from the quasiparticle tunneling data do not
correspond to those necessary to fit the rf power
dependence of the dc Josephson current.

Section II of this paper contains a review of pre-~
vious discussions of photon-assisted tunneling and
of the basic theory. Experimental techniques are
discussed in Sec. III and experimental results and
data analysis are contained in Sec. IV. Our con-
clusions are presented in Sec. V.

II. THEORY

Superconducting photon-assisted tunneling ex~
periments were first reported by Dayem and
Martin* and subsequently analyzed theoretically by
Tien and Gordon.! In the Dayem-Martin experi-
ments, measurements were made on Al-Al,03~In
junctions at a frequency of 38 GHz, with estimated
values of @<2. The observed characteristics
were in qualitative agreement with the Tien-Gordon
(TG) theory, but several quantitative discrepancies
existed. Cook and Everett® subsequently conducted
experiments on photon-assisted tunneling at 36 GHz
in an attempt to verify the TG theory in detail.
They compared their measured conductances dI/
dV with the theoretical predictions of the TG
theory by using « as an adjustable parameter which
scales as (P,,)!/? where P, is the applied micro-
wave power, They were not able to achieve good
fits to their data with the basic TG result [Eq. (4)
below], but by modifying the theory in a somewhat
arbitrary manner they improved the fit for experi-
mental values of @ £ 3, However, as first pointed
out by Biittner and Gerlach, ® Cook and Everett’s
modification of the TG theory is not consistent with
more general theories of interaction between junc-
tions and alternating fields.®"” We shall show that
the Werthamer® theory of coupling between radia-
tions fields and junctions reduces exactly to the TG
result when a spatially uniform microwave field at
a single frequency w is present in the barrier re-
gion. In addition, Goldstein, Abeles, and Cohen®
have investigated the interactions of various types
of junctions with longitudinal microwave phonons
and photons at frequencies from 3 to 9 GHz with
experimentally fitted values of ®$6. Their ex-
perimental results were compared to the predic-
tions of the TG theory and in many cases they ob-
tained relatively good quantitative agreement.
However, their results for some samples showed
marked deviations from the theory.

In the basic theory, as developed by TG, it is

assumed that an rf electric field perpendicular to
the plane of the barrier-superconductor interfaces
causes an effective rf voltage

Ve = Vg COSWE, (1)

to appear across the junction. The result derived
by TG for the dc current I flowing in a junction
biased at a dc voltage V is

I(V)=-Geﬂ’ i J?,(a)fo [f(E-eV-niiw)-f(E)]

ns =

XNE -eV-nhiw)N,(E)dE. (2)

Here, G yy is the junction conductance when both
films are normal, a=eV /7w, J, is the ordinary
Bessel function of the first kind of order »#, and f
is the Fermi factor. N, and N, are the quasiparti-
cle energy densities of states in the left- and
right-hand films, respectively, measured relative
to p(0), the density of states at the Fermi surface.
The integral in Eq. (2) is just the quasiparticle
tunneling current expression of Giaever and
Megerle® evaluated at a voltage (V+nZ%Zw/e) and,
hence, we rewrite Eq. (2) as

=3 2, (V+"f°’), (3)

Nz =

where I,(V) is the quasiparticle tunneling current
at V in the absence of a microwave field. Using
the relation J_,(a@)=(-1)"J,(a), Eq. (3) may be
rewritten in the form

(V) = JAa) I,(V)

. ’;Jﬁ(a) {10 <V+"Z°°) +Io<V-ﬁZ£>]- @)

In the limits Zw-0, a@~0, (4) becomes®
(Ven)? d?Iy(V)
2 A (5)

1, the low-power-level current devia-

I(V)=Iy(V) +

Since P <
tion

AI(V)=I(V) = Iy(V) (6)

is directly proportional to the applied rf power.
The bare current Iy(V) in a superconductor-insu-
lator-superconductor junction at temperatures
T < T, remains small until V~2A/e. The tunnel-
ing current then rapidly increases to a value I(2A
+8V)= 1AG yy/2e in a voltage interval 6V =~2A/15¢
centered about V=2A/e. For most types of super-
conductor-insulator-superconductor junctions 6V
~100 pV. From the second term of Eq. (4) it can
be seen that the current at V depends on the bare
current at all points VinZw/e. For Hw/e <8V,
the current I will be a smooth and monotonically
increasing function of V. When Zw/e 26V, a step-
like structure will appear in the I(V) curve at volt-
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ages (2A+ nZw)/e. This structure is caused by the

steplike increase in current at V=2A/e contributing

to one of the terms in the summation in Eq. (4),
and has been discussed previously. 13-

The original TG result, Eq. (3), may also be ob-
tained from the more general electromagnetic
coupling theory of Werthamer® if we assume that
only a single ac voltage, V,; coswi, appears across
the barrier. We begin with Werthamer’s® Eq. (34)
which gives the time-dependent single-particle
current density in the presence of the perturbing
potential (1):

I#)=Im 2 J,,'(a)J,,(a)e“"-"’Wt]'] (n:w__e%l_/) ’

nyn® =mco
where (7)

2 0 0
j1(w’)='% Z J:w ./; dwy dwy [f(wy) =f(w,)]

kdo
XAy (@y) Ag(wy) |Tyq|?[wy = wy+i0* ]2 (8)

Ag(w) is a spectral weight function, given in the
BCS' approximation by

Ak(w)=%{[1+(GR/ER)]5(LU—EK/7’Z)
+[1—(€K/Eg)]5(w+Ek/ﬁ)}‘, (9)

where K and q are plane-wave states on the left-
and right-hand sides of the barrier, and ¢ is a spin
index. e€yis a bare particle energy measured rel-
ative to the Fermi energy, and E; is the quasipar-
ticle energy, defined as

Eq=(ef+ a7, (10)

whege Ay is the energy-gap parameter for wave vec-
tor k. The time-independent (dc) component of Eq.
(7) comes from the term for whichn=n"

fe= 2 2(0) tmj, (0 2Y). 1)
nz =%

The imaginary part of the current amplitude (8) can

be evaluated with the aid of the relation, (w’+i0*)™

=P(1/w") - in8(w'), (P =principal value). After the

spin summation is performed, the result is

Imjl(m:i’—eﬁ——“z ITgaFj dw”[f (@'
154 -0
~f(w's @] Ag(@+w N Aglw”).  (12)

Equation (12) is a general form for the single-par-
ticle tunneling current. ! If the tunneling matrix
element T is considered to be constant and Eq.
(9) is used for Ag(w’), and we may evaluate Eq.
(12) by converting the sums over k and g to inte~
grals and evaluating the k and w’’ integrals. This
reduces Eq. (12) to the Giaever formula, °

I=(Gyy/e) [ dE Ny(E=eV) NAE)
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X [fE-eV)-f(B)], (13)
where G yy=(4me/%)|T|? p,(0)p,(0) , (14)
and the reduced density-of-states function is given

by

N(E)=0|E|<a,
= |E|/(E? - A} E| > A, (15)

Equation (11) is exactly equivalent to Eq. (3), the
original TG formula.

The interaction of the dc Josephson current with
the microwave field may also be derived from the
general formulation of Werthamer.?® If the micro-
wave frequency satisfies the condition 7w <« 2A
and the rf voltage is such that eV ;<< 24, then the
zero-voltage dc Josephson current is given by

1;=1,(0) sing,d o(2a), (16)

where I;(0) is the de Josephson current in the ab-
sence of an applied rf voltage and ¢, is the dc
Josephson phase factor. Thus the Josephson cur-
rent should be an oscillatory function of rf voltage
with its first zero at a=1. 2.

The basic results of the theory described above
may be summarized as follows. Assuming that
the net effect of a perpendicular rf electric field
is to induce a homogeneous rf voltage across the
barrier region, then the modified quasiparticle
current should be governed by Eq. (4), where
I,(V) is taken to be the measured bare current in
the absence of the rf field. Presumably, the dc
Josephson tunneling current sees the same rf
voltage, and its response should be governed by
Eq. (16). Therefore, the response of I, should be
correlated with the response of the quasiparticle
currrent.

III. EXPERIMENTAL DETAILS

The Sn-SnO-Sn junctions used in our experi-
ments were prepared by vacuum deposition of
thin tin strips onto a clean glass substrate which
is 1.3X10"% cm thick and 1. 52 cm in diameter
(see Fig. 1). An 0.16-mm-wide longitudinal strip
~ 2000 A thick was deposited first and then oxidized
in pure oxygen at a pressure of approximately
% atm. The oxidation time was varied from 12 to
36 h. Low-resistance junctions were oxidized at
room temperature, while heat was applied when
high-resistance junctions were desired. In gen-
eral, a 12-h oxidation at 300°K would produce
junctions with 4. 2°K resistances in the milliohm
range, while a 24-h oxidation using two heat
lamps (standard 250-W infrared flood lights, ap-
proximately 3 ft from the oxidation bell jar) would
produce resistances in the range 2-10Q. Fol-
lowing oxidation, three 0. 16-mm-wide cross strips
~ 2000 A thick were deposited perpendicular to
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FIG. 1. Microwave reentrant cavity with tunnel junc-
tion samples installed. At the sample position, the rf
electric field is perpendicular to the sample and the rf
magnetic field is zero. A static magnetic field can be
applied parallel to the common longitudinal strip.

the longitudinal strip so as to form three tunnel
junctions on the glass substrate. Evaporation
pressures were usually kept in the range (2-9)
x1077 Torr, and evaporation rates were in the
range 5-10 A/ sec. We observed no correlation
between final junction quality and evaporation
pressure or rate.

Electrical leads were then attached to the sam-
ple with silver conducting paint, !* and the sub-
strate was installed on the large-end wall of a
reentrant coaxial microwave cavity, as shown in
Fig. 1. The cavity could be tuned in the range
3-4.3 GHz by moving the center plunger and was
excited by a coaxial coupling loop. The sample
location in the cavity was such that the rf electric
field was perpendicular to the plane of the junc-
tions, while the rf magnetic field was approxi-
mately zero. Static magnetic fields up to 20 G
could be applied with a small Helmholtz coil pair
placed outside the cavity. The cavity and magnet
were enclosed in a superconducting shield can to
minimize the effects of stray rf and magnetic
fields, and the entire assembly was immersed
directly in the liquid-He* bath to ensure thermal
equilibrium.

Most of the experiments were done at tempera-
tures near 1.2°K in order to minimize the effects
of microwave heating on the helium in the cavity.
Below the A-point, the helium density changes only
a small amount as the temperature increases, and
hence the helium dielectric constant (which varies
linearly as the density) remains approximately
constant. Above the A point the density varies
rapidly with temperature, and the resultant dielec-
tric constant variation can lead to appreciable
cavity detuning if the bath heats up during a run.
Measurements could, however, be made above the
A point as long as the microwave power dissipated
in the cavity, P,, was kept below 3x10° W. When
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high-temperature data were taken, the bath tem-
perature was regulated to within a few millide-
grees Kelvin with an ac Wheatstone-bridge tem-
perature regulator, '3

The electronic equipment used was all of stan-
dard design and is illustrated schematically in
Fig. 2. Microwave power was supplied by a tun-
able General Radio 1360-A microwave oscillator.
While I-V measurements were being made, inci-
dent and reflected microwave powers were moni-
tored with a Boonton 41A-R microwattmeter to en-
sure that the microwave field strengths in the
cavity remained constant.

IV. EXPERIMENTAL RESULTS

The response of the Sn-SnO-Sn junctions to the
perpendicular rf electric field was measured at
various power levels and compared to the response
predicted by Eq. (4). The method of data analysis
used was basically similar to that described by
Goldstein et al.® The bare current I,(V) was taken
to be the experimentally determined current with
zero rf power applied (cf. Fig. 3). The current
I(V) was then computed numerically from Eq. (4),
using terms up to »=100 in the calculation. The
experimental current deviations Al were deter-
mined from I-V chart recordings on which a
group of I(V) graphs was superimposed on an
I(V) graph. Voltage differences were measured
to an accuracy of + 2 uV, using a horizontal volt-
age scale of 50 uV/in. The current deviations Al
were measured to an accuracy of approximately

Low pass filter

Moforized 250 “250 250
oforiz T
dc Helipot !O?_— K})L%"“
sweep ~
— A
rf
Generator
Current
fimiting
Buffer resistor
attenuator
5w Variable
attenuator
Mosley
Dual Ry -
directional F— Xy recorder
r—" coupler [
—{HP 8875A
differential
T amplifier
Reentrant

7 cavity

Tunnel
junctions

FIG. 2, Schematic of microwave setup and electronic
equipment used to measure the sample characteristics
as a function of rf power.
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3% of the maximum deviation at any given bias.
The resistance parameter R=1/Gy, for each junc-
tion was determined by fitting the measured I(V)
for V>2A/e to the value of RI, predicted from
Egs. (13)=(15). The value of 2A was determined
using a method discussed by Rowell. '*

The excess currents'® flowing in the junction
were measured by subtracting the theoretical
thermally excited background current from the
measured current at voltages V<2A/e, as shown
in Fig. 3. The current rise at V=A/e discussed
by Rowell and Feldman®® is quite evident in this
figure. Finally, the response of the dc Josephson
current to both microwave power and a static
magnetic field were measured. All junctions re-
tained for analysis'® showed good magnetic field
diffraction patterns, !” although those with R22Q
frequently showed only one or two sidelobes. All
junctions tested were in the non-self-field limited
regime, '®i. e., the relation between the Josephson
penetration distance 2; and the dimension L of the
junction perpendicular to the magnetic field was
always such that L S2x;.

Typical graphs of the single-particle tunneling .
current response to a 3.93-GHz (Tw/e=16.3 uV)
field are shown in Figs. 4 and 5 for the highest-
and lowest-resistance junctions used in our experi-
ments. The current deviations AI determined
from Figs. 4 and 5 are plotted in Figs. 6 and 8,
respectively, while AI(V) for a junction of inter-
mediate resistance is shown in Fig. 7. The solid
curves in Figs. 6-8 are the theoretical values of
AI(V) derived from Eq. (4).

The correspondence between the microwave
power P, and o was determined by fitting at only
one point for each junction. If P,, was the micro-
wave power dissipated in the cavity at the highest
power level used, then «,, the value of o corre-
sponding to Pp,, was determined by fitting the
theoretical A to the experimental A at the point
of maximum deviation. All succeeding theoretical
AI(V) curves were then calculated by using &’s de-
termined from the relation

a(Pp) = @, (Pp/Pp,) 2, (17)

The agreement between theory and experiment
is excellent in the limit of high-junction resistance
for all values of P,, as can be seen from an in-
spection of Fig. 6. For junctions with resistances
218, the exact point chosen to fit the data made
little difference in the ultimate value of @, deter-
mined from the fit. In Fig. 9, (AI[ for the sam-
ple of Figs. 4 and 6 is plotted versus microwave
power corresponding to 05 a S 5. 4 for various dc
voltages measured from V=2A/e. The agreement
between theory and experiment is quite good for
high-resistance junctions even in the limit of
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small a.

Figure 9 shows that the result for the low rf
power limit, |AI|« Py, predicted by Eq. (5) is
valid only in the range @ S1. For larger a,
deviations from linear power dependence are
quite pronounced.

For low-resistance junctions, agreement be-
tween theory and experiment becomes progres-
sively worse, as shown in Figs. 7 and 8. As
junction resistance decreases, deviations from
the theory occur first at the lowest microwave
power levels. For very-low-resistance junctions
(cf. Fig. 8), the theoretical and experimental AT
at high microwave power levels agree only in the
region near V=2A/e. A comparison of Figs. 4
and 5 indicates the differences between the I-V
characteristics of high- and low-resistance junc-
tions, respectively. .

In an attempt to improve the’ agreement between
theory and experiment for the low-resistance
junctions, we tried to determine «,, by fitting at
low microwave powers as indicated by the dashed
line in Fig. 8. « at higher power levels was then
calculated from Eq. (17). Although this improved
the small-a agreement somewhat, the deduced
fits for large a were then extremely poor. Al-
though one can achieve a fairly good fit in this
manner at voltages where |AI| is near its maxi-
mum, the agreement far from these voltages he-
comes progressively worse. Attempts to improve
the low-resistance junction fits by modifying the
bare current Iy(V) used in the theoretical cal-
culation were also unsuccessful. The agreement
between theory and experiment improved at higher
temperatures for the low-resistance junctions,
but for sufficiently small values of « deviations
always occurred.

Since excess tunneling currents (at voltages
V <2A/e) usually increased relative to the thermal
background current as junction resistance de-
creased, it was suspected that these excess cur-
rents might be responsible for deviations from the
TG theory. However, several of our junctions
in the intermediate-resistance range had unusually
high excess currents (>10X thermal background),
but the response of these junctions agreed more
closely with the theory than that of the very-low-
est-resistance junctions. We conclude that junc-
tion 7esistance is the relevant parameter in de-
scribing how well experimental response can be
described by existing theory.

The response of the dc Josephson current 1;
to the microwave field was strongly sample de-
pendent, and was not in good agreement with the
theory. The experimental values of « for which
the first zero of I; occurred, «;, were determined
from Eq. (17) by using values of a,, and Py, de-
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FIG. 3. Bare current Io(V) for a 1.31-Q Sn-Sn0-Sn FIG. 5. Current I(V) with microwave power applied

junction with no microwave power applied. Current
scale has been expanded as indicated. Dashed line la-
beled BCS shows the theoretical thermal background cur-
rent predicted by Eq. (13).

termined from the single-particle current-re-
sponse data together with the measured P, at
which I;=0. The values of a; determined in this
manner ranged from 0.19 to 10. 4, as compared
to the theoretical value of 1.2, and they were not
correlated with junction resistance or excess cur-
rent. The observed functional dependence of I;
on « is also not well described by Eq. (16). Al-
though some of our junctions did exhibit an oscil-
latory dependence of I; on microwave power, in
most cases I; remained zero for all rf powers in
excess of that necessary to achieve the initial null.
Instabilities in I;, similar to those reported by’
Dahm et al. ' were also observed at certain micro-
wave power levels for low-resistance junctions.
From a knowledge of the microwave cavity @,
the cavity coupling factor, and the incident power,
we were able to calculate the bare electric field
in the cavity at the sample position for a given
value of dissipated power P,.?° If we assume that

0.i6
Sn-1-Sn
0.14 2A=1.20 meV
T=1I3°K
=3 R=6.35Q
£ oi2
5
© 008
0.04

1008 1108 1208 1308 1408
Voltage (mV)

FIG. 4. Current I(V) with microwave power applied for
a 6.3-Q Sn-SnO-Snjunction. Numbers 1—7 of the graphs
correspond to « values of 1.8, 4.0, 5.7, 8.0, 11.3,
15.0, and 18.0, respectively. « =18 corresponds to Pp
=5,3%10-3 W dissipated in the cavity.

for a 0.35-Q Sn-SnO-Sn junction. Numbers 1-4 of the
graph correspond to o values of 3.2, 5.5, 8.4, and 12.3,
respectively. «=12.3 corresponds to Pp=17.95% 10~ W
dissipated in the cavity.

(Vo) =|E,|l, where i=oxide thickness (~10-30 A)
and ﬁ,f is the rms electric field on the microwave
cavity axis, then the value of (V) can be esti-
mated and compared to values determined from
fitting the observed single-particle tunneling data.
In general, we observed that the values of (V)
determined from P, were at least one order of
magnitude less than the V, values determined
from ofiw/e. This result is consistent with pre-
vious observations of the effects of microwaves
on tunneling currents. >#*2! In addition, studies of
self-resonant structure in Josephson junctiong?® 2
have led to estimates of the dielectric constant for
the barrier oxide € >4 at microwave frequencies.
The microwave voltage should therefore be re-
duced by a factor ¢! relative to its empty cavity
value. This correction will increase the discrep-
ancy between the estimated (V) and the calcu-
lated value of afiw/e.

At a fixed microwave power level, all samples
would be expected to see approximately the same
rf voltage for a given value of Pp, since the bar-
rier thickness is essentially constant for an order-
of-magnitude change in resistance.? Experimen-
tally, there was a small spread in o values re-
quired to fit the quasiparticle I(V) data for the
different junctions at the same microwave power
level. For example, the derived values of « cor-
responding to P, =5.3%10™* W were all within the
range a=4.3+1.2. This range can be seen to be
much smaller than the spread in « values for which
I; reaches its first null. There was apparently no
correlation between junction resistance and the
value of @ necessary to fit the quasiparticle I(V)
data for a fixed P,, even for junctions on the same
substrate.

V. CONCLUSIONS AND DISCUSSION

It would appear that the TG theory of photon-as-
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sisted tunneling between superconductors appears to
provide an exact description of the low-frequency
(7w < 2A/15¢e) rf power dependence of the current
when the junction resistance is large. As thejunction
resistance is decreased, however, agreement be-
tween theory and experiment becomes progressively

worse for low microwave power levels, although
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FIG. 6. AI(V,a) derived from

I I(V) curves in Fig. 4. Solid lines

are theoretical curves calculated

from Eq. (4). V, is an arbitrary
voltage near V=2A chosen for con-

venience in data reduction. Corre-
spondence between « and P, was de-
termined by fitting curve 7 of Fig.

4 at one point,
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very good agreement can still be obtained in the high
rf power limit.
theory and experiment in the high-resistance limit
justifies the use of the measured bare tunneling
current I,(V) as the actual single-particle tunneling
current to be inserted in TG result Eq. (4).

Since all the sample junctions were prepared in

The excellent agreement between

FIG. 7. AI(V,a) corresponding
to J(V) curves in Fig. 5. Solid lines
are theoretical curves calculated from
Eq. (4). V, is an arbitrary voltage
near V=2A chosen for convenience
in data reduction. Correspondence
between o and Pp was determined by
fitting graph for o =12.3 at point

-1 where V-V;=-0.04 mV,
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0.8 T Sn-Sn0-Sn .
*Pp=5.30 mW
0.6 + sPp=2.12mW .
o °Py=0.53mW
() a
0.4 . 1 R=0.695Q - FIG. 8. AI(V,a) for a 0.69-9 Sn-
SnO-Sn junction. Solid lines are the-
. oretical curves calculated from Eq.
E 02 ® 126 - (4). Curve for a =12, 0 was fitted to
= . experimental Pp= 5,3 x10~3-W data
3 at V- V;=-0.05 mV. Dashed line
; { indicates theoretical oo =2.7 graph
fitted to PD= 0.53 % 10—3—W data at
L V-V,=-0.03 mv.
-0.2 %
-0.4 -
-0.6—L ! L ! I ! I I
-20 -5 -0 -5 5 10 15 20
V-Vo (102mv)
a
4.0 l020 30 4.0 5.0
i A AV=-0.05
an identical manner, except for oxidation time, the
variations in the actual strength of the coupling be- AV=+0.05
tween the junction and the rf field may be deter- ~——AV=+0.03
mined by the condition of the oxide barrier at the
edge of the junction, which will vary from sample
to sample in an unknown way, leading to a spread
in experimental « values for a given rf power level. _ ﬁx:%%?
The order-of-magnitude discrepancy observed be- g ’
tween calculated and actual microwave voltage “”o
across the junction has previously been ascribed to i 2.0
a strong impedance mismatch between the micro- 3
wave cavity and the junction. % However, if micro- -
wave power is reflected from the junction because |=— AvV=+0.09
of an impedance mismatch we would expect that the ~——AV=-0.09
effective rf voltage across the junction would be
smaller than the rf voltage across an equivalent
length of the bare cavity. This would lead to &,
> ey, Where a,,, is determined from rf power
measurement and o, from I-V curve fitting. Since
experimentally @.,, < @y, Some alternative ex- 00 - L
planation is required. If one assumes that the bare “o0.0 o008 o0l6 024
rf voltage appears across the junction electrodes, Po (mW)
then one must also assume that the junction barrier
has an effective thickness 2 300 A to account for the
FIG. 9. |AI(V,a)] versus Pp for the junction of Figs.

observed values of Q.

The experimental data on the interaction between
the rf field and the dc Josephson current are not
well described by the theory. The failure of Eq.
(16) to describe properly the « dependence of I,

4 and 6 plotted for various values of AV=V -V, as in-
dicated. Dashed lines are theoretical and solid curves

are experimental.
0<sa<5.4.

a range covered in this graph is

Linear power dependence of | AIl on Pp

is approximately correct for a < 1.
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implies a systematic breakdown of the theory. The
wide spread in a; values for different samples in-
dicates that sample variables (such as the micro-
scopic condition of the junction boundary or film
surface roughness) need to be accounted for. The
deviation of a; values from the theoretically pre-
dicted value of 1.2 might also indicate that the in-
teraction between the electromagnetic field and the
Josephson current differs in some way from the
quasiparticle-field interaction.
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