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Self-resonant modes in high-Q Josephson tunnel junctions
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Our tin-tin oxide-tin tunnel junctions, when excited in their resonant electromagnetic cavity modes,

exhibit quality factors Q as high as 660. This has allowed us to test Kulik's extension of Fiske-mode

theory. We have verified his prediction that the dc current associated with a Fiske mode goes through

a peak as Q increases, and we find his numerical value for the height of this peak to be correct. We
find a small disagreement with his prediction of the value of the magnetic field that will maximize the

dc current. We have also made some measurements of zero-field modes and of small, anomalous modes

occuring at half-integral mode positions.

INTRODUCTION

We have studied self-resonant modes in tin-tin
oxide-tin Josephson tunnel junctions by observation
of their dc current-voltage characteristics. In
our experiment, the modes appear as current
steps at constant voltage. We have measured the
step height, or step critical current, as a function
of applied magnetic field and temperature.

Fiske modes, 4 which occur only when a field
is applied, involve the nonlinear interaction of the
ac Josephson current with the associated electro-
magnetic wave. The junction acts like an open-
ended microwave cavity, and the current steps ap-
pear at voltages such that the electromagnetic
wave is resonant in this cavity.

Fiske modes are one of the few aspects of the
ac Josephson effect that can be studied by simple
dc methods. A correct theory requires a correct
understanding of the ac effect, and it is gratifying
that we find agreement in most (but not all) de-
tails. We will also see that the measurements
yield values for the quality factors Q of the reso-
nances.

A number of authors have developed the theory
of Fiske modes. The most detailed work is due
to Kulik, "which involves an extension to rela-
tively high Q's . The new predictions of Kulik's
theory are tested for the first time in the work
reported here.

There are also modes that appear in a zero
field, for which the theoretical situation is not as
clear. A picture proposed by Fulton and Dynes, "
involving moving vortices in the junction, is con-
sistent with all observations, and we are inclined
to accept it. However, there does not yet exist a
detailed theory with which we can compare all of
our measurements.

We hope that the results reported here will
stimulate the development of such a theory. We
also hope that the differences between our results
and Kulik's predictions will stimulate further work

on the theory of Fiske modes. It seems particu-
larly important to find what changes would occur
if the Ve cosf term in the Josephson equation'6
were included.

THEORY

Fiske modes

The theory of Fiske modes has been discussed
in many places, ' so our discussion will be brief.
The basic idea is that two waves are present in
the oxide and the immediately adjacent metal.
Electromagnetic waves are generated by the ac
supercurrent that is present whenever the voltage
is nonzero. When there is also an applied magnet-
ic field, the ac supercurrent distribution is in the
form of a traveling wave, with velocity proportional
to the field strength. The equations governing a
junction are highly nonlinear, and these two waves
interact to produce, among other things, a dc cur-
rent. This current is only large enough to observe
when the ac electromagnetic field is intense. This
in turn requires this field to be resonant in the
junction. Because the frequency is proportional
to the voltage, we have resonances at specific volt-
ages, giving rise to current spikes. Since we use
a constant current source, the higher voltage side
of the spike is not accessible to us. Instead of a
spike we see a step, and we shall refer to "cur-
rent steps" in this paper.

The most detailed theory of Fiske modes is due
to Kulik. " His specific advance is to extend the
analysis to large values of the parameter z„, z„=-

Q„(llwnk~) . Here Q„ is the quality factor of the
nth electromagnetic resonance; l is the length of
the junction in the direction of propagation of the
electromagnetic waves, i.e. , the length perpen-
dicular to the applied magnetic field; and ~~ is the
Josephson penetration depth and is equal to (Sc /
16pe A jo}~~2, where XL is the London penetration
depth of the tin film and jo is the maximum zero-
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field supercurrent density. (All equations in this
paper are in Gaussian units. ) Although z„ is unre-
stricted in size, the condition (lwn X~} «1 must
be maintained, as in previous work. The princi-
pal new feature that arises is that as Q„(or z„)
increases, due, say, to decreasing the temperature,
the height of the current step goes through a maxi-
mum and then decreases. The peak occurs when

z„ is about 4. As Q„approaches infinity, the step
height goes to zero. (This must be true because
a dc current step I at finite voltage V implies pow-
er dissipation at a rate IV. If Q„ is infinite, there
are no losses, so there can be no power dissipa-
tion or dc current. )

Kulik considers a rectangular junction with volt-
age V across it and field H in the plane of the oxide
layer, perpendicular to the edge of length I. The
phase difference across the junction, Q, obeys the
equation

8 f ]. 8~(t) &f 1
+y — -=

z sing .

where 4 „ is defined by

GPSS
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with

and

(8)

2r I sin(wr--, 'wn )1

i.=i'm%(~paÃ4a)+. (r )

and

(8)

The current depends on both V and H. We will
consider only the resonance case, where the wave-
length of the electromagnetic wave in the junction
satisfies 1 = 2l/n, so that (d equals (p„, and g „ is
unity. Equations (2) and (4) then become

Here x is the coordinate along the side l, y is the

damping coefficient, and c is the velocity of elec-
tromagnetic waves in the junction. c was shown

to be given to a good approximation as c
= c[(d/2ekz, }'+]by Swihart. '7 In this expression c
is the velocity of light in free space, d is the ox-
ide thickness, and a is the dielectric constant of
the oxide. We can imagine that the damping is
due to some phenomenological resistance R, so
that y = I/BC, where C is the junction capacitance.

Equation (1}has formed the basis of all discus-
sions of Fiske modes, but it should be recognized
that it is fairly crude. Treating y as a constant,
independent of voltage or frequency, is certainly
not correct, and the pair-quasiparticle interfer-
ence term Vo(V) cos(t in the expression for the
Josephson current" has not been included. Never-
theless we shall see that in many respects the
theory is in good agreement with our results.

Kulik solves Eq. (1) subject to the assumptions
V= constant, H.=—constant, and Q &1 to get the dc
average supercurrent density of the nth step, j„.
His result is

(10)

This relation corresponds to the predictions of
previous theories. The field dependence is given
by 5„, a function which rises from zero at r =0 and
which has maxima whose position and value depend
upon n. If z„ is not small, Eqs. (8) and (8) must
be used. Then the dependence of j„on 8 is not
simple, but it is qualitatively the same as for
small z. The difference in shape for different z„
values is illustrated for n = 1 in Fig. 1. The
"small z" curve is just E'„and both curves are

75
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For small z„, i. e. , Q„not too large, Eq. (8) can
be simplified to

(2)

where the J„are Bessel functions, and (() is 2e V/h.
We use r to denote the ratio of the field H in the
junction to that value H~ required to give one flux
quantum in the junction. In other words,

r=H~pp, /Hp .

The magnetic-field-dependent parameter a is given

by

0
0

Happ(aa ~ Ho

FIG. 1. Step height against applied field for the n=1
Fiske mode of junction 109 at two temperatures. The
data and theoretical curves are normalized by dividing by
the maximum value, so that each has a peak value of
unity. The theoretical curves and z values were deter-
mined from Kulik's theory, as described in the text Hp
is the field that gives one flux quantum in the junction.
Note that the "z small" and "z =34" curves differ little
for r & 1.5.
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normalized by dividing by their maximum value.
Also shown are measured values for junction No.
109 at two temperatures. The values of z deter-
mined from the data, as explained below, are
shown in the key. The z of 1.8 corresponds to a.

Q of 40 and the 34 to Q=660. These z values rep-
resent fairly extreme cases from the point of view
of our measurements, yet the difference between
the two theoretica1. curves is not great. Our data
are not good enough to distinguish between these
shapes, and so our analysis will focus on the max-
imum step height.

We have adopted the following procedure to mea-
sure Q for a given Fiske mode at a given tempera-
ture. The step height versus field is measured
and the maximum value determined. This maxi-
mum is much more sensitive to Q than is any other
aspect of the data. We compute j,„/j EO~„where
jp is the zero-field, zero-voltage supercurrent
density at the same temperature, and F,„is the
maximum value of E„(r). (The maximum value of

F„ is close to unity for all n values, and Kulik
took it to be unity in his computations. ) Inspec-
tion of Eqs. (8) and (9) shows that j„/j,E„ is a uni-
versal function of z„F„, for all n and II. If we
know the value of E„and of jgjo, we can solve for

We suppose that, at whatever applied field the
experimental j„is maximized, F„has its theoret-
ical maximum value. This is not strictly correct
becausej dep„ends on gp„as well as on E„. How-
ever, for our range of parameters, JP, is a weak
function of the field near the maximum of F„, and
F„should determine the point at which j„is maxi-
mum. Experimentally we find that the maxima of
the j„tend to occur at somewhat lower fields than
is predicted by the theory. (But the zeroes ofj„
tend to fall very accurately where expected. ) We
ignore this small discrepancy. If instead we had
used the theoretical value of F„at the actual field
where j„is maximum, our results for Q would not
be changed substantially.

In Fig. 2 we show the universal function j/joE
vs zE, computed numerically from Eqs. (8) and
(9). From the experimental j „/jo we calculate
j ~(j OE „taking the E„appropriate to the n val-
ue of the Fiske mode in question. From Fig. 2 we
get two values of zF and thus two values of z and

We select between them by plotting both re-
sults against temperature for the given mode. We
assume that Q is a monotonically decreasing func-
tion of temperature. If enough different tempera-
tures are represented, this assumption leads to
unambiguous choices for Q. The two sets of
choices intersect at the temperature at which j „
is maximum. This corresponds to the peak in Fig.
2 and explains why the step height falls off at low-
er temperatures even though Q continues to in-
crease.

jF

0
zF

l2 20

FIG. 2. The universal function j%0I against zE, com-
puted from Eqs. (8) and (9).

In a sense, Fig. 2 embodies the main result of
Kulik's work. One simple prediction that comes
from it is the numerical value of j~ jp when it is
maximized with respect to temperature and field.
Since all of the F„are near unity at the peak in the
figure, all of these maximum values of jgjo will
be near 0.34. For n =1, for example, it is 0.37.

EXPERIMENTAL DETAILS

Our tunnel junctions were made by the same tech-
niques as in earlier work by our group. '8 They
were "in-line" as opposed to crossed strips. The
tin films were roughly 1000 A thick and were de-
posited on cooled sapphire substrates. The oxides
were grown in an oxygen glow discharge. Other
characteristics of the specimens are listed in
Table I.

For the measurements, -the specimens were im-

Zero-field modes

For the current steps that occur in zero field,
there is no detailed theory. Fulton and Dynes"
have advanced a model involving vortex motion
which seems to be in accord with the facts. How-
ever, this picture has not been ca,rried fa,r enough
to predict field dependences or to allow one to com-
pute Q from the measured step height. Briefly,
they attribute the step to one or more vortices
that have become trapped in the junction. These
vortices are driven along the junction by the tun-
neling current and are reflected at the edges. Res-
onance occurs when the time for the vortex pat-
tern to repeat itself equals the period of the ac su-
pereurrent. The model predicts that steps will oc-
cur at voltages corresponding to the even-n Fiske
modes. It also predicts a cutoff given by V =-fp@pr

where yp is the flux quantum and f~ is the Joseph-
son plasma frequency f~ =c/a~. For voltages
near or beyond this value, Fulton and Dynes expect
the vortex mode to be unstable and the step struc-
ture to disappear.
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TABLE I. Specimens and modes observed.

Specimen
No.

21

107

109

Normal
state

resistance
(a)

0. 527

0. 624

0. 716

0. 7

Maximum
super-

current~
(mA)

1.75

1.39

1.30

1.41

Josephson
penetration

depth X&~

(mm)

0.086

0. 090

0. 145

0. 135

Length I.
(mm)

0. 05

0. 044

0. 10

0. 09

V b

(mV)

0, 28
0, 55

2 0, 18
1 0, 356

0. 062
0. 125
0. 19
0.25
0. 31
0. 37

0. 066
0. 13
0. 20
0. 27
0.40

Width S'
(mm)

0. 11

0. 11

0. 10

0. 10

V b

n (mV)

0. 125
0.25
0. 5

0. 065
0. 13
0. 26

~Measured at roughly 1.3 K.
Estimated accuracy of V is 3%.
For 107 and 109, which were square or nearly so, we did not apply a field perpendicular to the side S', and

so, the corresponding Fiske modes were not studied.

mersed directly in the liquid helium. The speci-
men region was magnetically shielded by a high-
permeability metal can, and the Dewar tail was
entirely nonmagnetic. A vertical magnetic field
w" s applied with a solenoid, and a horizontal field
with a Helmholtz pair. The circuits were carefully
shielded, and rf filters separated them from the
specimen. The junctions were judged to contain
trapped flux if the maximum zero-voltage super-
current mas not at zero field, for fields applied in
any direction in the plane of the oxide. When this
was observed the specimen was warmed to above
its transition temperature and cooled again.

The current-voltage characteristic of a junction
was displayed on an oscilloscope using an ac sig-
nal generator. In order to observe Fiske modes
the current must not pass through zero, so we
added a dc bias voltage so that the current was al-
ways positive. The current mould decrease to its
minimum value and then rise again. When the volt-
age arx ived at the value corresponding to a Fiske
mode, the current would increase at essentially
constant voltage to some maximum value. Our
power supply was a constant current source, so
when the maximum current wa, s reached, the volt-
age would jump to some higher value. This higher
voltage might correspond to another Fiske mode,
if there happened to be one of sufficient maximum
current, or it would be the energy gap. Thus not

every mode is seen simultaneously. By adjusting
the dc bias to various values, all modes that did
not happen to have zero step height could be stud-
ied.

TABLE II. Values of electromagnetic phase velocity
in the junction c divided by the free space v. ,locity co.
AV„/~n was determined from a plot of Fiske-mode volt-
age V„against mode number n. c/co was computed from
this. The results are believed accurate to about 13%.

Specimen
No.

21

22

107

109

Dimension
(mm)

0. 050
0. 11

0. 044
0.11

0. 10

0.090

0. 278
0. 125

0.356
0.13

0, 124

0, 133

c/cz

0. 045
0. 044

0.050
0. 042

0. 040

0.034

RESULTS

Fiske modes

Our specimens are listed in Tables I and II.
They showed the same near-ideal properties as
others that have been reported by our group. ' In

particular, their measured supercurrents were
within a few percent of the values predicted by the
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FIG. 3. Current step height against field for the zero-
voltage supercurrent (n=0) and the Fiske modes (n =1,2,
3) of junction 107 at 2. 03 K. The solid lines and corre-
sponding z values were determined using Kulik's theory.
The z value was chosen so that the theoretical curve
would have the same maximum step height as the data.

Jmax

Jo

.2-

SPECIMFN + I09

n, =I

0
0 I 2

TEMPFRATURE (K)

FIG. 4. Temperature dependence of the nl =1 Fiske
mode of junction 109. jm~ is the height of the step at
whatever applied field maximizes it, and jo is the zero-
field supercurrent density at the same temperature. The
rather sharp peak near 1.7 K (T/T~ = 0. 5) corresponds to
the peak in Fig. 2. The solid line is intended merely to
be suggestive.

BCS theory.
We agree with other workers in that Fiske modes

are not seen at voltages beyond about half the su-
perconducting energy gap. Presumably, beyond
this voltage losses are too great to permit the
modes to develop. For our specimens, this means
that the largest n expected is in the range from 2

to 4. All of the steps that we observed are listed
in Table I. The steps having half-integral n values
were very small. They will be discussed later.

Our principal measurement was step height
(maximum dc current for the mode) versus applied
field. Examples are shown in Fig. 3. Also shown
is a portion of the zero-voltage (n= 0) supercurrent
versus field. This was used to determine Ho, the
field giving one quantum of flux in the junction.
This same Ho was then used for the theoretical
curves drawn for the Fiske modes. Each of the
Fiske mode curves then has only one adjustable

20
Tc/7

25

FIG. 5. Quality factor Q against T,/T for the Fiske
modes of junction 21. The crosses and dashed line show
alternate choices for n=1. This ambiguity is explained
in the text. The solid lines are intended merely to be
suggestive.

parameter, the maximum current. The theoretical
curve was chosen to give the measured maximum
current, even though the experimental maximum
does not occur at exactly the same field as does
the theoretical maximum. We regard the agree-
ment shown as reasonable in the light of the ap-
proximations of the theory.

For any mode, we ca1.1 the maximum currentden-
sity that occurs at any field j ~. For example,
from Fig. 3 we see that for specimen 107, n = 1, T
=2. 03 K, the maximum current is about 0.36 mA.
We studied the temperature dependence of j,„ for
the various modes for each specimen. Figure 4
shows an example. As was anticipated earlier, we
see that j ~ goes through a peak. (Some modes did
not show a peak, but presumably they would have at
some lower temperature. ) In every case that such
a peak was found, its value agreed with the theo-
retical prediction. For example, for n = 1, the
theory says that j „/jo should have a peak value of
0.37, which agrees with the results shown in Fig.
4. In this respect, we find excellent numerical
agreement between theory and experiment.

As explained earlier, the j „values were used
to compute Q values. The results are shown in
Figs. 5-8. For specimen 109, Fig. 8, the pairs
of values for Q that the theory gives are shown for
n= 1. We selected the points shown by circles as
the correct ones by requiring Q to be a monotonic
decreasing function of temperature. For n = 1, we

see a linear dependence of In@ on T,/T, with Q
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FIG. 6. Quality factor Q against T /T for some of the
Fiske modes of junction. 22. The solid lines are intended
to be merely suggestive
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FlG. 7. quality factor Q against TJT for the Fiske
modes of junction 107. The solid lines are intended to be

merely suggestive.

reaching 660 at T,jT = 2. 9 (T= 1.2'7 K). This is
the largest Q value that we have observed for any
of our specimens. The linear dependence suggests
Q proportional to e ~ with O, =2. 5. If we sup
pose that the losses determining Q are due to ther-
mally excited quasiparticles, we would expect Q
to be roughly proportional to e /~ . However,
this gives z = 1.8, which is well outside our ex-
perimental error. In any case, we see from the
figures that such an exponential temperature de-
pendence was not exhibited by all the modes.

For specimen 21, Fig. 5, we also show both
values for Q for n = 1. This shows that some care
is required in the choice of temperatures. We
have interpreted the data to mean that j~,/js does
not reach its peak in the range of temperature
studied. However, it is equally plausible to sup-
pose that the pairs of values cross each other near
T,/T = 2. 5. Then the value of Q would be 240 at
T,/T = 2. 7, instead of 69. Since there are no data
near TJT = 2. 5, we do not know which is really
correct. Unfortunately, the specimen was de-.

FIG. 8. Quality factor Q against T,/T for the Fiske
modes of junction 109. The crosses show alternate
choices for n=1. The circles were selected in prefer-
ence to the crosses by requiring Q to decrease as T in-
creases. One can see that j~jo for n =1 has a peak at
TgT =—2. 2, or T =l. 7 K because a, line drawn through
the crosses intersects the line through the circles at this
point. This peak is shown in Fig. 4. The straight lines
are intended merely to be suggestive.

stroyed before the ambiguity was discovered. The
choice that we made makes the n =1 curve have the
same shape as the n = 2 one. (The latter is not am-
biguous. ) The curve that we would have obtained
from the other choice is suggested by the dashed
line in Fig. 5. If this other curve is taken to be
the right one, then all of the results for n = 1 modes
for all the specimens are at least consistent with
an exponential dependence of Q on TJT with about
the same exponent. However, such a dependence
is definitely not correct for the higher n modes.

Since the Q values cannot rise indefinitely as T
is lowered, these curves must flatten off at some
value of T,/T. Therefore, we feel that the re-
sults shown are quite plausible. More study will
be required before conclusions can be drawn re-
garding the nature of the losses. We should note
that if we try to estimate Q from the de quasi-
particle resistance implied by the dc current-volt-
age characteristics of the junctions, we get values
that are much too high.

%'ilson et gl. "have studied the Q's of lead-lead
and lead-niobium junctions by applying microwaves.
For Pb-Pb, they find Q-=100 at 4. 2 K, rising to
roughly 350 at 2. 2 K. For Pb-Nb, they find Q=—20
at 6 K, rising to roughly 70 at 2 K. Thus their re-
sults are at least qualitatively similar to ours. It
would be interesting to make both kinds of measure-
ments on the same specimen.

Another aspect of Kulik's theory that is of in-
terest is the prediction of the dependence on n of
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the value of field that maximizes j. For example,
Fig. 3 shows some theoretical curves. Ho for this
specimen was 2. 14 Q. If we convert the field axis
to r = H-„„/Ho, we find the theoretical peaks to lie
at r= 0.675, 1.126, and 1.592 for n = 1, 2, and 3,
respectively. If we plot these r values against n

we get very nearly a, straight line, but it does not

go through the origin. This linear behavior agrees
with our findings (although we do not measure pre-
cisely the same values of r) and also with the re-
sults of others o'". (Since V„ is closely propor-
tional to n, similar statements apply to a plot of
the r that gives the maximum j against V„. ) It is
interesting to note that since the line does not pass
through the origin, it cannot really be interpreted
as corresponding to simp]e "velocity matching"
between electromagnetic waves of speed q and
supercurrent density waves of speed proportional
to H. In any case, Kulik correctly predicts the
form of this curve. Qn the other hand, one of the
small but consistent differences between his theory
and our measurements is in the value of r that
maximizes j. %e find smaQer than predicted val-
ues, with the discrepancy being larger for larger
n values. In Fag. 3, the n = 2 data show a peak at
2. 0 G vvhich corresponds to r = 0.93 instead of 1.13.
For n = 3 the peak is at about 1.4 instead of 1.6.
(One might question the choice of Ho used in this
figure, since the data for n = 0 are ra, ther sparse.
However, measurements at other temperatures
established the value of Ho to be 3.14 G. )

Because of this discrepancy, and also because it
is hard to locate these broad peaks precisely, we
have not used measurements of the field that maxi-
mizes j to determine c. Instead, we used Eg. (6)
and &u„=2e V„/5 to compute c. For the set of in-
tegral modes, we plotted V„against n, computed
the slope aVgan, and from this obtained c/c.
The results are shown in Table II. We can use
Swihart's formula for e, given earlier, to deter-
mine the dielectric constant e of the oxide, but
since we do not know the thickness accurately it
will only be an estimate. Taking the thickness to
be 15 A we find & to be roughly equal to 7, while
10 A gives an z of about 5.

As Table I shows, we also observed a number of
half-integral modes. With the exception of n =+
for specimen 10'7, these appeared only when a
field was applied. Their voltages corresponded
accurately to half-integral values. The currents
were always small (j/jo& 0. 03), but they appeared
quite consistently when they were large enough to
be clearly seen. One might attribute them to flux
trapped in the junction. However, they showed no

correlation with the two effects which were clearly
related to trapped flux —reduced zero-field super-
current and asymmetric field dependence of the
supercur rent. Another possibility is to imagine

I
2-

ZERO FIELD
S T EP HE I 6HTS
SPECIMEN 2I
0 fIIs=2

flL 2

SPECIMEN 22
~ fIIN = 2

0
I

I 2
TEMPERATURE ( K )

FIG. 9. Some zero-field step heights, divided by the
supercurrent at the same temperature, against temper-
ature. The solid lines are intended merely to be sugges-
tive. The open and solid circles represent "large" steps,
and the triangular points are for a "small" step with volt-
age beyond cutoff. For the circles, note the qualitative
similarity with Fiske-mode behavior (as illustrated in
Fig. 4).

that harmonic generation is occurring, somewhat
as was predicted by Werthamer and Shapiro.
In other words, we can suppose that at, say, V
=-,'V„ the second harmonic of the ac supercurrent
is exciting the n = 1 Fiske mode, but we have no

evidence that this is what occurs. In particular,
the observed field dependence for n = —,

' is not the
same as for n = 1.

Zero-field steps

We distinguish between "small" and "large"
zero-field steps. Small corresponds roughly to
j/jo & 0. 03 for all temperatures, while large steps
have j/jo up to roughly 0.3 at some temperature.
This distinction is somewhat arbitrary, since a
"small" step might become large at a still lower
temperature. Nevertheless our results do seem
to fall into two groups.

Large zero-field steps have been reported by
Fulton and Dynes' and by Chen et al. ' The ex-
planation given in the former work in terms of a
moving vortex was mentioned in the Theory sec-
tion. Our results are consistent with the previous
measurements. Examples of temperature depen-
dences are shown in Fig. 9. Note that the tempera-
ture dependence of the step height is qualitatively
the same as for Fiske modes. In fact, in our two

cases where a peak shows clearly, the maximum
value of j/jo is not far from the Fiske mode value
of 0.34. However this numerical correspondence
is probably an accident since Chen et al„ found val-
ues of j/jo as high as 0. 55 for Pb-Pb junctions.

In Fig. 10 we show the effect of applying a, mag-
netic field parallel to the direction of propagation
of the vortex. In this case the corresponding Fiske
mode is not excited, and we see the step height
driven to zero rather sharply at r close to 0.4.
Note, however, that for one case, the lowest tem-
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FIG. 10. Effect of a field on a zero-field vortex mode.
The field is parallel to the presumed direction of propa-
gation of the vortex and should not excite the correspond-
ing Fiske mode. (Applying a field in the perpendicular
direction gives similar results, but the behavior is con-
fused by the appearance of the Fiske mode).

perature, the step height first rose and then fell.
For the same conditions with specimen 21, the step
went to zero at r = 1.

Our "large" zero-field steps were all consistent
with the Fulton and Dynes model. Every even-n
Fiske-mode voltage that was less than the pre-
dicted cutoff showed a large zero-field step, All
zero-field steps that contradicted the model, name-
ly, steps at odd n values or beyond cutoff, were
small.

Figure 9 also shows an example of a "small"
zero-field step, for nI = 2. The voltage of this
step was 0. 55 mV. (This is close to the 0. 50 mV
corresponding to n~ =4. However, when a field is
applied, the Fiske mode at 0. 55 mV peaks at about
Ho, as it should for n =2. ) This voltage is well be-
yond the predicted cutoff voltage, which for this
specimen is 0.30 mV. We do not know the origin
of the small steps.

CONCLUSIONS

We feel that our results give strong support to
Kulik's extension of Fiske-mode theory to high

Q values. In particular, the prediction that, for a
given mode, the maximum dc current passes
through a maximum as Q increases is shown to be
correct. Further, the predicted value of the maxi-
mum is verified, for the low n values studied, to
within our accuracy of about 5/o.

We find that the zero-field modes that are pre-
sumably due to vortex motion show a temperature
dependence that is qualitatively similar to Fiske
modes.

We have also observed two kinds of weak modes
of unknown origin. These are (a) zero-field modes
that do not fit the pattern of previous observations
and of the Fulton and Dynes vortex picture-that
is, they occur at non-even-integral positions or
beyond the cutoff voltage; (b) modes at half-inte-
gral voltage positions. We cannot rule out the
possibility that these modes are due to specimen
flaws or to some unanticipated magnetic field.

We have shown that dc Fiske-mode studies can
be used to accurately measure values of Q and c
for junction resonances. However, the range of
temperature over which this method can be applied
is somewhat limited. Near the transition tempera-
ture and also at very low temperatures the dc cur-
rent steps are very small.

Note added in proof. After this manuscript was
accepted, we learned that K. Schwidtal and C. F.
Smiley have also reported some comparisons of
Kulik's theory with measurements on Pb-Pb and
Nb-Pb junctions [in I.om TemPerature Physics LT-
13, edited by K. D. Timmerhaus, W. J. O' Sullivan,
and E. F. Hammel (Plenum, New York, 19'l4),
Vol. 4, p. 575]. They too report agreement with
the predicted maximum step height.
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