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The results of an experimental study of the magnetic field dependence of the Josephson-
plasma-resonance frequency and linewidth in Pb—Pb oxide—Pb tunnel junctions are reported.
In the presence of an external magnetic field, the plasma mode is found to be sensitive to an
antisymmetric component of supercurrent density which is not observed in conventional mea-
surements of-the field-dependent critical current. The frequency and field dependence of the
plasma-resonance linewidth are interpreted as evidence that the previously unobserved quasi-
particle-pair-interference tunnel current predicted by Josephson exists and has the expected
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magnitude but the opposite sign.

I. INTRODUCTION

One of the cuaracteristic features of the elec-
trodynamic behavior of Josephson tunnel junctions
is a plasmalike mode of oscillation in which elec-
tron pairs tunnel back and forth at a characteristic
plasma frequency. Anderson was the first to note
that the existence of this mode follows from the
theory of the Josephson effects, ! and Josephson
has discussed it in some detail, 23

The Josephson plasma mode was first observed
experimentally by Dahm et al.* These authors
found that the dependence of the plasma frequency
on the dc Josephson supercurrent and the tempera-
ture agreed quantitatively with predictions of a
simple theory and reported “qualitative agreement”
with the expected magnetic field dependence.

We report here the results of an extended experi-
mental study of the magnetic field dependence of
the Josephson plasma resonance. Significant devi-
ations from the predictions of the simple theory
were found. We have also made a detailed study
of the plasma-resonance linewidth and its depen-
dence on frequency and magnetic field. The re-
sults suggest that a quasiparticle-pair-interference
component of the tunnel current, predicted by
Josephson? but previously unobserved, does in
fact exist and has the expected magnitude but an
unexpected sign.

II. THEORY

The origin of the plasma mode can be understood
easily in terms of the basic Josephson equations

|

applicable to a small tunnel junction,

I=1Ising, 1)
8¢  2eV
ot - ﬁ ’ (2)

where I is the supercurrent in the junction barrier,
I, is the maximum supercurrent, ¢ is the pair
phase difference across the barrier, and V is the
voltage across the barrier. Although a super-
current can flow at V=0 (the dc Josephson current)
any change in the supercurrent will, in general,
be accompanied by a nonzero voltage. The junction
thus exhibits the characteristic of an ideal induc-
tance. The effective inductance can be obtained
by differentiating Eq. (1) and inserting Eq. (2),
4 4 9 2ely

L™=V FYI
Together with the junction capacitance C, this
effective inductance leads to a mode of oscillation

of the superconducting pairs with a characteristic
frequency

w, = (LC)!% = w,(cosp)'/?, )

cosQ . 3)

where w;=(2el; /HC)UZ. For typical tunnel-junc-
tion parameters, f,= w,;/27 is of order 10 GHz.
The electric field in this mode is longitudinal, i.e.,
perpendicular to the barrier plane and parallel to
the supercurrent.

In writing Eqs. (3) and (4), we have not made
explicit the fact that the plasma oscillation corre-
sponds to an oscillation of ¢; i.e., the inductance
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is time dependent (parametric). Furthermore, if
a magnetic field is present in the barrier, either
an externally applied field or a field generated by
the supercurrent itself, ¢ will vary spatially in
the plane of the barrier, and so will the super-
current density. We now consider these factors
further.

Consider the “one-dimensional” in-line tunnel-
junction geometry shown in Fig. 1. We assume
that the magnetic field is in the y direction, so
that ¢ depends only on z, with the z dependence
determined by?

9¢  2ugedH

- n . (5)
Here d=2X+1, X is the superconducting penetration
depth, ! is the barrier thickness, and we have used
SI units. Following Dahm ef al. ,* we write the
relative pair phase ¢ as

@(2, 1)= @oz)+d0(t) , (6)

where 6¢(f) is assumed small; i.e., we restrict
ourselves to the small-oscillation limit. The in-
teraction of the plasma mode with external fields
and currents can be taken into account by combining
the Josephson and Maxwell equations to obtain a
nonlinear differential equation for 8¢, *

%9 1 8bg
9.2 " RC ot

+ w5 (sin[@q(2)+ 6¢))

- 2e
=h-_c'(ldc+lrx)' (7

The R which appears in the second term is an
effective shunt resistance across the junction
barrier and is intended to represent all of the pos-
sible sources of dissipation, e.g., quasiparticle
tunnel currents, rf losses in the superconducting
films, etc. I, and I,; are dc and rf currents sup-
plied by external sources, and the angular brackets
denote a spatial average over the junction area.

The dc component of Eq. (7) is simply the well-
known dc Josephson supercurrent

T4 = I {singg(2)) . (8)

If we assume a harmonic variation of I, at frequen-
cy w and look for a solution for 8¢ [and hence, by
Eq. (2), for V,4]at frequency w, we can define a
complex junction impedance®

_ Vrf _ w/C
2 T T T ) e/ B
where
w? = W% (cospy(z)) (10)
and
@= w,RC . 1)

The resonance in Z ;(w) at the plasma frequency
provides a means for experimental observation of
the plasma mode. However, for reasons dis-
cussed by Dahm et al. it is advantageous to detect
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FIG. 1. Junction geometry.

the junction response at frequency 2w rather than
w. An analysis of the second-harmonic terms in
Eq. (7) yields a second-harmonic signal V;(2w)
=Z1514(w), where

Zie ;Ulf
X Ir! Idcw/c
[ (@* - w})+ ww,/QF[ (4% - w))+ 20w,/Q]
12)
Note that resonant responses occur at both w,= w
and w,=2w.

If the magnetic field H, is uniform and self-fields
(those generated by the supercurrent itself) are
neglected, Eq. (5) leads to a space-dependent
relative pair phase

@o(2)= @o+ (2poedH, /7 )z . (13)

[The self-fields can be neglected only if the junction
dimension L is small compared with the Josephson
penetration depth A, = (7/2ugedd, ) /% where J; is
the Josephson supercurrent density amplitude. ]

The averages appearing in Egs. (8) and (10) canthen
be evaluated,

. . sinm®
{singy(2)) = singg o (14)
y
and
sinm®
(cos@o(2))= cos@o [=—2—4 (15)
y

where ¢, is the flux contained in the junction, mea-
sured in units of the flux quantum ®,=%/2¢. From
Eqs. (8) and (14), we obtain the well-known result®
that the maximum dc current which can flow through
the junction is

sm71'<I>:

IM=11 T®
y

(16)

At I4=1,, @o=+3m, depending on the direction of
current flow,

The plasma frequency [Egs. (10) and (15)] can
be expressed as a function of /4, and ¢,
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: 2 2q1/2
2 _ 2 sinm® _ Idc
sal(FE) ()] w

If we identify ®, with &, , the flux through the
junction when I4=1,, Eq. (17) takes the form

2_ 2 Sin'ﬂ‘bM _ I%lc 1/2
wh= of g ( 1 754—) : (18)

which is the result derived in Ref. 4.
IIi. EXPERIMENTAL DETAILS

The microwave detection system used in these
experiments was essentially the same system
used by Dahm et al.* A block diagram is shown in
Fig. 2. A complete discussion of the operation
of the system has been given by Denenstein. °
Briefly, a small microwave signal at frequency w
is applied to the junction and any signal at 2w
generated by junction nonlinearity is detected.
Separation of the input and output signals in frequen-
cy makes possible high detection sensitivity. The
input frequency is 4-6 GHz and the superheterodyne
receiver operates over the range 8-12 GHz. The
system is sensitive to both the amplitude and the
phase of the second-harmonic signal. The output
of the detection system is recorded on an X-Y
recorder as a function of the dc junction current.

To ensure that data were obtained in the small-
oscillation regime in which the theory of Sec. II is
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applicable, the input signal was attenuated until
the position and shape of the observed plasma
resonance ceased to vary with input power, then a
further 3-5-dB attenuation was added before data
were taken. The resulting power levels were typi-
cally less than 107%-W input power and less than
107'%-W detected second-harmonic power, All
experiments were performed in a shielded room

to minimize noise,

The junctions used were Pb—Pb oxide-Pb tunnel
junctions fabricated by standard methods in the
geometry of Fig. 1. Junction dimensions were
typically L XW=0, 37x0.15 mm. The junction crit-
ical currents were such that 0. 5x; <L <4x; for
the various junctions used. Most of the experi-
ments were performed at 4. 2 K.

IV. RESULTS AND DISCUSSION

A. wy

The constant w, = (2el;/7C)!/? can be obtained
experimentally in two ways: (i) The maximum
(temperature-dependent) dc Josephson current I
and the junction capacitance C can be measured
directly, and w; calculated from the above formula;
(ii) the observed plasma frequency w, can be plotted
vs (cos@g)'/?, using the known dependence of I, on
singy, and hence cos¢,, and w; determined by ex-
trapolation to the limit cos¢y—1. We have used
both methods. The junction capacitance was mea-
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sured using a standard capacitance bridge. It was
necessary to reduce the junction temperature below
1.8 K in order to reduce the quasiparticle conduc-
tance sufficiently to permit accurate capacitance
determinations. The capacitance is not expected
to vary significantly with temperature in the range
1.8-4.2 K, so that these measurements should
yield good values for the capacitance at 4. 2Kwhere

the plasma-resonance experiments were done. The

values of w; obtained by these two methods agreed
within 2%!

B. Magnetic Field Dependence

The magnetic field dependence of the plasma
resonance was studied by applying an external mag-
netic field (using the Helmholtz coils shown in Fig.
2) and recording the output signal of the detection
system as a function of I4,. This yielded data on
the value of 74 at resonance I and the linewidth
Al,. The maximum dc current I, for each mag-
netic field was also recorded (with no microwave
fields applied to the junction). Since the magnetic
field could be varied much more readily than the
second-harmonic detection frequency, data were
generally taken at a given frequency for a series
of magnetic fields. Most of the data were taken on
the first lobe of the diffraction pattern because in
most of our junctions the plasma frequency on the
higher lobes fell below the frequency range of the
detection system. However, data were obtained
on the third, fourth, and fifth lobes in one low-re-
sistance junction in which the zero-field plasma
frequency was very high.

In Fig. 3, we have plotted the experimentally
observed I, vs H,= H, (the externally applied mag-
netic field) for one of the junctions (normal-state
resistance Ry=0.42 @, f,=15.6 GHz, L/X;=1.5).
Using the experimentally observed I (for a fixed
value of w,) and I,, we have also plotted F(I, I))
=L(wy/w,)? (1-1%/5)" 2 vs H,. I Eq. (18) is
valid, F(Ip, I,) should be identical with I),;. Clear-
ly, the two curves do not coincide. F (I, Iy)
differs significantly from I, over most of the range.
Similar deviations have been observed in all the
junctions we have studied. (For the first lobe of
the diffraction pattern, we have made measure-
ments for w, between 0.3 and 0. 9w; and junction
dimensions between 0.5 and 1. 5x;.) Although L
is comparable to A;, the calculations of Ferrell
and Prange” and the experiments of Schwidtal and
Finnegan® indicate deviations of less than 2% for
L=2x;. The use of a symmetric in-line geometry
should minimize deviations due to the asymmetric
self-fields inherent in cross-type geometries.
However, the validity of Eq. (18) does depend on
the assumption that ¢, is independent of I, for a
given applied magnetic field. We therefore con-
sider the possibility of self-field effects which
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FIG. 3. Maximum dc current I) (solid circles) and
L/ )L = U/ TY/?, £,=9.0 GHz (open circles) vs
the applied flux &,=pu,H, Ld. Smooth curves have been
fitted to the data.

might occur for I4 <I, but not for I'4.=I,. Such
effects would not play a role in conventional ex-
periments where I, is measured as a function of
H,, but could affect a plasma resonance observed
at Iy <Iy.

As Anderson!'® and others have pointed out, a
Josephson tunnel junction may be regarded as a
weak superconductor. Thus, in response to an ex-
ternal magnetic field, shielding supercurrents flow
in the junction. The spatial distribution of these
shielding currents is characterized by the Joseph-
son penetration depth A;, which is analogous to
the London penetration depth in a bulk superconduc-
tor. For large junctions (L > ;) the shielding
currents lead to drastic modifications of the I;~vs-
H,diffraction pattern. These have been investi-
gated in detail both theoretically®™'! and experi-
mentally. =1® For small junctions (L < A;) the
results for I, vs H, are consistent with the linear
spatial variation of ¢ proportional to H, described
by Eq. (13). Measurements of I,, vs H,, however,
correspond to a special case in which the super-
current density J is perfectly symmetric. 1 For
I4<I,, J will have both a symmetric and an anti-
symmetric component, as illustrated in Fig. 4.
While the symmetric component will contribute no
additional magnetic flux through the junction, the
antisymmetric component will result in a circulat-
ing current

I.=1;[(1 - cosn®,)/7®,]cosy,, (19)

and hence a net magnetic flux proportional to I,.
This flux can affect the plasma frequency signifi-
cantly even for L <i;. For I4=1,, I,=0.
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In Fig. 5(a) we have plotted I,, and a second
quantity, I, =I,(sinm®,/7®,), as a function of
H,. I was calculated from the observed I using
Eq. (17) (w,=const). @] is the flux in the junction
when I;,=I,. Although I, is symmetric in the
field, I} is slightly asymmetric, and the average
value has been used here. From these data the
difference A®= &, - @, can be obtained. The re-
sults for A® are plotted in Fig. 5(b). The solid
line corresponds to A®=pI., where B is a geom-
etry-dependent constant determined by fitting the
data. A value of A® for &,=0. 4%, obtained by
applying Ampere’s law to the current density of
Eq. (19) is indicated in Fig. 5(b) as the solid tri-
angle. Experimental uncertainties associated
with determining I); and I}, the junction geometry,
and the externally applied flux can account for the
difference between this value and the fitted one.
The expected dependence of I, (and hence A®) on
wi and the expected scaling of B8 with the junction
dimension perpendicular to the applied field were
observed. Taken together, these results imply
that the effective flux through a tunnel junction in
an external magnetic field is a function of the
current, independent of L/\; (for L/a;s1). Ex-
periments involving the measurement of the maxi-
mum Josephson current I,, as a function of the
external magnetic field are not sensitive to this
additional flux, but the present plasma-resonance
experiment is.

C. Plasma Resonance Q

We have made a study of the linewidth of the
resonance in Zy, [Eq. (12)] at w,=2w. For this
case the signal V,(2w) is half-maximum when
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FIG. 4. Current density as a function of position in the
junction for Iy, <Iy: (a) the symmetric part Jg =J; sing,
xcos (2rz®,/L&g); (b) the antisymmetric part J, =J; cosg,
xsin(2rz®,/L&g). sing,=0.86; &,=0.25&,.
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FIG. 5. (a) Maximum current I, (solid circles) and I}
=L(F/fH+15/19Y2, £,=9.0 GHz (open circles), as a func-
tion of the applied flux. Smooth curves have been fitted
to the data. (b) The difference A® (open triangles) as a
function of the applied flux obtained from (a). The line
through the data is the function I, (3=0.0229 mA-!). The
direct numerical result for A® is shown as a solid tri-
angle.

v

Awf, = wf, - (2w)2= +2ww,/Q. Now Awf, can be related
to Al4, the observed variable, by expressing Eq.
(17) in differential form. We find

2¢e\? Iglalyl
| = (r) Tt 20
and
2e \% Iz Al
-1 _ RAiIp
ot -(7) ot .

where Al is defined as the full width of the output
signal at half-maximum. Most of our measure-
ments were made at 4.2 K. At this temperature
the observed @’s were typically about 50. For one
junction, the temperature was decreased to 1.3 K,
and the @ was observed to increase by about a fac-
tor of 2. In general, the @ displayed a frequency
and magnetic field dependence. Before discussing
these dependences we consider possible contribu-
tions to the observed Q.

There are several sources of dissipation which
might be expected to contribute to the linewidth of
the plasma resonance. These include (a) dissipa-
tion associated with the quasiparticle tunnel cur-
rent, (b) rf absorption in the superconducting films,
(c) dielectric loss in the oxide barrier, and (d)
radiation of rf power by the junction. The total
Q will be given by @'=73,@;!, where @, isa @ as-
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sociated with the 7th dissipation mechanism.

The quasiparticle current @, Q,,, is determined
by the quasiparticle tunnel current which flows at
voltages within a few microvolts of V=0. (This is
the order of magnitude of the amplitude of the rf
voltages across the junction in the present experi-
ments. ) Now the quasiparticle tunnel current is a
highly nonlinear function of voltage, so that, in
general, it is not possible to represent quasipar-
ticle-current effects by a simple constant shunt
resistance. Theoretical calculations based on the
BCS theory yield a quasiparticle current pro-
portional to VIn(kT/eV) in the small-voltage limit;
the quasiparticle conductivity diverges logarithmi-
cally as V-0, according to this theory. However,
gap anisotropy and quasiparticle damping effects
not included within the simple BCS theory would
be expected to remove the logarithmic singularity
at V=0, just as they are known to remove the
step singularity in the quasiparticle current at
V=2A/e predicted by the BCS theory (A is the
superconducting energy-gap parameter). We
therefore expect that the quasiparticle current
will in reality be a linear function of voltage within
a region about V=0 of width comparable with the
observed voltage width of the quasiparticle current
jump at V=2A/e, i.e., at least some tens of micro-
volts. Consequently, we assume that it is appro-
priate to use a constant effective quasiparticle
shunt resistance R, in the low-voltage region of
interest here. Because @, dominates the total @
(as we shall see below), the validity of this assump-
tion is confirmed by the experimental fact that the
properties of the observed plasma resonance are
independent of amplitude under the conditions of
our experiments (see Sec. III).

Various experimental data suggest that R, is of
the same order of magnitude as Ry, the normal-
state junction resistance, at the reduced tempera-
ture used in most of the present plasma-resonance
experiments. If we take Ry,=Ry, and use the
theoretical relation Ry=7m4/2el;, @,, can be esti-
mated from Eq. (11) using typical junction param-
eters. The result is @,,~100, roughly what we
observe for the total @. Whatever the precise
relation between R, and Ry, we would expect R,
to be proportional to R, and hence Q;ﬁ should be
proportional to I; for experiments performed under
similar circumstances on essentially ideal tunnel
junctions with different I;’s.'® @, should be essen-
tially frequency independent over the frequency
range of our experiments.

Josephson® has predicted a total tunnel current
density of the form

J=Jy(V)sin@ + [0o(V) + 0,(V) cos@] V. (22)

Here the first term is the usual Josephson super-
current, the second is the usual quasiparticle
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current, and the third is a dissipative but phase-
dependent current which arises from interference
effects between the quasiparticle and pair currents.
So far as we know, no experimental evidence for
or against the existence of this third current
component has been reported. One of the motiva-
tions for our detailed study of the plasma reso-
nance @ was to investigate this question. If this
current component exists and is large enough, one
would expect a phase-dependent contribution to the
Q, with @ decreasing as cosg, increases. It has
been estimated that o,(V) is comparable with oy(V)
at low reduced temperatures, * so that if the quasi-
particle resistance accounts for a major part of
the total @, as turns out to be the case, we would
expect to observe this term.

The @ associated with rf losses in the super-
conducting films, @, can be estimated using a
variety of assumptions about the nature of the rf
fields in the junction and the magnitude and be-
havior of the surface resistance in the frequency
range of interest.!” We have made such estimates
and conclude that Q; is of order 10° and that @,

o w™®, where a lies between about 0.7 and 1, de-
pending on how nearly the superconducting films
approach the Pippard limit.

We cannot estimate the magnitude of the @
associated with dielectric loss in the barrier, @,,
since we do not know the composition of the barrier
(it might contain any or all of several oxides of
Pb), and we have no information on the low-tem-
perature conductivities of the Pb oxides. However,
the @ of a capacitor completely filled with a di-
electric with dielectric loss tangent tand is given
by @ '=tans. Therefore, Q,= weey/o, where €
and o are the dielectric constant and conductivity
of the oxide. If e and o arefrequency independent in
the range of interest, we would expect @, < « and in-
dependentof I; . If, asoftenisthe casefor other di-
2lectrics, tand is nearly independent of frequency
around 10 GHz, @, will be frequency independent.

The @ associated with radiation of power from
the junction should be roughly the inverse of the
radiation coupling efficiency typically found in
tunnel junctions.'® That is, @,~10% so that this
contribution to @ is completely negligible.

In Fig. 6 the dependence of the observed @ on
I, is shown as a plot of Q'vs I, for four different
junctions. The three points nearest the origin
were all obtained at f,=9 GHz, H=0. The fourth
point corresponds to a low-resistance junction for
which w; was so high that we could only observe
the plasma resonance on the third and higher lobes
of the magnetic field diffraction pattern. For this
point, therefore, H #0. Because of the magnetic
field dependence of the @ (see below), the value
of Q! at H=0 is probably somewhat higher than
the value indicated. Nevertheless, this point sup-
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ports the conclusion drawn from the other three,
i.e., that Q™! appears to be rather accurately
proportional to I;, This is the behavior expected
if @, dominates the total @. I we assume that
@=Qy, and that R,= aRy= arA/2el,, where a is a
constant, the straight line shown in Fig. 6 corre-
sponds to @=1.2. The smallness of the intercept
at I; =0 in Fig. 6 indicates that nonquasiparticle
contributions to the @ are small. We estimate,
neglecting Q;!, (@7 +Q;') <1073,

The frequency dependence of f,Q'1 for one junc-
tion is shown in Fig. 7. These data are typical
of all the junctions we have studied. As the fre-
quency of the detection system (and hence the value
of f, on resonance) is varied, the value of I (and
hence @) on resonance varies accordingly, Values
of cosg, corresponding to f, are indicated at the
top of Fig. 7. The dashed straight line is (27R,C)™,
where Ry is calculated from the observed value
of I; and the relation Ry=7A/2el,, and C is the
measured junction capacitance. *°

A peak is evident in f,Q@™ near 10 GHz. The
center of this peak occurs at half the lower funda-
mental geometrical frequency (f; =20 GHz) of the
junction. This suggests a coupling between the
plasma mode and a geometrical mode of oscilla-
tion. The factor-of-2 decrease in the @ associated
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FIG. 6. Experimentally observed @ ! vs I, for four
different junctions.
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FIG. 7. f,Q‘1 as a function of frequency. A smooth
curve has been fitted to the data. The dashed line is
(2rRyC)"!, Ry=0.46Q, C=1.5 nF. Typical error bars
are shown. See text for discussion of dotted line.

with this peak is significant, since in general the
Q of a cavity (resonance) will be reduced by a fac-
tor of 2 if the cavity (resonance) is critically
coupled to a second cavity (resonance) with the
same center frequency. This interpretation in
terms of a coupling between modes is supported
by detailed features of the observed line shape of
the plasma-resonance line. The line shape had
not only a relatively broad component but also a
sharp spike which remained at a fixed value of I4
as f was slowly varied near % f;, while the broader
component moved in the way expected for the plas-
ma resonance.

Away from the peak shown in Fig. 7, £,@ de-
cveases monotonically with f,. We recall that
f+@7(f,) should increase roughly as /%, and that we
expect f,,Q;l(f,,) to be independent of f, or perhaps
to increase as f,. If we postulate /,Q'=£,Qq
= B(1+ycosy,) as suggested by Eq. (22) (8 and y
are constants), we find that we can fit the decrease
rather well, but only if v has a negative sign! The
dotted line in Fig. 7 shows the fit for y=-0.8. The
limited accuracy of the present data and uncertain-
ties due to the presence of the geometrical reso-
nance and to possible contributions from @, and
@, preclude an accurate determination of y. If



4158

Q}l and Q,;1 are completely negligible, we can es-
timate that y=-0.8+0. 2, where the uncertainty
is intended to represent roughly one standard de-
viation. If we admit contributions from Q; and/or
Q@ of the maximum size permitted by our earlier
conclusions derived from the data of Fig. 6, a
negative value of y with larger magnitude is re-
quired to offset the positive slope of these contri-
butions. For example, if we assume that Q,;1 is
negligible, but Q;1 is 1073 at 10 GHz and varies as
f», then we would estimate y=-10.9+0.2. Inany
case, we feel that our data clearly indicate the
presence in @, of a ycosg, term with a negative
v of magnitude near (and probably slightly less
than) one.

It might be possible to avoid the necessity of a
negative y by, say, supposing @, makes a larger
contribution than the data of Fig. 6 would seem to
allow, and in addition has an unusual frequency
dependence. But, barring this or some other un-
forseen factor, we are led to the conclusion that
the present experiments (i) provide the first ex-
perimental support for the reality of the quasiparti-
cle-pair-interference current predicted by Joseph-
son [Eq. (22)], (ii) indicate that the quasiparticle-
pair conductivity and quasiparticle conductivity are
of the same magnitude, as theoretically expected,
but (iii) the quasiparticle-pair conductivity has
negative sign!?

The magnetic field dependence of the @ was
studied in several junctions. Data for f,= 9 GHz
are shown in Fig. 8 as a function of the applied
magnetic field. (These data are for the same
junction as the data in Figs. 3-5 and 7.) The di-
rectly observed quantity I;AIg is plotted. This is
directly proportional to Q™! at fixed frequency [see
Eq. (21)], provided &, is taken to be independent
of Iz.? The dashed line is a value of [RAlR cal-
culated from the experimental values of Ry and C.
The results are quite asymmetric for the two di-
rections of magnetic field. In one direction a peak
is evident, while in the opposite direction Q™
monotonically decreases as the magnetic field in-
creases. Essentially identical results were ob-
tained for f,=10.5 GHz. Note that the @ actually
increases by more than a factor of 3 as the field
increases, and that it appears to be tending toward
a very high value ( ?) in the vicinity of &= ®,.

In the lowest-resistance junction we studied
(Ry=0.08 @, r;=4L), the @ of the plasma reso-
nance measured on the third and fourth lobes of the
diffraction pattern at f,= 9 GHz was approximately
10, again in good agreement with a value calculated
from the measured Ry and C. The dependence of
IrAIr on magnetic field in this junction was also
asymmetric in a manner similar to the data shown
in Fig. 8. It is worth noting that for the third
lobe the peak in IxAIp occurred for a smaller
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applied flux than that for the corresponding maxi-
mum in I,,, while for the fourth lobe the peak in
IrAlIg occurred at a slightly larger value of flux
than that for I, .

We have not been successful in extending the
theory to account for this observed magnetic field
dependence of the @. We note, however, that the
only obvious way in which a magnetic field might
modify the @ as strongly as we observe is through
the phase appearing in the quasiparticle-pair in-
terference current term. The strong dependence
of @ on magnetic field may thus be taken as further
evidence for the existence of this current compo-
nent.

V. CONCLUSIONS

We may summarize our conclusions as follows.

(i) In the presence of an external magnetic field,
the Josephson plasma mode is sensitive to the
antisymmetric component of the supercurrent den-
sity which exists at dc Josephson currents less
than the (field-dependent) critical current, even in
the limit L <A;. This antisymmetric component
vanishes at the critical current and is not observed
in conventional experiments which determine the
field-dependent critical current.

(ii) The Josephson plasma resonance can couple
to geometric resonances of the tunnel-junction
structure. The effect of this coupling at zero dc
voltage is to reduce the @ of the plasma mode at
the characteristic frequencies of the geometrical
resonances.

(iii) The linewidth or @ of the Josephson plasma
mode is dominated by dissipation due to quasi-
The frequency and magnetic
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FIG. 8. IRAIj as a function of the applied magnetic
flux, open circles for ®/&,>0, solid circles for &/®,<0.
The dashed line is the calculated value of IrAIg obtained
using the experimental values of f,, Ry, and C. Typical
error bars are shown.



6 MAGNETIC FIELD DEPENDENCE AND @ OF THE. ..

field dependence of the @ suggest that the quasi-
particle-pair-interference current predicted by
Josephson (but heretofore not experimentally ob-
served) does exist and has the expected magnitude
but an unexpected sign.

Note added in proof. The authors’ surprise at
the observation that the quasiparticle-pair-inter-
ference conductivity ¢,(V) of Eq. (22) has negative
sign stemmed from a common habit of regarding
a “conductivity” as a positive quantity. Subse-
quent to the submission of this paper, a discussion
with B.D. Josephson made it clear that the negative
sign is in fact contained in the original report on
the Josephson effects [B.D. Josephson, Phys.
Letters 1, 251 (1962); see also Sang Boo Nam,
Phys. Rev. 156, 470 (1966); and G. Rickayzen,
Theory of Superconductivity (Interscience, New
York, 1965)]. The observed sign is therefore in
agreement with theory. U. K. Poulsen [Phys.
Letters (to be published)] has carried out a nu-
merical calculation of 6o(V) and o,(V) using the

4159

BCS density of states and averaging over the log-
arithmic singularities in the conductivities at
V=0. His results are in quantitative agreement
with our experimental observations [see N. F.
Pedersen, T. F. Finnegan, and D. N. Langen-
berg, in Proceedings of the Thivteenth International .
Conference on Low Temperature Physics, edited
by R. H. Kropschot and K. D. Timmerhaus
(University of Colorado Press, Boulder, Colo.,
1972).
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