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Observation of the Josephson plasma mode for a superfluidHe weak link

A. Marchenkov, R. W. Simmonds, J. C. Davis, and R. E. Packard
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(Received 10 September 1999

The quantum phase difference across a superfluid Josephson-like weak link may exhibit periodic motion
describable by a nonlinear equation identical to that of a rigid pendulum. We have directly observed this mode
and find that the phase oscillation frequency decreases toward zero as the phase amplitude increases toward
We also find that the low amplitude frequency is a direct measure of the weak link’s critical current in
quantitative agreement with theory.

One of the first published analyses of dynamical effects I=I.sing, (1)
associated with a superflufHe Josephson-like weak link, ) )
predicted unusual nonlinear periodic motion of a coupled the Josephson-Anderson phase evolution equation:
flexible membrane which is used to drive and detect mass

current through the link. As we show below, a simple theory d_¢ - _ % 2)
implies that this system will behave as a rigid pendulum with dt hp

the quantum phase differendeplaying the role of the pen- the force balance equation for the membranes:
dulum’s displacement angle. For instance, the frequency ’

should depend on the oscillation amplituglg,, approaching KiX;  KoXo

zero wheng,,.,— m, while at low oscillation amplitudes the P= AT A 3

frequency of free-ringing motion is proportional tgl.,
wherel is the weak link’s critical current. In this paper we and the mass conservation equation:

report the first direct observations of these nonlinear dynami-

cal effects and the predicteéd dependence of the frequency. [(t)=BpXq(t)A. (4)
The latter result demonstrates that the low amplitude fre-

quency of the free oscillations is a convenient measure of the In the equations abové, is the quantum phase difference
critical current of the weak link. This is of interest to the across the weak linkg is the liquid density, B3 is the mass
operation of a superfluid analog to a dc SQUilpercon-  of a ®*He Cooper pairP is the pressure difference across the
ducting quantum interference deviassing two weak link$.  weak link,x; andx, are the average displacements from the

Our weak link is a square array of 4 225 apertures of 100
nm diameter, etched in a 50 nm thick SiN membrane. Since
each aperture’s diameter is on the order of the temperature-
dependent coherence length they are expected to act as SQUID pickup coil
weak links*° Our experiments have shoWthat the entire
aperture array behaves coherently as a single weak link,
analogous to a superconducting microbridge. The array ex-
hibits a sinelike current phase relatiéhespecially for tem-
peraturesr >0.75T .

The basic apparatus is shown in Fig. 1 and is similar to
that used in our previous studies of the aperture dtfay’°
The apparatus includes a cylindrical inner cell bounded on
the top by a flexible membrand ; with stiffness constari;
(force/displacementand on the bottom by a stiffer mem- ”ﬂ;:’;‘i’c':gr’gee‘f’
braneM, with stiffness constank,. The areasA of both
membranes are the same. The weak link array is mounted
near the center df1,. The metallized plastic membraiég;
is used both to induce the flow of the fluid through the ap-
erture array, and to measure the amount of fluid motion. The FIG. 1. A schematic description of the experimental cell. The

fluid is pumped through the array by applying a voltage t0ea jink element is shown as anin the lower membrandl,. A

the electrode, located next ¥ ,; a superconducting quan- mass current flowing into the cell through the weak link forces the
tum interference devicéSQUID) based position transduceér membranes to move apart as shown. Metallized plastic membrane
is used to measure the average membrane displacement fray) is used both to induce the flow of the fluid through the aperture
the equilibrium position and thus determine the flow. array, and to measure the amount of fluid motion. The fluid is
In what follows we first ignore damping. The system’s pumped through the array by applying a voltage to the electrode,
governing equations include the Josephson-like currenbcated next toM,. A SQUID based position sensor is used to
phase relation: measure the membrane displacement and thus determine the flow.
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FIG. 2. The position of membrand ; following the application of an impulse. During the first several oscillation cycles the system is
in the Josephson oscillation regime and the average posdiwth hence average pressure difference across the weakslinknzero. At
t~1.05 s the system becomes trapped in the bounded pendulum state. When the oscillation amplitude is large, the anharmonic motion near
(x1)=0 is characteristic of the rigid pendulum. The frequency can be seen to be increasing as the amplitude decays. This particular transient
was observed af/T.=0.85, where the decay time is rather long and . sin ¢.

equilibrium pOSitionS of the tOp and the bottom membranes, Since the membrane pos|t|ari| is proportiona| taﬁ [Eqs

respectively, ang=1+k;/k,. _ (2) and (3)], these three qualitative features should be di-
Differentiating Eq.(2) and combining terms yields rectly reflected inx;(t). In the present experiment we focus
on smaller applied impulses than that required to send the
b=— wf, sing, (59 system into the high-frequency Josephson oscillation regime.

We apply an impulse to the system by the application of a
which implies that the equation governing the quantumstep voltage between the metallized membriheand the
phase differencep is identical to the equation of &gid  adjacent rigid electrode. The electrostatic attraction between
pendulum The small amplitude oscillation frequency is the two electrodes creates a pressure step which excites the

given by phase oscillation. Figure 2 shows a typical transient response
of our experimental cell to an impulse. Here we have made

,  2mgk; the impulse sufficiently large so that the system has been

wp:mlv (5b) pushed initially into the unbounded Josephson oscillation re-

gime; i.e., the pendulum is rotating through angles greater

We have written Eq(5b) in terms of the parameters of than 2rand the average displacemeft;)>(P)#0. As the
membraneM, since that is the membrane that we monitor€nergy dissipates, the system reaches a ponear t
with the SQUID displacement transducer. Equatidp) dis- ~1.059, where the¢ oscillation amplitude is just belowr
plays the important relationship between critical current and@nd the motion becomes bounded as the pendulum oscilla-
frequency of the low amplitude pendulumlike oscillations:  tions commence, witijx,) =0. For the first few cycles, the
wpTe. phase oscillation amplitude is large and the frequ&his

An impu|sive force de"vered to a r|g|d pendu'um Causessma” but, af'[el’ a feW CyCleS, as the amplitude decreases, the
qualitatively different motion depending on the amplitude offrequency increases, reaching an almost amplitude indepen-
the impulse-*3 (i) A small impulse excites simple harmonic dent limit. _
anharmonic periodic motion. The amplitude dependent fremotion, andx;«¢, the expected characteristic slowing of
qguency decreases toward zero at a critical impulse that cothe “pendulum” near¢ = 7 translates into a decrease in the
responds to the limiting oscillation amplitudg,,,=7. For  slope ofx,(t) near(x;)=0. This slope change is clearly
this special situation the restoring force approaches zeruwisible in Fig. 2 in the first few cycles after the system falls
when the rigid pendulum moves toward the inverted posiinto the pendulum mode. From large-amplitude phase oscil-
tion. (i) A still greater impulse causes the pendulum to ro-lations such as shown in Fig. 2, we have previously deter-
tate continuously in complete circles with circular frequencymined the current-phase relatidif¢) of the array weak
proportional to the impulse. Following a very large impulse, link.”® In this paper, we analyze the dynamics of the tran-
it is this latter type of motion which produces the previously sient response of the cell containing this weak link.
reported mass-current oscillations at the Josephson fre- Figure 3 shows the pendulum frequency as a function of
quency (i.e., “Josephson oscillationg” By contrast, the phase oscillation amplitude. The data shown are produced by
small amplitude harmonic motion is analogous to the soaveraging approximately 50 ring down events at the same
called plasma oscillatidfi'® that occurs due to the self- temperature. The expected decrease in frequency with in-
capacitance and intrinsic inductance of a superconducting Jareasing amplitude is clear. The smooth curve superimposed
sephson weak link. on the data is the analytic predictiSrfor a rigid pendulum
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FIG. 4. A plot of the dependence of the low amplitugendu-
lum) frequency on the critical current, was determined by mea-
suring the complete current phase relation in the temperature re-
gime above 0.75;, wherel (¢) is sinelike. The straight line drawn
is a plot of Eq.(5b) which has no adjustable parameters. At lower
temperatures, wheh(¢) is no longer a simple sine function, the
without damping. By combining Eq$2) and(3), it is appar-  frequencies drop below the line. Different symbols correspond to
ent that¢(t) can be found by integrating,(t). There is a different cooldowns belowl.
small error ing due to neglecting damping. For more exact
predictions we need to augment E¢B—(5) by including an
appropriate damping term. Using numerical methods we fin
that the damping is sufficiently small that the simple inter-

pretation thatx,« ¢ is negligibly changed. That is why the
predicted amplitude dependent frequency for the undamp
pendulum agrees so well with the data, as seen in Fig. 3.
Equation(5b) predicts that the low amplitude oscillation
frequency,wgoclc. In a previous papémwe have described
how we determine the current-phase relafiby integration

FIG. 3. A plot of the oscillator frequendjref. 16 as a function
of phase angle. An ideal rigid pendulufwithout damping would
follow the smooth curve drawn as a solid lifiRef. 13. The data
are the average of approximately 50 transient ring downs.

&)erfluid guantum interferometer. Such a system should have
an overall current-phase relation that is sinelike, with the
maximum current being modulated by rotation flux through
the arms of the device. Since the weak links described here
ezgre in the weakly damped regime, the traditional method of
reading out a dc SQUIDby applying a current larger thdgp

and detecting the chemical potential differenogay not be
practical. However, from the results of the present experi-
and differentiation of,(t)] and thereby find. . Using that ][Fu‘?gtétcwgglglﬁ)eivrgﬂ;ataﬁr; %i”%‘c')‘éﬂ;gg”g;'ct{]gfritztt’igﬁr

method in this experime_nt we determihg so Fhat WE €an  fux? and thus provide a convenient readout technique for the
test Eq.(5b). The correlation betweed, andl is shown in Q

Fi%:]. 4. We see'cle.arly the predicted proportionality between In cdnclusion, we have shown that a superfluid oscillator
wp andl .. In this figure we also plot EqSb), whichhas no  qniaining a Josephson-like weak link as the inertial element
adjustable parameteraind find it agrees very well Wlth the displays periodic motion similar to a weakly damped rigid
data. The data shown are for the temperature regime Whetg,nqylum. This is directly analogous to the Josephson
| csin, i.e., T=0.75T. We have shown in previous wdtk plasma mode in superconducting weak links. The frequency
that as the temperature decreases, the .currentjphase “?'atlgnamplitude dependent in accord with simple theory. Fur-
eventually becomes distorted from a simple sine funCt'O”thermore, the quantitative connection betwegrandl . per-

Thus, whenT<0.75T;, as might be expected we find EQ. mjts a simple measure of the weak link critical current.
(5b) is no longer quantitatively corredf.

Due to the excellent quantitative agreement between Eq. We wish to thank S. Pereversev who assembled the ex-
(5b) and the data in Fig. 4, it appears that a direct measureperimental cell, A. Loshak who made the aperture array, S.
ment of the low amplitude oscillation frequency is a conve-Backhaus and K. Shokhirev who performed analysis in an
nient method for determining, in the Josephson regime. In earlier version of this experiment, and Professor S. Vitale
the future it may be possible to make an analog of a davho has contributed many helpful suggestions. This research
SQUID by placing aperture arrays in opposite arms of a suis sponsored by the NSF, NASA, NEDO, and the ONR.
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