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dc Supercurrents from Resonant Mixing of Josephson Oscillations in &He Weak Link
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We have discovered that the dc mass current through a supetfigidveak link is substantially
increased when the Josephson frequency matches the resonant frequency of a coupled mechanical
oscillator. The phenomenon is the result of homodyne mixing between the Josephson oscillations and
the oscillating pressure field associated with the resonant system. The measured sizes of the current
enhancements are in excellent agreement with calculations based on this homodyne model. Similar
observations in superconducting junctions, in which microwave radiation changes the dc electronic
current, were used for the first confirmation of the dynamics of the superconducting Josephson effect.
[S0031-9007(98)06801-X]

PACS numbers: 67.57.—z, 74.50.+r

Recent experiments have shown that an array of submivhen the*He Josephson frequency matches that of a cou-
cron sized apertures, connecting two reservoirs of supepled mechanical oscillator.
fluid 3He, exhibits properties characteristic of a quantum Our experimental apparatus (which is shown schemati-
weak link [1,2]. In particular, the mass currehis ob- cally in Fig. 1 and described more fully in Ref. [1])
served to be proportional to the sine of the quantum phaseontains a flat, hollow, cylindrical cell, formed by glu-

difference across the link, i.e., ing a flexible plastic membrane (stiffneds =~ 4.7 X
) 10° N/m) to the top of a 14Qum-thick plastic washer
I(¢) = I.sin(¢). (1) whose inner diameter is 12.7 mm. A stiffer membrane

(stiffnessk, = 11 X 10° N/m) is glued to the bottom

of this washer. This membrane contains the weak link

which consists of @5 X 65 array of 100 nm holes spaced

. 3000 nm apart, etched through a 50 nm thick SiN mem-

(1) = _f %P(ﬂ) dr', ) brane. Previous work demonstrated that such an array
ph behaves coherently like a single weak link whose critical

Equation (1) is analogous to the superconducting dc
Josephson equation. The quantum phase differefice
evolves according to [3]

wherep is the density of the liquid2m; is the mass of a
Cooper pair ofHe atoms, and is the pressure difference

across the weak link. When a constant pressure difference Coil to DC-SQUID
Py is applied across the array, one observes mass currents Outer Cell Upper Electrode
oscillating at the superfluid Josephson frequeficwhere Inner Cell
2
fi= %PO — 183.7 kHz/Pa ©)
p

andh is Planck’s constant.

These experimental results lead one to ask if dynamical
Josephson effects fiHe, analogous to those seen in super-
conducting weak links, might be observable. The first dy-
namical phenomenon to be observed for superconducting
weak links was the Shapiro effect [4] in which microwave

radiation influences the dc current through a superconduct-

ing junction. An important related phenomenon is the .

Fiske effect [5], where interaction of the Josephson os- Fo ek SiChip in St b membrane
cillations with internal electrodynamic resonances in the Electrode

junction causes current “spikes.” Another related effectisrig. 1. Schematic diagram of the experimental apparatus. A
resonant dc current enhancement spikes in a voltage biaséat, *He filled, cylinder forms the inner cell which is contained
superconducting Josephson junction, when the emitted min an outer cell of superfluidHe. A stiff membrane is glued
crowave radiation mixes with the response of a couple(ﬂo the bottom of the inner cell and contains the weak link

. tor [61. This is the cl t | tray- The upper, softer membrane, which is coated with
microwave resonator [6]. This is the closest analogy 1Q, g perconducting film, faces a SQUID-based displacement

the results reported in this Letter which describes an exransducer and a planar electrode. The lower stiffer membrane
periment that reveals an increase in the dc mass curreittalso metal coated and faces a different planar electrode.
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current is approximatelgs? times greater than that in the 4 - T . T . T - @
individual apertures [2]. The upper, softer membrane, ¥_ 3] # ]
which is coated with a superconducting film, faces a I 0
SQUID-based displacement transducer and a planar elec —, 2r ]
trode. The lower stiffer membrane is also metal coated & 1} # 8

. . 2 ! #3
and faces a different planar electrode which can pull on = 4 '

it via the application of electrostatic potentials. The cell : 1 . L . L
is immersed in a container of superfluid Hevhich is in
contact with a nuclear demagnetization refrigerator. After 30

initially filling the outer container, the inside of the cell = 20 10
fills through the aperture array. Thermometry is based E 10 | ]
on the NMR susceptibility of®Pt. The experiment is %) oFf
performed at zero ambient pressure where the temperature § -10}
dependent coherence leng#tiT) is comparable to the m 20¢
aperture dimensiong(7) = (65 nm)/(1 — T/T.)"/>. = -30

To carry out these measurements we have developed
unique new system that permits us to drive flow through the f [kHz]
aperture array at a fixed pressure head [7]. This is accom- .

FIG. 2. (a) A typical current-pressure curve, after the slowly

plished by using a feedback loop which applies an electro- "> . >
. . varying background has been removed to clarify the position of
static force to the stiffer membrane. The force causes thge neaks. Thig-P was measured & /T, = 0.572. (b) The
membrane to move so that the pressure difference acrogssponse of the upper membrane to an oscillating force applied
the weak link, determined by the position of the softerto the lower stiff membrane, also measuredr'd?,. = 0.572.
membrane, is kept fixed at a prechosen vatueThe force ~ The vertical scale is logarithmic.
grows linearly in time at a rate proportional to the dc mass-
current/ which is associated with the particular pressure
headP. This technique provides the neutral fluid equiva-modes involving the membranes’ motion and coupling to
lent of a “voltage bias” in a charged system. fluid flow in the surrounding space. The potential energy
The feedback control system allows us to measure thterm for each resonance involves a particular bending of
relation between mass current and pressure head. Thise membrane, and the inertial term involves the kinetic
I-P curve is analogous to thé&V curve of a charge inductance of the flow paths on the outside of the inner
carrying device. To generate the current-pressure curveell. We believe that the lowest mode results from the
we step though the pressure domain, recording the dc flom-phase azimuthally symmetric motion of the two mem-
from the feedback signal for times of order 1-30 sec. Atbranes, while the higher modes are associated with azi-
each pressur® we measure the corresponding Josephsomuthally asymmetric modes of the soft membrane. We
frequencyf;, by observing the frequency of oscillations experimentally determine the normal modes of the cell
of the soft diaphragm in response to the Josephson curreby measuring the response function of the soft membrane
oscillations in the weak link. This provides an absolutewhen an electrostatic force is applied to the stiff mem-
in situ calibration of the pressurg, from Eq. (3). The brane. Figure 2(b) shows a typical cell spectrum. The
displacement of the soft membrane is used as the feedbaokodes range up to several kilohertz and, for a given mode,
parameter instead g¢f; because it is a direct high-accuracy the frequency varies with temperature proportional [10]
signal, proportional t@, and needs no further processing.to (1 — T/T.)"/? which is expected if the mode frequen-
We record the mass current associated wittand —P  cies are proportional to the square root of superfluid frac-
before stepping to the next pressure. A complete sweefion. Comparison between Figs. 2(a) and 2(b) indicates
from 0 to =20 mPa takes on the order of 90 min. During that each current peak is associated with a resonance of
this time the temperature remains constant due to ththe cell.

thermal mass of the nuclear stage. Additiohdt curves

measurement cycle.
Figure 2(a) shows a typicdlP curve, whereP is plot-
ted in units of frequency from Eq. (3). These’ curves

We explain the presence of the current peaks by a per-
are taken by changing the temperature and repeating therbative model similar to that used for a superconducting
Josephson junction exposed to an applied microwave field
[11]. The constant applied pressuPg drives an oscil-
lating Josephson current which in turn can drive a cell

are symmetric about the pressure origin. A slowly vary-resonance. The resonant motion alters the applied pres-
ing background current [8] has been subtracted to clarifysure across the aperture with an additive small harmonic
the position of the current amplification peaks. Our cellterm. This term, when mixed with the original oscillation,
exhibits several distinct resonant mechanical modes. Inesults in a dc component to the current.

addition to the so-called pendulum mode [9], which in- For instance, in the first resonant mode of the cell, the
volves direct flow through the apertures, there are othetwo membranes oscillate together (in phase) by displacing
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the fluid outside the cell. At resonance, the current, os- T " T " T
cillating with magnitudel,. at the Josephson frequency P
w; = 2m3Py/ph, creates an oscillating displacement of
the soft membrane. This in turn rings up the cell reso-
nance, which, when its equilibrium amplitude is achieved,
results in an oscillation pressure difference given by 2| .
6P =1, Q k—22 asin(w;?), 4)
wj pAy
where Q is the quality factor of the resonance aad=
(k2/A3)/ (k1 /A? + ky/A3). HereA, andA, are the areas
of the softer membrane and of the stiffer one, respectively.
This oscillating pressure corresponds to an oscillating 0 : : ! : !

phase difference term 0 ! 2 3
’ feent resonance [kHZ]
ms3

o = —f opP T dt. (5)  FIG.3. The relation between the Josephson frequency at a

p current enhancement peak and the frequency of the closest cell

By adding this term in the expression for the currénrt resonance. The straight line has unit slope implying that the
I.sin(wjt + 8¢) = I, sin(w;1) + 1.8 ¢ codw;1) the current peaks occur when the Josephson frequency matches that

. of a resonance.
current acquires a dc component:

1 2m3y ky I?Q . . .
Sy Loe - (6) Josephson frequency in that system. Thus, if we did not
2 hopA; o a priori know the Josephson frequency, the vertical axis
For other resonances this general form is preserved witm Fig. 3 would be the pressure head across the weak link,
an appropriate different value far. determined directly by knowing the position of the mem-
This model predicts a current peak which is the resulbrane, its spring constakt, and the area of the membrane.
of down conversion to zero frequency resulting from theThen, the straight line in Fig. 3 would constitute a verifi-
homodyne mixing between the Josephson oscillation andation of the Josephson frequency relation, analogous to
the oscillating pressure due to cell resonance. The peake dc current method, via the Shapiro steps, first used in
occurs when the Josephson frequency matches that of tiseperconductors [4].
cell resonance and the current enhancement is given by Equation (6) gives the predicted relationship between
Eq. (6). the current enhancemently., the Q, the critical current
We observe current peaks in theP characteristic over I., and the frequency of the mechanical oscillations, in
arange of temperatures. The frequencies at which the celhe temperature regime where the current-phase relation is
resonances occur are temperature dependent because sheelike. At each temperature we can directly determine
inertia of the oscillator varies with the superfluid density.the critical current of the weak link array by determining
At a given temperature we determine the relation betweethe current phase relation [2]. Th@ and resonance
the pressure at which a current peak occurs, and the cdilequency of each mode are directly measured from the
resonance frequency. For flow at fixed pressure we dieell’'s resonance response function. Figure 4 displays the
rectly detect the Josephson oscillations and therefore haysot of Al versus/?Q/w? which according to Eq. (6)
anin situ calibration between pressure and quantum oscilshould be a straight line at the higher temperatures where
lation frequency through Eq. (3). Thus, from the measured « sin(¢). At lower temperatures, where tliép) is no
pressure we know the Josephson frequency associated witinger sinelike [2] Al4. should no longer follow this line.
a particular current peak, and match that frequency witiThis is confirmed by the departure of the measured values
the closest cell resonance frequency. Figure 3 shows thaf Aly. from the theoretical prediction which is shown as
Josephson frequency at which a current enhancement petile solid line in Fig. 4. The straight line fit to the data
occurs plotted against the resonant frequency of the assetich has ordinate value less than two (this corresponds
ciated cell resonance. Data for the four lowest frequencyo data with temperatures greater thHBfi7. = 0.64) has
mechanical resonances are shown at a wide range of tera-slope of(3.7 = 0.3) X 10" (SI). This agrees well with
peratures. The straight line, with a slope of one, is theahe prediction from Eg. (6), using no free parameters, of
experimental confirmation that the Josephson frequency.6 X 10' (SI).
associated with the current peak matches the cell resonanceThe quantitative agreement of the experiment with
frequency. all aspects of the model provides strong confirmation of
It is of historical interest to note that the superconducthe resonant homodyne mechanism. This means that the
tivity experiment, which is analogous to the one reportedesults reported here confirm a deep analogy, which has
here, was carried out before the direct observation of thbeen the object of a number of experimental searches [12]
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Al =
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10 — T the pressure position of the current peaks and the reso-
A ] nance frequencies of the cell, in addition to the predicted
gl slope: 37410 i magnitude of the peaks, provide confirmation of a homo-
- L dyne mechanism. The result of this experiment suggests
s [ K ® ] that this type of weak link array will be capable of exhibit-
= 6r T ing other dynamical Josephson weak link phenomena.
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