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Abstract

In this paper, I shall discuss the recent discovery of a metastable π-state in a 3He
Josephson junction. This state is characterized by low frequency current oscillations
and a nearly constant cross-junction phase difference of π. The π-state occupies a
local minimum in the junction’s free energy, and decays with an average lifetime on
the order of a minute. Whether or not this state is an intrinsic one or systematic one
is debated. For background, a brief review of the Josephson effects is included.
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Introduction

In 1962, Josephson suggested that electrical currents would develop between two bulk
superconductors when brought into close proximity with one another [1, 2]. For these effects
to manifest themselves, there must exist an appropriate tunnel junction, commonly referred
to as a “weak link” [3]. According to broken symmetry arguments, the superconductors
assume a complex order parameter, ψ, which can be interpreted as the macroscopic wave
function of the condensate (superconducting electrons), and takes the general form

√
ρc e

iφ,
where ρc is the condensate density and φ the condensate phase. The weak link allows the wave
functions of each superconductor to overlap. Josephson predicted that the resulting current
through these junctions would be related to the quantum phase difference, ∆φ = φ1 − φ2,
by the equation

I = Ic sin(∆φ) , (1)

where Ic is the critical current of the junction. When a chemical-potential difference, ∆µ,
is created across the weak link, the phase difference would then evolve according to the
Josephson-Anderson relation [4]:

∂(∆φ)

∂t
= −∆µ

h̄
. (2)

These two equations are often referred to as the dc and ac Josephson relations, respectively.
In a junction between two superconductors at identical temperatures, ∆µ = −2eV , where
−2e is the charge of an electronic Cooper pair and V is the voltage across the weak link.
Within a few years, both the dc [5] and ac [6] Josephson effects were observed in supercon-
ductors.

Because superfluid helium can also be described by a complex order parameter, the
Josephson relations should therefore apply to two helium reservoirs separated by a weak
link. The equations above would then describe a mass current across the junction, with
∆µ = M∆P/ρ, where ρ is the liquid density, ∆P the pressure difference between the two
reservoirs, and M the particle mass (m4 for a 4He atom; 2m3 for a 3He Cooper pair).
Shortly after the successful experiments in superconductors, the first attempts were made at
observing Josephson effects in helium [7, 8, 9, 10]. Unfortunately, these experiments failed
to provide convincing evidence. To see why, let’s examine the problem.

The difficulty in observing the Josephson effects in helium for many years involved the
construction of a proper weak link. It was Likharev who first suggested in 1979 [3] that a
suitable weak link must have cross-sectional dimensions, d, smaller than, or on the order of,
the coherence length, ξ = ξ0(1−T/Tc)

−1/2, where Tc is the superfluid transition temperature
and ξ0 is the zero-point coherence length. This criteria separates the temperature range
below Tc into two regimes: 1.) The Josephson regime (ξ > d), where flow of electrons or
superfluid across the weak link obeys equations (1) and (2). 2.) The phase-slip regime
(ξ < d), where the condensate exhibits super-flow. This regime carries the moniker “phase-
slip” because when velocities in the weak link become larger than the critical velocity of the
condensate, the order parameter phase, φ, can ‘slip’ by an amount 2π. Although the current
in this regime is not sinusoidal in ∆φ, its behavior is still oscillatory with a periodicity of
2π. This similarity, along with the fact that equation (2) still holds in the phase-slip regime,
is what led to misguided interpretations of early experiments. It also led Likharev to define
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a new phenomenological current-phase relation:

I = Ic sin ζ , ∆φ = ζ + α sin ζ , (3)

where ζ is an auxiliary phase angle and α is a non-ideality parameter. For α = 0, the dc
Josephson relation (eqn. 1) is recovered. In fact, the Josephson regime generally requires
only α < 1. For the case α > 1, the current phase relation of equation (3) is both hysteretic
and multi-valued in regions where ∆φ ∼ nπ, n odd. This is the phase-slip regime.

For studying Josephson effects in helium, a suitable weak link consists of a small aperture
in a thin film separating two bulk regions of superfluid. Here, ‘small’ means cross-sectional
dimensions on the order of 100 nm. For 3He, ξ0 ∼ 65 nm, while for 4He, ξ0 ∼ 1 Å. Even
with a 100 nm hole, one must go very close to Tc for ξ to diverge the necessary amount.
Development of micro-orifices and the use of SQUID based Helmholtz resonators as sensitive
mass flow devices eventually allowed for the observation of Josephson effects in 3He [11, 12].
And finally, 39 years after Josephson’s original paper, the effects which bare his name were
observed in 4He [13].

Discovery of a New State

In 1998, a group at Berkeley, Backhaus et. al., reported the discovery of a metastable
Josephson tunnelling state in superfluid 3He [14]. In this state, a quantum phase difference
of π is maintained across the weak link. The apparatus employed in the experiment is a
volume of superfluid B-phase 3He partitioned in two by a wall containing both a flexible
membrane and a weak link (Fig. 1). The weak link consisted of an array of 4,255 100-
nm-diameter holes with a spacing of 3 µm in a 50-nm-thick SiN membrane. The flexible
membrane was coated with a superconducting film, which allowed for motion detection via a
superconducting quantum interference device (SQUID), with a resolution of 10−14 m/

√
Hz.

The pressure difference between the two 3He reservoirs was controlled by applying a voltage

Figure 1: A schematic diagram of the experimental cell employed by Backhaus et. al. A
container filled with 3He-B is partitioned by a wall containing a flexible membrane and weak
link array. [14]
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between the membrane and an electrode mounted on an opposite wall. The experimental
cell was attached to a nuclear demagnetization refrigerator that could cool the helium to
temperatures less than 200 µK.

Determination of the mass current through the weak link is done by analyzing the position
of the flexible membrane as a function of time, x(t). The instantaneous mass current is then
given by

I(t) = ρA
dx

dt

A is the area of the membrane. The phase difference across the weak link varies in time
according to the Josephson-Anderson phase evolution equation:

∆φ(t) =
−2m3

ρh̄

∫ t

0

∆P (t′)dt′ =
−2m3k

ρh̄

∫ t

0

x(t′)dt′ (4)

where k is the stiffness of the membrane. When ∆P is a constant, equation (1) reduces to
the form

I(t) = Ic sin(ωjt)

where ωj is the Josephson frequency, 2m3∆P/ρh̄. Backhaus et. al. reported that mass
currents of this type were observed only at temperatures above 0.48 Tc, where Tc is the
superfluid transition temperature of 3He. It is at this temperature where the coherence
length becomes comparable to the aperture size, and a transition is made from the phase-
slip regime to the Josephson regime.

However, the discovery here is that a new state of the weak link emerges at temperatures
below 0.48 Tc. At these temperatures, the dc Josephson relation (Eqn. 1) no longer holds,
though phase evolution still obeys equation (4). When ∆φ is zero, the membrane exhibits
a normal mode of oscillations similar to that of a mechanical pendulum. The oscillator
is excited by a few sine-wave cycles of an applied pressure, frequency-matched to the low-
amplitude resonant frequency of the pendulum modes. (Fig. 2) The objective is to pump
the oscillator into regimes where ∆φ becomes non-zero and approaches values of ±π. The
driving force is then turned off and the resulting behavior studied. If the oscillator is only
moderately driven, the amplitude will slowly decay after the excitation ends. However, if
the oscillator is driven to a higher level, after excitation it collapses to a different mode with
lower amplitude and frequency. (Bottom trace, Fig. 2) After several cycles – minutes on
the time scale – without further drive, an abrupt return to the original state (frequency and
amplitude) occurs. The authors reason that the kinetic energy that appears to go missing
in the intermediate state is instead stored in some other hidden degree of freedom.

After further analysis of the data, the true nature of this intermediate state becomes
apparent. Using equation (4), ∆x is converted into a plot of d(∆φ)/dt versus ∆φ. (Fig.
3) During the excitation stage, the phase-difference oscillation is centered about ∆φ = 0.
Collapse to the intermediate state shifts the center of oscillations to ∆φ = π, while the
return to the original state has variations in ∆φ centered at ∆φ = 0 or 2π. Because of its
associated ∆φ value, the authors call this new intermediate, metastable state the “π-state.”
Likewise, the simple pendulum mode is referred to as the “zero-state” since its oscillations
are centered at ∆φ = 0. (The zero-state is equivalent to the “2π-state.”)
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Figure 2: Oscillation of the flexible membrane resulting from application of 4 cycles of drive
at the pendulum-mode resonant frequency, at 0.3Tc. The amplitude of the drive increases
from top to bottom. The top two curves are pendulum-like, while the bottom curve exhibits
characteristics of the newly discovered π-state. A perturbation causes this metastable state
to decay back to its original state. [14]

Backhaus et. al. also determine the free energy of the 3He weak link,

F (∆φ) =
h̄

2m3

∫ ∆φ

0

I(∆φ′)d(∆φ′) (5)

and find that there is indeed a local minimum at ∆φ = π. (Fig. 3c) Global minima occur at
values of 0 or 2π. With this picture in mind, the dynamics of the oscillator can be described
as follows. Moderate driving of the membrane can excite the oscillator, but not enough to
escape the free energy minimum centered at ∆φ = 0. Only for large excitations can the
oscillator make a transition to the metastable π-state (0 → π). The weak link can remain
in this state, sometimes for several minutes, until a fluctuation causes it to decay back to
the zero-state (π → 0). Experiments were performed at various temperatures. At the upper
temperature limit, 0.48 Tc, the π-state lifetime was measured at only 100 ms. On the other
hand, much lower temperatures produced lifetimes of several minutes. Although the authors
admit to knowing of no precise microscopic theory for this new state, they equate the 3He
π-state to the superconducting π-junction. This analogy, they claim, reflects the ‘p-wave’
symmetry of the superfluid 3He order parameter.
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Figure 3: Oscillator characteristics. a. Trajectory of the oscillator in the d(∆φ)/dt versus
∆φ plane at 0.28Tc. During the drive stage of the experiment, oscillator motion is centered
at ∆φ = 0. The low-amplitude motion at ∆φ = π is a signature of the metastable π-state.
After several oscillations, the weak link decays to an orbit about ∆φ = 2π. b. The measured
current-phase relation for the microaperture array at 0.28Tc. c. Weak link free energy, F ,
as a function of ∆φ at 0.28Tc. [14]

Could it be? – Arguments Against

Shortly after the π-state discovery was announced, a significant challenge was mounted
against its foundation. Avenel et. al. [15] argued that the array of 4,225 apertures that
had been employed in the experiment could not be expected to behave as a single, coherent
weak link. They also showed that the results of Backhaus et. al. could be explained without
invoking the superfluid analogue of the “much-debated ‘π-junction’” in other systems.

Making use of the Likharev equations for superfluid flow (Eqn. 3, I is plotted versus ∆φ
for the case α = 2. (Fig. 4) For this scenario, the current is both hysteretic and double-
valued in the region near ∆φ = π. If a large number of apertures are employed, statistics
would suggest that in this double-valued region half of the holes would sit on the upper
branch and half on the lower branch. In this case, the measured total current would tend
toward zero, creating a third pseudo-branch represented by the dotted line in Fig. 4a.

Avenel et. al. solidify their arguments with a numerical simulation. The relationship be-
tween ∆φ, the membrane displacement, x, and the number of apertures, N , can be described
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by:

∆φ = ζi + αi sin ζi ,

dx

dt
= C

N∑
i=1

sin ζi ,

d(∆φ)

dt
= V sin(ωt)− x− 1

ω0Q

dx

dt
,

(6)

where C is related to the small signal oscillation frequency, ω2
0 = C

∑N
i=1(1+αi)

−1, V sin(ωt)
is the external drive of maximum amplitude V at frequency ω, and Q is the quality factor
of the resonator.

Figure 4: Numerical simulations. a. Current-phase relation for α = 2. b. Time evolution
of the membrane displacement amplitude x in response to an external drive, Vex, for 200
apertures and gaussian distribution for αi. c. Corresponding trajectory in the d(∆φ)/dt
versus ∆φ plane. [15]
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Equations (6) are solved for N = 200, gaussian distribution of αi values with a mean of
2 and standard deviation of 0.1, and a Q-value of 1000. (Fig. 4b & c) V sin(ωt) consisted
of four periods at a frequency of ω = 1.1ω0, and the amplitude was adjusted until the
system could be driven into a low amplitude, metastable state. This intermediate state has
properties remarkably similar to the π-state discovered by Backhaus et. al. In this model
however, the kinetic energy that suddenly disappears – the same energy that Backhaus et.
al. conjecture has gone into some other mysterious degree of freedom – is actually stored
in circulating currents within the array. If a small perturbation at later times is introduced
into the numerical model, the system returns to the zero-state. This calculation seems to
suggest that this new π-state is not intrinsic to superfluid 3He, but rather a manifestation of
the aperture array employed as the weak link. In light of their numerical work, Avenel et. al.
make the following statement: “In conclusion, our analysis shows that direct measurements
of the current-phase relationship in an array of holes should be interpreted with care... By
themselves, (the data of Backhaus et. al.) do not reveal the existence of an exotic π-junction,
hidden degrees of freedom, or any influence of textural effects.”

Having Doubts? – Further Proof

Since the publication of the original 3He π-state data, several theoretical works have
proclaimed support for the intrinsic existence of this metastable state [16, 17, 18, 19]. Mean-
while, further experiments were performed by the Berkeley group and their new results were
published in a follow-up article by Marchenkov et. al. [20]. For these experiments, a modi-
fied cell was employed – similar to the cell shown in Figure 1 – that utilized a more efficient
acoustic shield. Other critical apparatus parameters were left unchanged.
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where A is the membrane’s area. Elimination of the
common time variable yields the function I�f�. In this
work, in order to extract the I�f� function we take several
Josephson oscillation cycles and pendulum oscillation
cycles just around the transition point.

We have cooled through the transition temperature Tc

on many occasions. We find that the weak link is char-
acterized by two distinct I�f� functions. Figure 1 shows
the temperature dependence of these two functions. Both
functions are sinelike near Tc but with maximum currents
at a given temperature differing by more than a factor of 2.
We refer to the higher critical current state as the H state
and that with lower critical current as the L state. We find
that the particular state, H or L, is set during the cooling
passage through Tc. Once set, it is robust, and I�f� is a re-
producible function of temperature; no amount of acoustic
excitation can change the state once set. However, rapid
cooling through Tc and high levels of acoustic noise in the
cell at the time of the superfluid transition favor the L state
over H.

On four occasions we have performed detailed mea-
surements of the complete family of I�f� curves over the
temperature interval 0.43 , T�Tc , 1. Twice the curves
followed the H set and twice they followed the L set.
To confirm that there are only two states we performed
a series of additional thermal cycles through Tc, and in
each case measured the current-phase relation at a few
reference temperatures. At each selected temperature, the
I�f� curves were always one of the two shown in Fig. 1.
A convenient way to compare the families of I�f� curves
is to plot the temperature dependence of some characteris-

tic parameters of these curves. For example, the resonant
frequency around a particular local stability point fmin is
given by

f2
fmin

� B

µ
≠I
≠f

∂
fmin

, (4)

where B is a constant. Therefore the frequencies, fo

and fp , although not revealing the complete I�f� curve,
give the slope of the I�f� function at the stability
points: fmin � 0 and fmin � p . (For both H and L
states, oscillations around p stabilize only at temperatures
substantially below Tc.)

Figure 2 shows these measured frequencies from
ten different thermal cool-down cycles. The measured
points for each oscillation mode cluster on two distinct
temperature-dependent curves. At any given temperature,
the value of f0 for the H state lies above that for the L
state, because the slope �dI�df�0 is greater for H than for
L, as seen in Fig. 1. In contrast, at a given temperature
the frequency of the p oscillation, fp , is lower for the H
state, because �dI�df�p is smaller for H than for L. The
fact that all ten thermal cycles result in all the data falling
on two families of curves supports the observation that
there are only two distinct states of the system.

Prior to our observations, no theory predicted both the
bistability of I�f� and the existence of the metastable
p-state [13–18]. However it is well known that, due
to the tensor nature of the order parameter, the state of
a sample of 3He-B can be characterized by a spatially
varying vector field, referred to as an n texture, which
should be oriented normal to a solid boundary [19]. It

FIG. 1. The two measured current-phase functions of a superfluid 3He-B array weak link. For both L and H states the current-
phase relations are plotted in the temperature interval 0.450 , T�Tc , 0.850 with the step of �0.050 6 0.005�T�Tc. The mass
current through the weak link increases as the temperature is lowered. At temperatures close to Tc, the current-phase relations can
be well fit with the sine function. At lower temperatures, the simplest three-parameter model involves a linear kinetic inductance
in a series with a weak link having two terms: I1 sinf and I2 sin2f. Although this model can fit the data well, the fits are
insensitive to the parameters chosen and, at the very lowest attainable temperatures, become inadequate. At a given temperature,
the critical current [the maximum of the I�f�] is given by the expression IL

c � 6.8 3 10211�1 2 T�Tc�2 �kg�s� for the L state, and
by IH

c � 1.3 3 10210�1 2 T�Tc�1.5 �kg�s� for the H state. The values for the critical current reported previously [1] were several
times larger due to a calibration error in that earlier work.

3861

Figure 5: The L and H states of the superfluid 3He-B weak link for temperatures
0.45¡T/Tc¡0.85. For large T/Tc, the current-phase relations are nearly sinusoidal. At lower
temperatures, higher harmonics are observed, a signature of the π-state. [20]
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The primary result of the new data set was that their array of 4,225 apertures could
be characterized by two distinct I(∆φ) relations (Fig. 5). Both display sinusoidal behavior
near Tc, but with differing amplitudes. The higher critical current state – referred to as
the H state – has more than double the amplitude of its cousin, the L state. The authors
find that once below Tc, the particular state is randomly set and fairly robust. Performing
detailed measurements of a family of I(∆φ) curves at different temperatures, and doing so
over several cool-downs, they also find that all the data collapse onto well-defined curves.
Furthermore, the resonant frequency about a particular stable ∆φ value is given by

f 2
∆φmin

= B

(
∂I

∂(∆φ)

)
∆φmin

,

where B is a constant. In Figure 5 one notices that for temperatures near Tc, (∂I/∂(∆φ))π <
0, implying a complex frequency, fπ. At lower temperatures, (∂I/∂(∆φ))π becomes positive-
valued, and a metastable state near ∆φ = π becomes possible.VOLUME 83, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 8 NOVEMBER 1999

FIG. 2. Two states of the 3He weak link as seen through os-
cillation frequencies at f � 0 and f � p. We measured the
complete temperature dependence of f0 (solid symbols con-
nected with solid line) and fp (open symbols connected with
solid line) for four passages through Tc. For six other passages
we measured f0 (large 1-center symbols) and fp �=� at several
selected temperatures. Open symbols for the p-state oscilla-
tions correspond to the same solid or 1-center symbols for the
f � 0 oscillations. Dashed lines are just guides for the eye.

is tempting to suggest that the two states, H and L, are
associated with parallel or antiparallel n textures on the
opposite sides of the SiN membrane which contains the
weak link. Indeed, previous calculations have shown that
these two configurations could give rise to different I�f�
functions [15], although those calculations predict curves
different from those reported here.

The existence of two stable (or metastable) states may
be the strongest indication that it is the tensor nature
of the order parameter in 3He-B that is responsible for
these new phenomena. In support of this conjecture, we
find some lack of reproducibility in the observed I�f�
at temperatures close to Tc. It is known [20] that the n
texture becomes “soft” for temperature above about 0.8Tc,
i.e., bending of the texture due to some local disturbances
does not result in significant increase in the free energy
of the superfluid. The observed irreproducibility of I�f�
at these elevated temperatures may be another indication
that local n-textures play an important role in I�f�.

It can be seen in Fig. 1 that I�f� in both H and L
states becomes distorted from perfect sine functions and
develop higher order harmonic terms (e.g., sin2f) when
the temperature is lowered. The usual distortions from
a sinf function for conventional superconducting weak
links involve a steepening of the slope at p . That is
simply the effect of series kinetic inductance, an inherent
aspect of microbridge weak links [21]. In stark contrast,
we observe that the distortion of the 3He I�f� is a
decrease in steepness at p followed by a reverse of sign
of the slope. In the standard analysis of conventional
superconducting weak links and tunnel junctions no such
feature appears [21].

The observed distortion leads to a metastable state
around f � p . The energy, E�f�, associated with the
flow of mass current through a weak link is given by

E�f� �
"

2m3

Z f

0
I�f0� df0. (5)

Figure 3 shows this energy computed by integrating
the I�f� curves shown in Fig. 1. There is a clear local
minimum in the energy at p which continuously develops
at lower temperatures for both the L and H states. The
figure shows that the L state develops a minimum below
about 0.65Tc, and the H state exhibits a similar feature
below about 0.55Tc. These are the temperatures where
we experimentally observe the onset of stability of mass
current oscillations with the phase difference of p; these
oscillations are the direct manifestation of a metastable
energy state.

In the paper first reporting the existence of the p

state [7], the data focused on the lowest achievable
temperatures, near 0.3Tc, the regime where the state
was most stable. There the I�f� function appeared
to be discontinuous. An important conclusion of the
present acoustically shielded experiment is that even at
temperatures as high as 0.65Tc, a minimum in the energy
occurs at f � p without the appearance of a hysteretic
I�f� relation. Therefore, theories of the p state that
require hysteretic phase slippage [10] are probably not an
appropriate description of this system.

As with the existence of two states, the origin of the
p state may lie in the tensor nature of the 3He order
parameter. Current-phase relations of the shape similar
to those shown in Fig. 1 were recently predicted for
Josephson junctions in high-Tc superconductors [22,23],
assuming that the tensor order parameter is purely
dx22y2 . Alternatively, recent theoretical studies of weakly
coupled Bose-Einstein condensate (BEC) samples [24],
extended [8,9] to superfluid 3He, have shown a continu-
ously developing minimum in energy of the condensate
at f � p as the temperature decreases. This feature
is a consequence of a fixed number of particles in the
system. Our experiment contains 1020 particles which is
about 1014 times greater than a typical BEC. Therefore
the applicability of these calculations to our system has to
be verified. Although a BEC system with fixed particle
number may not be directly analogous to 3He, we note
that the diagrams shown in Fig. 3 look similar to those in
Ref. [8].

To summarize, we have discovered that a superfluid
3He-B aperture-array weak link can exist in two distinct
states. We emphasize that there are apparently two
possible order parameter configurations that can give
rise to distinct I�f� functions. For temperatures above
0.45Tc, both of the I�f� functions are single valued
and continuous. Both give rise to an evolving energy
minimum at the p phase difference as the temperature
decreases. These observations shed new light on the
properties of weak links in complex order parameter

3862

Figure 6: The two states of the 3He weak link as seen through oscillation frequencies at
∆φ = 0 and ∆φ = π. [20]

Figure 6 plots the frequencies associated with the L and H states at various tempera-
tures. Data were taken from ten different thermal cycles, and the results have been grouped
according to ∆φ values (0 or π). That all the data fall onto two sets of distinct curves again
supports the notion of two states (L and H) in the system. One can also make the following
general statements: At all temperatures where a frequency could be reasonably deduced, f0

for the H state is greater than that of the L state. On the other hand, fπ for the L state is
greater than that of the H state for all temperatures.

Marchenkov et. al. go on to make conjectures about the underlying physics of these
two states. Due to the tensor nature of the order parameter, a sample of 3He-B can be
characterized by what’s referred to as an n texture. An n texture is a spatially varying
vector field that is oriented normal to any solid boundary. The suggestion is made by the
authors that perhaps the two states, L and H, are associated with parallel or antiparallel
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n textures on opposites sides of the weak link. The very existence of these states may
well be the strongest indicator that the tensor nature of the 3He order parameter is indeed
responsible for the existence of the metastable π-state.VOLUME 83, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 8 NOVEMBER 1999

FIG. 3. Energy of the superfluid 3He-B weak link calculated from the current-phase relations shown in Fig. 1. Since the L state
develops a relatively deep minimum at f � p, it is not surprising that we find that in the L configuration at low temperatures
almost any applied impulsive disturbance can result in a transient that shows p-state oscillation. By contrast, in the H configuration
the p state usually can be reached only by careful resonant excitation about f � 0 and this is the state whose properties were
reported in our earlier work [7]. It is interesting to point out that the depths of the p minima are large compared to thermal
energy, kbT , but small compared to macroscopic energy. It therefore seems plausible that before our acoustic shield was installed,
environmental vibration would be sufficient to excite the system out of the p state, thus explaining why this feature was originally
rather elusive.

superfluids. We hope that the results reported here will
stimulate theories to explain these intriguing questions.

The experimental cell was assembled by S. Pereversev.
We have had stimulating discussions with E. Thuneberg,
N. Hatakenaka, A. Smerzi, S. Fantoni, D.-H. Lee, and
P. Wiegman. S. Vitale has continued to provide useful
insights and suggestions. The research is supported in
part by grants from the NSF, ONR, and NASA.

Note added.—After submitting this paper, we learned
about new theoretical investigations of superfluid 3He
weak links [25–27] which are based on the results of
this experiment and those of Ref. [1]. These new theories
provide mechanisms for p states and/or bistability. We
thank the authors for sending us the preprints.
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3863

Figure 7: Energy of the superfluid 3He-B weak link calculated from the current phase rela-
tions shown in Fig. 5. The L state develops a fairly deep minimum at ∆φ = π while the
H state’s minimum is relatively shallow. Both depths are large compared to kBT but small
compared to the macroscopic energy. [20]

It can also be seen from Figure 5 that the L and H states become somewhat distorted
as the temperature is lowered. The I(∆φ) progress from sine-like behavior to that which
displays higher harmonic terms. It is this very distortion of the current-phase relation that
produces the metastable state near ∆φ = π. From these I(∆φ) curves, Marchenkov et. al.
plot the free energy of the weak link (Eqn. 5) versus temperature and phase-difference, shown
in Figure 7. The plot indicates that the free energies associated with these states do indeed
have local minima at ∆φ = π that develop continuously as a function of temperature. The
L π-state develops for temperatures below about 0.65Tc, while the H π-state begins to take
shape below about 0.55Tc. Therein lies the major accomplishment of this work. Due to the
superior acoustic shielding, π-states were observed at temperatures up to 0.65Tc, whereas the
previous limit was 0.48Tc. Furthermore, I(∆φ) is non-hysteretic at this higher temperature.
The non-ideality parameter, α, is less than 1, and the weak link begins to show Josephson
behavior. This is a direct blow to the challenge put forth by Avenel et. al. Any theory for
the existence of π-states requiring hysteretic phase slips no longer seems plausible.
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Conclusions

A brief review of Josephson effects in superconductors and superfluids was given. The
discovery of a new metastable π-state was examined. Arguments for and against its existence
were considered. Theoretical evidence for this state was mentioned only in passing in order
to focus on the experimental results. In the final analysis, it is likely that these π-states are
indeed an intrinsic property of superfluid 3He and may very well result from the symmetry
of the order parameter.
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