
Chaire Atomes et rayonnement, cours 2025-26

Fluides quantiques couplés et jonctions Josephson

http://pro.college-de-france.fr/jean.dalibard/index.html

diapositives notes de cours

Cours 2 : Dynamique d’une jonction Josephson



2
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Sensing with quantum trajectories          

 
Vendredi 26 juin : Eleni Diamanti, LIP6 Sorbonne Université 
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Modélisation d’une jonction Josephson

φa
φb

φa φb

Le modèle RCSJ : Resistively and capacitively shunted junction

Ic sin'

R

C
a b

I I

Jonction branchée sur un générateur 
de courant :  constanteI

Quelle est la tension (moyenne) 
aux bornes de la jonction ?

V = Va − Vb

Les deux relations de Josephson



4

Plan du cours

1. Caractéristique courant-tension d’une jonction supraconductrice

2. Caractéristique courant-tension d’une jonction atomique

barrière mobile

3. Les paramètres des jonctions atomiques

courant critique, résistance et capacité

4. L’effet tunnel macroscopique

les expériences de Clarke, Devoret, Martinis (Nobel 2025)

approche analytique et résultats numériques
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JOSEPHSON CURRENTS IN SUPERCONDUCTING TUNNELING: THE EFFECT OF MICRO&AVES
AND OTHER OBSERVATIONS*

Sidney Shapiro
Arthur D. Little, Inc. , Cambridge, Massachusetts

{Received 13 June 1963)

In the course of experiments on the effect of
micromave fields on superconducting tunneling,
we have had occasion over the past few months
to fabricate many tunneling crossings of low re-
sistance (5-20 0 with a crossing area of 1.5
x10 4 cm~). Every one of these samples has
exhibited the zero-voltage currents predicted by
Josephson' and attributed, in effect, to the tun-
neling of Cooper pairs. The observation of these
currents has already been reported by Anderson
and Rowell. ' Our experiments have brought to
light several new effects which we summarize
below.
The samples were Al/Al, O~/Sn. Two five-mil-

wide Al lines, evaporated onto cleaned glass sub-
strates, were oxidized in a glom discharge gen-
erated in an atmosphere of about 0. 1 Torr of dry
oxygen for 15 seconds. A five-mil-wide cross-
strip of Sn was then evaporated forming two sam-
ples on each substrate.
The tunneling current versus voltage charac-

teristics were displayed on an X-Y oscilloscope.
A low-impedance source was used to drive the
loop containing the sample and the current-meas-
uring resistor. The latter, and thus the circuit
load line, could be varied, either in calibrated
steps or continuously, from 10 Q to 10000 Q.
The source was either dc, ac, or both in com-
bination. Generally 60-cps ac was used though
other frequencies were employed as desired.

No attempt was made to shield the earth's mag-
netic field. Most data mere taken at about 0.O'K.
The following observations were noted in the

course of experiments with a large number of
tunneling crossings:
1. Using an ac display, Fig. 1 shows for a

typical sample the zero-voltage current pre-
dicted by Josephson and previously observed
with a dc technique by Anderson and Romell.
During each haU-cycle of the sweep, current

FIG. 1. I-V characteristic near origin showing zero-
voltage Josephson current and negative resistance switch-
ing trace. Vertical scale 58. 8 p, V/cm, horizontal scale
13O nA/cm.

I

V Shapiro 
1963



Mise en équation du modèle RCSJ

La limite fortement dissipative (effet capacitif négligeable)

Une solution toujours présente pour | I | ≤ Ic
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La limite fortement dissipative ( )C = 0

∫
φ(t)

0

dφ′￼

I − Ic sin φ′￼

=
2eR
ℏ

t

     évolution périodique de la phase modulo  ⇒ 2π

⇒ I tan
φ
2

= Ic + I2 − I2
c tan ( πt

T ) T =
πℏ

eR I2 − I2
c

On en déduit le voltage moyen : 

V̄ =
1
T ∫

T

0
V(t) dt =

ℏ
2eT ∫

T

0

·φ(t) dt
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V̄ /RIc

Pour  , | I | ≫ Ic

V̄ ≈ RI

| I | > Ic : V̄ = R I2 − I2
c

=
ℏ

2eT [φ(T) − φ(0)] =
2πℏ
2eT



La planche à laver inclinée

La limite sans dissipation ( ) : effets résistifs négligeablesR = + ∞
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Paramètres sans dimension :

     i =
I
Ic

              (paramètre de Stewart-McCumber) βc =
2eIcR2C

ℏ

i = sin φ + ·φ + βc
··φ

Le cas d’une dissipation quelconque : prise en compte simultanément des effets résistifs et capacitifs
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Exemples de solutions obtenues numériquement
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Une hystérésis de plus en plus marquée apparaît quand on augmente  ,  
i.e. quand les phénomènes capacitifs deviennent prépondérants devant les phénomènes dissipatifs  

βc
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2eIcR2C

ℏ

�2 �1 0 1 2
�2

�1

0

1

2

V̄
RIc

�c = 1

→2 →1 0 1 2
→2

→1

0

1

2

→Ir/Ic

+Ir/Ic

I/Ic

V̄
RIc

ωc = 10

�2 �1 0 1 2
�2

�1

0

1

2
�c = 3

�2 �1 0 1 2
�2

�1

0

1

2

I/Ic

�c = 30

I/IcI/Ic



10

Plan du cours

1. Caractéristique courant-tension d’une jonction supraconductrice

2. Caractéristique courant-tension d’une jonction atomique

La barrière mobile

3. Les paramètres des jonctions atomiques

4. L’effet tunnel macroscopique

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Rappel sur les jonctions atomiques

φa φb

limite Josephson :  γ(n) ≈ 1

γ(n) ≡ (1 +
n

N̄a ) (1 −
n

N̄b )
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La barrière mobile

Comment travailler à courant constant  ( ) sans “charger” la jonction, 
i.e., sans créer un déséquilibre de densité et donc de potentiel chimique ?

I = ·n

Giovanazzi, Smerzi, Fantoni, Phys. Rev. Lett. (2000)

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Figure extraite de Kwon et al., Science (2020)

On bouge (lentement) la barrière à vitesse  elle est alors traversée par le courant  v : Ia→b = − ρv

densité linéique ρ



13

Les deux comportements possibles 

Gaz de molécules de 6Li2 formées au voisinage d’une résonance de Fano-Feshbach

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Cylindre de densité uniforme ( ) de longueur ρmol = 300 μm−1 150 μm

Barrière tunnel d’épaisseur   et de hauteur potentiel chimique, déplacée sur  ∼ 1 μm 1.8 × ±10 μm

Kwon et al., Science (2020)

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Mesure de la différence de phase  φ = φa − φb

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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extinction de la barrière et  
expansion balistique

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass

Kwon et al., Science 369, 84–88 (2020) 3 July 2020 2 of 5

x

y
z NL , L

NR , R

v - Iext

A

z 
- z 0

0.08

-0.08

0.04

-0.04

-0.8 0 0.4 0.8-0.4

0

0.02

-0.02

Δ
µ/E

F

Iext (105/s)
0 -2 -44 2C

B D
(i) (ii)

0
4
8
12
16

δx δx

0 25 50 75 100 125
x (µm) (µm)

0 25 50 75 100 125
x

0
1
2
3
4

n
1D  (10

2 µm
-1)

n (µm
-2)

0

0.2

0.4

-0.2

-0.4

-0.8 0 0.4 0.8-0.4
v (mm/s)

/v < vc v > vc

Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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La caractéristique de la jonction et sa relation courant-phase

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:
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Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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Si  la vitesse des particules est  
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dφ
dx
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Ligne continue : ajustement par le modèle RCSJ 
+ légères oscillations plasma
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Plan du cours

1. Caractéristique courant-tension d’une jonction supraconductrice

2. Caractéristique courant-tension d’une jonction atomique

barrière mobile

3. Les paramètres des jonctions atomiques

courant critique, résistance et capacité

4. L’effet tunnel macroscopique

les expériences de Clarke, Devoret, Martinis (Nobel 2025)

approche analytique et résultats numériques
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Définitions et unités des paramètres Ic, R, C Ic sin'

R

C
a b

I I

“Jonction idéale” :         unité de  : s-1·n = Ic sin φ Ic

Partie résistive :               unité de  : énergie  temps
Δμ
R

R ×

Partie capacitive :               unité de  :  (énergie)-1C
d(Δμ)

dt
C

Equation du mouvement pour :φ ρv = Ic sin φ +
ℏ
R

·φ + ℏC ··φ
  : sans dimension       
ℏ
R

    : tempsℏC

Courants
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Calcul du courant critique (approche 1) : l’énergie tunnel   (cf. cours précédent) 

Si l’approche champ moyen (Gross-Pitaevskii) est valide, on calcule  
les deux états d’énergie de plus basse énergie, respectivement pair et impair 

�40 �20 0 20 40

0

x

�0(x)

�40 �20 0 20 40

0

x

�1(x)

Energie tunnel de la jonction idéale (à une constante additive près) :  E = − EJ cos φ = − ℏIc cos φ

Etat  : énergie  , correspond à , Φ0 E0 φ = 0 n = 0

Etat  : énergie  , correspond à , Φ1 E1 φ = π n = 0
⇒ E1 − E0 = 2EJ = 2ℏIc

Ic = ρvc =
1

2ℏ
(E1 − E0)
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Calcul du courant critique (approche 2): détermination de vc

On calcule numériquement l’état du gaz après le mouvement de la barrière tunnel

Exemple à une dimension : résolution numérique de l’équation GP pour une barrière gaussienne mobile

0 100 200 300 400 500 600 700 800 900 1,000
0

0.5

1

1.5

x

⇢(x)
⇢0

0 100 200 300 400 500 600 700 800 900 1,000
0

0.5

1

1.5

x

⇢(x)
⇢0

v = 0.045 cs v = 0.050 cs

Vitesse critique attendue par calcul de  (approche 1) :                     : vitesse du sonE1 − E0 vc = 0.0475 cs cs = μ/m

V(x) = V0 exp(−2x2/w2) V0 = μ w = 8ξ   longueur de cicatrisation (ou de relaxation)ξ :
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Calcul du courant critique : approche 3 (heuristique)

�10 �8 �6 �4 �2 0 2 4 6 8 10
0

0.5

1

1.5

2

x/⇠

�0(x)p
⇢0

, V (x)
µ

Forme de l’état fondamental à l’intérieur de la barrière, supposée ici carrée : hauteur  , largeur V0 = 2μ d = 8ξ

Décroissance exponentielle de  
à l’intérieur de la barrière

Φ0(x)

�10 �8 �6 �4 �2 0 2 4 6 8 10
10�2

10�1

100

x/⇠

�0(x)p
⇢0

, V (x)
µ

  κ =
2m(V0 − μ)

ℏ

On définit:

𝒯 = e−κd
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Calcul du courant critique : approche 3 (heuristique, suite)

�10 �8 �6 �4 �2 0 2 4 6 8 10
10�2

10�1

100

x/⇠

�0(x)p
⇢0

, V (x)
µ

𝒯 = e−κd

κ =
2m(V0 − μ)

ℏ

Différence de phase  concentrée essentiellement 

sur la zone de largeur  où la densité est minimale 

φ = φa − φb

κ−1

Au courant critique, φ ≈ π/2
vitesse en  :   x = 0

ℏ
m

dφ
dx

∼
ℏ
m

π/2
κ−1

∼
ℏκ
m

densité en  :      x = 0 ∼ ρ0𝒯

densité ρ0 densité ρ0

Courant attendu : ∼ ρ0𝒯
ℏκ
m

Simplification supplémentaire si  comparable à  :                    V0 μ
ℏκ
m

∼ cs = μ/m ⇒ Ic ∼ ρ0cs𝒯
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Courant critique : autres approches quantitatives

Jonctions supraconductrices : Ambegaokar & Baratoff (1963)

Jonctions atomiques (approche Gross-Pitaevskii) : Meier & Zwerger (2001) , Piazza et al. (2010)

Jonctions atomiques (gaz de Fermi entre BCS et BEC) : Zaccanti & Zwerger (2019)

Bon accord avec l’approche heuristique précédente ∼ ρ0𝒯
ℏκ
m
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Mesure de la partie capacitive

Utilisation des petites oscillations autour de l’équilibre (oscillations plasma)

(Δμ = 0)

ℏ ·n = EJ φ (sin φ ≈ φ)

ℏ ·φ = − EC n
⇒ ℏωp = EJEC = ℏIc

1
C

Figure S 3: Determination of the system parameters Ic and C. We measure the atom number
difference N and the relative phase φ of a Josephson plasma oscillation. Numerically differen-
tiating N and φ and subsequently fitting Ic and C to the equations dN

dt = Ic sin(φ(t)), dφ
dt = −N

C ,
gives to Ic = 192(7)× 10

3
1/s and C = 65.0(39) s× 1/h.

we run a dc Josephson protocol, by moving the barrier with constant velocity through the con-

densate. The result is shown in fig. S4. Below the critical velocity vc, we find ∆µ = 0,

indicating the absence of any ”voltage” drop. Above vc, a finite chemical potential difference

∆µ builds up, signaling the onset of the ac Josephson branch. Fitting ∆z = R

q
v2 − v2c , gives

vc = 0.420(1)mm/s. With I = v · Ic/vc and Eq. 7 we can rescale the measurement data and

use again the fit function ∆µ = R

q
I2 − I2c , and obtain R = 907(4)× 10

−6
× h.

Current phase relation

The Josephson junction in our experiments has a barrier height which is significantly lower than

the chemical potential. It is necessary to independently measure the current phase relation in

order to verify, whether higher order terms in the Josephson relation are relevant (50). We repeat

the experiment for the critical velocity and measure the phase between the two condensates at

the end of the motion. The phase is determined via interference of both condensates in time of

flight. We find the best contrast for 5ms time of flight, for which a substantial part of the cloud

has already interfered with each other. After subtracting a reference image without barrier we

23

Bernhart et al., Science (2025) [groupe de H. Ott]

Gaz de rubidium condensé dans un tube cylindrique

Ic ≈ 200 ms−1

hC = 65 s
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Mesure de la partie résistive

• Amortissement de l’oscillation plasma

• Régime   (i.e. )  de la caractéristiquev > vc I > Ic

Bernhart et al., Science (2025)  [groupe de H. Ott]

Figure S 4: Determination of the resistance R. Critical velocity measurement with fit to get
the resistance R = (907± 4)× 10

−6
× h.

Figure S 5: Current-phase relation of the Josephson junction. Measurement of the current-
phase relation of the Josephson junction using the dc Josephson effect. The phase difference
across the barrier is plotted against the dc current. The yellow curve represents the ideal current
phase-relation I = Ic sin(ϕ). The red curve is a fit including the second order term (see text).

fit a sinusoidal function to extract the phase. The resulting current phase relation is shown in

fig. S5. Following Ref. (19) one can describe the current phase relation of a Josephson junction

with I(ϕ) =
P

n>0 In sin(nϕ) if the system exhibits time reversal symmetry. In the limit of

small coupling the above expression reduces to the first Josephson equation, I(ϕ) = Ic sin(ϕ).

We fit our data up to the second order term and find I1 = 0.995 Ic and I2 = 0.054 Ic. The

Josephson junction is therefore close to the ideal Josephson junction limit.

24

L’ajustement par le modèle RCSJ 
donne R/h = 0.9 10−3

On en déduit le paramètre :

βc ≡ IcR2C/ℏ ≈ 60

hystérésis observable ???

0 100 200 300 400 500 600 700 800 900 1,000
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Origine de la dissipation

Pour un gaz 1D décrit par l’équation de Gross-Pitaevskii, génération de solitons gris ou noirs
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Gaz 1D en interaction forte (Tonks-Girardeau): Polo et al, Phys. Rev. Lett. (2018)
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Origine de la dissipation à 2D Singh et al, Phys. Rev. Lett (2024)
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FIG. 1. Time evolution of the density n(x) and the phase
ω(x, Ly/2) in the x direction for the barrier velocities v/vc =
0.73 (top panels) and 1.06 (bottom panels). n(x) is aver-
aged over the initial ensemble and the y direction, whereas
ω(x, Ly/2) corresponds to a single sample. The dotted line
denotes the barrier location. The blue triangle and red dot
represent a vortex and an antivortex, respectively.

The dynamics described by Eqs. 5 and 6 is distinct
from that of Josephson junctions in the RCSJ circuit
model. This is namely twofold. First, there is a non-
linear cosine term in Eq. 6, resulting in an additional
coupling of the phase and current as compared to the
RCSJ model. Second, the two-mode GPE model does
not account for a dissipative current, which is important
for stable junction dynamics. Here, phenomenological-
type of a damping term can be added to address the
existence of a dissipative current [3]. Though, the two-
mode GPE model is instructive, it is dominant by ca-
pacitive e!ects. As a consequence of this, the two-mode
GPE model approaches the RCSJ circuit model only in
the ideal underdamped limit (i.e. without conductance),
see Eq. 11.

DC-AC TRANSITION IN UNDRIVEN
JUNCTION

Estimate of the critical current

Ref. [4] derives an analytic estimate of the critical cur-
rent by solving Eq. 1 and by considering single-particle
tunneling across a rectangular barrier of height V > µ
and width d, where µ is the mean-field energy. The crit-
ical current is given by Ic,p = Ibt0(Ṽ , d), where Ib is
the bulk current and t0(Ṽ , d) is the tunneling amplitude,
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FIG. 2. Time evolution snapshots of the phase distribution
ω(x, y) of a single sample for v/vc = 1.06. The barrier loca-
tion at di!erent times is marked by the two dashed vertical
lines. The blue triangle and red dot represent a vortex and
an antivortex, respectively.

with Ṽ = V/µ. The variational solution gives [4]

t0(Ṽ , d) = 2
→
2

√
6Ṽ ↑ 4↑

√
4Ṽ 2 ↑ 2

2Ṽ +
√

4Ṽ 2 ↑ 2

↓ exp
(
↑ d

2ω

√
6Ṽ ↑ 4↑

√
4Ṽ 2 ↑ 2

)
. (13)

We choose Ṽ = Ṽ0 and d ↔ 1.1w based on the values of
Ṽ0 and w of the Gaussian barrier used in our simulations.
The estimates of Ic,p are compared with the simulation
results in the main text.

ac resistive dynamics

In Fig. 1 we show the time evolution of the density
n(x) and the phase ε(x, Ly/2) along the x direction for

• Nucléation de paires de vortex de signes opposés 
au niveau de la barrière

• Ces paires se séparent ensuite en aval de la jonction

Résolution numérique de l’équation de GP pour un gaz confiné 
dans un rectangle et une barrière à vitesse uniforme v = 1.06 vc
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Plan du cours

1. Caractéristique courant-tension d’une jonction supraconductrice

2. Caractéristique courant-tension d’une jonction atomique

3. Les paramètres des jonctions atomiques

4. L’effet tunnel macroscopique

les expériences de Clarke, Devoret, Martinis (Nobel 2025)
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Etats quantiques macroscopiques

Système à  corps,   fonctions d’onde à une particule :  N ψa(x), ψb(x), …

Quelques états possibles :

Ψ(x1, ⋯, xN) = ψa(x1) ⋯ ψa(xN)
Ψ(x1, ⋯, xN) = ψb(x1) ⋯ ψb(xN)

États correspondant à un condensat de Bose-Einstein
États factorisés sans corrélation entre particules

Ψ(x1, ⋯, xN) = [αψa(x1) + βψb(x1)] ⋯ [αψa(xN) + βψb(xN)] idem

Ψ(x1, ⋯, xN) = α ψa(x1)⋯ψa(xN) + β ψb(x1)⋯ψb(xN) État de type “chat de Schrödinger”
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How far do experiments on the so called "macroscopic 
quantum systems" such as superfluids and superconductors 
test the hypothesis that the linear Schrödinger equation may 
be extrapolated to arbitrarily complex systems?
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Vers un effet tunnel macroscopique

Ψ(x1, ⋯, xN) = α ψa(x1)⋯ψa(xN) + β ψb(x1)⋯ψb(xN)
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Any observation of quantum coherence between macroscopically 
different flux states … would probably be as near as we are likely 
to get to a laboratory version of Schrödinger's Cat.

However, I believe that in practice such an observation is likely 
to present serious, though possibly not insuperable, difficulties.

If quantum coherence is problematic from an experimental 
point of view, what of quantum tunnelling by itself?  
Here the prospects seem a great deal more favourable.

Une autre voie ?

Analyse quantitative du rôle de la dissipation pour les jonctions Josephson par Caldeira & Leggett (1981)
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Jonction Josephson au voisinage du courant critique

Potentiel de la planche à laver inclinée pour  légèrement inférieure à  : faibles minima locaux autour de I Ic φ = π/2
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�1.54

�1.52

�1.5

�1.48

�1.46

'/⇡

U(')

I/Ic = 0.95 Approximation cubique :

U(x) ≈ (Ic − I)x −
Ic

6
x3 + constante

x = φ −
π
2

hauteur de la barrière résiduelle :                  fréquence d’oscillation plasma :   ΔU ∝ (Ic − I)3/2 ωp(I) ∝ (Ic − I)1/4
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Activation thermique de la barrière

0.3 0.4 0.5 0.6 0.7
�1.54

�1.52

�1.5

�1.48

�1.46

'/⇡

U(')

I/Ic = 0.95 Particule fictive (traitée classiquement) 
couplée à un bain à température T

Taux pour le franchissement de la barrière :

Γ(I, T) ∝ e−ΔU(I)/kBT Arrhenius
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Observation de l’activation thermique

Distribution exponentielle des “instants de bascule” de la jonction

Devoret et al., Phys. Rev. Lett. (1984)

N(t) = N(0) e−Γt

avec      et       Γ(I, T) ∝ e−ΔU(I)/kBT ΔU ∝ (Ic − I)3/2

On en déduit     A     et     K Ic = 8.77(5) μ T = 4.2(1)

Température en accord avec une mesure indépendante

Observation d’une activation augmentée par une micro-onde de fréquence voisine de  ωp(I)
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Observation de l’effet tunnel macroscopique
Devoret et al, Phys. Rev. Lett. (1985)

Exploration d’une gamme de températures beaucoup plus basses
VOLUME 55, NUMBER 18 PHYSICAL REVIEW LETTERS 28 OCTOBER 1985
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FIG. 2. T„, vs T for two values of critical current for
In(ra~/2mi ) =11. The solid and open arrows indicate the
predicted crossover temperatures for the higher and lower
critical currents, respectively. The prediction of Eq. (5) for
the higher critical current is indicated at the left.

perature-independent value observed in our experi-
ment. The contribution of the damping to the predict-
ed value of T„, is —1.5 mK, which is less than the
combined uncertainty of the theoretical prediction and
experiment. Thus we cannot presently make any
statement about the effect of dissipation on quantum
tunneling. We note that the error in the measured
values of T„, in the quantum limit is dominated by
the uncertainty in 4 U, which arises, in turn, from the
uncertainty in Ip. On the other hand, the error in the
predicted value of T„, arises predominantly from un-
certainties in su~ and 0.
Although the low-temperature values of T„,plotted

in Fig. 2 are in good agreement with the T = 0 predic-
tion, nevertheless one should demonstrate that the
flattening of T„, is not due to an unknown, spurious
noise source. To establish that the effective tempera-
ture of the dissipative element was close to T down to
the lowest temperatures of the experiment, we applied
a magnetic field to the junction to reduce the critical
current. After we had corrected the data for the tem-
perature dependence of a„we found that this reduced
critical current still varied very slightly with tempera-
ture, from 1.376 + 0.005 p,A at 800 mK to 1.388
+0.002 p,A at 20 mK. The temperature dependence
of Ip may have arisen because of the sensitivity of Ip
to magnetic field and the fact that the applied field
possibly changed with temperature. In Fig. 2, we have
also plotted T„,for the junction with the lower critical
current for In(t0~/27ri ) =11. At each temperature,
we calculated T„, using the value of Ip measured at
that temperature. The predicted crossover tempera-
ture, 14 mK, is indicated with an open arrow. We ob-
serve that T„,is equal to T to within the experimental
error, although there is a suggestion that T„, is begin-

9.34 9.42
I (+w)

FIG. 3. T„, vs I for a junction with Io——9.489 + 0.007@,A
(a) in the classical regime and (b) in the quantum regime.
Points are the experimental data and solid lines are the
theoretical prediction. The dashed line in (b) is the predic-
tion for zero damping. The error bar on the left and the
right of each figure represents the possible shift in the
theoretical and experimental curves, respectively, due to un-
certainties in the experimental parameters. The solid line
represents T„,= T.

ning to flatten off at the lowest temperature, where
quantum effects are likely to become significant. Thus
we conclude that the flattening of T„,for the junction
with the higher critical current did not arise from
spurious noise sources.
An important difference between the thermal and

quantum regimes may be observed through the weak
dependence of T„, on the bias current, which arises
from the different forms of a, and a~ and from the
current dependence of so~. This behavior is illustrated
in Fig. 3 for Io——9.489@,A. In Fig. 3 (a) we plot T„,vs
I in the thermal regime (T= 151 mK), together with
the prediction of Eq. (4). The decrease of T„,with in-
creasing bias current arises because a, & 1. Within the
uncertainties, the data are in good agreement with
theory. Figure 3(b) shows T„,vs I in the quantum re-
gime (T= 19 mK), together with the prediction of Eq.
(5). In this limit, T„, increases with increasing bias
current through the current dependence of 4U be-
cause a~ && 1; the current dependence of co~ is rela-
tively unimportant. Again, within the experimental
uncertainties, the data are in good agreement with
theory. The very different current dependence of T„,
at low and high temperatures lends further support to
the claim that the escape mechanisms are different in
the two temperature regimes.
In summary, we have measured the escape rate of a

current-biased, underdamped (0 = 30) Josephson
tunnel junction from the zero-voltage state for two
values of critical current, the lower value being

1910

0.3 0.4 0.5 0.6 0.7
�1.54

�1.52

�1.5

�1.48

�1.46

'/⇡

U(')

I/Ic = 0.95

Γquant ∝ e−bqΔU/ℏωp

Γtherm ∝ e−ΔU/kBT

Analyse des données par la loi :    e−ΔU / kBTesc

À basse température, Tesc = 37(4) mK

prédiction (Caldeira & Leggett) : 36 mK
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Conclusions

Modélisation classique de la jonction : description dans le cadre RCSJ

Caractéristique courant-tension pour un courant extérieur constant 

Prochain cours : que se passe-t-il si on module ce courant ?

Transposition aux jonctions atomiques

Barrière mobile

Premiers pas vers une description quantique de la jonction

Sera approfondie à partir du cours 4 avec la quantification de  et de n φ

Here, Ec = 2@mL/@NL (calculatedwithNL =N/2)
is the effective charging energy of the junc-
tion (i.e., the inverse compressibility of the gas),
and it reflects the density change between the
two reservoirs owing to the particle current
through the barrier (35, 48). For |Iext| smaller
than a critical value Ic, we observe pairs to
tunnel coherently through the barrier [Fig. 1B,
panel (i)], maintaining Dm = 0 (i.e., z ! !z ¼ 0).
Conversely, for |Iext| > Ic a finite Dm develops,
associated with the density increase arising
from compression of the smaller reservoir
[Fig. 1B, panel (ii)]. Exploiting matter-wave
interference between the expanding reser-
voirs, we can connect the observed pair tun-
neling to the behavior of the phase difference
ϕ = ϕR – ϕL. In Fig. 1, C and D, we display
typical complete measurements of both the
I-Dm and I-ϕ characteristics of our junction
for a molecular BEC (mBEC). Albeit with a
different current scale, we obtain the same
I-Dm relation at unitarity and throughout the
BEC-BCS interaction crossover (Fig. 2, A andB).
The measured current-potential curve closely
parallels the typical I-V characteristics of SJJs
in the deep BCS regime (11, 12). In particular, a

highly nonlinear I-Dm response is clearly visible,
with Dm exhibiting a zero-resistance plateau
for |Iext| < Ic (Fig. 1C). The value of Ic is marked
by the sharp onset of a chemical potential dif-
ference Dm ≠ 0, after which the junction dis-
plays a resistive behavior. Correspondingly, ϕ
displays a nonlinear monotonic increase, ad-
justing itself to sustain a supercurrent |Is| =
|Iext| ≤ Ic (Fig. 1D). For sufficiently large V0

like that used in Fig. 1, C and D, Is(ϕ) ≈ Ic sin
ϕ; this signature has so far been experimen-
tally challenging to observe in degenerate
atomic gases (24). These observations unam-
biguously demonstrate that we access the
Josephson dc regime and that the tunneling
current observed below Ic is a Josephson
supercurrent. We have directly checked the
departure from such a sinusoidal I-ϕ relation
upon decreasing V0 (10, 36, 49), observing the
crossover to a linear current-phase charac-
teristic peculiar to hydrodynamic weak links
(24, 44, 49, 50) (fig. S7). Moreover, we find that
reversing the direction of the supercurrent
across the junction causes the sign of ϕ to
change [i.e., Is(ϕ) ≈ –Is(–ϕ)], a feature direct-
ly associated with the order parameter time-

reversal symmetry expected in the present
case of s-wave nonchiral superfluids.
To quantitatively describe the observed I-Dm

response, we use the resistively and capacitively
shunted junction (RCSJ) model widely applied
for SJJs (5, 11, 51, 52), namely a lump element
circuit model incorporating a capacitive chan-
nel C and a resistive channel R (fig. S6). The
latter opens for |Iext| > Ic without affecting the
coherent dc Josephson branch, while it incor-
porates any incoherent currents across the
junction that induce a finiteDm. The capacitance
C = 1/Ec is provided by self-consistent numerical
calculations for crossover superfluids (44, 45).
Within the RCSJ model, the dynamics of the
junction are described by Kirchhoff’s law and
the Josephson-Anderson relation:

d2ϕ
dt2

þ

ffiffiffiffiffi
1
bc

s
dϕ
dt

þ sinϕ ¼ Iext
Ic

; ϕ$ ¼ !Dm
ℏ

ð1Þ

Here, t = wpt, wherewp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ic=ðℏCÞ

p
is the plas-

ma frequency. Such phase evolution is equiv-
alent to the motion of a particle with mass
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Fig. 1. Characterization of a current-biased atomic Josephson junction.
(A) The Josephson junction is realized by weakly coupling two superfluid
reservoirs (L, left; R, right) of 6Li fermion pairs (paired red/blue circles) through
a thin DMD-controlled repulsive barrier. An external current Iext is imposed by
translating the tunneling barrier at constant velocity v (yellow arrow). (B) The
dynamics are monitored by recording the number imbalance z through in situ
absorption imaging after a total barrier displacement dx (upper panels). Radially
integrated density profiles are also shown (lower panels). (i) For currents below a
critical value, pairs coherently tunnel through the barrier, maintaining a zero
difference in chemical potential between the reservoirs. (ii) Conversely, above
the critical current, the superfluid is compressed into the smaller reservoir.
(C) Experimental I-Dm characteristic of the junction for (kFa)

–1 ≈ 4.2, w = 0.95 mm,
and V0 ≈ 0.6EF ≈ 1.8m, where m is the superfluid bulk chemical potential.

The solid line denotes the RCSJ-model solution fit; the shaded vertical lines
represent the value of the extracted Ic along with its standard confidence interval.
The weak oscillatory visible observed in the model just below Ic stems from
small-amplitude plasma oscillations excited by the nonadiabatic ramp-up of the
applied current (44). (D) Experimentally determined current-phase relation
I(ϕ) of the junction, recorded under the same conditions as in (C). For each
experimental realization, ϕ is obtained by fitting a matter-wave interference
pattern acquired by letting the two reservoirs expand into each other in time of
flight (44). Typical interferograms and corresponding integrated profiles are
shown in the insets. The solid line is a sinusoidal fit to all data points including
a small second-harmonic contribution proportional to sin 2ϕ; the dashed line
is a linear fit of the five central data points. Data in (C) and (D) are means ± SE
over ~10 experimental realizations.
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