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FERMIONIC SUPERFLUIDS
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ORDER PARAMETER OF FERMIONIC SUPERFLUIDS
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Usual way of extracting n.: rapid-ramp technique

M. W. Zwierlein, et al., Phys. Rev. Lett. 92, 120403 (2004).
C. A. Regal, M. Greiner, D. S. Jin, Phys. Rev. Lett. 92, 040403 (2004).

Direct and quantitative measurement of the order parameter:
phase sensitive transport measurement

[ JOSEPHSON EFFECT ]




Josephson-Anderson equations:
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‘PL : | LPR ¢ = ¢, — pr — relative phase
—»> [, — critical current
. X I/ — potential difference
P, = |Ag|e' g = |Ag|ePR
4 )
© Barrier thinner than the healing Ambegaokar-Baratoff relation
length
© Small tunneling probability through IC < A
the barrier \_ J

B. D. Josephson, Phys. Lett. 1, 251 (1962).
P. W. Anderson, Lectures on The Many-Body Problems, vol. 2 (Elsevier, 1964).



ATOMIC JOSEPHSON JUNCTION

Josephson-Anderson equations:

I(t) = I.sing

=T
Ap = u; — up — chemical potential difference
¢ = ¢, — ¢pr — relative phase
AN = N; — Np — imbalance

I = (N, — Np)/2 — current

In situ imaging: Number of particles/current

Time-of-flight imaging: phase across
the junction




CURRENT-BIASED JOSEPHSON JUNCTION

With superconductors
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Frolov et al., Phys. Rev. B 70, 144505 (2004)

Inject an external current I, in the junction,
by moving the tunneling barrier with a constant

velocity v.
Au(t=0)=0
I(t =0) = lox

Ultracold bosonic gases:
Giovanazzi et al., PRL 84 (2000)
Levy et al., Nature 449, 579 (2007)
Ryu et al., PRL 111 (2013)
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CURRENT-BIASED JUNCTION:
EXPERIMENTAL REALIZATION

Vialux V-7000
1024 X 768 mirrors
13.68 um pitch

Atomic cloud:
Ng = 3.5 x 10* atom pairs
T/Tr = 0.06 (2)

Tunneling barrier:
532 nm light

w = 0.95 (10)um
VO = U

Barrier translation via dynamical control of
DMD picture

ox = 10 um
—




BARRIER CREATION AND CALIBRATION

Current-biased junction

DMD image
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High resolution microscope objective:

NA = 0.45

Effective Focal Length: 47mm

Field Of View: 0.3 mm

Working Distance: 25.1 mm

Resolution: 0.9 um @ 670 nm,
0.7 um @ 532 nm
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CURRENT-BIASED JUNCTION
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CURRENT-BIASED JUNCTION
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RGSJ CIRCUIT MODEL

Josephson equations:

R
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CURRENT-PHASE RELATION
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We measure the phase difference after the
barrier translation by fitting the interference
pattern aring after 18 ms TOF

I(t) = I.sin¢g — Josephson equation

7

-

We access the dc Josephson regime,

\

and I < I, is a Josephson supercurrent.

)

First observation of dc Josephson together with:

N. Luick et al., arxiv: 1908.09776 (2019).



CRITICAL CURRENT VERSUS BARRIER HEIGHT
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h2k2 , a Semi-analytic model [1]: B
Er = — Fermi energy
" Bje = 5t el )
] =
kr = (6 m*n)'/3— Fermi momentum © 2k
k(u) = “2:“‘ — wavevector of a pair
n. = ng A9 — density of condensed pair

[1] M. Zaccanti, W. Zwerger, arxiv:1907.08052 (2019). \/10 —s condensed fraction
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CRITICAL CURRENT IN THE CROSSOVER

Extract critical velocity across BEC-BCS crossover as a function of 1/(kra)
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Consistent with mean-field simulations and previous study in Josephson-plasma regime.

Valtolina et al., Science 350 (2015)
Burchianti et al., Phys. Rev. Lett. 120 (2018)
P. Zou, F. Dalfovo, J. Low Temp. Phys. 177, 240 (2014)



CRITICAL CURRENT IN THE CROSSOVER

Extract critical velocity across BEC-BCS crossover as a function of 1/(kra)
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It’s condensation, and not superfluidity,

at the basis of Josephson effect
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DENSITY-WEIGHTED CONDENSED FRACTION

| | |
1.2
B m—p——————y L J
0.8F -
e
o
< - -
N~
0.4r -
4 )
Josephson critical currents
0 I I | | represent a reliable probe of
-2 -1 0 1 2 | the condensate density
N —
o kea)”
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4 k(-“(r))Rx ¢ Vo/Er =~ 1.06 data set only
homogeneous Luttinger-Ward [1]
[1] R. Haussmann et al., Phys. Rev. A 75, 023610 (2007). — - = Quantum Monte Carlo simulations [2]

[2] G. E. Astrakharchik et al., Phys. Rev. Lett. 95, 230405 (2005).
[3] L. Gorkov, T. Melik-Barkhudarov, Sov. Phys. JETP 13, 1018 (1961). _ _ _
[4] S. Giorgini, L. P. Pitaevskii, S. Stringari, Rev. Mod. Phys. 80, 1215 (2008).  — — Bogoliubov approximation [4]

...... BCS approximation [3]



CRITICAL CURRENT: TEMPERATURE EFFECT

Use critical current to measure the critical temperature of a UFG
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CRITICAL CURRENT: TEMPERATURE EFFECT

Use critical current to measure the critical temperature of a UFG
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CONCLUSIONS

o QUANTUM SIMULATION

We implemented for the first time a tunable current-biased Josephson junction
with fermionic superfluids. We access dc Josephson effect and measure a
sinusoidal current phase relation. The I — Au characteristic we measured
resembles the I — V characteristic of a SJJ, and allow for the direct extraction of
the Josephson critical current I ...

o TRANSPORT MEASUREMENT

From the measurement of I, in the BEC-BCS crossover we extract the order
parameter of the fermionic superfluids, namely the condensed fraction,
confirming that it is condensation, rather than superfluidity, at the basis of the
Josephson effect. Our measurement highlights the key role of transport
measurement to disclose the intrinsic quantum nature of quantum materials. Our
protocol can be applied in different systems as a probe for condensation.
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TEMg , beam

v, =~ 6 kHz, v, =~ 30 Hz

2D Fermi Energy = 0.21 uK
Quasi-2D: hv, /Er = 1.4
Atom number: 25 x103

... still working on it
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