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FERMIONIC MANY-BOI

Superfluid transport in tunnel junctions

» Weak-link geometry between Fermi superfluids
—> tuneable Josephson junction

» Critical superflow and dissipation mechanisms

Valtolina et al., Science 350 (2015)

Burchianti et al., Phys. Rev. Lett. 120 (2018)
Kwon et al., in preparation (2019)




ULTRACOLD FERMI G.

Concentration: T =

Density: n =
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S-wave Fano-Feshbach
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scattering length resonance

Fermi wavevector: kg = (6m2n)t/3

h2k2

Fermi energy: ep =

2m




THE BEC-BCS CROS

» Two-component Fermi gas with strong interactions between Temperature-interaction phase diagram
distinguishable spins: crossover from BEC to BCS superfluidity Randeria, Nature Phys. 6, 561 (2010)
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BEC-BCS crossover
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BCS Unitary gas BEC =
Attractive interactions : <— ———> : Repulsive interactions
. . 02}
a<0 § af > o0 § a>0 Normal
. : S : . Fermi
Large pair size: Pair size ~ : Small pair size: Bquid
pairing in k-space ' interparticle spacing : pairing in r-space T/Te ~ 0.05 =L s
: : R
2 «BCS

» Explore different paradigms of superfluidity within a single system!
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The BCS-BEC crossover and the unitary Fermi gas. kra (adimensional) quantifies interactions

Lecture notes in physics, 836, Edited by W. Zwerger (Springer, Berlin, 2012).



BEC-BCS CROSSOV

Chemical potential and superfluid gap
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Proceedings of the International School of Physics "Enrico Fermi”, Course CLXIV, Varenna.
Edited by M. Inguscio, W. Ketterle, and C. Salomon (I0OS Press, Amsterdam, 2008)

» Crossover from two-body to many-body pairing, from tightly bound pairs to Cooper pairs,
from bosonic to fermionic excitations: binding energy of pairs approaches &r near unitarity

» Bosonic theories are appropriate for eg =~

hZ
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> < &



THE PLAN

» Introduction: ultracold Fermi gases across the BEC-BCS crossover
» Josephson junction basics
» Our experimental setup: a thin tunable Josephson junction between Fermi superfluids

» Dynamics in population-biased junctions:
Josephson-plasma oscillations and dissipative flow through vortex nucleation

» Current-driven junctions:
orobing the critical current via the DC Josephson effect

» Outlook: local phase manipulation and guantum transport of two-dimensional gases




THE PLAN

» Josephson junction basics




JOSEPHSON JUNCTIO

"//// » Josephson effect: guantum coherent tunnelling
S / SR superfluid of order parameter
— Demonstrating the macroscopic phase coherence

of condensed state I.e. superfluids
— Pin down the order parameter

For sufficiently small T

x Critical current
Vi = ‘ AL‘ ei¢La Yrp — ‘ AR‘ ei¢L » Josephson current: [(7) = IC 1N ¢(t) <—
In BEC regime: |A| ~ /n. » Ambegaokar-Baratoff relation: /. o« A ~ n,
' C

» Josephson-Anderson relation: Ad(7) = —(A _
» Relative phase: ¢ = ¢; — ¢p P P(1) H)j= KR — HL

Bias potential
» Supercurrent induced by phase jump: vs = %V¢ ‘e.g. population ir:balance]



JOSEPHSON JUNCTIO

Flow a current: current-biased junction
» Mass ~ C

» Friction coefficient ~ G = 1/R
» Potential energy ~ —1/C (¢ + I.cos ¢)

—"V}/,JUIC

'N‘ .“2

C
|-V curve

20 .
[=0 I <1, 1> 1 |
:5_: 10»*
\&\/\v\ g b

O .0} s

No applied current DC Josephson Effect Running-phase regime oo 0

Voltage (pV)

/\

' Frolov et al., Phys. Rev. B 70, 144505 (2004)
Current flow with no potential drop



JOSEPHSON-PLASMA C

» Charge the junction: population-biased junction dynamics
» (Forget about resistance for now) Two relevant energies:

Josephson energy: By ~ J(u, Vo, w)No, Ey > kT

o 1 |
Charging energy: E¢ ~ a—’u — — (junction capacity) N1, ¢1 NQ; ¢2
n K

Josephsonrelation (V5 2 1) Bz oc — F; sin(¢) endulum-like
—> Pendulum-like dynamics: hgb x BEqpz <— o — AN/N avolution

Relative imbalance

Josephson-Plasma oscillations: ha)J = /L E,

---P--

Josephson-Plasma frequency



THE PLAN

» Our experimental setup: a thin tunable Josephson junction between Fermi superfluids




FERMI GASES OF LITHI

Ultracold lithium-6 cloud Uptic1a[l] 6('2pole trap
N~10°atT~30nK<0.1T; nm

Optical dipole trap
1070 nm

N~10%atT ~50pK
Magneto-Optical Trap + D1 molasses

All-optical preparation
of ultracold lithium gases Vi

Burchianti et al., Phys. Rev. A 90 (2014)




FERMI GASES OF LITHI

Uttracold lithium-6 cloud  Local manipulation Uptic;l[l] 6('2pole trap
N~10°atT~30nK<0.1T; 532 nm nm

2pm = w = 0.8pm

| | A Optical dipole trap

1070 nm

N~10%atT ~50pK
Magneto-Optical Trap + D1 molasses

All-optical preparation
of ultracold lithium gases Vi

Burchianti et al., Phys. Rev. A 90 (2014)




OUR JOSEPHSON J

» Ultracold lithium Fermi gas bisected by
thin insulating barrier w, 2 3&

Order parameters: 1), = +/ N;e ™ '

» Relative phase: ¢ — ¢1 — ¢2
» Imbalance: AN = Ny — N

. Current: [ = (N7 — N3)/2

In situ Imaging = Current through junction
Time-of-flight imaging = Phase diff. across junction

Preparation of tuneable Ap

Step 1

Prepare
mbalanced
reservolrs at rest

Step 2

Slowly raise barrier
and move trap to
create imbalance

Step 3

Rapidly lower
barrier to target
value of Vo

-




OUR JOSEPHSON J

» Ultracold lithium Fermi gas bisected by

thin insulating barrier w, > 3¢& Preparation of tuneable Ay

o iy Step 1
Order parameters: 1, = \/ N;e Drepare
: R i imbalanced
‘eservolrs at rest

Step 2

Slowly raise barrier
and move trap to
create imbalance

» Relative phase: ¢ — ¢1 — ¢2
» Imbalance: AN = Ny — N

. Current: [ = (N7 — N3)/2

In situ imaging = Current through junction
Time-of-flight imaging = Phase diff. across junction — R
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THE PLAN

» Dynamics in population-biased junctions:
Josephson-plasma oscillations and dissipative flow through vortex nucleation




JOSEPHSON-PLASMA

» For small excitations (small population bias): Josephson-Plasma oscillations

h¢ X Foz
hz o —EJ¢

Unitary: 1/(kra) = 0
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0.02

Plasma frequency: w; = \/EJEC/h

BEC: 1/(kra) = 4.6

0.049 ; %% =

0.02 |\ B ¥ [\
! | ‘| | o

0.00- \A °§‘ / | \\ é
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Time (ms)

Universality of Josephson-
Anderson relation over
BEC-BCS crossover

Imbalance and phase
oscillate In guadrature
—> Cconjugate observables

Valtolina et al., Science 350 (2015)



JOSEPHSON-PLASMA

» Constant barrier height Vo > £F, varying the interaction strength 1/(kra)
» Use measured Josephson-Plasma frequency to extract Josephson energy: wj; = \/EJEC/h

144 .
o » Towards BEC side, Ec decreases because of
0.39 decreasing chemical potential
b *
'.,‘;‘go ~ Q Q 41 8:‘." E?CS 0.¢ A
- o © . |
@ 0.2% | s Ambegaokar-Baratoff relation
)} o 165
o .
0.200 /& ‘ »  Towards BCS side, Ec grows but condensed
J 11 4 _ . :
; A ] fractions decreases linearly with A

0.4 0.2 0.0 0.2 04 06 0.8

1/ i-, a —> Overall decrease of E; towards BCS side!
I.x Ej;= @ —> Maximum Josephson energy near unitarity!
Number of

condensed pairs



THE RUNNING-PHASE

» |f charging energy exceeds Josephson energy: running-phase evolution Running pendulum
oOF evolution
AN>\/ J ho(t) ~ EcAN(0)t
=L () (0 5

Small imbalance oscillation at Josephson frequency @ ~ Apu,/h

O

» One way to reach this: raise the barrier to Vo » u, so as to strongly reduce E,

Lo _inear phase evolution is observed:
os- /% A A1 |
0.06; e .1 AN M | phase coherence Is clearly there,
| > oske’ |H' LA out large shot-to-shot fluctuations
" 0.04- ? S 1.0}, ‘ z \I‘O |
" Time (ms) Population imbalance decays:
0.02 #ﬁLQ 1 no Josephson oscillations observea,
e # no “guantum self-trapping” (MQST)
0.00- .
— 2 i i T A. Smerzi et al, Phys. Rev. Lett. 79, 4950 (1997)
Time (ms) |. Zapata et al., Phys. Rev. A 57, R28, (1998)

Valtolina et al., Science 350 (2015) What is the origin of incoherent transport?



INCREASING THE INIT]

» Increase the initial imbalance while keeping £ constant at Vo = u A. Burchianti et al., PRL 120 (2018)
BEC Unitary gas
0.2; 1/(kra) = 0.05 -
N o.1;
ol
0 005 01 015 o002

Time (s)



INCREASING THE INI

» Increase the initial imbalance while keeping £ constant at Vo = u A. Burchianti et al., PRL 120 (2018)
BEC Unitary gas
0.2} 1/(kca) = 0.05 -
N O.1F
O_
0 005 01 015 02 0 005 041 015 02
Time (s) Time (s)

BEC Unitary gas

Topological defects
are present!




INCREASING THE INIT]

» Increase the initial imbalance while keeping £ constant at Vo = u A. Burchianti et al., PRL 120 (2018)
BEC Unitary gas
0.2F 1/(kea) = 0.05
N O.1F
O_
0 005 01 015 o002
Time (s)
3 3
— 2of 2
@ . Mean vortex count per shot @ B \Z/E
1 a "
5 \ N G G 1 ol . R |
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

Time (s) ,lL Time (s)



VORTEX NUCLEATION:

» Phase coherence is preserved, ruling out pair-breaking effects or B b
guasiparticle currents [cf. Levy et al., Nature 449, 579 (2007)]

» Dissipation can originate from (topological) vortex excitations t
rather than by (Landau) single-particle excitations —
—> analogous to phase slippage for liguid 4He through orifice @

[see also recent work by Gauthier et al.,, arXiv:19035.04080]

9! VS > Ucrit

E:

P. W. Anderson, Rev. Mod. Phys. 38, 2 (1966)
E. Hoskinson et al. Nature Phys. 2, 23 (2006)

» When a vortex line crosses the superflow, dissipation arises: phase slippage
—> Energy transfer from the superflow to vortex motion
The phase slips and the superfluid velocity jumps

» Our thin 3D junction geometry favours vortex nucleation and shedding into bulk
Vortex dynamics affects superflow through junction = Initial imbalance decay!



VORTEX NUCLEATION

» Phase slippage and vortex shedding is well reproduced by GP simulations of junction dynamics in BEC regime
[see also early works e.g. Piazza et al., New J. Phys. 13 (2011)]

O-2 M || - 1 4
» Phase slippage can be clearly seen in the superfluid velocity Vo =~ 0.8 — ..
b . O Expt data
0.1}
% 8
x s
i N 0.0}
0
— -1
E :g Z20=0.25, T=0 i -01 s
X 4 20=0.25,T=0.4 T.
) 0 0.0 0.1 0.2 0.3
3 t(s)
€2
Zz 0.0
Tl Simulations by:
< 0.8 . .
> K. Xhani, N. Proukakis
> 0.4
e e
0.0

Xhani et al.,, in preparation (soon on arXiv).




SIMULATIONS OF VC

y-axes (ly)

y-axes ([y)

© t=238ms |

t=25.3ms |

" t=444ms |

t=45.6 ms

© t=253ms |

O

© t=286ms |

O

yicL,)

Xx(L,)

Xhani et al.,, in preparation (soon on arXiv).




RESISTIVE FLOW AND RS

» Model the evolution of imbalance and phase with RC-shunted Josephson Junction circuit

0.3

RSJ-like circuit model
[

0.2}

| 1 | 1 | 1 | 1 |
0 0.05 0.1 0.15 0.2 \
I T I T I ! I T -]

1 1 ] ) ] ) ] ) -
0 0.05 0.1 0.15 0.2
Time (s)

» Imbalance z(t) and phase ¢(t) evolution well fitted by numerical solution of RLCJ model:
resistively shunted Josephson (RSJ) junction circuit = incorporates all dissipation into resistor R

Extract Rand lc Lk A R(}: (1.9 Burchianti et al., Phys. Rev. Lett. 120 (2018)
‘ o 7 See also: Bidasyuk et al., J. Phys. B 51 (2018)
Gauthier et al., arXiv:1903.04086I

A
From trap frequency ——‘



CONDUCTANCE G

1O4f

o e g Qﬁ*

| 1/kra=4.6 (BEC)

1/kra=0 (unitary)
1/kra=-0.6 (BCS)
1/kra=-1.1 (normal)

e e

Fitting the data with G « no«

a=1.0(3) BEC
a=1.2(2) Unitary

- a=1.5(2) BCS (pair breaking?)
% L T = L na » Same origin of resistive transport throughout BEC-BCS crossover!
_4_ il » Large G = composite “bosonic” nature of the tunneling particles
107 —ZF— —+ - [cf. Krinner et al. Nature 517 (2015)]
104k -~
10 06 10 14 18 g $
Vo/
] —~10°F dﬁ ﬁ}{i}
do S —_1#
=4 Ig=GAu O %—Zﬁi:‘ll‘
dt =
10°F T:_
IR_OCQYTVéX:z PVexlSll/75 ; ‘1?#_|
=> (G K Nex/h < ng L o
10 10°

Jendrzejewski et al., PRL 113, 045305 (2014)

Central density from ETFM « n, (102 cm™)




CRITICAL CURRENT Ic

_ Condensed
I. < Ey = JNo) sans

10— ———————— — .: » Calculated upper bound on I¢

ﬂ% : I = nox Co

Inspired by hydrodynamic scenario,
_ barrier as an obstacle
7 - —> seems ok also for tunnelling regime

[ (particles/s)
2
I
-
! | "\\
A
N4
\\\
|

AmS S [keasa BEG) Spuntarelli et al., PRL. 99, 040401 (2007)
ot A ka0 (unitary Watanabe et al., PRA 80, 053602 (2009)
| _4_ 1/kra=-0.6 (BCS)
| . ] What limits the critical current on BCS
10 Y 10” side? Pair-breaking or condensate
Ny (10°=cm™) depletion?
» Measure conductance of normal T — A) Gap Miller et al., PRL 99 (2007)
.=

state on BCS side of resonance: 2€Rn Valtolina et al., Science 350 (2015)




INCOHERENT TUNNEL

» Increasing the initial imbalance zo > 0.3 = Disappearance of coherent oscillations

0.05 - | | AUO/Ul: O_Oé | | - = | | | , | =
| | Al
N Of
-0.05 -(a)- | | | | | | ' ~ 2}
0.21 Aug/ui=0.10 ' -
N O.1} - 0
| . 1.2
I |
o Apio/pi = 0.39 = 08
0.4} o |
N 02 — =
2 5 041 - _
0 005 01 015 0.2 5 . - - -
Time () Ao/

» Conductance decreases: saturation of phase-slippage rate. What is the cause?



THE PLAN

» Current-driven junctions:

probing the critical current via the DC Josephson effect = Ongoing...




CURRENT-BIASED J

Tu
W1

—T DC Josephson current

nnelling super current

ithout bias I < I,

Ultracold bosons:

Glovanazzi et al., PRL 84 (2000)

Levy et al., Nature 449, 5/9 (2007/)
Ryu et al., PRL 111 (2013)

At = — A = pg — g
[=1.sin¢p—GAu

A—*ﬂ — Au(t) =0

I =VOox




CURRENT-BIASED JU

Homogeneous barrier (DMD feedback - dithering)

AW A =
o ' ryv T
o R P J - - - , : . , . . —
o 0 20 40 60 80 100 120 140
bovier fiomelon o otow = 34/ = Position [um]
Unitary gas (raw images, single shots)
ox = 10 um Volep ~ 0.8 = Vy/u > 1

v = 0.1 mm/s w=15um, kw =3




DC JOSEPHSON EFF

» Move barrier through the gas at constant velocity along 10 um
Sound velocity (bulk):

c =10 mm/s

> For final off-centered barrier, Zzeq # O
Apu=E-(z2—z2

) —> \Zeq\ ~ (.15 for 10 ym movement

v = 0.8 mm/s v =1.5mm/s

n{x)
5 &
n(x)

5 - A A A .S A . A . . A . A . . .

Below critical velocity, superfluid flows entirely through barrier!



IV CURVE AND CURRE

0.10

BEC
0.10, : : : . — - - Current
[ < IC o 0.05}
0.05; < > QO g
g o E 0.00} - ¥
fé 0.00 2Q o o o C
5 -0.05}
-0.05
-0.10
0100 05 00 05 10 05 Phase
v (mnvs)
» Clear footprint of DC Josephson effect ! Evolution can be g 0.0 "
modelled by RC-shunted junction circuit (...ongoing) 3 ° o )
Q
> Above critical current: finite Ap is created, but smaller than o8
superfluid gap = no excitation of quasiparticle branch Volep = 0.5
Only AC/MQST branch (unstable) 10 w05 00 0.5 10



CRITICAL VELOCITY

» Map out iImbalance after barrier movement at variable height Vo and speed v

Barrier velocity (mm s™)

BEC
2.5

N
Q

-
N

—
-

O
3}

04 06 08
Vo (€¢)

-0.05

-0.10

-0.15

Barrier velocity (mm s~)

2.5}

N
o

—
N

-
o

O
4}

Unitary gas

0.6 0.8 1.0 1.2 14
Vo (€r)

-0.05

-0.10

-0.15



CRITICAL BARRIER H

» Extract critical barrier height Vo at constant velocity v | | | | | | |
—> varying the barrier size e ® 0.1mm/s|] -
=.
£ 3 o -
o
=2 ®
Watanabe et al., “Critical velocity of superfluid flow through = 2r . _
single barrier and periodic potentials” PRA 80, 053602 (2009) £ o .
m 1k _
N BEC y
. 08 =l | | | | | | —
1 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.8 o Barrier Size (um)
Eo’ 0.6 1 3 0F] | | | —
S~ i /=1 °
> 0.4 E o0&l ® 0.4mm/s| _
, = =
g @
0.2 EEEEEEEEENENLA Ill-llllllllllllll: %—D 2.0 ]
LIs=10" e, T O
0 . L . 1 . 1 2 . L. } E 1 5+ _
0 02 04 06 0.8 1 1.2 14 = ®
D o © o _
Vmax /'uj=() . ®
Unitary gas o
0.5 | | | |
1 2 3 4 5

Barrier Size (um)



CRITICAL VELOCITY V

» Extract critical velocity as a function of 1/(kra)

Spuntarelli et al., PRL 99, 040401 (2007)

1 6F | | | | | ]
O 0.55 Er

1.4F O 0.68 EF T

1.2F (F _

L ot _
= N3
& 0.8F - ~
- <:> o

0.4 .¢ ® g o -

0.2} ® o o -

Ot © °

—1 0 1 2 3 4 5

1/k|:a

» Maximum critical velocity Is located slightly on BCS side of resonance



THE PLAN

» Outlook: local phase manipulation and quantum transport of two-dimensional gases




LOCAL PHASE CONT

DMD | sea | £ In situ
_ G RRT G TR 3
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LOoCAL PHASE CON

Interference pattern

DMD | e | €
image c
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T < >.T Imaging é
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DMD DMD 9 ms 0 100 200 300 400 500
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LOCAL PHASE CONT

Interference pattern

DMD | e | §
Image S
v
T < > T Imaging é
At £
DMD DMD O ms 0 100 200 300 400 500
trigger trigger TOF Dimension [um]
Time
Imprinted phase
w0
o 1 imprinting tyme = 0 us Impninting Yme = 250 us
1354~ N A8 . " BERS
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L OCAL PHASE CON

Thermal gas
IV a
- 0X,
V< : 0%,
Lx £
e 25
X t=0ms— 2
¢ 0
g 0 50 100 i 1?0 200 250
Ot Position [m)
' 300 — o
g 3
§ 200 _ & 25
o t =20ms+ =%
S X o
£ 100 g 0 50 100 ' 150 200 250
Position [um]
0 C
0 100 200 300 400 S00 o600
Dimension [um)]
h g M’
— 1] =~ 1.06x10 —
1 myi ¢ S
V(t) — _:Bt > A mZ
m (—) ~ (1.4 + 0.2)X10_8 —
myi S

m




TWO-DIMENSIONAL F
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