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Quantum Mixtures

Mixture of two (or more) distinguishable constituents
forming a composite system with quantum features
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Two-component spin mixtures
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- Clean system to investigate the properties of superfluid mixtures

- Versatile system to perform quantum simulation of complex phenomena



SINGLE COMPONENT BEC — introducing relevant quantities

Wavefunction [w(x, t) = |i(z,t) |ei¢(w,t)}

h2

GPE iﬁ%w(azt) = (——V2 + Vi(z,t) + g!¢(w,t)\2> Y(z,t) = py(z,t)
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TF approximation n(z) = p—V(x)
Density profile g
V(x)
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SINGLE COMPONENT BEC - introducing relevant quantities 1 comp.
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ELEMENTARY EXCITATIONS 1 comp.

, B2k2 [ B2k2
Bogoljubov spectrum _ _
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TOPOLOGICAL EXCITATIONS 1 comp.

Solitons T v=0
Localized solitary waves (stable in 1D) O(x) V=0
Balance between dispersion and nonlinear effects (GPE) 0

Dark soliton (v=0)
Abrupt phase jump of t /A _ —7 \
Full density depletion cos (Vso1/C) S
f n(X) 08

Grey soliton (v=vy,) Az = \/1 — T 08 v#0
Phase changes by A¢ in a length Ax sol 04 A
Densi letion A 02 V=

ensity depletion An A — (1 B 08201/02>
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Quantized vortices

Phase winding of 2wt around a point
Quantized circulation due to irrotational nature of superfluids n(x,y)
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DIMENSIONALITY 1 comp.

1 ! 1 ! 1 ! 1 ! 1
o Quintuple SV

| 4—A Double VR

o—o Triple SV, ®

v—v Vortex Ring (VR), 2SV
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Soliton decay in 3D
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Denschlag et al., Science 287, 5450 (2000)

[\
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Anderson et al., PRL 86, 2926 (2001)

Mateo et al., PRL 115, 033006 (2015)



TWO-COMPONENT MIXTURE 2 comp.

a.8) = [, B9

o (x,1) = [y, 1) [P (@)

Wavefunctions

Intracomponent interactions Intercomponent interactions
O C ¢
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INTERACTIONS 2 comp.

All attractive interactions

O O O Collapse
ga o gb O ga’b O (Bose nova)

All repulsive interactions

O O O St'flble
Ga o 9b ® Jab ® Mixture
Repulsive interactions Attractive interactions
[ O O Quantum

ga O gb O gab o droplets



MISCIBILITY
All repulsive interactions

Ja ¢ gb ® Jab

Interplay between intra- and intercomponent interactions

Miscible — Immiscible phase transition

o1 N3+1 Nb2+ NoNp

m—2.gaV ngv Gab vV
1 N2 1 N2 1 N2 1 N2 N,N,

E; = Zg,=—2% + = _b:_a_a Z,, b N a
g9y TPy = g%y, T o0y T Vel

Miscibility condition [gab < v/ Ga9b ]

2 comp.




MISCIBILITY and BUOYANCY

In nonuniform potentials...

BUOYANCY

2 comp.

Hall et al., PRL 81, 1539 (1998)
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Least repulsive goes in the center
Most repulsive adapts outside



MISCIBILITY and BUOYANCY

In nonuniform potentials...

2 comp.

BUOYANCY Hall et al., PRL 81, 1539 (1998)
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MISCIBILITY

FERROMAGNETIC ANTIFERROMAGNETIC
- O O o — O
-1 0 +1 -1 0 +1
apo =100.9 a, a, ; =54.5a SYMMETRIC
ap, =100.4 a,

NOT SYMMETRIC
a;; =100.4 a,




DENSITY AND SPIN MODES 2 comp.

Total DENSITY SPIN density (magnetization)
n = ng + Np m = Ng — Ny
P =¢s+ P P =Pa— P
(a) (b)
T —— spin-[]) T A
2| - Spin-|1)
2 | /
[
= —_— —_—
ch _

Position Position

Common mode Differential mode



DENSITY AND SPIN MODES

2 comp.

4 I
h2 k.2 h2 k2
Bogoljubov spectra Ed,s(k) = hwd,s(k) = + 2/,Ld,s
2m 2m
- /
4 - I
2 = Hd,s  Galla + gpnp = \/(gana — gbnb)2 + 4nanbgab
Sound speeds 2= m 2m
(N J
10{ E(p) density
O Densit
8 A \ iOEZ’S 70 ¢ O Spin '
67 Spin arb.?:fits g 50 |
47 '»”'-": M =
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P
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(for balanced mixtures and equal intracomponent interactions)
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DENSITY AND SPIN PARAMETERS 2 comp.

(9 + gab) ~ g (9 — Gab) 5_9
2 o 2 2
Density chemical potential Spin chemical potential
g+ Jab (9 — Gan)
,U’:’I’L( a) >,UJ27’@ lhs =N a > 1~
2 2
Density healing length Spin healing length
B h
p— p— ws — £S —
w={§ Ve m@ \/2mn(6g/2
Density speed of sound Spin speed of sound

= Vi
C = —_— = Cs — —_— =
m m m m



SODIUM MISCIBLE MIXTURE

Elongated cigar-shaped
optical trap

2 comp.

Symmetric, no buoyancy

9a = 9 = ¢

Miscible mixture

gab < g
0g >0



SODIUM MISCIBLE MIXTURE

Elongated cigar-shaped

optical trap
e F=2
‘ﬁ_ F-1
me=-1 — -
j mF= O

2 comp.

Balanced mixture preparation

- Rabi /2 pulse
- Adiabatic Rapid Passage



SODIUM MISCIBLE MIXTURE

Elongated cigar-shaped
optical trap

mF=+1

2 comp.

Naturally unstable mixture

Spin relaxation

(energetically favourable to recombine and
form two atoms in mg=0)



SODIUM MISCIBLE MIXTURE

2 comp.

Elongated cigar-shaped trap

Microwave dressing
to lift mg= 0 state up

Y S
m|:='1 mF=O _O_
m

F=+1

Naturally unstable mixture

Spin relaxation

(energetically favourable to recombine and
form two atoms in mg=0)



SODIUM MISCIBLE MIXTURE

Elongated cigar-shaped
optical trap

— F=2

2 comp.

Imaging

Delayed, but overlapped
Selective transfer to F=2 + abs imaging

Simultaneous, but spatial separation
Stern Gerlach separation in TOF + abs imaging

R TR



SODIUM MISCIBLE MIXTURE

Elongated cigar-shaped
optical trap

2 comp.

Imaging

Delayed, but overlapped
Selective transfer to F=2 + abs imaging

Simultaneous, but spatial separation
Stern Gerlach separation in TOF + abs imaging

R L R



SODIUM MISCIBLE MIXTURE 2 comp.

Elongated cigar-shaped > X
optical trap

Imaging

Delayed, but overlapped
Selective transfer to F=2 + abs imaging

F=2
Simultaneous, but spatial separation

Stern Gerlach separation in TOF + abs imaging

el Mo




SODIUM MISCIBLE MIXTURE 2 comp.

Elongated cigar-shaped > X
optical trap

Imaging

Delayed, but overlapped
Selective transfer to F=2 + abs imaging

F=2
Simultaneous, but spatial separation
Stern Gerlach separation in TOF + abs imaging
(a)
F=1 11, -1) |l ]
1,0)

1, +1)




SPIN DIPOLE OSCILLATIONS

Differential potential
(magnetic field gradient)
To trigger spin-dipole oscillations

For small displacements
Linear response
No excitation of density channel

@ Dipole mode Wy
Spin-dipole mode
@

(b) 60
40
_ 20 \
&
= 0
8 B x,= 0.52um
Q.20  x= 027m
A X = 0.11um
40 V X =-0.04 ym
@ x,=-0.13 um
- | — @ % =-0.53 pm
60 | | |
0 50 100 150 200
Time [ms]
(a) | I |
0.28 —
0.26 —
§>< 0.24 —
7=
% 0.22 - <% Fig. 2(b)
9 — 9ub 0.20 - Vo |
a o
— g v o = LDA _
Through LDA | wWsp = Wy 0.18
g _I_ gab 0.16 | | | | | |

0 5 10 15 20 25 30

A(xo) [mwm]

Bienaimé et al., PRA 94, 063652 (2016)



SPIN SUPERFLUIDITY

Relative motion
between condensed
parts

Relative motion
between thermal
parts

(a)

—~ 20

=2 10¢

U? S\ S
3 OFO .

(D \_ ‘
-10

(c)

BECs oscillate (spin-dipole motion) even at finite T

Collisionless

(b) Collisional

o,t/2m
Fava et al., PRL 120, 170401 (2018)



SPIN POLARIZABILITY

Displacement (2x,) between the minima leads to
Displacelent of the CM enhanced by P

40 Xo/Ry = 0.00 : Elg 383
1g.

. L, AR e
= ¥ o3 _— = LDA
= 30 F —gn =0

| .S %o/R, = 0.05
, % 10 —
Bienaimé et al., PRA 94, 063652 (2016) —_—

— POSTER 40 (Spada) 0.00 002 0.4 R 0.06 0.8




FARADAY WAVES
Eq (k) = hwg s (k) = \/h;:j <h22:: + 2mcis> ‘CO 1 (t)
= X
1 y Bragg 4 f
£ (b) 30 (DM/ 2n=400 Hz (DM/ 21t =200 Hz
E R SO
3 40 | L, +1)
-Modulation of radial compression & e L
S o i - ot e
<
-Decay into Faraday waves 0 = L=1
(WS I O B B R
1 1 1e3! T T
5 = =

atoms/pm

Cominotti et al., PRL 128, 210401 (2022)



FARADAY WAVES

- Radial integration
- Axial FFT

Cominotti et al., PRL 128, 210401 (2022)

+ 2mcc21’ S)

2m 2m

h2k? [ h2k?
Eis(k) = hwgs(k) = \/ <

Measurement of density and
spin dispersion relations

FFT (density) FFT (spin)

] (b)

600

500

o
()
(e]

w,,/2n [Hz]
g

0 |‘/ — T T T T T T T — T T T T T T T —— 0
0.00 0.05 0.10 0.00 0.05 0.10
k/2m [pm~!] k27 [pm~!]




MAGNETIC SOLITONS

Localized magnetic solitary wave in balanced mixtures (extension ~ &)

mt-phase jump across the soliton
(for any velocity)

Imprint 27 in the relative phase

+7 to the state +1
-7t to the state -1

At < L
ndg

S1/2

Farolfi et al., PRL 125, 030401 (2020)

|1,+1>

[1,+1>




MAGNETIC SOLITONS

Long living and oscillating in the harmonic potential

Density 3D dynamics

. . . Spin 1D dynamics
Enhanced stability vs density solitons (Es>>&)
100 4 /,9—\ i
+,«—-~t\o yer o o
- ) ! + LS G
Measurement of the oscillation 2 of §++ ‘* & ¥ A -
period of magnetic solitons : Nu 4 4 { <4 N X /+ 8
¥ H‘{
T=4.7 T, —100 - | | X | ~-=
200 400 600 800 1000
t (ms)
T T
(a) 100 T (b) | T T
' e, s, >~
50 {1 r - I
Two types of collisions = A, Ve TN ar'e
. [ . v P e T g f
(sign dependent) S 0 L P! "?'*-
50 P St 3 L e L g l
—100 & . 1 1 . 1 1
time time

Also:

Chai et al., PRL 125, 030402 (2020)
Lannig et al., PRL 125, 170401 (2020)

Farolfi et al., PRL 125, 030401 (2020)

= POSTER 5 (Bresolin)







