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Interactions make life interesting

Short range interactions Long range interactions

contact intéraetion " Coulomb interaction
van der Waals™ '
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Early interest in dipoles

 Compass needles
* 1970 DeGennes:

anisotropic gas; chains F

e 1980’s ferrofluids

Rosensweig instability

M. D. Cowley and R. E. Rosensweig, J.
Fluid Mech. 30, 671 (1967)




The Rosensweig instability

Classical ferrofluid

— dipolar interaction
surface tension
gravity
tune magnetization

‘ Rosensweig instability

Timonen et al., Science 341, 253 (2013)

Let’s add quantum mechanics

increasing minetization i.e.
dipolar intera®ion




Dipolar gases

5 dipolar
_aﬂ o ML interaction

Egg = contact
d d Interaction
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V., (1) oc ’r‘—g (1-3c0s%9)

\a
Feshbach
tuning




Periodic table
of magnetic moments
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How about electric dipole moments?

LiCs @

RbCse
NaKe
OH e
KRbe
Er2 B
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interaction strength g,y [M°Hz]
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Ogg < U Increasing dipole moment




Rb e-e

1078

. Dipolar gases

LiCs =
RbCs=

NaKs=
OH =
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Interaction parameter: \/ nadd3
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Dipolar gases

RbCse
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How to describe a dipolar guantum gas

Kinetic energy Trap Contact (tune by Feshbach res.)
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m Dipolar (tune by geometry)
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Quantum fluctuations
(LDA) ....i|l//(l’)
Lee, Huang, Yang PRL 1957
Lima and Pelster PRA 84, 041604(R) (201IN \ _
Petrov, PRL 115, 155302 (2015) Three-body losses Flastic three-body

Collisions




The Rosensweig instability

Classical ferrofluid Quantum ferrofluid
— dipolar interaction — dipolar interaction
surface tension quantum pressure + contact
gravity trapping potential
— tune magnetization M — tune dipolar strength €,
— Rosensweig instability — Roton-Maxon spectrum
s . gt 3.0
My =0 g
2.5¢
20}
2 %’5 s €4q<1
1.0}
Exchange
of stabilities 05¢ ST
Eqg =
0 1 L L
" 0 0.5 1.0 1.5 2.0
>/ aly
- Rosensweig, Ferrohydrodynamics L. Santos et al., PRL 90, 250403 (2003)

Cambridge Univ. Press (1985)




Dysprosium BEC in a glass cell

high-NA  «  Crossed ODT: oblate trap

hlgh'ﬁeld ObJECtiVE
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* Insitu phase-contrast imaging
(1 um resolution)

Single-shot

transport beam
measurements

& ODT 1

~10.5um

phase-contrast
imaging beam ¢ Feshbach resonance to tune

relative interaction strength €,




Energy
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Santos, Shlyapnikov, and Lewenstein PRL 90, 250403 (2003)

Selforganized structures:
the roton in dipolar BEC

small g4

bIg &4

05 10 15 20

Momentum
Angular Roton instability

and subsequent droplet formation



Inducing the Rosensweig instability

Trap aspect ratio A =2.9(1) =133 Hz / 46 Hz
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Rosenswelg instability
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Number of atoms

1750(300) atoms / droplet

> T
10.5 um

0 50 100 150
atoms per pixel

H. Kadau, M. Schmitt, M. Wenzel, C. Wink, T. Maier, |. Ferrier-Barbut, T. Pfau
Nature 530, 194 (2016)




Growth dynamics and lifetime
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Quench time to low B ~ 500 s O

Long lived ~ several 100 msec
inside a droplet n ~4 10" cm™

Three-body losses as decay mechanism

H. Kadau et al., Nature 530, 194 (20'1-6) |



Probing droplets in a waveguide

100 eBEC
o Droplets
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Probing droplets in a waveguide

Keeping a week axial confinement along X

U
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J. Phys. B: At. Mol. Opt. Phys. 49 (2016) 214004



Feshbach boost =) re-evaporation

Time of flight

B =6.656G \a
1 " f’ﬁ

t=8ms

t=12ms




Quantum droplets interfere !

B =6.656 G B=6.86G

t=8ms

t=12ms




Why are the droplets stable?




How to describe a dipolar guantum gas

Kinetic energy Trap Contact (tune by Feshbach res.)
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Dipolar (tune by geometry)
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Quantum fluctuations
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Three-body losses

Elastic three-body
Collisions




Quantum fluctuations stabilitze droplets?

|. Ferrier-Barbut et al., PRL 116, 215301 (2016)
Check scaling bevaviour

o Caataip(s) — 1 ° 1.}
"7 a3 \16(1 + 3€2,/2) |

rel T

t = 1/L3{n*)

T [ ] Quantum fluctuations
Three—body

0.1F

0.92 0.94 0.96 0.98 1.00

ar | a;
‘ Quantum liquid: but at 8 orders lower density than |He

Recently also confirmed for Er by F.Ferlaino/L.Santos group




Simulated formation dynamics

GPE by M. Wenzel
plus Qfluctuations in LDA
plus inelastic 3body loss



Properties of a trapped dipolar BEC

Energy density Quantum fluctuations
‘v gn® n 64 na3 3
e =eyr+ egyr = ST + Vort(r)n + — + E] A3r'Vyq(r = rn(r)|+ Egn2 — <1 + Eegd)

» energy functional to calculate energy landscape (A = 2; N = 8.000)
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,critical” trap aspect ratio
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Prepare single self-bound droplets

- Critical pan =)
7.0 R 190 &
—_— 80 S
Q | |
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Trap aspect ratio A

See theory by Blakie, Santos, Saito




Droplet state

remove trapping potential Compression of a droplet vs. BEC
22
100 g N 10
.I‘J "6 _
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droplet is self-bound in 3D droplet is nearly incompressible
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Droplet Time Evolution

I=0.ms N (10%)
ol
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Simulations of effective GPE: D. Baillie, PRA 94, 021602(R) (2016)

F. Wachtler, PRA 94, 043618 (2016)




Experimental Scheme

1. Prepareintraps
A=w,/w,=1.5
at certain B
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Self-bound droplet preparation

shape & release levitate
Z || Bext
y | ——
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Phase Transition

Relative dipolar strength €,
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M. Schmitt, Nature 539, 259 (2016)



Change dimensionality

e Scaling of quantum fluctuations:
— 3D: ey X n>/2 repulsive and €,z X n?

Lee, Huang & Yang, Phys. Rev. 106, 1135 (1957)
. 2 - 2
— 2D: e yy X n“log(n) in BBM
Petrov & Astrakharchik, PRL 117, 100401 (2016)
z||B — 1D: e;pyy X n~3/2 attractive ?
X y Mishra et al., arXiv:1610.09176 (2016)
oD

e —

B * Lightsheet at 532 nm:
Fe T E .
G " — short axis: w, = 3 um
: i — w, =27 (200 - 2000) Hz
2
1 e DyBECina flat trap
0

— w=2m (46, 43, 930) Hz




Strong confinement in z

and tilt of magnetic field from z to x

Fast quench: collapse

Sy Lele e

Slow quench: stripe formation

B=0"




Slow quench
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Stripe phase: Experiment & Theory
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Systematic study of stripe formation

droplet
number

3.0

Ay = 1/4 Ay = 1/3




Interference? ® no phase coherence ®

8 ms expansion with Feshbach boost
Initial state: Double droplets ‘ ' ,20

pm




Phase coherence?

Ap oc AN

Josephson - tunnel coupling J

Interaction U

80 80 100 120 140 180 180 200
W, /2717 (HZ)




Quantum phase transitions and vortex dynamics in

superconducting networks
R. Fazio, H. van der Zant/| Physics Reports 355 (2001) 235-334

AAA )
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Can there be a super solid state of matter?

H.S.J. van der Zant, W.J. Elion, L.J. Geerligs, J.E. Mooij, Phys. Rev. B 54 (1996) 10081.
J.V. Jose, C. Rojas, Physica B 203 (1994) 481; Phys. Rev. B 54 (1996) 12361.




I-I Conclusion & Outlook

* |nstability leads to stable droplets
* Droplets bounce and interfere
e Stabilization by LHY term

Santos, Blakie, Saito
Erbium exp. (F. Ferlaino)
39K/41K exp. (L. Tarruell ICFO)

* Dy droplets are selfbound in 3D

e Stripe formation in , Quasi-2D“ regime
* Rotating droplets




B Coming up in the lab:
Stripe formation
in a dipolar vortex lattice

N. R. Cooper, E. H Rezayi and S. H. Simon,
Phys. Rev. Lett. 95, 200402 (2005)

J. Zhang and H. Zhai,
_ Phys. Rev. Lett. 95, 200403 (2005)




Outlook on quantum droplets:

Cf. Helium droplets (Toennies, Vilesov et al.)

e .

I - : -:. _-'".--..
- | e
g " D _ {y S
! “ University of Southern California-Eds Angeles)
A - . . ) \__‘ O i

Load with impurities and charges
Very sensitive reaction environment
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Thank you for your attention!
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H. Kadau, el al.
Nature 530, 194 (2016)

|.Ferrier-Barbut et al.,
PRL 116, 215301 (2016)

l. Ferrier-Barbut, et al.
J. Phys. B: 49, 214004 (2016)

M. Schmitt et al.
Nature 539, 259 (2016)



