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LONG-RANGE INTERACTING SYSTEMS
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 Erbium (Er), Our Group (2012)
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Group (2018) Il. Dipolar bosons



Interaction and collisions

Scattering in odd partial waves
(e.g. I=1, p-wave)

l. Identical fermions-

Wigner threshold law for 1/r" potentials

“short-range” fermions
(e.g. alkali as K, Li)



l. Identical fermions

Interaction and collisions

Scattering in odd partial waves
(e.g. I=1, p-wave)
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heteronuclear mixtures)




l. Identical fermions

Interaction and collisions

Scattering in odd partial waves
(e.g. I=1, p-wave)

I

“short-range” fermions  “distinguishable” fermions

(e.g. alkali as K, Li) (e.g. spin, isotope or
heteronuclear mixtures)

B. DeMarco and D. S. Jin, Science (1999)
G. Truscott et al., Science (2001)

F. Schreck et al., PRL (2001)

G. Roati et al., PRL (2002)

J. M. McNamara et al., PRL (2006)

T. Fukuhara et al., PRL (2007)

B. J. DeSalvo et al., PRL (2010)

M. Lu et al., PRL (2012)

generate Fermi gas of 7 different speci
KeLi*3He*Yb+*SrDy-Cr



l. Identical fermions

Interaction and collisions

Scattering in odd partial waves

(e.g. I=1, p-wave)
L

IS

“short-range” fermions  “distinguishable” fermions ~ “long-range” fermions
(e.g. alkali as K, Li) (e.g. spin, isotope or (e.g. dipolar fermions)
heteronuclear mixtures)




l. Identical fermions

Interaction and collisions

Scattering in odd partial waves
(e.g. I=1, p-wave)

“long-range” fermions
(e.g. dipolar fermions)

Intensive theoretical work: L.D. Landau, E.M. Lifshitz, Quantum
Mechanics (1999); B. Deb and L. You, PRA (2001);

C. Ticknor, PRL 100, 133202 (2008), J. L. Bohn, M. Cavagnero, and
C. Ticknor, New J. Phys. 11, 055039 (2009), Paul S. Julienne et al.,
Phys. Chem. Chem. Phys. 13, 19114 (2011), and many more



l. Identical fermions

Dipolar cooling via evaporation of Many-body dipolar interaction in
identical fermions spin polarized Fermi gas

“long-range” fermions
(e.g. dipolar fermions)



of identical fermions

The peak densityis N = 4 X 104 cm

a factor of two N= 3 x 104
higher that the one

in our BEC!! T/sz 0.11

B¥: Er dFg: K. Aikawa, et al. PRL 112 (2014)

. .y
Forced evaporation >
—

— Frisch ... Ferlaino, Nature, 507, 475-479, 2014

Baier ... Ferlaino PRL (2018)




Many-body interaction between identical dipolar fermions

ce deformﬁ: D+NB 7/
more dnua more as the dipolar "

interaction ﬂdz Increases
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Il Competition betWeen E,;, and nd?

K. Aikawa, Science 345 (2014)
Veljic et al., New. J. Phys. (2018)

Very intense theoretical work

T. Miyakawa et al., PRA (2008)4J.-N. Zhang and S. Yi, PRA (2009) @T. Sogo et al. New J. Phys. (2009) @S.
Ronen and J. Bohn, PRA PRA (2010)49C.-K. Chan, C. Wu, W.-C. Lee, and S. Das Sarma, PRA (2010)4®U.
Baillie and P. Blakie, PRA (2010) 49 F. Wichtler, et al., arXiv:1311.5100 (2013)4®... and many more



Outline
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Il. Dipolar bosons

Dipolar
Tunable contact ) ——
anisotropic,
Unly effective at short . pic)
distance 4 0
=g tffective atlong \r

Directionally independent distance
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Mainly attractiv

Cigar-shaped (prolate)

Magnetostriction
Cr Exp. Bosons: Stuhler... Pfau, J. of Magn. Magn. Mater. 316, 429, (2007)
Er Exp. Fermion: Aikawa...Ferlaino, Science (2014)



Il. Dipolar bosons

Tunable contact

distance

Directionally independent
(isotropic)

New Phase:
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Chomaz, ... Ferlaino PRX 6 (4), 041039 (2016)



Il. Dipolar bosons

Tunable contact

Dipolar

on  UJirectional
(anisotropic)

0
tffective atlong \r
Directionally independent distance |

(isotropic)

New Phase: Experimental works:

Dipolar Gases - Stuttgart (€ Pfau) & Innsbruck (€l Ferlaino)
Macrodro P | € Non-dipoler mixture:ICF (@ Teruel) B LENS (2 Fattri) & Paaiseau (2
Rourdel)
S

35 30 2520 1510 5 0 ( ) Quantum
D. S. Petrov, PRL 115, 155302 (2015 . . .
Kandau et al., Nature (2016) Wmcw&imms/dgmm‘ﬁ with .

L. Chomaz, & al. PRX 6 (4), 041039 (2016) effective at short distance, isotropic

l. Ferrier-Barbut, & al. PRL 116, 215301 (2016)
F. Wachtler & L. Santos, PRA 93, 061603 (2016)
R. N. Bisset, & al. PRA 94, 033619 (2016)

50 0 50 F. Wachtler & L. Santos, PRA 94, 043618 (2016)

X (qm) D. Baillie, & al. PRA 94, 021602(R) (2016).... 4 .
It's a density

L. Chomaz ... Ferlaino PRX 6 (2016)

etroy, PRL 115' 155302 (2015)

ran 11T



Interferometry of Quantum

BioCti O5CIHatiIoNS (non dipolar: Saloman (1938), Arimonda (2001), Inguscio/Madugna (2004), Tin (2008), Kasevich
(2007), Nager| (2008), ..)

Array of 2D systems

)
Natale, ..Mark, Ferlaino arXiv:2205.03280 -
(2022) Direct measurement
Comm. Phys 5, 227 (2022) of Quantum
Fluctuation
Roati .. Inguscio PRL 92 (2004) M.Gustavsson ... Naegerl, PRL 100, 080404 (2008)

Ferrari ...Tino, PRL 97, 060402 (2006) Fattori ... Modugno, PRL 101, 190405 (2008)
Li .... Kasevich PRL 98 (2007)






Interferometry of Quantum

Array of 2D systems Single 2D plane

Natale, ..Mark, Ferlaino, Comm. Phys 5, 227
(2022)



Interferometry of Quantum

Array of 2D systems Single 2D plane

SELF-FOCUSING in a single
lattice plane! by entering in the

-“” regime

\NT VV vVwAayVv 9

create dense 2D
systems !!

Natale, ..Mark, Ferlaino, Comm. Phys 5, 227
(2022)




Magneticdield aligned to the weak axis of the trap

Mainly repulsive
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Dipolar interaction as Interaction

 Superfluid phase and
excitation become k-
dependent (& anisotropic)

THEORY

Phonon regime
(linear): long-wave length
excitations, i.e. sound

Roton regime (quadratic;

excitations at the reciprocal

gapped): Short wavelength
Roton IA
E

momentum hky




Dipolar interaction as Interaction

 Superfluid phase and
excitation become k-
dependent (& anisotropic)

Predicted in 1947 by Landau in He THEORY EXPERIMENT

superfluid
Observed 50 years later in “He and 65

yea@er in 3He

.

A

Excitation energy

Roton IA

n
>

momentum

momentum hky

Feynman, R. P. in Progress in Low Temperature
Physics Vol. 1 (1955)

Glyde, H. R. Excitations in Liquid and Solid
Helium (Clarendon, 1994)

Petter ... Ferlaino. PRL 122 (2019)




Layered structure of superfluid 4He with supercritical
motion

L. P. Pitaevskii
Institute of Physical Problems, Academy of Sciences of the USSR

(Submitted 19 March 1984)
Pis’ma Zh. Eksp. Teor. Fiz. 39, No. 9, pp. 423-425 (10 May 1984)

It is shown that when superfluid *He flows along a capillary with a velocity
exceeding Landau’s critical roton velocity, a one-dimensional periodic structure,
which is at rest relative to the walls, appears in the helium and the spectrum of
excitations is deformed so that the criterion of superfluidity is not violated.

FIG. 1.



... one year before ...Tendency towards

h2k2 [ H2K2 * Superfluid phase and
€)= 1om <2m +2”V""t(k)> excitation become k-
dependent (& anisotropic) % =
Early Hints of THEORY
Supersolidity!
as = 44a,

momentum hky Roton



Dipolar Supersolid o
Density modulation (breaking of

Dipolar BEC translational invariance)

AB Phase transition
9

Global phase coherence (breaking of gauge invariance)

1D: Simultaneous works in dipolar BECs t
Bittcher ... Pfau, PRX 9 (2019)

Tanzi ... PRL122 (2019)

Chomaz ... Ferlaino PRX 9 (2019)

Now in 2D !
Norcia ... Ferlaino, Nature 396 (2021)

- TOFIm ag i ng More from Innsbruck:
See connected works in Atom-light coupled systems A@ "™\ Natale et al., PRL 123 (2019)
SOC BECs Ketterle Group: Li et al., Nature (2017) N °. Petter et al ’ PRA (2021)
Atom-cavity experiments : J Léonard et al., Nature (2017) ° V7 + Ul lzhoefer et.’al Nat. Phys. 17 (2021)
\ il z : . Phys.

Sohmen et al. Phys. Rev. Lett. 126 (2021)
Norcia et al, PRL (2022)




Symmetry breaking

Density modulation (breaking of

translational invariance)

Excitation spectrum

Crystal mode

(breaking of gauge invariance)

Global phase coherence

In-situ imaging
Supertluid
mode

G. Natale ...Ferlaino, Phys. Rev. Lett. 123 (2019)

See also:
Tanzi..Modugno, Recati, Stringari, Nature 574 (2019)
Guo ..Pfau Nature 574 (2019)

P; = p;exp{—i®;}
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Symmetry breaking

Which symmetry breaks first?

(phase coherence or density modulation ?)

¢ AM density modulation

O Aq-, phase coherence

Evaporation time (s)

Sohmen ... Ferlaino, Phys. Rev. Lett. 126 (2021)

1 thermal cloud to a Supersolid

COOling Innsbruck (162Dy)

Classical gas n,<<1

N\

Condensed particles n,
>> ]



Heating a Quantum Fluid into a .

J. Sanchez-Baena, C. Politi, F. Maucher, F. Ferlaino, and T. Pohl, arXiv

Temperature (nkK)
100 75

Th rystal to supersolid Experiment

Thermal

fluctuations
soften the roton




2D Supersolidity

Inspired by..
Structural quantum phase See theory work by G. Morigi and colnlaborators
Pyka et al. Nat. Phys. (2013) [Mehlsta ubler group]
transition in ionic coulomb
crystals: linear to zig-zag

_______
--------------------------------------------------------------

scale up at constant "trap density”
N = 115.5k 0 = Nffy

E. Poli,..., F. Ferlaino, PRA 104, 063307 (2021)
N = 173.25k




2D Supersolidity

Cigar trap

Surfboard trap

Internal elasticity makes ,,non-
classical moment of inertia” not to be
a robust probe of superfluidity

M. A. Norcia,..., F. Ferlaino PRL. 129,

040403 (2022)

Norcia, Politi, Klaus, Poli, Sohmen, Mark, Bisset, Santos, Ferlaino Nature 596 (2021)




2D Supersolidity in a Circular trap

Norcia...Ferlaino, Nature 536 (2021)
Bland... Ferlaino, Santos, Bisset, PRL 128 (2022)




2D Supersolidity in a Circular trap

Noreia...Ferlaino, Nature 536 (2021)
Bland... Ferlaino, Santos, Bisset, PRL 178 (2022)

However

even not in NON-MODULATED
phase

Sindik, ... Santos, Stringari, arXiv:2206.14100 (2022)
See also: Ancilotto, Barranco, Pi, Reatto, PRA (2021)



Vortices in a NON-dipolar

Recipe for vortices:
1. Induce small ellipticity in harmonic trap, rapidly rotate
trap at Q.

2. Condensate follows ellipticity and stretches with
increasing Q, with a phase profile of irrotational flow aVxy
for amplitude «

3. This is dynamically unstable, eventually leads to
generation of vortices!

. _ Shaking gas (Hadzibabic 201
Stirring (Dalibard 2001)
Dragging laser to create dipoles (Roati 2022)




A third way: Magnetostirring a Dipolar BEC

Inspired by Prasad, Bland, Mulkerin, Parker, and Martin PRA 100 (2019).

agnetostirring

A new «interaction driveny
ethod to transfer angular
omentum and nucleate

ortices

L. Klaus*, T. Bland*, E. Poli, C. Politi, G. Lamporesi, E.
Casotti, R. N. Bisset, M. J. Mark, F. Ferlaino,
arXiv:2206.12265 (2022), Accepted Nat. Phys. (2022)



Stirring a Dipolar Quantum .

Top view




Stirring a Dipolar Quantum







First Observation of Dipolar Vortices

L. Klaus™, T. Bland™, E. Pali, C. Politi, G. Lamporesi, E. Casotti, R. N. Bisset, M. J. Mark, F. Ferlaino, arXiv:2206.12265 (2022)
Accepted Nat. Phys.




Vortex Stripes s

(theory)




Vortex Stripes




Ultracold

it y=r1inaie iwmagnetic Large Spin manifold Many valence electrons

Dipole-dipole interacti A rich reservoir of internal N
degree of freedom Hz-transition at a telecom

wavelenght (1299nm)

Vaa & u?

" Repulsion

INSIGHT | 07 DECEMBER 2021 nature thSiCS

Ultracold quantum
technologies

The impressive achievements made with guantum gases rely on
continuous improvements in the underlying methods. This Insight
reviews recent technological advances that have deepened and
broadened the capabilities of ultracold gas experiments.

2J,+1
Optically active Rydberg
atoms

Developments in atomic control using ultracold magnetic
lanthanides

The detailed structure of each atomic species determines what physics
can be achieved with ultracold gases. This review discusses the
exciting applications that follow from lanthanides’ complex electronic

structure.
Matthew A. Morcia & Francesca Ferlaino Nature Physu:s, 17,1343, 2021

The “Lanthanide Era* in the Labs: Stanford (Dy, 2011), Innsbruck (Er, 2012), Stuttgart,
Pisa, Bonn, Paris, Harvard, MIT, Mainz, Oxford, Melbourne, ...
More: new Europium BEC!!, Thulium, Holmium, .. and more will come

Dipolar physics: A review of experiments with magnetic quantum gases
L. Chomaz, |. Ferrier-Barbut, F. Ferlaino, B. Laburthe-Tolra, B. L. Lev, T. Pfau, ArXiv 2201.02672 (2022)



OPENING 2022 now online!
&EXPERIMENT

fesearch
Assaciate position with long term perspective

www.erbium.at

External collaborators

G. Lamporesi

Funding:

L




2D Supersolidity in a Circular trap

Norcia...Ferlaino, Nature 536 (2021)
Bland... Ferlaino, Santos, Bisset, PRL 128 (2022)




Strongly interacting Fermi gas

Baier ... Ferlaino, Phys. Rev. Lett (2018)



Stirring a Dipolar Quantum
NON-Dipolar BEC

Stationary States of a Rotating Bose-Einstein Condensate: Routes to Vortex

Nucleation
K.W. Madison, F. Chevy, V. Bretin, and J. Dalibard, PRL (2001)

Cloud ellipticity

Rotation frequency

Dynamically unstable, eventually leads to generation of vortices!

When the field rotates in the (x, y)-plane,
ferrofluid magnetization also rotates in this plane
with the same speed as the field UNTIL ....



Surface instability and vortex

I Klaus™. I, Bland™ E: Poli, C. Paliti, . Lamporesi, E. Casotti, R. Bisset, M. Mark and F.

Ferlaino, in preparation

Single shot Average over many shot¥isualizing the vortices

Solid line: theory, no fitting para




‘Watching coherence develop o

Which comes first, modulation or coherence, or they come together?

Complex phasor No modulation

No global or local phase coherence

No global phase
coherence

Modulation and local relative phase between the

degree of coherence within droplets, i.e. global degree
each of the individual of phase coherence _

droplet

Ay = ( ‘P{i} ‘ ) - ' gl(z)dbtglart)ir?gse

coherence

Phase variance AP & 1 ——
Apm

Sohmen et al. Phys. Rev. Lett. 126, 233401 (2021)



Route to Supersolidity

From Superfluid = to Supersolid From thermal gas = to Supersolid

Interaction Quench

Cooling

T=0 phase diagram ]

Classical gas n,<<1 |

<

Condensed particles n,
1
£

NS
=

164Dy 164Dy 166Er



Su perSO | | d StateSs very eX|stence under theoretical deba

s\

sup,erf‘fmdﬁy ,' ~ |
A paradoxal I localjzation Competing orders
\

guantum fluid with

/ | Penrose and Onsager 1956; ...

the crystalline order \
of a solid and the
frictionless flow of a

Quantum-mechanically allowed
Gross 1957; Yang 1962; Andreev and Lifshitz 1967;
Chester 1970, Leggett 1970; ...

. REVIEW A VOLUME 2, NUMBER 1 JULY 1970

Speculations on Bose-Einstein Condensation and Quantum Crystals*

G. V. Chester
Laboratory of Atomic and Solid State Physics, Covnell University, Ithaca, New York 14850
(Received 13 May 1969)

It is shown, by almost rigorous arguments, that there exist many-body states of a system
of interacting bosons which exhibit both crystalline order and Bose-Einstein condensation into
the zero-momentum eigenstate of the single-particle density matrix., The implications of this
result are discussed in relation fo theories of superfluidity and the nature of quantum crystals.




Dipolar Supersolid -

 Superfluid state with k-dependent (anisotropic)

 Instability towards crystallization (spontaneous)
* A protection mechanism against collapse

Interference pattern

In-situ Imaging Global phase coherence  (TOF)

Density modulation




Coherence in 2D state

1D example 2D case

e recall: stable
modulation
pattern in TOF
indicates

coherence 2D incoherent case




Www

Complex phasor

Macroscopic phase
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Evaporation time (s)




Describing a dipolar BEC: ground-state

contact dipolar
Bogoliubov approach:#(r) = to(r)ao + 611 (r) = To(r) + ¢ (r)
o = condensed mode = macroscopically populated with Ny atoms Wo(r) = vV Noto (r)

Q

ag

:’ig, ~ Vi (ﬁ,gﬁ.n ~ v/ Nog treated as a classical field!

Equation for a dipolar condensate (mean-field): Gross-Pitaevskii Equati

h? 47 h?

o (r) — [_%A Ve () + T g () 4 <I>dd<r>] o (r)
. )




Describing a dipolar BEC: ground-state .
Equation for a dipolar condensate (mean-field): Gross-Pitaevskii Equat

2 Awh?a,

po(r) = [~ A+ Vi) + 2T |wo<r>|2+¢>dd<r>] o (r)

Usual contact term

Bay(r) = / dr'Vaa (r — 1) |Wo (') |2

: : - — ~ Jipolar leng
Tuning the.relatlve_ weight Ad = 75 33 6ag o Ev i Ef o)
of the two interactions



Origin of the droplets

Energy functional from the Gross-Pitaevskii Equation (mean-field)

fd'r'[ (Vv/1)? + Vigapnt + 402 + 50 [ dr' Vaan(r )}

Withinl thel GRE, there'is NOWAY to
explainithelguantunmidiopletstand :
Need for ait &5 @hechanism!! 63\03‘6'

@
e

A realm of experimental and theoretical works
followed, which are hard to put chronological



Origin of the droplets

GENERALIZED energy functional from the Gross-Pitaevskii Equation (r

n] = [ dr| 2 (V/R)? + Vieapn + §n? + Sn [ dr'Vaan(r') + 51277

Three-body Forces

R. N. Bisset & P. B. Blakie, PRA 92, 061603 (2015).
K.-T. Xi & H. Saito, PRA 93, 011604 (2016).
D.S. Petrov, PRL 115, 155302 (2015) P. B. Blakie, PRA 93, 033644 (2016).
L. Chomaz, & al. PRX 6 (4), 041039 (2016)
l. Ferrier-Barbut, & al. PRL 116, 215301 (2016)
F. Wachtler & L. Santos, PRA 93, 061603 (2016)
R. N. Bisset, & al. PRA 94, 033619 (2016)
F. Wachtler & L. Santos, PRA 94, 043618 (2016)
D. Baillie, & al. PRA 94, 021602(R) (2016)....




2D Supersolidity in a Circular trap

Bland, Pali, Politi, Klaus, Norcia, Ferlaino, Santos, Bisset, PRL 128 (2072)

Hexagon state with 7 droplets
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Dipolar vortices

Observations of dipolar vortices in (even non-
modulated) dipolar BEC is yet missing!

Many new feautures
Elliptic (giant) core @ Roton modulations
around the vortex core @ Stripe vortex
lattice

Vorticity in modulated

jum.at

states

Sindik, ... Santos, Stringari, arXiv:2206.14100 (2022)
See also: Ancilotto, Barranco, Pi, Reatto, PRA (2021)

Y. Cai et al., Phys. Rev. A 98, 023610 (2018)

A. M. Martin, N. G. Marchant, D. H. J. O’Dell, and N. G.

Parker, Vortices and vortex lattices in quantum ferrofluids, Journal of Physics: Condensed Matter 29, 103004 (2017).
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WiP —Magnetostirring of a S———

L 10 20 30

"

Vi r 7 1y

probe superfluidity anc
measure Its fraction in a
supersolid?

And what can we learn from
non-dipolar BEC?

Varying ¢

&/
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