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Mixtures of BoseEinstein condensates
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Supersolidity ICFO"°

Superfluid Solid
U(1) symmetry | Translational symmetry
breaking i breaking = crystallization

Supesolid

Spontaneous breaking bbth symmetries!

A. F. Andreev andLlifshitz Sov Phys. JET2D, 1107 (1969)
G. V. ChestePhys. Rev. 2 256 (1970)
A. J. LeggetRhys. Rev. Le5, 1543 (1970)

Original proposal for solid helium, observed with guantum gases



Supersolipphasesn BoseEinsteincondensates  |[CFO?

Dipolar gases

Cavity systems
Spinorbit-coupled BECs
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Spirorbit-coupledBoseEinsteincondensates

ICFO?

E’A

< > x
2kp

kR — 27 Sin(ﬁ/z)/)\R
Er = h*k%/2m

l

I, USTC, Shanxi, MIT, WSU, HKUST,
¢l ALISASE 2dzKIYyX L/ ChX



Spirorbit-coupledBoseEinsteincondensates ICFO?
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Spinorbit-coupledBoseEinsteincondensates ICFO?
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Wheredo the atomscondense? ICFO?®
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Effectiveinteractionsin spirorbit-coupledBECs |CFO*
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Raman coupling Q (Ex/h)

Miscibility controlled by Raman couplir{g



Previousxperimentwith 8’'Rb ICFO

Phase mixed Phase separated
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Howto makethe stripe phasemore stable? ICFO*

MIT strategy:replace atomic spins by Our strategy:Reducanterspin
pseudospins (orbitals of a doubleell lattice)  interactionsuxs with a Feshbach
Spin-orbit coupling strength, 5 (kHz) reSO n an Ce
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Detectingstripesbelowthe imagingresolution ICFO*

Previous experiments: Bragg scattering of light

Incident
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Bragg + Rayleigh Rayl=igh

J-R. Let al.,, Nature543, 91 (2017)

‘ 86 Bragg

. Diffraction See also:
| A. Putraet al., Phys. Rev. Lett24, 053605 (2020)
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J:-R. Li, PhD thesis, MIT (2019)
L. Asterieet al,, Nature599, 571 (2021)



In situobservatiorof the supersolidstripephase |CFO*
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C. S. ChisholmS Hirthe’, V. BMakhalov, R. Ramds R.Vatré, J.Cabedo A.Celi and L. TarruelGcience391, 480 (2026)



Measuringhe crystalperiod ICFO*
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Spontaneousymmetrybreaking ICFO"?
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CrystalGoldstonanode ICFO*
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CrystalGoldstonanode ICFO*

Sliding of the stripe pattern Dipolarsupersolids
accompanied by particle flow
YT Our system
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Superfluidoreathingmode ICFO*

Response to compression
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Supersoliphasesn BoseEinsteincondensates  |CFO?

Cavity systems

Spinorbit coupled BECs
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Bragg + Rayleigh Rayleigh
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Crystalline structure and phase coherence

Do these systems host crystal
compression modes (phonons)?

Dipolar gases

Pisa, Innsbruck, Stuttgart, Hong Kong/
Rice, Heidelberg
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Do spirorbit coupledsystemdavephonon® ICFO"

Many experi mental 1 st sThehooruigshtts nsoa..l

context of ultracold atoms. The coexistence of phase
coherence and density modulation has been reported in
Bose-Einstein condensates (BECs) in optical cavities [6]
and in the presence of synthetic spin-orbit coupling [7]. The
modulation in these systems is, however, infinitely stiff
Sifice 1t 13 eXtemauV imDOSGd. Kevin T. Geier®,">*" Giovanni I. Martone®,***" Philipp Hauke®,'> Wolfgang Ketterle®,® and Sandro Stringari
L. TanZIet al uy PhyS. ReV. Leﬂ-..22, 130405 (2019) . Il’il(l(‘;'.\'k{i BEC (tenlw', .('N;\’-IN() (II;([ I)ipurliml()‘:no (‘li I"i.\'i('Ll. Uni\'mi':'l[l‘:\di Trento, J’:\'/Z} 7'r¢;/1‘m. llzl/;' -
“Trento Institute for Fundamental Physics and Applications, INFN, 38123 Trento, Italy
*Institute Jor Theoretical Physics, Ruprecht-Karls-Universitit Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

PHYSICAL REVIEW LETTERS 130, 156001 (2023)

Dynamics of Stripe Patterns in Supersolid Spin-Orbit-Coupled Bose Gases

provides far greater opportunity for control and observation. This *Laboratoire Kastler Brossel, Sorbonne Université, CNRS, ENS-PSL Research University,
. . . . Collége de France, 4 Place Jussieu, 75005 Paris, France
new perspective has enabled supersolid properties to be observedin *CNR NANOTEC, Institute of Nanotechnology, Via Monteroni, 73100 Lecce, lialy
H i H H 33 . Hr : H - "INFN, Sezione di Lecce, 73100 Lecce, Italy
SySt‘:emS WIth Spln _Orbltcouphng Orlong ra‘nge CaVlty me_dlated inter "MIT-Harvard Center for Ultracold Atoms, Cambridge, Massachusetts 02138, USA
action 534, thOUgh in these cases the CrySta”lne structurelis externa“y 8Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
impOSEd, YIe]d[ng astatewitha rlgld lattice, and hence no phononic M (Received 19 October 2022; revised 17 January 2023; accepted 28 February 2023; published 12 April 2023)

excitations. In contrast, dIPOIar quantum gases Of hlghly magnetlc Despite ground-breaking observations of supersolidity in spin-orbit-coupled Bose-Einstein condensates,
M N o) rCIaet al N atu re 59 6 357 (202 1) until now the dynamics of the emerging spatially periodic density modulations has been vastly unexplored.
. ] 1

Here, we demonstrate the nonrigidity of the density stripes in such a supersolid condensate and explore

cavity, and others use lasers to induce auspin—orbit coup-ling.2 See also L. Chen al . Phys Rev. 85, 033616 (20 17);

The result in both cases is the spontaneous emergence of a

periodic crystal structure and properties of a supersolid, such K. T. Geleet al, PhyS Rev. Leti27, 115301 (2021),
as characteristic excitations and coherence. But the correspond- G. |. Martone and Stringarj SciPOSPhysicg_]_, 092
ing crystals have an infinitely stiff structure fixed by the ex- (202 1)

ternal laser field. The atoms are thus always localized at the
same distance from one another and only behave in that way

because of an external in.ﬂuence. Both properties are funda- Many dISCUSSIOnS at |CAP 2022 (TO ro nto)
T.LangenPhysics Todays, 36 (2022)



In situobservatiorof the supersolidstripephase |CFO*
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Measuringhe modefrequency ICFO*
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Probingmode softeningat the phasetransition ICFQ®
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Tuningthe phasetransitionpoint ICFO?
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Summary:and outlook
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Robustsupersolidstripe phase in a
spinorbit-coupled*iK BEC
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Thankyoufor your attention!
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