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What is a supersolid?

Crystals: particles are localized in lattice sites  



stiffness (nonzero rigidity) and 

plasticity (nonzero stress to produce permanent 

deformations)
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Superfluids: particles are undistinguishable and 

uniformly delocalized 



supercurrents (zero viscosity) and 

absence of stiffness (zero rigidity)

Supersolids: coexistence of the two states 

above, due to interaction effects (no external 

lattice).
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Seminal work

Phys. Rev. 106, 161 (1957)

The Hamiltonian of identical bosons with the 

two body interaction potential 𝑉 𝑥 … governs

the motion of a classical wave field.

There is always a solution of uniform density

𝜓 𝑥 =
𝑁

𝐿3

1/2
with energy  𝐸 =

𝑁

𝐿3
𝑉׬ 𝑥 𝑑3𝑥 …

but if 𝑉 𝑥 is negative in some region of space, 

there may be other solutions, such as periodic

solutions with lower 𝐸 than for the uniform

solution. 



Two sound sound modes

… we obtain an equation for the acoustic vibrations of a 

crystal … and oscillations of the crystal density with fixed 

lattice sites…

Two kinds of motion are possible in it; one possesses the 

properties of motion in an elastic solid, the second possesses 

the properties of motion in a liquid.
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Can a supersolid pass 

through a capillar without

friction?



Non classical rotational inertia

z

𝜔

Nobel 2003 In supersolids, the density

modulation reduces the 

superfluid behavior:

𝐼 = (1 − 𝑓𝑠) 𝐼𝑐

x

𝜌(x)

𝐿 = 𝐼𝜔 = 0

Superfluids: macroscopic wavefunction

Ψ0 𝑟 = Ψ0(𝑟) 𝑒
𝑖𝜑(𝑟)

𝑣 = (ℏ/𝑚)∇𝜑 implies irrotationality,   ∇ × 𝑣=0. 

𝑓𝑠<1

𝑓𝑠=1



Is solid helium a supersolid?

The large zero-point motion in a solid 

of light bosonic atoms allows the 

atoms to exchange their positions.

Bose-Einsten condensate of 

“defectons”

Reviews: Balibar, Nature 464, 176 (2010); Chan, Hallock, Reatto, J. Low. Temp. Phys. 172, 317 (2013).



Experiments on solid helium

E. Kim and M. H. W. Chan, Probable observation of a 

supersolid helium phase, Nature 427, 225 (2004)

Resonant period of the 

torsion oscillator:

𝜏 = 2𝜋 𝐼/𝐾

Reviews: Balibar, Nature 464, 176 (2010); Chan, Hallock, Reatto, J. Low. Temp. Phys. 172, 317 (2013).

𝜏: oscillation period

𝐼: moment of inertia

𝐾: elastic constant

𝐼 = (1 − 𝑓𝑠) 𝐼𝑐

large 𝑓𝑠~10
−2, in disagreement 

with Leggett predictions (10−4)



Experiments on solid helium

Problem: the change of period might be explained

with a change of the elastic constant of He.

𝜏 = 2𝜋 𝐼/𝐾

Dislocations change state when lowering the 

temperature, and the crystal stiffens (K increases).

D. Y. Kim and M. H. W. Chan, Absence of supersolidity in solid

helium in porous Vycor glass, Phys. Rev. Lett. 109, 155301 (2012).

J. Day, J. Beamish, Low-temperature shear modulus changes in 

solid 4He and connection to supersolidity, Nature 450, 853 (2007).



From single particle to cluster supersolids

Helium has a hard-core interaction potential. 

There is space only for one particle.

Particles exchange relies only on kinetic energy. 

Soft-core interaction potentials allow supersolids 

with more than one particle per site. 

Y. Pomeau and S. Rica, dynamics of a model of a supersolid, 

Phys. Rev. Lett. 72, 2426 (1994)  

𝑉(𝑟)

𝑈

𝑟

𝑅𝑐

• finite energy cost for multiple occupation of a 

site

• repulsion between sites, lattice constant 𝑑 ≈ 𝑅𝑐

• phase transitions by tuning the interaction 

strength 𝑈

Two-body potential

Pair wavefunction



Searching cluster supersolids

N. Helkel et al., 3D roton excitations and supersolid 

formation in Rydberg-excited Bose-Einstein condensates, 

Phys. Rev. Lett. 104, 195302 (2010).

Weak dressing of Rydberg levels in a 

Bose-Einstein condensate.

Similarly for BECs with light-induced spin-orbit

coupling.

J. R. Li et al., A stripe phase with supersolid properties in 

spin–orbit-coupled Bose–Einstein condensates, Nature 543 

(2017)

J. Léonard et al., Monitoring and manipulating Higgs and 

Goldstone modes in a supersolid quantum gas, Science 358, 

1415 (2017).

Infinite range interactions for a BEC in optical 

cavities.



Supersolid phase in Bose-Einstein condensates of magnetic atoms
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Interactions in dipolar BECs

Interaction between two polarized magnetic dipoles:

𝑎𝑑𝑑 =
𝑚𝜇0𝜇

2

12 𝜋ℏ2
dipolar length

Fixed. 

𝑈 𝑟 =
4𝜋ℏ2 𝑎𝑠

𝑚
𝛿 𝑟 +

𝜇0𝜇
2

4 𝜋

1 − 3cos2𝜃

𝑟3

van der Waals dipole-dipole

𝑎𝑠 contact scattering length

Tuneable (Feshbach resonance) 

Attractive

θ = 0

Repulsive

θ = ൗπ 2



Excitation spectrum of dipolar BECs

𝑘𝑙𝑧

𝐸
(𝑘
)

phonons

rotons

L. Santos, G. V. Shlyapnikov, and M. Lewenstein, Roton-Maxon spectrum and stability 

of trapped dipolar Bose-Einstein condensates, Phys. Rev. Lett. 90, 250403 (2003).

𝜆 < 𝑙𝑧

𝑙𝑧 = ℏ/𝑚𝜔

𝜆 > 𝑙𝑧



Phase diagram

BEC: superfluid, follows hydrodynamic

equations as an ideal liquid

Droplet crystal: normal solid of self-bound

droplets (individually superfluid)

Supersolid?

dipolar int. / contact int. 



Experimental methods for dipolar BECs

Dysprosium:

m=10 mB

Melting point: 

1680 K

Typical BECs: N= 5x104 , T<50 nK

B

x

yz

Anisotropic optical trap

Dysprosium Lab     CNR – INO, Pisa



Phase diagram

BEC (superfluid) Droplet crystal (solid)

Innsbruck: L. Chomaz et al., Nat. Phys. 14, 442 (2018); D. 

Petter et al. Phys. Rev. Lett. 122, 183401 (2019).

Stuttgart: H. Kadau et al., Nature 530, 194 (2016); I. 

Ferrier-Barbut et al., Phys. Rev. Lett. 116, 215301 (2016); 

M. Wenzel et al., Phys. Rev. A 96, 053630 (2017).

Supersolid?

dipolar int. / contact int. 



Observation of a coherent density-modulated regime

Stable BEC

Coherent regime

(supersolid)

Incoherent regime 

(droplet crystal)5
.2

7
2

5
.2

7
9

5
.3

0
5

B
 (

G
)

5 8 28 48 100
t (ms)

1
0

9
9

6
9

1

a
 (a

0 )

k
x

k
y

1
0
8

9
4

8
8

f = 0

Experiment: momentum distribution 

(double-slit interference)
Theory: spatial distribution

3-4 lattice sites, 

104 atoms per site



Finite lifetime

Atomic gases decay via formation of molecules.
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Transient supersolid properties

Stuttgart: F. Böttcher et al, Transient supersolid properties in an array 

of dipolar quantum droplets, Phys. Rev. X 9, 011051 (2019).

Innsbruck: L. Chomaz et al., Long-lived and transient supersolid behaviors 

in dipolar quantum gases, Phys. Rev. X 9, 021012 (2019).

𝑁
(1
0
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)



Spontaneous breaking of two

symmetries



Symmetry breaking and Goldstone modes

Modern treatment of sound modes: a gapless Goldstone mode arises each time that an underlying continuous

symmetry is spontaneously broken.

Superfluid: gauge symmetry

(phase invariance)

Supersolid: gauge symmetry

and translational symmetry

Solid: translational symmetry

S. Saccani, S. Moroni and M. Boninsegni, Excitation spectrum of a supersolid, Phys. Rev. Lett. 108, 175301 (2012).



Superfluid regime

Quench of 𝑎𝑠 through Feshbach 

resonances excites the axial

breathing mode.

Observable: second 

moment along x
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𝜔~ 5/2 𝜔𝑥

Frequencies can be measured

with relatively high accuracy
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Symmetry breaking in a supersolid

Two different frequencies for the 

interference period and interference

depth.

Evidence of the lattice compressibility!

lattice mode

superfluid mode



Symmetry breaking in a supersolid

L. Tanzi, S. Roccuzzo et al., Supersolid symmetry breaking from compressional oscillations in a dipolar quantum gas, 

Nature 574, 382 (2019).

𝜖𝑑𝑑 = 𝑎𝑑𝑑/𝑎𝑠

lattice mode

superfluid mode

Two quantum phase transitions tuning a single parameter!



Superfluidity from non-classical

rotational inertia



Rotation of supersolids

Reduced superfluid behavior under rotation:       𝐼 = (1 − 𝑓𝑠) 𝐼𝑐

Density modulation ⇒ local phase variation, 

kinetic energy contribution to the free energy:

ℏ2

2𝑚
׬ ∇𝜑 2𝜌(Ԧ𝑟)𝑑 Ԧ𝑟 with       𝜑 𝑥 = 0׬

𝑥
)𝑑𝑥′/ ҧ𝜌(𝑥′

𝜔

𝑥

𝑓𝑠 ≃ න )𝑑𝑥/ ҧ𝜌(𝑥

−1

Superfluid fraction: x

ҧ𝜌(x)



Rotation of supersolids

A: normal solid

B: supersolid

C: homogeneous superfluid

Intuitive explanation

Giulio Biagioni, Master Thesis, Università di Firenze (2020).

Caveat: Leggett’s approach is one-dimensional and does not consider the superfluidity of individual

lattice sites … 



Rotations in an anisotropic trap: scissors mode

Moment of inertia from oscillation frequency, 

similar to torsion oscillators:

𝐼 = 𝐼𝑐𝛼 𝛽
𝜔𝑥
2 + 𝜔𝑦

2

𝜔𝑠𝑐
2

Trapped superfluids:

small-angle rotational

oscillation in the 

harmonic trap.

In nuclear physics: 

relative oscillation of 

neutrons and protons

𝛼 = ൗ𝜔𝑦
2 − 𝜔𝑥

2 𝜔𝑥
2 + 𝜔𝑦

2

𝛽ۄ = 〈𝑦2 − 𝑥2 Τۄ 〈 𝑦2 + 𝑥2
Geometrical

factors:

θ



Rotations in an anisotropic trap: scissors mode

Moment of inertia from oscillation frequency, 

similar to torsion oscillators:

𝐼 = 𝐼𝑐𝛼 𝛽
𝜔𝑥
2 + 𝜔𝑦

2

𝜔𝑠𝑐
2

Trapped superfluids :

small-angle rotational

oscillation in the 

harmonic trap.

In nuclear physics: 

relative oscillation of 

neutrons and protons

𝛼 = ൗ𝜔𝑦
2 − 𝜔𝑥

2 𝜔𝑥
2 + 𝜔𝑦

2

𝛽ۄ = 〈𝑦2 − 𝑥2 Τۄ 〈 𝑦2 + 𝑥2
Geometrical

factors:

θ

For a supersolid:

• Same results for the moment of inertia

• Modified definition of the superfluid

fraction, due to the deviation from 

cylindrical symmetry:

A.L. Fetter, Vortex nucleation in deformed rotating cylinders. 

J. Low Temp. Phys. 16, 533 (1974).

𝐼 = 1 − 𝑓𝑠 𝐼𝑐 + 𝑓𝑠 𝛽
2𝐼𝑐



Experimental techniques

The scissors mode is

excited by a quench of the 

strength of the optical traps. 

BEC

Single mode oscillation in both BEC and supersolid 

regimes, with different frequencies

supersolid



Scissors frequency and moment of inertia

𝐼 = 𝐼𝑐𝛼 𝛽
𝜔𝑥
2 + 𝜔𝑦

2

𝜔𝑠𝑐
2

Theory, including 𝛽, by 

the Trento group.

L. Tanzi et al. Evidence of superfluidity in a dipolar supersolid from non-classical rotational inertia, arXiv:1912.01910, submitted to Science.

S. Roccuzzo, A Gallemi, S. Stringari, A. Recati, Rotating a supersolid dipolar gas, Phys. Rev. Lett. 124, 045702 (2020).

numerical simulations

𝛽2

experimental measurements

𝐼 = 1 − 𝑓𝑠 𝐼𝑐 + 𝑓𝑠 𝛽
2𝐼𝑐



Superfluid fraction

𝑓𝑠 =
1−𝛼𝛽 𝜔𝑥

2+𝜔𝑦
2 /𝜔𝑠𝑐

2

1−𝛽2
𝐼 = 1 − 𝑓𝑠 𝐼𝑐 + 𝑓𝑠 𝛽

2𝐼𝑐 ⇒

experimental measurements

Superfluid fraction:

numerical simulations



Superfluid fraction: Leggett mechanism

Leggett formula: 𝑓𝑠 ≤ න )𝑑 Τ𝑥 ҧ𝜌 (𝑥

−1

Scissors velocity field 

(rotating frame)

𝜀𝑑𝑑 = 1.42

𝜀𝑑𝑑 = 1.50



Superfluid fraction: Leggett mechanism

Qualitative agreement with Leggett’s 1D prediction: large overlap of neigbouring droplets. 

For helium there was a disagreement by 2-3 orders of magnitude. 

Disagreement justified by superfluidity of droplets …

numerical simulations

Leggett formula

𝜀𝑑𝑑 = 1.42

𝜀𝑑𝑑 = 1.50



Rotation of superfluids

Helium-4 (1967)

BECs (2000)

Helium-3 (1982) related Meissner effect in 

superconductors

Dipolar supersolid (2020)



Conclusions and outlook

A quantum gas allows studying a fundamental phase of matter intermediate between a liquid

(superfluid) and a solid.

Our minimal supersolid is fully controllable and allows testing fundamental properties developed

conceptually more than 50 years ago, using methods from various fields of physics. 

An unknown quantum material. An extreme form of quantum simulations: testing the properties of 

future materials… 

Future goals:

• Realize larger, 2D supersolids 

• Measure a sub-unity superfluid fraction.

• Study the formation of vortices (angular momentum per particle 𝐿 = ℏ𝑓𝑠).
• Characterize the solid properties of the supersolid (rigidity, plasticity).

• Can a supersolid pass through a capillar without friction?

• Josephson effect without a barrier, …

• Supersolids in fermionic matter? (pair-density waves in superconductors)



The team – CNR-INO, sede di Pisa and LENS, Università di Firenze

Former members: Francesca Famà, Julian Maloberti, Eleonora Lucioni, Jacopo Catani 

Theory by: Russell Bisset, Luis Santos (Hannover); Alessio Recati, Sandro Stringari

(Trento); Michele Modugno (Bilbao); Luca Pezzè, Augusto Smerzi (Firenze); Maria 

Luisa Chiofalo (Pisa), Adriano Angelone (Trieste) …

http://quantumgases.lens.unifi.it/exp/dy
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