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Supersolid state of matter

• Classical solid

• Superfluid

Crystalline order

Macroscopic consequence: 
rigidity of the crystal

Coherent wave function

Macroscopic consequences: 
metastibility of supercurrents,
reduced moment of inertia

• Supersolid Both kinds of order
Macroscopic consequences: ?
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Our dipolar supersolid
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Vertical trapping + anisotropy clustering effect !

Repulsive

Attractive

𝜃 = 𝜋/2

𝜃 = 0

𝑉𝑖𝑛𝑡(𝒓) = 𝑉𝑐𝑜𝑛𝑡 𝒓 + 𝑉𝑑𝑖𝑝(𝒓)

Isotropic and 
repulsive

𝜀𝑑𝑑 =
𝐷𝑖𝑝𝑜𝑙𝑎𝑟

𝐶𝑜𝑛𝑡𝑎𝑐𝑡
=
𝑎𝑑𝑑
𝑎

Dy162

𝜇 = 10𝜇𝐵

𝜀𝑑𝑑

Superfluid
(Bose-Einstein condensate)

Normal solid
(Droplet crystal)Supersolid

Confinement



Our dipolar supersolid
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L. Tanzi et al., Phys. Rev. Lett., 
122, 130405 (2019)

Cluster supersolid with ~3 − 4 droplets and ~104 atoms per droplet
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L. Tanzi et al., Nature, 574, 774 (2020)

lattice mode

superfluid mode

Evidence for double symmetry breaking



Related works
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Superfluids under rotation

• Macroscopic wavefunction Ψ0 𝑟 = Ψ0(𝑟) 𝑒
𝑖𝜑(𝑟)

• Ԧ𝑣 =
ℏ

𝑚
∇𝜑 ⇒ ∇ ∧ Ԧ𝑣=0 ⇒ ׯ Ԧ𝑣 ∙ 𝑑Ԧ𝑙 = 0 ⇒ classical irrotational hydrodynamics

Ԧ𝑣 = 𝜔𝑅 መ𝜃

• Reduced moment of inertia ⇒ 𝐼 = 1 − 𝑓𝑠 𝐼𝑐 (in a cylindrical geometry)

• Normally, 𝑓𝑠 → 1 for 𝑇 → 0 ⇒ 𝐼 = 0

• No angular momentum is acquired
from the container when 𝜔 → 0

z

𝜔

< 𝐿 >= 𝐼𝜔
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Superfluids under rotation
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BECs (2000)

Helium-3 
(1982)

Helium-4 
(1967)

Hess-Fairbank

related Meissner effect in 
superconductors



Leggett’s argument: can a solid be superfluid?

Also supersolids are described by a macroscopic wavefunction Ψ0 𝑟 = Ψ0(𝑟) 𝑒
𝑖𝜑(𝑟)

The density modulation appears in the form of the superfluid fraction:

𝐼 = 1 − 𝑓𝑠 𝐼𝑐 with   𝑓𝑠 ≤  )𝑑𝑥/ ҧ𝜌(𝑥
−1

so that 0 < 𝐼 < 𝐼𝑐 at  𝑇 = 0

NCRI (Non Classical Rotational Inertia)

Giulio Biagioni Evidence of superfluidity in a supersolid under rotation 8

      

𝐼 = 𝐼𝑐 0 < 𝐼 < 𝐼𝑐 𝐼 = 0



The scissors mode

How to probe the moment of inertia of our small and non-homogenous system?

We employ a collective mode of the trapped condensate: the scissors mode

𝜃 𝑡 = 𝜗0 sin(𝜔𝑠𝑐𝑡)

𝜔𝑠𝑐 = 𝜔𝑥
2 + 𝜔𝑦

2

In the small-angle limit:

𝑥

𝑦 𝑧

Giulio Biagioni Evidence of superfluidity in a supersolid under rotation 9

Experiments with non-dipolar BECs:

O.M. Maragò et al., Phys. Rev. Lett. 

84, 2056-2019 (2000)



The scissors mode
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Useful link with the moment of inertia

𝐼 = 𝐼𝑐𝛼 𝛽
𝜔𝑥
2 + 𝜔𝑦

2

𝜔𝑠𝑐
2

𝛼 = ൗ𝜔𝑦
2 − 𝜔𝑥

2 𝜔𝑥
2 + 𝜔𝑦

2

Trap deformation
𝛽ۄ = 〈𝑥2 − 𝑦2 Τۄ 〈 𝑥2 + 𝑦2

Cloud deformation

Analogy with torsional oscillators

𝐼 =
𝐾

𝜔𝑜𝑠𝑐
2

D. Guéry-Odelin and S. Stringari, Phys. Rev. Lett. 83, 4452-4455 (1999)



Scissors oscillation

 
  

 
  

   

  

      

  

 

 

     

    

    

    

   

  
 
 
 

                

    

   

  
 
 
 

         

We excite the scissors mode 
changing temporary the 
relative power between
ODT2 and ODT3..

.. then we extract the angle 
at different times with a 2D 
fit

Single-frequency oscillation in both the 
BEC and the supersolid regime

BEC

Supersolid

𝜃

𝜃′

𝜃
′

𝜃
′
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Scissors frequencies and moment of inertia
 
  

 

𝐼 = 𝐼𝑐𝛼 𝛽
𝜔𝑥
2 + 𝜔𝑦

2

𝜔𝑠𝑐
2

𝐼𝐵𝐸𝐶 < 𝐼𝑠𝑠 < 𝐼𝑐

Theory, including 𝛽, by the Trento group: 
S. M. Roccuzzo et al., Phys. Rev. Lett., 
124:045702 (2020)

Reduced moment of inertia ⇒ proof of 
the superfluid behavior under rotation

L. Tanzi et al., (2019) Preprint: 
arXiv:1912.01910.  Accepted for 
publication in Science.
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Superfluid fraction

𝜌
𝜇

𝜇

Our definition of superfluid
fraction for an anisotropic system:

𝐼 = 1 − 𝑓𝑠 𝐼𝑐 + 𝑓𝑠𝛽
2𝐼𝑐 ⇒ 𝑓𝑠 =

1−𝛼𝛽 𝜔𝑥
2+𝜔𝑦

2 /𝜔𝑠𝑐
2

1−𝛽2

𝑓𝑠~1 (cluster supersolid)

Comparison with the 1D Leggett’s

model: 𝑓𝑠 ≤  )𝑑 Τ𝑥 ҧ𝜌 (𝑥
−1

(white 

triangles, density profile from the 
Trento group)

Our experiment: 0.88±0.14
Leggett: 0.25
Droplets superfluidity: 0.50

Helium experiments: ~0.01
Leggett: 10−4
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Leggett formula

numerical simulations

droplets
superfluidity

𝜀𝑑𝑑 = 1.42

𝜀𝑑𝑑 = 1.50



Conclusions and outlook
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We have demonstrated the superfluid properties of the dipolar supersolid under rotation through a measurement
of its moment of inertia. 

Next goals:

• Realizing larger, 2D supersolids to detect a sub-unity superfluid fraction, study vortices and measure a 
finite shear modulus

• Josephson effect without a barrier

• Other types of supersolids with cold atoms (e.g. dipoles in 2D stabilized by 3-body forces, or lattice 
supersolids) 
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