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• Insulator

• Good dielectric

• Excellent vdW substrate

hexagonal boron nitride

Physics Today 69, 38 (2016)

• Semiconductor

• Broken inversion symmetry 

• Direct band-gap

• Strong Coulomb interactions

• Strong spin-orbit coupling
• Spin and valley locking

TMD (MX2)

• Dirac fermion

• No gap (symmetry protected)

• Extremely high mobility

• Excellent electric contact

monolayer graphene

van der Waals crystals



Exciton-electron interactions: Fermi-polarons

Excitons dressed by Fermi sea: Fermi - polarons



Exciton-electron interactions: Fermi-polarons
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Excitons dressed by Fermi sea: Fermi - polarons
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Doping in ±K 

- Blue-shift of attractive 

polaron with increasing 

carrier concentration 

(phase space filling)

- Strong spin polarization 

of the exciton polarons

Doping in Q/𝚪 

- Red-shift of attractive 

polaron with increasing 

carrier concentration 

    (no phase space filling)

- Unpolarised exciton 

polarons

Fermi – polaron spectroscopy

Campbell et al. Nature Phys. 20, 589 (2024)



±K-valley 

Q/-valley

Fermi – polaron spectroscopy



a


Moiré period: 𝜆𝑚 ≈ 𝑎/ 𝛿𝜃2 + 𝛿2

2D moiré superlattices



a


Flat moiré mini-band 

- Carrier kinetic energy quenched

- Electronic interactions dominate

2D moiré superlattices



Fully tunable triangular Hubbard lattice
• Wide choice of heterobilayer materials

• Precise control of fractional filling (𝛎)

• No ‘magic-angle’: full twist angle range  

• More robust correlation physics 

TMD moiré heterostructures

Triangular Hubbard lattice 

Hopping amplitude: -t

On-site Coulomb interaction: UU/t >> 1: strong correlations 



Insulator

  = 0

# electrons per site ()

0

Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model



Electron-electron interactions: Fermi-Hubbard Model

  = 2

Insulator

# electrons per site ()

0 2

Strongly correlated electronic states



Mott Insulator

  = 1

# electrons per site ()

0 21

Strongly correlated electronic states



Electron-electron interactions: Fermi-Hubbard Model

Wigner Crystal

  = 1/3

2nd nearest 

neighbours

# electrons per site ()

0 211/3

Strongly correlated electronic states



Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model

# electrons per site ()

0 211/3 2/3
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Strongly correlated electronic states

Strongly correlated electronic states



TMD moiré heterostructures

Theory:
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Fully tunable triangular Hubbard lattice
• Wide choice of heterobilayer materials

• Precise control of fractional filling (𝛎)

• No ‘magic-angle’: full twist angle range  

• More robust correlation physics 



Regan et al., Nature 579, 359 (2020)

Tang et al., Nature 579, 353 (2020)

Shimazaki et al., Nature 580, 472 (2020)

Xu et al, Nature 587, 214 (2020)
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Angle aligned WS2 / WSe2

Magnetic susceptibility 𝜒~𝑔 − 𝑔0
Weiss constant 

TMD moiré heterostructures

Fully tunable triangular Hubbard lattice
• Wide choice of heterobilayer materials

• Precise control of fractional filling (𝛎)

• No ‘magic-angle’: full twist angle range  

• More robust correlation physics 



• WSe2/WS2 [1-4]

• WSe2/WSe2 [5, 6]

• MoSe2/MoSe2 [7]

• MoSe2/WS2 [8, 9]

• WSe2/MoTe2 [10, 11]

• MoTe2/MoTe2 [12]

• WSe2/MoSe2 [13]

TMD moiré heterostructures
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Fully tunable triangular Hubbard lattice
• Wide choice of heterobilayer materials

• Precise control of fractional filling (𝛎)

• No ‘magic-angle’: full twist angle range  

• More robust correlation physics 
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Hetero-bilayer MoSe2/WSe2: ±K-triangular Hubbard system 

A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022) 

MoSe2 / WSe2 strongly correlated states

Type-II band alignment

𝑏 ≈ 6 nm

57°

𝑉𝑔

𝑉𝑔



H. Baek, M. Brotons-Gisbert, et al., Science Advances 6, eaba8526 (2020) 
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Moiré-confined interlayer excitons



Hetero-bilayer MoSe2/WSe2: ±K-triangular Hubbard system 

A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022) 

MoSe2 / WSe2 strongly correlated states

Type-II band alignment Experimental technique: differential reflectivity



Hetero-bilayer MoSe2/WSe2: ±K-triangular Hubbard system 

A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022) 

MoSe2 / WSe2 strongly correlated states

Type-II band alignment Strongly Correlated States: 

Mott insulating and Wigner crystals



Hetero-bilayer MoSe2/WSe2: ±K-triangular Hubbard system 

Strongly Correlated States: 

Mott insulating and Wigner crystals

A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022) 

MoSe2 / WSe2 strongly correlated states

Type-II band alignment
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Magnetic interactions: spin Heisenberg model



  = -4.6 ± 0.9 K

Suggests antiferromagnetic 

ordering at one hole per site

=-1 =-1

Temperature dependence of magnetic interactions

  = [-3.8  -5.4] K
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A. J. Campbell et al. Nature Phys. 20, 589 (2024)
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-valley correlated states in heterotrilayer

A. J. Campbell et al. Nature Phys. 20, 589 (2024)



Interplay between - & K-valley correlated states

A. J. Campbell et al. Nature Phys. 20, 589 (2024)



Interplay between - & K-valley correlated states

A. J. Campbell et al. Nature Phys. 20, 589 (2024)
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Exciton dispersion in a monolayer semiconductor Umklapp scattering 

mechanism

Umklapp Process: Signature of Wigner Crystallisation

Exciton KE: ΔE ≈ ħ2 𝒌𝒘
𝟐  /2𝒎𝒙

𝟐, 
where 𝒎𝒙 is the exciton mass and 𝒌𝒘 is the reciprocal lattice vector of Wigner crystal

For a triangular lattice, ΔE = h2n / 𝟑mx 



Wigner crystallisation in monolayer WSe2 (B = 0 T)

𝑉𝑔
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T = 4 K

• Wigner crystallization in ML WSe2 at 4 K!

• Linear ΔEU ⟺ mX ~ 3m0

ΔR/R0



Wigner crystallisation in monolayer WSe2 (B = 5 T)
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Wigner crystallisation in monolayer MoSe2

T = 5.4 K (bilayer MoSe2)

T = 80 mK

T = 16 mK



Umklapp scattering in MoSe2/WSe2
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Summary

1. Strongly correlated states for a variety of fractional lattice fillings in MoSe2/WSe2

2. Excitons at ±K-valleys are excellent probes of correlated states in all valleys (but 

insensitive to spin-ordering in -valleys)

3. Observation of Wigner crystallisation in monolayer WSe2 and moiré MoSe2/WSe2 

via exciton Umklapp scattering
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