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Why two-dimensional (2D) materials?

• Atomically-thin materials with different electronic, optical and 
magnetic properties can be combined to create a van der Waals 
heterostructure with novel hybrid functionality

TMD (semiconductor)

A. K. Geim et al., Nature 499, 419 (2013)

Van der Waals heterostructure

hBN (insulator)

Graphene (metal)

Magnet, Superconductor, TI, …
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Why two-dimensional (2D) materials?

• Atomically-thin materials with different electronic, optical and 
magnetic properties can be combined to create a van der Waals 
heterostructure with novel hybrid functionality

• Reduced dielectric screening, gate control of charge density and 
heavy carrier mass yields strong interactions

• Twist angle or small lattice mismatch between monolayers allows 
for superlattices and flat bands where interactions are dominant 

A new research field: synthetic strongly correlated materials  
(bridging quantum materials and cold-atom quantum simulators)



Moire superlattices in twisted bilayers

Correlated insulator, Superconductivity (2018)

Twisted Bilayer Graphene

Ferromagnetism, Quantum Anomalous Hall Effect (2019)

Y. Cao, P. J. Herrero et al., Nature 556, 43 (2018)
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Moiré superlattice
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Moire superlattices in twisted bilayers

Correlated insulator, Superconductivity (2018)

Twisted Bilayer Graphene

Ferromagnetism, Quantum Anomalous Hall Effect (2019)

Y. Cao, P. J. Herrero et al., Nature 556, 43 (2018)

Magic angle 𝜃𝜃 = 1.1∘Flatband at

F. Wu et al., Phys. Rev. Lett. 121, 026402 (2018)

Heavy effective mass (m*~0.7me)
→ Flat band in wide range of angles
→ Tunable lattice period

Twisted bilayer TMD
WSe2/MoSe2

Electrical contact
Inhomogeneity due to strain

Local probe by optical spectroscopy

Difficulties



Correlated electrons in bilayer TMD moiré lattice

WSe2/WSe2WSe2/WS2

Y. Shimazaki, I. Schwartz,
AI et al.,
Nature 580, 472 (2020)

L. Wang, A. Rubio, A. N. Pasupathy,
C. R. Dean et al.,
Nature Materials 19, 861 (2020)

MoSe2

MoSe2

hBN

MoSe2/hBN/MoSe2

E. C. Regan, F. Wang et al.,
Nature 579, 359 (2020)

Y. Tang, J. Shan, K. F. Mak et al.,
Nature 579, 353 (2020)

Cornell

U. C. Berkeley

ColumbiaETH Zurich

TMD monolayers are direct band-gap semiconductors with a valley degree of freedom 
- qualitatively described as “graphene with broken inversion symmetry”
- optical spectroscopy of correlated electron states



Outline

• Elementary optical excitations of transition metal dichalcogenide 
(TMD) monolayers: all-optical charge sensing

• Observation of Mott-like correlated states in twisted homo-bilayers

• Observation of charge order in a monolayer Wigner crystal at B=0

• Observation of a Feschbach resonance in exciton-electron scattering
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Materials: Transition metal dichalcogenides (TMD) 
-layered 2D valley semiconductors

Formula: MX2

M = Transition Metal
X = Chalcogen

Layered 
materials

Electrical 
property

Material

Semiconducting MoS2 MoSe2 WS2
WSe2 MoTe2 WTe2

Semimetallic TiS2 TiSe2

Metallic, CDW, 
Superconducting

NbSe2 NbS2 NbTe2

TaS2 TaSe2 TaTe2
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Materials: Transition metal dichalcogenides (TMD) 
-layered 2D valley semiconductors

Strong exciton resonance below the 
band-gap dominates the absorption/
reflection & emission spectrum







Reflectance of charge-tunable monolayer MoSe2
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Bose impurity in
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Energy shift of Exciton (to Repulsive polaron)
→ Charge sensing

Exciton-polarons: many-body    
optical excitation in a Fermi sea
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Homobilayer TMDs with hBN barrier

MoSe2 (semiconductor)

MoSe2 (semiconductor)

1L hBN (tunnel barrier)

Moiré superlattice

hBN spacer
Weak moiré potential between MoSe2 layers
Small lattice reconstruction effect

Chemical potential
Band alignment (Electric field)

MoSe2 twist angle ~ 0.8° ↔ moire period ~ 20 nm

Control over

Top gate Bottom gate
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MoSe2 (semiconductor)

MoSe2 (semiconductor)

1L hBN (tunnel barrier)

Moiré superlattice

hBN spacer
Weak moiré potential between MoSe2 layers
Small lattice reconstruction effect

Chemical potential
Band alignment (Electric field)
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Layer by layer charge sensing 
(thanks to different exciton energies in the two layers)
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New features of TMD homobilayers

• Each layer creates a triangular superlattice potential for electrons in the 

other layer

• Nearest neighbor Coulomb interaction ≥ the potential depth

• The potential minima for the top and bottom layers is displaced by 

amoire/√3.

• Applied electric field (Ez) could be used to tune the energy levels; for 

Ez=0, the two layers yield a honeycomb lattice with A (B) sites in the top 

(bottom) layer correspond to M-X (X-M) sites.



Top layer

Independent triangular lattice
in each layer

TopBottom

Bottom layer

Low filling (𝝂𝝂 ≪ 1): mobile electrons in top layer

Homobilayer potential landscape (Ez ≥ 0)



Homobilayer potential landscape (Ez ≥ 0)

Top layer

Independent triangular lattice
in each layer

TopBottom

Bottom layer

Correlated Mott state at unity filling (𝝂𝝂 = 1)?



Charge configuration diagram in low electron density regime
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Charge configuration diagram in low electron density regime
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→ Moire lattice constant: 24nm
(Twist angle 0.8 deg)

Electron density periodicity: 2 x 1011 cm-2

Δ𝐸𝐸X = 𝐸𝐸Xbot − 𝐸𝐸X
top

For small/fixed Ez (i.e. VE~-1 V), the top (T) and bottom (B) layers are filled sequentially



Abrupt interlayer charge transfer （𝝂𝝂 = 𝟏𝟏）
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Abrupt interlayer charge transfer when 𝜈𝜈 = 1

Charge imbalance between two layers

Upon changing Ez, correlated Mott state of electrons is transferred as a whole from B to T layer



Direct detection of electron crystallization at ν=1 via 
Umklapp scattering of excitons

Exciton band
（Moire Brillouin zone）

• Mott state (electron crystal)
→ Strong periodic potential for excitons
→ Emergence of new bright resonance

(Umklapp scattered exciton state)

• In the absence of electrons, excitons do not see a periodic potential



Umklapp resonance at ν=1 Mott state of a twisted bilayer

𝜈𝜈top, 𝜈𝜈bot = 0, 0 → 1, 0 → (2, 0) 𝜈𝜈top, 𝜈𝜈bot = 0, 0 → 1, 0 → (1, 1)



Fermi liquid
(small       )

Is an external superlattice potential/flat-bands necessary 
to observe strong correlations?

rs parameter

and

Interplay between
the kinetic energy and inter-electron Coulomb repulsion



Fermi liquid
(small       )

Is an external superlattice potential/flat-bands necessary 
to observe strong correlations?

rs parameter

and

Interplay between
the kinetic energy and inter-electron Coulomb repulsion

(large )

Increasing Wigner crystal

E. Wigner, Phys. Rev. 46, 1002 (1934) 

Lowering
electron density

Spontaneous breaking of continuous translation symmetry!



Prospects for Wigner crystal in 2D semiconductors: 
transition metal dichalcogenide (TMD) monolayers

Reduced screening due
to hBN encapsulation for

Ultra-large
hBN

hBN
Very large electron

effective mass
1.

S. Larentis et al., Phys. Rev. B 97, 201407 (2018) 
R. Pissoni et al., Phys. Rev. Lett. 121, 247701 (2018) 

A. Laturia et al., npj 2D Mater. Appl. 2, 6 (2018) 

2.

Wigner crystalization 
at B = 0?

𝑟𝑟𝑠𝑠 > 40
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How does the electronic state modify exciton-polaron 
dispersion at B=0?

• Excitons outside the light cone are split into longitudinal and transverse branches

• If electrons are in a liquid state, exciton dispersion blues shifts, as it becomes a repulsive polaron (RP)

• If the electrons form a Wigner crystal (WC), Bragg-umklapp scattering yields new k=0 resonances

Interaction of excitons
with electrons in a WC 
effect a superlattice
potential for excitons
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• Focus on RP in the low electron density regime ne < 5x1011 cm-2



Repulsive-polaron at B=0

• Focus on RP in the low electron density regime ne < 5x1011 cm-2

• Differentiating the reflection spectrum w.r.t. gate voltage, reveals a blue-shifted peak



Repulsive-polaron at B=0

• Focus on RP in the low electron density regime ne < 5x1011 cm-2

• Differentiating the reflection spectrum w.r.t. gate voltage, reveals a blue-shifted peak

• The energy difference between the higher energy peak and RP scales as             , 

consistent with a triangular lattice of electrons.



Temperature dependence of the umklapp peak

Enhanced thermal fluctuations of the el
ectrons suppress the umklapp intensity



Temperature dependence of the umklapp peak
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Wigner crystal of electrons at B= 6T

• Umklapp peak is stronger due to more robust WC, extending up to ν=2 

• While the k=0 RP peaks split due to valley-Zeeman effect, the umklapp peaks 
show vanishing splitting – due to their predominantly high-k nature.



Wigner crystal of electrons at B= 6T

• Umklapp peak is stronger due to more robust WC, extending up to ν=2 

• While the k=0 RP peaks split due to valley-Zeeman effect, the umklapp peaks 
show vanishing splitting – due to their predominantly high-k nature.
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Inspiration from cold-atom physics: Feshbach resonances
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molecule

S. Huber (lecture notes)

closed channel: spin Sc Energy difference can be 
tuned using magnetic 
field: Goal is to set δ =0.



A 2D Feshbach resonance
• An exciton in the top and a hole in the bottom layer constitute an open channel 

scattering state

TMD

TMD
hBN

Φ = e d Ez

Φ = 0

Ez

𝐻𝐻 =
⁄𝛻𝛻2 2𝜇𝜇 + Δ 𝑡𝑡
𝑡𝑡 ⁄𝛻𝛻2 2𝜇𝜇

+ 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎. 𝑟𝑟 0
0 0



A 2D Feshbach resonance
• An exciton in the top and a hole in the bottom layer constitute an open channel 

scattering state. When exciton and hole overlap spatially, the hole can tunnel to the top 
layer
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A 2D Feshbach resonance
• An exciton in the top and a hole in the bottom layer constitute an open channel 

scattering state, When exciton and hole overlap spatially, the hole can tunnel to the top 
layer and form a top layer trion (virtual excitation of the trion).

t

TMD

TMD
hBN

Φ = e d Ez

Φ = 0

𝐻𝐻 =
⁄𝛻𝛻2 2𝜇𝜇 + Δ 𝑡𝑡
𝑡𝑡 ⁄𝛻𝛻2 2𝜇𝜇

+ 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎. 𝑟𝑟 0
0 0

Ez



• Since we have a truly 2D problem, the Feshbach molecule that arises from the 
hybridization of the closed channel molecule and the scattering states is bound for 
all values of the tuning field

Feshbach resonance in reflection spectrum 



Outlook: old & new physics powered by 2D materials

• Quantum magnetism: spin order in Mott insulators

• Heavy-fermion systems

• Degenerate Bose-Fermi mixtures consisting of ground-state 

dipolar excitons and itinerant electrons

• Intermediate phases in quantum liquid to solid transition

• All-electronic low density superconductivity
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