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1. Intro: moiré lattices and polaron spectroscopy

2. Strongly correlated electronic states in moiré materials:
- MoSe,/WSe,
- MoSe,/ Bilayer WSe, (multi-orbital moiré system)

3. Wigner crystallisation in monolayer WSe, & MoSe,/\WSe,



1. Intro: moiré lattices and polaron spectroscopy



van der Waals crystals

monolayer graphene hexagonal boron nitride TMD (MX)

* Dirac fermion * Insulator * Semiconductor

* No gap (symmetry protected) » Good dielectric * Broken inversion symmetry
» Extremely high mobility » Excellent vdW substrate * Direct band-gap

* Excellent electric contact  Strong Coulomb interactions

» Strong spin-orbit coupling

: * Spin and valley locking
Physics Today 69, 38 (2016)



Excitons dressed by Fermi sea: Fermi - polarons

Exciton-electron interactions: Fermi-polarons
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Excitons dressed by Fermi sea: Fermi - polarons

Exciton-electron interactions: Fermi-polarons
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Smolenski et al., Phys. Rev. Lett. 123, 097403 (2019)].
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Theory:

Suris et al., Phys. Stat. Sol. (b) 227, 343 (2001)
Chevy, Phys. Rev. A 74, 063628 (2006)

Efimkin, MacDonald, Phys. Rev. B 95, 035417 (2017)
Fey et al, Phys. Rev. B 101, 195417 (2020)

Glazov, J. Chem. Phys. 153, 034703 (2020)
Experiment:

Sidler et al., Nat. Phys. 13, 255 (2017)

Back et al., Phys. Rev. Lett. 118, 237404 (2017)
Roch et al., Nat. Nano. 14, 432 (2019);

Wang et al, Phys. Rev. X 10, 021024 (2020)




Fermi — polaron spectroscopy

o Natural 2H bilayer WSe, o
Doping in K d(AR/R,)/dE (V™) Doping in QT

0 0.02 S 0.06 - Red-shift of attractive
polaron with increasing
carrier concentration

(no phase space filling)

- Blue-shift of attractive
polaron with increasing
carrier concentration
(phase space filling)

- Unpolarised exciton
polarons
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Energy (eV)
Campbell et al. Nature Phys. 20, 589 (2024)

- Strong spin polarization
of the exciton polarons
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Fermi — polaron spectroscopy

Natural 2H bilayer WSe,
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2D moire superlattices
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2D moire superlattices

Flat moiré mini-band
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- Carrier kinetic energy quenched
- Electronic interactions dominate




TMD moiré heterostructures

PHYSICAL REVIEW LETTERS 121, 026402 (2018) Fully tunable triangular Hubbard lattice

Hubbard Model Physics in Transition Metal Dichalcogenide Moiré Bands e \Wide choice of heterobil ayer materials

Fengcheng Wu,' Timothy Lovorn,” Emanuel Tutuc,® and A. H. MacDonald? e Precise control of fractional filling (v)
Wateri . e . .
aterials Science Division, Argonne National Laboratory, Argonne, lllinois 60439, USA ‘ . ;. .
2Depalnmem of Physics, University of Texas at Austin, Austin, Texas 78712, USA ¢ NO n |ag|C'ang|e . fU” thSt angle ra nge
3 . . . . .
Department of Electrical and Computer Engineering, Microelectronics Research Center, . .
The University of Texas at Austin, Austin, Texas 78758, USA * More rObUSt Correlatlon phyS|CS

Triangular Hubbard lattice
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- Hopping amplitude: -t
U/t >> 1: strong correlations On-site Coulomb interaction: U




Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model

Insulator

# electrons per site (v)



Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model

Insulator

# electrons per site (v)



Strongly correlated electronic states

Mott Insulator

# electrons per site (v)



Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model

Wigner Crystal

2"d nearest
neighbours

# electrons per site (v)



Strongly correlated electronic states

Electron-electron interactions: Fermi-Hubbard Model

t Strongly correlated electronic states
1/4_ 1/2  3/4 54 3/2 T7/4

2/3'5/6 1 7/6 4/3 | 5/3'116 2

# electrons per site (v)



TMD moiré heterostructures

PHYSICAL REVIEW LETTERS 121, 026402 (2018)

Fully tunable triangular Hubbard lattice
Hubbard Model Physics in Transition Metal Dichalcogenide Moiré Bands « \Wide choice of heterobil ayer materials

Fengcheng Wwu,' Timothy Lovorn,” Emanuel Tutuc,” and A. H. MacDonald” ° PreCise COﬂtI’Ol Of fraCtional f||||ng (V)
'Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439, USA

‘ . ). :

2Depanrtmem of Physics, University of Texas at Austin, Austin, Texas 78712, USA ¢ NO n |ag|C'ang|e . fU” thSt angle ra nge
3 . . . . .
Department of Electrical and Computer Engineering, Microelectronics Research Center,

The University of Texas at Austin, Austin, Texas 78758, USA ° More rObUSt Correlatlon phyS|CS

Theory:

F. Wu et al. Phys. Rev. Lett. 122, 086402 (2019).

H. Pan et al. Phys. Rev. B. 102, 201104(R) (2020).

Y. Zhang et al. Phys. Rev. B. 102, 201115(R) (2020).

K. Slagel and L. Fu, Phys. Rev. B 102, 235423 (2020).

L. Xian et al. Nature Commun. 12, 5644 (2021).

H. Pan and S. Das Sarma, Phys. Rev. Lett. 127, 096802 (2021).
B. Padhi et al. Phys. Rev. B 103, 125146 (2021).

Y. Zhang et al. Phys. Rev. B 103, 155142 (2021).

N. C. Hu and A. MacDonald. Phys. Rev. B 104, 214403 (2021).



TMD moiré heterostructures

PHYSICAL REVIEW LETTERS 121, 026402 (2018)

Fully tunable triangular Hubbard lattice

Hubbard Model Physics in Transition Metal Dichalcogenide Moiré Bands e \Wide choice of heterobil ayer materials

1 Fengcheng wu,' Timothy Lovorn,” Emanuel Tutuc,” and A. H. MacDonald” ° PreCise CcO ntr0| Of fraCtional f||||ng (V)
Materials Science Division, Argonne National Laboratory, Argonne, lllinois 60439, USA ‘ . y .
\ 2Depalnmem of Physics, University of Tex‘as at.Austir‘L, Austin, Tgxas 78712, USA ¢ NO mag|C'ang|e fU” thSt angle ra nge
D e Universiy of Tows ot Austin i, Tenas 75798, USA " » More robust correlation physics
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Huang et al, Nature Physics 17, 715 (2021) , . 3 .
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TMD moiré heterostructures

PHYSICAL REVIEW LETTERS 121, 026402 (2018) Fully tunable triangular Hubbard lattice

Hubbard Model Physics in Transition Metal Dichalcogenide Moiré Bands « \Wide choice of heterobil ayer materials

 Fengcheng Wu,' Timothy Lovorn,” Emanuel Tutuc,” and A. H. MacDonald’ e Precise control of fractional filling (v)
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA . .
. ’Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA * No ‘maglc-angle’: full twist angle range
D e University ef Touss at Avstin i, Tewas 7758, USH " » More robust correlation physics
« WSe,/WS, [1-4] [1] Regan et al., Nature 579, 359 (2020)
[2] Tang et al., Nature 579, 353 (2020)
« WSe,/WSe, [5, 6] [3] Xu et al, Nature 587, 214 (2020)
[4] Huang et al, Nature Physics 17, 715 (2021)
 MoSe,/MoSe, [7] [5] Wang et al, Nature Materials 19, 861 (2020)
[6] Ghiotto et al, Nature 597, 345 (2021)
 MoSe,/WS, [8, 9] [7] Shimazaki et al., Nature 580, 472 (2020)
[8] Li et al, Nature Nanotechnology 16, 1068-1072 (2021)
« WSe,/MoTe, [10, 11] [9] Ciorciaro et al, arXiv:2305.02150 (2023)
[10] Li et al, Nature 597, 350 (2021)
 MoTe,/MoTe, [12] [11] Li et al, Nature 600, 641 (2021)

[12] Anderson et al, Science, eadg4268 (2023).
* | WSe,/MoSe, [13] [13] Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022)




2. Strongly correlated electronic states in moiré materials:
- MoSe,/WSe,



MoSe, / WSe, strongly correlated states

Hetero-bilayer MoSe,/WSe,: +K-triangular Hubbard system

Type-Il band alignment
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A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022)



Moire-confined interlayer excitons

M. Brotons-Gisbert, H. Baek, et al. Nature Materials 19, 630 (2020)
H. Baek, M. Brotons-Gisbert, et al., Science Advances 6, eaba8526 (2020)
M. Brotons-Gisbert, H. Baek, A. Campbell. et al. Phys. Rev. X 11, 031033 (2021)

H. Baek, M. Brotons-Gisbert, A. Campbell. et al. Nature Nanotech. 16, 1237 (2021)



MoSe, / WSe, strongly correlated states

Hetero-bilayer MoSe,/WSe,: +K-triangular Hubbard system

Type-ll band alignment Experimental technique: differential reflectivity
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\L;/ v 2 (Spectrometer, APDs,
-K +K - em SNSPDs...)

P | B
o 0 -
————— i - - O —00O- Do
I‘\ ,': ~ " T~ . 8<
: +K K
VB B +-K WSe, | A A |
Objective ¢
Sample
WIDSE; Cryostat l/
(3.5K) = x/y/z piezo

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



MoSe, / WSe, strongly correlated states

Hetero-bilayer MoSe,/WSe,: +K-triangular Hubbard system

Type-ll band alignment Strongly Correlated States:

Mott insulating and Wigner crystals
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MoSe, / WSe, strongly correlated states

Hetero-bilayer MoSe,/WSe,: +K-triangular Hubbard system

Type-ll band alignment Strongly Correlated States:
Mott insulating and Wigner crystals
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A. J. Campbell et al. npj 2D Mat. & Appl. 6, 79 (2022)
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Magnetic interactions: spin Heisenberg model
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Temperature dependence of magnetic interactions
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2. Strongly correlated electronic states in moiré materials:

- MoSe,/ Bilayer WSe, (multi-orbital moiré system)



Moiré band engineering
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Moiré band engineering

Band energy maximum (eV)
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2L WSe,/1L MoSe,

['\-derived | Eg

G00)

AOR000001

000!

== ]

['g-derived

K- derived (IL2

ﬂ#_
.-t""'.---"-:|
- -
-

.‘.-l'"—...nl
'_‘-l' -
==

K derived (L1)

0

i

)00

1)

f

o
T

I

Y m

K

Y

VB



I'-valley correlated states in heterotrilayer

a Ve=0 I'-orbital charge transfer insulator (2 orbitals)
B-site vy, = 4/3

3 I-'io|'e ‘Energy =

¥ 3 =g
" i

L2 - s

o

o 0
o e
N
N

vvvvv

Experiment and Monte Carlo

X (nm)
' moiré lattice
(honeycomb)

K moiré lattice
(triangular)

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



Interplay between I'- & K-valley correlated states

Experiment and Monte Carlo

Hole Energy

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




Interplay between I'- & K-valley correlated states

c Ve=+2.3V Interplay of I' and K correlated states in 3 orbitals

Hole Energy

Experimental Observation

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



3. Wigner crystallisation in monolayer WSe, & MoSe,/\WSe,



Umklapp Process: Signature of Wigner Crystallisation

Exciton dispersion in a monolayer semiconductor Umklapp scattering
mechanism
e
N-Process U-Process
X K
kz ks G )
Qo Oo o Q o (%}
2 o°°°°° g g o
Undoped system Liquid electron state Wigner crystal state

Exciton KE: AE= h? k2, |2m?,
where m, is the exciton mass and k,, is the reciprocal lattice vector of Wigner crystal

For a triangular lattice, AE = h2n | V3m,



Wigner crystallisation in monolayer WSe, (B =0 T)
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Wigner crystallisation in monolayer WSe, (B =5 T)
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Wigner crystallisation in monolayer MoSe,
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1. Strongly correlated states for a variety of fractional lattice fillings in MoSe,/WSe,

2. Excitons at tK-valleys are excellent probes of correlated states in all valleys (but
insensitive to spin-ordering in I'-valleys)

3. Observation of Wigner crystallisation in monolayer WSe2 and moiré MoSe,/WSe,

via exciton Umklapp scattering
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