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The story so far…

Topology has profoundly changed 
our view of phases of matter

Topology has led us to ideas such as “anyons”, 
which might even be useful for quantum computing*

* not investment advice



A lot of this work — especially the theory — was done already in the 1990s and 2000s

Why do theorists care about these things in 2025?

(why is there so much more activity in this area than in 2015?)
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A lot of this work — especially the theory — was done already in the 1990s and 2000s

Why do theorists care about these things in 2025?

(why is there so much more activity in this area than in 2015?)

• Why are they challenging to achieve in other systems?

• How does the “original” quantum Hall effect embody these 3 ingredients?

• How did physicists manage to do this?

I’ll explain recent progress in terms of 3 key ingredients

correlations tunabilitytopology
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2D Electrons in a Magnetic Field

• Circular orbit + Aharonov-Bohm phase — kinetic energy frozen into flat “Landau levels”
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�✓ = 2⇡ ~ area occupied by single quantum of flux Φ0 = hc/e

also defines magnetic length
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                       defines new “unit cell”
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�✓ = 2⇡ ~ area occupied by single quantum of flux Φ0 = hc/e

Sample with magnetic field  and area  has  “unit cells”B A NΦ = BA/Φ0

Each Landau level: 1 electronic state per “unit cell”  extensive degeneracy  ⟹

also defines magnetic length
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Integer vs. Fractional Quantum Hall Effect

  = ν number of electrons
number of flux quanta

= fraction of magnetic “unit cells” filled with w/ electrons
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  = ν number of electrons
number of flux quanta
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integer ν: unique ground 
state even w/o interactions

= fraction of magnetic “unit cells” filled with w/ electrons
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fractional ν: interactions “pick” ground state 
(degenerate perturbation theory!)

+ 80 more…

= fraction of magnetic “unit cells” filled with w/ electrons
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e e

e

e

e

e

e

e

e

integer ν: unique ground 
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fractional ν: interactions “pick” ground state 
(degenerate perturbation theory!)

+ 80 more…

• Quantum Hall Effect: insulators w/ quantized response for integer or fractional ν

 Vx

 Vy  Ix

Bz
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x

from Ribeiro-Palau et al ‘19

gate voltage(cf Shivaji Sondhi’s Talk)

= fraction of magnetic “unit cells” filled with w/ electrons



Ingredient #1: Topology
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Back to B6!

Electrons in solids: Schrödinger equation in periodic potential
<latexit sha1_base64="jVtyGbWRGv8YlNudNLk3e368XMU="></latexit>✓
p2

2M
+ V (r)

◆
 (r) = E (r)

<latexit sha1_base64="cP9GIPc0xdT0V34V4UBOSWhyF8Q=">AAACFHicdZDLSsNAFIYn9VbrLerSzWARWgolkWgrKBTcuKxia6ENZTKdtEMnF2YmQgl5CDe+ihsXirh14c63cdKmUEUPDHz8/znMOb8TMiqkYXxpuaXlldW1/HphY3Nre0ff3WuLIOKYtHDAAt5xkCCM+qQlqWSkE3KCPIeRO2d8mfp394QLGvi3chIS20NDn7oUI6mkvl5pl3oekiPHjXkCK3O+ScrwAi56ZQj7etGoGtZJ3ahBBdNSYFmGeWZCM1OKIKtmX//sDQIcecSXmCEhuqYRSjtGXFLMSFLoRYKECI/RkHQV+sgjwo6nRyXwSCkD6AZcPV/Cqbo4ESNPiInnqM50SfHbS8W/vG4k3bodUz+MJPHx7CM3YlAGME0IDignWLKJAoQ5VbtCPEIcYalyLKgQ5pfC/6F9XDVPq9a1VWycZ3HkwQE4BCVgghpogCvQBC2AwQN4Ai/gVXvUnrU37X3WmtOymX3wo7SPb8vrnWU=</latexit>

V (r+R) = V (r)
<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice
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V (r+R) = V (r)

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

Bloch: eigenstates = (plane wave) ⨉ (periodic function)

W
iki

pe
di

a

<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025

Back to B6!

Electrons in solids: Schrödinger equation in periodic potential
<latexit sha1_base64="jVtyGbWRGv8YlNudNLk3e368XMU="></latexit>✓
p2

2M
+ V (r)

◆
 (r) = E (r)

<latexit sha1_base64="cP9GIPc0xdT0V34V4UBOSWhyF8Q=">AAACFHicdZDLSsNAFIYn9VbrLerSzWARWgolkWgrKBTcuKxia6ENZTKdtEMnF2YmQgl5CDe+ihsXirh14c63cdKmUEUPDHz8/znMOb8TMiqkYXxpuaXlldW1/HphY3Nre0ff3WuLIOKYtHDAAt5xkCCM+qQlqWSkE3KCPIeRO2d8mfp394QLGvi3chIS20NDn7oUI6mkvl5pl3oekiPHjXkCK3O+ScrwAi56ZQj7etGoGtZJ3ahBBdNSYFmGeWZCM1OKIKtmX//sDQIcecSXmCEhuqYRSjtGXFLMSFLoRYKECI/RkHQV+sgjwo6nRyXwSCkD6AZcPV/Cqbo4ESNPiInnqM50SfHbS8W/vG4k3bodUz+MJPHx7CM3YlAGME0IDignWLKJAoQ5VbtCPEIcYalyLKgQ5pfC/6F9XDVPq9a1VWycZ3HkwQE4BCVgghpogCvQBC2AwQN4Ai/gVXvUnrU37X3WmtOymX3wo7SPb8vrnWU=</latexit>

V (r+R) = V (r)

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

Bloch: eigenstates = (plane wave) ⨉ (periodic function)

W
iki

pe
di

a

<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice

gap

gap

- energy levels : bands w/ discrete label  + “gaps”n
- 1 band per orbital in the unit cell



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025

Back to B6!

Electrons in solids: Schrödinger equation in periodic potential
<latexit sha1_base64="jVtyGbWRGv8YlNudNLk3e368XMU="></latexit>✓
p2

2M
+ V (r)

◆
 (r) = E (r)

<latexit sha1_base64="cP9GIPc0xdT0V34V4UBOSWhyF8Q=">AAACFHicdZDLSsNAFIYn9VbrLerSzWARWgolkWgrKBTcuKxia6ENZTKdtEMnF2YmQgl5CDe+ihsXirh14c63cdKmUEUPDHz8/znMOb8TMiqkYXxpuaXlldW1/HphY3Nre0ff3WuLIOKYtHDAAt5xkCCM+qQlqWSkE3KCPIeRO2d8mfp394QLGvi3chIS20NDn7oUI6mkvl5pl3oekiPHjXkCK3O+ScrwAi56ZQj7etGoGtZJ3ahBBdNSYFmGeWZCM1OKIKtmX//sDQIcecSXmCEhuqYRSjtGXFLMSFLoRYKECI/RkHQV+sgjwo6nRyXwSCkD6AZcPV/Cqbo4ESNPiInnqM50SfHbS8W/vG4k3bodUz+MJPHx7CM3YlAGME0IDignWLKJAoQ5VbtCPEIcYalyLKgQ5pfC/6F9XDVPq9a1VWycZ3HkwQE4BCVgghpogCvQBC2AwQN4Ai/gVXvUnrU37X3WmtOymX3wo7SPb8vrnWU=</latexit>

V (r+R) = V (r)

- crystal momentum  is periodick
- e.g. in 1D, k ≡ k + 2π/a

<latexit sha1_base64="wWN7dauXjVC6OP3Tj+PZ55hpI5w="></latexit>

H nk(r) = Enk nk(r)

Bloch: eigenstates = (plane wave) ⨉ (periodic function)

W
iki

pe
di

a

<latexit sha1_base64="O1xEVlW1f+54usPsQt52XadSGNE=">AAAB+HicdVDLSsNAFL2pr1ofjbp0M1gEVyWRaCu4KLhxWcU+oAllMp20g5NJmJkINfRL3LhQxK2f4s6/cfoQVPTAwOGce7lnTphyprTjfFiFpeWV1bXiemljc2u7bO/stlWSSUJbJOGJ7IZYUc4EbWmmOe2mkuI45LQT3l5M/c4dlYol4kaPUxrEeChYxAjWRurbZT/GehRG+fUE+Uygvl1xqo53UndqyJAZDPE8xz1zkbtQKrBAs2+/+4OEZDEVmnCsVM91Uh3kWGpGOJ2U/EzRFJNbPKQ9QwWOqQryWfAJOjTKAEWJNE9oNFO/b+Q4Vmoch2ZyGlP99qbiX14v01E9yJlIM00FmR+KMo50gqYtoAGTlGg+NgQTyUxWREZYYqJNVyVTwtdP0f+kfVx1T6velVdpnC/qKMI+HMARuFCDBlxCE1pAIIMHeIJn6956tF6s1/lowVrs7MEPWG+ffWGS+g==</latexit>

R 2 lattice

gap

gap

- energy levels : bands w/ discrete label  + “gaps”n
- 1 band per orbital in the unit cell
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Topology in Bloch Bands

Chern bands — B=0 lattice versions of Landau levels 

[Haldane PRL ’88; Thouless et al PRL ’82]

topological index: integer “Chern number” C

filled Chern band: quantized Hall response
<latexit sha1_base64="3ghgSvq2irt89lk4MiUHkJhgwS8=">AAACDXicdVDLSsNAFJ34rPUVdelmsAquSlK11oVQ6KbLCvYBTQyT6aQdOnkwMxFDyA+48VfcuFDErXt3/o3TNkIVPXDhcM693HuPGzEqpGF8aguLS8srq4W14vrG5ta2vrPbEWHMMWnjkIW85yJBGA1IW1LJSC/iBPkuI1133Jj43VvCBQ2Da5lExPbRMKAexUgqydEPLUGHPnLSuySDl7ABLUl9IqDlcYRTclPJ0lHm6CWjbEwB58hJpXpRM6GZKyWQo+XoH9YgxLFPAokZEqJvGpG0U8QlxYxkRSsWJEJ4jIakr2iA1Eo7nX6TwSOlDKAXclWBhFN1fiJFvhCJ76pOH8mR+O1NxL+8fiy9mp3SIIolCfBskRczKEM4iQYOKCdYskQRhDlVt0I8QioHqQIsqhC+P4X/k06lbFbLZ1enpXozj6MA9sEBOAYmOAd10AQt0AYY3INH8AxetAftSXvV3matC1o+swd+QHv/Ajy3m7g=</latexit>

�xy = C ⇥ e2

h

As we learned in Shivaji’s talk, Bloch bands can also have topology (“Chern insulators”)

N
obel Foundation

W
olf Foundation
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Topology in Bloch Bands

Chern bands — B=0 lattice versions of Landau levels 

[Haldane PRL ’88; Thouless et al PRL ’82]

topological index: integer “Chern number” C

filled Chern band: quantized Hall response
<latexit sha1_base64="3ghgSvq2irt89lk4MiUHkJhgwS8=">AAACDXicdVDLSsNAFJ34rPUVdelmsAquSlK11oVQ6KbLCvYBTQyT6aQdOnkwMxFDyA+48VfcuFDErXt3/o3TNkIVPXDhcM693HuPGzEqpGF8aguLS8srq4W14vrG5ta2vrPbEWHMMWnjkIW85yJBGA1IW1LJSC/iBPkuI1133Jj43VvCBQ2Da5lExPbRMKAexUgqydEPLUGHPnLSuySDl7ABLUl9IqDlcYRTclPJ0lHm6CWjbEwB58hJpXpRM6GZKyWQo+XoH9YgxLFPAokZEqJvGpG0U8QlxYxkRSsWJEJ4jIakr2iA1Eo7nX6TwSOlDKAXclWBhFN1fiJFvhCJ76pOH8mR+O1NxL+8fiy9mp3SIIolCfBskRczKEM4iQYOKCdYskQRhDlVt0I8QioHqQIsqhC+P4X/k06lbFbLZ1enpXozj6MA9sEBOAYmOAd10AQt0AYY3INH8AxetAftSXvV3matC1o+swd+QHv/Ajy3m7g=</latexit>

�xy = C ⇥ e2

h

As we learned in Shivaji’s talk, Bloch bands can also have topology (“Chern insulators”)

N
obel Foundation

W
olf Foundation

Where does the topology come from?

Berry’s Phase ~ “winding” of electron wavefunction as it moves 
- cf Aharonov-Bohm phase in magnetic field 
- often arises in systems w/ strong spin-orbit coupling



Ingredient #2: Correlations
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What do we mean by “correlations”?

more localized
(particle-like)

more itinerant
(wave-like)

competition between kinetic energy & interactions decides the fate of matter

interaction 
strength

metals
superconductors

insulators
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What do we mean by “correlations”?

more localized
(particle-like)

more itinerant
(wave-like)

competition between kinetic energy & interactions decides the fate of matter

interaction 
strength

metals
superconductors

insulators

Landau levels: zero kinetic energy
— intrinsically “strong coupling”

“  ”
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What do we mean by “correlations”?

more localized
(particle-like)

more itinerant
(wave-like)

competition between kinetic energy & interactions decides the fate of matter

interaction 
strength

metals
superconductors

insulators

Landau levels: zero kinetic energy
— intrinsically “strong coupling”

“  ”

Bloch bands usually 
have  non-zero 
kinetic energy: 
“intermediate 

coupling”
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“Fractional Chern Insulators”

“Fractional Chern insulators”: lattice analog of fractional QHE

“flatten” dispersion of Chern bands to 
enhance correlations (easy in theory)

[Tang et al PRL’11; Neupert et al PRL ’11;  Sun et al PRL ’11]

Under right conditions, interactions ≈ those in a Landau level [Qi, PRL  ’11; SP, Roy, Sondhi PRB ’12]



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025 11

“Fractional Chern Insulators”

“Fractional Chern insulators”: lattice analog of fractional QHE

“flatten” dispersion of Chern bands to 
enhance correlations (easy in theory)

Lots of subsequent theory… enough for a review article already in 2013

… but“flattening” bands is not 
easy in experiments! 

Rahul Roy
Oxford Postdoc 

2009-11

[Tang et al PRL’11; Neupert et al PRL ’11;  Sun et al PRL ’11]

Under right conditions, interactions ≈ those in a Landau level [Qi, PRL  ’11; SP, Roy, Sondhi PRB ’12]



Ingredient #3: Tunability
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What do we need to tune?

Ideally… lots of things!

But if we had to choose one: it would be the electron density



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025 13

What do we need to tune?

Ideally… lots of things!

But if we had to choose one: it would be the electron density

ε ε

Landau Levels

IQHE FQHE
(w/ interactions)
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What do we need to tune?

Ideally… lots of things!

But if we had to choose one: it would be the electron density

ε ε

Landau Levels

IQHE FQHE
(w/ interactions)

k

ε εF

k

ε εF

Bloch Bands

band insulator metal 
“Mott” insulator w/ 
strong correlations

Chern/fractional Chern insulator if C ≠ 0
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What do we need to tune?

Ideally… lots of things!

But if we had to choose one: it would be the electron density

ε ε

Landau Levels

IQHE FQHE
(w/ interactions)

k

ε εF

k

ε εF

Bloch Bands

band insulator metal 
“Mott” insulator w/ 
strong correlations

Chern/fractional Chern insulator if C ≠ 0

By tuning density,  “integer” states   ➞    “fractional” states
(no correlations 

needed)
(correlations 

essential)
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How can we change the filling in experiments?

• Traditional materials — grow new sample for each filling (typical timescale is ~1 GSY)
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How can we change the filling in experiments?

• Traditional materials — grow new sample for each filling (typical timescale is ~1 GSY)

• 2D systems — electrostatic gating (instantaneous)

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt
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How can we change the filling in experiments?

• Traditional materials — grow new sample for each filling (typical timescale is ~1 GSY)

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating (instantaneous)

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt
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How can we change the filling in experiments?

• Traditional materials — grow new sample for each filling (typical timescale is ~1 GSY)

Charge density:

<latexit sha1_base64="feem5AkmEVdGAGEJtB3ILq5CZAk=">AAACJ3icdVBLSwMxEM76rPVV9ehlsAieyq5vD0rFi8cWbBXaUrLprAaz2SXJCmXZf+PFv+JFUBE9+k9M2xWq6EDge8wwmc+PBdfGdT+cicmp6ZnZwlxxfmFxabm0strUUaIYNlgkInXlU42CS2wYbgRexQpp6Au89G/PBv7lHSrNI3lh+jF2QnotecAZNVbqlk4kwjG0A0VZWs/S08yynJ41cz6kkLbvqMJYcxFJsBb0MoBuqexW3GHBGNjZ3j869MDLlTLJq9YtPbd7EUtClIYJqnXLc2PTSakynAnMiu1EY0zZLb3GloWShqg76fDODDat0oMgUvZJA0N1fCKlodb90LedITU3+rc3EP/yWokJDjspl3FiULLRoiARYCIYhAY9rpAZ0beAMsXtX4HdUJuKsdEWbQjfl8L/oLld8fYre/XdcvU8j6NA1skG2SIeOSBVck5qpEEYuSeP5IW8Og/Ok/PmvI9aJ5x8Zo38KOfzC+IEpMs=</latexit>

ne =
Q

A
=

CV

A
=

"V

d

<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

• 2D systems — electrostatic gating (instantaneous)

<latexit sha1_base64="Oh0xC3oRtb1n1B+CUWedrF+v2yY=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBiyVptdZbwUuPrdgPaEPZbDft0s0m7G6EEvoPvHhQxKv/yJv/xm0boYo+GHi8N8PMPC/iTGnb/rQya+sbm1vZ7dzO7t7+Qf7wqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb3I79zsPVCoWins9jagb4JFgPiNYG+nuojnIF+yivQBaIeVS5abqICdVCpCiMch/9IchiQMqNOFYqZ5jR9pNsNSMcDrL9WNFI0wmeER7hgocUOUmi0tn6MwoQ+SH0pTQaKGuTiQ4UGoaeKYzwHqsfntz8S+vF2u/6iZMRLGmgiwX+TFHOkTzt9GQSUo0nxqCiWTmVkTGWGKiTTg5E8L3p+h/0i4VnUrxqnlZqNXTOLJwAqdwDg5cQw3q0IAWEPDhEZ7hxZpYT9ar9bZszVjpzDH8gPX+BUJtjTk=</latexit>

�Q

<latexit sha1_base64="Jr9Yl9qg551Pnxu1YWEbw0Xtt1o=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBZBEErSaq23gpceW7Qf0Iay2W7apZtN2N0IJfQnePGgiFd/kTf/jds2QhV9MPB4b4aZeV7EmdK2/Wll1tY3Nrey27md3b39g/zhUVuFsSS0RUIeyq6HFeVM0JZmmtNuJCkOPE473uR27nceqFQsFPd6GlE3wCPBfEawNtLdRRMN8gW7aC+AVki5VLmpOshJlQKkaAzyH/1hSOKACk04Vqrn2JF2Eyw1I5zOcv1Y0QiTCR7RnqECB1S5yeLUGTozyhD5oTQlNFqoqxMJDpSaBp7pDLAeq9/eXPzL68Xar7oJE1GsqSDLRX7MkQ7R/G80ZJISzaeGYCKZuRWRMZaYaJNOzoTw/Sn6n7RLRadSvGpeFmr1NI4snMApnIMD11CDOjSgBQRG8AjP8GJx68l6td6WrRkrnTmGH7DevwCVRY1h</latexit>

+Q

<latexit sha1_base64="LdJrjFQvrRmxcEkDoUoawZu+CC0=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBg4TdqDHeAl5yjGAekA1hdjJJhszMLjO9Yljir3jxoIhXP8Sbf+PkIUTRgoaiqpvuriAS3IDrfjqpldW19Y30ZmZre2d3L7t/0DBhrCmr01CEuhUQwwRXrA4cBGtFmhEZCNYMRtdTv3nHtOGhuoVxxDqSDBTvc0rASt1srucbLrHn+qc+sHtIlJx0s3m34M6Al8hZsXRV9rC3UPJogVo3++H3QhpLpoAKYkzbcyPoJEQDp4JNMn5sWEToiAxY21JFJDOdZHb8BB9bpYf7obalAM/U5YmESGPGMrCdksDQ/Pam4l9eO4Z+uZNwFcXAFJ0v6scCQ4inSeAe14yCGFtCqOb2VkyHRBMKNq+MDeH7U/w/aRQLXqlwcXOer1QXcaTRITpCJ8hDl6iCqqiG6oiiMXpEz+jFeXCenFfnbd6achYzOfQDzvsXUIeUnA==</latexit>

d ⇠ 10 nm

<latexit sha1_base64="jdb5wu0KYrisZit8cjd/4zpwwqw=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexGjfEW8JJjAuYByRJmJ73JmNkHM7NCCPkCLx4U8eonefNvnCQrRNGChqKqm+4uLxZcadv+tDJr6xubW9nt3M7u3v5B/vCopaJEMmyySESy41GFgofY1FwL7MQSaeAJbHvj27nffkCpeBTe6UmMbkCHIfc5o9pIjVY/X7CL9gJkhVyUyjcVhzipUoAU9X7+ozeIWBJgqJmgSnUdO9bulErNmcBZrpcojCkb0yF2DQ1pgMqdLg6dkTOjDIgfSVOhJgt1dWJKA6UmgWc6A6pH6rc3F//yuon2K+6Uh3GiMWTLRX4iiI7I/Gsy4BKZFhNDKJPc3ErYiErKtMkmZ0L4/pT8T1qlolMuXjUuC9VaGkcWTuAUzsGBa6hCDerQBAYIj/AML9a99WS9Wm/L1oyVzhzDD1jvX+CtjQc=</latexit>

Vgate voltage

<latexit sha1_base64="y2cm45Qqj/iSf29egcmmWWOmdNY=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqzJTtdZdwU2XFewDOkPJpJk2NMkMSaZQh+KvuHGhiFv/w51/Y9qOUEUPXDg5515y7wliRpV2nE8rt7K6tr6R3yxsbe/s7tn7By0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g9HNzG+PiVQ0End6EhOfo4GgIcVIG6lnH3ljJEmsKDMv6SnKoev07KJTcuaAS+S8XLmuutDNlCLI0OjZH14/wgknQmOGlOq6Tqz9FElNMSPTgpcoEiM8QgPSNVQgTpSfzrefwlOj9GEYSVNCw7m6PJEirtSEB6aTIz1Uv72Z+JfXTXRY9VMq4kQTgRcfhQmDOoKzKGCfSoI1mxiCsKRmV4iHSCKsTWAFE8L3pfB/0iqX3Erp8vaiWKtnceTBMTgBZ8AFV6AG6qABmgCDe/AInsGL9WA9Wa/W26I1Z2Uzh+AHrPcvY1CVNg==</latexit>

"r ⇠ 10

<latexit sha1_base64="ULNJV8BiKE+Xkb3QqXmRAGEEK64=">AAAB/nicdVBNS8NAEN3Ur1q/ouLJy2IRPJWkaq23gpceK9i00ISy2W7bpZsPdidiCRX/ihcPinj1d3jz37htI1TRBwOP92aYmefHgiuwrE8jt7S8srqWXy9sbG5t75i7e46KEklZk0Yikm2fKCZ4yJrAQbB2LBkJfMFa/uhq6rdumVQ8Cm9gHDMvIIOQ9zkloKWueeBgV/EA2/cusDtInUjABHfNolWyZsAL5LRcuaza2M6UIsrQ6Jofbi+iScBCoIIo1bGtGLyUSOBUsEnBTRSLCR2RAetoGpKAKS+dnT/Bx1rp4X4kdYWAZ+riREoCpcaBrzsDAkP125uKf3mdBPpVL+VhnAAL6XxRPxEYIjzNAve4ZBTEWBNCJde3YjokklDQiRV0CN+f4v+JUy7ZldL59VmxVs/iyKNDdIROkI0uUA3VUQM1EUUpekTP6MV4MJ6MV+Nt3pozspl99APG+xfQRpVy</latexit>

V ⇠ 1 Volt

How does this compare to the 
length scales we have at hand?
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Length scales in Landau Levels vs. Materials
<latexit sha1_base64="8sLZy8fNEHtCajDHCv6UUabXPdM=">AAACC3icdVDJSgNBEO1xjXGLevTSJAiewkzUGA9CiBe9RTALZIbQ06lJmvQsdvcIYZi7F3/FiwdFvPoD3vwbO4sQRR8UPN6roqqeG3EmlWl+GguLS8srq5m17PrG5tZ2bme3KcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLnDi7HfugMhWRjcqFEEjk/6AfMYJUpL3VzeBs67NXyObXkrVGJ7gtDEHrhEYJomUEvTbq5gFs0J8Bw5KpXPKha2ZkoBzVDv5j7sXkhjHwJFOZGyY5mRchIiFKMc0qwdS4gIHZI+dDQNiA/SSSa/pPhAKz3shUJXoPBEnZ9IiC/lyHd1p0/UQP72xuJfXidWXsVJWBDFCgI6XeTFHKsQj4PBPSaAKj7ShFDB9K2YDohOQ+n4sjqE70/x/6RZKlrl4sn1caF6NYsjg/ZRHh0iC52iKrpEddRAFN2jR/SMXowH48l4Nd6mrQvGbGYP/YDx/gXvRJsN</latexit>

`B =

r
~c
eB

Landau levels have a single scale: the magnetic length
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Length scales in Landau Levels vs. Materials
<latexit sha1_base64="8sLZy8fNEHtCajDHCv6UUabXPdM=">AAACC3icdVDJSgNBEO1xjXGLevTSJAiewkzUGA9CiBe9RTALZIbQ06lJmvQsdvcIYZi7F3/FiwdFvPoD3vwbO4sQRR8UPN6roqqeG3EmlWl+GguLS8srq5m17PrG5tZ2bme3KcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLnDi7HfugMhWRjcqFEEjk/6AfMYJUpL3VzeBs67NXyObXkrVGJ7gtDEHrhEYJomUEvTbq5gFs0J8Bw5KpXPKha2ZkoBzVDv5j7sXkhjHwJFOZGyY5mRchIiFKMc0qwdS4gIHZI+dDQNiA/SSSa/pPhAKz3shUJXoPBEnZ9IiC/lyHd1p0/UQP72xuJfXidWXsVJWBDFCgI6XeTFHKsQj4PBPSaAKj7ShFDB9K2YDohOQ+n4sjqE70/x/6RZKlrl4sn1caF6NYsjg/ZRHh0iC52iKrpEddRAFN2jR/SMXowH48l4Nd6mrQvGbGYP/YDx/gXvRJsN</latexit>

`B =

r
~c
eB

Landau levels have a single scale: the magnetic length  at ∼ 10 nm 7 T
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Length scales in Landau Levels vs. Materials
<latexit sha1_base64="8sLZy8fNEHtCajDHCv6UUabXPdM=">AAACC3icdVDJSgNBEO1xjXGLevTSJAiewkzUGA9CiBe9RTALZIbQ06lJmvQsdvcIYZi7F3/FiwdFvPoD3vwbO4sQRR8UPN6roqqeG3EmlWl+GguLS8srq5m17PrG5tZ2bme3KcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLnDi7HfugMhWRjcqFEEjk/6AfMYJUpL3VzeBs67NXyObXkrVGJ7gtDEHrhEYJomUEvTbq5gFs0J8Bw5KpXPKha2ZkoBzVDv5j7sXkhjHwJFOZGyY5mRchIiFKMc0qwdS4gIHZI+dDQNiA/SSSa/pPhAKz3shUJXoPBEnZ9IiC/lyHd1p0/UQP72xuJfXidWXsVJWBDFCgI6XeTFHKsQj4PBPSaAKj7ShFDB9K2YDohOQ+n4sjqE70/x/6RZKlrl4sn1caF6NYsjg/ZRHh0iC52iKrpEddRAFN2jR/SMXowH48l4Nd6mrQvGbGYP/YDx/gXvRJsN</latexit>

`B =

r
~c
eB

Landau levels have a single scale: the magnetic length  at ∼ 10 nm 7 T

can access many QH states 
just by changing gate voltage! <latexit sha1_base64="xKp0cGE8z8aQq+YO4NroaxODnF8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXJWkaq27ghvdVbAPaEKYTKbt0MmDmYkYYhb+ihsXirj1N9z5N07TCFX0wIXDOffOnXvciFEhDeNTKy0sLi2vlFcra+sbm1v69k5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJxdTv3RIuaBjcyCQito9GAR1SjKSSHH3Pyt9IOfEyS9CRj5z0LskcvWrUjBxwjhzXG+dNE5qFUgUF2o7+YXkhjn0SSMyQEAPTiKSdIi4pZiSrWLEgEcITNCIDRQPkE2Gn+e4MHirFg8OQqwokzNX5iRT5QiS+qzp9JMfitzcV//IGsRw27ZQGUSxJgGeLhjGDMoTTMKBHOcGSJYogzKn6K8RjxBGWKrKKCuH7Uvg/6dZrZqN2en1SbV0VcZTBPjgAR8AEZ6AFLkEbdAAG9+ARPIMX7UF70l61t1lrSStmdsEPaO9fe2SXGA==</latexit> �

x
y

<latexit sha1_base64="nrFKNFT66sOykVq2buEmrrKiWDI=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokVWvdFdzoroJ9QBPCZDpth84kYWYiLSEbf8WNC0Xc+hnu/BunaYQqeuDC4Zx75849fsSoVJb1aRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10eSMBqQlqKKkW4kCOI+Ix1/fDXzO/dESBoGd2oaEZejYUAHFCOlJc88cLI3Ep/FJHUkHXLkJZNJ6pllq2JlgAvktFq7rNvQzpUyyNH0zA+nH+KYk0BhhqTs2Vak3AQJRTEjacmJJYkQHqMh6WkaIE6km2TLU3islT4chEJXoGCmLk4kiEs55b7u5EiN5G9vJv7l9WI1qLsJDaJYkQDPFw1iBlUIZ2nAPhUEKzbVBGFB9V8hHiGBsNKZlXQI35fC/0m7WrFrlfPbs3LjJo+jCA7BETgBNrgADXANmqAFMEjBI3gGL8aD8WS8Gm/z1oKRz+yDHzDevwBNi5eO</latexit> �
x
x

gate voltage

⟹
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Length scales in Landau Levels vs. Materials
<latexit sha1_base64="8sLZy8fNEHtCajDHCv6UUabXPdM=">AAACC3icdVDJSgNBEO1xjXGLevTSJAiewkzUGA9CiBe9RTALZIbQ06lJmvQsdvcIYZi7F3/FiwdFvPoD3vwbO4sQRR8UPN6roqqeG3EmlWl+GguLS8srq5m17PrG5tZ2bme3KcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLnDi7HfugMhWRjcqFEEjk/6AfMYJUpL3VzeBs67NXyObXkrVGJ7gtDEHrhEYJomUEvTbq5gFs0J8Bw5KpXPKha2ZkoBzVDv5j7sXkhjHwJFOZGyY5mRchIiFKMc0qwdS4gIHZI+dDQNiA/SSSa/pPhAKz3shUJXoPBEnZ9IiC/lyHd1p0/UQP72xuJfXidWXsVJWBDFCgI6XeTFHKsQj4PBPSaAKj7ShFDB9K2YDohOQ+n4sjqE70/x/6RZKlrl4sn1caF6NYsjg/ZRHh0iC52iKrpEddRAFN2jR/SMXowH48l4Nd6mrQvGbGYP/YDx/gXvRJsN</latexit>

`B =

r
~c
eB

Landau levels have a single scale: the magnetic length  at ∼ 10 nm 7 T

can access many QH states 
just by changing gate voltage! <latexit sha1_base64="xKp0cGE8z8aQq+YO4NroaxODnF8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXJWkaq27ghvdVbAPaEKYTKbt0MmDmYkYYhb+ihsXirj1N9z5N07TCFX0wIXDOffOnXvciFEhDeNTKy0sLi2vlFcra+sbm1v69k5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJxdTv3RIuaBjcyCQito9GAR1SjKSSHH3Pyt9IOfEyS9CRj5z0LskcvWrUjBxwjhzXG+dNE5qFUgUF2o7+YXkhjn0SSMyQEAPTiKSdIi4pZiSrWLEgEcITNCIDRQPkE2Gn+e4MHirFg8OQqwokzNX5iRT5QiS+qzp9JMfitzcV//IGsRw27ZQGUSxJgGeLhjGDMoTTMKBHOcGSJYogzKn6K8RjxBGWKrKKCuH7Uvg/6dZrZqN2en1SbV0VcZTBPjgAR8AEZ6AFLkEbdAAG9+ARPIMX7UF70l61t1lrSStmdsEPaO9fe2SXGA==</latexit> �

x
y

<latexit sha1_base64="nrFKNFT66sOykVq2buEmrrKiWDI=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokVWvdFdzoroJ9QBPCZDpth84kYWYiLSEbf8WNC0Xc+hnu/BunaYQqeuDC4Zx75849fsSoVJb1aRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10eSMBqQlqKKkW4kCOI+Ix1/fDXzO/dESBoGd2oaEZejYUAHFCOlJc88cLI3Ep/FJHUkHXLkJZNJ6pllq2JlgAvktFq7rNvQzpUyyNH0zA+nH+KYk0BhhqTs2Vak3AQJRTEjacmJJYkQHqMh6WkaIE6km2TLU3islT4chEJXoGCmLk4kiEs55b7u5EiN5G9vJv7l9WI1qLsJDaJYkQDPFw1iBlUIZ2nAPhUEKzbVBGFB9V8hHiGBsNKZlXQI35fC/0m7WrFrlfPbs3LjJo+jCA7BETgBNrgADXANmqAFMEjBI3gGL8aD8WS8Gm/z1oKRz+yDHzDevwBNi5eO</latexit> �
x
x

gate voltage

⟹

In materials: typical unit cell scale , soa ∼ 0.3 nm
<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

<latexit sha1_base64="hipYiXXDL/aUPMIrePeIIjQ/QqU="></latexit>

⇠ 10�3 electron

(unit cell)
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Length scales in Landau Levels vs. Materials
<latexit sha1_base64="8sLZy8fNEHtCajDHCv6UUabXPdM=">AAACC3icdVDJSgNBEO1xjXGLevTSJAiewkzUGA9CiBe9RTALZIbQ06lJmvQsdvcIYZi7F3/FiwdFvPoD3vwbO4sQRR8UPN6roqqeG3EmlWl+GguLS8srq5m17PrG5tZ2bme3KcNYUGjQkIei7RIJnAXQUExxaEcCiO9yaLnDi7HfugMhWRjcqFEEjk/6AfMYJUpL3VzeBs67NXyObXkrVGJ7gtDEHrhEYJomUEvTbq5gFs0J8Bw5KpXPKha2ZkoBzVDv5j7sXkhjHwJFOZGyY5mRchIiFKMc0qwdS4gIHZI+dDQNiA/SSSa/pPhAKz3shUJXoPBEnZ9IiC/lyHd1p0/UQP72xuJfXidWXsVJWBDFCgI6XeTFHKsQj4PBPSaAKj7ShFDB9K2YDohOQ+n4sjqE70/x/6RZKlrl4sn1caF6NYsjg/ZRHh0iC52iKrpEddRAFN2jR/SMXowH48l4Nd6mrQvGbGYP/YDx/gXvRJsN</latexit>

`B =

r
~c
eB

Landau levels have a single scale: the magnetic length  at ∼ 10 nm 7 T

can access many QH states 
just by changing gate voltage! <latexit sha1_base64="xKp0cGE8z8aQq+YO4NroaxODnF8=">AAAB/3icdVDLSsNAFJ3UV62vqODGzWARXJWkaq27ghvdVbAPaEKYTKbt0MmDmYkYYhb+ihsXirj1N9z5N07TCFX0wIXDOffOnXvciFEhDeNTKy0sLi2vlFcra+sbm1v69k5XhDHHpINDFvK+iwRhNCAdSSUj/YgT5LuM9NzJxdTv3RIuaBjcyCQito9GAR1SjKSSHH3Pyt9IOfEyS9CRj5z0LskcvWrUjBxwjhzXG+dNE5qFUgUF2o7+YXkhjn0SSMyQEAPTiKSdIi4pZiSrWLEgEcITNCIDRQPkE2Gn+e4MHirFg8OQqwokzNX5iRT5QiS+qzp9JMfitzcV//IGsRw27ZQGUSxJgGeLhjGDMoTTMKBHOcGSJYogzKn6K8RjxBGWKrKKCuH7Uvg/6dZrZqN2en1SbV0VcZTBPjgAR8AEZ6AFLkEbdAAG9+ARPIMX7UF70l61t1lrSStmdsEPaO9fe2SXGA==</latexit> �

x
y

<latexit sha1_base64="nrFKNFT66sOykVq2buEmrrKiWDI=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokVWvdFdzoroJ9QBPCZDpth84kYWYiLSEbf8WNC0Xc+hnu/BunaYQqeuDC4Zx75849fsSoVJb1aRSWlldW14rrpY3Nre0dc3evLcNYYNLCIQtF10eSMBqQlqKKkW4kCOI+Ix1/fDXzO/dESBoGd2oaEZejYUAHFCOlJc88cLI3Ep/FJHUkHXLkJZNJ6pllq2JlgAvktFq7rNvQzpUyyNH0zA+nH+KYk0BhhqTs2Vak3AQJRTEjacmJJYkQHqMh6WkaIE6km2TLU3islT4chEJXoGCmLk4kiEs55b7u5EiN5G9vJv7l9WI1qLsJDaJYkQDPFw1iBlUIZ2nAPhUEKzbVBGFB9V8hHiGBsNKZlXQI35fC/0m7WrFrlfPbs3LjJo+jCA7BETgBNrgADXANmqAFMEjBI3gGL8aD8WS8Gm/z1oKRz+yDHzDevwBNi5eO</latexit> �
x
x

gate voltage

⟹

In materials: typical unit cell scale , soa ∼ 0.3 nm
<latexit sha1_base64="yPEQO6PD1EcyKLFSIfOiv64t91g="></latexit>

n ⇠ 1 electron

(10 nm)2

<latexit sha1_base64="hipYiXXDL/aUPMIrePeIIjQ/QqU="></latexit>

⇠ 10�3 electron

(unit cell)

So even if we realise a Chern band in a regular crystal, 
very difficult to access sensible fractional fillings!
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State of Play: Landau Levels vs. Chern Bands
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State of Play: Landau Levels vs. Chern Bands
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State of Play: Landau Levels vs. Chern Bands

• Filled LL ⇒ Integer QH insulator • Filled Chern band ⇒ integer Chern insulator
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State of Play: Landau Levels vs. Chern Bands
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• Can readily tune filling ( )ℓB ∼ 10 nm
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State of Play: Landau Levels vs. Chern Bands

• Filled LL ⇒ Integer QH insulator

• Can readily tune filling ( )ℓB ∼ 10 nm • Can’t tune filling appreciably for typical 
crystal w/ spacing a ∼ 0.3 nm
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State of Play: Landau Levels vs. Chern Bands

• Filled LL ⇒ Integer QH insulator

• Can readily tune filling ( )ℓB ∼ 10 nm • Can’t tune filling appreciably for typical 
crystal w/ spacing a ∼ 0.3 nm

• No dispersion ⇒ strong coupling
 ∴ fractional  ⇒ fractional QH Insulatorν

• Filled Chern band ⇒ integer Chern insulator
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State of Play: Landau Levels vs. Chern Bands

• Filled LL ⇒ Integer QH insulator

• Can readily tune filling ( )ℓB ∼ 10 nm • Can’t tune filling appreciably for typical 
crystal w/ spacing a ∼ 0.3 nm

• No dispersion ⇒ strong coupling
 ∴ fractional  ⇒ fractional QH Insulatorν

• Filled Chern band ⇒ integer Chern insulator

ε ε

Landau 
Levels

  = ν number of electrons
number of flux quanta

k

ε εF

k

ε εF

Chern 
Bands

  = ν number of electrons
number of unit cells

• Dispersive ⇒ intermediate coupling
 ∴ fractional  ⇒ fractional Chern insulatorν ?

εF
εF



So, the challenge is clear: need crystalline systems with

• tunability: ability to easily change filling by  electron per unit cell±O(1)

• correlations: interactions enhanced relative to kinetic energy

• topology: energy bands with Chern numbers
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What happened next… the Hollywood version

c. 2013

Experiment
Theory

Stills from Walt Disney’s Silly Symphony: The Tortoise and the Hare, Youtube

2013-2018

Lots of very 
esoteric questions

Lots of 
hard graft

New physics!

c. 2018

???



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025

(with apologies to 
Dean Martin)

Spotify

19

New Physics: the “Moiré Effect”



S.A. Parameswaran, Oxford | A New Twist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025

(with apologies to 
Dean Martin)

Spotify

19

New Physics: the “Moiré Effect”

`

“beating” of periodic structures w/ slightly offset period or orientation
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moiré — from textile industry 
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New Physics: the “Moiré Effect”

`

“beating” of periodic structures w/ slightly offset period or orientation

~ moirer (French) ~ mohair (English) ~ mukhayyar (Arabic =“chosen”) 

moiré — from textile industry 

moiré silk textile

A. Zw
icky’s blog

1D example:

<latexit sha1_base64="Pk0aAZjNvWPjFzs4SvbCdkbhnXY="></latexit>

V+(x) + V�(x) = 2 cos(�x) sin(kx)

<latexit sha1_base64="BREQnVVqkPzOpMqIVNeZ87bSckQ=">AAACCnicdZBPSwJBGMZn7Z/Zv62OXaYk0IvsWpkdAqGLR4PUwF1kdhx1cGZ2mZkNRTx36at06VBE1z5Bt75No25gUQ8MPPze9+Wd9wkiRpV2nE8rtbS8srqWXs9sbG5t79i7ew0VxhKTOg5ZKG8DpAijgtQ11YzcRpIgHjDSDAZX03rzjkhFQ3GjRxHxOeoJ2qUYaYPa9mGj7UUc5oZ5eAk9RQVs5QaGeB3CNMoPfdi2s07BmQkumJNi6aLsQjchWZCo1rY/vE6IY06Exgwp1XKdSPtjJDXFjEwyXqxIhPAA9UjLWIE4Uf54dsoEHhvSgd1Qmic0nNHFiTHiSo14YDo50n31uzaFf9Vase6W/TEVUayJwPNF3ZhBHcJpLrBDJcGajYxBWFLzV4j7SCKsTXoZE8L3pfB/0ygW3FLh7Po0W6kmcaTBATgCOeCCc1ABVVADdYDBPXgEz+DFerCerFfrbd6aspKZffBD1vsXc8+Y5w==</latexit>

V±(x) = sin[(k ± �)x]
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moiré silk textile

A. Zw
icky’s blog

1D example:

<latexit sha1_base64="Pk0aAZjNvWPjFzs4SvbCdkbhnXY="></latexit>

V+(x) + V�(x) = 2 cos(�x) sin(kx)
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V±(x) = sin[(k ± �)x]

“superlattice” w/ approximate period
<latexit sha1_base64="HE5pKQeTziMHwZmtKe2Wc+VG/7c="></latexit>

amoiré =
2⇡

�
� 2⇡

k
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2D materials (e.g. graphene) held together by van der Waals forces: moiré from twisting
<latexit sha1_base64="p5cjmU9ejjBXzRgeoL99bDfqZSs=">AAACEXicdVDLTgIxFO3gC/E16tJNIzGBDZlBRdyRuGGJiTwSZjLplAINnemk7RDIhF9w46+4caExbt25828sMCZo9CQ3OT3n3vTe40eMSmVZn0ZmbX1jcyu7ndvZ3ds/MA+PWpLHApMm5oyLjo8kYTQkTUUVI51IEBT4jLT90c3cb4+JkJSHd2oaETdAg5D2KUZKS55ZaHm0MClCR9IAOpjLgjMmOBnNPOrgHldw8ZzMip6Zt0rWAnCFnJcr11Ub2qmSBykanvnh9DiOAxIqzJCUXduKlJsgoShmZJZzYkkihEdoQLqahigg0k0WF83gmVZ6sM+FrlDBhbo6kaBAymng684AqaH87c3Fv7xurPpVN6FhFCsS4uVH/ZhBxeE8HtijgmDFppogLKjeFeIhEggrHWJOh/B9KfyftMolu1K6vL3I1+ppHFlwAk5BAdjgCtRAHTRAE2BwDx7BM3gxHown49V4W7ZmjHTmGPyA8f4F2YKdGw==</latexit>

Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials

<latexit sha1_base64="REqJ8gVfvoxQyJVbXx7FkJZuCYU=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqexWrfVW8NJjBfshbSnZdLYNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zM8yPOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFYUGDXmo2j7RwJmEhmGGQztSQITPoeWPb+d+awJKs1Dem2kEPUGGkgWMEmOlh+4EaDKe9b1+vuAW3QXwCrkolW8qHvZSpYBS1Pv5j+4gpLEAaSgnWnc8NzK9hCjDKIdZrhtriAgdkyF0LJVEgO4li4Nn+MwqAxyEypY0eKGuTiREaD0Vvu0UxIz0b28u/uV1YhNUegmTUWxA0uWiIObYhHj+PR4wBdTwqSWEKmZvxXREFKHGZpSzIXx/iv8nzVLRKxev7i4L1VoaRxadoFN0jjx0jaqohuqogSgS6BE9oxdHOU/Oq/O2bM046cwx+gHn/Qv2qJCO</latexit>

~k1

<latexit sha1_base64="8eorTPBWlj+ogjHJ9O/uwTNKORQ=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtWuut4KXHCvZD2qVk07QNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zMCyLOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFaENEvJQtQOsKWeSNgwznLYjRbEIOG0F49u535pQpVko7800or7AQ8kGjGBjpYfuhJJkPOuVevmCW3QXQCvkolS+qXjIS5UCpKj38h/dfkhiQaUhHGvd8dzI+AlWhhFOZ7lurGmEyRgPacdSiQXVfrI4eIbOrNJHg1DZkgYt1NWJBAutpyKwnQKbkf7tzcW/vE5sBhU/YTKKDZVkuWgQc2RCNP8e9ZmixPCpJZgoZm9FZIQVJsZmlLMhfH+K/ifNUtErF6/uLgvVWhpHFk7gFM7Bg2uoQg3q0AACAh7hGV4c5Tw5r87bsjXjpDPH8APO+xf4LJCP</latexit>

~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓ <latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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2D materials (e.g. graphene) held together by van der Waals forces: moiré from twisting
<latexit sha1_base64="p5cjmU9ejjBXzRgeoL99bDfqZSs=">AAACEXicdVDLTgIxFO3gC/E16tJNIzGBDZlBRdyRuGGJiTwSZjLplAINnemk7RDIhF9w46+4caExbt25828sMCZo9CQ3OT3n3vTe40eMSmVZn0ZmbX1jcyu7ndvZ3ds/MA+PWpLHApMm5oyLjo8kYTQkTUUVI51IEBT4jLT90c3cb4+JkJSHd2oaETdAg5D2KUZKS55ZaHm0MClCR9IAOpjLgjMmOBnNPOrgHldw8ZzMip6Zt0rWAnCFnJcr11Ub2qmSBykanvnh9DiOAxIqzJCUXduKlJsgoShmZJZzYkkihEdoQLqahigg0k0WF83gmVZ6sM+FrlDBhbo6kaBAymng684AqaH87c3Fv7xurPpVN6FhFCsS4uVH/ZhBxeE8HtijgmDFppogLKjeFeIhEggrHWJOh/B9KfyftMolu1K6vL3I1+ppHFlwAk5BAdjgCtRAHTRAE2BwDx7BM3gxHown49V4W7ZmjHTmGPyA8f4F2YKdGw==</latexit>

Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials

<latexit sha1_base64="REqJ8gVfvoxQyJVbXx7FkJZuCYU=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqexWrfVW8NJjBfshbSnZdLYNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zM8yPOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFYUGDXmo2j7RwJmEhmGGQztSQITPoeWPb+d+awJKs1Dem2kEPUGGkgWMEmOlh+4EaDKe9b1+vuAW3QXwCrkolW8qHvZSpYBS1Pv5j+4gpLEAaSgnWnc8NzK9hCjDKIdZrhtriAgdkyF0LJVEgO4li4Nn+MwqAxyEypY0eKGuTiREaD0Vvu0UxIz0b28u/uV1YhNUegmTUWxA0uWiIObYhHj+PR4wBdTwqSWEKmZvxXREFKHGZpSzIXx/iv8nzVLRKxev7i4L1VoaRxadoFN0jjx0jaqohuqogSgS6BE9oxdHOU/Oq/O2bM046cwx+gHn/Qv2qJCO</latexit>

~k1

<latexit sha1_base64="8eorTPBWlj+ogjHJ9O/uwTNKORQ=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtWuut4KXHCvZD2qVk07QNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zMCyLOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFaENEvJQtQOsKWeSNgwznLYjRbEIOG0F49u535pQpVko7800or7AQ8kGjGBjpYfuhJJkPOuVevmCW3QXQCvkolS+qXjIS5UCpKj38h/dfkhiQaUhHGvd8dzI+AlWhhFOZ7lurGmEyRgPacdSiQXVfrI4eIbOrNJHg1DZkgYt1NWJBAutpyKwnQKbkf7tzcW/vE5sBhU/YTKKDZVkuWgQc2RCNP8e9ZmixPCpJZgoZm9FZIQVJsZmlLMhfH+K/ifNUtErF6/uLgvVWhpHFk7gFM7Bg2uoQg3q0AACAh7hGV4c5Tw5r87bsjXjpDPH8APO+xf4LJCP</latexit>

~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓

using 
<latexit sha1_base64="U3ZU5Yr17ExqMIN4R6unINSYxz8="></latexit>

|~ki| ⇠
2⇡

alattice

<latexit sha1_base64="U36M6JW6XCQL13UT7U1kIUMyYy8=">AAACEHicdVDLSgNBEJz1bXxFPXoZDKKnsOvbW8BLjgrGCEkIs5OOGTIzu8z0imFZ/8CLv+LFgyJePXrzb5w8hCha0FBUddPdFcZSWPT9T29icmp6ZnZuPrewuLS8kl9du7RRYjhUeCQjcxUyC1JoqKBACVexAaZCCdWwe9r3qzdgrIj0BfZiaCh2rUVbcIZOaua3U9ZM6wi3mEqGKDhkWUbrVijqF/fuho5WWTNf8Iv+AHSM7O0enhwHNBgpBTLCWTP/UW9FPFGgkUtmbS3wY2ykzLgdErJcPbEQM95l11BzVDMFtpEOHsrollNatB0ZVxrpQB2fSJmytqdC16kYduxvry/+5dUSbB83UqHjBEHz4aJ2IilGtJ8ObQkDHGXPEcaNcLdS3mGGcXQZ5lwI35/S/8nlbjE4LB6c7xdK5VEcc2SDbJIdEpAjUiJlckYqhJN78kieyYv34D15r97bsHXCG82skx/w3r8AKF2d9Q==</latexit>

alattice ⇠ 0.3 nm
<latexit sha1_base64="ds2HhUWjdtVNvZGXmy5k7Wr2uUg=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq2Gm2lp3BTddVrAP6Iwlk2ba0MyD5I5Qxi78FTcuFHHrb7jzb0wfQhU9EDiccy735viJ4Aps+9NYWl5ZXVvPbeQ3t7Z3ds29/aaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/vBq4rfumFQ8jm5glDAvJP2IB5wS0FLXPHRhwIBgV/EQO1YJ37qUS9o1C7ZlT4EXyFmxfFlxdG6mFNAc9a754fZimoYsAiqIUh3HTsDLiAROBRvn3VSxhNAh6bOOphEJmfKy6f1jfKKVHg5iqV8EeKouTmQkVGoU+joZEhio395E/MvrpBBUvIxHSQosorNFQSowxHhSBu5xySiIkSaESq5vxXRAJKGgK8vrEr5/iv8nzaLllK3S9XmhWpvXkUNH6BidIgddoCqqoTpqIIru0SN6Ri/Gg/FkvBpvs+iSMZ85QD9gvH8BZo+VGg==</latexit>

✓ ⇠ 1.5�

<latexit sha1_base64="CorWSn9K3O96oOZ+kHXsrtm0Pks="></latexit>

amoiré =
2⇡

�
⇠ alattice

✓
⇠ 10 nm

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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2D materials (e.g. graphene) held together by van der Waals forces: moiré from twisting
<latexit sha1_base64="p5cjmU9ejjBXzRgeoL99bDfqZSs=">AAACEXicdVDLTgIxFO3gC/E16tJNIzGBDZlBRdyRuGGJiTwSZjLplAINnemk7RDIhF9w46+4caExbt25828sMCZo9CQ3OT3n3vTe40eMSmVZn0ZmbX1jcyu7ndvZ3ds/MA+PWpLHApMm5oyLjo8kYTQkTUUVI51IEBT4jLT90c3cb4+JkJSHd2oaETdAg5D2KUZKS55ZaHm0MClCR9IAOpjLgjMmOBnNPOrgHldw8ZzMip6Zt0rWAnCFnJcr11Ub2qmSBykanvnh9DiOAxIqzJCUXduKlJsgoShmZJZzYkkihEdoQLqahigg0k0WF83gmVZ6sM+FrlDBhbo6kaBAymng684AqaH87c3Fv7xurPpVN6FhFCsS4uVH/ZhBxeE8HtijgmDFppogLKjeFeIhEggrHWJOh/B9KfyftMolu1K6vL3I1+ppHFlwAk5BAdjgCtRAHTRAE2BwDx7BM3gxHown49V4W7ZmjHTmGPyA8f4F2YKdGw==</latexit>

Vi(x) ⇠ cos(~ki · ~x)

Moiré Materials

<latexit sha1_base64="REqJ8gVfvoxQyJVbXx7FkJZuCYU=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqexWrfVW8NJjBfshbSnZdLYNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zM8yPOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFYUGDXmo2j7RwJmEhmGGQztSQITPoeWPb+d+awJKs1Dem2kEPUGGkgWMEmOlh+4EaDKe9b1+vuAW3QXwCrkolW8qHvZSpYBS1Pv5j+4gpLEAaSgnWnc8NzK9hCjDKIdZrhtriAgdkyF0LJVEgO4li4Nn+MwqAxyEypY0eKGuTiREaD0Vvu0UxIz0b28u/uV1YhNUegmTUWxA0uWiIObYhHj+PR4wBdTwqSWEKmZvxXREFKHGZpSzIXx/iv8nzVLRKxev7i4L1VoaRxadoFN0jjx0jaqohuqogSgS6BE9oxdHOU/Oq/O2bM046cwx+gHn/Qv2qJCO</latexit>

~k1

<latexit sha1_base64="8eorTPBWlj+ogjHJ9O/uwTNKORQ=">AAAB8HicdVBNSwMxEJ2tX7V+VT16CRbBU9mtWuut4KXHCvZD2qVk07QNTbJLki2Upb/CiwdFvPpzvPlvTNsVquiDgcd7M8zMCyLOtHHdTyeztr6xuZXdzu3s7u0f5A+PmjqMFaENEvJQtQOsKWeSNgwznLYjRbEIOG0F49u535pQpVko7800or7AQ8kGjGBjpYfuhJJkPOuVevmCW3QXQCvkolS+qXjIS5UCpKj38h/dfkhiQaUhHGvd8dzI+AlWhhFOZ7lurGmEyRgPacdSiQXVfrI4eIbOrNJHg1DZkgYt1NWJBAutpyKwnQKbkf7tzcW/vE5sBhU/YTKKDZVkuWgQc2RCNP8e9ZmixPCpJZgoZm9FZIQVJsZmlLMhfH+K/ifNUtErF6/uLgvVWhpHFk7gFM7Bg2uoQg3q0AACAh7hGV4c5Tw5r87bsjXjpDPH8APO+xf4LJCP</latexit>

~k2

<latexit sha1_base64="vmZxZH8rDJtyyDYHW7wNjKPrsbY=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8ld2qtd4KXnqsYD+gXUo2zbax2WRJZoWy9D948aCIV/+PN/+NabtCFX0w8Hhvhpl5QSy4Adf9dFZW19Y3NnNb+e2d3b39wsFhy6hEU9akSijdCYhhgkvWBA6CdWLNSBQI1g7GNzO//cC04UrewSRmfkSGkoecErBSqwcjBqRfKLoldw68RM7Lleuqh71MKaIMjX7hozdQNImYBCqIMV3PjcFPiQZOBZvme4lhMaFjMmRdSyWJmPHT+bVTfGqVAQ6VtiUBz9XliZRExkyiwHZGBEbmtzcT//K6CYRVP+UyToBJulgUJgKDwrPX8YBrRkFMLCFUc3srpiOiCQUbUN6G8P0p/p+0yiWvUrq8vSjW6lkcOXSMTtAZ8tAVqqE6aqAmougePaJn9OIo58l5dd4WrStONnOEfsB5/wLR849V</latexit>

✓

<latexit sha1_base64="EwugKxaPPALYfXjLzhuO8T8bi4o="></latexit>

� = |~k1 � ~k2| ⇠ 2|~ki| sin
✓

2
⇡ |~ki|✓

using 
<latexit sha1_base64="U3ZU5Yr17ExqMIN4R6unINSYxz8="></latexit>

|~ki| ⇠
2⇡

alattice

<latexit sha1_base64="U36M6JW6XCQL13UT7U1kIUMyYy8=">AAACEHicdVDLSgNBEJz1bXxFPXoZDKKnsOvbW8BLjgrGCEkIs5OOGTIzu8z0imFZ/8CLv+LFgyJePXrzb5w8hCha0FBUddPdFcZSWPT9T29icmp6ZnZuPrewuLS8kl9du7RRYjhUeCQjcxUyC1JoqKBACVexAaZCCdWwe9r3qzdgrIj0BfZiaCh2rUVbcIZOaua3U9ZM6wi3mEqGKDhkWUbrVijqF/fuho5WWTNf8Iv+AHSM7O0enhwHNBgpBTLCWTP/UW9FPFGgkUtmbS3wY2ykzLgdErJcPbEQM95l11BzVDMFtpEOHsrollNatB0ZVxrpQB2fSJmytqdC16kYduxvry/+5dUSbB83UqHjBEHz4aJ2IilGtJ8ObQkDHGXPEcaNcLdS3mGGcXQZ5lwI35/S/8nlbjE4LB6c7xdK5VEcc2SDbJIdEpAjUiJlckYqhJN78kieyYv34D15r97bsHXCG82skx/w3r8AKF2d9Q==</latexit>

alattice ⇠ 0.3 nm
<latexit sha1_base64="ds2HhUWjdtVNvZGXmy5k7Wr2uUg=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCq2Gm2lp3BTddVrAP6Iwlk2ba0MyD5I5Qxi78FTcuFHHrb7jzb0wfQhU9EDiccy735viJ4Aps+9NYWl5ZXVvPbeQ3t7Z3ds29/aaKU0lZg8Yilm2fKCZ4xBrAQbB2IhkJfcFa/vBq4rfumFQ8jm5glDAvJP2IB5wS0FLXPHRhwIBgV/EQO1YJ37qUS9o1C7ZlT4EXyFmxfFlxdG6mFNAc9a754fZimoYsAiqIUh3HTsDLiAROBRvn3VSxhNAh6bOOphEJmfKy6f1jfKKVHg5iqV8EeKouTmQkVGoU+joZEhio395E/MvrpBBUvIxHSQosorNFQSowxHhSBu5xySiIkSaESq5vxXRAJKGgK8vrEr5/iv8nzaLllK3S9XmhWpvXkUNH6BidIgddoCqqoTpqIIru0SN6Ri/Gg/FkvBpvs+iSMZ85QD9gvH8BZo+VGg==</latexit>

✓ ⇠ 1.5�

<latexit sha1_base64="CorWSn9K3O96oOZ+kHXsrtm0Pks="></latexit>

amoiré =
2⇡

�
⇠ alattice

✓
⇠ 10 nm

Just as magnetic field modifies the kinetic energy of free electrons, moiré modifies ε(k)
⇒ “flat” bands w/ small kinetic energy ⇒ strong correlations

Many possible combinations & parameters — routes to new physics!

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré

<latexit sha1_base64="ZEbUm/cn/QNsAyWqHRO9A3TDDNM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3wSK6Kon4WhbcdFnBPqAJYTK9aYdOHszcFEvon7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TpIIrtO1vo7S2vrG5Vd6u7Ozu7R+Yh0dtlWSSQYslIpHdgCoQPIYWchTQTSXQKBDQCUb3M78zBql4Ej/iJAUvooOYh5xR1JJvmtR3EZ4wjxIu3XOY+mbVrtlzWKvEKUiVFGj65pfbT1gWQYxMUKV6jp2il1OJnAmYVtxMQUrZiA6gp2lMI1BePr98ap1ppW+FidQVozVXf0/kNFJqEgW6M6I4VMveTPzP62UY3nk5j9MMIWaLRWEmLEysWQxWn0tgKCaaUCa5vtViQyopQx1WRYfgLL+8StqXNeemdv1wVa03ijjK5ISckgvikFtSJw3SJC3CyJg8k1fyZuTGi/FufCxaS0Yxc0z+wPj8Adcek9M=</latexit>amoiré
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“Hydrogen Atom” of Moiré Materials: Twisted Bilayer Graphene (TBG)

Linear “Dirac” dispersion gives special structure to twisted moiré multilayers of graphene

moiré-reconstructed TBG bands almost perfectly flat near “magic” twist angle θ ~1.05°

*8 electron “flavors” - 2 spin × 2 “valley” × 2 “sublattice”

enhanced correlations in

8* flat central bands 

[Bistritzer & Macdonald, PNAS’11]

<latexit sha1_base64="2TaUznk9RxBUo/65VZZZ+cOP6sU=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0mqrfUgFLx4rGBtoYlls922SzebsDsplNB/4sWDIl79J978N27bCFX0wcDjvRlm5gWx4Boc59PKrayurW/kNwtb2zu7e/b+wb2OEkVZk0YiUu2AaCa4ZE3gIFg7VoyEgWCtYHQ981tjpjSP5B1MYuaHZCB5n1MCRuratgdDBgRf4cqDR7miXbvolJw58BI5K1cvay52M6WIMjS69ofXi2gSMglUEK07rhODnxIFnAo2LXiJZjGhIzJgHUMlCZn20/nlU3xilB7uR8qUBDxXlydSEmo9CQPTGRIY6t/eTPzL6yTQr/kpl3ECTNLFon4iMER4FgPuccUoiIkhhCpubsV0SBShYMIqmBC+P8X/k/tyya2WKrfnxXo9iyOPjtAxOkUuukB1dIMaqIkoGqNH9IxerNR6sl6tt0VrzspmDtEPWO9ffG+S7w==</latexit>

✓ = 5�
<latexit sha1_base64="utht+HWXpjUZVuDtpCZLpzipT34=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgapipttaFUHDjsoJ9QGcsmTTThmYeJHfEMvRX3LhQxK0/4s6/MX0IVfRA4HDOudyb4yeCK7DtTyO3srq2vpHfLGxt7+zumfvFlopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+6Grqt++ZVDyObmGcMC8kg4gHnBLQUs8sujBkQPAldqzKnUu5pD2zZFv2DHiJnJarFzVHx+ZKCS3Q6Jkfbj+macgioIIo1XXsBLyMSOBUsEnBTRVLCB2RAetqGpGQKS+b3T7Bx1rp4yCW+kWAZ+ryREZCpcahr5MhgaH67U3Fv7xuCkHNy3iUpMAiOl8UpAJDjKdF4D6XjIIYa0Ko5PpWTIdEEgq6roIu4fun+H/SKltO1arcnJXq9UUdeXSIjtAJctA5qqNr1EBNRNEDekTP6MWYGE/Gq/E2j+aMxcwB+gHj/QtfZpNi</latexit>

✓ = 1.5�

W
olf Foundation

W
olf Foundation
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“Hydrogen Atom” of Moiré Materials: Twisted Bilayer Graphene (TBG)

Linear “Dirac” dispersion gives special structure to twisted moiré multilayers of graphene

moiré-reconstructed TBG bands almost perfectly flat near “magic” twist angle θ ~1.05°

*8 electron “flavors” - 2 spin × 2 “valley” × 2 “sublattice”

enhanced correlations in

8* flat central bands 

[Bistritzer & Macdonald, PNAS’11]

<latexit sha1_base64="2TaUznk9RxBUo/65VZZZ+cOP6sU=">AAAB+XicdVBNS8NAEN3Ur1q/oh69LBbBU0mqrfUgFLx4rGBtoYlls922SzebsDsplNB/4sWDIl79J978N27bCFX0wcDjvRlm5gWx4Boc59PKrayurW/kNwtb2zu7e/b+wb2OEkVZk0YiUu2AaCa4ZE3gIFg7VoyEgWCtYHQ981tjpjSP5B1MYuaHZCB5n1MCRuratgdDBgRf4cqDR7miXbvolJw58BI5K1cvay52M6WIMjS69ofXi2gSMglUEK07rhODnxIFnAo2LXiJZjGhIzJgHUMlCZn20/nlU3xilB7uR8qUBDxXlydSEmo9CQPTGRIY6t/eTPzL6yTQr/kpl3ECTNLFon4iMER4FgPuccUoiIkhhCpubsV0SBShYMIqmBC+P8X/k/tyya2WKrfnxXo9iyOPjtAxOkUuukB1dIMaqIkoGqNH9IxerNR6sl6tt0VrzspmDtEPWO9ffG+S7w==</latexit>

✓ = 5�
<latexit sha1_base64="utht+HWXpjUZVuDtpCZLpzipT34=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgapipttaFUHDjsoJ9QGcsmTTThmYeJHfEMvRX3LhQxK0/4s6/MX0IVfRA4HDOudyb4yeCK7DtTyO3srq2vpHfLGxt7+zumfvFlopTSVmTxiKWHZ8oJnjEmsBBsE4iGQl9wdr+6Grqt++ZVDyObmGcMC8kg4gHnBLQUs8sujBkQPAldqzKnUu5pD2zZFv2DHiJnJarFzVHx+ZKCS3Q6Jkfbj+macgioIIo1XXsBLyMSOBUsEnBTRVLCB2RAetqGpGQKS+b3T7Bx1rp4yCW+kWAZ+ryREZCpcahr5MhgaH67U3Fv7xuCkHNy3iUpMAiOl8UpAJDjKdF4D6XjIIYa0Ko5PpWTIdEEgq6roIu4fun+H/SKltO1arcnJXq9UUdeXSIjtAJctA5qqNr1EBNRNEDekTP6MWYGE/Gq/E2j+aMxcwB+gHj/QtfZpNi</latexit>

✓ = 1.5�

W
olf Foundation

W
olf Foundation

<latexit sha1_base64="H7SQ+0ZaW3FBKXoiegb5htliNPQ=">AAAB7XicdVDLSgMxFM3UV62vqks3wSIIwjAzfboQCm50V8E+oB1KJs20sZlkSDJCKf0HNy4Ucev/uPNvzLQVVPTAhcM593LvPUHMqNKO82FlVlbX1jeym7mt7Z3dvfz+QUuJRGLSxIIJ2QmQIoxy0tRUM9KJJUFRwEg7GF+mfvueSEUFv9WTmPgRGnIaUoy0kVo9nlyclfr5gmOf1ype2YOO7ThVr1hJiVcteUXoGiVFASzR6OffewOBk4hwjRlSqus6sfanSGqKGZnleokiMcJjNCRdQzmKiPKn82tn8MQoAxgKaYprOFe/T0xRpNQkCkxnhPRI/fZS8S+vm+iw5k8pjxNNOF4sChMGtYDp63BAJcGaTQxBWFJzK8QjJBHWJqCcCeHrU/g/aXm2W7HLN6VC/XoZRxYcgWNwClxQBXVwBRqgCTC4Aw/gCTxbwnq0XqzXRWvGWs4cgh+w3j4BJtWO5g==</latexit>

⌫ = +4

<latexit sha1_base64="QHPTBU+ZvdYaQkx/zj31IrDXPQ8=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4cZiZPl0IBTe6q2Af0A4lk2ba2EwyJBmhlP6DGxeKuPV/3Pk3ZtoKKnrgwuGce7n3niBmVGnH+bAyK6tr6xvZzdzW9s7uXn7/oKVEIjFpYsGE7ARIEUY5aWqqGenEkqAoYKQdjC9Tv31PpKKC3+pJTPwIDTkNKUbaSK0eTy7OSv18wbHPaxWv7EHHdpyqV6ykxKuWvCJ0jZKiAJZo9PPvvYHASUS4xgwp1XWdWPtTJDXFjMxyvUSRGOExGpKuoRxFRPnT+bUzeGKUAQyFNMU1nKvfJ6YoUmoSBaYzQnqkfnup+JfXTXRY86eUx4kmHC8WhQmDWsD0dTigkmDNJoYgLKm5FeIRkghrE1DOhPD1KfyftDzbrdjlm1Khfr2MIwuOwDE4BS6ogjq4Ag3QBBjcgQfwBJ4tYT1aL9brojVjLWcOwQ9Yb58p347o</latexit>

⌫ = �4
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫
<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

“correlated insulators”
(band theory predicts metal)

Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers 
[Cao et al Nature ’18a,b]

BI BI Many proposed explanations: 
correct one: SP, SH Simon + Oxford 

students/postdocs (2021)
[experimental confirmation in 2023!]

W
olf Foundation
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫
<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4

<latexit sha1_base64="DDDPjg6flVxuRBhvBbvfa7WdN0E=">AAACA3icbVDJSgNBEO2JW4zbqDe9DAlCRAwzAZdj0IvHCGaBbPR0OkmTnp6hu0YMwwQv/oHf4MWDIl79CW/5GzvLQRMfFDzeq6KqnhtwpsC2R0ZiaXlldS25ntrY3NreMXf3ysoPJaEl4nNfVl2sKGeCloABp9VAUuy5nFbc/vXYr9xTqZgv7mAQ0IaHu4J1GMGgpZZ5IIZZx25GTj4e1oE+QES8uBmd5uPjlpmxc/YE1iJxZiRTSNdPnkeFQbFlftfbPgk9KoBwrFTNsQNoRFgCI5zGqXqoaIBJH3dpTVOBPaoa0eSH2DrSStvq+FKXAGui/p6IsKfUwHN1p4ehp+a9sfifVwuhc9mImAhCoIJMF3VCboFvjQOx2kxSAnygCSaS6Vst0sMSE9CxpXQIzvzLi6SczznnubNbncYVmiKJDlEaZZGDLlAB3aAiKiGCHtELekPvxpPxanwYn9PWhDGb2Ud/YHz9ACvimjc=</latexit>

n (1012 cm�2)

“correlated insulators”
(band theory predicts metal)

gate-tunable 
superconductivity

Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers 
[Cao et al Nature ’18a,b]

BI BI Many proposed explanations: 
correct one: SP, SH Simon + Oxford 

students/postdocs (2021)
[experimental confirmation in 2023!]

W
olf Foundation
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<latexit sha1_base64="TjbkfnZS+qf8pJ+YJeSrWE7vk+8=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmBC8bsejGZUV7gXYomTTThmaSIckIZegjuHGhiEt9F/duxLcxvSy09YfAx/+fQ845YcKZNp737eQWFpeWV/Kr7tr6xuZWYXunpmWqCK0SyaVqhFhTzgStGmY4bSSK4jjktB72r0Z5/Z4qzaS4M4OEBjHuChYxgo21blsibReKXskbC82DP4XixYd7nrx9uZV24bPVkSSNqTCEY62bvpeYIMPKMMLp0G2lmiaY9HGXNi0KHFMdZONRh+jAOh0USWWfMGjs/u7IcKz1IA5tZYxNT89mI/O/rJma6CzImEhSQwWZfBSlHBmJRnujDlOUGD6wgIlidlZEelhhYux1XHsEf3bleagdlfyT0vGNVyxfwkR52IN9OAQfTqEM11CBKhDowgM8wbPDnUfnxXmdlOacac8u/JHz/gPBqpEe</latexit>⌫
<latexit sha1_base64="mNcQONGDhICqZESx3ttknMgZbrA=">AAAB6XicbVC5TgMxEJ3lTMIVoKSxiJBoiHYRVxlBQxkQOUSyiryON7HitVe2FxGt8gc0FCCg5QP4Fzq+BpyjgIQnjfT03oxm5gUxZ9q47pczN7+wuLScyeZWVtfWN/KbW1UtE0VohUguVT3AmnImaMUww2k9VhRHAae1oHcx9Gt3VGkmxY3px9SPcEewkBFsrHR9cNTKF9yiOwKaJd6EFErZ+PX24/673Mp/NtuSJBEVhnCsdcNzY+OnWBlGOB3kmommMSY93KENSwWOqPbT0aUDtGeVNgqlsiUMGqm/J1Icad2PAtsZYdPV095Q/M9rJCY881Mm4sRQQcaLwoQjI9HwbdRmihLD+5Zgopi9FZEuVpgYG07OhuBNvzxLqodF76R4fGXTOIcxMrADu7APHpxCCS6hDBUgEMIDPMGz03MenRfnbdw650xmtuEPnPcfCvCQxw==</latexit>

�4
<latexit sha1_base64="0oFSoG/jtAOl08rprnc0R5yB8Gs=">AAAB6XicbVDJSgNBEK1xTeIW9eilMQheDDMBl2PQi8coZsFkCD2dnqRJT0/T3SOGIX/gxYOiXv0A/8WbX6Od5aCJDwoe71VRVS+QnGnjul/OwuLS8spqJptbW9/Y3Mpv79R0nChCqyTmsWoEWFPOBK0aZjhtSEVxFHBaD/oXI79+R5VmsbgxA0n9CHcFCxnBxkrXR6V2vuAW3THQPPGmpFDOytfbj/vvSjv/2erEJImoMIRjrZueK42fYmUY4XSYayWaSkz6uEublgocUe2n40uH6MAqHRTGypYwaKz+nkhxpPUgCmxnhE1Pz3oj8T+vmZjwzE+ZkImhgkwWhQlHJkajt1GHKUoMH1iCiWL2VkR6WGFibDg5G4I3+/I8qZWK3knx+MqmcQ4TZGAP9uEQPDiFMlxCBapAIIQHeIJnp+88Oi/O26R1wZnO7MIfOO8/B+iQxQ==</latexit>�2

<latexit sha1_base64="rA98DCysl+y9TstEDmNinaVf3a8=">AAAB5HicbZDJSgNBEIZr4hbHLXr10hgET2FGcLmIQS8eI5gFkiH0dGqSNj09Q3ePEEKewIsHxavgw3j3Ir6NneWgiT80fPx/FV1VYSq4Np737eSWlldW1/Lr7sbm1vZOwd2t6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Pc7rD6g0T+SdGaQYxLQrecQZNda69dqFolfyJiKL4M+gePnhXqTvX26lXfhsdRKWxSgNE1Trpu+lJhhSZTgTOHJbmcaUsj7tYtOipDHqYDgZdEQOrdMhUaLsk4ZM3N8dQxprPYhDWxlT09Pz2dj8L2tmJjoPhlymmUHJph9FmSAmIeOtSYcrZEYMLFCmuJ2VsB5VlBl7G9cewZ9feRFqxyX/tHRSLF/BVHnYhwM4Ah/OoAw3UIEqMEB4hGd4ce6dJ+d1WphzZh178EfO2w9lro7V</latexit>

0
<latexit sha1_base64="DPpm9EY6pacpqHFFpYkg9stKKic=">AAAB6HicbZDJSgNBEIZr4hbHLerRS2MQPIWZgMtFDHrxmIBZIBlCT6cmadOz0N0jhJAn8OJBEa/6MN69iG9jZzlo4g8NH/9fRVeVnwiutON8W5ml5ZXVtey6vbG5tb2T292rqTiVDKssFrFs+FSh4BFWNdcCG4lEGvoC637/epzX71EqHke3epCgF9JuxAPOqDZWpdjO5Z2CMxFZBHcG+csP+yJ5/7LL7dxnqxOzNMRIM0GVarpOor0hlZozgSO7lSpMKOvTLjYNRjRE5Q0ng47IkXE6JIileZEmE/d3x5CGSg1C31SGVPfUfDY2/8uaqQ7OvSGPklRjxKYfBakgOibjrUmHS2RaDAxQJrmZlbAelZRpcxvbHMGdX3kRasWCe1o4qTj50hVMlYUDOIRjcOEMSnADZagCA4QHeIJn6856tF6s12lpxpr17MMfWW8/3uiP/Q==</latexit>

2
<latexit sha1_base64="PPctS/5WyZCCbsda5SuQmikdIUQ=">AAAB6HicbZDJSgNBEIZr4hbHLerRy2AQPIUZcbuIQS8eEzALJEPo6dQkbXp6hu4eIYQ8gRcPinjVh/HuRXwbO8tBE39o+Pj/KrqqgoQzpV3328osLC4tr2RX7bX1jc2t3PZOVcWppFihMY9lPSAKORNY0UxzrCcSSRRwrAW961Feu0epWCxudT9BPyIdwUJGiTZW+biVy7sFdyxnHrwp5C8/7Ivk/csutXKfzXZM0wiFppwo1fDcRPsDIjWjHId2M1WYENojHWwYFCRC5Q/Ggw6dA+O0nTCW5gntjN3fHQMSKdWPAlMZEd1Vs9nI/C9rpDo89wdMJKlGQScfhSl3dOyMtnbaTCLVvG+AUMnMrA7tEkmoNrexzRG82ZXnoXpU8E4LJ2U3X7yCibKwB/twCB6cQRFuoAQVoIDwAE/wbN1Zj9aL9TopzVjTnl34I+vtB+Hwj/8=</latexit>

4
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n (1012 cm�2)

“correlated insulators”
(band theory predicts metal)

gate-tunable 
superconductivity

Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers 

Wide range of other phenomena: 
including some hints of topology…

but difficult to get topological states reliably

[Cao et al Nature ’18a,b]

BI BI Many proposed explanations: 
correct one: SP, SH Simon + Oxford 

students/postdocs (2021)
[experimental confirmation in 2023!]

W
olf Foundation



So we found a nice system with correlations and tunability… 

but only tantalizing hints of topology

Can we do better?
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Like graphene, can often be prepared by “exfoliation” 
a.k.a. “the scotchtape method”

lostinscience.wordpress.com/
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Focus on one family in particular :
“twisted TMDs”

Other Moiré Materials

There are lots of 2D materials!

Like graphene, can often be prepared by “exfoliation” 
a.k.a. “the scotchtape method”

lostinscience.wordpress.com/
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Topology in Twisted TMD Bilayers 

= Transition Metal (Mo, W, Hf,…)

= Chalcogen (S, Se, Te,…)

<latexit sha1_base64="NyC+zcIJhCQ8eXOz1OFnfkYLrFw="></latexit>

H =
⊋2k2

2m→ +!(r) · ω

Parabolic dispersion per layer + complex interlayer tunneling amplitude/layer potential   Δ(r)

where  = layer “pseudospin”σ

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]
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Topology in Twisted TMD Bilayers 

= Transition Metal (Mo, W, Hf,…)

= Chalcogen (S, Se, Te,…)

<latexit sha1_base64="NyC+zcIJhCQ8eXOz1OFnfkYLrFw="></latexit>

H =
⊋2k2

2m→ +!(r) · ω

Parabolic dispersion per layer + complex interlayer tunneling amplitude/layer potential   Δ(r)

where  = layer “pseudospin”σ

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]

 = periodic “layer Zeeman field”⇒ Δ(r)

What are the consequences for electrons?

Near special “magic” angles  forms a “skyrmion lattice”Δ(r)
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H =
⊋2k2

2m→ +!(r) · ω

Topology in Twisted TMD Bilayers 

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]

 forms skyrmion latticeΔ(r)
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H =
⊋2k2

2m→ +!(r) · ω

Topology in Twisted TMD Bilayers 

Change the local axes so σ ∥ Δ(r)
<latexit sha1_base64="tjZAiF/SAxZW1HI/evrA90i7zNI="></latexit>

H → H
→ =

1

2m↑ (⊋k + eA(r))2 + Ve!(r)

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]

 forms skyrmion latticeΔ(r)
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2m→ +!(r) · ω

Topology in Twisted TMD Bilayers 

Electrons see periodic scalar  + vector  potentials (  encodes Berry phase)Veff(r) A(r) A

Change the local axes so σ ∥ Δ(r)
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1

2m↑ (⊋k + eA(r))2 + Ve!(r)

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]

 forms skyrmion latticeΔ(r)
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H =
⊋2k2

2m→ +!(r) · ω

Topology in Twisted TMD Bilayers 

Electrons see periodic scalar  + vector  potentials (  encodes Berry phase)Veff(r) A(r) A

Change the local axes so σ ∥ Δ(r)
<latexit sha1_base64="tjZAiF/SAxZW1HI/evrA90i7zNI="></latexit>

H → H
→ =

1

2m↑ (⊋k + eA(r))2 + Ve!(r)

If  has 1 skyrmion per unit cell,   has 1 flux quantum per unit cellΔ(r) B(r) = ∇ × A(r)

This gives a  Chern band which is pretty flat! 
(  Landau level in weak periodic potential!)

C = 1
≈

[Wu et al ’19;   Pan et al ’20; Devakul et al ’21; Morales-Duran et al ’24]

 forms skyrmion latticeΔ(r)
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Checking off our Wishlist

The system: bilayers of MoTe2 twisted to θ ≈ 3.7∘ ≈ 0.065 rad

• Can realise  band gapped away from all other bandsC = 1 topology

• Bands can be flat, kinetic energy interactions≲ 1 meV ≪ correlations

• Lattice spacing moiré length  a ∼ 0.6 nm ⇒ aM ∼ 10 nm tunability

Bonus: interlayer potential ( ) tunes skyrmion number
(can use it to switch from  to  as a test)

D ∼ Δz
C = 1 C = 0
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[Park et al Nature ’23 ]

Experiments!

Transport experiments* on tMoTe2 at the appropriate densities shows quantization of the 
Hall response at integer and fractional values, switchable by tuning the interlayer potential!

*first experiments were indirect and involved optics — more in a moment

Active search for “fractional topological insulators”, non-Abelian anyons, …
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New Surprises!

rhombohedral 5-layer graphene on hBN — second FCI system, a few months after tMoTe2

[Lu et al Nature ’24 ]

• Rich physics but poorly understood

• Moiré effect is much weaker and seems to 
have a different role — stabilizing a state 
where interactions make electrons 
spontaneously crystallize into a Chern insulator, 
rather than simply filling existing Chern bands!

Key Player: Yves Kwan
(Oxford DPhil ’22→Princeton Postdoc)

~28
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The Future: “Seeing” Fractional Statistics?

Signature of FQHE: anyonic statistics
(intermediate between bosons/fermions)

In Landau levels— “edge state interferometry” (cf Steve Simon’s talk)

[Arovas et al PRL ’84]

[Proposal: Chamon, Sondhi, et al ’97; Recent experiments: Nakamura et al Nat. Phys. ’20] ▸
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Signature of FQHE: anyonic statistics
(intermediate between bosons/fermions)

In Landau levels— “edge state interferometry” (cf Steve Simon’s talk)

photo-
luminescence

Optics is much easier than transport in TMDs
How to detect statistics?

[Cai et al Nature ’23]

[Arovas et al PRL ’84]

[Proposal: Chamon, Sondhi, et al ’97; Recent experiments: Nakamura et al Nat. Phys. ’20] ▸
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The Future: “Seeing” Fractional Statistics?

Signature of FQHE: anyonic statistics
(intermediate between bosons/fermions)

In Landau levels— “edge state interferometry” (cf Steve Simon’s talk)

photo-
luminescence

Optics is much easier than transport in TMDs
How to detect statistics?

[Cai et al Nature ’23]

[Arovas et al PRL ’84]

Idea: use “pump-probe” spectroscopy? 
(nonlinear optical response)

… also applies to quantum spin liquids in magnets?

“linking” of QP trajectories sensitive to statistics

[McGinley-Fava-SP PRL+PRB ’24]

[Proposal: Chamon, Sondhi, et al ’97; Recent experiments: Nakamura et al Nat. Phys. ’20] ▸
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correlations tunabilitytopology

The richness of the moiré setting is illustrated both by new insulators and superconductors, 
as well as theoretically predicted but experimentally elusive states:

integer and fractional Chern insulators

Probing familiar states and seeking new ones using the versatility of these platforms
together are ushering in a new era of quantum condensed matter
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Summary

Thanks for listening!

The “simple” expedient of twisting and stacking few-atom-thick 2D layers and leveraging 
the moiré effect achieves a confluence of 3 key routes to new physics

correlations tunabilitytopology

The richness of the moiré setting is illustrated both by new insulators and superconductors, 
as well as theoretically predicted but experimentally elusive states:

integer and fractional Chern insulators

Probing familiar states and seeking new ones using the versatility of these platforms
together are ushering in a new era of quantum condensed matter


