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Superconductivity, its relation to the 
correlated insulators, & field-controlled 

nematicity in moiré systems

Part I:

M. Christos
(Harvard)

S. Sachdev
(Harvard)

Possible topological connection between superconductivity & correlated
insulator via mutual Wess-Zumino-Witten term

connects to: S. Chatterjee’s & E. Khalaf’s & A. Vishwanath’s talks

Ref.: Christos, Sachdev, MSS, PNAS 117, 29543 (2020).



Superconductivity, its relation to the 
correlated insulators, & field-controlled 

nematicity in moiré systems

Refs.: Rubio-Verdú et al., arXiv:2009.11645. (experiment); see C. Rubio-Verdú’s talk.
Samajdar, MSS et al., (in preparation).

Part II: Nematic order and its control in twisted double-bilayer graphene
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additional theory:



“Twisted bilayer, again?” (L. Balents)

Superconductivity & correlated insulator
Y. Cao et al., Nature 556, 80 (2018).
Y. Cao et al., Nature 556, 43 (2018).

P. Jarillo-Herrero/MIT: 
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“Twisted bilayer, again?” (L. Balents)

Key open questions:

➢ What is their relation?

➢ Origin and form of superconductivity?

➢ What about the correlated insulator?

➢ Other phases:
– nematic order
e.g., Jiang et al., Nature 573, 91 (2020), and many more

– high-temperature “Dirac revivals”
Zondiner et al., Nature 582, 203 (2020).
Wong et al., Nature 582, 198 (2020). 



SCQSH 𝑔

Basic physical picture: common WZW term

➢ Our work: classify possible {supercond., insulator} for TBG that allow for “WZW physics”

➢ Key inspiration: spin Hall in single-layer graphene Grover & Senthil, PRL 100, 156804 (2008).

Skyrmion defect in "𝑁 has charge 2e Vortex of superconductor has spin 1/2:

"𝑁(𝜏, 𝑢)

beyond Landau

➢ Many applications of Wess-Zumino-Witten (WZW) terms, e.g., for Néel-VBS
Senthil, Balents, Sachdev, Vishwanath, Fisher (2004).

➢ Related work: Khalaf et al. (arXiv:2004.00638); Chatterjee et al. (arXiv:2010.01144). 



Twisted bilayer graphene at 𝝂 = 𝟎
➢ Low-energy model: 2 x 2 x 2 = 8 Dirac cones

➢ Superconducting order parameters:

Use emergent point group 𝐷!

HLE = ⌫

⇤X

q

f
†
q (qx�x + qy�y) fq
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16 x 16 matrices 
(valley/mini-valley/spin/sublattice)



Twisted bilayer graphene at 𝝂 = 𝟎
➢ Low-energy model: 2 x 2 x 2 = 8 Dirac cones

➢ Superconducting order parameters:

➢ Particle-hole “partner” orders:

HLE = ⌫

⇤X

q

f
†
q (qx�x + qy�y) fq

<latexit sha1_base64="A3KN/7YEIuOvCaigOyvPyJkFHAE="></latexit>

16 x 16 matrices 
(valley/mini-valley/spin/sublattice)

Focus on:
– inter-mini-valley (preserve translation)
– inter-valley (due to TRS)

HPH =
X

q

f
†
qmjfq ,

<latexit sha1_base64="3sYOhqXc7fNHvnblp2ivND8qeUo="></latexit>

➢ Criteria for WZW term:



Twisted bilayer graphene at 𝝂 = 𝟎

➢ Not possible for triplet: 
not the right manifold (e.g., unitary triplet has 6 > 5 real components)

➢ Summary of possible singlet superconductors & partner orders: �

<latexit sha1_base64="+sOY3YeB1Oy4OiOa/GNKlOgnlnk="></latexit>

⌧
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⇢
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µ
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valley
mini-valley
sublattice/Dirac
spin

➢ Other IRs of SC (𝐵", 𝐵#, 𝐸", 𝐸#) not possible: 
do not lead to gap at Dirac points,

Grover & Senthil



Twisted bilayer graphene at 𝝂 = ±𝟐
➢ Key ingredient: ‘Dirac revival’ at integer 𝜈 ≠ 0 at high temperature

Zondiner et al., Nature 582, 203 (2020). Wong et al., Nature 582, 198 (2020). 

𝜈 = −2:

Conditions:

[M, �i] = 0

<latexit sha1_base64="EDUZCLL9gnvwOCrYZIfcO1DBN6E="></latexit>

– shift Dirac cones:

– correct eigenvalues: {+1,-1} with deg. 8

– not lead to additional Fermi surfaces

➢ Modified ‘parent theory’:

Example:

(µz = +1)

<latexit sha1_base64="o7WqinoTLAKapleTD8yuGZNLgJE="></latexit>

(µz = �1)

<latexit sha1_base64="bROj0HD6yWtiY6sLNxxFGSpySfI="></latexit>

M = ⌧zµz

<latexit sha1_base64="Le7rthHeQLFH10HH4bZPzU3KLdE="></latexit>



Twisted bilayer graphene at 𝝂 = ±𝟐
➢ All configurations for 𝜈 = 0 remain possible for some 𝑀 and thus for 𝜈 = ±2:

➢ New options for singlet, only at 𝜈 = ±2:
M Partner Orders mj Partner SC Type

µx; ⌧zµy�z ⇢xµx(⌧+, ⌧�); ⇢z A1 IVC-MDW+; SP

⌧zµx�z; ⌧z�x/y ⇢xµz�z(⌧+, ⌧�); ⇢z A1 IVC+; SP

⇢y⌧x�z; ⌧z�z ⌧z⇢z�z(µ+, µ�); ⇢z⌧zµz A1 MDW+; VP

⌧zµx�z; ⇢yµx⌧x�z;µy ⇢z⌧zµy(�x,�y); ⇢z⌧z�z A1 AFM
?
+; SpVSP

⇢yµx⌧x�z; ⌧z�z; ⇢y⌧y�z; ⌧y⇢yµz ⌧yµz⇢x(�x,�y); ⇢z⌧z�z A1 SBO-AFM
?
+; SpVSP

⇢y⌧x�z; ⌧zµx�z ⇢zµz(�x,�y); ⇢z⌧z�z A1 SBO-AFM
?
+; SpVSP

⌧zµy;µx�z ⇢xµx(⌧+, ⌧�); ⇢z A2 IVC-MDW+; SP

µx�z; ⌧z�x/y ⇢x�z(⌧+, ⌧�); ⇢z A2 IVC�;SP
⌧z�z ⇢z�z(µ+, µ�); ⇢z⌧zµz A2 MDW�; VP

µx�z; ⇢yµy⌧x�z; ⌧zµy ⇢zµy(�x,�y); ⇢z⌧z�z A2 AFM
?
�; SpVSP

⇢yµx⌧x�z; ⌧z�z; ⌧y⇢y ⌧x⇢x(�x,�y); ⇢z⌧z�z A2 SBO-AFM
?
�; SpVSP

µx�z ⇢zµz(�x,�y); ⇢z⌧z�z A2 SBO-AFM
?
�; SpVSP

<latexit sha1_base64="8Rpz434qPwghe3NGsK8fbp0eOuE="></latexit>

Pairing mj IR ⇥ Tar SU(2)s Type M
A1 (⌧+, ⌧�)⇢x; ⇢z A1/B1; B2 + 1 1 IVC+; SP µx

A1 (µ+, µ�)⇢z; ⇢z⌧zµz B2/A1; B1 + (!r,!⇤
r ); 1 1 MDW+; VP ⌧x⇢yµz; ⌧z�z

A1 (�x,�y,�z)⌧z⇢z A2 + 1 3 QSH µx; ⌧x⇢yµz

A2 (⌧+, ⌧�)µz⇢x; ⇢z B2/A2; B2 �; + 1 1 IVC�; SP ⌧zµx

A2 (µ+, µ�)⌧z⇢z; ⇢z⌧zµz A2/B1; B1 �; + (!r,!⇤
r ); 1 1 MDW�; VP ⌧z�z; ⌧x⇢y

A2 (�x,�y,�z)⌧z⇢z A2 + 1 3 QSH ⌧zµx; ⇢y⌧x

<latexit sha1_base64="QdqmyHmNzXmeelKG8AZUGM8IIAU="></latexit>

Pairing mj IR ⇥ Tar SU(2)s Type M
A1 (⌧+, ⌧�)⇢x; ⇢z A1/B1; B2 + 1 1 IVC+; SP µx

A1 (µ+, µ�)⇢z; ⇢z⌧zµz B2/A1; B1 + (!r,!⇤
r ); 1 1 MDW+; VP ⌧x⇢yµz; ⌧z�z

A1 (�x,�y,�z)⌧z⇢z A2 + 1 3 QSH µx; ⌧x⇢yµz

A2 (⌧+, ⌧�)µz⇢x; ⇢z B2/A2; B2 �; + 1 1 IVC�; SP ⌧zµx

A2 (µ+, µ�)⌧z⇢z; ⇢z⌧zµz A2/B1; B1 �; + (!r,!⇤
r ); 1 1 MDW�; VP ⌧z�z; ⌧x⇢y

A2 (�x,�y,�z)⌧z⇢z A2 + 1 3 QSH ⌧zµx; ⇢y⌧x
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Twisted bilayer graphene at 𝝂 = ±𝟐
➢ And triplet states are now also possible due to broken spin rotation symmetry:

Pairing mj Type Ma M b

Ba
1/B

b
1 (⌧+, ⌧�)µz⇢x; ⇢z IVC�; SP ⌧zµx�x �x

Ba
1/B

b
1 (µ+, µ�)⇢z; ⌧z⇢zµz MDW+; VP ⌧z�x �x

Ba
1/B

b
2 (⌧+, ⌧�)⇢x�x; ⇢z spIVC�; SP — �x

Ba
1/B

b
2 (µ+, µ�)⌧z⇢z�x; ⌧z⇢zµz MDW+; VP ⌧z�x �x

Ba
1 (�y,�z)⇢z⌧zµz; ⌧z⇢z�x AFM

?
�; SpVSP ⌧zµx�x —

Ba
1 ⇢xµz⌧x(�y,�z); ⇢z⌧z�x IVC-SBO

?
+; SpVSP ⌧z�x —

Ba
2/B

b
2 (⌧+, ⌧�)⇢x; ⇢z IVC+; SP µx�x �x

Ba
2/B

b
2 (µ+, µ�)⌧z⇢z; ⇢z⌧zµz MDW�; VP ⇢y⌧x�x; ⌧z�x �x

Ba
2/B

b
1 (⌧+, ⌧�)⇢x�xµz; ⇢z IVC+; SP — �x

Ba
2/B

b
1 (µ+, µ�)⇢z�x; ⌧z⇢zµz MDW�; VP ⌧z�x �x

Ba
2 (�y,�z)⇢z; ⌧z⇢z�x AFM

?
�; SpSVP ⇢y⌧x�x —

Ba
2 (�y,�z)⇢z⌧zµz; ⌧z⇢z�x AFM

?
�; SpVSP µx�x —

Ba
2 ⇢x⌧x(�y,�z); ⇢z⌧z�x IVC-SBO

?
�; SpVSP ⌧z�x —

<latexit sha1_base64="7bo4mX1mffqcDBYpPf1zri9Lq3w="></latexit>

a: unitary, 𝒅~(1,0,0) b: non-unitary, 𝒅~(0,1, 𝑖)



A few implications of “this mess”

➢ Only SC states transforming under 1D IRs of 𝐷! yield WZW options
(for singlet 𝐴",# and for triplet 𝐵",#; all others don’t gap out Dirac cones) 

➢ SC state around 𝝂 = 𝟎 has to be singlet

➢ If, for any of 𝜈 = 0,±2, 𝒎𝒋 break TRS, the SC cannot be the A1 singlet

➢ Nematic order parameter cannot be partner order
(preserves key symmetry 𝐶#𝜃: shifts rather than gaps out Dirac cones)

➢ The additional presence of nematic order/strain does not alter the results

requirem
ents on SC

for W
ZW

 physics
N

em
aticity



Superconductivity, its relation to the 
correlated insulators, & field-controlled 

nematicity in moiré systems

Refs.: Rubio-Verdú et al., arXiv:2009.11645. (experiment); see C. Rubio-Verdú’s talk.
Samajdar, MSS et al., (in preparation).
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Twisted double-bilayer graphene
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Twisted double-bilayer graphene

First Experiments:
Shen et al., Nat. Phys. 16, 520 (2020).
X. Liu et al., Nature 583, 221 (2020).
Y. Cao et al., Nature 583, 215 (2020).

Similar signs of correlations:

➢ Correlated insulator

➢ Superconductivity
(under debate)

Additional tunability:
via electric field



Twisted double-bilayer graphene

First Experiments:
Shen et al., Nat. Phys. 16, 520 (2020).
X. Liu et al., Nature 583, 221 (2020).
Y. Cao et al., Nature 583, 215 (2020).

Similar signs of correlations:

➢ Correlated insulator

➢ Superconductivity
(under debate)

Additional tunability:
via electric field

Still many open questions, e.g.:
➢ Origin and form of correlated insulator?
➢ What about the superconductivity?

➢ Additional phases: nematicity?

➢ How to further exploit field-tunability?

today



STM in twisted double-bilayer graphene

Topography: moiré pattern

twist-angle 1.05 deg

100nm

very low strain (ε = 0.05 ± 0.05 %)
and highly homogeneous

Rubio-Verdú et al., arXiv:2009.11645. 
see C. Rubio-Verdú’s talk.

A. Pasupathy



STM in twisted double-bilayer graphene

Energy-dependent LDOS at CNP:

Experiment:

Theory: (continuum model) 𝜇𝜀#

𝜀"

𝜀&

𝜀'

➢ data is 𝐶& symmetric



STM in twisted double-bilayer graphene

Energy-dependent LDOS at half-filling of conduction band:

𝜇
𝜀D

𝜀"

𝜀&

𝜀'

𝜀! 𝜀" 𝜀# 𝜀$

➢ nematic order at half-filled cond. band

➢ What is the microscopic form of nematicity here?

H� =

Z
dr

Z
d�r � · �s`⌧ ;s0`0⌧ 0(r, �r) c†�s`⌧ (r + �r)c�s0`0⌧ 0(r) + H.c.

<latexit sha1_base64="n7u3gxCvubprRPLSoEhaDYQ1QL4="></latexit>
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<latexit sha1_base64="SFnoNSYVwDP+b4WLZeT68s9y044=">AAACIXicbVDLSgMxFM3UV62vUZdugkVQkDIjit0IRTcuK9gHdErJpGkbmkmG5I5Qhv6KG3/FjQtFuhN/xkxbRKsHwj05916Sc8JYcAOe9+HklpZXVtfy64WNza3tHXd3r25UoimrUSWUbobEMMElqwEHwZqxZiQKBWuEw5us33hg2nAl72EUs3ZE+pL3OCVgpY5bDkIlumYU2ZIG1QEf4yuc1Y6HjwOqTHoWwIABGZ8Ghsvv20nHLXolbwr8l/hzUkRzVDvuJOgqmkRMAhXEmJbvxdBOiQZOBRsXgsSwmNAh6bOWpZJEzLTTqcMxPrJKF/eUtkcCnqo/N1ISmcyEnYwIDMxiLxP/67US6JXbKZdxAkzS2UO9RGBQOIsLd7lmFMTIEkI1t3/FdEA0oWBDLdgQ/EXLf0n9rOSfly7uzouV63kceXSADtEx8tElqqBbVEU1RNEjekav6M15cl6cd2cyG80585199AvO5xc7vKOQ</latexit>

order parameter:



Electronic nematic order
consider two simple limiting cases:

“Graphene nematic”:

“Moiré nematic”:
Z

dr
X

R2NN

� · �(R) c†�s`⌧ (r +R)c�s`⌧ (r)

<latexit sha1_base64="YKJh/EGy96A2Xs3AaU91AtXzWGc="></latexit>

Z
dr� ·

✓
(⇢x)ss0
⌧(⇢y)ss0

◆
c†�s`⌧ (r) c�s0`⌧ (r)

<latexit sha1_base64="JKAAqYgqqnRkHP9gkguXwYZut24="></latexit>

reproduces exp. features

inconsistent with exp. 



Field tunability from symmetry
No displacement field: �̂ = �1 + i�2 = |�0|e2i✓
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F ⇠ a|�̂|2 + bRe �̂3 + c|�̂|4
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free energy:

only discrete orientations of director:

or



Field tunability from symmetry

displace-
mentfield Δ

�̂ = �1 + i�2 = |�0|e2i✓

<latexit sha1_base64="Xzr1yY3BCTIkp29Boe0uRqO64p8="></latexit>

C3 : �̂ �! ei
2⇡
3 �̂,

<latexit sha1_base64="sbJv6p6slg0+FiFI7gGfEEJSxuw="></latexit>

C2x : �̂ �! �̂⇤

<latexit sha1_base64="IubTw+Tts07tg2w/aXicp7dDAZ4=">AAACIHicbVBNSwMxEM36WetX1aOXYBFEpOyWiuJJ7MVjBauFbi3ZNLsbzCZLMquWpT/Fi3/FiwdF9Ka/xrT2oNYHAy/vzZCZF6SCG3DdD2dqemZ2br6wUFxcWl5ZLa2tXxiVacqaVAmlWwExTHDJmsBBsFaqGUkCwS6D6/rQv7xh2nAlz6Gfsk5CIslDTglYqVs6qHfz6t3gCPt72I8J5H4j5gP78oWSkeZRDERrdfvbv9rtlspuxR0BTxJvTMpojEa39O73FM0SJoEKYkzbc1Po5EQDp4INin5mWEroNYlY21JJEmY6+ejAAd62Sg+HStuSgEfqz4mcJMb0k8B2JgRi89cbiv957QzCw07OZZoBk/T7ozATGBQepoV7XDMKom8JoZrbXTGNiSYUbKZFG4L39+RJclGteLXK/lmtfHwyjqOANtEW2kEeOkDH6BQ1UBNRdI8e0TN6cR6cJ+fVeftunXLGMxvoF5zPL2Ngoog=</latexit>

free energy:

With displacement field:

F ⇠ a|�̂|2 + bRe �̂3 +eb Im �̂3 + c|�̂|4
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director will rotate continuously

eb(�) = �eb(��)
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with



Field tunability microscopically
F ⇠ a|�̂|2 + bRe �̂3 +eb Im �̂3 + c|�̂|4

<latexit sha1_base64="wVhtwPJOjHnQY/lhLkmz5gFdNf0="></latexit>
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for moiré nematic, in continuum model (Koshino, 2019):

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>
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<latexit sha1_base64="sC8xu6UiJ5iOo9tWRH/XMxkI1C4=">AAACCXicbVDJSgNBEO1xjXEb9eilMQgRJMyEiB6DevAYwSyQCaGnU0ma9Cx014hhyNWLv+LFgyJe/QNv/o2d5aCJD4p6vFdFdz0/lkKj43xbS8srq2vrmY3s5tb2zq69t1/TUaI4VHkkI9XwmQYpQqiiQAmNWAELfAl1f3A19uv3oLSIwjscxtAKWC8UXcEZGqltU+8aJDJa9LAPpnuneQ/hAdMO9BTA6KRt55yCMwFdJO6M5MgMlbb95XUingQQIpdM66brxNhKmULBJYyyXqIhZnzAetA0NGQB6FY6uWREj43Sod1ImQqRTtTfGykLtB4GvpkMGPb1vDcW//OaCXYvWqkI4wQh5NOHuomkGNFxLLQjFHCUQ0MYV8L8lfI+U4yjCS9rQnDnT14ktWLBLRXObku58uUsjgw5JEckT1xyTsrkhlRIlXDySJ7JK3mznqwX6936mI4uWbOdA/IH1ucPUNOZew==</latexit>
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amplification via “wavefunction effect”



Field tunability microscopically
F ⇠ a|�̂|2 + bRe �̂3 +eb Im �̂3 + c|�̂|4

<latexit sha1_base64="wVhtwPJOjHnQY/lhLkmz5gFdNf0="></latexit>
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for moiré nematic, in continuum model (Koshino, 2019)

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>

�̂

<latexit sha1_base64="DeWxsf5wWo3QQjrJDulZH+H/uo0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0WPRi8cK9gObUDbbTbN0swm7E6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSAXX6DjfVmltfWNzq7xd2dnd2z+oHh51dJIpyto0EYnqBUQzwSVrI0fBeqliJA4E6wbj25nffWJK80Q+4CRlfkxGkoecEjTSoxcRzL1WxKeDas2pO3PYq8QtSA0KtAbVL2+Y0CxmEqkgWvddJ0U/Jwo5FWxa8TLNUkLHZMT6hkoSM+3n84un9plRhnaYKFMS7bn6eyInsdaTODCdMcFIL3sz8T+vn2F47edcphkySReLwkzYmNiz9+0hV4yimBhCqOLmVptGRBGKJqSKCcFdfnmVdC7qbqN+ed+oNW+KOMpwAqdwDi5cQRPuoAVtoCDhGV7hzdLWi/VufSxaS1Yxcwx/YH3+ALa5kPQ=</latexit>
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<latexit sha1_base64="sC8xu6UiJ5iOo9tWRH/XMxkI1C4=">AAACCXicbVDJSgNBEO1xjXEb9eilMQgRJMyEiB6DevAYwSyQCaGnU0ma9Cx014hhyNWLv+LFgyJe/QNv/o2d5aCJD4p6vFdFdz0/lkKj43xbS8srq2vrmY3s5tb2zq69t1/TUaI4VHkkI9XwmQYpQqiiQAmNWAELfAl1f3A19uv3oLSIwjscxtAKWC8UXcEZGqltU+8aJDJa9LAPpnuneQ/hAdMO9BTA6KRt55yCMwFdJO6M5MgMlbb95XUingQQIpdM66brxNhKmULBJYyyXqIhZnzAetA0NGQB6FY6uWREj43Sod1ImQqRTtTfGykLtB4GvpkMGPb1vDcW//OaCXYvWqkI4wQh5NOHuomkGNFxLLQjFHCUQ0MYV8L8lfI+U4yjCS9rQnDnT14ktWLBLRXObku58uUsjgw5JEckT1xyTsrkhlRIlXDySJ7JK3mznqwX6936mI4uWbOdA/IH1ucPUNOZew==</latexit>
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Conclusion

Wess-Zumino-Witten terms in twisted bilayer graphene

Thank you!

Christos, Sachdev, & MSS, PNAS 117, 29543 (2020).

➢ Classification of “partner” orders {SC,CI} with WZW term and
high-temperature orders

➢ Constraints for microscopic realization 

Nematicity in twisted double-bilayer graphene 
Rubio-Verdú et al., arXiv:2009.11645.
Samajdar, MMS et al. (in preparation).

➢ STM data indicates electronic nematic order

➢ Order parameter pre-dominantly moiré nematic

"𝑁(𝜏, 𝑢)

➢ Electric field can be used to rotate nematic director


