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Bandstructure engineering with moirés
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First experimental realization of TBG
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First experimental realization of TBG
1.05° TBG

M1, 0 = 186°
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Flat bands!

o
N

Temperature, T (K)

/

-1.8 -1.6 -1.4 -1.2
Carrier density,fh (10'2 cm™)

Half filled band — symmetry broken phase
Bistritzer and MacDonald, PNAS (2011) Think Hund’s rules

Cao, et al. Nature (2018)



Summary

By controlling twist angle, graphene multilayers
can become strongly correlated!

Let's make some samples!
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Typical twisted bilayer graphene (TBG)

Wang, et al. Science (2013)
Sharpe, et al. Science (2019)
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Typical twisted bilayer graphene (TBG)
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Typical twisted bilayer graphene (TBG)
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Typical twisted bilayer graphene (TBG)
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Typical twisted bilayer graphene (TBG)
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Typical TBG
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Typical TBG

Atypical TBG
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Visual hBN alignment

Amet et al., PRL (2013)
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Visual hBN alignment

Amet et al., PRL (2013)
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Hall slope density dependence
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Hall slope density dependence
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Hall slope density dependence
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Hall slope density dependence
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Anomalous Hall signal can be really large!
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Summary

By controlling twist angle, graphene multilayers
can become strongly correlated!

Large anomalous Hall (and R,,)
Apparent insulating state
Non-local transport
Survives up to ~5K
Evidence of domains

Reminiscent of early Magnetic Tis =Chern insulator?

Sharpe, et al. Science (2019)
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Early magnetically doped topological insulators
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Early magnetically doped topological insulators
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hBN alignment is the key for AH?
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Xie and MacDonald, PRL (2020) — Gap open spontaneously?
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hBN alignment is the key for AH?
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Possible Scenarios and in-plane response

Interaction driven spin/valley polarization
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Possible Scenarios and in-plane response

Interaction driven spin/valley polarization
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Probing Nature of Magnetism
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Hysteresis loops in tilted field
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Hysteresis loops in tilted field
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Hysteresis loops in tilted field
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Quantum anomalous Hall in TBG

Serlin, et al. Science (2020)
Tschirhart, et al. Science (2021)
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Quantum anomalous Hall in TBG
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Quantum anomalous Hall in TBG

R (hle?)

M

Serlin, et al. Science (2020)

Tschirhart, et al.

Science (2021)

24



Quantum anomalous Hall in TBG
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Quantum anomalous Hall in TBG
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Quantum anomalous Hall in TBG
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Summary

. . . C=-1x]
By controlling twist angle, graphene multilayers ,\_/\_’\
n/n.=3
can become strongly correlated LS T

Energy
@)
1
X
%
@)
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F

TBG is a Chern insulator at filling factor 3!

Magnetism is orbital in character ~— N
C=+1x1|

hBN alignment is likely crucial

Why is this orbital magnet so hard to reproduce in TBG?
Magnetism appears splotchy
(Q)AH appears to be quite ubiquitous in moirés
Shouldn’t the hBN/graphene form a moire?
How should we model this?
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TBG/hBN multimoiré

1.2° TBG + hBN alignment
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TBG/hBN multimoiré

1.2° TBG + hBN alignment
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TBG/hBN multimoiré

120° commensurate, U =0

1.2° TBG + hBN alignment
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TBG/hBN multimoiré

120° commensurate, U =0

1.2° TBG + hBN alignment
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Shi et al. PRB (2021)
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Shi et al. PRB (2021)
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Deterministic fab with rapid feedback

Second harmonic generation for hBN

Kamat, Sharpe, et al. PNAS (2024)
Pendharkar, et al. PNAS (2024) 37



Deterministic fab with rapid feedback

Second harmonic generation for hBN
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Second harmonic

generation for hBN

200

(c

Intensit

50

2D

175F
150F
E 125F

2 100f

75W‘

G | — Parallel to Edge 1 2D
—— Perpendicular to Edge 1
—— Parallel to Edge 2

|

i

12

Kamat, Sharpe, et al. PNAS (2024)
Pendharkar, et al. PNAS (2024)

00 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm~1)

Torsional force microscopy for moirées

Y (nm)

~200

—100

0
X (nm)

o
(bap) aseyd

37



Deterministic fab with rapid feedback

38



Deterministic fab with rapid feedback
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Anomalous Hall!
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Anomalous Hall!
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Cooling to 30 mK, superconductivity!?
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Cooling to 30 mK, superconductivity!?
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Cooling to 30 mK, superconductivity!?
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Cooling to 30 mK, superconductivity!?

D (V/nm)

103

102

n/ns

This device exhibits both magnetism and
superconductivity!

Rxx (Q)

Near optimal doping

—-0.01f

-0.02¢

Ipc (NA)

Edge of dome

0.02f
0.01f

0.00f

B (T)

—-0.01f

-0.02f

103

102

10t

1009

103

102

Q)

~

RXX

Rxx (Q)

40



What is O\

@ : Predict AH
—_ (120° commensurate) (60° commensurate)
%ﬂ 1.2t > @ Sharpe, et al. Science (2019)
e . - Y ., Serlin, et al. Science (2020)
QO
D 1.0
| (90° Icommensurate) |
—1.0 —0.5 0.0 0.5 1.0
Ocan (deg)
120 commensurate 60 commensurate
40 - W @® d=0 40 4 W/ @ d=0
@® d=5 @® d=5

E (meV)
o %
E (meV)
o S
> ﬁ

—401 A [\ I —401 A
K K

Shi et al. PRB (2021)



What is O\

@ : Predict AH
—_ (120° commensurate) (60° commensurate)
%ﬂ 1.2t ° @ [ Sharpe, et al. Science (2019)
e \ . “—. 1 Serlin, et al. Science (2020)
O
D 1.0 ‘
, (90° Icommensurate) |
~1.0 / —0.5 0.0 0.5 1.0
This work? OceN (deg)
120 commensurate 60 commensurate
40 - W @® d=0 40 4 W/ @ d=0
® d-5 @® d=o

E (meV)
o %
E (meV)
o S
> ﬁ

—401 A [\ I —401 A
K K

Shi et al. PRB (2021)



TBG is still hiding secrets
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TBG is still hiding secrets

£=0 1.38° TBG
0.15 -
T 0.10 A
12.5 - £
AZ‘ 005 T
10.0 A
— . 0.00 .
£ 757 s 0.0 0.1
@ < £=0.2%, ¢ =0°
5.0 - < 70
2.5
0.0 -
—4

Wang, Finney, Sharpe, et al. PNAS (2023)
Finney, Sharpe, et al. PNAS (2022) 42



TBG is still hiding secrets
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Summary

By controlling twist angle, graphene multilayers
can become strongly correlated!

TBG is a Chern insulator at filling factor 3!
Magnetism is orbital in character
hBN alignment may be crucial

Why is this orbital magnet so hard to reproduce in TBG?
(Q)AH appears to be quite ubiquitous in moirés
hBN's effect is shift dependent!

Expect AH near commensurate structures?

Using intermediate characterization during fab we:
Verified hBN alignment, AH, and superconductivity
in a single sample 1/2

®/ D,

We still have much to learn about TBG. Explore:
G-G and G-hBN twist phase space
FCl states at high field
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