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Flat bands enhance correlation effects

» Flat band — Quenched kinetic energy + diveraent DOS

Fermi energy in flat band

Enhanced correlation effects

increase DOS by chemical doping
Graphite: Ca doping T, ~ 6K
WS, , MoS, : ionic liquid doping T, ~ 2-15 K

* Ferromagnetism
* Mott Insulator
« Charge Density Waves

» Fractional Quantum Hall Effect

« Superconductivity

V.A. Khodel and V.R. Shaginyan JETP Lett. (1990).
Volovik 1991

Volovik, Lect.Notes Phys. (2007)

D. Green et al Phys. Rev. B (2010)

T.T. Heikkila, N.B. Kopnin , G.E. Volovik, (2011)



Landau levels - The quintessential flat bands

Landau levels Fractional QHE,

Sample Bias (mV)

SN G. Li, A. Luican, E.Y.A, PRL, 102, (2009) X. Du,..EYA, et al, Nature 462 (2009), 192
G.Li, E.Y.A,, Nat. Phys , 3 (2007), 623 K.l. Bolotin , et al, Nature 462 (2009), 196

Can we create Flat bands without braking TRS? oy Andre



Magic angle twisted graphene

Flat bands without breaking TRS?

Periodic strain Pseudo-magnetic field  pseudo Landau levels

J. Mao.. EYA et al Nature, 584, 215 (2020)

Moire period
fine-tuning hopping
parameters

G. Li, EYA, et al Nat. Phys. 6, 109 ( 2010)

Moire lattice

B. Sutherland (1986)
E.H. Lieb (1989)

R. Shen et al (2010)
V. Apaja et al, (2010)

Line-graph lattices

symmetry protected chiral flat bands

Superpositions of degenerate Bloch waves
Compact localized states

Dice lattice = Kagome Lieb E.Y. Andrei


http://www.physics.rutgers.edu/~eandrei/pubs/NPHYS-2009-06-00877.pdf

Twisted bilayer graphene

G. Li, EYA, et al Nat. Phys. on-line 2009, 6, 109 ( 2010) |
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Twisted bilayer graphene

G. Li, EYA, et al Nat. Phys. on-line 2009, 6, 109 ( 2010)
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Observation of Van Hove singularities twisted graphene
G. Li, EYA, et al Nat. Phys. 6, 109 ( 2010)
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Merging Van Hove singularities

G. Li, EYA et al Nature Physics 6, 109 ( 2010

0~1.1°
» VHS merged — flat band
> 12mV Gap at E¢

-200 -100 0 100 200

~13,000 atoms per moire cell !! sample bias (mV)



Magic angle : flat band and slow down of carriers

A. Luican et al PRL106, (2011) 126802

G. Li, et al Nature Physics, 6 (2010)109 Landau level spectroscopy

quasiparticle velocity

v*  1-3¢? _
—:—2, o =
magicangle:v*=0

31

10 15 20 25 30
twist angle (°)

: .. Electrons slow down = Enhanced interactions
Van Hove Singularities merge
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Twisted Bilayer Graphene and Lattice Relaxation
Twist between layers +— Moiré pattern: Twist angle: 0.3

RI unrelaxed relaxed

iré cell
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Mini Brillouin zone

Lopes dos Santos, Castro-Neto et al (2007)
Suarez Morel et al PRB (2010)
Bistritzer, MacDonald, PNAS (2011)

: i Two mini-BZ with opposite chirality
.. 8 orbitals per moire cell:
pits 2Valley x 2layer x 2spin
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VVan Hove singularities

» VHS : Divergent DOS +— enhanced correlations

» Lifshitz transition - Fermi surface topology change

Van Hove
Singularities

K. A. Modic, et al., Sci. Rep.(2018)

L. dos Santos, Castro-Neto et al PRL(2007)
S. Morel et al PRB (2010)
Bistritzer, MacDonald, PNAS (2011)
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Magic Angle

Layer basis

Magic angle:

Van Hove
Singularities Oy = ﬁti ~10

Moire traversal time

~ tunneling time :
Y. Kim et al Nano Lett. 2016, 16, 8, 5053

VHS at half filled band

Hiroki Isobe, Noah F. Q. Yuan, and Liang Fu

Phys. Rev. X 8, 041041 — Published 5 December 2018
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VVan Hove singularities

VHS merge — Flat Band

Magic angle:

Van Hove
Singularities Moire cell traversal time

~ tunneling time

L 1
wy‘ “w o

AA

K KM [ MK
“Flat” band: 8 orbitals per moire cell

G. Li... EYA, Nature Phys. 6, 109 ( 2010) E.Y. Andrei
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Lattice relaxation opens gap
Lattice relaxation — gap

VINT

ALA

Isolated flat band:
8 fold degenerate states

Degeneracy protected

gy-Hdenp(meV)

E’_ZO by C,T symmetry
® 40
K K' M [ M K
# of carriers /moire cell Fraction of band filled

n - one carrier
°" moirecell v = 0 charge neutrality

Band Filling notations:
Electronsv =

n = 0 charge neutrality
Electrons n/n, =12,3,4
Holes n/ny,=-1,-2-3-4
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*»Magic angle Twisted bilayer graphene
* Van Hove singularities
« MA-TBG and HTC superconductors
« Nematicity
e Chern insulators

E.Y. Andrei



Controlling the Twist-angle

Kim, K. et al. Nano Letters 16, 1989, (2016)
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Controlling the Twist-angle and Carrier Density
ARTICLE

doi:10.1038/nature26160

Unconventional superconductivity in
ma_g1c a_ngle graphene superlattlces

Yuan Cao!, Valla Fatemi!, Shiang Fang®, Kenji Watanabe®, Takashi Taniguchi®, Efthimios Kaxiras** & Pablo Jarillo- Her
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Magic angle superconductivity - why the excitement ?

v" Insulating phase flanked by
superconducting domes

M1,6 =1.16°

Superconductor
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» Doping by electrostatic gating
» Entire Phase diagram in single sample!

? T/T-> 10— strong coupling

? Pseudogap phase ?
? Nematic Order ?

? Strange metal : “Planckian” dissipation ?

High temperature superconductors:
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Magic angle superconductivity - strong coupling

v" Insulating phase flanked by & Pseudc_)gap phase ?
superconducting domes ? Nematic Order ?

v TJT: ~ 10! strong coupling ? Strange metal : “Planckian” dissipation ?

Mormalized carrier density (cm™)
10" 10 10™

% Heavy-fermion superconductors
Cuprates
Iron pnictidas
Convertional superconductors
BEC in atoms
Two-dimensional materials

Crganic superconductors
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Nematicity

electron doping .« hole doping

* Nematicity : discrete rotational
symnmnietry of the lattice is spontaneously
broken due to electron correlations,
while lattice translational and time-
reversal symmetries are preserved .
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Nematic Fermi Fluids in Condensed Matter Physics h REVIEW ARTICLE

PUBLISHED ONLINE: 31 JANUARY 2014 | DOI:10.1038/NPHYS52877
Annual Review of Condensed Matter Physics

Vol. 1:153-178 (Volume publication date 2010) What drives nematic order in

iron-based superconductors?

R. M. Fernandes'™, A. V. Chubukov?* and J. Schmalian3*

E.Y. Andrei



STM measurements on magic angle twisted graphene

“Tear & Stack”
Prepared in Ar glovebox

¢1.1<>

1%t Transfer Tear and Rotate 2" Transfer Evaporate Au electrode

Y. Jiang, .. ,EYA, Nature 573, 91 (2019) E.Y. Andrei



Flat band and correlated states: STS and transport

{ W),
A N

Mimic transport measurement:
V, =0 — E.(tip) =E(sample)

30 20 10 00 10 20 30
Carrier density (10'2cm2) transport

-4 -3f/2-1 01234 T=300mK

Conductance (mS)

<«—— Holes —> <— Electrons

.30 20 1.0 00 1.0 20 30

Carrier density (102 cm™)

Y. Jiang,.. EYA, et al Nature 573, 91 (2019) S. Wu,,.. EYA, Nature Materials 20, 488
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Magic angle: Flat Band

Vy=-55V V,=+55V Vg= 0V
Flat band empty Flat band full Half full band
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No gap feature in full or empty band Correlation induced
pseudo gap

Kerelsky, et al. Nature 572, 95-100, (2019).
Xie, Y. et al. Nature 572, 101-105 (2019)

Y. Jiang, .. ,EYA, Nature 573 (2019) 91 Choi, Y. et al. Nature Physics (2019)




Charge spectroscopy in the flat band

v = n/n, from gating Spectral weight — moire filling
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Spontaneous charge polarization

Topography AA
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Nematic Charge order

e
=
(D
oQ
Q
iy
<
(D

OAI111SO(d

E.Y. Andrei

Y. Jiang, .. ,EYA, Nature 573 (2019) 91



Nematicity in Superconducting state

Nematicity and competing orders in superconducting
magic-angle graphene

SCIENCE - 16 Apr2021 - Vol372 lssue 6339 - pp. 264-271 - DO 10.1126/science.abe2B36

In the superconducting state :
nematicity, manifested in its response
to in-plane magnetic fields.

Temperature

E.Y. Andrei



Compare with high temperature superconductors

v Insulating phase flanked by superconducting domes
v' TJEg~ 101 strong coupling

v' Pseudogap phase

_ v Nematic Order
v Strange metal : “Planckian” dissipation

Bias (V)

8 4 0
R (k)

M1, 6=1.16° electron doping | hole doping

Temperature, T (K)

: e '~ superconductor
-1.8 -1.6 - :

Carrier density, n (1012 cm—2)
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Beyond high temperature superconductors

New results
» Chern insulators
» Van Hove singularities
» Multiple superconducting domes

Superconductors, orbital magnets and correlated
states in magic-angle bilayer graphene

Xiaobo Lu, Petr Stepa lohammed Ali Aamir, |psita Das, Carles Urgell, Keniji

Watanabe, Tak guchi, Guangyu ang, Adrian Bachtold, Allan H. Ma d & Dmitri K. Efetov ™

Nature 574, 653-657 (2019) | Cite this article

32k Accesses | 519 Citations | 169 Altmetric | Metrics

Evidence for unconventional superconductivity in
twisted bilayer graphene

Myungchul Oh, Kevin P. Nuckolls, Dillon Wong, Ryan L. Lee, Xiaomeng_Liu, Kenji Watanabe, Takashi

Nature 600, 240-245 (2021) | Cite this article

Cherninsulators, van Hove singularities and
topological flat bands in magic-angle twisted bilayer
graphene

Shuang Wu, Zhenyuan Zhang, K. Watanabe, T. Taniguchi & Eva Y. Andrei ™1

Nature Materials 20, 488494 (2021) | Cite this article

Cascade of phase transitions and Dirac revivalsin
magic-angle graphene

Oppen, Ady Stern, E. Berg, P. Jarillo-Herrero & & S. 1lani &

Nature 582, 203-208 (2020) | Cite this article

Strongly correlated Cherninsulators in magic-angle
twisted bilayer graphene

Bernevig & Ali Yazdani ™J
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