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A new type of van der Waals heterostructures:
twisted trilayer graphene (tTLG)

Twisted bilayer graphene (tBLG) Twisted trilayer graphene (tTLG)

» New candidate for unconventional correlated states: flat
bands, high density of states



Experimental Realization of Strongly
Correlated States in tTLG
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« Superconductivity and strongly correlated insulating states observed
at half-filling of moiré of moiré superlattice

Experiment by K. Wang, K-T. Tsai, and X. Zhang: ArXiv:1912.03375
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Mechanical Relaxation in Twisted Trilayers

Ziyan Zhu, Paul Cazeaux, Mitchell Luskin, Efthimios Kaxiras, arXiv:1911.05324



Goal: minimize the total energy as a function of
the relaxation displacement vectors

Etot (u) _ Einter(u) + Eintra(u)
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Configuration space
a description of aperiodic systems
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Configuration space
a description of aperiodic systems

Configuration Space

Real Space

Real Space
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Real space relaxation pattern
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Layer 3

— 623 = 3°
Graphene Unit Cell

Layer 2

WSe2 trilayer, 0,

Real space relaxation pattern
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Real space relaxation pattern

= 3°

=3B

WSe2 trilayer, 0,

Layer 3

.(<¢-
ORI IIZOEC

R RORRRORIRORON
1

SREX SO NCRION
OEOED R OROIEOROEC
QOS5 oommooommmoo

OO0
SoRRIR0
o

O
o
)
Iw
o
£
S
o
>
i

s
S NSiESIiasIEaIEan
o

RS
Yay A
e

B ey
s iis e sser
RORORORORONRARAY

o
5205
—_— 3
O O O X O X O X OO IO
B R D O S A%
D0 SO SOOI
RSP ISIORONIIII
520,
IBRBRNPNLIIELORTAORINIES,
L RO ORRHIORIRI: ')
QB3I3IS IO ROROLOFIFIFIEIGIIDDS
Cahelee e e OO0 0%
ORISR ORI OSIORAISIBS0!
oooooooomooooomowowmwmwmmmmwmmme
ORIAIODIDS
R OB0ORHIRID0
BRSO ORIROKO
SRR
SRSIOREIHI0
SRSIELEI
SR SIOREIOR
RGOS
RO

0RO ORRBOROREEE
oooowowmooo

o

d
T
& Q)

0.016

-0.016

0.026

-0.026

0.016

-0.016

~V x Ut

-V x U

—V x Ul

13

1911.05324

(A%

iras, arX

Kax

IMIOS

Ziyan Zhu, Paul Cazeaux, Mitchell Luskin, Efth



Real space relaxation pattern
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Not the whole story

— ‘923

ing at 0,

Spontaneous symmetry break
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Why does this happen?

Symmetric Asymmetric
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Physically: competition between intralayer (elastic) energy and interlayer (misfit) energy
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f the solution for 912 — 923
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Electronic Structures in Twisted Trilayer
Graphene
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Set up: monolayer in real and reciprocal space

2 Momentum
space lattice in
the moiré

Brillouin zone

A

\

Real space Reciprocal space
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Real space model (tight-binding)

3
H = ZHZ un Z (Vl,l-l—l un Vl—l—l,l)
=1 [=1,2

Intralayer:

H =t ¢} J(RD)e 5(RD) + e 5 (RO — al”) + co (RO — al)] + h.c.
R

Interlayer:

Vil — Z CI’Q(R(i))th(R(i)7 RY)e¢; g(RW)
R() o, RG)

Plane-wave expansion:
I NCONS » 1€ (€)
T Z e 1k ¢ (R £ —|—Ta£ )CE’Q(R(E))

1
C —
0,k o
VABz £

S ek B, (RO

1
Cok® o =
VABZL 57
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Momentum space model

Hy =

Diagonal blocks: intralayer hopping: rotated Dirac Hamiltonian

Monolayer Brillouin zone

Supercell Brillouin zone
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Momentum space model

Hb(k> Tr) 0|
Hyi = [T (r) H}(k) T%(r)
0 T m (k) |

Off-diagonal blocks: interlayer hopping

T (kO kD) = /Ay Apz, Y. e 7T (10 4 GG (kD £ GV, kD) 4 GW)

G ,G)



Momentum space model

Hb(k> Tr) 0|
Hy = |T(r) H(k) T%(r)
0 T m (k) |

Off-diagonal blocks: interlayer hopping (low-energy limit, first shell)
g = kO — K.

T” (¢'9,qY)) = ZT% g —q() g

Monolayer Brillouin zone L1+L2 supercell Brillouin zone o3



k degree of freedom in bilayers vs. trilayers

5(kY + GW k) + GU))

Monolayer Brillouin zone

o) Layer 1 momentum

® Layer 2 momentum
L1+L2 SC reciprocal lattice vector

L1+L2 supercell Brillouin zone

Bilayer scattering selection rule
G(l) + q(l) + KL1 — G(Q) + q(2) + KL2
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k degree of freedom in bilayers vs. trilayers

5(kY + GW k) + GU))

Monolayer Brillouin zone

o Layer 1 momentum

) Layer 2 momentum

Layer 3 momentum

L1+L2 SC reciprocal lattice vector

L2+L3 SC reciprocal lattice vector

L1+L2+L3 supercell Brillouin
zone

AAINAN

A big mess!
Many copies of non-overlapping k.p

models!

N

Trilayer scattering selection rules
G(l) + q(l) + KL1 — G(Q) + q(2) + KL2
G’(Q) + q(2) + KL2 — G(3) + q(3) + KL3
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k degree of freedom in bilayers vs. trilayers

Plotted quantities: scattering momenta in each layer
Origin: the Dirac point of Layer 2

Bilayer, 6 = 2° Trilayer, 0190 = 2°, 093 = 2°
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Scattering selection rules

GV + k) = g3 4 @) EVD 1+ gV _g® = B L gk — g2



Energy (meV)

Electronic structure of tTLG

150

150 &

All connected bands
Hybridization between all three layers
Flat bands near the CNP

Monolayer Brillouin zone

Bilayer moiré Brillouin zone

27



150

Electronic structure of tTLG

0 2
DOS (nm~2eV1)
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Comparison between tTLG and tBLG

tBLG
150 w
=
b,
£
. 0
a0
Z
<
63
-150

- band structure

Monolayer Brillouin zone

M12

Bilayer moiré Brillouin zone
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Comparison between tTLG and tBLG

- band structure

Layers 1 + 2 bilayer

tBLG

150

Energy (meV)

-150

NS

A"//”: : \

Layer 3
Dirac Cone

Monolayer Brillouin zone

M12

Bilayer moiré Brillouin zone
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Comparison between tTLG and tBLG
- band structure

tBLG

150

Energy (meV)

-150

Monolayer Brillouin zone
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Bilayer moiré Brillouin zone
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Comparison between tTLG and tBLG - DOS
tTLG, 2° tBLG, 2°  tBLG, 1.05°
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Band structure evolution at 0,; = 2°
912 = 4.50, 923 = 2°

200 .
\ N\ - L

o L2

150 e L3

100
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Energy (meV)

200

100

-100

-200

Density of states evolution
912 = —1.6°

]
1 N
: Higher order peaks
L A

¥ Peaks due to moiré hybridization

,,

923.(0)
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Agreement with the experiment

912 — 2.100, 023 - — 2.810

200

100

Bias (mV)

-100

-200

Ref: Zuo et al, Phys.

STM

DoS

Energy (meV)

200

150 -

100 -

-100 ¢

-150 -

-200

Model

-
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4 Van Hove peaks

DoS

Rev. B 97, 035440 (2018)



Conclusion

* Relaxation in twisted trilayer vdW heterostructures

* Moiré of moiré; capability of modeling aperiodic systems through
configuration space

- Spontaneous symmetry breaking at 0,, = 0,3
» Electronic structures of tTLG:
* Flat bands and high DoS at equal twist angles

* No singular DOS in tTLG, contrasting the tBLG results

Future directions

 Electronic states + relaxation

» Electron-phonon interaction
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