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2D Layered Materials

Graphene : hBN

a=3.18A b
(MoS2)

a=2.46A a=2.50A
Semimetal § Insulator Semiconductor
* Relativistic linear Dirac * Broken inversion * MX2, M=Mo/W, X=S/
dispersion atK valleys  : symmetry Se
* |nversion symmetry .+ Used to encapsulate * Broken inversion
* Mechanical strength : graphene symmetry
.« Stability * Direct band gap 1-2
* Large band gap eV at K valleys
* Spin-orbit coupling
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Outline

® Electrons in solids and non-interacting electron approximation

o Ab-Init
based

0 tight-binding hamiltonian from Wannier transtormation

on density functional theory calculations

e Modeling for 2D layered material heterostructures and example

with twisted bilayer graphene
e \Wannier construction and topological obstructions

Energy (eV)

r(A)
TMDC interlayer coupling graphene interlayer coupling



Electrons in Solids

High temperature superconductivity Fractional quantum Hall Topological Insulator

Magnetic field (T)

« Strongly correlated phases
* Topological phases

* Anyonic statistics Or simply behave as non-interacting
* Spin liquids electrons (Fermi liquid theory) !

Ref: P. W. Anderson, More is different, Science, New Series, Vol. 177, pp 39
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Electrons in Solids

Non-interacting h?
Hamiltonian I,

02V (z) + V(z)¥(z) = EY(z)

Periodic potential /\ [\ A /\ A m

N W W W WY

Position

Potential

Ref: Efthimios Kaxiras, Atomic and Electronic Structure of Solids
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Electrons in Solids

Example: pz bonding orbital for hexagonal
boron nitride layer

U(z +a) = ™ (x)

Waveftunction satisfies
twist boundary
condition and Is
extended in space
Bands are classfied
INnto band index n and
crystal momentum
label k (diagonal
hamiltonian).
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Wannier Functions: Localized Basis

Example: Wannier pz orbital for hexagonal boron nitride
layer

o -

Fourier transform from
extended Bloch waves
to localized Wannier
basis

The hamiltonian is
transformed into tight-
binding form with
short-range hoppings.
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Wannier Functions: Localized Basis
MoS2 monolayer MoS2 monolayer
§ Bloch wave/energy ?’
°C> and hamiltonian GCJ
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TMDC Interlayer Coupling

1.2
09
layer 2 |
?’2 0.6
-
2 layer 1
ks 0.3
0
Pl bonding

sigma bonding

r(A)

Vop,b(T) = v eXP(_(T/Rb)Ab)

two-center Slater-Koster approximation

Ref: Shiang Fang et al., Phys. Rev. B 92, 205108 (2015)
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Graphene Interlayer Coupling

Wannier function decomposition

o

‘ m = 13

Pz Wannier function

t(r) =Vo(r) + V3(r)|cos(3012) + cos(3021)] + Vi(r)|cos(6612) + cos(6621)

Ref: Shiang Fang et al., Phys. Rev. B 93, 235153 (2016)
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Graphene bilayer with a twist

Two shifted Dirac cones Renormalization of Ferm
K K® velocity (slope near K)

low-energy theory |

0 10 20 30
0

vp/vp =1 —C/sin*(6/2)

Ref: J. M. B. Lopes dos Santos et al., PRL 99, 256802 (2007)
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Graphene bilayer with a twist

Two shifted Dirac cones
K KO

DOS (states/eV atom)

Van Hove singularity in
density of states
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Flat Bands and Moiré Pattern

(31,30) twist structure (N=11164) with angle ~ 1, we
observe:
* The flat bands through out the whole BZ.
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Wannier and Topological Classification

“Ten-Fold Way” for topological classifications

TRS PHS SLS d=1 d=2 d=3

Standard A (unitary) 0 0 0 - @ - Integer anntum Hall
(Wigner-Dyson) Al (orlhog(;nul) +1 0 0 - - - Chern insulator
AIl (symplectic) - 0 0 ' %2 72 Topological Insulator
Chiral AIII (chiral unitary) 0 0 | f/ - Z
(sublattice) BDI (chiral orthogonal) +1 +1 1 y A -
CII (chiral symplectic) -1 -1 I Z - 2,
BdG D 0 +1 0 Z, Z Topo|ogica|
C 0 . 0 : ‘ - superconductivity /
DI - +l ‘ L, L, 2 Majorana fermions
ClI +1 -1 I . E Z

Depending on the symmetry, there are different topological classes for the filled
Hilbert space of a Hamiltonian.

Non-zero Chern number gives obstructions for the construction of Wannier
functions

Ref: Andreas P. Schnyder et al., Phys. Rev. B 78, 195125 (2008)
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Summary

e AD-INI
based
way Of

10 tight-binding hamiltonian from Wannier transformation
on density functional theory calculations as an efticient
- modeling the materials

® Speci
INnterla
e \Wanni

ic examples with 2D layered heterostructure and the
yver coupling models for graphene and TMDCs
er construction and the topological obstructions in the

presence of non-zero Chern numbers
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