Charge-transfer insulation in Twisted Bilayer Graphene

Paula Mellado
School of Engineering and Sciences, Adolfo Ibáñez University,
Santiago, Chile
SCES, 2019

In collaboration with
Louk Rademaker and Dmitry Abanin
Department of Theoretical Physics, University of Geneva, Switzerland

A few facts in Twisted bilayer Graphene (TBG):

• Flat bands when θ of TBG is close to “magic”.

• Correlated insulating phase at half-filling n = 2.
credit: nist.org

• Superconductivity when doping the insulating state.

• At

n = 0, the electronic density of states is peaked around the

“AA” staking of the Moire super cell.

?
The mechanism of metal-insulator transition,
The nature of the correlated insulating state,
The superconducting mechanism,
Quantum anomalous Hall effect,
Ferromagnetism

Our approach: To study the real-space structure of states of a full tight binding
hamiltonian of TBG at the magic twist angle.

Start with AB stacking and rotate one of the layers around an AB site
Magic angle θ = 1.08, 11 164 atoms in the Moire unit cell.

At K
K and K’ exchanged under six and twofold rotations (z).
The little co-group at the K point is C3.

• Orbitals
•
•

at the K point should be two-fold

degenerate.

Six-fold rotation around AA, 2 three-fold rotations
around AB and BA, C2 with axis in the plane
No mirror symmetries

• Gap

neglishable and the

K orbitals

effective

hopping in a honeycomb lattice.

At Γ

• The little group at the Gamma point is isomorphic to C6.
• At the Gamma point the triangular lattice is invariant under 3-fold rotations.
• Orbitals can realize irreps A and B.
• Hopping on a triangular lattice

(Full band) Tight binding model
In-plane n-n hopping t = 2.8 eV.
Interlayer hopping t⊥(r) = t⊥0 e−|r|/ξ

r = distance between two atoms including the interlayer distance
d = 0.335 nm,
ξ = 0.11a,
a = 0.246 nm
t⊥0 chosen such that t⊥ = 0.35 eV for the AA stacked atoms.

Four flat bands with a bandwidth W = 11.25 meV.

Small gap of 13.8 μeV at K : “approximate” Dirac
cones, two flat bands above and two flat bands
below them.

Flat bands change orbital character in momentum space
Spatial structure of the low-energy wave functions.
“ring”

Averaged wave function squared as a function of
distance from the AA centers

We propose that the insulating phase is characterized by

Orbital nature of the flat band smoothly varies from ring
to center orbitals as a function of momentum.

a charge transfer from the center to the ring orbitals due
to long-range Coulomb repulsion.

Qualitative difference between the real-space wave
function: need more than four localized Wannier orbitals to
capture the flat bands.

Including Lattice Relaxation
We use the relaxed atomic positions from F. Gargiulo and O. V. Yazyev, 2D Materials 5, 015019
(2018).
positions from Ref.
the length of vector
connecting two
carbon atoms

0.142 nm =
intralayer nearest
neighbor atomic
distance

0.335 nm =
the unrelaxed
interlayer
distance

Tight-binding
with hopping
2.7 eV= nearest
neighbor
intralayer hopping
strength

0.48 eV = the inter- layer hopping
when two carbon atoms are exactly
above each other

p-orbital decay
length

Charge distribution at charge neutrality is inhomogeneous
The size of the circles indicate the magnitude
of charge deficiency with a maximum of
0.0025 at the AB point.
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: number of electrons per Moire unit cell
relative to
charge neutrality. +/-4
corresponds to either completely empty or
completely filled flat bands
: average density per atom =
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: # atoms in the unit cell.
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n(r) ⌘ n(r)

n̄

��
charge excess
charge deficiency

Charge inhomogeneity in AB/BA regions is present even at charge neutrality. The distribution of charge at
nu = 0, reveals a clear charge deficiency on the atoms that lie on top of an atom from the other layer.

The electrons are subject to Coulomb interactions, which depend on the deviation of the
electron density n(r) from the average density.

Interpolating between single-layer graphene on-site repulsion V(0) = 9.3 eV and unscreened
at large distances

1.438
V(ri − rj) =
eV
0.116 + | ri − rj |

n(r) ⌘ n(r)
nteraction in the tight-binding model

n̄
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distance between two carbon atoms

Doping TBG away from charge neutrality leads to an enormous buildup of charge
inhomogeneities within each Moire unit cell.
Relative charge density between AA and AB sites
0.003

ν= �� ������

ν=-�� ������

ν=-�� ������

ν=-�� ������

ν=-�� ������

ν=-�� �����

ν=-�� �����

ν=-�� �����

ν=-�� �����

δ�(�)

0.002
0.001
0.000
-0.001
-0.002
-0.003
0.003 0
ν=
0.001
0.000
-0.001
-0.002
-0.003
0
0

22

44

66

0

2

��������
�������� ����
���� ��
�� (��
(�� ��)
��)

4

6

�������� ���� �� (�� ��)

0

2

4

6

�������� ���� �� (�� ��)

0

2

4

6

�������� ���� �� (�� ��)

0

2

0.0

-0.4

-0.6

Charge inhomogeneity leads to a very strong (negative)
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electric potential at AA sites.
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Moving average, which shows the charge inhomogeneity between
the AA and the AB/BA regions of the unit cell: the electronic
charge density cluster around AA.
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Charge Smoothening due to Hartree corrections in Relaxed TBG
Hartree: the product of two density operators is replaced by the product of
an operator and its expectation value.

Interaction replaced by a site-dependent electric
potential determined self consistently.

Electr ic potential is negative
aro u n d t h e A A re g i o n s. T h e
potential ten ds to pu ll more
electrons there.

•

Hartree reduce both the charge
inhomogeneities and the electric
potential one order of magnitude
at fillings other than charge
neutrality.

•

This can be viewed as a charge
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transfer between AA and AB/BA
regions.

The charge redistribution affects dispersion of the bands, as well as the local
density of states (LDOS)
LDOS at the AA region of the unit cell
•

VHS
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For hole doping, pinning of the Van Hove singularity (VHS) at the Fermi level
consistent with continuum models.

ν=�

•
ν=-�

The change of position of the VHS is a direct consequence of band structure
changes.

•

ν=-�

Coulomb interactions smoothen the charge imbalance by changing the
occupation of `ring' orbitals in the AB/BA region and `center' orbitals at the

ν=-�

AA region.
ν=-�
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Band structure after Hartree corrections
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neutrality, the states at Gamma
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are pushed upwards, a feature of
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Fermi Level

the charge smoothening.
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Upon doping away from charge

•

The increase of the energy of the
states at the Gamma point leads to

0.00

a further flattening of the flat
-0.02

Grey bands
without
Hartree

bands.
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For the flat bands, this implies a
reduction of the bandwidth.

Synthesis
❖

Coulomb interactions, as captured by a fully self-consistent Hartree calculation, smoothen
the charge inhomogeneities in the unit cell.

❖

This charge smoothening is achieved by pushing up the energy of the states at the
Gamma point, which in turn forces the VHS to remain close the Fermi level.

❖

Given the strong band flattening and charge smoothening that Hartree gives, any
effective low-energy model should start from a Hartree-renormalized band structure.

