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Direct observation of flat bands in twisted bilayer graphene

- Experimental ARPES observation
- Multi-scale approach to match
experimental observations
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Visualization of the flat electronic band in twisted
bilayer graphene near the magic angle twist

M. Iqbal Bakti Utama 2%, Roland J. Koch®**, Kyunghoon Lee ©'*, Nicolas Leconte %,
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Paul D. Ashby ©%, Ale is
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Real-space
multiscale methodology



Multi-scale approach

vdW physics with a covalent flavor: atoms try to hybridize to minimize their energies

l

/ Lattice reconstruction

Large systems: limited

applicability of DFT Classical energy minimizations and TB models to the

rescue!

Develop an accurate force-field and simple TB model combination
which reproduces experimental predictions quantitatively




—— Methodology
calculations: KLIEE R
- Accuracy, computationally expensive \
- Appropriate scheme (LDA, RPA, etc) _ o ] T 1= T 121
: Classical potential fitting: — L1
- For select number of commensurate stackings
l - Registry-dependent potentials
_ (Kolmogorov-Crespi, Drip, ILP,...)
(Accurate continuum models) - Rebo, Tersoff,... intralayer potentials
l - Machine learning potentials (Gap20)
Real-space tight-binding (TB) model \

Energy minimizations
- Use LAMMPS (or Gromacs, or...)
- Quantify relaxation effects such as
lattice reconstruction, corrugation, etc

| —

Large scale TB simulations:
- Compare rigid and relaxed structures
- Electronic band structure

- Spectral function Relaxation effects in twisted bilayer graphene: A multiscale
- Electronic transport approach

Nicolas Leconte, Srivani Javvaji, Jiagi An, Appalakondaiah Samudrala, and Jeil Jung
Phys. Rev. B 106, 115410 — Published 12 September 2022



LAMMPS...

Pairwise potential

- Lennard-Jones

iy

The force exerted by the molecules
(or atoms) upon one another is the

derivative of the potential, phi, with
respect to distance between them, 1.
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LAMMPS...

Pairwise potential

- Lennard-Jones

- Kolmogorov-Crespi

¢

Tooe

The force exerted by the molecules
(or atoms) upon one another is the

derivative of the potential, phi, with
respect to distance between them, r.
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New drip parameters (also for
G-BN and BN-BN interactions)

LAMMPS...
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TB models: interlayer and intralayer terms

Intralayer:

- Use F2G2 models to simulate intralayer terms of hBN, G, BG, etc systems
- Add moire induced-intralayer modifications of onsite energies and
first-nearest neighbor hopping terms

Interlayer:

- Modified two center approximation models for interlayer hoppings



F2G2 Models

Wannierization of the pi-orbitals centered

around the carbon atoms...

Long-range interactions are reduced to
relatively short-range effective models that

capture the DFT pi-bands

tABn tAAn tAB'n
fi —-3.010 0.09244 0.1391
2 —0.1984 —0.02299 —0.07211

tl/QAn t/BBn téA’n
80 0.4295 0.4506 0.3310
g1 0.2235 0.2260 —0.01016
2 0.04016 0.0404 0.0001

T M K r
PHYSICAL REVIEW B 89, 035405 (2014)

Accurate tight-binding models for the = bands of bilayer graphene

Jeil Jung
Department of Physics, University of Texas at Austin, Austin, Texas 78712-0264, USA
and Department of Physics, National University of Singapore, Singapore

Allan H. MacDonald
Department of Physics, University of Texas at Austin, Austin, Texas 78712-0264, USA
(Received 20 September 2013; revised manuscript received 12 December 2013; published 6 January 2014)



Hintra -+ H inter -

H =

TB Hamiltonian




Average from AA, AB and BA
" 4 commensurate cell DFT calculations
H - Hlntra + Hlnter-

i, |C1—C |G, —C| B-B N-N C1—C B-N
go |-0.4017 | -0.4027 | 2.3143 |-1.7966
g1 10.24498(0.24523|0.081055(0.24562| f1 | -3.0307 | -2.8928
g2 10.066180.06624 |0.065654 {0.04892 | f, [-0.19334|-0.15399

F2G2 virtual strain
Hintra — Hintra _|_ H 1

intra Hi(dij : K) =) ti,(dij)gn(K)

Hij(dij : K) = Ztij,, (dlj)fn(K)




H intra

+H, inter -

Average from AA, AB and BA
commensurate cell DFT calculations

i, |C1—C |G, —C| B-B N-N C1—C B-N
g0 | -0.4017 [-0.4027 | 2.3143 |-1.7966
g1 10.24498[0.245230.081055|0.24562| f; | -3.0307 | -2.8928
2> |0.06618[0.06624 [0.065654|0.04892| £, |-0.19334]-0.15399
F2G2 virtual strain
Hmtra ] Hintra T Hintra H;; (dij 5 K) - Ztiin (dij)gn (K)
n

Moire bands
Take information from different local stacking
configurations in the unit cell

Lattice mismatch Twist angle

\ /
- N ¥
do(7) = 7+ 02 x 7

-

Moire periodicity ~ d(7+ L) = d(7) + L

From local stacking to moiré superlattices

OAB
o

Hij(dij : K) = Ztij,, (dlj)fn(K)

Hopsite = H;;  for go = 1

—

Honsite (d) = Coii +2C1iiRe [f () CXP(ifPii)]

ii=Cy,C,BorN

- Gid. 3
f(d) = exp(—iGid,) +2exp (i 12 y) cos (%Gldx)
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HF2G2 + HV1rtual strain

Hintra = intra intra

-0.770/0.589 |-1.510
-0.154]1.178 |-2.641
-0.028]1.125 |-0.754
-0.149|1.125 |-2.513

-0.121[0.940 [-2.204 2
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He,c,

He,c,

Hpp

Hyy

Q& > O B | O B 3| O 5| >

A B C Average
C1]-0.39969|-0.37776 | -0.4277 |-0.4017

Honsie (d) = Coii+2C1iiRe | f(d) exp(igi) ]

. Gd 3 C,|-0.42011]-0.36739 | -0.42048| -0.4027
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TB Ham i |t0n ian H _ Hintra _I_ Hinter Re ch(d)(meV) [Hcc(d)](meV) Hmd)](mev) [Hs (@] (v,

0051005100510051
d (@) d.(a) d. (a) d. (@)

F2G2 virtual strain
Hintra H; intra + Hlntra




TB Hamiltonian H = H o+ Hipger el .1 e

Hintra

— HF2G2 +

intra

virtual strain
Hmtra

TB-mapping

H;j(d) =2C;jcos (@Gl dx) cos (%dy - <Pij)
—2C;jcos (Gidy + ¢ij)
—12\/_C,]s1n<\/_2 1d> (Gld

(pz]>

Cij =1.987 meV and Qi = 3.5°
Cij = 4.418 meV and ¢;; = 26.1

OO

t=t,+6,i=123
- 2A1/3762 - _(A/_I_ \/gB/)/3, & = (_A, + \/§B’)/3

A = RC(Hij),B, = Im(H,-j)‘




TB Hamiltonian ISIETS

H = Hlntra a5 Hlnter C,—B 3?0477 1?0280
Cy—N|3.4755(1.1922
Cy, — B |3.0646|1.0492
Cy,—N|3.4799(1.1622

tlnter = exp z— P tlnter Py i T e
model, i j q TC,ij Hyy Ztl i exp [iK-(d+r,)]
r,\° r,\°
inter _ . N [ 22
trc.ij = Vppr(rij) |1 - + Vipa (rij) -
ij ij
0 rij —acc —
Vppr(ij) = Vypn €Xp (——” ” ) el
I",J—C() %l:o a2 =:===
Voo (rij) = v, ppo €XP ( e ) . s

30 3.1 32 33 34 35 3.6
Interlayer Distance (A)



W (meV)

ISHE,ij =

Wide bracket of magic angles

3G2,ij
Sexp|(cij —p)/q| tic i

Magic angle renormalization in tBG

inter

100

80 -

60 -

40

20 A

S STC | SH | SHE
RPA |0.752]0.951|0.895
LDA |0.804|1.018|0.945
MBD |[1.069(1.353(1.144
KC-VV10|0.970(1.247|1.091
KC-RDP1|0.884|1.136|1.018
Rigid [0.856(1.083|1.008

g= il

W (meV)

if i € layerj
if i ¢ layerj

66 SVg 0]
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Intra-layer force field effect

Hybrid neural network potential for multilayer graphene

! Department of Aerospace Engineering and Mechanics,
University of Minnesota, Minneapolis, MN 55455, USA

Mingjian Wen! and Ellad B. Tadmor!: *

(Dated: November 19, 2019)

Method a dAB dAA dgraphite EaB Ec.on E Ci1 Cia Ci3 C33 Cys Time
A A A (A)  (eV/atom) (eV/atom) (eV) (GPa) (GPa) (GPa) (GPa) (GPa) (relative)
hNN-Gr, (present) 2.467 3.457 3.618 3.402 21.63 8.07 8.08 978.31 (1061.83) 176.54 (208.77) —66.74 40.35 1.79 279.4
AIREBO [20] 2.419 3.392 3.416 3.358 23.61 7.43 7.94 1153.50 (1162.46) 144.87 (147.64) 0.08 40.40 0.28 4.5
AIREBO-M [23] 2.420 3.299 3.324 3.294 16.18 7.42 7.93 1174.25 (1157.43) 147.66 (146.23) -0.02 35.72 0.28 4.9
LCBOP [22] 2.459 3.346 3.365 3.346 12.52 7.35 8.13 1049.91 (1054.32) 157.29 (159.03) 0.04 29.80 0.23 1.6
ReaxFF [25] 2.462 3.285 3.294 3.260 34.59 7.52 7.52 1147.67 (1119.84) 831.84 (811.43) —0.77 34.41 0.15 26.1
Tersoff [17] 2.530 7.39 712 (1274.00) (—240.11) 1
REBO [19] 2.460 7.39 7.82 (1059.25) (148.33) 1.6
[ GAP-Gr [38] _ 2.467 7.96  6.55 (1108.81) (212.19) 3814.7 |
KC [12] 3.374 3.602 3.337 21.60 34.45 36.6
DRIP [26] 3.439 3.612 3.415 23.05 32.00 35.5
DFT(PBE+MBD) 2.466 3.426 3.641 3.400 22.63 8.06 7.93 1080.12 (1084.41) 162.25 (161.25) —4.63 33.18 3.32 ~ 107
ACFDT-RPA 3.39° 3.34° 36"
S 2.46° 3.34° 1060° (1018") 180° 15°  36.5° 0.27°
g 2.468 3.356" 1109" 139" o*  38.7" 4.95"
Table I. Linearly elastic properties of monolayer graphene predicted by first principles and
empirical potential based calculations.
Method 2D Young’s Poisson’s Biaxial Bending Gaussian
A Review on Mechanics and Mechanical Properties of 2D Materials — modulus ratio modulus modulus modulus
Graphene and Beyond Y2p (N/m) (N/m) D (eV) D¢ (eV)
DFT [46] 345 0.149 406 1.49 -
DFT [48] 348 0.169 419 - -
Deji Akinwande', Christopher J. Brennan', J. Scott Bunch?, Philip Egberts®, Jonathan R. Felts*, DF-TB [44] = - 1.61 -0.7
Huajian Gao®, Rui Huang®’, Joon-Seok Kim', Teng Li’, Yao Li®, Kenneth M. Liechti®’, Nanshu DFT [58] - - 1.44 -1.52
Lu, Harold S. Park?, Evan J. Reed’, Peng Wang?®, Boris I. Yakobson'®, Teng Zhang'', Yong-Wei REBO-1 [51] 236 0.412 401 0.83 -
Zhang'?, Yao Zhov’, Yong Zhu'? REBO-2 [52] 243 0.397 403 1.41
AIREBO [53] 279 0357 434 1.56
REBO-LB [56] 349 0.132 402 -
LCBOPII [59] 343 0.156 406 ~1.1




Improved intra-layer with EXX-RPA informed interlayer

An accurate and transferable machine learning potential for carbon

J. Chem. Phys. 153, 034702 (2020); https://doi.org/10.1063/5.0005084

Patrick Rowe', © Volker L. Deringerz, Piero Gasparotto', ) Gabor Csényi3, and 'Y Angelos Michaelides"?
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Commensurate Cells
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[1] K. Hermann, Journal of Physics: Condensed Matter 24, 314210 (2012).
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Supermoire commensurate cells (e.g. hBN encapsulated BG)
' al a’l a’l’
r2 _ M1 . a2 = M2/3 . a,2 e M4 * a/2/

_laf _ \/ + 52+

Qg = = ;
; NP 2+ 52 +4j
M, = 4
1 —j i+3)° Clay) | 4 i
. M= | / | o 112 112 T
i’ ]/ a; gl e ks sty
M. -
2/3= \ 4" i' +4')° _q [28" + 255" +ig" + 57
912 = 91 = 92 = COS ) ) o P
i j” L 201212 + 52 + 7'])
— ’2'// -/ 2 /! ! /! ! I
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Electronic structure of lattice
relaxed alternating twist
tING-multilayer graphene
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Unconventional superconductivity in magic-angle
graphene superlattices
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2 questions

- Energetic stability?

- Accuracy of analytical magic angle predictions?

Number of layers

Magic angle hierarchy
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Magic angle hierarchy in twisted graphene multilayers
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Phys. Rev. B 100, 085109 — Published 2 August 2019



Stability: locked into double commensurate AA-stacking
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Magic angle hierarchy in twisted graphene multilayers

Eslam Khalaf, Alex J. Kruchkov, Grigory Tarnopolsky, and Ashvin Vishwanath
Phys. Rev. B 100, 085109 — Published 2 August 2019

Magic angle numerical estimation: method

Magic angle hierarchy
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- Fix t2G magic angle at 1.08 degree using S

Analytically estimate first magic for N>2 based on t2G coupling strength
Calculate DOS for range of magic angles around this estimate (Lanczos
recursion to tackle very large commensurate cells)

- Extract magic angle where DOS is largest’



Extracting the magic angle from DOS calculations
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Magic angle reduction due to relaxation effects...
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- Numerical magic angle (green) smaller than t2G-informed magic angle
predictions (blue)
- Why...?



Magic angle reduction: explanation
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- Reduced AB’ coupling strength (see red
dotted line) when increasing twist angle
(reduced lattice reconstruction)

- Magic angle happens at larger angle for

larger N

Weaker coupling implies magic angle
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Take home message:

Reduction of magic angle values in tNG due to (in-plane) relaxation effects
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Effect of substrate
on primary and secondary gaps in G on hBN
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Primary and secondary gap: low angle regime
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- Zero alignment: suspended G/h-BN shows largest gaps

- Increased rigidication of system: weak secondary gap reduction, large primary
gap reduction

- Small increase of primary gap around 0.5 degree

- Relatively weak contribution of average mass-term gap to global gap value



Relaxation effects to explain the gap increase
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Relaxation effects to explain the gap increase
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Relaxation effects to explain the gap increase
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Relaxation effects to explain the gap increase
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Understanding the primary gap increase: local rotation angle
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Understanding the primary gap increase: local rotation angle
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Understanding the primary gap increase: local rotation angle
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Increased local rotation at the AA (counter-clockwise) and AB stacking (clockwise)
matches the larger lattice reconstruction for these angles.

Energetic stability?



Energetic stability
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Large angle regime: robust 1 meV gap up to 30 degree
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Take-home messages

- Substrate reduces the amplitude of the primary and
secondary gaps in G-hBN

- Substrate causes larger lattice reconstruction away from
perfect alignment

- Robust primary gap at large angle

Atomistic calculations of band gaps in graphene on hexagonal boron nitride

Jiagi An,!-2 Nicolas Leconte,! Srivani Javvaji,! Youngju Park,' and Jeil Jung!2[{

! Department of Physics, University of Seoul, Seoul 02504, Korea
2Department of Smart Cities, University of Seoul, Seoul 02504, Korea



Charge transfer in h-BN encapsulated BG
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Charge transfer in BG on hBN
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Charge transfer in encapsulated systems
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Sliding-dependence of the charge transfer
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Understanding...
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Effect of rotation

(a) Rigid (Effective model)
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Effect of relaxation

(a) Rigid (Effective model)
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Take home message

Charge transfer from double moire can mostly be understood from single
moire charge transfer contributions

Layer Polarization and Charge Transfer in h-BN Encapsulated Bilayer Graphene

Jiaqi An,! Nicolas Leconte,! Youngju Park,! Appalakondaiah Samudrala,! and Jeil Jung'
L Department of Physics, University of Seoul, Seoul 02504, Korea



Conclusions

- The more accurate the force-field and tight-binding model parametrization, the
better the quantitative comparison with experiment

- Lattice reconstruction affects the analytically predicted magic angles in tNG

- Substrate affects the primary and secondary angle-dependent gaps in G-hBN

- Charge transfer in encapsulated BG can be modulated by aligning the hBN
layers in a parallel or antiparallel manner

- Methodology easily applicable for other layered materials

Thank you for your attention.

Questions?









Continuum and TB models

Tight-binding
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Understanding charge distribution k=2, states are on

outer layers, thus

_ _ o _ _ weaker angle
Separate tNG multilayer Hamiltonian into smaller subsystems using basis of reduction effects

odd layer symmetric or even layer antisymmetric wave functions based on
the eigenstates of opposite sign eigenvalues Ax = —AN+1-k
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Separation into elastic and potential energy maps

ES = > 4 (A1)
Jj €layer 1

E}* = Z Gij = Z ¢ij — Ef’ (A.2)
Jélayer i J € any layer

Extracted from LAMMPS:

- Get the atom-resolved energy maps
- Separate into elastic (only in-plane interactions) and potential (only
out-of-plane pairwise interactions) during post-processing



t3G maps

- Layer and sublattice-resolved contributions

- Order of magnitude larger potential energy contribution: energetically favorable regions can be fully
inferred from the potential energy

- Elastic energy shows the largest contributions in the SP regions when adding up all layer
contributions

- L2 shows twice as large contributions compared to L1 and L3

- Chiral signatures are observed (add Ref 35, 36)



t4G

t4G maps

All |

meV
atom

=]
&
=]

0 2 0 2 0 2 0 40 0 40

For increasing N, the trends can be inferred from N=3 and N=4 maps.



Magic angle predictions: explanations "H././.‘
- Remember: stronger coupling implies larger magic
angle
- Largest drop for bulk: decreased coupling? .
- Yes: distance increases from 3.313 Ang (AB stacked) W
to 3.328 Ang for bulk system at 2 degree. Why? e

- Increasing AA contribution/weakening AB contribution
for larger angle (weaker lattice reconstruction),
increased estimates for average interlayer distance:

Ell?]l-ﬂk = rAAch G rAB/BACé‘B/BA + rspcgp




Magic angle predictions: explanations .| —

N-dependence of average interlayer
distance: converges to bulk value with
increasing N

Monotonic decrease for fixed outer layers
(no out-of-plane relaxation)

Gradual convergence when allowing for
out-of-plane relaxation in case of
free-standing configuration

Minimum average distance at N=14
agrees with observed maximum angle for
N=10

Open question: how many layers to
recover bulk behavior?

Real-space (Relaxed)
O n=3.5 meV
n =0.175 meV

60)
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-Q-  Analytic [23]
—l-  Ref.[32]

T T T
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3.332 - —l- fixed outer layers
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Bulk mapping

Analogy with 1d-chain

Ak 2cos (kx),

2
m S1n (Kk 5)

Y ()

k=1,2,---,N,.

¢=1,2,...,N are the layer indices.
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