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Landauer-Bttiker formalism’ T

Landauer formula2? Bittiker formula?®

2
G(E) = Z%T(E) I = 2 Gop(Va = Vp)
+
T(E): sum of |t/ of all involved
modes at E. ) )

"Datta, S., Electronic Transport in Mesoscopic Systems (1995)

2Landauer, R., Philosophical Magazine 21 (1970) 863

3Anderson, P. W., Thouless, D. J., Abrahams, E., and Fisher, D. S., Phys. Rev. B 22 (1980) 3519
“Blittiker, M., Physical Review Letters 57 (1986) 1761
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4-point resistance ,‘\%

Buttiker formula:

le = 5 Gap(Ve — V)
a,Bf=1,23,4

Explicitly:
I = Gia(Vi = Vo) + Gia(Vi = V3) + Gia(Vi — V)
=(Giz+ Giz+ Gia) Vi = Gi2Vo — Gia Vs — G1a Vs

= Z GigVi — Gi2Vo — GiaVa — Ga Vs
B

Similarly for k, ks, Is.
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4-point resistance (cont.) %

In terms of matrices:

h Yp21 Gig —Gr2 -Gis -Gis \ (V4
bl | -Ga1 XpoGop  —Gos -Gy || V2
B{ | —Gsi -Gz Yp3Gyp  —Gaa ||Va
A -Gy -Gy —Gaz  Ypza Gap)\Va

By grounding @ (i.e., V4 = 0) and looking at only Iy, b, I5:

I Yp:1 Gip —Giz -Giz (V4
bl=| -Gzt Xp22Gop -Gz || V2
ls —Gs1 -Gz Xpz3 Ga)\Va
G
By matrix inversion:
Vi Ri1 Rz Ris\(h
Vol=|Ra1 Rz Roszl|kb
Vs Rs1 R Rs3)/\h
—_———

R=G"!
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4-point resistance (cont.) %%!

Since V., V3 are voltage probes, I, = I3 = 0. Setting /1 = I, we have:

Vi Ri1 Rz Ris\(/
Landauer formula Vo|=|R21 Rz Rosf|0
e2 V3 R31 R32 R33 0
Gu'a’ = 0 Tuw— 3
Y ¢ h e Q and hence:
V2 - R21/
Vs = Ryl

Therefore, the four-point resistance is given by:

Vo -V
/

Rap = = R21 — Ra1

Datta, S., Electronic Transport in Mesoscopic Systems (1995)
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Real-space Green’s function method: Recipe %

(S: scattering region, i: incoming lead, o: outgoing lead)
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Real-space Green’s function method: Recipe %

Brief summary of the recipe:

Ho =1 Inen (clean tight-binding Hamiltonian)
U=T"]Tnn (onsite energy)
Yo(E)=1["Inen (self-energy at energy E for lead p)
H(E)=Hy+ U+ Z Y(E) (effective Hamiltonian)

p
Gr(E) = [E1 - H] (retarded Green'’s function at energy E)
Mp(E) = -2ImY¥,(E) (broadening matrix at energy E for lead p)
Toci(E) = Tr [T o(E)Ga(E)Ti( E)GL(E)] (transmission from / to o)
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Real-space Green’s function method: Recipe %

Brief summary of the recipe:

Ho =1 Inen (clean tight-binding Hamiltonian)
U=T"]Tnn (onsite energy)
Yo(E)=1["Inen (self-energy at energy E for lead p)
H(E)=Hy+ U+ Z Y(E) (effective Hamiltonian)

p
Gr(E) = [E1 - H] (retarded Green'’s function at energy E)
Mp(E) = -2ImY¥,(E) (broadening matrix at energy E for lead p)
Toci(E) = Tr [T o(E)Ga(E)Ti( E)GL(E)] (transmission from / to o)

Matrix size:

N = Nsites X Norbitals
Typically, O(N) < 10*: easy, O(N) > 108: out of reach.
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Self-energy of semi-infinite leads %
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Self-energy of semi-infinite leads
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Self-energy of semi-infinite leads
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Self-energy of semi-infinite leads

IIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIII

IIIIIIIIIIIIIIIIIIIIII

Ho

Hi

1

Lead self-energy:

(Schur decomposition')

Z(E’ H07 H:!:)

Yy =
TWimmer, M., PhD thesis, Universitit Regensburg, 2008
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Perpendicular magnetic field %

B={0.08) B—VxA
? t— te'® (Peiers substitution)
o= ; fA -ds (Peierls phase)

To maintain translational invariance in the leads:

A =(-yB,0) A = (0,xB)
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Perpendicular magnetic field %

B={0.08) B—VxA
? t— te'® (Peiers substitution)
o= ; fA -ds (Peierls phase)

To maintain translational invariance in the leads:

A = (-yB,0) A = (0, xB) A=?
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Gauge transformation’ ol

>
a N . 6p V1
<1, %, lead 1

"Baranger, H. U. and Stone, A. D., Physical Review B 40 (1989) 8169; Mrenca-Kolasinska, A.,

Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (2023) Article number: 64
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Gauge transformation’ %

3
z
°

Suaan®

Eaitvats

4 @ We adopt
>\ V1 A = —y; BX; (in lead 1)
< \\ 6’,—,
T Q---L) e @ We wish to have
A, = —y,BX, (inlead n)

"Baranger, H. U. and Stone, A. D., Physical Review B 40 (1989) 8169; Mrefca-Kolasinska, A.,

Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (2023) Article number: 64
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Gauge transformation’ %

4 @ We adopt

>\ V1 A = —y; BX; (inlead 1)
< \\ 6’,—,
T Lo X1 @ We wish to have

A, = -y,BX, (in lead n)
The answer’ is:

An(x1,y1) = A1(x1, y1) + Via(x1, y1)

fa(X1,y1) = Bxyyy sin? 6, + %B(x12 — ¥2)sinp cos b,

"Baranger, H. U. and Stone, A. D., Physical Review B 40 (1989) 8169; Mrefca-Kolasinska, A.,

Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (2023) Article number: 64
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Gauge transformation’ %

4 @ We adopt
> V1 A = —y; BX; (in lead 1)
< \\\ 6’,—,
T Lo X1 @ We wish to have
A, = -y.,BX, (in lead n)

The answer’ is:
An(x1,y1) = A1(x1, 1) + Via(X1, 11)
fa(x1, y1) = Bxyyy sin? 6, + %B(xf — ¥2) sin 6 cos 6y
If 9, = 0, we may simply denote with

(x1, 1) = (x,¥)

"Baranger, H. U. and Stone, A. D., Physical Review B 40 (1989) 8169; Mrenca-Kolasinska, A.,

Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (2023) Article number: 64
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Global vector potential %

Since we wish A, to take effect only in lead n, we may:

1
(X, ) = Lnf(X. Y) {n=

exp

x% - x,

d

The final gauge transformation can be achieved by

N
f(X.¥) = D afalX, )
n=2

fa(x,y) = Bxysin® 6, + %B(Xz — y?)sin 6, cos 6,

Global vector potential:
A=A +Vf

"Baranger, H. U. and Stone, A. D., Physical Review B 40 (1989) 8169; Mrenca-Kolasinska, A.,

Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (2023) Article number: 64
Seminar, AGH Krakow 17 May 2024 12/59



Two examples
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Semiclassical motion of Bloch electrons

Semiclassical equations of motion:’

.1 -
b= - VkE(K) + anomalous-velocity”

ik =-e(E+rxB)

2D (x-y plane) subject to E = (Ex, E,,0) and B = (0,0, B):

o 19E(ke k)

. e .
N ok o= =5 (Bx+ Bey)

 10E(ke.Ky)
Y =0 ok,

Coupled ordinary differential equations (ODEs).

T Ashcroft, N. W. and Mermin, N. D., Solid State Physics,
New York: Holt, Rinehart and Winston, 1976

2Chang, M.-C. and Niu, Q., Phys. Rev. Lett. 75 (1995) 1348

k= -7 (6, - B.X)

17 May 2024
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Applications

@ 2DEG & MoS,

@ Graphene

@ Bilayer graphene
@ Lieb lattice
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2DEG & MoS,

@ Test calculations for QPC
@ MoS, superlattice
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Discretization by finite-difference approximation %

The approximation approaches exact when:

e o o o o e o o o o
t a

e o o o K o o

e o o o o e o o o o

[ ] [ ] e o o o o (] [ ] [ ] [ ]
E(k) = Us— 2t (@os Kyaet cos k‘ya)
® 6 o o o o o o o o o

h2
U=4t, t=——, lklax1
2m*a? K
Datta, S., Electronic Transport in Mesoscopic Systems (1995) o <& = - = 9ac
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Finding a good lattice spacing ole
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Considering m* = 0.067m, for GaAs:
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Finding a good lattice spacing ole

ONAL o
Sz ant

Considering m* = 0.067m, for GaAs:
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Reuvisiting an old experiment %
VOLUME 60, NUMBER 9 PHYSICAL REVIEW LETTERS 29 FEBRUARY 1988
f A
_ m@: //—/ 1
_ S
= w 6[ J
: g 1 |
vl & 2t 4
) el |
-2

2 1.8 =18 -“f4 -t2 -1 -0.8 -08 GATE VOLTAGE (V)

GATE VOLTAGE (V) FIG. 2. P_omt-conlact conductancg as a function of gate
voltage, obtained from the data of Fig. 1 after subtraction of
FIG. 1. Point-contact resistance as a function of gate volt- the lead resistance. The conductance shows plateaus at multi-
age at 0.6 K. Inset: Point-contact layout. ples of e¥/nh.

van Wees, B. J. et al., Physical Review Letters 60 (1988) 848
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Revisiting an old experiment %

VOLUME 60, NUMBER 9

PHYSICAL REVIEW LETTERS

29 FEBRUARY 1988

(k)

RESISTANCE

-2 -18 -16 -1.4 -t.2 -1 -0.8 -06
GATE VOLTAGE (V)

FIG. 1. Point-contact resistance as a function of gate volt-
age at 0.6 K. Inset: Point-contact layout.

Let’s try with:

m* = 0.067mg ,

a=5nm,

10 ]

)
S

w
g
=
=

1N

AN

CONDU

GATE VOLTAGE (V)

FIG. 2. Point-contact conductance as a function of gate
voltage, obtained from the data of Fig. 1 after subtraction of
the lead resistance. The conductance shows plateaus at multi-
ples of e¥/nh.

h2
t= 5~ 22.74 meV

2m*a

van Wees, B. J. et al., Physical Review Letters 60 (1988) 848
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Quantized conductance plateaus g‘\%
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Quantized conductance plateaus o0
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Quantized conductance plateaus %
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Quantized conductance plateaus %%g
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Quantized conductance plateaus %
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Quantized conductance plateaus %%g
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Quantized conductance plateaus g‘gg
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Quantized conductance plateaus o0e:
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Quantized conductance plateaus o0
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Imaging local current & charge densities %
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Imaging local current & charge densities %

—_——

G (€%/h)
ONPLOOONAHOO

-5

12 -2
Ny (10 “cm™)
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Two-band effective mass model for MoS, %

H=>tcig+ ) Uclc \/
By N 0

te 0 h2 h2
t = 5 te - - ) th -
0 t 2m;a? 2m; a2
L Ui’e 0
U —( 0 U,-,h) ,,,,,,,,,,

_Eg
Uie = -4t + V(1) /\
U,',h = -4, - Eg + V(ri)
Using effective masses? mg = 0.4625, m; = 0.5659 and adopting a = 2nm,
hopping parameters are:

te = -0.0206eV, 1, =0.0168eV

4Fang, S. et al., Phys. Rev. B 92 (2015) 205108
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Model periodic potential’ %

'Same form used in, e.g., Kraft, R. et al., Phys. Rev. Lett. 125 (2020)217701.
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A two-terminal MoS, superlattice device
A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436
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We consider 8 ~ 1° — R, ~ 18.47nm
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A two-terminal MoS, superlattice device
A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436

©00000IGI0OOO0OOO0D
0cooo ©00004
0cocoo 0000
0cooo 0000
oocoo ©oooo
0000000000000
©000000000000
0000000000000
000000000

We consider 8 ~ 1° — R, ~ 18.47nm

What about y? )
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Test calculations: Coupling strength dependence %

~v=0meV

O' 1 1 1 1 1
0 2 4 6 8 10 12

E (meV)
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 26/59




Test calculations: Coupling strength dependence %

~=0.157 meV

O' 1 1 1 1 1
0 2 4 6 8 10 12

E (meV)
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 26/59




Test calculations: Coupling strength dependence %

~v=0.392 meV

O' 1 1 1 1 1
0 2 4 6 8 10 12

E (meV)
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 26/59




Test calculations: Coupling strength dependence %

~=0.784 meV

60

Ming-Hao Liu (NCKU Physics)

4 6 8 10 12

E (meV)

Seminar, AGH Krakow 17 May 2024

26/59



Test calculations: Coupling strength dependence %

~v=1.18 meV

O 1 1 1 1 1
0 2 4 6 8 10 12

E (meV)
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 26/59




Test calculations: Coupling strength dependence %

~v=1.57 meV

O 1 1 1 1 1
0 2 4 6 8 10 12

E (meV)
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 26/59




Comparison with continuum model g‘\%
A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436 * i

12

T
|
|
P
|
I
I
I
|
|

7 (meV)
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Magnetotransport: Emerging Hofstadter’s butterfly %\%

A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436 -

dataTBE_Ay_2lead_a2W500L500_moire_phiOp98743deg_Vmoire0p002_Bzm2to5_Ef0to0p0i2_vert_512x512
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Magnetotransport: Emerging Hofstadter’s butterfly %

A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436 :

2
B(T)
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Magnetotransport: Emerging Hofstadter’s butterfly %

A. Garcia-Ruiz and M.-H. Liu, arXiv:2401.10436 :

5=35T,E=-205meV.

B=35T,E=482meV

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 28/59



Graphene

@ Test calculations

@ Transverse magnetic focusing

@ Spin-dependent transverse magnetic focusing
@ Graphene/hBN moiré superlattice

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 29/59



Scalable tight-binding model for (low E) graphene’ g‘\%

Basic idea:

1Liu, M.-H. et al., Phys. Rev. Lett. 114 (2015) 036601

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 30/59




Scalable tight-binding model for (low E) graphene’ %

Basic idea:

Srdo

3h
2 ¢

= ihVFk ,

E(k)

'Liu, M.-H. et al., Phys. Rev. Lett. 114 (2015) 036601

30/59
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Scalable tight-binding model for (low E) graphene’ %

Basic idea:

Srdo

3h
2 ¢

= ihVFk ,

E(k)

Example:

9.5 x 10* lattice sites

sr=20
_

1um?: 3.8 x 107 C atoms

"Liu, M.-H. et al., Phys. Rev. Lett. 114 (2015) 036601

30/59

17 May 2024
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Electron wave and quantum optics in graphene

A review

s K,
X
Yo

%
" »

%

oNAL
Syzan®

Journal of Physics: Condensed
Matier

Electron wave and quantum optics in graphene

Page 10172 AUTHOR SUBMITED MANUSCRIT - PCM1227521

Chakraborti, H. et al., Journal of Physics: Condensed Matter (2024)

Hao Liu (NCKU PH

Seminar, AGH Krakow
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Quantum Hall edge current in angled ribbons %

B =(0,0,5)T, E=0.05eV

J
high

-200 -100 0 100 200 300-200 -100 0 100 200 300-200 -100

0 100 200 300
(nm) (nm)

(nm)

B=(0,0-5T,E=0.05eV

-200 -100 O 100 200 300-200 -100 O 100 200 300-200 -100 O 100 200 300

(nm) (nm) (nm)
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Quantum Hall edge current in angled ribbons

B=(0,05T, E=0.1eV

4/( <
P %
% 3
e g

s K,
o

J
high

-200 -100 0 100 200 300-200 -100 0 100 200 300-200 -100 0

(nm) (nm) (nm)

B=(0,0,-5T, E=0.1eV

300

J
high

-200 -100 O 100 200 300-200 -100 O 100 200 300-200 -100 O

(nm) (nm) (nm)
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Quantum Hall edge current in angled ribbons %

B=(0,05)T, E=0.125¢eV

200 -100 O 100 200 300-200 -100 O 100 200 300-200 -100 O 100 200 300
(nm) (nm) (nm)

B=(0,0-5)T, E=0.125¢eV

-200 -100 O 100 200 300-200 -100 O 100 200 300-200 -100 O 100 200 300

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 32/59



Quantum Hall edge current in angled ribbons %

B=(0,05)T, E=0.15¢eV

J
high

200 -100 O 100 200 300-200 -100 O 100 200 300-200 -100 O 100 200 300
(nm) (nm) (nm)

B=(0,0-5T, E=0.15eV

-200 -100 0 100 200 300-200 -100 0 100 200 300-200 -100 0 100 200 300
(nm) (nm) (nm)
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Transverse magnetic focusing (TMF)

V./1 (@)

-200 0 200 400
(|

Density (1012 cm™2)

\
1 2

Magnetic field (T)

Taychatanapat, T., Watanabe, K., Taniguchi, T., and Jarillo-Herrero,.P., Nat. Phys. 9 (2013) 225

Seminar, AGH Krakow
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Semiclassical trajectory simulation for TMF %%g

-2 -1 0 1 2 -1000 -500 0 500
B(T) (nm)
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Semiclassical trajectory simulation for TMF %%!

A\

Ly

B(T) n
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Semiclassical trajectory simulation for TMF %%g

;
1 (."W(((((( !
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Semiclassical trajectory simulation for TMF %%!

\\'ff?a \W/}%
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Semiclassical trajectory simulation for TMF %%g

KK é
3¢

) , N
-2 -1 0 1 2 -1000 -500 0 500
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Semiclassical trajectory simulation for TMF

Ming-Hao Liu (NCKU

;}/@‘ §/ ’4/} o
oV
A

7

-1000 -500 0

(nm)
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Semiclassical trajectory simulation for TMF %
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Semiclassical trajectory simulation for TMF ,‘%.
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Semiclassical trajectory simulation for TMF %%g

n (‘IO12 cm'z)
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Semiclassical trajectory simulation for TMF %%g
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Semiclassical trajectory simulation for TMF %%g

n (‘IO12 cm'z)
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Semiclassical trajectory simulation for TMF %%g

n (‘IO12 cm'z)
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Semiclassical trajectory simulation for TMF %%g

n (‘IO12 cm'z)
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Quantum transport simulation for TMF g‘\%

Mrenca-Kolasifska, A., Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (202?3)“‘ P
Article number: 64

(@)

3} Reipa ()
400

[ 200

n (10'2 cm~2)
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s ku,
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&

Quantum transport simulation for TMF :

3

Syzan®

Mrenca-Kolasifska, A., Chen, S.-C., and Liu, M.-H., npj 2D Materials and Applications 7 (202?3)“‘
Article number: 64

(@)

3t Reisa ()
400

n (10'2 cm~2)

6 x 5 = 30 transmission functions needed for Rs1 54.

Ming-Hao Liu (NCKU Ph: Seminar, AGH Krakow 17 May 2024 35/59




Spin-dependent TMF %

Rao, Q. et al., Nature Communications 14 (2023)

Graphene

g

L0
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Spin-dependent TMF %

Rao, Q. et al., Nature Communications 14 (2023)
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Spin-dependent TMF g‘%,

Rao, Q. et al., Nature Communications 14 (2023)

—
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Proximity-induced SOC in graphene: Model’ %

H = Z tc! Gir (nearest neighbor (nn) kinetic hopping)
(i
+ Z foiAC,TUCfU (staggered onsite energy)
io
Z C; Cir /l,q s X d,,) ] (nn Rashba hopping)
(I]) o0’

Z Z mc,g A v,,sz] . (second nn valley-Zeeman hopping)
<<l/>><f<r

+Hpra (unimportant for low energy)

"Gmitra, M., Kochan, D., Hégl, P., and Fabian, J., Phys. Rev. B 93 (2016).155104
Seminar, AGH Krakow 17 May 2024 38/59
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Low-energy bands of graphene on TMDC %

@ By:
@ Dropping PIA term
e Setting A7 = —18 = A for simplicity
the low-energy dispersion is given by:

E (k) =u \/(A2 + 22+ 202 + 12VEK?) + 2v \/(Ag —a0) + (12 + 22)r2vEke
wv==1
@ A will also be put to zero for simplicity

@ Consistent with Zubair, M., Vasilopoulos, P., and Tahir, M., Phys. Rev. B
101 (2020)

@ Following the literature:

A = A cos O, (valley-Zeeman)
AR = Ago sin Os0 (RaShba)

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 39/59



s K,
o

Low-energy bands of graphene on TMDC (cont.) gé%g

@ Examples:
Aso = 12.6 meV, 6, = 0° Aso = 12.6 meV, 6, = 45° Aso = 12.6 meV, 65, = 90°
ot R - — o B . — o R . —
E. .
0.05 1 0.05 0.05
3 of s 3 0
-0.051 B 1 -0.05
01/, \ N 01/, . AN
-0.1 0 0.1 0.1 0 0.1
k (nm™" k (nm™" k (nm™"
purely valley Zeeman equal strengths purely Rashba

a0 Liu (NCKU Phy Seminar, AGH Krakow 17 May 2024 40/59



Quantum transport simulations

Rao, Q. et al., Nature Communications 14 (2023)

D =4.7um, 0, = 45°

D = 1um, 0, = 45°

w8 Kuy,

oNAL
A B

< K

o

) x

2 Z
L B
Syzan®

D = 1pm, —1.24 x 10'? cm™2

—1.56 x 10'2 cm™2

050 = 90°

—1.56 x 10" cm™> 050 = 0° .
. -1 -0.5 -1 0.5 0
B(T) B(T) B(T)
@ Even though scaled, still too heavy!
@ Smaller device simulated instead, but similar features obtained.
Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024
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Why second peaks don'’t split? %

For purely Rashba:

First peak Second peak

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 42/59



Why second peaks don’t split?

For purely Rashba:

N VSR WAV LA AN L
g \ \ :\‘\ * &u' ‘\,\ * 1 )
< <+ - - <+~ 9 <
First peak Second peak

@ For valley Zeeman, staying in the same circle allowed.
@ Therefore, Rashba SOC could be dominating.

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024
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Graphene/hBN moiré pattern %

Graphene

’f

- :ﬁgwé

e
;f«"i”" S
- .

(\ a8
hBN

1+e€ —sing
= a, 6 = arctan ——
Ve2 +2(1 + €)(1 - cos ¢) 1+e€e-cos¢

e~ 1.81% (lattice mismatch)

Yankowitz, M. et al., Nat. Phys. 8 (2012) 382; Moon, P. and Koshino, M., Phys. Rev. B 90 (2014) 155406
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Graphene/hBN moiré model superlattice potential %

k4
z
°

<,

Syaant

4
1921

Graphene

Following Yankowitz, M. et al., Nat. Phys. 8 (2012) 382:

Unore(r) =V 3" cos(Gj-r) , V=006eV
j=123

More advanced models: Kindermann, M., Uchoa, B., and Miller, D. L., Phys. Rev. B 86 (2012) 115415;
Wallbank, J. R., Patel, A. A., Mucha-Kruczynski, M., Geim, A. K., and Fal’ko, V. ., Phys. Rev. B 87 (2013)

245408; Moon, P. and Koshino, M., Phys. Rev. B 90 (2014) 155406
Seminar, AGH Krakow 17 May 2024 44/59




Transport experiment vs transport simulation %

Chen, S.-C., Kraft, R., Danneau, R., Richter, K., and Liu, M.-H., Commun. Phys. 3 (2020) 71 "~

Simulation:

$=09°, L=W=500nm

26 e (EV
GE) =22 TE). U= (i) son(e)

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 45/59
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Tight-binding transport vs continuum model ‘a0e

Chen, S.-C., Kraft, R., Danneau, R., Richter, K., and Liu, M.-H., Commun. Phys. 3 (2020) 71 o

yaan®

e,

G (e2/h) D (arb. unit)
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Moiré + pnp g‘\%

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701
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Moiré + pnp g‘%g

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701
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Moiré + pnp

s ku,
S

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701

—

4
e
=

v/

(nm)

-850 -100 100 350
(nm)
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Moiré + pnp %

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701

—
ot e
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Fabry-Pérot interference

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701

ex

AG.. (€%/h)
e

-10 0 1

(10"2cm?)

out

Seminar, AGH Krakow 17 May 2024 48/59



Fabry-Pérot interference

Kraft, R. et al., Phys. Rev. Lett. 125 (2020) 217701 S

(10"2cm?)

out
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Bilayer graphene

o Effective 4-band square lattice model )

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 49/59



The model

Chen, S.-C., Mrenca-Kolasifnska, A., and Liu, M.-H., (2024) arXiv:2403.03155

Q 9O 0 9
tX ty
’1\/\’ Q9
4_ t

X

0-i00 0100 VetE 0 m
-

tX_hVF Zi000 t_hVF 100 0 U, =| ° Vot 0

- — ’ —_— — ) - U,

72 §855) vz g N

0 0 0
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The model %

Chen, S.-C., Mrenca-Kolasifnska, A., and Liu, M.-H., (2024) arXiv:2403.03155

Hopping and onsite-energy matrices:

0-i00 0100 Vit g 0 A 0

t _ e (S5 00 _MWE (000 U.—| o we+E o o0
X _ 5 — A~ — 5 n —

“aalgiig) vl no0 o

0 0 0 V-4

Effective tight-binding Hamiltonian on a square lattice:

H = Zc Uncn + Z ¢ TmenCn

(m,n)
ty, nearest-neighbor — hopping
t . nearest-neighbor «— hopping
Tmen=1{t,, nearest-neighbor T hopping
ti, nearest-neighbor | hopping
0, else

Ming-Hao Liu (NCKU Physics) Seminar, AGH Krakow 17 May 2024 50/59



Bulk band structure %

For an infinitely extending lattice with translation invariance (U, = U, V,, = 0),
it can be shown:

vy , -
E(ke, k) =+ \/l‘z(s.in2 kea+ sin® kya) + = + % t3 \/y‘: + 4t2(sin® kya + sin? kya) (U2 + ¥2)

E (eV)

Uu=o0 U=01eV U=02eV
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Bulk band structure

o

g,
5 .
p %
H H
LS g
v 1931 v

For an infinitely extending lattice with translation invariance (U, = U, V,, = 0),

it can be shown:

2 2 4
E(ke, k) =+ \/i‘z(sin2 kya + sin® kya) + UT + % t3 \/y;‘ + 412(sin® kya + sin® ky a)(U? +92)
K PN AN
Kk < D ©® (
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Bulk band structure %

For an infinitely extending lattice with translation invariance (U, = U, V,, = 0),
it can be shown:

. : g , .
E(ke, k) =+ \/i‘z(sm2 kya + sin® kya) + = + ?1 t3 \/y;‘ + 412(sin® kya + sin® ky a)(U? +92)

@K *«» D ® (

From atomistic tight-binding model':

2 4
Y U2 b
E(k) =+ J T+ o+ (k)2 £ \/ T+ (03 + UP)(vek)?

"McCann, E. and Koshino, M., Rep. Prog. Phys. 76 (2013) 056503
Seminar, AGH Krakow 17 May 2024 51/59



Comparison of band structures

Effective model vs atomistic tight-binding model

— continuum

10.05
10.04
10.03
10.02
10.01

1-0.01
1-0.02
1-0.03

15 1-0.04
a=15nm
a=13nm 1-0.05
a=1nm
==a=0.5nm
-1 0 1
k(nm™)
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Ribbon band structures & magnetotransport

Chen, S.-C., Mrenca-Kolasifnska, A., and Liu, M.-H., (2024) arXiv:2403.03155
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Revisiting the recent AB experiment! g‘\%

Chen, S.-C., Mrenca-Kolasinska, A., and Liu, M.-H., (2024) arXiv:2403.03155

L=18um, W=x=1.6um

Tlwakiri, S. et al., Nano Letters 22 (2022) 6292
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Revisiting the recent AB experiment! %

Chen, S.-C., Mrenca-Kolasinska, A., and Liu, M.-H., (2024) arXiv:2403.03155

5[ Vring. (V) — ]7 02T
— 326 |
= o il Wiﬂ,",'“’"ﬁr»"“""ﬂll il o, ‘“"W'M.MJ[ Sorst P
% i i iy } wmw i EN- - -
AN LE -
B[]0 2 -; =
ol ‘ E 0.05
N3 LA
-5 0 5 -0.2 0 0.2 0123456
Vig (V) B (T) w (wRZ/d0)
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Revisiting the recent AB experiment! g‘\%

Chen, S.-C., Mrenca-Kolasinska, A., and Liu, M.-H., (2024) arXiv:2403.03155

V;ing (V)

o
e w\{ /:L/
55 -
‘:D _— > 0 ‘"\H”}‘W”"WWW‘]'H'"""""”N’"WW‘I“W”"H”W t 0.05 ‘
- . A 21 .
-5 0 5 -0.2 0 0.2 00 123456
Vig (V) B (T) w (TR /o)

Tlwakiri, S. et al., Nano Letters 22 (2022) 6292
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Revisiting the recent AB experiment! %

Chen, S.-C., Mrenca-Kolasinska, A., and Liu, M.-H., (2024) arXiv:2403.03155

5[ Vring. (V) — ]7 02T
— 326 |
= o il Wiﬂ,",'“’"ﬁr»"“""ﬂll il o, ‘“"W'M.MJ[ Sorst P
% i i iy } wmw i EN- - -
AN LE -
B[]0 2 -; =
ol ‘ E 0.05
N3 LA
-5 0 5 -0.2 0 0.2 0123456
Vig (V) B (T) w (wRZ/d0)
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Lieb lattice
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Lieb lattice %%?

Nearest neighbor hoppings only.
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Lieb lattice %%?

Up to second nearest neighbor hoppings.
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Transmission across pn junctions %

Kleing tunneling in graphene vs super-Klein tunneling in Lieb lattice K

ONAL
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H
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Transmission across pn junctions

Kleing tunneling in graphene vs super-Klein tunneling in Lieb lattice

\
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Summary

Landauer-Buttiker formalism

Real-space Green’s function method
Lead self-energy

Peierls substitution

Gauge transformation for vector potential
@ Semiclassical motion of Bloch electrons

Applications
@ 2DEG & MoS,
@ Graphene
@ Bilayer graphene
@ Lieb lattice
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