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Objectives

m [ heoretical understanding of experimental results using a semi-
classical theory.

m Study and understand electronic transport in graphene.

B Compare electronic transport in graphene and in semiconductor
heterostructure by studying the transmission.
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| — Experimental motivations
= \What 1s Scanning Gate Microscopy ?

B |maging electron flow

Change of conductance with tip position

Source

Image source : Left : B. Brun, Phys. Rev. B 100 (2019). Right : M. Topinka, Physics Today 56 (2003).



| — Experimental motivations
s SGM in semiconductor heterostructures

B 2D motion of electrons

Image source : Left : M. Topinka, Physics Today 56 (2003). Right : C. Pdltl, Phys. Rev. B 94 (2016).
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Il — Electronic transport in graphene
= \What is graphene 7

m Unveiled in 2004 for the first time

m 2D material : monolayer of Carbon atoms
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Il — Electronic transport in graphene
= \What is graphene 7

m Honeycomb lattice : not a Bravais lattice

m [wo atoms per cell

|0



|l — Electronic transport in graphene

B dispersion relation near K and K’
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Il — Electronic transport in graphene

Ei=iVF‘?‘
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Il — Electronic transport in graphene

B Behavior of electrons at a potential barrier : npn junction

|5



Il — Electronic transport in graphene

B Behavior of electrons at a potential barrier : npn junction
m Klein tunneling
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Il — Electronic transport in graphene

B \/eselago lensing for other angles
Snell-Descartes law
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Il — Electronic transport in graphene

B \/eselago lensing for other angles
Snell-Descartes law with
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Il — Classical method

B Trajectories : Newton's equations
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Il — Classical method

B Trajectories : Newton's equations
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Il — Classical method

B Monte Carlo generation of initial conditions
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B Trajectories : lterative procedure — Runge-Kutta method

B Studying transmission of electrons
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Il — Classical method

m Conductance is linked to transmission Gx—T

m Use of semiclassical transmission formula

number of electrons 1n

Transmission = ,
number of electrons in total
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Il — Classical method

B Perturbation by a Lorentzian potential
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|V — Results

m Smooth potential step in a squared cavity of length L
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|V — Results

m Smooth potential step in a squared cavity of length L

Classical trajectories of the electrons
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|V — Results

m Smooth potential step in a squared cavity of length L

Classical trajectories of the electrons
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|V — Results

m No Klein tunneling
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|V — Results

m Challenge : m Solution :
Trapped trajectories Spherical cavity
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|V — Results

Transmission In a spherical cavity

Transmission in a spherical cavity as a function of the tip strength
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Transmission

|V — Results

Transmission In a spherical cavity
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Transmission

|V — Results

Transmission In a spherical cavity

0.80

i AR

0.70

0.65 §

0.60

0.55

Transmission in a spherical cavity as a function of the tip strength

Tip strength Ut

Number of counts

140

120

100

co
(]

(@)
o

NN
(@]

N
o

o

Histogram of counts at a given u; = 0.8

B drain
I source

4 (§) 8 10 12 14
Number of reflections

36



|V — Results

Comparison with semiconductor heterostructures

Graphene GaAs

Transmission in a spherical cavity as a function of the tip strength
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Image source : Right : C. Poltl, Phys. Rev. B 94 (2016). 37
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V — Conclusion and outlook

What have we seen 7

B SGM : imaging electron flow

m |nteresting aspects of graphene :
linear dispersion relation

m (Classical trajectories of electrons in graphene :
similarities with semiconductor
heterostrucutres

Image source : Top : M. Topinka, Physics Today 56 (2003).
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V — Outlook and beyond

What is next ?

B More advanced semi-classical theory to
explain Veselago lensing

B Geometry impact

B SGM map

B Quantum simulation
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Appendix
m Tight binding

B Only take p, orbitals

W (K. 7) = a® (k. 7) + Coa®a( K, T) E.(k =<lPi|H|lPJ—“>
+ ’ + ATA ’ + B *B ’ + <\Pi|\{‘i>

m Secular equation

i,j=A,B

det(tH—-E.S) =0 S = ( 1_) ol k)) Sij = (P;| @)
Sof (k) |
YoSo.f “(k) + &, T (k) (¥y + So€2p)
(1 — s5/*(k))
: energy of 2p_ orbitals

E, =

82p

Yo : coupling between A and B (hopping)

So - overlap between AA or BB




Appendix

m Explanation of Klein tunneling and Veselago lensing

Pseudo spin up : atoms A

Pseudo spin down : atoms B

al

CB:
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Appendix

m Explanation of Klein tunneling and Veselago lensing

Pseudo spin conservation |[H, 6] = ()

/\6
E-V,

1—

For 0, =  : no retrodiffusion : Klein tunnelling
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Appendix

m Why can’t we explain np junctions classically 7

Tunneling only possible if P, = py =
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Appendix

m Scaling in the numerical scheme
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B |Length of the cavity : L

B Our simulation : L =1 um

B Energy first transverse mode : £y = hvpr/L

m Our simulation : £y & 5 meV corresponding to 7T~ 60 K
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Appendix

B Gaussian and Lorentzian
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