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Dirac Fermion Optics (DFO)

Photon optics (3D) Dirac fermion optics (2D)
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Dirac Fermion Reflector (DFR)

Dirac fermion reflector

Q. Wilmart et al., 2D Mat. 1 (2014) 11006
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Sample fabrication

Morikawa et al., Semicond. Sci. Technol. 32 (2017) 045010
20° opening angle, top-bottom gate approach:

nano-patterned bottom gates

- gold or tungsten

- made using EBL+RIE

- independent control

of 𝐸ிଵ and 𝐸ிଶ

- sharp junction 𝑘ி𝑑 ≲  1

- small device 𝐿 < 𝑙௠௙௣

Wang et al., Science 342 (2013) 614

L. Banszerus et al.,
Nano Lett. 16 (2016) 1387

monocrystalline CVD graphene 
encapsulated in exfoliated hBN
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 nano-patterned bottom gates ensure precise control of the refractive index
 high-quality encapsulated graphene ensures long mean free path

etching + 1D edge contact



“Fabry-Pérot” oscillations (coherent DFO) at 6 Kelvin

Calibrate gate coupling, so that:
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 Calibration of the DFR dwell length at 600 nm
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Dirac fermion reflector (geometric DFO) at 60 Kelvin

DC experiment at 60K Scattering simulation

• in situ tuning of the DFO 

refractive index

• up to ிଵ ிଶ=-4.8

( ௖ )

• c.f. diamond/air: 2.4
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 DFR = resistance plateau in the n-p+ regime
 also works at 10 GHz  
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Effect of acoustic phonon scattering
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 Acoustic phonon model explains T-dependence quantitatively
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fermion 
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Hwang & Das Sarma, PRB 77 (2008) 115449
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Effect of acoustic phonon scattering
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 Acoustic phonon model explains T-dependence quantitatively

Hwang & Das Sarma, PRB 77 (2008) 115449

𝜃

𝑇 𝜃

ଶ
ிଶ

ఏ

𝑉௚ଶ = 0.3 𝑉

n-p+-n

Dirac liquid?



Conclusions

 nano-patterned gates enable local control of DFO 
refractive index

 coherent DFO calibrates length of the reflector

 geometric DFO effect confirmed (DC and 10 GHz) and 
in quantitative agreement with scattering simulation

 temperature dependence in quantitative agreement with 
acoustic phonon scattering model

 viscous Dirac liquid above 100 K ?

 Thank you for your attention!


