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Where resistivity comes from in PERFECT 
nanosystems? 
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Time-energy uncertainty principle:  
For given energy interval , time-of-flight cannot be 
shorter than . Therefore, the current (per quantum 
channel) is limited by , and the 
conductance   [— not far from the 
conductance quantum  … ]


The above — requires a presence of charge carriers (and so 
propagating modes)


In undoped graphene, conductance appears in the absence of 
charge carriers, due to evanescent modes 
[ ,   ] 

ΔE = e |V |
Δt ⩾ ℏ/(2ΔE)

I = e/Δt ⩽ 2(e2/ℏ) |V |
G = I/V ⩽ 2e2/ℏ = (4π)e2/h

e2/h

σ0 = GL/W = 4e2/(πh) ℱ = 1/3
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Takeaway message — 
Usual mesoscopic contacts (2DEG, breakable junctions etc.) show 
so–called Sharvin conductance: 


,


where  is the conductance quantum [  in 2DEG or 
 in graphene ],  is the constriction width, and  (  ) if the 

wavelength (wavenumber) for an electron at the Fermi level. 


In doped graphene, we have: 


.


Additionally, the Fano factor  .  

G
g0

≈
W

λF /2
=

kFW
π

≡ GSharvin/ g0

g0 g0 = 2e2/h
4e2/h W λF kF

G ≈ (π/4) GSharvin

ℱ ≈ 1/8 > 0
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Basic definitions (1)  

The conductance: 


	 	 , 


with  being the average charge transferred during the time 
interval  upon a voltage difference , and  ( ) 
denotes the chemical potential in the left (right) reservoir. 


[Notation after: Nazarov and Blanter, Quantum transport: Introduction to 
Nanoscience. Cambridge University Press, Cambridge, UK, 2009. ]  

G =
I
U

=
⟨Q⟩
UΔt

⟨Q⟩
Δt U = (μL − μR)/e μL μR

Adam Rycerz [ KK-NANO 2022 ] Page  of 5 15



Basic definitions (2)  
Fano factor: 


	 	 , 


where the variance of charge transferred for a Poissonian process is 


	 	 .


[ See: Nazarov and Blanter, Quantum transport: Introduction to Nanoscience. 
Cambridge University Press, Cambridge, UK, 2009. ]  

ℱ =
⟨(Q − ⟨Q⟩)2⟩

⟨(Q − ⟨Q⟩)2⟩Poisson

⟨(Q − ⟨Q⟩)2⟩Poisson = e⟨Q⟩ = eI Δt
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Landauer–Büttiker approach 
In the linear–response regime:


	 	 , 


	 , 


where  – transmission probabi- 
lity for n–th normal mode,  
 – no. of normal modes in a se- 

lected lead.  

G = g0

N−1

∑
n=0

Tn

ℱ =
∑N−1

n=0 Tn(1 − Tn)

∑N−1
n=0 Tn

Tn

N
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The model  
The electrostatic potential is choosen as 





with the limit   corresponding to the rectangular 
barrier studied in earlier works [ Katsnelson, 2006; Tworzydło, 2006 ].


The Dirac equation,  with , 
, [mass confinement: ], brought us to:  


	 	 	  

V(x) = − V0 × { x /x0
m

if  |x | ⩽ x0,

1 if  |x | > x0,

m → ∞, V0 → ∞

[vF p ⋅ σ + V(x)] Ψ = EΨ, Ψ = ϕ(x)eikyy

ϕ(x) = (ϕa, ϕb)T ky = π(n+ 1
2 )/W

ϕ′￼a = kyϕa + i
E − V(x)

ℏvF
ϕb, ϕ′￼b = i

E − V(x)
ℏvF

ϕa − kyϕb .
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The rectangular barrier case (1) 
In the  limit, analytical considerations lead to:


	 	 


where 		 	 


and the Fermi wavenumber  .  

m → ∞, V0 → ∞

Tky
(E) = 1 + (

ky

ϰ )
2

sin2 (ϰ L)

−1

,

ϰ =
k2

F − k2
y , for  |ky | ⩽ kF,

i k2
y − k2

F, for  |ky | > kF,

kF = |E | /(ℏvF)
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The rectangular barrier case (2) 
For a doped sample , and — for  — fast 

oscillations in  can be approximated by an average, namely


	

without affecting  [Approx. of 

a sum by integral reffers to  ]. For , .   

In turn,    

kFL ≫ 1 |ky | ⩽ kF

Tky
(E)

(Tky)approx
=

1
π ∫

π

0

dφ

1 + (k2
y /ϰ2) sin2 φ

= 1 − (ky /kF)
2
,

G = g0 ∑
n

Tn ≈
g0W

π ∫ dkyTky
(E)

W ≫ L |ky |>kF (Tky)approx
= 0

G ≈
g0W

π ∫
∞

0
dky(Tky)approx

=
π
4

GSharvin .
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The rectangular barrier vs Sharvin contact


Numerical integration was performed for , .  V0 = 1.35 eV L = 200 nm
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<latexit sha1_base64="GN2zpvrJAknEQXJh2Rmzk2+KX/Y=">AAAB5nicbVBdSwJBFL1rX2ZfVo+9jEngk+xKkS+B0EuPBvkRKjI7zurgzO4yczcQ8S/0EtFLQT+nv9C/adR9UTswcDjnDPee68dSGHTdXyeztb2zu5fdzx0cHh2f5E/PmiZKNOMNFslIt31quBQhb6BAydux5lT5krf88f3cb71wbUQUPuEk5j1Fh6EIBKNopWfVLdx1C16l2s8X3bK7ANkkXkqKkKLez/90BxFLFA+RSWpMx3Nj7E2pRsEkn+W6ieExZWM65NPFmjNyZaUBCSJtX4hkoa7kqDJmonybVBRHZt2bi/95nQSDam8qwjhBHrLloCCRBCMy70wGQnOGcmIJZVrYDQkbUU0Z2svkbHVvvegmaVbK3k3Zfbwu1krpEbJwAZdQAg9uoQYPUIcGMFDwBp/w5YycV+fd+VhGM0765xxW4Hz/AaYoiqg=</latexit>

m=128
<latexit sha1_base64="kLtfnHjbuD9GlWJReJdrNb/7qY4=">AAAB5XicbVDLSgMxFL1TX7W+qi7dpBahqzJTFd0IBTcuK9gHdErJpJk2NJkZkjtCKf0ENyJuFPwdf8G/MW1nY+uBwOGcE+49N0ikMOi6P05uY3Nreye/W9jbPzg8Kh6ftEycasabLJax7gTUcCki3kSBkncSzakKJG8H4/u5337m2og4esJJwnuKDiMRCkbRSh3ll+780mWtXyy7VXcBsk68jJQhQ6Nf/PYHMUsVj5BJakzXcxPsTalGwSSfFfzU8ISyMR3y6WLLGbmw0oCEsbYvQrJQ/+SoMmaiAptUFEdm1ZuL/3ndFMPb3lRESYo8YstBYSoJxmRemQyE5gzlxBLKtLAbEjaimjK0hynY6t5q0XXSqlW966r7eFWuV7Ij5OEMzqECHtxAHR6gAU1gIOEVPuDTGTovzpvzvozmnOzPKfyB8/ULL3+KaA==</latexit>

m=32
<latexit sha1_base64="FuQYTkbBVrto+xPDamDBWh0mPUM=">AAAB5HicbVDLSgMxFL1TX7W+qi7dpBahqzIjit0IBTcuK9gHdErJpJk2NDMZkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bpBIYdB1f53c1vbO7l5+v3BweHR8Ujw9axmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8cPcb79wbYSKn3GS8F5Eh7EIBaNopXbkl+79Uq1fLLtVdwGySbyMlCFDo1/88QeKpRGPkUlqTNdzE+xNqUbBJJ8V/NTwhLIxHfLpYskZubLSgIRK2xcjWagrORoZM4kCm4wojsy6Nxf/87ophrXeVMRJijxmy0FhKgkqMm9MBkJzhnJiCWVa2A0JG1FNGdq7FGx1b73oJmldV73bqvt0U65XsiPk4QIuoQIe3EEdHqEBTWAwhjf4hC8ndF6dd+djGc052Z9zWIHz/QfGQYox</latexit>

m=8

<latexit sha1_base64="pYspLvOBLOKigk2G5fSMMVoXxk8=">AAAB5HicbVDLSgMxFL1TX7W+qi7dpBahqzJTFN0IBTcuK9gHdErJpJk2NDMZkjtCKf0DNyJuFPwef8G/MW1n09YDgcM5J9x7bpBIYdB1f53c1vbO7l5+v3BweHR8Ujw9axmVasabTEmlOwE1XIqYN1Gg5J1EcxoFkreD8cPcb79wbYSKn3GS8F5Eh7EIBaNopXbkl+79Uq1fLLtVdwGySbyMlCFDo1/88QeKpRGPkUlqTNdzE+xNqUbBJJ8V/NTwhLIxHfLpYskZubLSgIRK2xcjWagrORoZM4kCm4wojsy6Nxf/87ophne9qYiTFHnMloPCVBJUZN6YDITmDOXEEsq0sBsSNqKaMrR3Kdjq3nrRTdKqVb2bqvt0Xa5XsiPk4QIuoQIe3EIdHqEBTWAwhjf4hC8ndF6dd+djGc052Z9zWIHz/Qe9ZYor</latexit>

m=2

W = 5L = 1000 nm
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<latexit sha1_base64="eyy+fXB2ZR07f9pj6/eGqEL0du4=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvQVZkpim6EghuXFe0D2lIyaaYNzSRDckcopXs3Im4U/CJ/wb8xbWdj64HA4ZwT7j03TKSw6Ps/Xm5jc2t7J79b2Ns/ODwqHp80rU4N4w2mpTbtkFouheINFCh5OzGcxqHkrXB8N/dbz9xYodUTThLei+lQiUgwik56jG+r/WLJr/gLkHUSZKQEGer94nd3oFkac4VMUms7gZ9gb0oNCib5rNBNLU8oG9Mhny4WnJELJw1IpI17CslC/ZOjsbWTOHTJmOLIrnpz8T+vk2J005sKlaTIFVsOilJJUJN5WzIQhjOUE0coM8JtSNiIGsrQ3aTgqgerRddJs1oJrir+w2WpVs6OkIczOIcyBHANNbiHOjSAwRBe4QM+vdB78d6892U052V/TuEPvK9fs0iJCQ==</latexit>

m = 2

<latexit sha1_base64="8RqkNdjh0HE0y+/0phq3Tz4I6WE=">AAAB4HicbVDLSgMxFL3js9ZX1aWbYBG6KjOi2I1QcOOyon1AW0omzbShSWZI7gildO9GxI2CX+Qv+Dem7WzaeiBwOOeEe88NEyks+v6vt7G5tb2zm9vL7x8cHh0XTk4bNk4N43UWy9i0Qmq5FJrXUaDkrcRwqkLJm+HofuY3X7ixItbPOE54V9GBFpFgFJ30pO4qvULRL/tzkHUSZKQIGWq9wk+nH7NUcY1MUmvbgZ9gd0INCib5NN9JLU8oG9EBn8wXnJJLJ/VJFBv3NJK5upSjytqxCl1SURzaVW8m/ue1U4wq3YnQSYpcs8WgKJUEYzJrS/rCcIZy7AhlRrgNCRtSQxm6m+Rd9WC16DppXJWDm7L/eF2slrIj5OAcLqAEAdxCFR6gBnVgMIA3+IQvL/RevXfvYxHd8LI/Z7AE7/sPvCSJDw==</latexit>

m = 8

<latexit sha1_base64="1p5crUD9e8jmo5OOf/3AYBikj+k=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkXoqszUim6EghuXFewD2lIyaaYNzUyG5I5QSj/AjYgbBX/IX/BvnGln09YDgcM5J9x7rhcpadFxfklua3tndy+/Xzg4PDo+KZ6etayODRdNrpU2HY9ZoWQomihRiU5kBAs8Jdre5CH12y/CWKnDZ5xGoh+wUSh9yRmmUnB/XR0US07FWYBuEjcjJcjQGBR/ekPN40CEyBWztus6EfZnzKDkSswLvdiKiPEJG4nZYsM5vUqkIfW1SV6IdKGu5Fhg7TTwkmTAcGzXvVT8z+vG6N/1ZzKMYhQhXw7yY0VR07QuHUojOKppQhg3MtmQ8jEzjGNylEJS3V0vukla1Yp7U3GeaqV6OTtCHi7gEsrgwi3U4REa0AQOY3iDT/ginLySd/KxjOZI9uccVkC+/wAkYIlG</latexit>

m = 32

<latexit sha1_base64="0exIxQ32+ZOck87jw0HfgUZCozA=">AAAB4nicbVBdSwJBFL1rX2ZfVo+9DEngk+xKkS+B0EuPBq0KKjI7O6uDM7vLzN1AxD/QS0QvBf2g/kL/plH3Je3AwOGcM9x7bpBKYdB1f5zC1vbO7l5xv3RweHR8Uj49a5sk04z7LJGJ7gbUcCli7qNAybup5lQFkneCyf3C7zxzbUQSP+E05QNFR7GIBKNoJV/defXGsFxxa+4SZJN4OalAjtaw/N0PE5YpHiOT1Jie56Y4mFGNgkk+L/Uzw1PKJnTEZ8sV5+TKSiGJEm1fjGSp/slRZcxUBTapKI7NurcQ//N6GUaNwUzEaYY8ZqtBUSYJJmTRl4RCc4ZyagllWtgNCRtTTRnaq5RsdW+96CZp12veTc19vK40q/kRinABl1AFD26hCQ/QAh8YCHiFD/h0QufFeXPeV9GCk/85hz9wvn4BmgeJhg==</latexit>

m = 128

<latexit sha1_base64="w8xuVwBxB3nn26RvLBgiLAgOmeQ=">AAAB5XicbVDLSgMxFL3js9ZX1aWbYBG6KjOi6EYouHFZwT6gLSWTZtrQJDMkd4Sh9BPciLhR8Hf8Bf/GtJ1NWw8EDueccO+5YSKFRd//9TY2t7Z3dgt7xf2Dw6Pj0slp08apYbzBYhmbdkgtl0LzBgqUvJ0YTlUoeSscP8z81gs3VsT6GbOE9xQdahEJRtFJbXXfFTrCrF8q+1V/DrJOgpyUIUe9X/rpDmKWKq6RSWptJ/AT7E2oQcEknxa7qeUJZWM65JP5llNy6aQBiWLjnkYyV5dyVFmbqdAlFcWRXfVm4n9eJ8XorjcROkmRa7YYFKWSYExmlclAGM5QZo5QZoTbkLARNZShO0zRVQ9Wi66T5lU1uKn6T9flWiU/QgHO4QIqEMAt1OAR6tAABhLe4BO+vKH36r17H4vohpf/OYMleN9/5UKLjw==</latexit>m = 1

<latexit sha1_base64="peCmNfp/wdpyYpzq0MZNEsNauu8=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBByCrui6DEggscI5gHZNcxOepMhsw9mesWw5Cu8iHhR8F/8Bf/GzeOSxIKBoqqG7mo/UdKQbf9aa+sbm1vbhZ3i7t7+wWHp6Lhp4lQLbIhYxbrtc4NKRtggSQrbiUYe+gpb/vB24reeURsZR480StALeT+SgRSccunpzmUdl/CFMmyOvW6pbFftKdgqceakDHPUu6UftxeLNMSIhOLGdBw7IS/jmqRQOC66qcGEiyHvYzbddczOc6nHgljnLyI2VRdyPDRmFPp5MuQ0MMveRPzP66QU3HiZjJKUMBKzQUGqGMVsUpz1pEZBapQTLrTMN2RiwDUXlJ+nmFd3louukuZF1bmq2g+X5VplfoQCnMIZVMCBa6jBPdShAQI0vMEnfFmh9Wq9Wx+z6Jo1/3MCC7C+/wD3MY3o</latexit>

E [eV]

<latexit sha1_base64="2efGPxprNDgKCC1fgrv/P8cUUf0=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBByCrui6DEgiMcEzAOSEGcnvcmQ2QczvUIIuXoR8aLgJ/kL/o2TZC9JLBgoqmrorvYTJQ257q+zsbm1vbOb28vvHxweHRdOThsmTrXAuohVrFs+N6hkhHWSpLCVaOShr7Dpj+5nfvMFtZFx9ETjBLshH0QykIKTlWoPvULRLbtzsHXiZaQIGaq9wk+nH4s0xIiE4sa0PTeh7oRrkkLhNN9JDSZcjPgAJ/P1puzSSn0WxNq+iNhcXcrx0Jhx6NtkyGloVr2Z+J/XTim4605klKSEkVgMClLFKGazrqwvNQpSY0u40NJuyMSQay7IXiRvq3urRddJ46rs3ZTd2nWxUsqOkINzuIASeHALFXiEKtRBAMIbfMKX8+y8Ou/OxyK64WR/zmAJzvcfivCIXw==</latexit> F
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<latexit sha1_base64="P/jBjDT1+ZVsr9ZRtaEImZvcedw=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy6r2Ae0pWTSTBuamQzJHaGUfoAbETcK/pC/4N84M51NWw8EDueccO+5XqSkRcf5JYWt7Z3dveJ+6eDw6PikfHrWtjo2XLS4Vtp0PWaFkqFooUQlupERLPCU6HjT+9TvvAhjpQ6fcRaJQcDGofQlZ5hKtaehOyxXnKqTgW4SNycVyNEcln/6I83jQITIFbO25zoRDubMoORKLEr92IqI8Skbi3m24YJeJdKI+tokL0SaqSs5Flg7C7wkGTCc2HUvFf/zejH6d4O5DKMYRciXg/xYUdQ0rUtH0giOapYQxo1MNqR8wgzjmByllFR314tuknat6t5U64/1SqOWH6EIF3AJ1+DCLTTgAZrQAg4TeINP+CKcvJJ38rGMFkj+5xxWQL7/ADAFiVo=</latexit>

2R1

<latexit sha1_base64="TIRemv+LrlEcVn+vGftks8++mjQ=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy7row9oS8mkmTY0kxmSO0Ip3bsRcaPgF/kL/o1pOxtbDwQO55xw77lBoqRFz/shuY3Nre2d/G5hb//g8Kh4fNK0cWq4aPBYxaYdMCuU1KKBEpVoJ0awKFCiFYxv537rWRgrY/2Ek0T0IjbUMpScoZMeH/qVfrHklb0F6DrxM1KCDPV+8bs7iHkaCY1cMWs7vpdgb8oMSq7ErNBNrUgYH7OhmC4WnNELJw1oGBv3NNKF+ifHImsnUeCSEcORXfXm4n9eJ8XwpjeVOklRaL4cFKaKYkznbelAGsFRTRxh3Ei3IeUjZhhHd5OCq+6vFl0nzUrZvypX76ulWiU7Qh7O4BwuwYdrqMEd1KEBHIbwCh/wSQLyQt7I+zKaI9mfU/gD8vULwiiJHw==</latexit>

R2

<latexit sha1_base64="/rFJ9gYiCosPoVcNfjJ94GEKeW8="></latexit>

R1 ⌧ R2, k�1
F ⌧ R1

G ⇡ (4�⇡)GSharvin

F ⇡ 9⇡�28

12�3⇡

(a) (b)

<latexit sha1_base64="uQxtxgQfmpGULeIjF0o+Kr/ee3c=">AAAB3nicbVBNS0JBFL2vT7Mvq2WbIQlayXsi1VJo01IhP0DF5o336eC8D2buC0TctoloU9BP6i/0bxr1bdQODBzOOcO95/qJkoZc99fZ2t7Z3dvPHeQPj45PTgtn500Tp1pgQ8Qq1m2fG1QywgZJUthONPLQV9jyxw9zv/WC2sg4eqJJgr2QDyMZSMHJSnXdLxTdkrsA2yReRoqQodYv/HQHsUhDjEgobkzHcxPqTbkmKRTO8t3UYMLFmA9xulhvxq6tNGBBrO2LiC3UlRwPjZmEvk2GnEZm3ZuL/3mdlIL73lRGSUoYieWgIFWMYjbvygZSoyA1sYQLLe2GTIy45oLsRfK2urdedJM0yyXvtlSpV4rVcnaEHFzCFdyAB3dQhUeoQQMEILzBJ3w5z86r8+58LKNbTvbnAlbgfP8B0IaImg==</latexit>r<latexit sha1_base64="TIRemv+LrlEcVn+vGftks8++mjQ=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy7row9oS8mkmTY0kxmSO0Ip3bsRcaPgF/kL/o1pOxtbDwQO55xw77lBoqRFz/shuY3Nre2d/G5hb//g8Kh4fNK0cWq4aPBYxaYdMCuU1KKBEpVoJ0awKFCiFYxv537rWRgrY/2Ek0T0IjbUMpScoZMeH/qVfrHklb0F6DrxM1KCDPV+8bs7iHkaCY1cMWs7vpdgb8oMSq7ErNBNrUgYH7OhmC4WnNELJw1oGBv3NNKF+ifHImsnUeCSEcORXfXm4n9eJ8XwpjeVOklRaL4cFKaKYkznbelAGsFRTRxh3Ei3IeUjZhhHd5OCq+6vFl0nzUrZvypX76ulWiU7Qh7O4BwuwYdrqMEd1KEBHIbwCh/wSQLyQt7I+zKaI9mfU/gD8vULwiiJHw==</latexit>

R2
<latexit sha1_base64="Tgl2gZSDe7Y+QiDQFgAKbb7ww9c=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy7row9oS8mkmTY0MxmSO0Ip3bsRcaPgF/kL/o1pOxtbDwQO55xw77lBoqRFz/shuY3Nre2d/G5hb//g8Kh4fNK0OjVcNLhW2rQDZoWSsWigRCXaiREsCpRoBePbud96FsZKHT/hJBG9iA1jGUrO0EmPD32/Xyx5ZW8Buk78jJQgQ71f/O4ONE8jESNXzNqO7yXYmzKDkisxK3RTKxLGx2woposFZ/TCSQMaauNejHSh/smxyNpJFLhkxHBkV725+J/XSTG86U1lnKQoYr4cFKaKoqbztnQgjeCoJo4wbqTbkPIRM4yju0nBVfdXi66TZqXsX5Wr99VSrZIdIQ9ncA6X4MM11OAO6tAADkN4hQ/4JAF5IW/kfRnNkezPKfwB+foFwK6JHg==</latexit>

R1

<latexit sha1_base64="x9KQ489lt3Owqp77dZa//7ZTEOw=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkWomzIjpbosunFZwT6gLSWTZtrQTGZI7gil9APciLhR8If8Bf/GmXY2bT0QOJxzwr3nepGSFh3nl+S2tnd29/L7hYPDo+OT4ulZy4ax4aLJQxWajsesUFKLJkpUohMZwQJPibY3eUj99oswVob6GaeR6AdspKUvOcNUapXN9aBYcirOAnSTuBkpQYbGoPjTG4Y8DoRGrpi1XdeJsD9jBiVXYl7oxVZEjE/YSMwWG87pVSINqR+a5GmkC3UlxwJrp4GXJAOGY7vupeJ/XjdG/64/kzqKUWi+HOTHimJI07p0KI3gqKYJYdzIZEPKx8wwjslRCkl1d73oJmndVNxapfpULdXvsyPk4QIuoQwu3EIdHqEBTeAwhjf4hC/CySt5Jx/LaI5kf85hBeT7DzxiiW8=</latexit>

V (r)

<latexit sha1_base64="NwOeEQLbfrygcBdajkI/SFZU1iE="></latexit>

R1 ⇡ R2,

k�1
F ⌧ R2�R1

G ⇡ ⇡

4
GSharvin

F ⇡ 1

8

(c)
<latexit sha1_base64="wm3ZYnt/u1ZrlcIswoN3kSc+aEY="></latexit>

k�1
F . �r/⇡

G ⇡ GSharvin

F ⇡ 0

<latexit sha1_base64="uQxtxgQfmpGULeIjF0o+Kr/ee3c=">AAAB3nicbVBNS0JBFL2vT7Mvq2WbIQlayXsi1VJo01IhP0DF5o336eC8D2buC0TctoloU9BP6i/0bxr1bdQODBzOOcO95/qJkoZc99fZ2t7Z3dvPHeQPj45PTgtn500Tp1pgQ8Qq1m2fG1QywgZJUthONPLQV9jyxw9zv/WC2sg4eqJJgr2QDyMZSMHJSnXdLxTdkrsA2yReRoqQodYv/HQHsUhDjEgobkzHcxPqTbkmKRTO8t3UYMLFmA9xulhvxq6tNGBBrO2LiC3UlRwPjZmEvk2GnEZm3ZuL/3mdlIL73lRGSUoYieWgIFWMYjbvygZSoyA1sYQLLe2GTIy45oLsRfK2urdedJM0yyXvtlSpV4rVcnaEHFzCFdyAB3dQhUeoQQMEILzBJ3w5z86r8+58LKNbTvbnAlbgfP8B0IaImg==</latexit>r<latexit sha1_base64="TIRemv+LrlEcVn+vGftks8++mjQ=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy7row9oS8mkmTY0kxmSO0Ip3bsRcaPgF/kL/o1pOxtbDwQO55xw77lBoqRFz/shuY3Nre2d/G5hb//g8Kh4fNK0cWq4aPBYxaYdMCuU1KKBEpVoJ0awKFCiFYxv537rWRgrY/2Ek0T0IjbUMpScoZMeH/qVfrHklb0F6DrxM1KCDPV+8bs7iHkaCY1cMWs7vpdgb8oMSq7ErNBNrUgYH7OhmC4WnNELJw1oGBv3NNKF+ifHImsnUeCSEcORXfXm4n9eJ8XwpjeVOklRaL4cFKaKYkznbelAGsFRTRxh3Ei3IeUjZhhHd5OCq+6vFl0nzUrZvypX76ulWiU7Qh7O4BwuwYdrqMEd1KEBHIbwCh/wSQLyQt7I+zKaI9mfU/gD8vULwiiJHw==</latexit>

R2
<latexit sha1_base64="Tgl2gZSDe7Y+QiDQFgAKbb7ww9c=">AAAB4HicbVDLSgMxFL2pr1pfVZdugkVwVWZKUZcFNy7row9oS8mkmTY0MxmSO0Ip3bsRcaPgF/kL/o1pOxtbDwQO55xw77lBoqRFz/shuY3Nre2d/G5hb//g8Kh4fNK0OjVcNLhW2rQDZoWSsWigRCXaiREsCpRoBePbud96FsZKHT/hJBG9iA1jGUrO0EmPD32/Xyx5ZW8Buk78jJQgQ71f/O4ONE8jESNXzNqO7yXYmzKDkisxK3RTKxLGx2woposFZ/TCSQMaauNejHSh/smxyNpJFLhkxHBkV725+J/XSTG86U1lnKQoYr4cFKaKoqbztnQgjeCoJo4wbqTbkPIRM4yju0nBVfdXi66TZqXsX5Wr99VSrZIdIQ9ncA6X4MM11OAO6tAADkN4hQ/4JAF5IW/kfRnNkezPKfwB+foFwK6JHg==</latexit>

R1

<latexit sha1_base64="x9KQ489lt3Owqp77dZa//7ZTEOw=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkWomzIjpbosunFZwT6gLSWTZtrQTGZI7gil9APciLhR8If8Bf/GmXY2bT0QOJxzwr3nepGSFh3nl+S2tnd29/L7hYPDo+OT4ulZy4ax4aLJQxWajsesUFKLJkpUohMZwQJPibY3eUj99oswVob6GaeR6AdspKUvOcNUapXN9aBYcirOAnSTuBkpQYbGoPjTG4Y8DoRGrpi1XdeJsD9jBiVXYl7oxVZEjE/YSMwWG87pVSINqR+a5GmkC3UlxwJrp4GXJAOGY7vupeJ/XjdG/64/kzqKUWi+HOTHimJI07p0KI3gqKYJYdzIZEPKx8wwjslRCkl1d73oJmndVNxapfpULdXvsyPk4QIuoQwu3EIdHqEBTeAwhjf4hC/CySt5Jx/LaI5kf85hBeT7DzxiiW8=</latexit>

V (r)

<latexit sha1_base64="VlcyOmitykCeWd+ctHZu9iJOX10=">AAAB5nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DevAYwTwkCWF20psMmX0w0yuEkF/wIuJFwc/xF/wbJ8leTCwYKKpq6K72EyUNue6Pk9vY3Nreye8W9vYPDo+KxydNE6daYEPEKtZtnxtUMsIGSVLYTjTy0FfY8se3c7/1jNrIOHqkSYK9kA8jGUjByUpP3TtUxKcz3S+W3LK7AFsnXkZKkKHeL353B7FIQ4xIKG5Mx3MT6k25JikUzgrd1GDCxZgPcbpYc8YurDRgQazti4gt1D85HhozCX2bDDmNzKo3F//zOikFN72pjJKUMBLLQUGqGMVs3pkNpEZBamIJF1raDZkYcc0F2csUbHVvteg6aVbK3lW5+lAt1SrZEfJwBudwCR5cQw3uoQ4NEBDCK3zApzNyXpw3530ZzTnZn1P4A+frF88QjCg=</latexit>

�r



Summary 
For  (electron doping, no p–n junctions) parabolic potential 
reproduces Sharvin transport; increasing m leads to crossover to 
the sub–Sharvin regime [ ,   ].


For  (hole doping, two p–n interfaces in series) the 
conductance is strongly suppressed; sub–Sharvin regime (and the 
spectrum symmetry upon  ) is gradually restored with 
increasing m. 


In the Corbino geometry, one interface is effectively removed for 
, leading to intermediate values of  , 

 even for .


E > 0

G ≈ (π/4) GSharvin ℱ ≈ 1/8

E < 0

E ↔ − E

R2 ≫ R1 G ≈ (4 − π) GSharvin
ℱ ≈ (9π − 28)/(12 − 3π) ≈ 0.1065 < 1/8 m → ∞
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