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Where resistivity comes from in PERFECT
nanosystems?
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Time-energy uncertainty principle:

For given energy interval AE = e| V|, time-of-flight cannot be
shorter than At > h/(2ALE). Therefore, the current (per quantum
channel) is limited by I = e/At < 2(e*/h)| V|, and the
conductance G = I/V < 2e?/h = (4n)e?/h [— not far from the

conductance quantum e*/h ... ]

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

[0y = GLIW = 4e*/(nh), F = 1/3]
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Takeaway message —

Usual mesoscopic contacts (2DEG, breakable junctions etc.) show
so—called Sharvin conductance:

G W kW
=— = GSharVin/ 80

—_— N
n

g Apl2

where g, is the conductance quantum [ g, = 2e*/h in 2DEG or

4e?/h in graphene ], W is the constriction width, and Ap (kg ) if the
wavelength (wavenumber) for an electron at the Fermi level.

In doped graphene, we have:
G ~ (71'/4) GSharVin'
Additionally, the Fano factor &+ ~ 1/8 > 0.
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Basic definitions (1) L

The conductance:

I_19

“ U UAt

< > a
L (= 2:170)

with (Q) being the average charge transferred during the time
interval At upon a voltage difference U = (,uL — ,uR)/e, and p; (Up)
denotes the chemical potential in the left (right) reservoir.

[Notation after: Nazarov and Blanter, Quantum transport: Introduction to
Nanoscience. Cambridge University Press, Cambridge, UK, 20009. |
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Basic definitions (2)
Fano factor:

o __ (@@=
<(Q _ <Q>)2>Poisson,

where the variance of charge transferred for a Poissonian process is

((Q = () )poisson = €(Q) = el At.

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

In the linear-response regime:

V(x)
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where T, — transmission probabi AN .
lity for n—th normal mode, o0 T >
N - no. of normal modes in a se- .
lected lead. ~ao 7o -
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The model

The electrostatic potential is choosenas | oo /7 N\

m g [/¢
x/xo‘ if x| < xg w

Vx) ==V, X

it [x]| > X,

with the limit m — oo, V; = oo corresponding to the rectangular
barrier studied in earlier works [ Katsnelson, 2006; Tworzydto, 2006 ].

The Dirac equation, [va -0+ V(x)] Y = EV, with ¥ = ¢(x)e’™”,
P(x) = (¢, P!, [mass confinement: k, = 72'(7H—%)/ W], brought us to:

E-V E-V
Cbc/z — ky¢a + 1 (X) ¢b’ Cbl; =1 (X)

hVF hVF

¢a o ky¢b .

Adam Rycerz [ KK-NANO 2022] Page 8 of 15



The rectangular barrier case (1)

Inthe m — o0, V|, = oo limit, analytical considerations lead to:

Tky(E ) =

where )74

1+<

k

) 4

2
y) sin? (¢ L)

. 2 2
z\/ky—k, for [k,| > kg,

—1

9

VK o Ik| <Ky

and the Fermi wavenumber k, = | E|/(Avy).
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The rectangular barrier case (2)

For a doped sample kpL > 1, and — for | k| < kp — fast

oscillations in Tky(E) can be approximated by an average, namely

1 (" do -
(Tky> . —1/1- (ky/kF> ,
approx T

0 1+ (kyzl}(Z) sin? ¢

. . goW
without affecting G = g, Z I, ~ — | dk, T (E) [Approx. of
T y
n
a sum by integral reffers to W > L ]. For |ky | >k, (T ky)appmx: 0.
goW (™ T
Inturn, G ~ — [O dky<Tky)apme =2 Ggharvin -
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The rectangular barrier vs Sharvin contact

Rectangular:]

barrier

Parabolic
barrier

ky/kr ky/kr

Numerical integration was performed for V; = 1.35¢eV, L = 200 nm.
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W =5L =1000 nm
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The Corbino geometry

@) |r <R k<R (b) P (c) knl < Ar/n
G~ (4_7T) GSharVin G~ GSharvin
e 9 —28 F a0
12—3m
Ar
V(r) T 7 l:
— T
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Summary

For £ > 0 (electron doping, no p—n junctions) parabolic potential
reproduces Sharvin transport; increasing m leads to crossover to

the sub-Sharvin regime [ G ~ (7/4) Gg},.pviny F =~ 1/81].

For £ < O (hole doping, two p-n interfaces in series) the
conductance is strongly suppressed; sub-Sharvin regime (and the

spectrum symmetry upon £ < — E') is gradually restored with
Increasing m.

In the Corbino geometry, one interface is effectively removed for
R, > R, leading to intermediate values of G ~ (4 — ) G arvins

F ~ O9Or—28)/(12 —37) ~ 0.1065 < 1/8 even for m — 0.
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