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Highly-doped graphene samples show the conductance reduced and the shot-noise power enhanced compared
to standard ballistic systems in two-dimensional electron gas. These features can be understood within a model
assuming incoherent scattering of Dirac electrons between two interfaces separating the sample and the leads.
Here we find, by adopting the above-mentioned model for the edge-free (Corbino) geometry and by means of
the computer simulation of quantum transport, that another graphene-specific feature should be observable when
the current flow through a doped disk is blocked by high magnetic field. In case the conductance drops to zero,
the Fano factor approaches the value of F ≈ 0.56, with a very weak dependence on the disk radii ratio. The
role of finite source-drain voltages and the system behavior upon tuning the electrostatic potential barrier from
a rectangular to parabolic shape are also discussed.

I. INTRODUCTION

Although electronic properties of matter are governed by
the rules of quantum mechanics [1], it is very unlikely to find
that any measurable characteristic of a macroscopic system is
determined solely by the universal constants of nature, such
as the elementary charge (e) or the Planck constant (h). In
the last century, two notable exceptions arrived with the phe-
nomena of superconductivity [2], namely, the quantization of
magnetic flux piercing the superconducting circuit, being the
multiplicity of the flux quantum Φ0 = h/(2e) [3, 4], and the
ac Josephson effect, with the universal frequency-to-voltage
ratio given by 2e/h = 1/Φ0 [5]. Later, with the advent of
semiconducting heterostructures [6], came the quantum Hall
effect [7–12] and the conductance quantization [13], bringing
us with the conductance quantum g0 = se2/h (with the de-
generacy s = 1, 2, or 4). Further development of nanosystems
led to the observation of Aharonov-Bohm effect manifest-
ing itself by magnetoconductance oscillations with the period
2Φ0 = h/e [14], as well as the universal conductance fluctua-
tions [15–18], characterized by a variance ∝ β−1(se2/h)2,
with an additional symmetry-dependent prefactor (β = 1,
2, or 4). Related, but slightly different issue concerns the
Wiedemann-Franz (WF) law defining the Lorentz number,
L0 = π2

3 (kB/e)
2 (with the Boltzmann constant kB) [2], as

the proportionality coefficient between electronic part of the
thermal conductivity and electrical conductivity multiplied by
absolute temperature. Although the WF law is followed, with
a few-percent accuracy, in various condensed-matter systems,
it has never been shown to have metrological accuracy [19–
24].

Some new ’magic numbers’ similar to the mentioned above
have arrived with the discovery of graphene, an atomically-
thin form of carbon [11, 12]. For undoped graphene sam-
ples, charge transport is dominated by transport via evanes-
cent modes [25], resulting in the universal dc conductivity
4e2/(πh) accompanied by the sub-Poissonian shot noise, with
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a Fano factor F = 1/3 [26–31]. For high frequencies, ac
conductivity is given by πe2/(2h), leading to the quantized
visible light opacity πα (with α ≈ 1/137.036 being the fine-
structure constant) [32–34]. A possible new universal value
is predicted for the maximum absolute thermopower, which
approaches ≈ kB/e near the charge neutrality point, for both
monolayer and gapless bilayer graphene [39–43].

Away from the charge-neutrality point, ballistic graphene
samples show the sub-Sharvin charge transport [35, 36], char-
acterized by the conductance reduced by a factor of π/4 com-
pared to standard Sharvin contacts in two-dimensional elec-
tron gas (2DEG) [37, 38]. What is more, the shot noise is
enhanced (comparing to 2DEG) up to F ≈ 1/8 far from
the charge-neutrality [30, 31]. Detailed dependence of the
above-mentioned factors on a sample geometry was recently
discussed in analytical terms [36], on the example of edge-
free (Corbino) setup, characterized by the inner radius Ri and
the outer radius Ro (see Fig. 1). It is further found in Refs.
[35, 36] that the ballistic values of the conductance and Fano
factor are gradually restored when the potential barrier, defin-
ing a sample area in the effective Dirac-Weyl Hamiltonian,
evolves from a rectangular toward a parabolic shape.

Here, we focus on the Corbino geometry, which is often
considered when discussing fundamental aspects of graphene
[25, 44–54]. In this geometry, charge transport at high mag-
netic fields is unaffected by edge states, allowing one to
probe the bulk transport properties [48–53]. Recently, we
have shown numerically that thermoelectric properties in such
a situation are determined by the energy interval separating
consecutive Landau levels rather then by the transport gap
(being the energy interval, for which the cyclotron diameter
2rc < Ro − Ri) [54]. In this paper, we address a question
how the shot-noise behaves when the tunneling conductance
regime is entered by increasing magnetic field at a fixed dop-
ing (or decreasing the doping at a fixed field)? Going beyond
the linear-response regime, we find that the threshold voltage
Uon, defined as a source-drain voltage difference that acti-
vates the current at minimal doping, is accompanied by quasi-
universal (i.e., weakly-dependent on the radii ratio Ro/Ri)
value of F ≈ 0.56. The robustness of the effect is also an-
alyzed when smoothing the electrostatic potential barrier.

The paper is organized as follows. In Sec. II we briefly
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present the effective Dirac Hamiltonian and the numerical ap-
proach applied in remaining parts of the paper. In Sec. III, we
derive an approximation for the transmission through a doped
Corbino disk at non-zero magnetic field and subsequent for-
mulas for charge-transfer characteristics: the conductance and
the Fano factor. Our numerical results, for both the rectangu-
lar and smooth potential barriers, are presented in Sec. IV. The
conclusions are given in Sec. V.

II. MODEL AND METHODS

A. Dirac equation for the disk geometry

Our analysis of the device shown schematically in Fig.
1 starts from effective wave equation for Dirac fermions in

graphene, near the K valley,

[vF (p+ eA) · σ + V (r)] Ψ = EΨ, (1)

where the Fermi velocity is given by vF =
√
3 t0a/(2ℏ), with

t0 = 2.7 eV the nearest-neighbor hopping integral and a =
0.246 nm the lattice parameter, p = −iℏ (∂x, ∂y) is the in-
plane momentum operator, we choose the symmetric gauge
A = B

2 (−y, x) corresponding to the perpendicular, uniform
magnetic field B = (0, 0, B), and σ = (σx, σy), where σj

are the Pauli matrices [55]. The electrostatic potential energy
in Eq. (1), V (r), is given by

V (r) = −V0 ×
{

2m|r−Rav|m
|Ro−Ri|m if |r−Rav| ⩽ Ro−Ri

2 ,

1 if |r−Rav| > Ro−Ri

2 ,
(2)

where we have defined Rav = (Ri +Ro)/2. In particular, the
limit of m → ∞ corresponds to the rectangular barrier (with
a cylindrical symmetry); any finite m ⩾ 2 defines a smooth
potential barrier, interpolating between the parabolic (m = 2)
and rectangular shape. In principle, barrier smoothing can be
regarded as a feature of a self consistent solution originat-
ing from the diffusion of carriers; we expect this feature to
strongly depend on the experimental details, with graphene-
on-hBN devices [48] showing rectangular, rather then smooth,
profiles.

Symmetry of the problem allows one to look for the wave
function in the form

Ψj(r, φ) = ei(j−1/2)φ

(
χa

χbe
iφ

)
, (3)

where j = ±1/2,±3/2, . . . is the total angular-momentum
quantum number, the components χa = χa(r), χb = χb(r),
and we have introduced the polar coordinates (r, φ). Substi-
tuting the above into Eq. (1) bring us to the system of ordinary
differential equations

χ′
a =

(
j − 1/2

r
+

eBr

2ℏ

)
χa + i

E − V (r)

ℏvF
χb, (4)

χ′
b = i

E − V (r)

ℏvF
χa −

(
j + 1/2

r
+

eBr

2ℏ

)
χb, (5)

where primes denote derivatives with respect to r.

B. Analytic solutions

For the disk area, Ri < r < Ro, Eqs. (4), (5) typically
need to be integrated numerically; key details of the procedure

are presented in Appendix A. Here we focus on the special
case of rectangular barrier (m = ∞), for which some analytic
solutions were reported [44, 45, 56].

In particular, in the absence of magnetic field (B = 0), the
spinors χj = (χa, χb)

T corresponding to different j-s can be
written as linear combinations [44]

χ
(disk)
j = Aj

(
H

(2)
j−1/2(kr)

iηH
(2)
j+1/2(kr)

)
+Bj

(
H

(1)
j−1/2(kr)

iηH
(1)
j+1/2(kr)

)
,

(6)
where H

(1)
ν (ρ) [H(2)

ν (ρ)] is the Hankel function of the first
[second] kind, k = |E|/(ℏvF ), the doping sign η = sgnE =
±1 (with η = +1 indicating electron doping and η = −1
indicating hole doping), and Aj , Bj , are arbitrary complex
coefficients. For B > 0, Eq. (6) is replaced by [45, 56]

χ
(disk)
j = Aj

(
ξ
(1)
j↑

iηzj,1ξ
(1)
j↓

)
+Bj

(
ξ
(2)
j↑

iηzj,2ξ
(2)
j↓

)
, (7)

where zj,1 = [2(j + sj)]
−2sj , zj,2 = 2(β/k2)sj+1/2 (with

sj ≡ 1
2 sgn j, β = eB/(2ℏ)), and

ξ
(ν)
js = e−βr2/2(kr)|ls|

{
M(αjs, γjs, βr

2), ν=1,
U(αjs, γjs, βr

2), ν=2,
(8)

with ls = j∓ 1
2 for s =↑, ↓, αjs =

1
4 [2(l−s+|ls|+1)−k2/β],

and γjs = |ls|+1. M(a, b, z) and U(a, b, z) are the confluent
hypergeometric functions [57].

For the leads, r < Ri or r > Ro, the electrostatic potential
energy is constant, V (r) = −V0. We further assume B = 0
and E > −V0 (electron doping) in the leads, allowing one to
adapt the wave function given by Eq. (6); i.e., for the inner
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Figure 1: (a) Schematic of Corbino disk in graphene, with the inner radius Ri and the outer radius Ro, contacted by two circular electrodes
(dark areas). A voltage source drives a current through the disk. A separate gate electrode (not shown) allows us to tune the carrier concentration
around the neutrality point. The coordinate system (x, y, z) is also shown. (b) Cross section of the electrostatic potential profile given by Eq.
(2) with m → ∞ (i.e., the rectangular barrier) at y = z = 0. (c) Zoom-in of a single barrier, for x > 0, showing also the profiles for
m = 2 and 8, with symbolic representations of the incident and reflected waves in inner electrode (x < Ri) and the transmitted wave in outer
electrode (x > Ro) with the amplitudes r and t corresponding to the Fermi energy E > 0. (d)–(f) Characteristic values of the magnetic field
B = (0, 0, B) separating different transport regimes. At B = Bc,1, the cyclotron diameter 2rc = Ro +Ri, and the particle leaving the inner
lead approaches the outer lead regardless the initial direction (d). At B = Bc,2, we have 2rc = Ro −Ri, and only the trajectory tangent to the
inner lead reaches the outer lead (e). For higher fields, classical trajectories do not contribute to the charge transport, which is possibly only if
the resonance with Landau level occurs for E ≈ EnLL, with n = 0,±1,±2, . . . (f).

lead, r < Ri,

χ
(inner)
j =

(
H

(2)
j−1/2(Kr)

iH
(2)
j+1/2(Kr)

)
+ rj

(
H

(1)
j−1/2(Kr)

iH
(1)
j+1/2(Kr)

)
, (9)

and for the outer lead, r > Ro,

χ
(outer)
j = tj

(
H

(2)
j−1/2(Kr)

iH
(2)
j+1/2(Kr)

)
, (10)

where K = |E + V0|/(ℏvF ) and we have introduced the re-
flection and transmission coefficient. The first spinor in each
of Eqs. (9) and (10) represents the incoming (i.e., propagating
from r = 0) wave, the second spinor in Eq. (9) represents the
outgoing (propagating from r = ∞) wave.
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C. Mode-matching method

Since the current-density operator following from Eq. (1),
j = evFσ does not involve differentiation, the mode-
matching conditions for r = Ri and r = Ro reduce to the
equalities for spinor components, namely

χ
(inner)
j (Ro) = χ

(disk)
j (Ro) and χ

(disk)
j (Ri) = χ

(outer)
j (Ri).

(11)
The resulting formula for transmission probability for j-th
mode becomes particularly simple upon taking the limit of
heavily doped leads, U0 → ∞. In particular, for B = 0,
substituting Eq. (6) into the above gives [58]

Tj = |tj |2 =
16

π2k2RiRo

1[
D

(+)
j

]2
+
[
D

(−)
j

]2 , (12)

where

D
(±)
j = Im

[
H

(1)
j−1/2(kRi)H

(2)
j∓1/2(kRo)

± H
(1)
j+1/2(kRi)H

(2)
j±1/2(kRo)

]
. (13)

Analogously, for B > 0 one finds, using Eqs. (7) and (8),

Tj = |tj |2 =
16 (k2/β)|2j−1|

k2RiRo (X2
j + Y 2

j )

[
Γ(γj↑)
Γ(αj↑)

]2
, (14)

where Γ(z) is the Euler Gamma function, and

Xj = w−
j↑↑ + zj,1zj,2w

−
j↓↓, Yj = zj,2w

+
j↑↓ − zj,1w

+
j↓↑,

w±
jss′ = ξ

(1)
js (Ri)ξ

(2)
js′ (Ro)± ξ

(1)
js (Ro)ξ

(2)
js′ (Ri). (15)

For B < 0, one gets Tj(B) = T−j(−B).

Details of numerical mode-matching, applicable for smooth
potentials, are given in Appendix A.

D. Landauer-Büttiker formalism

In case the nanoscopic system is connected to external
reservoirs, characterized by the electrochemical potentials µ
and µ + eUeff (for simplicity, the two reservoirs are consid-
ered; for more general discussion see Ref. [59]), the conduc-
tance of the system is related to the transmission probabilities
for normal modes (Tj-s) via

G(Ueff) =
⟨I⟩
Ueff

=
g0
Ueff

∫ µ+eUeff

µ

dϵ
∑
j

Tj(ϵ), (16)

where ⟨I⟩ denotes the average electric current and the zero-
temperature limit is taken. The conductance quantum is g0 =
4e2/h, taking into account spin and valley degeneracies. Ueff

denotes the effective voltage difference between the reser-
voirs (notice that the actual voltage applied may differ from
Ueff due to charge-screening effects). Similarly, the Fano fac-
tor, relating the current variance,

〈
(I − ⟨I⟩)2

〉
, to the value〈

(I − ⟨I⟩)2
〉
Poisson

one would measure in the absence of
correlations between scattering events (occurring, e.g., in the
tunneling limit of Tj ≪ 1 for all j-s), is given by

F (Ueff) =

〈
(I − ⟨I⟩)2

〉
〈
(I − ⟨I⟩)2

〉
Poisson

=
g0

GUeff

∫ µ+eUeff

µ

dϵ
∑
j

Tj(ϵ) [1− Tj(ϵ)] , (17)

where
〈
(I − ⟨I⟩)2

〉
Poisson

= e⟨I⟩/∆t = eGUeff/∆t with
∆t denoting the time of measurement.

In the linear-response regime (Ueff → 0), Eqs. (16) and (17)
reduces to

G(Ueff → 0) = g0
∑
j

Tj , (18)

and

F (Ueff → 0) =

∑
j Tj(1− Tj)∑

j Tj
, (19)

where Tj = Tj(µ). For the disk geometry, summation range
is limited by the number of propagating modes in the inner

lead, |j| ⩽ jmax = ⌊KRi⌋ − 1
2 with ⌊x⌋ denoting the floor

function of x. (For heavily-doped leads, jmax → ∞.)
As a notable example, we consider the zero-doping limit

(µ → 0). In such a case, Eq. (14) simplifies to [45, 60]

Tj(µ → 0) =
1

cosh2[(j +Φ/Φ0) ln(Ro/Ri)]
, (20)

where Φ = π(R2
o − R2

i )B is the flux piercing the disk area
and we have defined Φ0 = 2 (h/e) ln(Ro/Ri). Assuming the
narrow-disk range, Ro ≈ Ri, we can approximate the sums
occurring in Eqs. (18) and (19) by integrals, obtaining

G ≈ Gdiff =
2πσ0

ln(Ro/Ri)
and F ≈ Fdiff =

1

3
. (21)
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The above reproduces pseudodiffusive conductance and the
shot-noise power for a disk geometry [44]. For larger Ro/Ri,
both characteristics are predicted to show approximately sinu-
soidal conductance oscillations with the field B [45, 60, 61].

The case of doped disk, for which one may expect to
observe some features of the sub-Sharvin charge transport
[35, 36], is discussed next.

III. APPROXIMATE CONDUCTANCE AND FANO
FACTOR AT THE MAGNETIC FIELD

Before calculating the conductance G and Fano factor F
within the mode-matching method described in Sec. II, we
first present the approximating formulas for incoherent trans-

port, obtained by adapting the derivation of Ref. [36] for the
B > 0 case.

A. Corbino disk in graphene as a double barrier

A key step in the derivation is to observe that, in the mul-
timode regime (kRi ≫ 1) for which one can consider well-
defined trajectories, the disk symmetry cause that incident an-
gles θ1 and θ2, corresponding to the interfaces at r = Ri and
r = Ro (see Fig. 2) remain constant (up to a sign) after mul-
tiple scatterings. Therefore, one can apply the double-contact
formula for incoherent transmission [62, 63], namely

{T}incoh =
1

2π

∫ π

−π

dϕ
T1T2

2− T1 − T2 + T1T2 − 2
√
(1− T1)(1− T2) cosϕ

=
T1T2

T1 + T2 − T1T2
, (22)

where the transmission probabilities T1, T2, corresponding to
a potential step of infinite height, are given by

Tl =
2 cos θl

1 + cos θl
, l = 1, 2, (23)

and ϕ is assumed to be a random phase acquired during the
propagation between r = Ri and r = Ro (or vice versa).
Similarly, we calculate the incoherent squared transmission,
useful when evaluating the Fano factor,

{
T 2
}
incoh

=
1

2π

∫ π

−π

dϕ

(
T1T2

2− T1 − T2 + T1T2 − 2
√
(1− T1)(1− T2) cosϕ

)2

=
(T1T2)

2(2− T1 − T2 + T1T2)

(1 + T1T2 − T1T2)3
. (24)

Next, the incoherent conductance in the linear-response
regime is evaluated by inserting {T}incoh (22) into Eq. (18),

Gincoh = GSharvin ⟨ {T}incoh⟩u=sin θ1
, (25)

with

GSharvin = 2g0kRi. (26)

For the Fano factor, one can analogously derive from Eq. (19)

Fincoh = 1−
〈 {

T 2
}
incoh

〉
u=sin θ1

⟨ {T}incoh⟩u=sin θ1

. (27)

The summation over 2kRi modes is approximated in Eqs.
(25), (27) by averaging over the variable u = sin θ1, within
the range of −1 ⩽ u ⩽ 1. Explicitly,

⟨ {Tn}incoh⟩u=sin θ1
=

1

2

∫ 1

uc

du {Tn}incoh , n = 1, 2,

(28)

where the lower integration limit (uc) is defined via the value
of sin θ1, below which the trajectory cannot reach the outer
interface (r = Ro). (In other words, for u = sin θ1 < uc, the
geometric derivation to be presented below leads to | sin θ2| >
1.)

The missing elements, necessary to calculate
⟨ {Tn}incoh⟩u=sin θ1

in Eq. (28) is the dependence of θ2
on θ1 and B [see Eqs. (22), (23), and (24)], as well as the
dependence of uc on B. Since we have assumed constant
electrostatic potential energy in the disk area, the trajectory
between subsequent scatterings (see Fig. 2) forms an arc,
with the constant radii

rc = ℏk/(eB) = |E|/(vF eB), (29)

(i.e., the cyclotron radius for massless Dirac particle at B >
0), centered at the distance rx from the origin. Now, solving
the two triangles with a common edge rx (dashed line) and
the opposite vertices in two scattering points, we find

r2x = R2
i + r2c + 2Rirc sin θ1 (30)
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Figure 2: Propagation between consecutive scatterings on interfaces at r = Ri and r = Ro in a uniform magnetic field Bc,1 < B < Bc,2. A
zoom-in shown an arc of single cyclotron orbit centered at r = rx, with its radii rc, and incident angles θ1 (for r = Ri) and θ2 (for r = Ro).

(for the triangle containing a scattering point at r = Ri), and

r2x = R2
o + r2c − 2Rorc sin θ2 (31)

(for the triangle containing a scattering point at r = Ro). To-
gether, Eqs. (30) and (31) lead to

sin θ2 =
R2

o −R2
i − 2Rircu

2Rorc
. (32)

Subsequently, the value of uc in Eq. (28) is given by

uc =


−1, if B ⩽ Bc,1

R2
o−R2

i

2Rirc
− Ro

Ri
, if Bc,1 < B ⩽ Bc,2

1, if B > Bc,2

, (33)

where we have additionally defined

Bc,m =
2ℏk

e [Ro − (−1)mRi]
, m = 1, 2. (34)

B. The zero-field limit

Typically, averages occurring in Eqs. (25) and (27) need to
be evaluated numerically. Analytic expressions are available,
e.g., for zero magnetic field [36]

Gincoh(B→0) = GSharvin

(2a+ 1
a ) arcsin a+ 3

√
1− a2 − π

2 (a
2 + 2)

1− a2
, (35)

Fincoh(B→0) =
2a

√
1− a2(53 + 279a2 + 88a4)− 3πa(12 + 82a2 + 45a4 + a6) + 6(1 + 45a2 + 82a4 + 12a6) arcsin a

6(1− a2)2
[
πa(a2 + 2)− 6a

√
1− a2 − 2(2a2 + 1) arcsin a

] ,

(36)

where we have defined the inverse radii ratio a = Ri/Ro.

C. The zero-conductance limit

In the this paper, we focus on the limit of B → Bc,2−
(i.e., B approaching Bc,2 from below), for which Gincoh → 0.

Introducing the dimensionless 0 < ε ≪ 1, one can express the
cyclotron diameter, see Eq. (29), as

2rc = Ro −Ri + ε (Ro −Ri) . (37)
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In turn, the value uc, see Eq. (33), can be approximated (up to
the leading order in ε) as

uc ≈ 1− ε

(
1 +

Ro

Ri

)
. (38)

It is now convenient to define the variable

α =
1− u

ε (1 +Ro/Ri)
, (39)

such that the integration over uc ⩽ u ⩽ 1, occurring when
evaluating ⟨ {Tn}incoh⟩u=sin θ1

from Eq. (28), can be replaced

by integration over 1 ⩾ α ⩾ 0. Transmission probabilities
(T1, T2) for the interfaces at r = Ri and r = Ro, see Eqs.
(22), (23), (24) and (32), can now be approximated as

T1 ≈ 2
√

2α (1 + 1
a ) ε

1/2, (40)

T2 ≈ 2
√

2(1− α) (1 + a) ε1/2, (41)

where we have used a = Ri/Ro again.
Using the above expressions, we can now rewrite the aver-

ages occurring in Eq. (28), up to the leading order in ε again,
as follows

⟨ {T}incoh⟩u =
Gincoh

GSharvin
≈ 2

(
1 + 1

a

)
√
2

ε3/2
∫ 1

0

dα

√
α(1 + 1

a )
√

(1− α)(1 + a)√
α(1 + 1

a ) +
√
(1− α)(1 + a)

, (42)

〈 {
T 2
}
incoh

〉
u
≈ 2

(
1 + 1

a

)
√
2

ε3/2
∫ 1

0

dα
α(1− α)

(
2 + 1

a + a
)[√

α(1 + 1
a ) +

√
(1− α)(1 + a)

]3 . (43)

Remarkably, both quantities decays as ∝ ε3/2, but their ratio,
occurring in Eq. (27) for the Fano factor, remains constant

(for a given a). The integrals in Eqs. (42) and (43) can be
calculated analytically, leading to

Fincoh(B→Bc,2−) = 1−
{
4
√
a+ 39a− 58a3/2 − 23a2 − 23a5/2 − 58a3 + 39a7/2 + 4a4

+
(
69a2 − 18a3 − 18a

)√
1 + a artanh

( √
a√

1 + a

)
+
(
69a2 − 18a− 18a3

)√
1 + a artanh

(
1√
1 + a

)}
/{

(1 + a)3
(
1 +

√
a
) (

1− 3
√
a+ a

)
+ 3a(1 + a)5/2 artanh

[
(1 +

√
a)
√
1 + a

1 +
√
a+ a

]}
. (44)

Numerical values of Fincoh(B → 0) and Fincoh(B →
Bc,2−) for selected a = Ri/Ro are given in Table I. For
Fincoh(B → Bc,2−), we see that the poissonian value of
Fincoh = 1, which one could expect due to the vanishing con-
ductance, is reconstructed only for a → 0 (i.e., for Ro ≫ Ri).
For finite radii ratios, nontrivial values of 0 < Fincoh < 1 oc-
curs. Remarkable, for moderate disk proportions (a ⩾ 0.5),
Fincoh(B → Bc,2−) shows very weak dependence on a, de-
caying by less then 2% (from Fincoh ≈ 0.56 at a = 0.5 to
Fincoh ≈ 0.55 for a → 1, with a → 1 representing the
narrow-disk limit of Ro ≈ Ri).

For this reason, in the following numerical analysis, we
fixed the disk radii ratio at a = 0.5 (i.e., Ro = 2Ri). We
also stress that the derivation presented above, holds true for

the parameter ε → 0+, quantifying the ratio of cyclotron di-
ameter 2rc to radii difference Ro − Ri, see Eq. (37). There-
fore, it is irrelevant whether one increases the magnetic field
at a fixed chemical potential, or reduces the chemical potential
at a fixed B > 0 (as long as the system stays in a multimode
range, kRi ≫ 1).

IV. RESULTS AND DISCUSSION

Main doubt arising when we consider the applicability of
Eq. (44) for real quantum systems concerns the possible role
of evanescent waves, totally neglected in our derivation. Ob-
viously, they should not play an important role when the sys-
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tem is highly conducting (such as in the zero-field case [36]);
however, since the Fano factor is determined by the ratio of
two cumulants, both vanishing for sufficiently high field, it
is not fully clear which contribution (from propagating or
from evanescent modes) would govern the value of F for
B → Bc,2? On the other hand, resonances with Landau lev-
els are not expect to play a significant role, as they form very
narrow transmission peaks, contributions of which get imme-
diately smeared out beyond the linear-response regime.

In the remaining parts of the paper, compare the results of
computer simulation of quantum transport through the disk
in graphene, with the predictions for incoherent scattering
presented in Sec. III, in attempt to propose an experimen-
tal procedure allowing one to extract the nontrivial value of
F ≈ 0.55 from the data plagued with other contributions.

A. The rectangular barrier of an infinite height

As a first numerical example, we took the limit of V0 → ∞
and m → ∞ in Eq. (2), for which close-form expressions for
transmission probabilities were presented in Sec. II.

In Fig. 3, we compare the linear-response conductance
G(Ueff → 0), see Eq. (18), with G(Ueff) calculated from
Eq. (16) for a small but nonzero value of Ueff = 0.01V,
both displayed as functions of the chemical potential. Also
in Fig. 3, same comparison is presented for the Fano factor
F (Ueff) [see Eqs. (19) and (17)]. It easy to see that promi-
nent, aperiodic oscillations visible for both charge-transfer cu-
mulants in the Ueff → 0 limit are significantly reduced even
for small Ueff > 0. In fact, for Ueff = 0.01V and B > 0,
the values of Fincoh calculated from Eq. (27) [black lines]
are closely followed by F (Ueff) obtained from the numeri-
cal mode-matching, as long as the former can be defined, i.e.,
for B < Bc,2 at a given µ. We further notice that the value
of µ for which B ≈ Bc,2 and F (Ueff) ≈ 0.56 corresponds to
G(Ueff) ∼ g0 (up to the order of magnitude). For smaller µ,
such that B > Bc,2 and Fincoh is undefined, F (Ueff) saturates

Table I: Selected numerical values of Fincoh(B→ 0), see Eq. (36),
and Fincoh(B → Bc,2−), see Eq. (44). Box marks the values for
a = 0.5 (i.e., Ro = 2Ri) to be compared with the results following
from numerical simulations of quantum transport presented Sec. IV.

a = Ri/Ro Fincoh(B → 0) Fincoh(B → Bc,2−)

0 0.106528 1
0.1 0.106705 0.630994
0.2 0.107239 0.591829
0.3 0.108136 0.573885
0.4 0.109409 0.563905
0.5 0.111074 0.557898
0.6 0.113151 0.554178
0.7 0.115663 0.551894
0.8 0.118619 0.550565
0.9 0.121963 0.549899
1.0 0.125000 0.549708

near the value ≈ 0.75, apparently below the poissonian limit
of F = 1.

To better understand the nature of the results we now, in
Fig. 4, go further beyond the linear-response regime, calculat-
ing G(Ueff) and F (Ueff) for µ = −eUeff/2 (notice that for an
infinite rectangular barrier we have the particle-hole symme-
try, and both cumulants are even upon µ ↔ − µ+ eUeff ) and
displaying them as functions of Ueff .

We further introduce the activation voltage Uon = Uon(B),
meaning of which can be understood as follows. The cy-
clotron diameter, see Eq. (29), naturally defines the range of
energies for which 2rc(E) < Ro − Ri and the system shows
G ≈ 0 (up to the evanescent modes). On the other hand, as
we have set µ = −eUeff/2, the effective voltage defines the
energy range of |E| ⩽ eUeff/2, being the integration interval
in Eqs. (16) and (17). In turn, G(Ueff) > 0 is expected for
Ueff ⩾ Uon, a value of which can be approximated as

Uon,incoh = vFB (Ro −Ri) , (45)

where we have simply rewrite equality 2rc(eUon) = Ro −Ri

neglecting the evanescent modes.
When looking on the conductance spectra illustrated in Fig.

4(a) we see, for B > 0, a wide range of lower Ueff for which
G ≈ 0, attached (via a cusp region) to the range of (approxi-
mately linearly) increasing G. In order to determine the value
of Uon(B) directly from the conductance spectra G(Ueff), we
find numerically the value of U (1)

on such that G(U
(1)
on ) = g0,

and U
(2)
on such that G(U

(2)
on ) = 2g0, see the datapoints in Fig.

4(a). Then, the linear extrapolation is performed to obtain

U (0)
on = U (1)

on −
(
U (2)
on − U (1)

on

) G(U
(1)
on )

G(U
(2)
on )−G(U

(1)
on )

= 2U (1)
on − U (2)

on , (46)

such that G(U
(0)
on ) ≈ 0. The resulting values of U (i)

on , depicted
in Fig. 4(c) [datapoints], stay close to Uon,incoh obtained from
Eq. (45) [dashed line].

Remarkably, the values of the Fano factor corresponding to
Ueff = U

(i)
on , i = 1, 2, see Fig. 4(b), are close to Fincoh(B →

Bc,2−) ≈ 0.56. Similar observation applies for all studied
values of B ⩽ 0.5T, see Fig. 4(d); a typical deviation does
not exceed 5%.

B. Smooth potential barriers

In this subsection, we extend our numerical analysis onto
smooth potential barriers, defined by choosing 2 ⩽ m < ∞
in Eq. (2). Moreover, the barrier height is now finite, i.e.,
V0 = t0/2 = 1.35 eV, being not far from the results of
some first-principles calculations for graphene-metal struc-
tures [64, 65]. According to our best knowledge such a model,
first proposed in Ref. [35], seems to be the simplest providing
qualitatively correct description of the conductance-spectrum
asymmetry observed in existing experiments [46, 50, 53], in
which the conductance for µ < 0 is noticeably suppressed,
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µ [eV]

Figure 3: (a,b) Conductance and (c,d) the Fano factor for the Corbino disk in graphene with the radii Ro = 2Ri = 1000 nm and the
rectangular potential barrier (i.e., V0 → ∞ and m → ∞ in Eq. (2)) displayed as functions of the chemical potential. The values of magnetic
field are B = 0 (red solid lines in all plots), B = 0.2T (green solid lines), and B = 0.4T (blue solid lines). Inset in (a) is a zoom-in, with
black dashed lines depicting the incoherent conductance, see Eq. (25). (a) and (c) show the linear-response results, see Eqs. (18) and (19); the
datasets in (b) and (d) are obtained from Eqs. (16) and (17) with Ueff = 0.01V. Remaining lines in (c,d) [black solid, black dotted, and black
dashed] mark the incoherent Fano factor, see Eq. (27); the values of magnetic field are specified for lines in (c), and are the same in (d). (For
B = 0, horizontal lines mark Fincoh(B → 0) = 0.111074 corresponding to Ro = 2Ri, see Table I.)

comparing to the µ > 0 range, due to the presence of two cir-
cular p-n junctions in the former case. (Such a feature is also
correctly reproduced by a simpler model assuming the trape-
zoidal potential barrier [66], allowing a fully analytic treat-
ment, but this approach produces an artificial conductance
maximum near µ = 0.)

The conductance spectra for five selected values of m are
displayed in Fig. 5, both for the linear-response regime [see
Figs. 5(a,c)] and beyond [Figs. 5(b,d)]. This time, we have
limited out presentation a single value of magnetic field, i.e.,
B = 0.2T. It must be notice that finite value of V0 results in
small, but visible spectrum asymmetry also for m = ∞.

The finite-voltage results, G(Ueff) at µ = −eUeff/2, al-
lows as to determine the activation voltage, Uon(B), in a sim-
ilar manner as for an infinite-barrier case (see previous sub-
section). When attempting to apply the incoherent-scattering
approximation to smooth potentials, some modification is re-

quired for Eq. (45), which now can be rewritten as

Uon,incoh = vFBLdiff(m). (47)

In the above, we have introduced the m-dependent effective
sample length given by [35, 36]

Ldiff(m) = |Ro −Ri|
(

ℏvF
|Ro −Ri|V0

)1/m

, (48)

which reduces to Ldiff(∞) = Ro − Ri for a rectangu-
lar barrier, and gives Ldiff(m = 2) ≪ Ro − Ri for the
parabolic case. In brief, Eq. (48) can be derived by impos-
ing V (±Ldiff/2) = −Ediff , where Ediff denotes the value of
Fermi energy, above which Sharvin conductance overrules the
pseudodiffusive conductance, namely,

Ediff =
ℏvF

Ro −Ri
≈ 1meV for Ro −Ri = 500 nm. (49)
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<latexit sha1_base64="T4Wp0q+B2sqlInscU5RKIY9f2og=">AAAB9nicbVDLSsNAFJ3UV62vqAsXbgaL4EJKIr6WBTcuK5i20IQwmU7aoZMHMzfSEvIrbkTcKPgZ/oJ/47TNpq0HBg7nnOHee4JUcAWW9WtU1tY3Nreq27Wd3b39A/PwqK2STFLm0EQkshsQxQSPmQMcBOumkpEoEKwTjB6mfueFScWT+BkmKfMiMoh5yCkBLfnmiePnrowwC8PCxS6wMeS9tlf4Zt1qWDPgVWKXpI5KtHzzx+0nNItYDFQQpXq2lYKXEwmcClbU3EyxlNARGbB8tnaBz7XUx2Ei9YsBz9SFHImUmkSBTkYEhmrZm4r/eb0Mwnsv53GaAYvpfFCYCQwJnnaA+1wyCmKiCaGS6w0xHRJJKOimavp0e/nQVdK+ati3jZun63rzsiyhik7RGbpANrpDTfSIWshBFBXoDX2iL2NsvBrvxsc8WjHKP8doAcb3Hz5Ukgs=</latexit>

Ue↵ [V]

<latexit sha1_base64="/b7PH/eOZwSrmLkSR2U+oQJysrQ=">AAAB9XicbVDLSsNAFJ34rPUVFdy4GSyCCymJ+FoW3LisYNpCE8JkOmmHTh7M3Kgl5lPciLhR8Df8Bf/GaZtNWw8MHM45w733BKngCizr11haXlldW69sVDe3tnd2zb39lkoySZlDE5HITkAUEzxmDnAQrJNKRqJAsHYwvB377UcmFU/iBxilzItIP+YhpwS05JuHjp+7MsJJXLjYBfYMebflFb5Zs+rWBHiR2CWpoRJN3/xxewnNIhYDFUSprm2l4OVEAqeCFVU3UywldEj6LJ9sXeATLfVwmEj9YsATdSZHIqVGUaCTEYGBmvfG4n9eN4Pwxst5nGbAYjodFGYCQ4LHFeAel4yCGGlCqOR6Q0wHRBIKuqiqPt2eP3SRtM7r9lX98v6i1jgrS6igI3SMTpGNrlED3aEmchBFL+gNfaIv48l4Nd6Nj2l0ySj/HKAZGN9/lYuRrQ==</latexit> U
o
n

[V
]

<latexit sha1_base64="8DCFxHjBIG/87sa6IcvVV6DA95E=">AAAB+HicbVBbS8MwGE29znmr+iS+BIcwYYxWvD0OBPFxgrvAOkqapVtYkpYkFWcp/hVfRHxR8Ff4F/w3ZltftnkgcHLOCfm+E8SMKu04v9bS8srq2npho7i5tb2za+/tN1WUSEwaOGKRbAdIEUYFaWiqGWnHkiAeMNIKhjdjv/VIpKKReNCjmHQ56gsaUoy0kXz78NZPPckhR0+ZVyk3prdIZKe+XXKqzgRwkbg5KYEcdd/+8XoRTjgRGjOkVMd1Yt1NkdQUM5IVvUSRGOEh6pN0MngGT4zUg2EkzREaTtSZHOJKjXhgkhzpgZr3xuJ/XifR4XU3pSJONBF4+lGYMKgjOG4B9qgkWLORIQhLaiaEeIAkwtp0VTSru/OLLpLmWdW9rF7cn5dqlbyEAjgCx6AMXHAFauAO1EEDYPAC3sAn+LKerVfr3fqYRpes/M0BmIH1/QfFrZI/</latexit>
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<latexit sha1_base64="roU6TplqIjvHBSFaU6UXqBhwJJg=">AAAB4HicbVDLSgMxFL1TX7W+Rl26CRahqzIjvjZC0Y3LivYBbSmZNNOGZiZDckcopXs3Im4U/CJ/wb8xbWfT1gOBwzkn3HtukEhh0PN+ndza+sbmVn67sLO7t3/gHh7VjUo14zWmpNLNgBouRcxrKFDyZqI5jQLJG8Hwfuo3Xrg2QsXPOEp4J6L9WISCUbTS092t13WLXtmbgawSPyNFyFDtuj/tnmJpxGNkkhrT8r0EO2OqUTDJJ4V2anhC2ZD2+Xi24IScWalHQqXti5HM1IUcjYwZRYFNRhQHZtmbiv95rRTDm85YxEmKPGbzQWEqCSoybUt6QnOGcmQJZVrYDQkbUE0Z2psUbHV/uegqqZ+X/avy5eNFsVLKjpCHEziFEvhwDRV4gCrUgEEf3uATvpzAeXXenY95NOdkf45hAc73H3JuiOI=</latexit>
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0

<latexit sha1_base64="5zgNXjkAvM3ODP1TbSeFQXOg7mQ=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1iELiQkxddGKLpxWaEvaEqZTCft0MmDmRuxlP6GGxE3Cn6Kv+DfmLbZtPXAwOGcM9x7rhdLodG2f43cxubW9k5+t7C3f3BYNI+OmzpKFOMNFslItT2quRQhb6BAydux4jTwJG95o4eZ33rmSosorOM45t2ADkLhC0YxlXpm8f7OtiruhYv8BSf1ac8s2ZY9B1knTkZKkKHWM3/cfsSSgIfIJNW649gxdidUoWCSTwtuonlM2YgO+GS+7pScp1Kf+JFKX4hkri7laKD1OPDSZEBxqFe9mfif10nQv+1ORBgnyEO2GOQnkmBEZt1JXyjOUI5TQpkS6YaEDamiDNMLFdLqzmrRddKsWM61dfV0WaqWsyPk4RTOoAwO3EAVHqEGDWCQwBt8wpcRG6/Gu/GxiOaM7M8JLMH4/gMmW43g</latexit>

B
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<latexit sha1_base64="4eyfTt5SjFJke6XWkVJdcdrhIao=">AAAB7nicbVDLSsNAFL2pr1ofjbp0EyxCFxISqY+NUHTjskJf0JQymU7aoZMHMzdiKf0NNyJuFPwUf8G/cdpm09YDA4dzznDvuX4iuELH+TVyG5tb2zv53cLe/sFh0Tw6bqo4lZQ1aCxi2faJYoJHrIEcBWsnkpHQF6zljx5mfuuZScXjqI7jhHVDMoh4wClBLfXM4v2dY1e8Cw/ZC07q055ZcmxnDmuduBkpQYZaz/zx+jFNQxYhFUSpjusk2J0QiZwKNi14qWIJoSMyYJP5ulPrXEt9K4ilfhFac3UpR0KlxqGvkyHBoVr1ZuJ/XifF4LY74VGSIovoYlCQCgtja9bd6nPJKIqxJoRKrje06JBIQlFfqKCru6tF10nz0nav7aunSqlazo6Qh1M4gzK4cANVeIQaNIBCCm/wCV9GYrwa78bHIpozsj8nsATj+w8pY43i</latexit>
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<latexit sha1_base64="roU6TplqIjvHBSFaU6UXqBhwJJg=">AAAB4HicbVDLSgMxFL1TX7W+Rl26CRahqzIjvjZC0Y3LivYBbSmZNNOGZiZDckcopXs3Im4U/CJ/wb8xbWfT1gOBwzkn3HtukEhh0PN+ndza+sbmVn67sLO7t3/gHh7VjUo14zWmpNLNgBouRcxrKFDyZqI5jQLJG8Hwfuo3Xrg2QsXPOEp4J6L9WISCUbTS092t13WLXtmbgawSPyNFyFDtuj/tnmJpxGNkkhrT8r0EO2OqUTDJJ4V2anhC2ZD2+Xi24IScWalHQqXti5HM1IUcjYwZRYFNRhQHZtmbiv95rRTDm85YxEmKPGbzQWEqCSoybUt6QnOGcmQJZVrYDQkbUE0Z2psUbHV/uegqqZ+X/avy5eNFsVLKjpCHEziFEvhwDRV4gCrUgEEf3uATvpzAeXXenY95NOdkf45hAc73H3JuiOI=</latexit>

B = 0

<latexit sha1_base64="5zgNXjkAvM3ODP1TbSeFQXOg7mQ=">AAAB7nicbVDLSsNAFL2pr1ofjbp0M1iELiQkxddGKLpxWaEvaEqZTCft0MmDmRuxlP6GGxE3Cn6Kv+DfmLbZtPXAwOGcM9x7rhdLodG2f43cxubW9k5+t7C3f3BYNI+OmzpKFOMNFslItT2quRQhb6BAydux4jTwJG95o4eZ33rmSosorOM45t2ADkLhC0YxlXpm8f7OtiruhYv8BSf1ac8s2ZY9B1knTkZKkKHWM3/cfsSSgIfIJNW649gxdidUoWCSTwtuonlM2YgO+GS+7pScp1Kf+JFKX4hkri7laKD1OPDSZEBxqFe9mfif10nQv+1ORBgnyEO2GOQnkmBEZt1JXyjOUI5TQpkS6YaEDamiDNMLFdLqzmrRddKsWM61dfV0WaqWsyPk4RTOoAwO3EAVHqEGDWCQwBt8wpcRG6/Gu/GxiOaM7M8JLMH4/gMmW43g</latexit>

B = 0.2T

<latexit sha1_base64="4eyfTt5SjFJke6XWkVJdcdrhIao=">AAAB7nicbVDLSsNAFL2pr1ofjbp0EyxCFxISqY+NUHTjskJf0JQymU7aoZMHMzdiKf0NNyJuFPwUf8G/cdpm09YDA4dzznDvuX4iuELH+TVyG5tb2zv53cLe/sFh0Tw6bqo4lZQ1aCxi2faJYoJHrIEcBWsnkpHQF6zljx5mfuuZScXjqI7jhHVDMoh4wClBLfXM4v2dY1e8Cw/ZC07q055ZcmxnDmuduBkpQYZaz/zx+jFNQxYhFUSpjusk2J0QiZwKNi14qWIJoSMyYJP5ulPrXEt9K4ilfhFac3UpR0KlxqGvkyHBoVr1ZuJ/XifF4LY74VGSIovoYlCQCgtja9bd6nPJKIqxJoRKrje06JBIQlFfqKCru6tF10nz0nav7aunSqlazo6Qh1M4gzK4cANVeIQaNIBCCm/wCV9GYrwa78bHIpozsj8nsATj+w8pY43i</latexit>

B = 0.4T

Figure 4: (a,b) Minimal conductivity and maximal Fano factor, see Eqs. (16) and (17), corresponding to the chemical potential fixed at µ =

−eUeff/2, versus the effective voltage. The magnetic field is specified for each line. (c) The activation voltage, defined via Gmin(U
(1)
on ) = g0

[blue open circles], Gmin(U
(2)
on ) = 2g0 [red solid squares], or obtained from scaling according to Eq. (46) [green crosses], displayed versus

the magnetic field. (d) The Fano factor corresponding to Ueff = Uon shown in (c). Horizontal dashed lines in (b,d) mark the value of
Fincoh(B → Bc,2−) = 0.557898 for Ro = 2Ri (see Table I). Dashed line in (c) depicts the approximation given in Eq. (45). The remaining
system parameters are same as in Fig. 3.

In Fig. 6 we show the Fano factor, for same five values
of m as previously used for the conductance (see Fig. 5),
and B = 0.2T, as a function µ in the linear-response limit
(Ueff → 0), as well as a function Ueff for µ = −Ueff/2 (see
left or right side of Fig. 6, respectively). Again, the aperi-
odic oscillations almost vanish when entering the nonlinear
response regime; in fact, the shape of Fmax(Ueff) appears
to be much less sensitive to the value of m than the linear-
response F (µ). Datapoints on the right side of Fig. 6, identi-
fying the values of F (U

(i)
on ), i = 1, 2, such that G(U

(i)
on ) = ig0

(see Fig. 5), are available starting from m = 8 (although the
deviation from Fincoh(B → Bc,2−) ≈ 0.56 is significant in
such a case), whereas strong asymmetry of F (µ) is visible up
to m = 32.

The values of U (i)
on and the corresponding F (U

(i)
on ), for the

magnetic fields up to B ⩽ 0.5T, are displayed in Fig. 7. It can
be noticed that the voltages U (i)

on , see datapoints in Figs. 7(a–

d), show relatively good agreement with the approximation
given by Eq. (47) [purple solid lines]; in fact, significant devi-
ation from Eq. (45) relevant for the rectangular barrier [black
dashed lines] can be noticed for m = 8 only. On the contrary,
corresponding Fano factors F (U

(i)
on ), see datapoints in Figs.

7(e–h), stay close to the value of Fincoh(B → Bc,2−) ≈ 0.56
only for m = ∞ and m = 128, showing that the incoherent
treatment of the shot-noise power, which we put forward in
Sec. III, is applicable only if the potential profiles is close to
(but not necessarily perfectly matching) the rectangular shape.

V. CONCLUSIONS

We have put forward an analytic description of the shot-
noise power in graphene-based disks in high magnetic field
and doping. Assuming the incoherent scattering of Dirac
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<latexit sha1_base64="e6vBOQBUz841AlHqs0SpBbfFTIM=">AAAB73icbVDJSgNBFOyJW4zbqEcvjUHwIGFG3I4BLx4jmAUyQ+jpvEma9Cx2vwmGId/hRcSLgn/iL/g3dpZLEgsaiqpq3qsXpFJodJxfq7C2vrG5Vdwu7ezu7R/Yh0cNnWSKQ50nMlGtgGmQIoY6CpTQShWwKJDQDAb3E785BKVFEj/hKAU/Yr1YhIIzNFLHtr0o86iH8IJ5Gxr+uGOXnYozBV0l7pyUyRy1jv3jdROeRRAjl0zrtuuk6OdMoeASxiUv05AyPmA9yKf7jumZkbo0TJR5MdKpupBjkdajKDDJiGFfL3sT8T+vnWF45+ciTjOEmM8GhZmkmNBJedoVCjjKkSGMK2E2pLzPFONoTlQy1d3loqukcVlxbyrXj1fl6sX8CEVyQk7JOXHJLamSB1IjdcLJkLyRT/JlPVuv1rv1MYsWrPmfY7IA6/sPONaPMA==</latexit>

µ [eV]

<latexit sha1_base64="KzZ+fvBrV6ji4kjSYaDYxqqNVeo=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgQsqM+FoWXOiygn1AO5RMmpmGZjJDckcopZ/gRsSNgr/jL/g3pu1s2nogcDjnhHvPDVIpDLrur1NYW9/Y3Cpul3Z29/YPyodHTZNkmvEGS2Si2wE1XArFGyhQ8naqOY0DyVvB8H7qt164NiJRzzhKuR/TSIlQMIpWaj90SSfquX6vXHGr7gxklXg5qUCOeq/80+0nLIu5QiapMR3PTdEfU42CST4pdTPDU8qGNOLj2ZYTcmalPgkTbZ9CMlMXcjQ2ZhQHNhlTHJhlbyr+53UyDO/8sVBphlyx+aAwkwQTMq1M+kJzhnJkCWVa2A0JG1BNGdrDlGx1b7noKmleVr2b6vXTVaV2kR+hCCdwCufgwS3U4BHq0AAGEt7gE76cyHl13p2PebTg5H+OYQHO9x/MNIra</latexit> G
[g

0
]

(b)

<latexit sha1_base64="KzZ+fvBrV6ji4kjSYaDYxqqNVeo=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgQsqM+FoWXOiygn1AO5RMmpmGZjJDckcopZ/gRsSNgr/jL/g3pu1s2nogcDjnhHvPDVIpDLrur1NYW9/Y3Cpul3Z29/YPyodHTZNkmvEGS2Si2wE1XArFGyhQ8naqOY0DyVvB8H7qt164NiJRzzhKuR/TSIlQMIpWaj90SSfquX6vXHGr7gxklXg5qUCOeq/80+0nLIu5QiapMR3PTdEfU42CST4pdTPDU8qGNOLj2ZYTcmalPgkTbZ9CMlMXcjQ2ZhQHNhlTHJhlbyr+53UyDO/8sVBphlyx+aAwkwQTMq1M+kJzhnJkCWVa2A0JG1BNGdrDlGx1b7noKmleVr2b6vXTVaV2kR+hCCdwCufgwS3U4BHq0AAGEt7gE76cyHl13p2PebTg5H+OYQHO9x/MNIra</latexit> G
[g

0
]

<latexit sha1_base64="T4Wp0q+B2sqlInscU5RKIY9f2og=">AAAB9nicbVDLSsNAFJ3UV62vqAsXbgaL4EJKIr6WBTcuK5i20IQwmU7aoZMHMzfSEvIrbkTcKPgZ/oJ/47TNpq0HBg7nnOHee4JUcAWW9WtU1tY3Nreq27Wd3b39A/PwqK2STFLm0EQkshsQxQSPmQMcBOumkpEoEKwTjB6mfueFScWT+BkmKfMiMoh5yCkBLfnmiePnrowwC8PCxS6wMeS9tlf4Zt1qWDPgVWKXpI5KtHzzx+0nNItYDFQQpXq2lYKXEwmcClbU3EyxlNARGbB8tnaBz7XUx2Ei9YsBz9SFHImUmkSBTkYEhmrZm4r/eb0Mwnsv53GaAYvpfFCYCQwJnnaA+1wyCmKiCaGS6w0xHRJJKOimavp0e/nQVdK+ati3jZun63rzsiyhik7RGbpANrpDTfSIWshBFBXoDX2iL2NsvBrvxsc8WjHKP8doAcb3Hz5Ukgs=</latexit>

Ue↵ [V]

<latexit sha1_base64="SIo9vK747MftLYJs6sjEPzNZ7XE=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvQVZkpvjZCwY3LivYBbSmZNNOGZiZDckcopXs3Im4U/CJ/wb8x086mrQcCh3NOuPdcP5bCoOv+OrmNza3tnfxuYW//4PCoeHzSNCrRjDeYkkq3fWq4FBFvoEDJ27HmNPQlb/nj+9RvvXBthIqecRLzXkiHkQgEo2ilp/Cu2i+W3Io7B1knXkZKkKHeL/50B4olIY+QSWpMx3Nj7E2pRsEknxW6ieExZWM65NP5gjNyYaUBCZS2L0IyV5dyNDRmEvo2GVIcmVUvFf/zOgkGt72piOIEecQWg4JEElQkbUsGQnOGcmIJZVrYDQkbUU0Z2psUbHVvteg6aVYr3nXl6vGyVCtnR8jDGZxDGTy4gRo8QB0awGAIb/AJX47vvDrvzscimnOyP6ewBOf7D7U2iQ8=</latexit> m
=

2
<latexit sha1_base64="1j1TV65unxBCT/ul+wTBUr9sZwo=">AAAB5HicbVDLSgMxFL3js9ZX1aWb1CJ0VWbERzdCwY3LCvYBnVIyaaYNzUyG5I5QSv/AjYgbBb/HX/BvTNvZtPVA4HDOCfeeGyRSGHTdX2djc2t7Zze3l98/ODw6LpycNo1KNeMNpqTS7YAaLkXMGyhQ8naiOY0CyVvB6GHmt164NkLFzzhOeDeig1iEglG0Uivyi/d+sdorlNyKOwdZJ15GSpCh3iv8+H3F0ojHyCQ1puO5CXYnVKNgkk/zfmp4QtmIDvhkvuSUXFqpT0Kl7YuRzNWlHI2MGUeBTUYUh2bVm4n/eZ0Uw2p3IuIkRR6zxaAwlQQVmTUmfaE5Qzm2hDIt7IaEDammDO1d8ra6t1p0nTSvKt5t5ebpulQrZ0fIwTlcQBk8uIMaPEIdGsBgBG/wCV9O6Lw6787HIrrhZH/OYAnO9x/IL4o3</latexit> m
=

8
<latexit sha1_base64="nDaNfFseuiE5AUfzaaamMJYU5d4=">AAAB5XicbVDJSgNBFHwTtxi3UY9eOgYhpzAT14sQ8OIxglkgE0JPpydp0rPQ/UYIIZ/gRcSLgr/jL/g3dpK5JLGgoaiq5r16fiKFRsf5tXIbm1vbO/ndwt7+weGRfXzS1HGqGG+wWMaq7VPNpYh4AwVK3k4Up6EvecsfPcz81gtXWsTRM44T3g3pIBKBYBSN1A694r1XvKz27JJTceYg68TNSAky1Hv2j9ePWRryCJmkWndcJ8HuhCoUTPJpwUs1Tygb0QGfzLeckgsj9UkQK/MiJHN1KUdDrcehb5IhxaFe9Wbif14nxeCuOxFRkiKP2GJQkEqCMZlVJn2hOEM5NoQyJcyGhA2pogzNYQqmurtadJ00qxX3pnL9dFWqlbMj5OEMzqEMLtxCDR6hDg1gIOENPuHLGliv1rv1sYjmrOzPKSzB+v4DMW2Kbg==</latexit> m
=

32

<latexit sha1_base64="jFziRWUTGeVjFGZ0l6vfcXZWogM=">AAAB5nicbVDLagIxFL3Tp7Uv2y67iZWCK5mRPtwUhG66tFAfxRHJxKjBZGZI7hRE/IVuSummhX5Of6F/06izUXsgcDjnhHvPDWIpDLrur7OxubW9s5vZy+4fHB4d505OGyZKNON1FslItwJquBQhr6NAyVux5lQFkjeD0f3Mb75wbUQUPuE45h1FB6HoC0bRSs/Kz9/5ea9c6eYKbsmdg6wTLyUFSFHr5n78XsQSxUNkkhrT9twYOxOqUTDJp1k/MTymbEQHfDJfc0ourdQj/UjbFyKZq0s5qowZq8AmFcWhWfVm4n9eO8F+pTMRYZwgD9liUD+RBCMy60x6QnOGcmwJZVrYDQkbUk0Z2stkbXVvteg6aZRL3k3p+vGqUC2mR8jAOVxAETy4hSo8QA3qwEDBG3zClzN0Xp1352MR3XDSP2ewBOf7D6gWiq4=</latexit> m
=

12
8

<latexit sha1_base64="ez7C44uLMYXDcDFoIml7tp4V5AQ=">AAAB53icbVDLSgMxFL1TX7W+qi7dRIvQVZkRXxuh4MZlBfvATimZNNOGZjJDckcYSr/BjYgbBf/GX/BvTB+bth4IHM454d5zg0QKg6776+TW1jc2t/LbhZ3dvf2D4uFRw8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ/4zReujYjVE2YJ70S0r0QoGEUrPUf+6Z0vVIhZt1hyK+4UZJV4c1KCOWrd4o/fi1kacYVMUmPanptgZ0Q1Cib5uOCnhieUDWmfj6Z7jsm5lXokjLV9CslUXcjRyJgsCmwyojgwy95E/M9rpxjedkZCJSlyxWaDwlQSjMmkNOkJzRnKzBLKtLAbEjagmjK0pynY6t5y0VXSuKh415Wrx8tStTw/Qh5O4AzK4MENVOEBalAHBgre4BO+HOG8Ou/Oxyyac+Z/jmEBzvcf7kSMJg==</latexit> m
=
1

(c) (d)

<latexit sha1_base64="KzZ+fvBrV6ji4kjSYaDYxqqNVeo=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBIvgQsqM+FoWXOiygn1AO5RMmpmGZjJDckcopZ/gRsSNgr/jL/g3pu1s2nogcDjnhHvPDVIpDLrur1NYW9/Y3Cpul3Z29/YPyodHTZNkmvEGS2Si2wE1XArFGyhQ8naqOY0DyVvB8H7qt164NiJRzzhKuR/TSIlQMIpWaj90SSfquX6vXHGr7gxklXg5qUCOeq/80+0nLIu5QiapMR3PTdEfU42CST4pdTPDU8qGNOLj2ZYTcmalPgkTbZ9CMlMXcjQ2ZhQHNhlTHJhlbyr+53UyDO/8sVBphlyx+aAwkwQTMq1M+kJzhnJkCWVa2A0JG1BNGdrDlGx1b7noKmleVr2b6vXTVaV2kR+hCCdwCufgwS3U4BHq0AAGEt7gE76cyHl13p2PebTg5H+OYQHO9x/MNIra</latexit> G
[g

0
]
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Figure 5: (a) Linear-response conductance as a function of the chemical potential and (b) finite-voltage conductance, for µ = −eUeff/2, as
a function of the voltage. The magnetic field is B = 0.2T for all plots. The disk radii are the same as in Fig. 3, but the barrier height, see Eq.
(2)), is now fixed at V0 = t0/2 = 1.35 eV; the parameter m is specified for each line. (c,d) Zoom-in, for low energies, with same datasets as
in (a,b). Datapoints in (b,d) mark the values of G(U

(i)
on ) = ig0, i = 1, 2, defining the activation voltages Ueff = U

(i)
on .

fermions between two potential steps of an infinite height,
both characterized by a priori nonzero transmission probabil-
ity due to the Klein tunneling, we find that vanishing conduc-
tance should be accompanied by the Fano factor F ≈ 0.56,
weakly-dependent on the disk proportions.

Next, the results of analytic considerations are confronted
with the outcome of computer simulations, including both
rectangular and smooth shapes of the electrostatic poten-
tial barrier in the disk area. Calculating both linear-
response and finite-voltage transport cumulants, within the
zero-temperature Landauer-Büttiker formalism, we point out
that the role of evanescent waves (earlier ignored in the an-
alytic approach) is significant in the linear-response regime,
however, one should able to detect the quasi-universal F ≈
0.56 noise in a properly designed experiment going beyond
the linear response regime. To achieve this goal, the following
procedure is proposed: First, the activation voltage (for a fixed
magnetic field) needs to be determined, by finding a cusp posi-
tion on the conductance-versus-voltage plot, above which the

conductance grows fast with the voltage (the average chemical
potential is controlled by the gate such that the conductance is
minimal for a given voltage). Having the activation voltage
determined, one measures the noise for such a voltage, ex-
pecting the Fano factor to be close to F ≈ 0.56.

We expect that the effect we describe should be observable
in ultraclean samples and sub-kelvin temperatures (such as
in Ref. [48]); for higher temperatures, hydrodynamic effects
may noticeably alter the measurable quantities [53]. Since the
noise-related characteristics seem to be generally more sensi-
tive to the potential shape then the conductance (or the ther-
moelectric properties earlier discussed in Ref. [54]), the ex-
perimental study following the scenario presented here may
be a suitable way to check whether the flat-potential area of
a mesoscopic size is present or not in a given graphene-based
structure.
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Figure 6: Left: Linear-response Fano factor as a function of the chemical potential. Right: Finite-voltage Fano factor, for µ = −eUeff/2,
as a function of the voltage. The magnetic field is B = 0.2T for all plots, the value of exponent m is specified at each plot, and remaining
parameters are same as in Fig. 5. Horizontal line at each plot marks the value of Fincoh(B → Bc,2−) = 0.557898, see Table I. Datapoints
(right) mark the values of F (U

(i)
on ), i = 1, 2, corresponding to activation voltages Ueff = U

(i)
on , for which G(U

(i)
on ) = ig0 (see also Fig. 5).
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m=8

Figure 7: (a–d) The activation voltage (for the definition, see Fig. 4) and (e–h) the corresponding Fano factor for µ = −eUeff/2, displayed
as functions of the magnetic field [datapoints]. The value of exponent m is specified at each plot; remaining parameters are same as in Fig.
5. Lines in (a–d) depict the approximation given by Eq. (47) [purple solid] and Eq. (45) [black dashed] coinciding in the m → ∞ limit.
Horizontal lines in (e–h) mark the value of Fincoh(B → Bc,2−) = 0.557898, see Table I.
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Appendix A: Numerical mode matching for smooth potentials

Here we summarize the numerical approach earlier pre-
sented in Ref. [54].

In a typical situation, system of ordinary differential equa-
tions for spinor components (χa, χb), see Eqs. (4) and (5),
needs to be integrated numerically for all j-s. In order to re-
duce round-off errors that may occur in finite-precision arith-
metics due to exponentially growing (or decaying) solutions,
one can divide the full interval, Ri < r < Ro, into M parts,
bounded by

R(l)
c = Ri + l

Ro −Ri

M
< r < R(l+1)

c ,

with l = 0, 1, . . . ,M − 1. (A1)

(In particular, R(0)
c = Ri and R

(M)
c = Ro.)

The wave function in the disk area χ
(disk)
j is now given by

a series of functions
{
χ
(l)
j

}
for M consecutive intervals given

by Eq. (A1). For the l-th interval,

χ
(l)
j = A

(l)
j χ

(l),I
j +B

(l)
j χ

(l),II
j , (A2)

where χ
(l),I
j , χ

(l),II
j are two linearly independent solutions

obtained by integrating Eqs. (4), (5) with two different ini-
tial conditions, χ

(l),I
j

∣∣∣
r=R

(l)
i

= (1, 0)T and χ
(l),II
j

∣∣∣
r=R

(l)
i

=

(0, 1)T . A
(l)
j and B

(l)
j are complex coefficients (to be deter-

mined later).

In particular, for Ro = 2Ri = 1000 nm and B < 0.5T
considered in this paper, it is sufficient to set M = 20 and
employ a standard fourth-order Runge-Kutta (RK4) algorithm
with a spatial step of 0.5 pm. (For such a choice, the output
numerical uncertainties of transmission probabilities Tj are
smaller then 10−7.)

The matching conditions for the M+1 interfaces at r = Ri,
r = R

(1)
c , . . . , r = R

(M−1)
c , and r = Ro, can now be written

as

χ
(inner)
j (Ri) = χ

(0)
j (Ri), (A3)

χ
(l)
j (R(l+1)

c ) = χ
(l+1)
j (R(l+1)

c ), l = 0, . . . ,M − 2, (A4)

χ
(M−1)
j (Ro) = χ

(outer)
j (Ro), (A5)

and are equivalent to the Cramer’s system of 2(M + 1) lin-
ear equations for the unknowns A

(0)
j , B

(0)
j , . . . , A

(M−1)
j ,

B
(M−1)
j , rj , and tj .

Writing down the spinor components appearing in Eqs.
(A3), (A4), and (A5) explicitly, we arrive to



−χout
j,a (Ri) χ

(0),I
j,a (R

(0)
c ) χ

(0),II
j,a (R

(0)
c )

−χout
j,b (Ri) χ

(0),I
j,b (R

(0)
c ) χ

(0),II
j,b (R

(0)
c )

0 χ
(0),I
a (R

(1)
c ) χ

(0),II
j,a (R

(1)
c )

0 χ
(0),I
b (R

(1)
c ) χ

(0),II
j,b (R

(1)
c )

. . .

. . . χ
(M),I
j,a (R

(M)
c ) χ

(M),II
j,a (R

(M)
c ) 0

χ
(M),I
j,b (R

(M)
c ) χ

(M),II
j,b (R

(M)
c ) 0

χ
(M),I
a (R

(M)
c ) χ

(M),II
j,a (R

(M)
c ) −χin

j,a(Ro)

χ
(M),I
b (R

(M)
c ) χ

(M),II
j,b (R

(M)
c ) −χin

j,b(Ro)



×



rj
A

(0)
j

B
(0)
j
...

A
(M−1)
j

B
(M−1)
j

tj


=


χin
j,a(Ri)

χin
j,b(Ri)

0
...
0

 , (A6)

where we have defined M = M − 1,

χin
j =

(
H

(2)
j−1/2(Kr)

iH
(2)
j+1/2(Kr)

)
, χout

j =

(
H

(1)
j−1/2(Kr)

iH
(1)
j+1/2(Kr)

)
.

(A7)

For heavily-doped leads (V0 → ∞) the wave functions given
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by Eq. (A7) simplify to

χ
(in)
j =

eiKr

√
r

(
1

1

)
, χ

(out)
j =

e−iKr

√
r

(
1

−1

)
, (A8)

with K = |E + V0|/(ℏvF ) → ∞.

As the linear systems for different values of j-s are decou-
pled, standard software packages can be used to find their so-
lutions. We have chosen the double precision LAPACK rou-
tine zgesv, see Ref. [67].
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