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Titov and Beenakker [Phys. Rev. B 74, 041401(R) (2006)] found, by
solving the Dirac–Bogoliubov–De-Gennes equation, that the product of
critical current and normal-state resistance for superconductor–graphene–
superconductor (S–g–S) Josephson junction takes values (for a short junc-
tion and zero temperature) between IcRN ≈ 2.1 and IcRN ≈ 2.4 in units
of e/∆0, where ∆0 is the superconducting gap. These values are no-
tably higher than the tunnelling bound (π/2), but lower than the ballistic
bound (π). Here, we analyze the tunneling of Cooper pairs numerically
through S–g–S junctions in which the longitudinal electrostatic potential
profile is tuned, within gates electrodes, from a rectangular to a parabolic
one. In the unipolar regime (i.e., when the chemical potential is above the
top of a barrier, µ > 0), it is found that IcRN gradually evolves from the
graphene-specific to the ballistic value. At the same time, the normal-state
conductance increases from the sub-Sharvin value of 1/RN ≈ (π/4)GSharvin

towards to the Sharvin value GSharvin = g0|µ|W/(πℏvF), with the conduc-
tance quantum g0 = 4e2/h, the junction width W , and the Fermi velocity
in graphene vF. In contrast, in the tripolar regime (µ < 0), both normal-
state conductance and the critical current are suppressed when smoothing
the potential; however, IcRN remains close to the graphene-specific range,
even for a parabolic potential. The skewness of the current-phase relation
is also discussed.
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1. Introduction

Soon after the theoretical prediction [1] and experimental confirmation
[2–4] of the Josephson effect, a current-bias Josephson tunnel junction was
used to demonstrate that a macroscopic variable, namely the phase difference
across a junction, follows the rules of quantum mechanics [5, 6]. Since the
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early 2000s, superconducting circuits containing the Josephson junctions are
often regarded as the most promising condensed-matter platform for mul-
tiqubit quantum information processing [7, 8]. Both the tunneling- [3] and
weak-link [4] Josephson junctions offer the possibility to control the system
parameters by a bias current or magnetic field [9]. However, a control via the
electrostatic field effect, commonly used in semiconductor-based devices, is
widely considered as far more versatile and practical [10–14]. In particular,
two superconductors separated by a two-dimensional system, such as a semi-
conducting heterostructure [10], a thin Au film [11], or graphene [12], allow
one to modify the critical current (Ic) electrostatically, using a gate elec-
trode. From a physical perspective, such Josephson-Field-Effect-Transitors
operate since — in the short-junction limit — the product IcRN (where
RN denotes the resistance of the junction in the normal state) saturates at
a value of the order ∆0/e determined by the excitation gap ∆0 in the super-
conductors (with a geometry-dependent prefactor) [15–17]. Therefore, the
electrostatic control over RN implies analogous control over Ic.

For a superconductor–graphene–superconductor (S–g–S) Josephson junc-
tion, it was shown that the dimensionless prefactor relating IcRN and ∆0/e
varies within the range of 2.1–2.4 [16–19]. This range is significantly nar-
rower than that allowed for the generic mesoscopic Josephson junctions at
zero temperature [15, 20, 21], i.e.,

π

2
⩽ IcRN

(
e

∆0

)
⩽ π , (1)

where the lower (upper) bound corresponds to the tunneling (ballistic) limit.
What is more, the current-phase relation for the S–g–S Josephson junction
is forward skewed with respect to the familiar sinusoidal behavior [18, 19],
and the quantity

S =
2θc
π

− 1 , (2)

where θc is the phase difference corresponding to the maximum current (Ic),
varies from S ≈ 0.25 to S ≈ 0.42, compared to the range of 0 ⩽ S ⩽ 1 for
the generic mesoscopic Josephson junctions.

In this paper, we investigate numerically how the critical current and
skewness of the current-phase relation for the S–g–S Josephson junction be-
have as functions of doping, supposing that the electrostatic potential barrier
is smooth (i.e., potential varies slowly on the scale of atomic separation).
Similar problems were addressed previously [16, 17], but here we focus on
the effects of the potential profile, which is gradually tuned from a parabolic
to a rectangular shape (see Fig. 1), on the selected measurable quantities.
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Thus, the paper complements recent studies on the normal metal–graphene–
normal metal (N–g–N) setup [22–24], in which analogous effects of smooth
barriers on conductance, shot noise power, and thermoelectric properties
were discussed.

We notice that the effects of time-dependent fields, including Josephson
quantum pumping, are beyond the scope of this work [25].

The paper is organized as follows. In Section 2, we present the details of
our numerical approach. The key results for a rectangular barrier are sum-
marized in Section 3. Central results of the paper, concerning the normal-
state conductance, the critical current, and skewness of the current-phase
relation for smooth potentials, are presented in Section 4. The conclusions
are given in Section 5.

2. Model and methods

We start from the Dirac–Bogoliubov–De-Gennes (DBdG) for the system
shown schematically in Fig. 1 [16, 17](

H0 − µ ∆
∆⋆ µ− H̄0

)(
Ψe

Ψh

)
= ε

(
Ψe

Ψh

)
. (3)

Here, H0 = vF p · σ + V (x) is the Dirac Hamiltonian for the K valley,
with vF =

√
3 t0a/(2ℏ) ≈ 106 m/s the energy-independent Fermi velocity in

graphene (t0 = 2.7 eV is the nearest-neighbor hopping integral and a = 0.246
is the lattice parameter), p = (px, py) the in-plane momentum operator (with
pj = −iℏ∂j), σ = (σx, σy) (with σj being the Pauli matrices), Ψe and Ψh are
the electron and hole wave functions, ε > 0 is the excitation energy, and µ
is the chemical potential (hereinafter, µ = E — the Fermi energy — since
the T = 0 case is considered) in the normal region measured with respect
to the Dirac point, so that µ = 0 corresponds to undoped graphene. In
the absence of a magnetic field, the Hamiltonian is time-reversal invariant,
H̄0 = T H0T −1 = H0, with T the time-reversal operator [26].

The complex pair potential ∆ depends only on the position along the
strip (x), and can be truncated by adopting the step-function model for the
two interfaces between the normal region and superconductors at x = −L/2
and x = L/2, namely

∆(x) =


∆0 e

iθ/2 if x < −L/2 ,

0 if |x| ⩽ L/2 ,

∆0 e
−iθ/2 if x > L/2 ,

(4)

with the bulk superconducting gap ∆0 and the phase difference between the
superconductors θ.



5-A5.4 A. Rycerz

<latexit sha1_base64="gQu15qYL9/rlsgfVGrNGC/6wWQk=">AAAB4XicbVDLSgMxFL1TX7W+qi7dBIvgQutMkeqy4MaFiwr2AW0pmTTThmYyQ3JHKKUf4EbEjYI/5C/4N2ba2bR6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHR00TJZrxBotkpNs+NVwKxRsoUPJ2rDkNfclb/vgu9VvPXBsRqSecxLwX0qESgWAUU+ny4arSL5bcsjsH+Uu8jJQgQ71f/O4OIpaEXCGT1JiO58bYm1KNgkk+K3QTw2PKxnTIp/MNZ+TMSgMSRNo+hWSuLuVoaMwk9G0ypDgyq14q/ud1Egxue1Oh4gS5YotBQSIJRiStSwZCc4ZyYgllWtgNCRtRTRnaoxRsdW+16F/SrJS9arn6eF2qXWRHyMMJnMI5eHADNbiHOjSAwQhe4QM+Hea8OG/O+yKac7I/x7AE5+sX2N2JHA==</latexit>→L/2
<latexit sha1_base64="g4bsi1fHJN/eadroO4gILbPS2co=">AAAB4HicbVBNS0JBFL3Pvsy+rJZthiRoEfaeiLUU2rRoYZQfoCLzxnk6OO/NY+a+QMR9m4g2Bf2i/kL/plHfRu3AwOGcM9x7rh9LYdB1f53MxubW9k52N7e3f3B4lD8+aRiVaMbrTEmlWz41XIqI11Gg5K1Ycxr6kjf90d3Mb75wbYSKnnEc825IB5EIBKNopaeH61IvX3CL7hxknXgpKUCKWi//0+krloQ8QiapMW3PjbE7oRoFk3ya6ySGx5SN6IBP5gtOyYWV+iRQ2r4IyVxdytHQmHHo22RIcWhWvZn4n9dOMLjtTkQUJ8gjthgUJJKgIrO2pC80ZyjHllCmhd2QsCHVlKG9Sc5W91aLrpNGqehVipXHcqF6lR4hC2dwDpfgwQ1U4R5qUAcGA3iDT/hyfOfVeXc+FtGMk/45hSU4339xBojl</latexit>

L/2

<latexit sha1_base64="gQu15qYL9/rlsgfVGrNGC/6wWQk=">AAAB4XicbVDLSgMxFL1TX7W+qi7dBIvgQutMkeqy4MaFiwr2AW0pmTTThmYyQ3JHKKUf4EbEjYI/5C/4N2ba2bR6IHA454R7z/VjKQy67o+TW1vf2NzKbxd2dvf2D4qHR00TJZrxBotkpNs+NVwKxRsoUPJ2rDkNfclb/vgu9VvPXBsRqSecxLwX0qESgWAUU+ny4arSL5bcsjsH+Uu8jJQgQ71f/O4OIpaEXCGT1JiO58bYm1KNgkk+K3QTw2PKxnTIp/MNZ+TMSgMSRNo+hWSuLuVoaMwk9G0ypDgyq14q/ud1Egxue1Oh4gS5YotBQSIJRiStSwZCc4ZyYgllWtgNCRtRTRnaoxRsdW+16F/SrJS9arn6eF2qXWRHyMMJnMI5eHADNbiHOjSAwQhe4QM+Hea8OG/O+yKac7I/x7AE5+sX2N2JHA==</latexit>→L/2
<latexit sha1_base64="g4bsi1fHJN/eadroO4gILbPS2co=">AAAB4HicbVBNS0JBFL3Pvsy+rJZthiRoEfaeiLUU2rRoYZQfoCLzxnk6OO/NY+a+QMR9m4g2Bf2i/kL/plHfRu3AwOGcM9x7rh9LYdB1f53MxubW9k52N7e3f3B4lD8+aRiVaMbrTEmlWz41XIqI11Gg5K1Ycxr6kjf90d3Mb75wbYSKnnEc825IB5EIBKNopaeH61IvX3CL7hxknXgpKUCKWi//0+krloQ8QiapMW3PjbE7oRoFk3ya6ySGx5SN6IBP5gtOyYWV+iRQ2r4IyVxdytHQmHHo22RIcWhWvZn4n9dOMLjtTkQUJ8gjthgUJJKgIrO2pC80ZyjHllCmhd2QsCHVlKG9Sc5W91aLrpNGqehVipXHcqF6lR4hC2dwDpfgwQ1U4R5qUAcGA3iDT/hyfOfVeXc+FtGMk/45hSU4339xBojl</latexit>

L/2
<latexit sha1_base64="2b0vqNybeGtIT7gLfOYqPVUsB10=">AAAB6HicbVBdSwJBFL1rX2ZfVo+9DElgELIbfT0K9dCjQX6AisyOo07O7iwzdyNR/0MvEb0U9Gv6C/2bRt0XtQMDh3POcO+5fiSFQdf9dVIrq2vrG+nNzNb2zu5edv+gYlSsGS8zJZWu+dRwKUJeRoGS1yLNaeBLXvX7txO/+sy1ESp8xEHEmwHthqIjGEUr1UeNOy6R5l9OR61szi24U5Bl4iUkBwlKrexPo61YHPAQmaTG1D03wuaQahRM8nGmERseUdanXT6cLjomJ1Zqk47S9oVIpupcjgbGDALfJgOKPbPoTcT/vHqMnZvmUIRRjDxks0GdWBJUZNKatIXmDOXAEsq0sBsS1qOaMrS3ydjq3mLRZVI5L3hXhcuHi1zxLDlCGo7gGPLgwTUU4R5KUAYGCt7gE76cJ+fVeXc+ZtGUk/w5hDk433+fK4yO</latexit>|!(x)|

<latexit sha1_base64="nEk9AOFH8M9CJpD1Ww13WFHwv8I=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVRY8BLx4TMA9IQpyd9CZDZh/M9Ioh5OpFxIuCn+Qv+DdOkr0ksWCgqKqhu9pPlDTkur/O2vrG5tZ2bie/u7d/cFg4Oq6bONUCayJWsW763KCSEdZIksJmopGHvsKGP7yf+o1n1EbG0SONEuyEvB/JQApOVqq+dAtFt+TOwFaJl5EiZKh0Cz/tXizSECMSihvT8tyEOmOuSQqFk3w7NZhwMeR9HM/Wm7BzK/VYEGv7ImIzdSHHQ2NGoW+TIaeBWfam4n9eK6XgrjOWUZISRmI+KEgVo5hNu7Ke1ChIjSzhQku7IRMDrrkge5G8re4tF10l9auSd1Nyq9fF8mV2hBycwhlcgAe3UIYHqEANBCC8wSd8OU/Oq/PufMyja0725wQW4Hz/AdX4iJU=</latexit>x

<latexit sha1_base64="MEJ3sU/puPt51YSg1nP7IM05MGc=">AAAB4HicbVDLSgMxFL3xWeur6tJNsAgupMyIoispiOCyon1AW0omzbShmcyQ3BFK6d6NiBsFv8hf8G9M29m09UDgcM4J954bJEpa9LxfsrK6tr6xmdvKb+/s7u0XDg5rNk4NF1Ueq9g0AmaFklpUUaISjcQIFgVK1IPB3cSvvwhjZayfcZiIdsR6WoaSM3TS0/2t1ykUvZI3BV0mfkaKkKHSKfy0ujFPI6GRK2Zt0/cSbI+YQcmVGOdbqRUJ4wPWE6PpgmN66qQuDWPjnkY6VedyLLJ2GAUuGTHs20VvIv7nNVMMb9ojqZMUheazQWGqKMZ00pZ2pREc1dARxo10G1LeZ4ZxdDfJu+r+YtFlUrso+Vcl7/GyWD7PjpCDYziBM/DhGsrwABWoAocevMEnfJGAvJJ38jGLrpDszxHMgXz/AXejiOQ=</latexit>

E > 0

<latexit sha1_base64="lfMIFxIzUbxbf+FaFmWHc4bfG9Y=">AAAB4HicbVDLSgMxFL3xWeur6tJNsAgupMyIogsXBRFcVrQPaEvJpJk2NJMZkjtCKd27EXGj4Bf5C/6NaTubth4IHM454d5zg0RJi573S1ZW19Y3NnNb+e2d3b39wsFhzcap4aLKYxWbRsCsUFKLKkpUopEYwaJAiXowuJv49RdhrIz1Mw4T0Y5YT8tQcoZOerq/9TqFolfypqDLxM9IETJUOoWfVjfmaSQ0csWsbfpegu0RMyi5EuN8K7UiYXzAemI0XXBMT53UpWFs3NNIp+pcjkXWDqPAJSOGfbvoTcT/vGaK4U17JHWSotB8NihMFcWYTtrSrjSCoxo6wriRbkPK+8wwju4meVfdXyy6TGoXJf+q5D1eFsvn2RFycAwncAY+XEMZHqACVeDQgzf4hC8SkFfyTj5m0RWS/TmCOZDvP3StiOI=</latexit>

E < 0

<latexit sha1_base64="Yv9vvMH+Lb0833VqGtPH9WYTnEg=">AAAB5HicbVDLSgMxFL1TX7W+qi7dpBbBhZSZouhGKLhxWcE+oFNKJs20oZnJkNwRSukfuBFxo+D3+Av+jWk7m7YeCBzOOeHec4NECoOu++vkNja3tnfyu4W9/YPDo+LxSdOoVDPeYEoq3Q6o4VLEvIECJW8nmtMokLwVjB5mfuuFayNU/IzjhHcjOohFKBhFK7Uiv3Tvl6q9YtmtuHOQdeJlpAwZ6r3ij99XLI14jExSYzqem2B3QjUKJvm04KeGJ5SN6IBP5ktOyYWV+iRU2r4YyVxdytHImHEU2GREcWhWvZn4n9dJMbzrTkScpMhjthgUppKgIrPGpC80ZyjHllCmhd2QsCHVlKG9S8FW91aLrpNmteLdVNyn63LtKjtCHs7gHC7Bg1uowSPUoQEMRvAGn/DlhM6r8+58LKI5J/tzCktwvv8AvpmKLw==</latexit> m
=

2

<latexit sha1_base64="7gIuF9c0Iy3f2c+/cyVMewJpo6I=">AAAB6XicbVDLSgMxFL3js9ZX1aWb1CK4kDIjim6EghuXFewDOqVk0kwbmskMyR1hKP0INyJuFPwZf8G/MW1n09YDgcM5J9x7bpBIYdB1f5219Y3Nre3CTnF3b//gsHR03DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjB6mfuuFayNi9YxZwrsRHSgRCkbRSn7kl+/9si9UiFmvVHGr7gxklXg5qUCOeq/04/djlkZcIZPUmI7nJtgdU42CST4p+qnhCWUjOuDj2aYTcm6lPgljbZ9CMlMXcjQyJosCm4woDs2yNxX/8zophnfdsVBJilyx+aAwlQRjMq1N+kJzhjKzhDIt7IaEDammDO1xira6t1x0lTSvqt5N1X26rtQu8yMU4BTO4AI8uIUaPEIdGsAggTf4hC9n5Lw6787HPLrm5H9OYAHO9x/1nYy1</latexit>

m
=
1

<latexit sha1_base64="IGIby5+nkWII2QdvpiB/usHSL70=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuKHoMePGYgHlAEuLspDcZMvtgplcIIVcvIl4U/CR/wb9xkuwliQUDRVUN3dV+oqQh1/11chubW9s7+d3C3v7B4VHx+KRh4lQLrItYxbrlc4NKRlgnSQpbiUYe+gqb/uhh5jdfUBsZR080TrAb8kEkAyk4WanW7BVLbtmdg60TLyMlyFDtFX86/VikIUYkFDem7bkJdSdckxQKp4VOajDhYsQHOJmvN2UXVuqzINb2RcTm6lKOh8aMQ98mQ05Ds+rNxP+8dkrBfXcioyQljMRiUJAqRjGbdWV9qVGQGlvChZZ2QyaGXHNB9iIFW91bLbpOGtdl77bs1m5KlavsCHk4g3O4BA/uoAKPUIU6CEB4g0/4cp6dV+fd+VhEc0725xSW4Hz/AaU+iHQ=</latexit>

W

<latexit sha1_base64="WrbZGTOxVsKc3CnS0M254OAT3T8=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuKHoMePGYgHlAEuLspDcZMvtgplcIIVcvIl4U/CR/wb9xkuwliQUDRVUN3dV+oqQh1/11chubW9s7+d3C3v7B4VHx+KRh4lQLrItYxbrlc4NKRlgnSQpbiUYe+gqb/uhh5jdfUBsZR080TrAb8kEkAyk4WanGe8WSW3bnYOvEy0gJMlR7xZ9OPxZpiBEJxY1pe25C3QnXJIXCaaGTGky4GPEBTubrTdmFlfosiLV9EbG5upTjoTHj0LfJkNPQrHoz8T+vnVJw353IKEkJI7EYFKSKUcxmXVlfahSkxpZwoaXdkIkh11yQvUjBVvdWi66TxnXZuy27tZtS5So7Qh7O4BwuwYM7qMAjVKEOAhDe4BO+nGfn1Xl3PhbRnJP9OYUlON9/tAKIfg==</latexit>a

<latexit sha1_base64="HswSDryD6ZKSI0fTjZTbT6nPBeE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkWoIGWmKLosuHFZwT6gLSWTZtrQzGRI7oil9APciLhR8If8Bf/GmXY2bT0QOJxzwr3nepGSFh3nl+Q2Nre2d/K7hb39g8Oj4vFJ0+rYcNHgWmnT9pgVSoaigRKVaEdGsMBTouWN71O/9SyMlTp8wkkkegEbhtKXnGEqNcsvl/1iyak4c9B14makBBnq/eJPd6B5HIgQuWLWdlwnwt6UGZRciVmhG1sRMT5mQzGdbzijF4k0oL42yQuRztWlHAusnQRekgwYjuyql4r/eZ0Y/bveVIZRjCLki0F+rChqmtalA2kERzVJCONGJhtSPmKGcUyOUkiqu6tF10mzWnFvKs7jdal2lR0hD2dwDmVw4RZq8AB1aACHEbzBJ3wRTl7JO/lYRHMk+3MKSyDffz0KiVo=</latexit>

V (x)

<latexit sha1_base64="yFeYxPL+2twRmNEKJu724p74KKE=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuKHoMePGYgHlAEuLspDcZMvtgplcIIVcvIl4U/CR/wb9xkuwliQUDRVUN3dV+oqQh1/11chubW9s7+d3C3v7B4VHx+KRh4lQLrItYxbrlc4NKRlgnSQpbiUYe+gqb/uhh5jdfUBsZR080TrAb8kEkAyk4Wanm9oolt+zOwdaJl5ESZKj2ij+dfizSECMSihvT9tyEuhOuSQqF00InNZhwMeIDnMzXm7ILK/VZEGv7ImJzdSnHQ2PGoW+TIaehWfVm4n9eO6XgvjuRUZISRmIxKEgVo5jNurK+1ChIjS3hQku7IRNDrrkge5GCre6tFl0njeuyd1t2azelylV2hDycwTlcggd3UIFHqEIdBCC8wSd8Oc/Oq/PufCyiOSf7cwpLcL7/AGuoiE0=</latexit>

0

<latexit sha1_base64="yfP+fouNjHMLE1fP6ItrbN8Vfm0=">AAAB4XicbVDLSgMxFL3xWeur6tJNsAgutMyIosuCG5cV7APaUjJppg3NJENyRyilH+BGxI2CP+Qv+DfOtLNp64HA4ZwT7j03iJV06Hm/ZG19Y3Nru7BT3N3bPzgsHR03nEksF3VulLGtgDmhpBZ1lKhEK7aCRYESzWD0kPnNF2GdNPoZx7HoRmygZSg5w0y6avS8XqnsVbwZ6Crxc1KGHLVe6afTNzyJhEaumHNt34uxO2EWJVdiWuwkTsSMj9hATGYbTul5KvVpaGz6NNKZupBjkXPjKEiTEcOhW/Yy8T+vnWB4351IHScoNJ8PChNF0dCsLu1LKziqcUoYtzLdkPIhs4xjepRiWt1fLrpKGtcV/7biPd2Uq5f5EQpwCmdwAT7cQRUeoQZ14DCEN/iEL8LJK3knH/PoGsn/nMACyPcfKaCJTQ==</latexit>�V0

<latexit sha1_base64="nEk9AOFH8M9CJpD1Ww13WFHwv8I=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVRY8BLx4TMA9IQpyd9CZDZh/M9Ioh5OpFxIuCn+Qv+DdOkr0ksWCgqKqhu9pPlDTkur/O2vrG5tZ2bie/u7d/cFg4Oq6bONUCayJWsW763KCSEdZIksJmopGHvsKGP7yf+o1n1EbG0SONEuyEvB/JQApOVqq+dAtFt+TOwFaJl5EiZKh0Cz/tXizSECMSihvT8tyEOmOuSQqFk3w7NZhwMeR9HM/Wm7BzK/VYEGv7ImIzdSHHQ2NGoW+TIaeBWfam4n9eK6XgrjOWUZISRmI+KEgVo5hNu7Ke1ChIjSzhQku7IRMDrrkge5G8re4tF10l9auSd1Nyq9fF8mV2hBycwhlcgAe3UIYHqEANBCC8wSd8OU/Oq/PufMyja0725wQW4Hz/AdX4iJU=</latexit>x

<latexit sha1_base64="chKuE3ay1mDiw840DdS6W2ciMAE=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoEfJe9LUU2tROIT9AxeaNVx2c98HMfYGI2zYRbQr6Sf2F/k2jvo3agYHDOWe491w/VtKQ6/46mbX1jc2t7HZuZ3dv/yB/eFQzUaIFVkWkIt3wuUElQ6ySJIWNWCMPfIV1f3g/9esvqI2MwicaxdgOeD+UPSk4Wany2MkX3KI7A1slXkoKkKLcyf+0upFIAgxJKG5M03Njao+5JikUTnKtxGDMxZD3cTxbb8LOrNRlvUjbFxKbqQs5HhgzCnybDDgNzLI3Ff/zmgn17tpjGcYJYSjmg3qJYhSxaVfWlRoFqZElXGhpN2RiwDUXZC+Ss9W95aKrpHZZ9G6K15WrQukiPUIWTuAUzsGDWyjBA5ShCgIQ3uATvpxn59V5dz7m0YyT/jmGBTjff5KAiGw=</latexit>

I

<latexit sha1_base64="yFeYxPL+2twRmNEKJu724p74KKE=">AAAB3nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuKHoMePGYgHlAEuLspDcZMvtgplcIIVcvIl4U/CR/wb9xkuwliQUDRVUN3dV+oqQh1/11chubW9s7+d3C3v7B4VHx+KRh4lQLrItYxbrlc4NKRlgnSQpbiUYe+gqb/uhh5jdfUBsZR080TrAb8kEkAyk4Wanm9oolt+zOwdaJl5ESZKj2ij+dfizSECMSihvT9tyEuhOuSQqF00InNZhwMeIDnMzXm7ILK/VZEGv7ImJzdSnHQ2PGoW+TIaehWfVm4n9eO6XgvjuRUZISRmIxKEgVo5jNurK+1ChIjS3hQku7IRNDrrkge5GCre6tFl0njeuyd1t2azelylV2hDycwTlcggd3UIFHqEIdBCC8wSd8Oc/Oq/PufCyiOSf7cwpLcL7/AGuoiE0=</latexit>

0

<latexit sha1_base64="0qmUxJ+Cs312lQYS9pkhHhPYA6c=">AAAB5XicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoG9OAxgnlAEsLspDcZMvtgplcIIZ/gRcSLgr/jL/g3TpK9JLFgoKiqobvaT5Q05Lq/Tm5tfWNzK79d2Nnd2z8oHh7VTZxqgTURq1g3fW5QyQhrJElhM9HIQ19hwx/eT/3GC2oj4+iZRgl2Qt6PZCAFJys12w+oiHfdbrHklt0Z2CrxMlKCDNVu8afdi0UaYkRCcWNanptQZ8w1SaFwUminBhMuhryP49mWE3ZmpR4LYm1fRGymLuR4aMwo9G0y5DQwy95U/M9rpRTcdcYySlLCSMwHBaliFLNpZdaTGgWpkSVcaGk3ZGLANRdkD1Ow1b3loqukfln2bsrXT1elykV2hDycwCmcgwe3UIFHqEINBCh4g0/4cvrOq/PufMyjOSf7cwwLcL7/AGHliz4=</latexit>

!0

<latexit sha1_base64="ebPB4eN/wZ32TPhdIWlF1wIQnz8=">AAAB9nicbVDLSsNAFJ3UV62vqAsXboJF6EJqUnwtC7pwWcE+oKlhMr1ph04ezNyIJeRX3Ii4UfAz/AX/xrTNpq0HBg7nnOHee9xIcIWm+asVVlbX1jeKm6Wt7Z3dPX3/oKXCWDJoslCEsuNSBYIH0ESOAjqRBOq7Atru6Hbit59BKh4GjziOoOfTQcA9zihmkqMf2XcgkDqmfQZPCbdxCEjPa6mjl82qOYWxTKyclEmOhqP/2P2QxT4EyARVqmuZEfYSKpEzAWnJjhVElI3oAJLp2qlxmkl9wwtl9gI0pupcjvpKjX03S/oUh2rRm4j/ed0YvZtewoMoRgjYbJAXCwNDY9KB0ecSGIpxRiiTPNvQYEMqKcOsqVJ2urV46DJp1arWVfXy4aJcr+QlFMkxOSEVYpFrUif3pEGahJGUvJFP8qW9aK/au/Yxixa0/M8hmYP2/QdxuZGA</latexit>

!0 eiω/2
<latexit sha1_base64="rMroCXtSLohqqzf+zVfPIf4eck0=">AAAB93icbVDLSsNAFJ34rPUVdSO4CRahC61J8bUs6MJlBfuApobJ9KYdOnkwcyOEUH/FjYgbBf/CX/BvTNts2npg4HDOGe69x40EV2iav9rS8srq2npho7i5tb2zq+/tN1UYSwYNFopQtl2qQPAAGshRQDuSQH1XQMsd3o791jNIxcPgEZMIuj7tB9zjjGImOfqhfQcCqWPap/CUnnEbB4D0vDpy9JJZMScwFomVkxLJUXf0H7sXstiHAJmgSnUsM8JuSiVyJmBUtGMFEWVD2od0svfIOMmknuGFMnsBGhN1Jkd9pRLfzZI+xYGa98bif14nRu+mm/IgihECNh3kxcLA0BiXYPS4BIYiyQhlkmcbGmxAJWWYVVXMTrfmD10kzWrFuqpcPlyUauW8hAI5IsekTCxyTWrkntRJgzDyQt7IJ/nSEu1Ve9c+ptElLf9zQGagff8B362Rtw==</latexit>

!0 e→iω/2

<latexit sha1_base64="Wh6Nveo6VZJ33J3ytRTzjJr+4Hw=">AAAB3nicbVBNS0JBFL3Pvsy+rJZthiRoEfJehLUU2rRooZAfoGLzxqsOzvtg5r5AxG2biDYF/aT+Qv+mUd9G7cDA4Zwz3HuuHytpyHV/nczG5tb2TnY3t7d/cHiUPz6pmyjRAmsiUpFu+tygkiHWSJLCZqyRB77Chj+6n/mNF9RGRuETjWPsBHwQyr4UnKxUfezmC27RnYOtEy8lBUhR6eZ/2r1IJAGGJBQ3puW5MXUmXJMUCqe5dmIw5mLEBziZrzdlF1bqsX6k7QuJzdWlHA+MGQe+TQachmbVm4n/ea2E+nediQzjhDAUi0H9RDGK2Kwr60mNgtTYEi60tBsyMeSaC7IXydnq3mrRdVK/LnqlYql6UyhfpUfIwhmcwyV4cAtleIAK1EAAwht8wpfz7Lw6787HIppx0j+nsATn+w+XQIhw</latexit>

L

Fig. 1. Top: Schematic of a graphene strip of width W , contacted by two super-
conducting electrodes (dark areas) at a distance L. A current source drives a dissi-
pationless supercurrent through the central region. A separate gate electrode (not
shown) allows us to tune the carrier concentration around the neutrality point.
The lattice parameter a = 0.246 nm is also shown. Middle: Electrostatic potential
profiles given by Eq. (5) with m = 2, 8, 32, and m = ∞ (i.e., the rectangular
barrier). The Fermi energy E is defined with respect to the top of a barrier. E > 0

corresponds to unipolar n–n–n doping in the device; for E < 0, a tripolar n–p–n
structure is formed. Bottom: Absolute value of the pair potential with the super-
conducting phases θ/2 for x < −L/2 (left electrode) and −θ/2 for x > L/2 (right
electrode).
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The electrostatic potential energy is chosen as

V (x) = −V0 ×
{
1 if |x| > L/2 ,

|2x/L|m if |x| ⩽ L/2 ,
(5)

such that changing the value of m tunes the potential from a parabolic shape
(m = 2) to a rectangular shape (m = ∞). The potential V (x) is therefore
continuous and constant in the leads (x < −L/2 or x > L/2).

It was shown in Refs. [16, 17] by analysing the spectrum of Andreev
states for ε < ∆0 that for the short-junction limit, i.e., L ≪ ξ0 (with the
superconducting coherence length ξ0 = ℏvF/∆0; for instance, ξ0 ≈ 550 nm
for superconducting electrodes made with molybdenum rhenium [19]), the
Josephson current can be written as

I(θ) =
e∆0

ℏ

N−1∑
n=0

Tn sin θ√
1− Tn sin

2(θ/2)
, (6)

while the normal-state resistance is given by

R−1
N =

4e2

h

N−1∑
n=0

Tn . (7)

In effect, both quantities are determined by the transmission probabilities Tn

characterising a graphene strip between two electrodes in the normal state
(∆0 = 0). Equations (6) and (7) coincide, respectively, with the multichan-
nel mesoscopic Josephson equation [15] and the Landauer–Büttiker formula
[28]; both formulas are multiplied by a factor of two due to the additional
(valley) degeneracy in graphene.

The transmission probabilities in Eqs. (6) and (7), each of which is at-
tributed to the nth normal mode, with the transverse momentum k + y =

k
(n)
y = π(n + 1

2)/W (we assume the infinite-mass boundary conditions, see
Ref. [27]), can be found by solving the scattering problem for the Dirac
equation H0Ψ = EΨ . Taking the wave function in a form Ψ = ϕ(x) eikyy,
with ϕ(x) = (ϕa, ϕb)

T , one obtains for the central region (|x| < L/2)

ϕ′
a = kyϕa + i

E − V (x)

ℏvF
ϕb , (8)

ϕ′
b = i

E − V (x)

ℏvF
ϕa − kyϕb . (9)

For the leads (|x| > L/2), we have a constant V (x) = −V0, and the
solutions can be found analytically, for E > −V0,

ϕ(+) =

(
1
eiϑ

)
eiKxx , ϕ(−) =

(
1

−e−iϑ

)
e−iKxx , (10)
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where eiϑ = (Kx + iky)/K, K = (E + V0)/ℏvF, and Kx =
√
K2 − k2y. The

solutions ϕ(+) and ϕ(−) represent the propagating waves going to the left
and to the right (respectively). The number of solutions (for one direction
of propagation) is given by

N = ⌊WK/π⌋ . (11)

The mode-matching conditions for the interfaces at x = −L/2 and x =
L/2 brought us to the linear system of equations (for a given E and ky) [22]

ϕ
(−)
a (x1) −ϕ

(1)
a (x1) −ϕ

(2)
a (x1) 0

ϕ
(−)
b (x1) −ϕ

(1)
b (x1) −ϕ

(2)
b (x1) 0

0 −ϕ
(1)
a (x2) −ϕ

(2)
a (x2) ϕ

(+)
a (x2)

0 −ϕ
(1)
b (x2) −ϕ

(2)
b (x2) ϕ

(+)
b (x2)



r
A
B
t

 =


−ϕ

(+)
a (x1)

−ϕ
(+)
b (x1)
0
0

 ,

(12)
where we have denoted x1,2 = ∓L/2, r ( t ) is the reflection (transmission)
amplitude assuming the scattering from the left to the right, and A, B are
arbitrary complex coefficients associated with linearly independent solutions
ϕ(1), ϕ(2) of Eqs. (8) and (9) for the central area (x1 < x < x2). In practice,
we take ϕ(1,2)

∣∣
x=x1

= (1,±1)T and find ϕ(1,2)
∣∣
x=x2

by integrating Eqs. (8)
and (9) within a standard fourth-order Runge–Kutta algorithm. (The details
of the calculations will be given later.)

Solving Eq. (12), one finds the transmission amplitude t for a given ky =

k
(n)
y and E = µ, and the corresponding transmission probability Tn(µ) =

Tky(E) = |t|2. The supercurrent I(θ) and the normal-state resistance RN

can then be determined from Eqs. (6) and (7) by summing over N modes,
see Eq. (11).

3. A rectangular barrier and infinitely-doped leads

For a rectangular barrier of infinite height, corresponding to m → ∞ and
V0 → ∞ in Eq. (5), the transmission probability can be written in a compact
form [29]

Tky(E) =

[
1 +

(
ky
κ

)2

sin2 (κ L)

]−1

, (13)

with

κ =


√
k2F − k2y , for |ky| ⩽ kF ,

i
√

k2y − k2F , for |ky| > kF ,
(14)

and the Fermi wavenumber kF = |E|/(ℏvF).
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For the Dirac point (µ = E = 0), all transmision probabilities Tn(µ) =

Tky(E) for ky = k
(n)
y correspond to imaginary κs in Eq. (14), indicating the

transport via evenescent modes. Additionally, for the wide-sample limit,
W ≫ L, one can approximate the summations in Eqs. (6) and (7) by inte-
gration 0 ⩽ ky ⩽ kF, obtaining [16]

I(θ) =
e∆0

ℏ
2W

πL
cos(θ/2)artanh[sin(θ/2)] , (15)

and

R−1
N =

4e2

h

W

πL
. (16)

Finding the maximum of I(θ) numerically, we get

IcRN
e

∆0
= 2.0821 and S = 0.2548 . (17)

In the high-doping limit (|µ| ≫ ℏvF/L), the quantities considered are
governed by real κs in Eq. (14); however, the argument of sine in Eq. (13)
can be regarded as a random phase (φ), the integration over which can be
performed independently of the integration over 0 ⩽ ky ⩽ kF. In turn,

I(θ) ≃ e∆0

ℏ
W

π

kF∫
0

dky
1

π

π∫
0

dφ
Tky ,φ sin θ√

1− Tky ,φ sin2(θ/2)
, (18)

where Tky ,φ =
[
1 +

k2y
k2F−k2y

sin2 φ
]−1

. For the normal-state resistance, the
analogous integrations can be performed analytically [22], leading to

(
Tky

)
approx

=
1

π

π∫
0

dφTky ,φ =

√
1− (ky/kF)

2 , (19)

R−1
N ≃ g0W

π

kF∫
0

dky
(
Tky

)
approx

=
π

4
GSharvin , (20)

with g0 = 4e2/h (the conductance quantum for graphene) and the Sharvin
conductance GSharvin = g0kFW/π = g0|µ|W/(πℏvF). The prefactor of π/4 in
the last expression of Eq. (20), which was derived for a rectangular sample,
justifies the notion of ‘sub-Sharvin conductance’ and depends only weakly
on the system geometry (see Ref. [24]). The numerical optimization for
Eq. (18), with respect to θ, leads to

IcRN
e

∆0
≃ 2.4285 and S = 0.4160 . (21)



5-A5.8 A. Rycerz

In Fig. 2, we display the current-phase relations given by Eqs. (15) and
(18) multiplied by the relevant normal-state resistance, see Eqs. (16) and
(20), and by a factor of e/∆0 to obtain dimensionless results (thick solid
lines). Also in Fig. 2, the two limiting cases for the mesoscopic Josephson
equation are illustrated.
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<latexit sha1_base64="foxzMewbh2t6xC/UJSPK9FXaV3A=">AAAB9XicbVDLSgMxFM3UV62vUcGNm2hRXMg4U1rtRii4cVnBPqBTSibNtKGZB8kdpdR+ihsRNwr+hr/g35i2s2nrgcDhnBPuvceLBVdg279GZmV1bX0ju5nb2t7Z3TP3D+oqSiRlNRqJSDY9opjgIasBB8GasWQk8ARreIO7id94YlLxKHyEYczaAemF3OeUgJY65pELfQbEPbl1rEKpWHYv3ZhfFTpm3rbsKfAycVKSRymqHfPH7UY0CVgIVBClWo4dQ3tEJHAq2DjnJorFhA5Ij42mW4/xmZa62I+kfiHgqTqXI4FSw8DTyYBAXy16E/E/r5WAX26PeBgnwEI6G+QnAkOEJxXgLpeMghhqQqjkekNM+0QSCrqonD7dWTx0mdQLlnNtlR6K+cp5WkIWHaNTdIEcdIMq6B5VUQ1R9ILe0Cf6Mp6NV+Pd+JhFM0b65xDNwfj+A4Eij5w=</latexit>

ω
=

1.
25

4
8
ε
/2

<latexit sha1_base64="aHHpmDbTlxASuDpOFcL5w3gKsQI=">AAAB9XicbVDLSgNBEOyNrxhfq4IXL6NB8SBxN8ToRQh48RjBPCAbwuxk1gyZfTDTq4SYT/Ei4kXB3/AX/Bs3yV6SWDBQVNXQ3eVGUmi0rF8js7S8srqWXc9tbG5t75i7e3UdxorxGgtlqJou1VyKgNdQoOTNSHHqu5I33P7t2G88caVFGDzgIOJtnz4GwhOMYiJ1zAMHexypc3RjF0p22XLOnUhcFDtm3ipYE5BFYqckDymqHfPH6YYs9nmATFKtW7YVYXtIFQom+SjnxJpHlPXpIx9Oth6Rk0TqEi9UyQuQTNSZHPW1HvhukvQp9vS8Nxb/81oxetftoQiiGHnApoO8WBIMybgC0hWKM5SDhFCmRLIhYT2qKMOkqFxyuj1/6CKpFwt2uXB5X8pXTtMSsnAIx3AGNlxBBe6gCjVg8AJv8AlfxrPxarwbH9Noxkj/7MMMjO8/dRqPlA==</latexit>

ω
=

1.
41

60
ε
/2

<latexit sha1_base64="MZY7ImSxQTW/KiTteGZNGHFrYkw=">AAAB4HicbVDLSgMxFL2pr1pfoy7dBKvgqsyIr41QcOOyUvuAtpRMmmlDMw+SO0Ip3bsRcaPgF/kL/o1pO5u2Hggczjnh3nP9REmDrvtLcmvrG5tb+e3Czu7e/oFzeFQ3caq5qPFYxbrpMyOUjEQNJSrRTLRgoa9Ewx8+TP3Gi9BGxtEzjhLRCVk/koHkDK1Urd67XafoltwZ6CrxMlKEDJWu89PuxTwNRYRcMWNanptgZ8w0Sq7EpNBOjUgYH7K+GM8WnNBzK/VoEGv7IqQzdSHHQmNGoW+TIcOBWfam4n9eK8XgrjOWUZKiiPh8UJAqijGdtqU9qQVHNbKEcS3thpQPmGYc7U0Ktrq3XHSV1C9L3k3p+umqWD7LjpCHEziFC/DgFsrwCBWoAYc+vMEnfBGfvJJ38jGP5kj25xgWQL7/AIp2iO8=</latexit>

S = 0

<latexit sha1_base64="X3dlqFJRlDGv+l0rQUveftRLfRo=">AAAB4HicbVDLSgMxFL2pr1pfoy7dBKvgqsyIr41QcOOyUvuAtpRMmmlDMw+SO0Ip3bsRcaPgF/kL/o1pO5u2Hggczjnh3nP9REmDrvtLcmvrG5tb+e3Czu7e/oFzeFQ3caq5qPFYxbrpMyOUjEQNJSrRTLRgoa9Ewx8+TP3Gi9BGxtEzjhLRCVk/koHkDK1Urd57XafoltwZ6CrxMlKEDJWu89PuxTwNRYRcMWNanptgZ8w0Sq7EpNBOjUgYH7K+GM8WnNBzK/VoEGv7IqQzdSHHQmNGoW+TIcOBWfam4n9eK8XgrjOWUZKiiPh8UJAqijGdtqU9qQVHNbKEcS3thpQPmGYc7U0Ktrq3XHSV1C9L3k3p+umqWD7LjpCHEziFC/DgFsrwCBWoAYc+vMEnfBGfvJJ38jGP5kj25xgWQL7/AIvwiPA=</latexit>

S = 1

Fig. 2. Current-phase relation for the S–g–S Josephson junction in the case of
rectangular potential barrier and infinitely-doped leads, corresponding to m → ∞
and V0 → ∞ in Eq. (5). (a) The Dirac point (µ = 0), (b) the high-doping limit
(|µ| ≫ ℏvF/L). Results obtained from Eqs. (15) and (18) are displayed with
coloured thick lines. Thin black lines visualize the tunneling limit, see Eq. (22)
(dashed lines), and the ballistic limit, see Eq. (25) (solid lines).

The first one is a tunnel junction, with Tn ≪ 1 for all n, for which one
can linearize Eq. (6) in Tn, with the result

I(θ) ≃ e∆0

2ℏ

N−1∑
n=0

Tn sin θ =
π∆0

2e
R−1

N sin θ , (22)

which is plotted with dashed lines in Fig. 2. In such a limit, we have

IcRN
e

∆0
=

π

2
and S = 0 . (23)

The second is a perfect ballistic system (or Sharvin contact), for which
transmission eigenvalues are equal to either 0 or 1, and can be ordered such
that

Tn =

{
1, 0 ⩽ n < N0 ,

0, N0 ⩽ n < N ,
(24)
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with the number of open channels N0 ≪ N . Substituting the above into
Eqs. (6) and (7), we immediately get

I(θ) = N0
e∆0

ℏ
sin(θ/2) sgn(cos θ/2) , (25)

where sgn(x) is the sign function, and

R−1
N = N0

4e2

h
. (26)

In effect, for the ballistic limit

IcRN
e

∆0
= π and S = 1 . (27)

Equation (25) is visualised in Fig. 2 with thin solid lines.
As can be easily seen from Fig. 2, the graphene-specific current-phase

relation differs significantly from the familiar sine function predicted for the
tunneling limit, either at the Dirac point (µ = 0) or in the high-doping limit
(|µ| ≫ ℏvF/L); however, it is still far from the relation predicted for the
ballistic limit.

The influence of a finite potential step height, as well as the smooth
potential shape, is discussed next.

4. Smooth potential barriers

In this section, we present the central results of the paper, concern-
ing the normal-state conductance 1/RN, the critical current Ic, the product
IcRN, and the skewness of the current-phase relation for the superconductor-
graphene -superconductor (S–g–S) Josephson junction depicted in Fig. 1.
The numerical calculations are carried out according to Eqs. (5)–(12) for
the system with infinite-mass boundary conditions and the width W =
5L = 1000 nm. This sets the energy scale that separates the weak- and
the high-doping regimes at ℏvF/L = 2.9 meV. The step height in Eq. (5)
is V0 = t0/2 = 1.35 eV, which yields (for instance) the number of propa-
gating modes in the leads as N = 691 for µ = −0.1 eV and N = 802 for
µ = 0.1 eV. The numerical integration of Eqs. (8) and (9) was performed uti-
lizing a standard fourth-order Runge–Kutta algorithm, with a spatial step
of ∆x = L/80 000 = 2.5 pm. (For each value of ky, the system analogous
to Eq. (12), but describing scattering from the right to the left, was solved
independently to find the amplitudes t′ and r′, and to check the unitarity of
the scattering matrix S; the above parameters result in an unitarity error
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ϵn = ||SS† − I|| < 10−8, with ||A|| denoting the maximum absolute value
of a matrix element Aij and the identity matrix I, for all cases considered.)
Summation over the modes in Eqs. (6) and (7) was terminated if Tn < 10−6.

The evolution of the conductance spectrum with exponent m in Eq. (5),
which was discussed earlier in Ref. [22], is visualized in the top panel of
Fig. 3. The bottom panel of Fig. 3 presents a similar evolution of the critical

<latexit sha1_base64="aVKo4epEWSqlgzUS2jACiXxLTe0=">AAAB4nicbVDLSgMxFL1TX7W+qi7dBIviqsyIr5UU3Lis4LSFtpRMJtOGZiZDckcopT/gRsSNgh/kL/g3pu1s2nogcDjnhHvPDVIpDLrur1NYW9/Y3Cpul3Z29/YPyodHDaMyzbjPlFS6FVDDpUi4jwIlb6Wa0ziQvBkMH6Z+84VrI1TyjKOUd2PaT0QkGEUr+Z04u3d75YpbdWcgq8TLSQVy1Hvln06oWBbzBJmkxrQ9N8XumGoUTPJJqZMZnlI2pH0+nq04IWdWCkmktH0Jkpm6kKOxMaM4sMmY4sAse1PxP6+dYXTXHYskzZAnbD4oyiRBRaZ9SSg0ZyhHllCmhd2QsAHVlKG9SslW95aLrpLGZdW7qV4/XVVq5/kRinACp3ABHtxCDR6hDj4wEPAGn/DlhM6r8+58zKMFJ/9zDAtwvv8ANGCJ8Q==</latexit>

µ > 0

<latexit sha1_base64="WiJoO6GJHWXDt1CTNfB25J0SoBE=">AAAB3nicbVDLSgMxFL3js9ZX1aWbYFFclRnxtSy4cdmCfUBbaia904ZmkiHJCKV060bEjYKf5C/4N6btbNp6IHA454R7zw0TwY31/V9vbX1jc2s7t5Pf3ds/OCwcHdeNSjXDGlNC6WZIDQousWa5FdhMNNI4FNgIhw9Tv/GC2nAln+wowU5M+5JHnFHrpKrsFop+yZ+BrJIgI0XIUOkWfto9xdIYpWWCGtMK/MR2xlRbzgRO8u3UYELZkPZxPFtvQs6d1COR0u5JS2bqQo7Gxozi0CVjagdm2ZuK/3mt1Eb3nTGXSWpRsvmgKBXEKjLtSnpcI7Ni5AhlmrsNCRtQTZl1F8m76sFy0VVSvyoFt6Wb6nWxfJEdIQencAaXEMAdlOERKlADBghv8Alf3rP36r17H/Pompf9OYEFeN9/x1SIiw==</latexit>

n
<latexit sha1_base64="WiJoO6GJHWXDt1CTNfB25J0SoBE=">AAAB3nicbVDLSgMxFL3js9ZX1aWbYFFclRnxtSy4cdmCfUBbaia904ZmkiHJCKV060bEjYKf5C/4N6btbNp6IHA454R7zw0TwY31/V9vbX1jc2s7t5Pf3ds/OCwcHdeNSjXDGlNC6WZIDQousWa5FdhMNNI4FNgIhw9Tv/GC2nAln+wowU5M+5JHnFHrpKrsFop+yZ+BrJIgI0XIUOkWfto9xdIYpWWCGtMK/MR2xlRbzgRO8u3UYELZkPZxPFtvQs6d1COR0u5JS2bqQo7Gxozi0CVjagdm2ZuK/3mt1Eb3nTGXSWpRsvmgKBXEKjLtSnpcI7Ni5AhlmrsNCRtQTZl1F8m76sFy0VVSvyoFt6Wb6nWxfJEdIQencAaXEMAdlOERKlADBghv8Alf3rP36r17H/Pompf9OYEFeN9/x1SIiw==</latexit>

n <latexit sha1_base64="WiJoO6GJHWXDt1CTNfB25J0SoBE=">AAAB3nicbVDLSgMxFL3js9ZX1aWbYFFclRnxtSy4cdmCfUBbaia904ZmkiHJCKV060bEjYKf5C/4N6btbNp6IHA454R7zw0TwY31/V9vbX1jc2s7t5Pf3ds/OCwcHdeNSjXDGlNC6WZIDQousWa5FdhMNNI4FNgIhw9Tv/GC2nAln+wowU5M+5JHnFHrpKrsFop+yZ+BrJIgI0XIUOkWfto9xdIYpWWCGtMK/MR2xlRbzgRO8u3UYELZkPZxPFtvQs6d1COR0u5JS2bqQo7Gxozi0CVjagdm2ZuK/3mt1Eb3nTGXSWpRsvmgKBXEKjLtSnpcI7Ni5AhlmrsNCRtQTZl1F8m76sFy0VVSvyoFt6Wb6nWxfJEdIQencAaXEMAdlOERKlADBghv8Alf3rP36r17H/Pompf9OYEFeN9/x1SIiw==</latexit>

n
<latexit sha1_base64="z6okZvf1WECCu1MgHKbKlbBQZQc=">AAAB3nicbVDLTgJBEOzFF+IL9ehlIho9kV3j60jixSMk8kiA4OzQwITZR2Z6TQjh6sUYL5r4Sf6Cf+MAewGsZJJKVU26q/1YSUOu++tk1tY3Nrey27md3b39g/zhUc1EiRZYFZGKdMPnBpUMsUqSFDZijTzwFdb94cPUr7+gNjIKn2gUYzvg/VD2pOBkpcpFJ19wi+4MbJV4KSlAinIn/9PqRiIJMCShuDFNz42pPeaapFA4ybUSgzEXQ97H8Wy9CTu3Upf1Im1fSGymLuR4YMwo8G0y4DQwy95U/M9rJtS7b49lGCeEoZgP6iWKUcSmXVlXahSkRpZwoaXdkIkB11yQvUjOVveWi66S2lXRuy3eVK4LpbP0CFk4gVO4BA/uoASPUIYqCEB4g0/4cp6dV+fd+ZhHM0765xgW4Hz/AV3kiEI=</latexit>→

<latexit sha1_base64="/DXIBzzFr6pmnLQLyw1M5pbyjBE=">AAAB4nicbVDLSgMxFL1TX7W+qi7dBIviqsyIr4WLghuXFZy20JaSyWTa0MxkSO4IpfQH3Ii4UfCD/AX/xrSdTVsPBA7nnHDvuUEqhUHX/XUKa+sbm1vF7dLO7t7+QfnwqGFUphn3mZJKtwJquBQJ91Gg5K1UcxoHkjeD4cPUb75wbYRKnnGU8m5M+4mIBKNoJb8TZ/dur1xxq+4MZJV4OalAjnqv/NMJFctiniCT1Ji256bYHVONgkk+KXUyw1PKhrTPx7MVJ+TMSiGJlLYvQTJTF3I0NmYUBzYZUxyYZW8q/ue1M4zuumORpBnyhM0HRZkkqMi0LwmF5gzlyBLKtLAbEjagmjK0VynZ6t5y0VXSuKx6N9Xrp6tK7Tw/QhFO4BQuwINbqMEj1MEHBgLe4BO+nNB5dd6dj3m04OR/jmEBzvcfMWqJ7w==</latexit>

µ < 0

<latexit sha1_base64="WiJoO6GJHWXDt1CTNfB25J0SoBE=">AAAB3nicbVDLSgMxFL3js9ZX1aWbYFFclRnxtSy4cdmCfUBbaia904ZmkiHJCKV060bEjYKf5C/4N6btbNp6IHA454R7zw0TwY31/V9vbX1jc2s7t5Pf3ds/OCwcHdeNSjXDGlNC6WZIDQousWa5FdhMNNI4FNgIhw9Tv/GC2nAln+wowU5M+5JHnFHrpKrsFop+yZ+BrJIgI0XIUOkWfto9xdIYpWWCGtMK/MR2xlRbzgRO8u3UYELZkPZxPFtvQs6d1COR0u5JS2bqQo7Gxozi0CVjagdm2ZuK/3mt1Eb3nTGXSWpRsvmgKBXEKjLtSnpcI7Ni5AhlmrsNCRtQTZl1F8m76sFy0VVSvyoFt6Wb6nWxfJEdIQencAaXEMAdlOERKlADBghv8Alf3rP36r17H/Pompf9OYEFeN9/x1SIiw==</latexit>

n
<latexit sha1_base64="WiJoO6GJHWXDt1CTNfB25J0SoBE=">AAAB3nicbVDLSgMxFL3js9ZX1aWbYFFclRnxtSy4cdmCfUBbaia904ZmkiHJCKV060bEjYKf5C/4N6btbNp6IHA454R7zw0TwY31/V9vbX1jc2s7t5Pf3ds/OCwcHdeNSjXDGlNC6WZIDQousWa5FdhMNNI4FNgIhw9Tv/GC2nAln+wowU5M+5JHnFHrpKrsFop+yZ+BrJIgI0XIUOkWfto9xdIYpWWCGtMK/MR2xlRbzgRO8u3UYELZkPZxPFtvQs6d1COR0u5JS2bqQo7Gxozi0CVjagdm2ZuK/3mt1Eb3nTGXSWpRsvmgKBXEKjLtSnpcI7Ni5AhlmrsNCRtQTZl1F8m76sFy0VVSvyoFt6Wb6nWxfJEdIQencAaXEMAdlOERKlADBghv8Alf3rP36r17H/Pompf9OYEFeN9/x1SIiw==</latexit>

n
<latexit sha1_base64="F1NID62+7jLPcgg1Og90ew0fQzw=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYFA8hV3xdQx48ZiAeUAS4uykNxky+2CmVwghVy8iXhT8JH/Bv3GS7CWJBQNFVQ3d1X6ipCHX/XXW1jc2t7ZzO/ndvf2Dw8LRcd3EqRZYE7GKddPnBpWMsEaSFDYTjTz0FTb84cPUb7ygNjKOnmiUYCfk/UgGUnCyUjXpFopuyZ2BrRIvI0XIUOkWftq9WKQhRiQUN6bluQl1xlyTFAon+XZqMOFiyPs4nq03YedW6rEg1vZFxGbqQo6HxoxC3yZDTgOz7E3F/7xWSsF9ZyyjJCWMxHxQkCpGMZt2ZT2pUZAaWcKFlnZDJgZcc0H2Inlb3VsuukrqVyXvtnRTvS6WL7Ij5OAUzuASPLiDMjxCBWogAOENPuHLeXZenXfnYx5dc7I/J7AA5/sPykiIjQ==</latexit> p
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<latexit sha1_base64="K1rqieEQJOY4ZW76LZWsW3aXvbs=">AAAB73icbVDJSgNBFOyJW4zbqEcvjUEQD2FG3I4BLx4jmAUyQ+jpvEma9Cx2vwmGId/hRcSLgn/iL/g3dpZLEgsaiqpq3qsXpFJodJxfq7C2vrG5Vdwu7ezu7R/Yh0cNnWSKQ50nMlGtgGmQIoY6CpTQShWwKJDQDAb3E785BKVFEj/hKAU/Yr1YhIIzNFLHtr0o82jbQ3jBHBpjv2OXnYozBV0l7pyUyRy1jv3jdROeRRAjl0zrtuuk6OdMoeASxiUv05AyPmA9yKf7jumZkbo0TJR5MdKpupBjkdajKDDJiGFfL3sT8T+vnWF45+ciTjOEmM8GhZmkmNBJedoVCjjKkSGMK2E2pLzPFONoTlQy1d3loqukcVlxbyrXj1fl6sX8CEVyQk7JOXHJLamSB1IjdcLJkLyRT/JlPVuv1rv1MYsWrPmfY7IA6/sPN+KPLg==</latexit>

µ [eV]

<latexit sha1_base64="ROE5J/DCSCeLFLTnR09SV5jnUM8=">AAAB7nicbVDLSgMxFL3xWeujoy7dBIsgLtqZUqrLghtXUsU+oB2HTJppQzMPkoxQSn/DjYgbBT/FX/BvTNvZtPVA4HDOCfee6yeCK23bv2hjc2t7Zze3l98/ODwqWMcnLRWnkrImjUUsOz5RTPCINTXXgnUSyUjoC9b2R7czv/3CpOJx9KTHCXNDMoh4wCnRRvKsglN+9O57uFtlz5Xy0PWsol2y58DrxMlIETI0POun149pGrJIU0GU6jp2ot0JkZpTwab5XqpYQuiIDNhkvu4UXxipj4NYmhdpPFeXciRUahz6JhkSPVSr3kz8z+umOrhxJzxKUs0iuhgUpALrGM+64z6XjGoxNoRQyc2GmA6JJFSbC+VNdWe16DppVUpOrVR7qBbrV9kRcnAG53AJDlxDHe6gAU2gkMIbfMIXStArekcfi+gGyv6cwhLQ9x8hbI0y</latexit> 1/
R
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]
<latexit sha1_base64="Vq2zMmj4/hPU2imuqsO46Yi2kpg=">AAAB9nicbVDLSsNAFL3xWesr6sKFm8EiiIs2EakuC7rQXQX7gCaEyfSmHTp5MDMRS+mvuBFxo+Bn+Av+jWmbTVsPDBzOOcO99/iJ4Epb1q+xsrq2vrFZ2Cpu7+zu7ZsHh00Vp5Jhg8Uilm2fKhQ8wobmWmA7kUhDX2DLH9xO/NYzSsXj6EkPE3RD2ot4wBnVmeSZxw8eqzh3KDT1LId0sOL0fSpdzyxZZWsKskzsnJQgR90zf5xuzNIQI80EVapjW4l2R1RqzgSOi06qMKFsQHs4mq49JmeZ1CVBLLMXaTJV53I0VGoY+lkypLqvFr2J+J/XSXVw4454lKQaIzYbFKSC6JhMOiBdLpFpMcwIZZJnGxLWp5IynTVVzE63Fw9dJs3Lsl0tVx+vSrWLvIQCnMApnIMN11CDe6hDAxiM4Q0+4ct4MV6Nd+NjFl0x8j9HMAfj+w+oVpD/</latexit> I c

/!
0
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/
⊋]

<latexit sha1_base64="8zdaEg+IQ7wXv+8//txZ3BMf2fo=">AAAB93icbVDLSsNAFL2pr1pfUTeCm8GiVJCaSKkuCy50WdE+oClhMp3WoZMHM5NCCPVX3Ii4UfAv/AX/xmmbTVsPDBzOOcO953oRZ1JZ1q+RW1ldW9/Ibxa2tnd298z9g6YMY0Fog4Q8FG0PS8pZQBuKKU7bkaDY9zhtecPbid8aUSFZGDypJKJdHw8C1mcEKy255lHJidhl5dy5uHNTR/jo8RmLEQvGrlm0ytYUaJnYGSlChrpr/ji9kMQ+DRThWMqObUWqm2KhGOF0XHBiSSNMhnhA0+neY3SqpR7qh0K/QKGpOpfDvpSJ7+mkj9WzXPQm4n9eJ1b9m27KgihWNCCzQf2YIxWiyRFQjwlKFE80wUQwvSEiujcmSp+qoKvbi0WXSfOqbFfL1YdKsXaWHSEPx3ACJbDhGmpwD3VoAIEXeINP+DIS49V4Nz5m0ZyR/TmEORjff3sCkXo=</latexit>

(ω
/4

)G
Sh

ar
vi
n

<latexit sha1_base64="3X4auJoNamiO1jRoysq6+qj4reg=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBKvgqsyIVDdCwY3LCvYBbSmZNDMNzWSG5I4wlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftEycasabLJax7vjUcCkUb6JAyTuJ5jTyJW/744eZ337h2ohYPWOW8H5EQyUCwShaqRPd94QKMBuUK27VnYOsEy8nFcjRGJR/esOYpRFXyCQ1puu5CfYnVKNgkk9LvdTwhLIxDflkvuWUXFppSIJY26eQzNWlHI2MySLfJiOKI7PqzcT/vG6KwV1/IlSSIldsMShIJcGYzCqTodCcocwsoUwLuyFhI6opQ3uYkq3urRZdJ63rqler1p5uKvWL/AhFOINzuAIPbqEOj9CAJjCQ8Aaf8OWEzqvz7nwsogUn/3MKS3C+/wDmTouS</latexit>m
=→

<latexit sha1_base64="7c3TNNzXrITX5PE6GErl3kPGP5Y=">AAAB5nicbVBdSwJBFL3bp9mX1WMvYxb0JLsS5ksg9NKjQX6EKzI7jjo4s7vM3A1E/Au9RPRS0M/pL/RvGnVf1A4MHM45w73nBrEUBl3319nY3Nre2c3sZfcPDo+OcyenDRMlmvE6i2SkWwE1XIqQ11Gg5K1Yc6oCyZvB6H7mN1+4NiIKn3Ac846ig1D0BaNopWfl5+/8vFeqdHMFt+jOQdaJl5ICpKh1cz9+L2KJ4iEySY1pe26MnQnVKJjk06yfGB5TNqIDPpmvOSVXVuqRfqTtC5HM1aUcVcaMVWCTiuLQrHoz8T+vnWC/0pmIME6Qh2wxqJ9IghGZdSY9oTlDObaEMi3shoQNqaYM7WWytrq3WnSdNEpFr1wsP94UqpfpETJwDhdwDR7cQhUeoAZ1YKDgDT7hyxk6r86787GIbjjpnzNYgvP9B6c0iqs=</latexit>

m
=128

<latexit sha1_base64="RhftlMFe26TDn0YUyApVos9qAxs=">AAAB5XicbVDLSgNBEOyNrxhfqx69TIyCp7AbJXoRAl48RjAPyIYwO5lNhsw+mOkVQsgneBHxouDv+Av+jZNkL0ksGCiqauiu9hMpNDrOr5Xb2Nza3snvFvb2Dw6P7OOTpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6GHmt1640iKOnnGc8G5IB5EIBKNopHboFe+94nWlZ5ecsjMHWSduRkqQod6zf7x+zNKQR8gk1brjOgl2J1ShYJJPC16qeULZiA74ZL7llFwaqU+CWJkXIZmrSzkaaj0OfZMMKQ71qjcT//M6KQZ33YmIkhR5xBaDglQSjMmsMukLxRnKsSGUKWE2JGxIFWVoDlMw1d3VouukWSm71XL16aZUu8iOkIczOIcrcOEWavAIdWgAAwlv8Alf1sB6td6tj0U0Z2V/TmEJ1vcfMIuKaw==</latexit>

m=32

<latexit sha1_base64="vaErlzCFrDT4kPM20Mmoo/4OWDo=">AAAB5HicbVDLSgMxFL3js9ZX1aWb1Cq4KjMitRuh4MZlBfuATimZNNOGZiZDckcopX/gRsSNgt/jL/g3pu1s2nogcDjnhHvPDRIpDLrur7OxubW9s5vby+8fHB4dF05Om0almvEGU1LpdkANlyLmDRQoeTvRnEaB5K1g9DDzWy9cG6HiZxwnvBvRQSxCwShaqRX5xXu/WO0VSm7ZnYOsEy8jJchQ7xV+/L5iacRjZJIa0/HcBLsTqlEwyad5PzU8oWxEB3wyX3JKrqzUJ6HS9sVI5upSjkbGjKPAJiOKQ7PqzcT/vE6KYbU7EXGSIo/ZYlCYSoKKzBqTvtCcoRxbQpkWdkPChlRThvYueVvdWy26Tpo3Za9SrjzdlmqX2RFycA4XcA0e3EENHqEODWAwgjf4hC8ndF6dd+djEd1wsj9nsATn+w/HTYo0</latexit>

m=8

<latexit sha1_base64="jV8P4eUD9ID3vtQRhVxb/CIJG9I=">AAAB5HicbVDLSgMxFL3js9ZX1aWb1Cq4KjNFqhuh4MZlBfuATimZNNOGJjNDckcopX/gRsSNgt/jL/g3pu1s2nogcDjnhHvPDRIpDLrur7OxubW9s5vby+8fHB4dF05OmyZONeMNFstYtwNquBQRb6BAyduJ5lQFkreC0cPMb71wbUQcPeM44V1FB5EIBaNopZbyi/d+sdIrlNyyOwdZJ15GSpCh3iv8+P2YpYpHyCQ1puO5CXYnVKNgkk/zfmp4QtmIDvhkvuSUXFmpT8JY2xchmatLOaqMGavAJhXFoVn1ZuJ/XifF8K47EVGSIo/YYlCYSoIxmTUmfaE5Qzm2hDIt7IaEDammDO1d8ra6t1p0nTQrZa9arj7dlGqX2RFycA4XcA0e3EINHqEODWAwgjf4hC8ndF6dd+djEd1wsj9nsATn+w++cYou</latexit>

m=2

<latexit sha1_base64="3X4auJoNamiO1jRoysq6+qj4reg=">AAAB5XicbVDLSgMxFL1TX7W+qi7dBKvgqsyIVDdCwY3LCvYBbSmZNDMNzWSG5I4wlH6CGxE3Cv6Ov+DfmLazaeuBwOGcE+4910+kMOi6v05hY3Nre6e4W9rbPzg8Kh+ftEycasabLJax7vjUcCkUb6JAyTuJ5jTyJW/744eZ337h2ohYPWOW8H5EQyUCwShaqRPd94QKMBuUK27VnYOsEy8nFcjRGJR/esOYpRFXyCQ1puu5CfYnVKNgkk9LvdTwhLIxDflkvuWUXFppSIJY26eQzNWlHI2MySLfJiOKI7PqzcT/vG6KwV1/IlSSIldsMShIJcGYzCqTodCcocwsoUwLuyFhI6opQ3uYkq3urRZdJ63rqler1p5uKvWL/AhFOINzuAIPbqEOj9CAJjCQ8Aaf8OWEzqvz7nwsogUn/3MKS3C+/wDmTouS</latexit>m
= →

<latexit sha1_base64="7c3TNNzXrITX5PE6GErl3kPGP5Y=">AAAB5nicbVBdSwJBFL3bp9mX1WMvYxb0JLsS5ksg9NKjQX6EKzI7jjo4s7vM3A1E/Au9RPRS0M/pL/RvGnVf1A4MHM45w73nBrEUBl3319nY3Nre2c3sZfcPDo+OcyenDRMlmvE6i2SkWwE1XIqQ11Gg5K1Yc6oCyZvB6H7mN1+4NiIKn3Ac846ig1D0BaNopWfl5+/8vFeqdHMFt+jOQdaJl5ICpKh1cz9+L2KJ4iEySY1pe26MnQnVKJjk06yfGB5TNqIDPpmvOSVXVuqRfqTtC5HM1aUcVcaMVWCTiuLQrHoz8T+vnWC/0pmIME6Qh2wxqJ9IghGZdSY9oTlDObaEMi3shoQNqaYM7WWytrq3WnSdNEpFr1wsP94UqpfpETJwDhdwDR7cQhUeoAZ1YKDgDT7hyxk6r86787GIbjjpnzNYgvP9B6c0iqs=</latexit>

m=128
<latexit sha1_base64="RhftlMFe26TDn0YUyApVos9qAxs=">AAAB5XicbVDLSgNBEOyNrxhfqx69TIyCp7AbJXoRAl48RjAPyIYwO5lNhsw+mOkVQsgneBHxouDv+Av+jZNkL0ksGCiqauiu9hMpNDrOr5Xb2Nza3snvFvb2Dw6P7OOTpo5TxXiDxTJWbZ9qLkXEGyhQ8naiOA19yVv+6GHmt1640iKOnnGc8G5IB5EIBKNopHboFe+94nWlZ5ecsjMHWSduRkqQod6zf7x+zNKQR8gk1brjOgl2J1ShYJJPC16qeULZiA74ZL7llFwaqU+CWJkXIZmrSzkaaj0OfZMMKQ71qjcT//M6KQZ33YmIkhR5xBaDglQSjMmsMukLxRnKsSGUKWE2JGxIFWVoDlMw1d3VouukWSm71XL16aZUu8iOkIczOIcrcOEWavAIdWgAAwlv8Alf1sB6td6tj0U0Z2V/TmEJ1vcfMIuKaw==</latexit>

m=32
<latexit sha1_base64="vaErlzCFrDT4kPM20Mmoo/4OWDo=">AAAB5HicbVDLSgMxFL3js9ZX1aWb1Cq4KjMitRuh4MZlBfuATimZNNOGZiZDckcopX/gRsSNgt/jL/g3pu1s2nogcDjnhHvPDRIpDLrur7OxubW9s5vby+8fHB4dF05Om0almvEGU1LpdkANlyLmDRQoeTvRnEaB5K1g9DDzWy9cG6HiZxwnvBvRQSxCwShaqRX5xXu/WO0VSm7ZnYOsEy8jJchQ7xV+/L5iacRjZJIa0/HcBLsTqlEwyad5PzU8oWxEB3wyX3JKrqzUJ6HS9sVI5upSjkbGjKPAJiOKQ7PqzcT/vE6KYbU7EXGSIo/ZYlCYSoKKzBqTvtCcoRxbQpkWdkPChlRThvYueVvdWy26Tpo3Za9SrjzdlmqX2RFycA4XcA0e3EENHqEODWAwgjf4hC8ndF6dd+djEd1wsj9nsATn+w/HTYo0</latexit>

m=8

<latexit sha1_base64="jV8P4eUD9ID3vtQRhVxb/CIJG9I=">AAAB5HicbVDLSgMxFL3js9ZX1aWb1Cq4KjNFqhuh4MZlBfuATimZNNOGJjNDckcopX/gRsSNgt/jL/g3pu1s2nogcDjnhHvPDRIpDLrur7OxubW9s5vby+8fHB4dF05OmyZONeMNFstYtwNquBQRb6BAyduJ5lQFkreC0cPMb71wbUQcPeM44V1FB5EIBaNopZbyi/d+sdIrlNyyOwdZJ15GSpCh3iv8+P2YpYpHyCQ1puO5CXYnVKNgkk/zfmp4QtmIDvhkvuSUXFmpT8JY2xchmatLOaqMGavAJhXFoVn1ZuJ/XifF8K47EVGSIo/YYlCYSoIxmTUmfaE5Qzm2hDIt7IaEDammDO1d8ra6t1p0nTQrZa9arj7dlGqX2RFycA4XcA0e3EINHqEODWAwgjf4hC8ndF6dd+djEd1wsj9nsATn+w++cYou</latexit>

m=2

<latexit sha1_base64="fU7rVP5+Mm3osiFjEknQWG6UBCo=">AAACB3icbVDLSgMxAMzWV62vVY9egkWpINvdUmuPBQ96rGgf0C1LNs22odkHSbZQlv0AL/6KFxEvCt78Bf/GtN1LqwOBYWZCMuNGjAppmj9abm19Y3Mrv13Y2d3bP9APj9oijDkmLRyykHddJAijAWlJKhnpRpwg32Wk445vZn5nQrigYfAopxHp+2gYUI9iJJXk6KWKUa3Ur2xJfSKStGRHtFy9sC9vncTmPnwYIT6hQVomjl40DXMO+JdYGSmCDE1H/7YHIY59EkjMkBA9y4xkP0FcUsxIWrBjQSKEx2hIknmPFJ4paQC9kKsTSDhXl3LIF2LquyrpIzkSq95M/M/rxdKr9xMaRLEkAV485MUMyhDORoEDygmWbKoIwpyqH0KsmiMs1XQFVd1aLfqXtCuGVTNq99Vi4zwbIQ9OwCkoAQtcgwa4A03QAhg8g1fwAT61J+1Fe9PeF9Gclt05BkvQvn4BLQuXVw==</latexit>
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Fig. 3. Normal-state conductance 1/RN (top) and critical current Ic (bottom)
for the system of Fig. 1 as functions of the chemical potential (µ = E). The
parameters are: W = 5L = 1000 nm, V0 = t0/2 = 1.35 eV. The exponent m

in Eq. (5) is specified for each dataset (solid lines). The insets (top) depict the
potential profiles for m = 2 and m = ∞. The dashed line depicts the sub-Sharvin
conductance given by Eq. (20) and the corresponding critical current, see Eq. (18).
(The values of GSharvin are not shown, as they closely follow the numerical results
for m = 2 and µ > 0.) The additional insets (bottom) visualize the tripolar (n–p–n)
and the unipolar (n–n′–n) doping for µ < 0 and µ > 0, respectively.
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current. Remarkably, the behavior of the two physical properties is very
similar, particularly in the tripolar regime (µ < 0). For the unipolar regime
(µ > 0), Ic decays slightly faster than 1/RN with the increasing m, exhibiting
irregular behavior for smaller ms.

A deeper insight into the system behavior is provided by the evolution
of the product IcRN, as shown in Fig. 4. It is noticeable that the numerical
results for smooth potentials and finite V0 stay close to the graphene-specific
range, which is defined by the values obtained for the rectangular barrier
of an infinite height for µ = 0 and |µ| ≫ ℏvF/L, see Eqs. (17) and (21),
provided that the system is in the tripolar regime (µ < 0). In contrast,
in the unipolar regime (µ > 0), IcRN evolves — with the increasing m —
from the values close to the ballistic limit, see Eq. (27), towards graphene-
specific values. (For a ballistic sample, the tunneling limit, see Eq. (23), is
not approached.)

<latexit sha1_base64="gdMXPHB2cWk+YO7dWvDXERK4tvI=">AAACBnicbVC7SgNBFJ2NrxhfUUub1SBGi7grEi0DWmgjUcwDsmGZndxNhsw+mLkrhJDexl+xEbFRsPQX/BsnjyaJF4Y5nHMuM+d4seAKLevXSC0sLi2vpFcza+sbm1vZ7Z2qihLJoMIiEcm6RxUIHkIFOQqoxxJo4Amoed2roV57Aql4FD5iL4ZmQNsh9zmjqCk3e3Trsgf3ztl3kAeg9C3AxzycOtcgkLqWI3m7g8duNmcVrNGY88CegByZTNnN/jitiCUBhMgEVaphWzE2+1QiZwIGGSdREFPWpW3oj2IMzENNtUw/kvqEaI7YKR8NlOoFnnYGFDtqVhuS/2mNBP3LZp+HcYIQsvFDfiJMjMxhJ2aLS2AoehpQJrn+ock6VFKGurmMjm7PBp0H1bOCXSwU789zpZNJCWmyRw5IntjkgpTIDSmTCmHkhbyRT/JlPBuvxrvxMbamjMnOLpka4/sPat6XjA==</latexit>
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<latexit sha1_base64="TOo/gpH1y70zCDNbF2fd/63l/a0=">AAAB5HicbVDLSgMxFL1TX7W+qi7dpBahqzJTfG2EghuXFewDOqVk0kwbmswMyR2hlP6BGxE3Cn6Pv+DfmLazsfVA4HDOCfeeGyRSGHTdHye3sbm1vZPfLeztHxweFY9PWiZONeNNFstYdwJquBQRb6JAyTuJ5lQFkreD8f3cbz9zbUQcPeEk4T1Fh5EIBaNopbbyS3d+qdYvlt2quwBZJ15GypCh0S9++4OYpYpHyCQ1puu5CfamVKNgks8Kfmp4QtmYDvl0seSMXFhpQMJY2xchWah/clQZM1GBTSqKI7PqzcX/vG6K4W1vKqIkRR6x5aAwlQRjMm9MBkJzhnJiCWVa2A0JG1FNGdq7FGx1b7XoOmnVqt519erxslyvZEfIwxmcQwU8uIE6PEADmsBgDK/wAZ9O6Lw4b877Mppzsj+n8AfO1y+/U4ox</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=128

<latexit sha1_base64="UtfnBLz+qMpCkujJ/2ROcwedTD8=">AAAB6XicbVDLSgMxFL1TX7W+qi7dpBahqzIjvjZCwY3LCvYBnVIyaaYNzWSG5I5QSj/CjYgbBX/GX/BvTNvZtPVA4HDOCfeeGyRSGHTdXye3sbm1vZPfLeztHxweFY9PmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0cPMb71wbUSsnnGc8G5EB0qEglG0kh/5pXu/5AsV4rhXLLtVdw6yTryMlCFDvVf88fsxSyOukElqTMdzE+xOqEbBJJ8W/NTwhLIRHfDJfNMpubBSn4Sxtk8hmatLORoZM44Cm4woDs2qNxP/8zophnfdiVBJilyxxaAwlQRjMqtN+kJzhnJsCWVa2A0JG1JNGdrjFGx1b7XoOmleVr2b6vXTVblWyY6QhzM4hwp4cAs1eIQ6NIBBAm/wCV/OyHl13p2PRTTnZH9OYQnO9x/2V4y3</latexit>m=→

<latexit sha1_base64="nEk9AOFH8M9CJpD1Ww13WFHwv8I=">AAAB3nicbVDLSgNBEOz1GeMr6tHLYBA8SNgVRY8BLx4TMA9IQpyd9CZDZh/M9Ioh5OpFxIuCn+Qv+DdOkr0ksWCgqKqhu9pPlDTkur/O2vrG5tZ2bie/u7d/cFg4Oq6bONUCayJWsW763KCSEdZIksJmopGHvsKGP7yf+o1n1EbG0SONEuyEvB/JQApOVqq+dAtFt+TOwFaJl5EiZKh0Cz/tXizSECMSihvT8tyEOmOuSQqFk3w7NZhwMeR9HM/Wm7BzK/VYEGv7ImIzdSHHQ2NGoW+TIaeBWfam4n9eK6XgrjOWUZISRmI+KEgVo5hNu7Ke1ChIjSzhQku7IRMDrrkge5G8re4tF10l9auSd1Nyq9fF8mV2hBycwhlcgAe3UIYHqEANBCC8wSd8OU/Oq/PufMyja0725wQW4Hz/AdX4iJU=</latexit>x

<latexit sha1_base64="HswSDryD6ZKSI0fTjZTbT6nPBeE=">AAAB4XicbVDLSgMxFL2pr1pfVZdugkWoIGWmKLosuHFZwT6gLSWTZtrQzGRI7oil9APciLhR8If8Bf/GmXY2bT0QOJxzwr3nepGSFh3nl+Q2Nre2d/K7hb39g8Oj4vFJ0+rYcNHgWmnT9pgVSoaigRKVaEdGsMBTouWN71O/9SyMlTp8wkkkegEbhtKXnGEqNcsvl/1iyak4c9B14makBBnq/eJPd6B5HIgQuWLWdlwnwt6UGZRciVmhG1sRMT5mQzGdbzijF4k0oL42yQuRztWlHAusnQRekgwYjuyql4r/eZ0Y/bveVIZRjCLki0F+rChqmtalA2kERzVJCONGJhtSPmKGcUyOUkiqu6tF10mzWnFvKs7jdal2lR0hD2dwDmVw4RZq8AB1aACHEbzBJ3wRTl7JO/lYRHMk+3MKSyDffz0KiVo=</latexit>

V (x)

<latexit sha1_base64="q1d/tRawQ8iu0p3IQWj+ayk1hD8=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBVcSJkpvpYFNy4r2Ad0asmkmTY0yQzJHbEM/Qo3Im4U/Bd/wb9x+ti09UDgcM4J954bxFJYdN1fZ2V1bX1jM7eV397Z3dsvHBzWbZQYxmsskpFpBtRyKTSvoUDJm7HhVAWSN4LB3dhvPHNjRaQfcRjztqI9LULBKGbSU9l1/Qsf+QumWo06haJbcicgy8SbkSLMUO0UfvxuxBLFNTJJrW15boztlBoUTPJR3k8sjykb0B5PJ7uOyFkmdUkYmexpJBN1LkeVtUMVZElFsW8XvbH4n9dKMLxtp0LHCXLNpoPCRBKMyLg46QrDGcphRigzItuQsD41lGF2nnxW3Vssukzq5ZJ3Xbp6uCxWTmdHyMExnMA5eHADFbiHKtSAgYE3+IQvRzmvzrvzMY2uOLM/RzAH5/sPlnmNqw==</latexit>

200 nm

<latexit sha1_base64="bMBYvLHdutufYVKrh2BiGcAds5Y=">AAAB7nicbVDLSsNAFJ3UV62PRl26CVbBhYRErbosuHFZwT6gKWUyvWmHTh7M3Igl9DfciLhR8FP8Bf/GaZtNWw8MHM45w73n+ongCh3n1yisrW9sbhW3Szu7e/tl8+CwqeJUMmiwWMSy7VMFgkfQQI4C2okEGvoCWv7ofuq3nkEqHkdPOE6gG9JBxAPOKGqpZ5Zd+6rqXXgIL5hBc9IzK47tzGCtEjcnFZKj3jN/vH7M0hAiZIIq1XGdBLsZlciZgEnJSxUklI3oALLZuhPrTEt9K4ilfhFaM3UhR0OlxqGvkyHFoVr2puJ/XifF4K6b8ShJESI2HxSkwsLYmna3+lwCQzHWhDLJ9YYWG1JJGeoLlXR1d7noKmle2u6NXX28rtRO8yMUyTE5IefEJbekRh5InTQIIyl5I5/ky0iMV+Pd+JhHC0b+54gswPj+A1Opjfs=</latexit> 1.
35

eV
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ω/2

Fig. 4. Product IcRN for the data shown in Fig. 3. The exponent m in Eq. (5)
is varied between the rows. The potential profile for each m is displayed on the
left. Horizontal lines bordering the yellow areas on the right mark the values for
a rectangular barrier of an infinite height (m → ∞, V0 → ∞), corresponding to
µ = 0 and |µ| ≫ ℏvF/L, see Eqs. (17) and (21).
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The above observations are further supported byh the evolution of skew-
ness (S) presented in Fig. 5. Similarly to IcRN, the numerical results for all
ms stay within or very close to the graphene-specific range as long as µ < 0.
For µ > 0, the evolution from the almost ballistic value towards the higher
graphene-specific value is observed as m increases.
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Fig. 5. Skewness of the current-phase relation S displayed versus the chemical
potential for the same system parameters as in Fig. 3 (solid lines). The exponent m
in Eq. (5) is specified for each panel. Horizontal lines mark graphene-specific values
of S, see Eqs. (17) and (21).

Another striking feature of the results presented in Figs. 4 and 5 is that in
the vicinity of the Dirac point, |µ| ≲ ℏvF/L, both IcRN and S are very close
to the values given in Eq. (17) and are almost unaffected by varying m. (For
m = 2, the minima of IcRN and S are shifted towards the tripolar regime,
but the minimal values still coincide with the predictions given in Eq. (17).)
We emphasize that such robustness is absent for both 1/RN and Ic, see
Fig. 3. This suggests that intensive quantities, such as the product IcRN

and skewness S, are better probes of graphene-specific features in the S–g–S
Josephson junctions. In particular, the S measurement is weakly affected by
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contact resistances, and the experimental works for the S–g–S junctions
[18, 19] report values of S ≈ 0.2÷0.25 near the Dirac point as well as in the
tripolar regime.

For a somewhat more detailed view of the data we present, in Fig. 6,
the product IcRN as a function of skewness S for four selected values of µ
(since the results near the Dirac point are almost unaffected by changing m,
relatively high values of µ were chosen: µ = ±0.1 eV, ±0.2 eV) and nine
different values of m (m = 2, 4, . . . , 256, and ∞) for each µ. The two pairs
of (IcRN, S) defined by Eqs. (17) and (21), bounding the graphene-specific
range, are also marked (and indicated with arrows).

To rationalize our numerical results for the S–g–S Josephson junction,
let us first consider the case of a single nonzero eigenvalue, 0 < T ⩽ 1 in
Eqs. (6) and (7). The straightforward optimization of I(θ) with respect to
θ leads to the dependence of IcRN versus S presented with the black solid
line in Fig. 6. It is easy to see that the characteristics of such the single-
mode Josephson junction are quite distant from the results for the S–g–S
junction. For this reason, we put forward a toy model that parametrizes the
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µ= →0.2 eV
<latexit sha1_base64="ikFVuBLnlpJEPJL2KIgsHiE/wSc=">AAAB9HicbVDLSsNAFJ3UV62vqLhyEy2CiIZEpLoRCm5cVrAPaEqZTG/boZMHMzfFEvonbkTcKPgd/oJ/47TNpq0HBg7nnOHee/xYcIWO82vkVlbX1jfym4Wt7Z3dPXP/oKaiRDKoskhEsuFTBYKHUEWOAhqxBBr4Aur+4GHi14cgFY/CZxzF0ApoL+RdzihqqW0eeUHindxfObbrXXoIL5hCbdw2i47tTGEtEzcjRZKh0jZ/vE7EkgBCZIIq1XSdGFsplciZgHHBSxTElA1oD9Lp0mPrTEsdqxtJ/UK0pupcjgZKjQJfJwOKfbXoTcT/vGaC3btWysM4QQjZbFA3ERZG1qQBq8MlMBQjTSiTXG9osT6VlKHuqaBPdxcPXSa1a9st2aWnm2L5IishT47JKTknLrklZfJIKqRKGEnJG/kkX8bQeDXejY9ZNGdkfw7JHIzvPy9NkCs=</latexit>

µ= →0.1 eV
<latexit sha1_base64="CO7//jWhOypvehM7bzBxbx74hEQ=">AAAB83icbVDLSgMxFM3UV62v8bFzEy2CiAwzItWNUHDjsoJ9QKeUTJppg5kHyY1Yh36JGxE3Cv6Hv+DfmLazaeuBwOGcE+69J0gFV+C6v1ZhaXllda24XtrY3NresXf3GirRkrI6TUQiWwFRTPCY1YGDYK1UMhIFgjWDx9ux33xiUvEkfoBhyjoR6cc85JSAkbr2gR9p/+jGdTz/3Af2DBlrjLp22XXcCfAi8XJSRjlqXfvH7yVURywGKohSbc9NoZMRCZwKNir5WrGU0EfSZ9lk5xE+MVIPh4k0LwY8UWdyJFJqGAUmGREYqHlvLP7ntTWE152Mx6kGFtPpoFALDAkeF4B7XDIKYmgIoZKbDTEdEEkomJpK5nRv/tBF0rhwvIpTub8sV8/yEoroEB2jU+ShK1RFd6iG6oiiF/SGPtGXpa1X6936mEYLVv5nH83A+v4Dwz+P9A==</latexit>

µ= 0.1 eV
<latexit sha1_base64="elY1fO7wAkDmv2dpJMcPpPnvKt8=">AAAB83icbVDLSgMxFM3UV62v8bFzEy2CiJSZItWNUHDjsoJ9QKeUTJppQzMPkhuxDv0SNyJuFPwPf8G/MW1n09YDgcM5J9x7j58IrsBxfq3cyura+kZ+s7C1vbO7Z+8fNFSsJWV1GotYtnyimOARqwMHwVqJZCT0BWv6w7uJ33xiUvE4eoRRwjoh6Uc84JSAkbr2kRdq7+TWKZW9Sw/YM6SsMe7aRafkTIGXiZuRIspQ69o/Xi+mOmQRUEGUartOAp2USOBUsHHB04olhA5Jn6XTncf4zEg9HMTSvAjwVJ3LkVCpUeibZEhgoBa9ifif19YQ3HRSHiUaWERngwItMMR4UgDucckoiJEhhEpuNsR0QCShYGoqmNPdxUOXSaNcciulysNVsXqRlZBHx+gUnSMXXaMqukc1VEcUvaA39Im+LG29Wu/Wxyyas7I/h2gO1vcfxMSP9Q==</latexit>

µ= 0.2 eV

Fig. 6. Product IcRN displayed versus skewness of the current-phase relation (data-
points). Each dataset contains nine datapoints corresponding to m = 2, 4, . . . , 256,
and ∞, for a fixed value of the chemical potential, µ = ±0.1 eV, or ±0.2 eV (see
the legend). The remaining system parameters are the same as in Fig. 3. Two
additional symbols (full circles) mark the values given in Eqs. (17) and (21). The
black solid line presents the results following from the optimization of Eq. (6) for
a single nonzero eigenvalue 0 < T ⩽ 1; the black dashed line depicts the results
obtained within the toy model defined by Eq. (28).
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tunneling-to-ballistic crossover, namely

T
(Θ)
ky

=
1

eLky−Θ + 1
− 1

eLky+Θ + 1
(Θ > 0) . (28)

It is also supposed that W ≫ L and the number of modes in the leads
N → ∞, such that the summations in Eqs. (6) and (7) are replaced by
integrations over 0 ⩽ ky < ∞. For instance, Θ → 0 reproduces the tun-
neling limit, with the values of IcRN and S given by Eq. (23), whereas
Θ ≫ 1 corresponds to the ballistic limit. (To be more specific, the value of
IcRN given in Eq. (27) is reproduced with an accuracy better than 1% for
Θ ⩾ 1200; the same applies for S, starting from Θ = 4× 104.)

The functional dependence of IcRN on S, which follows from Eq. (28),
is also visualised in Fig. 6 (dotted line). We find that such dependence can
be approximated by

IcRN
e

∆0
≃ π

2
(S + 1) + 0.59S0.89 (1− S)0.70 . (29)

The corresponding curve is omitted since it matches the dotted line in Fig. 6
perfectly.

In contrast to the single-mode Josephson junction, the toy-model results
stay very close to our S–g–S junction data obtained for µ < 0 and smooth
potentials. They also approach the values of (IcRN, S) given in Eqs. (17)
and (21), with the former being well-reproduced for Θ ≈ 3.4, and the latter
for Θ ≈ 6.8. The data for µ > 0 and smooth potentials are also not far from
the toy-model results, staying within the range of

θc < IcRN
e

∆0
≲ 1.1 θc , (30)

with θc = π(S + 1)/2.

5. Conclusions

We have investigated the basic characteristics of the superconductor–
graphene–superconductor (S–g–S) Josephson junction, including the normal-
state conductance, critical current, and the skewness of the current phase
relation, supposing that the potential profile along the system is tuned from
a parabolic to a rectangular shape. Compared to earlier studies of the sim-
ilar system with a rectangular potential [16, 17], several new features have
been identified: (i) If the doping in the graphene sample is close to the Dirac
point, the products of critical current and normal-state resistance, as well
as the skewness, are very weakly dependent on the potential shape. This
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is in contrast to the critical current and the normal-state resistance them-
selves, which show considerable dependence on the potential shape. (ii) In
the tripolar regime, where the central part of the sample with hole doping
is attached to two regions with electron doping, the aforementioned quanti-
ties take on graphene-specific values that are characteristic of an idealized
rectangular barrier of infinite height. (iii) In the unipolar regime (electron
doping in all parts of the sample), deviations from graphene-specific values
are significant and increase when the potential barrier is smoothed.

Therefore, when searching for graphene-specific features in the charac-
teristics of the S–g–S Josephson junction, the rectangular potential profile
considered in earlier studies is not essential; such features may be observed
not only near the Dirac point, but also for relatively high dopings in the
tripolar regime.

Moreover, the approximation technique [24] previously used to calculate
the conductance and shot-noise power for a rectangular barrier of infinite
height, was adopted for the S–g–S setup to calculate the current-phase re-
lation, improving the approximations for critical current and skewness away
from the Dirac point.

We hope that our numerical study — if confirmed experimentally —
will extend the list of measurable quantities with graphene-specific values,
including the universal conductivity and shot-noise power [30], quantized
visible light absorption [31], and the anomalous thermal-to-electric conduc-
tivity ratio [32–34].

The work was partly completed during a sabbatical granted by the Jagiel-
lonian University in the summer semester of 2024/25. We gratefully ac-
knowledge the Polish supercomputing infrastructure PLGrid (HPC Center:
ACK Cyfronet AGH) for providing computer facilities and support within
the computational grant No. PLG/2025/018544.
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