High-Mobility Graphene Transistors Shed New Light on an old Quantum
Field Theory Coniroversy

Emmanvuel Baudin'2
Vincent Blavy!, Aurélien Schmitt!, Bernard Placais!, Jan Troost!, Mark O. Goerbig3

'Laboratoire de Physique de I'Ecole Normale Supérieure, ENS, Université PSL, CNRS, Sorbonne
Université, Université Paris Cité, Paris, France

2Institut Universitaire de France

SLaboratoire de Physique des Solides, CNRS UMR 8502, Univ. Paris-Sud, Université Paris-Saclay, F-91405
Orsay Cedex, France

emmanuel.baudin@phys.ens.fr

A seminal result in high-energy quantum electrodynamics is the instability of the vacuum
under a strong electric field, leading to the spontaneous creation of particle-antiparticle
pairs. This phenomenon, known as the Schwinger effect, is one of the few non-perturbative
results in quantum field theory, initially derived by Sauter and later by Schwinger in 1951. [1] It
predicts the decay rate w of the false vacuum in d+1 dimensions. While many, including
Schwinger, equated the vacuum decay rate with the pair creation rate I, this equality has
remained controversial. Starting with Nikishov in 1970 [2], several authors have demonstrated
through direct calculations of I that the relation w=I" holds only at low fields. [3,4]

The Schwinger instability, requiring electric fields around 10 V.m™, was long considered experimentally
inaccessible. A breakthrough occurred in 2023 when it was demonstrated that a mesoscopic variant of the
Schwinger effect in 1+1 dimensions spontaneously manifests in high-mobility graphene under large bias. [5]

In this presentation, | will elucidate how this experimental setup provides empirical evidence to address the
Schwinger-Nikishov controversy, supporting Schwinger's initial interpretation in the context of graphene. |
will also discuss the insights this approach offers into the theoretical discrepancy.

We would like to thank Prof. Sergei Gavrilov for bringing this intriguing matter to our attention.

References

[1] J.S.Schwinger, "On gauge invariance and vacuum polarization", Physical Review, 82
(1951) 664.

[2] A.l Nikishov, "Barrier scattering in field theory removal of Klein paradox”, Nuclear
Physics B, 21 (1970) 346.

[3] T.D.Cohen, D. A. McGady, "Schwinger mechanism revisited", Physical Review D, 78
(2008) 036008.

[4] S.P.Gavrilov, D. M. Gitman, J. L. Tomazelli, "Density matrix of a quantum field in a
particle-creating background", Nuclear Physics B, 795(3) (2008) 645-677.

[5] A.Schmitt, et al, "Mesoscopic Klein-Schwinger effect in graphene" Nature Physics,
19(6) (2023) 830-5.

Figures

Graphene2025 San Sebastian (Spain)



0.2 Experiment (Vg=1.4V)

Schwinger theory (w)
--------- Intermediate asymptote
——— Nikishov theory (I')

Pair conductance (mS)

y, e o Experiment (Vg=2.2V)
X .
'/ /" === Schwinger theory (w)
,':,/ """"" Intermediate asymptote
LR
e ey e Nikishov theory (I)
-0.2 ¢
0 1 2 3 40

Bias voltage (V)

Figure 1. Comparison between the electron-hole pair creatfion conductance in the mesoscopic
Schwinger effect in graphene according to Schwinger (full line), Nikishov (dashed-dotted line), and

the experimental high-mobility graphene differential conductance (hollow circles). (Adapted from
[5] - under license CC BY 4.0)
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