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Just as atoms exchange electrons to form molecular orbitals,
an electromagnetic field can interact with a quantum system
by the exchange of photons. When this interaction is strong
enough to overcome decoherence effects, new hybrid light–
matter states can form, separated by what is known as the
Rabi splitting energy (Figure 1). This strong coupling regime
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ISIS & icFRC, Université de Strasbourg and CNRS, 67000 Strasbourg, France
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Organic semiconductors have generated considerable interest for their potential for creating inexpensive and flexible devices easily processed on a large scale [1–11]. However technological applications are currently limited by the low mobility of the charge carriers associated with the disorder in
these materials [5–8]. Much e↵ort over the past decades has therefore been focused on optimizing
the organisation of the material or the devices to improve carrier mobility. Here we take a radically
di↵erent path to solving this problem, namely by injecting carriers into states that are hybridized
to the vacuum electromagnetic field. These are coherent states that can extend over as many as
105 molecules and should thereby favour conductivity in such materials. To test this idea, organic
semiconductors were strongly coupled to the vacuum electromagnetic field on plasmonic structures
to form polaritonic states with large Rabi splittings ⇠ 0.7 eV. Conductivity experiments show that
indeed the current does increase by an order of magnitude at resonance in the coupled state, reflect-

First principles approaches that capture both the quantum behavior of matter
and light constitute a new field: ab initio quantum electrodynamics

Simple (but difficult to solve) conceptual
example of the system at hand
• A molecule in an optical cavity (electron modes + photon modes)

De Bernardis, Jaako, Rabl. Physical Review A. (2018).

Overview of routines introduced in this code
• Methods:
• Given some user-input electron + photon system, can for example:
• Find response of electromagnetic field to external probe (time-harmonic dipole)
• Find energy changes by the electrons induced by the photons
• Find the behavior of the electron density and electromagnetic field in coupled
system

• All of these require solving a non-linear eigenproblem or non-linear equation

• Package dependencies
• PyPlot, BenchmarkTools, LinearAlgebra, SparseArrays, Arpack, NLsolve

Results I: profile of the quantum vacuum
field created by an atom

Results IIa: alteration of the density of
electrons by quantum vacuum fields

Results IIb: alteration of the density of
electrons by quantum vacuum fields

Equations to be solved (an example)
• Simplest level of approximation which would be appropriate when
the interaction between light and matter is strong
✓
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• This equation has a non-local cubic nonlinearity due to the term
(r)

Z

dr0 r0 | (r0 )|2

julia NLsolve package is a highly flexible
method for solving fixed point problems
• Often good way to solve a non-linear equation: cast it into the form F(x) = x

u00 + au3 = u
• At kth step: u00k + au2k
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• NLsolve in julia provides a general framework for solving these problems.

can be an eigensolver (as in the code I wrote)

julia NLsolve package as a highly flexible
method for solving fixed point problems
m = 0: Picard iteration
m != 0: Anderson
acceleration

eigensolver which takes
photons, constructs effective
potential felt by electrons, and
diagonalizes

julia: easily exploit structure through types makes it
easy to interface with other software and easy to
write common code to different methods

Gives opportunity to “feed in”
results from generic quantum
eigensolvers and Maxwell eigensolvers
like MPB, COMSOL, etc.

