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Deliverable description

This deliverable consists in a report on our proposal to use rare earth-ions to
deterministically launch graphene plasmons with specific direction of propagation.

Introduction and context

In a previous article [1] we demonstrated that a collection of ions in the near vicinity of a
graphene sheet may couple collectively to the continuum of graphene plasmon modes,
and the entire system may display a normal phase, a spin-glass phase and a Dicke
superradiant phase. The emitter density, and the plasmon density of states, controllable
by a gate voltage, are the crucial parameters governing the phase transitions of the
system.

In this report, we present a new analysis [2], where we propose to use a laser excited
ensemble of ions to deterministically launch surface plasmon wave packets. The proposal
aims to match the capabilities and goals of our experimental NanOQTech partner at ICFO,
and the next step involves detailed discussions with the experimental team.

The main, original component in our proposal is the use of a sequence of laser pulses from
different directions to provide a so-called timed-Dicke state, with spatial phases that are
matched to the plasmon wave number. A main theoretical challenge addressed by our
work is the non-Markovian character of the coupling to the plasmon and their rapid
damping.

The proposal

Surface plasmons have shorter wavelengths than optical photons at the same energy, and
______ therefore an optically excited ensemble of

(@) £\ [e) emitters will not obey the spatial phase
¥ matching condition for coherent emission into
—1s) plasmon modes. We propose to remedy this
=== gy difficulty by application of multiple excitation
and de-excitation laser pulses from different

®) directions, thus accumulating rapidly varying
\ { phase factors, see Fig 1. If the first laser pulse

ey  excites a superposition of states with only one

e A excited emitter (e.g., by a heralded mechanism),
- =ls) the ion ensemble is optically thin for the
k, ’ ““*"19) subsequent in-plane lasers pulses, and when we
) m-pulses reach the final phase-matched state, it
experiences a collectively enhanced coupling to

AAAAAAA the plasmon mode with the desired in-plane

m-pulse sequence time wave vector.

Figure 1 Scheme for preparation of a graphene surface plasmon phase matched timed-Dicke state. (a) Raman excitation of
one of the emitters into the excited state |e>, using uniform optical illumination perpendicular to the surface. (b) lllumination

by a train of m-pulses on the |s> « |e> transition, driving the emitters to the target timed-Dicke state with spatially depending

phase factors.
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Analysis and results

Our analysis assumes a rather generic description of the plasmon field (solution of
Maxwell equations in presence of a surface with specified conductivity properties), while
our quantitative results are obtained with a Drude model matched to the graphene case.
The presence of only a single quantum of excitation allows expansion of the full quantum
state of the emitters and quantized fields on a basis of singly excited states.

The plasmon degrees of freedom can be formally eliminated leading to closed sets of
equations for the emitter excited state amplitudes, and transforming to a wave number
representation, the “spin wave” excitation amplitudes obey coupled equations,
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The equation couples different spin-wave amplitudes in a non-Markovian manner,
according to the propagation of the electric field among the emitters, and the overlap of
wave number modes, {, evaluated over the finite volume occupied by the ions.

Depending on the parameters, the equation has damped oscillatory or exponentially
damped solutions, and the subsequent evaluation of the field amplitudes yields the
desired outcome: launching of a single plasmon in spatio-temporal mode with well-
defined propagation vector.
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Figure 2. Wavenumber distribution for graphene surface plasmons, by an ensemble of ions located 10 nm from the graphene
sheet. The ensemble size (a) L = 1000 nm; (b) L = 100 nm ensure the phase matching condition for the emitted plasmon with
a wavelength of Asp = 36.2 nm.

Conclusion

We have in the framework of the NanOQTech project derived a formalism that accounts
for the evolution of an excited ensemble of ions, interacting with the continuum of
damped surface plasmon modes. We go beyond the usual quantum optics formalism to
account for plasmon damping and for finite band-width effects, and we obtain an
explicitly non-Markovian formalism, that we can study in different parameter regimes.
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Our analysis shows that it is possible to observe the coherent interactions between the
plasmon field and spin-wave like excitations in the ensemble and to induce a
deterministic launching of plasmons.

In succession to the work reported here, we plan to

e develop and investigate the performance of the launching proposal in
collaboration with the experimental partners.

e consider different kinds of plasmons

e extend the model to the launching of higher excited states (the equations are
basically linear, and we expect that weak coherent, squeezed or number state
excitations of the ensemble of ions will also be launched as similar states of
plasmons.
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