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ABSTRACT
Integrating coherent light sources at the nanoscale with spasers is one of the most promising applications of
plasmonics. A spaser is a nano-plasmonic counterpart of a laser, with photons replaced by surface plasmon
polaritons and the resonant cavity replaced by a nanoparticle supporting localized plasmonic modes. Despite
the large body of experimental and theoretical studies, the understanding of the fundamental properties of the
spaser emission is still challenging. In this work, we investigated the ultrafast dynamics of the emission from a
core-shell spaser by developing a rigorous first-principle numerical model. Our results show that the spaser is
a highly nonlinear system with many interacting degrees of freedom, whose emission sustain a rich manifold of
different spatial phases. In the regime of strong interaction we observed that the spaser emission manifests an
irreversible ergodic evolution, where energy is equally shared among all the available degrees of freedom. Under
this condition, the spaser generates ultrafast vortex lasing modes that are spinning on the femtosecond scale,
acquiring the character of a nanoparticle with an effective spin. Interestingly, the spin orientation is defined by
spontaneous symmetry breaking induced by quantum noise, which is a fundamental component of our ab-initio
model. This opens up interesting possibilities of achieving unidirectional emission from a perfectly spherical
nanoparticle, stimulating a broad range of applications for nano-plasmonic lasers as unidirectional couplers,
random information sources and novel form of photonics neural-networks.
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1. INTRODUCTION
Many applications require the development of an integrable source of coherent light at the nanoscale. Among
the possible candidates, the spaser is considered as one of the most promising solutions.1–3 In a spaser device a
plasmonic resonance, namely a Surface Plasmon Polariton (SPP) of the structure, is amplified by the presence
of a resonant medium.4 If the incident pumping power exceeds the spasing threshold, the spaser can sustain
fully optical and coherent emission, which has been postulated theoretically and observed experimentally.5–7
From a theoretical perspective, great effort has been spent on providing a quantitative insight on the spasing
threshold conditions. Neverthless, the theoretical understanding of the spaser is still challenging in many aspects.
Classical and semi-classical methods, in fact, usually provide limited information on the temporal dynamics of
the spontaneous/stimulated transition and on the evolution and mutual interaction of the spatial modes of the
system before and during the lasing stage. The description of these dynamics requires the development of a
rigorous time dependent method in which the amplyifing medium is treated in a fully quantum-mechanical
framework. At the same time, a major experimental challenge in the understanding of the spaser dynamics lies
in the difficulty of studying the detailed lasing emission of a single nanostructure. This information can provide
essential data to get clear insights on the physics of the system. In order to address some of these challenges, in
this work we investigate the dynamics underlying the emission from a single spaser by using massively parallel
Finite-Differences Time-Domain (FDTD) ab-initio simulations.8 As a relevant case study, we considered a coreshell nanostructure in which a metallic core is coated with a shell of resonant material. The core-shell geometry
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Figure 1. First-principle results on the spaser emission under different dye doping concentrations Na .
(a)-(c) Snapshot of the spatial distribution of electromagnetic energy. Panels (d)-(f) show the electric field evolution
(normalized with respect to a reference value E0 ) probed in proximity of the spaser. In the spinning phase (c,f), the
energy emission of the spaser is ≈ 10 times larger than in the multipole configuration (a,d).

allows for a precise design of the resonance spectrum just by varying the geometrical parameters of the structure
and, therefore, is one of the most widely adopted configurations for the spaser.9, 10 In order to simulate a spasing
device, we implemented a full set of vectorial Maxwell-Bloch (MB) equations into the FDTD algorithm with a
novel approach which explicitly considers the dispersion of the metal core. Interestingly, our simulations show
that in the lasing regime the spaser emission is characterized by a novel type of rotational vortex-like patterns.
The occurrence of a rotating emission opens new perspectives in the application of the spaser as a nanoscopic laser
source, provided it can be exploited to produce unidirectional emission while preserving the spherical symmetry
of the core-shell nanostructure.

2. FDTD ANALYSIS OF THE SPASER EMISSION
A rigorous ab-initio simulation of a core-shell spaser has to take into account the presence of both the metal
core and the resonant medium. The response of the composite system is given by the total polarization field PT ,
which can be conveniently splitted into its linear and nonlinear contributions, namely P =
R Plin + PN lin . The
linear polarization takes into account the linear dispersion of the media, i.e. Plin (t) = ε0 dt0 χlin (t − t0 )E(t0 ).
The nonlinear polarization, conversely, describes the interaction between the electromagnetic field and the atoms
composing the resonant medium. The evolution of the system can be studied by solving Maxwell’s equations
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with opportune additional equations for the polarization terms.8, 11 In this work we model the resonant medium as
a four-level atomic system with a ground state and three degenerate excited states, accounting for independent
tra. The energy difference between the excited and ground states is set as ~ω0 and the quantum system is
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described using the density operator formalism. As a result, the evolution of the nonlinear polarization follows
the Maxwell-Bloch (MB) equations, which in a three-dimensional space read

PN lin = eq0 Na [S1 x̂ + S4 ŷ + S9 ẑ]


h
i

X

(0)
∂t Sl =
Γlm Sm − γll Sl − Sl



Γ = j Tr{H[λ , λ ]} , γ = 1/τ .
l
m
ij
ij
lm
2~

(2)

Here Sj is the j-th component of the Bloch coherence vector, Na is the density of polarizable atoms in the
medium, λi is the i-th generator of the SU(4) group, τij are decay times and H is the Hamiltonian of the
atomic system.12 A full derivation of Eqs. (2) and the description of all the physical quantities can be found
in.13, 14 We solved Eqs. (1) and (2) inside the Finite-Differences-in-Time-Domain (FDTD) framework using our
massively parallel FDTD simulator NANOCPP.15, 16 More specifically, we used a novel computational approach
which explicitly takes into account the presence of material dispersion.17 In our simulations the computational
domain was organized as follows: the spaser was placed in the center of a box with 1µm side, and each spatial
direction was discretized with 400 points (spatial resolution in air: 2.5nm). In order to simulate an open system,
we used Uniaxial Perfectly Matched Layer (UPML) boundary conditions.8 Additionally, in our simulations we
explicity considered the presence of quantum noise, whose amplitude is set in terms of the system temperature
T .18 The geometry of the core-shell spaser is set as an Ag core embedded in a Rodhamine800-doped silica shell,
which corresponds to a typical experimental configuration.6 In order to characterize the emission dynamics of
the spaser, we conducted an extensive campaign of simulations for a two-dimensional core-shell structure and
for different values of the pumping power Na . Interestingly, above the spasing threshold, the emitted field is
characterized by different spatial phases, which are shown in Figure 1. More specifically, for values of Na slightly
above the spasing threshold, the emitted field is characterized by a single-mode stationary emission (Fig. 1a-d,
3
Na = 1027 part/m ). This regime corresponds to the standard spasing mechanism, with a single multi-polar
mode being amplified by the resonant medium and achieving lasing. For increasing incident powers, however,
the emitted field is characterized by the superposition of multipolar and rotational evolutions, corresponding to
3
the competition and mutual interaction of different lasing modes (Fig. 1b-e, Na = 2.25 × 1027 part/m ). Finally,
3
for values of Na > 2.5 part/m , the spaser emissions is fully stable and characterized by a purely rotational
evolution with angular rotation equal to the emission frequency ω0 (Fig. 1-f), Na = 3 × 1027 ). Interestingly,
due to to the presence of quantum noise, the direction of rotation of the emitted field changes randomly across
different realizations of the spaser.
The occurrence of a spasing transition can be verified by measuring the spectral narrowing and the peak
power as a function of the pumping rate, which are shown in Fig. 2. The spasing action is confirmed by
the characteristic “S”-shaped behavior of the intensity peak versus density Na (green dots), as well as by the
exponential narrowing of the emission linewidth (red dots), which approaches an almost constant value in the
spasing regime. Interestingly, in the LL-plot the transition from a single-mode spasing to the fully rotational
emission is marked by the occurrence of a seond high-power transition. The final linewidth of the spaser is of
the order of 1 − 2 nm, which is in quantitative agreement with experimental results.19, 20 The similitude of Fig.
2 with Fig. 3b of,19 suggests the possibility that the spasing rotational dynamics can be observed within the
pumping ranges of current experiments.

3. CONCLUSIONS AND FURTHER DEVELOPMENTS
We have investigated the ultrafast dynamics of the spaser by means of first-principle numerical methods. We
have illustrated how the core-shell spaser, despite its simple geometry, shows a remarkable complexity that is
able to sustain a rich scenario of different phases. While the theoretical analysis of the nonlinear dynamics
underlying the rotational emission goes beyond the scope of this paper, it can be shown how our results open
to the attractive perspective of using spasers as a new type of unidirectional sources. A fundamental problem
in plasmonics is to achieve unidirectional light coupling, where the direction of propagation of surface plasmon
polariton (SPP) waves can be controlled at the nanoscale.21 The possibility to obtain a stable rotating dipole
emission in the spaser opens up the possibility to integrate unidirectional energy sources in spherically symmetric
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systems. In order to build a unidirectional launcher with the spaser, we took inspiration from the large literature
on rotating dipole systems.22, 23 Figure 3b-c illustrate two snapshot of the electromagnetic energy density for the
structure of Fig. 3a, in which the spaser is placed near a metallic Ag plane. As seen in the figure, the light matter
interaction between the spaser and the metal surface induces the generation of unidirectional surface plasmon
polariton (SPP) waves, which propagate in the metal-dielectric interface by following the rotation direction of the
energy emitted by the spaser. At the same time, another intriguing question is related to the mutual interaction
of an ensemble of rotating spasers. Provided each rotating spaser can be interpreted as a nanoparticle with an
“effective” spin, an ensemble of spasers represents an ideal candidate for a random multi-spin system. Systems
with random spins, which is considered as the archetype of a complex system, have inspired a large number of
fascinating applications, ranging from novel classes of error correcting codes,24 to new concepts in neurobiology
and brain functions.25
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Figure 2. Lasing characterization and spasing threshold. Double logarithmic LL plot of lasing intensity (green
circles) and emission linewidth (red circles). In the multipole lasing emission region, we observe the simultaneous occurrence of a nonlinear enhancement of the lasing intensity and the formation of a plateau in the spectral narrowing, which
are the characteristic signature of a spasing transition. These results are in accordance with the experimentally observed
transitions for single spaser structures.19, 20
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Figure 3. The rotating spaser as unidirectional energy launcher. In panel (a), we considered a spaser placed in
proximity of a metallic Ag surface (a, left). According to the spin orientation acquired by the laser in the rotational
phase, energy is coupled on SPP wave trains that propagate in different directions along the x axis (panels b and c).
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