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Chapter 1

Introduction

1.1 A profound fascination with light

The interaction of light with matter is a source for life on Earth, and forms
the complete human visual experience. It is therefore not surprising that
humans are captivated by light in a spiritual way, viewing light as a symbol
for enlightenment, creation and hope across cultures and religions, and also
in an artistic way, as expressed in some of the most iconic paintings in history
(e.g., Caravaggio’s Calling of St. Matthew, Rembrandt’s Night Watch, Van
Gogh’s Potato Eaters). Our awe with the phenomenon of light sparks our
scientific interest. For ages we have asked ourselves the questions: What is
light? How does it behave, and how can we control it? Already in ancient
civilizations people studied refraction, the bending of light by a medium with
higher refractive index n. Snellius formalized the law of refraction in the
17th century, which led to the technological advancement of microscopes to
study the world of small things and telescopes to look at the universe. In
the same period, Huygens conceptualized the wave nature of light. This
realization, followed by discoveries related to electric and magnetic fields, laid
foundations for a milestone scientific achievement by Maxwell in 1865: The
formulation of the Maxwell equations [1], from which he deduced that light
waves travel at constant speed c. Besides the huge implications for relativity
physics and quantum mechanics, the increased scientific understanding of
light subsequently led to ever increasing technological advancements that de-
fine our modern day societies. In the 20th century, people invented ever more
ingenious light sources, such as the laser and light-emitting diodes (LEDs) [2],
as well as exquisitely sensitive light sensors, such as pixel-array based CCD
[3] and CMOS [4] cameras. Hand in hand, these innovations revolutionized
scientific research across disciplines, while also becoming a part of every day
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life through, for instance, current smartphone technology. What is more, op-
tical fibers were invented [5] for transmission of information-encoded light
beams, and the worldwide fiber network currently enables modern internet
communication across continents. In the present day, scientists experience a
resurgence in interest in optical processors that perform logical operations on
information-encoded light waves, deemed particularly promising as running
artificial intelligence algorithms with low energy cost [6, 7].

Reflecting on the magnificent progress in the science of light as assessed
above, it is clear that many advances in history have been pushed by our
desire to understand and control light. As we aim to understand and control
behavior of light in ever smaller devices – the ambition of the field called
nanophotonics – it has proved challenging to obtain sufficiently strong light-
matter interactions [8] to effectively control the scattering and propagation of
light. Nonetheless, it has recently become clear that it is possible to generate
light-matter interactions that are strong enough to manipulate optical wave-
fronts at will, even in optical devices which in one dimension are much thinner
than a wavelength. Such devices are called metasurfaces [9].

1.2 Metasurfaces

Metasurfaces emerged from the field of metamaterials [11, 12] as optically
thin, two-dimensional (2D) planar systems composed of nanoparticles whose
resonances offer extraordinary capabilities to control amplitude, phase and
polarization of interacting light beams [9, 13, 14]. The surfaces constitute
dense arrays of subwavelength resonant scatterers (also called optical anten-
nas) with subwavelength interparticle spacing, generating a spatially varying

(a) (b)

Figure 1.1: Illustration of scattering and light-emitting metasurfaces. (a) Scattering
metasurfaces are 2D ensembles of nanoparticles that are both subwavelength in size
and in interparticle distance. The strong antenna resonances can be tuned to locally
vary metasurface phase response, for instance to redirect the incidint wavefront into an
arbitrary direction in the far-field. (b) Light-emitting metasurface: Pump light in blue
excites emitters embedded in the metasurface, whose carefully designed nanoparticle
array exerts control over subsequent emission to the far-field (yellow-red). Images
reused from Ref. [10], courtesy of R. Kolkowksi.
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1.2 Metasurfaces

response to transmitted or reflected waves, see Figure 1.1(a). These arrays
generalize the classical (19th century) notion of a diffraction grating in sev-
eral ways. First, in a diffraction grating, objects are arrayed at pitches well
above a wavelength, causing grating diffraction orders to appear. Instead, in
metasurfaces the scatterers are subdiffractively spaced. Second, in classical
diffraction gratings the unit cells are identical, whereas in a metasurface they
are individually tailored to locally shape amplitude and phase response [13].
Third, to shape amplitude and phase response effectively, the scatterers, or
meta-atoms, are often taken to have internal scattering resonances that de-
rive from the constituent material and shape. Research on such scattering
metasurfaces form a rich body of literature, for instance exhibiting anomalous
refraction [15], lenses [16], geometrical phase change [17], and polarization
state conversion [18]. We wish to distinguish scattering metasurfaces that are
designed to transform incident waves as described above, from light-emitting
metasurfaces: Metasurfaces that have emitters (quantum dots, quantum wells,
dye molecules) embedded in their design so that the whole forms a flat nano-
structured source of tailored light fields [10], see Fig 1.1. In contrast to scat-
tering metasurfaces, light-emitting metasurfaces often do operate on basis of
diffraction, while still possessing strongly collective near field modes. This
connects them to recently emerged interest in nonlocal metasurfaces [19–23].
Although dipolar emitters in light-emitting metasurfaces radiate incoherently
and isotropically, multiple scattering leads to directional emission, i.e., partial
spatial coherence that can be tailored by engineering the diffractive collec-
tive modes [24, 25]. Resonant unit cells distinguish light-emitting metasur-
faces from similar light-emitting photonic crystal research [26]. Light-emitting
metasurfaces have been studied in the context of directionality of thermal
emission [27], for light-emitting-diodes [28] and 2D lattice lasing [29–31]. In
general, metasurface research comes with an advanced toolbox for function-
ality design by means of both meta-atoms themselves (structure, resonances,
orientation) and their placement in the surface (interparticle spacing, lattice
symmetries).

1.2.1 Plasmonic nanoparticles

Two types of metasurface building blocks are prevalent, namely metallic
nanoparticles machined out of noble metals like gold and silver on one
hand, and dielectric nanoparticles of high refractive index on the other hand.
Metallic nanoparticles host resonances coined localized surface plasmon
resonances (LSPR): A plasma of free electrons in the metal nanoparticle
resonantly oscillates with an incoming radiation field [32, 33]. These
oscillations generate strongly localized near field hotspots near the surface
of the nanoparticle, where high local density of optical states lead to Purcell
enhancement of radiation channels for emitters that are coupled to the
nanoparticle [34]. Plasmonic nanoparticles are extremely strong scatterers for
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Figure 1.2: Metallic nanoparticle with localized surface plasmon resonance. (a) Sketch
of the LSPR: When the metallic nanoparticle is placed in the oscillating electromagnetic
fields of a passing light wave (in red), free electrons in the metal sphere make high
density clouds near the surface, leading to separation of charges. (b) The charge
separation creates an effective electric dipole moment, that can oscillate resonantly
with the light field. (c) Calculated extinction spectra for metal nanoparticles in glass
(ϵhost = 1.452). The blue to red curves indicate sizes of 40-120 nm, in steps of 10 nm.
Ohmic parameters in the Drude model are ωp = 1.5 · 1016 rad/s and γp = 0.05ωp. The
unitary limit of maximal possible extinction is plotted in dashed black. Note how both
redshift and broadening become increasingly important for larger diameters, as a result
of radiation damping.

their size: Their extinction cross-sections can be more than ten times the actual
cross-sectional area of the particle [33]. However, the large Ohmic resistance
that the oscillating electron cloud experiences can lead to strong absorption
losses.

We shortly review a canonical framework for scattering by plasmonic
nanoparticles [35]. The model starts with a Drude model for the dielectric
response function of a metal at frequency ω, which is due to the electron
plasma

ϵ(ω) = ϵ∞ − ωp

ω2 + iγω
. (1.1)

Here, ϵ∞ accounts for the permittivity contributed by bound charges of the
constituent atoms of the metal, while ωp represents the electron plasma fre-
quency and γ quantifies the Ohmic damping rate. The plasma frequency
directly depends on the electron density and effective mass, and for Ag and
Au is in the blue/UV part of the optical spectrum [36]. For frequencies in this
range, the dielectric constant is negative, yet in magnitude it is of order unity.

When driven by light, a small nanoparticle acts as a dipole scatterer, with
the magnitude and phase of the dipole moment that is induced by the inci-
dent field E set by the complex-valued polarizability. In a convention where
polarizabilities α have units of volume, this statement reads

p = 4πϵhostϵ0αE, (1.2)
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1.2 Metasurfaces

with p the dipole moment induced by electric field E, see Figure 1.2(a,b). For
a particle in host medium with permittivity ϵhost, we find the polarizability
within the Rayleigh approximation for small spheres of radius r as[35]

α0(ω) = r3
ϵ(ω)− ϵhost

ϵ(ω) + 2ϵhost
. (1.3)

This static polarizability function generally displays a Lorentzian lineshape
(when ϵ∞ = ϵhost) for the localized surface plasmon resonance that peaks
at the condition Re{ϵ(ω)} = −2ϵhost. The LSPR resonance frequency is at
ω0 = ωp/

√
3ϵhost. Appealing for metasurfaces is the combination of large

scattering cross-sections, and the fact that the polarizability varies in phase
when tuning across the resonance. Scattering towards the far-field presents a
loss channel for the dipole resonance that comes on top of the intrinsic Ohmic
loss. This radiation damping is especially significant for larger-sized particles,
and it is expressed by the need to include a radiation damping factor i2/3k3

in the dipole polarizability as

αdyn(ω) =
1

1/α0 − i2/3k3
, (1.4)

where k = nω/c is the wave number in medium n =
√
ϵhost surrounding

the scatterer [37, 38]. For the resulting dynamic polarizability, scattering and
extinction cross-sections

σext = 4πkImαdyn σscatt = 8π/3k4|αdyn|2 (1.5)

satisfy the optical theorem: extinction equals scattering in absence of Ohmic
loss (real-valued α0), and else extinction minus scattering equals absorption.

Figure 1.2(c) shows calculated extinction cross-sections for plasmon
spheres of varying diameters. For small spheres, the extinction cross-section
is up to 10-fold the geometrical cross-section πr2, and the peak cross-section
grows with particle diameter. As the particle gets larger in diameter, radiation
damping becomes more important, leading to a significant broadening of
the LSPR and a significant redshift. Moreover in the limit of |α0| → ∞,
dynamic polarizability does not reach infinite values: αdyn is subject to a
fundamental unitary limit set by the radiation damping term (i.e. i2/3k3), and
as a consequence the dipole cross-section is limited to 3λ2/(2πn2). This limit
is overplotted in Fig. 1.2(c) as a dashed black line. It represents the strongest
scattering that can be achieved with any dipolar scattering object, be it a
plasmon particle or, e.g., an atomic scatterer probed on resonance.

The above analysis covered a simple isotropic nanoparticle that exhibits
equal polarizability in the x, y, and z directions. As metasurface building
blocks, plasmonic nanoparticles in fact offer much more design freedom, as
they can be made anisotropic and obtain different polarizability resonances
along three principal axes. Even more design freedom is offered by including
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anisotropic magnetic dipolar terms for instance with split-ring antennas [39,
40], or by making shapes and coupled systems with multipolar (e.g. electric
quadrupolar) resonances [41].

1.2.2 Mie-resonant particles

Owing to the strong optical absorption of metal nanoparticles, all-dielectric
metasurfaces receive much attention [42–44]. Since resonances in dielectric
structures typically require to fit a standing wave in the structure, it is a
challenge to obtain resonant responses in a subwavelength object, unless
the refractive index is high. In dielectric metasurfaces, the meta-atoms
are often semiconductor particles made of materials like silicon, titanium
dioxide, or III-V semiconductor, which present significantly higher index
than their surroundings, typically air or glass. At high index contrast,
even subwavelength particles can host electric and magnetic dipolar Mie
resonances [45]. Instead of the actual current represented by oscillating free
charges, the origin of these resonances can be viewed as local displacement
current oscillations that form electric and magnetic multipolar resonant
modes. The benefits of Mie-resonant particles over plasmonic nanoparticles
is that they come with essentially zero absorption losses, while they still
offer versatile engineering of scattering resonances. For instance, by tuning
dielectric contrast and shape, one can find frequency regions in which
multiple Mie modes contribute to resonant scattering. Silicon nanospheres
can for instance exhibit complex interference signatures in the far-field,
such as Kerker conditions when electric and magnetic dipoles overlap,
anapole modes, and toroidal dipoles [43]. However, only for sufficiently
high refractive index contrast with the background medium, Mie-resonant
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Figure 1.3: Mie calculations of extinction by a Silicon sphere. The sphere has diameter
200 nm and ϵ = 12, and resides in air backround. The thick, darkblue line represents
total extinction, while the red and blue colors indicate magnetic and electric multipolar
contributions. Solid lines are the first dipolar contributions, while dashed lines represent
the higher multipolar modes. The black dashed line is the unitary limit for dipole
extinction.
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1.2 Metasurfaces

particles can obtain extinction cross-sections comparable to those of plasmonic
nanoparticles.

In Figure 1.3 we show a Mie calculation of extinction by a 200 nm silicon
sphere in air (lossless, taking ϵ = 12). We distinguish between magnetic and
electric contributions with red and blue colored lines respectively, and dotted
lines mean higher order multipolar modes. Also here, as in Fig 1.2, we plot the
unitary limit for dipolar radiation as a black dotted line, which the magnetic
and electric dipolar modes touch. All-dielectric Mie-resonant metasurfaces
attain interest not only for linear, but also for nonlinear wavefront control,
benefiting from the nonlinear susceptibility of semiconductors [46–48].

1.2.3 Periodic metasurfaces
Light-emitting metasurfaces are often structured in a periodic fashion. There-
fore, standard concepts in solid-state physics for electrons in crystals also
apply to photons in many light-emitting metasurfaces. For instance, the re-
sponse of a periodic metasurface is often studied in terms of its photonic band
structure, a method developed in photonic crystal research [49]. A commonly
employed geometry for light emitting metasurfaces is to embed emitters in a
2D slab waveguide, together with a periodic lattice of optical nano-antennas.
The benefit of the 2D waveguide is that even at modest index contrast it
will present the main emission channel into which the emitters radiate [50].
The waveguide mode essentially determines the magnitude of the in-plane
momentum of the emitted light, imparting a degree of spatial coherence to
the emission, which can be utilized in the far field by diffraction. This method
of directing light emitted from metasurfaces was pioneered by J.-J. Greffet
for thermal emission [24, 25, 27], and was extensively researched for LED
applications [26, 28].

Photons traveling through a waveguide with a periodic perturbation de-
fined by a lattice with vectors R, behave like Bloch waves: They are solutions
of the electromagnetic wave equation that obey Bloch’s Theorem [8, 36, 49].
Bloch’s Theorem can be written as

ψn
k (r + R) = eik·Rψn

k (r). (1.6)

This statement from solid state physics deals with modal solutions (Bloch
modes) that are written as a wave function ψn

k (in solid state physics pertain-
ing to electron wavefunctions, here to classical electromagnetic fields), and
that are eigenfunctions of the wave equation (without driving term) in a peri-
odic medium. According to Bloch’s theorem, such solutions have the property
that their values at position r or at a position r+R shifted by any lattice vector
R, are identical up to a phase factor written as eik·R. An equivalent way to
write this, is to demand that the solutions have the form

ψn
k (r) = eik·run

k(r) (1.7)
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Figure 1.4: Folded zone scheme in the free-photon approximation for a hexagonal
lattice. (a) The linear energy-momentum dispersion of light leads to conical dispersion in
(ω, kx, ky) space in orange, which is repeated at the reciprocal lattice points. (b) Energy
crosscut through the cones in (a), forming a (kx, ky) Fourier image. The Brillouin zone is
displayed in light blue, and the irreducible BZ in dark blue, together with high symmetry
points Γ , M and K . The pitch is chosen such that the folded circles intersect at the K -
point, highlighted as a white-red dot. (c) Photon (ω, k||) dispersion image, obtained by
crosscutting the cones in the energy plane. The band intersection at the K -point is again
indicated as a white-red dot.

where the function un
k(r) = un

k(r + R) has exactly the same periodicity as
the dielectric function at hand. The wave vector k that enters the phase fac-
tor and that labels the solution is also known as ‘Bloch wave vector’, ‘crys-
tal momentum’, or ‘quasi momentum’. For a specific k, the wave equation
comes with a countable infinite set of Bloch eigenstates ψn

k (optical fields) that
possess discretely spaced energy eigenvalues En

k (optical frequency), and for
each solution we assign an index n that enumerates the energy bands. The
mapping of energy eigenvalues versus wave vectors forms the band structure
of allowed energies for photons.

A useful starting point to understand the effect of the lattice symmetry on
the photonic band structure is the free-photon dispersion approximation. As
example we take a 2D lattice of hexagonal symmetry with lattice constant a,
for which the set of lattice vectors R are spanned by two basis vectors a1,2

R = ia1 + ja2, a1 = (a
√
3/2, a/2), a2 = (0, a), (1.8)

where i and j are integers. On basis of the real space lattice, the reciprocal
lattice is the set of vectors G that satisfy the property eiG·R = 1 for all real
space lattice vectors R. The reciprocal lattices comprises the integer linear
combinations of basis vectors G1 and G2

G = mG1 + nG2, G1 =

( 2π
2
√
3a

2π
2a

)
, G2 =

( 4π
2
√
3a

0

)
, (1.9)

withm and n integers. In the reciprocal lattice, the first Brillouin Zone (BZ) can
be composed as a Wigner-Seitz cell unit cell constructed from G1 and G2. The
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1.2 Metasurfaces

first BZ of the hexagonal lattice also has hexagonal symmetry and is indicated
in blue in Figure 1.4(a).

For 2D periodic lattices in a 3D space, discrete translation invariance in
the xy-plane mandates that in-plane momentum k|| = (kx, ky) is a conserved
quantity, up to reciprocal lattice vectors. This law is also known as the grating
diffraction law, and is identical in form to the law stipulating the allowed
angles for Von Laue diffraction by crystals: For a photon impinging on the
lattice with parallel momentum k′

||, constructive interference into a photon
with momentum k|| will occur, provided their difference is exactly a reciprocal
lattice vector,

k′
|| = k|| + G. (1.10)

This relation is also contained in the first formulation of Bloch’s Theorem in
Eq.(1.7): Solutions with quasi momentum k|| and k|| + G clearly result in the
same net phase pickup exp[ik|| · R] when shifting by a lattice vector R, since
eiG·R = 1 [36]. The implication is that all bands can be uniquely enumerated
by constraining wavevectors to the first Brillouin Zone, since any k′

|| outside of
the the BZ is indistinguishable from wavevector k|| inside the BZ, by virtue of
Eq. (1.10). This ‘folded’ band scheme is useful to summarize band diagrams.
Sometimes it is useful for physical insight to instead examine ‘repeated zone
scheme’ band diagrams, plotting also the band structure replicas based at
nonzero G.

Figure 1.4(a) presents a repeated zone scheme dispersion relation in the
(nearly) free photon approximation. The starting point is that the photon
dispersion for a homogeneous 2D system of refractive index n is a cone in
(ω, kx, ky)-space, given by ω = c/n|k| where c is the speed of light. This
cone, displayed in orange, is replicated in momentum space at each reciprocal
lattice vector G. Common spaces to study a photonic band structure in optical
experiments are the (kx, ky) space (Fourier space, imaged at a single frequency
ω in Fourier microscopy), shown in panel (b), and the (ω, k||) space (dispersion
diagram, typically fixing a line such as kx = 0 in momentum space) in panel
(c). The Fourier space image in panel (b) highlights the BZ in blue, and the
repeating circles result from taking a fixed frequency crosscut through panel
(a). Special points within the BZ are the center (Γ -point), the corners (K -
points) and the points in between the corners (M -points). For specific lattice
spacings, multiple repeated Bloch modes can intersect at these so-called high-
symmetry points. For the band diagram (c), the wave vector axis to the left
of the Γ -point follows a linear trajectory from Γ through M , while to the
right of Γ the wave vector is swept over a linear trajectory from and through
K . While a textbook band structure would strictly follow the trajectory M −
Γ − K − M (contour of the irreducible part of the Brillouin zone), here, for
illustrative purposes, the dispersion relation is extended on linear trajectories
also beyond the special points K and M , bringing out the geometry of the
bands as lines and cones, and the occurrence of intersections. Bloch mode
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intersections occurring at the M , Γ and K -point are indicated with white-red
dots.

The free-photon approximation does not take into account the actual
strength of scattering interactions, and describes photonic interactions in the
limit of zero contrast in the dielectric function between the host medium and
meta-atoms. For dielectric photonic crystals, such interactions are commonly
taken into account by means of plane wave expansion methods [49]. At high
symmetry points, the band crossings in the repeated free photon dispersion
relation generically turn into anticrossings: The periodic dielectric contrast
couples the bands, and the coupling of degenerate bands (crossings) usually
turns into energy splittings, known in literature as stop gaps. In exceptional
cases, even in presence of dielectric contrast, such band degeneracies can
occur. A famous case in point are the K -point Dirac cones in hexagonal
lattices, which also occur in photonic systems [51–54]. Based on group-
theoretical arguments, each band can be assigned a modal symmetry, or an
irreducible representation even without having to solve the wave equation
in real space [49, 55]. Already in 1992, Robertson et al. [56] showed that
photonic crystals can exhibit modes that are symmetry-mismatched with
the polarization symmetry of far-field radiation and hence are not allowed
to couple [49, 57, 58]. These modes are dark modes within the radiation
continuum and they possess infinite quality factor (in absence of absorption
losses). Later, in the 2010s, these modes were labeled symmetry-protected
BICs, and it was realized that quasi-BICs exhibit polarization singularities
carrying topological charge [20, 59–61]. This field has given rise to a body
of literature on symmetry-protected bound modes as well as studies of
slightly symmetry perturbed geometries in which symmetry-protected
bound modes become slightly leaky. Such so-called quasi-BICs often result
in Fano lineshapes in optical reflection and transmission that emerge as a
consequence of interference between the narrow quasi-BIC resonance and
non-resonant background reflection/transmission contributions. Quasi-BICs
receive interest for their high quality factors, which typically follow a square-
root dependence with the geometrical symmetry breaking parameter as one
approaches the true BIC condition [19].

Plasmonic metasurfaces are distinct from photonic crystals due to the dis-
persive metal permittivity, the plasmon resonance of the scatterers in the unit
cell, and the fact that plasmons exhibit loss. These systems even fundamen-
tally challenge the notion of ‘modes’ and ‘band structures’: Strictly, eigen-
solutions with real valued wave vectors and frequencies do not exist. In-
stead, observables like reflection, transmission and absorption show resonant
features reminiscent of band structures, that are somewhat imprecisely dis-
cussed in the language of Bloch modes and band structures. In this lan-
guage, hybridization between the plasmon resonance and Rayleigh diffrac-
tion anomalies (these essentially are the folded free-photon dispersion cones),
lead to collective modes called surface lattice resonances [10, 38, 62, 63]. An
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1.3 Amplifying metasurfaces

interesting feature of 2D plasmonic metasurfaces is that the surface lattice
resonances carry strong near fields, while symmetries and tuning of the lo-
calized resonances relative to the Rayleigh anomalies give access to a variety
of band structures. However, these systems are notoriously hard to model
with plane wave-based Maxwell-equation-solvers, as plane wave expansions
struggle with the huge discontinuities in permittivity and concomitantly in
electric field that dispersive plasmonic permittivity functions in the unit cell
entail. Recently, the T-matrix code treams developed by D. Beutel et al. [64]
was shown to be a suitable tool for this problem (see e.g. the supplement of
Chapter 6, where a calculation approach with reciprocity arguments to model
emission is implemented by D. Pal from AMOLF in treams).

While surface lattice resonances exist for plasmonic lattices without any
embedding layer, many designs for light-emitting metasurfaces include a slab
waveguide. A slab waveguide is a 2D finite thickness slab with higher re-
fractive index than its surroundings, for which total internal reflections leads
to confined propagation in the 2D slab: k|| > k0, with k0 the free space
wavenumber. Slab waveguides by themselves are translationally invariant
structures in the plane, and therefore have solutions of conserved in-plane mo-
mentum k||. Waveguide modes of 2D slabs are either transverse-electric (TE)
or transverse magnetic (TM) polarized: Either the E-field or H-field oscillates
fully in the plane of the slab and perpendicular to the in-plane momentum.
In general, slab thicknesses are chosen such that it allows for just a single TE
mode, or a single TE and a single TM mode. To first order, the bandfolding
picture applies for both polarizations separately, starting with a dispersion
such as the orange cone in Fig 1.4(a), which is then repeated by the period-
icity of the metasurface. For plasmonic metasurfaces, the waveguide mode
hybridizes with the plasmon lattice resonance to form waveguide plasmon
polaritons. These modes have been studied extensively in the context of LEDs
[28] and plasmon DFB lasers [30].

1.3 Amplifying metasurfaces

1.3.1 Optical gain

This thesis studies metasurface systems where energy is added to propagating
waves by means of optical gain. Gain requires an active medium - in form
of atoms, ions, molecules, quantum dots or quantum wells - with an optical
transition that can offer stimulated emission. A canonical, simplified picture
of light-matter interaction is the two-level energy transition scheme [65] visu-
alized in Fig 1.5(a). The scheme considers an atom, molecule or quantum dot
(here called emitter) that possesses an electronic level separation or bandgap
of magnitude ∆E. Without external stimulus, the emitter is in the ground
state |g⟩ with the electron populating the lower energy level. If a photon with
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Figure 1.5: Basic physics of optical gain. (a) Three possible energy transitions of
electrons in a simplified two-level emitter. After photon absorption bringing the electron
to excited state, it can either relax spontaneously and emit incoherent radiation, or it
can be stimulated to the ground state leading to coherent radiation. (b) Jablonski energy
diagram for a four-level gain emitter, such as a fluorescent dye. Absorption and emission
are decoupled through internal conversion of electrons over excited states/or vibrational
sublevels. (c) Traveling through a medium with a large number of emitters, a light
wave experiences de-amplification when most emitters are in the ground state, and
amplification when most are in excited state.

energy ℏω = ∆E passes, the emitter may absorb it, causing the electron to
be promoted to the higher energy level |e⟩. The emitter is now in the excited
state. Two downward transitions can take place from this starting point: (1)
Spontaneous emission of a photon wherein the electron spontaneously relaxes
to the ground state upon emitting a photon of random phase and momentum,
and (2) stimulated emission enabled by a second external photon that passes
by. In stimulated emission, the electron energy is transferred to generate a
photon with equal energy, phase, polarization and direction as the stimulating
photon. Stimulated emission is therefore a process of coherent light amplifi-
cation.

Most gain media are not based on two-level systems. In this work, we will
use emitters as gain medium which can be understood in a four-level picture.
A Jablonski diagram of energy levels as predicted by molecular physics is
presented in Fig 1.5 [66]. In this picture, the electronic ground and excited
states S0 and S1 are actually multiplets of closely spaced states, corresponding
to vibrational excitations of the molecule at hand. While electronic levels in
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fluorescent molecules are typically spaced by 1.5 to 2.5 eV in energy, vibra-
tional energy quanta are typically much smaller, of order 50-100 meV [66].
Absorption of pump light typically excites a molecule from the electronic and
vibrational ground state S0 to some vibrationally excited sublevel of the first
electronic excited states. Internal conversion processes ensure that, in picosec-
onds, the excited electron reaches the vibrational ground state of the electronic
excited manifold. From this lowest level in the S1 manifold, spontaneous
and stimulated emission transitions can occur, bringing the electron down to
one of the vibrationally excited sublevels of the electronic ground state, after
which internal conversion moves the electron further down to the lowest state
S0, again at picosecond internal conversion rates. In such schemes, pump
absorption is decoupled from stimulated emission, and population inversion
can be reached by incoherent pumping at wavelengths blue shifted from the
wavelength of emission. While the time dynamics of spontaneous emission
are in the nanosecond domain for organic dyes, for optical gain the dynamics
occur typically in the range of a few picoseconds, determined by the internal
conversions rates, because absorption and stimulated emission are instanta-
neous processes. This thesis only considers fluorescent dyes as gain medium,
and these have many radiative and rotational sub bands, which leads to broad
absorption and emission spectra.

One can now consider a medium composed of many (four-level) emitters,
through which a light beam passes. Disregarding any other loss channels, a
beam resonant with the emitters can experience net absorption or amplifica-
tion depending on the overall population of energy states within the ensemble
of emitters. When the number of emitters in the excited state,Ne, is lower than
the number of emitters in the ground stateNg , Fig 1.5(c), a light beam will lose
intensity upon passing as more photons are being absorbed by the emitters
than are amplified. In case of population inversion (Ne > Ng), see Fig 1.5(c)),
a light beam experiences net amplification through stimulated emission. In
a classical description of light absorption and amplification, this effect can
be captured in a complex valued refractive index. The intensity I of a light
wave propagating along z with wavelength λ experiences exponential (de-
)amplification as described by the Lambert-Beer law

I(z) = I(0)eg0z, with g0 = −4πκ

λ
and n = nr + iκ,

where g0 is the loss, respectively gain coefficient, which depends on wave-
length λ and on the imaginary part of refractive index κ.

When an optical mode forms a cavity with standing wave mode profile,
and the mode matches in space and wavelength with a gain medium, a system
can transition to self-sustained oscillations called lasing [65, 67]. This transition
starts from spontaneous emission noise, and as such requires only a supply of
energy to pump the emitters, but no seeding beam. Typical lasing behavior
is characterized by a nonlinear input-output curve: The laser output power
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versus the input power of the (optical or electrical) pump [68, 69]. Below
threshold, the power of fluorescent emission increases linearly with pump
power. At the lasing threshold, stimulated emission takes over: Instead of
incoherent, polychromatic and isotropic emission from fluorescence, the las-
ing output is coherent, monochromatic and directional. Crossing the lasing
threshold leads to a kink in the input-output curve, beyond which laser output
increases also linearly but with a steeper slope. In 2017, the journal Nature
Photonics listed these characteristics of lasing in a checklist, in order to criti-
cally examine premature claims that are apparently prevalent in laser research
[70]. At very high pump fluences, lasers typically become subject to nonlinear
phenomena due to the strongly increased intensity of the laser field. One
important nonlinear effect is gain saturation, where the population Ne cannot
be replenished sufficiently fast by pumping, prohibiting further gain. Other
nonlinear phenomena are spatial hole burning or intensity dependent refrac-
tive index changes due to self-phase modulation or two-photon absorption.
In a system with multiple optical modes in the frequency window of the gain
medium, complex nonlinear dynamic behavior typically arises, as different
modes compete in space and time for the same gain.

1.3.2 Amplifying scattering metasurfaces

In scattering experiments, passive, linear scattering metasurfaces impart only
a single hard-coded functionality on the interacting light beam. At the same
time, scattering off the metasurface is constrained by passivity. It is imme-
diately evident that passivity limits function through energy conservation:
Output powers in all reflected and transmission channels together must at
most be equal to the input power. More subtle is the fact that passivity lim-
its function even within energy conserving scenarios. For instance, if you
calculate required phase maps to achieve certain metasurface functions like

Gain
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εr

μr

Plasmonics

Nega�ve n

Regular
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Figure 1.6: Amplifying metasurfaces. (a) Optical loss and gain extends the dimension of
nanophotonics design toolbox. (b) In a pump-probe experiment, amplifying scattering
metasurfaces can be altered in functionality on transmitted light by means of controlling
the local gain with an optical pump. (c) Plasmon metasurface lasing from the K -points.
(b,c) Image courtesy of R. Kolkowski.
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anomalous refraction, you find that designs must have areas with both gain
and loss to achieve unit efficiency [71]. Thus, both the characteristics of being
hard-coded at fabrication time, and that of being locally and globally energy
conserving limit applications and fundamental physics studies.

Although reprogrammable metasurfaces have emerged to overcome the first
limit of hard-coded functionality, amplifying metasurfaces also sidestep the
second limit of energy conservation. Reprogrammable metasurfaces are based
on e.g. phase change materials, liquid crystals, graphene or other nonlinear
materials, and change the refractive index of some component in the metasur-
face by an external energy source, often electrically, mechanically, optically,
chemically, or otherwise [72–74]. In this way, the metasurface function can
be dynamically controlled, usually on time scales much slower than the op-
tical frequency. Nonlinear susceptibilities, such as χ(3) nonlinearities, can be
used for ultrafast optical modulation of refractive index, thereby switching
metasurface scattering on (sub-)picosecond time scales [47, 75]. In this spirit,
one can also envision amplifying metasurfaces: By optically pumping a gain
medium integrated with a metasurface, dynamic response tuning with fast, ps
timescales can be achieved. Moreover, such systems can disobey the optical
theorem, possibly expanding the metasurface function set. Many experimen-
tal works examined amplification of waveguided light in optical gain-based
(photonic crystal) waveguides [76–80] or waveguide fibers coupled through
gain-microdisks [81, 82]. On the other hand, in the field of scattering metasur-
faces, amplification of incident wavefronts [83–85], received attention mostly
for plasmonic loss compensation [86–90]. However, interest in amplifying
scattering metasurfaces seems to have dwindled since, and is largely confined
to theoretical works such as Refs. [91, 92], despite the opportunities offered
by the recognition that metasurface design space extends by including control
over the imaginary part κ of the refractive index (see Figure 1.6(a)). This
notion has been mainly recognized in the fields of parity-time (PT) symmetry
breaking photonics [93, 94] and metasurface coherent perfect absorption and
amplification [95].

In PT-symmetry breaking photonics, local material variations in loss and gain
are carefully designed such that they form a potential invariant under the
combined application of parity (spatial symmetry) and time symmetry oper-
ators – often this is achieved by equating losses in one resonator with gain in
another. PT-symmetry physics in such resonant systems is studied for adap-
tive mode control by gain and loss, which arise from so-called exceptional
points [93, 94]. Scattering metasurfaces and 2D diffractive photonic crystals
have been theoretically shown to be a great arena for PT-symmetry studies
[92, 96–102], and are for instance predicted to realize topological phenomena.
This viewpoint on metasurfaces sees amplifying 2D photonic lattices as pho-
tonic simulators for seminal problems in condensed matter physics. Indeed,
lattice particle plasmons have been investigated as special versions of tight-
binding Hamiltonians [53, 103–110]. The advantage of optical systems is that
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one can create 2D lattices of various symmetries with ease using standard
nanofabrication techniques, while engineering particle placement, size, shape
and resonance at will. At the same time, optical excitation and microscopy
provide control over the distribution of optical gain and/or loss, and insight
in the resulting physics. As such, this emulator platform stands out for the
possibility to access (nonlinear) photon behavior beyond what nature offers
us in crystals for electron behavior. So far, actual experiments of PT-symmetry
physics in such 2D lattices have largely been shown in passive systems with
loss-loss potentials [111, 112], which only map on loss-gain models modulo
an overall shared loss rate.

Another viewpoint on amplifying scattering metasurfaces comes from the
field of scattering anomalies: The description and engineering of scattering
objects by means of tailoring zeros and poles in the complex frequency plane
of their scattering-matrix (S-matrix) [69, 95, 113–115]. In the domain of ra-
dio frequency engineering, it has long been known that intrinsically weakly
absorbing sheets of material can be turned into perfect absorbers by placing
them at judicious distances of a reflector, in geometries known as Salisbury
and Dallenbach screens [116–121]. It has been shown that this corresponds
mathematically to bringing a zero in the scattering matrix of the absorber-
reflector systems from the complex frequency plane onto the real axis. This
coherent perfect absorption has been viewed as the time-inverse of lasing [113].
The understanding that zeros and poles in the complex plane of the scatter-
ing matrix correspond to conditions for minimal and maximal interaction,
and by careful engineering can generate conditions for perfect absorption or
amplification, has lead to a wealth of theoretical works [95, 118, 120]. It is
surprising, however, that works on singular response in metamaterials with
gain have mainly focused on low-frequency ranges [91, 122] and have not led
to realizations at optical frequencies.

Finally, recent interest has sparked in metasurfaces performing all-optical
analog processing operations on information-encoded light beams, such as
taking spatial derivatives of datasets, solving integral equations, and perform-
ing inference tasks [6, 7, 123–125]. Amplifying metasurfaces could bring a
wealth of opportunities to this field, as they may expand the set of mathemat-
ical operators that can be encoded in an optical structure.

We believe experimental efforts into amplifying scattering metasurfaces
have so far been lacking because it is challenging to achieve significant optical
gain, to control optical gain, and to deal with the fact that gain may am-
plify not just signals of interest but also noise. In summary, amplifying meta-
surfaces remain an open experimental challenge, despite offering promise
as a route to ultrafast control of metasurface functionality, as visualized in
Fig 1.6(b).
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1.3.3 Metasurface distributed feedback lasers

A large body of literature is devoted to the study of periodic light-emitting
metasurfaces that function as flat lasers [29–31, 126–138]. These lasing devices
operate on the distributed feedback (DFB) principle, a concept experimentally
known already since the invention in 1971 by Kogelnik and Shank [139] for
dielectric polymer systems.

In DFB lasers, the gain is typically realized in a dielectric medium that is
formed into a 1D or 2D waveguide that is periodically corrugated in refractive
index, forming at the same time a diffraction-based cavity mode and a diffrac-
tive output channel for the laser radiation [140]. Commonly, DFB lasers are
designed by lattice constant to operate on the second order Bragg diffraction
condition, meaning that the gain window is matched with a stopgap edge
at the Γ point (k|| = 0), see Fig. 1.4(c). This leads to laser emission in the
normal direction [141]. However, similar laser cavities can be created on other
high-symmetry points in the BZ, resulting in off-normal emission [142–144].
For instance, Fig. 1.6(c) shows lasing from three K -points of a hexagonal DFB
laser. Thus, one can overlap a cavity condition of a high-symmetry point of
choice with the gain energy window of the dye of choice, and tune lasing
emission both in energy and angle.

Research in DFB lasing can be classified in four fields: Organic polymer
slab lasers [139, 141, 145], photonic crystal slab lasers [142, 146–149], surface-
plasmon polariton (SPP) lasers [150, 151], and, finally, Mie-resonant [31, 136–
138] or plasmonic [29, 30, 126–135] light-emitting metasurface lasers. This
thesis reports new insights in plasmonic metasurface lasers, a field in which
the groups of Odom (Northwestern), Törmä (Aalto), Norris (ETH Zurich), and
AMOLF have made distinct contributions since the first report of Suh et al.
in 2012 [127]. Plasmonic lattice lasers received interest for their combination
of rich plasmon polariton band structures, localized fields that imply Purcell
enhancements and complex gain dynamics [69, 129], and the very strong feed-
back due to large scattering cross-sections. As such, the field closely relates to
studies into lattice plasmon-exciton-polariton condensation, a phenomenon
which is claimed to be achieved when using both high dye concentrations
and high pump fluences [152, 153]. Plasmonic metasurface lasers have unique
properties, such as being exceptionally robust against disorder [130], and re-
quiring only very few unit cells to cross threshold (of the order of 5 − 10, as
opposed to > 1000 for polymer DFB lasers [132, 154]). What is more, dark-
mode lasing emission comes in typical donut-shaped vortex beams [145, 147,
148, 151], which currently receive much interest in the study of quasi-BIC
phenomena and polarization-topology [31, 134, 137, 138].
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1.4 This thesis

This thesis is motivated by the prospect of realizing and understanding ampli-
fying scattering and lasing metasurfaces at optical frequencies. Such prospects
bring many experimental and theoretical questions. From the experimental
viewpoint, such an endeavor requires methods to control optical gain in space
and time, and to then perform microscopy on the metasurface at hand within
the ultrashort time span afforded by the gain medium. Conceptually, for
amplifying scattering metasurfaces one can ask how much control optical gain
can offer to modulate metasurface response, and what gain levels are required.
For instance, can you create conditions for perfect amplification, similar to
known conditions for perfect absorption in metasurfaces? In the spirit of light
emitting metasurfaces as photonic simulators of condensed matter systems,
one can also ask how band structures, lattice symmetries, and boundary con-
ditions placed on where a system amplifies and where not, express in lasing
behavior. This thesis develops a new ultrafast spectroscopy and microscopy
method to study such systems (Chapter 2), examines the physics of perfect
amplification (Chapter 3), and studies various new aspects of metasurface
lasing (Chapters 4, 5, 6) in light of band structure, mode competition and
spontaneous symmetry breaking, and boundary conditions. The thesis is or-
ganized as follows:

Chapter 2 describes our experimental push towards amplifying scattering
metasurfaces. We elaborate on the combination of pump-probe and Fourier
microscopy techniques that enables ultrafast metasurface response modifica-
tion. We test our methods by showing gain-induced grating efficiency modu-
lation in a 1D grating covered with a gain medium.

In Chapter 3, we theoretically investigate singular response in amplifying
reflection metasurfaces. Particularly, we study the Salisbury screen geometry
– metal ground plate separated from a dense plasmonic array – with the in-
clusion of optical gain either in the spacer or in the metasurface. We show
that gain can induce both perfect absorption and amplification singularities.
In fact, in specially designed systems, we find that the absorption and ampli-
fication singularities can co-exist in parameter space.

Chapter 4 entails the first experimental report of spontaneous symmetry
breaking in metasurface lattice lasers. We design lasing condition to occur
at the K -points of hexagonal plasmonic lattices, and our single-shot experi-
ment enables the capture of a spontaneous symmetry breaking between two
decoupled and degenerate modes K and K ′. From Fourier-space images we
map statistics on parity symmetry breaking in relative amplitude, while real-
space images provide the information to determine relative phase. We finally
establish a new type of phase space geometry for symmetry breaking order
parameters, as we map relative amplitude and phase events on the surface of
the unit sphere.

In Chapter 5, we study metasurface lasing and spontaneous symmetry
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breaking upon imparting boundary conditions in the gain field. We
dynamically structure the gain field by encoding structure in the pump
beam by means of a digital micromirror device. Although spontaneous
symmetry breaking in the M -point laser can be easily biased by structured
gain, spontaneous symmetry breaking between K and K ′ modes is very
robust to experimental bias. The reason is that they are degenerate not just in
energy, but also in spatial profile. Furthermore, we show that we can create
two (or more) separate closely spaced lattice lasers at will, and we show that
amplitude and phase synchronization signatures in Fourier and real space
images arise from coupling.

Finally, in Chapter 6, we study light-emitting plasmonic metasurfaces with
very dense particle spacing. Strong near-field interactions provide routes to
study plasmon versions of exotic band structure dispersions, which, however,
lie far beyond the light line. In fluorescence band structure measurements, we
make the K -point dispersion of a dense metasurface visible by superlattice
perturbations in a technique called bandfolding. We validate band structure
measurements with a T-matrix simulation based on the reciprocity principle.
Importantly, the folded K -points exhibit one of the highest quality factors
reported in the field of plasmon lattice resonances, despite the high areal
density of lossy plasmons. Based on full-wave simulations, we assign the
high quality factor to interference mechanisms reminiscent of quasi-BICs.
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Chapter 2

Pump-probe Fourier microscopy

In this chapter, we report on the design and commissioning of a fem-
tosecond pump-probe microscopy setup that can perform pump-probe spec-
troscopy, real-space imaging and Fourier imaging. The setup is designed for
pump-probe studies of plasmonic and dielectric metasurfaces with optical
gain, and operates with visible / NIR pump and probe beams. We show
the capability to perform synchronized single-shot real-space and Fourier-
space imaging on amplifying metasurfaces, and demonstrate that the setup
can measure band structures of nanophotonic lattices using the white-light
probe beam. Moreover the setup has a digital micromirror device placed in
the pump beam, giving a route to spatially program the pump-light distri-
bution on the sample. We highlight some of these capabilities on amplifying
plasmon lattices. Furthermore, we present a first study on ultrafast control
of diffraction by means of optical pumping of a gain medium. This is real-
ized in simple one-dimensional line gratings of metal strips in a dye-doped
polymer. We find that optical pumping achieves 15% reflection modulations,
and that gain can induce both enhancement and suppression of diffraction.
We replicate this behavior in a simple Fraunhofer diffraction calculation. Our
new experimental setup provides opportunities for active response control of
PT-symmetry breaking metasurfaces and metasurfaces with perfect absorp-
tion/amplification singularities.

29



Pump-probe Fourier microscopy

2.1 Introduction

A main driver for the research presented in this thesis is the idea that one could
use amplification, i.e., optical gain, as a resource to expand the functionality of
metasurfaces. As we argue in Chapter 1, amplifying metasurfaces can, on the
one hand, be envisioned as systems that locally amplify incident wavefronts
upon transmission or reflection [90], enabling the study of PT-symmetry in
scattering systems [94] and of scattering singularities in metasurface perfect
absorption [95]. On the other hand, one can consider amplifying metasurface
lasers, for which supplied pump energy energizes the gain medium, which
is followed by emission of laser radiation of which the spectral and spatial
properties are tailorable by the metasurface geometry [29–31, 126–138].

To study amplifying metasurfaces, an extensive experimental inspection
toolbox is needed. For optical excitation to energize the gain medium, one
requires an ultrafast pump-probe setup with a time resolution matched to the
picosecond timescale of gain media, and with the ability to map the scattering
and emission behavior in real and momentum space. Such time-resolved real-
and Fourier-space microscopy would provide access to probing the interplay
of gain, geometry, and symmetry in metasurface responses. This chapter
reports on the design and commissioning of such a setup, which allows study-
ing metasurface lasing (Chapters 4, 5), amplifying metasurface tuning near
singularity conditions (Chapter 3) and band structures physics of plasmon
metasurfaces (Chapter 6). The experimental toolbox that we present in this
chapter consists of four components:

Pump-probe microscopy This component has controllable delay and pump
power, using a green pump beam for metasurface excitation, and a
white-light supercontinuum as probe beam. This technique offers
access to probe the ultrafast (gain) dynamics of the metasurface.

Fourier- and real-space microscopy This component enables mapping of
both wavelength and angular emission/reflectance spectra, notably
providing high-NA Fourier images, and band structures in fluorescence
and in white-light reflectance.

Single-shot synchronized acquisition This part ensures that every individ-
ual laser shot gets captured in a single camera exposure frame. This
allows to study phenomena in metasurfaces where the signal changes
(randomly) from shot-to-shot, e.g. due to mode competition or sponta-
neous symmetry breaking (Chapter 4 of this thesis), and to obtain single-
shot metasurface band structures in gain.

Spatially structured pump fields For this part we place a digital micromirror
device (DMD) in a real-space plane of the pump beam, allowing to re-
configure the spatial distribution of the gain applied on the sample. In
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this way, we dynamically control gain-geometry of metasurface lasers
(Chapter 5). What is more, the response function of amplifying meta-
surfaces can be spatially programmed.

In this Chapter, we first discuss the experimental techniques and technical
aspects of the newly build pump-probe Fourier microscopy in Sections 2.2
and 2.3. In Sections 2.4 and 2.5, we show results obtained with the setup for
amplifying plasmonic metasurfaces and for amplifying 1D gratings.

2.2 Experimental techniques

Fourier microscopy

In introductory geometrical optics, lenses are described with the thin lens ap-
proximation: The thickness of the lens is taken negligible compared to the radii
of curvature of the surfaces, and ray tracing follows a simple geometrical rule
wherein the lens is an infinitely extended refracting plane perpendicular to
its optical axis. Image formation of an object at a distance zo from a lens
of focal length f occurs at an image position zi, as measured from the lens
determined by 1

zi
+ 1

zo
= 1

f . A special case is when the object is in the focus of
the lens zo = f , when zi = ∞ so that the image is projected onto infinity,
see Fig 2.1(a). This geometry relates to the special property of lenses that
they Fourier transform a real-space (x, y) object in the front focal plane) to
an angular representation of (kx, ky) in the so-called back-focal plane (BFP).
All rays that emerge from the sample plane toward the far-field with the
same angle θ are projected onto a single point in the back-focal plane. Re-
viewing Fig 2.1(a), we notice that rays with large angle θ (when the lens has
high numerical aperture, NA) become problematic as the required lens size
diverges as tan θ. Very high-NA microscope objectives instead are designed

(b) f NA

θ d = f sinθ

(a) f NA

θ d = f tanθ

Figure 2.1: Ray evolution in lenses and objectives. Thin lens approximation (a) used
for lenses with low numerical aperture. For large θ, the back-focal-plane distance d =
f tan θ blows up. Therefore, microscope objectives with high NA are designed to obey
the Abbe sine condition (b), where non-paraxial rays reflect from a hypothetical reference
sphere with radius fNA and d is proportional to sin θ.
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to obey the Abbe sine condition, where (non-paraxial) rays bend off from a
hypothetical reference sphere centered at the object with radius fNA, instead
of a hypothetical plane (see Fig. 2.1(b)). Mathematically, the sine condition
means that all rays at angle θ at the object side are focused at a distance f sin θ
from the optical axis in the back focal plane, removing the divergence. In
essence, the objective performs a coordinate transformation from spherical
(in the sample plane) to cylindrical coordinates (in the BFP), and the Abbe
sine condition demands that the objective provides a direct map of (parallel)
momentum space k|| ∝ sin θ. In this transformation one should be aware that
the intensity from an isotropic spherical source is no longer homogeneous in
cylindrical coordinates: the Jacobian causes a 1/ cos θ brightening towards the
edge of the BFP, sometimes referred to as (part of the) objective apodization
function. In an imaging system of magnification M , the Abbe sine condition
says that the object plane wave spectrum k and image plane wave spectrum
ki are scaled by M : ki sin θi = k sin θ/M : Image magnification by a factor M
is accompanied by a decreased angular spectral content by the same factor,
ensuring that in any microscope, the optics downstream of the objective can
be viewed as paraxial.

A sketch of a standard microscope imaging system is displayed in Fig
2.2(a). Modern microscope objectives lenses are infinity corrected, which means
that they have best (lowest aberration) performance when the object is placed
in the front focal plane of the objective. Thus the objective creates an image

(a)

(b)

Sample Microscope 
objec�ve

Back focal 
plane

Fourier lens Tube lens Camera

Figure 2.2: Fourier microscopy. (a) Regular real-space microscope. (b) Fourier-space
microscope.
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at infinity and no intermediate image plane exists in the microscope, unlike
the geometry of older microscopes. The so-called tube lens, which creates
an image in the detector plane, can thus be placed at arbitrary distance from
the microscope objective, as long as the detector (often a camera) is a distance
from the tube lens that equals the focal length ftube of the lens. The microscope
magnification M thus equals the ratio of focal lengths. Fig 2.2(b) shows the
same microscopy arrangement but with an extra lens placed in this setup,
with its focal plane precisely at the BFP of the objective lens. We refer to this
lens as the Fourier lens. In the geometrical optics picture of Fig 2.2(b), one
sees that rays emerging from any given spot in the BFP are now transformed
into parallel rays towards infinity by the Fourier lens, and then focused on the
detector plane by the tube lens. Inserting the Fourier lens therefore turns the
microscope from a real-space imaging device into a system that maps the BFP
of the objective lens onto the camera chip, providing a direct method to inspect
the Fourier (kx, ky) content radiated from the sample. In a practical setup, one
can easily flip in and out the Fourier lens to switch between real- and Fourier-
space imaging. When imaging is performed by projecting a real- or Fourier-
space image onto the entrance slit of a spectrometer, one can furthermore spec-
trally disperse sliced data, obtaining respectively data in (y, λ) space (intensity
spectra versus position on a line in real space) or in (ky, ω) space (intensity
spectra along a line in k space, for periodic systems known as a a band struc-
ture slice). The Fourier-space imaging method was first reported in the context
of microscopy of single nano-objects in 2004 to study radiation patterns of
single-emitters [155], and has become a cornerstone technique in the field of
nanophotonics, where far-field radiation profiles of dipolar plasmon antennas
[156, 157] or multipolar Mie scatterers [158] have been studied extensively,
and far-field radiation of periodic photonic crystals and metasurfaces contains
crucial information of the band structure of photonic Bloch waves [10, 30, 31,
61, 131, 159, 160].

Pump-probe microscopy

In the 1980s and early 1990s, many (Nobel-prize winning) inventions [161,
162] were made in the field of ultrafast laser physics that enable the experi-
mental technique of ultrafast pump-probe spectroscopy / microscopy, some-
times also referred to as transient absorption spectroscopy [163, 164] and mi-
croscopy [165–167]. These techniques opened up a plethora of venues for
the investigation of dynamic processes in biology, chemistry and physics. In
nanophotonics, this includes the study of photophysical materials (quantum
dots [168], quantum wells [169], organic fluorophores [170]), plasmonic and
dielectric nanoparticles [171, 172], photonic crystals [173], 2D materials [174],
plasmon lattice lasers [129] and resonant plasmonic/dielectric metasurfaces
[175–177].

Fig 2.3 shows the basic principle of ultrafast pump-probe experiments. The
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Probe

Pump Probe (modulated)Sample

ΔT/T = (Tpump-probe  - Tprobe) / Tprobe

ΔA = Apump-probe - Aprobe
delay �me τ (ps)

Figure 2.3: Pump-probe spectroscopy. A green femtosecond pulse energizes dipole
emitters in the sample. The white-light probe arrives later with a delay time ∆τ and
experiences a change in absorption (as measured by reflection R or transmission T ).

sample under study is illuminated with two fs laser pulse trains with a specific
time delay τ between pump pulses and probe pulses. First, the pump arrives,
which excites the sample material. Subsequently, the probe beam arrives and
experiences a photoinduced change in reflection, transmission, absorption or
scattering due to the pump. The setup constructed in this work is most akin
to transient absorption spectroscopy in which the probe spectrum is generally
broadband (white light), as this allows to spectroscopically study different
nonlinear phenomena over a range wavelengths. The signal of interest in
pump-probe studies is typically the transient transmission or reflection, which
are defined as

∆T/T = (Tpump-probe − Tprobe)/Tprobe

∆R/R = (Rpump-probe −Rprobe)/Rprobe
(2.1)

and can be subsequently related to transient absorption. The probe signal
in the presence of the pump is thus referenced to the signal in absence of
the pump. Therefore, it is common to periodically modulate the pump pulse
train at a subharmonic frequency of the probe pulse train using choppers or
acousto-optic modulators [167]. Such an approach ensures that measurements
with and without probe are taken in immediate succession. By scanning a
movable retroreflector (delay stage) placed in the beam track of either the
pump or the probe, the transient signal is measured as a function of the delay
time τ between the pump pulse and the probe pulse, revealing time dynamics
of the transient optical response.

In the transient absorption field, which focuses on the temporal dynamics
of ensembles of, e.g., absorbing and emitting molecules, three main nonlinear
effects are commonly referred to [163, 166]. These are (1) ground-state bleaching,
where absorption of probe photons is reduced immediately after pumping,
occurring when a sizable fraction of the molecules at hand are already in a
higher energy state due to absorption of pump light, (2) stimulated emission,
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or optical gain (see Introduction) wherein the probe light is enhanced upon,
e.g., transmission due to stimulated emission by the collective of pumped
molecules, and (3) excited-state absorption, wherein pump light can induce ab-
sorption if excited molecules can absorb probe photons to enter even higher
energy states. Each effect is typically strongest in a specific spectral domain.
Usually, ground-state bleaching (1) occurs on the blue side of the fluorescence
peak [163], stimulated emission effects (2) more or less overlap with the fluo-
rescence spectrum [178], and excited-state absorption (3) is to the red side of
the fluorescence peak for conjugated polymers [179]. Besides the aforemen-
tioned three effects, many other nonlinear processes can be seen. For instance,
refractive-index modulation (e.g., upon free carrier excitation in semiconduc-
tors), harmonic generation, coherent Raman scattering, two photon absorp-
tion and cross-phase modulation, all with different signatures in spectrum
and delay time [167]. This thesis focuses on probe intensity modulation via
optical gain from stimulated emission.

Various detection mechanisms exist for transient signals in pump-probe
experiments. These include monochromators and single pixel detectors, spec-
trometers with 1D pixel arrays to measure spectra, or 2D pixel arrays to map,
e.g., spectra as a function of spatial coordinates [167]. In many cases, the
transient signals are comparatively small ∆T/T = 10−4 – 10−7 [163, 167].
Such sensitivities are often achieved by lock-in detection of the transient signal
referenced to the pump modulation frequency at very high repetition rates
(ranging from kHz till 100 MHz) to reduce shot noise. In this work, we com-
bine pump-probe microscopy and spectroscopy with Fourier imaging, collect-
ing (kx, ky) and (ω, ky) maps as a function of gain (controlled by the pump
field). For that, we rely on CMOS camera operation, as in refs [180–183], which
means that high repetition rate lock-in detection schemes are not possible.
Since CMOS cameras have a limited dynamic range (per-pixel shotnoise on
a 16-bit camera is only just sub-percent), samples should have high enhance-
ment signal, which we expect for strongly interacting resonances in metasur-
faces with gain, such as plasmon lattices operated just below the plasmon
lattice lasers threshold [30].

2.3 The setup

2.3.1 Pump-probe laser system

An overview of the pump-probe Fourier microscope setup constructed in this
work is shown in Fig 2.4. The setup is driven by a Light Conversion Pharos
PH-1 Ytterbium-based solid-state laser, providing 1030 nm wavelength pulses
of 225 fs length. This laser provides 16 W at a maximum pulse repetition rate
of 1 MHz, but can be divided down with an internal pulse picker. We typically
operate the system at 20-40 Hz for camera-based pump-probe measurements.
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Figure 2.4: The single-shot pump-probe Fourier microscope setup, with pump beam
shaping capability. From OPA 1, a 800 nm fs pulse is used to generate a white-light
supercontinuum as probe for ∆R/R measurements. From OPA 2 we obtain the green 515
nm wavelength pump, and guide it through the motorized delay stage to control pump-
probe delay time ∆τ . The digital micromirror device imparts an amplitude mask on the
pump field in the sample plane. Choppers are placed both in pump and probe beams,
as this pulse train modulation produces all four single-shot pump-probe combinations.
We use high-NA immersion objective for light incoupling and sample imaging - with
camera’s Imaging 1 and 2 we record fluorescent emission and probe reflection in Fourier-
and real-space simultaneously. With the spectrometer we record band structures. All
lenses are Thorlabs achromatic doublets with AB or A coating (e.g. AC254-200-AB).

The 1030 nm beam is split in equal parts and routed to two non-collinear
optical parametric amplifiers (LightConversion Orpheus-F), labeled OPA1 for
the probe and OPA2 for the pump. We use OPA1 to output a 800 nm beam of
diameter ≈ 3 mm with 60 fs pulses, which are weakly focused with L1 (focal
length f = 10 cm). With an NA of about 0.03, a spot size of approximately 10
µm is created inside a sapphire crystal (Eksma Optics 550-7126. Diameter: 12.7
mm, thickness: 6 mm), to generate a supercontinuum. After a set of two 750
nm shortpass filters (Thorlabs FESH0750) blocks residual 800 nm light, lens L2

(f = 20 cm) makes a collinear beam of ≈ 8 mm diameter. For the pump beam,
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we bypass the actual OPA, and instead extract the second harmonic of the
1030 nm Pharos beam to obtain a 515 nm pump beam for material excitation.
We control the pump power by rotating a motorized multi-order halve wave
plate (Thorlabs WPMH05M-514) placed before a Glan-Taylor linear polarizer
(Thorlabs GL5-A in mount SM05PM5).

2.3.2 Controlling input beams

In both pump and probe beams, we place rotating chopper blades (Thorlabs.
Controller: MC2000B-EC, blade: MC1F2) to modulate the pump and probe
pulse trains (more details in Sec 2.3.4). The pump laser is guided onto a
software-controlled movable retroreflector that acts as a delay stage (Newport.
Power supply: DL-PS, delay line kit: DL-BKIT2U-S-M, stage: DL125) and that
we use in a double-pass configuration. Thereby the effective range of the
pump-probe delay is 500 mm, four times the mechanical range xstage = 125
mm of the stage. In time this amounts to a pump-probe delay range of 1.67
ns. The step resolution of the stage is 75 nm, leading to 1 fs resolution. To
control the pump-field geometry, we can send the pump via a digital mi-
cromirror device (Texas Instruments. Evaluation module: DLP LightCrafter
Single DLPC900 EVM, controller: DLPC900, chip: DLP6500, see Sec 2.3.5). We
place the DMD behind the delay stage and before reflecting the pump beam
from a 520 nm dichroic mirror (Semrock Di02-514-25x36) towards a high-NA
oil objective (Nikon CFI Plan Apochromat lambda 100×, NA = 1.45). It is
mounted in an inverted microscope geometry in a homebuilt frame, where
the inverted geometry provides convenient handling of the immersion oil as
well as sample access. In a typical experiment, we illuminate the sample
with both pump and probe beams in epi-illumination, for which we place
lenses L3 (f = 20 cm) and L4 (f = 25 cm) with their focal point on the
back focal plane of the objective, creating ≈ 60 µm collinear beams in the
sample plane. The digital micromirror device is placed in the focal point of
L4, so that it is imaged onto the sample plane with 100× magnification. The
non-polarizing beamsplitter (Thorlabs CCM1 BS013/M) between L3 and the
dichroic mirror separates incoming probe from reflected probe, at the cost of
an overall reduction of the white-light signal by a factor four.

2.3.3 Imaging PL and white-light reflectance

Regarding the detection path, the beamsplitter BS1 separates the incoming
and outgoing beams. It should be understood that the beamsplitter in prin-
ciple directs not just reflected white light (probe) to the detectors but also
fluorescence signal generated in the sample by the pump, as well as residual
pump light at 515 nm. We block out all 515 nm pump light with either a
514 nm notch filter (Thorlabs NF514-17) or 550 nm longpass filter (Thorlabs
FELH0550). The setup has an imaging camera for Fourier imaging (camera 1,

37



Pump-probe Fourier microscopy

Thorlabs CS2100M-USB), for real-space imaging (camera 2, Bassler acA 1920-
40 um), and a spectrometric imaging path for Fourier-space and real-space
spectra. The tube lenses for these are respectively L8 (f = 20 cm), L9 (f = 20
cm) and L10 (f = 15 cm). While camera 2 always records real space, the other
two paths are switched to Fourier mode by the Fourier lens L7 (f = 20 cm),
which images the objective BFP via a 1:1 telescope L5:L6 (f = 15 cm). The
telescope ensures an intermediate real-space image plane for spatial filtering,
if required. By means of beamsplitter BS2 (Thorlabs CCM1 BS013/M), the
setup ensures that both Fourier- and real-space can be recorded simultane-
ously for a single laser shot (see Sec 2.3.4). By flipping up the mirror just in
front of lens L8, one can choose to direct the Fourier image via tube lense
L10 to the entrance slit of a simple, compact Andor spectrometer unit (base
unit: Andor Shamrock 163i, 163 mm focal length, with a 300 lines/mm grating
(SR1-GRT-0300-0500) and a 25 µm fixed-width slit) to which we mounted a
monochrome CMOS camera (Ximea MC124MG-SY-UB), to obtain spectrally
resolved Fourier images (ky, ω).

2.3.4 Signal synchronization

A synchronized single-shot experiment – where imaging acquisition runs syn-
chronous to the laser repetition rate – is necessary for proper pump-probe
measurements, to correct for overall fluctuations of pump and probe beams,
and to be sensitive to shot-to-shot variations in signal. For that reason, the
pump-probe setup is designed for fully synchronized single-shot operation.

(a) (b)

Pump Probe Time

Pulse train

Pump (chopper 1)

Camera

Probe (chopper 2)

Delay 

Trigger box

Figure 2.5: Two-chopper modulation of pump and probe pulse trains. (a) The choppers
consecutively block and allow two pulses, and rotate π/2 out of phase. (b) Trigger box
synchronization scheme. The chopper modulation ensures all four pump-probe shot
combinations are passed to the camera in succession, together forming a completely
referenced pump-probe measurement. For better signal to noise ratios these sets of four
can be repeated at each specific delay position.

38



2.4 Amplifying plasmonic metasurfaces: Band structures and lasing

The Pharos PH-1 pulse picker provides an electronic signal synchronous with
the laser output. This is fed to an in-house designed and constructed trigger
box that is the hardware central command system to receive, delay and pass
electronic triggers during a full measurement sequence. The trigger box sends
electronic triggers to each of the cameras with a delay time specifically chosen
to remove the so-called rolling shutter effect (a typical source of artefacts with
CMOS cameras, which depends on frame rate and chosen region of interest).
The trigger box also triggers the chopper rotation and movement of the de-
lay stage after a series of camera shots. In a regular transient absorption
experiment, only the pump beam is modulated [167], such that differential
probe beam transmission/reflection is measured by comparing two subse-
quent measurements: with and without pump beam. In such a scheme, one
does not have access to background signals (in absence of pump and probe)
or signal from fluorescence (pump only). Therefore, we implemented a dif-
ferent scheme, namely the modulation of both pump and probe beam, with
two choppers rotated 90◦ out of phase with respect to each other, and at a
frequency that is 1/4th of the laser repetition rate, as is visualized in Fig 2.5.
This configuration ensures that, repetitively, two shots are blocked and two
pass. Due to the phase difference, this scheme generates four single-shot
pump-probe combinations: background (no pump, no probe), only pump
(generating fluorescent signal), only probe and pump-probe.

2.3.5 Structured pump field for asymmetric gain

An integral part of our setup design is the inclusion of the digital mirror
device (DMD) in the pump beam, which we envision can be used for di-
verse purposes such as offering finely spatially textured pump fields to meta-
surfaces, or offering homogeneously illuminated patches of pump field with
spatially sharp and controllable boundaries, a technique commonly applied
for instance in studies of polariton condensates [184, 185]. With the DMD in
the pump beam placed in the sample plane via the epi-lens, one can tailor
boundary conditions in gain at will. The pixel size of the DMD is 7.56 µm, or
75.6 nm in the sample plane, covering about 2.5 pixels per diffraction limited
length of λ/2NA ≈ 180 nm.

2.4 Amplifying plasmonic metasurfaces: Band
structures and lasing

Two-dimensional (2D) lattices of plasmonic nanoparticles embedded in gain
media receive considerable attention. On the one hand, diffractive lattices
of plasmon particles show distributed feedback (DFB) lasing, which is an
experimentally mature field [30, 126–135, 143]. On the other hand, active
plasmon versions of seminal (PT-symmetric) tight-binding Hamiltonians [92,

39



Pump-probe Fourier microscopy

96–102, 186] have been proposed by many workers as photonic realizations
of seminal solid-state physics problems, but still remain theoretical promises.
The combined capabilities of our new setup offer important opportunities in
both fields. The present section serves to illustrate the setup possibilities,
without going into the full physics implications of the observations.

Example results taken with our single-shot Fourier microscope from
a plasmonic lattice are shown in Fig 2.6. Panel (a) shows a sketch of
the amplifying plasmonic metasurface. We fabricate hexagonal lattices of
plasmonic nanoparticles (80 nm diameter, 30 nm height) on glass substrates
by means of e-beam exposure and lift-off (SEM image of the lattice shown
in panel b). Then, we cover the lattice in a dye-doped polymer layer of 450
nm thickness, supporting one transverse electric (TE) and one transverse
magnetic (TM) waveguide mode (for details of the fabrication recipe we
refer to the Appendix of Chapter 4). Upon exciting the sample with the 515
nm pump, dye molecules in the slab emit incoherent fluorescent radiation,
which we collect from the substrate side in our inverted setup. For a
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Figure 2.6: Plasmonic light-emitting metasurface band structures. (a) Sketch of an
amplifying plasmonic lattice (image courtesy of R. Kolkowski). (b) SEM image of a
plasmon lattice with pitch 500 nm. (c) Multi-shot recorded Fourier (kx, ky) image of
PL enhancement, with waveguide mode circles repeated at reciprocal lattice points,
intersecting at the K -points. White dashed lines represent NA = 1. (d) Multi-shot
dispersion (ω, ky) image of PL enhancement, and (e) of white light reflection counts,
each showing the band structure with high-symmetry point intersections at Γ and K .
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hexagonal plasmon lattice of pitch 500 nm, panel (c) shows a Fourier image
of photoluminescence (PL) enhancement, taken with a 580 nm bandpass filter
(Thorlabs FB580-10) placed before the tube lens. We obtain PL enhancement
by normalizing the data to PL from an unpatterned sample region. Owing to
the Abbe sine condition, the Fourier image is a direct image of momentum
space, representing PL enhancement as a function of NA, which is expressed
in parallel momentum as NA = |k|||/|k0|, with k0 the free space wavevector.
The center of the Fourier image corresponds to angles normal to the sample,
along the microscope optical axis. We perform calibration of the k|| axis
through the fact that in PL, the NA = 1 ring is sharply defined, allowing us
to fit it with a ring, the result of which we overplot as a dashed white line.
We recognize a set of high-signal circular bands: These bands are diffractively
outcoupled TE waveguide modes that were excited by fluorescence, or,
equivalently, the bands represent the TE waveguide in a repeated zone
scheme explained in Chapter 1, Sec. 1.2.3. For this specific wavelength,
a threefold intersection of bands coincides with the special K -points, the
corners of the first Brillouin zone, at about k|| = 8.5 µm−1. Panel (d) displays
a measured frequency-dispersed PL enhancement, showing the (ω, ky)
band structure of the plasmon lattice. Also here, we notice that the dispersion
coarsely follows free photon lines in the repeated zone scheme (meaning weak
band perturbations from scatterer polarizabilities [30, 131]), except near the
Γ and K high-symmetry points at 1.85 eV and 2.15 eV. Here, different Bloch
modes interact to form photonic stopgaps with bright and dark modes on
either side (especially so for the Γ -point). The same dispersion but recorded
in a white-light reflection experiment is shown in Fig 2.6(e). The data is in
units of counts (cts) and not normalized to reflection from a perfect reflector.
This measurement is taken by focusing the white-light supercontinuum to
the sample at laser repetition rate 1 kHz and camera exposure time 9 s. Such
high number of shots are here required because we fill the whole (kx, ky)
image, but we have access to a limited photon budget in a single white-light
pulse. However, only photons along the ky line are necessary to record the
(ω, ky) dispersion image, and therefore we resolve this problem by replacing
the epi-lens (L3 in Fig 2.4) with a cylindrical lens (e.g. Thorlabs LJ1277L2-A),
ensuring that all photons in the shot are projected along the vertical slice on
the NA, leading to decent white-light reflection SNR even in a single-shot
white-light dispersion image.

Our setup’s capability to simultaneously resolve single-shot Fourier-
and real-space images is important for studying shot-to-shot variations
in lasing behavior. Chapter 4 in this thesis is dedicated to spontaneous
symmetry breaking in degenerate K -point lasers, expressing as dramatic
variations between single-shot images. Figure 2.7 shows example results of
simultaneously recorded single-shot Fourier images (top row) and real-space
images (bottom row). Unique about these images is that we have shaped the
pump beam that excites the gain medium, using the DMD device. Panels (a)
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Figure 2.7: Simultaneous real- and Fourier-space single-shot recordings of plasmon
lattice lasing. (a) For a 58 µm triangle pump below threshold, the system radiates
incoherent fluorescence. (b) The pump fluence crossed the lasing threshold and the
Fourier image displays coherent lasing from the six K -point modes. (c,d) Single-shot
lasing results when pumped with a (30× 17 µm) rectangle .

and (c) are taken at pump fluences below threshold and display clear DMD-
generated shapes of a triangle and rectangle, respectively, in the real space.
The Fourier images are isotropically filled with (weak) fluorescence. In these
gently pumped single shots, the fluorescence count rate amounts to just a few
photons per pixel, not enough for the repeated zone scheme circles to stand
out against the shot noise. Above the threshold fluence, 2D DFB lasing occurs
at the K -points, as shown in panels (b) and (d). A standout observation is that
the lasing spots are donut-like with a central dark spot, and that the spot size
and shape depends strongly on the real-space gain profile. This is the topic of
Chapter 5.

Figure 2.8 illustrates an important outlook on possible uses of our setup.
Ultimately, we envision to probe how metasurface band structures change
upon reaching significant gain. For instance, one could obtain (ω, ky) band
structures of the Dirac-cone dispersion around the K -point (panels a and b)
in a single-shot pump-probe experiment, and observe how bands, their loss
tangents (widths), and avoided crossings change when pumping just below
lasing threshold. Panels (a) and (b) compare fluorescent (many shots) and
white-light probe band structures (many shots) near a K -point in absence
of a pump, highlighting that it should in principle be possible to perform
such pump-probe experiments. So far, to our knowledge, literature has not
reported on band structures in nanophotonic systems with optical gain signal,
but instead focused on PL, reflection or transmission. We argue the study of
band structures in gain, or even in differential amplification, would be highly
relevant. For instance, many studies on photonic crystals analyze strong res-
onant interaction of Bloch modes at high symmetry points with optical gain
[76, 79, 84, 85, 187–190]. Another rich, emerging idea in the metasurface com-
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Figure 2.8: Outlook for amplifying plasmonic metasurfaces. (a,b) Our experiment
enables not only to measure metasurface dispersions in PL or in R (same multi-shot data
as Fig 2.6(d,e)), but also (panel c) to record band structures in reflectivity enhancement. (d)
Then, when we only pump one sublattice (by DMD) in a plasmon honeycomb lattice, we
form a gain-loss metasurface of which we can record PT-symmetry broken dispersions
in reflectivity enhancement at the Dirac cone (image courtesy of R. Kolkowski).

munity is to think of metasurface response as due to complex-frequency zeros
and poles in the scattering matrix. Studying how such poles and zeros can
be brought on the real frequency axis, and can be engineered in k-space is
the domain of the field of perfect absorption, and of optical gain singularities.
The setup at hand could resolve such questions in space and time, while the
DMD in the pump field could locally structure the gain, e.g., to form gain-loss
PT-symmetric metasurfaces [92, 96–102, 186].

2.5 Amplifying 1D grating: Gain-enabled grating
efficiency control

We explore pump-probe measurements on a very simple amplifying pho-
tonic structure: A one-dimensional (1D) grating. We demonstrate ultrafast
grating efficiency modulation by means of optical gain. 1D gratings have
countless applications in optics as dispersive elements, e.g. for spectroscopy,
and the physics of optimizing their diffraction efficiency has been a topic
of study for over a century [191]. More recently, actively controlling grat-
ing efficiency has received attention, with various methods. Some works
focused on mechanically changing grating elements or the relative position of
stacked binary gratings [192–194], while others changed the refractive index
of an embedding active medium, for instance by thermal heating [195], liquid
medium replacement in optofluidic realisations [196], electrically switching
liquid crystal materials [197, 198], or by optically writing and rewriting pat-
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terns in materials that show refractive index changes due to photodeformation
[199]. In all above works, one drawback that stands out is the diffraction
efficiency modulation speed, which typically lies in ms timescales. In this
section, we study ultrafast tuning of diffraction efficiency using the new ul-
trafast pump-probe Fourier microscope, anticipated to achieve modulation
speeds of a few ps. We consider the spectrally resolved diffraction efficiency
of a simple metallic strip grating on glass, embedded in a thin thin polymer
slab doped with dye molecules that provide gain by stimulated emission [178,
179, 200–202]. With the single-shot pump-probe Fourier microscope described
in Sec. 2.3, we can measure modulation of diffraction efficiency in multiple
orders simultaneously, which we here apply to the zeroth and ±1st orders.
We reproduce the main results with a Fraunhofer diffraction calculation with
gain.
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Figure 2.9: Amplifying 1D grating. (a) Sketch of sample geometry consisting of 50
nm tall silver strips on glass, embedded in dye-doped polymer. (b) Measured grating
diffraction efficiencies normalized to total reflection (Rj/RΣ) for h = 660 nm and duty
cycle dc = 1/3. Solid (dotted) lines are positive (negative) orders 1,2,4. (c) Measured,
normalized fluorescence spectra, and estimated κ spectra.
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2.5.1 Experiment

Fig 2.9 illustrates the main features of the 1D grating sample under study.
We fabricate Ag line gratings on 170µm thick microscope cover slips using
UV lithography, thin film evaporation of 50 nm Ag, and lift-off. The grating
pitch is chosen as 2.5 µm and we have gratings with two duty cycles, namely
1/2 and 1/3rd (metal). Thin, dye doped, dielectric layers are then spincoated
on top, resulting in the geometry sketched in Fig 2.9(a). We investigate two
gain media, namely 3.5wt% rhodamine 6G (Radiant Dyes) mixed with SU8-
3005 (Kayaku Advanced Materials) in cyclopentanone (ratio 2:1), spincoated
at 3000 rpm for 60 s followed by 90° 2 min bake, or 5 wt% Oracet FL Red
305 (SunChemical, dye formally sold as BASF Lumogen F305) mixed with
PMMA-A8 (Sigma Aldrich) in anisole (ratio 3:1), spincoated at 1500 rpm for
60 s, followed by a 150° 2 min bake. The resulting gain layers have thicknesses
as measured in a profilometer that are hSU8 = 510 nm and hPMMA = 660
nm. We project the white-light probe on the sample in epi-illumination, i.e.,
wide field illumination that is collimated and at normal incidence k|| = 0. A
typical measurement of the white-light reflectance spectrum in the absence of
gain (probe only, no pump) is shown in Fig 2.9(b) (solid black curve, sums
all recorded orders), taken from the OF305:PMMA sample with duty cycle
1/3rd. In the same plot, we show measured diffraction efficiencies of various
diffraction orders j, normalized to the total reflected intensity (RΣ) as Rj/RΣ.

Figure 2.9 shows fluorescence spectra for the Rh6G:SU8 sample (peak-
ing just red of 570 nm) and the Oracet:PMMA sample (emission peak at 620
nm). The gain coefficient as a function of wavelength can be estimated from
the fluorescence spectrum through the following set of equations relating the
imaginary part of the refractive index κ, the gain coefficient g0 and the cross-
section of stimulated emission σe [178, 203]

n = nr + iκ with κ = −g0λ
4π

where g0 = Nσe = Cλ4fn(λ).

Here the function fn(λ) = QE · L(λ)/
∫
L(λ)dλ is the normalized emission

spectrum and the quantum efficiency QE of the dyes at hand is taken as 0.9.
The multiplicative prefactor C (unit m−4) depends on the number density N
of the dye molecules. Fig 2.9(c) shows derived imaginary refractive index
functions alongside the measured normalized fluorescent emission spectra
of RH6G:SU8 and OF305:PMMA as dotted curves, assuming C = 1023 m−4

(choice of values in relation to experiments will be discussed below). The
expected gain curves are slightly redshifted compared to the emission spectra.

To measure gain in diffraction orders 0 and ±1, we operate in pump-probe
mode and record single-shot spectra in reflection in Fourier space, where each
order displays its own spectrum that we can separately analyze. From one
complete set of four single-shot pump-probe measurements (see Fig 2.5), we
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calculate enhancement G by subtracting fluorescence [84]

G =
Ipump-probe − Ifluo

Iprobe − Ibackground
. (2.2)

To have access to higher signal-to-noise ratio we measure G about 100 times
(requiring 400 single-shots) for each step increment of the delay stage. For the
choice of pump-probe illumination conditions, the fluorescence and white-
light spot sizes are about 60 µm in the sample plane and carefully overlapped.
We ensure that the walk-off of the pump spot is below 1 µm as the delay
stage is swept over the full xstage = 0 − 125 mm stage range (of which we
only use a few percent for the presented data). As incoming pump fluence
we measure 5 µmJ/cm2. The resulting CMOS recorded fluorescence intensity
generated by the pump light and in absence of the probe pulse is about 1
µJ/cm2. This value is similar to the signal strength of the reflected white-light
pulse. This might seem sub-optimal from the point of view that fluorescence
light is a background in the pump-probe measurement. However, in our
view, choosing the optimum pump and probe intensity is subtle. For the
pump, too low pump fluence will provide little amount of excited molecules
for stimulated emission, whereas too high fluence will lead to saturation of
the dye. For the white-light probe, too low intensity will lead to poor signal
to noise ratios. However, when the white light is too intense, it might de-
plete the available excited states for stimulated emission. From this point of
view, choosing a ratio of probe intensity to the angle-integrated fluorescence
of order unity is reasonable, since at unit dye quantum efficiency, the angle-
integrated fluorescence is a good metric for the total energy stored in the gain
medium.

Pump-probe measurements of grating diffraction efficiency changes are
displayed in Fig 2.10. Both Oracet F 305 in PMMA (panels a,b) and rho-
damine 6G in SU8 (panels c,d), show significant 10% intensity modulations
as a function of pump-probe delay. We discuss three qualitatively different
delay time regions – named U, W, and V – in the spectrum-delay maps. In
region U, the probe pulse comes before the pump pulse. Therefore, there
is no pump-induced change in the probe (G = 1). Region W contains a
complicated structure. At any given wavelength, the efficiency shows a rapid
modulation, taking place on a ≤ 1 ps time scale. The onset of this dynamics
occurs earlier for shorter wavelengths than for red wavelengths, leading to a
diagonal feature in the pump-probe diagrams that spreads over a ca. 10 ps
time window. Several aspects of our experiment may give rise to picosecond
dynamics. First, upon excitation with the 515 nm pump, the dye molecules
will be excited into higher vibrational levels of the first electronic excited state,
tending to relax in the lowest vibrational levels of the first electronic excited
state on picosecond time scales. The fact that gain is initially available at blue
wavelengths, and subsequently at redder wavelengths could be a result of
this vibrational relaxation. Aside from molecular processes on picosecond
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Figure 2.10: Measured enhancement spectra as a function of pump-probe delay.
(a,b) Enhancement maps of diffraction order 0 and 1 for Oracet F 305 in PMMA with
dc = 1/3, with delay time regions U , W and V indicated. Various crosscuts through
these datamaps, both horizontal and vertical, are presented later in this section. (c,d,)
Enhancement maps for rhodamine 6G in SU8, dc = 1/2. To construct enhancement
maps, single-shot gain (Eq (2.2)) is measured 100 times per delay step, and subsequently
averaged, in order to improve SNR. We obtain further SNR improvement by spectral
camera hardware binning (2×2) and software binning of the vertical wavelength axis (8
pixels). These SNR-improving strategies are generally applied within this section.
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time scales, one could also suspect so-called ’femtosecond coherent artefacts’
that are not due to the dye, but to the experimental setup. For instance,
the combination of temporal chirp in the white-light probe pulse (if blue ar-
rives earlier than red wavelengths) in combination with molecule-enabled
nonlinear processes of two-photon absorption and cross-phase modulation
have been reported to lead to artefacts [204–206]. In most reports, however,
the dynamics play out within a few picoseconds and do not extend over 10
ps. While this might be explainable by operating in a different wavelength
window (525 – 700 nm in our experiment, vs. 300 – 400 nm in Refs. [205, 206],
or generating more temporal chirp in our white-light continuum, we have not
made a detailed study of whether this effect is due to the setup or the sample.
Instead we focus on the longer time behavior, in the regime labeled V .

In the regime V , i.e., 10 ps after initial excitation, diffraction efficiencies
are modified strongly but the induced change does not depend strongly any-
more on the time delay. In this time regime, the excited fluorophores have
thermalized to lower vibrational levels, while they have not yet had time to
decay by fluorescence (which occurs on nanosecond time scales). Therefore,
we expect the stimulated emission cross-section of the sample to be highest,
hence leading to probe amplification. Strikingly, though, both gain systems
exhibit not only enhancement of probe intensity, but also de-enhancement,
varying with the spectral region and varying with the diffraction order that
one examines. For instance, OF305:PMMA shows for the zeroth diffraction
order enhancement of around 8% around λ = 590 nm, but de-enhancement of
10% at 660 nm, and then enhancement again at 700 nm. Qualitatively, the 1st
order shows the opposite spectral enhancement.

Figure 2.11 displays crosscuts through the 2D enhancement data of
Fig 2.10. In panels (a-e), enhancement spectra taken at various time delays are
shown for the very first recorded single-shot results (as calculated through Eq.
(2.2)) in a time-series of 100 consecutive pump-probe measurements. Despite
the fact that single-shot data contain much more noise, the salient features
both in time regions V (panels a-c: ps spectral time dynamics) and W (panel
d: opposite enhancement curves for order 0 and 1) clearly appear also in the
single-shot pump-probe measurements. Panels (e-h) display the result when
averaged over 100 frames, significantly lowering the noise. Finally, in panels
(i) and (j) we show horizontal crosscuts through the dataset for order 0 and 1
respectively. These line plots as a function of time delay, taken at wavelengths
590 nm and 660 nm, show that enhancement modulations decay with decay
time in the order of 10 ps (from exponential fits).

The behavior that excitation can cause both enhancement and de-
enhancement, with opposite spectral signatures in the different orders
(region V ), is also seen in Fig 2.12, where the pump probe delay is fixed at
xstage = 327.6 mm (where the probe modulation is strongest in region V), and
the pump fluence is varied. From a fluence of 0.5 mJ/cm2 the effect of the
pump appears, increasing in magnitude over the full fluence sweep up to 3
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Figure 2.11: Single-shot and many-shot crosscuts through enhancement maps (a-d)
Single-shot enhancement spectra (retrieved from the OF305:PMMA sample), taken at
various delay times. (e-h) Enhancement spectra at same ∆τ as (a-d), but averaged
over 100 subsequent single-shot gain measurements, significantly improving SNR. (i,j)
horizontal crosscuts (averaged over 100 subsequent shots), showing enhancement curves
with 10s of ps decay times.

mJ/cm2. This suggest that even at highest pump powers, the dye is not yet
fully saturated in absorption. Maximum enhancements and de-enhancements
of 10% and 15% are recorded in the 0th order.

On a final note, from the measurements it is not evident that there is a net
gain, i.e., a net enhancement of the probe, which would directly evidence that
the observed behavior is truly attributable to stimulated emission and not to
other ultrafast effects (ground level depletion, excited-state absorption). We
do not have access to the full closed photon balance since we only measure
reflection and collect neither transmission nor guided photons. Integrating
only the reflection orders we find there is net enhancement by 1-2% when
integrating over the spectral gain window of OF305:PMMA. We also observe
a small transient absorption at wavelengths larger than 680 nm, with faster
decay time than the stimulated emission signal, which we interpret as a sig-
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Figure 2.12: Multi-shot enhancement spectra as a function of pump power. (a,b)
Enhancements in order 0 and 1. (c,d) Horizontal crosscuts through enhancement data,
with wavelength choices indicated in legend. The results show the average of 100 single-
shot gain measurements, taken at xstage = 327.6 mm.

nature of excited-state absorption [179].

2.5.2 Calculation
We use a simple one-dimensional grating model to explain how optical gain
can induce enhancement and de-enhancement in the different diffraction or-
ders, seen in region V in previous section. The 1D geometry for the model
is shown in Fig 2.13. We assume plane waves coming in from the glass sub-
strate at normal incidence, and examine locally the reflection at the structure
to assess the local amplitude and phase pickup upon reflection. Next, we
Fourier transform the resulting modified plane wave to determine diffraction
efficiencies. For regions where the plane wave reaches the silver grating, we
assume that the local reflection is set by the Fresnel coefficient for a glass-
silver-air multilayer for the same silver thickness. For the regions without
silver, we assume that there is no reflection at the glass-polymer interface
(since the index contrast is negligible), and that instead the wave is reflected at
the polymer-air interface (height h). Thereby in the aperture plane (just below
the glass surface), the silver and the dielectric parts of the unit cell imply an
amplitude and phase pickup of

Silver: rme
iϕm Dielectric: rde

i 2π
λ 2(nd+iκ)h (2.3)
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Figure 2.13: Geometry for the Fraunhofer diffraction calculation. We consider a
normally incident plane wave arriving at the grating from the glass slide. The unit cell of
pitch p consists of a metal grating bar (width w and duty cycle dc = w/p) and a dielectric
gain bar, and we assess locally at the aperture plane the amplitude and phase pickup
upon reflection from metal-glass and dielectric-air interfaces. Fourier transforming the
modified plane wave provides diffraction efficiencies.

For the reflectivity of the 50 nm Ag mirror on glass (n = 1.45), assuming a
wavelength of 600 nm and nAg = 0.06 + 4.15i, we find absolute reflectivity
rm = 0.98, and angle ϕm = −2.46 rad. For the dielectric-air interface we
use rd,PMMA = 0.20 (nd,PMMA = 1.49) and rd,SU8 = 0.22 (nd,SU8 = 1.58).
The exponential terms in the right hand formula account for the propagation
phase associated with traversing the polymer height h both up and down,
given the polymer refractive index nd. Gain and loss are contained in the
propagation factor, added by including them as an imaginary part of nd.

To calculate diffraction efficiencies per order, we use the aperture function
t(x) of the 1D grating, which is the spatial convolution of an infinite Dirac
comb Xp(x) at the grating periodicity p, with the aperture function of the
unit cell tuc(x), defined as

Xp(x) =

∞∑
j=∞

δ(x− jp) (2.4)

tuc(x) = rme
iϕmrect

[
x− w/2

w

]
+ rde

i 2π
λ 2(nd+iκ)hrect

[
x− (p+ w)/2

(p− w)

]
(2.5)

where the function ”rect(x/w)" is a block function that is zero everywhere
except within a block of width w centered at the origin, where the function
equals unity. According to the Fraunhofer approximation, the Fourier trans-
form of the real-space aperture function t(x) = Xp(x) ⋆ tuc(x) provides the
angle-resolved far field. With the convolution theorem we express the Fourier
transform of the aperture function as the product of the real-space δ-comb and
that of the unit cell aperture function

F [Xp(x) ∗ tuc(x)](kx) = F [Xp(x)](kx) · F [tuc(x)](kx) (2.6)
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The Fourier transform of the real-space Dirac comb is simply a Dirac comb in
reciprocal space that enumerates the set of grating diffraction orders (spaced
by 2π/p in momentum space), while the unit cell aperture function transforms
to

F [tuc(x)](kx) = rme
iϕm eikxw/2 wsinc

[
kxw

2

]
+ rde

i 2π
λ 2(nd+iκ)h eikx(p+w)/2 (p− w)sinc

[
kx(p− w)

2

] (2.7)

where one recognizes the fact that the Fourier transform of a block of width w
and unit height equates towsinc(kxw/2), while the additional phase slips arise
from the Fourier shift theorem. We define the duty cycle (referring to the metal
strips of width w) as dc = w/p, and evaluate at grating order j under normal
incidence, by substituting kx = j 2πp . The reflection intensity per diffraction
order, Rj , has three contributions, namely from the metal, from the dielectric,
and a cross term

Rj = Rj,m +Rj,d +Rj,cross

Rj,m = r2md
2
csinc2(πjdc))

Rj,d = r2d(1− dc)
2sinc2(πj(1− dc))e

2g0h

Rj,cross = 2rdrmdc(1− dc)sinc(πjdc)sinc(πj(1− dc))e
g0h cos

[
2π

λ
2ndh+ jπ − ϕm

]
(2.8)

For comparison with experiment, we examine calculated diffraction order
efficiencies from Eq. (2.8) and derived enhancements of diffraction upon ap-
plication of gain, through G = Rj,gain/Rj,nogain. Fig 2.14 displays as dotted
red/orange lines a catalog of calculated diffraction efficiencies normalized to
the total reflected intensity, i.e. Rj/RΣ, in absence of gain. Enhancements
that arise when gain is introduced are indicated as solid lines. The three
rows depict metal duty cycles dc = 4/5, 1/2 and 1/5, and the columns show
results for increasing dielectric layer thickness. For dc = 4/5, order 0 efficiency
R0/RΣ is close to unity, and the ±1st order diffraction efficiency is only a few
percent, because at this duty cycle the width of the metal is so large that the
system is almost a mirror. For smaller metal duty cycles, the 1st diffraction
order becomes more apparent. For instance at duty cycle 1/2, the ±1st orders
each take up to 25% of total reflected power. Generally, the efficiencies show
an oscillatory dependence on wavelength, where the zeroth and 1st order
anti-correlate. The oscillatory dependence redshifts with increasing height of
the dielectric, and is attributable to the thin film interference in the dielectric
embodied in the cos[4ndk0h] dependence. This oscillatory dependence partic-
ularly occurs in the cross termR±1,cross, which carries the interference between
the diffracted light from the metal grating and from the dielectric bars.
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Figure 2.14: Catalog of calculation results from the 1D grating model. Each figure’s
right axis represents diffraction efficiency normalized to total reflection, of which the
dotted red and orange lines indicate orders 0 and 1 (R0/RΣ and R1/RΣ in the legend).
The left axis represents enhancement G, to which the solid lines correspond: Blue is
enhancement in order 0, red in order 1 and black is total enhancement in reflection. Rows
indicate duty cycles, columns increasing gain layer thicknesses. Considered duty cycles
are dc = 4/5 (a-c), dc = 1/2 (d-f), and dc = 1/5 (g-i).
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Turning to gain-induced diffraction enhancements, we remind the reader
that the gain in our modeling is spectrally dependent, with the gain region for
Oracet F 305 from 570 to 700 nm, peaking at 620 nm. For the h = 640 nm grat-
ing, the model predicts that the zeroth order is suppressed, while the first or-
der is enhanced by the gain. As the metal duty cycle reduces, the suppression
of the zero order becomes stronger, although the absolute enhancement of the
1st order does not grow accordingly. Notably, the gain-induced enhancement
qualitatively follows the peaks and troughs of the diffraction efficiency in the
respective orders. Commensurate with that observation, there is a reversal in
behavior at λ = 680 nm, to the red of which the 1st order is suppressed. As the
height of the dielectric increases, the behavior of enhancement/suppression
redshifts along with the spectral behavior of the diffraction efficiencies. This
means that at the largest height, h = 740 nm, the dominant effect is a strong
suppression of the 1st order diffraction, and an enhancement of the zeroth
order. For all duty cycles, the total gain (i.e., the gain in all orders summed
together, light blue curve) is relatively insignificant, much smaller than the
(de-)enhancements in order 0 and ±1.
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Figure 2.15: Comparing experiment with model. (a) Measurement of OF305:PMMA,
h = 660 nm and dc = 1/3, ∆τ = 10 ps. (b) Calculation, same duty cycle, but height
h = 665 nm and peak gain coefficient g0 = 2200 cm−1. Right axis and dotted lines
correspond to diffraction efficiency normalized to total reflection (R0/RΣ and R1/RΣ),
while left axis and solid lines corresponding to enhancements G (blue order 0, red order
1, black total reflection enhancement). (c) Measurement of RH6G:SU8 with h = 510 nm,
dc = 1/2, ∆τ = 10 ps. (d) Calculation with h = 530 nm and g0 = 2500 cm−1. For the
calculations, heights are chosen slightly off from measured layer thicknesses (with 10s of
nm error), in order to improve similarity.
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Having obtained basic intuition for the intensity enhancement spectra of
a 1D grating with a layer of gain dielectric, we now turn to a comparison
of experimental results and model. Fig 2.15 shows experimental data se-
lected as wavelength-crosscuts from the delay-spectrum enhancement maps
of Fig 2.10, in panels (a) for Oracet F 305 in PMMA and (c) for rhodamine 6G
in SU8. Panels (b,d) show calculations for both systems, for layer thickness
taken as measured on a bare layer. The main wavelength dependence and
the anti-symmetric spectral behavior between orders 0 and 1 are captured
by the model. Given the simplicity of the model, this is a remarkable cor-
respondence. At long wavelengths, particularly for the Oracet F 305 case,
there are nonetheless significant differences. One likely explanation is that
other nonlinear ultrafast processes may have contributed in the pump-probe
experiment, such as excited-state absorption [179].

A critical point of discussion regards the value of the gain coefficient. For
parameter C we used values 1.1 · 1023 m4 (OF305:PMMA) and 1.42 · 1023 m4

(RH6G:SU8), chosen such that the magnitude of the enhancements is of the
same order as in experiments. However, these values convert to gain coeffi-
cients of order 2200 − 2500 cm−1. These values are one order of magnitude
higher than for dyes in polymer slabs in literature [69], as well as what was
previously measured by S. Kovaios in our group: Vertical stripe length (VSL)
method on slabs of Rh6G-doped SU8 evidenced modal gain coefficients of up
to 90 cm−1 for 2D slab waveguided modes. The discrepancy may in part be
explained by the fact that (1) there is large difference in excitation pulse length
between the VSL test and our work (namely 500 ps with vertical stripe length
method as opposed to 200 fs in our pump-probe experiment), (2) differences in
dye concentration, and (3) the fact that the vertical stripe length measurement
pertained to a modal gain coefficient for the 2D slab waveguide modes, and
values are reduced from the bulk value due to incomplete mode overlap with
the gain medium. On the contrary, one might question the simplicity of our
grating model. Therefore, for validation, we perform full-wave COMSOL
simulations for our 1D grating model at different gain levels inserted as imag-
inary part of refractive index (value of κ). The simulations confirm all main
features of the model: Field plots show that the metal lines are mainly reflec-
tive, while the dielectric part is mainly transmissive. The model also shows
similar oscillatory behavior for the diffraction orders, and similar reflection
efficiencies. The COMSOL simulation also displays physics not contained
in the model: Spectral Fano lineshapes of modest amplitude, superimposed
on the gently oscillating efficiency curves, which we ascribe to standing sur-
face plasmon polariton resonances that span the width of the grating lines.
Indeed, field plots show near-field signatures of surface-plasmon polariton
modes that form standing waves. Upon introduction of gain we find similar
physics as in the simple model: Gain-induced spectral enhancements and de-
enhancements occur that directly correlate with the passive-grating efficiency,
and that show opposite behavior for the 0th and ±1st orders. Moreover,
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numerically, the simulation also requires gain coefficients of 2100 cm−1 (κ circa
0.01) to obtain 15% diffraction efficiency modulations in the different spectral
regions. This is a striking confirmation of our simple model by the simulation,
although it does not explain the origin of the discrepancy with reported gain
coefficients. To summarize, with our methodology we record gain coefficients
which are an order of magnitude higher than expected on basis of literature
and VSL measurements in our group.

A final point of discussion is the possibility that cross-linkage of the poly-
mer may occur during intense femtosecond pumping, which could change
the slab thickness and thereby effective mode index [207]. We believe this an
unlikely explanation, since we obtain similar results for both SU8 and PMMA
gratings which have very different behavior when viewed as (two-photon)
resists.

2.6 Discussion

We have commissioned a new setup that successfully combines two highly
important techniques in optics and nanophotonics: Pump-probe microscopy
with Fourier microscopy, providing access to angular resolved studies of ul-
trafast processes. Our main objective is to study and control effects from
optical gain, such as metasurface lasing and resonant white-light amplifica-
tion. In this chapter, we report a condensed portfolio of results on plasmonic
lattices with diffractive pitch. In multi-shot mode, band structures both in
fluorescence and white-light reflection display e.g. the conical Dirac cone
dispersions around the K -point. Single-shot experiments offer insight into
spontaneous symmetry breaking between degenerate modes K and K ′, and
the DMD-structured pump field provides active far-field output control. As
such, the setup is an experimental push forward to achieving locally patterned
gain-loss plasmon metasurfaces with PT-symmetry physics at the K -point
dispersions.

As a first test of pump-probe control of diffraction by means of optical gain,
we presented an ultrafast study on simple amplifying 1D gratings. We mea-
sure significant gain-induced modulations in grating efficiencies: Diffraction
orders can experience up to 15% amplification in one part of the spectrum
but de-amplification in another part, and we found that the behavior in the
zeroth and first order anti-correlates. These result are all captured in a simple
Fraunhofer diffraction calculation. While we presented these measurements
and the model to show a successful commissioning of our single-shot pump-
probe setup, as applied to amplifying photonic systems, two surprises stand
out from examining both the data and the theory. These are (1) that gain can
lead to suppression as well as amplification of scattering, and (2) that the
enhancements are comparatively modest, even when gain is large. In this
regard, we note that pump fluences are close to those used in Chapters 4 and
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5 where the same material systems are brought to lasing, and so the induced
gain can indeed be deemed ‘large’. The simple model expressions in Eq. (2.8)
show that gain does not simply provide an overall enhancement, because
the diffraction physics contains interference terms (Rcross). This means that
minor tuning of parameters can lead to dramatic differences in response. For
instance, if within the simple grating model we take a system of 20% duty
cycle, and a larger layer thickness of 1000 nm, singular behavior (diverging
diffraction efficiency) can occur, but only at specific gain values. This notion
of ‘critical gain’, wherein amplification disappears when the gain is both too
small and too large relative to a specific value at which a gain singularity
occurs, resembles the physics of ‘perfect absorption’ (vanishing instead of
diverging response). In the metasurface community, resonant systems with
weakly absorbing layers have been well studied, and it has been shown that
perfect absorption can only occur upon precise matching of radiative and
absorptive loss coefficients [95]. The analog of perfect absorption in the case
of amplifying systems is theoretically studied in Chapter 3.
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Chapter 3

Absorption and amplification
singularities in plasmon metasurface

etalons with gain

Passive reflective metasurfaces can possess perfect absorption conditions:
Singular scattering anomalies at which all impinging light is absorbed. Per-
fect absorption is a common yet powerful metasurface design option with
applications in energy harvesting, sensing, and more. Less common is the
inclusion of optical gain to the system, which can give rise to a singular con-
dition for perfect amplification. In this Chapter, we analyze absorption and
amplification singularities in plasmon antenna metasurface etalons with gain
with a simple transfer matrix model. Our etalon follows the Salisbury screen
design: A metal ground plate spaced by dielectric medium from an array of
resonant plasmonic scatterers. We include frequency dispersive models for
gain media and discuss the limitations of time reversal symmetry arguments
for relating gain singularity conditions (reflectivity poles) to the well known
perfect absorption conditions (reflectivity zeros) of metasurface etalons. We
show that for metasurface etalons with both gain and loss, gain can induce
both perfect absorption and gain singularities, and we describe topological
constraints on their creation and annihilation. Our findings have implications
for the fields of non-Hermitian photonics, parity-time symmetric scattering
systems, and dynamically controllable active metasurface pixels.
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Reflection singularities in plasmon metasurface etalons with gain

3.1 Introduction

Reflective metasurfaces are of considerable interest for their ability to control
the reflection amplitude, phase, and absorption of optical waves [18, 116, 118,
119, 208–214]. A common geometry is inspired by the radio frequency concept
of Salisbury and Dallenbach screens: Thin (patterned) layers at a carefully
chosen distance from a metal ground plate that achieve perfect absorption
of impinging waves [118, 215, 216]. In optics this motif of metasurfaces at
quarter wavelength (or similar) distances from a mirror has led to advances
in reflective metasurface pixels [119, 208, 211, 213], and has been used to turn
intrinsically weakly absorbing layers like two-dimensional (2D) materials into
effective photodetectors [217–219]. The seminal paper of Chong et al. relates
perfect absorption to complex frequency plane analysis of the scattering ma-
trix of photonic structures in terms of zeros and poles: The scattering matrix
eigenvectors with eigenvalues 0 and ∞ [113]. In fact, according to Krasnok
et al. [95] the scattering response of a system is completely determined by
such zeros and poles. By adding losses, one can bring zeros from the upper
half complex frequency plane onto the real frequency axis. Conversely, poles
correspond to scattering resonances, and when brought to the real frequency
axis by gain engineering, they become amplification singularities [80, 220,
221]. This understanding explains Salisbury and Dallenbach screens, more
general cases of coherent perfect absorption (CPA) [95, 117, 120, 121, 222–
227], as well as of CPA lasing [80, 95, 114, 120, 220, 228–230]. Zeros and poles
furthermore have a topological character that expresses in the phase response
[121]. Recently, active tuning of metasurface response through the control of
zeros and poles has received interest in numerical studies. One focus has been
on the active control over absorption singularities using thermo- or electro-
optical mechanisms [231, 232], while another has been on amplification sin-
gularity tuning by means of optical gain [91, 122]. However, actively tuned
singular response of a plasmon metasurface Salisbury screen with optical gain
has received little attention.

In this work, we theoretically study perfect absorption (zeros) and am-
plification singularities (poles) in amplifying plasmon antenna metasurface
etalons, extending the Salisbury-screen analogon for perfect absorption in
such structures [118] to gain. The philosophy of the work is highlighted
in Figure 3.1: While a passive metasurface etalon (panel a) may host pairs
of reflection zeros, we will show that the introduction of gain can give rise
both to zeros and poles, and we analyze topological constraints on these
singularities. We develop a transfer matrix model [233] for metasurface
etalons with loss and gain, and address the emergence of zeros and poles
in dependence of (1) whether gain/loss is included in the spacer layer or in
the metasurface, and (2) in the lattice case, how the gain is included in the
meta-atoms. Furthermore, we emphasize the importance of the numerical
models used for loss and gain. An appealing viewpoint comes from the
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Passive metasurface etalon Metasurface etalon with gain(a) (b)

Zero

Zero

Pole
?

Einc(ω) Einc(ω)

Figure 3.1: Singular reflection in metasurface etalons with loss and gain. (a) For a lossy,
plasmon metasurface in front off a mirror, hybridization between the plasmon resonance
and etalon resonances leads to pairs of perfect absorption conditions: Zeros in reflection
accompanied by phase singularities in a parameter space spanned by frequency and
etalon spacing. (b) When optical gain is included both reflection zeros (◦) and reflection
poles (×) can arise.

field of time-reversal and Parity-Time (PT) symmetry, where nonresonant
imaginary refractive index (n′′) of equal magnitude but opposite sign are
associated with time-reversal, i.e., an interchange of loss and gain properties.
This viewpoint implies simple relations between perfect absorption and
gain singularity conditions. However, we argue that the physics is crucially
affected by the need to account for the physical frequency dispersion in
gain media: A correct gain dispersion means that gain and loss are not time-
reversed equivalents through sign-inversion of the imaginary part of the
dielectric response. Finally, we argue that Salisbury screens with gain and
loss can show real-frequency zeros and poles that are very close in parameter
space, which may be interesting for dynamically controllable amplitude and
phase metasurface pixels with very large dynamic range.

3.2 Model

In this work, we consider semi-analytical modeling of amplifying metasurface
etalons in which plasmon particle lattices are held in front of a mirror, and in
which gain is introduced, either in the dielectric spacer or in the particle lattice.
We start by reviewing simple physical models for loss and gain materials and
scatterers, before recapitulating the transfer matrix method to calculate the
stack response.

3.2.1 Model for loss materials and scatterers

The canonical model for a plasmonic particle with loss [35] starts with the
Drude model for the free electron plasma, yielding the complex-valued di-
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Figure 3.2: Response functions of lossy and gainy constituents of the plasmon
metasurface etalons with gain. (a,b) Plot of Eq. (3.4): Real and imaginary part of the
dynamic polarizability of a single plasmon rod of V = 3 · 10−23 m3 (Lorentz model
fitted to COMSOL simulation from Ref. [121]). (c,d) Plot of Eq. (3.5): Real and imaginary
permittivity of a model dielectric medium with a Lorentzian gain resonance frequency
ωg = ωp = 2.4 ·1015 rad/s, line width γp = 0.01ωg and population inversion parameter
F = (0, 0.1, 0.2, 0.3, 0.4, 0.5). Note how compared to the plasmon dispersion not only
the imaginary but also the real part is flipped in sign. (e,f) Plot of Eq. (3.4) with Eq. (3.5).
Dynamic polarizability of a plasmon antenna coupled to a resonant gain bath according
to the model of Manjavacas [234], effectively forming a combination of resonances (a,b)
and (c,d). For increasing gain the sign of the metal dispersion remains, but from F = 0.5,
Im(αdyn) flips sign. (g,h) Plot of Eq. (3.7): Reflectivity ra of a subdiffractive (a = 350 nm)
gain plasmonic metasurface in glass for increasing pump strength. Re[ra] flips sign as
the singularity condition between F = 0.3 and F = 0.4 is traversed.

electric constant

ϵDrude(ω) = ϵ∞ −
ω2
p

ω2 + iωγp
, (3.1)

where ωp is the plasma frequency, and γp the Ohmic damping rate. When
substituted into the Rayleigh expression for the quasi-static electric dipole
polarizability of a subwavelength sphere of dielectric constant ϵ and radius
r, in a host of dielectric constant ϵhost (we use the convention p = 4πϵhostϵ0αE
so that polarizabilities have units of volume), one finds

α0(ω) = r3
ϵ(ω)− ϵhost

ϵ(ω) + 2ϵhost
(3.2)

displaying the well-known localized surface plasmon resonance at ϵ(ω) =
−2ϵhost. When ϵ∞ = ϵhost, this resonance is exactly Lorentzian

α0 =
V ω2

0

ω2
0 − ω2 − iωγ

. (3.3)
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The particle resonance frequency ω0 = ωp/
√
3ϵhost and damping rate follow

straightforwardly from the Drude parameters, while the oscillator strength is
quantified by V (units of volume, equal to r3 for the Rayleigh sphere). For
strong scatterers, scattering into the far-field comes with an additional loss
channel. It is well known in literature [37, 38] that a self-consistent theory for
multiple scattering requires to include a radiation damping factor i2/3k3

αdyn(ω) =
1

1/α0 − i2/3k3
, (3.4)

where k = nω/c is the wave number of the light in the medium surround-
ing the scatterer (n =

√
ϵhost) [37, 38]. The resulting ‘dynamic’ polarizability

satisfies the optical theorem, meaning that scattering equals extinction at zero
Ohmic damping, while at non-zero Ohmic damping the extinction exceeds
scattering, with the deficit equal to absorption. In this work we start with
parameters from [121], which make Eqs. (3.2), (3.4) accurately fit finite element
simulations of extinction and scattering of single nanorod plasmon antennas
in glass (n = 1.45) for polarization along the long axis of the rods. These
parameters in terms of Eq. (3.3) read ω0 = 2.4 · 1015 rad/s, damping rate
γp = 9.3 · 1013 s−1 and V = 6.9 · 10−23 m3 for Au nanorods (100× 50× 40 nm3)
in glass. We will vary V to control oscillator strength. Figure 3.2(a,b) show
the resulting dynamic polarizability of the lossy plasmon particles. The real
part shows the typical dispersive line shape, indicating the typical π phase
slip in scattering that occurs upon crossing the resonance. The imaginary part
is a positive Lorentzian line shape, and through the relation σext = 4πkImαdyn
directly indicates the resonance in the extinction cross section.

3.2.2 Extension to gain materials
To describe amplifying instead of lossy scatterers, it is tempting to simply
reverse the sign of the damping rate, or equivalently complex conjugate ϵ.
While such a transformation has been argued to be equivalent to time reversal
[92, 102, 235–238], we note that special care is required because scattering
by a gainy particle is not the time-reverse of scattering by a lossy particle.
Scattering redistributes light from a single input port (a plane wave) over
all outgoing ports (outgoing spherical wave) at a rate given by the radiation
damping term i2/3k3. Time-reversing material loss into gain does not also
redefine the input and output ports in a scattering problem, meaning that the
radiation damping term does not change sign. Given these subtleties, it is
useful to inspect gain susceptibility models and review the ramifications for
scattering.

A common model in the laser community [65] to describe an inverted
population of atoms in a dielectric medium, is to add the susceptibility χgain
of an ensemble of atoms in inversion to the background permittivity ϵb(ω) as

ϵ(ω) = ϵb(ω) + χgain(ω) (3.5)
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with a resonant Lorentzian lineshape

χgain(ω) = F
γg

ω − ωg + iγg
, (3.6)

where ωg is the resonant frequency of the gain medium, γg its line width, and
F quantifies the density of excited atoms (population inversion controlled
by pump strength in experiments). This model has been proposed for 3-
or 4-level gain atoms [65, 69, 234, 239–241]. Figure 3.2(c,d) plots Lorentzian
susceptibility model χgain for atoms in glass, with ωg = ωp = 2.4 · 1015 rad/s
and γp = 0.01ωg for various pump strengths F . Importantly, the gain not only
makes the imaginary part of the permittivity/polarizability negative, but also
affects the dispersion in the real part of the response function. We note that
a Drude scatterer can be transformed into an amplifying resonant scatterer
with valid gain dispersion (as Fig 3.2(c,d)) not by γ → −γ, as an intuitive
time-reversal argument would suggest, but instead by V → −V . Ref. [241]
explains this behavior on basis of a quantum mechanical microscopic model
of a 3-level atom upon pumping, from which the authors derive the classical
dynamic polarizability of an atomic scatterer with gain. Below inversion, the
atom dynamic polarizability displays a lossy Lorentzian polarizability, much
like a plasmonic particle (panel a,b). Upon reaching population inversion, the
atom becomes transparent. Crossing through transparency, the polarizability
goes through zero, flipping sign both in its imaginary and real part. The
sign flip in the imaginary part indicates negative extinction cross sections,
i.e., amplification. The scattering cross sections σscatt = 8π/3k4|αdyn|2 instead
remain positive.

Several works have proposed including gain into lossy plasmonic scatter-
ers [69, 92, 102, 234, 242–247]. We follow the description of Manjavacas [234],
which implements gain by taking the dielectric constant of a nanoparticle as
ϵ(ω) = ϵDrude(ω) + χgain(ω), and evaluating Eq. (3.2) and Eq. (3.4). Figure
3.2(e,f) plot the real and imaginary part of the polarizability at various gain
levels F . For low gain values, the polarizability is similar to that of the lossy
plasmonic particle, sharpening with increasing gain as the intrinsic Drude
loss is compensated. The dispersion then goes through a condition of strong
scattering and strong positive extinction, to a regime of negative extinction
(net gain). For such a compound particle, the dispersion in the real part of
polarizability does not flip sign.

Finally, we review how to convert the single particle polarizability into
metasurface reflectivity. To calculate ra for periodic arrays of identical scat-
terers, one can use Ewald lattice summation techniques that include retarded
multiple scattering interactions in the point dipole approximation [38, 248].
For lattices consisting of identical scatterers specified by quasi-static polar-
izabilities α0, arranged in unit cells of area A, the reflectivity in the non-
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diffractive regime reads

ra(ω) =
2πik

A

1

1/α0(ω)− 2πik
A

. (3.7)

Interestingly, Eq. (3.7) replaces the single nanoparticle radiation damping cor-
rection that is appropriate for the single scatterer (Eq. (3.4)) with a collective
lattice damping term 2πik/A. This lattice damping term increases with an-
tenna density and signifies superradiant damping for coherently radiating
dipole arrays. [121]. In the limit of high areal density, the reflectivity ap-
proaches a perfect mirror ra(ω) = −1. In Fig. 3.2 (g,h), we examine complex
reflectivity of a plasmonic metasurface with gain included in α0, according to
the approach of Manjavacas [234]. The real value of ra (Fig. 3.2(g)) becomes
increasingly negative with more gain, until it reaches the singular condition
α0 = A/2πik (between F = 0.3 and 0.4), at which point the gain compensates
the Ohmic and lattice radiation loss. At this point the reflectivity flips sign to
large positive amplitudes, before converging to zero with further increase of
F . Panel (h) shows that near the singularity condition, the Lorentzian curve
of Im(ra) has the steepest slopes.

3.2.3 Metasurface etalon transfer matrix model

To describe the complete response of the composite system from the single
material response just described, we use a transfer matrix method laid out
in Ref. [233]. We consider normally incident radiation only. The transfer
matrix method, as introduced in the seminal work of Ref. [249], relates parallel
electric and magnetic (E,H) fields at the front side of a stack of a dielectric
layer (z = 0) with those at the back side (z = dstack) via multiplication of
characteristic matrices of individual layers: Mstack = MN · MN−1...M2 · M1

(withm = 1, 2, ...N enumerating the layers from front to back). From the stack
matrix Mstack, the complex reflection and transmission amplitudes follow as(

t
ikt

)
=Mstack

(
1 + r

ik(1− r)

)
. (3.8)

Our stack will be composed of transfer matricesMd for homogeneous layers of
index n and thickness d, and a transfer matrix for the metasurface Mmeta. Md

is well known in literature, but Mmeta should depend on ra and merits careful
attention. For non-diffractive metasurfaces, Mmeta is obtained by assuming a
zero thickness layer with reflection coefficient ra, and also assuming that both
slabs immediately neighboring the metasurface have identical refractive index
[233]. Explicitly, Md and Mmeta [233] read:

Md =

(
cos kd 1

k sin kd
−k sin kd cos kd

)
and Mmeta(ra) =

(
1 0

2ikra
1+ra

1

)
. (3.9)
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The model does not allow for any diffraction channels, so we only consider
lattices with subdiffractive pitches. We retrieve ra from Eq. (3.7).

While we use the transfer matrix method for all calculations in this work,
we note that for a simple two layer etalon (one mirror, one metasurface) one
can extract an analytical Fabry-Perot formula [121, 226, 250]

rFPI =
ra + rm(1 + 2ra)e

2ik0nd

1− rarme2ik0nd
. (3.10)

Here, rm denotes the back reflector reflection coefficient. In this work, we
use glass-backed gold mirrors with n = 0.25 + 3.46i and thickness 50 nm
or 20 nm, and dielectric spacers of varying thickness and index n = 1.45.
Solving Eq. (3.8) with proper Md, these values yield reflection coefficients
rm = −0.5935−0.6502i and −0.3066−0.5126i, respectively. Eq. (3.10) has been
used in literature to explain the topological constraints on perfect absorption
conditions in absorbing metasurface etalons [121].

3.3 Results

3.3.1 Gain equivalent of lossy metasurface

We now discuss the response of Salisbury screens that include optical gain.
We examine increasingly complex scenarios for metasurface etalons with gain,
focusing on singular responses. The simplest case is presented in Figure 3.3:
Reflectivity of a standard etalon where a lossy mirror is separated by a trans-
parent spacer from a layer composed of nanoparticles, whose response are
defined by the Lorentzian Drude model (Eq. (3.3)). We compare the stan-
dard case of loss, modeled by positive oscillator strength V shown in panels
(a-d), with the simplest self-consistent model of amplification of equivalent
magnitude, set by negative volume, V → −V , in panels (e-h). Parameters
are chosen to closely resemble the standard plasmonic Salisbury screen in
Ref. [121], sketched in Fig. 3.1(a). The left three columns of Fig. 3.3 show
reflectivity amplitude in a phase space (ω, d) spanned by etalon spacing d
and frequency ω, with different panels corresponding to successively higher
antenna density (plots labeled with lattice pitch a =

√
A, assuming square

lattices). The rightmost column displays reflectivity phase. Throughout this
work we use color scales for |ra| that are linear from 0 to 1 (blue to white),
and logarithmic for |ra| > 1 (white to red, clipped at ra = 102). Panels (a-d)
show the case of a standard lossy metasurface Salisbury screen. The response
is dominated by the hybridization of the antenna resonance at 2.4 · 1015 rad/s
with etalon resonance conditions, especially visible in (c): At thicknesses of
approximately 250, 500 and 750 nm, hyperbolic white features curve from
top slightly rightward towards bottom. In between these etalon conditions,
the reflectivity amplitude drops with increasing antenna density, signifying
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Figure 3.3: Transfer matrix calculations in (ω, d) space of an etalon with a regular
Drude metasurface vs. its amplifying equivalent. (a-c) Reflectivity amplitude for
metasurfaces of increasing particle density (decreasing square arrays of pitch a, listed as
plot titles), assuming standard lossy plasmon particles. At a = 200 nm, absorption zeros
around the plasmon resonance appear, two of which are pointed out with a red ◦ for
clarity. In reflection phase ((d), referenced to same structure without particles) the pairs
of zeros appear as phase singularities of opposite topological charge ±1. (e-g) Response
for the amplifying equivalent structure (V → −V in Eq. (3.2)). Amplification singularity
pairs occur at a = 200 nm (indicated with ×). However, note that the response does not
simply exchange loss for gain, as also the dispersion around ω0 is inverted. Evaluated
for V = 3 · 10−23 m3 and Au mirror thickness 50 nm.

absorption. At a = 200 nm, the value of ra has become large enough that
points of perfect absorption occur. They arise in pairs, and coincide with
singularities in the reflection phase shown in panel (d) (phase referenced to
the phase pickup in absence of the particles). In the parameter space spanned
by ω − d, phase singularities arise in pairs of opposite charge ±1, indicating a
2π phase increment over a (counter)clockwise loop around the singular points.
These charges highlight the topological nature of the singularity conditions.

Next, we turn to the amplifying counterpart (V → −V ) in Fig. 3.3(e-h), the
geometry of which is sketched in Fig. 3.1(b). At first glance, it appears that as
loss is replaced by gain, the absorption features in reflection are replaced by
enhanced reflection. At low antenna density, the reflectivity enhancement is
modest (mimicking the finite absorption in panels (a,b)), while above a thresh-
old antenna density, the gain metasurface etalon displays poles in reflectivity.
These emerge as the counterparts of perfect absorption in (c), and likewise
correspond to phase singularities (compare panel h and d). While qualita-
tively the results for gain are clearly analogous to the case of loss (points
of singular behavior, arising in pairs, exchanging zeros for poles), there is
one striking difference: For pairs of perfect absorption the red-shifted (blue-
shifted) singularity appears for spacing larger (resp. smaller) than the etalon
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condition, but in the case of gain this ordering is reversed. Associated with
that, the phase map (h) is mirrored in the line ω = ω0, meaning that for a
given pair of singularities, not only the frequency ordering is flipped, but also
the topological charges. This evidences that poles and zeros are not simply
interchanged when going from a lossy polarizability to an equivalent gainy
polarizability.

The explanation is that the entire polarizability flips sign, i.e., both the real
and imaginary parts, as opposed to complex conjugating which is common in
some branches of literature on amplifying nanophotonics, PT-symmetry and
CPA-lasing [69, 95, 113–115, 120]. In the framework of the Salisbury screen,
the approach γ → −γ (leading to an amplifying but unphysical polarizability)
would interchange perfect absorption for perfect amplification points, without
rearranging the location of the singularities in phase space. The fact that a
correct gain dispersion also changes the real part of the response function
is well-known in other fields, such as the field of anomalous dispersion in
gain media [239, 240], where the effect is responsible for superluminal light
propagation.

3.3.2 Gainy spacers in lossy etalons

Next, we explore systems that simultaneously have both gain and loss. A
first system one could envision is a standard Salisbury screen (lossy plas-
monic particles), but imbuing the spacer medium with gain. We study the
dependence of the Salisbury screen response on the imaginary part of the
refractive index of the glass spacer layer in Fig. 3.4, ignoring dispersion in
the gain. As a starting point we take the case of Fig. 3.3(b): A Salisbury screen
made with a plasmon lattice that is not quite dense enough to create points
of perfect absorption if the spacer has neither gain nor loss (reproduced as
panel Fig. 3.4(d)). To the left of panel (d), in panels (a-c) we consider increas-
ing loss, and to the right in panels (e-g) increasing gain. Spacer loss/gain
is modeled through a non-dispersive imaginary refractive index n′′, while
a constant n′ = 1.45 defines the real part. For increasing spacer loss, we
already notice for n′′ = 0.05 that absorption singularity-pairs emerge. Their
frequency separation increases with the amount of spacer loss (n′′) and also
with spacer thickness d. The latter effect is to be contrasted with Salisbury
screens with lossless spacer: If there are singularities, they occur at all suc-
cessive etalon orders and at identical frequencies, see Fig 3.3(c,d)). Turning
to the case of gainy spacers in Fig 3.4(e-g), amplification singularities appear
for n′′ = −0.15. Amplification is strongest at the etalon resonance conditions,
and pockets of absorption persist. It is obvious that zeros and poles cannot
simply be interchanged when n′′ → −n′′. Indeed, it is immediately obvious
that there is no time-reversal symmetry when inverting the sign of n′′ in the
spacer while maintaining constant particle losses.

For standard plasmonic Salisbury screens, the topological origin of perfect
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Figure 3.4: Response of metasurface etalons with non-dispersive loss or gain in the
dielectric spacer. The metasurface comprises standard lossy plasmon antennas. (a-h)
Evolution with increasing loss resp. gain of the reflection amplitude. The reference case
n′′ = 0 corresponds to panel (d). Absorption singularities appear for n′′ ≥ 0.05, and are
highlighted in (a) with red ◦. Reflection poles only appear for n′′ ≤ −0.15, indicated in
(g) with red × for n′′ = −0.2. (i-j) resp. (k-l) Complex-plane construction of conditions
for reflection zeros resp. poles. Orange (blue) curves correspond to z1 and p1 (resp.
z2, p2). Panel (i) shows how a spacer absorption of n′′ = 0.15 generates intersections,
i.e. perfect absorption points that do not exist (owing to insufficient antenna density,
at the chosen a = 350 nm) in the case of zero spacer loss (panel j). Similarly, panel (l)
shows the generation of amplification singularity conditions that only exist for sufficient
spacer gain (here, n′′ = −0.2). Evaluated for pitch a = 350 nm, V = 3 · 10−23 m3 and
Au mirror thickness 50 nm. Open black circles in (i,j) resp. (k,l) indicate rm resp. 1/rm
(starting point of z2 resp. p2 at d = 0), while the asterisks indicate z1 resp. p1 at scatterer
resonance ω = ω0. Zeros and pole conditions are indicated by the red circles and crosses.

absorption points and the necessity for them to occur in pairs [121] can be ex-
plained by the simple Fabry-Perot interference model Eq. (3.10). This analysis
generalizes to the zeros and poles of amplifying metasurface etalons. Zeros
arise from the numerator, and occur when the complex-valued quantities

z1(ω) =
−ra(ω)

1 + 2ra(ω)
and z2(ω, d) = rme

2ik(ω)nd (3.11)

are equal. Complex functions z1(ω) and z2(ω, d) are plotted in Fig. 3.4(j) for
a lossless spacer. The quantity z1 is solely dependent on the metasurface.
When sweeping frequency ω, z1 traces a circle in the complex plane, starting
at the origin for zero frequency, returning to it at infinite frequency, while
reaching its point farthest from the origin when ω = ω0, where z1 intersects
the real axis. The circle grows in radius with increasing oscillator strength V ,
reaching infinite radius when ra(ω0) = −1/2. At even stronger scattering the
circle appears on the other side of the imaginary axis. The quantity z2 instead
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does not depend on the metasurface, but only on the combination of spacer
and mirror. For a lossless spacer, it simply traces out a circle in the complex
plane of radius rm centered on the origin, both as function of frequency ω,
and as function of etalon spacing d. For the lossless example at hand, there
is no crossing between z1 (orange curve), and z2 (blue curve) and thus no
zero reflection points are expected. For somewhat larger oscillator strength
(increased radius ra), intersections will occur in pairs and are revisited when
increasing the etalon thickness d for each revolution over the blue circle.

We now discuss the generalization to lossy spacers. While the metasurface
term z1 is left unchanged, the term z2 now changes from a circle of radius rm
to a spiral that spirals inward as the radius decreases with frequency ω and
etalon spacing d. One turn of the spiral is traversed when n′k0d corresponds to
a 2π phase increment, while the change in radius per turn of the spiral is gov-
erned by n′′. In panel (i), the spiral starts at the point rm corresponding to just
the mirror, and displays already the first round trip a first pair of intersections,
while the second turn generates a second pair, etcetera. The intersections
correspond to points of zero reflection: The frequency at which they occur
can be read off from z1, since each point on the orange circle corresponds to a
unique frequency. The matched etalon spacing d can then be read off from z2,
since each point on z2 corresponds to a unique value of the product ωd. The
first two intersections with z2 occur at frequencies comparatively close to the
plasmon resonance. The intersections at the next higher etalon orders occur
increasingly far from resonance. All these observations are in line with the
transfer matrix calculations of panel (a). In the case of amplification, the spiral
grows outwards, meaning that perfect absorption conditions do not occur.

A similar analysis can be made for poles in the reflectivity, for which we
analyze the denominator of the Fabry-Perot interference formula. Setting the
denominator to zero is equivalent to satisfying the condition p1(ω) = p2(ω, d)
for two complex valued quantities

p1(ω) = ra(ω) and p2(ω, d) = 1/(rme
2ik(ω)nd), (3.12)

where again p1 only depends on the metasurface response, and p2 only de-
pends on the mirror and spacer. Now p1 travels a clockwise circle in the
complex plane with increasing frequency (panel k), centered on the negative
real axis and touching the origin. Again, the furthest point of p1 from the
origin occurs at plasmon resonance. For n′′ = 0, the term p2 (a circle of
radius 1/rm) has a much larger radius than p1, and the system is very far
from emergence of amplification singularities. As gain is introduced, the term
p2 turns from a circle into an inward spiral. This causes the occurrence of
crossings, i.e., reflection poles. The large mismatch in radius between p1 and
p2 means that significant gain or path length is required: In this example,
crossings only occur at the second round trip. Higher-order intersections do
occur, but only at points very far detuned from plasmon resonance, out of the
frequency range considered in our plots. Again, all observations are in line
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with the (ω, d) map in panel (h). To summarize, when the time-symmetry
is explicitly broken, i.e., introducing loss/gain in the spacer while keeping
plasmon losses unchanged, very different conditions for generating zeros and
poles are predicted.

3.3.3 Both loss and gain in metasurfaces

We finally proceed to the scenario of metasurface etalons with lossless spacers
and a loss-gain metasurface, modeled according to the model of Manjavacas,
where the permittivity function reads ϵ(ω) = ϵDrude(ω) + χgain(ω) [234]. Im-
portantly, Re(α) does not immediately flip sign upon increasing population
inversion (Fig. 3.2 g,h). We take antenna volumes V = 2 · 10−23m−3 and
assume the gain resonance ωg to overlap with the plasmon resonance ω0, and
take a line width γg = 0.01ωg . Figure 3.5 considers dense (a = 250 nm, panels
a-e) and dilute (a = 400 nm, panels f-j) lattices. For the dense lattice at hand,
Figure 3.5(a) shows that in the absence of gain, absorption singularity pairs ex-
ist at frequencies quite far away from plasmon resonance. Increasing the gain
parameter F brings the pairs closer to the resonance, until they disappear for
F = 0.4. For the dilute lattice without gain, no absorption singularities exist
(panel f), but as F increases (panels (g-j)), first two absorption singularities
emerge (just below F = 0.1). They annihilate at F = 0.3, when two gain
singularities have emerged. Again, we can explain the singularity behavior by
searching for intersections of the functions z1 and z2 in panels (a-e) and pole
functions p1 and p2 in panels (k-o), for zeros and poles respectively. While for
the loss/gain spacer case the terms z2 and p2 (blue curves) were modified by
loss/gain, now the changes occur in the metasurface terms z1 and p2 (orange
curves).

Focusing on the absorption zeros, if one starts with the dilute metasurface,
the circle generated by z1 is too small to generate an intersection with the
term z2 (blue circle of radius rm). Upon pumping, loss compensation causes
the metasurface response z1 to grow in radius, creating a pair of intersections
(compare panels k,l,m). Optical gain thus causes pairs of reflection zeros that
will occur at all etalon orders. For further increasing gain, the singularities
disappear (panel n), owing to the fact that z1 shrinks again. It should be
noted that the sharp, non-trivial dispersion causes the z1 locus to deviate
from the circular shapes that occur for simple Lorentzian antennas. Turning
to the occurrence of poles, one notices a similar evolution, with the locus of p1
growing in radius in k, reaching a condition where two singularities originate
in pairs (panel s), while the gain singularities disappear for even stronger
pumping. For both the zero and pole construction, the trajectories of z1 resp.
p1 change the orientation at which they cross through the real axis at critical
F values. For the reflection zeros, this is associated with Re[ra] crossing the
value 1/2 (flipping the sign of z1), while for the poles, this reversal occurs
when Re[ra]) changes sign, which happens when the metasurface by itself (in
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Figure 3.5: Response of metasurface etalons with gain-plasmon antennas, following
the model of Manjavacas [234]. The spacer is lossless. (a-e) Reflectivity amplitude for a
dense metasurface (a = 250 nm) as function of increasing gain parameter F . For F = 0
the absorption singularity pairs are far from the plasmon resonance. For increasing
F the absorption singularities ◦ approach the plasmon resonance ω0, and ultimately
disappear. (f-j) Reflectivity amplitude of a dilute metasurface etalon (a = 400nm),
without absorption singularities in absence of gain. Absorption singularities are induced
by gain (◦ in panel h), and ultimately are replaced by amplification singularities at
larger gain (× in panel i). (k-o) Geometrical construction in the complex plane for
reflectivity zeros and poles. Orange (blue) curves correspond to z1 and p1 (resp. z2, p2).
Intersections signify the occurrence of zeros (panel m) and poles (panel s). Evaluated
for V = 2 · 10−23 m3 and Au mirror thickness 20 nm. Open black circles in (k-o) resp.
(p-t) indicate rm resp. 1/rm (starting point of z2 resp. p2 at d = 0), while the asterisks
indicate z1 resp. p1 at scatterer resonance ω = ω0. Zero and pole conditions are indicated
by the red circles and crosses.
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absence of the back reflector) goes through its gain singularity (Fig. 3.2(g)). In
summary, in this type of metasurface etalon, the addition of gain can induce
both perfect absorption points and amplification singularities. Singularities
require a critical gain: They disappear both when gain is too low and when
gain is too large.

For the system with loss and gain, one may wonder if zeros and poles can
coexist – or even coalesce – in (ω, d) space. In Fig. 3.6, we focus on a small
region in (ω, d) space, and very small increments of F around the emergence
of gain singularities. For F = 0.26, the reflectivity amplitude plot (panel a)
displays two perfect absorption points, as substantiated by the two oppositely
charged phase singularities in the reflection phase (panel d). Here, z1 and z2
intersect, but not p1 and p2. When increasing gain only very slightly to F =
0.27, also p1 intersects p2 near resonance, and two amplification singularities
co-exist together with the perfect absorption points (panels b, e). Another
increment in gain pushes the gain singularities away from each other, while on
a trajectory in between the gain singularities, the two absorption singularities
approach and annihilate (F = 0.28, panels c,f). The co-existence of two types
of singularities in parameter space is reminiscent of Ref. [220]. One can
ask if this behavior is generic, or if one can construct conditions in which

F = 0.26 F = 0.27 F = 0.28 
2.41

2.39

2.40

ω
 (1

015
 ra

d/
s)

2.41

2.39

2.40

ω
 (1

015
 ra

d/
s)

200 300 200 300 200 300
Spacer thickness d (nm)

(a) (b) (c)

(d) (e) (f)

0

π

2π

1

102

 Am
plitude |ra |

0

Reflec�on phase

Figure 3.6: Birth and annihilation of absorption and amplification singularities. We
consider the dilute (a = 400 nm) amplifying metasurface etalon of Fig. 3.5. (a-c) and
(d-f) Reflection amplitude and phase in a small part of ω − d parameter space for small
increments of gain F . At F = 0.27 (panel b,e), both absorption and gain singularities are
present, while in panels (a,d) and (c,f) only zeros resp. only poles occur. Evaluated for
V = 2 · 10−23 m3 and Au mirror thickness 20 nm.
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the creation of the amplification singularity pair exactly coincides with the
annihilation of the absorption singularity pair. Mathematically, the poles and
zeros can only exactly coincide in the case of an etalon with a perfect mirror
|rm| = 1, and when at the same time ra = −1. The latter solution from
Eq. (3.7) implies a static polarizability α0(ω) = ∞, which requires not only
the usual particle plasmon resonance condition (Re[ϵ(ω) + 2ϵhost] = 0) to be
fulfilled, but also perfect compensation of the plasmon loss by the gain [251,
252]. While the perfect mirror condition can never be strictly achieved, for
very high reflectivity mirrors and antenna’s operated near the polarizability
singularity condition, the zero and pole may approach each other very closely
in parameter space.

3.4 Discussion

We analyzed the physics of absorption and amplification singularities in re-
flectivity (in (ω, d) space) of plasmonic metasurface etalons with amplifying
constituents. Several observations stand out. First, replacing plasmon anten-
nas with pure gain counterparts is not simply a time-reversal operation in
which loss singularities become gain singularities. Two aspects are at play.
First, for pure gain antennas not only the imaginary part of polarizability
dispersion flips sign, but also the real part. Hence singularities appear at
the same equivalent oscillator strenght (|V |), but not at the same ω − d com-
binations. Second, time-reversing a scattering experiment is generally not
equivalent to swapping loss and gain rates, as radiation loss is not inverted
in sign. A further set of peculiar observations is that (A) gain can induce
perfect absorption, and (B) if gain induces poles in reflection, these conditions
of singular reflection only occur at isolated (pairs of) ω − d points, (C) these
generally do not persist indefinitely as gain is increased. The observation that
one requires critical gain, and that more gain removes singular response, is
reminiscent of the physics of critical coupling: Loss, gain, and coupling rates
need to be all carefully matched to obtain singular response.

One has to acknowledge that in this conceptual theory work we have used
gain parameters that cannot be readily obtained in optics (our values imply
gain coefficients up to g = 2 · 104 cm−1). Nonetheless, we argue that the phe-
nomena may be realizable in experiments. Firstly, high gain parameters can be
achieved by, for instance, using perovskite quantum dots [69]. Perovskite Mie
scatterers that demonstrate resonant net gain and room temperature lasing
have been demonstrated in literature [253], which quotes g = 3 · 104 cm−1 as
material gain coefficient. Secondly, our model ignores near field enhancement
effects that can increase gain. Lastly, one could envision using waveguid-
ing geometries and local density of states enhancements to make better use
of material gain. Indeed, these mechanisms are routinely used in plasmon
lattice lasers that show modest lasing thresholds (mJ/cm2) at material gain
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coefficients g ∼ 100 cm−2. We thus envision that in such systems, just below
lasing threshold, application possibilities could open up as amplitude and
phase tunable metasurface pixels, where each amplifying metasurface etalon
forms a single pixel. The possibility to bring the absorption and amplification
singularity pairs extremely close to each other in parameter space, means this
system can be actively tuned to switch between extreme amplitude enhance-
ment and de-enhancement in a very small window of parameters (F, ω, d).
An open question is what the actual experimental fingerprint will be if you
address the reflection poles in experiment. We have evaluated a purely linear
model which should break down at the reflection pole conditions: The actual
description would need to include nonlinear effects such as gain dynamics,
saturation and depletion of the gain, as well as noise [69]. Temporal pulse
shaping in the spirit of virtual gain might sidestep some of these issues, by
accessing the scattering matrix at frequencies away from the real axis [95, 254].
Also, the nonlinear dynamics could open interesting perspectives for these
systems as nonlinear, or self-oscillating optical elements [255].
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Chapter 4

Spontaneous symmetry breaking in
plasmon lattice lasers

Spontaneous symmetry breaking (SSB) is key for our understanding of
phase transitions and the spontaneous emergence of order. In this work, we
report that for a two-dimensional (2D) periodic metasurface with gain, SSB oc-
curs in the lasing transition. We study diffractive hexagonal plasmon nanopar-
ticle lattices, where the K -points in momentum space provide two modes
that are degenerate in frequency and identically distributed in space. Using
femtosecond pulses to energize the gain medium, we simultaneously capture
single-shot real-space and k-space images of laser emission. By combining
k- and real-space, we resolve the two order parameters for which symmetry
breaking simultaneously occurs: Spatial parity and U (1) (rotational) symme-
try breaking, evident respectively as random relative mode amplitude and
phase. The methodology reported in this work is generally applicable to 2D
plasmonic and dielectric metasurfaces and opens numerous opportunities for
the study of SSB and the emergence of spatial coherence in metaphotonics.
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4.1 Introduction

In nature, there exist many physical systems that can spontaneously and
abruptly evolve into an asymmetric state. This phenomenon of spontaneous
symmetry breaking (SSB), is observed for instance in phase transitions, such
as in the emergence of ferromagnetism, superfluidity, superconductivity, and
Bose-Einstein condensation. In photonics, spontaneous symmetry breaking
occurs for instance at the lasing transition, marked by the emergence of a
randomly manifested phase, and in degenerate resonant systems imbued
with gain or nonlinearity, where SSB expresses as a random imbalance in
the population of the modes. SSB has recently been studied in evanescently
coupled ‘photonic molecule’ nanocavities [256, 257], in microcavities with
degeneracy between counter-propagating modes (whispering gallery mode
systems), with either gain or a Kerr nonlinearity [258–264], and in exciton-
polariton microcavities and microcavity lattices [265–268]. There is a large
interest in understanding and harnessing the mechanisms of SSB in photonics.
Firstly, this is because photonic systems are ideal to study SSB as a general
phenomenon: Nonlinear photonic resonators allow to synthesize many
dynamical nonlinear differential equations with SSB behavior, and in addition
one can measure system response with high precision over many decades
in time. Secondly, from the application viewpoint, SSB is envisioned as
key to realizing ultra-small flip-flop optical memories, optically controllable
circulators and isolators, and all-optical switching [263, 269, 270].

Plasmon lattice lasers are periodically arranged lattices of plasmon
nanoparticles (antennas) embedded in a gain waveguide slab. Plasmon lattice
lasers were first reported in 2003 [126] and have since then been studied
extensively [30, 127–135, 143]. They are akin to distributed feedback (DFB)
lasers [139], but the weak feedback mechanism of a dielectric Bragg grating
is replaced by that of collective plasmon modes: The plasmon lattice enables
long-range interactions (nanoparticle scattering cross-sections are often larger
than the unit cell), and through diffractive resonances that are delocalized
over the lattice, this system generates strong features in the frequency-
momentum (ω-k) space. This type of nonlocal resonance originates from the
field of plasmonic surface lattice resonances. Recent work generalizes this to
the so-called nonlocal metasurfaces of irregular periodic arrays with collective
modes [22]. The plasmon surface lattice resonances have high quality factors
and strong plasmonic near fields. These unique properties provide strong
feedback [30], exceptional robustness to disorder [130], and ultrafast gain
dynamics [129]. In the plasmon lattice system, one can tailor the unit cell
resonance (controlled by antenna size and shape) and lattice symmetry at
will, providing opportunities to study plasmon versions of a rich family of
tight-binding Hamiltonians, such as honeycomb and kagome lattices with
topological properties [53, 63, 271], bound states in the continuum modes
[272], and exceptional points [92]. These works fall into the broader context

78



4.2 Experimental approach

of 2D photonic simulation systems of seminal Hamiltonians in solid-state
physics: For instance, topological metasurfaces and photonic crystals can
realize the quantum (spin) Hall effect [273] and active photonic lattices
provide a route to study PT-symmetry breaking physics [94] and topological
lasing [137, 138, 186].

In this work, we demonstrate spontaneous symmetry breaking in hexag-
onal plasmon lattice lasers, using the intrinsic degeneracy of Bloch modes at
the K -symmetry points in reciprocal space, which are defined as the corners
of the first Brillouin zone. Lasing from these points has been reported before
in photonic crystal and plasmonic lattice lasers [142, 143]. However, these
works did not report spontaneous symmetry breaking. In our newly devel-
oped methodology, we use a pulsed femtosecond laser as pump to bring the
system to lasing in every single shot, and we simultaneously perform real-
space and Fourier-space microscopy to map the relative intensity and phase of
the lasing modes from shot to shot. We uncover that this system concurrently
shows parity symmetry breaking, observable in the direction of light emission,
and rotational SSB, i.e. U(1) symmetry breaking, observable as a random
choice of relative phase between the lasing modes [274]. This behavior can be
reproduced with a minimal density-matrix based dynamic model, showing
that the SSB origin can be attributed to the inherently stochastic noise in spon-
taneous emission that initiates the lasing. While conventionally studied cou-
pled microcavity systems [256, 257, 265–268] are ideal for two-mode coupling
or optical simulators of nonlinear Hamiltonians with just nearest-neighbor
interactions, metasurfaces provide an even richer design space to construct
symmetries, mode degeneracies, and long-range interactions. The extended
2D nature of the lattice laser also means that one can go beyond mapping only
overall mode populations: Our microscopy methods resolve spatial structure
in the SSB, giving direct insight into the spatial structure of the spontaneously
emerging coherence. Therefore, this work opens a rich venue for studying
spontaneous symmetry breaking in nanophotonic metasurfaces.

4.2 Experimental approach

Fig. 4.1 illustrates our approach. We study hexagonal periodic lattices of plas-
monic nanodisks (Ag, diameter 80 nm and height 30 nm) embedded in a poly-
mer waveguide doped with a laser dye (fabrication described in Appendix
Sec. 4.6.1). This layer acts both as a gain medium and as a planar waveguide
with a single transverse electric (TE) and transverse magnetic (TM) mode. The
dominantly in-plane nanoantenna polarizability makes this geometry espe-
cially favorable to TE-mode distributed feedback lasing. The 500 nm lattice
pitch creates a K -point lasing condition near 580 nm wavelength. The 2D
hexagonal lattice provides degeneracy at the K -point both in frequency and
space. The Brillouin zone has six K -points that fall apart in two decoupled
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Figure 4.1: Single-shot microscopy retrieves relative intensity and phase of symmetry
broken K and K ′ laser modes. (a) K -point lasing in hexagonal plasmon lattice lasers
occurs on two decoupled modes, degenerate in frequency and space, and only differing
in parity. Spontaneous symmetry breaking occurs in relative amplitude between the
K and K ′-mode (parity breaking), and in relative phase (U(1) symmetry breaking). The
phase space maps to the unit sphere (b), where the distance from the equator maps parity
breaking, and the azimuth maps relative phase. (c) Plasmon lattices are embedded in
a planar polymer waveguide with organic dye to provide gain. We study lasing in a
high-NA microscope with single-shot real-space and Fourier-space imaging capabilities,
synchronized to a 20 Hz train of pump pulses (515 nm, 250 fs).

sets (henceforth K and K ′ points), each consisting of three points that are
internally connected by a reciprocal lattice vector. In a scalar description, at
a given K -point, there exist three modes, two of which form a pair of doubly
degenerate E-modes, and one is the remaining A1 mode, which is the only
mode that forms a flat band [49] required for lasing. While group theory is
more involved for polarized waves, the first order TE waveguide mode still
has the same separation into a degenerate doublet and one flat band [275].
The K and K ′ flat band modes are not only frequency-degenerate but also
their local fields EK,K′(r) are exactly identical in terms of energy density
(|EK(r)|2 = |EK′(r)|2). The only difference is in the mirrored wavevector
content. This offers the condition for spontaneous parity symmetry breaking:
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Lasing just on the K , or just on the K ′ condition will correspond to three
instead of six far-field output spots, with mirrored orientation (Fig. 4.1(a)).
Lasing of both modes in some superposition will furthermore imply the spon-
taneous emergence of a random relative phase φR, breaking U(1) symmetry
[67]. In this work, we visualize the phase space for such SSB on the unit sphere
(Fig. 4.1(b)): Moving away from the equator represents parity breaking (pure
K and K ′ lasing at the north and south pole respectively), while azimuth
represents the relative phase.

To map the symmetry breaking both in intensity parity and in phase, we
employ our newly developed simultaneous single-shot real- and Fourier-
space microscopy method (Fig. 4.1(c)). The samples are pumped by 250 fs
pulses at 515 nm wavelength. Emission collected by a high-NA microscope
objective is split in two optical tracks, each with a camera synchronized
with the 20 Hz laser pulse train. By imaging real-space in one track,
while inserting a Fourier lens in the other, we obtain statistics to correlate
Fourier-space and real-space output over long sequences of single-shot
experiments. To assess the dispersion relation underlying the laser behavior,
we collect photoluminescence (PL) enhancement Fourier and dispersion
images (Figs. 5.2(a, b)) by pumping at low fluence yet high repetition rate (1
MHz). We refer to Appendix Sec. 4.6.2 for more details. The PL enhancement
Fourier image (Fig. 5.2(a)) shows that exactly three circular bands cross at
each K -point. These bands are the 2D slab waveguide modes folded by
the lattice periodicity [10]. The intersections are also clearly visible in the
dispersion (Fig. 5.2(b)). The three-fold degeneracy is consistent with the
fact that K -point lasing corresponds to feedback on three reciprocal lattice
vectors G that form a closed triangular loop [142]. The dispersion image,
taken by projecting the kx = 0 slice of the Fourier image on the entrance slit
of a spectrometer, samples one of the K ′-points (negative ky), and one of the
K -points (positive ky), at an energy of 2.15 eV. From the dispersion image, we
estimate the quality factor of the diffractive surface lattice resonance near the
K -point as Q = 120.

To measure lasing, we operate in single-shot mode. Increasing the pump
pulse energy leads to a sudden nonlinear increase in output power at the
K -points, together with a very clear spectral narrowing (Figs. 4.2(e,f)). The
thresholds of 1 mJ/cm2 (50 nJ pulse energy) are consistent with earlier works
on plasmon lattice lasing [30, 132, 143]. Fourier images integrated over many
shots (Fig. 4.2(c)) distinctly show six high-intensity spots at the K -points. Im-
portantly, each spot has a doughnut shape, reflecting the fact that the lasing
mode is prevented from radiating directly into the far-field due to its sym-
metry (a dark mode). This effect is known as a symmetry-protected optical
bound state in the continuum (BIC) [160], where the DFB laser will choose as
laser condition the band edge of lowest loss, which is the band that is dark
precisely at the K -point, as opposed to a radiatively damped band. While
this is a BIC in the infinite lattice, lasing will in fact occur over a finite spatial
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Figure 4.2: K -point lasing averaged over multiple laser shots. (a) Fourier image of
photoluminescence (PL) shows the isofrequency contours of the guided mode dispersion
curves that are repeated in the momentum space due to periodicity (below lasing
threshold). Threeway crossings just within the NA = 1 circle (dashed) correspond to
the K -points. (b) Below threshold PL band structure showing K -point intersections at
ℏω = 2.15 eV. (c) Above-threshold Fourier image showing lasing at the six K -points
in Fourier-space, with 5× enlarged beam spots as insets (averaged over 150 shots). The
beam spots are doughnut-shaped due to the quasi-BIC nature of the lasing condition.
(d) Lasing at the K -points in the dispersion image (six shots summed), with calculated
free photon lines (insets show enlarged lasing spots). (e) Input-output power curve. (f)
Above threshold, the broad fluorescence spectrum (green curve) narrows to two sharp
lasing peaks. The pump fluence of the lasing spectra is 3× larger than the threshold
fluence. The emission wavelengths at K - and K ′-points are identical.
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envelope. This translates into a finite-width wave vector content around the
K -points [145–147]. In current nomenclature in the field, this is considered a
quasi-BIC, where the finite extent opens the BIC to radiation [31, 160]. Lastly,
the dispersion image for lasing is shown in Fig. 4.2(d). Two intensity peaks
from lasing, at the K - and K ′-point, occur at the same wavelength (Fig. 4.2(f)),
highlighting the frequency degeneracy that the hexagonal lattice symmetry
guarantees for K/K ′ modes. The imbalance in intensity between the two
spectra is due to experimental reasons which are explained in Sec. 4.6.4.

4.3 Spontaneous symmetry breaking in
single-shot results

Spontaneous symmetry breaking in parity is directly evident in sequences
of single-shot Fourier images. Figure 4.3(a-d) show four single-shot images
taken from a run of several hundred laser shots. For each of the six K -point
lasing spots, we observe very large shot-to-shot differences in intensity.
Figs. 4.3(a,b,c) show three directly subsequent shots, in the first of which both
K - and K ′-points appear equally bright, while the next frame has hardly any
K ′-point emission (only three lasing spots at the K -points). The opposite,
parity breaking entirely towards K ′ lasing, is evident in Fig. 4.3(d). In the
entire data sequence, no spot patterns occur except linear superpositions
of the K and K ′ triplets. Given the observation that the lasing output is
intermittent with a different intensity ratio of K and K ′ modes in each shot,
a relevant question is what the relative phase between the two modes is in
a given realization, and how that phase is statistically distributed over all
shots. Since, in the Fourier-space, the K and K ′ modes have no overlap,
Fourier imaging can not reveal relative phase. However, the relative phase
can be determined from single-shot real-space images, which we acquire
simultaneously with Fourier images. Upon crossing the lasing threshold,
the real-space appearance of the sample transitions from the diffuse glow
of fluorescence to a structured speckled pattern that directly evidences the
emergence of both spatial and temporal coherence [130]. Fig. 4.3(e) shows
a typical single-shot real-space image over an area of 44 × 44 µm2, while
Fig. 4.3(f) shows the sum over many laser shots. In both results, the hexagonal
lattice symmetry is visible. However, 2D Fourier transforms (insets) reveal
a marked difference. The ensemble-averaged image only shows Fourier
components commensurate with the lattice of particles (six sharp peaks
in the Fourier-transformed images). The single-shot image instead shows
additional spatial structure, evident as a 6-tuple of Fourier peaks at wave
vectors shorter by a factor

√
3. These peaks point towards the emergence of

longer range periodicities. Motivated by this observation, we apply Fourier-
domain filtering (explained in Appendix Sec. 4.6.7) and examine close-ups
of Fourier-filtered real-space data. Figs. 4.3(g-j) correspond directly to the
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Figure 4.3: Single-shot K -point lasing and SSB in Fourier- and real-space. (a-d) Single-
shot Fourier images taken from a single experiment run. Shots 1-3 (a-c) are directly
subsequent to each other. (b,d) show parity breaking towards pure K/K ′-point lasing,
while (a,c) show cases of equal superposition. (e) Single-shot and ensemble-averaged
real-space images (scale bar: 10 µm). Insets show 2D Fourier transforms (scale bar:
10 µm−1). (g-j) Fourier-filtered close-ups of the real-space images (scale bar: 3 µm),
corresponding to the Fourier images (a-b). (k,l) Sequence of relative amplitude (parity-
breaking) and phase (U(1) symmetry breaking) for a 150-shot data sequence. The dashed
line highlights the location of shots (a,b,c). (m,n) Temporal autocorrelations of the data
in (k,l). The traces are taken at 1.8 mJ/cm2 pump power.
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4.3 Spontaneous symmetry breaking in single-shot results

single-shot Fourier images in Figs. 4.3(a-d). Whenever only K (shot 2) or only
K ′ (shot 4) lasing occurs, the intensity patterns are simply hexagonal with
periodicity identical to the particle lattice. In stark contrast, when both K -
and K ′-points substantially lase (shots 1 and 3), we observe a honeycomb
supercell pattern. Moreover, while shots 1 and 3 have very similar Fourier
images, the spatial patterns are distinct: The shot 3 honeycomb pattern is
clearly shifted horizontally and vertically compared to shot 1. This variation
in spatial pattern encodes the random relative phase between K - and K ′-point
lasing.

To explain how we retrieve relative phase from real-space images, we con-
sider a simple scalar coupled-mode model for K/K ′-point Bloch modes [276,
277]. The A1 mode at the K -point is a coherent superposition of three plane
waves of identical amplitude and phase, with in-plane momentum given by
the three K -points,

EK (r) = eiK1·r + eiK2·r + eiK3·r (4.1)

The K ′ field is described by the same equation but substituting the K ′-points
as in-plane momenta. For both of these modes individually, the local in-
tensity distributions correspond to identical simple hexagonal patterns with
peak intensities at the lattice positions. However, for superpositions ET (r) =
aEK (r) + bEK ′(r)eiφR the intensity distributions acquire a superlattice peri-
odicity that is

√
3 times larger than the original lattice pitch. The relative

amplitudes a and b affect the contrast, but not the topology of these honey-
comb intensity patterns. The alignment of the superlattice intensity pattern
relative to the underlying particle lattice depends on the relative phase φR
(see Appendix Sec. 4.6.6 for a plot catalog). The simple coupled-mode model
qualitatively rationalizes all our observations, namely: (i) Whenever lasing
is purely on the K - or K ′-point (shots 2 and 3), the intensity distribution is
simply hexagonal. The real-space intensity distributions are identical, even
though the far-field directions of lasing emission are mirrored; (ii) honeycomb
patterns occur when K and K ′ modes both lase, and the observed spatial shift
from frame to frame can be understood as shot-to-shot variations in relative
phase φR (shots 1 and 4 in Fig. 4.3); (iii) the incoherent sum over all frames
washes out this interference and is simply hexagonal (Fig. 4.3(f)). To extract
the relative phase φR for each laser shot, we take a small section of the real-
space data (as selected for Figs. 4.3(g-j)) and fit the coupled mode model,
where the relative amplitude is not a free parameter, but fixed by the Fourier
images (see Sec. 4.6.7 for methodology).

Figs. 4.3(k,l) report on the extracted fluctuations in parity-breaking (K/K ′

contrast) and relative phase (random phase) in a typical measurement run. In
line with Fig. 4.1(b), we quantify the K/K ′ intensity contrast as an angle θ
defined for intensity IK in the K modes and IK′ in the K ′ modes as tan θ/2 =
(IK−IK′)/(IK+IK′). From the time traces we conclude that both the intensity
ratio and relative phase manifest randomly and independently from shot to
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shot. The normalized temporal autocorrelations (Figs. 4.3(m,n)) for both the
K/K ′ intensity ratio and the relative phase φR show no correlation beyond
∆n = 0. This observation is consistent with the notion that the symmetry
breaking is not from any explicit/geometric symmetry breaking, but is purely
spontaneous: It arises from the inherently stochastic fluctuations in the spon-
taneous emission seed that initiates lasing. In the system at hand, beyond
simply being degenerate in spectrum and energy density |EK(r)|2, the K
and K ′ modes are even fully identical up to complex conjugation EK (r) =
EK ′(r)∗, physically meaning time reversal. This means that overlap inte-
grals < f |∆|f > with geometric perturbations, say in dielectric constant ∆ϵ,
waveguide height ∆h, or particle polarizability ∆α, tend to be identical for
both modes, especially for predominantly real-valued perturbations. These
degeneracies imply robustness against geometric disorder in the sample and
pump field. For instance, in our experiment we were unable to impart explicit
symmetry breaking with linear pump polarization, even though the pump
field does have near field hot spots that rotate with input polarization. To
conclude, this system shows pure spontaneous symmetry breaking, which is a
result of its inherent protection from explicit symmetry breaking caused by an
inhomogeneous gain distribution. Therefore, we argue that this system stands
out as a platform for exploring SSB in the lasing transition, as compared with
systems that do not enjoy this protection (for instance, coupled cavity lasers
[256]).

4.4 Order parameter visualization

To visualize how the SSB order parameters of this plasmon lattice laser sample
phase space, we consider the distribution of the intensity contrast parameter
θ and the phase φR in Fig. 4.4. For a run of 900 shots, we place each shot on
the unit sphere in Fig. 4.4(a), while Fig. 4.4(b) and (c) report histogrammed
results for each parameter individually. With regards to the parity breaking,
we construct a histogram by a projection method that not only takes into
account the K/K ′ contrast, but that also reports on whether spot patterns are
strict superpositions of just K/K ′ lasing (see Sec. 4.6.3). In short, Fig. 4.4(b)
reads as follows: If all six lasing spots are equally bright, then c+ = 1 and
c− = 0. If instead lasing emission is just in the K (resp. K ′) directions, then
c+ = ±c− =

√
2. Any other linear combination of pure K - and K ′-point lasing

will result in a plot coordinate on the circular arc connecting these extremes
and at angle θ/2 relative to the x-axis. Finally, any hypothetical intensity
pattern that is not a linear superposition of K - and K ′-point lasing (e.g., if
just a single laser spot would appear) will result in a coordinate interior to the
circular arc. The histogram evidences that no such patterns occur, verifying
that all laser shots are true linear combinations of K - and K ′-point lasing.
Analysis as function of pump power (see Appendix Sec.4.6.5) shows that the
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Figure 4.4: SSB order parameters θ and φR, mapped onto the surface of a unit sphere.
(a) SSB phase space samples in a 900-shot measurement run. Each shot is plotted as a
data point on the unit sphere according to its relative phase (azimuth φR) and relative
amplitude (parity breaking, distance θ from equator). (b,c) Histograms of the parity
breaking θ and random phase φR.

histogram is identical irrespective of how high above threshold one operates.
To test whether the variation in contrast θ samples the entire interval from
−π/2 to π/2 uniformly, we subject this dataset to the Kolmogorov-Smirnov
(KS) test to find if the data is likely drawn from a uniform distribution. For
the 150 long dataset taken at the highest power (1.8 mJ/cm2), we calculate
a KS value of 0.054, evidencing that the null hypothesis at α = 5% holds.
While some runs marginally fail the test at this level of strictness, we view
that, quantitatively, the data is in good accord with a uniform distribution in
θ. For details we refer to Sec. 4.6.9.

This expression of symmetry breaking is comparable to recent results on
orbital angular momentum microlasers [264], and different from the more
usually reported bistability in which a system switches randomly to just one
of the initially degenerate modes [256, 257]. One can ask if this difference
arises from the pulsed nature of our experiment, as previous studies on bista-
bility either used quasi-CW conditions, or pulses substantially longer than
the intrinsic gain dynamics. To verify if the pumping conditions affect the
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observed SSB character, we repeated the experiments with 500 ps instead
of 250 fs pulses. These pulses are longer than the picosecond time scales
associated with distributed feedback laser dynamics. Despite pumping the
system with such long pulses, we observe the same continuous histogram.
Furthermore, the fact that the real-space maps encode the relative phase rules
out the possibility of rapid switching between the K and K ′ lasing within
a single shot. Turning to the phase, Fig. 4.4(c) plots the probability density
for observing (cosφR, sinφR). The relative phase between the K and K ′ is
’picked’ randomly as expected for U(1) symmetry breaking, where a system’s
phase evolves as a second order phase transition from a highly symmetric
(spontaneous emission) to locking in a single phase above lasing threshold
[67, 274]. We also subject theφR data to the KS test and we find that it generally
passes the null hypothesis for strictness α = 5%. Finally, we note that breaking
the parity symmetry and U(1) symmetry lead to uncorrelated choices in θ
and φR on the unit sphere. Although the data on the sphere suggests an
accumulation of points close to the poles, this does not mean θ is biased:
Drawing θ and φR independently and uniformly is not equivalent to picking
points uniformly over the unit sphere (due to the sin θ Jacobian).

One can substantiate some main aspects of the observed spontaneous sym-
metry breaking in a simple dynamic model that is based on a density matrix
formalism developed by Ref. [186] for plasmon lattice lasing, adapted to the
lattice symmetry at hand. The ingredients of this minimal model are param-
eters for the gain dynamics of the medium, the symmetry of k-space modes,
the |EK(r)|2 = |EK′(r)|2 degeneracy, and, finally, seeding of the dynamics
by amplitude and phase noise terms. Since this density matrix model was
implemented by R. Kolkowski, it is not reported on further in this thesis. We
refer to the supplement of Ref. [255] for the implementation and results of this
model, with parameters pertinent to our experiment.

4.5 Discussion

In summary, we observe spontaneous symmetry breaking in K -point plasmon
lattice lasers, where the symmetry is broken both in relative amplitude and
phase between the two (K and K ′) lasing modes. The SSB in intensity implies
a breaking of parity symmetry, while the SSB in phase is a U(1) symmetry
breaking. A key aspect of our work is the methodology of simultaneous
single-shot Fourier- and real-space imaging, which should be contrasted to
the earlier time-averaged measurements. This methodology is generally ap-
plicable to a large library of metasurface lasers with photonic lattice systems in
which one can design symmetries and degeneracies at will (e.g., honeycomb,
kagome lattices, topological photonic crystals) [53, 110, 134, 160]. Therefore,
our work opens important new opportunities in the study of spontaneous
symmetry breaking and emergence of spatial coherence.
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4.5 Discussion

An example of the important role of symmetry and degeneracy can already
be seen in hexagonal lattices, where one can compare M-point and K -point
lasing [144]. For K -point lasing, the lattice symmetry rigorously guarantees
that modes are exactly co-localized in space and exactly degenerate in energy.
M-point lasing is also associated to six output spots, but instead arises from
three distinct modes, each engaging two M-points. These modes are degen-
erate in frequency, but distinct in space. Consequently, in the M-point laser,
we observe three-way spontaneous symmetry breaking that is easily turned
into explicit symmetry breaking by changing the pump field polarization and
thereby the mode overlap with the near-field gain distribution. In this way, we
can force lasing in just one out of the three modes. In contrast, we were unable
to coerce K -point lasing into either the K or K ′ mode by changing pump
geometry, reflecting the profound protection that the time reversed modes
experience against explicitly imparted disorder.

Another important perspective is to study the spontaneous emergence of
coherence in space. Our methods image spatial variations of the order pa-
rameters: A degree of freedom that is not present in simple coupled cavity
realizations of SSB. In the reported experiment, we can for instance fit real-
space patterns in boxes of just a few unit cells, and thereby assemble phase
maps over the full microscope field of view (see Appendix Sec. 4.6.8). In
our system, such maps show mean-squared phase excursions of order 0.2
radians relative to the randomly chosen mean phase, with spatial correlation
lengths that are of order 5 µm. While the precise microscopic origin is out
of the scope of this Chapter, these variations in part report on slight geo-
metrical sample variations and in part arise from the distributed feedback
lasing physics. According to Kogelnik and Shank [140], even almost index-
matched polymer distributed feedback lasers show a rich spatial structure
that is determined by interplay of the system band structure, the balance
between gain, loss, and overall laser size [132]. It is completely open how
spontaneous symmetry breaking in (nonlocal) DFB laser systems generalizes
to the rich variety of nonlocal photonic systems that are currently emerging,
encompassing plasmonic and dielectric metasurface lasers, photonic crystal
lasers, quasi-bound state in the continuum, and topological lasers, as well
as systems that show photon or exciton-polariton Bose-Einstein condensate
physics [31, 136, 153, 265]. Overall, our results demonstrate a practical route
to quantifying the emergence of coherence in this entire array of photonic sys-
tems. Related to the above, the collective nonlocal resonances that are typical
of the plasmon lattice laser turn out to be a cornerstone in the field of nonlocal
metasurfaces [22]. Therefore, we envision that our methods directly apply
to this field, and we foresee interesting possibilities for spatially extended
manipulation of the symmetry breaking in irregular periodic arrays.

Finally, spontaneous symmetry breaking in photonics can be associated
with various applications. SSB in metasurfaces can be continuously
distributed in intensity, as in this work, or can be multistable with two
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or more fixed points in phase space. Also our observation that M-point
lasers with SBB can be biased at will by pump polarization (as opposed to
K-point lasers), shows that the multi-stability can be externally controlled.
Such controllable bi- and multi-stability is a potential resource for photonic
flip-flop memories. Lasers with chaotic output are also pursued as potentially
high-bit rate, or triggerable, hardware random number generators [278]. In
this spirit, one can also envision SSB in metasurfaces as a resource for spiking
artificial neural networks. Finally, we view the methods developed in our
work as laying the foundations for exploration of broken time symmetries,
phase transitions, and handedness selectivity in metasurfaces coupled to
active matter, such as gain media, 2D materials with valleytronic degrees of
freedom, and in scenarios of strong coupling with excitons.

4.6 Appendix

4.6.1 Sample fabrication
We use 170 µm thick microscope cover slips (Menzel) as substrates. A 150 nm layer
of PMMA is deposited on the substrate by spin-coating after cleaning them with base
piranha. Then, we cover the PMMA with a thermally evaporated layer of 20 nm Ge,
which acts as an etch mask for reactive ion etching after resist development. Over the
Ge layer, we spin-coat a 65 nm layer of positive CSAR resist in which we write the
structures using electron beam lithography (approximate dose of 130 µC/cm2). The
pattern is a hexagonal lattice of 500 nm period, consisting of 80 nm diameter particles.
After exposure, we develop the samples for 60 s in pentyl-acetate, 6 s in O-xylene
and finally 15 s in MIBK:IPA (9:1). We then etch through the Ge and PMMA layer
by reactive ion etching. Finally, we evaporate a 30 nm Ag layer on the sample, and
perform lift-off in a 60 ◦C acetone bath. This three-layer recipe from [121] has the
benefit of a high resolution, defined by the thin CSAR layer, and yet a thick resist
stack with high undercut for the lift-off. After fabrication of the plasmon lattice, we
spin-coat a 450 nm thick layer of SU8 doped with rhodamine 6G (10 mg Rh6G in 3
mL cyclopentanone mixed with 1 mL SU8, or 0.5 wt% Rh6G) on the sample, as in
[30]. The polymer refractive index is estimated at 1.6, leading to a waveguide mode
index of 1.55. On basis of variable-stripe-length measurements on unpatterned films
we estimate gain coefficients from 20 to 80 cm−1 over the relevant pump power range.

4.6.2 Optical setup
As the light source for pumping our plasmon lattice laser, we use the frequency-
doubled output from a Light Conversion Pharos laser, providing 515 nm wavelength
and 250 fs pulse duration. The electronic signal of the internal pulse picker is used to
drive single-shot camera measurements. We direct the pump light through an epilens
and a microscope objective (Nikon CFI Plan Apochromat lambda 100×, NA = 1.45),
to obtain a 70 µm diameter collinear beam in the sample plane. The pump power
is controlled by a motorized half-wave plate placed before a linear polarizer. The
pump is filtered by a combination of a 532 nm dichroic mirror and a 550 nm longpass
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filter. We image the sample plane with the same objective onto a camera chip (Bassler
acA1920-40um) for real-space imaging. A beam-splitter directs 50 % of the light to
another camera (Thorlabs CS2100M-USB) for Fourier-space imaging; in this track,
we placed a Fourier lens in focus with the back focal plane of the objective via a 1:1
telescope. For spectrally resolved Fourier images (i.e, band structures), we direct the
Fourier image through the entrance slit of a spectrometer (Andor Shamrock 163i),
to which we mounted a camera (Ximea MC124MG-SY-UB). For single-shot lasing
experiments, we use a repetition rate of 20 Hz, and synchronize both the Basler and
Thorlabs camera to the laser, to enable simultaneous single-shot imaging in real-space
and in Fourier-space. To obtain band diagrams in (kx, ky) space or in (ω, ky) space,
we operate in multi-shot mode with a repetition rate of 1 MHz and at low incident
pulse power, thereby collecting below-threshold fluorescence. For the Fourier images
below threshold, we insert a 550 nm (40 nm) bandpass filter, to select a narrow band
of emission wavelengths near the lasing conditions.

4.6.3 K -point basis projection method

We convert the sequence of images into a time series of integrated intensities at each
of the 6 lasing output spots, obtained by summing regions of interest (20 pixels across)
around each spot. Having reduced the intensity information in the images to a vector
of six intensities for each frame, we determine the projection of this 6-vector onto the
subspace of lasing in superpositions of the K and the K ′ modes. Let IN be the 6-vector
of intensities in frame N normalized to be of unit length, where the vector elements list
intensities in the consecutive K -points enumerated in clockwise order, starting from
the top spot. We determine the coefficients cN,+ = ⟨IN |v+⟩ and cN,− = ⟨IN |v−⟩, where
v± = 1/

√
6(1,±1, 1,±1, 1,±1), and ⟨.|⟩ stands for the inner product. We normalize to

⟨IN |IN ⟩. The normalized temporal autocorrelation for a parameter x is defined as
Mean[(x(n+∆n)− x̄)(x(n)− x̄)]/Var[x] where ∆n refers to comparing the time series
at ∆n shots apart.

4.6.4 Spectrum of the lasing mode

The K and K ′ modes both form a set of three k-space points that are coupled by
a reciprocal lattice vector. There exist no lattice vectors that could couple K into
K ′ and vice versa, which ensures the energy degeneracy between modes that live
at the K/K ′-points. In essence, the energy degeneracy is thus a result of Bloch’s
theorem. Figure 4.5(b) further evidences this degeneracy. While Fig. 4.2(f) in the
main manuscript shows the spectra taken in Fourier space, separating out K and K ′,
Fig. 4.5(b)) shows spatially resolved spectroscopy, obtained by projecting a slice of the
real space image onto the spectrometer slit. The spectral image is not corrected for
imaging artifacts in the Andor spectrometer, and therefore there is a slight curvature
in the result. Along the entire length of the field of view that is imaged (circa 44 µm)
there is only a single lasing line.

What is more, we wish to explain the origin of the intensity imbalance between
the spectra of K and K ′, seen in Fig. 4.2(f) in the main text. The imbalance has no
relation to a global preference of the laser for a particular mode but is due to a trivial
experimental reason: slicing k-space with a narrow spectrometer slit can lead to an
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Figure 4.5: Electron microscope image and spectrum of the lasing mode. (a) SEM
image of the K -point plasmonic lattice laser, showing the lattice of pitch 500 nm of
silver plasmon particles with diameter 80 nm. (b) raw spectral image of K -point lasing
emission, showing a single lasing line along the full length of the real-space field of view.
The slight curvature is due to the spectrometer imaging optics and has not been corrected
for in this image.

apparent imbalance, as can averaging over just a few shots. That there is no imbalance
on average, and no global preference, is evident from the statistical analysis in Fig. 4.4
These data are extracted from full 2D Fourier imaging without any spectrometer slit to
slice the data, and hence do not suffer from the artifact.

4.6.5 SSB power dependence

Spontaneous symmetry breaking generally occurs when one input parameter to a
physical system is continuously changed, and crossing some threshold value, the
system’s energy mode reduces in symmetry. Figure 4.6(a) displays such threshold
behavior for the K/K ′ mode laser, mapped as function of pump power. We use
the parameter θ defined in the main text. Below lasing threshold, fluorescence at all
K -points is equally bright (θ = 0). As the pump power exceeds the lasing threshold
power of 1.0 mJ/cm2, a continuous spread becomes visible in the SSB parameter θ
that expresses the relative intensity between the K and K ′ mode (y-axis). The spread
remains uniform over the entire θ range when increasing pump power. Fig. 4.6(a)
is measured with the 250 fs pump pulses also used for the main manuscript. For
Fig. 4.6(b), we place the same sample in a similar fluorescence Fourier microscope
but with 532 nm pump pulses of 500 ps pulse length, and we apply the same linear
basis projection method to the Fourier images. For this much longer pump pulse
regime, the system also shows no bifurcation, and a wide range of θ values is sampled.
The spread in θ is less than in Fig. 4.6(a). We attribute this to a higher fluorescence
intensity background when using 500 ps long pulses than 250 fs, which reduces K/K ′

contrast. This is supported by Fig. 4.6(c) that shows the histogram for 0.4 mJ/cm2, but
with fluorescence background subtracted prior to extracting θ. This recovers a more
uniform distribution of θ over the full range.
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Figure 4.6: Influence of pump strength on θ, for fs and ps pulse lengths. (a) Histograms
of K/K ′ intensity contrast parameter θ for increasing pump fluence, showing even
spreads in θ for fluences well above lasing threshold. Data taken with the 250 fs pulsed
laser setup described in the main text. (b) Same measurement as in (a) but taken with
a setup using a laser of 500 ps pulse length. (c) Fluorescence intensity background
subtracted occurrence histogram for θ, showing that the fluorescence background
significantly reduces the spread in θ.

4.6.6 Coupled-mode model

From scalar coupled-mode theory, the A1 K/K ′-point Bloch mode is described by
three coupled waves (see Figure 4.7(a))

EK (r) = eiK1·r + eiK2·r + eiK3·r. (4.2)

This simple model is used to calculate local field distributions for the A1 mode.
Fig. 4.7(b,c) display the calculated intensity distributions of the K/K ′ modes, showing
that they both form hexagonal patterns with peaks at the lattice nodes. The K/K ′

modes are thus spatially degenerate and are only distinguished by their opposite
wavevector content. When both modes form a coherent superposition

ET (r) = aEK (r) + bEK ′(r)eiφR , (4.3)

the result in local intensity shows honeycomb interference patterns as visible in
Fig. 4.7(d). The supercell pattern has

√
3 times larger pitch than the sublattice, and the
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Figure 4.7: Catalogue of K /K ′ mode interference patterns in real space. (a) The
hexagonal Brillouin zone corners comprise two sets of three reciprocal lattice vector-
coupled K -points. The A-type modes of the K/K ′ points are calculated with a coupled-
wave model, they have equal intensity distributions in space, as shown in (b) (K mode)
and (c) (K ′ mode). (d) Catalogue of local |ET (r)|2 for different relative phases φR
between K and K ′ modes (calculated with equal K -mode amplitudes a = b).

structure and spatial alignment relative to the origin of the patterns vary with relative
phase φR.

4.6.7 Real space filtering and phase fitting
In a single-shot real space image (Figure 4.8(a)), different periodic features are distin-
guishable, but their detailed structures are partially obscured by residual noise from
scattering by fabrication disorder. We Fourier filter the real space data for fitting,
as follows. The inset of Figure 4.8(a) shows the absolute value of the 2D Fourier
transform F of the real space image, in which we clearly observe 19 sharp peaks (one at
0 wave vector, and the remaining 18 forming different orders spanning the honeycomb
patterns across the hexagonal lattice). In the 2D FFT peaks, 6 points at |k//| = 15
µm−1 are the first order reciprocal lattice points of the real space lattice itself, and the
remaining 12 are responsible for the superlattice periodicity. For fitting, we first define
the size l = 5.86 µm of the real space blocks of data that we will fit the coupled-
mode model to. This defines a Fourier filter width dk = 2π/l µm−1. We then remove

94



4.6 Appendix

(b) (c) single-shot 1

3

4

5

φR = 0.35(1) φR = 0.23(1) φR = 2.98(2)

single-shot 1 single-shot 2 single-shot 3(d) (e) (f)

10 μm-1

10 μm

5 μm

3 μm

3 μm

0

2

4

6
In

te
ns

ity
 

3

4

5

(a)

Int. (cts)

Int. (cts)

Figure 4.8: Workflow illustration of the method to extract relative phase between the
K and K ′ mode from the real space data. (a) Raw image and FFT as inset. (b) Fourier
filtered data for region as indicated in (a). (c) Close-up of area used for fitting, taken from
(b). Also shown is the corresponding measured Fourier image. (d-f) show example data
and fits.

high-frequency noise from the full real space image by selecting only regions of width
∆k around each of the 19 sharp peaks (Gaussian filters, width dk). Inverse-Fourier
transforming the masked FFT returns the filtered real space image. Intensities in real-
space images in Fig. 4.8 are reported in dimensionless units. For a quantitative scale,
the data in Fig. 4.8(a) corresponds to 1.4 · 106 camera ADU units integrated over the
44 by 44 µm2 field of view. With a camera quantum efficiency of 70% this translates
into circa 1 · 106 collected photons per laser shot (500 photons per square micron). The
Fourier filtering suppresses the Poisson counting noise.

We then fit filtered real space intensity patterns of size l × l to the coupled-mode
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Figure 4.9: Spatial amplitude and phase landscapes of a single lasing shot. (a) The
raw single-shot real space data, to which the spatial filter technique is applied to obtain
(b). (c) Fitted amplitude of the periodic patterns above the fluorescence background. (d)
Spatial landscape of the extracted relative phase between K and K ′ mode. Scale bars are
10 µm.
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Spontaneous symmetry breaking in plasmon lattice lasers

model with the Python SciPy minimize function using the BFGS algorithm. For all
the fits, we choose the same area in the sample, and the block origin is chosen to
coincide with an intensity peak in the ensemble-averaged data. This ensures a precise
and common registration to the underlying particle lattice, which is needed to avoid
ambiguity in fitting the phase. The fit function reads

|ET (r)|2 = A|(
√
aEK (r) +

√
bEK ′(r)eiφR)|2 +B, (4.4)

where the relative amplitude coefficients a and b are derived from θ, taken from the
Fourier-space measurement, as: a = (1 + tan θ/2)/2 and b = (1 − tan θ/2)/2. a and b
are square rooted to obtain the right units. The only free fit parameters are the overall
amplitude and background counts (A and B) and the relative phase φR. Representative
fit results are shown in Figs S4(d,e,f). We note that performing this fit in real space
works best at choices of l that encompass of order 10×10 unit cells.

4.6.8 Spatial landscapes of the phase
The fitting procedure as described above can be extended to obtain a spatial phase
texture over the microscope field of view. To this end, we divide the field of view
into a target set of phase sampling points and for each sampling point we determine
the phase by real space fitting the intensity pattern inside a small box centered at
the sampling point (side length 5× larger than the sampling point distance). For
successful fitting, it is important that in all images the underlying particle lattice is
precisely referred to one common origin, since otherwise an error in spatial position
would translate as a phase slip (see Fig. 4.7). We have found that it is advantageous
to first fit the phase texture at a coarse sampling resolution, fitting larger areas at a
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Figure 4.10: Spatial phase landscapes for six subsequent single-shots. These
landscapes show random excursions from the mean spatial phase texture.
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4.6 Appendix

time, and subsequently using those fit results as an initial guess for fitting at refined
resolutions. Generally, we find that the local phase can be fitted accurately except
in two cases. First, whenever the lasing is purely K or K ′, the relative phase is φR

not defined. In practice, this means that also close to pure K/K ′-lasing the phase
is hard to determine. Second, the amplitude maps show variations in laser intensity,
including marked minima. We note that such inhomogeneities in amplitude envelopes
are intrinsic to DFB lasing, and occur, for instance, in coupled mode theory descrip-
tions from a nonlinear interplay of laser size, gain coefficient and feedback strength in
coupled mode theory. At intensity minima, the contrast in the data to which the fit is
performed is low. Figure 4.9 shows the results for one example frame, reporting the
raw real space image, the Fourier filtered data, and the extracted phase map. For this
particular example, there are phase excursions of order 0.1 to 0.2 radians around the
mean. Figure 4.10 shows such phasemaps for 6 subsequent frames. Both the average
phase, and the phase fluctuations vary from map to map. The spatial autocorrelation
lengths are of order 5 µm.

4.6.9 Statistics of SSB parameters (Kolmogorov-Smirnov test)
Our sampling of the probability distribution typically contains of order 1000 shots
(Fig. 4.4(b,c): 900 shots, combined from the six highest pump powers (each 150 shots)
in Fig. 4.6(a)). Focusing on the symmetry breaking in relative intensity and phase as
gauged by θ and φR, one can perform statistical testing to test if the data is likely
drawn from a uniform distribution. A standard test is the Kolmogorov-Smirnov test
(KS), which compares measured and hypothesized cumulative probability distribution
functions. As an example of such an analysis, in Figure 4.11 we plot the KS test applied
to data taken from the highest power dataset in Fig. 4.11(a) (150 shots). The measured
cumulative distribution function matches that of a uniform distribution for θ and φR

well, with a respective maximum deviations D = 0.054 and D = 0.046, which are smaller
than the threshold value of the Kolmogorov-Smirnov test evaluated at α = 0.05 (5%)
as significance level: D = 0.11. Most runs pass the test at this level of strictness for θ and
φR, and a few runs marginally fail the test. In our view this means that quantitatively
the data is in good accord with the hypothesis of a uniform distribution. In a future
study, it would be interesting to resolve if there is finer structure in phase space, e.g.,
in relation to how the system geometrical symmetry is broken, or how much disorder
is introduced.
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Figure 4.11: Cumulative distribution functions for Kolmogorv-Smirnov testing. The
cumulative distribution functions of hypothetical perfectly uniform distribution datasets
are shown in blue, and of the SSB data in red. The data is taken from the highest pump
power dataset in Fig. 4.6(a). Both θ and φR pass the Kolmogorov-Smirnov test.
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Chapter 5

Plasmon lattice lasers programmed
in size, shape and symmetry

We study hexagonal plasmon lattice lasers that are programmable in size,
shape, symmetry, and boundary conditions. Plasmon lattice lasers are two-
dimensional (2D) lattices of plasmonic scatterers embedded in a waveguide
with optical gain. At the high-symmetry points, the lattice forms delocalized
plasmon modes that provide optical feedback distributed across the array,
akin to distributed feedback (DFB) lasers. We project optical pump fields of
various shapes onto the lattice, using a digital micromirror device, and study
the diffracted output light with simultaneous real-space and Fourier-space
microscopy. We focus on K -point lasing in hexagonal lattices. Firstly, we
note that the 2D laser’s real-space intensity envelopes display clear signatures
of being in the undercoupled DFB lasing regime. What is more, we find
that the vortex beams of laser emission in Fourier space strongly depend on
the shape/size of the illuminated area in real space. In the acquired single-
shot lasing images, we observe shot-to-shot variations in relative amplitude
between the degenerate K and K ′ modes, indicating spontaneous parity sym-
metry breaking. We study the relation between real-space laser shape, k-space
output, and local spatial intensity distribution in the spontaneous symmetry
breaking process. Spatial shaping of the pump field also allows to create
nearby coupled lasers. Finally, we show how coupled plasmon lasers syn-
chronize in phase and amplitude in dependence of their coupling strength.
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5.1 Introduction

Plasmon lattice lasers receive much interest as two-dimensional (2D)
distributed feedback lasers (DFB) based on diffractive plasmon modes
[30, 126, 127, 130–132, 134, 135, 143, 255]. They are periodically arranged
lattices of metallic nanoparticles, embedded in an optical gain medium
that often also functions as a 2D waveguide. The resonant nanoparticle
polarizability offers strong and ultrafast near-field enhancements as well
as large scattering cross-sections that guarantee strong optical feedback.
Employed as laser cavity, plasmon lattice resonances provide much stronger
feedback than typical polymer [139, 141, 145] and photonic crystal [142, 146–
148] DFB lasers, and therefore plasmon lattice lasers come, for instance,
with exceptional robustness to disorder [130]. An alternative viewpoint
on plasmon lattice lasers is that they implement a diffractive resonant
metasurface, and as such, plasmon lattice lasers are related to lasers based
on lattices of Mie-resonant scatterers and lasers based on bound states in
the continuum in nonlocal metasurfaces [19, 23, 31, 136–138]. Typically,
lattice lasers operate on the Γ -point condition (2nd order Bragg diffraction,
output normal to the laser), but recent interest emerged in plasmon lattices
of hexagonal symmetry that lase from the high-symmetry K - and M -
points in momentum space, for they offer a rich class of mode symmetries
[143, 144, 186, 255, 279]. For instance, in hexagonal lattices the K andK ′ Bloch
modes are time-reversed companions [186], degenerate not only in frequency
but also in the spatial mode profile. In Chapter 4, we proposed this as a new
venue to study spontaneous symmetry breaking physics. This exemplifies
that plasmon lattice lasers give access to fundamental studies of solid-state
physics phenomena occurring in 2D lattice symmetries with loss and gain.

In this Chapter, we spatially program the size, shape and symmetry of
the impinging pump field, and investigate the output characteristics of the
resulting lasing. Using a digital micromirror device to shape the optical pump
field, we achieve spatially programming the gain. Spatial programming of
gain allows us to study many highly interesting questions. First, coupled
wave theory (CWT) for dielectric DFB lasers [140] predicts that lasing be-
havior highly depends on boundary conditions: 2D DFB lasing comes with
nontrivial spatial intensity distributions that are slowly varying envelopes
compared to the underlying Bloch-mode standing waves [132, 148, 280, 281].
In dependence of the ratio of gain and feedback strength, these envelopes
have typical shapes – for instance, the lowest threshold modes in plasmon
lattices are typically ‘undercoupled’, with intensity high at the laser bound-
aries and low in the center. Interestingly, K -mode lasers can display far-
field emission into a triplet of spots, and we here examine their intensity
envelopes. Second, by diffraction, the real-space profile directly relates to the
far-field output. In the metasurface laser community, there is large interest
in the vortex beams displayed by lattice lasers, which are associated to the
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Figure 5.1: Single-shot microscopy with structured pump illumination. (a) Illustration
of the plasmon lattice laser, which is a hexagonal lattice of silver nanoparticles embedded
in a dye-doped slab waveguide. (b) Fluorescence microscope setup. We place a digital
micromirror device (DMD) in the pump-illumination track in the focus of the epi-lens in
order to project any pattern in the real-space plane of the sample. The emission signal is
sent to the imaging setup where we record real- & Fourier-space images simultaneously.
(c) 54 µm sized triangle projected by the DMD produces a triangle in fluorescence as
recorded in real space. (d,e) Fourier images of fluorescence from the hexagonal plasmon
lattice for pitches a = 375 nm and 500 nm, with bandpass filter centered at 580 nm, at
which energy the repeated waveguide mode crossings occur at the M - and K -points,
respectively. The first Brillouin Zone is shown in black in panel (c), with high-symmetry
points M ,Γ ,K indicated.

so-called quasi-BIC (bound state in the continuum) nature of the lasing mode
[31, 134, 255]. While finite size effects have been studied with CWT and in
experiments [132, 148, 154, 281], showing signatures both in the Fourier-space
vortex lasing beam and in the spatial intensity distribution, these studies have
focused on hard boundaries, where the physical lattice actually stops. In this
work, we show how the quasi-BIC vortex beams are controlled by shape and
size of the pumped area. Third, we study spontaneous symmetry breaking
(SSB) physics as function of boundary conditions that can be chosen to ei-
ther match, or instead frustrate and reduce the symmetries of the underlying
lattice. Furthermore, there is no need to restrict spatially programmed gain
to contiguous domains, and we show that one can controllably study the
coupling and synchronization of two and more closely spaced 2D lasers. A
rich body of literature exists on coupled lasers in various forms, including
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two-section 1D DFB lasers [282, 283], coupled semiconductor lasers [284, 285],
and coupled photonic crystal cavity lasers [256, 286, 287]. Already systems of
two coupled lasers come with a plethora of nonlinear dynamical features, such
as self-pulsations, chaos, synchronization, spontaneous symmetry breaking,
with rich input-output bifurcation scenarios [288, 289]. These nonlinearities
are typically mapped via temporal studies of emission output. Our work
presents a method to spatially control and image the nonlinear interaction
dynamics of coupled lattice lasers.

5.2 Experimental approach

To create gain regions with sharply defined and controllable boundaries, we
use a digital micromirror device (DMD) to structure the pump beam. This
method is borrowed from programmable emission control in polariton con-
densate studies [184, 290], planar random lasers [291], and more recently stud-
ies of refractive index tuning to manipulate luminescent all-dielectric metasur-
faces [292]. Figure 5.1 shows the concept of our set up, which is essentially a
fluorescence microscope driven by a 250 fs pulsed pump laser of 515 nm wave-
length (LightConversion Pharos, frequency doubled). Fig. 5.1(b) displays the
setup, where we place a Texas Instruments digital mirror device (DLP6500, a
2 megapixel device with 7.6 micron pixel size) in the pump beam, imaging
it through the microscope epi-illumination lens and objective (NA = 1.45
oil objective, Nikon CFI Plan Apochromat lambda 100x) onto the sample, at
a demagnification of 100 times. This allows to project an amplitude mask
formed by DMD pixel-mirrors as intensity pattern in the pump field on the
sample with diffraction limited resolution λ/2NA = 175 nm (≈ 2.5 DMD
pixels). Fig. 5.1(c) shows an example of the real-space illumination, visualized
by recording fluorescence from a dye-doped but uncorrugated polymer slab.
The emission clearly delineates a triangular shape, as encoded by the DMD,
onto the pump. As in Chapter 4, our setup can operate in single-shot mode,
with a camera frame rate synchronized to the repetition rate of the laser (set
at 20 Hz). A beamsplitter in the imaging track ensures simultaneous cap-
ture of real-space images with one camera and Fourier-space images with
the other. Single-shot recordings allow to capture shot-to-shot variation in
the laser emission, originating e.g. from mode competition and spontaneous
symmetry breaking [255, 264].

We study hexagonal lattices of plasmonic nanoparticle antennas, sketched
in Figure 5.1(a). The nanoantennas have 80 nm diameter and 35 nm height,
with a pitch of 375 nm or 500 nm. The lattice is fabricated by standard electron
beam lithography followed by a lift-off procedure. We cover the lattices with
an approximately 500 nm thick SU8 polymer slab, which is doped with 3.5 wt
% rhodamine 6G providing the gain required for lasing. We refer to Sec.4.6.1
in the Appendix of Chapter 4 for details of sample fabrication procedures. The
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choices of particle size, waveguide and gain medium are typical in the field
of plasmon lattice lasers: The in-plane plasmon resonance of the particles is
resonant with the gain (near 590 nm), and the waveguide supports just one
transverse electric (TE) and one transverse magnetic (TM) guided mode. The
fully in-plane electric field of the TE mode aligns to the main polarizability
axes of the anisotropic oblate metallic nanodisks, therefore favoring diffractive
coupling through the TE waveguide mode over TM guided modes [30, 131].
Figures 5.1(d,e) show Fourier images of PL enhancement from plasmon lat-
tices with pitch 375 and 500 nm. In the extended-zone scheme represen-
tation of band-structure physics, the waveguide mode represents a circular
feature in (kx, ky) space, repeating centered at each reciprocal lattice point
of the hexagonal lattice [10]. This repeated-zone-scheme dispersion is im-
mediately evident in the back-focal-plane images in Fig. 5.1(d) and (e). The
first Brillouin zone (BZ) is hexagonally shaped and is highlighted in black
(Fig. 5.1(d), with high-symmetry points Γ (center of BZ) K (corners of BZ)
and M (in between corners of BZ). In panel 5.1(d), for a = 375 nm, repeated
waveguide modes intersect at the M -points, while in Fig.5.1(e) for a = 500
nm an intersection occurs at the K -points. At such intersections, two or more
Bloch modes couple and form a stop gap in (ω, k||) space, with flat bands
suitable for lasing [30, 132, 140, 142]. For the amplifying plasmon lattice of
pitch 500 nm, lasing occurs from the A1 mode at the K -point [143, 255, 275–
277]. In all experiments reported in this work, we vary boundary conditions
only in the excited area, not in hard boundaries of the lattice. For the latter, we
use 200 µm × 200 µm large fields, and stay well within this area as we project
shapes in the pump field. Details on our measurement protocol can be found
in the Appendix Sec. 5.8.1.

5.3 K -point lasing of single gain areas

Figure 5.2 displays real- and Fourier-space images of illuminated areas of
different shape. We observe K -point lasing with different laser shapes and
sizes, each example showing maps of the laser output well above the lasing
threshold. In panels (a-c) we show ensemble averages (summation over 100
consecutive single-shots) of real-space and concomitant Fourier-space lasing
results for hexagonal lasing areas of decreasing size. In the real-space images,
we observe an intensity envelope that peaks at the triangle edges, reaching
a minimum in the center. In the theory of 1D distributed feedback lasers by
Kogelnik and Shank [140], such profiles are viewed as a clear signature of
an undercoupled lasing system, which is typical for photonic and plasmonic
lattice lasers [132, 148, 281]. For the pump fluences used in our experiment, the
intensity envelopes generally maintain a signature of undercoupled shapes,
see Appendix Sec. 5.8.2 for examples. These undercoupled intensity distri-
butions have been associated by Hakala et al. [133] to lasing on a dark mode.

103



Plasmon lattice lasers programmed in size, shape and symmetry

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

0 10 200 100 200 0200 400

0 3 60 4 8 05 10

0 1 20 10 200 100

0 40 800 100 1500 10 200 30 600 40 80

330

0 2 40 4 80 5 10

0 3 60 2 40 3 6

Intensity
(104 cts)

50

Intensity
(102 cts)

Intensity
(102 cts)

Intensity
(104 cts)

75

0 4 80 3 60 2 4

20 μm20 μm

20 μm20 μm

20 40 60

20 40 60
x or y (μm)

Pump 
�uence

20 40 60

20 40 60

101 

103 

101 

103 

Cr
os

sc
ut

 in
te

ns
ity

 (c
ts

)

x or y (μm)

Fo
ur

ie
r s

po
t s

ize
 (μ

m
-1

)

1 / L (μm-1)
0.01 0.03 0.05

0.1

0.3

0.5 Hexagon azim.

Hexagon rad.

Rect. vert.

Rect. hori.

Fit

Exp.
�t

(m) (n)

(o)

(p)

(q)

Figure 5.2: K -point lasing with boundary conditions in gain. (a-c) Fourier- and
real-space images of K -point lasing (a = 500 nm) from DMD-projected hexagons of
short diagonal L = {46, 34.5, 23} µm (radius {26.6, 19.9, 13.3} µm). (d-f) Lasing from
triangles with side length L = {57.5, 46, 34.5} µm. (g-i) Lasing from rectangles of
shape {(28.9 × 50), (23.1 × 40), (17.3 × 30)} µm and (j-l) 90° rotated rectangles. Note
how in all four cases, in real space, lasing is characterized by finely spaced speckle,
overlayed with overall slowly varying intensity envelopes that are minimal at the center.
In Fourier space, six K -point lasing spots are donut-like (extent of the square insets is
∆k/k0 = 0.06) but relate to the real space gain area symmetry by Fourier transform, and
increase in size as the real-space area reduces. (m) Fourier-space lasing spot size versus
the inverse of real space length L. This data is obtained by measuring size of the Fourier
spots, averaging over six spots and taking standard deviation for estimation error. In
blue we display radial and azimuthal line measurements in the donut-spots of hexagon
pump (panels a-c). Red data highlights horizontal and vertical crosscuts through donut-
spots from rectangle pump (panels g-i). Both datasets are plotted against 1/L with L
either hexagon short diagonal or relevant rectangle side length. The relation ∆k ∝ 1/L
clearly holds: All data fall on the linear line fit with slope 9. Caption continues next page.

.
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5.3 K -point lasing of single gain areas

Figure 5.2: Continuation of caption from previous page. (n,o) To quantify the propagation
length of laser light beyond the pumped area, we take horizontal and linear crosscuts
(at yc, xc = (35, 38.7) µm and summing 20 pixels wide) through the real-space hexagon
shape in panel (c), for pump fluences {1.5, 2.1, 2.7} mJ/cm2. The lowest fluence (dark
purple curve) belongs to fluorescence, the higher two (green/red curves) to lasing. We fit
the line y = a exp b(x− x1) to this region beyond pumped area, shown in cyan curves,
and obtain b = −1.2 µm−1 for fluorescence, but b = −0.4 µm−1 for the lasing curves.
The laser thus propagates about 2 to 3 µm beyond the gain boundary. (p,q) Crosscut
results for the rectangular pump of panel (i), with fluences {1.8, 2.3, 2.8} mJ/cm2 –
fitting leads to similar b-values as the hexagons shapes..

Dark-mode lasing entails Fourier-space output in form of donut-shaped inten-
sity spots that display a minimum in their center [148]. Indeed, this is what we
generally observe in all Fourier images of lasing emission, fully in line with
a plethora of 2D DFB lasing studies [145–148, 151]. In current nomenclature,
these donut-shaped spots are referred to as signatures of quasi-BIC modes:
Lasing occurs on a stopgap edge at the K -point that correspond to radiation-
forbidden Bloch modes. However, the finite extent of the lasing area opens
up the possibility to radiate, manifesting as a ring of emission around the K -
point. In recent works, these quasi-BIC lasing conditions have been associated
with polarization vortices carrying topological charge [31, 134, 136, 160]. Inter-
estingly, panels (a-c) in Fig. 5.2 show that as the real-space gain area reduces,
in Fourier space the laser spots become larger. All features described above
are also observed in panels (d-f) for triangular-shaped lasers.

Next, we project gain regions that are not commensurate with the hexag-
onal symmetry of the underlying lattice. We use a rectangular illumination
area and show results for vertically oriented (Fig. 5.2(g-i)), and horizontally
oriented areas (panels j-l). The resulting Fourier-space donuts also become
rectangular shaped – this is especially visible for the smallest lasers, as bound-
aries here are largest compared to the overall laser area. The rectangular
donut spots have their long axis oriented normal to the long axis of the rect-
angle in real space. This behavior follows the reasoning that the far-field
emission is the Fourier transform of the real-space field at the sample plane,
according to which real-space confinement causes Fourier-space broadening
[132, 148, 151] through a convolution of the infinite-system output with the
Fourier transform of the lasing area. The Fourier-space width ∆k is thus
expected to be directly proportional to the inverse of the laser size L, i.e.
∆k ∝ 1/L. In Fig. 5.2(m), we show that this proportionality indeed holds
by plotting Fourier-space spot sizes of hexagon and rectangle lasers versus
inverse laser size 1/L. For a homogeneously radiating rectangle, the expected
proportionality constant should be of order ∆kL ≈ 2π. We find constants of
order 9. This difference may lie in a smaller effective radiative surfaces (likely
because mainly the laser edges contribute), and likely also special polarization
properties of the lasing mode. The latter also explain finer features such as the

105



Plasmon lattice lasers programmed in size, shape and symmetry

dark lines crossing through the emission spots. Finally, we note an interesting
observation in real space: Lasing emission also emerges from outside the
pumped area. While the DMD provides a sharp boundary between excited
and non-excited area, there is no interruption for Bloch wave propagation as
the underlying lattice and waveguide continue. In these regions, the guided
mode travels in the slab along the K -direction without gain while loosing
energy by diffractive outcoupling. In Figures 5.2(n,o) and (p,q) we plot the
real-space image intensity across the illuminated area for increasing pump
fluences. Clearly, intensity persists beyond the gain boundary and decays
exponentially. The lasing intensity (green and red curves), decays more grad-
ually than the fluorescence intensity (dark purple curve), which we take as
as measure for how sharply the gain region is defined. From exponential
fits (cyan curves, linear on the log scale) we obtain exponents of b = −1.2
µm−1 for the fluorescence intensity decay, and b = −0.4 µm−1 for the laser
intensity decay. This indicates that lasing emission propagates about 2 to
3 µm into the lattice, away from the pumped area, or about 6 to 10 unit
cells of the plasmon lattice. In the theory of photonic crystals, an important
length scale to quantify the behavior of light in or near stop bands is the so-
called ‘Bragg length’, which is a metric for the distance or number of unit cells
required to build up a significant Bragg reflection. This length indicates the
typical distance required to build up significant optical feedback in distributed
feedback lasing. The measured 6 to 10 unit cells is consistent with measures
of the minimum size required for plasmon lattice arrays of finite extent (hard
boundaries) to lase [132, 154].

5.4 Explicit symmetry breaking for K -point lasers

In hexagonal lattices, the K - and K ′-point modes are uncoupled, but degen-
erate. In each mode, three wave vectors are coupled by lattice diffraction.
K and K ′ modes are each others time inverse, and as such degenerate in
eigenfrequency and near-field intensity distribution. As a result, spontaneous
symmetry breaking can be observed [255]. To understand how K -point lasing
and spontaneous symmetry breaking behave as a function of gain boundary
conditions, we proceed by studying single-shot measurements of areas of vari-
ous shapes. For increasing pump fluence, we record sequences of ≥ 100 single
shots. As in Chapter 4, we observe spontaneous parity symmetry breaking in
the Fourier images as a result of the two degenerate modes, one in which
three K -points are coupled by diffraction, and another one lasing on the K ′-
points. While within a triplet of K - resp. K ′-points the relative intensities
are equal, every shot exhibits a random relative amplitude of the K - and K ′-
points. Selected shots of high-contrast K -mode lasing for various shapes are
shown in Figure 5.3, top row, while the corresponding K ′-mode lasing shots
are shown in the bottom row. Each example is well above the lasing threshold.
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Figure 5.3: Single-shot K -point lasing and spontaneous symmetry breaking. Top row:
Simultaneously recorded Fourier/real-space single lasing shots, where spontaneous
symmetry breaking realizes in high contrast K -mode lasing, for a variety of boundary
conditions in gain. The real-space envelope makes a triangular shape of mirrored
orientation with respect to Kmode in Fourier space, besides displaying the intensity
dip in the center as predicted by coupled wave theory. Second row: Single lasing shots
for same pump patterns but with highest contrast in the K ′ mode. Again, the real-space
envelope is triangular and mirrored vs. the Fourier-space mode. Note how the envelopes
extend far beyond the gain boundary condition. (a-f) Triangle, side length 53 µm. (g,h)
Hexagon, short diagonal 34.5 µm. (i-l) Rectangle, shape (17.3 × 30) µm. (m) Single-
shot statistics of K/K ′ SSB parameter θ that traces relative amplitude, as a function of
pump fluence, for the upward triangle (panels a,b), and (n) for the downward triangle
(panels c,d). Note the absence of bias towards K/K ′ lasing, despite their symmetry
being broken by the geometry of the gain field.
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Independently of the shape of the pumped area, we observe that the real-space
intensity envelope is directly linked to the Fourier-space output of the laser:
The real-space intensity envelope creates triangular patterns, where the areas
of bright emission are in location exactly opposite to the emitting lasing wave
vectors. Panels (a,b,g,h) in Figure 5.3 show this for triangularly shaped lasers.
For K -point lasing (panels a,b), the real-space envelopes are brightest at the
sides of the triangle: The top left, top right and bottom of the lasing field;
vice versa, for K ′-point lasing the corners of the triangle are brightest. This
behavior is not due to the choice of the pumped area in relation to the mode
that lases: The hexagonal gain area in (d,j) whose geometry is fully symmetric
with K/K ′ lasing in Fourier space shows the same behavior. We note that
this behavior shows that the parallel momenta of the involved Bloch modes,
mapped as the Fourier-space output spots, are oppositely oriented to the in-
plane directions, in which the gain builds up upon propagation. Moreover,
our experiment addresses the important question whether boundary condi-
tions in gain might bias the SSB in relative amplitude. Fig. 5.3(m,n) display for
up/down oriented triangles the recorded statistical spread of relative K/K ′

amplitudes expressed in parameter θ, defined by θ = 2arctan( IK−IK ′
IK+IK ′

) (IK and
IK ′ are summed K/K ′ point intensities), which we compute for every shot in
the time trace. Thus, when explicitly breaking the K/K ′ parity symmetry by
aligning triangular real-space gain areas with either K or K ′ orientation, we
do not recognize any bias towards K - or K ′-point lasing in the single-shot
time traces. We also observe absence of explicit symmetry breaking for all
other recorded examples, as shown in the Appendix Sec. 5.8.3. In Chapter 4,
we argued that the K and K ′ mode are each others time-reverse counterparts
(related by complex conjugation) and share a fully identical real-space ampli-
tude mode profile – this means that incoherent pumping in whichever domain
shape inherently does not break K/K ′ symmetry.

5.5 Explicit symmetry breaking for M -point lasers

The property that spontaneous symmetry breaking cannot be programmed by
boundary conditions, established from Figure 5.3, is specific for K/K ′-point
lasing, and intrinsic to their time reversal relation. Experiments on M -point
lasers show that this property is not shared by other SSB conditions. The
M -point band intersection falls within the rhodamine 6G gain window when
the pitch a = 375 nm (see Fig. 5.1(d)). While K -points present a degenerate
doublet of modes that each couple three reciprocal lattice vectors, there are
three sets of two M -points, with pairs of M -points connected by a reciprocal
lattice vector. The three modes are degenerate in frequency but not in space as
each mode forms in real space a 1-dimensional standing wave pattern normal
to their specific M axis. Under fully symmetric gain conditions, mode com-
petition between the three modes expresses a SSB in relative amplitude. We
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Figure 5.4: DMD-controlled M -point lasing. (a) 20-shot average Fourier- and real-
space lasing from the M -points, in a symmetric pumping scheme (LCP-polarized pump
forming hexagonal shape in real space with short diagonal 69 µm). Spontaneous
symmetry breaking between the three frequency-degenerate M -modes leads to mode
competition and fluctuations of 15%. (b-g) Active switching between M -modes by
rotating a rectangular pump shape (50 × 28.9) µm, by which we impart bias by
overlapping the gain with the spatially distinct mode profiles belonging to the three M -
modes. The square lasing spot insets in the Fourier images have size k||/k0 = 0.1.

show this in panel (a) of Figure 5.4, where a hexagonally shaped pump that
is left circularly polarized (LCP) creates Fourier space output that is almost
completely symmetrically distributed on average over the three modes. SSB
in amplitude is evident from shot-to-shot variations in intensity of about 15%.

The fact that M -point lasing is essentially 1-dimensional, is evident from
the stripe nature of the lasing output. One can now bias one of the M modes
by aligning the illuminated area as an elongated rectangle along the pair of
M -points of interest, since their real-space mode profiles are not degenerate
in space (as is the case for the K/K ′ laser). In Figure 5.4(b-g), the pump
is still LCP polarized but a rectangular gain area is used, the long axis of
which we rotate in steps of 30 degrees. This either ensures mode overlap
with two M -point modes (panels b,d,f), or with a single M mode (c,e,g). As a
consequence, the system is forced to either show SSB between just two instead
of three modes, or lasing on just a single M mode. We note that experimental
results presented in Fig. 5.4 are not fully symmetric in the contrast which can
be achieved by equalizing, or selecting, the three M -modes. For the SSB in
Figure 5.4(a), one M -point mode is favored less, and the same effect is seen in
panel (f). We argue that these asymmetric results are due to minor asymme-
tries in the lattice geometry or experiments, to which the M -modes are very
sensitive. This finding shows that our method can be used to obtain deeper
insight in, and control over, mode competition and spontaneous symmetry
breaking in amplifying photonic lattices.
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5.6 Synchronization of coupled triangular K -point
lasers

We now set up a system in which two nearby lasers couple, studying K -
point lasing for two closely spaced triangular gain shapes of side length 33
µm. The hypothesis is that the two triangles, each pumped to lasing, couple
with each other, since emission from one laser may travel to the other via
the waveguide slab that separates them. As before, we record many single-
shot lasing sequences to observe spontaneous symmetry breaking. We show
selected salient events of high-contrast K -point lasing in the top row of Fig-
ure 5.5 and those of K ′-point lasing in the bottom row. From left to right, we
increase the separation distance by moving the left triangle up-left and the
right triangle down-right, along the K -axis diagonal. In Fig. 5.5(a), we study
K -point lasing for a separation distance of D = 5 µm. We firstly observe that
the Fourier image donut spots are elongated normal to the diagonal spanned
by the two triangles. Secondly, we find the real-space envelope forms a super-
mode that follows the borders of the right triangle but anti-aligns with those
of the left triangle. The supermode comes with a central intensity dip, and
the intensity pattern (bright at the edges, dim at the center), is that of a single
undercoupled laser, with the shape of the enclosing parallelogram. In Fourier
space, the emission appears as elongated donut spots, with elongation axis
perpendicular to the long axis of the enclosing parallelogram, consistent with
the notion that the laser more or less operates as if it had one large contiguous
shape. We obtain fully symmetric behavior for high-contrast K ′-mode lasing
in Fig. 5.5(d) (i.e., identical once mirrored through the horizontal). Increasing
the separation distance to D = 10 µm, Fig. 5.5(b,e), we observe fringes in the
K -point donut spots along the separation diagonal. The interference fringes in
the far-field emission evidence that the two triangles deliver output that adds
coherently in the far field. The fringe pattern can indeed be understood from
the simple interference between two coherently emitting, spatially separated,
triangular patches. Importantly, for the 100-long single-shot time traces, the
fringe pattern in each of the 6 output beams hardly varies from shot to shot,
which indicates that the relative phase at which both lasers radiate is locked.
We substantiate this claim further by measuring relative phase between K/K ′

lasing at the border of each triangle from the precise patterns resolved to
within the microscope resolution limit, and precisely registered to the particle
lattice (as in the Appendix of Chapter 4, Sec. 4.6.6). The real-space images,
however, display a clear difference from the ‘supermodes’ belonging to K/K ′

lasing that we observe in Fig. 5.5(a,d) for the smaller separation. At the larger
separation, each shape clearly forms its own spatial intensity distribution with
a dip in the center of each triangle, suggesting that the spatial distribution in
each triangle is much like in separate undercoupled DFB lasers. Finally, the
results for K ′-point lasing are again the mirror image of the K -point lasing
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Figure 5.5: Closely spaced triangle lasers with K/K ′ supermodes in real space. (a-c)
Examples of single-shot K -point lasing (Fourier/real space recorded simultaneously) of
two triangle lasers as function of separation distance, while (d-f) display examples of
K ′-point lasing. The triangles have 34.5 µm side length. In the Fourier images, fringes in
the donut spots indicate phase synchronization between two triangles, whereas the real
space shows supermodes that strongly depend on D, and which are mirror-symmetric
between K - and K ′-mode lasing. The Fourier image insets extent over k||/k0 = 0.06.

case, both for the real-space envelopes and the Fourier-space output. Finally,
for the largest separation recorded, D = 15 µm, Fig. 5.5 (c) and (f) show that the
donut-shaped output spots in Fourier space have more closely spaced fringes,
consistent with the larger laser separation, and fringe contrast is lower than for
D = 10 µm. While this lower contrast might be due to our k-space resolution,
it could also hint at a lower mutual coherence. We further observe that this
system shows a stronger outcoupling of laser light from the unpumped gap
as compared to the D = 10 µm system. We suspect that outcoupling from
the gap nontrivially scales with gap width, associated with the phase offset
between the lasers as well as the propagation phase accrued on crossing the
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gap.
Regarding the synchronization between the two lasers, one can ask if a

more complete analysis that does not rest on inspection of just a few laser shots
is possible. For instance, to ascertain whether the relative K/K ′ amplitudes
are always locked to each other in each of the two lasers, or whether the two
lasers instead are subject to spontaneous symmetry breaking independently.
While our Fourier-space imaging approach can not disentangle which triangle
contributes which amplitude to the output, we note that the single-shot real-
space analysis in Fig. 5.3 shows that for single contiguous shapes, high con-
trast K/K ′ lasing comes with distinct triangular real-space mode envelopes.
In order to answer if SSB in K/K ′ relative amplitude occurs in lockstep for
the two coupled lasers, we argue that one needs to search for intensity pattern
correlations across the time series in the real-space envelopes. This problem
is perfectly addressed by the singular value decomposition (SVD) method, a
technique widely used to reduce dimensionality in correlated datasets [293–
295]. We structure our Nims = 100 long time traces of single-shot real space
images of 1100 by 800 pixels (npixels = 880000) in an array A of shape (Nims ×
npixels). We then factorize A by the SVD method (Python, numpy implemen-
tation of svd): A = U · S · V T , where U (Nims ×Nims) and V T (Nims × npixels)
are left-hand and right-hand orthonormal eigenvectors (T denotes transpose
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Figure 5.6: Amplitude synchronization of coupled lasers revealed by singular value
decomposition (SVD). For increasing separation distance D, (a-c) display the first
singular vectors in a SVD analysis on 100-long time series of single-shot real-space
images. Note how these capture the microscopic real-space intensity mode of the
hexagonal lattice. (a) The real-space envelope extends over the full parallelogram shape
formed by the two closely spaced lasers. In panel (b) and (c), on the other hand, the
separation is large enough for the two shapes to come with their own undercoupled
spatial intensity distribution (intensity dip in center of envelope). (d-f) Second singular
vectors that enable the formation of K/K ′ supermodes.
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operation), and S is a diagonal matrix of singular values arranged in decreas-
ing order. The singular vectors (rows in V T ) and their associated weights
(singular values in S) reveal how much the image intensity data is correlated
along a time trace of single lasing shots: The singular values represent the
weights with which the singular vectors contribute as basis vectors that span
the data. The first singular vector relates to the ensemble-averaged intensity,
and the following Nims −1 vectors quantify variations relative to that average,
specific to each shot in the time trace.

Figure 5.6 shows the first two singular vectors obtained from our SVD
analysis on coupled lasers (in the Sec. 5.8.5 of the Appendix, we also study
SVD on single triangle). The first singular vector for D = 5 µm is shown
in panel (a). When viewed at high resolution (inset in panel (a)), one can
make out a hexagonal fine structure at the periodicity of the lattice (a = 500
nm), as reported earlier for the average behavior of K/K ′-point lasing [255].
Importantly, the intensity envelope is that of an undercoupled laser of the
shape of the circumscribing parallelogram (bright at the edge, less bright in
the center), with a stripe of zero intensity at the gap. The second singular
vector (Fig. 5.6(d)) shows the most common variation relative to the average:
In each triangular lasing shape, it shows two ‘downward-pointing’ triangles
in blue and ‘upward-pointing’ triangles in red. We interpret this as due to
the real-space envelopes associated to K/K ′-point symmetry breaking and
evidenced in Figure 5.3. Higher-order singular vectors have much smaller
singular values and do not show patterns of the opposite symmetry: While
singular vector 2 has mirror anti-symmetry relative to the centerline of the
gap, no singular vector is found that is mirror symmetric. Therefore, we argue
that the two coupled lasers are locked in their SSB behavior. Fig. 5.6(b) and
(c) show the evolution of the singular vectors with increased separation. For
larger separations, the dominant pattern (lowest order vector) shows that both
triangular lasers have intensity envelopes more like single lasers (intensity
minima on the inside of the triangles, instead of in-between). The next sin-
gular vector shows the same behavior as for the D = 5 µm case, indicating
that SSB in the two lasers still dominantly occurs in lockstep, and not inde-
pendently. In the Appendix (Sec. 5.8.5), we tabulate for the three separation
distances the first 6 singular vectors, together with plots of the 100 singular
values. While the dominant ones describe the intensity envelopes, the higher-
order vectors correspond to fluorescence and imaging shot noise. While for
the smaller separations we find no singular vector of opposite symmetry to
singular vector 2, for the case D = 15 µm we do find a singular vector of
opposite symmetry to singular vector 2. In the 100-shot time series at hand, for
instance, it occurs 16 times that this contribution dominates over s2, meaning
that the real-space envelope indicates K -point lasing in one triangle, but K ′-
point lasing in the other. We thus conclude from our SVD analysis that for
D ≤ 10 µm, the two lasers are always entrained in their K/K ′-point SSB,
but that this is not necessarily so for D = 15 µm. This indicates that our
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experimental method is appropriate to study laser synchronization as function
of coupling, which we control by separation distance.

5.7 Discussion

We demonstrate spatially programmable pumping of plasmon DFB lasers and
study how various geometries in the pump field affected laser emission in
Fourier and real space. For time-averaged measurements, we find that lasers
formed by single areas of various geometries (triangular, hexagonal, rectangu-
lar) generate spatial intensity distributions with peaks along the boundaries
and minima in the center, indicative of undercoupled lasers. The associated
donut-like Fourier-space lasing spots increase in size as the laser area reduces
and reflect the geometry of the area, in line with the intuition that far-field
emission is the Fourier transform of the source distribution at the sample.
When recorded in a single-shot fashion, K/K ′-point symmetry breaking in
relative amplitude generates unique spatial intensity distributions that form
triangular mode envelopes of opposite orientation to the triangle of output
points spanned in Fourier space. This behavior is irrespective of gain field
geometry. Spatial programming can also be used to generate coupled lasing
systems at will, as evidenced by our study of two closely spaced but op-
positely oriented triangular lasers with varying separation distance. From
high contrast fringe patterns in the k-space output, that hardly vary from
shot to shot, we conclude that in this system two waveguide-coupled lasers
synchronize in phase. From singular value decomposition analysis on real-
space images, we conclude the lasers also synchronize in K/K ′ amplitude.
The spatial information that we have access to in this method makes this
platform stand out against previous literature that mostly focuses on time-
resolved experiments. Such dynamic and spatial lattice laser response con-
trol is favorable for applications, and shows the proposed method as a rich
playground for studying SSB in amplifying photonic lattice systems. Draw-
backs of the method mainly arise from the sample materials: For instance,
our studies suffer from cross-linkage of the SU8 polymer upon high-energy fs
pumping, which changes the waveguide properties, and from bleaching of the
rhodamine that might influence laser dynamics. Such problems can be easily
resolved by choosing a less photo-sensitive gain-waveguide material such as
quantum dots or a halide-perovskite medium.

We have experimentally observed special triangular spatial intensity dis-
tributions for the K/K ′-point modes. Although theoretical reproduction of
such patterns was beyond the scope of this work, we deem this feasible for
instance by CWT methods for hexagonal Γ -point laser as shown in Ref. [296],
but adapted to K -point Bloch modes instead. The spontaneous symmetry
breaking can be addressed via a density-matrix approach formulated in Refs.
[186] and [255]. We envision such numerical endeavors can shed light on rich
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unexplored nonlinear dynamics both in time and space of (coupled) lattice
lasers. Our work opens opportunities for a large variety of interesting studies.
For instance, one could also envision programming through the gain land-
scape multi-particle hexagonal lattices (honeycomb, kagome), dense band-
folded plasmon lattices [279], superlattices of longer periodicity, as well as
gain landscapes that are continuously graded in the gain strength.

5.8 Appendix

5.8.1 Measurement protocol

To obtain measurements for various shapes and sizes in main Figs 5.2-5.5, we followed
a specific protocol. Before exploring any new pump shape geometry, we navigate to a
fresh, previously unpumped patch in the 200×200 um lattice area. If we measure a sin-
gle shape geometry but for a series of sizes, we start measuring the smallest and then
also in the same area measure the ever larger shapes. In runs where we measure two
coupled triangular lasers, in a pristine region we first measure the shortest separation
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Figure 5.7: Evolution of real space intensity distributions with pump fluence. (a-c)
Hexagons of short diagonal 23 um. (e-f) Rectangles of shape (17.3 × 30). At the lowest
fluence the signal is due to fluorescence, not lasing. At the intermediate fluence both
fluorescence and lasing contribute comparably.
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distance, and then measure the larger separations while staying in the same area.

5.8.2 Real-space distributions as function of pump fluence
In coupled wave theory for DFB lasers, the amount of gain influences the nature of the
lasing modes (undercoupled, critically coupled, overcoupled). What is more, at higher
fluences, various mode envelope solutions may exist above threshold and compete
for the gain. In Fig. 5.7, we study the evolution of the real space intensity envelopes
with increasing pump fluences. For the both the hexagons (panels a-c) and rectangles
(panels d-f) we observe undercoupled envelopes, that do not drastically change their
profile for higher gain.

5.8.3 SSB statistics
In Figure 5.8, we tabulate the parity SSB statistics for single-shot time traces for the
pump geometries of main Fig. 5.3. This SSB is expressed in the parameter θ that
projects the relative amplitude between K and K ′ lasing on the interval −π/2 < θ <
π/2. We plot θ as a function of pump fluence for ≥ 100 shots per fluence interval.
SI Fig. 5.8 shows results for a pumped hexagon (panel a), right-oriented triangle (b),
upward triangle (c) and downward triangle (d). None of the shape geometries display
a significant tendency towards K or K ′ lasing.

5.8.4 Relative phase fit for coupled lasers
When we project two L = 35 µm triangular lasers with separation distances D = 10
µm and D = 15 µm, clear fringe features appear in the Fourier-space donut-spots
(main Fig. 5.5. We attribute the appearance of fringes in far-field emission to mutual
coherence between the lasers, and since the fringe pattern does not significantly vary
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Figure 5.9: Relative phase between K and K ′ measured on the border of each triangle.
(a) Fourier-filtered real-space image, same data as main Fig. 5.5, D = 10 µm. (b,c)
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−2π/3 and π/3, respectively. (h) Difference in measured φR, biasing towards −π. (i-k)
Probability density plots of φR as projected on the unit circle.
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within the recorded time trace of single-shot lasing, we argue that the two lasers syn-
chronize with a definite, reproducible phase. We substantiate this claim by measuring
the relative phase between K and K ′ on a border area of both triangles, a bias in
the difference between the two measured phases signifies phase-locking. To measure
phase for triangle separation D = 10 µm, we follow the protocol laid out in detail in
Sec. 4.6.7 in the Appendix of Chapter 4. First, we Fourier-filter the real-space image
and find that the fast-Fourier transform displays 25 components. We mask the Fourier
components with a Gaussian filter of width 1.07 µm−1, before inverse-fast Fourier
transform the image back to the real space, see single-shot example in Fig. 5.9. The
Gaussian width corresponds to a real-space resolution of 5.86 µm or 100 pixels. In
panels (b,c,) we show enlargements of 5.86 µm large square areas selected in panel (a).
Here, the microscopic detail of the filtered real-space image displays the superlattice
patterns that we recognize from Chapter 4 as interference between the plane-wave
triplets of K and K ′. In Sec. 4.6.7, we explain that by fitting the plane waves of
the K and K ′ modes, ET (r) = aEK (r) + bEK ′(r)eiφR , to the hexagon/honeycomb
superlattice patterns, one can retrieve relative phase φR. The results are shown in
Figure 5.9(d,e). We apply this method to a time-trace of 400 single shots, extracting φR

in both regions. Already in these time series, clear bias in φR is visible for both areas:
Area 1 tends towards −2π/3 (panel f) whereas area 2 towards π/3 (panel g). Their
difference is close to −π (h). The phase bias in the time series is better visualized by
projecting the phase on the unit circle (See Chapter 4 Fig. 4.4). In these projections,
shown in Fig. 5.9(i-k), the phase fit error sets the width of the unit circle and the
resulting histogram displays a probability density of measured phases. Clearly, the
biased behavior is also reflected in these density histograms.

5.8.5 SVD of real-space intensity distributions
We apply the singular value decomposition method to the real-space lasing images in
order to find similarities in SSB behavior among the single shots within the time trace.
We first study single triangularly shaped lasers in Figure 5.10 of side lengths L = 58
µm (first six singular vectors shown in panels a-f), L = 46 µm (panels g-l), L = 35 µm
(panels m-r). For a time series of 100 shots, it turns out that the first six singular vectors
compose most of the signal of the lasing emission and fluorescence background, as
indicated by the singular value plots in panels (s-u). The singular values drop in
significance after about 6 indices. Only the first few vectors play a role in generating
the signal content of single-shot data, all remaining vectors are required to compose
random (shot) noise of fluorescence and lasing speckle. From the singular vector
plots in Fig. 5.10, it can be seen that as the triangle area gets smaller, the boundaries
and corners become increasingly sharp. What is more, from the enlarged insets for
L = 46 µm, panels (g-i), one can see hexagonal intensity patterns on a microscopic
level in high resolution. Vectors 3 and 4 (panels i,j) show hexagonal features in both
negative (blue) and positive (red) intensities, these are likely used to generate the
hexagonal/honeycomb superlattice patterns that we also observe after Fourier filtering
(See Fig. 5.9).

Finally, in Figure 5.11, we provide a tabular overview of singular vectors and
values corresponding to the coupled-triangle results shown in main Fig. 5.5. We per-
form SVD on 100-long single-shot sequences. Panels (a-f) show singular vectors for
separation distance D = 5 µm, together with enlarged insets highlighting microscopic,
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Figure 5.10: Singular value decomposition results for single triangular lasers. (a-f)
First six singular vectors in the SVD method applied on a single-shot real-space lasing
image of a L = 58 µm triangle triangle. (g-l) First six singular vectors for a 46 µm triangle,
together with six enlarged images in which hexagonal features on a microscopic level
are visible. (m-r) Singular value decomposition results for a L = 35 µm. (s-u) First ten
singular values associated to vectors displayed in left.

hexagonal details. Panel (a) represents the ensemble average of the sequence, and
shows signature of undercoupled lasing (intensity dip in center) throughout the total
shape of two lasers combined. In contrast, when D = 10 µm or 15 µm, Fig. 5.11(g)
and (m) show the undercoupled signature in both lasers individually. Moreover, im-
portantly, for D = 5 µm and D = 10 µm only one singular vector composes the typical
triangular intensity distribution associated to K/K ′ lasing, namely panels (b) and (h)
respectively. This is not the case anymore when D = 15 µm, since Fig. 5.11(q) shows a
pattern that allows K -lasing in one triangle and at the same time K ′ lasing in the other.
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Chapter 6

Accessing beyond-light line
dispersion and high-Q resonances of

dense plasmon lattices by
bandfolding

Dense plasmon lattices are promising as experimentally accessible imple-
mentations of seminal tight-binding Hamiltonians, but the plasmonic disper-
sion of interest lies far beyond the light line and is thereby inaccessible in far-
field optical experiments. In this work, we make the guided mode dispersion
of dense hexagonal plasmon antenna lattices visible by bandfolding, induced
by perturbative scatterer size modulations that introduce supercell periodicity.
We present fluorescence enhancement experiments and reciprocity-based T-
matrix simulations for a systematic variation of perturbation strength. We
evidence that folding the K -point into the light cone gives rise to a narrow
plasmon mode, achieving among the highest reported quality factors for plas-
mon lattice resonances in the visible wavelength range, despite a doubled
areal density of plasmon antennas. We finally show K -point lasing and spon-
taneous symmetry breaking between the bandfolded K and K ’ modes, sig-
nifying that intrinsic symmetry properties of the dense plasmon lattice are
maintained and can be observed upon band folding.
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Bandfolding for beyond-light line dispersion of dense plasmon lattices

6.1 Introduction

Two-dimensional (2D) periodic photonic systems, such as photonic crystals,
plasmonic lattices, metasurfaces, and waveguide arrays, are an interesting
arena to study the effects of symmetry and symmetry breaking on wave in-
teractions. For instance, the interaction of light with periodically arranged
photonic systems can simulate a plethora of classical solid-state tight-binding
Hamiltonians, where control over photonic design allows for versatile control
of interaction strengths, symmetries, and defects. This freedom of design com-
bines advantageously with the ability to perform high-resolution imaging of
photonic systems in real space and k-space, as well as in the spectral and tem-
poral domain. Example achievements include topological Dirac cone band
structures with photonic Hall edge state effects [51, 53, 54, 107, 273], exotic
topologies due to Parity-Time (PT) symmetric lattices [92, 94, 186], and, more
recently, photonic Landau levels in strained crystals [297, 298]. In another
strand of nanophotonics research, the focus is on the interplay of symmetries
and resonant scattering. For instance, Mie-resonant meta-atoms, as well as
plasmonic nanoparticles, give access to Fano-resonances and bound states in
the continuum (BIC) physics [20]. These resonances have implications for
strong light-matter interaction, nonlinear optics, and nanolasers. For instance,
2D lattices with gain are studied in the context of plasmon lattice lasers[29,
30, 127, 132, 135, 143, 255], PT-symmetry [92, 94, 102], BIC-based lasers, and
topological lasing [136, 138, 186].

In the context of 2D periodic lattices of resonant scatterers, there is partic-
ular interest in lattices with short interparticle distances with respect to free
space radiation wavelength, i.e., subwavelength pitch. For instance, many
theoretical reports [92, 97, 104, 106–108, 186] have addressed plasmon particle
lattices with strong 1/r3 near-field interactions as possible classical analogs of
tight-binding Hamiltonians. Short distances provide strong nearest-neighbor
interactions and, at the same time, forbid diffractive coupling to the radiation
continuum. This should be contrasted to the limit of large periodicities. In
this limit, the physics is not dominated by nearest-neighbor interactions but
by surface lattice resonances (SLR) – collective oscillations in which local-
ized resonances (either plasmonic or Mie resonances) hybridize with grating
anomalies. According to theory, dense plasmonic lattices imbued with gain
can be designer realizations of non-Hermitian Hamiltonians with physics typ-
ical for the field of PT (parity-time) symmetry breaking and topology [92, 102,
186]. For instance, in kagome plasmon lattices, plasmonic interactions are
expected to express in optical angular momentum-coupled chiral topological
edge modes [110]. In active honeycomb lattices, symmetry-broken unit cells
are predicted to lead to topological chiral lasing [186]. At PT-symmetry break-
ing conditions in such lattices, K -point Dirac cones are expected to evolve into
rings of exceptional points [92], where the mode structure becomes pseudo-
chiral. Despite these interesting theory proposals, experimentally dense plas-
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6.1 Introduction

monic lattices have hardly been addressed. Experiments on plasmon lattices
have largely focused on the opposite regime, i.e. large periodicities, diffractive
resonances, and the benefits of surface lattice resonances (SLRs) for sensing,
light emission, and lasing [30, 127, 135, 143, 255]. In such conventional plas-
mon lattice scenarios, the band structure of interest can be directly mapped by
far-field Fourier microscopy in a high numerical aperture microscope. A key
practical obstacle towards studying dense, strongly interacting lattices is that
the proposed physics pertains to deeply subwavelength pitches, resulting in
Brillouin zones that extend well beyond the light line. Since the lattice modes
of interest have wave vectors that lie far beyond the light line, they cannot be
accessed using standard far-field microscopy.

In this Chapter, we explore the band structures of dense plasmonic lattices
beyond the light line through a technique called band folding [92, 102]. The
core idea is the following: Starting from a dense lattice of subwavelength
pitch, one applies a periodic supercell of slight perturbations in particle size.
The reciprocal lattice vectors of the supercell then fold the original beyond-
the-light line dispersions back into the light cone. Band folding has been
applied to surface plasmon polaritons [299–301] and photonic crystal slabs
[302–311], and is currently receiving attention in the community of dielectric
metasurfaces as a route to creating quasi-BICs by symmetry breaking [20, 312–
314]. In this work we perform a systematic simulation and experimental study
of the effect of band folding on the full band structure of dense plasmon
metasurfaces, studying both fluorescence and gain scenarios. While there
are studies of plasmonic lattices with bipartite unit cells [134, 248, 315–323]
and superlattice perturbations [324, 325] only [326] investigated beyond-the-
light-line physics of a dense plasmon lattice. We demonstrate that it is indeed
possible to fold beyond-the-light-line dispersions into the observable light
cone and identify the role of the strength of the supercell perturbation. Our
experiments show that in certain folding scenarios, cancellation mechanisms
occur in the radiative damping of modes that are reminiscent of reported
mechanisms for the formation of BICs in dielectric metasurfaces [20], and that
give rise to surprisingly high Q-factor resonances. For instance, we find that
perturbed dense lattices can exhibit Q-factors that are 4 to 5 times higher than
dilute reference lattices with the same supercell despite having twice the areal
density of lossy metal particles. At these conditions, we show plasmon lattice
lasing. Folding strategies that leave the original degeneracy of symmetry
points intact are furthermore shown to preserve the property of spontaneous
symmetry breaking in the lasing behavior, showing that it is possible to pre-
serve main characteristics of the mode structure of the dense lattice despite the
folding perturbation. Our work offers a practical route for studying plasmonic
counterparts of topological and PT-symmetric Hamiltonians.
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Bandfolding for beyond-light line dispersion of dense plasmon lattices

6.2 Bandfolding strategies

The main idea of band folding is conceptually visualized in Figure 6.1: The
sublattice is periodically perturbed such that diffractive interactions become
observable in the far field. As starting point (panel a), we consider a subd-
iffractive hexagonal lattice, meaning that the lattice constant a = 160 nm is not
large enough for diffractive coupling of far-field radiation to in-plane surface
lattice resonances. The lattice vectors of the dense hexagonal lattice are: a1 =
(a
√
3/2, a/2) and a2 = (0, a), and the reciprocal lattice vectors: G1 = ( 2π√

3a
, 2πa )

and G2 = ( 4π√
3a
, 0). To illustrate the basic concept of folded band structures

and observables in such a system, we evaluate the minimal coupled-dipole
model [10, 38] to calculate "extinction" band structures Fig 6.1(b,c,d). The
model (see Sec. 6.7.1 in Appendix for details) ignores both multipole scattering
and stratified dielectric surrounding. In the calculated band structure of the
dense lattice, Fig 6.1(b), we observe a strongly damped band that is blue-
shifted compared to the single particle resonance at the Γ -point, redshifting
towards the light-cone, as the lattice is subject to radiative damping by plas-
mon hybridization [121]. Beyond the light cone, sharp bands arise. Here,
the collective modes have no radiation damping, and the loss of the resulting
guided lattice modes is determined by the mode overlap of the field with
the absorptive particles. Band crossings occur at the first order K -points, i.e.,
beyond the observable light line. Figure 6.1(c) reports a concomitant optical
observable, namely far-field reflectivity. The area beyond the light cone is not
accessible, while within the light cone, the superradiantly damped dispersion
is evident. Next, we implement bandfolding by periodically perturbing the
dense lattice. By decreasing particle diameters in every other unit cell, along
just the y direction (Fig. 6.1(a)), we form a rectangular superlattice with recip-
rocal lattice vectors that should fold the beyond-the-light-line dispersion back
inside the light line, Fig 6.1(d). Indeed, a replica of the bands near the guided
K -point, that were originally only visible beyond the light line (panel c), now
become clearly visible in the calculated reflectivity. The perturbation strength
controls the contrast of this feature. This simple calculation highlights that
bandfolding gives access to beyond-light line dispersion features. At the same
time, the model points at a complication to anticipate in folding experiments:
The bands in Fig 6.1(d) have asymmetric, Fano-type lineshapes due to mixing
of the folded features with direct reflectivity signal.

Aside from choosing the perturbation strength, a nontrivial choice is that
of folding periodicity. Two main considerations are pertinent. The first ques-
tion is how far beyond the light line one wishes to access the dispersion re-
lation. In essence, this consideration requires matching the mode index of
the band to be folded with the supercell periodicity, i.e., with the reciprocal
lattice vector offered by the perturbation. The second consideration is the
symmetry reduction of the superlattice compared to the underlying structure
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Figure 6.1: Bandfolding by supercell perturbation. (a) The dense lattice has
subdiffractive pitch, so we perturb the lattice by antenna size modulations that introduce
a supercell with diffractive period. (b) Band structure for a dense plasmon lattice
(a = 160 nm) as visualized by the sum of the imaginary part of the effective
eigenpolarizabilities dressed with lattice interactions in a simple point dipole model –
a metric that generalizes the notion of extinction. To bring out only the in-plane band
structure, we assume oblate plasmonic ellipsoids (diameter in xy-plane 112 nm, volume
V = 3 · 10−22 m3). The K -points are in the guided regime well beyond the light line,
not accessible from the far field. (c) Reflectance of the dense lattice shows no photonic
bands within the far field radiation cone, except for the broad, superradiantly damped
collective plasmon mode at the energy of around 3 eV. (d) Bandfolding induced by
perturbing particles of the supercell (12% decrease in x-y diameter). Bloch modes around
the K -point become visible due to bandfolding.
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Bandfolding for beyond-light line dispersion of dense plasmon lattices

that one tolerates. For instance, in the example of Fig. 6.1, a rectangular su-
percell is used, which evidently reduces the symmetry relative to that of the
hexagonal lattice. An excellent and general overview of symmetry consid-
erations for folding has been reported by Overvig et al. [20], on the basis
of group representation theory and in the context of designing bound states
in the continuum modes. Here, we limit ourselves to discussing practical
constraints on supercell periodicity. In Figure 6.2, we display four elementary
examples of band folding symmetries that bring a guided K -point mode into
the light line, taking the case of hexagonal lattices as an illustrative example.
In typical plasmonic and dielectric metasurface scenarios, one could envision
that the dispersion of the dense lattice (no superlattice perturbation) is, to first
order, like that of a waveguide of mode index neff , which is repeated at every
reciprocal lattice vector. This description is common in the description of,
e.g., plasmon lattices in waveguides [10], and also applies to, e.g., perforated
dielectric membranes [275]. While plasmon hybridization or photonic crys-
tal effects will generally shift bands, we use this nearly-free-photon repeated
zone scheme dispersion to illustrate the considerations for folding strategies.

A first folding strategy (Fig. 6.2(a)) is to introduce a rectangular supercell
(lowering the lattice group symmetry of C6 to C2), with pitch along y equal to
that of the dense lattice, but along x larger than that of the dense lattice by

√
3.

A second strategy (panel d) maintains theC6 symmetry upon perturbation, by
choosing as superlattice a hexagonal lattice with twice the pitch of the original.
Fig 6.2(b,e) shows the Brillouin zones of the dense lattice (hexagon spanned by
red circles) and the superlattice (smaller grey polygon). The dotted line is the
light cone set by the index of the surrounding medium. For the rectangular
strategy, the three beyond-the-light-line K -points (top one at k = (0, 4π/3a)
µm−1 ) are repeated by reciprocal lattice vectors of the supercell at a single
∆-point (k = (0,−2π/3a) µm−1 ) inside the light line, while the K ’-points fold
toward ∆′. This is in contrast to the second strategy, second row of Fig 6.2,
where, after folding, there are three K -points and three K ’-points inside the
light line (Fig 6.2(e)). In both superlattice symmetries, the original property
that the diffractively coupled K -points are uncoupled from the K ’-points re-
mains intact upon folding. Band diagrams in Figs 6.2(c,f) show the dispersion
of the dense lattice – visible as the thicker set of black lines – repeated by the
superlattice periodicity (replicas indicated as thinner lines).

An important observation from Figure 6.2 is that a given folding strategy
only works for a particular range of mode indices. Raising the mode index
essentially rescales the frequency axis, moving down the band crossings while
maintaining them at the same k-space coordinate. Evidently, at some point
this will drop the replica (blue circle in Fig. 6.2(c,f)) below the light cone of the
surrounding medium. For the scenarios at hand, this occurs at a mode index
contrast above 2. Instead, one needs a smaller superlattice reciprocal lattice
vector or, equivalently, a larger supercell. This is demonstrated in the third
row of Fig 6.2: The strategy with a rectangular supercell that is effective up
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Figure 6.2: Different bandfolding strategies, all starting from a hexagonal dense lattice
of lattice constant a. Panel (a) Rectangular superlattice (

√
3a long in the x-direction)

reducing the symmetry from C6 to C2. (b) Reciprocal lattice vectors of the rectangular
superlattice repeat three guided K -points (corners of the first Brillouin zone indicated
with red circles) at the ∆-point (blue circle). Blue dotted circle: Slab light cone. (c) Folded
free-photon dispersion for an effective mode index neff/nout = 1.33. Bands of the dense
lattice (thick black lines) repeat upon superlattice perturbation (thin black lines). (d,e,f)
Folding strategy where C6 symmetry is preserved and 6 K -points emerge inside the
light line. (g,h,i) Rectangular superlattice with large lattice constants, required when
dealing with larger mode indices. (j,k,l) Strategy that folds K and K ’ onto each other
and onto the Γ -point. (m) Overview of which folding strategies to choose depending on
the effective mode index neff relative to the outside medium nout.

127



Bandfolding for beyond-light line dispersion of dense plasmon lattices

to a 4× larger mode index than that of the surrounding medium. This folding
strategy retains the property that the triplet of K -points, and the triplet of
K ’-points each fold to distinct special points of the rectangular superlattice
(∆1,2-points). Fig 6.2(m) summarizes these considerations: Any mode index
at hand needs to be matched to a specific supercell choice, to ensure that one
actually folds into the light cone. The one exception is if the superlattice folds
the K -points toward the Γ -point, which by construction is always in the light
cone. This occurs when the superlattice is hexagonal but rotated by 90 degrees
and with

√
3 larger pitch than the dense lattice. With this folding, the K and

K ’ become coupled. This folding design is common in the field of topological
photonic crystals [54, 298].

6.3 Measurement of realistic dense plasmonic
lattices

We perform fluorescence-based, spectrally resolved Fourier microscopy ex-
periments on dense metasurfaces with folding perturbations. Using electron
beam lithography and a liftoff process, we fabricate plasmonic metasurface
arrays of constituent cylindrical shaped particles, each 35 nm high but with
varying diameters (see Sec. 6.7.4, with fabrication procedure and SEM im-
ages). The silver particle arrays on glass are embedded in a 450 nm dye-
doped polymer waveguide layer via spin coating with SU8, which is doped
with 0.5 wt% rhodamine 6G. As a basis, we take the typical sample structure
employed in studies of plasmon-enhanced fluorescence and lasing [28, 29,
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Figure 6.3: Measured fluorescence enhancement band structures of dense plasmonic
lattices, for the unperturbed hexagonal dense lattice in (c), and rectangular supercell
diameter perturbations in (a), (b) and (d).

128



6.3 Measurement of realistic dense plasmonic lattices

327] but designed with subwavelength pitch. This standard geometry has
particle lattices fabricated on glass, embedded in a 2D polymer layer that
functions both as a waveguide and as a host for the active medium. The
waveguide thickness is generally chosen such that in absence of particles,
it behaves as a 2D waveguide with a single transverse electric (TE) and a
single transverse magnetic (TM) mode. These guided modes dominate the
waveguide’s local density of states (LDOS), which is beneficial for capturing
fluorescence and facilitating lattice resonance formation. As we deal with
a mode index of 1.55 on top of glass (n = 1.45), our effective mode index
contrast is neff/nout = 1.07. Therefore we choose the first folding strategy
in Fig 6.2(a,b,c). Using an inverted microscope, we excite the dye polymer
layer with a 250 fs pulsed pump laser at 515 nm wavelength, with a 1 MHz
repetition rate. The back focal plane of the objective is projected onto an
imaging spectrometer slit to map the dispersion diagram. The dispersion
diagrams are shown as photoluminescence enhancement (PLE), obtained by
normalizing the data to similar dispersion diagrams measured on sample area
without a metasurface. Experimental details can be found in Sec. 6.7.2.

Three sample geometries are relevant in our experiment. These are, firstly,
the unperturbed sub-diffractive hexagonal lattice, referred to as the ‘dense
lattice’ from here on, secondly, the rectangular diffractive reference lattice,
referred to as ‘empty superlattice’, and, lastly the perturbed lattice that should
show band folding, which we will refer to as ‘dense perturbed lattice’. In
Figure 6.3(a)-(d), we observe the progression of fluorescence band structures
as we systematically perturb the superlattice particle’s diameter from 55 nm
to 85 nm in 10 nm increments while keeping the other particle’s diameter
fixed at 75 nm. We find that at zero perturbation, the dense lattice case,
no bands are visible except for quasi-guided modes at an effective mode in-
dex of around 1.2. These quasi-guided modes are not particularly related
to the plasmon antenna resonances, as they already occur in a simple mul-
tilayer model for a polymer waveguide on a thin reflector. Upon introducing
superlattice perturbation, folded bands emerge in the dense perturbed lat-
tices, and higher perturbation strength corresponds to increased contrast. In
the Appendix (Sec. 6.7.7), all salient band structure features are reproduced
and explained by full-wave simulations with the open-source software code
treams, based on the T-matrix method by Beutel, Fernandez-Corbaton and
Rockstuhl [64], where we employ reciprocity [328–331] to relate plane wave
far-field angular emission to absorption calculations of incident waves. Note
that we do not mean physical absorption by the dye molecules, but instead
numerical absorption in the polymer with a small value of non-dispersive
κ = 0.006. As Ref. [328] discusses, this absorption is used as the time inverse
of emission in reciprocity-based calculations. From the simulations we learn
that the parabolic bands derive from interaction of the particles with the TM
waveguide mode (parabola in k-space with minimum at 2.0 eV, no observable
stop band) and bandgapped TE bands (lower energy compared to TM band).
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Bandfolding for beyond-light line dispersion of dense plasmon lattices

The TE modes have the brightest intensity in measured band structures, as the
waveguide field aligns with the mainly in-plane nanoparticle polarizability
tensor. Polarization-resolved measurements with a linear polarizer crossed
to the spectrometer slit confirm the TE/ TM mode assignment from theory
(data shown in Appendix Sec. 6.7.5). On a final note, in Sec. 6.7.9, we report
band structure measurements for band folding through the second strategy
displayed in Fig. 6.2 (row 2, K folds to K ). Importantly, we find that disper-
sions near the K -points are very similar to the bandfolded dispersions near
the ∆-points, observed in Fig. 6.4. This means that different folding strategies
may be employed to image the same truly guided mode, and that deformation
of the original guided dispersion is limited.

A most remarkable feature of the folded band structure arises near
the folded K -points, and becomes apparent when analyzing the spectral
width of the folded bands. Figure 6.4 shows the dispersion diagrams for
the dense perturbed lattice, with the superlattice particle diameter of 55
nm, reproduced from Figure 6.3(a), alongside that of the empty rectangular
superlattice (Fig. 6.4(b) versus (f)). Close-ups near the ∆-points / folded
K -points reveal a marked difference: In the dense perturbed lattice, there
is a clear gap around 2.15 eV at ky = 8.5 µm−1. Additionally, the lower
band appears dark right at the special point. This contrasts with the empty
superlattice (panel g): At the ∆-point, bands cross, but no avoided crossing or
dark area is observed. In a purely free photon picture, i.e., at zero scattering
strength, the location of the rectangular lattice bands and the folded dense
hexagonal lattice bands would simply overlap at the ∆-point. The difference
thus points at the much stronger particle interactions in the dense lattice,
which become visible upon bandfolding. To quantify the sharpness of the
bands, we evaluate the quality (Q) factors by fitting double-Lorentzian
curves to vertical crosscuts through the dispersion data (see Appendix for
the fitting procedures), where even the smallest recorded widths of 1.7 nm
are still a factor 4 above our spectral resolution. In Figure 6.4(d) and (h), we
plot the extracted Q-factors as a function of in-plane momentum ky for the
dense perturbed lattice and empty superlattice, with blue circular and green
triangular markers representing the lower and higher energy bands. The
fitted center frequencies extracted from the fitting analysis are overlaid on
the zoomed ω-k plots in Figure 6.4(c), and (g), displaying only every eighth
marker for visual clarity. Remarkably, the Q-factor reaches values as high as Q
= 330 near the ∆-point. In comparison, the empty superlattice does not exhibit
a Q-increase near the special point, with a maximum Q-factor of only around
110, which is typical for standard diffractive plasmon lattices [255]. This
observation is both counterintuitive and surprising: Despite containing twice
the amount of metal per unit cell, the dense lattice displays a Q-factor up to
three times that of the empty superlattice. Additionally, a Q-factor of 330 is
exceptionally high. While reported record Q-factors [332] for plasmon lattice
resonances are on the order of 103, such high Q-factors are only achieved at
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Figure 6.4: Quality factor analysis for bands near the folded K -point / ∆-point. (a)
The dense perturbed lattice geometry and (b) its measured fluorescence enhancement
band structure, where a linear polarizer with horizontal orientation was placed in front
of the spectrometer slit. (c) Zoomed image of the crossing of Bloch modes with the dark
spot at the ∆-point. (d) Measured quality factors were obtained by fitting Lorentzian
lineshapes through vertical crosscuts in panel (c), with a maximal value of Q=330. The
green triangles and blue circles highlight Q-factors along different dispersion branches.
(e-h) Results for the rectangular empty superlattice. The dense perturbed lattice shows
up to 3 times higher Q near ∆-points than the empty superlattice, despite twice as much
metal in the system.

telecom wavelengths (where metal loss is minimized) and observing them
usually requires coherent illumination with a very small angular spread,
addressing very large metasurface areas. In contrast, our measurement stems
from incoherent emission from randomly located and mutually incoherent
dipole sources within a relatively small metasurface footprint of only 100 µm
across and emitting at 590 nm, where the particle albedo is low. Similar to Ref.
[333], our measured Q-factor of 330 near the ∆-point is among the highest
measured in the visible wavelength range [255, 315, 334], and is especially
remarkable at this large areal density of metal.
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Figure 6.5: Simulations for understanding the dark feature at the folded K -point. (a)
T-matrix based treams simulation of band structure near the dark spot for the bandfolded
K -point. COMSOL simulation of near-field intensity enhancement (|E|2/ |E0|2) in
the xy and xz planes (cuts midway through the central particle) for (b,c) a hexagonal
dense lattice and (d,e) a rectangular superlattice at θ = 31.5◦ incidence angle at fixed
wavelength λ = 577.5 nm (E = 2.15 eV). (f) Intensity in the xy plane for a perturbed
dense lattice at θ = 31.5◦. Intensity in the xz plane for incidence angles: (g) θ = 30.5◦, (h)
θ = 31.5◦, and (i) θ = 32.5◦. (j) Field intensity enhancement maximum (|Emax|2/|E0|2
as function of θ for hexagonal dense lattice, rectangular empty superlattice, and dense
perturbed lattice in orange, blue, and green, respectively. The specific chosen angles are
marked and overplotted on the dispersion diagram in panel (a).
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6.4 Origin of the dark feature at the folded
K -point

To understand the origin of the observed narrow dark mode at the ∆-point, we
examine near-field distributions obtained from full-wave simulations (COM-
SOL). We employ a similar setup to the experiment, driving the structure with
plane waves incident from the glass side. Importantly, as a starting point,
we require a simulation of a fluorescence band structure near the ∆-point to
pinpoint which exact (ky, ω) plane waves to use in COMSOL simulations to
match the ∆-points precisely. For that, we use the treams reciprocity code,
which is benchmarked against COMSOL to be accurate to within sub-percent
levels for angle- and frequency-resolved PLE maps, providing an 850-fold
computing speed improvement. The result is shown in Figure 6.5(a), where
we clearly see the dark spot at ∆, as in the experiment (Fig. 6.4(c)). We pick
three radiation angles (in glass, n = 1.465), θ = (30.5, 31.5, 32.5)◦ that tune
through the dark ∆-point, at which we perform the COMSOL simulations
of near-field distributions (at a wavelength of 577.5 nm (∼ 2.15 eV)). At an
incidence angle of θ = 31.5◦, the in-plane wavevector (k||) closely matches
the ∆-point (2π/3a) at a wavelength of 577.5 nm. In Figures 6.5 (b) and (c),
for the dense hexagonal unit cell, the field is primarily concentrated near the
particles, and there is no coupling into the waveguide mode. This is consistent
with the fact that a sub-diffractive lattice provides no wave vector matching.
In stark contrast, the empty rectangular supercell (Figures 6.5(d) and (e)) at
this angle shows a field intensity distribution (|E|2/ |E0|2, normalized to E0

the field strength of the incident wave) which is typical for diffractive grating
coupling from the far field into the waveguide [28, 327]. Notably, Fig. 6.5(f-
i) for the dense perturbed lattice shows a delicate cancellation mechanism
for waveguide coupling, only at the ∆-point. The reciprocal lattice of this
perturbed structure equals that of the empty rectangular superlattice, mean-
ing that waveguide coupling is wave vector allowed. However, right at the
∆-point, coupling to the waveguide mode nearly disappears. As shown in
Fig. 6.5(h), although the field within the waveguide is significantly diminished
at this angle, it is prominently enhanced right at the central particle in the unit
cell. We interpret this formation of a high-Q mode with a strongly enhanced
near field in the spirit of reported mechanisms behind the formation of bound
states in the continuum. The dominant radiative loss for waveguide SLRs
occurs within the waveguide mode. For the dense lattice at zero perturbation
strength, this loss channel is strictly forbidden at all wave vectors, which
can be viewed in real space terms as a destructive interference between the
radiation from the center particle in the unit cell and that from the corner
particles spanning the rectangular supercell. Upon perturbation, this destruc-
tive interference becomes imperfect and persists most prominently at the ∆-
point. It is important to note that this does not represent a strict (quasi)-
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BIC mechanism, as out-of-plane radiation loss is not canceled. Additionally,
as the angle is scanned through the ∆-point, the near field in the vertical
cross cuts changes, forming a distinct two-lobe pattern in the phosphor layer
at a 32.5-degree incidence (Fig. 6.5(h)). This shows that both TE and TM
waveguide modes are engaged, with mode coupling occurring due to the
plasmon particles.

To highlight the different field localizations, we compare the maximum
localized field intensity enhancement |Emax|2/|E0|2 in the XY plane, attained
just outside the central particle, at different input angles of incidence θ, while
scanning through the ∆-point as shown in Figure 6.5(j). The empty rect-
angular superlattice (blue curve) shows a dip in the maximum local field
enhancement at the ∆ point, indicating that the field delocalization over the
waveguide reduces the near-field intensity. In contrast, the dense hexagonal
lattice (orange curve) maintains a nearly constant maximum field enhance-
ment across all angles, suggesting that the field is more uniformly distributed
regardless of the incidence angle. This behavior aligns with the absence of a
waveguide coupling condition. The dense perturbed lattice achieves a maxi-
mum field enhancement of nearly 250, approximately four times higher than
in the other cases, commensurate with the higher Q. This distinct behavior
of the perturbed case highlights the influence of symmetry and mode inter-
actions on field enhancement and coupling efficiency. This observation is
consistent with theoretical works by Refs. [248, 326, 335], which predict that
bipartite plasmon lattices can be engineered to achieve significantly enhanced
near fields and high-Q modes.

6.5 Plasmon lasing and spontaneous symmetry
breaking

Finally, we show that it is possible to study plasmon lasing in dense lattices,
appearing as laser emission at the band folded K -point guided modes. In
our setup, we have access to femtosecond pulsed pumping (515 nm) and
we can capture Fourier-space emission maps in a single-shot fashion with a
camera synchronized to the pump laser repetition rate (20 Hz) [255]. At low
fluences, we observe fluorescence in Fourier space, as shown in the previous
figures. However, when crossing a pump threshold fluence, we observe lasing
in spectrally resolved input-output curves, and the Fourier images start to
acquire hallmark features of spatial coherence. Examples of these Fourier
images are shown in Figure 6.6 for the same perturbation series as in Fig 6.3.
Input-output curves of the lasing for the various perturbation cases are shown
in Appendix Sec. 6.7.8. In the unperturbed case, Fig. 6.6(c), we observe that the
below-threshold diffuse fluorescence image, which has spatially uncorrelated
shot noise, is replaced by a high contrast, spatially correlated speckle pattern
[130], which evidences the emergence of coherence. On basis of the emission
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Figure 6.6: Fourier-space images of lasing from bandfolded K -points. Panels (a,b,d)
when the dense lattice is diameter-perturbed with a rectangular superlattice, lasing spots
appear at the two ∆-points. Panel (c) above threshold, the unperturbed dense lattice
displays random speckle patterns as opposed to uncorrelated Poisson statistics typical
of fluorescence – a telltale sign of lasing. (e,f,g) The perturbed cases show random
fluctuations due to spontaneous symmetry breaking in relative intensity between ∆
and ∆′. (e-g) Histograms for time traces of 300 single-shot lasing measurements of the
parameter θ, that maps the relative intensity of the two competing modes. Occurrences
bunch toward pure ∆ and ∆′ lasing (at θ = π/2 and −π/2), and to ∆ + ∆′ lasing at
θ = 0. The lasing data is normalized by fluorescent signal from a bare waveguide slab
(as in a PL enhancement experiment).

wavelength (measured as 579 nm), we attribute it to lasing at the K -points.
Since the K -points are beyond the light cone, they are not directly visible.
However, laser light is scattered out by residual disorder, e.g. from small
particle size fluctuations, filling the back focal plane with speckle. In contrast,
for nonzero perturbation, Figs 6.6(a,b,d), the K -point lasing emission is folded
into the light cone, and lasing spots appear exactly at the two ∆-points, i.e.,
at the folded K -points. Insets in Figs 6.6(a,b,d) show enlargements of the
lasing spots. Particularly the 55 nm – 75 nm dense perturbed lattice (Fig 6.6(a))
displays the typical donut beam, observed in many plasmonic and dielectric
DFB laser works [31, 146, 255], pointing at the quasi-BIC nature of the lasing
condition. Polarization topology of the vortex beam could reveal the quasi-
BIC nature of the lasing mode involved, and therefore in future experiments
we aim to measure polarization in Fourier space using a single-shot Stokes
polarimetric setup. We have also observed lasing from dense perturbed lattice
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where the M-point is folded towards the Γ -point, with lattice constant a = 210
nm (see Sec. 6.7.8). To our knowledge, the dense plasmon lattices investi-
gated in our work are the densest plasmon lattices so far reported to show
lasing: Standard Γ -point lasers with rhodamine-doped polymer waveguide
layer have pitch of around 390 nm [30], and recently [336] reported high-index
InP layers with Au lattice with pitch of 270 nm.

In Chapter 4, we reported that diffractive plasmon lattice lasers of hexag-
onal symmetry present spontaneous symmetry breaking. In hexagonal lat-
tices, the K - and K ′-points feature Bloch modes that are, by construction,
degenerate in eigenfrequency and have identical mode patterns up to time-
reversal / phase conjugation. Upon crossing the lasing threshold, we found
spontaneous symmetry breaking both in relative amplitude between K and
K ′ lasing (parity symmetry) and in relative phase (U(1) symmetry) for such
diffractive K -point lasers. This also occurs in dense lattices. In the single-
shot lasing experiments with the dense perturbed lattices, large variations in
intensity between the ∆- and ∆′-points are apparent from shot to shot. This is
in line with the notion of spontaneous symmetry breaking between the guided
K - and K ′-points, since the three K -points, that together constitute one of the
lasing modes, fold to the ∆-point, while the three K ′-points, that constitute
the other lasing mode, together fold onto the ∆′-point (Fig 1d). In the absence
of the folding perturbation, the single-shot lasing data shows speckle patterns
that vary from shot to shot, indicating that spontaneous symmetry breaking
occurs also for beyond-light line operation.

We map the single-shot spontaneous symmetry breaking in relative inten-
sity between ∆ and ∆′ in the same phase space as reported in Chapter 4.
To this end, from the summed pixel intensities of the two lasing spots, I∆
and I∆′ , we calculate the parity symmetry breaking parameter θ as: θ =

2arctan( I∆−I∆′
I∆+I∆′

), which maps contrast between K/K ’ lasing in terms of the
polar angle of a unit sphere. The resulting histograms of occurrences of θ
are presented in Figs 5(e,f,g), and can be read as follows: At θ = 0, the ∆
and ∆′-point are equally bright, whereas at θ = ±π/2, lasing is purely into
∆- respectively ∆′-points. In all three perturbation cases, the spontaneous
symmetry breaking leads to continuous distributions in the phase space, as in
the diffractive lattice studied in Chapter 4. Lasing and spontaneous symmetry
breaking for the folding strategy of Fig 6.2(d) (which preserves the dense
lattice symmetry and repeats 6 K -points inside the light line) is reported in
the Appendix, Sec. 6.7.9. These observations show that band folding is an
effective strategy to observe salient features of beyond-light line Bloch modes.

6.6 Discussion

In this work, we have shown experimentally and by T-matrix calculations
that the dispersion relation of guided modes of dense plasmon lattices can
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be accessed by bandfolding, induced by introducing a supercell periodicity
by slight modulations in particle diameter. We measure Q-factors of over 300
at the folded K -point of the dense perturbed lattice, three times higher than
that of the rectangular empty superlattice. This observation highlights that ra-
diation cancellation mechanisms, that have been well studied in the context of
quasi-BIC formation by symmetry breaking [20], also arise in dense multipar-
tite plasmon lattices [337]. We can observe lasing from both the purely guided
K -points in a dense plasmon lattice, and from band folded K -points. Yet, our
work also highlights subtleties in the bandfolding strategy. First, the chosen
supercell must be matched to the effective mode index of interest to ensure
that the special points of interest actually fold into the light cone. Second,
the strength of the perturbation is a trade-off between making the features
of interest sufficiently strongly visible (favoring raising the perturbation to
raise the outcoupling strength) and avoiding changing the underlying band
structure. Third, we observe that interpretation of the folded band structures
is hard for two reasons. On the one hand, the band structures of the empty
supercell is qualitatively similar to the folded bands of the dense lattices,
with the dense nature of the folded lattices mainly expressing as larger mode
splittings. On the other hand, the folded band structure is observed on top of
the original scattering response that occurs within the light cone, giving rise
to Fano resonances in observables (Fig. 6.1(d)). This work offers opportunities
to experimentally study dense plasmon lattices with gain.

6.7 Appendix

6.7.1 Coupled dipole model
We employ the Ewald lattice summation technique for point dipole lattices as reported
in [10, 38, 62]. We calculate the in-plane band structure (only E fields in x and y
directions) by taking scatterers with negligible out-of-plane polarizability. For the
polarizability we assume silver ellipsoids with aspect ratio (x, y, z) = (2.431, 2.431, 1),
and use experimental permittivity data of silver presented in Ref. [338].

6.7.2 Optical setup
We use the frequency-doubled output of a Light Conversion Pharos laser as pump,
with 515 nm wavelength and 250 fs pulse duration. Through an epi-lens and micro-
scope objective (Nikon CFI Plan Apochromat lambda 100×, NA=1.45) we illuminate
the sample with a 70µm diameter collinear beam. Pump input power is set by rotat-
ing halve-wave plate placed in front of a linear polarizer, and we reject it from the
emission signal through a combination of 532 nm dichroic mirror and a 550 nm long
pass filter. To create a Fourier image on our detection camera (Thorlabs CS2100M-
USB), an insertable Fourier lens can be placed in focus of the back-focal-plane of the
objective, via a 1:1 telescope. For single-shot lasing measurements, the electronic signal
of the lasers’s pulse picker drives the camera. For fluorescence (below threshold) band
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structure measurements, we operate at a repetition rate of 1 MHz (multi-shot mode)
but at low pump pulse power.

6.7.3 Near field calculations

We use the finite element method (FEM) as implemented in COMSOL Multiphysics
5.2.0 to perform a three-dimensional simulation of the fabricated structure in response
to far-field plane wave excitation. The computational domain spans the unit cell in
the periodicity plane and extends a few wavelengths into both the substrate and su-
perstrate. We apply Bloch-Floquet boundary conditions at the edges of the unit cell
and periodic port conditions at the top and bottom along the illumination direction.
Additionally, we employ perfectly matched layers (PMLs) on the exterior boundaries
of the ports to absorb any unwanted reflections. The particles are meshed with a
nominal element size of 5 nm, while other layers are meshed at 1/6th of the wavelength
in that material, and the PMLs are meshed using a sweep distribution method.

6.7.4 Sample preparation

For electron beam lithography and lift off we spin 160 nm PMMA 495-A8 on base-
piranha cleaned glass, deposit a 20 nm layer of Germanium (Ge) through thermal evap-
oration, and then spin a 60 nm CSAR AR-P 6200:09 layer that acts as high-resolution
e-beam resist. We expose the CSAR layer using a Raith Voyager 50 KeV at a nominal
dose of 140 µC/cm2. Once the CSAR resist layer is developed, we etch the Ge and
PMMA layers using SF6 and O2 plasma after developing the resist layer. This provides
for high-resolution holes in the Ge, yet a wide opening in the PMMA that is conducive
to liftoff. We then evaporate 35 nm silver (Ag) at a deposition rate of 0.1 nm/s and per-
form a liftoff process in warm acetone. Scanning electron microscope (SEM) images of
the samples are shown in Fig 6.7. Finally, we apply a roughly 0.45 µm thick SU8-based
polymer film, doped with 0.5 wt% rhodamine 6G, which functions as the fluorescent
waveguide layer.

Figure 6.7: SEM images. Scanning electron micrographs of unperturbed (c) and
perturbed (a,b,d) dense hexagonal lattices.
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6.7.5 Enhancement in 0 and 90 degree polarization
Additional to the fluorescence enhancement band structure measurements in the main
manuscript (Fig. 6.3), we record perturbation sweeps in s and p scattering planes by
placing a polarizer in front of the spectrometer slit. The results are shown in Fig. 6.8,
showing that different bands appear based on polarizer orientation. The TE/TM mode
assignment in the main text is based on the assignment rules explained in [131, 132],
which are accurate near the k|| = 0 line.

6.7.6 Lorentzian fits for Q calculation
The measured fluorescence enhancement spectra display narrow bands near the high
symmetry points (Fig.6.4(c)). To calculate the quality factors, we take crosscuts along
the energy axis near these dispersions and fit curves that are parametrized as the
sum of two Lorentzian peaks, plus allowing for a linearly sloping background. The
fit proceeds using the Python package lmfit (Levenberg-Marquardt algorithm). The
model fits the Lorentz center frequencies, widths, and peak amplitudes. We start the fit
procedure for crosscuts well away from the high symmetry point, and then fit crosscuts
increasingly close to the symmetry point using the fitted parameters from the previous

Figure 6.8: Polarization dependent measurements. Fluorescence enhancement band
structure measurements with linear polarizer placed in front of spectrometer slit. (a-d)
Polarizer oriented horizontally. (e-h) Polarizer oriented vertically.
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Figure 6.9: Lorentzian peak fitting. Four vertical crosscuts through the fluorescence
enhancement band structure measurement (main Fig. 6.4(b,c)), from ky = 8.55 µm−1 (a)
until ky = 8.60 µm−1 (d), each with two fitted Lorentzian peaks and linear background.
(a) Q = 334, (b) Q = 228, (c) Q = 285, (d) Q = 212.

cross cut as starting guesses for the next. Example fits that allow to judge the quality of
fit are shown in Figure 6.9. The smallest fitted spectral width corresponds to Q=334 in
Fig 6.9(a), where λ = 578.6 nm and spectral width dλ = 1.73 nm. This width is still a
factor 4 higher than our instrument’s spectral resolution resolution (Andor Shamrock
163i, with 300 lines per mm grating and 25 µm wide slit).

6.7.7 Band structure simulations using treams

We utilize full-wave simulations to predict fluorescence band diagrams of dense plas-
monic lattice structures without any of the following approximations: Nearly-free pho-
ton dispersion, absence of multipolar interactions, absence of substrates, and pertur-
bative nature of the supercell. We use the open-source software code treams based on
the T-matrix method by Beutel, Frenandez-Corbaton and Rockstuhl [64]. To calculate
the emission properties, we use reciprocity to relate plane wave incident calculations
of absorption to far-field angular emission. According to the Helmholtz reciprocity
principle, light absorption at a given position originating from the far field is recipro-
cally linked to the emission of light from the same position toward the far field at the
same angle and polarization [328–331]. By employing this method, we can estimate
angularly resolved far-field emission and the radiative part of the system’s local den-
sity of optical states (LDOS). The treams-method combines the single object T-matrix
with Ewald lattice summation to solve for the two-dimensional periodic arrangement
of particles and then employs a multilayer S-matrix formalism to consider stratifica-
tion, thereby accounting for the layered dielectric system in which the particles are
embedded. To set up treams we first use the finite element solver JCMsuite to calculate
the T-matrices of individual scatterers within a homogeneous medium of index equal
to that of the polymer. We assume a 450 nm thick polymer with a refractive index of
n = 1.6 on glass (n=1.465) and air (n=1) above. To implement the reciprocity method,
we assume a numerically very small tracer loss (k = 0.006) in the polymer, excluding
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the 35 nm thick layer containing the particles, which must remain lossless for technical
reasons. We calculate the volume-integrated absorption enhancement in the polymer
layer as a proxy for photoluminescence enhancement (PLE). To map out the dispersion
diagrams, we use two linear polarizations (s- and p-polarization) to illuminate from
the glass side at various polar angles with kx = 0 for different wavelengths. We plot
the polarization averaged absorption, normalized to a reference calculation without
particles, as a metric for photoluminescence enhancement (PLE). Benchmarking with
FEM simulations with periodic boundary conditions demonstrates better than percent
level agreement while achieving an 850-fold speed up.

To obtain a library of T-matrices as function of wavelength and size for nanocylin-
ders we use JCMsuite, which has built-in features to evaluate the multipole decom-
position of the scattered field. The refractive index of the cylinder is modeled using
Drude’s model ε(ω) = ε∞ − ω2

p/ω(ω + iγ) for silver (Ag) with ϵ∞ = 5.43 + 0.55i,
ωp = 1.39 · 1016 rad/s, and γ = 8.21 · 1013 rad/s [339]. Since the T-matrix calculation
involves expanding plane waves into vector spherical wave functions, the surrounding
environment of the cylinder is considered lossless. We consider multipole order of
cylinders up to (lmax = 5), i.e., up to the 32 pole or triacontadipolar response. For the
lattice sum, we consider propagating diffraction orders (Gmax) up to a maximum radius
of 5 times the reciprocal lattice vector in the reciprocal space.

First, we present the calculated dispersion diagrams for two reference particle
array configurations, as illustrated in Figure 6.10. The first configuration is the un-
perturbed sub-diffractive hexagonal lattice, referred to as the "dense lattice" from here
on, shown in panels (a) and (b). The second configuration is the rectangular diffractive
reference lattice, named the "empty superlattice" in Fig. 6.10(c) and (d). Following this,
we discuss the dispersions that involve band folding, specifically in "dense perturbed
lattices," which are shown in Fig. 6.10(e), (f), (g), and (h). The first Brillouin Zone of
the dense hexagonal lattice (a = 250 nm) in Figure 6.10(a), has the KK -points at its
corners just outside the light cone of the glass (outer dotted circle), rendering them
inaccessible and truly guided. Thus, there are also no dispersive bands within the air
light line in the predicted PL enhancement (Figure 6.10b). A weak but broad dark
band, with slight dispersion near 2.1 eV , indicates the absorptive plasmon resonance.
Somewhat surprisingly, a set of bands emerges at intermediate wave vectors (effective
index n = 1.2, i.e., quasiguide modes). They can be understood using an effective
medium picture: Similar modes arise in systems where a thin metal partial reflector is
placed between the glass and the waveguiding polymer.

Figure 6.10(c) shows the 1st BZ for the rectangular empty superlattice, which is
itself rectangular and entirely situated within the light line of the glass substrate (indi-
cated by the dotted outer circle). At this large periodicity, the folded waveguide mode
dispersion that falls within the frequency range of interest appears as parabolic bands
centered at the Γ points, as shown in Fig. 6.10(d). Also shown are band crossings at the
so-called ∆-points, which are situated between the Γ - and X-points. The underlying
guided modes are those of the 2D polymer layer, which supports a single transverse
electric (TE) and transverse magnetic (TM) polarized mode, with an average mode in-
dex of around 1.54 [50]. Colored arrows indicate the contribution of both fundamental
TM (green arrow, around 2 eV ) and TE modes. The TM waveguide mode has a weak
in-plane electric field and is not strongly scattered by the anisotropic, oblate aspect
ratio cylindrical plasmonic particles, which primarily have in-plane polarizability. This
results in the TM feature being only weakly visible. In contrast, the TE mode is dom-
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Figure 6.10: treams-simulated band structures. Reciprocal lattice and simulated
dispersion band diagrams using reciprocity for (a-b) a hexagonal dense lattice and (c-
d) a rectangular empty lattice, both with a lattice constant of 250 nm and 75 nm diameter
nanocylinders. Green arrow: TM waveguide modes. White and red arrow: TE bands.
In the bottom panel (e-h), the dense perturbed lattice features two particles per unit cell:
One with a fixed diameter of 75 nm and the other with varying diameters of (f) 55 nm,
(g) 65 nm, and (h) 85 nm (as shown in the insets).

inantly polarized in the plane of the particles. Consequently, the TE band experiences
mode splitting, as indicated by the white and red arrows.

Having established the main features expected for the dense lattice and for the
empty superlattice, we now examine the folded band structure of the dense perturbed
lattice: The hexagonal system where we introduce a perturbation in the particle di-
ameter for every other row. The results of weak superlattice perturbations with a
diameter difference of only 10 nm are shown in Figure 6.10(f-g). The folded bands
appear as expected and are only visible as faint features due to the weak perturba-
tion. When the perturbation strength is increased to a 20 nm diameter difference, as
illustrated in Fig. 6.10(e), the folded bands become more prominent and exhibit higher
contrast. Compared to the rectangular supercell, we observe that the folding does
not introduce entirely new bands per se; rather, the folded bands of the hexagonal
dense lattice qualitatively resemble the bands of the rectangular empty superlattice,
as seen in Fig. 6.10(d). However, a closer inspection shows that the band splittings
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are significantly different and generally larger. This difference can be qualitatively
attributed to the fact that the dense perturbed lattices contain a higher polarizability,
which leads to increased scattering per unit cell. Finally, it is important to note that
with larger diameter differences, the perturbation not only folds the bands but also
changes the band splitting. This is particularly notable with perturbed particles that
are enlarged to 85 nm, which display a much larger band splitting compared to cases
with smaller perturbations.

6.7.8 Lasing for dense perturbed lattices
Input-output curves. In the main manuscript, we claim the results of Fig. 6.6 are
actual lasing output, and as evidence we display in Appendix Fig. 6.11 input-output
curves of the lasing wavelength (579 nm), as measured with the spectrometer (expo-
sure time 300 ms, reprate is 20 Hz, so 15 single shots in one camera capture, with 2x2
software pixel binning).

Densest plasmon lattice laser. We show lasing not only from band folded K -
points in dense perturbed lattices (Fig. 6.6) of pitch 250 nm, but also for the same
perturbation geometry but pitch 210 nm. In this configuration, two M-points fold
toward the Γ -point. In terms of antenna areal density this is the densest plasmon
lattice laser reported in literature, to the best of our knowledge.

6.7.9 Different folding strategy: Folding from K to K

Fluorescence enhancement band structures. In the main manuscript Figs. 6.3
and 6.3, we displayed measured results for band folding strategy where three K -
points are folded to one ∆-point (and K ’ to ∆’), explained in detail in to the first
row of Fig. 6.2. Here, in Fig. 6.13, we show it is also possible to employ the second
folding strategy, where K folds towards K of the supercell (panels (a,b)). The first

Figure 6.11: Lasing input-output curves. Input-output curves for the dense lattice (c),
and the various dense perturbed lattices (a), (b), (d).
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Figure 6.12: Densest plasmon lattice laser. Dens-
est lattice laser at the Γ -point (folded from the M-
point). The pitch is 210 nm.

row of experimental band structure data, panels (c-f), shows polarization averaged
fluorescence enhancement. As expected, we observe no photonic Bloch modes for the
dense lattice, panel Fig. 6.13(e)(same data as Fig. 6.3(c)). Also in this folding strategy,
when we apply superlattice perturbations, the measured band structures contain sig-
nal of folded photonic bands, their contrast depending on perturbation strength. The
contrast of the bands is less pronounced, which might be attributed to the fact that in
this case, half of the metal is perturbed, compared with K -∆ folding. In Fig. 6.13(c),
dispersions near the Γ -point immediately draw attention, where large band splitting
occurs both in the parabolic and linear bands. However, more importantly, inspecting
panel (c) and (d), it is evident that the dispersions near the K -point are very alike those
bandfolded dispersions near the ∆-point in Fig. 6.3. This is further highlighted by the
results in the second and third rows of experimental data are measurements with a
polarizer placed before the spectrometer slit, either horizontally oriented (Fig. 6.13(g-
j)) or vertically oriented (panels (l-0)): Again, the dispersions near K are very similar
to bandfolded dispersions near Γ in Fig. 6.8. This important observation highlights the
fact that one can employ different folding strategies to uncover the same beyond-the-
light line dispersions. Also in this dataset, a dark spot is observed at the bandfolded
K -point, especially visible in panel Fig. 6.13(g).

Lasing and spontaneous symmetry breaking. We study lasing and sponta-
neous symmetry breaking (SSB) for the K to K bandfolding strategy. Starting with the
dense lattice, Fig. 6.14(c) (same data as main Fig. 6.6(c)), the spatially coherent random
speckle patterns find their origin in truly guided K -mode lasing. Upon applying
superlattice diameter perturbations, the guided K -modes are bandfolded to the K
dispersions of the dense perturbed lattices, which support lasing radiation to the far-
field. For 10 nm perturbations, Fig. 6.14(b) and (d), the lasing signal is slightly brighter
than that of the speckle pattern, but for the 55 nm - 75 nm perturbation case (panel (a)),
very sharp lasing intensity peaks are observed.

For each sample we recorded 300 single-shots of lasing output, and we found
similar behavior as we reported in Chapter 4 for a diffractive plasmon lattice K -point
laser [255]. That is, from shot to shot, the relative intensity between the K and K ’
laser modes varies randomly, which we attribute to an incomplete bifurcation in a
spontaneous symmetry breaking event. With the same methods as described in Chap-
ter 4, we project the intensity data to a subspace of lasing in superpositions of the
K and K ’ modes. The six-vector of lasing intensities in the 6 output spots I (ob-
tained by summing intensity in a small area around each K ′-point) is projected on
vectors that span K/K ’, to produce coefficients: C+ = ⟨I|v+⟩ and C− = ⟨I|v−⟩ with
v± = 1/

√
6(1,±1, 1,±1, 1,±1). The resulting histograms of Fig. 6.14(e-g) show all
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6.7 Appendix

Figure 6.13: Measurements of bandfolding from K to K . (a) Folding strategy where
K folds to K , obtained by applying diameter perturbations of double period along the
symmetry axes of the hexagonal dense lattice. (b) Three K -points of the dense lattice
fold toward three K -points of the dense perturbed lattice. K ’ folds towards K ’. (c-f)
Fluorescent enhancement band structures containing emission in all polarization states.
(g-j) Band structures with horizontally oriented polarizer in front of spectrometer slit.
(l-0) Band structures with vertically oriented polarizer.
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Figure 6.14: Lasing and spontaneous symmetry breaking for bandfolding from K to
K . (a-d) lasing data for various superlattice diameter perturbations. (e-g) histograms
of parity symmetry breaking, with parameter θ as measure for contrast of K/K ’ mode
lasing. The lasing spot signals are fluorescence background subtracted, by subtracting a
same-sized patch directly next to each spot, to generate the histogram plots.

datapoints lie on the arc between the two points C+ = ±C− =
√

1/2 (indicated by
red dots). The angle θ of a datapoint on the arc is the spontaneous parity symmetry
breaking parameter, and maps to the surface of the unit sphere as polar coordinate.
The fact that no datapoints occur within the arc means that the system does not lase in
other spot combinations than those corresponding to superpositions of K/K ’ modes.
What is more, in Fig. 6.14(e) as in main Fig. 6.6(e-g), bunching towards the center and
towards edges of the arc is observed, which indicates the system either favors K+K ’
lasing or pure K/K ’ lasing.
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821 (2014).

[274] P. Gartner, Spontaneous Symmetry Breaking in the Laser Transition, Phys. Rev. B 99,
115313 (2019).

[275] T. Ochiai, and K. Sakoda, Dispersion Relation and Optical Transmittance of a
Hexagonal Photonic Crystal Slab, Phys. Rev. B 63, 125107 (2001).

[276] J. F. Wheeldon, T. Hall, and H. Schriemer, Symmetry Constraints and the Existence
of Bloch Mode Vortices in Linear Photonic Crystals, Opt. Express 15, 3531 (2007).

[277] D. Malterre, B. Kierren, Y. Fagot-Revurat, C. Didiot, F. J. G. d. Abajo, F. Schiller,
J. Cordón, and J. E. Ortega, Symmetry Breaking and Gap Opening in Two-
Dimensional Hexagonal Lattices, New J. Phys. 13, 013026 (2011).

[278] L. Hill, G.-L. Oppo, and P. Del’Haye, Multi-Stage Spontaneous Symmetry Breaking

162



References

of Light in Kerr Ring Resonators, Commun. Phys. 6, 1 (2023).

[279] N. de Gaay Fortman, D. Pal, P. Schall, and A. F. Koenderink, Accessing
Beyond-Light Line Dispersion and High-Q Resonances of Dense Plasmon Lattices by
Bandfolding, ACS Photonics (2025).

[280] R. Kazarinov, and C. Henry, Second-Order Distributed Feedback Lasers with Mode
Selection Provided by First-Order Radiation Losses, IEEE J. Quantum Electron. 21,
144 (1985).

[281] K. Sakai, E. Miyai, and S. Noda, Two-Dimensional Coupled Wave Theory for Square-
Lattice Photonic-Crystal Lasers with TM-Polarization, Opt. Express 15, 3981 (2007).

[282] J. Mørk, J. Mark, and B. Tromborg, Route to Chaos and Competition between
Relaxation Oscillations for a Semiconductor Laser with Optical Feedback, Phys. Rev.
Lett. 65, 1999 (1990).

[283] H. Wenzel, U. Bandelow, H.-J. Wunsche, and J. Rehberg, Mechanisms of Fast Self
Pulsations in Two-Section Dfb Lasers, IEEE J. Quantum Electron. 32, 69 (1996).

[284] T. Heil, I. Fischer, W. Elsässer, J. Mulet, and C. R. Mirasso, Chaos Synchronization
and Spontaneous Symmetry-Breaking in Symmetrically Delay-Coupled Semiconductor
Lasers, Phys. Rev. Lett. 86, 795 (2001).

[285] H. Erzgräber, D. Lenstra, B. Krauskopf, E. Wille, M. Peil, I. Fischer, and
W. Elsäßer, Mutually Delay-Coupled Semiconductor Lasers: Mode Bifurcation
Scenarios, Opt. Commun. 255, 286 (2005).

[286] T. D. Happ, M. Kamp, A. Forchel, J.-L. Gentner, and L. Goldstein, Two-
Dimensional Photonic Crystal Coupled-Defect Laser Diode, Appl. Phys. Lett. 82, 4
(2003).
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Epilogue





Summary

Since ages, humanity has been captivated by the physics of light. Progress in
our understanding of light paved the way for many applications, pushing the
rational design of optical instruments for microscopy, astronomy and spec-
troscopy to great heights since the mid-19th century. The past hundred years
has displayed further magnificent advances in light-based technologies, such
as the laser, LED, CCD camera and optical fibers for long range communica-
tion - each of these light-technologies forms a backbone of our modern-day
society. The next push forward is to assert control over light at very small
scales, comparable to and shorter than the wavelength of light. This is the
objective of the field called nanophotonics. Such miniaturized light control
enables, for instance, chip-scale control over the generation, routing, and pro-
cessing of light, and is pursued to strongly couple light and matter. Currently,
within nanophotonics, much attention is given to so-called metasurfaces: Thin
patterned surfaces that promise control over incoming light beams through
near-arbitrary reshaping of wavefronts by means of scattering. Metasurfaces
are composed of subwavelength resonant nanoparticles that are strongly scat-
tering, with scattering cross sections much larger than their physical size.
These nanoparticles are generally either metallic, with plasmon resonances
due to the free electron see, or they have such high refractive indices that they
feature strong Mie resonances. Alongside such scattering metasurfaces there
are also light-emitting metasurfaces. Whereas, scattering metasurfaces perform
designed functions on incident wavefronts, light-emitting metasurfaces are
structures into which light emitters are embedded to form a radiating light
source with engineered brightness, spectrum, polarization and directionality.

This thesis considers metasurfaces with embedded optical gain, i.e., ampli-
fication of light by stimulated emission. Amplification is enabled by includ-
ing emitters into metasurfaces, and then providing sufficiently strong optical
pumping to realize net amplification. Amplification is promising both for
scattering metasurfaces and for light-emitting metasurfaces. In the context of
scattering metasurfaces, active tunability receives much interest to overcome
the drawback of passive metasurfaces that function is fixed after fabrication.
A motivation for this thesis is that gain can be used to dynamically modu-
late the response of metasurfaces. For scattering metasurfaces, gain-induced
response tuning has received little attention. For light-emitting metasurfaces,
optical gain is a common route to obtain metasurface lasing, where distributed
feedback is offered by the scatterers. Such systems generally operate by hy-
bridization of diffractive conditions and the localized scattering resonances.
While the essential operating mechanisms in such lasers have been explored in
several groups in the last decade, there are still many open questions relating
to their dynamics – phenomena such as mode competition and spontaneous
symmetry breaking – and programmability of laser emission through spatial
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and dynamic control of the gain. These questions are also driven by an anal-
ogon between amplifying periodic lattices of scatterers and seminal problems
in condensed matter physics regarding Parity-Time symmetry and topology
in non-Hermitian 2D systems. The motivation of this thesis is to develop
techniques to address amplifying scattering metasurfaces and to obtain a bet-
ter understanding of amplifying scattering as well as lasing metasurfaces at
optical frequencies.

In Chapter 2, we report on the development of an ultrafast pump-probe
microscope to study amplifying metasurfaces, through the combination of
Fourier microscopy with femtosecond pump-probe techniques. Operating
with visible and near-infrared pump and probe beams, we show the capability
to perform synchronized single-shot real-space and Fourier-space imaging on
amplifying metasurfaces. An important capability of the setup is that we
can spatially program where gain is induced in a metasurface, by means of
a digital micromirror device. We highlight the new setup’s capabilities for
two testbeds: Amplifying plasmonic lattices and amplifying 1D gratings. For
the former, we show that metasurface band structures can be recorded using
the white-light probe beam. For the latter, we report gain-induced 1D-grating
efficiency modulations of 15% on picosecond time scales. We observe that gain
can induce both enhancement and suppression of diffraction efficiencies. The
new experimental setup is equipped for the study of PT-symmetry breaking
scattering metasurfaces, metasurfaces with perfect absorption and amplifica-
tion singularities, and amplifying wave-based computing metasurfaces.

Chapter 3 is a theoretical study of singular responses in the reflection of
light from a scattering metasurface with gain. The proposed family of meta-
surfaces are inspired by a common and powerful design strategy to create
perfect absorption singularities: Scattering anomalies at which all incoming
light is absorbed by the metasurface. This problem has been widely studied
in the radio-frequency community, where so-called Salisbury and Dallenbach
screens achieve perfect absorption by holding modestly absorbing structured
sheets at carefully chosen distances from non-absorbing mirrors. We study
such geometries with a plasmonic metasurface as structured sheet, but we
consider optical gain as opposed to absorption, using a transfer matrix model
to calculate reflectivity from the stack. What is more, we present the implica-
tions of different frequency-dispersive gain models one can use. Most notably,
in the field of PT-symmetry, time-reversal symmetry is often invoked to argue
that loss and gain are simply interchangeable in material response functions
(mathematically, time-reversal becomes a sign-reversal of decay rate). How-
ever, for scatterers with gain, such arguments do not hold, and we review
self-consistent models for the polarizability and cross sections of amplifying
scatterers. Our main finding is that, when the metasurface contains scatterers
with both gain and loss, gain can induce both perfect absorption (reflectivity
zeros) and perfect amplification (reflectivity poles). We describe topological
constraints on the creation and annihilation of these singularities. The find-
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ings of this chapter have implications for the fields of non-Hermitian photon-
ics, parity-time symmetric scattering systems, and metasurface pixels that are
dynamically controllable.

In Chapter 4, we report on the first observation of spontaneous symmetry
breaking (SSB) in plasmonic metasurface lasers. We study diffractive lattices
of hexagonal symmetry, where the K -points in momentum space come with
two modes, K and K ′. These modes are not only degenerate in frequency, but
they are also identically distributed in space. We energize the gain medium
with femtosecond pulses and we simultaneously capture real- and Fourier-
space images of laser emission in a single-shot fashion. By combining the real
and Fourier space, we resolve the two order parameters for which symmetry
breaking simultaneously occurs: Spatial parity and U(1) (rotational) symme-
try breaking. The order parameters belong respectively to a relative ampli-
tude and phase between K and K ′, and they are randomly ’picked’ for every
subsequent pulse of laser emission. The methodology reported in this work
opens numerous opportunities, for instance in studying SSB in metasurfaces,
or in mapping the emergence of spatial coherence during the laser transition
of amplifying nonlocal metasurfaces.

Chapter 5 builds on the SSB-study of Chapter 4. We focus on K -point
lasing in hexagonal lattices, and we subject the 2D laser to boundary condi-
tions in metasurface gain. We project optical pump fields of programmable
geometries by means of the digital micromirror device. In Fourier space, we
observe vortex beams of laser emission typical for 2D lasers, and we find that
they strongly depend on gain field geometry and size in real space. With
single-shot acquisition, we observe spontaneous parity symmetry breaking
between lasing in the degenerate KK and K ′ modes, and we study the re-
lation between real-space laser shape, Fourier-space output, and local spatial
intensity distribution in the spontaneous symmetry breaking process. Spatial
programming also gives access to creating nearby coupled lasers. We show
that two closely spaced metasurface lasers synchronize both in phase and
in amplitude, which depends on their coupling strength set by separation
distance.

Finally, in Chapter 6, we study dense plasmon light-emitting metasur-
faces. These systems display both near field as well as diffractive coupling,
for which they make highly interesting platforms for the study of plasmon
versions of seminal tight-binding Hamiltonians. However, the lattice plasmon
dispersions lie beyond the light line, and are therefore not accessible with
standard far-field optical experiments. In this work, we make these guided
plasmon dispersions visible by band folding, which we induce by applying
size perturbations to the scatterers and introducing a supercell periodicity.
Both in fluorescence enhancement experiments and in reciprocity-based T-
matrix simulations, we observe bandfolding for a systematic variation of per-
turbation strength. Folding the K -point into the light cone creates a narrow
plasmon mode. This mode exhibits among the highest reported quality factors
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for plasmon lattice resonances in the visible wavelength range, despite the
fact that the antenna array comes in a doubled areal density. Finally, we show
K -point lasing and spontaneous symmetry breaking between the bandfolded
K - and K ′-modes. From the spontaneous symmetry breaking behavior, we
conclude that intrinsic symmetry properties of the dense plasmon lattice are
maintained and can be observed upon bandfolding.
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Samenvatting

De mensheid is al eeuwenlang gefascineerd door de natuurkunde van licht.
Vooruitgang in ons begrip van licht heeft de weg vrijgemaakt voor vele toe-
passingen, en heeft het ontwerp van optische instrumenten voor microsco-
pie, astronomie en spectroscopie sinds het midden van de 19e eeuw tot grote
hoogten gebracht. De afgelopen honderd jaar is er een verdere geweldige
vooruitgang geweest in technologieën die op licht gebaseerd zijn, zoals de la-
ser, de LED, de CCD-camera en optische glasvezelkabels voor langeafstands-
communicatie - elk van deze lichttechnologieën zijn essentieel in onze mo-
derne samenleving. De volgende stap voorwaarts is om controle te krijgen
over licht op zeer kleine lengteschaal, vergelijkbaar met of zelfs korter dan de
golflengte van licht. Dit is het doel van het vakgebied nanofotonica. Derge-
lijke geminiaturiseerde lichtcontrole wordt bijvoorbeeld nagestreefd om licht
en materie sterk te koppelen, en maakt het mogelijk om op de schaal van
elektronische microchips de generatie van licht, het versturen van lichtsig-
nalen, en de logische verwerking van informatie gecodeerd in licht te be-
werkstelligen. Momenteel wordt er binnen de nanofotonica veel aandacht
besteed aan zogenaamde meta-oppervlakken: dunne, gestructureerde opper-
vlakken die controle uitoefening over inkomende lichtbundels door de golf-
fronten van de bundel naar wens vorm te geven door middel van deeltjes-
verstrooiing. Meta-oppervlakken bestaan uit resonante nanodeeltjes die klei-
ner zijn dan de golflengte van het licht, en die licht zeer sterk verstrooien: ze
hebben verstrooiingsdoorsneden die veel groter zijn dan hun fysieke grootte.
Deze nanodeeltjes zijn over het algemeen ofwel gemaakt uit edele metalen,
in welk geval plasmonische verstrooiingsresonanties optreden vanwege hun
vrije elektronen wolk, of ze hebben zulke hoge brekingsindices dat ze sterke
Mie-resonanties vertonen. Naast dergelijke verstrooiende meta-oppervlakken
zijn er ook licht-uitstralende meta-oppervlakken. Terwijl verstrooiende meta-
oppervlakken functies uitvoeren door invallende golffronten te verstrooiien,
zijn licht-uitstralende meta-oppervlakken structuren waarin licht-emitterende
deeltjes zijn ingebed om een lichtbron te vormen die straalt met naar wens
ontworpen helderheid, spectrum, polarisatie en richting.

Dit proefschrift beschouwt meta-oppervlakken met ingebedde optische
versterking, welke behaald wordt door middel van gestimuleerde emissie.
Versterking wordt mogelijk gemaakt door licht-emitterende moleculen in
meta-oppervlakken op te nemen en vervolgens een voldoende sterke optische
pompbundel als energiebron aan te bieden om netto versterking te realiseren.
Versterking is veelbelovend voor zowel verstrooiende meta-oppervlakken als
voor lichtgevende meta-oppervlakken. Een motivatie voor dit proefschrift is
dat versterking kan worden gebruikt om de respons van meta-oppervlakken
dynamisch te moduleren. In de context van verstrooiende meta-oppervlakken
is er veel onderzoek naar actieve controle over functionaliteit om het probleem

173



Samenvatting

op te lossen dat voor de meeste meta-oppervlakken de functie na fabricage
niet meer veranderd kan worden. Versterking als mechanisme voor actieve
en dynamische controle over functie heeft echter weinig aandacht gekregen.
In het onderzoeksveld van lichtgevende meta-oppervlakken is optische
versterking een gebruikelijke route om een meta-oppervlak laser te maken,
waarbij terugkoppeling ontstaat door Bragg verstrooiing aan het periodieke
rooster van deeltjes. Dergelijke systemen werken over het algemeen door
een samenspel van traliediffracties en de lokale verstrooiingsresonanties van
de individuele verstrooiers. Hoewel de essentiële werkingsmechanismen
in dergelijke lasers in het afgelopen decennium zijn onderzocht door
verschillende groepen, zijn er nog steeds veel open vragen met betrekking tot
hun gedrag in de tijd. Dit betreft bijvoorbeeld verschijnselen zoals competitie
tussen de laser modes en spontane symmetriebreking, en ook de vraag of de
laseremissie programmeerbaar is door ruimtelijke en dynamische controle
van de versterking. Deze vragen worden ook aangestuurd door een analogon
tussen versterkende periodieke roosters van verstrooiers en fundamentele
problemen in de fysica van gecondenseerde materie, welke betrekking
hebben tot pariteit-tijd symmetrie en topologie in niet-Hermitische 2D-
systemen. De motivatie van dit proefschrift is om technieken te ontwikkelen
om versterkende verstrooiende meta-oppervlakken te onderzoeken, en om
een beter begrip te krijgen van versterkende verstrooiende en laser meta-
oppervlakken.

In Hoofdstuk 2 rapporteren we over de ontwikkeling van een ultrasnelle
pomp-sondemicroscoop om versterkende meta-oppervlakken te bestuderen.
In deze opstelling wordt Fourier-microscopie met femtoseconde pomp-
sondetechnieken gecombineerd. Werkend met zichtbare en nabij-infrarood
pomp- en sondestralen, tonen we de mogelijkheid tot het gesynchroniseerd
afbeelden in een enkele laserflits van de response van meta-oppervlakken
in zowel de reële (plaatsopgeloste) en reciproke (hoekopgeloste) ruimte
tegelijkertijd. Een belangrijke mogelijkheid van de opstelling is bovendien
dat we ruimtelijk kunnen programmeren waar versterking wordt geïnduceerd
in een meta-oppervlak, door middel van een digitaal microspiegelapparaat.
We bekijken de mogelijkheden van de nieuwe opstelling door twee systemen
te onderzoeken: plasmonische roosters en versterkende van 1-dimensionale
(1D) diffractietralies. Voor de eerstgenoemde laten we zien dat bandenstruc-
turen van een meta-oppervlak kunnen worden vastgelegd met behulp van
een spectraal breedbandige sondestraal. Voor de laatstgenoemde rapporteren
we versterking-geïnduceerde 1D tralie diffractie efficiëntiemodulaties van
15% op picoseconde tijdschalen. We observeren dat versterking tot zowel
vergroting als vermindering van diffractie-efficiënties kan leiden. De nieuwe
experimentele opstelling is uitgerust voor de studie van verstrooiende
meta-oppervlakken met PT-symmetrie, meta-oppervlakken met perfecte
absorptie- en versterkingssingulariteiten en versterkende golfgebaseerde
meta-oppervlak computers.
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Hoofdstuk 3 is een theoretische studie van singuliere responsen in de re-
flectie van licht van een verstrooiende meta-oppervlak met versterking. De
voorgestelde familie van meta-oppervlakken is geïnspireerd door een veel-
voorkomende en krachtige ontwerpstrategie om perfecte absorptie singula-
riteiten te creëren: verstrooiingsanomalieën waarbij al het binnenkomende
licht wordt geabsorbeerd door een meta-oppervlak. Dit probleem is uitge-
breid bestudeerd in de radiofrequentiegemeenschap, waar zogenaamde Sa-
lisbury en Dallenbach schermen perfecte absorptie bewerkstelligen door een
op zichzelf maar zwakjes absorberende laag op zorgvuldig gekozen afstan-
den van een niet-absorberende spiegel te houden. We bestuderen dergelijke
geometrieën met een plasmonisch meta-oppervlak, maar we beschouwen op-
tische versterking in tegenstelling tot absorptie, met behulp van een trans-
fer matrix model om de reflectiviteit van het gehele systeem te berekenen.
Met name in het onderzoeksgebied van PT-symmetrie wordt tijdsomkering-
symmetrie vaak aangeroepen om te beargumenteren dat verlies en verster-
king eenvoudigweg uitwisselbaar zijn in materiaalresponsfuncties (wiskun-
dig gezien wordt tijdsomkering een tekenomkering van de vervalsnelheid).
Voor verstrooiers met versterking houden dergelijke argumenten echter geen
stand, en we bekijken zelfconsistente modellen voor de polariseerbaarheid en
verstrooiingsdoorsneden van versterkende verstrooiers. Onze belangrijkste
bevinding is dat, wanneer het meta-oppervlak verstrooiers met zowel ver-
sterking als verlies bevat, versterking zowel perfecte absorptie (reflectiviteits-
nullen) als perfecte versterking (reflectiviteitspolen) kan induceren. We be-
schrijven topologische beperkingen op de creatie en vernietiging van deze
singulariteiten. De bevindingen van dit hoofdstuk hebben implicaties voor
de vakgebieden van niet-Hermitische fotonica, pariteit-tijd symmetrische ver-
strooiingssystemen en meta-oppervlak pixels die dynamisch controleerbaar
zijn.

In Hoofdstuk 4 rapporteren we over de eerste observatie van spontane
symmetriebreking (SSB) in plasmonische meta-oppervlak lasers. We bestu-
deren diffractieve roosters van hexagonale symmetrie, waarbij lasing kan op-
treden bij de K -punten in de reciproke ruimte. Hoewel er zes K -punten zijn
in de Brillouin zone, is er sprake van precies twee eigenmodes, aangeduid
als K en K ′, die elk drie K -punten door roosterdiffractie verbinden. Deze
eigenmodes zijn niet alleen exact ontaard in frequentie, maar ze zijn ook pre-
cies identiek verdeeld in de ruimte. We pompen het versterkingsmedium met
femtoseconde pulsen en voor elke afzonderlijke pompflits leggen we tegelij-
kertijd reële- en reciproke-ruimtebeelden van laserlicht vast. Door de reële- en
reciproke-ruimte te combineren, vinden we de twee ordeparameters waarmee
symmetriebreking gelijktijdig optreedt: ruimtelijke pariteit en U(1) (rotatie)
symmetriebreking. De ordeparameters behoren respectievelijk tot een rela-
tieve amplitude en fase tussen K en K ′, en ze worden willekeurig ’gekozen’
voor elke volgende puls van uitgezonden laserlicht. De methodologie die in
dit werk wordt gerapporteerd opent talloze mogelijkheden, bijvoorbeeld voor
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het bestuderen van SSB in meta-oppervlakken, of voor het in kaart brengen
van het spontaan ontstaan van ruimtelijke coherentie tijdens de laserovergang
in versterkende niet-lokale meta-oppervlakken.

Hoofdstuk 5 bouwt voort op de SSB-studie van Hoofdstuk 4. We richten
ons op K -punt lasers in hexagonale roosters, en we onderwerpen de 2D-
laser aan randvoorwaarden in versterking in het meta-oppervlak. We pro-
jecteren optische pompvelden van programmeerbare geometrieën door mid-
del van het digitale microspiegelapparaat. In de reciproke ruimte observe-
ren we vortexstralen van laseremissie die typisch zijn voor 2D-lasers, en we
ontdekken dat ze sterk afhankelijk zijn van de geometrie en grootte van het
versterkingsveld in de reële ruimte. Zo kunnen we spontane pariteitssym-
metriebreking observeren voor de ontaarde K - en K ′-eigenmodes, als functie
van de vorm van de laser in de reële ruimte. Ruimtelijke programmering geeft
ook toegang tot het creëren van nabijgelegen gekoppelde lasers. We laten zien
dat twee dicht bij elkaar gelegen meta-oppervlak-lasers zowel in fase als in
amplitude synchroniseren, wat afhankelijk is van hun koppelingssterkte die
weer wordt bepaald door de afstand tussen de lasers.

Tot slot bestuderen we in Hoofdstuk 6 plasmonische licht-uitstralende
meta-oppervlakken met hoge deeltjesdichtheid. In deze systemen ervaren
deeltjes zowel nabije veld- als diffractieve koppeling, waardoor deze syste-
men zeer interessante platformen vormen voor de studie van plasmon versies
van bekende tight binding Hamiltonianen. De dispersies van de plasmon
roosters liggen echter buiten de lichtkegel en zijn daarom niet toegankelijk
met standaard verre-veld optische experimenten. In dit werk maken we deze
golfgeleide plasmonische dispersies zichtbaar door bandvouwing. Bandvou-
wing induceren we door kleine verstoringen toe te passen in de grootte van de
verstrooiers waardoor een superperiodiciteit tevoorschijn komt, die groter is
dan de periodiciteit van het onderliggende rooster. Zowel in fluorescentie ex-
perimenten als in op reciprociteit gebaseerde T-matrixsimulaties, observeren
we bandvouwing voor een systematische variatie van de verstoringsterkte.
Het vouwen van het K -punt naar binnen de lichtkegel creëert een spectraal
zeer smalle plasmon resonantie. Deze resonantie vertoont zelfs één van de
hoogst gerapporteerde kwaliteitsfactoren voor plasmonische rooster resonan-
ties in het zichtbare golflengtebereik, aanzienlijk hoger dan de kwaliteitsfactor
in roosters waar de deeltjes veel verder uit elkaar zitten. Dit is opvallend
omdat een plasmonisch rooster met een verdubbelde oppervlaktedichtheid in
de meeste gevallen juist veel meer, in plaats van minder, optische absorptie
vertoont. Tot slot tonen we aan dat ook deze systemen K -punt lasing en
spontane symmetriebreking vertonen, nu tussen de bandgevouwen K - en K ′-
eigenmodes. Uit het spontane symmetriebrekingsgedrag concluderen we dat
intrinsieke symmetrie-eigenschappen van het originele plasmonisch rooster
behouden blijven en kunnen worden waargenomen bij het bandenvouwen.
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