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We experimentally investigate the Dicke phase transition in chaotic optical resonators realized with
two-dimensional photonics crystals. This setup circumvents the constraints of the system originally
investigated by Dicke and allows a detailed study of the various properties of the superradiant transition.
Our experimental results, analytical prediction, and numerical modeling based on random-matrix theory
demonstrate that the probability density PðΓÞ of the resonance widths provides a new criterion to test the
occurrence of the Dicke transition.
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Superradiance is an emergent property of quantum
systems that has stirred a large interest in scientific research
[1–6]. Initially predicted by Dicke in the context of two-
level atoms [7], superradiance has been investigated in a
wide range of systems including gases [8], plasmas [9],
semiconductors [10–12], free-electron lasers [13,14], Bose-
Einstein condensates [15–19], superconductors [20],
quantum systems with impurities [21], and quantum dots
[10,22,23]. In two-level media, a superradiant state results
from the spontaneous synchronization of different atoms
immersed in a common radiation field, whose wavelength
is larger than the volume occupied by the material. When
this condition is met, a quantum phase transition occurs and
atoms radiate energy with a quadratic dependence on their
population (∝ N2), much higher than the rate predicted
by incoherent spontaneous emission (∝ N) [24–27]. The
consequence of such a superradiant behavior is recognized
in the spatiotemporal domain, where a directional, short-
lived energy burst is generated due to the enhanced
radiation rate, while in the case of incoherent emission,
only exponentially decaying intensity is observed [2].
The physics of the superradiant phase transition mani-

fests itself in general N-body systems as a self-organization
process [4]. In this context, the starting model is that of an
effective, non-Hermitian Hamiltonian describing a system
with open channels. When the system is closed and the
channel strength is 0, the Hamiltonian is Hermitian and

shows real eigenvalues with infinite lifetimes (i.e., zero
imaginary component). As the coupling with the environ-
ment increases, imaginary eigenvalues appear in the spec-
trum and resonances become wider in the frequency
domain, due to the finite lifetime of the corresponding
eigenmodes. When resonances start to overlap, they coher-
ently interact and reorganize, thus originating a phase
transition where multiple superradiant states with broad
widths emerge in the spectrum [28–30]. The existence of
such a transition has also recently been argued as a
mechanism to explain the strong deviations from classical
Porter-Thomas probability distribution observed in neu-
tron-resonance experiments, thus establishing new connec-
tions with the dynamics of complex nuclei [3]. However,
if compared to the large body of theoretical results,
experimental work has been limited in this area. As a
consequence, several properties of superradiant states are
still debated, including the emergence of specific scaling
laws, the existence of universal statistics, and how these
quantities dynamically approach the superradiant transition
[31]. Understanding the features of the Dicke transition can
be of primary importance not only from a fundamental
perspective but also to foster the realization of new devices,
including terahertz amplifiers, optical emitters, and laser
systems that are under intense investigation [5,6,32–35].
In recent years, due to the many analogies between

electrons and photons, light has become a widely used tool
to investigate energy-transport dynamics. This analogy is
particularly interesting in two dimensions, where the
isomorphisms between Schrödinger and Maxwell equa-
tions allow us to investigate different quantum phenomena
that manifest in dielectric optical microresonators whose
forms mimic classically chaotic billiards [36–43]. Here, we
show that a suitably engineered optical resonator can mimic
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the dynamics of an open many-body system, allowing for a
detailed study of superradiant states. One of the difficulties
of the original system investigated by Dicke lies in the
requirement of a coupling strength of the order of the
energy separation of the atomic energy levels [18]. Our
setup, conversely, takes its advantage from the technology
of photonics crystals and allows the observation of any
coupling regime [36,44]. The use of transparent dielectrics,
moreover, neglects any unwanted loss mechanism (such as,
e.g., material absorption) and provides an ideal platform to
investigate different properties of quantum chaotic systems.
We begin our analysis by summarizing the main theoretical
predictions about superradiance and then present our
experimental results with two-dimensional chaotic optical
resonators. We then provide a detailed study of the various
properties of superradiant states, comparing experimental
results with theoretical predictions.
An open quantum N-body system can be considered

as an effective Hamiltonian Heff coupled with M decay
channels:

Heff ¼ H0 − i
α

2
VVT; ð1Þ

where H0 is the Hamiltonian of the closed system and V is
an N ×M matrix that models the channel space, with
the coupling amplitude defined by α. For nonzero α, the
Hamiltonian Heff is non-Hermitian and possesses a com-
plex eigenvalue Ωn ¼ En − ði=2ÞΓn characterized by the
energy En ¼ ℏω and damping (or resonance width) Γn.
The coupling strength κ between the system and the open
space (i.e., the continuum of modes) can be evaluated as
follows [29]:

κ ¼ ImfTrðHeffÞg
NhDi ¼

�
Γ
D

�
; ð2Þ

where the hDi is the mean energy-level distance and hΓi is
the mean value of the resonance width Γ. At low coupling
κ ≈ 0, the resonance-width distribution follows a χ-squared
distribution [45], while for increasing κ, appreciable devi-
ations for a χ2 distribution are expected. In the latter case,
numerical evidence suggests that the distribution of reso-
nances follows a universal power-law Γ−2 distribution [3].
The superradiant transition is theoretically predicted in
the perfect coupling regime κ ¼ κc ¼ 1 [3,29,46,47], when
resonances split and superradiant states emerge in the
spectrum. To investigate the appearance of the Dicke
transition in our system, we design experiments based
on open chaotic cavities realized in two-dimensional
photonics crystals (PhCs) in a silicon-on-insulator plat-
form. We chose the PhC technology for their versatility on
managing light behavior on integrated photonics circuits
[48,49]. Figure 1 shows the SEM image of a typical sample,
characterized by a quarter-stadium resonator equipped with
input (left channel) and output (right channel) waveguides,

the latter with a tunable width d. Fabrication details of the
structure can be found in Ref. [36]. The stadium shape
guarantees that strong chaos is developed in the structure,
thus leading to a fully random unperturbed Hamiltonian
H0. The area of the resonator is 800 μm2. The inset of the
same figure shows an enlarged view of the periodic lattice,
designed to work as omnidirectional mirror for light
confined and polarized in the plane of the crystal. The
period a ¼ 450 nm and radius r ¼ 0.3a place the working
range of wavelength in the Cþ L band, around 1550 nm.
Resonance widths Γi and frequency eigenvalues ωi can be
accurately extracted from the transmitted power-density
spectrum measured at the end of the output waveguide, by
employing the experimental setup and the wavelet multi-
scale analysis described, e.g., in Ref. [36]. Figure 2(a)
displays a typical experimental spectrum and its
reconstruction through multiscale analysis, showing the
excellent accuracy of the reconstruction procedure. In order
to obtain a complete statistic, we realize 48 samples and
collect a total of 7000 resonances.
Figure 2(b) displays the resonance distribution in the

plane ðω;ΓÞ for selected values of output channel width d.
The latter is measured in lattice unit-cell units and is varied
by removing an integer number of rows in the PhC.
Figure 2 shows the appearance of a superradiant transition
when the spacing increases from d ¼ 1 to d ¼ 29. By
increasing the waveguide spacing, in fact, we clearly
observe resonances splitting with the emergence of a
spectral gap [solid area in Fig. 2(b)], dividing the resonance
plane ðω;ΓÞ into two distinct regions: a background
containing a large multitude of long-living modes and
M ¼ 7 superradiant states possessing very short lifetimes.
The width of such superradiant states is about 100 times
larger than the widths measured for d ¼ 1. In our experi-
ments, the number of modes supported by the cavity is
N ≈ 102 (as extracted from wavelet multiscale analysis),
which shows that the enhancement rate of short-living

FIG. 1. SEM image of the quarter-stadium resonator. Inset:
Enlarged image of the photonic crystal lattice.
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states is N times larger with respect to noninteracting
resonances, in perfect agreement with what is expected for
a superradiant behavior. Figure 2(c) shows the behavior of
the gap width Δ versus waveguide spacing d. The gap
manifests itself for d ≥ 23 and shows a strongly nonlinear
behavior, which is observed as a quadratic increase up to
d ¼ 29 with a further decrease for larger increments of d.
The specific numberM ¼ 7 of superradiant states observed
in our experiments depends on the nature of the cavity
losses, which defines the size of the channel space.
Multiple waveguide openings with different channel widths
d, in particular, can sustain the formation of different
channel spaces, leading to the generation of different
numbers of superradiant states.
To quantitatively validate the occurrence of a super-

radiant phase transition, we calculate the parameter κ of
Eq. (2). In order to get a self-consistent evaluation of this
parameter, we employ an independent analysis based on
random-matrix theory (RMT), which is able to furnish
more information—such as, e.g., the number of open
channels M—about the dynamics of the Dicke transition.
To this extent, we begin by diagonalizing an ensemble of
Heff given by Eq. (1) with H0 taken from the Gaussian
orthogonal ensemble of random matrices and the elements

of V obeying a normal distribution with zero mean and unit
standard deviation [31]. We then collect large statistics of
the random-matrix eigenvalues and calculate the proba-
bility distribution PRMTðΓÞ of resonance width Γi, compar-
ing it with distributions PexpðΓÞ calculated from the
experimental data of Fig. 2(b). Figure 3 shows typical
results in the low coupling [Fig. 3(a)] and superradiant
[Fig. 3(b)] regimes. Probability densities PRMTðΓÞ are
parametrized by the number of open channels M and the
coupling strength κ, the latter varied through α, while
experimental Pexp distributions depend solely on the losses
d. In our comparisons, we evaluate parameters M and κ
by a least-squares fit of the PRMTðΓÞ distribution with the
corresponding experimental density PexpðΓÞ computed at a
specific d. Quite remarkably, for any spacing d, RMT
analysis yields a constant channel-space sizeM ¼ 7, which
perfectly agrees with the experimental results of Fig. 2
that show the appearance of M ¼ 7 superradiant states.
Figures 3(a) and 3(b) also compare experimental results
with a χ2 distribution (dashed line). The latter is known to
correctly describe the regime of small resonances over-
lapping, i.e., κ ≪ 1, and well matches the case of d ¼ 1,
while it consistently fails in the superradiant case for
d ¼ 29 due to strong resonances overlapping.
In order to complete our self-consistent evaluation of κ,

we compare RMT predictions with the direct application
of Eq. (2) to our experimental results, investigating how
the transition is approached when the losses d are
increased. Figure 4 shows our results. In general, the value
of κ calculated through Eq. (2) matches very well the results
of RMT, showing the clear appearance of a superradiant
phase transition for d ≥ 25. As the value of d is increased
from d ¼ 1, in particular, the coupling strength κ increases
from κ ≈ 0.3 and reaches the critical point κc ≈ 1 at d ¼ 29.
The behavior of κ versus d is strongly nonlinear and can
be divided into three characteristic regions (Fig. 4). Below
d ¼ 25, κ increases very slowly and linearly with d. For
25 ≤ d ≤ 29, we observe a dramatic increase toward
the critic regime κc ¼ 1, while for d ≥ 30, we observe a
decrement from κ ≈ 1 to κ ≈ 0.7. The latter is due to the
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FIG. 3. (a) Experimentally extracted resonance-width
distribution PexpðΓÞ (solid curve) for (a) d ¼ 1 and (b) d ¼
29, compared with numerically computed densities PRMTðΓÞ
from random-matrix-theory analysis (solid line) and with a χ2

distribution (dashed line).
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FIG. 2. (a) Experimentally measured power-density spectrum
(PDS) (cross markers) and theoretical reconstruction (solid line)
via wavelet multiscale analysis for different waveguide spacings
d. (b) Experimentally extracted resonance ðω;ΓÞ distribution for
different output waveguide spacings d. (c) Experimentally
measured gap width Δ, which separates superradiant states from
long-living resonances, versus d.
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breaking of the chaotic behavior of the resonator when the
losses becomes too large, with the consequent weakening
of the mixing property of the system.
A further analysis of superradiant transition concerns the

scaling law of probability density PexpðΓÞ for for large Γ.
There is, in fact, numerical evidence from RMT analysis
that the probability density in the superradiant regime
follows a universal power law ∝ Γ−2 [3]. If this result is
experimentally confirmed, it can provide a new test to
verify the presence of a superradiant phase transition.
Besides that, our setup also allows us to investigate the
transition dynamics and how such power-law distribution is
approached. To this extent, we fit the tail of the resonance-
width distribution PexpðΓÞ with a power curve Γ−β and
evaluate the coefficient β from a least-squares procedure.
Figure 5(a) illustrates our results for a varying coupling
strength κ. Figure 5(b) shows a typical outcome of our
fitting procedure, displaying an enlarged version of the
probability distribution PðΓÞ for d ¼ 29. As observed, the
probability density at large Γ well agrees with a power-law
Γ−2 curve. All the other cases (not reported here) are
represented with the same degree of accuracy by a Γ−β

function. The dynamics of β for varying losses d follows a
similar behavior of κ versus d: For d < 25, we observe a
slowly linear decrease from β ≈ 2.5, while for d > 25—
when the superradiant phase transition appears—the
dynamics dramatically converges to β ≈ 2, experimentally
confirming the prediction of RMT.
In conclusion, we designed a transparent optical material

to investigate the dynamics of the superradiant phase
transition in the presence of multiple superradiant states.
Our system circumvented the difficulties in observing the
Dicke transition in two-level atomic media and allowed a
detailed experimental study of superradiant states. Our
results showed that the dynamics of the Dicke transition
is strongly nonlinear: Characteristic quantities vary slowly
below the critical coupling κc ¼ 1, while near κc, the
superradiant transition appears dramatically, with the sys-
tem entering a new self-organized phase. This regime has
been experimentally observed by the emergence of M ¼ 7
superradiant states, whose resonance widths are N times
larger than all the others, with N being the total number of
resonances. In the superradiant regime, we demonstrated
that the resonance-width probability of superradiant states
follows a Γ−2 power law, which provides a new criterion to
test the occurrence of a superradiant transition in a physical
system. This work is expected to stimulate new funda-
mental studies on cooperative dynamics and facilitate the
development of novel applications of many-body systems.

A. F. acknowledges funding from KAUST (Grant
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