First Observation of the Quantized Exciton-polariton Field and Effect of Interactions on a
Single Polariton
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Article: published in Science Advances by Juan Camilo Lépez Carrefio, Blanca Silva,

Elena del Valle, members of the Department of Theoretical Condensed Matter Physics.

n 1982 Richard Feynmann envisioned the Quantum Computer, and although it has

received the attention of two generations of Quantum Physicist around the world, its
realization is still in a gestational stage. Many efforts have been devoted to
demonstrate both the suitability and the miniaturization potential of diverse platforms
to encode and manipulate Quantum Information. On these counts, photons would be
the ideal carriers if it was not for their lack of interactions, without which the logical
gates (the building blocks of a computer) cannot be implemented.

Creation of a quantum polariton.

Exciton-polaritons, hybrid particles that arise from the strong coupling between a
photon and an exciton (an electron-hole pair), are a natural substitute of photons, as
they inherit an interactive character from the excitons while retaining the lightweight
and coherence from the photons. In a recent paper [Sci. Adv. 4, eaa06814 (2018)], by
exciting the field of exciton-polaritons (from here on simply “polaritons”) with one of the
photons from a pair of polarization-entangled photons, we observed for the first time a
genuine quantum state (i.e., one that cannot be described as a convex mixture of
Gaussian states) of the polariton field. A measurement of the classical CHSH inequality
between the light emitted by the polariton and the other photon from the entangled
pair shows that the quantum correlations are maintained, even after one of the photons
became a polariton. Furthermore, by letting the single polariton cohabit with a
condensate of polaritons, we were able to alter the phase of the single-polariton, as
observed through an apparent loss of entanglement. This shows that polaritons could
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be fully manipulated at the quantum level in the near future and become the qubits of a
quantum computer. [Full article]

Polariton Lattices: A Novel Platform for Analogue Simulation

Title: Polariton Lattices: A Novel Platform for Analogue Simulation.

When: Thursday, December 14, (2017), 15:00.

Place: Department of Theoretical Condensed Matter Physics, Faculty of Science, Module
5, Seminar Room (5th Floor).

Speaker: Pavlos Lagoudakis, Skolkovo Institute of Science and Technology, Russian
Federation & Department of Physics and Astronomy, University of Southampton, UK.

large variety of computationally intractable systems can be mapped into

certain universal classical spin models such as an Ising, XY or Heisenberg models that
are characterised by given degrees of freedom, “spins”, their interactions, “couplings”
and their associated cost function, “Hamiltonian”. Various physical platforms have been
proposed to simulate such models using superconducting qubits, optical lattices,
coupled lasers etc.

We introduce polariton lattices as a new platform for analogue simulation; based on
well-established semiconductor and optical control technologies polariton simulators
allow for rapid scalability, ease of tunability and effortless readability. Polariton
condensates can be imprinted into any twodimensional lattices either by spatial
modulation of the pumping laser or by lithographic techniques during the growth
process, offering straightforward scalability. In the case of optically imprinted polariton
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lattices with freely propagating polariton condensates, we recently demonstrated that
the phasecon configuration acquired in a polariton dyad or triad is chosen so as to
maximise polariton occupancy [1], while by expanding to square, and rhombic lattices
as well as to arbitrary polariton graphs we simulated annealing of the XY Hamiltonian
through bosonic stimulation [2]. The bottom-up approach of bosonic stimulation is
achieved here by gradually increasing the excitation density to condensation threshold.
This is an advantage over classical or guantum annealing techniques, where the global
ground state is reached through transitions over metastable excited states with an
increase of the cost of the search with the size of the system.

By controlling the separation distance, in-plane wavevector, and spin of the injected
condensates in polariton graphs, we acquire several degrees of freedom in the
tunability of inter-site interactions, whilst the continuous coupling of polaritons to free
photons offers effortless readability of all the characteristics of the polariton
condensates such as energy, momentum, spin, and most critically their phase. The
above constitute a unique toolbox for realising intriguing discrete giant vortices,
controllable next nearest neighbour interactions, dynamic phase transitions and
simulating artiffcial solids.
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Triggering Many Molecular Reactions With a Single Photon

E
a
: P2t R 3b 3
pe e . wil we J[
& - e v - 't :
s we ad % b
r
g
' a
y L <3 AL L33
| w ] ™ i a '|'
L& ‘l'"'. - o s |
3 ..: L] ‘.: .lp: ¥'-
n
" &
d ::-lr ..":- :.: ';I? - g}
- n’ - b a 1—
S - L) P4 ot |
o @ b | ]
C ...: e -.: 'H b" Y
a


http://dep.ftmc.uam.es/triggering-many-molecular-reactions-with-a-single-photon/
http://dep.ftmc.uam.es/wp-content/uploads/2017/10/prl_many_molecular_reactions_featured.png

pe that governs the chemical reaction of two molecules after the system absorbs

one single photon. At the first reaction step t0 the system consists of five molecules

strongly interacting with the electromagnetic vacuum. At the second reaction step

tl the system has evolved and one molecule has isomerized. In the strong coupling

regime this process continues with more steps in which one molecule isomerizes

after another.
Article: published in Physical Review Letters by Javier Galego, Francisco J. Garcia-Vidal,
and Johannes Feist, IFIMAC researchers and members of the Department of Theoretical
Condensed Matter Physics.

hotoisomerization is a chemical process in which the nuclear structure of an

organic molecule is modified after absorption of one photon. It is of great importance to
many fundamental processes in nature such as photosynthesis and human vision, and
constitutes a great tool for technological applications such as optical switches and solar
energy storage. In conventional photochemistry the behaviour of these reactions is
ruled by the Stark-Einstein law: only one molecule undergoes a reaction per absorbed
photon.

In a recent study published in Physical Review Letters, a theory group from Department
of Theoretical Condensed Matter Physics and the Condensed Matter Physics Center
(IFIMAC) at the Universidad Auténoma de Madrid has proven the possibility of
overcoming the Stark-Einstein law in specific situations by taking advantage of the
guantum electrodynamic phenomenon of light-matter strong coupling. This realization
could have important applications in solar energy storage, where molecules under
normal conditions efficiently absorb solar energy and store it for long times. Strong
coupling could allow the release of the stored energy of the whole system on demand
by using only one single photon.

In the strong light-matter coupling regime the characteristics of each component are
mixed and the system develops new states called polaritons, which can show
modifications in both the material and chemical properties of the system. In this work
the researchers show the possibility of taking advantage of this new “polaritonic
chemistry” to open new reaction pathways otherwise forbidden in conventional
chemistry. They consider organic molecules proposed for solar energy storage
purposes, which have a 50% probability of inducing a useful reaction when absorbing a
photon. They show that by putting these molecules in the strong coupling regime, it is
possible to entangle the degrees of freedom that describe the reaction of each
individual molecule. This way, absorbing a photon causes one molecule to react after
another, inducing a stepwise chain reaction for many molecules. Therefore, by using
strong coupling it is possible to trigger a reaction of thousands of molecules using only
one photon.
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This work is another example of the great potential of polaritonic chemistry, of great
interest for both fundamental and applied reasons. In particular it is noteworthy how
this developing field brings together chemistry and quantum electrodynamics. While in
standard chemical reactions light and molecules are separated and have distinct roles,
polaritonic chemistry calls for a redefinition of the molecule, and enables novel and
exotic chemical processes, even finding ways to defy the well-established laws of
conventional photochemistry. [Full article]

Modelling Organic Condensates From Weak To Strong Coupling
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he idea of studying strong matter-light coupling using organic molecules has a

long history [1], but has recently seen an explosion of experimental interest [2]. In
particular exciton-polariton lasing and condensation has now been observed in a variety
of organic media, including anthracene, organic polymers, and fluorenes. Closely
related to these strong coupling polariton condensates is the observation, in weak
coupling, of Bose-Einstein condensation of photons in a dye-filled microcavity [3]. These
experiments pose several questions about the relation of condensation and lasing, and
about the role of vibrational modes in the physics of photon and polariton condensation.
| will discuss our recent work on these subjects.

In the context of photon condensation, | will discuss the role of vibrational modes in
establishing a thermal distribution of photons [4], including the time-evolution toward
the thermal state. In the context of polariton condensation | will discuss our recent work
exploring the nature of the ground and excited states of a model of such a system [5,6].
In particular, | will focus on the connections to optomechanics in other systems, and
changes in the optical properties that can arise from coupling to vibrational modes.
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Uncoupled Dark States Can Inherit Polaritonic Properties
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Article: published in Physical Review Letters by Carlos Gonzalez-Ballestero, Johannes
Feist, Esteban Moreno and F.]). Garcia-Vidal, Department of Theoretical Condensed
Matter Physics and IFIMAC researchers.

he phenomenon of collective strong coupling emerges when an ensemble of

quantum emitters interacts strongly enough with an electromagnetic field. In this
regime, hybrid light-matter states, the so-called polaritons, are created. These hybrid
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modes have the most advantageous properties of their light and matter components
and this is why they are usually considered as feasible ingredients in future quantum
technologies. Apart from these polaritons, within the Hilbert space there are also many
dark states whose origin stems from excitations within the quantum emitters that are
not coupled to the light field. Up to date, these modes have been dismissed as it is
thought they do not exhibit the promising properties of polaritons.

In this work we have demonstrated that this is not the case and that dark states can
indeed inherit the delocalized character of the polaritons. We show that these
unexpected properties only appear when the electromagnetic field displays a discrete
spectrum. When the photonic structure is extended and its electromagnetic spectrum is
continuous, the customary picture described above of dark states being localized is fully
recovered. We also demonstrate, both numerically and analytically, that dark states can
even have superior delocalized properties than polaritons when the main loss
mechanism in the system is associated with the light field. [Full article]

Polaritonic Rabi and Josephson Oscillations
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phase oscillating (as

expected) or drifting

(usually attributed to

Josephson dynamics).
Article: published in Scientific Reports by Fabrice P. Laussy, Department of Theoretical
Condensed Matter Physics and IFIMAC researcher.

olaritons arise from the strong-coupling between light and matter (1). As a

particle, a polariton is a quantum superposition of a photon and a quantum of material
excitation (let us call the latter an “exciton”, it could be an atomic transition, a plasmon
or indeed a semiconductor exciton). As compared to a molecule where both
components are present simultaneously to bind together, the polariton constituents are
only partially present, being either constantly created and annihilated (the photon
becoming the exciton and vice-versa) or in a steady state but with non-unit probability
of being there. This is described by an entangled state of the form:

|111(!)> - {I(I)llmob) +ﬁ(!)|0u~ lb>

where a and B are the amplitudes of probability for the corresponding one-particle
states (one photon, 0 exciton and vice-versa). In experiments, however, such
genuinely-quantum states are difficult to achieve, and one deals with classical version
where the entanglement has vanished. For instance, a coherent superposition of
polaritons, that follows a pulsed laser excitation, leads to a product of coherent states

of the form (2):
w(t)) = |a(1))|p(1))

where a and B have the same dynamics as before but are now directly the amplitudes
of real (classical) fields for coherent states of photons and excitons (3). As such, one
can speak of Rabi oscillations of polaritons but in the sense of Leggett (4), not in the
sense of Rabi (5). That is to say, polariton Rabi oscillations are the weak-interaction
limit of the Josephson dynamics of two coupled condensates. This makes the problem of
Josephson oscillation of polaritons more fundamental and central to the polariton
physics, and therefore worthy of dedicated attention.

In Scientific Reports (6), we provide the theory for polariton internal Josephson
dynamics that generalizes the textbook (atomic) theory for the case of dissipative
particles with an arbitrary detuning and possibly different interaction strength. We show
how the linear drift of the relative phase is not proper to the Josephson regime and
propose an unambiguous criterion to tell apart the Rabi and Josephson regimes based
on the stability of the fixed points. The dynamics is greatly simplified on a normalized
Bloch sphere (Paria sphere) (7) where the pure Rabi regime corresponds to circles on
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the sphere, whose relative orientation as compared to the axis of observables account
for the possible complex phase dynamics. Complex transitions between the regimes
can occur. Several new phenomena are predicted that become in need of their
experimental observation. [Full article]
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xciton polaritons are quasi-particles arising from the strong coupling of quantum

well excitons and cavity photons in semiconductor microcavities.

Thanks to their mixed light-matter nature, polaritons present unique nonlinear
properties while, simultaneously, allowing the design of the photonic potential
landscape. The direct visualisation of polariton eigenfunctions in luminescence
experiments, makes microcavities an extraordinary photonic platform to emulate 1D
and 2D nonlinear Hamiltonians.
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In this way, polaritons allow transposing to the photonic world some of the properties of
electrons in solid state systems, and to engineer Hamiltonians with novel transport and
nonlinear properties.
In this presentation we will show striking nonlinear effects in two coupled micropillars
which can be described by the nonlinear Bose-Hubbard dimer. We will then address the
physics of a honeycomb lattice of coupled micropillars [1]. Its band structure emulates
for photons the m and n* bands of graphene [2, 3]. In addition, our system permits
exploring orbital degrees of freedom, inaccessible in actual graphene, which give rise to
flat bands and novel kind of edge states.
Our system presents interesting perspectives in view of studying nonlinear excitations
in engineered photonic Hamiltonians owing to polariton-polariton interactions [4].
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Self-Interfering Wave Packets

Article: published in Physical Review Letters by David Colas and Fabrice P. Laussy,
Department of Theoretical Condensed Matter Physics and IFIMAC researchers.
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he Schrodinger wave packet is a fundamental concept of quantum mechanics

that, historically, gives the probability (amplitude) to find a particle at a particular
position (or a particular momentum, one excluding the other). Gaussian wave packets
are natural solutions of the Schrodinger equation, and their dynamical properties
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(diffusion, scattering against a potential, etc...) are well known by graduate physics
students. Many kinds of wave packets and their connections to particles have since
been discovered, such as solitons, that can maintain their shape through propagation if
interactions between particles are present, or the Airy beams discovered by Berry and
Balazs, that accelerate without any external force or interactions.

We add another member to the family of noteworthy non-interacting wave packets.
Taking advantages of the nonlinear dispersion relation of polaritons—quasiparticles
arising in semiconductor microcavities from the coupling of a light field (cavity
photons) and a matter fields (excitons of a quantum well)—we demonstrate
theoretically that a simple Gaussian pulse can give rise to a Self-Interfering Wave
Packet (SIP) that exhibits solitonic properties, although non-interacting. This is powered
by the polaritonic dispersion that provides diffusive effective masses of different signs
within the same wave packet, leading to self-interferences. A rich phenomenology
arises from this concept, such as adding Rabi oscillations that order a spacetime crystal,
or by detuning the system which produces ultrafast subpackets. [Full article]

Real-space Collapse of a Polariton Condensate

Article: published in Nature Communications by D. Colas, B. Silva
Fernandez and F. P. Laussy, Department of Theoretical Condensed
Matter Physics and IFIMAC researchers.

xciton-Polariton are quasiparticles that arise from the coupling of two bosonic

fields. Since they are composed by photons and excitons (both trapped in a
semiconductor microcavity), they combine both properties of light and matter. A
decade ago, the first Bose-Einstein condensate (BEC) of polariton was demonstrated,
leading to many experiments on long-range coherence, superfluidity, quantized voticity
etc.

In a recent work published in Nature Communications by a collaboration between the
groups of Daniele Sanvitto (Lecce, Italy), Alexei Kavokin (Southampton, England) and
Fabrice Laussy (Madrid), a unique phenomenology of polariton BEC has been reported.
When the polariton vacuum is excited by a light pulse, the quantum fluid suddenly
created does not splash but instead coheres into a very bright spot, producing a very
sharp, resolution limited, peak. This collapse of the polariton condensate is counter-
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intuitive since the polariton interactions are known to be repulsive and they have a
positive mass. This suggests the intervention of an unconventional mechanism. Our
modeling proposes a local heating of the crystal lattice as an explanation for such a
self-trapping, described by a collective polaron formed by the polariton condensate. The
remarkable phenomenology we report shows once more how polaritons can break new
grounds in the physics of quantum fluids, with sui generis physics and phenomena. [Full
article]

Nonequilibrium Phase Transition in a Two-Dimensional Driven Open Quantum System

Article: published in Physical Review X by Francesca M. Marchetti,
Department of Theoretical Condensed Matter Physics and IFIMAC

researchers. [

here cannot be absolute order in a two-dimensional fluid because disorder-

causing mechanisms are exceptionally strong. Nevertheless, there can be an enormous
difference between systems of lesser and greater order (e.g., between an ordinary fluid
such as water and a superfluid such as liquid helium). The latter can flow without any
friction and even escape up and over its container walls. The transition between
superfluid and normal behavior in two dimensions, even for closed systems that are
allowed to equilibrate, is particularly dramatic: It is caused by the appearance of a large
number of topological defects in the form of vortices—tiny tornadoes—that destroy the
more ordered state. An open question is what causes the transition for particles that
cannot be perfectly trapped and equilibrated in any container, such as photons. Their
inevitable escape has to be counterbalanced by an external influx to keep the situation
steady. We find that the transition is still caused by proliferating tornadoes.

We focus on a quantum fluid of polaritons, and our analysis, based on a stochastic field
formalism, accounts for topological defects and fluctuations. Surprisingly, we find that
systems that are externally disturbed can remain a superfluid in an overall less-ordered
state than their equilibrium counterparts. Whether these systems are more robust to
vortex proliferation or simply more disordered by collective fluctuations remains to be
determined. This externally overshaken-but-not-stirred quantum fluid clearly constitutes
an interesting new laboratory to explore nonequilibrium phases of matter.

We expect that our results will motivate future studies of nonequilibrium phase
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transitions in driven-dissipative systems, in particular, optical ones. [Full article]
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