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1 Aims and Purposes of the Visit

The present report follows a short visit granted by the POLATOM network
of the European Science Foundation. The grant supported my participation
in the school “Quantum Matter at Ultralow Temperatures”, held in Varenna
(Italy) on July 2014.

During a pre-doc training at Los Alamos National Laboratory (New
Mexico, USA) I first came into contact with plasmonic systems. I am cur-
rently involved in a joint PhD program on cold-atom physics between the
universities of Trento (IT) and Montpellier (FR, current location). During
my research on the propagation of 2D matter waves in periodic and non-
periodic structures of scatterers [1], I became aware of recent theoretical
and experimental studies on polaritons in honeycomb structures [2]. This
renewed my interest in the physics of polaritons and this summer school,
organized by the Società Italiana di Fisica, represented a unique occasion to
attend courses and face renowned experts in the domain of cold gases and
polaritons physics.

My participation in this school gave me the chance to deepen my knowl-
edge in the fascinating and expanding fields of cold-atoms and polaritons,
with particular interest in the crossroads between these two domains. In this
report I will overview the competences I acquired in these two fascinating
fields. In particular I found intriguing the investigations on what can be
considered a “cold-gases analog” of polaritons, i.e. the polarons, introduced
by Prof. E. Demler and Prof. T. Giamarchi.

2 Cold-Gases

When one or several atoms are cooled down below few micro-kelvins their
quantum nature takes over their “billiard-ball” behavior, usually adopted
to describe the physics of a gas at room temperature. We thus talk of cold

or even ultracold atoms and gases. The transition from the classical to the
quantum regime takes place when, at ultra-low temperatures, the de Broglie

wavelength associated to the cold atom gets larger than the average inter-
particle distance. In such a situation the behavior critically depends on the
bosonic or fermionic nature of the atoms and on the way they interact with
each other. The attainment of Bose-Einstein condensation (BEC) in diluite
ultracold gases is considered a milestone of modern physics [3], together
with, a few years later, the realization of degenerate atomic Fermi gases [4].

For what concerns the interaction, the low-energy nature of the scatter-
ing makes it suitable to describe the process via a s-wave contact-interaction.
For two atoms of mass m and relative distance r it takes the form

U
con

=
4⇡~2
m

a �(r). (1)
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Remarkably in cold gases the inter-atomic scattering length a can be exper-
imentally tuned in a number of ways. The most common technique employs
the so-called Fesbach resonances [5], in which the coupling between a free
and a bound scattering state can be resonantly enhanced via a static mag-
netic field B, leading to a resonant behavior in a(B).

Thanks to the fundamental role played by the scattering length a, the
behavior of an ultracold system can be experimentally tuned. For example,
3D bosonic systems with a>0 are stable and the BEC phase can be reached
[3], while for a<0 bosons attract each other and the system can eventually
collapse [6]. Other interesting phenomena can be investigated considering a
two-component Fermi gas near a resonance of the s-wave scattering length.
The ability to tune the interaction allows to explore the crossover from a
weak attraction, when fermions form pairs in momentum space according
to the Bardeen-Cooper-Schrie↵er theory (BCS) resulting in a superfluid be-
havior, to a strong attraction, case in which fermions forms tightly bound
pairs in real-space leading to a BEC of composite bosons. This phenomenon
is referred to as BEC-BCS crossover [7].

Beside the contact interaction other long-range interactions are raising
the interest of the cold-gases community. An intensively studied one is the
dipolar interaction [8], boosted by the recent experimental developments in
the field of ultracold dipolar gases. Bose-Einstein Condensates of magnetic
atoms have been realized using chromium, erbium, and dysprosium. How-
ever, atomic magnetic moments are pretty small and the recent realization of
ultracold heteronuclear molecules (RbK and NaK), which carry large electric
dipole moments, o↵ers a promising route towards stronger dipolar e↵ects.
Rydberg atoms boast much larger dipole moments but yield challenging
experimental problems associated with time and length scales.

3 Polaritons

Polaritons are quasiparticles resulting from strong coupling of electromag-
netic waves with an electric or magnetic dipole-carrying excitation. Two
typical systems in which such quasiparticles arise are Quantum Wells (QW)
in microcavities and the surface of metallic plates.

3.1 Exciton Polaritons in Quantum Wells

A quantum well consists of a thin semiconductor layer embedded in a dif-
ferent semiconductor compound acting as “barrier” material. The chemical
composition of the well is chosen to have the bottom of the conduction band
at a lower energy than the surrounding material, thus producing quantum
confinement of both electrons and holes [9]. The first excited state, of energy
~!

exc

, corresponds to the excitation of a two-dimensional electron-hole pair
which results confined in the QW layer, this is the so-called exciton.
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5

interesting perspective on many-body physics of photons
was developed in the pioneering literature on quantum
solitons in nonlinear optical fiber using a quantum non-
linear Schrödinger equation as well as Bethe ansatz tech-
niques (Drummond et al., 1993; Kärtner and Haus, 1993;
Lai and Haus, 1989a,b).

The research on exciton-polaritons in semiconductor
microcavities approached the physics of luminous quan-
tum fluids following a rather di↵erent pathway. For many
years, an intense activity has been devoted to the quest
for Bose-Einstein condensation phenomena in gases of
excitons in solid-state materials (Gri�n et al., 1996): ex-
citons are neutral electron-hole pairs bound by Coulomb
interaction, which behave as (composite) bosons. In spite
of the interesting advances in the direction of exciton
Bose-Einstein condensation in bulk cuprous oxide and
cuprous chloride, bilayer electron systems (Eisenstein
and MacDonald, 2004), and coupled quantum wells (Bu-
tov, 2007; High et al., 2012), so far none of these re-
search axes has led to extensive studies of the quantum
fluid properties of the alleged exciton condensate. The
situation appears to be similar for what concerns con-
densates of magnons, i.e. magnetic excitations in solid-
state materials: Bose-Einstein condensation has been ob-
served (Demokritov et al., 2006; Giamarchi et al., 2008),
but no quantum hydrodynamic study has been reported
yet.

The situation is very di↵erent for exciton-polaritons
in semiconductor microcavities, that is bosonic quasi-
particles resulting from the hybridization of the exci-
ton with a planar cavity photon mode (Weisbuch et al.,
1992). Following the pioneering proposal by Imamoğlu
et al., 1996, researchers have successfully explored the
physics of Bose-Einstein condensation in these gases of
exciton-polaritons. Thanks to the much smaller mass of
polaritons, several orders of magnitude smaller than the
exciton mass, this system can display Bose degeneracy at
much higher temperatures and/or lower densities.

Historically, the first configuration where spontaneous
coherence was observed in a polariton system was based
on a coherent pumping of the cavity at a finite angle,
close to the inflection point of the lower polariton dis-
persion. As experimentally demonstrated in (Baumberg
et al., 2000; Stevenson et al., 2000), above a threshold
value of the pump intensity a sort of parametric oscilla-
tion(Ciuti et al., 2000, 2001; Whittaker, 2001) occurs in
the planar microcavity and the parametric luminescence
on the signal and idler modes acquires a long-range co-
herence in both time and space (Baas et al., 2006). As
theoretically discussed in (Carusotto and Ciuti, 2005),
the onset of parametric oscillation in these spatially ex-
tended planar cavity devices can be interpreted as an
example of non-equilibrium Bose-Einstein condensation:
the coherence of the signal and idler is not directly in-
herited from the pump, but appears via the spontaneous
breaking of a U(1) phase symmetry.

The quest for Bose-Einstein condensation in a thermal-
ized polariton gas under incoherent pumping required a

FIG. 1 Figure from Kasprzak et al., 2006. Upper panel:

Sketch of a planar semiconductor microcavity delimited by

two Bragg mirrors and embedding a quantum well (QW). The

wavevector in the z direction perpendicular to the cavity plane

is quantized, while the in-plane motion is free. The cavity

photon mode is strongly coupled to the excitonic transitions in

the QWs. A laser beam with incidence angle � and frequency

� can excite a microcavity mode with in-plane wavevector

k� =

�
c sin �, while the near-field (far-field) secondary emis-

sion from the cavity provides information on the real-space

(k-space) density of excitations. Central panel: The energy

dispersion of the polariton modes versus in-plane wavevector

(angle). The exciton dispersion is negligible, due to the heavy

mass of the exciton compared to that of the cavity photon.

In the experiments, the system is incoherently excited by a

laser beam tuned at a very high energy. Relaxation of the

excess energy (via phonon emission, exciton-exciton scatter-

ing, etc.) leads to a population of the cavity polariton states

and, possibly, Bose-Einstein condensation into the lowest po-

lariton state. Lower panel: Experimental observation of po-

lariton Bose-Einstein condensation obtained by increasing the

intensity of the incoherent o�-resonant optical pump.
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Figure 1: Left Panel: Sketch of a planar semiconductor microcavity with
and embedded quantum well. The cavity photon mode is strongly coupled to
the excitonic transitions in the QW. Right panel: Experimental observation
of exciton polariton BEC obtained by pumping excitations in the system via
an external laser beam. Due to EP-EP interactions, the gas of quasiparticles
can thermalize to the BEC state. Figures from [10].

By construction the QW results placed inside an optical cavity (cf.
Fig. 1), which would have a resonant frequency !

cav

. A strong coupling of
exciton and cavity mode can be reached by placing the QW at the antinodes
of the cavity field and tuning !

cav

in the vicinity of !
exc

. The quasiparticle
arising from this resonant coupling is indeed the Exciton Polariton (EP).
Since electron and hole are fermions, the composite exciton is a bosonic
particle, such as the photon. Condensation of the EP quasiparticle is thus
possible and researchers have successfully explored the physics of BEC in
gases of EP (cf. Fig. 1) [10].

When a pattern is etched on the metallic plate on which excitons live,
an e↵ective periodic potential is then felt by the EPs. This can be used to
build-up quantum simulators of condensed matter systems using semicon-
ductor microcavities. On a recent paper [2] the band structure of polariotns
have been studied both theoretically and experimentally in the presence of
a honeycomb lattice, made of hundreds of coupled micropillars etched in a
planar semiconductor microcavity (cf. left panel of Fig. 2). The authors
show how in this system Dirc cones in the energy-momentum dispersion re-
lation can be naturally observed, demonstrating the potential of EP systems
for quantum simulation. Position, shape and size of each lattice site can be
controlled at will during fabrication, paving the way to study a wide range
of intriguing e↵ects, like disorder-induced ones.

3.2 Surface Plasmon Polaritons

At the interface between any two materials (such as metal-dielectric or
metal-vacuum interfaces) a mode of coherent oscillation of surface electrons
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arising from the coupling between higher energy modes
of the pillars. In particular, we observe a non dispersive
band in which polaritons have an infinite effective mass.
The observation of this flat band, first predicted in the
context of cold atomic gases, opens the way to the study
of the interplay of interactions, frustration and spin dy-
namics in a novel driven-dissipative framework.

Our structure is a Q = 72000 �/2 microcavity. It
is made of a Ga0.05Al0.95As layer surrounded by two
Ga0.05Al0.95As/Ga0.8Al0.2As Bragg mirrors with 28/40
top/bottom pairs respectively. Twelve GaAs quantum
wells of 7 nm width are inserted inside the cavity, re-
sulting in a Rabi splitting of 15 meV. Experiments are
performed at 10 K and -17 meV cavity-exciton detuning.
We engineer a honeycomb lattice of coupled micropillars
by using electron beam lithography and dry etching of
the sample down to the GaAs substrate (see scanning
electron microscope image of the structure in Fig. 1(a)).
The diameter of each micropillar is d = 3 µm, and the
distance between two adjacent micropillars, which de-
fines the lattice constant, is a = 2.4 µm. In those con-
ditions, the etched cavity shows a polariton lifetime of
27 ps at the bottom of the lower polariton band. As the
interpillar distance is smaller than their diameter, the
micropillars spatially overlap (see sketch in Fig. 1(b)).
This results in a sizable polariton tunnel coupling be-
tween adjacent micropillars [24] via their photonic com-
ponent. For our structure, the tunnel coupling amounts
to 0.25 meV. The system is excited out of resonance with
a Ti:Sapph monomode laser at the energy of the first
reflectivity minimum of the stop band (1.687 eV) in a
spot of 30 µm diameter covering around 30 micropillars.
The photoluminescence is collected through a high nu-
merical aperture objective (NA = 0.65), dispersed in a
spectrometer and detected by a CCD camera on which
we can image either the real or the momentum space.
Note that we use a low-bandpass filter to avoid the laser
stray light in the detector, and that a chopper was used
in the case of high power excitation to avoid heating of
the sample.

Under non-resonant, low power excitation, the inco-
herent relaxation of polaritons results in the population
of all the energy bands of the structure. Note that for
low power excitation polariton-polariton interactions are
negligible so that single particle physics of the honey-
comb lattice is probed. Figure 1(d) shows the measured
far field photoluminescence containing many groups of
bands, separated by energy gaps. The two lowest bands
(S bands) arise from the coupling between the fundamen-
tal mode of the pillars, which is a cylindrically symmetric
(S) mode . At higher energy, we observe a group of four
bands (P bands) arising from the coupling between the
first excited state of the pillars, which is twice degen-
erate and has two lobes [24], as sketched in Fig. 1(e).
The separation between these two groups of bands is
�E = 3.2 meV, the energy difference between the two
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FIG. 1. a) Scanning electron microscope image of a corner
of the microstructure. One hexagon of pillars is underlined
with blue disks. The dark arrows show the growth axis of the
cavity. The overlap between pillars is sketched in (b). (c) Re-
ciprocal space (first Brillouin zone) showing the � symmetry
point at the center of the zone and Dirac K and K’ symmetry
points at its corners. (d) Measured momentum space energy
resolved photoluminescence along the kx = 2�/3a line, un-
der non-resonant low power excitation. (e) Sketch of the real
space distribution of S and P modes in a single pillar.

lowest energy states of the individual pillars. Above those
two groups of bands, many other can be seen arising from
the hybridization of higher energy modes of the pillars.

We first concentrate on the two S bands. They stem
from the coupling between micropillar states which have
a cylindrical symmetry similar to that of the carbon
Pz electronic orbitals in graphene. Thus, we expect
the two S bands to present features analogous to the
⇡ and ⇡� bands of graphene, including six Dirac (con-
tact) points [5] in the first Brillouin zone (sketched in
Fig. 1(c)). Figure 2(a) shows the measured emitted in-
tensity in momentum space when only the energy of the
Dirac points is selected (zero energy in Fig. 1(d)). We
observe the six Dirac points at the corner of the first Bril-
louin zone (yellow points). The adjacent Brillouin zones
are also seen. Figure 2(b, c) show the measured energy
resolved emission along the lines 1 and 2 indicated in
Fig. 2(a), passing through four and three Dirac linear in-
tersections respectively. As the confinement energy on
each site of the lattice is much larger than the tunneling
energy, the system is well described by the tight bind-
ing approximation. Including first and second neighbor
tunneling the following dispersion can be obtained [5]:

E(k) = ±t
�

3 + f(k) � t
�
f(k), (1)
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FIG. 2: (Color online) Out-of-equilibrium interaction en-

ergy Uoe for a Rb atom (�a = 2.42 � 10

15
rad/s and �0

0 =

0.213 Hz/(V/cm)

2
) above a metallic wall (plasma model for

gold, �P = 1.16 � 10

16
rad/s) as a function of the dis-

tance, for di�erent thermal populations of the plasmonic

branch. The solid line shows the thermal equilibrium situ-

ation (Tsp = T = 300 K). Two imbalanced configurations

with T = 300 K are also shown, corresponding to Tsp = 10

4
K

(dotted) and Tsp = 1.6 � 10

4
K (dashed). Inset: Dispersion

relation �sp(k) for surface plasmons. Plasmonic modes with

frequencies below (above) the atomic transition frequency �a

contribute an attractive (repulsive) term to Uoe.

vacuum region above the metallic film. Such a laser pro-
duces a modification of the evanescent field above the sur-
face, which in turns results in a non-equilibrium Casimir-
Polder force on an atom placed in close proximity to
the metal/vacuum interface. Combining the Casimir-
Polder interaction with forces due to evanescent waves
it is possible to tailor the atom/wall interaction. This
well known phenomenon has been used to measure the
Casimir-Polder force itself [5] and, in more sophisticated
configurations, to trap cold atoms close to a metallic sur-
face [8].

In a recent experiment the classical reflection of a ru-
bidium Bose-Einstein condensate (BEC) from a energy
barrier was measured [3]. This barrier was formed by
the superposition of the attractive Casimir-Polder force
and a repulsive evanescent field generated by a blue-
detuned laser using the configuration of Fig. 3. The
height of the energy barrier was estimated from the mea-
sured reflected BEC density versus the incoming kinetic
energy. Varying the angle of incidence ✓i of the laser
on the metallic film, a maximum reflectivity was ob-
served for an incident angle fulfilling the surface plas-
mon excitation condition. In [3] a simple fitting model
was used in order to explain the experimental results,
where the Casimir-Polder interaction is simulated by the
formula UCP =�C4 · (L3(L + l)), with the length scale
l=780/2⇡nm corresponding to the D2-line of Rb. The
plasmonic enhancment factor was numerically calculated
from a multi-layer matrix model, taking into account the
detailed composition of the galss/metal/vacuum inter-
face.

FIG. 3: (Color online) Kretschmann configuration corre-

sponding to our system.

In contrast to this previous semi-classical treatment of
the problem, that did not identify the non-equilbrium
Casimir-Polder interaction as the key reason for the ob-
served e↵ects, here we introduce a full quantum treat-
ment based on plasmon-induced non-equilibrium atom-
surface interactions. Assuming that the presence of the
laser does not a↵ect the atomic state, only the field con-
tribution U1 to the atom-surface interaction is modified,

Uoe
1 = �1

2

� +�

��
d� �T(�)�Êfr(r0, t) · Êfr(r0, t � �)�oe,

(20)
where �T(�) is the inverse-Fourier transform of the
atomic polarizability tensor (7) and where the ex-
pectation value is taken with respect to an “out-of-
equilibrium” field+matter state, in which all modes are
in thermal equilibrium at temperature Tfm except the
mode excited by the laser, which corresponds to a su-
perposition of thermal and coherent radiation. The full
out-of-equilibrium field+matter density matrix is written
as

�̂f+m =
�

j �=l

�̂th
j � �̂l, (21)

where j denotes all the modes except that being ex-
cited by the laser (mode l), which are assumed to be
at thermal equilibrium at temperature Tfm. The den-
sity matrix of the mode l is a superposition of thermal
and coherent radiation. It is given by MAYBE THIS

IS THE PLACE TO EXPLAIN THE DERIVA-

TION OF THE DENSITY MATRIX. WE NEED

TO CHECK IF THE FOLLOWING EXPRES-

SION IS THE CORRECT ONE. I’m working

with Francesco on this and on the other correc-

tions that follow from this one.

�̂l = �th
l +

�ch
l � (1 � e�|�|2)�th

l � e�|�|2�0
l

e�|�|2N(!las) + 1
, (22)

Figure 2: Left Panel: (a) Microscope image of the microstructure considered
in [2]. (b) Overlap between pillars. (c) First Brillouin zone of the hexagonal
lattice. (d) Measured momentum space energy along the k

x

= 2⇡/3a line.
(e) Sketch of the real space distribution of s and p modes in a single pillar.
Figure from [2]. Right panel: Kretschmann excitation scheme of surface
plasmons via an external laser beam. The resulting evanescent field outside
the metallic plate can be used to tailor the atom-surface interaction forces
to create barriers or trapping wells. Figure from [11].

exists. Such a mode is called Surface Plasmon (SP). If for instance we con-
sider a metal-vacuum interface, the charge motion on the surface creates a
strong electromagnetic field outside (but also inside) the metal and this al-
lows to say that we are actually facing a quasiparticle of mixed matter- and
electromagnetic-wave nature: a Surface Plasmon Polariton (SPP). They are
a type of surface wave, guided along the interface in much the same way
that light can be guided by an optical fiber.

Di↵erent experimental configurations of prisms, laser beams and metallic
plate exists in order to excite a SP. One of these is the so-called Kretschmann
configuration (cf. right panel of Fig. 2), in which a laser shines with an angle
✓
i

on the back of a metallic plate glued on a prism. If the laser frequency
and angle of incidence match a resonance condition, SPs are excited on the
metallic plate. The presence of SPPs have been proved to significantly mod-
ify the surface-force felt by an atom close to the metallic plate. In particular
the emergence of a potential barrier have been experimentally investigated
in [12]. More sophisticated configurations, recurring for instance to the use
of two laser beams, may be useful to realize tailored nano-traps or space-
modulated potentials [11].
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Figure 3: Schematic representation of an impurity moving in a degenerate
Fermi gas. (a) For weak attraction, an impurity (blue) experiences the
mean field of the medium (red). (b) For stronger attraction, the impurity
surrounds itself with a localized cloud of environment atoms, forming a
polaron. (c) For strong attraction, the impurity can form a molecule with a
particle from the medium. Figure from [13].

4 Polarons

In the previous section we introduced the polariton: an electromagnetic
excitation dressed-up by the photonic field. Another similar quasiparticle is
of relevant interest in condensed matter, it is the polaron: an electromagnetic
excitation dressed-up by the phononic field. Such kind of quasiparticles can
be observed in cold-atoms system, as presented by Prof. E. Demler and
Prof. T. Giamarchi during the courses of the Varenna Summer School.

4.1 Polarons in Condensed Matter

The polaron concept was first proposed by Lev Landau in 1933 to describe
an electron moving in a dielectric crystal where the atoms move from their
equilibrium positions to e↵ectively screen the charge of an electron, which re-
sults dressed in a phonon cloud. Dielectric theory describes the phenomenon
by the induction of a polarization around the moving charge. The induced
polarization will follow the electron in his motion so that the carrier, to-
gether with the induced polarization, can be considered as one entity, called
a polaron. Both electric and magnetic polarons exist, corresponding to a
carried electric or magnetic polarization.

4.2 Polarons in Cold-Atoms Ensembles

Performing ab-initio calculations of the properties of polaronic quasiparticles
is a quite challenging task. This is why a huge theoretical and experimen-
tal e↵ort has been done in the quest for systems showing similar physical
properties but in a more controllable scenario. Once again cold-atoms gases
jumped in front of the line due to the possibility to tune the interactions, to
control the trapping potentials and to perform high-quality measurements.
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In this direction an interesting experimental realization, cited by Prof.
E. Demler in Varenna, has been reported in [13], where a fermionic version
of the solid-state polaron has been observed. Indeed, using spin-1/2 lithium
atoms, a spin-down “impurity” atom is immersed into a Fermi sea of spin-
up atoms, forming a quasiparticle known as a Fermi polaron. Depending
on strength of the contact interaction between the impurity and the atoms
of the Fermi sea, several regime can be investigated. As depicted in Fig. 3,
when the interaction is weak the impurity sees the mean field generated
bu the majority component, but the latter is not a↵ected by the presence
of the impurity, thus no polarons are excited in the system. When the
interaction strength grows, finally the impurity modifies the densities on
its neighborhood and the polaron appears. However if the interaction is
too strong the impurity would form a molecular bound-state with a single
atom of the sea and the polaron is lost again. Other experiments using
bosonic species have also been realized and the e↵ects due to the presence of
Bose polaritons have been detected [14]. Such experiments have also been
presented in the talks by Prof. T. Giamarchi in Varenna.

5 Conclusions and Perspectives

My participation in the courses of the “Enrico Fermi” Summer School on
“Quantum Matter at Ultralow Temperatures” has been undoubtedly an en-
riching experience. During the ten days spent in Varenna I met renowned
experts of cold gases, getting aware of the cutting-edge themes of research
and of the open questions in the field. I had the chance to interact and
exchange ideas with other PhD students, several of which are working on
themes related to my current project. Interesting perspectives for future
theoretical and experimental collaborations have been established. Further-
more I met previous collaborators and co-authors from the University of
Trento, with which we planned new teamwork. This school boosted my in-
terest toward polaritonic and polaronic systems. The connection between
these quasiparticles and cold gases is now more clear and the perspective of
working on these subjects fascinates me. The school renewed my interest in
the possibility of tailoring atom-surface forces with SPPs and I got several
new ideas to develop and improve my work [11].

To conclude I sincerely thank the POLATOM Network of the European
Science Foundation for its financial support of this stimulating experience.

Montpellier (France), August 4th 2014

Nicola Bartolo
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