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COMPUTATIONAL 
STATISTICAL 
MECHANICS 
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Statistical Mechanics 

Ø  Statistical mechanics of spin lattices 
 (also exact demonstrations) 

Ø   Computational research on liquid phases of matter 
 (nematic phases of liquid crystals) 

Ø  Study of thermodynamic and structural properties of 
systems of interacting many particles 

RELATED COURSES (L.M. Chimica): 
Statistical Thermodynamics
Theoretical and Computational Chemistry

http://www2.pv.infn.it/~romano/ WEBSITE:  
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PHOTONICS 
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Photonic crystals 
photons in periodic 
dielectric media 

“Photonic bands” and energy gaps, as in solids! 

electrons in crystalline 
solids 

Schrödinger equation 2nd-order Maxwell eqs. 
for harmonic fields 

Fisica teorica della materia, fotonica e nanostrutture – Dip. Fisica, Università di Pavia – http://fisica.unipv.it/nanophotonics 



Photonic crystal nanocavities 

 Q ~ 106   à   τ~1 ns 
|E|2 ~1/V  V~(λ/n)3  à 

Ø  Trapping light at the nanoscale 

Ø  Several applied and fundamental works on enhanced optical 
nonlinearities in collaboration with optical spectroscopy group 
(see Guizzetti) 

SEM of a fabricated device 
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Theoretical modeling 



Photonic crystals in silicon photonics:  
grating couplers for telecom applications 

UGent (2002-) 

EU project Fabulous 

Our task: optimizing the 
coupling efficiency from a 
single-mode optical fiber (long-
distance communication) into 
a silicon optical integrated 
circuit 

 

Project goal: realizing an 
Optical Network Unit in silicon 
photonics à optical modem on 
a silicon chip! 
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Photovoltaics 
Ø  Photovoltaic conversion in solar cells = optical problem (light trapping) 

+ electronic problem (carrier collection) 
⇒  both fundamental aspects (efficiency limits) and applied ones 
⇒  cultural opportunities, as well as funding and career ones 

Ø  Projects: public + industrial 
EU FP7 Marie Curie ITN Network “PROPHET”  

ENI S.p.A. “Photonics for PV systems based on fluorescent concentrators”  
Nanophotonics meets Photovoltaics ! 
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Bloch surface waves 

Ø  Theoretical study of optical surface waves in periodic media.  

 
thicknesses can be as small as a few tens of nanometers, finite
difference time-domain (FDTD) approaches can be largely
time consuming and difficult to implement when the simula-
tion cell is particularly large and high spatial resolution is re-
quired, as in this above-mentioned case. On the other hand,
the typical size of the simulation in the plane of the multilayer,
several micrometers, makes it difficult to describe the struc-
ture also in the reciprocal space by using Fourier modal meth-
ods. Over the years, several strategies to solve for the confined
modes in bent waveguides have been proposed: based on a
numerical solution of Maxwell equations in terms of an eigen-
value problem [24], expansion in Hankel wavefunctions in the
cladding [25], conformal mapping of the bent waveguide [26],
perturbative approaches [27], beam propagation methods
[28], finite element discretization [29], etc.

Here, the different mechanisms at the base of the confine-
ment of light in the vertical direction and in the plane of the
structure suggest to follow a strategy based mainly on effec-
tive index approaches, which reduce the dimensionality of
the problem and thus are able to quickly explore several con-
figurations in the parameter space. In particular, our goal is
to understand what the main parameters are that limit the
quality factor achievable in an ideal BSW-based ring resona-
tor when scattering losses due to fabrication imperfections
can be neglected. Beside demonstrating the feasibility of a
ring resonator approach, these results will serve as a guide
in the design and development of a complete BSW-based
platform.

The paper is structured as follows. In Section 2 we describe
the structure under investigation and the approach to the cal-
culation of the mode quality factor of a PhC ridge ring reso-
nator. In Section 3 we focus on the analysis of the intrinsic
losses of BSW waveguide modes supported by a PhC ridge
on a finite multilayer. In Section 4 we deal with the bending
losses associated with the typical lateral confinement that can
be obtained for modes in PhC ridges. In Section 5 we outline a
general strategy to design BSW-based ring resonators. Finally,
in Section 6 we draw our conclusions.

2. STRUCTURE AND THEORETICAL
APPROACH
The structure we have in mind is a ring resonator of radius R
fabricated on the top of a multilayer supporting a BSW [see
Fig. 1(a)]. The light confinement in the vertical direction is
due to the surface mode, while the lateral confinement is
given by the PhC ridge, whose section is shown in Fig. 1(b).
This device could be fabricated using different kinds of
dielectric materials, from semiconductors to oxides, in prin-
ciple to operate at a given working point in the whole spectral
region, with a bandwidth strongly dependent on the geomet-
rical parameters and material choice. The structure we have
in mind is a good compromise between microdisk resonators
[30], which are typically realized in high-refractive index con-
trast platforms, and micropillar resonators [31], which are less
demanding in terms of refractive index contrast, but are also
more difficult to fabricate. The features of our structure are
expected to be intermediate with respect to the above-
mentioned systems: quality factors larger than those typically
observed in micropillars (but smaller than what observed in
microdisks) along with flexibility in terms of fabrication and
materials. In the following, we will focus on a specific

example to provide a description of the main features of this
resonator.

The multilayer is periodic, with the unit cell composed
of two layers with thicknesses dTiO2

! 0.085 μm and dSiO2
!

0.128 μm, respectively. The multilayer has a finite number
N of periods and is truncated with the first layer made of
TiO2 with thickness dfirst ! 0.010 μm. The structure is de-
signed to operate in the visible spectral range at λ0 ! 630 nm
(about 1.97 eV) with nTiO2

! 2.58534 and nSiO2
! 1.54270. The

choice of these materials for the multilayer is convenient from
a technological point of view, for they are commonly em-
ployed in the fabrication of optical filters by sputtering; thus,
this plan structure is commercially available. Finally, we
consider a PMMA (nPMMA ! 1.48914) ridge with height h !
0.220 μm and width w ! 0.800 μm on the top of the
multilayer.

The structure shown in Fig. 1(b) is symmetric upon reflec-
tion with respect to the x–z plane. Consequently, the guided
modes can be classified according to the eigenvalues of the
mirror operator σ̂xz in TE (transverse electric, σ̂xz ! −1)
and TM (transverse magnetic, σ̂xz ! "1) modes. In the follow-
ing we shall focus only on the fundamental TE mode, whose
intensity profile, calculated by FDTD [32,33], is plotted in
Fig. 2. This mode is a perturbation of the BSW supported
by the bare multilayer, and light is guided within the ridge like-
wise in a rib waveguide. It should be noted that, unlike truly
guided BSW, this mode can exist for any choice of the ridge
height, with its properties and modal volume depending
strongly on h [13]. Here the ridge height has been chosen
to guarantee a good lateral confinement and, at the same time,
keep the modal volume as small as possible.

One can obtain a ring resonator by bending the straight
waveguide onto itself in a circular shape [see Fig. 1(a)].
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Fig. 1. (a) Sketch of the PhC ridge ring resonator. (b) Cross section
of the corresponding PhC ridge.

432 J. Opt. Soc. Am. B / Vol. 32, No. 3 / March 2015 M. Menotti and M. Liscidini

⇒  e.g., Biosensing applications 
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Quantum Nonlinear Photonics 
Ø  Theorertical studies on the generation and characterization of 

nonclassical states of light (i.e., entangled, squeezed …), in 
connection with experiments (see Guizzetti) 

Ø  Connections to Quantum Mechanics, Quantum Computation 
and Quantum Information (see D’Ariano) 

19VOL31 / NO1-2 / ANNO2015 > 

limit of classical mechanics. In this view, when we arrive at the 
divide between classical and quantum, we are in truly foreign 
territory. The fundamental concepts we use in physics on a 
day-to-day basis, such as the presumed separation between 
experimenter and experimental system [10], are in need of 
modification. 

To many, none of these strategies seem satisfactory.  The 
situation is so dire that Steven Weinberg, who in his 1992 
book Dreams of a Final Theory [11] wrote “[…] quantum 
mechanics may survive […] as a precisely valid feature of the 
final theory,” now writes in his 2013 Lectures on Quantum 
Mechanics [12] that his “[…] own conclusion […] is that today 
there is no interpretation of quantum mechanics that does 
not have serious flaws, and that we ought to take seriously 
the possibility of finding some more satisfactory other theory 
[…]”.

At a purely formal level there are of course striking 
similarities between the equations of classical mechanics 
and those of quantum mechanics. In particular, the electric 
and magnetic fields in classical electromagnetism satisfy 
the same Maxwell equations that the corresponding 
operators satisfy in quantum electrodynamics. And certain 
processes such as absorption and stimulated emission, first 
described by the B coefficients of Einstein, seem to admit 
of a classical description. In modern parlance, if an atom is 
taken in a superposition of its ground state and an excited 
state the expectation value of its dipole moment oscillates 

in time, and if this classical-like oscillation is coupled to an 
electromagnetic field in the usual way emission or absorption 
can result, depending on the relative phase of the dipole 
moment and the applied field. Classical-like calculations 
here mirror the results of full quantum calculations.  But if 
the atom is placed in its excited state there is no expectation 
value of a dipole moment, and classical arguments would 
suggest it should not radiate.  Yet spontaneous emission 
occurs, first described by Einstein’s A coefficient. Different 
interpretations of quantum mechanics give different 
descriptions of how this should be understood.

The Roman philosopher and orator Marcus Tullius Cicero 
famously said that “[…] knowledge of the universe […] 
would somehow be defective were no practical results to 
follow” [13]. To this a post-modernist might add: “Confusion 
about the universe would somehow be defective were no 
practical results to follow”. In this spirit, we should try to put 
the confusion about quantum mechanics and its relation 
to classical mechanics to use. Can we take the kind of 
connection that exists between the classically understood 
stimulated emission and the apparently characteristically 
quantum-mechanical process of spontaneous emission – 
epitomized by the link between the Einstein B coefficient for 
stimulated emission and the A coefficient for spontaneous 
emission – and not just puzzle about how it exists and what it 
means but somehow get to “practical results”?  In this paper 
we argue that this is possible (see fig. 1).

Fig. 1  Artistic representation of 
the resolution enhancement in 
the characterization of photon 
pairs by stimulated emission. The 
picture is a combination of the 
results of two JSD measurements 
of photons generated by SPDC 
in an integrated waveguide [15]. 
The less resolved part is obtained 
by means of a quantum approach 
based on coincidence detection; 
the more resolved image in the 
magnifier is obtained via DFG, the 
classical analog of SDPC.

A CLASSIC NEVER GETS OLD

MARCO LISCIDINI1, J. E. SIPE2

1 Department of Physics, University of Pavia, Pavia, Italy
2 Department of Physics, University of Toronto, Toronto; Ontario, Canada
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Single-photon sources 

Ø   An ideal single-photon  source  à 

|e> 

|g> 

〉=1| n
0ω!

0ω

Ultimately: single-photon devices (transitors, diodes…) 

Ø   Our interest: realizing 
single-photon sources 
integrated in silicon chips 

Fundamental physics today…applications tomorrow ? 
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ELEMENTARY 
MATERIAL 

EXCITATIONS 
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Elementary excitations as quasi-particles 

Ø  Solids are complex systems…but their 
low-energy excitations can be described 
in terms of collective degrees of freedom, 
which can be considered actual particles   

      
phonons, excitons, polaritons, plasmons, 
magnons, … 

Ø  Quantum theories of elementary excitations à QFT 

phonon 
e.g. à a Cooper pair 



Plasmonics 

PLASMONS: collective excitations of free 
electrons in a metal 

They can LOCALIZE à surface plasmons 

They can COUPLE TO RADIATION  
(surface plasmon polaritons) 

Electronic 
systems 

Photonics PLASMONICS 

+ - + - +

dielectric 

metal 

Vibrant field of research, with many fundamental aspects (control of radiative 
processes, sub-wavelength optics, classical and quantum phenomena) and 
applied ones (biosensors…) 
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Quantum simulators 

Ø  Analog simulators: Studying systems with formal analogies 
with models in theoretical physics 

e.g.: relativistic electrons in graphene, 
strongly correlated photonic lattices, 
analog dynamics in curved space-time 
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Ø  Digital simulators: Directly computing the time evolution of 
complex manybody models 

MIUR – FIRB project in 
collaboration with Univ. Parma  

Elementary unit (qubit): collective spin 
ensemble in a microwave resonator à 



Research in Condensed Matter Theory

CM theory 

Theoretical 
Physics 

Statistical 
Physics 

Materials sciences 

Quantum information 
processing 

Quantum electronics 

Quantum optics 

Quantum 
Mechanics 

Energetics 

Information and 
Communication 
Technologies 

APPLIED RESEARCH FUNDAMENTAL RESEARCH 
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Ø  Problem solving à trained at developing numerical and/or 
   analytic skills 

Ø  Collaborative works, international environment 
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Research in Condensed Matter Theory


