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Preface

This book presents the proceedings of a NATO Advanced Study Institute that took
place at the Ettore Majorana Center in Erice, Sicily, Italy, from July 30 to August 4,
2017. The subject of the institute was Quantum Nano-Photonics.

Several lecturers presented contributions in a systematic and didactical way, each
lasting several hours; others presented seminar-like talks. Many participants pre-
sented posters or short seminars. All these activities are reported in this publication.

The institute was an activity of the International School of Atomic and Molecular
Spectroscopy which I preside. I have to thank several people for the success of the
meeting. First of all, I like to mention Professor Sergey Gaponenko who was the
efficient co-director of the institute. All the lecturers of course were of help, but I
want to single out for their particularly generous contributions to the setting of the
meeting: Professors Martin Wegener, John Bowen, and John Collins. The meeting
also relied on the enthusiastic work of the two secretaries, Luciano Silvestri and
Maura Cesaria. Antonino La Francesca, Elpidio Silvestri, and Elena Buscemi were
also of notable help.

I want to acknowledge the sponsorship of the meeting by the NATO Organiza-
tion, Boston College, the Italian Ministry of Scientific Research and Technology,
and the Sicilian Regional Government.

At the end of this meeting, I want to look forward to the activities of the Ettore
Majorana Center in years to come, including the 2019 meeting of the International
School of Atomic and Molecular Spectroscopy.

Chestnut Hill, USA Baldassare Di Bartolo
December 2017
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Chapter 1
Nanophotonics with and without Photons o

Sergey V. Gaponenko

Abstract This chapter considers a variety of optical and light—matter interaction
phenomena in the context of classical and quantum electrodynamics. All prop-
agation phenomena are emphasized as wave-optical process where the photon
notion is not necessary to be involved into consideration. All phenomena related
to light emission and inelastic scattering do need photons for their interpretation.
However, elastic scattering fully merges with the description based on classical elec-
trodynamics, and spontaneous emission and inelastic scattering can be calculated
using classical electrodynamics approach. Here merging of quantum and classical
description is enabled by means of the operational definition of photon density of
states based on the properties of a classical oscillator affected by space topology
and local environment. This accordance of quantum and classical presentations is
remarkably demonstrated by elaboration of the optical nanoantenna conception.
The quantum-classical convergence is appreciated for new discovered phenomena
of light-matter interaction in complex structures. Here the lately discovered phe-
nomenon of changing light wavelength in a cavity is treated as possible inelastic
photon scattering promoted by high photon local density of states in a tunable cavity,
an analog to Purcell effect known for spontaneous emission probability.

Keywords Wave optics - Quantum electrodynamics - Nanophotonics

S. V. Gaponenko (<)
B. L. Sepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus
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1.1 Introduction

1.1.1 Heuristic Principles of Learning in Nanophotonics

Nanophotonics can be treated as science and technology of confined electrons and
light waves. The word “photonics” in general should be identified as technologies
using light rather than an instrument of managing and controlling photons as is
commonly done. In this work, I keen to emphasize the purely classical, electro-
magnetic wave origin of many phenomena in nanophotonics and to highlight the
well-known Occam razor principle (“Among competing hypotheses, the one with the
fewest assumptions should be selected”) which has been advanced in photonics by
W. Lamb [1]. It is important to understand where photons are actually involved and
where only wave physics (wave mechanics and classical electrodynamics) applied
to electrons and to light waves does matter. If somebody insists on necessarily
photon-based description, the author believes that the new, classically unpredictable
consequences should appear in this case, otherwise we should follow Occam’s
approach, formulated also by Isaac Newton as “Hypotheses non fingo” (I frame
no hypothesis).

1.1.2 No Hypothesis About Light Quanta in Propagation
Phenomena

All phenomena related to light propagation can be traced through analysis of wave
properties of light and here the photon notion is not necessary. Notably, since
Helmbholtz equation used to examine light propagation, e.g. in photonic crystals, has
the same form as the single particle time-independent Schrodinger equation a set of
useful and meaningful analogies arise which to large extend drives many new trends
in nanophotonics [2]. For example development of transmission bands in a periodic
medium and localized states in a cavity are common for electromagnetic waves and
for electrons. Tunneling phenomena in optics (SNOM, guide-cavity coupling) and
in quantum mechanics including scanning tunneling microscopy will be considered
as an insightful analogies for the local density of states notion.

Photons are involved necessarily everywhere where light—matter interaction
results in light emission or inelastic scattering. Within the perturbation theory these
processes can be viewed as modified due to modification of the photon density of
states. Here analogies to classical electrodynamics are helpful in calculations though
classical electrodynamics cannot explain the jumps resulting in photon emission
and Raman scattering. Lately the nanoantenna conception has been involved in
nanophotonics bridging quantum phenomena with radiophysics [5]. It is important
to understand that classical consideration here appears to be very instructive though
the very event of secondary photon creation remains elusive and needs consistent
but cumbersome quantum electrodynamical analysis.
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1.1.3 A Challenge to the Light Quantum Concept: Changing
Light Color in a Tunable Cavity

A number of groups reported on a curious phenomenon when light stored in a high-
Q cavity change its frequency when coming out after fast detuning of the cavity from
its original resonance [3]. The phenomenon has been explained qualitatively based
on a reasonable acoustical analog with a string and quantitatively based on analysis
of Maxwell equations with the result that fast change in material permittivity keeps
wavenumber constant whereas frequency has to change typical in proportion with
relative refraction index change, i.e. by 1% or less. This phenomenon seems to have
no explanation in terms of photons though such explanation bridging acoustics,
wave optics and quantum electrodynamics would be important. We show that
the above phenomenon can be consistently interpreted as Brillouin-Mandelstam
photon scattering promoted by high local density of photon states in a tunable
cavity. Scattering from the original frequency of input light to the mode of the
detuned cavity is enhanced owing to high Q-factor and spatial wave confinement
in accordance with the known Purcell factor [4] and extension of Purcell effect
to photon scattering [5]. The issues are believed to stimulate further experiments
and discussions towards understanding the quantum and classical phenomena in
nanophotonics and evaluating specific quantum effects versus classical ones as well
as to tracing quantum-classical convergence whenever possible.

1.2 Propagation and Elastic Scattering of Light Without
Photon Concept Involved

1.2.1 Wave Phenomena in Quantum and Classical Physics:
Insightful Counterparts

Photon notion is commonly used as a synonym to the word “light” without paying
attention to whether a phenomenon in question or a mathematically formulated
problem does really involve photons as a prerequisite for its understanding and
description. Recalling the seminal work by Lamb [1] we state there is no reason to
speak about photons, photon energy conversion etc. until we are not sure we actually
manipulate with photons either in equations or in the labs. Recalling Lamb’s saying
that ‘radiation does not consist of particles’ [1] and keeping on mathematical
accuracy, one should avoid speaking about photons while analyzing wave equations
and nobody should claim that Maxwell equations can offer knowledge about
photon properties though this is, regretfully, frequently done. The typical misleading
statements like, e.g. saying that a photonic crystal features energy bands for photons
or photons are scattered by a nanobody should always be avoided until equations for
photons are involved and phenomena cannot be understood in terms of wave optics.
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Electromagnetic waves and electrons feature a number of remarkable analogies
originating from the harmony of nature embodied in the notable mathematical
analogy of Helmholtz equation in optics and time independent Schrodinger equation
in quantum mechanics. It is reasonable to recall their simplest one-dimensional
forms (Eq. 1.1) to highlight the similarity,

d*ox)  , 5

2m (E —U) ) w?
T, CDEMEA,ICEMIEC—z

(1.1)

Here & is wave number, m is a particle mass, E is a particle full energy, U is a particle
potential energy, A is electric field amplitude, ¢ is the dielectric permittivity, and w
is frequency. Subscript QM denotes quantum mechanics and subscript EM denotes
electromagnetic theory.

This similarity reflects the wave properties of light and electron(s). The only
difference is that Helmholtz equation describes the real electric or magnetic field
that can be sensed by humans, animals or artificial detectors whereas Schrodinger
equation describes special function which gives us the probability of an electron
to be found at a given point of space. Material or space parameters are defined by
U(x) in quantum mechanics and by &(x) in optics. Comparing quantum mechanical
(subscript QM) and electromagnetic (subscript EM) counterpart, one can see that
change in refractive index will result in optics in the same effect as change in
potential energy U in quantum mechanics.

These analogies when applied to complex dielectric media and nanostructures
consisting of non-absorbing materials allow for tracing of a number of instructive
phenomena, which are pronounced in optics on a nanoscale (Table 1.1).

1.2.2 Does an Optical Tunneling Need Light Quanta?

Tunneling which is well defined in quantum mechanics has a number of counterparts
in optics. Tunneling in optics occurs when evanescent electromagnetic waves
penetrate over a finite distance and then convert into plane waves. It can be readily
recognized as transparency of thin metal films (an analogy which is first suggested
by W. Heisenberg in 1930-ies), frustrated total reflection, and imaging with near-
field scanning optical microscope. There is no need to involve light quanta into
consideration for optical tunneling phenomena. However, an attempt has been made
to introduce ‘special’ photons, so-called virtual photons as if these are necessary to
explain or understand optical tunneling [6].
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Table 1.1 Analogies between electromagnetic and quantum-mechanical wave phenomena

Medium inhomogeneity

Refraction step, potential
step

Refraction barrier (well),
potential barrier(well)
Potential well/optical cavity
Drop from positive to
negative permittivity, high
potential step (U > E)

A slab with negative
permittivity, potential barrier
with finite length

Two parallel mirrors, double
potential barrier (U > E)
Periodic refractive index
change in space, periodic
potential in space

Material with weak disorder
of refraction index,
crystalline materials with
defects

Impurity (defect) in a crystal,

a cavity or defect in a
photonic crystal

Strong disorder of refraction
index, highly disordered
solids

Phenomena
Quantum mechanics

Reflection/transmission

Resonant propagation,
reflection/transmission

Discrete energy spectrum

Extension of wave function
under barrier

Reflection/tunneling

Resonant tunneling

Energy bands formation
separated by forbidden
energy gaps in crystals
Ohm’s law, 1/L current
dependence

Localized electron state

Anderson localization of
electrons

Optics
Reflection/transmission

Reflection/transmission and
Fabry-Perot modes in thin films
Resonant modes

Evanescence of electromagnetic
field in the area with negative
permittivity
Reflection/tunneling,
transparency of thin metal films

Resonant transmission of optical
interferometers

Development of reflection and
transmission bands and band
gaps in photonic crystals

1/L transmission of opaque
materials

High-Q microcavity

Anderson localization of
EM-waves (hard to observe in the
optical range)

1.3 Emission of Light in Terms of Photon Density of States
Effects and Radiative Decay Engineering

1.3.1 Photon Density of States

In the limit of weak light-matter interaction the probability of an excited atom or
a molecule to emit photon spontaneously can be described as an event which is
proportional to the density of electromagnetic modes D (w) which then acquires the
notation of the photon density of states (DOS) by analogy with electron density of

states,

D
W (0, 1) = Wy ()

(w,1)
Dy (w)

(1.2)
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For electromagnetic waves in vacuum one has Wy(w) which is defined by

2

Do (0) = 773

(1.3)

Tracing the history of this interpretation one can see that the hint to this relation
can be found in the early paper by A. Einstein [7], the notion of the density of states
has been introduced by S.N. Bose [8], and the very statement on proportionality
between spontaneous emission probability and density of final states for photon is
commonly referred to as “Fermi golden rule” in spite of the fact that E. Fermi did
not derive this relation and never applied this term for photons. He introduced the
label “golden rule” to the relation describing scattering of quantum particles which
is also proportional to the final density of (particle) states [9], and when writing that
relation he referred to the book by Schiff [10]. The earlier period of this conception
is reviewed in Ref. [11].

E. M. Purcell was the first [4] to understand that for a quantum emitter in a cavity
the relative weight of different modes becomes different, the dominating mode
being that which is resonant to the cavity. He suggested that spontaneous decay
probability would change accordingly, in proportion with the cavity Q-factor. The
original Purcell factor for precise resonance between an atom emission frequency
and a cavity frequency has been extended for the case of detuning by Bunkin and
Oraevsky [12],

3
W (w) _ ? <)‘_) i (1.4)
Wo (w) (w*UZJO) Q2 +1 \'%

@0

where wg —s the cavity resonance frequency, \ is wavelength and V is the volume
occupied by the radiation mode under consideration. Eq. (1.4) is plotted in Fig. 1.1
to give an idea how radiative decay can be enhanced in a high-Q cavity. Noteworthy,
large detuning results in inhibition of decay versus vacuum. This is a manifestation
of the very general property known as the sum rule.

Purcell’s idea is now extended to every case differing from an emitter in
vacuum. For every topological situation with respect to dielectric permittivity which
differs from ¢ = 1, radiative decay rate will be different from that in vacuum.
This conception has become very common and got the notation “radiative decay
engineering” [13]. One more representative example is given in Fig. 1.2 where
photon DOS for a photonic crystal is shown. Coexistence of enhancement and
inhibition of the spontaneous decay rate over the frequency axis is apparent.
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1.3.2 In the Weak Light-Matter Interaction Mode Emission
of Photons Can Be Calculated Using Classical
Electrodynamics

When calculating radiative decay rate for an emitter in strongly inhomogeneous
space, the notion of local DOS is important. It can be defined as modification
of a classical emitter rate placed at the point of interest versus free space. An
atom or another quantum emitter (molecule, quantum dot etc.) is assumed to
change its spontaneous decay rate accordingly. This approach was suggested in Ref.
[14] and provides a bridge between classical electrodynamics and quantum theory
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within the perturbational approach (weak light—matter interaction). One can see
that nanophotonic phenomena immediately acquire insightful analogies in classical
electrodynamics. This approach is used by many authors to calculate spontaneous
emission rate for atoms, molecules and quantum dots in nanophotonics [15, 16]. It
was elegantly extended towards the notion of an optical antenna [17]. To emphasize
analogies between quantum and classical emitters we consider equations describing
modification of the emitter efficiency placed near a metal nanobody in optics and in
radiophysics. In optics, the efficiency is referred to as quantum yield, Q, and reads
(see, e. g [18]),

W (r, ®) /Wo (@)

- W (r, ) /Wy (@) + Wy, (r, w) / Wo (@) + (1 = Qo (w)) / Qo (w)
(1.5)

Q(r, o)

where Qy is the intrinsic quantum yield of a quantum emitter and Wy, is nonradiative
decay rate promoted by a metal nanobody. This equation is to be compared with the
radiophysical counterpart for the antenna efficiency, F [17],

P/Py
Fantenna - (16)
P/ Py ~+ Pantenna loss/Po+ (1 — ;) /ni

where P and Py is power emitted with and without an antenna, respectively,
Pantennaloss 18 the additional losses brought by an antenna, and v is the intrinsic
efficiency of the emitter. One can see that Eqgs. (1.5) and (1.6) coincide though
the processes described at first glance are rather different. Both equation show that
neither a metal nanobody nor an antenna can improve efficiency of an ideal emitter
(Qo = 1, Py = 1) because of the losses brought.

1.4 Scattering of Photons in Terms of Density of States
Effects

In quantum electrodynamics, photon scattering is viewed as a result of virtual
excitation of a quantum system and instantaneous emission of another photon into
the mode differing from the incident one by either of the following parameters:
polarization, direction, frequency. In the case of elastic scattering (frequency does
not change) scattering can be fully described based on wave scattering analysis in
optics. However, one should bear in mind that in the familiar w?* factor defining
Rayleigh scattering and blue sky color the w?-portion resembles a contribution from
photon DOS expressed by Eq. (1.3) whereas another w?-portion comes as a product
of an incident and scattered photon frequencies.

In the case of inelastic scattering (Mandelstam—Brillouin and Raman scatter-
ing), classical wave optics cannot be used. In this case one can treat inelastic
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scattering as the process with probability (rate) proportional to the density of final
states for photons, similar to spontaneous emission [5]. One can write the general
relation for photon scattering rate

W ,D (o, 1) 17
scatter X | W @ m (L.7)

where w(w’) is the incident (scattered) photon frequency.

This consideration immediately brings a wealth of phenomena and becomes
very insightful in prediction of enhancement or inhibition of inelastic scattering
in complex dielectric, metal-dielectric and metal nanostructures including familiar
surface enhanced Raman scattering (SERS) [18-26]. High local density of photon
states in photonic crystals (like that shown in Fig. 1.2) has been suggested to perform
optical cooling by means of anti-Stokes Raman scattering domination over the
Stokes one when photon DOS rises sharply with frequency [20]. Strong Raman
scattering enhancement has been observed in a number of nanostructures with
pronounced enhancement of local DOS like photonic crystals and microcavities
[21-24]. Scattering contribution to extinction spectrum in plasmonic nanostructures
is known to define the spectral range where radiative decay will be enhanced, and
fine correlation of these two effects additionally demonstrate convergence of the
DOS-based presentation of secondary photons creation both in scattering and in
emission processes.

1.4.1 Tunneling Viewed as Scattering in Optics

Consideration of various wave optical phenomena in complex structures for the
cases when radiation frequency does not change can be to large extent viewed
as elastic photon scattering. E. g. tunneling phenomena can be interpreted as
elastic photon scattering into the mode(s) having higher DOS values. Insightful
examples are SNOM imaging (in many cases this is nothing but local photon DOS
mapping over a surface), high transparency of Fabry—Perot cavities (so-called
resonance tunneling in optics) etc. Moreover, real and imaginary experiments on
optical tunneling can be purposefully used to predict modification of emission and
scattering of light in complex structures. Higher tunneling probability in certain
topologies will always correlate with higher photon emission and scattering rates
including spontaneous emission, elastic and inelastic (Mandelstam—DBrillouin and
Raman scattering). Anisotropy inherent in two-dimensional photonic crystal slab
will always result in angular redistribution of scattered light [26].
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1.5 Purcell Effect on Photon Scattering as Possible Quantum
Rationale for Adiabatic Light Frequency Shifting

1.5.1 Changing Color of Light in a Tunable Cavity

In this section, recent experiments on adiabatic light frequency shifting in tunable
microcavities and photonic crystals which have been elegantly described in terms of
wave optics are attempted to be explained in terms of quantum electrodynamics
(QED). We suggest that photon inelastic scattering by matter enhanced by high
local photon density of states (DOS) is the possible QED-based explanation of the
adiabatic light frequency shifting.

Brillouin—-Mandelstam light scattering by solids mediated by acoustic phonons
features continuous frequency shift unlike Raman scattering and is suggested as the
reasonable light-matter interaction path for the electromagnetic energy transfer from
one mode to another, thus providing a material mediator in photonic transitions.
The phenomenon represents then the further extension of Purcell effect to photon
scattering complementing the previous reports on photon DOS effects on Raman
scattering. The explanation of the observed electromagnetic energy redistribution
between modes necessarily involves light-matter interaction.

In 1998 Winn et al. predicted electromagnetic energy transfer from one mode
to another in a tunable photonic crystal whose parameters can by dynamically
tuned by means of nonlinear permittivity effects of constituting material(s) [27].
These authors coined the notion of photonic transition to emphasize the novelty of
the phenomenon described. Later on in 2005, Notomi and Mitsugi [28] predicted
wavelength conversion in a cavity which exhibits dynamic tuning by means of fast
change of refractive index of the material placed therein. In the same period, Gaburo
et al. [29] suggested a photon energy lifter based on dynamical refraction index
change in photonic crystal circuitry including a single cavity and coupled cavities.
To meet the adiabatic regime, cavity detuning should be dynamically performed on a
time scale longer than the oscillation period but definitely shorter than the time of the
full release of the energy stored in a cavity, i.e. roughly 2t Q/w where Q is the cavity
Q-factor, and w is the light frequency. Notomi and Mitsugi ingeniously suggested
sweeping sound of a guitar string with modulated tension as the acoustic-wave
analog to this electromagnetic phenomenon. The relative wavelength shift almost
coincides with the relative refractive index shift An/n, i.e. follows the cavity optical
length nd where d is its geometrical size. For semiconductor multilayered photonic
crystals our experiments have shown that An/n can reach a few per cent in less than
10712 5 in the visible [30] and for the optical communication wavelength 1.5 wm
[31] owing to dense electron-hole plasma generated by hard interband excitation of
semiconductors with a subpicosecond laser pulse.

Changing frequency of light stored in a microcavity has been demonstrated
in fine experiments by M. Lipson’s group [3] where a 2.5 nm wavelength shift
has been documented for light released from a cavity after rapid electro-optical
detuning. Later on the same team reported on light frequency lift-up by 0.5% in
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a tunable silicon ring cavity [32]. These experiments have been followed by the
demonstration of “on-the-fly” wavelength shift in a photonic crystal waveguide
[33]. Since then a number of groups reported on experimental performance of
wavelength/frequency shifting for light stored in tunable cavities and in tunable
photonic crystals in the so-called “slow light” regime ([34] and Refs, therein). An
elegant electromagnetic wave theory has been elaborated by several groups [28—
30], and there is no doubt that the adiabatic wavelength/frequency shift of light in
dynamically tunable cavities and photonic crystals can be consistently understood
in terms of classical electrodynamics.

Does it mean that the theory of this phenomenon is exhaustive? Can we speak
about photon energy conversion?

1.5.2 Photon Energy Conversion in a Tunable Cavity

It is reasonable to look for the quantum electrodynamical (QED) counterpart to the
phenomena in question. In nanophotonics, the convergence of quantum and classical
approaches are often appreciated leading, e.g., to the bridge between radiophysics
and quantum electrodynamics in the recently elaborated nanoantenna notion and
providing efficient classical computation schemes for seemingly fully quantum
phenomena like spontaneous emission of photons by excited atoms and molecules
(Sect. 1.3.2). At first glance, the adiabatic frequency shifting means that photons
with energy hwentering a device which can be viewed as a mysterious “black box”
are replaced at the output by photons with energy hw' either higher or lower than ho.
This looks strange, unexpected and counterintuitive. The transfer path from initial
to output photons seems subtle and elusive. We suggest that this phenomenon can be
treated as spontaneous inelastic scattering of photons by matter enhanced by high
photon local density of states by analogy with Purcell effect for spontaneous photon
emission in a cavity.

This approach to photon scattering in mesoscopic structures with modified
photon DOS has been discussed in Sect. 1.4.

Based on the above arguments we can write for photon scattering rate Wy in
a cavity the formula suggested by Purcell for exact resonance and then extended by
Bunkin and Oraevsky to account for detuning of the scattered frequency w from the
cavity resonant frequency wq (see Eq. 1.4),

3
Wicatt (@) _ Q <)\_) , (1.8)

Wo scatt (@) B @;)#Qz +1 A\
0

where Woscare 18 scattering rate in vacuum and V is the mode volume. Taking
the typical Q = 10* values used in the experiments and V = ()\/2n)> as the
reasonable estimate for the cavity mode volume with n = 3.5 as a typical value
for semiconductors used in photonic crystals circuitry one arrives at more than
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10°-fold enhancement. Interestingly, Eq. (1.8) reflects the common feature of every
mesoscopic structure to enhance photon scattering rate in certain frequency range(s)
by the expense of inhibition otherwise.

Inelastic photon scattering in solids is mediated by atomic vibrations and occurs
either in the form of Raman or Brillouin-Mandelstam process. The first mechanism
involves optical phonons whose frequencies (energies) lie in the range of tens
THz (tens meV) and correspond to a few percent of the photon energy for the
visible. The optical phonon energy in Si measures 7.8% with respect to the
photon energy at the optical communication wavelength (1.5 wm). Raman scattering
gives signatures of chemical bonds in solids and thus is widely used for material
identification. In a dynamically tuned cavity the detuning should be equal precisely
to the characteristic optical phonon energy to explain photon energy conversion.
Though Raman scattering cannot be excluded and may contribute to the observed
adiabatic frequency shifting in microcavities, systematic observations did not reveal
manifestation of sharp resonant behavior. Probably the main reason is that the
feasible shift of frequency for a tunable cavity is much lower than optical phonon
frequencies. Therefore we consider the second type of inelastic scattering, namely
acoustic phonons mediated one referred to as Brillouin-Mandelstam scattering.
Unlike optical phonons, acoustic vibrations have no frequency cut-off and obey
a continuous dispersion law starting from zero and extending to tens of THz.
Therefore Brillouin scattering strongly enhanced by high photon density of states
of a dynamically tuned cavity may be the reasonable candidate for a quantum
process of light—matter interaction responsible for photon energy shifting. Inelastic
scattering may occur with photon frequency downward (Stokes) and upward (anti-
Stokes) shift.

The same approach can be applied to photonic crystals in the so-called slow light
regime. It is well established for periodic structures in photonics at the edges of
transmission bands and accompanied by strong enhancement of photon DOS with
pronounced DOS redistribution which qualitatively corresponds to Barnett-Loudon
sum rule. A representative example for a photonic crystal slab was given in Fig. 1.2.
Strong enhancement of inelastic photon scattering for silicon photonic crystals near
photonic band edge has been discussed recently by Chen and Bahl [20].

Thus the rationale for adiabatic photon frequency shift in tunable microcavities
and photonic crystals has been proposed in terms of the Purcell effect on inelastic
photon scattering in constituting material(s) promoted by photon density of states
enhancement. Brillouin-Mandelstam scattering mediated by acoustic phonons in
solids is suggested as the physical process in the material offering the transfer
path of electromagnetic energy between two modes in microcavities and photonic
crystals. The consideration complements the theory based on Maxwell equations
analysis and manifests the definite convergence of quantum and classical interpreta-
tion of the phenomenon. Notably, both approaches essentially involve the matter as
the necessary mediator for electromagnetic energy redistribution between different
modes.
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1.6 Conclusion

A brief overview of a number of common wave and quantum phenomena in
optics shows that propagation phenomena including tunneling do not need light
quanta in description and understanding and therefore accurate explanations of
these phenomena should avoid reference to quanta. Spontaneous emission and
inelastic scattering of light within the perturbational approach (weak light—matter
interaction) implies emission of light quanta but calculations can be made based
on classical electrodynamics considering an oscillator in a complex space (by
introducing photon density of states notion). It is reasonable to consider photon-
based interpretation of the known wave phenomena but in this case the photon
conception should bring the new predictions otherwise impossible. If this is not
the case then the Occam razor principle looks as a reasonable heuristic approach
and the term ‘photon’ should be avoided.

Finally we show that recently predicted and observed interesting wave phe-
nomenon, change of radiation frequency in tunable cavity can be described as
inelastic photon scattering into a high-Q mode with high local density of states. This
interpretation predicts enhanced effect when frequency shift coincides with phonon
frequencies of materials involved in the experiments (inner substance or mirrors of
a cavity).

Acknowledgements Assistance by S.V. Zhukovsky in density of states calculation for a photonic
crystal is acknowledged. The work has been supported by the national program “Photonics and
Electronics”.
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Chapter 2 ®
Non-reciprocity in Parametrically Qe
Modulated Systems

Martin Frimmer and Lukas Novotny

Abstract A system is called reciprocal if signal propagation is identical under
exchange of detector and source. Of particular technological importance are non-
reciprocal devices for electromagnetic radiation. Currently available non-reciprocal
technology largely relies on non-reciprocal materials. Recently, breaking reciprocity
by parametric modulation has received significant attention. Here, we provide
an accessible illustration of non-reciprocity in parametrically coupled two-mode
systems. We use a simple mechanical oscillator picture to familiarize the reader
with coherent control operations before discussing a Ramsey interferometer as the
prototypical non-reciprocal device in the context of parametric mode coupling.

2.1 Introduction

Reciprocity is a key concept in electromagnetism. Stated in an oversimplified form,
in a reciprocal system, the electromagnetic field generated at point B by a source
at point A is equal to the field generated at point A due to a source at point
B [1]. Colloquially stated, a reciprocal system has no preference for the direction
of propagation of a signal. We can thus interpret reciprocity as a particular type
of symmetry. For example, according to the reciprocity theorem, the radiation
pattern of an antenna structure emitting electromagnetic radiation equals the angular
pattern of power received by the same antenna [2]. In the context of technological
applications, the breaking of reciprocity is of vital importance for the construction
of isolators and circulators [3]. Most implementations of non-reciprocal devices
to date rely on non-reciprocal materials. The potential of parametric effects to
provide non-reciprocity has first been investigated in radio-frequency circuits [4]. In
recent years, non-reciprocal devices have been demonstrated from microwave up to
optical frequencies, relying on electric parameter modulation [5—10]. Furthermore,
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parametric coupling in optomechanical systems has been exploited to realize non-
reciprocal propagation of electromagnetic radiation [11-14].

A comprehensive theoretical discussion of non-reciprocity in coupled two-mode
systems has been provided by Ranzani and Aumentado [15]. The purpose of this
contribution is to introduce a reader unfamiliar with the dynamics of two-mode
systems to the concepts necessary to understand the violation of reciprocity under
parametric coupling. We use a simple mechanical picture [16] to familiarize the
reader with coherent control operations and discuss a Ramsey interferometer as a
prototypical non-reciprocal device.

2.2 Non-reciprocal Transmission of Signals

As a starting point, let us think about a non-reciprocal device as a “black-box”
with four ports, two on the left side (labeled L; and L;), and two on the right
side (R and R»), as illustrated in Fig.2.1. The signals entering and exiting these
ports can be described by complex amplitudes. We denote signals propagating
into (out of) the device with the superscript “in” (“out”). Let us assume that there
is a simple linear relationship between the incoming and outgoing signals. If we
describe the incoming signals u'® = [LI", Lizn, Riln, Ri2“]T and the outgoing signals
uftt = [LY LM, RY™, Rg“t]T as vectors, we can define the scattering matrix S of
our device as

' = § ol (2.1)
An example of a non-reciprocal scattering matrix would be

0001
0010
= 2.2
S 1000 @2)

0100

A device characterized by this scattering matrix is illustrated in Fig.2.1. For
example, signals entering port L exit at Rj. However, signals entering port R
do not take the reverse path and emerge at L. Instead, signals entering R; exit at
L. Accordingly, if we have a source at L1 and a detector at Ry, the measured signal
is different from that observed upon an exchange of source and detector.

Fig. 2.1 A non-reciprocal
L d——>R,

4-port device 1 ><
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2.3 Parametrically Coupled Two-Mode System

To illustrate the concept of reciprocity and its violation in parametrically modulated
systems, we use a simple model of two coupled classical harmonic oscillators,
whose coupling constant is time dependent. These oscillators may be implemented
as modes of the electromagnetic field, or as simple mechanical oscillators. Without
restricting the generality of our discussion, we choose a mechanical implementation
for the purpose of this paper, as illustrated in Fig. 2.2.

Consider two identical masses m. The first mass, whose position we denote
with x(z), is suspended by a spring with spring constant k,, such that the bare
oscillator has a resonance frequency 2, = +/kr/m. The second mass, whose
position we denote with y(z), is suspended by a spring with spring constant &y,
yielding a bare resonance frequency fzy = /ky/m. Both masses are coupled
by a spring with spring constant G, where we assume the associated frequency
g = +/G/m to be weak in comparison to both £2, and §2,,. We will later allow G to
be time dependent to realize a parametric coupling between the two oscillators. The
Newtonian equations of motion of this coupled system read

B4 Q0+ yk — g7y =0, (2.3)
F+ 20y + 3 —g'x =0, (2.4)
where we have defined 22 = 22 4 g2 and Qy2 = S}g + g2. We describe our system
in the slowly varying envelope approximation (SVEA), assuming that the motion of

x and y are described by some fast oscillating carrier, whose amplitude is modulated
as a function of time. To this end, we use the ansatz

x(r) = Re{a(r)exp[if2t]}, (2.5)
y(t) = Re {b(t)exp[is21}, (2.6)

with the carrier frequency 02?% = (Qf + 93) /2. Inserted into Egs. (2.3) and (2.4),
we obtain the coupled mode equations for the amplitudes

y(t)
_—

Fig. 2.2 Parametrically coupled mechanical oscillators. Each oscillator is represented by a mass
m suspended by a spring with spring constant k, or ky, respectively. The two masses are coupled
by a spring with spring constant G (¢) which can be modulated as a function of time
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= 1 . s -
(4 =274 k| (a) 2.7)
b 2 K A—iy, | \b
Here, we have introduced the (renormalized) mode splitting A = (£22 — Qyz,) /(282)

and the coupling rate k = g2/$2. Furthermore, according to the SVEA, we have

neglected terms proportional to @ and b, as well as terms of the type y,a < 2a
under the assumption of weak damping.

Equation (2.7) is a classical coupled mode equation, which has the exact
form of the time dependent Schrodinger equation describing the evolution of a
two-level system with level splitting A and coupling rate « [17]. The complex
amplitudes @ and b in our classical system are amplitudes of the motion of a
classical oscillator. In a quantum mechanical system, they are complex amplitudes
multiplying the eigenfunction of the ground and excited state of the two-level atom,
respectively [16].

A particularly interesting case to consider is that of resonant driving, where the
coupling constant is varied harmonically as a function of time according to x =
2k, cos(wt) + 2k, sin(wt), where w is chosen close to the level splitting A. In the
rotating wave approximation [18], using the basis

_ Lo
a(r) = a(t)exp [—1?] , 2.8)
- . w
b(t) = b(t)exp [—HEI] , (2.9)
we find the equation of motion
) LT .
(%) = 2| 70 T ke ks | (@) (2.10)
b 2 [ ke —ikg 8§ —iyy | \b

where we have introduced the detuning § = A — w of the drive relative to the level
splitting.

2.4 Bloch-Space Representation

The behavior of the parametrically coupled system can be understood graphically
using a representation introduced by Felix Bloch [17]. The state of the system,
described by the complex amplitudes a(¢) and b(t), can be described in Bloch space
using the transformation

sy = ab™ +a*b, (2.11)
sy =i(ab™ — a*b), (2.12)
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s, = bb* — aa”, (2.13)

where s = [sy, 5y, sZ]T is called the Bloch vector which can be conveniently
illustrated in a three dimensional real space. Note that the amplitudes a(¢) and b(t)
offer four degrees of freedom (each has a real and an imaginary part), while Bloch
space is only three dimensional. The degree of freedom separated out is the absolute
phase of a and b. We can rewrite Eq. (2.10) as an equation of motion for the Bloch
vector

Sy -y 8 kg
Syl =1 =8 —v ke |s, 2.14)
8z —Ks —K¢ —Y

where we assumed y, = y, = y. The equation of motion of the Bloch vector can
be expressed in the form

d
—s=R - 2.15
dts X §—yS ( )

with the vector R = [—«,, ks, —3]7. According to Eq. (2.15), the Bloch vector
rotates around the rotation vector R with the so-called Rabi frequency 2 = |[R| =

k2 + k2 + 82. In the absence of damping (y = 0), the length of the Bloch vector
is conserved and its tip can lie anywhere on a sphere in Bloch space, called the
Bloch sphere. With appropriately normalized amplitudes, the Bloch sphere has unit
radius. The orientation of the rotation vector is set by the coupling frequencies
and k. as well as the detuning §. The idea at the heart of coherent control is that
the Bloch vector can be brought from any starting point on the Bloch sphere to any
other point by generating a suitable rotation vector R (by turning on a parametric
coupling) for the right time.

Let us discuss a few basic operations on the Bloch sphere. To ease our orientation
on the Bloch sphere, we denote its poles with N and S, and intersections of the
coordinate axis with the equator as illustrated in Fig.2.3. The first operation we
consider is called a r/2 pulse. Assume we initialize our system at the north pole
N of the Bloch sphere, corresponding to the Bloch vector s(r = 0) = [0, 0, 7.
This state has finite amplitude b, but vanishing amplitude a. After the time 7,2 =
7 /(282g) in the presence of a coupling with k. > 0 and «; = 0, the system has
evolved to point E, corresponding to s.(tz/2) = [0, 1, 017, since the Bloch vector
has been rotated by an angle 7 /2 around the rotation vector pointing along the
negative x axis. The Bloch vector is now pointing along the y axis in Bloch space,
which means that there is equal amplitude in the @ mode and in the » mode. On
the other hand, a 7w /2 pulse with coupling k., = 0 and x; > O takes the Bloch
vector from the north pole N of the Bloch sphere to the point s; (7, /2) = [1, 0, 017,
which we denote as F, on the equator. The difference between the points £ and F
is that the relative phase between a and b of these states differs by /2. Finally, the
detuning § generates a rotation of the Bloch vector around the z axis. Accordingly,
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Fig. 2.3 The state of any two-mode system can be represented by the Bloch vector s. The tip of
the Bloch vector can lie anywhere on a unit sphere, called the Bloch sphere. The north pole of
the Bloch sphere N corresponds to s = [0, O, 117, In this state, all amplitude is in the mode b,
while the amplitude of mode a vanishes. The south pole S corresponds to s = [0, 0, —117, where
the amplitude of mode b vanishes and all amplitude is in mode a. States on the equator describe
the system with equal amplitude in modes a and b, where the precise location along the equator
denotes the relative phase between a and b

after a time 7 /(28), the Bloch vector will have rotated from the point F to the
point E. To generalize operations in Bloch space, we define the operator R;(0),
corresponding to a rotation by the angle 6 around the axis i. Therefore, a rotation
by an angle 7 around the x axis is denoted as R, ().

2.5 The Ramsey Interferometer: A Non-reciprocal Device

A Ramsey interferometer is a device commonly used to characterize the coherence
properties of quantum mechanical two-level and classical two-mode systems [17,
19-21]. A two-mode system traversing a Ramsey interferometer can be thought of
as passing three “signal processing stations”, as illustrated in Fig. 2.4a. We number
these stations from left to right. In station 1, the operation R, (v /2) is carried out.
In the station 2, a rotation R,(—m/2) is effected. In station 3, the Bloch vector of
the system is rotated by Ry(—m/2). Accordingly, the Bloch vector of the system
leaving the Ramsey interferometer on the right sf;fth "is related to that of the system
when entering the device s%flf‘ from the left via the relation

SPEM _ Ry (/2 R-(/2) Ry (r/2)s, (2.16)

in

Let us consider the passage of a system entering the Ramsey interferometer in
state S from the left, as illustrated in Fig.2.4b. After station 1, the system is in
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Fig. 2.4 (a) A Ramsey (a) | station1 |::> station 2 ::> station 3
interferometer broken down R (1/2) R (-/2) R (-m/2)
into three “signal processing
stations”, each one carrying
out a rotation on the Bloch
vector of the traversing
system. (b) System in state S
entering the Ramsey
interferometer from the left
exits on the right in state N.

(c) System in state N entering (c)

the interferometer from the

right exits on the left in state & <& <:B:I
N. (d) Representation of N S E

Ramsey interferometer as
4-port device (d)

state E, followed by state F' after station 2, and it leaves the interferometer in state
N after station 3. Following the same reasoning, a system entering in state N is
transformed via W and B to state S. In the (N S) basis, where we have N = (1, 0)T
and S = (0, 1)7, the transfer matrix for passage from left to right reads

SHERt _ 7y gleft (2.17)
with
01
Ty = [1 o] (2.18)

Importantly, when reversing the direction of passage through the Ramsey
interferometer, the behavior is rather different. A system entering in state N from
the right is first rotated by station 3 to B, by station 2 to E and by station 1 back to
N. Furthermore, a system entering in state S from the right leaves the apparatus in
the same state S when leaving on the left. Therefore, the transfer matrix for passage
from right to left reads

10
Ty = [o J . (2.19)

The Ramsey interferometer is non-reciprocal. Passing the device from left to right
turns N into S and vice versa, while in the reverse direction, N remains N and
S remains S. We can graphically illustrate the function provided by the Ramsey
interferometer as the 4-port in Fig. 2.1d.
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2.6 Discussion and Conclusion

We have realized that the Ramsey interferometer is non-reciprocal. Sending a
system in state N into the interferometer from the left yields an output state S
leaving the interferometer on the right. However, sending an input state S into the
interferometer from the right yields the output state S leaving the interferometer on
the left. The non-reciprocal nature of the Ramsey interferometer arises from the fact
that rotations in a three dimensional space do not commute. Sending a two-mode
system through a Ramsey interferometer from left to right does not (in general) yield
the same result when sending the same system in from the right, since reversing the
order of the rotations leads to a different result

Ry (/)R (=7t /2)Ry(=1/2) # Ry(=7/2) R (=70 /2) Ry (70/2). (2.20)

For a thorough treatment of non-reciprocity in coupled mode systems from a group
theoretical perspective, we refer the reader to Ref. [15].

In conclusion, we have provided an introduction the theory of parametric mode
coupling. Using a system of two classical harmonic oscillators, we have introduced
the concept of the Bloch sphere to discuss the Ramsey interferometer and illustrate
its non-reciprocal nature.
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Chapter 3 )
Nanophosphors: From Rare Earth Qe
Activated Multicolor-Tuning to New

Efficient White Light Sources

Maura Cesaria and Baldassare Di Bartolo

Abstract The huge and impossible to list number of publications dealing with
luminescent materials demonstrates widespread interest at both fundamental and
technological level in their spectroscopic properties and applications. Moreover
consequences, opportunities and challenges of spatial confinement have prompted
worldwide interest in nanoscale-sized luminescent materials, termed nanophosphors
(n-PSPs) as a valid alternative to fluorophores and semiconductor quantum dots.

In this contribution the main classes of luminescent materials as well as
spectroscopy of rare earth (RE)-activated phosphors (PSP) are first overviewed with
focus on REs’ transitions, luminescence mechanisms, electron-lattice dynamics,
thermal line broadening and line shift. Then, the corresponding scenario for n-
PSPs is presented and discussed, by providing many examples, with focus on
the effects of spatial confinement and surface-to-volume ratio on luminescence
efficiency, lifetime of the excited states, electron-phonon dynamics, luminescence
quenching, confinement of dopants and tuning of multicolor emission. In particular,
RE-activated multicolor emission is intensively investigated to produce white light
for indoor and outdoor lighting. In this respect, recent reports are mentioned
about a new class of efficient broadband white light emitting n-PSPs consisting
of nominally un-doped RE-free oxide nanopowders and TM-doped hosts with
temperature-independent emission. The novelty of this approach lies in presenting
a route alternative to the presently investigated strategies to obtain WL sources
that mainly include RE dopants and single-phase compounds containing REs as
stoichiometric components.
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3.1 Introduction

The first documented material emitting light in the dark dates to 1603, when the
Italian shoemaker Vincenzo Cascariolo found that a stone (baryte) from the outskirts
of Bologna was able to show persistent luminescence in the dark after being exposed
by day to the Sun [1]. Since the introduction of the term “luminescence” by Eilhard
Wiedemann [2], phenomena and mechanisms involving emission of photons from
materials under different excitation conditions (electromagnetic, electric current,
heating, charged energetic particles or chemical) have been widely studied at the
fundamental level and exploited in numerous devices as well as for developing
luminescence-based detection techniques. In particular the term “photolumines-
cence” refers to emission of electromagnetic radiation (photons) from a material
following absorption of proper electromagnetic radiation (exciting source) [3, 4].

Beside conventional linear absorption, non linear absorption processes can occur
that are classified as non resonant (meaning without the presence of intermediate
gap states) and resonant (meaning with the assistance of intermediate gap states)
multi-photon absorption. Non-resonant multi-photon interband absorption can be
identified by the law I = A P", where I is the intensity of the emission peak, P is the
pumping power, A is a constant and n stands for the number of photons involved in
the multi-photon absorption [5].

Photo-luminescence phenomena can be categorized as “fluorescence’ and “phos-
phorescence” depending on the emission time-scale: while fluorescence is associ-
ated with a short decay time (10-9 s < t < 10 ms after the excitation), phosphores-
cence occurs over much longer decay time (t > 0.1 s up to hours or even days) due
to the involvement of spin-forbidden transitions (i.e., long lived excited state) and
phonon-related processes [6]. Moreover, according to the relationship between the
energy of absorption and emission processes, photoluminescence can be classified
as:

* “resonant emission” whenever the photo-luminesce radiation has the same
energy as the absorbed radiation,

* “up-conversion emission” if it involves the conversion of the exciting photons to
higher energy emission photons and

* “down-conversion emission” if the exciting photons lead to lower energy emis-
sion photons.

In most cases, the well-known “Stokes principle” holds, i.e., down-conversion
occurs, and the difference between the absorption peak and the emission peak
of the same electronic transition is named “Stokes shift”. On the other hand,
the nomenclature “anti-Stokes photoluminescence” refers to the occurrence of
photoluminescence with energy larger than the excitation energies by only a few
kT (kg is the Boltzmann constant, T is the absolute temperature). Instead, the term
“up-conversion” (UC) technically indicates processes where the emitted photon
energy exceeds the exciting photon energy by 10-100 kg T (for example, conversion



3 Nanophosphors: From Rare Earth Activated Multicolor-Tuning to New. . . 29

of infrared (IR) radiation to visible and ultraviolet (UV) one) [7, 8]. Materials
exhibiting UC processes are referred to as “up-converters”.

Among luminescent materials (commonly termed “phosphors”(PSPs) ), inor-
ganic crystal compounds doped with one or more rare earth (RE) trivalent lanthanide
ions are efficient up-converters due the richness of metastable excited states
of the optical centers [9-12] that act as energy transfer bridge and/or emitting
elements (donor/activator ion(s)). Indeed, due to the dipole-forbidden character
of the intra-configurational 4f transitions (i.e., low absorption cross-sections and
long luminescence lifetimes), direct excitation of lanthanides may be an inefficient
process. As most inorganic crystals do not exhibit UC emission at room temperature,
doping a well selected crystalline host with lanthanide ions and dopant-dopant
interactions can enable to induce efficient UC luminescence and tunable multi-color
emission [10]. Photoluminescence of RE-activated compounds is characterized by
richness of energy levels, emission energy characteristic of the RE’s electronic
configuration, photo-stability, long-lasting luminescence lifetime, sharp emission
lines, high color purity and tunable luminescence by co-doping. All of this is strictly
dependent on the electronic configuration of lanthanides: crystalline field of the
ligands or time variation of the crystal field have no or poor influence on the RE
ions’ 4f states due to their localization and shielding by the outer 5s and 5p subshells
[13, 14].

Huge theoretical and experimental literature deals with physics of bulk PSPs:
interplay between RE dopants and host compounds to enhance luminescence yield
and efficiency, emission from optically active ions, radiative and non-radiative
relaxation processes (energy-transfer (ET), UC, phonon-assisted relaxation, cross-
relaxation (CR), concentration quenching, vibronic transitions) (see paragraph on
bulk PSPs for details and references). The focus on bulk PSPs for more than
30 years until the late 1990s was motivated by practical limitations in preparing
nanocrystals (sizes smaller than 100 nm) with high control on synthesis processes,
size- and shape-dispersion, composition and surface properties. The interest in
nanoscience and nanotechnology as well as the increasing trend to miniaturization
have prompted the worldwide interest in applications of nanophosphors (n-PSPs)
(i.e., nano-sized PSPs) as an alternative to organic fluorophores and quantum dots
for biological, medical imaging and multiplexed biological labeling applications
due to UC luminescence, large anti-Stokes shifts (up to 500 nm), excellent photo-
stability, high luminescence quantum efficiency, long luminescence lifetime, narrow
emission lines, high color purity, removal of UV excitation-induced photo-damage
to biological samples, quantum cutting, and absence of photo-bleaching and photo-
blinking [15-20].

Other advantageous properties of n-PSPs are near infrared (IR) excitation with
low power density (nearly 100 mW cm™2), no auto-fluorescence background in
biological systems under IR excitation, deep penetration lengths of the IR excitation
light in biological specimens enabling large tissue penetration depth [21], minimum
background noise for luminescent applications in vivo and low toxicity that make
them chemically and biologically compatible as well as ideal luminescence probes
in biophysics, biomedical labeling and imaging [12, 22-29]. Importantly, spatial
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confinement has interesting impact on excited-state dynamics of n-PSPs, such
as quantum efficiency with luminescence lifetime decreased by a few orders
of magnitude for decreasing size, phonon-assisted ET, enhancement of the UC
efficiency, multi-color emission [12, 30-34].

Example key-applications of lanthanide-activated nanophophors are displays
[35-37], solar cells [38—42], nano-thermometry in cells [43] photodynamic therapy
[44], and indoor and outdoor lighting [45, 46]. In the context of lighting strategies,
the challenge of science and technology is to develop lighting sources with good
efficiency, low power consumption, durability, thermal and chromatic stability, high
color rendering, price competitiveness, environmental friendliness and ability to
mimic the quality of the white light (WL) emitted by conventional incandescent
and fluorescence lamps, which is most suitable for the human eye. Since the
demonstration of WL emission by a light emitting diode (LED) based on collecting
the mixed blue-yellow emission from a blue emitting (A &~ 440—460 nm) InGaN
LED chip used to excite a yellow-emitting down-converting phosphor (Ce-doped
yttrium aluminum garnet YAG (Y3Al5012)) crystal [47, 48], solid-state LED WL
sources have prompted interest both at the fundamental and market level thanks to
their promising superior properties with respect to incandescent or white fluorescent
lamps (such as improved and improvable luminous efficiency, energy-saving, long-
lifetime, small volumes suitable in integrated electronics and environment-friendly
features) [48-52].

White LEDs including blue-emitting GaN LEDs (450-460 nm) coated with
yellow-emitting YAG:Ce3* PSP suffer from poor color reproducibility, poor color-
rendering index, and thermal quenching of emission at elevated temperatures with
output power of the blue LED that saturates at high driving currents [53-55].
Besides mixing two complementary colors, another strategy to obtain WL emission
is superposition of three primary colors (red (R), green (G) and blue (B)) by a
tri-color phosphor excited by UV-LEDs. These so-called RGB PSPs, where RGB
stands for Red-Green-Blue, can suffer from low luminescence efficiency because of
absorption of blue emission by red and green phosphors [56]. In order to solve for
the losses of RGB PSPs, single-phase WL emitting PSPs have been proposed [57].

In general, several technical drawbacks negatively affect the lighting perfor-
mances of LED-based PSPs:

* blue emitters with improved efficiency and stability would be requested,

* input power-dependent emitting color and deficiency in the red component in
blue LED coupled to yellow PSPs,

* improved green and yellow emission efficiency is needed,

* reabsorption of blue light from red and green PSPs in the case of RGB PSPs
occurs,

* complex processing technology and careful color balance of PSP(s) emission are
needed,
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* luminescence spectra are unable to cover the whole visible-light range (a broad
bright WL emission band (380-780 nm) or yellowish light can be observed),

* photon reabsorption and emission in multilayer architectures reduce the emission
efficiency of down-converting PSPs,

* color shifts can result from driving current and chip temperature,

* the long-term stability of emitters is challenging,

* poor quantum efficiency of RE-based up-converter PSPs can result due to non-
radiative loss channels,

e emission of UC WL can be quenched by CR processes in oxide and
fluoride hosts triply-doped with RE ions (usually Tm3*, Er’t, or Yb** as
sharp-line red/green/blue emitters, following absorption of Yb’>* and ET to
Er’t/Yb3tlevels),

» degradation of the device performance resulting from processing, packaging, and
assembly of the PSPs [48-50, 56, 58—63].

Notably, most known PSPs consist of inorganic matrices doped with RE activator
cations and in lesser extent TMs. Because of the lack of availability and chemical
synthesis challenges of REs, whose market is dominated by China, and their
environmental toxicity, scientific community is being pushed to explore novel PSPs
including residual content of REs or being RE-free [64]. In this scientific scenario,
the investigation of new WL emitting sources is an active field of research in both
fundamental and applicative frameworks with prominent market opportunities.

In this review contribution, basics of PSP physics and spectroscopy (main
classes, radiative and non radiative processes, choice of host matrix and dopants) are
overviewed to provide basic information and physical insight to a reader new to the
subject and to laid foundation to the discussion of the properties and advancements
of n-PSPs. In this respect, discussion deals with the parameters tuning the spectro-
scopic response of n-PSPs with a particular focus on multi-color emission, influence
of the surface-to-volume ratio and influence of the spatial confinement on dynamical
characteristics (emission decay and rise time, line broadening and line shift). Many
examples are provided and discussed to illustrate different issues depending on
host and dopant combination as well as inherent characteristic of RE transitions
and electronic configuration. At least, recently disclosed efficient broadband WL
emitting n-PSPs consisting of nominally un-doped RE-free oxide nanopowders and
TM-doped hosts with temperature-independent emission are mentioned [65-76].
The novelty of this approach, whose intellectual merit lies in presenting a route
alternative to the presently investigated strategies to obtain WL sources, relies on
presenting materials still unexplored systematically as WL lighting sources. Indeed,
literature reports on optically inactive hosts at least doubly doped with different RE
ions or oxides including RE ions as stoichiometric components.
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3.2 Luminescence of RE-Activated PSPs: Background
and Emission Mechanisms

3.2.1 Background

Based on the composition, three main classes of solid-state luminescent materials
can be introduced:

* materials that inherently contain luminescent centers,

e materials consisting of an optically inactive crystal (termed host crystal) and
luminescent ions termed activators (i.e. dopants acting as emitters under proper
electromagnetic excitation),

e host crystals containing activator-sensitizer pairs, where the sensitizers are
dopants that absorb the excitation energy and transfer it to neighboring activators.

Hereafter, a host crystal (Host) doped with one or more chemical elements (X,
Y, Z) will be indicated as Host: X, Y, Z and a pair of co-dopant elements X and Y
will be referred to as X/Y.

Since in general UC luminescence can’t be obtained at room temperature by
inorganic crystals, host materials doped with localized luminescent centers have
been subject matter of intense research at the applicative level. In particular, RE-
doped semiconductors or oxide host crystals show unique luminescent properties,
including large Stokes shift, absence of optical blinking and photo-bleaching, UC
processes (conversion of long-wavelength exciting photons into short-wavelength
emission) and sharp-line emission spectra with emission lines poorly influenced
by the chemical surroundings. The REs’ characteristic sharp emission features
are related to the REs’ electronic configuration ([Xe]4fN, where N refers to the
number of electrons in the f-shell). Indeed, based on the periodic table of elements,
the so-called “RE metals” include scandium (Sc), yttrium (Y), lanthanum (La)
and the 14 lanthanide elements (cerium (Ce), praseodymium (Pr), neodymium
(Nd), promethium (Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb),
lutetium (Lu)) with atomic number Z ranging from 58 to 71. The most stable
oxidation state of RE elements is three, meaning triply ionized or trivalent ions.
Trivalent lanthanides have an outer electronic configuration 5s25p®4fN where the
number N of electrons in the un-filled 4f shell ranges from 1 (Ce ion) to 13 (Yb
ion) and the filling criterion of the 4f shell is dictated by the Hund rules. The 5s5p®
outer less bounded configuration shields the valence electrons 4f from interactions
with surrounding elements (weak electron-phonon coupling).

In contrast to RE elements, the unfilled outermost d-orbitals of transition metal
(TM) elements, that are more extended and delocalized than f-orbitals, are involved
in bonds with ligands leading to splitting of the atomic (unperturbed) levels from
the host crystal field.

As a consequence of the screened f-states, the optical spectra of RE-activated
crystals can present sharp-lines very similar in different hosts and resembling the
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Fig. 3.1 Sketch of the Dieke diagram listing the energy levels for all lanthanides in the energy
range 0—40000 cm™!

counterpart RE free ions [13, 14]. This peculiarity of RE ions enables to analyze
the emission spectra of crystals containing RE centers in terms of the energy level
schemes of the corresponding element in a free state. This means that we can
use the sets of quantum numbers classifying the energy levels of free RE ions
to assign the spectral features stemming from RE optically active dopants in host
crystals. Hence, the Russell-Saunders notation can be adopted: each RE dopant has
multiplets of states labeled as 2S+1LJ, where S, L and J refers to spin, orbital and
total J = L—S, ... L 4+ S) angular momentum of the N 4f electrons (N = 1,

. 13), respectively. The host-independent emission lines of all lanthanides in the
range 0-40000 cm~! can be easily identified or assigned based on the so-called
“Dieke diagram” (Fig. 3.1), that resulted from measurements of absorption and
luminescence spectra of the lanthanide series in a LaCl3 crystal [77]. It shows the
energies of the states of the trivalent RE ions, indicates the magnitude of the crystal-
field splitting by the width of the state and the energy level of the corresponding
free-ion (33H1L, spin (S), orbital (L) and angular (J) momentum quantum numbers)
given by the center of gravity of each J-multiplet.

As the Dieke diagram shows, the several chances of distribution of electrons over
the seven 4f orbitals imply complex energy level structure of lanthanide dopants. In
practice, radiative transitions stem form a restricted set of energy levels separated by
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a large energy gap with respect to the next lower-lying level. Indeed, energy levels
with large enough gap with respect to the next lowest energy levels participate more
likely in radiative relaxation that in multiphonon nonradiative relaxation. Hence, the
photoluminescence of lanthanide ions is dominated by the 4fN5s25p® configuration.

Figure 3.2 depicts partial energy level diagram of lanthanides commonly used
as luminescent centers in PSPs due to their space ladder-like energy levels (Ho, Er,
Tm, Yb, Eu, Tb).

Typical emitting levels of lanthanides are *Gs, for Sm>*+, 3Dg 1234 for Eu’t,
5D3,4 for Tb3*, 552 for Dy3+, 532 and 555 for Ho’t, 2H9/2, 453/2, 41:“9/2 for
Er*t, and 'D;, 'Gy4 for Tm?*. For example, Eu’t is an excellent candidate
to produce red color LED’s, with its orange red/red emission arising from the
characteristic Dy — 'F 12 (555 and 614 nm) electronic transitions. Yb3t ions have
a simple electronic energy structure and the most commonly exploited transition is
2F;,, — 2Fs;, that can be excited at 980 nm. Moreover, Er3T, Tm3*, and Ho3™
have energy levels well matching the energy of the excited state of Yb>T ion,
which is suitable for (resonant or non-resonant) energy transfer processes from
the excited state of Yb’T to the excited energy levels of the energy matching
lanthanides. Among other radiative transitions of trivalent lanthanides the following
ones may take place: *Gs;, — ®Hsp 72,012 of Sm3*, Dg 12 — "Fo1234 of Eu’™,
D34 — "Fasase of T3, 4Fon — ®Hysp1an of Dy*t, SF4, S, — Slg and
514 — 518 of Ho3t, 2H11/2, 453/2, 4F9/2 — 4115/2 of Ert, as well as 1D2 — 3F4
and 'Gy — 3F4,’Hg of Tm3*. Among triply ionized RE activators, Dy>* can
simultaneously emit blue (483 nm, 4Fg;y — ®Hjs/y transition) and yellow (584 nm,
4Fopn — ®Hjsp transition) radiation, which is favorable for white light emission.
Upon excitation at 344 nm, Tm34 shows strong host-dependent blue emission
(488 nm, 1D, — 3F, transition) and characteristic weak red emission (697 nm,
1G4 — 3Ky magnetic dipole transition).

While the ground state configuration of a RE element is almost “pure” (i.e., the
same as the RE free ions), the excited states can have LS coupling and J mixing,
meaning that a single 25*'L; multiplet could describe the excited states of REs
depending on the host crystal. Hence, d-like states entering in the closest excited
configuration 4fN-D5d of a RE element cause host-dependent radiative transitions
of RE centers.

Other excited configurations of RE elements that can perturb the 4f states are
4fN-Dgg and 4fN-D6p, that however can exert less influence due to their larger
energy gap than the 4fN-D5d configuration with respect to the 4fN states. For
example, Eu>T (with electronic configuration 4f7) in most compounds emits a broad
band (from UV to yellow/red light) stemming from the 4f°5d'-4f7 transition and the
host coordination remarkably affects the emission spectrum due to the transitions
involving the outer 5d- orbitals.

The interactions that contribute as perturbations in determining the ground state
energy level scheme due to coupling between f and d states of trivalent lanthanide
dopants are, in order of decreasing influence, Coulomb interaction, spin-orbit
interaction and crystal-field interaction (Fig. 3.3) [78, 79].
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Fig. 3.3 Contributions to the splitting of the energy levels in a 4f 5d configuration of a RE-doped
crystal host

Crystal field splitting (Dq) can be estimated by the following formula [80, 81]

_ Ze*r?
97 6RS

where Z is the anion charge, e is the electron charge, r is the spatial extension of
the d-like wavefunction, and R is the anion-ligand bond length. Hence, the larger
energy level separation, the shorter the distance between the crystal site occupied
by dopant and ligands is.

For example, in the case of (Ca, Mg, Sr)9Y(PO4)7: Eu?t phosphors, replacing
Ca by Mg3Jr (Sr*1) induces a decrease (increase) of Dy due to the larger (smaller)
ionic radius of the dopant that shifts the emission wavelength from 486 to 435 nm
(blue-shift) with increasing Mg2+ content (<0.5) and from 486 to 508 nm (redshift)
with increasing Sr2t concentration (<0.5) [82].

The relationship between the electronic structure of RE ions and the transitions
allowed by selection rules and crystal symmetry is the key to understand the
luminescence properties of PSPs.

The above discussion points out that the luminescence from RE-doped hosts
mainly originates from characteristic electronic transitions within the f-shell, mean-
ing that tunable emission can be obtained based on different lanthanide dopants and
their interplay, but the host lattice can exert an influence whenever excited states are
involved in radiative transitions. To detail, RE emission features can be classified
in two main classes: intra-configurational f—f transitions and d—f transitions. After
introducing the basic characteristics of these RE-transitions, the role of the crystal
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field symmetry can be better detailed in regard to the possibility to observe host-
dependent energy-shifts of the RE emissions.

The f—f transitions take place between the ground state 4fN and an excited state
4fN and are characterized by a sharp emission line (FWHM < 10 nm) due to the
shielding of the 4f-electrons by the outer s and p orbitals. Based on the parity
conservation rule, in the case of centro-symmetric sites only magnetic dipole (i.e.,
AJ = 0,1 and when AJ = 0, only AJ = |1] is allowed as any transition involving
J = 0 is forbidden) f—f transitions are allowed, which are weaker than the electric
dipole transitions. Whenever RE ions occupy non-centrosymmetric sites of a host
crystal (for example, following removal of the inversion symmetry), f—f transitions
can be observed due to the mixing between 4f states and states of different
(opposite) parity belonging to a different electronic configuration (interaction of
REs with crystal field or lattice vibrations) [13, 83, 84]. Although the emission
energies of the f—f transitions in RE-doped crystals are unaffected with respect
to the RE atomic counterpart (i.e., independent on the host lattice), the relative
emission intensity depends on site symmetry and selection rules [13, 85], that is,
while electric dipole transitions are also allowed in absence of inversion symmetry,
magnetic dipole transitions are allowed if the RE site has inversion symmetry.
While the intra-configurational f—f transitions of free lanthanide ions are inherently
forbidden based on the parity selection rule, the uneven components of the crystal
field can mix odd-parity configurations into the electronic configuration of RE
dopants. The parity-forbidden intra f—f transitions are no longer forbidden whenever
crystal field causes splitting of the energy levels of the 25+ Ly multiplets enabling
coupling between f-states and high-energy lying unoccupied states of REs (typically,
4f N_4fN-D54 coupling in low symmetry (hexagonal, trigonal or lower symmetry)
crystals) [86] or ligand-to-metal charge transfer configuration [87]. This issue points
out the role of the host crystal (i.e., ion—ligand distance and site symmetry): strong
odd crystal field components (for example, crystals with three-fold rotational axes
and no inversion center) can induce splitting of the >>*!Lj energy multiplet and
relief of the parity selection rules enables f—f transitions depending on crystal
field symmetry and host-lanthanide interaction strength. The f—f transitions of RE
ions show weak ion-lattice coupling strength, electric dipole oscillator strengths of
107°, and lifetimes ranging from 107> to —1072 s (i.e., spin and parity forbidden
transitions on RE ions are rather slow). For comparison, the d—f transitions of RE
ions show strong ion-lattice coupling strength, electric dipole oscillator strengths
ranging from 1072 to 10!, and lifetimes ranging from 1078 to 107® s. About
d—f transitions, they involve the 4fN ground state and 4fN-D-5d excited state are
characterized by emission lines with FWHM from 30 to 100 nm (i.e., larger that the
ones of f—f transitions) due to the influence of the crystal field on 5d-orbitals that
causes 4fN-D5d configurations of RE ions in solids different from those of free ions.
Since the crystal-field interaction splits a d-level depending on symmetry and crystal
field strength, host-dependent luminescence can be observed for RE ions showing
d—f emission.

Transitions of RE elements hypersensitive to the crystal field can be observed
for host crystal structure belonging to Cs, C1-6, C2v, C3v, C4v, and C6v
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point groups [88, 89]. For example, typical absorption intra-4f transitions of
the Dy>* ions can be observed at 300, 328, 339, 355, 368, 394, 428, 455, and
475 nm as associated with the following transitions: ®Hysp, — “Kjzpn + “Hlap,
®Hisp — *Kisp, *Hisp — *lop + *Gop, ®Hisp — *Misp + Pop,
®Hisp — i, ®Hisp = *Maipn, “Lisn + *Kizp + *Fon. ®Hisp — *Giip.
and *Hysp — 1572, *Hysjo — *Fopn [90, 91].

The two dominant emission bands of Dy>* elements appear in the blue (470-
500 nm) and yellow (560—600 nm) spectral regions, respectively, stemming from
the *Fojy — ©Hy3)p forced electric dipole transitions and 4Fopp — OHjspp magnetic
dipole transitions. While the latter transition is hardly influenced by the crystal
field strength around the Dy>" ion, the former transition is hypersensitive to the
crystalline environment and is the dominant emission feature for a low-symmetry
host lattice with no inversion center [90, 92, 93]. The asymmetry ratio (i.e., the
emission ratio of the dominant emission bands of the Dy>* ion) is indicative of the
degree of distortion of the inversion symmetry around the host lattice sites occupied
by Dy>* ions.

As a further example, the luminescence spectrum of LiYF4:Eu’t n-PSPs shows
sharp emission peaks in the red spectral region (°Dy, "Dy — 'Fy (J = 0-6)
transitions of Dy3*), a peak at nearly 610-620 nm (hypersensitive "Dy — ’F,
electric dipole transition) and a peak around 590-600 nm (°Dg — >F; magnetic
dipole transition) [94]. The electric dipole transition is very sensitive to the local
environment as it is allowed only if the Eu* ion occupies a site without an inversion
center. On the other hand, since the peak intensity of the "Dy — JF; transition is
lower than that of the Dy — ’F, transition, Eu* ions are located at the non-
inversion symmetric sites [95, 96].

Since dopants generally are required to have ionic size close to the one of the
element that they replace for in the host lattice site, inorganic compounds of trivalent
lanthanides are a natural choice as host materials for RE-doped phosphors. Other
elements with ionic size close to lanthanides are alkaline earth ions (Ca2+, Sr2t,
and Ba?T) and TM ions such as Zr** and Ti**. As a consequence of the change
in volume of the unit-cell induced by host-ion substitution, emission wavelength of
RE-activated PSPs modified by changes of the strength of the crystal-field around
the dopant can result [3].

The above discussion points out how doping, that inherently introduces localized
lattice distortion, can be an effective method to tune the energy mismatch between
levels of activator/sensitizer RE ions as well as transition probabilities by symmetry
breaking/lowering. Lowered crystal symmetry can be induced by dopants with the
same oxidation state of the lattice element to be replaced but different ionic radius
or by changing the dopant site symmetry in different host crystal phases as well as
lattice site.

About the influence of lattice sites, in most compounds Eu?t (with electronic
configuration 4f7) emits a broad band (from UV to yellow/red light) stemming
from the 4f°5d! 4f7 transition and the host coordination remarkably affects the
emission spectrum due to the outer 5d-orbitals. Yellow-emission and a broad blue
emission (4f7-4f05d! transition) results when Eu?" ions occupy Ba sites and Sr sites,
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respectively, in the BaSrMg(PO4);, host crystal due to the presence of two kinds of
lattice sites for Eu?* activator centers [97]. Therefore, dopant site symmetry can be
changed in a single host material yielding inherently different site symmetry without
modification of chemical composition.

About the effect of different host crystal phases, an interesting example is sodium
yttrium fluoride (NaYFy) that can form with different phases: cubic a-NaYF,, where
the metal ion site has Op symmetry, and hexagonal B-NaYF,, where the metal
ion site has Cs, symmetry. Doping NaYF, of both phases with Er** (electronic
configuration 4f'!') ion causes that the Er’* energy level splitting due to locally
distorted symmetry is no longer consistent with the site symmetry Oy and Csp.
Instead consistency with Cs site symmetry is induced, even if the host crystal retains
its phase (cubic or hexagonal) [98]. The emission spectrum of Er’* is usually
dominated by the 4S5y — ;52 transition (~660 nm) and 4Fosp — *1;5, transition
(~540 nm) in a-NaYF4 and B- NaYF4, respectively, with higher emission efficiency
in the hexagonal phase host matrix. The hexagonal B-NaYF, phase activated by
Yb3tand Er¥t (B-NaYF4:Yb/Er) or Yb>Tand Tm3* (B-NaYF4:Yb/Tm) ion pairs
is one of the most efficient host material for RE-doped up-converters [99, 100]. In
regard to Er’* ion, while its ground state (i.e., a *I;5,, multiplet) is poorly influenced
from the crystal field, the excited red-, green- and blue-emitting states of Er’* in
fluoride crystals (for example, NaYF,) are a linear superposition of several states
with less than 10% of J-mixing [9].

In general, an evaluation of the 4fN5d!-4fN configuration coupling indicates that
while it can induce no significant energy shift depending on the overlapping between
the 4fN¥5d! and 4fN configurations, remarkably enhanced transition probabilities can
result from mixed eigenfunctions that make electric dipole transitions no longer
forbidden [101]. Importantly, the weights of the 4fN5d'-4fN mixed configurations
depend on the energy gap between the 4fN and 4fN5d! states in that larger
probabilities are associated with the 4fN states closer to the 4fN5d! states.

To improve the emission efficiency and reduce non-radiative losses of RE-
activated phosphors, a stringent requirement on the host material is low lattice
phonon frequencies, according to the multiphonon relaxation rate expressed by the
exponential energy-gap law of Van Dijk and Schuurmans

AE
Wo = C exp <—0Lh—>

Vm

where C and a are parameters characteristic of the host crystal and hvy, is the
highest energy of the host lattice vibrations (phonons) that couple to the electronic
transition of the RE ion [102]. Sodium rare-earth fluorides (NaREF,), such as
NaYF,, NaLuF4, and NaGdF,, are chemically stable efficient host matrix due
to their low photon energy, which involves a decrease in the probability of non-
radiative decays and an increase of the quantum yield of UC emission [103-105]
For instance, trivalent Eu3* ion (Fig. 3.2) is a red-emitting activator (Do-"Fy
transitions (J = 0, 1, 2, 3, 4)) which can also exhibit low efficiency emissions from
higher °D levels (°D; (green), D, (green, blue), and D3 (blue)) depending on
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the host lattice (phonon frequency and crystal symmetry) and the doping content.
Fluoride and oxyfluoride are suitable hosts for Eu’t due to their low phonon
frequencies that enable emission from the excited 5Do, 123 levels to the 7Fy level
[106, 107]. On the other hand, the probability of emission from the excited 3 Do123
levels of Eu*t ion at low doping content (x = 0.008, 0.015), is larger in Caln,Oy4
than in Y,0O3 because CalnyO4 and Y,0O3 crystals have vibration frequency of 475
and 600 cm ™!, respectively [108].

3.2.2 Luminescence Mechanisms

Depending on the energy difference with respect to the closest lower energy state,
excited states can relax radiatively (i.e., by photon emission) or non-radiatively (i.e.,
by phonon emission as a result of ion-phonon interaction).

As overviewed, in PSPs luminescence can take place by the host lattice (i.e.,
band-to-band transitions or pathways involving energy levels of foreign ions) or
by RE dopants classified as “activator” (A) when acting as emitting centers and
’sensitizer” (S) when providing energy levels to transfer the energy (energy donor)
to the emitting A ions. This latter mechanism is termed “sensitized luminescence”.
The lack of fully matched absorption bands between different lanthanide ions
causes that different lanthanide ions cannot be excited under a single wavelength.
Hence, indirect excitation via a sensitizer may act to couple transitions of different
lanthanides for purposes of multicolor emission and color tuning.

The interplay between luminescence mechanisms of PSPs as well as non-
radiative processes determine the resulting spectra and luminescence efficiency. The
main mechanisms of luminescence in PSP materials are energy transfer (ET) and up-
conversion (UC) that can take place through multistep electronic transitions driven
by linear or non-linear light-matter interactions, resonant or phonon-assisted ET
processes, radiative single RE ion transitions, RE-pair collective transitions, and
intermediate phonon-relaxations.

Energy Transfer and Related Processes

Energy transfer refers to partial or total transfer of energy from a sensitizer center
(donor ion) to a activator center (acceptor ion), i.e., a sensitizer absorbs the exciting
energy and transfers it radiatively (i.e., by the emission of a photon) to the emitting
activator ion. In practice, ET can take place in presence of overlap between the
emission spectrum of the sensitizer S and the absorption (excitation) spectrum of the
activator A and is termed ““ resonant ET”” when the emission energy of S matches the
absorption energy of A. Apart from La3t, Ce?*, Yb3*, and Lu®*, lanthanides have
more than one excited 4f energy level and this richness of excited states translates in
richness of possible emission colors as well as absorption of electronic excitations in
ET processes. Indeed, ET is a very important process in co-doped systems, in which
energy migration between sensitizers and activators and nonradiative relaxations are
the primary excitation channels to observe UC luminescence.
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For example, Yb*t has a 2F7/2 ground state and one excited 4f level (2F5/2) and
the transition 2Fs; — 2F7), has a large absorption cross-section and is associated
with energy around 980 nm resonant with £ transitions of Er>*, Tm3*, and Ho?*
[12]. This situation makes Yb>*/Er3T, Yb3+/Tm3+ and Yb3T/Ho?* pairs suitable
as S/A pairs for ET processes.

For anti-Stokes processes, under excitation at 980 nm Yb3t is an efficient
sensitizer to favor the stepwise ET to different activators (Ho>T, Er3*, Tm3*) [109]
and Gd3t is also used as the sensitizer to excite different lanthanide ions (Sm3+,
Eu3t, Tb3+, Dy3*) under a single wavelength (275 nm) [110]. As a further example,
ET from Mn®* to Er3* in MnF,:Yb/Er and KMnF3:Yb/Er compounds can take
away the excitation energy of Er>* in the *S3/; level and increase the population of
the “Foy, state of Er3T, which results in increased intensity ratio of the red-to-green
emission [111, 112].

In the framework of the Dexter theory, the probability of energy transfer via
multipolar interaction can be expressed by the following equation

P (R) =cx Qa / fp (E) Fa (E) JE

Rb1p Ec

where R is the donor-acceptor distance, P is the ET probability, Qp is the total
absorption cross-section of the acceptor, fp and Fp are the probability distribution
functions of donor and acceptor, respectively, tp is the decay time of the donor
emission, and the other parameters depend on the type of ET pathway [113].
Moreover, according to Dexter’s energy transfer formula, In (ng/v) is proportional
to Cg/a for exchange interaction and (no/n) is proportional to Cg/a /3 for multipolar
interaction, where mno and mn are the luminescence quantum efficiency of the
sensitizer S without and with the activator A, respectively; Cg/a is the total content
of S and A; n = 6, 8, 10 (dipole—dipole, dipole—quadrupole, and quadrupole—
quadrupole interactions, respectively) [113].

Multipolar S-A interaction is affected by the strength of the optical transitions,
depends on the distance Rg.4 between S and A as 1/Rs.Ao" (with n = 6, 8, 10
for dipole-dipole interaction, dipole-quadrupole interaction, quadrupole-quadrupole
interaction, respectively) and can occur for center to center separations ranging from
2 to 10 nm (low doping concentration).

Exchange interaction is favored by high concentration of luminescent centers,
large overlap integral between the electronic wave functions of S and A, small
intrinsic decay time of S, large absorption strength of A, and a short distance S-
A (Rs.p <0.5—1 nm).

A critical distance of ET (Rgr,c) is defined as the distance for which the
probability of occurrence of an ET process and the probability of radiative emission
from S are equal. As a general rule, while ET from S to A dominates when the
distance between S and A (Rs.a) is shorter than Rgt,c, radiative emission from S
dominates when Rg.o> Rgr,c. Therefore, the efficiency of the ET process depends
on spectral overlap S-A, RgT,c and the lifetime of S ions in absence and in presence
of A ions [114].
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Another contribution to ET is phonon-assisted ET that occurs whenever the
difference between the transition energies of S and A is compensated by absorption
or emission of phonons [115-117]. However, since phonon- assisted ET involves
non radiative losses of the excitation energy, luminescence quenching may result
from phonon-assisted ET.

Another process that can affect the luminescence yield in RE-activated phosphors
is cross relaxation (CR), that is an ET process between two centers in which the
decrease of energy of a center turns to excitation of a neighboring center. Cross
relaxation may take place between the same centers (meaning that energy migration
takes place without energy loss) or between two different centers having energy
matched pairs of levels.

Cross-relaxation is a strongly active mechanism in Er’*/Tm3*co-doped upcon-
verters [7, 118] and can take place in the intermediate states of Er** through two CR
channels Clj12 + *Hiip-*Tisn + *Fap and *“Frpp + 2Hi12-?Hon(*Gop) + *Fop)
that weaken the green emission resulting from 2H, 1/, and *S3/ relaxing to the Tisp
ground state and enhance the red emission from 4Fy;» and blue emission from 2Hgys.

The dopant combination Yb3*t/Ho?*/Ce3t in hexagonal-phased NaYF, also
leads to CR pathways. Indeed, the parity allowed 4f-5d transitions of Ce>* ions
can depopulate the SF4/°S; green emitting states of Ho’*as well as populate the
SF, red-emitting level of Ho’T by the two following CR pathways [119]:

5F4/582 (H03+) +2F5/2 (Ce3+) — 5F5 (HO3+) +2F7/2 (Ce3+)
ST (Ho* ") +2Fs )2 (Ce3T) — 317 (Ho*) +2F7 )5 (Ce*).

As a further example, the emission from the 5D, 2,3 excited states of Eu3 can be
quenched by CR channels (°D;-"Fy and Dy-’F3) between neighboring Eu’*ions,
depending on the Eu concentration and phonon frequency of the host lattice [45]. In
this respect, luminescence quenching may occur at concentrations of the localized
centers above a critical value depending on the host material [92, 120]. This situation
is referred to as “concentration-quenching” and includes CR and ET from one
activator to another one.

For example, in host crystals doped with Dy>T, for increasing Dy>* concen-
tration the intensity of the blue emission of Dy>Tions, that originates from the
4Foj, — OHj3, transition, increases up to a maximum value and then decreases
due to RE-RE mutual interaction [121, 122].

In Pr**-doped inorganic crystals, mainly red emission is reported stemming from
different 4f2-4f2 transitions of Pr3t, that is D, — 3Hy (603 nm), 3P0 — 3H6
(617 nm) and Py — 3F, (650 nm) transitions [123-125]. While optimized
emission efficiency of the 1D, — 3H, (603 nm) transition can be obtained at
Pr3* concentration ranging from 0.2 to 1.0%, a higher doping causes concentration
quenching due to nonradiative ET pathways between neighboring Pr’* ions [126—
130].

The ion-ion critical distance (R.) of ET can be expressed by:
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3v \!/3
R. =2
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where X, is the critical concentration (for which the emission intensity and decay
time begin to decrease rapidly), N is the number of RE ions in the unit cell with
volume V of the host crystal [131].

Classes of UC Processes

The term UC refers to nonlinear optical processes based on the successive absorp-
tion of two or more photons followed by the emission of photons more energetic
than the pump photons [7, 10]. Basically, absorption of low energy photons leads
to populate excited states and if these excited states are long-lived (metastable)
states then further absorption of photons for populating higher energy states is more
probable than relaxation. Following multiple steps of excitation mediated by a series
of metastable states, conversion of lower wavelength photons to higher wavelength
radiation (i.e., UC) results due to radiative relaxation from higher energy levels. An
important difference between UC and multiphoton processes is that the absorption
of pump photons is sequential in the case of the UC mechanism and simultaneous
in multiphoton absorption. Moreover, while a simultaneous two-photon process
requires expensive high-intensity (10°~10° W cm~2) pump laser pulses, UC can
be obtained by a low power (1-10° Wem™2) continuous wave laser.

In biological, label-free sensing and biomedical applications, important advan-
tages of UC mechanisms is the possibility of using near-IR rather than UV excitation
sources to minimize background auto-fluorescence, photo-bleaching, and photo-
damage to biological systems while as well as to exploit the longer penetration
depths of near-IR pump photons in the case of biological samples.

Among the most investigated UC host materials there are fluorides (sodium
yttrium fluoride (NaYF4), lithium yttrium fluoride (LiYF4), sodium lutetium
fluoride (NaLuF4), calcium fluoride (CaF,)), lutetium orthophosphate (LuPQOy),
lutetium borate (LuBO3), vanadium yttrium oxide (Y VOy), zirconium oxide (ZrO»),
yttrium oxide (Y203), gadolinium dioxide (Gd;O3) and so on.

The main classes of UC processes are “excited-state absorption” (ESA),
“up-conversion by energy transfer” (ETU) and “two-photon absorption” (TPA)
(Fig. 3.4).

ESA mechanism, which is the least efficient UC mechanism, involves a single
center and works as follows for a three-level system. Absorption of a pump photon
can lead either to an intermediate real excited state which lives long enough to let
absorption of a second pump photon (excited state absorption) or to radiationless
relaxations to a lower energy state. If the excitation energy matches the energy of the
transition from the ground state to an excited intermediate metastable level (ground
state absorption), then a subsequent absorption of a pump photon can induce a
transition from the metastable state to a higher-energy lying state that relaxes
radiatively with emission energy higher than the pump energy (UC luminescence
process).
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Fig. 3.4 Sketch of the dynamics of the main UC mechanisms

In the case of ETU, successive energy transfer mechanisms between centers
at different sites occur starting with an A in an excited state. For instance, Fig.
3.4 shows one photo-excited center that transfers its excitation energy to a second
center yielding UC luminescence. The mutual interaction between centers requires
a concentration of S and A letting energy transfer processes between the localized
centers. The ETU process is independent on the pumping power and two orders of
magnitude more efficient than ESA [7].

About ESA and ETU mechanisms, an illustrative example is provided by Y,0Os:
Tb/Er. Upon excitation of 980 nm, the emission spectrum shows two dominant
emission bands (520—570 and 650-675 nm) corresponding to 2Hj1/2, *S3p — #1151
transitions (green emission) and 4F9/2 — 4115/2 transition (red emission) of Ert.
First, under excitation at 980 nm, Yb3* ion gets excited to the 2Fs,, state, and then
relaxes back to the ground state while transferring energy to an adjacent Er** ion
that populates the *I;1/, level of Er’T. Second, the *F7/, level is populated by ET
from the *I;1/> level of Er** ion, which relaxes nonradiatively to the green-emitting
levels (*H; /2 and 483/2). On the other hand, the nonradiative relaxation of the 2H; /2
and #S3, states can populate the *Fo» level of Er>t from which red emission takes
place. Furthermore, the *1,1/2 level can also decay nonradiatively to the 132 level
in Er** ion and, then absorption of a photon emitted from Yb3* ion can populate
the 4F9/2.

A further process to be considered is cooperative ET involving neighboring Er’*
jons excited at the *I;1/, level in which one Er*t jon de-excites to the *I;s5/ level
and the other is excited to the *F, level.

In regard to TPA, it involves the simultaneous absorption of two photons with an
intermediate virtual state, i. e. there is no real intermediate excited state.
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Another UC mechanism is photon avalanche (PA) that consists of a starting non-
resonant weak GSA to populate an intermediate level followed by resonant ESA to
populate a higher energy visible-emitting level [132].

Notably, due to energy transfer between the excited ion and a ground state ion,
the intermediate level of both ions is populated and this fact favors exponential
increase of the population of the higher energy emitting level. In this picture UC
luminescence occurs as an avalanche process. An efficient PA process would require
metastable intermediate levels acting as carrier reservoir for the exciting source. On
the other hand, PA depends on the exciting intensity and presents a slow response
(of the order of seconds) to the excitation due to the multiple processes involved (
excited-state absorption and cross relaxation).

Via the “hot-band absorption” UC by only a few units of thermal energy can
be induced: an electron occupying a vibrational excited level of the ground state is
preferentially excited and emission occurs back to a lower vibrational level again of
the ground state.

The dynamics of the depicted UC mechanisms indicates that efficient UC
requires the occurrence of metastable excited levels letting multiple excitation steps
and population of an upper lying energy level emitting UC luminescence. Since
lanthanides ions have f-levels with relatively long lifetimes and multiple excited f-
levels, in principle lanthanide-doped selected host crystal are expected to be optimal
candidates as up-converters. Based on the fact that efficient photon absorption and
ET in the UC process would require a small enough energy difference between each
excited level and its lower-energy lying intermediate, Er**, Tm3", and Ho* are
optimal RE centers to generate UC emission by interplay of their levels [12].

For example, the fluoride hosts doped with Yb’T and Er’t/Tm3t/Ho*t are
ET visible-light emitting upconverters where the ET UC process is much more
efficient than TPA because activators have real intermediate energy levels between
ground and excited states. All of this lets obtain bright visible emission at low
excitation power density (1-10> W/cm?) as compared to the high power density
(10°-10° W/cm?) exciting source needed via TPA mechanism

Another important role in affecting the UC luminescence efficiency is played by
the absorption cross-section of a S center in the NIR spectral range. In practice, the
small absorption cross section of RE ions resulting from the parity-forbidden f—f
transitions negatively affects the UC emission efficiency that needs to be enhanced
for useful applications of RE-based up-converters. Among lanthanides, the largest
absorption cross-section is exhibited by Yb?t due to the 2Fq,; — 2Fs)y transition at
980 nm. Conveniently for collective processes, this transition is resonant with f—f
transitions of the upconverting lanthanides Er>*, Tm3*, and Ho’*.

Non-radiative Relaxation

Excited states release their energy via two decay channels depending on the energy
difference with respect to the closest lower energy state, i.e., a radiative relaxation
(i.e., by photon emission) or a non-radiative relaxation (i.e., by phonon emission as
a result of ion-phonon interaction).
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The rate of radiative relaxation from an initial state I; to a final state I can be
expressed as follows based on the Judd-Ofelt theory:

64 2 AE? —
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where AE (cm™!) is the energy gap between the states involved in the transition,
F? is the matrix element of the electric dipole moments, M? is the matrix element
of the magnetic dipole moment, ny, is the refractive index of the host crystal, and
X = np (np2+2)%/9 is a corrective factor (Lorentz correction) for the local field
[87, 115, 133, 134]. The relaxation rate of non-radiative processes depends on the
energy gap between the two electronic states, the frequencies of vibration modes
and temperature [115, 134].

A typical situation can be depicted for a three-level (termed “levell”, “level2”
and “level3”) system under the action of electromagnetic radiation with wavelength
resonant with the energy-gap between the top-most (level3) and bottom (levell)
levels. Under the assumption that the energy gap between levelland level3 is so
large to make improbable a level3 — levell non-radiative transition and that the
intermediate level2 is closer to level3 that to levell, then a center in level3 more
probably decays non-radiatively to level2 rather than radiatively to levell. This
example points out that small gaps and large gaps favor non-radiative and radiative
decay channels, respectively.

Quantitatively, the non-radiative relaxation rate from an initial state I; to a final
state Iy can be expressed as follows [134]

AE

exp (hl;'—%“) hVm
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where T is the absolute temperature, huy, is the highest fundamental phonon energy
of the host lattice vibrations (phonons) coupling to the electronic transition [; — If of
the RE ion, AE is the energy gap of the transition (i.e., the energy difference between
the populated state I; and the closer low-energy state If) and Wy is the transition rate
at T = OK (ground state of the phonon modes). At low temperature (hvp, >> kT),
the multiphonon relaxation rate can be approximated by Wy and expressed by the
exponential energy-gap law of Van Dijk and Schuurmans

AE
Wy =C exp <—0L—)
hvpy

where C and o are parameters characteristic of the host crystal [102]. Therefore,
the probability of non-radiative relaxations decreases for increasing band-gap of the
transition and large phonon frequencies of the host lattice favor non-radiative losses
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leading to reduced luminescence quantum yield. Based on the above exponential
energy-gap law, the multiphonon relaxation rate associated with f-levels of lan-
thanides decreases exponentially with increasing energy gap. At room temperature,
whenever the energy-gap below the excited emitting states of RE ions is much
larger than hvy, (for example, the 5Dy state of EuT and ®D7; state of Gd3+), the
relaxation is dominated by radiative relaxation. Since relatively large energy gaps
are associated with the energy levels of Er** and Tm3*, the probabilities of non-
radiative relaxations among their excited levels are low and, as a consequence, Er3t
and Tm?> can be efficient activator centers.

On the other hand, as reported while discussing the requirements on host crystals
of PSPs, to reduce the non-radiative multi-phonon relaxation probability, host
lattices with very low phonon energies are preferred, as low-frequency phonons can
contribute significantly to radiationless decays between the closely spaced crystal-
field states of RE centers.

To summarize, (i) bridging small gaps requires the interaction of few phonons,
(i) the probability of a radiative transition is proportional to the cubic power of the
gap-energy and (iii) phonon density of states is proportional to the inverse of the
cubic power of acoustic wave speed [135].

Another class of transitions involving ion-phonon interaction are the so-called
“vibronic transitions”, that is radiative emission taking place simultaneously with
creation or absorption of one or more phonons when the vibrations characteristic
of a host material perturb the wavefunction of an optical center yielding phonon
spectral sidebands of the center [136—139]. With respect to the zero-phonon line (no
excited phonon states), the vibronic features appear on the high (low) energy side in
absorption (emission) at low temperatures and on both the high and low energy side
at high temperatures [140].

Figure 3.5 shows the general features of a vibronic spectrum consisting of two
phonon vibronic lines associated with phonon modes of frequency wg and wy,
respectively. The top and bottom panel refers to emission and absorption vibronic
spectrum, respectively. The frequency wy is associated with the “zero-phonon line”
and is determined by the intrinsic difference in energy levels between ground and
excited states.

Since phonons can always be emitted spontaneously even at zero temperature,
emission vibronic transitions can take place at very low temperature with frequen-
cies smaller than that of the no-phonon transition according to the conservation
of energy. Instead, vibronic emission at frequencies greater than the no-phonon
transition cannot take place in absence of phonons, i.e. at very low temperatures.
Therefore, at very low temperatures phonons can be emitted and the transitions
which start from the ground state and end in an excited state can take place at fre-
quencies higher than the no-phonon transition. For increasing temperature, emission
vibronic transitions can take place at frequencies greater than the frequency of the
no-phonon transition and the opposite holds for absorption vibronic transitions.

In RE-doped crystals where ion-phonon interactions are weak (such as intra 4fN
electronic transitions involving the lower states), vibronic bands are much weaker
than the zero-phonon lines. For instance, in the case of fluoride crystals doped with
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Fig. 3.5 Sketch of a vibronic spectrum in emission and absorption at low temperature

Er**and Ho**, weak multi-phonon side bands (vibronic coupling strength of 0.04)
where measured in absorption and emission spectra [141]. Intense (comparable
or stronger than the zero-phonon line) well-defined vibronic side bands can be
observed in absorption and emission spectra together with the zero-phonon line in
the case of f~d transitions of RE-ions [142] and 4f-ion activated upconverters [143].

In regard to f—f electronic transitions of RE ions, while vibronic features are not
usually in presence of weak electron-phonon lattice, strong vibronic side bands may
appear as related to electronic transitions involving the upper energy f-states coupled
to charge transfer states. In other words, the electron-lattice vibration coupling is
larger for the excited f-states than for the lower-energy lying f-states of RE ions in
crystals.

For an electronic transitions between two states with energy gap Eg and coupled
to a vibration frequency v, intensity and line shape of vibronic transitions associated
to 0-n phonon lines (n =0, 1, 2, ...) under a low-temperature approximation can
be obtained based on a formula that yields a delta function for zero-phonon (n = 0)
transition, a line width proportional to the square root of the harmonic integer n and
includes the vibronic coupling strength [144]. At high temperature (i.e., hv > kT,
which is a condition fulfilled at room temperature for most RE-doped host crystal)
the formula must be modified to introduce a function of temperature T and vibration
frequency v including an activation energy of ion-lattice vibronic interactions [145].
At room temperature (i.e., hv > kT) the vibronic features can disappear due to
broadening and overlapping effects of the spectral lines.
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Vibronic transitions also influence multiphonon UC processes of RE ions
because they can improve the process efficiency by increased absorption probability
and compensation of energy mismatches through band width. On the other hand,
in presence of vibronic coupling, non-radiative relaxations becomes more probable
which means shorter lifetimes of the excited states.

Other important consequences of lattice dynamics involving RE center-
phonon interactions is broadening of the linewidth of electronic transitions and/or
temperature-dependent line shift. The width A of a spectral line is influenced by
several contributions: inhomogeneous broadening, homogeneous broadening, direct
one-phonon processes, spontaneous decay, multi-phonon decay, Raman scattering
and strain.

A spectral line is homogeneously or inhomogeneously broadened depending
on whether the line is from the same center or from different but closely spaced
centers. Inhomogeneous broadening is induced by structure defects and strains
and shifts non-uniformly the static electronic levels [146]. Homogeneous line
broadening stems from weak center—phonon interactions (temperature-dependent
phonon coupling), with one-phonon and multiphonon processes that contribute
mainly to line broadening and shift. The total contribution from direct one-
phonon processes, multiphonon decay and radiative decay, in general, is less than
0.01 cm™!. Contribution from Raman scattering amounts to a few cm~! and, in bulk
materials, it is the dominant contribution to the thermal broadening at temperature
higher than 70 K.

The shape of a transition line is described by a Lorentzian function or a Gaussian
function depending on the fact that the line is homogeneously or inhomogeneously
broadened. In practice, to account for the simultaneous comparable contributions
due to homogeneous and inhomogeneous broadening at room temperature, a
convolution of Lorentzian and Gaussian distributions (the so-called Voigt function)
is introduced to describe the resultant overall line shape.

Theoretically, under the assumption that the phonon density of states (DOS)
is described by a Debye distribution (i.e., continuous DOS), the temperature-
dependent line width (AE) and line shift (8E) can be expressed by the McCumber-
Sturge formulas [147]:
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where AEj is a residual line-width of the line at very low temperatures, @ and o
are coefficients related to the electron-phonon coupling, and Tp = hup/k (where
vp is the Debye cut-off frequency of the lattice and k is the Boltzmann constant)
is the effective Debye temperature of the phonon distribution. The temperature-
independent quantity AE( is a measure of how widespread are the sites available
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to the dopant ions and the randomness of these sites produces an inhomogeneous
broadening that can be described by a Gaussian profile. The quantities &, a and Tp
are considered as adjustable parameters to be estimated by fitting the McCumber-
Sturge formulas (3.1a and 3.1b) to the experimental data. In this respect, a fitting of
the temperature-dependence of the line-width AE in the framework of the Raman
scattering model involves three adjustable parameters (AEg, @ and Tp). Instead,
a fitting of the spectral line shift 8E versus temperature involves two adjustable
parameters (o and Tp).
In general, the following can be observed:

* inregard to a sharp spectral line with width Aw (i.e., Aw << wp, where wp is the
Debye frequency), Aw increases with temperature and, generally, the line shape
is Lorentzian,

 the dominant mechanism of line-broadening is the Raman scattering of phonons
leading to homogeneous broadening and a Lorentzian-like line shape,

» for decreasing temperature, the line shape is Voigt-like (i. e., a convolution of
Lorentzian and Gaussian functions) at about 77 K and Gaussian at very low
temperature,

 the spectral position of a line is temperature-dependent (model based on the
emission and absorption of virtual phonons) in such a way that it can in principle
move towards higher or lower wavelengths for increasing temperature,

As a concluding remark in perspective of the discussion about n-PSPs, it is worth
noticing that the McCumber-Sturge formulas (3.1a and 3.1b) are no longer valid at
the nanoscale in the limit of discrete phonon DOS with low-frequency cut-off [135,
148-150].

Luminescence Quenching
Luminescence quenching represents loss of radiative efficiency and can be ascribed
to several processes, such as:

* thermal quenching (due to non-radiative relaxation to the lowest energy ground
state from excited state parabolas),

» concentration quenching (resulting from ET pathways that dominate whenever
the concentration of the luminescent centers overcomes a threshold value),

* non-radiative ET through killing centers, disorder-induced states, vacancies,
sensitizer or activator ions that have changed their valence,

* whenever both luminescent centers and host lattice absorb the exciting energy
or the host lattice itself shows optical absorption in the spectral range where
emission takes place.

For example, thermal and concentration quenching can be competitive mech-
anisms because, although a large Stokes shift reduces concentration quenching
by reduced ET, a very large Stokes shift increases the probability for thermal
quenching.
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As general guidelines, the most relevant mechanisms and decay pathways
resulting in degradation of the luminescence performances of PSPs are listed in
the following:

* the absorbed energy does not reach the activator ion (due to competitive absorp-
tion, ET to defects or non-luminescent impurity ions, excited state absorption
(ESA) and Auger processes),

* although the absorbed energy reaches the activator center, non-radiative channels
dominate the radiative relaxation towards the ground state (crossing of excited
and ground-state parabolas, multi-phonon relaxation, CR, photoionization, ET to
quenching sites),

* the emitted radiation is re-absorbed by the luminescent material (due to self-
absorption due to spectral overlap between excitation and emission bands,
additional absorption bands (formation of color-center) in the spectral range
where activator and sensitizer also absorb)

In order to preserve and possibly enhance the luminescence efficiency, the following
requirements might be fulfilled:

* strong absorption by the optically active centers,

* host crystals with large band-gap to avoid absorption of the emitted radiation,
» dopant concentration below the threshold of concentration quenching,

* highly crystalline systems and low defect (inner and surface) density,

* high purity of the samples,

* homogeneous distribution of activators and sensitizers,

* low phonon frequencies.

3.3 Spectroscopy of n-PSPs

3.3.1 General Remarks

As overviewed, most PSPs are generally composed of a pure host material and
a suitable amount of dopants (activators and sensitizers). The supplied excitation
energy is absorbed by the host and transferred to the activator or directly absorbed
by the activator and converted in photoemission or transferred to the activators
by mediation of sensitizers. Lanthanide dopants exhibit characteristic narrow
bandwidth emission peaks over all the visible spectral range that enable addressable
multiple emission color from systems containing more than one lanthanide dopant
and balanced contents of different lanthanides. Once the host material, the activa-
tor/sensitizer species and their concentrations are fixed, the luminescence efficiency
and spectroscopy properties may strongly depend on surface-to-volume ratio, degree
of crystallinity, phase, phase purity, distribution of activator/sensitizer in the host
matrix as well as fabrication routes and conditions.
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Spectroscopy of nanoscale-sized PSPs (n-PSPs) have been focus of worldwide
interest since the demonstration and optimization of nanofabrication (chemical and
physical) routes (such as, sol—gel, combustion, microemulsion, coprecipitation,
laser ablation, ultrasonic spray pyrolysis, and template based strategies) able to syn-
thesize nanocrystals with control on the synthesis protocol, size and shape, chemical
composition, doping content as well as surface passivation and functionalization
[26, 35, 151-156].

As it will be detailed, the advancement in nanomaterial synthesis has allowed us
to finely tune the UC emission over a broad range of color output based on a few
main classes of strategies, i.e., lanthanide doping with control and optimization of
the dopant species and doping level, as well as morphology, size and phase control.
Along with progress in nanofabrication, experimental observations have made
possible to disclose a variety of modifications introduced by nanoscale resizing of
RE-activated PSPs. In this respect, it is worth observing that the size-dependent
spectroscopy of RE-activated n-PSPs cannot be ascribed to the size quantum effects
active in semiconductor quantum dots. Instead, RE dopant choice, site symmetry,
and content as well as host phase, dopant-ligand distance and surface effects play a
key role.

In general lanthanide-activated PSPs exhibit sharp-line emission spectra with
spectral positions weakly influenced by the chemical environment (host crystal
symmetry lattice and ligands) due to the shielding of the f-states of RE centers from
the less localized outer shells. Spatial confinement seems to cause no effects on the
RE-characteristic emissions, due to the inherent localization of the RE f-like wave
functions preventing any relevant influence from the surroundings.

Instead, host materials (i.e., ion-ligand distance and site symmetry) can influence
the emission features related to the excited states of RE ions in nanocrystals
because of more J-L coupling and J mixing effects with respect to the lower
energy levels. Very importantly, size confinement can have consequences on
spectroscopic dynamic quantities, such as probability of either radiative or non-
radiative transitions, lifetime of the intermediate states provided by RE ions, thermal
line broadening and thermal line shifting. Turning from bulk to nano-sized PSPs
may yield enhancement in the emission intensity of a specific wavelength, improved
UC efficiency, tunable luminescence color and multi-color UC.

About the size-dependence of the luminescence properties, the first observation
of remarkably increased photoluminescence quantum efficiency dates to ZnS
nancé)crystals doped with Mn at dopant contentéfrom lower than 1% for crystal size of
70 A to nearly 18% at crystal size of 3.5 A [34]. Under circumstances of high
radiative efficiency (~20%), the luminescence lifetime of the transition T — %A
of Mn?* was observed to be by more than 5 orders of magnitude (ns vs. ms) faster
than the corresponding radiative transition in the bulk counterpart crystals.

Further evidence of emission enhancement from lanthanide-doped nanocrystals
with respect to the bulk counterparts was reported dealing with Y,0O3:Yb/Er
nanoparticles in the case of red emitting 20 nm sized nanoparticles [157] and relative
emission tunable with decreasing particle size (from 55 to 13 nm), because of
confinement effects related to the small Bohr radius of the exciton [158].
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In nanocrystals the emission efficiency can be also enhanced by combining the
energy level structure of lanthanides with dopant-induced symmetry breaking of the
host material. While a dopant substituting for an inequivalent lattice site inherently
causes breaking of the crystal symmetry [98], in nanocrystals site distortion can be
more effectively induced by both a suitable dopant and surface lowered coordination
[159].

3.3.2 Multicolor Tuning

In the applicative framework of n-PSPs, most efforts have been devoted to achieve
fine tuning of the emission color in a broad range of color output and multicolor
emission by single wavelength excitation. All of this is not an easy task due to the
intraconfigurational energy levels of lanthanides being hardly affected by the host
material. Indeed, multicolor tunable emission demands modulation of the multi-
peak emission of a RE-activated n-PSPs based on dopant species and concentration-
dependent dopant—dopant interaction. Host materials also play a role because they
can influence the optical transitions of the dopants by lattice vibrations and crystal
field. Indeed, depending on the site symmetry of lanthanides is host crystals, their
luminescence properties (intensity, decay time, efficiency, relative intensity of the
emission peaks) can be sensitive to the choice of the surrounding matrix.

For example, Dy3+ RE-ion exhibits two main emission bands, that is blue
emission (470-500 nm) stemming from the 4Fon — ®Hj3)p transition (single decay
component between Dy3* ions) and a yellow emission (560-600 nm) originating
from the *Fo, — °®Hsp transition (Fig. 3.2). While the blue emission is a
characteristic luminescence of Dy3*, the yellow emission is very sensitive to the
host material. In fact, when a suitable content of Dyt replaces not equivalent
lattice ions in oxides the yellow-to-blue intensity ratio depends on the covalency
degree (bond length) between the Dy>* ions and lattice ligands [160]. Therefore, in
luminescent materials doped with Dy>* ions tuning of the yellow-to-blue intensity
ratio can enable to obtain near-WL (white-light) emission by means of a single
emitting center [92, 121].

On the other hand, different dopant(s)—host combinations can allow us to produce
multiple color emissions based on tunable both spectral overlap and relative ratio of
different emission colors.

For instance, NaYF4:Yb/Er nanocrystals with size ranging from 6 to 45 nm
exhibit increased red-to-green luminescence intensity ratio and reduced lumi-
nescence lifetimes for decreasing size [31]. Under near-IR laser excitation at
980 nm, Er*t yields green and red emission due to the 2H11/2,4S3/2 — 4115/2 and
4Fqy — 4115/, transitions, respectively (Fig. 3.2). The experimental evidence shows
that, while the luminescence intensities of both emission bands get enhanced for
increased nanocrystal size, the red-to green ratio is relatively larger for smaller
nanocrystals due to non-radiative decays (such as intrinsic phonon modes, vibration
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energy of surface ligands, solvent-mediated quenching and surface defects) more
effective at the nanoscale [161-163].

About NaYF4:Yb/Er, the addition of large amount of Yb (25-60 mol%) favors
back-ET from Er3t to Yb3*, due to the reduced distance between dopants. As a
consequence of back-ET processes from Er’* to Yb>T, the population of the excited
levels of Ert (2H9/2, 2Hyypp. 4S3/2) decreases, which causes a decrease in blue
(2H9/2 — 4115/2) and green (2H11/2,483/2 — *1;5/2) emissions and tunable emission
color from yellow to red [11].

Multicolor fine-tuning of the UC emission in NaYF4:Er n-PSPs can also
be accomplished by the interplay of dual activators, that is Er’*and Tm3T,
at precisely defined relative concentration. Efficient multicolor UC emission in
solutions of lanthanide-doped cubic-structure nanocrystals was first demonstrated
in NaYF4:Yb/Er and NaYF4:Yb/Tm nanoparticles showing strong yellow emission
(that results from two main transitions of Er3T ions) and blue emission (that results
from transitions of Tm3+ ions), respectively [109, 164].

Hexagonal phase B-YF3 nanocrystals, co-doped with suitable contents of Er’*,
Tm>* and Yb3*, under excitation at 976 nm exhibit an emission spectrum resulting
from the combination of blue emission from the Yb3t/Tm3* pairs (‘Dy — 3R,
(451 nm) and ' G4 — 3Hg (478 nm) transitions), green emission from the Yb3t/Er3*
pairs (3H11/2 — s (530 nm) and 1S3 — s (550 nm) transitions), and red
emission from the Tm>*/Er3* pairs [165].

In order to improve the efficiency of UC transitions, hexagonal and cubic
NaREF, (RE =Y, Pr to Lu) nanocrystals as well as NaYF4:Yb/Er/Tm nanoparticles
were fabricated with several shapes (polyhedra- rod-, plate-, and dot-like) [155].
About hexagonal-phase NaYbFy4 nanoparticles, the Yb3* ions of the host lattice can
act as absorbers at 980 nm due to the 2F7;, — 2Fs), transition of Yb3+(Fig. 3.2).
Four different spectrally resolvable emission spectra were first demonstrated from
20 nm-sized blue- and IR-emitting NaYbF4:Tm3*, green (and slightly red)-emitting
NaYbF4:Ho3+, green- and red-emitting NaYbF4:Er3+, and blue-, green-, red-, and
IR-emitting NaYF4:Yb3t nanocrystals [33]. The UC levels involved in the observed
spectra are the 5F4,3S, — Olg (540 nm) and Sy — O1g (750 nm) transitions of Ho’t,
the !G4 — 3F4 (476 nm) and °F, — 3Hg (800 nm) transitions of Tm3T, as well as
the 2H11/2 — 4115/2 (520 nm), 4S3/2 — 4115/2 (540 nm) and 4F9/2 — 4115/2 (655 nm)
transitions of Er3T.

Hexagonal phase B-NaYF4:Yb nanocrystals (where NaY . YbsF4 with x = 0.2
is a very effective UC host) and B-NaYF4:Yb/Tb nanocrystals exhibit green and
blueish UC photoluminescence at room temperature, respectively [33, 166—168].

As a further example, when B-NaYF4:Eu (0.5 mol%) is excited at 397 nm,
the exciting energy matches the strongest transition of Eu3t ("Fy — 5L¢) and
the emission spectrum results from all the emission lines associated with the
5Dy — 7Fj transitions involving the excited 5Dy states of Eut (Fig. 3.2) (i.e.,
Dy — "F; (590 nm), "Dy — 'F, (614 nm), °D; — "Fy (525 nm), °D; — F;
(536 nm), °D; — "F, (555 nm), °D; — 'F3 (563 nm), D, — "Fao (464 nm),
Dy — 'y (489 nm), Dy — Fs (511 nm)) [106, 107]. Since all the emission
peaks have comparable intensity and their spectral overlapping covers almost the
visible spectral range, white bluish emission color results.
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About NaGdF4 host doped with Tb*, Eu?™, Dy3*, and Sm3* activators together
with Ce?T sensitizer, downshifting multicolor tuning can be obtained by ET from
the sensitizer to the activator mediated by energy migration through Gd sublattice
[169].

A further example of the effects of the interplay between dopants is provided by
NaYF4:Yb, Ho/Er-nanoparticles that yield green emission tunable from green to red
and enhanced in its intensity by the addition of Mn?* as a codopant able to influence
crystal phase, size, and luminescence yield [170, 171].

LiYF4 colloids triply-doped with Eu, Tb and Ce (with Ce and Tb acting as
sensitizer ions) exhibit Ce>* — Tb>* and Ce?* — Tb>* — Eu3T ET processes
that lead to intense green and red emission peaks observed for concentrations of Ce,
Tb and Eu set to 13%, 14% and 1-5%, respectively. Tuning the Eu** concentration
changes the intensity ratio of green-to-red emission and yields multicolor emission
from green to orange for increasing Eu content [94]. Notably, the best luminescence
performance of Eu-doped LiYFs colloids can be obtained at Eu concentration
of 15 mol%, because a phase transformation from tetragonal-phased LiYF; to
orthorhombic-phased LiYF,; onsets for larger content of Eu’t activator ions.
Since a linear relationship occurs between the concentration of Eu3t ions and
the photoluminescence intensity, then the direct excitation-emission of the Eu’™
emission results. Due to the concentration threshold of Eu, ET from a sensitizer can
be exploited to enhance the Eu3* emission in LiYF4 nanocrystals. The choice of
Ce as a sensitizer is not decisive because both orthorhombic phase YF3; impurities
form at Eu’* concentration of 15 mol% and the hypersensitive >Dy — F, electric
dipole transition of Eu*>* becomes weaker [94]. The f-d energy difference of Eu’*
activator ions in LiYF4 where Ce ions are added as sensitizers, can be expressed as
a sum of the energy of the first f-d transition of a free Ce>* ion (49.340 cm™!), the
opposite of the crystal field depression (i.e., the lowering of this energy when LiYF4
is doped by the Ce?Tion) and the difference in the fd energy of Eu’*relative to that
of the first electric dipole transition allowed in ce3t [172).

Combining Ce?* and Tb3* as sensitizers is a valid strategy to induce
Ce3t — Tb* — Eu?t ET pathways (i.e., T3+ mediated ET from Ce3*to Eu3™)
[173] while blocking the corresponding metal-metal charge transfer process [174,
175].

Emission spectra can also be phase-dependent due to the site symmetry of
lanthanide dopants in different host lattices [176] and the interaction of dopants
in presence of presence of multiple lattice sites [98, 177]

In Pr’-doped inorganic crystals, red emission can result from the 'D, — 3Hy
(603 nm), Py — 3Hg (617 nm) and 3Py — 3F, (650 nm) transitions of Pr3t,
green emission is associated with the 3P, — 3Hs (530 nm) and 3Py — 3H;
(547 nm) transitions of Pr3t, and blue-green emission from the 3Py — Hy
(491 nm) transition of Pr>*. The emission efficiency of the Dy — 3H, (603 nm)
red emission depends on the Pr’t concentration that, in turn, exhibits an upper
threshold for concentration quenching depending on the host crystal. Commonly,
Pr3t-doped crystals are red phosphors because red emission (in particular the
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'D, — 3Hy (603 nm) emission) shows dominant intensity compared to green blue-
green emissions.

Instead of the overwhelming red emissions, SrTiO3:Pr3* nanoparticles with a
Pr3* concentration of 0.06 can show a dominant very strong blue-green emission
at 491 nm and minor two green emissions (530 nm and 547 nm) and three red
emissions (603 nm, 617 nm and 650 nm) upon excitation at 325 nm Notably, at a
Pr3+ concentration above 6% concentration quenching effect occurs for *Pg — 3Hy
(491 nm) and 3Py — 3Hg (617 nm) emissions. Instead, ' D>—3Hy (603 nm) emissions
are strongest at a Pr3t concentration in the range 0.2-1.0%. This evidence of
emission properties and intensities related to the Pr3* content indicates emission
color of SrTiO3:Pr3* compounds tunable controllably and efficiently by the amount
of the optical center [178].

3.3.3 Role of Dopant Concentration in Multicolor Tuning

Another parameter that can effectively contribute to multicolor fine-tuning in the
visible and near IR spectral ranges as well as affect the optical properties of n-PSPs
is the dopant concentration.

Notably, in bulk PSPs, the selection of dopants and their relative contents are
critical points because dopant-dopant interactions depends on the host matrix and
can induce luminescence quenching. Interestingly, in n-PSPs amount of dopant
much larger than the threshold amount for concentration quenching in the bulk
counterpart can be added before observing concentration quenching [179].

About the role of dopant concentration in multicolor tuning, illustrative example
are reported in the following.

* Y,03 and ZrO; nanocrystals co-doped with Yb and Er, where increased percent-
age of Yb>* induces an increase in the intensity of red emission from Er’*due
to enhanced back-energy transfer from Er’t to YB3+ [158, 159, 180],

* Y,03: Er/Tm/Ho nanocrystals show relative emission intensity (red-to- green
emission ratio) dependent on the particle size as well as UC emission color
tunable from blue to red by changing the concentration of dopant ions (Er, Tm,
and Ho) [181],

* NaYFs: Tb/Er nanocrystals, where a reduction of the content of both RE
dopants favors a relative decrease in the intensity of the red emission due to Yb
concentration dependent back-ET from Er’* to Yb3+ [182],

» cubic phase a-NaYF,4 nanocrystals doped with Yb and Tm excited by 980 nm
wavelength, where high concentration of Yb decreases the contributions from
blue (*Ho;p, — *Iy552 transition) and green (®Hy1p2, *S32 — #1550 transitions)
emissions of Er’T because of back-ET from Er’* to Yb3* changes the relative
emission intensities of the blue, green and red (*Fopn — *I;sp transition of
Er**) emissions and tunes the color output from yellow to red at Yb>* content
increased from 25 to 60 mol% [11],
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e NaYF4:Yb/Tm nanocrystals, where increased content of Tm favors the near-IR
emission with respect to the blue emission of Tm3* as a result of increased
population of the Hy level induced by the G4 — 3Hy and *F, — 3F;4 energy
transitions [11],

e NaYF4 colloidal nanocrystals doped with Yb, Tm and Er where, at given
concentration ratio Yb/Tm of 20/0.2 mol%, changing the Er3t content 0.2, 0.5,
0.8, 1.2, 1.5 mol%) lets tune the UC color output from blue emission to white
emission [11],

o Tm3* and Er?t co-activated LiYF4:Yb, Tm (0.5%), Er(0.1, 0.2, 0.3, 0.5%) n-
PSPs that yield blue and green emission, respectively, under excitation with
980 nm NIR radiation with ratio of the green-to-blue photoluminescence inten-
sity depending on the Er** concentrations [183].

* colloidal LiYF4:Eu n-PSPs, containing Tb3* as sensitizer ion to enhance the
emission intensity, that exhibits multicolor emission from green to orange by
changing the Er’*tand Tb>* concentrations [94]

e LiYF4:Eu n-PSPs doped with Ce (15% mol)-Tb (15% mol) sensitizer pair show
efficient ET from Ce’t to Eu’t through Tb>* resulting in Eu’" emission
intensity of LiYF4:Ce(15%), Tb(15%), Eu(1%) three times higher than that of
LiYF4:Eu(15%) [94]

+ single-phase SrTiO3:mPr>* (m = 0.01-0.1) nanoparticles, that show strong and
overwhelming blue-green emission centered at 491 nm (differently from Pr3*-
activated phosphors that are usually dominated by red emissions) and both
absolute and relative emission intensities as well as emission color tunable by
Pr3+-concentrations [179]

* YVO4 nanoparticles where multicolor down-conversion tuning from blue to red
was demonstrated by varying the concentrations of Dy>*, Eu3™, and Sm3* [184].

All the above example point out that control on the doping content enables tuning
of the UC luminescence and color emission as well as concentration quenching
poses constraints to this control.

An interesting solution to the drawback of concentration quenching was provided
based on lattice confinement of dopants. For enhancing UC emission in Er-doped n-
PSPs, distribution of lanthanide ions (Yb at a content as high as 98 mol%) in arrays
of well defined order and structure clusters in crystals with orthorhombic crystalline
lattice was demonstrated to generate a four-photon-promoted violet UC emission
from Er’* with a greatly enhanced intensity [30]

3.3.4 Size and Surface Effects

Another nanoscale-related effect influencing the optical properties of lanthanide-
doped nanocrystals is the increased surface-to-volume ratio that points out the role
of the surface and surface-related defects and disordering. While, investigation
of bulk PSPs lets gain deep understanding on many luminescence mechanisms,
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nanotechnology and quantum effects have been a driving force for gaining a com-
prehensive picture of the luminescence processes of PSPs including the influence of
surfaces [185].

Increased surface-to-volume ratio involves differences in the emission spectrum
of inner versus surface dopants, increased concentration of surface dopants for
decreasing size, high proportion of weakly coordinated dopant ions, changes in the
coordination and bond-strength of atoms of the host, enhanced contribution from
defects and solvent/surfactants.

For example, NaYF4:Yb/Er (20/2 mol%) n- PSPs exhibit intense UC lumines-
cence under 980 nm near IR excitation energy that is efficiently absorbed by Yb ions
and transferred sequentially to the emitting levels of nearby Er>* ions by means of
the 2F5/2(Yb3+) — 4111/2(Er3+) pathway. Three emission bands centered at 525,
542, and 655 nm result from the 2Hjy/2, *S32 = *I1sp2 (green) transition and from
the *Fopno — *1isp (red) transitions of Er3t assisted by multiphonon relaxation
processes bridging the different excited states of Er’*. Turning to NaYF4:Yb/Er
(20/2 mol%) n- PSPs with size around 50 nm, size-dependent optical properties can
be observed in that the total emission intensity and the green-to-red intensity ratio
both increase for increasing size. These experimental evidences can be ascribed
to the decreased influence of surface defects- and ligands-induced quenching of
UC (through phonon-assisted non radiative relaxations among the excited levels
of Er3t) for n- PSPs getting larger [186]. Turning to ultrasmall n-PSPs, colloidal
a-NaYF4:Er/Yb nanoparticles show size-dependent UC emission with dominant
red (*Fopn — *1;sp2 transition) and green (2H11/2, 1S3 — Hlsp transition) color
emissions for size of 5.1 nm and 8 nm, respectively [187]. Because of such a small
size range, color emission and its changes are ruled mainly by surface dopants as
compared with interior dopants.

In general, surface-induced effects (lowered strength of the crystal field around
the surface dopants, luminescence quenching, excitation transfer from inner to
surface atoms, difference between surface and core dopants, increased fraction
of surface dopants as the size of the nanoparticle decreases, non radiative-losses)
cause that luminescence of n-PSPs may be less efficient than the one of the bulk
counterparts.

Since ultrahigh sensitive fluorescent label for biomolecule imaging demands
ultrasmall (i.e., sub 10 nm-size) n-PSPs with efficient luminescence yield, synthesis
approaches must face the challenging task of providing structural order over sizes
smaller than 30 nm, fine control on size-dispersion and composition.

Hexagonal-phase B-NaYF4 co-doped with Yb-Tm pair (blue-emitting com-
pound) or Yb-Er pair (green-emitting compound) yields one of the most efficient
UC n-PSP [11, 155, 188, 189]. However, the synthesis of smaller and smaller
nanoparticles, that demands decreased reaction temperature and shortened reaction
time, drives formation of cubic-phase a-NaYF4 with UC emission efficiency order
of magnitude lower than the hexagonal phase [35]. Sub-20-nm sized hexagonal-
phase NaYF, nanocrystals were synthesized in organic solvents in presence of toxic
organometallic precursors and hazardous coordinating solvents [190], which makes
this wet-chemical route environmentally undesirable.
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As an alternative, tuning of size (down to ten nanometres), phase (cubic or hexag-
onal) and UC emission color (green to blue) was demonstrated in NaYF4:Yb/Er and
NaYF4:Yb/Tm nanocrystals by doping influencing composition and growth rate
through surface charge modification at finely-defined dopant concentrations [35,
191].

To synthesize f-NaYF4 nanoparticles doped with Yb/Er(18/2 mol%) and size
ranging from 25 to 10 nm, doping of lanthanide ions with a size larger than
Y3t (@ = 1.159 A) such as Gd** (r = 1.193 A) is effective in stabilizing pure
hexagonal-phase NaYF, nanocrystals for contents up to 60% [35].

In the case of ultrasmall (sub-10 nm-sized) Yb/Tm and Yb/Er-doped LiYF4
n-PSPs that yield blue and green emission, respectively, under excitation with
980 nm NIR radiation, the exciting NIR photons are efficiently absorbed by Yb3*
ions (due to their large absorption cross-section at 980 nm) and the excitation is
transferred to Tm3+ and Ert ions [183]. As particle size is scaled below 5 nm,
the photoluminescence intensity associated with the characteristic peaks of Tm3>*
and Er¥*becomes negligible due to surface quenching. Instead, confinement of
dopants by an outer LiGdF4 shell enclosing sub-10 nm-sized LiYF4:Yb/Tm and
LiYF4:Yb/Er nanocrystals lets a remarkable enhancement of the photoluminescence
yield with tunable color emission (bright blue, sky blue, aqua, aquamarine, and
green) depending on Tm3*+ and Er’* concentrations. In fact, in order to suppress
ET to the crystal surface, spatially confine surface lanthanide ions, protect optically
active dopants against surface quenching species, suppress cross-relaxation and
ET interactions between lanthanide dopants and enhance the UC efficiency, a
conventional effective strategy is the deposition of an inert shell of an un-doped
material around the lanthanide-activated n-PSP (surface passivation) [192-196].
Among literature reports, luminescence enhancement of nearly 30 times was
demonstrated for 8 nm NaYF4:Yb/Tm nanocrystals after depositing a 1.5 nm thick
NaYF, shell [193] as well as a two-fold increase in luminescence intensity was
reported from NaYF4:Yb/Er nanocrystals coated with a NaYF, shell [194].

In general three different classes of core—shell designs have been developed:
(i) dopants are entirely incorporated in the core region of the core-shell structure
(“passive-shell” coating design) [192], (ii) different lanthanide dopants are used for
the core and shell regions (“‘active-shell” coating design) [197], (iii) an optically
active sublattice initiates energy migration to bridge ET processes through the
core—shell interface (energy migration core—shell design) [198].

In practice, a homogeneous core/shell structure (meaning with identical material
for shell and host of the core region) can be detrimental for in vivo bio-imaging
due to possible leaking of RE ions from the host lattice. Whenever the host is
a fluoride crystal, a suitable choice of the shell material can be calcium fluoride
(CaF;) thanks to its superior biocompatibility, high optical transparency, inactivity,
low lattice mismatch with NaREF,4 nanocrystals and prevented leaking effects of
RE ions.

Core/shell structures let both enhance luminescence efficiency and provide
n-PSPs with better stability in water media. In this respect, the surface of RE-
doped n-PSPs dispersed in aqueous solutions greatly adsorbs hydroxyl species that
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enhance fluorescence quenching. Hence, the role played by a shell is shielding the
core of RE-doped n-PSPs from water, that is beneficial for applications requiring
the penetration of ultrasmall n-PSPs into a biomedical environment.

Other strategies of structure manipulations are assembly of nanoparticle building
blocks with different chemistry and coupling of metallic nanoparticles to lanthanide-
doped nanoparticles [199].

Definitively, spatial confinement of dopants combined with advances in the
synthesis of nanoparticles and ability to tune their interactions and relative locations
in properly designed structures open up new opportunities for multicolor tuning.

3.3.5 Excited State Dynamics

Size confinement of lanthanide dopants can remarkably affect spectroscopic
dynamic quantities, such as probability of either radiative or non-radiative
transitions, lifetime of the intermediate states provided by RE ions, thermal line
broadening and thermal line shifting.

Turning from bulk to nanoscaled PSPs can change the radiative decay rate, i.e.,
the radiative lifetime, due to two effects mainly: (i) change of the refractive index by
tuning of size and surrounding medium of the nanoparticles [200, 201] and (ii) field
oscillations stemming from coherent interference between the exciting field and the
lattice electrostatic field along the radius of the emitting nanoparticle [201-203].

About point (i), the radiative emission rate calculated by the Judd-Ofelt
formula should be evaluated by considering an effective refractive index
negf(X) = xnNp + (1—x)ng, where x is a filling factor accounting for the effective
volume occupied by nanoparticles, nyp is the refractive index of the nanoparticle
material and nq is the refractive index of the dielectric surrounding/embedding the
nanoparticles. This approximation for calculating the radiative lifetime from the
Judd-Ofelt theory is valid for nanoparticles with average size much shorter than
the exciting wavelength (sub-wavelength regime). On the other hand, because of
coherent interferences, inhibition of the spontaneous emission has been reported for
nanoparticles with size ranging from 100 nm to 2 pm and with different dielectric
surrounding media [201].Therefore, the lifetime of spontaneous emission of PSPs
can be increased by scaling-down the size to the sub-wavelength regime and/or
changing the surrounding medium.

Another important issue of scaling down size to the nanometer range is about
the density of states (DOS) of phonons which turns from continuous (Debye
approximation) to discrete with a size-dependent cutoff frequency in the low energy
side, meaning that phonon modes are absent below the cutoff frequency [135, 149—
151, 204].

As already discussed about the criteria to be fulfilled in selecting the host matrix
of PSPs, non-radiative relaxation can be linked to the cutoff of low-frequency modes
of acoustic phonons according to the modified exponential energy-gap law of Van
Dijk and Schuurmans. Since spatial confinement does not change phonon DOS
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at high frequencies, a non-radiative decay taking place via the emission of high-
frequency phonons shouldn’t be affected by size confinement. A restricted number
of phonon modes implies a restriction of non radiative relaxation channels which
inhibits decays between states spaced by a small energy gap. Nonradiative decays
and thermalization between electronic states with energy spacing near or higher than
the Debye energy of the lattice are not significantly affected by size-confinement.

On the other hand, whereas the localized nature of the 4f-shells of RE elements is
not affected by spatial confinement, size-dependence of electron-phonon interaction
due to modified phonon DOS is expected to influence luminescence dynamics. For
example, quantum confinement has effects on ET processes. In fact, ET involves
migration of electronic excitation of ions (sensitizer-activator and ions of the host
lattice) by resonant ET and/or phonon-assisted ET [115] and phonon DOS enters in
the calculation of phonon-assisted ET [205]. On the other hand, the rate of ET also
depends on the distance between the interaction ions. As the size of the nanoparticle
gets smaller and smaller, the hopping length and the probability of the donor-to-
acceptor ET are lowered because the probability that a donor can find a neighboring
matching acceptor decreases, the numbers of acceptors and donors are lower and
defect sites can prevent efficient energy migration by trapping effects. Moreover,
as a consequence of the size-dependent phonon DOS, the nonradiative relaxation
of ions from excited electronic states may differ from the bulk system leading to
peculiar effects such as anomalous thermalization [9].

Size-confinement can also account for the remarkably reduced UC efficiency
of nanophosphors with respect to the bulk counterpart. For example, when both
resonant and ET contributions are considered in Y20,S:Er 3+ nanocrystals for the
4S5/, — ;55 fluorescence decay of Er3T, it results that the efficiency of phonon
assisted ET drops for decreasing nanoparticle size and the rate of resonant ET
decreases for size smaller than 20 nm [204].

Very efficient UC emission in nanocrystals was demonstrated through energy
clustering at the sublattice level in Er-doped nanocrystals with orthorhombic lattice
structure doped with Yb3t ions (KYbs_xLuyFy: Er(2%)/Yb) distributed in arrays of
tetrad clusters up to concentration of 98 mol % [30]. This particular design preserves
the excitation energy because Yb3*-Yb** ET is confined and minimizes ET to
defects leading to an unconventional very intense four-photon-promoted violet UC
emission from Er3t [30].

Size and size-distribution dependence at the nanoscale is also reported in the case
the emission decay-patterns. A quantity to be considered in fluorescence transitions
is the lifetime of the optical center, that is the inverse of the probability of the
transition under examination, which is the sum of several probabilities related to
radiative and non-radiative independent processes. In general, the decay curves can
be represented by a mono-exponential decay based on the following formula:

I=Ioexp(_t/_t)
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where I and Iy are the luminescence intensities at times t and 0, respectively, and
T is the radiative decay time. In lanthanide-activated nanophosphors, the decay
patterns of the luminescent ions can deviate from the standard exponential law of the
bulk crystal and exhibit multiexponential decay ascribed to several contributions:
intrinsic phonon modes, vibration energy of surface ligands, solvent-mediated
quenching, different probability of nonradiative decay of near surface outer ions
and ions in the core of the n-PSP, surface water, surface interactions and defects,
inhomogeneous distribution of dopants throughout the nanoparticle volume [31, 32,
101].

About decay patterns, particle getting smaller and smaller may exhibit enhanced
or decreased decay time depending on doping [206-208]. While single-exponential
decay profiles with a lifetime comparable to the un-doped host take place in presence
of large ion-ion spacing (diluted doping), increased content of the luminescent ions
can result in non-exponential decay behavior of the photoluminescence intensity
[209]. Also, increasing excitation intensity can promote non exponential decay time
as well as shortening of the effective average decay times [210].

Also, emission line width may be size-dependent through size-dependent
electron-phonon coupling.

Theoretical analysis of the size-dependence of phonon DOS and electron-phonon
coupling indicates that electron-phonon coupling is not size-sensitive and size-
effects on broadening and shifting of the spectral lines can be likely observed only
in the limit of low temperatures and very small particles (much smaller than 50 nm)
[135].

As already discussed about bulk PSPs, broadened width of a spectral line
may be a direct consequence of electron-phonon coupling: while inhomogeneous
broadening is related to defects and non uniform shift of the electronic energy levels,
homogeneous line broadening results from temperature-dependent phonon coupling
(weak ion-phonon coupling). Temperature-dependent line shifts are also related to
electron-lattice interactions. Temperature-dependent line-width and shift can be
expressed by the McCumber-Sturge relationships (formulas 3.1a and 3.1b) [148]
that are valid for the continuous Debye approximation of phonon DOS. Therefore,
the McCumber-Sturge relationships are no longer valid when size-confinement
make the phonon DOS to become quantized [151] and in presence of strong and
dominant vibronic effects [142, 143].

Notably, in n-PSPs the vibronic coupling strength (the so-called Huang-Rhys
parameter) that accounts for the electronic-transition related lattice displacement
[145] is expected to change compared to bulk PSPs with continuous phonon DOS.
As a consequence, UC and relaxation dynamics become more complex and need
further theoretical investigation.

Further effects of the spatial confinement and its influence on electron-phonon
coupling are: (i) modified temperature-dependence (from T to T?) of the linewidth
of characteristic transitions of Eu3* in Y,03 [211], (i) increased lifetime (from 220
ns to 27 us) of a multiplet of Eu3T in Y,0j3 nanocrystals as compared to the bulk
counterpart [212], and (iii) size-dependent elimination of direct phonon relaxation
in Y,0,S: Bt nanocrystals (anomalous thermalization) [149].
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3.3.6 Unconventional WL Emitting n-PSPs

Over the past years most experimental efforts in multicolor tuning of the emission
from n-PSPs have been devoted to obtain white light emission and implement
white LED exceeding the performances of conventional incandescent or fluorescent
indoor and outdoor lamps without the intense blue of pumped LEDs. Among
strategies to design white LEDs, the most popular have been either combining blue
LED and yellow phosphors or mixing red, green and blue emissions from phosphors
excited with an UV or IR source (RGB phosphors). In this case a single host crystal
is preferred and multicolor emission is provided by a single RE-dopant letting mul-
tiple emitting colors (Sm3T, Eu* or Dy>™), by lanthanide co-dopants (Ce>*/Mn>t,
Ce3t/Tb3t, Ce*t/Hot, Tb/Sm etc.) based on ET or by multiple dopants emitting
different colors (Ce3*/Li*/Mn?*, Eu?+/Tb>+/Tm3*+ Eu>*/Tb3* /Eu’t) [45].
To rationalize, WL emitting PSPs can be grouped in four main classes:

* single-phase host material singly doped with a lanthanide ion,

» a single host or different hosts containing multiple RE ions with red, green and
blue emission or yellow and blue emissions,

* codoping lantahanide pairs enabling ET processes,

» defect-related luminescent materials based on optically inactive host crystals
including optimal traces of activators (such as carbon impurities) [45].

An overview of the available literature demonstrates that combinations of RE
dopants and single-phase compounds containing REs as stoichiometric components
have been dominant classes of (nano)phosphors. In this context, the investigation
of RE-free and optically active single-host new sources of broad-band WL is an
interesting field of research, that can prompt interest both at the fundamental and
market level as well as provide relevant progress and raise challenging fundamental
and practical questions.

Recently, experimental evidence has been provided of the occurrence of warm
efficient WL emission by still not understood mechanisms from a class of nanoscale
materials still unexplored from the scientific community as WL emitters [65-76].
About experimental detail, a near-IR diode laser excites nanopowders of an oxide
compound and, once the laser pumping power exceeds a certain threshold, the
sample emits a broadband stable intense WL spectrum. Among the investigated
materials, synthesized by the sol gel method, there are:

* Gd3Gas012(GGG):Cr’* nanopowders excited by a continuous wave (CW) laser
diode emitting at 803.5 nm,

+ undoped yttrium oxide (Y203) and Y>03:Nd** nanopowders excited by a CW
laser diode emitting at 803.5 and 975 nm [66, 69, 70],

« yttrium silicate (y- Y2Si207) and Y,Sip07:Yb3+/Er*t/Tm3Texcited by a CW
laser diode emitting at 975 nm [71-75],

» erbium oxide (Er,O3) nanopowders excited by a laser diode emitting at 800 and
975 nm [76].
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Notably, the originality of the obtained results resides in observing stable efficient
broadband WL UC emission by nominally un-doped RE-free oxide nanomaterials
and temperature-independent broadband emission in presence of a single TM (Cr)
dopant for the first time. Indeed, reports on WL emitting materials deal with
optically inactive hosts at least doubly doped with different RE ions or oxides
including RE ions as stoichiometric components [5, 209, 213-223] as well as
TM-doped garnet materials with temperature-dependent emission from TM-dopant
electronic transitions and vibronic features [224-227]. In general, the emission
properties of n-PSPs depend on background pressure, excitation (intensity and
wavelength), composition (dopants and doping content), surface effects, size and
temperature [5, 64, 209, 213, 216, 217, 219, 228-231].

Although the origin of WL emission from undoped Y03 and y-Y»Si;O7 is
still unknown, experimental findings indicate common as well as unconventional
behavior as compared to the existing literature that raise fundamental questions.
Already investigated issues and key points that are worth investigation are listed in
the following.

* It is worth noticing that the observed WL emission is a nanoscale phenomenon,
meaning it is not detectable in the bulk counterpart materials. Hence, gaining
insight in its mechanisms is critical and would be a knowledge milestone both at
the fundamental and practical level. A key point is the spectroscopic properties
of certain undoped nano-scaled oxides in regard to their ability to emit WL even
in absence of luminescent dopant centers such as the widely used RE elements.
This topic puts in evidence a change of the typical expectations in solid-state
spectroscopy turning from bulk crystals to nano-sized systems.

e The primary excitation mechanism was found to be non linear versus diode
power: multi-photon and multi-step absorption processes were demonstrated by
the power-law dependence of the WL emission on the laser pumping power
(I = AP", where 1 is the emission intensity, A is a constant and n is the number
of incident absorbed photons leading to the observed emission intensity) [232].

e The WL emission is a threshold process with respect to the pumping power:
the threshold pumping power necessary to produce WL emission decreases
with decreasing the background pressure and, for given laser output power,
enhanced WL emission results by lowering the pressure. These findings are
consistent with the literature, in what emission can be easily observed under
low pressure conditions as a threshold process with increasing intensity for
decreasing pressure from atmospheric one to the vacuum and at atmospheric
pressure increasing pumping power enables increasing emission intensity [5,
216, 219, 227].

e Although an appropriate dopant and doping content may increase the rate of
WL intensity buildup and lower the threshold pumping power able to switch on
WL emission, even in absence of optically active lanthanide dopants efficient
broadband WL emission was observed. This fact indicates that WL emission
cannot be ascribed to a balanced superposition of primary or complementary
colors as in the case of conventional strategies.
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Unconventionally high doping levels (up to 20% of Nd and Yb) were found to
cause no concentration quenching of the WL emission. Notably, bulk Y,03:Nd
exhibits a threshold content of Nd (a few percents) above which quenching of the
emission intensity is due to ET processes involving neighboring Nd>+-Nd3* pairs
[233]. On the other hand, an increased amount of dopant (at least doubled) can
be added in nanosized phosphors as compared to the bulk counterpart before
observing concentration quenching [180]. This issue, which is peculiar of the
nanoworld and is consistent with our experimental evidence, however does not
let account for the high (up to 20%) dopant content still compatible with efficient
luminescence from Y,03:Nd and Y»Si,07:Yb3H/Er3t/Tm3.

Interestingly, short-living versus stable broadband WL emission was measured
from GGG and GGG:Cr, respectively. On the other hand, stable WL emission
resulted from both undoped Y,03 and Y;03:Nd, with better lighting perfor-
mances from Y;O3 and faster rising time of WL emission from Y;O3:Nd.
Therefore, a different role is played by TM dopants as compared to RE centers in
promoting WL emission in an oxide matrix that shows inherently WL emission.
Importantly, once assessed that doping is not a necessary condition to observe
WL emission, the role played by the dopant in the emission mechanism of WL
from the host matrix is an item that definitely needs additional investigation.
Therefore, dopants seem to act as additional components that can help to study
emission channels to be excluded in interpreting the WL emission from the un-
doped matrix.

About emission dynamics, the dependence of the WL emission intensity on
dopant content, nanopowder size, pumping power, temperature and background
pressure following an interruption of the excitation (decay pattern) and the exci-
tation onset (rise pattern) was acquired. For instance, for Y,0O3 and Y,0O3:Nd,
not single-exponential decay patterns with deviation from a mono-exponential
profile enhanced for smaller size (down to 14 nm) and low temperature were
observed over a temperature range from 33 to 700 K [66, 68]. About changing the
pumping power, no strong dependence of the WL decay was measured. Buildup
times were found of the order of seconds, shortening for increasing pumping
intensity and with size-dependent profile (decreasing and steeper for decreasing
size) [66, 71].

About the influence of temperature, interestingly undoped Y03 and Y,0O3:Nd
(excited at 803.5 nm with pumping power of 2 W) exhibit broad-band (400-
900 nm) WL emission spectra independent on the temperature ranging from
35 to 300 K. Instead, dynamic properties such as the decay rate were found to
be temperature-dependent with faster decay for falling down temperature [66].
On the other hand, (under laser excitation at 803.5 nm and large intensity of
pumping power (2 W)), GGG:Cr shows a broadband unstructured WL emission
profile over a wide temperature range (from 33 to 300 K) without temperature-
dependence and structural transitions [67]. This finding is unconventional by
comparison with literature reports. In fact, GGG:Cr is reported to emit a featured
spectrum with narrow lines stemming from the luminescence of Cr’* ions and
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vibronic side bands up to nearly 200-300 K. For increasing temperature, any
structure is lost and the spectra become broadband-like [223-226].

3.4 Conclusions

Nanophosphors are a class of optical materials that exhibit fascinating and promis-
ing properties at both fundamental and applicative levels of knowledge. Their optical
response can be engineered by size, shape, and phase control as well as composition
and structure tuning. Decisive advancement in the study of n-PSPs has been possible
thanks to progress in nanofabrication, enabling control on size, shape, composition,
structure and surface chemistry of PSPs. In contrast to the size quantum effects
active in semiconductor quantum dots, the size-dependent spectroscopy of RE-
activated n-PSPs is greatly influenced by RE dopant choice, site symmetry, and
content as well as host phase, dopant-ligand distance and surface effects.

The topics considered in this review contribution deal with: (i) fundamentals
of luminescent bulk materials, (ii) RE-elements as activator/sensitizer centers, (iii)
main classes of radiative and non-radiative mechanisms taking place in both bulk
and nanoscaled PSPs, (iv) spectroscopy of n-PSPs as compared to spectroscopy of
bulk PSPs (i.e., the effect of the spatial confinement on the emission dynamical
quantities, such as probability of radiative and non-radiative transitions, lifetime of
the excited states, thermal line broadening and thermal line shifting), (v) influence
of crystal field environment and symmetry, (vi) multicolor-emission by means of RE
luminescent ions in nanoscaled PSPs, and (vii) challenges in the field of white light
emission. About white light sources, recent studies have been reported on efficient
broadband white light emitting n-PSPs consisting of nominally un-doped RE-free
oxide nanopowders and TM-doped hosts with temperature-independent emission.
The novelty of this approach lies in presenting a route alternative to the presently
investigated strategies to obtain WL sources that mainly include RE dopants and
single-phase compounds containing REs as stoichiometric components.
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Chapter 4 ®
Non-radiative Processes in Crystals Qe
and Nanocrystals

John M. Collins

Abstract This paper discusses non-radiative processes relevant to the luminescence
characteristics of optically active ions doped into insulators or large-gap
semiconductors, with particular attention to how these processes are affected as the
particle size is reduced from bulk single crystals to as small as a few nanometers.
The non-radiative processes discussed in this article are thermal line broadening
and thermal line shifting, relaxation via phonons between excited electronic states,
and vibronic emission and absorption. One prominent effect of confinement in the
systems of interest is a reduction in the phonon density of states. Thus, we focus
on how these non-radiative processes are altered due to the change in the phonon
density of states as particle size decreases.

4.1 Introduction

Inorganic insulators doped with rare-earth ions and transition metal ions represent an
important class of luminescent materials for many applications, including phosphors
for lighting, scintillators, solid-state laser materials, bio-markers for imaging,
and nanothermometry. Following excitation by radiation, the optical ions usually
undergo some degree of non-radiative relaxation, releasing part or all of its energy
to the lattice. During the non-radiative relaxation, all or part of the electronic energy
initially stored in the optically active ion is converted into phonons.

The specific non-radiative processes addressed in this work are thermal line
broadening, thermal line shifting, decay via a phonon from one electronic level
to another, vibronic transitions, and phonon-assisted energy transfer. Generally
speaking, the two main effects of going from the bulk to the nano are: (1) an increase
in the surface to volume ratio, and (2) a reduction in the phonon density of states.
In this paper we focus on the second point. Most non-radiative processes that play
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a significant role in the luminescent properties of these systems involve phonons,
and most of those are determined in part by the phonon density of states of the
lattice. One goal of this paper is to present results that demonstrate how the reduced
density of states in nanoparticles affect the aforementioned processes, and under
what conditions will such affects be noticeable.

To set up the problem, we first address the following question: How is the energy
stored in the electronic system of the optically active ion converted into phonons?
To answer this question, it is useful to first review the notion of an adiabatic process.

4.2 The Phonon Density of States in Nanoparticles

Consider a simple cubic solid with side length L and atomic spacing a. The
wavelengths of the phonons vary from roughly twice the atomic spacing to twice
the side length of the particle. The energy of a phonon in such a solid is given by

o = Mvs s @.1)
N Y :

where v is the velocity of sound, n = (nzx + n2y + nzz)”2 and ny, ny, n; are
integers ranging from 1 to L/a. Note that the maximum phonon energy is determined
by the interatomic spacing, and so is independent of the particle size, while the
lowest frequency phonons increase in energy as the particle size, L, decreases. Thus,
many low frequency phonons that exist in the bulk are no longer supported in a
nanoparticle.

Calculated phonon densities of states (DOS) of cubic nanoparticles 15 x 15 x 15
atoms on a side (L~3 nm), 25 x 25 x 25 atoms on a side (L~5 nm), and that of
a nanoparticle 250 x 250 x 250 atoms on a side (L~50 nm) have been calculated
using the speed of sound equal to 3400 m/s and an interatomic spacing of 0.2 nm.
The modes were accumulated in 1000 bins, which for the diagrams show were each
approximately 0.5 cm™! in width. The results are shown in Fig. 4.1. Also, Fig. 4.2
shows the same results, but with the phonon energy range between 0 and 100 cm ™.
We note the following:

1. For the 250 x 250 x 250 atoms system, the DOS exhibits a £ dependence, as
expected from the Debye theory, out to a frequency at which the DOS reaches a
maximum. At higher energies, the DOS is decidedly un-Debye-like, decreasing
smoothly to zero. This behavior is due to the finite size of the crystal.

2. For the smaller particles, the DOS is a discrete function at lower energies,
with a large energy gap between zero energy and the first mode. For 250 nm
particles, the DOS appears nearly continuous at all energies, and is very similar
in appearance to the DOS in a bulk cubic particle. Figure 4.2, shows the DOS at
low phonon energies.
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Fig. 4.1 The phonon density of states vs. phonon energy of cubic nanoparticles with (top left)
15 x 15 x 15 atoms, (top right) 25 x 25 x 25 atoms, and (bottom) 250 x 250 x 250 atoms. The
velocity of sound was set to 3400 m/s

3. The results in Figs. 4.1 and 4.2 are for cubic crystals, but the discreteness of the
DOS at low energies is a common feature to all very small particles. The exact
shape of the DOS function, however, depends on the particle shape.

The discreteness seen in the small particle is due to the fact that in going from bulk
to nano, the total number of phonon modes decreases drastically. This decrease can
be shown by noting that the total number of phonon modes is simply 3 N-6, where
N is the number of atoms in the particle, and can be estimated as N ~(L/a)3. For
a bulk crystal with L =0.3cm and a = 0.2 nm, 3 N ~ 4.5 x 102!, whereas when
L=3nm,3 N ~ 4.5 x 103. Thus, going from a particle size of 0.3 cm—3 nm the
total number of allowed phonon modes decreases by 18 orders of magnitude! As a
result, the phonon spectrum is no longer a continuous function of energy.

Given the importance that phonon-related processes play in the luminescence
behavior of ions in solids, the drastic change in the phonon DOS as one moves from
the bulk to the nano-regime is likely have observable experimental effects. In the
following sections, we take note of experiments that have, and in some cases have
not, revealed such effects.
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Fig. 4.2 The phonon density of states shown in Fig. 4.1 in the energy range from 0 to 100 cm™!

4.3 Effect of the Phonon DOS on the Establishment
of Thermal Equilibrium

Following absorption of a photon, a luminescent ion generally relaxes to a state of
quasi-thermal equilibrium. The time it takes to reach this quasi-thermal equilibrium
is generally on the order of picoseconds. The relaxation can be within a single
electronic state or among different electronic states, the latter of which would
require the breakdown of the adiabatic approximation. Even relaxation within the
same electronic state requires the participation of all phonon modes and the mixing
of those modes for thermal equilibrium to be established. For small particles, where
the low frequency modes are discrete and well separated from one another, we may
expect the establishment thermal equilibrium following excitation to be inhibited.
Experimental evidence of this effect has been observed by G. Liu et al. [1, 2],
who conducted emission and excitation experiments on nanoparticles of Er-doped
Y,03 with radii of ~400 nm and 25 nm. Figure 4.3 shows an emission spectrum
at 3 K of the *S3» —*1;1,> transition of Er in Y,03 following excitation with a
pulsed laser at energy levels into the 4F;/, manifold. Excitation into the *F75 levels
is followed by fast relaxation to the #S3/, resulting in the population of the upper
crystal field level of that manifold, level (b) in Fig. 4.3. In the 400 nm particles, the



4 Non-radiative Processes in Crystals and Nanocrystals 83

50000 1 /2 a —— Nano
- - - Bulk

40000

30000

20000

10000 :
| I \ I

‘h ‘/\h‘ \ s e
Yt NRRNUARR |

Fluorescence Intensity (Arb. Unit)

*
A,
1 A b
«,w'»,»,,y-’f WA,

| »
/l/\l,\*v\’r

O T T T T T T T T T T T T

18190 18200 18210 18220 18230 18240 18250 18260 18270 18280

Emission Energy (cm-1)

Fig. 4.3 The luminescence of the 4S30-*1;5» transition in bulk (dotted line) and diameter
nanocrystals (solid line) of Er:Y,0,S at 2.6 K [1]

emission originates from only the lowest energy level of the 4S5/, manifold. In the
25 nm nanoparticles, however, anomalous hot emission bands are observed. This
is an interesting result. Apparently, in the 400 nm particles there is fast relaxation
from level (b) of the *S3/» manifold to its lower metastable level (a), and so all of the
emission is from level (a). In the 25 nm particles, however, there are no available
modes to accept a phonon of that low frequency (~25 cm™!). Consequently, the
one-phonon decay process at that energy does not occur in the nanoparticle, and
level (b) remains populated long enough to emit a photon. It is interesting to note,
however, that above ~8 K the emission from level (b) is no longer observed. It is
speculated that the non-radiative decay from level (b) to level (a) can be bridged via
due to two phonon (or higher-order) processes.

This experiment demonstrates the effect of the discreteness of the phonon DOS
and lack of low energy phonons in small particles. However, it also hints that
observing such effects may be difficult; the discreteness of the phonon DOS can
be masked by second-order processes and/or by the mixing of phonons due to
anharmonic contributions to the potential, even at low temperatures.
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4.4 Thermal Broadening and Shifting of Sharp Spectral
Lines in Nanoparticles

In this section, we focus on the changes in the density of states of nanoparticles
of different sizes affects the shift thermal broadening and shifting of sharp spectral
lines.

4.4.1 Broadening of a Spectral Line in a Nanoparticle

The thermal broadening of a spectral line is driven by Raman scattering, in which
system in electronic state ¢; absorbs (emits) a phonon at frequency wg and then
emits (absorbs) a phonon at wy/. This process is shown in Fig. 4.4. The probability
per unit time of this process due to modes k and k' is:

2 712
(Wranan)w = 7 | |"oxneopmi (s + 1 p () 4.2)
where p(wy) is the final phonon density of states, ny is the occupation number
of the kth phonon mode, and lo/'| contains information on the electron phonon

coupling [3, 4]. For bulk crystals, the total contribution of the Raman process to
the broadening of a spectral line usually carried out by integrating Eq.(4.2) over all

A A

¢]. rlk-l-l,nkr—l ¢i nk—kl,nk:-l
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+ s
¢.j Ny l’nk CPJ ny, I'Ikﬂ—].
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Fig. 4.4 Diagram showing the Raman processes responsible for the thermal line broadening. The
left diagram shows the absorption of a phonon at frequency v and the subsequent emission of a
phonon a frequency vy/. The right diagram shows a similar process, with the order of the emission
and absorptions switched. ¢; represents the intermediate electronic state
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phonon modes, assuming a density of states given by the Debye approximation. For
nanoparticles, however, the density of phonon states is a discrete function, and the
sum over states must be carried out computationally.

The total transition rate is found by summing over all final states of the lattice,
subject to the condition that energy must be conserved. In nanoparticles, the density
of phonon states, p,un(®), depends on the size and shape of the sample. Examples
are shown in Figs. 4.1 and 4.2. In describing the density of phonon states, it is
important to recall that each phonon mode represents a resonance peak with a
particular line shape (f{w)) and line width (Aw). The density of states may be written
as:

Pnano (@;) = g (w;) f (w;), 4.3)

where g(w;) is the degeneracy modes at frequency w;. Though the line shape is more
correctly represented as a Lorentzian, we shall simplify the shape to the “top hat”
function, that is:

1/Aw for  — Aw <w <w+ Aw

4.4
0 elsewhere 4

f(w)={

We also assume that linewidth of each resonance, Aw, is independent of w. For
sharp spectral lines, we further assume that the main contribution to the broadening
occurs when |y — wp| < Aw/2, that is, the phonons in the scattering process are
of nearly the same frequency. In such a scheme, we may approximate the density of
final states as

0 (®f) = Pnano (@) Prano (@k) AwAW'S (w; — w;') (4.5)

Summing Eq. (4.2) over phonon frequencies, and using Egs. (4.3), (4.4) and
(4.5), the total transition rate of the Raman process is

2
Wraman = % |Ol/| Zigz (o) w/%nwk (nwk + ]) f2 (w) Aw

2 (4.6)
= 2—7; o ﬁzigz (a),-)w,-znwk (nwk + 1)

The degeneracy term g(w) includes all modes within a range w + Aw/2. The
temperature dependence is contained in the occupation numbers of the phonon
modes, which is given by the Bose-Einstein distribution:

Mow = Somr =T %))
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Fig. 4.5 Temperature dependence on the thermal broadening of a spectral line (given by the sum
in Eq. (4.6)) for cubic nanoparticles (15 x 15 x 15-blue, 25 x 25 x 25-green, 100 x 100 x 100-
red, 1000 x 1000 x 1000-cyan) for temperatures ranges 1-30 K (left) and 30-700 K (right)

The temperature dependence of the sum in Eq.(4.6) is shown in Fig. 4.5.
The energy axes in Fig. 4.5 are broken up into 1000 bins, each of energy ~
0.5 cm™" g(w;) is given by the number of modes in the i bin, where w; is the
central frequency of the bin. The sum in (Eq. 4.6), which carries the temperature
dependence of the broadening, was carried out for four particle sizes (15 atoms x 15
atoms x 15 atoms, 25 atoms x 25 atoms x 25 atoms, 100 atoms x 100 atoms x 100
atoms, and 1000 atoms x 1000 atoms x 1000 atoms) at temperatures from
temperatures from 1 K to 700 K.

‘We make the following observations regarding these results.

1. The strongest temperature dependence of the line broadening for all particle
sizes occurs at temperatures below 10 K. For the 3 nm (15 x 15 x 15 atoms)
nanoparticle, the temperature dependence is strong between 1 K and 10 K.

2. Above 300 K the curvature of the lines in Fig. 4.5 are independent of particle
size, thus thermal dependence of the broadening should be the same for particles
of all sizes.

3. Figure 4.5 also shows that above ~10 K the expected broadening is larger
for smaller particle sizes. However, this effect depends on the details of the
calculation (e.g. the binning of the data and the “top hat” line shape function),
and should not be taken too seriously.

To understand the strong temperature dependence of the broadening at low
temperatures, it is useful to consider not just the phonon density of states, but also
the phonon occupancies. Figure 4.6 shows the product pyu,0(€)n(€) for the 3 nm
particle at T = 10 K, 100 K, and 500 K. At 10 K, only a few modes are occupied,
and, in addition, the phonon occupation numbers are very small, much less than 1.
At 1 K, the occupancy of the lowest mode in the 3 nm particle is ~10~23. Thus, in a
nanoparticle there are essentially no phonons at 1 K, so there is no broadening. This
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Fig. 4.6 Graphs showing the number of phonons as a function of phonon energy, i.e. o(€)n(e) vs.
€, for cubic nanoparticles 15 x 15 x 15 atoms (size ~3 nm) at T = 10, 100, and 500 K

helps explain the steep slope for the 3 nm particle in Fig. 4.7 at temperatures less
than a few degrees K.

Using hole-burning experiments, Meltzer and Hong [5] examined the broadening
of the "Fy —>Dy transition of Euy O3 spherical nanoparticles of different diameters
(5.4, 7.6, and 11.6 nm) at temperatures between 4 K and 10 K. They observed
a T" dependence, where 3 < n < 4, for the thermal broadening of the line. This
dependence is much smaller than that shown in Fig. 4.5 for the 15 nm particles, and
was also much smaller than their own calculated predictions. In contradiction to the
results in Fig. 4.5, the authors observed the thermal broadening increasing as the
particle size decreases. To explain this they refer to calculations that posit an inverse
relation between the electron-phonon coupling and particle size [6].

Erdem et al. [7] measured the linewidth of the 2E—*T, transition of Cr-doped
YAG nanoparticles at temperatures from 30 K to 300 K as a function of particle
size (Fig. 4.7. The results assumed a Debye phonon density of states and a Debye
temperature of 550 K and where the electron-phonon coupling parameter, o/, was
allowed to vary. The fits to equation are reasonably good, showing that even in
nanoparticles as small as 28 nm behave similar to the bulk crystal. This is consistent
with the behavior shown in Fig. 4.5. Similar results were also reported by Bilir et al.
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on the temperature dependence of the linewidth of Nd-doped Y,>O3 nanoparticles
ranging in diameters from 16 to 250 nm [8].

The examples above show an unresolved conflict in the behavior of the electron-
phonon coupling as the particle size changes. Whereas Meltzer et al. [5] suggest an
increase in the coupling as the particle size decreases, the data from Erdem et al. [6]
and Bilir et al. [8] suggest a decrease in the coupling as particle size decreases. And
finally, Suyver et al. [9] conclude that electron-phonon coupling is independent of
particle size. These works indicate that a definitive answer as to how the electron-
phonon coupling changes with particle size remains elusive.

4.4.2 Shifting of a Sharp Spectral Line in a Nanoparticle

Any interaction of a system an external agent will, in general, affect the energies
of the states of the system. Thus, we expect that phonons interacting with an ion
in a solid will shift the energy levels of the ion. As temperature increases, these
interactions also increase, leading to the so-called thermal shift of the energy level.
In a perturbation treatment, the change in energy the level found in the diagonal
matrix elements containing the Hamiltonian of the perturbing interaction, i.e.,
matrix elements for which the initial and final states of the system are unchanged.
The contribution of the electron-phonon interaction is a second-order effect. The
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relevant Raman processes involve the virtual absorption and emission of phonon of
the same frequency. The correction to the energy of the electronic state due to the
electron-phonon interaction is given by [3]:

0 2
Aei,k=Mivz (#01valef) +3° —K MLl

wr 2ng + 1) 4.6)
py

To find the total thermal shift of the particle, we neglect the contribution of
spontaneous emission to Eq. (4.6) (i.e., (2nx + 1) becomes 2n;), and sum Eq. (4.6)
over all phonon modes. Referring to Eqs (4.3) and (4.4), the total thermal shift can
be written as:

> \(¢°|V1|¢°>\
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The sum in Eq. (4.7) carries the temperature dependence of the thermal line shift.
Figure 4.8 shows the fit the sum in Eq. (4.7) for cubic nanoparticles (15 x 15 x 15,
25 x 25 x 25,100 x 100 x 100, and 1000 x 1000 x 1000 atoms) at temperatures
between 1 K and 700 K. We see that, as with the line broadening, the main
differences between the shift in large and small particles occurs at very low
temperatures. At high temperatures, the thermal shift is nearly independent of
particle size.

Erdem et al. studied the lineshift of the 2E—*T, emission line of Cr** in YAG in
nanoparticles and in a bulk crystal [7]. The results showed that the thermal lineshift
decreases as the particle size decreases. In that work, they assumed a Debye phonon

Scaled Thermal Line Shift Scaled Thermal Line Shift

TETHERTTETTETT T TR T TR ST B [::3)
f e
il £ L
X i — 15x15x15
— 25x25x25

| — 100x100x100

Il — 1000)(1000)(1000

T I
— 25x25x25

— 100x100x100
—— 1000x1000x1000

Energy (arb. units)
Energy (arb. units)

I

|

10°

1
Temperature (K) Temperature (K)

Fig. 4.8 Temperature dependence on the thermal shift of a spectral line (given by the sum in
equation (78)) for cubic nanoparticles (15 x 15 x 15-blue, 25 x 25 x 25-green, 100 x 100 x 100-
red, 1000 x 1000 x 1000-cyan) for temperatures ranges 1-30 K (left) and 30-700 K (right)
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density of states and a Debye temperature of 550 K, and it was found that, as with
the thermal line broadening data, the electron-phonon coupling parameter decreased
with particle size. Given the lack of a theoretical explanation of the electron-phonon
coupling decreasing with particle size, more work is required to say definitively why
the shift is less in smaller particles.

4.5 Vibronic Transitions

Following excitation, the decay of an isolated ion can occur via (1) emission of a
photon, (2) emission of phonon(s), or (3) the emission of a photon concurrent with
the absorption or emission of one or more phonons. This third process is referred
to as a vibronic transition. In this section we discuss vibronic lines that appear as
sidebands to a zero-phonon line in weakly-coupled systems [10-12].

4.5.1 Vibronic Sidebands of Sharp Lines: Theory

In the limit of weak electron-phonon coupling, the narrow zero-phonon line is
accompanied by sidebands, which result from the modulation of the zero-phonon
transition by the vibrations of the solid. In Fig. 4.9, one immediately notices the rich
structure present in the sideband, structure that contains information of the phonon
density of states. To explain such structure, we must consider the interaction of the
ion with the different phonon modes of the crystal.

The transition rate of a vibronic transition involving the emission of a photon and
of a phonon in the k" mode is governed by terms having the following form:

Wi o [[(@ s 110pnljne) (@nkl Orad|dping)| ?

2 (4.8)
+ (@ ris110raaldjng) (@ jnis11Opnlding)|
where 0,44 and Oy, in Eq. (4.8) represent the appropriate radiative and nonradiative
operators and ¢;, ¢;, and ¢y are the wavefunctions of the initial, intermediate and
final electronic states, respectively. The first term in Eq. (4.8) represents a process
whereby a photon is created in the transition from the initial electronic state to
an intermediate electronic state, and then a phonon is emitted in the transition to
the final electronic state. The second term reverses the order of these transitions.
Figure 4.10 shows a schematic drawing of a vibronic transition that represents by
the second term in Eq. (4.8).

Each of the electronic wavefunctions and the operators have a certain symmetry,
and using group theory one can associate them with certain irreducible representa-
tions. We make the following definitions.

I';: the irreducible representation of the initial electronic state of the transition
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Fig. 4.10 The vibronic emission process with states and transition operators labeled according to

irreducible representations

I'¢: the irreducible representation of the final electronic state of the transition

I';: the irreducible representation of the radiative operator (We will assume that this
is the electric dipole operator.)

I'y: the irreducible representation of the vibrational mode involved in the transition

Thus, for the vibronic transition shown in Fig. 4.10 to occur the direct product
I'i x I'yjp x I" must contain Iy

Tfel; xTyxT, 4.9)
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We note that Eq. (4.9) is merely a selection rule, and can only be used to determine
if a particular transition can occur; it cannot be used to determine the strength of a
transition.

4.5.2 Vibronic Sidebands of Sharp Lines: The Case
of MgO:V*+

Consider the case of a vibronic spectrum in emission at low temperature of
MgO:V>*, shown in Fig. 4.11b [12]. In MgO the V27 ion sits in a site of octahedral
symmetry, surrounded by six oxygen ions. Because the site has inversion symmetry,
electric dipole transitions between two electronic states within the d> configuration
are forbidden. As a result, the purely radiative transitions (accounting for the zero-
phonon line) are driven by the magnetic dipole operator. Odd vibrations of the local
complex destroy this inversion symmetry, so that the vibronic transitions involving
such vibrations are electric dipole allowed.

Fig. 4.11 (a) The density of
states of MgO as determined 1
from neutron scattering [14] I
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We now examine the relationship between theses vibronic transitions in
MgO: V2" and the density of phonon states of the MgO lattice. First, we observe
that the normal vibrational modes of the site symmetry of the octahedral group Oy
are either purely even or purely odd. The representation of the final state (I't ) of
the V2T ion is known to be even. Since the electric dipole operator (I'raq) is odd,
then a transition from the intermediate state via the electric dipole, according to
Eq. (4.7), will be allowed only if the intermediate state is odd. The initial (excited)
electronic state of V21 is also even, so that only odd vibrations will be involved
in the transition from I'; to I'j. Thus, Eq. (4.9) reduces to a statement of the parity
selection rule.

It can be shown that of the phonons modes featured most prominently in the
density of states of MgO, most of them can induce the octahedral complex to
oscillate in one or more of its odd vibrational modes [13]. As a result, nearly all
of the crystal phonon modes are able to participate in the vibronic transitions. The
phonon spectrum of the MgO crystal (obtained by neutron scattering data [14]) is
shown in Fig. 4.11a. The similarity of the shape of the low temperature vibronic
sideband (Fig. 4.11b) to that of the phonon spectrum is striking, and suggests that
the vibronic sideband can be closely related to the phonon spectrum of the lattice.
That these two spectra show similarities and the fact that nearly all phonon modes
of the MgO crystal can cause local vibrations to participate in the transition is
not coincidental. However, proving a one-to-one correspondence between the peaks
(and valleys) of the two spectra is not trivial, since that would require calculating
the transition probabilities for each of the 3 N-6 normal modes of the crystal. Even
if such a calculation could be done, it is no guarantee that such a calculation would
be able to reproduce the observed vibronic spectrum. Generally, the shape of the
vibronic spectrum will not exactly mimic that of the density of phonon states. It
is, however, a practical way of gaining insight into the phonon density of states for
some crystals.

In nanocrystals, where the confinement on the density of phonon states is most
severe, one would expect that changes to the density of states would be obvious in
the vibronic spectrum of the nanoparticle. In fact, such a result would represent the
most direct experimental evidence of the reduced density of states in nanoparticles.
Unfortunately, there is a significant amount of broadening of the zero-phonon line
in small nanocrystals, due to the fact that zero phonon lines from various sites
(due to the proximity of the surface) are shifted in energy with respect to one
another. The sum of the contributions from various sites overlaps with a large
portion of the phonon sidebands of the zero phonon line from the “normal” site.
An example of this is shown in the vibronic spectra of Cr-doped YAG nanoparticles
shown in Fig. 4.9. Perhaps due to the fact that this overlap is most prominent near
in the low energy range of the sidebands, where the most obvious changes (i.e.,
discreteness of the density of states and absence of the very low energy modes) to
the density of states occur, there is no reported vibronic spectrum that clearly shows
the vibronic spectrum changing with particle size. The difficulty in observing this
is also complicated by the fact that the emission from nanoparticles is often very
weak, probably because of the large number of surface states.
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4.6 Conclusions

The goal of the paper was to examine how non-radiative processes depend on
particle size. Given that most non-radiative processes depend on the phonon density
of states in the system under investigation, we investigated how the phonon density
of states depended on particle size. This investigation consisted of calculations of
the phonon density of states for cubic nanoparticle, where it was found that for very
small particles, the phonon density of states becomes very different than for bulk
particles. The most obvious changes in the phonon density of states between macro
and nano-systems occur at the low energy end of the spectrum. The question of how
non-radiative processes in doped insulators are altered as the size of the particles
change from macroscopic to nano-sized was then considered.

The fact that the electronic states of optically active ions in insulators are highly
localized to the site of the ion, the general theory of non-radiative transitions is
largely unaltered as the particle size changes. Using the calculated densities of
states for cubic nanoparticles, we examined the thermal broadening and shifting
of spectral lines for various particle sizes over a wide temperature range. Initial
results hint that the effects of particle size on the broadening and shifting of lines
are most likely to be observed only at low temperatures and in very small particles.
Even in particles on the order of 50 nm, one is unlikely to be able to discern any
contribution to these processes due to confinement effects of the phonon density of
states. Also discussed were how the reduced phonon density of states inhibits the
system’s ability to reach thermal equilibrium and should changes in the vibronic
sidebands in weakly-coupled systems.
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Chapter 5 ®
Quantum Aspects of Biophotonics oo

Jean-Pierre Wolf

5.1 Introduction

Interestingly, while adopted for a long time in the particle physics community as
a usual gauge boson, the photon, i.e. the quantum particle associated with light,
is still sometimes debated in the photonics community. Some weird questions are
associated, like “is this photonic process quantum?”, “is it purely quantum?” or “is it
non-trivially quantum?”. In the present chapter, we will not enter these discussions,
but rather consider processes in which the state of a system is in a quantum
superposition of different states (e.g. a Schroedinger cat) or in which distinct sub-
systems are entangled (via non-locality).

Even more debated is the emerging field of quantum biology [1] in which some
quantum pathways are supposed to be chosen in the process of natural evolution. A
pivotal work was performed in 2007 by G. Fleming [2], in which he demonstrated
that quantum coherent energy transfer takes place in some photosynthetic systems.
More precisely, he studied by 2D-spectroscopy the light harvesting process of the
green-sulphur bacteria, which has an efficiency of almost 100% for transferring
the energy of an absorbed photon to the reaction center. This amazing efficiency
is achieved via a specialized molecular structure called Fenna-Matthews-Olson
(FMO) complex. The time resolved 2D spectra clearly showed quantum coherences
between excitons from multiple pigments within the FMO structure. These results
were originally obtained at 77 K, but further investigations showed that partial
coherence survives, even at room temperature [3]. A major question however
remains: although existing, do these quantum superpositions of states play a major
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role and are they used by Nature to enhance the efficiency of harvesting light beyond
the classical limits? These questions remain open today, and are actively debated in
the literature.

A particular field that uses the dynamics of quantum superpositions of states is
quantum coherent control. The aim, in this case, is to optimize the efficiency of
some photo-biological processes, e.g. vision, by shaping the interacting laser field.
We will dedicate a significant part of this chapter to coherent control methods and
applications in biophotonics.

After an introduction of the basic processes and techniques used in coherent
control, such as quantum pathways interference, we will concentrate on recent
achievements in the field of coherent manipulation of biological objects. Particular
interest will be dedicated to the identification of biological molecules that exhibit
almost identical linear spectra and the wealth of related applications, such as
specific serum proteins and pathogen detection. We show that by playing with
quantum interference between reaction pathways, it is possible to discriminate
nearly identical cellular vitamins [4, 5] and identify selectively proteins (antibodies)
in blood serum. Immunoglobulins G and M, as well as albumin, could be directly
be quantified in blood serum label-free, yielding the first “Quantum Control Based
Bio-assays” [6].

5.2 Basics of Coherent Quantum Control

Coherent quantum control had a significant impact on photochemistry and spec-
troscopy. Not only could the atomic motion be observed within molecules by
snapshots of a few femtoseconds duration, it could also be controlled. The basic idea
of this revolution is the use of quantum interference between different states that are
in coherent superposition so that a target state is reached with maximum probability.
The mechanism reminds interference in optics, where some optical paths are favored
(constructive interference) while others are discarded (destructive interference), as
in Young’s double slit experiment. A key element for achieving this control is the
transfer of coherence from the exciting light field to the atomic or molecular system
via the electric dipole operator. A tailored coherent laser pulse is used to excite a
molecule in a superposition of states, which drives the molecule along a specific
path to obtain a targeted result.

A famous example of coherent control is the Tannor, Koslov and Rice [7,
8] “pump-dump” method (Fig. 5.1), in which many vibrational states of a
molecule ABC are coherently excited for generating a vibrational wavepacket. This
wavepacket explores, as a function of time, a large fraction of the electronically
excited hypersurface. By firing a second laser at convenient times tl or t2, the
molecule is brought back to its ground state but onto different dissociation paths,
resulting in different species AB + C or A + BC. The system can thus be driven to
a specific fragment by using the quantum control of the photodissociation process.
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Fig. 5.1 Coherent control of
the dissociation pathways of
the molecule “ABC ” [7, 8]

[w)

In 1992, H. Rabitz at Princeton introduced [9, 10] the concept of “optimal
control”, in which a feedback loop optimizes the laser pulse characteristics to
reach most efficiently the desired target. For this, a large number of parameters
(corresponding to the amplitude and phase of each spectral component within the
exciting laser spectrum) have to be controlled. This “pulse shaping” technique is
usually performed by introducing a liquid crystal array in the Fourier plane between
two gratings (4f arrangement) [11]. Excellent results in terms of efficiency have
been obtained using genetic-type optimization algorithms [12].

Besides the above mentioned “pump-dump” scheme, other successful control
methods have been extensively applied, including stimulated Raman scattering
(STIRAP), Four Wave Mixing like CARS (Coherent AntiStokes Raman Scattering),
multiphoton absorption and multiphoton ionization. For more information about
general quantum control aspects, a detailed review article has been published by
M. Dantus et al. [13]. The controlled targets can be, for instance, specific fragments,
specific isomers or specific isotopes, but also the enhancement or reduction of the
fluorescence of a specific molecule (by driving it preferentially into other relaxation
pathways). In this respect, a pioneering work has been performed by the group of G.
Gerber [14, 15], in which the capability of distinguishing two different dyes using
2-photon absorption control was demonstrated, although the dyes had similar linear
absorption and fluorescence spectra.

Experiments based on quantum control in biology have also been performed.
Some striking examples are the control of the relaxation pathways in rhodopsin
complexes [16, 17], the vibrational CO ladder climbing in hemoglobin [18] and
pH-sensitive measurements in multi-photon microscopy [19].

An attractive application is the ability of discriminating different biological
systems that are usually undistinguishable with standard linear spectroscopic
approaches. One can think for instance to the early detection of cancer using the
detection of specific proteins, the label-free monitoring of the cell metabolism, or
the detection and identification of harmful bacteria. The aim of this chapter is to
discuss these potential applications of quantum control (Fig. 5.2).
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Fig. 5.2 Experimental implementation of the quantum control based optimal discrimination of
two flavins (RBF and FMN). The experiment relies on fluorescence depletion with an optimally
shaped excitation laser pulse. The pulse shaper uses a 4f line and an acousto-optic modulator
(AOM). (From Ref. [4])

5.3 Use of Optimal Quantum Control for Discriminating
Almost Identical Bio-molecules

The identification or discrimination of molecules and quantum systems that are
nearly identical (proteins, bacteria, etc..) is normally an exceedingly difficult task.
The conventional means of addressing this common need is through various static
spectroscopic techniques, which can be especially difficult in complex remote
environments. However, recent theoretical work showed that two or more quantum
systems, even if they differ only infinitesimally, may be drawn apart to have
distinct signatures through tailored control of their dynamics. Ultrafast broad
bandwidth lasers with adaptive pulse shaping provide a means to implement this
theoretical concept through controlled quantum optimal dynamic discrimination
(ODD) [20]. In collaboration with the group of H. Rabitz at Princeton University,
we demonstrated the capabilities of ODD by discriminating between two almost
identical molecules of riboflavin (RBF) and flavin mononucleotide (FMN) in water
solution, which have virtually identical linear absorption and fluorescence spectra
(see Fig. 5.3a, b) [4, 5]. The successful implementation of ODD opens up numerous
applications including in fluorescence microscopy, protein identification, as well
as possible remote discrimination of different bacteria. A key component of ODD
is operation with shaped laser pulses, which can nonlinearly interact with the
molecules to fully exploit their dynamical capabilities and create discriminating
signatures. The similar optical spectra of RBF and FMN arise from the common
isoalloxazine ring with the only distinguishing feature being changes at the end of
the side chain tail (Fig. 5.3a).
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Fig. 5.3 The RBF and FMN molecules in (a) are very similar exhibiting nearly identical linear
absorption and emission spectra in (b). The shaped UV control is centred at 400 nm and the flavin
fluorescence signals are recorded over a window around 530 nm indicated by the respective arrows.
The controlled optimal dynamic discrimination (ODD) of the flavins operates as indicated in (c)
with a shaped UV pulse coordinated with a time delayed unshaped IR pulse to draw apart the
vibronic dynamics of the flavins in the S; or S, excited states. The unshaped IR pulse serves
to selectively disrupt the subsequent fluorescence signals from the two flavins and the red arrows
indicate various possible means of action for the IR pulses. A typical outcome is shown in (d) where
the ratio of flavin depletion signals, either D(RBF)/D(FMN) or D(FMN)/D(RBF), is maximized.
The reference case corresponds to the application of transform limited pulses. (From Ref. [4])

The present application of ODD utilizes a control field consisting of a shaped
ultraviolet (UV) portion at 400 nm and a near infrared (IR) component at 800 nm,
which is Fourier transform limited. The unshaped IR pulse follows the shaped UV
pulse by a time delay 7, and the structure of the shaped UV pulse is deduced
optimally under adaptive control to achieve ODD in the fluorescence signals from
RBF and FMN. The primary operation of ODD relies on the shaped UV pulse
coherently transferring ground state population into the flavin S; or S excited states
with the IR component likely creating further excitation of the molecules to higher
lying S, states. The IR field disrupts the vibronic excitation in S; or S, created
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by the UV pulse in order to make a discriminating difference in the fluorescence
spectra of RBF and FMN from §; recorded in the window 525-535 nm after a
relaxation period of ~5 ns. Fluorescence is therefore depleted, and this fluorescence
depletion value is used as measure of the molecular response to the field. The overall
mechanism also may take advantage of any beneficial intra- and inter-molecular
dynamical processes, and the ODD discrimination can draw on suitable coherent
and incoherent aspects of the molecular dynamics.

In the first series of experiments the RBF and FMN solutions are in separate
identical flow cells exposed to the same trial shaped UV pulse and time delayed
unshaped IR pulse. An acousto-optic modulator is used to shape the UV pulses. A
sequence of experiments n = 1, 2,.. was performed to record the relative depletion
signal D,

D,(RBF) = [F,,“"d(RBF) — Fnd(RBF)] JF,"" (RBF),

Where F,""(RBF) is the undepleted fluorescence signal from the RBF cell (i.e.,
without application of the time delayed IR pulse) and F,%(RBF) is the depleted
signal in the presence of the IR pulse. An analogous expression applies to D,,(FMN)
for data collected from the FMN cell exposed to the same laser pulses.

The pulse shaper operated through phase modulation with 50 pixels, each on the
range 0-2m, over the bandwidth of the UV pulse (only 3—4 nm). A genetic algorithm
of 30 individuals was used to optimize the UV pulse phases with convergence
typically occurring in 100~300 generations.

Figure 5.3d demonstrates the ability of ODD to significantly draw apart the RBF
and FMN fluorescence signatures in spite of their nearly identical linear optical
spectra in Fig. 5.3b. For a given time delay t, a specific optimal UV pulse is
determined in the adaptive control experiment. The best discrimination was found
for T ~250-500 fs and the procedure was not able to find significant discrimination
for T > Ips indicating a loss of coherence and/or insufficient overlap between the
UV and IR pulses.

With a delay time t typically around 250-500 fs, optimal pulse shapes found
in different runs were very complex and showed considerable difference. They
however produced exactly the same discrimination ratio when applying them,
even weeks after the initial experiment. The underlying mechanisms are currently
investigated, in order to identify whether this behaviour is generic or particular to
this RBF/FMN system.

The assembled set of optimally discriminating laser pulses and their long-term
stable performance permits exploiting ODD as a novel means for detection of nearly
identical molecules when they are simultaneously present in a sample. In this work
the recorded fluorescence depletion signals F,,¢ are utilized, as they are proportional
to their respective flavin concentrations. Thus, the fluorescence signal F;,, (mix) from
a mixture of flavins generated with the n-th control UV-IR pulse pair is related to its
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individual counterparts by
F,(mix) = C(RBF)Fnd(RBF) + C(FMN)Fnd(FMN),

where c¢(RBF) is the fraction of RBF present and ¢(RBF) + ¢(FMN) = 1. The
reference signals F’ .4(RBF) and F,%(FMN) are normalized to their respective con-
centrations deduced in learning the n-th control field, and similarly F,, is normalized
to the total sum of the two flavins present. Two distinct ODD laser pulses could
successfully determine the fractional content of the two flavins (the constrained
relation between the fractions was not used in order to test the capabilities of
ODD). Increasing the number of interrogating optimal pulses improves the standard
deviation of the extracted component concentration fractions and a typical result
using six pulses was ¢(RBF) = 0.35 & 0.04 and ¢(FMN) = 0.68 +£ 0.05 where the
exact values were 0.33 and 0.66, respectively [4].

On a fundamental point of view, the exact molecular mechanisms underlying
the selectivity allowed by the application of the optimally shaped pulses could be
identified by quantum chemistry calculations [5]. It was shown that the optimal
laser field makes use of low-frequency vibrational modes localized on the two
biochromophores side chains (terminated by a phosphate group or by hydrogen) and
selects the regions of their potential energy landscapes characterized by different
transition dipole moments to higher excited states leading to different ionization
probabilities. The resulting modulation of the excited state populations eventually
controls the emitted fluorescence intensity.

5.4 Label-Free Identification of Peptides and Proteins

From the experimental standpoint, one of the major difficulties faced for the
extension of the ODD scheme to proteins (or DNA) was the lack of deep UV (DUV)
laser pulse shapers. This lack of ad hoc instrumentation motivated us to develop a
dedicated MEMS based pulse shaper, in collaboration with CSEM-Neuchatel [21,
22]. This device proved successful for a very broad spectral range from the XUV
[23] to the mid-IR.

First DUV-ODD experiments related to the fluorescing building blocks of
proteins: Tryptophan and Tyrosine. The success of these experiments [24] enabled
to identify tryptophan as ideal molecular target for performing ODD in proteins.
In fact this bright emitting fluorophore displays a defined feature at short time-
delays (<1 ps) that can be easily acted upon by an UV shaped femtosecond laser
pulse and monitored by fluorescence depletion. Given tryptophan sensitivity to its
local environment, it was decided to investigate the potential of ODD specifically on
tryptophan-containing small peptides. We set-up a discrimination experiment aimed
at the ODD fluorescence-based identification within several peptide pairs, otherwise
showing identical fluorescence spectral and time-resolved response [25].
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A first series of feedback driven optimizations aimed at selectivity modifying
the depletion amplitude at a given time delay (600 fs) of a defined peptide against
another. An exemplary plot summarizing the outcome of an optimization run (ala-trp
vs. trp) is shown in Fig. 5.4. In this case, a multi-objective optimization algorithm
was launched with two independent goals: (i) increasing ala-trp fluorescence and
(i1) decreasing trp fluorescence. One can appreciate the result of the procedure by
applying the optimal mask on the two samples and acquiring the time resolved
traces, as reported in Fig. 5.4a and b. In this example, the optimized pulse shape
leads to an increase in the ala-trp time-resolved fluorescence variation by 20%, while
trp remains unaffected. Optimization runs with the same objectives were repeated
several times to evaluate statistical variations on the results. Note that different pulse
shapes were found to lead to similar yields, pointing out the existence of multiple
solutions.

The closed loop optimization procedure was then performed several times for the
opposite set of goals, i.e. (i) decreasing ala-trp-fluorescence and (ii) increasing trp
fluorescence. From the comparison of these traces with reference results obtained
with Fourier transform pulses, we establish the histogram presented in Fig. 5.4c.
The coherent manipulation of the molecular wavepacket leads to a variation of
discrimination power that tears apart the trp and alatrp signatures by more than 8o
(where o is the averaged statistical error on the results measured for a defined pulse
shape).We also verified that the discrimination power DR was dependent on the time
delay At. As expected for a coherent manipulation of the molecular wavepacket, DR
decreases to zero for time delays larger than decoherence time (typically 1.5 ps).
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Fig. 5.5 Histograms of fluorescence depletions for various pairs of molecules. Green: reference
obtained with Fourier-transform pulses, blue: maximization of fluorescence depletion for row
molecule, red: maximization of fluorescence depletion for column molecule. (From Ref. [25])

The same procedure described above was applied to all pairs of dipeptides and
free trp, giving rise to the matrix displayed in Fig. 5.5: In the histograms, bars
indicate the ratios of the depletion values (row molecules over column molecules)
obtained using phase-shaped DUV pulses retrieved by optimizations aimed at
minimizing (blue) or maximizing (red) this quantity. Green bars correspond to
the ratio of the depletion values measured with unshaped pulses. One can see
that for several molecule pairs (trp vs. dipeptides, cyclo(-gly-trp) vs. ala-trp)
the discrimination capability of the method is satisfactory, with a fluorescence
difference between the optimized pulse shapes ranging from 3o (trp vs. cyclo(-leu-
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trp)) to 8o (cyclo(-gly-trp) vs. ala-trp), which is remarkably high considering the
modest bandwidth available for the shaped DUV pulse. This restricted parameter
space does not allow, in opposite, to discriminate other dipeptides like cyclo(-leu-
trp) vs. ala-trp.

It is clear from Fig. 5.5 that even for a group of very similar molecules addressed
with identical experimental resources (laser spectral bandwidth as compared to
absorption bandwidth, shaping spectral resolution), large variations do occur. No
obvious reason emerged from our measurements. For instance, no correlation exists
between the Stokes shifts in the static spectra and discriminability. Similarly, purely
dynamical considerations, based on the time-resolved measurements, would suggest
that, for instance, ala-trp should be more easily distinguished from cyclo(-leu-trp)
(different relaxation time constants) than from free trp, which is not the case. No
correlation with far infrared spectra was found either, stressing the importance
of more complex quantum interference effects than just impulsive driving of
vibrational modes.

As a natural follow up of this benchmark experiment, work is now in progress for
transferring the DUV-ODD method to larger proteins with prospective applications
in the field of label-free, consumable-free medical sensing. The goal of this under-
going study is currently, for instance, to quantify antibodies (such as IgG, 150 kDa)
in blood serum, leading to first “quantum interference based bioassays” [6].

5.5 Quantum Controlled Vision in Live Animals?

The ultrafast investigation of the primary vision process (i.e., the rhodopsin-bound
11-cis-retinal to all-trans retinal isomerization upon photon absorption, Fig. 5.6)
started with the pioneering paper by the Shank group where the arrival in the
isomerization state in less than 100 fs was time-resolved using a transient absorption
Scheme [26, 27]. Shortly after, Wang et al. showed wavepacket oscillations in
this molecule demonstrating that coherence is preserved for at least 2 ps after
photo-excitation despite the passage through the conical intersection leading to
isomerization [27]. This molecular wavepacket is generated by a coherent super-
position of a set of vibronic quantum states, and it evolves after excitation by
the broadband femtosecond laser according to the field free Hamiltonian. The use
of a second laser pulse, however, allows for the manipulation of the evolution of
this wavepacket. For instance, Gerber’s and Cerullo’s groups demonstrated that it
was possible to transfer the excited population back to the 11-cis ground state by
stimulated emission before the transition through the conical emission takes place
[28, 29]. These experiments can be seen as the first level of quantum control of the
photo-isomerization of retinal in the rhodopsin protein.

The isomerization process can, however, be more precisely controlled by tailor-
ing the shape of the molecular wavepacket itself. Modulating the amplitude and
phase of the excitation laser spectral components allows, via the electric dipole
interaction with the molecule, to modulate the phase and amplitude of the different
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Fig. 5.6 Ultrafast manipulation of the retinal photo-isomerization in rhodopsin by pump-probe
and pump-dump schemes acting on the excited states molecular wavepacket

excited wavefunctions, and thus the shape of the matter wavepacket. This concept
of optimal quantum control was introduced by H. Rabitz and widely used since then
for many applications in femtochemistry [10].

The first experimental demonstration of optimal quantum control of the retinal
photo-isomerization in bacteriorhodopsin in solution was performed in 2005 by the
group of R. Dwayne Miller [16, 30]. The experiment relied on the pump-probe
scheme of Fig. 5.6 (without the dump pulse), in which the photoisomerization yield
was probed by the red-shifted absorption from the isomer. The time delay between
the pump and the probe during the pump pulse shape optimization procedure, was
set 20 ps apart, in order to probe long term, stable isomerization. The authors
showed that by applying an optimally shaped laser pulse, it was possible to increase
the retinal’s photo-isomerization yield by 20% as compared to a Fourier limited
femtosecond pulse (Fig. 5.7 a—d). Conversely, an anti-optimal pulse shape reduced
the photo-isomerization efficiency by 20%. Although a scientific debate about the
linearity of the process followed these pioneering experiments, the basic concept of
modulating the photo-isomerization with different pulse shapes was demonstrated.
Successively, the Bucksbaum group set up a similar experiment confirming the
sensitivity of isomerization to phase but only limited to pulses exceeding 10
photons/cm? [17]. Although demonstrated on free bacteriorhodopsin in solution,
these pioneering experiments set the groundwork for investigations on quantum
controlling visual opsins.
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Fig. 5.7 Optimal quantum control of the photo-isomerization of retinal in bacteriorhodopsin. (a—
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shapes in (¢ and d) respectively. These results were obtained by modifying the spectral amplitude as
well. (e, f): results from our group, using different molecules, different lasers, different algorithms,
and by modulating only the phase of the incoming pulse

These experiments also raised an active discussion about the possibility of con-
trolling systems with single photon interactions, which is still ongoing [16, 31-37].
Two main topics emerged from these discussions: [1] whether, in open systems,
the environment can contribute to a control in the linear regime, and [2] whether
amplitude modulation and calibration flaws may lead to the original conclusions
from the Dwayne-Miller group. In order to contribute to the latter part of the
discussion, we reproduced the original experiment with a phase-only pulse shaper
and precisely corrected for laser power fluctuations.
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Interestingly, the spectral phase obtained by optimizations share several char-
acteristics with the ones obtained by Dwayne Miller in that the pulse providing
decreased isomerization bears a picosecond multi-peak structure, while the one
leading to increased isomerization possess a temporal structure close to Fourier-
transform.

More specifically, they realized a transient absorption measurement based on
a shaped excitation pulse in the green (around 550 nm, 40 fs) and a weak probe
pulse at 630 nm to measure the transition to the all-trans isomer. By using a
genetic algorithm to retrieve the optimal phase-shape, the possibility to control the
isomerization yield both for enhancing or decreasing the natural occurring yield
(Fig. 5.7) was demonstrated [38].

However, these works were performed on bacteriorhodopsin in solution, and not
rhodopsin from visiual pigments. These latter proteins are significantly different
than bacteriorhodopsin, although both proteins are seven transmembrane serpen-
tines and use retinal as their light substrate. The signaling pathways from photon
absorption to neuron hyperpolarization are complex. The first step is always retinal
photo-isomerization, which then induces a conformational change of rhodopsin
and opsins and a cascade of reactions involving the activation of transducins (G
proteins), followed by a cGMP phosphodiesterase, and eventually by the closure of
cyclic nucleotide-gated Na + channels that trigger a hyperpolarization of the rod
and cone cells, an ensuing depolarization of bipolar cells and the firing of retinal
ganglion cells (Fig. 5.8).

A practical method to detect this activity is electroretinography (ERG), which
measures electrophysiological activity of the retina (similar to electrocardiography).
ERG is nowadays a widely used, noninvasive, electrophysiological assay of retinal
function with well-documented methods of analysis [39]. We recently showed
that it was possible to manipulate the photo-isomerization yield of photoreceptor
molecules in a live mouse by modulating the spectral phase of a green femtosecond
light pulse and record the electric signal generated by the retina. Our experiment
is based on a kHz amplified Ti:Sapphire laser system coupled with a noncollinear
parametric amplifier generating 50 fs pulses at 535 nm.

The visual response was acquired by three electrodes placed in contact with the
irradiated eye, the forehead, and under skin in the tail (for ground voltage reference),
respectively. First preliminary results are presented in Fig. 5.9. In these ERG traces,
one can identify the characteristic A-wave (negative at early times) and B-wave
(positive at later times) signals. The former is mainly attributed to cone activity and
the latter to second-order retinal neurons from cones. These results unambiguously
establish the possibility to efficiently acquire the visual response in vivo using pulsed
ultra-short laser excitation, paving the way to possible quantum control of vision in
living animals.



110 J.-P. Wolf

Photof r
=
| —]
—]
v Toans
=3
Outer | |== 4 [:L:':\/
p—x .'.“'-l
— Mg .
[—
_

Segment]

E\‘iitochondria

~- Golgi
| g

Hhodop.éih. molecule

Fig. 5.8 Rod cell (left) showing a rhodopsin in outer segment disc membranes. (From webvi-
sion.med.utah.edu)

300

200

100

Erg Signal [uV]

A - Wave

=100 | ] ] | ] I
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time [s]

Fig. 5.9 Photopic A- and B-wave electro-retinogram (ERG) response recorded on a live C57BL/6
mouse, under illumination with a 40 fs, 535 nm laser. The A-wave amplitude and its implicit time
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5.6 Coherent Control of Nerve Firing in Living Brain Tissues

The photoisomerization of retinal within rhodopsin molecules acts as a photo-
switch, which can be used for optically controlling nerve firing. With the advent of
optogenetics, channel-rhodopsins (ChRh) of different types are expressed in cells
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Fig. 5.10 Left Summary of normalized peak current amplitudes for negative and positive linear
chirps. All currents were normalized to the phase-compensated condition (a2 = 0fs?). The
numbers in parentheses refer to the number of neurons the currents were measured in at each linear
chirp. Asterisks represent statistical significance: *p < 0.05, **p < 0.005. Right: SHG intensities at
different linear chirp: a2 (in fs?) = %4000, 22000 and & 1000. The SHG intensity at a2 = 4000 fs>
is almost identical for PCH (0.075) and NCH (0.091); however, the peak current amplitudes in ¢
are significantly different. (From Ref. [41])

from different genetically modified organisms, including mammals like mice. The
optical control of brain neurons in these animals was demonstrated, e.g. for remotely
controlling their muscular motion, but also for manipulating their behavior [40].
Alternatively, light stimulation and optogenetics may have significant applications
in medicine, and in particular in neurodegenerative health issues, like Parkinson or
Alzheimer diseases.

In 2017, a disrupting experiment was performed by the group of S. Boppart on
coherent controlling living brain tissues [41]. More precisely, he induced 2-photons
excitation of ChR2 and consecutive nerve firing and optimized the process while
changing the spectral phase of the incoming 1 um wavelength pulses. The readout
was performed electro-phisiologically with a patch clamp apparatus.

The authors observed clear asymmetry in chirp of the stimulation yield of
the nerves, which is an indication of coherent effects in the photo-isomerization
process in the retinal moiety (Fig. 5.10 left). Indeed, if a 2-photon excitation
process is clearly favored by highest intensities, and thus short pulses, it should
be equally efficient for negatively or positively chirped pulses of the same duration,
as demonstrated for second harmonic generation (SHG) in Fig. 5.10 right.

The higher stimulation yield for positively chirped pulses than for negative ones
points to some intra-pulse molecular processes involving the phase of the incoming
field. A first interpretation attempt of this process, proposed by the authors, would
be some kind of pump-dump effect for negatively chirped pulses (see Fig. 5.6) that
would reduce the photo-isomerization yield by bringing back the population of the
excited state to the ground state. However, in the present case, the excitation involves
2 photons, and the back stimulation would involve 2 photons as well, making this
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explanation very unlikely. A clear explanation of these results is nowadays still
lacking but reminds 2-photons quantum control results obtained on different dyes
by the group of G. Gerber in the 2000s [14, 15].

On the practical point of view, two-photon opto-genetics is a very hot topic,
as it allows targeting single cells with higher resolution and deeper stimulation as
infrared radiation is much much less scattered and absorbed in tissue. The drawback
of 2-photon stimulation is, however, the higher required intensity, which may be
damageable for tissues. Increasing the yield of the process with quantum control is
therefore particularly relevant.

5.7 Entangled Photons Microscopy

As mentioned in the introduction, another quantum signature than interference of
states in the same system, is entanglement of different sub-systems. The most
celebrated evidence of this process is the violation of Bell’s inequalities in 1982
by the group of A. Aspect using entangled pairs of photons [42]. Since then these
experiments set the ground to a “second quantum revolution”, which involves all the
properties of entangled states for applications like quantum cryptography, quantum
telecommunications, quantum computers, or, more generally, what is called today
“quantum technologies”.

In entangled states, two subsystems (e.g. 2 photons) are linked in a common
state, which means that if one of the subsystem is in a particular state, than the other
one has to be in a particular state as well. Let’s imagine 2 qubits A and B, which
may have 2 values 0 and 1 (e.g. the polarization values of 2 photons A and B). Then
these 2 qubits are entangled if they are represented, for example, by the following
2-particle (Bell) state:

W) = = (004 @ 1) £ [1)4 @10))
NG A B A B) -

These nonlocal connections between the subsystems A and B clearly have
implications on the probabilities of detection, i.e. correlations, when experiments are
performed. For instance, when the 2 photons cross a beamsplitter, they are known
to bunch or anti-bunch, exhibiting clear non-classical statistics [43].

In microscopy, entangled states have recently been used to significantly enhance
resolution and precision in phase contrast arrangements. Indeed, the minimal phase
difference A¢ observable in a classical phase contrast microsocope scales with N“1/2
while it scales with N~! for entangled states (where N is the number of photons)
[44]. Clearly, to improve phase resolution and beat the classical limit, N should be
larger than 1. The above example of entangled particles above can be extended to
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NOON states, where the subsystems A and B consist of N identical particles. For
instance the NOON equivalent of the symmetric Bell state above writes:

IN)al0)p +10)4|N)p
7 :

For a N = 2 NOON state, the quantum phase resolution would thus beat the
classical limit by a factor 272, This was demonstrated by Ono et al. in their recent
paper [44], as presented in Fig. 5.11, where the classical limit was experimentally
beaten by 1.35 & 0.12, i.e. close to the Heisenberg limit for 2 photons of 272, The
phase object used in the experiment, a Q written on a glass plate, is only 17 nm
high, demonstrating the potential of entanglement enhanced microscopy. To further
improve the phase resolution, higher N “NOON state” sources would be required,
which is still currently a major technological challenge.

[Y¥NOON) =

5.8 Conclusion

Quantum inspired technologies are blooming in a wealth of domains. We pre-
sented some examples in biophotonics, covering both applicative technologies like
microscopy, and more fundamental questions about the role of quantum physics in
the natural evolution of organisms. There is no doubt that quantum biophotonics will
represent a major field of activity in the next years. Whether purely quantum effects
will be widely used for applications is unclear, but what was widely confirmed in the
past, is that quantum concepts inspired groundbreaking advances in spectroscopy
and photonics, even while using classical coherent light.
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Fig. 5.11 Upper: Experimental set-up of the polarization entangled NOON microscope. Lower:
results on a phase object representing a Q. The lower images clearly show the enhanced contrast
as compared to classical light based phase contrast microscopy. (From Ref. [44])



5 Quantum Aspects of Biophotonics 115

References

9] [9%) —

e BN o)}

17.
18.

19.
20.
21.
22.

23.
24.

25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

. Lambert N, Chen Y-N, Cheng Y-C, Li C-M, Chen G-Y, Nori F (2013) Nat Phys 9:10-18
. Engel GS, Calhoun TR, Read EL, Ahn TK, Mancal T, Cheng YC, Blankenship RE, Fleming

GR (2007) Nature 446(7137):782-786

. Collini et al (2010) Nature 463:644-648
. Roth M, Guyon L, Roslund J, Boutou V, Courvoisier F, Wolf JP, Rabitz H (2009) Phys Rev

Lett 102:253001

. Petersen J, Mitric R, Bonacic-Koutecky V, Wolf JP, Roslund J, Rabitz H (2010) Phys Rev Lett

105:073003

. Afonina S, Gateau J, Staedler D, Bonacina L, Wolf J.P, in preparation (2018)
. Tannor DJ, Kosloff R, Rice SA (1986) J Chem Phys 85:5805-5820

. Tannor DJ, Rice SA (1985) J Chem Phys 83:5013-5018

. Judson RS, Rabitz H (1992) Phys Rev Lett 68:1500-1503

. Warren WS, Rabitz H, Dahleh M (1993) Science 259:1581-1589

11.
12.
13.
14.
15.
16.

Weiner AM (2000) Rev Sci Instrum 71:1929-1960

Bonacina L, Extermann J, Rondi A, Boutou V, Wolf JP (2007) Phys Rev A 76:023408

Dantus M, Lozovoy VV (2004) Chem Rev 104:1813-1859

Brixner T, Damrauer NH, Niklaus P, Gerber G (2001) Nature 414:57-60

Brixner T, Gerber G (2003) Chem Phys Chem 4:418-438

Prokhorenko VI, Nagy AM, Waschuk SA, Brown LS, Birge RR, Miller RJD (2006) Science
313:1257

Florean AC et al (2009) PNAS 106(27):10896—-10900

Ventalon C, Fraser JM, Vos MH, Alexandrou A, Martin JL, Joffre M (2004) PNAS 101:13216—
13220

Pastirk I, Dela Cruz JM, Walowicz KA, Lozovoy VV, Dantus M (2003) Opt Express 11:1695
Li BQ, Rabitz H, Wolf JP (2005) J Chem Phys 122:154103

Rondi A, Extermann J, Bonacina L, Weber S, Wolf J-P (2009) Appl Phys B 96:757-761
Weber SM, Bonacina L, Noell W, Kiselev D, Extermann J, Jutzi F, Lani S, Nenadl O, Wolf J-P,
de Rooij NF (2011) Rev Sci Instrum 82:075106

Kiselev D, Kraus PM, Bonacina L, Worner HJ, Wolf JP (2012) Opt Express 20(23):843-25849
Rondi A, Bonacina L, Trisorio A, Hauri C, Wolf J-P (2012) Phys Chem Chem Phys 14:9317—
9322

Afonina S, Nenadl O, Rondi A, Bonacina L, Extermann J, Kiselev D, Dolamic I, Burgi T, Wolf
JP (2013) App Phys B 111:541-549

Schoenlein R, Peteanu L, Mathies R, Shank CV (1991) Science 254(5030):412-415

Wang Q, Schoenlein RW, Peteanu LA, Mathies RA, Shank CV (1994) Science 266:422—424
Polli D et al (2010) Nature 467(7314):440-443

Vogt G, Nuernberger P, Brixner T, Gerber G (2006) Chem Phys Lett 433(1):211-215
Prokhorenko VI, Nagy AM, Miller RD (2005) J Chem Phys 122(18):184502

Joffre M (2007) Science 317:453

Liebel M, Kukura P (2017) Nat Chem 9:45

Brumer P, Shapiro M (1989) Chem Phys 139:221-228

Spanner M, Arango CA, Brumer P (2010) J Chem Phys 133: 151101(R)

Katz G, Ratner MA, Kosloff R (2010) New J Phys 12: 015003(R)

Arango CA, Brumer P (2013) J Chem Phys 138: 071104(R)

Weigel A, Sebesta A, Kukura P (2015) J Phys Chem Lett 6:4023-4037

El Hage K, Brickel S, Hermelin S, Gaulier G, Schmidt C, Bonacina L, van Keulen SC,
Bhattacharyya S, Chergui M, Hamm P, Rothlisberger U, Wolf J-P, Meuwly M (2017) Struct
Dyn 4:061507



116 J.-P. Wolf

39. McCulloch DL et al (2015) Doc Ophthalmol 130(1):1-12

40. Reardon S (2016) Nature News. https://doi.org/10.1038/nature.2016.20995

41. Paul K, Sengupta P, Ark ED, Tu H, Zhao Y, Boppart S (2017) Nat Phys 13:1111-1116
42. Aspect A, Grangier P, Roger G (1982) Phys Rev Lett 49:91-94

43. Hong CK, Ou ZY, Mandel L (1987) Phys Rev Lett 59(18):2044-2046

44. Ono T, Okamoto R, Takeuchi S (2013) Nat Commun 4:2426


http://dx.doi.org/10.1038/nature.2016.20995

Chapter 6 ®
Simulations in Nanophotonics Qe

Antonino Cala Lesina, Joshua Baxter, Pierre Berini, and Lora Ramunno

Abstract Numerical simulations of nanophotonics systems provide insight into
their physical behaviour and design that provide a critical complement to exper-
imental investigations. The finite-difference time-domain (FDTD) method is the
most widely used, with its success due to its relative simplicity coupled with its
broad applicability to many complex material systems, arbitrary shape configura-
tions, time-domain visualization and, with increased computing resources, its near
linear scalability for parallel computing.

The series of three lectures presented at the Quantum Nano-Photonics summer
school (Erice, Italy, 2017) began with a pedagogical introduction of the fundamen-
tals of the Yee FDTD algorithm, such as discretization of Maxwell’s equations,
numerical dispersion and stability criteria. Following this was a description of other
necessary FDTD ingredients, such as boundary conditions, sources of excitations
and material models. To demonstrate how to apply this knowledge to run an
actual simulation, the lectures had an active component, wherein students received
temporary access to commercial FDTD software, and a simple problem (scattering
from a gold nanosphere) was simulated together in lecture. Finally, the state of
art was reviewed for applications in nanophotonics, including, for example, mod-
elling nonlinear optical processes, tightly focused sources, plasmonic metasurfaces,
nonlocality, as well as some demonstrations of such applications. The role of
high performance computing was also discussed [1]. Finally, the limitations of the
method were described and complementary computational methods were briefly
introduced to overcome some of these limitations.
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We present in this article a summary of some of the topics presented during the
lectures.

6.1 Introduction

Simulations are instrumental in the field of nanophotonics, helping to shed light on
light-matter interaction at the nanoscale, providing a critical complement to experi-
mental investigations of complex systems, e.g., systems involving irregular shapes,
exotic materials, or many interacting devices. Such simulations are important for
many purposes, including for device design and optimization, for understanding
device operation, for explaining experiments, and for discovering and predicting
new phenomena. More cost effective than running multiple experiments, one can
quantitatively investigate the effects of changing materials, geometries, physical
effects, etc, one by one, but also gain insight through powerful visualization and
movies.

Since the seminal paper on FDTD [2], the method has been applied to many areas
of electromagnetism. Over the past decade, the FDTD method has become the most
largely used computational technique in nanophotonics [3, 4]. A Google Scholar
search of “FDTD and nanophotonics” confirms this, with double the number of hits
than the next most used method, FEM (finite element method). FDTD is popular
because it is relatively simple to implement, and it is extremely versatile, capable of
modelling dispersive materials, nonlinearity, nonlocality, and almost any physical
system that can be modeled via a macroscopic polarization field. Due to its near-
linear scaling in parallel processing, it can be applied to ever larger problems, as
larger and larger computational resources become available.

This paper follows the set of three lectures on simulations in nanophotonics,
presented at the Quantum Nano-Photonics summer school in Erice Italy in the
summer of 2017. Focusing on FDTD, the first lecture consisted of a pedagogical
overview (complemented by class exercises) of the basics of the Yee algorithm and
its inherent numerical dispersion and stability condition; these are reviewed for the
novice in Sect. 6.2.

The next lecture focused on putting this into practice, by first discussing other
ingredients needed for a successful simulation, including sources of excitation,
boundary conditions, material models, and data collection/monitors in both the
time and frequency domains. This was followed in the third lecture by a class
exercise, in which students set up and ran an FDTD simulation on the fly, thanks
to Lumerical Solutions Inc [5], which provided each participant with temporary
licenses to their FDTD commercial software. This in-class example (scattering from
a gold nanosphere) will be briefly described below in Sect. 6.3.

Advanced topics were introduced, such as grid limitations and convergence
issues, high performance computing and scalability, advanced radiation sources
such as tightly focused beams, and advanced material models (dispersive and
nonlinear materials, plasmonic materials, nonlocal plasma models); a selection of
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material models is presented in Sect. 6.4. Examples from our own work that illus-
trate why simulations can be so powerful are presented in Section 5. These include
understanding why colour is generated from laser-irradiated metallic surfaces,
where nonlinear emission originates in hybrid dielectric/metallic nanoantennas, and
the design of a plasmonic metasurface for generating structured nonlinear light.

6.2 FDTD Basics

6.2.1 Algorithm

FDTD uses finite differencing to solve the macroscopic Maxwell’s equations in the
time domain. They are (in SI units):

aDE(;’ DV He 1) = T pree(r 1), ©.1)
B _ v oEw, (6.2)

ot
VD, 1) = pfree(r, 1), (6.3)
V- B(r, 1) =0, (6.4)

where E is the electric field, B the magnetic field, D the displacement field, H
the magnetizing fields, J s,¢. is the free current density, and p .. the free charge
density, with constitutive relations to relate E and B to D, H and J 7/,

D(r,t) = goE(r, 1) + P(r, 1), (6.5)
H(r, 1) = LB(r, 1) + M(r, 1), (6.6)
Mo

where M and P are the magnetization and polarization, defined by microscopic
bound charges and currents, respectively. For example, linear optical response can
be written in its most general form as

P(r,1) = / SO —v,t—HEW, )drdr, (6.7)

where ¢ (D is the linear susceptibility tensor.
These relations are not necessarily simple, depending on the system under study.
FDTD advances the electric and magnetic fields in time by finite differencing all the
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derivatives in Eqgs. (6.1) and (6.2) via a central difference, in order to keep second-
order numerical accuracy, i.e.,

df _ f(x+h/2) - f(x —h/2)
dx — h

+ O(h?). (6.8)

From Egs. (6.1) and (6.2), we see that central differencing forces the electric
and magnetic fields to be evaluated at different times (i.e., leap frog in time). For
example, considering Eq. (6.2) evaluated at time ¢ and discretized in time with time
step At, for the LHS we have

3B(l‘, 1) Bt+At/2 _ Btht/Z
a At '

(6.9)

The RHS must also be evaluated at time ¢, which means that all the E fields are
needed at time ¢, unlike the B fields which are at r £ Az/2, then we get an update
equation for B from quantities at earlier times, i.e.,

B/HAIZ = BITA2 _ A((V x E). (6.10)
If we now evaluate Eq. (6.1) at time t + A¢/2 in a similar way, we then get
Dt+At — Dt 4 AI(V % H)I+At/2 o AtJt+At/2, (611)

thus again, D at ¢ + At is updated using previous values of time. The algorithm thus
proceeds as a leap frog in time, as depicted in Fig. 6.1.

Thus far we have considered the time derivatives, what about the spatial
derivatives contained within the curl operator? We start with the update equation
for B, in continuous spatial coordinates

_ 9E! OJE!
BITAZ _ pImA2 A (2 ) 6.12)
ay 9z
L ar/2 - L] L] L] L] L] L]
B.r—ﬂ.r-"l B;+Ar.-’3 BHS.M.-'Z Br+5a.r:3

Fig. 6.1 Leap frog scheme for the temporal update of the fields
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E x,y+Ap/2.z

Fig. 6.2 Curl scheme for the update of one field component

and by applying the central differencing to both spatial derivatives we obtain:

V.2t A2 Y, 2,t—At )2 At YAy /2,2, y—Ay/2,z,t
BIY? /=B§)Z /_A_y(Eécy _v/Z_E;) )/Z)+

Ar x,y,2+Az/2,t x,y,2—Az/2,t
il (Ey,y, g : )

Az
(6.13)

We see that E; and Ey need to be evaluated in “leapfrogged” spatial positions with
respect to each other, and to By. This is depicted in Fig. 6.2, where we see that all
field components are at the same x, however they are displaced from each other in
y and z. This absence of colocation in space is a direct consequence of requiring the
algorithm to be of 2nd order accuracy.

The computational grid cell with these field components staggered from each
other was first introduced by Yee in the 1960s [2], and it is called the Yee cell. Only
locally known fields are required for updating the field values on the Yee cell via the
FDTD algorithm, which makes the algorithm suitable for parallelization via domain
decomposition [1].

6.2.2 Numerical Dispersion and Stability

The Yee algorithm implementation discussed above is on a rectangular grid, which
causes an inherent directionality. Thus the update equations cause a non-physical
dispersion that depends on propagation direction. They also require that strict
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conditions be met to ensure numerical stability. This provides fundamental limits on
how large the discretization can be for a physically and numerically valid solution,
and is the reason that FDTD solutions can require large computational resources to
execute.

To illustrate these points, we consider the simplest case, light propagation in
vacuum. The free-space dispersion relation for a plane wave of frequency w and
wavevector (ky, ky, k;) is given by

»’ 24124 12

C—2=kx+ky+kz. (6.14)
Now considering a plane monochromatic wave trial solution for the field

components, and substituting these into the FDTD update equations yields [6]

o (sin(wAt/2)>2 B kz(sin(kxAx/Z))z
2\ wAr)2 T keAx)2

P (sin(kyAy/Z) )2 .

Y\ kyAy/2

o2 sink:A2/2) 2
N\ ka2 )

where in the limit of infinitely small time and space steps, we retrieve the ideal
dispersion relation.

It is illustrative to neglect for the moment the discreteness in time, and consider
only propagation along the x direction, with k = k,. Then we obtain for the phase
velocity

vy = o _ (Sln(kxAx/Z)) 6.15)
kx kxAx/2

This places restrictions on how large Ax may be for a given propagation constant,

and thus a given wavelength. For example, if one chooses Ax = A1/10, then we

obtain a phase velocity of 0.984c. This value of Ax is often used as the maximum

tolerable spatial discretization.

Now consider a propagation direction that is 45 degrees in the xy plane (assuming
a uniform grid) with a propagation vector of (k/ V2, k/ V/2,0). Then the grid
discretization of Ax = Ay = A/10 yields a phase velocity of 0.992¢, which is
not the same as propagation along x only, hence leading to numerical dispersion
that is direction dependent, imposed by the rectangular grid.

To examine numerical stability of the Yee algorithm we extend the dispersion
relation for the update equations above to the complex frequency plane, setting
w to have a real (wg) and imaginary (w;) component. Whenever there is a non-
zero wy, there is the possibility for exponentially growing solutions, so we need to
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impose w; = 0. This provides a condition on the discretization of time, such that
the maximum allowed At is given by the Courant stability condition [6]

1
At <

= ) 6.16
T eJ1/(Ax)2 + 1/(Ay)? + 1/(Az)? (10

While this condition ensures the numerical stability of solutions, it does not
guarantee physical solutions. In lecture, the following question was posed to the
students: using this condition, with what speed does information travel from one
side of a grid cell to the other assuming a uniform 3D grid? The answer is
v = Ax /At = /3¢, faster that the speed of light! Taflove and Hagness illustrate the
effects of superluminal propagation of a square pulse in one dimension [6]. While
this is drastically reduced for a smooth pulse, it still does exist, though in practice is
a very small error. In the example presented in lecture, these components were eight
orders of magnitude smaller than the peak of the pulse.

While we discussed here the numerical dispersion and stability conditions for
propagation in free space, in practice one would need the equivalent conditions for
the materials being investigated. One would need to repeat the analysis on the update
equations relevant for that material to obtain the new conditions, and these have been
done by various authors for different materials, including plasmonic materials where
one may choose At < Ax/(\/gcoo) [7], where coo = ¢/ /€00 and e is the infinite
frequency permittivity.

6.3 In-Class Simulation: Scattering from a Gold Nanosphere

The FDTD algorithm as discussed in the previous section, on its own is not enough
for a useful simulation. One needs to add some kind of material for light to interact
with, boundary conditions to terminate the simulation domain [8], a source of
radiation either internal or external to the simulation, as well as monitors for data
collection [1]. These topics were all touched upon in the lectures, and were put into
practice in an in-class exercise: simulating the scattering of a plane wave by a gold
nanosphere, and calculating its extinction cross section spectrum. Each participant
in the summer school was given access to Lumerical Solutions FDTD software [5],
and together we set up and performed this simulation, step by step.

This particular example was chosen for several reasons. The first is that it is
important when developing and/or testing a numerical technique to begin with a
simple system for verification. In the case of a single isolated sphere irradiated by
a plane wave, an analytical solution exists, derived for the first time by Gustav Mie
in 1908 [9, 10]. Though over a century old, this theory is still of prime importance
in nanophotonics — including for example recent corrections to it for plasmonics
[11] and recent interest in multipolar excitations [12]. By comparing their numerical
results with the analytical model, students were able to ascertain the quality of their
simulation.
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In our in-class simulation, students were able to test the influence of compu-
tational parameters, such as grid size. The simulation of a sphere illustrates one
fundamental drawback of FDTD: its rectangular grid. While such a grid allows
relatively simple algorithms and wide applicability, it is also limiting in that there
can be numerical artifacts arising from the boundaries of non-rectangular shaped
objects, such as spheres. There are several work-arounds that are possible, such as:
larger computational resources for smaller grid sizes [1], graded meshes where the
grid size can vary along each of the three spatial dimensions if there are smaller
areas that require a smaller mesh; and sub-gridding where grid cells can be divided
into daughter grid cells which is much more complex to implement and may have
stability issues for long runs [13].

6.4 Advanced Topics

6.4.1 High Performance Computing

High performance computing is one the best allies of computational nanophotonics
because problems involving plasmonics require a fine discretization to get conver-
gent results and this sets the need for large computational resources [1]. The FDTD
method is straightforward to parallelize because the algorithm only requires the
adjacent field values to run. The overall domain is decomposed into subdomains
which run on different processes, and each subdomain communicates with the
adjacent ones through the message passage interface (MPI) protocol [14]. Nearly
linear scalability has been demonstrated, which is limited only by communication
between processes. Load balancing strategies can also be implemented when some
subdomains have a higher computational load which could represent a bottleneck
for the overall simulation time. All the simulations we present in this paper are
conducted by using an in-house parallel 3D-FDTD software [1].

6.4.2 Advanced Material Models

The FDTD method is well suited to model material properties, such as dispersion.
Our group has also developed and implemented methods for materials containing
nonlinearity and nonlocality which are not standard techniques, particularly the
latter where almost no prior work exists.. We review here a selection of our
computational approaches.



6 Simulations in Nanophotonics 125

6.4.2.1 Dispersion
A dispersive material is one that exhibits a frequency dependent susceptibility, i.e.,
P(w) = sox V) (0)E(w). (6.17)

Since FDTD is solved in the time domain a convolution is required:
t
P(t) = g / x V@ — )E(r)dr. (6.18)
0

Implementing a x ") (w) model in FDTD is possible by introducing an auxiliary
differential equation (ADE) in the leap frog scheme for the P field [15, 16]. If we
consider Egs. (6.1) and (6.5) for J f.. = 0, i.e.,

VxH=¢g)— +—, (6.19)

and we discretize it, we obtain

EH—A! — E! N PH—At —_ P!

V x HHA2 = g
At At

, (6.20)

from which we can derive E‘t47 as a function of E!, P‘t47 P! and H'T4!/2 In the

leap frog scheme, we need to solve for P'+4! before we can calculate E' T4/,
Models for simulating complex permittivities are available, such as the Drude

with two critical points (Drude+2CP) model [17] to account for the optical response

of both bound and free electrons. We report as an example the case of a Drude

material, for which we have

D

W)= ——_ D
x (@) = @)’

6.21)

where wp is the plasma frequency and y is the damping coefficient. Using
Egs. (6.17) and (6.21), this becomes differential form

9%pP oP
Rl v gowhE, (6.22)

which can be discretized as

PI+AZ —2P! + PZ—AI Pt+At _ Pt—At
+

2
e 12 AT = gowpE', (6.23)
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From this we finally obtain P/*4! as a function of E?, P’ and P'~4’. The scheme for
the FDTD updating algorithm is in sequence

Hl-‘rAf/z — f(Hl—AT/z’El‘)’
Pt+At — f(E[,Pt,Pl_At), (624)
Et+At — f(Et Pl‘+Al‘ Pt Ht+At/2).

6.4.2.2 Nonlinearity

The FDTD method is well suited for nonlinear simulations because it is a time-
domain method. We show here how to implement second harmonic generation
(SHG) for a dispersionless medium (&, is constant). We start from Egs. (6.1)
and (6.5) adapted for the nonlinear case and for one Cartesian field component

A t+At t
E'" t_Et+PNL _PNL

V x HTA2 = goe,
At At

, (6.25)

with the nonlinear polarization Py = o) @ E?. In discretized form we have

At
gV X Hf+Al/2 — 8r(Ef+Al _ El) + X(Z)(Et+At)2 _ X(Z)(El‘)z (626)

In order to find E'*4! we need to solve a second-order equation, and the solution,
for 83 + 4x(2)b > 0, is

—&r £/e2 +4xPb

t+Ar
EFA = e , (6.27)
where
At 1+A1)2 ‘ Q) 2
b=2'vxH e E' + xD(EN. (6.28)
€0

The auxiliary differential equation approach is very well suited for nonlinear
simulations because it allows us to add extra terms in the polarization field [18]. We
have implemented it by using a linear dispersive material and adding an extra term
to the polarization field, which we show for one Cartesian component, i.e.,

Pl = xDELE"?, (6.29)

where |E'|> = (EL)? + (E;)2 + (E;)z, and we assume isotropic dispersionless
nonlinearity.



6 Simulations in Nanophotonics 127

6.4.2.3 Nonlocality

When describing the interaction between light and matter it is common to use the
electric displacement field D(r, ) which is defined by

D(r, ») = ¢ / dr'e(r, v, w)E(r, o). (6.30)

For particles larger than 10nm it is valid to use the local approximation,
e(r,r',w) = &(w)d(r — r’). This states that the electric displacement field at a
given point in space depends only on the electric field in that location and the
dielectric function. For systems smaller than 10nm, the local approximation can
no longer be used. We therefore must include the effects of spatial nonlocality. To
do so, we model the interaction between electrons and light using a hydrodynamic
plasma model [19]:

nm(%+(u~V)+y>u=ne(E+uxB)—Vp. 6.31)
This is the Euler Fluid equation with damping where the force is defined by the
Lorentz force. Here u represents the velocity field, y is the damping, n is the electron
density, m is the electron mass, and p is the electron pressure. To use this equation
for nonlocality, we need to first remove the nonlinear terms which are negligible for
low field intensities [20], leaving us with

0
nmgu = —neE —nmyu— Vp. (6.32)

For the pressure, we use the electron degeneracy pressure for p, which is

n\5/3

p= po(_) , (6.33)
no

where pg is proportional to the Fermi energy, and ng is the equilibrium electron

density. Using the continuity equation, %—’; = —V . (nu), the fact that ] = —engu =

daP/0t, and only keeping the only linear terms we end up with our linear nonlocality

model:

GRS ) )
57 v — BV P) = egpE, (6.34)

where S is a constant proportional to the Fermi velocity. Notice that this is simply
the aforementioned Drude material model with a spatially nonlocal term which
is negligible everywhere but near the interface between the nanoparticle and the
surrounding media. This is because the pressure gradient is dependent on the
electron density fluctuation which disappears in the bulk [21]. This explains why
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the nonlocal correction term is only required when modelling small particles, as the
surface to volume ratio becomes larger.

We have devised a method to implement this model in a similar fashion to the
Drude model. We show this spatial discretization of the nonlocal term is shown for
the x-direction where we use the second order central-difference scheme to obtain

2 x+Ax/2,y,2,t
VvV .P)§+Ax/2,y,z,t _ (BZPX 9°P, 82Pz) z

ax2  9xdy  9xdz

3Ax/2 Ax/2,y —Ax/2,y
P;,x+ x/2,y.2 —2P;’x+ x/2,y,2 + P;,x x/2,y.2

Ax?
t,x+Ax,y+Ay/2,z t,x,y+Ay/2, t,x+Ax,y—Ay/2, t,x,y—Ay/2,z
+Pyx+ x,y+Ay/ Z_Pyxy+ v/ Z—Py” x,y—Ay/ Z—}—Py” y/2,z
Ax Ay
t,x+Ax,y,z+Az/2 t,x,y,2+Az/2 t,x+Ax,y,z—Az/2 t,x,y,2—Az/2
N PZ Yy / _ PZ y / _ PZ y / +PZ y /

Ax Az
(6.35)

To test our FDTD implementation we simulated the scattering from a silver
nanosphere and compared our simulation results with those calculated using the
nonlocal Mie theory [22]. To show the agreement between the nonlocal Mie theory
and our nonlocal implementation for FDTD, we plot the extinction spectra for
three silver nanosphere sizes, 1 nm, 2nm and 5nm in Fig. 6.3. Here we used the
Drude+2CP model [16] for silver and replaced the Drude term with Eq. (6.34)

1.8 T T T

1.6
1.4
1.2
1.0
0.8

0.6

Extinction Cross Section

0.4
0.2

0.0
300 350 400 450 500
Wavelength (nm)

Fig. 6.3 Extinction cross sections for 5 nm (red), 2 nm (blue), and 1 nm (green) silver spheres. The
dots are for the FDTD simulations and the lines for the Mie theory
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for the free electrons. From the figure we see that the FDTD implementation is
in agreement with Mie Theory. Also notice that there is a blue shift between the
5nm, 2nm and 1 nm resonances. This is a trend that can be seen experimentally but
is not present in the local approximation [23].

6.5 Application to Plasmonic Metasurfaces

To illustrate the usefulness of simulations in nanophotonics, we describe here a
few examples of our work on plasmonic metasurfaces. The basic element used
to create a metasurface (optical surface) is called meta-atom, and it can be a
nanoparticle or a more complex nanostructure. We describe here two types of optical
surfaces, random and deterministic surfaces, depending on the way the meta-atoms
are arranged.

6.5.1 Plasmonic Coloring

Random surfaces have been exploited for coloring coins at the Royal Canadian Mint.
These surfaces are realized via a laser writing technique which is responsible for the
creation of nanoparticles of different sizes and randomly distributed on an irregular
surface. Understanding the color formation in such a messy configuration could not
be realized without the help of a simulation. Through large-scale electrodynamics
simulations we were able to qualitatively reproduce the palette of colors obtained
via direct laser writing on silver [24]. More details on the simulation approach
are reported in chapter “Modelling of Coloured Metal Surfaces by Plasmonics
Nanoparticles” in this volume.

6.5.2 Nonlinear Plasmonics

Recently, hybrid nanostructures have been proposed to boost the nonlinear signal
production at the third harmonic. These nanostructures consist of a metallic dimer
nanoantenna with a highly nonlinear material in the gap (where the linear field
enhancement takes place). Separating the nonlinear contributions from the metal
and from the gap material in the far-field is experimentally challenging. Simulations
in this case, due to the possibility of turning on and off the nonlinear emission from
each part of the hybrid nanostructure, were able to identify the role each component
plays in the far-field radiation [25].

Simulations also allow optimizing the design of the hybrid nanoantenna to
control the phase and polarization of nonlinear optical signal generation. This led to
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Fig. 6.4 Time frame of the FDTD simulation performed for a full metasurface of butterfly
nanoantennas

the design of the so called “butterfly nanoantenna”, as described in more detail in
chapter “Plasmonic Metasurfaces for Nonlinear Structured Light” in this volume.

In this case, large-scale simulations were key to the design and simulation of an
optical surface containing up to ~3600 butterfly nanoantennas to generate a third
harmonic far-field beam carrying an orbital angular momentum of 41. This large
metasurface for its complexity could not be conceived in other ways. In Fig. 6.4
we show a snapshot extracted from the FDTD simulation for the full metasurface
excited by left circular polarization.
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Chapter 7 ®
Terahertz Nanoscale Science Chock or
and Technology

John W. Bowen

Abstract The terahertz (THz) frequency range, which falls between the infrared
and microwave portions of the spectrum, is rich in potential applications because the
photon energies involved can open a window on physical and biological processes
that are inaccessible to other wavelengths. After an introduction to the terahertz
range, some example applications, and the techniques used for the generation,
detection and manipulation of terahertz radiation, this chapter concentrates on
the latest developments in terahertz nanoscale science and technology. Topics
covered include the use of nano-structures to enhance the emission and detection
of terahertz radiation; THz quantum cascade lasers; terahertz detection approaching
the quantum limit; THz nanoscopy; terahertz scanning tunnelling microscopy (THz-
STM); and the use of THz spectroscopy to probe biological function at the molecular
level.

Keywords Terahertz technology - Nanoscale devices - Nanoscopy -
Biomolecular spectroscopy

7.1 Introduction

The terahertz part of the electromagnetic spectrum, encompassing frequencies
be-tween 100 GHz and 10 THz, and corresponding to wavelengths of 30 pm
to 3 mm, has important properties that make it attractive for a wide range of
application areas. The photon energies correlate with molecular rotations, hydrogen
bonding stretches and torsions, bond vibrations and crystalline phonon vibrations,
providing spectroscopic information. Furthermore, the conductivity of materials and
the ultrafast motion of charge carriers can be probed using terahertz spectroscopy.
Many materials that are opaque in other parts of the spectrum transmit terahertz
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radiation to some degree, enabling depth-resolved imaging of their internal struc-
ture. Additionally, thermal emission peaks in this frequency range for temperatures
of a few Kelvin or tens of Kelvin, enabling astronomical observation of cool objects
in space, as well as of the light from rapidly receding, distant objects at the edge
of the universe, which has been red-shifted into the terahertz range. On top of
this, the photon energies are insufficient to cause damage to materials or harm to
individuals through ionization. These factors have given rise to applications in areas
as diverse as astronomy, non-destructive testing, art conservation, medical imaging,
pharmacy, atmospheric science, and security screening. Despite the relatively large
scale of the wavelengths involved, terahertz technology can benefit from the use
of nano-structured devices and from exploiting quantum effects. Astonishingly,
it can also provide the means to achieve sub-nanometer scale resolution imaging
with simultaneous ultrafast time resolution and to probe biological function at the
molecular level.

In order to appreciate these latest developments in terahertz nanoscale science
and technology, it is helpful to have some understanding of terahertz systems in
general, not just at the nanoscale, and that is where this chapter starts. It then moves
on to discuss the use of nano-structures to enhance the generation and detection
of terahertz radiation, terahertz quantum cascade lasers, detection approaching the
quantum limit, terahertz nanoscopy, terahertz scanning tunneling microscopy, and
terahertz biomolecular spectroscopy.

7.2 Terahertz Systems

7.2.1 Time Domain Systems

Many terahertz spectroscopy and imaging systems in current use are based on
the generation and detection of short pulses of terahertz radiation. In order to
make a spectroscopic measurement, the sample is placed in the terahertz beam
so that the pulse is incident upon it and the emergent pulse is recorded as a time
domain waveform. The sample will attenuate the pulse, through a combination of
absorption, reflection at its surfaces and scattering, and will introduce a time delay as
the pulse traverses it, which will act to broaden the width of the pulse if the material
is dispersive. Because the terahertz pulse is only a few hundred femtoseconds in
length, it contains a broad range of terahertz frequencies, typically spanning from
100 GHz to over 3 THz. Therefore, a complex fast Fourier transform of the time
domain waveform produces its frequency domain spectrum. By taking the ratio
of the spectrum of the received waveform to that when no sample is in the beam
(the reference waveform), the amplitude and phase transmission coefficients at each
frequency within the bandwidth may be determined.
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This approach can be extended to achieve terahertz imaging by focusing the beam
to a small spot at the sample and either moving the sample through the terahertz
beam or scanning the beam across the sample. Typically, this is accomplished by
mounting either the sample or the generation and detection heads on x—y translation
stages, to allow scanning in two dimensions. Therefore, the image data is acquired
pixel by pixel and consists of a full time domain waveform for each location of
the beam across the sample surface. There are many ways to construct an image
from this data. For example, the peak amplitude of the time domain waveform may
be plotted for each pixel, or the peak amplitude integrated over different frequency
ranges. Each representation can highlight different features of the sample and the
most appropriate to use will depend on the application. The resulting images are
usually plotted as false colour maps.

Terahertz images and spectra can be acquired in both transmission and reflection
geometry by appropriate reconfiguration of the system. In reflection mode, the
time domain waveform for a stratified sample will consist of a series of peaks
corresponding to reflections from individual layer boundaries. Therefore, an indi-
vidual peak may be isolated and an image constructed from mapping it across the
sample, allowing depth-resolved imaging to be achieved. Alternatively, by stacking
time domain waveforms recorded along a line across the sample so that they
are side by side, and plotting a false colour map of the amplitude of each time
domain point, a cross-sectional image, or B-scan, of the sample can be constructed.
Signal processing techniques based on deconvolution can be used to improve the
resolution, to the degree that sub-wavelength and sub-pulse width depth resolution
is possible [1].

The two commonest techniques for generating the short terahertz pulses used in
these systems are photoconductive generation and optoelectronic generation. Both
are driven by the pulse from a near-infrared femtosecond laser. In photoconductive
generation, the near-infrared laser pulse is incident on a piece of semiconductor at
the feed gap between the two halves of a planar dipole antenna, which has been
fabricated on a suitable dielectric substrate and is designed for radiation of terahertz
frequencies. A potential difference is established between the two halves of the
antenna by applying a d.c. bias voltage across them. Initially, with no near-infrared
laser pulse present, the semi-conductor is non-conducting and no current flows
through the antenna; hence there is no radiation. However, when the laser pulse
is incident on the semiconductor, photocarriers are generated and current begins to
flow. After the laser pulse has ceased, the photocarriers relax back to the conduction
band and the current returns to zero. The burst of current through the antenna results
in aradiated pulse of terahertz radiation. Because of the carrier lifetime, the terahertz
pulse is longer than that from the near-infrared laser, typically being hundreds rather
than tens of femtoseconds in duration, but it still spans frequencies up to around
3 THz.

The alternative technique of optoelectronic generation, replaces the photocon-
ductive antenna with a non-linear crystal of material such as zinc telluride. When
the near-infrared laser pulse propagates through the crystal, the non-linearity results
in the generation of an emergent pulse at the difference frequencies between the
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frequency components of the input pulse. Because the femtosecond input pulse has a
broad frequency content spanning several terahertz about its centre frequency in the
infrared, the emergent pulse covers a broad range of frequencies in the terahertz part
of the spectrum. While this technique produces broader band terahertz pulses than
photoconductive detection, it requires use of an amplified laser system to produce
the infrared input pulse.

A gated detection system is required in order to resolve the shape of the
terahertz pulse after it has interacted with the sample and to record the time domain
waveform. Again, there are two detection techniques in common use, both of which
use a fraction of the signal split off from the near-infrared femtosecond laser using
a beam splitter as the gating or probe signal. This probe signal activates the detector
for a length of time dependent on the laser pulse width, which is significantly shorter
than the width of the received terahertz pulse. By introducing an optical delay line
between the laser pulse which drives the generator, commonly referred to as the
pump pulse, and the probe pulse, different portions of the received terahertz pulse
can be detected. As the laser produces a series of pulses, each of which generates
an identical terahertz pulse, the optical delay line can be scanned so that each
successive probe pulse maps out the shape of the received terahertz waveform at the
detector over a sequence of received terahertz pulses. This assumes that the sample
does not significantly change its properties on this timescale.

Photoconductive detection uses an antenna similar to that used for photocon-
ductive generation. However, in this case, there is no applied bias voltage and the
magnitude of the current flowing through the antenna corresponds to the amplitude
of the received signal. In the absence of the probe pulse, no current can flow through
the antenna, even with an applied terahertz signal. However, while the probe pulse
is present, photocarriers are generated in the semiconductor, enabling a current to
flow through the antenna, driven by the received terahertz signal.

Alternatively, electro-optic detection utilizes the Pockels effect in an appro-
priately oriented crystal of a material such as zinc telluride. While no terahertz
signal is incident on the crystal, an incident probe pulse from the linearly polarized
near infrared laser will be converted to a circularly polarized output pulse, due to
birefringence in the crystal. If a terahertz pulse is now applied co-linearly with the
probe pulse, its electric field will polarize the crystal and modify its birefringence
so that the emergent infrared pulse will be elliptically polarized. The amplitude
of the received terahertz signal can be determined by separating the emergent
infrared pulse into its orthogonal linearly polarized components, using a quarter
wave plate and Wollaston prism, and detecting these with a balanced pair of
photodetectors. The terahertz signal amplitude is proportional to the difference in
intensities recorded at the two photodetectors.

While these time domain systems work well, there is still a desire to improve the
efficiencies of terahertz generation and detection in order to increase signal-to-noise
ratios and reduce data acquisition times. Section 7.3 discusses recent developments
in this direction based on the use of nanostructures.
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7.2.2 Frequency Domain Systems

There are many approaches to the recording of terahertz signals directly in the
frequency domain, based on the use of continuous wave rather than pulsed sources.
While many of these sources are sufficiently narrow band that they can be
considered to produce essentially a single output frequency, some can be swept over
a range of frequencies to enable spectroscopic information to be retrieved. Others
are inherently broadband noise sources and frequency comb generators, which
require frequency selective components or interferometric spectrometers to separate
the terahertz signal into its frequency components for spectroscopic purposes.

Of particular note here, are photomixers, which use non-linear devices mounted
in terahertz planar antennas to derive a terahertz output at the difference frequency
between two diode lasers, which are typically operating at infrared communications
wavelengths. The terahertz output frequency can be swept by sweeping the wave-
length offset between the two lasers. Similar nanostructure enhancements to those
described in Sect. 7.3 for photoconductive emitters and detectors are also applicable
in the case of these devices.

Another class of continuous wave sources are terahertz quantum cascade lasers.
As their name implies, these exploit quantum effects for their operation. They are
discussed more fully in Sect. 7.4.

Quantum effects can also play an important role in terahertz detection, especially
of the very small amounts of terahertz radiation received from astronomical bodies.
This matter is discussed in Sect. 7.5.

7.2.3 Terahertz Optics

Lenses and mirrors are commonly used within terahertz systems in order to control
the divergence and focusing of beams. However, because of the relatively large size
of the wavelengths involved, the effects of diffraction cannot be ignored. This has
two major consequences. Firstly, geometrical optics cannot be used for the design
of terahertz systems, and secondly, there is a limitation on the minimum sized spot
to which one can focus the radiation.

Figure 7.1 illustrates the propagation and focusing of a terahertz beam by a lens.
Here it is assumed that the beam has a Gaussian transverse amplitude distribution,
with the contour lines representing the 1/e amplitude level in the beam. It is clear
that the beam spreads due to diffraction as it propagates and that the introduction of
an optical component, such as the lens, is necessary to refocus the beam and stop
it spreading to unmanageable size. The lens focuses the beam to a minimum-sized
spot, known as the beam-waist, beyond which it spreads again at the same rate with
which it converged. Thus a series of lenses or focusing mirrors spaced one after
the other is necessary to constrain the spread of the beam within a given off-axis
diameter.
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Fig. 7.1 Propagation and focusing of a terahertz beam by a lens. The solid black lines represent
the 1/e amplitude contours in the beam. The dash-dot line is the optic axis. The red arrow indicates
the beam-waist location

The severity of the diffraction is due to practical constraints on the size of
systems, which limit the lenses and mirrors to typically only a few tens of
wavelengths in diameter. Furthermore, in order to maintain the beam within that
diameter, the lenses and mirrors have to be placed within the near to far field
transition region of the beam, and the changing curvature of the phase-fronts at
different points along the beam must be taken into account in the design of their
surface profiles.

Beams with a transverse amplitude distribution which is other than Gaussian may
be described by a superposition of Hermite-Gaussian or Laguerre-Gaussian beam-
modes, as long as the beam can be considered paraxial. While the spreading of each
of these beam-modes occurs at the same rate as the fundamental Gaussian beam-
mode, they slip in phase relative to each other as they propagate, so that the resultant
superposition can show a complicated changing form at different points along the
beam. Fourier Optics and the angular spectrum of plane waves representation are
further tools that can aid in the design of terahertz optical systems, and more details
on all of these aspects are covered in [2].

Of particular concern here, is the size of the smallest spot to which the beam
can be focused, as that limits the spatial resolution in conventional time domain
imaging. Even with a severely non-paraxial beam, diffraction limits the minimum
beam-waist size to around half a wavelength. Given the wavelengths involved, this
is clearly insufficient to achieve nanoscale resolution. Ways to overcome this, which
can deliver orders of magnitude improvement in spatial resolution are described in
Sects. 7.6 and 7.7. Furthermore, Sect. 7.8 shows how it is possible to use terahertz
spectroscopy to investigate nanoscale phenomena in biological systems, without the
need to focus the beam to nanoscale dimensions.
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7.3 Nanostructure Enhancement of Sources and Detectors

7.3.1 Enhancement of Photoconductive Emitters, Detectors
and Photomixers

In a conventional photoconductive emitter, the size of the antenna feed gap is
designed to match the diffraction limited spot size of the near infrared pump laser.
However, because of the drift velocity of the photocarriers, only a small number
of them reach the metal contact electrodes of the antenna on a sub-picosecond
timescale that is fast enough to contribute to the terahertz pulse. Any photocarriers
generated further than about 100 nm from the contact electrodes do not contribute.
Often, short carrier lifetime semiconductors are used to ensure that any remaining
photocarriers recombine rather than contribute to a dc current that acts to lower the
bias field, which reduces the carrier acceleration between the electrodes.

Howeyver, the introduction of three-dimensional nanoscale contact electrodes
in the antenna feed gap has enabled a record 7.5% optical-to-terahertz power
conversion efficiency to be achieved [3]. The contact electrodes take the form of
gratings of V-shaped groves cutting into the surface of the low temperature GaAs
semiconductor. The grooves have metallized side-walls and are spaced apart so that
the intervening regions of GaAs taper from a width of 100 nm at the surface of the
GaAs slab to 160 nm over the 400 nm depth of the grooves. Thus, this structure
forms an array of sub-wavelength slab waveguides for the 800 nm wavelength
pump laser beam. Both of the anode and cathode contact electrodes consist of a
15 pwm x 15 pm area of these gratings. The two electrodes are spaced apart by
5 wm and are connected to the arms of a logarithmic spiral terahertz antenna.

Although the slab waveguides have a sub-wavelength height, the grating structure
excites surface waves that enable efficient coupling of the incident infrared laser
beam into the TEM waveguide modes. The coupling is further enhanced by a
200 nm-thick SiO, anti-reflection coating deposited over the surface of the nano-
structure gratings.

The use of these high aspect ratio grating structures results in a much larger
number of photocarriers being generated within 100 nm of the contact electrodes
than in conventional photoconductive emitters, and thus an increase in the number
of photocarriers that can contribute to terahertz emission. This brings about a
significant improvement in optical-to-terahertz conversion efficiency. The depth of
the grooves in the grating structure is important because, although improvements in
efficiency were seen in earlier work utilizing two-dimensional plasmonic gratings
on the semiconductor surface [4], they were unable to exploit the photocarriers
generated deeper within the semiconductor.

While the work described above has focused on improving photoconductive
generation, similar antenna structures are used for photoconductive detectors and
in photomixers, and so the use of nanostructured electrodes of a similar type should
result in improvements in their efficiency too.
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7.3.2 Terahertz Generation from Plasmonic Nanoparticle
and Nanohole Arrays

Recently, there has been much interest in the emission of terahertz radiation
observed when metallic nanostructures are illuminated by femtosecond infrared
laser pulses, as it could prove the basis of a useful terahertz source. There has been
some controversy over the mechanism involved, as different power law dependen-
cies of the emitted terahertz intensity on the incident infrared intensity have been
observed in experiments carried out by different teams, indicating different potential
emission mechanisms. However, recent experiments by Polyushkin et al. [5] on
plasmonic nanoparticle and nanohole arrays indicate that there are two different
regimes involved.

At lower incident infrared intensities, the terahertz emission shows a slightly
less than second order dependence, suggesting that the emission is due to optical
rectification. At higher incident intensities, a fourth to fifth order dependence is
seen, which is consistent with ejection of photo-electrons from the metal surface,
caused by plasmon enhancement and multi-photon absorption of the infrared
radiation, followed by pondermotive acceleration of the emitted electrons in the high
electric field gradients that exist close to the metal surface due to the plasmonic
enhancement, giving rise to the terahertz emission. The results presented in [5]
were the first to show both regimes in the same experiment and were backed up
by electron emission measurements using a time-of-flight electron spectrometer,
which showed good correlation with the terahertz emission results, supporting
the proposed emission mechanisms. A third regime with much reduced power
dependence was seen at even higher incident intensities, which is thought to be
due to the onset of tunnel ionization rather than multiphoton ionization.

It is clear that the emission depends on the local field enhancement specific to
the nanostructures used. In [5], the nanoparticle arrays were designed to produce
a strong plasmonic field enhancement at the incident laser wavelength and were
found to have terahertz emission consistent with multiphoton ionization, but not
optical rectification, within the range of incident laser intensities possible within
the experimental setup. The nanohole arrays, on the other hand, were designed to
have a lower field enhancement, and showed a clear transition between the optical
rectification and multiphoton ionization regimes. Both samples showed the onset of
tunnel ionization at very high incident intensities.

7.4 Terahertz Quantum Cascade Lasers

Conventional laser diodes, based on interband transitions between the conduction
and valance bands in semiconductors, are limited to the visible and infrared portions
of the spectrum, because the bandgap energy, which is of the order of electron-
volts, is too high for terahertz emission. However, by exploiting intersubband
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Fig. 7.2 Conduction band (CB) energy levels within a quantum well, (a) under zero bias. (b) In
quantum well between two potential barriers, with applied electric field

transitions in quantum wells, with energies of milli-electron-volts, it is possible
to make quantum cascade lasers operating in the terahertz range. These compact
semiconductor devices are unipolar, because the emission mechanism only involves
electrons, rather than electrons and holes as in interband laser diodes. Therefore, the
lasing transitions occur within the conduction band. Moreover, the transition energy
is dependent on the thickness of the atomic layers forming the quantum wells, and
can be freely adjusted to provide a desired output frequency through bandstructure
engineering.

Figure 7.2a shows three energy levels within a quantum well. For lasing to occur,
it is necessary to maintain a population inversion between levels 3 and 2. Figure
7.2b shows such a quantum well formed between two potential barriers, under an
applied bias voltage. Under the influence of the resulting electric field, electrons
tunnel through the potential barrier into level 3, with the lasing transition occurring
down to level 2. This lower state is quickly depopulated to level 1, maintaining the
population inversion, with the electrons tunneling out of the quantum well through
the second potential barrier.

In practical quantum cascade laser designs, multiple quantum wells separated by
potential barriers are fabricated next to each other to form superlattices, in which
the single well quantum states couple together to form minibands separated by a
minigap [6]. This structure forms the active region of the quantum cascade laser,
with the lasing transition occurring between the minibands. By cascading a series
of these active regions together (typically 100 or more), with intervening injector
regions which collect electrons from the lower miniband in one active region and
inject them into the upper miniband in the next, each electron can produce multiple
lasing transitions as it passes through the device.

In order to confine the radiation within the laser and form the laser cavity, the
entire active region cascade structure forms part of a waveguide. Two types of
waveguide are in use. In surface plasmon or single metal waveguides, the active
region forms a ridge separated by a thin, heavily doped layer from a semi-insulating
GaAs substrate, and capped with a metal contact layer. A second metal contact,
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adjacent to the ridge that forms the waveguide, enables application of the necessary
bias voltage. In this type of waveguide, the radiation is confined as a surface plasmon
mode.

In the second type of waveguide, the metal-metal waveguide, the active region
forms a ridge sandwiched between a metal layer on the surface of a substrate
and second metal contact, with which it is capped. The metal-metal waveguide
is better for higher temperature operation of the quantum cascade laser and for
achieving operation at lower frequencies. However, it produces lower output power
and, because of its tighter field confinement, gives a poorer beam profile [6].

While quantum cascade lasers are well established in the mid-infrared part
of the spectrum, their realization at terahertz frequencies has been much more
challenging. In part, this has been due to the challenge of developing low-loss
waveguides suitable for terahertz frequencies, but also because of the difficulty in
achieving population inversion for such small subband spacings. The latter requires
the selective injection of electrons into the upper state and not the lower state, as
well as an active region design that selectively depopulates the lower state without
reducing the population of the upper state. Nevertheless, these difficulties have been
overcome sufficiently for terahertz quantum cascade lasers to become available as
commercial products.

Performance has been demonstrated at frequencies between 1.2-5 THz and with
powers greater than 100 mW in continuous wave mode and greater than 1 W when
pulsed. While tuning is limited, tuning over a 330 GHz range centred on 4 THz
has been demonstrated using a micro-electromechanical plunger [7]. The greatest
practical performance limitation is that of operating temperature, as the maximum
operating temperature achieved is currently 199.5 K for pulsed operation and 129 K
in continuous wave mode. This is primarily a consequence of thermally activated
relaxation between the upper and lower radiative states based on the emission
of optical phonons [8]. Alternatives to the GaAs/AlGaAs material system usually
used for quantum cascade lasers are being explored, with a view to increasing
the maximum operating temperature. The design of the active region is another
important factor in this regard.

An alternative approach to achieving room temperature operation, is to make
use of intracavity difference frequency generation in dual-wavelength mid-infrared
quantum cascade lasers [9]. However, the power output from these devices is more
limited, with 2 mW having been achieved in pulsed operation.

There is much current interest in producing broad-bandwidth emission from
quantum cascade lasers through the generation of frequency combs. By combining
four different active regions with different centre frequencies within a single laser
cavity, an instantaneous bandwidth of almost 2 THz has been demonstrated, with
peak power up to 10 mW in pulsed operation [10].

An alternative approach to producing broadband emission, whilst simultaneously
producing a more directed beam, is the so-called random laser [11]. In this device,
the laser cavity is in the form of a disc of the semiconductor layers on a metalized
substrate, capped by a metal layer. The metal layers act as a metal-metal waveguide.
Holes with diameter comparable to the emission wavelength are etched through
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the upper metal contact and entire semiconductor structure in a random pattern.
While the radiation is confined between the metal plates, it can travel in any in-
plane direction and encounter the randomly placed holes, which will define the
modes of the laser cavity. The holes also serve to couple the radiation out of the
cavity. Because the holes are spread across the upper surface of the disc, which
covers a much larger area than the end facet of a conventional quantum cascade laser
waveguide, the resulting output beam is less divergent and is emitted in a direction
normal to the top surface of the device. The result is a comb of frequencies, with
spectral content dependent on the laser modes that are excited, and a well-directed
beam.

Another recent development is the demonstration of high-resolution gas spec-
troscopy by self-mixing interferometry [12]. In this case, the beam from a quantum
cascade laser passes through a gas cell before encountering a mirror which reflects
the beam back though the gas cell to the laser, thus producing external cavity
feedback. Tuning the frequency of the quantum cascade laser across a gas absorption
line reduces the external feedback, which can be detected by monitoring the voltage
across the laser.

7.5 Detection Approaching the Quantum Limit

The fundamental limit of detection of electromagnetic radiation of any wavelength
corresponds to the detection of a single photon within the measurement interval.
This is known as the quantum limit [13]. The measurement interval is related to the
response time of the detection system. If the bandwidth of a given detection system
is Av, the corresponding measurement time will be Av~!. Therefore, detection of a
single photon within this time, of energy /v, corresponds to a received signal power

P =hv-Av (7.1)

Obviously, for the detection of weak sources of radiation, such as from faint
astronomical objects in distant regions of the Universe, it is advantageous to have
detection systems that come as close to the quantum limit as possible. While some
terahertz detection systems are based on direct detection using broadband thermal
detectors, others are based on heterodyne detection. The latter have the advantage of
retaining all of the phase and frequency present in the input signal. They operate by
diplexing the incoming signal with the signal from a local oscillator, which forms
part of the detection system, or receiver, and applying this combined signal to a
non-linear device known as a mixer. The output from the mixer is at the difference
frequency between the input signal and that of the local oscillator. If a range of
frequencies is present at the input, the result will be a range of frequencies present
at the output, with the incoming signal spectrum downconverted from the terahertz
range to much lower frequencies, which can be handled by conventional electronics.
Inevitably, there will be noise in the detection system that will limit the smallest
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Fig. 7.3 SIS tunnel junction under different bias conditions. (a) Under zero bias. (b) Biased such
that eV, = Aj + A», allowing quasiparticle tunneling. (c¢) Biased such that eV, = A1 + Ay — hv,
allowing photon-assisted tunneling

signal it can detect. In heterodyne systems, this is conventionally represented by a
mixer noise temperature 7;,, related to this least detectable signal power by

P =kTmAv (7.2)

where k is Boltzmann’s constant. Thus, equating (7.1) and (7.2) gives the quantum
limit in terms of mixer noise temperature as

T = hv/k (1.3)

Fortunately, it is possibleto approach the quantum limit in heterodyne detection
at frequencies up to about 1 THz by using superconductor-insulator-superconductor
tunnel junctions as mixers. These SIS mixers consist of two superconductor regions
separated by a thin insulator barrier, of the order of 0.06-0.2 nm in thickness.
The device is operated well below the superconducting transition temperature.
The situation under different bias conditions is illustrated in Fig. 7.3. The figure
represents energy on the vertical axis and density of states in the superconductors on
the horizontal axis. The blue shaded regions indicate filled states, whereas unshaded
regions are empty. In a superconductor, there exists a superconducting energy gap of
height 2A, centred on the Fermi energy EF. If different superconductors are used on
either side of the insulating barrier, they will have different energy gaps, indicated in
Fig. 7.3 by A1 and A». Under zero bias (Fig. 7.3a), no tunneling occurs across the
junction. If the bias is increased such that eV, > A1 4+ Aj, where e is the electronic
charge and V), is the bias voltage, filled states on one side of the junction line up
with empty states on the other side and there is sufficient energy for Cooper pairs
to break up and the resulting quasiparticles to tunnel across the junction (Fig. 7.3b).
This results in a very rapid onset of current when eV, = A + Aj because of the
very large density of states close to the superconducting energy gap edge on either
side of the junction. If the bias voltage is such that eV, < A1 + A, the additional
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energy required for tunneling can be provided by an incoming photon (Fig. 7.3c).
The resulting extreme non-linearity in response to incident radiation is the reason
that SIS mixers have a performance that approaches the quantum limit.

The use of SIS mixers is now well established in terahertz astronomy. For
example, SIS mixers are used in the receivers for the Atacama Large Millime-
ter/Submillimeter Array (ALMA), which operates at frequencies from 30 GHz —
1 THz. A receiver noise temperature corresponding to about three times the quantum
limit has been achieved in the ALMA 787-950 GHz band [14].

7.6 Terahertz Nanoscopy

A number of approaches are being explored to enable sub-wavelength terahertz
imaging, including the use of sub-wavelength apertures and tapered plasmonic
waveguides. However, the most impressive results to date have been achieved by
applying a terahertz beam to the tip of an atomic force microscope hovering over
the sample to be imaged. The microscope tip acts as an antenna to concentrate
the terahertz fields, with the scattered field being dependent on interaction of the
evanescent field with the sample. Because of non-linearity in the field near the
pointed end of the microscope tip, the scattered field contains higher harmonics
of the incident terahertz frequency, which can be separated using a Michelson
interferometer, enabling the scattered radiation to be distinguished from the incident
radiation. Using a 2.54 THz continuous wave beam, Huber et al. [15] have demon-
strated 40 nm spatial resolution imaging of nano-transistors using this technique,
corresponding to a resolution of 1/3000 of the wavelength. They found that it was
possible to image regions of different carrier density within single nano-transistors.
Current efforts are directed towards improving the technique by replacing the atomic
force microscope tip with a tip specifically designed to act as a terahertz antenna.

7.7 Terahertz Scanning Tunneling Microscopy (THz-STM)

Even finer spatial resolution is possible with THz-STM, although, in this case, the
terahertz signal is used to enable ultrafast time resolution in scanning tunneling
microscopy, rather than to record terahertz images directly. An incident terahertz
pulse acts to provide an ultrafast modulation to the bias voltage in a scanning tun-
neling microscope (STM), inducing tunneling of electrons between the sample and
scanning tip on a sub-picosecond timescale. This is achieved without modification
to the STM, by focusing the terahertz beam so that it couples to the scanning tip
of the STM, which acts as an antenna for the terahertz radiation. The non-linear
current-voltage characteristic of the sample-tip tunnel junction rectifies the resulting
time-dependent tunnel current, enabling it to be detected with the conventional STM
electronics. In the initial demonstration of the technique [16], electron trapping in an
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InAs nanodot, induced by an 800 nm optical pump pulse, was imaged in an optical
pump-terahertz probe experiment. A time resolution of below 500 fs was achieved
simultaneously with a 2 nm spatial resolution, corresponding to 1/150,000 of the
terahertz wavelength.

Since then, the technique has been improved to the extent that it is now possible
to produce a slow motion movie of the ultrafast motion of a single molecular
orbital, with a spatial resolution of 0.6 A and a time resolution of 115 fs [17].
This was demonstrated by imaging pentacene molecules, which were electronically
decoupled from an underlying metal substrate by a monolayer of NaCl. Appropriate
choice of the terahertz pulse amplitude opens an otherwise forbidden tunneling
channel through the highest occupied molecular orbital (HOMO), enabling an
electron to tunnel from the HOMO to the STM tip, and a further electron to
tunnel from the metal substrate into the HOMO, resulting in a detectable ultrafast
tunnel current. Removal of the electron from the HOMO abruptly changes the
Coulomb and van der Waals forces between the molecule and the substrate, setting
the molecule into oscillatory motion. By using an initial terahertz pulse to act as
a pump to set the molecule into motion, and following it after a delay with a
second terahertz pulse to act as a probe, the oscillation can be mapped out for
different time delays between pairs of pump and probe pulses. The oscillation
can be detected because variation of the spacing between the molecule and the
scanning tip modulates the tunnel current. In the case of pentacene over a gold
substrate, a 0.5 THz oscillation was observed, with an amplitude corresponding
to £4 pm. Use of a different molecule (copper phtalocyanine) or modification
of the substrate was seen to produce different oscillation frequencies, due to the
dependence on the forces between the molecule and substrate. Furthermore, by
appropriate choice of substrate and terahertz pulse amplitude, it is possible to
selectively image the lowest unoccupied molecular orbital (LUMO) rather than
the HOMO. This technique opens up new possibilities for studying the quantum
motion of molecules on femtosecond timescales and with single electronic orbital
resolution.

7.8 Biomolecular Spectroscopy

To gain a full understanding of the function of biomolecules, such as proteins,
it is important to consider not just the molecule itself, but also the network of
water molecules that surround it in a biological system. Terahertz spectroscopy
can provide unique information in this regard, complementary to that provided
by other techniques, as both the collective vibrational modes of biomolecules and
dynamic changes in the water network that occur on sub-picosecond timescales are
accessible to it. By measuring the terahertz absorption of solutions of biomolecules
as a function of concentration, it has been deduced that biomolecules slow the
fluctuations in the hydrogen bond network of the water molecules in their vicinity,
producing a surrounding shell of hydration water with modified dynamics and
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a distinct terahertz absorbance [18]. This behavior is consistent with molecular
dynamics simulations, which show a shift in the vibrational density of states of the
hydration water towards higher frequencies, resulting in increased absorption above
about 1.5 THz and decreased absorption below this frequency [19]. Furthermore,
from the profile of the absorption versus concentration curve, it is possible to
determine the point at which the dynamic hydration shells begin to overlap, and thus
deduce their size. In the case of proteins, it has been found that their influence on
the water dynamics extends as far away as at least 10 A; and to greater than 20 A in
some cases [18]. This is a much greater distance than had been previously assumed,
based on experiments carried out using other techniques, which are insensitive to
water fluctuations on the sub-picosecond timescale. Consequently, because of the
separations between molecules in live cells, much of the water can be in this altered
dynamic state.

Thus, because of the strong interaction between biomolecules and their sur-
rounding water network, it is possible to make inferences about the state of the
biomolecule by measuring the terahertz absorption, which tends to be dominated by
the water. For example, it is possible to detect changes in molecular conformation
and the presence of site-specific mutants. Terahertz spectroscopy of antifreeze
proteins, which enable some animals to survive in sub-freezing temperatures by
binding to nano-sized ice crystals, restricting their further growth, has suggested
the existence of a gradient of hydrogen bond dynamics towards the bond site.
This hydration funnel is thought to provide a long-range interaction targeting the
antifreeze protein towards the ice crystal, eventually enabling it to bond to its surface
through a local, short-range interaction at the antifreeze protein’s ice-binding site
[19]. Further terahertz measurements have indicated that a hydration funnel may
play an equivalent role in enzyme-substrate catalysis [19].

Similarly, terahertz spectroscopy shows great promise for label-free detection
in biomedical applications. For example, it has been demonstrated that changes
in the terahertz absorption of solvation water can be used to enable the label-
free detection of antibody-antigen binding in estrogen receptor alpha, which is an
important biomarker for breast cancer diagnosis [20].

7.9 Conclusions

This chapter has shown how terahertz radiation can be used to provide infor-
mation on nanoscale phenomena inaccessible through other means, as well as
how nanoscale technology can be used to improve the performance of terahertz
systems in general. This is despite the relatively long wavelengths involved. Indeed,
proportionally speaking, the spatial resolution that has been achieved surpasses that
in any other part of the electromagnetic spectrum. Terahertz science and technology
is a relatively young field, due to the technological challenges of operating in this
part of the spectrum. Nevertheless, terahertz technology has advanced dramatically
in recent years and it is anticipated that new applications that make use of the unique
characteristics of terahertz radiation will continue to emerge in the future.
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Chapter 8 )
Casimir Forces: Fundamental Theory, Qe
Computation, and Nanodevice

Applications

Fabrizio Pinto

Abstract Seventy years after submission to the Physical Review of the crucial
quantum electrodynamical treatment of interatomic dispersion forces by Casimir
and Polder, our understanding of such interactions in both the unretarded and
retarded regimes has undergone a dramatic and intricate evolution. In this con-
tribution, we explore the ultimate physical motivations leading to this fascinating
trajectory rich in momentous implications for the goal of both fabrication and oper-
ation of highly integrated micro- and nano-structures. The first and most obvious
development has been the growing appreciation that, far from only representing
a weak, though exotic, effect, Casimir’s “zero point pressure of electromagnetic
waves” between two conducting parallel planes is actually a dominant interaction
on the nanoscale. This resulted in Feynman’s unforgettable caricature — in “There’s
plenty of room at the bottom” — of van der Waals forces between microparts as a
“man with his hands full of molasses,” which led to such forces being understood as
the leading cause of undesirable stiction for several decades. However, commencing
in the 1980s, the realization that such strong dispersion interactions might offer
unique technological opportunities surfaced. The second thrust was connected to
the discovery that, unlike expected from London’s intermolecular force theory and
the naive assumption of additivity, dispersion forces depend quite unpredictably on
topology and on the interplay of dielectric properties of the interacting media. This
may lead to drastic departures from results obtained through perturbative methods
and indeed to the prediction, later verified both in the unretarded and retarded
regimes, that dispersion forces may become repulsive. The challenge of computing
Casimir forces in more general geometries different from that of two parallel
planes has led to substantial progress from the numerical standpoint although open
problems remain. Lastly, in one of the earliest and most significant discoveries in
the history of the field, it was shown that dispersion forces can be modulated in time,
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for instance by illumination in semiconductors. This discovery opened the way to
consideration of thermodynamical engine cycles enabled by Casimir forces and to a
novel, highly effective means for energy transfer on the nanoscale.

Keywords Casimir effect - Fields under the influence of external conditions -
Computer algebra - History of science - Science pedagogy

8.1 Introduction

In his Treatise on Electricity and Magnetism, James Clerk Maxwell closes the
first section on “Description of Phenomena” (Ch. 1, Experiment I, Art. 27, last
paragraph) by the following two statements [1]: “No force, either of attraction or
of repulsion, can be observed between an electrified body and a body not electrified.
When, in any case, bodies not previously electrified are observed to be acted on
by an electrified body, it is because they have become electrified by induction™'
[italics in the original]. Although the former statement appears so trivial as to rarely
even be explicitly stated in elementary textbooks, its correct interpretation requires
extreme care.

In the following few pages of the Treatise (culminating with Art. 34), Maxwell
recounts the methodology followed by Faraday (see Ref. [4], p. 279) “in his very
admirable demonstration of the laws of electrical phenomena.” After summarizing
experiments conducted by means of a hollow vessel connected to a gold leaf
electrometer, he logically concludes that “the electrification of a body is therefore
a physical quantity capable of measurement” and “we are therefore entitled to
speak of any electrified body as ‘charged with a certain quantity of positive or
negative electricity’.” Finally, the law determining the force between electrified
“bodies of dimensions small compared with the distance between them” is given as
established by means of the torsion balance devised by Mitchell, used by Cavendish
and “successfully applied”’(Art. 38) by Coulomb. That is the relationship referred
to today as Coulomb’s law for the electrostatic force, Fcoul, between two point-like
charges, ¢ 2, at a mutual distance r|2, that is, Fcom = q192 F12/ r]22, in appropriate
units. In light of this reasoning, Maxwell’s cornerstone statement that “No force,
either of attraction or of repulsion, can be observed between an electrified body and
a body not electrified” appears irrefutable since, mathematically speaking, the force
between any two point-like charges vanishes if the charge of either is zero, that is,
if either body is electrically neutral (if ¢; = 0, withi = 1 or 2, then Fcgy = 0).

INotice that ‘induction’ here describes what we presently refer to as polarization (Ref. [2],
p. 164). This quotation is from the 2nd edition (1881) of the Treatise. However, the entire last
paragraph of Art. 27 is identical in both the 1st (1873) and 3rd editions (1892). Both statements
closely paraphrase, with somewhat more familiar language, equivalent principles stated by William
Thomson (Baron Kelvin) in his On the Mathematical Theory of Electricity in Equilibrium, indeed
cited by Maxwell (see the Reprint of Papers on Electrostatics and Magnetism, p. 43, Art. 59) [3].
Also, ‘electricity,” and related terms, are used where the modern term of charge is meant.
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This might be sufficient, at least classically, if physical reality presented us only
with two point-like particles. However, as Maxwell explains (Art. 28, Experiment
II), charge distribution in extended objects is affected by external charges. If one
finite body is neutral, existing charges within it will be redistributed either by
moving freely on its surface (in the case of conductors), or by locally producing
dipoles (in the case of insulators). Since the size of the objects involved does
not vanish with respect to their mutual distances, this will produce a net force
even if a body was “not previously electrified,” as Maxwell indicates in his latter
statement (Art. 27). These electrostatic forces due to polarization are well known
even to primary and secondary school pupils, who are explained the reason they
can pick up (electrically neutral) pieces of paper by rubbing a comb through their
hair [5, 6]. However, such phenomena occur even on the sub-atomic scale and
indeed recent computations have shown that the neutron-proton® (and neutron-
neutron) electrodynamical Casimir-Polder interactions are expected to be “quite
relevant” [9]. Despite the existence of electrostatic forces even between one charged
and one neutral object, an apparently inescapable reading of Maxwell’s latter
statement is that, if two bodies separated by empty space are both electrically
neutral, and if an independent means to produce polarization is absent, they should
not interact with each other, that is, no electrical force should exist between them.

The present contribution is motivated by the fact that, in conflict with such an
apparently straightforward conclusion, forces among neutral objects have been well
known to exist for millennia from direct observation of the physical world and they
have also played an early, vital role within atomistic philosophy, which obviously
depends on interatomic forces in order to explain the universe as humans experience
it [10]. During the emergence of modern science, the cohesion of polished marbles
was reported by Boyle, [11] who conducted fascinating experiments by means of the
vacuum pump he had invented [12, 13], and by Newton [14]. In 1840, as polishing
technology developed, strong adhesion was reported by Whitworth also in the case
of metal surfaces [15], and this phenomenon was further investigated by Tyndall,
who ruled out atmospheric pressure as the cause of attraction [16]. The strong
interaction of highly polished metal surfaces eventually led to the invention of the
so-called Johansson gauge blocks, which are mentioned by Richard Feynman as a
“fairly direct” demonstration of intermolecular forces (Ref. [17], p. 12—6) and are
possibly the earliest technology enabled by engineering dispersion forces (for a full
account and significance of these developments, see Ref. [18]). It is important to
stress, therefore, that Casimir’s discovery [19] was not, as often erroneously stated,
that neutral metal plates attract but that there exists a deep physical meaning of that
already well known fact [20].

2Therefore the statement that “neutrons have no charge and are neither attracted nor repelled
by charged particles” (Ref. [6], p. 501) is obviously incorrect as neutrons, as all nucleons, are
polarizable [7] (see the “Naive picture” in Sect. 8.2.1 therein) and thus they can be “acted on by an
electrified body.” The erroneous statement does not appear in later editions [8].
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Here we shall briefly touch on four different facets of this explosively expanding
research field. Firstly, from the pedagogical standpoint, we intend to provide a
relatively gentle introduction to the standard foundations of dispersion force theory.
However, in order to provide motivated readers with powerful tools needed to
reproduce results from the research literature, we shall pursue a computer algebra
approach. The package adopted herein is Mathematica (v. 9.0.1.0), without any
pretense whatsoever of programming expertise on the side of the author and indeed
used with a fair amount of wilful unsophistication — and no guarantees — so as to
leave ample room for improvement.

Secondly, we shall emphasize several aspects of the Casimir effect that are
amenable to classical or semi-classical treatments. One goal of this approach is to
remind readers that, unlike routinely claimed, the Casimir effect does not provide
direct proof of field quantization such as is given by single photon detection. This
may dissatisfy some purists, who repeat® that, for instance, since the Casimir
force is proportional to Planck’s constant, A, its existence must necessarily be
proof that the electromagnetic field is quantized. Such conclusion is well known
to be demonstrably incorrect (for this debate, see Sect. 8.4 herein, Ref. [18] and
Ref. [22], Sect. 8.3). The interpretation of the Casimir force in terms of radiation
pressure is derived from Casimir’s own original suggestion, in his foundational
paper, that “This force may be interpreted as a zero point pressure of electromagnetic
waves” [19]. The epistemological and ontological debates as to whether a zero-
point field is compatible with classical electrodynamics are also briefly discussed
below (Sect. 8.4, and References herein). A second goal of this approach, again
pedagogically, is to contribute a working mental image of the physical origin of
dispersion forces for use by educators as they help students at all levels develop their
intuition for a concept that, as clearly shown by intense recent focus by physics and
chemistry education researchers, is notoriously complex to grasp [23-25].

The third aspect, mainly left to Suggested Exercises, is concerned with applica-
tion of dispersion forces to fundamental science and to technology on various scales
including, of course, in nanotechnology, with an emphasis on processes leading to
energy exchange by dispersion force manipulation.

Finally, as our fourth perspective, throughout this presentation we shall endeavor
to provide insight into and further references regarding some historical develop-
ments surrounding the field, which is well known to be mired in multiple, hotly
debated controversies.

It will become quickly apparent that dispersion force research has undergone a
tremendous expansion in the last few decades. This is clearly neither the place for
a technical review of the subject nor, indeed, of a review of the several reviews
now available. Readers interested in becoming familiar with such reviews and
the many subfields now developing may refer, for instance, to a past analysis

3The fact that “repetition of a plausible statement increases a person’s belief in the referential
validity or truth of that statement,” popularly referred to as the ‘truth effect,” was demonstrated
decades ago by means of psychology experimentation [21].
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by this author written within a space propulsion technology context [26]. Two
reviews by the present author are also to appear, again considering the aerospace
marketplace, especially focused on historical and future developments in the process
of technology transfer of dispersion force enabled technologies — including the
effect of controversies on their economic and industrial implications — with several
hundred relevant references [18]. A non-mathematical introduction aimed at the
level of a well-educated audience is also available [27].

8.2 Intermolecular Forces: Fundamental Results

In this section, we proceed by building a chain of arguments leading to an
intuitive understanding of the physical forces between molecules as well as between
macroscopic boundaries. Notice that here we follow a typesetting style similar
to that used by Dubin [28], with input information (Mathematica [In] prompt)
given within the IATgX \verbat im environment whereas the output (Mathematica
[Out] prompt) is reproduced by exporting the Mathematica result to ISTgX and
displaying it within the {equation} environment. In some cases, typographical
need mandated departures from such work flow without altering any results and
notice also that the appearance of some characters may be different in this document
than within the notebook (i.e. \ [Omega] — w).

8.2.1 London Expression of the van der Waals Force

Let us commence with a standard non-relativistic treatment [29, 30] of the unre-
tarded interaction of two polarizable one-electron atoms* as originally given by
London [32] with the further restriction to one-dimension (1D) [33, 34]. Consider
two atoms arranged along, for instance, the x-axis at a mutual distance R with
their electrons at a distance z; and zp from their respective nuclei. The atomic
electrostatic interaction potential, Vip, expanded to 1st order in (z1, z2), is:

Clear["Global'x"];

Vint[zl , z2 , R ]

e”2 ((1/R) + (1/(R + 22 - zl1)) - (1/(R - zl1)) - (1/(R + z2)))
VintExpanded[zl , z2 , R ] =

Normal [Series [Vint [z1, z2, R], {z1, o, 1}, {z2, 0, 1}1]

2627122

= 8.1)

“This calculation was first attempted by S. C. Wang in 1927 [31].
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so that the total electrostatic potential to the same order, Vio, becomes:

VtotExpanded [zl , z2 , R ]
= (1/2) kz1™2 + (1/2) kz2”2 + VintExpanded[zl, z2, R]

2¢% 71 22k (z1)*>  k (z2)?

— 8.2

23 + 3 + 5 (3.2)

This result allows us to extract the secular (or characteristic) equation [35, 36] as
follows:

Az1z2 = {{2 SeriesCoefficient [VtotExpanded[zl, z2, R],
{z1, o, 2}1,
SeriesCoefficient [VtotExpanded[zl, z2, R],
{z1 z2, 0, 1}1},
{ SeriesCoefficient [VtotExpanded[zl, z2, R],
{z1 z2, 0, 1}1,
2 SeriesCoefficient [VtotExpanded[zl, z2, R],

{z2, o, 2}1}};
Azlz2 // MatrixForm
SecularEquation[zl , z2 , R ] = -\[Omega] "2 m IdentityMatrix[2]
+ Azlz2 ;

SecularEquation[zl, z2, R] // MatrixForm

2
k — mw? —ZR%
202 ) (8.3)

The (positive) normal mode frequencies, (w1, ®2), are found from the determinant
of the secular equation:

\ [Omegall[zl , z2 , R ] =
Solve [Det [SecularEquation[zl, z2, R]] ==0,\[Omegall [[2, 1, 2]1]
\ [Omegal2[zl , z2 , R ] =
Solve [Det [SecularEquation[zl, z2, R]] ==0,\[Omegall [[4, 1, 2]1]

VER3 —2e2
JmR3/2

v2e? + kR3
JmR3/2

In order to extract the standard expression, it is necessary expand this result to 2nd
order in the dimensionless parameter 8 = ¢2/(k R3) near 8 = 0 (the expansions to

(8.4)

(8.5)
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1st order cancel each other out). For instance, for the first frequency, wl, we find,
upon remultiplying by the natural (unperturbed) frequency w0 = /k/m:

\ [Omegal lexp[zl , z2 , R_] = Expand[(k/m)”*(1/2) (Normal][
Series [Sqrt [Apart [ ((\[Omegall[zl, z2, R])"*2/(k/m))]

/. (e”2/(k R*3)) -> \I[Betall, {\[Betal, 0, 2}1]

/. \[Betal -> (e®2/(k R"3)))]

el fE
m m
_——— — —— 8.6

+ m kR3 2k2R6 (86)

and analogously for w2, which yields a positive sign in the second term. Finally,
by writing to the total energy for the two oscillators in their ground states and by
introducing the classical static polarizability, ¢ = ez/ k, we find, for the unretarded

van der Waals interaction energy, Vyqw:

Eosclzl , z2_, R ] =
Expand[(1/
2) \[HBar] (\[Omegallexplzl, z2, R] + \[Omegal2explzl, z2,
R]1)] /. Sgrt[k/m] -> \[OmegalO ;

DeltaE[zl , z2 , R ] =

Eosc([zl, z2, R] - \[HBar] \[Omegal0 /. e"4/k”™2 -> \[Alphal”2
a2w0h 8.7)
2 RO '

Orientational averaging in the case of three dimensions replaces our numerical
constant % by %, which is the result by London [32].

8.2.1.1 Suggested Exercise 1

By building upon the above syntax (or by developing your own), generalize the
above approach to three atoms. This case is treated in a pedagogical manner by
Farina, Santos, and Tort [37] who, in the process, recover a very important result by
Axilrod and Teller [38]. Show that, for some particular configurations of the three
atoms, the mutual force is repulsive. This result, obtained before Casimir’s papers
and several years earlier than the development of the Lifshitz theory, demonstrated
that unretarded, van der Waals forces are not always attractive — a finding with
important technological applications [18].
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8.2.2 Van der Waals Forces Between Half-Infinite Semispaces

In the assumption of pair-wise additivity, we shall now consider the van der Waals
force between two parallel-plane, semi-infinite slabs separated by an empty gap of
width s, as done by de Boer [39, 40]. The standard approach consists of choosing,
for instance, the (x, y)-plane parallel to the two facing surfaces and of proceeding
by multiple integrations. For generality and later use, we shall assume that an
interatomic potential of the form:

Ulx , v, z 1 = -B/(x*2 + y*2 + z*2)*(\ [Gamma] /2)

With this definition, and by identifying s — R, the potential of Eq. (8.7),
corresponds to ¥ = 6. Let us first consider one single atom at a distance s from
one semi-infinite slab of atom number density N1. A triple integration over the
entire (x, y)-plane and for z € [s, +00) yields the atom-slab potential, V (s), as:
V[s_] = N1 Integratel
Integrate [
Ulx, y, zl, {x, -\[Infinityl, +\[Infinityl}, {y, -\[Infinity],
+\ [Infinity]}, Assumptions -> Re[\[Gammal]] > 2 &&
Re[z*2] > 0], {z,s, +\[Infinity]l},
Assumptions -> Re[\[Gammal] > 3 && Re[s] > 0 && Im[s] == 0]

Notice that Mathematica must be told specific information about all quantities
involved although this may be obvious from our specific physical application. One
further integration over all atoms in the second slab, assumed to have atom number
density N2, yields the slab-slab potential, and, finally, the van der Waals force is the
opposite of the derivative with respect to the gap width:

Uls_] = N2 Integrate[V[s + r], {r, 0, +\[Infinity]},
Agsumptions -> Rel[\ [Gammal] > 4 && Re[s] > 0];

uls ] = Uls] (Denominator[U[s]])/Factor [Denominator [U[s]]]

Fplaneplane[s ] = -D[uls], s]

2B N1N2 g4
y—-Hly -3y -2

(8.8)

27 B (4 — y)NIN2 537
vy —=Hly -3y -2

(8.9)

By defining the de Boer-Hamaker constant, Aggy, and by reading out the values
of y and B from the London potential found in Sect.8.2.2, we find the standard
expression due to de Boer [39, 40]:

FvdW[s ] = (Fplaneplane([s] /. {\[Gamma] -> 6,

B -> 3 \[HBar] \[Omegal0 \[Alphal”*2 /
4}) /(N1 N2 3 \[Pil*2 \[Alphal”*2 \[HBar] \[Omegal0/4) AJBH
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AdBH
67s3

(8.10)

8.2.2.1 Suggested Exercise 2

(a) Extend the previous approach to the case of two macroscopic homogeneous
spherical particle distributions of equal radius R and prove that the particle-
particle analytical solution can be cast in a form proportional to the result given
by Hamaker [41]:

flx ] = (2/(x"2 - 4) ) + (2/x"2) + Logl[((x*2 - 4)/x"2)];

(b) Demonstrate that, in the limit of distances s > R, this solution converges
back to the London potential. Find the next non-vanishing term in the series
expansion.

(c) Demonstrate that, in the limit for x — 2, the solution converges back to the
plate-plate result by de Boer given above. Find the next non-vanishing term in
the series expansion.

(d) Create a plot showing your analytical solution at (a) compared to the two limits
in (b) and (c). It may be helpful to create two plots, one for near range and
one for far range. Due to the power-law nature of these interactions, the natural
choice are log-log diagrams of the absolute value of the force.

8.2.3 The Casimir Effect

Although the first to prove that radiation pressure considerations lead to the correct
expression for the Casimir force was Gonzélez [42], below we adapt to the 1D
case the full three dimensional (3D) mathematical treatment of Casimir’s suggestion
given by Milonni, Cook, and Goggin [30, 43] (note that the statement attributed to
Debye by these authors in their Ref. 3 is actually due to Casimir; see footnote on
p. 7 of Ref. [22]).

In the radiation pressure interpretation of the Casimir effect, the Casimir force is
deemed to arise from the competing outward and inward radiation pressures acting
on two parallel, ideal reflectors facing each other across a gap of width s. We recall
that the expression for the classical radiation pressure [44] due to light incident
at angle 6 from the normal is, for a perfect reflector, Prag = 2u cos? 6, where u
is the radiation energy density, and the factor 2 corresponds to perfect reflection.
Assuming that the energy per mode is %hw, and noticing that only % of such energy
contributes to radiation pressure in either direction, the radiation pressure becomes:

e OEWE
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where V is a quantization volume, k is the wave vector k = w/c, k; is the normal
component of the wave vector, and c is the speed of light.

8.2.3.1 The One-Dimensional (1D) Casimir Effect

In this 1D treatment, [45] however, radiation is assumed only to be incident at 6 = 0
so that no angular integrations are necessary and k; = k. The quantization volume
can be expressed as the product of a generic square plate area of side b multiplied by
the gap width, so that V = b%s. The boundary conditions corresponding to a perfect
reflector require that the only modes present within the gap be those for which k =
nm /s, where n is an integer. In this 1D case, the replacement of sums by integrals
is not apparent but we must still include a dimensional factor, b2, which cancels the
same term in the quantization volume (see Ref. [30], Secs. 2.7 and 3.10). Therefore,
by considering contributions from two independent polarizations, we find:

nhe 2

2
N
0

(8.12)

Pout =

As for the inward pressure, the standard replacement ) (...) — (s/m) f (...)in
Eq. (8.11) yields:

whe [T

Pp=——- xdx. (8.13)
2 Jo

Therefore the Casimir pressure, Pcas, becomes:

h T +o0
e = 7 (Z n— / xdx) (8.14)
s 0
0

As is typical in computations of this type [46], extracting physical content requires
the evaluation of the difference of two formally infinite quantities [47]. One such
method is use of the Euler-Maclaurin formula, [48, 49] which we write as:

M(K)

> o[-
m=1 :

(8.15)
where M(K) = K/2is K iseven and to (K — 1)/2 is K is odd. In order to obtain a
finite result, we follow Casimir and multiply the integrand and summand functions
by an exponential function to introduce a cutoff so that the argument in the sum and
integral becomes:

N N
AY=>"n- fo xdx=1[f(N)+£(O0)]+
0

fcas[x_, \[Lambdal ] = x Expl[-\[Lambda] x]
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where A is the cutoff parameter to be considered in the limit A — 0% and, in our
application, N — +o0. In order to proceed with applying the Euler-Maclaurin
summation formula, we evaluate the following quantity (m = 1), which is the only
one contributing to the final result in the cutoff limit as can be verified directly:

Limit [D[fcas[x, \[Lambdall, {x, 1} 1, x -> 0,
Agsumptions -> Im[\ [Lambda]] == 0 && Re[\[Lambdal] > 0]

1 (8.16)

Hence the final result is:

PCaslD[s ] = -(BernoulliB[2]/(2!)) Pi \[HBar] c/s”2
wch
- — 1
1252 @17

which is the result given by Kupiszewska and Mostowski [45]. Notice that the result
given by Bordag, Mohideen, and Mostepanenko [50] for this case refers to the
potential energy and pressure per polarization hence accounting for the difference
by a factor of 2 (see footnote (3) on p. 74 of Ellingsen’s thesis [51]).

8.2.3.2 Suggested Exercise 3

Both the above sum and integral can be calculated analytically for the chosen
analytical cutoff function and with N — -+o0. Find such functions, study their
difference as a function of A and take the limit for A — 0% noticing whether any
numerical instabilities arise in the numerical limit. Repeat this study considering the
difference between the sum and the integral for finite N with N > 1.

8.2.3.3 Suggested Exercise 4

In the case of one infinitely conducting and one infinitely magnetically permeable
plate [52, 53], the boundary conditions change and the allowed modes within the
gap are defined by k = (n + %)n/s. Apply the above approach to this case and
discuss your conclusions.

8.2.3.4 Suggested Exercise 5

Generalize the approach of this Section to the full 3D case and recover the result
found by Casimir.
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8.2.4 Electrodynamical Casimir-Lifshitz Force

Here we present a derivation of the important result by Lifshitz [54] for the
force between two semi-infinite, parallel-plane slabs without any assumption of
additivity and including retardation. This calculation has been given many times by
different authors but, in order to provide users with the mathematical tools to extend
the validity of this treatment further, here we present a Mathematica formulation
inspired by the matrix approach of Podgornik, Hansen, and Parsegian [55]. Unlike
done originally by Lifshitz, this will enable one to later very efficiently consider
the algebraically far more complex cases of slabs of finite thickness, multilayers,
and even anisotropic materials [56—62]. In order to limit complications, we shall
restrict ourselves to the vanishing absolute temperature limit (7 = 0 K). Extension
to the case of finite temperatures is standard, once the correct dielectric function is
adopted, and it is treated in the References.

The most general geometry of the system is therefore that of two multilayer
stacks described by layers of dielectric and magnetic permeability (¢;, ;) constant
within each layer separated by a gap of width s and with a semi-infinite space
bounding the system to each side of the multilayers opposite to the gap. Upon
choosing the (x, y) plane as parallel to the multilayer surfaces and the z-axis as
perpendicular to those surfaces and oriented to the right, the Maxwell equations
provide the general solutions for the bound state fields, which are assumed to
exponentially decay for z — Zoo. With this geometry, the solutions for the
harmonic components of the electric field within the i-th layer can be written as
(we shall assume non-magnetic media, or u; = 1) [30, 50]:

Ei() = [eni @i+ (] + eci (@ k] e Berhon) (8.18)
where
dzez,,'
s~ Kieei 40, (8.19)

and analogously for e, ; and ey ;, so that the general solution is:

e,i(z) = Ajefit  Bie™Kiz (8.20)
where
2 2 w?
K =kj— e,-c—z (8.21)

with kﬁ = k,% + k% and w a real quantity (clearly i = +/—1 must not be confused
either with the layer number index or with the x-axis versor); also notice that various
layer numbering conventions exist in the literature and here we shall number all
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layers in the left multistack by negative integers increasing in magnitude towards
the left and by positive integers to the right, thatis,i =--- —2, —1--- + 1, 42...
Also, from Eq. (8.20), the field to the left (right) of the leftmost (rightmost) boundary
must vanish, thatis, By = 0and Agrg = 0:

e, 11(z) = AppefiL? (8.22)

e;.Rr(z) = Brre KREZ (8.23)

8.2.4.1 Boundary Transition Matrix: Electrical Field Continuity

We can now write the electric field in two adjacent layers, generically referred as as
left (L) and right (R):

ezL[kparal , \[Omegal] , z ] =
AL Exp[KL[kparal, \[Omegal] z] + BL Exp[-KL[kparal,
\ [Omegall z] ;
ezR [kparal , \[Omegal , z ] =
AR Exp [KR [kparal, \[Omegal] z] + BR Exp[-KR[kparal,
\ [Omegall z] ;

with obvious definitions, such as K; g = K;—1,; > 0 and similarly for ¢; g, and
kparal < k. Let us now apply the continuity condition to the normal component
of the D field, which is guaranteed by imposing the continuity of €e, and de,/dz at
the boundary.

AR DE ;1 DE» Ar E AL
= =D 8.24
(BR> (DEQI DE22> <3L> LR\ B (829
Requesting such continuity yields the coefficients on the right (R) of the left-most

boundary, assumed conveniently placed at z = 0, in terms of the coefficients on the
left (L), or in matrix form:

Solve[ \[Epsilon]L[\[Omega]] ezL[kparal, \ [Omegal, z] ==
\ [Epsilon]R[\ [Omegal] ezR[kparal, \[Omegal, z] &&

D[ezL[kparal, \[Omegal, z], z] == D[ezR[kparal,
\ [Omegal, zl, z] ,
{AR, BR}I[[1]] /. =z ->0

With these solutions, it is possible to build the boundary transition matrix, Df R
which yields the (Ag, Br) coefficients on the right of the boundary by extracting
the coefficients of the (A, By ) constants, and we finally find:

\ [ScriptCapitalD]Ell [kparal , \[Omega] ] =
Expand [Coefficient [
Solve[ \[Epsilon]L[\ [Omega]] ezL[kparal, \ [Omegal,
z] == \[Epsilon]R[\ [Omegal] ezR[kparal,
\ [Omegal , z] &&
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D[ezL[kparal, \[Omegal, z], z] ==
D[ezR[kparal, \I[Omegal, zl, z] , {AR, BR}1I[[1, 1, 2]] /.
z -> 0 , AL]];

\ [ScriptCapitalD]E12 [kparal , \[Omegal ] =
Expand [Coefficient [
Solve[ \[Epsilon]L [\[Omegal]] ezL[kparal, \ [Omega],
z] == \[Epsilon]R[\ [Omega]] ezR[kparal,
\ [Omegal , z] &&
D[ezL[kparal, \[Omegal, z], z] ==
D[ezR[kparal, \I[Omegal, zl, z] , {AR, BR}1I[[1, 1, 211 /.
z -> 0 , BL]];

\ [ScriptCapitalD] E21 [kparal , \[Omegal ] =
Expand [Coefficient [
Solve[ \[Epsilon]L [\ [Omegal]] ezL[kparal, \ [Omega],
z] == \[Epsilon]RI[\ [Omegal] ezR[kparal,
\ [Omegal , z] &&
D[ezL[kparal, \[Omegal, z], z] ==
D[ezR [kparal, \[Omegal, zl, z] , {AR, BR}I[[1, 2, 2]] /.
z -> 0 , AL]];

\ [ScriptCapitalD]E22 [kparal , \[Omega] ] =
Expand [Coefficient [
Solve[ \[Epsilon]LI[\ [Omegal]] ezL[kparal, \[Omegal,
z] == \[Epsilon]R[\ [Omega]] ezR[kparal,
\ [Omegal, z] &&
D[ezL[kparal, \[Omegal, z], z] ==
D[ezR[kparal, \I[Omegal, zl, z] , {AR, BR}1I[[1, 2, 2]] /.
z -> 0 , BL]];

\ [ScriptCapitalD] ELR [
kparal , \[Omegal ]
kparal, \ [Omega]]
kparal, \ [Omegal]
kparal, \ [Omega]]
kparal, \ [Omegall
kparal, \[Omegalll]

= {{\[ScriptCapitalD]E11[
\ [ScriptCapitalD]E12 [
, {\[ScriptCapitalD]E21[
\ [ScriptCapitalD]E22 [
}; MatrixForm[\ [ScriptCapitalD]ELR [

— 0~ e~

2KR (kparal,w 2¢eR(w) 2¢R(w) 2KR(kparal,w)
eL(w) KL (kparal,w) KL(kparal,w) eL(w)

(8.25)
2eR(w) 2KR(kparal,w) 2KR(kparal,w) + 2eR(w)

< KL (kparal,w) + eL(w) €L(w) KL (kparal,w) )
)

8.2.4.2 Translation Matrix

The next transformation matrix needed is a translation within a homogeneous (H)
medium by a length equal to the thickness T of the generic layer so as to shift the
next discontinuity placed at a generic location to the right to the origin z = 0:
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Agpr\ _ (D T\ (Az _ (MO 0 Az _ A;
= = —'IIzz+T
Boyr [y Mo/ \ B, 0 Mxn/\B; ’ B,
(8.26)
Let us consider the solutions within such a homogeneous medium at generic

coordinates z and at z + T ':

ezH[kparal , \[Omegal] , z ] =
AH Exp[KH [kparal, \[Omegall z] + BH Expl[-KH[kparal,
\ [Omega]] z] ezH[kparal, \[Omegal], z + T]

where KH is equal to K; within the layer. Therefore the translation matrix, which
yields the solution at z + T in terms of that at z, is, straightforwardly:

\ [CapitalPi] 1l [kparal , \[Omegal , T ] =
Simplify[Coefficient [ezH [kparal, \[Omegal, z + T], AH]/
Exp [KH [kparal, \[Omegall z]] ;
\ [CapitalPi]12[kparal , \[Omegal ,
\ [CapitalPi] 21 [kparal , \ [Omega]

T = 0. ;
, T
\ [CapitalPi]22[kparal , \[Omega] , T
\

1
1 =0.;

] =
Simplify[Coefficient [ezH [kparal, Omegal , z + T], BH]/

Exp[-KH [kparal, \[Omegall z]]

\ [CapitalPi] [kparal , \ [Omegal ,
T 1 = {{\[CapitalPil 1l [kparal, \[Omegal, T], \I[CapitalPi]12[
kparal, \[Omegal, Tl}, {\[CapitalPi]21l[kparal, \ [Omegal,
T], \[CapitalPi]22 [kparal, \ [Omegal,
T1}}; MatrixForm[\ [CapitalPi] [kparal, \ [Omegal, T]]

TKH (kparal,w)
(e 0 ) (8.27)

0 efTKH(kparal,a))

8.2.4.3 Modes Due to Electric Field Continuity

In the archetypal case of two semi-infinite slabs, described by dielectric functions
€1 and €4, separated by a gap of medium €gG,p, moving from left to right, the
zones to consider are fewer than in the full case of stacks of finite thickness (we
do not use the “0” subscript, as in €p, to avoid confusion with the SI symbol for
the vacuum permittivity). Let us consider the modes associated with electric field
continuity. The first boundary discontinuity is located at z = 0, between the left
slab and the gap medium (assumed by Lifshitz to be the vacuum), described as:

Ao\ _ ~E Ay
<Bo> =DE (B]) (8.28)

That is:
\ [ScriptCapitalD]ELR1 [
kparal , \[Omega]l ] = {{\[ScriptCapitalD]E11][

kparal, \[Omegall, \[ScriptCapitalD]E12[
kparal, \[Omegall}, {\[ScriptCapitalD]E21[
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kparal, \[Omegall, \I[ScriptCapitalD]E22][
kparal, \[Omegall}} /. {\[Epsilon]L[\ [Omegal] ->
\ [Epsilon]lml [\
\ [Omegal], \[Epsilon]R[\[Omega]] -> \[Epsilon]Gap/[\ [Omegal],

KL [kparal, \[Omegal] -> Kml[kparal, \[Omegall,

KR [kparal, \[Omegal]] ->

KGap [kparal, \[Omegall} ; MatrixForm[\ [ScriptCapitalD]ELR1 [
kparal, \[Omega]]]

This is followed by translation through the gap assumed to be of width T — s,

that is:
Asio Ag e Ay
=TI . =11 D 8.29
(Bs+0) 0,540 (Bo> 0540 P10 5 (8.29)

and, finally, upon transforming over the boundary to the right of the gap, the overall
transfer matrix is:

ME, 11 =Dg 41 Tooss DEy (8.30)

The conditions of field decay away from the gap demand that the (1,1) element
of this result must vanish [58]. For reasons of space here we omit obvious steps
and do not reproduce the unwieldy elements of the total matrix product. Standard
manipulations by Mathematica to bring this condition into a familiar form (also
omitted for brevity), yield the condition (see Ref. [30], Eq. (7.27)):

(GGapKfl + €1 KGap)(eGapKJr] + €41 KGap) 2K Gaps

—1=0. (8.31)
(€GapK—1 — €-1KGap) (€GapK+1 — €+1KGap)

The modes associated with magnetic field continuity are found in a completely
analogous fashion, leading to (see Ref. [30], Eq. (7.28)):

(K,] + KGap)(K+] + KGaP) ezKGaps

—1=0. (8.32)
(K- — KGap)(K+l - KGap)

8.2.4.4 Lifshitz Expression

A reasoning in the complex plane, also due to Lifshitz, leads to consideration of an
integrand for the dispersion force between two semi-infinite slabs separated by an
empty gap (€gap = 1) as a double integral. A few standard changes of variable, also
possible to implement within Mathematica, finally lead to the familiar expression
for the Lifshitz pressure:
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h +o0 5 +0o0 ;
Fri(s) = — m/l dp p /(; doj wy

-1
% ([(S—l + G_lp)(s_l,_l + 6+1p)62wlp5/c _ 1}

(s—1 —€-1p)(S4+1 — €41P) (8.33)

|:(S—1 + p)(s41 + p) e2wipsfc _ 1:|_1
(51 =p)s41 = p)

where w; is the imaginary part of the complex frequency, wc = wg + iwy, the
following variables were introduced:

s41 =4/ p>— 1 +exr, (8.34)

and, on causality considerations, the dielectric function €4 (wy) is always real.

8.2.4.5 Suggested Exercise 6

Carry out the Mathematica manipulations leading to the results given above at
Egs. (8.31) and (8.32).

8.2.4.6 Suggested Exercise 7

Extend the above treatment to that of two possibly unequal slabs of finite thick-
nesses, ay, and ag (compare your results to those in Ref. [50], Sec. 4.1.1.). Show that
you can recover the above results in the limit of infinite thicknesses, ar,ag — +o0.
What happens if the thickness of both slabs vanishes?

8.2.4.7 Suggested Exercise 8

Consider two bi-layers interacting across a gap. Show that you can recover the
standard Lifshitz expression if the thickness of one layer vanishes while the other
one diverges in each bi-layer.

8.2.4.8 Suggested Exercise 9

Recover the Casimir pressure expression by taking appropriate analytical limits
(ex1 —= 00) in the integrand at Eq. (8.33) and by using Mathematica to compute
the integral. Show that:

hem?

Feas(s) = 2058

(8.35)
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8.2.4.9 Suggested Exercise 10

(a)
(b)
(©)

(d)

(e)

Investigate the dependence of our results for the Lifshitz pressure and the
unretarded Hamaker constant on the numerical values of the constants in the
analytical expression of the dielectric function.

How would you manipulate the dielectric function?

By building upon the early treatment by Arnold, Hunklinger, and Dransfeld
[63], and the more modern approach by Chen, Klimchitskaya, Mostepanenko,
and Mohideen [64], formulate a model of illumination-dependent dielectric
function (some possibly useful information is provided in Exercise 11).
Calculate the Lifshitz pressure as a function of illumination for realistic values
of parameters of interest, for instance, by using:

LifshitzPressurels_ ] :=
NIntegratel[
LifshitzIntegrand[\ [OmegalI, p, s], {\[OmegalI, O,
\[Infinityl}, {p,
1, \[Infinityl},
Method -> {"GlobalAdaptive",
"SingularityHandler" -> "DuffyCoordinates"},
WorkingPrecision -> 14, PrecisionGoal -> 10,
MaxRecursion -> 50]

Comment on the possibility to drive nano-oscillators by dispersion force
manipulation (an example is given in Refs. [65-67]). Under what conditions can
the system be driven into parametric resonance by this approach? Compare your
result to that for a mechanically driven Casimir force parametric amplifier [68].

8.2.4.10 Suggested Exercise 11

Use the following naive model of the dielectric function of amorphous silicon (a:Si)
(or any other Kramers-Kronig consistent one):

(a)

(b)

\ [Epsilon]aSi[\ [Omega] ] =
1 + (\[Epsilon]l1/(1 - (\[Omegal /\I[CapitalOmegall)”2 -
I (\[Omegal] /\[Gamma]))) ;

with the following choices (w is expressed in s~ 1):

\ [Epsilon]l = 11.;
\ [CapitalOmegall = 5.8 10715;
\ [Gamma] = 16.0 10715;

Using values of the natural constants in the MKS system, calculate the Lifshitz
pressure in the s = 0.01 — 10 wm. Identify unretarded and retarded limits and
identify the onset of retardation. Use the unretarded behavior to estimate the
Hamaker constant defined at Sect. 8.2.2.

It has been said that the prediction that the Casimir pressure between two ideal
surfaces at a distance of approximately 10 nm should be approximately equal
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to 1 atmosphere is unphysical. What is the Lifshitz pressure between the two
surfaces considered above across a 10 nm gap, expressed in atmospheres? What
is the ratio of the Lifshitz to Casimir pressures in that case?

(c) What should the length of the side of four square pads be, if all placed within
the same 10nm distance of a highly polished ceiling, to hold the weight of
one human being against the gravitational force of the earth? (assume a mass
Mhuman = 10 kg) [69].

8.3 ‘“‘Perpetuum Mobile” Considerations

Given the non-trivial nature of the systems typically involved in the study of
Casimir effects, it is not unusual to employ conservation arguments to uncover
theoretical limitations, possible novel applications, or pitfalls leading to paradoxes
connected to incompletely understood energy exchange processes in systems such
as the one at Exercise 10(e) above [27, 70-72]. An additional example is the fierce
debate’ regarding the existence of “quantum friction,” that is, a force expected to
dampen the motion of two plane, parallel slabs moving transversally with respect
to each other [74-78]. This friction can be interpreted as yet another fascinating
manifestation of the electromagnetic vacuum state responsible for the static Casimir
effect emphasized in this contribution. A suggestive description of this process
is that “Qualitatively, with the inclusion of quantum fluctuations, the vacuum
behaves as a complex fluid that hinders and influences the bodies moving through
it” [79]. Although different viewpoints are possible [80], the fundamental origin
of the friction, which requires neither roughness nor contact of any kind, can be
seen to lie in the asymmetric reflection of virtual photons incident from different
directions because of the relative motion of the two slabs [81]. This area of research
continues to attract intense attention [82] with the earliest references cited [83] being
traditionally those to the work by Teodorovich [84] and Levitov [85] along with
important early contributions reported [86] to be due to Mahanti [87] and to Schaich
and Harris [88].

In the most heated phase of the quantum friction debate, an appeal was made to
an elementary mechanical gedanken experiment designed to logically demonstrate
that the very existence of any such force would imply that “an unlimited amount of
useful energy could be extracted from the quantum vacuum” [76].

The great apparent strength of this reasoning [76] lies in the fact that, if its
conclusions were correct, hardly any treatment of quantum-electrodynamics would
be necessary to decisively rule out the existence of quantum friction in the face

5The very personal ferocity surrounding Casimir effect controversies is, by itself, a subject worthy
of social science study. For details about this particular exchange see, for instance, “A fraction too
much friction causes physics fisticuffs” by Chris Lee [73]. For further details, and for the effect of
such debates throughout the process of technology transfer, see Ref. [18].
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of such strong energy conservation arguments. In fact, such proof, as presently
formulated, appears to be of such broad applicability as to be able to rule out the
existence of any friction — and even any lateral forces — between parallel moving
plane surfaces in nature, regardless of their origin. However, such implications have
gone completely unchallenged since the rebuttal stated: “There follows a discourse
proving that there is no frictional force between two stationary media. I agree with
this statement” [77].

Here we only consider this objection from an elementary mechanics standpoint
and, while taking no position regarding all well known field theoretic treatments, we
prove that the argument presented to show that quantum friction cannot exist [76]
is logically flawed. As the entire reasoning hinges on simple mechanics and it
is completely accessible to undergraduate students, appreciating this error has
implications not only in our understanding of quantum electro-dynamics but also
from the historical and pedagogical standpoints.

In that proof, the typical problem of a glass plate initially moving at a speed u
with respect to a substratum held at rest in the laboratory frame is treated. A change
in the reference frame is proposed on relativity grounds (Fig. 2, therein) as an artifice
to expose a “paradox.” Therefore it is stated that “a substrate ... assumed to be
infinitely heavy” moves at a constant velocity u while constrained to be parallel to
and under a glass plate of finite weight, initially at rest in the reference frame of the
observer, and separated from the substratum by an empty gap of constant width (the
author here employs the adjective “heavy” where massive is required).

The proposed proof is a classical Reductio ad Absurdum (Proof by Contra-
diction) [89]. If such a force as quantum friction existed, it is argued, *... the
glass would be accelerated until its velocity matches the apparent velocity u of
the substrate.” This fact is employed to prove two statements: (A) “One could put
an arbitrary number of cleverly designed glass pieces ... and let them become
accelerated by the quantum vacuum.” (B) “Quantum friction thus leads to the
paradox that an unlimited amount of useful energy could be extracted from the
quantum vacuum.” Since (B) contradicts the principle of conservation of energy,
it is concluded that quantum friction may not exist.

In order to explore the veracity of such statements, let us provide a more detailed
and physically realistic description of this gedanken experiment. This can be done
by assuming that the mass Mgy, of the substratum be finite and possibly, but not
necessarily, much larger than that of the glass plate, Mpate.

In principle, the quantity Mgy, includes the entire subsystem to which the
substratum is constrained, such as the Earth, or just the mass of a layer of material if
the experiment is conducted in outer space. Since, as is acknowledged in the proof,
Newton’s Third Law applies in this case, the frictional force Fgic acting on the
glass plate must be at all times equal and opposite to that acting on the substratum,
—Fric, so that the total momentum of the system, absent any other external forces
with non-vanishing horizontal component, will be rigorously conserved throughout
the process.
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As is well-known from the elementary mechanics treatment of one-dimensional
inelastic collisions, the final speed of the substratum-glass-bar system in the new ref-
erence frame will eventually approach the asymptotic value, vy, = Mg/ (Mgyp +
Mpiare) and the total energy change, AE, in terms of the total initial energy, Ein,
always negative, will be to AE = — EijnMplate/ (Msub + Mplate) < 0.

These results show that, as the practically unattainable limit Mg/ Mplate —>
+o0 is approached, regardless of any quantum-electrodynamical details, the final
velocity of the substratum-glass-bar system will indeed be vg, — u™, consistently
with (A). However, there will be no energy gain as AE — 07 in that limit, unlike
claimed at (B), due to a correspondingly small, but here logically critical, negative
difference in the speed of the final system with respect to the initial speed of the
massive substratum.

The reasoning error may have been caused by the assumption that, in the more
typical reference frame in which the glass plate is moving and the substratum
is at rest, the final state of the system should correspond to a substratum-glass-
bar system at rest after a long interaction. Although this assumption is practically
correct in a ground-based laboratory, the final speed of the substratum-glass-bar
system rigorously speaking does not vanish. In order to eliminate such mistaken
assumptions, it may be helpful to visualize the substratum as a wedge-shaped
“glider” of the type used in some elementary mechanics demonstrations with the
glass plate represented by another glider of finite mass constrained to freely slide on
top of it while they both ride an “airtrack” — a variation on the theme of a well-known
experiment [90].

A different gedanken experiment, which adheres even more strictly to the typical
theoretical treatments of quantum friction, consists of assuming that an external
force Fex¢ be acting directly on the substratum so as to keep it at a constant velocity
u in the laboratory reference frame. In this case, the substratum-glass-bar system, of
total mass Mgy + Mplate, Will, after a long interaction time, by hypothesis already
be moving with a velocity u. However, in order to maintain the substratum at a
constant velocity, Newton’s Second Law requires that Fexy = —Fpjc. Therefore,
although after a long interaction the final kinetic energy of the glass plate will indeed
have increased by AEpjae = +%Mplate|u|2 as claimed at (B), the total mechanical
work done by the force Fext on the substratum will equal Wey = —% p1ate|u|2.
Therefore, the net total energy change will be exactly AE = 0.

Historically, powerful gedanken experiments in which requiring that an absurd
state of perpetuum mobile be avoided to obtain the correct solution to a mechanical
problem were made famous by Simon Stevin (1548/49—1620), who even placed one
on the title page of his Hypomnemata Mathematica (1605-1608) [91-93] to the
enthusiastic approval of Ernst Mach (Ref. [94], p. 24). In the present case, however,
it appears that the proposed reasoning fails to allow for any conclusions against, or
in favor of, the existence of frictional forces, whether they be due to quantum fields
or to any other interaction.
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8.4 Conclusions

It is appropriate to end by returning to the two opening statements by Maxwell
quoted in the Introduction. As we have explored in this contribution, the concept that
“No force, either of attraction or of repulsion, can be observed between an electrified
body and a body not electrified” [1] requires a far more sophisticated interpretation.
Although Coulomb’s law — a cornerstone in the edifice of electrodynamics coded
into our minds ever since primary school — predicts that a neutral point-like particle
shall not interact with a charged point-like particle, that needs not clash with the
existence of dispersion forces. In this contribution, we have explored much evidence
to eliminate misconceptions so as to develop the opposite expectation, that is,
that polarizable bodies always electrodynamically interact even if they are neutral
and such interaction may well be dominant. To that end, we had to explore the
profoundest implications of the latter statement by Maxwell, that “When, in any
case, bodies not previously electrified are observed to be acted on by an electrified
body, it is because they have become electrified by induction.” This is the first link in
the long logical chain leading to an operational understanding of the technological
opportunity represented by dispersion force engineering.

An important historical question deserves to be considered at last: “Given
the above statements, could Maxwell contribute to our modern understanding of
intermolecular forces?”” And, more explicitly: “If the existence of dispersion forces
can be accommodated, or at least hypothesized, within the structure of classical
electrodynamics, did Maxwell make that logical connection?” In what follows, we
analyze this issue often by directly quoting from the writings of the protagonists of
the period.

Our motivation in exploring this issue is the recurring theme among scientists
and historians of science alike — whether implicitly or explicitly stated — as to
whether Maxwell could have made further progress towards elucidating those
fundamental questions by reaping a fuller harvest of the mathematical physics
machinery of the Treatise. In the opinion of the present author, as regards Maxwell’s
abilities and persistence in probing difficult issues, this line of inquiry should
realistically consider his death from abdominal cancer in 1879 at the relatively
young age of 48 after “bringing to bear on a subject still full of obscurity the
steady light of patient thought and expending upon it all the resources of a never
failing ingenuity.” (Ref. [95], Vol. I, Preface) Indeed, Freeman Dyson, referring
to Maxwell’s Presidential Address to Section A of the British Association in
1870, only points out that “It is difficult to read Maxwell’s address without being
infuriated by his excessive modesty ...” and, writing on Missed Opportunities,
he turns the tables on the critics with a scorching criticism of his own: “But the
mathematicians of the nineteenth century failed miserably to grasp the equally great
opportunity offered to them in 1865 by Maxwell. If they had taken Maxwell’s
equations to heart as Euler took Newton’s, they would have discovered, among other
things, Einstein’s theory of special relativity, the theory of topological groups and
their linear representations, and probably large pieces of the theory of hyperbolic
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differential equations and functional analysis. A great part of twentieth century
physics and mathematics could have been created in the nineteenth century, simply
by exploring to the end the mathematical concepts to which Maxwell’s equations
naturally lead” [96].

However, apart from the temptation to engage in counterfactual history [97]
speculations — what Carr referred to as “parlour games” [98] — about Maxwell’s
alleged omissions, there is merit in investigating classical electrodynamics as
a logical tool to clarify the role of quantization in dispersion force theory, to
strengthen semi-classical arguments and to develop new expository approaches.
The logical pathways presented herein suggestively illustrate that Coulomb’s law
with point-like, non-polarizable neutral particles does not imply that polarizable
neutral particles should not interact. A description of dispersion forces as a natural
consequence of classical electrodynamics can greatly aid to provide much needed
pedagogical devices for use by educators [25], to dispel the widespread concept
of the Casimir effect as a “mystery,” to enhance effective communication with
investors, the media and the public, and to stimulate confidence in the viability of
dispersion force engineering startup and spin-off companies [18].

Chronologically, it is relevant to notice that the first edition of the Treatise dates
to 1873, or thirty-three years after Whitworth’s report at the Glasgow meeting of the
British Association (Ref. [99], p. 4) and only two years before Tyndall’s paper read
at the Royal Institution [16], which means that the contemporary state of the art in
cohesion experimentation had to be well known to Maxwell. As far as atomistic
theory — regarded as the indispensable framework of dispersion force physics —
in the words of Maxwell’s early biographer, “we are indebted for all the modern
developments of the molecular theory of gases, as well as for its establishment on a
sound dynamical basis,” [100] mainly to Clausius, Boltzmann, and Maxwell. More
specifically about molecular interactions, as shown even just by his famous entry
on Capillary Action in the 9th edition of the Encyclopeedia Britannica (Ref. [95],
Vol. II, p. 541), Maxwell’s contribution to early explorations in the nature of
molecular forces was nothing short of substantial and is, by itself, the subject of
extensive studies [101]. Coulson, also cited by El’yashevich and Prot’ko [102],
provides a list of related “problems advanced by Maxwell: (1) What is a molecule
and what is the nature of the aggregate of atoms of which it consists? (2) What
is the origin of intermolecular or interatomic forces? And what is their law of
dependence on distance and orientation? (3) Why are molecules so invariable in
character with no evolutionary or continuously varying properties? (4) How does a
molecule form?” [103].

Coulson summarizes the situation by stating that “Maxwell had almost got to the
limit of what he could have done in the discussion of interatomic forces” and he
names a formidable list of items unavailable to Maxwell including “the discovery of
the electron. . . the nuclear atom, . .. electron shells, ... stationary states, .. .the wave
equation, and . .. the Pauli exclusion principle” [103]. Use of the adverb “almost” is
due to the opinion that “Maxwell could have been expected to make further progress
than he did” only in the latter of items (2), that is, in ascertaining the “form of
the interatomic and intermolecular force . .. by making more use of Clausius’ virial
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theorem.” If so, what can be said about “the origin of intermolecular or interatomic
forces” by means of Maxwell’s equations? Coulson reflects on “how impossible it
was that Maxwell should have been able to describe either the dispersion attractive
forces, or the spin repulsion and attractions.” The assessment is that accounts of
interatomic force physics before and after the development of modern quantum
theory “appear to have almost nothing in common” [103].

This peremptory position is justifiable from the standpoint of modern quantum
electrodynamics but it fails to capture the subtler mathematical implications of
Maxwell’s equations. For instance, shortly after Maxwell’s early death, Lebedev
could already discern such connections with extraordinary clarity and rare intuition
in his doctoral dissertation: “Hidden in Hertz’s research, in the interpretation
of light oscillations as electromagnetic processes, is still another as yet undealt
with question, that of the sources of light emission ...such a problem leads us
...quite unexpectedly as it were, to one of the most complicated problems of
modern physics — the study of molecular forces. Adopting the point of view of the
electromagnetic theory of light, we must state that between two radiating molecules,
just as between two vibrators in which electromagnetic oscillations are excited,
there exist ponderomotive forces: They are due to the electrodynamics interaction
between the alternating electric current in the molecules (according to Ampere’s
laws) or the alternating charges in them (in accord to Coulomb’s laws); we must
therefore state that there exist between the molecules in such a case molecular
forces whose cause is inseparably linked with the radiation processes ...”° The
obvious modern objection to any argument based on the “radiation process” is that
atoms, in their stationary states, are in fact not radiating. This same severe limitation
is mentioned much later by Casimir in his critique of Overbeek’s intuitive, but
“misleading” [107, 108] model — an imperfect model that, as Casimir nevertheless
generously repeats, provided the initial impetus towards the expression for the
Casimir-Polder force. Disregarding this issue of principle, in order to anticipate
the connection to dispersion forces, Maxwell would have had to speculate about
the inner structure of the atom to conclude that their charged constituents, if
driven from their positions of equilibrium, will oscillate, radiate, and interact as
Lebedev suggested. In the present work, we took advantage of Lorentz atomic
models “to go further than Maxwell” (Ref. [109], §122) but, as remarked by
Coulson, [103] Maxwell’s description of polarized matter had to be formulated prior
to the discovery of the electron by J. J. Thomson in 1897 [110, 111]. Although
the historical development of our understanding of molecular structure following
Maxwell is a complex subject [2, 112—114], Yaghjian judges that “the closest he
seems to approach the idea of dielectrics containing dipoles is ...in explaining the
theory of Mossotti that a dielectric contains small conducting elements insulated
from one another and capable of charge separation (forming dipoles)” [115].

%This is a translation into English quoted in Ref. [104]; see also Ref. [105] (in German) and
Ref. [106] (in Russian).
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Mossotti’s results [116, 117] regarding atomic structure “were based on an ether
concept typical of his epoch, and are hence difficult to follow for the modern
reader” [118]. Remarkably, however, Mossotti “utilised a mathematical method
which had been developed by Poisson for the examination of a similar question in
magnetism.” (Ref. [119], §142—151; see also Ref. [112], pp. 188—189). As explained
much later by Van Vleck, “this concept of the polarization of the molecule as the
cause of the departures of € and u from unity is by no means a purely twentieth-
century concept, and was intimated by Faraday” [120]. Indeed, Mossotti’s starting
point had been Faraday’s conclusion that “it is the molecules of the substances that
polarize as wholes ...and that however complicated the composition of a body
may be, all those particles or atoms which are held together by chemical affinity
to form one molecule of the resulting body, act as one conducting mass or particle
... (Ref. [121], §1699-1700). Van Vleck continues: “In 1836, Mossotti pictured
the molecule as a conducting sphere of radius a, on which the charge would, of
course, readjust or ‘polarize’ itself under the influence of an applied field, thus
making the molecular moment different from zero. If the electric susceptibility x,
is small compared to unity, he thereby showed that x, = Na>. It seems almost
too hackneyed to mention that the values of a obtained from this simple equation
(together with the observed N and y.) are comparable in magnitude with the
molecular radii in kinetic theory” [120] (N is the number of atoms in the unit
volume; see also Ref. [122], Sec. 10.12).

Maxwell was obviously deeply affected by Mossotti’s work, which he repeatedly
cites and critiques over a period of several years, somewhat appearing to vacillate
between acceptance and doubt but never fully endorsing it. For instance, in 1841,
in a short communication devoted to that subject, Maxwell writes that “although M.
Mossotti’s general view may be correct, I believe it will be found that his analysis
is erroneous” [123]. In 1864, in A dynamical theory of the electromagnetic field,
Maxwell lucidly explains that “in a dielectric under the action of electromotive
force, we may conceive that the electricity in each molecule is so displaced that one
side is rendered positively and the other negatively electrical, but that the electricity
remains entirely connected with the molecule, and does not pass from one molecule
to the other”” [95] (Vol. 1, p. 526). In 1869, in his paper On the Mathematical
Classification of Physical Quantities, he judges rather ungenerously that “Mossotti
...was enabled to make use of the mathematical investigation of Poisson relative
to magnetic induction, merely translating it from the magnetic language into the
electric, and from French into Italian” [95] (Vol. II, p. 258). Finally, in the Treatise,
Maxwell comments that “This theory of dielectrics is consistent with the laws of
electricity, and may be actually true.” (Vol. I, §62).

The early proof by Mossotti [117], recast by Jeans in modern notation
(Ref. [119], §149), remains a standard textbook calculation in the electrostatics
of dielectric media to this day. Of particular interest in our case are the even
simpler model with one central, point-like positive charge surrounded by a cloud

"Here “a molecule is the smallest possible portion of a particular substance.” [123] (Vol. II, p. 46).
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with homogeneous negative charge density [122] and that of two homogeneously,
opposite charged spheres superimposed to each other in the absence of an external
field [124]. In both cases, the polarizability of the system is shown to be & &~ a3. As
pointed out by Lorentz (Ref. [109], §124), such results are only rigorously valid for
the static polarizability, which was extended to include the dynamic polarizability
by treating the time-dependent case first by Lorenz [125] and, independently, by
Lorentz himself — “certainly a curious case of coincidence” [109].

In the Introduction, we stated that two neutral, polarizable particles will not
interact “if an independent means to produce polarization is absent.” In fact, Spruch
considered the dipole-dipole interaction of two particles of dynamic polarizabilities
a1,2(w) within a volume V much larger than the size of the particles, and immersed
within a background classical field Eg(w, r), where r is the position vector [126].
On realizing that — consistently with Lebedev’s and Overbeek’s intuitions — only the
“radiation” term proportional to 1/r contributes to the potential, V;é‘fssol(r), and by
introducing the energy density u(w) = |Eg(w, r)|? of the mode of frequency w of
the smoothly varying electric field, this treatment leads to the following result:

c/r
v;g;‘s;dm = cﬁlr /0 a1 () () u(w) o* do . (8.36)

Crucially, Spruch comments that the above is “a result that Maxwell could have
derived, and perhaps did” [126]. The first part of this statement — once again in the
tradition of results Maxwell allegedly missed — is correct but quite bold given the
logical chain we have seen is needed to reach the concept of dynamic polarizability
even if just with a rudimentary model for a “molecule.” The latter part of the
statement, although an effective ‘narrative hook,’ is probably fictional.

The connection between the above equation and quantum electrodynamics takes
place by simply writing the energy density per mode of the zero-point field as
Vu(w) = %hw, thus leading to the Casimir-Polder potential, Vc_p, only as “the
last step” [126]:

e @)

N (8.37)

Ve-p
However, the presence of this random field of intensity proportional to 7 in
Spruch’s approach does not imply that quantization of the electromagnetic field
is needed to reach the Casimir-Polder expression. In fact, simply the introduction
of a fluctuating classical field of appropriate specific energy density leads to the
same mathematical results obtained by the methods of QED. This was stressed
by Casimir, who, writing one year before his death in 2000, commented on this
approach that “The problem in quantum electrodynamics is then reduced to a
problem in classical electrodynamics™ [20].
As Spruch and Kelsey explained: “Why vacuum-fluctuation arguments worked
in the past in the problems to which they were applied is, to our knowledge, not
completely understood, but the simplicity of the approach gives it considerable
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appeal, as a means of providing physical insight into known results and as a
means of suggesting new results” [127]. Consequently, a very extensive literature
reporting dispersion force calculations now exists based not on standard field
quantization but on the injection into the system of an appropriate classical field — an
approach sometimes referred to as ‘random’ or ‘stochastic’ electrodynamics (SED)
[128-132].

A succinct and lucid presentation of the logical premises of SED has been given
by Milonni (Ref. [30], Sec. 8.12; see also Ref. [133], Sec. 5). He explains: “In
QED we cannot arbitrarily set to zero the homogeneous, source-free solution of
the Maxwell operator equations in the Heisenberg picture. This “vacuum” field is
necessary for the formal consistency of QED... Classically, however, we generally
assume implicitly that the homogeneous solution of the Maxwell equations is that
in which the electric and magnetic fields vanish identically. That is, we assume
that there are no fields in the absence of any sources. .. This difference between
classical and quantum electrodynamics, together with the evident importance of
the fluctuating vacuum field in QED, suggests the adoption of a different boundary
condition in classical electrodynamics: instead of assuming that the classical field
vanishes in the absence of sources, we can assume that there is a fluctuating
classical field with zero-point energy %ha) per mode. Whether it is a better working
assumption than the standard, “obvious” one is a matter to be ultimately decided
by comparison with experiment” [30]. From this point of view, important parallels
and connections exist with the cosmological constant problem, which has been
speculated to be connected to gravitating zero-point energy affecting the expansion
of the universe [134-136].

Fascinatingly, as first shown by Marshall [128], any classical zero-point field
of spectral energy density po(w) o @° is Lorentz invariant; furthermore, the
specific choice po(w) = w3 /2723, well known from QED, causes a mean square
displacement fluctuation in a classical charged harmonic oscillator equal to that of
the corresponding quantum problem. Shortly after these findings, Boyer proposed
to elevate the Lorentz invariance of the zero-point spectrum to the role of an SED
postulate [137, 138]. Therefore, “...we require that the spectrum of the radiation
shall look the same to all observers moving at constant relative velocity with respect
to each other” [137] and “... & enters our theory, not as any quantum of action, but
solely as the constant setting the scale of the zero-point electromagnetic radiation
spectrum” [139].

As Boyer reported, “Some readers of this classical electromagnetic analysis
are distressed, even indignant at the idea of a “classical” electromagnetic zero-
point radiation. They insist that zero-point radiation is a “quantum” idea which
can not be used as part of classical physics. However, surely this objection is
without merit” [131]. Such strong opinions also transpire from scientific language
usage. For instance, Boyer judges that “The idea of quanta forms a subterfuge for
what is a natural part of a theory of classical statistical thermodynamics including
electromagnetism,” [139] using the noun subterfuge three more times in the course
of the same paper. As though in direct response, Milonni, typically quite impartial,
turns the same terminology against random electrodynamics, which he describes
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as “at best an interesting subterfuge” (Ref. [133], Sec. 5.2) before using the
same term twice more in the same paper (Ref. [133], Sec. 5.5). The sometimes
acrimonious debate as to the reasons non-fully quantum theories of dispersion
forces lead to correct results — only partially within our scope herein — continues
unabated to this day [18, 140] as this approach is now also being tested to probe
spacetime fluctuations in the weak field limit of the gravitational field, for which no
quantization scheme is yet known [22, 141].

The adoption of a classical random field described by & “...as a multiplicative
constant chosen by comparison of theoretical predictions with experiment” [30]
changes none of the mathematical findings by Spruch. In the fully retarded regime
in which the only significant contribution to the integral at Eq. (8.36) comes from
the static polarizabilities oj 2(0) — provided by experimental measurements — we
finally recover the quantum electrodynamical Casimir-Polder expression, Vc_p,
from completely classical considerations (see Ref. [142], Sec. IV). The classical
picture of dispersion forces to emerge is therefore that of an interaction caused by
a Lorentz invariant stochastic field postulated to fill the universe and driving the
process of mutual atomic polarization.®

On the one hand, from the historical point of view, we can now ask: “Was such a
description within Maxwell’s hypothetical reach?”” As we have seen, this would have
required both a model for the dynamical polarizability — or at least its static limit —
and the concept referred to today as the Lorentz covariance of Maxwell’s equations
as the framework to accommodate a classical zero-point field. Strictly speaking,
covariance would not be understood till after Maxwell’s death, that is, at the very
earliest, till the little cited discovery of the “Voigt transformations,” [143—146] in
1887 and the later critical re-elaborations by Lorentz and Poincaré [147, 148].
Even with such machinery, however, the existence of homogeneous solutions of
Maxwell’s equations different than the “true vacuum” (all fields equal to zero) was
not truly appreciated till the use by Lifshitz [54] of Rytov’s “random field” [149] and
the much later work by Marshall cited above. Of course, an appreciation of the fact
that any external field, invariant or not, could “drive” dispersion forces as shown by a
rudimentary model of polarizability was within Maxwell’s potential reach, and that
might have led to further speculations as to the form of the intermolecular potential
even earlier than the discovery of invariance. In fact, as we have explored in this
work, introduction of external fields is a common strategy to engineer dispersion
forces [132]. If the existence of random fields had been speculated and if dynamical
polarization had been at least tentatively modeled, Maxwell could have logically
connected electromagnetism to the existence of dispersion forces and to cohesion.
All such suppositions, however, must deal with the reality of Maxwell’s early
death and one is left speculating the many ways in which he would have further
contributed to physics if, as for Casimir, his life had spanned 90 years, or till 1921.

8This concept might be a provocative solution of ‘double-starred’ Prob. 10.31, “Mutually induced
dipoles” in Electricity and Magnetism by Purcell and Morin [122].
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Chapter 9 )
Nanomaterials and Nanotechnologies for e
Photon Radiation Enhanced Cancer

Treatment

Diana Adliene

Abstract Nanotechnology plays an increasingly important role in the diagnostics,
prognostics, theranostic and management of targeted cancer treatments. Radiother-
apy is a golden standard for cancer treatment: it requires high accuracy in delivering
treatment to cancer patients to reduce toxicity to surrounding tissues and relies
on both adequate imaging technologies and precise treatment dose calculations.
Since the positive outcome of cancer treatment depends on a proper radiation
dose delivery to the target, theoretical dose planning for each patient verified by
experimental dose assessment is absolutely necessary. Introduction of the innovative
nanotechnologies requires new improved dose delivery concepts that relay on
utilization of new nanoscale materials. Materials on the nanoscale such as quantum
dots, metal nanoparticles, combined core-shell nanoparticles, drug carriers provide
many unique properties and are emerging with promising applications for their
implementation in the development of the new cancer treatment strategies.

A quantum physical approach on how nanotechnology and nanomaterials are
contributing to the improvement of cancer treatment and monitoring including
some development tendencies of nanomaterials for radiation detection and imaging
are discussed in this paper with the aim of providing some insights and ideas on
future development of photon radiation based nanomedical applications for cancer
treatment.

Keywords Photons - Nanomaterials - Photosensitizers - Cancer treatment

9.1 Introduction

Through last decades nanomaterials and nanotechnologies became a part of every
day’s life. Nanotechnology is defined as the “intentional design, characterization,
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production and application of materials structures, devices and systems by con-
trolling their size and shape in the nanoscale range (1-100 nm)” [1]. Having
high scientific potential nanotechnology plays an increasingly important role also
in nanomedical applications. Nanomedicine is defined as the “monitoring, repair,
construction and control of human biological systems at the molecular level,
using engineered nanodevices and nanostructures” [2]. Nanomaterials used in in
medicine may have different sizes, shapes, chemistries, and surface characteristics
thus exhibiting tunable optical, electrical magnetic and biological properties. Also
they may have some unique characteristics compared to conventional micron-size
materials: (1) high ratio of surface area to volume, which enables high loading
of drugs on nanomaterial carriers; (2) size dependent properties such as quantum
confinement in semiconductor particles (quantum dots) and (3) superparamagnetism
of magnetic particles that are used for the improvement of medical imaging tech-
niques. A big variety of different passive and active nanostructures and systems are
being used in medical field however the highest scientific priority is addressed to the
development of nanomedical systems with enhanced functionality and established
multitasking [3].

In this chapter only small area of nanomedicine-application of nanomaterials and
nanotechnologies for radiation sensitization, assessment and evaluation in radio-
/phototherapy and diagnostics will be discussed with the emphasis on quantum
mechanical aspects of photon (X-rays, gamma -rays, UV-VIS-IR light) interaction
processes.

9.2 Some Quantum Physical Aspects of Photon Interaction
with Matter

The discovery of X-rays by W.C. Rontgen in 1895 contributed significantly to
the development of light duality theory. It was shown, that high energy X-rays
were behaving similar to light waves and were following the same laws of optics.
However the explanation based on the wave propagation theory was not sufficient
enough to describe such phenomena as photo effect or Compton scattering and
many others. Postulations made by M. Planck and A. Einstein regarding energy
quantification and existence of energy quants (photons) provided an elegant solution
of this problem, however required the recognition of the dual nature of the light
(X-rays). The theory of particulate (photons) nature of light was not recognized
by scientific community for a long time after the first indicative experiments were
performed. The scientists are discussing A. Einstein’s mysterious idea of “smallest
packet of energy” until now. Despite of heavy debates, the overall consensus
regarding the existence of a photon as a particle is not achieved yet.

In this chapter the photon will be treated in terms of energy quantum due to the
fact that the main concern in radiation medicine is energy transfer/absorption in the
target object.
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Let us assume that electromagnetic radiation penetrating absorbing medium
consists of photons that may interact with the atoms in medium, with atomic
nuclei or with atomic electrons. Interaction in which electrically charged particles
are released from or within a material when it absorbs the energy transferred
by electromagnetic radiation is one of the fundamental phenomena of quantum
physics. The radiant energy may be infrared, visible, or ultraviolet light, X- rays,
or gamma rays; the material may be a solid, liquid, or gas; and the released particles
may be ions (electrically charged atoms or molecules) as well as electrons. The
probability of each interaction depends on the photon energy and characteristic
nature of material. We will focus on photon interactions that play an important role
in medical radiation field covering application of nanotechnologies and sensors and
nanomaterials for radiation treatment and diagnostics and radiation protection.

Ionization and excitation are two most important processes of photon — electron
interactions [4]:

» Excitation of an atom is present when an electron gains sufficient amount of
energy and moves from a given shell to a higher n shell which is empty or is not
filled by the corresponding number of electrons. Excitation energy (excitation
potential) is a minimum energy required to excite an atom from its ground state
to a higher state.

* Jonization of an atom occurs when atom bound electron gains sufficient energy to
overcome its binding energy in the shell and releases from the atom. Ionization
energy (ionization potential) is a minimum energy required to release electron
from atom or ion.

9.2.1 High Energy Photon Interactions with Matter

Depending on the amount of energy which is transferred by X-rays or gamma
radiation to the electron it will be removed from a given shell in the atom and
immediately begin to transfer its energy to the surrounding material. Because the
electron carries an electrical charge, it can interact with other electrons via distance
pushing them away from its path thus exciting or ionizing the atom (Fig. 9.1).

Most of the ionization produced by X- and gamma radiation is not a result of
direct photon interactions, but rather of interactions of the energetic electrons with
the material.

The energy loss by electron travelling in matter is well-defined by mass stopping
power, S¢(Ek)el/p using corrected Bethe formula for electrons [5, 6], which accounts
electron and proton energy loss by soft collisions with atomic electrons (radiation
or Bremsstrahlung) plus those hard collisions resulting in 3-rays (Eq. 9.1):

Se(Ex)a/p= (2mrmec? /B) * (Z/uA) % (In (Ex/D*+In (14/2) +F* () =3)
©.1)
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Fig. 9.1 Schematic presentation of high energy photon interaction with electron [4]

where for electrons:
Fo = (1 _ 32) % (1 4+ 28— Qi+ 1) 1n2) , 9.2)
and for positrons:

Fpos = 2In2 — (52/12) % (23 L 14/ (T42) +10/(t+2) +4/(1+2)3,

(9.3)
where r, is the classical electron radius, c is the speed of light in vacuum (mec? is
the electron rest energy), p is the velocity of the incident particle, v, divided by the
speed of light, Z is the charge of the incident particle in units of the charge of the
electron, and I is the mean excitation energy of the medium, u is the atomic mass
constant, 1/12 of the mass of 12C atom, A is atomic mass number, T = EK/mecz).

Photoelectric effect, Compton scattering and pair production are the main photon
interaction processes in which photon energy is transferred to electrons (positrons).

A photoelectric interaction is a two-step energy deposition process (Fig. 9.2).
In the first step X-ray or gamma photon transfers all its energy to a tightly bound
electron of absorber (electrons from inner shells of atom mainly) and disappears,
while the orbital electron is ejected from the atom as a photoelectron. The depositing
of the energy in the surrounding matter by the electron is the second step. This
interaction is possible when photon’s energy is only slightly higher than the binding
energy of the electron: a portion of photon’s energy is used to overcome the
electron’s binding energy and to remove it from the atom as well as the remaining
energy is transferred to the electron as kinetic energy and is deposited near the
interaction site. Such interaction creates a vacancy in one of the electron shells,
typically the K or L, which is filled by the electron from the outer shell followed
by characteristic (fluorescent) radiation. The energy of the characteristic radiation
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Fig. 9.2 Photon-electron interaction processes: Photoelecric effect (L); Compton effect (R) [4]

depends on the binding energy of the electrons involved. Fluorescence, in general,
is a process in which some of the energy of X-ray or gamma photon is used to create
a second photon of the same type but with less energy. In some cases the conversion
of X-rays into light photons is also possible. It is to notice that characteristic X-rays
themselves may be absorbed in the atom resulting in emission of Auger electrons.

The average energy, (Ex ), transferred by a photon to an electron of the X-shell
(K,L,...X)1is given as [7]:

(Ex)y = hv — Pxwx (Ep)x, 9.4)

where (Ep)x is the binding energy of the X-shell (photoelectron), Py is the fraction
of all photoelectric interactions in the X-shell, as compared to the total number of
photoelectric events in the whole atom and wy is the fluorescent yield for the X-shell
which is defined as the number of photons emitted per vacancy in a given atomic
shell. The fraction of Auger electrons equals to: 1 — w. The photoelectric effect is
the dominant photon interaction in tissue below 30 keV.

A Compton interaction (incoherent scattering) is characteristic for medium
and high energy photons interacting with loosely bound electron (from the outer
shells of the atom) (Fig. 9.2).

Part of the incident photon energy is transferred to a “free” orbital electron
which is emitted from the atom as the Compton (recoil) electron under the angle
¢. The photon is scattered through a scattering angle 6 and its energy hv’ is lower
than the incident photon energy hv resulting in the photon wavelength change after
interaction:

AN =Ac (1 —cosb), 9.5)

with ¢ = 0.024 A as the Compton wavelength of the electron.
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Taking into account energy and momentum conservation in the Compton process
the scattered photon energy hv' and the kinetic energy of Compton electron Ex are
given as follows:

hv' = hv/ (1 +hv/mec? (1 — cose)) , (9.6)

Ex = hv (h\)/mecz (1 — cosb) / (1 + hv/mec? (1 — cose)) : 9.7)

where mg is the rest mass of electron.
Photon interaction in the nuclear Coulomb field of the atom results in creation of
the electron-positron pair with a combined energy [7]:

(EK)ys = hv — 2mec?. 9.8)

Since this is an energy to mass conversion process, pair production has an energy
threshold of 2mec? = 1.022 MeV. The process is followed by positron annihilation
with a “free” and stationary electron, producing two annihilation quanta, most
commonly with energies of 0.511 MeV each and emitted at 180° from each other to
satisfy the conservation of charge, momentum and energy (Fig. 9.3).

When pair production occurs in the field of an orbital electron, triplet (an
electron — positron pair and the orbital electron) production is possible. The
threshold for this effect is 4mec?.

Before collision
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0.511 MeV

s Triplet
production

0.511 MeV

hv ‘l @ ' l Pair production

e

Fig. 9.3 Pair /triplet production. (Adapted from Miglierini [8])
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9.2.2 Interaction of High Energy X-Rays and Gamma Photons
with Biological Tissue

Radiation therapy uses ionizing radiation as a tool for the cancer treatment. It
aims at killing the cancerous cells in a treated volume via energy transport to the
targeted biological tissues by energetic electrons and positrons produced in photon
interactions. Cell killing is a multi-step process. It depends on the energy absorption
in some critical volume of the biological tissue. The energy absorbed in unit mass of
a certain volume is defined as the absorbed dose and is the main quantity in radiation
medicine.

D = dE/dm. (9.9)

Deposition of the energy as a result of ionization or excitation processes in
biological tissue may lead to the damage of the cellular constituents of biological
tissue, particularly deoxyribonucleic acids (DNA), thus preventing normal DNA
replication and cell division. Two types of ionization events — direct and indirect
are possible, when ionizing radiation interacts with the target objects — DNA
macromolecules residing in the cells. These molecules regulate cellular activity and
contain genetic information needed for cell replication. If the amount of transferred
radiation energy is sufficient to directly ionize DNA, the interaction results in DNA
damage and even lead to the death of the cells. Other molecules that contribute to
the cell function, such as RNA, proteins and enzymes may also be affected by the
direct ionization effect (Fig. 9.4).
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radicals=® + peroxide
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* DNA
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- i .
DNA Repair Non-repairable

damage
Repair
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x-ray
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Fig. 9.4 Radiation induced ionization processes in biological tissue. (Direct ionization of DNA
by charged particles is included for the comparison)
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However, it is to notice that photon induced direct ionization of DNA is a rare
process. More than two thirds of radiation induced biologic damages result from
indirect ionization in which the initial radiation firstly interacts with water molecules
in the cell and generates free radicals and ions, such as hydroxyl OHe, hydrogen He,
water HyO+, H30+, superoxide O, ™. Photons that exceed ~7 eV are capable of
ionizing water. Interaction of radiolysis products and their reactive derivatives with
DNA molecules contributes significantly to DNA damages, such as change or loss
of base, disruption of hydrogen bonds between DNA strands, breakage of one or
both DNA strands, cross-linkage of DNA strands within the helix to other DNA or
proteins.

Depending on the energy absorbed, ionization may not have any negative effect
on cell or, in contrary, may cause: (1) sub-lethal damage of the cell (cells are
damaged, but it is reparable); (2) mutation of the cell (cell damage may be
incorrectly repaired and the cell function is altered, or the cell reproduce at an
uncontrolled rate (cancer), and (3) cell death (cell damage is so extensive that the
cell is not able to reproduce).

The biological response of cells is dependent on the total absorbed dose, dose
rate, on presence of the oxygen in media and linear energy transfer, which is defined
as the amount of energy deposited per unit path length by photons or electrons
travelling through biological tissue. All these parameters are taken into account
improving radiative medical procedures and are subject of further investigations.
For example, a recent study [9] revealed how ionizing radiation damages DNA and
causes cancer. The explanation of carcinogenic potential of ionizing radiation was
based on identification of two genomic imprints in human cancers: an excess of
deletions and of an exceedingly rare type of rearrangement balanced inversions
that are generated by ionizing radiation. These findings related to generation of
distinctive mutational signatures by ionizing radiation lead to the explanation of
carcinogenic potential of radiation.

9.2.3 Photon Induced Electron Excitation —Relaxation
Mechanisms

If the energy of interacting electromagnetic radiation is too low to ionize the atoms
excitation is possible in which electron at the ground state may be excited to the
higher electronic state, due to the absorbed radiation energy. Molecular excitation
is more likely related to low energy irradiation (UV, VIS, IR light) as compared to
the ionization. High energy radiation however may cause atomic excitations in crys-
talline solids. In both cases direct emissive relaxation (fluorescence) is possible but
also two- step relaxation via additional excited energy level (excited triplet level in
molecules, impurity levels in solids) is possible. Crystalline structures characterized
by three- level relaxation scheme are well explored in sensor applications, such as
thermo-luminescence and optically stimulated dosimeters. X-ray fluorescence plays
also an important role in radiological imaging.
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Fig. 9.5 Modified Jablonski energy level diagram of photosensitized molecule and indication
and chemical processes that are activated in cellular environment due to molecule excitation by
light [12]

Despite of the variety of relaxation mechanisms in different materials, physical
principles of electron excitation — relaxation processes in triplet energy level
structures will be discussed on the basis of process analysis in molecular system of
light illuminated photosensitizer — agent used in photodynamic therapy of cancer.
Explanative extension to chemical processes, responsible for generation of reactive
oxygen structures needed to kill cancerous cells will be also provided.

Photosensitization is a process applied in photodynamic therapy (PDT) when a
special fluorescent material (photosensitizer) is introduced into the target (cancer-
ous) cells and the cancer site is illuminated to the light from the therapeutic window
(. = 600 = 900 nm). In the presence of oxygen molecules, the light illumination
of photosensitizer (PS) can lead to the generation of cytotoxic reactive oxygen
species (ROS, singlet oxygen) and consequently destroy the cancerous cells through
apoptosis and/or necrosis pathways [10, 11]. It is to notice that light up to only
» = 800 nm can generate 'O», since longer wavelengths radiation has insufficient
energy to initiate photodynamic reaction.

Jablonski energy level diagram of molecular structure which includes excited
triplet state (Fig. 9.5) [12] might be used for more detailed explanation of the
physical and chemical processes explored in photodynamic therapy.

Let us assume that photosensitizer’s (e.g. porphyrin) molecule is illuminated to
the light from the therapeutic window (A = 600 -+ 900 nm). Molecule absorbs the
radiation energy very fast (10—15 s) and the electrons from the singlet ground state
PSy are transferred to the one of the excited singlet states Ip#(S, —S,). Electron at
the higher orbital has the opposite spin orientation relative to electron at the lower
orbital. Since the excited electron moves to another orbit, in which the electron is
less tight bond to the atom, it occupies higher vibrational level than the level at
which it was in the ground state. Vibrational relaxation takes 10~'4 — 107! s and is
realized through intermolecular collisions.
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The emissive return of the molecule from the lowest vibrational energy level
of the excited singlet state 'P*(S;—S,) to a vibrational level of the ground state
PS¢ without changing of spin orientation is called fluorescence. The energy of
fluorescent photons is lower than that of incident photon. The short life — time
(1077 s) of the singlet excited state is sufficient to be used for diagnostic purposes,
however it is too short to induce intermolecular energy transfer or electron transfer.
Moreover, singlet-triplet energy transfer is usually forbidden process due to the spin
conservation rule (the ground state of dioxygen, Oy, which plays an important role
in generation of ROS, is in a triplet state).

Time extension for the electron in the excited state is realized via intersystem
crossing to produce the triplet energy state T;. The exited triplet state is produced
via inversion of the spin (spin flip) of the excited electron resulting in existence
of two unpaired electrons with the same spin orientation. Since transition from T
to ground level PSy is a forbidden process (due to the different multiplicity of the
states), the excited triplet state tends to have a longer lifetime of (10731072 s) as
compared with the excited singlet state [13]. Photosensitizers with a long living
Ty state are often used to stimulate biologically relevant photochemistry in two
competing pathways, the Type-I and Type-II reactions. Both types of reactions cause
oxidation of various cellular molecules and can induce cell death via apoptosis,
necrosis and autophagy.

The Type I reaction involves electron/proton transfer directly from the PS to
cellular organic substrates (lipids, proteins, nucleic acids, etc.), yielding free radicals
or radical ions that interact with molecular oxygen (O») to produce reactive oxygen
species (ROS), such as hydrogen peroxide (H»0O3), the superoxide anion (O, ™) and
the hydroxyl radical (OHe). The last one is strong electrophile which is able to
chemically attack a very wide range of biomolecules [14].

The ground electronic state of oxygen is also triplet, whereby the two outermost
orbitals are unpaired but spin parallel. This triplet can undergo energy transfer upon
collision with the excited PS triplet. Type II process involves “flipping the spin”
of the outermost O, electron and shifting it into the orbital containing the other
electron, which in turn leaves one orbital entirely unoccupied. Generated singlet
oxygen 'O is not considered as radical, since its electron configuration is instable
due to the presence of spin paired electrons. In particular, short- lived (10-320 ns)
and extremely reactive singlet oxygen 'O, produced through the Type-II reaction
is thought to be responsible for the cell death induced by PDT [9]. It is to notice
that the energy of the excited state in PS should be higher, then 94 kJ/mol (0.97 eV,
energy of singlet oxygen). The most important photosensitizers are characterized in
[15, 16].
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9.3 The Role of Nanomaterials and Nanotechnologies
in Cancer Treatment Strategies

Nanomaterials can bridge the gap between the bulk and molecular levels and lead
to new applications in different fields, including also biomedical field. In this frame,
various applications of nanostructures for the development of new cancer treatment
methods are of great importance. However it is to notice, that this chapter is aimed to
provide rather rough insights and ideas to different possibilities of nano-applications
in cancer treatment than discussions on the topic in very details, which could be
found in different review articles provided by other authors [17-19].

Let us assume that the solid exhibiting distinct variation of optical and targeting
properties with a variation of particle size <100 nm can be called as nanostructure.
Nanostructures may be in a form of pure materials, mixtures, composites and alloys,
may have differently engineered structure, different shape and size, and be defined
as three-dimensional, e.g. nanoparticle, two-dimensional, e.g. thin film or quantum
wells, one-dimensional, e.g. nanowires and zero-dimensional, e.g. quantum dots,
objects.

Quantum dots are most interesting and extremely important semiconductor
(mainly) nanostructures that exhibit three dimensional quantum confinement. Quan-
tum confinement effect occurs sizing down the semiconductor crystal, which usually
has fixed bandgap between its valence and conductance bands, to less than Bohr
radius (1-5 nm [20]) due to the response of electronic excitation states to the particle
boundaries by adjusting their energy states [21]. Three different material specific
Bohr radii can be estimated:

ac, ap, dexe = € (m/m*) ag, 9.10)

where m is the rest mass of a particle such as electron (e), hole (h) or electron-
hole pair (exciton, exc), m* is the reduced mass (“effective” inertial mass) of the
particle, ¢ is the material’s dielectric constant, and ag is the Bohr radius of hydrogen
(5291772 x 10~ m).

Solving the Schrodinger equation for a spherical approximation of QDs, the
energy gap can be defined as [22]:

Eg (QD) = Eg o + (hzum) /872menR2, 9.11)

where Ey is an energy bandgap of bulk semiconductor, mep = me X mp/(me + mp)
is effective mass of an electron-hole pair (exciton), me and my, are effective masses
of an electron and a hole, respectively.

Due to the wave function symmetry [23] energy levels are described like atomic
orbitals labelled by the quantum numbers a,) (n = 1, 2, 3, etc., 1 = s, p, d, etc.).
Decreasing or increasing size of QDs lead to corresponding increase or decrease
in energy gap and introduces color changes in absorption spectra followed by the
emission of light of corresponding wave length.
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Like Jablonski’s diagram (Fig. 9.5) indicating electronic energy levels of organic
molecules and photochemical reactions occurring from their excited states [24, 25],
a three level model can similarly outline energy states of QDs. Three level energetic
scheme of QD contains a “trap” or “dark” excitonic state, which is populated from
the first excited state through non-radiative transition [26] is comparable with the
long lived triplet excited state T1 (Fig. 9.5) of usual photosensitizer and thus can
generate singlet oxygen [27]. Photoexcited quantum dots and ground-state triplet
oxygen have to be in contact to undergo triplet energy transfer (TET), as in the case
of conventional PDT photosensitizers [28, 29].

Different aspects of QDs development, fabrication and application are being
explored due to the big potential of these nanostructures in technological appli-
cations, many excellent reviews and articles have been published during the last
years [17, 18, 30]. However the applicability of quantum dots for cancer therapies
and radiation medicine especially exploring radiosensitization and conjugate mech-
anisms is not thoroughly discussed yet [27, 31, 32].

9.3.1 Photodynamic Therapy for Cancer Treatment

Photodynamic therapy (PDT) is a promising therapeutic modality for the treatment
of oncological diseases. Photodynamic therapy involves three key components:
a photosensitizer, localized in target tissue, light used to illuminate target and
molecular oxygen which is necessary to produce ROS and singlet oxygen that are
responsible for cell damage leading to the cell death (see photosensitization in the
previous subchapter). It has the advantage of dual selectivity, due to the preferential
localization of the photosensitizer by the malignant tissue and restriction of photo
activation to the tumor site due to localized light irradiation. It introduces and
controls important cell death mechanisms and being minimal invasive is attractive
as an alternative to surgery. The evident advantage of PDT over other conventional
cancer treatments such as chemotherapy and radiotherapy is its minimal side effects,
selective targeting, reduced toxicity that allows for repeated treatment. However it is
to notice, that due to a small penetration depth of light photons, PDT may be applied
for the treatment of surface or shallow located cancers [33-36].

A very detailed review on PDT applications for different cancer treatment is
provided in [14] in which also novel strategies in PDT are outlined:

Two Photon PDT Excitation of sensitizer by short (~100 fs) laser pulses with very
high peak power enables simultaneous absorption of two light photons. Since each
photon only contributes half the excitation energy, near-infrared light can be used
to achieve deeper tissue penetration [37]. Alternatively, if the laser beam is strongly
focused, then the activation volume may be extremely small [38].

Metronomic PDT Low dose rate delivery of both drug and light over an extended
period (hours-days). This can result in tumor cell-specific apoptosis, with minimal
tissue necrosis [39].
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Nanotechnology in PDT Nanoparticles (NPs) have several potential roles in PDT:
as PSs per se, for PS delivery [40] and as energy transducers [41].

Nanoparticles selected for photosensitizer enhancement must meet the following
requirements [19]:

* The nanoparticle emission spectrum must match the photosensitizer’s absorption
spectrum, which guarantees efficient activation of the photosensitizers and
production of singlet oxygen. It is easy achievable because a nanoparticle’s
emission spectrum is dependent on the diameter of the nanoparticle.

* The nanoparticles must have high luminescence efficiency, i.e., excitation should
result in strong emission by the nanoparticle. For example, if a scintillation
nanoparticle is used, luminescence is produced as a result of excitation by
radiation (scintillation luminescence), and the nanoparticle should emit strongly.

* The nanoparticles must be easily attached to or linked with photosensitizers.

* The nanoparticles must be non-toxic, water soluble, and stable in biological
environments.

The potential advantage of NPs is that a high ‘payload’ can be delivered and
they can be ‘decorated’ with multiple targeting moieties such as antibodies or
peptides. Other approaches [42] include: biodegradable polymers, ceramic (silica)
and metallic (gold, iron oxide) NPs; magnetic NPs, in which an applied magnetic
field enhances localization to the tumor; and hybrid NPs that allow both PDT and
either another therapeutic strategy such as hyperthermia or an imaging technique
such as magnetic resonance imaging. Materials that themselves generate 'O,
upon photoexcitation include silicon NPs and quantum dots [43]. Quantum dot
conjugates with photosensitizers may have some advantages, in particular because
of the large absorbance cross-section and the tunable optical properties enabling
flexible utilization of variable excitation wavelengths to activate the photosensitizer
molecule.

These concepts illustrate a general advantage of NP-based PDT: photophysical
and photochemical properties of the PS can be uncoupled from the delivery and
activation processes and potential of PDT alone or in combination with approved or
experimental therapeutic approaches as a promising antitumor strategy [40].

9.3.2 Nanoparticles for Radiation Therapy Enhancement

Taking into account that radiation therapy is not selective antitumor treatment
the main challenge for this treatment is the enhancement of the therapeutical
efficacy without increasing damages to the surrounding organs at risk (OAR).
Combination of nanoparticles and radiation therapy opens the possibility to increase
differentiation between healthy and cancerous tissues. The treatment efficacy can be
expressed in terms of dose modifying factor (DMF), which is relies on cell survival
evaluation [17]:

DMF = Dsensi/DOv (9.12)
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Fig. 9.6 Survival curve example. (Illustration adapted from DMF assessment strategy [17])

where Dgepsi is the dose required to produce an effect in the cell with radiosensi-
tizer/radioprotector and Dy is the dose required to produce the same effect without
radiosensitizer/radioprotector.

This definition is similar to that of the relative Biological Effectiveness (RBE)
[44], which allows adapting of the delivered dose according to the performance
of the improved/new therapeutic system or strategy, in comparison to the dose of
conventional treatment. The radiosensitizing effect on survival of cells is provided
in Fig. 9.6 [17]. It is shown, that introducing nanoparticles into the cells allows
achieving of the same radiobiolgical effect with a lower X-ray irradiation dose as
compared to the dose to the cell colonies without NPs and thus reduce the treatment
dose by DMFE.

There are several mechanisms of photon (X-ray) interaction with nanoparticles
introduced into the tumor: (1) NPs that enhance photoelectric effect and Compton
scattering (and thus the subsequent emissions of secondary electron, explained in
the sub-chapter 2.1) to increase conventional radiation therapy efficacy; (2) X-ray
triggered drug-releasing NPs [45], that represent capsule loaded with drugs, which
is destroyed due to irradiation and the drug is released inside the targeted tissues; (3)
Self-lighting photodynamic NPs that are usually made of a lanthanide-doped high-Z
core [46]. Once irradiated by X-rays, the scintillator core emits a visible light and
activates a photosensitizer that generates singlet oxygen (!0,) and ROS for tumor
destruction (combination of photodynamic therapy and enhanced radiation therapy)
[47].

Radiosensitization by Quantum Dots and Nanoparticles Radiation sensitizers
are drugs that enhance the effects of single or fractionated radiation therapy.
Metallic nanoparticles can be used as adjuncts to radiotherapy. Tightly packed metal
nanoparticles may increase therapeutic efficiency of radiotherapy by selectively
scattering and/or absorbing X-rays or gamma rays causing localized damage to



9 Nanomaterials and Nanotechnologies for Photon Radiation Enhanced. . . 195

DNA and other targeted organelles of cancer cells and thus decreasing total radiation
dose to minimize side effects of ionizing radiation on cancer patients [27, 48].
Dose enhancement is believed to occur due to transport of photoelectrons scattered
on these heavy metals [49]. This approach of using nanomaterial radiosensitizers
(NMRS) is termed Nanoparticle Enhanced X-ray Therapy (NEXT) [50, 51].

There is considerably increasing interest in effective dose enhancement of
ionizing radiation by particles, including not only metallic particles but also other
promising candidates, such as: CaF, LaF, ZnS or ZnO quantum dots, carbon dots,
nanoparticle-photosensitizer conjugates [52] and many others.

The most studied and also in some cases implemented into clinical practice NPs
are gold-based NPs [48, 53], but also the use of lanthanide-based NPs, titanium
oxide nanotubes or cadmium selenide quantum dots [54—57] is possible. NPs usually
have a simple structure composed of a core, a shell and a surface [58]. In the
case of radiosensitizing NPs, the core is usually made of high-Z materials such
as silver, lanthanides and most extensively of gold, in order to exploit the increased
photon absorption. Also the irradiation energy plays an important role, since the
most effective X-ray energy absorption resulting in the ejection of electron happens
at low energy where photoelectric effect is dominant [59]. This effect is prevailing
until the photon energy reaches a medium energy (e.g. 500 keV for Au) with a
cross-section varying with Z* or Z> depending on the material and is enhanced by
an increased absorption by electron shells (K, L, M, etc.) at low energies. It is to
notice, that due to the ionization of atom, a characteristic X-ray or an Auger [60]
electron emission is following the emission of photoelectron. Taking into account
that conventional radiotherapy is a high energy (MeV) cancer treatment, which
explores poly-energetic X-rays, the medium- and high-energy components are more
likely to interact by Compton effect. Generated Compton, photo- or Auger-electrons
can induce the emission of secondary electrons (also called delta rays) that are
believed to be responsible for the majority of cells damages via production of ROS
in radiotherapy. It is to notice that X-ray induced ROS generation mechanisms in
cells in the presence of NPs depend on NPs composition, size and some other
parameters [61].

One of the excellent demonstrations regarding increased ROS generation in X-
ray irradiated cells might be paper published by Klein et al. [62], which describes the
in vitro formation of ROS in SuperParamagnetic Iron Oxide nanoparticles (SPIONs)
loaded MCF-7 cells exposed to X- rays. According to the authors, the impact of
X-rays on generation of ROS in cells loaded with citrate-coated SPIONs can be
enhanced by 240% as compared with X-ray irradiated cells without NPs.

Application of NPs may contribute to the targeted enhanced radiation sensitivity,
however it is extremely important to achieve, that introduced NPs a concentrating
mainly in the tumor, not in the healthy organs at its vicinity. Otherwise it may lead
to the opposite effect (Fig. 9.7) as it was illustrated by Retif et al. [17].

Heavy metal-based NPs have also been suggested as effective tumor-targeting
theranostic agents with dual functions. An efficient targeted system for tumor
imaging and irradiation dose amplifier for radiotherapy under the guidance of
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Fig. 9.7 (a) Illustration of a clinical scenario where a tumor volume (blue) has to be irradiated
while a part of an organ (green) has to be protected. (b) A simple anterior beam is irradiating the
blue volume. (¢) The maximum beam energy (indicated in red) is delivered to the tumor with a
reduced energy to the out of the target region. (d) Given that the interaction probability is higher
for low-energy photons, the radiosensitization in presence of NPs should be higher out of the target
area. In this case, the green volume that has to be protected would be in the most radiosenzitized
area (indicated in red). (Illustration adapted from [17])

computed tomography imaging has been introduced [63] in which application
of BaYbFs: 2% Er’*t NPs was discussed. The method explores NPs features to
emit upconversion luminescence with greatly suppressed auto fluorescence and
contribute to the photo damage and toxicity of cells when excited to near red laser
light, thus showing potential for cell or even tissue tracking during radiotherapy
procedure. Working in parallel with imaging procedure megavoltage photon beam
interaction with NPs contributes to the enhanced efficacy of radiation treatment.

It is also to notice, that radioisotope-labeled nanoparticles have been developed
to increase tumor accumulation and reduce undesired biodistribution. Intratumoral
injection of these particles might be even more effective as compared to brachyther-
apy [64].

9.3.3 Combined Cancer Treatment Strategies

Surgery, chemotherapy, radiotherapy and to less extent photodynamic therapy are
main cancer treatment strategies. Since no one strategy is perfectly adjusted to meet
the challenge (kill the cancer), combination of all possible methods is requested
including also development of new ones. Implementation of nanotechnologies
contributes significantly to the simultaneous applications of cancer treatment modal-
ities.

Radiotherapy and Chemotherapy The combination of chemotherapy and radio-
therapy is one of the most effective ways to improve clinical treatment of locally
advanced cancers. The concurrent chemoradiotherapy outperforms sequential ther-
apies because chemotherapy sensitizes the tumor cells to radiation-induced killing
and treatment; meanwhile the concurrent therapy avoids the repopulation of cancer
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cells which will occur during the course of sequential treatment [65]. Nan-
otechnology can facilitate the chemoradiotherapy in two ways. One is to deliver
chemotherapeutics by nanoparticles combined with external irradiation for combi-
nation therapy due to the radiosensitizing effect of some chemotherapeutic drugs,
such as cisplatin, doxorubicin, and paclitaxel [66—68]. Second is to co-deliver both,
chemotherapeutics and radiosensitizers/radioisotopes in the same nanoparticle,
which achieves the simultaneous delivery of agents at lesion as well as concise ratio
control. Both nanotechnology approaches benefit from decreased toxicity in normal
tissues and preferential accumulation in tumors [69].

Photodynamic Therapy and Radiotherapy In PDT concept certain photo-
sensitizers (PS) are localized in neoplastic tissue and are subsequently activated
with the appropriate wavelength of light to generate active ROS and 'O, that
are toxic to tumors. Due to the limited penetration range of light PTD is most
appropriate for small or superficial lesions. In order to treat deep located tumors X-
rays as excitation source might be used instead of light. In such a case activation of
the photosensitizer within tumors would be performed using ionizing radiation. This
new modality will allow treatment of deep tumors using lower radiation dose than
conventional radiotherapy. Potential of simultaneous radiation and photodynamic
treatment was disclosed by W. Chen and J. Zhang [47, 70, 71]. They described
the synthesis of LaF3:Tb>*-meso-tetra (4-carboxyphenyl) porphine (MTCP) NP
conjugated to folic acid and investigated the energy transfer as well as the formation
of 10? following X-ray irradiation. It was found [71] that upon X-ray irradiation,
the porphyrin alone is a radiosensitizer but the effect is enhanced when MTCP
is coupled to LaF3:Tb3* NPs targeted or not with folic acid. The average energy
transfer rate in the MTCP conjugates is 56.7%. The same team realized also ZnO-
MTAP (meso-(o-amino-phenyl porphine) conjugate in which the energy transfer
was around 89 % [17]. The advantages of the new PDT-radiation therapy are: (1)
two effective treatments (radiation therapy and PDT) are combined; (2) the modality
is capable and efficient for deep cancer treatment; (3) the risk of radiation damage
to healthy tissue is lower; and (4) the treatment is simple, relatively inexpensive and
efficient.

Synchronous Radiotherapy and Deep Photodynamic Therapy with Diminished
Oxygen Dependence Strong oxygen dependence and limited penetration depth are
the two major challenges facing the clinical application of photodynamic therapy
(PDT). In contrast, ionizing radiation is too penetrative and often leads to inefficient
radiotherapy (RT) in the clinic because of the lack of effective energy accumulation
in the tumor region. As a next step to overcome these problems integration of
a scintillator and a semiconductor as an ionizing-radiation-induced PDT agent
was proposed [72], which allowed achieving synchronous radiotherapy and depth-
insensitive PDT with diminished oxygen dependence (Fig. 9.8).

The goal is achieved applying Ce’t- doped LiYF;@SiO,@ZnO core-shell
structure (SZNPs) as an agent for ionizing radiation induced PDT. SZNP consists
of Ce’T-doped LiYFy scintillator, which is used to downconvert high energy
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Fig. 9.8 (a) Schematic illustration of the synthetic route to monodisperse SZNPs; (b) the
mechanism of ionizing radiation-induced photodynamic therapy [72]

radiation to luminescence in the UV/Vis region of the spectrum. After conversion
in scintillator emitted low energy photons are absorbed by NPs surface bound ZnO
NPs. It is important to notice, that the emission band of scintillator under X-ray
excitation must match the absorption band gap of ZnO. The subsequently formed
excitons (the electron—hole pairs) interact with water and oxygen molecules to form
free radicals [73, 74]. The highly reactive hydroxyl radicals (OH) are derived from
the reaction between the hole (h+) and the absorbed water instead of O; [75], which
essentially minimizes the oxygen-tension dependency for the generation of reactive
oxygen species [76, 77].

These and other very encouraging results are the basis of new NPs developments,
however it is to notice, that all NPs are more or less toxic [78, 79]. Nanotoxicity
problem should be taken into account when implementing new nano-based cancer
treatment strategies.

9.4 Summary

Based on quantum physical approach of photon interaction with matter two main
radiative cancer treatment strategies have been introduced: low energy (UV/VIS
light) photon exposure related Photodynamic therapy and medium and high energy
(X-ray, gamma ray) photon irradiation related radiation therapy. It was shown, that
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both therapies have big potential for their future use in oncology, however significant
improvements in their applications can be achieved implementing nanotechnology
concept and synergy of at least two different cancer treatment strategies. Some
insights and ideas for future developments in photon radiation based nanomedical
applications highlighting also the problems of nanotoxicity have been also intro-
duced.
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Chapter 10 ®)
Fundamental Experiments and Quantum  gae
Technology Applications with Defect

Centres in Diamond

Oliver Benson

Abstract The observation of single quantum objects has been a challenging task
requiring advanced experimental techniques. With improved microscopy methodol-
ogy it is nowadays possible to observe such objects in the solid state with compact
setups even at room temperature. In this contribution we introduce defect centres in
diamond and discuss two recent experiments. One concerns the direct observation
of the quantum nature of light with not more but a single detector. The second
one shows how to use defect centres as a valuable light source for quantum key
distribution.

Keywords Diamond defect centre - Single photons - Light quantization -
Superconducting detectors - Quantum key distribution - Quantum information

10.1 Introduction

Defect centers in diamond are stable atom-like objects, that emit light. This simple
feature has nevertheless allowed for a large number of experiments and applications.
The reason is that the very nature of light emitted from a single quantum system has
quantum features as well. On the other hand, light, i.e. an electromagnetic field in
the visible special range, is easy to detect, even at an ultra-low level of intensity. In
this way the state of the emitter can be detected and even manipulated with light.

In this contribution we discuss two experiments with a defect centre in diamond,
more precisely with a single nitrogen vacancy centre. Both experiments utilize the
quantum nature of the emitted light. A first one is of fundamental nature [1], whereas
a second one deals with an application in quantum information processing [2].
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Fig. 10.1 Nitrogen vacancy (NV) centre in diamond: (a) structure, (b) level scheme, (c) emission
spectrum

10.2 Single Photon Emitters Based on Defect Centres
in Diamond

Defect centres in diamond are the subject of intense research due to their exceptional
role as single-photon sources at ambient condition [3]. Among the different defects,
nitrogen vacancy (NV) centres are the best studied, a nitrogen replacing a carbon
atom with an adjacent vacancy in the diamond lattice (Fig.10.1a). A charged
NV~ and an uncharged NV configuration of this defect could be identified, with
zero phonon lines (ZPL) at 638 nm and 575nm. At room temperature, single-
photon emission around 700nm with count rates up to 10° counts/s can be
observed from the NV~. The spectrum of a single NV centre in a nanodiamond is
shown in Fig. 10.1c. In nanodiamonds, we always observe both ZPLs attributed to
(de-)charging effects. The optical transition occurs between two spin-triplet states
(1) — 12)), but at least one singlet state is also present (Fig. 10.1b) and can be
filled by intersystem crossing, which results in an additional bunching feature in
the g®-function. The presence of NV centres in nanodiamonds down to sizes of
5nm make them superior fundamental building blocks in more complex, hybrid
assembled photonic and plasmonic structures.

10.3 The Most Fundamental Experiment to Show
the Quantum Nature of Light

10.3.1 Concept of the Experiment

The first experiment based on an NV centre single photon source concerns non-
classicality, i.e. a proof that light consists of photons. Many properties of a light
emitter can be studied only by analysing auto-correlation functions of the electric
field. Firstly, this holds for revealing the non-classical character of a quantum light
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Fig. 10.2 Scheme of setups a detector analyser

to measure the second-order analyser
auto-correlation function of
the electric field of a light
source. (a) Measurement
scheme with a single fast
detector. (b) Conventional
HBT-setup. (Reproduced

from [1])
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source. The quantum nature of an emitter can be demonstrated only by measuring
temporal intensity correlations (or photon statistics) of the emitted light, i.e. the
second-order auto-correlation function of the electric field, given by

(ETOET(t + 0)E@t + 1)E(1)) _ Wi +T1)0)

@) =
§o0 = (ET(En)? (I(0)*

(10.1)

where : : denotes normal ordering of the operators [4]. For totally uncorrelated light,
as from a laser, g® () = 1 for all 7. However, for a number state |n), at T = O the
second-order auto-correlation function drops to g (0) = 1 — % < 1 while for
classical light sources g@(r) > 1 for all t [4]. Such a measurement of the g®-
function is used to prove non-classical light emission from single-photon sources.

For classical sources analysis of the photon statistics also provides useful
information. For example, fluorescence correlation spectroscopy (FCS) [5-7] is
widely used to characterize particle dynamics. In particular, diffusion coefficients,
average concentrations, chemical reaction rates, molecular rotational Brownian
motion, singlet-triplet dynamics, and spectral dynamics can all be observed using
FCS [8-10].

When measuring the g‘®-function with a single detector placed after the light
source (Fig. 10.2a), photon arrival time differences t shorter than the detector’s dead
time 74 cannot be measured. Thus a measurement of the g®-function can only be
performed for time differences larger than the detector’s dead time, any features for
time differences T < t; cannot be resolved. This is crucial for the demonstration of
non-classical light emission since here the task is to measure an antibunching feature
at T = 0. If 74 is of the same order or larger than the width of the antibunching dip,
non-classical photon emission cannot be demonstrated with such a simple setup.
This is the reason why the typical experimental setup for measuring the intensity
auto-correlation function is the Hanbury-Brown and Twiss (HBT) setup [11], which
is shown in Fig. 10.2b. In each of the outputs of a 50:50 beam splitter a detector
is placed and time differences between clicks in detector start and detector stop
are recorded. The g®-function can be obtained from the distribution of these time
differences for all photon arrival time differences t.
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However, disadvantages of this configuration are the facts that the setup cannot
be built as compactly as the one with a single detector and that more equipment is
needed. Furthermore, for the setup with a single detector in principle one can obtain
a higher count rate than for the one with a time difference measurement between a
start and a stop detector. Last but not least, sometimes the HBT configuration gives
rise to misleading interpretations of the experimental process. It may suggest that
the photon has to “decide” at the beam splitter which way to take, rather than that
the projection on one of the two possible paths is made when the photon is detected
at either of the detectors.

Here, we present our experimental data for observing non-classical photon
statistics with a single detector. As single-photon source we utilized a nitrogen
vacancy (NV) centre in a diamond nanocrystal [3].

10.3.2 Experimental Results

The lifetimes of NV centres in diamond nanocrystals are around 30 ns, which is very
large compared to other single-photon sources as e.g. quantum dots. For resolving
the interesting features of the corresponding g®-function with a single detector that
its dead time must be well below this value.

As a detector we utilized a fiber-coupled superconducting single-photon detector
(SSPD). It consists of a 100nm wide and 5nm thick NbN meandering wire.
This meander structure is fabricated on a sapphire crystal and covers an area of
10 wm x 10 wm (Fig. 10.3a). The fabrication procedure is described elsewhere [12].
A fixed fiber-coupling to the detector area was implemented (Fig. 10.3b). For that
purpose the sapphire was thinned to a thickness of 100 wm and its back side was
polished. The end facet of a single-mode fiber was aligned on the detector area and
glued directly on the back side of the sapphire crystal. Figure 10.3d shows a scheme
of the detector chip. For operation the detector was cooled to 4 K and biased at
90% of its critical current. Photon absorption in the detector causes a breakdown
of the superconductance and thus a voltage pulse across the wire [12]. Figure 10.3¢c
shows a scheme of the detector setup. The detector chip is mounted on a dip stick an
immerged in liquid helium. These pulses from the detector are amplified by 76 dB
at two 2 GHz bandwidth amplifiers. The inset in Fig. 10.4 shows a typical voltage
curve for a photon absorption recorded with an oscilloscope of 2 GHz bandwidth.
There was always a small reflection of the pulse observed after 14 ns which might be
due to impedance mismatch. The dead time of the detector is <5 ns, the dark count
rate is <50s~! and the quantum efficiency at 630 nm around 10%. The temporal
resolution of the whole detector system was measured by applying femtosecond
optical pulses from a titanium-sapphire laser. The voltage pulses of the SSPD and
the trigger signal from the laser were connected to a time interval counter with 4 ps
resolution. Such the time resolution of our system could be determined to 100 ps.

Figure 10.5 shows the experimental setup for measuring the g®-function.
Nanodiamonds were spin-coated on a coverslip and a single NV~ centre was located
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Fig. 10.3 (a) STM picture of the detector area, which covers an area of 10 um x 10 wm. (b)
Fiber-coupled detector, mounted on a circuit board. (¢) Detector System: The fiber-coupled chip is
mounted on a dip-stick and immerged in liquid helium. It is connected to a bias-tee through which
the bias current is provided. The short voltage pulses from the detector are amplified an fed to an
oscilloscope. (d) Scheme of the fiber-coupled detector chip. (Reproduced from [1])
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Fig. 10.4 Typical trace with two detection events within a time window between 4 ns and 200 ns.
The inset is a zoom of the first pulse

in a home-made inverted microscope as described elsewhere [13]. The excitation
light was filtered out before the emission was coupled into a single mode optical
fiber. Via the optical fiber the light was sent directly to the SSPD (Fig. 10.5a)
or coupled to a standard free beam HBT-setup (Fig. 10.5b) with two avalanched
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Fig. 10.5 Experimental setup. Light from a single NV centre in a diamond nanocrystal is coupled
to (a) a single fiber-coupled SSPD or (b) a free space HBT setup. (Reproduced from [1])

photodiodes (APDs) in the beam splitter outputs. In case (a) the voltage pulses from
the SSPD were fed to an oscilloscope with 2 GHz bandwidth. The oscilloscope was
programmed to save a pulse trace whenever a trigger level of 200 mV was exceeded
twice with a time difference of between 4 ns and 200 ns. For this trigger level the
reflections are neglected. A typical trace is shown in Fig. 10.4. For measuring the
g@-function, 30,000 traces were recorded and analysed. The distribution of the
time differences between two trigger events was determined. In case (b) the time
differences between signals from the APDs were recorded with a time interval
counter.

The experimental results for the non-classical light source are shown in Fig. 10.6.
For the same NV centre two different measurements were performed, one with a
single SSPD and for comparison another one with a usual HBT setup with APDs
in the beam splitter outputs. For the latter events from stray light due to the free
beam operation were subtracted. The distributions of time differences for both
experiments overlap very well. Single-photon statistics is clearly proven by both
measurements. The black line is a fit to the APD measurement.

To summarize this section, we have shown experimentally that it is possible to
prove non-classical light emission with only one detector. The required temporal
resolution of the g(®-function was achieved because we utilized a superconducting
single-photon detector with a short dead time compared to the lifetime of our single-
photon source.
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10.4 Application of a Room-Temperature Single Photon
Source for Quantum Key Distribution (QKD)

The most promising candidates for practical true single photon sources (SPS) today
are solid-state emitters, such as quantum dots (QDs) [14, 15] or defect centres in
diamond [16, 17]. The latter have the tremendous advantage that they operate at
room temperature and show now photo bleaching or blinking. This makes them
ideal sources for non-classical light in a number of applications. For the nitrogen
vacancy (NV) centre single photon rates exceeding 2 Mcps [ 18] were reported under
continuous laser excitation. Other, presumably Cr-related centres with potentially
even higher count rates have been investigated [19, 20], but their reliable fabrication
is problematic and a full understanding of their structural properties is missing. Here
we concentrate on the use of NV centres as SPS in quantum key distribution (QKD)
[21, 22].

In QKD, high key rate and/or long distance experiments have been successfully
implemented without true single photons using weak coherent laser pulses (WCP)
[23, 24] together with the decoy state protocol [25, 26]. Although this protocol
is secure against photon number splitting (PNS) attacks, it has the disadvantage
of producing some overhead, because one explicitly uses vacuum and very low
intensity pulses together with the signal pulses and also operates with faint pulses
with a mean photon number per pulse of around 0.5. In addition, long-range QKD
requires quantum repeaters where sources of single indistinguishable photons are
advantageous over photon pair sources [27]. A true single photon source with high
efficiency could therefore still be favourable in quantum information processing
compared to WCP. Efficiency means that it emits a single photon into a well defined
spectral and spatial mode with a probability near unity each time a trigger is applied.
A practical SPS should also have a stable emission rate, be easy-to-use, should
operate at room temperature and at high repetition frequencies.
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In order to evaluate the applicability of the NV centre as reliable source for
quantum information processing, in particular for QKD, it is desirable to use test-
beds that allow for long-term measurements, implementation of different protocols,
as well as straightforward integration of different defect centres. In this section, we
report the realization of such a testbed. It consists of a short free-space transmission
line combined with a compact SPS based on defect centres. The source relies on
a specialized confocal setup for stable optical excitation and efficient collection of
single photons from defect centres. Furthermore, it is designed in a way that it is
easy to replace one kind of defect centre by another.

10.4.1 Compact and Versatile Design of a Single Photon
Source Based on Defect Centres in Diamond

The design of the source relies on a compact, portable and ready to use confocal
setup. A ZrO» solid immersion lens (SIL) can be utilized to enhance the collection
of single photons emitted from defect centres in nanodiamonds spin-coated directly
on the SILs. Details of the fabrication of SILs with NV centres are provided in [18].
The source is built for single photon emitters with a wavelength range from 600 to
800 nm. With this it allows for the implementation of SPS using NV, SiV as well
as Cr-based defect centres. Figure 10.7 shows a schematic (a) and a photograph
(b) of the source which fits completely on an aluminum plate and has dimensions
of only 22.5 cm x 19 cm x 9 cm. In this way the SPS is mobile and can easily be
integrated in different experimental setups. The setup is robust against mechanical
vibrations and thermal drifts due to its small size and compact mounting of all
optical components. The generated single photon beam can either be freespace
or fiber coupled by removal/addition of a single mirror which is equipped with a
magnetic base. The sample unit holding the defect centres can either be the SIL
with spin-coated defect centres or another substrate due to a removable sample
holder. The setup is equipped with broadband optics and thus suitable for various
defect centres, provided their emission wavelength is in the range of 600-800 nm.
Only the exchangeable dichroic mirror has to be adapted together with the suitable
excitation source. The sample holder is mounted on a 3-axes piezo stage. In order to
keep track of the absolute position of the stage, sensors capable of detecting changes
on a nanometer scale are used (SmarAct System). With this system it is possible to
focus on a well defined position on the sample with very high accuracy and stability.

In principle, any kind of colour centre can be employed in the source described.
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Fig. 10.7 (a) Scheme and (b) photo of the compact confocal setup. The excitation laser is focused
with a high NA objective onto the sample which is either one of several diamonds spincoated on a
solid immersion lens (SIL) or grown on a substrat. The emission is collected by the same objective
and then filtered by a dichroic beam splitter (exchangeable) and longpass (LP) and shortpass (SP)
filters to clean it from residual laser light or fluorescence of the SIL or the substrate. (Reproduced
from [2])
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10.4.2 Properties of the NV Centre for QKD Applications

The quality of single photon emission, in particular the contribution of multi-photon
events is routinely determined by measuring the second order autocorrelation
function (g(z)(r)) in a Hanbury-Brown Twiss (HBT) setup [11]. Although in the
ideal case g (r = 0) = 0, a value of g@(r = 0) < 0.5 is generally accepted
as a criterion for single photon emission. Values below 0.12 have been reported
with NV defect centres [18]. In QKD it is favourable to have photons at a well
defined instant of time, thus pulsed excitation of the defect centres is of interest.
In such a pulsed excitation scheme, using a green diode laser (PicoQuant LDH-P-
FA-530 [28], 531 nm, pulse width <100 ps), we achieved count rates of 8900 cps
at an excitation rate of 1 MHz for an NV centre in a nanodiamond which was
spincoated on a SIL. This corresponds to an overall photon yield of 0.89% and
a source efficiency of 2.9%. The latter is defined as the ratio of excitation pulses
resulting in a single photon without background in the desired optical mode, here the
freespace beam of the QKD experiment. This value is determined for a given overall
photon yield by taking the overall transmission 7., of 0.31 of our setup, including
the efficiency of ~65% of the avalanche photodetectors (APDs), into account. For
the QKD experiment, the maximal excitation rate was limited to frequencies up to
1 MHz by the modulation rate of the electro optic modulators (EOMs) (see section
Fig. 10.4.3). A g™ (0) value under pulsed excitation of 0.09, clearly indicating high
purity single photon emission, is measured (Fig. 10.8a) using high resolution time-
correlation electronics (PicoHarp 300 from PicoQuant). A lifetime of 28.5 & 1.5 ns
is calculated from the pulse shape.

10.4.3 Setup of QKD Testbed

The setup is shown in Fig.10.9. The emitted freespace photons from the SPS
are initially prepared in a linear polarization state by passing through a linear
polarization filter after a A/2 plate which is adjusted to maximize the count rate.
After passing through a pinhole for further spatial mode cleaning, the photons
impinge on the first EOM which is controlled by Alice. The EOM acts as a A/2 and
A/4 plate, respectively, depending on the applied voltage. In this way two orthogonal
linearly polarized photon states as well as two orthogonal circular polarization states
can be encoded on the incoming photons, compliant to the BB84 protocol [29].
After passing through a lens system for recollimation, the photons pass through a
second EOM, which is controlled by Bob. Bob randomly chooses a measurement
basis by setting the voltage such that the EOM either does not modify the photons
or acts as a /4 plate. A circular polarization is thus transformed into a linear one
or vice versa. The linear polarization state can then be deterministically analyzed in
a system consisting of a polarizing beam splitter (PBS), a linear polarization filter,
compensating the non-perfect contrast of the PBS in reflection, and two avalanche
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Fig. 10.8 Measured intensities as a function of time for NV centre emission under pulsed
excitation to calculate g (z). The excitation rates were 800 kHz. The missing pulse at T = 0
indicates single photon emission. From the pulse shape we calculated al lifetime of the excited
state of 28.5 & 1.5 ns. (Reproduced from [2])
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Fig. 10.9 Schematics of the QKD testbed. Single photons are emitted from the source (SPS) and
prepared in a well defined polarization state by the A /2 plate and a polarization filter (PF). After
collimation and spatial mode cleaning by two lenses (L) and a pinhole (PH), they pass through an
electro-optical modulator (EOM 1). On Bob’s side, the beam is recollimated by two lenses and then
passes through a second modulator (EOM 2). Then, the polarization is analyzed by a polarizing
beam splitter (PBS) and a polarization filter in the reflected mode of the PBS, which has a slightly
reduced contrast compared to the transmitted mode. After passing through a lens for focusing, the
photons are detected on one of two APDs. (Reproduced from [2])
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Table 10.1 Results of the NV

QKD experiments in a test —

run for 300's Repetition rate | 1 MHz
Count rate 8.9 £ 0.1 kbit/s
Sifted keyrate 3.99 + 0.05 kbit/s
QBER 3.0+02%

Secured keyrate | 2.6 kbit/s

photodiodes (APDs) (Perkin Elmer AQR). For the random bit and basis choice of
Alice and Bob, quantum random numbers from the online random number service
of HU Berlin and PicoQuant GmbH (http://qrng.physik.hu-berlin.de/), see also [30]
are used.

The EOM is constructed in a way that it acts as a zero order waveplate. This min-
imizes its wavelength dependency during the modulation of different polarization
states. However, especially when using the broadband NV centre as light source,
possible dependencies between wavelength and transmitted polarization state could
open the door to side-channel attacks which would have to be analyzed in way
similar to the analysis of multiphotons (cf. Fig. 10.4.4 below, especially the notion
of “tagged” photons).

10.4.4 Experimental Results

In order to test the suitability of SPS based on the NV centre we ran the BB84
protocol in the QKD setup. The experimentally obtained parameters are summarized
in Table 10.1. With the brightest NV centre, emitting at a count rate of 8.9 kcps, a
sifted keyrate of 3.99 kbit/s at a quantum bit error rate (QBER) of 3% was achieved.
The raw key was then further processed using the CASCADE protocol [31],
resulting in a secure keyrate of 2.6 kbit/s. The CASCADE protocol is an efficient
postprocessing protocol for the sifted key aiming at minimizing discrepancies
between Alice and Bobs keys while at the same time minimizing Eves possible
information about it. It consists of two steps: error correction by parity comparison
between Alice and Bob and subsequent dilution of Eves information in the so-
called privacy amplification. This privacy amplification is realized by a randomly
chosen function belonging to a special class of hash functions. The observed QBER
can be explained by the limited contrast of the polarization optics and the EOMs.
The experiment ran with a stable emission rate over several hours, which was the
necessary time to find the right EOM settings for transmission. This shows the long-
term stability of our setup.

It is interesting to have a look at the source efficiencies and the g (0) values
of the SPS and their consequences on security concerning multiphoton events. An
upper bound on the probability p,, to have multiphoton events in pulses emitted
from a sub-Poisson light sources is given by [32],

2,2
- Kg 0)

pm = —5—, (10.2)
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where p is the mean photon number per pulse which is identical to the efficiency of
the SPS to emit a single photon into the desired mode. This upper bound can then be
used to calculate a lower bound on the secure keyrate R, which takes the unsecurity
of having multiphoton events into account [33]:

R=g{=0Quf(ENHE) + Qu(l — A)(1 — Hy(E, /(1 —A))}  (10.3)

q is an efficiency factor depending on the exact protocol and expressing the
randomness of the base choice, here it is 1/2, Q,, the signal gain, is the fraction
of detection events at Bob’s side which is related to the signal with mean photon
number p (For an exact definition of Q, see i.e. [26]), f is the error correction
efficiency of the postprocessing protocol, E,, is the error rate of a signal with mean
photon number w, and Hy(x) = —x - loga(x) — (1 — x) - loga(1 — x) is the binary
Shannon information function [34]. A is the ratio of “tagged” photons. “Tagged”
photons are photon qubits emitted by a faulty source, wearing a “tag” with readable
information for the eavesdropper revealing the actual basis of the qubit, cf. [33].
When more than one photon is emitted at a time, it carries the same information
as its partner photon and can be regarded as a “tagged” photon when exploited by
Eve in a PNS attack. For a single photon source A = pn,/ pelick, With the detection
probability of a signal pclick & [ - Notal + Pde [32]. Niotal coONtains, besides the setup
transmission Nsewp (cf. Sect. 10.4.2), the transmission of the quantum channel. The
darkcount probability pqc is in our setup 2.4 x 107>,

Figure 10.10 shows the results of these secure keyrate calculations as a function
of the channel loss. The secure key generation rate at 0 dB roughly reproduces our
measured keyrate after postprocessing. For comparison we also plotted the secure
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Fig. 10.10 Secure key rates as a function of channel loss achieved with the BB84 protocol utilizing
a true SPS with an NV centre. For comparison, the keyrate when using an attenuated laser without
the decoy state protocol at the optimized mean photon number p ~ 1;prq1, Where nsorq1 is the
overall transmission of the setup, is shown in red and dashed. Also shown in green and dotted is
the secure keyrate when using WCP together with the decoy state protocol with a mean photon
number of 0.5. (Calculated as in [36]; reproduced from [2])
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keyrate of a potential experiment with identical parameters (please note that for
lasers repetition rates might be chosen to be higher than particularly for the NV
SPS), but with an attenuated laser instead of a single photon source with a mean
photon number of ;. ~ N1, Which is approximately optimal for an attenuated
laser without the decoy state protocol and when considering possible PNS attacks
[35]. The keyrate is calculated as in Eq. 10.3, taking the multiphoton probability of
a Poissonian lightsource into account. Also, the keyrate of an identical experiment
with an attenuated laser source together with the decoy state protocol (the used mean
photon number of 0.5 is calculated as in [36]) is shown. At low loss, attenuated
laser pulses without the decoy state protocol have relatively high signal intensities
and thus outperform our SPS, but at a certain channel loss (>3.3 dB) for the NV,
cf. Fig. 10.10, translating into distances >8 km using a typical transmission of light
through air in sea level of 0.4dB/km the SPS provides higher secure keyrates
and longer achievable transmission distances. This is due to a lower number of
multiphoton events in a true SPS compared to an attenuated classical pulse of
the same mean photon number. However, for the parameters achieved with single
photon sources based on defect centres an attenuated laser together with the decoy
state protocol is still favourable over our SPS regarding maximum keyrates and
achievable distances. This is because the obtained efficiencies of the SPS is not
high enough and at the same time the g (0) value not low enough to outperform
WCP together with the decoy state protocol (cf. Sect. 10.5). In this context, it is
also interesting to note that even SPS sometimes have to be attenuated to reduce the
small, but in a real source still existing fraction of multi-photon events to achieve the
maximal possible transmission distance [32]. Even with high source efficiency, thus
high mean photon number per excitation, security can be compromised at certain
distances if the g (0) value is not low enough. In fact for every g®(0) value and
a given darkcount rate of the detectors, the maximal mean photon number to realize
the longest distances can be estimated after the following formula, taken from [32]:

2pdc
He =,/ m (10.4)

The ideal case would be to have a SPS which is above this critical mean photon
number and to attenuate it in order to achieve the best rates at any distance. For our
NV centre, we have an efficiency of 0.029 and a 2@ (0) of 0.09 (cf. Sect. 10.4.2).
The critical mean photon number for this value of ¢@(0) is 0.039, a little above
the given efficiency. There are examples of NV centres with higher efficiencies [18]
which would surpass their critical mean photon number.

To summarize this section, single photon sources based on defect centres in
diamond could outperform attenuated light sources in the future under optimistic
but not unrealistic assumptions [2].
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10.5 Conclusion

Defect centres in diamond have found many applications in the last years. On
the one hand there are fundamental studies to learn about the quantum nature of
electromagnetic field as we discussed in Sect. 10.3. More recently, we could also
demonstrate the observation of the quantum Zeno effect using measurements on a
single NV centre [37].

One the other hand, there are already true applications of single NV centers.
In Sect. 10.4 we described a task in optical quantum technologies, i.e. quantum
key distribution. Another direction is the use of NV centres in sensing. Aside
from fundamental optical sensing, such as single emitter fluorescence lifetime
imaging [38], there is by now a large activity on using NV centers as ulra-sensitive
nanomagnetometer [39].
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Chapter 11 ®
Emerging Fields of Colloidal Qe
Nanophotonics for Quality Lighting

to Versatile Lasing

Hilmi Volkan Demir

Abstract Solution-processed semiconductor nanocrystals have attracted increas-
ingly greater interest in optoelectronics including color conversion and enrichment
in quality lighting and display backlighting. Optical properties of these colloidal
nanocrystals can be conveniently controlled by tailoring their shape, composition,
and size in an effort to realize high-performance light generation and lasing. We
now witness the expanding deployment of semiconductor nanocrystals in consumer
products being adapted by giant electronics companies. Based on the rational design
and control of excitonic processes in these nanocrystals, it is possible to achieve
highly efficient light-emitting diodes and optically pumped lasers. In this chapter,
we introduce an emerging field of nanocrystal optoelectronics with applications
from quality lighting to versatile lasing. We look into the performance limits of
color conversion using colloidal nanocrystals. Here we introduce a new concept of
all-colloidal lasers developed by incorporating nanocrystal emitters as the optical
gain media intimately into fully colloidal cavities. As an extreme case of solution-
processed tightly-confined quasi-2D colloids, we also show that the atomically
flat nanoplatelets uniquely offer record high optical gain coefficients and ultralow
threshold stimulated emission. Given the recent accelerating progress in colloidal
nanophotonics, solution-processed quantum materials now hold great promise to
challenge their conventional epitaxial counterparts in the near future.

Keywords Colloidal nanophotonics - Colloidal quantum dots - Colloidal
quantum wells - Semiconductor nanocrystals - Nanoplatelets - All-colloidal
lasers
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LED-based light engines will be

the next generation of lighting
sources but...

Fig. 11.1 Evolution of light sources: from candles as blackbody radiators to light-emitting
semiconductor devices of LEDs as the next-generation light engines

11.1 Color Conversion and Enrichment with Colloidal
Nanocrystals

11.1.1 LED Lighting and Photometric Benchmarking

Artificial lighting uses about one fifth of the global electricity generation worldwide.
This consumption is even higher in developing parts of the world, exceeding one
third of the electricity generation locally. This can be reduced by over 50% (and
in fact in principle much more depending on the level of improvement in photon
management) with the performance levels to be met using semiconductor light-
emitting diodes (LEDs) [1]. To this end, the LED-based light engines are targeted
to serve as the next-generation lighting sources (Fig. 11.1). However, for a large-
scale deployment of LEDs, it is not only about the energy efficiency and the optical
output power per unit cost; the quality lighting also critically matters. Increasing
visual acuity and color perception is hence key to the wide-scale penetration of
LEDs into the general lighting market.

For visual acuity, in addition to the efficiency of a light source, the perceived
level of efficiency is important. This is related to the sensitivity curves of the
human eye, which show the spectrally-varying sensitivity level given the lighting
condition (Fig. 11.2). The luminous efficacy of optical radiation (LER) quantifies
the perceived optical efficiency (in lumens per optical Watt), while the luminous
efficiency (LE) gives the electrical one. LE is basically the perceived optical output
power per electrical input power (in lumens per electrical Watt). When there are
sufficiently many photons making to a human eye, like on a sunny day, we have
the photopic sensitivity curve, which corresponds to the photon-adapted vision,
peaking at about 555 nm. As we have fewer and fewer photons collected by the
eye, however, the sensitivity curve shifts toward shorter wavelengths, going through
the mesopic region. When very few photons are available to the eye, like at a full-
moon night, we lose the color perception but can still see — this is where we have
the scotopic curve in effect, peaking at about 505 nm. This corresponds to the dark-
adapted vision. Between the photopic and scotopic peaks, there is a major shift
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of about 50 nm, which makes a substantial difference for the spectral content of
a light source in terms of the perceived efficiency given the amount of photons
available. In between these two extremes there is the transition region of mesopic
curves. Because the sensitivity curves move with the lighting level, once can achieve
spectrally enhanced lighting with careful spectral management of the lighting for the
same of level optical power.

In addition to the visual acuity, we have equally important the visual perfor-
mance, which is related to the shades of white light. This is quantified by the
correlated color temperature (CCT). The weaker bluish tint in the white shade, the
warmer white light is, corresponding to the lower CCT. This is essential to avoid
disrupting biorhythm (circadian cycle) of the human clock (day-night). Finally, as
another important aspect of quality lighting, the visual comfort requires good color
rendition. This is related to the capability of a light source to reflect the true colors of
an illuminated object. There are various metrics that have been defined to represent
the level of color rendering including color rendering index (CRI) and color quality
scale (CQS). This family of figure-of-merits is closely linked to human emotions
triggered by light.

There are two mainstream strategies of generating white light using LEDs. In
one approach, commonly known as the multi-chip approach, there are multiple LED
chips, typically comprising of red-, green- and blue-emitting LEDs used together to
make a white LED platform. Multiple LED chips emitting in different colors age
at different rates. To keep the operating color point the same over time, the driving
circuitry is typically complicated and there is a cost issue related with such complex
drivers. On top of that, there is a green gap problem: green LEDs suffer efficiency,
making it challenging to cover the green spectral region.

On the other hand, an easy and convenient approach for white light generation
with LEDs is the so-called ‘color conversion’, which allows for using color-
converting phosphors together with a pump LED emitting at a short wavelength, for
example, more commonly in blue or cyan and possibly in near-UV. Typical color-
converting materials contain rare earth elements as the emission centers doped in
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Fig. 11.3 Making a color-conversion white LED from the MOCVD growth to chip fabrication
and packaging with the color convertors

a host matrix. This approach is a low-cost alternative to the multichip approach.
However, there is a fundamental energy loss associated with conversion from the
high-energy photons to the low-energy ones in the process of color conversion.
Today the white LEDs most commonly found in the market are the color conversion
LEDs. Figure 11.3 shows the processing steps of making a color-conversion LED
starting with epitaxial growth of III-nitride epitaxy on sapphire using metalorganic
chemical vapor deposition (MOCVD), continuing with the chip fabrication, and
finally integrating with the color convertors at the chip level.

In color conversion, typically broad emitters of phosphors are used. They are
easy to generate white light. However, it is difficult to control their spectral
features precisely. For example, yellow phosphors are often employed, which would
typically result in a low color rendering index of ~70. Using yellow phosphors,
one would commonly achieve cool white appearance due to high correlated color
temperature in the range of ~4000-8000 K. To address this difficulty, red-green
phosphors can be preferred. Surely, this will allow for improved color rendering,
exceeding 80 and even possibly reaching 95 in CRI while the CCT can be kept
<3500 K; but, this comes at the penalty of a reduced luminous efficacy level of
optical radiation due to the inevitable red tail, typically falling below 300 Im/W op.
In addition, there are other problems related to the phosphor host and dopants
including the granularity of their powder form and the resulting undesired scattering,
the narrow absorption band of their rare earth dopants, and finally the supply
security of the rare earth elements, which has become a major problem more
recently.

11.1.2 Paradigm Shift with Narrow Quantum Emitters
of Nanocrystals

Solution-processed semiconductor nanocrystals have been attracting increasingly
a greater deal of interest in color conversion and enrichment for quality lighting
and display backlighting. Optical properties of these colloidal materials can be
conveniently controlled by tailoring their shape, composition, and size [2]. As
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an alternative to broad emitters, narrow emitters of these nanocrystals offer the
possibility to obtain photometrically ultimate performance. This is enabled by the
fact that it is possible to control precisely the spectrum of such narrow quantum
emitters.

Using various combinations of semiconductor quantum dot nanophosphors, it
is possible to achieve warm white light with CCT < 3500 K, CRI > 80, and
LER > 300 Im/W qp, all at the same time [3]. This is a superior level of photometric
performance compared to what can be possibly achieved with rare earth phosphors.
Previously, there were concerns about their large scale production. Now this type
of difficulties has been addressed. We now witness the expanding deployment of
semiconductor nanocrystals in consumer products being adapted by electronics
companies.

High optical quality white LEDs using quantum dot based nanophosphors with
a carefully designed spectral content of emission has been widely investigated and
a detailed review can be found in Demir, H.V., et al. Nano Today 6, 632 (2011) [3].
This is indeed a paradigm shift from continuous broad emitters to discontinuous
narrow emitters of the right strategic combination.

With semiconductor nanocrystals, we can now routinely achieve high crys-
tal quality. This is fast and low-cost solution-based processing. Using colloidal
synthesis, shape, size and composition control and tuning are possible to target
specific excitonic properties. Among the important advantages of semiconductor
nanocrystals that are relevant to white light generation are the tunable absorption
edge/emission peak, broadband absorption spectrum, narrow emission spectrum,
high photoluminescence quantum efficiency, and stability against photobleaching
(compared to organic counterparts). With semiconductor nanocrystals, one can
reach reasonably high levels of quantum yield exceeding 95% in solution (using Cd-
containing dots) with adjustable optical spectrum. In addition to being easy to tune,
these nanocrystals offer color purity as a result of their spectrally narrow emission.
They provide strong absorption, which is broad-band, whereas phosphors possess
narrow absorption bands. This means that it is not only the emission band that one
needs to get it right for white light generation, but it is also the absorption band that
has to be right to match the emission wavelength of the pump LED.

As a result, semiconductor nanocrystal color convertors, with a careful design
of the spectral content, enable high-quality white light having high color rendering
index (for most natural objects) above 90, warm white shade at a low correlated
color temperature below 3500 K, and a high luminous efficacy of optical radiation
above 350 Im/W op¢. They also allow for high scotopic-to-photopic ratio (S/P) above
2.5 for spectral enhanced lighting. Therefore, photometrically, the nanocrystals
provide the ability to outperform the phosphors. Furthermore, semiconductor
quantum dots materials are abundant, whereas the rare-earth elements used in the
conventional phosphors of LEDs are scarce. To date examples of commercialization
and prototypes for general lighting and backlighting include the remote phosphor
for general lighting and the backlighting unit for liquid crystal displays (LCD),
which has been indeed commercially successful. In fact, in addition to white
light generation, color enrichment has become also very important in the LCD
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backlighting. Here the color purity (with a full-width half-maximum of 30 nm) is
the key and using saturated red, green and blue color components is necessary to
span a larger color space than that required by the national TV standards.

When integrated with blue LEDs, at least the red- and green-emitting nanocrys-
tals are needed to make reasonable quality white light source. Adding in also the
yellow nanocrystals is essential to make it ultimately high quality. In operat