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So it is possible to virtually "dissect" an object, studying
it from every angle. For this reason, the chemical com-
position of the studied materials is taken as a reference
point. In this way, medical filters calibrated on human
body have been chosen, with densities similar to the ma-
terials that coffins are made of (example: plaster is made,
as the bones, by calcium; wood is "filled" by air, so lung).
A striking example of this application, is the lung filter
used on sarcophagus lid. This allowed to visualize and
map all the original joints that connect the axes; it was
also possible to, due to the different densities, to distin-
guish them from the restoration ones (see Figure 4).

Multi-Planar
Reconstruction

Volume Rendering Technique

Figure 4: Multiplanar Reconstruction (MPR) and
Volume Rendering Technique (VRT) using lung fil-
ter.

Thanks to this difference of densities, visible through the
use of the pulmonary filter, it was possible to differenti-
ate the types of wood that were used. It was perfectly
observable because of the different colors. Other 3D fil-
ters used, namely the one for the cardiovascular system
and the one for bones, have allowed to virtually "sep-
arate" the woody surface by the decorative one. This
showed the cover anatomy; therefore, it was possible to
enumerate the amount of axes that composed the coffin.
Moreover, it was possible to virtually eliminate the large
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wooden support which had been anchored to the artifact
during a XIX century restoration. This permitted to not
submit the object to a dangerous restoration surgery for
the removal of modern support. In this way, it was pos-
sible, to study depth preservation state and, therefore, to
see the back of the artefact which, for the past two cen-
turies, had been unknown. Undoubtedly, the variety of
information obtained by this technique is very dependent
on the object examined and, above all, on its size. In
fact, the main limitation of this technique is precisely the
diameter of the scanning tunnel (gantry), based on the
size of human body, but on artefacts of small or medium
size is possible to get astonishing results which are totally
non-invasive. Surely, it was an enormous fortune to study
such a rare and precious archaeological finding, but un-
doubtedly the use of MSCT has been a fundamental help
to consider this artefact as an example of the Egyptian era
reuse. In conclusion, an investigation in the field of Cul-
tural Heritage using medical imaging equipment, allows
to obtain useful structural information of the examined
specimens, identifying false interpretations, even to the
point of rewriting chapters of our history.
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Abstract
Modeling optical tweezers in the T-matrix formalism has been of key importance for accurate and

efficient calculations of optical forces and their comparison with experiments.

Here we extend

this formalism to the modeling of chiral optomechanics and optical tweezers where chiral light is
used for optical manipulation and trapping of optically active particles. We show analytically that
all the observables (cross sections, asymmetry parameters) are split into a helicity dependent and
independent part and study a practical example of a complex resin particle with inner copper-coated
stainless steel helices. Then, we apply this chiral T-matrix framework to optical tweezers where a
tightly focused chiral field is used to trap an optically active spherical particle, calculate the chiral
behaviour of optical trapping stiffnesses and their size scaling, and extend calculations to chiral

nanowires and clusters of astrophysical interest.

Keywords: chirality, optical tweezers, T-matrix formalism.

Introduction

A chiral object is affected by the lack of symmetry under
reflection [1]. Both radiation and material objects may
have this property. The two chiral versions of an object
are referred to as enantiomers. A great number of organic
molecules, such as proteins and sugars, are characterized
by optical activity, in fact gyrotropic studies possess a
wealth of information, which has caused Barron to claim
that "optical activity provides a peephole into the fab-
ric of universe "[2]. Also the electromagnetic radiation
can be considered a chiral field, expecially when we refer
to left (LCP) and right (RCP) circular polarization. Its
degree of chirality is measured through optical chirality

C:

BVxB+ LB VxB

C =
2;140

|8

Introduced by Lipkin in the eary sixties [3]. The main
feature of the interaction between a chiral media and a
chiral radiation is that depends on the chirality version
involved. The goal of this work is to calculate the dy-
namics of the interaction between a chiral nanoparticles
(e.g. a drop of water-sugar) and a chiral radiation (e.g.
circular polarized).
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Chiral optical tweezers
a) 2|k b) ptical
Optical force
Optical torque \
Composite Optically
chiral active
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Chiral i 9
plane wave

Figure 1: We investigate chiral optical forces in two
different configuration. In a) we investigate the opti-
cal force of chiral plane wave incident ona composite
chiral sphere made of an epoxy resin with embedded
copper-coated stainless steel helices. In b) a chiral
Gaussian beam is tightly focused through a high nu-
merical aperture lens and the optical behaviour of an
optically active particle is investigated.

Chiral optomechanics

For a macroscopic description of optical activity are suf-
ficients the Drude-Born-Fedorov (DBF) consitutive rela-
tions [1]:

D=¢e¢E+aeV X E

B=puH+pBuN x H
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If time symmetry is imposed, o = (. The chirality pa-
rameter S is related with ny, and ng (the refractive index
for left and right circulary polarized waves):
f= (o)
T NR nr

So its real part is related with the different speed of prop-
agation and its imaginary part with the different absorp-
tion of RCP and LCP EM waves. In addition, if the
real pa mrt of S is positive the material is a right-handed
medium and a LCP radiation propagates with a slower
phase velocity, and viceversa. Expanding the fields in
electric and magnetic multipoles, the natural optical ac-
tivity can be considered as generated by appropriate su-
perposition of these vector fields, involving interference
between electric and magnetic multipoles. The compo-
nents of these fields superposition constitute the so called
‘optical activity tensors’ that describe completely all phe-
nomena related with chirality. On the basis of this ap-
proach, it is also possible to determine the optical forces
generated in the chiral material-chiral radiation interac-
tion, that depends on the extinction and scattering cross
sections and of the anisotropy parameter:

. n ~ _ o n -
FRa,d - EIin[Uext - Uscatgi]ki - E inO'RADki

that can be separate in two parts, one helicity indipendet
and the other helicity dependent:
mEs PL Sih
Fraqa = FRaa £ FRad
About the torque, we calculate the adimensional vector:
- 167° =
=—————1T
N2 Eo|%0cxt RAD

Where I'rap is the torque at that position, Fy is the am-
plitude of the incident field and eyt the extincion cross
section.

Plane wave optomechanics

e ——Re(¢)

1 a —e—1Im(e)

0
4 6 8 10
6 x10*
C) —e—RCP 04 =—e—Linear pol.
— ——icp | <
E 4 E 2
£ =
~ _O
K To oy
] 8
© 5
) 3 el d)
0
4 6 8 10 12 4 6 8 10 12
v (GHz) v (GHz)

Figure 2: A) Real and imaginary part of copper’s
electric permittivity . B) Real and imaginary part
of chirality parameter. C) Radiation pressure cross
section at different incident polarization. D) Torque
cross section for linear incident polarization
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We apply this teoretical approach in the case of a plane
wave incident on a chiral spherical nanoparticle. All the
physical and chemical charateristics can be found in [5].
In figures 2 A-B we report the measure in the microwave
range of the dielectric constant and of the chirality pa-
rameter 3, performed at room temperature. In figure 2
C we report the orap in a spectral range around 6 GHz
where the imaginary part of 8 has a deep minimum. Due
to the spherical symmetry of the particle, the only compo-
nent of Frap to be different from zero is in the direction
of the incident field.

We can conclude that in a chiral material the intensity
of the optical forces is directly linked to its dicroism. In
figure 2 D, we report the results of I'rap for linear polar-
ization (along y axes). This leads to the conclusion that
a DC spectrum directly reflects the performance of the
spectrum of forces in that range of frequencies.

Chiral optical tweezers

As we are interested to the dynamical behaviour of chi-
ral nanoparticles in an optical trap [4], we perform some
simulation on the optical force for the case of an highly fo-
calized field acting on a chiral sphere, located in the focal
region. In particular, we use the angular spectrum rapre-
sentation of a 10mW laser beam with a TE Moo Gaussian
profile at A=632nm. The beam is focalized through an
aplanatic lense, with numerical aperture NA=1.2 and
filling factor f=2, in direction of the z axis. The radiation
force acting on the nanoparticle is obtained applying the
conservation of linear momentum. Since we are interested
to the optical spectral range, we consider a typical case of
a particle made with a material that exhibits optical ac-
tivity in the visible, for this reason we chose a nanosphere
with r=200 nm, refraction index 1.5 (immerse in water,
n=1.33) and the chiral parameter 0.05, that correspond
to the amino acids discovered in the Murchison meteorite.
The dynamic quantities, crap and I'rap, are calculated
starting from their definition based on Maxwell stess ten-
sor.

0.5 0.5 T 0.5
z a) b) —Q,(x.0,2y) c)
5 —0,05z)
E Q,(0,0.2) /

0 — 0 —1 0 —

o / Yoz
£ \/ \/
Q
o
=

-0.5 -0.5 -0.5

-1 0 1 - 0 1 - 0 1
Position (xm) Position (;zm) Position (xm)

Figure 3: Optical trapping efficiencies along the focal
region axis, for LCP (A), RCP(B) and linear polar-
ization (C)

In figure 3, we report the computed components of crap
in the focal region, for different state of polarization of
the incident field. In this region, that extends between
-1.4 and 1.4 micron along x, y and z axis, we note the
harmonic behaviour of the components of radiation force,
that in the vicinity of trapping point 7o = (0,0, z0) , that
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is the nominal focus position zg = 0, can be approximated
through the expressions|[6]:

Frad,z(x7 07 ZO) = _kitx
Fraay(0,y,20) = —kyy
Fraa,2(0,0,20) = —k.(z — 20)

At this stage, it is very interesting to investigate the de-
pendence of the 'trap stiffness k’ on the dimension of the
particle. The results of this study are reported in figure 4,
where it is possible to compare the trap stiffnesses for dif-
ferent polarization states of the incident field. We notice
that, unlike what happens in non-chiral case (see figura
SI-x), the k-values are sistematically higher for the LCP
polarization (the medium has a positive §), this indicates
that the optical tweezers are an excellent experimental
tool to discriminate the chiral nature of a nanoparticle.
Moreover, at the same wavelenght, there is the possibility
to optimize the trapping efficiency choosing an appropri-
ate dimension of the investigated particle. For the case
studied, we found the k-values at about p=300nm are up
to 4 times higher than those obtained for p > 500nm.

—LCP 3
—RCP 3
lin g

—icPs
a) —RePs 60(b)

lin 3

500
Radius (nm)

1000

Radius (nm)

Figure 4: Transverse (a) and azxial (b) optical trap-
ping stiffness as a function of the particle radius for
10 mW incident power

Conclusions

In conclusion, we explored the connection between opti-
cal activity and optical forces in a general light scattering
framework. We used the T-matrix formalism to enlighten
the relation between chiral fields and observable cross sec-
tions. Thus, we applied this general formalism to study
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optical forces on an exemplar complex spherical resin par-
ticle with inner copper-coated stainless steel helices, and
to the important case of optical tweezers on chiral par-
ticles of different shape and composition. In all cases,
a chiral gap opens in the optical forces giving clear ev-
idence of the connection between chiral optomechanics
and optical activity. These examples are a starting point
for more complex calculations on non-spherical, complex
chiral particles in chiral and super-chiral optical that can
be tightly confined as in optical tweezers or extended as
the fields used in speckle optical tweezers.
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Abstract

The interaction among the components of a hybrid quantum system is fundamental when considering
the coupling of these components to an environment especially if the interaction strength is large. In
this article, we apply a general master equation for arbitrary hybrid quantum systems interacting
with thermal reservoirs to describe the influence of the temperature on the Dynamical Casimir
Effect in ultrastrong coupling cavity optomechanics.

Keywords: Open quantum systems, USC regime (ultrastrong coupling regime), quantum optics,
hybrid quantum systems, quantum rabi oscillations.

Introduction

According to quantum mechanics, a closed system always
displays a reversible evolution. However, completely iso-
lated systems does not exist. Thus, control and read-
out always requires some kind of coupling to the outside
world, which leads to dissipation and decoherence (see,
e.g., [3, 4]). As a consequence, realistic quantum sys-
tems should thus be regarded as open, taking into ac-
count the coupling to their environments. In this frame-
work, a good description of the time evolution of an open
quantum system can be provided by a quantum master
equation [2, 5]. Usually, microscopic derivations of master
equations start from the Hamiltonian dynamics of the to-
tal density matrix (for the system plus the environment).
Then, tracing out the reservoir degrees of freedom, and
introducing some approximations, allow to obtain a mas-
ter equation describing the time evolution of the reduced
density matrix for the system only [6]. A hybrid quan-
tum system combines two or more physical components
or subsystems [11], with the goal of exploiting the advan-
tages and strengths of the different systems. An impor-
tant requirement for the realization of a functional hy-
brid quantum system is the ability to transfer, with high
fidelity, quantum states and properties between its dif-
ferent components. When deriving the master equation
for a hybrid quantum system, the interaction between
the subsystems is often neglected when considering their
coupling to the environment. This results in the stan-
dard quantum-optical master equation [2, 5]. This pro-
cedure works well in the weak-coupling regime, and can
be safely applied in the strong-coupling regime, when the
density of states of the reservoirs and the system-bath
interaction strengths are approximately frequency inde-
pendent on the scale of the energy-level splittings induced
by the interaction between the components. However, it
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has been shown that when the light-matter interaction
increases up to the ultrastrong regime (USC) [7] this ap-
proach leads to unphysical predictions, e.g., excitations
in the system even at zero temperature [1].

Model

HotReservoir

K

Figure 1: Schematic of a generic optomechanical sys-
tem where one of the mirrors of an optical cavity is
thermally excited by means of an hot reservoir at tem-
perature T, and can vibrate at frequency wy,. In this
conditions the system is able to emit photon pairs.

We consider the case of a cavity with a movable end mir-
ror (Figure 1) and focus on the simplest possible model
system in cavity optomechanics, which has been used to
successfully describe most of the experiments to date.
Specifically, we consider a single mechanical mode of fre-
quency wm coupled to the lowest-frequency optical mode
we of a cavity by radiation pressure.

Considering the creation (annihilation) mechanical and
cavity bosonic operators respectively, bf (13) and af (a),
the system Hamiltonian (% = 1) can be written as:

f{s :IA{O+‘A/0m+VDCE7 (1)
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where, . .

Hy = wed 6+ wmb'h (2)
is the unperturbed Hamiltonian,

Vom = ga'a(b+ b") (3)

is the standard optomechanical interaction Hamiltonian,

and R o
Voor = %(ff +a (b +bh, (4)

is the perturbation term determining the DCE [9].

This last interaction term is often neglected when describ-
ing most of the optomechanics experiments to date.
This, is a very good approximation when the mechani-
cal frequency is much smaller than the cavity frequency
(which is the most common experimental situation), since
VDCE connects bare states with an energy difference
2hwe £ hwm much larger then the coupling strength Ag.
Within this approximation, since the resulting Hamilto-
nian, ﬁo + VOm, conserves the number of photons the
system eigenstates can be written as:

[, kn) = |n)e ® D(nB) k) , ()

where |n) is the photon number and |ky) represents the
displaced Fock state determined by the displacement op-
erator D(nB) with 8 = g/wm.

However, when considering ultrahigh-frequency mechani-
cal oscillators with resonance frequencies in the GHz spec-
tral range, coupled to microwave resonators, the Voce
term cannot be neglected, the number of photons is no
longer conserved and the system eigenstates become no
more analytical.

As shown in Ref. [9], such a system displays an energy
level spectrum with a ladder of avoided level crossings
arising thanks to the Vber contribution. For example,
when 2w. ~ wy, [8]), the Vber gives rise to a resonant
coupling between the states |0, k) and |2, (k — 1)2) with
k > 1, converting a phonon into a photon pair.
Furthermore, when VDCE is taken into account, the sys-
tem Hamiltonian does not conserve the number of pho-
tons (notice that the phonon number is not conserved
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even in the standard optomechanical Hamiltonian). For
example, the ground state of Hys contains photons, i.e.,
(Eola’alFo) # 0. Therefore, in analogy to USC cav-
ity QED, a careful treatment of dissipation and input-
output theory is required since, if the standard photon
and phonon operators were used to describe the inter-
action with the outside world, unphysical effects would
arise.

The impact of temperature on the dynamical
Casimir effect

The calculations in Ref. [9] were performed using a
dressed master equation without the post-trace RWA, de-
veloped only for the case of zero-temperature reservoirs.
Here, in order to study the influence of temperature on
the energy conversion from phonons to photons, we in-
stead apply a generalized master equation able to describe
also the non zero-temperature conditions .

For our numerical calculation we consider a normal-
ized optomechanical coupling g/w., = 0.1, a mechanical
damping rate v/w., = 0.05, and a cavity damping rate
k = /2. We focus on the avoided level crossing between
the states |0,2) and |2,02) at wm ~ w.. We consider the
resonant condition, corresponding to the minimum level
splitting: w./wm = 1.016.

As in Ref. [9], we consider a continuous coherent drive of
the mechanical oscillator,

Hy= Q(Zse_“”mt + I;Tew’"t) , (6)
with frequency resonant with the oscillating mirror and
amplitude Q = /2. The dynamics giving rise to the DCE
is then described by the generalized master equation

p=—i[Hs + Ha, p] + Lamo (7)
where the Liouvillian superoperator Lgmep contains all
the collapse terms describing the system-reservoirs inter-
actions and can be explicitly written as in Ref. [10].
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Figure 2: Results for the dynamical Casimir effect at different temperatures.

(a, b) System dynamics for

We ™ W, under coherent mechanical pumping, in perfect cooling conditions T, = T, = 0, starting the dynamics
from the ground state. (¢, d) The same, but with Ty /wy, = T\ /wm = 0.5 and the initial state being the thermal
state with T /wy, = 0.5. The blue dashed curves show the mean phonon number (B BW)Y in (a, ¢) and the

phonon-phonon correlation function gg)(t,t) in (b, d). The black solid curves describe the mean cavity photon

number (A AN in (a, ¢) and the zero-delay normalized photon-photon correlation function gff)(t,t) in (b,
d). All parameters for the simulations are given in the text.

In Figure 2, we show the photonic and phononic pop-
ulations, (A AM)) and (BB and the relative
two-photon and two-phonon correlation functions,

(/1(_)(t)/l(_)(t)A(Jr)(t)A(““)(t))

(2) _
S IOV (I
Py - BOQEOWEIWEOW)

(BO) (1) B (1)

Figures 2(a, b) display the results of calculations done
with zero-temperature reservoirs for both subsystems and
starting the dynamics from the ground state. Figures 2(c,
d) display the results of calculations for reservoirs with
Ty /wm = Ti/wm = 0.5 and with the system initially in
thermal equilibrium with those reservoirs.

At T = 0, with the system starting in its ground state, the
photonic and phononic populations start from zero and,
due to the coherent pumping, reach non-zero stationary
values. The photonic correlation function gﬁ?(t, t) is ini-
tially much higher than two, suggesting photon-pair emis-
sion. Howver, as time goes on, it decreases significantly
due to losses which affect the photon-photon correlations,
and also due to the increase of the mean photon number
(note that gf)(t‘7 t), owing to the squared denominator,
is an intensity-dependent quantity). The mechanical cor-
relation function gg) (t,t), on the contrary, has an almost
constant value (gg)(t, t) ~ 1), showing that the mechan-
ical system is mainly in a coherent state produced by the
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pumping.

For reservoirs with non-zero temperature, the phonon
and photon populations Figure 2(c), starting from their
thermal-equilibrium values, equilibrate to lower steady-
state values. This reduction of both populations origi-
nates from the increase of the decay rate of the coherent
contributions with increasing temperature. We also note
that the difference between the two steady-state values
is reduced at higher temperatures, due to the thermal
contributions. At T # 0, a fraction of the observed pho-
tons, as expected, does not come from the mechanical-
to-optical energy conversion, but, trivially, from the pho-
tonic thermal reservoir.

This picture is confirmed by comparing the dynamics of
the higher-order correlation functions [Figure 2(c, d)].
Specifically, at higher temperature, we observe a strong
decrease of gf)(t,t), showing that a reduced fraction of
photons is emitted in pairs. However, the photon-photon
correlation functions remains, even in the steady state,
higher than the thermal value g(A2) (t,t) = 2. The phonon-
phonon correlation starts from a value ~ 2 corresponding
to the initial incoherent thermal state and, as time goes
on, decays to a stationary value higher than one due to
the incoherent thermal excitations provided by the inter-
action with the thermal reservoirs.

Furthermore, in Figure 2(d), the photon-photon and the
phonon-phonon correlation functions do not start from
the same initial value. This effect is due to the VDCE
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term which, owing to its non-bilinear form, modifies the
thermodynamic equilibrium of the initial state of the sys-
tem. The VDCE contribution leads to a separation of the
correlation-function values with size proportional to the
temperature. This separation thus vanishes trivially for
T = 0, when the VDCE term becomes negligible.

The results obtained clearly show that the generalized
dressed master equation in Ref. [10] is able to describe
dissipation in hybrid quantum systems with coexisting
coherent phases (provided, e.g., by means of a continu-
ous drive) and incoherent phases (provided, e.g., by ther-
mal reservoirs or thermal-like pumping). The behaviour
of the one- and two-photon correlation functions shows
that signatures of the DCE can be observed even in the
presence of a non-negligible amount of thermal noise. It
thus demonstrates that this effect can be observed in a
real experimental set-up, where perfect cooling conditions
cannot be reached. Although the number of Casimir pho-
ton pairs produced depends on the thermal noise injected
into the system, our results here show that the DCE re-
mains detectable even at relatively high temperatures.

Conclusions

We applied a generalized master equation approach de-
rived within the Born-Markov approximation, including
the pure dephasing terms and without performing the
usual post-trace RWA to study the influence of tempera-
ture on the conversion of mechanical energy into photon
pairs (DCE) in an optomechanical system, recently de-
scribed in Ref. [9] for zero-temperature reservoirs. In this
case, we showed that the DCE can be observed also in
the presence of a significant amount of thermal noise.
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Abstract

Pulsed laser ablation of nitride titanium (TiN) and dioxide titanium (TiO2) targets were carried

out in water using the 532 nm nanosecond laser radiation.

In order to tune the compositional

and structural properties of the nanomaterials, some other targets were home-prepared by simply
mixing TiN and TiO2 powders at different mass ratios (25/75 and 75/25). All these targets were
irradiated with a laser fluence of 1.0 J/cm? and for an irradiation time of 15 min. The structural,
morphological and compositional characteristics of the synthesized nanostructures were studied by
means of the UV-vis optical absorption, visible Raman spectroscopies and the Electron Scanning
Microscopy, operating in Transmission Mode (STEM). The properties of such nanostructures were

investigated as a function of the synthesis history.

Keywords: Pulsed Laser Ablation, TiO2,TiN, nanoparticles, Raman, SEM.

Introduction

TiO2 is an effective and well-known photocatalyst for
water and air purification, but its practical applications
in visible light-assisted chemical reactions are hindered
mainly by its poor visible light absorption capacity. How-
ever, the wide band gap of this material limits applica-
tions to UV light, which also confines the use of solar
irradiation as the energy source. In the last years, litera-
ture data show the ability of nitrogen doping into TiO2 to
promote light absorption in the visible range, allowing the
utilization of a large part of the solar spectrum [1]. All
these synthesized TiO2_;N, nanomaterials show highly
reproducible photocatalytic activity, hence it has a poten-
tial for mass-production, and it is environmentally benign
(no toxic ingredients). Nevertheless, it is still controversy
if this doping is beneficial to the photocatalytic process,
as well as the synthetic methods are not well stabilized
yet to optimize the optical response. Thus, further de-
velopment of this material is now underway, so it should
be available to contribute to the human environment by
reducing indoor VOCs (Volatile Organic Compounds) in
the very near future.

Literature presents several methods to synthesize
TiO2_, N, colloids. One of the key challenges for this ma-
terial is fabricating thin film devices using cost-effective
and time-saving routes. Recently, to tackle this issue,
a simple one-step, low temperature method has been
developed for synthesizing mono-dispersed colloids of
TiO2-.N, nanocrystals which may be sprayed or printed
on all kinds of substrates to create uniform thin films in
large scale [2]. On the other hand, the ‘in liquid’ laser
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irradiation technique has been demonstrated to be an in-
teresting method to easily increase the photocatalytic ac-
tivity of TiO2 [3] and other nanomaterials [4] towards
the degradation of organic pollutants. We particularly
evidence Ref. [5], reporting the activity of laser treated
TiOgz for the enhanced degradation of rhodamine B.

Figure 1: Scheme of PLAL setup.

In this work, we report about pulsed laser ablation
(PLAL) processes in water, irradiating commercial tar-
gets of TiN and TiOs2 with the second harmonic of a
Nd:YAG source, operating at the repetition rate of 10 Hz
and at the pulse width of 6 ns. Aiming to obtain systems
with variable physical-chemical properties, TiO2 and TiN
powders (purchased from Mateck) were mixed in different
mass ratios. The powders were pressed and the obtained
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targets were ablated in water. All the ablation prod-
ucts were also characterized by some techniques: con-
ventional UV-vis optical absorption and visible Raman
spectroscopies as well as Electron Scanning Microscopy
(SEM), operating in transmission mode (STEM).

Experimental

TiN and TiO2 powders were mixed at the different mass
ratios of 75/25 and 25/75. Then, they have been pressed
into a disk and the compacts were fired at around 250°C
for 1 hour. Pulsed laser ablation (PLAL) processes of
the TiO2_4 N, pressed powders as well as of the pristine
TiN and TiO» targets were carried out in deionized water
(H20). The second harmonic (532 nm) of a laser operat-
ing at the repetition rate of 10 Hz and at the pulse width
of 6 ns was used. The target was irradiated with a laser
fluence of 1.0 J/cm? and for an irradiation time of 15 min.
A scheme of PLAL setup is shown in Figure 1.

A |
200 nm %
—" -I&, A i

Figure 2: STEM images of the colloids prepared ab-
lating: a) mized TiN/TiOy powders at the 25/75
mass ratio; b) commercial TiN target in water.

The optical absorption of the colloids was analyzed by
means of a Perkin—Elmer Lambda 750 UV— vis spectrom-
eter in the 190-900 nm range using quartz cells. STEM
images were taken by a scanning electron microscope
(ZEISS; model Merlin Gemini 2) operating at an acceler-
ating voltage of 30 kV and a working distance of 4 mm. A
fraction of the synthesized colloids was deposited on sili-
con substrates and nickel grids to carry out Raman and
STEM characterizations. To carry out Raman measure-
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ments, the 532 nm diode laser line was used as excitation
source and the spectra were collected by a Charge Cou-
pled Device (CCD) device, for an integration time of 80
sec.

Results and Discussion

The average particle size, shape and size distribution
of the as-prepared TiO2_,N, nanoparticles were inves-
tigated using the STEM technique. STEM image of the
colloids prepared ablating the mixed TiN/TiO2 powders
at the 25/75 mass ratio is shown in Figure 2(a). An
high density of dispersed nanoparticles, with a spherical
shape and size of around 10-30 nm, characterizes these
colloids. A similar morphology is shown by the sample
prepared ablating the target made from the 75/25 mass
ratio TiN/TiO2 powders (not shown). In this case, some
of the nanoparticles aggregate together. Finally the col-
loids, synthesized by an high purity (99.99%) commer-
cial TiN target in water, shows some dispersed spherical
nanoparticles of about 40 nm in size (see Figure 2(b)).
In Figure 3 are shown UV-vis optical absorbance and
micro-Raman spectra. The colloid, obtained in water by
the TiN rod target, is transparent (over 90 %) in the vis-
ible range with a sharp absorption edge at about 350 nm.
Otherwise, a broad band at around 420 nm characterizes
the sample prepared from the TiOs powder target. A
similar blu-shifted and narrow band is evident in the col-
loids prepared using the pressed and sintered target with
a (25/75) TiN/TiO2 mass ratio. The optical absorption
contribution in the UV region is the TiO2 characteristic
edge [3] while the increase of the absorbance values in
the visible-light range is justified taking into account the
nitrogen addition into the titanium oxide matrix [1, 6].
Moreover, we observe that the 420 nm band is totally ab-
sent in the colloids prepared using the TiN powder or a
target with a (75/25) TiN/TiO2 mass ratio. Despite this,
an increase of the optical absorbance signal at the higher
wavelength (> 700 nm) is observed for these last two
colloids. Although preliminary, these experimental evi-
dences indicate that we are on the right track to achieve
the objective of increasing the optical response in the vis-
ible region.

Raman spectroscopy is a powerful technique for charac-
terizing the micro-nanostructures of the TiO2 based ma-
terials [7]. In Figure 3(b) is shown the Raman spectra of
the colloids prepared ablating in water the (25/75) and
the (75/25) TiN/TiO2 mass ratio targets. The sample ob-
tained using the pristine TiN target (not shown) presents
the same contribution of the (75/25) mixed target. In
the inset of the figure, we report the typical Raman fea-
tures of the rutile and anatase TiO2 phases. According
to literature data (8], the anatase phase of TiO2 has six
Raman bands at 144 cm™' (E,), 197 cm™' (E,), 399
em™! (By,), 513 cm™! (A1), 519 cm™*(B1,) and 639
em™! (Ey), and the rutile phase has four Raman bands
at 143 em ™' (Biy), 447 cm™' (Ey), 612 cm ™" (Ay,), and
826 cm ™! (Bg,). Here, both samples show Raman spec-
tra characterized by a mix of the pure anatase and rutile
phase. However, the bands so enlarged suggested that
the low frequency peaks below 400 cm~! and the high



UNIVERSITA DI MESSINA

DANIELE SPUCCHES

DoTTORATO DI RICERCA IN Fisica

AcTiviTy REPORT 2018

frequency mode around 550 cm ™! can be partially due to
the Ti-N acoustical and optical phonons, respectively [9].
In particular, the colloid obtained by the (25/75) TiN and
TiO2 powders target shows a significant blue-shift and a
broadening of the observed peaks. This evidence indi-
cates a structural rearrangement with a probably small
amount TiOz_,N, formation on the TiO2 surface. Thus,
to investigate about the surface chemical bonding configu-
rations, we are currently carrying out X-ray photoelctron
spectroscopy (XPS) measurements, the results of which
will be the subject of a subsequent work.

— Dby TiO2 powder target

———Dby TiN powder target
= by TiN rod target
by (25/75)TiN/T iO2 mass ratio target|

—— by (75/25)TiNfI'i02 mass ratio target|
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Figure 3: a) UV-vis optical absorbance and b) Ra-
man spectra of the PLAL synthesized colloids.
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Conclusion

TiO2 —aN, nanocolloids, chemically and morphologically
stable, were prepared in water carrying out nanosecond
pulsed laser ablation processes. The results of STEM
analyses revealed that the synthesized samples were com-
posed of nearly spheroidal nanoparticles with a size be-
low 40 nm. Raman features arising from anatase and
rutile titania vibration modes were mainly detected for
the sample obtained mixing the TiN/TiO2 powders. A
blue-shift of the TiO2 features as well as the presence of
some vibrational modes typical of TiN materials were ob-
served when we have ablated the pristine TiN target in
water. Although preliminary, these results are interesting
for the possibility of tuning the compositional, structural
and optical properties of the TiO2 — N, colloids. Hence,
we conclude that by an accurate control of the optical
properties, a TiO2 — O, based absorbing coating could
be fabricated to ultimately achieve an high performance
solar selective TiOs — 205 /SiO2 antireflection layers.
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