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Abstract

Experimental and theoretical investigations show the strong effect of the pump beam, spatially
separated from the probe beam, on the probe’s electromagnetically induced absorption (EIA)
and nonlinear magneto-optical rotation (NMOR). Linearly polarized pump and probe laser
beams are locked to the F; = 2 — F, = 3 transition of the 87Rb D, line and pass a vacuum Rb
gas cell coaxially. We show that the observed narrowing of EIA and NMOR resonances is due
to the Ramsey effect. Linewidths of the resonances decrease when the size of the dark region
between pump and probe lasers increases. Variation of the angle between pump and probe
linear polarizations strongly influences the phases of atomic coherences generated by the
pump beam and consequently the line-shapes of the probe EIA and NMOR resonances.
Complete change of the resonance sign is possible if the phases of the ground state coherences,
Amg = 2, are altered by 7. The central EIA fringe becomes less pronounced if the probe
intensity increases, due to the larger probe contribution to atomic evolution. Ramsey-like
interference is a manifestation of the evolution of ground state Zeeman coherences, required
for EIA, in the dark region in the presence of a small magnetic field.

(Some figures may appear in colour only in the online journal)

1. Introduction

In the work of Akulshin et al [1], a new kind of resonance was
observed, one in which atomic coherence produces an increase
of laser absorption. This coherent phenomena is termed
electromagnetically induced absorption or EIA. Conditions
for observing EIA have been recently identified: a narrow
absorption resonance can be obtained when the laser frequency
is scanned across a degenerate two-level transition such that
F, — F, = F,+1, where F; and F; are total angular momentum
quantum numbers of hyperfine levels of ground and excited
states, respectively. It is worth mentioning that Kazantsev er al
[2] theoretically predicted that optical pumping in the case
of such transitions leads to an enhanced absorption of the
medium. It is now well known that EIA is a multilevel effect,
meaning that the degeneracy of the ground level is necessary. In
comparison to electromagnetically induced transparency (EIT)
[3] EIA has an opposite sign of resonance. Unlike EIT, which
is due to coherent population trapping (CPT) and ground level
dark states [4], EIA has not been associated with a particular
coherent superposition of atomic ground states. While both
EIT and CPT were intensely investigated over the past decade,
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this is not the case for EIA. A better knowledge of the
phenomena is necessary, including a better understanding of
excitation and emission processes that lead to the development
of EIA.

The first observations of EIA were performed by
perpendicularly polarized pump and probe lasers, interacting
with a cycling degenerate two-level transition in which F, =
F,+ 1 and F, > 0 [1, 5]. In later experiments, EIA was
also found in non-cycling degenerate two-level systems [6,
7]. Both two-photon resonances in a bichromatic light field
(pump—probe spectroscopy) and magneto-optical resonances
in the Hanle configuration have been explored. The influence
of various parameters like laser intensity, light ellipticity and
magnetic fields on EIA amplitudes and linewidths was studied
in [8-11].

Assuming the simplest system presenting EIA, a four-
level N-atomic system of a near degenerate two-level atom,
Taichenachev et al [13] obtained an analytic expression for
the probe light absorption. A direct link between the efficiency
of spontaneous coherence transfer and the appearance of EIA
indicates that the Zeeman coherence, after being developed
in the excited level, is transferred to the ground level
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by spontaneous emission. Analytic expressions of different
perturbation orders for Zeeman and optical coherences and
populations have shown such ordering of events in the
development of EIA [14].

EIA media have some similarities but also differences
from EIT media. Since these two coherent phenomena have
different origins, their temporal behaviour is different, as
given in [15]. Slower development of EIA and its consequent
narrowing after turning on the excitation pulse was notable
in comparison with EIT. EIA media have a steep anomalous
dispersion that is related to subluminal light propagation, as
demonstrated in [16]. As a consequence, in EIA media light
pulses can also be stored and retrieved like in EIT media,
but only the storage of a smaller part of the initial pulse is
possible [17]. In some open atomic systems, minor changes
of the pump laser Rabi frequency can transform EIT to EIA
(and vice versa) [18]. A modest change of the buffer gas cell’s
temperature can alter the sign of the transmission resonance
from positive (EIT) to negative (EIA) [12].

Ramsey’s method of separated fields is often used in
atomic and molecular beam experiments [19]. Ramsey fringes
that are induced by the two spatially or temporally separated
excitation fields lead to a considerable narrowing of the
corresponding resonances. In this work, we test if the Ramsey
effects of separated pump and probe laser beams can be
effective for narrowing EIA as they are for EIT. Repeated
interaction of coherently prepared alkali-metal atoms with
a pair of laser fields in Raman resonance leads to a strong
Ramsey narrowing of EIT in cells with buffer gas [20, 21],
and in vacuum gas cells if a specific pump—probe laser beam
geometry is used [22, 23]. The Ramsey effects on EIA were
recently explored in gas cells with anti-relaxation coating
experimentally [24] and, using a four-level N-atomic system,
theoretically [25]. We look for the Ramsey effects introduced
by separated excitation fields in an EIA medium in a vacuum
gas cell without anti-relaxation coating by measuring and
calculating the probe’s transmission and nonlinear magneto-
optical rotation (NMOR) when the laser fields couple the F, =
2 — F, = 3 transition of the ¥’ Rb D, line. In V atomic schemes
supporting EIA, polarization rotation has the opposite sign to
that in EIT atomic systems, e.g. A or M systems. There have
been numerous studies of NMOR in EIT media in buffer-gas-
free vapour cells and without anti-relaxation coating [26—29].
A change of the NMOR sign in the case of the closed transition
F, =4 — F, =5 of the Cs D, line was first reported in [27].

In our work, we use a pump laser beam to coherently
prepare the atoms and a spatially separated probe laser beam
to check the pump-induced atomic coherence. We studied the
Ramsey effects on narrowing EIA and NMOR, theoretically
and experimentally, using a similar pump—probe geometry as
in[22]. Both pump and probe laser beams are linearly polarized
and resonant to the closed transition, F, = 2 — F, = 3
in Rb. EIA measurements were carried out by monitoring
the probe beam’s transmission. NMOR of the linear probe
polarization, for a given pump polarization, is obtained using
a balanced polarimeter. The measurements were performed as
a function of the external axial magnetic field for different
angles between the electric vectors of the pump and probe
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Figure 1. Energy level diagram for D, line transitions considered in
the theoretical model. Solid arrows pointing up represent the
transitions induced by the laser, while dotted wavy arrows pointing
down correspond to possible spontaneous emission channels from
excited levels. Frequency differences between adjacent hyperfine
levels are shown.

beams. Obtained EIA and NMOR line-shapes are compared
with the results of the theoretical model. The model solves
time-dependent optical Bloch equations for the density matrix
elements for all sublevels of the F, = 2 — F, = 3 transition.
The atomic state evolution is calculated when an atom passes
the pump, the dark region and the probe beam. The probe’s
total transmission was calculated after averaging over all atom
velocity components parallel and perpendicular to the laser
beam and over all possible atomic trajectories. The probe
beam’s transmission and polarization rotation are obtained
from the calculated change of the probe’s electric field due
to the Rb vapour polarization.

2. Theory

We used a density-matrix formalism to model the dynamics
of the interaction between Rb atoms and spatially separated
pump and probe laser beams. Figure 1 shows a Rb D, line
atomic level diagram, the hyperfine levels either coupled by
the laser light, or populated via spontaneous emission.

The external magnetic field B, along the propagation
direction of the laser beam, splits the adjacent Zeeman
sublevels by the amount pupgrB, where pp is the Bohr
magneton and gr is the gyromagnetic factor of the level. The
temporal evolution of the atomic density matrix is obtained
from time-dependent optical Bloch equations for a moving
atom

Pty (B) + Hn(). 51+ (2 (1)
ar = n atom intZ), O ar SE»
where

Huom(B) = ) hwo;(B)lgj) (gl + Y hox(B)le)(exl,  (2)
j k

is the atomic Hamiltonian corresponding to ground (excited)
states |g;) (lex)) with Zeeman-shifted energies hw;(B)
(hwy (B)). The laser—atom interaction is given by

Hin (1) = =Y E@) - djpdlgjMex +lea) (gD, (3)
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Figure 2. (a) The energy level diagram for magnetic sublevels of the F, = 2 — F, = 3 transition and (b) pump and probe laser beam radial
profiles used in the theoretical model. In (a) solid lines represent transitions induced by the linearly polarized laser fields, while dotted lines
correspond to possible spontaneous emission channels from excited levels.

where E(¢) is the time-dependent electric field of the laser
seen by the atom and d ; is the atomic electric dipole moment
for the transition between states |g;) and |e;). Spontaneous
emission is treated using the Lindblad-form term

dp S0 _TTT 45— I
— = 2r, o), =1L, 0 —pl') T, 4
<dt>SE;mpm Wb = PTNL,. @)
where I, are operators related to dipole transitions from
the excited to ground state manifold. Although the laser is
frequency locked to the F, = 2 — F, = 3 transition, due to
Doppler broadening, the excited hyperfine levels F, = 2 and
F, = 1 are also laser-coupled and therefore have to be included
in the calculations. Equations for density matrix elements
related to the F, = 1 ground level are excluded since that
level is not coupled by the laser. For additional details about
the resulting equations please refer to [30].

Both the pump and probe are linearly polarized, have
the same frequency wo and propagate along the z axis. As
schematically given in figure 2, the probe laser beam is at the
centre of the coaxial hollow pump beam. The initial probe
beam radial profile is a Gaussian

Lorobe (1) = 2I_probe: exp (_ 2}"2/}"5), ©)

where 7y is the 1/¢? radius of the probe beam and I_pmbe is the
probe beam’s intensity (total probe power divided by rgn).
The pump beam’s intensity profile along the radial distance r
is modelled as

Ipump(r) = _pumpa(erf(p(r —r)) —erf(p(r — rn))), (6)

where I_pump is the pump beam’s intensity, a is the normalization
constant, p affects the steepness of the profile near the beam’s
edge determined by the parameters r; and r».

It is assumed that every collision with the cell wall resets
the state of an atom. Therefore, the atoms entering the pump
beam from the direction of the wall have equally populated
Zeeman sublevels of both hyperfine levels of the ground state.
The density of the rubidium vapour at room temperature is low
enough, so that Rb—Rb collisions are negligible. Therefore, an
atom moves through the laser beams with constant velocity

v = v| + v., where v and v, are velocity components
parallel and perpendicular to the direction of laser propagation,
respectively. When calculating the density matrix at a given
value of z, we neglect longitudinal changes of the beam profiles
compared to the transverse ones so that only the transverse
direction of the trajectory matters. From the reference frame
of the moving atom, the electric field varies and the rate of
variation depends only on v,. Assume that the transverse
projection of the atomic trajectory at some z is given by
r (t) = rop + vit, where rg, is the transverse component
of the atom position vector at# = (. The temporal variation of
the laser intensity seen by the atom is given by

I(t,2) =1(r(t),2) = [(roL +v.t,2), (N

corresponding to the transverse laser intensity variation along
the trajectory of the atom in the laboratory frame. Additionally,
due to cylindrical symmetry of the beam profiles, the transverse
dependence becomes a purely radial dependence.

The observed experimental resonances are the probabilis-
tic average of contributions due to many individual, mutually
non-interacting Rb atoms. The atoms traverse the laser beams
at different paths with different velocities. The Maxwell—-
Boltzmann velocity distribution, diversity of atomic trajec-
tories and custom cylindrical symmetric radial beam profiles
are treated similarly as in [30]. Atomic trajectories having
different distances from the centre of the probe beam are
chosen so that the probe beam’s cross-section is uniformly
covered. For a suitable set of atomic velocities, the atomic
density matrix p(B; v; r) along a given trajectory is calculated
assuming constant magnetic field B during the atomic transit
through the laser beams. Numerical integration of the opti-
cal Bloch equations is carried out from the moment when the
atom enters the pump beam’s region until it exits the probe
beam. To obtain the atomic ensemble density matrix 6(B; 7, z)
across the beam’s cross-section at some z and for a set of radial
distances r, the calculated density matrices are averaged over
the Maxwell-Boltzmann velocity distribution and integrated
over trajectories containing points at given radial distance r.
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The velocity-averaged density matrix will possess cylindri-
cal symmetry arising from the cylindrical symmetry of the
laser beam profiles and the atomic velocity distribution. Thus,
the angular integral appearing in the averaging over velocity
v(f) = (8, v1, v)) can be replaced by an angular integral over
space

2 do 00 o]
p(B;1,2) =/ 2—/ dUJ_WJ_(UJ_)/ dvy W (vy)
0 T Jo —00

X p(B; 0, vy, v; rcosf, rsinb, z), ®)

with the Maxwell-Boltzmann velocity distribution given by

ZUL 2
Wi(vy) = 7 em /]

1
W) = ﬂe_(vu/mz’ )

u
where u = (2kzT /mgy)'/? is the most probable velocity.

In order to make a comparison with the experiment, we
calculate the transmission and the angle of the polarization
rotation of the linearly polarized probe laser’s light as a
function of the magnetic field. The effects of the probe beam’s
propagation and variation in its intensity along the Rb cell are
treated using

JE(B; r,2) iwg

9z - 2EQC

where €, is the vacuum dielectric constant and ¢ the speed

of light in vacuum. The accompanying initial condition is

given by (5) and by the angle of the probe’s incident linear

polarization. The Rb vapour ensemble density matrix 6 (B; 7, z)

at some values of z is computed using the electric field

E(B; r, z). The polarization of the Rb vapour is obtained from
the ensemble density matrix

P(B; 1, 2) = n(T)Tr(H(B; 1, 2)d), (11)

where the 8’Rb concentration n(7T') at absolute temperature 7T is
taken from [31]. Due to the trace operation including the dipole
operator d, the polarization P depends only on the optical
coherences between the ground and excited Zeeman sublevels.
Using the computed Rb polarization, we are able to calculate
the change of the probe’s electric field due to propagation
through the Rb vapour from (10). Following that procedure, we
calculate the transmitted electric field E(B; r, z = L), where L
is the cell length, used in the calculation of the transmission
and the angle of the polarization rotation of the probe laser
beam. During the calculation of the probe beam’s propagation,
we also treated the pump beam’s propagation effects in an
analogous manner.

The angle of the polarization’s rotation is calculated
in a similar manner as measured from signals of the two
detectors S; and S, behind the polarizing beam-splitter rotated
at 45° with respect to the incident probe’s polarization. The
polarization’s rotation angle is given by

P(B: 1, 2), (10

1 N )
= - . 12
@ > arcsin O (12)
Values of S| and S, were obtained from
Sia= f luis - E(B; .z = L)[d’r, (13)
SF

whereu; , = (\/5 /2)(e;%e,) are unity vectors corresponding
to the polarizing beam splitter’s, s and p, polarization axes and
S is the probe beam’s cross-section.
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Figure 3. Experimental setup: ECDL-external cavity diode laser,
Ol-optical isolator, DDAVLL-Doppler free dichroic atomic laser
lock, BS-beam splitter, F-optical fibre, M-mirrors, I-iris, P-polarizer,
VNDF-variable neutral density filter, BE-beam expander,
A/2-retardation plate. Inset: transverse cross-section of the Rb cell
with typical atomic trajectory.

3. Experimental setup

Figure 3 shows the experimental setup. An external cavity
diode laser with a linewidth of about 1 MHz was used in
the experiment. The laser frequency was locked to the D,
transition f, = 2 — F, = 3, in 87Rb, using the Doppler-
free dichroic atomic vapour laser lock (DDAVLL) technique
[33]. The Gaussian laser beam is split into two beams, the
pump beam and the probe beam. The diameter of the pump
beam is enlarged and sent through a 12 mm diameter iris.
The linear polarizations of the pump and probe beams, and
the angle between their polarizations, are adjusted by a linear
polarizer and A/2 retardation plate. The important element
for generating a laser beam like a hollow cylinder, as shown
in figure 3(b), is a mirror with a hole [34]. The diameter of
the hole thus determines the inner diameter of the hollow
pump beam. We used two mirrors with central holes of 5 and
7 mm in diameter, respectively. The probe beam, 1.2 mm in
diameter, comes from behind the mirror and passes through the
hole’s centre. The vacuum Rb gas cell is 85 mm long and its
diameter is 25 mm. The cell is at room temperature. A scanning
magnetic field along the laser beam’s propagation is generated
by the solenoid around the gas cell. Magnetic shielding from
stray laboratory fields is achieved by three layers of p-metal
cylinders around the Rb cell. Behind the cell, the probe beam
first passes through a pair of irises (in order to minimize the
contribution of the pump beam) and then passes through the
polarizing beam splitter with the fast axis oriented at 45° with
respect to the direction of the initial polarization of the probe
beam. Two beams emerging from the polarizing beam splitter
were detected with two photodiodes. The sum S} + S, and
the difference S; — S, of these two signals were recorded by
a digital oscilloscope, while B was scanned around its zero
value. The sum signal gives Hanle EIA, while the difference
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Figure 4. Calculated (a) and measured (b) probe NMOR for the F, = 2 — F, = 3 transition in 87Rb as a function of the axial magnetic field
B. Dashed and dotted lines are for two inner pump beam diameters of 5 and 7 mm (corresponding to the ‘dark region’ size of 2 and 3 mm),
respectively. Both pump and probe beams have the same linear polarization. The probe laser power is 10 u'W, while the pump laser power is
1.2 mW. Solid line in (b) is NMOR for single wide laser beam having power of 10 ©W and diameter of 7 mm. Inset in (b) shows the

recorded resonances near B = 0.

signal gives NMOR. In this configuration, the rotation angle
of the probe’s polarization is given by

1 .S =%
¢ = — arcsin .
2 S+

(14)

4. Discussion

In this section, we present results concerning the probe laser’s
transmission and polarization rotation when the probe laser
interacts with Rb atoms prepared into coherent superposition
of Zeeman sublevels of the F; = 2 ground hyperfine level by
the spatially separated pump beam. We intend to demonstrate
that the Ramsey effects play a role here as they do for dark
resonances [22] by measuring and calculating the line-shapes
of EIA and NMOR resonances for different sizes of the dark
region, and for different atomic states generated by the pump
beam. Both probe and pump beams are linearly polarized and
resonant to the F, = 2 — F, = 3 transition in 87Rb. The pump
beam fills almost the entire 25 mm diameter Rb cell except for
the hole at its centre, which is either 5 or 7 mm in diameter.
The probe beam of 1.2 mm in diameter is collinear with the
pump beam and passes along the axis of the hollow pump
beam. This configuration allows, like in the Rb cells with
anti-relaxation coating or buffer gas, repeated interaction of
atoms and laser fields. It provides higher influx of atomic states
prepared by the pump beam that reach the probe beam passing
through the central hole, in comparison with co-propagating
parallel but spatially separated Gaussian laser beams in [21].
In addition, the use of two separate laser beams gives the
ability to independently control the properties of the beams,
like polarization and power. Our experimental geometry is
similar to the geometry used in [32], where the sub-Doppler
feature was observed in the transmission of the hollow probe,

through the very thin (10 um) cell, while the pump beam is
placed in the centre of the probe.

We first present theoretical and experimental line-shapes
of the probe’s NMOR, calculated and measured from the
signals at the two detectors of the balanced polarimeter as
a function of the external magnetic field B. The direction
of the magnetic field is along the laser beam’s propagation.
In the experiment, the magnetic field varies slowly (50 Hz)
so that the period of a magnetic sweep is much longer than
typical atom transit time across the cell. This validates the
assumption made in the theoretical model that B is constant
while the atom passes through three regions of the Rb cell:
the pump laser beam, the dark region and the probe laser
beam. In all figures, spatially displaced pump and probe beams
have the same frequency. Figures 4(a) and (b) present the
calculated and measured angle of rotation of the linear probe
polarization as a function of the axial magnetic field. The linear
polarizations of the pump and probe beams are parallel. When
the pump laser is turned on, the probe’s NMOR resonance
has a central dispersive shape and a pair of much weaker
sidebands around the centre. Results are given for the two
inner diameters of the pump beam, 5 and 7 mm. The resonance
width decreases with the distance between the pump and the
probe laser beam, which is a characteristic of the Ramsey
effect. For dark regions of sizes 2 and 3 mm, the NMOR
width is 2.4 and 1.6 uT, respectively. The results given in
figures 4(a) and (b) show good agreement between theoretical
predictions and experimental measurements. The solid curve
in figure 4(b) corresponds to NMOR resonance of a single
wide laser beam of 7 mm in diameter and 10 W of power.
It is notably wider and has smaller amplitude than the probe
resonances obtained in pump—probe configuration, although
the probe beam’s diameter is much smaller, 1.2 mm. The
amplitudes of NMOR and EIA are larger than for an open
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Figure 5. Theoretical (a) and experimental (b) results for the angle of rotation of the probe polarization for different angles between linear
polarization of the pump and probe beams (0° black, 22.5° red, 45° green, 67.5° blue and 90° magenta). The pump and probe beams couple
the F, = 2 — F, = 3 transition in ®'Rb. The probe and pump laser powers are 20 W and 1.2 mW, respectively. The pump beam’s inner
diameter is 7 mm.
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Figure 6. Theoretical (a) and experimental (b) results of the probe’s absorption spectra for the F, = 2 — F, = 3 transition in 8’Rb, for
linearly polarized pump and probe beams and different probe beam polarization angles with respect to the pump beam’s polarization

(0° black, 22.5° red, 45° green, 67.5° blue and 90° magenta). The probe and pump powers are 20 W and 1.2 mW, respectively. The pump
beam’s inner diameter is 7 mm.

EIT transition [23] because the closed transition limits losses electric field vectors to ¢ = /2, we obtain the opposite sign
of population to the hyperfine level of the uncoupled ground for the probe beam’s polarization rotation (29 = ). For the
state. angle ¢ between O and 7 /2, the dispersion-like curves for
The initial phases of atomic ground state coherences the probe NMOR beam are centred at an external magnetic
created in the pump beam can be controlled by varying the field different from zero. The magnetic field corresponding to
relative angle between pump and probe beam polarizations. the centre of the NMOR resonance increases with the angle
Rotating the polarization of the pump beam by the angle ¢, between the polarizations of two beams because different
the phase between the circular components of the pump beam phases of the coherence require a different magnetic field
is changed by 2¢. This leads to the change of the phase of the for the constructive interference to occur. The comparison
atomic ground state coherences entering the probe beam by  between results in figures 5(a) and (b) shows that calculated
2¢, for a constant magnetic field. In figure 5, we present the and measured line-shapes have very similar behaviour.
results for the probe beam’s polarization rotation for several Figure 6 presents the Ramsey interference effects on
angles between the electric vectors of linearly polarized pump the shape of EIA resonances. It shows the probe beam’s
and probe beams. When we set the angle between the two transmission for several angles between the electric vectors
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linearly polarized pump and probe beams and different powers of the probe beam (10 uW solid, 20 uW dashed, 40 uW dotted, 60 uW
dash-dot, 80 W dash-dot-dot lines). The pump laser power is 1.2 mW. The inner pump beam’s diameter is 7 mm.

of linearly polarized pump and probe beams. Interference
between the coherently prepared atoms and the probe field will
give a probe transmission dip (for 2¢ = 0) or transmission
gain (for 2¢ = ) around the same magnetic field values.
These two cases are presented by solid and dash-dot-dot lines,
respectively. For other values of ¢, the transmission has a
dispersion-like shape. As the angle between two polarizations
increases, the main transmission dip shifts towards higher
values of B, since a larger magnetic field is necessary for
the occurrence of constructive interference. The comparison
between the results in figures 6(a) and (b) shows that calculated
line-shapes are very similar to the measured line-shapes.
Similar dispersion-like line-shapes for an arbitrary angle
between the linear polarizations of two laser fields have been
theoretically predicted for EIA in a bichromatic laser field [35].
The behaviour observed from figures 5 and 6 supports the fact
that the atomic ground state coherences essentially determine
the development of EIA and NMOR in the considered atomic
system.

The effects of the probe laser’s power on the probe’s
transmission are given in figure 7. Both theory and experiment
show that the increase of the probe beam’s power lowers the
amplitudes of the narrow central transmission dip. Higher
probe beam power increases the probe beam’s contribution to
EIA resonance and at the same time lowers the effects of the
pump beam induced atomic coherence. As long as the effect
of atomic coherence entering the probe beam dominates over
the probe’s contribution, the resonance width of the central dip
remains the same.

5. Conclusion

Experimental and theoretical evidences imply that probe ETA
and NMOR in a vacuum Rb gas cell at room temperature are
strongly affected by interference effects between the probe
beam and atomic states prepared by the spatially separated

pump beam in the presence of a small magnetic field. By
increasing the size of dark region between the pump and
probe, the resonances become narrower. By changing the
initial phase of the atomic coherence in the pump beam, fully
constructive interference with the probe beam can change into
fully destructive interference yielding the change of the sign of
the resonances. Moreover, the Ramsey effects seem to be even
more pronounced on the EIA linewidth and amplitude than
for EIT (developed on atomic transition F; — F, = F, — 1),
as found by comparing the results for both phenomena using
the same geometry of the laser beams [22, 23]. Among many
differences between EIT and EIA, these results show that the
response of ground state Zeeman coherences in an atomic
system showing EIA to Ramsey-type excitation is very similar
to the previously observed response of Zeeman coherences in
atomic systems showing EIT [22, 23].
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We propose a complex Ginzburg-Landau equation (CGLE) with localized linear gain as a two-dimensional
model for pattern formation proceeding via spontaneous breaking of the axial symmetry. Starting from steady-state
solutions produced by an extended variational approximation, simulations of the CGLE generate a vast class
of robust solitary structures. These are varieties of asymmetric rotating vortices carrying the topological charge
(TC), and four- to ten-pointed revolving stars, whose angular momentum is decoupled from the TC. The four-
and five-pointed stars feature a cyclic change of their structure in the course of the rotation.

DOI: 10.1103/PhysRevA.90.023845

I. INTRODUCTION

The generation of self-organized dissipative structures
in nonlinear systems is driven by external energy and/or
matter supplies [1]. Various species of self-trapped localized
structures are represented by dissipative solitons acting as
attractors [2,3]. The self-organization is based on the bal-
ance of antagonistic effects, with gain compensating losses,
and nonlinearity-induced self-contraction arresting the linear
diffraction and/or dispersion. The ensuing formation of vast
varieties of patterns is apparently spontaneous, and in many
cases its origins are not yet understood well, in spite of the
great deal of work done on this subject. Generically, the
pattern formation proceeds via spontaneous breaking of an
underlying continuous symmetry, followed by the emergence
of novel forms which feature reduced symmetries [4]. Since
the pioneering work of Turing [5], many works have been
dealing with models for spontaneous pattern formation in
diverse settings; see, e.g., Refs. [6,7].

Complex Ginzburg-Landau equations (CGLEs) constitute
a class of ubiquitous models to describe the generation of
dissipative-solitonic structures in plenty of systems ranging
from nanophotonics, plasmonics, nonlinear optics, fluids, and
plasmas through superconductivity, superfluidity, quantum
field theory, and biological systems [2,3,8—11]. The great deal
of work done in this field has demonstrated cogently that
CGLE:s are appropriate models for studying the spontaneous
pattern formation per se.

In this work, we demonstrate that the above-mentioned
crucially important aspect of the pattern formation, viz., the
spontaneous breaking of the continuous symmetry, leading
to the emergence of localized structures featuring reduced
symmetries, may be adequately modeled by a suitably chosen
two-dimensional (2D) CGLE with the competing cubic-
quintic (CQ) nonlinear terms. We resort to the synergy of
the variational approximation (VA) and parallelized numerical
simulations to demonstrate spontaneous formation of pre-
viously unexplored solitonic structures, which have diverse

*vladimir.skarka @univ-angers.fr
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counterparts in nature. Using the CGLE with a spatially
modulated linear loss, which features a minimum at the center,
we have previously demonstrated that vortices may spon-
taneously evolve into stably rotating ellipsoidal or crescent
vortical structures [12]. The CGLE model developed in the
present work offers a vast potential for modeling transitions
between different types of spontaneously established patterns,
through the generation a broad class of localized states, such as
periodically metamorphosing and rotating four- to ten-pointed
stars, which resemble complex natural objects, but were not
produced by previously studied models.

As mentioned above, the dissipative-soliton pattern forma-
tion is the result of the concurrent balance between losses
and gain, and between diffraction and cubic self-focusing,
which must be supplemented by the quintic self-defocusing,
to prevent the collapse in the 2D geometry. The creation of
(24+1)D optical solitons (two transverse coordinates x and
v, with +1 standing for the propagation distance z, which
plays the role of the evolutional variable) in a CQ medium
has been recently directly demonstrated in an experiment
[13]. Dissipative solitons have been found in many varieties
of CGLEs [2,3,8,14-16]. In particular, (241)D solitons with
embedded vorticity m, featuring zero intensity at the center,
carry the angular momentum, M = mP, where P is their
total power (norm); see Eq. (3) below [17]. As a result of the
spontaneous pattern change, the intrinsic angular momentum
can transmute into explicit rotation of solitonic patterns,
as shown in the movie in the Supplemental Material [18]
(examples of this are known, e.g., in the form of azimuthons
[19] and vortex gap solitons [20]).

II. MODEL FOR SELF-ORGANIZED PATTERN
FORMATION

The present model is based on the (2+1)D CGLE with the
CQ nonlinearity that governs the evolution of wave amplitude
E(x,y,z) in the nonlinear medium:

iE, + (1/2)(E,x + E,) + (1 — ig)|[EP’E — (v — iw)|E|*E
=ig(r)E, (D

©2014 American Physical Society



V. SKARKA et al.

where positive coefficients ¢, i, and v, account, respectively,
for the cubic gain, quintic loss, and quintic saturation of the
cubic self-focusing. A crucially important ingredient of the
model is represented by an “iceberg of the gain,” g(r) =
y — T'r? (with radial variable r = \/x2 + y2, gain amplitude
y > 0, and gain curvature I" > 0) protruding above the surface
of the “loss sea,” contrary to the above-mentioned model with
the “submerged iceberg,” where the main control parameter y
is negative [12]. A straightforward physical implementation
of Eq. (1) is provided by optically pumped laser cavities
(especially end-pump solid-state ones). The pumped beam is
focused in order to increase the gain, hence the gain is localized
[21]. The transverse localization of the laser beam known
as “gain guiding” is used in titanium-sapphire, solid-state,
Raman, free-electron, and x-ray lasers [22]. The pump beam
is typically Gaussian with intensity 1(r) = Iy exp(—r?/R?),
where R is its waist. The gain curvature I oc 1/R? depends
mainly on R, so that the localized gain is determined by the
Taylor expansion of intensity / (r), which makes the model
generic [21-23]. The laser cavity can be adjusted by selecting
parameters of the saturable absorber [2,8,9,12,21-23]. Thus,
the pattern-formation scenarios reported below can be directly
realized in the lasers, as well as in other self-organized systems.

Barring rare exceptions [24], the CGLEs, due to their
complexity, do not admit exact solutions. Nevertheless, an
analytical approximation for dissipative solitons has been
developed using the VA adapted to dissipative systems
[11,12], see also Ref. [25]. The VA makes use of the following
Gaussian trial function representing the electric field of an
axisymmetric Gaussian laser beam with vorticity (topological
charge, TC) m = 1:

E = A(r/R)exp[—r?/QR>) +iCr* +i6 +iV], (2)

where amplitude A, radius R, wave-front curvature C, and
phase W have to be optimized. 6 is the angular coordinate.
The total power and angular momentum of the vortex are,
respectively,

o0 27
P = / rdr/ d6 |E(r,0))* = T A’R?,
0 0

] 00 2 QE*
M =1/ rdr/ do E.
0 0 a0

Skipping straightforward details, the following system of
evolution equations is produced by the VA (although formally
similar to the one derived in Ref. [12], it produces essentially
different results, as shown below):

dA/dz = yA —TR?A+5:A%/16 — 8uA’ /81 —2AC, (4)

3

dR/dz =2CR —TR> —e¢A’R/16 + 2 A*R/81, (5)

dC/dz = —=2C? + 1/(2R*) — A%/(16R%) + 2vA*/(81R?),
(6)

dV/dz = —2/R* + 3A%/8 — 10vA*/81, @)

with Eq. (7) decoupled from (4)-(6). Fixed points (FPs)
of these equations correspond to steady-state solutions
with a small wave-front curvature. Setting dR/dz =0
in Eq. (5) leads to C =TR?/2+eA?/32 — uA*/81. In
Eq. (6) with dC/dz =0, small C?> may be neglected

PHYSICAL REVIEW A 90, 023845 (2014)

giving R? = 8(A? — 32vA*/81)~!. The remaining relation
for the FP, following from Eqs. (4) with dA/dz =0, is
y +eA%/4 —2uA*/27 = 2T'R?, which gives rise to two
physically relevant steady-state solutions for amplitude A
(solutions for which both A and R are real and positive).
According to general principles of the analysis of dissipative
systems [24,11], the solution with larger A may be stable,
while the one with smaller A is always unstable. The former
solution satisfies condition C < 0, which is necessary for
the simultaneous stable balance of the diffraction and CQ
nonlinearity, and of the gain and loss, thus rendering the
dissipative solitons stable stationary modes [14,26].

The linear stability analysis of the FPs against small
perturbations of amplitude, radius, and wave-front cur-
vature within the framework of Eqs. (4)—(6) was per-
formed via the computation of eigenvalues produced
by the respective equation A3+ aA?+aoh —az =0,

0.04

0.03

0.02

0.01

OODHODERR

FIG. 1. (Color online) Stability domains produced by the VA-
generated fixed points, which are used as the input for direct
simulations of Eq. (1), in the plane of the nonlinear-gain strength,
&, and the linear-gain curvature, I' (dimensionless units). Stable
axisymmetric vortices are established in region A. In region B, the
spontaneous symmetry breaking expels the vortical phase dislocation,
resulting in the transition to a bell-shaped axisymmetric mode without
the central crater. In intermediate area C, the vortex mutates into a
rotating crescent-shaped soliton that fills only half of the original
crater, thus breaking the inner circular symmetry. In region D, the
vortex crater gets slanted but remains centrosymmetric. In area E, the
modulational instability spontaneously breaks the axial symmetry,
converting the circular vortex into a rotating elliptic one. In area
F, the ring splits into two bell-shaped fragments. For larger I in
region G, they merge into a stable double-hump shape. In the region
of star-shaped patterns, S, small variations of I and & result in the
self-trapping of revolving four-, five-, six-, seven-, eight-, nine-, and
ten-pointed stars with zero TC (examples are shown on the right). The
strongly asymmetric steadily rotating “cobra” pattern, shown at the
bottom of the right column, appears in interstices between different
regions. Structure fails to form only in region U.
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stable FPs being identified by the Routh-Hurwitz
conditions [11]: o =2I'R? — 58A%/8 +32uA*/81 > 0,
o, = 8vA*R72/81 —TA’R?>(3¢/2 — 8011 A%/81) > 0, a3 =
(A2 —16R™2) — (¢ — 16uA%/9)A’R™ > 0, and «ajay —
a3 > 0. They cover the entire area charted in Fig. | in the plane
of the nonlinear-gain and linear-gain curvature parameters, &
and I', which are most essential for the control of the patterns
and transitions between them. For effective saturable absorbers
in laser cavities, such as those created by means of a Kerr lens,
nonlinear polarization rotation, or an appropriate dopant, these
parameters can be easily adjusted in the experiment [21-23].
For instance, different concentrations of the rhodamine dye
in ethanol, used as a dopant, can be used in order to recover
different values of the nonlinear-gain parameter, ¢ in Fig. 1.
The linear-gain curvature parameters I can be adjusted to
fit values in Fig. 1 by changing the pump-beam intensity.
Other coefficients are fixed here as v = 0.4, u = 1.4, and
y = 0.08, which adequately represent the generic situation
(varying these parameters does not entail essential changes).
Steady-state solutions do not exist in the white corners of
Fig. 1.

Next, Gaussian electric field (2) with parameters of the
stable FP adopted by the VA was used as the input for
parallelized [27] simulations of Eq. (1). As a result, a variety
of stable patterns have been generated, some of them similar
to the one assumed by Eq. (2), and some completely different,
as summarized in Fig. 1.

III. SELF-GENERATED DISSIPATIVE VORTEX SOLITONS

In area A of Fig. 1, stable axisymmetric vortex solitons
(shown by insets) quickly self-trap by z = 10. In fact, only in
this area does the model give rise to the simple vortex solitons
assumed by Eq. (2), while in other domains unique patterns
appear. First, in “filamentation” region F, the modulation
instability breaks the vortices into two fragments (see the inset
also labeled F), as the total power P given by Eq. (3) is not
strong enough to keep the vortex structure stable. In contrast, in
area G, the power and strength of the pinning to the localized
gain (provided by the pump laser) are much larger, leading
to coalescence of the fragments into a revolving double-hump
soliton above an “effective threshold” for the pattern formation
(see movie [18]); cf. Ref. [17]. An example of this stable
pattern is shown in inset G.

In region E adjacent to F, with larger cubic-gain coefficient
¢, the modulational instability is not strong enough to destroy
the vortex, but it breaks the axial symmetry and deforms it
into a stable elliptic rotating vortex. Adjacent to A, but on the
opposite side (region D), the vortex remains centrosymmetric,
but with a slanted shape (see inset D in Fig. 1). Atstill larger €,
in region C, the circular symmetry of the vortex is broken by
its transformation into a crescent mode, featuring a half-filled
vortical ring.

The common feature of these modes is that they start the
self-organization as axisymmetric vortices, and the sponta-
neous symmetry breaking sets in after a period of a quasistable
evolution, which may last for up to thousands of propagation
units (unless a symmetry-breaking perturbation is added
initially). The robustness of the finally established symmetry-
reduced modes has been confirmed by the propagation over
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T 18200 12400 18800 188ma 18d0a
FIG. 2. (Color online) The spontaneous formation of four-
pointed patterns. The input ring structure (a) evolves into a vortex
soliton at z = 40 (b), whose spontaneous symmetry breaking in (c)
produces a Celtic-cross structure (at z = 1400) that subsequently
transmutes into other varieties of cross patterns from z = 1440 until
~ 1560 (d)—(g). (h) After a half period (7y; = 400), a rotated
Celtic-cross reappears at z =~ 1600. Graph M shows oscillations
of the angular momentum between M = —0.18 and M = +40.18

(dimensionless units).

z > 20000. On the other hand, small gain curvature I" cannot
prevent quick destruction of vortices in the bottom region U
(“unstable”) of Fig. 1.

At larger values of T" and ¢ (in region B), the original mode
undergoes a faster transient evolution, lasting for several hun-
dreds of units, in the form of oscillating breathers, before losing
the intrinsic vorticity. Thus, a spontaneous change of the shape
occurs, expelling the phase dislocation [see also Fig. 4(a)]
and filling the corresponding “crater,” while the former vortex
transmutes into a stable fundamental (2+1)D soliton (with
m = 0), as seen in inset B (a detailed dynamical picture is
provided in the movie in the Supplemental Material [18]).

The most remarkable manifestation of the spontaneous
formation of complex patterns induced by the symmetry
breaking above the effective threshold is the transmutation
of vortices into various stars (see the right-hand-side column
inFig. 1), caused by small changes of I" and ¢ in region S. How
the circular symmetry is broken can be seen in detail in movies
S1-S6 [18] that display the dynamics of the spontaneous
emergence of four-, five-, six-, eight-, and ten-pointed stars, as
well as of double-hump localized structures. For instance, at
e=1.7and " =0.018, close to the junction of domains C and
D, the input vortex [Fig. 2(a)] at first self-traps into a vortex
soliton [Fig. 2(b)]. Then, the vortex loses its inner circular
symmetry at z = 140, transforming into a crescent, while the
phase dislocation continues to drift, until it escapes at z =~ 730
[18]. Therefore, the outer circular symmetry is gone too. At
z > 900, persistent oscillations commence, corresponding to
a robust breather with period T4 =~ 5 and a superimposed
beat period, T =~ 40. During another, much longer, beat
period, Ty = 400, the angular momentum oscillates between

023845-3
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(a) (b) g (©)
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o 4a000 s000 _ 12000 16000 20000

FIG. 3. (Color online) The evolution of the revolving five- and
six-pointed stars. The five-pointed star at z = 1000 (a) gets fatter
from z = 1010 until z = 1020 (b) and (c), before rotating by 30° at
z = 1040 (d). The period of the cyclic evolution is T¢ ~ 40. Angular
momentum M oscillates between M = —8.3 and M = —9.7, with
period Ty = 360 (dimensionless units). (¢) The transient six-pointed
star self-traps into the permanent shape. (f)—(h) The rotation of the
star in the course of 7/6 =~ 36 from z ~ 1080 until z ~ 1116 (only one
sixth of the period is displayed, as the symmetry of the star makes the
subsequent evolution tantamount to that shown here). Variations of
amplitude A in the course of the soliton self-formation are displayed
in the bottom plot (dimensionless units).

M = —0.18 and M = +0.18 (see graph M in Fig. 2). In the
course of beatings, a “Celtic-cross” shape transmutes into a
sequence of crosslike ones [see Figs. 2(c)-2(g)], and eventually
returns to a rotated “Celtic cross” [Fig. 2(h)] [18]. The
robustness of the cyclic shape transmutations in this regime
was tested up to z = 70000. Reducing the gain curvature to
I' = 0.014, at the same ¢ = 1.7, increases the number of arms
in the pattern, converting it into a five-pointed star, as shown
in Figs. 3(a)-3(d) [18]. The scenario of breaking the axial
symmetry to the reduced (fivefold) form is the same as in the
previous case. However, the angular momentum now oscillates
between M = —8.3 and M = —9.7, with period Ty = 360 as
in diagram M in Fig. 3. This star rotates and simultaneously
changes its shape, with period T¢ = 40, between four particular
five-pointed configurations.

Gradually decreasing the gain curvature (I'), and increasing
the nonlinear gain (¢), a sequence of six-, seven-, eight-,
nine-, and ten-pointed stars is generated. After a transient
period, each of them rotates at a constant angular velocity,
keeping a permanent shape, unlike the cyclic “metamorphosis”
featured by the four- and fivefold solitons. An example of a
revolving six-pointed star (which resembles snowflakes [28])
is displayed in Figs. 3(e)-3(h), for ' = 0.013 and ¢ = 1.75
(see movie in Supplemental Material [18]). The evolution of
amplitude A in the course of the soliton self-organization
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FIG. 4. (Color online) The evolution of the revolving eight- and
ten-pointed stars. To establish the reduced symmetry, the phase
dislocation is expelled from the vortical structure (a), and an
“octopus” soliton emerges at z = 960 (b), which rotates, in the course
of T /8 = 24, through (c) at z = 972 into an identical configuration
at z = 984 (d). Its spontaneous self-organization is illustrated by the
bottom plot displaying the evolution of the amplitude, A(z). (e)—(h)
The rotation of a ten-pointed star (“decapod”), from (e) at z = 1200
to (h) at z = 1248 in the course of 7/10~48. Its self-generation is
illustrated by the bottom plot for A(z).

is presented in the same figure. In this case, the angular
momentum, defined as per Eq. (3), is M = —24. Further, a
typical eightfold “octopus” is presented in Figs. 4(a)—4(d), for
the same ¢ but a smaller gain curvature, I' = 0.007, featuring a
smaller radius of the pattern’s core [18]. The self-formation of
the eight-pointed soliton star is shown in diagram A. Finally,
the spontaneous self-organization of a ten-pointed star for
e = 195 and T = 0.01 is shown in Figs. 4(e)—4(h), and
additionally illustrated by the plot for amplitude A versus
propagation distance z, which is displayed beneath panels
4(e)—4(h) [18]. All the stars are stable objects with a nonzero
angular momentum but zero TC.

Structures with more than ten rays turn out to be transients
evolving towards axially symmetric bell-shaped solitons in
area B of Fig. 1. Lastly, at borderlines between B, S, and
U areas there occur strongly asymmetric steadily rotating
structures in the form of “cobras” (shown in the right bottom
corner of Fig. 1).

It is precisely the spatially inhomogeneous linear gain
(y > 0) protruding above the loss sea, which drives, above
an effective threshold, in synergy with the nonlinear gain, the
spontaneous transition from vortices with topological charge
m = 1 to the various species of fundamental solitons with m
= 0, including the above-mentioned class of the star-shaped
solitons. Such a spontaneous transition is not possible with the
gain submerged into the sea of loss, which was the distinctive
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feature of the model considered in Ref. [12]. Therefore, the
two models are substantially different, although they include
similar terms. As aresult, in the model with y < 0, i.e., without
the explicit linear gain, the stability chart in the same parameter
plane is totally different [12].

Itis relevant to stress the difference of the variety of patterns
produced by the spontaneous breaking of the axial symmetry
in systems of the CGLE type from their conservative coun-
terparts, based on nonlinear Schrodinger equations (NLSEs).
In the latter case, the angular momentum is always related to
the TC, while the CGLE allows decoupling of the momentum
from the TC, and (2+1)D NLSEs do not give rise to star-shaped
patterns [29].

IV. CONCLUSIONS

In conclusion, we have established that the evolution of the
2D complex Ginzburg-Landau equation with the cubic-quintic
nonlinearity and localized linear gain gives rise to spontaneous
formation of many species of patterns, including asymmetric
vortices, modes which feature cyclic metamorphosis, and
revolving stars without intrinsic TC (topological charge). Start-
ing from the input provided by the variational approximation,
systematic simulations have generated the localized structures
whose stability areas are charted in Fig. 1 (only in a small
part of the parameter space, the input decays without initiating
the pattern formation). The instability-induced spontaneous
reduction of the continuous rotational symmetry to a discrete
subsymmetry is the generic route to the pattern formation in
the present setting. In particular, the modulational instability
breaks the vortex into two fragments, which fuse into a

PHYSICAL REVIEW A 90, 023845 (2014)

double-hump pattern above an effective threshold for the
pattern formation, depending of the pump-beam intensity.
More sophisticated species of the robust localized modes
include four- and fivefold ones, which evolve through cycles of
periodically changing forms. On the other hand, six-, seven-,
eight-, nine-, and ten-pointed stars steadily revolve, keeping
the constant shape and constant angular momentum, with zero
TC, unlike vortices, whose angular momentum is proportional
to the TC. Stable, oddly shaped rotating patterns (cobras) occur
ininterstices between stability domains of the different species.

The proposed (2+1)D CGLE model establishes the com-
plex pattern-formation phenomenology in laser cavities and
other nonlinear photonic systems. As a consequence, it may
be used to monitor real-time stability, and to detect fluctuations
causing slight changes of the cavity (¢) and pump (I") control
parameters in operating lasers, that can be visualized by the
change of patterns (e.g., the increase of the number of arms in
the star structures). The model may also help in understanding
generic features of the pattern formation in other areas, with
potential applications to the design of information-processing
analog schemes [30].
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Counterpropagating, spatially separated hollow pump and coaxial probe laser beams generate narrow Zeeman
electromagnetically induced transparency (EIT) resonances in the vacuum Rb cell. The lasers are locked to D,
line transition F, =2 —» F, = 1 of Rb. For the probe laser beam intensity between 0.1 and 3.0 mW/cm? this
Ramsey-type configuration yields dual-structured resonances having a narrow peak on top of a broader pedestal.
Linewidths of the narrow peak are nearly independent of the probe laser beam intensity and of the probe diameter
(for diameters 0.8 and 2.7 mm), provided that the dark region between the pump and the probe beams is fixed. At
the probe laser beam intensities below 0.1 mW/cm? Zeeman EIT is a single narrow resonance. With this geometry
of laser beams, and at low probe intensity, the presence of the pump enables the probe EIT, i.e., the probe
transmission becomes enhanced in a narrow spectral window. Accompanying theoretical model showed good

quantitative agreement with the measurements. © 2015 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/JOSAB.32.000426

1. INTRODUCTION

Electromagnetically induced transparency (EIT) is a laser(s)
transmission peak due to coherences between atomic levels
induced by the same laser(s) whose transmission is monitored
[1]. EIT as a quantum phenomenon has its classical analog
[2]. In a typical interaction scheme, two lasers couple two
hyperfine levels (hyperfine coherence) or Zeeman sublelevels
(Zeeman coherence) with the common excited-state hyper-
fine level. Hyperfine (Zeeman) level (sublevels) are long lived
and degeneracy of the ground-state angular momentum is
larger or equal to that of the excited state. Alkali atoms with
two long-lived hyperfine levels in the ground state, and optical
transitions to excited-state hyperfine level in a suitable wave-
length region are most often used in EIT experiments. Quantum
EIT, the subject of this investigation, is a manifestation of the
coherent superposition of Zeeman sublevels of the ground
hyperfine level due to interactions with the laser field.
Superposition called dark state [3-5] is decoupled from the in-
teraction and presents foundation of EIT. EIT has gained con-
siderable interest because of nonlinear response and steep
dispersion around the atomic resonance at reduced absorption.

A method analog to the Ramsey method of separated oscil-
latory fields [6] can be utilized for narrowing dark resonances
in alkali atoms using thermal atomic beam [7-9] or atoms
contained in vacuum glass cells, by spatially separating pump
and probe beams [10,11]. Ramsey-like mechanisms yield very
narrow EIT resonances in alkali-metal vapor cells with buffer
gas (or with antirelaxation wall coating), even with a single
laser beam [12,13].

0740-3224/15/030426-05$15.00/0

(270.1670) Coherent optical effects; (300.3700) Linewidth.

In experiments with vacuum gas cells it is necessary to
apply a particular geometry of a hollow pump and a narrow
coaxial probe in order to see narrow fringes on the probe EIT
[14], or to implement a multizone spectroscopy like in [15].
Instead of spatially separating continuous wave pump and
probe, pulses of the pump and probe were used in a Ramsey-
like method for narrowing EIT by switching the laser beams
on and off. Hyperfine EIT produced in the double A scheme
with the pump and the weak probe pulse have produced high
contrast, very narrow fringes (%100 Hz) in the probe EIT in Cs
buffer gas cell [16,17].

In this work we use counterpropagating pump and probe
beams to study Ramsey effect on linewidths and amplitudes
of the probe Zeeman EIT in Rb vacuum cell. Zeeman coher-
ences are generated in the F, = 2 hyperfine level of the
ground state of 8’Rb by the pump beam, made in the form of
a hollow cylinder. The atomic coherence is carried by the
atomic thermal motion to a small-diameter probe beam that
passes through the center of the hollow pump laser. There
is dark region between the pump and probe beam, which
we keep constant in the study. This counterpropagating
geometry allows EIT with much weaker probe intensity as
opposed to the copropagating pump and probe [14] due to
reduced multiple scattering of pump light into the direction
of the probe and toward the photodetector. Therefore in this
work we cover much lower probe laser beam intensities than
in [14]. Also, differently than in [14], here we investigate EIT
line shapes for D, line of 8’Rb. We examine how different
probe diameters, for the same dark region, change the shape

© 2015 Optical Society of America
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of the dual-structured probe EIT resonances having a nar-
rower central peak (due to atomic coherence coming from the
pump) and a wider pedestal (due to probe beam influence).
The dependence of narrow resonances as a function of
the probe laser beam intensity and diameter is studied.
Experimental results are compared with the detailed theoreti-
cal model based on time-dependent optical Bloch equations
(OBEs). We determine the range of the probe intensity when
Zeeman EIT has only narrow structure, i.e., the transmission
of the probe beam becomes enhanced when the pump is
turned on. EIT resonances in vacuum cells, even with the
Ramsey method, are wider than EIT in buffer gas cells.
However, there is an interest for narrow EIT in vacuum cells
at room temperature because atomic collisions, and temper-
ature fluctuations are reduced, which is important for EIT
applications.

2. EXPERIMENTAL SETUP

The schematic of the experiment, given in Fig. 1, describes the
geometry of laser beams we have used to investigate effects of
spatially separating the probe and pump beam on the EIT line
shapes. A large-diameter hollow pump beam and narrow co-
axial probe beam counterpropagate through the Rb cell. The
two beams are generated from the same external cavity diode
laser (ECDL). Employing counterpropagating probe and
pump beams requires precise laser frequency tuning to the
optical transition; otherwise the probe and pump will not
be able to interact with the same atoms (atomic velocity is
not expected to change in the region between the pump
and probe). The laser is locked using the Doppler free dichroic
atomic laser lock (DDAVLL) technique [18] on D; line transi-
tion F, =2 — F, = 1 of 8Rb, and is linearly polarized. The
vacuum Rb cell, 85 mm long and of 25 mm in diameter, is kept
at room temperature. The Rb cell is inside cylindrical solenoid
that provides longitudinal magnetic field. The triple layers of
u-metal, around the cell, minimize effects of stray magnetic
fields. In the experiment we measure the probe transmission
as a function of the external magnetic field. Pump intensity is
1.5 mW/cm?® and the probe intensity varies from 0.1
to 3.0 mW/cm?.

We have measured Zeeman EIT by sweeping the magnetic
field for two probe 1/e? diameters, 2.7 and 0.8 mm. The pump
beam inner diameter is changed from 5 to 7 mm when the
probe diameter is changed from 0.8 to 2.7 mm, respectively.

BS OF BS "
ECDL |— A \
4 ol P
A2
|- boavLL
BE
M/ .
A2
M (]
NF PB B
p metal & cellwall
dark region
pump
probe

Fig. 1. Experimental setup: ECDL, external cavity diode laser; O,
optical isolator; DDAVLL, Doppler free dichroic atomic laser lock;
BS, beam splitter; OF, optical fiber; M, mirrors; P, polarizer; NF,
variable neutral density filter; BE, beam expander; 1/2, retardation
plate; B, blade iris diaphragm; D, photodetector.
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Thus, the distance between pump and the probe, or “dark
region,” is the same and equals 2.1 mm.

3. THEORY

The model is similar to one described in more detail in [19].
The difference stems from the fact that in this case the pump
and probe are counterpropagating. The evolution of Rb atoms
interacting with spatially separated pump and probe laser
beams is described using time-dependent OBEs for the atomic
density matrix

i R ) dp
— = ——[Hyon(B) + I, a dt !
di h[ atnm( ) + mt(t)’p] + (dt)SE + (dt relaX7 ( )
where

Hyonm(B) = Y _hay(B)lg;)(g;l + Y _hap(B)le) (e ()
j k

is the Hamiltonian of an atom in the external magnetic field B,
aligned with the laser beam propagation direction. Zeeman-
shifted energies nw;(B) (hwy(B)) correspond to ground (ex-
cited) states |g;) (|e;)). The interaction of an atom with laser
is treated in dipole approximation

Hy(t) = —ZE(t) d(lg5) (ex| + lex) (g5, (€)]
I

where E(?) is the laser electric field (in the atomic reference
frame) and d;; is the atomic electric dipole moment for the
transition between states |g;) and |e;). Spontaneous emission
is given by

dp L i e
(%) = 328,085, — P Fp - AT, @
SE m

where fm are Lindblad operators related to dipole transitions
from the excited- to ground-state manifold. In order to obtain
good agreement with experimental line shapes, and in addi-
tion to [19], we include relaxation of ground-state populations
toward the equilibrium

dp 1-x,
(d_/;) relax N _7; (pgj'gj B Tﬂ) |gj ) <gj | ’ ®)

where 7, is the total excited-state population. When consider-
ing D, line transition F; = 2 - F, = 1, the excited hyperfine
levels F, =2 and F, =3 are also populated due to the
Doppler broadening and therefore have to be taken into
account. Equations for F; = 1 ground-level density matrix
elements are disregarded since that level is not laser-coupled.
OBEs are numerically integrated for a collection of atoms
passing through the laser beams at different trajectories
with velocities sampling Maxwell-Boltzmann distribution.
The cylindrical symmetric atomic ensemble density matrix
is obtained after averaging over velocities and suitable angular
integration. This enables the calculation of atomic vapor
polarization, the laser electric field after propagation through
the Rb cell and, eventually, Zeeman EIT resonances.
Additional details can be found in [20,21].

Pump and probe laser beams have linear polarization
and the same frequency. Their propagation directions are
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Fig. 2. Radial profiles of counterpropagating hollow pump and
coaxial probe laser beams used in the theoretical model.

opposite. As schematically presented in Fig. 2, the probe laser
beam passes coaxially through the center of the hollow pump
beam. The probe beam profile along radial distance r at the Rb
cell entrance is modeled by a Gaussian,

I probe (7') = 2] probe exp(—Z'r'z / 7%) > (6)

where 7, is 1/¢* the radius of the probe beam and I probe 1S the
probe beam intensity (total probe power divided by 1"(2)7[). The
pump beam radial intensity profile is taken to be the same
along the cell length and ring-shaped:

Ipump(/r) = jpumpa’(erf(p(r - Tl)) - erf(p(’r - 7/.2)))» (7)

where T pump 18 the pump beam intensity and a is the normali-
zation constant. Parameter p controls the steepness of the
profile near the beam inner and outer edge that are deter-
mined by the parameters r; and 75, respectively.

4. RESULTS AND DISCUSSION

We show results of interactions of the probe beam with atoms
prepared in the dark state by the spatially separated pump
beam. Both the pump and probe have linear and mutually
parallel polarizations. Sweep of the magnetic field provides
detuning of two circular components from the two photon
resonance among Zeeman sublevels for which Amp = 2. In
the following we present EIT line shapes, amplitudes, and
linewidths obtained by measuring the probe transmission at
different magnetic fields. In this work we are not concerned
with absolute values of the probe transmission. Therefore, we
present EIT line shapes normalized such that maximal trans-
mission is set to unity.

Figure 3(a) shows measured and Fig. 3(b) calculated
Zeeman EIT resonances for two probe laser beam intensities,
0.2 mW/cm? (upper rows) and 1.4 mW/cm? (lower rows),
and two probe laser beam diameters, 0.8 mm (left column)
and 2.7 mm (right column). EIT line shapes for both laser
beam intensities have dual structure, a narrow peak with
fringes appearing on top of a broader pedestal. A broader ped-
estal is generated by the probe itself, while narrow peak and
fringes result from Ramsey interference. Ramsey fringes are
well pronounced for the narrower probe beam because of the
shorter interaction time of Rb atoms with the probe light, i.e.,
smaller probe influence. When the probe laser beam intensity
is increased, or its diameter is increased, the Ramsey fringes
lose their visibility. Theoretical results in Fig. 3(b) are in quite
good agreement with the experiment.

EIT widths and amplitudes of the narrow and wide struc-
tures are obtained after resolving the two structures in EIT
line shapes. Figure 4 presents widths of the narrow structure
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Fig. 3. (a) Experimental and (b) theoretical Zeeman EIT at D; line,
for two probe laser beam intensities, 0.2 mW/cm? (upper rows) and
1.4 mW/cm? (lower rows), and two probe laser beam diameters,
0.8 mm (left column) and 2.7 mm (right column).

of EIT resonances, for two probe laser beam diameters.
Experimental results are in Fig. 4(a), and theoretical in
Fig. 4(b). The linewidth of the narrow structure in our experi-
ment is ~#15 mG or ~18 kHz. This is similar to the narrowest
EIT obtained in vacuum alkali gas cells with multizone
Ramsey technique [15]. As seen from Fig. 4, the narrow struc-
ture EIT linewidth is narrower and also more robust against
probe intensity for the narrower probe beam. The behavior of
the pedestal width is as expected for a single beam EIT [22]: it
is narrower for the wider probe, and it changes much more
rapidly with the probe laser beam intensity. Calculated line-
widths follow the same trend and the narrower probe beam
also gives narrower linewidth.

In the experiment with a single laser beam and coated cell
[13], EIT has also dual structure. Similar to our result, narrow
structure of EIT in [13] is narrower for the smaller laser beam
diameter. Moreover, intensity dependence of the linewidths of
the narrower peak is similar as in our setup: EIT linewidth
obtained with the narrower beam is less dependent on the
laser intensity. Such intensity dependence given in [13] is
due to the geometry of the cell and the Ramsey effect of a
multiple interaction of atoms with the same laser beam—
narrowing the laser increases the dark region, i.e., time that
the atom spends in the dark. The similar behavior of the
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Fig. 4. (a) Experimental and (b) theoretical full width at half-
maximum of the narrow structure of EIT as a function of the probe
laser beam intensity, for two probe laser beam diameters, 0.8 and
2.7 mm.

narrow peak of the EIT in our work has a different explana-
tion. The probe laser beam, apart from probing the atoms
coherently prepared in the pump beam, influences the atomic
evolution, which affects the narrow structure linewidth.
During atomic passage through the laser beams the atomic
state changes due to competitive effects of the laser electric
field and the external magnetic field. The laser field continu-
ously prepares the atoms into the dark state. The external
magnetic field causes oscillations of the atomic ground-state
coherences at the corresponding Larmor frequency and alters
the atoms from the dark state. When the external magnetic
field is zero the atoms reach the dark state inside the strong
pump beam, which consequently leads to a maximum in the
probe transmission. At nonzero magnetic field the state of the
atoms passing through the probe beam differs from the dark
state, so that the probe transmission decreases. However, this
decrease in probe transmission due to the influence of the mag-
netic field is partially compensated by preparation of the atoms
into the dark state within the probe beam. Hence, the actual
probe transmission at some magnetic field is somewhat larger
than the one expected without the probe influence. This causes
broadening of the narrow structure in Zeeman EIT resonances
that becomes more pronounced as the probe intensity and/or
diameter increases.

Figure 5 shows measured and calculated amplitudes of the
narrow structure of EIT resonances, for probe laser beam
diameters 0.8 mm [Fig. 5(a)] and 2.6 mm [Fig. 5(b)]. As both
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Fig. 5. Experimental and theoretical results for the amplitudes of

the narrow structure of EIT resonances for two probe laser beam
diameters: (a) 0.8 mm and (b) 2.7 mm.

experiment and theory show, amplitudes of narrow peaks of
the probe EIT are nearly independent on probe beam diam-
eter. Their dependence on the probe intensity and diameter
is different than the amplitude of the wide structure EIT.
Amplitudes of the narrow peak of the probe EIT (obtained
when the pump laser beam is turned on) have different
dependence on the probe laser beam intensity than a single
beam EIT, tuned to the same Raman resonance and with
the same diameter. This is demonstrated in Fig. 6 where
we plot amplitudes of both narrow and wide structure as a
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Fig. 6. Amplitudes of the probe EIT with and without pump laser
beam, for two probe laser beam diameters: 0.8 and 2.7 mm.
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Fig. 7. Probe beam Zeeman EIT at D, line, with and without the
pump beam. Intensities of the probe and pump beams are
0.1 mW/cm? and 11.5 mW/cm?, respectively.

function of probe intensity, for two probe diameters. The
maximum of the narrow structure of the probe EIT in the
Raman-Ramsey configuration is at very low laser intensities,
below values that we can detect in the experiment.

At very low probe laser beam intensities, below 0.1 mW/
cm?, the probe EIT has only narrow structure. The transmis-
sion of the weak probe can be controlled in a narrow spectral
range around zero magnetic field by switching the pump beam
on/off. For small magnetic fields and when the pump laser
beam is present, the atoms coming into the probe beam are
already coherently prepared into the dark state. This leads
to the increase of the probe transmission, as presented in
Fig. 7, where we show probe EIT for 0.8 mm probe beam
diameter and for probe beam intensity of 0.1 mW/cm?2,
without or with pump beam of intensity 11.5 mW/cm?.
Enhancement of the probe transmission is better for larger
pump beam intensities.

5. CONCLUSION

We presented effects of the counterpropagating spatially sep-
arated pump and probe laser beam configuration on the probe
Zeeman EIT. Both pump and probe beams are tuned to the D,
line of 8"Rb. For the geometry of the experiment, with the
probe coaxial with the surrounding hollow pump and small
dark region between the pump and probe, we showed that
in the vacuum cell, like in cells with antirelaxation coating,
resonances can be narrower when the probe diameter is
smaller. For the probe of (0.8 mm in diameter we observed
and calculated narrower linewidths, almost independent of
the probe laser beam intensity. Also, for this small probe diam-
eter, when its intensity is below 0.1 mW/cm?, dual structure
of Zeeman EIT turns in to a single narrow EIT. Probe trans-
mission is enhanced in a narrow range of small magnetic fields
when the pump laser beam is present, which is akin to optical
switch behavior.
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Article history:

Received 5 December 2015 High quality bismuth germanium oxide single crystals were irradiated by a femtosecond pulsed laser
Received in revised form 16 May 2016 beam of increasing power. Analyses performed on irradiated and unirradiated samples showed
Accepted 12 June 2016 significant changes in transmittance, transmission spectra, sample color, Raman spectra, X-ray diffraction
Available online 14 June 2016 (XRD) pattern, Verdet constant, magneto-optical property, and absorption coefficient. After irradiation,

the transmission spectra values increased whereas anisotropy detected in the transmission spectra of
Keywords: unirradiated samples disappeared. The change of color caused by irradiation was noticeable to the naked
A. Optical materials eye. The XRD measurements confirmed structural changes induced by laser irradiation, i.e., the laser-

B. Laser annealing

C. Raman spectroscopy
D. Optical properties
D. Color centers

beam-incident side of the sample became almost amorphous, whereas the side opposite to the incident
can be indexed to the Bi;;GeOo compound. Irradiation caused increase of Raman spectra peaks with the
exception of crystal peaks of type E, which disappeared. The femtosecond pulsed laser irradiation can be
used to improve bismuth germanium oxide single crystal optical properties.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction discussed in detail for Bi;;M** 0,0 (M =Si, Ge, Ti, Mn), Bi12(A7 ;B3 ;)
020 (A =Fe, B= P), Bi12M2+020 (M=Zn, CO), Bi12M3+020 (M=Al, Ga,
Fe, Tl), Bi3gB,039, y-Bi;03, and Bi;2VO2..s. A more recent study of
sillenites Bi;,Si0,q, BixsFeOsg, and BiysIn0O3q gave a representative
sillenite structure using Si*", Ti**, Fe®*, and In>* as examples for M
cation [5] and refered to [6] for more details about the sillenite
structure. In [6], a general structural formula for the stoichiometric
sillenites, Biy(Bis/s_nMay )O19.24nx Was developed and discussed
in detail for sillenites with M?* ions (Cd, Co, Zn), M>* ions (Ga, Fe, Cr,
T, In, Al), M** ions (Si, Ti, Ge, Mn, B3P 2), and M°* ions (V, As, P).

For BGO, BSO, and BTO crystals the structural formula becomes
Bi{2MO,0, where M is Ge, Si, and Ti, respectively. The cubic cell unit
of Bi;2GeO,q is composed of two formula units, namely 24 Bi, 40 O
and 2 Ge. The Ge atoms occupy the center and the vertices of a cube
and are tetrahedrally coordinated by oxygen atoms. The Bi atoms,
due to their massiveness, constitute the core of the cell, they are

Bismuth germanium oxide (Bi;;Ge0O5q), commonly abbreviated
as BGO, or more specifically as s-BGO, belongs to the sillenite group
of cubic crystals of the 123 space group. The chemical formula of
cubic crystals with the sillenite-type structure is Bi;pM™ 03914
where M may be an element from the II-V group of the Periodic
Table or a combination of such elements [1-3]. Analysis of the
experimental data on the component interaction and the phase
equilibrium in the Bi,0s-M,0, systems revealed the possibility to
achieve phases of the sillenite-type structure with oxides of Rb,
Mg, Zn, Cd, B, Al, Ga, In, Tl, Si, Ge, Ti, Pb, P, V, As, Nb, Cr, Mo, W, Fe, Co,
Ni, Ry, and Ir [4]. In [2], the atomic structure of Bi;;,M™ 0505 was
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photochromism, photorefractivity, piezoelectricity, as well as to
electro-optic and magneto-optic effects it supports [7,8], Bi;2GeOxq
is suitable for a broad range of applications and devices such as
optical limiting, holography, spatial light modulation, optical phase
conjugation, optical memories, fiber optic sensors, Pockels cells [8-
12]. The properties of non-doped as well as doped Bi;>GeO,o were
investigated and reported in a number of studies, for example in
[13-21]. Characteristics of Bi;;GeO, single crystals after exposure
to thermal treatment [16-19,22], to beams of electrons [23],
uranium ions [24], fluorine ions [15], «y-ray [19] or light
[9,18,22,25-28] were investigated. Nonlinear properties of
Bi;2GeOyq crystals were measured with pulsed laser beams in
the nanosecond range in [9], whereas in [26-28] BGO crystals were
irradiated by picosecond laser pulses. Transmission, absorption
[16,19], and Raman spectra [19] were found to be significantly
influenced by doping and annealing. Thermally stimulated
currents as a function of both the temperature at which the
crystals are photoexcited and the density of energy used to
photoexcite them were reported in [18]. Influences of laser
irradiation, thermal treatment [22], and electron beam [23] on
luminescence of Bi;;GeO,q are reported. Photo-induced absorption
in Bi;2TiO29 was thoroughly studied in [29], whereas significant
influence of doping and annealing on transmission and absorption
of BGO were addressed in [16] and [19]. However, to the best of our
knowledge, photo-induced increase in BGO transmission has not
been reported so far. Therefore, following the determination of
magneto-optical quality and refractive index of BGO single crystals
presented in [20], we studied the influence of the femtosecond
laser irradiation on Bi;;GeO,q single crystals. The irradiation
caused permanent changes visible to the naked eye, as can be seen
in Fig. 1. In order to quantitatively define visually observed
changes, we measured the transmittance, transmission spectra,
color, Raman spectra, X-ray diffraction patterns, Verdet constant,
absorption coefficient, and magneto-optical quality of Bi;2GeO2q
single crystals.

2. Experimental
2.1. Preparation of crystal samples

Single crystals of Bi;»GeO,o with diameters of 12-13 mm and
length of 70-80 mm were grown by the Czochralski technique. As
explained in detail in [20], the critical crystal diameter and critical
rotation rate were calculated to be 12 mm and 20 rpm, respectively,
whereas the pulling rate was determined experimentally to be 2.8-
3 mm/h. The crystal puller MSR 2 combined with the Eurotherm
temperature controller was used to grow the crystals. The crystal
diameter size was controlled by monitoring the crucible weight,
and its deviation from the chosen value was kept below 0.1 mm.
The system as a whole provided protection from excessive

Fig. 1. Photographs of unirradiated and laser irradiated samples. The photographs
are taken without (left) and with (right) a flash. In each photo the irradiated sample
is placed to the right. The femtosecond laser irradiation was incident to the upper
base of the prism. The visible laser induced changes span to approximately one
quarter into the sample depth.

radiative heat losses and granted melting temperature fluctuations
typically smaller than 0.2 °C. The crystals were grown in the air,
without crucible rotation during the growth, using the Bi;»GeO5q

seed oriented in the <111> direction, and a mixture of Bi;O3 and

GeO, in the stoichiometric ratio 6:1 as a charge. After its growth,
the crystal boule was cooled to room temperature at the rate of
approximately 50 °C/h. The crystals were not annealed after the
growth. Crystal samples of size 4 mm x 4mm x 10 mm were cut
from the boule and mechanically as well as chemically polished.
The crystal samples were chemically etched using the solutions HF
+ HNOs in the ratio 2:1, HCl + H,0 in the ratio 1:2, and HCl + H,0 in
the ratio 1:5, whereas chemical polishing was performed with the
solution HCI+HNOs+H,0 in the ratio 1:1:5. Observance of the
polished crystal surfaces under polarized light confirmed the
absence of the core. The purity of Bi,03 and GeO, was 99.5 wt.% and
99.98 wt.%, respectively. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [20].

2.2. Crystal irradiation and characterization

Crystal samples were exposed to a femtosecond laser irradia-
tion of increasing power. The femtosecond pulsed laser beam was
produced with the Coherent Mira 900 F femtosecond laser using as
an input a 532 nm continuous wave pump beam obtained with the
Coherent Verdi V-10 pump laser, Fig. 2. The irradiating beam
wavelength of 800 nm was determined with the spectrometer
Ocean Optics HR2000CG UV-NIR. Crystal samples were irradiated
along their longest axis, z, i.e., along the crystal growth direction.
The beam radius provided partial irradiation of the exposed crystal
facet. The beam power on a sample was adjusted by a graded filter
and was increased from 50 mW to 950 mW, which corresponds to
the fluence range of 75-1425 nJ/cm?. The samples were irradiated
by each beam power for 3s, which was measured by a stopwatch
with 0.2's accuracy. The repetition rate of 90 fs long laser pulses
was 76 MHz. The total irradiation time and energy were
intentionally kept low to avoid significant contribution of an
accumulative process caused by repopulation of the traps [28]. The
Ophir powermeter with thermal and photometric heads was used
to perform beam power measurements.

Sample transmittance in the wavelength range between 200
and 1100 nm with the resolution of 1 nm was determined in the
spectrometric device Beckman Coulter DU 720 General Purpose
UV/VIS spectrometer. The obtained transmission spectra were
used to calculate sample color, as well.

The X-ray diffraction patterns were measured with the Rigaku
Ultima IV Multipurpose X-ray diffraction system. The system was
operated at 40kV and 40 mA to produce nickel-filtered CuKoq
X-ray with A =0.1540 nm. The XRD data were collected in the 20

FB SM.
PM
sanple MPY

DDDDDBRE
MPZ

FS

pB”

PL MPX

Fig. 2. Experimental setup for sample irradiation and power transmission
measurements. PL — pump laser, PB — pump beam, FS — femtosecond laser, FB
— femtosecond beam, MPX, MPY, MPZ — micro-positioners in x, y, and z direction
respectively, SM — spectrometer, PM — powermeter.



286 A. Kovatevic et al. / Materials Research Bulletin 83 (2016) 284-289

range between 20 and 70° at the scanning rate of 5°/min. The phase
analysis was performed using the PDXL2 software, version 2.0.3.0
[30], with reference to the patterns of the International Centre for
Diffraction Database (ICDD), version 2012 [31].

Using the backscattering configuration and the 532 nm line of
Verdi G optically pumped semiconductor laser as an excitation
source, the micro-Raman spectra of crystal samples were obtained
with the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector. The spectra were recorded
at room temperature in the spectral range between 100 and 1100
cm~! with 1 cm™! resolution.

Optical activity and Faraday rotation were measured at the
wavelength of 632.8 nm by an orthogonal polarization detection
polarimetric method described in detail in [20]. Output signal
voltages U; and U,, obtained respectively from vertically and
horizontally polarized component of the laser beam transmitted
by the Bi;;GeOy crystal sample, after transimpedance stages are

kI kI’
U1:]20 :220

where I is the beam irradiation, k; and k, are constants that
include optical losses and optoelectronic conversion efficiency. The
linear polarization rotation angle 6 was determined using the
difference over sum method that is independent of light source
fluctuations. Use of the birefringent crystal instead of polarizing
prism led to parallelism of separate optical paths that allowed
employment of quadrant photodiode and further enabled match-
ing of optoelectronic conversion gains as much as possible. Setting
ki =k,, the angle 6 can be calculated as

1. 1/U;-U,

0= 5sin <m>

In the absence of magnetic field component parallel to the laser
beam, the angle 6=60, represents the optical activity. When
Bi12GeO,q crystal sample is placed in a magnetic field generated by
an alternating current through the Helmholtz coils, the angle 9
becomes the sum of the optical activity and Faraday rotation, and
can be used to calculate the Verdet constant [32]. The Hall probe
was used to measure magnetic induction and to establish its linear
relation to the coil current, namely

B[T] = 0.001282 x IA]

(1 +sin(26)), U, (1 - sin(20)),

The Verdet constant is calculated from

Ooac 1 . (Ui -U,

V= Bol Elsm (Ul + UZ)OAC’

where fguc is the amplitude of the AC signal and By is the amplitude
of magnetic induction. The coils were powered by a 50Hz sine
wave constant amplitude current that creates magnetic induction
of the same frequency. Consequently, FFT was used to separate
spectral components of U; and U,. The Faraday rotation was
determined from the magnitude of 50 Hz component.

Bulk absorption measurement was normalized using the
reference beam created by the CaCOs birefringent crystal that
was used for beam separation. Absorption coefficients were
obtained by measuring the difference in beam intensities at the
quadrant photodiode with and without Bi;»GeO,q crystal in the
beam path. Background light influence was eliminated by
measuring the photodiode output without the laser beam and
subtracting it from the two previous measurements.

3. Results and discussion

The change of sample transmittance with the increase of
irradiating laser power for the two considered crystal samples is

I, [nd/ecm?]
0 300 600 900 1200

'? 26 T T T T T T T 26
X .
a° 25f oy {25
\‘_ -
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Fig. 3. Change of crystal transmittance during increase of irradiating laser power.
Each data point corresponds to a 3s long sample irradiation by the femtosecond
laser beam with the incident power Py, given in the bottom axis, and the
corresponding incident fluence, I, depicted in the top axis. The transmittance is
given as P;/Py, where P, is the transmitted power. The irradiating beam wavelength
was 800 nm.

shown in Fig. 3. The error bars were calculated from the
uncertainties of measured values of the incident and transmitted
power, APy and AP;. The transmittance generally undergoes initial
growth followed by a decrease. The maximal transmittance of
25.1% occurs at the irradiating laser power of 455 mW. It seems
that curve exhibits local irregularities which occur at 197.4-
249.7mW, 552-605mW and 800-857 mW. Similarly to our
findings about transmittance dependence on the irradiating laser
power, initial growth followed by a decrease in transmittance is
found to be an outcome of annealing, as well [ 16]. Skorikov et al. in
[16] reported that annealing of Bi{2Si0,0, Bi;2GeO5q, and Bi;2TiOzg
crystals in vacuum or inert atmosphere at 500-750 °C for 2-12h
typically raises the transmittance near the intrinsic edge and
observed the most pronounced effect for Bi{,SiO,g annealed at 650
°C for 2h. Increase in temperature and/or annealing time was
found to be associated with a decrease in transmittance to its initial
or an even lower level, particularly in Bi;;GeO,q and Bi;,SiO5o.
Transmission spectra of samples were determined along both
directions of the longest sample axis and are shown in Fig. 4. In
addition to the treated samples, i.e., the samples irradiated by the
femtosecond laser beam of increasing power, the unirradiated
samples were examined, as well. The unirradiated crystal exhibits

60 - Irradiated, z
— 50k Irradiated, -z
X Unirradiated, z
8 0V Unirradiated, -z
‘»
@0 30
&
2 20t
@©
—
= 10

900 400 600 800 1000 1200

A [nm]

Fig. 4. Transmission spectra of irradiated and unirradiated samples. The
transmission spectra of all samples were measured in the direction of crystal
growth as well as in the direction opposite to it. The unirradiated sample exhibits
significant anisotropy, which disappears after irradiation. Irradiation also causes
transmission increase.
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noticeable anisotropy. The transmissions of the crystal have small
irregularities, which are probably caused by impurities, at 655 nm
and 800 nm and a steep growth after 850 nm. For the unirradiated
crystal the transmission corresponding to the z direction is larger
than the one in the —z direction. For wavelengths larger than
1000 nm the transmission is larger than 37 % and 24 % in the z and
—z direction, respectively. After irradiation the anisotropy dis-
appeared, and the transmission of the crystal increased becoming
larger than 51 % for wavelengths above 1000 nm. Measurements
repeated after prolonged period of time confirmed full reproduc-
ibility of the obtained results and verified that the detected light-
induced changes are permanent.

Our results are in agreement with the conclusion given in [16]
that doping as well as annealing has significant effect on
transmission and absorption spectra. They found that annealing
at 650°C for 12h and at 740°C for 2h each cause decrease of
absorption spectra throughout the considered range of 300-900
nm, when compared to the absorption spectrum of non-annealed
Bi;2GeO,q crystal. However, after absorption decrease in the low-
wavelength range, annealing at 650 °C and 700 °C for 2 h resulted
in local absorption minimum at approximately 450 nm and local
maximum around 530 nm, followed by the absorption values
somewhat larger than those of non-annealed case for wavelengths
larger than 530 nm. The absorption spectra of untreated, annealed
in N, for 8 h at 450 °C and 550 °C, «y-ray irradiated, and Mo doped
Bi;2GeO,o were studied in [ 19]. They found that the absorption was
higher for annealed and yet higher for doped crystals. The
absorption peaks for all studied cases were located at 390 nm
followed by local maxima around 400 nm, steep linear decreases
between 400 and 500 nm, and approximately constant absorbance
values above 550 nm. Absorbance values above 550 nm listed in
the increasing order correspond to the untreated, annealed in N,
for 8 h at 450 °C, annealed in N, for 8 h at 550 °C, y-ray irradiated,
and Mo doped Bi;2GeO,o. Consequently, it can be concluded that
annealing can be used to alter absorption of Bi;»GeO,q crystals;
however, nature and intensity of the change depend on the
temperature and duration of annealing [16,19]. An asymmetric
transmission through a photorefractive crystal, shown in Fig. 4,
could be attributed to the nonlinear interaction between a beam
and its own reflection from the back face of the crystal, as
suggested in [33]. Impurities along the beam path, such as defects
or color centers, surface irregularities caused by cutting and
polishing, as well as mechanical imperfections and structural
changes confirmed by XRD measurements given in Fig. 6, may
contribute to the asymmetry detected in transmission spectra.

Changes in sample color caused by irradiation were quantified
by calculating CIE chromaticity coordinates. The obtained results
given in Fig. 5 revealed that the change of crystal color was
significant.

The X-ray diffraction (XRD) patterns of prismatic unirradiated
and irradiated single crystal samples, as well as of powdered
samples taken from unirradiated and irradiated Bi;»GeO5q crystals
are given in Fig. 6. The XRD patterns of the two prism-shaped
samples shown in graphs (a) and (b) in Fig. 6 were recorded along
the z as well as along the —z direction, i.e., using both bases of the
prism as the incident facet. The relative shift between the XRD
spectra that correspond to the z and —z direction indicates that
there is an offset between the prism axis and the crystal axis,
regardless of the parallelism between the prism’s bases, i.e.,
between the facets used as incident for XRD measurements. In
addition, the z XRD spectrum of laser irradiated prism sample
reveals that the side of the crystal sample that was not incident
with regard to the laser beam, can be indexed to the Bi;2GeOaq
compound. The XRD spectrum of irradiated prism sample that
corresponds to the —z direction implies that the laser-beam-
incident side of the sample is almost amorphous, indicating
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Fig. 5. Sample colors in CIE chromaticity diagram. The change in the crystal color
was visible to the naked eye.

fragmentation of a monocrystal into disoriented fractals. This is in
good agreement with the defect structure of Bi;»GeO,q crystal [1],
which is sensitive to any extreme conditions.

All the peaks in the powdered unirradiated Bi;;GeO,o XRD
pattern given in Fig. 6(c) correspond to the denoted Bi;»GeO5q
phases, which is in good agreement with the JCPDS Cards No. 34-
0096. More details about this spectrum are given in [20].

The comparison between X-ray diffraction patterns of the
powdered slices of irradiated prism, collected from the laser-
beam-incident side, —z, and from the side opposite to it, z, shows
significant general decrease in peak intensity as well as disappear-
ance of some peaks in the —z spectrum, with the exception of peaks
(222), (622), and (613) that are somewhat stronger, see Fig. 6(d).
This may be explained by an amorphization caused by laser
irradiation. The lattice parameter values calculated for unirradiat-
ed and irritated materials confirmed this assumption. Namely, the
lattice parameter of the laser-beam-incident side of powdered
irradiated sample, ap=10.1411, is smaller than the one of the
powdered unirradiated sample, ap=10.1456, whereas the lattice
parameter of the z-side of powdered irradiated sample,
ao=10.1454, is very close to that of the powdered unirradiated
sample.

The Raman spectra of Bi;;GeO,o single crystals at room
temperature in the spectral range from 150 to 800 cm™' are
shown in Fig. 7. The results obtained for unirradiated crystals are in
agreement with those given in [2,20]. Irradiation of the crystal
caused all the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6 cm™!, to disappear and intensity increase of all other
peaks. The change in the same Raman spectrum peaks of Bi;»GeO»q
was reported in [19]; however, the most, medium, and least
intense peaks discussed there correspond to the annealed, doped,
and untreated samples, respectively.

The dominant role in formation of peaks at 234, 454 and
619.6cm ™! is played by oxygen. Generally, it has been shown that
all the peaks in the low-frequency region, i.e., below 650 cm ™, are
caused by excitations of the bismuth-oxygen sub-lattice, whereas
the main contributors to the high-frequency region, i.e., above 650
cm™}, are oscillations of [GeO,4] tetrahedron [2]. In sillenites all E
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Fig. 6. X-ray diffraction spectra of Bi;;GeOyo. The XRD patterns correspond to the
(a) unirradiated prism, (b) irradiated prism, (c) powdered unirradiated prism slice,
and (d) powdered irradiated prism slices of Bi;;GeO5o. The —z and z spectra in (d)
correspond to the powdered slices taken from the laser-beam-incident side of the
irradiated sample and the side opposite to it, respectively. The relative shift between
spectra recorded in the zand —z direction in (a) and (b) indicates offset between the
prism and crystal axes. The laser-beam-incident side of the irradiated sample
became almost amorphous, as can be seen from the —z spectrum in (b) as well as
from a significant decrease in —z spectrum peaks in (d). From the spectra
corresponding to the z direction in (b) and (d) it can be concluded that this side of
irradiated crystal prism can be indexed to the Bi;;GeO»9 compound.

modes consist of oxygen vibrations, which elongate the cluster by
stretching, rocking, and bending of Bi—O bonds [34-36]. Our
results indicate that, under the influence of femtosecond laser
irradiation, bonds of this kind are broken, some others are newly
formed, and some oxygen have evaporated from the surface,
causing the E type peaks at 234, 454, and 619.6 cm ™! to disappear.
Similarly, high pressure is reported in [37] and references therein
to cause breakage of some of the bonds and formations of new
ones. Note that these conclusions are confirmed by the XRD
measurements given in Fig. 6.
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Fig. 7. Raman spectra. The E type peaks at 234, 454, and 619.6 cm ™' disappeared

after irradiation, whereas all other peaks, i.e., A and F type peaks, underwent a small
enhancement.

Table 1
Optical properties at 632.8 nm.

Property Unirradiated sample Irradiated sample
Verdet constant (rad T"'m™!) 4734 62.64

Absorption coefficient (cm™") 33 2.7
Magneto-optical quality (radT~1!) 0.143 0.23

Optical properties of unirradiated and irradiated Bi;;GeO3g
crystal samples are compared in Table 1. The unirradiated sample
has 24.38% lower Verdet constant compared to the irradiated
sample. The absorption coefficient of unirradiated sample is
22.22% higher than the one of the irradiated crystal. The increased
Verdet constant and lower absorption of irradiated sample led to
its better magneto-optical quality, which is by 37.8% higher than
the magneto-optical quality of the sample that has not been
irradiated.

Previous work [38] suggests that Bi;;GeO,q crystal exhibits
continuous decrease in Verdet constant with increasing wave-
length, which begins with 140 rad/(Tm) at 480 nm and drops down
to 50 rad/(Tm) at 700 nm. A typical value for the Verdet constant is
around 60 rad/(Tm) at 632.8 nm. Another study [39] suggests an
increase in the Verdet constant for undoped and Cr doped BSO and
BTO:Cu crystals when exposed to white light for 20 min. The
Verdet constant dependence on the wavelength remains mono-
tonically decreasing with illumination causing a few percent
increase of the Verdet constant at lower visible wavelengths.

All measurements were performed several months after
irradiation, i.e., long after full post-irradiation relaxation of crystal
samples; therefore, all the detected changes are stable and
permanent.

4. Conclusions

The 800 nm, femtosecond pulsed laser irradiation of increasing
power caused significant permanent changes in optical properties
of Bi;2GeO,q single crystals. The transmittance dependence on the
applied irradiation power undergoes initial growth, reaches
maximum, and then decreases. The maximal transmittance of
251% occurred at 455mW. In the transmission spectra of
unirradiated sample anisotropy was detected. After irradiation,
the transmission increased, whereas the anisotropy disappeared.
To the best of our knowledge, photo-induced increase in BGO
transmission has not been reported before. The XRD measure-
ments performed on the prismatic crystal samples as well as on the
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powdered slices taken from the crystal facets confirmed mechani-
cal imperfections as well as femtosecond laser induced structural
changes. The laser-beam-incident side of the sample became
almost amorphous, indicating fragmentation of a monocrystal into
disoriented fractals, whereas the side of the crystal sample that
was not incident with regard to the laser beam, can be indexed to
the Bi;;GeO,o compound. The Raman spectra peaks became
somewhat stronger, except for the E type peaks at 234, 454, and
619.6 cm~!, which disappeared. Irradiation also caused significant
change of the crystal color. The irradiation improved magneto-
optical quality by 37.8%, and resulted in 24.4% increase of the
Verdet constant as well as 22.2% decrease of the absorption
coefficient. Optical properties of Bi;;GeO,q single crystals can be
improved by irradiation with the femtosecond pulsed laser beam.
For the best results, the wavelength, duration, and power of
irradiating laser beam, need to be optimized.
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Femtosecond pulsed laser irradiation can improve optical properties of Bi1oGeO2 single crystals. We investigate if the effect
occurs if the crystals are grown from high purity components. The samples are irradiated by a femtosecond pulsed laser
beam of increasing power. The maximal transmittance of 44% occurs at the irradiating laser power of 451 mW. After
irradiation, intensity of Raman spectra peaks increase, except for the peak at 203 cm™, whose intensity decreases. The
irradiation also changes the sample colour. Although the Verdet constant does not change, the absorption coefficient
decreases significantly, which leads to magneto-optical qualityimprovement of approximately 70%.
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1. Introduction

Bismuth germanium oxide (Bi2GeOy) from the
sillenite group of cubic crystals is commonly abbreviated
as BGO or s-BGO. Due to its fitting optical characteristics,
such as photoconductivity, photochromism,
photorefractivity, piezoelectricity, as well as to electro-
optic and magneto-optic effects it supports [1, 2], it has
been used in a wide range of optical applications and
devices [2-6]. Its cubic cell unit is composed of two
formula units, namely of 24Bi, 400 and 2Ge. The Ge
atoms positioned in the centre and the vertices of a cube
are tetrahedrally coordinated by the oxygen atoms,
whereas the Bi atoms are heptacoordinated [7-9]. There
are numerous studies that considered properties of doped
and un-doped BGO, see for example [10-18], as well as
those investigating property changes induced by a wide
variety of exposure types such as thermal treatments,
particle beams or light treatments [3, 12-16, 19-25].

BGO is a good example of a Faraday rotator crystal
possibly applicable in sensor systems. In order to evaluate
usability of a crystal for sensing purposes not only its
Faraday rotation capability, but its ability to be integrated
into a sensing optical system must be considered. In
general, in fiber-optic sensing systems optical beams used
to sense the measured quantity are guided through the
fibers, giving rise to the absorption coefficient as the most
important optical property. Crystals with high absorption
coefficient are in general less useful for sensor systems
because they absorb much of the light and cause low
signal-to-noise ratio at the receiving photo diode. If the
magnetic field is to be detected, the intensity of light
caused by magnetic field modulation is proportional to the
Verdet constant, whereas the intensity of light reaching the

photodiode as well as the photocurrent is inversely
proportional to the crystal absorption. The noise in a fiber
optic sensing system is predominantly determined by the
noise in the processing electronics and can be expressed as
the noise present in the photocurrent. Therefore, the
signal-to-noise ratio of the magnetic field sensor is
proportional to the Werdet constant and inversely
proportional to the absorption coefficient of a crystal.
Consequently, due to its proportionality to the signal-to-
noise ratio, the magneto-optical quality of a crystal defined
as a ratio of the Faraday rotation, which is proportional to
the Verdet constant, and the absorption coefficient can be
used as a measure of a crystal’s applicability in a magnetic
field sensing system.

When Biy»,GeO, crystals were exposed to pulsed laser
beam irradiation, there are examples of laser beam
operating in the nanosecond [3], picosecond [23-25], or
femtosecond range [26]. In [26] it was determined that
femtosecond pulsed laser irradiation of increasing power
causes significant changes in the transmittance,
transmission spectra, sample colour, Raman spectra, X-ray
diffraction pattern, Verdet constant, magneto-optical
property, and absorption coefficient of lower quality black
Bi;,Ge0,q single crystals. Here we analyze if the same
increasing power pattern of femtosecond pulsed laser
irradiation has similar effect on the high quality yellow
Bi;,Ge0,q single crystals, i.e., on the crystals that were
grown from the components whose purity is higher than
that of the black crystals, and whose magneto-optical
quality is the maximal obtainable by the applied crystal
growth technique.
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2. Experimental procedure
2.1. Preparation of crystal samples

Single crystals of Bi;,GeO,q were grown in the air by
the Czochralski technique using the MSR 2 crystal puller,
Eurotherm temperature controller and the calculated
critical crystal diameter, critical rotation rate and pulling
rate, as explained in detail in [17, 26]. The system
provided small fluctuations in crystal diameter size as well
as in melting temperature. The Bi;;GeO, seed was
oriented in the (111) direction and the charge was a
mixture of Bi,O3 and GeO; in the stoichiometric ratio 6:1.
The light yellow crystal samples were obtained using the
Bi,O3 and GeO, purity of 99.999 wt.% and 99.9999 wt.%,
respectively. Crystal samples of size 4mm x 4mm x
10 mm were cut from the boule and mechanically as well
as chemically polished. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [17].

2.2.Crystal irradiation and characterization

The equipment used to produce the femtosecond
pulsed laser beam and establish its wavelength was the
Coherent Mira 900F femtosecond laser, Coherent Verdi V-
10 pump laser that provided a 532 nm continuous wave
pump beam, and Ocean Optics HR2000CG UV-NIR
spectrometer. Crystal samples were irradiated along the
crystal growth direction (2), i.e. along the samples’ longest
axis. The irradiating laser beam radius provided partial
irradiation of the exposed crystal facet. The beam
wavelength was 800 nm, whereas its power was increased
from 50mW to 950 mW and was adjusted by a graded
filter. The pulses were 90 fs long and had repetition rate of
76 MHz. The samples were irradiated by each beam power
for 3s. The beam power was measured with the Ophir
power meter with the thermal and photometric heads. In
order to enable comparison of the irradiation effects on the
single crystal samples of different purity, i.e., on yellow
and black Bi;,GeO,o samples, the irradiation conditions
were intentionally chosen to be identical to those applied
to the lower purity black crystals in [26].

The sample colour was calculated from the
transmission spectra measured by the Beckman Coulter
DU 720 General Purpose UVIVIS spectrometer.

The micro-Raman spectra were recorded at room
temperature in the spectral range between 100 and
1100 cm* with 1cm? resolution using the backscattering
configuration and the 532 nm line of Verdi G optically
pumped semiconductor laser as an excitation source, and
the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector.

The Faraday rotation and optical activity were
measured by A/Y method at the wavelength of A = 632.8
nm. After the BGO crystal the orthogonal polarizations of
the light beam were separated by the CaCO; crystal into
two parallel beams 3 mm apart. The quadrant photodiode
connected into transimpedance stages was used for

optoelectronic conversion. This method is described in
more details in [26].

3. Results and discussion

The irradiation pattern applied here to the higher
purity yellow crystals is identical to the one utilized in [26]
to irradiate black crystals grown from the components of
lesser purity. Consequently, the obtained results can be
compared and the differences can be attributed solely to
different sample purity. With the increase of irradiating
laser power, the transmittance of irradiated sample
undergoes initial growth followed by a decrease, as can be
seen in Fig.1l. Comparison with the dependence
corresponding to the black crystal given in [26] reveals
that the transmittance curves for the black as well as for
the yellow crystal has the same shape and that the slopes
of the two curves appear to be approximately equal. The
curve corresponding to the yellow crystal is shifted to the
larger values by approximately 18.8% compared to the
curve corresponding to the black crystal. For the yellow
crystal, the maximal transmittance of 44.0% occurs at the
irradiating laser power of 451 mW, whereas the lower
purity black crystal was reported in [26] to have the
smaller ~maximal transmittance value of 25.1%
corresponding to 455mW. It seems that both curves
exhibit local irregularities which occur at 197.4-
249.7mW, 552-605mW and 800-857 mW for the black
crystal and at 593-641 mW for the yellow crystal. It is
possible that the irregularity in the yellow sample curve
for large values of incident power Py is not visible because
it is outside the considered range of irradiating laser
power, or due to insufficient measurement accuracy
achieved for yellow crystal data points above 700 mw.

—

SN, a4t s

@ | =

o 43 -11 T I

& T e

£ |

S a|

cC

E L

|_ 40 " 1 " L i 1 " 1 " ]
0 200 400 600 800 1000

P, [mW]

Fig. 1. Change of crystal transmittance with increase of

irradiating laser power. For each value of the incident

power Py, a sample is irradiated by the femtosecond

laser beam for 3s. The transmittance is given as P/Py,

where P, is the transmitted power. The error bars were

calculated from the uncertainties of measured values of
the incident and transmitted power, APy and AP;.
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The sample colours before and after irradiation were
calculated using the CIE chromaticity coordinates and are
given in Fig. 2. Comparison with the results corresponding
to the black crystal given in [26] revealed that the change
of black crystal colour was more pronounced than that of
the yellow crystal presented here.

The Raman spectra of unirradiated and irradiated
samples are recorded at room temperature in the spectral
range from 150 to 800 cm* and are shown in Fig. 3. The
results obtained for unirradiated crystals are in agreement
with those given in [8, 17]. After irradiation the intensity
of the F(TO) peak at 203 cm* decreased, whereas all other
peaks became more pronounced. Despite the difference in
purity between the yellow samples studied here and the
black crystals considered in [26] the Raman spectra of
unirradiated crystals do not differ significantly. As
reported in [26], irradiation of the black crystal caused all
the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6cm !, to disappear and intensity increase of all
other peaks. The change in the same Raman spectrum
peaks of Bi;,GeO,, was reported in [16]; however, the
most, medium, and least intense peaks correspond to the
annealed, doped, and untreated samples, respectively.
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Fig. 2. Colours of irradiated and unirradiated samples
in CIE chromaticity diagram.
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Fig. 3. Raman spectra. Irradiation caused a small
upward shift of the crystal spectrum except for the F(TO)
type peak at 203 cm™.

The Verdet constant is calculated from

vV :00AC = 1 sin ‘l(ﬁj Q)
B, 2Bl U, +U, ) ac

where @,,c is the amplitude of the AC signal, B, is the

amplitude of the magnetic induction, whereas U; and U,,
are the output signal voltages obtained after
transimpedance stages from the vertically and horizontally
polarized components, respectively. The FFT was used to
separate spectral components of U; and U,. The Faraday
rotation was determined from the magnitude of the 50 Hz
component.

The absorption coefficients were obtained by
measuring the difference in beam intensities at the
quadrant photodiode [26] with and without BGO crystal in
the beam path. The reflection on the BGO crystal was
calculated using the normal incidence and BGO refraction
index of nggo = 2.55.

The absorption coefficient, «, was calculated fromthe
beam intensities with and without the crystal present in the
beam path, I(x) and 1(0), and the known crystal length | =
9.8 mm as

1) = 1,8 :»a:_lmQ @

The magneto-optical quality is calculated by dividing the
Verdet constant by the absorption coefficient. The
obtained results are given in Table 1.
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Table 1. Magneto-optical properties of irradiated and
unirradiated high purity crystal samples.

Property Unirradiated Irradiated
sample sample
Ve(::gtTC?::tle;m 72 72
conki)csigmu(znml) 0.58 0.34
ety (20 T 120 ”

The data given in Table 1 show the effects of
femtosecond laser irradiation on the magneto-optical
properties of the high purity BGO crystal. The irradiation
caused 41.4% decrease in the absorption coefficient and
did not influence the Faraday constant. Consequently, the
increase in crystal transparency resulted in a significant
70% increase in the magneto-optical quality. As explained
earlier, increase in crystal transparency is an important
gain from the point of view of a sensor system since the
system-level signal-to-noise ratio is directly proportional
to the magneto-optical quality of a crystal. Therefore, it is
expected that the signal-to-noise ratio of a sensor system
would be improved by the same amount as the
improvement in the magneto-optical quality induced by
the irradiation. Consequently, it can be concluded that the
femtosecond pulsed laser irradiation affects the crystal in a
positive manner.

4. Conclusions

Femtosecond pulsed laser irradiation of increasing
power caused significant changes in optical properties of
Bi;,Ge0, single crystals grown from the components of
high purity, as was the case in [26] when the component
purity was not so high. The transmittance dependence on
the applied irradiation power had the same shape
regardless of the purity of the components the crystals
were grown from. The curve corresponding to the higher
purity crystal, ie., the yellow crystal, is shifted to the
larger values by approximately 18.8%. For the black and
yellow crystal, the maximal transmittance of 25.1% and
44.0% occurred at 455mwW and 451 mW, respectively.
The Raman spectra peaks became somewhat stronger,
except for the E type peaks at 234, 454, and 619.6 cm * in
the lower purity black crystal, which disappeared and the
yellow crystal peak at 203 cm * whose intensity decreased.
Irradiation also caused slight colour change of the yellow
crystal and significant change of the black crystal colour.
The Verdet constant did not change; however, the
absorption coefficient significantly decreased leading to
equally significant increase of the magneto-optical quality
of the sample. Consequently, it can be concluded that
optical properties of high quality Bi;,GeO, single crystals
can be improved by irradiation with the femtosecond
pulsed laser beam.
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Abstract We present here the experimental, theoretical, and numerical investigations of
Kerr solitons generated by self-organization in black and yellow high quality bismuth
germanium oxide (Bi;;GeO,q) single crystals. A picosecond laser beam of increasing
power induces competing cubic and quintic nonlinearities. The numerical evolution of two-
dimensional complex cubic-quintic nonlinear Schrédinger equation with measured values
of nonlinearities shows the compensation of diffraction by competing cubic and quintic
nonlinearities of opposite sign, i.e., the self-generation and stable propagation of solitons.
Experiments as well as numerical simulations show higher nonlinearity in the black
Bi;,GeO, than in the more transparent yellow one.
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1 Introduction

Dissipative structures far from the thermodynamic equilibrium, need external energy and/
or matter supply in order to be self-organized (Nicolis and Prigogine 1977). The self-
trapping of robust localized structures, i.e., solitons is based on the balance of antagonistic
effects, with e.g. nonlinearity-induced self-contraction arresting diffraction and/or dis-
persion (Kivshar and Agrawal 2003; Crasovan et al. 2000; Mihalache et al. 2006). The
complex nonlinear Schrédinger equation (NLS) adequately models the solitons generation
and propagation in plenty of systems including nonlinear optics, nanophotonics, and
nanoplasmonics (Aranson and Kramer 2002). The focusing cubic nonlinearity (e.g. Kerr
nonlinearity) conpensates either difraction or dispersion generating stable spatial or tem-
poral solitons in conservative (1 + 1)-dimensional systems (one standing for the transverse
coordinate x or t, while the remaining one for the propagation coordinate z). However, the
same focusing cubic nonlinearity dominates the diffraction and/or dispersion leading to the
catastrophic collapse in (2 4 1)- and (3 4+ 1)-dimensional systems (two and three standing
for the transverse coordinates). The collapse can be prevented in media having, for
instance, negative quintic nonlinearity in addition to the positive cubic one, as it was
established using synergy of variational method and numerical simulations (Skarka and
Aleksi¢ 2006; Skarka et al. 2010, 2014, 2017). Such Kerr solitons are hard to obtain
experimentally especially in solid state systems.

The experimental generation of two-dimensionnal (2D) spatial optical solitons in a
cubic-quintic medium has been recently directly demonstrated only in liquid carbon
disulfide (CS,) (Falcao-Filho et al. 2013). The excitation beam at 920 nm was obtained
from an optical prametric amplifier pumped by a Ti:sapphire laser (100 fs, 1 kHz).

We present here the theoretical, experimental, and numerical investigations of Kerr
solitons generated by self-organization in black and yellow high quality bismuth germa-
nium oxide (Bi;2GeO,p) single crystals. A laser beam of increasing power induces com-
peting cubic and quintic nonlinearities. The numerical evolution of (2 + 1)D complex
cubic-quintic nonlinear Schrédinger equation (CQNLS) with measured values of nonlin-
earities shows the compensation of diffraction by competing cubic and quintic nonlin-
earities of opposite sign, i.e., the self-generation and propagation of stable solitons.

2 Theoretical model

Self-organization, propagation, and stability of solitons can be adequately modelled by the
(2 + 1)D CQNLS that governs the evolution of normalized slowly-varying complex
envelope E of electic waves in nanophotonic or nanoplasmonic media (Skarka et al.
1997, 1999):

i (az—E+az—E) + kE + o|E’E —V|E|'"E =0 (1)

a2 \ae " oy -

where 7, g, and v are respectively the parameters characterizing the diffraction, cubic Kerr
nonlinearity, and quintic nonlinearity. Barring rare exceptions, the (2 + 1)D CQNLS, due
to it complexity, do not admit exact solutions. Nevertheless, an analytical approximation
for solitons has been developed using the variational method adapted to dissipative systems
(Skarka et al. 1997, 1999; Skarka and Aleksi¢ 2006). The variational method makes use of

@ Springer
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the following Gaussian trial function representing the electric field of an axisymmetric
Gaussian laser beam:

E = Aexp[—r*/R* +iCr* + iV (2)

where amplitude A, radius R, wave-front curvature C, and phase ¥ have to be optimized.
Skipping straightforward details, the following system of evolution equations is pro-
duced by the variational method:

dA/dz = —74CA, (3)

dR/dz = 7yACR, (4)

dC/dz = —4yC* +y/R* — (cA> — (8/9)vA*) /(4R?), (5)
d¥/dz = —27/R* + 30A% /4 — 5vA* /9 + k, (6)

with Eq. (6) decoupled from (3) to (5). Fixed points of these equations correspond to
steady-state solutions with a zero wave-front curvature. Setting dA/dz = dR/dz = 0 leads
to the expression for radius

R=2./7(cA% - 8vA4/9)‘1/2 (7)

and the limitation of amplitude

9
O0<A<y/—. 8
= (8)

3 Experimental results

We present here not only theoretical but also experimental investigations of Kerr solitons
generated by self-organization in black and yellow high quality bismuth germanium oxide
(Bi;2GeO,) single crystals. Although yellow and black crystals have the same chemical
formula, their properties may be quite different (Lazarevi¢ et al. 2012; Kovacevic et al.
2016; Abudagel et al. 2017). At 1064 nm a Neodymium Yag (17 ps, 10 Hz). laser of
increasing power induces competing cubic and quintic nonlinearities into samples. Taking
into account that intensity I ~ |E \2 the corresponding output beam intensity can be deduced
from Eq. (1)

Lo = &I + o> — VPP 9)

(Skarka et al. 2017).

Increasing incoming beam intensity /;, the outgoing beam intensity /,,, for yellow and
black crystals are charted respectively in Figs. 1 and 2. Fitting these experimental curves
by cubic polynomial we obtain the values of parameters in Egs. (1) and (9). The fit for
yellow semi transparent crystal yields

Lo = 1.003 + 0.64921 + 0.46361% — 0.02421°. (10)

Due to the opacity of the black crystal the values of nonlinear parameters are increased

Lus = 1.6201 + 1.47311 + 0.71861* — 0.07097°. (11)
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Ly [GW/m?]

5 175 1.95 2.15 2.35
L, [GW/m’]

[

0.95 115 1.35 1.

Fig. 1 Increasing of output beam intensity out of yellow crystal as a function of the increase of input laser
intensity

Lo [GW/m?]

L5 L7 1.9 2.1 2.3 2.5 2.7 2.9
L, [GW/m?]

Fig. 2 Increasing of output beam intensity out of black crystal as a function of the increase of input laser
intensity

Notice that the positive sign of quadratic intensity in both equations means the self-
focusing of the laser beam induced due to the Kerr effect. In contrast, the negative sign of
cubic intensity corresponds to the self-defocusing effect of negative quintic nonlinearity in
CQNLS in agreement with our theoretical modeling.
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Therefore, experimental results demonstrate that the propagation of laser beam across
both yellow and black samples induces positive cubic and negative quintic nonlinearity. In
turn, the light beam is modified due to this crossing as can be seen on the output intensity in
Figs. 1 and 2. Such a behavior is the example of the control and structuring of light by light
due to its crossing of nonlinear medium. The corresponding light-mater interaction leads to
the self-organized structuring of laser beam. Following the pioneering work of Prigogine
and his team, the self-organization far from thermodynamic equilibrium causes the
appearance of dissipative structures (Nicolis and Prigogine 1977). In the case of the
structuring of light by light, such a dissipative structure is a soliton. Solitons are completely
localized in space and in time. They propagate long distance without altering.

In an experiment long distance propagation cannot be achieved in some solid sample, in
particular if it is a crystal. Long crystals are simply not available. However we can resort to
a numerical propagation that, under same conditions, may mimic real experiment.

The nonlinear effects are enhanced in black crystal due to its opacity with respect to
yellow one, as can be concluded comparing curves in Figs. 1 and 2, as well as the results of
their fits [see Eqs. (10) and (11)].

4 Confirmation of experimental results by numerical simulations
of the Schrodinger model

In order to identify a pattern as a soliton, this structure has to be self-maintained during a
long distance propagation. Obviously, such a drastically restrictive condition cannot be
satisfied in an experiment. Both crystals we used for experiment are only 1 cm long.
However, even such short samples allow the determination of linear and nonlinear
parameters that enter in CQNLS [see Eqgs. (1) and (9)—(11)]. Therefore, it is enough to
perform numerical simulation of Eq. (1) with experimentally obtained parameters in order
to investigate long distance propagation. If during such a evolution the beam profile
presents the same form without the alteration, it can be concluded that it is a soliton. In
Figs. 3,4, 5 and 6 are charted results of the numerical propagation in black sample with the
parameters from Eq. (11). Following the condition in Eq. (8) imposed by the variational
method, the input amplitude is chosen to be three (A = 3) in dimensionless units. The
input laser beam is initially always Gaussian and it is given by the trial function Eq. (2). In

Fig. 3 The Gaussian output
beam for z = 0
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Fig. 4 The output beam
becomes a soliton after z = 40

Fig. 5 The beam is still soliton
after z = 10,000 steps

Fig. 6 Even after z = 20,000
steps the soliton remains stable

the beginning of propagation, e.i. for propagation step z = 0 this Gausian beam profile is
given in Fig. 3.

The initial Gaussian laser beam is modified evolving through the nonlinear medium that
itself alteres. This is precisely the effect of self-organization (Skarka and Aleksi¢ 2006;
Skarka et al. 2010). Already after z = 40 propagation steps, such a laser beam becomes
soliton.
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The laser beam is still soliton after 10,000 propagation steps, as in Fig. 5.

No changes even after 20,000 propagation steps (see Fig. 6).

Such an extraordinary stability of laser beam during numerical propagation without any
alteration is the confirmation of its solitonic nature. Taking into account that the numerical
propagation is performed with parameters obtained from an experiment, this confirms that
in black Bi;;GeO,q crystal a stable soliton is self-trapped. The numerical propagation of
the laser beam in yellow sample gives sensibly the same results, so that on the figures no
difference can be notified.

5 Conclusions

In order to study theoretically the propagation of the laser beam through yellow and black
Bi;,Ge0O, single crystals the Schrédinger model is used. The variational method gives the
conditions for stable propagation of spatial solitons. Indeed, a balance between the
diffraction and the competing cubic and quintic nonlinearity insures the self-organization
of a soliton. Experimental investigations using propagation of Neodymium Yag laser beam
through crystals allow charting of input output-power curves. Fitting these experimental
curves, parameters in Schrodinger equation are determined showing cubic-quintic non-
linearity. Very long numerical propagations of beams through crystals are performed
demonstrating self-trapping of robust spatial solitons. Consequently, in turn in the
experiments, the self-generation of solitons is confirmed. Self-organization of solitons in
solid samples open many possibilities for applications.
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Abstract

The occurrence of laser-induced periodic surface structures (LIPSS) has been known for a
while. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for
applications—due to their wearing behavior and corrosion resistance; LIPSS generation
may improve their properties as well. LIPSS properties depend not only on the material but
also on the beam characteristics, like wavelength, polarization and scanning directions, etc.
After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in sev-
eral beam exposures, we have analyzed the samples of thin metal film systems with Tescan
Mira3 SEM and NTegra AFM. The formation of LIPSS is most probably due to the gener-
ation of surface plasmon polariton, through the periodic distribution of energy in the inter-
action zone which lead to thermal processes in layers and interfaces. Two types of LIPSS
were generated, which differ in shape, orientation and in ablation pronounced or not. For
consecutive interactions in the same direction, LIPSS maintained its orientation, while
for orthogonal passes LIPSS with mutually orthogonal orientation were generated. LIPSS
period fluctuated between 320 and 380 nm and structures with pronounced ablation have
significantly smaller width. Probable mechanism is that for greater accumulated energy
pronounced ablation takes place giving LIPSS in the form of trenches or grooves, while for
less accumulated energy the buildup of the material—probably due to pronounced oxida-
tion—lead to LIPSS in the form of hills or ridges.
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1 Introduction

Interaction of pulsed laser beam with surfaces yields the appearance of LIPSS (laser-
induced periodic surface structures). The occurrence of LIPSS has long been known and
studied (Birnbaum 1965; Van Driel et al. 1982; Sipe et al. 1983; Young et al. 1984; Ursu
et al. 1985). It has been studied on variety of materials: metals (Ursu et al. 1985; Wang and
Guo 2005; Vorobyev and Makin 2007; Vorobyev and Guo 2008, 2013), semi-conductors
(Von der Linde et al. 1997; Bonse and Kriiger 2010; Bonse et al. 2011; Varlamova et al.
2014), dielectrics (Reif et al. 2008), graphite (Golosov et al. 2011), compounds (Kautek
et al. 2005; Gakovic et al. 2011), diamond (Shinoda et al. 2009), graphene (Beltaos et al.
2014). LIPSS properties depend not only on the material but also on the beam character-
istics, like wavelength, polarization and scanning directions, etc. (Kovacevic¢ et al. 2017).

Surface morphology is a key factor in controlling the optical, mechanical, wetting,
chemical, biological, and other properties of a solid surface. LIPSS may improve mate-
rial properties by functionalization and may widen applications: structural coloring,
absorptance enhancement, antireflective films, biomedical applications, optofluidics appli-
cations, holography, anti-counterfeiting, decorating, sensing, catalysis, optical data storage
(Vorobyev and Guo 2013).

The occurrence of LIPSS can be viewed as an inherent phenomena of the interaction
of the ultrafast beam with solid surface, with main characteristics that the spatial period
of LIPSS is less than the beam wavelength. The orientation depends on the incident beam
polarization direction. Generation is explained by self-organization or by surface plasmon
polaritons (SPP) (Vorobyev and Makin 2007; Reif et al. 2008). Incident wave induces
oscillations of charges (surface plasmon) and SPP forms as the coupling between incident
and induced waves; in this way periodic distribution of energy is formed on the surface.

Two types of LIPSS are reported: low spatial frequency LIPSS (LSFL) and high spa-
tial frequency LIPSS (HSFL) (Bonse et al. 2005). LSFL period < wavelength and HSFL
period < wavelength/2. Named after their size (magnitude of spatial frequency), their orien-
tation in respect to the polarization direction is not yet fully understood. It seems that LSFL
orientation is perpendicular to polarization for metals and semiconductors (Bonse et al.
2012). Due to SPP, periodical distribution of thermal energy on the surface can instigate
thermal processes. The occurrence of metal-oxide, or thermochemical type of LIPSS has
been reported on Ti, Ni, Cr and NiCr surfaces, as well as ablative LIPSS and models have
been proposed (Oktem et al. 2013; Dostovalov et al. 2017, 2019a).

When creating LIPSS on multilayer thin metal films, the underneath layer has an impor-
tant role. In the example of Al/Ti multilayer film (Kovacevi¢ et al. 2015), Ti and Al have
different electron heat conductivity and electron—phonon coupling. Top layer (Al) electrons
accept energy and quickly transfer to the next layer (Ti). Strong coupling keeps the energy
in Ti and away from topmost Al. In this way, the damage threshold for Al increases which
preserves LIPSS for longer expositions. In this work, we have examined the LIPSS gen-
erated upon consecutive scanning over the same area of same and of different scanning
orientations. By changing the parameters of the beam (fluence, scanning speed, scanning
number and directions over the same area) the formation of LIPSS was affected. Two types
of LIPSS, which differ in shape, orientation to the incoming beam polarization and in abla-
tion pronounced or not, are generated and examined during repeated consecutive scan-
ning of same and orthogonal directions. For lower accumulation on energy, LIPSS in the
form of ridges formed while for higher fluences and accumulated energies, the generation
of LIPSS gave prevalence to the ablation. After repeated consecutive scanning along the
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same trajectory LIPSS preserved to some extent. Also, during scanning along close parallel
lines, LIPSS from one line affected generation of LIPSS from neighboring line. Overlap-
ping scanning lines should generate LIPSS mutually perpendicular. We have examined the
three cases of LIPSS: repeated consecutive scanning along same trajectory, scanning with
close parallel lines, and scanning with perpendicular lines. The results can be of use in
functionalization of materials by LIPSS forming with possible impact in wetting and bio-
medical applications.

2 Experiment and methods

The samples were prepared by D.C. ion sputtering in a single vacuum run, using Ar ions
and switching from one target to the other. Targets were 99.9% pure Al and Ti deposited on
a Si(100) wafer as a substrate. In this way, 5X(Al/Ti) multilayer structures have been gener-
ated, where each layer was 13 nm thick and total thickness of the multilayer structure was
130 nm.

Coherent Mira 900 laser system was a source of NIR femtosecond pulses (wavelength
730-840 nm, repetition rate 76 MHz, fluence 145-260 mJ/cm?) pumped by Verdi V10
Nd:YVO4 CW laser (wavelength 532 nm, power 10 W) for exposition of the samples.
Steering and focusing was a part of a modified optical microscope with 2D mirror scanner
(objective 40x, NA 0.65). Ocean optics HR2000CG UV-NIR fiber spectrometer was used
for spectral detection. The samples have been analyzed with Tescan Mira3 SEM and NTe-
gra Prima AFM under ambient conditions. The numerical simulations have been performed
by COMSOL Multiphysics package, with one-dimensional two-temperature (1D TTM)
model. Basic relations underlying the TTM model were proposed by Anisimov (Anisi-
mov et al. 1974). The model observes the electron and lattice subsystems. TTM model has
been used for many years to calculate the temperature of the electrons and lattice during
interaction of ultrashort laser pulses with different materials. All necessary physical quanti-
ties and constants that we used in the simulation can be found in the literature (Majchrzak
et al. 2010a, b). The fs beam from laser was introduced into the modified microscope onto
the steering two-axis scanning mirror system and transferred through the objective of the
microscope to the sample.

Patterns used for interaction are presented in Fig. 1. For consecutive repeated scanning
over same trajectory, the pattern in the form of letter “N” is used (Fig. 1a). The laser beam
traverses over the sample surface following the pattern of the letter. At first location, it
“writes” one letter. At second (neighboring) location, it traverses the same trajectory twice,
writing two letters one over another. At third location, it writes three letters, and so on. The
pattern used for perpendicular overlapped scanning is composed of set of parallel lines and
the sample is rotated by 90° (Fig. 1b).

3 Results and discussion

The samples were exposed to laser beam of 730, 800 and 840 nm of wavelength with dif-
ferent fluences. Irradiated areas were examined by SEM and AFM. For specified param-
eters, simulations of 1D temperature distribution were performed.

In Fig. 2, the results after beam of 800 nm wavelength and 153 mJ/cm? of fluence
repeatedly scanned from 1 to 10 times over the surface are presented. The area where beam
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Ix 2 n-times

n=15

(@) (b)

Fig. 1 Implemented patterns of scanning: a for consecutive repeated scanning; b for perpendicular over-
lapped scanning

D2 =283.34 nm

D1 =230.91 nm

SEM HV: 20,0 kV. WD: 4.56 mm
View field: 18.8ym  Det: SE + InBeam & um
SEM MAG: 29.5 kx _ Date(midly): 02126118 Performance in nanospace.

(b)
Fig.2 LIPSS generated after beam of 153 mJ/cm? repeatedly scanned over the same trajectory: a SEM of

the area of 8—10 passes: b AFM, detailed portion of the area in a—rendered area is (3 X 5) pm and maximal
height is 50 nm; ¢ graphical presentation of the AFM current (a.u.) of the area in b
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scanned 8, 9 and 10 times along the same trajectory, following the shape of the letter “N”,
is shown in Fig. 2a. White line on the left side of the image presents polarization direction.
The beam repetition rate was 76 MHz, diameter ~ 1.2 um, scanning speed 242 um/s. Effec-
tive number of pulses (number of pulses which affect the area of a beam spot) for one pass
is 317,000. LIPSS in the form of ridges parallel to the polarization direction with spatial
period of ~283 nm are generated and preserved up to 10 passes. In Fig. 2b, detailed AFM
view of a part of the area from Fig. 2a which shows 10 passes is presented. AFM current of
the area from Fig. 2b is shown in Fig. 2c.

The simulation of the lattice temperature from the surface to the bulk is shown in Fig. 3.
Odd layers (Al) are presented with light grey bars, even layers (Ti) are presented with grey
bars, while substrate (Si) is presented with dark grey bar. After 1.25 ps (Fig. 3a), the tem-
perature reaches maximum in the second (Ti) layer. After 20 ps (Fig. 3b), the temperature
reaches maximum in the first (Al) layer.

In Fig. 4, the results after beam of: (a) 730 nm wavelength and 145 mJ/cm?® fluence
(repetition rate 76 MHz, diameter ~1 um) scanned 15 times (scanning speed 1.14 mm/s,
effective number of pulses for one pass 67,000) and (b) 800 nm wavelength and 215 mJ/
cm? fluence (repetition rate 76 MHz, diameter ~ 1.1 um) scanned 10 times (scanning speed
24 um/s, effective number of pulses for one pass 667,000) along the same trajectories are
presented. In Fig. 4a, LIPSS are in the form of ridges (spatial period of ~278 nm) parallel
to the polarization direction. In Fig. 4b, LIPSS are in the form of grooves (spatial period
of ~370 nm and groove width of ~80 nm) perpendicular to the polarization. In both cases
LIPSS are preserved up to 15 and 10 passes, consecutively. Higher fluence provoked the
appearance of groove-type of LIPSS. Spatial temperature distribution is similar in shape to
the distributions shown in Fig. 3.

In order to create structures of mutual perpendicular direction at the same area, we
performed perpendicular consecutive scanning of two (same) patterns by sample rotation
(Fig. 1b). The beam was of 840 nm wavelength and the fluence was set to ~ 182 mJ/cm? in
order to generate groove-type of LIPSS. The beam repetition rate was 76 MHz, scanning
speed 1.5 mm/s. diameter ~ 1.1 pm, Effective number of pulses for one pass is 51,000.

In Fig. 5a, the interaction area of the sample with two consecutive beam scanning of the
same pattern (Fig. 1b) is presented. The right-hand and lower parts of the image present
areas where patterns don’t overlap, while central, upper and left parts present overlapped
patterns. Magnified portion of the right-hand part, Fig. 5b, shows that grooves of two

8000+ 80004
70004 7000+
_. 6000+ __ 6000+
S 3
o 5000 o 5000
S 5
& 4000 & 4000
[0} o
£ 3000 g 3000
2 2
2000 20001
[
1000 1000
04 04
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14
depth (um) depth (um)
(@ (b)

Fig.3 Spatial temperature distribution from the surface to the bulk after exposition to the beam of 800 nm
wavelength and 153 mJ/cm? of fluence: a after 1.25 ps; b after 20 ps
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D1 = 788.59 nm

D2 = 1112.28 nm

{

D3 =70.47 nm

D4 =182.71 nm

SEM HV: 10.0 kV WD: 2.64 mm IO T T | MIRA3 TESCAN|

View field: 880 ym  Det: SE + InBeam 2 pm
SEM MAG: 62.9 kx _ Date(midly): 05/28/18 Performance in nanospace

SEM HV: 20.0 KV wo:4s6mm | ] MIRA3 TESCAN|
View field: 11.3ym  Det: SE +InBeam 2 pm
SEM MAG: 49.0 kx _Date(m/dly): 02126/18 Performance in nanospace

(a) (b)

Fig.4 SEM micrographs of LIPSS generated after beam of: a 145 mJ/cm? scanned 15 passes and b 215 mJ/

cm? scanned 10 passes. White line on the left side shows polarization orientation

neighboring lines connect when patterns do not overlap. Where patterns overlap, Fig. 5c,
grooves don’t form in connected perpendicular directions; their width ranges from 98 to
126 nm.

The decrease in the AFM current (Fig. 2c) in the areas of laser exposition could be
explained by increased resistivity of the exposed areas. Interaction with the beam fostered
the penetration of nitrogen and/or oxygen into the first (Al) layer increasing the resistivity,
which goes well with the three-step model (Oktem et al. 2013). The lattice temperature dis-
tribution from the surface to the bulk (Fig. 3) shows the influence of the multi-layer struc-
ture. After 1.25 ps (Fig. 3a), the temperature reaches maximum in the second layer (Ti).
Moreover, the temperatures are higher in Ti layers than in neighboring Al layers. This is
explained by the difference between two materials characteristics (Kovacevic et al. 2015).
Electrons from Al can quickly transfer energy to Ti layer away from the interaction zone
due to the difference in electron—phonon coupling. This increases the damage threshold
in Al leading to more regular ripples. The repetition rate also influences the regularity of
the LIPSS, as noted in (Dostovalov et al. 2019b): higher the repetition rate, more ordered
structures are formed.

The LIPSS in the form of ridges (Figs. 2a, 4a) are most probably generated by the pen-
etration of the nitrogen and/or oxygen from the ambient (air) into the material—thermo-
chemical LIPSS (Oktem et al. 2013; Dostovalov et al. 2017). For higher fluences, LIPSS
formed in the form of grooves by ablation mechanisms, which can be deduced by scat-
tered ejected material seen in Fig. 4b. Slower scanning speed and low melting point of Al
induced energy accumulation sufficient for Al melting and ablation, which gave the preva-
lence of the generation of grooves (ablative LIPSS) over ridges (thermochemical LIPSS).
The comparison of the spatial periods—283 nm (Fig. 2a) and 278 nm (Fig. 4a) for ridges
versus 370 nm (Fig. 4b) for grooves—suggests grooves could be classified into LSFL and
ridges into HSFL; this could be also supported by their orientation in respect to the beam
polarization direction (Bonse et al. 2013).
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SEM HV: 20 kV WD: 4.03 mm MIRA3 TESCAN]
View field: 26.7 ym Det: SE +InBeam 5§ pm
SEM MAG: 21.6 kx  Date(m/dly): 09/28/18

L2 =1110.09 nm

L3 = 140.54 nm

L5=98.38 nm

L4 = 196.75 nm

L6 = 126.48 nm
%

WD: 4.06 mm | | MIRA3 TESCAN| SEM HV: 20 kV WD: 4.04 mm

View field: .60 ym  Det: SE +InBeam 500 nm

SEM MAG: 361 kx  Date(m/dly): 09/28/18

View field: 8.81 ym  Det: SE + InBeam 2 pm
SEM MAG: 65.6 kx Date(m/dly): 09/28/18

(b)

Fig.5 SEM micrograph of LIPSS generated by consecutive pattern scanning and sample rotation: a wide
area; b right-hand part of the area in a; ¢ magnified part of the central area in a

The attempt to generate intersecting perpendicular grooves was not successful. The reason
is twofold. First generated LIPSS pattern distracts the formation of the second LIPSS pattern.
Also, the formation of the second LIPSS pattern smears the first LIPSS pattern due to the
accumulation of energy.
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4 Conclusion

We have exposed 5xX(Al/Ti) multilayer thin film metal structures to fs laser beam of
various wavelengths and fluences. Due to differences in materials characteristics, the
temperatures are higher in Ti layers than in neighboring Al layers, which was illustrated
by simulations. The appearance of LIPSS indicates lateral periodical distribution of
temperature in second layer (Ti). Two types of LIPSS emerged depending on the beam
fluence. For fluence lower than ~ 170 mJ/cm?, LIPSS in the form of ridges are generated
most probably by the penetration of nitrogen and/or oxygen into the sample material
(thermochemical LIPSS), which can be deduced by the decrease in the AFM current
indicating the increase in resistivity. For higher fluences (above 170 mJ/cm?), LIPSS
in the form of grooves are generated by ablation mechanisms (ablative LIPSS). Both
types are preserved after 1015 consecutive beam scanning along the same trajectory.
Intersecting perpendicular LIPSS can’t be successfully formed because of competing
influences of perpendicular patterns causing smearing of LIPSS.
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Graphene is an excellent material to anchor metal nanoparticles due to its large surface area. In this paper, we
report the use of electrochemically exfoliated graphene as support to anchor gold nanoparticles (Au NPs). Au NPs
are synthesized via the reduction of chloroauric acid under gamma irradiation at low doses of 1, 5, and 10 kGy
and directly deposited onto the graphene surface, making this procedure simple and fast. Good water dis-
persibility of exfoliated graphene, due to the presence of oxygen-containing functional groups in the structure of
graphene, provides long-term stability of Au NPs - graphene composite dispersions. The majority of the Au NPs
obtained by this method have sizes of up to 40 nm, while the increase in the applied dose leads to an increase in
the amount of smaller nanoparticles. The increase of temperature of the prepared composite material upon
irradiation with an 808 nm continuous wave laser was monitored. All samples show a temperature increase
between 21.5 and 25.6 °C for 10 min of the laser exposure, which indicates that Au NPs - graphene composite can

effectively be used in photothermal treatment for cancer therapy.

1. Introduction

The unique structure of graphene put this material in the focus of
scientific interest in the past years. Its fascinating electrical, mechanical,
thermal, and optical properties are thoroughly investigated for the po-
tential application in electronics as the new-generation electronic de-
vices [1,2], sensors [3,4], and energy storage devices [5,6], as well as in
biomedicine for bioimaging [7], drug delivery [8,9], and photothermal
therapy [10], to name some. However, a major challenge in the pro-
cessing of graphene lies in its poor dispersibility in water and other
commonly used solvents. This issue can be solved by covalently modi-
fying graphene’s chemical structure by strong oxidants to introduce
polar functional groups and make it water dispersible. The procedure
generally involves the use of strong oxidants in acidic environments and
elevated temperatures. As obtained material, denoted as graphene oxide
(GO), is rich in oxygen-containing functional groups, but graphene sp?
honeycomb structure becomes highly disrupted which negatively affects
its performance. An additional step is required to reduce graphene
oxide, but the structure becomes only partially restored leaving a large

* Corresponding author.
E-mail address: d.kepic@vin.bg.ac.rs (D.P. Kepic).
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number of structural defects. A good alternative is electrochemical
exfoliation of graphite [11,12], which reduces the oxidation degree of
graphene and preserves its structural and electronic properties. Briefly,
hydroxyl ions created from the reduction of water during electro-
chemical process bind to graphene edges and weaken van der Waals
forces in graphite allowing the intercalation of electrolyte ions between
graphene layers. In the next step, the reduction of intercalated ions and
expansion of gas bubbles occur and graphene layers become detached.
Since hydroxyl ions covalently bond graphene sheet only in the initial
stage of the exfoliation, graphene structure is well preserved but with a
sufficient number of attached polar groups to make graphene water
dispersible. Following this approach, it is possible to obtain a high-yield
of single- and few-layer graphene with large flake size. Compared to
well-established methods for the production of graphene oxide, elec-
trochemical exfoliation of graphite does not require harsh chemicals,
making the procedure cost-efficient and environmentally friendly.

The large surface area of graphene could be easily used for the
adsorption of various molecules and nanoparticles (NPs), creating
graphene-based composites and hybrid materials [13,14]. Of particular
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interest are metal nanoparticles, which have mechanical, thermal, op-
tical, and magnetic properties different from their bulk counterparts due
to the effects that emerge from their size. Currently, various synthetic
strategies are being developed for their production and a majority of
them imply the reduction of metal ions to their zero-valent state. To
prevent agglomeration and overgrowth of a freshly formed NPs, a sta-
bilizing agent is introduced to the reaction mixture during synthesis. The
role of the agent usually has sodium citrate, which deactivates the sur-
face of formed nanoparticles, and polymers such as polyvinyl pyrroli-
done (PVP) [15,16] or cetyltrimethylammonium bromide (CTAB)
[17,18], which acts as a capping agent and anchors metal nanoparticles
on its surface. Graphene oxide was used as a support for the synthesis of
Ir NPs [19], as well as Pt—Ru NPs for the electro-oxidation of methanol
and ethanol [20] and Au NPs for glucose biosensor [21,22] and for the
development of surface-enhanced Raman spectroscopy (SERS) platforms
[23]. Additionally, metal NPs have great potential to be applied in
photothermal therapy for cancer treatment [24-26]. Photothermal
therapy has emerged as a promising strategy for cancer treatment due to
the selective hyperthermia of tumor tissue. The strategy involves se-
lective delivery of various nanoparticles into tumor tissue and the irra-
diation of the tissue with wavelengths that correspond to the near-
infrared or therapeutic window. The electrons in the conduction band
tend to oscillate under the irradiation and the absorbed light is con-
verted into heat, which further leads to the irreversible damage of the
tumor tissue. Among different nanoparticles that can be implemented in
this strategy, gold nanoparticles are of particular interest because they
absorb light in the near-infrared region and their optical properties can
be easily tuned by varying their dimensions and structure [27,28].

Compared to classical chemical approach, gamma irradiation pro-
vides fast and clean route to perform reduction reactions at room tem-
perature. To date, various metal nanoparticles were synthesized
following this method. Wang et al. prepared Ag NPs - reduced graphene
oxide (RGO) hybrids at doses of 50 and 160 kGy [29]. RGO was used as a
support for Pt—Au nanocomposite prepared a dose of 150 kGy [30], and
Ag—Au alloy nanoparticles at doses in a range from 29 to 115 kGy [31].
Ag NPs - GO nanocomposite was prepared by Zhao et al. at a dose of 150
kGy [32]. Beside GO and RGO, there is no report in the literature of the
use of electrochemically exfoliated graphene as a support for the syn-
thesis of metal nanoparticles under gamma irradiation.

In this work, for the first time electrochemically exfoliated graphene
was used as a support to anchor Au nanoparticles. Au NPs were syn-
thesized in one step by means of gamma irradiation at low doses (1-10
kGy) from chloroauric acid as a precursor in graphene dispersion in the
absence of any stabilizing agents. The absence of reductants and poly-
mers as stabilizing molecules preserves the chemical environment of
metal NPs and consequently their performance, which makes this pro-
cedure simple and fast. The morphology of the obtained composite
material was thoroughly investigated and the size distribution of the
synthesized Au NPs was determined. The temperature elevation under
an 808 nm laser irradiation of the Au NPs - exfoliated graphene was
measured and the potential of this composite material for photothermal
therapy is demonstrated.

2. Experimental procedure
2.1. Sample preparation

Electrochemical exfoliation of highly oriented pyrolytic graphite
(HOPG, Vinca Institute of Nuclear Sciences, Serbia) was performed in a
two-electrode system using graphite rods as both the counter and the
working electrode, with the constant distance of 4 cm between the
electrodes. The electrolyte solution was prepared by dissolving ammo-
nium persulfate (Alfa Aesar) in water to obtain a concentration of 0.1 M.
Direct current (DC) voltage of +12 V was applied, and the voltage was
kept constant until the exfoliation process was completed (indicated by
the total consumption of the working electrode). Exfoliated product was
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collected by vacuum filtration and washed with a copious amount of
deionized water to remove any residual salt. After washing, the product
was dispersed in water using an ultrasound bath. To remove graphitic
residuals, the dispersion was centrifuged at 2575 xg, and supernatant
was used for further procedure. Gravimetrically determined graphene
concentration in the dispersion was 1 mg/ml. In a certain volume of
graphene dispersion was added chloroauric acid (Sigma Aldrich) to
obtain final concentration of 1.25 x 10~* M and isopropyl alcohol (1:10
volume ratio), and the mixture was purged with argon for 15 min to
remove dissolved oxygen. After that, the vials are hermetically sealed
and irradiated. Irradiations were carried out by gamma-ray flux from
%0Co nuclide at a radiation dose rate of 10.5 kGy/h. Samples were
exposed to the gamma irradiation source absorbing the doses of 1, 5, and
10 kGy. Irradiation treatment was followed by filtration (0.2 pm pore
size, Isopore Membrane Filters), after which the samples were washed
with deionized water, and dried at 60 °C.

2.2. Sample characterization

Transmission electron microscopy (TEM) analyses were performed
on TEM-JEOL JEM-1400 microscope operated at accelerating voltage of
120 kV. All samples for TEM were dispersed in ethanol and a drop of
dispersion was deposited on lacey carbon copper grids (200 mesh). The
particle size distribution was determined using Gwyddion software
(version 2.44).

Atomic force microscopy (AFM) measurements were performed on
Quesant microscope operating in tapping mode in air at room temper-
ature. 50 pl of sample was dispersed in 300 pl of water and well ho-
mogenized on an ultrasound bath. A drop of dispersion was drop-casted
on Si substrate and imaged after drying. Silicon tips (purchased from
Nano and More) with constant force of 40 N/m were used. AFM images
were analyzed using Gwyddion software (version 2.44).

The UV-vis absorption spectra were measured using Avantes UV-vis
spectrophotometer (Apeldoorn, The Netherlands). Samples were recor-
ded in quartz cuvettes at room temperature.

Raman spectra were recorded by confocal Raman microscope (alpha
300 R+, WiTec, Ulm, Germany). The excitation laser of the 532 nm
wavelength and 76 pW power was focused using 100 x (NA = 0.9)
objective onto the sample surface. The confocal pinhole diameter was
50 pm and the accumulation time for a single Raman spectrum was set to
40 s. Constant background was subtracted from all measured Raman
spectra.

Fourier transform infrared spectroscopy (FTIR) spectra were ac-
quired on Avatar 370 Thermo Nicolet spectrometer. The spectral reso-
lution was 4 cm ™!, Samples were recorded in a form of KBr pellets.

XPS was performed using a Thermo Scientific K-Alpha XPS system
(Thermo Fisher Scientific, UK) equipped with a micro-focused, mono-
chromatic Al Ka X-ray source (1486.6 eV). An X-ray beam of 400 pm in
size was used at 6 mA x 12 kV. The spectra were acquired in the constant
analyzer energy mode with pass energy of 200 eV for the survey. Narrow
regions were collected with pass energy of 50 eV. Charge compensation
was achieved with the system flood gun that provides low energy elec-
trons (~0 eV) and low energy argon ions (20 eV) from a single source.
Thermo Scientific Avantage software, version 5.952 (Thermo Fisher
Scientific), was used for the digital acquisition and data processing.
Spectral calibration was determined by using the automated calibration
routine and the internal Au, Ag and Cu standards supplied with the K-
Alpha system.

For the photothermal efficiency measurements, stable dispersions of
the samples in water with concentration of 1 mg/ml were prepared.
Irradiation was conducted in quartz cuvettes at room temperature
(20.3 °C). The samples were exposed to 808 nm continuous wave laser
radiation with TEM00 mode radial distribution, slightly elliptical, with
major and minor axes of 7.14 mm and 6.35 mm, respectively. The total
laser irradiance was 2.16 W/cm?. The temperature was monitored by a
thermocouple (accuracy 0.1 °C) every 30 s. After 10 min of laser
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Fig. 1. Top view AFM images of (a) Au NPs - exfoliated graphene irradiated at 1 kGy and the corresponding height profiles (1 and 2) as indicated in the AFM image,
(b) Au NPs - exfoliated graphene irradiated at 1 kGy, (c) Au NPs - exfoliated graphene irradiated at 5 kGy and (d) Au NPs - exfoliated graphene irradiated at 10 kGy.

irradiation laser was switched off and the temperature was monitored
for the next 15 min. The photothermal efficiency () of the samples was
calculated using Roper’s method [33,34] according to the equation:

_ hS(Tmux - Tamb) - Qlo.sx\'
I(1 — 10-4s)

(€8]

where h is the heat transfer coefficient, S the surface area of the cuvette,
and Tpmax and Tgmp are the maximum and the ambient temperature,
respectively. I represents the laser power, Aggs the absorbance of the
samples at 808 nm, and Qs is the heat dissipated from the light
absorbed by the solvent and the cuvette. The value hS was calculated
according to the equation:

_ Zimicpi

Ts

hS (2)

where m; and Cp; are the mass and the specific heat capacity of each
component of the system, respectively. z; is the time constant that was
calculated from Fig. 8b using the equations:

T— Tamb

A o ®
and
t= —1,n(0) (€)]

3. Results and discussion
3.1. Au NPs synthesis

Radiolysis of water induced by gamma irradiation generates both
reductive and oxidative species [35]. In the presence of oxidation spe-
cies scavenger, such as isopropyl alcohol, reactive species produced by
water radiolysis generate isopropyl radical that is, among other gener-
ated reducing species, capable of reducing metal ions to metal in zero-
valent state. The reduction of [AuCl4]~ forms Au® which combination
further creates particle nuclei and leads to particle growth. The presence
of a stabilizing agent such as polymers or surfactants plays an important
role in the overall formation of nanoparticles. Functional groups from
those molecules serve as anchoring sites for NPs nuclei. After the syn-
thesis, it is often necessary to remove the stabilizing agent for the
maximum performance of obtained NPs. Exfoliated graphene has a large
surface area and a large number of functional groups that can anchor Au
NPs nuclei and influence particle formation. The unique 2D structure of
graphene can be effectively decorated with Au NPs to create novel
composite material with good water dispersibility, making the removing
step of the stabilizing agent redundant.

3.2. Morphology analyses

Morphology analyses were conducted by AFM and TEM. Fig. 1 shows
representative AFM images of Au NPs - exfoliated graphene composite
indicating that exfoliated graphene is mainly presented in a form of few-
layer graphene. Statistical analysis based on AFM images shows that
lateral sizes of exfoliated graphene flakes are in the range of several
hundreds of nanometers up to several micrometers, without any
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Fig. 2. TEM images of (a) Au NPs - exfoliated graphene irradiated at 1 kGy, (b) Au NPs - exfoliated graphene irradiated at 5 kGy, (c) Au NPs - exfoliated graphene
irradiated at 10 kGy (d) Au NPs irradiated at 1 kGy, (e) Au NPs irradiated at 5 kGy and (f) Au NPs irradiated at 10 kGy.
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Fig. 3. Particle size distribution of Au NPs irradiated in the presence
of graphene.

significant deviation caused by gamma irradiation at the applied doses.

TEM images of Au NPs - exfoliated graphene composites are pre-
sented in Fig. 2. As can be seen from the images, for the applied doses of
1, 5, and 10 kGy Au NPs are well distributed on the graphene surface.
Also, for all the aforementioned doses gold nanoparticles of spherical,
triangular, hexagonal, trapezoidal, and rod-shaped morphology are
observed. A variety of Au NPs morphologies attached to the graphene

sheet was previously reported and is related to the presence and the
abundance of functional groups and defects on graphene layers [36]. To
investigate this issue, we irradiated chloroauric acid at the same con-
ditions in the absence of graphene and analyzed the morphology of
obtained NPs. The reduction of chloroauric acid under gamma irradia-
tion takes place, but the final result are irregularly shaped gold nano-
wires and, to a smaller extent, irregularly shaped gold nanospheres.
Interestingly, similar Au formations were found as a product of
quenched citrate reduction of chloroauric acid [37].

Gamma irradiation is found to be an efficient synthetic route for
metal NPs because of the possibility to control the nanoparticles’ sizes
and size distribution by controlling the radiation dose [38]. According to
the statistical analysis, nearly half of the prepared Au NPs have sizes in
the 11-20 nm range for all the applied doses (Fig. 3). It is worth noting
that the increase in the applied dose leads to the increase in the amount
of smaller nanoparticles (up to 10 nm in size). The formation of Au NPs
is composed of two consecutive steps - nucleation and aggregation. At
low doses the concentration of formed nuclei is smaller than the con-
centration of the Au ions that participate in the growth step, therefore
the synthesized Au NPs are larger in size. On the other hand, at the
higher applied doses most of the Au precursor is consumed to form
nuclei which concentration becomes larger than the concentration of
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Fig. 4. UV-vis spectra of (a) Au NPs - exfoliated graphene and (b) Au NPs
irradiated at different doses.

unreduced Au ions, which consequently leads to the growth of smaller
NPs [39].

3.3. Spectroscopy analyses

While UV-vis spectrum of graphene oxide is dominated by the peak
at 230 nm, originating from rn-1* transition of aromatic C=C bonds, and
a shoulder at ~300 nm attributed to n-n* transition of C=0 bonds [40],
exfoliated graphene displays only one broad peak at 270 nm [41]. The
red shift of n-t* transition peak to the values of 270 nm is already
documented and it is attributed to the restoration of graphene’s elec-
tronic conjugation upon hydrazine reduction [42]. The peak at 270 nm
for exfoliated graphene, along with the absence of a 300 nm shoulder
peak, indicates that in the exfoliated graphene the graphene’s structure
is well preserved. UV-vis spectra of Au NPs - exfoliated graphene
composite (Fig. 4a) show one large intensity peak at 270 nm and a
smaller broad peak at 530 nm. The peak at 530 nm originates from the
localized surface plasmon resonance of Au NPs. In the UV-vis spectra of
Au NPs synthesized without graphene (Fig. 4b) this peak shows a slight
red shift with the increase of the radiation dose. Interestingly, the same
spectra show a peak at 261 nm from the electron transition from the
occupied d-level states to empty states in the conducting band above the
Fermi level [36] and is more prominent for the higher applied doses. In
the spectra of Au NPs - exfoliated graphene composites this peak over-
laps n-n* transition peak from graphene.

Reactive species produced by water radiolysis induce also the
reduction of graphene materials [43]. Prepared exfoliated graphene
dispersion in a concentration of 1 mg/ml shows long-term stability in
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Fig. 5. Raman spectra of exfoliated graphene (reference) and Au NPs - exfoli-
ated graphene irradiated at different doses.
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Fig. 6. FTIR spectra of exfoliated graphene (reference) and Au NPs - exfoliated
graphene irradiated at different doses.

water. Good graphene dispersibility in a polar solvent is due to the
presence of polar oxygen-containing functional groups attached to the
graphene surface, such as hydroxyl, carboxyl, epoxy, and carbonyl. The
changes in graphene structure upon irradiation were investigated by
means of FTIR, XPS, and Raman spectroscopy. Two dominant peaks in
Raman spectra of Au NPs - graphene composite are located at 1351 em™?
and 1591 cm ! and are attributed to D and G band respectively (Fig. 5).
The D band is attributed to disordered sp>-hybridized carbon material
from defects and functionalities, while the G band is related to well-
ordered sp? graphite-type structures [44]. Besides, peaks at 2695 cm ™!
and 2938 cm ™! are also observable and can be attributed to 2D band and
(D + G) combination mode. For all the applied doses Raman peaks do
not show any shift. The intensity ratio of D and G bands (Ip/Ig) gradually
increases with the increase of the irradiation dose from 1.14 for non-
irradiated graphene to 1.30 for Au NPs - graphene composite irradi-
ated at 10 kGy. This could be the consequence of Au NPs bonding to the
graphene sheets.

To get a better insight into the type of functional groups attached to
the graphene structure, FTIR spectroscopy was performed (Fig. 6). The
most prominent bands in FTIR spectra correspond to the stretching and
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Fig. 7. XPS spectra of (a) non-irradiated graphene and (b) graphene irradiated
at 10 kGy.

Table 1
XPS data of the characteristic bonds from deconvoluted C1s peak.

Name Binding energy  Exfoliated graphene Graphene irradiated at 10
(eV) (at. %) kGy (at.%)

Cls sp? 284.5 9.7 26.0

Cls sp® 284.9 54.4 41.1

Cls C-O 258.7 11.8 4.0

ClsC=0 286.8 14.9 16.0

Cls O- 288.6 7.8 7.9

C=0
Cls n-n* 291.0 1.4 5.0

bending mode of hydroxyl groups (3400-3500 cm ™! and ~ 1633 em ™%,
respectively) [45]. Bands at 2930 and 2850 cm ! indicate the presence
of CH; groups. In addition, in the FTIR spectra of exfoliated graphene
bands at ~1734 cm™ ! (C=0 groups), ~1574 cm! (C=C groups) and ~
1177 em™ ! (C—O groups) can also be observed. As the irradiation dose
increases, the band at ~1574 cm™! becomes more prominent, while the
bands in the range 2930-2850 cm ™! show a decrease, which implies the
partial restoration of graphene structure.

The restoration of the graphene structure is further confirmed by
means of XPS. Deconvoluted high-resolution XPS spectra of C1s peak of
as-prepared exfoliated graphene and graphene irradiated at the dose of
10 kGy are shown in Fig. 7 and the data for the characteristic bonds are
listed in Table 1. The deconvolution of C1s XPS spectra gives features at
284.5, 284.9, 258.7, 286.8, 288.6, and 291.0 eV which reveal the
presence of sp? and sp° carbon, hydroxyl/epoxy groups, carbonyl, and
carboxyl groups, and n-n* shake up band [46,47]. From the XPS data, it
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Fig. 8. (a) Temperature profiles of exfoliated graphene (reference) and Au NPs
- exfoliated graphene composites under 808 nm continuous wave laser excita-
tion and (b) linear fitting of time data versus -In(6) acquired from the cool-
ing period.

is evident the increase of the carbon sp? content after the irradiation.
Simultaneously, the carbon sp® content decreases, along with the con-
tent of C—O bonds. The irradiation induces the change in C/O ratio from
1.8 for non-irradiated graphene to 3.5 for graphene irradiated at 10 kGy.

3.4. Photothermal efficiency measurements

For the photothermal efficiency measurements, the prepared Au NPs
- exfoliated graphene composites were irradiated with an 808 nm
continuous wave laser and the temperature elevation was monitored for
10 min. After that time the laser was switched off and the temperature
was monitored during the cooling period (15 min). The results of these
measurements are presented in Fig. 8a.

For successful photothermal therapy, it is important to heat the
tumor tissue at a minimum of 41 °C, which corresponds to the 4 °C
temperature increase in the body [48]. Nanomaterials that are able to
convert the absorbed light into heat and cause a temperature increase of
a minimum of 4 degrees are considered suitable for photothermal
therapy. As expected, the irradiation of pure medium (water) does not
induce the temperature increase. On the other hand, the irradiation of
exfoliated graphene, as well as Au NPs - exfoliated graphene composites,
induce the temperature increase. The highest temperature elevation of
25.6 °C is observed for Au NPs - graphene irradiated at 1 kGy. With the
increase of the irradiation dose, a slight decrease in the temperature
elevation could be observed. To determine the photothermal efficiency
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Table 2
Calculated photothermal efficiency of exfoliated graphene (reference) and Au
NPs - exfoliated graphene composites irradiated at different doses.

Sample Time constant Absorbance at 808 Photothermal efficiency
T nm (@]

Reference ~ 293.77 0.13 58.26%

1 kGy 246.99 0.13 73.55%

5 kGy 278.66 0.12 72.16%

10 kGy 243.70 0.12 70.96%

of the samples, the temperature decrease was monitored with the laser
switched off. The values of 7, were calculated from Fig. 8b using egs. (3)
and (4). Taking into account the values of hS obtained from the eq. (2),
laser incident power of 0.77 W, and the absorbances at 808 nm, pho-
tothermal efficiency (1) was calculated from the eq. (1) and listed in
Table 2. As expected, the highest value of photothermal efficiency of
73.55% has Au NPs - graphene composite irradiated at 1 kGy, while the
increase in the irradiation dose slightly decreases the photothermal ef-
ficiency of the material. These measurements demonstrate the efficient
photothermal conversion of the incident laser light of Au NPs - graphene
composites that have the potential to be used in photothermal treatment
in cancer therapy.

4. Conclusion

In this paper, one-step synthesis of graphene supported Au NPs via
gamma irradiation at low doses is demonstrated. Graphene, prepared by
the electrochemical exfoliation of highly ordered pyrolytic graphite, is
presented as few-layer graphene with lateral sizes that range from
several hundred nanometers up to several micrometers. Au NPs were
synthesized from chloroauric acid as a precursor in graphene dispersion
in the absence of any stabilizing agents at doses of 1, 5, and 10 kGy.
Polar oxygen-containing functional groups at the graphene surface
provide good water dispersibility of Au NPs - graphene composites.
Nearly half of the prepared Au NPs have sizes in the range from 11 to 20
nm, and the increase in the applied dose leads to an increase in the
amount of smaller nanoparticles (up to 10 nm in size). For all the applied
doses particles of spherical, triangular, hexagonal, trapezoidal, and rod-
shaped morphology are observed. The prepared composite material
shows the increase of temperature upon irradiation with an 808 nm
continuous wave laser, which is the most prominent for Au NPs - gra-
phene irradiated at 1 kGy. Consequently, the same sample shows the
highest photothermal efficiency. Observed temperature elevation under
laser irradiation can effectively be used in photothermal treatment for
cancer therapy.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The research was supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia [451-03-2/
2020-14/20] and by the Science Fund of the Republic of Serbia,
PROMIS, [Grant No. 6066079, HEMMAGINERO]. D. Kepi¢ acknowl-
edges the COST Action CA15107 Multicomp, supported by the COST
Association (European Cooperation in Science and Technology). A.
Krmpot and M. Leki¢ acknowledge funding provided by the Institute of
Physics Belgrade, through the grant by the Ministry of Education, Sci-
ence and Technological Development of the Republic of Serbia.

[1]
[2]
[31

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

Materials Characterization 173 (2021) 110944

References

J. Yang, P. Hu, G. Yu, Perspective of graphene-based electronic devices: Graphene
synthesis and diverse applications, APL Mater. 7 (2019), 020901.

T.-H. Han, H. Kim, S.-J. Kwon, T.-W. Lee, Graphene-based flexible electronic
devices, Mater. Sci. Eng. R. Rep. 118 (2017) 1-43.

T. Yang, X. Zhao, Y. He, H. Zhu, 6 - graphene-based sensors, in: H. Zhu, Z. Xu,
D. Xie, Y. Fang (Eds.), Graphene, Academic Press, 2018, pp. 157-174.

J. Pena-Bahamonde, H.N. Nguyen, S.K. Fanourakis, D.F. Rodrigues, Recent
advances in graphene-based biosensor technology with applications in life
sciences, J. Nanobiotechnol. 16 (2018) 75.

L. Bai, Y. Zhang, W. Tong, L. Sun, H. Huang, Q. An, N. Tian, P.K. Chu, Graphene for
energy storage and conversion: synthesis and interdisciplinary applications,
Electrochem. Energy Rev. 3 (2019) 395-430.

M. Pumera, Graphene-based nanomaterials for energy storage, Energy Environ. Sci.
4 (2011) 668-674.

C. Wang, J. Li, C. Amatore, Y. Chen, H. Jiang, X.-M. Wang, Gold nanoclusters and
graphene nanocomposites for drug delivery and imaging of cancer cells, Angew.
Chem. Int. Ed. 50 (2011) 11644-11648.

L. Zhang, J. Xia, Q. Zhao, L. Liu, Z. Zhang, Functional graphene oxide as a
nanocarrier for controlled loading and targeted delivery of mixed anticancer drugs,
Small 6 (2010) 537-544.

Z. Liu, J.T. Robinson, X. Sun, H. Dai, PEGylated nanographene oxide for delivery of
water-insoluble cancer drugs, J. Am. Chem. Soc. 130 (2008) 10876-10877.

K. Yang, S. Zhang, G. Zhang, X. Sun, S.-T. Lee, Z. Liu, Graphene in mice: ultrahigh
in vivo tumor uptake and efficient photothermal therapy, Nano Lett. 10 (2010)
3318-3323.

K. Parvez, Z.-S. Wu, R. Li, X. Liu, R. Graf, X. Feng, K. Miillen, Exfoliation of graphite
into graphene in aqueous solutions of inorganic salts, J. Am. Chem. Soc. 136
(2014) 6083-6091.

K. Parvez, R. Li, S.R. Puniredd, Y. Hernandez, F. Hinkel, S. Wang, X. Feng,

K. Miillen, Electrochemically exfoliated graphene as solution-processable, highly
conductive electrodes for organic electronics, ACS Nano 7 (2013) 3598-3606.
V.B. Mohan, K.-t. Lau, D. Hui, D. Bhattacharyya, Graphene-based materials and
their composites: a review on production, applications and product limitations,
Compos. Part B 142 (2018) 200-220.

Y. Ioni, E. Buslaeva, S. Gubin, Synthesis of graphene with noble metals
nanoparticles on its surface, Mater. Today: Proc. 3 (2016) S209-5213.

M.M. Chili, V.S.R.R. Pullabhotla, N. Revaprasadu, Synthesis of PVP capped gold
nanoparticles by the UV-irradiation technique, Mater. Lett. 65 (2011) 2844-2847.
S.K. Seol, D. Kim, S. Jung, W.S. Chang, Y.M. Bae, K.H. Lee, Y. Hwu, Effect of citrate
on poly(vinyl pyrrolidone)-stabilized gold nanoparticles formed by PVP reduction
in microwave (MW) synthesis, Mater. Chem. Phys. 137 (2012) 135-139.

K. Okitsu, Y. Nunota, One-pot synthesis of gold nanorods via autocatalytic growth
of sonochemically formed gold seeds: the effect of irradiation time on the
formation of seeds and nanorods, Ultrason. Sonochem. 21 (2014) 1928-1932.

J. Lai, L. Zhang, W. Niu, W. Qi, J. Zhao, Z. Liu, W. Zhang, G. Xu, One-pot synthesis
of gold nanorods using binary surfactant systems with improved monodispersity,
dimensional tunability and plasmon resonance scattering properties,
Nanotechnology 25 (2014) 125601.

J.V. Rojas, M.C. Molina Higgins, M. Toro Gonzalez, C.E. Castano, Single step
radiolytic synthesis of iridium nanoparticles onto graphene oxide, Appl. Surf. Sci.
357 (2015) 2087-2093.

L. Dong, R.R.S. Gari, Z. Li, M.M. Craig, S. Hou, Graphene-supported platinum and
platinum-ruthenium nanoparticles with high electrocatalytic activity for methanol
and ethanol oxidation, Carbon 48 (2010) 781-787.

L. Cao, P. Wang, L. Chen, Y. Wu, J. Di, A photoelectrochemical glucose sensor
based on gold nanoparticles as a mimic enzyme of glucose oxidase, RSC Adv. 9
(2019) 15307-15313.

S.-K. Kim, C. Jeon, G.-H. Lee, J. Koo, S.H. Cho, S. Han, M.-H. Shin, J.-Y. Sim, S.
K. Hahn, Hyaluronate—gold nanoparticle/glucose oxidase complex for highly
sensitive wireless noninvasive glucose sensors, ACS Appl. Mater. Interfaces 11
(2019) 37347-37356.

R. Britto Hurtado, M. Cortez-Valadez, L.P. Ramirez-Rodriguez, E. Larios-Rodriguez,
R.A.B. Alvarez, O. Rocha-Rocha, Y. Delgado-Beleno, C.E. Martinez-Nunez,

H. Arizpe-Chavez, A.R. Hernandez-Martinez, M. Flores-Acosta, Instant synthesis of
gold nanoparticles at room temperature and SERS applications, Phys. Lett. A 380
(2016) 2658-2663.

Y. Liu, B.M. Crawford, T. Vo-Dinh, Gold nanoparticles-mediated photothermal
therapy and immunotherapy, Immunotherapy 10 (2018) 1175-1188.

J.B. Vines, J.-H. Yoon, N.-E. Ryu, D.-J. Lim, H. Park, Gold nanoparticles for
photothermal cancer therapy, Front. Chem. (2019) 7.

A. Samadi, H. Klingberg, L. Jauffred, A. Kjer, P.M. Bendix, L.B. Oddershede,
Platinum nanoparticles: a non-toxic, effective and thermally stable alternative
plasmonic material for cancer therapy and bioengineering, Nanoscale 10 (2018)
9097-9107.

H. Moustaoui, J. Saber, I. Djeddi, Q. Liu, A.T. Diallo, J. Spadavecchia, M. Lamy de
la Chapelle, N. Djaker, Shape and size effect on Photothermal heat elevation of gold
nanoparticles: absorption coefficient experimental measurement of spherical and
urchin-shaped gold nanoparticles, J. Phys. Chem. C 123 (2019) 17548-17554.
W. Yang, H. Liang, S. Ma, D. Wang, J. Huang, Gold nanoparticle based
photothermal therapy: development and application for effective cancer treatment,
Sustain. Mater. Technol. 22 (2019), e00109.

S. Wang, Y. Zhang, H.-L. Ma, Q. Zhang, W. Xu, J. Peng, J. Li, Z.-Z. Yu, M. Zhai,
ITonic-liquid-assisted facile synthesis of silver nanoparticle-reduced graphene oxide
hybrids by gamma irradiation, Carbon 55 (2013) 245-252.


http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0005
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0005
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0010
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0010
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0015
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0015
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0020
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0020
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0020
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0025
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0025
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0025
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0030
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0030
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0035
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0035
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0035
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0040
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0040
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0040
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0045
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0045
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0050
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0050
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0050
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0055
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0055
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0055
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0060
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0060
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0060
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0065
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0065
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0065
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0070
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0070
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0075
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0075
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0080
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0080
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0080
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0085
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0085
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0085
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0090
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0090
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0090
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0090
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0095
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0095
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0095
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0100
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0100
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0100
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0105
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0105
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0105
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0110
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0110
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0110
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0110
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0115
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0115
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0115
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0115
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0115
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0120
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0120
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0125
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0125
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0130
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0130
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0130
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0130
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0135
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0135
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0135
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0135
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0140
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0140
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0140
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0145
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0145
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0145

D.P. Kepic et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

X. Li, L. Liu, Z. Xu, W. Wang, J. Shi, L. Liu, M. Jing, F. Li, X. Zhang, Gamma
irradiation and microemulsion assisted synthesis of monodisperse flower-like
platinum-gold nanoparticles/reduced graphene oxide nanocomposites for
ultrasensitive detection of carcinoembryonic antigen, Sensors Actuators B Chem.
287 (2019) 267-277.

K. Hareesh, R.P. Joshi, D.V. Sunitha, V.N. Bhoraskar, S.D. Dhole, Anchoring of Ag-
Au alloy nanoparticles on reduced graphene oxide sheets for the reduction of 4-
nitrophenol, Appl. Surf. Sci. 389 (2016) 1050-1055.

X. Zhao, N. Li, M. Jing, Y. Zhang, W. Wang, L. Liu, Z. Xu, L. Liu, F. Li, N. Wu,
Monodispersed and spherical silver nanoparticles/graphene nanocomposites from
gamma-ray assisted in-situ synthesis for nitrite electrochemical sensing,
Electrochim. Acta 295 (2019) 434-443.

D.K. Roper, W. Ahn, M. Hoepfner, Microscale heat transfer transduced by surface
Plasmon resonant gold nanoparticles, J. Phys. Chem. C 111 (2007) 3636-3641.
Z. Qi, J. Shi, Z. Zhang, Y. Cao, J. Li, S. Cao, PEGylated graphene oxide-capped gold
nanorods/silica nanoparticles as multifunctional drug delivery platform with
enhanced near-infrared responsiveness, Mater. Sci. Eng. C 104 (2019) 109889.
A. Appleby, H.A. Schwarz, Radical and molecular yields in water irradiated by .
gamma.-rays and heavy ions, J. Phys. Chem. 73 (1969) 1937-1941.

D. Hernandez-Sanchez, G. Villabona-Leal, I. Saucedo-Orozco, V. Bracamonte,

E. Pérez, C. Bittencourt, M. Quintana, Stable graphene oxide-gold nanoparticle
platforms for biosensing applications, Phys. Chem. Chem. Phys. 20 (2018)
1685-1692.

B.-K. Pong, H.I. Elim, J.-X. Chong, W. Ji, B.L. Trout, J.-Y. Lee, New insights on the
nanoparticle growth mechanism in the citrate reduction of gold(IIl) salt: formation
of the au nanowire intermediate and its nonlinear optical properties, J. Phys.
Chem. C 111 (2007) 6281-6287.

N. Misra, J. Biswal, A. Gupta, J.K. Sainis, S. Sabharwal, Gamma radiation induced
synthesis of gold nanoparticles in aqueous polyvinyl pyrrolidone solution and its
application for hydrogen peroxide estimation, Radiat. Phys. Chem. 81 (2012)
195-200.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Materials Characterization 173 (2021) 110944

A. Abedini, A.R. Daud, M.A. Abdul Hamid, N. Kamil Othman, E. Saion, A review on
radiation-induced nucleation and growth of colloidal metallic nanoparticles,
Nanoscale Res. Lett. 8 (2013) 474.

J. Li, C.-y. Liu, Ag/graphene heterostructures: synthesis, characterization and
optical properties, Eur. J. Inorg. Chem. 2010 (2010) 1244-1248.

Z.M. Markovi¢, D.P. Kepi¢, D.M. Matijasevi¢, V.B. Pavlovi¢, S.P. Jovanovi¢, N.

K. Stankovi¢, D.D. Milivojevi¢, Z. Spitalsky, 1.D. Holclajtner-Antunovié, D.V. Bajuk-
Bogdanovi¢, M.P. Niksi¢, B.M. Todorovi¢ Markovi¢, Ambient light induced
antibacterial action of curcumin/graphene nanomesh hybrids, RSC Adv. 7 (2017)
36081-36092.

D. Li, M.B. Miiller, S. Gilje, R.B. Kaner, G.G. Wallace, Processable aqueous
dispersions of graphene nanosheets, Nat. Nanotechnol. 3 (2008) 101-105.

A. Anson-Casaos, J.A. Puértolas, F.J. Pascual, J. Hernandez-Ferrer, P. Castell, A.
M. Benito, W.K. Maser, M.T. Martinez, The effect of gamma-irradiation on few-
layered graphene materials, Appl. Surf. Sci. 301 (2014) 264-272.

L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman spectroscopy
in graphene, Phys. Rep. 473 (2009) 51-87.

V. Tucureanu, A. Matei, A.M. Avram, FTIR spectroscopy for carbon family study,
Crit. Rev. Anal. Chem. 46 (2016) 502-520.

D. Yang, A. Velamakanni, G. Bozoklu, S. Park, M. Stoller, R.D. Piner, S. Stankovich,
1. Jung, D.A. Field, C.A. Ventrice, R.S. Ruoff, Chemical analysis of graphene oxide
films after heat and chemical treatments by X-ray photoelectron and micro-Raman
spectroscopy, Carbon 47 (2009) 145-152.

A. Ganguly, S. Sharma, P. Papakonstantinou, J. Hamilton, Probing the thermal
Deoxygenation of Graphene oxide using high-resolution in situ X-ray-based
spectroscopies, J. Phys. Chem. C 115 (2011) 17009-17019.

D. Jaque, L. Martinez Maestro, B. del Rosal, P. Haro-Gonzalez, A. Benayas, J.

L. Plaza, E. Martin Rodriguez, J. Garcia Solé, Nanoparticles for photothermal
therapies, Nanoscale 6 (2014) 9494-9530.


http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0150
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0150
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0150
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0150
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0150
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0155
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0155
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0155
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0160
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0160
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0160
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0160
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0165
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0165
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0170
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0170
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0170
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0175
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0175
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0180
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0180
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0180
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0180
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0185
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0185
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0185
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0185
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0190
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0190
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0190
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0190
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0195
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0195
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0195
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0200
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0200
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0205
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0205
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0205
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0205
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0205
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0210
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0210
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0215
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0215
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0215
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0220
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0220
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0225
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0225
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0230
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0230
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0230
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0230
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0235
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0235
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0235
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0240
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0240
http://refhub.elsevier.com/S1044-5803(21)00074-7/rf0240

Physica E 148 (2023) 115653

ELSEVIER

Contents lists available at ScienceDirect
Physica E: Low-dimensional Systems and Nanostructures

journal homepage: www.elsevier.com/locate/physe

WSO SYSTENS
STRICTURES

Check for

Structural properties of femtosecond laser irradiation induced bismuth ol
oxide based nano-objects in Bi;3SiOyy (BSO) single crystal

Nebojsa Romcevic, Marina Lekic, Aleksander Kovacevic, Novica Paunovic, Borislav Vasic,

Maja Romcevic

Institute of Physics Belgrade, University of Belgrade, 11080, Belgrade, Serbia

ARTICLE INFO ABSTRACT

Handling Editor: M.W. Wu

Keywords:

Czochralski technique
Laser modification
Nanocomposites
Far-infrared spectroscopy

Single crystal of Bij2SiO29 was grown from the melt by Czochralski technique. The crystal growth was in the
[111] direction. The surface of the polished sample was irradiated by a femtosecond pulsed laser beam of various
power. The influence of laser power on structural properties of Bi12SiOg crystal, as well as on its phase
composition, was studied. The surface morphology of our samples was investigated by AFM. The surface of
unirradiated sample is rather smooth with no cracks observed. In sample modified by pulsed femtosecond beam,
we registered the presence of small spherical islands on the surface. The dimensions of the islands and their
density depend on the applied power. There were also significant changes in far-infrared spectra of irradiated

sample in comparation to non-irradiated sample. Based on these results, the material obtained after femtosecond
pulsed laser irradiation consisting of bismuth oxide based nano-objects, formed as nanocrystals (dimensions
below 20 nm in diameter), which are arranged in a matrix of Bi;2SiOg.

1. Introduction

Sillenites (Bi;sMO29, M = Si, Ge, Ti) are optically active crystals
exhibiting a lot of strong effects (optical rotation, electro-optical
(Pockels), magneto-optical (Faraday) and photo-induced effects) and
interesting properties such us remarkably large values of dielectric,
piezo-electric and elasto-optic constants, very high values of the dark
electric resistance, the index of refraction [1] etc. These crystals have
application as active elements in many devices [2]. For these applica-
tions the materials are bulk single crystal samples.

On the other hand, due to their extremely small sizes, nanomaterials
(one, two or three dimensions of less than 100 nm) cannot be used in
large scale, particularly as long-bearing materials in engineering appli-
cations. For this it has long been a desire to develop bulk composites
incorporating these nanomaterials (for example nanocomposites) to
harness their extraordinary properties in bulk applicable materials.
Initial ideas and principles are given in Ref. [3]. The most important fact
is that the characteristics of the nanomaterials are fundamentally
different in comparison with the bulk materials [4].

Lasers play an ever expanding role in material processing [5], as is
the case with surface treatment of single crystals [6] where the energy of
a laser beam interacts with a material to transform it in some way in a
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thin surface layer. This transformation (or laser process) is controlled by
precisely regulating the wavelength, power, duty cycle and repetition
rate of the laser beam. All materials have unique characteristics that
dictate how the laser beam interacts and consequently modifies the
material [7,8].

In our previous papers, we have investigated the influence of locally
induced heating with increasing laser power densities on some nano-
materials such as stable hexagonal transition oxides ZnO doped with
CoO [9] and cubic rock-salt MnO [10]. The influence of femtosecond
pulsed laser power on the quality and optical characteristics of
Bi12GeOyy single crystal was also studied [11].

The aim of this work is to continue our research with investigation
influence of femtosecond pulsed laser irradiation on Bi;2SiOy single
crystal using FTIR spectroscopy along with atomic force microscopy
(AFM), but this time the focus is on modification of material and its
structural characterization.

2. Experimental procedure
2.1. Preparation of crystal samples

Czochralski technique was applied to grow Bi;2SiO9g single crystal,
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where MSR 2 crystal puller controlled by a Eurotherm was used with
temperature fluctuations of the experiment lower than 0.2 °C. Addi-
tional weighing set was used to monitor the crucible weight in order to
keep a crystal diameter constant (absolute deviation was below 0.1
mm).

A platinum crucible was used to contain the melt, which was placed
in an alumina vessel on a zircon — oxide wool. This system was con-
structed in order to stop the excessive radiation heat losses. Also, a cy-
lindrical silica glass after heater was constructed around the system to
reduce the thermal gradients in the crystal and in the melt. Crystal
growth was occurred in an air atmosphere while iridium wires were used
as initial crystal seeds. Later on, seed cuts from the produced Bi;3SiO29
crystals were used for the growth of other crystals.

Bip03 and SiO; were used for synthesis of crystals. Starting materials
were mixed in 6:1 stoichiometric ratio. Optimal pull rate was chosen in
the range 5 — 6 mm/h. Equations of the melt hydrodynamics were used
to calculate critical crystal diameter, d. = 10 mm and critical rotation,
®c = 20 rpm. The crucible was not rotating during crystal growth. The
crystal boule was cooled at ~50 "C/h down to a room temperature, after
the crystal growth. Crystals grew in [111] direction, without core being
observed. Finally, crystals were cut and polished.

2.2. Crystal irradiation and characterization

Crystal samples were exposed to a pulsed femtosecond laser beam
(pulse width 90 fs, repetition rate 76 MHz) from Coherent Mira 900 F
laser system pumped by a 532 nm continuous wave Coherent Verdi V-10
laser. The irradiating beam wavelength was monitored by an Ocean
Optics HR2000CG UV-NIR spectrometer. The samples were irradiated
along their longest axis, z, i.e., along the crystal growth direction.
During irradiation, the crystal facet was partially exposed due to the oval
shape of the beam profile. A graded filter was used to adjust the beam
power on the sample from 50 to 800 mW (measured by Ophir Nova II
powermeter with thermal and photometric heads), which corresponds
to the fluence range of 75-1200 nJ/cm?. Exposure time of each irradi-
ation power was 3s, measured by a stopwatch of 0.2s of accuracy. The
total irradiation time and energy were intentionally kept low to avoid
significant contribution of an accumulative process caused by repopu-
lation of the traps [12].

Far-infrared reflection spectra were recorded in the wave number
range up to 650 cm ™! utilizing an A BOMEM DA - 8 FTIR spectrometer
with a deuterated triglycine sulfate (DTGS) pyroelectric detector.

The surfaces of samples were examined in detail using Atomic Force
Microscope (AFM), NTEGRA prima from NT-MDT. NSGO1 probes with a
typical resonant frequency of 150 kHz and 10 nm tip apex curvature
radius were used.

The X-ray diffraction (XRD) data for Bi;»SiOy¢ single crystals was
measured using X-ray diffractometer (XRD) Rigaku Ultima IV, Japan,
with filtered CuKa1 radiation (A = 0.154178 nm). The X-ray diffraction
data were collected over the 20 range from 20° up to 80° with the step of
0.02° and scanning rate of 2°/min. The PDXL2 v2.0.3.0 software [13],
with reference to the diffraction patterns available in the International
Center for Diffraction Data (ICDD) [14] was used for the phase identi-
fication and data analysis.

3. Results and discussion
3.1. Femtosecond pulsed laser modification

In order to establish the behaviour of the sample material under the
influence of femtosecond beam, three wavelengths from the common
range of the Mira device (700-900 nm) have been chosen. The samples
were exposed to femtosecond beam of 730, 800 and 830 nm, with input
powers of 50-700, 50-800, and 50-550 mW, respectively. For each
wavelength, the transmitted power vs input power has been monitored.
The input power has been gradually increased and in this way the
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influence of possible strong modifications by higher power to the results
of low power was diminished. Transmitted vs. input power dependency
was established (Fig. 1).

Transmitted power dependence on the input power is in fact linear
for each chosen wavelengths. The linear dependence shows uniform
absorption during the input power change — there were no significant
damages in the material of the samples caused by the beam during
exposition. If present, strong or large-scale structural changes inside the
material would change the absorption coefficient which would lead to
the deviation of the Pout vs. Pin (Fig. 1) dependence from the linear one.

Because of that, in the further analysis in this paper, under treated
sample we will consider the sample modified with a laser line of 730 nm
and a power of 700 mW as a representative one. In Fig. 2, a sample
treated with 730 nm and a power of 50 mW was analyzed for
comparison.

3.2. AFM

Fig. 2 shows the results of AFM measurements of the Bi;2SiO9g single
crystal and the same sample after being irradiated by a femtosecond
pulsed laser beam. The surface of unirradiated sample is rather smooth
with no cracks observed, and only traces of mechanical polishing can be
seen in Fig. 2a. Fig. 2b and c. Show the surface of the sample after
irradiated by a femtosecond pulsed laser with 730 nm and power of 50
mW and 700 mW respectively. Full lines at Fig. 2 a-c present directions
in which the structure dimensions were determined. Height prolife on
the surface and in the shine dots is shown in Fig. 2 d. For the treated
samples, the nanoobject clearly stands out in the selected direction. It
could be said that the height of the nano-object for both samples is in the
range of about 10-15 nm, and that the height of the nanoobject increases
with the increase in the power of the femtosecond laser. On the other
hand, the diameter of these nano-objects is about 20 nm (Figs. 2b) and
15 nm (Fig. 2¢). In addition, we note that the density of nano-objects is
significantly higher in Fig. 2c.

Average roughness (Ra) for the samples shown in Fig. 2 a, b, cis 1.25
nm, 1.57 nm and 1.6 nm, respectively. Although the value for Ra is
relatively small, i.e. the surface of the samples is relatively smooth, we
can conclude that as a result of the femtosecond laser treatment, as well
as when increasing the laser power, the value for Ra also increases,
which is expected.

3.3. XRD measurements

Phase analysis using XRD of single crystal BSO samples are presented

600
Bi,,SiO, single crystal
treated by femtosecond laser
400 ~ O A=730nm
— o A=800nm
< A 3.=830nm
£
=
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o
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Fig. 1. Transmitted (Pout) vs. input (Pin) power for samples exposed to the
beam of 730 nm, 800 nm and 830 nm.
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in Fig. 3. Phase analysis indicates that all peaks belong to the Bi;3SiO2¢
phase, which is in good agreement with the JCPDF Card No. 37-0485.
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Fig. 3. X-ray diffraction results of untreated Bi;,SiO single crystal, peaks of
Bi;5Si020 phase marked with hkl.
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Fig. 2. AFM results of Bi;2SiO single crystal: untreated (a); femtosecond laser treated sample: 730 nm, 50 mW (b) and 730 nm, 700 mW (c). Height prolife on the

The XRD for the treated sample is no different from that for the
untreated.

3.4. Far-infrared spectroscopy

The experimental far-infrared spectrum of BSO single crystal was
recorded in the spectral range of 70-650 cm ™! at room temperature and
in Fig. 4 is presented as a blue line. The obtained spectrum shows all
characteristics described in the literature [15,16]. The far-infrared
spectrum of the femtosecond laser treated BSO, recorded in the spec-
tral range of 70-650 cm ™! at room temperature, is presented in Fig. 4 as
ared line. Even though the spectra given in Fig. 4 were recorded under
the same conditions, differences in the BSO single crystal and femto-
second laser treated BSO spectra are clearly visible at in several places,
such as about 130, 180, 280 cm ™ ...

I'=8A + 8E + 25F (@]

Among these modes, only the F modes are infrared active.

Fig. 5, lower spectrum, shows the far-infrared spectra of BSO single
crystal. The points are given the experimental results, and the solid line
is obtained in the standard way by the procedure of fitting parameters
[18,19]. Due to the large energy gap (Eg = 2,57eV) and accordingly very
low concentrations of free carriers, a dielectric function was used which
takes into account only the interaction of electromagnetic radiation with
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Fig. 4. Experimental far-infrared reflection spectra of Bi;5SiO single crystal

untreated (blue line) and treated by femtosecond beam (red line). First, in short

about factor group analysis. Crystal BSO has a cubic unit with space group 123

(T3) [17].
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Fig. 5. Far-infrared reflection spectra of Bi;»SiOy single crystal and femto-
second laser-treated Bi;,SiO5y sample. The experimentally obtained data points
are depicted as circles. The theoretical spectrum obtained with the model
defined by egs. (2) and (3) and fitting procedure is given as solid line. Insert.
Schematic overview of the femtosecond laser-treated Bi;2SiO2o sample.

phonons:

S @ iy, — ©F
(@) = £ H : .7ALO kL0 )
T O T Wiro — Wiro

where ¢, is the bound charge contribution and is considered as a con-
stant, ook and ook are the longitudinal and transverse optical — phonon
frequencies, and yrok and yrok are the phonon dampings.

The results obtained for TO/LO frequencies (in cm™ ) are: 69/71,
94/95, 104/112, 123/150, 129.5/130, 142/143, 175.2/175.5, 187.5/
192.5, 202.5/204.3, 229/251, 267/276.8, 297.5/371, 424/427, 453/
494, 520/551.5, 572/581, 594/613, 647/658. The agreement with the
literature data [15,16] is excellent. This result serves as an introduction
to the spectrum analysis for the femtosecond laser treated BSO sample,
where the situation is somewhat more complex. Fig. 5, upper spectrum,
shows the far-infrared spectrum of femtosecond laser treated BSO single
crystal. The points are given the experimental results, and the solid line
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is obtained in the following way.

Namely, as can be seen from Fig. 2b and c, laser treatment leads to a
change in the surface of the samples. It seems that its composition
changes in a very thin layer, but also that nanoobjects are formed inside
the layer and on its surface. Therefore, we decided to use a model that
takes into account the existence of a three-layer structure (see insert of
Fig. 5), where.

(a) medium 1 is air (¢ = 1),

(b) medium 2 is a layer with thickness d present at the sample surface
with dielectric constant &3 (eq. (2)), and

(c) lower optically thick layer, medium 3, practically single crystal
BSO, described with &3 (eq. (2)).

In this case, the reflectivity can be determined as described in
Ref. [20]:
A, rpe™ 4 rpe”

Ry="r =0 T ne 3
4 Ai e 4 rprp3e® ( )

where rj = (n; —ny) /(i +ny) = (/& —/&)/(\/& +,/&) are the Fresnel
coefficients, A; and A; represent amplitudes of the incident and reflec-
tion beams, respectively, n is the complex index of refraction, ¢ is the
dielectric constant and o = 27nwd (e5)'/2 is the complex phase change
related to the absorption in the crystal layer with the thickness d.
Reflectance, R, is given as R = |RA|2.

The parameters of the treated sample were determined by the fitting
procedure. In that manner, the parameters for the single crystal BSO
layer (medium 3) remained the same as those determined from un-
treated sample. The surface layer (medium 2), besides them, has addi-
tional modes. The layer thickness is d = 1,9 pm. Comparison of our result
with the values from the literature for the registered additional phonons
is given in Table 1.

Some results from literature, for example [22], show that
laser-induced oxidation of bismuth can occur, but the degree of oxida-
tion and the formation of the crystalline phase strongly depend on the
laser power. We think that in our case, due to laser heating, on the
Bi;2Si0y single crystal, the formation of starting material phases occurs.
It is known that bismuth oxide can exist in several polymorphic forms:
a-BizOs, the only phase stable at room temperature, and three
high-temperature phases, p-, 8- and y-BizOs. The orthorhombic phase,
a-BizOs, transforms to cubic §-BiO3 at 729 °C, which may transform to
tetragonal p-BipO3 or body-centered cubic y-Bi;O3 upon cooling to 650
and 639 °C, respectively [24-27]. Both of these forms are metastable,

Table 1
Comparison between additional far-infrared frequencies registered in this paper
and experimentally and calculated frequencies from the literature.

Phonon peaks Experimental literature Calculated phonon Description
This work values of phonon frequencies [em™1]
[em™1] frequencies [cm ']
120 120 [21] 120 [21] Bi4O7 [21]
118 [22] a-Bir O3
[22]
124 [21] $-Bi2O3
[21]
161 157 [21] y-BizO3
[21]
166 [23] y-Bi>03
[23]
278 279 [22] -Biy03
[22]
281 [21] -Biy03
[22]
380 381 [21] y-Biz03
[21]
388 [21] Bi;0; [21]
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but may be stabilized at room temperature by the addition of impurities
[25].

Another metastable phase, which was also registered by our mea-
surements, is Bi4O7. This phase is a fully chargeordered pseudo-binary
bismuth (Bi®*, Bi®") oxide [28,29]. This mixed valence and the opti-
cal gap within the visible range (1.9eV) turns the Bi4O; interesting for
applications in photocatalysis. Also, because of strong luminescence at
about 420 nm Bi4Oy is a candidate as for purplish-blue light emitter
[30]. One of the following directions of research can be dedicated to this
topic as well.

It seems to us that in this way it is clearly shown that femtosecond
laser treating produces nano-objects consisting of different phases based
on bismuth oxide in a matrix of Bi;»SiOy single crystal. In the future, we
will search for new functionalities, which would open up new topics and
areas.

4. Conclusions

We used a femtosecond pulsed laser to modify the surface on a
Bi;2Si0y single crystal growth by Czochralski technique. The treatment
led to the formation of bismuth oxide based nanoobjects in the Bi;2SiO29
matrix. These nanoobjects are formed as nanocrystals with dimensions
below 20 nm in diameter and about 15 nm in height. By composition,
they are a-, -, and y-Bi»O3 and Bi4O;. The concentration of nanoobjects
increases when the power of the femtosecond laser increases. Applica-
tion in optoelectronics and optical sensor industry is expected.
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CyO-MUKpOMETapCKe NapaliesIHE MOBPIINHCKE
CTPYKTypE€ HHAYKOBaHE (DEMTOCEKYHIHUM
J1aCePCKUM CHOMOM y (hOpEH3UIU

Anekcannep Kopauesuhi, Cy3ana [lerposuhi, Mapuna Jlekuh, bopucnas Bacuhi, bpanucnas Canatuh,
Jenena I[otounuk

Ancmpakm— Jenan oa edekaTa HHTEPaKLHje YITpa-KpaTKoOr
JIaCEePCKOr CHOMA ca MaTepHjajuMa je ¢popMHupame MapaJeJHuX
cTpyktypa Ha mnoBpmnHu (laser-induced parallel surface
structures - LIPSS), unju je mepuoa Mamu o1 TajacHe Jy:KHHe
CHONAa. YKO/IMKO ce pagd 0 BHLIECIOjHUM TAHKHM (PUIMOBHMA
MeTaj1a, KBATHTET (JOPMHPAHUX CTPYKTYypa je 60/bH. Y30paK o
neT ABOCJOjHUX TaHKHX (puamoBa Al u Ti Ha cynerpaty Si cmo
H3J10:KHJIH (PeMTOCEKYH/IHOM CHONY H 3ana3uin GpopMupame 1Be
BpCTe CTPYKTYpa Koje ce pa3aukyjy mo obauky. O6e cy Bpere
BEPOBATHO Y3POKOBAHE I0jaBOM MOBPLUIHHCKOI IJIa3MOHA-
NMOJIAPHTOHA HA MOBPLIMHH Hajropmer ciaoja. [lojaBa niazmona
NOJAPHTOHA HA MOBPIIMHH TAHKHX METAJIHHX (HIMOBA M
HAHOYCCTHIA MoKe aa OrpaHuYH NMpPOCTHPame
€JIEKTPOMATHETHOT MO0/ba H 72 Mojaua (IyOpecHeHTHH CHTHA
H3 MOJIEKY/1a XeMHKAJHje HAa NOBPIIMHH. Y 3aBHCHOCTH O]
cTpyKTYype HHTepdejca 3a oapehnBame nH/bHE XeMHKA/IHje HA
METAJIHOj NOBPLIHHHU (hi1yopecneHIHja M000/bIIAHA IIA3MOHOM
(plasmon-enhanced fluorescence, PEF) je mpuBi1auan mertoa 3a
ckpaheme BpeMeHa H  Hojayame  OCET/BHBOCTH — Pa3sHHX
AHAJTHTHYKHX TEXHOJIOTHja Koje ce KopHcTe y (OpeH3HuIH.

Kuwyune peuu— (eMTOCEKYHAHH Jacep; BHIIECJIOjHH TAHKH

puamosu; NepHOIHYHE NMOBPUIHHCKE CTPYKTYpe;
¢pryopecuennuja.

I. YBOIL
WnTepakimja  nacepckor  CHOma  ca  MOBPIIMHOM
npoy3pokyje MHore edekre, Mehy kojuma je y mnocieame
BpeME Naxiby 3a0Kynujo  (opMHpame  HapajeiHux

crpykrypa (LIPSS — laser induced parallel surface structures)
nojx  JACjCTBOM  yiaTpakparkmx — cuomoBa  [1].  36or
KapaKTepPUCTUKE Jla UM je TIEPUOAMYHOCT Marba OJ TalacHe
IY)KMHE CHOIA, I0Jb€ IMPHUMEHE je BeoMa MMpoko [2].
WnTepakimja ca mMerannmMa MoXe MOOOJBIIATH TPHOOJIOIIKE
KapaKTepUCTHUKE, 4 Ha JIaMEeJIapHUM MaTepHjaiuMa, Kao LITO

Anekcannep Kosauepuh — Wucruryt 3a Qusuky VYHuBepsutera y
Beorpany, [Ilperpeunma 118, 11080 beorpan, Cpouja (e-mail:
aleksander.kovacevic@ ipb.ac.rs).
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Yuusepsurera y beorpany, I1I1 522, 11351 Beorpan-Bunua, Cpouja (e-mail:
spetro@ vin.bg.ac.1s).
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Cy BUINIECIIOjHH TaHKK MeTaiHu ¢uimosH, popmupann LIPSS
uMa Jobap KBaIUTET M MOXe JAa mnobosblia ocobuHe
nospuivHe [3-4]. CHOMOBM pa3iMuMTHX KapaKTepUCTHKA
(payenua,  Tanmacma  ayxuHa,  Iy)XMHAa  HMIYJca,
nojapusanuja, ...), pasHu Matepujanud  (JAUCICKTPHIIH,
MOJYNPOBOJIHUIA, METalH, ...), alld W CTalke aMOujeHTa
TOKOM MHTEpaKlMje — CBE TO YTHYE Ha KapaKTePUCTHUKE
LIPSS [5]. T'enepanno, youena je TmojaBa JBe BpCTe
CTPYKTYypa, ca HIKOM npocTopHoM yuecradouthy (LSFL —
low spatial frequency LIPSS) u ca BuIIOM mpocTOpHOM
yuecranomhy (HSFL — high spatial frequency LIPSS) [6].

II. EKCITEPUMEHTAJIHA TTOCTABKA

V3opum koju cy kopuinheHu cy 100ujeHu ienoHoBameM Al
u Ti na noanory ox Si (1 0 0) nomohy Balzers Sputron II
anapara koju kopuctu 1,3 keV aproncke jone u ca 99.9%
yuctohe Al m Ti mera. J[Be BpcTe y3opaka cy MOIBPrHYTE
UHTEPaKLMjU ca GemMTocekyHHUM cHomoM. [1pBu tun je 6uo
CUIIMIIMjyMCKa TIojIora Ha Kojoj je aenoHoBaHo mnetr Al/Ti
JIBOCJIOja YMME je MOCTUrHyTa yKynHa nebspuna ox ~130 nm
(cBakum cinoj ox ~13 nm). [Jlpyrm Tun je Takohe Ouo
CUIITMIIMjyMCKa MOJIIOTa, alli Ha KOjoj je OMO JEeNMOHOBaH jeaaH
cnoj Al nebsbune ~130 nm.

FB MPY

sample

MPX

PL

Cn. 1. Jlujarpam eKkCIepUMEHTAIHE TOCTABKE 33 CTaTH4HY MHTepakuujy; PL
— nacep 3a nymmnawse, PB — cHon 3a nymname, FS — u3Bop demrocexyHaHor
cHona, FB — ¢emrocekynaun chon, SHG — ynpajau yuecraHoctu, BE —
npoimmmpuBau cHoma, FL — ¢okycupajyhie counBo, MPX/MPY/MPY -
MUKPOIO3HIKOHEPH, SM — criekTpomeTap, sample - y3opak.

Uzsop pemrocexynmnor cuomna je 6uo Coherent Mira 900F
cucteM udja je (¢pekBeHudja yasojeHa ca Inrad 5-050
yATpadp3umM reHepaTopoM Jpyror XapMOHHMKA.
Kapakrepuctuke cHoma cy 6mie: tamacHa ayxkuHa 390 nm
(ynBojeno) u 800 nm (OCHOBHM XapMOHHMK), Jy>KHHA UMITyJIca
~150 fs, penernuuja 76 MHz (nepron uamely umimysca ~13
ns), cuara Ha metu 160-260 mW, nuneapua nonapusanuja y

ISBN 978-86-7466-930-3
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XOPU3OHTAJIHOj  paBHM, [aycOB  eJMOTHYHM  NPOPHIL
Excrnosunmje cy 6une oxn 1 1o 10 s. TanacHa nyxwuHa cHona je
KOHTposicaHa (ubep-ontuukum  criektpomerpom  Ocean
Optics HR2000CG-UV-NIR. Hurepakuuje cy obaBibaHe y
Basnyxy (okycupamem (eMTocekyHIHOr  CHOma MO
HOPMaJIHMM YIJIOM Ha MOBPLIMHY HPBOT cioja y3opka (Al),
ci. 1. Pesynratm cy aHanm3upaHu — ckeHupajyhum
enexTpoHckuM Mukpockonuma (SEM) JEOL JSM 6560 LV
koju wmMma Oxford Instruments EDS anamusarop u FEI
SCIOS2, xao n nomohy Mukpockona aromckux cujia (AFM)
NT-MDT NTEGRA Prima.

Ha ca. 2 je nujarpam nocraBke MmoaudukoBaHe 3a norpede
CKEHMpama CHOMa MpeKo y3opka. M3ocraBmen je ymBajau
YHECTaHOCTH, HYMME je HHTepakKlija TNpeHeceHa y OJMCKy
uH(ppaupeeHy obnact, paad CKEHHpawa Ce CHOIl YBOIH Yy
ormepanan 2D ckeHep w y mpommpHBadY CHOma, a
(dokycupame ce obaBba 00jeKTUBOM  MOIM(PHUKOBAHOT
mukpockomna (40x, NA=0,65).

XY crerep BE

" | O e

[adidh

FS

Ca. 2. Jlujarpam eKcrnepuMeHTaIHe MOCTABKE 33 MHTEPAKLM]Y Y3 CKCHUPAhEe
cHoroM; PL — nacep 3a nymmname, FS — u3Bop dpemrocekyHaHor cuona, PM —
Mepesbe cHare cHoma, XY ckeHep — ckeHep cHomna, BE — npowmpuBau cHona,
sample - y3opak.

1II. PE3VJITATU U AUCKYCUIA

Ha ci. 3 je npuka3s ciuke SEM zena 061acTy MHTEpaKIyje
ca 5x(Al/Ti). ®emrocexyHaHM cHOI TanacHe ayxune 460 nm
je nmao dayenmy ox 13,6 mJ/cm® a Bpeme excriosuimje 10 s.
V o0nacTd MHTEpaKkuMje ce BHUJIE NapajielHe CTPYKType ca
neprogoM ox oko 300 nm. Ctpykrype cy dpopMupaHe y BUIY
u3nuruyha Ha NOBPLIKMHM.

Cn. 3. Ilpuka3 cimke SEM nena obmactu munrepakumje ca 5<(Al/Ti) Ha Si;
dnyenua 13,6 mJ/cm?® u 10 s Bpeme excriosuuje.

Ha cin. 4 je npuxazana AFM cimka o0act MHTEpakiyje
npukazaHoj Ha ci. 2. OBue ce 60Jbe BHIM J1a Cy CTPYKType
(dopmupane kao uzaurayha Ha MOBPIINHY.
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Cn. 4. Tlpuka3 AFM ciuke nena 061acTi MHTEPAKLUMje NPUKa3aHe Ha CIL. 2:
5x(Al/Ti); dpayenna 13,6 mJ/cm? u 10 s Bpeme ekcrosuuuje.

VY3opak apyror tThna — jeaaH cioj tTankor ¢puima (~130 nm)
Al — je 6uo usnoxken ¢uyenny ox 8,6 mJ/cm® ucre Tanacue
Jy’KuHe U BpeMeHy excrosuumje oxn 10 s. Pesynratu y Buny
civke SEM nena obnactu MHTEpaKLyje Cy NPUKa3aHu Ha CIl.
5.V ueHrpanHoM jeiy je AOIuio Jo abiaiyje TOmbemheM, a
abipaHn MaTepujall ce Pacrlopesro y OKOJIMHU LIEHTpAHE
3oHe uHTepakuumje. Jouuio je mo pacnoxene y Buay LIPSS,
Iy KBaJIMTET 00JIMKa HHje Tako 100ap Kao y cilydajy mpBor
y3opka. [Ipoctopuu neprox crpykrypa je oko 300 nm.

X189, 8068 13m

Cn. 5. Tlpuka3 civuke SEM oGnactu untepakiumje ca Al Ha Si; dnyenua 8,6
mJ/em?® 1 10 s Bpeme ekcriosuimje [4].

YnanHu yntTpakpaTKi CHOM u3a3uBa Ha uHTEpdejcy usmehy
MEeTalHe W JHMEeJCKTPUYHE MOBPLIMHE MO0jaBy MOBPILIMHCKOT
iazmMoHa (SP), a WeroBoM HMHTEpaKIMjOM ca YIaaHuM
CHOIIOM J07a3d 10 (opMmupama MNOBPIIMHCKOT IUIa3MOHA
nonaputona (SPP) [2, 7], xoju y3pokyje craTHUHY
NEepPUOJMYHY DACIOfey €HEepruje Ha TMOBPIIMHH, TMepHoja
Mawmer OJl TajacHe JAyXKWMHE ymaaHor cHoma. JlyOouwna
Mpovpama Jacepckor cHoma ox 390 nm ce u3pauynana [8] 3a
Al na oxo 3 nm, a 3a Ti na oxo 9,3 nm.

[MpucyctBo moxacioja Ti y3pokyje mnosehamwe mpara
omrehema rpsor (ropmer) cioja, Al. Temneparypa peerke
ce QopMupa Kpo3 JBa MEXaHU3Ma: €JICKTPOHCKO-()OHOHCKH
(koju y3pOKyje JOKanM3alkjy 3arpeBama), W TPAHCIOPT
CJICKTPOHMMA BE3aH 3a TOIMJIOTHY I[POBOJHOCT €IEKTPOHA
(xoju omHOCH TOIIOTY OX 30HE MHTepakuuje) [9]. Paznuka y
CJICKTPOHCKO-(OHOHCKO] crpe3n u3Mel)y nBa Marepujaia
BOAM 1O CTPME MPOMEHE TEeMIIepaType peIIeTKe YHYTap
nozacioja (Ti). Kao mocienuiry, enexkTpoHr U3 TOPHEr cloja
(Al) 6p30 npeHoce eneprujy cienehem (moxaciojy) u TMMe ce
TepMaiHa eHepruja npenocu kpo3 uHTepdejc Al/Ti, crpexe
Ca PEeLICTKOM M Ha Taj HAYMH OJHOCH U3 30HE HHTEepakuuje. Y
npeoM cienehem ciojy (moacnoj, Ti) momasu mo romuiama
TepMaJIHe SHEepruje MEepUOJUYHO Y JaTepaJHOM CMepy, alu
300r BHCOKE TemIeparype Tomubewa Ti He nomasum 10
torbema. [Ipar omrehema npsor cnoja je Tume nosehan jep
ce CHEepruja yriiaBHOM TOMWIA y IIPBOM MOACIOjy, Koju Beh
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uma BHcOk mpar omrehema. OpncyctBo mnoxacnoja  Ti
omoryhaBa rommiame eHepruje y ciojy Al um umspaxeHo
TOMbewE (CI1. 5).

VY mnopehewy ca Al/Ti BuIIeciojHAM y30pKOM, ONTHYKA
nybuna npoaupama 3a Al je Huxa, wrto pesynryje Behum
BPEHOCTHMA arcopOOBaHE CHEPrHje M aKyMyJalldje TOILIOTE.
Torubeme U abnanyja cy U3pakeHuju HEro KOJ BUIIECIIOjHOT.

OcuM CTaTHYKOr 03pauMBaba, BPLICHA Cy W JUHAMHUYKA,
Kaxa je CHOI CKeHHpaH MPeKo MOBPIIMHE y30pka. Y OBOM
ciyyajy je tamacHa ayxuna Owmrta 800 nm, a ¢ayenna 153
mJ/cm?. Ha oxpeljenum mpaBruma je CKEHHpAILe H3BPIICHO
BULLIECTPYKHMM [IPEJIETOM CHOIA MPEKO MOBPLIMHE Y30pKa; Ha
ciI. 6 je mpukasana 00JacT Jela MHTEpPaKIMje TIAe je CHOI
ckenupan 8, 9 u 10 myra. IIpocTopHH mepuo CTpykType je
oko 283 nm (Mame O MOJIOBUHE TAJACHE TyXKHMHE yNamaHOT
cHoma). Y WHCeTy Ha ci. 6 je mpukazaHa AFM cnuka nena
uHTepakuuje, GopMHUpaHa MO WHTEH3UTETY TYHEJICKE CTpYje
uamel)y Bpxa mpobe u y3opka. [Ipumehyje ce ma je crpyja
Kkpo3 (opmupane crpykrype (popmupane y Buny ysmurayha
Ha TOBPINMHU) Mama (CKBUBAJICHTHO TaMHHjoj O0ju) Hero
CTpyja y JAeJOBMMa KOju HHCY TpaHc(OpMHUCaHU (CBETiIHja
60ja). To HaBomM Ha 3aKkJbydyak Ja je JOILIO JO CMambera
NPOBOJHOCTH Yy THM JIeJOBMMa, 3a KoOje ce MOXe
NPETIIOCTABUTH JIa j€ Y3POK jaya OKCHAALMja KOja je yCien
Beher romMunama eHepruje.

D2 = 283.34 nm

8
D1 =230.91 nm

Cn. 6. Tlpuka3 cnuke SEM (nieBo) u AFM (uHCeT-iecHO) Jena ofnactu
nntepakumje 5%(Al/Ti) va Si; nmoHOBeHO ckeHupame, 8—10 mponasa,
dryerna 153 mJ/cm?; 6pojesn 8, 9 u 10 mpencrasbajy 6poj mpeneTa cHoMa
MPEeKO MCTOT MpaBLI@; Mpasall noJiapu3alyje je 03HaueH OenoM CTPEITHULIOM.

Mounen uznoxen y [10] npennaxe gopmupame jeaHe Bpere
LIPSS ma wMeranHMM TOBpUIMHAMA HWHTEPAKIMjOM Ca
yJATpaKpaTKUM CHOTIOM Yy Ba3Iyxy. Y IPBOM KOpaKy pacejare
Ha MOBPIIMHCKUM HEeperyJiapHocTuMa uHaykyje nojaBy SPP u
HEePUOIMYHE pacrojiesie eHepruje Ha MOBPLIMHU. Y IPYroM
KOpaKy, Ha MECTHMa IJIe Ce eHepruja akyMmyJupa J0Ja3u J0
3arpeBama M peakiyje MeTaja ca KMCEOHMKOM U3 Baslyxa.
360r yaTpakpaTKOr HMIIylica je OKcuaanuja Opka of
Tepmanne audysuje, U nedbMHA OKCHIA PacTe Ha MECTHMa
aKkyMyJupaHe eHepruje. TmMe ce oapkaBa HaHOMETapcKa
nokanuzanja. Kako crpykrypa pacre y Bucumy, pacejame ce
nojayasa ¥ THMME je OCTBapeHa MO3WTHBHA MOBpaTHA CIpera.
VY tpehem kopaky — Kako CTPyKTypa pacte — 30or cBe Beher
NPUCYCTBA OKCHAA C€ CMaibyje MNpOJMpame KUCCOHHKA Yy
CTPYKTYPY M THME Cce Len Tpoliec 3aycraBiba. Tpelin kopak
VMa HETAaTUBHY IOBPATHY CIIPETY.
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Cn. 7. Tlpuka3 cimke SEM pena obnactu uHtepakumje 5x(Al/Ti) Ha Si;
MOHOBJbEHO CKeHHpame, 10 Tpomasa, ¢myenma 215 mJ/cm? mpasan
HoJIapu3aLje je 03HaueH GeIoM CTPEITHLIOM.

Ha cnukama 3 u 6 je npukasano gopMmupame jenHe BpcTe
LIPSS, ,rpebeH”, Hacraje OKCHIALMjOM M HAJIOrPAAHOM
marepujana. IlpBary npoctupama rpebenckux LIPSS je
napasiesan npasity nosapusanuje ynaasor caomna (HSFL). 3a
Hemro Behe duyenne choma, ci. 7, nonasu no abnanuje
Marepujasia, a y abiMpaHoj obiacTH ce TojaBlbyje Ipyra
Bpcra LIPSS, ,kanamu™. Tamacua ayxwuna je 800 nm,
¢doryenna 215 mJ/cm2, a kao pe3ynTar je MpOCTOPHU MEPUOT
on 370 nm. Ilupuna kanama je 80 nm. AOnaumja je
HaCTyNuUJIa ycie ToIUbeha/ucapasama Marepujana. [pasary
kanaickux LIPSS yrpaBan Ha npasai nojapusangje yrnamHor
cuona (LSFL).

ITojaBa mia3mMoHa — KOJEKTHBHE OCHJIALIN]e HACIeKTprcama
U TPUAPYXKEHOT €JIEKTPOMArHEeTHOT I0/ba HAa IOBPLUMHU
MeTanmHuX (QuiMoBa M  HAHOCTPYKTypa — omoryhasa
OrpaHHYeHE MPOCTUPAbA CBETJIOCTH Y Mase 00J1acTH U THME
je Jano HOBa pelleha y ONTHYKAM CIEKTPOCKOMHjaMa, Kao
IITO Cy MOBPIIMHCKK-TI000JbIIaHa PaMaHoBa CrieKTpOCcKoHja
(in  surface-enhanced Raman  spectroscopy, SERS)
HOBPLIMHCKK-TI000JbIIaHA  MH(paLpBeHa  CIIEKTPOCKOIHja
(surface-enhanced infrared spectroscopy, SEIRA) wu
MITIa3MOHCKHU-TI000bIIAHA  (hTyOpECLeHTHa CIIEeKTPOCKOIHja
(surface plasmon-enhanced fluorescence spectroscopy, PEF),
KOje ce KopucTte y HH3Y (DOPSH3MUYKUX aHATMTHYKUX
TEXHOJIOTHja 3a JIETEKIM]y XEMUjCKMX W OUOJOIIKMX areHaca
peNICBAaHTHUX Yy  BaXHMM  0OJacTMMa  MEIMUMHCKE
JIMjarHoCTHKe, KOHTpoJsie XpaHe u 6e3benHoctu [12]. V PEF
ce ¢uayopodopHu 03HAYMBAYM COPEKY €A OTPAHMUCHUM
M0JBEM TTOBPLIMHCKUX [1JIa3MOHA ILITO C& MOXE KOHCTPYHUCATH
Jla BEOMa I10jaya MHTEH3UTET €MUTOBAHOr ()JIyOpECLIEHTHOT
CBETJIA paJil JETEKTOBaba BPJIO MAIMX KOJIMYMHA aHAJIUTA Ca
noGOJBIIAHOM TPaHHULIOM NeTeKiWje W ckpahemeM BpemeHa
anamuse. [IpocropHo mnpeknaname u yckiahusame (ase
u3mel)y MoJapuTOHa BOAM 10 YCNOCTaB/barba CIPErHYTHUX
CHUMETPUYHMX M AHTUCUMETPUYHUX MOJOBA MOBPLIMHCKOL
iasMoHa nosiaputoHa. CHMETPUYHH THII MOJA CE MOKe
NoOYIUTH Ha METATHAM MOBPLIMHAMA €a TYCTHM pelleTkama
ucnoag  HUBoa  audpakuuje. Judpakuuja Ha  TaKBoj
NEePUONMYHO]  MOIyNalMju  JO3BOJbABA  Ja  IUIA3MOHHU
NOJIAPUTOHU  KOJU C€ MPOCTUPY y CYHNPOTHOM CMepy
UHTEparyjy, crBapajyhiu ImojauaHe MHTEH3WTETE I10Jba
JIOKAIN30BaHe WK y yAyOsbemuma (“KaHanu™) pemeTke uin
Ha BpXOBUMa (,,'peOCHM") IEpHOIMYHE MOJTyJIallnje.
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IV. 3AKIBYUAK

[IpukazaHo je ucnUTHBaWbE MOBPUIMHCKMX MoAU(UKaLuja
MHIYKOBAaHUX Ha TAHKAM (UIMOBUMA — Yy30pLH OO IeT
(Al/Ti) OucnojeBa (ykynue ne6spune 130 nm) Ha Si xao u
y3opuu on jemHocinojuor Al (ne6spuue 130 nm) wa Si —
noMohy (peMTOCEeKYHIHOT JIaCepCKOT CHOMa TalacHe JTyXUHe
oxn 390 nm u 800 nm u penerunuje 76 MHz (~13 ns usmely
umIyiaca). 3a  cTaTM4Ky UWHTepakuujy cy Gopmupane
noBpuiMHCKe — mepuoamune  crpykrype  (LIPSS)  ma
BuiiecinojaoM Al/Ti npu uyenum jeanor umnyica ox 10,3—
14 mJ/em® a wa jenmocnojuom Al mpu duyenum jemsor
pmmynca ox 8,6 ml/em?. TpucyctBo mozacnoja nosehasa mpar
omTehema HajrOpmer clioja, IMTO I1000JbIIABA KBAIUTET
¢opmupanux  LIPSS.  3a  aunammuky — uHTEpakuujy
(CKeHMpame CHOIA MPeKo MOBpIINHE y30pKa) 3a 153 mJ/cm?
je mouwio no Qopmupama rpeberckux LIPSS, a 3a Behy
duyenny jennor ummysca, 215 mJ/em?, 1o kananckux LIPSS.
Ha ocHoBy npaBna npoctupama LIPSS ce 3akibyuyje mruxoBa
Bpcta, LSFL (umcke mpocropue yuecranoctu) miaum HSFL
(Bucoke mpocTopHe ydectaHocTH). 3a dopmupame LIPSS ce
MeXaHM3aM c€ BMAM Yy [O0jaBd MOBPIIMHCKOL ILIa3MOHA
MOJIAPUTOHA KOJU M3a3MBa MEPUONUYHY PACIONETy €Hepruje.
IIpucyctBo Mojcioja oxrosapajyhux TEPMUYKUX
KapakTepucTika omoryhaBa Jlako MpEHOLICHE TepMalHe
eHepruje y ayosse ciojese. Kox rpebenckux LIPSS uma tpu
KOpaka BE3aHMX 3a MPOAMpaE KUCEOHMKA M3 BaslyXa y
Mmarepujan (okcunanuja), 10k kon kaHaickux LIPSS nonasm
N0 abiauuje  TOIUbEHEM/HCIApaBakbeM U yKiambamwa
Mmarepujasa.

IMojaBa mIa3MOHa TOJAPUTOHA je BaAXKHA TMPU HEKUM
(uyopecueHTHUM TexHMKama, kao wro je PEF, koju je
YHaNpeauo OCEeTJbMBOCT M CKPAaTHO BpeMe aHaju3e
npoleaypa 3a JACTeKUHWjy BAXHUX aHAIMTa YyKJbyuyjyhu
Oouomapkepe, maroreHe M TokcuHe. OBa jenumema  Cy
JIETEKTOBAHA HA HUCKUM (PEMTOMOJIAPHUM KOHLEHTpal1jama,
a aHanm3a je Beoma ckpaheHa. Jeana oj mia3MoHa Koju ce
NojaBJbyje je TecHO Be3aH ca I10jaBOM TIEPUOJHUHHUX
CTPYKTYpa ca MepruoaoM MamuM of TaiacHe ayxuHe (LIPSS).
Wnnykosawe LIPSS Moxke OMTH MHTEpECaHTHO y BEIMKOM
Opojy  npuMeHa —  MEAMLMHCKUM,  J€KOPATHBHMM,
TPUOOJIOLIKKUM, M Jp. — 300T T0jaBe IIa3MOHA TMOJAPUTOHA
KOjUM ce CBEeTJIOCT KoH(uHUpa W oMoryhasa mofosbliame y
MIA3MOHCKHU 1T0O0JBLIAHO] (IIyOPECLEHTHO] CLIEKTPOCKOIHU]H.
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ABSTRACT

One of the effects of the interaction of ultrashort laser beam with
materials is the forming of laser-induced parallel surface structures
(LIPSS), with period less than beam wavelength. For multilayer thin
metal films, the quality of formed structures is better. The sample of
five bilayers of Al and Ti on Si substrate was exposed to
femtosecond beam and noticed the forming of of two types of
structures different in shape. Both are most probably the product of
surface Plasmon polariton on the surface of most top layer. The
occurrence of Plasmon polariton on the surface of thin metal layers
and nanoparticles can confine the propagation of electromagnetic
field and to amplify the fluorescent signal from molecules of the
chemical compound on the surface. Depending on the interface
structure for determining the target chemical on metal surface,
Plasmon enhanced fluorescence is an attractive method for
shortening the time of detection and increasing the sensitivity of
various analytical technologies used in forensics.

Sub-micrometer parallel surface structures induced by
femtosecond laser beam in forensics

Aleksander Kovacevic¢, Suzana Petrovi¢, Marina Lekié,
Borislav Vasi¢, Branislav Salati¢, Jelena Poto¢nik
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Modeling of experimental evidences for self-organization
of soliton-tweezers in nanosuspensions
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ABSTRACT

The exhaustive experimental investigations allowed us to understand
spontaneous self-organization of soliton-tweezers in pure water naturally
containing suspended nanobubbles. The laser beam propagation modifies the
medium, but due to feedback mechanisms beam is itself altered in a self-
organized way generating soliton. In soft matter like body water, suspended
nanoparticles are aspirated inside the beam if their refractive index is larger than
the background one. In opposite case they are expelled making again soliton
self-focusing, thus, compensating defocusing effects. The result is a
spontaneously self-collimated soliton-tweezer with a conserved profile as
demonstrated by experiments and numerical simulations of a novel complex
intensity equation. Coefficients multiplying this equation terms are determined
by experimental measurements allowing the predictability important for
noninvasive medical applications in inactivation of viruses, bacteria, and cancer
cells.
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SOLITON-TWEEZERS IN NANOSUSPENSIONS

1. Introduction

Biomedia like blood, myosin, kinesin, ribosomes, liposomes, and
varieties of living cells suspended in body water can be manipulated,
tweezed, and controlled using laser beams and pulses[1-7]. The laser
beam propagates through the nonlinear medium and alter it.
Simultaneously, the changed medium acts by feedback mechanisms to
this laser light modifying it in turn. Therefore, the laser light is self-
controlled by light through the interaction with nonlinear medium [7-14].
The laser stability and precision are of crucial importance for
nondestructive medical applications, e.g. photobiomodulation using these
feedback mechanisms [6, 15,16]. In order to improve this indispensable
dynamical stability, the best way is to leave nature to act by self-
organization of solitons localized in space and in time [17,18]. The laser
beam becomes soliton whenever antagonist effects, i.e., beam focusing
and defocusing are balanced [19-21]. In any medium, including vacuum,
laser beam is diffracting. In rigid guides beams are confined in the region
with higher optical index of refraction. In contrast, the particularity of the
propagation in soft matter is that the easily moving fluids adapt their
density distribution in such a way that the beams always propagate
through the highest index of refraction. Following 2018 Nobel Prize
winner Ashkin, the tweezing laser beam collects around its center micro-
and nanoparticles with index of refraction n, higher than the background
medium one (np), i.e., positively polarized particles [1-4,22,23].
Consequently, the beam is always self-focuses. However, in opposite
case, when the refractive index of nanoparticles is lower than the
background one (ny<np), the negatively polarized nanoparticles are
expelled from the beam that focalizes too, propagating again through
higher index of refraction. Therefore, such a redistribution of
nanoparticles density following Gaussian laser intensity induces always
the nonlinear beam self-focusing [24-28]. Taking into account that the
same nonlinear nanoparticle density distribution causes also defocusing
effects, it becomes plausible that self-focusing effects compensate
defocusing ones in a self-organized way [29]. As a consequence, the
beam is self-collimated and becomes soliton-tweezer with identical
widths following two transverse coordinates x and y corresponding to a
unique transverse coordinate v, = \/x? + y? [19-21,30]. Using paraxial
approximation and slowly varying envelop, A(r), the dynamics of electric
field, E=A(r)exp(ikonoz) can be described by two transverse dimensions
(2D) nonlinear Schrodinger equation (NLS)

i0E/ dz + YV3E + nE + (o|l| — v[I]DE =0 (1)
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wherel=E? is the complex intensity and the transverse Laplasian reads
2 2
Vi=37§+2—y§. The only imaginary term corresponds to the field
propagation. The unavoidable diffraction is given by the second one. The
third term is linear. The nonlinear self-focusing is given by the fourth
term. The higher order negative nonlinearity is necessary in order to
avoid the catastrophic collapse [19-21]. Coefficients in front of terms
have to be determined from experiment in order to connect it directly to
the theory [31]. For this purpose, we realize the laser beam propagation

in pure water.

2. Experiments of soliton-tweezers self-organizationin water suspension
of nanoparticles:Equation connecting theory with experiments

Taking into account that the total body water volume estimated from
simple anthropometric measurements is about 70%, the safety of medical
applications of lasers depends on good knowledge of beam propagation
in water [32]. The challenge is to investigate the possibility of
spontaneous self-generation of soliton-tweezers in pure water. Following
exhaustive literature, the pure water contains naturally gas microbubbles
and nanobubbles [33-38]. For instance, collapsing microbubbles may
generate free-radicals in body water [39]. It is reported recently that drug
delivery plasmonic nanobubbles rapidly detect and destroy drug-resistant
tumor [40]. It seems that nanobubbles of about 50 to 100 nm are the most
stable [33-38]. Taking into account that the water has the index of
refraction np=1.33 and air nanobubbles ny,=1, we investigate the case of
negative polarizability of nanoparticles (np>ny). In order to study soliton
tweezing gas particles in body water, e.g., blood transporting oxygen and
carbon dioxide, the prerequisite are theoretical, numerical and
experimental synergetic investigations of the pure water.

We investigate experimentally the propagation of laser beam in the 20
cm long optically clear u-cuvette filled by pure water [41]. A powerful
near infrared Mira 900 laser in continuous regime with wavelength
Ao=727 nm is used as the light source. The laser beam is spontaneously
self-structured and self-collimated propagating in water suspension of
nanobubbles as can be seen in Figure 1a. Indeed, the laser beam has the
same width along of the cuvette. The beam width conservation implies
the zero wave front curvature, as a main property of Schrédinger solitons
[19-21]. Therefore, this beam is a 2D spatial soliton that is self-organized
due to the balance between the self-focusing tweezing effects due to
redistribution of nanobubbles, from the one side, and self-defocusing
effects, from the other side [29]. The experiment to establish optical
properties of the investigated nanosuspension consists in measuring with
precision the beam output intensity as a function of gradually increasing
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input one, charted in Figure 1e as dots with uncertainty bars [31]. The
third order polynomial fit of the distribution of these dots furnishes the
numerical factors in front of linear and quadratic focusing terms (x and
x?) and cubic defocusing term (x°) in insert of Figure le giving
respectively values of linear coefficient 1, self-focusing coefficient o,
and self-defocusing coefficient v of Eq.(1). The NLS describes the
evolution of laser complex electric field E. However, in experiments is
always measured the increase of laser complex intensity
I=E*=A%(r)exp(i2konoz). Therefore, in order to obtain right description of
experiment in paraxial approximation it is necessary to multiply Eq.(1)
by complex electric field E

i01/ 0z + yV2Il +nl + (o|l| — v|I]D)I =0 2)

obtaining a novel soliton-tweezer complex intensity equation
(STCIE).This synergetic equation directly connects the measured
quantities with
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Figure la Self-collimated powerful red soliton-tweezer propagating through pure
water in 20 cm cuvette. e Dots (with uncertainty bars) represent the measured soliton-
tweezer output for various input intensities. The third order polynomial fit allows to
obtain numerical values for coefficients in Eq.(2). Numerical propagations for z=1000
(c) and z=20000 steps (d) of this STCIE give identical soliton-tweezer profiles in very
good agreement with the experimental one (b).
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the theory. Indeed, the numerical factors in front of linear (x), quadratic
(x%), and cubic (x°) terms in insert of Figure legive value of coefficients
n, o, and v of linear (l), quadratic (|I|I), and cubic (|I|?I) intensity terms
of Eq. 2. The soliton-tweezers self-trapped propagation is limited by the
cuvette length, but can be extended by numerical propagation of STCIE.
Indeed, the camera positioned in the output of u-cuvette captured the
soliton-tweezer profile (Figure 1b) that looks similar to profiles obtained
by z=1000 (Fig. 1c) and z=20000 steps (Fig. 1d) numerical propagation
of synergetic STCIE with coefficients from insert of Figure le.
Obviously, the beam intensity profile can be captured only in output of
20 cm u-cuvette, in order to visualize it in the middle, a twice shorter u-
cuvette is irradiate by the identical laser beam under identical conditions.
The laser beam is spontaneously self-collimated in 10 cm u-cuvette too
(see Figure 2a). The intensity profiles after 10 cm and 20 cm
propagations in pure water naturally containing suspension of
nanobubbles are identical (compare Figures 1b and 2b). The third order
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Figure 2a Self-organized propagation of soliton-tweezer in 10 cm cuvette. b The output
profile resemble to beam profiles after self-trapped numerical propagation of z=600 (c)
and z=20000 steps (d). e Diffracting low intensity beam profile. f Measured soliton-
tweezer output intensities for increasing input ones represented by dots. The full line
corresponds to third order polynomial fit furnishing numerical values for coefficients in
STCIE. The color scale is common for all cuvettes.

polynomial fit, in insert of Figure 2f, gives different numerical values
for coefficients n, o, and v, from those in Figure le. However, the
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numerical propagation of Eq. 2 with new values of coefficients, after
z=600 (Figure 2c) and z=20000 steps (Figure 2d) give intensity profiles
identical to those of Figures 1c and 1d and very similar to experimental
profiles. Therefore, the feasibility of soliton-tweezers in the pure water is
confirmed. In contrast, the low intensity beam is diffracting as in Figure
2e.

For security reasons, it is desirable to nondestructively tweeze and
manipulate body water nanoparticles using laser of very low intensity,
i.e., low power density. Consequently, in order to demonstrate the
soliton-tweezer feasibility even for three order of magnitude lower
intensities, a weak continuous green laser beam with wavelength A,=532
nm is propagated through the pure water in 20 cm cuvette. From the
beam lateral view in Figure 3a can be concluded that the width of the
beam profile (Figure 3b) is maintained constant through the cuvette. In
order to find equivalent of beam profile in the center of 20 cm u-cuvette,
the same green beam is now propagated through the 10 cm u-cuvette. It
becomes self-collimated due to the soliton-tweezer self-trapping too (see
Figure 4a).
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Figure 3a The propagation of a weak green laser beam through the same 20 cm cuvette
becomes self-collimated due to the interaction with nanobubbles suspended in water. b
Its output profile coincide with those obtained numerically after z=800 (c) and z=20000
steps(d). e The curve that fit experimental data corresponds to a third order polynomial
with coefficients that are integrated in Eq.(2) allowing the soliton-tweezer numerical
propagation.
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Therefore, this beam keeps always the same profile as in Figure 4b.
This output profile is identical to the output one of 20 cm u-cuvette in
Figure 3b. In contrast, in Figure 4e is shown the profile of a very low
intensity beam that is diffracting. The variation of output intensities in
function of input intensities for 20 cm and 10 cm cuvettes are charted
respectively in Figures 3e and 4f. Although fitting of these curves gives
different coefficients in front of terms in Eq.(2) its long numerical
simulations till z=20000 steps, charted in Figures 3c,d and 4c,d keep the
identical form of profile that is the signature of a soliton. These
numerical profiles are in very good agreement with experimental profiles
in Figures 3b and 4b. Therefore, even for very low intensities, soliton-
tweezers self-trapped in water suspension of nanobubbles remain robust
allowing photobiomodulation and other noninvasive medical applications
in body water colloidal nanosuspensions.
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Figure 4a Lateral view of the same green laser beam propagation in 10 cm cuvette
shows the self-collimation caused by the self-organized interaction with nanobubbles in
water suspension, even though intensities in the self-trapping range are three orders of
magnitude lower than those of red laser. f Coefficients of the STCIE, experimentally
obtained from fitted input-output data, allow long numerical simulations of soliton-
tweezer profiles that are conserved without any modification, not only after z=1000
steps as in (c), but also after z=20000 steps as in (d). b These profiles coincide with the
experimental one, and those in Figure 6. e Out of trapping range the beam is diffracting.

Our synergetic approach establishes a very useful bridge between the
theory and experiment via numerical simulations of novel STCIE
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allowing a security test of non destructibility prior every medical
application.

3. Dissipative soliton-tweezers self-trapped in water suspensions of
nanobubbles

The nonlinear Schrodinger equation and the established soliton-tweezer
complex intensity equation, both describe conservative systems.
However, the energy losses are unavoidable in real dynamical systems
and can disintegrate solitons unless gain is also present. Such systems are
well described by the complex cubic-quintic Ginsburg-Landau equation
(CQGLE) governing complex electric field E[9,14,21,29]

ZE+ (+olll = vIIP +yVDE = i(8 + ell] — ulI + BV3)E. (3)

The left hand side of this equation corresponds to conservative NSL.
The dissipative, thus, imaginary right hand side contains the same terms
but with different coefficients to be fixed from the experiment. The
parameter 6 of the first imaginary term must be negative, in order to
ensure the stability of the system [5,9]. It corresponds to linear loss
giving with propagation term the linear absorption equation. This term
and negative nonlinear quintic term are both compensated by cubic gain,
similarly as real terms of self-defocusing and self-focusing. We
demonstrated that the self-organized dynamical balance of antagonist
effects is in reality more complex, with second order derivatives
compensation playing central role [9,42,43]. The positive B diffusive
term corresponds to gain. In order to connect this theory with
experiments, all terms are multiplied by coefficients. Their values are
measured in experiments [31]. Recently, B.N. Aleksi¢, et al. showed that
the competing cubic-quintic nonlinearity represents a very good
approximation of saturable nonlinearity [44].

For the sake of comparative investigations we propagate through 20 cm
u-cuvette again 727 nm Mira laser beam, but this time in femtosecond
regime. This beam is spontaneously self-collimated during propagation,
having a constant width along u-cuvette, as can be seen in Figure 5a.
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Figure 5 a Self-trapped and self-collimated femtosecond soliton-tweezer propagating
through nanosuspension in 20 cm cuvette. b Experimentally obtained output profile. ¢
Dots represent the measured output for various input intensities. The third order
polynomial fit allows to obtain in front of I, 12and 1%in insert, numerical values for
coefficients n, o, and v in left hand side of Eq. (3).

A camera capture from the output of u-cuvette is presented in Figure
5b.In fact, for each increase of input intensity it is taken picture of the
output.

Each camera capture is then analyzed using MATLAB in order to
extract output intensity from each pixel. The addition of intensities of all
pixels in a square framework fitting the light spot gives the value of
corresponding global intensity charted as a dot in Figure 5c¢.Then, the
ensemble of dots is fitted by a third order polynomial. The coefficients of
this polynomial in insert give experimental values of coefficients in front
of terms on the left hand side of Eq. (3) (CQGLE) in the same way as it
was done for Eq. (1) (NSL). The imaginary right hand side of CQGLE is
related to the balance between gain and loss of power density. The
coefficients multiplying corresponding terms can be find from power
density diagram in Figure 6 obtained by systematic measure of input and
output power after each camera capture. The global power is divided by
the surface of the same square framework fitting the light spot, providing
the same units of W/cm? in both side of CQGLE. These input-output dots
are fitted using the same third order polynomial. Indeed, right hand side
terms are of the similar order of magnitude as left hand side terms. In the
insert of Figure 6 are charted experimental values for the coefficients in
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front of CQGLE imaginary terms. Our aim is to establish a direct
correspondence between the experiment and the theory. However,
theoretical approaches use electrical field, E to describe laser beam,
while in experiments is measured the complex intensity, I=E? [31].
Therefore, the direct correspondence between experiment and theory is
established multiplying Eq. (3) by electrical field, E in order to recover
the complex intensity
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Figure 6 Measures of output versus input power densities of self-trapped dissipative
soliton-tweezer, charted by ensemble of dots (with uncertainty bars). Their third order
polynomial fit provides us in insert with numerical values in front of P, P?and P?
corresponding to coefficients 8, €, and  in the right hand side of Eq. (3).

Z 4 (+olll = VIR + YT = i(8 + ell] — I + BVA)L (4)

This dissipative soliton-tweezer complex intensity equation (DSTCIE)
is astonishingly symmetric. The imaginary and real quadratic terms
increase intensity that is decreased by cubic terms in a self-organized
balance. More generally, the compensation of antagonist effects is what
keep the nature in dynamic equilibrium. The advantage of this novel
approach is not only to describe correctly experiments but also to predict
their results, which is of particular importance for medical applications.
Numerical propagation of DSTCIE allows to test the feasibility of
dissipative soliton-tweezers.
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stability of intensity and power. Only strong zooming revel weak breathing.

A long numerical evolution till z=20000 shows in Figure 7, a very
good stability of intensity, | and power, P. A strong zooming revel very

weak breathing of intensity and little bit stronger of the power due to its
quadratic dependence on beam width in 2D systems[9,14,21,29]. This
breathing is more obvious in Figure 8 where the soliton-tweezer 3D
profile oscillates between a dome and a "millstone™.
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Figure 8 Breathing alternation of soliton-tweezer profiles (in arbitrary units) in form of
"millstones™ (first row)and domes (second row) corresponding to power maxima and
minima in Figure 7.
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Figure 9a Same self-collimated 727 nm dissipative soliton-tweezer propagating through
nanobubbles suspension in 10 cm cuvette. b Output profiles after propagation of 10 and
20 cm are identical. ¢ Fitting input-output intensity dots yields coefficients in front of
linear, quadratic, and cubic intensity to be replaced in dissipative soliton-tweezer
complex intensity Eq. (4) that can predict ulterior numerical propagation.
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We remarked the same behavior in a previous theoretical publication
concerning self-structuring of stable dissipative breathing vortex solitons
in a colloidal nanosuspension [29]. It is amazing that such a breathing is
confirmed by our approach that connect directly the theory with
experiments. The inertia of nanobubbles may be the reason of this
breathing.

The self-trapping of spontaneously self-collimated soliton-tweezers is
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Figure 10 Measured input-output dissipative power density provides values for
coefficients of imaginary polynomial terms in Eq. (4).

confirmed using a twice shorter u-cuvette under the identical
conditions (see Figure 9a). The camera capture of soliton profile in the
output of 10 cm cuvette (Figure 9b) corresponds to the profile of twice
longer u-cuvette in Figure 5b. Measured output intensities and powers
divided by square surface in Figure 9c and Figure 10 lead to the
determination of coefficients in DSTCIE using the third order polynomial
fits of corresponding input-output dots. The numerical propagation of
DSTCIE gives the same results as in case of 20 cm cuvette (Figures 5
and 6). Therefore, this novel equation correctly describes behavior of
dissipative solitons-tweezers in experiments of propagation in water
suspension of nanobubbles.
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4. Self-generation of vortexsoliton-tweezers in nanosuspensions

Vortex soliton-tweezers are robust steady-state structures with nonzero
angular momentum and phase singularity in zero intensity center
[14,21,30,45-47]. In conservatives systems v are governed by STCIE
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Figure 11a Vortex soliton-tweezer spontaneously self-collimated in 10 cm u-cuvette. b
Experimentally obtained vortex output profile is similar to profiles obtained by z=1800
(d) and z=10000 steps (e) numerical simulations of STCIE with coefficients from insert

(c).

(Eq. 2). The propagation of dissipative vortex soliton-tweezers is
described by DSTCIE (Eq. 4). We use a weak Thorlabs HeNe laser beam
of 632.8 nm in order to generate vortex in 10 cm u-cuvette containing
nanobubbles naturally suspended in pure water. Indeed, a vortex soliton-
tweezer is spontaneously self-collimated maintaining along u-cuvette the
same width, as shown in Figure 11a. Figure 11b is the camera capture of
output vortex profile. Dots with uncertainty bars in Figure 11c are result
of systematic and precise measurement of output intensity for each
gradually increasing input intensity. The already established procedure of
fitting yields the values for STCIE coefficients in insert of Figure 11c.
The same values can be used for left hand side DSTCIE coefficients.
Those of right hand side are obtained fitting input-output power dots in
Figure 12. Hence, the feasibility of vortex soliton-tweezers is established.
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Figure 12 Output versus input power density of self-organized vortex soliton-tweezer
fitted in order to obtain, in insert, values for coefficient in imaginary terms in DSTCIE.

5.

Novel intensity equation for spatiotemporal tweezing light bullets

Light bullets are spatiotemporal solitons completely localized in space
and time [9,19,20,48,49]. In conservative systems they are governed by
three transverse dimensions (x, y, and t) NSL

idE
0z

+ YAE + nE + (o]I| = V|I|)E =0 (5)

where the LaplasianA= 92 /dt? + V4 is associated to the time variable t
and the transverse coordinate r,. The propagation of light bullets in
dissipative systems is described using 3D Ginsburg-Landau equation [9,
48,49].

i0E

0z

+ (M +o|l| = v|1]* + YA)E =i(8 + €|I| — u|1|* + BA)E. (6)

In order to establish the direct connection between this spatiotemporal
theory involving electric field, E and experiments measuring input and
output intensities we multiply Eq. (5) by electric field, E in paraxial
approximation

iol

E+yAI+nI+(G|I|—v|I|2)I =0 (7)
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establishing cubic-quintic tweezing light bullet complex intensity
equation (TLBCIE). In this novel equation not only diffraction, but also
dispersion is compensated by competing cubic-quintic nonlinearity.

In reality, experiments are always localized in three spatial
dimensions and in time. They involve always losses and sometimes gain.
The adequate theoretical and numerical approaches are the prerequisites
for experimental realization of light bullets. Therefore, the complex
intensity is the right variable in an equation that pretends to describe the
experiment in a realistic

Z=00000

Figure 13 Dissipativelight bullet from non-spherically-symmetric input pulse
becomes in the end of propagation spherically-symmetric like in Figure 14.

way. Therefore, Eq. (6) is in paraxial approximation multiplied by
electric field

2t i+ oll] = III? +yMI = i(8 + ell] — 1] + BA)L ®)
In such a way we establish dissipative tweezing light bullet complex
intensity equation (DTLBCIE). This equation represent the most general
expression of self-organized description of 3D spatiotemporal soliton
propagation, taking into account that the competing cubic-quintic
nonlinearity represents a very good approximation of saturable
nonlinearity [9,44,48,49]. The DTLBCIE is astonishingly symmetric.
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Figure 14 Dissipative light bullet with topological singularity in center is effectively
a soliton-tweezing shell transporting small energy suitable for secure medical
applications.

The quadratic terms amplify the complex intensity through self-focusing
and gain. They compensate the linear and cubic losses. The gain diffusive
term with positive B balances the diffraction and dispersion. We
demonstrated that in reality a cross compensation occurs between the
excess of the self-focusing, losses, and gain making the system self-
organized [9,48,49]. Numerically simulated light bullet from non-
spherically-symmetric input pulse is shown in Figure 13. The light bullet
with topological singularity is the light shell (in Figure 14). The powerful
femtosecond bullet consisting of ultra-thin light shell transports a very
small energy suitable for nondestructive and secure medical
applications.

6. Conclusions

The prerequisites for understanding phenomena in nanophotonics
are exhaustive experimental investigations coupled with theoretical
advances using tools of numerical simulations. Object of our
investigations is the water as the essential substance for the life in the
earth. On the first glance it is astonishing that water contains naturally air
nanobubbles. However, it is to forget that fishes breathe in water.
Therefore, the pure water is in fact, nonlinear suspension of relatively
stable nanobubbles. The nonlinear behavior of water is revealed using
interactions with lasers. Propagating through water laser beams and
pulses are spontaneously self-organized into soliton-tweezers that collect
positively polarized nanoparticles with index of refraction larger than the
water one. In opposite case, negatively polarized nanoparticles, with
smaller refractive index, are expelled out, allowing laser light to
propagate again through the higher index, thus to be in both cases self-
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focused. This self-focusing compensates all defocusing effect,
spontaneously self-collimating the soliton-tweezer as our experiments
and numerical simulations confirm. To be able to make the numerical
simulations, it is necessary to have an adequate equation describing this
phenomenon. We solved the paradox that the theoretical descriptions use
the electric field, while in experiments is measured the electric intensity,
by introducing a novel complex intensity equation for conservative and
dissipative systems. Terms of this equation contain coefficients
determined from the experimental measurements. Soliton-tweezers
profiles obtained by numerical propagation of established equation,
coincide with experimentally obtained profiles, confirming the
correspondence between experiment and theory. In such a way, the
feasibility of soliton-tweezers to control and manipulate nanoparticles in
water suspension, is established. The corresponding applications are
multiples. They may be medical, biological, industrial... The blood in
living organisms can be considered as water suspension of nanoparticles.
Soliton-tweezers can be useful in fight against viruses, bacteria, and
cancer cells in blood without damaging healthy tissues. The blood
passing through our u-cuvette can be irradiate by laser. Depending of
their frequency soliton-tweezers or tweezing light bullets can selectively
destruct some viruses, bacteria, or cancer cells [50-52]. For instance, if
Coronaviruses-19 (COVI-19) have higher resonant frequencies than the
frequency of soliton-tweezer they can be inactivated in its centre due to
high intensity, heat, and vibrations. If viruses have lower resonant
frequencies, they can be expelled out of soliton on the wall of u-cuvette
where they stay bind by monoclonal antibodies [53-55]. As a
consequence, the blood is purified. It is important to note that the
purification is efficient even though we do not know the viruses resonant
frequencies. Indeed, for the same frequency of soliton-tweezer, viruses
with higher resonant frequency are inactivated in soliton center by high
heat, and vibrations. Simultaneously, those viruses with lower resonant
frequencies are stick on wall by monoclonal antibodies [53-55]. Viruses
are much smaller than other nanoparticles in body water, so that they
have much higher resonant frequencies than other. The safe use of low
power soliton-tweezers for noninvasive medical applications is in such a
way reinforced.
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ABSTRACT

Laser tweezing stability is crucia for selective inactivation of viruses, bacteria,
and cancer tissues preserving healthy cellsin body water. However, laser beam
propagates modifying the medium, simultaneoudly altering itself by feedback
mechanisms, thus, jeopardizing the control. Using multidisciplinary synergy
between theoretical, experimental, and numerical results, we demonstrate the
feasibility of novel soliton-tweezers controlling nanoparticles in water
suspensions. In soft matter like body water, suspended nanoparticles are
aspirated inside the soliton-tweezers, if their refractive index is larger than the
background one. They are expelled whenever their index is lower. In both case,
the nonlinear density distribution of nanoparticles induces beam self-focusing
that compensates self-defocusing effects, generating soliton-tweezer.
Experimentally measured self-focusing and self-defocusing coefficients are
incorporated in established novel synergetic soliton-tweezer complex intensity
equation describing experiments redistically. Virus-nanoparticles with resonant
freguencies higher than the one of soliton-tweezer would be possibly inactivated
paraxialy.
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1. Introduction

First and second law of equilibrium thermodynamics are the
foundations of physics. However, every action involves utilization,
hence, loss of energy, but thisis only a transformation to another energy.
Macroscopic laser light, i.e., electromagnetic wave is transformed into
heat, i.e.,, nanoscopic agitation of interacting atoms and molecules.
Following the second low, interacting nanoparticles are trying to reach
the thermodynamic equilibrium, which cannot be reached since the
system cannot be isolated. However, this strong attraction to the
equilibrium organizes the system, making it self-organized (harmonized).
Following 1977 Nobel Prize winner Ilya Prigogine, nonlinear dissipative
structures are self-organized far from thermodynamic equilibrium, due to
the intake of energy and/or matter (mainly nanomatter) [1]. The self-
organization is the compensation of antagonist effects. The fight and the
collaboration of antagonist effects, e.g. yin and yang, are the universal
principles of dialectic. Fortunately for us, in nature yin and yang mainly
cooperate generating even the self-organized life. Living organisms are
mainly composed of soft nanomatter including body cells, bacteria,
viruses, and other nanoparticles in water suspensions. The total human
body water volume estimated from simple anthropometric measurements
is about 70% [2]. Headlthy human body has ten times more bacteria than
cells and countless viruses. Biomedia like blood, myosin, kinesin,
ribosomes, liposomes, and varieties of living cells suspended in body
water can be manipulated, tweezed, and controlled using laser beams and
pulses [3-7]. The safety of any laser manipulation depends on good
knowledge of its propagation in water with nanoparticles [8]. A laser
beam propagates in nonlinear way through a nanosuspension modifying
it. Doing this, beam is simultaneously altering itself by feedback
mechanisms, thus, jeopardizing its control on nanoparticles [9]. The laser
stability and robustness are of crucial importance for medical and
biological applications eg. photobiomodulations [7]. The laser
dynamical stability and precision are of crucial importance, not only for
brain
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Figure 1 Self-collimated soliton becomes stable whenever the cubic self-focusing
nonlinearity is compensating diffraction and quintic self-defocusing nonlinearity
described by two-dimension saturating Schrodinger equation.

surgery but also for nondestructive medical diagnostics [10]. The very
promising mechanism to achieve the necessary stability and control of
nanoparticles is the sef-organization of the laser light inside
nanosuspensions into solitons localized in space and in time [11-17]. The
laser beam becomes soliton whenever antagonist effects, i.e., beam
focusing and defocusing are balanced in self-organized dynamical
equilibrium far from the thermodynamic one (cooperation of yin and
yang) [18-20]. In any medium, including vacuum, laser beam is
diffracting. In Kerr media, in rigid slab guides beam is confined into
soliton, in the region with higher optical index of refraction due to the
compensation of diffraction by cubic self-focusing (see Figure 1). Such a
soliton is described by the one transverse dimension (1D) nonlinear
Schrodinger equation (NLS) for electric field E=A(r) exp (ikonoz) where
A(r) is dlowly varying amplitude envelop propagating following z
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direction with wave vector ko and vacuum index of refraction no.
However, 2D NLS is unstable in bulk media where both linear and
nonlinear effects have the same width R dependence 1/R? (see Figure 1).
Indeed, initially dominating diffraction cannot be arrested by self-
focusing, contrary to the 1D case where the focusing is proportiona to
1/R. Therefore, amplitude decreases and soliton disappears. In opposite
case, the self-focusing domination leads to increase of amplitude till the
catastrophic collapse. To be stable, solitons need to be in Kerr media
with quintic self-defocusing nonlinearity too. Such a reinforcement of
yin, together with diffraction compensates self-focusing cubic
nonlinearity self-generating a soliton described by saturable 2D NLS Eq.

(2).

In contrast, the particularity of the laser propagation in soft matter is
that the easily moving nanoparticles in fluid adapt their density
distribution in such away that the laser beam aways propagates through
the highest index of refraction. In experimental biophysics, 2018 Nobel
Prize winner A. Ashkin used this property in order to tweeze
bionanoparticles using lasers [3-5]. The high frequency pressure force of
the laser field either attracts or repels suspended nanoparticles from the
field region, depending if the nanoparticles optical index of refraction
(np) is either larger or smaller than the background one (ny). The
tweezing laser beam collects paraxialy, around its central axes,
positively polarized nanoparticles having the index of refraction np higher
than the background medium one (n,>ny,). Therefore, such a
redistribution of nanoparticles density following laser Gaussian intensity
profile aways induces the nonlinear beam self-focusing [3-5,8]. In
opposite case beam is sdlf-focusing too, taking into account that
negatively polarized nanoparticles with lower index (np< ny) are expelled
from the beam. In both cases, the nanoparticles density modifications
result in the nonlinear increase of effective index of refraction inside a
tweezer making it always self-focusing and potentially collapsing [8,9].
Only solitons are stable and self-collimated due to the compensation of
all sef-defocusing effects by self-focusing in a self-created precarious
guide corresponding to a dynamical equilibrium far from thermodynamic
one.

In recent studies of the laser beam propagation in diluted noniteracting
nanoparticles suspensions, the balance between the optical gradient force
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and particles diffusion due to Brownian motion is achieved for long
duration pulses [21]. For nanoparticles with positive polarizability (np >
np) the nonlinear Schrddinger equation (NLSE) has exponentialy
growing nonlinearities that lead to a catastrophic collapse[21,22]. In real
nanosuspensions the wave collapse cannot take place since nonlinear
Rayleigh scattering losses grow dramatically with increase of
nanoparticles concentration invalidating the diluted suspension model.
To overcome these difficulties more realistic formalisms with particle-
particle interactions were suggested [8,23-26]. In contrast to the positive
polarizability, negatively polarized nanoparticles, having refractive index
smaller than the background one (n, < ny), are expelled from the laser
beam minimizing Rayleigh scattering losses. The corresponding
nonlinearity in NLSE is saturable leading to the formation of stable self-
trapped transversely localized beam, i.e., spatial soliton [8,11-13, 18-20].

The usual approach to tweezing of nanoparticles in suspensions is to
artificially focalize laser tweezer in order to trap few nanoparticles in its
beam waigt, i.e., in a very small region where the beam is precariously
self-collimated in a local dynamical equilibrium (see Refs. [3] and [4]).
In contrast, in our innovating experiments, this tweezing self-collimation
is extended paraxialy aong the entire beam in solitonic dynamical
equilibrium, caled soliton-tweezer. In this case, not only few
nanoparticles but all nanoparticles are tweezed collectively. In order to
establish  soliton-tweezing of nanoparticles in body water, the
prerequisites are synergetic multidisciplinary theoretical, numerical and
experimental investigations of nanoparticlesin pure water suspensions.

A very difficult task is to describe essentially nonlocal tweezing
experiments measuring electric intensity I=EE, by a partial differential
equation like NLSE that generaly gives electric field E in one point in
space and time. Therefore, in our innovating description of tweezing
experiments in water suspensions of nanoparticles we introduce the
nonlocality through the coupling between the heat equation and the
generalized higher order NSL. Taking into account the estimated total
body water volume of about 70%, the biosafety of any laser manipulation
depends on good knowledge of solitons propageation in water with
nanoparticles [2]. Consequently, our theoreticak model in a
multidisciplinary  synergetic  approach, needs confirmation by
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experiments and numerical simulations as the prerequisite for safe
medical and biological applications.

2. Nonlocal mode of self-organized soliton-tweezers

Coupling light pressure and therma self-action, we establish a
nonlocal variational model of soliton-tweezers self-trapped propagation
in nanoparticles suspensions. The soliton-tweezers self-organization and
nonlinear guiding are investigated starting from the Helmholtz equation

AE + kZn?E =0 2)

where ko=w/c is the wavevector and E is the amplitude of monochromatic
electric field E=E(Z, r,) exp (imt)+cc denoting by cc complex conjugate
[12,22,26]. The Laplasian A= 92/9Z% + V2 with the transverse one
Vi= 2275 + ‘;275 is associated to the field propagation variable Z and the
transverse coordinate r;, = /x% + y2. The complex medium effective
index of refraction, n depends not only on refractive indices of
background (n») and nanoparticles (np), but also on the volume filling
factor f=V,dNp/dV, where N, stands for the number of nanoparticles and
Vp=4na*/3 is the volume of a spherical nanoparticle with radius a. The
effective refractive index of composed medium reads n = (1-f)n, + fnp
[22]. Optical indices np=nop + dnp(J) and ny=nop + dnp(J), as well as the
filling factor f=fo + 6f(J) depend on the laser intensity J=(cno/2m)[EJ]2.
Consequently, the effective index in Eq. (2) is aso perturbed n=no +
on(J), where no=(1-fo)nop + fonop and dn=(nop-Nob)df + (1-fo)dny + fodnp.
The filling factor reads f=fo exp (-B|E])) where PB=|a|/4ksT with
temperature, T and kg as Boltzmann constant [12,21]. The polarizability
a of nanoparticles is given by a=3Vpnp2/(4m) where E=(Nop?- Nov?)/( Nop? +
2Nop?).

Importance of thermal nonlinear effects modifying laser beam
dynamics in suspensions of nanoparticles is well recognized [22,27,28].
Indeed, the temperature of background liquid (e.g. body water) increases
absorbing part of radiation energy, hence, the thermal nonlinearity of
host medium can modify the nonlinear dynamics of soliton in a nonlocal
way [17,29,30]. The electromagnetic laser waves induced temperature
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change obeys the heat transport equation COST/0t-yAdT=pJ where C is
the heat capacity per unit volume, y is the thermal conductivity, while the
coefficient p characterizes linear absorption losses due to the background
liquid heating [17]. Such a heat transfer equation reduces to

YAST = —pJ ©)

under steady state conditions, i.e.,, when tempora variation in laser
intensity profile can be neglected [17,27]. Indeed, one of the main
characteristics of solitons is their high temporal and spatial stability [11-
13,18-20,31,32].

In order to elucidate experiments that have essentially a nonloca
character, we construct, starting from Egs. (2)-(3), a novel nonlocal
theoretical model of self-organized soliton-tweezers propagation in
suspensions of nanoparticles. Assuming the electric field, E=A(r,) exp
(ikonoZ), the slowly varying envelop A(r,) approximation is applied to
both equations simultaneously. Using paraxial approximation, the
following set of coupled nonlinear equations is obtained

, 0F VZE P P B
15+2k§n0+kol Ngp — Nop|fo(1 — e PIENE — ko (1 — fy) % STE =
0 (4)
and
25T — _ CHoH =2
VieT =—-—7 |E|*. (5)

Besides the propagation and diffraction terms, in Eq. (4) appear the
exponential focusing term as well as the defocusing one that insure the
coupling with Eq. (5). In most of liquids, like body water, the thermal
nonlinearity has a defocusing character ony/0T<0. Taking into account
that nanoparticles are expelled from the laser beam, the Rayleigh
scattering losses are neglected [8, 21]. Egs. (4)-(5) are rewritten as

i0E/ 0z + V2E+ (1 — exp(—|E|»))E—GE =0 (6)
and

V20 = —K|E|? = —K]]| (7
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using dimensionless variables: the propagation and transverse
coordinates z=ZKo|Nop-Nob|fo and r=(2kZno|nop-Nablfo)?r, , envelop eectric
fild E=pY°E, real intensity |I|=|E], and generalized thermal index
®=K,(8T/T), with the coefficient K;=|Nop-Non| X(f, -1)T|onu/0T| and the
coupling parameter K=K ;K, where K,=pcnoks/(2m|a|xkE nop-novlfe). The
thermal conductivity of water at T=300 K" is ¥=0.6071 K'W/m and
Onp/dT=-10"* (K°)"L.

3. Nonlocal variational approach of soliton-tweezers

Starting from Egs. (6)-(7) a novel nonlocal variational approach
adapted to nonlocal experiments, is established [33,34]. The Lagrangian
density corresponding to Egs. (6)-(7) reads

L—i aECCE aEECC +|V,E2= (I[E2—1+ E|? V. OF
=5 5 B =5 %)+ IVLEP — (IBP — 1+ expl[—[EP]) —
+ O|E|?
(8)

The appropriate variations of Lagrangian, dL/6E®“=0 and J5L/60=0
yield Euler-Lagrange equations associated to EQs. (6)-(7). Suitably
chosen trial functions are optimized. For the laser field envelop the
natural trial function is a Gaussian [8,16,18-20]

E = A(z)exp[—1?/(2R(2)?) + iC(2)r* + i¥Y(2)], 9)

where A, R, C, and V¥ are respectively amplitude, beam width, wave front
curvature and phase [8,13,16,20]. Thetria function for the nonlocal heat
response of the medium reads

© = B(){Ei[-1*/ Rr(2)°] — In[r*/d’]}, (10)

where B is the amplitude and Rt is the width [33,34]. Here, Ei is the
exponential integral function. The trial function ® corresponds to
radially-symmetric solution of Eq. (7) with zero boundary conditions on
acircle of radius d>>R. The tria functions are substituted into Egs. (6)-
(7) and Lagrangian is averaged over radial coordinate
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_pla, (%« 2\ pz 4 1] d’e? , _
<L>=pP|L+ (S +4c?) R+ PBInf ]
271'32 dzey 2 2
— ln[ZR%] + mR*G(A%) (11)

with the nonlinearity

G(A%) = [[°(1 — A%exp[—p] — exp[—Aexp[—p]])dp = In[A*] — A* +
r[0, A%] +v, (12)

where y=~0.577216 is Euler's constant, I'[s,w] = [y exp(—y)dy
is the incomplete gamma function, and p = r2/R?2. The beam power is
P=7A2R2. The following set of ordinary differential equations is obtained
under the condition of zero variation with respect to each of unknown
functions Q=(A, B, R, Ry, C, ¥) intria functions, 6<L>/60=0

dA/dz = —4 AC, (13)
C = 1/(4R) dR/dz, (14)
d2R/dz? = 4[1/R® + B/2R — 1/R(G/A% — G')] = F, (15)

d¥/dz = —2/R® + G/A? — 2G' + B In[2R?/(d%eY*/2)], (16

where G’ = 0G(A4?%)/0A?, dong with two algebraic relations B=KP/4r,
and Rr = R. The beam power conservation follows immediately from
Egs. (14)-(15). The generaized force, F is given by Eq. (15) [11]. To
steady state solutions, dA/dz=dR/dz=dC/dz=C=0 of Eqgs. (13)-(16)

correspond soliton-tweezer widths R, =
-1

2 AZ\/E\/(G — G'A?) iJ(G — G'A%)? —KTAG‘ . This equation exists

providing the coupling parameter K<K=0.056, as follows from
expressions G — A%G' = —1 + exp[—A?] + [n[A?] + T[0,A*] +y and
G' = —1+ (1 — exp[—A?])/A?. The influence of thermal effects on the
laser beam propagation depends on the value of the coupling parameter K
that is very small [17,27]. The relation between power, P and amplitude,
A, obtained solving Egs. (13)-(15), is charted in Figure 2 for different
small parameters K. Indeed, the influence of background heating is
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present but small. Full curves correspond to stable steady state soliton-
tweezer solutions, while the dotted ones stand for unstable solutions.

P o K=0.0025
1000 - b
a
i 0
1004 | /
10 __' 'f """ T T T T T T

Figure 2 Power, P as afunction of amplitude, A for various coupling parameters, K.
For K=0 (dashed line) there are no heating effects. Full lines correspond to stable
analytical solutions and dotted lines to unstable ones. Heavy dots are obtained by
numerical simulations.

The soliton-tweezer stability is confirmed by numerical simulations
represented by heavy dots in Figure 2. Without heating effects (K=0), the
system of two coupled Egs. (6)-(7) reduces to the one higher order NSLE
corresponding to the Eq. (6) without coupling linear term. Such a caseis
charted in in Figure 2 by dashed strait line.

The potential, U, shown in Figure 3, is obtained integrating the
generalized force F from Eqg. (15)

U= [ FRR = 2 + 2 (1[0, o] + i [25]) - 2 - 25 (a7)

Using the analogy with a bullet in a potentia well, a deeper physical
understanding of "light bullet" dynamics around equilibrium width, Reg,
can be acquired [13,16,20]. Indeed, dynamically stable soliton-tweezers
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are self-trapped in minima of U-potential well corresponding to the novel
analytical stability criterion

02U 8 ,2 KP nR? nR? P
(ﬁ)meq =~ te 5 A+ ) exnl- mEhrpr, > 0

(18)
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Figure 3 Stable steady state soliton-tweezer solutions are in the bottom of U-potential
well for small widths, R, and self-trapping powers, P.

Therefore, the stable propagation of soliton-tweezer is anaytically
established for full line intervals of self-trapping in Figure 2
corresponding to the bottom of potential well in Figure 3.

In experiments only globa self-focusing and self-defocusing effects
are measured [32]. Therefore, the exponential of Eq. (6) is formally
expanded and the dominating self-focusing cubic nonlinearity term is
weighted by the coefficient ¢ that takes into account the formal sum of
all smaller positive higher-order self-focusing terms in the expansion.
Similarly, the dominating negative, self-defocusing quintic nonlinearity
is weighted by the coefficient v regrouping al smaller negative terms of
higher order
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i10E/ 8z + V2E + (o|I| — v|I])E — ©F = 0. (19)

The established nonlocal variational model of self-organized soliton-
tweezer propagation in nanosuspensions has to be confirmed by
experiments.

4., Experimentally sdf-generated soliton-tweezers confirmed by
numerical simulations

In order to establish soliton-tweezing of nanoparticles in body water,
the prerequisites are synergetic multidisciplinary theoretical, numerical
and experimental investigations of the suspension of nanoparticles in
pure water [8,35-39]. Here we consider, as a representative example, the
continuous laser interaction with negatively polarized nanoparticles (np >
Np) in pure water suspension. Without loss of generality, we investigate
the self-organized propagation of a near infrared laser beam of wave
length 20=727 nm in u-cuvette with 100 mL pure water suspension of
0.05 mg gold nanoshells. Such hybrids are surface plasmon resonant
nanoparticles consisting of a nanoscale silica core surrounded by an
ultra-thin gold shell [22,37,39,40]. In experiments we use gold nanoshells
of 240 nm diameter that have a strong plasmon resonance at wave length
A=980 nm [37,41]. In laser light of lower wave length A0=727 nm,
hence, higher frequency, these nanoparticles are negatively polarized
[22]. Their capping agent is the polyethylene glycol (PEG) ligand that is
covaently bound to the particles surface [37,42]. It is a safe polyether
compound consisting of repeating units of ethylene oxide. The PEG is
used as a stealth coating in biomedical applications in order to evade the
body immune system and to reduce non-specific binding [37,42]. Its
surface functionality disperses very wel in water increasing
biocompatibility for in-vivo andin-vitro toxicology experiments,
radionanomedicine, nanobiodiagnostic, as well as photothermal
applications [5,10,35,37-42]. Such a surface is very stable in buffers
containing high salt concentrations found in culture media and body
water like blood.

The established nonlocal variational model of soliton-tweezer self-
trapped propagation controlling collectively tweezed nanoparticles in
plasmonic suspensions is confirmed by experiments using appropriate
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setup with Mira 900 laser of wavelength A=727 nm in continuous
regime. The spontaneous self-collimation of laser beam due to its self-
trapped propagation in 20 cm long optically clear u-cuvette filled with
pure water suspension of collectively tweezed gold nanoshells, is shown
in Figure 4a. Corresponding camera captured output beam intensity
profile is charted in Fig. 4b. The constant beam width during the
propagation is the signature of stable soliton-tweezer self-trapping.
Indeed, the beam width conservation implies the zero wave front
curvature that is the main property of solitons [12,18,31,32]. In contrast
to usual diffracting laser beams, the nonlinear soliton-tweezer is
spontaneously self-collimated due to the compensation of self-defocusing
by the self-focusing tweezing effect [8,13,16,18-20,31,32]. Therefore,
experiments
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Figure 4 Matching of experimental and numerical results of soliton-tweezer propagation in u-
cuvette of 20 cm. a Spontaneously self-trapped and self-collimated soliton-tweezer propagating
through plasmonic suspension of collectively tweezed nanoshells. f Dots with uncertainty bars
represent measured soliton-tweezer output intensities for increasing input intensities. In insert,
their third order polynomial fit determines positive numerical values of coefficients n and ¢ in
front of intensities I, and 12 of Eq. (20), as well as the negative value of v in front of 13. b The
soliton-tweezer output profile, camera captured in experiment, is matching numerical profiles that
stay same after propagations of (c) z=1000, (d) z=20000, and (€) z=30000 arbitrary unit. The
color scale is common.
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confirm that soliton-tweezers stay in dynamical equilibrium in the bottom
of the U-potential well in Figure 3, as predicted by the established
analytical stability criterion, Eq. (18). Dots in Figure 4f correspond to
measured values of output intensities, lot as functions of gradually
increasing input intensities, lin. Their third order polynomial fit givesnl +
ol? - vI® with concrete values of coefficients in insert of Figure 4f. The
quadratic intensity term, oI corresponding to the concave part of curve
for small intensities, is focusing, like the self-focusing term in usua
nonlinear Schrédinger equation (NLSE) for electric field, E. The negative
cubic intensity term, -vI® corresponding to the convex part of curve for
big intensities, is defocusing, like the negative self-defocusing term in
NLSE. The linear intensity term, ml does not have a counterpart in
ordinary local NLSE. It corresponds to the linear term in Eq. (19) that
couple this equation with heat equation Eg. (7). As can be seen from
Figure 2 the parameter K isvery small. As aconsequence, Eqg. (7) can be
formally integrated contributing a coefficient n to this coupling term in
Eq. (19). Therefore, the nonloca influence of the heat can be included in
the linear term of EQ. (19) rewriting it as nE in our model equation.
Therefore, the coefficient n as well as coefficients ¢ and v have to be
determined from experiments by fitting measured input-output intensity
I=E2 curve, as in Figure 4f. Usually in theoretical approaches, laser
electromagnetic wave is represented only by the electric field E, taking
into account that the corresponding magnetic field is proportional to its
complementary €electric radiation E [6,12]. However, the experimental
data force us to take into account intensity 1=E? if we want to establish a
realistic theoretical description of laser electromagnetic field that
necessary includes complementary magnetic field. Indeed, the self-
generation of laser electromagnetic light is the consequence of the
universal principle of dialectic: the cooperation of electric (yang) and
magnetic (yin) fields. As a consequence, rewritten Eg. (19) for complex
electric field E is multiplied by the same E in order to model the
experimentally measured complex intensity 1=E?, giving the synergetic
soliton-tweezer equation

101/ 0z + V41 + I + (o|I] = v[I|])I = 0. (20)
This equation model the influence of heat nonlocality, self-focusing, and

self-defocusing in experiment, respectively, through the measured
coefficient n, o, and v. Both experimental results and theoretical model
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confirm the solitonic nature of soliton-tweezers. Consequently, self-
focusing balances self-defocusing and diffraction, implying &= o-v.
Therefore, the coefficient € is also determined from the same experiment.
This novel synergetic soliton-tweezer complex intensity equation
(STCIE) establishes the missing bridge between nonlocal experiments
and their direct theoretical description.

The output intensity profile after a propagation of z=1000 arbitrary units
(au.), is obtained in Figure 4c as a numerical solution of STCIE with
experimentally measured coupling, self-defocusing and tweezing self-
focusing coefficients. It coincides with numerical profiles in Figures 4d
and 4e after very long propagations of z=20000 a.u. and 30000 a.u. This
is numerical confirmation of a spontaneous self-collimation of soliton-
tweezer with conserved width. The striking similarity of experimental
and numerical profiles in Figures 4b-4e helps to establish the feasibility
and numerical predictability of soliton-tweezers based on the synergy of
the multidisciplinary theoretical, experimental, and numerica
approaches.

Soliton-tweezer robustness is also confirmed in Figures 5 by a stable
behavior of its width, R, complex intensity, |, and power, P during a
30,000 a.u. long numerical evolution. The light breathing is the signature
of soliton-tweezer dynamic stabilization in the bottom of U-potential well
of Figure 3, through collective tweezing of nanoparticles that have
inertia

In order to see the beam profile in the center of u-cuvette of 20 cm, the
same experiment is repeated with the u-cuvette of 10 cm. Obtained
spontaneously self-collimated soliton-tweezer is camera captured in
Figures 6a-6b. It has the same width as the one in Figs. 4a-4b. Numerical
values of coefficients in Eq. (20) are extracted from the third order
polynomial fit of experimentally obtained input-output dots in insert of
Fig. 6f. STCIE with these values is solved numerically yielding identical
soliton-tweezer output profiles after z=1000 a.u. (Figure 6¢), z=20000
au. (Fig. 6d) and z=30000 a.u. (Fig. 6€) numerical propagations. These
profiles are matching those of the 20 cm u-cuvette in Figures 4c-4e,
although the fitting coefficients for STCIE in inserts of Figs. 4f and 6f
are quite different. Essentia is that both curves start as concave causing
tweezing self-focusing with positive 12 and finish as convex inducing
self-defocusing with negative 13, confirming the feasibility of soliton-
tweezers.
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Figure 5. Numerical propagation of STCIE with fitting parameters of Figure 4f,
during z=30,000 a.u. shows stable and robust regular breathing of soliton-tweezer
complex intensity, | power, P, and beam width, R (with two different resolutions) in
the dynamical equilibrium in the bottom of U-potential well of Figure 3.

Coefficients coming from insert of Figure 6f are introduced in STCIE
in order to obtain stable numerical evolutions of width, R, complex
intensity, I, and power, P during more than z=30,000 a.u. (see Figure 7).
Their behavior
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Figure 6 Spontaneously self-collimated propagation of soliton-tweezer in 10 cm u-
cuvette. a The camera captured beam is the same as the one in 20 cm u-cuvette. b Its
experimental output profile coincides with those obtained by numerical propagation of
Eg. (20) after (c) z=1000, (d) z=20000, and (e) z=30000 a.u., as well as with those of
Fig. 4a-4e. The color scale is common for both experiments. f Measured soliton-tweezer
output intensities for increasing input ones are represented by dots with uncertainty
bars. In insert, their third order polynomial fit gives numerical values of coefficients in
front of linear and nonlinear intensitiesin Eq. (20).

is similar to the one in Figure 5, confirm robustness of soliton-tweezer
and its predictability important for medical applications.

Therefore, identical experimental and numerical results of self-trapping
in
both u-cuvettes and in theoretical model, charted in Figures 2-7, confirm
the feasibility, stability, robustness, and predictability of soliton-tweezer
controls of collectively tweezed nanoparticlesin plasmonic suspensions.

Behavior of soliton-tweezer self-trapped in suspension of positively
polarized nanoparticles is investigated using femtosecond laser of
wavelength Ao=1037 nm. In experiments we use gold nanoshells of 240
nm diameter that have a strong plasmon resonance at wave length A0=980
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nm. Indeed, in laser light of higher wave length A0=1037 nm, these
nanoparticles are positively polarized [22]. The experiment is of the same
conception with the same cuvette of 10 cm as in previous experiments,
but the soliton-tweezer is invisible at this wavelength. However, it is
possible to investigate the
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Figure 7. Soliton-tweezer stability in 10 cm cuvette is confirmed numerically.
Numerical values of coefficients, obtained by fitting experimental data, are included in
Eq. (20), in order to perform 30,000 steps long stable numerical propagation of complex
intensity, |, power, P, and width, R, resulting in their conservation that confirm soliton-
tweezer stability.

structure of soliton-tweezer and its propagation using our innovative
approach. In Figure 8 are charted data of measured output complex
intensities as function of increasing input intensities, in form of dots.
Their third order polynomial fit gives nI + oI - vI® in inset of Figure 8
with concrete values of coefficientsn, o, and v. Asin previous examples,
the positive sign of the quadratic self-focusing term implies that the first
part of the curve for the smaller intensities is parabolic, i.e., convex. The
second part of the curve for higher intensities is concave due to negative
sign of the cubic self-defocusing term. We see here the collaboration of
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antagonist effects of self-focusing (yang) and self-defocusing (yin) that is
responsible for the self-organization of stable soliton-tweezer in Figure 8.
We have intention to investigate the universal character of convex-
concave curves that appear in the increasing part of Gaussian and
sinusoid too.

Obtained values of coefficients n, o, and v are introduced in our
innovative STCIE, Eqg. (20). This equation is then numerically
propagated from z= 0 au. till z=90520 a.u. (see Figure 9). Such an
exceptionally long propagation has for purpose to demonstrate the perfect
stability and robustness of soliton-
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Figure 8 Soliton-tweezer self-trapped and self-collimated in suspension of positively
polarized nanoparticles is investigated using femtosecond laser of wavelength Ao=1037
nm. Heavy dots output intensities are charted in function of increasing input intensities.

tweezer. Thisis due to the compensation of all self-defocusing effects by
self-focusing nonlinearity induced by collective modification of
nanoshells density following the soliton-tweezer profile. This
compensation in STCIE comes from the synergetic yin-yang self-
cooperation of theory and experiments making the bridge between them.
Although STCIE is loca in space as any nonlinear partia differential
equation, it includes, in its linear term, the essence of nonlocality through
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the coefficient n that take formally into account the coupling with heat
equation. The value of n comes from experimental measurements.
Indeed, our synergetic STCIE is a hybrid equation with vaues of
coefficient o in self-focusing term and coefficient v in self-defocusing
term, come directly from the measurements too. In such away, arealistic
theoretical description of the experiment is established for the first time.

The stability and robustness as well as the predictability are
demonstrated in figure 10 where the soliton-tweezer intensity, |, power,
P, and width, R are constant. Nearly imperceptible breathing of intensity
is seen in Figure 10 only with very big resolution of 30 au. This
breathing appears in Figure 9 as the transformation of dome soliton-
tweezer into millstone one.



SELF-ORGANIZED BRIDGE 129

0000

0000000000

«w«m

>
>
b
>
b.&
®-

Figure 9 Exceptionally long numerical propagation of STCIE with fitting parameters of
Figure 8, charted for z=0, 20, , 40, 50, 100, 300, 400, 430, 440, 450, 460, 1600, 1750,
2690, 2700, 2710, 3250, 5000, 8000, 10000, 15000, 16900, 17370, 17880, 18120,
18400, 18420, 21280,21800, 24450, 27000, 32550, 33000, 46400, 49960, 60500,
90510, and z=90,520 a.u. shows stable and robust regular breathing of soliton-tweezer
consisting of the change of its shape from millstone to dome and vice versa.
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5. Conclusions

As demonstrated, the self-trapped and self-collimated soliton-tweezer is
perfectly stable in water suspensions of both positively and negatively
polarized nanoparticles. Therefore, we established the feasibility of self-
organized soliton-tweezers controlling collectively nanoshells in water
suspension using multidisciplinary theoretical, experimental, and
numerical results obtained synergistically. The stability, predictability
and robustness of soliton-tweezers suggest the possibility of safe medical
applications, e.g.

4,2
40000
“E —_
8*" g
i T 20000
40 . . : : L0 . . . : ,
20000 40000 60000 80000 100000 O 20000 40000  6O0DD  BODDD 100000
50
z z
40
41865
—_ 30
™~
E )
F3 [
E.4,1862 10
04
80000 80010 80020 80030 20000 40000  €0DOD  BODOD 100000
F 4 z

Figure 10 Numerical propagation of STCIE with fitting parameters of Figure 4f,
during z=30,000 a.u. shows stable and robust regular breathing of soliton-tweezer
complex intensity, | power, P, and beam width, R (with two different resolutions) in
the dynamical equilibrium in the bottom of U-potential well of Figure 3.

selective inactivation of viruses, bacteria or cancer cells in body water
without damaging healthy tissues [4,10,35-41,43,44]. Indeed, an efficient
and safe inactivation of human coronaviruses by far-UVC light (222 nm)
is recently demonstrated [45]. The fact that both golden nanoshells and
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viruses, despite their fundamental difference, belong to the same category
of nanoparticles due to their similar size, encourage us to suggest
experimental studies on the possibility to inactivate SARS-CoV-2 in
blood using our novel soliton-tweezers. Indeed, the presence of SARS-
CoV-2 was detected recently in human blood [46]. The size of
nanoparticles determines the plasmon resonance frequencies that are
crucial for efficient applications of soliton-tweezers. The glycoprotein
membrane of SARS-CoV-2 is rich of electric dipoles susceptible to
generate some surface resonances [48,49]. In soliton-tweezer field, all
nanoparticles, including virus-nanoparticles, with higher resonant
frequency than laser one, behave as positively polarized as in Figures 8-
10. In contrary, if their resonant frequency is lower than soliton-tweezer
one, they are effectively negatively polarized asin Figures 4-7. If SARS-
CoV-2 in blood filling u-cuvette is positively polarized, it would be
squeezed paraxialy in a soliton-tweezer. Consequently, it may be
supposed that in the central part of soliton-tweezer field, viruses would
be inactivated suffering simultaneously enhanced heat and resonant
vibrations, [43-45]. The inactivation temperature of about 60°C can be
easily achieved increasing the soliton-tweezer intensity (see Figures 4-
10). Therefore, we suggest to incorporate our u-cuvette in extracor poreal
membrane oxygenation system (ECMOS) used for medical treatment of
SARS-CoV-2 by blood extraction from human body in order to provide
input of oxygen and output of carbon dioxide. In order to collect all such
positively polarized SARS-CoV-2, the soliton-tweezer width has to be
enlarged in order to match the radius of redesigned u-cuvettes in
ECMOS. Negatively polarized viruses are expelled out of beam and may
be stick on the u-cuvette wall by monoclonal antibodies that have the
high level capacity to bind them [47-49]. In such a way viruses are
mechanically removed from the blood without need of their inactivation.
SARS-CoV and MERS-CoV monoclonal antibodies can be used for
binding SARS-CoV-2 in absence of specific antibodies [48,49]. Taking
into account that the blood processing in ECMOS is in vitro, i.e., out of
human body, easily produced mouse monoclona antibodies can be used
too for binding SARS-CoV-2 without danger of inducing body
immunol ogic reactions [47-49].

We stress that it is not necessary to know the resonant frequencies of
SARS-CoV-2 in order to purify the blood efficiently. Indeed, viruses
with resonant frequencies higher than the frequency of soliton-tweezer
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are attracted toward its central axe and inactivated there by high
intensity, heat, and vibrations [43-45]. Simultaneously, viruses with
resonant frequencies lower than soliton-tweezer one, are expelled toward
the wall where they stay bind by monoclonal antibodies [47-49]. Notice
that viruses with the refracting index larger that blood one, are negatively
polarized if their resonant frequency is below soliton-tweezer one [22].

Resonant frequencies of viruses, related to their small size, are much
higher than those of other nanoparticles in body water [43-49]. This is
crucia for selective and secure medical applications. In contrast to the
Kerr solitons generated above an intensity threshold, soliton-tweezers
aways control nanoparticles concentration independently of their
intensity [8,13,18]. The lack of the threshold allows use of very low
intensity soliton-tweezers that do not affect other nanoparticles in blood
increasing safety in medical applications [45]. However, thorough
experimental studies involving SARS-CoV-2 are needed in order to
confirm our hypothesis.

Soliton-tweezers exist in nature in the form of vortices as e.g. tornado.
This violent meteorological event is tweezing ar and water
nanoparticles, hence, can be modeled as soliton-tweezer. Indeed, we
generated, for the first time up to our knowledge, a self-trapped vortex
soliton-tweezer in 65 cm air column, using simultaneously red, blue, and
green lasers. Such a multicolor combination of lasers gives a novel white
spot. Tornado and laboratory soliton-tweezer are both big solitary waves
that may be considered as concrete examples of rotating rogue waves
(see Figure 11). The similarity of camera captions of tornado and our
soliton-tweezer encourage us to suggest safe experimental studies of
tornado on the model of |aboratory soliton-tweezer.



SELF-ORGANIZED BRIDGE 133

VIOLET SOLITON-TWEEZER VIOLENT TORNADO VORTEX
VORTEX captured by CCD camera captured by drone camera

A e

Figure 11 Vortex soliton-tweezer is realized in 65 cm of air using red, green, and blue
lasers simultaneously, giving white spot. It is similar to the tornado captured by drone
camera

In conclusion, the innovative is threefold in establishing direct
multidisciplinary synergetic bridge between theory and experiments via
numerical simulations. 1. We established an origina theoretical model of
self-trapping of soliton-tweezers in suspensions of nanoparticles by
extending variational approach to nonlocal systems. 2. Soliton gradient
forces tweeze nanoparticles collectively inducing density gradient that
produces, in turn, self-focusing and self-trapping of soliton-tweezer in a
stable dynamical equilibrium that we realized experimentally in very
long cuvettes. 3. Using synergy between our experimental and theoretical
results, we established a direct description of soliton-tweezer self-
trapping by an innovating partial differentia equation for complex
intensity that includes experimentally measured coefficients. Numerical
simulations of this equation together with self-collimation experiments confirm
feasibility, stability, robustness, and predictability of soliton-tweezers.
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Influence of Ramsey interference in space and time domains on
electromagnetically induced coherent resonances

M. Radonjié, Z. Gruji¢, M. Lekié, S. Nikoli¢, A. Krmpot, N. Luci¢, B. Zlatkovic¢, I. Radoji€ic,
D. Arsenovié¢ and B. M. Jelenkovi¢
Institute of Physics, Belgrade, Serbia
e-mail: milan.radonjic@ipb.ac.rs

Here we report on recent progress on the Ramsey effect on electromagnetically induced
absorption/transparency (EIA/EIT) and nonlinear magneto-optical rotation (NMOR) resonances. In
space domain, experimental and theoretical investigations show the strong effect of the pump beam,
spatially separated from the probe beam, on the probe's EIA and NMOR [1]. Linearly polarized pump
and probe laser beams are locked to appropriate transitions of the 8’Rb D5 line and pass a vacuum Rb

gas cell coaxially in Hanle configuration. Variation of the angle between pump and probe linear
polarizations strongly influences the phases of atomic coherences generated by the pump beam and
consequently the line-shapes of the probe EIA and NMOR resonances. Complete change of the
resonance sign is possible if the phases of the ground state coherences, Amg =2, are altered by 1. The

central EIA fringe becomes less pronounced if the probe intensity increases, due to the larger probe
contribution to atomic evolution. We also found that linewidths of the probe EIA and EIT resonances
are independent on the probe laser intensity and diameter, but depend only on the size of the dark
region between pump and probe lasers.

In time domain, we investigated tllehe effects of repeated interaction between Rb atoms and different
polarization components of a single laser beam on temporal build-up of EIT resonances in Hanle
configuration. After a sufficiently long preparation ¢ * light pulse two delayed and weak step-like
pulses of ¢~ light are sent through heated Rb buffer gas cell. The dependence of the transmission of
the o~ polarization component for different values of applied longitudinal magnetic field during the
pulse sequence provides the EIT curves at a particular time instant. The influence of the first pulse on
the temporal build-up of EIT resonances in the second pulse is demonstrated. It is shown that higher
overall transparency and off-resonant transmission are obtained for the second pulse. On the other
hand, slightly higher contrast and narrower resonances were measured for the first pulse.

REFERENCES
[1] Z. D. Grujié, M. M. Lekié, M. Radonji¢, D. Arsenovi¢ and B. M. Jelenkovi¢, J. Phys. B: At. Mol.
Opt. Phys. 45 245502 (2012).

60



Poster Session F — Quantum optics

Ramsey effect on linewidth of coherent resonances in vacuum Rb cell

nstitute of Physics,
Belgrade, Serbia
2Department of Physics, University of Fribourg,
CH-1700 Fribourg, Switzerland
e-mail: ivanrad@ipb.ac.rs

Ramsey’s method of separated excitation fields of an atomic transition is often used in atomic and
molecular high precision spectroscopy. Ramsey fringes that are induced by the two spatially or
temporally separated excitation fields lead to a considerable narrowing of the corresponding coherent
resonances. We studied electromagnetically induced transparency (EIT) and electromagnetically
induced absorption ( EIA) of the probe laser that is surrounded by the counter-propagating hollow
pump beam, as in [1]. The diameter of the probe beam is smaller than the diameter of the hole of the
hollow pump, allowing successive excitation of Zeeman coherences in Rb atom, between which
atom is in a dark for some time, as required by the Ramsey method. Both laser beams are linearly

87
polarized and locked to appropriate EIT and EIA transitions of the Rb D, line. We have measured

Zeeman EIT by measuring transmission of the laser locked to the EIT or EIA atomic transition
through the vacuum Rb gas cell as a function of the external magnetic field.

We have shown for the first time in the vacuum Rb cell the probe EIT that is entirely due to scattering
of the weak probe on the atomic coherences generated in the pump beam. As such, EIT line widths
are nearly independent of both probe laser intensity, up to 0.75 mW/cm?, and on the probe laser
diameter. We have used two diameters, 0.8 mm and 2.8 mm for the probe beam keeping the same
length of the dark region, i.e. the distance between pump and probe. Indeed, in the Ramsey method
linewidths of atomic resonances depend only on the time between two excitations. Very similar
behavior of the EIA for two probe diameters indicates similar excitation mechanism for the two types
of atomic coherences, EIT and EIA. The EIA resonances are broader than EIT, as expected since the
coherence time for the former is shorter (assuming all parameters are equal) because mechanism for
the EIA involves spontaneous emission.

REFERENCES
[1] Z. D. Gruji¢, M. Mijailovié¢, D. Arsenovi¢, A. Kovacevi¢, M. Nikoli¢, and B. M. Jelenkovi¢, Phys.
Rev. A 78, 063816 (2008).
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In this contribution we investigate the generalized A-system based on the 5S;,(F=2),
5S12(F=3), 5P32(F =4, 3, 2) levels of the cold ®Rb atoms interacting with the polarized laser
beams: the stronger one (coupling or the pump) and the weaker one (the probe). The sample is
produced in the magneto-optical trap. Cold atom environment is used to overcome limitations
of conventional systems. Dependence of the probe transmission on the polarizations and
detunings of both the probe and pump beams is studied. Results and discussion will be
presented.

PB9

ROBUST NARROWING OF DARK RESONANCES IN RB
VAPOR WITH COAXIAL COUNTER-PROPAGATING LASER BEAMS

I. Radojici¢, M. Radonji¢, Z. Gruji¢, M. Leki¢, D. Luki¢ and B. M. Jelenkovi¢

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
e-mail: milan.radonjic@ipb.ac.rs

Counter propagating spatially separated hollow pump and coaxial probe laser beams generate
narrow Zeeman electromagnetically induced transparency (EIT) resonances in vacuum RD

cell. The lasers were locked to Fg=2—F¢=1 transition of either D1 or D2 line of *’Rb. This
Ramsey type configuration yields dual-structured resonances having narrow peak on top of
broader pedestal [1]. The pedestal becomes more prominent with increase of the probe beam
intensity. Interestingly, we observed weak dependence of the narrow peak line-widths on the
probe beam intensity and diameter provided dark region between the two beams is kept fixed
[2]. Accompanying theoretical model showed good agreement with the measurements and
enabled explanation of differences in line shapes for the two D-lines. We also found that very
weak probe beam can be transmitted through the Rb cell only if the pump beam is present.

References:

[1] Z. D. Gruji¢, M. Mijailovi¢, D. Arsenovi¢, A. Kovacevi¢, M. Nikoli¢ and B. M.
Jelenkovi¢, “Dark Raman resonances due to Ramsey interference in vacuum vapor cells”,
Phys. Rev. A 78, 063816, (2008).

[2] I. S. Radoji¢i¢, M. Radonji¢, Z. D. Gruji¢, M. M. Leki¢, D. V. Luki¢ and B. M.
Jelenkovi¢, In preparation

Acknowledgements: This work was supported by the Ministry of Education and Science of
Serbia, under Grants No. 11145016 and 01171038 and also by SCOPES JRP 1Z27320_1
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Solitons generated by self-organization in bismuth germanium oxide single
crystals during the interaction with laser beam

V. Skarkat23, M. Leki¢t, A. Kovacevi¢t, B. Zarkov4, and N. Z. Roméeviét

tnstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
:Science Program, Texas A&M University at Qatar, P.O. Box 23874, Doha, Qatar
sLaboratoire de Photonique d'Angers, EA 4464, University of Angers,2 Boulevard Lavoisier 49045 Angers Cedex 01,
France
“Directorate of Measures and Precious Metals, Mike Alasa 14, 11000 Belgrade, Serbia
e-mail:vladimir.skarka@univ-angers.fr

The self-organization is based on the balance of antagonistic effects, with nonlinearity-induced self-
contraction arresting diffraction and/or dispersion in order to generate stable localized nonlinear optical
structures called solitons [1]. Spatial Kerr solitons correspond to the compensation of diffraction by a cubic
Kerr nonlinearity. However, in two- and three-dimensional systems, the laser beam or pulse undergo a
catastrophic collapse unless a saturating nonlinearity is also present, as it was established using synergy of
variational method and numerical simulations [2-5]. Such Kerr solitons are hard to obtain experimentally
especially in solid state systems. The generation of 2D optical solitons has been recently demonstrated only in
liquid carbon disulfide [6].

We present here the experimental, theoretical, and numerical investigations of Kerr solitons generated by self-
organization in black and yellow high quality bismuth germanium oxide (BGO) single crystals. A laser beam
of increasing power induces competing cubic and quintic nonlinearities. The numerical evolution of 2D
complex cubic-quintic nonlinear Schrédinger equation with measured values of nonlinearities shows the
compensation of diffraction by competing cubic and quintic nonlinearities of opposite sign, i.e., the self-
generation of stable solitons. Experiments as well as numerical simulations show higher nonlinearity in the
black BGO than in the more transparent yellow one. Experimentally obtained solitons are in good agreement
with numerical results.
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[1] Y. S. Kivshar and G. P. Agrawal, Optical Solitons: From Fibers to Photonic Crystals (Academic, 2003).

[2] V. Skarka, N. B. Aleksi¢, Phys. Rev. Lett. 96, 013903 (2006).

[3] V. Skarka, N. B. Aleksi¢, H. Leblond, B. A. Malomed, and D. Mihalache, Phys. Rev. Lett. 105, 213901
(2010).

[4] V. Skarka, N. B. Aleksi¢, M. Leki¢, B. N. Aleksi¢, B. A. Malomed, D. Mihalache, and H. Leblond, Phys.
Rev. A 90 (2), 023845 (2014).

[5] V. Skarka, N. B. Aleksi¢, W. Krolikowski, D. N. Christodoulides, S. Rakotoarimalala, B. N. Aleksi¢, M.
Beli¢, Opt. Express 25, 284183 (2017).
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Inducing LIPSS by multi-pass and cross-directional scanning
of femtosecond beam over surface of thin metal films

A.G. Kovacevié!, S. Petrovié?, M. Leki¢! and B.M. Jelenkovié¢!

nstitute of Physics, University of Belgrade, Belgrade, Serbia;
2Institute of Nuclear Sciences “Vinéa”, University of Belgrade, Belgrade, Serbia
e-mail: Aleksander.Kovacevic@ipb.ac.rs

During interaction of femtosecond laser beam with metal surfaces, laser induced pe-
riodic nanostructures, LIPSS can be formed, which may improve properties of materials.
Having excellent mechanical properties, multilayer thin films, like 5x(Al/Ti)@Si, are con-
venient for forming of high quality LIPSS [1] due to their multilayer structure. We have
exposed the multilayer thin film metal systems 5x(Al/Ti)@Si with femtosecond beam from
the laser system Coherent Mira 900 in NIR with various scanning configurations [2]. The
irradiated samples have been analyzed by Tescan Mirad SEM. The beam scanned over
the surface of the samples with multi-pass and cross-directional scanning configurations
with the change of polarization direction. The formation of LIPSS is most probably due
to the occurence of surface plasmon polariton, which leads to the periodic distribution of
energy on the sample surface. The orientation of the LIPSS is related to the direction of
the beam polarization. During multi-pass scanning, LIPSS maintained its configuration.
The preservation of structures occured to some extent. Depending on the accumulated
energy, two forms of LIPSS were generated: “hills”, for less accumulation, and “trenches”
for greater accumulation. “Hills” are non-ablative, probably are due to the build-up of the
material and are parallel to the polarization direction. “Trenches” are formed by ablation
and are perpendicular to the polarization direction. During cross-directional scanning,
LIPSS of orthogonal directions have been generated. The value of the “hills” period was
around 360 nm and the width was ~285 nm. The values of “trenches” period fluctuated
between 320 and 380 nm, while width was between 85 and 45 nm. Proposed mechanism
is that, for less accumulated energy, “hills” formed, while more accumulated energy leads
to the ablation and formation of “trenches”.

The work has been supported by the Ministry of Science, Republic of Serbia, under
Ne 11145016, OI171038 and OI171005. The authors deeply thank dr. Dejan Pantel¢ and
dr. Rados Gaji¢, both of Institute of Physics, University of Belgrade, for valuable support.

REFERENCES

[1] A.G. Kovacevié¢, S. Petrovi¢ et al., Appl.Surf. Sci. 326 , 91 (2015).
[2] A.G. Kovacevié, S. Petrovi¢ et al., Appl.Surf. Sci. 417 , 155 (2017).
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Inducing LIPSS on multilayer thin metal films by femtosecond laser
beam of different orientations

A. G. Kovacevid!, S. M. Petrovic?, B. Salati¢!, M. Leki¢!, B. Vasi¢!, R. Gaji¢!,
D. Panteli¢! and B. M. Jelenkovi¢!
Unstitute of Physics, University of Belgrade, Belgrade, Serbia
2nstitute of Nuclear Sciences “Vinéa”, University of Belgrade, Belgrade, Serbia
e-mail: Aleksander.Kovacevic@ipb.ac.ts

The occurrence of laser-induced petiodic surface structures (LIPSS) has been known for a while
[1]. Multilayer thin films, like Al/Ti, are suitable for LIPSS formation and attractive for
applications — due to their wearing behavior and corrosion resistance; LIPSS generation may
improve their properties as well [2, 3]. LIPSS properties depend not only on the material but also
on the beam characteristics, like wavelength, polarization and scanning directions, etc. [4].

After exposing with NIR femtosecond pulses from Coherent Mira 900 laser system in several
beam exposures, we have analyzed the samples of thin metal film systems with Tescan Mira3
SEM and NTegra AFM. The formation of LIPSS is most probably due to the generation of
surface plasmon polariton, through the periodic distribution of energy in the interaction zone
which lead to thermal processes in layers and interfaces. Two types of LIPSS were generated,
which differ in shape, orientation and in ablation pronounced or not. For consecutive
interactions in the same direction, LIPSS maintained its orientation, while for orthogonal passes
LIPSS with mutually orthogonal orientation were generated. LIPSS period fluctuated between
320 and 380 nm and structures with pronounced ablation have significantly smaller width.
Probable mechanism is that for greater accumulated energy pronounced ablation takes place
giving LIPSS in the form of “trenches”, while for less accumulated energy the buildup of the
material — probably due to pronounced oxidation — lead to LIPSS in the form of “hills”.

ACKNOWLEDGEMENT: The work was supported by the Ministry of Science of the Republic
of Serbia under No. 11145016, OI171038 and OI1171005.
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Self-organization of soliton-tweezers in suspensions of
nanocomposites and graphens

M. Leki¢!, I. Milosevi¢! | S. Rokotoarimalala? and V. Skarka!-23
Unstitute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia
2L aboratoire de Photonigne d' Angers, EA 4464, University of Angers,
2 Boulevard Lavoisier, 49045 Angers, France
3Science Program, Texas A>M University at Qatar, P.O. Box 23874, Doba, Qatar
e-mail: lekic@ipb.ac.rs

Laser beams and pulses are powerful tools for tweezing, photobiomodulation, and manipulation
of soft matter including colloidal nanosuspensions, emulsions, foams, as well as all kinds of
biomedia like myosin, kinesin, ribosomes, liposomes, bacterias, viruses, blood, and a variety of
living cells in body water [1]. The laser modifies the nonlinear mater passing through.
Simultaneously, the modified mater acts to the light altering it by a feedback mechanism.
Therefore, light is controlled by light through interaction with nonlinear mater. Laser stability and
precision are of crucial importance not only for brain surgery but also for nondestructive
diagnostics using this feedback mechanism. In order to achieve the necessary dynamical stability,
the promising mechanism is the self-structuring of the light into localized solitons via nonlinear
interaction inside the colloidal nanosuspensions and other varieties of soft matter. Tweezing
solitons stable propagation is self-organized by the balance of antagonist effects, ie., beam self-
focusing and self-defocusing [2]. The high frequency pressure force of the laser field either
attracts or repels the nanoparticles from the field region, depending if their optical index of
refraction is larger or smaller than the background one [3]. In both cases, the nanoparticles
density modification results in the nonlinear increase of effective index of refraction inside the
beam making it self-focusing. We use this self-focusing effect to establish theoretically,
numerically and experimentally the self-organization of soliton-tweezers as a novel kind of
dynamically reconfigurable self-collimated tweezing facilities. Such soliton-tweezers will be able
to photobiomodulate and manipulate, in a noninvasive way, micro and nanoparticles in body
water and other soft mater of interest for medical and biological applications. Based on the
synergy between theory and experiment via numerical simulations, other nanocomposites and
colloidal nanosuspensions involving graphene and vatious two-dimensional materials will be
tweezed using spatiotemporal dissipative solitons and multidimensional vortex solitons [4, 5].

REFERENCES

[1] A. Ashkin, ]J. M. Dziedzic, T. Yamane, Nature 330, 769 (1987).
[2] V. Skarka, N. B. Aleksic, Phys. Rev. Lett. 96, 013903 (2000).
[3] V. Skarka et al., Opt. Express 25, 10090 (2017).

[4] V. Skarka et al., Opt. Quant. Electron. 50, 37 (2018).

[5] V. Skarka et al., Phys. Rev. A 90, 023845 (2014).
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Inducing LIPSS on multilayer thin metal films by ultrashort laser beam in
different ambient conditions

Aleksander G. Kovadevié!, Suzana Petrovié?, Branislav Salati¢', Marina Leki¢', Borislav
Vasi¢!, Dejan Panteli¢!, Branislav Jelenkovi¢!

(1) Institute of Physics — University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

(2) Institute of Nuclear Sciences “Vinca” — University of Belgrade, P.O.Box 522, 11000 Belgrade,
Serbia

Contact: A. Kovacevi¢ ( aleksander.kovacevic@ipb.ac.rs )

Abstract. Laser induced periodic surface structures (LIPSS) may be induced during the
interaction of ultrashort laser pulses with surfaces [1]. Having periods below the wavelength
of the laser beam, the area of their application is wide, particularly on metal surfaces [2]. Due
to lamellar structure, multilayer thin metal films are suitable for high quality LIPSS formation
which can improve their characteristics [3, 4]. The beam, the material, and the
ambient/environment meet during the interaction and their properties and states/conditions
(polarization and scanning directions, temperature, electrical current, composition, ...)
influence the characteristics of the LIPSS [5]. We have exposed multilayer thin films of
various metals (Al, Ti, Ni, Zr, ...) to Coherent Mira 900 laser system in different conditions
of beam, ambient and material; the irradiated samples have been analyzed by Tescan Mira3
SEM and NTegra AFM. Two forms of LIPSS were generated, differing in shape, pronounced
ablation, orientation and period. During multi-pass scanning, LIPSS maintained the
configuration. During orthogonal scanning, orthogonal LIPSS occurred at some areas. The
occurrence of surface plasmon polariton (SPP) is the most probable cause which led to
periodic distribution of energy on the surface and thermal processes.

Acknowledgements. The work was supported by the Ministry of Science of the Republic
of Serbia under No. 11145016, OI171038 and OI171005. The authors also thank dr Davor
Perusko from the Institute of Nuclear Sciences “Vinca” of the University of Belgrade and to
dr R. Gaji¢, dr A. Krmpot, dr M. Rabasovi¢ and V. Lazovi¢, all from the Institute of Physics
of the University of Belgrade, for their valuable support.
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Narrowing of laser beam propagating through biological suspension

A. Kovacevict, T. Pajicz, D. Pavlovict, M. Stanics, M. Lekict, S. Nikolict, B. Jelenkovic!
t Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2 Faculty of Biology, University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia
s Institute for Multidisciplinary Research, University of Belgrade, Bulevar Despota Stefana 142, 11060
Belgrade, Serbia
e-mail:aleksander.kovacevic@ipb.ac.rs

Recent demonstration of nonlinear self-action of laser beams in suspension of biological materials, like
marine bacteria and red blood cells, has been reported [1-3]. In this work, we demonstrate nonlinear
optical effects of laser beam propagation through the freshwater green microalga Chlorela sorokiniana,
cultivated in Bold basal medium with 3-fold nitrogen and vitamins (3N-BBM+V).

Chlorella sorokiniana is a species of single-celled freshwater green microalga in the division
Chlorophyta. Its spherical or ellipsoidal cells (3 x 2 um in small cells to 4.5 x 3.5 um in large cells,
sometimes >5 um) divide rapidly to produce four new cells every 17 to 24 hours [4]. The non-
pathogenic species has been chosen as a model organism due to its small cell dimension, rapid growth,
non-mobility and non-toxicity. The algae were kept in the light chamber and the temperature was
maintained at 22" C. Mid-exponential growth phase of algal culture was used for the experiments.

In the experiments, the 532 nm CW laser beam is directed to the glass cuvette that is filled either with
the medium or with algae suspended in the medium. We have monitored the laser beam diameter at the
entrance and exit of the cuvette, and its axial profile through entire cell length. The concentration has
been determined by optical microscopy and optical density and has been varied between 1076 and 108
cm?,

The concentration of the algae and the laser beam power affect the beam radius. Our preliminary results
have shown the effect of light self-trapping, i.e., the decrease of laser diameter when the algae
concentration exceeds 1076 cm while laser power is above 1 W. The difference of the refractive
indexes of the algae and the medium can induce optical trapping of algae, which subsequently changes
the concentration of the algae within the laser beam. This in turn can explain different behavior of the
beam in the medium with and without algae.

We discuss the mechanisms which led to narrowing of the beam including nonlinear effects as well as
potential applications in waveguiding, medical imaging and optimal propagation of laser beam in
biological suspensions.

Acknowledgments. The authors appreciate valuable and helpful comments of Dr. Najdan Aleksic from
the Moscow State Technological University “STANKIN”.
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Laser-induced parallel structures on multilayer thin films of Ni, Pd, Ti, Ta and
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Abstract. The interaction of ultrashort laser beam with metal surfaces may induce the
generation of periodic structures (LIPSS) with period less than the incoming wavelength, opening
wide area of application [1, 2]. The presence of the underneath layer influences the quality of the
LIPSS [3] . We have exposed multilayer thin films Ni/Ti, Ni/Pd, W/Ti, Ti/Ta to femtosecond beams
of various wavelengths and powers. The interactions have been performed by Mira900 fs laser of
Coherent. Detailed surface morphology after irradiation was examined firstly by optical
microscopy, and then by scanning electron microscopy (JEOL JSM-7500F, Tokyo, Japan). Two
types of structures have been noticed. Their appearance differ in the direction against the
polarization direction, in pronounced ablation and in the spatial period, enabling their grouping into
LIPSS of higher and lower spatial frequencies. Surface plasmon polariton is seen as the most
probable cause of periodic distribution of energy at the surface and consequently to LIPSS.

Acknowledgements. The work was supported by the Ministry of Science of the Republic of
Serbia under No. 11145016 and OI171038. The authors also thank dr Davor Perusko from the
Institute of Nuclear Sciences “Vin¢a” (University of Belgrade), dr V. Pavlovi¢ from the Faculty of
Agriculture (University of Belgrade), dr D. Veljovié and dr Z. Radovanovié¢ from the Faculty of
Technology and Metallurgy (University of Belgrade) and dr A. Krmpot and dr M. Rabasovi¢ from
the Institute of Physics (University of Belgrade), for their valuable support.

REFERENCES

[1] H. M. van Driel, J. E. Sipe and J. F. Young, Phys. Rev. Lett. 49, 1955 (1982).
[2] A.Y. Vorobyev and C. Guo, Laser Photonics Rev. 7,385 (2013).
[3] A.G. Kovacevi¢, S. Petrovi¢, et al., Appl. Surf. Sci. 326,91 (2015).

13



15% Photonics Workshop Kopaonik, March 13 — 16, 2022.

Laser beam waveguiding capabilities of the suspension of Chlorella
sorokiniana in water

Aleksander G. Kovagevi¢!, Tanja Paji¢?, Danica Pavlovi¢!, Marina Stani¢, Marina Leki¢!,
Olga Fedotova*, Stanko N. Nikoli¢!, Oleg Khasanov*, Ryhor Rusetski*, Najdan Aleksi¢,
Branislav M. Jelenkovi¢!

(1) Institute of Physics of the University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
(2) Faculty of Biology of the University of Belgrade, Studentski trg 16, 11000 Belgrade, Serbia

(3) Institute for Multidisciplinary Research of the University of Belgrade, Bulevar Despota Stefana
142, 11060 Belgrade, Serbia

(4) Scientific and Practical Materials Research Centre of the National Academy of Sciences of
Belarus, Minsk, Belarus

oscow State University of Technolo, ] , Vadkovskiy per. 1, oscow, Russia
5) M State Universi Technology “STANKIN”, Vadkovskiy per. 1, 127055 M. Russi

Contact: A. Kovacevi¢ (aleksander.kovacevic@ipb.ac.rs)

Abstract. Controlled light guiding to target regions in biological and biomedical systems
is important for applications like sensing and diagnosis. The penetration depth in tissues,
limited due to scattering, is increased by using conventional optical waveguides, built on
materials like silica glass and hard plastics. More potential for formation of biophotonic
waveguides having higher biocompatibility and biodegradability have natural biomaterials,
like living cells.

Strong scattering and absorption loss in cells is overcome by nonlinear effects arising
during laser light propagation through suspensions of living cells, like marine bacteria [1].
Microalga Chlorella shows more attractiveness due to robustness, simple structure, high
growth rate and ability to grow in various conditions, and its species Chlorela sorokiniana is
most robust and most resistive to heat and intense light [2, 3].

We examined the propagation of the 532 nm CW laser beam of various powers through the
suspension of freshwater green microalga C. sorokiniana of various concentrations. Due to
nonlinear effects, like thermo-optical, scattering, optical gradient forces, the beam modified.
Self-guiding and the changing of cross-section occurred for chosen parameters of power and
concentration. Some of the outcomes might be of interest for applications in biophotonics and
biomedicine: waveguiding, medical imaging and optimal propagation of laser beam in
biological suspensions.
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Abstract. Chlorella sorokiniana Shih. et Krauss [1], due to its highest resistivity to heat
and high light intensity among all Chlorella species [2], is a good candidate in the applications
of light generation, waveguiding and modulation. Relative refractive index with respect to
water is makes the cells the positive polarizability particles and lowest absorption in the green
region of the visible spectrum [3] reduces the thermal effects generated from the propagating
high power laser beam.

During laser beam propagation through aqueous suspensions of metal nanoparticles or
microscopic marine bacteria, nonlinear effects, like thermo-optical, scattering, optical gradient
forces take place in shaping the beam [4, 5]. However, strong thermal absorption of metal and
sensitivity to strong light of cells limit the range of beam power. We examined the propagation
of the 532 nm CW laser beam of various powers through the suspension of freshwater green
microalga C. sorokiniana of various concentrations, placed in a glass vessel. For two
concentrations of algae (0.5x107 cm™ and 1x107 cm™) and several selected values of beam
power (2-4 W) the beam experiences self-guiding and changes in exit cross section [6]. In this
work, we pay attention to broader range of powers (0.1-5 W) and concentrations and investigate
the diameter change during propagation and the cross-section change at exit wall of the vessel
due to nonlinear effects, which might be interesting for waveguiding and optimal laser
propagation in biological suspensions.
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A quantum phase operator on the von Neumann lattice

Lj. Davidovi¢', M Davidovi¢* and M. Davidovi¢?
nstitute of Physics, University of Belgrade, Serbia
? Vinca Institute of Nuclear Sciences, University of Belgrade, Serbia
*Faculty of Civil Engineering, University of Belgrade, Serbia
e-mail: milena@grf.bg.ac.rs

Using the results from [1], where some difficulties related to the definition of non entire functions of
the creation and annihilation operators present in the literature - were avoided, we analyze a new
quantum phase operator defined on the von Neumann lattice- as proportional to the difference of
logarithms of creation and annihilation operators. We compare phase distributions for some
characteristic states obtained with this new operator and some other results for phase distributions
obtained with earlier approaches. We discuss the obtained results.
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We present effects of Ramsey method of separated oscillatory fields (pump and probe) on
electromagnetically induced transparency (EIT). Both pump and probe lasers are locked to the
F, =2—F.=1 in D, line transitions of 8"Rb. Effects are analyzed in the Hanle configuration and in a
room temperature Rb vapor cell. The pump laser beam is used for creation and the probe laser beam
for detection of the coherence between ground-state Zeeman sublevels.

We show that EIT can be obtained with spatially separated and counter-propagating pump and probe
beams. In comparison with the single laser beam, substantial narrowing of the probe Hanle EIT is
obtained due to temporal evolution of the pump induced Zeeman coherence and later probed by the
probe laser. The interference between atomic coherences and the probe laser are confirmed from
changes of the resonances line shape with the angle between linearly polarized pump and probe laser
beams, i.e., due to different initial phases of the atomic coherences. These results are compared with
results obtained with co-propagating pump and probe laser beam [1], and in counter-propagating
scheme we have overcome problems due to scattered pump beam light that was mixed with probe
beam on photo detector. This allowed us to use lower light power in probe beam and to obtain slightly
narrower resonances.
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