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A B S T R A C T

High quality bismuth germanium oxide single crystals were irradiated by a femtosecond pulsed laser
beam of increasing power. Analyses performed on irradiated and unirradiated samples showed
significant changes in transmittance, transmission spectra, sample color, Raman spectra, X-ray diffraction
(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
unirradiated samples disappeared. The change of color caused by irradiation was noticeable to the naked
eye. The XRD measurements confirmed structural changes induced by laser irradiation, i.e., the laser-
beam-incident side of the sample became almost amorphous, whereas the side opposite to the incident
can be indexed to the Bi12GeO20 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.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Bismuth germanium oxide (Bi12GeO20), commonly abbreviated
as BGO, or more specifically as s-BGO, belongs to the sillenite group
of cubic crystals of the I23 space group. The chemical formula of
cubic crystals with the sillenite-type structure is Bi12Mn+O20�d

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 Bi2O3-MxOy 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, Ru, and Ir [4]. In [2], the atomic structure of Bi12Mn+O20�d was

discussed in detail for Bi12M4+O20 (M = Si, Ge, Ti, Mn), Bi12(A
3þ
1=2B

5þ
1=2)

O20 (A = Fe, B = P), Bi12M2+O20 (M = Zn, Co), Bi12M3+O20 (M = Al, Ga,
Fe, Tl), Bi38B2O39, g–Bi2O3, and Bi12VO20�d. A more recent study of
sillenites Bi12SiO20, Bi25FeO39, and Bi25InO30 gave a representative
sillenite structure using Si4+, Ti4+, Fe3+, and In3+ 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, Bi12(Bi4=5�nxM

nþ
5x )O19.2+nx, was developed and discussed

in detail for sillenites with M2+ ions (Cd, Co, Zn), M3+ ions (Ga, Fe, Cr,
Tl, In, Al), M4+ ions (Si, Ti, Ge, Mn, B1/2P1/2), and M5+ ions (V, As, P).

For BGO, BSO, and BTO crystals the structural formula becomes
Bi12MO20, where M is Ge, Si, and Ti, respectively. The cubic cell unit
of Bi12GeO20 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
heptacoordinated as BiO5E, where E = 6s2 is the non-shared
electron pair in Bi, and the common edges form dimers. The five
oxygen atoms compose an incomplete octahedral arrangement
and the remaining two oxygen atoms are electrostatically
coordinated on a side of E [1,3]. Due to its photoconductivity,
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photochromism, photorefractivity, piezoelectricity, as well as to
electro-optic and magneto-optic effects it supports [7,8], Bi12GeO20

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 Bi12GeO20 were
investigated and reported in a number of studies, for example in
[13–21]. Characteristics of Bi12GeO20 single crystals after exposure
to thermal treatment [16–19,22], to beams of electrons [23],
uranium ions [24], fluorine ions [15], g-ray [19] or light
[9,18,22,25–28] were investigated. Nonlinear properties of
Bi12GeO20 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 Bi12GeO20 are reported. Photo-induced absorption
in Bi12TiO20 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 Bi12GeO20 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 Bi12GeO20

single crystals.

2. Experimental

2.1. Preparation of crystal samples

Single crystals of Bi12GeO20 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

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 Bi12GeO20

seed oriented in the 111
ED
direction, and a mixture of Bi2O3 and

GeO2 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 � 4 mm � 10 mm were cut
from the boule and mechanically as well as chemically polished.
The crystal samples were chemically etched using the solutions HF
+ HNO3 in the ratio 2:1, HCl + H2O in the ratio 1:2, and HCl + H2O in
the ratio 1:5, whereas chemical polishing was performed with the
solution HCl + HNO3+ H2O in the ratio 1:1:5. Observance of the
polished crystal surfaces under polarized light confirmed the
absence of the core. The purity of Bi2O3 and GeO2was 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/cm2. The samples were irradiated
by each beam power for 3 s, 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 40 kV and 40 mA to produce nickel-filtered CuKa1

X-ray with l = 0.1540 nm. The XRD data were collected in the 2u

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.

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.
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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�1 with 1 cm�1 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 U1 and U2, obtained respectively from vertically and
horizontally polarized component of the laser beam transmitted
by the Bi12GeO20 crystal sample, after transimpedance stages are

U1 ¼ k1G0

2
ð1 þ sinð2uÞÞ; U2 ¼ k2G0

2
ð1 � sinð2uÞÞ;

where Γ0 is the beam irradiation, k1 and k2 are constants that
include optical losses and optoelectronic conversion efficiency. The
linear polarization rotation angle u 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
k1 = k2, the angle u can be calculated as

u ¼ 1
2
sin�1 U1 � U2

U1 þ U2

� �
:

In the absence of magnetic field component parallel to the laser
beam, the angle u = u0 represents the optical activity. When
Bi12GeO20 crystal sample is placed in a magnetic field generated by
an alternating current through the Helmholtz coils, the angle u
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

B½T� ¼ 0:001282 � I½A�
The Verdet constant is calculated from

V ¼ u0AC
B0l

¼ 1
2B0l

sin�1 U1 � U2

U1 þ U2

� �
0AC

;

where u0AC is the amplitude of the AC signal and B0 is the amplitude
of magnetic induction. The coils were powered by a 50 Hz sine
wave constant amplitude current that creates magnetic induction
of the same frequency. Consequently, FFT was used to separate
spectral components of U1 and U2. The Faraday rotation was
determined from the magnitude of 50 Hz component.

Bulk absorption measurement was normalized using the
reference beam created by the CaCO3 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 Bi12GeO20 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

shown in Fig. 3. The error bars were calculated from the
uncertainties of measured values of the incident and transmitted
power, DP0 and DP1. 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–
249.7 mW, 552–605 mW 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 Bi12SiO20, Bi12GeO20, and Bi12TiO20

crystals in vacuum or inert atmosphere at 500–750 �C for 2–12 h
typically raises the transmittance near the intrinsic edge and
observed the most pronounced effect for Bi12SiO20 annealed at 650
�C for 2 h. 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 Bi12GeO20 and Bi12SiO20.

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

Fig. 3. Change of crystal transmittance during increase of irradiating laser power.
Each data point corresponds to a 3 s long sample irradiation by the femtosecond
laser beam with the incident power P0, given in the bottom axis, and the
corresponding incident fluence, I0, depicted in the top axis. The transmittance is
given as P1/P0, where P1 is the transmitted power. The irradiating beam wavelength
was 800 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 12 h and at 740 �C for 2 h each cause decrease of
absorption spectra throughout the considered range of 300–900
nm, when compared to the absorption spectrum of non-annealed
Bi12GeO20 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 N2 for 8 h at 450 �C and 550 �C, g-ray irradiated, and Mo doped
Bi12GeO20were 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 N2

for 8 h at 450 �C, annealed in N2 for 8 h at 550 �C, g-ray irradiated,
and Mo doped Bi12GeO20. Consequently, it can be concluded that
annealing can be used to alter absorption of Bi12GeO20 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 Bi12GeO20 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 Bi12GeO20

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

fragmentation of a monocrystal into disoriented fractals. This is in
good agreement with the defect structure of Bi12GeO20 crystal [1],
which is sensitive to any extreme conditions.

All the peaks in the powdered unirradiated Bi12GeO20 XRD
pattern given in Fig. 6(c) correspond to the denoted Bi12GeO20

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, a0 = 10.1411, is smaller than the one of the
powdered unirradiated sample, a0 = 10.1456, whereas the lattice
parameter of the z–side of powdered irradiated sample,
a0 = 10.1454, is very close to that of the powdered unirradiated
sample.

The Raman spectra of Bi12GeO20 single crystals at room
temperature in the spectral range from 150 to 800 cm�1 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�1, to disappear and intensity increase of all other
peaks. The change in the same Raman spectrum peaks of Bi12GeO20

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
619.6 cm�1 is played by oxygen. Generally, it has been shown that
all the peaks in the low-frequency region, i.e., below 650 cm�1, are
caused by excitations of the bismuth-oxygen sub-lattice, whereas
the main contributors to the high-frequency region, i.e., above 650
cm�1, are oscillations of [GeO4] tetrahedron [2]. In sillenites all E

Fig. 5. Sample colors in CIE chromaticity diagram. The change in the crystal color
was visible to the naked eye.
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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�1 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.

Optical properties of unirradiated and irradiated Bi12GeO20

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 Bi12GeO20 crystal exhibits
continuous decrease in Verdet constant with increasing wave-
length, which begins with 140 rad/(T m) at 480 nm and drops down
to 50 rad/(T m) at 700 nm. A typical value for the Verdet constant is
around 60 rad/(T m) 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 Bi12GeO20 single crystals. The transmittance dependence on the
applied irradiation power undergoes initial growth, reaches
maximum, and then decreases. The maximal transmittance of
25.1% occurred at 455 mW. 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

Fig. 6. X-ray diffraction spectra of Bi12GeO20. The XRD patterns correspond to the
(a) unirradiated prism, (b) irradiated prism, (c) powdered unirradiated prism slice,
and (d) powdered irradiated prism slices of Bi12GeO20. 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 z and �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 Bi12GeO20 compound.

Fig. 7. Raman spectra. The E type peaks at 234, 454, and 619.6 cm�1 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�1m�1) 47.34 62.64
Absorption coefficient (cm�1) 3.3 2.7
Magneto-optical quality (rad T�1) 0.143 0.23
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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 Bi12GeO20 compound. The Raman spectra peaks became
somewhat stronger, except for the E type peaks at 234, 454, and
619.6 cm�1, 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 Bi12GeO20 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 Bi12GeO20 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

–1
, 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 quality improvement of approximately 70%.  
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1. Introduction 
 

Bismuth germanium oxide (Bi12GeO20) 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 24 Bi, 40 O and 2 Ge. 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 Verdet 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 Bi12GeO20 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 

Bi12GeO20 single crystals. Here we analyze if the same 

increasing power pattern of femtosecond pulsed laser 

irradiation has similar effect on the high quality yellow 

Bi12GeO20 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 Bi12GeO20 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 Bi12GeO20 seed was 

oriented in the 111 direction and the charge was a 

mixture of Bi2O3 and GeO2 in the stoichiometric ratio 6:1. 

The light yellow crystal samples were obtained using the 

Bi2O3 and GeO2 purity of 99.999 wt.% and 99.9999 wt.%, 

respectively. Crystal samples of size 4 mm  4 mm  

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 (z), 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 50 mW 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 3 s. 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 Bi12GeO20 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 UV/VIS spectrometer. 

The micro-Raman spectra were recorded at room 

temperature in the spectral range between 100 and 

1100 cm
–1

 with 1 cm
–1

 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 Δ/Σ method at the wavelength of λ = 632.8 

nm. After the BGO crystal the orthogonal polarizations of 

the light beam were separated by the CaCO3 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. 1. 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 455 mW. It seems that both curves 

exhibit local irregularities which occur at 197.4–

249.7 mW, 552–605 mW 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 P0 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. 

 

 

 
Fig. 1. Change of crystal transmittance with increase of 
irradiating laser power. For each value of the incident 

power P0, a sample is irradiated by the femtosecond 

laser beam for 3 s. The transmittance is given as P1/P0, 

where P1 is the transmitted power. The error bars were 

calculated from the uncertainties of measured values of  
      the incident and transmitted power, ΔP0 and ΔP1. 
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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
–1

 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
–1

 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 619.6 cm
–1

, to disappear and intensity increase of all 

other peaks. The change in the same Raman spectrum 

peaks of Bi12GeO20 was reported in [16]; however, the 

most, medium, and least intense peaks correspond to the 

annealed, doped, and untreated samples, respectively. 

 

 

 
 

Fig. 2. Colours of irradiated and unirradiated samples 

 in CIE chromaticity diagram. 

 

 

 
 

Fig. 3. Raman spectra. Irradiation caused a small 
upward shift of the crystal spectrum except for the F(TO) 

type peak at 203 cm-1. 

 

 

The Verdet constant is calculated from 
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where 0AC  is the amplitude of the AC signal, 0B  is the 

amplitude of the magnetic induction, whereas  U1 and U2, 

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 U1 and U2. 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 nBGO = 2.55.  

The absorption coefficient, , was calculated from the 

beam intensities with and without the crystal present in the 

beam path, I(x) and I(0), and the known crystal length l = 

9.8 mm as 
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1
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(2) 

 

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 

sample 

Irradiated 

sample 

Verdet constant 

(rad T
–1

m
–1

) 
72 72 

Absorption 

coefficient (cm
–1

) 
0.58 0.34 

Magneto-optical 

quality (rad T
–1

) 
1.24 2.1 

 

 

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 

Bi12GeO20 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, i.e., 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 455 mW and 451 mW, respectively. 

The Raman spectra peaks became somewhat stronger, 

except for the E type peaks at 234, 454, and 619.6 cm
–1

 in 

the lower purity black crystal, which disappeared and the 

yellow crystal peak at 203 cm
–1

 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 Bi12GeO20 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 (Bi12GeO20) 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 Schrödinger 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

Bi12GeO20 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 Schrödinger 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 ? 1)- and (3 ? 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

Aleksić 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 (CS2) (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 (Bi12GeO20) 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 Schrödinger 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
oE

oz
þ c

o2E

ox2
þ o2E

oy2

� �
þ jE þ r Ej j2E � m Ej j4E ¼ 0 ð1Þ

where c, r, and m 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 Aleksić 2006). The variational method makes use of
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the following Gaussian trial function representing the electric field of an axisymmetric

Gaussian laser beam:

E ¼ A exp½�r2=R2 þ iCr2 þ iW� ð2Þ

where amplitude A, radius R, wave-front curvature C, and phase W have to be optimized.

Skipping straightforward details, the following system of evolution equations is pro-

duced by the variational method:

dA=dz ¼ �c4CA; ð3Þ

dR=dz ¼ c4CR; ð4Þ

dC=dz ¼ �4cC2 þ c=R4 � rA2 � ð8=9ÞmA4
� �

=ð4R2Þ; ð5Þ

dW=dz ¼ �2c=R2 þ 3rA2=4 � 5mA4=9 þ j; ð6Þ

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 ¼ dR=dz ¼ 0 leads

to the expression for radius

R ¼ 2
ffiffiffi
c

p
rA2 � 8mA4=9
� ��1=2 ð7Þ

and the limitation of amplitude

0\A\

ffiffiffiffiffiffi
9r
8m

r
: ð8Þ

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

(Bi12GeO20) single crystals. Although yellow and black crystals have the same chemical

formula, their properties may be quite different (Lazarević et al. 2012; Kovačević 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� Ej j2 the corresponding output beam intensity can be deduced

from Eq. (1)

Iout ¼ jI þ rI2 � mI3 ð9Þ

(Skarka et al. 2017).

Increasing incoming beam intensity Iin the outgoing beam intensity Iout 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 Eqs. (1) and (9). The fit for

yellow semi transparent crystal yields

Iout ¼ 1:003 þ 0:6492I þ 0:4636I2 � 0:0242I3: ð10Þ

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

Iout ¼ 1:6201 þ 1:4731I þ 0:7186I2 � 0:0709I3: ð11Þ
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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.

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

Fig. 2 Increasing of output beam intensity out of black crystal as a function of the increase of input laser
intensity
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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 Schrödinger 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 Eqs. (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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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 Aleksić 2006;

Skarka et al. 2010). Already after z = 40 propagation steps, such a laser beam becomes

soliton.

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
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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 Bi12GeO20 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

Bi12GeO20 single crystals the Schrödinger 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 Schrödinger 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 Krüger 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. (Kovačević 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 (Öktem 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 (Kovačević 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, 5×(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/cm2) 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 40×, 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/cm2 of fluence 
repeatedly scanned from 1 to 10 times over the surface are presented. The area where beam 
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Fig. 1   Implemented patterns of scanning: a for consecutive repeated scanning; b for perpendicular over-
lapped scanning

Fig. 2   LIPSS generated after beam of 153 mJ/cm2 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 × 5) µm and maximal 
height is 50 nm; c 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 µm, scanning speed 242 µm/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/cm2 fluence 
(repetition rate 76 MHz, diameter ~ 1 µm) 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/
cm2 fluence (repetition rate 76 MHz, diameter ~ 1.1 µm) scanned 10 times (scanning speed 
24 µm/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/cm2 in 
order to generate groove-type of LIPSS. The beam repetition rate was 76 MHz, scanning 
speed 1.5 mm/s. diameter ~ 1.1 µm, 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 

Fig. 3   Spatial temperature distribution from the surface to the bulk after exposition to the beam of 800 nm 
wavelength and 153 mJ/cm2 of fluence: a after 1.25 ps; b after 20 ps
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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 (Öktem 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 (Kovačević 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 (Öktem 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).

Fig. 4   SEM micrographs of LIPSS generated after beam of: a 145 mJ/cm2 scanned 15 passes and b 215 mJ/
cm2 scanned 10 passes. White line on the left side shows polarization orientation
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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.

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; c magnified part of the central area in a 
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4 � Conclusion

We have exposed 5×(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/cm2, 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/cm2), LIPSS 
in the form of grooves are generated by ablation mechanisms (ablative LIPSS). Both 
types are preserved after 10–15 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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A B S T R A C T   

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 sp2 

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 

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, Vinča 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 

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 ×g, 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 × 10− 4 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 
60Co 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 μm 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 μl of sample was dispersed in 300 μl 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 μW power was focused using 100 × (NA = 0.9) 
objective onto the sample surface. The confocal pinhole diameter was 
50 μm 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− 1. 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 Kα X-ray source (1486.6 eV). An X-ray beam of 400 μm in 
size was used at 6 mA × 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/cm2. The temperature was monitored by a 
thermocouple (accuracy 0.1 ◦C) every 30 s. After 10 min of laser 
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irradiation laser was switched off and the temperature was monitored 
for the next 15 min. The photothermal efficiency (η) of the samples was 
calculated using Roper’s method [33,34] according to the equation: 

η =
hS(Tmax − Tamb) − Qloss

I
(
1 − 10− A808

) (1)  

where h is the heat transfer coefficient, S the surface area of the cuvette, 
and Tmax and Tamb are the maximum and the ambient temperature, 
respectively. I represents the laser power, A808 the absorbance of the 
samples at 808 nm, and Qloss is the heat dissipated from the light 
absorbed by the solvent and the cuvette. The value hS was calculated 
according to the equation: 

hS =
ΣimiCpi

τs
(2)  

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

θ =
T − Tamb

Tmax − Tamb
(3) 

and 

t = − τs ln(θ) (4)  

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 Au0 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 

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. 
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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 

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. 

Fig. 3. Particle size distribution of Au NPs irradiated in the presence 
of graphene. 
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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 π-π* transition of aromatic C––C bonds, and 
a shoulder at ~300 nm attributed to n-π* transition of C––O bonds [40], 
exfoliated graphene displays only one broad peak at 270 nm [41]. The 
red shift of π-π* 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 π-π* 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 

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 cm− 1 

and 1591 cm− 1 and are attributed to D and G band respectively (Fig. 5). 
The D band is attributed to disordered sp3-hybridized carbon material 
from defects and functionalities, while the G band is related to well- 
ordered sp2 graphite-type structures [44]. Besides, peaks at 2695 cm− 1 

and 2938 cm− 1 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 (ID/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 

Fig. 4. UV–vis spectra of (a) Au NPs - exfoliated graphene and (b) Au NPs 
irradiated at different doses. 

Fig. 5. Raman spectra of exfoliated graphene (reference) and Au NPs - exfoli
ated graphene irradiated at different doses. 

Fig. 6. FTIR spectra of exfoliated graphene (reference) and Au NPs - exfoliated 
graphene irradiated at different doses. 
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bending mode of hydroxyl groups (3400–3500 cm− 1 and ~ 1633 cm− 1, 
respectively) [45]. Bands at 2930 and 2850 cm− 1 indicate the presence 
of CH2 groups. In addition, in the FTIR spectra of exfoliated graphene 
bands at ~1734 cm− 1 (C––O groups), ~1574 cm− 1 (C––C groups) and ~ 
1177 cm− 1 (C–O groups) can also be observed. As the irradiation dose 
increases, the band at ~1574 cm− 1 becomes more prominent, while the 
bands in the range 2930–2850 cm− 1 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 sp2 and sp3 carbon, hydroxyl/epoxy groups, carbonyl, and 
carboxyl groups, and π-π* shake up band [46,47]. From the XPS data, it 

is evident the increase of the carbon sp2 content after the irradiation. 
Simultaneously, the carbon sp3 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 

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 
(eV) 

Exfoliated graphene 
(at. %) 

Graphene irradiated at 10 
kGy (at.%) 

C1s sp2 284.5 9.7 26.0 
C1s sp3 284.9 54.4 41.1 
C1s C-O 258.7 11.8 4.0 
C1s C=O 286.8 14.9 16.0 
C1s O- 

C=O 
288.6 7.8 7.9 

C1s π-π* 291.0 1.4 5.0  

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 -ln(θ) acquired from the cool
ing period. 

D.P. Kepić et al.                                                                                                                                                                                                                                 



Materials Characterization 173 (2021) 110944

7

of the samples, the temperature decrease was monitored with the laser 
switched off. The values of τs were calculated from Fig. 8b using eqs. (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 (η) 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. 
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A B S T R A C T   

Single crystal of Bi12SiO20 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 Bi12SiO20 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 Bi12SiO20.   

1. Introduction 

Sillenites (Bi12MO20, 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 

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 
Bi12GeO20 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 Bi12SiO20 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 Bi12SiO20 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 Bi12SiO20 
crystals were used for the growth of other crystals. 

Bi2O3 and SiO2 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, dc = 10 mm and critical rotation, 
ωc = 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/cm2. 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− 1 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. NSG01 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 Bi12SiO20 single crystals was 
measured using X-ray diffractometer (XRD) Rigaku Ultima IV, Japan, 
with filtered CuKα1 radiation (λ = 0.154178 nm). The X-ray diffraction 
data were collected over the 2θ 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 

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 Bi12SiO20 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. 2c). 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, c is 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 

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 Bi12SiO20 
phase, which is in good agreement with the JCPDF Card No. 37–0485. 

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− 1 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− 1 at room temperature, is presented in Fig. 4 as 
a red 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− 1 …. 

Γ = 8A + 8E + 25F (1) 

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 

Fig. 2. AFM results of Bi12SiO20 single crystal: untreated (a); femtosecond laser treated sample: 730 nm, 50 mW (b) and 730 nm, 700 mW (c). Height prolife on the 
surface (d). 

Fig. 3. X-ray diffraction results of untreated Bi12SiO20 single crystal, peaks of 
Bi12SiO20 phase marked with hkl. 
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phonons: 

ε(ω)= ε∞

∏s

k=1

ω2 + iγkLO − ω2
kLO

ω2 + iγkTO − ω2
kTO

(2)  

where ε∞ is the bound charge contribution and is considered as a con
stant, ωLOk and ωTOk are the longitudinal and transverse optical – phonon 
frequencies, and γTOk and γLOk are the phonon dampings. 

The results obtained for TO/LO frequencies (in cm− 1) 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 

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 (ε1 = 1),  
(b) medium 2 is a layer with thickness d present at the sample surface 

with dielectric constant ε2 (eq. (2)), and  
(c) lower optically thick layer, medium 3, practically single crystal 

BSO, described with ε3 (eq. (2)). 

In this case, the reflectivity can be determined as described in 
Ref. [20]: 

RA =
Ar

Ai
=

r12e− iα + r23eiα

e− iα + r12r23eiα (3)  

where rij = (ni − nj) /(ni +nj) = (
̅̅̅̅εi

√
−

̅̅̅̅εj
√

)/(
̅̅̅̅εi

√
+

̅̅̅̅εj
√

) are the Fresnel 
coefficients, Ai and Ar represent amplitudes of the incident and reflec
tion beams, respectively, n is the complex index of refraction, ε is the 
dielectric constant and α = 2πωd (ε2)1/2 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 μm. 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 
Bi12SiO20 single crystal, the formation of starting material phases occurs. 
It is known that bismuth oxide can exist in several polymorphic forms: 
α-Bi2O3, the only phase stable at room temperature, and three 
high-temperature phases, β-, δ- and γ-Bi2O3. The orthorhombic phase, 
α-Bi2O3, transforms to cubic δ-Bi2O3 at 729 ◦C, which may transform to 
tetragonal β-Bi2O3 or body-centered cubic γ-Bi2O3 upon cooling to 650 
and 639 ◦C, respectively [24–27]. Both of these forms are metastable, 

Fig. 4. Experimental far-infrared reflection spectra of Bi12SiO20 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 I23 
(T3) [17]. 

Fig. 5. Far-infrared reflection spectra of Bi12SiO20 single crystal and femto
second laser-treated Bi12SiO20 sample. The experimentally obtained data points 
are depicted as circles. The theoretical spectrum obtained with the model 
defined by eqs. (2) and (3) and fitting procedure is given as solid line. Insert. 
Schematic overview of the femtosecond laser-treated Bi12SiO20 sample. 

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

Phonon peaks 
This work 
[cm− 1] 

Experimental literature 
values of phonon 
frequencies [cm− 1] 

Calculated phonon 
frequencies [cm− 1] 

Description 

120 120 [21] 120 [21] Bi4O7 [21] 
118 [22]  α-Bi2O3 

[22]  
124 [21] β-Bi2O3 

[21] 

161 157 [21]  γ-Bi2O3 

[21] 
166 [23]  γ-Bi2O3 

[23] 

278 279 [22]  γ-Bi2O3 

[22] 
281 [21]  γ-Bi2O3 

[22] 

380 381 [21]  γ-Bi2O3 

[21]  
388 [21] Bi4O7 [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 (Bi3+, Bi5+) oxide [28,29]. This mixed valence and the opti
cal gap within the visible range (1.9eV) turns the Bi4O7 interesting for 
applications in photocatalysis. Also, because of strong luminescence at 
about 420 nm Bi4O7 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 Bi12SiO20 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 
Bi12SiO20 single crystal growth by Czochralski technique. The treatment 
led to the formation of bismuth oxide based nanoobjects in the Bi12SiO20 
matrix. These nanoobjects are formed as nanocrystals with dimensions 
below 20 nm in diameter and about 15 nm in height. By composition, 
they are α-, β-, and γ-Bi2O3 and Bi4O7. 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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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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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 np higher than the background 

medium one (nb), 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 (np<nb), 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 𝑟⊥ = √𝑥2 + 𝑦2   [19-21,30]. Using paraxial 

approximation and slowly varying envelop, A(r), the dynamics of electric 

field, E=A(r)exp(ik0n0z) can be described by two transverse dimensions 

(2D) nonlinear Schrödinger equation (NLS) 

i ∂E/ ∂z + γ∇⊥
2 E + ηE + (σ|I| − ν|I|²)E = 0    (1) 
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whereI=E
2 

is the complex intensity and the transverse Laplasian reads 

∇⊥
2 =

𝜕2𝐸

𝜕𝑥2 +
𝜕2𝐸

𝜕𝑦2. 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 nb=1.33 and air nanobubbles np=1, we investigate the case of 

negative polarizability of nanoparticles (nb>np). 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 

λ0=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 Schrödinger 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
2
) and cubic defocusing term (x

3
) in insert of Figure 1e giving 

respectively values of  linear coefficient η, self-focusing coefficient σ, 

and self-defocusing coefficient ν 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
2
=A

2
(r)exp(i2k0n0z). Therefore, in order to obtain right description of 

experiment in paraxial approximation it is necessary to multiply Eq.(1) 

by complex electric field E  

i ∂I/ ∂z + γ∇⊥
2 I + ηI + (σ|I| − ν|I|²)I = 0   (2)   

obtaining a novel soliton-tweezer complex intensity equation 

(STCIE).This synergetic equation directly connects the measured 

quantities with 

e

 

Figure 1a 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
2
), and cubic (x

3
) terms in insert of Figure 1egive value of coefficients 

η, σ, and ν of linear (I), quadratic (|I|I), and cubic (|I|2I) 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 1e. 

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  

a c
b d eca

f

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 η, σ, and ν, from those in Figure 1e. However, the 



 
 
 
 

 SOLITON-TWEEZERS IN NANOSUSPENSIONS 97 

 
 

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 λ0=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). 

e

a b c d

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. 

 

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 Schrödinger 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] 

i ∂E

∂z
+ (η + σ|I| − ν|I|2 + γ∇⊥

2 )E = i(δ + ε|I| − μ|I|2 + β∇⊥
2 )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 δ 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 β 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. Aleksić, 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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a b

c

Figure 5 a Self-trapped and self-collimated femtosecond soliton-tweezer propagating 

through nanosuspension in 20 cm cuvette. b Experimentally obtained output profile. c 

Dots represent the measured output for various input intensities. The third order 

polynomial fit allows to obtain in front of I, I
2
,and I

3
in insert, numerical values for 

coefficients η, σ, and ν 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
2
 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
2
  [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 

 

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 Ṗ, Ṗ
2
,and Ṗ

3
 

corresponding to coefficients δ, ε, and μ in the right hand side of Eq. (3). 

i ∂I

∂z
+ (η + σ|I| − ν|I|2 + γ∇⊥

2 )I = i(δ + ε|I| − μ|I|2 + β∇⊥
2 )I. (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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Figure 7 Femtosecond dissipative soliton-tweezer is propagated numerically 

z=19000 steps using DSTCIE with  coefficients from inserts of Figures 5 and 6 showing 

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, I 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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Z=1310 Z=1330Z=1290

Z=1300 Z=1320 Z=1340

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. 

a

c

b

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. c 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

 

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

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 

 
i ∂E

∂z
+ γ∆E + ηE + (σ|I| − ν|I|2)E = 0      (5) 

 where the Laplasian∆= ∂2 ∂t2⁄ + ∇⊥
2  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]. 
i ∂E

∂z
+ (η + σ|I| − ν|I|2 + γ∆)E = i(δ + ε|I| − μ|I|2 + β∆)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 

 
i ∂I

∂z
+ γ∆I + ηI + (σ|I| − ν|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 

 
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 

 
i ∂I

∂z
+ (η + σ|I| − ν|I|2 + γ∆)I = i(δ + ε|I| − μ|I|2 + β∆)I.            (8) 

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 β 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 crucial for selective inactivation of viruses, bacteria, 
and cancer tissues preserving healthy cells in body water. However, laser beam 
propagates modifying the medium, simultaneously 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 realistically. Virus-nanoparticles with resonant 
frequencies higher than the one of soliton-tweezer would be possibly inactivated 
paraxially. 
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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 this is 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]. Healthy 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 e.g. photobiomodulations [7]. The laser 
dynamical stability and precision are of crucial importance, not only for 
brain  
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                                                                                                                                         (1)  

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 Schrödinger equation. 

surgery but also for nondestructive medical diagnostics [10].  The very 
promising mechanism to achieve the necessary stability and control of 
nanoparticles is the self-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 
Schrödinger equation (NLS) for electric field E=A(r) exp (ik0n0z) where 
A(r) is slowly varying amplitude envelop propagating following z 
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direction with wave vector k0 and vacuum index of refraction n0. 
However, 2D NLS is unstable in bulk media where both linear and 
nonlinear effects have the same width R dependence 1/R2 (see Figure 1). 
Indeed, initially dominating diffraction cannot be arrested by self-
focusing, contrary to the 1D case where the focusing is proportional 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. 
(1).  

    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 a way that the laser beam always 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 (nb). The 
tweezing laser beam collects paraxially, around its central axes, 
positively polarized nanoparticles having the index of refraction np higher 
than the background medium one (np>nb). Therefore, such a 
redistribution of nanoparticles density following laser Gaussian intensity 
profile always induces the nonlinear beam self-focusing [3-5,8]. In 
opposite case beam is self-focusing too, taking into account that 
negatively polarized nanoparticles with lower index (np< nb) 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 self-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 > 
nb) the nonlinear Schrödinger equation (NLSE) has exponentially 
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 (np < nb), 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 waist, 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 paraxially along the entire beam in solitonic dynamical 
equilibrium, called 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 nanoparticles in 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 generally 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 propagation in water with 
nanoparticles [2]. Consequently, our theoretical 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 model of self-organized soliton-tweezers     
 
    Coupling light pressure and thermal 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  

∆Ě + k0
2n2Ě = 0                    (2)   

where k0=ω/c is the wavevector and Ē is the amplitude of monochromatic 
electric field Ě=Ē(Z, 𝑟⊥) exp (iωt)+cc denoting by cc complex conjugate 
[12,22,26]. The Laplasian ∆= ∂2 ∂Z2⁄ + ∇⊥

2  with the transverse one  

∇⊥
2 =

𝜕2𝐸

𝜕𝑥2 +
𝜕2𝐸

𝜕𝑦2 is associated to the field propagation variable Z and the 

transverse coordinate 𝑟⊥ = √𝑥2 + 𝑦2. The complex medium effective 
index of refraction, n depends not only on refractive indices of 
background (nb) and nanoparticles (np), but also on the volume filling 
factor f=Vp dNp /dV, where Np stands for the number of nanoparticles and 
Vp=4πa³/3 is the volume of a spherical nanoparticle with radius a. The 

effective refractive index of composed medium reads n = (1-f)nb + fnp 
[22]. Optical indices nb=n0b + δnb(J) and np=n0p + δnp(J), as well as the 
filling factor f=f0 + δf(J) depend on the laser intensity J=(cn0/2π)|Ē|². 
Consequently, the effective index in Eq. (2) is also perturbed n=n0 + 
δn(J), where n0=(1-f0)n0b + f0n0p and δn=(n0p-n0b)δf + (1-f0)δnb + f0δnp. 
The filling factor reads f=f0 exp (-β|Ē|²) where β=|α|/4kBT with 
temperature, T and kB as Boltzmann constant [12,21]. The polarizability 
α of nanoparticles is given by α=3Vpnb²ξ/(4π) where ξ=(n0p²- n0b²)/( n0p² + 
2n0b²). 

    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 C∂δT/∂t-χ∆δT=μJ where C is 

the heat capacity per unit volume, χ is the thermal conductivity, while the 
coefficient μ characterizes linear absorption losses due to the background 

liquid heating [17]. Such a heat transfer equation reduces to 

χ∆δT = −μJ                       (3)  

under steady state conditions, i.e., when temporal 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 nonlocal 
character, we construct, starting from Eqs. (2)-(3), a novel nonlocal 
theoretical model of self-organized soliton-tweezers propagation in 
suspensions of nanoparticles. Assuming the electric field, Ē=Ā(𝑟⊥) exp 
(ik0n0Z), the slowly varying envelop Ā(𝑟⊥) approximation is applied to 
both equations simultaneously. Using paraxial approximation, the 
following set of coupled nonlinear equations is obtained 

𝑖
∂Ē

∂Z
+

∇⊥
2 Ē

2k0n0
+ k₀| n0p − n0b|f0(1 − e−β|Ē|²)Ē − k₀(1 − f0) |

∂nb

∂T
| δTĒ =

0                                 (4)   

and 

∇⊥
2 δT = −

cn0μ

2πχ
|Ē|2.                              (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 ∂nb/∂T<0. Taking into account 

that nanoparticles are expelled from the laser beam, the Rayleigh 
scattering losses are neglected [8, 21]. Eqs. (4)-(5) are rewritten as 

i ∂E/ ∂z + ∇⊥
2 E + (1 − 𝑒𝑥𝑝(−|E|²))E − ΘE = 0           (6) 

and  

∇⊥
2 Θ = −K|E|2 = −K|I|                         (7)  



 
 
 
 
 
116 V. SKARKA AND M. LEKIĊ 

 

 
 

using dimensionless variables: the propagation and transverse 
coordinates z=Zk0|n0p-n0b|f0 and r=(2𝑘0

2n0|n0p-n0b|f₀)1/2𝑟⊥, envelop electric 
field E=β1/2Ē, real intensity |I|=|E|2, and generalized thermal index  
Θ=K₁(δT/T), with the coefficient K₁=|n0p-n0b|⁻¹(𝑓0

⁻¹-1)T|∂nb/∂T| and the 

coupling parameter K=K₁K₂ where K₂=μcn0kB/(2π|α|χ𝑘0
2|n0p-n0b|f₀). The 

thermal conductivity of water at T=300 K° is χ=0.6071 K°W/m and 
∂nb/∂T=-10⁻⁴ (K°)-1. 

 

3. Nonlocal variational approach of soliton-tweezers 

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

L =
i

2
(

∂Ecc

∂z
E −

∂E

∂z
Ecc) + |∇⊥E|² − (|E|² − 1 + 𝑒𝑥𝑝[−|E|²]) −

|∇⊥Θ|²

2K

+ Θ|E|2 

    (8)  

The appropriate variations of Lagrangian, δL/δEcc=0 and δL/δΘ=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[−r²/(2R(z)²) + iC(z)r² + iΨ(z)],                               (9) 

where A, R, C, and Ψ are respectively amplitude, beam width, wave front 

curvature and  phase [8,13,16,20]. The trial function for the nonlocal heat 
response of the medium reads 

 Θ = B(z){𝐸𝑖[−r²/ RT(z)²] − 𝑙𝑛[r²/d²]},                   (10) 

where B is the amplitude and RT is the width [33,34]. Here, Ei is the 
exponential integral function. The trial function Θ corresponds to 

radially-symmetric solution of Eq. (7) with zero boundary conditions on 
a circle of radius d>>R. The trial functions are substituted into Eqs. (6)-
(7)  and Lagrangian is averaged over radial coordinate  
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< 𝐿 >= 𝑃 [
𝑑𝜓

𝑑𝑧
+ (

𝑑𝐶

𝑑𝑧
+ 4𝐶2) 𝑅2 +

1

𝑅²
] − 𝑃𝐵𝑙𝑛[

𝑑2𝑒𝛾

𝑅2+𝑅𝑇
2] −

2𝜋𝐵2

𝐾
𝑙𝑛[

𝑑2𝑒𝛾

2𝑅𝑇
2 ]  + 𝜋𝑅2𝐺(𝐴2)                (11)   

with the nonlinearity 

G(A²) = ∫ (
∞

0
1 − A²𝑒𝑥𝑝[−ρ] − 𝑒𝑥𝑝[−A²𝑒𝑥𝑝[−ρ]])dρ = 𝑙𝑛[A²] − A² +

Γ[0, A²] + γ,                      (12) 

where γ≃0.577216 is Euler's constant,  𝛤[𝑠, 𝑤] = ∫ 𝑦𝑠−1𝑒𝑥𝑝(
∞

𝑤
− 𝑦)𝑑𝑦 

is the incomplete gamma function, and 𝜌 = 𝑟2/𝑅2. The beam power is 
P=πA²R². 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, RT, C, Ψ) in trial functions, δ<L>/δQ=0  

𝑑𝐴/𝑑𝑧 = −4 𝐴 𝐶,              (13) 

𝐶 = 1/(4𝑅) 𝑑𝑅/𝑑𝑧,                 (14) 

d²R/dz² = 4[1/R³ + B/2R − 1/R(G/A² − 𝐺′)] = F,               (15) 

dΨ/dz = −2/R² + G/A² − 2𝐺′ + B 𝑙𝑛[2R²/(d²𝑒γ+1/2)],        (16) 

where 𝐺′ = 𝜕𝐺(𝐴2)/𝜕𝐴2, along with two algebraic relations B=KP/4π, 
and RT = R. The beam power conservation follows immediately from 
Eqs. (14)-(15). The generalized force, F is given by Eq. (15) [11]. To 
steady state solutions, dA/dz=dR/dz=dC/dz=C=0 of Eqs. (13)-(16) 
correspond soliton-tweezer widths 𝑅± =

2 [𝐴2√𝐾√(𝐺 − 𝐺′𝐴2) ± √(𝐺 − 𝐺′𝐴2)2 −
𝐾𝐴6

2
]

−1

. This equation exists 

providing the coupling parameter K<Kcr≈0.056, as follows from 

expressions 𝐺 − 𝐴2𝐺′ = −1 + 𝑒𝑥𝑝[−𝐴2] + 𝑙𝑛[𝐴2] + Γ[0, A²] + γ and 
𝐺′ = −1 + (1 − 𝑒𝑥𝑝[−𝐴2])/𝐴2. 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 Eqs. (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.  
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     Figure 2 Power, P as a function 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 Eqs. (6)-(7) reduces to the one higher order NSLE 
corresponding to the Eq. (6) without coupling linear term. Such a case is 
charted in in Figure 2 by dashed strait line.  

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

 U = −∫ F(R)dR =
2

R2
+

2πR2

P
(Γ [0,

P

πR2
] + 𝑙𝑛 [

Peγ

πR2
]) − 2 −

KP𝑙𝑛R2

4π
.   (17)  

Using the analogy with a bullet in a potential well, a deeper physical 
understanding of "light bullet" dynamics around equilibrium width, Req, 
can be acquired [13,16,20].  Indeed, dynamically stable soliton-tweezers 



 
 
 
 

 
 SELF-ORGANIZED BRIDGE 119 

 

 
 

are self-trapped in minima of U-potential well corresponding to the novel 
analytical stability criterion 

(
∂2U

∂R2)
R=Req 

=
8

R2 (
2

R2 +
KP

8π
−

πR2

P
+ (1 +

πR2

P
) 𝑒𝑥𝑝[−

P

πR2])R=Req 
> 0 .  

(18) 

 

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 analytically 
established for full line intervals of self-trapping in Figure 2 
corresponding to the bottom of potential well in Figure 3. 

In experiments only global 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 σ 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 ν regrouping all smaller negative terms of 
higher order 
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 i ∂E/ ∂z + ∇⊥
2 E + (σ|I| − ν|I|²)E − ΘE = 0.          (19) 

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

 

4. Experimentally self-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 (nb > 
np) in pure water suspension. Without loss of generality, we investigate 
the self-organized propagation of a near infrared laser beam of wave 
length λ0=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 
λ0=980 nm [37,41]. In laser light of lower wave length λ0=727 nm, 
hence, higher frequency, these nanoparticles are negatively polarized 
[22]. Their capping agent is the polyethylene glycol (PEG) ligand that is 
covalently 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 well in water increasing 
biocompatibility for in-vivo and in-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 λ0=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  

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 η and σ in 
front of intensities I, and I2 of Eq. (20), as well as the negative value of ν in front of I3. 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 (e) z=30000 arbitrary unit. The 
color scale is common. 

 

   f 
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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, Iout as functions of gradually 
increasing input intensities, Iin. Their third order polynomial fit gives ηI + 
σI2 - νI3 with concrete values of coefficients in insert of Figure 4f. The 
quadratic intensity term, σI2 corresponding to the concave part of curve 
for small intensities, is focusing, like the self-focusing term in usual 
nonlinear Schrödinger equation (NLSE) for electric field, E. The negative 
cubic intensity term, -νI3 corresponding to the convex part of curve for 
big intensities, is defocusing, like the negative self-defocusing term in 
NLSE. The linear intensity term, ηI 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 Eq. (7). As can be seen from 
Figure 2 the parameter K is very small.  As a consequence, Eq. (7) can be 
formally integrated contributing a coefficient η to this coupling term in 
Eq. (19). Therefore, the nonlocal influence of the heat can be included in 
the linear term of Eq. (19) rewriting it as ηE in our model equation. 
Therefore, the coefficient η as well as coefficients σ and ν 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 I=E2 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 Eq. (19) for complex 
electric field E is multiplied by the same E in order to model the 
experimentally measured complex intensity I=E2, giving the synergetic 
soliton-tweezer equation  

i ∂I/ ∂z + ε∇⊥
2 I + ηI + (σ|I| − ν|I|²)I = 0.           (20) 

 
This equation model the influence of heat nonlocality, self-focusing, and 
self-defocusing in experiment, respectively, through the measured 
coefficient η, σ, and ν. 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 ε= σ-ν. 
Therefore, the coefficient ε 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 
(a.u.), 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 numerical 
approaches. 

Soliton-tweezer robustness is also confirmed in Figures 5 by a stable 
behavior of its width, R, complex intensity, I, 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 6c), z=20000 
a.u. (Fig. 6d) and z=30000 a.u. (Fig. 6e) 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. Essential is that both curves start as concave causing 
tweezing self-focusing with positive I2 and finish as convex inducing 
self-defocusing with negative I3, 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, I 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 
Eq. (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 intensities in 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 nanoparticles in plasmonic suspensions.  

    Behavior of soliton-tweezer self-trapped in suspension of positively 
polarized nanoparticles is investigated using femtosecond laser of 
wavelength λ0=1037 nm. In experiments we use gold nanoshells of 240 
nm diameter that have a strong plasmon resonance at wave length λ0=980 

 

                            f
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nm. Indeed, in laser light of higher wave length λ0=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  

 

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, I, 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 ηI + σI2 - νI3 in inset of Figure 8 
with concrete values of coefficients η, σ, and ν. As in 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 η, σ, and ν are introduced in our 
innovative      STCIE, Eq. (20). This equation is then numerically 
propagated from z= 0 a.u. 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- 

 
 
Figure 8 Soliton-tweezer self-trapped and self-collimated in suspension of positively 

polarized nanoparticles is investigated using femtosecond laser of wavelength λ0=1037 
nm. Heavy dots output intensities are charted in function of increasing input intensities. 

tweezer. This is 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 local in space as any nonlinear partial differential 
equation, it includes, in its linear term, the essence of nonlocality through 
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the coefficient η that take formally  into account the coupling with heat 
equation. The value of η comes from experimental measurements. 
Indeed, our synergetic STCIE is a hybrid equation with values of 
coefficient σ in self-focusing term and coefficient ν in self-defocusing 
term, come directly from the measurements too. In such a way, a realistic 
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, I, power, 
P, and width, R are constant. Nearly imperceptible breathing of intensity 
is seen in Figure 10 only with very big resolution of 30 a.u. This 
breathing appears in Figure 9 as the transformation of dome soliton-
tweezer into millstone one. 
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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.  

 
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, I 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 as in Figures 4-7. If SARS-
CoV-2 in blood filling u-cuvette is positively polarized, it would be 
squeezed paraxially 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 extracorporeal 
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 monoclonal antibodies can be used 
too for binding SARS-CoV-2 without danger of inducing body 
immunologic 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 
crucial for selective and secure medical applications. In contrast to the 
Kerr solitons generated above an intensity threshold, soliton-tweezers 
always 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 air 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 laboratory soliton-tweezer. 
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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 original 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 differential 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 
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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 87Rb D2 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, Δmg = 2, are altered by π. 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 σ 

+ light pulse two delayed and weak step-like 
pulses of σ 

- light are sent through heated Rb buffer gas cell. The dependence of the transmission of 
the σ 

- 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. 
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Ramsey effect on linewidth of coherent resonances in vacuum Rb cell 
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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 
polarized and locked to appropriate EIT and EIA transitions of the 

87
Rb D2 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/cm2, 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.  
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In this contribution we investigate the generalized Λ-system based on the 5S1/2(F=2), 
5S1/2(F=3), 5P3/2(F’=4, 3, 2) levels of the cold 

85
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. 
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ROBUST NARROWING OF DARK RESONANCES IN RB 
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Counter propagating spatially separated hollow pump and coaxial probe laser beams generate 

narrow Zeeman electromagnetically induced transparency (EIT) resonances in vacuum Rb 

cell. The lasers were locked to Fg=2→Fe=1 transition of either D1
 
or D2

 
line of 

87
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. 
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Solitons generated by self-organization in bismuth germanium oxide single 

crystals during the interaction with laser beam 
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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 Schrödinger 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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Inducing LIPSS by multi-pass and cross-directional scanning
of femtosecond beam over surface of thin metal films

A.G. Kovačević1, S. Petrović2, M. Lekić1 and B.M. Jelenković1

1Institute of Physics, University of Belgrade, Belgrade, Serbia;
2Institute of Nuclear Sciences “Vinča”, 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 Mira3 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
� III45016, OI171038 and OI171005. The authors deeply thank dr. Dejan Pantelć and
dr. Radoš Gajić, both of Institute of Physics, University of Belgrade, for valuable support.
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The occurrence of laser-induced periodic 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. III45016, OI171038 and OI171005. 
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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, i.e., 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 various two-dimensional materials will be 
tweezed using spatiotemporal dissipative solitons and multidimensional vortex solitons [4, 5]. 
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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 µm in small cells to 4.5 x 3.5 µm in large cells, 

sometimes >5 µm) 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 22̊ 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 10^6 and 10^8 

cm-3. 

 

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 10^6 cm-3 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”. 

 

REFERENCES 

[1] A. Bezryadina, T. Hansson, R. Gautam, et al. Phys. Rev Lett. 119, 058101 (2017). 

[2] R. Gautam, Y. Xiang, J. Lamstein, et al., Light: Sci. Appl. 8, 31 (2019). 

[3] R. Gautam, A. Bezryadina, Y. Xiang, et al., Adv. Phys. X 5 (2020), doi: 

10.1080/23746149.2020.1778526. 

[4] I. Shihira, R. W. Krauss. Chlorella. Physiology and taxonomy of forty-one isolates, pp.1-97. 

Maryland: University of Maryland, College Park (1965). 

  



Kopaonik, March 14-17, 2021    14th Photonics Workshop

13
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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. 
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A quantum phase operator on the von Neumann lattice  
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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  
Fg =2→Fe=1 in D1 line transitions of 87Rb. 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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