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ARTICLE INFO ABSTRACT

Keywords: Self-assembly of nanoparticles under the action of laser field can be an universal method for the formation of
Dipole-dipole interaction nanostructures with specific properties for application in sensorics and nanophotonics. For prognosis of the self-
Laser field

assembly processes, the model of movement of an ensemble of nanoparticles in a viscous media under the action
of laser radiation with the account for interaction of laser-induced polarizations and Brownian dynamics is
developed. This model is applied to the investigation of the self-assembly process of a triple of nanoparticles into
three-particle structure with a predetermined geometry.Two specific cases of formation of nanostructure from a
preliminarily formed pair of particles are studied: either for the pair fixed in space or from the unfixed pair of
nanoparticles. The geometry of resulting nanostructures is shown to be determined by the polarization direction
of laser radiation and the laser wavelength. Under proper choice of these parameters the formation of structures
is shown to be highly efficient. E. g., maximum probability of structures formation is as hig as 36-46% per single
laser pulse of 10 ns duration.

Brownian dynamics
Self-assembly of nanostructures
Colloidal crystals

1. Introduction

Studies in the area of nanotechnology presently exhibit extremely
fast rate of development. As an example, the applications of new na-
nomaterials are under intense research in the materials science [1].
Another prospective subject of studies are nanoliquids containing small
amounts of nanoparticles in, e.g., water solutions [2]. Consequently,
great attention of researchers over last decades is paid to the production
[3,4], characterization of properties [5-9], and applications of new
types of nanoparticles and structures based on them [10].

Obtaining of the nanostructures with unique properties differing
from those of the bulk material and depending both on the composition
and shape becomes more and more actual. Therefore, the problem of
development of universal technique of nanostructures’ formation
sharply stands on the agenda of many researchers.

One of approaches used for nanostructures formation is based on the
molecular processes of self-assembly of nanoparticles. Such self-as-
sembly is performed with the help of modification of the surface of
nanoparticles by peptides, lipids, polymers [11] and molecules of DNA
[12-14], the selective interaction of which determines the geometry of
the formed structure. Further development of these ideas is im-
plemented in the concept of so called transmutable nanoparticles [15],
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which are the nanoparticles functionalised by DNA capable of either
activating or deactivating certain bonds by specific chemicals.
However, such an additional modification of the nanoparticles’
surface may lead to the changes in their properties. To avoid this, the
alternative approach can be used that is based on the application of
physical interactions, particularly, hydrothermal processing [16], con-
vective flows, magnetic field or illumination by the light [17]. For in-
stance, large-area golden nanostructures were fabricated via annealing
of the samples containing golden nanoparticles under different tem-
peratures [18]. Laser ablation ov various materials by ultrashort pulses
was used for obtaining the periodic structures on a surface [19]. The
illumination by the light also can be used for optical binding of nano-
particles via either near-field or far-field interactions [20], that leads to
the formation of structures with the dimensions either smaller or of the
order of the external radiation wavelength, correspondingly. Presence
of optical resonances in nanoparticles leads to substantial peculiarities
both in the process of nanostructures’ formation in the field of laser
radiation and in the peculiarities of their optical spectra [21]. Parti-
cularly, the authors of [22] have theoretically shown that the action of
resonant laser radiation onto the ensembles of silver nanoparticles
possessing plasmon resonances leads to, for the first, enhancement of
near-field interaction between particles, and, for the second, gives the
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possibility of the control of the geometry of nanostructure forming via
induced self-assembly by the tuning of the laser wavelength. However,
low Q-factor of plasmonic resonances prevents achieving the inter-
particle interaction energy that would exceed the thermal movement
energy (kT) at intensities of laser radiation below the threshold of ra-
diative stiffness if silver nanoparticles. Further, in [23] it was shown
that choosing the colloidal quantum dots that possess better Q-factor
resonances allows obtaining enough interparticle interaction energy in
the field specified above. Molecular dynamics modeling of the self-as-
sembly of quantum dots into a stable pair [24] and subsequent ex-
periment [25] with the parameters of the medium and the field ob-
tained from the modeling have shown the possibility of formation of
stable structure consisting of two CdTe quantum dots. However, of
grater interest is the possibility of forming the structures consisting of
three and more particles, with the properties of structures being con-
trollable via changing the geometry of a structure. We also note that
analytical calculation of the energy of dipole-dipole interaction does
not allow estimation of the probability of aggregation and choosing the
optimum parameters of the experiment, since the potential well depth
and spectral position are in dependence on the interparticle distances
and mutual positions of paricles with respect to polarization plane of
laser radiation. The influence of particle movement on the probability
of structure formation does not allow quantitative preliminary analysis
and must be accounted in the process of numerical modeling.

One must note that influence of broadband- or dual-wavelength
irradiation on the shape of resulting nanoobjects was experimentally
demonstrated by Mirkin et al [26,27]. Conventional lamp sources were
used in these experiments, and the intensity of radiations used in these
experiments was rather low. In contrast, the exposure time was typi-
cally a hundred of hours or more. These experimental results are based
on the excitation of plasmon resonance polarization on the forming
nanoobjects that leads to the possibility to control their shape and size.
It is of interest to extend these methods to the case of higher radiation
intensity and shorter time scale.

Present paper proposes the approach to the formation of complex
nanostructures from initially isolated nanoparticles under the action of
laser radiation. A step-by-step aggregation is considered when a third
particle adjoins to a preliminarily formed pair of particles, the position
of the former being controlled by the choice of the wavelength and the
polarization of the external field. Within this case, two variants can be
implemented, namely, either initially formed pair can be fixed in space
or be arbitrarily oriented with respect to laser polarization.

We suggest the dynamical model of the laser-induced self-assembly
of nanostructures based on the molecular dynamics in the field of laser
radiation, and develop it to investigate the possibility of assembly of
three-particle nanostructures with the demonstration of the shape
control. For the modeling of the processes of both spontaneous and
laser induced aggregation, the description of a system with the help of
the Langevin equations system [6] is used, with the account for
Brownian dynamics of the movement of an ensemble of nanoparticles.
Numerical solution of the equations system was implemented according
to the explicit two-stage Runge-Kutta scheme. Conducting large enough
runs on the scheme, we statistically calculate the probability of for-
mation of either pyramidal, or linear, or rectangular structures, in de-
pendence on initial particles positions and the parameters of external
field.

2. Theory and model

The most facile and the least expensive method of obtaining the
colloid crystals, i.e. highly ordered structures of nanoparticles that does
not require any local physical action onto the system is based on the
ability of nanoparticles to self-organize in the process of random
Brownian collisions in real disperse systems [28]. However, when using
this approach, it is impossible to control the processes of formation of
pre-defined nanostructures. The method of formation of nanostructures
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with a pre-defined geometry from the nanoparticles possessing re-
sonances in the optical wavelength range under the action of laser ra-
diation was proposed in [22,23]. The essence of the method is as fol-
lows. Illumination of microobjects by laser radiation induces the
polarization on them that is the cause of interaction of the particle both
with the external field, allowing the formation of the structures with the
dimensions of the order of the wavelength, and with other particles. In
the latter case the formation of structures with the dimensions much
smaller than the wavelength of laser radiation inducing the polarization
is possible. Presence of optical resonances leads to the enhancement of
interparticle interaction and is the base for selective formation of var-
ious structures with the pre-defined positions of particles within the
structure, for the sake of the dependence of interaction energy between
particles illuminated by laser radiation on the laser frequency, on the
resonant frequencies of particles and on the orientation of groups of
particles with respect to polarization plane of radiation. In this case, a
potential well is formed in the spectral and angular dependences of the
interparticle interaction energy that corresponds to the given config-
uration of the group. If the depth of this potential well is larger than the
energy of a barrier preventing from spontaneous aggregation [24], then
self-organized merging of the group under consideration into a nanos-
tructure with pre-defined configuration becomes possible, the config-
uration being determined by two independent parameters, namely,
laser frequency and laser polarization orientation. After the laser
switch-off such structure is preserved stable due to the Van der Waals
interaction.

2.1. Mathematical basis

For the description of the self-organization of particles in the field of
laser radiation we will use the model outlined in [22,23]. Let us con-
sider the ensemble of N particles with the masses m;, radii R; and re-
sonant frequencies co;’ (G =1,..,N). The particles are illuminated by
laser radiation, and they interact with each other due to their dipole
moments induced by the external light field. For every j— th dipolar
particle in every time moment we define following quantities:

7; = (rf, rj’ s rjz) T is the radius vector of the center of mass of a di-
pole particle;

I_/; = (VF, V}’, Vf)T is the vector of translational velocity of the
center of mass;

E; = (d7, djy , df )T is the vector of induced dipole moment.

In the course of modeling the probability was determined of con-
vergence of particles to the distance between their centers of mass
max |7yl < 2R; during T < 10ns, at various orientations of particles with
respect to polarization plane of laser radiation and its frequency. Pulse
duration quoted above was chosen to be equal to the duration of laser
pulse used in the experiment on the structures formation [24].

According to [20], the field propagator between field-induced di-
pole moments depends on the distance and can be written as the sum of
three terms each of them being dominating at certain distance range.

exp(iklry| -
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where k = 27/A is the wave number of the light in the medium, ¢, is the
permittivity of vacuum, ¢ is the relative permittivity of the medium, and
9y denotes the Kronecker delta. The term responsible for near-field
interaction (Iﬁl*) is the largest at interparticle distances I7j)kl <<Aa
(where 1 is the wavelength of external field) and allows formation of
the structures with the dimensions much smaller than the wavelength.
Two other terms considerably contribute to the interaction energy at
the distances of order of wavelength (I7j)k|‘2) or at the distances
|7J-)k| >>1 (I?}kl‘l) and can be responsible for the formation of structures
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with dimensions equal or exceeding the external field wavelength. Note
that the latter structures exist only in the presence of standing wave of
external field. Structures formed in the near field can exist in the ab-
sence of the field due to van der Waals force [24]. In the present study,
we will assume that the dimensions of the whole ensemble are much
smaller than the wavelength of incident radiation. This assumption
allows neglecting the phase shift between induced dipole moments and
considering the field strength of external light field E to be homo-
geneous over the ensemble and to avoid taking the retardation into
account. Then the electric field strength vector of the light wave field is
representable in the form of harmonic function dependent only on time
with the oscillation frequency &, E = 1/ 21_5)0 exp (iw't) + c. c.

When considering a local field in the vicinity of j— th particle, both
contribution of external field and those from all the rest particles must
be taken into account via summing of the fields of all dipoles induced
on them. Then the dipole moment vector induced on j— th particle has
the form

- — -
d = % [E + ZEk]

[y

(€8]

where Y, is the linear polarizability of isolated j— th particle, E; is the
field created by k— th particle of ensemble in the point of location of j—
th particle:

— —
1 3(dg 7;2)7;)1{ — dy lryl?

47re, 1Pyl )

-
Ey =

where 7],{ = Tf — 7, & = (367)"1-1079C2/(N-m?) is the dielectric per-
mittivity of vacuum.
According to [29] and using (2), we obtain the expression de-
scribing the energy of j— th dipole:
- - — —
= L s (s dOITP = 3(d), Ti(d T
J

- -
Ao 2 T 3

For microscopic description of dipolar polarizability of individual
particle we will use two-level model [22,23]. In the frame of this model
under simplest case of solitary resonance at the frequency w” char-
acterized by electric dipole moment of the transition Id;,I* and excita-
tion relaxation rate (homogeneous width of resonance) I', dipole po-
larizability of particle in the vicinity of " can be described by the
following expression:

P
Xo w(Q + il 4

where Q = w" — w is the detuning from resonance, and # is the Planck
constant.

2.2. Equations of motion

Translational motion of j— th particle of the ensemble is described
by the Langevin equations system

d7/dt = v,
- =f oec

m;(dv;/dt) =F, — F; +F, )
f
where IT“; = —grad(W} + W{ + W), 1_?:

is the stochastic hydrodynamic force.
Pair interaction energy includes the energy of Van der Waals in-
teraction and that of electrostatic Coulomb repulsion responsible for the
protection of particles against spontaneous aggregation. For the de-
scription of van der Waals interaction we use following expression [28]:

. . . . —=¢
is the viscous friction force, F;
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Ay
WP = 2:
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+
”ljzk + 4R;hy. hjzk + 4Rjhj + ZRJ-Z

(6)

where Ay is the effective Hamaker constant, R; is the radius of particle,
hy = I7j’k| — R; — Ry is the interparticle gap.

Potential energy of Coulomb interaction between overlapping
double electric layers W; for j— th spherical particle with radius R; is
given by the known expression [28]:

Wi = 27T€€0Rj¢02 z In[1 + exp(—hjko)],
k2 ™

where ky = 1/, is the shielding constant (here 4, is the Debye-Huckel
radius), ¢ is the dielectric permittivity of the environment, ¢, is the
potential at the boundary of Helmholtz layer.

It is assumed that the medium parameters are chosen in such a way
that electrostatic repulsion force exceeds Van der Waals force but action
of laser radiation could lead to the aggregation of particles into struc-
tures.

Viscous friction force being the main factor of kinetic energy dis-
sipation, for spherical particles with the radius R; is determined by the
Stokes formula
I_:)Jj = 67R; Y] (8)
here 7 is the dynamic viscosity of the medium.

Interaction of particles with the environment with fluctuating den-
sity leads to random change of the trajectory of their motion that must
compensate for the friction force effect and to preserve dispersed phase
mobility. To account for Brownian motion, we assume that random
force I_T)jc is featured by Gaussian distribution. During the temporal step
At the particle steadily undergoes the random force action. Before each
step of integration the values of projections of random force onto co-

—C
ordinates’ axes (F; )*(k = x, y, z) are chosen from Gaussian distribution
with the zero average value and standard deviation

_ 127T7]RJ- kb T
At ©)

here kj, is Boltzmann constant and T is the temperature of the medium.

Account for all forces acting onto the particles in the field of qua-
siresonant radiation allows modeling of the process in question with the
help of Brownian dynamics and estimation of necessary parameters of
the medium and the field. In the general case, the integration of the
equation system (7) can be done only numerically.

52

2.3. Verification of the model

According to estimates quoted in [19-22], let us choose following
parameters as the starting data:

T = 300K 7 = 0.8902mPa-sec, r, = 1.5nm,
ldi? = 1.91-107%].-m?, A) = 525nm,
Ao = 9.8nm, @5 = 2.34mV, A1 = 3nm,
m; = 2.12-1073kg, Ay = 50k, T

We define intensity of laser field equal to I = 10°W/cm?. It is ne-
cessary to note that in real Brownian system, the velocities of particles
obey Maxwell distribution [30,31]; however, since the formation of
thee-particle structure is performed step by step then we set transla-
tional velocity at starting time moment ¢ = ¢, to be zero that corre-
sponds to mathematical expectation of supposed distribution. Minimal
allowed distance between centers of mass of dipole particles dp;, is
taken to be double radius of the particles dpin = 2R;.

As it was already pointed, for seeking of numerical solution of ODE
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system (5), the second order method from the family of explicit nu-
merical Runge-Kutta methods was used [32].

Calculation of particles’” motion was conducted in a spherical cell
with initial number of particles distributed within it being equal to N.
The radius of the cell was equal to 20 nm. At every iteration step for
every particle, independently on either the particle is isolated or in-
volved into an aggregate, the motion Eq. (5) were solved in accordance
with model parameters described above. Numerical method was im-
plemented at the uniform grid with the step h = 0.01 ns. Random force
1_?);, as pointed in 2.3, is governed by Gaussian distribution. Numerical
implementation of random force was done using random number gen-
erator that produced random uniformly distributed quantity further
converted via Boxer-Mueller transformation to Gauss distribution in
accordance with parameters defined in 2.3. Probability of assembly of
particles into a structure was evaluated from the set containing 100
calculation runs of the same type. Deviation from the mean value did
not exceeded 10%.

3. Results and discussion

As we pointed above, formation of complex structures can be per-
formed in the course of step-by-step assembly when a third particle
adjoins to preliminarily formed pair at desired angle. Geometry of
formed structure can be controlled by the frequency and orientation of
polarization vector of external field. In this case initial pair can be ei-
ther fixed, e.g., with additional laser field, or unfixed, with the respect
to polarization plane. In the course of modeling special attention was
paid to monitoring the formation of stable structures: «line», when third
particle adjoins the pair at the angle 0° + 5° from line connecting cen-
ters of mass of particles composing the pair, «angle» (90° + 5°), «pyr-
amid» (120° + 5°).

3.1. Formation of structure from three particles with spatially oriented pairs
of particles

Let us consider the case when particles 1 and 2 (Fig. 1) are fixed and
their orientation in space with respect to the polarization plane of in-
ducing field is enabled by additional light field. The task is to calculate
numerically the energy of interaction between the third particle and

-—

E

a

Fig. 1. Initial position of particles.
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particles 1 and 2 in dependence on the wavelength and orientation of
polarization vector of external field, that would provide values of these
parameters that enable formation of potential well with maximum
depth. Positions of particles in the initial moment of time are presented
in Fig. 1. Distance between particles within the pair is chosen to be
I7,) = R, + R,, while the distance between second and the third parti-
cles |7l was set to be 20, 16 or 10 nm; the angle O between T, and 7,
can be arbitrary. Preliminary estimates show that chosen distance
corresponds to the interparticle interaction energy larger than the
thermal motion energy (kT).

The calculated dependence of dipole-dipole interaction energy (3)
normalized to the thermal energy kT at room temperature, for the case
of three nanoparticles with spatially oriented pair, on the wavelength of
external field and on the angle a between polarization vector and the
line connecting particles 1 and 2 is plotted in Fig. 2, 7; = 16nm: 6 = 0°
(Fig. 2a), 0 = 120° (Fig. 2b).

As one can see from Fig. 2, the choice of the angle a defining the
direction of polarization vector of external field as well as the choice of
wavelength and position of the third particle significantly influence the
behavior of energy dependence. For 6 = 0° at @« = 0° and at a = 180°
(Fig. 2a) the potential well in the interparticle interaction energy is
observed at 690nm with the depth of order — 50kT, evidencing the
possibility to produce stable nanostructure. Spectral width of the well is
of order of 200 nm. Different behavior is observed for 8 = 120° with the
potential well as deep as — 33kT is attained at a = 90° (Fig. 2b). In this
case potential well experiences short wavelength shift and corresponds
to the wavelength 450 nm.

Reducing the distance between fixed pair and the third free particle
leads to increase of detuning from the resonance, and the resonance
becomes shifted to the longer-wavelength (Fig. 3a) or shorter-wave-
length regions of spectrum (Fig. 3b) for the first and second cases,
correspondingly.

Therefore, wavelengths A" = 690nm and 1" = 450nm correspond to
the maximum attractive interaction energy and can be chosen for the
formation of a nanostructure on the base of spatially fixed pair of
particles. There was assumed in the calculations that the third particle
was located on a circle centered in particle 2 with the radius 16 nm that
corresponds to volume concentration n = 0.0025. For the wavelength
of external field A" = 690nm the calculated probability of structure
formation from three particles during time period not more than 10 ns
is presented in Fig. 4.

Calculation shows that for A" = 690nm maximum probability of
46% is attained for linear structure with average formation time
6.81 ns. The angle of external field polarization direction corresponding
to maximum probability equals to 0°, in accordance with dipole-dipole
interaction energy calculation (Fig. 2a). In 29% of runs the adjoining
does not take place and in 25% of runs the adjoining leads to the for-
mation of structures other than the linear one. Similar calculations for
the wavelength of the external field A" = 450nm are shown in Fig. 5.

In this case the structures of pyramid-type and angle-type are
formed with the probabilities 39% and 24% correspondingly, and in
37% of runs the adjoining does not take place. Average aggregation
time into pyramid-type structure is 4.49ns, while for angle-type
structure it is 5.76 ns. The angles of external field polarization direction
corresponding to maximum adjoining probability are equal to 45° for
angle-type and 90° for pyramid-type structures and correspond to the
calculated ones (Fig. 2b).

Therefore, for fixed pair of particles at external field wavelength
690 nm the formation of linear structure is the most probable, and the
most favorable value of a = 0°. For external field wavelength 450 nm
the most probable structure is the pyramid, and the most favorable
value of a = 90°.

Calculation shows that under the choice of the wavelength and
external field vector direction with respect to fixed pair of particles the
production of three different stable structures is possible, namely,
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Fig. 2. Dependence of dipole-dipole interaction energy of three nanoparticles including spatially fixed pair after averaging over time, on the angle a and on the

wavelength of external field 1"; 72)3 = 16nm, 6 = 0° (2a), 6 = 120° (2b).
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Fig. 3. Time-averaged dipole-dipole interaction energy of three particles with spatially oriented pair in dependence on the interparticle distance at 8 = 0°, & = 0° (3a)
u 6 = 120°, a = 90° (3b). Dash lines correspond to interparticle distance 72)3 = 20 nm, solid lines — 16 nm, dot lines — 10 nm.
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Fig. 4. Probability of formation of linear structure from three particles with
spatially oriented pair in dependence on their mutual orientation at
A" = 690nm.

linear-type and pyramid-type ones and angle-type. Structure formation
probability may reach 46% per laser pulse at modest external field in-
tensity.
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3.2. Formation of structure from three particles with the participation of
arbitrarily oriented pair of particles

In the second case we will assume that particles 1 and 2 are pre-
liminarily assembled into stable pair that is arbitrarily oriented in
space. Like in previous case, the task is the numerical calculation of
energy of interaction between the third particle and pair of particles 1
and 2 in dependence on wavelength and external field polarization.
Starting position of particles is the same as in Fig. 1. Dependence of
dipole-dipole interaction energy normalized to room temperature
thermal energy on the wavelength and angle a for three particles is
shown in Fig. 6 (72)3 = 16nm) for 6 = 0° (6a), and 6 = 120° (6b).

As one can see from Fig. 6, for @ = 0° ata = 0° and o = 180° (Fig. 6a)
the potential well in the interaction energy of particles is formed with
the depth of order 40kT and spectral width 110 nm. Different behavior
is observed for 6 = 120°, where potential well with the depth 5.5kT and
spectral width 70 nm is formed at o« = 90° (Fig. 6b). Similarly to pre-
vious case, reduction of the distance between the pair and free particle
leads to the increase of detuning off resonance, and the resonant wa-
velength becomes shifted to longer-wavelength (shorter wavelength)
region of spectrum for 6 = 0° (6 = 120°), correspondingly (Fig. 7).

E
0.3
o

Probability
© o o o
S5 Xk

S
M)

o
w

Fig. 5. Probability of structure formation from three particles with spatially oriented pair in dependence on their mutual orientation at A" = 450 nm.
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Fig. 6. Dependence of time-averaged dipole-dipole interaction energy of three particles with arbitrarily oriented pair on polarization angle and external field

wavelength for 6 = 0° (6a), 6 = 120° (6b).
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Fig. 7. Dipole-dipole interaction energy of three particles with arbitrarily oriented pair in dependence on interparticle distance for 6 = 0°, « = 0° (7a) and
6 = 120°, a = 90° (7b). Dash lines correspond to interparticle distance 72)3 = 20 nm, solid lines — 16 nm, dot lines — 10 nm.
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Fig. 8. Probability of structure formation from three particles with arbitrarily
oriented pair in dependence on their mutual orientation at A"=740 nm.

Longer-wavelength maximum of potential well is attained at the
external field wavelength A" = 740nm. Probability of adjoining of free
particle in external resonant field in dependence on its polarization
during time period no more than 10 ns is presented in Fig. 8.

According to calculation, for the quoted wavelength predominantly
linear structures are formed. Average adjoining time is 7.45ns.
Probability of required structure formation is 35%, while 43% of runs
do not resulted in formation of any structure, and 22% of runs termi-
nated by formation of structure other than linear. Angle of external field
polarization direction that is favorable for attaining maximum prob-
ability of linear structure formation equals to 0°. Oppositely, shorter-
wavelength potential well is preserved at A" = 450nm (Fig. 9) and is
most favorable for pyramid-type structure formation.

Average pyramid-type adjoining time for " = 450nm is 4.89 ns, and
maximum probability of pyramid type-structure formation is 36% at
external field polarization angle 90°; 33% of runs result in absence of
adjoining while in the rest of runs the structure other than pyramid are
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Fig. 9. Probability of adjoining of free particle to the arbitrarily oriented pair
into pyramid-type structure in dependence on their mutual orientation at
A'=450 nm.

0.4-

formed.

Therefore, formation of three-particle structure via adjoining of the
free particle to the preliminarily formed pair is possible without addi-
tional orienting field. Structure formation probabilities more than one
third per single 10 ns pulse can be attained. Selectivity on the laser
wavelength allows directed formation of predominantly either linear or
pyramid-type structures.

The employment of realistic parameters of medium and the field, as
well as good qualitative agreement between earlier calculations [24]
and the experiment on the formation of pairs of colloidal quantum dots
in the field of laser radiation [25] evidence the possibility of im-
plementation of similar self-assembly of complex structure in the real
experiment. This experiment can be done with the help of optical
parametric oscillator at pulse duration of order 10ns and the tuning
range in the visible depending on the size of individual nanoparticles.
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4. Conclusion

Present study has shown that, for the example of three-particle
structure, the formation of complex structures can be achieved in the
course of step-by-step process when the third particle is adjoining to a
preliminarily formed pair. Initial pair in this case can be either fixed by
auxiliary field or arbitrarily oriented in space. The first approach allows
achieving larger structure formation probability (46% per a single
pulse) and obtaining three different geometries of resultant structures.
This approach uses two independently controllable parameters of laser
radiation, namely, wavelength and orientation of electric field strength
vector. In case of second approach, the structure formation probability
per pulse is smaller (36%), and formation of only two kind of structures
is possible. However, the probabilities of formation of stable structures
in both approaches do not differ strongly, and the second approach does
not require additional orienting field. The latter means that second
approach is easier to be implemented in the experiment.

The laser source required for pre-defined structures formation must
be widely tunable across the visible and must generate pulses with the
duration of order of 10 ns. These requirements are well fitted by com-
mercial optical parametric oscillators, and consequently, the proposed
technique is well implementable in practice.
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