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Abstract

We register stimulated low-frequency Raman scattering (SLFRS) caused by laser-pulse interaction
with nanoparticle acoustic vibrations in an ethanol suspension of sodium chloride nanoparticles and
measure the SLFRS conversion efficiency and threshold. Frequency shifts of scattered light from the
exciting light frequency are situated in the gigahertz range. We show that the frequency shifts increase
with decrease in the nanoparticle sizes.
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1. Introduction

Nanoparticles play an increasing role not only in scientific investigations, but also in industry, medicine,
and biology. They are used for different purposes in industrial processes. Thus, it is important to study
different systems containing nanoparticles and develop methods for their characterization. Low frequency
Raman scattering (LFRS) is a powerful tool for investigating nanoparticle properties. Each nanoparticle
has a set of natural acoustic frequencies determined by its morphology. Some nanoparticle vibration
eigenmodes obeying the Raman selection rules may appear in the LFRS spectra. The frequency shifts
of Stokes and anti-Stokes LFRS components are in the terahertz or gigahertz range and are determined
by the shape of nanoparticles, their sizes, and elastic properties [1]. The line width of scattered light is
defined by the homogeneous broadening due to the interaction with surrounding media and the inhomoge-
neous broadening due to the particle-size distribution [2]. So, analysis of the LFRS spectral characteristic
can provide important information on the physical properties of the nanoparticles and the properties of
the surrounding environment.

Recently, it has been shown that, in different systems consisting of nanoparticles of various nature,
a stimulated analog of the LFRS can be excited [3,4]. The SLFRS was observed in different materials:
highly-ordered samples such as opal matrices and nanocomposites based on them, nanostructured thin
films, and disordered materials such as suspensions of different nanoparticles (metals, semiconductors,
dielectrics) [5,6].
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The high efficiency of SLFRS conversion is evidence of intense coherent nanoparticle oscillations at
terahertz or gigahertz frequencies. The precise frequency is determined by the characteristics of the
nanoparticles and environment. The coherent phonon excitation at THz or GHz frequencies can lead to
many practical applications and, from this point of view, the experimental SLFRS observation in different
systems is of great practical importance.

Among a large number of nanoparticles, some may exist in nature, for instance, NaCl nanoparticles
may appear in aerosols of sea evaporations [7,8]. They can take part in cloud formation, interact with
inorganic and organic materials existing at the same time in the atmosphere, and even influence the
ozone level [9-11]. Also NaCl nanoparticles can play an important role in some processes in biology and
medicine; for instance, in tissue engineering [12]. Some methods of preparing NaCl nanoparticles have
been described in the literature, as well as their properties especially connected with such atmospheric
phenomena as deliquescence and efflorescence [13]. Deliquescence is transformation of crystalline NaCl
nanoparticles into aqueous saline droplets, and efflorescence is the inverse process of water evaporation
and drying of nanoparticles.

The size distribution of polydisperse and monodisperse NaCl nanoparticles as a function of tempera-
ture was studied in [14]. In [15], the methods of nanoparticle embedding into polymer and glass substrates
have been described. The morphology and structure of coatings (in particular, NaCl) were character-
ized by different methods such as X-ray diffraction (XRD), Raman scattering, and luminescence. The
NaCl-nanoparticle fragmentation under the action of UV laser radiation was studied in [16].

Atmospheric NaCl nanoparticles contain water, usually as a layer covering the particle. In this paper,
we produce and study NaCl nanoparticles that do not contain water. For this purpose, we use NaCl
nanoparticle suspensions in ethanol, which practically does not dissolve NaCl. We investigate stimulated
low-frequency Raman scattering (SLFRS) appearing in the NaCl nanoparticle suspension under the action
of nanosecond laser pulses.

2. Preparation and Characterization of Nanoparticles

NaCl powders are obtained by different methods. The samples of NaCl (Nos. 1 and 3) were obtained
in the reaction of sodium diethylmalonate with acetyl chloride in toluene. If the reaction was carried out
at room temperature, yellowish crystals of NaCl (No. 1) were obtained. If sodium diethylmalonate in
toluene was cooled to 17-18°C before adding acetyl chloride, white crystals of NaCl (No. 3) were formed.
The NaCl sample (No. 2) was formed when chloroform and metal sodium were mixed in ethanol under
cooling at 17-18°C. Lastly, the NaCl powder (No. 4) was obtained in the reaction of sodium acetate with
acetyl chloride in ethanol under stirring and cooling at 17-18°C. All organic components of reactions and
organic solvents were previously dried and distilled, that is, they are free of water.

To determine the average size of elementary NaCl particles, we employed phase analysis. It was
carried out on a Stoe Stad P power diffractometer in the 6/6 geometry using CuK « radiation. The
samples were studied in the 25-50° range with an increment of 0.05° and an exposure to a dot of 10 s.
The result is presented in Fig. 1.

We used the approximation method based on the analysis of the integral width of diffraction maxima
to determine the mean size D of the coherent scattering region (CSR). The diffraction maximum (200)
with an increment of 0.05° and time of 50 s per dot was used to estimate the CSR of NaCl.
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We used the Scherrer equation for the CSR cal- 10 ] 200
culation:
84
A(26) (rad) ~ 0.94 \/D cos 6, <:t;
B4
where A(20) is the full width at half-maximum > 220
(FWHM) of the peak (radians) corrected for in- g) 4
strumental broadening, A is the wavelength of X- @
rays (A), and D is the mean size of the coherent £ 111
scattering region. 27
In accordance with the data of X-ray phase ana- 1 l
lysis, the four NaCl samples (Nos. 1, 2, 3, and 4) R e e e e e
25 30 35 40 45 50

have a mean size of the CSR equal to 41.6, 46.0, 20

52.0, and 59.6 nm, respectively. . ) . . )
Fig. 1. Typical diffractogram of sodium chloride powder
where only peaks of NaCl are visible.

3. Experimental

The experimental setup for SLFRS investigations in NaCl nanoparticle suspensions is shown in Fig. 2.

Fig. 2. Experimental setup with ruby laser 1, glass plates 2, 5, and 12, measurement system for laser pulse
characteristics 3, systems for measuring the SLFRS energy in forward 4 and backward 13 directions, mirror 6,
Fabry—Pérot interferometers 7 and 14, photo cameras registering the SLFRS spectra 8 and 15, lenses 9 and 11, and

quartz cell 10.

Scattering was excited by single pulses of ruby laser (A = 694.3 nm, 7 = 20 ns, FEpax = 0.3 J,
Av = 0.015 cm ™!, and divergence 3.5 - 1074 rad). The laser light was focused in the center of a 1 cm
quartz cell with NaCl suspension. Lenses with a focal length of 10, 5, and 3 cm were used for focusing
the laser light. This provides the possibility to expand the range of the laser intensity for the SLFRS
excitation. The SLFRS spectra were registered by Fabry—Pérot interferometers with a range of dispersion
of 1.67 cm ™.

At an input laser pulse intensity exceeding a certain threshold, the SLFRS propagating in the forward
and backward directions was registered. We observed the SLFRS in ethanol suspensions containing NaCl
nanoparticles of different sizes. In all cases, with the help of Fabry—Pérot interferometers, we observed
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additional rings corresponding to the scattered light in the spectra obtained. We observed the scattering
in both backward and forward directions approximately at the same threshold. The line width and
divergence of the SLFRS were close to the corresponding values of the exciting laser light. In Fig. 3,
we show two spectra of the light propagating through a cell with NaCl suspension (No. 4). Figure 3a
corresponds to a laser intensity of 0.01 GW/cm? (below the threshold), and Fig. 3b corresponds to a
laser intensity of 0.09 GW/cm? (above the threshold).

&

Fig. 3. Spectrum of the laser light (a) and spectrum of the laser light and SLFRS (b). The dispersion range is
equal to 1.67 cm™

The frequency shifts of the SLFRS correspond to the eigenvalues of nanoparticle acoustic vibrations
in the GHz range. We measured the SLFRS frequency shifts for NaCl nanoparticles of different sizes.
In Table 1, we present the maximum conversion efficiency n, SLFRS thresholds P, SLFRS frequency
shifts Av, and the values of the NaCl nanoparticles coherent scattering region D for the samples under
investigation.

Assuming the size of the coherent scattering region to be close to the size of nanoparticles, we
determine the frequency shift. The frequency shifts appeared to be proportional to 1/D, where D is the
size of the nanoparticle coherent scattering region; the results are shown in Fig. 4.

In [3,6], we reported an increase in the SLFRS frequency shift with decrease in the nanoparticle sizes
in different materials [3,6]. This is a manifestation of the fact that the oscillation frequency v of a free
nanoparticle is proportional to the orientationally averaged speed of the sound v in the nanoparticle and
inversely proportional to its characteristic size D, i.e., v ~ v/D.

o]
Table 1. SLFRS Characteristics for the NaCl 1.0
Nanoparticle Suspension in Ethanol. _
Sample | 7 P Av D g 0.8 o
% | GW/cm? | GHz | nm <>] ©

1 0.1 33.0 | 41.6 064

2 0.08 23.4 | 46.0

3 0.08 21.9 | 52.0 0.4 ' ' ‘ ‘

4 11 0.07 15.0 | 59.6 0.016 0.018 0.020 0.022 0.024

1/D, nm™’

Fig. 4. Frequency shifts of the SLFRS components in
NaCl nanoparticles in ethanol.
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4. Summary

The physical mechanism of SLFRS excitation is nearly the same as for stimulated Raman scattering
in transparent solids and liquids and can be briefly described as follows [17]. The electromagnetic laser
field induces the polarization of the nanoparticles, which are vibrating with their eigenfrequency. This
polarization is a source of inelastically scattered wave. When the laser intensity exceeds the threshold
value, the initial spontaneously scattered light can enhance further scattering of the incident wave and
lead to an effective growth of the total scattered light. This scattering caused by the initially scattered
light is called the stimulated scattering. The interaction of both waves produces a force of the form

da
~ <d> E;E;, where « is the nanoparticle polarizability and ¢ is a vibrational coordinate. This

mechanical force coherently excites Raman-active vibrational modes of the nanoparticles. There is one
more force defined by the interaction of the induced dipole moments of neighboring nanoparticles. This
additional force is proportional to the nanoparticle polarizabilities and inversely proportional to the cube
of the distance between the nanoparticles and must be taken into consideration in the case of close-packed
nanoparticle systems. High SLFRS conversion efficiency is evidence of effective coherent excitation of
nanoparticle vibrations. The maximum intensity value that can be transformed into acoustic excitation
of nanoparticles is defined by the nanoparticle eigenfrequency and the laser wave’s frequency ratio and
is ~107* of the laser intensity.

The SLFRS excitation provides the generation of the light field consisting of two waves — laser and
SLEFRS, nearby intensity and wavelength. The frequency shift between them depends on the nanoparticle
dimensions and material properties; thus, one can control the change in its value. This fact provides
the possibility to create a source of biharmonic pumping, which can be used in basic research, as well
as in many applications in nonlinear spectroscopy, particularly, for the investigation of systems with
eigenfrequencies in gigahertz and terahertz ranges.

In biology and medicine, biharmonic pumping may be used for the impact on biologic nano-objects
and for their identification (for instance, some viruses are known to be of spherical or cylindrical shape
with a size of the order of 100 nm). Due to short pulse durations, the SLFRS can be applied for
determination of the nanoparticle size in real time, for instance, in aerosols.
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