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Experimental observation of stimulated low-frequency
Raman scattering in water
suspensions of silver and gold nanoparticles
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In this Letter we report on experimental observation of stimulated low-frequency Raman scattering (SLFRS) in gold
and silver nanoparticle suspensions excited by 20 ns ruby laser pulses, SLFRS propagated in forward and backward
directions with a maximum conversion efficiency up to 20%. Frequency shift for silver nanoparticle suspension was
found to be 0.33 THz and for gold nanoparticle suspension 0.435 THz. This type of stimulated scattering of light can

be used as an effective source of biharmonic pumping for solving a large number of practical tasks.
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Theoretical and experimental investigation of the pecu-
liarities of inelastic light scattering caused by acoustic
vibration of nanoparticles has attracted great attention
since the first experimental observation of the sized-
quantized acoustic modes in microcrystals with the help
of low-frequency Raman scattering (LFRS) [1]. The
acoustical properties of an elastic sphere with stress-free
boundary conditions were studied by Lamb [2]. It was
shown that two types of acoustic modes (spheroidal
and torsional), labeled by the angular momentum num-
ber [ and by the quantum number 7, exist. Only the
Raman active modes can be seen in the LFRS spectrum.
In the case of an elastic sphere, spheroidal symmetric
! = 0 and quadrupolar ! = 2 spheroidal modes are Raman
active [3]. The investigation of the small particle vibra-
tional mode structure becomes more complicated if
effects of the particle coupling to the surrounding matrix
or damping of the modes due to acoustical radiation from
the nanoparticle into the surrounding medium are taken
into consideration [4,5]. LFRS in semiconductor, dielec-
tric, and metallic nano-objects [6-8] gives important in-
formation about their vibrational dynamics.

The size dependence of the vibrational properties of
nanosized particles is important for a basic understand-
ing of their properties and determination of their poten-
tial optoelectronic applications. The frequency shift of
the scattered light is defined by the eigenfrequencies of
the particles. Spontaneous LFRS is typically a very weak
process with nearly spatially isotropic emission. It is
known that for every type of spontaneous scattering of
light caused by fluctuations of the optical properties, the
stimulated scattering of light exists [9]. In the case of
stimulated scattering, the fluctuations are induced by
an initial light field, and this fact defines the high effi-
ciency and spatial properties of the scattered light (direc-
tion of propagation, divergence). At some conditions of
excitation the stimulated low-frequency Raman scatter-
ing (SLFRS) of light can be excited. Stimulated scattering
of light by the acoustic vibrations of monodisperse silica
spheres in synthetic opal matrices was realized with high
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conversion efficiency [10]. A high-efficiency inelastic
scattering of light due to optoacoustic interaction in
nanostructured thin films of different types was regis-
tered [11]. Active materials used in these works can be
considered as quasi-homogeneous media with the acous-
tic and optical properties totally defined by the acoustic
and optical properties of the individual units of submi-
cron size. In this Letter we report on the experimental
observation of SLFRS with high-conversion efficiency
in suspensions of gold and silver nanoparticles. Low-
frequency confined acoustic phonons in silver and gold
nanoparticles define the SLFRS first Stokes component
frequency shift.

Preliminarily synthesized gold and silver nanoparticle
aqueous suspensions were used as active media. Pre-
parative methods for silver and gold nanoparticle sus-
pensions were analogous and only quantities of used
reagents were different. All synthesis was carried out
in 100 ml chemical glass in the ultrasonic field generated
by ultrasonic bath PSB 2835-05. Before synthesis distilled
water was poured into the glass, then CTAB and metal
precursor were inserted in this liquid medium, and the
mixture was irradiated for 10 min for micellar medium
formation. Afterward, 5 ml freshly prepared solution
of sodium borohydrate was injected for 10 min. Then
the mixture was kept under ultrasonic irradiation for
20 min. Metal precursors and quantities of reagents are
presented in Table 1.

Prepared silver aqueous suspension was used as an
adsorbent with no extra chemical pretreatment upon
10-fold dilution with distilled water (diluted aqueous
sol). The absorption spectrum of the silver aqueous sus-
pension was monitored to stay unchanged for at least 2
weeks after its synthesis. The analogous method was
used for gold nanoparticle preparation [12].

Electron microphotographs and histograms of size
distribution for gold and silver nanoparticle suspension
are presented in Fig. 1.

Ruby laser giant pulses (1 = 694.3 nm, 7 = 20 ns,
Erax = 0.3 J, Av = 0.015 cm™!) were used as the source
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Table 1. Metal Precursors and Quantities of Reagents used at Metal Suspension Preparation

Metal V ml* Q1 M Q2! Q3°
Ag 20.00 0.44 g (1.2 mmol) AgNO4 0.17 g (1 mmol) 0.72 g (2 mmol)
Au 19.78 0.044 g (0.12 mmol) HAuCly 0.22 mL 0.44M solution (0.1 mmol) 0.072 g (0.2 mmol)

“Volume of initial distilled water, ml.
’Quantity of initial distilled water.
‘Metal precursor.

‘Quantity of metal precursor.
‘Quantity of sodium borohydrate.

of excitation. The exciting light was focused into the ma-
terial by lenses with different focal lengths (50, 90, and
150 mm). The length of the cell with suspension was
3 cm. The sample distance from the focusing system and
exciting light energy were also changed, which allowed
us to vary the power density at the entrance of the sample
and field distribution inside the sample. Investigations
were conducted for the different energy and geometrical
conditions of excitation.

Fabry—Perot interferometers were used for laser light
passing through the cell and scattered light in the back-
ward direction spectral structure investigations. The
range of dispersion was changed from 0.42 to 16.7 cm™!.
All measurements were realized for both forward and
backward directions (for the light passing through the
sample and for the light reflected from the sample). A
mirror was used to register the initial light spectrum
simultaneously with the spectrum of the scattered light
in the backward direction.

Under ruby laser pulse excitation we observed in all
samples investigated the first Stokes component of
SLFRS of light in the case of laser intensity exceeding
the threshold value. SLFRS was observed in backward
(opposite to the initial pumping beam) and forward direc-
tions. At the experimental conditions of excitation only

Size, nm

b)

Fig. 1. Electron microphotography and histogram of size
distribution for (a) suspension of gold nanoparticles and (b) sus-
pension of silver nanoparticles.

the first Stokes component was excited. Figure 2 shows
the typical interferogram for the first Stokes component
excited in Ag suspension propagating in the backward
direction. Figure 2(a) corresponds to laser pulse intensity
0.075 GW/cm?. Only one system of rings that corre-
sponds to the laser pulse is registered by Fabry—Perot in-
terferometer. When the laser pulse intensity exceeds the
threshold value (for Ag suspension P = 0.09 GW/cm?),
an additional system of rings that corresponds to the
SLFRS appeared [see Fig. 2(b)].

Frequency shift of the scattered light was the same for
forward and backward SLFRS for each sample. Maxi-
mum energy conversion of the laser light into the SLFRS
light was in the range of 0.1-0.2 and was defined by
the geometrical and energetical conditions of excitation.
The divergence of the light scattered in the backward
direction was of the order of 10~ rad. The linewidth
of the scattered light was of the order of the laser light
linewidth. It is necessary to mention that at the experi-
mental conditions of excitation in the cell filled with
water stimulated Brillouin scattering (SBS), propagating
in the backward direction was registered (see Table 2).
In Ag and Au suspensions SBS was not registered. This
fact is connected with the impossibility of the effective
hypersound wave formation due to spatial inhomogene-
ities of suspensions.

The frequency of confined acoustic phonons defines
the frequency shift of the first Stokes component, which
is proportional to sound velocity in the material and in-
versely proportional to the size of the nanoparticles. The
vibrational motion of a homogeneous elastic sphere with

Fig. 2. Interferogram of (a) laser pulse, (b) laser (L) and
SLFRS (S) pulses.
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Table 2. SLFRS and SBS Characteristics

Sample 7% P’ GW/cm? Av° THz D! nm D;° nm
Ag suspension 20 0.09 0.33 9.9 9.89
Au suspension 12 0.1 0.435 7.1 6.95
H;0 (SBS) 10 0.07 0.0058 — —
“SLFRS maximum conversion efficiency.
"Threshold.

“Shift of the first Stokes component frequency.

“Theoretical value of the nanoparticle diameter that corresponds to the lowest order spheroidal mode.
‘Nanoparticle diameter value corresponding to the histogram of the size distribution maximum for Ag and Au suspensions.

free surface has been theoretically studied [2,4]. Lowest
order spheroidal radial and quadrupolar modes are
Raman active and can be observed in spontaneous
Raman spectra. Our measured values of the scattered
light spectral peak positions of 0.33 and 0.435 THz for
Ag and Au suspensions, respectively, correspond to the
lowest order spheroidal modes for Ag and Au spheres
with diameter 9.9 and 7.1 nm. These values are very close
to the nanoparticle diameter values that correspond to
the maximum nanoparticle concentration (see Table 1).
In our experimental conditions of excitation more
intense modes (spheroidal radial mode) are being ampli-
fied from the noise level and define the SLFRS spectral
properties. SLFRS is caused by the nonlinear interaction
between the nanoparticle vibrations with frequency Av
and the optical field. Induced polarization of the metal
nanoparticles that is modulated by a nanoparticle vibra-
tion is the source of the spontaneous LFRS. LFRS is ty-
pically a very weak process with efficiency about 10-¢
with nearly isotropic emission. In the case of the SLFRS,
which is a third-order nonlinear optical process, the na-
noparticle vibrations are excited by two optical fields—
the laser and the LFRS. These two fields are driving the
interaction with the nanoparticles and can lead to strong
SLFRS amplification. At the experimental conditions for
Ag suspension 20% of the energy of the laser pulse was
converted into the SLFRS pulse energy. The SLFRS pro-
cess leads to emission in a narrow cone in the backward
and forward directions. The divergence of the SLFRS
beams propagating in forward and backward directions
was about 10~3 rad.

SLFRS demonstrates very narrow linewidth that is
of the order of the laser linewidth at the experimental
conditions of excitation. A spectral narrowing of the
stimulated scattering of light compared to the sponta-
neous scattering band usually occurs at high excitation
intensities.

It is interesting to compare the parameters of SLFRS
with the parameters of SBS of light excited in water
(see Table 2). The length of active medium was 3 cm

(the same as for Ag and Au suspensions). SBS was regis-
tered only in the backward direction. SBS maximum
conversion efficiency was 10% (less than for Ag and
Au suspensions), but the SBS threshold was also less,
0.07 GW/cm?. Energetical characteristics of SLFRS
are close to the parameters of SBS but there are two dif-
ferent features that define possible SLFRS applications:
(1) SLFRS propagates in both forward and backward di-
rections with the same frequency shift; and (2) SLFRS
frequency shift can easily be varied by choosing the
nanoparticle size. Due to these features SLFRS can be
used as an effective source of biharmonic pumping with
variable frequency shift in gigahertz and terahertz range.
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