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In this report we present results of linear and nonlinear optical properties of colloidal material consisting of triangle silver 
nanoparticles in distilled water. The nonlinear optical properties of the material were investigated by a Z-scan technique using 
femtosecond laser pulses with tunable wavelength. Nanoparticle suspension showed distinct spectra with absorption lines, emerg-
ing due to the plasmonic properties of the silver nanoparticles. Surface plasmon resonance peak change over a wide range of 
wavelengths from 400 to almost 1100 nm was observed when the size of silver nanoparticles varied from 20 to 150 nm. In the 
samples different nonlinear effects such as saturable absorption, two photon absorption and self-focusing were observed when the 
femtosecond pulse intensity was changed from 1 up to 100 GW/cm2.
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1. Introduction

Nanoparticles exhibit many interesting linear and 
nonlinear properties, which are mainly related to the 
surface plasmons as the percentage of surface atoms 
in nanoparticles is huge compared to that in bulk 
materials. Therefore nanoparticles as a form of solid 
substance are the best catalysts [1], however, they also 
strongly influence optical parameters of composite 
materials. Resonance conditions for surface plasmons 
of metal nanoparticles can be easily tuned in a wide 
optical range by changing the nanoparticle size and 
morphology, material composition or even surround-
ing media [2, 3]. A great deal of recent scientific inter-
est is concentrated in the field of laser–matter inter-
action [4] and the underlying physical phenomena, 
where optical fields tune the properties of the mat-
ter and the response becomes nonlinear. The natural 
interest in metal nanoparticales, nanoapertures in 
metal films, and metamaterials comes from the possi-
bility of enhancing local electromagnetic fields which 
can enormously facilitate weak nonlinear light–mat-
ter interactions [6, 7]. In some predictions enhance-
ment factors are 103–106 compared to the fundamen-
tal electric field at a flat metal surface. Due to these 
prominent features such as tuning of light–matter in-

teraction strength in the case of nanoparticles made 
of highly conductive material, nanoparticles are not 
only widely studied [8–10] but also already applied in 
various fields such as nanobiosensors in disease treat-
ment [11, 12], as absorptive, fluorescent or scattering 
optical sensors in biology [12, 13].

Recent technologies like photochemistry and wet 
chemistry have enabled fabrication of dozen various 
nanoparticles with different shapes and a controlled 
size. A wide variety of shapes have been realized for 
various compositions including Au (cubes and tetra-
pods [14], prisms [15], rods [16]), Pt (cubes, tetrahe-
dral [17]) and Ag (wires [18], rods [13, 19], belts [20], 
plates [21]). Particularly successful is the production 
of nanospheres, nanorods and nanotriangles with a 
well-controllable edge length and tight size distribu-
tion maintenance [21–23]. There have been numer-
ous reports on linear and nonlinear optical properties 
for various nanoparticles. However, the majority of 
those studies focus on the optical response of nano-
particles at the wavelength which corresponds to ei-
ther in-plane dipole or in-plane quadrupole surface 
plasmon resonance (SPR) peak.

In this report we describe the production steps as 
well as linear and nonlinear optical characterization 
of nanocomposite silver colloids in the near infrared 
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spectral region. Silver nanoprisms were synthesized 
in an aqueous solution by a seed-mediated method 
[24]. Using this technique, we produced several na-
nocomposite materials, containing different size sil-
ver nanoparticles with a prismatic or truncated tri-
angular shape. Note that anisotropic nanoparticles, 
particularly those with sharp points such as triangu-
lar nanoprisms, produce much stronger electric fields 
than simple structures such as nanospheres, therefore 
anisotropic nanoparticles are of particular interest for 
nonlinear optics. The outcome of the growth process 
was analyzed and characterized by means of conven-
tional microscopy, dynamic light scattering (DSL), 
absorption spectroscopy (AS) and scanning electron 
microscopy (SEM). By means of degenerate femto-
second Z-scan nonlinear properties of the silver na-
noprisms have been investigated in the near infrared 
(NIR) spectral region including the telecommunica-
tion wavelength at 1300 nm, paying particular atten-
tion to the third-order nonresonant electronic non-
linearities as they exhibit the fastest time response.

2. Experiment

2.1. Synthesis of silver nanoprisms

Different size (edge length) triangular silver nanopar-
ticles were synthesized via the two-step seed-mediat-
ed growth procedure described below.

Seed production. A stock water solution of silver 
nanoparticles was produced by a reduction reaction 
of silver nitrate with sodium borohydride. A typical 
procedure based on a combination of aqueous tri-
sodium citrate (trisodium 2-hydroxypropane-1,2,3-
tricarboxylate 5  mL, 2.5  mM), aqueous sodium 
polystyrenesulphonate (PSSS; 0.25  mL, 500  mg/L; 
1000  kDa), and aqueous sodium borohydride 
(NaBH4 0.3 mL, 10 mM, freshly prepared, added by 
drip) was performed. The procedure was followed 
by addition of aqueous silver nitrate (AgNO3 5 mL, 
0.5 mM) at a rate of 2 mL/min, while cooling in an 
ice bath and under continuous magnetic stirring. 
A bright yellow solution was produced in the end 
and was stored in the dark. The colloid solution was 
stable for a few months.

Nanoprism growth. The nanoprisms were pro - 
duced by combining 5  mL of distilled water (ultra- 
 pure deionized water with a resistivity of >18 MΩ cm), 
aqueous ascorbic acid ((5R)-[(1S)-1,2-dihydro-
xyethyl]-3,4-dihydroxyfuran-2(5H)-one 75  mL, 
10 mM), and various quantities of the seed solution 
prepared earlier. This was followed by addition of 
aqueous silver nitrate (3  mL, 0.5  mM) dropwise at 
a rate of 1 mL/min. After the synthesis aqueous triso-

dium citrate (0.5 mL, 25 mM) was added to stabilize 
the particles. All chemicals were used without further 
purification as obtained from Sigma-Aldrich or Merck. 
All the glassware used were cleaned with a freshly 
prepared aqua regia solution (HCl/NO3, 3:1) and then 
rinsed thoroughly with ultrapure water.

2.2. Characterization of the linear optical properties 
of nanomaterials and particle sizes

The detailed characterization of linear optical prop-
erties as well as the nanoparticle size characteristics 
were obtained by UV–VIS–NIR spectroscopy along 
with dynamic light scattering (DSL) and SEM. The 
linear absorption spectra were measured by a scan-
ning spectrophotometer Shimadzu UV-3101 in the 
spectral range between 190 and 1400  nm. The av-
erage size as well as size dispersion and nanoprism 
shape were characterized by DSL (Zetasizer from 
Malvern Instruments Ltd) and SEM (scanning elec-
tron microscope). Micrographs of the nanoparticles 
were obtained with a Hitachi TM-1000 (Tokyo, Ja-
pan) microscope without using any conductive over-
layer. Nanoparticles were dried on a glass substrate. 
DSL measurements were undertaken several times at 
the same conditions to confirm the chemical as well 
as aggregational stability of the colloids. The same 
instrument, the same ambient temperature (25  °C) 
and nanoparticle concentration were used in all ex-
periments. The obtained translational diffusion coef-
ficient did not vary for the same suspensions, which 
indicated that hydrodynamic radius of the nanopar-
ticles does not change over time. The cause for that 
achievement is the proper selection of the capping 
agent (trisodium citrate) which prevents the ag-
glomeration of the nanoparticles in the suspension 
by providing the negative charge to the nanoparticles 
due to the adsorbed citrate ions. A repulsive force 
works along the particles and prevents the agglomer-
ation. However, after a few hours in the samples with 
the biggest nanoprisms they tend to precipitate and 
gather at the bottom. Therefore all the suspensions 
were thoroughly stirred before experiments and they 
were held in such conditions that the precipitation 
will not affect experiment results during the Z-scan 
measurements which for the fixed beam energy took 
only 5 minutes.

2.3. Characterization of the nonlinear optical 
properties

Nonlinear properties of silver nanoprisms were ana-
lyzed by means of the femtosecond degenerate Z-scan 
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technique [5, 25] taking into account many consider-
ations proposed in [26]. Measurements were made at 
several wavelengths in the NIR spectral region. In this 
technique one measures the nonlinear phase front dis-
tortion induced in a sample by a focused beam passing 
through it. The phase front distortion is represented as 
optical transmittance variation through an aperture 
placed in the transmitted beam path which is a func-
tion of the sample distance from the beam waist. All 
measurements were performed using femtosecond 
pulses from an optical parametric generator/ampli-
fier (OPG/OPA, Light Conversion Ltd., model TOPAS), 
providing ~100  fs pulses tunable in the wavelength 
range from 300 to 2400 nm. A Ti:sapphire femtosec-
ond laser (Vitara oscillator and Libra regenerative am-
plifier, Coherent) served as a pump source for the OPG/
OPA. The pump pulse duration was 98 fs with a band-
width of 16 nm centered at 798 nm. The repetition rate 
was set to 1 kHz, which excluded any thermal contri-
bution to the measured nonlinear absorption/refrac-
tion signal. So any thermal lensing or other thermal ef-
fects were not expected in the sample. The signal pulse 
beam from OPG/OPA tunable in the spectral range 
1100–1580 nm used for experiments after parametric 
conversion was spectrally cleaned from idler radia-
tion (1600–2600 nm) by a pair of dichroic mirrors and 
spatially cleaned to follow a Gaussian distribution by 
focusing into a pinhole. The quality factor of the used 
femtosecond beam measured after parametric conver-
sion, wavelength separation and spatial cleaning was 
quite low (M2 = 1.25), which is sufficient to make an 
assumption that the beam is ideally Gaussian. Then the 
beam was recollimated and translated to the experi-
mental area, where it was focused by a 300 mm focal 
length lens to produce the spot size of approximately 
w0 = 40 μm at the focal plane. For the pulse energy of 
E = 1 μJ, this results in an on-axis light intensity of up 
to I0 = 330 GW/cm2. Liquid samples were contained 
in the quartz cuvette (SUPRASIL, UVFS from Fisher 
Scientific). During the measurements, the cuvette with 
the suspension inside was translated along the beam 
focal region and the whole or diaphragmed transmit-
ted beam far-field intensity pattern was monitored by 
large area germanium photodetectors. The signal from 
the diaphragmed detector is related with nonlinear re-
fraction, whereas the undiaphragmed signal is related 
with nonlinear absorption. Linear absorption spectra 
of each sample were routinely checked after the irra-
diation with high intensity (above 10 GW/cm2) laser 
field and compared with the spectrum before laser ir-
radiation. This was done to ensure nanoparticle integ-
rity and suspension stability.

The SPR peak wavelength of the used nanoparti-
cle suspensions is shorter compared to the excitation 

wavelength. After considerations of the absorption 
spectra and exciting photon energy the nonlinear re-
sponse in the experiment was expected to be of the 
third order. Therefore we used a numerical Gaus-
sian decomposition method [5, 25, 27–29] to extract 
the third-order nonlinear refraction coefficient (n2). 
To model and fit experimental data of nonlinear ab-
sorption the model accounting for linear (in terms 
of effective sample length) as well as two-photon ab-
sorption was used. To verify the whole measurement 
procedure of our Z-scan setup nonlinear refraction of 
the fused silica plate (0.27 cm2/PW at 1300 nm) and 
two-photon absorption of thin GaAs samples (16 cm/
GW at 1300 nm) were used. The results were found 
to fit within 10% inaccuracy of the reported values of 
other groups. It should be mentioned that for mea-
surement of such small nonlinear refraction much 
higher intensities (>500 GW/cm2) of the beam were 
required, in comparison with the intensities used in 
the experiments with nanoparticle suspensions.

During the experiment, the silver nanoparticles 
were surrounded by water (n = 1.33, 1 mm thickness). 
Colloids were bounded by high quality fused silica 
cell borders (n  =  1.46, border width 1  mm). These 
facts, which influence electromagnetic field inten-
sity due to Fresnel reflections from media boundar-
ies, were included in the theoretical model. However, 
we ignored nonlinear contribution from silica cells 
and water because the transmission variation signal 
from the pure water cell was under the noise thresh-
old even at high excitation intensities (~50 GW/cm2). 
Therefore, any nonlinear signal obtained from the ex-
periment was attributed to the nonlinear response of 
silver nanoparticles.

Nonlinear absorption of each sample was mea-
sured by the open aperture Z-scan method. The nor-
malized sample open aperture transmittance TOA can 
be described by Eq. (1) [25]:

, (1)

where ΔΦ = 2 · β/(I · Leff) is the wave front distortion 
induced by nonlinear absorption, I is the on-axis peak 
irradiance at the focal plane, zR is the Rayleigh length 
of Gaussian incident beam, Leff  =  [1  –  exp  (–αL)]/α 
is the sample effective thickness and α is the linear 
absorption length.

Each sample nonlinear refraction was measured 
using the closed aperture Z-scan method. The nor-
malized transmittance of the closed aperture Z-scan 
for a sample was fitted to the numerical model, which 
assumes that the distorted Gaussian beam passed 
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through nonlinear media can be presented as a sum of 
Gaussian beams with certain related parameters [5, 25, 
27–29]. From the fit model the wave front phase distor-
tion related to nonlinear refraction is derived, which is 
proportional to the nonlinear refraction index:

 ,   (2)

where ∆Ψ is the maximal on-axis wave front phase 
distortion on the sample exit plane, I is the on-axis 
intensity of electromagnetic wave at the focal plane, 
k is the wave number and Leff is the sample effective 
thickness.

3. Results and discussion

The main parameters of the used in the experiments 
seven colloidal materials consisting of triangle silver 
nanoparticles in distilled water are presented in Ta-
ble  1: the average size, main plasmonic absorption 
band and size dispersion of Ag nanoparticles. As can 
be seen, the average size of the nanoparticles varied 
from 36 to 190 nm with the distribution size disper-
sion from 37 to 290  nm and it influenced the shift 
of the main absorption peak from 516 to 1040  nm. 
FWHM of the main absorption band also increased 
with the main peak shifting to longer wavelengths.

The explicit size distribution of silver nanopar-
ticles measured by the DLS technique for samples 
S1, S4 and S7 are presented in Fig. 1. It also shows 
that dimensions of the grown nanoparticles are dis-
tributed in a wide range. For example, nanoparti-
cles with the smallest average size equal to 36  nm 

are distributed in the range from 11 to 110  nm. 
SEM micrographs of dried suspension on a glass 
substrate showed that nanoprisms tend to agglom-
erate and stack (face to face) over each other when 
drying. This was also the drawback to investigate 
the nanoparticles by electron transmission micros-
copy. However, agglomeration was utilized to esti-
mate the particle thickness. Thus, the average silver 
nanoprism edge length varied from 36 to 190 nm in 
different samples. Specifically, the edge length distri-
bution in our polydispersed samples spanned from 
42  nm in sample S1 to 290  nm in sample S7. For 
experiments the usage of nanoprisms with an iden-
tic size is preferable, however, our synthesis scheme 
cannot yield particles with the size distribution to 
less than ±55%. The thickness of nanoprisms varied 
from 3 nm in S1 to 16 nm in S7, respectively. The ab-
sorption peak for different samples correlated with 
the nanoparticle size obtained from DLS measure-
ments (Fig. 1 and Table 1).

Table 1. The average size, main plasmonic absorption 
band and size dispersion of the Ag nanoparticles used 
in experiments.

Sample

M
ai

n 
SP

R 
ab

so
rp

tio
n 

pe
ak

, n
m

FW
H

M
 o

f t
he

 m
ai

n 
ab

so
rp

tio
n 

ba
nd

, n
m

D
ist

rib
ut

io
n 

siz
e 

pe
ak

, n
m

D
ist

rib
ut

io
n 

siz
e 

di
sp

er
sio

n,
 n

m

S1 516 114 36 42
S2 570 135 39 37
S3 636 155 45 47
S4 717 195 52 60
S5 820 292 106 150
S6 1052 414 111 194
S7 1040 813 190 290

The main resonance in the absorption spectrum is 
found to be very intense and easily recognizable on the 
nearly flat transmission plateau of the deionized water 
up to the strong absorption peak at 1453 nm. Absorp-
tion spectra for all used examples in the UV–VIS–NIR 
spectral range are presented in Fig.  2. These intense 
peaks were at 516, 717 and 1040 nm for samples S1, 
S4 and S7, respectively. Spectrum profiles are broad 
and asymmetric with FWHM from 114 to 813  nm. 
For example, for sample S4 the resonance peak is span-
ning from 320 to 1100 nm. With the increasing of the 
nanoparticle growth time, broadening and shift of 
the main absorption peak to the red part of the spec-
trum was observed (see Table  1). These main peaks 

Fig. 1. Size distribution of the silver nanoparticles mea-
sured by the DLS technique for samples S1, S4 and S7. 
Distribution peak and size dispersion (denoted as Peak 
and Dispersion) analysis is also shown.



A. Alesenkov et al. / Lith. J. Phys. 55, 100–109 (2015)104

correspond to in-plane dipole resonances [30]. They 
arise from the collective oscillation of the free electrons 
of the metal nanoparticles and are called surface plas-
mons or the Mie resonance in response to the electro-
magnetic field of characteristic frequency. The posi-
tion of these peaks is sensitive to particle geometrical 
dimensions, such as the triangular nanoprism edge 
length and height, metal anisotropy and the dielectric 
constant of metal as well as surrounding media. How-
ever, it should be noted that the observed peaks are 
broadened. The absorption peak width is determined 
by dispersion of particle geometrical dimensions as well 
as by nanoparticle tip sharpness [31]. More detailed ab-
sorption spectra analysis also revealed the existence of 
much weaker in-plane quadrupole resonances hidden 
in the wings of the main resonance (peak wavelength 
of 423 and 395 nm for sample S1, 453 and 423 nm for 
sample S2, 489 and 458 nm for sample S3, 509 and 463 
nm for sample S4). They arise due to phase retardation 
effects in the collective surface electron oscillations in 
light–matter interaction in response to the electrical 
field. This means that the diameter of the nanoparticles 
is big compared with the skin depth , 
where ε is the dielectric constant of silver) and indeed 
the electrons oscillate not in unison across the particle. 
The shortest wavelength resonance at 334 nm is invari-
ant for all samples. This indicates that it is the out-of-
plane quadrupole resonance. The shoulder appearing 
below 320 nm indicates the onset of interband transi-
tion for silver crystal. The main absorption peaks of the 
spectra were not changing their spectral position over 
the time (several measurements during a week), which 
confirmed the stability of the suspensions.

The nonlinear transmission experiments showed 
that the silver nanoparticles with SPR peaks in the near 
infrared (samples S6 and S7) under 1200 nm excitation 
experienced the significant increase in optical trans-
mission at high excitation intensity in contrast to low 
intensity excitation, when the optical transmission was 
lower (see Fig. 3). Here, the open circles denote experi-
mental data and the solid line is a theoretical fit of the 
above mentioned model. The open aperture transmis-
sion shows a peak, symmetric around the beam focus 
position, where the laser pulse has the largest on-axis 

Fig. 2. UV–VIS–NIR absorption spectra 
of Ag nanoprisms of different size in wa-
ter. Inset: SEM micrograph of the biggest 
silver nanoprisms dried on glass substrate.

Fig. 3. Experimental normalized open aperture trans-
mission data (dots) and theoretical fits (lines) of AgNP 
samples S4 and S6 at different beam intensities showing 
negative and positive nonlinear absorption, respectively. 
Beam characteristics: pulse duration 98  fs, wavelength 
1200 and 1300  nm, beam width at focal plane 41 and 
54 μm at 1/e2.
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fluence (on-axis peak fluence is denoted on the figures). 
The open aperture peak results in the negative nonlinear 
absorption coefficient β, known to be the saturated ab-
sorption (SA) signature. Such transmission behaviour 
is considered to be induced by ground-state-bleaching 
and interband transitions in silver nanoparticles. Simi-
lar OA transmission behaviour was already observed 
in the study of silver nanorods with picosecond laser 
radiation [32], silver nanospheres [33] and gold-silver 
nanoplanets [34] with femtosecond laser pulses. Al-
though the theoretical model accounts for the linear 
absorption through the effective length of a sample, 
single-photon transitions at this excitation wavelength 
in samples S7 and S6 could have a significant influence 
on the absorption signal, as the sample linear transmis-
sion at this wavelength was quite low (only ~15%). It 
should be mentioned here that the size dispersion as 
well as the corresponding absorption line width for 
the samples with the biggest nanoparticles were broad-
est as was explored by the DSL measurements. Silver 
nanoparticles in sample S6 had the nonlinear absorp-
tion coefficient of –0.3 cm/GW at 1200 nm and this 
value decreased more than twice (–0.88 cm/GW) 
when the excitation wavelength was switched to the 
telecommunication wavelength of 1300 nm (Fig. 4(a)). 
The water absorption peak at 1450 nm did not allow 
to properly evaluate the nonlinear absorption of nano-
prisms at longer wavelength (1400–1600 nm) as the 
weak beam depletion assumption was no longer valid 
at these experimental conditions. However, the order 
of measured nonlinearities is consistent with the re-
sults obtained by Wang et al. [35] (β from 0 to –3.2 cm/
GW), although they used different wavelength (735 

nm), pulse width (2.5 ps), repetition rate (76 MHz) and 
aimed to study the nonlinear optical response near the 
SPR peak of silver nanoplates.

Samples S3 and S4 showed different absorptive be-
haviour (Fig. 4(b)). Thus, the open aperture Z-scan 
traces for these samples showed a dip in an optical 
transmission curve at the beam focal plane, where 
the beam intensity is highest. The peak is symmetric 
and it indicates the increased absorption for the high 
beam intensities. The third-order absorption model 
accounting for two-photon absorption fits the curve 
almost perfectly and the absorption coefficient does 
not depend on the excitation field. This signifies that 
in these samples the TPA process is dominant. The de-
generate nonlinear absorption coefficient is calculated 
to be 5 cm/TW for sample S3, whereas it was almost 
doubled (9.7 cm/TW) for sample S4 when the beam 
wavelength was 1200 nm. Similar (positive) nonlin-
ear absorption was observed by antiresonant ring in-
terferometric nonlinear spectroscopic techniques in 
silver colloids with spherical nanoparticles with the 
femtosecond laser excitation (100 fs, 730–800 nm) in 
the spectral range corresponding to the doubled wave-
length of quadrupole plasmonic resonance [34]. In this 
study, nonlinear absorption was accounted for TPA by 
the quadrupole surface plasmon.

Nonlinear refraction reflects typical closed aper-
ture transmission curves which are shown in Fig. 5. 
Dots denote experimental data and the solid line is 
a theoretical fit. In our experiment, the close aper-
ture Z-scan transmission curve in samples S3–S5 
shows a typical asymmetric “valley followed by the 
peak”, known to be a signature of positive nonlinear 

Fig. 4. Nonlinear absorption coefficient β associated with χ(3) susceptibility Ag nanoprisms 
under different excitation regimes for sample S6 (a) and samples S3 and S4 (b). Error bar 
represents experimental uncertainty and lines are linear fits with a zero slope for (a) and 
serve as eye guidance for (b).
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Fig. 5. Typical experimental close aperture trans-
mission curves (dots) and theoretical fits (lines) 
of AgNP sample S4 at different beam intensities. 
The samples exibit positive nonlinear absorption 
(two-photon absorption) as well as positive non-
linear refraction (self-focusing). Beam character-
istics: 100 fs, 1200 nm, 41 μm at 1/e2.

Fig. 6. χ(3) associated nonlinear refraction n2 
coefficient in silver nanoprism samples S3 and 
S4 at the wavelength 1200 nm under different 
excitation regimes. Error bar represents ex-
perimental uncertainty mainly caused by beam 
intensity estimation. Lines are linear fits with 
a zero slope.

refraction. This type of refraction is also called 
self-focusing. The values of nonlinear index of 
refraction are positive and small (see Fig. 6), 
0.64 cm2/PW for sample S3 and 0.86 cm2/PW 
for sample S4. Indexes do not show any variation 
when the irradiance is changed from 13 GW/cm2 up 
to 80 GW/cm2. These results accord with the results 
obtained in the report of Rativa et al. [36] as well as 
the model proposed by Hamanaka et al. [37]. Accord-
ing to their model, the nonlinear refraction arises 
from the creation of hot electrons and their intraband 
transitions and relaxation. When the exciting field 
wavelength is far from the main SPR of metal NPs, 
the nonlinear refractive index is small, and the refrac-
tion can be self-focusing.

Generally, the nonlinear refraction arises from 
the electronic effect or thermal mechanisms [25]. In 
the solution the thermal effect is a slow accumulative 
process which is associated with the non-radiative re-
laxation of the excitation energy gathered via linear or 
nonlinear absorption by the metal NPs. For the aque-

ous solution the buildup time of such thermal effect is 
about 30 ns [38], which is much longer than the dura-
tion of the laser pulse at 100 fs. In addition, the repeti-
tion rate of our laser and optical parametric amplifier 
tandem is 1 kHz, which is too low to accumulate heat. 
Therefore, the cause for the nonlinear refraction must 
be pure electronic effects.

Results also show that with increasing the sil-
ver nanoparticle size, the value of NLR coefficient 
n2 associated with the third-order nonlinearity also 
increases. This fact could be explained considering 
the SPR absorption peak as the sample S4 absorp-
tion peak at 717 nm is nearer to the excitation wave-
length compared to 636 nm for sample S3. Similar 
tendence was also obtained by Lama and co-workers 
for spherical shape silver nanoparticles, however, 
the sign of nonlinearity is doubtful, as the definition 
of the z axis in their calculation is not common [39].

It should be noted that nonlinear refraction for the 
samples with saturated absorption (S6 and S7) could 
not be properly determined by this method because of 
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significant linear absorption, as well as increased data 
uncertainty caused by the division of CA over OA data.

The nonlinear refractions of Ag NPs have been re-
ported by many researchers. Table 2 summarizes few 
numerous studies. These studies also contain differ-
ent methods, however, most of them concentrate on 
the visible spectral region and generally cover regions 
near the SPR peak. To our knowledge, the results on 
nonlinearity of the silver nanoprism colloids in the 
near infrared spectral region have not yet been re-
ported.

4. Conclusions

Using a two-step seed-mediated growth method we 
demonstrated that it is possible to synthesize differ-
ent size and triangular shape silver nanoparticles, 
with their edge length ranging from 36 to 190 nm and 
with a thickness of several nanometres in an aqueous 
solution. Linear absorption spectra showed that the 
average silver nanoprism size and corresponding SPR 
peaks can be tuned in an exceptionally wide spectral 

range, however, distribution dispersion tends to in-
crease with the chemical process time. Nanoprisms 
with dimensions of 52  ×  5  nm are found to show 
positive nonlinear absorption, which was identified 
as two-photon absorption (0.01  cm/GW) and posi-
tive nonlinear refraction (self-focusing) of the order 
of 0.86 cm2/PW in the NIR spectral region (1200 nm) 
under 30–100 GW/cm2 femtosecond laser excitation. 
Nanoparticles with SPR peak nearer to the excitation 
wavelength (samples S5–S7) have negative nonlinear 
absorption and behave as saturable absorbers.
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prisms 
in etha-
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Reduction 
of AgNO3 
by DMF in 

the presence 
of PVP [40]

67 × 35 496

Pump and probe, 
100 fs, 400 nm as 
pump, WLC as 

probe, 0–15 GW/
cm2

0.06 at 
540 nm 
–0.08 at 
468 nm

– [30]

Planar 
prism 
array

Nanosphere 
lithography 60 × 20 400

Degenerate Z-
scan, 800 nm, 

50 fs

Inten-
sity depen-
dent: 850 

(at 55 GW/
cm2) –210 

(at 280 GW/
cm2)

8.5 (at 55 GW/
cm2) –3.7 

(at 280 GW/
cm2)

[41]

Prism 
suspen-
sion in 
water

Photo-
induced 
method

Edge length: 
40 to 80 

Thickness: 8
740

Degenerate Z-
scan, 735 nm, 

2.5 ps, 76 MHz

from 0 to 
–3.2

from 0.6 · 10–4 

to 6.8 · 10–4 [35]

Col-
loid of 
prisms 

in water

Two-step 
seed-medi-
ated growth

52 × 5 717 Degenerate 
Z-scan, 100 fs, 

1 kHz, 1200 nm, 
0–100 GW/cm2

0.01 8.6 · 10–7

this 
work

45 × 4 636 0.005 6.4 · 10–7

39 × 4 570 0.001 –
190 × 10 1052 –0.27 –
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Santrauka
Straipsnyje pristatomos nanokompozitinės me-

džia gos, susidedančios iš sidabro nanoprizmių, disper-
guotų distiliuotame vandenyje, tyrimų rezultatai. 
Sus pen sija buvo pagaminta dviejų žingsnių che miniu 
procesu naudojant užkratą. Nanodalelių su ger ties 
spekt ras parodė išreikštas plazmonines dalelių savy-
bes. Didėjant prizmių kraštinei nuo 20 iki 150  nm, 

sugerties smailė slinko link ilgesnių bangos ilgių spekt-
riniame diapazone tarp 400 ir 1100  nm. Žadinant 
nanodaleles didelio intensyvumo femtosekundi niais 
lazeri niais impulsais infraraudonojoje spektro da-
lyje (1200–1400  nm), medžiagoje buvo stebėti netie-
siniai optiniai reiškiniai, pavyzdžiui, praskaidrėjimas, 
dvifotonė sugertis ir fokusavimas.
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