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INTRODUCTION

One of the directions in nanotechnology is associ-
ated with the development of the circuitry type of nan-
ophotonic devices of the new generation, such as non-
linear optical shutters, switches, and nanophotonic inte-
grated circuits [1, 2]. Composite nanomaterials based
on cadmium chalcogenide binary semiconductor quan-
tum dots hold much promise for use in the design of the
aforementioned devices [3, 4]. Investigation of these
materials is of fundamental and practical interest owing
to the possibility of controlling their optical character-
istics, including absorption and luminescence spectra
and nonlinear optical responses. This provides, in par-
ticular, the basis for the effective solution of the prob-
lem regarding the dynamic control over transmission of
ultrashort light pulses both through colloidal solutions
of semiconductor quantum dots and through films pre-
pared from polymers with embedded quantum dots.
Since the dynamics of charge carriers in quantum-con-
fined objects differs substantially from their dynamics
observed in massive materials, the corresponding spec-
tral and nonlinear optical characteristics also differ sig-
nificantly.

The nonlinear optical response of massive dielectric
and semiconductor materials was previously investi-
gated in [5–8]. For quantum-confined systems, apart

from the well-known mechanisms responsible for
induction of nonlinear susceptibility [5–8], it is neces-
sary to take into account other light-induced processes
that are associated with the structure of the energy spec-
trum, which, in this case, differs from the structure of
the energy spectrum inherent in massive materials. At
present, the systems containing cadmium chalcogenide
quantum dots have been studied with particular empha-
sis placed on the femtosecond dynamics of charge car-
riers, which are promising for use in many applications,
as well as on the related nonlinear optical response [9,
10]. These investigations have been performed with the
use of femtosecond and picosecond laser pulses in sin-
gle-pulse or very short pulse-train modes with very low
values of the average power [11, 12].

It is worth noting that, in real devices (for example,
nonlinear optical switches, lasers, light-emitting
devices), quantum-dot semiconductor materials should
operate under the conditions providing for both high-
frequency switching and high values of the average
radiation power. These operation conditions of quan-
tum-confined systems have not been adequately stud-
ied. In this respect, the purpose of the present work was
to investigate the optical properties and effects of inter-
action of composite semiconductor nanomaterials
(containing cadmium chalcogenide quantum dots) with
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Abstract

 

—The laser beam transmission through a colloidal solution of CdSe/ZnS quantum dots in toluene is
investigated for the case of a continuous sequence of femtosecond pulses (100 fs) at a frequency of 100 MHz
and nanosecond pulses (15 ns) at a frequency of 10 kHz. It is found that a giant nonlinearity is photoinduced in
the system. The magnitude of the photoinduced nonlinearity is determined from the number of rings in the inter-
ference structure of the intensity distribution in a distant zone of the beam transmitted through the cell. It is
established that the induced nonlinearity of the colloidal solution of quantum dots depends linearly on the aver-
age power of laser beams. The time required to attain a stationary regime of the induced nonlinearity of the col-
loidal solution of quantum dots in toluene (i.e., the transient period) is determined and lies in the millisecond
range. From analyzing the photoinduced nonlinearities measured under different excitation conditions, it is con-
cluded that the observed nonlinearity exhibits a nonthermal nature. Possible physical mechanisms of the pro-
cesses that can lead to long-lived induced nonlinearities in the medium are discussed. The general regularities
are revealed in the processes responsible for the appearance of a giant nonlinearity of quantum dots in the tol-
uene solution and the processes giving rise to blinking effects of quantum dots in organic matrices. The results
of the investigations performed are of considerable interest for the development of nonlinear optical switches
and nanophotonic devices based on composite nanomaterials.
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radiation of repetitively pulsed lasers that ensure high
values of the average radiation power and high pulse-
repetition rates.

In our investigations, we measured the changes
observed in the transverse intensity distribution of a
laser beam during its transmission through a colloidal
solution of CdSe/ZnS quantum dots in toluene. It is
known that these changes are associated primarily with
the light-induced nonlinear refractive index. Since the
medium under consideration exhibits an inertialess
nonlinear optical response [9–13], the investigations
performed upon excitation with femtosecond pulses at
a high repetition rate are of particular interest. For this
purpose, we used a femtosecond (100 fs) titanium sap-
phire laser with a pulse-repetition rate of 100 MHz. In
the investigations with high average powers of laser
radiation, we used a repetitively pulsed copper vapor
laser with a nanosecond (15 ns) excitation. The investi-
gations performed in this work have revealed that, in
these two excitation regimes, the initial Gaussian inten-
sity distribution of the laser beam incident on a cell
transforms into a distribution with a characteristic inter-
ference pattern containing a large number of rings. The
nonlinear refractive index of the medium was calcu-
lated from the number of interference rings. The analy-
sis of the results obtained in our experiments and the
experimental data available in the literature made it
possible to establish general regularities in the pro-
cesses responsible for the appearance of a giant nonlin-
earity of quantum dots in the toluene solution and the
processes giving rise to blinking effects of single quan-
tum dots in organic matrices. The results obtained are
in good agreement with the electronic mechanism of
the generation of the light-induced nonlinearity.

OBJECT OF INVESTIGATION 
AND EXPERIMENTAL TECHNIQUE

The object of our investigation was a solution of
CdSe/ZnS quantum dots (each composed of the CdSe
core and the ZnS shell) in toluene. The CdSe/ZnS quan-
tum dots were obtained from Evident Technology LLC
(United States). We used two types of CdSe/ZnS quan-
tum dots with diameters equal to 2.6 and 1.9 nm. The
concentration of CdSe/ZnS quantum dots in the toluene
solution was approximately equal to 10

 

14

 

 cm

 

–3

 

. The tol-
uene solution with quantum dots was poured into
quartz cells 1 and 5 mm thick. The quartz cells were
placed in a laser beam, and the spot of the light beam
transmitted through the quartz cell was observed on a
screen separated from the cell by a distance of 2.5 m.
The beam spot was photographed with a digital camera.

Laser beams were obtained from two lasers used as
sources: (i) a femtosecond titanium sapphire laser with
a pulse duration of 100 fs and a pulse-repetition rate of
100 MHz (fundamental frequency with the wavelength

 

λ

 

 = 872 nm and the spectral half-width 

 

∆λ

 

 = 24 nm, the
second harmonic with 

 

λ

 

 = 436 nm and 

 

∆λ

 

 = 6 nm); and
(ii) a nanosecond copper vapor laser with a pulse dura-

tion of 15 ns and a pulse-repetition rate of 10 kHz
(wavelengths 

 

λ

 

1

 

 = 510.5 nm and 

 

λ

 

2

 

 = 578.2 nm, spectral
half-width ~0.2 cm

 

–1

 

). The average power of the tita-
nium sapphire laser was 0.5 W at the fundamental fre-
quency and reached 30 mW at the second harmonic fre-
quency. The average power of the copper vapor laser
was as high as 1.5 W. The average powers were mea-
sured with an IMO-2 calorimetric power meter. The
duration of nanosecond pulses was measured using a
FEK-16 coaxial photocell (resolution time, 0.5 ns) and
an S7-13 stroboscopic oscilloscope with an effective
bandwidth up to 3 GHz.

The beam from the femtosecond titanium sapphire
laser at both the fundamental and second harmonic fre-
quencies was divergent (with a divergence of ~1 

 

×

 

 10

 

–3

 

).
In this case, the diameter of the laser beam was 2 mm
on the cell and ~8 mm on the observation screen. The
diameter of the beam from the copper vapor laser was
2 cm. Consequently, we used a focusing optics (i.e., a
lens with a diameter of 2 cm and a focal length of
45 cm). The copper vapor laser had an unstable cavity
with the magnification 

 

M

 

 = 100. Therefore, the beam
quality approached the diffraction limit and the beam
divergence was approximately equal to 

 

�

 

10

 

–4

 

. The
laser beams exhibited a Gaussian cross-sectional inten-
sity distribution. Correspondingly, the diameter of the
laser beams on the cell with the use of the focusing lens
was estimated from standard relationships for Gaussian
beams.

The dependence of the induced nonlinear optical
response of the medium with quantum dots on the aver-
age power of the laser beams was investigated using
their chopping by shutters with attenuation factors of
1 : 3, 1 : 10, and 1 : 100. This chopping made it possible
to attenuate only the average power with no change in
the peak power.

The linear absorption spectra of CdSe/ZnS quantum
dots in the toluene solution were measured on a com-
puterized Specord 40M spectrophotometer with the use
of two cells with different thicknesses of 1 and 5 mm.
The spectral dependences of the absorption coefficient
of the colloidal solution for quantum dots with diame-
ters of 2.6 and 1.9 nm at concentrations of ~10

 

14

 

 cm

 

–3

 

are plotted in Fig. 1. Vertical lines in this figure indicate
the spectral positions of the laser radiation lines used in
the experiments on the transmission of the laser beams
through the quartz cells. Figure 1 also shows the spec-
tral dependence of the refractive index of the medium
according to the results obtained from the measure-
ments of the transmission of the light beam through the
empty cell and the cells with toluene and a colloidal
solution of quantum dots. The refractive index of the
medium was calculated from the Fresnel formulas for
the normal incidence of light with the use of the exper-
imental data obtained for the absorption coefficient of
the solution under investigation.
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RESULTS

Figure 2 shows the photographs and the intensity
distributions for the light beams (power, 30 mW; 

 

λ

 

 =
436 nm) transmitted through the cells with colloidal
solutions containing quantum dots with diameters of
2.6 and 1.9 nm. It can be seen from Fig. 2 that, at the
same power of the laser beam, the interference pattern
of the solution with quantum dots 2.6 nm in diameter
has more contrast and contains a larger number of rings
than the interference pattern of the solution with quan-

tum dots 1.9 nm in diameter. Similar interference pat-
terns were obtained upon illumination of the cell with
radiation from the nanosecond copper vapor laser. It
should be noted that the peak powers of the femtosec-
ond and nanosecond pulses were close to each other
and equal to approximately 10 kW. The energy of the
nanosecond light pulses was five orders of magnitude
higher than that of the femtosecond light pulses, and the
average power of the former pulses exceeded the aver-
age power of the latter pulses by a factor of 20. Under
these conditions, the divergence of the light beams
transmitted through the cell with quantum dots 2.6 nm
in diameter increased several tens of times and the
transverse intensity distribution exhibited more than 30
clear interference rings. No interference pattern was
observed upon illumination of the cell with toluene
(without quantum dots).

It was revealed that, after the onset of illumination
of the cell, the stationary interference pattern is attained
not instantaneously but for a subsecond time in both
cases of femtosecond and nanosecond excitations. In
order to estimate the time required to attain the station-
ary interference pattern, we filmed the process at a
frame rate of 15 frames per second, which corresponds
to a frame period of 66 ms. The frame-by-frame analy-
sis of the film has demonstrated that, within the first
66 ms after switching on the laser beam (

 

λ

 

 = 510 nm;
average power, 0.6 W), the interference pattern in the
beam is absent and the divergence of the transmitted
beam is already close to the divergence of the beam
with the formed stationary interference pattern. In the
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Fig. 1.

 

 Linear absorption spectra of the colloidal solutions
of CdSe/ZnS quantum dots (2.6 and 1.9 nm in diameter) in
toluene. Numerals indicate the laser spectral lines at wave-
lengths of (

 

1

 

) 436, (
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) 510, (
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) 578, and (
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) 872 nm.
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Fig. 2.

 

 Images of the light beams transmitted through the cells with colloidal solutions containing quantum dots with diameters of
2.6 and 1.9 nm upon illumination with laser radiation at the wavelength 

 

λ

 

 = 436 nm.
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subsequent 66 ms (the time elapsed from the onset of
illumination is 

 

t

 

 = 132 ms), characteristic interference
rings arise at the periphery of the beam and their shape
remains nearly unchanged in the subsequent time inter-
vals. The interference pattern appears to be almost
completely formed over the entire screen by the time of
the fifth frame (i.e., after 264 ms). Subsequently, the
rings change only slightly from the circular to elliptic
shape with no change in their total number. The trans-
formation is complete in a time interval of ~1 s.

The changes observed in the intensity distribution of
the laser beam with a photon energy less than the band
gap after its transmission through the cell with a toluene
solution of quantum dots were measured with the use of
radiation from the titanium sapphire laser at the funda-
mental frequency. A photograph illustrating the inten-
sity distribution in the light beam (

 

λ

 

 = 872 nm) with an
average power of 0.5 W is displayed in Fig. 3. In this
case, also, there arises a characteristic interference pat-
tern, which, however, contains a considerably smaller
number of rings. The negative sign of the light-induced
nonlinearity was specially determined by displacing the
cell along the focused laser beam (an analog of the 

 

Z

 

-scan
method). It turned out that, in all cases, the cell located
in the convergent beam (before the focal waist) focuses
the beam and the beam defocusing occurs in the diver-
gent beam (after the focal waist). It is this behavior that
is associated with the negative sign of the induced non-
linearity.

It can be seen from these figures that, after the light
beam is transmitted through the quartz cell with a solu-
tion of quantum dots, it transforms into a set of concen-
tric interference rings with characteristic features,
namely, the first broad bright ring and subsequent
bright rings with a decreasing period and a decreasing

width. The number of rings depends on the excitation
conditions. This value was used to determine the light-
induced nonlinear refractive index 

 

n

 

2

 

 of the medium
under investigation.

As was noted above, the influence of the average
power of the laser beam on the induced nonlinearity
was investigated in the pulse-train illumination mode (a
sequence of pulse trains with a frequency of 80 Hz and
a duration dependent on the attenuation factor of the
average power). The experiments were carried out
under the following conditions: the pulse-repetition
rate was 80 Hz, and the pulse-train duration upon atten-
uation of the average power was 1.25 ms for an attenu-
ation factor of 1 : 10 and 4.13 ms for an attenuation fac-
tor of 1 : 3. The mode without chopping corresponds to
a pulse-train duration of 12.5 ms at a pulse-repetition
rate of 80 Hz. The results of the measurements per-
formed under these conditions are as follows: eight
rings were observed without attenuating the average
power, three rings were revealed at an attenuation factor
of 1 : 3, and one ring was observed at an attenuation fac-
tor of 1 : 10. In the case where the medium with the
length 

 

l

 

 = 0.5 cm is excited by radiation with the wave-
length 

 

λ

 

0

 

 = 436 nm, from relationship (1), we obtain

 

n

 

nonlinear

 

( ) = 7.0 

 

×

 

 10

 

–4

 

, 2.6 

 

×

 

 10

 

–4

 

, and 8.7 

 

×

 

 10

 

–5

 

 for
the three aforementioned attenuation factors, respec-
tively.

It follows from analyzing the obtained results that
the induced nonlinear contribution to the refractive
index due to the ring structure of the light beam is pro-
portional to the pulse-train duration and, hence,
depends linearly on the average power of the laser beam
in accordance with the relationship 

 

n

 

 = 

 

n

 

0

 

 + 

 

|

 

n

 

2

 

|

 

I

 

, where

 

I

 

 is the average power of the laser beam. This relation-
ship is illustrated by the dependence of the nonlinear
contribution 

 

n

 

nonlinear

 

 to the refractive index of the
medium on the average beam power (Fig. 4).

E0
2

 

Fig. 3.

 

 Photograph of the spot of the light beam with the
wavelength 

 

λ

 

 = 872 nm after its transmission through the
cell containing a toluene solution of quantum dots with a
diameter of 2.6 nm.
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Fig. 4.

 

 Dependence of the nonlinear refractive index 

 

n

 

nonlinear

 

on the average power of the laser beam.
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DISCUSSION OF THE RESULTS

A similar structure with a characteristic increase in
the width of the rings toward the periphery of the laser
beam had been repeatedly observed earlier upon illumi-
nation of different media with a radiation beam from a
continuous-wave argon laser. In particular, similar
structures were observed in an alcohol solution of fuch-
sin [14] and nitrobenzene [15], as well as in experi-
ments on the reorientation of liquid crystals in a light
wave field [16, 17]. Interference patterns of this type
are usually referred to as aberration rings. The origin of
these rings was explained, for example, in [18]. The
total number of bright rings depends only on the phase
incursion at the center of the wave beam:

(1)

where 

 

N

 

 is the number of rings, n

 

nonlinear

 

( ) is the non-
linear contribution to the refractive index, 

 

λ

 

 is the
wavelength, and 

 

l

 

 is the length of the medium. There-
fore, knowing the specified values of the thickness of
the nonlinear medium, the radiation wavelength, and
the number of rings, we can calculate the nonlinear
change in the refractive index according to the proce-
dure described in [19]. It is within this approach that the

nonlinear contribution n

 

nonlinear

 

( ) to the refractive
index was calculated in the present study. The accuracy
in the determination of the nonlinear contribution
depends on the number of interference rings. Since the
number of rings can be easily determined accurate to
within one-half the band, the error in the determination
of the nonlinear contribution to the refractive index is
equal to 4% when the number of rings is 13.

The maximum nonlinearity at the wavelength 

 

λ

 

 =
436 nm, which corresponds to 13 rings, is observed for
an average power of 30 mW. Hence, according to rela-

tionship (1), we have 

 

|

 

n

 

nonlinear

 

( )

 

|

 

 = 1.13 

 

×

 

 10

 

–3

 

. This
value corresponds to the nonlinear refractive index
coefficient 

 

|

 

n

 

2

 

|

 

 = 1.18 

 

×

 

 10

 

–3

 

 cm

 

2

 

/W = 1.18 

 

×

 

 10

 

–10

 

 CGS.
The interference pattern observed at the fundamental
frequency (

 

λ

 

 = 872 nm) for an average power of 0.5 W
contains three rings, which, in turn, corresponds to
the nonlinear refractive index coefficient 

 

|

 

n

 

2

 

|

 

 = 8.21 

 

×

 

10

 

–14

 

 CGS. The quantities 

 

|

 

n

 

2

 

|

 

 determined under differ-
ent excitation conditions are presented in the table.

As follows from the results obtained in this study,
the time required to attain a stationary interference pat-
tern due to the light-induced nonlinearity of the
medium is approximately equal to ~1 s. According to
[14–16], these long times are characteristic of thermal
processes.

It is known that a stationary temperature profile and,
consequently, a stationary thermal lens have a finite
transient period associated with the heat diffusion.
According to [20], the time required to attain a station-

N
Φnonlinear 0( )

2π
------------------------------

nnonlinear E0
2( ) l

λ
---------------------------------,= =

E0
2

E0
2

E0
2

ary temperature distribution (i.e., the transient period)
in a region of radius r can be determined from the rela-
tionship

(2)

The time required to attain a stationary temperature
profile in the studied medium with quantum dots in the tol-
uene solution was estimated with the use of the following
parameters: molecular weight of toluene, 92.14 g/mol;
density ρ = 0.8669 g/cm3; heat capacity cp =
0.1049 kJ/(mol K); and thermal conductivity ξ = 132.5 ×
10–3 W m–1 K–1 [21]. The calculation from expression (2)
for the illuminated region of the medium with the radius
r = 0.1 cm leads to the transient periods τtr = 23 s upon
femtosecond excitation at the wavelength λ = 436 nm
and τtr = 14 ms upon nanosecond excitation with subse-
quent illumination by focused radiation from the cop-
per vapor laser (λ = 510 nm).

According to experimental estimates, the time
required to attain the stationary profile of the intensity
of the laser beam transmitted through the cell upon illu-
mination by radiation from the copper vapor laser (λ =
510 nm) was determined to be 0.9 s. This value consid-
erably exceeds the corresponding transient period (τtr =
14 ms) estimated from relationship (2). In turn, upon
excitation with the femtosecond laser, the time required
to attain the stationary interference pattern in the laser
beam transmitted through the cell was found to be 1.1 s,
which is substantially shorter than the time τtr = 23 s
estimated from relationship (2).

It is known [18] that the induced thermal nonlinear-
ity is proportional to the absorption coefficient and the
power density of the laser beam. A comparison of the
first and third rows in the table demonstrates that, upon
changing over from the femtosecond excitation at the
wavelength λ = 436 nm to the nanosecond excitation at
λ = 510 nm, an increase in the power density of the
laser beam by four orders of magnitude leads to a
decrease in the nonlinear refractive index coefficient
|n2| by four orders of magnitude, whereas the absorp-
tion coefficients of the medium for these regimes differ
by a factor of only 1.9 (Fig. 1). This indicates that the
light-induced nonlinearity under investigation exhibits
a nonthermal nature.

It follows from a comparison of the first and third
rows in the table that, upon changing over from the
femtosecond excitation (λ = 436 nm) to the nanosecond

τtr

πr2ρcp

ξ
-----------------.=

Table

λ, nm Pav, W I, W/cm2 |nnonlinear( )|, 10–3 |n2|, CGS

436 0.03 1.0 1.13 1.18 × 10–10

872 0.5 64 0.05 8.21 × 10–14

510 1.0 2.5 × 104 3.57 1.4 × 10–14

E0
2
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excitation (λ = 510 nm), an increase in the power den-
sity of the laser beam by four orders of magnitude
brings about a decrease in the nonlinear refractive index
coefficient |n2| by four orders of magnitude with a
decrease in the absorption coefficient of the medium by
a factor of only 1.9 (Fig. 2). This fact cannot be
explained in terms of the mechanism providing the
appearance of the light-induced thermal nonlinearity.

Let us now discuss other possible processes that can
be responsible for the appearance of long-lived nonlin-
earities. The well-known mechanism providing the for-
mation of the negative nonlinear contribution to the
refractive index is associated with the filling of states in
the conduction band. This process leads to saturation of
the absorption of the medium and contributes to nega-
tive dynamic nonlinearity of a system with quantum
dots. However, this mechanism of the generation of the
nonlinearity has failed under our conditions, because its
characteristic relaxation times are governed by radia-
tive recombination of charge carriers and lie in the
nanosecond range [22, 23]. These times are signifi-
cantly shorter than the characteristic relaxation time
(200 ms) of the nonlinearity observed in the present
work.

In recent years, the blinking of single quantum dots
(including CdSe/ZnS quantum dots) has been investi-
gated under conditions of continuous excitation [24–26].
It has been established that the most probable time
interval of blinking (“on–off”) lies in the subsecond
range (several hundred milliseconds). This corresponds
to the characteristic time required to attain the station-
ary light-induced nonlinearity in our experiments.

One of the possible explanations for the blinking of
single quantum dots upon their photoexcitation was
offered in [27, 28]. The luminescence is quenched
when one of the charge carriers (an electron or a hole)
is trapped by the matrix surrounding the quantum dots.
This mechanism of luminescence quenching is con-
firmed by some experimental observations. It was
revealed that the luminescence exhibits a qualitatively
identical behavior upon addition of quenchers, both
electrons and holes [29], which makes these charged
quantum dots nonluminescent (“dark”). A direct charge
transfer (photoionization) from a CdSe quantum dot to
the environment was observed in [30] with the use of an
electrostatic-force microscope (EFM). The EFM mea-
surements of the potential relief upon photoexcitation
with photon energies greater than the band gap directly
proved the photoionization of quantum dots. According
to the nonlinear Kramers–Kronig relation [6] connect-
ing the real part (refractive index) and the imaginary
part (absorption index) of the complex permittivity

(where V.P. stands for the principal-value integral and
∆N is the density of charge carriers escaped from quan-

∆n ω ∆N,( ) c
π
---V .P.

∆α ω ' ∆N,( )
ω2 ω '2–

----------------------------- ω 'd

0

∞

∫=

tum dots as a function of the excitation conditions), a
decrease in the number of oscillators leads to a decrease
in the refractive index of the medium, i.e., to a negative
light-induced nonlinear contribution. This induced
decrease in the refractive index manifests itself in the
form of a giant long-lived nonlinearity revealed in our
study.

It should be noted that the excitation of quantum
dots in the yellow-green spectral range with a sequence
of nanosecond pulses leads to a decrease in the nonlin-
earity by four orders of magnitude. In our opinion, the
observed decrease is associated with the fact that,
despite the considerably higher level of photoexcitation
of quantum dots, this regime, in contrast to the femto-
second regime, does not bring about a quasi-continuous
excitation. It is evident that the effective charge transfer
to trap states with relaxation times on the order of sev-
eral seconds can be provided by long-lived photoex-
cited carriers, which at a pulse-repetition rate of 10 kHz
are almost absent.

The use of femtosecond laser radiation at the funda-
mental frequency (λ = 872 nm) can provide only intra-
band excitation of quantum dots. However, it follows
from the experimental data that the nonlinearity photo-
induced in this case turns out to be higher than the non-
linearity induced under excitation in the yellow-green
spectral range. The reason is that the induced nonlinear
optical response is determined by the two-photon exci-
tation at the wavelength λ = 872 nm, which is equiva-
lent to the photoexcitation in the blue spectral range.
The two-photon excitation at wavelengths of 510 and
578 nm falls in the spectral range in which the absorp-
tion in toluene is very high.

It should also be noted that the nonlinearity revealed
and investigated in our work leads to the formation of a
negative nonlinear lens. The application of negative
nonlinear lenses was discussed in detail in [31]. It is
predominantly based on the use of thermal nonlinear
lenses with transient periods on the order of several sec-
onds. In particular, the use of these lenses in devices
intended for optical measurements made it possible to
decrease the threshold of the measurable absorption
coefficients to ~10–6 cm–1. The “slow” nonlinearity
examined in our work is not related to the thermal heat-
ing but is determined by the charge transfer from quan-
tum dots to their environment. Therefore, this nonlin-
earity can be used in systems of optical measurements,
which are intended, for example, for determining the
transfer rate of charge carriers (photoionization) in the
synthesis of semiconductor nanocrystals under differ-
ent conditions. This provides a means for using nonlin-
ear optical media with cadmium chalcogenide quantum
dots in nanotechnological devices based on efficient
control over the profile of the refractive wavefront and
the parameters of light beams transmitting through this
medium.
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CONCLUSIONS

(1) The systems of CdSe/ZnS quantum dots (2.6 and
1.9 nm in size) were examined upon excitation with
sequences of femtosecond and nanosecond laser
pulses.

(2) It was found that, at all the radiation wavelengths
under investigation, the systems of CdSe/ZnS quantum
dots are characterized by a giant photoinduced nonlin-
earity, which manifests itself in the form of an interfer-
ence pattern. The number of rings in the interference
pattern was used to measure the coefficient |n2| deter-
mining the nonlinear contribution to the refractive
index of the medium.

(3) It was established that the induced nonlinearity
of the toluene solution of CdSe/ZnS quantum dots
depends linearly on the average power of laser beams.
The time required to attain a stationary regime of the
induced nonlinearity of the medium (i.e., the transient
period) was determined to be in the millisecond range.

(4) From analyzing the induced nonlinearities mea-
sured in the medium under different excitation condi-
tions and the estimates obtained for the times required
to attain a stationary thermal lens, it was concluded that
the observed nonlinearity exhibits a nonthermal nature.

(5) An analysis was made of the possible physical
mechanisms of the processes occurring with the partic-
ipation of the CdSe/ZnS quantum dots, which can lead
to long-lived giant nonlinearities of the medium with
millisecond relaxation times. It was assumed that the
blinking effect of quantum dots in organic matrices and
the light-induced nonlinearity observed in our experi-
ments are common in nature.

(6) Possible applications of the obtained results for
the use in nanophotonic and nonlinear optical devices
based on the efficient control over the profile of the
refractive wavefront and the parameters of the light
beams were considered.
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