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Abstract.  A nonlinear optical response of TiO2 nanoparticles under 
pumping by 355-nm laser radiation is experimentally investigated. 
Using the data obtained by z-scanning with simultaneous measure-
ment of the scattering intensity, the effective permittivity of parti-
cles is reconstructed as a function of the pump intensity. It is found 
that graphical mapping of the relationship between the real and 
imaginary parts of the permittivity can be obtained using an affine 
transformation of a similar map of the frequency-dependent dielec-
tric function for the Lorentz model. It is shown that an increase in 
the pump intensity should lead to a red shift of the absorption max-
imum of nanoparticles and a rise in the plasma frequency, which is 
estimated (using a single-oscillator Lorenz model) from the 
obtained values of the real and imaginary parts of the effective per-
mittivity for the probe radiation wavelength in use.

Keywords: nonlinear scattering, nonlinear absorption, dielectric 
function, titanium dioxide.

1. Introduction 

Study  of  the  resonance  and  nonlinear  optical  effects  upon 
interaction of light with nanostructures has become one of the 
key fields of research in optics in the last two decades. One of 
these  effects  is  the  excitation  of  localised  surface  plasmon 
resonances  (LSPRs)  [1 – 3]. Recently, a number of materials 
are  considered  as  an  alternative  to noble metals, which  are 
traditionally used in nanoplasmonics; examples are narrow-
gap  semiconductors  and  quasi-metals  [4].  We  should  also 
note  the works devoted  to  the synthesis and analysis of  the 
properties of metamaterials in the optical range [5, 6].

In terms of optical electrodynamics, the key factor deter-
mining the possibility of such effects is the existence of some 
specific features of the frequency dependence of the permittiv-
ity. These features include the presence of spectral regions in 
which  the  real part of  the dielectric  function  takes negative 
values. The analysis of the peculiarities of the dielectric func-
tion in the optical range is one of the key factors in estimation 
of the applicability of a particular medium in nanophotonics. 

The  development  of  methods  for  controlling  the  dielectric 
function of a material by applying low-frequency or optical 
fields is also of interest.

In this paper, we report the results of studying the behav-
iour of the dielectric function of TiO2 in the nanophase (in the 
form of spheroidal particles 40 nm in diameter) under pulsed 
355-nm laser pumping. Titanium dioxide (wide-gap semicon-
ductor with a band gap of about 3.2 eV) is of interest for var-
ious applications in modern optics due to the high scattering 
efficiency of TiO2 particles in the visible and near-UV regions 
(an example is the development of random lasers [7]). Due to 
the negative values of the real part of the dielectric function of 
TiO2 for l G 300 nm, LSPRs occur in nanoparticles. These 
resonances manifest themselves as peaks in the extinction and 
depolarisation spectra of nanoplates and nanoribbons based 
on TiO2 derivatives  [8 – 10]. Note  that,  for  the pump wave-
length lp in use, the photon energy (~3.5 eV) exceeds the TiO2 
band gap, and the absorption peak (lmax » 285 nm) is blue-
shifted with respect to lp.

2. Experimental technique and results

We investigated water suspensions of TiO2 nanoparticles with 
an average diameter of 40 nm (US Research Nanomaterials, 
US 3493). The mass fraction of particles was 10–3; this value 
provided  (at a  cell  thickness of 10 mm) a  single  interaction 
regime for the laser radiation and the medium. A schematic of 
the experimental setup is shown in Fig. 1. The z-scan method 
[11] with a closed aperture and simultaneous measurement of 
the radiation intensity scattered at an angle of 90° was used. 
This method implies measurement of the optical transmission 
of a sample, which is moved along the axis of a focused laser 
beam, as a function of the distance between the sample and 
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Figure 1. Schematic  of  the  experimental  setup:  ( 1 )  Gentec  Maestro 
Q12MF1 energy meter; ( 2 ) cell with a sample; ( 3 ) quartz lens; ( 4 ) laser; 
( 5 )  lens block  for  focusing  scattered  radiation onto  the  spectrometer 
slit;  ( 6 )  spectrometer  input  slit;  ( 7 )  QE65000  spectrometer  (Ocean 
Optics); z is the distance from the cell centre to the beam waist; symbol 
9  indicates the beam polarisation direction. Elements ( 2, 5, 6, 7 ) are 
mounted on a translation stage.
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beam waist. The probe radiation intensity is maximal in the 
waist;  this maximum value  is determined by  the  laser pulse 
energy, pulse duration, and the beam diameter in the waist. In 
our case, the optical transmission is measured simultaneously 
with  the  measurement  of  the  Rayleigh  scattering  intensity 
from  nanoparticles  at  an  angle  of  90°  with  respect  to  the 
probe  beam  direction.  To  provide  the maximum  scattering 
efficiency,  the  probe-beam  electric  field  should  be  oriented 
perpendicular to the scattering plane, in which the wave vec-
tors of the probe beam and recorded scattered radiation lie.

The  radiation  source  was  a  pulsed  frequency-tripling 
YAG : Nd laser of LS-2134 type (Lotis TII). The pulse energy 
was 2 mJ, the pulse duration was tpls = 10 ns, and the pulse 
repetition rate was 15 Hz. The beam was focused by a quartz 
lens with F = 110 mm. The light transmitted through the cell 
was  recorded  by  a  Gentec  Maestro  energy  meter  with  a 
Gentec Q12MF1 sensor. The cell with a sample was placed on 
a  Standa  8MT167-100  motorised  translation  stage,  which 
provided  the  cell  displacement  jointly  with  the  system  for 
measuring the Rayleigh scattering intensity [a QE65000 spec-
trometer  (Ocean Optics) with a  fixed  input  slit  50 mm wide 
and a lens block for focusing scattered light onto the slit]. The 
lens block was a 74DA collimator (Ocean Optics), connected 
directly  to  the  input  connector  of  the  spectrometer.  In  this 
configuration, the collimator collects light into a narrow solid 
angle and focuses it onto the input slit.

Before  starting  the  measurements,  the  system  was  cali-
brated in order to estimate the average pump radiation inten-
sity Ip as a function of the cell centre position with respect to 
the beam waist. The calibration was performed using trans-
verse beam scanning in different cross sections by a half-plane 
screen, with simultaneous measurement of transmitted-pulse 
energy. The data obtained were used to reconstruct the inten-
sity distributions in different cross sections on the assumption 
that they have a Gaussian shape; the thus constructed three-
dimensional distribution was used to calculate  the Ip values 
averaged over the cell volume (Fig. 2).

The samples were exposed to light for a short time in our 
experiments. For each cell position on  the beam z  axis,  the 
average laser radiation intensities transmitted through the cell 
and  scattered  from  it  were  determined  for  a  group  of  five 

pulses, after which, before displacing the cell to a new posi-
tion, the exhausted portion of suspension was replaced with a 
fresh one. This was done to exclude the influence of the pho-
toinduced  change  in  the  electronic  structure of particles  (in 
particular, their photobleaching) on the measurement results. 
Preliminary experiments on laser pumping of the water sus-
pensions under  study with different  exposure  times  showed 
that the dependences of the light intensity transmitted through 
the sample on Ip are radically different for short (shorter than 
0.4 s) and long (longer than 2 s) exposures. In particular, at 
short exposures, one observes a decrease in the optical trans-
mission of the samples and an increase in the scattered light 
intensity with an  increase  in  Ip.  In  contrast,  long exposures 
cause  a  passage  to  the  laser  radiation – medium  interaction 
regime, which  is  characterised by an  increase  in  the optical 
transmission with an increase in the pump intensity. The sam-
ples probed  in  this  regime at high pump  intensities directly 
after the experiment exhibit a much higher optical transmis-
sion in the linear regime (at low pump intensities) in compari-
son  with  the  initial  samples  before  the  experiment.  In  our 
opinion, this photobleaching can be related to the absorption 
saturation  due  to  the  ground-state  depletion  in  the  probed 
system [9] when photoelectrons are captured by traps (surface 
defects  of  the  crystal  structure  of  TiO2  nanoparticles).  The 
relaxation of the optical transmission to the initial level after 
the  laser  irradiation  occurs  for  a  rather  long  time  (on  the 
order  of  several  tens  of  seconds);  it may  be  due  to  a  great 
extent  to  the  diffusive  and  convective  processes  of  particle 
mixing  in  the  cell.  In  any  case,  the  study of  the  interaction 
kinetics  of  the  probe  radiation  and  the  analysed  systems 
under  long-term  exposure,  being of  independent  interest,  is 
beyond  the  scope  of  this  study.  In  this  context,  we  chose 
experimental  conditions  providing  maximal  suppression  of 
the effects of the aforementioned photobleaching and particle 
mixing in the cell (i.e., exposure times that do not exceed 0.4 s 
and correspond to a series of five laser pulses).

Figure 2 shows the normalised averaged intensities of the 
transmitted  ( )I Itr p

u  and scattered  ( )I Isc p
u  beams (the normalisa-

tion was performed to the intensity corresponding to the cell 
position  at  a  large  distance  from  the  beam  waist).  Thus, 
( ) ( ) / ( )I I I I I I 0tr p tr p tr p "=u  and, correspondingly,  ( ) ( )I I I Isc p sc p=u

´ [ ( 0)]I Isc p
1

" - , where  Isc  and  Itr  are,  respectively,  the mea-
sured intensities of the scattered radiation and the radiation 
transmitted through the cell; the condition Ip ® 0 corresponds 
to low pump intensities, which do not affect the optical char-
acteristics  of  the  systems  under  study  (linear  interaction 
regime,  which was  implemented  at  cell  displacements  from 
the waist  along  the  z  axis  by distances  above  35 mm). The 
confidence intervals in the plots correspond to a significance 
level of 0.9.

3. Discussion of the experimental results

The data obtained were interpreted using an approach differ-
ent  from  the  conventional  analysis  of z-scan data, which  is 
based  on  the  estimation  of  the  susceptibilities  of  different 
orders [11]. For particles pumped with a specified intensity Ip, 
we  considered  the  effective  value  of  the  dielectric  function 
( ) ( )' ''iI I Ip p pe e e= +u uu ^ h , normalised to the permittivity of  the 
medium containing particles. The effective permittivity of the 
pumped particles is equal to the permittivity of ‘test’ particles 
(having the same volume and shape and made of some mate-
rial) in the absence of laser pumping. The mean scattering and 
absorption cross sections of the probed and ‘test’ spheroidal 
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Figure 2. Dependences of the normalised intensities of ( 1 ) the scattered 
light and ( 2 ) the light transmitted through the sample on the pump in-
tensity,  which  was  determined  for  each  value  using  the  dependence  
Ip(|z|) presented in the inset.
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particles  are  equal  and  determined  {see  [12],  Chapter  12, 
expression (12.34)} as
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Here, k is the wave number of radiation in the matrix medium 
and u is the average particle volume. Expressions (1) charac-
terise the fundamental features of the interaction of electro-
magnetic radiation with particles that are small  in compari-
son with the radiation wavelength. These features include the 
directly proportional dependence of the absorption cross sec-
tion  on  the  particle  volume  and  the  inversely  proportional 
dependence of this parameter on the probe light wavelength. 
At the same time, the scattering cross section is proportional 
to  the  squared  volume  and  inversely  proportional  to  the 
fourth power of wavelength (Rayleigh scattering). Note also 
that,  due  to  the  similarity  of  the  dependences  of  scattering 
and  absorption  cross  sections  on  the  particle  volume  and 
wavelength, the absorption cross section exceeds the scatter-
ing cross section at a nonzero imaginary part of the permit-
tivity  for  particles  with  diameters  smaller  than  k –1  ́

/ | |'36 1 23 e e -llu u . Another fundamental feature of the inter-
action  of  light  with  spherical  nanoparticles,  which  follows 
from expressions (1), is the resonance amplification of scatter-
ing and absorption, which occurs when  the  real part of  the 
permittivity  satisfies  the  Frohlich  condition:  ' 2e =-u .  The 
efficiency  of  this  resonance  amplification  is  limited  by  the 
imaginary part of the permittivity and decreases when the lat-
ter increases. 

The  radiation  intensity  Isc(Ip)  scattered  by  a  disordered 
ensemble of particles is proportional to  ( )I NIp pscs , while the 
transmitted radiation intensity Itr(Ip) can be presented as

{ [ ( ) ( ) ]}expI d I Ip sc p abs pr s s- + ,

where N  is  the number of particles  in  the probed scattering 
volume, r is the particle concentration, and d is the cell thick-
ness. We take  into account  that  the cell displacement along 
the probe beam axis changes the beam cross-sectional area S 
in  the detection  zone of  scattered  radiation, while  the  zone 
size along the beam direction remains the same. The number 
of particles in the detection zone is proportional to the beam 
cross-sectional area and the particle concentration (N ~ Sr), 
while  the  pump  intensity  is  proportional  to  the  laser  pulse 
energy and inversely proportional to the beam cross-sectional 
area and pulse duration; i.e.,  ( ) ( ) ( / )E~I I Isc p sc p plss r t . Thus, at 
fixed  values  of  the  particle  concentration  and  laser  pulse 
energy  and  duration,  the  normalised  scattered  radiation 
intensity  ( ) ( ) / ( )I I I I I Isc p sc p sc p

lin
=u   is  equal  to  the  ratio 

( ) ( )I Isc scp p
lins s . Therefore,  the  scattered  radiation  inten-

sity at small Ip values (linear mode) should be constant, and 
its variations near the waist are controlled by only the depen-
dence of the scattering cross section of particles on the pump 
intensity.  In  accordance with  (1),  at  constant  values  of  the 
particle  volume  and  probe  radiation  wave  number,  this 
dependence is only determined by the variations in the parti-
cle permittivity with a change in the pump intensity. This con-
clusion  is  confirmed by  the observed behaviour of  the nor-
malised scattered radiation intensity  ( )scI Ipu : it is constant 

( ( )scI Ipu  = 1) at low pump intensities (at |z| H 35 mm) but sig-
nificantly  increases  in  the  waist  region  (see  Fig.  2).  Using 
expression (1), one can present the normalised scattered radi-
ation intensity in the form
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u u

u u
,  (2)

where  ( )0elu   and  (0)ellu   correspond  to  small  Ip = Iplin  (linear 
scattering  and  absorption).  To  continue  the  analysis,  we 
assumed that  ( )0elu  = 9.67 and  (0)ellu  = 2.19 (these values were 
calculated for l = 355 nm from the optical constants n (refrac-
tive  index)  and k  (absorption  coefficient)  [12]  for bulk  tita-
nium dioxide [13]) and introduced the following para meter:

( ) ( )
[ ( ) ] ( )
[ ( ) ] ( )

I I I
0 2 0
0 1 0

scp p 2

2

2

2

e e
e e

F =
+ +

- +

l ll

l ll

u u

u uu .

The value of F (Iplin) in the linear region, where  ( )scI Ipu  = 1, is 
approximately found to be  0.567.

Similarly, let us consider the ratio of the transmitted light 
intensity to the pump intensity: Itr(Ip)/Ip. This ratio in the lin-
ear region (at low pump intensities Ip = Iplin) was measured to 
be  0.223. Using  the  expression  ln[Ip /Itr(Ip)]  =  d r[ássc(Ip)ñ + 
ásabs(Ip)ñ], we will analyse the ratio

[( ) / ( )]

[ / ( )]

( ) ( )

( ) ( )

ln

ln abs

I I I

I I I

I I

I Ip p

sc abs

sc p p
lin

tr
lin

tr
lin lin

p p p ps s

s s
=

+

+
.

Here, Iplin is used to indicate the pump intensities correspond-
ing  to  ‘linear’  z-scan  regions  (|z| H  35  mm).  Having  trans-
formed this expression, with allowance  for  the  fact  that  the 
measured sample transmittance at a specified pump intensity 
Ip can be presented as

( ) ( ) [ ( )]
I

I I

I

I I I I
p

p ptr
lin

tr tr
lin

p

p
=

u
,

we arrive at

[( ) / ( )]

{( ) /[ ( ) ( )]}
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1 ( ) ( )
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As was shown above, the   ( ) ( )I Iscsc p p
lins s  ratio is equal 

in  our  case  to  the  normalised  scattered  radiation  intensity  
( )I Isc p

u , while the  ( ) ( )I Iabs scp ps s  ratio can be written [with 
allowance for expression (1)] as

( )
( )

[ ( ) ] ( )

( )
I
I

k I I

I6
1sc

abs

p

p

p p

p
3 22 2
p

s
s

u e e

e
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ll

u u

u
.

Using the values of the mean diameter of TiO2 particles 
and the probe radiation wave number in water, the param-
eter  6p /k3u for the medium under study is found to be about 
38.38,  while  the  ( ) ( )I Iscabs p

lin
p
lins s   ratio  is  determined 

[using  the  above-reported  values  of  ( )0elu   and  (0)ellu ]  to  be 
1.051.

Thus, with allowance for the specific numerical values of 
the parameters of the system under study and the probe radia-
tion, one can derive the following expression, establishing a 
relationship  between  the  measured  normalised  values  of 
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transmitted and scattered radiation intensities (Fig. 2) and the  
( )Ipelu  and  ( )Ipellu  values:

1. ( )

[4. / ( )]
2.

38.
[ ( ) ] ( )

( )Iln

I I

I

I I

I

501

484
051
1 1 38

1sc p

tr p

p p

p
2 2 2.

e e

e
+

- +l ll

llu

u u

u

u ) 3.

The  term  [4.484/ ( )]ln I Itr p
u   and  factor  1.501  correspond  to 
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To  simplify  further  analysis,  we  introduce  the  following 
parameter: G (Ip) = 2.051{ [4.484 ( )] /[1.501 ( )]}ln I I I Itr p sc p

u u  – 1.
Figure 3 shows the dependences F (Ip) and G (Ip), obtained 

using the above-described procedure of modifying the scatter-
ing and damping data; the dependences were smoothed using 
B-spline  interpolation. The  confidence  intervals  correspond 
to  a  significance  level  of  0.9.  The  relationship  between  the 
parameters  F (Ip)  and  G (Ip)  calculated  from  experimental 
data  and  the  effective  values  ( )Ipelu   and  ( )Ipellu   is  set  by  the 
system
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Note  that  the parameter  ( )Ipelu   is  smaller  than unity  for 
non-negative F (Ip) < 1 values; at  ( )Ipelu  = –0.5, the parameter  
F (Ip)  =  1.0  and  becomes  larger  than  unity  with  a  further 
decrease in the real part of the effective permittivity.

After reducing the equations of system (3) to the canoni-
cal form, it was solved numerically with respect to  ( )Ipelu  and 
( )Ipellu   using  the Newton method  for  selective  values F (Ip) 

and G (Ip), indicated by markers in Fig. 3. The  (0) (0)ande el llu u

values were chosen as initial ones. The thus obtained distribu-
tions of reconstructed values of the effective dielectric func-
tion  fe = eff ( )ell lu u   in the ( ,e el llu u ) plane for the pump intensity 
range  in  use  is  presented  in  Fig.  4. Note  that  the  function 

fe = eff ( )ell lu u   in  the  range  of  pump  intensities  from  5 ́   106  
to  1.08 ́  1011 W cm–2 can be presented with a high degree of 
accuracy by a portion of an elliptical curve described by the 
equation
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At the same time, the frequency dependences of the real 
and  imaginary parts of  the dielectric  function of  the system 
with resonance absorption are described in the simplest case 
within the single-oscillator Lorenz model, which satisfies the 
Kramers – Kronig relations [12]:
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  (5)

Here, h, z, and m, are  respectively, the electromagnetic-wave 
frequency w, plasma frequency wp, and damping parameter g, 
normalised  to  the  resonance  frequency w0.  The w0  value  is 
considered to be the resonance frequency of the model har-
monic oscillators interacting with the electromagnetic wave. 
An ensemble of such noninteracting oscillators (atoms) imi-
tates  the  medium  under  study  within  the  classical  Lorenz 
model, and the number of oscillators per unit volume deter-
mines the plasma frequency of this medium. For Lorentz sys-
tems with a not very  large damping parameter g  (satisfying 
the condition g << w0), the maximum values of the absorption 
coefficient k and  imaginary part of  the permittivity,  ellu , are 
obtained at frequencies close to the resonance one [12]. For 
bulk titanium dioxide and low probe radiation intensities, an 
analysis of  the dependences  ( )e wlu   and  ( )e wllu ,  reconstructed 
from the refractive  index and absorption coefficient spectra 
[13], makes it possible to estimate approximately the Lorentz 
model parameters: w0 » 6.24 ́  1015 Hz, wp » 1.18 ́  1016 Hz, 
g » 1.32 ́  1015 Hz. The model fairly adequately describes the 
behaviour  of  the  frequency  dependences  ( )e wlu   and  ( )e wllu  
reconstructed from the data on optical constants [8, 9].

Assuming the z and m values to be fixed and considering 
the relationship between elu  and ellu  in the range 0 G h G ¥, one 
can show that the model functions  fmode = ( )ell lu u  for a Lorentz 
system can be presented with a high accuracy by open ellipti-
cal  lines  in  the  ( ,e el llu u ) plane at m G 0.2. The approximating 
elliptical  lines are open due  to  the difference  in  the  limiting 
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Figure 3. Dependences of ( 1 ) F  and ( 2 ) G  on the pump intensity.
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Figure 4. Functions  ( 1 – 5 )  fmode = ( )ell l   and  ( 6 )  f effe = ( )ell lu u   at 
z2/m  = ( 1 ) 30, ( 2 ) 40, ( 3 ) 50, ( 4 ) 60, and ( 5 ) 70. The dotted line corre-
sponds  to  elu  = 1. The  letters a – d  stand  for   Ip =  ( a ) 1.08 ́  1011,  ( b ) 
1.0 ́  1010,  ( c ) 1.0 ́  109, and ( d ) 1.0 ́  108 W cm–2. The  inset shows the 
dependence of the parameter z2/m on the pump intensity.
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values  1"e "3hlu  and  1" z+0
2e "hlu  at  0e =llu . The lengths of 

their  axes,  defined  as  maxellu   and  max mine e-l lu u ,  are  approxi-
mately equal (the eccentricity is close to zero) and amount to  
z2/m, whereas the positions of their centers are approximately 
determined by the coordinates (1, z2/2m).

The  behaviour  of  the  dependences  fe = eff ( )ell lu u   and 
fmode = ( )ell lu u  suggests the existence of their affine similarity, 

allowing  the  possibility  of mutual  transformation  h(w), z(w), 
m(w) « h(Ip), z(Ip), m(Ip), which is reduced to the expansion/
contraction and shift of mapping lines. Any pair of   ,e el llu u val-
ues  in the  fe = eff ( )ell lu u  plot  in Fig. 4 can unambiguously be 
presented  by  a  certain  point  of  the  parametric  dependence 

fmode = ( )ell lu u , derived from system (5) with the corresponding 
choice of the parameters z2/m and h. It follows from the cor-
respondence  between  system  (5)  and  the  Kramers – Kronig 
relations that the function  fe = eff ( )ell lu u , obtained from exper-
imental data, also  satisfies  these  relations.  It  can be  seen  in 
Fig. 4 that the z2/m value, at which the system 

fe = eff ( )ell lu u ,

fmode = ( )ell lu u

has a solution at a specified pump intensity Ip, increases with 
an increase in Ip. The inset in Fig. 4 shows the dependence of 
z2/m on Ip for the nanoparticles under study, which is charac-
terised by significant changes in this parameter in the range of 
pump intensities from 4.4 ́  107 to 2.2 ́  109 W cm–2 and satura-
tion with a further increase in Ip.

Note that the increase in z2/m is due to the changes in the 
resonance frequency w0 of the system, the plasma frequency 
wp, and presumably the damping parameter g. In particular, 
at  Ip »   8.8 ́  108 W cm–2,  1.elu ;  this approximate equality 
corresponds  to  h »  1  (w » w0)  (the  dotted  line  in Fig.  4). 
Taking into account that the maximum value of the absorp-
tion coefficient of the system is obtained at a frequency close 
to  the  resonance  frequency  for  the  corresponding  model 
Lorentz medium, one can suggest that the absorption peak of 
particles  is  red-shifted  (approximately  from 284  to 355 nm) 
with a change in Ip from 0 to 8.8 ́  108 W cm–2. The increase in 
z2/m  is  also  due  to  the  increase  in  the  parameter wp2/g.  For 
example,  for  the  pump  regime  corresponding  to  the  dotted 
line in Fig. 4, the (wp2/g)nl/(wp2/g)l ratio is estimated to be about 
1.65 (the subscript nl corresponds to the nonlinear interaction 
regime,  and  the  subscript  l  stands  for  the  linear  regime  at 
small Ip values).

The real part  effeu  of pumped particles takes negative val-
ues at  Ip H 9.2 ́  108 W cm–2. Resonance excitation of collec-
tive  oscillations  of  charge  carriers  (LSPR)  may  occur  at 

2e =-lu  (the Frohlich condition for spherical nanoparticles); 
however,  this  excitation  is  suppressed  because  of  the  large 
value of the imaginary part of  effeu .

Note that, at high pump intensities, an additional factor 
that may  affect  the  interaction  of  the  probe  radiation with 
TiO2 nanoparticles  is  the formation of vapour nanobubbles 
around the particles heated by laser pulses. This process may 
also  significantly  affect  the  scattering  and  absorption  cross 
sections of the particles, manifesting itself in the experimen-
tally determined dependences of Ĩsc and Ĩtr on the pump inten-
sity Ip. This effect in the case under consideration was anal-
ysed by estimating the scattering cross sections for the ‘spher-
ical TiO2 core – vapour shell’ complexes in dependence of the 
shell  thickness h. The  real  and  imaginary  parts  of  the  shell 
dielectric function were taken to be  1.0 0ande e= =l llu u . The 

measured  Ĩsc  values  are proportional  to  the  scattering  cross 
section of hypothetical complexes at a specified pump inten-
sity;  correspondingly,  the  effect  of  vapour  shell  formation 
should directly manifest  itself  in  the dependence  Ĩsc(Ip). The 
scattering cross sections of complexes with different h values 
were  estimated  using  the  on-line  calculator  of  the  optical 
characteristics of hybrid nanoparticles [14], which is based on 
the model of light scattering by a sphere in a shell [12]. The 
calculation results are presented in Fig. 5 for three TiO2 core 
diameters close to the average diameter of the nanoparticles 
used in the experiment. Note the highly nonmonotonic behav-
iour of  the  scattering cross  section of  the complexes, which 
manifests itself in the sharp drop of the scattering cross sec-
tion almost to zero with an increase in the shell thickness from 
zero to some critical value hcr, with a subsequent sharp rise at 
h > hcr. Qualitatively, the existence of a minimum scattering 
cross section at h = hcr can be interpreted as a manifestation of 
the destructive  interference upon  interaction of  the  internal 
fields of the shell and core of the complex, excited by the inci-
dent-wave field. The minimum scattering cross section of the 
complexes is obtained at a certain relation between the diam-
eter  of  the  core,  thickness  of  the  shell,  and  their  refractive 
indices; however, a detailed analysis of this issue is beyond the 
scope of this study. The absorption cross section of the com-
plexes changes little: it slightly decreases with a decrease in the 
scattering cross section and increases at h > hcr.

Having  compared  the  simulation  results  presented  in 
Fig. 5 with  the experimental dependence  Ĩsc(Ip)  (see Fig. 2), 
one can conclude that the formation of nanobubbles does not 
significantly affect the interaction of the probe radiation with 
nanoparticles, at  least up to  the maximum pump intensities 
implemented in the experiment. This conclusion stems from 
the fact that the formation of a vapour shell and its growth to 
certain limits with an increase in Ip, which significantly reduce 
the scattering efficiency, should manifest themselves in a non-
monotonic behaviour of the dependence Ĩsc(Ip) or at least in 
the existence of peculiarities (such as a plateau or an inflection 
point)  in  it  at  pump  intensities  below  the maximum  value. 
However,  these  features  were  not  observed  experimentally 
(Fig. 2). This may be due to the relatively low conversion effi-
ciency of absorbed optical power into heat for TiO2 nanopar-
ticles  in comparison with nanoparticles of other  types  (e.g., 
metal or carbon ones).
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Figure 5. Simulated  dependences  of  the  scattering  cross  section  for 
‘spherical TiO2 core – vapour shell’ complexes in water on the vapour-
shell  thickness. The TiO2  core  diameters  are  ( 1 )  20,  ( 2 )  25,  and  ( 3 ) 
30  nm; the light wavelength is 355 nm.
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4. Conclusions

The very  good  correspondence between  the  empirical  func-
tion  fe = eff ( )ell lu u   (dependent  on  Ip)  for  TiO2  nanoparticles 
and a simple analytical form within the Lorenz model appears 
to be unexpected. However, it was previously noted that the 
Lorentz model  can be used  for  adequate description of  the 
peculiarities of extinction spectra caused by resonance excita-
tions  of  charge-carrier  oscillations  in  nanoplates  of  TiO2 
derivatives  [8,  9].  In addition,  the  system was pumped near 
the fundamental absorption edge with relatively low intensi-
ties and short exposure times, at which the effects causing sig-
nificant  changes  in  the  electronic  structure  of  particles  (for 
example, depletion of the ground state) are absent or do not 
affect much their optical properties. Within the classical con-
cepts about  the  interaction of optical  electromagnetic  fields 
with  matter,  specific  features  have  been  established  in  the 
behaviour of the effective dielectric function of TiO2 nanopar-
ticles (derived from experimental data): increase in the imagi-
nary part with an increase in the pump intensity to a certain 
limit and a subsequent drop with a further increase in Ip, as 
well as a decrease in the real part up to large (in magnitude) 
negative values. This behaviour is qualitatively similar to that 
of the frequency dependences of the real and imaginary parts 
of the dielectric function of bulk titanium dioxide [13] with an 
increase  in  frequency at  low  fixed probe  intensities  [8];  it  is 
caused by the increase in the charge-carrier concentration in 
the conduction band. An analysis of the data obtained sug-
gests  that  the  absorption  peak  of  the  system  under  study 
should be red-shifted with an increase in the pump intensity.

We believe  the  results of  this  study  to be of  interest  for 
developing  the methods  of  optical  control  of  the  dielectric 
and optical properties of dispersed nanomaterials.
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